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June 4, 1976

It gives me great pleasure to extend a warm welcome
to the many distinguished participants who will be devot-
ing their knowledge, insight and wisdom to reviewing
the latest progress and surveying the prospects for the
future of neutron physics at the International Conference
on the Interactions of Neutrons with Nuclei to be held
at the University of Lowell.

Those who are concerned with this important area of
scientific research have contributed significantly to our
understanding CJ the fundamental nature of matter and
to the discovery of fission and the; harnessing of nuclear
energy.

I hope that your sessions will prove stimulating and
rewarding for all who attend and that your discussions
•will pave the way to new scientific progress for the
lasting benefit of all mankind.
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PREFACE

Thtrst- rroo3fiiintff> re-.-oid the rr . ins.ici .o. ' is of the International Conference
on the Interact ions of neutrons with Kudo:, which was held at the University
of Lowell in Lowell, Ma.inachusTts, t'.F.A. from Tuesday, July 6 to Friday, July 9,
'.'•*7f> < ; , • . 7" w , ' . - t t n . - r . - i > ' ' ' : I ' i ' •"• i : : ' , • : ; , « . - ; * * • • • :. ~. ? ( • ••. ; : / . t r i e s .

'•'/(• i. vi 'ffiTn.v v.is pj'a .'int (/ .'or . i/<.v»f s as ,jn academic and scientific con-
tribution to the V.s. Bicentennial, t " take place just after the Fourth-of-July,
.if tin? sesquicentenni,ii <-f the r i t y • ?',-" Lew••.' 1 ,ind on the first anniversary of
the formation or t.':<:> Vn i vt 'rsi try ° ' .'-ouv; j . J t WJS conducted on the North Campus
(••'?• f..'u» f:ri!'vf/.<;i fu, in the '•'nt'V ^venrr- C'-ni-^r .ind in Olsen Hall.

The Confert'ni:e was conceived us ,i topical successor t.o earlier meetings,
su<:!i .us thof.o he-Id in 1957 <U Columbia University, in 1965 a t Antwerp and 1972
.if Vud.tfH'r.t, in which c.'<!.- .J i n war. tn s-jrv^u th<: e:iS:ire realm of basic neutron
physics t:,in ,.i r.i:c!i:'ir .s-f.in^/x'i'r.r, rcviiw/no r/j<> present s tatus and assessing
the [jototitz.tii t:t*s to: the futuu- of *,'i;s fiuld of endeavor. It was somewhat
more extensive :rt scope, !>>th cis rea^rds .it'eemiance, (215 attendees from the
U.S.A. ( i . e . , 6>%\, plu': reprt-scntotivof! ."rom A:sstr<'ilia, Austria, Belgium, Brazil,
Cu\i:i:i, china \.Vat ion i ') sr Pe;\ibi ; c\ , F.~upt, Frnnce, Germany [G.D.R.], Germany
[r.R.r;.\, c.'oat Hrii.ur>, i-Uinv.nu, India, Iraq, Italy, Japan, Mexico, Netherlands,
Poland, South Atrici, Sweden. Switzerland, Turkey, V.S.S.R., United States and
Yuaoslaviri) -ind in covftrriav or1 topics, which extended over a diversity of theoretic-
al , experimental. fi.-t-.'.w..̂ -xi.\\i - s::</ qcncrnl stieas. These ranged over the electro-
magnet ;''• interact it'ti.? (;.'i>v:-au::itiatn> ,md radiative capture) and the strong
interactions (sc.itt<.'i;net, reactions, jxjlarizxtion, stripping, transfer, fission,
fusion) of neutrons, a review of neutron facilities, instrumentation and applic-
ations, intermediate ani hi-jh-etittrqu neutron physics, and related topics of
qener.il intt-n-st. Al fi :</tlwi , .?•« invited Papers and 198 Contributed Papers were
presenic-d dt simulcaneuuft (but s t iJ i .pr t ' J Wain and Farallel Sessions, as detailed
in the Program Schedule -net List of Papers which have been reproduced in these
Proceedings. The list of First Author; of these papers comprises 207 names,
of whom 83 [i.e., 40°--\ sf-em fi-^m fhp v.z.A. and 124 [ i . e . , 60%] from overseas
(zane ?-r-* countries .is th. so of the i.bf>:'c attendees) . This illustrates the inter-
national flavor of this event, which together with the distinguished character of
its participants, constituted a particularly gratifying feature of the Conference.
Also especially pleasurable w<is the involvement of many younger delegates, graduate
students and others, wh-- injected <i vivacity 3nd enthusiasm into the atmosphere
of this gathering which, together with ,i very evident, all-prevading spirit of
friendliness, imbued this Conference with a memorable and noteworthy cordiality,

The scientific program comprised 26 Invited Papers in the Main Session, each
of 30 minutes' duration, followed by up to J.5 minutes of discussion (except for
<s 45-minute Conference summary ~.aa Overview, presented by Professo'. Eugene Paul
Wigner of Princeton University, U.S.A. and a 10-minute closing address, del-
ivered byAcademician Professor Illtja Mikallovich Franft of the Joint Institute
for Nuc-lear Research, Dubna, U.S.S.R.). These were complemented by 8 similar
Invited Papers in the Parallel Session, whose content was more applicational or
technological in emphasis. The Main Session on Thursday afternoon, July 8, 1976
was devoted to subjects of general interest in which neutron physics plays a
dominant role outside the immediate bounds of nuclear physics, e.g., neutron
biophysics, neutron sol id-state physics, neutron astrophysics, and the use of
neutrons for thf production and utili ..^tion o/ energy. Certain aspects of neutron



therapy and ether medical applications were also examined in some of the talks
in the Parallel Session.

Also featured in a Joint Session was a l-hour Conference Forum, comprising
a free-ranging panel discussion among 9 invited prominent neutron physicists
(one representative each from Belgium, Hungary, Great Britain, India, Italy,
Japan, Poland, U.S.A. and the u.S.S.R.). Interspersed among the Invited Papers
of the Main and Parallel Sessions were 8 Special Contributed Papers, individually
selected for their topical interest fron among those submitted for presentation:
these Special Contributed Papers are reproduced in their entirety in these
Proceedings as are the Invited Papers, whereas limitations of space imposed a
restriction in reproduction to only the Resumes and Abstracts of the remaining
190 Contributed Papers. These latter were delivered orally in simultaneous
Papers Sessions of the Parallel Schedule, each paper being allotted a 10-minute
span followed by 5 minutes of discussion. In addition, Ih-hour subsequent
periods were allocated for the display of data and results in Poster Sessions,
at which the opportunities for meetings and discussions between authors and
participants were at their best (not to mention the morning and afternoon re-
freshment breaks - a statistic which we cannot refrain from recording here is the
consumption of 35 dozen doughnuts by the participants during the last break of
the Conference and comparable quantities at other times).

Throughout the duration of the Conference, an extensive exhibit of equip-
ment, data-handling systems, books, journals and brochures of interest to
neutron physicists was arranged in some of the laboratory halls adjacent to the
Poster Sessions.

Daily tours were conducted around the physics facilities at the University
of Lowell, and especially into the Pinansky Nuclear Center (the only State-
supported research center of its kind) housing a 5.5-MV HVEC Model CN Van de
Graaff accelerator with Mobley buncher and subnanosecond time-of-flight systems,
and a General ETictric swimming-pool research reactor, presently operating at
a 1-MW power level. Also, on Thursday morning, July 8, 1976 groups were taken
to the High Voltage Engineering Corporation in Burlington and to the M.I.T.
Bates Linear Accelerator facility at Middleton, Massachusetts. Some additional
private scientific visits were also arranged.

The afternoon and evening of Wednesday, July 7 were devoted to a Conference
Excursion to Boston, and on the evening of Thursday, July 8 the Conference Banquet
was held for 350 participants and guests at the Sheraton Rolling Greer. Motor
Inn, Andover, Massachusetts, the principal Banquet Address being delivered by
tht Guest of Honour, Professor Edoardo Amaldi of the Unive-sity of Rome, who
spoke on "Personal Recollections of Early Times in Neutron Physics".. Also form-
ing part of the social program of the Conference was a Special Reception for
Invited Speakers and Committee Members on Monday evening, July 5, and a general
Reception for all attendees on Tuesday evening, July 6.

It was an especial pleasure to include a high number of family members
accompanying participants, whose presence was greatly appreciated. In all,
upward of 80-90 companions also took part in the arrangements. A special
Companion Program was established., comprising coach tcurs to nearby areas sf
cultural, historical or recreational merit. Thus, an excursion to Old Sturbridge
Village was arranged for Tuesday, July 6, a Companion group left for Boston
early on Wednesday morning, July 7 in order to visit Concord, Lexington, and
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other Revolutionary (Bicentennial) sites in the area before visiting special
exhibitions and locations in Boston prior to meeting up with the Scientific
participants in the main Conference Excursion later that day. For Thursday,
July 8, a drive to the Atlantic Seacoast (notably viewing Marblehead, Salem,
Gloucester and Rockport on Cape Ann) was arranged, and on Friday, July 9,
a combination walking/bus tour was conducted through Lowell's canal systems
and his;v~ical or architectural attractions, including the South Campus of
the Uni e_- '— r>f. Lowell.

The language cf the Conference was English throughout, and a complete
record on magnetic tape was made of all Invited Talks and discussions. The
Invited Speakers were asked to send preliminary Abstracts, followed by the
full text of their Invited Papers, prior to the Conference so that by the
time the Conference began, all Abstracts of Invited and Contributed Papers
could be distributed to earh participant in duplicated loose-leaf form in a
ring-binder Conference Portfolio. The manuscripts of the full texts were
assembled during the Conference, at which time preliminary unedited trans-
cripts of the Discussi< is were also prepared and made available to the Speakers
for revision. The fir i text of the Proceedings was then assembled in the
fortnight after the Conference and despatched for rapid publication.

We sincerely and gratefully appreciate the consideration shown by the
Speakers in conveying to us the manuscripts on schedule and in scrutinizing
our original transcripts of discussions as rapidly and thoroughly as pos-
sible, in the interests of speedy publication. In several instances, it was
not possible for participants to review this material, and we ask their in-
dulgence for the fact that we have accordingly taken upon ourselves the final
editing and reproduction. Tape transcriotion is notoriously prone to mis-
understanding, and we had to use our discretion whenever it was not obvious
what certain unclear remarks had been intended to convey. As time was of
the essence, we confined ourselves merely to rendering our interpretation of
these statements, correcting obvious slips but retaining those endearing per-
sonal characteristics of expression that emerge in verbal discussions and are
deserving of preservation. In this regard, future transcribers can take heart
from our experience of the reconstruction of a remark by a distinguished
Speaker to the effect that he was "partial to the use of the R-mztrix" as an
avowal that he was "partial to the use of Army tricks'".

The highly compressed nature of the schedules enabled a vast ainount of
material to be covered in the four days of the Conference, and necessitated
the division of these Proceedings into two fairly bulky volumes. For ease of
perusal, we have included a Table of Co-.^ents and Conference Schedule and in
Volume II an Author Index, L.Jst o± Invited and Contributed Papers (arranged
alphabetically according to first author), a List of Participants, and a
CINDA index.

The contents of VOLUME I (MAIN SESSION) comprise the Inaugural Ceremonies,
23 Invited Papers, 4 Special Contributed Papers and Discussions of the Main
Session. In VOLUME II (JOINT, PARALLEL AND PAPERS SESSIONS) are presented the
texts of the Friday-afternoon Joint Sessions transactions, namely 1 Invited Talk
and the Conference Forum in Session liti, and 2 Invited Talks of Session MN. Also
contained therein are 8 Invited Papers and 4 Special Contributed Papers that were
delivered in the Parallel Sessions, together with the discussions that -followed.
The Abstracts of 190 Contributed Papers are presented next, and Volume II conclu-
des with 3 Banquet Addresses, a Secretarial Contribution, and the above-mentioned
set of Indexes. For the compilation of the CINDA Index we are indebted to the
Neutron Cross-Section Center at Brookhaven under the direction of Dr. S. Pearlstein.
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For the extensive high-quality secretarial assistance of Mrs. Arlene
Dillon, Ms. Jacquelyn Jones, Ms. Elizabeth Connors, Ms. Betty Ryan, Ms. Diane
Duggan, Ate. Pam Leczynski and Ms. Ellen Ward, for the ready and able draughts-
manship of Mr* Bernard. Killion, for the facilities of the University of Lowell
and of the Research Foundation, and for the innumerable instances of helpful-
ness encountered in the intensive preparation of these Proceedings, we hereby
express our lasting deep admiration and gratitude.

The Sponsorship accorded to the 1976 International Conference on the
Interactions of Neutrons with Nuclei by the International Union of Pure and
Applied Physics, The American Physical Society, The Institute of Physics (U.K.),
The American Nuclear Society, The U. S. National Science Foundation and the
U. 3. Energy Research and Development Administration (whose Technical Informa-
tion Division is publishing these Proceedings, obtainable from

The National Technical Information Service,
U.S. Department of Commerce,
5285, Port Royal Road,
Springfield,
Virginia 22161
U.S.A.

has been greatly appreciated. To these agencies and to the many other organiz-
ations and individuals who have generously provided support to enable this
Conference to proceed, and especially to all our ICINN Committee Members and
aides we record our warmest thanks. And finally, but none the less sincerely,
to the visiting scientists and companions who so greatly stimulated and honored
us by their presence and goodwill, we append our very profound gratefulness for
a memorable, exhilarating, and altogether wonderful experience.

SheZdon
(Editor)

Gui P. "ouchetl
SUACLH A. Goodwin
SuJit&h C. MthuA
David Vultzn
(Associate Editors)

University of Lowell
July 24, 1976
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9.00 HA

MAIN SESSION

CHAIRt L .E . B e g h U n (U. o f LOvell, VSA)

INAUGURAL ADDRESSES:

J . 8 . Duff (ProsidL-nt, u. of LowclJ, USA)

wealth of Maf'icfrj'i'-tts, USA1

TIME SESSION NO, PARALLEL SESSION

9.30 HA

10.1b
10.25

10.45

-

MB

10.45 M31

1 1 . 3 0 KB2

E. She ldon flCIS'H Chairena, U.cf l^vell)

RECENT ADVANCES IN NEUTRON PHYSiCS

U. Fcsiibaeh {Hjssdchjsctts Institute of

Technology, VL'A)

CROUP PHOTOGRAPH (Main CfttWuce, Ot*ey}

REFRESrtMfKTS IQtney lobby)

CHAIPi K. Abrahams (Hvactor Centrum Neder-

land. Pet ten, Netherlands)
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R.L. KOssbauer (ILL Grenoble, France)
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10.45 PA CHAIR: J . CBikaJ fDebrecen, Hungary)

10.45 ?A1 MEUTRON INSTALLATIOtS AND FACILITIES

S.V. Cierjacks (Kemforschungszentrum

Karlsruhe, Germany)

11.30 PA2 ACCELERA1OR-PRODUCED NEUTRONS OF HIGH

FLUX RATE

L. Cranberg fTDV lnc.t Austin, Texas, USA)

1 2 . 1 S - J . 4 S LUUCHEOU [Student Union Ca£zto>Uitm) It.IS - 1.4$ LUUCHEON {StudzrA Union

2.45 HC

1.45 HC1

2.30 HC2

3.25 HC3

4.00

4.30 HD

4.30 HD1

5.IS KD2

CHAIRJ G.A. Bartholnrew (AECL Chalk Riser..

Canada}
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V.I. Luschikov UINR - Dubna, USSR)
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NlSH.'i AND iJUCLEAR STRUCTURE
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I . J . van Heerdpn (Southern U. Nuclear

Institute, Faure, Soutft Africa},

V. Koldduet and A. Smith (AKL, Aiconne.USA)

3.4$

4.15

6.00

Parallel Seeaiona of Contributed Papers:

Al-8: Neutron Properties t Force* (0-115)
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K22-27: T h e o r e t i c a l Neutron Phys ic s

L l - 7 : Miscel laneous

COMCLUStCM

8 , 3 0 RECEPTION AT THE SHLRATON ROLLING GREEN MOTEL, ANDOVtR

COMPANION PROGRAM EXCURSION: STURBRID^E VILLAGE, MASSACHUSETTS (3.fi5 A.M. - 4..15 P.M.)
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SECTIONS FOR ELASTIC, DIRECTLY COUP-

LED, AND WEAKLY ABSORBED CHANNELS

P . A . Moldauer tAHL, A r g o n n e , USA)

Special Contributed Paper1:

SPIH DETERMINATION OF FISSION RESONANCES

G.A. Ksyworth (Lust,, los tlsMos, USA)

HELTRON-IKDUCED REACTIONS ON VERY LIGHT

AND LIGHT TARGET NUCLEI

1. Slaus («ud>r Soskovic Nuclear Insti-

tute, Zagreb, Xuqoslavle)

REFRFSHMEHTS Wtr.ey Lobby)

CKAIRi H.H. Barschdl l W. of ttiscon3ln,USA;

NEUTRCN-INDUCED REACTIONS l i t ( n . x l REAC-

VIONS ON HEDIW AND HEAVY NUCLEI

N. cindro (C.E.M. Brttgeres-1»-Chitel,rrsnce)

NEUTRON-INDUCED CASCADE REACTIONS

J . Fr&hauttC.E.N. Briii/*r«»-I«-CftJe«l.France)

NEUTRON FOUUU2ATZON

r.H.K. rirk irtle university, USA)

COMCLUS10N

TIME SESSION MO.

9.00 PC

9.00 PCI

10.15 P0

10.15 roi

11 .00 £D2

T1.45 PD3

U.M

PARA! '.EL SESSION

CHAIR: R.L. m c k l t n WRHL. Oik BiJge.USAt

TAST KEOTRON CETECTO8S AND IMSTRUMENTATION

B. Zattnits tu. of aocbim, vcjt Gezmny)

WtntH lobby)

CHATR: C. NeKSteAd fBrooklievon Nat.L*i>..USAt

TECHNOLOGICAL AND INDUSTRIAL APPLICATIONS

OF NEUTRONS

C. : Ltfcamp {GKSS, Geettbacht, Germany/

DETERMINATION OF SCATTERING LENJTHS AND

MAGNETIC SPIN DOTATIONS fir NEUTRON

IHTERFEROKETRir

H. Rauch (Atominttitut Oer Csteiroichlachen

Koehachulen, Vienna, Au'-trla)f

G. Badurek, w, Biumpiesa. U. Bontc ,

and A. Z e i l i n q e r

Special Contributed Pvper:

STRUCTURE STUDIES OF ' L:

ELASTIC SCATTERING OF NEUTRONS

R.O. L*n>. R.K. Wtiie*. and H.D. Xnon (Ohio

University, Athens, USA)

CONCLUSION

C O N C L U S I O N

n.n - I.O

1.00

IUHCH10H [SXudent Union

IXCWtSlON TO BOSTOH

11.ti - 1.00 LUNCHEON (Student Union C a j t t o u u a l

1.00 COMFERfMCf EXCURSION TO BOSTON

COMPANION PROGRAM EXCURSION: CONCORD, LEXINGTON, CAMBRIDGE, BOSTON 9.00 A.M. - 5.10 OR 9.15 P.P..)

NOTE: SCIENTIFIC WORKSHOPS HAY BE ARRANGED AT 8.00 P.M. IN THE STUDENT UNION BUILDING IF DESIRED.

1CINI1 PROGRAM SCHFIWLE : THURSDAY, JULY 8, 1976

TIME SESSION NO.

9 .00 KG

MAIN SESSION

CHAIR: P . A . Moldav?r (AffL, A'tjt>rne, IJ .AJ

THEOt'XTICAL NEUTRON PHYSICS 1 : Ll.UCIDATIDH

OF NUCLEAR STRICTURE

V.G. S o l o v i e v UIW - Dxibna, l/SSRl

TIME SESSION HO.

9.00 PE

SESSION

C_HAIg: B.C. C h r . e i (BtaokKaven national

lAborstery, DSAp

Specie! ConirCbw { V^y/rr

- A M EVALUAT1W o r SCVIvRU. W f f l K l i

» . L . w » ] t « r «r-tl t.w. L l s o v t k L II>nka V-.V1
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J0.30

1 0 . 5 0

1 0 . 5 0

THEORETICAL NEUTRON PHYSICS I I : MICRO-

SCOPIC CfcLCUIJlTlONS OK THE OPTICAL-

HOOEX POTENTIAL

J . - P . Jcufcenns, A. Lcjeun* and C. H*h*ux

(V. of Li&ge, Belgium}

REFPfSfrttfATTS [Otnty lobby)

CKAIRi J. Kunblct (V. of hihgm, Belgium)

THEORETICAL NEUTRON PHYSICS III: SPECTRUM

FLUCTUATIONS AND THE STATISTICAL

SHELL MODEL

P.A. Hallo (U. Hacion»I Autonom* dm Mtxico)

J. Floxea, T.A. Brody, J.B. French,

And 5.S.H. Hong

THEORETICAL NEUTRON PHYSICS IV; NUCLEAR

REACTIONS

A.M. L*n« (AEKB - a*nmil, UK}

10.1$

10.35

10.35

-

PF

m

11.20 conclusion 11.10

Special Contributed Paper:

AN OPTICAL MODEL POTENTIAL BASED OH THE

TOLDED YUKAWA N X £ L

A. Princ* fffationai neutron CroMM-Seetlon

Center, mrookhaven Hstioml Lib.. USA}

NEUTRON FT*X0K'±S AND TKEIK APPLICATION

K. LiBkl«n t'.C.N.M. • Geml, Belgium)

KmtSHMNTS [OLniy lofcbyl

CHAIR; r.S.J. Ptrty (OIUIL. O*k Kitje, USJU

THE IMPORTANCE OF KEUTOON DATA IN FISSION

REACTOR APPLICATIONS

E.H. Bonn (AM., trgonne. VSA1, B. H«rj-,«on.

J . R«rdy, J r . . R. Roussln and c . w e i s b i n

NEUTRON SOURCES FOR MEDICAL APPLICATIONS

K.E. Schecr, X.H. HOver and K.A. Schmidt

tDeutiches Krebsior*cnnng%t*Rtrua Heidel*

berg, Vett Germanŷ

Special Contributed Paper:

STATUS OF KEUTROK ACTIVATION CROSS SECTIONS

TOR REACTOR DOSIKETRV

M.F. v l » t o v ( i « ^ l , Vieam, A u i t r i a J ,

H.R. KcElroy and A. rabry

C O N C L U S I O N

It.10 • 1.00 WHCHCOK lt.tl) • t.00 LUKHEOH \Studuit Union

2.00 MU

J.45 KIJ

CIlMRi S.H. CKcn tnisfchutetts Institute

of Tuvhnologi/. USA)

USE OF tttliTiOS SCATTER!!*: FOR THE AnAtrSIS

or BIULUOICJU. STJUCTURES

SOLtD-STATf ASPECTS CT MOTKOT MIY5ICS

Fnralltl Station* of Contributed Paptra:
Kl-6: Neutron Scattering (O-11S]

D8-13t ttutoneutrons c lUd. C*ptur« (0-M3)

•?16-.B:Fii«ion and ruslon CO-51")

*9-13' «•""•«• neutron, fo-519)
Ut-JliTW.tlcal Neutron Phy.ic. (O-SJl!

H. GlSnci (Tr*chni»c.̂  " , KUnrhrn. C«raanyJ

3.5« • MFSfSrairVTS ( M M U toU'Ul 5.JO - SSfS'SWIEVTS lOtney lt-66y)

«.oo t> Q!*l?: ' • *)«nb"<l-S»lovr ft-, or PcimyJ- 4.00 POJ fhro!!*! Senitr.e cf CoitriiaUi Pcpert:

vonia, I'M) • 17-12, Krutron Scauering (0-115!

4.00 K..-1 WUTKMl ASrvomrslCt Dl«-19tW»tone.o«OM t Rad. Capture 10-5!))

».». b» lh r.<tJrr f. of x ~ r<.r» «r jrtony I 4 - ' : Standard, anj Data (O-H71
*rou*- ''5*; l»l<-I-»:» *ori»rire Neutron* (&-51*>

RJJ-J^.The-orrt ic*l Stjuiron P.*i/nc-» (O-*?l l
4.4V «J3 sn->T!«c:-' **.-> rxtW.1

J.I. fWU. W*ht. Ml K^jr, t'W; * ' 1 5 K 2 * * ! * r - C *" : >« -•"; ^ ' « ^ ^ ' « -

ri -* K -̂ytroi Scjitt<*rifi!j

I-U-3J!neutron 5c-nc#tin<

JI-l*i r.sslt-fi «r.i Fun ion

V » - f i1 ": C ; « X ! 5 i J. IS - CCHCLUSICK

7.30 C«KTMl! 8.00 COWt»l»Cf PAMUCT AT T»i£ SHE *̂tD« ROLLU.& C«fM
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ICIWI PRiY-PAH SCl-tPfLf : FR!r.V, Jl'LY 9.

TIHC SESSION HO.

Iff. 15

10.45

MAIK SESSION

CWIH. A.W. *r-.«*on .T'-j** v . tISMt

NEUIKMS U C FISSION

FISSION or 1 J 5 u

"V

P. ftJty Mjltfc (Indian* U , L'iAj

$psc-\i! Joncri^'.-j .'.iff:
OOUBLT R/J3IATIVE HEUTSOM CAPTURE IN H

AND Dj

t . D . Gartc /AKX - Ch*J* KJvir , C-.T*dj;.

A . I . HcDoMld, MA. Lon«, I . C . L*«,

•nd r . C . P f n n a

KEFKSHUEHrrS IOtR<i/ iobbyl

CK*!*1 P ' K - Iy«ni<»r <Bh*bhs Atomic R t i u r c l i

IrurtiEuCv, TroabJv. Bo«b*y, India)

ICUTIKHIS AND FUSION

CM. Kayrurd m. of wijcon#Jn, OŜ J

HTUTRON PHY5ICS AT LAMPF (Clinton P. *nd*r-

jon Los Alamom Meson Ptiysica F*ciltty)

L.C. tlorthcllffc ITMJS A < M t;niv*rsiCy,{;SJI>

TIME SESSION KO. ^ArtALLtL S l S : - I C \

Ei )-l /• Buutron S< .nt. * u«| (ij-lti)

010-14: Photoncuti.tnt r. l.*J. C*ptur«(0-lD)

Ily-L*: St*ndj:J^ *r.,| r.f.t IO-117I

iO.H - RCIKlSHilMTS IClrtty M,b;\

10.4S W2 fji \ i::<: Station* t / CL/I: i*iiut. J Rjpifr*.'

Elrt-Zlj Mcutmn Sc«tTpn:>4 10-US)

L 1- 1: HtSC#Ll*iv?ouK i.",tca (̂ -%11)

F 4-14: Neutron-1rvtoced R<.«ctians (O-S19)

KU-1S: Theoretical Neutron Pny»tc« (O-S21I

10.45 «12 Potter Stations in O-iCZ to 0-10S:

I L-J91 Resonance Hejtronm

C I- Si Neutron Fac i l i t i e s

D l-24i Photontutrons t IUdLatL«« Captur**

B 7-12: Neutron Scattering

C 1-ia: Folerisatton

X l-14i scamtard* and Data

If.IS - MS LUNCHEON {Stidtnt Union LUNCHEON IStudtnt Union

t.45 Itt emmt S. AM Id I fU. of Jtow, Jtaly;

1.4S M l RESEARCH TRENDS IN NEUTRON PHYSICS

J . B . Lynn (AEKE - Harwell, UK)

2.30 m2 CONF-ERENCB rORW

Moderator: H.M.Bar*ch»ll (u. or Wisconsin.USA)

Panel: c. Cocevs (CoirAtato Naxionale per

VEwtgia Nucleart, Bologna, Italy),

J. Ctlkal (Kossuth V,fDebr*cen,Hungary),

A.T.G. Ferguson (H.E.R.E.-Hante-ll. UK).

f.X.. Xyen^ r̂ (Bh&bha Atonic Restf&rcft

Centre, Trombao, BomU.j, Tndis),

C. Kahaux (f. of Liege. Belgium),

V.G. Salovte* (J-I.ft.ft.-Dubna, USSR),

S. TiMki /Japan Atowilc Po-

l u r c h £5tahlis/ira;nt,roJtai,Jdpan>,

search Est&ttl istun&nz.Tokoi ,Jafi*ri)

Z.L. WiJhelnu (Wjrsdwu., Poland).

3. SO - ttF8£SHMt.VTS |0f n«y l n b t ; |

4.0') . «l* ci'ATP: I.M. Fran* (JZHP - OuAnd, y« f f /

4.O'i WNi C'#NtL»'r'Jff. StWMftHY A "if) '.'/Cl'VfFV

4.4% m l CUJSl t f i AUJCELS

J . H . ( r . r k (J.VK - r . i i . n i . |C.:,|>;

4,)) Ml COMCUJDING HEKAHKS

E. ^-l"'-.!. if inn (7nf/ir.in, (/ of twll.uSAi

too • c o n c l u s i o n OF i c i w v r o u r t i f n r i
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LIST OF IC1HN GUESTS, SPEAKERS AND PANELISTS

oust
E.

I.
j .

E.
S.
N.
L.
A.
H.
F.
J.

M

J.

w.
J.
A.
H.
V.
J.
c.
c.
M.
p.
A.
R.
L.
H.

K.

B.
I.

R.

V.
C.
E.
B.

AMALV1

BERGQVIST
R. BIRD
M. BOHN
W. CIERJACKS
CINDRO
CRANBERG
T. G. FERGUSON
FESHBACH
W. K. FIRK
L. FOWLER
M. FRANK
FREHAUT
GLSSER
A. HARVEY
M. LANE
LISKIEN
I. LUSCHIKOV
E. LYNN
MAHAUX
W. MAYNARD
T. McELLISTREM
A. HELLO
MICHAUDON
L. MOSSBAUER
C. NORTHCLIFFE
RAUCH

E. SCHEER

P. SCHOEMBORN
SLAUS

A. SMITH

G. SOLOVIEV
WEITKAMP
P. WIGNER
ZEITNITZ

9.00 p.m.

Tho final ICINN Conference Program, compiled on June 21, 1976, comprises the following
Guest of Honour and Banquet Speaker, 34 Invited Speakers, 9 Conference Forum Panelists
and 47 chairpersons, listed in alphabetical sequence according to Conference Session.

OF HONOUR AND BANQUET SPEAKER (July 8, 1976)

ty ofj Rome Italy
icir.r: IWITZD SPEAKERS

Univer^ ; *"•/ of Lund
AAEC Lucas Heights
ANL, P^jonne
Kernfoschungszentrum Karlsruhe
C.E.N., Bruyeres-le-Chatel
TDN, Inc., Austin, Texas
AERE - Harwell
Massachsetts Inst. of Technology
Yale University
ORNL, Oak Ridge
JINR, Dubna
C.E.N., BruyeiKS-le-Chatel
Technische L'niversitat MUnchen
ORNL, Oak Ridge
AERE - Harwell
B.C.M.N., Geel
JINR, Dubna
AERE - Harwell
Universite de Li&ge
University of Wisconsin at Madison
University of Kentucky
Universidad Nacional Autonoma
C.E.H., Bruyeres-le-Chatel
Institut Laue - Langevin, Grenoble
Texas A S M University
Atcminstitut der Oesterreichischen

Hochschulen, Vienna
Deutsches Krebsforschungszentrum

Heidelberg
Brookhaven National Laboratory
"Rudjer Boskovic" Nuclear Institute

Zagreb
State University of New York at

Stony Brook
JINR, Dubna
G.K.S.S., Geesthacht
Princeton University
University of Bochum

Sweden
Australia
U.S.A.
W. Germany
France
U.S.A.
U.K.
U.S.A.
U.S.A.
U.S.A.
U.S.S.R.
France
W. Germany
U.S.A.
U.K.
Belgium
U.S.S.R.
U.K.
Belgium
U.S.A.
U.S.A.
Mexico
France
France
U.S.A.

MCI
MB2
PF1
PA1
MF1
PA2
MD2
MA
MF3
MJ2
MH2
MF3
MI2
MC3
MH2
PE3
MC2
!W1
.MG2
ML1
MD1
MH1
MK1
MB1
ML2

Austria PD2

W. Germany
U.S.A.

Yugoslavia

U.S.A.
U.S.S.R.
W. Germany
U.S.A.
W. Germany

PF2
Mil

ME3

MJ1
MGl
PD1
MN1
PCI

H. H. BARSCHALL
C. COCEVA
J. CSIKAI
A. T. G. FERGUSON
P. K. IYENGAR
C. MAHAUX

V. G. SOLOVIEV
S. TANAKA
2. T . WTLHEIMI

Universi ty of Wisconsir at Madison U.S.A.
C.N.E.N., Boloana Italy
Kossuth University, Debrecen Hungary
A.E.R.E. - Harwell U.K.
Bhablia Atomic Research Institute India
University of Li&ge Belgium
J.I.N.R. - Dubna U.S.S.R.
J.A.E.R.I., Tokai-muta Japan
Warsaw University Poland
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LIST OF ICINN CHAIRPERSONS

K. ABRAHAMS
F. AJZENBERG-SELOVE
E. AMALDI
B. K. BARNES

H.
G.
C.
L.
C.
R.
H.
S.
R.
G.
J.
I.

r.
j .

D.
J.
p.
H.
s.
G.
w .

F.
R.
W.
R.
V.

F.
P.
H.
C.
F.
R.
J .

11.
D.
S.
U.
J.

V.
J.
A.
M.
T.
J.

H.
A.
M.
E.
R.
C.

BARSCHALL
BARTHOLOMEW
BARTLE
BEGHIAN
GOULD
BLOCK

CAMA ?n.n.

H.
E.
P.

CHEN
CHRIEN
COUCHELL

CSIKAI

M. FRANK
GABBARD

B.
W.

GARG
HALDERSON

HUMBLET

K. IYENGAR
JAHN

S.
H.
A.
C.
0.
M.
L.

A.

B.
A.
W.

KAPOOR
R. KEGEL
KEYWORTH
KHANNA
LANE
MACDONALD
MACKLIN
MADSEN

MALIK
MOLD.MJEK
NEWSON

NEWSTEAD

B.
J . PEREY
PEREZ

PHELPS

P<~>ST.HA

.?.

M.
P'JLI.EM
QAIM

RAUCK

H.
C.

RISSER
ROGERS

ROSSEL
B.
K.

SMITH
SMITH

TERASAWA
TURKIEWIC2

Reactor Centrum Nederland, Petten
University of Pennsylvania, Philadelphia
University of Rome
University of Lowell and Los Alamos

Scientific Laboratory, Los Alamos
University of Wisconsin at Madison
A.E.C.L., Chalk River
Australian National University, Canberra
University of Lowell
Duke University & TUNL
Rensselaer Polytechnic Institute, Troy
Lawrence Livermore Laboratory
Massachusetts Inst. of Technology
Brookhaven National Laboratory
University of Lowell
Kossuth University, Debrecen
J.I.N.R. - Dubna
University of Kentucky
State University of New York at Albany
Queen's University, Kingston, Ontario
Universite de Liege

Bhabha Atomic Research Centre, Bombay
Kernforschungszentrum Karlsruhe
Bhabha Atomic Research Centre, Bombay
University of Lowell
Los Alamos Scientific Laboratory
A.E.C.L., Chalk River
Ohio University, Athens
University of Maryland
O.R.N.L., Oak Ridge
Lawrence Livermore Laboratory and

Oregon State University
Indiana University
Argonne National Laboratory
Duke University
Brookhaven National Laboratory
O.R.N.L., Oak Ridge
O.R.N.L., Oak Ridge
University of Lowell
Rijksuniversiteit Groninqen
University of Lowell
Kerr.forschungsar-lage Julich
Atominstitut der Osterreich, Hochschulen
Rice University, Houston, Texas
Ford, Bacon & Davis Utah, Inc.
'Jniversit^ do Neuchatel
Argonne National Laboratory
University of Lowell
University of Tokyo
Instytut Badan Jadrowych, Warsaw

Netherlands
U.S.A.
Italy

U.S.A.
U.S.A.
Canada
Australia
U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
Hungary
U.S.S.R.
U.S.A.
U.S.A.
Canada
Belgium
India
W. Germany
India
U.S.A.
U.S.A.
Canada
U.S.A.
U.S.A.
U.S.A.

U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
U.S.A.
Netherlands
U.S.A.
W. Germany
Austria
U.S.A.
U.S.A.
Switzerland
U.S.A.
U.S.A.
Japan
Poland

MB
MJ
MM

PG2/E
MF
MC
PG2/D
MA
PH2/F
PB2/B
PB2/K
MI
P£
PG1/E
PA
MN
PG2/I
ME
PG2/K
MH
ML
PB2/J
PG1/JSI
PB1/A
PG2/B
PB1/J
PB1/G
PG1/K
PC

PH1/K
PH2/K
MG
MK
PD
PF
PB1/K
PB2/H
PG1/B
PHI/I
PG1/D
PB2/B
PB1/F
PH2/E
MD
PH1/E
PH2/L
PH1/D
PH1/C
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SESSION CHAIRMAN'S INTRODUCTORY REMARKS

L. E. Beghian

(ICINN Executive Officer and Provost of Tne University of Lowell, Mass., U.S.A.)

On behalf of the University of Lowell, I would lik to extend a warm
welcome to our distinguished guests and delegates. Before the delivery of the
scheduled Inaugural Addresses and the delivery of the opening Scientific Invited
Paper in this first. Session of The International Conference on the Interactions
of Neutrons with Nuclei, I would like to read a message of welcome from Senator
Edward M. Kennedy, the Senior Senator of The Commonwealth of Massachusetts:

" I DEEPLY REGRET THAT I AM UNABLE TO BE PRESENT AT THE OPINING CEREMONIES OF
THIS INTERNATIONAL CONFERENCE. IT MOULD HAVE BEEN A PARTICULAR PLEASURE FOR ME
SINCE IT WOULD HAVE BEEN MY FIRST OPPORTUNITY TO VISIT YOUR CAMPUS SINCE THE
UNIVERSITY OF LOWELL WAS FORMED, A LITTLE OVER A YEAR AGO, THROUGH THE MERCER
OF LOWELL TECHNOLOGICAL INSTITUTF AND LOWELL STATE COLLEGE.

THE 10,000 STUDENTS AT THE UNIVERSITY OF LOWELL HAVE BEEN ATTRACTED
HERE AS MUCH BY THE EXCELLENCE OF THE FACULTY AS BY THE AVAILABILITY OF RESEARCH
FACILITIES SECOND TO NONE IN THE STATE UNIVERSITY SYSTEM. THE UNIVERSITY RUNS
THE ONLY CENTER FOR NUCLEAR RESEARCH IN THE STATEWIDE SYSTEM, AND OFFERS A
UNIQUE OPPORTUNITY FOR DESERVING STUDENTS FROM ALL OVER THE STATE TO OBTAIN
AN EXCELLENT SCIENTIFIC EDUCATION AT A COST THEY CAN AFFORD. THE PRESENCE HERE
TODAY OF 330 PARTICIPANTS FROM 30 COUNTRIES IS AMPLE TESTIMONY TO 1HE INTERNATIONAL
STATURE WHICH THIS INSTITUTION HAS ALREADY ACHIEVED IN THE SCIENTIFIC WORLD.

PLEASE CONVEY MY BEST WISHES TO ALL THE PARTICIPANTS AT THE CONFERENCE.

EDWARD M KENNEDY UNITED STATES SENATE"

Now I would like to introduce Dr. John B. Duff, the President of The
University of Lowell, to open the Conference.



... 5 -

U. ADDRKSS

John B. Duff

(President, University of Lowoll)

Honored Citests, Distinguished r,utlsts, and Fellow Colleagues at the University

of Lowell.'

All of us here at the University are honored by your presence at launching
the International Conference on the Interactions of Neutrons with Nuclei. This
represents the first major international conference devoted to basic neutron
physics to be held in the United States in nearly 20 years. It also forms
another link with tho chain of highly successful neutron physics conferences
that have been held previously at Antwerp in 1965 and at Budapest in 1972. It
id especially gratifying that attendance at our present meeting has appreciably
surpassed all previous such gatherings and that we are privileged to include
among our numbers so many outstanding scientists.

That a Conference of this magnitude should be held on the day that the
United States enters its third century in the midst of our Bicentennial cele-
brations, and to be held in the newly-formed University over which I was recently
given the privilege of presiding makes this a source of enormous personal grat-
ification to me and to all at the University.

We are especially appreciative of the fact that the President of the United
States of A4w;rica has sent us a personal message of <ioodwi.ll (reproduced in t/>e
Frontispiece).

Accordingly, I am happy to declare this Conference open and on behalf of
the University family and the Greater Lowell Community, as well ar the Conference's
Local Executive Committee which did so auch to prepare this program rid all these
arrangements, 1 bid you a warm welcome asxi extend to you our friendliest good
wishes for a highly stimulating and productive Conference.
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Thomas P. O'Neill, Jr.

(Lieutenant - Governor, Commonwealth of Massachusetts)

My privilege is to welcome all in this distinguished gathering on behalf of
the Commonwealth of Massachusetts. I want to extend special greetings to the
many guests from the international scientific community who are here. Science,
more so in my opinion than any other human endeavor, speaks a common language and
holds to a common loyalty, namely Truth. Our first American physicist, Benjamin
Franklin, was welcomed by his scientific contemporaries in both France and Britain,
despite his mission on behalf of revolution - was welcomed rather for his sympathy
and his contribution toward truth.

In that same spirit, we greet you all here today. I want to acknowledge the
presence specifically of three renowned Nobel laureates among the Invited Speakers-
Academician Professor I. M. Fr,ank, Professor R. L. Mossbauer, and Professor E. P. •
Wigner. I dare say that most of what the world knows about basic neutron physics
is concentrated in this hall today. What we do not as yet know about the neutron,
I expect will be substantially less by the time this Conference concludes. For
most of us, the frontier that you are exploring is as remote as the surface of
Mars, but that does not mean that we do not appreciate the significance of your
work. Whether or not we grasp the subtleties of scientific theories, we have all
benefited inestimably from the work of Galileo, Newton, and Einstein. That which
is a mystery to us may be a commonplace for our children or grandchildren.

I want to congratulate Dr. Duff, Dr. Sheldon and the Department of Physics
at the University of Lowell for the eminently successful realization of this
Conference project. The seeds of three years of hard work are now finally coming
to fruition. I know that many citizens and organizations in the city of Lowell
and in this country have contributed time, effort and resources toward making this
Conference a total success. We think that this city was a marvel of the Industrial
Revolution ard one uf the first in the New World to grasp the significance of nine-
teenth - century science and technology. Some of that same spirit, I think, is re-
flected in the eagerness of the people of Lowell and of this Commonwealth to encourage
the scientific ideas of the present and future centuries.

You have our good wishes for all of your deliberations. We deeply appreciate
your presence here today and are truly grateful for your participation in this
internatioj.al meeting of distinguished and authoritative minds. You do us great
honor. *

Thank you very, very much.



- 9 -

CONFERENCE CHAIRMAN'S OPENING ADDRESS

Eric Sheldon

(University of Lowell, Massachusetts, U.S.A.)

As the Director of this Opening Session points his baton toward me to
cue in my voice with those others who have already sounded the Leitmotiv of this
chorus of welcome, I have £o invoke sight as well as sound to convey the restate-
ment of our theme. With a strict injunction from the Conductor that my melody line
is marked "Sostenuto - ma non troppo .'" (since I am allowed only about one mean neu-
tron lifetime for my presentation), I will offer my message to you in visual form
(Figure 1), which expresses, better than my halting tongue could encompass, the im-
mense pleasure that your distinguished participation is affording us, and the cor-
dial welcome that we would like to extend, individually and collectively, to each
of you.

It is indeed both gratifying and fitting that this gathering should have
assembled from all corners of the globe to survey the present status and future
prospects of neutron physics, as this is itself a domain that has come into being
through the contributions of so many nations and that now draws its unique strength
from the co-operative endeavours of so many countries.

To the mighty Greek civilization, through its Ionian school of philosophy
as represented by the scholars Anaxagoras, Leucippus and Democritus in the fifth
centu: y B.C. we owe the concept of atoms, as reiterated by the Latin poet Lucretius
in the first century B.C., and as placed on a scientific basis nineteen centuries
later in England, France, Germany and Italy by Dalton and others. This set the
stage for the pinpointing of the nucleus within the atom by Rutherford of New Zea-
land, ushering in the tremendous interpretative nuclear developments of the 1930's.

Toward the end of 19 30, Bothe and Becker in Germany published results of
investigations on artificially-induced y-ray emission with weak a-radiation sources,
followed in 19 31 by data from considerably stronger a-sources as used in France by
Irene Curie and Jean Frederic Joliot. The scene then switches to England, where at
the Cavendish Laboratory in Cambridge Webster had in 1932 taken up similar investi-
gations to those pursued by Bothe and Becker and, one month later, James Chadwick
was led to the conclusion that a product of the a-irradiation of light target nuclei
had to be chargeless particles with a mass closely akin to that of protons, namely
that one was dealing with the emission of neutrons (and not of hyperenergetic Y-rays,
as had previously been postulated). Chadwick's famous paper in the Proceedings of
the Royal Society of London [A 136 (1932) 692-708] on "The Existence of a Neutron"
concluded with the triumphant and prophetic words:

"The neutron hypothesis gives an immediate and simple explanation
of the experimental facts; it is consistent in itself and it throws
new light on the problem of nuclear structure."
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To follow this splendid quotation with another, more recent statement that
eloquently conveyed (in unconscious poetry) the grandeur and centrality of neutron
physics, I would like to repeat the way that Dr. Jacob fcronowski expresfad himself
in "The Ascent of Man":

"At twilight on the sixth day o£ Creation,
So say the Hebrew commentators to the Old Testament,
God made for man a number of tools
That give him also the gift of creation.
If the commentators were alive today, they would write
' God made the neutron '.

The neutron was therefore a new kind of probe,

A sort of alchemist's flame,
Because, having no electrical charge,
It could be fired into the nuclei of atoms
Without suffering electrical disturbance,
And change them.
The modern alchemist,
The man who more than anyone
Took advantage of that new tool.
Was Enrico Fermi in Rome."

It is to James Chadwick and to Enrico Fermi that we gratefully and
respectfully dedicate this Conference today. May our deliberations and contri-
butions to humanity prove worthy of the grandiose legacy that they have bestowed
upon us.

Fermi, with his brilliant school of co-workers in Italy, among whose
numbers was included this Conference's cherished Guest of Honour, Professor
Edoardo Amaldi of the University of Rome, for the first time applied this won-
drous and powerful tool to the production of man-made isotopes in 1934. By the
end of the decade, synthesis had given way to analysis, as Hahn and Strassmann
in Germany, Meitner and Frisch, Bohr and Wheeler in Scandinavia and the United
States recognized the phenomenon of nuclear fission induced by neutrons. World-
wide research efforts were devoted to elucidating the characteristics of the fis-
sion chain reaction (e.g., by Fermi himself, as well as by von Ralban, Kowarski,
Szilard, Wigner, Oppenheimer, and many others). It has now been brought to the
stage at which it holt3- immense promise for mankind toward the resolution of its
immediate energy requ'^sments in the face of dwindling stocks of fossil fuels.

We now recognize the multifaceted diversity, the exquisitely attractive
potentialities and possibilities offered by neutron physics, and it needs no words
on ray part to emphasize the excitement and captivation of the quest to unravel its
mysteries and complexities over the years. Acknowledging this to have been a truly
international, collective endeavour involving the mingling of the keenest scientific
minds and most-highly developed experimental resources, we look to the continuation
of this impetus in splendour and fruitfulness throughout the ensuing years.

It is our fervent hope that this Conference will act as a further spur to
international co-operation in scientific research and in the exchange of scientific
information.. The development of international research centers constitutes a par-
ticularly felicitous and promising line of progress in our field, just as in other
realms of physics.
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international i;>m has boon the guiding principle in the selection of our
Advisory Committee, who have ensured world-wide representation ^t this Conference.
A.-; you see, oven our Executive Committee- at Lowell, composed of Drs. Beghian, Goodwin,
Matiiur and myself, is multinational in origins and composition. We are cognizant
an.i proud of the fact that the international flavour of scholarship has i een recog-
nized and encouraged throughout the academic community, and particularly at this new
institution, among faculty and students alike. This is a special time, when the Uni-
ti-t.i .States celebrate the Bicentennial, the city of Lowell its Ser.quicentennial, and
the University its first anniversary. We are indeed happy that you have come from
so far afield to share in it and tc participate in this first Conference here.

At about this time a year ago, when the legislature enacted the merger 01
The Lowell Technological Institute (the present University's North Campus) and Tne
Lowell State College (constituting our sister So-.ith Campus, which you will have an
opportunity to visit next Friday) to bring about the formation of The University of
Lowell it also made two other separate decisions, seemingly unrelated. These have
an effect on the arrangements for our Conference, and in bringing them to your atten-
tion, I would also like to try to suggest a possible connection, since after all even
random correlations form a legitimate subject of study in our discipline: The first
decision was to delete from this year's University budget a line item for the fiscal
expenses of this Conference at a time of economic deprivation, obliging us to raise
the necessary means from elsewhere; the second initiative was to put into operation
a rule that smoking is not permitted in such public places within the Commonwealth
as lecture halls, classrooms, seminar rooms, elevators, etc. So please forbear from
smoking except in designated areas such as lobbies, lounges or offices. As to the
connection between these two rulings, I can only put forward the obvious interpre-
tation that in their inability to provide funds for the Conference, the Legislature
made provision for you to save enough from not smoking for the rest of this week to
finance the not inconsiderable outlay involved in staging this meeting !

That we were in fact able to find the resources for this Conference is
due not only to the genercis contributions from sponsoring agencies and organiza-
tions, including many ind\, ;trial and commercial concerns in our local area whom
we gratefully acknowledge in our list of donors, but also to the support provided
by our University, especially through its Division of Continuing Education, and to
a most understanding loan and encouragement from the University Alumni Association.
We are truly indebted to countless individuals and institutions for their heartening
response to this occasion.

It goes without saying that we hope you will in all respects enjoy this
conference and benefit, from it, both now and in the time to come. It has been planned
as an academic and scientific contribution to the U.S. Bicentennial by probably the
newest University in this country, and it will aim to carry forward the theme of such
previous international conferences devoted to fundamental neutron physics as that of
1957 at Columbia University, of 1965 at Antwerp, and of 1972 at Budapest. The chal-
lenges and difficulties of pursuing research in neutron physics are more than amply
compensated by the marvellous diversity to which it lends itself. To try to compress
this wealth of material into but a few days provided us with appreciable problems and
you with a highly concentrated program.

The neutron is probably unique in its sensitiveness to all four basic inter-
actions presently recognized in physics: the powerful nuclear interaction, the elec-
tromagnetic, weak and gravitational interactions. Even in this last-named category,
the neutron has continued to be a subject for investigation, be it in establishing
the equality of the attractive gravitational force for nf.utrons and antineutrons alike
or, as in a paper to be published in the July 15, 19?o issue of The Physical Review
by L. Koester of the Technische tlniversita't. Munch en, in verifying the equality of



the gravitational and inertial mass of the neutron. Another obvious instance in which
the neutron enters into gravitational interactions of profound significance- to thi-
physics of our cosmos is the ultra-dense world of neutron stars. I have no doubt
chat undreamed-of surprises lie in store for us in the domain of neutron astrophysics,
even its we prepare to hear of the latest progress in the course of this Conferenrv.
Obviously the main thrust of the meeting will be directed toward an examination of
electromagnetic and strong nuclear interactions from a fundamental point of view, but
we shall also be hearing of developments having an important bearing upon energy pro-
duction and utilization, we will be updating our Knowledge of neutron instrumenta-
tion and facilities, particularly in the high-flux field where recent advances seem
to offer aigniiicant promise toward neutron therapy, as well as in the general r.;altn
of neutron biophysics.

But there is one interaction stronger than all of these: the all-»edeeming
force of Love. May we, throuih our intense love of neutron physics, use this Confe-
rence to forge links of affection, one with another, so that our endeavours now and
in the future may .serve not only Science but also Humanity, and that they bring about
the realization of a world-wide diffusion of knowledge, understanding and friendship.

Figure 1. Multilingual Greetings to ICINN Participants

WELCOME TO ICINN

-0
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J. M) d .m., Tuesday, Ju ly 6, l<)7d in Olrsey 150 Invited Paper: Session MA

RECENT ADVANCES IN NEUTRON PHYSICS

H. Feshbach

ropartment of Physics, Massachusetts Institute of Technology, Cambridge,

MA 02139, U S. A.

PESUME

In recent years, and especially over the past decade, significant advances have
b an jnade in numerous fields of experimental and theoretical physics, which will be
criticalli) reviewed. Examples of progress in specific areas will be presented, and
jn overview of the present status of neutron physics will be given.

ABSTRACT

In reviewing the past decade if progress in neutron physics, the importance
of the neutron as an uncharged projectile in nuclear interactions is stressed. A
preliminary survey of some of the difficulties and developments in neutron instru-
mentation is presented, and mention is made of the importance of the elucidation
of quantum numbers, such as spin, for neutron resonances.

Commencing the main part of the survey with a consideration of elastic neutron
scattering and its description in terms of the optical model, and tracing its con-
nection with inelastic scattering, a discussion is given of the latest progress in
establishing the parametric form of the optical potential, and of the use of coupled-
channel and fluctuation formalisms.

Consideration is also given to multistep processes, with especial reference to
the treatment of sequential reactions. An important fairly recent development is
the detailed formulation of the effects of pre-equilibrium processes upon measured
cross sections, and this is discussed at some length.

An account is given of a general statistical theory developed by Kerman, Koonin
and Feshbach from 1972-76, and its consequences are described, several illustrative
examples being given.

Finally, some discussion is presented of doorway state effects and related phe-
nomena, and attention is drawn to further theoretical developemnts that will form
the subject of Invited Papers to be presented later in the Conference program.
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RECENT ADVANCES IN NEUTRON PHYSICS

H. Feshbach

Laboratory For Nuclear Science And Department Of Physics
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*This work is supported in part through funds provided by
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Although natural radioactivity had been known for some time,

and some nuclear reactions had been induced by collisions with

alpha particles it wasn't until the neutron had been discovered

in 1932 that nuclear physics and nuclear science really began.

Only then did it become clear that the fundamental constituents

of the nucleus of the atom are the neutron and the proton.

Understanding the nature of the forces acting between these

elementary constituents, and more generally understanding their

interaction when they are inside the nucleus and how these forces

act in concert to produce the atomic nucleus is one of the great

fundamental challenges faced by modern science. Nuclear forces

are one of the four fundamental forces of nature. They play a

decisive role in the history of our universe, in astronomical

processes such stellar evolution leading to the formation of the

various kinds of naturally occuring elements such as those

which occur in our own planetary system. Nuclear forces are

also ultimately responsible for our energy resources which or-

iginate in nuclear processes in the sun. And hopefully nuclear

processes will be more direct!j able to provide energy from fis-

sion and fusion reactors. The neutron is the "workhorse" of

these terrestrial energy sources. From both the pragmatic point

of view and from the point of view of the basic scientific

inquiry into the fundamental properties of matter, the neutron

and nuclear structure, the title of this conference, is a subject

of unusual importance.
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A property of the neutron which makes it so useful en both

scores is its electric neutrality. The positively charged nu-

cleus exerts a strong repulsive force on other charged particles

such as the proton with the consequence that these particles

must be energetic if they are to interact via the short range

nuclear forces with a nucleus. On the other hand the neutron

being neutral has no difficulty in approaching nuclei . Thus

the neutron is uniquely endowed for studying the low energy

phenomena. It is no accident that fission of nuclei was first

discovered using neutrons. Although other techniques have been

developed it remains the primary low energy probe of the strong

nuclear interactions.

The neutrality of the neutrons, together with their in-

stability against 6 ducay does however pose important technical

problems. The second of these means that the only neutrons found

in Nature are within nuclei—so that they must be extracted

by bombardment by other particles or produced in such, a process

as fission. Because of their neutrality it is difficult to

collimate and direct them to form beams of monoenergetic neu-

trons, and of course there are attendant detection problems.

These problems will be discussed in a parallel session which

follows. But perhaps a few examples are in order principally

to point to the increased sophistication and sensitivity of

experiments which have become feasible in recent years.

At reactors the traditional chopper method has been augmented

by the use of filters, a method pioneered at the MTR, but now
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in use at many installations such as NBS and BNL(l). The use

of a scandium plus titanium filter provides a very clean beam

for 2keV neutrons, the Fe + Ti Filter a beam for 25keV neutrons

while at 144 keV, a Si filter is used. Improvements associated

w.ith the electron linac which is at present the most effective

source of neutrons include the recent extension into the MeV

range. Experiments involving neutrons with energies up to 20

MeV appear to be possible. At ORELA it has also been proven

possible to measure inelastic neutron cross-sactions very accur-

ately. These measurements involve being able to determine the

energies of both the incident and emergent neutron. Although it

is a much older method, first developed by Bertozzi, Paolini and

Sargent (2) in 1958, the threshold photoneutron reaction in

which low energy neutrons are produced using the high energy

end of a brems-strahlung spectrum has been extensively employed.

One of the problems of great importance is the determination

of the quantum numbers of neutron resonances, such as their

spin. In this connection I would like to mention two develop-

ments. One is the use of a photoneutron polarimeter system,

which determines the polarization of the emergent neutron, devel-

oped at ANL (3). The application of that system to the reaction

Plb(Y,n ) Pb showed that the resonances at photon energies of

7.56, 7.70, 7.92, 7.98, 8.03, and 8.23 MeV are El excitations

not Ml as originally believed. Another beautiful example is

the spin determination of resonances in the neutron interaction
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237 235with Np and U by a Los Alamos-Oak Ridge collaboration

(4). A pulsed neutron beam which has been polarized strikes

235

a polarized U target. Measurements of the resonance cross-

sections are made with these polarizations parallel and anti-

parallel permitting the determination of the spins of 65 reson-
23 S

ances below 60eV in U. Where it can be applied this method

is more effective than the traditional methods such as obser-

vation of de-excitation gamma rays or the measurement of both

total and scattering cross-sections. I won't continue this

tabulation. It is not complete. The intent is to provide a

feeling as to the quality of measurements and the sophistication

of the technique which are now possible. Precision is now be-

ginning to approach that which is achieved in charged particle

reactions. More examples will naturally tuin up in the course

of this report and during the conference.

This increased precision and capability have led to the

discovery of new phenomena and an incisive examination of ones

thought to be thoroughly understood. This has led at the same

time, quite in parallel to the experimental developments, to a

more sophisticated theoretical treatment of neutron reactions

which has in many cases a more direct dependence on the structure

of the nuclei involved.

Let me begin with an old friend—the elastic scattering

of neutrons by nuclei and its theoretical description by the op-

tical model which provides the average amplitude to which one
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must add the fluctuation cross-section determined empirically

or calculated using the statistical model. The optical model,

that is the single particle model description for the neutron-

nucleus interaction, has proved to be extraordinarily useful,

but in its traditional form it takes into account only the

global aspects of the interaction as expressed in the smooth

dependence upon the mass and atomic number, the radius, skin

thickness, deformation parameter etc. for the real and imag-

inary part of each term in the optical potential of a given

spatial symmetry. I shall not describe these, assuming your

familiarity with them; nor shall I summarize the various spatial

spin and isopin forms nor the energy dependence of the associated

empirical constants which have been proposed. Suffice it to say

these exist and are given for example in Atomic Data and Nuclear

Data Tables by Perey and Perey (5) together with a table of

empirical constants determined by various analyses. A deviation

from the smooth behavior may be indicative of an effect of some

special aspect of the structure of the nucleus interacting

with the neutron. There are such deviations, discernible because

of higher quality data, and these deviations must be taken

into account when the optical model wave functions are used in

the discussion of other phenomena involving the same nucleus.

Such deviations from the global values are expected if the tar-

get is easily polarized by the incident neutron. In that case

it is best to use a coupled channel description in which the

incident channel, neutron plus target in its ground state is
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coupled to an excited state of the system. In the case of a

vibrational nucleus for example, that might consist of a neu-

tron and the target in a one-phonon state. Soloviev as well as

Beres, Divadeenam, Newson and a number of collaborators have

used this approach. If the shell model approach appears appro-

priate, the second stage would consist of the neutron plus a

particle-hole excitation, i.e., a 2p-lh or three quasi-particle

state. If only one such excited state is involved this pro-

cess is referred to as a 2-step proc». ss. In the coupled channel

description these two steps occur many times coherently with the

one-step process. The general case of many steps has been

reviewed by Tamura (6).

The concept of the multi-step process is of venerable age

so that there are many examples of its use i^ for example,

reactions induced by charged particles. An interesting recent

example is concerned with neutron scattering by the even Sm

isotopes (7). It might be useful to give some of the details.

A two-stage process, in which the 2+ rotational state was excited

was used'for Sm and Sm. The nucleus Sm was considered

to be a vibrator, the excited level in the second stage is then

a 2+ vibration. Both assumptions were tried for Sm. Total

cross-sections for 148Sm, 1 5 0' 1 4 8Sm, 1 5 2' 1 4 8Sm, 1 5 4' 1 4 8Sm were

measured for neutron energies varying from 0.7 to 15 MeV. Dif-

ferential cross-sections were obtained at 7.0 MeV neutron energy.

The calculation of the coupling matrix elements was macroscopic in
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nature—i.e. VQ ^ = V (R,A,Z,N,o,i) where P = RQ [1 + 1^ a^

Yx (ft)] for the vibrator and R = RQ(1 + Zx# ĝ , Y^te')) in the body

fixed system for the deformed case. V was obtained by fitting

low energy data on these nuclei and by employing empirical V .

valid in this energy and mass number range. The results are

shown in Figures 1,2,3,4. We see that the deformation or vibra-

tion optical models are quite capable of obtaining good fits

for the "obvious" vibrator Sm and the "obvious" rotators

' Sm. In the latter case the value of the deformation,

the parameter 3_, is determined to within 10%. The question

of Sm is moot although the data favors the vibrational des-

cription. Improved data should resolve the issue. The paper

did not quote the magnitude of the statistical contribution to

the inelastic cross-section.

Coupled channel calculations have in this context, though

not in others, employed only the excited states of target nuclei

in forming channels. The possibility of the 2nd stage involving

particle transfers or charge exchange should also be considered.

These could be important whenever the energy expended is not

large and if the coupling matrix elements are relatively large

as would be the case if the 2nd stage system resonated at the

appropriate energy. The importance cf such a process would

be suggested if the associated reaction had an appreciable cross-

section.

One of the dividends of a coupled channel calculation is

the cross-section for inelastic scattering, in the above case
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to the 2 state of the target. Many of the theoretical dis-

cussions of neutron induced reactions have been based on the

statistical model. But as the above remarks make clear, the dir-

ect process also contributes to the cross-section, a point which

has been made by several investigators. It is expected that

the direct component will rapidly become more important as the

neutron energy increases for excitations to low lying states

of the residual nucleus; statistical theory will still be appli-

cable to the low energy part of the emergent particle spectrum.

Whether the evaporation model, in which angular momentum con-

siderations appear only in the level densities, is used or

whether one employs a model which explicitly conserves angular

momentum depends very much upon the density of levels in the

residual nucleus. If the levels are sparse the second is ap-

propriate. This point manifests itself quite strongly when re-

actions involve the emission of a second particle, e.g. (n,2n),

(n,na), (n,ny) etc. The process occurs sequentially so that the

first step involves an inelastic excitation, while the second

involves the emission of a neutron, a, or y, in the three cases

specifically mentioned. If the energy available after emission

is small so that only low lying levels of the residual nucleus

are possible, angular momentum considerations can play a sig-

nificant role. For example in the case of second stage alpha

particle emission the use of the simple evaporation model can lead

to errors of the order of magnitude of 20 as exemplified by the

Cu(n,na) Co reaction (E = 12MeV) to the ground state of the
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latter according to Fu and Perey (8). Of course this is a

reflection of the sensitivity of the alpha particle transmission

factor to the angular momentum barrier. Another example is

40
discussed by Fu (9) namely the Ca(n,xy). See Figure (6).

The superiority of the .acre detailed model over the evaporation

model is apparent. Another example in the same figure is the

(n,npy) reaction (unlabelled) in where we see that 2.817 MeV

y-ray to the ground state is more abundant than the y-rays

from the 2.526 or 3.02 levels, a conclusion which one could not

obtain using the simple evaporation model. A similar point

has been made in regard to y decay from a nucleus which has

been excited to a high spin state. Even after the evaporation

Qf several neutrons the nucleus is left with a high spin which

of course has a strong effect on which y ray transitions will

be favored.

These remarks emphasize the care with which sequential pro-

cesses need to be treated. In particular it is not surprising

that the (n,2n) process is not always as simple as was originally

thought when this process was considered as two sequential evap-

orations. In Figure (7) we see an example (10) of how this

recipe fails and the need to add in the "pre-equilibrium" com-

ponent. In another paper, [Figure (8)j a direct component (11)

is added in as well.

The pre-equilibrium process was first suggested by Griffin

who used some qualitative considerations of Weisskopf and Block.

A vast literature has grown up around this topic and I shall not
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attempt to summarize it. Suffice it to say that it is in its

present form a semi-classical theory with a number of ad-hoc

empirical elements. It does not have the ability to calculate

angular distributions, nor does the recipe invoked for multi-

particle production seem to be entirely satisfactory. But within

these limitations it is highly successful, often achieving quan-

titative understanding of the data.

As it turns out this is a very fundamental problem, and per-

haps it is worth a little overall review before we proceed with

the discussion. The neutron spectrum in,say,an (n,n") reaction

has the shape shown in Figure (9). The high energy end corres-

ponding to low excitation energies of the residual nucleus is,

at sufficiently high energy, dominated by the direct process

while the low energy end is for the most part an evaporation

spectrum. The angular distribution is strongly anisotropic

and asymmetric at the high energy end while it is spherical in the

evaporation region. The problem we face is to fill in and under-

stand the "in between". We have already mentioned some important

points. In most of this region the evaporation theory is not

adequate. Secondly, the Bohr independence hypothesis is not

valid. Finally, in the few cases which have been investigated,

the angular distribution is symmetric about 90° close to the

evaporation region but is asymmetric near the direct interaction

region.

Beside the immediate goal of predicting the cross-section

in this intermediate region, the resolution of the problem has
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an impact on two problems of great importance and generality.

The first has to do with the compound nuclear wavefunction.

Although Breit and Wigner taught us how to describe a compound

nuclear resonance and although a number of theories of nuclear

reactions are available, yet a description of the compound nuclear

wavefunction does not exist today. The second, as pointed out

by Agassi and Weidenmuller, is the problem of the non-equilib-

rium quantum statistical mechanics of relatively small systems.

Nuclear reactions present a unique opportunity for studying this

problem.

I shall very briefly present a general statistical theory

developed by Kerman, Koonin and myself. Presentations were

made in several conferences that were held in 1973 (12, 13), but no

full account has yet been published. Of course I cannot give a

full account here; just a summary of the concepts, assumptions

and results. It is assumed that the reactions proceed through

a set of stages of increasing complexity (Figure 10). Com-

plexity is defined in terms of the description appropriate to the

nuclear system under investigation. If the shell model is used,

as is done in Griffin's model, complexity is defined in terms

of the number of particles and holes; the simplest is the in-

cident one-particle state, the next more complex are the 2p - lh

states, the next the 3p - 2h states etc. If a vibrational model

is used, the complexity is defined in terms of the number of

plionons. The reaction can end at any step in the chain by a

transition to the final state. Ths second assumption is the



chaining hypothesis which states that a given stage can be con-

nected by the residual Hamiltonian only with its nearest neigh-

boring stages, that is those differing at most by unit complexity.

Finally the statistical hypothesis is assumed. One immediate

consequence is that amplitudes for particles emitted from

differing stages do not interfere. But in addition the statis-

tical assumption is used differently according to whether there

are particles in the continuum in a given stage or all particles

are bound. These two non-interfering contributions to the cross-

section are referred to as multi-step direct and multi-step

compound. The statistical averaging in the second case asserts

that sf-ates of differing angular momentum J and parity IT do

not interfere. To this is added the assumption, which can be

verified in a given model, that ^ ^ D •, where F is the aver-

age width of states in the n'th stage and D * is the level

spacing in the (n-l)st stage. One obtains the familiar statis-

tical result that the angular distribution is symmetric about

90°. It is expected that the multi-step compound forms the major

contribution in the region close to the evaporation region and

becomes less and less important as the direct region is ap-

proached. The average multi-step compound fluctuation cross-

section for a given J and 7r is

,(fluct) . 1 f rn

'fi -j?L

,(f)

n=l n
I r
k=l k

(i)

The terms have a fairly transparent meaning. The first term



- 27 -

measures the probability of going with the first stage, the

product gives the attenuation of the incident flux because of

emission while en routa to the n'th stage and the last factor

gives the probability of emission into the final state. This

result is very similar to that obtained in the Griffin model.

The statistical approximation in the case of the multi-

step direct component is complementary in its nature to that

employed for the multi-step compound. It states that

In this expression V is the matrix element of the residual

interaction using distorted waves between states a of stage 1

and states y of stage 2; k, etc. give the momenta of the par

ticle in the continuum and Ŝ- is a unit vector in the 1c. dir-

ection. With this random phase approximation one obtains for

the differential cross-section:

da(kf,k)

dftfdUf
n,v (2TT)

dfi dfi,n f

im
(2)

7

The first term on the right gives the differential probability

for going from the incident channel to the first stage in which

the residual nucleus has an excitation between u, and U, + dU,.
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The factor dui2, (iC2,k.,j / (dft2du2) gives the differential prob-

ability per unit time for a transition from k, to k2 and the

residual nucleus from stage I to stage 2. These quantities

are essentially direct reaction transition probabilities using

distorted waves, and the cross-section is given simply by folding

the direct reaction cross-sections over all possible intermediate

steps conserving energy at each step. This expression is exactly

what one would expect in the kinetic theory classical discussion

of the passage of a particle through a Fermi gas model of the

nucleus. Though of course it applies more broadly. It thus

connects directly with Bertini's cascade theory. But

importantly it also establishes a connection with the multiple

scattering theory applicable at higher energies. Indeed as the

energy increases the contribution of the multi-step compound

process will correspondingly decrease.

Two applications will be reported both dealing with the

multi-step compounds process. The neutron spectra produced

by the reactions, V(p,n) Cr, are shown in Fig. 11. The

experiments were performed by Grimes, Anderson, VJong et al.

at the Lawrence Livermore Laboratory. The angular distributions

of the neutrons at the low energy end of the spectrum are iso-

tropic while those nearby are symmetric about 90°. The data

is fitted by the above theory using two constants, g, measuring

the level density in the residual nucleus and, v, the strength

of the residual interaction.
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A second application is concerned with the (y,a) reaction.

Although it is not directly connected with the subject of this

conference, I bring it up because of the insight it gives into

the question of the conservation of isospin. The experiment in

question is Si(YrCt) Mg and Si(v»a) Mg in the region of

the giant dipole. The first of these is isospin forbidden.

Nevertheless its cross-section is larger than the second which

is isospin allowed. By adapting the multi-step compound anal-

ysis discussed above R. L. Feinstein (14} was able to show that

isospin was not conserved primarily because of the many steps

involved in building the alpha particle whereas isospin conser-

vation should hold in the (y»P) or (Y,n) process sines these

are essentially one-step processes. The point I emphasize here

is that isospin conservation will generally not hold for multi-

step and compound nuclear processes. This issue of isospin con-

servation may be of importance for the (n,a) reactions discussed

by J. Harvey at this conference.

It is often the case, as it was for the (p,n) reactions

discussed above, that only a few steps contribute to the pre-

equilibrium'componem . If only one step beyond the incident

channel is important, the multi-step compound reaction reduces

then to the statistical theory of doorway states as discussed

in detail in reference [15]. This was recognized by Grimes,

et al. (16) who were able to fit the data using this model, ob-

taining thereby values for the average doorway state width and

spacing. It is amusing to recall that the paper in which, the
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name "doorway states" was introduced (17) was one which employed

the statistical theory of doorway states to explain the S-wave

strength function, with particular attention to the deep minimum

in the A = 110 region. Figures (12), (13) and (14) provide

strength functions for S, P and D waves tabulated by Wilmore and

Hodgson (18). Recently that approach to the strength function

was renewed and improved by Mflller, Rohr [19J and Kirouac [20].

The former authors looked particularly at the 3S resonance

region, the latter at the 4S. The structure in the 4S region

is shown in Figure (15) where we see a strong odd-even effect,

the strength function for the even Z, odd N nuclei lying above

that for the even Z-even N nuclei. The changes in the work

of Block include (1) a spin cut-off factor rather than a mul-

tipole expansion,replacing thereby three empirical parameters

by onej (2) an explicit A dependence of the average escape width,

namely (I/A )} and (3) the use of the Fermi gas to estimate the

density of 3 quasi-particle states. The results are shown in

Fig. (16). Similar results were obtained by Muller and Rohr

for the 3S region. However this simple model fails in the re-

gions in between and one then has to return to the more complex

model of Block. The (I/A ) dependence of the width is also

obtained in the studies of pre~equilibrium reactions. These

results are very tantalizing; the dependence on doorway state

density seems to be clear on an empirical basis. More theo-

retical studies are needed.
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The identification of individual isolated doorway states

has proven to be difficult except in the case where symmetry

effects or a dynamical mechanism operates. The first is

exemplified by the isospin analog states, the latter by the giant

multipole resonances and by subthreshold fission. Theoretical

indications that isolated doorways for neutrons interacting

with nuclei exist near closed shell nuclei are borne out by

experiment.

The most thorough examination of neutron reactions for

identification of doorway state effects has been performed by

the Duke group, Bilpuch, Newson, Beres, Divadeenam and their

collaborators. The whole effort is made possible by the extra-

ordinary high experimental resolution which the Duke group has

obtained. I won't attempt to discuss their results since these

were reviewed by Newson (1) at the 1971 Albany Conference.

Evidence for doorway structure was found for target nuclei

pb206,207,208,209f Tl205# Ni56,58f F e54 f Ca40,44,48f ,,.28 a n d

op

Sr. Theoretical calculations using the 2p-lh description of

doorways or the particle-vibrator model are in qualitative agree-

ment with these identifications. The small value of the strength

function for Ca for energies ranging up to 1.4 MeV was for

example shown to be the consequence of the absence of any door-

way state in that region, an effect predicted by the calculations
28of Beres and Divadeenam. The p wave doorway state in Si

has since been observed by Jackson and Toohey (22) who studied

29 28
the reaction Si(y,n) Si and find a very strong correlation
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between the partial neutron and gamma-ray widths [Fig. (1?)}.

Similarly the Australian-Oak Ridge group verified the doorway
p Q

in Si (23)» On the other hand the Oak Ridge Group (24) upon

investigation of the reaction Pb(n,y) do not corroborate the

doorway state in Pb + n. This does not necessarily mean

that this doorway state does not exist. It could be explained

if the structure of the state were such as to make gamma trans-

itions unfavored. One result, in agreement with Payne's and

other calculations, is that the, width of the doorways as one

proceeds away from closed shell nuclei rapidly increases and

they become impossible to observe if indeed one can say they

exist at all.

It is by now some eight years since the phenomenon of in-

termediate structure in sub-threshold fission as illustrated
240

in Figure (18} for Pu(n,f) was discovered. It should be

recalled that the total neutron cross-section in the same

energy domain does not show this clustering phenomenon. By this

time other examples of this phenomenon have bean found. A re-

cent review has been given by Michaudon (26) and he also re-

ports to this conference. The phenomenon is understood on the

basis of the double humped' barrier as proposed by Strutinsky

and applied to this situation by Weigmann and Lynn (see Fig. 19)

From the point of view of reaction this may be regarded as an

example of an exit doorway. The picture has been verified by

the observation of electromagnetic transitions in the class II

region. It has been suggested that rotational levels built
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upon these vibrational levels may exist. These levels seem to

232
have been observed in the case of Th(n,f) as reported by

Blons et.al. (27). From these data the moment of inertia as-

sociated with the second region can be determined. A similar

238result has been surmised for U by an Oak Ridge group. They

found a number of fission clusters whose average spacing is too

small for vibrational clusters (28). Parenthetically Perez and

de Saussure (29) observe an entrance channel doorway in the re-

238
action U(n,y). See also Spencer and Karppeler confirming

results (30).

The doorway state can often decay into several channels.

If the branching ratios for a number of channels are substantial,

the channels are said to have a common doorway, a phrase coined

by Lane. He employed it in connection with radiative neutron

capture (or its inverse, the threshold photoneutron reaction)

where the doorway is common to both the neutron and gamma-ray

channels. The consequences are that there can be a strong cor-

relation between the partial neutron width and the partial gamma

ray width and also with (d,p) spectroscopic factor. As the

careful experiment of Chrien, Cole, Slaughter and Harvey (31)

98 99
on Mo(n,y) Mo has shown, the correlation is strong when the

ground state of the residual nucleus has a strong single par-

98
tide character and the resonant state in Mo+n can be excited

by absorption of a gamma ray. Such a transition picks out the

single-particle component of the resonant state. A valence

model such as that of Lane and Lynn (32) suggests itself.
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Thiis model has had quantitative success in these correlated

transitions. However, it is not clear why the complex nature of

the resonant state can be neglected, a problem which has been

discussed by Lane (33).

A second phenomenon which has been the source of much con-

cern relates to the photon strength function for the heavy elements

73 < Z < 82. A typical example (34) is shown in Fig. ^20)

197 198
in which the photo-strength function for Au and Au is

given. The broken curve is the Lorentzian from the giant dipole

resonance in Au. We see a strong dip in the data below

5 MeV. Originally it was suggested that these data could be

understood on the basis of a single doorway state. However,

208
according to the shell model calculations on Pb by Khanna

and Harvey such a description is not tenable and that one must

assume that several doorway states contribute. The calculation

does provide an explanation of the dip below 5 MeV which

arises from the presence of a parity gap, that is a gap of (ph)

states with the correct parity.

I shall not discuss a number of theoretical investigations

which will be presented to this conference. There is the familiar

problem of the statistical properties of the resonance para-

meters to be discussed by Mello and Flores. There is the paper

of Jeukenne, Lejeune and Mahaux to be presented by Mahaux. In

all of the previous discussion very little attention is paid

to the relationship between the phenomena and the underlying

nuclear forces. In this paper the calculation of the real and
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imaginary part of the optical potential in the Brueckner-

Hartree-Fock framework is performed with very encouraging re-

sults. And finally there is the paper of Soloviev who considers

the strength functions using the quasi-particle formalism.
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FIGURE CAPTIONS

Figure 1 The total cross section of Sm for neutron
scattering. The error bars indica e statistical errors
only. The curves are obtained from coupled channel cal-
culations for the assumptions given in the figure.
(See Ref. 7)

Figure 2 __ Elastic scattering angular distributions for Sm
and" Sm at 7.0 MeV incident neutron energy. The curves
are obtained from coupled channel calculations for the
assumptions given in the figure. (See Ref. 7}

Figure 3 Angular distributions given the sum of the elastic
cross section and the cross section for the excitation of
the first 2 + level for " 2 S m and •*• Sm for 7 MeV incident neutron
energy. The curves are obtained from coupled channel cal-
culations for the assumptions given in the figure. (See
Ref. 7)

Figure 4 The measured total cross-section difference div-
I3ed by the 148Sm total cross-section for 150'148sm, 1 5 2'
148sm and -"4, 158SrtK A n shown are coupled channel cal-
culations assuming rotational (full line) or vibrational
(dashed line) models. The quadrupole deformations were
$2 = 0.14, 0.17, 0.22, 0.24 for in8Sm, 150Sm, 152sm, re-
spectively. (See Ref. 7)

Figure 5 Calculated helium production cross-section for
"Total" is the sum of (n,u), (n,ax), and (n,na). Dots
are calculations for (n,na) in which the spins of the
states of 5^Co are set equal to 1/2 instead of the correct
values of 7/2, 3/2, 5/2, 3/2, 1/2, 9/2, 5/2 and 7/2.
(See Ref. 8)

Figure 6 Pronounced gamma rays arising from Ca (n,xyl re-
actions for 18.5 MeV incident neutrons. The levels excited
in 40Ca(n,np)39K reaction are shown. (See Ref. 9)

Figure 7 Evaluation of neutron emission spectrum from Nb+n
at 14 MeV incident energy. Full line represents calculation
with the program, Glune, dash-dotted curve shows the pre-
equilibrium contribution. (See Ref. 10)



Figure 8 Comparison between measured and calculated angular
integrated inelastic cross-sections where the fit includes
the direct part. The reaction is 56Fe(n,n'), at a neutron
energy of 14 MeV. (See Ref. 11)

Figure 9 Schematic spectrum of particles emitted in a nuclear
reaction.

Figure 10 Stages in a nuclear reaction.

Figure 11 Comparison of theory with experiment V(p,n) Cr.
Calculated values are denoted by o = pre-compound, D =
evaporation, x = total values. The experimental data was
provided by Grimes et.al. (See Ref. 13)

Figure 12 Experimental data on neutron s-wave strength, func-
tions compared with spherical and deformed optical-model
results. (See Ref. 18)

Figure 13 Experimental data on p-wave strength functions com-
pared with calculations with, a non-local potential. (See
Ref, IS).

Figure 14 Experiments, data on d-wave strength functions com-
pared with calculations with a non-local potential. (See
Ref. 18)

Figure 15 s-wave neutron strength functions of even Z - odd
N nuclei (open symbols) and even 2 - odd N nuclei (closed
symbols) in the first peak of the 4S resonance. Three
odd Z isotopes (x) are shown. (See Ref. 20)

Figure 16 Calculated fluctuations in s-wave neutron strength
functions 143 < A < 158. (See Ref. 20)

Figure 17 Ground state radiation widths F and reduced neu-
tron widths y^ for resonances in the 2^1 compound nucleus
with jn=^."'. p gives the correlation coefficient. (See
Ref. 22)2



Figure 18, High resolution subthreshold fission cross-section
foF~240Pu(n,f). (See Ref. 25)

Figure 19 Potential energy of deformation as a function of
the deformation parameter 6; taken from A. Mekjian, Advances
in Nuclear Physics, 1_, 1, (1973).

Figure 20 Strength functions for Au. a) The solid circles
are from a^y while the points above 8 MeV are from cjyn.
(b) The points O, A and • are from the spectrum fitting
method - thermal (n,y) data, the sequential extraction
method (d.-py) data, and the high resolution method. (c)
The open circles are from the spectrum fitting method.
(See Ref. 34)
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MA 1 — RECENT ADVANCES IN NEUTRON PHYSICS. H. FESHBACH, (K.I.T.)

Newstead (Brookhaven National Laboratory):
You've had quite a remarkable track record in predicting terms in the optical

potential which physicists have subsequently verified experimentally. I wonder if
we can tempt you into prognosticating further as to what other terms there might be?

Feshbach:
I think it has enough terms as it stands. I prefer to go on to coupled channels

to describe the other degrees of freedom of the system.

Khanna (Chalk River):
I would like to ask a question about this coupled channel calculation you just men-

tioned. The microscopic calculation of the optical potential suggests that low-lyim
collective states can contribute as much as 50% to the strength of the optical potential
at the same time you employ a couple d-channel calculation, don't you think there is a
certain amount of over-counting going on?

Feshbach:
If you do it wrong there surely is. You have to do it right and that's all there is

to it. If you put into the optical potential the effect, for example, of the imaginary
term and the effect of coupling to these other modes, then of course you are counting
twice. You should of course not do that, you should eliminate that. On the other hand,
that does not necessarily mean that it must be all real. There are, after all, other
modes of inelasticity — or if you wish, the fluctuation cross sections — all of wrtich
give a contribution to the imaginary terms of the diagonal components of the optical
potential. There is one thing I wanted to say at the end with regard to microscopic
calculations of the optical potential which I'm reminded of by this discussion. So T'll
entertain a question about that. I have already asked it so now I should answer it.
Namely that there have been a number of attempts to do microscopic calculations of the
parameters of the optical potential and I won't go through the history of that: Profrnscr
Soloviev is one of the practitioners of that art and is at this conference. There is
also at this conference a paper from a group from Liege by Jeukenne, Lejeune and MI!MU»
(MG 2), which I recommend to all of you, in which the Brueckner-Hartree-Fock methou it
applied quite successfully to the problem.
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THE HIGH-FLUX REACTOR AT GRENOBLE AND ITS SPECIAL NEUTRON BEAM INSTALLATIONS

R.L. Mossbauer

Institute Max von Laue - Paul Langevin

38 Grenoble, France

RESUME

The high-flux reactor of the Institute Max von Laue - Paul Langevin at Gre-
noble, equipped with cold source, hot source, neutron guides and a large variety
of neutron spectrometers, serves as a unique central facility for a large number
of laboratories in many different areas of research. The paper describes the Ins-
titute, its Reactor and the associated neutron beam installations.

ABSTRACT

The 57 MW high-flux reactor of the Institute Max von Laue - Paul Langevin at
Grenoble serves as a central neutron beam facility for laboratories and research
institutes in the three member countries, Great Britain, France and the Federal
Republic of Germany. The heavy water moderated and cooled raactor is equipped
with hot, thermal and cold moderators, providing neutrons with high intensity
ovei an unusual wide range of energies (wave-lengths) extending from some
0.1 meV (30 A) up to some 500 meV (0.4 A ) . An extensive system of neutron guides
with different curvatures permits the transport of neutrons over distances r n -
ging up to 140 m with hardly any loss of intensity within linear apextur-- as they
are typical for neutron spectrometers within their scattering planes. T.'.e trans-
ported beams,in addition, exhibit only very low background contaminations by £s.s-
and epithermal neutrons and y-radiation. A large variety of different cyoes of
neutron spectrometers mounted on reactor faces or on neutron guides provide uni-
que research opportunities in fields such as nuclear physics, crystalled f-y,
solid state physics, chemistry, metallurgy and biology. The paper describes L."-a
Institute and its operational mode, its reactor and the associated neutron beam
installations.

THE INSTITUTE MAX VON LAUE - PAUL LANGEVIN (ILL)

The high-flux reactor of the Institute Max von Laue - Paul Langevin (ILL) at
Grenoble, France, serves as a central neutron beam facility for universities and
research laboratories in France, Great Britain and West-Germany. The aim is to
provide the scientific community of the affiliated countries with unique neutron
beam measuring facilities applicable in fields such as the physics of condensed
matter, chemistry, biology, nuclear physics and material sciences. The purpose
of the ILL thus differs fundamentally from that of most other Research Institu-
tes. The Institute is in fact largely "derating as a user's facility, with about
70% of its neutron beam time being reserved for experiments proposed by external
laboratories. The majority of these experiments originate in the three member
countries, with scientists from other countries frequently collaborating. The
Institute is carrying out an extensive development program of advanced neutron
instrumentation, besides its principal task to operate the reactor and its asso-
ciated neutron beam facilities and to carry out the comprehensive measuring pro-
gram, mainly in collaboration with external users.

The ILL operates under the jurisdiction of a Steering Committee, with a
Scientific Council advising the Director on the Scientific Program and on prac-
tical aspects relating to its execution. The Scientific Council has 8 Subcommit-
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tees, which specialize in specific scientific domains and which meet bi-annually
in order to review the submitted experimental proposals. The requests for measu-
ring time are presently exceeding the experimental possibilities by factors bet-
ween 2 and 3, requiring rather rigid selection procedures.

THE HIGH-FLUX REACTOR (HFR)

The HFR was constructed with the single purpose to serve as a neutron beam
reactor, making compromises due to other operational tasks unnecessary. The who-
le design was governed by the desire to incorporate special installations such
as cold and hot neutron sources and neutron guides, in an effort to achieve the
largest possible flexibility with respect to experimental conditions and possibi-
lities. Special efforts were undertaken to achieve the following goals :

1) a neutron spectrum substantially extending above and below the range of
wavelengths whicn are normally available in thermal neutron reactors

2) the possibility to accomodate at the reactor a very large number of neu-
tron spectrometers

3) a level at the experimental sites of a fast neutron background, which is
as low as possible

4) an economical operation, both with respect to fuel consumption, operatio-
nal flexibility and repair flexibility. We note in this context, that the whole
construction of the reactor has been laid out on the basis of individual detacha-
ble units. Any major part of the reactor, in particular the beam tubes and indi-
vidual parts of the cold and hot sources can be separately replaced

5) a lay-out which renders the use of the neutron beams as simple as possi-
ble, especially with ;espect to radiation hazards and health physics require-
ments. We note in this context, that the experimental facilities are physically
separated from the functional areas of the reactor operation.

We specify in the following some major
design features of the HFR. The reader is
referred for details to the pertinent ILL
reports 1 ) 2 ) . Fig.I illustrates the gene-
ral arrangement of the core and its envi-
ronment in the HFR. 40 t of heavy water
are used for the thermalisation of the
neutrons and for cooling in the primary
cooling circuit.

The use of only a single fuel element
greatly facilitates its exchange, which
is made every 42 days, after a mean burn-
off of 30% of the initial charge of 2 3 5U.
The fuel element contains 8,6 kg of 2 J 5U
enriched to 93% in the form of UAI3 dis-
persed into an aluminium matrix. It is
made up of 280 plates, welded by electron
bombardement between two coaxial cylin-
ders, as shown in Figure 2. A total power
of 57 MW is generated, giving rise to a
peak power density of 3 kW/cm3. The sur-
face of the fuel element experiences a
maximum temperature of 147°C. Cooling is
achieved by a central unit, which pumps
2010 m3/h of heavy water through the fuel
element, with a speed of 15.5 m/sec in

1m

Fig.l Assembly of the neutron beam
tubes inside the reactor tank.(l)fuel
element (2)control rod (3)safety rods
(4)light water pool (5)heavy water
tank (6)hot neutron source
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circulation
DaO

fuel plate

10cm

Fig.2 Fuel element
cross-section

the space between the fuel plates and at a static pressure
of 14 bars at the entrance side. The central bore of the
fuel element serves to accomodate the Ni control rod emplo-
yed in the operation of the HFR. Fig.3 shows the flux dis-
tribution inside the reflector. The neutrons generated in
the fission process and slowed down in the reflector, yield
a maximum flux of 1.2 x 1015 of thermal neutrons/cm2/sec at
a distance of 15 cm from the core. The noses of the neutron
tubes are placed at this position which has the additional
advantage that the flux of fast neutrons is already reduced
by a factor of 40 relative to the flux in the fuel element.
The heat production rate, likewise, is lower by a factor 7
to 8. The beam tubes, furthermore, are oriented tangential-
ly with respect to the core, yielding a reduction factor of
10 for the fast neutrons and the yrays in the neutron
beams. The arrangement of the beam tubes is shown in Fig.4.
The use of heavy water for moderation and reflection on the
one hand causes a low background of yrays, on the other
hand initiates the production of tritium, amounting to some
4 Curie/dm3/year. For operational reasons, the tritium con-
tent is limited to 2 Curie/dm3. A special plant has been
set up to extract tritium and hydrogen fiom the heavy water,
using a catalytical exchange procedure between the polluted
heavy water vapor and pure deuterium gas, followed by a
fractional distillation procedure.

It may finally be of interest to note, that the reactor was
operated in 1975 at 70,5% of the total time, with only a 2%
loss of time due to unforeseen shut-downs.

10

10

20 60 80
radius [cm]

Fig.3 Flux distribution inside the
moderator

Fig.4 Arrangement of the beam tubes
around the reactor core

NEUTRON BEAM FACILITIES

The HFR is equipped with special facilities, which render the application of its
neutron beams particularly versatile :

1) A low temperature moderator, the socalled "cold source", is composed of a
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spherical vessel of 38 cm diameter with thin aluminium walls filled with 25 li-
tres of deuterium boiling at 25 K. The deuterium is condensed in a heat exchanger
which in turn is cooled by gaseous helium from a refrigerator. If complete ther-
mal equilibrium could be reached in such a moderator, one could for instance with
the moderator at 30 K gain an increase in the cold neutron flux by a factor of
100 as compared to a moderator at 300 K, The finite size of the moderator and its
absorbing properties somewhat reduces the real gain, which nevertheless remains
still very significant, as shown in Fig.5.

2) A high temperature moderator, the socalled "hot source", consists of a
cylindrical block of graphite of 20 cm diameter and 30 cm length, insulated by gra-
phite wool and heated to 2200 K by nuclear reactions. The presence of the hot sour-
ce substantially extends towards higher energies the usable part of the neutron
spectrum, as shown in Fig.5. Energies up to 500 meV are available with intensities
sufficient for experimental applications.

3) Neutron guides. The HFR has been equipped
with an extensive system of neutron guides, which
transport neutrons over long distances, avoiding
the usual loss in intensity with the square of dis-
tance. These guides employ the principle of total
reflection which applies to neutrons incident in
vacuum onto a flat surface at glancing angles below
a critical angle Yc which is defined by the rela-
tions

not moderator

^—{ mermal

wavelength A

10"
energy eV

cos yc = n = V l-X
2Nb/ir

where n is the refraction index and X the wave-
length of the incident neutrons, while N is the
atomic density and b the scattering amplitude of
the totally reflecting atoms. For nickel, which is

Fig.5 Spectral neutron bright- the reflecting material of the neutron guides ins-
ness for different moderators tailed at the ILL, one has Yc - 0.1 X, if Y C is
at the HFR measured in degrees and X in Angstrom. Neutrons

with sufficiently long wavelengths, especially
those originating in the cold source, therefore become totally reflected within
angular ranges, as they are typical for neutron spectrometer collimators. Such
guide tubes, in addition, can be curved, so that there is at a certain distance
non longer a direct view of the source. This way most of the fast neutrons, which
are not totally reflected and therefore do not propagate along the guide, are ef-
fectively eliminated. The residual fast flux, in fact, decreases approximatively
as the inverse of the fourth power of the length of the guide tube, whereas the
losses of thermal nentrons are merely proportional to the length. The latter
losses are due partly to macroscopic defects,such as poor alignment of some sec-
tions of the guide,angular misalignements,curvature or waviness of the guide walls.
Another source of losses are microscopic defects,such as the roughness of the re-
flecting surfaces which cause diffuse reflexions aside from the specular reflex-
ions. By these defects a certain fraction of the neutrons become scattered outside
of the critical angle and thereby are lost for the following reflexions.The HFR at
Grenoble is equipped with 10 neutron guides,mostly with lengths between 30 and 100m,
a radius of curvature between 25 tn and 27000 m, and with a rectangular cross sec-
tion of 3 x 20 cm. They consist of optimally polished glass plates, covered with a
thin ls.yer (1500 A)- of vacuum evaporated nickel, which serves as the totally re-
flecting material. The overall intensity losses, employing mfchanical precisions
of a few hundredths of a mm and angular adjustements of about 10"1* radian amount
to some 0.5 to 1% intensity loss per meter guide length. Typical values for the
total neutron flux at the exit of neutron guides witn large radii of curvature are
of order l"09n/cm2/sec. Each neutron guide can accomociate up to 6 different experi-
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mental set-ups, in pare by fneding only a fraction of the rather large beam cross
section to an individual instrument, in part by multiple use of particular beams.
Such multiple use becomes possible if several spectrometers are operated in se-
ries and whereby each instrument uses different narrow wavelength ranges which
are filtered out by monochromator crystals. The neutron guides at the ILL thus
provide three major advantages : (1) they more than double the number of instru-
ments which can be accomodated around the HFR, (2) they provide particularly
clean neutron beams with unusually small background contaminations by fast neu-
trons and y-rays, (3) they provide well collimated neutron beams which, according
to the guide curvatures, are preselected in their wavelength ranges.

NEUTRON INSTRUMENTATION

The high flux and the advantageous properties of the neutron beams of the
ILL are primarily used to extend the range of applicability of neutrons, in par-
ticular by increasing energy resolution and by increased use of spin polarization
and analysation techniques. The ILL in this connection engages in a large and al-
ready quite successful development program on crystal monochrotnators, spin polari-
zers and analyzers and multidetector units.

There exist at present a total of 29 different neutron spectrometers which
are routinely operated. In addition, some 15 special measuring positions are in
use for on-line experiments on cold and thermal neutron guides. Design and cons-
truction work on another 9 instruments is in progress. Fig.6 gives a survey of

the location of the
various spectrometers
around the reactor and
on the neutron guides,
facing either cold,
thermal or hot modera-
tors. Table 1 gives a
short specification of
instruments. Space
permits only a few ge-
neral remarks on the
instrument portfolio
and the reader is for
a detailed description,
referred to various
reports if the lLL3'k).
We shall make a few

remarks concerning exclusively some of the more exotic instruments :

T THERMAL NEUTHON BEAM

C COLO NEUTRON BEAM

H HOT NEUTRON BEAM

0 NEUTRON BEAM

Fig.6 Distribution of instruments

1) Multi-chopper time-of-flight spectrometer5 IN5 : The instrument is used
for high resolution low energy transfer studies, in particular by quasi-elastic
scattering. It comprises four disc-choppers, two defining the wavelength, the
other two eliminating higher orders and preventing frame overlap. An energy reso-
lution of 24 meV (FWHM) is obtained at X = 10 A and with the 4 choppers running at
165 Hz. This high resolution was achieved by using high rotation frequencies, by
using neutrons from the cold source and by employing a distance of 6 m between the
outermost choppers, which became possible by placing intensity saving neutron gui-
des between the chopper discs. Neutrons are scattered from the specimen into a 4 m
helium filled flight path and detected by a bane of 400 3He counters.

2) High Energy Resolution Backscattering Spectrometer6 IN10 : This spectro-
meter eliminates one of the prime sources Jor the loss in energy resolution, i.e.
the wavelength spread AX in a baam reflected from a Tnonochromator crystal due to
the finite divergence AO in the incident polychromatic beam. Consideration of the
Bragg equation and of its derivative, respectively, yields :
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T A B L E 1

SURVEY OF NEUTRON SPECTROMETERS AT ILL

Instrument classification used : D = Diffractometer ; IN s Inelastic spectro-
meter ; PN = Nuclear physics spectrometer ; S a special beam installation.
Beam classification used : HB = hot source direct beam, TB = thermal source
direct beam, CB s cold source direct beam. TG s thermal guide, CG s cold guide.

Position Specification

D1A TG Two axis high resolution diffractometer
DIB TG Two axis diffractometer with multi-detector
D2 TB Two axis high flux diffractometer
D3 TB Two axis diffractometer using polarized neutrons, without

polarization analysis
D4 HB Twc axis diffractometer for liquids
D5 HB Three axis spectrometer using polarized neutrons and polariza-

tion analysis
D6 TG Single crystal diffractometer with 100 spherically oriented

detectors, using a modified Laue-method
D7 CC t Elastic diffuse scattering spectrometer
D8 TB Conventional four circle diffractometer
D9 HB Four circle diffractometer
D10 TB Four circle diffractomeuer with energy analyser
D11A CB Small angle scattering camera with multi-detector
D11B CB Long wavelength diffuse scattering spectrometer
D12 TB Photographic detection diffractometer, "Modified Laue-Method"
D13 TG Double crystal neutron diffractometer
D14 - Television camera multi-detector system under development
D15 TB Four-circle Mark VI diffractometer on inclined beam tube
D16 CR Four circle Mark VI diffractometer
D17 CG Small and large angle scattering camera with multidetector
D18 TG Neutron interferometer
INI HB Three axis spectrometer for high incident energies
IN2 TB Three axis spectrometer with double crystal monocaromator
IN3 TG Three axis high resolution spectrometer
INi TB Rotating crystal spectrometer with multicetector bane
IN5 CG Multichopper time-of-flight spectrometer with multidetector bane
IN7 TB Mechanical statistical chopper
IN8 TB High intensity three axis spectrometer
IN9 CG Time of flight polarization spectrometer
IN10 CG Backscattering Doppler-spectrometer with high energy resolution
INI 1 CG Neutron spin echo spectrometer with very high energy resolution
INI2 CG Three axis spectrometer for high energy resolution at low

energy transfers
PN1 Mass separator for nuclear fission products
PN2 High resolution conversion electron spectrometer with in-pile

target
PN3 High resolution bent crystal gamma ray spectrometers with in-

pile target
PN4 Anti-Compton yray spectrometer and pair-formation y~ray

t. ctrometer
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2d sin 6 = X

2d L:;SO A6 = AX

where 6 is the Bragg angle, d is the lattice constant characteristic of the parti-
cular reflection and A is the neutron wavelength. The wavelength spread apparently
vanishes for a scattering angle of 23 = 180°. Backscattering consequently is used
in both the monochromator and analyser crystals of the instrument, while simulta-
neously employing Doppler-shift techniques to compensate for energy differences
between incident and scattered neutrons due to inelastic scattering in the sample
under study. Energy resolutions as small as 0.25 meV have been achieved, with
energy transfers in the range of - 2 x 10~EeV.

3) Small Angle Scattering Camera7-' Dll A : This instruments uses neutron wa-
velengths in the range of 2 to 20 A. The angular resolution of the instrument can
be varied by changing the distance between monochromator and sample in stops bet-
ween 60 cm and 40 m. The distance sample-detector equals the distances chosen on
the entrance side of the instrument, thus matching entrance and exit coliimations.
The scattered neutrons are measured by a two-dimensional multidetector unit with
64 x 64 elements of 1 cm2 surface each. The analysis of the small angle scattering
distribution provides information on l^rge structures, typically between 10 and
10000 Angstroms. Such studies have proven mo;;t revealing in a variety of fields,
ranging from metallurgy to polymer science and to biology. These experiments have
turned out to be particularly informative due to the fact, that H and D as well
as H2O and D2O have coherent scattering amplitudes of opposite sign, thus permit-
ting to vary or even cancel the scattering contributions from sul'F<int material,
crystal water or from certain subgroups of a composite system with thf- consequen-
ce that scattering contributions from certain specified domains or units become
emphasi zed.

4) Neutron Spin Echo Spectrometer8^ IN 1 I : Neutrons polarized parallel to
a guide field enter the spectrometer and have their spin direction turned by 90°
in a specific direction perpendicular to the guide field. They then process in
the guide field while travelling down the entrance ana of the spectrometer. A se-
cond symmetric pare of the spectrometer with equal but opposite magnetic field di-
rections leads to a back-reeling of the spin directions, causing each neutron at
the exit to arrive with the same spin orientation as had been present at the en-
trance, independent of the velocity of the neutrons. This is the spin echo princi-
ple. Tt may be used for neutron spectroscopy by placing a sample at the center po-
sition, which destroys the perte-.t precession symmetry for those neutrons, which
undergo velocity changes due to inelastic scattering processes. Such neutrons ex-
perience a different number of Larmor precessions in both spectrometer arms and
can be observed by the change in the exit polarization. The instrument, which is
nearing completion, utilises the neutron spin-echo principle to determine the
Fourier-transform of the sarople scattering function at a given detector setting.
The high resolution of the instrument for small energy changes is a consequence
of the large number of precessions which the neutrons undergo during their passa-
ge along the instrument. The spectrometer has been designed to operate in the wa-
velength- range between 4 and 16 A with an energy resolution ranging from 500 meV
to 2 neV.

THE MEASUREMENT PROGRAM

Space does not permit to describe in any sense the comprehensive experimen-
tal pmgram of the ILL. In 1975 at total of 535 experiments have been carried out,
individually ranging in time from a few hours up to the entire year. Some 1100
scientists from 136 different institutions and from 16 different ceuntrr.es had
been engaged in this program. The reader is referred to the Annual Reports of the
Institute, which contain condensed summaries of the experimental results and com-
plete litet ture roferenc.'S9' . We shall here confine ourselves to give in Table 2
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T A B L E 2

EXPERIMENTAL PROGRAMME JANUARY

Major areas of
Scientific interest

Biology
Chemistry
Crystal Structure
Liquids and Amorphous
Diffuse Scattering
Phonons
Phase Transitions
Magnetic Structure
Magnons
Crystal Field Effects
Nuclear Physics
Scientific Test and
Feasibility Experiments

Total

Number of
Instrument days

216
237
623
466
307
388
121
658
190
125
947

284

4562

1 TO DECEMBER 31, 1975

Number of
Experiments

49
41
60
52
59
38
1 1
71
20
14
62

58

535

Number of Ins-
truments Involved

4
6
8
10
10
7
4
8
4
3
6

21

27

some statistical information reflecting the main areas of research and shall then
conclude with a few more specific remarks on the nuclear physics program in the
spirit of the main topic of this conference.

MEASUREMENTS IN THE DOMAIN OF NUCLEAR PHYSICS

The ILL performs an extensive research effort in the domain of neutron cap-
ture spectroscopy, employing high resolution bent crystal gamma-ray spectrome-
ters , internal conversion electron spectrometers combined with anti—compton
and pair-spectrometers. The nuclear fission process is being studied by means of
a huge parabola-type mass spectrometer12'. This instrument separates on-line the
heavy fission fragments from a foil of fissionable material placed in the pile.
The instrument is used in a two-fold way. Firstly, the available high resolution
serves to measure the fission yield as function of mass, nuclear charge and kine-
tic energy. Complete mass separation became possible up to masses around 150.
Efforts to extend the measurements into the heavy mass range are in progress.

A second major application of the fission spectrometer is nuclear spectre-•-
copy on neutron rich nuclei far off the stability line. Such studies involve g and
Y spectroscopy, lifetime measurements as well as measurements of delayed emission
processes. Continuous tape transport systems 3 and helium-jet are employed in
the collection and measuring procedures. An example for a measurement is shown in
Fig.7. The nuclear physics program comprises besides the measurements on the spec-
trometers many experiments, which make use of the high intensity and low back-
ground neutron beams of the ILL. Of particular interest are here the studies on
the neutron itself, such as the search for an electric dipole moment of the neu-
tron15, studies of time-reversal invariance1e and of parity conservation. In the
latter case, a study is in progress of the anisotropy of yradiation following
polarized neutron capture in the reaction n + y = d + y. The installation of a
source of ultra-cold neutrons, which is scheduled for the fall of this year, will
permit an improved renewal of the search fo^ an electric dipole moment of the
neutron, a remeasurement of the neutron lifetime, as well as interesting studies
of nuclear and solid state effects in a rather new and unknown wavelength range.
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Fig.7 Proton and neutron yields (summed over masses and kinetic energy) origina-
ting from the fission of 235U. With the fissioning nucleus, i.e. 235U + n, being
doubly even, odd neutron or odd proton numbers are only created by breaking a
pair. They therefore exhibit a lower yield. The effect is less pronounced and
less constant for neutrons, since it is smeared out to some extent by neutron
evaporation1 "*).

APPLICATION PROCEDURE FOR THE USE OF ILL FACILITIES

All research proposals should be sent to the Office of the Scientific Secretary:

B. MAIER

Institut Laue-Langevin
156 X
38042 Grenoble Cedex, France

Tel. (76) 97.41.11 poste 82.44

Appropriate forms are obtainable on request from this office.
The closing dates for acceptance of applications are as follows :

August 31 and February 15.

All proposals are submitted to the Scientific Council for approval.

It should be noted that the ILL in general provides free of charge the neutron
beams and stantard measuring equipment, such as existing spectrometers, coun-
ters, standard cryostats and shielding equipment. Other special equipment, in
particular samples, mu^t be provided by the user.
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MB 1 - THE HIGH Fl.UX REACTOR AT GRENOBLE MiU ' ^ SPECIAL SEUTKOH BEAM INSTALL-
ATIONS - R. I,. Mossbauer {ILL, Grenoble)

Block (R.P.I.?:

In neutron scattering there has always boon a debate between people with pulsed
neutron sources, who say they can do very well with high momentum transfers, and
people with reactors, who can do well with very low momentum transfers. Now you
mention you have a hiqh onorqy source running at 2200 degrees K. Will you
please comment on what energy you feel is the crossover point where the pulsed
sources would become superior and below which the Grenoble reactor would be
superior?

Mossbauer:

There is a biq debate going on <it the moment about this, because there will
probably be a European effort to build a pulsed source as well. When I say
European, I'm not talking about the Russian pulsed reactor which will soon go
into operation at Tokobad, a tri-national effort in connection with Grenoble.
Wo think that the crossover {.mint, is probably around 300 mil lielectron volts.
Our source goes up to 500 millielectron volts, but nevertheless the intensities
there already drop substantially. We have dom? experiments up to 500 milli-
electron volts, but the intensity leaves something tc be desired. Mow there is,
of course, the question of a pulsed source, and there will soon be a conference
about this. We are thinking about a spallation source at the moment, but there
are other possibilities. The question concerning a pulsed source is that it
will be rather expensive, and are there enough applications to justify the major
financial engagement? I thinh this will depend crucially on how far we can come
down in energy with such a source. It is quite clear that at the higher energies
such a hot neutron source will be far superior to what we presently have; in
other words, anything above 500 millielectron volts. But are there enough
important experiments which justify the very major financial expenses, and how
far can we go down in energy? We think we can probably cover most of the
thermal range, and since there is tremendous pressure at the Grenoble facility,
I would be most happy to relieve our reactor from much of the thermal and all
of the hot work, and maybe put a second cold source into our reactor so that we
would have a double operation then. That's a special feature of this station.
I think it's really a question of how much physics Is there still to be done
at the higher energies.
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RESONANCE NKUTRON CAPTURE

.1. H. Bird, J. W. aqldewanf B. .7. Alltm. A. ?:. det.. Muatitrovo and M. J. Kenny

Physics Division, AA£C Research Establishcwnt, Lucas Heights,

Private Mailbag, Sutherland, MSW 2232, Australia

Many results aro now available showing large variations in radiative
correlations between Vy and Tn as well as proferred El and Hi transitions to sinqle
particle final states. These can b« explained by assuming that I'., contains a com-
pound nucleus component (well defined from *arii«sr work on cot&plex nuclei) plus
valence nuclocn transitions (dependent on rPj aid Sf) plus particle-hole cooij>oncnta
(dependent on Sj}.

ABSTRACT

Resonance studies at low neutron energies often involve complex feudal which,
in the main, provide verification of the statistical theory of neutron interactions.
However, tsuch of the recent work on resonance neutron capture has taken advantage of
the availability of improved facilities for studying interactions at neutron energies
up to 1 HoV. Sufficient data have now been obtained on nuclei with low level
densities (including many odd-"neutron and near magic compound nuclei) to obtain
systematic information on departures from the statistical model.

High resolution capture cross section measurements tjive radiative widths which
vary markedly from resonance to resonance, from nucleus to nucleus, and for different
neutron ar.gul.ir momenta. The largest values aro usually associated with strong
initial state correlations (r̂ .,r|) as well as final state correlations (f^^Sf). The
most striking results occur near closed neutron shells and provide confiraation of
the valence model vhieh reproduces these results quantitatively. The success of the
valence model indicates that valence transitions are fully decoupled from the qiaat
dipole resonance for a-, p- and possibly d-wave neutron interactions.

Gamma ray spectra froa neutron capture at energies up to the order of 1 HeV show
intermediate structure involving preferred transitions which follow closely the
systematies of single-particle configurations as measured with (d,p) interactions.
Structure has also been observed in threshold photonuclear measurements of JV
although detailed agreement between these and neutron capture results is not 'always
obtained. The widespread occurrence of final state correlations, even when valence
transitions are weaJc, poii.ts to the importance of additional doorway-state mechanisms.
Radiative widths are thus most usefully viewed as the sum of a statistical coctypoient,
a valence component and terms representing doorway-state effects. However, an
adequate quantitative theory for partial radiative widths in such models is still
needed. From this work it is possible to develop more realistic systematics for
radiative widths and the shape of capture gansna ray spectra than are given by the
statistical theory.
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HWMlCi Nfs.rPOfJ CAPTURt. lClm> L o w e 1 1

J.H. Bird, B.J. Allen, •*•**.* Boldctnan, M.J. Kenny, A.S. deL. Husgrove

Physics Division, AAF.C Research Establishment

Utcas Heights, NSW, 2232, Australia

I. INTRODUCTION

Kesonance studies at low neutron energies preferentially involve complex nuclei
and in the aain, provide vorifiction of the statistical theory of neutron inter-
actions. However, much cf the recent work on resonance neutron capture has taken
advantage of the availability of improved facilities for studying interactions at
neutron energies up to 1 MoV. Sufficient data have now been obtained on nuclides
with lart?e resonance spacings, including many odd-neutron and near-magic nuclei,
for it to foe worthwhile to explore the systematic trends of the departures from the
statistical model. A discussion of models and the data available for distinguishing
between thtrci is fallowed by consideration of a frasiework for including non-
statistical effects in tho parametrisation of neutron resonance capture.

Till: STATISTICAL MODSL

Early work on neutron capture showed the existence of narrow resonances and
icd to jvohr's co»j?ound nucleus hypothesis. This, in turn, was the basis of the
statistical theory of nuclear reactions which was very successful in the following
decades - so much so that, to many nuclear physicists, neutron cross sections and
statistic»l theory arc synonymous. This is not surprising in view of the confirma-
tion cf many of the main consequences of statistical theory which appears i:i the
reviews ami textbooks.

.Statistical theory is based on the assumption that a very large number of
configurations randomly contribute to the reduced width .anplitude for a particular
resonance state. Thia assumption is expected to apply accurately only at .high
excitations in the nore complex nuclei. Although the early studies in neutron
capture were necessarily concentrated in such regions, enough evidence of non-
jitatisticdl effects has now been sccuraulated to establish patterns of behaviour
froa masts 20 upwards.

In resonance capture there are a number of results of statistical theory which
must be qualified in the light of new information. These are illustrated by the
following examples.

Width Distributions

The statistical assumption leads to the expectation that partial radiation
widths (." ) will follow a Porter-Thomas distribution. Experimental difficulties
have limited the amount of evidence on their distribution but it is generally
accepted that the Porter-Thomas distribution applies in most statistical nuclei.
Departures ?rom the statistical model are demonstrated by the occurrence of
correlations between partial radiation widths and reduced neutron widths of
initial and final states.

In complex nuclei, radiative capture leads to the emission of many different
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gamma-ray cascades. The total radiation wj-.ith (P, ) is then the sum of many partial
widths and has a correspondingly narrower du;trlbution. This is illjstrated by
the results' for '" Er in Fi9ure 1. By contrast, the widths for p3/2 resonances in
Sr are dominated by a few transitions and have a very broad distribution.'

Correlations with reduced neutron widths, and energy dependent structure are also
observed.

Partial Radiation Widths

.3)Resonance averaged reduced widths (k ) for electric dipole transitions'
shown in Figure 2. Although the overall average value (k - 2.5 x 10"9 MeV" J) applies
from mass 50 to 250, there are systematic departures - for example, when F .f is
correlated with the single-particle widths of final states.

Magnetic dipole transitions are a factor of 7 weaker than electric dipole
transitions'* and th« average reduced width (k •= 18 x 10" q MeV"1) applies over
a similar mass range. However, again, departures have been reported in some mass
regions.

Radiation Widths

Average radiation widths show a relatively smooth variation with mass
number1' which can he partially explained, m statistical theory, by changes in
level density and binding energy. Much cf thib data consists of measurements made
on nuclides with enough low energy resonances, for which capture exceeds scatter-
ing, to give reliable and accurate average values. These values usually provide
good support for statistical theory. However, :.on-statistical effects are
observed in nuclides with lower level densities? for which average radiation widths
may vary with mass number, neutron angular momentum (?) and neutron energy.

Gamma Ray Spectra

The envelope of the spectrum of prir.ary :<<inun<i rays from neutron capture is
given, in the statistical model, by'' :

Figure 1. Distributions of radiation
widths for a statiscj'cai nucleus
(l67Er) and a non-sLati.stica! ;'AS:).

2. Resonance dvuTriaoii : uducod

widths*- for i I tiaa-itiour (',;;;•(•:)

jnri '•! L t. rant; it ions (iowtr).
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(I ) = K E.:< f (E, ) D i [5,. f )' ' (1)

where I is the intensity of gamma rays of energy E , D. and D are the average
spin-zero level spacings at initial and final state energies, and f(E ) is any
additional dependence on gamma-iay energy such as may be imposed by the giant dipole
resonance. The competition between love] density and gamma-ray energy factors leads
tu an asymmetric be1 l-;,haped spectrum and this shape is occasionally observed.
However, ji;j..iniirti.i fron, this shape .in. bot;. striking and common. Such departures
were tirst observed a;-, groups of strono "nigh energy gamma rays in thermal capture
spectra, keso.-ijnce capture spectra show similar results for s-wave resonances in
the K-qioiis oi the 3b and 4s strength fur.ctior. maxima and additional structure for
p-wave resonances m the 2p and 3p regions.

Giant Dipole Resonance

The giant dipole resonance (GDR) <•>,.:_;rrir.g in photon strength functions is
commonly described by either a smooti. Lon.-ntzian distribution or the sum of two
such distributions. However, the 'JDR is often more corrpiex in shape - particularly
in the region near the neutron threshold where? resonance capture studies are carried
out. The Brink-Axel treatment, which assumes that the E dependence of partial
radiation widths can be d: r.ermmed from the shape of the low energy tail of the
appropriate I,orentz lai.'' , makes no allowance for local structure near threshold.
Structure i r, f rr-'.:ue:ir iy obsvtved in photoneutron yields but it may, in part, be
introduced by tl.e eiri •• si-.:-. of neutrons to excited states which do not participate
in neutron capture reactions. However, other measurements confirm the presence of
structure :iear tr:i••shoidfl ' 7 .

VALENCE Ai-'D DUURWAV MODELS

The importance of sin.ple reaction mechanisms m neutron capture was considered
by Lane and Lynn''" who introduced hard sphere or direct capture, and channel or
valence capture. These processes arise from the overlap of initial and final state
wave functions in the external region of the target nucleus, which acts as an inert
core. However, such single particle effects are not sufficient to explain all the
observations on resonance capture9 .i.-iri it has been necessary to consider each partial
radiation width an derived from a reduced width amplitude which contains a number of
components'

:-<if
l - c, v--'i,V + c '̂ 'd'V + c' W + c" V (2)

The first term arisen from valence nucK-on capture which is proportional to both
the resonance reduced neutron width amplitude (0.) and t.ie final state reduced
width amplitude C? ), The second tei-m involves doorway interactions which create a
particle-hole pair and depend only on '"• , while the third term arises from particle-
hole configurations in thv initial and final states and depends on 6. only. The
fourth tern represents all the remaining form.? of interaction lumped together as
compound nucleus formation ; nd decay. The amplitude components may interfere
either constructively or destructively for a particular transition, but the inter-
ference terms shotild average to zero for measurements summed over many resonances
or many final states.

The number of terms in equation (2) depends on the number of distinguishable
processes occurring and information on these may come from the study of inter-
mediate structure or of correlations between different reaction channels. Not only
do correlations occur for partial radiation widths to specific final states but also
for total radiation widths when a small number of partial widths are dominant. This
nitjns that <••>{ turo cross sections, as well as gamma ray spectra and threshold photo-
neutron experiments, can be used in the study of non-statistical effects.
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A variety of correlation coefficients are usef-il:

Initial State Correlations

Many Resonances - One Final State p. =

Many Resonances - Many Final States h
Many Resonances - All Final States

Final State Correlations

One Resonance - Many Final States

Many Resonances - Many Final States

Total Correlations

Many Resonances - Many Final States

Valence Capture

a partial radiation width can be calculated

p =

Pf =

p,.

The valence component (F .-) of
from the optical model11"'">:Y

nx
(3)

where T . is the resonance reduced neutron width and q.,(E ) is the overlap
ni i f v

intergral (including geometric factors) obtained using optical model wave functions
normalised in the internal region of the nucleus. An average vaience component is
obtained by summing equation (3) over final states:<rv> <r*> =

n
s0 6 (4)

where S^ is the il-wave strength
function end 5 the average level
spacing.

Evidence for valence capture
is illustrated in Figure 3 where
measured radiation widths2'15' for
p3/2 resonances in 89Sr and 90Zr are
compared with values calculated from
equation (4). Most of the points
cluster along a line which represents
the sum of <TV> and a statistical
component of 150 MeV, with p = 0.85.
This provides strong evidence for
the presence of valence transitions.
For resonances with large radiation
widths, the calculation gives quanti-
tative agreement with the observed
widths.

Paiticle-Hole Interactions

Valence capture involves
correlations between partic.l radiation
widths and reduced neutron widths of
both initial and final states. If one
of these correlations is observed

Figure 3. Comparison of measured radia-
tion widths2'IS^ for p-wave resonances
in 885r and 90Zr with reduced neutron
widths as expressed by calculated valence
widths.
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without the other, and if correlations, or intermediate structure, occur for nuclei
in which valence components are small, then a different form of interaction must be
involved. For example, if the incoming neutron interacts with either a neutron or
proton o.n the target nucleus to form a 2p-Ih compound state, this interaction will
not convey a dependence on the initial state neutron widths. However, de-excitation
by annihilation of the particle-hole will still depend on the availability of
suitable single-particle final-state configurations. This form of interaction will
therefore be characterised by final state correlations but no initial state correla-
tions. An example occurs for neutron capture in u3Ca where 24 s-wave resonances
give an initial stat.e correlation coefficient of 0.2 and valence model calculations
predict that only 7% of the average radiation width arises from valence capture16'.
However, for the 1.48 keV resonance which dominates thermal capture, the final
state correlation coefficient for 22 transitions is 0.7517'.

Initial state correlations occur more frequently than predicted by the valence
model, and other forms of particle-hole interaction must be considered to explain
these results. For example, the presence cf common particle-hole configurations
in both the initial state and final stat.e can lead to additional transition strength
which is correlated with f* but uncorrelated or <.-ven anti-correlated with d2,. Thus
strong transitions may be observed to states not populated in stripping reactions.

Particle-hole configurations in both initial and final states but with the same
parity may give rise to enhanced Ml transitions - often corresponding to spin-flip
transitions between shell-model configurations with the same orbital angular
momentum.

Calculations of the contributions to transition rates from particle-hole inter-
actions require model wave functions of low lying states and methods for calculating
initial state configurations in terms of such wave functions. Some success has been
achieved in such calculations for spherical nuclei1s"20' but in general, the phases
and amplitudes of suitable configurations and their spreading width near the particle
separation energy are not well enough known. Neutron capture measurements can
therefore be of considerable value in exploring the extent to which simple configura-
tions occur.

3. DATA

RADIATION WIDTHS

The determination of all the parameters of low energy resonances requires
measurements of whichever is the smaxler of scattering or capture cross sections.
Scattering measurements are very difficult and have received only limited applica-
tion. On the other hand there have been a number of continuing projects making
accurate measurements of capture cross sections. Prominent in this area in recent
years has been the project developed at ORELA by R.L. Macklin and numerous
collaborators. High resolution capture cross section measurements at energies up
to the order of 1 MeV have considerably increased the number of values of resonance
parameters available21' - particularly for nuclides with level spacings in the
range 1 to 100 keV.

Average values of s and p-wave radiation widths are plotted in Figure 4. Most
results have been taken from the BNL-325 compilation1) and these have been supple-
mented by more recent values where available. Also shown in Figure 4 is a
schematic level scheme indicating the positions of single particle states and
neutron shell closures. Regions where strong El transitions are known to occur are
shown and the presence of these transitions can be seen to influence the radiation
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Figure 4. Radiation widths for s-wave (upper) and p-wave (lower) resonances as a
function of mass number. Single? -article El tiansitions between relevant capturing
and final states are shown in each case.
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widths. In the 3s region, s-wave widths can be 3 to 1 times the p-wave widths
whereas in the 3p roqior: the situation is reversed, with p--wave widths being
approximately twice the average G-wave widths. Near N=82 s-wave widths are again
enhanced and for * Bn a ratio of 6 has been reported '. A similar ratio has been
observed for ?0<)Bi''1 .

Although the major feature for s-wave radiation widths is the large peak at
A=20& (N=126), there is no sign of any conparablc- effect at N=20 or 50. Also the 4s
strength function maximum, which is broadened and split by the effects of deforma-
tions, appears to have only -.i very small influence on radiation widths. Clearly
uhe availability of low-lying p-st cites is a prerequisite for strong s-wave capture
and this is reinforced by the influence of neutron shell closure. Thus, while semi-
ompiricdl formulae which are based on the statistical assumption have been
moderately successful in accounting fox the structure observed in <V > as a function
of A ' 1 " 1 5 , the structure is m fact the result of non-statistical effects and
the contributions from simple reaction mechanisms.

Then; is evidence for peaks in p-wave radiation widths at A ~ 30, 90 and 208
although data is sparse in intervening regions. It is of interest that there is
also a small peak near A = SO and limited evidence for high values near A = 120.
These are regions where strong Ml transitions have beer, observed26"29) which may
influence the radiation widths when El transitions are not favoured. Measure-
ments are needed a* intermediate neutron energies for many more nuclei to provide
further information on p-wave interactions.

It. is reasonable to assume that d-wave radiation widths will follow a similar
pattern t > that for s-wave resonances, although there is a possibility that
additional structure may be introduced because El transitions can occur to f-states
as well as to p-states. Evidence has been found for the presence of d-wave
resonances in the 2d and 3d regions3C" 1J . For example, gamma-ray transitions have
been observed to the 7/2" ground state of ''lCa and to 5/2" and 7/2" states through-
out the region A = 40 - 70. Although 5/2" states may be populated by p-wave Ml
transitions as well as d-wave Ei transitions, both fc-values must be considered in
the analysis of cross-sections in the region of the strength function maxima even
at energies below 100 keV. Three values of average radiation widths have been
obtained21' which are a little below the s-wave values in the same mass region
'see Figure 4).

INITIAL STATE CORRELATIONS

Initial state correlation coefficients for r, and p-wave capture are plotted
in Figure 5 as f function of mass number. The vertical bars indicate only the effects
of varying sample size on the uncertainty i.n coefficients33'. Additional uncer-
tainties arise from experimental errors in measured widths. The observed scatter
of points in any cne mass region presumably gives some indication of the overall
uncertainties - except that, near magic numbers, changes can occur quite quickly in
the contributions from valence capture.

Positive correlations are observed for s-wave resonances in nuclei near A = 55,
140, 165 and 200 and for p-wave resonances near A = 30 and 90. The number of
nuclides for which correlations are observed is quite impressive. It is also of
irtereot that one or two large widths often dominate the calculation of correlation
coefficients, outweighing a lot of small but poorly correlated results.

Calculated values of <T > vary by many orders of magnitude as the reduced
neutron widths and level spacings change. Typical values are included in Figure 5,
plotted as ratios to the corresponding average radiation widths. Again peaks occur
near mass 30, 55, 90 and, to a minor extent, near 140. Even in these regions the
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valence process does not fully explain the observed correlations or the observed
radiation widths.

The varying success of valence predictions i^ the 3p region is illustrated 1
the foilowing results for p-wave resonances:

Resonance

Suclide

Reference

<r >
Y sI

<r >
Y P<rv>

Parameters

(meV)

(meV)

(meV)

88Sr

2

220

670

420

TABLE 1

and Correlation
90Zr

15

250

440

140

92Zr

21

136

380

165

Coefficients
92MO

11

160

290

40

98MO

11

93

117

32
Y P

p3/2 0.96 0.58 0.88 0.62

pl/2 0.7S 0.24 0.61 0.96
0.4

*

'I

x

3s 3p 4s

N - 20 28 50 82 126

i . * Mr*
20 60 80 100 120 140 160 180 200

Figure 5. Initial state correlation coefficients (mostly p ) for s and p-wave
resonances (upper) and calculated valence fractions (lower). The positions of
strength function maxima and magic neutron numbers are shown in the centre.
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The s-wave radiation widths can be taken to indicate an approximate upper
limit to the magnitude of the stetistical component in each nuclide, since only Ml
transitions can then occur to low-lying single particle staLO^- Thus, the calcu-
lated valence components are to be compared with <F > - <T > . In Sr, the
predicted valence component is almost twice the statistical component and the
larger radiation widths are within 25% of the estimates from the optical model
formulation of the valence theory2'. This close agreement is reflected in the large
observed correlation coefficient.

In 9 0Zr, the valence component neods to be supplemented by another mechanism
in order to explain the magnitudes of the radiation widths and the moderate correla-
tion coefficients15'. Measurements of ground state transitions lead to the same
conclusion3"*'. In 9 2Zr, the valence component increases because of an increase in
p-wave strength function and the observed correlation also increases '. In Mo
and Mo, the small level spacing leads to lew neutron widths and hence small
valence estimates11' although, in the latter case, the estimated valence component
is still a significant fraction of the observed <T > . For these two isotopes p
behaves in the opposite manner to the valence fraction and again other mechanisms
are needed to explain the results.

Soloviev and Voronov35' have calculated the energies of single-particle and
2p-lh states for nuclei in the 2p region. They find vhat the positions of these
states vary markedly with respect to the neutron separation energy. The number of
such states which can contribute to El or Ml decay of observed resonances therefore
varies from isotope to isotope and this provides at least a partial explanation of
the observed results. For example, they find that the valence model should be more

Q r. ft n Q ^

significant in Zr and ' Mo than in Mo in agreement with the observed results.

Valence capture contributes up to 50% of the gamma strength for large resonances
in the 3s region. For example, the 192 keV resonance in 51|Fe has a radiation width
of 16 eV and the calculated valence component is 10 eV2!'. In other isotopes such
as U 0Ca, 52Cr and 5 6Fe, the average valence component is of the order of 30% of the
observed s-wave widths and only moderate correlation coefficients are observed.
Calculations by Soper36' indicate that a considerable portion of the dipole strength
in this mass region can be decoupled from the giant resonance to provide additional
strength in El gamma decays from the threshold region. This dilutes the initial
state correlations predicted by the valence model.

A similar situation exists in the 4s region where many examples of initial state
correlations are observed (see Figure 5). The values plotted in Figure 5 are mostly
p and the positive values .iiffer irom those for p.. which have ueen reported to be
zero in this region10'. However, here, valence estimates account for less than 10'i
of the observed Ty values and parti.cle-hole contributions which depend on F are
needed to explain the observations. Information is needed on gamma-ray spectra to
explore the nature of tiese interactions and this is discussed further in a later
section.

It is clear from these examples that the valence model works well in those
cases near closed shells where it is expected to dominate. Elsewhere it contributes
smaller components to the observed radiation widths. There are no cases in which
the valence model over-predicts the average radiation widths and thus no evidence
for depletion of the valence strength by the giant dipole resonance.

There are a number of examples of over-prediction of individual radiation
widths and of partial radiation widths. To some extent these can be attributed to
uncertainties in experimental data, but there is also evidence for two sources of
interference amongst reduced width amplitudes. Figure 3 shows that a considerable
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range of I" values are observed for resonances for which Yy is relatively small.
This can be attributed to interference between the terms in equation (2). Varying
phases should lead to some cancellation of this interference in the case of total
radiation widths. However, there are so few partial widths contributing strongly to
the nuclides concerned that interference can still be expected to be important.

i n 2 a S . i 1 8 ) ^ M o 1 1 'and '"Mo 1" it has been shown that additional excited target con-
figurations, which carry no El strength, can be important through their effect on T
values. Such configurations may interfere constructively or destructively in the
neutron channel, leading to incorrect values of T for use in estimating valence com-
ponents. Destructive interference is required to explain the results in 28Si whereas
constructive interference.is required for 9 8Mo.

INTERMEDIATE STRUCTURE

Because of the major contributions to resonance neutron capture from simple
reaction mechanisms it is of considerable interest to look for a neutron energy
dependence of the valence and particle-hole effects. A number of capture experiments
hcve reported intermediate structure and additional results are provided by threshold
photoneutron measurements using time-of-flight techniques. The most complete body of
evidence has been obtained for 29Si and the results are summarised in Figure 6.
Reduced neutron widths of resonances at neutron energies up to 1.5 MeV have be«n
measured in total cross section experiments1' and by the (d,p) reaction37'. Ground
state radiation widths have been measured by the photoneutron technique30' and total
radiation widths by neutron capture measurements39'. These all show the presence of
large Tn and Ty values between 500 and 1000 keV and the correlation for 20 p-wave
resonances is p =0.84. Halciorson et al.lfl' have used a phonon-particle model, which
gives good results for low lying levels in 2 9Si, to calculate the expected position
and strength of p3/2 states in the resonance region. The results are included in
Figure 6 and provide a satisfactory explanation of the strength seen in p-state^ in
this energy region.

Photoneutron measurements on D7Fe show a few dominant ground state transitions
for neutron energies near 200 and 600 keV1*0'. However, neutron capture measure-
ments ' give a much more complex picture (Figure 7). The specific resonances seen
in the photoneutror. measurements have large radiation widths, but so do many other
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resonances in the energy range up to 800
keV. The possibility that d-wave resonances i
are important in this energy region has ;%•
already been mentioned and further work is L-

needed to establish conclusively whether
there is intermediate structure arising
from p-wave Ml effects.

> a

Large radiation widths for p-wave [
resonances have been observed in localised ? 4

regions of neutron energy for capture in ~'
88Sr, 90Zr and 92Zr (Figure 8). Similar
structure occurs for neutron widths which
are correlated with the radiation widths.
Measurements are needed over a wider
energy range to fully establish the
existence of this structure, other
examples cf energy dependent radiation
widths have also been found (for example
in 19F^> and ^ 1 2 )

fE-s. JL;? j : : v

Figure 7. Comparison of resonance areas
from capture crost. sections21) (upper)
and threshold photoneutron measurements
(lower)*0*for ™Fe +

n.

Measurement of resonance averaged
transition rates has been a very useful technique at low neutron energies'*).
Results obtained using a similar technique to study p-wave resonances in Cd
and Sn isotopes'*3* indicate that p-wave El transitions from capture in the odd
isotopes do not show unexpected structure in the neutron energy range from 10 to
100 keV. Structure may be more likely to occur for capture in the even isotopes
but a much larger energy range is needed to study this.

Although structure has been reported in all the mass regions in which non-
statistical effects are prominent, there is still insufficient evidence to deter-
mine the spreading width for single-
particle and particle-hole configura-
tions with any accuracy. The cases
that have been reported involve widths
of 100 keV or less.

PARTIAL RADIATION WIDTHS

Structure in gamma ray spectra
from thermal neutron capture was the
first evidence found for non-
statistical processes in neutron cap-
ture. Similar structure is observed
in resonance capture spectra -
involving preferred transitions to
final states which are usually those
observed in £ = 0, 1 or 2 stripping
reactions. Transitions to in = 3
states have also been observed"*15' .
Results for individual resonances are
subject to Porter-Thomas fluctuations
which make it difficult to establish
sytematic trends. This is illus-
trated in Fjgure 9 where results'*5'
for two resonances in 92Mo are com-
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Figure 8. Measured radiation widths2'15'21)
for p-wave resonances in 8BSr, 90Zr and
i2Zr as a function of neutron energy.
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pared with the (d,p) strengths as con- ]";%
tained in calculated values of F ...
No correlation is found for these two
resonances even though the averaged
coefficient for 16 p-wave resonances
is pf = 0.96 for sl/2 final states and
0.70 for d3/2, 5/2 final states. On
the other hand, the two resonances in
9 8Mo which are included in Figure 10
have high correlation coefficients'*6)
whereas only 5 out of 17 resonances
give large values of pf and 3 out of
10 final states give large values
of p.. Other difficulties in obtaining a
reliable interpretation of the results
which are available can be illustrated
for the rase of capture in llt2Nd. Three
(d,p) experiments and two thermal measure- Figure 9. Comparison of partial radia-
ments can be combined in various ways to tion widths (T^Ap; with final state
obtain values of p, which vary from 0.05 reduced widths as expressed by the cal-
to 0.5. culated valence component (?y\u) •

The averaging of partial widths over many resonances with the same J,TT over-
comes the difficulty with fluctuations but with a present limitation to nuclides
with average level spacings of the order of 1 keV or less. In many cases it is
important to separate s-wave and p-wave effects by making measurements for many
resolved resonances when both 8,-waves contribute. An additional method for seeking
information on non-statistical effects in gamma-ray spectra is to study the
systematics of the occurence of strong transitions as a function or mass number.

Final State Correlations

Reported values of final state correlation coefficients are plotted in Figure
10 as a function of A. Results from resonance studies are supplemented by those

180

Figure 10. Final state correlation coefficients from s-wavc (x) and p-wave
resonances (') and from thermal capture (+).
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from thermal capture when this is dominated by resonances33'. There is a marked
lack of information in some regions - arising from a shortage of both (n,y) and
(d,p) results. However, some high values have been reported in each of the non-
statistical regions.

In the 3s region, final state correlations support the evidence from initial
state correlations on contributions from valence captuie. For example, both corre-
lation coefficients are 0.9 for capture in 51<Fe which has N = 28 and has an
important valtnce component2' . The coefficients and the estimated valence com-
ponent are much reduced in 5 6Fe. It is of interest that final state correlations
are observed in 56Fe for ill transitions from p-wave resonances'*7' and the coef-
ficients are comparable (0.2 - 0.6) with those for s-wave resonances.

A number of detailed experiments have been carried out in the 3p region and
the averaged correlation coefficients are compared in Table 2.

TABLE 2

Average Correlation Coefficients for

Nuclide
Reference
Number of:

Resonances
Final States

Pf

92Mo
45

16
12

0.51;
0.8

92MO
49

~1
11

:0
0.69

93Nb
48

-40
45
0

0.47

93Nb
50

10
20
0

0.38

p-Wave

5 "MO
49

-4
9

0.67

Resonances

96Mo
49

-5
10

0.47

98Mo
46

17
10
0.3
0.4

98MO
49

~5
10

0.97

The results support the varying role which has already been discussed for
valence and doorway interactions in this mass region. Generally, final state
correlations are observed to be higher than initial state correlations - implying
that the second term in equation (2) plays a significant role.

Some final state correlations have been reported in the 4s region where neither
these nor initial state correlations can be attributed entirely to valence capture.
In some cases it would seem that p. is higher than p - implying a role for the
third term in equation (2). This can be attributed to the presence of particle-
hole configurations in the final states which are coupled to the incident neutron
and can be fed directly from the entrance cnanne.l.

Strong gamma ray transitions have been observed'*'') to I = 3 final states
following capture in l "La, and these transitions cannot be accounted for by
statistical or valence processes. A 2p-lh mechanism has been invoked to explain
the observed gamma-ray spectra, but it remains to be seen whether initial state
correlations are present or absent in this case.

Strong Transitions

There aro many gamma ray spectro measurements in which too few transitions
are observed for meaningful correlation coefficients to be calculated. Nevertheless,
non-statistical effects are often apparent from the fact that a few dominant tran-
sitions may account for at least 50% of Ty. For capture in even-even nuclides,
strong high energy transitions occur to final states whose energies and stripping
widths are relatively smooth functions of a»ass number from 20 to 70 and 85 to
140*''. The i; onsities of strong transitions from s-wave capturing states to
p3/2 and pl/2 final states follow closely the stripping widths.

A comparison of gamstA-ray intensities from p-wave capture, with <d,p) t * 0,2
results for a'-, d3/2 and d5/2 final sitatey is shown in figure 11. The gamma ray
reduced widths were obtained from relative gasasa ray intensity measurements
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normalised where necessary to the non-statistical part of the average radiation
widths. The normslisation for 91Zr is
to the photoneutron ground state
results31*'. Only the strongest transi-
tion for each final state spin is
included and the (n,y) data follow the
same trends as the stripping results
which demonstrate the effects of the
filling of sub-shells.

The evidence for systematic be-
haviour of strong transitions is
sufficiently widespread, and supported
by evidence from correlations, for
there to be no need to restrict the
analysis of neutron capture results to
analogies with stripping reactions.
The capture results can be used in
their own right to establish single-
particle properties of many nuclides.

Ml Transitions

High average values of Ml reduced
widths have been reported in the non-
statistical regions (e.g. A ~ 30, 55,

Figure 11. Comparison of (n,y) and (d,p)
reduced widths for si/2, d3/2 and dS/2

90, 140 and 208) although in some cases final states
(such as 56Fe and 208Pb) there are
difficulties in reconciling conflicting
experiments3'. Particularly high values, which are to be compared with the

to
TABLE 3

overall average, kM1 = 18 x 10"
9 MeV"3, are listed in Table 3.

Enhanced Ml Reduced Widths

Nuclide
Reference
No. of Transitions
£„, x 109 (MeV"3}
Ml

19F
26
3

164

27Al
26
6

164

101RU
27
7

191

1 1 7 , 1 1 8

28
3

270

Sn 1 38

29
Ba

90

It is possible that such high values have an influence on total radiation widths
but insufficient information is available to confirm the giant Ml resonances found
in photon excitation experiments7'.

4. oYSTEMATICS

Average radiation vidths show a smooth trend with mass number which can
ba attributed to compound nucleus interactions, but many effects from simpler
reaction mechanisms are superimposed on this trend. At low masses there is
a considerable variation in results because of the small number of transitions
which are involved for many nuclei. Peaks occur near specific masses for
each £-wave and, in the regions of these peaks, average radiation widths may
'ary systematically with neutron energy. Correlations with reduced neutron
widths are also observed, especially for capture in even-even nuclides
throughout much of the mass range.

Semi-empirical formulation of the effects of level density need to be re-
considered separately for each £-wave. The quantitative prescription for valence
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capture could be ut>ed, plus estimates of the strength of doorway state contributions
(which at this stage must be established experimentally) and a relatively smooth
statistical contribution.

X

Ag
Electric dipole transitions f-"om

capturp in most even-even nuclidcs
(except those in the regions of large
deformations) follow closely the systema-
tics in excitation energy and reduced
neutron widths of single-neutron states.
Average Ml transition rates, which are
normally about one seventh of those for
El transitions'1), also show some in-
creased values but the systematics of
these are not fully established.

Values of reduced radiation widths
should be subdivided into groups, at
least for even-odd nuclides. The
strongest transitions which populate
final states with single particle con-
figurations have a considerably higher
average reduced width than do El transi-
tions to states with more complex con-
figurations. They also follow specific
trends with mass number for each spin
and parity of the final states. In
considering the E Y dependence of
reduced widths it is necessary to allow

for the presence of intermediate structure near the neutron threshold, based on
decoupling of single-particle effects from the giant resonance as well as possible
fine structure in the giant resonance itself.

Structure in neutron capture spectra arises from preferred high energy transi-
tions to low-lying single-particle states as well as favoured low energy transitions
from the decay of those states. This is illustrated schematically in Figure 12 for
two cases - one with a dominant contribution from statistical interactions and the
other with a dominant contribution from single-particle processes (including
particle-hole interactions).

The expression for the envelope of primary gamma rays can be modified to
include single-particle effects:

Figure 12. Schematic representation of
spectra with a dominant single particle
component (lower) and a dominant
statistical component (upper).

= {Vs F ( W' E
R'

E
Y»

Thewhere E and W are the centre position and width of a single-particle peak.
function F will not necessarily have a common form for all nuclei. However, a
suitable function, such as a skew gaussian, may be satisfactory in many cases. It
should be possible to use empirical information already available to define suitable
values of W and E .

R

Although there is now much firm evidence for the importance of these non-
statistical effects, there is still a great deal of work to be done to define the
models and parameters fully. Some of the problems of special interest include:

(i) Intermediate Structure - measurements over an extended energy range
on target nuclides such as 98Sr, 9 0Zr, etc., to substantiate evidence
on the localisation of valence and doorway strength.
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(ii) Models - further detailed comparisons in multiple experiments (as des-
cribed for 28Si) on light nuclides and closed-shell nuclides and compari-
son with calculations from realistic nuclear structure models.

(iii) Doorway States - study of nuclides immediately following closed sub-
shells, where particle-hole states may be of particular importance.

(iv) Partial Radiation Widths - absolute measurements of gamma-ray spectra for
many more nuclides in the 3p and 4s regions to determine the systematics
of reduced widths and correlations.

(v) d-Wave Resonances - a study of 7/2 transitions in the mass 140 region and
further search for d-wave resonances in isotopes of Cr, Fe, Ni, Pb, etc.

These and other aspects of resonance neutron capture should produce interesting
physics and useful data for some time to come.
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MB 2 - RESONANCE NEUTRON CAPTURE - J. R. Bird (AAEC, Lucas Heights)

Newstead (B.N.L.):

Roger, one of the features of this correlation business seems to be that when
you expand the energy range and include more resonances, the correlation goes
away. At least that was the case a few years ago when I was last involved
with this subject. Do I understand that the situation is now changed — that
there is definite evidence for these correlations in the various mass regions?

Bird:

Yes, that's correct. It's the measurements at several hundred kilovolts
energy which help to provide confidence in this, I believe. I showed you the
case of strontium where the correlation comes in strongly once you have made
measurements to four or five hundred keV. It certainly seems true that there
are regions in which correlations are limited, and other regions where they are
greater, but you have to remember that the very effects we are looking for
are not smooth statistical effects. By their very nature they appear as a few
dominant transitions from a few dominant resonances, and you may or may not
observe it in some experiments. It takes a lot of data to build up the picture.

Chrien (B.N.L.):

In one of the first slides you showed concerning the strontium-88 total radiation
widths, you compared the distribution with those from erbium-167. It seemud to
me as though the strontium distribution was even broader than the Porter-Thomas
distribution. I wonder if you'd care to comment on that feature?

Bird:

We haven't made a Porter-Thomas fit, but since there is a correlation with
neutron widths of .9 or more, then the distribution is presumably the same as
the neutron width distribution.
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RE"SUM£

Recent studies of fast neutron capture processes in the energy range 5 - 1 5
MeV are focused on investigations of the validity of the direct-semidirect capture
theory. Considerable effort has also recently been made to improve the activation
technique for neutron capture cross section measurements.

ABSTRACT

A review of recent developments in theory and experiment of fast neutron
radiative capture will be presented. The experimental data on heavy nuclei in
the neutron energy range of 5 - 15 MeV strongly support the interpretation in
terms of direct and semidirect capture processes. However, difficulties have
been encountered in the theoretical description of the interaction between the
incident neutron and the target nucleus. These difficulties are most conspicuous
for light nuclei. For these nuclei recent measurements indicate a relatively
strong contribution of compound nuclear reactions in this energy range. This
observation would help to find an appropriate formulation of the particle-nucleus
interaction.

Several problems remain unsolved in fast neutron capture at energies below
5 MeV. Unfortunately, little new information is available in this energy range.
Previous studies on y-rays from neutron capture and (d,py) reactions on heavy
nuclei (A > 90) have shown that the results can be interpreted in terms of a
y-ray strength function fc.r El transitions. Some aspects of this strength
function will be discussed.

Recent activation measurements of fast neutron capture cross sections have
revealed serious errors in former activation cross section values caused by low-
anergy secondary neutrons from reactions such as (n,2n) and (n,n') in target and
sample material. The most notable errors occur for deformed nuclei at a neutron
energy of 14 - 15 MeV, but the influence of secondary neutrons can be significant
also at considerably lower neutron energies.
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I. INTRODUCTION

This review on fast neutron capture will be confined to aspects relating to
y-ray strength functions, direct and semidirect capture and experimental problems
in cross section measurements. The situation can be illustrated by the yield curve

40 41 _
for the reaction Ca(n,yn) u , i.e. the yield of y-rays to the ir-,/9 ground state

41
of Ca. Figure 1 shews the results from experiments performed at Los Alamos by
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Cross section for the
41 V
) ^a reaction. Experimental re

sults are taken from ref.
2)

(filled

and

circl rid ref. (open circles). The
dashed carves show the compound nucleus
(CN) and direct-semidirect (DSD) cross
sections.

form function with the strength of the real
A more general formulation of the coupling

Bergqvist, Drake and McDaniels
2)

at Uppsala by Nilsson ec al . The
curves represent calculations based on
the compound nucleus (CN) and direct-
semidirect (DSD) models. The solid line
is the sum of the predicted cross
sections.

The most crucial parameter in the
compound-nucleus calculations is the
radiation width. An estimate of the El
y-ray strength can be obtained by re-
lating it to the photoabsorption cross
section. This method, outlined in
Section II, has recently been comprehen-
sively discussed for A > 90 nuclei by

Bartholomew et al . For lighter nuclei,
almost no information on the y~ray
strength function is available. Never-
theless, the same procedure for the es-
timate of the y-ray strength was
followed in the calculations of the
40

Ca(n,Y,)) cross section. The estimate

will, of course, be very uncertain but
the agreement with the experimental re-
sults indicates that the method might
be applicable also to light nuclei.

The predicted direct-semidirect

cross section is taken from a calcu-

lation by Nilsson and Eriksson .

In this calculation it was assumed that

the giant dipole resonance of Ca is
split into two isospin components, of
which only the T< component can be
excited in neutron capture reactions of
direct type. The interaction between
the incident neutron and the target
nucleus was represented by a volume

isospin part of the optical potential,
will be discussed in Section III.
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The agreement is quite good between the observed cross section and the sum
of the predicted cross sections over the giant resonance region, i.e. for E^ >

6 MeV. Strictly speaking, the compound and direct-semidirect cross sections

should not be added in such a simple way. Mantzouranis has shown that the
usual Hauser-Feshbach theory fails in an energy region where both compound and .
direct processes contribute. The effect of this interference is not known in the
present case.

Finally, in Section IV, we shall briefly discuss experimental problems in
capture cross sect ion measurements using the activation technique. The main prob-
lem is the influence of secondary low-energy neutrons in measurements of fast
neutron cross sections which is often very large and difficult to correct for.

II. THE Y-RAY STRENGTH FUNCTION FOR El TRANSITIONS

We define the 7-ray strength function as the average reduced width for
transitions of a particular multipole type. For an El transition of energy E

from a level at E, with spin and parity J , the strength function is
A

f(Ey) = — ^ P j ( E x ) , (1)

EY

where < T . •. > is the partial Y"ray width averaged over states with spin and

parity J in the neighbourhood of E, and p (E, ) is the Level density for such
A J A

states.

The strength function for ground state transitions can, as shown by Axel ,

be related to the photoabsorption cross section, < o >. Following ref. 3 we
write

-5 < °Ya(V > -3f(E ) = 2 6 - 1 0 3 Y^_Y M e V \ (2)
8J Y

where g = 0 . and < a (E ) > is the average absorption cross section (inJ ZJ...+ 1 ya Y

barn) of a nucleus with ground state spin J for the excitation of levels with

spin J at energy E, = E . The total observed absorption cross section, < a >,

is the sum of all contributing < 0 >. For El transitions one usually assumes '
that ya

El
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In this case the strength function

-5 < ' W > -3
f(Ev) = 8.7 • 10 3 Tf—T MeV J (3)

Y E
Y

is independent of spins J and J.

In applications to neutron capture reactions a further assumption has to be
made to describe Y~ray transitions to excited states. This assumption, referred

to as the Brink hypothesis , states that each excited state has built on itself
a giant resonance identical to that for the ground state but shifted upward in
excitation energy by the energy of the particular state. The application of the
strength function also to excited states implies that all levels are treated
equally and that only the average statistical properties of the levels are con-
sidered. Single-particle effects, for example, which are of dominating importance
in reactions of direct type have to be dealt with separately.

The photoabsorption cross sections are generally well established at energies
above the neutron binding energy. Generally, one or two Lorentz curves describe
the observed cross sections quite well, i.e.

v 2 r 2a. E. F.

Y Jfl2(E - E . V + E l

Y i Y

where E., F. and a. are the resonance energy, width and maximum cross section,

respectively, which are adjusted to fit the experimental data. This form can he
used to obtain an estimate of the photon strength in the energy region around and
below the neutron binding energy, where very little information is available from
photonuclear work.

Experimental methods and results to test the validity of the strength

function concept have recently been reviewed by Bartholomew et al . For nuclei
with A > 90, the experimental results on the y-ray strength functions show an
overall energy dependence in fair agreement with that predicted from the Lorentzian
curve, A strong departure from this curve is observed in the mass range A = 190 -
208, i.e. near the closed shells Z = 82 and N = 126. Evidence for a similar sub-
structure is found also in the ranga A - 110 - 140, i.e. near the Z = 50 and N =
82 closed shells.

198
We shall now focus on two nuclei in these mass regions, namely Au, which

Q \

has been studied in a recent experiment by Earle, Bergqvist and Nilsson in

order to resolve a discrepancy evident in earlier measurements, and 116Sn, for

which theoretical calculations have now been performed by Csernai and Zimanyi 9'.
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Fig. 2 Experimental and calculated y-ray spectra from Au(n,y) Au (see text).

197 198
In the experiment, the y-ray spectra from the reaction Au(n,y) Au

were measured at several incident energies between 30 keV and 2.5 MeV. The
y-ray detector was a 5" Nal (Tl) spectrometer and time-of-flight technique was"
used to reduce background. Preparatory work on the experimental arrangement,
shielding and timing electronics resulted in considerable improvement in the
signal-to-background ratio compared to earlier measurements. The results for
three neutron energies are shown in Fig. 2. These y-ray spectra have been ob-
tained by unfolding the detector response function from the observed pulse dis-
tributions.

The shapes of the spectra are nearly the same at aLl neutron energies. The

y-ray intensity decreases with energy up to Er - 3.5 MeV, b-^comss roughly cons-

tant in the range E = 4.0 - 5.2 MeV and falls off at higher energies. The simi-

larity of the spectral shapes (the variations can probably be attributed to sta-

tistical errors and uncertainties in y-ray energy calibrations) indicates that

a y-ray strength function can foe found which would give calculated spectral

distributions in satisfactory agreement with all the observed spectra. Such cal-

culated spectra are shown as solid curves in Fig. 2 with shaded areas to indicate

approximately the variations of the spectral shanes. The 2.<^ 'lev results disagree

significantly with earlier measurements 10' at approximately this energy. The signal-

to-background ratio in the previous measurements was rather unfavorable, which im-

plied difficulties in the determination of the background.

The y-ray strength function extracted from the spectra of Fip. 2 is repre-
sented in Fig. 3 as solid curves again with the shaded areas co indicate the
variation of the results at different neutron energies. The shape of the y-ray
spectra is reflected in the strength function by the bends of the curve near
E = 3.5 MeV and 5.5 MeV and the rather sharp increase with F. between these

energies. Comparison with the results quoted in the review of Bartholomew et al

obtained from analyses of spectra from thermal neutrons (open circles), and from
19 7 1 c s?

the reaction Au(d,py) ' Au (filled triangles) shows gooii agreement excopt at

3)
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lower •y-ray enerfiies which is diffi-
cult to determine in neutron capture
experiments. Absolute normalization of the
i.rcsi-nt curve- ha:, been nuHe to the hiqlt
resolution ,-ray results of Leper,
Bollinger and Thomas usin« ,1^2 keV
broad neutron beam (filled circles).
The experimental results fall signi-
ficantly below the l.orentzian curve
(dashed )ine).

The serious discrepancy between
the strength functions previously

deduced for Au is primarily due to

differences in the assumed level den-

sity distributions. This was illus-

trated by Bartholomew et ;il , who

showed that different level densities
198

assumed for Au produce differences
of about an order of magnitude for
f(K ) around t\, = 6 Mev. The level

density formula connected to all the
results presented in Fig. 3 is

Ev. MeV
k T

= A e
t-./T

Fig. 3 Gamma-ray strength function for
198

Au (for symbols, see text).
with a constant temperature T =
0.75 3 MeV.

197
Early analyses of the -f-my spectra following neutron capture in

(3)

Asi indi-
cated a peak at E - 5.7 MeV ("pygmy resonance") in the strength function. The

new results support the observation by Bartholomew et al that there is a derrease

from E = 5.5 MeV to 3.5 MeV which is stronger than that of the Lorentzian extra-

polation of the: gi;.nt dipole resonance. Above d MeV, there might also be a de-

crease but the dip is certainly not so deep as that suggested by I.undberg and

Starfelt . In some other nuclei, e.g. Tl, the pygmy resonance stands out more
clearly.

The observation of the clustering of strength around 5.5 MeV in nuclei near
closed shells suggests an interpretation in terms of particle-hole excitations.
Such excitations would for most orbitals, but not all, introduce a parity change.
The unperturbed particle-hole energies for neutrons cluster around 5.5 MeV and

208
those for protons somewhat higher. Some early calculations foi Pb indicated

that most of the strength for the 4s3p neutron state would be decoupled from the

giant resonance. However, later calculations by Harvey and Khanna show that
the particle-hole states near the unperturbed energies are collective, i.e. the

4s3p and 3d3p states are coupled to other particle-hole configurations and
fragmented in states distributed over several MeV.
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Numerical calculations have cow btion jwrforrafltj by CsernaS and Zitaanyi on Kn
which has neutron ip, ._, Ip-./-, a"1* •>^

The unj~!j'turbcd oncrqioK of the five

single particle states near the threshold.

states

4 ;a!wna-ray strength function for *"""Sr. i rom threshold calculations in ref. 8.
The contribution frota neutron states near threshold is represented by the curve with
points. The insert shows the collectivity of the threshold states.

The calculations give the eigenvalues and corresponding transition probabilities to
the around state. The strength function is obtained by representing each line of the
discrete spectrum with a Gaussian function to simulate the spread of the strength
over many background levels. One of the resulting strength functions is shown in
Fig. 4. The jotted curve indicates the contribution of the five particle-hole states
mentioned above, and it can be seen that this is dominating around 8 MeV. Hence, it
is shown that neutror, single-particle states near threshold arc- able to produce an
independent collective state decoupled from the giant resonance.

A new source of decoupling some strength from the giant dipole resonance has
been found by r.yarmati, Lane and Zimanyi '•''. The effect arises when the particle-
hole states are combined with a dense set of complicated background states. The
strongly varying boundary condition at the nuclear surface leads to an anomaly. It
is thus a threshold effect which operates most strongly for neutron waves of low
i! - va 1 ue s.
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Although some progress lias been made in this field very much remains to be
•I.ini'. Experimental ty, the mass region below A - 90 should be investigated.

Di£tcrciit methods as reviewed by Bartholomew et al should be applied to test
'.ho validity of the strength function concept. Theoretically, we need calculations
.ils.t for nuclei in other mass regions, e.g. A = 190 - 208. The fact, that the Lo-
ivnt/.ian i-xt rape I at ion of the giant dipole resonance strongly overestimates the
strength in the low-energy region of nuclei near closed shells, is disturbing.
Attempts to find more appropriate formulas for the extrapolation should be made.

ill. 01RECT-S till DIRECT CAPTURE IN THE GiANT RESONANCE REGION

The dircct-semidirect (DSD) cross section fcr the capture of a neutron
witli angular momentum «.' and spin j' into a bound single-particle orbit with quan-
tum numbers n-.j can be written

J <6>
where •? is the direct cross section and F an effective charge factor

1 /unS>i(r)h(r)u5.'il(r) 2

*' A<']'M\) = 1 " • - ) (7)eff E-E -ij J Unij ( r ) r V j ' ( r ) d r

K y ^

This f-.cti>r desmbes the enhancement caused by the semidirect process in which
the incident neutron excites the target nucleus into the giant dipole state.
Th<_- parameters F and !' are the energy and width of the giant resonance; u., .,

K J6 J
is the radial wave function of the incident neutron, u „. that of the captured

neutron and h(r) the coupling function which is proportional to the r.eutron-
nucl 'us vibration coupling interaction.

Various formulations of the DSD model can be related to different functions,

h(r). A summary of these different functions has previously been given
Here we shall be more specific and recommend the use of the complex coupling

function derived by Potokar

h(r) = const r {V,f (r) - iW^b d|^ r ) }, (8)

where V and W. are the strengths of the real and imaginary part of the optical

-symmetry potential, f(r) the Wood-Saxon form of the potential and b is the
diffu-jeness parameter. This form allows the use of V, and W. determined from
other experiments for predictions of DSD cross sections. Conversely, we can treat
V and W. as free parameters to be determined from the fitting cf the experiment-

n1 capture results and then compare with optical model parameters obtained from
analyses of other experimental data.
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Fig. 5 Comparison of DSD cross sections
with real (solid and dot-dashed curves)
and complex (dashed curve) coupling
functions.

The effect of Lhe complex coupling
function on the capture cross section
is illustrated in Fig. 5 for the

40,. , ,41,
reaction

of =75 MeV and

Ca. The values

35 MeV areWl "
taken from analysis by Carlson, Lind

18)
and Zafirar.os of charge exchange

reactions on medium-weight nuclei.
Comparison with the cross section
curve calculated with a real coupling

4)
function (Nilsson and Eriksson )
shows a more symmetric curve around
the peak at E - 10 MeV. This is pri-
marily due to the effects of inter-
ference between direct and semidirect
capture. With the real coupling
function the intefference is construc-
tive above the giant resonance peak
and destructive below. The interfe-
rence term is relatively large and
makes the curve much steeper on the
low-energy side of the peak than on
the high-energy side. The experimental
cross sections do not generally show
this asymmetry. The imaginary part of
the complex coupling function has
opposite signs of the interference

term compared to the real part and, thus, removes much of the asymmetry. It was

found that the complex coupling function gives a significant improvement in

the fit of the experimental data for the reaction 208Pb(n,Y)
2O9Pb. For

Ca(n,y ) Ca the new experimental results indicate a rather strong contribution

of compound nucleus processes on the low-energy side of the peak and it is not
obvious that the inclusion of the imaginary part in the coupling function will
improve the fit.

The combination of the complex coupling function in the DSD calculations and
the compound nucleus cross section gives, however, a remarkable improvement in the
description of the cross curve for y-rays to excited levels between 1.9 MeV and

2.7 MeV in 41Ca (Fig. 6).
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Fig. 6 Cross section of the Ca(n,Y) Ca
reaction for >—ray9 to excited levels
between 1.0 and 2.7 MeV. Experimental
results are taken from ref. 1 (filled
circles) and ref. 2 (open circles). The
dashed curves show the compound nucleus
(CN) and direct-semidirect (DSD) cross
sections.

nucleus contribution below E = 8 MeV.

Potokar
">08 209

of the "" Pb(n,v) Pb reaction that
the experimental results are well
reproduced with strength values V,

= 75 MeV and W, 149 MeV of the

symmetry potential. The same para-
meters have been applied also for
89 90

Y(n,v) Y and found to give good
agreement. An example is the cross
section for y~rays to the dc/j
doublet - the ground state and the

90
first excited state of Y - which
is shown in Fig. 7. The experimental
results are from measurements
performed at Uppsala (open circles)
and at Los Alamos (filled circles).
The solid curve is the DSD pre-
diction with the complex coupling
(VL = 75 MeV, W = 140 MeV) and the

dashed curve that with the real
(W 0) coupling function. It is

obvious that the imaginary part of
the complex coupling here is of
dominating importance both in magni-
tude and shape of the cross section
curve. It seems likely that the
inclusion of compound nucleus reac-
tions will change the situation
somewhat. Experiments in the neutron
energy range belcw 6 MeV are in prog-
ress to determine the cross section
in this range. For the total capture
cross sections recent calculations

19)
by Longo, Reffo and Saporetti
indicate.a relatively large compound

The shapes of the y-ray spectra can often be used to determine roughly the
relative importance of the compound nucleus and direct-semidirect reactions.
This is illustrated in Fig. 8, taken from ref. 19. The predicted shapes of the
spectra from the two types of reactions are quite dissimilar. The single-particle
structure is not known in the excitation energy region just below the binding
energy, and, of course, the intensity of yrays from direct-semidirect reactions
is uncertain in this region. Further uncertainties are related to the y~ray

90
strength function and level densities of Y. Nevertheless, the spectra can serve
the purpose of making a rough distinction between the compound nucleus and direct-
semidirect processes.
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These examples show chat the
compound nucleus contribution first
must be determined before the syste-
matics of the strengths Vj and W.

can be obtained from neutron capture
cross sections. Furthermore, we need,
to measure angular distributions of
the yrays »X several neutron ener-
gies. This is a very time-consuming
•*ork but it is rewarded by its im-
portance to a better understanding
of the capture mechanism. This latter
point has been emphasized by Potokar
and Likar, e.g. in a contribution to

this conference . Of particular
interest is the contribution of E2
radiation in energy regions just be-
low the El giant resonance for the
isoscalar part and above for tht
isovector part. New theoretical
calculations on the E2 contributions
are reported to this conference by

Potokar and Longo and Saporetti ,

10 15
En.MeV

Fig. 7 Cross section for the
on nn

Y(n,Y +Y ) Y reaction. Theoretical cross

sections are from direct-semidirect calcula-
tions with complex coupling function,
Vĵ  = 75 MeV and W1 = 140 MeV (solid curve)

and with W. = 0 (dashed curve).
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Fig. 8 Comparison of experimetual and theoretical shapes of the >-ray spectrum
89 90

from Y(n,Y) Y. Theoretical spectra - dot-dashed curve from direct-semidirect
and dot-dot-dashed from compound nucleus calculations - are taken from ref. 19.

IV CAPTURE CROSS SECTION MEASUREMENTS WITH THE ACTIVATION METHOD

The fl.tj.arion technique is a relatively simple method to measure fast neut-
ron cross sections. Applied to (n,-y) cross sections, however, it is easy to over-
look inherent difficulties. One such difficulty arises from the presence of low-
energy neutrons produced in reactions like (n.rt*), (n,2n) and (n,pn) in the
target backing, the sample itself and surrounding material.

This problem was recognized some years ago when the 14 - 15 MeV cross sections
deduced from measurements of the capture Y~ray spectra were found to disagree
with the activation results. Several measurements have since then been performed
and the results clearly demonstrate the influence of the secondary low-energy
neutrons. The experimental arrangements M v e been improved in order to reduce
this influence; the tritium target heeds .iave been redesigned to reduce the mass
of material near the beam spot and aluminium has been used because of its low
cross section for neutron production. Even with these improvements the production
of secondary neutrons is relatively large and the corrections are difficult to
determine.

The correction for secondary neutrons produced in the sample itself is gene-
rally obtained from a study of the dependence of the activation yield on the
sample thickness and diameter. As an example, Fig. 9 shows the dependence for thr

reaction Ia(p,y) In on the sample thickness. The observed art iv.-jt ion
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yield (here defined as the
apparent cross section) is found
to be roughly linearly dependent
on the thickness. An estimate
of the contribution to the acti-
vation yield of secondary neut-
rons has been made by applying
a mflhorl similar tn thxr des-

cribed in ref. ' ' .

The result of this
estimate is represented in the
figure by the shaded area to
indicate the uncertainties of
the cross section values used
in the calcualtion.

The influence of secondary
neutrons from sources outside
the sample can be determined
from the dependence of the acti-
vation yield on the distance
between the tritium target and
the sample. One encounters
difficulties when the correc-

tions for all the dependencies are to be determined. The extrapolations to zero
distance, to zero thickness and diameter are not straightforward and coupling
effects are present between observed dependencies.

Fig. 9 Dependence of the apparent activation
cross section for the reaction

In(n,>) In on the sample thickness.
The shaded area shows the theoretically cal-
culated contribution of secondary neutrons.

Another method was used by Schwerer et al 2k) who determined the flux of
low-energy neutrons at the sample position using gold foils with and without
cadmium cover for thermal and epithermal neutrons and threshold reactions for
higher energy neutrons.
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2i 25-29)
The results of these new measurements "' are summarized in Fig. 10.

The old results exhibited large fluctuations with mass number with maxima up to
about 10 mb for deformed nuclei and minima for closed shell nuclei. These
fluctuations are now gone - the scattering of the points reflect experimental
uncertainties rather than a real variation of the capture cross sections.

The importance of secondary low-energy neutrons has, thus, been established
in activation measurements of the 14 - 15 MeV capture cross sections. Secondary
neutrons do certainly play a role in activation measurements also at lower
neutron energies. This remains to be studied.
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MC 1 - FAST RADIATIVE CAPTURE - I. Bergqvist (Univ. of Lund, Sweden)

Newstead (B.N.L.):

Well, I'm very pleased to see that the (n,v) analysis also supports the need
for a complex isospin potential such as we first found necessary in the ex-
planation of certain strength function systematics and in the (p,n) experi-
ments. But I'm a little surprised at the magnitude of the imaginary term
Wx, particularly in the case of yttrium, where Wj = 140 MeV, which is quite enormous
compared to the usual values found from scattering experiments, typically
12 to 16 MeV. Perhaps part of the explanation is that there is a normalization
constant of four here such as you have in the Lane expression for (€.T)/A, which
would bring the value down to 35 MeV. But still, 35 MeV seems rather high for
yttriiim-89 and I wonder if you have a comment about that?

Berg(jvis_t:

I think the inclusion of a compound nucleus contribution Which we know to be
present) to this yield curve — a calculation we're currently performing — will
decrease W more than the real strength. But still, there will probably be a
rather high value oc. W and I don't understand that. I know that for lead this
very large value of W seems to be required, and I think Tony Lane has an ex-
planation for that, would you care to comment on the rather large values of W^,
for instance in lead?

Lane (A.E.R.E.):

In the heavier nuclei like lead, wheve at the energies we're talking about the
W for the 1 states is zero because there just are none, than you find that
when you translate that zero value for the T and some suitable value for the
T<; states into W^ and W , a value for W of this order-of-magnitude is absolute-
ly reasonable. I mean, there is a factor of something like A/N-Z that comes in
that multiplies it out. So I don't regard it as ridiculously large — at least
not in a heavy nucleus.

Potokar_(Inst. Josef Stefan, Ljubljana):

I would like to remark that in the analysis of the data, several effects are
ignored: for example, first of all the a, contributions and the quadrupole
contributions, then the type of correlations in the final state, and the
energy dependence of the symmetry potential. These effects lead to lower
values of W^ and there are also other effects which I'll discuss in my report.

Chri^i (B.N.L. ) :

Could you clarify the situation with regard to the gamma-ray strength function
in gold? I had thought, at the last one of these eminent conferences in
Budapest, that it was very carefully explained to us that the absolute value
of the photon strength function, as derived from thermal neutron capture
experiments, agreed very well with the giant resonance extrapolation at 6 MeV,
and then as one went to lower energies a deficiency appeared. Vour curve
seemed to indicate a deficiency even at 6 MeV.

Borgqviot:

That's right. Tn the review paper by Bartholomew and collaborators there still
i; a difference between the Lorent2ian and the experimental data. In the
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Lorentian they used, the parameters were based on rather early work. There is
some new photonuclear work on l97Au in which the new parameters just give a
larger difference between the Lorentian and the experimental points.

Lane:

While on that same subject of the gold strength function, I remember that when
the original Bergqvist-Starfeid data were taken there were a number of items
of special interest there, one was that the knee that we saw in the strength
functions seemed to disappear at 7 MeV. So one question th.̂ t I have is, if you
take the experimental strength functions that you infer from the lower energy
data and then calculate what you should observe at 7 MeV neutron energy, does
the knee persist or is it ironed out by level density considerations? That's
point number one. Point number two is simply to note that at these energies we
have statistical type effect — the knee in the strength function — is probably
associated with other non-statiscical effects in neutron capture such as
correlations and so forth, which are, I think, almost without exception
associated with s- and p-transitions. However, as Bartholomew pointed out
years ago, at energies around 2.5 MeV the cross sections are certainly dominated
by higher partial waves. So, then, we have to get used to vhe idea of non-
statistical effects in higher partial waves.

Bergqvist:

Concerning the first point, I think you are referring to our work on inelastic
(n,n'y) scattering of neutrons and the gamma rays following the reaction. Is
that right?

Lane:

I thought in that work of some years ago there was 2-MeV, 4,5-MeV and 7-MeV data.

Bergqvist:

Right. We went up to 7 or even 8.5 MeV, I think, but then we couldn't study
any knee in the (n,y) reaction in that gamma ray spectrum, because that's
masked by tie much more intense gamma rays from (n,n') reactions. We did look
for the effect also in the gamma rays from inelastic scattering processes but
we couldn't find anything there. The explanation for that, I think, is still
open. It could be a level density effect or, of course, it could be a reaction
mechanism effect. I do plan to take up these experiments again.

Vonach (Univ. of Vienna):

How well could one use the method outlined to calculate the total (n,y) cross
section, for example, as compared with activations for which there are avail-
able a large number of good data at 14 MeV? Is it possible to sum up over all
the final states?

Bergqvist:

Oh, yes, it is possible.
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Potokar:

I have another remark. Your newest spectra for yttrium are flat in the low
energy region, so in this respect the reliability of the results of statisti-
cal calculations is questionable and also carries some angular dependence of
the spectra. I don't know how to explain this by such simple statistical
theory.

Bergqvist:

You made this comment before this session started and I haven't had time to
check this point. I'm sure you checked it. The figure on the spectrum and the
decomposition of the spectrum into two reactions was used here just to provide
an illustration. I don't now recall the actual details. I know we have made
angular distribution measurements for yttrium and I know that you are referring
to those measurements, but I did not include them here.
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RESUME

The paper gives a review of theoretical and experimental works
on the extraction, transportation and storage of ultracold neutrons.

ABSTRACT

In 1959 Zeldovich' ' pointed out to the possibility of storage
—7

in a closed vessel of very slow neutrons with energies below ^ 1 0 'eV
noting that one may achieve the storage time up to the life-time of

a free neutron before _/3 -decay ( -~ 10 sec). This possibility is
due to the effective repulsing potential which describes the interac-
tion of slow neutrons with many substances empl^ing a strong suppre-
ssion of inelastic processes in the reflection of ultracold neutrons

(UCW). In a series of experiments beginning 1968 ' the effective
methods were developed of obtaining pure UCW beams from the maxwel-
lian spectrum of thermal neutrons. The UCN beams of intensity about

10J n/sec and density up to 10 n/liter were obtained at the reac-

tors with thermal neutron flux of 5 x 10 n/cm sec. Such UCN beam
parameters allow to measure easily the UCN storage time in different
vessels and under different conditions. Maximum UCN storage time
achieved in the experiments is about 400 sec and it is much shorter
than that theoretically estimated. Both theoretical and experimental
search for the explanation of this discrepancy was undertaken but no
satisfactory result had been obtained as yet. Nevertheless the alrea-
dy obtained value of the UCN storage time permits to perform at high
flux reactors experiments on the search for the electric dipole mo-
ment of the neutron and on the determination of the life-time of a
free neutron before j£> -decay. Moreover, one may consider ultracold
neutrons as a specific quantum gas of elementary particles,which pro-
perties are an interesting field for investigation.

1)Ya.B,Zeldovich, JETF, %,1952(1959).
2)P.L.Shapiro, Report at the International Conference on Nuclear
Structure Study with Neutrons, Budapest, 1972.
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FAST NEUTRON SCATTERING FROM SOME MEDIUM MASS NUCLEI

Scattering studies between 1 and 14 MeV incident neutron energy have been and
are being done to meet a variety of nuclear structure interests. Some of the more
prominent are: to continue the examination of i-spin dependence or neutron excess
dependence of scattering potentials, a topic of interest for many years, and to
assess those properties of particular nuclei which noticeably effect scattering
from them, such as properties which would influence the absorption of the scatter-
ing, or small angle elastic scattering cross sections. In the incident energy
range between 1 and A MeV, inelastic scattering studies are a powerful means of
studying nuclear levels in a wide range of nuclei, at least those presumed to be
spherical. These are some of the topics which will be featured in this review.

Questions about the behavior of neutron scattering, or the phenomenological
description of scattering, often depend for solution on reasonably precise com-
parisons of scattering by different nuclei, or comparisons of scattering from one
nucleus but at different neutron energies. For example, the examination of E,
dependence in neutron scattering, where E, is the neutron excess defined as
£, = N - Z/A, often requires examination of scattering potentials which differ by
< 1 MeV in 50, or 2%. To have confidence in such comparisons the data examined
must be reasonably precise and accurate. The use of inelastic scattering cross
sections to determine properties of nuclear levels depends on measured values which
can be viewed with confidence. The study of fast neutron inelastic scattering is
receiving must attention recently, partly as a means of studying nuclear excited
levels, and partly because good descriptions of elastic scattering make possible
the study of inelastic excitation mechanisms. Good descriptions of elastic scat-
tering are important as a point of departure for the examination of inelastic
scattering.

Two complementary methods are available for neutron inelastic scattering cross
section measurements, at least at fairly low neutron energies. One involves direct
detection of the scattered neutrons, and the other involves detection of y rays de-
exciting levels excited by neutron inelastic scattering; that is, the measurement
of (n,n'Y) production cross sections. The comparison of cross sections measured
in both (n,n') and (n,n'y) studies gives us an estimate of the confidence we can
associate with the measurements of inelastic scattering cross sections. The neu-
tron detection experiments have the advantage that the process of interest is
directly detected. The (n.n'y) method suffers from being indirect, which in
practice means one must know the branching ratios for y-ray decay of all excited
levels before the scattering cross sections can be obtained. But the 2 keV energy
resolution of a Ge(Li) detector means that y-ray detection will enable the study
oir levels which could never be resolved with present neutron detection methods.
This is a point which will be especially important near the end of this paper, in
reference to the study of scattering by deformed nuclei. A systematic description
of techniques for these two kinds of experiments would b ; a lengthy review in
itself; this will not appear here. Fortunately, at least for neutron detection
experiments, the techniques have been described in considerable detail.•'•'^ Some
reviews of (n.n'y) experiments^ 4 have described methods in use for those experi-
ments. A few detection systems will be illustrated so that important character-
istics of them can be discussed. Especially for the (n,nfy) experiments, whose
techniques have been less emphasized in the literature, some critical points
effecting cross section accuracy will bs emphasized.
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After a comparison of cross sections from (n,nr) and (n,n'Y) experiments,
a comparison will be presented of results from different laboratories, all using
neutron detection. Both of these comparison reviews should give us a basis for
evaluating the degree of success to be expected in using scattering studies to
determine nuclear properties, or to examine the influences of nuclear properties
on elastic and inelastic scattering.

A few examples of the use of low energy neutron inelastic scattering to study
properties of nuclear levels will be presented, to illustrate the use of these
studies in nuclear spectroscopy, one of the major thrusts cf low energy experi-
ments. Another major topic will be updating the studies of the £ dependence of
scattering potentials, with some information provided for the imaginary parts, as
well as the review of the real parts of the potentials. Most of the material
mentioned above will refer to spherical nuclei which are not very deformable.
Some information will be added for nuclei presumed spherical, but soft against
deformation.

The next topic will be a recent extensive survey of small angle elastic
scattering; through its introduction we can see vividly the effects of deformation
on neutron scattering. Some additional scattering studies, from the transitional
nuclei between spherical and deformed, will again highlight the influence of
deformation on scattering, or at least the differences between scattering from
spherical and deformed nuclei. It should be clear that this review will be
entirely phenomenological, with essentially no discussion of reaction theory.
We will present applications oZ standard models to measurements as a means of
interpreting them, but will not examine model details.

The system shown in Figure 1 is that in use at Kentucky for neutron detection
experiments. It was developed originally by J. D. Brandenberger and his students-*
and subsequently extended by A. Obst and J. L. Weil^. The essential elements are
the massive shield surrounding the liquid scintillation detector, to protect it
from radiation scattered in the room, and the shadow bar near the neutron source.
This bar, made from a machinable form of tungsten, directly shadows the liquid
scintillation detector from the neutron source and also shadows the entrance to
the collimator from the source, so that that part of the detector collimator does
not itself become a source or scattered background for the detector. An important
element also is the heavy metal entrance aperture to the collimator, which prevents
the scintillator from seeing anything except the region of the scatterer. All cf
these points and many others are stressed in the review of L. Cranberg^, whose
pioneering work on closed geometry shielding for neutron detection was the basis
for the designs at many laboratories.

The second figure shows a design completed by D. W. Glasgow, et̂  a]^. , and
shows very careful attention to detail in its design. One sees again the important
elements: the tungsten shadow bar, the Cu entrance baffle to the detector colli-
mator, and a massive detector shield. This system was originally designed and
used at the Aerospace Research Laboratories (AKL) of Wright Patterson AFB, and
was later moved to its present location at Triangle Universities Nuclear Labora-
tories (TUNL).^ Both this end che Kentucky systems were developed for neutron
time-of-flight detection with flight paths ranging to between 4 m and 6 tn. For
work at flight paths longer than 5 i ; f is often convenient to have a multi-
detector system, such as that in use at the Centre d'Etudes de Bruyeres-le-Chatel
(BIX) and shown in Fig. 3. These four detectors, spaced 20° apart, have all the
essential components multiplied by 4. The extra problems of having four or more
detectors, each carefully adjusted, stabilized, and detector efficiency measured,
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Figure 1. Kentucky detection system, designed^ for detection distances of
2 to A meters. Modular design allows the shields to be used with detectors
of various types and sizes. Important elements are the W shadow bar and
the Ca baffles.
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Figure 2. ARL-designed^ detection system. Double-cone collimator reduces
backgrounds scattered from collimator walls. The Cu plug behind the detector
reduces back-scattering into the detector.
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are probably more than compensated for by the gains in data collection tine for
experiments with long flight paths and correspondingly small data collection rates.
0m> special difficulty of ,1 multi-detector system Is in the use of the shadow-bars.
Each one shields a single detector, but Che additional three only present extra
malarial to scatter background into that detector. To minimize their role as
scatterers, they arc withdrawn somewhat from the proximity of the scattering
sample, and then an auxiliary wedge of heavy metal its placed near the source to
shadow the bars themselves from the source. This is a compromise in a multi-
•.Ii-toctor system which reduces a little the effectiveness of those early shields.
This and similar mult 1-detector systems show their real worth in high detector-
resolution experiments.

The pulsed beam from either single-ended Van de Graaffs or tandems usually has
a burst width of becween 0.7 and 1.3 ns. When this is combined with an intrinsic
detector time resolution of about 0.8 ns, the total system resolution for scattered
neutron detection usually ranges between 1.7 and 2.4 ns. For example, recent
experiments at BIX use an overall resolution of 1.8 ns. An experiment is in
progress at 3.4 MeV incident energy, and a flight path of 10 m. By keeping the.
neutron source thin in energy, a detected energy resolution of 25 keV is obtained.
This is quite valuable for separating excited levels of heavy nuclei, but the run
time is 20 hours per point! Tt is in experiments of this kind th&t multi-detector
systems are truly appreciated.

An alternate but indirect way of separating closely spaced levels in neutron
inelastic scattering is the use of (n.n'y) reactions. Two attitudes toward y-ray
detection are in current use. One is the use of «i Ge(Li) detector surrounded by
an annular detector of Nal(Tt) and operated in anti-coincidence with the central
Ge(Li) detector. This system was emphasized* in an earlier review of (r.,n'Y)
experiments, and has the advantage of reducing Compton-scattering in the detected
y-ray spectrum, usually by a factor of about 4. However, the large annulus of
Nal(Tfe) has high detection efficiency for background radiation, and therefore must
have a massive shield surrounding it. In practice this limits detector distances
to about 1.5 m or more. An alternative and simpler system is to use a single
Ge(Li) detector in a small shield, and employ it at distances of about 0.6 m or
more. The Kentucky arrangement is shown in Fig. 4. For distance perspective, the
tungsten wedge is the shadow bar of Fig. 1, and the sample to Ge(Li) detector
durance is 0.6 m. All of the detection systems from the different laboratories
are designed to be easily re-positioned in angle, to facilitate angular distri-
bution measurnnents.

A comparison of neutron inelastic scattering cross sections from (n.n1) and
(n.n'y) experiments has been developed by McDaniels, e£ al_.^^ based on experiments
carried out at Argonne National Laboratory (ANL) and Kentucky. There are several
differences between these methods, in addition to the fact that different
radiations are detected. The neutron detection data are usually normalized to
the p(n,n)p scattering cross section, since it is a very well known standard.
The Kentucky measurements of (n,n'Y) cross sections have been normalized to a
compilation of measurements for the 56Fe(n>n<Y)56Fe production cross sections
for the 0.847 MeV transition begun by D. B. Nichols,^ and periodically brought
up-to-date by others. The compilation'^ was revised in 1973, and a portion of
it is shown in Fig. 5. This presents differential y-ray production cross sections
for the 0.847 MeV line of 56pe between incident energies of 1.0 and 4.7 MeV. The
solid curve is a series of polynomial segments which have been least-squares-
fitted to the measurements in 0.5 MeV incident energy intervals. A deviation
region cf + 8% from that curve would include more than 2/3 of the measured points.
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Figure 3. Intermediate version of the BLC four
unit detection systea. Later versions have store
massive collitsators and detector shields.

all of which have been selected to corre-
spond to measurements with an energy spread
of 50 to 90 keV. This conspilation is
presently being updated again to include
measurements published since 1973.

The y-ray detection method has high
sensitivity, because the detector can be
placed fairly close to the scattering sample,
as illustrated in Figure 4. The titne-of-
flight procedures instituted by L. Cranbergl3
and adopted by R. B. Day1'* are used to
separate the desired y rays from undesired
backgrounds. This is illustrated in Fig. 6,
which shows the time distribution of radi-
ation in the Ge(Li) detector tor scattering
in an Fe sample. This figure is taken from
a pulsed-beam TOF experiment at the Kentucky
accelerator. *•" The prompt y rays from in-
elastic scattering are separatee1 from back-
grounds by setting a time-gate around the
y-peak and accepting only those events.
These events in the Ce(Li) detector are
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Figure 4. Single Ce(Li) detector
In a small shield, for use at
small detection distances, <i in.
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then energy analyzed in the conventional way to separate transitions from differ-
ent excited levels. A time gate around the y~peak of Fig. 6 gives a 20 fold
reduction in time uncorrelated background and avoids all backgrounds caused by
fast neutrons scattered into the detector, the neutron peak of Fig. 6. To
achieve this separation between neutron and Y-ray peaks, 0.6 m is a sufficiently
Jong flight path. That and other background eliminations provide enough sensi-
tivity to measure transitions corresponding to cross sections of only a few
Bib.'*.*2

An important consideration in both neutron and Y-ray detection experiments
is that given to sample-size effects. Corrections for these effects have 'JCCTJ
extensively discussed in the literature for neutron detection. Th"y are calcu-
lated using approximate but analytic recipes*-*' •"> or Monte Carlo methods^* ̂ °,
and these two methods have recently been shown to be In good agreement.18 Much
less has been written about similar corrections for (n,n'y) measurements. For
»any years an approximation introduced by Day1**!' allowed one to ignore both
neutron attenuation In the sample and multiple scattering, making corrections
only for Y-ray attenuation.*-" Tessler and Clickstein showed that in general all
three corrections were important, at least in geometries similar to that of Fig.
•'», which use small cylindrical scatterers- * The University of Lowell group has
ilso beon concerned with the importance of these corrections, and most recently
D. L. Smith zz AJJL has developed Monte-Carlo methods- for making these corrections.
The analytic methods of Engclbrtct^^ are easily adapted to making sample-si2e
corrections to inelastic scattering cross sections for either neutron or Y-ray
detection, and have been used in a recent study™ of the effects of such
corrections for (n.n'Y) measureojents. Some results from that study are shown
in Fig. 7 for two elements, Fe and Pb. Plotted here are apparent cross sections,
in relative units, for the 847-keV line of 5 6 F C and the 2615-keV line of 2O8pb as

a function of the size of the scattering sample. The results are shown at three
incident energies for Fe and one neutron energy for Pb. The plots show measure-
ments for scatterers of three different diameters; in each case the sample height
was about the same as the dianeter; both were varied. The lower data points in
each panel are corrected only for Y-ray absorption; they would provide sample-
size independent results if the Day approximation was accurate for this geometry.
One sees instead that errors of the order of several percent would be present, ihe
size error depending upon the size of the sample. The upper data points and curve
show the effects of correcting for neutron flux attenuation and y-ray absorption,
assuming that multiple scattering can be ignored. Finally the solid data points
and central curves result from making corrections for all three effects, incident
neutron attenuation, multiple elastic scattering, and Y-ray absorption in the
sample. The results of those calculations are then reasonably sample independent.

Neutron inelastic scattering cross sections inferred from (n.n'y) measure-
ments are shuwn In Table I for neutron energies near 3 MeV incident on °^2r. They
are compared to neutron inelastic scattering cross sections measured in neutron
detection experiments at ANL^ and at Kentucky.25 the agreement amongst the three
sets of results is good. The average deviation between the two (n.n1) experiments
is 18X and that between the (n.,n'Y) results and the (n,n'> results of Ref. 24 is
17X. A similar comparison2** of (n.n') and (n.n'Y) cross sections for 3.5 MeV neu-
trons incident on ^lio shows an average deviation for four inelastic groups of
7%, and a comparison of cross sections for just the first excited 2 + levels of
four Mo isotopes shows an average deviation of 4%. For the Mo comparisons, both
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Figure 5. A compilation of differential Y-ray production cross sections for the
847-keV transition in 56fe. Points are corrected for anisotropy and isotopic
abundance of 56pe where necessary. All correspond to measurements with an energy
spread of* 50-90 keV, except the dotted curve. Symbols are identified in Ref. 10
and 12.
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the (n,n') and (n,n*Y) measurements were made at Kentucky. These comparisons
give us an estimate of the confidence to be associated with measured inelastic
scattering cross sections.

Table I

A comparison of neutron inelastic scattering cress sections in *'Zr from
(n,n') and (n.n'y) measurements. A direct comparison of complete Y-ray measure-
ments and interpolated n-detection results is given in 3.2 MeV. The 90° Y-ray
excitation functions were.used to extrapolate the y-ray results to energies
where n-detection data were available, 2.75 and 3.5 MeV.

2.75 MeV ' ~ 3.20 Mel? ' 3.50 MeV

Level Ref. 25 Ref. 24 Ref. 24 Ref. 25 Ref. 24
Energy (n.n'y) (n,n') (n,n') (n.n'y) (n.n1) (n.n'y) (n,n*) (n,n')

934.1 633 606 560 477 416 421 28j

1381.9
1494.8
1846.4
2066.1

2339.0
2398.0

108
183
240
240

109
254
340
160

145
230
280
275

101
155
245
207
134
98

112
i96
220
224
168
121

421
84
130
192
181
126,
89'

283
58
153
172
157

234

290
96
175
190
162
rl50
112

Inelastic neutron scattering in the few MeV incident energy range has been
developed into a very fruitful method of determining nuclear level and decay
schemes. The high nuclear penetrability for neutrons means that nuclear levels
can be studied with incident neutron energies little higher than the excitation
energies of the levels to be studied. Ambiguities are virtually absent when level
energies and Y-ray decay schemes are determined by these methods.^ A couple of
examples will illustrate the methods, both drawn from studies of neutron scatter-
ing in the A ^ 90 region. These were part of a systematic study of neutron scat-
tering in the A ^ 90 region initiated by J. D. Brandenberger and the author,
together with other colleagues who developed various phases of the study. Figure
8 shows neutron spectra scattered by Mo. The detection system of Fig. 1 was
used, and the separated isotope scattering sample contained about 0.4 moles.

Interest here centers on the small group labeled 1740 keV in the " H o
spectrum. This level is at twice the energy of the first excited 2 + level, and
decays to it. Its decay energy so well matches that of the strongly excited 2 +

level that the y-rays cannot be separately observed! But the scattered neutron,
angular distribution, shown in Fig. 9a, shows a very strong anisotropy. This
forward and backward peaking was predicted by L. Wolfenstein" to be the special
signature of a 0 + level. This angular distribution, together with the magnitude
of the inelastic scattering cross section, uniquely fixes'" the level as 0 +. The
upper panel of the figure shows the yield of the combined Y~ray decays from the
1.74 MeV 0 + and the 0.87 MeV 2 + levels as a function of incident neutron energy.
It shows the expected abrupt increase as threshold is crossed for excitation of
the 1.74 MeV level.

The second example shows reliance upon measured (n.n'y) angular distri-
butions, this time in "^Zr. Measured angular distributions for three decays from
the 2742.6-keV level of ^Zx are shown in Fig. 9b. When these data are carefully
analyzed, and large M2/E1 mixing ratios are rejected, the level is definitely
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Figure 8. Scattered neutron spectrum at 3.9 in.
are level excitation energies in keV.

The numbers above the arrows

assigned12 as A". The 1248-keV line is shown to be an El and the 257.3-keV line
an Ml transition.12 These two illustrations show the use of neutron and y-ray
angular distributions to determine properties of levels. The magnitudes of in-
elastic scattering cross sections in spherical nuclei can also be of assistance
in fixing spin assignments. For example, we have measured 53 cross sections for
levels excited in two isotopes, 92?.r and 9i*Zr, and then calculated them with the
Wolfenstein-Hauser-Feshbach (WHF) model27 as modified by the fluctuation correc-
tions of Moldauer.2^ The average deviation of measurements from calculations is
^ 30%, but variations for particular excited levels range almost to a factor of 2.
Thus cross sections are not an especially stringent test; they can be used only
at the factor of 2 level. The curves shown in Figs. 9a and 9b are all WHF calcu-
lations. Neutron inelastic scattering studies employing both neutron and Y-ray
detection, especially angular distribution measurements, provide a powerful means
of studying properties of nuclear levels when analyzed within the framework of the
statistical model.^7,28 These methods are especially useful because in spherical
nuclei t!ie criss sections and angular distributions have no dependence on
dynamical nuclear properties, or intrinsic structures of levels. Only spins,
parities, and excitation energies play a role.

As noted before, one of the central issues in studies of neutron scattering
has been the confidence with which the measured and reported cross sections could
be viewed- To explore this question further, it is useful to present several com-
parisons of cross sections measured in different laboratories. The first of these
is shown in Fig. 10, which presents a comparison between older Kentucky measure-
ments30 for A and newer results from Velkley, et^aj[.31 at ARL. The precision and
accuracy of the two data sets is fairly impressive, indicating quite good agree-
ment, well within the quoted accuracy of 5% and precision of about 2% for the ARL
elastic data. The inelastic results are in good agreement for groups to low
excited levels, near 1 to 2 MeV excitation energy, but drift ap^rt by about 20%
for the group near 3 MeV excitation energy. The overall agreement for the in-
elastic scattering is quite impressive.
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A comparison between measurements from three laboratories is available in
Figures 11 and 12. These are drawn from a large carbon scattering study32 a t

BLC. The BLC data overlap a similar experiment of Perey and Kinney-" at ORNL,
and the comparison of data from the two groups is shown at 8.5 MeV bombarding
energy. One can see that the comparison is excellent, well within the normali-
zation uncertainties of about 57, on either experiment. A scattering study for
carbon was also completed recently at ARL laboratories, between 7 and 9 MeV
incident energies.3H The 9 MeV dat
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Figure 9b. Angular distributions for
decays from 2742.6 keV. A test for
large M2/E1 admixtures eliminates J=3.

-* g g
between results of the two laboratories. These figures link together three
different experiment, showing the good agreement which exists amongst them. The
measurements shown at 14.0 and 1^.5 MeV include comparisons with much older mea-
surements of lower precision; in these cases the comparisons are not as satis-
factory. A more expanded comparison is presented in Fig. 13 of neutron scatter-
ing cross sections for carbon at 9 MeV incident energy. Data from the ARL
experiment-*-* are compared with very recent measurements made at TUNL.^5 xhe
entire TUNL study is about as extensive as that shown in Figs. 11 and 12 from
BLC, and the data from those two studies are in very good agreement. The agree-
ment shown in Fig. 13 is the ARL and TUNL studies are being met. It may be worth
noting that in Figs. 10 and 13 one sees comparisons which are excellent for
elastic scattering cross sections but are less perfect for inelastic scattering
to highly excited levels. These relative shifts of normalization with changes
in scattered neutron energies probably reflects the difficulty in knowing well
the energy dependence of the neutron detection efficiency. Careful determination
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of rhe neutron detection efficiency for the detector
act'tally '.ised is one of the most critical tasks to
be performed in a high precision, high accuracy neu-
tron scattering study.

One of the cests of the adequacy of local,
energy dependent potentials to describe neutron
scattering has been the test for £ dependence,
or neutron excess dependence, and whether or not
the £, dependence reflects the i-spin dependence
expected by Lane-3" The last major review of this
question for neutron scattering^' in 1972 seemed
to reach the conclusion that the C dependence of
the real part of the potential was only about half
or less that expected on the basis of proton scat-
tering. At any incident neutron energy one writes
the depth of the real scattering potential as:
V(r) = (Vo ± V-L O f(r), with f(r) a Saxon-Woods
form factor. Similarly, one writes W D ( T ) =
(Wo i W^ C) g(r), with g(r) a derivative Saxon-
Woods form factor for the imaginary part of the
potential, Wp. For proton scattering the coeffi-
cients derived from global fits seem to Se.
Vi ^ 24 MeV, and Wj ^ V^/2. On the other hand
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Figure 10. Comparison of
ARL and Kentucky cross sec-
tion measurements in Af-.

\\ < 13 MeV, half the value implied by global
proton scattering analyses. Since this would
appear to violate the notion of i-spin dependence
for scattering potentials, it is worthwhile to re-
examine this question in the light of newer exper-
iments.

A particularly effective method of testing the notion of i-spin dependence
of scattering potentials is the simultaneous analysis of proton and neutron scat-
tering from the same nuclei, a procedure adopted for 14 MeV neutron scattering
from 59co and 209g,[ quite some years ago.39 The result for these two nuclei was
in the range V^ = 22 24, depending on other assumptions in the analysis. The
recent 9 MeV scatter ig experiment of Velkley, et^al_.31 included differential
elastic scattering cross sections for three nuclei near A=-60. The measurements
and potential analyses aro shown in Fig. 14, and the potential depths determined
are plotted in Fig. 15. From the slope, of V vs. C one finds V^ = 22. Although
this was an analysis of neutron scattering, the potential determined with ^
dependence was tested for 9.8 MeV proton scattering by ^Co. The fits to proton
scattering cross sections and polarization data are shown in Fig. 16, a very
nice confirmation of the notion of i-spin dependence. Both of the studies cited
involved only a few nuclei, hardly a substantial test, however. A more extensive
set of scattering data has just been obtained by Ferrer, et̂  a K at a neutron
energy of 11 MeV.40 Their analysis of this data together with older (p,p) data
on the same nuclei, also at 11 MeV, is shown in Fig. 17. One sees that good
fits are obtained, and they suggest V^ = 22 MeV. Instead of analyzing the data
at equal bombarding energies, one may elect to analyze at energies shifted by
the Coulomb displacement energŷ -*- and using standard energy dependencies^ for
the scattering potentials. Ferrer, et_ al̂ . have been able to do this for three
nuclei included in their 11 MeV neutron scattering study, and the results are
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shown in Fig. 18. The tils to one of the
nuclei, '20«;n) a r e n o t comparable Co the
fits of Fi£. 17, hut are still fair. When
all of the combined <n,n) and (p.r-) anal-
yses are included, they deternui... ^ Vj
to be very close to 22, the value "elkley,

31et al.31 had found .it 9 MeV.

The Ohio University group also
analyzed their extensive set of 11 MeV
neutron scattering angular distributions
separately, to sep what '", dependence that
data by itself would indicate.^^ Distri-
butions of differential cross sections
had been measured for 21 nuclei. For £
dependence tests, 16 of them were
divided into four groups of comparable
A, one group being four of the even-A
Mo isotopes. The five light isotopes,
ranging from Mg to Ca, were excluded,
since each of their angular distributions
were quite distinct; no systematic
development of scattering seems evident
amongst those, elements. The groups
analyzed included one very similar to the
set included in the ART, 9 MeV t-xpori —
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ment," one of the four Mo iso-
topes, and one including heavy
elements. The interesting obser-
vation is that the £ dependence ob-
tained from analysis of all four
groups is the same. The coeffi-
cient V]_ = 24, with variations of
less than 0.2 MeV from one group
to another. The fits obtained to
the nuclides of the different
groups are shown in Figs. 19 and
20, where one sees that the
systematic development of the scat-
tering angular distributions seems
to be well represented by the anal-
ysis. One notes also that in
systematic analyses of this kind
the fits are not uniformly excel-
lent for all nuclei. For example
the fit to S2Mo in Fig. 19 is not
good; this may call into question
the confidence with which the
potential parameters are greeted
for the set of Mo isotopes, or it

Figure 17. Elastic neutron and proton scat-
tering cross sections and potential analyses
for 11 MeV incident energy.

and other weaknesses of fits
shown in Figs. 19 and 20 may
reflect detailed structural
differences which cannot be
represented in an analysis
which includes many nuclei.

A good deal of infor-
mation is available from
experiments at lower energies.
The Kentucky study of scatter-
ing by nuclei in the A^90
region includes measurements
on four Mo isotopes at 6 MeV
incident energy. The scatter-
ing neutron TOF spectra are
shown in Fig, 21, where one
sees strong excitation of the
ground state and low-lying
levels. The differential
cross sections for elastic
scattering are shown in the
right-hand panel, as well
as the potential fits. The
analysis of the scattering
is presently incomplete, but

25 65 105 145
6CM (degrees)

30 70 110 150
9CM (degrees)

Figure 18. Neutron and proton scattering data
and analyses, with the proton incident energy
shifted by the couloir.b displacement energy.
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has progressed enough to make clear the fact that \\ = 24. This result had also
been obtained by Smith, et_al_.^ in their analysis of neutron scattering from the
Mo isotopes between 1.8 and 4.1 MeV incident energies. For the rigid, spherical
Mo isotopes it seems clear that the 5 dependence is just that obtained from a
survey over a large range of nuclei, and also that the same £ dependence applies
to scattering potentials for measurements made at all energies between 2 MeV and
11 MeV. In addition the coefficient Vi appropriate for a set of isotopes is also
the coefficient for a global analysis.53 Examination of Figs. 19 and 20 shows
that most of the nuclides included in the survey are also rigid, spherical nuclei,
however. It is possible that this result applied particularly to such nuclei.

145* 25* 65* 105* 145*25'
25* 65* 105* 145" 25* 65* 105* 145*

Figure 19. Data from 11 MeV neutron
scattering survey analyzed in two
groups for two mass regions.

Figure 20. Elastic scattering cross
sections for each panel have beer,
separately analyzed to determine a
potential.

More information about this last point comes from a scattering study of the
soft, deformable Se isotopes. Elastic and inelastic scattering cross sections to
first excited 2 + levels were measured for four isotopes at incident energies of
6 and 8 MeV by Lachkar, et_ al. at BLC.^G Their potential analysis of the data
found that reasonable fits to the data could only be obtained for V-[ = 9 ± 2 MeV!
This was reminiscent of results from earlier scattering surveys^ which had indi-
cated small coefficients for ? dependence, of this size or less. A possible reason
for this anomalous behavior might lie in the fact that the deformation amplitudes
$2 ranges from 0.2 to 0.3 as determined from Coulomb excitation studies.47 These
are large values for nuclei not regarded as deformed. To test the hypothesis that
the large and varying ^-vibrational amplitudes were the cause of the small Vj, the
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measurements were re-analyzed
in a calculation which ex-
plicitly coupled the ground and
2 + levels.9 Both elastic and
inelastic cross sections are
shown in Figs. 22 and 23 for an
incident neutron energy of 8
MeV. The coupled channels
analysis provides excellent
fits to the data for the four
Se isotopes, and with the co-
efficient Vi % 20 MeV in the
new analysis. The real part
of the scattering potential has
the same 5 dependence for these
deformable isotopes as for the
more rigid nuclei of Figs. 19-
21 wheu the deformation effects
are explicitly included in the
analysis.

What can be said about the
coefficient of ? in the imagi-
nary part of the potential, W?
The analysis of s-wave strength
functions (So) some years ago
by Delaroche and Newstead 48
showed two trends. The gradual
progression of So from element
to element was consistent with
global analyses in which Wj/vfl.
On the other hand within sets
of isotopes So decreases very
rapidly with |, a behavior
requiring large Wj values,
ranging from 40-62 MeV for
different isotope sets.^8
The Se+n scattering study,9

including both the elastic and
inelastic scattering cross
sections of Figs. 22 and 23,
fix W for each nuclide. From
those determinations Wj = 38,
a large value consistent with
the fits to low energy
strength functions. The mass
survey at 11 MeV also seems
to fix Wj^. Both from the com-
bined neutron and proton scat-
tering analysis*^ and from
the separate analysis of neu-
tron scattering^. Ferrer,
et a K conclude that Wj ̂ 10-
15 MeV, which would give

20 60 100 60 100 140140 20
&M(deg)

Figure 22. Measurements and coupled channel
(cc) analyses for elastic and inelastic
scattering at 8 MeV.

20 60 100 140

0c«(deq)

Figure 23. See caption for Fig, 22.
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values for V^ and Wj consistent with the expectations of Bechetti and Greenlees,^
who projected Wj ^ V^/2. On the other hand in their analysis of a selected set
of the 11 MeV scattering data, those for isotopically pure scattering samples and
with minimum inelastic contributions to the elastic scattering data, they deter-
mined Wj ^ 2 MeV. The analysis of Velkley, et_ aJL3* and that shown in Fig. 21 are
for Wi = 0.

A clear and general statement about W^ does not seem possible at this time.
For Vj, a definitive statement can be made. Both for analyses of sets of isotopes
and for those including many elements, V^ - 22-24 MeV. That this coefficient is
consistent with the strength of i-spin potentials used in the analysis of iso-
baric-analog resonances has been noted by Brandenberger and Schrils. ' Some years
ago G. R. Satchler pointed out that all potentials of whatever form which satisfy
the condition VRn = constant are at least approximately phase equivalent. With
this condition and a series expansion for V(r+<5r) in terms of r, the strength of
volume and surface potentials can be related if n_ is known.^" The scattering •
potential derived from forms used for analog resonance analysis ls:^9 V^(r) =
(1/4)(N-Z)!^ g(r), with Uj ranging from 1.3 - 1.8 for analyses with different
surface forms for g(r). The coefficient U^ which characterizes the scattering
data of Velkley, Bt_ al_.H is Uj = 1.4, which is equivalent to the volume coeffi-
cient Vi = 22. Thus the presently determined coefficients Vj = 22-24 are com-
pletely consistent with strengths implied by analog resonance analysis. *

The determination of scattering systematics seems to be rendered more diffi-
cult by the variations in deformability and deformations encountered in different
mass regions; but these variations can be at least partially accounted for, and
the systematics restored, through use of coupled channel calculations. This was
illustrated by the neutron scattering study of the Se isotopes discussed above.
That the coupled-channel framework would be a good one for the development of
systematics was projected by S. Tanaka, who completed a massive analysis of neu-
tron total and scattering cross sections*1 with coupled channel models. He began
by determining an energy dependent scattering potential to fit ^09g£ an<j 2O7pb
data. Then adding a £ dependent term to the real potential with Vĵ  = 24, he cal-
culated results throughout the periodic table without altering any potential
parameters. He simply adjusted coupling strengths to reflect deformation prop-
erties of the target nuclei as revealed in Coulomb excitation and charged particle
scattering studies. An obvious success of thid approach was in the calculation
of total cross sections for the light deformed nuclei between 23jja and ^ C a , and
at incident energies between 1 and 3 MeV. In fact the coupled channel approach
gave better results than a one-channel, spherical potential model for many nuclei
at low bombarding energies. Another striking success was the fit to the energy
dependence of the total cross sections for the deformed rare earths. Foster and
Glasgow^ has been unable to reproduce those cross sections with a one-channel
analysis. An example of a success of this global analysis is shown in Fig. 24,
which shows fit tc neutron scattering by ^-^Sn. The measurements are from the
Japan Atomic Energy Research Institute (JAERI).53 The elastic scattering t!;ta
are quite well fit, considering that the potentials have not been adjusted for
this nucleus. The difference between the one-channel model fits, shown as dashed
curves, and coupled channel ciodcl results is modest for this rather rigid nucleus.
The difference between solid and dashed curves for the first excited level is the
direct inelastic contribution. As is often the case for spherical nuclei, that
contribution is small enough so that even its existence may not be evident ir.
tha data, but the fits which combine WHF and direct contributions represent the
\r,c«5urets\pnts veil.
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Before delving further into modifications of scattering caused by defor-
mations or nuclear softness, it will be useful to examine a recent large scale
study of small angle elastic scattering completed by Bucher, Hollandsworth, and
others5^at the Edgewood Arsenal tandem accelerator. These data were taken to
provide an extensive and accurate survey of small scattering, to help define the
information available in such data. The experimental apparatus for the measure-
ments-*^ is shown in Fig. 25. The detection system is designed to shield the
detector from direct flux from the source, and from scattered background, but
admit scattered neutrons from four azimuthal sections at a fixed (small) angle.
The effort is to maximize shielding for neutrons at angles other than the
scattering angle while also maximizing transmission for neutrons scattered at
the desired angle. To examine data from this system, very different than those
of Figs. 1-4, Fig. 26 shows a comparison of small angle data with that from the
BLC study of carbon, completed by Haouat, et_ al_.^ The triangles are BLC data,
and the curve is their least squares Legendre polynomial fit to the full angular
distribution, shown in Fig. 10. The agreement is truly excellent at 9.5 and 14.0
MeV incident energies, and fair at 11.0 MeV. The confidence gained from this
comparison helps us as we examine the small angle data of Figs. 27-29. The point-.
shown in these and in all figures dealing with results of this survey 54 a r e
differential cross sections after subtraction of the incoherent contribution
caused by the neutron's magnetic moment. -^ The arrows along the left ordinate
axis are lower limits or Wick's limits from the accurately measured total cross
sections.56 The curves are calculations with the Wilmore-Hodgson potential.57

These data span almost the entire range of nuclei. In every case they extra-
polate, to 0° a little above or at Wick's limit. For elements Be through Fe the
extrapolated 0° values are enough to indicate small real parts for the forward
scattering amplitude. For elements Ni-Bi the cross sections sê in to be very
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close to the Wick's limit values. Except for the light elements, the Wilmore-
Hodgson potential in a standard optical model calculation does a good job of
representing the angular dependence of small angle scattering. The only really
anomalous behavior is that for W at 7.55 ,»nd 11.0 MeV, which we will attribute
to deformation effects.

END VIEW OF CHANNELS

T DIA. x 2"
SCINTILLATOR
ARRAY AND
P.M. TUBE-

d* PULSED
BEAM

LEAD

IRON OR COPPER PARAFFIN OIL

Figure 25. Small angle scattering detection system of Bucher, Hollandsworth,
and Lamoreaux. Designed for measurements from 1 to 15°.

The first report and analysis of deformation enhanced small angle scattering
was that of G. Palla,^ who showed the effects on neut7."on scattering from U.
Subsequently, Benenson, et_ al^.59 showed that no such enhancement at all appeared
at 14.8 MeV incident energy. The data were well fit with a spherical potential
model. The reconciliation of these and other conflicting reports about enhance-
ments of small angle scattering may be contained in the data of Bucher and
Hollandsworth60 for pb and U, shown In Fig. 30. The solid dots are the measure-
ments, and the solid curves are fits to the energy and angle dependence they have
found for small angle scattering. Other symbols represent measurements by other
investigators, most of which deviate seriously*^ from the data of Bucher and
Hollandsworth. The arrows on the left ordinate for U are again Wick's limit
values, so that the extrapolated 0° values contain only information already
present in the total cross sections. To emphasize the effects of deformation
for U, the ratios of U and Pb values are shown in Fig. 31, together with some
model calculations. We see in the measurement ratios at 1° and 15° a very
strong energy dependence. One might conclude from measurements a little below
6 MeV nr somei-'lî t above 14 MeV59 that V scafter? 1 LV° •-.phtfrtcal Pb, no anomaly

'd b«- dVidci.L. But between 7 urwi \'l MeV very .̂ urcr.g departures froiri spherical
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nucleus behavior are evident. The solid and dashed
curves shown to the right are from coupled channel
calculations of Lagrange and Mondon^l for U.
These show the ratios attributed to the deformation,
represented by 82 *n c'ie model. The energy shift
between the calculated and measured ratios re-
flects the fact that the calculations are done
entirely for U, with &2 = ° a n d 0#3» b u t tlie

measurements are ratios of cross sections for U
and Pb. Part of the problem of conflicting
reports about small angle scattering enhancements
may be traced to disagreements of measurements,"-'-
but part can also be traced to the fact that mea-
surements are made for deformed nuclides at
different bombarding energies.

The strong energy dependence of deformation
related effects in total cross sections (ot) was
explicitly demonstrated in the measurements of
Shamu, e£ al̂ . 6 2 at Western Michigan University
(WMU). The differences between ats for deformed
and presumably spherical ^°Sm, normalized to ot

for "8Sm, are shown in Fig. 32. In the mean-
time Lagrange and Mondon^l had prepared a coupled
channel analysis of Sm + n scattering for several
isotopes, based on low energy strength functions
and total cross sections for natural Sm between
0.6 and 14 MeV incident energies. The subsequent
successful analysis of Ch. Lagrange63 of the WMU
measurements is also shown in Fig. 32. The data and analyses are are quite
similar to those shown in Fig. 31 for small angle cross sections. For these
transitional Sm isotopes one sees two energy regions of pronounced effects,
near 2.5 MeV and a broad region from 7 to 10 MeV. Different scattering cross
section measurements were completed for these isotopes at Kentucky"'* and at
BLC.^5 The elastic and inelastic scattering, cross sections to the first excited
2+ level are shown in Fig. 33 for one of the isotopes, l52Sra. These measure-
ments and analyses were completed at BLC for 7 MeV incident energy. The detailed
fit to the elastic scattering results is quite good, and the magnitude of the in-
elastic scattering cross sections is also well represented in the analysis.
Thus the coupled channel model, which treats the excited level of -"2Sni as those
of a rotational nucleus, provides a good description of neutron total, elastic,
and inelastic scattering cross sections to the 2+ level as well as describing
the low energy scattering properties.

The other energy region of apparently pronounced effects is near 2.5 MeV
incident energy. These same Isotopes have been studied by D. F. Coope, et al.,
who saw remarkably large enhancements of inelastic scattering for deformed
isotopes."" The inelastic scattering cross sections to the first 2+ levels of
three isotopes, 148,15Q,152gmt a r e 8 n o w n in Fig. 34. One sees there the feature-
less, almost isotropic data for *-̂ Sn>. This is typical of results for spherical
nuclei. The strong structure for 1^2Sm is quite atypical of neutron inelastic
scattering angular distributions, and presents clear evidence of strong collective
enhancements at low bombarding energies. That these enhancements involve not only
the first 2 states but a large parr of the ground state rotational hand Is

4 8 12 16 20 24

8cm (de«)

Figure 26. Comparison of
data from two laboratories
at small angles.
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Figures 27 and 28. Small angle measurements and calculations (curves) with a
spherical optical model. Numbers in parentheses denote off sets (in bars) for
plotting purposes. Arrcs denote Wick's limit values.

demonstrated-in Fig. 35, which shows strong
Y rays de-exciting the 4 + and 6+ levels of
152sm. For these states, collective enhance-
ments produce cross sections about 4 times as
strong as would be predicted with WHF or
statistical model calculations, or with coupled
channel calculations. The potential used for
the latter was that which had worked well for -^
scattering to the ground and first excited
levels.9.03,64

In summary, comparisons of elastic scat-
tering cross sections measured in different
laboratories show good agreement, supporting
the accuracy claims of about 5% on measure-
ments when special care to achieve this is
developed in the experiments. For inelastic
scattering, measurements from different
groups suggest consistency within about 10-
15% and this includes results inferred from
Y-ray production cross sections as well as
those from neutron detection. The results
for Y-ray production at bombarding energies
< 3.5 MeV indicate that that method reliably
extends neutron inelastic scattering studies
to nuclei whose levels cannot be resolved in
neutron detection.

6.(6)

0.1
3 6 9 12

0CM(deg)
Figure 29, See caption
Figs. 27 and 28.
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(a) - (b)

Figure 30. Small angle data for Pb
and U.

Recent scattering studies and surveys at
incident energies between 3 and 11 MeV seem to
clarify that the neutron excess dependence of
the real part of the neutron scattering poten-
tial is just that expected from an i-spin
dependent potential whose strength is con-
sistent with that used in analyses of i-spin
analog resonances. The-, studies all apply
most clearly to spherical nuclei which are
not very deformable, and include one set of
isotopes. Extension of this result to a set
of soft or deformable isotopes requires that
most important of the deformation effects be
explicitly included in the analysis, a coupled
channels analysis. Without explicit inclusion
of deformation effects an anomalous i-spin
dependence is observed. Global coupled
channel analyses of total cross sections have
shown that scattering potential systematics
apply over most of the periodic table, success-
fully including deformed and spherical nucloi.
These studies also confirm the i-spin depen-
dence of the real part of the scattering
potential.
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Figure 31. Ratios of small angle
scattering cross sections for de-
formed U and spherical Pb. The
curves are cc calculations as
described in the text.

Figure 32, Total cross section
differences and cc calculations.
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Figure 33. Measurements and
coupled channel (cc) fits for
elastic and inelastic scat-
tering.
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For many years inelastic scattering cross
sections measured at incident neutron energies
< 3 MeV have been satisfactorily described with
statistical models. These are for experiments
carried out with spherical nuclei, since the small
energy level separation in deformed nuclei made
their study especially difficult. When scattering
potentials were carefully determined to fit total
and elastic scattering cross sections for the
nucleus being studied, the WHF model or modified
forms of it represented inelastic scattering
cross sections usually to within 25-30%. Thus
neutron inelastic scattering in these nuclei is
an effective tool for the study of static prop-
erties of excited nuclear levels.

Just recently, and especially at this con-
ference, many groups are reporting inelastic
scattering cross sections for strongly deformed
nuclei for low incident neutron energies. These
experiments report cross sections in even A nuclei
which are much larger than those consistent with
the WHF model, making clear for the first time
that very strong collective enhancements occur
for neutron inelastic scattering at low bombarding
energies and in deformed nuclei.

1

/ f •• ' 'Z i

.. . - j

•*!**»••»••

Figure 34. Neutron inelastic scat-
tering to 2* levels of three Sm
isotopes at 2.47 MeV.

400 »e «0C TOO ' tCC

Figure 35. The enhanced U •* 2
and 6+ -» 4* transitions dominate
the 152sm (n.n'y) spectrum at
2.47 MeV.

A recent and extensive survey of snail angle elastic scattering shows no
anomalously large cross sections, except thae differential cross sections for
deformed nuclei are large compared to spherical potential model predictions.
This deviation of small angle cross sections from spherical model expectations
is quite dependent on incident neutron energy, being particularly pronounced
between 7 and 12 MeV incident energies. Even this deformation-dependent effect



is contained implicitly in the total cross sections, since the extrapolated 0°
cross sections approach Wick's limit values.

A characteristic of neutron scattering systematics seems to be that the
systematics separates spherical from deformed nuclei; neutron scattering behaves
quite differently for the two classes of nuclei, even at rather low bombarding
energies. While coupled channel calculations developed to date do not accurately
describe inelastic scattering in deformed nuclei, particularly at low bombarding
energies, they do provide a framework which unifies the description of neutron
scattering from both spherical and deformed nuclei.
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MD 1 - FAST NEUTRON SCATTERING FROM SOME MEDIUM MASS NUCLEI
M. T. McEllistrem (University of Kentucky, U.S.A.)

Mahaux (Liege) ••

I have three questions. First, did you see any evidence for an imaginary part
in the I-component of the optical potential?

McEllistrem:

Let me comment on that question first because it was interesting for us to look
for that. Years ago, Newstead and De la Rcche had shown that if you look at the
behavior of s-wave strength functions at low energies from element to element
you didn't need any I-spin component in order to describe that dependence. But
if you looked at a set of isotopes for a particular element, like a set of
tellurium isotopes or a set of tin isotopes, then there was a very strong dep-
endence required in the imaginary part of the potential. The I-spin coefficient
was something like 40- to 60-MeV, depending upon isotope se. In the case of
selenium, we found a very strong I-spin dependence in the imaginary part of the
potential. On the other hand, in analyzing the spherical nuclei, the molybdenum
isotopes, v.'e didn't need that at all. And other people constructing analyses have
found that the I-spin coefficient they need is either zero or, what Bechetti and
Greenlees proposed from proton scattering analysis years ago, about one-half the
magnitude of the I-spin coefficient in the real part of the potential; that is,
about .12- or 13-MeV. So I am not able to see a systematic trend in the coefficient
of I-spin dependence in the imaginary potential.

Mahaux:

That's from elastic scattering because from (p,n) direct charge exchange reactions
it seems that you need some imaginary part. I come to ths second part of my
question: you have shown a Coulomb correction of .272/A . Where is this .27
coming from, because usually I think peopL ';ake .4?

McEllistrem:

I think some early estimates had suggested .4 and then someone later, I've
forgotten who now, reanalyzed some data carefully and found that they could
get a better fit with .27. The Ohio University group, I think, used .27 also,
but that's a detail I don't recall.

Rapaport (Ohio University):

Bechetti and Greenlees, I understand, found a value of .27 in their work. We
have f-jund on analysis of T=0 nuclei, using both !p,p) and (n,n) data, a value
of .48 ± .07 assuming the same form factor for that term and that the real part
of the potential is more suitable.

Mahaux:

Finally, you quote numbers like 24 MeV for the I-component of the potential.
This is not too meaningful if one does not say, for instance, what the range
of the potential is. What you measure is something that is related with the
volume integral of the potential per nucleon. My question here is whether you
find a slope for this quantity, as a function of neutron excess, which is dif-
ferent from the one which was found, for instance, by Holmqvist and Wiedling a
number of year? ago?
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McEllistrem:

Let me answer that question indirectly by saying that for almost all of the
analyses uoed here, the radius for the Saxon-Woods potential for all parts of
the real part of the potential — the I-spin dependent part and other parts —
is approximately 1.25 A fermis. But I believe Rapaport has actually looked
at the slope of that integral. Am I correct in saying that the slope is different
from the Holmqvist-Wiedling analysis which determined an I-spin coefficient of
12.5 or 13 MeV.

Rapaport:

Are you referring to the dependence on energy of V or W ?

McEllistrem:

No. The dependence on neutron excess of J ( the volume integral of the real part
of the scattering potential.

Okay. Yes, the value that we are finding there is .8 plus or minus roughly 10%.
So in other words, if one does a volume integral and plots that versus e = (N - Z)/A,
one finds a slope of about .8 + 0.1.

McEllistrem:

I believe the earlier analysis, and Francis Perey can probably correct me if I'm
wrong, showed very little dependence on neutron excess.

Rapaport:

Well, the proton dependence is not there at all, or I guess only neutron data
shows some dependence and our values agree with the Wiedling 2- to 8-MeV neutron
elastic scattering results.

Newstead, (Brookhaven N. L.):

I would like to comment on Professor Feshbach's suggestion and Claude Mahaux's
question. Now, Professor Feshbach has pointed out that to properly analyze for
the real part of the isospin strength V , it's necessary to do a full-scale
analysis taking into account collective effects — that is, a coupled-channels
calculation — and I think this is a very important remark that he's made, and
you've proved that experimentally. But by carrying Feshbach's suggestion a step
further, I think it's possible to understand another aspect of this problem and
answer Mahaux's question concerning evidence for W.. In the analysis of elastic
and inelastic scattering for a chain of isotopes, that is, as you add pairs of
neutrons, the results so far have been rather inconclusive. Sometimes you find
you require an imaginary strength W., and sometimes, such as in molybdenum, it
just washes out. Now, extending Professor Feshbach's suggestion, we can see that
even though a coupled-channels calculation of the elastic and inelastic scattering
has been carried out, if this analysis did not use the proper deformation para-
meters, and these are sometimes not well known, then that would certainly very
much affect the result and could, if the parameters went the wrong way, wash out
the isospin effects that one is looking for.
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McEllistrem:

I guess that's really a comment. I think the deformation parameters are well
enough !<nown so that it shouldn't make a difference between an I-spin coefficient
of 40 MeV, which seems to be implied from analysis of strength functions in some
sets of isotopes, and zero. I don't think that the deformation parameters are
so badly known as that.

News tead:

Yes, I'm sure in some cases it's probably true that the parameters are known very
well. But in other cases, in fact, it seems they're really not that well known.
Ui'iloss one is really quite sure about those parameters, I still think that this
is a real possibility. I think in the molybdenum isotopes this may be the case.

Mughabghab (Brookhaven N. L.i:

I have two questions, but first I would like to point out that there is some
recent experimental evidence from the B(E2) values that l n uMo, for example, is
deformed, and the $7 value derived is about 0.2. What would this do to your fit of
'" Mo and systematics for molybdenum isotopes? Secondly, did you carry out l0<)Mo
(n,n'y) measurements?

McEllistrem:

Well, let me answer the last question first. We have 'ytiMo (n,n'y) measurements,
and the inelastic cross sections are not consistent with, for example, the cross
sections we have for satnariuir. They do not show strong enhancements of collective
states over the cross sections that one would expect on the basis of a statistical
calculation. So I do not see in the neutron inelastic scattering at low bombarding
energies the kinds of enhancements that you would associate with a well deformed
nucleus. If you look at the levels of l n 0Ho and attempt to represent them, say,
with a variable moment-of-inertia model, it suggests that the ground state moment-
of-inertia is zero. In other vords, that model would not project a deformed char-
acter for 00Mo at low excitation energies. The analysis which we made and that
I showed here is not a coupled-channel analysis for those isotopes at this time.
We want to do that, but we haven't reached that point yet. I know the deformation
parameter is large for 1 0 0Mo, and there is a big change in the level separations
between I 0 0Mo and the other isotopes, but that seems to be accounted for quite
well in the statistical model calculations. There is iiOthing dramatically evident
in the cross sections at low bombarding energies.

Soloviev (J.I.N.R.):

There is a very interesting point concerning the nuclear shape in excited compound
states. It is possible to say from our own data that ll(8Sm is spherical in the
excited state and li2Sm is deformed in the axcited compound state. It is possible
to reach this conclusion.

McEllistrem:

In the LaSe of Sm it has a rotational spectrum. It has the character that one
expects for a deformed nucleus. In 151(SIR

Solovjev:

It's clear for low-lying states that this is deformed. But what is the shape
near the neutron binding energy? In i t possible to say that it is deformed in
the compound state?
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UKSbMK

Conten^porrsry experimental anil theoretical understanding, of <n;n),
(njn1) and (n;n',Y) processes is outlined with emphasis on a unified
physical view of reaction mechanisms and nuclear structure parameters of
medium (fluctuating), and heavy (deformed-acti..ide) nuclei at energies
where both compound-nucleus and direct-reaction mechanisms are prominent.

ABSTRACT

The experimental and theoretical understanding of fast neutron (n;n),
(n;n') rfiid (n;n',Y) processes is outlined in the context of reaction
mechanisms and nuclear structure. The objective is a unified physical
representation of the properties of<medium (fluctuating) and heavy-deformed
nuclei at relatively low energies (̂  5 HeV) where compound-nucleus and
direct reactions are prominent and where inelastic neutron processes provide
insight into nuclear structure not otherwise easily available. The
coi relation of physical concepts and experimental observation is illustrated
by selected studies of neutron scattering and associated processes (e.g.,
total neutron cross suctions, strength functions) employing both high and
average experimental energy-resolutions. Present and potential experimental
capability to provide quantitative physical information is noted including
techniques and sources. Model concepts and parameters relevant to energy—
averaged properties (optical model), cor'.pounci-nucleus reactions
(statistical model and fluctuations), collective phenomena (couple-ciiannel
model) and nuclear structure art; discussed. Applications of these models to
measured cross sections ar.ci associated properties arc made to determine
structural properties of nuclear states. The sensitivities of cross
sections to various physical r.odol parameters arc discussed.
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I. IN'TRdULCTIOIs

It has lonp, been appreciated that inelastic neutron scattering v.as
potentially a powerful tool for the study of nuclear structure. On any
ol'jective vicv however its quantitative contril ution to that field iias been
small by comparison with alternative ch<ir;:i'ti particle techniques. iJurin}!
tlie last years there has been steady projrnss in the development of Loth
the experimental teclinirucs for the study of inelastic scattering and of
the theoretical framework which er.ables nuclear structure infornation to be
derivetl fror. such measurements. |!uch of the motivation for such improve-
ments has cone from the need for cross section data for use in applications
and the need for its theoretical understandinf. to enable such data to be
predicted for nuclei for which there is no possibility of measurement. It
will emerge that the main dif ferentiatiii}', advantape of neutron inelastic
scattering for purposes of spectroscopy are to be found in the domain below
four or five MeV,, It is therefore with this energy ranfe that we shall
principally be concerned. The questions we will attempt to review are

a. What progress lias been made in experimental techniques that support
our objective?

b. Is there a body of theory that is internally consistent and satis-
factory from the theoretical point of view?

c. What evidence have we that current theories give a satisfactory
description of experirental observations.

We will first look briefly (Sec.II) at the current theoretical
position and then po on (Sec. Ill) to make sone comments on techniques.
The main substance of the pa;>er consists of comparisons of experimental
observations and theoretical predictions in the general context of (n;nf)
processes (Sec.IV) and in the special case of the (n;n'y) reactions with
attention to the complimentary nature of tiie processes and their imnlica-



tious on nuclear struetun aiu! cop.piuind~iuul!ni>, anil direct-reaction
mechanist is. Finally, wr will attfciipl to sumri.iri ZL- our overview of the
situation.

I I . HAS it: TiiKuKii.s A:;I> I 'KA^YKAL n>Ti..ni.u.s

Neutron scatter in}', proceeus by two rnet.hanlsrs, direct ami corpomiil,
described by the unitary S-natrix

The direct scattering cross sections txiiibi r pradiial energy variations over
several hundred koV and tl.u correspond i p." m'titron-.-inrular distributions are
peaked in the forvard direction. Cot pouuu processes proceed throuj-,li dis-
tinct resonances at lov energies ,IIKI exhibit cross section fluctuations
produced by overlnppinj and Inter!" I T in •• resonances at hij-her energies. The
corresponding, fluctuatin>- S-ratri>. tnir;' • diM'>iH!tiu:< tales the forn

,.cn . r I1'' I'd

and, in the energy averap1, (2)

S c n =

Energy avi'.r«>f.ed cor'pomui—nucleus cro;;s si'd'cns tiiaL art' sr*ootiied over
resonances or fluctuations have f.raduaJ euori'.y variations and a fore-to-
back symmetry of the associated an;*ulnr distributions, 'lhe interrelation
of direct and CQrpound-r.ucleus processes is prorn'iient in nmitron interactions
at energies of ̂  several !ieV nartirulnrly viu-rt' tin' excitation of collec-
tive modes is strong. This is also a ru; inn ririi in structure infornation
and particularly suited to neutron studies. It is tiiis rofion th.it is pri-
marily addressed here.

The eneryy-averaj^ed cross sections aro described bv clie optical model
(O.M.) in which the interaction between the neutron and tnrf.et nucleus is
described by a conplex potential veil (1). ;iuc!i of tlie povcr of tlie
optical model lies in its sinplicitvvliir.il ii"plii-s limitations that snould
be kept in mind. Solutions of the Schrod.in<*er equation with such a complex
potential yield the encrfy-averaj'ed S-matrix, S, v.liicli deterFiines the
direct shape-elastic scatterinj- cross section anu aver.ire-conpomid-
absorption cross sections or trnnsrission cot'fficiiints, T, as veil as
averac.e total cross sections. In principle a relatively snail number of
measurements should fit the values of the S-rntrix. Of these measured
values only the average total cross section is directly related to S and
its precise measurement and interpretation should he a part of any general
analysis. This basic fact is too often ijnort'd. Unfortunately the total
cross section determines only the real part of S and no observable f,ives a
direct determination of its ii.njn.r.ar;1 cor--<oiient. Indirect recourse must be
made to the average elastic cross section a'povf several JVV or thp
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structure at low rtirrs' ies. Ii. tho cant' of deformed or defonnable
nuclei one must add to lm- ciipiplcx potential well certain coupling poten-
tials between nmitron channels involving rotationally or vi)>ratlonally re-
lated levels of the tarret. Tin result is a set of coupled Jichrodinper
equations—the four.led Clinnm 1 f '••tfc.il ••»(>] (l.l.n.M.) (2)—which yields
direct srnltrr tnr cross sections not <>r<lv in tin- elastic channels but also
in nil directly couplet; inelastic ciinmifls, in addition to the average
absorption and total cross sections. In these rases S is non—diagonal and
this is Liie rule r.-.ther t I.TH lm I'XCI : tier for i-ldo rsnf.es of tarp.et nuclei.

The averaif absorption cross sections provided by the O.M. permit us
to calculate t!ie stat i ?._t ical propirt ie-; of the compound nucleus cross
sections, 'ihe avi-rar° rorpound cross sections arc convent tonally obtained
hy means of tin liansiT-Kesiii-nc'.i forruila ( ))

lu pinny casts this expression mist I'e nultiplltd liv the width-f 1' ctuation

correction factor

wliicli lins tlit' efft'Ct of cnh a n r ii:j- the avi ra.co c o r p o u n d e l a s t i c c r o s s
section hy factors of up to 3 at iov energies and nj> to I at hiflicr ener-
fiit'.s. Averafe inelastic crosfi section? are reduced correspondingly. The
orifin of this corroclion lies in the correlation It'tt.'ecn the fluctuations
in the entrance, am! clastic exit channels.

Detailed calculations have led to sor.ovh.it r.oro corpllcated expressions
for tin1 average conpound cross section viio.se evaluation depended upon
statistical effects that v.ere difficult to cieterr.ine. One plausible set of
statistical assumptions led to a correction dependinp upon a pnraneter 0
(̂ i) v.iiic'n v;e refer Lo l.t-lov as t.ic "oldaui-r-ii-parnniPter. Xore recent
studies have .shown that those additional corrections to the hnuser-Keshbach
forr.ula arc not videly .Tp]>licablo because of a pneiiorr.enon called ?'.-matrix
cancellation (5).

In the case, of tin- i.C.O.M. where onj lias direct inelastic scattering,
tlie calculation of the averaje conpound cross section is complicated by the
fact that there v.ey exist correlnt ions in the fluctuations between any
directly coupled channels, leadin to correlation enhancements of inelastic
as well as clastic average cross sections. To calculate averape compound
cross sections in these casts one mist first diaj'onalize the C.C.()."'.
average S-tnatrix by means of t!io Knr.clhrrcht-Weidenmi'llnr (i'..K.) transfor-
mation (h), then compute tht: fluctuation-correcteJ liauser-Keshbach cross
sections in this transformed channel space, and finally apply the inverse
E.W. transformation to obtain the averape compound cross sections connect-
ing the physical coupled channels. For this purpose our ne.eds the complete
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(:.(,•.().:•!, S-natrix, not ju.st the usually computed elements that connect, to

the entrance channel.

Average compound inelastic enhancements due to direct couplinc are
sensitive not only to the transmission coefficienrs hut also to the rela-
tive phases of the average S-natrix i-Jeir.entK, t.arpe effects are expected
only in the vicinity of the causality limit where the determinant of
Satchler's penetration r.atrix l'»SSt vanishes (7). There .enhancements com-
parable to elastic enhancements can occur.

The statistical theory underlying tne calculation of y-ray anpular
distributions has been described iis detail in the classic paper by Sheldon
and Van 1'atter (8). They assume a hnuser-Feshbach formalism for calcula-
tion of the level population. Tills treatment can readily be modified to
include tiie "oldauer correction factor discussed above (5). An alternative
to tills which is equally effective is the nultiplicative factor proposed by
'tepel et al. (9). Neutron inelastic scatLerinp. at neutron energies just
slij-htly above the threshold for excitation of a particular level are
dominated by S-vave outp.oiu}1. neutrons and one can obtain model independent
limits for the anp.ular distribution of_the associated transition. Kor
example consider the excitation of a 3 state from a i.M- ground state. Near
threshoiu the inpoinp neutron waves will have i. » 3 with ?.., « 0, This
yields a riodel independent angular distribution of the pround state trans-
ition with anp.ular asymmetry of 2.37. If the sta:e were 3+ the limitinp
anrular distribution would p.ive an angular asymmetry of 3.2. Thus there
is clear parity dependence near threshold.

The experimental application of the above concepts requires a suitable
model-potentl. I and there are a number of "plobal" optical models that are
qualitative1*/ .satisfactory (10). The basic nature of the two nucleon
reaction mechanism implies, in the equivalent local approximation, an
energy dependence of tiie real potential strength (11,12,13). This is
consistent with the consensus of experimental evidence indicating an ap-
proximately linear decrease in real strength of about 0.3 V.eV/.MeV. With
increasing enerp.y, surface absorption j'.ives way to volume absorption. It
is odd that many interpretations of neutron processes to tens of >!eV tend
to tp.nore this effect, Recent calculations show that the small absorptions
at low energies are consistent with observed strength functions (14,11),16)
and that increasing values are required for quantitative description of
observed neutron cross sections in the tew .IKV ranpe. 1'hysically this is
reasonable as the absorption should be <[ualitatively proportional to the
product of the matrix poverninp the interaction and the density of states
and the latter is roup.hly proportional to energy. It should be remembered
that calculations of nonelastic cross sections can be sensitive to inverse
transmission coefficients deduced from a model at energies several MeV
removed from the incident enerpy and that their determination thus will be
influenced by the enerpy dependence of the model parameters. Beyond the
problem of ent-rRy dependence and the onset of volume absorption there are
additional ambiiyujties in the determination of the surface absorption.
Outstanding of these is tie Inability to accurately identify the components
of the product W * b. This is sensitive to deformation as a crude spher-
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neutron values (K>,21). rra;-r:atic ni-iitroi! calculations ofLen consicer only
the , „ tern ant) in thrsj' cases evi-n snalltr valm s t'.;iui to be indicated as
t!ie r«-siilt of tlie orission of tin- ; . tcr r . lionsi lirrinp tlieso factors i t is
doubtful tliat tiip neutron results inuicati! fi-noral sul stantive differences
ijctvi'i-n deforriatiens diulucou froti neutror. and charged—particle ncasure—
nc.nts. An exception is near t:it closet, sl.t-lls wiier*1 dynar.ic deformations
due to neutron vibrations have been ol-surven (22) to be considerably
larpc-r than t!:os»- due to the corrcsi-ontiinp ;>roton vibrations. Tiiese wide-
ly—;>rosent di^forratious can strongly influence l>ot'.i real and ir.aj'inary
potential select ion i>y arounts la rye COM nreci to tiiose attributed to otlier
mcchanisr.s, e.<:., parameter variations dut to deformation can be several
ticus those, attriluttui to the —— terr: of tiie potential (10). In view of
this widespread and relatively stron;-, ii.pact of various types of collective
deformations i t is probal ly unfortunate that they have received so l i t t l e
attention until relatively recently.

I I I . co:"i..-'jf; ou 'iY.cii.̂ nu i:s xn> MI.THODS

Neutron scattering studies have larfely enployed the pulsed-L>eam mono-
eiwrf.etic-source tiv.o-of-flij'.ht techniques originated by Cranberg et al.
(2'i) nearly tvo decades aj'.o. <>ver the. years this technique lias been
developed into a p.ood spectroscopic tool witli fine resolutions as illus-
trated, for exanple, by the studies of the actinide rej'ion by Haouat et al.
reporteti elsevhere at this conference. The rate of development in tilis
field has been slov over the last ten years with an irprover.ent of at best
a factor tvo in burst width and little significant increase in peak in-
tensity. Accelerator auu source techniques developed in the coi.uext of
hij-h enerj'.y physics could greatly contribute here. The latter offer order-
of-naf-.ni tudc increases iii intensity and intensity rerains the problem. A
linitation of the nethod is tiio incident enorf.y resolution of 10-1U0 keV
^iich prevents the hij'li resolution study of highly fluctuating, cross
sections. In this problem area intense white-source techniques as er-
ployed, for exanple, by Kinney et al. (24) have had a profound impact that
is only now beinf fully appreciated. In selected cases, such as scattering
fron 5DFe at enerfies of < 2.U .'!eV, the resolutions are superlative as
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illustrated elsewhere in these remarks) and provide a new basis for physical
interpretation of both fluctuating elastic and inelastic channels.

Conventional small-sample and ring-geometry (n;n',y) studies with mono-
energetic neutron sources are widely pursued using the high-resolutions and
good sensitivities of the large GeLi detectors (25,26). The source is
often pulsed for background suppression and resolutions are typically 2-3
keV at 1 MeV. Representative of the measured gamma-ray spectra is that of
75As shown in Fig. 1 obtained at Southern Universities Nuclear Institute
(27). A wealth of structure information is available from threshold to
several MeV. The exact transitional energies can be precisely determined
and the resolution far surpasses that available in the complimentary (n;nf)
studies. Detector sensitivities can be accurately calibrated using refer-
ence standards and neutron flux determined from a reference cross section
such as 235U(n;f) or 7Li(n;n',Y) (28) or using a standard countev.

Many of the more interesting (njn'.y) problems require isotopically
separated materials of which only small samples are available. A technique
has therefore been developed by Elbakr et al. (29), in which a small 0.01
mole scatterer is placed as close as possible to the neutron source. The
observed yield of a particular yray is therefore an average over the
incident neutron energy distribution and intensity as well as over the
Y-ray angular distribution. Consequently it is described in terms of an
average production cross section at an effective neutron energy, and the
analytical procedures required for determining these two quantities have
been developed (29). Using these techniques the overall<errors in the
deduced differential cross sections are estimated to be ^ 25%. The method
has been verified by studies of the "well known" 846.8 keV state in 5eFe
with results in agreement with those obtained with conventional larger-
sample methods.

As elsewhere in nuclear physics, the small digital computer has had a
profound impact. It is widely used in data acquisition and reduction with
repertoires of software for use in both (n;n') and (n;n',y) studies. How-
ever, only recently has generally careful attention been given to correc-
tion procedures essential to highly quantitative results. It has become
all too evident that many of the widely used and simple prescriptions for
correcting finite-sample results are deficient and can easily introduce
systematic errors of 5-10%. More accurate procedures are warranted (30,31).
This fact is evident in the historical trend of well known cross sections
(e.g., (n;n',y) of the 846 keV state of 5SFe) particularly in the region of
fluctuations and effects both normalization and angular distributions (32).
In the broader and powerful contexts, it is not evident that the digital
systems have been employed in a simulation manner correlating physical
theory and experimental mockup in a manner common to other high-technology
endeavors. The capability exists and should be fully exploited.

IV. SCATTERING CROSS-SECTIONS-THEORY AND EXPERIMENT

A. Global Fits

There have been numbers of attempts to obtain a global fit to all data
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Fig. 1. The gamma-ray spectrum from As measured at an incident neutron

energy of 1300 keV. The gamma-ray energies are in keV. Spectrum 'A'
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was obtained with a Li(p,n) source w'oreas 'B' was obtainsd with a

T(p,n) source.
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on total, elastic and inelastic cross sections within a defined neutron
energy range. At the Antwerp Conference in 1966, Smith et al. (33) pre-
sented an analysis of data on inelastic scattering cross sections of
neutrons in the energy range 0.3-1.5 MeV. This covered 30 nuclei from
A=23 to A=238. Using a spherical optical model and Molduaer-corrected
Hauser-Feshbach theory they obtained good qualitative fits across the board
with only a few local difficulties. At higher energies dominated by direct
processes the model of Perey and Buck has become a classic "bench mark" (11).
Over a very wide energy range the model of Engelbrecht and Fiedeldey is
notable for its successful description of total cross sections (13).

Recently a similar global view of inelastic scattering has been taken
by Almen-Ramstrom (34) who has made a systematic study in the range 2.0 -
6.5 MeV. She looked at elements ranging from A? to Bi not, however, in-
cluding any of the strongly deformed rare earths or actinides. The data
were compared with the predictions of the fluctuation-corrected Hauser-
Feshbach model. The optical model parameters were taken from a global fit
to their elastic scattering data by Holmqvisf. and Wiedling (35). This data
set included the same range of elements and energies as the inelastic data.
For most of the levels studied in the even-even nuclei, a good fit (within
15%) was obtained with the Moldauer Q parameter set to zero. The excep-
tions were the first 2+ levels in F e 5 \ S 6Fe, 5 0Cr, 51<Cr and certain
sequences of levels In 9 9Y, 9 3Nb, l l sln and Bi where disagreements be-
tween measurement and calculation can exceed a factor of two. It is sug-
gested that this may be related to the collective motion-particle coupling
character of the states concerned giving significant direct components.
None of the strongly deformed nuclei were included in this survey. In the
sections that follow we will concentrate mainly on these areas of diffi-
culty such as the region of fluctuating cross sections, the region of strong
vibrational phenomena^ and the region omitted from this global fit namely
the heavy deformed nuclei.

B. Fluctuating Cross Sections

Theoretical estimates indicate large fluctuations in both angle and
energy of scattered neutron distributions from mid-weight nuclei (e.g.,
A=5O-7O) into the several MeV range (36). Recent very fine resolution
studies of neutron scattering from S6Fe by Kinney et al. (37) support the
theoretical predictions. These results, illustrated in Fig. 2, are very
impressive. The fine resolution of ^ 1 keV clearly shows very large
fluctuations in the elastic channel well into the MeV range and the measure-
ments probably still represent some energy averaging over the fluctuations.
It is not trivial to compare f.hese high resolution results with broader
resolution (e.g., AE - 50 keV) values as the comparisons are sensitive to
the exact energy scales and resolution functions which are not generally
well known. Discrete-resonance analysis of this wealth of information is
an awesome prospect. However, statistical analysis, now in progress, has
the potential for new insight into the compound-nucleus process.

Fluctuations, such as illustrated in Fig. 2, are characteristic of

this mass-energy region and they will strongly effect the character of the
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more common broad-resolution elastic scattering measurements as illustrated
by Ni, V and Co elastic distributions shown in Fig. 3. Even though deter-
mined with relatively broad resolutions (25-50 ke.V) the distributions do
not smoothly vary with energy below 3-4 MeV. Any single distribution,
regardless of accuracy, does not provide a reliable basis for an O.M.
potential. This is illustrated in Fig. 4 where conventional Xi-square O.M.
fits to the data give a reasonable representation with O.M. potential para-
meters that vary considerably from energy to energa-^by amounts large com-
pared to detailed aspects of the potential (e.g., —r— dependence).

The above fluctuations persist into the non-elastic channels with very
strong effects and attendant problems as illustrated by the recent (n;n',Y)
and (n;n') studies of Kinney et al. (37), I). Smith (38) and A. Smith (39)^
outlined in Fig. 5. White-source techniques show strong fluctuations to ^
2.0 Me.V. The normalization relative to the 7Li(n;n',Y) standard has been
confirmed using broad (^ iiO keV) resolutions and 235U(n,f) standards and by
direct determination of the corresponding (n;nT) cross section relative to
the basic H(n,;i) cross section. When taken in a broad scope, the results
obtained with •v 50 keV resolutions are very consistent with the average
values of the high resolution results. However, again r.he energy-averaged
measurements are sensitive to exact energy scales and experimental resolu-
tions and thus comparisons at isolated energies can be very deceptive not
only between experiments but also in comparisons with energy-averp.ged
theory. This remains true even when the experimental resolutions are large
('v 100 keV). This is a particular concern when reactions such as 56Fe
inelastic processes are employed as reference standards in the few MeV
region. Moreover, Kinney et al. have observed large fluctuations in the
angular distributions of gamma-rays emitted in the (n;n',Y) process in 5eFe
and these include relatively strong P, terms. The strength of the latter
have been verified in broader-resolution measurements bv D. Smith. In
these instances the common practice of assuming P_ distributions and limit-
ing measurements to angles corresponding to V, nodes will not yield
quantitatively accurate angle-integrated cross sections.

The capability of energy-average theory to describe the trends of the
fluctuating cross sections are illustrated In Fig. 4. The conventional
tlauser-Feshbach calculation characteristically leads to too large average
cross sections. Width fluctuation corrections in the manner of Moldauer
(4) lead to a much more appropriate description of the measured values. An
alternative use of the "correlatic/n enhancement correction" of Tepel et al,
(9) leads to essentially the same result in practical applications and the
method has well described the energy-average angular distributions of the
emitted quanta.

Deformation can influence the fluctuating structure in a character-
istic manner as shown by calculations of Moldauer et al. (40). The
character of the fluctuating cross sections ran he estimated from the
energy average parameters. Such an approach has been applied to the calcu-
lation of total and inelastic scattering cross sections of titanium. Cross
sections calculated with a spherical model and a vibrational-coupling model
are qualitatively different with the ellipsoidal (vibrational-coupling)
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nodel yielding results much more uescriptive of experiment. This titanium
example is an extreme case. However, otiier nuclei in t'lis region have
appreciable vibrational coupling with consequently similar behavior of
fluctuating structure. The present calculations are qualitacive, the com-
putational techniques approximate and costly but the relatively strong and
qualitative influence of the vibrational reaction on the fluctuating
structure gives ennhasis to the importance of Che direct reaction mechanism
ami can guide the choice of energy-average potentials.

The p-.ore common knowledge of inelastic scattering in this region is
based upon energy averaged results lacking the resolution of the above S6Fe
example. There is a characteristic rapid transition over the few MeV range
from single or few open channels with attendant uncertainties in channel
correlations to a complexity of channels that cannot at present be resolved
experimentally. The result is a relatively narrow energy "window" most
fa\orable for the ana Lysis of the associated structure. Kven with these
limitations, analysis of measured (n;n') cross sections has given new
structure in.iight. For example, studies of Co have resolved alternate
spin assignments in the few MeV range consistent with the concept of a
proton hole in the f_._ shell (41) assuming deformation in the manner of
Mottelson and \ilsson (42).

t;. Potentials, and Deformation near AVLO'J

I'lastic neutron scattering measurements over a relatively broad energy
range in this mass region provide a basis for models subsequently applicable
to structure assay. Illustrative of sach comprehensive results is elastic
scattering from the isotopes of molybdenum shown in Fig. 6. (44). Measure-
ments such as these pive good definition of the parameters of a convention-
al sptierical optical potential. The sampling is sufficiently large to
mitigate the efrects of fluctuations which remain appreciable in this re-
gion (45). However, there are ambiguities in the interpretation. At
energies of 3-5 MeV compound elastic contributions remain significant.
Their quantitative calculation is uncertain due to a lack of knowledge of
channel competition and recourse must he made to statistical-average
properties. At lover enerfies with only a few open compound-nucleus
channels^ resonance-correlation enhancement of selected channels can be
large (see Sec.II). We uo not know how to calculate rigorously such con-
tributions. Contemporary practice amounts to little more than a renormal-
ization of v.idth-f luctuation-corrected hnuser-Feshbach estimates (e.g., use
of the "oldauer "n" parameter) with adjustments of o to obtain agreement
with experiment as illustrated in Fig. 1. The an;,ular distributions of
neutrons corresponding, to the excitation of certain states have character-
istic signatures; for example, those concave distributions corresponding to
tin: 0+ states shown in Fig. 7. An additional factor is the known large
deforr.atiou of many of the isotopes in this mass region which can strongly
affect tin1 above simple spherical models. For example, the heavier
nolvluicnur isotopes are stron;-ly deformed (20) with characteristics of both
vibrationnl and rotational phenomena (e.g., I O O l ' o ) . Such deformation
effects can strongly influence the interpretation as illustrated in Fig. 8.
Potential pnraretors deduced from deformed and spherical liases arc con-
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siderably different and by amounts large compared to those attributed to
other potential properties (e.g., ̂ -r- dependence).(46 and 18). Sinilar
importance of defornation in these molybdenum, isotopes has been noted in
(p;n) studies (47). Certainly, defornation should be a consideration in the
physical interpretationiin this region and with it cores additional
parameters and computational complexity that tend to destroy simplicity and
uniqueness.

In sone cases, such as °Zr, the excited structure is reasonably known
and with the above potentials and measured (n;n') cross sections a qualita-
tive test of physical understanding is possible as a transition is made from
single to many compound-nucleus exit channels (48). Sucli comparisons are
illustrated in Fig. 9. All calculations employed the width-fluctuation-
corrected Hauser-Feshbach formula. Near the first few thresholds this
result lies pronouncedly lover than the measured values (lower curves) but
the discrepancy decreases witii increasing energy and the opening of many
additional channels. Enhancement of the first inelastic group is particu-
larly strong (934 keV, 2+ state) and sinilar enhancement has been noted in
the compound-elastic component. However, there remains a consistent discrep-
ancy between enhancement factors indicated by the (n;n) and the (n;n')
measurements. This exanple is probably illustrative of the current short-
comings in compound-nucleus computational capability. Well above the first
few thresholds with many open channels comparison of calculation and meas-
urement is more rewarding and has led to better understanding of the spins
of a number of the excited states of this nucleus. Other (n;n') cross
section results are somewhat better described by theory as indicated by the
1 0 0Mo values of Fig. 9 (44). Neutrons corresponding to the excitation
of IPOE than ten "states" in ° Mo have been observed (many corresponding
to multiplets of states). This nucleus is strongly deformed and, as noted
above, potential selection is sensitive: to that deformation. However, at
these illustrated energies deformation has snail qualitative impact upon
discrete inelastic cross sections. The first two states (0.54 MeV, 2+;
0.69 *-ieV, 0+) are well known and cross sections calculated with the width
fluctuation corrected Hauser-Feshbach formula are reasonably consistent
with observation. The measured values and associated interpretation
support the suggested doublet character of higher lying states (e.g., 1.766
and 1.770 KeV) and give some guidance as to suggested spins.

Recent (n:n) and (n;n*) studies by Keitmann et ale (49) suggest a
strong parity dependence of the optical potential in the region of isomerism
near A=109. ,'Jeutron scattering and associated (n;n',Y) studies of the
interaction of fast neutrons with Rh could not be described by a single
potential and there was observed a strong parity conservation associated
with the (n;n*,y) transitions. This is illustrated by the measured and
calculated (n;nf) cross sections of Fig,. 10. A potential giving a good
description of the. elastic reaction and the negative parity inelastic cross
sections was grossly different from that found suitable for the excitation
of positive parity states even when careful attention was given to theo-
retical correction factor;; (y). The; interpretation suggests a lu% parity
dependence of tlic real potential and nearly a factor of tvo for the.
imaginary potential. These are very largo changes. Retrospective examina-
tion of similar scattering processes in this mass-energy region suggest a
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sirilar strong parity dependence of the potential (e.,<*., <33'Ab and 1 1 5In;
(50 and 34)) and it ir, noted tiiat historically "global" parameter sets tenu
to iinve difficulties in this ru;-ion. A possible explanation is a strong
l-ilep'.-mlence of tin; potential in this region of minimi s-wave ami maxinal
p-wave strength functions and tiiis is suggested by sore recent strength
function interpretations (51). An alternative is a basically different
character of the positive and negative parity states and this may be more
consistent witn tin; stronr observed parity conservation in the (n;n',Y)
processes. As another alternative", the two classes of state may also have
different deformations.

1). Statically ileforred Kotaticnal Kuclei

In f.he region A"lbO-llJU the statically deformed nuclei start the trans-
ition to sphericity with rapid clianp.es in deformation and collective struc-
tures. The even isotopes of tungsten are in this region and attractive
experimentally as the lor-lying rotational structure can be clearly resolved
usinj'. tirie-of-f light techniques. Detailed elastic-nnd inelastic-neutron
scattering, and total-neutron cross sections have recently been obtained for
the three isotopes le2l\'w

 183lv and 1 8 eW over a wide energy and angle range
as illustrated in Figs.11,12 and 13 (52). These results provide a good
foundation for model ami structure interpretations extending from low-
energies wliere compound-nucleus processes are major factors to 3-4 MeV
where elastic and lo<-.—lying inelastic components are essentially entirely
due to direct reactions.

The inelastic processes generally fall into two categories. The first
is associated with the ground-state rotational band predominently excited
by direct processes at several MeV energies. The second is the excitation
of the many higher lying states proceedin;; larr.ely through the conpound-
nucleus mechanisti. In this latter category are 15-30 observed "states" in
each of these three isotopes, many of them undoubtedly multiplets. The
experimental tine distributions are conplex. The observed inelastic
neutrons are generally enitted approxinately isotropically exceptinf, those
associated with 0+ states characteristic of the onset of the B-vibrational
band. As the energy increases t^e number of open channels grows very
rapidly and the corresponding individual cross sections become very much
smaller. Sor.e of the aspects of these inelastic processes are illustrated
in Fip. 12. The low-lyinj; states are well defined over a lar^e energy
range. The higher-lyinp, levels rapidly increase resulting in a cunulative
inelastic cross section of ^ 3,y b at 2.5 MeV. That magnitude is consistent
to within *v» 10% with the observed elastic and total neutron cross sections.
The cumulative sun of inelastic cross sections has steps which supgest the
onset of band structure.

At energies of a few MeV a coupled-channel model assuming quadrupole
and hexadecapole static deformation (or alternately, reduced quadrupole
strength alon.ii) veil describes elastic and ground-state-rotational-band
inelastic distributions (see Fi;-.. 11) and the total cross section. At
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lower energies compound-nucleus contributions are larp.e, width-fluctuation-
corrections significant and an enhancement of the compound-elastic contri-
bution is indicated. VIle sane model is also suitable for describing angle-
inteprated inelastic cross sections (Fig. 12). The direct excitation of
the first two menbers of the nround-state rotational band is larp.e above
several KeV. theoretical prediction of the hipher-excited states is less
certain particularly above i< l.b MeV comparison of measurement and calcula-
tion sup.p.ests the assipnment of prominent band heads systematically corre-
lated with similar l81*W and l 9 2K results.

The above interpretations were primarily developed in the context of
I 8 6W and led to i\. values of U.ltfO. The model was then examined in the
context of la\ and l82V; limiting parameter variations to the magnitude of
the deformation. An illustrative result is shown in Kir. 13. The neutron
measurements indicate l82tL is about 10% larger than £.,. This is very
similar to the relative change deduced from coulomb excitation studies (20)
but the magnitude of ?>„ deduced from the neutron results is approximately
20'A lower than that indicated from coulomb excitation studies. As noted
above (Sec.II), this difference is expected from approximations commonly
employed in coulomb excitation interpretations and probably does not re-
flect any true measurable difference in deformation as derived from the
neutron -~nd charp.ed-particle processes. From Fip.. 13, it is also evident
that LUe neutron sensitivity to deformation is most significant in the
elastic process at larp.e scattering angles in t'ais mass-energy region. The
same angular area is sensitive to the relative contributions of (i_ and 6,
components. Thus measurements at very larp.e scatterinp. anples seem to have
a possible potential for better identifying the character of deformation in
this rep.ion includinp the relative importance of is,, amd H, terms and
possible differences between results obtained with neutron and charp.ed-
partlcle probes.

K. The Evert-Kven Actinides

Neutron scattering from the even-even actinides has much the same
character as that from the above rotational nuclei but is experimentally
more formidable due to tin' closer spacing of the collective structures.
However, excellent experimental resolutions are providing quantitative
results as illustrated by the work of llnouat et al., reported at this
conference (53^. The prominent excitation is that of the first rotational
state (2+) at "^ 50 keV yet the experimental resolution is stifficcnt to
reasonably resolve this nnd associated components at a number of anples.
Such results obtained at I*ruyeres-le-(:hatel, Lowell and Arponne are
reasonably consistent and confirm the larpe anpular snisotropies predicted
by theory as illustrated in Kij». 14. At these enerp.ies the processes are
essentially all direct reaction. Calculations bnsed upon this assumption
and usinr the model developed in tiie context of the tunpsten isotopes (sue
above) are fiualitativelv descriptive of the ri nsureii values. They nlsn
five detailed fjuantitativt.1 afmenent \ itii the sui<se< went r ensure! ii-nt̂  v.iili;
concurrently veil aescribitif. total and clastic scattering cross s.ctimis.
Alternate roilels pive different results (jj) particulnrly for the excita-
tion of tiie 4+(14H keV) state and there are larre uncertainties ;U forward
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smaller back-angle elastic'.scattering and conversely
for the inelastic process.
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armies. Even given these shortcomings these results sufj-est a qualitative
understanding of these direct-inelastic processes sufficient for the
reasonable deduction of anj;le-inte;.rated values as illustrated in Fif,. 15.

As tte energy decreases the compound-nucleus mechanist' becor.es promi-
nent and our understanding deteriorates. Total cross sections present some
theoretical difficulties. (Jood agreement with measured strength functions
is achieved by reduced absorption which adversely effects inelastic coir.-
pound nucleus contributions tending; to under-predict the measured values.
In addition there is indication of strong enhancement of the inelastic
channels. In the fev 100 keV region the measured excitations of
the first state tend to show persistent structure that has not been theo-
retically explained (56). With these complexities and uncertainties it is
attractive to quantitatively define a model in the simpler spherical region
near A=208 then extend it to the actinide re;:.ion introducin;: only the con-
cept of deformation,. Such^an approach has tin: additional advantage of
similar values of •i-r— at A^-208 and for the common actinides. This avenue
has been puruued usin?' 2 3 6Pb, 2 0 7Pb, 2 0 8Pb, 209]ii and 2 3 8U witli the results
shown in Fif. 16 (57). A relatively pood description of tiio neasured 2 3 8U
elastic distribution at 554 keV was obtained. Extrapolations to hi;her
energies and to the total cross sections to lu ;.eV are also flood. The
model is at least as p.ood in many aspects as those specially tailored to
2 3 8U (16). However, the troublesome problem of channel correlations re-
mains and, typically, tin-: corpound-elastic enhance cut indicated by exiieri-
ment is "* 40%. Moreover, there i;; a consistent tendancy for e:;j-i!rinunts to
yield a stronger forv.'ard p̂ al.in;, of t̂ ie inelastic cross section than prc-
dicte(i b}- C.C.O.^:. theory. An interc:;tiii; c' nrnctî r.isti.c of t.ie potentials
developed near A'VWo is an apparent winii UP. in tiio ronl potential strength
at A=20ii and tliero. is the kuoi-n minirun in the. ir:afinary potential near
siicll closures (5iJ.59). These effects appear relatively stron; I T than the
pnnernl overall —r~ dependence of "p.loi'al" p.oiiel sets.

The cortpounri-nculeu.s process continuiiK to dor.inatc inelastic neutron
scattering in the actini<:.es to hij-iH-r excitations and incident enerr-ios of
nore tiian an MeV. The rciuisi te roasurci-ents arc difficult but cor.piip'en-
tnry use of (n;n') and (n;njy) techniques is nov; provuiln;- a nev; insif.ht
into tlic structure of deform<.! actini<ks. This ir. perhaps best illustrated
by tiiG recent studies of 232Ti: by :;c::urray et al. ((0). Tiie neutron
scattering aspects of this study an: indicated in Fi;-. 17 and ti.e corre-
spondinjr (n;njy) measurements and associated structure interpretation are
discussed belov:.

V. THE (n;njy) PROCESS

A. Correlation Vfitli tin- (n;n') 1'rocesn and Structure

Durin;- the last ten years then; has l.i:en a steady increase in tic
arount of research be inf. carrieci out on v-rays from neutro" inelastic
scattering and the nuclei studied cover the entire mas:; r^r i(,n to I'u. Sore
2 32Vli(n,n'Y) results (dO) recently oiitainei' at thf Sotithcrn Universities
!<iicloar Institute, can serve as an example- of hoi- sue'.: m-.asure; \ uts are



- 22 5 -

100

§f 10

238U
2+(44)

O HAOUAV ET At.
D MARCELLA ET AL.

O GUENTHER ET AL.

90 180
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HeV neutrons. Results of Haouat et al. (53), Guenther et al.(54)
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Fi.g.-15. Cross sections for the inelastic neutron excitation of
the ground-state rotational band of U-238. Data values are
defined in ref. 54. The so2id and coarse-dashed curves indicate two
evaluated data sets, the fir.o-dashed curve is the result of model
calculations including both compound-nucleus and direct-reaction
cor unents as described in ref. 54.
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interpreted. In those neasurerents y-ray spectra produced at 0, = 9u° by
neutron inelastic scattering fror the Th nucleus were obtained at
neutron energies ranfin; fron I'M to 21i)w keV. Fif. lfi illustrates tiie
results obtained. The strer.j'tU of the (n,ii'y) r.ethod in providing data on
the relative cross sections oi closely spaced levels, previously unresolved
in (n,n1) studies, can be illustrated by reference to the close lyinj',
doublet of states at 774.1 and 774.3 kcV. The 774.1 keV level decays
directly to the pround-state and the decay y-ray has an entirely different
excitation shape fror- the tio decay Y~rn:-'-s of the. 774.3 kc:V level. Tlie
level and decay schere shown in Fi;-. l'J has been deduced fron the measured
y-ray energies, the enerjy thresholds, excitation shapes and tiie existence
of any branch decays, Prelirinary y-ray angular distributions have been
deterrined and the an<:le~inte< rated cross sections compared with the
directly observed (n;n') values shown in Ki;:. 17. The indicated theoreti-
cal values were ol tainei. usinj; the liauser-Feshbach forrula with the
variable enhance! lent corrections of 'i'epel et al. (9). For t.iose levels
with spin and parity values knov.n fr<>r. Coulonli excitation studies, tiie
predicteii curves sho\> pood a;;reenent witii the excitation curves directly
obtained fron neutron tire-of-fli; ::t neasurciients. liovwer, it is obvious
that in this case the (n.;njy) reaction studies cannot provide directly
conparable (u,n') cross section data, presumably due to tiie existence of
KO transitions not involvinr. Y~ra>r wiission, internal conversion, etc.
Klectric nouojiole transitions (110) have, in fact, been observed xn coulomb
excitation studies (72) for tiu: 730.4, 774,3, 785.3 and 873.1 keV levels
in 2 3 2Vh. Those, results s!:ov that for the K = 0 band about r>;ie-third of
the population of levels in this band, viz., the 730,4 (0 ) , 774.3 (2 )
and 873.1 (4 ) keV levels, decay via electric monopole de-excitation to the
«round-state band. Taking tiicso K() transitions into account, there ?s a
much closer arreenent bi'fee;i tiie directly measured neutron inelastic
scatterir.;' cross sections and tiiose obtained fror' (n;njY) neasurenents.

Tiie close neutron source-to-scatten-r juoretry, outlined in Sec. Ill,
has been used to studv the 1 ' ''Cd and 11GCd nuclei (61), two nuclei in the
rare eartli re.r.ion, 15"*Sn (62,63) and lc0Gd (Kef. (60) and also the 2 C 3TC and
2 T?. nuclei (64). For each nucleus studied, •y-rny spectra fron neutron in-
elastic scattering were obtained over a wide ran-:e of incident neutron
energies. F.i;". 20 sliov-;; a typical "scatterer-in mimis scattcrer-out"
y-rnv spuctrui- obtained fr<u: 15\sm v/i th incident neutrons of ruixir.un ener;:y
1.7 ?'eV. ('ai!iia-ray spectra such as t;iese v.-ere used to dcterrino level
positions and decay modes for all the nuclei studied. For s\iin ass if ni'.ents
the (n,n') excitation curvi's experii cntally o.itaineci were corparei! vitii
!Iaus<;r-Fesiiiiach theory aiul Fij-,. 21 sliovs the ex-^rrivontal and theoretical
cross sections tiiat have been obtained for tue 13jl, 137U and 13>S1 ke\'
levels in 160Cd.
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B. Determination of Spin Values and "ixin" Ratios Fron

Angular iJistrilutions

Accurate (n;njy) angular distribution results have noi* been obtained
for a larp,e nunber of nuclei over the entire p,iir.K re-ion. In many cases a
comparison of the experimental results v;ith statistical nadel predictions
of Sec. II has been very useful for deterrination of spin assi;nrents. Due
to the rapid rise of the (n;n') cross section above threshold, it is also
possible to measure tlic angular distribution of a nr.rticulnr transition
Y-ray ji£t slir.htly above its threshold. It is veil knovn that, if the
spin J. of the enittin;- level is p.renter than the pround-state spin J , the
Y-ray anisotropy depends verv sensitively on t'r.e s;vins of the initial and
final states and on the piultipolu character of the v-ray. For levels v.ith
.T. > J . it is therefore orL';?i possible, us.iii'- procedures developed L.v

J O ' J

.Sheldon and v a n P a t t e r ( i i ) , t o u s e anj-.uJ.ar d i . t r i h u t i o n r c n s u r e i c u t s t o
o! tnin the nuclear level sv.i.ns am! tiu: mi: ii;,r ratios of nl:-'.ot' rulti; ole
Y-ray transitiens.

As an er.arple of the ut j lizaLid;1. of (n;'.ijy) angular distributions for
S]'ii\ assignments iiivolvii;;- transitiens of m.u;ed nulti^olarity, one can
refer to the recent I < : 0 S H results oi KiUichi and Suf,i;-ar:.i (03). Their
distributions are siiovn iii Fi: . 22. Analy.sir- as a function of the ir.ulti-
pole n.i::inf ratio iif.s heer. perform; for taese y-rny transitions ami the
calculated anrular distributions f.ivi.iiy. miui:;i;- ;v

2 values for each
illustrated J. •+ Jf transition. The 412 hnV y~ray is a transition fror: a
level at 2.(iv9 V.eV to a 3 level at 2.2b7 !':e\'. The angular distribution
si-e:is to Indicate a spin of 4 for this level, ar.u a r.i:. iur ratio of 0.31 ±
O.lj for a su}';*i-stt:d ];l/.'!2 a«i::i:.turc. For all tuc: otlu'r Y-rny transitions
the observed angular distributions seei. to indicate spins of either 2 or 3
for the initial levels. For soi;e of these level;; it v;as, iiovever, possible
to decide betv.een tiiese tvo spin values by coi'.parin;, the observed branching
ratios vith those derived fron siuj'.le particle estirintcs.

The snail sample tr.ethod can also \.-e used for studying Y~ray angular
distributions from tiie (U;UJY) reaction (Cu). here the v-rny angular
distr ibution, W(H ,\< ) can be eNpretiseu as;

: (r (5)

where ':•, denotes the aver ay i' v-ray anj'J-e v.iti; respect to the incident
neutron direction and f,(K,0 ) i s a f;«.-o:.«.• t r ic factor for correcting tlie

C-ray anjular d.i.t;triiution, '..'^ (K ,• ' ) . In this technique
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it is however impossible to determine this correction factor unless the
f-pin .1. of the level and the mixing, ratio of the X~ra>' transition are
already known. To overcone this difficulty Uavidson, et al. (66) have
developed a computer code tVA in which tiie f.eometiic corrections are ap-
plied to the theoretical angular distributions for various J and 6 values.
These can then be directly compared v.'ith the measured distributions.

The usefulness of the above approach for the determination of level
structure and for spin assignments can be seen from the (r.;njy) results for
2 0 3T£. This nucleus is near a closed shell, and can therefore be repre-
sented by a fairly simple model.

Previous experimental studies (64) have established spin and parity
values for only the ground-state and for the first and second excited
states. Possible candidates for the theoretically predicted 7/2+ level at
about 1 MeV excitation are the 1045, lObb, 1073 and 1075 keV levels
observed in the (n;njy) reaction (67). The 1045 level can be eliminated on
the basis of its y~ray branching (68). Davidson, et al. have measured the
angular distributions for the y-ray transitions from these levels to the
first excited state at 279 keV, anu these are shown in Pip. 23, together
witli the X 2 plots. As can be seen, the 1073 keV level is the most probable
choice for the predicted7/2 state witii the other two at 1066 and 1075 keV
eliminated at the 98% confidence level.

C. Interpretation of Branching Ratios

In many (n;n{y) studies the spin assignments nade by cor paring the
Y-ray angular distributions or the inferred (n;n') cross sections with
statistical model predictions, are not unique. In such cases the observed
branching ratios can place some further restrictions on the possible spin
values.

A lar^e amount of reliable data now exists on the y-tay strengths for
transitions with well established multipolarity, v-ray strength denoting
the Y-ray width for the transition divided by tiie Veisskopf sinple particle
width, that is T /Y . These have been compiled (69,70) and from these
experimental distributions it is now possible to place some upper Units
on the v-ray strengths for the various tnultipole transitions. From the
empirical data it is obvious that, except for K2 transitions, the transi-
tion speed is much below the Weisskopf single particle estimate. The
branching ratios calculated on the basis of the single particle estimate
can therefore be used for approximate spin assignments. For example in the
12OSn(n;n;Y) studies of Kikuchi and Sugiyama (65) the 2096 keV level decays
to the ground-state and to the first excited state at 1171 keV. The
branching ratio of the 2096 keV transition relative to that of the 925 keV
was 0.99. From the measured y-ray angular distribution and excitation
function, a spin value of 2 or 3_is indicated for this level. The calcu-^,
lated branching ratios for 2 , 3 and 3 assignments are 0.070, 4.4 x 10~"
and 4.4 x l() respectively. For a 3 assignment this r-eans that the 10'JG
keV M3 and the 925 keV Ml transitions should be so enhanced and hindered
respectively that the combined effect is to increase the relative branching
ratio by a factor of almost 10 . The 3 assignment can be excluded on the
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grounds that the lowest 3~ level in 120Sn is around 2400 keV. A spin value
of 2 therefore seems to be indicated for this level.

According to the collective model (42) the ratios of reduced transi-
tion probabilities to states of a rotational band can be expressed simply
in terms of ratios of Clebsch-Gordon coefficients. The relationship also
holds when the initial and final states belong to the same rotational band.

The branching ratios obtained from 15<lSm and 160(;d studies (62,63)
have, for example, been used to calculate the B(F.i) ratios of the Y-rays
depopulating the octupole band. In Table 1 these ratios are compared with
this prediction. Good agreement is obtained for a K = 0 assignment for the
octupole band.

TABLE 1

Experimental and theoretical ratios of transition probabilities from
nembers of the octupole band in Sm and Gd to members of the ground-
state (g) rotational band.

Nucleus
J •* J
_o g_
J -> J1

B(E1; Jo - J R ) / B ( E 1 ;

Kxperiment Theory

151*Sm

leoGd

1 ->•

3~ •*

3~ -*•

3" -

1 ~ •*

3~ -*

3 " ->•

2

4+

4+

2+

2 +

A+

l.b'3 ± 0.1

l.iy + 0.06

2.07 ± 0.1

1.32 ± 0.07

1 997

l.j'i

1.997

1.33

VI. CONCLUSIONS

In the beginning we set forth three general cuestions that we have
attempted to answer.

We have asked if the body of the thiory is internally consistent and
satisfactory frow a theoretical point of view. . The answer is affirmative.
The work of Iloldauer (5) and Kngelbrecht and Weidennuller and associates
(ti) has placed on a sound theoretical footing the corrected Hauser-Kcshbach
theory particularly defining the nature of the correction factors, their
regions of applicability and providing approximations for their practical
application. i'iie coupled-channel optical model if; theoretically sound and
can give exact descriptions of the reactions providing the reruiisite
coupling parameterr are provided. In ]>ractict', however, attempts to treat
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more than the simplest coupling schemes (e.g., those associated with the
ground-state rotational band) rapitily become very complex with attendant
increases in parameters, ambiguities and computational complexity. Ground-
state-associated couplings are by far the nost Kignifleant, particularly
those associated with the rotational band. In the heavy deforned nucleus
the next set of couplings is to and within the various collective vibra-
tions—the several octupole bands, the (3- and y- vibrations, etc. All of
these are probably of comparable strength. To understand all of these
complexities is indeed a formidable task. The question is—are these really
significant natters? We will return to this point below.

Turninj7, to the question—"does the theory reasonably describe experi-
ment?". Generally, the overwhelming evidence is that it does excepting
very local and generally small and detailed exceptions. In those regions
where the compound-nucleus treatment is appropriate a very large body of
experimental data can be well described. However, ths continuing necessity
to treat the corrections to the Kauser-Feshbach formula to a more or less
extent as a free parameter is unsatisfying and reduces our ability to use
the model for predictions and for the definition of nuclear structure. For
the latter purpose there is no obvious solution from the theoretical side
and the alternative appears to be the minimization of the problem by extend-
ing the studies to increased energies where the uncertainties are greatly
reduced. Tims improved experimental techniques providing pood resolution
of levels at higher incident neutron energies would be an important
development.

While, in the strongly statically deforned nuclei, there can be no
doubt that cite coupled channels model describes the data on the ground
state rotational band reasonably well. There is however little or no
experimental evidence to compare with such a theory for the vibrational
levels. One would feel intuitively that the inter and intra band couplings
are likely to be of such importance that the excitation of a given level
could follow a complex path. That would be not too different from what we
suppose happens in the compound nucleus case. The contemporary success of
coupled-channel?; interpretations of tut: ground-state band and associated
statistical interpretations at higher energies is consistent with this
view. However, the r(Ufstion remains open and deserves computational-
experimental examination.

Much of the interpretation of the (U;IIJY) process can be model inde-
pendent—e.g., angular distributions near threshold, branching ratios can
all be interpreted on the basis of well established electromagnetic theory.
Tills is a very strong situation and one that should be exploited above all
in the mass region where it has few serious competitors i.e., among the
heavy nuclei.

On the question of technique development progress lias been modest.
The great need is for another increase of intensity comparable to that
achieved by the introduction of bunching but without the sido effects of
energy ami angular spread attendant upon ttie latter. There also appears to
exist a large shortfall b<'tw<M'ii corputntional and theoretical capability
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and what is actually employed in the concept, execution and analysis; the
concept of systen-analysis has not arrived.

Clearly inelastic scattering is a very live field with much promise
though some problems. We hope when others review its progress over the
next five years they will have some exciting progress to report.
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MD 2 — FAST NEUTRON SCATTERING FROM SOME MEDIUM MASS NUCLEI-~ A.T.G. Ferguson
(A.E.R.E. -- Harwell)

Lagrange (Bruydres):
Please, can you tell me what kind of parameters you h;.7e taken for the inelas-

tic scattering cross section for uranium?

Ferguson:
Well, these calculations were carried out by Dr. Smith, and X think perhaps that

it would be most appropriate if he answered that question directly.

Smith (A.N.L.):
The model does not differ appreciably from the one you proposed some time ago.

It does have a larger absorption and a somewhat larger radius. There *ill be a pub-
lication out on an A.N.L.-N.D. document, No. 23, which is routinely sent to your
laboratory. It is developed by fitting a spherical model to the four isotopes
lead-206,-207,-208 and bismuth—209, and then introducing from this extensive fit
just the deformation. It has some advantages over your model and it also has some
shortcomings, particularly at low energies — it does not give as good a description
of the strength function.

Feshbach (M.I.T.):
I am struck by the success the deformed model has had in the various cross sec-

tions we've seen displayed both in your talk and in the preceding one. And I'm
struck particularly because the model is a rather special one. You take a potential
and you introduce the deformation to the radius parameter. Heaven knows why that
works so well, but it is true it works'. And it also works quite well when you do
electron scattering from deformed nuclei. Except there are hints now that when you
get up to the higher multipoles it does break down. But I think one should remark on
the remarkable agreement one obtains with this very simple model. The second ques-
tion is, hcs anybody looked into the question — particularly in the molybdenum iso-
topes — what effect the vibrational levels would have in the description of the
scattering, i.e.., of inelastic scattering, and so on ?

Ferguson:
Yes, there have been some calculations in which, instead of introducing * _a-

tional wave functions, one introduced vibrational-type wave functions. These appear
to work reasonably well in the region where one has strong vibrationai aspects of the
nucleus. But I think that to some extent much of this comparison work is done by
experimenters who tend to take the model that is available. Usually the models that
are available have only the facility for having vibraticnal levels or rotational
levels. There are some rather sophisticated ones available in a number of laborator-
ies in which there is a place to introduce detailed wave-functions at one's own
choice. But I feel that this option has been exercised too rarely.

Horen (O.R.N.L.)
In charged-particle inelastic scattering, of course, the interaction mainly

takes place on the surface, whereas in the neutron scattering I would imagine it can
take place over the whole volume. My question is whether yea would take into account
the difference between an excitation of a vibrational state which is concentrated on
the surface and a rotation in a deformed nucleus, which you coulc* bang at any point
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in the nucleus, essentially. So, in a naive way, one might expect a largsr cross
section for exciting rotational spectra in deformed nuclei than you might get from
a vibrational excitation of a spherical nucleus. Maybe someone could tell me if
this naive picture is good or bad.

Ferguson:
I think that to some extent this goes back to Dr. Feshbach's comment. It's

amazing what a simple picture we could get away with. Perhaps he would like to add
some further comment. He says "no".

Wigner (Princeton University):
I think in the higher energy region all models give the sane result. And this

is to some degree a mystery to me. But I know that if one thinks crudely about the
R-matrix model, which we all believe is fundamentally correct, at first instance it
looks as if it were impossible to explain the results in which the elastic cross
section changes by a factor of 40 in different directions, which means that the in-
tensity of emission in those directions at every energy is v-;ry low, Now, in this
case, I did play around with it and I showed that it's rather independent of the de-
tails of the R-function, what happens eventually. And I suspect that this indepen-
dence of the model persists so that the simple models will work well also in this
case. Dr. Feshbach looks unhappy, perhaps he wants to contradict.

Feshbach:
Yes, when I'm just thinking I look unhappy. I was trying to understand your

remarks and I'm not sure what the statement of "independence" with respect to the
model really means. For example, it is clear that for deformed nuclei, one had to
put in the deformation - so it's not independent of the model. Hence, why "independence"?
Wigner:

I mean that it doesn't matter much whether one uses a coupled-channel model, or
an R-matrix model, one gets the same result. And I woke up to this a short time ago
so I don't know the full explanation, but I think we should find it. You don't look
unhappy anymore.

Newstead (B.N.L.):
Isn't it true that if you do both a vibrational or a d&formed coupled-channels

calculation that there's only one term that's actually different between the vibra-
tional calculation and the rotational calculation? There's an additional term which
comes in, that sometimes can be small. So although obviously the physics is quite
different, in fact the calculation can be done with either one independently.

Ferguson:
There is not a great deal of difference in it. And by adjustment of parameters

undoubtedly one can make it fit with one model or the other. Thinking about some
of this discussion, I wonder if I might be permitted to put a question from the chair
to Dr. Solovi.ev? Could her for example, tell us whether there are any really
spherical nuclei?

I Background Remark (amid laughter): God knows! ]

Soloviey:
Yes. - Magic nuclei are of course spherical.
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Benenson (S.U.N.Y, Albany):
I had a question, and that was whether it would be possible that forward-angle

inelastic scattering would give comparable information about deformation parameters
as does the back-angle elastic scattering?

Ferguson:
Well, I have not seen an extensive survey of computation in that regard, but

from the computations I have seen on tungsten isotopes, which seem quite typical,
there was no greater sensitivity in the inelastic channel at forward angles than
there was at any other angle. It seemed quite flat with a» ~le. But in the elastic
scattering, while there was no sensitivity at all at forward angles there was very
significant sensitivity at back angles. You may go back to the slide if you'd like
to see it. You can see that the band of predictions for the inelastic scattering
is very little wider at a quite inaccessible forward angle — at least inaccessible
by normal techniques - compared with the width of this band at angles around 150-
160 degrees, which one would normally regard as the limit of experimental access-
ibility in the backward direction. On the other hand, one can see that in the case
of elastic scattering there's a big differentiation between the forward angles and
back angles, and quite a reward to be got from struggling to get to as near as pos-
sible to 180 degrees.

Sheldon (University of Lowell):
There is a quick corollary to this as well, if one goes on to consider polar-

ization. Then the scattering at back angles becomes a very much more sensitive
criterion for diagnosis than some of the forward angle polarizations.
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RESUME

The qualitative and quantitative behavior of average compound nucleus cross
section enhancements relative to the Hauser-Feshbach prediction are discussed and
are compared with the results of real and computer experiments.

ABSTRACT

Most average compound nucleus cross sections are well specified by the Hauser-
Feshbach formula which requires only a knowledge of all channel transmission co-
efficients. There are, however, three types of compound cross sections whose
values may be enhanced compared to Hauser-Feshbach. Corresponding reductions af-
fect cross sections for competing channels. Compound elastic cross sections are
enhanced by a factor depending upon the distribution of partial widths. The
maximum elastic enhancement is by a factor of 3 in the limit of isolated resonances
and by a factor of 2 in the limit of overlapping resonances. Compound reaction
cross sections between directly coupled channels may be enhanced by a factor not
exceeding the elastic enhancement. Its value depends both on the strength of the
direct interaction and the re^-tive phase of the direct S-matrix element. Large
effects are limited to cases where the determinant of Satchler's penetrability
matrix is near zero (causality limit.) Both of the above effects arise from cor-
relations of entrance and exit channel partial widths. The fluctuation of total
widths may cause very large enhancements of small compound cross sections between
weakly absorbed channels that compete with a few strongly absorbed channels. In
the case of one or two competing strong channels the magnitude of this enhancement
factor is theoretically unlimited. For N competing strong channels (N>2), the
maximum enhancement is (1-2/N) :. The theoretical values and methods of computa-
tion of these three types of enhancement are discussed and are compared with the
results of real and computer experiments.
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Average compound nucleus cross sections are important for all kinds of
applications of neutron interactions, from nuclear physics to the design and
operation of fission and fusion reactors. Let me start by giving a very brief
historical review of the subject.

In the earliest days of neutron resonance physics it was recognized that
the energy average of a resonance cross section could be explained in terms of

the average level spacing D and the average partial widths \T \ and the average

total widths (" \ = £ \T \ . In units of vX the energy averaged compound nu-

cleus cross section between channels c and d was given by

-C.N. = 2TT < f
M c

> < rpd > (1)
°cd D <T >

y
2

With the advent of the neutron optical model and the identification of the
partial-width-to-spacing ratio for isolated resonances with the optical model
transmission coefficient

T = 2-nT /D, (2)
c \xc

Eq. (1) became the Hauser-Feshbach formula

- C.N. H.F. T T,
a , - a ., = c d .
cd cd t y (3)

e"e
A little later it was realized that in Eq. (1) the average should have been

taken as follows:

_ _j / V
0 cd - D \ r

leading to the width-fluctuation-corrected Hauser-Feshbach formula
V / 4

- C.N. H.F.
0 , = a , x W (5)
cd cd cd

I shall return to a discussion of the width fluctuation correction factor
W , below,
cd

The problem becomes a great deal more complicated when one wishesgto cal-
culate average cross sections in the domain of interfering resonances , because
of the complicated demands imposed by the unitarity requirement. Taking unit-
arity explicitly into account, one obtains an expression of the following type

C.N. /9 9 V , c ,
— , =/ vc yd V - M , (6;
a cd V—s y cd

VI

where (u . . \ = T c + ^ d Mcd (7)

/e \ = z /e
\ " / c \

while /8 } = Z /Q \ (8)
Vic /

and M depends in a complicated way upon correlations among the S-matrix pole
parameters.
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If one assumes that all these correlations vanish, then one finds that the

matrix M is diagonal and that it and ' 0 \ can be expressed in terms of the trans-

mission coefficients T and certain resonance interference parameters Q . Formulas

based on this assumption were put forward a dozen years ago. However, these

formulas are not correct because, as has been shown ' , the correlations in M
do not vanish but become very appreciable.

g
At the same time another kind of simplification was discovered . Writing

0 = G + X
UC yc c

where [G \ = T (9)
\yc/ c

and X = Z M
d C d

we get from Eq. (6),

- C.N. TcTd r7 fiT X + T,X + X X,) W ,

" [ cd %c cd cdcd = 1F<T+X> " c a + [ c d
 T%c

+K)
 c d c d - N c d J • do)

Q

It turns out that a rather complicated consequence of unitarity is that the
second term in square brackets in Eq. (10) vanishes. I have called this M-cancel-
lation. As consequence we are left with a width-fluctuated Hauser-Feshbach
formula.8

Let me now turn to a discussion of the width fluctuation correction. It
has the form

, (ID

where (G J~ T and the G fluctuate in y in a way which we assume can be
adequately represented by a chi-squared distribution with v degrees of freedom.
In fact v varies between the values of lof°r isolated resonances, to the value
of 2 for strongly overlapping resonances . A useful approximate formula for the
dependence of the v upon T has been given by Hofmann et al.

c c

It is useful to separate the width fluctuation correction into two factors:

W = C , x F , , (12)
cd cd cd

where the "covariance factor" C , is
cd

/G G S
c
c d = \ ^ "*/ • (13)

<G ><G >
pc ud

and the "fluctuation factor" F is
cd



- 246 -

G >
/ \

cd \ y ~ / <G G > *
\ ' 3 / yc vd

Let me first discuss the covariance factor C. For the elastic channel
this can be calculated to give

(15)

which varies from an elastic enhancement factor of 3 for v = 1 to a factor of
2 for v = 2 . Then C can be expressed in terms of v , v and the correlation
coefficient p , betweSn G and G , °

cd uc yd

Ccd

(16)

In the absence of direct reactions we have in general p = 6 and so C -
for c ̂  d . However where channels c and d are coupled by a direct reaction,
then p can differ from zero. To see this, we note that causality + requires
that det P> 0 where P is the Satchler penetration matrix P = 1 - 5 "5 where S is
the average S-matrix. This causality requirement is entirely analogous to the
requirement that T > 0 in the absence of direct reactions,c

At the causality limit the condition detP = 0 reduces the free parameters
describing the channels by one. So in the case of n channels, only n-1 can be
linearly independent at the causality limit and there must be correlations. In
particular, in the case of two channels at the causality limit, there must be
complete correlation and therefore the inelastic enhancement C. _ must equal the
elastic enhancement C .. This is illustrated in Fig. 1, where aet P = 0 when
the parameter D = 0.5. Detailed calculations show that.the enhancement drops off
very fast when one moves away from the causality limit

The general method for computing the direct enhancement employs the Engel-
brecht-Weidenmuller transformation matrix U which diagonalizes the average
S-matrix

S1 = UTSU

( S' diagonal/

-C.N.'
The width-fluctuation-corrected Hauser-Feshbach cross sections o are then
calculated in the transformed channel space and the result is that •'•"'H

'%"• - «<=«-« **.?•'•
ef
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where the coefficients C , are products of the elements of the transform-
ation matrix U. In equation (18) enhanced elastic cross sections in the primed
space are mixed into the nonelastic cross sections, giving rise to the enhance-
ments of compound cross sections which compete with direct reactions.

Turning now to the fluctuation factor F we see that it will go to unity
when Gt= EG does not fluctuate, that is when n\> is large (n = no. of channels,

v = average v ). This is the general situation for large numbers of channels.

Most frequently F is less than unity by just enough to compensate for
the elastic enhancement by a reduction of both elastic and nonelastic cross
sections. The resulting width fluctuation corrections for certain classes of
two and three channel situations are illustrated in Fig. 2.

The effect on the neutron inelastic cross section in iron is shown in Fig. 3.

Finally, F can be greater tban unity if both T c and T d are small but compete
with strongly absorbed channels . In that case G and G G will become
effec ively uncorrelated and v Vic u

t) (••)• c d x^ / »-„ , (nv 1 2)

nv -2

(19)
> 2).

This possibly severe enhancement of small compound nuclear cross sections affects
mostly charged particle cross sections that compete with strong neutron channels.
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Figure Captions

Fig. 1. Elastic and Inelastic enhancements for a class of directly coupled
two channel S-matrices.

Fig. 2. Width fluctuation correction for some types of two and three channel
cases.

Fig. 3. Excitation cross section for the 845»-keV level in 56Fe.
Data are compared with Hauser-Feshbach and width-fluctuation-corrected
Hauser-Feshbach results.
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ME 1 - FLUCTUATION ENHANCEMENTS OF COMPOUND CROSS SECTIONS FOR ELASTIC, DIRECTLY
COUPLED, AKD WEAKLY ABSORBED CHANNELS - P, A. Moldauer (ANL, Argonne, USA)

Lone (Chalk River):

How does the statistical fluctuation factor, or, as you say, the enhancement
factor, depend on the averaging interval?

Moldauer;

Everything depends on the averaging interval. There are a great many assumptions
involved in any btatibtical tii&ory. You have to assume that you h*»vs something
called a stable averaging interval, and if you make the averaging interval
smaller, your sample will represent different distributions.

Lone:

So the enhancement could be more than two, for a limited sample.

Moldauer:

The enhancement could be as large as three for isolated resonances. In fact,
the maximum enhancement is three for isolated resonances, and goes down to two
in the limit of overlapping resonances.

Lone:

What I have in mind is some Monte Carlo calculations I did on a sample size
of less than 100. I saw a sort of skewed symmetry which goes up to five and
even higher.

Moldauer:

Jnfortunately that was in the part of the talk that I did not get to. There
were two factors, and the other factor, the fluctuation factor, can give you
essentially unlimited enhancements. And let me just say that that can happen
when you have either an elastic cross-section or a non-elastic between two
channels where both of the channels involved have very small transmission factors,
so that they do not contribute appreciably to the total widths. There also have
to be channels with large transmission factors present. But yes, you're right,
the enhancement due to this other factor can in fact be unlimited.

McEllistrem (Kentucky):

One of the formulas you presented showed the compound elastic enhancement
written as 1 + 2/v. The number of degrees of freedom, and the values of v
you have, would allow elastic enhancements ranging between two and three.
But the last slide you presented showed elastic enhancements of about 1.6 to
1.7. I am interested in this because analyses of very careful experiments
which have to fix the compound elastic scattering carefully from data
analyses seem to imply enhancements slightly less than 2, about 1.6 to 1.7.

Moldauer:
I am sorry. One has to be careful about one means by "enhancement." The en-
hancement that I showed on the curve was the enhancement relative to Hauser-
Feshbach. The enhancement that I talked about when I talked about the correl-
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ation enhancement was the numerical factor that is given by the correlation
factor aione; that is usually diminished by the fluctuation factor that I did
not get to. So the net enhancement over Hauser-Feshbach is very often
around l.S.
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RESUME

The use of a polarized neutron beam to bombard a polarized target appears to be
the most definitive method among those employed hitherto to determine the spin of
neutron-induced fission resonances. A review is presented of this technique and
of experiments currently in progress, as well as those projected for future study.

ABSTRACT

Spin determination of neutron induced fission resonances is important to the
basic understanding of the fission process and, in particular, to understanding
both the role and the nature of the fission transition states. Of the several
experimental techniques which have been used in the past for determining spins iu
fissionable nuclei, only the technique using a polarized neutron beam and a
polarized target seems to be definitive. Fcr the fissionable isotopes it is
assumed that certain fission resonance properties, such as v, the number of
neutrons emitted in fission^ and the kinetic energy and mass distribution of the
fragments are strongly correlated with either the spin J or the spin projection
K on the nuclear symmetry axis. However, the question of whether J or K plays
the definitive role remains unanswered. Although it has also long been assumed
that K = J for nuclear ground states, even this assumption has never been
experimentally verified. In this paper, we review experimental techniques and
results using polarized neutrons and polarized and aligned targets and describe
the program we are currently pursuing in this area. We also make recommendations
for future measurements which we see as most important in contributing to an under-
standing of the fission process.
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SPIN DETERMINATION OF FISSION RESONANCES

G. A. Keyworth

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 87545, U.S.A.

INTRODUCTION

Ten years ago, Eric Lynn noted^ that understanding of the neutron cross
sections of the non-fissile nuclei seemed fairly complete through measurements and
complex potential models. He then explored the question of how far a similar pro-
gram could be carried out for fissionable nuclei. Since the theory most funda-
mental to the understanding of fission cross sections at low neutron energies is
the channel theory of A. Bohr,2^ Lynn examined the energies and nature of those
internal nuclear states associated with the transition of the nucleus through the
fission barrier, the fission channels. He concluded at that time that under-
standing of this basic theory was far from complete, if not even somewhat super-
ficial, due largely to a lack of pertinent measurements. Unfortunately, although
considerable effort has been expended to make relevant measurements and to pursue
complex models, our understanding of the properties of the fission channels has
been only little improved in the last ten years.

In the Bohr theory, the transition, states or fission channels are collective
in nature and characterized by the total angular momentum J, the parity ir, and the
projection K of J on the nuclear symmetry axis, assuming that the nuclear shape
during the passing of the saddle point remains axially symmetric. These channels
are assumed to occur in bands, corresponding to particular modes of collective
motion, and each band is characterized by the same K value and' parity. Within
each band, there are a number of different J values. Au open fission channel is
one which is both energetically available and has the same J71 as the compound
nucleus.

Probably the most straightforward approach to understanding the nature and the
role of these fission channels is in the direct observation of slow neutron fission
resonances. Ideally, one needs to determine the channel quantum numbers, J71 and K,
the resonance parameters, Eo, I"n, Ff, and Ty, and the detailed behavior of the
fission products. In particular, one should study the prompt neutrons, the distri-
bution of fragment masses and energies, and even the total neutron and Y~ray
energies, for each fission resonance. Although broad in scope, these measurements
are presently feasible for a variety of fissionable nuclei. Availability of
intense pulsed neutron sources and, as we will show later, advances in cryogenic
technology presently permits observation oi the most elusive of these quantities,
the channel quantum numbers. In this paper, we will examine both the present
state of available information on the channel quantum numbers for resonance fission
and the most urgently needed additional experiments. Although a wealth of
information pertaining to resonance parameters in fissionable nuclei exists, very
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few measurement? pertaining to channel quantum numbers have been made. The
discussion in this paper will necessarily rely heavily upon the alignment
measurements of Pattenden and Postma and upon the polarization results from an
experimental program conducted jointly by Los Alamos and Oak Ridge scientists.

EXPERIMENTAL TECHNIQUES

A rather vast amount of effort has been expended in the past to determine the
spins of fission resonances. Any detailed and complete discussion of the tech-
niques employed would necessarily be lengthy. Briefly, the various techniques
used may be divided into two basic classifications. The first includes the direct
methods, which encompass both the polarization techniques where a polarized target
and a polarized beam are used and the method of using the total and scattering
cross sections to determine the statistical weight factor, gj. The class of
indirect methods includes all other techniques used to infer the spin of the
fission resonances. Among those techniques are: 1) level interference effects in
elastic scattering and radiative capture, 2) y-ray transitions and multiplicities,
3) fission width distributions, A) prompt neutron and y-ray emission, 5) fission
fragment mass asymmetry and kinetic energy distributions, and 6) the ratio of
ternary to binary fission

Of the two direct methods, each has a disadvantage. The main disadvantage of
Che polarized target and polarized beam technique is its extreme complexity.
Although the results are simple to interpret, i.e. resonances of one J value are
diminished while the resonances of the other are enhanced, the experimental tech-
niques and apparatus are formidable. Although this method is a virtually
infallible method for distinguishing between s-wave resonances of different spin,
care must be taken to determine the correct absolute spin values. The single
method which has been successfully employed to produce significant polarization in
fissionable targets uses the hyperfine splitting in ferromagnetic systems. This
hyperfine field, which may be several MOe, interacts with the nuclear magnetic
moment, U, to produce the nuclear polarization. However, the sign of the magnetic
moment is frequently unknown and the direction of the hyperfine field may be either
parallel Or antiparallel to the applied field. Usually, sufficient information
exists, either from Hossbauer measurements or from model calculations, to determine
the signs of u and the. hyperfine splitting. In addition, the behavior of the
observed resonances, such as the spacing or width distribution, may permit absolute
determination of spin values. A further indication of the absolute spin is found
in the approximate expression relating the polarized cross section, op, to the
unpolarized cross section, Oo:

"p - V 1 + Wn> tt>

Here fn is the polarization of the incident neutron beam, fN is the polarization of
the target, and fj is a spin-dependent factor given by:
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fj = j-^TJ for J = I + 1/2

fj = -1 for J = I - 1/2.

Clearly, the enhancement or diminution of a resonance is greater for rhe J -•• I - 1/2
case. With sufficient nuclear polarization and with a reasonably low value of the
target spin I, this distinction permits determination of the absolute value of J.

The method of using the total and scattering cross sections is difficult if
Tn/F « 1, a common occurrence for fissionable nuclei. Comparisons between spin
assignments in 235u3"l and in 237jjplf'> by £ n e two direct methods show little better
than random agreement, due presumably to the low ratio of Ta/T.

A general lack of consistent spin assignments for resonances in fissionable
nuclei by the various indirect methods would by- itself lead one to doubt these
techniques. However, an excellent example for a detailed comparison between such
assignments and those from a polarized beam and target experiment exists in the
heavily studied system 235u + n. This comparison is detailed in Ref. 3 but we will
review the basic results. Generally, agreement between the spin assignments from
the indirect techniques and from the polarization experiments are nearly random
with a single interesting exception. Four groups3"8' of experimenters attempted to
assign spins to low eneVgy radiative capture resonances in 235y by examining the
de-excitation y-rays. Three of these four measurements are in poor agreement with
the polarization experiment while the work of Corvi et al5^ is in perfect agree-
ment, for those limited cases which they studied. The remaining indirect tech-
niques appear to be less fruitful, except in special cases such as 239pu where the
ground state spin is 1/2. Only two K-bands exist, 0+ and 1+, with the 0* channel
being fully open and the 1 + only partially open.

The K-value of a fission resonance of known J may be directly determined by
measuring the angular distribution of fission fragments from an aligned target.
Such a measurement was attempted originally by Dabbs et al91 and later by Pattenden
and Postma10"1 on 235u in crystals of U02 Rb(NO3)2, and by Kuiken et al

11'12"1 on
233u antj 237{jp in the same crystal. .All these experiments were handicapped by the
low thermal conductivity of i le host crystals with a resultant low degree of
alignment. This problem may be surmounted by using an intermetallic compound which
exhibits antiferromagnetism. In such a compound, the relatively high thermal
conductivity will permit one to reduce the temperature low enough to achieve a
sufficient degree of alignment to unambiguously assign K-values to fission
resonances. In principle, this measurement should be considerably simpler than
the spin determination experiment which requires both a polarized beam and a
polarized target.

EXPERIMENTAL RESULTS

Presently, unambiguous spin assignments for resonances in slow neutron-induced
fission exist only for 235us 237Np> an<j although somewhat more ambiguous, for 239Pu>
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Because of the scope and number of measurements on 235^ the remainder of this
paper will primarily address this single nucleus. We will examine the information
available in the resolved region, say below 60 eV, and describe briefly the status
of the unresolved region. In both regions the role of spin will be discussed, with
help from some new results from an experiment using a polarized neutron beam and
polarized 235u target.

The results from a preliminary measurement made at the Oak Ridge Electron
Linear Accelerator (ORELA) reported by Keyworth et al31 in 1973 assigned spins to
65 resonances below 60 eV, The more recent measurement, with increased polari-
zation and statistical accuracy, permit assignments to all known resonances in
this energy region. In these measurements, the neutron beam was polarized by trans-
mission through single crystals of La2Mg3(1103)^2 ' 241^0 (LMN) in which the protons
in the waters of hydration were dynamically polarized. The target was the inter-
metallic ferromagnetic compound US, which was polarized in a 3He-^He dilution
refrigerator operated at *v 0.02°K and in a magnetic field *v» 5 kOe. The details of
the met nods used are described in Refs. 3 and 4.

Ti'ie data consist of time-of-flight spectra of fission events occurring in the
target with the neutron beam polarized parallel and antiparallel to the target
polarization, and of the transmission under the same conditions. The degree of
polarization of the neutron beam and of the target was approximately 50% and 15%,
respectively. For the analysis of the more recent data, M. S. Moore has devised a
new technique of separating the components of the cross section due to J = 3 and
J = 4. If N3 and N4 are the J = 3 and J = 4 enhanced count rates, i.e. the spin
antiparallel and parallel data, then we can write

N3 = A3°3* + A4"V (2aJ

and NA = B3G3<|) + B^ij), (2b)

where cr3 and O4 are the cross sections for J = 3 and J = 4, <|> is the neutron flux,
and the constants A3, A4, B3, and B4 are determined from fn, fjj, and 1 as defined
in Eq. (1). Solving for the appropriate spin-dependent components, we get

3 4 3 4 4 3 4 - B3A4) (3a)

and 04* = (A3N4 - B3H3)/(A3B4 - B ^ ) (3b)

In Figs. 1-4 these quantities are plotted for the energy ranges 8-44 eV, where the
resonances are resolved, and 200-260 eV, where the resonances are unresolved. This
analytical technique has greatly facilitated the analysis in both regions. One can
simply assign spins from examination of the plots. Using this technique, these
recent data show clearly the existence of previously unresolved overlapping levels
of different spin, as exemplified by the structure near J5 eV.
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Fig. 1. Spin-separated resonance structure in the fission of U + n

versus neutron energy in the energy range from 8 to 20 eV. Note
the presence of the very weak resonance with J = 3 at 9 eV. This
resonance has not been seen previously due to the masking effect
of the two resonances at 8.8 and 9.3 eV, each with J = 4.

In Fig. 5, we have plotted a stairstep distribution of spacings for resonances
with J = 3 and J = 4 below 360 eV. The distributions have constant slope up to
60 eV, and the ratio of the slopes is close to what one expects if the level
densities are proportional to (2J + 1). This suggests that few levels are missed
below 60 eV. We applied the A3 test of Dyson and Mehta1 ' which also indicated
that few levels are missed. By requiring that the A3 statistic agree with the
value predicted using the Gaussian Orthogonal Ensemble of Dyson, we found
probable positions for these few missing levels. With this technique, we arrived
at the recommended average spacing of 1.153 eV and 0.896 ±V for the J = 3 and J = 4
cases, respectively- This implies a total of 119 levels below 60 eV. As an inde-
pendent check, we applied a missing level test which is based upon two assumptions:
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28

Spin-separated resonance structure in the fission of 235U + n
versus neutron energy in the energy range from 20 to 32 eV.
Note the doublet composed of a resonance with J = A at 26.A eV
and another with J = 3 at 26.55 eV. Although a comparison of
the capture and fission cross sections does indicate two slightly
displaced levels, this doublet has not been previously reported.

1) the neutron width distribution is Porter-Thomas, and 2) the widths larger than
(rj|)/4 are accurately known. With these assumptions, and the resonance parameters
for 235U of Reynolds,15"1 we estimate that there are 110 ± 10 levels below 60 eV,
in reasonable agreement with the estimate from the A3 test. We thus feel confident
that we have identified and assigned spins to a complete set of resonances in 235u
below 60 eV. The number of levels which are missed in the usual type of measure-
ment, in which the spins are not separated, seems to be substantially lower than
the statistical analysis of Garrison161 would indicate. We also see no evidence
for a very large number of missing levels as suggested by Felvinci et al.17^ For
energies up to 350 eV we have assigned spins to most of the observed structure,
although most individual resonances above 200 eV are unresolved.
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42

235r

44

Spin-separated resonance structure in the fission of U + n
versus neutron energy in the energy range from 32 to 44 eV.
Note the separation of the complex structure in the vicinity
of 35 eV.

Two sets of resonance parameters resulting from multilevel analysis of total
and all measured partial cross sections are available: 1) those of Smith and
Young18^ for ENDF/B-III, and 2) those of Reynolds for ENDF/B-V. Using the Smith
and Young fission widths, we calculate < I> >3- = 0.179 eV and <Tf>^- = 0.090 eV,
whereas from Reynold's parameters we get Uf)]- = 0.220 eV and <Ff>4- = 0.098 eV.
This discrep?ncy can be attributed to the different values for the radiation widths
of <Fy> = 0.0355 eV determined by Smith and Young and <Fy> = 0.042 eV assumed by
Reynolds. The Bohr-Wheeler estimate, modified for a double-humped barrier, is
expressed by

n<D>
4TT

(4)
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Energy (eV)

240 250 260

235,.Spin-separated structure in the fission of '""""U + n versus
neutron energy in the energy range from 200 to 260 eV.

whare n corresponds to the number of open channels. Using this expression, we
arrive at fission widths of <Tf>3_ = 0.092 eV and <T f> 4- = 0.071 eV for each open
channel. The results of the two multilevel analyses are consistent with approxi-
mately two open channels for J = 3, or more if the channels are only partially
open, and with no more than one fully open channel for J = A resonances.

Additional information regarding the configuration of those fission channels
may be gleaned from the Pattenden and Postma10^ data on the angular distribution
of fission fragments from aligned 2 35u. This angular distribution may be expressed
as

W(0) = 1 +
n even
n < 21

An fn ( I>V c o s 6> (5)
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250

100 200
Energy (eV)

300

Fig. Observed resonance spacing distribution in ("-hj + n) below 360 eV.
Data points give the number of levels having a resonance energy less
than the energy shown on the abscissa, and correspond to the tips of
the stairs in the usual stairstep plot. The solid lines represent a
fit to the data points below 60 eV, and show the expected (2J + 1)
slope.
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Where the ̂  parameters contain the geometric factors, the fn are the alignment
parameters, and Pn are the Legendre polynomials. In the Pattenden and Postma
measurements, only the A2 terms are measured. For a well-resolved resonance with
known spin and unique K, measurement of A2 should determine K. Because of the use
of a fission booster target with a relatively long pulse of 230 ns and a short (10 m)
flight path, few of the resonances in the Pattenden and Postma experiment were well
resolved. Thus, we define an average or effective J value for 235JJ + n a s

- 3

where 03 and O^ are the spin-3 and spin-4 cross sections used in Eqs. (2a) and (2b).
A plot of A2 versus Jeff is shown in Fig. 6. The solid line in the figure
represents a least-squares fit to the data and may be used to infer the average
value of A2 for pure spin-3 resonances (Jeff = 3.0) and for pure spin-4 resonances
(Jeff =4.0). We thus obtain <A2>j=3 =1.22 and < A2 >j=4 = 2.01. Knowing that the
(J,K) = (4,0) channel is forbidden because of parity conservation and recalling the
assumptions from above on the number of open channels for each spin state, we may
assume that the two lowest channels, (J,K) = (4,1) and (4,2), are open. Knowing
the A2 value for each (J,K), we may calculate the contribution from each channel.
If for the average fission widths we take the mean of the averages from the two
multilevel analyses, we get <Tf>j-3 = 0.20 eV and <T f>w, = 0.094 eV. For the J=4
resonances, we determine < Tf >j K = 4 ± = 0.075 eV and U f ^ 2 = 0.019 eV. This
implies that since the (J,K) ='(4,1) channel is fully open, the (3,1) channel should
also be fully open with a fission width of .096 eV. Solving for the K = 0 and 2
channel widths, we get <Tf>j K _ 3 Q = 0.020 eV and <Tf>3>2 = 0.084 eV. However,
the assumption of ( T f ^ o = 6 and thus ̂ Tf^ ̂  = ^f^3 2 = 0*100 e^ i-s n o t incon-
sistent with the errors involved. The surprising fact'is that, although it has
long been assumed that the channels open in order of ascending K, following the
sequence of octupole bands observed near the ground states of even-even nuclei.
Why the (J,K) = (3,0) channel is either completely or nearly completely closed can
presently only be answered hypothetically.

Although we know that the average behavior is consistent with the above
explanation based on the fission channel concept, we do not yet know whether K is
a conserved quantum number in fission. One notes in Fig. 6 that the points are
nearly uniformly distributed over a broad range of A2 values. This implies that
the observed angular distribution is not consistent with integer K-values, but
rather there is an admixture of the fission channels. However, one must be wary of
overinterpreting the Pattenden and Postma results due to the lack of well-resolved
resonances in this data.

The preceding discussion addresses only the resolved region in 235u. it has
been suggested 20,211 that the fluctuations in the unresolved region result from
local enhancement due to broad states in the second well of the double-humped
fission barrier. Keyworth et al*1^ showed that for 237»jp + n> the subthreshold
fission resonances corresponding to a single state in the second well all have the
same spin. If the structure in 235(j + n involves a similar mechanism, then one
would expect a. spin dependence.
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Fig. 6. The variation of A2 from Pattenden and Postma versus ^effective
 =

3 -t 04/(03 + aO' T h e straight line shows a linear
least-squares fit to these data. The open circles show A2 data
for resonance structure, the closed circles data for the unresolved
region below 2 keV, and the plus signs data for the between-resonance
background regions reported by Pattenden *nd Postma.
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Fig. 7. Summed counts (spin-3 enhanced plus spin-4 enhanced count rates)
observed in the fission of (235u + n) versus neutron energy in
the energy range from 8 to 20 eV,

The fission cross section of 235^ + n i n t h e r a n g e 8 - 2 0 keV is shown in the
plot of sumned counts, N3 + N^, in Fig. 7. The large fluctuations are clearly
evident. However, the spin-separated data over the same energy region, shown in
Fig. 8, show minimal evidence for any spin dependence in the fluctuation, possibly
due to the poor statistical accuracy. To test quantitatively for intermediate
structure, we then pursued statistical tests on broad-bin averages. Following
Migneco et al,201 we initially carried out a Wald-Wolfowitz runs-distribution test
from 0.1 to 25 keV on Jfiff - <Jeff> using bins of 240 and 400 eV, and from 0.1 to
10 keV with bins of 85 eV. Although Migneco et al reported that this test gave
significant results when applied to af for 235u, the test applied to the polari-
zation data gave results consistent with a random distribution of spin. A similar
calculation of the serial correlation coefficients of Jeff followed by a Wald-
Wolfowitz test on these coefficients again showed no significant departure from a
random distribution.
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Energy (keV)

Fig. 8. Spin-separated count rates in the fission of (235U + n) versus
neutron energy in the energy range from 8 to 20 keV. Except
for the cluster between 14 and 15 keV, which is clearly spin 4,
it is not obvious that either of these curves correlates with
that shown in Fig. 7.

Another test, however, showed a more interesting result. We calculated the
correlation coefficient between the --.pin-3 data and the summed counts and between
the spin-4 data and the summed counts, for broad-bin averages. The results, shown
in Table I, imply that the observed structure is attributable to spin 4. Apparently,
there is still enough statistical error associated with the broad-bin averages that
it masked the effect when we used the usual tests for intermediate structure. We
do feel, however, that the results shown in Table I are definitive and show that
essentially all the fluctuating part of the 235u fission cross section in the
region analyzed has J=4. We thus conclude that these polarization data give strong
support to the hypothesis that the fluctuations in the 235u fission cross section
are a second-well phenomenon.
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CONCLUSIONS

235
Knowledge of the U + n system has beea substantially enhanced by removing

uncertainties in the resonance spins. For an understanding of the average properties,
division of the resonances into the appropriate spin groups permits an accurate
description of the cross section. However, understanding of the underlying fission
process remains incomplete.

For example, with this spin information, one way search for a dependence upon
J and K of the fission fragment mass distribution, fragment kinetic energy distri-
bution, and v. Although available measurements of these quantities are limited in
resolution and scope, there is no clear evidence for dependence upon spin alone.
In fact, measurements21 »22-| of V over several of the larger resonances in 235(j
clearly preclude a dependence of this quantity upon J alone. However, it has been
demonstrated25' that the (n,yf) process can account for the relatively large
fluctuations of V in ""Pu. Although the evidence2"*' is less persuasive in the 'case
of 235ut this process is probably involved in the V variations. One ma^ well
expect that the fragment mass and kinetic energy distributions are dependent upon J
and K but the poor state of knowledge of K values coupled with the poor resolution
in existing measurements makes detailed interpretation tenuous.

What is needed is a coherent approach toward answering these questions,
initially in 235y alone. Using the new time-of-flight facility being implemented
at the Los Alamos Meson Physics Facility (LAMPF), the Weapons Neutron Research
Facility (vJNR) , we are pursuing such an approach. Using an antiferrosnagnetic
intermetallic compound of uranium rather than the paramagnetic crystals used by Dabbs
and Pattender. and Postma, we hope to achieve sufficient alignment of 235u with
sufficient resolution tc determine the K-value, or the admixture of K-values, for
each J--value assigned in the measurements using a polarized target and beam. Con-
currently, we will use the intense low energy neutron flux at the WNR facility to
determine the fragment kinetic energy distribution and the fragment mass distribution
for the larger resonances in 235y. ye eXpect that the results of these proposed
measurements, in conjunction with existing data, will provide answers to those
questions on 235u addressed earlier in this paper.

TABLE I

Correlation coefficients and significance levels for the correlation of
spin-3 and spin-4 data with structure in 235y af, from 8 - 2 5 keV. In this
table, the significance level is the probability that the observed correlation
or larger would occur with a randomly selected sample.

Energy Range
(keV)

8.0 -
10.A •-
12.8 -
15.2 -
20.0 -
24.P -

10.4
12.8
15.2
20.0
24.8
34.4

Bin Width
(keV)

0.12
0.12
0.12
0.24
0.24
0.48

P(N3,£)

-0.01617
0.2148
0.0**9
0.1996
0.2336
0.2864

Significance
of p(N3,£)

%0.50
0.18
0.35
0.20
0.16
0.11

P(N4,E)

0.7048
0.6148
0.3815
0.7111
0.7443
0.8194

Significance
of p(N4,E)

0.0003
0.002
0.05
0.0002
0.0001
<0.00001
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HEDTROF INDUCED RMCTIOHS ON VERY LIGHT AND LIGHT NUCLEI

Ivo Slaus

Institute "Budjer Boskovic", Zagreb, Yugoslavia

RESUME

A critical survey of (n,p), (n,d), (n,t), (n,'X) reactions

on light nuclei (A 40) and of nmltiparticle breakup processes

D(n,2n)p, 6Li(n,d-* )n, 7L- (n,t * ).n, loB(n,^.-^t) , loB(n,^xd)n,

C(n,3 •* )n, and 1TJ(n,JiXt) is presented.

ABSTRACT

This review paper outlines the information on current prog-

ress of neutron interactions with light nuclei. The following

topics are discussed: d+n: total breakup, n-n and n~p quasifree

scattering and final state interactions; n+d —*-t+ f radiative

capture; t+n elastic scattering and breakup data; (n,p) angular

distributions on 5Ee, 6Li, 7Li, l oB, 1 2C, 1 4U,^ 1 60, 1 9P, 2 7A1,

' 2S, and ^°Ca; (n,d) angular distributions on ^Ee, 6Li, ̂ Li, l oB,
n B , ^ , ^ H , 1 6 0 , W P t 27 A l i 32S< 5^St 35C1 36 (

langular distribution on 6Li, 7Li, l oB, llB, 1^N and 19F and (n,A

angular distributions on "fie, B, Ji and 0 . A summary of

n+ C is presented.

A 4-/" type study of multiparticle particle breakup processes
6Li(n,dot)n, 7Li(n,t<x )n, loB(n,x^t), loB(n,dxx)n, 12C(n,3 < )n

and 2I(n,3'- t) provide insight into reaction mechanisms: sequen-

tial decays and quasifree scattering.

Most of the data are obtained at E-_c 14- MeV. However, the

development of neutron facilities at Van de Graaff, isochronous

cyclotrons and meson facilities have provided data also at other

energies.

Information on nuclear interaction and nuclear structure

obtained from these studies is discussed.
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NEUTRON I3TDUCED REACTIONS OK VERY LIGHT AKD LIGHT NUCLEI

Ivo Slaus

Institute "Rudjer Boskovic" •, Zagreb, Yugoslavia

1. Introduction

The aim of this paper is to outline the information on current

progress of neutron interaction with light nuclei. We will concen-

trate on neutron induced reactions and consequently we will almost

completely omit discussing the elastic and inelastic neutron scat-

tering.

Most of the neutron data have been obtained at E. ~-14 KeV
XTlC

(SI 68). However, neutron facilities developed at Van de Graaff ac-

celerators, at isochronous cyclotrons, particularly at Crocker Nu-

clear Laboratory, UC Davis and at Kernforschungs Zentruau Karlsruhe,

and at meson facilities nave now provided significant data at other

energies.

2. The n-d breakup, reaction

2.1. The_totaT._br^aku2_cross section has been measured:

i) "directly" by detecting breakup products and ii) "indirectly" by

subtracting the integrated elastic differential cross section from

the total n-d crosj ection (the cross sections for n-d Bremsstrahlung;

and for radiative capture are negligible. The cross section .'Tor radi-

ative capture becomes significant only below 100 eV).

The indirect measurements have been performed using both p-d

(Ho 68) and n-d (Se 70, Se 72, Ro 70) elastic scattering angular dis-

tributions. The p-d angular distributions have been corrected for

Coulomb effects. The vncertainties in these indirect measurements

are represented by results at 18.55 and 23 MeV (So 72).'

Early direct measurements have been confined to energies around

and "oelow 14 MeV (Ca 61, Ho 69, Gr 71). Pauletta and Brooks have re-

cently (Pa 75i Pa 73) measured the n-d breakup cross section from
8 t o 2 2 K e V b y inteGrating the energy distribution of breakup



protons and recoil deuterona observed in the deuterated scintillator

used both as a detect.or and as a deuterium target, (seo Fig. 1.)
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Fig. 1.

The energy of charged particles have been deduced from the in-

tegrated scintillation output (L). A pulse shape discrimination has

been used to obtain a pulse (S) characteristic of the scintillation

decay time and hence of the nature of the ionizing particle. The

schematic representation of the experiment is shown in Fig. 2. An

isometric representation of an LS spectrum obtained for 22 MeV neu-

trons incident on deuterated benzene is shown in Fig. "*>. Letters: s,

p, d, and alpha indicate the ridp;es due to electrons, protons-, deii-

terons and alphas. One can clearly see the minimum in the deuteron

ridge; which corresponds to the minimum in the n-d elastic differ-

ential cross section. The feature of this setup is the simultaneous

measurement of proton and deuteron energy spectra. Therafor^, it is

not necessary to know either the number of target miclei or the
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number of incident neutrons.

Fig. 4. shows the measured

proton energy distribution

at Einc= 22 KeV. The en-

hancements are associated

with n-p and n-n final state

interactions (FSI). The

crosses at low energies have

been obtained by subtract-

ing the contribution from

the reaction 12C(n,p)12B.

The low energy portion of

the proton spectrum is es-

timated by assuming that it

is given by the phase space

normalized to the data at

i?naxS E i0.7

OtUT. • • • !

E? The • Fig. 5-
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Break-up Proton
Energy Distribution !Fn = 22MeV)

measured energy spectra have been corrected for edge effects, multi-

ple scattering and proton spectra also for the contribution of

recoil protons. The contribution due to n-n quasifree scattering

(QFS) is localized at low proton energies, v/hereas that due to n-p

QFS is distributed over all proton energies. Since n-n FSI angular

distribution is peaked at small proton angles, the enhancement due

to n-n FSI is localized at higher proton energies, and the n-p FSI

around 4/9 E?821. The uncertainties in the cross section due to

extrapolation of the proton energy spectra are of the order of the

n~n QFS contribution, which is estimated to be less vnen the n-n

FSI contribution (at E±nQ< 30 MeV).

The breakup cross section <^ has been determined by two meth-

ods: j

B F Ineak w^ e r e Ipeak is obtained by integrating the

measured deutsron energy distribution from the minimum, (5~peak is

the corresponding integral obtained from N-d angular distribution,

and Ip is the integral of the proton energy distribution extrap-

olated to zero energy assuming the phase space shape.



b) use n-d elastic data to obtain the total deuteron integral Id

from Ipeak : <5V = ̂ m/(l + Id/Ip) , where -^m io the total cross

section.

The results obtained by two the nethods agree and the mean

values are given in Fig. 1.

The n-d total breakup cross section data are compared in Fie;,.!,

with p-d data from 22 to 4b V.eV (Ca 72) and with the calculations

based on the Faddeev formalism:

i) Plloet and Tjon (Kl 72) have used local S wave potentials. Dashed

curve in Fig. 1. is for Kalfliet - Tjon potential I-III (repulsive

cores in both singlet and triplet N-N interaction), while the dashed.-

dotted is for Kalfliet - Tvjon potential I-IV (repulsive core only in

singlet states).

ii) Sloan (31 ?l) hae used the separable S wave interaction (solid

curve).

iii) Doleschall (Do 75) has included in the exact calculation also

the P wave separable interaction (x's).

iv) Pieper (Pi 75) aas included both P and D waves separable interac-

tion, but only perturbatively (crosses).

One can conclude:

1) The total breakup cross section for N+d is measured up to

E. ^50 MeV with an accuracy which varies from 7 to 2^/o.
XXJ,C

2) The data agree with the calculations based on the Faddeev formal-

ism using rather simple N-N force.

5) The total breakup cross section is a sensitive observable to

distinguish various features of the nuclear force.

Two measurements oi the D(n,2n)p reaction at ^FS kinematic con-

ditions have been performed at E. = 14.1 MeV at 0 ,= 0 o= 50°,

$-\2~ -^^ (Fis-5«i left hand side, open circles SI 71a, points

Bo r;r0 and ©nl= ©n2= 40°, fzf1?= 180° (right hand Eo 75) and have

been compared with the predictions of the calculation based on the

Faddeev formalism using the o wave separable interaction with

Yamnruchi (Y) and exponential form factor;- (E) ir both singlet and

triple;; states.

These mearurctnents are faced with considerable technical
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difficulties due mainly to the rather severe background froa gamma

rays, direct and scattered neutrons, to low intensities of incident

neutrons, and to the modest efficiency of neutron counters. The ex-

perimental setup used in (SI ?la, Th >•*•): incident neutrons, colli-

mated by the associated alpha-particles, strike a C,-I>,- target-

Fig. 5-

scintillator. The proton from the deuteron breakup is detected in

this counter and it provides the start for a T.O.F. measurements of

two neutrons scattered in fixed directions ©- and €>?. Requirement

of the coincidence (few ns) between the CgCg and the alpha counter

virtually eliminates the fraction of the counting rate in the CfiDfi
due to gamma rays. To further reduce the accidental coincidences

"re.ject" alpha counters have been introduced at 180° in the line

joining the neutron source to the neutron counters. In addition, pulse

shape discritDinations have been used in the C^Dg and in the neutron

counters. This experimental oetup enables the measurement of seven

independent kinematic variables• energies of two neutrons' (•EQT

proton energy (E ), the directions of two neutrons (©-^ '^TTP'^I



i' i"

the incident neutron energy (£•_„)• The cross section for the nmlti-
particla reaction resulting into N particles in the final state de-
pends on 3H-4 independent kinematic variables (IKV). Since for X=3,
there are 5 IKV, this set..,- kinematically overdetei-mines the meas-
urement providing two ad^tional constraints. For QFS kinematic
conditions the energy of the spectator proton is very low (typically
0-E il MeV) and successful measurements have been reported (Bo 75)
«vea without information about the breakup proton.

712"

The n»p QFS has been measured at E. = 14.4 at © = © = 30 ,
xnc a p

180° (Va 70) and the data have been compared with the Faddeevtype calculations (SI ?la).

The contribution of the n-n FSI to the total breakup cross sec-
tion has be«n determined by measuring the n-n FSI enhancsmpnt over
the phase space (Pa 73) and by integrating over energy and angle the
upper end of the proton energy spectra (De 66). Fig. G. shows this
contributica, o , as a percentage of Cg.

;0

o Pa 73
_»De66

-

-

-

•

1

1

o

o

o

0

a

o

I 1 i

^ s -

• «

-

1 , ... M - • .

En (MeV) 20
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Three different geometries have been used to study the n-n FSI

in the reaction nd

i) detecting "breakup protons at forward angles. One measures

three variables? S , 9 , and S. and thus the process is net kine-

matically determined. Proton energy spectra measured at several inci-

dent energies and at several forward angles (II 61, Ce 64, Vo 65,

Ba 67, Bo 68, Pr 70, St 72, Sh 75) reveal a pronounced enhancement

at E m a x due to n-n PSI at E ^ 0 and therefore, it is in principle

possible to extract n-n effective range parameters: atm and r^. It

has been shown (Ca 74) that in this geometry the analyses based on

tfatson-Migdal model, Born approximation, impulse approximation and

the Komarov-Popova treatment are not correct. It is necessary to per-

form the analysis based on the Faddeev theory. An additional disad-

vantage of this geometry is the strong dependence on the energy reso-

lution (if an experimental resolution is 400 keV it is necessary that

the statistical accuracy is ** 3% (Da 75) )» The FSI enhancement de-

pends on a and only weekly on r (varying r from 2.2 to 3.4 fm

does net change aJm more than the uncertainty due to the present

statistical accuracy of the data). The values of a ^ extracted from

these measurements are listed in Table 1. Recently this reaction has

been measured, a) at Grenoble (Bo 76) using raultiwire counters giving

each proton trajectory a 1° accuracy. The shape of the.- FSI enhance-

ment and its absolute magnitude did not give so far a definite value

for S L . b) at Lawvence livermore Laboratory (Ha 75) using a charged

particle magnetic quadrupole spectrometer with 200 keV energy reso-

lution (twice as good as in any of the previous measurements). A
12

14 MeV neutron source producing 4 x 10 n/s has been used. The anal-

ysis is in progress.

ii) measuring the momenta of two outgoing neutrons and the en-

ergy of the breakup proton providing together with the knowledge of

the incident energy seven IKV and thus kinematically overdetermining

the process (Ze 72, Ze 74, Bo 72, Br 74, TIo 68a, Gr 69a, Me 75a).

Simultaneous study of n-n FSI (6nl= ^n2= 30°, tfnl= 180°, 4„= 165°)

and of n-p FSI (©n2= 30°, 0 ,= 84.3°, /n2= 165°, 0^= -7.5 ) allows

to determine the n-n effective range, r , from the ratio of two
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inc
(JteV)

14.4
14.4

14

14

8-28

14.1
14.1
14

14.06

50
14.1

°P

4°
4.8°
0°

5°, 20

0°
0°
0°
5.5°

5.3°
4°

nx

(fm!

-22

-21.

-25.

(-14
1-16
0 -15.
-50
-16.

-23-
-16.

-23

-21.

[-19.
( -18.

±

7
6

±
t
9

2

2

7
+
-

7
3
3

)

2

3
3

i
i

3-
4.
i
i
i

am

1
2
1.

1.

2.

1.
2.
3.
,6
,2
1.

o:
0.

i

,6

1

2

9
6
0

2

8

Table 1.

from D(n,p)2n measurements

used r

(fta)

2.84

2.8

2.8

2.65

2.63

2.65

2.6
2.84

22 2.84

analysis

fBorn+Watson-

l Migdal
Komarov-Popova

Impulse Appr.

Born Appr.

Impulse Appr.

Wat s on-Mx gdal

Born Appr.

Eomarov-Pop ova

Comparison proc.

Eomarov-Pop ova

Impulse Appr.

Impulse Appr.

Cahill (Faddeev)

Ref.

11

Ce
Yo

Ba
Ba

Bo

Gr
Pr
SI
Sk

St

Sh

3h

61

64

65

67
67

68

69a
70
68a

72

72
73
73

cross section (which can be measured much more accurately than the

absolute cross section).

!Ehe shape of the F£I enhancement depends predominantly on the

n-n scattering length, a (Kl 73, Ze 74) and in fact the simple

Watson-riigdal model already gives a good description of the shape

with the correct a ^ (Br 74, Eb 72, Ca 74). However, the absolute

cross section for n-n and n-p FSI strongly depends on r. , on the

form factor and on the type of calculation (see Pxg. 7a and b ) . In

most analyses the N-N force has been approximated using S wave in-

teraction with Yamaguchi form factors (Y). Calculations with several

different R wave rank-one separable potentials have shown (Br 74a)

that the better treatment of the high energy repulsion in the N-N

force improves the agreement with the D(p,2p)n data and that one of

the best form factors which fits the known N-N phase shifts at higher
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05

=-16.0 frn

n-n. CEE

10 1.5 20 25 3.0 35
(frn)

Fig. ?a. Relative dependence c£ the calculated cross section on

rrir| for two form factors and two types of calculations

(Ze 74).

energies is the exponential one (E). Earlier analyses based on the

Faddeev theory have used the average of the n-p and n-n singlet po-

tential in the kernel of the integral equation and have allowed for

charge dependence only in the inho&ogeneous term. This method is

often called hybrid (H) to be distinguished from the correct proce-

dure (G) when the charge dependence is introduced "both in the in-

homogeneous term and in the kernel.

Table 2. summarizes the values of a_^ obtained in various ki-

nematically complete measurements. The n-p J?SI has been studied

(Lu 70) and gives for a^ = -23.0 - 1.7 using the Vatson-Migdal model.

iii) In the three body breakup reaction where two of the out-

going particles are neutral and one of them is detected at 9,= 0,
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Pig. 7b. Ratio of the integral of the n-n to n-p ESI as a function
o£ ann an(i rnn* Tlie dasil8d l i n e denotes the experimental
result (Ze 74).

the measurement of the incident energy, and the energies of two out-

going particles provides five IKV (Einc, E^, E2, and since G1= 0 the

process does not depend on any azimuthal angle: "p". - pi, ~$ and "p"

form a triangle). The disadvantage of this setup is the lack of con-

straints to reduce the background. The advantages are: the kinemat-

ic&lly allowed region covers an area shown in Pig. 8. and one can

simultaneously study n-p and n-n PSI and regions far from quasi two

body processes. In particular, one can investigate processes along

the constant relative energy locus (dashed-dotted line in Pig. 8;

dashed line is frhe symmetry axis) where the cross section is sensi-

tive to the off-energy shell effects (Ja 73). An experimental advan-

tage of this method is that one of the particles- is detected in a

4fr solid angle with a 100% efficiency and one has to use only one

neutron detector. The experimental distribution of deuteron breakup
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Fig. 8,
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Table 2.

8L determined from kinematically complete measurements

•an

-16.3*1.

-16.6*1.

-15.8*0.

-16.Oil.

-16.2*1.

-16.8*1.

-25*3*
-17.1*0.

-15.7*2.

-16.3*1.

,0

,0

9
0

2

3

8

0

6

Analysis

Faddeev,
n-n shape
faddeev,
both n-n and
n-p FSI

same

Watson-Migdal

Faddeev,
n-n shape
Watson-Migdal

Ch 67

Wat s on-Iligdal

Faddeev,
n-n shape

Faddeev,
n-n and n-p

Nuclear
interaction

CEE

CEE

HYT

HYY

CEE

CEE

Einc

18.4

18.4

18.4

18.4

14.2

14.2

14.3
120-140
14.1

14.1

Ref.

Ze

Ze

Ze
Ze
Br

Br
Sa
Me
Ke

Ee

74

74

72
72
74

74
72
75a
75

75

K This value can be criticized both an experimental and theoretical

grounds (Ku 75)-

events in the E vs E plane is given in Fig. 9a« compared with

the simulation of the spectrum using the CEE calculation (Fig. 9b)

with a = -16 fm, r = 2.86 fm. Qualitative features of the data

are well reproduced in the calculation. However, the theory predicts

a significantly lower cross section in region III(far from FSl).

Since this discrepancy could not be eliminated by any choice of the

input n--n force, the n-n parameters have been determined by analy-

sing separate parts of the spectre: a) n-n FSI (region I) is sen-

sitive to a , but not to r . Using r = 2.86 fm, one obtains

a = -15«7 + 2.0 fin. b) the ratio of magnitudes of the distributions

in regions 1 and II (n-p FSI) depends on a ^ and r . A simultaneous

fit to both distributions yields: a = -16.3 * 1-6 fm, r = 3.15 *
0.7 fm. c) the comparison between distributions in regions I and IV
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(n-p PSI) has not given a cr

2.4.

Information concerning a ^ have been obtained so far from the

studies of D(a,2n)p, 5H(n,d)2n, 5H(t,4He)2n, D(fT ", 2f )2n,3H(d,?He)2n

and D(d,2p)2n reaction. There are two classes of studies presently-

suitable for quantitative consideration:

1. D(* ", If )2n yielding 8^= -16.4 - 1.6 fm (Sa ?2a)

2. D(n,2n)p kinematically complete experiments analyzed using the

Faddeev theory. CEE should be considered superior to HYT analysis.

We choose:

-16.3 i 1.0 fm (Ze 74)

-16.6 i 1.0 fm (Ze 74)

-15.7 - 2.0 fm (Ke 75)

-16.3 •- 1.6 fm (Ke 73)

The average of these values l,+ 2 t

arm= -16.26 - 0.66 fm

can be compared with the previously recommended values:

ann= -16.7 - 0.6 fm (Ve 71)

a m= -16.4 ± 0.9 fm (He 72)

-16.61 i 1.45 fm (Ku 75)

-16.2 - 0.6 fm (Ze 75)

Information concerning r have been obtained i) from the

reactions pH(d,-^He)2n and pHe(d,t)2p using the comparisoi. procedure

(Ba 66), ii) comparing the ratio of the experimental cross sections

for n-n and n-p FSI with the ratio calculated using the Paddeev

theory (Ze 74, Ke 75), iii) from the n-n QFS (SI 71a).

Results: i) rlm= 3.2 - 1.6 fm. However, in view of the limitation

of the comparison procedure (Va 67) the uncertainties should be

increased.

ii) rnn= 3.6 - 0.4 at Einc= 18.4 using HIT (Ze 72)
rnn= 2* 1 5 ~ °'4 using CEE (Ze 74)

rmi= 1.95 - 0.4 using CYY (Ze 74)

rnn= 3.15 - 0.7 at Einc= 14.1 using CEE (Ke 75)

The extracted values depend on the assumed form factor. The FSI cross

section depends on the-off-the-energy nuclear interaction.
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iii) rim= 2.4 i 1.6 usi^ the spectator model (SI 71a)

r =2.5-0.8 asiug HYY and the absolute cross section

data (SI ?la) (Vr 75)

The average of the results obtained using the Faddeev theory

gives rQn= 2.67 - 0.6 fm

It has been shown (SI 76)that QFS magnifies on-shell differences

between potentials and it is insensitive to off-shell variation. If

the ratr.o of the cross sections around QFS at E- ^25-30 MeV is
me

measured with an accuracy of 2-3%, then r can be determined with

the accuracy of <** 3-4%. One cannot use the present data at E-_ =

14.1 MeV data since the only available measurement at 0^=0^=40

(Bo 75) has large errors, the cross section is too low and it would

give unrealistic values for eu and rrLQ.
3. The n-d Bretisstrahlung

Only an upper limit has been quoted for n-d Bremsstrahlung cross

section at EiIlc=
1^'

d2* (0n=O^ =30°, ̂ lSO^/dn^djij. < 2mb/sr2 (31 71a)

4. Radiative capture n+d —» t+ if

The experimental cross section at thermal energies is 0.6 - 0.05

mb (Ju 63). The cross section calculated using the probability of the

^H S' state, Pg, , of 1% is 0.15 mb (Fh 72). The discrepancy decreas-

es as Pg, increases, but since it is unlikely that Pg, is larger than

2%, it is necessary to represent meson exchange effects nore realis-

tically.

At higher energies data exist only at 14 MeV: ^T=29.4i5.8yub

(Ce 61) and a preliminary result using a more sophisticated experi-

mental setup <5T=10±3/Ub (Tu 76a).

Since the energy of the outgoing triton is a linear function of

the angle 6 of the gamma r«7 emission, the measurement of the triton

energy spectrum yields the angular distribution:

-- a h b -in r v (1 + ; T — - *. * j c - ^ ;

A preliminary analysis (Tr. 70s ;• .-ive; :•• -." ,av/;T. b ̂ -QO,ub/nr,

n, - 0.5, and ~f =0.
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There are no data on triton photodisintegration.

The charge symmetric process B(j), If )^He and its inverse reaction

have been studied at several energies (e.g. Ch 72, Ti 73, Be 70).

5. The nucleon-trion interaction

5.1. El§stic_seattering

Angular distributions have been measured at 2 i n c

14-15, 18, 19-5, 21

100-

= 6, 9, around

80 i

0
*

EXPT

EXPT

EXPT

POINTS

POINTS

POINTS

Co 51

Ko68

De76

E
8
*o

20

4
60* 100' 110* 180'

and 25 MeV (Go 51, Ds

76, Bl 66, Ea 68a, Ko

68, Fu 67, Se 72, De 68,

Sh 75)- In general, the

data are consistent and

in agreement with the

data on the charge sym-

metric process: p- He

scattering. However,

results of several meas-

urements done around 14-

15 MeV are mutually in-

consistent (Figs, lo

and 11): i) The results

at 14.5 MeV (Co 51)

should be renormalized

by 14% because the

cross section has been

determined assuming

50 mb/sr for the n-p

differential cross

©c

Fig. 10. Angular distribution of the n-t elastic scattering at

14 MeV. Dashed curve represents the p -''He data (Hi: 71) ?.*.. lr.'-'

Theoretical calculations (}ln \ j ): Jolid curve - .: .,•.->•.•<- :"•;••-•-. •

dashed-dotted curve - v/ith tensor and npir. orbit Tore-"-.

mr.
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Pig.

section at 180 , while

the new value is 57-2

-Vsr (Ho 71). ii) Data

at 14.1 MeV (Ko 68)

match the renormalized

Coon's data (Co 51) as

well as the data at

13-85 MeV (De 76). iii)

Data at 14.4 KeV for

02160° (Ba 68) are about

a factor of two lower

than the data i) - ii),

iv) Data at 14.1 MeV

(Sh 75) and 15.2 MeV

(Fu 67) are in agreement

with the data at 14.4

MeV (Ba 68). v) Data by

(De 68) and (Bl 66) are

situated in between.

The experimental

&0/&£t (0,=149°) and
CIO.

total n-»t cross section

as function of E. are

given in Fig. 11. The

backward n-t elastic

scattering studies
(Pa 76) at E. =13.94, 14.4 and 14.94 MeV have shown that the cross

section does not chance by more than /-'15?J.

Considerable progress has been achieved (Al 70, Tj 75) in ex-

tending the exact treatment to four particle systems. ?oon (̂D 76)

has recently applied the Faddeev-Yalcubovskii equations to the N-T

ocatterinf,. The results of his calculation compared with the data in

Fir;. 12. demonstrate the importance of includino higher partial wave

components in the O+l) subamp'litade.
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50C 3He(anfHe
a Sa61
° Se60

no P WAVES in O-'Mmpli
P WAVES .nciudea

WAVES included
WAVCS (3-D potentials

multiplied by
Fig. 12. T n e results of

the theoretical calcula-

tions (Tj 76) using N-N

S wave Malfliet-Tjon

I-III potential and ne-

glecting Coulomb forces.

N ̂  is the number of

terms in the two nucleon

subamplitude. Data are

from (Sa 61) and (Se 60).

18O
cm

5.2.

The reaction 5H(n,d)2n has been studied at E. ~14 MeV (Aj &5,

Th 66, Pu 68, Ad 71) and a pronounced peak due to n-n FSI has been

observed. The extracted value for a depends on the reaction mecha-

nism and on the triton wave function employed in the calculation

(Va 67, Ad 71).

Recently an improved meastTement of the n-t interaction has

been performed (i)e 76) tisinp; larpe acceptance angle (20°) multiwire

and /..;•:-:•; ni'Jicon detectors. Long runs have been performed at

71:. .-=1" I'fV, .it ©=6.'^accumulating ^10^ elastic triton.s(320 rab/sr) ,

and ^IC denLeronn from the reaction ;>H(n,d)2n (35 mb/sr). A proton

v. -••.ov.'n several peaks (Fie- 15): ̂ HeCn.p)^! (14.7), n-p
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scattering (14) fortuitous coincidences with the elastic triton

peak (f:9.5) and also a £r°uP around E<^S MeV with the cross sec-

tion <- 1 mb/sr. It represents a possible resurrection of a similar

group found earlier (Aj 65) and interpreted as a possible state of
7ju. However, all other studies that should have revealed the analogs

of this state have not provided conclusive evidence for excited

states in A=5 nuclei (Pi 75).

The cross sections for the reactions 5He(n,p)T and -'HeCn^Jd

have baen obtained from the inverse reactions using the reciprocity

theorem (Pa 74). Fi[i. 14. shows the evaluated total cross sections

for these reactions. Though the graph for the reaction "'lie (n,p)T

starts at 0.2 JleV, the data are also available from thermal ener-

gies (Al 67).
The differential cross section for the reaction ^He(n,d)d



- 292 -

t

can be expressed as:

6" (e)=2~ \ A^ PL(cos 0),

A' = 1 and the Legendre

coefficients are given in

Fig. 15. (Pa 7^). The ra-

tio of the differential

cross section to the total

cross section for the re-

action ^He(n,p)T is given

in Fig. 16. (Pa 74-). The

14-.4- MeV data are compared

in Fig. 17. with the cal-

culation (El 66) (solid

curve) done assuming pro-

ton knock out (K) and

heavy particle (n+d —£» t)

stripping (H):

<2T(0) .^JAK + BH|2. Com-

plex parameters A and B

are adjusted to produce

the best fit to the data:

|BI2/|A|2 = 0.2 and the

interference term

jAB*+ A*Bj/|A|2 is - 2/3.

The angular distribution

can be represented as a

7 (dashed curve in Fig. 17.

En (MeV) •

Fig. 14.

sum of Legendre polynomials up to L=

(An 67).

6. The n-12C interaction

Accurate n+ C data are required in several applications:

i) nuclear energy - calculation of neutron transport in shielding

material, ii) neutron radiotherapy, iii) n+ C data are proposed as

standards for neutron flux measurements and energy calibration

(HI 7^-), iv) C + n reaction cross sections are necessary to cal-

culate neutron detection efficiencies for scintillators containing
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8J>7.0

0 2MeV

0* 30"

.-.v.v.'.\v..
1 \ , , .

150* 180*60° 90* 120*

16.

(n,<*) data of (Ch 64, Br 68, Hu 66) and (

En~> 14-17 MeV, while the (n,cx) (Sa 71) and (x,a) data (De 63) are

by a factor of ""-wo too low.

carbon. An evaluation of the
12

cross sections for C + n reac-

tions in the range E. =* 0 to
XXLL*

20 Me? have been recently per-

form id (La 75). We will present

here the evaluations for the

reactions (n,<x), (E.,3;*), (niP)

and (n,d).
6.1. 12C(n,oO9Be__

Cross sections shown in

Fig, 18. include 12C(n,<x)93e

(Gr 55, Da 63, Ki 69) and
9Be(ot,n)12C! (Ve 68, Re 60, Ob

gs

72) data. All Ox,n) cross sec-

tions below 15 MeV are consist-

ent and the valiie corresponding

to En= 13.7 NeV (Ve 68) is in

good agreement with the absolute

measurement of the (n,1*) at

14 MeV:e=80±10 mb (Br 68, Al

62). The (n,«) data at E._c-^

8-9 MeV (Da 63) are consistent

in shape but smaller in magni-

tude. The evaluation of lachlcar

et al. (La 75) includes also the

ti) data (Hi 62) at

Pig. .19. shows the cross section data from three measurements

(Va 58, Fr 60, Gr 49) together with the recommended cross section

(La 75) based on a recent measurement (Cr 7^) which suggests a

brond structure at E ^ 12 I-IeV.

The nechnnisn of the reaction 12C(n,n')3ahas been studied
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Ob72
V«68
Ki6d
Da63

La75 recom
Ku64

. S171

EB(MeV)

Fig. 18. The C(n,oiy~Be data. The solid curve is the recommended

cross section (la 75)t dotted and dashed curves are the cross sec-

tions used in Kurz's (Ku 64). and Stanton's (St 71) programs,

respectively.
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mainly in kinematically complete studies and it has been concluded

that the reaction proceeds predominantly (/̂  80%) through sequential
12 *decays involving C . Similar conclusions have been drawn from the

studies of the reaction C(p,p'l)3a.. Table 3. summarizes the con-

tribution of each partial cross section C(n,n') '"C to the total
i p
C(n,n')3oc cross section (La 75).

The (n,p) cross section measured using the activation technique

(Hi 68, Er 59) is shown in Fig. 20. together with the recommended

cross section (La 75).

0.020

oots-

5

Q012-

' oooa

ooot-
|Thr

- 1—_

u
En(MeV)

Fig. 20.

The experimental cross sections for the reaction B(d,n) CT

(Am 57, Cl 65) have been converted to the 12C(n,d)11BtTc. cross
gs

sections and are shown in Fig. 21. together with the recommended

values (La 75).

The cross section for the reaction C(n,np) B at E. = 22 KeV

has been estimated to be 0.03 b (Sh 70).
1PDifferential cross sections for the reactions C(n,p) and

12C(n.,d) have been measured at E. = 56 MeV (Me 75). The results
m e

compared with the (p,d) data are given in Pig. 22. The notation

(n,p) includes all final states in which a free proton occurs i.e.
12C(n,p)12B, 12C(n,np)1:LB, double contribution from 12C(n,2p)11Ee



Table 5.

Partial cross sections 12C(n,a')12CH in mb (La 75)

I

Q (MeV)

- 7.653

- 9.638

- 10.3

- 10.84

- 11.83

- 12.71

- 13.35

<x+ 9Be*

(n,n'3oO

Ttot.

(keV)

9.7

34

3000

320

274

2

400

10

5

25

30

11

10

40

80

130

12

20

70

10

5

90

195

inc

15

11

64

10

20

5

75

185

(MeV)

14

10

65

15

35

20

10

80

235

15

10

83

15

. 50

41

30

5

60

294

16

10

100

20

70

70

50

15

60

395

18

5

70

15

45

80

75

30

40

360

20

5

45

5

30

70

80

55

10

300
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E-56McV Pig. 22. 12C(n,p) and
12C(n,d) data. Solid lines

represent the data. Dashed

curves include the estimate

for the emission of protons

and deuterons below the

detecting threshold and are

extrapolated to 6 > 90° as-

suming the isotropic angu-

lar distributions.

*0* t.0* 8r* 0 0 '

LAB ANGLE



and C(n,pd) °Be, the last one being included in both (n,p) and

(n,d) cross sections. The cross sections for these processes at

56 heV are:6"(12C(n,p))^219 rub and ^(12C(n,d)) - 78 mb (no un-

certainties are quoted due to a nucter of assumptions included in

these estimates). The integrated cross sections for reactions

leadinc to individual states of the residual nuclei are:

1 2

3-4 -t 0.6 mb, 1<-C(n.p)i^BK(4.3 r-leV)<r =5.2 - 0.6mb,

"= 20 - 2 mb,C(n,p)lt-BJ(7.4 MeV) & = 4.3 - 0.6

C(n,d)11i3M(2.12 I1eV)<5" « 5 - 1 ub.

The recommended crosr, sections

1 2C(n,d) nB r

r n + "C reactions from

E. = 2 to 20 KcV are summarized in Fig. 2J. The estimated errors

given in Table •*.

tot

En(McV)
20

3.
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Table 4.

Estimated errors in the recommended C + n data (La 75)

Neutron Energy (Me?)

Process

Total

Elastic

(n, « )

(n,n')3
(n,p)
(n,O

Thermal

•ID.'

1%

0-4.8

1-2%
4%

4.8-8

4%

5%
12%

8-15

4%

5-7%
12%
20%

15-20

6%
10%

20%

25%
15%
15%

7- (n,p) reactions

The total reaction cross sections for °Li(n,p) He, 0(n,p) IT,
19 1Q ?*7 277F(n,p) 70 and 'Al(n,p) 'Mg are given as function of En>rip in

Fir̂ s 24 a-f) (Bo 7^, Ma 75 and references therein).
xnc

6
(mbi

60

30-

20

10-

A

; A•r

6Li(n.p)

* 3A
• PR
o BA

63
69
S3

6He

3 i. 5 6 7 8 9 10 111 14 EJMeV)

Fig. 24a.
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50-

16O(n,p)16N

• JU62
* CA67

11 12 13 U 15 16 17 18 19 20 En(Mev)

Fig. 24-b.

6
(mb!

50-

0'
1 2 3 4

x .

x •

X

«• *

5 6

19F(n,p)19O

* MA 55
• BA 65

X

X *

x * • . . * .

•
•

7 8 9 10 En IMeV)

Fig. 24c.
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0
(mbl

40-

30-

20-

T

19F(n,p)19O

. BO 65
* PI 65

i i

11 12 13 V. 15 16 17 '8 19 20 En (MeVl

Fig.

D Grundl, 1967
x Calvi. 1962
i, Henkel, 1954
+ Bass, 1965

10,-2.

b

10,-3

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
E.(MeV)

Fig. 24e.
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1 6

24f.

;ati
2o%± at E.

(UC 75) and investigations have so far included 6Li,

The recommended values

for the reaction
27Al(n,p)27Mg reaction

are given as solid curves

in Figs. 24-e-f). The en-

ergy dependence of the

curve below 3 KeV is ap-

proximated by an L=0 pen-

etrability function. Host

of the data are mutually

consistent (the data of

(Fe 67) are relative data

and they should be renor-

malized to 77 mb at 14,1

MeV, instead of 55 nib at

13 MeV).

Table 5« summarizes

the measurements of (n,p)

reactions on light nuclei.

Charge exchange re-

actions (n,p), (p,n),

(h,t) and (t,h) and ra-

diative pion capture have

been used to populate an-

alogs of giant resonances,

A series of experiments

have been undertaken at

Crocker Nuclear Lab.
6 7Li, 1 2C,

43, 56.3 and 64 MeV (UC 75,0, ̂ Se, ^fAl and

Ki 76). The reactions ^iCn^^He and 12C(n,p)12B populate T=l

analogs to collective HI transitions. The angular distributions for

(n,p) reactions (UC 75) together with the existing (p,p') and (p ,n)

data to the members of the same isotriplet are ei^en in Fig. 25.

The DWBA calculations based on the macroscopic collective model

form factor are also shown in Fig. 25 (dashec and solid curves)
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Table 5.

Available data on (n,p) reactions on light nuclei

Reaction

3H(n,p)3n

3Re(n,p)5H

6Li(n,p)6Hegs

7Li(n,p)7Keg6

loB(n,p)loBegg

loBCn,p)loBeJ „
X • © » 3 •

'8.5

10.47

27Al(n,p)27Mg|

QC(MeV)

14.1

14.4

56.5

56.5

14.4

14.4

56.5

14.4

14.4

14.4

14.4

14.4

14.4

14.4

14.4

14.4

56.5

56.5

5-85

5.85

5.85

0.7 -

55.4 i

11

0.26 -

1.6 -

5

1.0 -

5.1 -

0.7

0.7

r'.O -

8.5 -
0.8 i

0.5 i

0.85 :

i.o i

2.2 i

15 i

6 -

[mb/sr)

0.5

0.8

• 0.04

: o.i

: 0.8

• 1 . 4

1.2

0.6

0.08

0.05

i 0.05

0.5

0.5

2

2

400

References

De 76

Au 67, Pa 64

UC 75

UC 75

Pa 64

Pa 64

UC 75

Pa 6*

Pa 64

Fa 64

Pa 64

Pa 64

Pa 64

Re 68

Re 68

Re 68

Br 75

Br 75

Fo 72

Po 72

Fo 72
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I
5° io°

to'

a.- liuajr jr
6Ht *B*

™ i-
Hi

I- T.I

12

X

THEORY '• ix
:«o

o •Li(p,p') *Li 49 75 MeV;* \»

• 'Lilp.nJ'Be 49 4 MeV ̂ 1 1 2 *

x *Li(n,p)8He 56 3 MeV

' L - 2
S-1 \L-0N

\2N

x 1 2 C(P.N) l 2 N g f »1.02 50M«?V

• 1 2 C(N,P) 1 2 B 0 , ( r ) 56.3MeV

o 12C(P,P')12C x 2 38 61.1 MeV

ee,
20 30

5-•I p "I p

Proton spectra from the reaction ~C(n,p) B have also shown evi-

dence for a giant magnetic quadrupole 2~ state at 4.3 MeV excita-

tion in B and a giant electric dipole 1" state at 7-7 MeV. There

is no evidence for strong collective excitations in \Li(n,p)'He.
n

Proton spectra reveal a peak corresponding to the He__ unbound

against n+ He decay by 440 keV. Proton spectra from the reaction
<~^Al(n,p) ̂ Mg (Br 75) are characterized by peaks corresponding to

6, 10 and 14.4 MeV excitation in "'Mg. The angular distribution of

the 6 MeV resonance is consistent with L=0, S=l (lower portion of

Fig. 26.) indicating that it can be an Ml analog. The angular dis-

tribution of the 14.4 MeV resonance (upper portion of Fig. 26.) is

compared with the DWBA predictions for L=l and L=2 using a macro-

scopic form factor based on the Goldhaber-Teller model.

The differential cross sections for the reactions
loB(n,p)loBe°^ and loB(n,p)loBe?* at 14.4 MeV (Pa 64) (Fig. 27-)

gS L^S

g ^,

suggest that the n-p interaction is spin-dependent. Pig. 28. shows

the angular distribution of the reaction 0(n,p) IT leading to

four unresolved states in 1TI: ground (2-), 0.126 (0-), 0.296 (?-)
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i.O

27, 27.
"1

Al(n.p) "Mg Br75

10 20 30 40
9 cm. (deg.)

i I
50 60

etnd 0.396 MeV (1-) stages

compared with the PWBA pre-

dictions where L=l and L=3

transitions have been in-

coherently added with weight-

ing factors of 3 and 8, re-

spectively (Pa 64). The an-

gular distributions of the

reactions 19F(n,p)1^0 (Re

68) are shown in Fig. 29.

Integrating the proton

spectra from 4 MeV up and

from 0=0° to 120° one obtains

32 mb, to be compared with

~> 20 mb (Ka 62, Mi 66, Pi 65,

see Fig. 23d) and with the

50 i 10 mb (Fa 68).

8. (n,d) reactions

Table 6. summarizes

available data on (n,d) reac-

tions. Experimental angular

distributions indicate the

dominance of direct mechanism.

The zero range DWBA calcula-Fig. 26.

tions assuming the proton pickup has been performed (Mi 67, Mi 71,

Pa 76). Data from ^He to ^ F are compared with the DWBA predictions

using one average neutron optical model potential witl1 surface ab-

sorption and three average deuteron potentials: A (surf ce absorp-

tion, dashed-dotted curve), B (surface absorption, solid) and C

(volume absorption, dashed). Some results are shown in Fig. 30a-e).

Data for chlorine and argon have been analyzed using the neutron

potential (Ro 65) and two dsuteron potentials: set A (Mi 67, Mi 68a)

and set B which gives a somewhat better fit to the elastic scat-

tering data. Both deuteron potentials ha-"-e surface absorption, and

set B has also a spin-orbit term (see Fig. 31«) The neutron and
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Table 6.

Available data on (n,d) reactions on light nuclei

Reaction <

5He(n
6Li(n
7Li(n
;l°B(n
loB(n,
11B(n,

"»(».

14lf(n,

15N(n,
160(n,
19F(n,
19F(n,
1 F(n,
25Na(n
23Na(n

2%a(a

31P(n,

32S(n,

55Cl(n

35Cl(n

55Cl(n

57Cl(n

36Ar(n

36Ar(n

,d)d

' d^ H ees

'd)qBegS

>d)?Be2.43
,d)-°Berpg-

,d)15c| 6 8

dj !°gS
d)18of"g
d)18Of"68

i,d)22Ne!<1

;,d)
22Be* i

d)5°Sigs"

'd)34s2.ir

,d)56sgs

,d)55Clgs

,d)55Cl* .

5"
Tilt,

«(0) <
iUCJ-rt-

;

51.

8.

5-

7.
9.
4.

23
1.

i3

5

1

5

59.6 i

.3^4:
2.2 i
,6 i 0.
.8 i 0.
2.1 i
3 ±0.
o i l

9 i l.
8.5 i
3.3 i
4.7 i

• i i,
6^0.

l i
3-5 i

3.0 i

15 i

15 i

.5 i o

4.5

6.96

1.65

1.85

1 QC

[mb/sr)

0,,8

; 45 •
0.

• 4 ;

• 3 ;

0.

• 5 ;
•

9;
1.
0.

0.

24
6,
2.
0.

0

0

1.

1

35
; 8
• 5

1

9

i 4

.4 i

.0 i

.2 i
10.4 i

12.5 i

5
45
7
+

1.
8

2
.4

.3

5;

;

• 35;

i
+

+

0.

0.

0.

0.

8

1.5
.5 i

20 i

18.2

2.73

5

5

55

35

i l

0.

0.

1
: i
: l

0.

2

i
+

3

.9

1

2.

n

Transferred
orb. ang. mom.

0

1

1

1, (3,5)
1, (3,5)
1

1

1

1

1

0

2
0

0

.6 0

.42 2

0,2

0

2

2

Reference

Va

Va
Va

Fe
Ca
Fe

Re
Ri

Co

Co

Pa

Au

65
Hi

65
65
Mi

67
57
67
Za
Fe
Pa
68

57
Pa
Sa

Sa

Sa

60,

60,

76,

Pa

Mi

Pa

Pa

Pa

67
, Fr

70

, Ri
, Ri

68

, Mi

, Za

, Ca

63
&f

64c.

, Ri
, Pa

64

65
65

65

, Sa

, Ve

Mi

76

67

76

76

76

54

54
54

68

63
57

57
64

65

60

67
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Table 7.

opectroscopic factors

A, B and C in parenthesis denote deuteron potentials (Mi 71, Pa 76)

Reactions (n,d) (p,d) (d,t) (d,5He) (5He,°0 (p,2p) Theory

1.7 (A)
3He(n,d)d 2.*4 h) S_ =1.5

1.7 (C) m a x

i)5Hegg ^10 1-36

r 1 (A) 1.1a O.85r
i) He^ 0.6 (T.) 2.1 n

g s 0.8 (C;

Q 1.2 (A) 0.76b 0.80c 0.76c
0^Be_Q 1.1 (B) 0.88d O.96e 1.02e 1.2p

r ; s 1.3 (C) 1.06r

o » 1-^> (A) °-76^ 0.66c
L)̂ Be'p . , 1.3 (B) 1.2d 1.14p

^ ' ^ ^ 1.7 (.-) 1.02r
-,_ 1.1 (A) 0.48d 1.35c 1.28c 0.64p

L)i0Be 1.3 (B)
L S 0.7 (C)

, , 3.8 (A) 1.52d 1.8d 1.76d 1.66h I.o9p
^ ) - 1 ^ ^ , , 2.5 (B) 1.98q

GS 1.3 (c;
2.0 f

15N(n,d)14C 1.8 (A) 1.5g 1.5i l«5i 1-5
c s 1.3 (3) jj limit

0.8 (C) 1.23p
1.6 f

16O(n,d)15IT -̂.5 (A) -4-.4d 3.0j 4.6k 3-O5s
4.1 (B) 2.9b 2.58d 2.51
4.0 (C)

19F(n,d)180 0.4 (A)
0.4 (B) C.57m 0.51t
0.8 (c;

3501(n,d)34S 1.04 (A)
LiS 1.18 (B) 1.26v l.lss

1.58 v 1.50j 0.94tt
1.07 z 1.297

5 5 , d ) 5 4 G ^ 1 5 0.34 (A) O.37G 0.58ss

(]>0) " 0.45 (B) 0.357
0.29v
0.36s
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Reactions (n,d) (p,d) (d,t) (d,3He) (5He, ) (p,2p) Theory

,d) 5^S^ 1 5 0-28 (A) 0.93 v 0.23 ss

(L=2) * 0.26 (B) 0.55 3

0.51 z 0.39 y

57Cl(n,d)56S 1.8 (A) 4-.21 v l.lJGss

2.04 (B) 1.64 d 1.2? x

0.35 z 1.32 x

56Ar(n,d)55Cl 5-62 (A) 4.4 w 3-89ss

3.82 (B) 4 tt

References:

a (Li 59), b (To 69), c (Fi 6?), d (Ba 69), e (Ga 68), f (Fe 6?),

G (Gn 69), h (lln 70), i (Bo yo), j (Pu 69), k (Hi 6?), 1 (Do 69),

m (Ka 70), n (Ja 67), o (lii 68), p (Co 67), r (Ba 64), q (Na 63),

s (Br 66), t (El 70), v (Cu 62), w (Do 74), x (Gr 69), y (>-;i 68),

z (Fa 67), ss (Gd 64), tt (Wi 71).

deuteron potentials used for chlorine and argon differ from those

used for \e to 1^F.

Table 7» sutaaarizes the spectroscopic factors obtained from

(Mi 71) and (Pa 76) and compares them with spectroscopic factors

extracted from other reactions and with theoretical predictions.

The DWBA gives a satisfactory fit to the data and yields spec-

troscopic factors in reasonable agreement with the theoretical pre-

dictions. The only exception is the reaction Li(n,d)-7He (Fig.

30b.; where the shape of the angular distribution is not reproduced

by the pic Imp model. If one would normalize the DWBA prediction to

the maximum exDerimental cross section, one would obtain S'-'IO as

compared to the theoretical value of S=1.36. It has been pointed

out (Va 65) that the reason for the discrepancy is the lar^e contri-

bution of the deuteron knock, out process.

The (n,d) reactions have beer also studied at E. = 56.3 HeV
I p ii me

(UC 75). Fin. 32. shows the i':C(n,d)-L-LB data compare', with the
12C(p,d)1:L0 data at 55 and 61 I-IeV.
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9. (n,t) reactions

Table 8. summarizes the measurements of (n,t) reactions on

light nuclei. Measured angular distributions suggest "the importance

of direct mechanisms (Fig. 35a-d). Data are compared with the zero

range DV/BA calculations assuming a two nucleon pickup mechanism.

Nuclear structure factors have been calculated using wave functions

from (Bo 64). The neutron optical model potentials are the sane as

in the study of (n,d) reactions on -̂ He to Jlf (Hi 71). Two sets of

triton potentials have been used both with volume absorption: Ii -

which fits ^He -12C and E - which fits t +12C elastic scattering.

In Figs. 55 the DV/BA predictions usxUg potential D are given by

solid curves and those using potential E by dashed curves. The ab-

solute values of the experimental cross sections are larger than

the theoretical. The ratios are given in Table 8. m d differ for

two triton optical model potentials.

In some (n,t) reactions other mechanisms could be important,

e.g. in the reaction 'Li(n,t)-pHe the contribution of the knock-out

process is obviously important, as is also supported by the fact

Table 8.

(n,t) reactions on very light nuclei

Reaction &
GLi(n

7Li(n

l0B(n

l0B(n

nB(n

14N(n

14N(n

19F(n
19F(n,

,t)4Hegs

,t)5He s

,t)8Begs

,t)8Be*#9

:t)9BeGS

't)12°gs

,t)17O

0.87

max(G)

22.6 i

8.58 -

15.6 i

0.79 i

1.62 -

2.57 i

2.6 i

5.6 i

1.2 ±
2.45 ±

(mb/sr)

2
0

0,

0,

0.

0.

0.

0.

.8

• 27

• 5

.06

.08

.08

• 2 5

,4

0.07

0.15

Exp/theory

1.4
6.1
2.4
15-2
4 (
20 (

5.4
17
4
12

5-5
16

15

?
\E)

!E)

Reference

Re

Re

Hi

Va

Va

Hi

Re
Hi

Re
Mi

Re
Re

67

67

70

64

64

70

67
70

67
70

67
67

En
2
14

14

14

14,

14,

14.

14.

14.
14.

(HeV)

.7

.4

.4

.4

.4

.4

.4

,4

4
4
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Fig. 33a.

20 30 40 50 60

Pig. 33b.
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8L.I(n.t)4He

ry

The reaction
°

that the cross sections Tor

the reaction 'Li(p,t) is

twice as large as for the

reaction (Ce G>T).
?Li(n,t)j<n

and iUB(n,t)xx result in a

three body final state. An-

gular distributions are me-

aningful only if one can

reliably extract the contri-

bution due to the sequential

mechanism involving a well

defined intermediate state.

For example, it has been es-

tablished that the sequen-

tial decays through T>~
8Be*

Fig

and ?Li* 6 ? are pres-

ent in the reaction
loB(n,t)oi-x , but the last

two partially overlap in

the trito.o energy spectra.

The total cross section

for the reaction Li(n,t)

obtained by integrating the

angular distribution in Fig. 33d. is 16o - 21 at E. = 2.7 WeV

(Re 67) compared with 26 - 3 tnb at E.= 14.4 WeV, both in good
XXIC

agreement v/ith other measurements (St 64). The broad maximum obser-

ved at 0^65° (Fig. 33d.) is also seen in the reaction Li(p,^He)

at E. =2.91 HeV (Ma 56)- Excitation curve reveals a resonance at
1 JiC

E =1.85 KeV corresponding to the formation of the compound nucle-

us r3e (7-19 PleV). Similarly, there is a resonance in the reaction
Li(n,t)vX at E^ = 0.3 MeV ( Lir-, , , n ) . Angular distributions atn (• *+o

various incident aeutron energies are shown in Fig. 3/<-«



10. (n,oi ) reactions

The excitation functions for some (n,cX ) reactions are given

in Figs. 35, 36, 37a, and b) (Bo 74, Yo 75, Ar 56, Sc 70, Ba 65,

Fi 65). Solid curves in Figs. 37 are recommended cross sections

(Yo 75). The energy dependence of the recomiiiended curve below

6 MeV is given by an L = 0 penetrability function. The recommended

value for 2<;7Al(n,c< )2/fNb cross section at 14.1 MeV is 124 mb.

6
mb!

i.0

30-

20-

10 i

n 12 13 U 15 16 17 18 19 20 E ,'MeV)

10.1.

Fig. 35-

Differential cross sections have been measured from

to 30 MeV (Kr 72), in particular at 12.2, 14.1 (JSm 76), 14.4

(Pa 67a) and 18 MeV (Sm 76). The Karlsruhe isochronous cyclotron

has been used to produce a continuous spectrum of i* 4 x 10'

neutrons/s-cm by bombarding the internal carbon target with

54 MeV deuterons. Experimental apparatus: time-of-flight in
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_ conjunction with a set of

counter telescopes provides a

simultaneous measurement of

angular distributions at many

incident energies. Fig. 38.

shows the angular distribu-

tions for a) 9Be(n,o()6He(TS
and b) 9Be(n,>X )6He* 8 (see

also Sm 76). Dashed curves

are eye guides only* Neutron

energy is written besides

each curve. Angular distribu-

tions at 12.2, 14-. 1, 14.4

and 18.0 MeV are given in

Fig. 39. In these measurements
P165 (Pa 67a, Sm 76) both \ie and

He have beer; detected thus

1 providing a full angular

i distribution. The backward

I I \ peaking of the angular dis-

{ tribution persisting at least

from 12 to 18 MeV and the

'"> '6 '7 '8 '9 ;o En:M(iV' smooth excitation function

(Fig. 40) strong]y argue
Fig. 36. that the direct mechanism is

responsible for the reaction V ( n , a ) He . Dashed curves are the

predictions of the PWBA calculation assuming coherent addition of

heavy particle stripping and pickup mechanisms. Requiring the best

fit to the data determines the ratio pickup vs heavy particle

stripping^to be -'0.001. The heavy particle stripping dominates

over the -̂ He pickup in the entire angular region. This is obvious-

ly unrealistic. The analysis of the charge symmetric process

-/Be(p,cx) Li (De 72) using zero range and exact finite range DUBA

shows that the contribution of the heavy particle stripping at

forward angles decreases by an order of magnitude by introducing
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„ the exact finite range. Es-

timates of the knock out

JO process have shown that its

contribution is substantial-
0

»ly smaller than the pickup

» cross section
0

°10.2. The reaction 11B(n,<x) Li

„ The reaction B(n,o<)°Li

'has been investigated at 13«9

I (We 71), at 14.1 MeV using

"the CsI(Tl) detector (Bo 73)

!,l and at 14.4 MeV using nuclear

•" emulsions where these events

',„ are visualized as events re-
01

" suiting into an alpha parti-

',„ cle and Li which beta de-
06 •-.ays into Be —^o( + <X (In. 76).

"Figs. 41a (We 71, Bo 73) and
OB
°6 b (An 76) show angular distri-ct o
03 butions leading to Li and
018 x °

Li^. o,-,,- states. Three measu-
°;
! rements disagree. The data of

°B (Bo 73) suggest a symmetric

angular distribution in agre-

ement with the Hauser-Feshbach

model (Fig. 41a).

The structure of B is mainly t+ Be (see also De 72). The spectros-

copic factors for ~Li+-x and 'Li+h are -'two orders of magnitude

smaller and therefore it is reasonable that the pickup and knockout

mechanisms do not contribute significantly to the reaction

B(r,-<) Li. The cross sections for the reactions B(n, x) Li

and 11B(n, x)8Li^ nnr are 17.7 ~ 5.5 mb and 9.2 - 3.0 mb, respec-

tively (An 76, Ar*56, Se 70, He 56).
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The reaction

has been measured at 14 MeV

(Bo 73, Le 68, Ba 68, Ma 68,

Kb 71). Measurements (Pig.

indicate the presence of di-

rect mechanisms: pickup

(dashed curve) and heavy

particle stripping (dotted

curve - PWBA). The solid

curve is the incoherent ad-

dition of the two processes.

There is evidence that at

Einc=15-19 MeV (Sa 71) this

reaction proceeds through

compound nucleus formation.

Even the early qualita-

tive studies of the reaction

0(n,°0 C revealed pro-gs
nounced forward and backward

peaking. The structure ob-

served in recent measurements

of the angular distribution

(Ka 69, Br 71, Ma 68a, Hs 67,
He 66, Bo 73) (Fig- 43) corresponds to similar structures observed

in the studies of the reactions *C(* ,n) 0 . and 0(p, x )-*-%

(Br 71). Various PW and LWBA calculations (Le 68, Ha 68a, Hs 67,

Me 66, La 67) indicate that the backward alpha emission is mainly

due to heavy particle stripping. Pickup and knockout mechanisms

are also present. However, the measurements in the range E. = 14.8
m e

to 18.8 MeV (Si 68) indicate a pronounced energy dependence and the

compound nucleus mechanism is suggested.

In the study of the reaction "p(n, * ) K it has not beer, pos-

sible to resolve groups leading to low lying states in N. The
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measured angular distribution agrees with the Hauser-Feshbach

model.

11. Neutron induced multiparticle processes

Visual detectors (e.g. bubble chambers, nuclear emulsions)

used simultaneously as targets provide an almost 43T detection ge-

ometry. The breakup into 3> 4, ••• particles appears as a star with

as many prongs as there are charged particles involved in the decay

and therefore, the counting rate in the correlation measurement

does not depend on the number of detected particles. Multiparticle

reactions leading to N particles have 3H-4 IKV. i; If all particles

in the final state are charged, their momenta can be determined,

(3N data) and the process is overdetermined: 4 constraints. If the

incident neutron spectrum is continuous, one can use the available

information to determir •» the energy of the neutron causing the re-

action, ii) If one particle in the final state is neutral (3H-3

measurements), the process is only once overdetermined. iii) If two

particles in the final state are neutral (3N-6 measurements) the

process is underdetenained. It is desirable to overdetermine the

process so as to be able to use the additional constraints to u-

niquely identify particles and to reduce the background.

Table 9. lists elements present in nuclear emulsions, their

densities, dominant nuclear reactions with their cross sections

and Q values. The last column gives the relative frequency of these

reactions with respect to n-p elastic scattering (An 62). Emulsions

loaded with lithium and boron are also available.

In multiparticle reactions it is desirable to represent data

in terms of those variables which have a simple physical meaning,

e.g. relative energy of two outgoing particles, E.., and momentum

transfer, p. The representation of the data in terms of such vari-

ables is meaningful only when a large portion of the phast space

is explored. The density distributions of such generalized Dalitz

diagrams exhibit dynamical features of specific reaction mechanisms

if appropriate variables are used. Dalitz plots for the reaction

'Li(n,tcx)n are shown in Fig. 44.: a) E ( X n vs E . with bands cor-

responding to sequential decays, b) E vs p.. Single particle
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Table 9.
Elements present i n nuclear emulsions

Element o(g/cm*) Reaction <5"(mb) Q(MeV) ;rel

Ag
Br

C
H
0

1.817
1.324

0.052

0.277
0.055
0.249

0.074

0.007

109Ag(n,p)
79Br(n,*)
81Br(n,o<)

1 2 7 Kn, P )
1 2 7

( , )
12C(n,3«)

H(n,p)n
160(n,p)
16O(n,cx)

4 ( , )
14N(n,2cx)
52S(n,p)

12.5
10.0

100.0
230.0
180,0
230.. 0
650 ..0
89-0

310.0
100.0
58.0

370.0

-0.328
1.798
0.631
0.092
4.291

-7.28

-9.603
-2.202
-0.155
-8.823
-0.926

29- 3
24.3

237.8
26.6
20.8

1523.0
10000.0

401.5
1398.4

152.7
88.5
22.0

EQ,(MeV)
6 6 4 /

p, (MeV/c)
0_ 20 40 60 80 100 120 140 1€0

F "b"

cose, =1

2 4 6 8 10
En(cm)MeV

8 10

Figs. 44a-d.
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phase space distributions as a function of neutron energy, E , and

triton momentum, p. , are shown in Fig. 44 c) and d), respectively.

Data from reactions leading to 4 body final states (particles i,

j, k, 1) can be displayed in a triangular plot E. . vs E^* B & n d s

perpendicular to E. . correspond to sequential decays through i-j

states, thus enabling the identification of 2 body resonances in a

4 body breakup. When such resonances are established, the 4 body

process can be reduced to a quasithree body process: (ij) + k + 1.

11.1. The_reaction_^Liinilt_ci}n (An 74)

At E. = 14-.4 MeV the reaction proceeds mainly through ine-

lastic neutron scattering followed by the decay of 'Li into c* + t.

The contributions of the sequential decays through 'Li,. ,-,, li,- ,-/-

and -̂ He are 150 - 20 mb, 54- - 10 mb and 49,5 - 9 mb, respectively,gs
using 300 mb for the total cross section (Ro 62).

The contributions of the QP n-oc scattering has been investi-

gated through experimental E vs p. plots imposing the condition

* 7 7 MeV (Fig. 44e). Thin lines in the pt distribution

O

Ho'.
u.
O

u

2C AO 60 80 100 120 140 160

p, (MeV/O NUMBER OF COUNTS

. 1-2
• 3-A
9 5-6

20 i0 60 80 100 120 W0 160
p, (MeV/c)

J?1F;. 4 4 e .
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represent the spectrum af-

ter the subtraction of the

events proceeding via

Cd

COcr<

e
es

decay.

eo «o no
pf(MeV/c)

Fig. 44f.

120 UO 160

Fig. 44f. shows the ex-

tracted square of the

Fourier transform ] $f(p) j =

= d % /(<5 Qo( . PSF) compared

with | ̂ (p)| deduced from

the study of the
fLi(p,p<*)t reaction (sol-

id curve - Ja 70) and with

the theoretical calcula-
7

tions assuming 'Li compo-
ssd of two clusters: c{ and

t in 1=1 described by a

Hankel wave function with

a cutoff of 2.87fm (dot-

ted) and a harmonic os-

cillator function (dashed).

The total contribution of

•the QF n- ex scattering

amounts to 46 - 10 mb.

2. Jhereactions

Cross sections for these reactions are given in Fig. 45- The

solid curves represent the recommended values (EN 75)•

Evidence for n- (X QFS has been found in the reaction Li(n,cxd)n

and the extracted Fourier transform can be described by Hankel

function; for the L=O relative motion of ex. -d clusters in Li

(An 75).

11.5- The_reactions_];fB(n_l*^:d)n_and_];°B(n_1«.oct} (An 72)

About 5-6% of the total four body breakup can be attributed to

the double FSI: n+loB

2.18 'He
The four body
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reaction also proceeds
as a QF interaction

NUMBER OF COUNTS E,<cm,Mov between the incident

neutron and a correlated

coi or otd group xn B.

Information about the

presence of Be and Li

unstable states in loB

can be obtained investi-

gating the contribution

of higher relative angu-

lar momentum components

in the wave functions

d-8Be and ex. -6LiK. De-

fining the percentage of

events beyond 100 MeV/c

one obtains results which

are not unreasonable in

the spectator model pic-

Fig. 46. ture.

The reaction °B(n,*<*t) proceeds through intermediate states
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8
Be , e

7Li* ^Xi*and even ^Xi* -4 (Fig. 46). Since there are

two alphas in the final state there are two sets of bands involving

intermediate states of 'Li . It seems that there is no contribution

of a simultaneous 3 body breakup.

11.4. Thereaction^f0(^221)5

N.

This process has been studied at Einc=l^*4-
 M e V (A*1 75a, An 75b),

18.2 MeV (An 76) and with a continuous neutron spectrum extending

to r~> 40 MeV (An 76b). The reaction can proceed through sequential

decays:

C + n — ^ n ' + Cx(—^<X + ae(—»cxcx )) (1)

—*oL+ 9Be
K(—» n + 8Be(—*>i*^)) (2.1)

—»<X+ B̂e*(—•;>&.+ ^He(—?cxn)) (2.2)

-» 8Be(txoc) + 5He(nyC), (3) double FSI

and through QF processes where neutron interacts with an alpha or

a correlated oc<X pair

Fig. 47. shows the

density distribution of

experimental events in

the E (5He) vs E (8Be)

plot for E±nc=18.2 MeV.

The right and lower his-

tograms are projections

on each axis. Thin line

histograms are the cor-

responding spectra at

E. = 14.4. Each event

is represented by 3 data

points in the plot, since

any of 3 different but

indiscernible pairs of

three final state alphas

may constitute the ̂ 3e

nucleus. If alphas i and

N 50»l

EoiJ(MeV)

Fig. 47. 3 interact, then X. - J[.
Q

and <X. - n produce correct excitations of Be and pHe, while
J

other



two combinations give "spurious events". The two spurious a vent 3

are well separated from the correct ore only Tor events representir.p

two alphas forming a narrow J3e . Hence, these rpurious events v;f?r̂
° 8

omitted. Data show strong enhancements due to Be , a broad peak
due to ee~ n, but no structure due to -\He . There is no indication

£•? o_ n Q Ss

of double PSI: ̂ e + ^He_ . Since Be is formed in this 4 body
5s a

reaction, we can treat it as a quasithree body process n+<X+^3e,

e.g. in a Dalitz plot E(^BeK) vs E( 1 2C K). The analyses of various

Dalitz plots at 14.4 and 18.2 MeV show (An 75, An 76a) that i) the

process proceeds mainly through C(n,n') ^C3* involving 9.65,

10.84, 11.83 and 12.71 MeV excited states of 12C O 80% of the

C(n,3cx-)n' cross section at 14-18 MeV, see also Table 3); ii) the

process 12C(n,i* )°Be~ ,,,•(—wa 2<x ) contributes ~ 10% at 14.4 MeV and

" y/o at 18.2 MeV and there is an indication of the decay through

Be]!f nr state; iii) there are no events corresponding to a possib7e

simultaneous breakup; iv) the density distributions of the Dalits
1° aplots at E._ =14.4 MeV indicate that a} the process CQ (••?—*• 3^

XHC o /.Op

proceeds only through Be (of course, since the 9-63 MeV state is0.64 MeV lower than the ov +T3e~ g system); C^o R"*" ̂ ^ branches

69% through ^Be,, and 31% through 8Be* o;
 1 2C* „..—> J>x proceeds

only through ^Je- Q. These results are in agreement with the spin-

parities of the corresponding states in ~C, i.e. 3-, 1- and 1+
12 x 8respectively; the process C,.. p x proceeds /^3?% via Be__. This

XL .op gS-.p

already questions the spin-parity J"̂  assignment of 2- for " C-j- g^.

The density distributions calculated assuming that the excited state

of leLC with J = 1- and 2- decays via ^BeP Q(2+) for orbital
momenta L=l and 5 have been compared with the data and have suggest-

ed that the 11.83 MeV should have J = 1- (An 75b). Thin result has

been also supported by the study at E. = 18.2 ReV (An 75c).
12 m e

The reaction C(n,3<* )n can also proceeds via QP n- X andinteraction, the last one can be either the QFS or QJP

reaction. The extensive study of these processes is under way at

£.;„„£ 40 MeV. There is no conclusive evidence for the presence of
1XXC

QF processes at 14.4 MeV. Fig. 48. shows the extracted momentum

distribution |0'(p)j"~ for the n-<x Q?3 compared with the calculated
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200-i

2

DC
<

CDa:<

150

100-

50

Q

"the Be,,
C nucleus.

48. The mo-

mentum distribu-

tion î (p)l of

in the

The

thin line histo-

gram presents

only data which

proceeds via
1 2 C Q „ state.

The dashed curve

is the theoreti-

cal distribution

using a harmonic

• oscillator wave

function with

°Be^ x (X-^Be relative

angular momentum

L = 0.
distribution (dashed curve). It seems that at E. -̂  18 MeV the

•i p me

reaction C(n,3.>. )n proceeds at least partly via QF process, but

it has not been possible to quantitatively determine its contribu-

tion to the total cross section.
14»11.5- £he_three_and_four_body_n_induced____H_breakup_

50 100 150 200 250

(MaV/c)
300

gs
The doninant reaction mechanism for the process

(or Lio.468^ at Einc^ 1^~18 M e V i s t h e sequential decay via the
^ e . . and to excited states of i:LB (Tu 75, Tu 75, Sc 71). The i-ela-

&fa p

tive contribution of the established intermediate states, Be and
1:LB, is given in Table 10. Fig. 49. shows the LX8Be) vs E(11B3€)
Dalitz plot at 18.2 MeV.

The four body process 14N(n,3ot)t has been studied at 18.2 MeV

(Tu 75). Fig. 50a, shows the E^L±X) vs E(8BeH) plot, whicli demon-

strates that the reaction proceeds via 8Be ('-50%). Projecting

all data on E('Lix) one can also see the enhancement due to the
7 M

'Li^

decay through state and in particular the contribution
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Fig. 49. E(8Be) vs E(1ILBH)
plot at E.=18.2 MeV (a)

JLUC

and the projected spectra
(b and c). Arrous indicate
the known levels in B.
The solid curve in c) rep-
resent the continuum due
to spurious events (two
alphas). Diagram d is a
sketch of the loci corre-
sponding to relevant states
in n E .

Table 10.
Relative contributions to the reaction

B

gs 8.925 9.185 10.33 10.59 11.27 12.56 14.04
9.274 11.46

Intermediate E. „inc
state (MeV)

Peak number
(Pig. 49)
Excitation Energy

(MeV)
Relative
contribution 18.2 6±1 10±2 5±1

• Kl J 14.4 13-1 16-2 13-2

(right hand spectrum) of the process if+n —••'"Be
amounts to ~18% of the total four body yield. Since the reaction is
a quasithree body process ^3e+u+t we can construct the E. vs E ^
plot (Fig. 50b), where from one concludes that the reaction proceeds

9- l
1-2 17-2 3-2

gs
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Fig. 50a. E(?LiH) vs

E(8Be) plot after sub-

~ tracting spurious

events associated

1L with true events

proceeding via se .

2 20

Pig. 50b. E t vs E^ plot. Events

group along bands of fixed E, i.e.

E( C ). Dashed curves in the upper

portion of the figure indicate the
QQ

Beloci corresponding to Be
8 3€

Bep q intermediate states.

and

Since

there are three indiscernible alphas

each event is represents by three

dots in the figure, only one being

correct. They have different E

but the same E( 1 2C M). Therefore,

the excitation energy has three

values whenever the intermediate

state consists of either one or two

alphas, but only one if all three

alphas are involved. Spurious events

as well as those corresponding to

the process \CT(n,oO B (-?*x Li (^^\.

loci. The shaded area of the spectrum represents events

via the Bn.,_.

~* ̂ f i"r*iViVI

cm

E, (MeV)

can fall outside tl.i
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% as 1\(n,t)12Co
- V

1 -i 1 „

N(n, ex- ) B
, J.O.O ,XX.O

has not been observed.

(mainly Be ). The process

At E. = 18.2 MeV the total four body cross section is 0.96 +
XuC ~

12 mb, the cross sections for the reactions:
= 0.19 i 0.04- mb, ^ ( n . t ) 1 2 ^ = 0.77 - 0.11 ata, while the three

body cross section l4K(n,aoc)^Li__ n y,fio is 12.7 - 1-5 mb and

^(n.^e^J'Ii ^ n Ajfp cross section is 0.76 - 0.1 mb. The un-

certainties represent only relative errors which axe quite small

because the measurements have been done under identical conditions

for all these reactions.
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ME 3 - NEUTRON INDUCED REACTIONS ON VERY LIGHT AND LIGHT TARGET NUCLEI - I. Slaus,

(R.B.N.I., Zagreb, Yugoslavia)

Khanna (Chalk River):

In the early part of your talk you referred to the neutron-neutron scattering
length and neutron-neutron effective range. If I recall correctly, for the
(n,p) singlet scattering length the value is about -23 fermis, while for the
proton-proton scattering len"th the value is about -8 fermis. After I take
out the charge dependent pa>"V, or the Coulomb effects, from the p-p scattering
length, I come cut with a richer between seventeen and eighteen fermis. Now,
if these numbers are correct and we accept the value that you have given us today,
namely, -16.26 ± 0.66 fermis, it would imply that there is a certain amount of
charge dependence and charge asymmetry for nuclear potential. Would you care
to comment about it?

Slaus:

First, a comment concerning the nuclear part o£ the proton-proton interaction.
You said correctly that Su-p is -7.7 fermis, and then you have to extract the
nuclear part. It has recently been shown by Sauer that the nuclear part of the
proton-proton scattering length depends on the off-the-energy shell freedom,
and as a matter of fact Sauer argues that we should proceed the other way around,
namely, assume the charge symmetry and use that as a constraint for the off-the-
energy shell. So, by changing the off-the-energy shell one can obtain for p-p
scattering lengths a value which is different from -17 fermis. However, if
one does not do that, but rather uses our conventional potential, then as you
have said, you obtain something like -17 fermis, which is somewhat different
from the value of -16.3, and therefore it might imply some degree of charge
symmetry breakdown which is very small. However, let me also say that one has
to carefully compare the hydrogen-3 and helium-3 binding energies, and whereas
for a long time we believed there to be a discrepancy of the order of 100 keV,
this has now been considerably reduced. I would say that at present we have no
clear evidence for the breaking of charge symmetry. It would be very important
to determine r more accurately, which would then give some additional infor-
mation on charge' symmetry.

Khanna:

Since you have brought up the subject of the triton and helium-3, I would like
to add that I think there is still a discrepancy of about 50 keV in the Coulomb
energy of these two nuclei, and I think that can perhaps be explained only if
you assume a charge dependent interaction which is of the order of half a
percent of the strong nuclear interaction which one normally assumes.

Slaus:

I agree.

Wigner (Princeton Uni" )_:

I wonder whether you could make some comments on charge independence also.

Slaus:

Charge independence is obviously broken to the order of about 4% as derived
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an-p & an-n • The differerce is so large because
the scattering length is a magnifying glass and one can see very fine differ-
ences in the potenti-ils.

Garg (Albany):

The data on Be(n,«je) He seem to indicate that heavy particle stripping is the
most dominant process that you see. In fact, the ratio is very small for pickup.
Could you please explain how the heavy-particle stripping process is taking place
in this reaction.

Slaus:

In the case of pickup, the Be target is pictured as He + He and the neutron
picks up the helium-3. In heavy particle stripping it is pictured as •'He •+ oc
and the neutron picks up ^He to form 6He. Now, Smolec's result for the ratio
of pickup to heavy particle stripping of 0.1% is obviously unrealistic. As I
said, we have also done the calculation and experiment on 9Be(p,e<), using the
finite range Born approximation. There the situation is completely different:
one still gets the predominance of the heavy particle stripping but it is not
three orders of magnitude greater.
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RESUME

The recent interest in (n,x) reactions in the MeV and above range is concen-
trated on two main subjects : the mechanism of nucleon emission (preequilibriiun in
particular) and the possible role of clustering in the emission of complex jarti-
cles.

ABSTRACT

(1) It has been known for some time that the statistical model in its simple
form was unable to account in detail for the single nucleon emission following fast
neutron bombardment of nuclei. The discrepancy between models and experiment was
more pronounced for proton than for neutron emission. The theoretical cross sections
predicted for the former were off by up to an order of magnitude; the shape of the
spectra did not correspond to experimental results either. To account for these dis-
crepancies various nonequilibrium processes were proposed : the direct transitions
to low lying states of residual nuclei and different modes of preequi.1 ibriurn emis-
sion. We present a. critical comparison of the above models with particular attention
to the analysis of the role of the different physical parameters employed. At the
end we analyse a unified model of equilibrium and preequil,ibrium emission.

(2) The emission of complex particles in fast neutron induced reactions is a
long-standing problem. The similarity of, e.g., alpha particle emission with 1 he al-
pha radioactive decay has led to conclusions about the preformation of alpha clus-
ters in nuclei indicating P. very high degree of preformation. On the other hand, com-
parison with (p,a) reactions has rendered these conclusion more ambiguous. We inves-
tigate the recent experimental data in view of the need for a preformation factor
and its possible relation to nuclear structure.
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ABSTRACT

Recent interest in (n,x) reactions in the MeV and above range of energies is
concentrated on two main subjects : the mechanism of nucleon emission (precoinpounti
in particular) and the possible role of clustering in the emission of complex par-
ticles. Kence the first two sections of this paper will lie devoted to these two
subjects. In the last section we shall briefly deal with some other subjects ti.at
have recently emerged in the field.

THE MECHANISM OF (n,p) REACTIONS

It has been known for .orae time that the statistical model in its simple form
was unable to account in detail for the single nucleon emission following fast neu-
tron bombardment, of nuclei. The discrepancy between model and experiment was more
severe for proton then for neutron emission as illustrated in fig. 1 : fhe experimen-
tal points lie at least an. order of magnitude higher than the calculate.! ones. It >-
thus clear that the evaporation process can account for only a small pa.'t of the
(n,p) total cross section. This part becomes negligible as the atomic mass (and
charge) increase. We can understand this trend by keeping in mind that particles
emitted by the evaporation process will have an average energy of the order of tin-
nuclear temperature (̂  1 MeV) ; the penetrability of sach particles through the
Coulomb barrier in heavy nuclei is negligible. Hence the ;mall calculated c-(n,p)/
a(n,n') ratio. In order to bring this ratio in accord with experiment we have to
devise a mechanism that favour? the emission of higher energy particles; the pre-
compound process provides such a mechanism.

In the closed form expression developed by the Rochester (2,3) and Milano (1)
groups the absolute cross section for precompound emission of nucleons integrated
over the solid angle is given by (1)

(lain) „ men (( ) \\ 1 1 v i- r-- 9

I ̂ \
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where s = 1/? is the nucleen spin, m i s the nucleon mass, a, is the optical model
reaction (nonelastic) cross section for neutrons of energy E n, e and O]_nv(z) are,
respectively. the kinetic energy of the emitted nucleons and the corresponding
inverse cross section, E is the excitation energy of the compound nucleus, U thac
of the residual nucleus and g is the average single particle spacing in the Fenni
gas model. The factor ?/3 in the formuJa coraes from charge conservation (protons

and neutrons1'in the nucleus. , . . . -,.,
A stage in the equilibration pro-

cess is characterized by the number
n of excitons (particles and holes);
n =V;?gE! The transition between sta-
tes with r> differing by An = 2 {sum-
mation over n in steps of 2 from
no = i to n) is determined by the tio
body transition matrix element M,
whose square JMl2 enters directly
into the formula.

Although criticisms and objec-
tions stemming from various sources
can be formulated as to the validy
of the expression (1), the essen-
tial features of the physics of the
process appear clearly from the dis-
cussion of this expression. We find
that the cross section for the emis-
sion of particles of a given energy
e is a sum of several terras, each
of tiiem representing a stage in the
equilibration process.As U < E, the
contribution of the consecutive
terms decreases. In fact., for highsr
energy particles (e large hence U
small) the contributions of all the
terms but the first one (n0 = 3 ) are
negligible. This is physically
understandable : the emission of
high energy particles occurs in the
very early stages of the equilibra-
tion process. This fact is respon-
sible for the preponderance of the
precompound mechanism in the (n,p)
reaction (as opposed to (n,n')).'
due to the Coulomb barrier, only high
energy protons can leave the nucleus;
these protons can be produced only
in processes preceding the compound

160 ISO 200 220 240

v'ig. 1 Plot of experimental (x) and calcula-
ted (*) ratios between o(n^p) arid
o(n.,n') '.'.••• a function of mass numbe™
for 100 < A < ?A0. The calculated
values were obtained using a conven-
tional statistical evaporation model
(from vef. 1).

nucleus equilibration.

A few samples of the need for
preequilibrium processes in (n,p)
rea.ctions at MeV energies are shown
in Figs. 2 - ^. We see that both the
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energy spectrum and the excitation function for a typical nuclear system (Csl) as
well as a set of 75 (n,p) total cross sections for medium and heavy nuclei a;e fit-
ted with a calculation based on the expression (1). It should be pointed out that
the scatter of the ratio points in fig. U is of the order of the real experimental
errors and need not mean a discrepancy between the used precompound model and ex-
periment .

T h e r e a d e r h a s c e r t a i n l y h u t : •„••••

that we have restricted our ana]ysis
to medium and heavy nuclei. F^riUi*
ter nuclei, the cutting of the
Coulomb barrier is less severe, f-.r. <
lower er.ergy protons may be emitted
too. Thus the contribution of the
compound emission is not negligible
and we have to add it to the pre-
compound contribution. This addition,
although in principle straightforwir,1,
presents some problems when it coats
to its carrying int\ e;":'•,-.• o4. .

Naively represented, the pre-
compound processes are the first st-i-
go;: cf a .ievt.-lopmeiu. leading to fi-
nal equilibration, i.e. to the com-
pound nucleus formation. The com-
pound nucleus should then be the J,̂
ny exciton state where the total
energy is shared among many parti-
cles and many holes. It is obvious,
however, that representations ?fth<
equilibration process like that giv-
en by the expression (1) do not
describe this situation. As we have
already seen, the contribution of
stages with large values of n (number
of excitons,1, as given by expressi ...
O ) , drops off very sharply and s'. . _\ •:
off the precompound ccntr' bu'-.ioi/ V
a very early Ftage. It ic true thai
this contribution can be ca I cul'il̂ -?
using more sophisticated exprosaio'.. ,
but the common usage is to fit the
physical data (e.g. angle in',egra+-~i
particle spectra) by an uncoherent
sum of a precompound and a sofiJe:)
compound component :

Fig. 2 The spectrum of protons emitted by
21. S ~MeV bombardment of Csl. The solid
line represents the preaompound emis-
sion ca.leula.ted by means of formula
(1) (relative units); (from ref. 1).

l50r

50

.CALCULATED PRECOMP.
EMISSION

fEXP. POINTS

12 14 16 IB 20 22
E n (MeV)

Fig. 6 The excitation function of the (n,p)
reaction on Csl calculated from the
expression (1) (relative units) ;
(from ref. 1).

HLdc /exp
(c) + R

Such combinations with plausible
values of R have oucceeded in giv-



- 3 5 ) -

nig reasonable fits to experimental data. Their physical basis remains, however,
rather questionable. An obvious criticism concerns the ingredients of the compound
nucleus crops section oc(e) : what are the values of the inverse cross sections to
be sed ? Certainly not the ar(e) = ane(e) obtained from the optical model, as one
j.irt of the total flux has already been taken into account by the preequilibrium
process.
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Fitj. 4 A ijlchal fit Ic 75 (n,p) total cross sections around 14 Mel' for nuclei with
A > iOO. Th,i calculation gave absolute values once the value of |MJ2 was
empirically determined (from ref. I).

A way out is to follow the evolution of the composite nucleus towards equili-
brium as a function of time by solving a set of coupled equations, the so called
master equations. These equations describe the oscillations of a system near equi-
librium ; applied to precompound processes (5) they describe the transition from a
stage with n excitons to stages with (n - 2) and (n + 2) excitons respectively
(including a finite particle emission probability). In the work of Cline (6) and
Blann (7) these equations are solved numerically by the method of finite differ-
ences and a yet of curves describing the time evolution of the emitted cross sec-
tions can be obtained. Fig. 5 shows that most of the precompound emission takes
place very early in the reaction (according to ref. h, after about 2000 iterations,
corresponding to about 2 x 10~^0 s) j while the emission o*" the total particle spec-
trum (full reaction cross section exhausted) takes an estimated time of about
1.5 x 10~1-s. In this picture the reaction process divides naturally into two
parts : the precoinpound part emitted very early in the reaction and the compound
nucleus part which grows in a very much longer time scale (U).

I*, in fair to say that precompound emission is not the only mechanism that
provides higher energy particles in the spectrum. 4rndt and Peif (8) have sug^e?ted
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that the higher energy part of the spectrum should originate from direct reactions
leading to states in nuclei at high energy of excitation. Their calculation is
performed using DWBA with form factors computed from a microscopic 1 particle -
1 hole description of collective states in even-even nuclei up to about 7 MeV.
Although calculations of (n,p) spectra are not available, \h MeV (n,n') spectra
calculated by this method show fair agreement with experiment. For •*^Ca(n,r.i) the
agreement with experiment is somewhat better then when using the geometry dependent
hybrid model (Fig. 6).

Summarizing the present status of our knowledge of the (n,p) reaction raech-
anism we can say that there is little doubt that for nuclei with A > 100 the non-
compound emission is preponderant. The various preequilibrium models give a sat-
isfactory overall description of ̂ he experimental data; this description, moreover,
fits with the overall description of other neutron induced reactions. It is, however,
fair to say that there exist also other ways by which these data can be accounted
for.

THE EMISSION OF ALPHA PARTICLES

This is a long -standing problem in nuclear physics. It is known that nuclei,
when bombarded by energetic projectiles, emit many more alpha particles then pre-
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5 Results of coupled chan-
nel calculations for a
system with A = 100 and
24 MeV excitation. The
number's next to the
curves indicate the
number of elapsed time
increments (1 time incre-
ment "•* lQ~'^s); (from
rcf. 4).

Fig. 6 Comparison of experimental (full curve)
arid calculated spectra for ^Ca (n,n'J
at 90° for 14 MeV neutrons. GHM stands
for calculations using the geometry
dependent hybrid model ; DVBA stands
for DWBA calculations to excited states
in nuclei (from ref. 8).
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'i:.-i. I i by pure ;;ta'- i :=t i^:i] eons Herat ions. W'1 like *" y think of this problem in
terms ,;1" alpha particle- sj;j-strucl L.res , callej, tit time:.;, uy musically sounding
nrjnes* . A new .'.e:;̂  to these considerations was auded by the discovery of peculiar
p-ioaancts in the continuum near the particle emission tnresholu observed in slew
neutron induced (n,<) reactions (9). In this paper we shall, however, restrict
ourselves to (n,u) reactions in the MeV bombarding energy region.

The (n,a) cross section systematics at 1i» MeV has been reviewed several years
ago (lo). This systematics showed that while compound nucleus emission was able- to
•ii'count for the total cross sections for nuclei with mass number k between roughly
?r and BC, it. failea completely to account for the alpha emission in heavy nuclei,
"he difference with experiment reaching orders of magnitude around A = ?.'•';('. It thus
became soon visible that mechani sir.." other then '•om-.jund nucleus formation are pre-
sent in the emission of alpha particles.

The precompour.d emission of alpha particles was first studied in terms of the
Griffin exciton model (5). Two approaches could be distinguished. The first of them
was based on the assumption that the alpha particle is preformed in a target nucleus
and may be represented by a single exeitcn (11). 'Die second approach assumed that a
complex particle, represented by a number of exoitons equal to its mass nuraber, is
forrr.ed from the excited nucleons of the composite nucleus (IS). While the former
approach was applied to a more extensive set of 1~ MeV (n,'O data, the latter ap-
proach had the advantage that it could be applied to the emission of ar.y type cf
complex particles.

A third, independent, approach to the (n,'.<) emission in heavy nuclei war sug-
gested by the Warsaw (13) ana Zagreb (1 to)groups. This approach is based on the ob-
servation that similarities exist between sorae 1- MeV (p.,a) spectra and the corre-
sponding single neutron level densities. To explain these similarities, it was as-
sumed that the knock—out mechanism, proceeding by the ejection of an alpha cluster
from the surface-, is followed by the capture of a neutron by the remaining (usual-
ly unperturbed) core (13). The neutron fills up the single particle states of the
core. Accordingly, the alpha particle spectrum should show a predominant excitation
of single neutron states in the final nucleus. This nodel is somewhat simpler than
the one developed by Miiazzo-Celli et al. (11) but the physical bases of the two
models are quite L..imilar.

The controversy is centered here around the so called preformaticn factor cf
complex particles in nuclei. Do complex structures exist in a prefabricated state
in excited nuclei ? If so, where and to what extend could they be found in
nuclei V And what kind of states are excited in nuclei by the emission o'S complex
particles

Let us first analyze the answers given in the frame of the preecmpour.J models.
The method used by the Milano (11) and uagreh (1^) groups gives the energy rpecinra
of a.lpha particles emitted by the precompoi:r,d process in the following closed form :

Quartets, for the run initiated.
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dc ^ 3 h 2 | M | 2 g 5 E 3
 n = 3 \ g E

(An = + 2 )

(n _ 1

(3)

The meaning of the physical quantities is the same as in expression (1) except for
the coefficients KR and ?S. The value KjJ = KS ^ is the percentage of states eontain-
ting an excited a-particle and an"a-particle1| hole in the state assembly correspon-
ding to p + h = n excitons (K£ x Pn is the level density of the particular kind of
states obtained by the excitation of an a cluster). The values Kĵ  = Kij ̂  correct
for charge conservation.

Once the values of K^ and K^ are calculated (11) the essential free parameter
in the expression (3) is the probability <t> that the incoming neutron will strike
an alpha cluster preformed in the nucleus. leaving aside some difficulties in choo-
sing .appropriate values of MJ2 and gc (around closed shells for the latter), it is
a fact that expression (3) fits a number of energy spectra and excitation functions
of (n,a) reactions (Fi.ij. 7).

Crucial to this analysis is the value of the preformation factor <i>. The A de-
pendence of this factor is shown in fig. 8. The values of $ vary from 0.1 to 0.8
showing a wide fluctuation around A = 150.

It is difficult to attribute a realistic physical meaning to this parameter,
as it is hard to believe that preformed alpha clusters occur in nuclei at such a
high rate. Other nuclear phenomena suggest a much lower rate (if any) of alpha
clusters in nuclei. It is, however, fair to say that in a subsequent analysis
Milazzo-Colli et al. (l6) have obtained consistent values of si by a combined anal-
ysis of radioactive alpha decay anr (p,a) and (n,a) reactions.

The model used by Kalbach - Cline (17) to account for the precompound emis-
sion of complex particles is an extension of the Griffin's model (5) that does not
contain an explicit preformation factor. Rather, an empirical factor equal to the
factorial of the mass number of the emitted particle has been introduced into the
rate expressions for particle emission. The value of all parameters have, however,
been fixed in order to fit proton emission spectra and the model was then applied
to complex particle emission. Quite satisfactory fits were obtained for (p,ct)
spectra but the model was not (to our knowledge) applied to (n,a) reactions.

The approach of Oblozinsky (18) is midway between the two ; for its absence
of an empirical preformation factor it follows,however, the more general pattern
of ref. (17). Its precompound basis is the Blann's hybrid model (2) rather then
the Griffin's exciton model (as in re!'. (17) <>r in the earlier work of Ribansky and
Oblozinski (19)) . In tiiis model the probability Px(e)de to emit a nucleon x in the
energy channel £, e + df is given by :

l " ( E )
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Ref. ? Energy spectra of Xe(n,a) at
different neutron energies
compared with the predictions
for evaporation and a preformed
precompound emission.
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where B is the binding energy of the nucleon and E the excitation energy of the
composite nucleus. The value p x denotes the number of nucleons of type x present in
the state with n = p + h nucleons ; p is the intermediate density of states.

The structure of expression (h) is quite straightforward. The first set of
square brackets represents the probability to find a nucleon of the required type
and energy in a p-particle, h-hole state ; the second set of brackets contains the
probability that the excited particle of interest will decay into the continuum at
the rate Ax before it interacts internally at the rate A* to give a (n + 2) exci-
ton state. D n is the depletion factor representing the fraction of the initial
population surviving the excitation by particle emission prior to the formation of
the considered n-exciton state. Oblozinski (18) has modified the abcve expression
to derive the probability Pp)(e)de of emitting a complex particle B formed from Pg
excited nucleons in the energy channel e, c + de :

'!D-D h (E " B6 - C)

U P ) P %'h 6
n = n o

An = + 2
0p,h

(E) P«

(5)

+ (

It is rather instructive to compare the expressions (U) and (5) . While their
structure is identical, changes occur in the form of the two square brackets. The
factor Rg(p) in the first is a simple combinational correction, introduced already
by Kalbach - Cline (17), which assures the right combination of neutrons and prc-
tcns to form the outgoing complex particle B. The main modification is in the
second square bracket, where a factorys was introduced. This factor gives the frac-
tion of time that a given configuration of p nucleons can be treated as a complex
particle g. Hence Yg < 1•

Let us now discuss this factor more in detail.As introduced in ref. (i8),this
factor is an adjustable parameter. The usual procedure is to adjust all the other
parameters of expression (5) to fit nucleon emission with y^ = 1 (in which case
expression (5) becomes identical with expression (M)and then to chose >-,,-. in such a
way as to fit experimental (n,a) and (p,a) spectra.

Fif. 9 shows the fits to the Kb(n,a) spectrum at 1U.2 MeV obtained with var-
ious methods. The dotted curve represents a conventional equilibrium calculation,
the solid curve is the precompound calculation obtained using the expression (3),
ref. (11) and the dashed curve is the precompound calculation obtained using the
expression (5)» ref. (18). The values of 4> (ref. 11) and ya (ref. 18) were, re-
spectively 0.17 and 0.0015. The evaporation component (dotted curve) should, nor-
mally, be added to the two calculations. The dashed-dotted curve is the result of
a complete equilibration calculation by Bersillon and Faugere (20) following the
method of Kalbach-Cline (17) with n^ adjustable parameter included. These calcu-
lations were performed, by solving the set of waster equations (5) wit A particle emis-
sion included ; for the latter, the probability wg(p,h,e) for emitting a complex
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particle $ with energy c fro:;j a state with n = p + h excitons given by iCalbach -
Cline were taken {see eqs. (i) and (6) of ref. 17). These expressions do not con-
tain any adjustable A - dependent preformation factor. Rather, they contain a uni-
que factor pg ! { = h '•• for alpha particles) which corrects empirically for the
emission of complex/jjarticles. The calculation of Faugere and Bersillon .(20) used
parameters fixed >> fitting the '\k.h MeV neutron spectrum of ^Nbin, = —y? , |M| 2 =
?0 keV ) ; once these parameters were fixed and p_, ! taken as 2k, no other parame-
ter was introduced to fit the alpha spectrum. Although the calculated values ovei—
estimate the experiment (p,_. ! appears to be too large a correction factor), the
shape of the- alpha spectrum is reasonably reproduced (see fig. 9).

What information about the alpha clustering probability in nuclei can be ex-
tracted from the above calculations ? Although values of the factors <j> and ya can
not be directly compared, their physical meaning should not be very dissimilar, as
seen from expressions (3) and (5). In this context it is worth noting that the
method of Oblozinsky (18) based or. the hybrid model (3),requires a much smaller va-
lue of the "preformation" (or whatever it is) factor then the method of Milazzo-
Colli (11) based on the exciton model (5). In view of the relative consistency of
the values of <zi extracted from different kinds of experiments (16), it may be argued
that the somewhat unrealistic values of i> needed in ref. (11) are a consequence of
a deficiency of the basic precompound model used. The large values of <t> would then
implicitly cover this deficiency. We know, on the other hand, that the exciton model
in its various versions was quite successful in fitting nucleon spectra (h) ; more-
over the results of ref .(20) show that this model can qualitatively account for the
emission of alpha particles without an A - dependent preformation factor. All the

models, however, require for the alpha par-
ticle an empirical emission probability
larger then the one based on considerations
of pure statistics.

Concluding this section, we should
briefly present the recent results of the
Warsaw group on the direct knock out of al-
pha clusters. Glowacka et al. (21) have
refined the arguments outlined earlier in
this section, by the use of the Shapiro's
dispersion theory. Their method can be
summarized as follows : A direct reaction
excites by definition a small number of
degrees of freedom ; thus the removal of
a group of nucleons becomes feasible. In
contrario, the excitation on many degrees
of freedom would mean sharing the energy
among many nucleons and "group emission"
would be negligible. In their formalism

Fig. 9 The experimental, spectrum of
9SNb(n,a) at 14.2 MeV and the fits
obtained with an evaporational for-
mula (dotted curve)y with the pre-
compound expressions (5) (solid
curve) and (5) (dashed curve) and
from ref. (20) (dashed-dctted
curve).
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Glowacka et al. (21) assume that the amplitude of a direct reaction 5s described
by a set of nonrelativistic Feynman diagrams ; for a (n,a) reaction, experimental
considerations restrict the choice to a single triangular diagram describing the
knock out of an alpha particle from the target nucleus. There again the reduced
width for the dissociation of the target nucleus T into ( T - a) and a appears as
an adjustable parameter. The results of a calculation of spectra of 151Eu(n,a)iJ*8pm
and i69Tm(n,a)i66Ho at 18.15 MeV are ohown in Fig. 10 (solid lines)together with
the results of a precompound calculation using the formulas of ref. (22) (dotted
lines). While the precompound calculation reproduces the average pattern of the
spectra, the use of the dispersion theory introduces structure in the calculated
spectra. Indeed, experimental spectra show considerable structure, but it is not
obvious that the calculated structure is always correlated with the observed one.
On the other hand, the dispersion theory calculations predict adequate angular dis-
tributions ; the existing precompound calculations do not give •mgular information
on the emission of cc.nplex particles.

Summarizing this section, it is my impression that we have not yet understood
the mechanism of (n,a) reactions on heavy nuclei. None of the existing models is
able to account for the relatively large number of particles emitted following the
neutron bombardment of nuclei without introducing some sort of more or less justi-
fied empirical multiplying factor. The hypothesis of the abundant presence of al-
pha clusters on the nuclear surface is an attractive one ; we should, however be
able to understand it starting from first principles. For the moment, we are not.

S

i
111 0.1

i
i

E n - W.BMtV

8 X 21 22 23 V, Z

Fig. 10 Comparison of the angle integrated expevimental spectra of Eu(n,a) Pn
( d 1 S 9 ^ ^ ( i h ) ih ilibi l

p f g g p p f
(left) and 1S9Tm(n,a)^^Ho (right) with preequilibrium calculations (dashed
curves) and the dispersion theory calculations of ref. (21) (solid curves).
The light dotted curves represent (clearly inadequate) evaporation calcu-
lations (from ref. SI).



- 359 -

NEW LINES OF INVESTIGATION

We shall now deal with two separate problems which are mutually connected only
by the role of the isospin quantum number and by the fact that they represent new
and somewhat unusual lines of investigation in fast neutron induced reaction studies.

Isosgin_Conservation

Nature has ordered nuclear levels in such a way that the lowest lying states
will be those of the lowest possible isospin. Thus in a nucleus with a neutron ex-
cess the lowest states will have the isospin of the ground state (i.e. T = T z =
(N - Z)/2), while at some higher excitation energies a set of states with one addi-
tional unit of isospin, the so called T> states will appear. Owing to this fact, at
moderate excitation energies more T< states will, in general, be available then T>'
states. Now, in proton induced reactions on a target with isospin T o the fractions
of states with T< and T> formed in the intermediate nucleus are, respectively,
2 To/(2 T o + 1) and 1/(2 T o + 1). As, normally, T o >> 1, many more T< states are
formed. On the other hand in a neutron induced reaction, only T< states are formed.

Kalbach - Cline et al. (23) have discussed this problem and, in particular, the
question to what extent is the isospin conserved as a good quantum number. If the
isospin is mixed and all composite states are populated with an equal probability,
the decay pattern for proton and neutron induced reactions will be identical and cha-
racteristic of the more abundant T< states. If, on the contrary, isospin is conser-
ved, there is a chance to observe the T> decay. Proton and neutron emission spectra
will be different for neutron and for proton induced reactions respectively. An in-
teresting suggestion (M will be, e.g. to compare (n,p) and (p,p') spectra on an
isotopic chain. In reactions at moderate energies [F.exc a. 20 MeV) where precompound
processes are important, the rate of emission of protons from a neutron rich nucleus
like '20gn to the T< states decreases rapidly in the course of the equilibration pro-
cess. Thus, while most of the T< cross section involves equilibrium particle emission,
essentially none of the T> cross section survives the equilibration process (^,23).
The preequilibrium component would, thus, be richer in T> states then the equilibrium
component. While comparison between calculations and experiment were made for (p,p')
spectra (23), it would be interesting to extend such a comparison to (n,p) spectra
too (!*).

Ana logs_of_the_Digo 1 e_Giant_Resonanc e_v i^a_the_^nj 22 Reac t ion.

An/.vtLer example of anew line of investigation ic, the recent report by Brady et al.(2
of the excitation of the giant dipolc resonance analogs via the (n,p) reaction. The
(n,p) reaction produces a change of ATZ = AT = + 1 in target nuclei with N > Z; thus
we expect it to excite only analogs of T> states of the target. For the 2^kl(n,p)^M
reaction studied by Brady et al., these are the isobaric analogs of the T> (T = 3/2)
components of the giant dipole resonance in ^'Al. Fig. 11 shows the 15.5° lab. spec-
trum of 27Al(n,p)27Mg a t 56.1 MeV together with the 27Al(p,p') speotrum for 6i.5MeV
incident protons. The excitation energy scales were adjusted for the Coulomb energy
and (n,p) mass differences between ^ M g a. d 27A1 (6.9 MeV) ; thf.- peaks around ik.k
MeV in 2?Mg and 21.3 MeV in 27A1 correspond to each other rather well. They are also
aligned to the photoneutron and total photonuclear cross section peak positions (see
bottom of fig. 11).
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EXCITATION ENERGY IN l rAI (MtV)
44 « M M M 28 . 31 15 H 10

2

If addition to the major component of the giant dipoie resonance analog at
ih.k MeV Brady et al. report two other peaks in the spectrum, visible around,res-
pectively, 10 and 6 MeV of excitation in ^ M g . The first (at •">- 10 MeV) may corres-

pond to a splitting of the T> dipoie
resonance into a maJ3r(ik.U MeV) and a
smaller (10 MeV) component. The inten-
sity ratio of the tvo components is not
inconsistent with the predictions of
the hydrodynamic model of the giant di-
poie resonance (predicted ratio ^ 2.5).
Using the same model to estimate the
intrinsic quadrupole moment Q o of the
2I"A1 ground state from the ratio of the
excitation energies in '- 'Al correspon-
ding to these two components, Brady et
al. obtained a value of QQ = O.I45 ± 0.05
barns. The second peak (around h MeV)
may possibly be an Ml analogue, as its
exhibits an angular distribution con-
sistent withy - 1 and is not visible in
the photonuclear spectra (2U).

It would be interesting to perform
similar experiments on other nuclei and
see whether analogous results can be ob-
tained.

JO 23 20 13 >O 9

EXCITATION ENERGY IN "Mg (M«V)

Fig.

42 M M 30 26
EXCITATION ElVERGr IN I7AI(M«V)

97 97

11 Top part : The " A l ( n , p ) M g
spectrum at Is.6° lab. and bl.l
MeV incident neutron energy (mid-
dle curve) compared to the
^Al(p,v') spectrum at 15° lab.
and 61.5 MeV incident proton
energy (top curve); the lowest
curve is the background (dash-
dotted curve) subtracted (n,p)
spectrum. Bottom part : the cor-
responding %7Al (y ,xn) and ? 7 A I

(Y,tot) pho t\rnuc 'ear cpcc tra.

CONCLUSION

While it is hard to compete in the
field of fast neutron induced reactions
with the experimentally much more re-
warding and richer in spectroscopic in-
formation charged particle induced reac-
tions, the former still present some
unique features as complementary studies.
The extension of the bombarding energy
range to higher energies (up to 50 MeV)
may open n°w lines of investigation.
Unfortunately, only few laboratories
have facilities for producing high ener-
gy neutrons.

The author acknowledges the kind hos-
pitality of the Service de Physique
Nucleaire, C.E.M. Bruyeres-le-Chatel,
where this work was performed. He is also
indebted to several authors cited in this
paper for kind permission to liberally
use their results.
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Discussion on this paper will be deferred till the end of Dr. Frehaut's paper.
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RESUME

The present state of experimental data for neutron induced cascade reactions,
and in particular data on (n,2n) cross sections, provides a good basis for cross
section systematics and nuclear reaction model testing. It is shown that the exis-
ting experimental data can be accounted for by using models including bcth compound
nucleus and preequilibrium decay modes.

ABSTRACT

In the energy range below ^ 18 MeV, the (n,2n) reaction is the predominant
cascade reaction, particularly for medium and heavy nuclei. Cascade reactions in-
volving charged particle emission are less probable and have not been as thoroughly
investigated. Thus this paper will be primarily concerned with discussing the prog-
ress in understanding (1) the mechanism of the (n,2n) reactions and (2) the system-
atic trends that appear in the energy and mass dependence of the (n,2n) cross sec-
tions.

It has been known for several years that the compound nucleus evaporation model
can account fo.v the total (n,2n) cross sections in a wide range of energies and
nuclei within 20-30$ of experiment. It has been also pointed out that the predic-
tions of this model tend to systematically over-estimate the experiment in the en-
ergy range below the (n,3n) threshold. Several mechanisms have been proposed to ac-
count for this difference : (1) The competition of the gamma decay of unbound states
near the neutron emission threshold ; this is supported by the experimental obser-
vation that (n,2n) and (n,3n) reactions appear at a significant rate at bombarding
energies higher by 0.5-1 MeV than their reaction thresholds. (2) The presence of
non-equilibrium processes, such as direct transitions to collective states of the
nucleus and preequilibrium processes. These processes act to harden the primary neu-
tron spectrum, as experimentally observed ; thus they reduce the fraction of neu-
trons capable of giving rise to the emission of secondary neutrons. At energies
above the (n,3n) threshold,however, preequilibrium processes contribute to a reduc-
tion of the (n,3n) cross section and subsequently to an increase of the (n,2n) crc:
section, as compared with the statistical model calculations. With increasing inci-
dent energy, the evidence grows for the necessity to include non-equilibrium contri-
butions in order to adequately represent the experimental data.

The newly obtained values of (n,2n) cross sections for a wide range of incident
energies, and in particular the measurements on series of isotopes, permit a criti-
cal revaluation of the trends observed in cross section systematics. It appears now
that the regularity previously observed in the (N-Z) dependency of (n,2n) cross
sections for constant N and for a given excess energy over the reaction threshold
has not a general character, and cannot be straightforwardly used for evaluation
purposes.
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INTRODUCTION

A cascade reaction can be defined as a reaction in which more than one particle
emerges in addition to the final nucleus. Because neutrons have much greater pene-
trabilities than charged particles, the (n,2n) and (n,3n) reactions are, with few
exceptions, the most probable neutron induced cascade reactions in the energy range
below 20 MeV. Cross sections for (n,2n) reactions have been extensively measured
and analyzed around ih MeV incident neutron energy. Excitation functions for a large
number of nuclides have recently been measured accurately over a wide energy range
1>lf', and a brief survey of the techniques employed is given. These data now pro-
vide a good basis for the study of the reaction mechanism which is discussed in
some detail. Systematic effects such as isotonic and isotopic effects will also be
discussed.

Very little information has been published on cascade reactions involving char-
ged particle emission. Measurements have only been performed around lit MeV incident
neutron energy for the [(n,d) + (n,n'p) + (n,pn)J and the[(n,n'a) + (n,an)] reac-
tion cross sections on a limited number of nuclides. They will be briefly reviewec.

TECHNIQUES OF CROSS SECTION MEASUREMENTS

In most of the published (n,2n) cross section measurements, use has been mad-a
of the activation technique. A method based on the large loaded liquid scintillator
has been recently developed 5>6^. Because it is a direct method, it overcomes the
limitations of the activation technique.

The activation method.

The activation method relies on the determination, after neutron bombardment,
of the activity produced in a sample. Although all types of counting methods have
been employed, the y-ray spectrometry is now generally used, particularly because
of the recent development of high resolution Ge(Li) detectors. Nevertheless Nal(Tl)
scintillation detectors are still widely used "*).

Besides its sensivity to uncertainties in decay schemes, this method is limited
to nuclides which leave a suitably active residual isotope. This limitation rules
out the possibility of systematic measurements on the different isotopes of a given
element. Such measurements are however of prime interest for studying the reaction
mechanism.

The large loaded liquid scintillation method.

This technique, which has been recently improved 6', involves the detection of
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the emitted neutrons, it relies or. two propurt i«.-s -f tht- r.TUt.ror. 1et.ector, » large
g.'uio) iniiur. loaded liquid scintillator : !. its nigh neutron efficiency awi ?. '.he
relatively long lifetime of neutrons in the scintillate:*. 'Lii.-. allows i-Jur.tifieation
oi' an (n,2n) event by ? separate pulses within a period of about 3'-1 vs following the
event.

This method oan be used for any r.ueli.:e, provided that several grams of matcricil.
are available for a sample. Thus any separated isotope ;r natural elescnt of ir.terest
for fusion technology can be measured.

REACTION HECHAHISH

The title of the present paper "Cascade Reactions" suggests ti successive emis-
sion of particles. It was deliberately chooser, for that reason. Ir.-ieed, it has fceen
knew; for :t long time that the (r>,?r.) reaction, ir. particular, prcct«sis aai:;iy
through the formation of a conspour.i nucleus, followed by the evaporation of the
neutrons. In our discussion of the reacticr. a<?ch(ir.isrs, we vill begin with a brief
description of the evaporation aodel. Th»i differences which appear between the pre-
dictions of this model and experimental .lata will be «xar.i!".<•'., an4 a nunber of
mechur.isms which can account for those Sevia-.iot.s will be iiscuasei. Soae of then,
such as the introduction cf angular scacr.f.LT. effects and of Y"dc":ay ?csp«titicr. vith
particle emission, reraain in the frosse of the evnp-ration sodel. However new reaction
mechanisms, such as direct reactions or preeequilibri'us omission, are necessary ta
account also foj1 the observed hardening of the primary neutron spestraa ar/i for the
cross section behaviour for incident neutron energies aoov-e l̂  MeV.

The evaporation model.

Under the Bohr assumption of
that the compound ar.d the residual
excitation energy that a statistic
sion can be derived • for the ener

I <t)

COMPOUNO >
STATE A*\

\ :

in

UJ

:y

compound nucleus formation, ar.i with the restriction
nuclei havt- such a large density of levels nt their

til iescripticr. con be used, the following exprc«-
gy -iistributior. cf an outgoing particle :

at '- t o__ (e) u> itn - e) (1 *

•.•here E^ is the energy of the ir.eiier.t neutron,
»• the energy of the emitted parti.-l**, 0 _ (e; the
cross section for formation of the cospo&r.i nu-
:leus by a parti el a of energy c, txv.i •*> i}.^ - c)
".:;•;• iensity of enoi'j'y levels ir. the proiuSt nu-

04KMMO STATE
OF A.I

.*leus with excitatio: . energy r ) .

aMUNO STATE
OF A

ICwHy 1.. 3I.CV., A,. .-^. r . s.: ..if; .'a?r Ci t:.C j.̂ .-l

reaction. If we assume that the residual ::.;:leu::
A always or.ita a second neutron -rfĥ riever it is
energetically possivlc and if we neglect. cas~aic
reactiosis involving charge! particle eaissic-r.,
then we obtain the following relations for inci-
dent energies below the (n,3n^ threshold :

GW3UN0 STATE
OF A . I

Fig. 1 Compound nucleus decay

sahene.

0 (r., M)

* |-"N

I C) d€

(2)
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I " I U) .it

Tn"
I " I U ) -tc

vhere 3 (n,M) • 3 (n,n'5 • a (r.,."':*), ORA vhere K, ia the neuron bis-iing snergy in
the target nucleus A.

A priori calculations are often perforae^i on tnc baaia of th«sc expresaicr.;',,
•.is ing appropriate level density foraulae ani «7 "rosa sect iocs obtained frca opticul
aoiei ^aleulationa.

This forjsaliua cun be easily j«n«rali«c4 to the cast; vherc eaiajtiors of ch
particuleo is possible. Further extensions ifijl-,siir*g Y~i"ay cssisaion as»ii astgular
aoaentya effects are also possible.

Defining the nuclear tessperatun* 0 us :

t • {

0 (v) * —~j~~w (

and introducing a f irs t os\l«r Taylor expansion i'sv the iogaritiss of the level .lenoit
aroun.1 E • Ŝ  in expression (1), Woinafcopf T'obtained a Kaxvellian i'ora far the
energy iiatrtbution of the outgoing first neutron :

I ( c ) -if, •- c 3^ (*:) exp ( - -—• } •

A s s u a i n g o _ c o n s t a n t w i t h e n e r g y , h e J i e r i v e i f r a s s e q u a t i o n s ( ? ) onsi ( s ) t h e f.
e x p r e s s i o n s :

(S)

a fn, x)

O u , M)

The ftssusptions afcde to derive the above fomul&e have their greatest validity
ae*.'eral MeV above the (n,2n) threshold. It is thus understandable than they give a
good overall representation of the hulk of experimental data available around
ill MeV incident neutron energy * ) .



C\»;npartso» of the statistical model predictions with experimental results.

As -aji »,e seen frets expression (''•), the (nt?nj cross section is mainly governed
• ;•• ' :.•• ;f.;.i:;tity vR * K_ - »' which is generally culled the excess energy and

• r:vsF»;.t3.ia '. j the"iotaT kir.i^i-' energy available for the tvo essitteu neutrons. Many
• .-'it-: !>/iv-»* ri Q - value for the (r.,.'n) reaction of about 8 - 9 MeV, and most of the

-A;."riser.**! iata are for incident energies between ?'» and I'j MeV. This corresponds

-.: -s: -<•£>s <T.<-rgy of ':• - 7 K*Y, vhich is w-11 nbove the (r.,?r.) threshold, cut still

•»• •;•:•- (r.,^n) threshold, a region vher<r ti.e assu&ptior.s leading to the evaporation

>.. :s>:;-i!> MI± !i. Cindro have recently shovn '''that in this energ;* range
- • • ' Mi.-V \i.K oxperiatjr.tal jata are sy3teaatically v-verestiaatei by the

•"ii-i:tt!-i:. ..-di dilutions *) . However tr.# Pearlstein expression is net a purely statis-
• '. •"..; :•.<•, air.s.-e i". contnins a soiling factor dotersiined by comparison of the calcu-
".'•..:•;.* vi*.h "xperiaental rvsuits. An a priori statistical model calculation was

•. .;• .:-. it:". ik>.er, ly thv a«esc authors 50' . Furtheraore, they showed that in the energy
;•>>;•>« "i. • s • l Me" the calculated .TOSS sections are not very sensitive to the
•.">.;. jr of "thv ncitro:; inverse cross sections 3. (e) and the level density parameter,
i.w.'.i.-r. rtrc ..f cruoiivl sifnificanoe at lov«?r energy. The results of their calculation
;.-•.', v\ iv. rig. :• ahov again that the calculation overestimates the experiment liy
••• .••;•. ! *. Tho postii oV3crvei i:. the aaas region A • V>0 for the ratio 0 e Xp/o 3 a^ seems

• , v- rreapon.1 to on usv.ierea'.i%ute ci* the calculated cross sections. In this region
:-:"<.-rae4 nuclei), nose nuclei have a (n,ln) ttircshol'l 'wound V* MeV. At U_ 'v 6 MeV,

•:;..- ;n,.'ft) crc»s sections arc thus calculated just ti: sve the (n,'jr.) threshold for the

]

: O C . J O t . 2 2 0 . 2 « 0 .

•n of experimental and calculated (*it2n) arose sections for 11$ =
•' * l MeV (vtif.10). The #?i i'J linn ie u Zeast-aquai'e fit to the data :
0 , - , / j , - - C.OOOOdi A * 0.92.
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corresponding nuclei. As will be discussed later, because the y-decay competition
and the preequilibrius emission are not included in the model, the calculated values
are then systematically underestimated, leading to an overestimate of the ratio

°exp/acar

A somewhat different approach was adopted by Lu and Fink u ) . Using a statisti-
cal model allowing for neutron and charged particle emission, they calculated the
(n,2n) cross sections at lU.k MeV for a series of nuclei for which they had previous-
ly made measurements using the activation method. The upper part of fig. 3 shows the
comparison of the calculation with experiment : calculated values are ge»erally ^
10J larger than the experimental ones. Arguing that the competition between y-ray and
particle emission should result in an apparent increase of the reaction threshold,
they performed new calculations using effective threshold higher by 0.5 and 1 MeV
respectively for the <n,2n) and (n,3n) reactions. As seen in the lower part of fig. 3,
the agreement is much improved, especially for nuclei having a high (n,2n) threshold
(Sltti, *2Mo) and for nuclei having a (n,3n) threshold below 1U.U MeV (t(tICe). This
latter case demonstrates the rola that the y-decay competition (and probably other
mechanisms) might play just above the (n,3n) reaction threshold in the existence of
a peak around A • 150 in fig. 2. It should also be pointed out that using such effec-
tive thresholds has little effect (-\» 3%) well above the (n,2n) threshold, and the
conclusions of Holub et al. Io) remain valid. The large discrepancies remaining in
fig. 3b for "Ru, I02Pd and 103Rh, attributed to direct interactions by the

authors l1' , are more probably due to uncer-
tainties in the decay scheme of the product
nuclei : the (n,2n) cross sections recently
obtained using the liquid scintillator tech-
nique ') for Rh are in good agreement with
the predictions of n ) .

^ tyt""ty~lPt^r~*""^r^"t~f— A third e v i d e n°e of the failure of the
_*» tuL » I T IT T t simple evaporation model in predicting the

(n,2nj cross sections is given by the experi-
mental results obtained at incident neutron
energies above *\» 20 MeV. As can be seen in
the lower part of fig. U taken from refer-
ence ") , the evaporation model cannot account
for the high energy tail in the excitation
function.

Two mechanisms have been proposed to
account for the differences between experiment
and the predictions of the simple compound
nucleus evaporation model. The first which
allows for angular momentum effects and for
competition between y-ray and particule
emission is an extension of the statistical

3 Comparison of predicted (n,2n) mode1' The s e c ? n d "echanism, by which direct
cross sections with experiment °T Preequilibnum particle emission can occur,
at 14.4 MeV.(a) Using ground lies ° T j t s l d e t h e statistical model. Both will
state thresholds.(b) Using ef- be reviewed successively.
fective thresholds higher by
0.5 and 1 MeV respectively for
(n,2n) and (n.3n) reactions.
Taken from i l ) .

• «vt*Z «mN
*««Z N M N
•ZIZMO NiMH
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Competition betweeny-ray and particle emission. Angular momentum effects.

One of the approximations generally

O.S

0.0
12 16 20 24
Ntutron Entrgy (MtV)

Fig. 4 Calculated and experimental arose
sections for l^<iTm(nt2n)

l(>&Tm.
The upper part shows the fit of
an equilibrium plus preequilib-
rium aomponent using different
values of k, the scaling factor
for the transition rate XM+g *"
the preequilibrium model. The
lower part shows the decomposi-
tion of the total (nt2n) cross
section (full line) into an equi-
librium (short-dashed curve) and
a preequilibrium component (long-
dashed curve), calculated with
k = 4. Taken from **<*.

used in the statistical model calculations
is that de-excitation of an excited nucleus
by y-i'&y emission may be neglected if the
nucleus can also decay by particle emission.
The validity of this assumption is doubt-
ful just above the reaction threshold !2'.
At the incident energies considered here,
the compound nucleus may be formed with
relatively high spin values. The particles
evaporated from the compound nucleus have
an average energy of the order of 1 to
? MeV and thus carry away small orbital
angular momenta. Therefore, only relative-
ly high spin states of the final residual
nuclei can be populated. Because of the
low density of high spin levels in the
residual nuclei at low excitation energy,
the y-ray emission can compete favourably
with the particle emission. Such a situa-
tion may occur for an excitation energy up
to several MeV in the residual nucleus.
This is particularly true in the case of
(n,2n) and (n,3n) reactions for the com-
pound nuclei obtained respectively after
the emission of a first and a second neu-
tron. It should also be pointed out that
the statistical approximation is not valid
just above the (n,2n) and the (n,3n)
thresholds since the number of exit chan-
nels available to the last emitted neutron
is generally limited.

One of the effects of the y-decay com-
petition should be a strong reduction of
the (n,2n) and (n,3n) cross sections around
the reaction thresholds. This is supported
by the experimental observation that (n,2n)
reactions do not become significant until
the incident neutron energies exceed the
(n,2n) ground state thresholds by 0.5 -
1 MeV. Similarly the shift is of the order
of 1 to 1.5 MeV for (n,3n) reactions, and
the (n,2n) cross sections do not appre-
ciably diminish in this energy interval1 * u ) .
The overall effect of neglecting the Y~rav

decay competition in evaporation model cal-
culations should be an apparent shift of
calculated excitation functions toward low
energies 8 ' 1 3 ) . Such a shift has little
influence on (n,2n) cross sections calcu-
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lated well above the (r.,2n) threshold but still below the (n,jn) tlireshclds. It is
one of the reasons why the statistical model has been quite successful in pre-
dicting the (n,2n) cross sections around 1I4 Me1.'.

Angular momentum effects may have a more complex role. They can modify the re-
lative fraction for primary neutron emission leading to unbound states of the re-
sidual nucleus (secondary emission allowed) versus that leading to bound states of
the residus.1 nucleus (secondary emission not allowed). When charged particle emis-
sion competes favourably with neutron emission, the relative branching ratios car
also be affected. The net result could be in enhancement as well as a reduction of
the calculated (n,2n) cross section.

Decowski et al. I'1' have performed compound nucleus calculations including the
y-decay competition and angular momentum effects. Fig. r> shows that the calculation
fits reasonably well their experimental results for In and *0l*Pb. Unfortunately
these authors do no indicate the importance of the y~decay of unbound states and of
angular momentum effects for (n,2n) cross sections. However these effects are shown
to increase the calculated cross section for the formation of the isomeric state by
inelastic scattering, leading to a better agreement with experiment,

A good illustration of angular momentum effects is given in fig. £ vherc are
presented the results of a calculation by J.Jary >5' for M Y and "ah in three
different cases :
1 - Simple evaporation model allowing for charged particle emission, without Y-de-
cay competition and angular momentum effects. The nuclear level density distribu-
tions are taken from Gilbert and Cameron l 6 ) . The inverse reaction cross sections

H K IS M «T
EnM*V

Hg.S Co:nparison of the experimental cross sections for the. lliIn(ntn')
ll3mIn,

2ll''Pb(n,n')20''mpb (triangles) and the lll>In(n,2n)lliIn and 20*Pb(n,2>i)
103Pb (circles) reactions with the calculated ones : (a) the compound
nucleus formation cross section, (b) the (n,2ri.) cross section, (a) the
total (n,n') cross section, (e) and (d) the arose section for formation
of the isbmeria state by inelastic scattering with and without the
y-decay of unbound states, respectively. The shadowed area corresponds
to the contribution of the y-decay of unbound states. Taken from ̂ I#/'.
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Je are obtained by optical moiel calculations ''' using the SPRT method **'.

2 - Same as in 1,, but with nuclear level density parameters determined from avail-
able experimental data using a fitting procedure similar to that of Gilbert and

'c
Cameron

i

3 - Same as ir. 2., but taking into account the angular momentum effects (not the y-
Jeoay competition). The transmission coefficients T^: are calculated according tc
the SPK' method l 7 > 1 8 ) .

For both nuclei, the charged particle rav.e always remains small. For incident
neutron energies up to ̂  U MeV above the (n,?n) threshold, angular momentum effects
strongly limit transitions towards bound states of 89Y in the de-excitation of the
.-ompound nucleus '"Y, which leads to an enhanced fn,?n) cross section, in fairly
good agreement with experimental results (fig.6). In the ce.se of 93Nb, angular mo-
mentum effects act now in the opposite direction and tend to reduce the (n,2n) cross
section. The resulting predicted curve fits the experiment ') very well (Fig.6).

Q 0 1 , m _
12 13 14 15 16 17 18 19 20 ~~8 10 12 14 16 18 20

Fig.6 Cornparison of experimental and calculated !5^ (n,2n) aross sections fop 89y
d *3 dotted curve : simple evaporation model ; dashed ourve : adjusted

i
and ;
level densities ; full line : angular momentum effects included ; dotted-
dashed curve : preequilibrium emission included above 12 MeV for 9iNb and
above 15 MeV for 8SY ; symbols + and • : experimental results of l) and "̂
respectively.
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For both nuclei, the use o. adjusted level density distributiJUS results in a reduc-
tion of the calculated cro3s section which is not negligible up to '̂  i MeV above the
reaction threshold. However its influence is smaller than the angular momentum ef-
fects by a factor of about ?. In both cases, there is no special need for inclua;.:-^
>-decay competition in order to fit the experimental result?.

In conclusion, it should be kept in mind that besides the competition bf.."iree:.
Y~ray and particle emission, which certainly is not negligible ir: certain .^ases, the-
ar.gu'.ar momentum efi'ects and the level density iistritutiens arc alsc strongly in-
fluencing the (r.,2n) cr ss section calculations up to several MeV ai ov? the reac-
tion threshold.

rreeq»ilibrium contribution to (n,2n) reactions.

Is: the compound nucleus evaporation model, the interaction of the incident r:e .-
trcr. with a nucleus is considered to occur ir. two steps, 1. the formation of the
compound nucleus, and 2. the subsequent statistical decay of the compound nucleus,
which is considered independnnt of its node of formation (the Bohr hypothesis). In
the formation step, the assiusption is made that the tctul energy ibinding • kir.e1.:--)
of the incoming neutron is immediately shared with all other nucleons. We now wish
to consiaerer the effects of dropping this assumption and are interested in what
happens during the equilibration time, A model has been recently proposed by Griffi:.
li) in an attempt to calculate the decay probabilities of an excited nucleus at en' f
stage of its approach to statistical equilibria. Further developments ima nppii.-a-
tions have beer. invc~tigatvd by Williams 7 0', Blann et al. 71>2Ti an!j ctltx- et SIL,
2 3 * * " ) , it is out of trie scope of the present paper to discuss in detail the pre-
equilibrium processes. We shall only show what may be their contribution to (n,.1!'.(

and (ii,3n) reactions.

Tine dependant calculations show that preequiiibriur. particle err.:'̂ sicn occurs
mainly in the early stage of the reaction, in a time interval much smaller than :.!•.•-
compound nucleus life time 2l*L This behaviour results in a natural division of the
emitted neutron spectrun into two components :

1-the preequiiibrium component which can be approximated by the ciosei form expres-

sion : . E - € «-•-'

N (e) = K E a (e) T n (n-1) I • „"•• • • • — ) (6}

where E c and e stand for respectively the incident and the outgoing neutron energy,
os (e) for the inverse reaction cross section, K^o for the neutron binding energy
in the compound nucleus A + 1 (see fig.1). The parameter n is the number of excited
particles and holes, and K is a normalisation factor.

2 - the equilibrium component, given by equation (5),

Fig. T shovs a decomposition of the total •."utron spectrum resulting from bombard-
ment of *3Nb with lU u MeV neutrons | i.e. neutrons from (n.n'y), (n,2n), (n,np) arA
(n,pn) reactions] , obtained using a least square fit analysis • . The preequilib-
rium component fits rather well the high energy tail of the spectrum. It should be
pointed out that th-J part of the spectrum lying above S.8 MeV (secondary neutron
emission not possible) corresponds to the primary emitted neutrons only. As a n
suit, the effect of preequiiibrium emission concerns mainly the first emitted nej-
trcn end is quite negligible in the secondary emission. This is a recurring fea-
ture of the analysis of data obtained at ^ 1;* MeV incident neutron energy.
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:'h>..- nsir.iej.ing of the primary neutron spectrum caused by the preequilibrium emission
reduces -. he fraction .:.f neutrons capable of giving rise to the emission of secondary
jieutrojia, and thus leads t.u a reduction of the (n,?n) cross section, as predicted by
!i,e simple compound nucleus evaporation model. At incident neutron energies around
lit MeV, '.he redaction can be estimated to be of the order of 10?, in good agreement
vi'.h t:u> analysis of Holub et ai. * ' 1 S ) . At higher energies (above the (n,3;".)
• hrc3»,jl :) preejuiiibrium emission now favours the 'r.,;1.̂  reaction, at the expense
:' ••::'.• ••.,-::> r*-!i~t i( :;, as observed by Bayhurst et al. "' (fig. - ) .

; :->;v;n apprcac-.-.t-fr are possible ' •. calculating the preequilibrium contribution
•-.-. '.:., i.' ::•«; s<vti;:,s. J. Jary "'* uses essentially the energy integrated pre-
equi libriusr. spe-trum {equation -!- ' n v; ich the constant K is calculated using the
•oaole'-e expression givvn by "line ana Blann * •. The squares the average two-

thsit
1 7 , 1 6 '

a
npound

is
•d by optical model calculations "•'"/, but reduced by an amount cor-

:-.?spunding f; thf .-alculnted preequilibri'om term. The level density parameters are
determine:; ty fitting '-)•.•• available experimental data using the procedure described
c-v Ji.bert -ind .'sjr.ercr. 13 •', The model allows for charged particle emission and
takes into account angular momentum effects, but the \-decay is not included. The
,-alculat ions for e*V ai.d ""V ifig. >•.) agree fairly well with the experimental
results. The preequilitriun contribution is found \o be negligible below 15 MeV
incident neuron energy for 6<!Y, ar.d below )? MeV for "lib. Bayhurst et al. " >
adopted the hybrid model formalism 2l'! to evaluate the preequilibrium component they
added to rh*> evaporation tern. The absolute value of the preequilibrium contribu-
tion was calculate.! by adjusting the transition rates \Ti+? so as to reproduce the
t-xperi::;er.ta.l data for* l 69TJS (see fig. '••). The best fit vs? obtained by using

\:j:!/.'., wher< v'""' is '-ht> value evaluated in 2i'1 by finirig the average mean free
path of excited nucieons in nuclear matter as calculated by Kikuchi and Kawai_
Their calculation also differs from the one of Jary ' • in the values O for in-

Fig. ' Experimental total neutron
spesimm obtained by bombard-
ment of 93/>tf> with 14.6 MeV
neutrons (full circles). The
cress sections for neutron
emission from equilibrium and
preequilibrium states accord-
ing to equations (6) and (8)
are denoted by the solid and
the dotted-dashed lines re-
spectively. The sum of both
(dashed line) fits the ex-
perimental points. Taken from

E,M«V
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verse cross sections and in the choice of a different set of level densities.
Moreover, the ydecay competition is included and a. .gular momentum effects are taken
into account only for neutron decay to levels below 2 MeV excitation energy. These
authors obtain in general good agreement between calculated and observed (n,2n) and
(n,3n) cross sections in the energy range from threshold to 28 MeV, Generally, the
contribution of preequilibrium emission is substantial and increases with energy.
For 169Tm (fig. k) the contributions of equilibrium and preequilibrium emission to
the (n,2n) cross section are equal at "\> 19 MeV and preequilibrium emission is the
only appreciable mode above 2k MeV,

Direct reaction contribution to (n,2n) reactions.

Most of the available experimental data on (r.,2n) cross sections and on energy
distributions of emitted neutrons are satisfactorily understood in the frame of the
compound nucleus plus preequilibrium theories. There is however some evidence that
direct reactions may also play a non negligible role. The most trivial indication is
that we know they exist in the inelastic scattering of intermediate energy neutrons.
Typical values of angle Integrated cross sections for inelastic scattering to the
first 2 + state of some Se, Nd and Sm isotopes Z8'3S'36) a r e given in table I. Such
large values cannot be accounted for by Fauser Fesbach type calculations, They re-
sult mainly from a strong coupling of the ground state (0+) to the first excited
level (2+). It thus appears that direct scattering of neutrons of intermediate en-
ergy to the low lying collective states amounts to a few hundred millibarns. These
direct transitions to bound states of the residual nucleus will partially deplete
the low energy part of the evaporation spectra and thus will reduce the possibility
of emission of a second neutron. However, as far as (n,2n) cross section calcula-
tions are concerned, this effect is properly taken into account when a coupled chan-
nel calculation is used to derive the compound nucleus formation cross sections used
in evaporation models 18'.

A general feature of direct reactions is that the energy spectrum of emitted
particles is harder than the Maxwellian spectrum predicted by the evaporation
theory. Unfortunately this feature is shared with the preequilibrium emission, anr
it is hardly possible to determine the relative part of both processes in the higa.
energy tail observed in the experimental spectra.

Nucleus

F. , MeV
n

a(2+),mb

76Se

8

18U

?8Se

8

201

80Se

8

202

82Se

8

209

Hd

7

65

7

106

iWi.d

7

196

i WNd

7

22U

150Nd

7

255

1U8O
Sm

7

178

150Sm

7

213

152Sm

7

286

TABLE I

Angle integrated cross sections for inelastic scattering of medium energy neu-
trons to the first 2+ state of some Se, Nd and Sm isotopes Z B ' 3 5 * 3 6 ) ,
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A more specific feature is that the angular distributions of product parti-
cles, particularly those of higher energy, are peaked in the forward direction.
Now compound nucleus and preequilibrium processes tend to give angular distribu-
tions which are isotropic or symmetrical about 90 degrees ^ 9 » 3 0 ) < JJ. Jahn et al.

31'
have taken advantage of this trend in an attempt to interpret the inelastic scat-
tering of lU.T MeV neutrons on 56Fe. Using a plane-wave-Born-approximation (PWBA)
analysis of the angular distribution measured by Hennsdorf et al. 32', they showed
that the forward directed anisotropy observed for energies of the scattered neu-
trons above a. 7 MeV had the typical shape of direct reactions which is closely
related to the shape of the square of the spherical Bessel functions. Furthermore,
they showed that the energy spectrum of the inelastically scattered 1U.7 MsV neu-
trons measured by Hansen et al. 33'for 56Fe could not be fitted by a sum of an
evaporation spectrum and of a preequilibrium component calculated in the frame of
Blann's model 22'using realistic parameters. They concluded that a third component
accounting for direct reactions should be added and derived it from their PWBA
analysis. As shown in fig. 8, they obtain overall good agreement between calcu-
lations and experiment.

A similar theoretical approach was adopted by Lukyanov et al. 31t'to fit the
experimental forward peaked angular distribution they obtained from bombardment
of 9.1 and ik.h MeV neutrons on two groups of nuclei around A = 56 and A = 9-0 •
Neglecting preequilibrium effects, they showed that for all the nuclei studied the
energy dependence of the angle integrated spectra was well approximated by the
expression :

o (e) = a e exp ) + Y \-|- (9]

1000

_ too
s

$ 10

EXPERIMENTAL DATA
PRECOMPOUND 0 - 0

EVAPORATION •—•
DIRECT REACTIONS * - *

COMBINED »—«

W

10 u

Fig.8 Comparison of measured and eul-
aulated energy spectra of
inelastiaally scattered 14.7 MeV
neutrons on *6Fe. Taken from 31K

10 II n f>eV ; I 1 1 S t 7 I S f'.M

Fig. 9 Comparison of measured (points) and
calculated (solid lines) energy spec-
tra of inelastiaally scattered 9,1
and 14.4 MeV neutrons on S6Fe. The
curve 1 represents the contribution
of direct processes. Selected angular
distributions are also given ; dashed
curves are for angular distributions
of evaporated neutrons. Taken from*h).
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where E and e stand for the energy of the incident and the outgoing neutron respec-
tively,11 6 for the nuclear temperature, and wh-jre a and y are adjustable parameters.
The first term corresponds to an evaporation spectrum, while the second one stands
for the contribution of direct processes and fits the forward peaked part of the
spectrum. The results of their investigation for 56Fe is shown in fig. 9. For
E = Ik.k MeV, the fit was performed only for excitation energies of the first
residual nucleus below the (n,2n) threshold (Eth =11.2 MeV), i.e. for the first
emitted neutron ( e > 3.2 MeV).

Comparison of fig. 8 and of fig. 9 (for 1it.it MeV incident neutron energy) shows
that the sum of the preequilibrium and direct reaction components in the former one
is about one half of the direct reaction component in the latter one, whereas the
overall fit to experimental data is acceptable in both cases. This illustrates the
crudity of the calculations, and analysis similar to that discussed above are no
more than indicative. The facts are that the high energy tail of the experimental
spectra can be accounted for either by preequilibrium or by direct emission, as
well as by a mixture of the two effects. The existence of a forward peaked anjular
distribution for the high energy part of the inelastically scattered neutron spec-
tra is indicative of the presence of direct reactions. More quantitative predic-
tions call for an extension of the existing models.

SYSTEMATICS OF (n,2n) CROSS SECTIONS

In 1966 Csikai and Peto 37)observed that the (n,2n) cross sections at a con-
stant excess energy Up above threshold vary linearly with (N-Z) if either N or Z
is constant. They derived an empirical formula ;

a (Z ± AZ,N) = a (Z,N) + m (U_) AZ (10)
n

with m = 231 mb for UR = 3 MeV and for all values of N except N = 26. This expres-
sion was extensively used by evaluators to provide recommended values of (n,2n)
cross sections where experimental data were not available 3 8 ) .

A revaluation of this observation has been recently carried out 39?on the
basis of the experimental results given in compilations by Body lt0)and Kondaiah "l1/
and of more recent measurements 1*1|»l|Z)t in particular on several series of iso-
topes x ~ 3 ) . Fig. 10 shows the results of this investigation for a number of isotones
around N = 50 and 82 respectively. The measured cross sections are plotted against
(N-Z) for several values of the excess energy Up. The extreme right of the figure
shows the Csikai Peto trend calculated from expression (10) at UR = 3 MeV for the
isotones N = UU and N = 90. It appears that the cross sections have a mounting
tendency for given values of N and U_ , but the curves are rather irregular and
their shapes vary with both N and Up. The scatter of experimental points is suchs
however, that substantial changes in the apparent behaviour are possible. For
UR = 3 MeV, the slope of the average lines is generally less steep than that pro-
posed by Csikai and Peto.

Fig. 11 shows the (n,2n) cross sections recently measured for some even Nd
and Sm isctopes 3)plotted against (N-Z) for different values of UR. /.gain we
observe a mounting tendency, but it is difficult to propose a single simple expres-
sion accounting for the behaviour of the two isotopic chains, even for Up = 3 MeV.
Thus it appears now that the trend observed by Csikai and Peto 37)for UR = 3 MeV is
not regular and has not a general character. Hence, it cannot be used for evalua-
tion purposes.
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Fig.10 The (N-Z) dependence of the (n,2n) cross section at various values of the
excess energy UR for several isotones around N = 50 and N = 82. Points
marked (a) were obtained from measurements to a metastable state (am) to
which a calculated value of a9 was added. The extreme right of the figure
shows the Csikai PetS trend calculated frcm expression (10) at UJJ = 3 MeV
for the isotones N = 44 and N = 90. Taken from 39'.

It should be pointed out that simple evaporation formulae such as (6) do not
allow explicitly for any (N-Z) dependence at constant UR. When the simple energy
dependence of the nuclear temperature 7 ) :

V-a_
a

is introduced in (6), one obtains :

a (n,2n)

a (n, M) (11)

The ratio a(r.,<?n)/a(n,M) as given by (11) depends only on the values of U
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and of E, ,, the binding energy of the last neutron in the target nucleus. On the
other hand, for constant v?,lues of N, Eb1 decreases generally with (N-Z) for (N-Z)
values larger than the v-Vae corresponding to the stability valley (which is the
case for most of the nuclei in fig. 10). Thus, for a given value of UR, a simple
phase space argument 3S) shows that a(n,2n)/a(n,M) should increase with (N-Z)
at constant N. However quantitative calculations show that this effect accounts
only for about '\0% of the observed increase.

We believe that the Csikai Peto trend results rather from the behaviour of
a(n,M), the .sum of the (n.n1), (n,2n), (n,3n), etc... cross sections. Following
Pearlstein % the (n,2n) cross section can be written as :

a (n,2n) = a
a (n.M)

ne ne

o(n,2n)
a(n,M)

(12)

where a(n,2n)/o(n,M) is given by expression (6) and ane, the nonelastic cross
section, can be considered as constant in the energy range of_interest here ar.d
is approximated by the empirical relation of Flerov and Talyzin ':

ne
(0.12 AT + 0.21)

2 [13)

The ratio o(n,M)/one represents the fraction of the reaction cross section
involving only neutron emission. This ratio is clo:v; to one for heŝ vy nuclei,
for which the Coulomb barrier hinders the emission -i" charged particles. For ligh-
ter nuclei, however, charged particle emission becomes more probable and the ratio
is smaller. The ratios a(n,M)/ane as determined by Pearlstein )&re plotted
versus (N-Z)/A in fig. 12, together with the empirical formula giver, by Barr et

al."*):

tT lo.Jnl barns
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Fig.11 The (N-Z) dependence of the _
(n,2n) cross section at various
values of the excess energy UR
for the Nd and Sm isotopes J.

rig.12 Fraction of the reaction cross sec-
tion involving only neutrons emis-
sion as a function of the neutron
excess (N-Z)/A. Taken fron 8-'.



- 381 -

ne
1 - 1.76U exp (- 18.1!» ^ - :uo

In the case of medium and heavy nuclei, the value of o n e is approximatively con-
stant for a given set of isotones or of isotopes, according to expression (13).
Also (N-Z)/A varies appreciably for the same set. As a final result a(n,M)/ane ,
and thus o(n,2n), are increasing functions of (N-Z) for a given value of N or Z
and at constant excess energy Up. Calculations according to equations (11) through
(\h) can account farly well for the observed increasing trend of cr(n,2n) with (N-Z).
In particular, the predicted average slope is less steep for higher values of A, in
good agreement with experiment (fig. 10). It is also understandable that large
deviations from the general trend may occur, since the values of a(n,M)/ane are
somewhat scattered around t'.:e average curve (fig. 12). On the other hand local
effects, such as angular momentum, level density or direct inelastic scattering
effects will also smear out the regularity of the predicted trend. The net result
to ue expected is a persistent but rather irregular increase of Q"(n,2n) with (N-Z),
as shown in figs. 10 and 11.

CASCADE REACTIONS INVOLVING

CHARGED PARTICLE EMISSION

In addition to (n,2n) and (n,3n) reactions, there exist for most nuclei other
cascade reactions which are energetically possible with 1*t-15 MeV neutrons. How-
ever these reactions involve the emission of charged particles and are generally
much less probable than (n,2n) reaction for medium and heavy nuclei, because of the
existence of the Coulomb barrier inhibition. Therefore, they are difficult to in-
vestigate and very little information has been published on the subject. Most of
the studies in recent years have been carried out using activation techniques for
cross section measurements at 1U—15 MeV incident neutron energy.

The most interesting results concern the (n.n'p), (n,pn) and (n,d) reactions,
which cannot be distinguished by the activation method. Lu and Fink n)have obser-
ved that the I (n.n'p) + (n,pn) + (n,d)J cross sections for the lightest stable
isotope of even Z elements in the region Z • 28 to 50 are linearly related to both
Z and A (fig. 13). Their observation relies on measurements on S8Ni, '6Ru, 106Cd
and ll2Sn. However this apparent linearity might be fortuitous, since their pre-
dicted value of A. 350 mb for '''Sr is not confirmed by the value of 120 ± 10 mb

Fig. 13 The [(n,n'p) • (n,pn) + (n,d)\ ex-
perimental cross sect-ions for the
lightest stable isotope of even Z
elements are shown. They are lin-
early related to (a) Z and (b) A of
the target nucleus. The predicted
cross sections for "*5e and '''Sr
are also shown. Taken from llK
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Fig.14 Trends in (n,2n)t (n,p), (n,<x) and ( (ntn'p)
* (ntpn)\ reaction cross sections for iso-
topes of tungsten. The cross sections are
plotted versus the asyrmetry parameter
(X-ZJ/A of the target nucleus. Taken from

recently measured by Qaim and Stoeklin " 5 ) .

Qaim and Grac,a 't6J have recently measured some
(n,2n), (n,p), (n,a) and[(n,n'p) + (n,pn) + (n,d)J
cross sections at 1U.7 MeV on tungsten isotopes. The
results of their investigation are plotted on fig.iU
as a function of the asymmetry parameter (N-Z)/A.
The cross sections for charged particle emission are
.uuch smaller than the (n,2n) cross sections and pre-
sent the well-known decreasing trend with the in-
creasing relative neutron excess of the target nu-
cleus, a consequence of the competition between
neutron and charged particle emission. For the first
time, a similar correlation is observed for the
[ (n.n'p) + (n,pn) + (n,d)J reaction.

Very little information is available for other reactions. Cross sections have
been measured using the activation technique for the [ (n,n'a) + (n,an)]reactions "s'
on 6SCu, 70Zn, 71Ga, 76Ge and 99Tc. They lie in the millibarn region. The (n,2p)
reaction has been investigated at lit.6 MeV by Lulic et al. l t 7 ) . They found cross
sections ranging between 20 and 60ub for a set of eleven nuclei from 1<1K to 139La.

The common feature of all these cascade reactions involving charged particle
emission is that the measured cross sections are generally much larger than the
predictions of the evaporation model 1 1» 1 ) 7). Thus the reactions are likely to pro-
ceed by direct interaction or preequilibrium emission. However, further experimental
studies are necessary to investigate properly the reaction mechanisms.

01
0.16 0.18 0.20 0.22

Asymmetry parameter, (N- Z) /A
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MF 2 - NEUTRON-INDUCED CASCADE REACTIONS - J. Frehaut (C.E.N. Bruye"res-le-Cha~tel,
France)

Barsehall (Wisconsin):

Dr. Cindro's and Dr. Frehaut's papers are now open for discussion.

Khanna (Chalk River):

I would like to ask a question of Professor Cindro, actually, and this really
concerns the fact that whether the alpha particles are pre-formed in the nucleus
or not, and I find it very hard, and the reason is that the Pauli Exclusion Prin-
ciple plays enormous tricks on us. I think, even if you take a look at a very
simple nucleus like beryllium-8, or the first excited state of sarbon-12, which
almost everyone believes is essentially very much like the 3-alpha-particle
state, however, if you write down the wave function and you antisymmetrize it,
that wave function has very little overlap with 3-alpha particles. Now I have
no idea as to what the calculation of <i> that was shown in one of the slides
implied; however, the later calculation in which one tried to include some
effects of the core must be very imprecise, because I'm sure one cannot include
all the ninety-four nucleons present inside the nucleus. And unless you do
include all the ninety-four nucleons, I am not sure you can take into account
the fact of the Pauli Principle and therefore any estimate that you will get
for pre-formation has to bt tremendously in excess of what it really is.

Cindro;

Was that a question or a comment? I can answer the part of your comment which
appeared to be a question. I think that you are quite right in saying that
the values of * necessary to fit the experimental spectra by using the pre-
compound model in its simplest form are quite unrealistic; I think I have said
it repeatedly in the talk. As to your comment about the alpha states in light
nuclei, like beryllium or carbon, I would be inclined to taka it the other way
around and say that from the fact that the calculations cannot reproduce the
overlap of the wave functions of four nucleons that may be deduced from experi-
ment, I would rather be inclined to look into the calculations.

Hughabghab (Brookhaven Natl. Lab.);

I ask a question of Dr. Frehaut. What pre-equilibrium fraction was required,
for example, to fit the yttrium (n, 2n) data, and did you use & constant value
throughout the energy region, or did you have to vary it?

Frehaut:

The fraction is about ten percent and it was varied, but I think on Friday
there will be a presentation of the calculation in a parallel session.

Wignar (Princeton Univ.);

First, I have a very simple question which may have been answered already, but
I would like to hear it once more. When you have these two or three mechanisms,
is their ratio given experimentally or theoretically?

Frehaut;

I think up to now it is experimentally. We fit the experimental spectra and
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angular distributions using formulas which contain terms accounting for the
different mechanisms.

So that when you introduce a second mechanism you give yourself the freedom of
an additional constant?

Frehaut:

Yes.

Wigner;

Thank you. You know what Poincare said?

Cindroi

Could I perhaps elaborate on Frehaut's interpretation? In the case that has
been shown here, the direct part has been introduced as the missing part in the
torward peaked angular distribution. Now, I think it would be wrong to consider
that the pre-compound emission need not be forward peaked, too. In fact, I
think it is; we just don't know how to calculate it. So the division between
direct and pre-equilibriuii is rather a very arbitrary one at this stage.

Wigner:

Arbitrary?

Cindroi

Yes, not even on the ground of experiment; this division is rather questionable
both on conceptual and practical grounds.

Thank you. That essentially confirms. Hay I ask, or make a comment; I don't
quite agree with the statement about the absence of alpha particles. It is
true that if I take, for instance, and this I have calculated myself for the
oxygen-16, the independent particle model, and think of it as four-alpha
particles, the probability is very small, but the probability to find one
alpha particle in it is enormously high. In fact, I think the way I remember
it, two alpha particles are quite frequently present. It is a fact that the
wave function of the shell model is the right one, the shell model is not far
from the wave function of the alpha particle model. For closed nuclei, for
nuclei like oxygen-16, probably also carbon-12, it is not.

Seelifler (Dresden);

I would like to make a comment on the question of distinction between direct
and pre-equilibrium mechanisms. As it was said on Tuesday by Peshbach that
they are really not different mechanisms, because the first part in the pre-
equilibrium theory is a statistical treatment of a direct process in a siugl*
particle approximation, and therefore one should distinguish between direct
collective interaction that is not included at all in pre-equilibrium models,
and direct single particle excitations. The latter are included in the pre-
equilibrium model also. But the existing models, the pre-equilibrium models.
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do not explain and have no formulation for the angular distributions. And there-
fore, it is better to make calculations by a direct theory for the single par-
ticle direct excitation also, una take the higher terms by the existing pre-
equilibrium models. I think that it is not right to say, here is one mechanism
and there is another mechanism. One should have more clarity on this question.
That was the first comment. The second comment is the following: Or. Prehaut
has said that the (n, 2n) cross section in general is decreased by the presence
of pre-equilibrium emission. It's not generally so. It's true in a special
energy region and for a special mass number region, but there is also some other
mass number region where the pre-equilibrium decay does not change the (n, 2n)
cross section or even increase it. We have made a lot of systematic calculations
on this point which are presented in a contributed paper. Thank you.

Cindro:

I would like to add to your first point, with which I am partly in agreement.
I think it's quite clear that the collective transitions are not included. Now
as to the point that direct components are included into the pre-equilibrium,
that is something that has to be taken with great care since it might be mis-
leading and in particular it >ight be misleading if one thinks that the first
term in the pre-equilibrium is the direct part.

Wigner:

Sorry to interrupt; could you give a definition of "direct"?

Cindro;

Yes. What we mean here by "direct" is the transition matrix element in the
DWBA.

Vonach (Vienna);

I'd like to support Dr. Seeliger's conclusion. I have also discussed it in
detail with Weidenmuller a half year ago. The single particle part of the direct
interaction is certainly contained in the usual pre-equilibrium model. This is
also supported by the fact that Weidenmuller actually calculated the angular
distribution of the pre-equilibrium part and he gets about the sane answer as
seeliger got for his statistical DWBA characterization. So it's really identical
and the first part essentially does represent the direct single particle,

Cindro:

Are you saying that the first term in the pre-equilibrium expansion is identical
to the direct part?

Vonach:

It is contained. I am sure that the single particle direct is in a rough way,
because the exciton model is certainly a rougher approximation that DWBA. But
in a rough way it's contained.

Holdauec (Argonne);

I think this argument between you two revolvus around the definition of "direct"
and I think DWBA is a rather unsatisfactory definition of a reaction Mechanism.
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It's a theoretical approximation but not a definition, and I think the first
term of the pre-equilibrium series could be a much better definition of what
we mean by "direct", provided one chooses the appropriate quasi-particle basis.

Malik (Indiana Univ.);

I have a brief comment. I find it very interesting that a pfce-formation
probability of one-half is required to fit (n, a) data in the actinide
region. I would like to note that pre-formation probability required to under-
stand the alpha decay is about 10~2.

CAndro;

(Note added to the discussion):

A part of Or. Malik's comments refers to preliminary calculations not presented
orally, but included in the paper (Faugere and Bersillon, CEN Bruyeres-le-
Chatel, priv. comm.) The point of these calculations is to include the possi-
bility of complex particles being created from core nucleons also. The
contribution of core nucleons is, however, reduced by an arbitrary "penalizing"
factor.

Jahn (Karlsruhe):

(Note added to the discussion):

I would like to remark that one should be careful in making statements about
"the pre-equilibriutti model" since there are several versions due to M. Blann.
Two of these versions,, the so-called pure-hybrid, and the geometry-dependent-
hybrid versions, claim to reproduce absolute values for the high energy tail
of the angle-integrated energy distributions of the inelastic nucleon cross
sections. In our "Washington paper", whose results have been mentioned by Dr.
Prehaut and Professor Feshbach, we tried to reproduce the. 14-MeV b6Fe (n,n*)
angle-integrated energy distribution of the inelastic cross section by means
of the pure-hybrid model with the equidistant Fermi gas one-nucleon level density
as the basis for the exciton statistic, and had obtained only a fraction of the
experimental data of the Livermore group. We then found that a certain averaged
experimental angular distribution of the Dresden group would be represented
quite well by adding a plane-wave Born term which we consequently called a
direct component. We have now very recently been able to incorporate this
direct component into the pre-equilibrium description by using the so-called
geometry dependent hybrid with realistic Fermi gas one-nucleon level density
as the basis for the exciton statistics. The results are presented in our
contributions to this conference and are in reasonable agreement with the
experimental results of the Livermore and Dresden groups.
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NEUTRON POLARIZATION
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RESUME

Some recent experiments involving polarized neutrons are discussed; they
demonstrate how polarization studies provide information on fundamental aspects of
nuclear structure that cannot be obtained from more traditional neutron studies.

ABSTRACT

Until recently, neutron polarization studies tended to be limited either to
very low energies or to restricted regions at higher energies, determined by the
kinematics of favorable (p,n) and (d,n) reactions. With the advent of high in-
tensity pulsed electron and proton accelerators and of beams of vector polarized
deuterons, this is no longer the case. We have entered an era in whi.^ neutron
polarization experiments are now being carried out:, in a routine way, throughout
the entire ranye from thermal energies to tens-of-MeV. The significants of
neutron polarization studies is illustrated in discussion of a wide variety of
experiments that include i) the measurement of T-invariance in the B-decay of
polarized neutrons ii) a search for the effects of meson exchange currents in the
photo-disintegration of the deuteron iii) the determination of quantum numbers
of states in the fission of aligned 235U and 237Np induced by polarized neutrons
and iv) the double- and triple-scattering of fast neutrons by light nuclei.



- 390 -

INTRODUCTION

Studies of polarization effects in nuclear reactions involving neutrons
provide information of a basic nature that can be obtained only indirectly (or
sometimes not at all) using traditional experimental methods. We recall the
work of Adair et all at Wisconsin in the early 50's in which the sign and magni-
tude of the nuclear spin-orbit potential was first established by studying the
polarization of neutrons scattered from various nuclei.

Polarization is a consequence of interference effects between the amplitudes
associated with a particular process. In neutron induced reactions, such effects
can arise in many ways, for example: i) in non-resonant scattering at those
energies where many different partial waves are allowed ii) from interference be-
tween certain resonant and non-resonant scattering iii) from resonance - resonance
interference iv) from interference from the cumulative effect of distant levels
(which may be interpreted using an optical model) v) from the presence of a spin-
spin term. In photon induced reactions,2'3 polarization effects can arise from
interference between multipoles of appropriate angular momentum and parity and
between photonucleon decay channels (either from different states or from an
isolated state which is a superposition of base states of different relative
orbital angular momentum). The results of such studies can therefore elucidate
fundamental questions of nuclear structure.

Perhaps the best-known examples of the essential part played by polarization
studies in Nuclear Physics involve tests of P- and T-invariance of quantum sys-
tems **'5 and of the basic features of the nucleon-nucleon interaction.6

The following examples have been chosen to illustrate the wide variety of
information that has been obtained in this field lately, (several detailed re-
views of neutron polarization have been given in the past £see Haeberli7 , Bars-
chall8' and Walter9' ~] ).

PRINCIPLES OF POLARIZATION

We shall limit the discussion to spin 1/2-spin 0 elastic scattering. Be-
fore scattering, the spin-part of the neutron wave function is

t +
where a and a. are the complex amplitudes for the spin to be "up" or "down",

respectively.
After scattering (states which we label with primes), the amplitudes are

changed, giving

a'
1

1 /

where M x = X1

If the scattering matrix M is to be invariant under rotations and reflections
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(conservation of angular momentum and of parity) it must have the form10

% *v ->•

M = g 1 + h o• . n (1)
1 1 1 1

where 1 = /l 0\ , o is the Pauli spin (vector) matrix

and

/l o\ , a i
\0 l/

A = k x k'/l* x k I is a unit vector normal to
1 1 ' l l'

the scattering plane. Here, k and k' are the momenta before and after the

(first) scattering, respectively.
We shall see that the state of polarization after the first scattering can

be determined by scattering from a second nucleus of known analyzing power. This
process results in yet another change in the amplitudes:

where

and X2 = Xj

The scattering matrix M has the form
2

M = g 1 + h a . n
2 2 2 2

where ri = k x k ' / l k xfc1 I i s a uni t vector normal to the
2 2 2 2 2

second scattering plane

and k = k'
2 1

The two planes are rotated with respect to each other by the angle <j>, so that

fi . A = cos $
1 2 , + ,2 , + ,2

If the initial beam is unpoiarized (< |a | - |a j > = 0 etc. ) ,

the differential cross section after the first scattering is

2 2
da = |g I + In I
_ 1 1 1
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and the state of polarization of the beam after the first scattering is

'•.'-'••' ,/y.»y. „,

= p cos <()
1

where *x = Vl

The beam is seen to be polarized if h ? 0 .

(The complex amplitudes ĝ ^ and h are called the non-spin-flip and spin-flip amplitudes,

respectively. If h + 0, it means that there is a non-central part to the poten-
tial (eg: a spin-orbit part)).

If this partially polarized beam is scattered a second time, the differential
cross section is found to be

d°2 = (|g I2 + |h.|2)(l + p .A) (4)

d¥ * X X 2

where A = Aft i s the analyzing power of the second scatterer

and A2 = V 1 ? J L 9 J A (S)

therefore ^ 2 = (^2) (1 + P ^ ^ ) (6)

and p .A = p.A, cos 4>

The method of measuring p is therefore to observe the left-right symmetry,
in scattering from a second target (2), in the same plane as the first reaction
ie: the angle ̂  is 0 or n. In this case

:p.,A2) (7)

lpol

and d ° R " d a L = P^A- = R • <8)

daR + daL

The sign convention is as shown
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Looking down on the scattering plane]]

In elastic scattering, the polarization is equal to the analyzing power (p=A).

In order to measure p , we require a measurement of R and of A (= p ).
1 1 1

Application of the a x>ve principles will be presented in later sections.
In this brief outline, we have not used the general methods involving the

density matrices of the unscattered and scattered beams. Such an approach becomes
most useful in those experiments involving more complex spin configurations. The
general principles are presented and illustrated in detail by Welton.12

TESTS OF FUNDAMENTAL SYMMETRIES

A TEST OF T-INVARIANCE IN THE 0-DECAY OF POLARIZED NEUTRONS

A greatly improved experimental upper limit for D, the triple-correlation
coefficient in the f$-decay of the polarized free neutron, has recently been reported
by Steinberg et al.13 This coefficient appears in the expression for the decay
rate in the form~nr'

DP . (p x p ) / E E (9)
XI 6 " G ™

V V

Here, P is the neutron polarization and p , p , E and E are the momenta and
n e v e v

energies of the leptons. This expression is odd under time reversal; a non-zero
value of D therefore implies a breakdown of T-invariance. The value obtained by
Steinberg et al. is

D = - (1.1 ± 1.7) x 10"3

which is consistent with T-invariance. The quoted error is largely statistical
and is based upon the observation of 5 x 106 events. The phase angle <f> between the
coupling constants gXT and g is



$ = 180.14 + 0.22

In neutron 3-decay, the Coulomb interaction is the only important final
state interaction and its contribution to D vanishes in a pure V--A theory.
Possible weak magnetism effects contribute less than 2 x 10 5.

The experiment was carried out at the hi'/n flux reactor at Grenoble. The
cold neutrons had a mean velocity of 1100 m/s and they were polarized by a Magne-
tized curved guide; their mean polarization was (70 ± 7)%. The beam intensity
leaving the polarizer was 109 neutron/s and its profile WAS 5 cm high by 0.6 cm
wide. The neutron polarization vector was turned into the beam direction and was
periodically changed to be either parallel or anti-parallel to the momentum vector
of the neutron.

The magnitude of the neutron momentum may be neglected &-> that the term (9)
can be rewritten

DP (P
p

E E
e v

(10)

where Pp is the momentum of the recoil proton. The experimental geometry was
chosen to maximize the triple product as shown*.

Electron
detector

The electrons were detected in a conventional plastic scintillator biased to
accept electron energies between 100 and 500 keV. The recoil protons were accel-
erated to 20 keV and counted in a thin (4000 A} layer of Nal(Tl). Sixteen time-
delayed spectra of coincidences between electron and proton (4 electron detectors,
4 proton detectors and two directions of the incident neutron polarization vector)
were recorded. The data were collected during a 2^-month period.
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NEUTRON POLARIZATION EFFECTS IN TWO- AH» TKRES-NUCLEON SYSTTtS

New experiments on n - i> *nd n - d elastic scattering h*v« been reported
recently and all of them are at the forefront of experimental technique. A parti-
cularly innovative experiment is that of Brooks and Jjjnes'3'l6' whose method opens
up interesting possibilities in studies of n - p and n - d reactions at energies
above a few HeV. Before presenting some of their results, a few comments on their
method will be useful. In 1964, Tsukad* and Kickuehi17' demonstrated that the
scintillation decay of an anthracene crystal excited by 3.7 HcV protons is direction-
dependent, relative to the crystal axes. They showed that the fast component is
More direction-dependent than the slow component. Brooks and Jones carried out a
detailed study of this effect in many different scintillators and, £n the course of
this work, they invented a new polariaeter suitable for studies of n - p and n - d
interactions. Consider a neutron incident at an angle a with respect to an axis
c*, normal to an (a,b) plane in the crystal:

Proton recoil, left
- 0

+0

Proton rtcoil, right

For a proton that recoils through an angle (-0) towards the b-axis, the values of
the integrated light output JC(-O) and of the ratio of the slow- to total-light
component 4f(-9) are different from the values obtained when a proton recoils through
an angle (+0) towards the c'-axis. In general.

and

The measured two-parameter i£jl) data can he analyzed to give the le£t-right asym-
metry in n-p scattering18' in^an anthracene crystal <C, H.Q) and in n-d scattering

19>
inadeuterated crystal. The r-d results at neutron energies of 16.4 and 21.6 MeV
are shown in Fig. 1.
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30 60 90 120 150 180 0 30

CM. ANGLE (deg)
60 90 120 150 180

Fig. 1. The n-d results, at two energies, obtained by Steinbock e£ al_ 19* and Morris
et al20* £open circle^ compared with the calculations of Pieper21* [[solid
curvej and with the p-d measurements22' |_dashed curvej.

The work of Morris e_t al_20) is also shown together with the theoretical calculations
of Pieper21*, and with the general trend of the p-d measurements (the dashed curve).22>
No measurable difference is observed between the polarized neutron and proton induced
reactions at these energies. The present status of 3-body theory is discussed in a
recent review by Doleschall.23^

In a demanding experiment, Johnsen e_t al21*' £see also the contribution to this
conference 2 5 ) ^ have measured the spin correlation parameter A in n-p scattering
at 50 MeV. Their apparatus is shown schematically in Fig. 2. ^

38 MeV TRITIUM
•» TO BEAM DUMP

OEUTERON BEAM

SPIN-PRECESSION
MAGNET

MAGNET FOR
POLARIZED TARGET

LMN TARGET

DO
PROTON DETECTORS

-»• ->

Fig. 2. An arrangement for Rtydying the spin correlation parameter, A , in n-p
scattering at 50 MeV^i y y

The partially polarized beam from the T-d reaction, is scattered from an
aligned LMN proton target. The incident spin direction can be changed with a sole-
noidal field. Their results are shown in Fig. 3 where they are compared with the
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parameters of a recent analysis.26*

0.4 i—

0.2

-0.2
€,= -8.0

I
110 130 150 170 B cm.Fig. 3. The results of Johnsen et al2"*) compared with the two'possible values

of €1 Ĉ O or -8°), that gave equally good fits to all n-p data at 50 MeV
prior to the present work.26'

Neutron triple scattering experiments are notoriously difficult. However, they
can provide unique information on the interaction and therefore it is important that
they should not be overlooked in future research programs. Ahmed ejfc.

impo
have

carried out a measurement of the depolarization parameter 0(6) in S-d scattering at
low energy £see also the contribution to this conference28^. Their method is out-
lined ir. Fig. 4. I

DEUTERON BEAM
ED=2.88 MeV

l2C(d,n)l3N
REACTION

NEUTRON POLARIZATION
-0 .45 10.03

LEFT-RIGHT
NEUTRON DETECTORS

(NEI02)

DEUTERIUM
SCATTERER

SOLENOID

C 6D 6 (NE2I3)

LIQUID HELIUM
SCATTERER
(ANALYZER)

Fig. 4. Apparatus for an n-d triple-scattering study reported by Ahmed et al.27)

Their results are compared with theory in Fig. 5.
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Clearly, more work remains to be done both experimentally and theoretically befcre
this basic interaction is sufficiently well-understood, even at these low e

An important new technique for producing polarized neutrons, particulai;.^ in
the energy range 10 to 20 MeV, uses the nolarization transfer mechanism i n D<d,.-.;
and T(d,n)reactions at forward angles.2g' Waltej and his colleagues at Duke Un-
versity have recently reported measurements on (n,g)^scatteriny at 90 (cm.) :^r
neutron energies of 13.5 and 16.0 MeV using the D(d,n) reaction as a source.1"' 'it f
results set new standards of precision in neutron polarization studies in the u.'r
cult energy region under study; typical statistical accuracy reported is O.OOi-.
Their results are systematically smaller than the LRLX predictions but are con-
sistent with values calculated with the new phase shifts of Arndt et al."*'

ix



THK UOI.'.:;IJ.-SCATTERING 0~ JAST NEUTRONS BV L.ICHT K'JC:.Ei

f.ir many years, neutron double-scattering experiments were not considered
I r.i, ticablt '••'' ) and tho first n-'*i:e double-scattering experiment retjorted""*'
•.«-•< t:h<tn<je tho general vie.;. However, in 1972, a program of studies of the polari-
.-•' n'ii of noutrons scattered from light nuclei was successfully initiated at th»
v.-i.'o !.!••;•! ™ n Accelerator Laboratory, using the double-scattering technique.

The .nctl'd involves the polarization of an unpolarized flux of neutrons by
• :KIKT.IC scattering from ! 2C. The polarization of the flux scattered at a giv<»n
.-.qit is measured usinq true double-seaLtering in which the polarized flux is

•t lod aqam from an identical 1 2C taiget at an identical scattering angle.
•" '• fis\mnietry in the doubly scattered flux is measured and, after talcing into

t the (known) energy-loss at^the first scattering, the results are analyzed
e the absolute polarisation p of the flux. ' ' Having established the

! -iarization of the source, the analyzing powers of other nuclei can be obtained
uy replacing the second scatterer with an appropriate target.'7'38'3^'

The initial flux of unpolarized neutrons is generated via the (y,n) reaction
in a heavy nucleus and therefore the spectrum is Maxwellian with a maximum inten-
sity at an enorgy of ,ibou*; 1 MeV. The intensity decreases rapidly at energies
above 5 MeV; thia is a necessary feature in making measurements of polari-
.:.at.i.oii that results from elastic scattering of neutrons in light nuclei. The
neutron energies are measured with good resolution (typically 0.7 ns.m ' ) . A gen-
eralized neutroii ;;pin-^tecession method is used that is well-suited to a continuous
t.-ieiqy :;poctrum of neutrons; this method greaMy reduces the systematic errors that
would otherwise occur in the experiment. '

A typical layout of the experiment when used to measure the analyzing power
of a light nucleus is shown in Fi<3. 6. Here, the first reaction angle is 50 and
the second scatterer is a cylinder of liquid helium viewed by an array of fast neu-
troii detectors. The observed (source) polarization of neutrons, obtained in a true
:i-!2C double-scattering experiment, is shown in Fig. 7.

The essential points in obtaining the analyzing power when using the gen-
eralized spin-precession solenoid are:

The integrated magnetic field required to precess a neutron of measurei
E through 180 is

fH.dl = 2.37 x 10* X J E (MeV) Oe-cm
v it

and the angle of precession, $, of a non-relativistic neutron of measured energy

<t> = 1 1 - / I T <j>

The product of the polarization p of the source and the analyzing oower A of
the second scatterer is

pA = +(.l-R+)/(R+- cosij>>

where + and - refer to the right and left detector, respectively and

R+ = [N ±(H)/N ±(0)] ,C(0)/C(HT]

'.vher-1 .\.;H' and CsH) art; the corresponding doxeotor ;:ount rates, and monitor count
n\ti: with the field on and Nv(0) and C(G) the corrfsponging rates with the field
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off. It is now straightforward to deduce pA independently of the monitor

Phase-shift and R-matrix Analyses

The measured polarizations were analyzed using iterative grid search tech-
• icjuo:; to qive definitive sets ot phase-shifts and R-matrix parameters. The in-
clusion of partial waves higher than d-waves did not alter the quality of the
f'it.j: significantly. Expressions for the differential cross section, polarization
.wul tot.il cross section used ar«-;

I, •.

o(0)p(Oj - U/k ?H C TP'(COS6)
L=l I» L

oT = (4n/k' J ! } z ~

where P (cos6) and P'(cosO) are the Legendre and associated Legendre polynomials,
values for the expression B and C in terms of phase-shifts have been derived by
Blatt and Biudenharn and Simon and Welton.1*2 '^3'

The elastic scattering of neutrons from spin-zero nuclei is the simplest ap-
plication of R-matrix theory.1*1"''5) Only one channel is open so that

where >^ and E , are the reduced widths and energies,and the states are de-
. . A t J Kk.3

noted by \, and also

where a is the channel radius, u. is the radial part of the wave function and
B , is the boundary condition. The collision function U can be expressed in
terms of a single, real phase-shift.. 6 thus

The phase-shifts are related to the R-function as follows

where S , P and^jare the well-known shift function, penetrability, and hard-
sphere phase-shift. We define the resonance energy E as the energy at which
the resonant phase-shift is an odd integral multiple of it/2. The width of the
resonance is

Distant levels are taken into account using the method given in Ref. 46 , i.e.
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Ru * Rou+ R u E

A fit was made to the polarization measurements by minimizing the quantity

S = E .E [p (9, ,E.) - - m r> \\*

where N is the number of angles (between 4 and 9, depending on the experiment)
and M is the total number of energy points used. The optimum R-matrix parameters
derived from this procedure, were used to predict the differential and total cross
sections, and additional polarizations throughout the entire energy range up to
about 5 MeV.

Details of the analysis of the polarization data in the case of n-6Li
scattering are given in a recent p a p e r . ^ This is a complex problem because
the target nucleus no longer has spin zero and the (n,a) channel must be properly
taken into account. Examples of the measurements and of the analyses of the neutron
double-scattering program reported above are shown in Fig. 8. (the observed asym-
metry in 12$(50°) - '•He(60°) scattering39'), in Fig. 9. (the phase-shift analysis
of the ̂ 0(n,n)^0 reaction, measured at nine angles between 1 and 4 MeV) and in
Fig. 10 (the total scatterinq cross section predicted from an analysis of the
polarization data for the 16O(if,n)16O reaction38*).

>
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Fig. 8. The observed asymmetry product for 12C(50°) - 1|He(60o) neutron double-
scattering. 3 9 )
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Fi| . 9. Phase shifts rebulting from the analysis plotted in the first and fourth quadrants. The con-
tinuous curve is the ^-matrix fit while the discrete points are the result of the phase-shift analysis.

160(n,n)

Fif.lQ The Jt-matrix prediction of the total cross section.
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THE TRANSMISSION OF POLARIZED NEUTRONS THROUGH POLARIZED TARGETS

Although it has been known for many years that the measurement of the
transmission of polarized neutrons through a polarized target can give the values
of the spins of low energy (s-wave) resonances directly, few such measurements
have been performed.<*8't*9"")This situation is somewhat surprizing in view of
the well-established low temperature techniques that form the basis for producing
polarized proton targets (the polarizers) and polarized targets. There is, how-
ever, one outstanding example of the method, due to Keyworth el: als°) who
measured the spins of many resonances in 237Np + n and 235U + n; their work will
be discussed in the hope that it may encourage others to take advantage of this
powerful technique.

If a beam of polarized neutrons (polarization p ) is passed through a ^
polarized target (polarization p ) and.the directions of the vectors p and p
are parallel, then the transmission T is given by51)

+t " n oj
T * e (cosh (f)jPT

no
J) ~ P sinh

where n is the number of nuclei/cm2 in the target, o is the unpolarized cross
section and

J - I ± 1/2,

is the spin of the resonance, and I is the target spin.

If we write J = I + 1/2 and J_ - 1-1/2, the values of p are

PT « I/(I+D and p_ = -1
+ —

The transmission T, , corresponding to the vectors p and p being anti-
. . . . J n T

parallel, is

I ̂ "nCTJ
Tj = e {cosh (PjPj.noj) + Pn

sinn<PjPT
n0j' *

For a J+ =» I + 1/2 state, the difference in transmission for parallel and anti-
parallel polarization vectors is therefore

.. ,t -no
TJ 1 = ATJ = "2 Pn e +*sinh L /_!_] PT

noj J ^ U

which is always negative.
if, however, a state has J = I - 1/2, the difference in transmission is

V + - TJ*' " A T j _ = + 2 P n
e L*sLnh

 C P T ^ J J (12)

which is always positive.
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Keyworth ejt al_ 50' used a high intensity, unpolarized, pulsed neutron
beam from ORELA and obtained a polarized neutron beam by passage through a
polarized LMN target (p = 0.55). The direction of the vector p could be re-
versed with a magnetic field. The transmission of this .beam through
a polarized 2 3 7'Np (or £3SV) target (p =0.2) was measured for the two incident
polarization directions. In addition, the yield of fast fission neutrons was
measured in an array of detectors around the (second) polarized target. The clear-
cut determination of resonance spins in 237Np + n, using Eqs. ( 11 and 12 ) is shown
in Pig. 11 (in this case, I = 5/2, therefore J = 3 and J = 2)

4 6 8 10 12 14 16
NEUTRON ENERGY (eV)

Fig. 11. Values of T - T and the relative transmission for 237Np + n showing
the clear-cut determination of the resonance spins.53'

A most interesting conclusion from their experiment is that the fine-structure
resonances in a given intermediate-structure group in the fission yield have the
same spin.
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Fig. 12. Measurement of the spins of resonances in the fission of 237Np in the
vicinity of the intermediate structure at 40 eV.50)
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NEUTRON POLARIZATION EFFECTS IN NUCLEAR PHOTO-DISINTEGRATION

The shell model forms the basis of nuclear structure theory so that any
attempt to provide a more quantitative understanding of the model is a matt.- of
fundamental importance. The interaction between photons and nuclei affords a
sensitive probe of certain features of nuclear structure. At photon energies below
about 30 MeV, the interaction is predominantly electric dipole in character, so
that the incident photon only excites a limited number of states which have the
correct spins and parities (consistent with the addition of one unit of angular
momentum and a change in parity). The following qualitative description of the
photon-nucleus interaction illustrates the major points of the problem. Consider
a light nucleus with a ground state configuration which is well-described by the
shell model. The most straightforv/ard examples are those nuclei which have closed
shells of neutrons and protons eg: 1 60, "*°Ca and 208Pb.

An El photon excites a nucleon into a higher energy state; if the photon
energy E is sufficiently high then the nucleon becomes unbound and is emitted
(in light nuclei, E > 15 MeV for neutron emission to occur). A 1 particle -1
hole (lp-lh) state is thereby created;in the case of El absorption in^160, five
such lp-lh states are possible. The final "electric dipole states" V are con-
sidered to be linear combinations; of the five base states: D

If the combination happens to be coherent then a strong transition will be ob-
served. In 16O, there are two such transitions which, between them account for
more than 90% of the total dipole absorption strength. These states, at 22 and
25 MeV were predicted, in a calculation of this type, by Elliott and Flowers52'
in 1957 and were subsequently ob:=erved in the reactions 15N(p,Yo!

160,160(ele',po)
1 5

 Nt

and 16O(Y.no)150 between 1959 and 1962.

A signigicant test of the shell model used in the Elliott-Flowers calculation
requires a determination of the amplitudes c. which are associated with the five
base states. It will be shown that it is not possible to answer these questions
simply by measuring the angular distributions of the outgoing photonucleons -
a measurement of their differential polarizations is also necessary.

In general, the angular distribution of the photonucleons is of the form:

S = Jo V ; (COS G)
where E (cos8) is the Legendre polynomial of order L and N is the maximum allowed
valuv3 or L (consistent with the conservation of angular momentum).

In the present case of El absorption in 1 60, the differential cross section
for photoneutrons emitted to the ground state of 15O has the form:

If = I6*y {"(as + ad> + (2/2 asadC°sAsd-ad)P

Herr, a and a are the real magnitudes of the s~ and d~ wave emission amplitudes
respectively and A » 8 - 6 , where 6 and 5 are their respective phases. The only

reaction matrix elements which contribute in this case are:
i<S

<t. = o. s =-- 1, I ' I R 1 |Ela> = a e S (14)
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l d
and <i, = 2, s = 1, a'lR |Ela> B a,e (15)

a

where s is the channel spin and a,a1 specify the ground state (J = 0 ) and ex-
cited states (J11 = 1 ) respectively. The coefficients, A are given by:

L

A -v a2 + a^
o s d

and A_ ^ (a a,cosA , -a,)
2 s d sd d

Now 4 IT A is the total cross section and is insensitive to interference effects
between0the different components (the H = 0 and 1=2 partial waves associated
with the outgoing nucleons). Although the A - coefficient contains an interference
term, it is nonetheless finite if the state only emits d-wave (£ = 2) nucleons. The
differential polarization of photonucleons has the form

dip - » -
-$? « k Z B P (cos 6) (16)

L=l

where k is a unit vector normal to the scattering plane and P (cos 6) is the asso-
ciated Legendre polynomial. The significant difference between the expressions for
the angular distribution and polarization of photonucleons is the absence of the
L = 0 term in the summation in Eq. (16). This reflects the fact that any polari-
zation produced is due to interference effects between different channels. In the
present example, it is found that:

2- = k*2Y(0.205 agad sinA^) P^cos 6) (17)

which shows that the differential polarization is zero (for all values of Q) i£
either a = 0 or a = 0.

Another important point emerges from the expression for dP/dSJ given in Eq. (17):
the associated Legendre function of second order is:

pj(co.e> =

which means that, at a reaction angle of 9 = 90 , the polarization dP/dfi = 0.
Conversely, the appearance of any polarization at 8 = 90 is clear evidence of the
intrusion of Ml or E2 multipoles in the absorption process.

With these points in mind, three groups ĥave measured the polarization of
photoneutrons from a number of nuclei at appropriate angles. The most recent work
involves studies of the reactions d(y,n)p 56' , 160(v,n )150 57^ and
208Pb(y,n)207Pb 58* .using the method developed at Yale in which an intense pulsed
source of electrons produces a bremsstrahlung photon spectrum (in a tungsten con-
verter) with a maximum energy set to avoid exciting non-ground state transitions in
160 and 208Pb. The neutron energies are determined with good resolution (<1 ns.m"1)
and the neutron polarization determined by measuring the left-right asymmetry in
scattering from a suitable light nucleus (2l*Mg at neutron energies between 0.1 and
0.5 MeV, 16O between 0.3 and 1.5 MeV, 12C between 1 and 10 MeV and **He between 1
and 20 MeV).
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The measured 16Q(y,n )15O polarizations are shown in Fig. 13. The energy
region covers the main giant dipole states. The most noticible features aje the
energy-dependence of the polarization (which is not observed in the 1 60(Y,P O)

! 5N
data, deduced from studies of the inverse reaction 59') and the non-zero polari-
zation at 90 . These results are now being analyzed, together with the angular
distribution data of Syme et̂  aj^60' in order to deduce the s- and d-wave ampli-
tudes and the possible E2 contributions to the absorption process.

Holt et al o1' have used the same technique to measure the polarization of
photoneutrons from the 208Pb(Y,n )207Pb reaction just above threshold. Thjy have
rhown that all of the states previously reported to have spin and parity 1 are in
fact 1 states except for the one at 613 keV. This is a most interesting result
that has clearly shown the need for polarization studies in this field. The question
now requiring an answer is: where is the Ml strength located in 2<*8Pb? We shall
have to wait for the answer.

The D(y,n)p results 52' provide information not only on the absorption
process in this basic interaction but also on the role of meson currents at energies
well below the meson threshold. This aspect of the work is discussed in the next
section.

A SEARCH FOR THE EFFECTS OF MESON CURRENTS IN THE d(Y,n)p REACTION AT LOW ENERGIES

Several calculations: have appeared recently that illustrate clearly the need
to include meson exchange currents in the theories of certain fundamental features
of few-nucleon systems (such as the magnetic moments of 3-body systems and the 6-
decay rate of the triton63'). Riska and Brown 6<*' have explained the long-
standing discrepancy between the experimental value for the thermal n-p capture
cross section of 334.2 + 0.5 mb and the "best" theoretical estimate of 302.5 t 4.0
mb by demonstrating the importance of pion exchange, excitation of the N* state
and the process w -* iry in this reaction. Another interesting theoretical develop-
ment that has emerged from this new approach is concerned with calculations oi the
cross sections for photo-disintegration of the deuteron from threshold to about 100
Mev. Hadjimichael and Arenhovel et al65'66' have shown that, whereas the energy
dependence of the total and differential cross section for the 'j(y,n)p reaction re-
main almost unchanged by the inclusion of meson exchange currents and nuclear isobars
the differential polarization of the photo-nucleons is changed appreciably. The
essential difference between the calculations of Hadjimichael and Arenhdvel et al̂
is that Hadjimichael did not include the contributions of nuclear isobars in the
description of the ground state of the deuteron. In both calculations, the effect
of meson currents and of isobars is to increase the magnitude of the neutron polari-
zation compared with the values predicted by the Schrodinger-type calculations
as typified in the work of Partovi67^ and Nunemakev.68) Typical diagrams included
in the work of Hadjimichael are
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-i-l

A N t
The reason that meson exchange currents do not make any appreciable contri-

bution to the total cross section is to be found in the predominance of El absorp-
tion below 100 MeV. The El amplitudes are about an order-of-magnitude larger than
the amplitudes for the spin-flip transitions 3Sj •*• 1SQ and 3Dj •*• 1D 2. The two-
body magnetic moment operator has non-zero matrix elements only for these spin-
flip transitions and therefore it is only in such transitions that meson exchange
currents can make themselves felt. Therefore, when these relatively small amplitudes
are squared, as required in calculating the total cross section, they give rise to
negligibly small contributions,,

The differential cross section has the form

da
dJJ
— = a + b sin 9 + c cos8 (19)

where the third term is due to El - Ml interference. The Ml amplitudes that enter
here, however, are all of the spin-conserving variety so that the contributions of
meson exchange currents are again negligible. If we look at the expression for the
differential polarization, a different picture emerges

A sin9 + B sin6 cos8 (20)

where the first term now represents El - Ml interference that contains Ml amplitudes
of the spin-flip variety and these are changed by the inclusion of meson effects.
It is also important to note that the first and second terms in (20) are of comparable
absolute value so that the term containing meson effects is not overwhelmed by the
remaining term.65)

We have searched for meson effects in the d(y,n)p reaction at photon energies
between 6 and 14 MeV and at reaction angles of 60, 90, and 120 by measuring the
polarization of the photoneutrons with an absolutely calibrated polarization analyzer
of 1 2C. 6 2* The target consisted of a cylinder of liquid deuterium in a thin-walled
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cryostat. The unpolarized photons were generated by stopping a 32-MeV energy
analyzed pulsed beam of electrons from the Yale LINAC in a thick bremsstrahlung
converter. The results are shown in Fig. 14.
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Fig. 14. The observed polarization in the D(y,n)p reaction at two angles compared
with the theory of Hadjimichael" '; the dashed curves without meson
corrections and the full curves with meson corrections.
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A considerable effort was made in this experiment to reduce the systematic
uncertainties to negligible amounts. The most important effect was found to be
depolarization of the photoneutrons due to n-d elastic scattering in the liquid
deuterium target. A full-scale Monte Carlo calculation was performed to correct
for this effect, and the results shown in Fig. 14 are therefore considered to be
the true ''point'" polarizations. The measurement at 60° (lab) exhibits the same
trend as those at 90 and 121 5 namely, a systematic shift towards the predicted
values of Hadjimichael and ArenhBvel et̂  al̂  that include meson exchange currents.
Although the combined effects of such exchange currents and of nuclear isobars are
predicted to increase at higher energies, it should be noted that there are no
polarization analyzers available above neutron energies of 20 MeV that are absolutely
calibrated. The immediate efforts in this field must therefore continue to rely
upon the use of 12C and ''He as analyzers below 20 MeV (corresponding to photon
energies below about 40 MeV).

CONCLUSIONS

The objective of this review has been to demonstrate the essential part
played by neutron polarization studies in furthering our knowledge of nuclear
structure, from tests of T-invariance to cJ.ear-cut determinations of the spins of
highly excited states observed in neutron reactions.

Several important aspects of this burgeoning branch of Neutron Physics have
not been covered; they include: polarization studies in medium and heavy nuclei
that can provide information on the neutron-nucleus optical potential, including
the elusive spin-spin term_̂  studies of Mott-Schwinger scattering; studies of
(P,n), (d,n), (3He,n), (a,n) reactions etc. All of these topics are discussed in
detail in the proceedings of the recent Zurich Conference on polarization pheno-
mena; in particular, the review by Walter9' gives a complete,up-to-the-minute
account of these experiments.

It is important to carry out new and improved tests of P-invariance; the old
result of Lobashov4'5) is not consistent with that obtained in the spectacular
measurement of p-p scattering at 15 MeV69) in which the invariance is shown to be
a few parts in 10 . There are sound reasons for carrying out such tests with
neutrons - we must continue to forge ahead!
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MF 3 - NEtikON POLARIZATION - F.W.K, Firk (Yale University, U.S.A.)

King (Univ. of California, Davis):

I have a comment concerning the Ayy spin correlation parameter measurement.
Your slide indicated a preferred value of 0.2 degrees for e in fact, recent
phase shift analysis studies by Peter Signell of Michigan State indicates that
a value much closer to the 2.5 degrees is preferred, rather than 0.2 degrees.
The essence of your comments is still the same, however. By systematically
excluding various parts of the data set, around 50 MeV, Signell found that a
90 degree center of mass datum should be excluded from the Oak Ridge differential
cross section measurements. This results in a much more stable solution near
2.5 degrees.

Malik (Indiana Univ.):

I was happy to see that the polarization data is suggesting the presence of
Ml and E2 in the giant dipole region, which was suspected about four or five
years ago because of the angular distribution.

Firk:

Yes. It's also encouraging to know, I recall one of your students1 theses on
this question, that you can in fact account for the 25 MeV upward region in a
pure direct interaction model, but now you see tha problems are down at 22 and
3 Me*/, where one sees considerable structure. That, by the way, I didn't
comment on. You have structure in the (gamma-n) polarization, but not in the
(ganana-p) polarization as measured in the inverse reaction. And yet the cross
sections are identical in shape, energy dependence; magnitudes are good, the
differential cross sections agree, but the polarizations don't; so again, it's
telling us something rather subtle about the actual process. And we do need,
of course, bigger and better multi-particle-multi-hole calculations.

Jain (Texas ASM Univ.);

This is just a comment regarding the beautiful work on the neutron polarization
and polarization transfer at medium energy from Texas A S M which you did not
draw attention to.

Yes. One of the reasons, apart from lack of time, is that Lee Northcliffe is
dealing with the intermediate energy range and I wasn't quite sure whether he
was coming down to meet us at 10 MeV or what, so I hope that he will, in fact,
cover that work,

Jain:

Lee's talk would be concerned with the work at LAMPF. The work which I'm
drawing attention to is from Texas A S M cyclotron.

Yes, I'm aware of the work, and I'm sorry if I didn't fit it in, along with
all the dozens of other deserving cases.
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Jain;

Okay, thaiJc you,

Walter (Duke):

As you know, when we produce polarized neutrons via the polarization transfer
on deuterium gas targets, we can transfer about ninety percent of the polari-
zation of the deuteron to the neutron. Furthermore, if one ;sed a thick gas
target, one can produce a continuous distribution of polarized neutx _>ns this
way also. Depending on the deuteron polarization, one may reach about sixty-
five percent polarization. I haven't done the calculation, but I was wondering
if you have ever calculated a comparison between a flux produced with a polari-
zation transfer reaction and the polarized flux that you produce by scattering
the intense (Y,n) flux.

Firk;

I haven't made a direct comparison, Dick. I'm not aware of your thick target
type fluxes and work. Presumably that's the kind of thing, if you are going
to pulse it, which you would probably have to do to separate off the continuum
problem, then it'll be a matter of probably the duty factor on your machine.
You see, that's the difficulty with the electron machines. If we had a mega-
cycle rep rate, we'd be in great shape, straight factor of ten to the fifth
or something would be very useful right now, and that's what's missing, a.c we
all know.
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THEORETICAL NEUTRON PHYSICS: THE ELUCIDATION OF NUCLEAR STRUCTURE

V. G. Soloviev

Joint Institute for Nuclear Research (JINR) - Dubna, Head Post Office Box 79, Moscow

RESUME

Analysis of radiative neutron-capture data permits information to be extracted
on many aspects of nuclear structure, and particularly on nuclear configurations.
The interpretation of such evidence, and other findings in neutron physics, is
surveyed, indicating the scops of recent advances in theoretical neutron physics
in shedding light upon nuclear characteristics.
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NUCLEAR-STRUCTURE ASPECTS OP THEORETICAL NEUTRON PHYSICS

V.G.Soloviev

Joint Institute for Nuclear Research, Dubna, SSSll

International Conference on the Interactions of Neutrons
with Nuclei (July 6-9, 1976)

RESUME

The structure of neutron resonances is studied on the basis of
the semimicroscopio nuclear theory. Few-quasiparticle components of
the wave functions of neutron resonances are calculated which deter-
mine the neutron and radiational strength functions. It is stated
that it is necessary to clarify the role of their many-quasiparticle
components.

ABSTRACT

The structure of neutron resonances is studied within the fra-
mework of the general approach based on the operator form of the
wave functions. The role of three-quasiparticle components in the
wave functions of neutron renonances is studied and the cases of va-
lidity of the valence neutron model are pointed out. It is shown
that the experimental information about the structure of neutron re-
sonances is limited to few-quasiparticle components which are of
10*^-10 part of the normalization of their wave functions. To stu-
dy the structure of neutron resonances it is necessary to find the
values of many-quasiparticle components of the wave functions. The
ways of experimental finding of these components based on the study
of jf -transitions between highly excited states are discussed. The
fragmentation of single-particle states in deformed nuclei is studi-
ed within the framework of the model based on the quasiparticle -
phonon interactions. The S ,- p ,- and d -wave neutron strength
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functions are calculated, and a good agreement with experiment is ob-

tained.

1. The aim of our investigations which have been performed dur-

ing several recent years is to construct such a variant of the semi-

microscopic theory of atomic nucleus which could serve as base for

a detailed description of low-lying states. It should give a general

structure of the wave functions for the states of intermediate and

high excitation energies. Based on it, one should construct some

averaged description of few-quasiparticle components of the wave

functions of these states in terms of various strength functions.

It is shown ' that there are grounds for the development of the uni-

fied desciption of low, intermediate and high excitation states of

atomic nuclei* Such a description is realized for few-quasiparticle

components of the wave functions of these states.

The structure of highly excited states arose interest long ago.

Progress in the study of the structure of neutron resonances is due

3 the

tatis
.4,5)

2 )

to the construction of resonance reaction theory , the study of non-

statistical effects and wide development of neutron spectrosco-
py

Our investigation of the state structure of intermediate and

high excitation energies is performed along two lines: general con-

sideration based on the operator form of the wave function »'' and

calculation of the state characteristics within the model based on

the quasiparticle phonon interactions •

In this report we shall discuss the properties of neutron reso-

nances. It should be noted that the neutron resonances are in a pe-

culiar position among highly excited states is due to the availabili-

ty of complete and exact experimental data rather than to their phy-

sical meaning. Our treatment of neutron resonances is based on the

generalization of methods describing low-lying states7' to the sta-

tes of intermediate and high excitation energy.

2. Let us present the basic statements of the semi-microscopic

approach based on the operator form of the wave function of a highly

excited state and evaluate the contribution of simplest configurati-
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ons in the wave functions of neutron resonances.

Now we construct the wave function of a highly excited state

within the framework of the semi-microscopic approach of the super-

fluid nuclear model. The wave function can be represented as the ex

pansion in number of quasiparticles. With increasing excitation

energy th* state structure becomes complicated because in the wave

function «* more important role is played by the components with

larger and larger number of quasiparticlc. x'he wave function, for

instance,of the highly excited state of an odd-mass spherical nucle-

us is:

This expression is added by the operators of the pairing vibratio-

nal phonons which replace the operators (</,„, <i' Oi )} Q . Besides,

the operators of any phonons can be explicitely introduced into

When constructing the wave function (1) we assume that the den-

sity matrix is diagonal for the ground state of the nucleus. In this

representation the wave function of a highly excited state should

contain thousands of different components. The use of this repre-

sentation for the wave function of highly excited state is physical-

ly justified. In most of the cases the formation of highly excited

states proceeds due to capture of a slow neutron or a high-energy

)' -ray by a target nucleus in the ground zero-quasiparticle or

one-quasiparticle state. Thus, the expansion of eq.(1) seems to be

performed in the basis functions of the target-nucleus.

The operator form of the wave function is used in refs. ' to

express the reduced neutron, radiational and a]pba widths in the neu-

tron resonances in terms of the coefficients h'x. The coefficients bE
can be found from the spectroscopic factors of the reactions of the
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type ( cip ) and (ctt ) f from the jg -decay probabilities, from

the probabilities of gamma-transitions between the excited states

and so on.

Let us consider, for example, a reduced neutron width which

can be approximately written as:

where the function Uj indicates that the state J should be par-

ticle state. Using the experimental values of < P^t > averaged over

a number of resonances one may easily find I toI* . For £ B &n they

are found to be the following: for nuclei Ca-Nt \b\* ~ fO'* ,

for In- Bo and some isotopes of flu au&Hg I & I* ~ 1O"4-1O"5,
for the Pb isotopes )BI2~ 1O~3-1O"4, for deformed nuclei lol2 ~
1O-6-1O"7.

In the framework of this approach one can make general conclu-

sions about the structure of neutron resonances.Thus, in ref. ' is

shown that the magnetic moments of neutron resonances should be clo-

se to the single-particle values. The experiments performed follow-

ing the suggestion of F.L.Shapiro confirmed these conclusions.

The peculiarities of <£• -decay of neutron resonances were studied,

and it is shown that the reduced probabilities of cC -decays into

the first 2 + vibrational states should be equal or should exceed
6 7)

those for the transitions to the ground states ' . These peculiari-

ties of neutron resonances were confirmed by the experiments of

Ju.P.Popov * . There is presented a clear treatment the correlations

between the neutron and radiational widths as well as for those

between the partial radiational widths . The above correlations

were considered in a number of talks at the conferences3* . This

method allows the peculiarities of radiational widths to be analy-
17)

sed. For instance, in ref. " the causes of irregularity the beha-

viour of El -radiational strength function in *58\J was investiga-

ted.
18)

3. Based on the general semi-microscopic approach in ref. ,

it is studied in which cases the neutron valence model is valid.
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Now, we consider <T -transitions from highly excited states describ-

ed by the wave functions(1 )to the one-quasiparticle component of the

low-lying states with the wave function

The radiational width calculated with the wave functions (1) and (3)

is the following:

(4)

Here <J, I /~(X) I Jf > is the single-particle matrix element of £• A

(for which one should take the upper sing in eq.(5)) and M K (for

which one should take the lower sign in eq.(5)) transitions;

0/"' if. IK - % ih V-}" = L] U. -
3,

where Uj , L?j are the Bogolubov canonical transformation coeffi-

cients. The first term in eq.(5) gives reduced radiational width in
2 )

the neutron valence model •

Basid on general regularities of the fragmentation of one-

and three-quaeiparticle states and expressions for the partial ra-

diational widths as (4),(5), one may confirm that the neutron va-

lance model works well at the following conditions:

i) the one-quasiparticle components of the wave functions of
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neutron resonances should be the largest, what can be seen in the

nuclei near the maxima of S - and p -wave neutron strength func-

tions ;

ii) near the neutron binding energy there are no such three-

quasiparticle states from which t t -transitions can proceed to the

one-quasiparticle components of the wave functions of low-lying

states;

iii) the low-lying states to which El -transitions proceed

from the neutron resonances should have large one-quasiparticle com-

ponents *

The analysis of partial readiational widths, given in ref. ,

for the nuclei91193'95»97£^ , 93,95,97,99^ allowed one to make

the following conclusions:

1) One-quasiparticle components clearly manifest themselves in

the wave functions of neutron resonances in the 2z isotopes with

M «91,93,95 and 97, and the neutron valence model should work
well;

2) A large radiational El -width in Zl indicates a consider-

able contribution to the wave functions of p -resonances of three-

quasiparticle configurations;

3) A large radiational Mf -width in 322z indicates a conside-

rable contribution to the wave functions of s -resonances of the

components 2.j/, , S,, plus J* collective phonon;

4) the neutron valence model for El -ransitions from p -re-

sonances should work well in 9SMo and somewhat worse in 55Mo and

***Mo • I*1 ^ M o an important role is played by E1 -transitions

from three-quasiparticle components of the wave functions of p -re-

sonances ;

5) The enhancement of Mf -transitions observed in * Mo

can be by the presence of the corresponding three-quasiparticle

configurations in the wave functions of S -resonances.
19) 18)

Recent experiments have confirmed our prediction ' that
the neutron valence model should work well for t 1 -transitions
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from i> -resonances in Mo • The analysis of experimental data on

zirconium and molibdenum isotopes performed in ref. to justify

the validity of the neutron valence laodel is consistent, on the who-

le, with our conclusions*

20 )

In ref. there were studied J* -transitions from the resonan-

"7Sn and f^i'J
ces to the low-lying r'.. and ri v states in "7Sn and f^i'Jn , and

it was shown that the neutron valence model fails to describe the

experimental values of partial widths of Ef -transitions (see, also,

ref. ). Let us consider Ef -transitions from the resonances

I" -3/2" in tf/Sn . Pig. 1 represents the positions of the subshell

3Psfe a*"1 those three-quasiparticle states from which £ I -transi-

tions proceed to the low-lying states s,^ and Clt/£ . The presence

of such three-quaBiparticle states near the neutron binding energy

results in the violation of the neutron valence model and allows one

to explain a number of peculiarities of f -transitions. Thus, from

the resonance 147,9 eV there proceeds an intensive /// -transition

to the state Sv. and does not proceed to the state US/ what can

be easily explained by a relatively large component J 1l( , J}/ , g I

in the wave function of this resonance. Prom the resonance

632 eV there proceeds the transition to the state d* . and there is

no transition to the state c" what indicates the presence of a lar-

ge component;' Uy , J-,^ , a, { in the wave function of this reso-

nance* The three-quasiparticle components, given in the figure, are

near 5- in >*i&n too. The presence of these components makes it

possible to understand large values of the partial t* -widths as

compared to the predictions of the neutron valence model for 11-

transitions from the resonance 106,9 eV in -"<̂  -.

Thus, the use of formulae of the general semi-microscopic ap-

proach to the highly excited states and calculation of the position

of three-quasiparticle states allows one to analyse simple configura-

tions in the capture states.

It should be noted that in the deformed nuclei due to the rich-

ness of the collective excitation branches at the energy '" - /> -, ,

the wave functions are so complex that nonstatistical effects con-

nected with few-quasiparticle conpormta appear very seldom.
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Ei Ei

117,E,MeV '"Sn I1

Fig.1. t'f -transitions in f//Sn from one- and three-
quasiparticle components of the wave functions
of the states with I * *3/2~.
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So, one can observe the correlations for E1 -transitions from I"

S -wave resonances to the ground and first 2 + rotational state in
tSSGd • i60I)y » f/2 Vb » '*** W • ̂ n e correlations between the neutron
and £ 1 radiational widths in the transition tc the states with

K"- *2+ from the resonances 2~ in the reaction f?3Yb (n,f)t7/rib
are also observed. There are experimental indications to the exis-

21)
tence of such correlations .

The general semi-microscopic approach allows one to study the

rotational properties of highly excited states. In ref. ' it was

suggested to study to what extent the quantum number H (the pro-

jection of the angular momentum into the nucleus symmetry axis) is

a good quantum number for the wave functions of neutron resonances.

In ref. ' )f~ -transitions from the resonances were assumed to be

K - forbidden, if the following condition is fulfilled for them

I I-/C y - * l > 0 , (6)

where I is the resonance spin, and A is the multipolarity of Jr* -

transition. One can judge about the role of the quantum number K,

by the degree of retardation of K -forbidden J* -transitions from

the neutron resonances as compared to the similar but K - allowed

transitions. The available experimental data allowed one to conclude

that the selection rules over K are violated at high excitation

energies. This indicates the fact that in highly excited states the

rotational motion is not explicitly separated but distributed among

other nuclear motions.

The study of the fragmentation of two-, three-, and four-quasi-

particle states is of great interest. It is important to study expe-

rimentally the two-, three- and four- nucleons transfer reactions.

Much attention should be paid, for example, to the measurement of

neutron and partial radiational widths for the neutron resonances

in the reactions of the type U6LuCn.f)'"Ui and n>lu(n. jr) »*iu
if one uses the three-quasiparticle isomer 23/2" in t77ln as a tar-

get. In the first case one can obtain the values of three- and in

the second case of four-quaaiparticle components of the wave functi-

ons of neutron resonances.
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The use of unstable targets in the neutron spectroscopy, the

importance of which was pointed out in ref. , will make it possible

to obtain information about the values of three,- and four-quasipar-

ticle components. It is necessary to support such measurements the
22 )first of which have been already performed .

4. Concerning the available experimental information on the

nuclear structure obtained in the study of the characteristics of

neutron resonances, we may say the following:

i) From the reduced neutron widths mainly the information about

certain one-, or two-quasiparticle components of their wave functions

is obtained;

ii) Prom the partial radiational widths for f -transitions to

the ground states, one can extract the data on one- and three-quaBi-

particle or two-quasiparticle components of their wave functions;

iii) From the neutron and radiational strength functions the

information about averaged over a number of neutron resonances va-

lues of the above components can be obtained;

iv) In the processes of X -decays of neutron resonances and

T -transitions from them to the excited states there take part the

components of the neutron resonances wave functions with larger num-

ber of quasiparticleB. However, from these processes we can obtain

the data only on the integral contribution of such components.

Therefore, almost the whole experimental information about the

structure of neutron resonances is the information on the few-quasi-

particle components of their wave functions only . In complex nuclei

the few-quasiparticle components are of 10~ -10~ part of the norma-

lization of their wave functions. Indeed, we have a very insignifi-

cant part of the experimental information about the wave functions

of neutron resonances* Therefore, we can make the following conclu-

sions :

1) Statistical regularities concern only the few-quasiparticle

components of the wave functions of neutron resonances.

2) Nonstatistical effects manifesting themselves in neutron
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resonances - concern only the behaviour of few-quasiparticle components

of their wave functions. These effects allow one to assert, as it

waa done by R.E.Crien et al. , the violation of the Bohr hypothe-

sis on the compound states.

3) If one has no right to extent the regularities concerning

only a small part of the wave function to the whole wave function.

Such an extensiton is in fact made in the statistic*I description

of the structure of neutron resonances.

4) One may state that there is no experimental confirmation of

the validity applicability of the N.Bohr hypothesis on the compound

states to the neutron resonances.

5* Up to now the processes connected with few-quasiparticle

components of the wave functions of neutron resonances have been

discussed. In ref. ' the problem on the magnitude of many-quasipar-

ticle components of the wave functions was raised. The assumption

was also made that the wave functions of the intermediate excitation

energy and neutron resonances have sufficiently large many-quasipar-

ticle components. This is due to the fact that the interactions bet-

ween quasiparticles and the quasiparticle-phonon interaction at

these energies can not fragmentate many-particle states so strongly

as the single-particle states.

The ways of experimental detection of large many-quasiparticle

components of the wave functions of neutron resonances were discus-

sed in refs. * •'•'; . Presently, the most available way of determi-

nation of the values of the largest many-quasiparticle components is

the study of £7 -,/*?/ ,- and EZ - transitions from the neutron

resonances tothe states with energy by (1.0-1.5) MeV less than their.

The probabilities of such transitions can be evaluated in the study

of the subsequent J. -decay of an excited state, fission or neutron

emission. The observation of such /* -transitions or /" -ct ^dea,

the reduced probabilities of which are close to the single-particle

ones, gives evidence to the existence of large many-quasi-particle

components in the wave functions of neutron resonances. The study of

f -transitions from the neutron resonances to the states of inter-

mediate excitation energy gives the information on the values of in-
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Pig.2. Symbolic representation of the ways of experimental

detection of large many quasiparticle components in

the wave functions of highly excited states.



vidual four- and six-quaaiparticle components* Possible ways of de-

tection of large many-quasiparticle components of the wave functions

of neutron resonances are schematically represented in Pig.2.

The JTiOst promising method of measuring of the values of the

largest components of neutron resonance wave functions is the study

of the reaction ('?,/• ,«/. ) with the subsequent evaluation of inten-

sities of J* -transitions between the neutron resonances and states

lying by (1-2) MeV lower. The experimental results of Popov and col-

laborators Jl show that there are relatively large components in the

wave functions of these states.

I should like to emphasize that from the viewpoint of the study

of the structure of intermediate and high excitation energy states,

the answer to the question whether these are large many-quasipartic-

le components in the wave functions of neutron resonances is of fun-

damental importance.

6. In the study of the state structure of intermediate and

high excitation energies in atomic nuclei the important role is at-

tributed to the fragmentation, i.e. the distribution of the strength

of single-particle or many-particle states over many nuclear levels.

In the independent particles and quasipaxticles models the single-

particle strength is concentrated on a single level. In the extreme

statistical model it is randomly distributed over all nuclear levels.

For the construction of neutron strength functions Lane, Thomas and

Wigner ' introduced a model of intermediate coupling. However, the

direct calculations of the fragmentation were not performed in the

framework of this model.

To describe the complication of the state structure with in-

creasing excitation enerty and to study general regularities of

fragmentation, we use the model based on the quasiparticle phonon

interaction. In the framework of the model the characteristics of

low-lying levels are described, and the strength functions for the

neutron or proton transfer reactions of the type ( dp ) or (dt )

are calculated for the states of intermediate excitation energy.

The description of S -, p -, and d -wave neutron strength func-

tions is given and the method of calculation of radiations! strength
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functions is developed. The energies of giant raultipole resonances

are calculated and the method of calculation of their widths and
8)fine structure is developed. The model is described in ref. , in

27 )ref. ' the approximate methods of solving its equations were deve-
28 )loped. In ref. 'the model was generalized to the case of the intro-

29)duction of spin-multipole forces, in ref. it is applied for the

description of doubly even deformed nuclei, while in ref. for

odd-A spherical nuclei. Preliminary results of our investigations on

the single-particle fragmentation were reported for deformed nuclei

in refs.24»3'^ for spherical nuclei in 32^

The wave function of the model in the variant corresponding to

odd-A deformed nucleus is:

where i is the number of the state, f **'t , & - >>t, t£ C./><r ),(

denote the quantum numbers of single-particle states. Using the va

riational principle we find the system of main equations and also

for ji $ /> ( pc is a selected single-particle state)

SL - &.

where the denominator of (8) is the determinant of the system and

the numerator is the determinant in which /> -th column is replaced

by that of free terms. The quantity (C^)2 is determined from the

wave function normalization. The secular equation for defining the

energies h symbolically can be written as:

r0. (9)
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To describe highly excited states within the framework of the

model, the phonons of multipole and spin-multipole t^pe with

X =1,...7 and higher as well as a large number of phonons of

each raultipolarity are taken into account. Alongside with the known

low-lying collective quadrupole and octupole phonons, we consider

many weakly collectivized phonons as well as high-lying phonons like

the giant resonances. The configurational space of the model is

large, the wave functions of highly excited states comprise milli-

ons of different components. Good description (taking into account

many-phonon components) of the density of highly excited states pro-

ves the completeness of the configurational space*^

To study the fragmentation of single-particle states, one should

calculate the energies and wave functions of many states, and sum up

{ C* )c in some energy interval. Thus, only a small part of the ob-

tained results is used. Therefore, let us use the direct calculation

method of averaged characteristics without a detailed calculation of

each state. We construct the function

where

The energy interval of averaging A is a free parameter. We rewrite

the function & (% ) as

pcft).

The function (101) may be written as a contour integral around the

poles which are the roots of sq.(9). Considering that the contour

integral over infinite radius circle in the complex plane ?. is
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equal to zero, we pass to two contour integrals around the poles

Z, i = * z i. — . After some transformations we get:

For a simplified model with F =0 after calculations, we obtain

* u Zn

The Breit-Wigner form is strongly distorted due to the depen-

on $/~(z)an& ]?(%) which explicit form is given in ref.-^ . This re-

sults in an essential difference from the accepted description of
2)

neutron strength functions .

The peculiarities of the fragmentation of single-particle

states in deformed nuclei were studied in refs. '•* '™ . Pig.3 rep-

resents the fragmentation in '^'^Crdol the state 624 • lying 2 MeV

higher than the Fermi-level and of high particle states 633* and

640* . It is seen from the figure that the shape of the fragmenta-

tion curve differs from the Gauss one. The strength of the state far

from the Fermi-level is distributed in a wide energy interval.

7. The possibility of calculation the fragmentation of single-

particle states resulted in a new semi-microscopic method of calcu-

lation of the neutr̂ . i strength functions (see ref. ' • * * ' ) . The neu-

tron strength function is defined as:

c. _ <Ce>
l" <°> ' (H)

where /̂ , is the reduced neutron width, 7) is the spacing between

the levels with the given Ir . Using neutron strength function as

in ref. •" and the wave function of the neutron resonances in the

form (7) we get the S -wave neutron strength function, in the form
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5 =

where A £ is the energy interval over which the averaging is

taken, the summation over p is performed over single-particle

states with Kn =1/2+. According to ref. ' the single-particle

wave function [/* is represented as an expansion in the spherical

basis

We introduce the strength functions:

Proceeding in the same way as when deriving the expression <h ( M

we get: jC

(18)

In our notations the expressions for S-, p - and #" -wave neutron

strength functions for the deformed nuclei are the following:

(19)
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where S^ft is defined by eq.(18) and given in units (KeV)~ . For

spherical nuclei So is defined by eq.(i9), and

(23)

In theBe formulae the Multiplier 8r is equal to I for £ «0 and

(2 £ -1)/(2^ +1) for £ f 0 appearing in the calculation of the single

single-particle neutron width for the square well.

The S - and p - wave neutron strength functions were calcula-

ted for some tin and tellurium isotopes. A good description of the

S -wave strength function in its minimum was obtained. In the tel-

lurium isotopes the subshell 3 3,/, is below the Fermi level and

with increasing A some increase of Cp is compensated by decrease

of 111 . A satisfactory description of the p -wave neutron strength

function in the region close to its maximum is given (in ref. in

eqs.(10)(10') the multiplier 1/3 is omitted). One should note that

when calculating the fragmentation and strength functions in spheri-

cal nuclei it is necessary to use the model where the quasiparticle

plus two phonons are taken into account in the wave function.

The numberical results for the 3 -f p -, and ct.-wave neutron

strength functions are given in table 1. The experimental data are

taken from refs.^'*-' . The calculations were performed with

d =0.4 MeV, in many cases the results slightly depend on the



Table 1

Neutron strength functions at £ — Sn ,

Compound
nucleus

155Sm
1 5 9Gd
i 6 i G d
l 6 i D y
1 6 3Dy
16t)Dy
i 6 9 E r
1 7 1 E r

183W

2 3 1 T h

233 T h

233u

235u

237u

239y

2 4 1 Pu
2 4 3 Pu
245Cm

5
6

5

6

6

5

5

5

6

5

4

5

5.

5,

4,

5,

5.

5,

MeV

.819

.031

.650

.448

.253

.635

.597

.676

.187

.09

.96

. 8 8

.27

.30

.78

.41

.05

.696

1

1

1

2

1

1

1

1

2

1

0

0

1

1,

1,

0,

0,

1,

Exp.

.8+0.5

.5+0.2

.8+0.4

.0+0.36

. 8 8

.7

.5

.54

.1+03

.3

.9

.95

.13+0.4

.3+0.2

.1+0.1

.94+0.9

.9+0.1

.1+0.2

Calc.

1 . 0

1.1

1 . 0

1.5

1 . 8

1.8

3.4

3.5

4.6

1.1

0 .8

0 .9

1.3

1.2

1.5

0.9

1.4

1.6

S,-10'
Exp.

2*8-i!o
n nft+0.84
° ' 8 -0.47

1.4

1.3

0.7

0 . 8

0.3+0.1

-

0.5-1.6

-

-

2.3+0.6

1.7+0.3

2 . 8

- •

-

Calc.

1.1

1.6

1.1

0.5

0.7

0.6

0 .5

0 .7

0 . 8

0 .7

0.6

0 . 8

1 .2

1.1

0 . 8

1.0

1.4

0 .7

S 4

Calc.

1 . 2

1 . 0

1 .2

1.5

3.7

D.6

6 . 8

5.2

2 . 0

4 . 0

6 .0

4 . 0

5 . 8

4.6

3 . 8

3.4

4 . 0

3 . 0
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quantity ,1' . But if the energy j£ =• Bn is near the local maximum

or minimum, the change of £ may result in the change of Sl^ by a

factor up to 1.5. The calculation results strongly depend on the

coefficients &•',* in the expansion of the single-particle wave

function in the spherical basis (see forraula(i6)). The calculation

of these coefficients should be made more accuratly for the quasi-

bound states.

Table 1 shows that a rather good description of the s - and

p -wave neutron strength functions is obtained. We also present

the calculation results of the d -wave strength functions for which

there are only very preliminary experimental data. The agreement of

our description with experimental data is not trivial as the calcu-

lations are based on the fragmentation of single-particle states

and have no free parameter.

The method of calculation of averaged characteristics was ap-

plied in ref. ' for the calculation of f -transition probabiliti-

es. This method can be used for the calculation of partial radiatio-

nal widths. One may hope that in this way the influence of the giant

dipole resonance on the strength radiational functions will be cla-

rified.

8. In conclusion I should like to note that our study of the

structure of neutron resonances is performed within the semi-mic-

roscopic theory pretending to the unified description of few-quasi-

particle components of the wave functions at low, intermediate and

high excitation energies. In ref. the possibilities of the uni-

fied description from the low-lying states to the neutron resonan-

ces and further to the giant multipole resonances are demonstrated.

The description of each individual level is obtained for the low-

lying states. For the states of intermediate and high excitation

energies the few-quasiparticle components are represented as the

corresponding strength functions.

In conclusion I am grateful to L.A.Malov and V.V.Voronov for

useful discussions and help.
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MG 1 - THEORETICAL NEUTRON PHYSICS I: ELUCIDATION OF NUCLEAR STRUCTURE -
V, G. Soloviev (JTNR, Dubna, USSR1

Wigner (Princeton UnivJ t

I have two questions. The first one is: for the bulk, of the wave function,
let us say at the neutron resonances of uranium, how many quasi-particles does
it have?

Soloviev:

If we consider the whole wave function I show that for Uranium we have many
components; for example, 2 3 % , we have about ten single quasi-particle components;
about 101* quasi-particle phonons and about 106 quasi-particle tw-phonons. Yes,
but of course we know there are many quasi-particle three-phonons and it means
that our wave function is not the true wave function. We are only thinking
that we could describe one quasi-particle's components in language of strength
function, but our wave function is not the real wcve function for neutron
resonance because we don't take components with larger number of quasi- particles
and phonons.

Wigner;

I understand that. But if I look at the whole wave function, what is the
majority of it? The majority is five quasi-particles, or ten quasi-particles,
or how many?

Soloviev:

It's possible to sum if we consider the number of poles. For example, in the
uranium region, most poles are quasi-particles plus two-phonons and quasi-
particles plus three-phonons. But the quasi-particles plus four-phonon contri-
bution is much smaller, because the binding energy is 4.8 MeV. At such energy,
most poles are quasi-particles+two-phonons and quasi-particles plus three-
phonons.

Wigner:

Most of it is only three phonons.

Soloviev:

Yes, two and three.

Wigner:

I see. I would have thought many more.

Soloviev8

If we consider large* energy, in this case more will have components with
four or five phonons.

Wigner:

But you have hundreds of thousands of states and the hundreds of thousands of
states must be all orthogonal to each other. With ten holes and particles



I don't know whether you can make hundred thousand or fifty thousand states
orthogonal to each other.

Soloviev;

Yes, but the wave function is orthogonal, of course. He get an equation with
all o'vr excited states orthogonal.

Wigner;

And most of the wave functions cor.sist of two or three quasi-particles?

Soloviev;

Yes. Three quasi-particles or five quasi-partioles.

Wigner:

Three to five?

Soloviev;

Yes.

Oh, thank you. That increases it very much. Now, my second question is:
I did not, and I think many others did not, fully understand what you mean
by Bohr's hypothesis, which you say is not really confirmed. What is that
hypothesis?

Soloviev;

I stress that our experimental information is only experimental information
about a few quasi-particle components of the wave functior.. Secondly.- these
few efuas.i-particle components are only a small part of the whole wave function.
These are only two points and I think it is necessary to obtain experimental
information for the other parts.

Wigner:

But, you said t:<at some hypothesis of Bohr is not confirmed. Which is that
hypothesis?

Soloviev;

Yes, but it is possible to imagine a compound nucleus that has many millions
of components and the components are small and fluctuate randomly. It seems
to me we have experimental information about only a few quasi-particle com-
ponents and it does not seem right to come to a conclusion about the whole
wave function if you know only a small part of wave function. Maybe there
are many components, maybe the Bohr hypothesis is true for such a wave function
with many components randomly distributed.

Wigner:

Which hypothesis of Bohr which is incorrect?
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Soloviev:

Not incorrect, but unconfirmed.

Wigner:

Which hypothesis is unconfirmed?

Soloviev;

My conclusion is only about two points. We have experimental information
about few quasi-particle components. The few quasi-particle component is
only a small part of the whole wave function.

Wigner:

I concur absolutely, but you did not say which hypothesis of Bohr is
unconfirmed.

Newstead (Brookhaven):

Do you mean, for example, when you have a correlation between the entrance
channel and the gamma ray decay, that that means you have a memory of the
entrance channel and therefore that's a non-confirmation of the Bohr
hypothesis, because the Bohr hypothesis says that you don't remember how
the state was formed?

Soloviev;

Yes, but it's only a specific case, only a specific non-statistical effect,
it's only a specific case belonging to a few quasi-particle components.
But what I like to stress is that it is necessary to get experimental infor-
mation about the whole wave function, or maybe a more important part of it.

Moldauer:

I think we should get off that subject. May I just make the final comment
on this historic occasion? It might behoove us occasionally to go back to
history and see what Bohr actually said and perhaps agree on what we mean by
various hypotheses. I think we understand what you mean, that in fact we
don't know the whole wave function from looking at neutron resonances and
I think we all agree on that and we can then go back and read Bohr and decide
all for ourselves what#in fact,bearing this has on Bohr's hypothesis. Can
we go on, perhaps, to another topic?

Khanna (Chalk River):

Since you have that slide on, essentially my question concerns that one.
what you have got is a system in which there are quasi-particles and phonons.
You have replaced a system of all quasi-particles in terms of quasi-particles
and phonons. The question is, are there any Pauli principle effects which
you are ignoring which are important, that is, exclusion effects?

Soloviev:

Yes, we take into account the Pauli principle only in a rather simple way.
In deformed nuclei, if the phonon is collective, it means that its wave function
has many two quasi-particle components. This case, of very few two-phonon



states, is only a very special case where the Pauli Principle has not worked.
Only if the two-phonons are not collective, it is the same, but we excluded
such cases. The Pauli principle is important if we consider many phonon states,
for example, five-phonons states, six-phonons states; these are the cases where
the Pauli Principle is very important. But for two-phonons states in deformed
nuclei it is not important, although in light nuclei it is very different.
In deformed nuclei, because we have a very large configuration space, Pauli
Principle effects are not so important. There are many other problems which
we don't take into account in our consideration and they are more important,
compared with the Pauli Principle.

Khanna;

But earlier you said that important components in these wave functions come
from three to five- phonoii states. That would imply that there will be Pauli
effects, which are quite important. Will you give an estimate?

Soloviev:

In oor calculation we take into account only quasi-particles and two-phonon
state and not more. In this case our wave function has a million components
and I stress that it is not the real wave function of neutron resonances. Our
wave function only describes one quasi-particle component. And it means that
we can only calculate neutron strength function and in future radiative strength
function. It is different. These are small components which affect the normal-
ization and the averaging which increases the fragmentation. But one quasi-
particle and two quasi-particle phonons are the real terms and they determine
fragmentation. This is only some background in our calculations.

Mughabghab (Brookhaven):

From your theoretical studies of valence capture in molybdenum-92 or -98, what
would be your expectation for heavier Molybdenum isotopes, for example? Can
you tell us about that?

Soloviev;

We investigated, as I remenber, Voronov and I investigated only molybdenum-93,
95, 97 and 99. But we didn't consider heavier nuclei which are possible to
consider, but in this region, we are more or less into a transition to deformed
molybdenum isotopes -- because molybdenum isotopes 100, 102 may be deformed.
If we assume they are spherical, it is possible to make some conclusions, but
if it is in a transition region to deformed nuclei, it is difficult to make
some prediction. Such simple considerations are possible for spherioal nuclei
only, but not for transitional nuclei.

Feshbach (M.I.T.):

I wonder if you thought at all about the connection between your description
and the statistical theory of nuclear reactions? In particular, do you have
anything to say about the so-called evaporation region, or about the quasi-
equilibrium region?

Soloviev:

It seems to me it.'-: diificult to say anything about this connection. This is
a stationary dcscr : pMori. Mo -f.ip«tions aro asked about how the states are
produced; a' i= a iitf •• (iifewi.t fror. other approaches.
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Feshbach:

It's not the time dependence. I mean the theory that Kerman, Khanna and
myself have is not a time dependent theory, it's a stationary state theory
in which these things occur. But never mind that. I mean, just let's look
at the evaporation region where there are, after all, many papers which are
not time dependent in their approaches, which gives rise to the Maxwellian
distribution of particles, and there has been a very successful application of
that kind of thinking, so I am curious as to whether you can approach this
from your formalism. Perhaps it's too early to ask that question.

Soloviev;

But the evaporation region is at very high excitation. Our description is
better at low energies. In neutron resonances this description is better for
intermediate excitation energy; with giant resonance description we have
difficulty with unbound states but evaporation region I don't know how, it's
a long way to go to this region, it seems to me.

Newstead, Brookhaven:

It's interesting to see this comparison between your theoretical calculations
of the s- and p- wave strength functions and the experimental values. Your
calculation shows the same strength functions for the several gadolinium iso-
topes and here we know experimentally there is a difference in fact, though
one could argue about the statistics. So what about the trends? Why don't
they come out in your calculations?

Soloviev;

Yes, it's difficult to explain how to change from one nucleus to another. It's
only a factor of two or tliree. It seems to me no parameter is good enough,
but it is impossible to explain why specifically, just now, specifically from
one deformed nucleus to another.



9.45 a.m., Thursday, July 8, 1976 in Olney 150 Invited Paper; Session MG2
MICROSCOPIC CALCULATIONS OF THE OPTICAL-MODEL POTENTIAL

J . - P . Jeukenne, A. Lejeune

Un ive r s i t y of Liege at Sart Tiltnan, 4000 Liege I , Belgium

and C. Mahaux"

Nuclear Physics Labora tory , Oxford

Pidinntzd by C. Mahaux, on le.a.va ofa absence {,n.om Un-tveiA-ttt/ o£
Liege.

RE'SUME"

We present a critical survey of several recent microscopic cal-
culations of the optical-model potential for nucleons. Special empha-
sis is laid on those calculations which are sufficiently realistic to
impose meaningful constraints on the parametric expressions used in
the analysis of the experimental data.

ABSTRACT

If it is sufficiently realistic, a microscopic calculation of
the optical-model potential (OMP) for nucleons is of fundamental and
of practical interest : (1) It is of fundamental interest because
the rendering of the empirical OMP from a realistic nucleon-nucleon
interaction is intimately related to the theoretical understanding
of the success of the shell model ; conversely, this can serve as a
test of the underlying many-body theory and of the nucleon-nucleon
interaction. (2) It is of practical interest because the analysis of
the experimental data is unable to fully determine the OMP, which is
complex, nonlocal, energy dependent, ... : some theoretical con-
straints are therefore needed to restrict the freedom in the parame-
trization of the phenomenological OMP ; it is important to derive
these constraints from a realistic calculation, since otherwise they
may be meaningless and might then generate spurious trends in the
parameters of the empirical OMP. For these reasons, we believe that
a microscopic calculation of the OMP is really useful only if it is
sufficiently "realistic", in the sense that it uses as much informa-
tion as possible on the nucleon-nucleon interaction, on the theoreti-
cal properties of the OMP, on nuclear structure, and if it is based
on a reliable approximation scheme. Therefore, it is mainly with this
criterion in mind that we discuss the relative merits of several re-
cent calculations of the OMP. These calculations are based on a va-
riety of theoretical approaches : low energy nuclear reaction , mul-
tiple scattering, Green functions, Hartree-Fock or Brueckner-Hartree-
Fock theories ; they involve either effective or realistic nucleon-
nucleon interactions. He discuss the imaginary as well as the real
part of the OMP.
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I. INTRODUCTION

Practically all empirical analyses of the interaction of neu-
trons with nuclei make essential use of the optical model. The fact
that high quality fits are obtained from optical-model potentials (OMP)
which vary smoothly with energy and target mass number indicates that
these OMP are physically meaningful and thus carry useful information.
In order to extract this information, one must relate the phenomenolo-
gical OMP (POP) to the theoretical OMP (TOP). Hence, the main aim of a
theoretical study of the optical model is threefold :

(a) Explain the success of the optical model, which at first
sight appears to be at variance with the strong nature of the nucleon-
nucleon interaction. Note that by its very aature this problem requi-
res the use of realistic (i.e. strong) nucleon-nucleon forces. As is
well-known, the Pauli principle plays an essential role in this res-
pect ; it must therefore be a prime ingredient of any reliable theory
of the optical model.

(b) Give a definition of the OMP. This problem is somewhat ambi-
guous since a potential is not an observable ; it is rather an auxi-
liary quantity from which observables can be calculated. However, the
almost universal success of the model suggests that the ambiguity is
very much reduced if the TOP is required to be consistent with the use
that is mada of optical-model phase shifts and - more importantly - of
optical-model wavefunctions. In other words, the definition must ex-
press the requirement that the OMP describes the evolution of that
part of the incident wavepacket which decays exponentially in time. We
recall in sect. 2 that this requirement is fulfilled if the TOP is i-
dentified with the mass operator (or self-energy).

(c) Find a reliable way of computing this mass operator (TOP) or
at least find theoretical constraints that must be fulfilled by the
POP. Several theoretical techniques for calculating the mass operator
are briefly described in sect.3.A number of numerical results recently
obtained for the real and for the imaginary parts of the OMP are cri-
tically surveyed in sects. 4 and 5, respectively. Our conclusions are
contained in sect. 6.

2. DEFINITION

Details on the present section can be found in ref. ). Let us
denote by lO* the (exact^ target ground state. The probability ampli-
tude of finding at point r' and at time t (> 0) a nucleon that has
been created at point r* and at time t = 0 is given by the "one-body
Green function" :

G(r\?\t) = -i <0| a(r*,t) a+(r',t = 0) |0> . (J)

We have omitted the spin and isospin variables.

Let us iiow consider the simplified case of infinite, symmetric
and uncharged nuclear matter. Then, the Green function depends on the
variables ]?-?'|, t and on the medium density p : Gp(|?-?'|,t). We
shall often omit the index p, which i.-» related to the Fermi momentum
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kp by

By successive Fourier transformations, we can construct various repre-
sentations for the Green function :

Gp(|?-?'|,t) «"• Gp(k,t) *•+ Gp{k,E) , (3)

where, for simplicity, we keep the same notation for G. As mentioned
in sect. I, the optical model deals with that part of the wave packet
which decays exponentially in time, and has thus a well-defined (com-
plex) frequency. In other words, we write (H = 1)

G(k,t) = -iR(k) exp(-ie(k)t)exP(-It/T) + G C N(k,t) , (4)

and it is only the first term on the rhs of eq. (4) that the optical
model can describe. The second term accounts for the fact that the nu-
cleon can excite complicated compound nuclear states immediately after
its creation 2 ) . The Fourier transform of the first term on the rhs of
eq. (4) read s

G(k,E) » i ( 5 )
E - e(ki + iW(k) ' ( 5 )

where

W(k) = (2T)"' , e(k) = {£ - V(k) . (6)
zm

In the case of a gas of noninCeracting nucleons in an external poten-
tial (-)ll'o'(k), the Green function reduces to

G(o)(k,E) = [E - |i + U ^ d O } " 1 . (7)

The comparison between eqs. (5) and (7) shows that the complex quanti-
ty

M(k) = - V(k) - iW(k) (8)

is the mean potential energy of a nucleon with momentum k.

From eqs. (5), (6), we have

G(k,E) = ^^J # ( 9 )

E - || - M(k)

This suggests to identify the OMP with the mass operator M(k,E) which
is defined by the following equation (actually we should extend defi-
nition (1) to negative time *))

G(k,E) = - . (10)E " £ " M<k.E>
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Several representations of the mass operator are obtained by successi-
ve Fourier transformations

Mp(|r-r'|.c) «-"* Mp(k,t) <-••• Mp(k,E) . (11)

Note that the dependence of M(k,E) on k reflects the nonlocal charac-
ter of the OMP, while its dependence on E is associated with the time
dependence (i.e. with the dynamical character) of the mean field. We
write

M(k,E) = - V(k,E) - iW(k,E) . (12)

The following subtracted dispersion relation and asymptotic behaviour
hold

V(k,E) = f(k) + it

(14)

where £_ is the Fermi energy

The identification of the mass operator with the mean field is
also valid in the case of a finite nucleus 3 > 1 * ) . Then, however, the
mass operator is a more complicated function : M(r*,?',E). Moreover,
it is a wild function of energy in the region of isolated resonances :
it can thus be necessary to identify the OMP with the energy-average
M(r,r"',E + iI) , where I is the averaging interval 5) . Since the direct
calculation of the mass operator in a finite nucleus is quite compli-
cated, the calculations are often carried out in nuclear matter and
then extrapolated in finite nuclei by means of the following "local
density approximation" (LDA), whose accuracy admittedly still requires
to be further tested : In nuclear matter, the mass operator Mp(|r-r'|,
E) is a function of the density P. By identifying P with the experi-
mental matter distribution P(r) of a finite nucleus, one obtains M as
a function of the distance r from the nuclear centre, of the nonloca-
lity variable |?-r'| and of the energy E.

In most empirical analyses, the POP is parametrized either in the
form of a local, energy-dependent field or else (and more rarely so)
of a nonlocal, energy-independent field as in the pionneering work of
Perey and Buck 6 ) . The TOP, i.e. the mass operator, is nonlocal and
complex. Before comparing it with the POP, it is thus necessary to
construct potentials that are "equivalent" to the TOP but are either
nonlocal and energy independent or purely local and energy dependent.
This can be achieved by means of the "local energy approximation" 7'8

9) . The latter amounts to taking the value of the mass operator M(k,E)
at the pole of the Green function. The real part of this pole is appro-
ximately given by the energy-momentum relation

e(k) = £- + Re M(k,e(k)) . (16)
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Si net k anil •= are relate.-: by e<; . (16), LI.;> ::I-y cois-Jev M ( k , e ( k ) ) ei-
ther as a function of k, in which case we wtite

Mp(k,e(k)) = Mp(k) = - Vp(k) - iWp(k) , (17)

or else as a function of the energy e, in which case we write

Mp(k,e(k)) = M p(e) = - VD(e) - iWp(e) . (18)

The potential Mp(e) is local and energy dependent ; the Fourier trans-
form of Mp(k) over k is a nonlocal but energy-independent field. The
equivalent OMP (17) or (18) can now be directly compared with the POP.

We note that the dependence of M(e) on e differs from the "true1'
energy dependence of the TOP (M(k,6)) on the energy E, since it con-
tains a spurious energy dependence due to the true nonlocality. In
practice, the true nonlocality and the true energy dependence of the
TOP can only be disentangled by means of theoretical considerations.
Attempts in this direction have been made on the basis of the subtrac-
ted dispersion relation (13) which, however, only yields semi-quanti-
tative information 1 0 ) . The two effects can be distinguished in a the-
oretical calculation provided that the latter involves no adjustable
parameters, since otherwise the variability of the parameters can blur
the distinction between true nonlocality and true energy dependence.
This problem is not anly of fundamental but also of practical interest.
Indeed, the "Perey effect" &) (attenuation of the scattering wave func-
tion in the nuclear interior) and the Coulomb correction **) are boch
due to the nonlocality. We shall see that they are underes-
timated if, as in all calculations to-date, they are evaluated from
the nonlocality of the energy-independent nonlocal field (17).

3. CALCULATIONAL APPROACHES

3.a. Perturbation theory

The mass operator can be expanded in powers of the nucleon-nucJe-
on interaction v if the latter is sufficiently weak. Some of the low-
est order terms of this perturbation expansion are represented iv» "i,;
1. We attached a hat on each contribution to emphasize that the ex,-d.'
sion is meaningful only in the case of a very weak, and thus usually
"effective", nucleon-nucleon force.

„. The^first order term is the Hartree-Fock (HF) contribution
J,J(HF) _ jj(la), its expression reads

M(HF>(k) = I {<£,}|v|k\T> - <t,j|v|T,t>l (19)

= J <S,'j|v|fc\}>A , (20)

where the index A refers to antisymmetrization, and where we used the
simplified notation

I = -> I • «21)
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In a finite nucleus, the action of the HF field (19) on the scatte-
ring wave function
space representation,

takes the following form, in the coordinat'

XE(D

A

I v(|r-r-r' d3, (22)

In terms of the one-body density matrix, eq. (22) reads

XE(r)

d3f
J

(23)

We see that in the HF approximation the mass operator is raal, inde-
pendent of energy and nonlocal. The nonlocality arises from the ex-
change (Fock) term, which can be replaced by an equivalent local (but
energy dependent) field, as discussed in sect. 2. In the HF approxima-
tion, the incoming particle simply feels the mean potential created by
the target which is assumed to be inert (no correlation : independent
particle model). This is depicted in Fig. 1 (top left) and is the ori-
gin of the static (independence of energy) character of the HF field.

There^exist two^second-order contributions ; they are represented
by graphs M^lb^ and M(2a)in Fig. 1. Their expressions read

M(Ib)(k,E) I I
<k,I|v|a,b> <a,b v|k,j>A

a,b>kF E - e(a) - e(b)
(24)
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<k,a|vlJ,£>

. J » f J-, ! • • ( . > -.<3> - . < » - ! <
where

e(d) = f^ + U(d) . (26)

The "auxiliary" potentiel U(d) is a parameter which can be chosen in
such a way as to improve the convergence of the perturbation series.
The self-consistent HF choice consists in taking

U(d) • M(HF)(d) ; (27)

for d < kp, this choice is the uuclear matter counterpart of the re-
quirement that the bound eigenstates of the HF hamiltonian

„<«> . » ( V + M<HF)(r,r-') (28)
2m

be identical to the single particle wave functions i)>j in eq. (22).
Note that M^'^J and SO*' are energy dependent and complex. The imagi-
nary part of M^ differs from zero for E > e(kp) ; it gives Lhe low-
est-order contribution to the imaginary part of the OMP . The imaginary
part of M^2' differs from zero for E < e(kp) ; it gives rise to the
first nonvanishing cgntribution to the width of the hole states. The
physical meaning of M^*'3' is that the incident nucleon can excite a
two-particie - one hole (2p-lh) intermediate state, whence the name
"core polarization graph" coined for it by Bertsch and Kuo i 2 ) . The
contribution M(2) arises because the existence of the incident nucleon
k suppresses the contribution of those 2p-2h target configurations
where one of the particle is in state k, whence the name "Pauli block-
ing graph" 1 2 ) .

There exist several third-order contributions. One of them, re-
presented by graph M ( 3 ) in Fig. 1, is static. It can be added to the
HF term ; the resulting sum being called the "renormalized Hartree-
Fock" (RHF) approximation :

M(RHF)(k) - I f(j) <k,T|vjk,T> . (29)
J<kF

Here, l-f(j) is the probability that the momentum state j is depleted
because of the existence of 2p-2h admixtures in the target.

3.b. Brueckner expansion

Interactions which fit the nucleon-nucleoa scattering are usually
so strong that the perturbation expansion of fiect. 3.a Uadly diverges.
This can be understood as follows. While the Pauli principle imposes
that nucleons a and b (see fiOb)) lie above ';he Fermi surface, and
thus somewhat quenches the strength of the interaction between the in-
cident nucleon k and the target nucleon j, it does**hinder the excited
nucleons a and b to interact: repeatedly. Hence, it appears appropriate
to allow for repeated scattering between a and b, i.e. to group all
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contributions with particle-particle ladders, namely K1'"', M'' C',...
Another justification consists in noting that all these graphs contain
only one hole line, i.e. involve only one integration from 0 to kp
over an intermediate momentum. Hence, it appears that a regrouping of
the graphs of the perturbation series according to their number of ho-
le lines roughly amounts to building an expansion where the density
plays the role of a small parameter (see eq.(2)). More precisely, the
"small parameter" of the expansion is believed to be approximately gi-
ven by the cube of the ratio of the hard core of the m.cleon-nucleon
interaction to the average internucleon distance l i ) .

The leading term of this low-density expansion is usually called
the Brueckner-Hartree-Fock (BHF) approximation ; it is denoted by M^O
in Fig. 2, and reads

k.E

k.E
d) ?

tfl. 2.
Some, ojj the, towe.it-oKde.1

0(5 the. low-dzniity
k zxpa.nii.on J

the. man

M
(BHF)

( k , E ) = M ( U ( k , E ) = I < k , T | g [ E + e ( j ) ] | k , j (30)

where the "reaction matrix" g[w] is a solution of the Bethe-Goldstone
integral equation

I a , b > < a , b |gLwj v + v i w _ e ( a ) _ e ( b ) + is giwj
a,b>kp

(31)

It is immediately verified that the first iteration of (31) corresponds
to the approximation

M O )(k,E) = M(la)(k) + M
(lb)(k,E) . (32)

It also appears appropriate 1 3) to replace the value (27) for the au-
xiliary potential U(d) by the BHF choice

U(d) = Re (d,e(d)) (33)

although, actually, the complex choice U(d) = M(O(d,e(d)) would be
somewhat better.
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particle-particle ladders to M ( 2 ) (Fig. 1) leads
contribution M ' 2 ) (see Fig. 2) ; in the same way,

The add i t ion of
to the two-hole lint
M'-*) is the progenitor of a series of graphs whose sum is represented
by M ( 3 ) in Fig. 2. As in sect. 3.a, M(') and M ' 3 ) can be summed to
yield the renormalized BKF (RBHF) approximation

( R B H F )M(RBHF)(k,E) = M ( O(k,E) + M(3)(k,E)

(34)

Note that, in the BHF approximation, the OMP is both nonlocal and
energy-dependent, while it is static in the HF case. The dependence of
M^'^(k.E) on k yields the true nonlocality of the BHF field, while its
dependence on E corresponds to its true (dynamical) energy dependence.
This is discussed in detail in ref, i ) . Note also that the BHF field
is complex, while the HF approximation is real.

3.c. Multiple scattering expansion

If the Pauli principle is omitted in eq. (3J), i.e. if the summa-
tion over a and b is allowed to extend over the states below the Fermi
surface, and if furthermore e(a) and e(b) are replaced by pure kinetic
energies, the reaction matrix reduces to the transition matrix t[w]
for fi-ee nucleon-nuc leon scattering amplitude. If one neglects the va-
lues of U(j) and U(k) as compared to k2/(2m), which may be justified
for large values of k, one obtains the following approximation for the
OMP :

M<IA>OO - i <U|t [ £ + & |U>A . us)

Expression (35) is the leading term of the multiple scattering series ;
it is sometimes called the impulse approximation, although this expres-
sion is also used to denote some improved expressions. The nature of
the approximations that lead from (31) to (35) (neglect of Pauli prin-
ciple and of binding energy effects) indicates that (35) is valid only
at high energy. Its main interest is that it only involves the free
nucleon-nucleon scattering amplitude, i.e. a quantity that can be di-
rectly obtained from nucleon-nucleon scattering data (one can rewrite
(35) in terms of nucleon-nucleon phase shifts) : There is no need to
introduce a nucleon-nucleon potential, although this or an equivalent
ambiguity (off-shell extension) cannot be avoided if one wants higher
order terms of the multiple scattering series.

3.d. Nuclear reaction theory

In the framework of nuclear reaction theory, the OMP is introdu-
ced as follows. Let fg denote the exact scattering wave function at
the energy E, with the boundary condition that incoming waves are pre-
sent only in the channel where the target is in its ground state |0>.
By projecting fg onto \0> , one obtains a single particle wave func-
tion X E ( ? ) • The latter is the eigenstate of a one-body Schrodinger e-
quation where the potential is the mass operator M(r",r',E) 1 **' ) . As
mentioned in sect. 2, it may be necessary to average M(r",?',E) over
energy in the region of isolated resonances before identifying it with
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the usual OMV ). Although these manipulations are of quite general
validity, the physical content of the theory and its practical appli-
cations or difficulties can best be discussed by making reference to
the perturbation expansion (sect. 3 . a.'.

In a finite nucleus the first-order term is given by eq. (22),
where the if'j 's are to be determined self'-consistent ly from the HF ha-
miltonian. Once this single-particle basis (̂-j ,XE(?) ) is^adopted, one
can in principle calculate the second order corrections M''"' and M'^)
(see Fig. 1) .

Let us first consider the core polarization graph M C ^ , In a fi-
nite nucleus, it is useful to make a. distinction between two types of
contributions to M(lb) (eq. (24)), namely those where nucleons a and b
are in bound orbitals on the one hand, and those where a or & is in
the continuum. Important difficulties appear when, both a and b are in
the continuum. In the first case, the summations over a and b are dis-«-
crete ; in the second case one of the summations is replaced by an in-
tegral :

L ) > -
2 1<I, . h.k E + e ( j ) - e ( a ) '

^ — ,<J) - e(a) - e(b) • i« 'g

where kg denotes the wave number of the last bound unoccupied orbital.
The first terns on the rhs of eq. (36) is a discrete sum of real quan-
tities. It corresponds to the excitation of quasibound 2p—lh states by
the incident nucleons, i.e. to the excitation of resonances 1 6 ) . Al-
though it is real, it contributes to the imaginary part of the OMP when
one performs an energy average (E •+ E + il) over the resonances. This
interpretation can easily be carried over to the excitation of more
complicated compound states : the first term on the right-hand side of
eq. (36) can then be written somewhat symbolically in the more general
form (which goes beyond second order perturbation theory)

1 r <X E(?)1» o(l,---,A)lvU n(0,l,...A)> A A<1. n|vU oX E(r'
l)>

— /, -~~~~—~"^^—~•—~ y (37a)
E + eQ - e n

where X E *-s t'le H F scattering single particle wave function, <(>o the
target wave function £n the HF approximation, and e 0 its energy, while
the <)>„' s are the quasibound states obtained by diagonal izing the full
hamiltonian in the subspace of the bound eigenstates of the KF hamil-
tonian for the system with A+l nucleons. The integration runs over all
coordinates 1...A of the target nucleons. Thus, (37a) expresses the in-
fluence of compound nucleus formation on the OMP. The antisymmetriza~
tion sign in (37a) gives no problem. However, note that the wave func-
tion 4>0 in (37a) is not the exact target wave function J0> : it is the
uncorrelated HF ground state. It is possible to replace in (37a) the
quantity [ tf>o >by a more correct model target wavef unc t i on, obtained by
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diagonalizing the full hamiltonian among the bound eigenstates of the
HF hamiltonian for the syscem with A nucleons * e ) . This amounts to
seating that the contribution of that part of grap'u M^3) (Fig. 1) whe-
re nucleons a and b are in bound orbitals can be included^in expres-
sion (37a). Indeed, we saw in sect. 3.a that the role of M ^ ) is to
take into account the existence of 2p-2h excited states in the target.

We now turn to the second term on the right-hand side of eq. (36).
Since a (or b) now lies in the continuum, the 2p-ih intermediate sta-
tes can aote appropriately be associated to channels, and the summa-
tion over a and b corresponds to a summation over intermediate chan-
nels. This term reads then, in a somewhat sketchy notation,

1 „ [ <X F<?)* oO,..,A)|v|¥|;,<0,!,..,A)> A A<¥|; f |v|x F(r
f)A >

I I J dE' — 5 2 h **__? E 2_(37b)
cj*0 e E + e - E' + i6

c o
where V| is the wave function of the inelastic channel c, with thre-
shold energy ec. The term (37b) corresponds to the direct feeding of
inelastic or of reaction channels c. It is complex if E + eo is larger
than the threshold energy of the lowest inelastic channel. The result
(37b) can be extended by taking for -t>0 the model target wavefunction
that corresponds to the lowest configuration obtained by diagonalizing
the full hamiltonian in the subspace of the bound eigenstates of the
HF hamiltonian for A nucleons. Likewise, the fSt's can be replaced by
channel wavefunctions where the residual nuclei are described by model
wavefunctions obtained by diagonalizing the full hamiltonian in the
subspace of the bound eigenstates of the HF hamiltonian for A nucle-
ons U ) .

It is quite difficult to extend (36) or (37a,b) to the case where
the two nucleons a and b are in the continuum or to the case where i)>o
contains configurations where one or more nucleons are in scattering
states. Indeed, one then encounters difficulties analogous to those
met in the three-b:*dy problem ; moreover, double-counting problems ap-
pear, due to anti symmetr ization 1 £ j ) . These dif f icult iesAare intimately
related to the other second order contribution, namely^M(2), Indeed,
we saw in sect. 3.a that the physical origin of graph M ( 2 ) £ S that the
true target wavefunction j0> may contain 2p-2h excited states where
one nucleon is in the continuum. Thus, graph M'^) and more generally
all "backward-going graphs" were excluded from the shell-model approach
to nuclear reactions, where at most one nucleon is allowed to be in the
continuum ). Some configurations with two nucleons in scattering sta-
tes can be included in the shell-model formalism in the framework of
the random-phase approximation (RPA) 1 7 ) . In that case, however, it ap-
pears more convenient not to use the techniques of nuclear reaction
theory proper, but rather to return to the definition of the OMP as
being the mass operator. Indeed, it can be shown that a selected infi-
nite number of graphs of the parturbation theory can be summed up in
closed form ; they include the backward going graphs characteristic of
the RPA. This was demonstrated t>y N. Vinh Mau - 1 9 ) , who made use of a
suitable truncation of the hierarchy of coupled equations which relate
the one-, two-,...body Green functions -19) .



i.e. Mar e ir.-Pu£f-Schving.?r approaches

We just mentioned the existence of an infinite system of coupled
equations which relate the one-, two-, three-,...body Green func-
tions 1 9 ) . The RPA is obtained from this set by a truncation that a-
nounts to introducfiya ladder approximation for the particle-hole two-
body Gre^n function 2 0 ) . This approximation appears well adapted for
the creatment of long-range correlations. Other possibilities of trun-
cation exist, which seem more appropriate for handling short-range
correlations. They have been proposed by Puff 2 1) and by Falk and Wi-
lots 2 2) and are usually called the Aao,AOj,An approximations. They
have been reviewed in ref. 2 3 ) . They lead to expressions for the mass
operator which are formally analogous to the BHF approximation (30).
However, the propagator in the integral equation fulfilled by the cor-
responding reaction matrix is different from that which appears in
(31) : both the form of the Pauli projection operator |5,6><a",D"| and
the energy denominator (choice of the auxiliary potential U(a)) are
altered.

3.f. Discussion

We have seen that many different theoretical approaches exist for
the calculation of the OMP. The particular method that one selects de-
pends on the input that one wants to use. For instance, a calculation
based on "realistic"(i.e. strong) nucleon-nucleon forces in practice
restricts the choice to the Brueckner,multiple scattering or Martin-
Schwinger-Puff approaches. On the contrary, a calculation where one
wishes to make maximum use of nuclear structure information will usual-
ly be performed in the framework of nuclear reaction theory (sect.3.d).

4. CALCULATIONS OF THE REAL PART OF THE OMP

4.a. Meaningfulness of theoretical constraints

Lerner and Redish ?-'') emphasized that "the utility of a theory of
the OMP can only be investigated by calculating the OMP directly, with-
out free parameters". This is so because the variability of some para-
meters might amount to mocking up processes in a manner that can cor-
respond to imposing unphysical constraints on the calculated OMP. We
illustrate this point by briefly discussing the example of the "refor-
mulated optical-model potentiel" 25t26jt xhis model consists in appro-
ximating the mass operator by the first term on the rhs of eq. (23),
i.e.

M(r) - I p(r') v (|r-r'|) d3r" . (38)

£s before, the spin and isospin variables are implicit, and the hat o-
M(r) reminds one that expression (38) can be meaningful only if used
in connection with a weak — and thus in practice "effective" - inter-
action v. Attempts have been made to apply (38) to obtain information
on the nuclear density p(r), by considering v as known. Conversely,
one can try to obtain information on the effective interaction v by
inserting an empirical value of p in (38). The existence of these two
possibilities already shows that the physical information derived fro:n
(38) is of limited accuracy. There are two main reasons for this ambi-
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guity. Firstly, expression (38) is a rather crude approximation since
exchange and higher order terms are neglected. Secondly, the effective
interaction v is poorly known.

The magnitude of the exchange contributions (second term on the
rhs of eq. (23)) has been the subject of some debate 27.28.29^ Recent
estimates 2 9) show that this nonlocal term is too small to account for
the observed nonlocality of the empirical OMP. This may indicate that
higher order corrections are important, or else that the effective in-
teraction v should depend on energy or be nonlocal. Moreover, any sen-
sible microscopic model for the effective interaction v leads to a
density-dependent force. It was emphasized by Myers 30) that this den-
sity-dependence strongly influences the geometrical characteristics of
the OMP calculated from (38) 3 1 ) . Furthermore, the imaginary part of
the OMP is usually still treated phenomenologically in the empirical
fits and this further blurs the interpretation of this type of analy-
sis. In view of all these uncertainties, it appears dangerous to at-
tach much significance to the information obtained from the use of the
reformulated OMP (38) in the analysis of the experimental data.

This discussion illustrates the necessity of reducing the number
of adjustable parameters if one wants a theoretical calculation of the
OMP to impose meaningful constraints on empirical analyses or, conver-
sely, if one wants to extract physical information from phenomenologi-
cal OMP. This is the reason why below we group the various calcula-
tions of the OMP according to the number and to the nature of the pa-
rameters that they involve. We first discuss the theoretical works
which are based on a realistic nucleon-nucleon force and involve no
adjustable parameter (sect. £.b). Then, we review calculations which
involve an interaction which is effective but whose parameters are

determined by fitting other nuclear properties than the OMP (sect.
4.c), and are therefore not adjustable. Finally, we describe two re-
cent works where adjustable parameters appear but which nevertheless
seem to provide useful physical information (sect. A.d).

4.b. Realistic nucleon-nucleon interactions

4.b.t. Martin-Schwinger-Puff approach. Strong nucleon-nueleon in-
teractions have been used by Reiner 32) and more recently by Ho-Kim
and Khanna 33), by Gall and Weigel 3U) and by Marville 35) to calcula-
te the real part of the OMP in nuclear matter in the frame of the Aoo

approximation (sect. 3.e). The results are qualitatively similar to
ihose obtained from Brueckner's theory and described kelow. Since, mo-
reover, these authors did not construct the OMP in finite nuc)»i and
used only semi-realistic forces, we do not discuss these works in de-
tail here.

4.b.2. Multiple scattering series. The multiple scattering series
has mainly been used at intermediate and at high energies, since it is
believed to be inaccurate at low energy. Its leading term is the ircpul-
se approximation (IA), eq. (35). The energy dependence of the real and
imaginary depths of the OMP as calculated from (35) is shown in Fig. 3
(dashed curves), for the Fermi momentum kj? » 1 .35 fin"1* which corres-
ponds to the nuclear centre. For the horizontal scale, we have defined
energy e that corresponds to the momentum k by
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(IA)
2m + Re M ( I A ) (k) (39)

I
3f 20-
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F-tg. 3. Thz d<uh.zd line.* fie.pKe.ie.nt thz de.pe.nden.ct on the znziay c
[zq. (39J) orf the. abtolutz value, o6 the. xzal and e>i the imaginaMj

o& thz OMP, a& computed In Mjmmztiic nuclzai matte.*, laom thz
pe. appnoxlmatlon (35). Thz bull c-xnve* ihow thz dependence on e

(dz&4.nzd now} by eq. (401) oi thz abtolutz valuz o& thz dzpthi in thz
BHF appnoxlmatlon. In all catzi, Rzid'i hand CQKZ intziaction 36) wa*
ui&d 3 7 ) .

The full curves represent the energy dependence of the real and imagi-
nary parts of the BHF approximation M(BHF>(k,e(k)) (see eqs.(30),(33))
h V B t">() i
nary parts of the BHF approximati
where now eVBt"->(k) is defined by

(40)= |j + Re M ( B H F )(k) .

In both cases, Reid's hard core interaction 36) was used.

For a fixed value of k, one has

|Re M

since the IA neglects the repulsive effects of the Pauli principle
(|a,b><a,b| in eq. (31)) and of the dispersion (U(a) in eq. (31)). How-
ever, Fig. 3 shows that these omissions are largely compensated by the
difference between the definitions (39) and (40) of the nucleon ener-
gy, whence the fair agreement between the IA and BHF approximatiaas as
far as the real potential depth is concerned.

It is usually stated that the IA yields a local potential which
is strictly proportional to the density. Ir; the framework of the local
density approximation (sect. 2), this statement holds true when the e~
nergy of the incoming nuclei is taken equal to its kinetic energy
(e(k) - k /(2m)). On the contrary, the potential well extends beyond
the matter distribution if definition (39) is adopted. This is so be-
cause the relation (39) between e and k is density-dependent. This
will be discussed in detail elsewhere 37),



i h e 1A (33.) h a s b e e n u s e d b y D a b r o w s k i et a t . '''* ' J> t o e v a l u a t e
ttu< s y m m e t r y p a r t o f t h e O M P , i . e . t h e d i f f e r e n c e b e t w e e n t h e d e p t h s
• f t'.ie O M P f o r n e u t r o n s a n d f o r p r o t o n s , d u o t o t h e e x i s t e n c e o f a
n e u t r o n e x c e s s .

H i g h e r o r d e r c o r r e c t i o n s t o t h e i m p u l s e a p p r o x i m a t i o n in f i n i t e
i i u . l e i h a v e b e e n e s t i m a t e d b y m a n y a u t h o r s . I n p a r t i c u l a r , i . e r n c r a n d
• \ J i s h ' ') e v a l u a t e s o m e o f f - s h e l l e f f v e r s in th«- f r a m e w o r k o f ;> i h r y e -
! !y m o d e l ( t h e p r o j e c t i l e , out 1 a c t i v e b o u n d n u c l c o n a n d o n e i n e r t c o -

1 ; t h e y u s e R e i d ' s s o i l c u r e i n t e r a c t i o n ' ) a n d c o n c l u d e - thai. j f f -
. .ell e f f v c i s a r e s i g n i f i c a n t in t h e c;«s« o f t h e s c a t t e r i n g o f 6 j >SeV
; •• 'T.ni:- i y • " o , '• ; 0 a n d ''" 0 . N'ote t h a t t h e i r c a l c u l a t e d O X P i s in g o o d
.. i;r e e n i e n t w i t h t h e e m p i r i c a l o n e o n l y a t t h e n u c l e a r s u r f a c e ; it i a>
-ui.h t o d e e p i n t h e n u c l e a r i n t e r i o r . S e v e r t h e 1 vsa, g o o d f i t s tt'< cite
s< i t t e r i n g c r o s s s e c t i o n s a r e o b t a i n e d if a p h e n o m e n o l o g i c a I i m a g i n a r y
p a r t is a d d e d t o t h e c a l c u l a t e d r e a l p a r t o f t h e O M P . T h i s p o i n t s t o
':h<> u s e f u l n e s s o f a s i m u l t a n e o u s c a l c u l a t i o n o f t h e r e a l a n d o f t h t
i m a g i n a r y p a r t o f t h e O M P if o n e w a n t s t o e s t a b l i s h t h e " u t i l i t y o f a
t h e o r y of t h e O M P " .

T h e i m p u l s e a p p r o x i m a t i o n ( 3 5 ) , w i t h a c o r r e c t i o n t o i n c l u d e i'au-
i ,iud b i n d i n g e f f e c t s i n a n a p p r o x i m a t e w a y , h a s r e c e n t l y b o o n u s e d

b y D a b r o w s k i a n d H a e n s c l -) t o c a l c u l a t e t h e i s o s p i n , s p i n a n d s p i n -
i s i - s p i n c o m p o n e n t s o f t h e O M P i n p o l a r i z e d i n f i n i t e n u c l e a r m a t t e r .
T h e s p i n - s p i n c o m p o n e n t i s f o u n d t o b e s c r o w h a t l a r g e r t h a n i n a n e s -
t i m a t e b y S a t c h l e r i l C ) , b a s e d o n t h e f o l d i n g m o d e l ( e q . ( 3 8 ) ) c o r r e c -
t e d f o r c o r e p o l a r i z a t i o n . T h e l a t t e r e f f e c t l e a d s t o a s i g n i f i c a n t
q u e n c h i n g o f t h e s p i n - s p i n c o m p o n e n t . I n r e f . ' l J) t h e c o r e p o l a r i z a -
t i o n is e s s e n t i a 1 l y ^ r e p r e s e n t e d b y u n c o r r e l a t e d t w o - p a r t i c l e - o n e
h o l e s t a t e s ( g r a p h M ^ ' " ^ i n F i g . 1 ) , w h i l e i n r e f . ~ c ) t h e c o r e p o l a r i -
j o d s t a t e s a r e d e s c r i b e d b y c o l l e c t i v e e x c i t a t i o n s .

4 . b . 3 . P e r t u r b a t i o n e x p a n s i o n . W e n o t e d i n s e c t . 4 . a t h a t i n t c r -
. •„ i on"s t h a t a r e " r e a l i s t i c a r e u s u a l l y t o o s t r o n g t o a l l o w t h e u s e

it :he p e r t u r b a t i o n e x p a n s i o n d e s c r i b e d i n s e c t . 3 . a . H o w e v e r , s o m e
i n t e r a c t i o n s e x i s t w h i c h a r e w e a k a n d a r e s e m i r e a l i s t i c i n t h e s e n s e
; :>,it t h e y r e p r o d u c e n u c 1 e o n - n u c I c o n s c a t t e r i n g d a t a a t l o w a n d m e d i u m
r. v i <; i e s .

S l a n i n a and M c M a n u s - 7 ) c o n s t r u c t e d a sum of two Y u k a w a s (for
'..oi h the c e n t r a l and the s p i n - o r b i t c o m p o n e n t s ) w h i c h fits the n u c l e o n -
nuclijon s c a t t e r i n g imp 1 i titties at AO M e V . T h e y c a l c u l a t e d the OMP from
the, tirst o r d e r e x p r e s s i o n (23) for the t a r g e t s ** 0Ca, 5 e N i , l 2 0 S n and

cPf . The d e n s i t y e ( r ) in (23) w a s t a k e n f r o m e x p e r i m e n t w h i l e the
•-•change c o n t r i b u t i o n was e v a l u a t e d f r o m a H a r t r e e - F o c k c a l c u l a t i o n of
;he o n e - b o d y d e n s i t y m a t r i x . The latter HF c a l c u l a t i o n was p e r f o r n e d
w i r h a d i f f e r e n t i n t e r a c t i o n than v, s i n c e the force v used by S l a n i n a
a -\ * M c M a n u s w o u l d not s a t u r a t e n u c l e a r m a t t e r . The v o l u m e i n t e g r a l and
the root m e a n s q u a r e r a d i u s of the c a l c u l a t e d OMP are b o t h s i g n i f i c a n t -
ly s m a l l e r t h a n the e m p i r i c a l v a l u e s . T h i s i n d i c a t e s the i m p o r t a n c e of
h i g h e r o r d e r t e r m s (core p o l a r i z a t i o n g r a p h H C " ) ., .) . T h e s e c a n in
part be m o c k e d up by a d o p t i n g an e f f e c t ive i n t e r a c t i o n . T h u s , S l a n i n a
and M c M a n u s w e r e led to use the r e f o r m u l a t e d OMP (38) in c o n n e c t i o n
w i t h a n u m b e r of e f f e c t i v e d e n s i t y d e p e n d e n t i n t e r a c t i o n s (see s e c t .
4 . c ) .



tttlf,

T a b a k i n ' s s e p a r a b l e n u c l c o n - n u c U u n i n t c r - i c t i o n '*) is h e 1 i <-vc<i
Co b e tu f I i c i e n t 1 y w e a k to a p p l y t h o p e r iurb.it t o n e x p a n t »•>«, b u t t" !.<»•
C O D s t r o n g t o j u s t i f y t h e i n f l e c t o f s e c o n d a n d h i g h e r o r d e r U'rr.s, I:
v a * a d o p t e d b y MitcKetS.tr, H e a d i n g a n d Kerrean ' ) w h o >tctjdted t h e *c a i-
t c r i n g b y " **0 o f i o w e n e r g y (.1 f e w M e V ) n e u t r o n s . T h o s e a u t h o r s w e r e
t h « » i n t e r e s t e d in r e p r o d u c I H R t h e l o w e n e r g y ( c i t U ' r i n f . c r o s s
i n c l u d i n g t h e tl, ,.} s i n g l e p a n i c to ruiU'n.itiii1, r a t h e r t h a n t h e <>MV pr <-
p e r .

It w o u l d b e of i n t e r e s t t o c a l c u l a t e t h e O M P f r o m t h v perturt-.t-
c i o n e x p a n s i o n , w i t h o n e of t h e v e r y s o f t h u t s c : ! ! r e a l i s t i c i n t e i . i c -
t i o n s t h a t h a v e r e c e n t l y b e c o n s t r u e t«,ni, f o r i n s t a n c e by C « g i i r , l»ire*
a n d d e T o u r r e i l ' ') o r b y d e T o u r r e i t a n d S p r u n g " ' ) . T h e s e s o f t f o r -
c e * h a v e b e e n u * o U w i t h f a i r t u c c o n f o r g r o u n d st.tte c .1 i eti S a t i o n s in
t h e f r a m e w o r k o f s e c o n d - o r d e r p e r t u r b a t i o n t h e o r y .

4 . 1>. •'«. R r u e c k n e r e x p a n s i o n . In t h e p r e s e n t s e c t i o n , w e d i s c u s s in
s o m e T e T a T T r e c t n c ca lcul.it l o r n t h a t h a v e b e e n p e r f o r m e d in t h e !r.»t;<--
w o r k o f B r u e c k n e r ' . « a p p r o a c h .

K i d v a i a n d R o o k "') u # e d t h « H.iRuid.n-Johiisnon '*'•) i n t e r a c t i o n ;
t h e i r n u m e r i c a l H o l u t i o n o( «i|«, ( 3 0 ) , ( 3 1 ) is m a r r e d b y t h r e e S U M -
w h a t i n a c c u r a t e a p p r o x i m a t i o n * ; w h i c h c o n c e r n : ( i ) T h e i l i « c r c t i : . i i i . n
of t h e i n t e g r a l o v e r j in o q . ( 3 0 ) ; (, i i ) T h e o m i s s i o n of t h e a u x i l i a -
r y p o t e n t i a l , n a m e l y o f t ? { j ) . It ( a ) a n d U(!») in »sq*. ( 3 0 ) , ( 3 1 ) ; ( i i i )
T h e u s e of a m o d i f i e d v e r s i o n o f t h e r e f e r e n c e s p e c t r u m m e t h o d to s o l -
v e e q . ( 3 1 ) . T h e l a t t e r p o i n t w a s l a t e r on c u r e d b y R o o k '" ' ) w h o , h o v -
«vei', h a d t o u s e t h e s i m p l e r T a b a k i n ' s i n t e r a c t i o n ' • ) . T h e L i t t e r
y i e l d s t o o l a r g e b i n d i n g a n d s a t u r a t i o n d e n s i t y in n u c l e a r m a t t e r .
T h i s , t o g e t h e r w i t h p w i n t s ( i ) a n d ( i t ) a b o v e ! ) , is p r o b a b l y t h e w a i n
o r i g i n o f t h e t o o s t r o n g a t t r a c t i o n o b t a i n e d b y R o o k . T h i s a u t h o r a l s o
e v a l u a t e d t h e s y m m e t r y p o t e n t i a l ; h e o b t a i n * ^oo<i a g r e e m e n t ( 2 4 M e V )
w i t h t h e u s u a l l y q u o t e d e m p i r i c a l v a l u e . H o w e v e r , t h i s m a y b e a o > I n -
c i d e n c e , b e c a u s e o f t w o m a i n f a c t s : ( a ) R o o k n e g l e c t e d t h e e f f e c t s o f
r e a r r a n g e m e n t a n d af n o n l o c a l i t y , w h i c h a r # r a t h e r l a r g e ( b u t h a v e o p -
p o s i t e s i g n s ) ; (!>) P o i n t s ( i ) a n d ( i i ) a b o v e s h o u l d tie i m p r o v e d .

W e n o w t u r n t o a s o m e w h a t d e t a i l e d p r e s e n t a t i o n o f o u r r e s u l t s .
W e u s e d c h e B H F a p p r o x i m a t i o n ( 3 0 ) , w i t h t h e s e 1 f - c t n s i s c e n t c h o i c o
( 3 3 ) f o r t h e a u x i l i a r y p o t e n t i a l t ! ( d ) , f o r a l l m o m e n t a d . K o a d j u s t a -
b l e p a r a m e t e r a p p e a r s in t h e c a l c u l a t i o n , w h o s e s o l e i n p u t in t h e cas.-
o f n u c l e a r m a t t e r ia R e i d ' s h a r d c o r e n u c I c o n - n u c i e o n i n t e r a c t i o n * ' ) .
T h e c a s e o f f i n i t e n u c l e i is t r e a t e d in t h e f r a m e w o r k of t h e l o c a l
d e n s i t y a p p r o x i m a t i o n (l.J)A) d e s c r i b e d in s e c t . 2 . T h e e x p e r i m e n t a l
d e n s i t y d i s t r i b u t i o n s w e r e t a k e n f r o m r e f s . ' 8 ' 1 ' ' ? ) ,

T h e c a l c u l a t e d e n e r g y d e p e n d e n c e of t h e p o t e n t i a l d e p t h is r f p r c -
s e n t e d b y t h e f u l l c u r v e in f i g . 3 , f o r k p • 1.3 5 f m l. W e r e c a l l th.it
t h e e n e r g y is d e f i n e d hy e q . ( 4 0 ) . W e a p o l o g i z e f o r t h e f a c t t h a t t h e
f i g u r e s b e l o w d o n ' t a l w a y s s h a r e t h e s a m e n o t a t i o n . T h u s , t h e
i n g e n e r g y e ( e q . ( 4 0 ) ) is s o m e t i m e s d e n o t e d by E o r E ; t h e p o t e n -
t i a l d e p t h s a r e c a l l e d V j , V or V ^ ' ) a n d m a y d i f f e r b y a s i g n .

In F i g . 4 , w e _ c o m p a r e t h e c a l c u l a t e d p o t e n t i a l d e p t h at k p <= 1 . 4 0
f a ' (P * 0 . 1 8 5 f m 3 ) t o e m p i r i c a l v a l u e r of t h e O M P a t t h e n u c l e a r
c e n t r e , in t h e c a s e of p r o t o n s c a t t e r i n g by lt(3Ca a n d '•'".'Ji. L i k i n g t h e
m o r e r e a l i s t i c v a l u e ky » 1 . 3 6 fm ' (.-• » 0 . 1 6 6 Cm n ) w o u l d s o m e w h a t



- 467 -

dec reave the theoretical curve, but this would be largely compensated
by the Coulomb correction (tee below). The empirical points in Fig. 4
arc derived from variable geometry. This explains their scatter and,,
at the same time, attaches more significance to the comparison between
theoretical and empirical depths.

20 CO 100
E IMtV)

f<g. 4. Companison between the depth o$ the, OMP as calculated &fiom
the. 6HF appncKimation i$u£t line) and empirical values In the case cj
pxotcn &cattc\ing by >>cCa * s) ideta! and by *eNi 5 1 ) Iciosses), 1C4-
ptctivety ijtem icj. -z).

The nonlocality of the theoretical OMP can be obtained by compu-
ting the Fourier transform U(s), with s - |?-?'|, of the *eIf-consis-
tent field U(k) (see eq . (33)). This quantity is plotted in Fig. 5
(dashed curve), for kp - 1.35 fm~'. The full curve is a Gaussian with
nonlocality range 1.02 fm. The small deviation between the two curves
f>>f 5 > 1.5 fm indicates that the phenomenologics 1 G&ussian model of
Pcrey and Suck f") is not exactly confirmed by the calculation or,
valently, that the theoretical nonlocality range slightly depends
energy. We calculated that it is equal to 0.84 fm at 7 HeV ' ) , to
compared with the empirical value 0.85 fm given by Perey and Buck
te that the nonlocality range discussed here is that of the equivalent
nonlocal but energy-independent OMP (see sect. 2 ) . The "true" nonloca-
lity range is determined by the Fourier transform of Re M(k,E) over k,
for fixed E. This true nonlocality range it somewhat larger than the
values quoted above : it is found equal to 1.07 fm at 7 HeV. As we men
tioned in sect. 2, this difference between true and "global" nonloca-
lity is important for the discussion of the Perey effect

equi-
on
be
No-

In order to construct the OMP in a finite nucleus from the LDA,
we calculated the OMP in nuclear matter with seven different densities.
In Fig. 6, we show the calculated energy dependence of the OMP depth
for the Fermi momenta 1.35 fm"1 (p - 0.166 f m ~ 3 ) , 1.10 fm"1 (p - 0.090
fm ) and 0.82 fni (p - 0.037 f m " 3 ) .
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Fig. 5. The dailies show the dependence OH the nonlocality pan.ame.te.1
i ' \t-K'\ oh the. ca.lcala.tzd equivalent enen.gy~independe.nt, nonlocal
CMP. Iki ^ati linn ii a Gauaiaii &it, with nonlccatity langz 1.02 ^m.
iF-iom tej. : ) ) .
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ti.d dzpth oh the. OMP in &ymme.t*.ic nixc.le.ah. matteA, ioK tnJiee. value.& o£
the Feimi momentum.
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As expected, the depth decreases with decreasing density, at least be-
low 150 MeV. The potential changes sign at a lower energy (230 MeV) in
the nuclear interior than at the surface. In the energy range 240 < E
< 275 .MeV, the theoretical OMP will thus be slightly attractive in the
surface region and slightly repulsive in the internal region 5 3 ) . Some
empirical evidence exists for an effect of this type, albeit at a so-
mewhat smaller energy B t t ) .

We now turn to the case of finite nuclei, and discuss the example
of " Pb. We first neglect the role of the symmetry potential. The full
curve in the upper part of Fig. 7 represents the Fermi density distri-
bution of ' 0 8 P b , as taken from ref. t t 9 ) . The half-naxinum density ra-

fig. 7. The fall cuxve lepie-ienti the
empiiical density di&tfiibution in
? 0 8P6, the Teimi law given in 4erf.U9),
The daihed cuKve* ihoui the calculated
neal and imaginany paiti o£ the OMP
at 14 Mel/. The iymmetly pafit oi the
OMP ii not included.

belled P.p „ The dashed .curves in the lower
dius is equal to 6.51 fm. Its location is indicated by the arrow la-

sart of Fig. 7 represent
parts of the OMP, at

tv - 7.15 fin.

the calculated real (V^1^) and imaginary (Ku
14 MeV. The ha 1 f-max imuai potential radius is located at Rv

2 3 4 5 6 7 8 9 10

F.<.3. 6. Radial dependence. o£ the calculated OMP ot 2 0 8P6 at 1, SO, 100
and 200 Mel/. The Aymmetiy potential ii omitted. The. atitiow labelled R
*.nd*.catei, the. location o& the kal^-density di



In F i g . 3, we s h o w che c a l c u l a t e d r e a l p a n of ihe OMF lor a numbfi of
e n e r g i e s . N o t e that at 2 0 0 M e V the c a l c u l a t e d p o t e n t i a l welt is s l i g h t
ly w o r e a t t r a c t i v e at the s u r f a c e t h a n in the n u c l e a r i n t e r i o r , in
k e e p i n g w i t h o u r p r e v i o u s r e m a r k .

T h e c a l c u l a t e d ha 1 f - m a x i m u m p o t e n t i a l r a d i i a r c r e p r e s e n t e d hy L'U
f u l l d o t s in P i g . 9. T h e y lie on the s t r a i g h t line'

R y - I .204 A W 7 ( f m ) . (A2>

4
V

•:s M#V:

ML ... ... ... J
0 2 4 6 8

F-ig. 9. The iult doti give, the calculated halfr-maximum potential \a-
d-iui i7\y The. &utt itiaight line ccniettpondi) to the line.au taw R\j -
1204 k'<* . Th d d th d h d li h h t

y & g p
1.204 k'<* . The open doti and the. daihcd line, ̂ epteaent the i
maximum de.n&ity ladiui Rp [eq. (45)1.

This is remarkable since our calculation is based on a density d i s t r i -
bution **9) whose h a l f - m a x i m u m density radius is not a linear function
of Al/3 :

R - (0.976 + 0.0206 A ' / 3 ) A I / 3 (f«n) . <<;j;

Before comparing the calculated OMP with empirical o n e s , we must
still include the effects of neutron excess (and of the Cculomb field,
ir. the case o£ p r o t o n s ) . We calculated ^7) the symmetry component -J i
of the OMP in the framework cf the BHF a p p r o x i m a t i o n , including tie
effect of the dens i ty-dependcr>ce of the reaction matrix 5 i ' 5 6 j a n cj a

correction due to the nonlocality of the OMP. The final result
is significantly smaller than the usually quoted empirical v a l u e , as
derived from proton scattering, namely Uj - 24 MeV - " 7 ) . H o w e v e r , the
latter empirical number is very sensitive to the value adopted for the
Coulomb c o r r e c t i o n , and which we bnlieve to be an u n d e r e s t i m a t e . This
point will be discussed below.

Koliuqvist and Wiedling 5 8 ) have estimated the symmetry potential
to be 0*i = !2.5 MeV from the analysis of the scattering of 8 MeV neu-
trons by a series of 22 targets. In F i g . 10, we compare our calculated
symmetry part (aUj) of the OMP in the case of 2 0 8 P b (full c u r v e ) ro the
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empirical value of tef. J & ) . The corresponding volume integrals agree
within one percent.

10

Fig. 10. Ccmpa\iion between the calculated iummetiy component
OMP i£u£l cutvc) 3 7) and the empirical one. 5 B ) , Aon the icatt
& UcV neutiom by 2 0 eP6.

y pent o< the
Aon the icattehina oi

The agreement displayed in Fig. lOmight still be considered not
completely convincing. Indeed, Hodgson i 9) emphasized that the empiri-
cal value of the symmetry potential sensitively depends on the assump-
tion that is made concerning the dependence on mass number of the half-
maximum potential radius Rv. The fact that our calculated Rv varies
linearly with A'/3 (eq. (43)), as assumed in ref. 5 8) (Rv • 1.22 A«/3
fm), already indicates that our calculated symmetry potential is in
good agreement with experimental evidence. This is further established
by Fig. M , where we compare the dependence on a - (N-Z)/A of the vo-
lume integral per nucleon of our calculated total (including the symme-
try part) OMP to the empirical values (open dots) of Holmqvist and
Wiedling < j t ) ) .

500

400

0 0.05 010 0.15 020

(N-Zl/A

fig. 11. CompaJil&on between the. volume <Lnte.g/ial pen. nucle.on oA the.
calculated OMP Hull line) 3 7 ) and the empltilcal value* (open dot*)
OJS Holmqviit and Wind ting 5 8 ] .
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In the case ~f protons, one must include the effect of the Cou-
lomb potential on the OMP. In first approximation, this amounts to ad-
ding to the OMP calculated for neutrons the Coulomb field created by a
uniformly charged sphere with a charge radius that ir> equivalent 6 0 )
to that of the target nucleus. However, the nonlocality of the OMP in-
troduces a "Coulomb correction" Ac . The latter is usually included in
the phenomenological analyses by adding 0.4 Z/A''3 (MeV) to the abso-
lute value of the depth of the OMP u ) . In ref. 6 1 ) , we argued that
this "standard" value is an underestimate because the true nonlocality
of the OMP is larger than hitherto believed. Although we maintain this
statement, the reasoning carried out in rcf. 6 1) is erroneous." The o-
rigin of our error is that we had assumed 6 1) that when the Coulomb
potential Vc is turned on, the mass operator M(k,E) is replaced by
M(k,F.) * Vc , while in reality it becomes M(k,E - V c) • V c. We since
corrected this error ; this amounts to replacing dip by nip in eq. (II)
of ref. 6 I ) . We computed the Coulomb correction Ac in the case of the
scattering of 25 MeV protons by 2 0 8Pb. The result is represented by
the full curve in fig. 12, where the dashes show the "standard" value
adopted in rsfs. 57»ii<t}a ye s e e that the calculated Coulomb correction
is larger than the standard one.

It is the sum aUj + Ac of the symmetry and of the Coulomb correc-
tion components of the OMP that appears in the expression of the OMP :
these two components cannot be separated in the analysis of proton
scattering data. In fig. 13, we comoare the calculated sum aV \ • Ac

(full curve) to the empirical one 5 ^ ) , in the case of the scattering of
25 MeV protons by 2 0 8Pb.

In Figs. 14 and 15, we compare the volume integral per nucleon
and the root mean square radius of the empirical OMP 6 2) with calcula-
ted values, including the effects of th£ Coulomb correction and of the
symmetry potential. The agreement is quite good in view of the absence
of any adjustable parameter. It appears that the calculated root mean
square radius is systematically slightly smaller than the empirical
one.

We also estimated the effect of some higher order corrections,

Fig. 12. Compatiiion between the cal-
culated [{all cu&ve) ar,d the &tan-
dafid 5 7) Jda&hed calve) Coulomb col-
lection, IOK the &catte*L-ing <?<{ 25 MeV
piotom by 208Pfa [pKel-Lminany).
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We gACLteiully acknowledge, a veiy ute^ul dlicaaIon with
A.K. Kenman which led to the latteA conclu&lon.
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fig. 13. CompaxiAon between the calculated iiu.ll cu*ve) J 7 ) and the.
empinicaC Ida&hzd cu^iuc} 5 7 ) value* o( the 4um 0(J the lymnetiij and
She Coulomb collection component* o& the OMP [ l i i )
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and 27M.
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namely of graphs M(2) and M(3) in Fig. 2. Preliminary results bave been
reported in ref. &3). it appears that the magnitude of these correc-
tions is too small to spoil the good agreement displayed in Figs. 10-
15.

4.c. Effective interactions

In the present section, we review some calculations which are ba-
sed on effective nucleon—nucleon interactions but which do not involve
adjustable parameters. In practice, most of these effective interac-
tions have been constructed to fit the properties of the ground and of
low-lying bound states. Hence, one should normally not expect them to
yield accurate results for the OMP above several tens MeV. Moreover*
tha use of effective interactions does not allow to separate in a mea-
ningful way the nonlocality from the energy dependence of the OMP. We
saw in sect. A.b.4 that this distinction is not only of fundamental
but also of practical interest.

Slanina and McManus 2 7) have calculated the OMP from the folding
formula (38) ; they used for v density-dependent effective interac-
tions proposed by Kuo and Brown 6*»»6S) and by Green 6 6 ) . The resulting
volume integrals per nucleon and root mean square radii are in better
agreement with empirical values than those obtained from their densi-
ty-independent semi-realistic nucleon-nucleon force (sect. 4.b.3).
This result shows the importance of using density-dependent forces in
connection with approximation (38) 30»3-l). jt a i s o indicates that ef-
fective interactions that have been adjusted to the properties of th
ground or low excited states meet with semi-quantitative success in
the calculation of the OMP.

Exchange corrections to expression (38) (see eq. (23)) have been
estimated in rets. 27»28), These authors find (see, however, ref. 29))
that exchange effects account for approximately 80 percent of the ob-
served energy dependence of the empirical local OMP. However, this re-
sult should not be interpreted as indicating that 80 percent of the
phenomenological energy dependence arises from nonlocality. Indeed, we
have seen in sect. 4.b.4 that the true nonlocality corresponds to an
energy dependence of the local equivalent OMP that is larger (by about
30 v rcent) than the phenomenological energy dependence. The same con-
clusion is reached on the basis of the dispersion relation (43) 10»67>
S8'e9).The exchange (Fock) term is only one source of the nonlocality
of the OMP. In particular, the polarization graph ftO&) (Fig, J) is
nonlocal (and energy dependent) ; it was not included in the works of
Slanina and McManus 2 7) and of Owen and Satchler 2 8 ) . This type of
correction could in principle be included in the expression (23) but
would then require to replace v by a nonlocal (and also density and
energy-dependent) effective interaction v(?,?'). Approximation (38)
for instance would then read

M(r\r») = | p(?o) v(r%ro, r^rQ) d*c , (44)

In other words, the "direct" term (38) would then be nonlocal.

Dover and Van Giai 7O.»7l) have used the Skyrme three-*hody contact
interaction to calculate the real part of the OMP in the framework of
the Hartree-Fock approximation (sect. 3.a). Their approach is entirely
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self-consistent, in the sense that they generate the one-body density
matrix p(r,?') from the Skyrme interaction. The volume integrals per
nucleon of their calculated results are represented by the dashed li-
nes in Fig. 16, vhere the full straight lines are least square fits to
the empirical values 6 2) (full dots, the same as in Figs. 14 and 15).
We see that the calculated energy dependence is somewhat too large.

" 20 40 60 90 «0 180 200

Tp«lM«V

Fig. 16. Compa.Ki.iion be.tuse.zn the. volume <Lntzgfial& pe.fi nu.cle.on ca.lcu.la~
tzd by VOVI/K and Van Gtal 7 1 ) [daihzd l£nz&) with the. zmyJUiJtca.1 va-
lue.6 {{all dot&). Thz full line.* cue. Iza&t iqucuiz llnza.ii {Jttt, to tkz
iu.ll dot& [iiom *z$. 6*))

Manweiler 7 2) also used a Skyrme force in a recent calculation of
the OMP, similar to that of Dover and Van Giai 7 i ) .

4.d. Adjusted interactions

Following the pionneering work of Greenlees, Pyle and Tang 2 5 ) ,
it became fashionable to fit the data with a "reformulated" OMP, i.e.
the folding formula (38), where v is a phenomenological effective in-
teraction which contains a number of adjustable parameters. A review
of many works based on this kind of approach has recently been given
by Sinha 2 6 ) . As we briefly argued in sect. 4.a, it appears that lit-*
tie reliable information or constraints can be obtained in this way,
in view of the lack of accuracy of approximation (38) on the one hand
and of the limited knowledge of the residual interaction on the other
hand. Therefore, we shall not discuss this approach further here.

It can happen that instructive findings emerge from attempts to
reproduce scattering data from an expression of the OMP which involves
adjustable parameters. We discuss two such examples.

The first example is the recent work by Manweiler 7 3 ) . This au-
thor extends to the continuum a model that had previously been deve-
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loped by Elton and Webb 7e*) to fit bound state properties, including
bound single—particle energies. The model consists in a Schrb'dinger
equation with a nonlocal potential of the Perey^Buck. form 6) , namely

V(r.r') - U(r+r' -) expC- (45)

In addition to the nonlocality range b, several parameters appear in
the parametrization of U and of its spin-orbit part. The interest out-
come of the model is that it was found possible to fit fairly well the
bound single-particle energies and the scattering data belov 50 MeV
with the same nonlocal potential.

The same type of results emerge from the second example, namely
the recent work by Giannini and Ricco 7 5 ) . These authors also find
that the bound single-particle energies and the elastic scattering
cross sections can be fairly well reproduced by a nonlocal potential
with a real part of the form (45), for N • Z nuclei with A < 40. They
constructed the equivalent local potential (ELP) to (45). The full li-
no in Fig. 17 shows the dependence on energy of the depth of their pa-
rametrized ELP. Note that the energy scale extends from -60 to +130
MeV, i.e. that bound states are included. The radius of the ELP slight-

Fig. 17. The. point* Ke.pn.z6e.nt the. depth o^ thz local pote.ntlal that
would yle.ld the. expe.iA.me.ntal single, pan.tlc.le. e.ne.n.gle& and Ae.atte.fLA.ng
cno&i> section* ion. pKotoni [fall dot*) and fton. nzutn.on* (cKoazi), \on.
W = Z nuclei with A £ 40 and with the. zne.n.gy de.pznde.nt Kadlui o£ -tejj.
7 5J. The. iull caKve. li> dn,awn thn.ou.gh the. point*. The da&hzd cu/ive. I*
the. tie.6u.lt o$ oun. BHF approximation, at fep = 1.35 ̂ m"'.
ly decreases with energy. The full dots represent the depth of the lo-
cal potential which has the same geometry as the ELP to (45) and re-
produces the bound single-particle states and the scattering data for
protons. The crosses refer to neutrons.

It is striking that all these points lie in the vicinity of a
smooth curve. The scatter around -8 MeV is an indication of configura-
tion mixing. However, we note that the scatter is not random ; there
is a clear tendency for the low energy points to lie below the high
energy ones. This indicates an increase of the level density at: the
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Fermi surface or, equivalently, a local enhancement of the effective
mass near the Fermi surface. The existence of such an effect had been
pointed out by Brown, Gunn and Gould 7 6) . The theoretical interpreta-
tion proposed by Bertsch and Kuo J 2 ) , by our group 7 7) and by Hamomoto
gnd Siemens 78'73»80) relies on the importance of graphs fi(lb) and
Mt*) in Fig. 1. In physical terms, it arises from the fact that the
"true" energy dependence of the OMP is enhanced at the Fermi surface,
while the true nonlocality remains smooth 7 7 > 1 ) . An effect of this ty-
pe cannot be contained in a simple parametric form like (45) .

The dashed curve in Fig. 17 is the result of our BHF calculation
(see small dashes in Fig. 6) ; the effect of the enhanced energy de-
pendence alluded to above has not been included in this dashed curve.
Note that the two curves in Fig. 17 are not directly comparable since
they refer to slightly different geometries. Nevertheless, we are so-
mewhat puzzled by the smoothness of the phenomenological (full) curve
and by its fair agreement with the BHF approximation. Indeed, the lat-
ter is usually believed to be inaccurate at negative energy because of
the importance of the "rearrangement" graph M(*) (Fig. 2), which is
repulsive and thus decreases the potential depth.

Finally, we emphasize that the empirical success met in the fit-
ting of the bound and scattering data with the parametric form (45)
does not imply that the arguments given in refs. 73.75) a r e valid. For
instance, the various approximations made in ref. 7 S) appear to be un-
justified at low energy, and the "true" energy dependence is not ex-
plicitly included in ref. 7 3 ) .

5. CALCULATIONS OF THE IMAGINARY PART OF THE OMP

5.a. Meaningfulness of theoretical constraints

The calculation of the imaginary part of the OMP is more delicate
thar that of its real part V, because it is a fairly reasonable first
approximation to take for V the static Hartree-Fock field (23), while
W is by its very nature a dynamical quantity. Indeed, the imaginary
part W of the OMP accounts for the loss of flux from the entrance chan-
nel. Part of this flux corresponds to the feeding of the compound nu-
cleus (eq. (37a)) ; the other part arises from direct transitions in-
to inelastic or reaction channels (eq. (37b)). The microscopic des-
cription of these processes requires the configurations of the com-
pound nuclear states, of the residual states in the inelastic chan-
nels and of the effective interaction v, or else that of the matrix
elements which appear in eqs. (37a), (37b). Reliable calculations of
this type are thus very difficult to perform. Some attempts will be
described in sect. 5.«. They have the main advantage of being able
to include nuclear structure effects, such as for instance the fact
that some residual nuclei are in excited vibrational states. If these
collective effects are quantitatively important, the use of these fi-
nite nucleus calculations is necessary. However, we note that in prac-
tice they must involve effective interactions ; accordingly, some de-
tails are partly lost, such as the true nonlocality of the imaginary
part. Indeed, the effective interaction is usually assumed to be lo-
cal, while it could in reality very well be nonlocal (see eq. (44)).
Another problem is that these calculations are specif?-.-: to each tar-
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get, while "he practical definition of the OMP only requires that it
represents f he average trend of the mean field over the whole periodic
table.

From the systematics of availaEle OMP, it has recently been shown
that the volume integral of the imaginary part W of the empirical OMP
is a fairly well defined function of energy and of -mass number 81,82) ̂
although with more scatter around the average than in the case of the
volume integral of the real part V. Hence, it appears appropriate to
apply, for the calculation of the average trend of W, a nuclear matter
plus local density approach similar to the one that we described in
sect. A.b for the real part of the OMP. The aim of this type of calcu-
lation should thus be the reproduction of the main trends of the ima-
ginary part of the OMP. On the other hand, the marked deviations fiom
the average behaviour re probably due to finiteness effects (collec-
tive states) and their explanation requires a calculation which is
more specific to the nucleus. Thus, the two types of approaches are
complementary. They are 'escribed in sects. 5.b and 5.c, respectively.

5.b. Realistic nucleon-nucleon interactions

5.b.l. Martin-Schwinger-Puff approach. The imaginary part W of
the OMP was calculated in the framework of the A o o approximation of
Green's function theory (see sects. 3.e, 4.b.1) by Reiner 8 3 ) and more
recently by Ho-Kim and Khanna 3 3 ) , Gall and Weigel 3h) and Marville
3 S ) , in the case of symmetric nuclear matter. These authors used sim-
plified but nevertheless semi-realistic nucleon-nucleon interactions.
The imaginary part W calculated in ref. 3 3) is disturbingly small
(2.4 + 0.009 E, in MeV). The value of W obtained in refs. 83,31,35)
has about the same magnitude as the empirical one above several tens
MeV. At lower energies, however, the calculated values are too small.
This can be ascribed to the failure of the A Q 0 approximation to ful-
fil the asymptotic behaviour (14) 3 5) .

5.b.2. Multiple scattering approach. The impulse approximation
(35) does not contain the effect of the Pauli principle which is the
main origin of tue decrease of the imaginary part of the OMP at low
energy. Hence, it can only be used in the intermediate and high energy
domains, which fall somewhat outside the scope of this Conference.
Even at medium energy, off-shell, Pauli and binding energy effects are
sizable 8*)

At low energy, the phase space restriction due to the Pauli prin-
ciple can be included in an approximate way by using the frivolous mo-
del of Clementel and Villi 8 5 ) or an improved version thereof 8 6 » 8 7

8 8 ) . This, however, still neglects off-shell effects. This approach
has recently been used by Dabrowski and Haensel 33,89) t o study the
spin, isospin and spin-isospin dependent terms of the imaginary part
of the OMP for infinite nuclear matter.

5.b.3. Perturbation expansion. Soft interactions that fit the
low-energy scattering data have beer, used in a few early calculations
of the imaginary part W of the OMP in nuclear matter 9 0 » a l » 9 2 » 9 3 ) .
Ripka a 3) paid special attention to the nonlocality of W. It would be
of interest to compute W from second order perturbation theory, using
one of the recently constructed soft: But nevertheless realistic nu-
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5. b. 4. Brueckner expansion. Rook has applied the Brueckner-Har-
tree-Fock approximation (30) Tn the case of Tabakin's interaction. His
calculation suffers from the computational defects mentioned in sect.
4.b.4. The resulting inaccuracy is worse^in the case of the real part
of the OMP x) . iTS

Therefore, we mainly describe hsre the results that we obtained
from the BHF approximation, using Reid's hard core nucleon-nucleon in-
teraction and eqs. (30)-(33). As we noted right after eq. (33), a com-
plex choice for the auxiliary potential would actually be preferable.
Work along these lines is in progress 9 " * ) . We do not believe that this
would significantly alter the results since it amounts to average over
energy a quantity that is smoothly energy-dependent.

Hg. 18. Enetgy dependence o£ the imaginary pant o& the calculated
OMP in iymmetkic nuctean matte*., ioi the Fe.imi momenta fep * 1.35,
1.10 and 0.i2 rfm~', fieipe.ctive.ly " 7 ) .

In Fig. 18, we show the dependence or. the energy E (= e, eq.(40))
of the imaginary part of the OMP for infinite and symmetric nuclear
matter, with the Fermi momenta (see eq. (2)) k_ » 1.35, 1.10 and 0.82
fm~ , respectively. At low energy, the absorption is largest at low
density (surface peaked absorption). Above 60 MeV, on the contrary,
the absorption is largest in the nuclear interior (volume absorption).

In Pig- >9> we show the value of W for various energies, in the
case of 'oBPb. The arrow labelled R indicates the location of the
ha If-maximum density radius. We see that at low energy the maximum of
W occurs somewhat beyond R .

The nuclear natter + IDA approach can at best yield only the over-
all trend of W, since it does not contain nuclear structure (collecti-
vity) effects, which may be important for icne nuclei 9 S i 9 6 . 9 7 ) . In
this respect, it is gratifying that it has recently been observed that
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the imaginary part W of the empirical OMP has a smooth overall depen-
dence on mass number A and energy E. This is exhibited in Fig. 20,
where the full dots show the volume integral of W per nucleon for va-
rious nuclei with A 3 40 8 1 ) . The dash--and-dots, the full curve and
the dashes represent the volume integral calculated from the BHF ap-
proach, for 2° 8Pb, 1 6 9Tm and 5 8Ni, respectively. We see that the
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F-cg. 20. The. hull dot* KepKe&ent the. ene.KQy dependence oh the. volume.
in.tz3n.al oA the imaginary pa.it oh the OH? {ave.Ka.gzd OVZH. A h0/L (J-txed
ene*gw E) 8 lJ. The long da.&he&, the. hull ca/lue and the. da.ih-and-doti
iho« oui calculated va.lu.ei> hofi 58W-t, l6STm and 208Pb, neipectlvely.
Trie iymmztty component oh the. OMP hat, 6een jin.ctu.dzd.
agreement is rather satisfactory. A more recent compilation 8 2 ) , based
on a reuch larger and more recent set of empirical OMP, shows more
scatter than the points in Fig. 20 but confirms the existence of a ge-
neral trend. The latter is even in better agreement with our calcula--
tion because the points above 25 MeV lie somewhat higher than those
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sliown in Fig. 20. Moreover, this more complete compilation 8 2 ) con-
firms our theoretical finding that the volume integral per nucieon
increases with decreasing A, in particular for A < 40.

200-

E 160 -

20 40 60

E (MeV)
20 40 60
E (M»V)

Fig. 21

Fig. 22

Fig. 2J. Compafilion be.twe.zn out calculated value* orf -^W^ &olL 169i"m
and a compilation ot emplKlcal valuei 8 2) $ot nuclei WA.th 100 s A s
210, thz ca*e o^ 2 o 8 P 6 be.ing excluded [izt fig. 22).
F.£g. 22. Companl&on between the volume, lnte.gn.al pen. nucieon J^/A OjJ
the trnpltlcal OMP {{ull doth, &n.om n.e^, 8 2}) and oun. calculated value
3 7 ) , In the. ca^e orf ptioton icattefilng by 2 0 a P 6 .

In Fig. 21, we compare our values of Jy/A for A « 169 with a com-
pilation of empirical values 8 2) for 100 s A s 210, the case of 208Pb
being excluded. In Fig. 22, we show a detailed comparison between em-
pirical and calculated values of the volume integral (Jy/A) per nu-
cieon of the imaginary part of the OMP, in the case of proton scatte-
ring by 2°8pb.

Finally, we show in Fig. 23 the calculated imaginary part of the
symmetry component of the OMP for 208pb at 14 and 50 MeV. We recall
that o = (N-Z)/A, The full curves correspond to the assumption that
the neutron and proton density distributions have the same half-maxi-
mum density radius ; the dashes result from the assumption that the
neutron density radius is larger by 0.15 fm than the proton density
radius. The arrow points to the radius at half-maximum of the real
part of the OMP. The comparison between Figa. 10 and 23 shows that the
calculated real and imaginary symmetry components of the OMP have ap-
proximately the same depth.

S.c. Effective interactions

The calculation of the imaginary part of the OMP from effective
interactions which had been constructed to reproduce the properties of
taclear bound states presents more interest than in the case of the
real part. Indeed, the i ma o. inary part is usuallv believed to be mere
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sensitive to nuclear structure, in particular to collectivity effects
95,96,97)# I n p r a c ti Ce, the theoretical method is based on a more or
less elaborate version of the nuclear reaction theory (»ect. 3.d).

Very few calculations exist of that fraction of the imaginary
part of the OMP that is due to compound nucleus formation (eq. (37a)).
The main reason is that little is known concerning the structure of
the compouid resonances <$n), in particular at high energy. Hence,
most calculations of this component have been limited to low or nega-
tive energy. The compound states $n are usually described by means of
a particle-vibration coupling model. This is the case for the study of
58Ni (ref«.. 96,99)) d n d 208pb (refs. 10 0,101,102)). since these calcu-
lations only involve several compound states and a few degrees of free-
dom, the calculated imaginary rart W has a wild energy dependence and
an awkward nonlocality. It can therefore not be readily compared with
eapirical values. For instance, the solid curve in Fig. 24 represents
the calculated value of W for the scattering of s-wave neutrons by
208pb 102) (£ un curve) ; the dashed line is a typical empirical value.

The contribution of compound nucleus formation to the imaginary
pare of the OMP at somewhat higher energy was evaluated by Cugnon 1 0 3)
in the ca««s of the 39K target. He described the compound states in as
one particle-one hole configurations, thus neglecting collectivity ef-
fects. Cugnon 103> also evaluated the contribution of direct transi-
tions into inelastic channels (eq. (37b)), assuming that the residual
states arc one hole excitations of 39K. This probably leads to an un-
derestimate of the value of (37b). Cugnon finds that the contributions
of compound nuclear formation and of direct inelastic absorption are
of about th« same magnitude, in the case of his model. This appears to
be the only work where these two nodes of absorption have been studied
simultaneously.

The contribution to W of direct inelastic transitions has been
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Fig. 24. 1hz 6 olid cuive tie.ptie.4e.nt4 the. ima.gina.tiy pattt o& the. OMP a&
caJLc.ula.tzd in the. ^ftamewo-tfe o{ a, pcuiticle.-vibfia.tion coupling modal.
TJie dashed line, i* a typical e.mpitiica.1 value, [{fiorn Kzi. 1 0 2 J ) .
evaluated by Rao, Reeves and Satchler 1Ok) in the case of che scatte-
ring of 30 MeV protons by 40Ca and 208Pb. The calculation is macro-
scopic, in the sense that the target excited states are described by
the collective deformed potential model, i'he calculated absorption
cross sections are in fair agreement with experiment provided that one
adds the contribution of unobserved excited states (as evaluated by
means of sum rules) and provided that one includes an estimate of the
effect of pick-up channels. The latter appear to play a significant
role in the absorption 1 " 5 ) . The angular distributions derived from
the OMP calculated in ref. 10l() are in poor agreement with experimen-
tal data.

A detailed microscopic calculation of the contribution of direct
transitions into inelastic channels has recently bt an made by N. Vinh
Mau and Bouyssy 1 0 6 ) , in the case of the scattering by l*°Ca of protons
with an energy ranging from 20 to 60 MeV. These authors used an impro-
ved version of expression (37b), which treats the Pauli principle with
particular care and describes the target excited states in the frame-
work of the random phase approximation. The calculated imaginary part
is nonlocal. N. Vinh Mau and Bouyssy construct an equivalent local po-
tential by means of the local energy approximation of Perey and Saxon
7) (sect. 2). We note incidentally that the authors of ref. 101>) were
unable to find a local OMP that would yield the same differential
cross sections as their calculated OMP. The local imaginary part WL(r)
obtained by N. Vinh Mau and Bouyssy 1 0 6) at E - 20 MeV is shown in
Fig. 25. The calculated W^ can be decomposed in a volume and a surface
contribution. It is seen from Fig. 25 that most of the surface absorp-
tion is due to inelastic scattering to odd parity states, while the
even parity states dominate at the nuclear centre. This trtnd becomes
•ore pronounced an the energy increases. The energy dependence of the
calculated volume (Wy) and surface (U.) absorptive strengths is repre-
sented by the full dots in Fig. 26. The upper index e on W* refers to
the fact that the geometry of the volume component obtainea by N. Vinh
Mau and Bouyssy differs from the adopted empirical one (smaller radius
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Fig. 25. Local equivalent oi the. Imaginary part oi the OH? calculated
by N. Vlnh Hau and Boay&iu In the caie oi the. 6 cat tiling oi 20 UeV
pnotont by **°Ca (tf/iom *erf. 1 0 6 J J .
Fig. 26. Comparison be.two.zn the iuriace and ziizctlve volume &tne.ngth&
calculated by H. Vlnh Mau and Boayay iiull doti) and the. e.mpln.ica.1
value* oi Kefa. 5 7) Ipluaei) and 1O'J ( C A O A A C 4 ) . In the latter ca&e,
the emplilcal t>uKiace 6tH.ength ha* been divided by two In oKdei to ta~
fee Into account a geometrical dliieience Hfiom lei. a 0 6 ) ) . The iuli
itialght line* have been diauin through the calculate.d doti.

and larger diffuseness). The "effective" volume strength Vf* in Fig. 26
has been renormalized to account for this geometrical difference. The
empirical values in Fig. 26 are represented by plusses 5 7) or by cros-
ses i 0 7 ) . In the latter case, the empirical surface strength has been
divided by twe , again in order to take into account a geometrical dif-
ference (smaller empirical diffuseness assumed in ref. 1 0 7) to fit the
observed s-wave neutron strength function 108)).The agreement between
calculated and empirical values displayed in Fig. 26 is impressive.
One of the main interests of this type of calculation is to yield the
contribution of specific inelastic channels, thereby allowing a study
of nuclear structure effects. The aspects of the calculation which ap-
pear to deserve closer study are the neglect of compound nuclear ab-
sorption, the modifications that would result frcm replacing the zero-
range effective interaction 109.110) b y a finite range force, the cons-
truction of the local equivalent potential and .the use of plane waves
for the description of the scattered nucleon in the inelastic channels.
Work on some of these points is in progress a l 1 ) .

5.d. Adjusted interactions

Perey and Buck 6) had been able to fit the elastic scattering
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cross section with a surface-peaked complex phenomenoLogical OMP, with
a fixed nonlocality range. The imaginary part of the corresponding lo-
cal equivalent potential is essentially independent of energy. This
finding appears to contradict the asymptotic behaviour (14). This had
led to the surmise that the Fermi gas model is inapplicable, because
of the importance of direct inelastic transitions into vibratioral ex-
cited states 1 1 2 ) . However, it was pointed out by Frahn 1 X 3 ) au* de-
monstrated by Engelbrecht and Fiedeldey 1 0 7 ) that equally go?d fi';s
can be obtained with an energy dependent imaginary part that fulfils
(14). We have moreover seen in sect. 5.c that the calculation by N.
Vinh Mau and Bouyssy, where the vibrational states are explicitly in-
cluded, leads to an imaginary part that increases in absolute magnitu-
de with increasing energy.

This trend is confirmed by empirical analyses that cover a wider
energy range than that investigated by Ferey and Buck 6 ) . For instan-
ce, Manweiler 7 3) and Giannini and Ricco 75> both had to add an ener-
gy-dependent imaginary part to their nonlocal OMP.

6. CONCLUSIONS

We have seen that many theoretical approaches exist for calcula-
ting the OMP. We argued that those calculations which do not involve
any adjustable parameter are of particular interest, 'or two main rea-
sons. Firstly, they can establish the accuracy of the theoretical ap-
proximations. Secondly, they can provide meaningful theoretical infor-
mation or constraints on the OMP. Some, of this information cannot be
obtained from the analysis of the scattering data alone, and therefore
require a theoretical estimate. One example is the true nonlocality of
the OMP, which is needed for calculating the Coulomb correction and
the "Perey effect" (set.:. 4.b.4).

One of .is (CM.) is grateful to Dr. P.E. Hodgson and to his col-
leagues of the Nuclear Physics Laboratory for their kind hospitality
and for useful discussions.
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MG 2 - THEORETICAL NEUTRON PHYSICS II: MICROSCOPIC CALCULATIONS OPTICAL MODEL
POTENTIAL - Mahaux (Liege)

D. Divadeenam (B.N.L.)a

Does your calculation include the effects due to target excitations?

Mahaux:

Yes, it does. It does in an average sense, since we u?e nuclear matter it is
necessarily in an average sense, but we include via the use of Wigner's theory
the particle hole excitations of the targets, so we incluOe target polarizations
in an average sense: we don't include shell effects, and so we miss the fact
that some targets, to use the expression used by Professor Feshbach the other
day, are particularly soft and so easily polarized and some other ones are so
much harder to polarize so that we should expect to miss shell effects for in-
stance and indeed in the case of calcium-40 we get too large an absorption,
while it works very well for the other nuclei.

Divadeenam:

In addition to predicting the ground state binding energy, do you also predict
the excited states of the target?

Mahaux:

No, because this is not a finite nuclear calculation so we don't look at excited
states except for the single particle state which is described by the optical
model. So, the only work where, not the only one, but the most detailed one, is
the one by Nichol, Vinmo and Boissi who explicitly introduced the excited states
of calcium, but these theoretical excited states of calcium seem to work very
well for lowest ones.

V. A. Madsan-(Livermore Laboratory and Oregon State:University):

I have a comment on the value of V that you calculated. Whereas there is an
ambiguity in the optical model calculations, the (p,n) reaction requires a value
of V. that is consistent with the Becchetti and Greenlees parameters, and a value
half that would be much too low.

Mahaux:

Yes, the .value of V. itself is not very meaningful because it should be associated
with geometrical properties of this coupling, that's one point. A second point
is that as I indicated, one should include the fact that there is a so-called
Perey effect, to say that the wave function in a normal local field and inside
the nucleus is not the same as the wave function in the local field. Now it was
shown some 10 years ago by Francis Perey and Anna Maria Salouise that this is
very importcdit if you want to study precisely charge exchange reactions. This
may effect the value of U.by easily 50% or factor 2 and this is not often enough
taken into account, excepting that by Perey, and some work by Egel, I don't know
about other ones. Now the third point is that a number of other recont empirical
fits indicate that the value of V^ which fits well charge exchange reactions
is something like 17 MeV. This is quoted for instance by Galownski and collabor-
ator in the last issue of Nuclear Physics and I was told that this is also the
value they take. I think that these differences may have to do with the geometry
that one assumes for the coupling.
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Madsen:

Just one additional comment. The Perey Effect would further reduce the cross-
section in the calculations.

Mahaux:

Yes, I agree, it should be included, but it's a problem.

Rapaport (Ohio University);

I have a comment and a question and the comment is as follows: One can get a
handle on the so called Coulomb correction term by doing both proton and neutron
elastic scattering on T=0 nuclei. We have done that work with Carlson et. al
to be presented in paper PG2/E10, and the value that we are getting is not .4
but .48 which agrees very well with the ones you have indicated. What I find
is that this value also depends on what formal factor, what radial dependence
you are using for that part of the potential. Could you say how much is the
volume integral contribution to the Coulomb correction term in the case of Pb-208,
the curve you showed?

Mahaux;

Could I explain the shape of the curve?

Rapaport;

No, the volume integral of the Coulomb correction term.

Mahaux;

Yes, the volume integral is 25% larger than the one you would get from the
Bechetti-Greenleas.

Rapaport:

You don't recall the value?

Mahaux;

•Hie value I have, but not

Rapaport;

Is it proportional to Z?

Mahaux;

It is essentially proportional to Z, yes. We have made calculations for calcium,
lead and so on. I have just shown one example here.

Cindro (Bruyeres-le-Cha'tel);

My comment concerns the magnitude of the isospin term for which we have seen many
numbers here. Mow if one would start from simple physics, one would say that the
presence of the isospin term comes from the fact that the interaction of nucleons
with a nucleus is sensitive to the fact whether the nucleus is composed of neutrons
or protons, or in other words, is sensitive to the small difference between the
(n,p) and the (n,n) forces. Now, this difference is small, so at first sight
I would expect that this term would be small. Why, then have physicists been see- '
ing very big terms? Is it perhaps due to the fact that we have been using the
isospin term as an additional parameter to fit things realted to other effects?
I would lik~ people who have different opinions to comment on my comment if time
permits.



Mahaux:

Well, this is a point where I think that the theory can be useful and from the
theoretical point of view you do expect an effect and you do expect an effect
which is roughly between 5 and 50 MeV. Dr. Lane several years ago had made a
number of estimates using various known facts of experimental physics, for in-
stance, the semi-directory data of capture is one where this coupling comes in.
Now it is in fact a small term because you multiply it by (N-Z/A), so it does
indicate, as I have shown, it is maximum in the case of lead and it is 2 MeV
in the depths of the potential. This indeed is also a reason why it is very
hard to pin down an exact value for that term. Now, your question also reminds
me that what one measures here is not V or U. , not the symmetry potential itself,
but the expectation value of this quantity in a certain state which is the state
occupied by the excess neutron. And this is Subject to shell effects certainly,
so indeed one should expect fluctuations in these values and when one gives a
number, it's an average number •. • a nuclei. Now, I should also perhaps mention
that we have studied the imaginary part of this coupling, but I don't have time
to discuss that.

Moldauer (Argonne);

May I just ask one quick question? What is the interpretation of the imaginary
part that you get when you calculate the real potential?

Mahaux:

'flie imaginary part of which potential?

Moldauer:

Well, when you calculate the real potential you get a complex answer and then you
take the real part of that and throw away the imaginary part. What does that
mean? What's the interpretation of that imaginary part?

Mahaux:

Oh, the interpretation is that if you take a nucleus, since we are serious, we
can imagine experiments, and take a big nucleus and put the nucleon on top of
it. When you put a nucleon on top of it, it has some potential energy. Right
at the beginning when you create this nucleon, take a time dependent description,
it doesn't have a well defined energy, but after a very short time you get this
way, the packet gets stabilized and you can define a potential energy. The real
part of the optical model potential is that potential energy of that part of the
wave packet which decays exponentially in time, which is that part of the wave
packet that the optical model has to do with. The imaginary part of the potential
has to do with life time of this wave packet.

Moldauer:

Should that contribute to the observed imaginary potential, that is to the im-
aginary part of the optical potential?

Mahaux:

I think yes, I think this is what is observed.

Moldauer:

That's not how you calculated the imaginary potential?
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Mahaux:

Oh, yes, we calculate the imaginary potential part at the same time as the real
part.

Moldauer:

One last question.

Newstead (B.N.L.):

Claude, this is very impressive progress you've made in these microscopic cal
culations of the optical potential, particularly the imaginary part, WQ, but
wonder, have you any results for the imaginary isospin potential W,?

Yes, we do. It's very dangerous to give numbers because one should also give
the form factor of that thing. But roughly speaking, it is about as large, a
bit larger in fact as the real part at small energies that is, say below 15 Mev
and significantly larger, in fact a factor two larger, Mian th<* real part at
50 MeV. But take these numbers with caution because one should really give the
shape of the potential as well.
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RESUME

A survey is presented of the main recent advances in the theory and experimental
dJta of spectrum fluctuations. It is shown that level fluctuations, and in particular
spacing distributions, follow certain general rules, which are reviewed in detail.

ABSTRACT

We review the main advances in the theory of spectrum fluctuations and its com-
parison with experiment that have been achieved in the past few years. We first
show that level fluctuations, in particular spacing distributions, are of a very
general character!): the same distribution is observed in the slow-neutron reso-
nance domain, in the fine structure near isobaric analogue states, in realistic
shell-model calculations and, surprisingly enough, also in the ground-state region.
This evidence allows us to consider the nuclear table as a physical realization of
an ensemble of Hamiltonians, thus reaffirming the ideas of random-matrix theory, in
particular in its two-body random Hamiltonian ensemble (TBRE) version^', defined by
a random two-body force in a given shell-model space. We then study the properties
oi the TBRE: the level density is Gaussian when the number of particles is large, in
accordance with what obtains in realistic shell-model calculatic :; the nearest-neigh-
bor spacing distribution is close to Wigner's, except in the ground-state region,
where it shows slightly less repulsion, in accordance with experimental evidence,
v ,.ich unfortunately is scarce; for Jc-th neighbor spacings, after an appropriate
unfolding^) is performed, the distribution is the same as that predicted by the
•jaossian orthogonal ensemble and coincides with experiment in almost all cases,- the
distribution of widths, even thought the TBRE is not an orthogonal ensemble, follows
the Porter-Thomas law 4'. All these results have been obtained via Monte Carlo eal-
; ; la d o n s since, from an analytical point of view, the problem is not tractable.
However, there is evidence that simplified versions o" T B R E 4 ' 5 ' , which are mathema-
tically more tractable, share its properties. Using ihese ensembles, it has been
possible to show that the density is Gaussian for almost all members of the ensemble 6)
(internal ergodicity) and to study some properties of the two-point correlation function.

1) T.A.Brody, E.Cota, J.Flores and P.A.Mello, Nucl. Phys. (in p r e s s ) .
V J.B.French and S.S.M.Wong, Phys. Lett. _33I3 (1970) 449.

O.Bohigas and J.Flores, Phys. Lett. J34B (1971) 261.
i) S.S.M.Wong and J.B.French, Nucl. Phys. A198 (1972) 188.
4) E.Yepez, Ph.D. Thesis, Universidad Nacional Autdnoma de Mexico, 1975 (unpubl.).
5) J.B.French, Rev. Mex. F£s. 22^ (1973) 221.
6) K.K.Mon and J.B.French, Ann" Phys. (N.Y.) 9_5 (1975) 90.
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The nuclear shell model has traditionally dealt with the de-

termination of individual eigenstate properties, mainly in the low-

energy region of spectra. In this paper we discuss a different

application of the shell model : the statistical properties of nuclear

spectra. Statistical methods are often resorted to only because it is

not feasible to obtain the individual properties of levels, due to

experimental problems or theoretical difficulties. It is the purpose

of this paper to show, for the particular case of nuclear spectra,

that these methods are able to reveal features of considerable

interest which are not accessible to studies of individual properties.
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I. THE STATISTICAL APPROACH

Parts of three spectra, obtained in rather different conditions,

are shown in fig. 1 : the slow-neutron resonances-) of lt7Er, the

tatos near an isobaric analogue state2) in I>9V, and the results from

.1 larqe realistic shell-model calculation3) for '̂*Mg. In the three

o.-ses all the 50 levels shown have the same total angular momentum J

j;.d parity * • the scales have been so chosen that the average

spacing V between nearest neighbours is the same in the three spectra.

Although the individual levels in the three spectra are placed

very difterently, some of their statistical properties are indeed

very similar. Consider, for instance, the number of spacings smaller

than V/2 ; as is made clear by fig. 1, where they are marked with

asterisks, this number is nearly the same in the three cases. This

regularity, of statistical origin, is even more evident in fig. 2,

showing the histogrammes of the nearest-neighbour spacings ; the

histogrammes agree rather well with the continuous curve, which

corresponds to Wigner's distribution1*)

pw(x) = £x exp (-jX
2) (1)

where x = i/V, that is, the nearest-neighbour spacing s> measured in

units of its average P.

One should note that features of statistical nature (such as

the spacing distribution) are apparent only when a whole stretch of

Levels is taken into account ; this situation is similar to that in

statistical thermodynamics, where properties such as the temperature

make sense only on a macroscopic scale.

The three spectra of f\gs. 1 and 2 are taken from a region of

high excitation energy. Unfortunately it is difficult to assign Jv

values to levels in an intermediate energy region ; so in order to

examine the spacing distribution in this energy range, we must resort

to large shell-model calculations3) which, even if not correct in

their detailed predictions, may be expected to reproduce correctly
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(a) (b)

Fig. J. Fifty Javels from three representative spectra. Spacings smaller than
ha«f the average spacing V for each spectrum are marked by asterisks.

a) Slow-neutron resonances1) for 167Er.

b) States of uqV near the 2.7 MeV isobaric analoque state').

c) Levels from a shell-model calculation3) for ?ltMg.



the statistical features - as is evidenced by fig. 2c for the high-

energy region. The resulting spacing histogrammes for two groups of

levels from intermediate energies are given in fig. 3 ; the shape of

the distribution is clearly very close to that of fig. 2.
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Fig. 2. Histogrammes of the distributions of the nearest-neighbour spacings for
the three spectra of Fig. 1.

Fig. 3. The nearest-neighbour spacing distr ibut ion for a sequence of 100 levels
obtained from the 1206-dimensional matrix computed by Chang and Zuker3)
for 2l*Mg. a) Level 401 to level 500 ; b) Level 501 to level 600.
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What happens when we go as far down as the ground-state region ?

Here any attempt at defining an average spacing V for an individual

nucleus fails, since the position of the first few levels fluctuates

so wildly. An answer to the question can be found, however, if we

consider many nuclei : plot the spacing between the first pair of

levels with the same J and n for different nuclei, as a function of

A. If very light nuclei, say with A < 18, are ignored, an average

spacing V (A) can be determined quite consistently and turns out to be

proportional to A"1 ; furthermore, the resulting data fall cleanly

into two classes5) : the "systematic" group, to which belong the

even-even, rotational, magic and doubly magic nuclei, with spacings

that deviate very little from P(A) ; and the "statistical" group,

comprising the remainder. After dividing the spacings of the latter

by V(A) so as to normalise them, the histogramme of fig. 4 is ob-

tained6) : this, together with the histogrammes shown earlier, sug-

gests that the nearest-neighbour spacing distribution is of a rather

general character7).

Fig. k. Histogramme of the energy difference between the lowest two states having
the same values of J and TI for the "statistical" group in the nuclear
table. The solid iine represents eq. (i), the dotted one. corresponds to
eq. (15) with u = 0.8.
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The procedure for obtaining fig. 4 is similar to that followed

in statistical mechanics : whenever the time average of a function

for an individual system cannot easily be calculated, a large set of

(theoretical) replicas of the system, all described by the same macro-

scopic properties but corresponding to different microscopic initial

conditions, is introduced under the name of e.yu>emble, and averages

taken over it ; if such an ensemble average can be used instead of

the time average, the snsemble is etgodtc8) . The statistics of the

nuclear case differ, however, in two respects : instead of the time,

it is the energy that one averages over, and the ensemble consists of

systems that instead of having different initial conditions are des-

cribed by different Hamiltonians. The data in fig. 4 then constitute

a finite sample from an experimental realisation of such an ensemble.

A theory intended to account for such features as the wide

applicability of the spacing distribution will then partake of the

general nature of statistical mechanics in using ensembles as its

basic concept, however much the details may differ ; and just as

in statistical mechanics much of the underlying detail features are

irrelevant, so one hopes that here the theory will not require answers

to the many questions in nuclear physics that are still open. The

theoretical work to be presented in this paper will have a further

limitation : since we deal only with spectra composed of discrete

states or very narrow resonances, we shall limit ourselves to the

matrix representation of the Hamiltonians making up the ensemble ;

these will then be constructed in the spirit of the shell model, and

will thus furnich the building blocks for what we shall call the

itati&tCcaZ &heM model9) .

So far we have only mentioned the nearest-neighbour spacing

distribution ; but the same statistical theory should allow us to

analyse other statistical properties, such as the n -neighbour spa-

cing distributions, or that of the reduced widths of nuclear resonan-

ces ; these are examples of locat pkopeAtite or (J&ictoatconi J ° ' 1 1) . The

statistical shell model should also account for global properties

such as the secular or long-range variation of the level density or

the strength function.
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II. THE TWO-BODY RANDOM HAMILTONIAN ENSEMBLE

We shall discuss three different ensembles under the heading

of the statistical shell model, which we now proceed to define more

precisely. Consider m particles in a set of W single-particle

states, the same for all members of the ensemble. Then the residual

two-body interaction is completely defined if its matrix elements,

say V &, with respect to antisymmetrised two-particle states a and B

are aiven. For the m-particle states |m;.t> the matrix elements are

then found by standard shell-model techniques as> the linear combina-

tions

I j p (2)
a, 6

The matrices with these elements then constitute an ensemble of

random matrices if the V are stochastic variables ; any member,

in other words, is given by choosing these quantities as random num-

bers sampled from an appropriate distribution. If »i is sufficiently

large, the particular form of the distribution is not crucial, so

long as the V are statistically independent : the central-limit
a a

theorem will ensure the same form of distribution for the matrix

elements (2). The ensemble so obtained is the two-body random Hamil-

tonian ensemble (TBRE) ; it is marked by strong statistical corre-

lations among the matrix elements (2), since their number is usually

ver> much larger than that of the V ..

In its original form9), both the total angular momentum J and

its projection J, were taken to be good quantum numbers ; the evalu-

ation of the coefficients CL{ in (2) then requires the full resources
a p

cf shell-model theory, and if N and m are at all large is excessively

complicated and time-consuming. YSpez12) showed that as regards the

statistical behaviour of the ensemble one can ignore J ; he studied

an ensemble with only J as a good quantum number. Although this is

calculationally far simpler than the original TBRE, it is still tor

difficult to handle analytically, and thus almost all results for it

war? obtained from Moncs Carlo calculations.



- 503 -

In an attempt to define a mathematically tractable ensemble

without losing the physical relevance of the TBRE, one of the

authors13) proposed ignoring altogether the presence of good quantum

numbers ; the two-body character of the force - giving rise to the

correlations we have mentioned - is then the essential feature that

characterises this ensemble, which, for reasons described in ref. 13,

we shall call an embedded ensemble (EE). Its algebraic structure is

much simpler, since the coefficients C1^ for it reduce to simple

phase factors.

The ensembles mentioned up to now are all built on two-body

forces ; to generalise to fe-body forces, with fe > 2, is difficult

in the original TBRE, somewhat easier for Yfipez1 version, and imme-

diate for the EE : one need merely use fe-body matrix elements as the

basic stochastic variables and combine them to give m-particle matrix

elements by means of phase factors which are easily derived. Since

as a consequence the EE results are little more difficult to obtain

for fe > 2 than for fe = 2, we shall co-jsider in what follows the more

general fe-body EE.

In the past, much attention has been paid to the particular

ensemble for which k = m. In this case the linear combination (2)

disappears, the distribution we sample is the final one and its

choice thus not a matter of indifference. The actual value of fe (or

m) is irrelevant for characterising the ensemble, since it no longer

appears in the definition. To specify completely the distribution

of the matrix elements, a further assumption is needed : the joint

probability distribution of all the d(d + l)/2 matrix elements (d is

the size of the matrix, which as is usual is taken to be real and

symmetric) is assumed to be invariant under the operations of the

rotation group R . in d dimensions. Under these conditions one ob-

tains the well-known Gaussian orthogonal ensemble10) (GOE), for which

many useful analytical results have been derived11). Its predictions

agree well with experimental results for many of the fluctuation

properties such as the spacing distributions, but tend to fail for

global properties such as the level density or the strength function.
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III. THE LEVEL DENSITY AND ITS FLUCTUATIONS IN THE EMBEDDED ENSEMBLE

It is not yet possible to give a complete account of the level

density and the corresponding fluctuations in the fe-body EE ; we

shall restrict ourselves largely to a physically significant limiting

case, namely large "dilute" systems, where m -*•«>, W -*•<=, but m/N -> 0.

In this limit the Paulx principle plays no further role, and calcula-

tions are consequently much simplified1 " * ) •

The level density in an individual matrix with eigenvalues E.

is a sum of delta functions,

d
p(E) = I S(E - E.) (3)

.6=1 *•

If the matrix dimensionality d is large, one can consider instead a

smoo\.ned-out approximation p(E). For non-interacting particles, i.e.

for fe = 1, this smoothed-out density becomes a Gaussian in the dilute

limit, because the matrix element given by (2) is a sum of independent

terms and the central-limit theorem comes into action. This is true

no matter how peculiar the single-particle spectrum may be, provided

£E? < » for p = 1, 2 and 3. For b ̂  2 this is no longer so ; never-

theless the ensemble-averaged density p(E) should yield a characte-

ristic form, and the question how far this is also valid for indivi-

dual spectra (i.e. the ergodic problem) may also be tackled.

We proceed as follows1*1) : H is a fe-body operator, and we

write as before its defining fe-particle matrix elements as V ., where

a and B now denote two of the (.) orthogonal states of fe particles in

the N single-particle levels which constitute the shell-model space.

We take, as before, t

random numbers, with

We take, as before, the V & to be real and statistically independent

V - V
aB Ba

0, X = 0, 1, 2, ... (4)



- 505 -

We need not specify any further details of the distribution of the

matrix elements. The constant v2 is chosen to be (̂ ) ~l, so that in

the limit of large W the average expectation value of H2 in the fe-

particle spectroscopic space tends to unity. This normalisation

simplifies the algebra without affecting the essential results. The

behaviour of pTET will be determined from its moments, defined as

M (m) = f Epp~TE7dE
— 00

We have that

(5)

where the bar, as throughout this paper, denotes ensemble averaging,

and the subscript {m} is a reminder that H acts in the m-particle

spectroscopic space. As is clear from (4), all moments M of odd

order vanish, and p(E) is therefore symmetric about the mean energy,

which can without loss of generality be taken to be 0. This result

appears at first sight to be unphysical, since in actual nuclei the

level density rises15), roughly as exp /E, until the continuum is

reached ; yet here it will rise only until E = 0, and then fall in

exactly the same manner. But it must be remembered that we have

deliberately not taken into account the existence of the continuum,

and therefore all the upper part of the spectrum yielded by a finite

matrix will be unrealistic ; it can be argued16), in fact, that only

the superposition of several such lower halves of spectra, one for

each shell, will account for the observed nuclear level density,

though the validity of this model is not yet established. The quest-

ion to be asked, therefore, is whether the energy variation of p*

for low energies reproduces adequately the observed behaviour.

For even orders, p - 2v, we can distinguish two limiting

cases : fe = m << N and fe << m << W. In the first case,

(2;) (6)
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which are the moments of Wigner's well-known "semicircular" law10)

TUT = ̂-(4 - E2)^

which, as our derivation shows, is valid more generally than the GOE

to which it is usually applied. As we mentioned, it is not a good

approximation to the experimental nuclear level densities ; not even

the curvature has the right sign. On the other hand, for the second

case, i.e. the dilute EE, it can be shown that a central-limit theorem

operates, so that the moments become those of a Gaussian

> i | £ a2 = ()

a result first obtained by numerical calculations for the TBRE9). The

lower extreme of a Gaussian is a much better representation of the

experimental data than the semicircular law.

For other values of m, between these two extremes, p(E) is

intermediate between a semicircle and a Gaussian.

How much does the density for an individual matrix differ

from the ensemble average given by (7) or (8) ? The method of

moments gives an answer through the evaluation of the variance

which gives the fluctuations of the p t n moment around its ensemble

value M (m). It may be shown that £Jj:(m) ̂  ( t ) 2 —+ 0 as N —>• °°.

Thus for the embedded ensemble the level density becomes ergodic in

the limit of large M, since the probability that any member deviates

from the ensemble average becomes vanishingly small. Monte Carlo

calculations indicate that this property carries over to the TBRE.

The fe = m case was studied analytically by Olson and Uppuluri19).

One can also evaluate the covariances Z (m), of which the

variances (8) are special cases : l (m) = t2 (m). They are found as
Pr P
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V 0 = <HP

and are the moments of the two-point correlation function

C(EJ ,E 2 ) = pjrjpjt^y - pTtTT'pTETr ai>

This correlation function is directly related to the fluctuations in

level density. When £j and E2 are very diffsrent, it gives an indi-

cation of the presence of long-range order, for it only goes to 0 if

there is none ; and its integral with respect to both arguments over

a finite interval yields the fluctuation in the number of levels to

be found within that interval.

For large N in the case fe = m, the covariance (10) becomes

and vanishes unless p and q have the same parity ; the sum goes over

all c of that parity, up to minlp,q). This result can be used to

approximate the actual density function p(E) of (3) for an individual

matrix by

p'(E) • P T E T + I*_P W ( E ) (13)

if the 1 and the auxiliary functions p (E) are chosen in such a

way that the moments of p'(E) coincide with the values given by eqs.

(5), (9) and (12). This can be achieved if the p t h moment of p{^\l

is

and the K (which must of course be random variables to reproduce

the variation of p'(E) over the ensemble) satisfy
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Thus we obtain an explicit level density, eq. (13), which reproduces

those properties of the real density that derive from the two-point

correlation (11) for the case fe = m. One important result found in

this way is that the fluctuation of the mean value of the number of

levels n in a finite energy interval is

var In) = -i In n (14)
I T *

and is therefore very much smaller than var (n) <v n, the value to be

expected if there were no long-range rigidity in the spectrum of the

kind first discussed by Dyson and Mehta17). This rather unexpected

result is not at all evident from visual inspection of any spectrum,

but is confirmed, as we shall see, both by experimental data and by

Monte Carlo results. In fact, the presence of some sort of long-

range structure hidden by short-range disorder is characteristic of

the physically interesting random-matrix ensembles and not merely of

the GOE, for which it was first discovered. (Note, incidentally,

that these results are not in conflict with the ergodicity mentioned

above : as M increases, the energy interval containing n levels de-

creases, and the fluctuations we are discussing are only seen after

a suitable change of scale.)

For large values of E^ - E2, the correlation function (11) can

be deduced explicitly ; the value coincides with that found by

Mehta11) for the central region of Wigner's "semicircle", but is

valid for any part of the semicircle, as had already been indicated

by Monte Carlo studies18).

In the "dilute" case of the EE, where m >> k, no such complete

have yet

similar to (12),

results have yet been obtained. z can be decomposed in a form

Zpq = 2O2(fe>'2 ^(p-C-DJ

but the expression for the terms in this sum is only valid when

t < m/k ; for C larger than this ratio modifications would be re-

quired, but their exact nature is not yet known. It has been esta-

blished, however, that there is not the same long-range rigidity as



- 509 -

in the GOE, though there is some reason to believe that it is far

from negligible.

The method of moments, some of whose results we have described,

is clearly rather powerful ; how far it can be extended beyond its

presently known limits is, however, quite unknown. Higher-order

correlations (three-point correlation functions and so on) remain to

be studied, as does the derivation of the spacing distributions.

Only in the limiting case k = m and the particular case of the GOE

has this been achieved analytically ; for k # m only Monte; Carlo

results are available.

IV. THE THEORETICAL SPACING DISTRIBUTION

The distribution of the level spacings is usually described by

giving the probability denaity p(n;x) for finding a spacing of size

x with n levels in between ; as before, x is normalised so that the

average nearest-neighbour spacing (for n = 0, that is to say) is V =

1. The existence of long-range correlations, discussed in the pre-

ceding section, means that p(n;x) is not simply the convolution of

p(n-l;x) with p(0;x) ; it also constitutes one of the reasons why

it has not yet proved possible to deduce the spacing distributions

from the results on fluctuations of the preceding section. Only for

the case of the GOE, where k - m, is the analytical form of p(n;x)

known. In particular, Mehta and Gaudin20) showed that in the central

part of the "semicircle" the exact nearest-neighbour distribution

p(0;x) is almost indistinguishable from Wigner's distribution Pw(x)

of eq. (1).

In other energy regions the level density is not even approx-

imately constant, and this variation must be corrected for by "un-

folding" the spectrum in such a way that it is reduced to constant

level density without the essential nature of the fluctuations being

affected. When k = m, it has been shown21) that this is always

possible ; the result probably carries over to the general case,
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but has been proved only for large m. We shall nevertheless suppose

that unfolding is always achievable in a consistent and satisfactory

way, as is indeed borne out by Monte Carlo calculations for several

types of ensembles. For the case of the GOE, these results show

that the nearest-neighbour spacing distribution is the same for all

energies : in the language of stochastic processes, the spacing

distribution is stationary22).

This result may be made more precise by looking at a remark-

able property of this distribution, namely the so-called "level

repulsion" : the fact that, as will be observed in fig. 2, small

spacings are very unlikely. This effect is measured by the statistic

to, obtained by fitting to the spacing histogramme a distribution

function which generalises eg. (1) and adjusting w by least squares ;

thir function is23)

PJO'.K) Axw exp (-c (15)

(A and a are determined by requiring the area under the curve and the

average It = V to be both = 1.) When the positions of successive lev-

els are completely random and independent, the spacings are exponen-

tially distributed and u = 0 ; for Wigner's distribution u = 1 ;

and for the exact GOE distribution <o = 0.9525. In fig. 5 we plot the

W

1.0-

0.9-

0.8-

GOE ->

level number

I 10

Fig. 5. The statistic u as a function of energy for the GOE and the TBRE, obtained
from Monte Carlo calculations.
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value of ui, found from Monte Carlo calculations, as a function of the

energy in the GOE ; the stationarity property we have mentioned is

seen from the fact that at no energy does <o differ significantly from

its central value.

The repulsion parameter u can also be used to examine another

ergodic property of the GOE, namely whether the nearest-neighbour

spacing distribution for individual matrices converges to the ensem-

ble one for large enough dimensionality. Fig. 6 shows the answer to

be yes : the dispersion of the u values for individual matrices

about the ensemble average diminishes as d ••', and thus the GOE is

ergodic for this particular property.

Fig. 6. The dispersion of the u values for individual matrices from the GOE, as a
function of the dimensionality d.

Mehta and des Cloizeaux21*) have obtained analytic expressions

for the p(n;x) of the GOE when n > 0 in terms of spheroidal functions.

For n large enough, pln;x.) tends to Gaussian shape ; since the

average must of course have the ensemble value n + 1, the width a in)

of the distribution is enough to specify it completely. We plot the

values of a(n) as a function of n in fig. 7, which includes for com-

parison the values of ap(w) = /w + 1 which correspond to a sequence
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of levels with completely independent distributions. In such a

sequence the spacing x of order K is the sum of « + 1 independent

Poisson

GOE

0 . 5 -

0 1 2 3 4 5 6 7 8 9 10 n
Fig. 7. The standard deviation a(n) of the nth-order neighbour spacing distribu-

tion p(n;x) for the GOE and the completely random case (Poisson).

random variables, and the Gaussian nature of p(n;x) for large n is

thus a direct result of the central-limit theorem. For the GOE the

origin of the Gaussian shape of the higher-order p(n;x) is much less

obvious, because of the tendency to long-range order we have dis-

cussed, which for instance brings about a correlation of - 0.27

between successive zero-order spacings.

For the TBRE in both its versions, rather complete Monte

Carlo calculations have been carried out over the last few years,

with the following results : for n = 0 and in the central region,

PTBRE(0;x) coincides with the GOE result ; but, as fig. 5 shows, the

distribution is not stationary, and in the ground-state region the
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repulsion has diminished to 0.8. The lack of stationarity is even

more marked for n > 0, as can be seen in fig. 8. For a(n) in the

central region the results are again the same as for the GOE.*

Except for the GOE, no analytical results are known, and this

renders more difficult the comparison of theory and experiment, tl:*

point to be taken up in the next section.

P d . x )

.75

.50

.25

P ( i . x ) (

75

.50

.25

C

-

-&^ i i

i 2
( 0 )

W* | I
1 2

(b)

1
3

1
3 4 x

Fig. 8. The distribution p(1;x) for the TBRE in the cjsound-state region (a) and
in the central region (b).

"The discrepant results published earlier25) have been shown2") to be due to the
fluctuations of the average spacing V between members of the ensemble ; these
fluctuations are much more important for the TBRE than for the GOE, a result in
agreement with the reduced rigidity of the EE, which as mentioned is expected to
have statistical properties closely paralleling those of the TBRE.
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V. COMPARISON OF THEORY AND EXPERIMENT

We have focussed attention in this paper on the fluctuations'

in level sequences that belong all to the same angular momentum and

parity. It is for these so-called "pure" sequences that the theore-

tical results and Monte Carlo calculations we have discussed are

va.'.id. The reason is simple : spectra belonging to different J1'

values are essentially independent of each other ; it is thus natu-

ral that the superposition of a number of such spectra makes the

spacing distribution move towards the exponential type which results

when there is no structure due to correlations and which no longer

carries any information of interest to nuclear physics. When two

such spectra are superimposed, the analysis is still in principle

possible, and certain results are known for such situations27) ; we

shall not discuss them here, however, because our knowledge concer-

ning them is still too incomplete.

The requirement that the series should be pure places much

emphasis on the need for high-quality experimental data, in an area

where the experimental techniques are not simple. Or, the one hand,

no levels with differing J should be included, on the other hand

none with the same J should be missed out. Adequate level sequences

are provided by three types of experimental results : firstly there

are a number of excellent series from slow-neuLron resonance scat-

tering1'28"36) , the best ones probablv coming from even-even targets

in the rare-earth region ; secondly there are good results2'37) for

proton resonances on targets such as 4L|Ca and '*8Ti ; lastly there

are the data from the nuclear-table ensemble7) we discussed in section

I.

It is evidently necer.sary that some checks be made of the

quality of the data, which arise from different experiments carried

out for different purposes. Several statistical parameter;" are

available for this ,- but it should be remembered chat the underlying

theory derives from specific models, so that their validity cannot

be separated fxom the question of the validity of these Models. The

distinction between "purity-test" parameters and those used to



- 5 ! 5 -

verify the theoretical description is thus quite relative ; more-

over the six parameters for which we quote results are by no means

statistically independent of each other, though any detailed theory

is lacking. But it is known, chiefly from Monte Carlo work, that

certain parameters are much more sensitive to the presence of any

"foreign" levels or the absence of missed-out levels ; these are

the parameters we use to check the purity of level series. Other

parameters are much less sensitive to impurities, and these are

then more relevant to testing the validity of theoretical models.

The three purity-test parameters are the following :

(.<) The A 3 statistic, due to Dyson and Mehta 1 7), which is

based on a very wide clasL; of ensembles as theoretical model ; what

they have in common is that they predict a considerable long-range

correlation of the type we have discussed ; certainly the GOE and

probably the EE belong to this class. The value of A3 is given by

the least-squares residual obtained upon fitting a straight line to

the staircase plot of the number of levels below an energy value as

function of that energy. For A. levels in the series, its expectation

value and dispersion are

I, = -V(ln n - 0,0687) aA = 0.11
i a2 A3

(ii) The F test was originally designed by Dyson38) to examine

shorter-range correlations, over energy intervals containing, say, H.

levels. Computational tests on Monte-Carlo generated ensembles and

on sections of large shell-model calculations have shown that the

standard deviation of the F values, Or, is rather more sensitive to

the presence of impurities of either kind, and accordingly we include

values for it, computed with K = 10 levels, to be compared with the

theoretical value

CJ2(F) = In TTA. i.e. a,0(F) = 1.856

(•"t-t-t) The dispersion of the number of levels in a fixed energy

interval. For large n, the result of eq. (1") is valid ; we choose

an energy interval such that on the average it will contain 10 levels
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(a number that makes practical computations possible), and therefore

use instead of (14) an expression which contains "small" terms17)

var («) = -r(ln 2mi + 1 +y- -$-)

For 10 levels this yields a theoretical value of 0.953 for the

standard deviation of n.

The three parameters used to examine the validity of the

theoretical structure we have described are :

(i) The value of the repulsion parameter w, determined by

adapting (15) to the data, as already described. The least-squares

process also yields an estimate of the confidence interval for OJ ;

this is alsc quoted, since it indicates how well (15) fits the data

(the x2 test is observed in Monte Carlo calculations to have too wide

a spread to be very useful).

(ii) The standard deviations a(n) of the spacing distributions

of order n which we discussed in the preceding section. Only those

for n = 0, 3, 6 and 10 are given, in order to indicate the general

trend.

The correlation coefficient po between successive

nearest-neighbour spacings. In a sense, this coefficient (whose

expectation value for the GOE is - 0.27, as we have seen) is related

to the o (w) , since these are reduced well below the value for inde-

pendent levels because of the long-range order of which this corre-

lation is an expression.

The data, both experimental and theoretical, for these six

parameters, together with other relevant information are presented

in Table I. It will be seen that not only the experimental results

but also those from large shell-model calculations agree on the whole

with the theoretical predictions both of the GOE and the TBRE, as

far as fluctuations are concerned. There are, however, some excep-

tions ; one of these are the two sets of data from plutonium iso-

topes36), where the values of the three purity-test parameters shed

some doubt on the quality of the data - unless the results must be
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i n t e r p r e t e d t o mean t h a t the s t a t i s t i c a l s h e l l model i s not a p p l i c -

a b l e t o t h e s e two n u c l e i . Another excep t ion worthy of note i s t he

high v a l u e of t h e r e p u l s i o n parameter ui observed for 2 3 8U : whi lo

low v a l u e s can e a s i l y be unders tood as due t o admix tures of indepen-

den t l e v e l s e r i e s , no p n y s i c a l l y s i g n i f i c a n t ensemble i s a t p r e s e n t

known t h a t p r e d i c t s a va lue l a r g e r than 1. A t h i r d one i s fu rn i shed

by t h e n u c l e a r - t a b l e d a t a , where the low va lue of t h e r e p u l s i o n

a g r e e s b e t t e r wi th the g r o u n d - s t a t e r eg ion of t he TBRE than wi th t h e

GOE ; t h e e r r o r l i m i t s a r e , however, r a t h e r wide .

Notes for Table [

The number n is the number of leveis in the spectrum used to derive the quantities

given. E . . E and V are indicated in eV. The meaning of the listed variabh s
mm max

is explained in the text. N.T.E. refers to the nuclear-table ensemble, also dis-

cussed in the text.

a) The levels identified as 1 by the authors36) were used.

b) The positive-parity levels were used.

c) Since the nuclear-table ensemble is not constituted by a single level sequence,

only the value of u is relevant.

d) Results of a large shell-model calculation. The value of u> was derived from

the nearest-neighbour spacings between level 'tOl and level 600 in the total

of 1206 levels ; the other quantities were calculated for the centra) 120

levels.

e) Theoretical ensembles ; the number in parentheses in the f i rs t column indicates

the dimensionality of the matrices used in the computations.

f) The value of u was obtained in an independent computation with matrices of size

120 x 120.

g) The value of to corresponds to the ground-state region.
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VI. CONCLUSIONS

The statistical shell model yields, as we have seen, numerical

predictions that agree rather well with experimental results, but

certainly no better than do those of the GOE ; the difference

between the two is rather that such ensembles as the TBRE or the EE

are based on much more realistic and physically justifiable suppo-

sitions .

However, while the theory thus dearly accounts for the

essential features of such fluctuations as the level-spacing distri-

butions, there are still a considerable number of gaps in our theo-

retical understanding, some of which we have pointed out. Further

work will no doubt reveal aspects in the body of the theory where

the predictions derived depend sensitively on the type of ensemble,

so that we can discriminate between them.

Perhaps the most astonishing feature is that a relatively

general theory should be able to explain such a wide range of pheno-

mena, taken from both the ground-state region and high excitations

of a large number of different nuclei.
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HH 1 - THEORETICAL NEUTRON PHYSICS III: SPECTRUM FLUCTUATIONS AND THE STATISTICAL
SHELL MODEL - Pt A, Mello (U. Nacional Autonoma de Mexico)

Kewstead (Broakhavisn):

If I understand you, it's not possible to distinguish between the two-body
random ensemble and the Gaussian orthogonal ensemble, is that correct?

Mello:

Yes, I would say so. As far as fluctuations are concerned, the results are the
same for the Gaussian orthogonal ensemble as for the two-body random ensemble.
You may find some differences if you do not eliminate, in the two-body random
ensemble, fluctuations in scale, from matrix co matrix of the ensemble. If
you take them out, then the results of the two-body random ensemble coincide,
as far as numerical calculations are concerned, with those predicted by the
Gaussian orthogonal ensemble. But of course, the density is quite different,
as you saw.

Coceva (CNEN, Italy):

I should like to make a comment on the possibility of r.aking experimental
purity tests. We have made some calculations on the influence of missed
or spurious levels on the A3 statistic, which is a statistic sensitive to
long-range correlations. We have found that even in some cases in which the
purity is almost complete, the distribution of A3 becomes so large that when
you find a A3 value in agreement with the theoretical one, or when you find
a A3 value much larger than the theoretical one, you may not be sure whether
it is a pure series or a departure from statistical theory. This is because
the distribution quickly becomes very large, compared with the ideally pure
case.

Mello;

It is not possible, of course, to make a neat separation between purity test
parameters and those parameters which are used to test the validity of the
theory, because they all originate from the same theory. However, so far as
these departures from theory are concerned, we can perhaps learn more when we
find discrepancies with the theoretical predictions. The p.utonium data may
indicate some underlying dynamical situation which is not clear to us at the
moment. This probably also applies to the case of uranium, where the value
of W is too high. One more comment concerning Dr. Newstead's question. As I
showed before, there is one difference, which I would like to call a second-
order difference, between the two ensembles, namely in the ground state region.
In the ground state region, both the Gaussian orthogonal ensemble and the
two-body random ensemble show a repulsion of energy levels, of course. But
the two-body random ensemble has a slightly smaller repulsion. This effect
seems to be present in the 135-spacings histogram obtained from the nuclear
table. So if that is to be believed, then there is slightly better agreement
with the two-body random ensemble than with the GOE as far as that region is
concerned. However, we have to remember that the number of spacings in this
case is only 135, and it is not possible to make a defi.iite statement.

Khanna (Chalk River):

One really knows not only the distribution and spectrum of the nuclear levels
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but also something about the gamma-ray strength of those levels. The question
T would like to ask you is, can one carry out an analysis and make any state-
ment about how the strength of gamma rays might be distributed in this spectrum?

MelljD:

You mean in one given spectrum, or in the nuclear table?

Khanna:

Either one.

Mello:

I do not know about the extension of the theory to describe the distribution of
gamma strength. However, I would like to comment on fluctuations in gamma
widths: there are quite old comparisons made in the time of Porter and Thomas
which are comparable with the theoretical results based on the Porter-Thomas
distribution. Now, as far as the nuclear table is concerned, that's a very
interesting problem which we would like to tackle. It might be very interesting
to see whether the Porter-Thomas distribution is realized when you consider, for
instance, transitions between the first excited and the ground state throughout
the nuclear table ensemble. But that's still an open problem which we have
still not done. It's nevertheless a very interesting one.

Wigner (Princeton Univ.):

I have two questions. You mentioned, or you demonstrated, a very clear behavior
of the 2t*opu compound nucleus. How common is such an unusual or irregular
behavior? Is 2tt0Pu alone in this, or is every second nucleus that way?

Mello:

Well, I can answer that by showing you the more complete table. You can see
that for Pu you have o = 4.9 as compared to the theoretical result of 1.9, and
the others are quite regular. There are only a few cases which are slightly low.
Now, concerning the a , a , <j and a , the Pu data are systematically higher,
and the others, except lor small fluctuations, coincide rather well with the GOE
results. So I would say there are only a few spots in which experiment does
not agree with theory.

Wigner:

About one-fifth of the nuclei misbehave?

Mello:

Probably, yes.

I have one other question, if you don't mind. Has anybody investigated whether
there is a connection between neutron widths and spacing of the next level?
That is something I have asked before?

Mello:

Do you mean whether there is any correlation?
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Wigner:

Yes.

Mello:

Well, there is a calculation which was done by Gary Mitchell at Duke University
for the fine structure in an isobaric analogue resonance in V, in which he
calculated the correlation coefficient between the proton width of each level
and the spacing between that level and the next one. The result was very small,
of the order of one percent.
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RfiSUME

A survey of neutron reac t ions i s p resen ted , inc lud ing e s t ab l i shed phenomena and
recent developments. Special mention i s made of developments i n the theory of rad ia -
t ive capture as a process involving the in te rp lay of var ious mechanisms ( d i r e c t , semi-
d i r e c t , and compound) and manifest ing the close r e l a t i o n between nuclear r e a c t i o n s
and nuclear structure.

ABSTRACT

Most of the main phenomena of neutron r eac t i ons were i d e n t i f i e d and l a b e l l e d
before 1962: low-energy resonances and the compound nucleus , Barscha l l g i an t r e s o -
nances, doorway states, optical potential, direct reactions (pick-up, inelastic
scattering), direct radiative capture. Apart from the phenomenon of pre-equili-
brium processes, most recent developments have been improvements and extensions
to older theories; for instance, the optical model has been refined by the inclusion
of J_._t_ and J_.i_ terms, and applied to ultra-high energies (> 1 GeV) and to negative
energies (hole states).

On the purely theoretical side, developments have been: increasingly accurate
evaluation of the optical potential starting from two-body forces; explicit calcu-
lation of individual resonances in simple nuclei at low excitations where resonances
can be identified; the analysis of the observed parallel behaviour of the excitation
curve of X(n,n)X and the spectrum of X(d,p) for the same excitation region of the
system (X + n); Calculation of neutron strength functions for deformed nuclei by
microscopic methods; establishment of a satisfactory joint theory of direct and com-
pound nucleus reactions.

Developments in the theory of radiative capture merit special mention, since
this subject displays beautifully the interplay of various mechanisms (direct, semi-
direct, and compound), and also the close relation between nuclear reactions and
nuclear structure.



A. U\.\'DMAKK.S IN /KK JU STORY Oi- NKl'TRON INACTIONS

Taking a panoramic view of the sub jec t , there are f ive landmarks: resonances
and the compound nuc leus , o p t i c a l model, d i r e c t r eac t ions with DWBA, doorways and
pre -equ i i ib r ium p roces se s . Almost a l l developments in the sub jec t come under these
headings . F i r s t I w i l l b r i e f l y review these landmarks, then I w i l l d iscuss items
of i n t e r e s t tha t have appeared in the l a s t few years , say s ince 1970, then I w i l l
mention neutron capture as a s p e c i f i c example.

1. Resonances and the compound nucleus

Neutron resonances were f i r s t seen in the 193O's, and a huge number have been
documented s i n c e . These showed, as Bohr to ld us , tha t a p a r t a t l e a s t of neutron
r e a c t i o n s proceed through a long- l ived in te rmedia te s t a t e - the "compound nuc leus" .
This fitted in with the idea of very strong neutron-target interaction, implying
that any neutron crossing the target surface is absorbed - if not always to a
reaction channel (which may be impossible on energetic grounds), at least in the
sense that coherence with the incident particles is lost for a short-lived wave
packet. This means that the energy-averaged S-matrix for elastic scattering..
<Snn>, is given by the boundary condition of ingoing waves at the nucleon surface.
From this quantity, one obtains the energy-averaged total cross-section, essentially
(1-Re. <Snri>) . The ingoing wave boundary condition implies a monotonically
decreasing cross-section.

2. Optical Model

Tiiis last feature was denied bv the data (Barschall resonances) in 1952. This
leads to a more flexible approach, the optical model, in which cS n n

> is the S-matrix
for a complex potential Vopt=(V+iW). Ii W is strong enough and V is smooth at the
nuclear edge, then the earlier Bohr picture is reproduced, corresponding to th>2
mean free path of the entering nucleon being very small. For smaller W, the mean
free path is larger, comparable with the nuclear radius. This means that any single-
particle resonant effects in V alone will not be entirely washed out. Thus we
expect that cross-sections are no longer smooth, but can have the observed modulated
behaviour.

Note that the optical model potential VOpt i? formally defined as the potential
whose S-matrix equals <Snn>. In the absence of exchange, i t was shown by F shbach(D
and by Brown and co-authors(2) that one can derive from this definition the torm:

V = <o|(Zv) - (Ev) — — (iv)|o>
v QHQ-E+

where Tv is zhe nucleon-target interaction, |0> is the target , Q E 1 - |0><0| and H
is the total Hamiltonian. The matter of the comparison between observed and
calculated forms of Vopt is discussed by Dr. C. Mahaux(3).

3. Direct Reactions and DWBA

An important generalisation of this resul t is as follows: Suppose that the
target has a number of excited states |A> that are directly coupled to the ground
state in inelas t ic processes, then the averaged S-tnatrix <j3> is given by the coupled-
chanr.e Is solution to the optical-potential matrix ^opt w i th elements given by the
last formula with <0j J0> replaced.by <A| |B>, and Q replaced by (1-ZA|A><A|).
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This i s v a l i d whether the channels are upen or c losed . In the case of m e e x c i t e d
s t a t e t h a t i s weakly coupled to the ground st-i':e , one f i n d s , with \a>T.'fow>>, jb>= Au£*>

<S > = <Au 0 , l l v |Ou ,>
3 D JO ' ' X

where u^, u^' are the single-particle solutions to the two diagonal elements in VOp£.
This result is DWBA. When the coupling is stronger, <Sab> is obtained from solu-
tion of the coupled-channel problem, which is the CCBA.

We see that the spir i t of the optical potential, demanded by the Barschall
resonances, implies that <Sa5> *0, i .e . that direct reactions occur. Tnis fits in
with the simple physical picture, viz. when the incident nucleon has an appreciable
m.f.p in the target, i t can excite it and then escape directly (assuming Ctiat i t has
enough energy) i . e . i t can give rise to a direct reaction.

4. Doorways'- '

So far, no nuclear structure properties have been assumed. If we now appeal
to the shell-structure of the target (an approach which is consistent with the
appreciable m-f.p against collision that has just been mentioned), then we may
naturally identify those target states that are directly excited as lp-lh states.
These play an important role even if the available energy allows no reactions.
Along with the incident nucleon, they give rise to 2p-lh states. In the formula
for V'opt these ard only these are directly excited by (Zv). They are contained In
the intermediate states corresponding to QHQ. If other states are ignored or serve
only to spread then, writing these states as d, they contribute to VOpt:

Z <Ol£v|d>2

The effect of this on a single particle state in <Snn> is to spl i t i t up into sub-
states d. The absorption into the compound nucleus occurs necessarily via states
d, hence the term "doorway". When a 2p-lh state is excited, i t can decay in three
ways: return to the lp state, decay to 3p~2h state, or (if energy is available) by
particle escape. (Obviously the picture can be continued to higher levels in the
hierarchy of particle-hole excitation). If the decay to 3p-2h states (represented
as T^T) is slow enough that states d do not overlap, then we may expect to see
"intermediate structure" in single particle states corresponding tc the presence of
doorways. There are s t i l l very few cases where such structure is observed. (For
?. 1973 summary, see the review by C. Mahaux(67). Here are three recent cases:

(l) Structures are observed in Y(p,y) superposed on the upper side of the
GDR. There are seven bumps with a spacing of rv lMeV, and widths ^ few 100 keV.
These are identified as T>= 6 states in photo-absorption on 9°Zr. They extend up
to E*(90zr) = 23.7 MeV, where the excitation in the T=6 states is ^ HMeV, so they
almost certainly represent systematic intermediate structure.

(i i) Twenty five P3/2 resonances C) i n ^8gr(njI1) u p t o soOkeV are such that two
levels at 287, 321keV have as much reduced width as all the others together.

( i i i ) In Mo(n,n), there are about sixty p-levels below 23 keV; the 30 le\'els
below 12 keV have over three times as much width as those above. Although
impressive, this evidence should be treated with caution in view of similar cases
in the past which have evaporated eg in 53c r(niri), there are A strong levels below
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9 keV, then almost nothing ' to 6OkeV (for f.=0). More recent data shows chat the
levels below 9keV are two J = l , two J=2 and strong levels occur between 60 ,md LOOkeV.

In a complete description of doorways, one not only observes them, but also
ident i f ies then eg as par t icular 2p-lh s t a t e s . This has been done in some cases,
such as in the paper(9) on the above case (2). Sometimes i t i s necessary to .resort
to s t a t i s t i c a l t e s t ing ' ) to see if evidence for doorways is s t a t i s t i c a l l y s ign i -
f icant or not.

5. Pre-Equilibrium Processes

Once one accepts the idea of a heierarchy of doorway s t a t e s , 2p-lh, 3p-2h, e t c .
then one must be prepared to observe corresponding types of reaction product. At
each doorway level , there i s the poss ib i l i ty of escape of a pa r t i c le if enough energy
is avai lable . Thus, for high incident energies, the spectrum of ine l a s t i c par t ic les
contains contributions from one-step ( i . e . d i r ec t ) , two-step, three-step, e tc .
processes besides the compound nucleus (CN) par t . Typically, with 60 MeV incident
energy, the direct process is calculated to give ine l a s t i c processes with energy
losses 0 - 4 0 MeV, while the CN part gives energy losses in the range 55-60 MeV.
The observed angle-integrated spectrum is f l a t from 0-50 MeV, beyond which i t r i s e s .
The absence of a gap at 40-55 MeV is a t t r ibuted to par t ic les from two step processes
involving 3p-2h intermediate s t a t e s . At higher energies, three, four, etc - step
processes contribute. I t has become clear through the work of M. Blann(13) and
others thaz the observed spectra definitely require these contributions. In that
case, they offer indirect evidence for the existence of the c losely-rela ted doorway
s t a t e s . For a summary of ore-equilibrium also , for recent applications to (p,n)
spectra , see Blann et a l ( l ^ ) . In these s tudies , the angle - integrated spectrum is
an incoherent sum over J values and levels in the doc'rway hierarchy, each level being
characterised by the re la t ive probabi l i t ies of decaying to levels above, below and
by natura l decay. The formula i s set up on the basis of physical in tu i t ion .
For -an attempt to construct a formula from S-matrix theory by making s t a t i s t i c a l
dynamical assumptions, and to enable angular dis t r ibut ions to be covered, see
Agassi e t al(l-5) .

B. OPTICAL POTENTIAL: NEW FEATURES

lo Spin-Spin Interaction

Although the gross features of the opt ical potentia.1. have been clear for many
years, there continue to be developments oil detai led i^.atures. One of these is
the possible spin-spin term that can occur when the target has a spin. By
sca t te r ing polarised neutrons on polarised ta rge ts , one can i so la te any spin-spin
effect . Also, by taking spins pa ra l l e l to and perpendicular to the beam, one can
distinguish possible interact ion forms like a . I and ( o . r ) ( I . r ) . Recent data(l&»17)
on 59co (n,n) a t 0.4 - 3 MeV indicate the former. The energy-dependence of the
effects is unexplained•

2. Deformation in the Optical Potential

Recently evidence on this has been obtained from the energy-dependence of the
to t a l (n,n) cross-section from 0.75 Vo 14 MeV on 148,152,154sfa isotopes. The
coupled-channel f i t(18) in terms of an energy-dependent optical potent ia l gives
deformation values 32 = 0.14, 0.22, 0.24 for the three isotopes. These values
agree quite clocely with data from angular dis t r ibut ions of (p.p.), (fi,e) and (oc,a>
sca t te r ing and Coulomb exci ta t ion.
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3. Microscopic Calculation of Strength Functions

Once an opt ica l po ten t i a l i s given, corresponding strength-functions can be
derived. However i t i s not necessary to use the opt ica l po ten t i a l ; ra ther one can
evaluate the strength-function more d i rec t ly by diagonalising H in a basis of s t a tes
containing lp , 2p- lh , 3p-2h e t c . exc i t a t i ons . Nowadays, very ambitious s h e l l -
model diagonalisat ions are available and, in p r i n c i p l e , these could be used for
providing a microscopic theory of s t rength-funct ions . In the mar.s-regions 35 and
•'.5 , the Michigan State University resul ts (19) of Wildenthal e t a l . can bt used to
provide s t r eng th -d i s t r ibu t ions . A qua l i t a t ive feature is tha t , despite the wide
dispersion of the shell-model s t a tes by in te rac t ion , the s trength for a she l l model
orb i t that is f i l l i n g ( l ike the 1.17/2 ^ o r A ~ 45) is very l i t t l e dispersed, but
rtniains concentrated(20) £n a few low-lying s t a t e s .

Another approach is that pioneered by Soloviev^ ! and co-workers. They se t
\:J bases of s t a t e s that are so extensive (up to 10^) that they produce densi t ies of
c igen-s ta tes comparable with those observed. They discuss s,p and d s t a t e s in
deformed nuclei 163Dy, 169Er, 239U. States are described in terms of exci ta t ion
of quas i -pa r t i c l e s (ttpa) and zero, one or two phonons (Qxjjj) in the even-even core
nucleus, pc labels Nilsson l eve l s , (\\i) labels mul t ipolar i ty and j labelf, various
phonons of the. same multipole order. The e ig ins t a t e s are i n t r i n s i c s t a t e s , i . e .
they have K as a quantum number. Evaluation i s made of the spreading of Nilsson
orbi ts in 16 3l)y, 169Er- and 239u, and, from these , the s trength-functions of s ,p ,d
waves are obtained. Typically most of the strength is within a range of 3 MeV,
with the r e s t mostly in an extensive high-energy t a i l . Further, within the
3MeV range, there may be two or three, maxima. It is tempting to describe these
as doorways, but i t i s not cer tain that they wi l l p e r s i s t i f the basis of s t a t e s i s
increased. A further application is to the zero energy strength function for s ,p ,d
waves in a wide range of nuclei from H^Sn to 255pm, Both data and theory show
some fluctuat ion for adjoining nuclei of about the same type, but not always in
exact p a r a l l e l .

4. Strength-Functions for Hole States

In the most formally sa t i s fac tory def ini t ion of the opt ica l po t en t i a l , ho le , as
well as p a r t i c l e , s trength is included. (This corresponds to a fully a n t i -
symmetric theory). Recently some a t ten t ion has been given to the spreading of
hole s t a t e s . The above work of Soloviev includes pa i r ing e f f ec t s , which blur
the d i s t inc t ion between hole and pa r t i c l e s t a t e s , and some of the calculated strength
functions are for Nilsson orbi ts which are occupied, i . e . ho les . Recently a t t en -
tion has been focussed on deep-lying hole s t a t e s by the data on ( e , e ' p ) reactions
on 1 2C, 40ca, e t c . These reveal(22) tho l s i / 2 . lp3/2> lPl/2> e t c . hole s t a t e s ,
and oan be used to check Koltun's theorem re l a t i ng to ta l B.E. and hole spectra of
nucle i . Actually the observed spectra do not obey the theorem. The consensus
seems to be that this i s because of missing high-energy ( i . e . deeply bound) s t rength .
Although only a few per cent of s t rength , this has a much larger effect on the
enorgy-weighted strength in the theorem(23,24).

C. DIRECT REACTION FEATURES

1. Para l l e l of (d,p) Spectrum and (n,n) Excitation Curve on Same Target

The f i r s t case to be studied was that ' ' of the target ^%. The (n,n)
to ta l cross-sect ion data between En = 2 . 2 and 3.2 MeV show several resonances
including s-waves ones which appear as a cha rac te r i s t i c dip, instead of a peak.
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The remarkable thing about the (d,p) excitation curves to the same regions of
excication is that, not only do they show structures at the expected energies
corresponding to the (n,n) resonances, but that they have the roughly same
character and relative size; in other words, the background - resonance inter-
ference is the same in the two cases. It has been pointed out that this is
expected if the (d,p) process is described in plane-wave Born Approximation
(PWBA), which gives:

where kn represents a neutron plane-wave, exp ik^ r , wivh kn=kd-kp, and ifK*" N,e)
is the sca t t e r ing solut ion of 15N+n a t neutron energy e=(E^-Ep-2.2MeV). Vn i s
the (n-lSfj) i n t e r ac t ion . This matrix element i s jus t an of f -she l l version of
the (n,n) matrix element, which car r ies the r e s t r i c t i o n h ^ n ^ = 2Me. Thus,
the observed rough p a r a l l e l of (d,p) and (n ,n) ar ises in PWBA i f off-shel l
effects are small . Some a t ten t ion has been given to the corrections a r i s ing
from DWBA and off-shell e f f ec t s , and generally this explains the small differences
between (d,p) and (n ,n ) . Other recent examples are 24Mg (Ref 26) , 23Na (Ref 27)
and a paper submitted to this conference on 12c (Ref 28). The l a s t paper allows
for coupled channel effects (CCBA) in i t s analysis of the cross-sect ion for the
6.86 (5/2+) s t a t e (width 6keV).

2. Jo in t Theory of D'.rect and Compound Nucleus Reactions

When the presence of both processes became c l ea r , cross-sect ions were f i t t e d
in an ad hoc fashion by adding together tvo expressions, the Hauser-Feshbach (HF)
expression for the compound nucleus par t and the DWBA for the d i rec t reaction
p a r t , thus:

< a ab > = < l < 5 ab- S
a b ' 2 > = a a b ( d i r ) + a a b ( f l u c )

°ab(dir) = iV^abH 2 -™^
a a b ( f l uc ) = < | S a b - < S a b > | 2 > + H F

This procedure is not s a t i s f a c t o r y . I t was recognised at an early stage that the
existence of d i r ec t react ions implies that quan t i t i e s that are assumed random in
M.F. theory are not random. Spec i f ica l ly , d i rec t react ions imply corre la t ions
between reduced-width amplitudes:

tY-v YM_! ^ * °- ( S e e R e f 29)
'Aa'Ab av.on A

This ra i ses the important problem of s e t t i n g up a sa t i s fac tory j o in t theory of
both p r i cesses . An incidental problem is to see if , givan <Sa^> or a a b(d i" )
one can find a prescr ip t ion for a a b(f lac ) in terms of <Sab> alone. Clearly,
since a (d i r ) and o(f luc) are mathematically d i s t i n c t in general th is cannot be
done without assumptions. Hopefully one can make "reasonable" assumptions of
a s t a t i s t i c a l nature that w i l l r e l a t e a( f luc) to <S>. "rom what has already been
sa id , th is w i l l not be randomness of amplitudes Yx3 i f d i r ec t react ions occur.
If they do not occur, then this assumption is acceptable and leads to the H.F.
r e su l t that aab « TaTb where Ta « ( l - | < S a a > | 2 )

There have been three main attacks on this problem: Kawai, Kerman and



Me Voy , Weidenmuller and co-authors and Moldauer . The e s sen t i a l
difference between the l a s t two and the f i r s t is that the l a t t e r maintain un i t a r i t y
of the S-matrix (actually by working with the K-matrix, which is r e a l ) . This i s
a def ini te merit if the number of channels i s l imited. For high energies however,
where a huge number of channels are open, this merit i s neu t ra l i sed by the need to
invert vast matrices to pass from K to S.

Let us f i r s t discuss the case of few channels, where un i ta r i ty i s v i t a l and
the Weidenmiiller-Moldauer approach is b e t t e r . There i s no problem in the one- „
channel case, since a ( f lac) is given in terms by <S> by u n i t a r i t y : o(f luc)=l- |<S>| .
(The same is true for many channels i f o(f iuc) is summed over channels). The f i r s t
non- t r iv i a l case is two open channels, as happens eg for a deformed even ta rge t with
incident neutron energy between that of the 2+ and 4+ ro ta t iona l s t a t e s ; a l t e rna-
t ively for proton e l a s t i c and i ne l a s t i c s ca t t e r ing near an analogue s t a t e .

The essence of the Weidenmuller approach(31) is exploi ta t ion of the fact that
the unitary matrix, jJ say that diagonalises the transmission matrix T_:

T = 1 - <S*><S>

also h-as the property

U+T U = diagonal

TU <S> U = diagonal

Further the phases of U can be chosen to make the r . h . s . r e a l . Now we may define;

S = UTS U

i> has the proper t ies that <S> is r e a l , diagonal and S .S = 1_. Thus i t has the
features of a Kauser-Feshbach S-tnatrix. The quantity crabtfiuc) can be expressed in
terms of <-SQ[£> Sy5>. The usual H.F. theory prescribes <|5ag|2> and says that a l l
other terms except <i$ a Syy> are negl ig ib le . Not only does i t not prescribe this l a s t
quant i ty , but i t s prescr ip t ion for <|Sagj2> is imperfect since i t suppresses the
width-f luctuat ion correction factor (WFC). This a r i ses even in the simple case of
i so la ted resonances since

JAa 'Ab

Thus a supplementary study has been made of the H.F. s i t ua t ion (no d i rec t r eac t ions ) .
One r e l a t e s S to the corresponding K-matrix, then chooses the real ampli tudes in
this to be random in s ign, and of magnitude to reproduce the prescribed <S>.
Computer experiments on this basis then give forms for <S£Q %{>. One finds tha t ,
for F>D (where the WFC is a un i ty ) , that <|5Clg(2> is separable in the way suggested
by HF theory TaT^(ZT )~1. However, as Moldauer has emphasised, when one in te rp re t s
this r e su l t in Y "r terms of the parameters in the pole-expansion of the S-matrix,
i t seems miraculous. These parameters have very strong and unexpected propert ies
eg leve l - leve l cor re la t ions , channel-channel correla t ions in widths (not amplitudes)
and large f luctuat ion in to t a l level widths. The H.F. fac tor isa t ion when F>D
emerges as a resu l t of subt le interplay of these e f fec t s .

Some important resu l t s when <S>= diagonal a re :

( i ) the cross-sect ion correlat ion width (as deduced from an Ericson analysis) i s
ident i f ied with the most probable width which, as a resu l t of the skew d i s t r i bu t ion ,
is considerably less ch.̂ n the nvpr.ige width.
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(ii) The correction to H.F. separability for o(fluc) - the generalisation of the
WFC factor - is significant when < twenty or so channels are open.

( i i i ) Sometimes fluctuation cross-sections are strongly enhanced by the WFC factor.
This happens especially when one channel has a weak transmission and is in competi-
tion with some channels with strong ones. When direct reactions occur, one expects:

(a) correlations between amplitudes
(b) cross-correlations in the fluctuations of cross-sections
(c) enhancement of a(fluc)

Although Moldauer's method did not exploit the above transformation property of <S>
by U,it contains the same essentials as the Weidenmuller method, viz. one sets up
a K-iuatrix whose (real) amplitudes are such that the prescribed <_S> is reproduced,
but are random apart from this condition. The two methods correspond to two
methods of making the randomness assumptions.

When the results of the Weidenmuller and KKM theories are compared in the case
F>>D, one finds that the equations for the WFC factors are very similar, despite
the absence of explicit unitarity in KKM. This encourages one to set up theories
in terms of the S-matrix instead of the K-matrix, at least when there are many
channels open and matrix inversion becomes impractical. This has recently been
done by Agassi et al(15), and used as the basis of a microscopic theory of pre-
equilibrium processes.

Applications of the Weidenmiiller-Moldauer theory include

(i) Cross correlations(33) between 88sr(p(P) and 88s r(p ,p ') near the 3/2+ analogue
at 7.5 MeV,

(ii) Inelastic neutron scattering: "Y, reported at this Conference^ .

( i i i ) Cross-correlations'- ^between 92Mo +p and 9 Mo(2+)+p' channels at the 3/2+
analogue State, as seen implicitly in average opp'(6), Ppp'(6) and Op,p>Y(.8p,Qy)
data. In a l l three cases the usual HF treatment of a(flue) fails to f i t the data
but the improved treatment gives good f i t s .

Note that the corrections to the HF formula that are verified in these
examples arise from two sources. One is the WFC effect that, as we have ^een,
occurs even for isolated resonances. The other is the correlations (in sign as
well as magnitude) between channels that is implied by the presence of a direct
process (the analogue in cases (i) ( i i i ) ) . In the case of the polarisation, the
f i r s t effect does not change the HF prediction of zero polarisation, but the
second effect does. Thus the two effecto appear differently in different data.

D. RESONANCES: NEW FEATURES

1. Analogue! States

A q u a l i t a t i v e l y new experimental feature is the observat ion of analogue s t a t e s
i n neutron data . In 2O7pb +n ( t o t a l c ross - sec t ion) a t En = 16.8 MeV, a small (4%
of background) resonance i s seen(36) , corresponding to the expected pos i t ion of the
analogue of the 0.8 MeV s t a t e of 2O8xi. in 2AMg(n,n), analogue s t a t e s of the f i r s t
three s t a t e s of 25N a a r e s e en(37) a t En = 475(5/2+), 555(3/2+) and 1567(1/2+) keV.
The value of r n ° for the l a s t (s-wave) level i s 3.4eV, compared to 10,19, 26eV for
three normal s-wave l e v e l s . For the d-wave l e v e l s , F n

2 i s 1.1, 3.6eV compared to
normal values 53,59,158,160,627.
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2. Correlations of Widths in Resonance Neutron Capture

In terms of the number of relevant papers, this is a vast field. To focus
on essentials, let us f i rs t note that two kinds of correlation are found (i)
resonance correlations between neutron and El capture widths (for a given final
state f), T\n and T\^, over resonances A (ii) final state correlations between El
capture widths (for a given resonance X) and neutron spectroscopic factors, T\f
and Sf, over final states f. There is a tendency for a given target and neutron
partial wave to show both or neither. The best correlations are with A=4O-65
(s-wave) and A=88-100 (p-wave). The most striking resonance correlations are:

90Zr,p-wave: p(T, I\ J = 0.58 for 37
An, At

resonanceP8 '39)of J = 3/2- for f = 91Zr g.s.

88Sr,p-wave: p(T, , r . f ) = 0.96 for 20 resonances

of J = 3/2-, 0./7 for 13 resonances of J = 1/2-

for f = 89Sr g.s.

Ca, s-wave: P(I\ >r\f) = 0.35 for 24 resonances of

J = 1/2+ for al l f together.

The most striking final state correlations are for thermal capture in A=4O-65,
where about a dozen cases are known with p> 0.90. In several cases, i t is believed,
that thermal capture is dominated by tails of nearby resonances, in othsr cases not.
Thus the evidence suggests that both resonant and non-resonant (direct) capture
show final state correlations. The best cases of capture on resonances showing
final state correlations are:

92 9 4 96 98
' ' ' Mo, p-wave: in all cases, there is a final 1/2+ state with large

spectroscopic factor (Sf>0.5) and two or more weak 1/2+ states. The average capture
taken over resonances near En = 24 keV al l snow dominant capture(43) to the former
state. For 3/2+ final states, there is no evidence for correlations. '^Nb,
p-wave: both the average capture over resonances near 24 keV(44) and individual
resonance studies^S) indicate p(FxfE^3>Sf) % 0.4 for about 40 final states f.
These includes all spins and parities allowed for El radiation (2+ — 7+), so part
of the correlation may simply reflect the (2Jf+l) factors and the fact that states
f with spius 4+,5+ allow &n=0 transfer while others allow only £n=2• In the
second study(^), the correlation was evaluated for 20 states f below 1.5 MeV of
positive parity, at least 6 of these being 4+.

The observed correlations are associated with a direct capture component
This is identified as valence capture, involving primarily ^=0,1 orbits, and is
believed to be due, at least in part, to the fact that a large part of the El
integral arises from outside the nucleus. This enables this valence transition
to be decoupled from the GDR.

This area has been evolving for several years and i t is impossible in this
survey to go inzo details of the degree of understanding that has been reached.
Instead I will indicate two areas where attention has been concentrated lately:



(i) asyranetry between resonance and f ina l s t a t e cor re la t ions . According to the
valence model, these should have about che same s i z e , but there are experimental
signs tha t , in some nuclei (eg 92MO, 93tft,f R efs . 43,44), that the f ina l s t a t e
corre la t ion may be larger . A tenta t ive descript ion of this can be obta ined^?)
by appealing to the presence of core t rans i t ions involving £n=O,l o r b i t s , e .g . for
9-Mo, the t r ans i t ions 2p •*• Ss. These give an asymmetry in the observed sense,
and are covered by the valence assumption of decoupling of jin=O,l El s trength from
the C-DR.

( i i ) the occurrence of Ml f ina l st . i te co r r e l a t i ons . There are experimental signs
if th:s for s-wave capture in several nuclei in the range A=2O-4G (Ref. 48) and
A=9O~106 (for 1/2+ f ina l s t a t e? ) Ret'. 49. Since d i rec t capture does not ex i s t
for Ml t r ans i t i ons , one is forced to in t e rp re t the r e su l t s in terms of semi-direct
Ml t rans i t ions (-50) in which the incident neutron excites the col lec t ive 1+ s t a t e
of the target , which then decay by an Ml t r a n s i t i o n . This picture appears to
f i t the observed f a c t s . Note that i t predicts f ina l s t a t e corre laz ions , but not
resonance co r r e l a t i ons . Another predict ion i s that the effect should be most
pronounced where there i s a bound £n=0 s t a t e whose binding energy i s roughly equal
to the 1+ col lec t ive energy (5-7 MeV). This corresponds precisely to the mass-
regions, A=2O-4O, A=9O-1O6 where effects are found.
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MH 2 - THEORETICAL NEUTRON PHYSICS IV: NUCLEAR REACTIONS - A. M. Lane
(AERE, Harwell, UK)

Mughabghab (B.N.L.)

There are indications in the y2Mo and 98Mo data that there is a correlation
between the reduced neutron widths and the partial radiative widths for
Ml transitions.

Lane:

As I understand it, generally in that mass region the final state correlations
tend to be stronger than the initial state correlations.

Mughabghab:

What I am referring to are the Ml trans.tions.

Lane:

Well, I hope I haven't got my lines crossed, I'm thinking of data that Bob
Chrien reported at Petten, where he used 22 kilovolt neutrons averaged over
resonances, and found rather strong final state correlations. And I think in
niobium also there was evidence of final state correlations but only weak
initial state correlations.

Mughabghab:

No, what I'm talking about is the Ml transitions.

Lane:

Oh, I'm sorry, I missed the Ml.

Mughabghab:

There is such type of a correlation?

Lane:

Yes, in the mass 90 region. So you are really making a comment.

Mughabghab:

Yes, I'm making a comment. You said that this might bring some headaches to the
theoreticians.

Moldauer (Argonne):

Tony, I don't understand what you mean by the distinction between initial state
and final state correlations. I mean, there are neutron widths and there are
partial radiation widths and whether they occur in the initial or the final
state of a particular interaction, they are still either correlated or not, and
how does that distinction come in? You sort of assumed we knew all about it,
but I don't. Could you explain that a little more thoroughly?

Lane:

Are we talking now about the matter of definition? I mean, are you happy about
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the definition of the two entities, initial correlations and final correlations?
In initial correlations, or sometimes called resonance correlations, one fixes
a fj.nal state and then you look for a correlation between partial radiation
widths over the set of resonances to that final state, and neutron widths over
that same set of resonances. That's initial state correlation. And in the
final state correlation you fix a resonance, or possibly you'll fix thermal energy
between resonances, and then take a set of final states, low lying states, and
look for a correlation between radiation widths to those final states and
spectroscopic factors as measured in (d,p) studies to those final states. That's
a matter of definition.

Newstead (B.M.L.):

It's interesting that these newly discovered magnetic dipole correlations also
occur in nhe region of strength function maxima; that is the mass 90 region for
S> = 1- and the mass 30 region for 1 = 0. That is qui^e analagous to the more
usual electric dipole correlations. I wonder if you would comment on that?
Also, I would like to ask whether you have any idea as to why the states would
be so confiied in energy in strontium?

Lane:

Nol In strontium I think that's a rather amazing result, and in thallium as I
also mentioned, there is a contribution at the conference showing again one huge
state, which in the Porter-Thomas distribution would be so far out in the wings
as to be, I think, impossible. So I don't have any ideas there. I think the
work of Perez and Divadeenam has come closest to analyzing the situation
theoretically, and they at least have put tentative identifications as doorways
on some of these discontinuities. But they have not really checked into the
question of what spreading width they expect for these objects.

Newson (Triangle Univ.'s Nuclear Lab):

You pointed out the similarity between a total s-wave neutron cross-section and
the (d,p) reaction. Now, in my simple minded way I've thought of this inter-
ference effect as due to interference between the compound nucleus and the hard
sphere scattering, and I don't quite imagine hard sphere scatterina to have an
analog in the (d,p) process. Could you help me out there?

Lane :

Well, that is exactly the reason why people were so astonished when the parallel
was so close, and I tried to indicate in those simple equations one way in which
we might understand it. But put into words, I think the simplest way of
expressing those equations is that we can regard the (d,p) process as just
bringing in a neutron, as in a neutron bombardment, but with the extra freedom
that we're off energy shell. The k of the neutron and the energy are not
related. Therefore anything that you see in neutron scattering you would
expect to have a counterpart in the (d,p) spectrum. I don't think I can do
better than that.

Block (K.P.I.):

Tony, I'd like to expand on the 16N total cross section curve. It didn't loo^
to me like a normal interference dip in front of a resonance. I'm not familitr
with the work, but it looked similar to the resonance in 1°0 at 2 MeV where
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the phase shift is such that you just happen to get a negative point. So I'm
wondering, is this really an interference dip to that resonance? It looks
very peculiar; it goes down, comes up, and is then horizontal with a peak to
the right. That's quite different from anything I've ever seen. Also, is the
line an R-matrix fit, or what is it?

Lane:

I think we probably have two separate levels there. It's not the whole structure
that's an interference, it's just that the dip itself is caused by interference
between a Breit-Wigner amplitude and a background, and the other level is a
regular type of level; that is, the Breit-Wigner amplitude has a different phase,
and so it stands up instead of digging a hole there. I think there are two
levels there. But sometimes, of course, you certainly can get the intermediate
situation where you get half a dip and half a level, as it were, in a single
structure. There don't appear to be any such examples here, but certainly it
can happen. Here, I think, we are dealing with two separate levels, probably
different spins and parities.

Cierjacks (Karlsruhe):

May I comment on Dr. Block's question. The results for neutron scattering are
data which we measured in Karlsruhe. The solid curve is in fact an s-wave
R-matrix multi-level fit to the experimental data. The dip between the two
broad peaks belongs to an s-wave resonance and arises from interference from
the s-wave resonance and potential scattering.

Khanna (Chalk River):

You referred to the correlations in zirconium-91. I am curious, because we know
very well that the dipole strength gets shifted away to much higher energies
and, if it does, is it going to make much difference to your argument that the
correlations exist in zirconium-91?

Lane:

Yes, I'm glad you raised this point. It's already, of course, amazing that the
valence strength survives in its natural energy l̂ocation in the way that it
does in some nuclei, as evidenced by all the correlation phenomena, because
generally the giant dipole resonance steals all strength from all particle-hole
transitions and moves it 7 MeV away into the giant dipole resonance. But we've
got used to that as a fact of life. We still don't really understand it. There
are almost no theoretical calculations that indicate the valence strength in
s-p transitions should be exempt from the robbery. Even more true is what you
say about the two particle-one hole state. So it is just an ad hoc hypothesis.
I note only that it still involves s- and p- waves, so it could be included
with, the previous valence situation by saying that generally all s-p wave
states are exempt from giant dipole robbery. But it is a very important point
and I think also it applies in some degree to Dr. Soloviev's talk this morning,
because one has to be careful about assigning any states as particle, or two
particle-one hole. Their natural electric dipole strength, because of the
massive robbery of strength by the giant dipole, has to be taken into account
in a satisfactory theory.
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Khanna:

Yes! Bat I think you would agree that this is a hypothesis that the s-p strength
essentially remains wherever it is in the unperturbed state. There is no theory
or calculation that indicates this should happen.

Lane:

Very little. As I say, one or two fragments. In lead, if you usrf zero-range
forces, it happens the s-p strength is rather de-coupled, and calculations by
Rowe of Toronto recently on nickel have indicated some de-coupling of s-p
strength, but nothing terribly convincing. So it is a problem.
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USE OF NEUTRON SCATTERING FOR THE ANALYSIS OF BIOLOGICAL STRUCTURES

Benno P. Schoenborn
Brookhaven National Laboratory, Upton, New York 11973

RESUME

A review is presented of methods for the analysis of biological structures,
luch as membranes, viruses, protein complexes and structures, etc., by neutron
scattering data, based upon the differential scattering for hydrogen versus deu-
terium. Deuteration of, e.g., proteins, has led to the elucidation of structure
in larc,e complexes, having molecular weights in the hundred thousands.

ABSTRACT

The first application of neutron scattering for biological macromolecular
:ina]ysLs is just over seven years old. In this short tini«, this field has rapidly
expanded with applications to protein complexes, membranes, viruses and protein
structures. "ienerally, the advantage of using neutrons instead of x-rays for such
structural problems lies in the scattering difference between hydrogen and deute-
rium. In protein crystallography, this scattering difference permits the elucida-
tion of exchangeable hydrogen atom locations apart from the location of hydrogen
atoms themselves. H2O/D2O exchange experiments also allow detailed analysis of
protein hydration. Phasing of such protein structures with several thousand atoms
can be done by anomalous dispersion techniques, or approximate phases can be derived
from the "x-ray structure" using non-hydrogen atoms only.

For analysis of membrane structures, the replacement of hydrogen with deute-
rium provides contrast variation similar to the heavy metal staining used in elec-
tron microscopy without, however, the limitations due to distortion and resolution.
Since most of these structures have a considerable water content, a simple H2O/D2O
exchancre will often provide phases,- this is similar to the heavy atom technique of
protein crystallography.

Specific deuteration of proteins has led to a novel approach in quaternary
structure analysis of large protein complexes like ribosomes, aspartate transcarb-
amylnse, etc. These complexes are mostly uncrystallizable and have molecular
weights of several hundred thousand. The general shape and distribution of con-
stituents of these particles is obtained by specific deuteration of some of its
components. With two components deuterated, the problem reduces to a diatomic
gas type analysis, yielding data on protein separation and protein shape. Syste-
matic deuteration of different proteins does yield a low resolution map depicting
relative arrangements of components like nucleic acids and proteins in complexes
like ribosomes, the protein factory of living cells.
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INTRODUCTION

Neutron scattering experiments for the analysis of biological structures

is a useful addition to the numerous physical techniques used to unravel the comple

ities of living things since they allow the determination of structural features

net revealed by x-ray methods (1,2,3). The theories of neutron (3) and x-ray (4)

scattering are rather similar; the main difference arising from the fact that

x-rays are scattered by the electron cloud while neutrons are scattered by the

atomic nucleus. For x-rays, the scattering magnitude is proportional to the

electron density and the scattering factor, which relates the magnitude of the

scattered wave to the incident wave amplitude for a given afcoir, increases

with atomic number. For neutrons the magnitude of the scattering factor depends

on the physical size of the nucleus and on the permissible nuclear energy

changes caused by the incident neutron while it is momentarily bouud to the

target nuclei. These energy changes cause resonance effects which vary the

scattering factors seemingly haphazardly from atom to atom and from isotope to isot

even within the same element (3,5). This resonance scattering effect is seen

-12
for the hydrogen isotopes with scattering factor values o£ b = -.38 • 10 cm

-12
and b = .65 • 10 cm. The negative scattering amplitude of hydrogen and

other elements like titanium and manganese is due to an additional resonance

phase change of TT that is not observed for most other elements. Generally,

however, neutron scattering factors are all of the sa-ce order of magnitude and do

not show the large variation observed for x-rays (Table 1).

This narrow range of neutron scattering factors prevents the use of

the "heavy atom" phasing method, but fortunately there fire a number of isotopes
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that exhibit strons anomalous ocattering behavior which can be used to determine

phases (6). The magnitudes of the scattering factors of hydrogen and deuterium

and the large difference between them are of particular importance since they

are responsible for the large scattering contrasts between the individual com-

ponents of complex biological molecules that make neutron scattering experi-

ments so powerful. Due to the negative scattering factor, hydrogen will appear

as negative densities on a Fourier map with a magnitude sufficient for identifica-

tion. Apart from this useful aspect, hydrogen atoms unfortunately also exhibit

large incoherent scattering that is due to the unpaired spin of the hydrogen

nucleus. This incoherent radiation does not contain any structural information

but adds considerably to the background. To reduce this background, it is

often desirable to reduce the number of hydrogen atoms present by replacing

them with deuterium. Apart from the differences in scattering factors, neutrons

exhibit a number of other physical properties importenL to the molecular biologist.

The electrically neutral neutron does not produce free radicals as x-rays do and

therefore does not cause significant radiation dasage, thus enabling the collection

of all diffraction data from one sample. Unfortunately though, neutron beams have

relatively low flux and ever, the most intense neutron beams are about 10 less

inteu;e than common x-ray sources. This handicap can, however, be partly overcome

by the use of larger specimens and longer exposures. Larger samples cause few

problems sinca absorption factors for neutrons are considerably smaller than those

found for x-rays (Table 1)..
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PROTEIN CRYSTALLOGRAPHY

The main advantage of using neutrons instead of x-rays in the analysis

of proteins is the ability to determine hydrogen atom position. Hydrogen accounts

for about 1/3 of all atoms of a protein. They are intimately involved in enzymatic

reactions and play a large role in maintaining the 3D structure of the. protein (8).

Exchangeable hydrogen positions can be determined by crystallizing the protein

in D-0. Exchangeable hydrogens will thus be replaced with deuterium and then

indicated by positive instead of negative features on the Fourier map. Particular

molecular groups can be titrated by changing the pll, thus establishing local charge

and reactivity parameters„ The orientation of groups such as histidine can be

-13
established since the scattering factor of nitrogen (9.4»10 cm) is significantly

larger than that for either 0 or C; amide groups are therefore also distinguishable

from carboxyl groups.

Neutron diffraction analysis is particularly useful in the determination

of the location of water of hydrs.tion. For proteins crystallized in DjO, scattering

by the water molecule is directly comparable with the scattering from the protein

itself, providing more clearly defined Fourier peaks than observable in x-ray

map3. Experiments in H,0 and in Q_0 further enhance contrast in the map,

enabling detailed study of the water of hydratioa as well as of exchangeable hydrogen

positions. A difference map calculated from data vith a protein in L' 0 and then

in D»0 results in localizing hydrogen (deuterium) atoms only. This approach is

particularly suitable in distinguishing water from other small molecules since

changes in Fourier density features can be assessed in terms of atomic compositions.
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Since no crystal damage is expected as observed in rayoglobin studies,

neutron crystallography dispenses with cumbersome crystal to crystal data scaling

and should yield information on individual crystal differences as well as the type

and location of radiation damage caused by x-rays. Phasing of neutron protein

data is best done by using the x-ray structure (9). Phase3 are calculated from

the x-ray derived structure without postulating H atom positions, e.g. phases

are calculated from C, N and 0 atoms only since this reduces any bias in possible

H atom location. The resultant Fourier map will depict H and D atom locations

at approximately 1/2 weight. It can be easily demonstrated by model calculations

that neutron phases calculated from a protein with and without H atoms exhibit

an average deviation of only ~32 (9). If no x-ray data are available, phases

can be determined by using anomalous scattering from isotopes such as samarium,

gadolinium or cadmium. Even heavy atom type phasing is possible if molecules

rich in hydrogen/deuterium a; e used (neopentana, etc.). Refinement techniques

using real space or least squares techniques interspersed with new phase calculations

based on all located atoms do improve the map and enable the location of all atoms.

Present experience is, however, rather limited but the author is confident that

significant improvements in the understanding of protein structures and function

will result from such neutron studies.

SCATTERING FROM ORIENTED SYSTEMS

Problems in this category deal with the structural motive of larger

assemblies such as membranes, muscle, collage;;, etc. In these cases,where the

location of subfragments within a matrix is wanted,it is helpful to consider the

average scattering densities of the major components (Table 2). The data in



- 548 -

Table 2 lists such group scattering factors. These scattering densities vary by

nearly three orders of magnitude compared to a factor of two for the equivalent

x-ray scattering densities. This illustrates wh/ neutrons are ideally suited

for such structural investigations. It also should be noted that deuteration of

any component drastically alters the scattering density while relative contrast

variations can be achieved by altering the aqueous environment of these systems

by mixing H_0 with D_0.

Significant advances in the elucidation of membrane structures have

been made by x-ray diffraction (3,11). However, the phasing of the x-ray diffrac-

tion data has often been based on controversial methods (13-15).

The large difference between the neutron scattering of hydrogen and

deuterium can be used like the heavy atom of protein crystallography and provides

a convenieat solution to the phase problem. Since all biological membranes

contain water, a simple isomorphous replacement of H»0 with D-0 is sufficient

to determine at least a low resolution structure. The exact positions of the

water molecules within the membrane will determine the resolution achievable by

this simple method (12). The necessary diffraction data is collected for the

nembrane soaked in H-0 and in D_0 Ringer's solution. The intensities are corrected

for absorption and extinction with account taken of the quite different absorption

corrections for H-0 and for D_0 due to the large incoherent scattering of hydrogen.

The Lorentz function corrected structure factors are then used in a difference

Patterson function with (/IF) = (|F|,, _ - )F| D .) as coefficients. The difference

Patterson function thus contains the information regarding distribution of water.
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The above definition of (F) uses the absolute values oi jhe observed structure

factors ignoring possible changes in phase of any diffraction orders. A

gradual H^O/D-O exchange permits, however, direct observation of phase changes of

particular reflections. Such a phase change observed for h=2 in a dipaltnitoyl

lecithin (DPL) cholesterol sample is shown in Fig. 1.

The presence of exchangeable hydrogen on lipid head groups and in

proteins poses a problem by introducing multiple minor sites which add to the

difficulty of interpreting the Patterson function, particularly for high resolution

structures. To determine phases for a high resolution structural analysis it '

is therefore best to use a specially deuterated constituent especially if data

are obtained for both the H and D versions. Determination of phases by the

heavy atom technique is straightforward and follows the methods developed for

protein crystallography (16). In the isomorphous replacement method the calculated

structure factor (fc) is obtained for the "heavy group" from the positions given

by the Patterson map interpretation. The "heavy group" scattering factor in

this case is the difference between the H and D versions (b - b ) . Since the
D a

scaling of fc relative to the observed structure factor is often difficult,

changes in magnitude and sign for F_ and Fu are best detected by following the

gradual change in the scattering magnitude of the heavy group, which is easily

brought about by mixing the H and D versions of the heavy group (it is particularly

easy in the case of H_O/D_O exchange).

Specific deuteration and relative contrast variations by H-O/D.O

exchange are not only useful for phase determination but can easily be used to

locate particular constituents in known structures. This approach should prove

valuable in binding s.*f« studies of inhibitors, activators and drugs.
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SOLUTION SCATTERING

X-ray scattering (17-19) from proteins in solution has long been used

to determine general shape parameters but has otherwise been of little help. The

large difference in scattering densities for groups in which hydrogen is replaced

bv deuterium and the ease of adjusting scattering contrast by H_0/D_0 mixing has

opened up unique applications in the analysis of protein shapes (20-23) and

quaternary structures of complexes (24-26). The low angle scattering profile

F(s) of macromolecules in solution is deternined by the difference in scattering

density Ap between the solvent and the solute and the Fourier transform of its

shape functions (f(r)) with F(s) = Ap\p(r)exp(2rri r-s)dy. As a first approximation

Guinier (17) has shown that at very sasall angles the scattering intensity is

a linear function of the scattering angle squared, yielding directly the radius

of gyration; measuring the distribution of scattering density.

In particles such as viruses, ribosomes, vesicles, etc., which are

composed of different macroraolecules (proteins, nucleic acids, lipids, etc.),

the determination of th \ radii of gyration R of individual components will allow

conclusions on their relative distribution (20). The parallel axis theorem of

classical mechanics shows that the total radius of gyration (R_) of a two particle

2 2 2 2

system is given by iL = PiRi + P9R2 + P1 P2 A w n e r e P = scattering density and

A = separation between the two mass centers of radii R. and R_. The radii of

gyration of individual components can be determined by contrast variation. In a

two particle system the solver.t scattering density is adjusted by varying the

H-O/D-O concentration to match the average scattering density of one of the
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acromolecules in order to determine the R of the seco'.d particle. The procedure

5 then reversed to measure R for the first particle. To increase scattering

antrast and therefore increase the signal to background ratio specific deuteration

ight be necessary (27).

At larger angles the scattering profile is determined by the general

hape and density fluctuations within the sample (20,21). An interesting case

rises when an object possesses two centers with scattering densities different

com its surrounding (24). The scattering function will then contain an inter-

arence term equivalent to the scattering form fr. . diatomic molecules as developed

f Debye (2s) and described by James (5). (F(s)) = (p) ( - - r—)

lere d is the separation of the two scattering centers. This simple form applies

deally only to spherical scatterers and departures from the ideal will modify

le shape somewhat.

Nevertheless this diatomic type scattering theory can be applied Co the

lucidation of the quaternary structure of protein complexes (24-26). in this

ase the solvent is density matched to the complex resulting in a featureless

cattering profile. TWJ components are then replaced by their deuterated counterparts

mposing a sinx/x type scattering profile on the "background" scattering of the

ensity matched complex in solution. The experiment is then repeated with two

ther constituents as the focal scatterers eventually yielding by triangulation

location map of the different components of the complex. Further analysis of

h scattering transform by spherical harmonics, Patterson technique or simple

odel calculations will provide information on the shape of the individual particles.
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CONCLUSION

While analysis of biological structures by neutron scattering experiment

has just begun, the papers in this symposium demonstrate the successful use of

neutron scattering techniques to solve many different structural problems. The

rapid advancement of this field has been due in part to the ingenious use of old

techniques and in part to the development of new experimental techniques, particul

those using two-dimensional counters. Most present experiments are however still

hindered somewhat by the relatively low flux of present day neutron sources.

While little direct increase in reactor flux can be expected, flux can often be

improved by using radiation at the optiraal wavelength (X) for the resolution

required using either hot or cold moderations to maximize flux. Improvements in

beam geometry using efficient monochromators with a proper k\ and the use of

focussing devices will also often improve the effective flux. Significant gain

can still be achieved by the development of etill larger high efficiency and

high resolution two-dimensional counters. The final degree of success will

however always depend on the skill of producing good biological samples specially

where selective deuteration is required.
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TABLE I. Cross Sections And Scattering Factors For Elements Occuring In Biological Systems

Cross section (10 cm+2)

ment

H

D

C

N

0

Na

rffe
P

S

Cl

Ca

Mn

Fe

Ni

2n

Ge

Total

81.5

7,6

5.5

11.4

4.2

3.4

3.7

3.6

1.2

15.2

3.2

2.0

11.8

18.0

4.2

9.0

Coherent

1.8

5.4

5.5

11.0

4.2

1.6

3.6

3.5

1.2

12.3

3.0

1.6

11.4

13.4

f.2

8.8

Neutron mass absorption
o

coefficient (p,/p, cm /g)

-12 +1
Scattering length 10 era

X rays

Neutrons (sin 9 = 0)

.11

.0001

.0002

.048

.0

.008

.001

.002

.006

.3

.004

.083

.015

.03

.006

.01

-.38

,65

.66

.94

.58

.36

.53

.51

.28

.96

.46

-.36

.95

1.0

.56

.84

.28

.28

1.7

2.0

2.3

3.14

3.4

4.2

4.5

4.8

5.6

7.0

7,3

7.9

8.3

9.0

Ul

Neutron scattering data after Shull, MIT, 1971; Neutron cross sections BNL 325, 1955

and Saccn, Int. Tables for X-Ray Cryst. VoU ITT, Kynoch Press, Birmingham, 1962
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TABLE II. The average neutron scattering length per unit

volume of some common biological constituents given in their

hydrogenated and deuterated form. The exact volumetric

scattering densities depend on the actual atomic compositions

and densities.

-14 3
Scattering length in 10 cm per A

hydrogen form deuterium form

Water

Hydrocarbon

Lipid polar head group

Proteins

RNA

-.6

-.3

1.7

3-0
4.2

6.3

7.0

2.6

9.0

7.2
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FIGURE LEGEND

FIG. 1. Structure factor amplitudes for multilayers of dipalmitoyl

lecithin (DPL) cholesterol at 95% humidity. Structure factorswere measured

as a function of H_O/D_O concentration for sarcples with cholesterol with a

hydrogenated and a deuterated hydrocarbon chain (d). The reflection ordei'3

are indicatedu The data has only been corrected for absorption and sample

geometry. The data between the hydrogen vs the deuterated -sample has been

scaled to equal shapes since the structure factor changes due to the H-O/D-0

exchange have to be equal for both isomorphous samples.
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MI I - USE OF NEUTRON SCATTERING FOR THE ANALYSIS OF BIOLOGICAL STRUCTURES -
B. P. Schoenborn (Brookhaven National Lab,, USA)

Mbg'ibauer (Grenoble) :

Are you now actually using the anomalous dispersion method for determining
the phase shifts at Brookhaven, especially taking into account that yon eire
somewhat limited in the wave length range which you can use?

Schoenborr.;

The data we collected on cadmium was at .8 and 1.2 Snystroms and obvior.sly would
have been much better with a hot source which we don':, have at Brookhaven.
About 500 reflections were phased by the anomalous state; we have not collected
any more cadmium data. We are, however, looking at a gadolinium derivative
which h?f; a more suitable resonance, at about 1.7 Sngstroms, which will be
easier to handle and we can collect data on both sides of the absorption sheets.

Mbssbauer:

If I might still elaborate on this question. How many phases do you actually
plan to determine by the anomalous dispersion method? I'm sure you don't
want to determine as many phases as you want to measure intensities, but what
is the ratio which you see? How many phases does one want, and does one want
a few phases with a high accuracy or many phases with a low accuracy?

Schoenborn:

I think in a structure like myoglobin where we have the X-rey structure it
is really of no value to get anomalous phases. It was purely a demonstration
that it actually works. But if you have a protein with an X-ray structure then
you would get as many phases as you possibly can, and I would say you need at
least 50% to 2/3 to make it worthwhile. So you need in the order of about
8,000 phases for a structure of the molecular size of myoglobin.

Ajzenberg-Selove (Penn.):

On that last slide, what is the uncertainty of the distances you measured,
typically?

Schoenborn:

It's a couple of AVigstroms.

Rostenbach (H.S.F.);

In your resume* you mentioned biological structures such as membranes, and
viruses. What is your plan with regard to viruses?

Schoenborn:

Our main work so far has been with membranes, protein and riboscme. We have
looked at viruses and Dr. Jacques at I^L.L. has been actually studying some
viruses. Again, similar to ribcsome it is true that you can distinguish the
nucleic acid from the protein very well. And one of the major applications
at present is on nuclei or chromosome structure where neutron diffraction
analysis, I think, can solve some of the problems the molecular biologists
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have been after for a long time. Some of that work is being done by Dr.
Bradbury at I.L.L., who is from Portsmouth, England.

Chen (M.I.T.);

What is the upper limit of this triangulation technique and variable contrast?

Schoenborn;

I don't quite understand the question; if you have spherical molecules you
can determine it quite well. If the proteins are interwoven like we think
s-7 might be, then we do not quite know how to deal with the data yet, but I
think by introducing a spherical-harmonic type of analysis we probably will
be able to extend it by determining the internal structure of the protein as
well as its intermeshing. We are not quite sure as to how to deal with that
data yet.

Chen:

With availability of these two dimensional detectors, say in a high flux
reactor, what is the practical upper limit of the molecular weight of a com-
pound, for which you can determine the structure?

Schoenborn:

yfe.ll, the ribosome has a molecular weight of about two million. I don't know
offhand of many biological structures which are larger than that. It depends
to what resolution you want to go. If you do a protein structure analysis
where you want individual atomic positions, then I would say at present about
50,000 molecular weight is a reasonable one, probably even 80,000. It depends
on the quality of the crystal and of the crystal size.

Chen:

The question of damage of the neutron on the biological system, is this
absolutely clear?

Schoenborn:

Completely clear? No, but it's reasonable that X-rays produce free radicals
and its free radicals really that do damage to the structure. With neutrons
you don't really get free radicals, so that's one type of damage we don't have.
Even in the cadmium myoglobin where we expected maybe some damage from the
gamma rays, we did not observe any.

Mossbauer:

Concerning the damage problem, I would like to ask a question a little outside
of the conference. There was a report recently from Stanford by Phillips and
co-workers in which they claimed that synchrotron radiation, in contrast to
X-rays, gives much less damage. I find this very perturbing and don't under-
stand it. Would you have any comment on this?

Schoenborn:

X-ray damage has worried us for a long time, and it has been known that it's
not so much the dose as the length of time you're exposed. In the old X-ray

7
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protein work where you had relatively weak generators and exposure times of
maybe eight to ten hours, more extensive damage occurred for an exposure of
one or two hours at maybe ten times the flux. So the damage seems to be
flux-dependent. I think it depends on the interaction of the free radical
with the structure. Furthermore, we know from experiment that if you go to
lower temperature the damages are reduced, again, I think, because the free
radicals can't move within the structure. But the question of why and how
this damage occurs is obviously not solved; there's probably more than one
mechanism, I would expect.
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2.45 p.m., Thursday, July 8, 1976 Invited Paper: Session MI2

SOLID-STATE ASPECTS OF NEUTRON PHYSICS RESEARCH

W. Glaser

Physik-Department der Technischen Universitat Miinchen, West Germany

RESUME

The possibilities and advantages of slow neutron probes for solid-state physics
research will be surveyed, and recent developments in experimental techniques out-
lined, such as high resolution diffractometry, spectroscopy and interferometry.
Some results of current interest from small-angle scattering and inelastic scatter-
ing investigations will be presented, and neutron damage studies briefly considered.

ABSTRACT

The investigation of physical properties of condensed matter with neutrons has
rapidly developed into a broad field of research.

Scattering of slow neutrons from solids can reveal many details of structural,
magnetic and dynamical properties of these many-particle systems.

Faster neutrons can be used to create defined defects in solids.

In this paper, we endeavour to illustrate the possibilities and advantages of
slow neutron probes for solid state research. A few of the more recent developments
in experimental techniques, including high-resolution diffractometry, spectroscopy
and interferometry will be outlined.

A few prominent examples of results of current interest in solid-state physics
from small-angle scattering and inelastic scattering experiments will be discussed,
in order to illustrate the success which has been achieved with the neutron technique
so far.

Recent results of neutron damage studies will be mentioned.
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Some Solid-State Aspects of Neutron Physica Research

W. Claser

Physik-Departnent der Technischen Universit.lt MQnchen, Gernany

Abstract: The investigation of physical properties of condensed

matter with neutrons has rapidly developed into a broad field of

research. Scattering of slow neutrons from solids can reveal many

details of structural, magnetic and dynamical properties of these

many particle systems. Faster neutrons can be used to create defined

defects in solids. In this paper it will be tried to illustrate the

possibilities and advantages of slow neutron probes for solid-state

research. A few newer developments of experiaental techniques in-

cluding high resolution diffractometry, spectroscopy and interfero-

raetry will be outlined. A few prominent examples of results of

current interest in solid-state physics front snail angie scattering

and inelastic scattering experiments will be discussed, in order to

illustrate the success which has been achieved with the lieutron tech-

nique so far. Recent results of neutron damage studies will be men-

tioned.
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I . I lit reduction

There arc ciscntuilly two aiipects of neutron Interaction with solids

which are of 5ener.1l interest for solid-state research, nonely the

diffraction or elastic anti inel.iutic scattering of slow neutrons and

the generation oi radiation damage with fast neutrons.

Especially tha study of condensed oatter by elastic and inelastic

ticutron scattering had grown into a broad field of research. This is

of course duo to the unique properties of slow neutrons. tn particu-

lar their favourable nnurtjy-wavcnunbar relation. For solid-state re-

search neutrons Are in A sense super X-rays. Because of their specific

interaction with nuclei and due to their nagnetlc interaction with un-

paired electrons they can reveal structures not accessible to X-rays.

However in addition, due to the energy wavenunber relation they can

reveal the tine behaviour of structure:! (atoalc motions) *,nd there-

fore add a now dimension to structure research.

Today standard techniques like two axis and three axis c>c osjetry

are used for aany applications in solid-state physics, crysv t'.ography,

chesaistry and biology. The progress made in this field has be«n coverec

in several topical conferences, e.g. the IAEA conference on Neutron

Inelastic Scattering at Grenoble in 1972 , the tenth International

Congress of Crystallography at Amsterdam in 1975 and the Conference

on Neutron Scattering in 1976 at Gatlinbitrg.

It is inpossible to summarise all the achievements in a paper llfce

the present one. Instead of we wili try to focus our attention to some

newer developments which are mainly methodical developments but which

deoonstrate how the possibilities of the neutron probe as a research

tool In solid-state physics can be still extended. The selection re-

main.1: of course subjective.

We will cover sone aspects of neutron diffraction, describe some never

possibilities in neutron spectoscopy and finally mention a particular

problem where progress has been made in radiation damage research.
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1 '" Neutron diffraction

1. High resolution diffraction

Structure investigations with neutrons have up to now mainly been

performed with two axis diffractoneters. The last paper has given us

a review on the neutron contribution towards revealing static struc-

tures. One of tho shortcomings in the use of neutrons for structure

•'ork is sometimes the restricted resolution in k-space. But with

neutrons different from X-rayu tho liragij relation X <• 2dsinO can be

applied in a second way. One can Measure the wavelength of neutrons

scattered by the sample into a fixed direction out of a pulsed white

jcita. Thi,; is the tirae-of - f 1 ight method of neutron diffract'on which

i it principle allows to achieve a higher resolution And was first ap-
4 )plied by Burnii . A modern spectroaotcr designed for this purpose

and built by Sicichele and Arnold at the reactor in Munich is illu-

strated in Fig.I. The main features are:

it) A ':hi«e chopper system with which Che wavelength region of incoming

neutrons can effectively be adapted to the part of the diffraction

pattern to be studied and

b) J 153 a neutron guide tube flight path which together with the

b.tckscattering geometry allows a lattice parameter resolution Ad/d
-4

down to 2MO

Fig.2 shows a typical powder diffraction pattern of Al.O. which

demonstrates that very high orders can be resolved.

The resolution available in this way allows, e.g., the study of grain

sizes in solids and the separation of thermal diffuse and static

diffuse (Huang) scattering frost Bragg scattering. The main interest

in this technique presently is however the possibility to measure

diffraction patterns at higher momentum transfers which together with

new analysing techniques allows a substantial refinement of structure

determination in powder di f f ractoinetry. This improved tirae-of-f light

technique together wit): the accelerator driven intense neutron sources

presently under development will certainly extend the range of
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applications of neutron diffraction. It should just be mentioned

that for determining the structure of liquids, especially of molecular

liquids it is crucial to measure at higher momentum transfers than

available with present techniques.

2. Small angle scattering

Another technique which during recent years has become an important

tool for studies in solid-state physics, metallurgy, chemistry and

biology is the small angle scattering of neutrons. This technique

which was mainly developed at JCilich and Grenoble is designed for

the investigation of heterogeneities in condensed matter with dimen-

sions considerably greater than interatomic distances(30 ... 3000 ft)

The advantage* of neutrons compared to it-rays for this purpose are

essentially the same as in conventional neutron diffraction. The

variation of the nuclear scattering length through the periodic

table allows to tackle problems not amenable to X-rays. This is par-

ticular iaportant for the study of polymers and biological systems.

Because neutrons are also scattered by magnetic moments of atoms

magnetisation fluctuations can be studied which is impossible with

X-rays and finally a serious drawback of X-ray small angle scattering

the double Bragg scattering - which is due to the short X-ray wave-

lengths only available - can be avoided by using neutrons with wave-

lengths of 1O R and more.

It is perhaps worthwhile to point out..-.that in spite of the higher

brightness of a modern X-ray power tube compared to a reactor neutron

source by about 5-7 orders of magnitude an optimized small angle

scattering apparatus for neutrons can be made also superior in scatter

intensity compared to an X-ray apparatus.

Pig. 3 shows a scheme of the small angle scattering apparatus at Jdlic

One of the fields of solid-state physics where small angle scattering

investigations lead to considerable progress is the understanding of

the mixed state in type II superconductors. The structure of single

vortex lines and the morphology of vortex line lattices in niobiuri
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"7 1 fl \
have been investigated by the Saclay and Jfllich group in detail.
Also the motion of vortex lines and the pinning forces, which are so

9)important for applications of superconductivity could be determined

Fig. 4 shows as an example a 3-ditnens ional plot of the microscopic

magnetic field distribution in niobium for a certain mean magnetic

flux a; derived from the small angle scattering pattern by Scheltsn

el al. . Such data could not be made available with the decoration

technique for flux lines ir. superconductors used before. Another in-

teresting aspect of vortex lines is that they can move if they are

not pinned and cause energy dissipation. This motion has also recent-

ly boon measured directly Lr. a neutron scattering experiment by

Schelt«n91.

An other quite different field of condensed matter where neutron small

angle scattering experiments could answer old questions should b«

mentioned at least, namely the physics of solid polymers. Several

models had been proposed for the shape or configuration of the chain

molecules in the solid amorphous state of .polymers. Fi9«5 illustrates

these models: d; is the cluster model of Flory proposing the same

behaviour as in liquid solution, c) is the so called meander model

of Pechhold and b) is the collapsed cluster model. In each of these

pictures a single chain molecule has ueen marked. Such marking

sensible- for neutrons can be achieved by a few hydrogenlzed molecules

in an otherwise deuterated matrix or vice versa. The small angle

scattering experiment measuring the scattering from the marked mole-

cules has been performed on polymethylemetacrylate in the glasy state

by Schelten et al. Fig. 6 shows the result, the X-dependent scat-

tering cross section CK is the momentum transfer) measured,compared

to the cross sections calculated for several proposed models.

The experimental points are in favour of the statistical distribu-

tion of clusters as proposed by Flory. So much for neutron small angle

scattering. An excellent recent review on this new method has been

given by Schraatz et al.
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Ultracold neutrons: It should at least be mentioned that with the

availability of ultracold neutrons, neutrons with a wavelength o£

d few hundred X, a different approach for studying larger inhomoge-

neities i. n materials is possible. With ultracold neutrons only the

transmission of the sample has to be measured. The deviation of the

cross section from the 1/v absorption and incoherent inelastic

scattering contributions is due to scattering from magnetic and non-

magnetic inhomogeneities and can be analyzed with suitable models

for these properties. Fig.7 shows as an example the total cross sec-

tion of an AlZn alloy versus neutron velocity for different heat

treatments measured by Steyerl . whereas the solid line is due to

absorption and inelastic scattering the extra cross section is

caused by precipitates, by so called Cuinier-Preston zones in the

material. It turns out, that in many respects this method can be

oquivalent to small angle scattering

Neutron interferometry : At this place also the perspectives of

neutron inter feronietry in solid-state research should be indicated.

A versatile neutron interferometer splitting a neutron beam coherently

into two beams by diffraction from a perfect silicon crystal has
14)

been successfully tested recently by Bonse and Rauch . This tech-

nique opens the possibility to measure phase shifts very accurately

and several applications in the direction of solid state physics,

e.g. small angle scattering at extreme small angles, or precise

measurements of magnetizations in connection with phase transitions,

to mention o.ily a few possibilities, can be foreseen.
Ill Neutron Spectroscopy

1. Measurement of phonon dispersions

The standard technique for studying collective excitations in solids,

phonons, magnons etc. by coherent inelastic neutron scattering today

is the triple axis method, which is illustrated in Fig.8. A monochro-

matic neutron beam impinges on the single crystal under investigation.

The analysis of energy and direction of neutrons scattered by exci-

tation or annihilation of a phonon determines energy and wavevector
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of the phonon and consequently the phonon dispersion of the crystal

in a unique way. Phonons at larger wavevectors corresponding to

reciprocal lattice distances can be measurad only with neutrons.

Besides phonon energy determinations intensity measurements yield

information on the phonon eigenvectors and line shape and shift

analysis which are now feasible contribute to an understanding of

inharmonic effects in solids.

In this way phonon dispersions of many solids including some with

more elaborate structures have been measured. It is the analysis of

this data which gives very detailed information on potentials or

generaly speaking on chemical binding In solids.

In order to illustrate the capability of coherent inelastic neutron

scattering we list some problems which were in the center of recent

Interest in solid-state physics and where measurements of phonons

contributed significantly.

Firstly the problem of structural phase transitions in solid ought

to be mentioned. Here the suggestion fiat the phase transitions in

certain solids ara triggered by an instability in a normal vibra-

tional mode of the lattice, a soft mode, has been established and

studied in great detail in many examples by now

The investigation of the lattice dynamics of several high tempera-

ture superconductors like Nb.Sn and TaC revealed details on

the importance of electron-phonon interaction and of electronically

driven lattice instabilities in these crystals. Further work along

these lines will certainly elucitate the mechanism in question.

Great effort has been made to explain the interesting properties of

almost 1-dimensional solids, e.g. 1-dimensional conductors. Here

with neutrons the possibility of a Peierls transition or charge

density wave in such unusual solid? has been discovered ' .

Other classes of materials which have been studied during the last

few years are superionic conductors, layer structures and low sym-

metry crystaline solids with the aim to explain the interatomic forces

in these rather anisotropic systems. Finally the growing interest in
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studying the lattice dynamics of molecular crystals should be men-

tioned. Coherent inelastic neutron scattering is now a well estab-

lished research tool for solid-state physics and vill be applied in

the future to a great variety of special problems of solid-state

dynamics.

2. Phonon density of states measurements

There is however the other aspect of inelastic neutron scattering

from condensed matter, namely the incoherent scattering. It is well

known that the one-phonon term in the so called phonon expansion of

the double differential incoherent scattering cross section is

proportional to ths phonon density of states. The phonon densl.ty of

states determines many properties of a solid. In fact the first

inelastic neutron scattering experiments on solids aimed for the

determination of the phonon density of states. Unfortunately there

are only a few nuclei, e-g. hydrogen and vanadium which scatter

dominantly incoherent so the application of incoherent scattering

in solid-state physics was rather limited. But recently it has been

shown, that phonon density of states can be measured also for cohe-

rent scatterers. The essential point in incoherent scattering is

that the wavevector selection rule vanishes. The physical meaning

of this is that in an incoherent scattering experiment a sampling

of all motions in the solid on which the single scattering atom

participates is performed. The idea is therefore to simulate this

sampling also in t'-s case of coherent scatterers by summing experi-

mentally over all mattering events in the Brillouin zone which

roughly means integrating the scattered intensity ever a sufficient

large solid angle. Fig.9 illustrates the idea in reciprocal space:

The circles represent surfaces of constant phonon energy. The tri-

angle is the wavevector diagram for an one phonon process. Rotating

the triangle corresponds to scattering from a powder. This is not

sufficient for averaging over all possible scalar products tcq.

But allowing a certain *c-rango for a fixed energy transfer gives

the desired average over the Brillouin zone. This sampling method
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which has a nuclt wider range of applications than inc iherent i'l-

eifisric scattering has been worked out systematically during the last
23)

yoars a» Karlsruhe and at the high flux reactor in Grenoble

Fig. 10 shows for the simple example of aluninuia that the method

works. The solid curve has been obtained by fitting a tedious point

by point neasureraent of phonons in a sufficient part of the Brillouin
24 )

zone . The points ar-s the result of the experimental sampling

method. The sampling method has been used to determine the phonon

densities of states of a series of high temperature superconductors

which is a needed information t\"" understanding the high transition

temperatures of these systems.

i-iq.ll shows as an example the phonnn density of states of Nb.Sn
25)

at two temperatures . The shift of the density of lower frequen-

cies wttv* decreasing temperature is opposite to what one expects

in normal solids and is intimately related to a strong electron

phonon coupling, liy comparing this data with other properties of the

superconductor details on the electron phoncn interaction can be

dor ivod.

Another broad field where the incoherent inolastic neutron scattering

method has brought during recant years a large number of r.ew data

is concerned with crystal field effects, crystal field splittings in

metals and alloys, but this -^n only be mentioned
3. High resolution backscattering spectroscopy

The search for improved resolution of neutron spectroscopy in order

to cover also very small energy transfers lead to the development

of the backscatterir.g Bragg reflexion technique. This technique

has been successfully demonstrated by Alefeld . Fig. 12 shows a

scheme of the backscattering spectrometer installed at a neutron

guide at the cold source of the Grenoble high flux reactor.

In this spectrometer perfect silicon single crystals are used in

thrue backscattering geometry as monochronator and analyzer crystals.

The incident energy is varied by the Doppler effect at the periodi-

cal moving nonochromator crystal. If, e.g., the (111) lattice planes
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of Si are used, the mean incident energy is 2.076 meV .snd an energy

resolution of O.2 ueV can be reached. The accessible energy range
4 2is about +̂  10 vieV. The low incident neutron flux of 1O n/cm is

partly compensated by a large solid angle of the analyzer. Fig.13

illustrates the resolution achieved with this instrument in a mea-

surement of the hyperfine field splitting in fee cobalt.

This high resolution neutron spectroscopy can be used to study dif-

fusive and tunnflling motions of atoms or molecular groups and very

low lying collective modes in solids. Fig.14 shows as an example a

more complex spectrum, namely the sprectrum of rotational tunneling

of NK. ions in MH.C10. at 4K . This "spectrum can be explained by ,

assuming transitions between four energy levels. From such data

details of the potential of the NH. gro'jp in the solid can be deri-

ved. The investigation of rotational tunneling motions in molecular
29)

systems is of growing interest

Finally an experiment should be mentioned which is related to an

open question in the context of structural phase transitions. With

the experimental proof of soft phonon modes it wets believed that

the mechanism of structural phase transitions is understood in prin-

ciple. But more detailed inelastic neutron scattering experiments

revealed besides the soft modes increasing extra intensity - critical

scatter,.g - at the wavevector of the soft mode arouri energy trans-

fer zero as the temperature approached the transition temperature

of the ph?r© transition. This so called central peak attracted con-

siderable theoretical interest but sofar it withstand any consistent

explanation. A key information would be the detection of a finite

energy width of this paak. The highest resolution sofar achieved in

this problem was by AlefeJ'l and Heidemann with the backscattering

technique. Their result is shown in Fig.ID . Fig. 15 shows essential-

ly the resolution of the instrument, no broadening could be detected.

From this data they conclude that the width should be less than O.lyeV,

which certainly is hard to understand on the basic of present theories

on this phenomenon.
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These few examples may be sufficient to illustrate that the back-

scattering technique has interesting applications and that neutron

spectroscopy has closed the gap to NMR and HoBbauer spectroscopy in

solids.

Other high resolution neutron techniques are under developaent like
32)

the spin echo method of Mezei using polarized neutrons and per-

haps a future spectroscopy with ultracold neutrons which seems to be

feasible will push the limits further down.

IV Mautron Radiation Damage in Metals

The study of radiation damage in solids with fast neutrons and also

following thermal neutron capture is also a broad field of research.

The understanding of radiation damage is essential for the develop-

ment of advanced materials necessary in nuclear technology. There are

of course many research programs which we cannot discuss in this

review- We cannot even touch all aspects of more basic research in

this field instead of this we will mention only a few recent experi-

ments which illustrate the kind of progress which has been made

in the research on the microscopic properties of radiation defects

produced by neutrons in solids, especially in metals.

It is well kown that irradiation of a metal with fast neutrons pro-

duces Frenkel defects, namely self-interstials and vacancies which

are stable only at very low temperatures, e.g., below 20K in aluminum,

Therefore low temperature irradiation facilities in research reactors

are needed for this type of research.

Recently it has been shown mai.ily by diffuse X-ray scattering that

in irradiated Al and Cu the stable configuration of the interstitial

atom is the 1OO -"split" or dumbbell configuration, which is illu-

strated in Fig.16. These dumbbell can perform low frequency resonant

vibrations, which are of librational type. First experimental evi-

dence for these resonant vibrations came from MoBbauer spectroscopy

with Fe in Al. Vogl et al. studied systematically the influence

of the fast neutron irradiation dose on the trapping of defects at

Co impurities in Al. They found a new MoSbauer line. From the isomor
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shift and quadrupole splitting of this line they could conclude that

the Co impurity has trapped an interstitial and both atoms formed

a dumbbell complex. Further the Debye-Walier factor of the inter-

stitial MoBbauer line revealed a strong temperature dependence of

the mean local displacement of the HoBbauer atom which can be ex-

plained assuming a low lying resonance frequency of the dumbbell of

about one tenth of the Debye frequency of Al,

These low lying resonance frequencies can explain many we)1 known

facts on irradiated fee metals like the softfining of the elastic

constants and the low activation energies necessary for interstitial

diffusion. The importance of this dynamical process for the basic

understanding of the properties of irradiated metals lead to a more

detailed search for the dumbbell modes. Theoretical considerations

suggested that the coupling of the librational modes should lead

to resonant like perturbations of the transverse acoustic phonon

dispersion. Such an effect should be detectable by coherent inela-

tic neutron scattering on an irradiated single crystal although

the low concentrations of point defects achievable by neutron ir-

radiation make the experiment difficult.

Phonon measurements on an irradiated single crystal of copper were

performed by Nicklow et al. at Oak Ridge and of irradiated

aluminum crystals by Boning et al. at Grenoble. The results are

shown in Fig.17. The Frenkel defect density in Nicklow's experi-

ment was only 40 ppm, in Boning's experiment 800 ppm. Although

there seem to be still some discrepancies between theoretical

models and these first experimental results they clearly proof

the existence of low lying resonance modes in irradiated fee metals.

These experiments once more demonstrate the power of the neutron

scattering method for solid-state research. Up to now it was be-

lieved to be unlikely that such low defect concentrations could be

seen with the neutron probe.
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lonelusions

•y now slow neutrons have been used to investigate a variety of

•hysical properties of condensed matter. Most of thase experimental

.ata were unobtainable with other methods. This is particularly

hrue for the detailed information on collective exciuations in solids,

'he success is largely due to the availability of intense neutron

ources and the development of special devices like cold neutron

ources, neutron guides and hot sources tayloring neutron beams

or defined ranges of applications.

ome of the experimental methods have reached high accuracy and

re standardized by now so that they can be used more and more

outinely for solving special prublems concerning structures and

ynamics in the broad field of solid-state research,

lthough, in this paper, we were only able to discuss a few more

ecent and novel applications, we can conclude that the develop-

ent of slow neutron research techniques goes on. This is especial-

y thrue for high resolution spec troscopy, neutron int<2r f erometry

nd the use of ultra cold neutrons. It is not yet possible to survey

he full range of possible applications of these new methods,

'he use of polarized neutrons as probes will increase with the

vailability of more effective polarizers. Also the forseeable

levelopment of intense pulsed neutron sources in the o.l to 1 eV

mergy range will extent the useful range to higher momentum trans-

:er and energy transfers.

Certainly the study of structures, phonon dispersion relations,

)honon density of states, other types of collective excitations

ind diffusive type of motions in more complex materials will be

cackled in the future.

Accurate double differential scattering cross section measurements

;eem to be feasible now and open promising perspectives for revealing

?.g. microscopic properties of dense gases, liquids and amorphous

solids.

•?ith the growing understanding of simple neutron radiation defects

in metals activities it this field will move towards investigating

the more complex agglomerated defect structures.
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Figure Captions

Fig.l Scheme of the neutron time-of-flight diffractoroeter at the

reactor FRM Garching.

Fig.2 High resolution TOF diffraction pattern from an Al O. powder

sample.

Fig.3 Scheme of the small angle scattering apparatus at the reactor

FRJ-2 Julich.

Fig.4 Microscopic magnetic field distribution in the mixed state

of niobium as derived from the small angle scattering pattern.

Fig. 5 Proposed inodels for the conformation of polymer chain mole-

cules a) in solution, b) to d) in the solid phase.

Fig.6 Measured scattering cross section for PMMA of molecular

weight 250 000 compared to calculated cross sections for

different inodels. Neutron data confirm the statistical

cluster model.

Fig.7 Total cross section of an Al n,Zn _ alloy at small neutron

velocities for different heat treatments. The solid line is

due to absorption and inelastic scattering. The extra cross

section is due to the formation of Guinier-Preston zones.

Fig.8 Scheme of the triple axis method for phonon measurements by

coherent inelastic neutron scattering.

Fig.9 Illustration of the sampling method for phonon density of

states measurements on coherent scatterers.

Fig.10 Phonon density of states of aluminum measured with the

sampling technique compared to the density calculated from

dispersion curves.

Fig.11 Phonon density of states of the high temperature supercon-

ductor Nb,Sn at two different sample temperatures
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Fig. 12 Scheme of the high resolution neutron backscattering spec-

trometer at the high flux reactor in Grenoble.

Fig.13 Hyperfine splitting in fee cobalt as measured with the back-

scattering spectrometer. —

Fig.14 Spectrum of rotational tunneling modes in NH.C1O. at 4K

obtained with tha backscattering spectrometer.

Fig.15 Energy width of the central peak in SrTiO,. The measured

width is determined by spectrometer resolution and gives

an upper limit for the width of the central peak of 0.1 yeV.

Fig.16 Configuration of interstitial dumbbells in fee metal lattices.

Fig.17 Deviations of phonon frequencies of the TA branch in a)

irrad. Cu b) irr

irradiated samples

irrad. Cu b) irrad. Al from the frequencies in the not-
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Proposei models for the conformation of
polymer chains
a) in solution, b) to d) in the solid phase
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Slrcuvaklcr a { 1 0 l 0 m - ' )

Measured scattering cross section for PMMA of mole
cular weight 250 000 compared to calculated cross
sections for different models.
Neutron data confirm the stasticat cluster model.
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I". , Hiin'-hon, Germany)

N«?w«tti-arl (Breokhaven) :

Why i« the density of phonon vibration?:, which you show**! in one of your figures,
the some at 300 K and 6 K?

Glaswr:

Woll, actually the ancmalicity is a rather small effect if you go from high
ti-csporaturcs to lover tewperaturea, since the force constants are not changing
vi-ry much. But the point which I tried to ».ih<- here is that the change vent in
the cither direction. Normally going to lower tetsperatures the forces should be
stiffor, and this weans the density of states should shift to higher Frecfuencies.
!!ow it goon the otb«r way around — or one could put it in other words -- the
negative Griineisen constant which shows up here is really an indication of the
clectron-phonon interaction.

wjgner (t'rincetcw Univ.) :

What you had was not the density of phonons but the density of states, and that
is what confused us.

C> laser:

It's the phonon density of utatos. That's what one calls the trecjuency distri-
bution of phonons, for example.

Wi gnor:

But there are no phonons with high frequency at 6 K.

Glaser:

I'm sorry, this is really the available stated for phonons and the tunnel

occupation is corrected out. One has to introduce the Bose factor to obtain

the occupation of the density.

Wiener:

Thank you very much. I have another question: I was very surprised that the
annealed inhomogeneity in Alo^.j; ?.n0>Q;(, as shown in your Fig. 7, was greater
in th<- anni'jli'i! :-t .K • • t!i.in m I hi- •.JII«'!H:!;IM state.

3; ~.ser:

Yes, this is really the problem of Guinier-Preston zones in these alloys. The
cross section wont up, and it was not the number of precipitates I had shown,
just the total cross section for neutrons transmitting through this sample.
And this is changing as it depends on the size of the precipitates in the
sample.

Wigner:

But isn't it true that some of the inhomogeneities disappear because the atoms

wander from interstitial positions to vacancies if you arc annealing?
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GlHser:

Yes, but in this particular case of the aluminum-zinc alloy, the experimental
studies show that the annealing temperature obviously was not high enough to
get these precipitates to vanish.

Wigner:

But the annealing — what effect did this have?

Glaser:

This really depends on the alloy that you start with, but in this case it seems
that you still get clusters of considerable size at the temperatures which have
been used here.

May I just ask — I don't know the solubility of zinc in aluminum. Is it
soluble to that extent, or is this a precipitate?

Glaser:

What we have seen here was really a precipitate.

Wigner:

I see, and zinc is not 8% soluble in aluminum at normal temperatures?

Glaser:

That really depends on the treatment of the alloy.

Wigner:

Is it soluble or not?

Chen (M.I.T.):

I would like to ask a question about this sampling technique in coherent
scattering. In order to have sampling in the Brillouin zone, don't you have
to know the force constant of the metal or, equivalently, you have to know
the dispersion curve before you can calculate the cross section to compare
with experiment?

Glaser:

No. It has been shown by several theoretical papers that the sampling near the
Brillouin zone is really equivalent to what you would call the incoherent
approximation. You know in coherent scattering you always get the incoherent
approximation if you go to high momentum transfers. But the physical point
is not so much the high momentum transfer, but it is really that in scattering
one covers a sufficiently large part of the reciprocal lattice. This, of
course, can also be achieved with lowe^ momentum transfers if you select your
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scattering geometry properly. This is essentially what has been done in the
sampling technique.

Chen:

I'm concerned about constructing the initial state from the coherent scattering
data. It's a powder sample, right?

So you do it over many q's, then you calculate essentially from this state and
then compare with the experiment?

Gl'aser;

Yes.

Chen:

But then you have to have a certain kind of force model to do that.

Gl'aser:

No. if you do the experiment on a system, like aluminum for example, you get
essentially the density of states by adding up all the inelastic scattering at
different angles and this has to be corrected, of course, for multi-phonoii
p.-ocesses and perhaps for multiple scattering. But if one can do the correction,
ana this can be done in a self-consistent way, for example, starting from the
experimental data, you don't need any additional information. It's different
if you go to more complicated systems like Nb^Su, where you know one intro-
duces a partial density of states; then one has to introduce, of course, an
additional model to make these corrections in order to go from the partial
density of states to the density of states of the system.

Coughlin (Harvard Univ.):

Is this small angla scattering method suitable for the actual detection of
inhomogeneities in unknown substances i.e., verification of physical separations
of complicated unknown substances, e.g., detection of mixtures?

Gla'ser:

Well, in principle it is possible to detect unknown inhomogeneities in solids
by this method. It depends, of course, whether you get contrast in the system
for neui:rons; whether the scattering lengths or the density of these different
regions in the solids, is really different to make any contrast, like Dr.
Schoenborn told us about in biological systems. If this is known, then the
rest is just calculation from the angular distribution of the scattered
intensity.
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SEl'TROK ASTROPHYSICS

K_._ A._ Smith

Department of I'hysfcs, SLN'Y at Stony Brook

Stony Brook, New York 11794

RKSIMK

The composition and structure of neutron stars and their relationship to
served properties of neutron stars are reviewed.

ABSTRACT

The nominal role of neutron stars is to spin, pulse, and gradually slow down,
rtunately, some neutron stars display behavior which provides considerably more
formation about their structure. The structure, in turn, reflects the equation

state •-'f dense matter in its ground state; not long after the supernova
plotsicn, the bulk of the star is cold (by local standards) and in hydrostatic
uilibriutn. As a result, the structure and properties of a neutron star are
termined by the equation of state and its mass. Neutron stars conventionally are
vided into five regions: surface, outer crust, inner crust, liquid interior, and
re. For each region, the composition and contribution to the observable aspects

stellar structure are reviewed. Since different models of the nucleon-nucleon
teraction imply stellar models with very different structures, some inferences
interaction models may be drawn. At present, equations of state appreciably
iffer than that using the Reid potential seem to be in accord with observations.
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Itie compos it ion and structure of neutron stars ami thei* relationship to
observed properties of neutron stars arc reviewed.

ABSTRACT

The nominal role of neutron stars is to spin, pulse, and gradually slow down,
fortunately, some neutron stars display behavior which provides considerably more
information about their structure. The structure, in turn, reflects the equation
of state of dense matter in its ground state; not long after the supernova
explosion, the bulk of the star is cold (by local standards) and In hydrostatic
equilibrium. As a result, the structure and properties of a neutron star are
determined by the equation of state and Its mass. Neutron stars conventionally are
divided into five regions: surface, outer crust, Inner crust, liquid interior, and
core. For each region, the composition and contribution to the observable aspects
of stellar structure are reviewed. Since different models of the nucleon-nucleon
interaction Imply stellar models with very different structures, some inferences
on interaction models may be drawn. At present, equations of state appreciably
stiffer than that using the Reid potential seem to be in accord with observations.

IN'TRODICTIOX

Interactions of neutrons with nuclei play an important role In several aspects
of astrophysics: nucleosynthesis, supernova explosions, and neutron star
structure. In the latter field, we are at the stage of relating observed properties
of neutron stars to specific features of the structure of neutron stars. I want
to explain how this connection is made nnd how theory and observation can be used
to place qualitative restrictions on the equation of state (KOS) of dense matter.

Neutron star;; are formed in supernova explosions when the central core of
1.4 M (1 M = 2.0 x 10 g) of a much he ivier normal star reaches an evolutionary
stage where it can no longer support l:self against gravitational collapse by
thermal an.1 electron degeneracy pressures. As the core collapses, the matter Is
compressed by a factor as large as 10 until the internal pressure rises
sufficiently and halts the infall. In the process, which lasts only milliseconds,
a large fraction of the electrons in the star are captured by protons in the
nuclei and the matter undergoes some radical phase- changes. The neutrinos released
serve to blow off the.surrounding stellar material. When the dust settles (rather
fast, since GM/R » I'* cm/s ), there remains a neutron star with a radius of
roughly 15 km, a rotstional frequency of perhaps 10 rad/s, and a surface dipolar
component of the magnetic field around 10*^ gauss.

Astrophysical objects identified as neutron stars fall Into two classes:
pulsars and pulsating X-ray sources in binary systems. The model of a pulsar is
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Fig. 1. A pulsar model.

region near ihe magnetic pole is observed once every rotational period as the
beam passes through the observer's line of sight. In the pulsating X-ray sources,
the geometry is similar but the X-rays are attributed to the accretion of matter
from the (normal) companion star. The identification of these objects with
neutron stars is based primarily on the short and highly stable period, P''
(33 ms to A s, measured to as many as 12 significant figures). For pulsars,
another very useful measured quantity is the slowdown, £, typically 1 0 ~ " s/s .
The slowdown results from the loss of angular momentum to the electromagnetic
radiation generated by the rotating dipole field. If all stars slowed down
uniformly, one could learn very little about their structure. However, due to the
rapid rotation of the stars, the stars are somewhat oblate. It is this distortion
combined with the rigidity of the crust that makes inferences about the stellar
structure possible. Let me first describe the composition and structure of a
typical star. A much more detailed discussion may be found in the recent review
by Baym and Pethick-^).

STRUCTURE AND COMPOSITION

Calculation of most properties of a neutron star is vastly simpler than for a
normal star because energy transport plays a negligible role in determining
hydrostatic equilibrium. Most of the star is at a temperature which although hot
by normal standards (10^-10^ °K) corresponds to an energy (10~3 - 10~2 MeV)
which is much smaller than the local Fermi energy. A cross-section of a neutron
star is shown in fig. 2. The star is naturally divided into five zones of
different composition. The basic feature as one proceeds in from tb surface is
an increase in density with a concomitant average decrease in proton to neutron
ratio, corresponding to increased capture of electrons by protons in the original
collapse. The penalty for large electron densities is simply the kinetic energy
of an electron at the top of the Fermi sea which is much larger than the kinetic
energy of a massive nucleon at the same density.,
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Fig. 2. The regions of a neutron star.

The surface layer, typically 10 m thick, Is the only region where the
magnetic field and temperature play an important role in determining the phase of
the matter. The temperature is no longer small compared with Fermi energies and
the presence of very strong magnetic fields profoundly changes atomic structure
and molecular binding . While these effects may be important in understanding
details of the radiation mechanism, they have no influence on the bulk
properties of the star. By the time the density rises to 1 x 10^ g/cm^, the
temperature and magnetic field have little effect on the properties of matter
and we may consider the material to be in its ground state at the given density.

The outer crust, about 1 km thick, consists of a solid crystalline lattice
surrounded by an electron gas. At low densities, the bcc lattice sites are
occupied by ^Fe nuclei; this nuclear species minimizes the nuclear energy and
the lattice minimizes the Coulomb energy. As the density increases, the matter
becomes more neutron rich in discrete steps, due to a playoff between electron
capture by protons (saving a large electron Fermi energy) and nuclear structure
effects. The optimal nuclear N and Z are assumed to have been reached during the
hot supernova explosion. ihe result is concentric, shells of matter, earh with a
different nuclear species. The nuclear species flits from ^Fe t o 62=- through
a total of 12 differed', nuclei ending at H^Kr.5) Most of these nuclei are too
neutron rich to exisL in vacuum, but their energies may be calculated quite
well from semi-empirical models.

11 3
At 4.3 x 10 g/cm , it becomes energetically favorable for neutrons to "drip"

out of the nuclei and lower their kinetic energ> enough to compensate for the
loss of nuclear attraction. In this inner crust region, on the order of 5 km
thick, there is a lattice of nuclei surrounded by neutron fluid and an electron
gas. With increasing density, neutronization progresses and the nuclear species
continues to change in discrete steps. Here one raally has interactions of
neutrons with nuclei! Calculations of the equilibrium phase are sensitive to
the Coulomb energy and the surface energy of thr- nuclei in the neutron fluid. The
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best calculations indicate thai the number of protons per nucleus does not exceed
50, although there may be as many as 1500 neutrons per unit cell.6) Due to the
lattice structure, the material supports shear; the shear modulus depends
sensitively on the charge per nucleus and the density of nuclei. The pressure
comes mainly from electron degeneracy at low densities and from the neutron fluid
at higher densities. Finally, at a density on the order of 2 x lO^ g/cm3, the
lattice disappears smoothly, leaving a pure fluid.

The liquid zone consists primarily of neutrons with a small admixture of
protons and electrons. The V.OS, which relates the pressure to the energy
density, is accessible only through microscopic calculations, which fall into two
major categories. In one method, an interaction model for the nucleon-nucleon (NN)
interaction, constrained to fit the NN scattering phase shifts, is used as the
basis for a many-body calculation of the ground state of neutron matter. In the
other, one extrapolates from a model which reproduces the binding energy,
saturation density, and sjmmetry energy of nuclear matter. Ideally, one would
use a framework which satisfactorily accounted for both phase shifts, nuclear
matter, and general field-theoretic ideas about the NN force. Considerable
progress is being made in this direction, but we are not yet at that stage.
The neutron liquid is probably superfluid at low densities in SQ pairs and at
higher densities in 3P 2 pairs; protons present are superconducting. At still
higher densities, the core repulsion of the NN interaction restores the neutrons to
a normal phase. At some density, A and £ hyperons may be present, but they
probably have relatively little effect on the equation of state.

The core region, if present in a star, describes some exotic phase of dense
matter. A number of possibilities have been advanced, including a IT* condensate \
a TT* condensed solid"', an abnormal state'-', and quark matter*"). Recent
calculations^- ' of TT" condensation indicate that onset may be at around twice
nuclear matter density. The greatest effect of this phase would be enhanced
cooling by antineutrino emission at the early cooling stages of the neutron,
including the possibility of an antineutrino burst. 1') The -ft" condensed solid is
a possibility and would be interesting primarily because of possible observational
consequences of a solid core. The existence and detailed properties of this phase
depend sensitively on the interaction model. Simple modols of an abnormal state
seem to be inconsistent with normal matter'3). Recent preprints'^ 15) suggest
that quark matter, at least in the MIT bag model' , does rot appear at neutron
star densities.

MODELS

For calculating stellar models, one needs the EOS for matter in its ground
state at densities ranging from 10 to 10'6 g/cm3 (energy density/c2). General
relativity's (GR) importance in determining the structure of the star is
expressed entirely through the equations of equilibrium; GR plays no part in
calculations of the EOS. In order to be specific, I will discuss thret different
EOS's. The first is the EOS of non-interacting neutrons, in which pressure arises
solely from neutron degeneracy- This EOS is stiffer than a realistic EOS up to
about nuclear matter density, due to the binding energy of nuclei, and much softer
at higher densities, due to the absence of short-range repulsion. The ^ther two
EOS's roughly span the range of stiffness currently advocated. The second EOS
has the general features discussed above under structure and composition and
relies on microscopic calculations of neutron matter based on the Reid soft-core
phenomenological potentials'?). The third is similar, but with neutron liquid
properties based on a tensor Interaction model (TI) of the NN interaction which
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includes Isobars due to Green and Haapakoski .̂ In-this model, there is the
possibility of a phase transition to a solid TT°condensed core. As is apparent
from fig. 3, these EOS's do span a wide range.

F i ^ ]
Fig. 3. Representative equations of state.

For a given EOS, a star is specified completely by the central density.
Fig. A shows this relationship between mass and central density for the three EOS's.
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4. Mass versus central density.
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Only a certain mass range is stable against radial perturbations. Stars with
higher central densities than those shown would collapse given the slightest of
inward pushes. This mass range is not appreciably affected by the slow
rotational speeds observed in pulsars and X-ray sources. Direct and indirect
estimates of some neutron star masses are in the range 1.3 - 1.4 M . This
indicates that the central repulsion of the NN interaction is important, because
non-interacting neutrons only support a star up to .7 M . Unfortunately, other
equations of state are not sufficiently distinguished by the maximum mass
criterion.

In fig. 5, I have plotted profiles for 1.3 M Reid (R) and TI stars.

10'" -

Fig. 5. Density profiles.

Comparison of the two shows that the overall size and proportions of the various
regions of the star are quite sensitive to the EOS. These structural differences
show up quite strongly in two parameters which describe the Influence of rotation
on the energy of a star. Following Baym and Pinesi*; the total energy due to
rotation of a neutron star with angular momentum L is expressed as

(1)
rot

L2/2I Ae2 B(e-6Q)

where the ellipticity € is defined as the fractional increase of moment of inertia
of the crust due to rotation. The parameters A and B give respectively the
decrease in gravitational binding energy and the strain energy built up in the
crust due to deformation away from an ellipticity g . The first term is simply
the rotational kinetic energy and I is the moment of inertia. For the 1.3 M
R (TI) star, A = 9.4(5.2) x 1052 erg, B = 0.5(14.2) x 10^, and I = 0.93(2.0§)xlOA5

g cm2. Qualitatively, these may be easily understood from the larger size and
crustal volume of the TI star. The actual ellipticity of the star is cne which
minimizes E r o t for a given £ . In liquid core stars, which I will discuss here,
B is generally much less than A. The parameters A and B have been related to
observablf;s in two situations; starquaki?s and stellar wobble.
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STARQUAKES

In 1969, the rotational frequency of the Crab pulsar suddenly increased by
J\O./si = 9 x 10~10, as illustrated in fig. 6. This event is interpreted as a

Fig. 6. The change in SL .

starquake. As the star slows down, it would like to reduce its ellipticity but
is hindered by the rigidity of its crust. Ultimately, sufficient strain builds
up in the crust that it fractures and reduces its ellipticity enough to relieve
some of the stress. The decrease in ellipticity means a decrease in moment of
inertia, so the star speeds up. The time between quakes in this model depends
on A and B and is given roughly by

(2)

where A. is the average rate of change of frequency between quakes and Ml^is the
change in rotational frequency attributable to the quake after internal torques
bring the entire star back into corotation. The amount of the initial increase
in angular velocity of the crust which is ultimately lost in speeding up the
neutron fluid depends on the ratio of crust to neutron liquid moments of inertia.

2
The term A /BI in 1.3 M stars is very sensitive to the EOS; the R and TI

models give L of 2100 years and 10 years, respectively. For the Reid EOS to
produce a return period of 10 years would require a .5 M star. This light a
star is contraindicated by evolutionary considerations of the pre-supernova star
and the non-observation of significant amounts of processed heavy elements in
the Crab nebula20^. A second frequency change observed in 1975 gives
a tn of 6 years. The TI model is also consistent with the observed ratio of
crust to liquid moments of inertia.

Three speedups of appreciably larger magnitude have occured for the Vela
pulsar (&a/f\_~2 x 10~6). These, however, seem inconsistent with crustquakes
because of the large time required for strain to build up between quakes. It is
possible that these represent quakes in a solid core, but determination of this
possibility requires a better understanding of what actually goes on inside a star
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with a solid core.

WOBBLE

The matter in a liquid neutron star would never be far from having axial
symmetry, since non-symmetric perturbations would be damped rather quicklv. An
isolated neutron star, liquid at formation, would not likely hnve the opportunity
to build up appreciable distortion. However, a neutron star in a binary syst ..in is
subject to additional torques which could maintain and build non-symmotric
perturbations. In this case, rotation does not just involve the symmetry axis;
there is in addition a wobble. Fig. 7 shows a body symmetric about an axis whicn
is not parallel to the instantaneous rotation axis.*'

Fig. 7. The mechanics of wobble.

In the star's reference frame, the instantaneous axis -of rotation processes

slowly about the body symmetry axis as shown. One neutron star is an

attractive candidate for a wobbling star.

The neutron star Her X-l is a pulsating X-ray source in a binary system. Its
rotational period is 1.24 s, the orbital period is 1.7 days, and ingenious
methods have been used to determine the mass as 1.33* .13 M . ' The really
interesting feature of this object is the multiple periodicity of the observed
X-ray flux ^'. There Is a 1.24 s period, corresponding to the rotation of the
star, a 1.7 day period of eclipses, as the neutron star disa-pears from sight
behind its companion, and a 35 day periodicity which represents an overall on/off
cycle. These are represented schematically in fig. 8.

The X-rays are produced as matter originating on the companion star is
accreted onto the surface of the neutron star. Brecher ' suggested that this
35 day periodicity.could be interpreted as stellar wobble. Subsequent work by
Pines and Shaham shows how the wobble period is related to the same structure
parameters A and B involved in the quake theory. The accretion of matter produces
a torque on the neutron star. If the wobble in turn couples to the accretion
mechanism, then the wobble can be driven and sustained by accretion.



606

•.-t.r; -»

Kig. 8. The X-ray flux for Her X-l.

Accepting this point of view, we can study the relationship between the
rotational and wobble periods") for different equations of state,

(3) Pr/Pw = (3/2KB/A)£o.

Since the mass is determined, the EOS determines A and B. The ellipticity £ ,
at which there would be no strain, is then known. This places a lower bound
on the rotational speed at the time of formation, where there was no strain, and
on the critical strain angle, which determines how much strain can be with- tood
before fracture occurs. For the R (TI) model, the rotational speed at formation
is at least 4600 (320) rad/s and eQ is .05 (.001). The Reid star was then formed
at at least a third of its breakup speed, which is quite unlikely. The critical
strain angle is also larger than is comfortable in comparison with terrestrial
materials which have similar binding mechanisms. The TI model presents no problem
in either respect. This is a further indication that the EOS should be stiff at
high densities, at least appreciably stiffer than the Reid potential EOS.

CONCLUSIONS

I have tried to indicate how the composition and properties of the ground
state of baryonic matter are determined over the entire density range found in
neutron stars. The uncertainties In calculating the EOS at higher density
correspond to neutron star models which look and behave quite differently. The
comparison with the behavior of real neutron stars points to the need for a quite
stiff equation of state In the density range around or above nuclear matter densitv.
In the future, we can look for better calculations of dense matter and
presumably for new and interesting observations. In the meantime, we can work
for a more thorough understanding of the current observations.
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MI 1 - NEUTRON ASTROPHYSICS - R. A. Smith (State Univ. of New York, Stony Brook)

Newstead (B.N.L.):

What is the scenario for a neutron star to turn into a black hole? Could you
also summarize the current status of experimental evidence for the existence
of black holes?

Smith:

So far as turning a neutron star into a black hole, it is necessary to either
have a neutron star spinning fast enough at formation so that when it slows down
it no longer is able to support itself, or, if you have a neutron star which
is accreting mass from another star, sufficient mass must be transferred for
the neutron star to become unstable. Now, typical mass transfer rates, I think,
are on the order of 10 7 solar masses per year, so you'd expect this to take a
rairly long time. As far as observational evidence for black holes, I'm perhaps
not the best person to talk about this. The main thing one needs to know here
is the maximum mass that a neutron star can have, because then if one can make
a strong statement that the mass of an object like Cyg X-l has to be greater than
six solar masses, then one can reject it as a neutron star. Now the primary
thing that comes in here is the density up to which you are willing to accept
the calculated equation of state. A number of years ago Ruffini et al.did a
calculation which assumed that up to some density the equation of state was
known and beyond that the pressure was limited only by causality, so that the
speed of sound in the material shouldn't be greater than c. This gave a maximum
mass of 3.2 solar masses. But the exact point at which you do this matching is
the critical thing. I've heard people at conferences doing this matching low
enough to give up to eight solar masses as the maximum mass. So at that point
it's more or less a matter of opinion, I think. The highest mass I've been able
to calculate with the stiffest equation of state I've generated is 2.6 solar
masses.

Malik. (Indiana University) :

If I understand correctly, in order to get the equation of state one has to
solve the many-body problem in dense matter. Would you care to comment on how
good these calculations are, because one would like to know this before we
throw away the Reid potential. Also, I am unaware of the reasons for using the
T.I. model. How does one choose the parameters for this potential?

Smith:

Let me go back to the first part on the methods used. The equations of state
here were based on variational calculations, dating back before 1973. The Reid
interaction E.O.S. was based on an LOCV calculation done by Pandharipande. Now
in comparison with Bose systems, the LOCV method gives r.lightly higher energy
per particle than Monte Carlo calculations, as demonstrated in the "homework
problem." And so the Reid calculation would correspond to a stiffer equation
of bv.ate than one would obtain by Monte Carlo means. That's for the Bose case
and you can't immediately generalize to the Fermion case: but I think the
r-.any-4>ody calculations are getting fairly good. Things are less critical for
neutron matter than for nuclear matter because you aren't so sensitive to
cancellation. So I think probably the many-body theory is reasonable at least.
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and small alterations to the energy would make little difference. Secondly,
as far as the tensor interaction model goes, I wouldn't want to place too much
emphasis on this particular model, even though I did work on it. The main
thing is to show that there is a range of equations of states available in the
literature, and to show what happens when going from one extreme, the Reid, to
the other extreme, the T. I. model. Actually, the T. I. model is based on the
NN interaction of G>-een and Haapakoski who fitted the *S phase shifts using a
tensor interaction v(hich coupled NN states to NA states and then back down
again. This was generalized to extend to other partial waves as well.

Khanna (Chalk River):

At one time one used to talk of a neutron solid. Is the term "neutron solid"
not legitimate any more ?

Smith:

This depends again on your interaction model. If you take the Reid potential,
then essentially everybody agrees now that neu;ron matter does not crystallize
using either the Reid central interaction or including the tensor part of the
interaction, at least at densities that you would find in neutron stars. Now
in the TI model you have an enhanced tensor coupling because the coupling between
NN states and N&. states is a tensor interaction. By arranging the particles
with their spins in appropriate directions, Pandharipande and I were able to
obtain a neutron solid. But the transition density to this solid state is very
sensitive to the interaction model and the many-body calculations. This is what
I referred to at a TT° condensed solid; I do not think other kinds of solids
exist, but this one could exist.

Khanna:

But if we assume that we have an interaction model which can give us a solid,
can it explain all the known features of the neutron stars ?

Smith:

One thing I didn't mention in the talk was the quake history of the Vela
pulsar: there have been three of them, and they're much larger in magnitude
than the Crab quakes. It may be possible to explain them on the basis of the
quake of a solid core. But one problem there seems to be that enough energy
would be released in a core quake that you would expect to see the surface
temperature of the star rise enough to be visible in the X-ray region, and yet
one hasn't seen X-rays from the Vela pulsar during the quakes. Unless you have
an efficient mechanism for getting rid of energy, for example a ir-condensate,
then it's hard to say at this point.

Golub (Sussex Univ.):

All these potentials you're talking about are two-body forces. Yet some years
ago there was some work which indicated that many-body forces would be very
important. Do you know if anything'a come of that or did it just die by the
wayside?

Smith:

Well, they certainly could he. Essentially, what that would give you is a free
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parameter, because aside from fitting nuclear matter, the other thing you
have to go on is phase shifts, and many-body forces don't show up in the
scattering problem.

Golub:

So not much has been done, you would say?

Smith:

Well, if we got desperate trying to fit the properties of nuclear matter we
might have to turn to something like that. But other than that it's just
introducing a free parameter at this point, I think.
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RESUME

Speakers at the conference on "Nuclear Cross Sections and Technology" (1975)
have identified the nuclear physics pertinent to the energy problem. The neutron
physics discussed, which was most of the pertinent nuclear physics, can form the
basis for research programmes not only important for energy but which also con-
tribute to the fundamental understanding of nuclei.

ABSTRACT

In an article "Nuclear Physics and Energy" to be published in "Physics Today"
J. L. Fowler and W. W. Havens, Jr. have summarized the nuclear physics required
for the energy problem. Measurements in neutron physics constitute the major needs
from nuclear physics. There is a large economic pay off for precision in the
cross sections needed to optimize the design and operation of power reactors. In
particular, there is a pressing need for accurate standards to determine neutron
flux at all energies fron. thermal and 14 MeV. The R matrix formalism has shown
that some of the reactions used to measure neutron flux are questionable standards.
Since the safety of fast reactors depends to a large extent on doppier broadening
of narrow neutron resonances in the keV energy region much more basic research is
required on neutron resonances and in particular on multi level effects. The manage-
ment of long lived radioactive waste arising from build up of transuranium isotopes
in powar reactors requires the measurement of the neutron cross sections of these
highly radioactive isotopes. The design of fusion reactors producing 14 MeV neutrons
demand detailed knowledge of the interaction of fast neutrons with nuclei in the
thermal to 14 MeV energy range.
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INTRODUCTION

The 1975 international conference on "Nuclear Cross Sections and

Technology" was concerned primarily with the the role of nuclear physics for

nuclear energy, although it dealt also with nuclear physics for other

technologies. A review of the Proceedings of the Conference reveals

that neutron physics makes up the largest fraction of nuclear physics
2

required for energy technology. The subject matter of this paper, there-

fore, is the role of neutron physics in energy.

Even for operating nuclear power plants additional measurements in
3

neutron physics can have large economic payoffs. For example, in a typi-

cal light water reactor, if improved precision of neutron data can decrease

the uncertainty of neutron multiplication near the end of the life of fuel

elements by 1%, it could reduce the required compensating adjustment of

the enrichment of the U fuel with a savings of the order of $2,000,000

per reactor. Similarly an uncertainty in neutron cross sections that leads

to an uncertainty in power peaking in fuel elements which limits the power

output by 1% may cost the utility company $1,000,000 annually in replace-

ment power. In these typical power reactors, neutron capture by fission

products such as 1 3 5Xe, 1 4 7Pr, 148Pm, and 148Nd reduces the reactivity so

that compensation by enriched fuel must be made. A \% error in the capture

cross section of the fission products results in a .09% uncertainty in neu-

tron multiplication which amounts to $200,000 in equivalent U enrichment.

Thus for the present generation of nuclear power plants reliable neutron

cross sections certainly pay off.

NEUTRON FLUX STANDARDS

Precision in neutron measurements depends on precision in neutron flux

determination and neutron flux standards. Yet papers presented a year ago



at the "Conference on Nuclear Cross Sections and Technoloqy" cast con-

siderable doubt on the reliability of cross sections of several nuclear

reactions, such as the Li(n,ct) H and the B(n,a) Li reactions, commonly

used as neutron flux standards. A 1975 summary of neutron standards

showed the Li(n,ct) H cross section, which is known to ̂ % at one keV

and to 2-3% at 10 keV, was uncertain to 15-20% around the 246 keV resonance

[Fig. 1]. The B(n,a) Li cross section measurements also deviated by
4

about 15-20% in the 200 keV energy region . Recent work of G. P. Lamaze,

• FORT 1972

»COATt'S 1972

oPOENITZ 1974

•FRIESENHAHN (974

•STEPHANY 1975

IBARTLE 1975
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Fiq. 1. The Li(n,a)T cross section as of March 1975. Cross sections from

.08 MeV to 2.0 MeV5'6'7'8'9 are from a review by A. 0. Carlson.4

Cross sections from 2.0 MeV to 10 MeV are measurements of C. M.
10

Bartle.
110. A. Wasson, R. A. Schrack and A. 0. Carlson, has reduced the uncertainties

in the Li(n,ct) H and B(n,a) Li cross sections considerably, but independent

confirmations of these important cross sections by new measurements are re-

quired. Between 2 and 10 MeV Bartle, using the associated particle method

to determine neutron flux, has measured the absolute Li(n,a) H cross section
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to <3* [Figure 1]. The energy spread (f.w.h.m.) varied from ^100 keV 6;

2 MeV to ^500 keV at 9.7 MeV. He recorded the 6Li(n,a)3H reaction pro-

ducts, induced in a LiI[Eu] scintillator by neutrons from the D(d,n) He

reaction, in coincidence with associated He particles.

The application of multilevel, multichannel R-matrix theory to the

analysis of the nuclear reactions of light elements has proven to be well

12 7
suited to evaluate standard cross sections. In the case of the Li system

c. c p. o

the R-matrix analysis not only included data on the Li(n,n) Li and Li(n,a) H

reactions but it also included differential and polarization data on He(t,t) He

scattering. For the most recent Li(n,a) results the R-matrix analysis indi-

cates there is still an uncertainty of ^5% in the Li(n,a) H cross section

in the 100-700 keV range. Limited data on the various reaction channels of

the B system restricts the application of the R-matrix analysis in evalua-

tion the B(n,a) Li and the B(n,a') Li* reactions. Some of the resonant

level assignments in the literature are inconsistent. Further measurements

on the B system are necessary.

In the multi-MeV neutron energy range the most accurate neutron cross

sections are those for n,p scattering, but a limitation on their accuracy

is the lack of firm experimental information on the differential cross
4

sections fcr forward scattering of neutrons above V10 MeV. At 14 MeV, for

example, a proton recoil telescope measurement of neutron flux by detection

of forward scattering of protons is uncertain by ^1% depending upon whether

or not the n,p differential cross section is peaked in the C. M. system at

forward scattering angles for neutrons. Thus, for practical purposes as

well as for theoretical reasons it is urgent that the basic (n,p) differential

cross sections be measured in the 10-30 MeV energy range.
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The (n,p) total and differential scattering cross sections enter into

the calculations of the efficiencies of organic scintillators. Because

of their high efficiencies (̂ 5%) and the fast rise time of their pulses

these scintillaiors are extensively used as MeV neutron detectors. Their

calculated efficiencies, however, differ from efficiencies measured with

absolute neutron flux determined by associated particle techniques by
13 14 14

M 0 % . ' Fig. 2. These differences are present whether one calculates

5 10 « 20
NEUTRON ENERGY (MeV)

25

Figure 2. Central efficiency of a 2.5 cm thick 10 cm dia. NF213
13scintillator compared with average efficiency calculated

15
with analytical computer program.

15the efficiencies with an analytical computer program or a Monte-Carlo

efficiency code. Furthermore these differences, in general, can not be

corrected by a normalizing factor, as is evident in Fig. 2, so that the

calculated efficiences can not be depended upon for relative measurements

at different energies. Since organic scintillators are so often used

as secondary standards for MeV neutrons, more effort should be put into

improving the efficiency calculations.

LIGHT WATER POWER REACTORS

As mentioned in the introduction precision in neutron cross sections

at thermal energies can have considerable economic impact on the operation
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of light water power reactors. In particular, the capture cross sections

of fission products become important near tne end of the life of a set of

fuel elements, and knowing these cross sections accurately saves a great
3

deal of money in designing the fuel cycles.

In an uranium thermal reactor initially the higher actinide isotopes,
2 3 9Pu, 2 4 1Pu, 242Am, 244Am, 243Cm, 245Cm are present in relatively small

quantities. These actinide isotopes however, are continually being formed
poo

through multiple neutron capture starting with U and are continually

being destroyed through fission. Thus the inventory of these highly radio-

active isotopes becomes stabilized at a value several times the quantity

produced in the first fuel cycle. They constitute the major portion of
the long lived (>1000 years) radioactive waste from a U- U fission

reactor. Managing this waste has become one of the central problems in the

application of nuclear energy.

To adequately evaluate various schemes for disposing of actinide

waste requires better data on their fission and capture cross sections for

both thermal and fast neutrons energies (Th to 14 MeV). At the higher

energies (n,2n) and (n,3n) cross sections are important, b'ince some of

the actinides are extremely radioactive, special techniques have to be

devised to obtain the nuclear data required. For example, in order to
?45 243measure the fission cross section of " Cm and Cm with their intense

a activity, J. W. T. Dabbs et al designed a fission chamber which allows

much better discrimination against a particles than is possible with a

conventional fission chamber. This is accomplished by depositing the

fissionable material on a convex spherical surface and using a concentric

spherical surface of slightly larger radius as the ion collector. The

outer electrode limits the path of an alpha particle emitted tangentially to

the inner surface and thereby discriminates against the longer range alpha

particles compared to fission fragments. With the
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chamber coated with 19 yg of 30-year Cm, v̂ fiich emit 10 alphas per second,

the background counts due to alpha pileup above the fission fragment bias

setting was less than one count per minute. Using the time-of-flight

facility of Oak Ridge National Laboratory's Electron Linear Accelerator,
18 24^

Dabb3 it al have investigated the fission cross section of Cm with
preliminary results shown in Fig. 3. Fig. 3b, which gives the response of

10° to1 io* io5

NEUTRON ENERGY UV)

3a 3b

24-3
Figure 3. Ten meter time-of-flight measurement of fission of Cm.

Li(n,a) results give neutron fluxes for reducing 243Cm data
18to fission cross sections.

a Li(n,a) detector, allows a neutron flux determination for the Cm

fission data in Fig. 3a.

FAST BREEDER REACTORS

The development of the plutonium fast neutron breeder reactors is at

the stage thermal neutron reactors were a decade or so aqo. Starting off
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with the best microscopic neutron data file such as ENDF/B III or IV the

reactor engineer designs a series of simulated critical assemblies which

give him bias factor corrections which account for the combined errors of

the nuclear data and of the analysis method. Measurements with a large

number of mockups of critical assemblies allu.. an evaluation of the

uncertainty in the ratio of a particular experimental parameter to that

calculated.19 For the 250 megawatt (MWe) PHENIX Reactor, the French hold

that this integral approach is adequate for design purposes. J. Y. Barre*

20
et al claim the results obtained during the PHENIX startup (critical mass,

power distribution, control rod, reactivity coefficients and shielding)

and during one year of normal operation (reactivity loss during burn up)

prove the validity of the integral approach to reactor design.

In the case of a fast reactor transient, the doppier coefficient of

reactivity is one of the major contributors to the safety of the system.

In a ceramic fuelled [PuO2 and UOg] fast reactor the doppier effect is the

19
only mechanism that yields an immediate negative reactivity feed back.

The negative temperature coefficient from the U doppier effect arises

principally as a consequence of self protection at neutron capture reso-

238
nances in U. The neutron intensity at an energy of a capture resonance

is reduced by the capture process as well as by resonant scattering. In-

238
creased temperature of the U following an increased power production

poo

in the reactor broadens the resonance through thermal motion of the U
pop

atoms. This reduces the self protection at the U capture resonances

and increases the loss of neutrons due to capture. Fewer neutrons are

then available to carry on the chain reaction so that the power level of

the reactor decreases. A great deal of experimental and theoretical work
21

has gone on to show the doppier coefficient is negative. It is now known
definitely that in any fast breeder composition of interest the negative
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poo

U doppier coefficient will completely dominate other components of

the dopple- set (that due to fission, for 3xample).

The doppier coefficient must be sufficiently negative to more than

compensate for all possible positive temperature coefficients such as that

due to coolant voids. In a large sodium-cooled fast reactor a void near

the center due to boiling of the sodium adds to the reactivity of the
21

reactor. It does this by shifting the neutron energy spectrum toward

higher energies where there is relatively more fission than capture and

by reducing slightly the effect of capture of neutrons in the sodium

coolant. Sodium voids near the outer region of the core, however, increase

the neutron leakage and thus tend to reduce the reactivity. Since the very

important negative doppier coefficient depends on neutron resonances of all

elements likely to be in a fast reactor, much more experimental and theo-
22

retical study must go into the treatment of multi-level resonant effects.

The doppier broadening of neutron resonances should also be investigated

from the point of view of a solid state physicist concerned with vibra-

tions of atoms in solids.

There are a number of cross sections which have considerable impact

on the performance of the Liquid Metal Fast Breeder Reactor (LMFBR), and

19
for which the present data are inadequate. Neutron capture and inelastic

238
scattering cross sections of U need to be measured more accurately

because the breeding performance of the LMFBR is very sensitive to these

cross sections. Recent measurements from the University of Lowell on

the angular distribution of neutron scattering for the first three states

of U indicate the importance of such experimental data. The value of

— 252
v, the number of neutrons per fission of Cf,which is uncertain to -^2%

has to be pinned down, since this is the standard for the determination of

237 242 244 24-1
v for the actinides, in particular the isotopes Np, Cm, Cm, Am
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243

and Am. These nuclei, as mentioned earlier, are of considerable impor-

tance to studies of radioactive waste management and disposal. Furthermore

the neutron source strength in the LMFBR is related to the buildup and burn-
19

up of these transuranium elements. Since some of the alloys, which have
been developed for fuel cladding and which show relatively low radiation

19
damage, have a substantial Ni content (26-44%), more precise neutron cross

section data on the Ni (n.y), Ni(n,p) and Ni(n,a) reactions are required.

The Nuclear Regulatory Commission of the U.S.A. regards nuclear reac-

tor safety as the key item in considerations of the feasibility of power

reactors. In the case of light water reactors twenty years of experience

with thermal power reactors and many decades of experience with the tech-

nology associated with steam power plants has enabled a Reactor Safety

Group, under Norman Rasmussen, to realistically evaluate the probability

of accidents and therefore the risk to the general public from commercial

24
thermal nuclear power plants. Since there is a very limited experience

with fast reactor power systems, the evaluation of their risks is con-

siderably less certain than that from thermal reactors.

In some ways the sodium cooled fast reactor is fundamentally safe.

The sodium coolant is near atmospheric pressure well below its boiling

point and has excellent heat transfer properties. There is, however, con-

siderable concern with regard to some other chare-teristics of a fast

reactor. The core in its normal state is not necessarily in its most

reactive configuration, so that in the case of a core melt down reactivity

21
may be added from fuel or fuel cladding relocation or from coolant voiding.

The course a melt down accident might take depends upon a large number of

variables and thus the prediction of the effects of a melt down requires
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detailed knowledge of a number of physical phenomena: heat flow, the

behavior of materials at high temperatures, the hydrodynamics of the

coolant and the molten core material, as well as the neutronic character-

istics of the relocated fuel of the core. Although at present the deter-

mination of the probable configuration of core material following melt down
20

is so uncertain that nuclear data wit.h large errors are adequate; never-

theless, as the technology of fast reactors develops more precise nuclear

data will be required to bring the safety analysis of fast fission power

reactors to the level of the recent analysis of the safety of thermal

fission power reactors.

Since the status of nuclear data and calculational techniques is such
20that one has to go through integral experiments for fast reactor design,

innovations in reactor concepts are greatly inhibited. Indeed E. P. Uigner

in commenting on the significance and accomplishments of the 1975 conference
25on "Nuclear Cross Sections and Technology" deplored the lack of new ideas

even "crazy new ideas." In the fast breeder reactor field he found only
pi-

one really new proposal. L. H. Tang suggested the incorporation of a
OOQ

removable "moderation jacket" between the inner U blanket and the fast
238neutron core. 6y optimizing the rate of capture of neutrons by U to

239

produce Pu this concept could decrease the fuel cycle time by 15 - 35%.

While the present cross section data are adequate to indicate merit for this

idea, more precise data and calcul-itional techniques are necessary to carry

out the design of a practical safe breeder incorporating this idea in order

to compare the advantages of this reactor with the presently planned Pu

breeding reactors.

THERMAL BREEDING REACTORS

Fuel breeding takes place in a thermal breeder reactor through captureof thermal neutrons by c Th to form U.
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232Th(n,Y)
233Th-r 2 3 3 P a * 2 3 3U

22 min 27 days

033
According to recent evaluations the value of thermal n , the number of

233
fission neutrons per neutron absorbed for I), cs measured directly is

?7 ?8
2.30 +.0.01. ' This is large enough to ensure thermal breeding at

233
least theoretically. But n , calculated from the average value of neu-

233

trons per fission, v , is some 1% lower than that c,iven by direct mea-

surements. This discrepancy is attributed to the uncertainty in \7 for
252

Cf which is the standard for neutrons per fission measurements.
233

Since (n - 1) must exceed one in order to allow for at least one neu-
232

tron to be captured in Th to renew the fuel with neutrons left over to

take care of neutron leakage and capture in structural material and coolant,

233
the precise value of n is of prime importance.

The light water breeder reactor (LWBR) being developed by the Bettis

Atomic Power Company is in many respects a conventional pressurized water

232 233
reactor, but with the core redesigned to operate on the Th- U cycle.

As it is conceived it has a low breeding ratio, perhaps such that it just

233
breaks even, that is, it just produces enough U fuel to satisfy its

29
own need and to compensate for chemical loses in fuel reprocessing.

Thus it requires strict neutron economy. To satisfy this requirement a

zirconium alloy, Zircaloy 4, has been developed with low neutron capture

233 232
cross section to clad the U and the Th. The designers need accurate

data for the capture cross sections of all the materials in the reactor,

232 2'3
in particular Th, J U and Zr, as well as data on the capture cross

sections of the products of the chain reaction such as fission products and
po-5 p'jn p-3-3

the 27 day J<JPa involved in the "^Th- "01 chain.

Thermal reactors moderated and cooled with DjO or cooled with He gas

eliminate neutron capture by hydrogen in ^ 0 and thereby improve neutron
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economy, which makes them attractive as breeders. Elimination of fuel

cladding in gas cooled reactors, such as those being developed in the

United Kingdom, France, and the United States has the possibility of

reducing fuel reprocessing cost to the extent that they might run economi-

232 233
cally as Th - U breeders. The addition of BeO to the fuel enhances

9 29
the neutron economy through the Be (n,2n) reaction.

In a fluid-fuel thermal breeder the U fuel and the JlCTh circulate

as a solution, a slurry, or as a molten salt through the active core of

the reactor which may be moderated with graphite or BeO. These breeders

have a distinct advantage over solid fuel thermal breeders in that the

233
fission products and Pa are continually being removed from the high

neutron flux region and can be extracted from the fuel stream in a chemi-

233
cal plant associated with the reactor. The Pa is allowed to decay

233
to U before it is returned to the fuel stream. Preventing capture

233
of a neutron by a Pa atom has a double purpose in so far as breeding

is concerned. Not only does it conserve the neutrons which would have

233
been captured by the Pa atoms but is also prevents the removal of a

233 233
U atom from the fuel chain since the absorption of a neutron by a Pa

233 2^3
destroys a U atom the ~ Pa would have formed. Because the margin

for thermal breeding is small, the continuous removal of neutron poisons

from the reactor has a major effect on the breeding gain. In the Nether-

lands, the KEMA laboratory is investigating a D-0 slurry concept which

uses a homogeneous suspension of spherical (U,Th)O2 particles in the DpO

fluid. In the U.S.A. the Oak Ridge National Laboratory has worked rut many

of the engineering problems in a molten salt system in which ThF4 and UF4

on

are desolved in a LiF-BeF2 fuel carrier.
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Optimizing the economics of thesa various types of thermal breeder

reactors heavily involves all facets of nuclear engineering in the reac-

tor design as well as advanced chemical engineering in the design of the

fuel reprocessing plants. Optimizing the neutron economy in the dif-

ferent designs depends on the nuclear physics of the systems and requires

very detailed information on the nuclear processes involved.

For two major problems facing the nuclear energy program, 1) the

safeguard problem, and 2) the problem of radioactive waste disposal,

thermal breeders have distinct advantages over both light water reac-

tors and fast breeder reactors. T. B. Taylor 3 0 has pointed out

that the fissionable material safeguard problem is simplified for reac-
pop poo p o

tors using the J Th - " J U cycle. In the first place " 3 P u is not
233

involved in the fuel cycle. In the second place the reactor fuel U

contains 2 3 2U from the 2 3 3U (n,2n) reactions. Since 70 year 2 3 2U in

its decay chain gives off a number of y-rays it constitutes "spiking"
233 233

of the U fuel. Handling and shipping U fuel requires heavy

shielding which together with the radioactive hazard makes diversion of

the reprocessed fuel for illegal purposes more difficult than is the
235 239case for U or Pu fuel. Indeed for the fluid fuel thermal breeders,

which have their fuel reprocessing plants closely associated with the

power reactor, illegal diversion of the fuel by outsiders is all but

impossible.
poo pop

The fissile and fertile materials, " u and Th, in a thermal
?38breeder are some 5 to 6 nucleons removed from ' U, so that continued

production of higher actinides through multiple neutron capture is
greatly reduced (by factors > 10 ). 3 1 Consequently, a breeder

232 233power system based on the Th- U cycle eliminates many of the
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problems of long lived radioactive waste due to actinides. Indeed Raman

) bi

31

233 232et al have proposed the U- Th reactor as a burner for the actinide

waste from the light water nuclear power system."

FUSION REACTORS

During the last several years magnetic confinement of fusion plasmas

has shown such encouraging results that there is optimism with regard

to achieving thermonuclear power from d,t plasmas. To be economically

feasible, a fusion power reactor operating on the d,t cycle must breed

enough tritium fuel to replace that burned in the reactor. This requires

that Li be in the blanket surrounding the reactor [Fig. 4], The 14 MeV

d,t neutrons produce tritium through the Li(n,a)t or the Li(n,na)t
32reactions. Alsmiller et al have calculated the tritium breeding ratio

(the ratio of the number of tritium atoms produced per thermonuclear

neutron) for three proposed fusion reactor designs and found this ratio to

vary from 1.04 to 1.54. While they find that the uncertainty in the 6Li{n,ct)t

cross section (Fig. 1) contributes less than ]% to the uncertainty in the

breeding ratio, they find that the uncertainty in the Li(n,na)t cross

section is somewhat more serious. For the designs with low breeding ratios

this latter uncertainty contributes ^2% uncertainty to the breeding ratio,

whereas for the designs with high breeding ratio it contributes i>6%. The

d,t fusion program, therefore, requires better data on the Li(n,na)t cross

section from its threshold, 2.8 MeV, to 14 MeV. The uncertainties in the

cross section of other elements included in the reactor blanket desiqns such

as C, Be, Al, Ni and F lead to uncertainties of the order of a few percent
32in the breeding ratio. There is an immediate need for an evaluated file

of neutron cross sections relevant to tritium breeding as well as a growing
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need for a vigorous program to supply measurements to fill the gaps in

knowledge.

Figure 4. A segment of a blanket and shield region of a fusion reactor. In

this design lithium serves both as a coolant and as a tritium breed-

ing medium. Neutrons from the (d,t) plasma are absorbed by the lithium

and converted to tritium and heat. Graphite is utilized for neutron

moderation and reflection. Niobium provides structural support.

Lead and water are used as shielding materials to protect the super-

conducting magnetic coils from neutrons and gamma rays.
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The technical problems of containing a plasma at hundreds of millions

of degrees temperature while surrounding the reactor with superconducting

coils near 0° are truly formidable (Fig. 4). The blanket which is located

between the plasma and the field coils, besides slowing down neutrons from

14 MeV in order to allow for capture in Li to form tritium, also extracts

energy from the neutrons and from the Li(n,ct)t reactions. This blanket

not only must breed tritium with a breeding ratio greater than one but

it must also-act as a partial shield for the superconducting coils. In

the process of slowing down, neutrons will be inelastically scattered and

in some cases will undergo radiative capture, with both reactions leading

to secondary Y rays. As much as 30% of the total energy deposited in

thc> blanket can arise from these secondary y rays and over 90% of the

energy deposited in the superconducting magnetic coil system can come from
33

such Y rays. Radiation shielding, therefore, is a crucial problem for

the fusion reactor. At present, nuclear data uncertainties limit the pos-

sibilities to optimize the shielding in the minimum space between the

central reactor and the coils.

Experimental information on secondary Y rays particularly from high

energy neutrons is very fragmentary. At 14 MeV radiative capture varies

by more than a factor of 10 even for adjacent nuclei, so that system-

matics of radiative capture cross sections are of little use in predicting

cross sections. Systematics of inelastic scattering (n,n* Y ) cross

sections at 14 MeV do not show such rapid variations and are therefore

somewhat more useful. The data on such inleastic scattering Y rays,
34however, are rather sparse. A measurement program to provide a secondary

Y ray data base in the one to 20 MeV energy range is strongly recommended

to fill the needs of the fusion program. Preliminary results from such a
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35program have been reported .

For a 1000 MWe fusion power reactor the calculated level of induced

radioactivity generally is in the 10 to 10 curie range. This imposes

technological problems for system maintenance, for reactor safety, and for

waste disposal, so that the level and characteristics of the induced radio-

activity must be known. For (n,2n), (n,p) and (n,a) reactions there is a

great deal of data at 14 - 15 MeV and nuclear systematics are such that

one can estimate unknown cross sections for nuclei in this energy range

to ^30%.*" Other activation cross sections and those at lower energies

cannot be estimated so well from systematics. Use of nuclear models in

theoretical calculations can reduce the uncertainties in estimating cross

sections to the extent that some engineering preliminary evaluations

can be made without the use of experimental information. Of course

much experimental information has been Incorporated in the models and,

as more experimental data comes in,the models will be refined further.

Besides activation cross sections the design applications require data

on half lives and decay schemes. Measurements of critical cross sections
33

and decay properties should be undertaken immediately.

RADIATION DAMAGE

Technologies involving fast neutrons have revealed serious problems

in connection with radiation damage of structural materials. In fast

reactors neutron- ^coiIs of atoms of the fuel pins and fuel pin cladding

produce vacant lattice sites, an appreciable number of which collect to

form voids (probably on impurity gas atoms). These can produce swelling

of the fuel pins of ^20% and in a nonuniform neutron flux result in non-

uniform swelling. This swelling in stainless steels is a matter of major

importance in the development of breeder reactors.
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Emperical methods, using Ni ions accelerated with Van de Graaff machines

to simulate the void formation due to neutron recoils from Ni nuclei,

have facilitated the selection of alloys for further test in the fast neutron

flux of a reactor. There are other effects of radiation damage on mechanical

properties, such as reduction of ductility and radiation induced creep which

must be investigated with fast neutrons.

In a fusion reactor the first wall enclosing the hot plasma [Fig. 4]is expected

to be subjected to more radiation damage than has been experienced previously

in any nuclear power device, including fast reactors. Besides the surface

damage caused by bombardment of particles and radiation from the plasma,

there will be considerable volume damage produced by the intense flux of 14

MeV neutrons. The mechanism for radiation damage by high energy neutrons

is very poorly understood, and since there is as yet no intense source of

74 MeV neutrons to mock up the flux from a fusion reactor, engineering

studies of radiation damage are impractical. It is necessary, therefore,

to gain fundamental understanding of this type of radiation damage. Basic
38studies in the most intense 14 MeV flux available allow a start in the

research aimed at this understanding. To satisfy the critical need for
39more intense neutron sources Armstrong et al have proposed a supersonic jet of

deutron gas as a target for a 1.5 A ampere beam of 270 keV tritium

ions to produce a 14 MeV neutron flux of >10 neutrons/cm •sec. Others

propose mocking up the 14 MeV flux with (d,n) neutrons produced by ^30

MeV deuterons on target such as Li Here the target problem is some-

what simplified, but much effort has to go into development of a high

current high energy accelerator. The required basic understanding of

radiation damage by fast neutrons offers immediate challenges to neutron

physics as well as to solid state physics.
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NEUTRON PHYSICS FOR NON-NUCLEAR ENERGY

Oil well "logging" is perhaps the most prominent application of neu-
p

tron techniques for non-nuclear energy. The "log" is a continuous recording

of the value of some physical parameter as a function of the depth in an

oil well drill hole. An instrument package, known as a sonde, is lowered

to the bottom of a drill hole at the end of a cable. The cable transmits

power to the sonde and signals from it to the surface as the sonde is

drawn out of che bore hole. The information carried by the signals is

processed and recorded as the "log".

Neutron logging may consist of measuring the scattering of neutrons

by the material of the formation through which the sonde is passing. In

this case the neutron source is usually a plutonium beryllium source and

the scattered neutrons are detected by a counter in the sonde which is

well shielded from the source. The counting rate, suitably corrected for

the bore hole diamater, rock formation, etc. gives information on the

porosity of the formation. A pulsed (d,t) neutron source in the sonde allows

a determination of the macroscopic neutron cross section of the formation

surrounding the sonde. The main objective of this type of logging is to

monitor the chlorine content of the water surrounding the bore hole. In

the sonde at a fixed distance from the pulsed source thermal neutrons or

capture gamma rays are recorded as a function of time after the pulse.

The decay constant of the thermal neutrons so obtained is inversely

proportional to the macroscopic neutron cross section of the material in

the formation. Chlorine.which has a large capture cross section, reduces

the decay constant of the thermal neutrons. This logging method is widely

used in the search for petroleum reserves in old oil wells which have been

capped.
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Gamma ray spectroscopy logging consists of the measurement of the

gamma ray spectra from material surrounding the oil well. The most prac-

tical techniques use pulsed (d,t) neutron sources and time gated detec-

tors. If the neutron burst is short enough (HIS) the gamma rays following

inelastic neutron scattering can be analyzed to give the carbon and oxygen

content of the formation. A delayed gate to pick up the gamma rays fol-

lowing thermal neutron capture permits an analysis also of the hydroqen,

chlorine, calcium, silicon and iron content. Nuclear techniques in oil

well logging, which in 1975 amounted to ^200 million dollars, can be ex-

pected to expand significantly in the near future.

The use of nuclear techniques in manufacturing processes by reducing

wastage can produce large savings in industrial energy consumption. The

availability of intense neutron sources such as plutonium-beryllium and

Cf fission sources has made activation analysis for feed-back control

feasible for some current manufacturing processes. In fact a neutron gamma

technique has been developed to determine the hydrogen, calcium, silicon
42and carbon contents of calcareous aggregate concrete. This could be

adapted for feed back control. Further applications of radioactive tech-

niques in the control of the manufacture of chemicals offers opportunities

to the chemical industry for significant savings in energy.
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MJ 2 - NEUTRONS AND ENERGY - J. L. Fowler (Oak Ridge, USA)

Newstead (B.N.L.):

Joe, I certainly would completely agree with you that the ability to predict
end of cycle reactivity is of trememdous economic importance for industrial
reactor development. Incidentally, I think perhaps your figure about power
peaking has too low an economic importance attached to it, because indirectly,
of course, power peaking affects reactor safety and if you improperly predict
the peaking you may have to reduce the power of the reactor to seventy percent,
or sixty percent, which is a terrific economic penalty. Unfortunately, this
does not lead in a straightforward way to the necessity for improved nuclear
data, and it's this dilemma I want to address. You see, the uncertainties in
these quantities are controlled more by our ability to model the reactor, that
is by the analytical calculations, than by cross section precision. In present
generation diffusion theory calculations utilizing perhaps 50,000 mesh points
and a large computer, such as a CDC7600, we still are several percent off in
accuracy. Now, first one has to improve these calculational methods and this
is the point that the industrial people make. But what they don't appreciate
is that once they've improved the calculational ability then they will need the
cross sections. Since there is a long lead time on producing these cross
sections, both industry and government must continue to support the cross seccion
activity now so they have the cross sections five years from now. This point
cannot be emphasized too strongly!

Fowler;

You are certainly right, and I glossed over the fact that there was the un-
certainty in the analytical procedures for using more precise cross sections.
On the other hand, I did quote industrial people; my numbers on the economic
values of precision were from Votinen, Robertson and Tukenko in a paper from the
"Neutron Cross Section Technology Conference." So at least three industrial
people believe you need more precision in cross sectionsI

Khanna (Chalk River);

Would you care to comment if the fusion process through laser-induced fusion
will pose any additional problems with neutrons ?

Fowler:

If you're talking about the radioactivity produced, I passed rapidly over that
part. The captured neutrons produce radioactivity which is something like
109 to 10*° curies for a thousand megawatt electric fusion reactor, so that
the level of radioactivity due to the neutrons is of the order of magnitude
of the level of radioactivity in a fission reactor of the same power level.

Ajzenberg-Selove (n. Perm.):

Are the half-lives similar?

Fowler:

No, the half-lives are shorter so the radioactivity problem — after a thousand
years — is considerably less.
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Aj zenberg-Selove:

How much research is underway on the thorium breeder reactors, either in this
country or overseas? It seems like a very interesting thing to pursue further.

Fowler;

That's sort of a loaded question. Do you mean how many cross sections are
being measured?

Ajzenberg-Selove:

Is industry interested in pursuing this?

Fowler;

Yes, there is one thorium breeder being designed for the old Bettis reactor.
This is being designed perhaps not as a thorium breeder, but as a thorium
converter. The nuclear engineers are replacing the fuel elements of a light
water reactor in a different configuration in the old Bettis reactor and, so
far as I know, this is the limit of the thorium breeder anywhere in the world.
I think perhaps the Dutch may be working on a thorium breeder, and also the
Canadians. (Inaudible comments from the floor.)Professor Frank, it's been
suggested that I ask what the situation is with regard to a thorium breeder in
the Soviet Onion.

Frank;

I don't know.

Ajzenberg-Selove;

In the case of the Li graph you showed at the beginning, there were a bunch of
jagged lines over the peak and I didn't understand what th<?y represented. It's
the one in which you showed the transuranics and also the lithium.

Fowler;

They are from the Cd filter.

Holm (Northeast Utilities);

About the thorium fuel cycle again: you seem to identify a thorium breeder
with a thermal reactor. I wonder if you would expand your comments to talk about
fast breeders designed for thorium, and I'm thinking in particular of the helium-
cooled reactor.

Fowler:

I think the cross sections are such that a fast breeier with thorium doesn't
work very well. I may be wrong.

Wigner (Princeton Univ.);

How much do we know of the r\ values of the various resonances of 233U?

Fowler:

The low energy ones are known reasonably well, I think. Of course, as one goes
higher in energy, you know only the average values of n.
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RESUME

A review is presented of fission processes induced by neutrons. The role of
the double-humped fission barrier is examined and a survey is conducted of the
phenomena, static and dyna;.u.c, that have relevance to these considerations.

ABSTRACT

A major break-through occurred in fission this past decade with the discovery
of the double-humped fission barrier, which can explain in a coherent manner many
aspects of fission. The present situation is briefly reviewed, with special empha-
sis on the contribution of fission induced by neutrons.

This review includes:

- The calculation of the fission barrier using the Strutinsky procedure and the
comparison of measured and calculated barrier heichts;

- The fission isomers with the systematics of their half-lives;

- The properties of fission induced by resonance neutrons, with special emphasis on
235 23Q

(i) properties of U and "Pu fission resonances, as compared to the predictions

of the fission channel theory of Bohr, and

(ii) intermediate structure effects;

- The structure effects in near-threshold fission cross sections, stressing the
interest of recent results on the i32Th fission cross section which seem to
demonstrate the existence of a third minimum in the fission barrier;

- The dynamical effects in the fission process with special consideration paid to
the concept of dynamical fission barriers and damping effects in the low-energy
fission of 240Pu.
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I. INTRODUCTION

The discovery of nuclear fission, a little over thirty five years ago1jopen-
ed an important chapter in the study of nuclear physics . Yet, despite the fact that
fission is a nuclear phenomenon which has been the subject of many studies, it has
grown for a long time almost independently from the general trend of nuclear physics.
This situation occured because fission is a complicated process which could not be
described by the models and reaction mechanisms developed in low-energy nuclear phy-
sics . In fission, the nucleus undergoes a series of large oscillations of such am-
plitude that the fissioning system is ultimately elongated to the point where it
breaks into two strongly deformed fragments of comparable masses , liberating a lar-
ge amount of energy (about 200 MeV for fission induced by thermal neutrons in 235u),
In conventional low-energy nuclear physics, «n the contrary, the studies are res-
tricted to nuclear states with properties not too far from those, of the nucleus in
its ground state . For example,the deformation of such excited states ie very close
to the ground state deformation ; this is true also for collective excitations since
they represent only smell deviations from the nuclear shape at equilibrium . Also,
the intrinsic excitations that may occur have a configuration which does not differ
much from that of the ground state and can usually be described in terms of parti-
cle-hole interactions . If nuclear species different from the target, nuclei are for-
med in the: nuclear reactions, again, the difference is relatively small compared to
the mass division that occurs in fission since only a small number of particles can
be transferred in the reaction process . All this explains why the mer.hods developed
for the understanding of low-energy nuclear physics could not bs successfully ap-
plied to describe and explain the manifold properties of the violent collective phe-
nomenon through which fission proceeds . Nevertheless fission, especially neutron-
induced fission, has been studied extensively because of the large energy release
produced in the process and also because of the possibility provided by the fission
neutrons to maintain a self-sustained chain reaction.But,because of the complexity
of the phenomenon, these studies were mostly experimental and when models were in-
vented to account for the results in a more orderly and coherent fashion, they did
not stem directly from basic nuclear theory but, rather, they were based on pheno-
menological concepts .

The situation has changed completely in less than a decade both because a
major breakthrough has occured in fission during that period and also because the
field of nuclear physics is now expanding very rapidly towards heavy-ion induced
reactions which show great similarity with fission both in concepts and in experi-
mental techniques .

The breakthrough which happened in fission is now well known and has been
described in several review papers (see for example 2»3»'4»5»6). it was due,on one
hand,to several puzzling experimental results obtained independently one from the
other and which could ~ot be explained with the conventional fission models then
available and, on the other hand,to a more sophisticated approach to the calculation
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of fission barriers . Such calculations were based on the interplay between macros-
copic properties of nuclei which account for most of their potential energy at all
deformations, and single-particle effects which appear as a shell-energy correction
to the macroscopic values". For actinides, calculations of this type give tission
barriers with two humps separated by a second minimum which provides the possibility
for very deformed states to exist besides those commonly known with deformations
comparable to that of the ground state i*.of the first minimum.The existence of such
strongly deformed states (called also class-II states) in the second well of the fis-
sion barrier can explain very well most of the puzzling experimental results refer-
red to earlier ; among them are : fission isomerism, structure in near-threshold
fission cross sections and intermediate structure in subthreshold fission cross
sections .

Thus,a great step forward has been made in a few years towards a more cohe-
rent and fundamental comprehension of fission thanks to several peculiar experimen-
tal results and aore sophisticated calculations of fission barriers . The combina-
tion of macroscopic and microscopic approaches used in fission not only for the
calculation of barriers but also for the understanding of viscosity effects now
plays also a major role for the treatment of collisions between complex nuclei . In
this respect, fission physics has led a pioneering action in the renewal of nuclear
macrophysics and is now a full and active member of nuclear physics .

The whole field of fission is far too vast to be reviewed in this paper . In
fact, most of the information relevant to the various aspects of fission is contain-
ed in the Proceedings of uhe last two Fission Conferences which were held in Vienna
(1969) and Rochester (1973) . But, nevertheless, the more restricted subject of
"Neutrons.- and Fission" is worth being examined in this general context at this Con-
ference . The last worldwide International Conferences on Neutron Physics took pla-
ce in Antwerp in 1965 and Budapest in J972 though several other Neutron Conferences

were also he.ld during this period but were either oriented towards applications
(IAEA Conferences in !'aris,1966, and Helsinki,1970,)or organised on a regional basis
(at Washington, Knoxville or Kiev) or both of them . Therefore, it seems that it is
now an appropriate time to review,on a more fundamental basis, what contribution
neutrons have made in the last decade to a better understanding of fission, stressing
the most recent aspects of this contribution which has been quite important .

These considerations explain the following organisation of this talk .
Some general aspects of fission are recalled in Section II with special emphasis
given to the double-humped fission barrier situation which is briefly reviewed .
The macroscopic-microscopic approach'to'the calculation of fission barriers is pre-
sented together with the general consequences of double-humped barrier shapes ; a
comparison is also made between calculated and measured fission barrier parameters.

More specific properties of neutron-induced fission relevant to the barrier
shape are discussed in Sections III and IV .

Fission induced by resonance neutrons is examined in Section III with special
attention given to properties connected to the Bohr theory of fission exit channels
and to intermediate structure effects .

The existence and interpretation of other structure effects, in the near-
threshold fission cross section*, are discussed in Section IV .
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Fission dynamics,which are ignored in Sections II, III and IV are tou-
ched upon in Section V . Some results are presented i) for the spontaneous fission
half-lives of even-even nuclei, taking into account more accurate calculations of
the mass inertia parameter and ii) for damping effects in the low-energy fission of
2*O

In the presentation outlined above, the emphasis is put mainly on the
fission mechanism for actinide nuclei and how it varies with the nucleus, its exci-
tation energy and the quantum numbers J,n and K of the fissioning state . In con-
trast, very little attention is given to a detailed description of the fission pro-
perties for a given nuclear state . For this reason, fission induced by thermal neu-
trons is ignored here, though it has been extensively studied in the past, unless it
can help to shed some light in the discussions . In the same manner, the subject of
neutrons er.itted in fission is not treated as such in this paper which mainly deals
with neutrons in the entrance channel for neutron-induced fission .

II . FISSION BARRIERS

II,t - Introduction .

The fission process is obviously a collective phenomenon which couples
an initial state A to scission . These states A are usually compound nucleus states
which, in favorcble cases, can be excited independently one from the other, for
example by resonance neutrons>due to the excellent resolution of neutron time-of-
flight spectrometers ; but at higher neutron energy or for fission induced by other
particles, the resolution function is broader and, rather, a set of several fissio-
ning states X close in energy is generally populated . The rate of decay by fission
of such states is usually expressed by their fission width ff . Their fission pro-
perties, including their Pf value, are determined by the dynamics of the penetration
of the fission barrier .

A complete description of the fission process therefore requires a
knowledge of the following three physical quantities :

a) £!i£_£iS£iSS-^§££i££> i'e» t^ie total potential energy of the nuclear system as a
function of deformation parameters in a nrulcidimensionai space since several defor-
mation coordinates are necessary to describe the nuclear shape along the fission
path, especially when the fissioning nucleus is strongly elongated

£&S_5§§5_iSSE£iS_E§£25?S£Sr °f t n e fissioning system, at all deformations, in or-
der to determine the fission path and the fission barrier penetrability .

c) £!}§_^§SEiDS °f t n e fission mode, i.e.its coupling to the other degrees of free-
dom, especially during the descent from saddle point to scission .

All this needs to be taken into account and in a coherent manner in
order to understand thoroughly the mechanism and the properties of the fission pro-
cess . This is so because i) all these three quantities play a role whose relative
importance depends on the initial state k and on the properties being studied and
also because ii) the dynamical and statical aspects of fission may depend one upon
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each other.For example, the fission path is determined not only by the fission bar-
rier but also by the mass inertia parameter which seems to vary with deformation thus
leading to the concept of "dynamical barrier". In addition, damping effects can mo-
dify, through intrinsic excitations of the fissioning system, both the fission bar-
rier and the mass inertia parameter .

The statics and dynamics of fission are far from being known with the same
accuracy. Great progress has been made in the calculation of the fission barrier
whirh is now fairly well known. This is due to a new macroscopic-microscopic ap-
proach, first developed by Strutinsky for fission barriers and which proves to be
very successful 7' . In contrast to the statics, fission dynamics are still
poorly known . The mass inertia parameter cannot be calculated with sufficient accu-
racy though the barrier penetrability depends very critically on its determination .
Even less is known about damping or viscosity effects which control the share of
the energy available at scission between the kinetic and excitation energies of the
fission fragments .

A comprehensive treatment of fission, taking into account all these aspects
is not possible at present . This is why the statics (i.e. the fission barrier) are

discussed in this Section first and separately from the dynamics which are consi-
dered in Section V .

Because of iCs importance for recent developments in fission, the fission
barrier situation is considered here somewhat in detail. The calculation of fission
barriers is reviewed in Section II.2 . General consequences of double-humped barrier
shapes are given in Section II.3 but some of them are treated in more detail in Sec-
tion III and IV . Lastly a comparison between calculated and measured fission barrier
parameters is made in Section 11.4 .

II.2 - Calculation of fission barriers .

The fission barrier of a given nucleus could be obtained if the microscopic
wave function of this nucleus could be calculated for any arbitrary shape. The fis-
sion path and hence the fission barrier would then be derived. But this is not pos-
sible yet, due both to a lack of a precise enough knowledge of the effective nucleon-
nucleon interaction in the nucleus and also to computational difficulties both in
complexity and length. In addition one would be faced with the problem of properly
defining the deformation coordinates .

Nevertheless, it is worth noting that calculation of nuclear properties
with constrained self-consistent fields, using Hartree-Fock (H.F.) or Hartree-Fock-
Bogolyobov (H.F.B) methods, are making rapid progress 8 ) . In fact , the first H.F.
calculations of a fission barrier were first reported for 2^°Pu at the Rochester
Conference 9'. But, despite their interest and the rapid improvements in accuracy,
such methods cannot provide as yet realistic barrier shapes .

Single-particle wave functions and energies can easily be calculated from
a potential of almost any shape, defined by a set{ s } of deformation parameters. But
this shell-model approach is not sufficient to obtain fission barriers. It can
be shown that the sum Es«P"({s}) of single-particle energies up to the Fermi level
is not the total potential energy of the nucleus . This sum is given by the following
expression :

K"*((.}> -I p o. E.«s}) <»
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where :

- E.({s}) is the energy of orbit i at deformation{s},

- n. is the occupation number of orbit i (n»2 for a completely filled
_^ . orbit),

and ^ is the sum over neutron and proton orbits .
N.P

Expression (1) is incorrect for obtaining deformation energies . It is, in
fact, incapable of reproducing a fission barrier with conventional types of poten-
tials since it actually goes to infinity for increasing deformation . But, this
energy Es*P"({s}) is very useful for the derivation of a shell-energy correction in
the calculations described below .

It is a well known fact that the general trend of some nuclear properties
such as ground-state masses, can be adequately reproduced with a macroscopic model,
for example the liquid drop model (LDM). Individual or local properties,on the con-
trary, strongly depend on the microscopic structure . Combination of these two as-
pects has been used to determine some properties of nuclei in their ground state,
for example their accurate mass and deformation10'or the systematics of their spon-
taneous fission half life11),but this usage was restricted to small deformations only.

The so-called macroscopic-microscopic method, which is generally used now
to generate fission barriers, was first developed by Strustinsky'' who postulated
that, for all deformations{s} along the fission path from ground state to scission,
the total potential energy Els} of the fissioning nucleus can be expressed as the
sum of two terms EM ({s} ) and E ({s}) .

E({s}) = EM({s}) + Em({s}) (2)

In this expression, EM({s» represents most of the energy, as obtained
with a macroscopic model and Em({s}) is a sheli-eaergy correction which is derived
from the value of the single-particle level density at the Fermi surface .

The shell-energy correction is given by the following relation :

E ({s}) = 2 E | (E,{s}> dE - 2 E g (E,{s})dE (3)

where :

- g(E,ts}) = ji S(E " E_. ({s}) is the shell-model level density correspon-

ding to a discrete set of levels i having energy E^({s}) at deformation

- g (E,{s» is a smooth level density obtained by folding g(E,{s}) into a
smoothing function having a width of 8 to 10 MeV corresponding to the dis-
tance between shells ,

- A and X are the Fermi energies for the level densities g and g respec-
tively and determined so as to conserve the number of particles .

The correction E ({s}) includes both the proton and neutron contributions .
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The first calculations of this type were carried out by using the LDM to deri-
ve EJI({S}) and the Nilsson model with spheroidal shape to obtain Em({s})

7) . The
barriers so calculated for actinide nuclei displayed the now famous double-humped
shape (Fig.1), a result closely connected to the single-particle level density at
the Fermi surface. This density fluctuates with increasing deformation, leading to
an oscillatory behavior of Em({s}) which is positive or negative depending on wheth-
er the density is high (between shells) or low (near shells) respectively . It turns
out that, for actinide nuclei, in addition to the first negative shell-energy cor -
rection at ground state deformation, there is a second one near the LDM saddle
point . This effect is responsible for the existence of a second minimum in the
fission barrier. The second shell-energy correction moves from the small deforma-
tion side to the high deformation side of the LDM saddle point for increasing mass
number, with the consequence that the inner barrier A is lower than the outer bar-
rier R for light actinides whereas the opposite situation prevails for heavy ac-
7. ides .

ENERGY
^^ ^Transition states
5 5 Labov* barrifr A

•—» labovr bamw B

DEFORMATION isi

Fig. 1 - Fission barrier (solid line) resulting from shell-energy
aorreations to the LDM barrier (dashed line). The abscissa {s} gives
only an indication of the magnitude of the deformation but does not
specify the type of deformation. For certain classes of nuclei, for
instance those having neutron number N in the vicinity of 146, the
fission barrier presents two humps A and B, at deformation {s£} and
{S4} respectively, where the shell-energy corrections are positive .
These two humps can be separated by a deep second well, at deforma-
tion {ss} where the shell-energy correction is negative. This kind
of barrier shape has important consequences (discussed in Section
II. 2) for the understanding of the fission process .
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More sophisticated calculations have followed and these have been reviewed on
several occasionss»*2). Improvements have been made in the three directions discus-
sed below :

a) Parameterization_gf_the_nuclear_shaj>e

It is important to describe as accurately as possible the deformation of the
nuclear system along the fission path. Examples of such basic nuclear shapes are :
i) one single perturbed-spheroid in which the spheroidal shape is modified by the
addition of Legendre polynomials from third up to sixth order, ii) two spheroids
which may have different volumes and deformations and with a possible smooch join-
ing at the neck . Wich these shapes, provision is made in the parameterization to
include axial asymmetry and/or mass asymmetry if necessary, in addition to the usual
separation and deformation of the nascent fragments .

b) MacroscoDic_energjr_

Great care has to be taken in calculating as accurately as possible this most
important part of the total energy of the nucleus . Improvement of the LDM energy
can be obtained by using the droplet model in which terms of higher order in
A"''3and I

2 » (-jj-) 2 are taken into account in contrast to the LDM where they are
eliminated by truncation in the expansion13) . Nevertheless, this model also fails
to reproduce accurately the macroscopic energy for shapes where the surface diffu-
seness is not small compared to the local size of the droplet, for example if the
neck is too narrow . A spurious excess of macroscopic energy may also appear due
to ripples or too abrupt irregularities in the nuclear shape .

In order to remove these effects, a simple method has been used recently
which takes into account finite-range effects by calculating the macroscopic energy
in terms of a double volume integral over a Yukawa function*1*' .

c) :?hell-energy__correction

Many shell-model potentials have been developed to calculate the shell-energy
corrections. These include two-center potentials, in addition to the more familiar
one-center potentials, in order to reproduce in a more realistic manner the effect
of the two nascent fragments in the last stage of fission. Such two-center poten-
tials are also used for the study of heavy-ion reactions . The potentials can be of
the harmonic-oscillator type which goes to infinity for increasing radius or, more
realistically, of the Woods-Saxon type, with surface diffuseness, which goes to zero
for increasing radius. Of the latter type is the folded-Yukawa potential which is
obtained by folding a Yukawa function into a nuclear shape having a sharp surface5).

There can be a large number of combinations of the three aspects discussed
above for the calculation of fission barriers ; this is the reason why there are
many results now available, all using the Strutinsky procedure .

The same general pattern of barrier shape is obtained in all calculations
though the results differ somewhat in numerical values (see Section V.A). The use
of a more sophisticated parameterization leads to some change in the detailed shape
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of the barrier as is illustrated in Fig. 2 . Axial asymmetry lowers the inner bar-
rier whereas mass asymmetry lowers the outer barrier . This last effect provides
a simple explanation for the well-known mass asymmetry in low energy fission of
actinide nuclei (see Section 11.3.3) .

Moss
asymmetry

240 Pu

575 1.00 1.25 150 1.75

Distance Between Mass Centers r (Units of R o)

Fig.2 - Effect of axial asymmetry and mass asymmetry on the fission bar-
rier of 2*0pu t fhe dashed curve (which sometimes coincides with the sol-
id curve) gives the potential energy for symmetx>ia deformations as a func-
tion of the distance r between the centers of mass of the two nascent
fragments . The solid curve gives the potential energy along a path that
leads over the axially asymmetric first saddle point and over the mass-
asymmetric second saddle point . The lower portion of the figure shows
the nuclear shapes corresponding to selected points along this path, na-
mely the sphere, four equilibrium points, and the point of emergence from
the barrier in spontaneous fission . (After P. Wller and J.R. Nix^*))

II.3 - General consequences of double-humped barrier shapes .

The double-humped fission barrier was able to provide a coherent explanation
of many different experimental results that could not be interpreted before. Among
them, several ave relevant to neutron-induced fission (for a comprehensive review,
see for example6) ) . A satisfactory explanation of these results was made possible
because of specific properties of the double-humped barrier . For example the pene-
trability of a barrier having such a shape does not present a smooth variation with
energy as for a single barrier having a conventional inverted harmonic oscillator
shape. This is because the double-humped fissicti barrier provides the possibility
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for strongiy deformed states to exist in the second well . The existence of such
states, their coupling to the neutron entrance and fission exit channels^can explain
many aspects of the fission mechanism .

The general theoretical framework for this study was given by Lynn 3' . Follo-
wing his approach, it is possible to write the total Hamiltonian of the nuclear sys-
tem as below :

H = He + £ H i + _7._ HJ. • I H»ig (4)

In this expression,^ represents the fission mode and i all the other degrees
of freedom. The potential term in Ho is the fission barrier itself . The part of H
associated with the degrees of freedom i is the sum ( ̂T H^ + £*. H'ij) whereas
the interaction between 6 and the other degrees of freedom i Is described by the
term Hip . This implies that the former term ( £ H^ + /._ HJS) corresponds to a

fixed deformation |3O ; the variation of this part of the Hamiltonian with 0 is
included in H. .

Eigenfunctions of Hg , called $ , correspond to vibrational states in the .
fission mode. For excitation energies low enough below the inner barrier height
most of the wavefunction <j>v lies eithei in the first well or in the second well
This renders possible a shape classification of these vibrational states, called
class I or class II states depending on whether their wavefunction $ ' is.found
mostly in the first well or the second well respectively. For energies above E
too strong a mixing between class I and class II states prevents the making of
such distinctions .

In the same manner as for H^ , it is possible to define class I and class "~ I
states for the total Hamiltonian, depending on whether the vibrational part $v ct
the total wavefunction is of the class I or class II type .

Damping of the vibrational states, i.e.their.coupling to intrinsic excitations
is made possible through H'.'g . At excitation energies usually considered in fission,
full damping seems to prevail in the first well . This means that the strength of the
fission mode in the first well is uniformly distributed as a function of energy .
In contrast, all damping conditions can be found in the second well depending on
the nucleus, the barrier shape, the excitation energy and the value of H.D . There-
fore, fission can proceed through pure, partially or fully damped vibrational states
in the second well. Also, rotational bands can be built on vibrational or intrinsic
states in the second well and they too can play a role, especially in the absence
of damping .

Various damping conditions for the class II states and their effect on fission
properties are discussed at different stages in this paper .

The fission isomer situation is briefly reviewed in section II.3.1 because of
its own interest though damping of class II states plays no role in this matter .
Structure effects in the fission cross sections are introduced in section II.3.2
but are treated in more detail for specific cases in SectioiB III and IV. The
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asymmetry in the fragment mass distribution is touched upon in Section III.3.3 for
completeness though it is not exactly a consequence of a double-humped barrier sha-
pe but rather a result of the macroscopic-microscopic fission barrier calculations
tor large deformations .

II.3.1 - Fission Isomers

Historically, the occurence of fission isomers was the earliest manifestation of
a barrier effect even before calculations by Strutinsky were available . The first
fission isomer was discovered in 242Am when bombarding 238U with Ne ionsis)
Nevertheless, neutron-induced fission has also played a role in this case /it was
through the «-»Am<n, 2 n) reaction that i) the nucleus exhibiting a 14 msec de-
layed fission activity was clearly identified as being 2 4 2 ^ a n d fi) the excita-
tion energy E u = 2.9 + O.A MeV of the fission isomer was determined, thanks to the
steep rise of the cross section at threshold (see Fig. 3)

VO
Fig,3 - Excitation function for
the pvoduotion of the s4%Am fission
isomer through the *4SAm(nt 2nJ
reaction (After G.N. Flerov et all5j),

6 7 8 9 10 11 U U 14 15ErfMeV)

This reaction was also very useful in demonstrating that this fission isomer
was not a conventional high spin isomer 2*2bm .

At present,more than 35 fission isomers have been identified in U through Cf
elements . These fission isomers are commonly interpreted as being class II states
weakly populated in appropriate nuclear reactions . Their decay by spontaneous fis-
sion is governed by the outer barrier only and is faster than for the ground state
m the first well where the fission rate depends on the whole barrier . Transitions
by y-ray emission to class I states are hampered by the inner barrier . But, such
a y branch has been reported for the 200 ns 238U fission isomer 16) . Fission
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isomers can be formed either in the ground state or in a metastable excited state
in the second well. In the latter case , there is an additional decay competition
by V-ray emission in the second well . This seems to occur for some even-even fis-
sion isomers which, in fact, are thought to be conventional spin isomers, of the
type already observed in the first well, but formed this time in the second well
where they decay first by y-ray emission and then by fission . This phenomenon is
commonly referred to as "double isomerism" .

The interpretation of the existence of fission isomers, in terms of double-
humped fission barrier shapes, was first confirmed by an experiment carried out
on the 4 ns z**uPu fission isomer populated by the 23»u((>j2 n) reaction

1') . The
rotational band associated with this isomeric state was identified by detection
of the conversion electrons preceding isomeric fission . The lines observed in the
electron energy spectrum were interpreted as being caused by E2 transitions bet-
ween states of a Kn• 0 + rotational band . The spacing.between the lines obeys the
expected I dependence and also provides the value *jS - 3.33 key for this band,
where -j- is the moment of inertia (Fig.4) This low 21t value o f h 2 / 2 ^ , as com-
pared to 7.16 keV for the ground state, gave the first direct confirmation that
fission isomers are indeed shape isomers in the second well as predicted by
Strutinsky's calculations .

8*6

A =3.331+0 008k*/

B=-0.17i010eV

50 100

Fig.4 - Fit to the transition energies for the class II rotational
land (II) and the ground state rotational band (I) (After H.J. Speoht
et al. ) .
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An up-to-date version of the systemacics of observed half-lives T1 for fission
isomers is given in Fig. 5 .

LogT'(s)
CP

Fig. 5 - Plot of experimental values of the half- lives 2* for
the observed fission isomers . The dashed lines are drawn only
to illustrate the even-odd effect .
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The analysis of these data is rendered difficult for several reasons : i) the
nucleus undergoing a delayed fission activity cannot always be identified with cer-
tainty though great help is obtained from cross-checks made with different targets
and reaction mechanisms ii) the nature of the fission isomeric state (ground state
or excited state), its spin and parity are not determined directly, iii) the mode
of decay that governs the fission rate (y -ray emission or fission) is not known
accurately . Also, presently available techniques cannot be used to measure half-
lives shorter than about 50 ps.

In spite of these ambiguities, the half-life data presented in Fig.5 clearly
show that strong odd-even effects are present ; they are commonly interpreted as re-
sulting from the specialization energy and/or to odd-even differences in the mass
inertia parameter . The general trend of T1 versus N also suggests the existence of
a neutron shell around li - 146 for deformations near that of the second minimum .

Quantitative analysis of available fission isomer data can lead to some fission
barrier parameters, in particular to En,the energy of the second minimum relative to
that of the first minimum.in this respect, reactions in which neutrons are emitted
prior to fission isomer formation, such as (p, 2 n), (n,n')or (n, 2 n) reactions,
are very useful because they present a sharp rise in the cross section at threshold
from which the EJJ value can easily be deduced (see Fig.3 for example)

An up-to-date compilation of experimentally determined En values is given in
Fig. 10 together with other parameters rtiat are discussed in Section II.4 .

It is wo~th noting at this point that several fission isomers were formed with
neutron-induced reactions . This was the case, for example,for 23*U, 235U, 236U, 2*°Pu
and 242Am formed with the (n,y ) reaction 18»19' for 2^2Am formed with the (n, 2 n)
reaction20'21) and for 238U formed with the (n,n') reaction22) .

In principle,neutrons seem to be appropriate probes to study the properties of
fission isomers and, in particular, to identify them without ambiguity. This is
because neutrons can be used at relatively low energy and therefore very few reac-
tion channels are possible for the formation of a fission isomer . But, on the other
hand, great care has to be taken when performing the experiment,especially if the
target nucleus is fissile by slow neutrons . Backscattering of the neutrons from
the material surrounding the target can then cause prompt fissions to be induced by
those neutrons and to appear delayed in time with the consequence that they can si-
mulate delayed fission induced by the direct neutron beam .

There is generally a good qualitative agreement between fission isomer data
obtained with neutrons and those obtained with other reactions.lt is nevertheless a
little surprising that the " 5 U and " 6 U fission isomers have been so far observed
with neutron-induced reactions only. Various attempts to form them with (d,p) or
(a ,2 n) reactions proved to be unsuccessful.

A recent comparison of fission isomer properties determined from reactions in-
duced by neutrons and other particles was made for the 238JJ fission isomer which was
studied with (d,p n), (y >Y') an<^ (n>n>) reactions in seven different experiments .
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In addition the Y-branch was measured with the (d,p n) reaction . The half-lives
measured in all these experiments are plotted in Fig. 6 . The most precise value,
T1 • 295 ± 30 ns,comes from a,recent "*hj (d>p n) experiment

22) and is somewhat
greater than the best value I* - 195 + 30 ns recommended from data available in
197323) , -The value Ti - 270 ± 40 ns obtained from the 238U (n,n') reaction22' is
consistent both with the 1973 recommended half-life and the most recent determina-
tion from 238JJ (<j,p n) . From that point of view , the neutron experiment does not
appear different from the others and it seems that the same fission isomer state
is populated in all these cases .

300

200.

100..

T'Cns)

Evoluoted volu»(1973)

195*301»

Fig. 6 - Plot of the half-life 2^ values /or the
isomev as obtained from different experiments •

238U fission
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The situation is different for the determination of the excitation energy EJJ
of the fission isomer, as is illustrated in Fig. 7 . A very precise value
EIX = 2.559 MeV is obtained from the y-ray energy Ej» • 2.514 MeV of the transition
betweea the fission isomeric state and the 2+ state of the ground state rotational
band . A good value EJJ » 2.1 ±0.1 MeV is also obtained from a fit to the cross
section in the case of the neutron experiment because of the steep rise of this
cross section just above threshold . But the two values thus obtained for EJJ are
inconsistent : no satisfactory explanation has been provided as yet to account for
this discrepancy .
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Fig. 7 - Delayed to prompt fission ratio observed when bombarding
a high purity 238y target with neutrons and plotted as a function
of incident neutron energy En .The solid and dashed lines are tenta-
tive fits to the datazz) . The diagram showing the y-ray branah ob-
served in a S38U (dj pnY) experiment1 *Hs plotted on the right. Note
the difference in E-j values as obtained from these two experiments .
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II.3.2 - Structure_effects_in_the_fission_cross_sections

Several types of structure effects can be found in fission cross sections Gf •

Some of them are common to all neutron cross sections. For example, at low in-
cident neutron energy, the cross sections for a heavy nucleus are composed of many
closely spaced sharp resonances which can be separated with neutron spectrometers
having good resolution . This fine structure in 6"f is considered in Section III
(especially in Section III.2) .

Other types of structure effects can appear in (Tf though not being connected
to the detailed shape of the fission barrier. For example, even in the single-humped
approximation, competition between fission and inelastic scattering can cause struc-
ture to show up in the near threshold fission cross section for non fissile nuclei
such as 238jjt This is because 6"f increases or decreases respectively when a new
fission channel (defined in Section II .2) or inelastic neutron channel opens. This
aspect is not treated here .

In contrast, several structure effects are closely connected to the specific
double-humped barrier shape and they are considerd in more detail in this paper .
Such effects are the direct consequencer of the existence of the class II states
discussed above .

Vibrational levels can cause gross structure in the fission barrier penetrabi-
lity, hence in ffj . Damping of these levels plays an important role in the existence
and the properties of the gross structure. For example, without damping, the fission
mode, would exist only at the energies of the vibr«.\tional states in the first well
and <7| would be composed of peaks, equally spaced, at these energies . It turns out
that, at the excitation energies reached in neutron induced-fission, the class-I
vibrational levels are fully damped. This means that the fission mode in the first
well is uniformly distributed as a function of excitation energy, above the neutron
separation energy SD in the compound nucleus .

The same situation is not always found in the second well where the total width
QJJ. of the class II vibrational levels can be smaller than their spacing flj . This
ist>ecaus>2 i) the first well is deeper than the second one, hence the available exci-
tation energy is correspondingly reduced and ii) the damping width increases rapidly
with excitation energy. In such cases, where Q I B ^huv-rj the class II vibrational
states cause a gross structure effect in Sf whicn is composed of big peaks called
"vibrational resonances" (See Fig. 8) .

Fine structure may also appear in these vibrational resonances as a result of
different effects. For example, in the absence of damping, the class-II vibrationa)
states can be quite narrow with a width C-TR smaller than the spacings between the
rotational levels built on them. These rotational levels can thus cause a fine struc-
ture within the gross structure . Also, in the presence of coupling of the class II
vibrational levels to intrinsic excitations, the class II compound nucleus states can,
as do the rotational levels, give rise to a fine structure effect. There are no known
examples of a still finer effect which would be produced by the class I compound
nucleus states, because the vibrational resonances occur at neutron energies for
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which both the overlap of class I resonances and the experimental resolution effects
are too important . These cypes of structure effects are discussed in Section IV .

•V Potential energy A Excitation energy

Deformaiion Fission yield

Fig. 8 - Illustration of the fission mechanism in the case of a double-
humped fission barrier2). Class I and class II vihrational states exist
in the first and second wells} respectively (Fig. A). The positions of
these states are given by solid lines. Hanging of these vibrational levels
increases very rapidly with excitation energy and is indicated by hatched
areas. The fission yield is plotted qualitatively as a function of exci-
tation energy in Fig. B . The pe"ks in the fission yield, called "vibrational
resonances",have a total width equal to H,jB and correspond to class II
vibrational states . Fine structure can also exist within these vibrational

(See the text) .resonances

In the case of full dasnping of the vibrational class II states, the fission
mode is uniformly distributed as a function of excitation energy . But, nevertheless,
another type of structure effect may appear in the sub-barrier fission cross section
provided that some suitable conditions are fulfilled. The origin of this structure
effect now comes from the coupling between class I and class II £ogg>ound._n.u.£le.!{S.
states. This type of structure is intermediate between the fine structure of the
class I resonances and the gross structure discussed above. For this reason, it is
called intermediate structure . Discussion of this last aspect of structure effects
in ff is given in Section III.3 .

Above ixe barrier, the structure effects rapidly disappear with increasing
energy because of the greater mixing of class I and class II states .
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II.3.3 - As£mmetrjj_in_£he_fragment_mass_distribution

Another interesting aspect to investigate in the potential energy landsca-
pe of the fissioning nucleus is the behavior of the surface as a function of odd
deformation parameters . It is a well-known fact that low-energy fission presents
an asymmetric mass division for most actinides. By':, a symmetric component appears
in the fragment yields of lighter isotopes (227AC, for example) ; 'also, on the
heavier side, fission of ^^Fm an(j 259pm s e e ms to prefer symmetric fragmentation
only. Compilation of fragment mass distribution for actinides also shows that,
for increasing mass of the fissioning nucleus, the leading side of the heavy
fragment peak seems very stable (around Z • 50 and N « 82) whereas the light
fragment peak moves towards higher masses. These features seem connected to shell
effects but no satisfactory explanation could be provided before extensive fission
barrier calculations for odd and even deformation parameters, using the Strutinsky
prescription.became available. An illustration of calculations of this type is
shown for 236JJ £n pig. 9t where it can be seen that asymmetry in the fission frag-
ment yields is a consequence of the potential energy surface at scission^'1) .

FRAGMENT MASSES SHAPE

Fig. 9 - Potential energy surface for U} as obtained from calculations
wing the Strutinsky procedure. Contour intervals are 2 MeV except for the
shape isomep2i*j 81<) .
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A closer examination of r.he picture indicates chat asymmetry in the nuclear system
already appears at the second saddle point, between the shape isoaer and scission,
where a double valley starts to develop and deepens for increasing deformation a*
the* shell structure of the nascent fragments plays a wore important rola due to a
more pronounced necking-in . Comparison of experimental cuss distributions with
those obtained from such calculations shows qualitative agreement. In particular!
it is of interest to note that, for light actinides (226AC), the threshold for sym-
metric fission appears a few HeV hisher than that for asymmetric fission2* . Never-
theless, a quantitative account of the experimental results cannot be obtained from
the theory yet 2^ .

These potential energy calculations should be supplemented by a more satisfac-
tory theory of fission dynamics which should play an important role in the last stag*
of fission, i.e. for the determination of the properties of the strongly deformed
nucleus at scission .

II.4 - Comparison of calculated and experimentally determined fission barrier
parameters

The analysis of various types of fission data in terms of the double-humped
fission barrier provides values of some fission barrier parameters for several acti-
nide nuclei . This analysis is generally carried out by assuming simple physical as-
sumptions, for example : parabolic shape of the barrier top, a mass inertia para-
meter B (orhu?) constant within a giv<!R barrier but possibly different from one to
the next. With only two exceptions (see Sections T.I.3 and IV), presently aviilabU
fission data can provide no information about uet>relation parameters. The fission
data can however give access to the following five parameters :

Three energies ^relative to the
ground state in the first well): E f A - inner barrier height

E,_ - outer barrier height

E.. - energy of the ground state in the
second well

Two transparency parameters : r>«ju - inner barrier A

~ outer barrier B

Comparison of parameters obtained from experiments and calculations is made
in Fig. 10 for the three energies E, , Ef_ and E since values of nu> and W . a n
very difficult to determine (see Section YJ . Moreover, the comparison is limited
to even-even nuclei only in arder to avoid the difficulties associated with odd-
particle effects .

The Ef. and E values determined experimentally come from the most recant
and comprehensive set of fission barrier parameters, as derived by Lynn2 ".Some, c
values obtained from a few other data analyzes are also considered for compietenevs
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The calculated values are extracted from the most recent and sophisticated
studies of fission barriers, using f.be droplet model for deriving the macroscopic
energy and either a raodificd-harmonic oscillator potential1" or a folded Yukawa
potential ';a' for obtaining the shell-energy correction . Both calculations include
the effect of mass asymmetry which lowers the top of the outer barrier . the effect
o! .ixi.il asymmetry is calculated only with the harmonic oscillator potential32) .

It can be seen that the results of the calculations, though in qualitative
agreement with each other, show nevertheless significant differences which cat.
amount tu .almost 2 McV . Similar u.irerences are also observed between calculated
•mi me.ivurud values of t.'.i- ground male energy which is used as a reference point in
>'ig. 10 . It has bu«n suggested i -u the differences in calculated barriers can be
caused by it discrepancy in the region of the ground state only'") thougn it is dif-
ficult to justily why such a discrepancy do«* not propagate through the whole
barrier .

Thu measured values arc in fairly good agreement with the calculations,
especially with those reported in'*') . There is neverrhelest a noticeable discre-
pancy for the second well fyj^f Th isotopes, known as the "Th anomaly". The measured
£ I t value is always greater than the one obtained in all calculations . An explana-
tion is presented in SectionlV in terms of a possible shallow third minimum in the
region of the second s.iddlc point .

From this comparison, it appears that the Strutinsky prescription is very
successful for the calculation of fission barriers capable of explaining many
experimental data . Severthe less, uncertainties of the order of 1 to 2 MeV are
.still present in the more sophisticated calculations and seem to be inherent in the
method itself . for the accurate calculation of fission data.it would seem prefe-
rable to rely on fission barrier parameters derived from experiments29' .

H I - F1SS1OX 1SDUCEP BY RESOSANCE NEUTRON

1 It. I - Introduction

The interaction of slow neutrons with nuclei provides one of the best examples
ci compound nucleus formation. The slow neutron cross section of a heavy nucleus is
composed of a multitude of sharply defined resonances, as is illustrated in Fig. 11
where the measured --"pu f£^sion cross section is plotted as a function of incident
neutron energy E n . Each of these resonances in caused by the formation of a compound
nucleus state A having well defined spin and parity quantum numbers J" , an exci-
tation energy E* and a width !' equal to the natural width of the resonance .
In these data, each resonance i* broadened by the Doppler and resolution effects.
The small value of '' demonstrates that the nuclear state has a long life time of
the order of 10~'*» s. The energy E* is equal to Sn + __ £ n , i.e.just above
the neutron separation energy Sn in the compound nucleus * (A + I), where A is the
mass number of the target nucleus (Fig. 12) . This energy is typically from 4.5
MeV to 6.5 MeV depending on whether the neutron number N in the target nucleus is
even or odd respectively .
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J f (barns)
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200 300 400 500 600 1000 1300
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Hg.ll - High-resolution fisaion crosa section of i"<rPu measured
uiith the 45 MeV Saclay linear accelerator used as a pulsed neutron
source. The plot of the arose section as a function of neutron energy
En be Ween 200 eV and 1500 eV shows the extreme complexity of the
resonance structure at low neutron energy (After J. Blons et al.iS').
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Trarejiion
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Deformonon (s| '

Fig. IB - Illustration of the fission process induced by
neutrons. Note the hign density of compound nucleus states excited
ty slow neutron capture and the soale change at E* = Sn . The fis-
sion barrier is draun with one hunf> only, for the sake of simplifi-
cation .
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The detailed experimental study of such complex and dense nuclear states at
this relatively high excitation energy is made possible thanks to the excellent
resolution of neutron time-of-flight spectrometers, as is illustrated in Fig. 13
At low energy, the individual resonances can be resolved and their shape measured
with great accuracy. But the resolution rapidly deteriorates and the Doppler width
increases withEn so that, above a given energy limit El level overlap prevents the
making of a reliable analysis of individual resonances. Typical values of E* are
J to 4 KeV for even-even actinide nuclei and respectively I keV and 100 eV for low
spin and high spin odd actinide nuclei .

1*/ 10 10* 11c* 10 1M*/ 10

Fig. .13 - Energy spread (FWHM) of neutron time-of-flight spectrometers
using white sources .The Une D corresponds to the Doppler broadening
at room temperature for a heavy nucleus (A = 240) . Line T corresponds
to a spectrometer having a resolution of 0.05 ns/m (for example a time
resolution of 4 ns and a flight j?ath length of 200 meters) . Line M
corresponds to the resolution limited by the moderation time in the

TTT6 ^ ^ ^ ^ E* 10° keV) and to a fU3ht Path

Only a few J values are possible from the absorption of a slow neutron sin-
ce the contribution of high angular momentum values is hampered by the effect of the
centrifugal barrier . For actinide nuclei, where the "p" wave and "s" wave strength
functions are comparable, most of the resonances are due to "s" wave neutrons with a
small p wave contribution which increases rapidly with neutron energy.

„ J ? th,e resonance region, i t is then possible to measure the properties of a
well defined process for a large number of states A and to study i) how these pro-
perties vary with Jtr , w h e n they are averaged over many states having the same 3^
values, and 11) the fluctuations of these properties from resonance to resonance for
a given Jtf. This requires the lengthy analysis of many resonances, sometimes of
the order of one hundred , but, on the other hand,the results that are obtained are
very clean, since they are measured for pure states and give a much more detailed
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and complete picture than one single measurement, carried out directly for a sc of
several states A .

The data are usually analyzed with the single level Breit-Wigner formalism
in order to extract the resonance parameters. But, in some cases, especially in fis-
sion, level-level interference effects need to be taken into account and a multi-
level formalism is sometimes required to fit the shape of the cross section over a
wide energy interval containing many resonances . Also, simple level overlap plays
a role which may be more important than that of level-level interference3") . In
such cases, analysis of the data with a multilevel formalism, though resdlting in a
good fit co the cross sections, can lead to parameters without physical meaning .

At the relatively high energy E* obtained by the absorption of a slow neu-
tron, properties of the states X usually obey statistical distributions though se-
veral interesting non-statistical effects have been identified (sec,for example.the
Proceedings of the International Conference on Statistical Properties of Nuclei held
in Albany (l).S.A.),in 1971) .

For actinide nuclei, the neutron entrance channel does not exhibit any spe-
cial behavior . Therefore, only the effect of the fission exit channels is conside-
red below when discussing the properties of neutron-induced fission .

Hie energy E* is about equal to the height Eg of the fission barrier . In the
case of a double-humped barrier, Ef is the height of the higher barrier (inner or
ou>.cr} . Depending on the odd-even character of N, the energy E* if either above or
below F£- . This reflects the strong effect of pairing on Sn whereas the fission
barrier height is less affected by pairing or specialization energy . For even-N
nuclei, such as 238U, fission induced by slow neutrons proceeds below the top of
the barrier . Assuming a one-humped parabolic barrier top, the penetrability is :

,.[,..„(-,.•£!«)]-
where Hu; is the transparency parameter, related both to the curvature C at the bar-
rier top and to the mass inertia parameter 31)

The so-called fission threshold occurs for E* » Ef . But as can be seen from
expression (5) fission can also proceed below threshold, with decreasing probability
for ie reasinj E* . This effect is illustrated in Fig. 14 for the neutron-induced
fissio. of 23lMJ .

Fission properties of slow-neutron resonances are examined below in terms of
the fission channel theory ot A. Bohr (Section III.2) or of double-humped barrier
shapes (Section III.3) .
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10 15 20
238,Fig.14 - Neutron-induced fiaaion cross seotion of "UUV plotted as a function

of neutron energy En . The general behavior of the fission aross section il-
lx<8trat<i$ the sharp rises vhioh occur at thresholds for first chance fission
(}'„- l.t t-ieVJ, second ohanae fission (En*6,6 M&V), eta.This aross seotion
Co n<>t meant to tihov structures which actually appear in more accurate data '

111.2 - Fission channel theory of A. Bohr

The fission properties of confound nucleus states could be predicted if their
wavefunctions and the fission process were known. But this is far from being the
case . The calculation of wave functions for compound nucleus states in actinide nu-
clei at about 6 HeV excitation energy is greatly beyond the present capabilities of
nuclear theory and power of computers . But the sheer number and great complexity
of the compound nucleus states make it possible to study their properties using
statistical assumptions .

A. Bohr showed that many properties of the fission process through these in-
dividual excited states cooid be discussed in terms of a small set of reaction alter-
natives or channels, even though the nurcber of different fragment pairs is very lar-
ge in binary fission of a heavy nucleus*2' .

Bohr and Wheeler first introduced the concept of fission exit channels in
terms of fission saddle-point configurations which are energetically available33) .
The number N of such "open" fission exit channels is given by the following relation :

irt <l (6)

where < "f > and < D > are respectively the average fission width and spacing of the
resonances. This expression simply comes from the fact that the ensemble of nucleons
finds itself in all allowed configurations (including the N fission saddle-point con-
figurations) once every period U-v 2tr ti / <. D > .The life-time T f for fission is
thus "Cf.-u2-rrti /N < D > from which the fission width and relation (6) are then
deduced
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A. Bohr, in bis so-called channel theory of fission, also emphasized tiic
importance of saddle-point configurations for fission properties. For excitation
energies slightly above threshold, the fissioning nucleus is "coLd" when it passes
over the saddle point since most of the excitation energy is then in the form of
potential energy of deformation. Therefore, only a few quantum states, called "tran-
sition states" i , are energetically available and tn<=y are expected to have a spec-
trum similar to Chat of the observed low-en«rgy excitations near the ground state .
In tiiis situation, there are only a few (say»>) transition states having
the same spin and parity Jv , that significantly contribute to the fission decay
of compound nucleus states having spin and parity J" . These transition s'.ates
play the role of fission exit channels i and, for each of them, there is a speci-
fic barrier having penetrability P{ . One can now give a more appropriate inter-
pretation of the number N of fission exit channels defined in (6). Rather than con-
sidering the number N of available fission saudle-point configurations, one can
define an effective number Nefj of fission exit channels, for given spin and pari-
ty J" , which is the sum of the penetrabilities Pj lor all the v channels i having
the same spin and parity J* • Thus :

where each P̂  has the same expression as in (6) but with a specific value of Ej
called Ef. , corresponding to r.he height of the fission barrier associated with
the transition state i .

For common fissile nuclei, the compound nucleus is even-even and the first
available transition states, below two-nuasi-particle excitations, are of collec-
tive character. Their spectrum is sketched in Fig. 15 . Since the neutron separa-
tion energy is only slightly larger than the height Ej of the fission barrier for
these nuclei, two quasi-particle intrinsic excitations at the saddle point are
too high in energy to contribute significantly to fission and their effect is
usually neglected . Therefore, at most a few collective transition states, those
having the spin and parity J* of the slow-neutron resonances, need to be conside-
red .

The Bohr theory could be verified, in principle, if fission properties
could be measured for well defined fission channels. This is very difficult since
fission channels, as such, cannot be identified in the slow-neutron resonances
which, on the otto r hand, have well defined quantum numbers J31 . Common fissile
nuclei have a spi.: I different from zero and therefore, resonances induced by "s"
wave neutrons in such nuclei have spin and parity values equal to either
Jj = (I + 1 y^or J* « (I - l/2)r<r . Fission channel effects in such fission
resonances can be identified only if the channels have sufficiently diffsrentonlyy
properties for the two J^ and J« values .

Despite its limitations, the spin determination of the fission resonances
is nevertheless essential for the understanding of the fission process in terms
of the Bohr theory. This determination is difficult for fission resonances,espe-
cially if I is nigh, because i) the two possible values of their statistical fac-
tor g = (2 J + 1 / 2 (2 1+1) ar* quite close and can therefore hardly be distin-
guished in a scattering measurement ii) both their size and .spacing are small ;
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this renders difficult their analysis ii*) the prompt-fission neutrons and y rays
which are emitted can seriously hamper the spin determination by means of th-s
yield of scattered neutrons or the spectrum of capture y rays .

tUTftKSIC CUCrtAHONi

GO0UN0

U N O
QUAMurou octunxe

awns

- J *

-o"

. I"

-I"
-0"

StMKNG
CM

MASS «5»«*tf!Hv

«s I"
WMXNC

— r
— ?•

«,tr

Fig.IS - Sahamatia representation of the zolLeative exaltations if an eVen-
etian nucleus having a quadripole ground-state deformation . Rotatiunul band?
appear asaooiated uith the $y<jw.d state and with quadrupcle and oatupoU- vi-
brations . For each band are indicated the Kn value, t'ne spheriaal harmonics
y"? aorresponding to the vibration, and also the descriptive names given by va-
rious authors . The energy is given for illustration only, but the bands are
arcun in the oi'der predicted by Wheeler (After J.S. Fraser and J.C.D Milton 8S')

The various methods of apin determination for fission resonances have a l -
ready been reviewed3'*' and are not discussed here .

Some fission properties that may depend on the fission channels and on spin
are listed with cosanents in Section III .2.1 . Examination of the variations of the-
se properties in terms of the fission channel theory of A. Bohr is given in Sec-
tions III .2.2 and III .2.3 respectively for ^39pu ana- 235|j f i s s i o n resonances which
are by far the best known of al l f issi le nuclei . The comparison of fission proper-
ties for the neutron resonances of these two nuclei is also of great interest be-
cause of the different properties of their fission exit channels 6) .
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III.2.1 - Exam£les_of_fission g£2E£rties__that__majr_degend_on_the

ZlSSiSB-^i^£^A Thi-S J-s a direct consequence of equation (7)
not only for the average value < Vf>jn but also for the fluc-
tuations of rf that depend on the number of exit channels and
on the average value of the partial fission width <rf-> for
each channel i .

2) Mass_distribution_of_the_fission_fragments

The mass distribution is known to be very asymmetric for low-
energy fission of actinide nuclei and is now qualitatively un-
derstood thanks to more precise calculations of the potential
energy surface of the fissioning nucleus at large deformations
(see Section II.3). But the mass distribution may also be sli-
ghtly influenced by symmetry properties of the transition
states. For example, the peak-to-valley ratio of this distri-
bution may be larger for octupole vibrational states (which
are asymmetric.) than for quadrupole vibrational states (which
are symmetric) .

This energy is determined by the Coulomb repulsion at scission,
with the possible addition of pre-scission kinetic energy which
depends on viscosity effects (see Section V) . Since the Coulomb
energy is determined by the scission configuration, the total
kinetic energy is closely related to the mass distribution .
Any change in the latter should be reflected in the former .

4) Average_number_^_of_p_rom2t_£ission_neutrons

Usually, v measurements are averaged over all mass divisions .
But, more detailed studies show that y ^ for each fragment
depends on the mass Af of this fragment with a kind of saw-
tooth behavior . Therefore, as for the kinetic energy, any
change in the mass distribution of the fission fragments should
be reflected in the overall v" value .

5) Emission_grobabilitY_and_energ2_sgectrum_of_l<2ng2range
_a £§l£icles

Though the evidence is not as conclusive as for neutron emis-
sion, it seems that the emission probability of long-range «.
particles varies as a function of Af . Therefore,as for the
other fission aspects discussed above,the properties of long
range a particles emitted in fission should also be sensitive
to the symmetry properties of the transition states .
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6) Angular distribution o|_theMfission_fragments_

This distribution is another interesting consequence of the
Bohr theory, because i) near threshold, only a few transition
states are available with specific values of K, the projection
of the total angular momentum along the symmetry axis,and ii)
from saddle point to scission the passage is assumed to be so
rapid that Corioiis forces, which are weak, do not seem to chan-
ge the value of K . Thus , at scission, the fissioning nucleus
keeps the same value of K which, for given values of J and M,
governs the angular distribution W:* (e ) of the fission frag-
ments emitted along the symmetry axis . More precisely :

J I2
D K M < e > I <8>

where a^. (e ) is the symmetric top wave function and6 is the
angle or the symmetry axis relative to the reference axis .

, In actual practice, the observed angular distribution
W (e) of the fission fragments, for a given J , has to be
compared to a suitably weighted sum of Wj* functions over K
and M values . The summation and the weights on K and M quan-
tum numbers depend on the process under study and on the expe-
rimental conditions . Specific examples are given below in Sec-
tions II.2.3 and IV.2 .

239
III.2.3 - ?u_fission_resonances_i_EvidencQ_of_the_^n± ?_£i,_reaction

Resonances induced by "s" wave neutrons in Pu have Jv »0 or 1 . This
situation is quite favorable since the low spin value of the resonances leads to re-
stively large spacings and neutron widths of these resonances . They are big and
fell separated and therefore almost all of them can be easily analysed in a given
range of incident neutron energies . Moreover, because the two possible g values

i ™

( -j and T- ) are widely difierent, the spin determination is possible for more than
me hundred resonances below 660 eV .

For the Jn * 0 fission resonances,there is at least one fully open 0 fission
axit channel, that of the ground state,since it lies about t MeV below Sn . Another
partially open O+ channel may be provided by the K11 = 0+ (5 vibration though this
transition state is often excluded from the scheme of transition states since this
is the main fission mode . In contrast, no simple 1+ collective excitation seems
to exist below Sn + 1 MeV where two-particle states start to be excited .
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Ths> large energy difference between the lowest 0 and i transition states
is actually reflected in the £is5iflA.flridtJ3LJ0li5iiiiJtfi5JLplotted in Fig. 16 where
two families of resonances are clearly visible ) . The two groups of narrow and wida
fission resonances have been shown, by various methods, to have Jn = 1+ and Jn - 0+

respectively .

N 239,
+n

100

Fig.16 - Integral distribution of the fission widths Tf for the Pu neutron
resonances that could be analyzed below 660 eV. N is the member of resonances
having a valve of\fvf / < Tf > greater than the abscissa X . The average value
<Ff> of the fission widths is taken over all the analyzed resonances . The
experimental histogram (l)is fitted with two chi-squared distributions (£), ha-
ving the parameters ;

< I > > = 0.035 eV , <$= 1

\= 2.27 eV = 1.4f
These two distributions are interpreted as corresponding to the two spin
states J* = J. and J"" ~ 0 , respectively .A constant width of 3.5 meV has been
subtracted to remove the calculated contribution of the (n,yf) process (After
J. Blons &t al. 35j ) .
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The values of N ,.,. and v for these two groups are :

J™= 1+ - N - = 0.07 and v = ] (9)

J"= 0+ : Nef£ = 1.48 and ^ 1 , 4 . (10)

This is in excellent agreement with the theory of A. Bohr provided that a
1 transition state, resulting from the coupling of KTr= 0~ and K""" = 1~ octupole
vibrations, lies at about Sn + 200 keV , well below two-quasi-particle excitations

6),

239 +
It turns out that,for Pu fission resonances,the two most important 0 and

1 transition states are quite different not only in energy, as pointed out above,
but also in shape since the 0* state is symmetric but the 1 is asymmetric (combina-
tion of octupole vibrations) .

The symmetry character of these transition states seems to appear in the
measurements of the Baas.distribution . The valley-to-peak ratio of this distri-
bution, or more exactly the *'-'Cd/"Mo ratio called k, was measured for more than
twenty resonances with the "wheel technique", using an underground nuclear detona-
tion as a single pulse neutron sourceJ&) , As can be seen in Fig. 17, the R values
seem to fall into two categories, having average values of R in ratio 3.5, and cor-
responding to the two spin states 0+ and 1+ . As expected from the theory , high-R
and low-R groups belong to the 0+ and 1+ spin states respectively

Moreover there is also a correlation between the R values and rf , as pre-
dicted by the theory (Fig. 18) . The fission widths are larger,on the average,for
the high-R group of resonances . In this group,a few resonances are so broad that
their spin could not be measured . From their high value of both R and iv, one. can
deduce that these resonances have J^ - 0+ and this is confirmed by the multilevel
analysis of the total and fission cross sections37) .

The behavior_ofj^from._resonance to_resonance was more difficult to under-
stand for a long time . Several years ago, tue two most complete sets of data then
available showed definite variations in v , but in opposite directions38*39 ) ,
Moreover, these variations could be correlated with J but in a different manner ;
for one data set38) the high v values were associated with JTfcl+,but with J^O* for
the other set39) . Nevertheless both results could be explained by the Bohr theory.
A high valuejTfor the O + resonances ) can be justified by postulating that
the 1+ fission barrier remains higher than the 0+ one all the way to scission •
Then, neglecting viscosity effects, the energy difference is found as an increase
in the excitation energy of the fission fragments for the 0+ resonances, hence as a
higher prompt neutron emission . Another argument, still derived from the Bohr theo-
ry, can be invoked to explain the other data set 38) . Since the 1+ transition
state :is asymmetric, it should result in a more asymmetric mass division, as obser-
ved, and hence in a higher v value .
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Fig. 17 - Tiie ratio R (multiplied by 10 ) of the yield of Cd relative to
that of 9&Mo produced in fission induced by slow neutrons in 2&9Put as measu~
red by G.A. Cowan at neutron resonances S(>)t {,s plotted as a function of reso-
nance energy. The spins J = 0 or J = 1 of the resonances3 as determined and com-
piled by J.Trochon " are indicated near the plotted value of R. Spin values
J - 0 t marked by 0 ( I*)„ are deduced only from the loxge fission width of the
resonance . There seems to be a clear separation of the resonances (with two
exceptions) into two gruups corresponding to the two spin states .
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239Pu+n
OMUP I

GROUP II

a a.

Fig.18 - Frequency distributions of the fZ> values for the two groups of
resonances, as they appear in Fig.17 . This plot is similar to that drawn by
G.A. Cowan 39 but with more recent values of the fission widths 6*37J

The situation was clarified by recent measurements carried out at Saclay
on prompt fission neutron and y-ray emission .In one experiment, both V and Ey
(the mean fission y-ray energy) were measured for a large number of resonances,
using a big Gd-loaded liquid scint i l la tor for the detection of prompt neutrons and

10) * +a b
Y rays1*0)
19 and 20

The results are plotted separately for thi.
respectively .

and 0+ resonances in Figs.

remarks
Examination of the data for the 1+ resonances leads to the following

First, large fluctuations are observed both in v and in Ey and they are
far greater fian the error bars. Tests show that there is only a very weak proba -
bility ( < 5. 1~5) that these variations come from statistical fluctuations only .



- 676 -

110

10S

KM)

<

I.SO

>.ao

y>

2.70

J"

1

• •

• 1

1

FISSION

1

1
1 1

i
1

ll

WIDTH

I'
' | J *

1

I

5

(meVl

,1' i

hi i
I

i

i

13
20

-2

I

1
i

•

I ' l l

1

11
II
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vely v and Ey t as defined in the text) as
a function of the resonance energy for the
239pu resonances having Jn = 1 and_ ana-
lyzed below 405 eV. The scale for Ey is
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Fig. 20 - Sane plot as in Fig.19 but for the
the Jn = 0+ resonances that could be ana-
lyzed below 200 eV. " o j .
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Secondly, there is an anticorrelation between the Dand EY variations
For example high P values are generally associated with low EY values . The cor-
relation coefficient between v and Ey data sets is - 0.84 ±0.12 .

Thirdly, the variations in opposite directions for v and EY are larger
for small rf resonances . This effect appears clearly in Fig. 21 where both ? and
EY values are plotted as a function of (r f ) ~ ' .

The same effects also show up for 0+ resonances but are less pronounced

Different measurements of vY, the average multiplicity of fission v rays,
show results having a behavior similar to those for lyk$

MI

t,

m

IH

IH if

/

(M

<M

rf'(m.v"'l

Hg.21 -Plot, of the ̂ average prompt fission neutron and y -ray yields
(respectively v and Ey , as defined in the text) as a function of i y *
for the <*39Pu resonances having J* = l+ and analyzed below 200 eV . "
The scale for Ey is given in arbitrary units . The difference

(Ey - E~y"fd) between the observed y -ray energy Ty and the estimated
y -ray energy Eyfd for "direct fission" (defin:d in the text) i8 given

w keV . The solid lines are least-squares fits to the data ^>
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All these results were interpreted in terms of the {a. Y f) reaction in
which a y r a v is emitted after confound nucleus formation,but before scission . This
effect, was already considered from a theoretical point of view'*2' but was not clear-
ly identified before the results mentioned above were available . In the (n,y f)
reaction, compared to "direct fission" called (n, f d), less excitation energy is
available at scission, thus resulting in a decreased neutron emission . This is in
contrast to the overall Y -ray emission which is larger because,in addition to the
Y -ray deexcitation of the fragments below threshold for neutron emission, pre-

scission Y -rays are emitted prior to scission . The competition between (n.yf)
and (n, f d) reactions is governed by the widths fy^ and Tfd respectively, with :

The ryf width is expected to be fairly small (a few meV according to calcu-
lations ) ) ana constant from resonance to resonance since it corresponds to a pro-
ceis with many exit channels for the pre-scission y rays . In contrast, the width
Tfd is larger but shows large fluctuations due to the small number of transition

states . Therefore, the competition between the (n,y f) and (n, f d) processes should
vary from resonance to resonance , with Che consequence that Ff^ can become compara-
ble to tyf for a few of them, more likely to have Jn - l*than J" • 0+ since

These consideration lead to the following relations for the average neutron
and Y -ray yields in the fission resonances where the (n, y O anc' (n> f <0 proces-
ses are present .

E Y f d + ey^jl (12)

In the aiove expressions :

.v and E Y f d are the average yields of neutrons and Vrays respecti-
vely for the (n, f d) process ,

. ey is the average y~ray energy of the pre-sci.ssion yrays in the
(n.vf) process ,

and S~p«-'-s the variation of v with excitation energy E* of the fissioning
system .

Expressions (12) and (13) are derived assuming simple physical assumptions
and ignore saall effects such as competition between neutron and y-ray fragment
deexcitation above neutron emission threshold1*3). The yields v~ and L. derived in
(12) and (13) show a linear dependence on ( r f)~' which is actually observed for the
1* resonances (Fig. 21) . The effecc is certainly present also in the 0+ resonances
but is aasked by their large fission width .
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Analysis of the data gives the following values for the product ly- • e"-y :

(14)

(15)

These values are in agreement with recent calculations using conventional
sumptions about the y-ray and fission decays of the compound nucleus '•0.' . The (a ,yf)
feet also explains the fact no resonances are observed with a fission width smaller
an 4 meV, which is very close to the expected value tor rYf •

After removal of the (n,yf) effect, the neutron and y-ray yields for
rect fission and for the two spin states are :

(^fd^o11- " ^*rfd)j+ " 0.0130 + 0.0055 neutrons (16)

^ f d V " < ^ f d
) | + " 10 + 10 keV (17)

This results in the following difference in fragment excitation energy E a x c

r the two spin states

<Eexc>0+ " ( E e x c V " 109 ± A3 keV (18)

Tnerefoire, there is a weak spin effect on prompt neutron emission and frag-
nt excitation and also possibly_ on prompt V-ray energy . But, most of the va-
ations observed both in v and E Y are due to the effect of the (n,Y f) reaction
d not to the fission exit channels, as was postulated previously .

235

in.2.3 - y.fississ-issssfsss?.
Resonances induced by "s" wave neutrons in U have Jn « 3 or 4 . This

tuation is not as favorable as for 239pu since the resonances are small in size
d closely spaced, with appreciable overlap. Moreover, the two possible values of
are so close that spin determination by the elastic scattering method is hardly
ssible . Fortunately, recent measurements using polarized neutrons and polarized
^u nuclei were carried out on a large scale, resulting for the first time in unam-
guous spin determination for a substantial number of resonances^ .

The transition states have very similar properties for the two spin states
'ig.15). The only difference appears for the K" * 0~ band which contains a 3" sta-
but not a 4~ one . Nevertheless this difference is not expected to play a major
le especially since the K71 « 0" contribution is surprisingly weak as discussed below.

IiS2i2S_2i^£b_^i§£life£i2D_or '24 resonances analyzed with the single-
vel formalisip below 756 eV is plotted in Fig.22 and can be fitted with one X? fa-
ly only''S). There is no indication of a break which would suggest the existence of
•o families »«ch as required to fit similar data for 239Pu.
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Fig. 22 - Integral distribution of the fission widths ?f for the U neu-
tron resonances that aould be analyzed below ISO eV. H is the number of
resonances having a value ofVry<F»> greater than the abscissa x . The
average value<Tr> of the fission widths is taken over all the analyzed
resonances . The histogram © shows the extensive fluctuations of the
measured fission widths. The best fit (curve (S)) to the experimental his-
togram with a ohi-squared distribution is obtained with the following
parameters :<I\,> = 0.072 eV, •i = 2.8 (After J. Blons et al.'>i^ ).

The values of N ,. for the two spin states, using spin values given in
are the following :

N g f f - 0.43

- 0.38

(19)

(20)

These two values are very close and also fairly low, taking into account
the location of the octupole bands at Che saddle point . More exact values of N .,
would be obtained if all resonances could be analyzed in a given energy range,
but this is not possible with unpolarized neutrons and targets because of level over-
lap. The resonances that are missed are expected to have, on the average, small neu-
tron widths and large fission widths'46' and their contribution would then tend to
enhance the values derived in (19) and (20) . This could be especially true for the
J • 3 resonances since they are found relatively too few its number in the polariza-
tion experiment'•'*); several of them, having a large fission width could have been mi«f
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Larger values of Neff are actually obtained from a multilevel analysis of the cross
sections47). A good fit to the data is obtained with this type of analysis but this
does not mean that the resonance parameters have always a physical meaning, espe-
cially for a target nucleus such as 235u where level overlap plays a more important
role than level-level interference30) .

The mass_distribution of the fission products was measured for U resonances'18)
in the same manner as for those of 239pu> The distribution in R-values obtained from
the experiment is narrower than that of 239pu and it also appears to be composed of
two groups of resonances though the separation is not as clear as for 239Fu (see Fig.
23). No correlation seems to exist between R and Jj but a weak correlation appears
between R and J, as discussed below .

The study of the angular_distribution of the fission fragments, when fission is
induced by non polarized slow neutrons in aligned 235U nuclei, provided interesting
information about the transition states in 236ul*9,50)< Under the assumptions derived
from the theory of Bohr, the expression (8) can be applied to the case of quadrupole
coupling used to align the target 2^»j nuclei. For a given set of quani-un numbers
K,J and for the range of temperature employed in the experiment, the angular dis-
tribution WjJ (0 ) of the fission fragments is given by the following expression :

W^ («) - I + A, f, P, (cosM ) (21)
where : K 2 2 2

0 is the emission angle of the fission fragments relative to
the c-axis of the crystal,

ij is the alignment parameter,

P. is the Legendre polynomial of order 2

and A2 " T (TTulifeTTT • l) (22)

The distribution in measured A2 values50) shows the absence of the K • 0
contribution which, according to the Bohr theory, should be the most important one
(Fig. 24) . The value of K can be obtained with relation (22) for the resonances
that have measured values of both A2 ard J , The K values thus derived are compri-
sed between 1 and 2 with the following averages for the two spin states :

jn . 3" : K « 1.51 (23)

jff m 4~ : K - 1.60 (2A)

These two values are very close, demonstrating that the fission channels have
very similar properties for the two spin states. The apparent inhibition of the
K"» 0" band can tentatively be interpreted with the double-humped fission barrier
representation, assuming for example that no Kn - 0" class II vibrational state is
available in the vicinity of the neutron separation energy .
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Fig. 23 - Frequency distribution of the "if" values at the measured
225y neutron resonances (a) and of the. fission widths associated
with Groups 1 and II (btc) . "R" is the mass asyrmetry parameter
R relative to the thermal R value . This figure is similar to that
drawn by G.A. Cowan h* i except for the distributions of the fission
widths where more recent values have been used1*5 ' .
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Fi.j, 24 - Weighted frequency distnbution for oberved A? values in the
^^l) resonances (see the text) . Two simulated distributions A and B
fov As arc also shown for comparison with the data . The latter were
obtained under the assumptions of equal contributions from the two spin
states, a random selection from a Porter-Thomas distribution for VfK

arid assuming relative weights for different ahannels as indicated in
the figure . Positions of calculated A2 (J,K) values are also shown
(except for K = 3 and 4) . (After N.J. Pattenden and H. Postma50 > .

The knowledge of K for several resonances makes i t possible to study the
iSf]!J£nce_of_the_|ission_channels_on the mass distribution, for example through
the dependence of "R* (defined in Fig.23)andK. A~plot"f ~Kz~versus"R*for 16 resonan-
ces is given in Fig. 25 . A definite trend is observed showing that on the average
a large value of K is associated with a large value of*R".

Suoa correlation between R and K is expected from the Bohr theory but i t is
not quite clear why the K = 2 channel should lead to more symmetric fission than
the K - 1 channel. In addition to this correlation, a spin effect seems to be pre-
sent since the plot given in Fig. 25 clearly shows a separation between the results
corresponding to J • 3 md J - 4 . Such an effect is s t i l l more difficult to under-
stand in terms of the Bohr theory .

mis.sipn was studied on several occasions and the measured v
239o3952! \5u? O V ' e d v a r i a t i o n s f r o i c resonance to resonance, but smaller than for
-"Pu • > 3 . ^ , Some of the results were tentatively explained by a spin effect

but this interpretation was ruled out later by unambiguous assignments obtained fr-om
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a polarization sxperimentV'The experimental discovery of the (n,y f) reaction in the
239pu fission resonances stimulated the search for a similar phenomenon for 235y .
In the same manner as for 239pu resonances, prompt fission neutron and y_-ray yields
weve measured for 235JJ resonances1*0). Definite variations both in <j and Ey were ob-
served from resonance to resonance though these variations are not as pronounced as
for 239pUa Analysis of the results for both spin states J • 3 and 4 shows a linear
dependence of both v and 1 Y as a function of (Tf)"1 , w i t n opposite signs as
for 239pu though the effect is not as clear-cut . Nevertheless, taking into account
the existence of the (n,y f) reaction clearly demonstrated for 239pu> the results
obtained for 235y aiuj analyzed in the same manner as for 239pu c a n axso be inter -
preted in terms of the (n,?f) reaction . This analysis gives the following results :

and

rf . eY - (M80 + 650) eV* for Jn - 3~ (25)

r- . fry - (5.140 + 3480) eV2 for Jn * 4~ (26)

After removal of the (n,rf) effect, it is not possible to distinguish
a spin dependence of the excitation energy of the fission fragments .

Jn_summary, the fission channel theory of Bohr has provided the Ariadne's
thread for the understanding of many aspects of fission induced by resonance neutrons.
This theory is generally well verified for the 239pu fission resonances,which are
the best known. This is in contrast to the situation for 2^V fission resonances
where interpretation is still unclear . The variations of prompt fission neutron
and Y ~ray yields in the resonances of these two nuclei are very well explained by
the effect of the (n,y f) reaction whose existence seems now firmly established from
the results obtained for ^39pu, This interpretation renders unnecessary the influ^
ence of the fission exit channels which seem to play a minnr role in these <J and Ey
variations .

K2

4

2

1

. 2 3 5 U + n

*> AC

< +

4 +

1 *R»

Fig. 25 - Plot of K8 versus''R4'for SS6U re-
sonances.The K2 values are obtained from
the angular distribution of the fission
fragments51*) and the spin determination
of the resonances^ . *R*is proportional
to the valley-to-peak ratio of the fission
fragment mass distribution^^) . The spin
value (J=3 or 4) is marked near each re-
sonance point . A similar plot was made
between K and A£ (defined in the text)sxK
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III.3 - Intermediate structure effects in sub-barrier fission cross sections.

The discovery made about a decade ago of a strong intermediate structure
effect in the subthreshold fission cross section of some actinide nuclei is certain-
ly one of the most fundamental contribution of neutron-induced fission to nuclear
physics • This dramatic phenomenon came as a surprise in the course of a systematic
study of auto-correlations in the cross sections of actinide nuclei where short-
range correlations of this type, but weaker, had already been observed for a few fis-
sile nuclei . Xhe improvements in intensity of pulsed neutron sources and in fission
detector efficiency made it possible to extend this type of -study to non-fissile nu-
clei for which the fission cross section, is very small due to the tune11ing through
the fission barrier.A strong intermediate structure effect in the fission cross
section appeared in the study of 23?Np . A similar effect was found later for other
non fissile nuclei such as 2*°Pu, 23*U, 238U etc...6) .

237
As an illustration of this phenomenon, the Np fission cross section is

plotted as a function of incident neutron energy En in Fig. 26 . Instead of being
uniformly distributed as a function of En , the fission resonances are grouped in
clusters at definite energies : 40 eV, 120 eV etc... About 40 such clusters can be
identified up to 2000 eV, with an average spacing < DTI> =* 50 eV, roughly 100 times
that of the individual resonances observed in the total cross section. Between the
clusters, fission resonances are so small that they can hardly be detected .

30

t5"
20

10

30

237Np(n,f)

20

10

237,Np(n.f)

20 40 60 60 100 120 0130 200 300 tSo

Fig.26 - The Sqclqy " Np fission cross seotion multiplied by\jEn is plotted as
a function of incident neutron energy En below 500 eV J . The fine structure in the
first cluster at 40 eV is resolved butyat higher energy,the experimental resolution
smoothes out the fine struc+we in the clusters and at still higher energy the clus-
ters themselves disappear in the data {see the text In Sections III.5 and IV. 1) .
This figure shows the best data now available3 but the intermediate structure ef-
fect was already reported for data obtained earlier8^ .
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In the total cross section, the resonances are distributed according to the conven-
tional properties of compound nucleus states. This is illustrated in Fig. 27 where
the cumulative sums of the reduced neutron widths T° = rn EJJ

1/2 and of the fission
widths are plotted as a function of E n . The behavior of these two histograms clear-
ly demonstrates that the intermediate structure effect is not due to the neutron
entrance channel but,rather,to the fission exit channels which are more strongly
coupled to the compound nucleus states at the cluster energies .

An interpretation of this puzzling phenomenon was given by Lynn55' and
Weigmann56' in terms of the double-huirped fission barrier, as is illustrated,in
Fig. 28 .According to this interpretation, the large fission yields in the clusters
are due to the coupling between class I and class II compound nucleus states. This
coupling occurs when class I states are close in energy to a class II state having
the same J" quantum numbers. The fission width Ff, of a class II state is much
larger than for a class I state t>ince only the outer barrier and not the whole
barrier needs to be penetrated for the fission decay of a class II state .

The class II components in the class I states then cause :e fission width
of these last states to be much larger than the one which would correspond to the
penetrability of the whole barrier, in the absence of coupling to class II states .

Fig.27 - The cumulative sums of the reduced neutron and fission widths, for the
237Np resonances that could be analyzed at low energy, are plotted as a function
of neutron energy. Histograms A and B correspond to reduced neutron widths and
fission widths respectively. This picture demonstrates that the intermediate
structure is not caused by the neutror entrance channel but to the fission exit
channels ®>8?' .
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^ 25 - Mechanism of intermediate structure in sutthreshold fission
oross sections . Clusters appear in the fission cross section when
energy, spin and parity of a olass-II state match those of the class-I
resonances (at most two lvalues are possible for "s" wave neutrons).
The fission widths are drawn at the energy of the respective levels
for class-IJ states (diagram A) and for the observed resonances (dia-
gram B) .

This interpretation was supported recently by the spin determination of the
Np resonances from a polarization experiment ' . The results obtained in this

experiment are plotted in Fig. 29 for the first cluster at 40 eV . A big difference
is noticed between the fission cross sections corresponding to the J * 3 and J • 2
states populated by "s" wave neutrons. All the large fission resonances have J * 3
whereas the J = 2 fission contribution is negligible. These results are quite con-
sistent with the interpretation of the large fission resonances coupled to a J » 3
class-II state in the vicinity of En = 40 eV .

The difference in spacings < H > and < D T T > simply comes froia the fact that,
for a given total energy of the nuclear system, less excitation energy is available
in the second well compared to the first well since the former is shallower than the
latter. Making simple assumptions, the ratio ^ D-. y I ̂  D 1y yields the energy EJT.

Adopting the formalism developed by Lynn, one can write the following ex-
pression of the fission width Ff. for the states A , as they appear in the cross
sections : _

<'*,>- rf,_- ^
(EA

(27)
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Fig.29 - Fission data obtained in the neighborhood of the first oluster at
40 eV in the 237flp sub threshold fission oross section using a polarized
neutron beam and a polarised ^'Hp target. The upper curve represents the
difference between the cross sections measured uith beam and target polari-
zations parallel and antiparallel . These data demonstrate that most of
the cross section in this cluster comes from J - 3 resonancesz7)

In this formula :

< r , > is the average behavior of the wicch Tf as a function of the re-
sonance energy E. ,

r is the width of the class-II state X-. corresponding to i t s coupling
C^H to the neighboring class-I states ,

and r x I 1 are the fission and total widths of the class-II state .»„.,
respectively >

is the energy of the class-II state *jj. »

and < Fc > is the average background fission width coining from the direct cou-
fX pling of the states X to the fission exit channels, without any ef-

fect from class-II states (usually f|. can be neglected compared
to rf A ) .

The total width r ». is given by the following relation :

xn l n
r + r (28)

l n
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where-1' is die width for -, decay of the state x. in the second well .

Expression (27) which is valid only for weak or moderate coupling between
class I £ class!l states shows that i'f̂  , on the average, obeys a Lorentzian ener-
gy dependence . But, in addition to this general trend, the actual values of f,A
are subjot: to I'orter-Thomas fluctuations from resonance to resonance due to tne
great convexity of the compound nucleus states y .

Similar considerations also apply to the rase of the fission widths *
Their energy dependence obeys, on the average, a Lorentzian law having this
Lime a FWHM (full width at half maximum) equal to the width J V I B of the vibjrationiil
•i;.ss-II state responsible for the fission strength in the energy range being con-
sidered. The actual widths Q ^.. exhibit fluctuations from cluster to cluster
duo to tl>« complexity of the compound nucleus states >... . The width JVIB i* usual-
ly large because the damping of class II vibrational states is important For most
cases where intermediate structure is observed . Therefore the local value of
< ;^.. > should remain constant in the neutron energy range being considered
since ttr' i range is much smaller than !'„,„

The conditions of the coupling between class 1 and class II states, at
energy Sn, can vary from one nucleus to another depending on the penetrabilities
oi the barriers A and B . Three types of coupling conditions can be defined though
there is no clear-cut separation between them *•' :

a) The yerjr_weak_cougZing_ situation occurs vhen the total width I',., is very small
with a value comparable to< 0. > • This happens when both barriers A and B are high
enough above Sn . In that case, each cluster is composed of a few large fission
resonances only . Among them, one resonance appears to be mostly of the class II
type because its fission width is much larger than that of the other fission
resonances belonging to the same cluster. Since this large fission resonance is
mostly class II, it has in addition a small neutron width because the coupling of
a pure class II state to the neutron entrance channel is essentially zero . This
type of coupling seems to apply to the (240Pu+n) case as is illustrated in Fig.30

where the fission widths of all resonances analyzed below 3 keV is plotted as
a function of the resonance energy-**'. Four fission widths stick out very clearly
at energies of 782, 1405, 193d and 2700 eV where four narrow class II states are
supposed to exist and to be responsible for the intermediate structure effect in
this energy range . The neutron widths of these four resonances are very small as
should be expected from states where class-II components are predominant .

Analysis of the resonances in each cluster can give the widths r . and
I',. of the class II state . C*T£

f/.fl
For example, perturbation theory which can be applied in this case shows

that :

\
The average values of IV^JJ and Ffjjj can then lead to the penetrabili-

ties of the inner and outer barriers respectively and, consequently,to the values
) / ) / )of (E f A-S n) / W A and(E f B-S n)
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Fig.30 - Diffevential plot of the class I fission widths vs resonance
energy. Four class II states are clearly risible at 782} 1405, 1936 and
r**27QQ eV . The width of each state is extremely small and much less than
the class I level spacing. The apparent increase in the background fission
width with energy is a consequence of poorer resolution at higher energies
and therefore a decrease in our sensitivity to weak fission strength reso-
nances s *' .

238Another example of very weak coupling seems to be given by the U fission
cross section .The general behavior of this cross section, as obtained from most
recent and accurate measurements59' , is displayed in Fig. 31 . The now familiar
pattern o? intermediate structure appears very clearly especially since the good
resolution makes the large fission resonances stick out more sharply . The details
of the capture and fission cross sections measured simultaneously in the first
cluster around 720 eV60) are shown in Fig. 32 . Examination of these data shows
that some capture resonances which appear within the cluster are not seen in fis-
sion . This is unexpected in the case of an even-even target nucleus for which all
"s" wave resonances have J11* H. . Interpretation of this apparent anomaly is
searched for in terms of Porter-Thomas fluetuitions and a "p" wave contribution

b) Hi£_y£St_£25*Eii5£_i2_S_^I2§4_£l§5i_Ii_§t§£§ *-s found when the widthfwj is great-
er than < Dj> but smaller than < D__ > and when barrier B is more easily penetra-
ted than barrier A . Then :

>
(30)

"II

The distribution of the fission widths f. is also given by expression (27)
but, because of the relatively large value of r...*the cluster is composed of a lar-
ger number of resonances than in the very weak coupling case discussed above .



- 69 i -

70.000

60.000

50.000

y 40.000

J?" 30,000 -
c
3
U

U 2C y

lO.tx

"TTTT-

^ J
I I I I I I I I M i l I

5 tO 30
NEUTRON ENERGY (keV)

J I I ! I I 1

50 100

238,Fig.31 - High resolution fission yields obtained when bombarding U with
neutrons having energies between 600 eV and 100 k

It can be easily shown that the width of the cluster yields
that the coupling width is

and

cAn
(31)

In this expression, the summation over \ runs over all the large fission
resonances within the cluster .

This type of coupling seems to apply to the ( Np + n) system6)

c) The third type of coupling occurs when §_narrow_class_II_state_is_broadened_by.

The total width is then dominated by the coupling width, provided that

I I (32)

This coupling is found when barrier A is more transparent than barrier B .

The fission widths rf. in a cluster are also distributed according to a
Lorentzian given by expression^(27). But, in contrast to the weak coupling case, the
widths r and (V are now obtained from the following relations :cA rA

= width of the cluster (33)

n
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238,Fig.32 - High resolution """£/ capture and fission crnss sections in the

neighborhood of the first cluster at 720 eV60) .
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This coupling situation seems to apply to the ( U + n) system. From re-
cent and quite accurate measurements, it is possible to extract the fission widths
for the most prominent resonances situated below 1500 eV61^ . A plot of the r
lues versus the resonance energy is given in Fig. 33 . A fit to these data can be
made with two Lorentzian curves which take into account the fluctuations of r
around this average trend. In the same manner as for coupling b) described above,
the analysis of the data yields the transparency parameters Ef /h«o for the two
barriers .
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Fig.32 - Energy dependence of the fission widths for the * U neutron
resonances analyzed below 1500 eV . The curves represent the calculated
energy dependence of the mean fission width, as defined by Lorentzian
functions. The solid line is the preferred fit . It shows the sum of two
non interfering Lorentzian curves with parameters deduced by a weighted
maximum likelihood method She dashed curve represents a single Lorentzian
also derived by a weighted maximum likelihood method . The dotted curve
shows the sum of two Lorentziansderived by an analysis in which the contri-
bution from each fission width to the likelihood is not weighted (After
G.D. James et al^ ).

It should be noted at this point that the analysis of the cross sections
cannot itself conc1ude which type of coupling actually applies to the case being
studied since formula (27) is symmetric in exchange of the widths ^c^xi

 and rfAll*
Other methods need to be used co determine the typeof coupling . These methods are
not discussed in this paper but are reviewed elsewhere 6' .

lOvSUSDaix> the striking phenomenon of intermediate structure in sub-bar-
rier fission cross sections appears to be one of the consequences of the double-hum-
ped barrier shape and can be very well explained as being the effect of intermediate
states in the second well. This interpretation is supported by the spin determina-
tions of the 237Np resonances in the first fi ;sion cluster . Analysis of the cross
sections yields the values of E^, E f A /t>,cA , E, /fiu>B provided that the type of
coupling between class I and class II states is Known .
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IV. STRUCTURE EFFECTS IN FAST NEUTRON FISSION CROSS SECTIONS

IV.1 - Introduction

In fission induced by resonance neutrons, individual resonances can be
resolved at low energy due to the extremely good resolution of time-of-flight spec-
trometers, as is discussed in Section III . But, at higher neutron energy, the reso-
lution which varies as E3'2 rapidly deteriorates for increasing E . The broadening
of the resolution function results first in the smearing out of the das* I states
which cannot be resolved above a given energy ET . This value is about 150 eV for
23?Np and 1500 *V for 23*U . In che presence ofnan intermediate structure effect in
«-f, the fission clusters can still be separated above E1 , because <.DII>^<D.> .
But, above an energy E 1 1 greater than E1 , the fission clusters themselves cannot be
separated because the width of the resolution function then becomes comparable to or
larger than< DJ-> . This happens at about 5 keV for 237Np and 100 kcV for 234y .
Above E*1 , the fission cross section should become smooth but with fluctuations
having an amplitude decreasing with increasing £r .

The general behavior of 6f , in the presence of an intermediate structure
effect.should then be the following :

for E < E both the class I levels and the fission clusters are resolved;

for E i E 4 E the fission clusters are resolved but not the fine structure
in each cluster ,

for E }, E both the class I levels and the fission clusters are smeared out
by the resolution function .

This Section deals essentially with the last case (E > E ) •
n n

The general features of <5"f recalled above are actually found in most sub-
barrier fission cross sections which are smooth in the neighborhood of the thres-
hold and above . Such a behavior is observed for example in the 23?Np fission cross
section which is featureless near threshold62' . This is interpreted as evidence
that the vibrational class II states are fully damped at such an excitation energy
in 238Np .

There are nevertheless a few cases discussed below where 6"f near threshold
presents some gross structure which cannot be explained by conventional models (com-
petition theory, for example). These data can tentatively be interpreted in terms
of partial damping of the vibrational class II states . In such a case, as already
discussed in Section III , the fission strength,averaged over an energy interval Ac
greater than< DTT> but smaller than rVIBjis not uniformly distributed as a function
of En but varies according to a Lorentzian law having a FWHM equal to Cnra *In t h e

presence of partial damping, rVIB « *><*TJ where ̂ Wj, is the spacing of viBrational
class II levels. In this situation, the following relation is satisfied :

^ H l <35>
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An example of the possible existence of a partially damped vibrational
class II state seeas to be provided by the 2 3 4U fission cross section in the vici-
nity of 310 keV51^ (See Fig. 34) . At this energy, a shoulder appears in the data
and can tentatively be interpreted as being due to a vibrational class II state
having r y i B =• 50 keV . The peaks that appear in this 50 keV range do not corres-
pond to resolved class II states since the resolution function i« too broad at this
energy (E^1 < 310 keV) . Rather, they are interpreted as fluctuations due to
the contribution of unresolved class II states .

More dramatic examples of structure in the fast neutron fission cross
sections are found for 2J0Th ant! *"Th . For these two thorium isotopes, gross
structure in the form of big peaks is observed in °f ; but, fine structure also
appears in these big peaks if t!ic experimental resclution becomes sufficiently nar-
row . These peaks seem to be caused by almost pure vibrational class II states with
the contribution of rotational bands built on them . This interpretation it not com-
patible with calculated double-humped fission barriers, as already pointed out in
Section II.4 . In Section IV.2 below, the 230Th and 232Th ca8es are treated w i t h the

presentation of the data, the discussion of the so-called "Th anomaly"and the possi-
ble explanation of this anomaly by a third minimum in the fission barrier .

0.30
I I I I I I I

I „ _ _..

270 290 310 330 350
NEUTRON ENERGY (fceV)

370

2S4,Fig.34 - The fission cross section of ""*U measured between 270 keV
and 370 keV is shown by the full circles . Of the two solid lines
through the data, one shows a running sum over twenty timing channels
and the other is a guide line indicating fluctuations. The presumed
contribution of the vibrational level is shown by the dashed lines and
again by the diagram below the data *'*' .
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'30 232
IV. 2 - Vibrational resonances in ~ Th and Th fission cross sections-"Thorium

anomaly" - Third minimum in the fission barrier

IV.2.1 - f^I»l_i-S
The first evidence that the fission mode could not be fully damped was

provided by the Th fission cross section63 ) .. ""alow threshold, fj-f for this nu-
cleus presents a strong peak at 720 keV having about 100 mb at the maximum and a
width of 30 keV, as is illustrated in Fig. 35 ' . Such a peak could not be explain-
ed by competition theory since there are no appropriate inelastic neutron channels
adequately located to cause the fall of a^ on the high energy side of the peak .
But, the double-humped fission barrier can provide a qualitative explanation in
terms of an almost pure vibrational class II state situated at this energy . For-
ward peaking in the measured fission fragment angular distribution across the peak
indicates that this vibrational state hab K = 1/2 with an unknown parity. Never-
theless the shape of the peak and the behavior of Of in the vicinity of 720 keV
are not consistent with a weakly damped vibrational state having ryIB

 e 30 keV
Rather the peak can be explained by an almost pure vibrational state whose contri-
bution is broadened by the effect of the rotational band built on it . The energy
sequence of a rotational band having a given K value is given by the following
relation :

2 t )
ev (j) = ?„+ - — Jj (J+l) - K(K+1) + &, , a(-l) *'' (J+l/2) f (36)

whe re :

£ Kand e (J) are the energies of the states having K=J and K>J
respectively ,

""}• is tne moment of inertia of the rotating nuclear system,

£ , is the Kronecker symbol,

and a is the decoupling parameter .

For K # 1/2, the energy £
R(J) 8

o e s UP regularly with J but^for K = y- ,
large a values can bring about level inversion for increasing J values .

The contribution of rotational levels naturally broadens the energy range
where the fission strength is enhanced, but the effect of the centri rugal barrier for
incident neutrons having angular momentum trapidly decreases the influence of these
rotational levels for increasing spin J = I + 1/2 .

Analysis of both cross section and angular distribution data has been made,
allowing a and ft to be adjustable in the fitting procedure6'" . A fairly large a
negative value is necessary to account for the strong variations in angular anisotro-
py throughout the peak . A large value of the moment of inertia is also needed to
fit the data and this is consistent with a strongly deformed vibrational state .
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Fig.35 - Fission cross section of Th plotted as a function of
incident neutron energy. These data show a strong "vibrational
y>p.&nnrme.e>." at 79.0 kaV ) .

This interpretation is supported by a careful examination of higher reso-
lution Of data in the neighborhood cl 720 keV65' . Fine structure appears in the
vibrational resonance and each peak in this fine structure seems to correspond to
a rotational level (see Fig. 36). Unfortunately, accurate angular anisotropy data
for each of these peaks are not available yet in order to check the J sequence from
one peak to the other .

Despite its interest,this interpretation is not quantitatively substan-
tiated by fission barrier calculations. In order to have negligible damping a shal-
low second well is needed (EJJ = 4-5 MeV) together with a fairly high inniir barrier
height (E, = 6 MeV). Such high values of E „ and E. are never found in realistic
fission barrier calculations using the Strucinski prescription and in which much
lower results are obtained (see Fig.6). This is one example of the "Th anomaly" .
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230Fig.36 - Fission cross section of Th in the vicinity of 720 keV, as
imasured with a underground nuclear detonation used as a pulsed neutron
source 6S) . These data,obtained from fisHcn fragments emitted at 125°
relative to the neutron beam,, show a fine structure in the big peak at
720 keV (See Fig. 35 for contain son) .

232
IV.2.2 - ___Th_i-B

An even more striking example of vibrational resonances with identifica-
tion of fine structure is provided by the (^^^Th+n) system. A recent measurement,
carried out in the MeV neutron range,with the high nominal resolution of 0.16 ns/tn,
has revealed the existence of detailed structure in the ^ 3 2 ^ fission cross section66i

A gross structure is confirmed at several energies : 1.4 MeV, 1.5 MeV, 1.6 MeV
and 1.7 MeV, which cannot be explained by competition theory but is now thought
to be composed of vibrational resonances (see Fig. 37). Angular anisotropy measu-
rements ,ai?o made in the same neutron energy range,show a strong contribution of
K * 1 at 1.4 MeV and 1.7 MeV and of K - 3/2 af 1.5 MeV and 1.6 MeV. But in addition,

the high resolution in Of measurements now makes sharp peaks stick out in each

vibrational resonance .

230
In the same manner as for the Th(n,f) cross section, it is tempting to

interpret each of these four big peaks as being due to the effect of vibrational
class II levels broadened by the contribution of a rotational band built on each of
them . The analysis of the ^^^Th(n,f) data is made easier by the clear contribution
of each rotational level and also because the a decoupling parameter, which is dif-
ficult to determine, plays no role for the two K » 3/2 cases . The energy spacing
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between two adjacent levels in the fine structure should obey the following
relation :

e (J+l) - £ (J) = i_2(J+l) (37)

This law is actually observed for the energy spacing between the sharp
peaks in the vibrational resonances &t 1.5 MeV and 1.6 MeV (see Fig. 38) . The case
of the gross structure having K » 1/2 is not studied here because of the additional
complexity of the unknown decoupling parameter a .
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Fig. 37 - Fission aross section' of 'Thtas measured with the
SO MeV Saolay linaa , showing the structure observed near thres-
hold. The arrows indicate the positions of the sharp peaks corres-
ponding to the fine structure in the big peaks 66'»
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This analysis confirms that the qualitative interpretation of the data,proposed
above,is essentially correct. But, again, the quantitative understanding in terms
of calculated double-humped fission barriers proves difficult . From the observed
widths of the sharp peaks, it ic possible to assert that the rotational lev Is have
a natural width smaller than 10 keV . This is absolutely inconsistent with the ener-
gies EfA and E obtained from fission barrier calculations and which are far too
low to explain such narrow levels at E x 1 MeV . This is the second case of the
"Th anomaly" . n '"

IV.2.3 - Third_minimum_in_the_fission_barrier

The "Th anomaly" is perhaps removed by a closer examination of both i) Th fis-
sion barrier calculations in the region of the second saddle point and ii) analysis
of the (232Th + n) data .

Potential energy calculations around the second saddle point, using the droplet
model and a folded Yukawa potential (See Section II.2) , show that this saddle point
is actually split by a third minimum at asymmetric distortion and for even Th iso-
topes '-1) . A third minimum continues to appear in similar calculations made i) for
odd Th isotopes having all spin states that can be populated in neutron-induced fis-
sion and ii) for some U and Pu isotopes '>^°i. This shallow lake in the potential
energy surface provides the possibility for vibrational states (called class III
state*) to exi&t, in the same manner as for the second well, l>sit with a larger de-
formation, that of the third minimum .

232
The analysis of Th data given in Fig. 38 can also help one to understand

the "Tli anomaly" . The parameter "El obtained directly from such an analysis is
fairly low as is seen below : 2^.

F = ( 2 . 4 6 + O . l l ) k e V f o r , = 1 . 5 0 5 MeV

= ( 2 . 7 3 + O . l l j k e V f o r , = 1 . 5 7 9 MeV

(38)

(39)

Fig. 2b - Least-squares fits to
the sharp

peak:; oLaerVad in th^ gross struqt\u
at l.b and 1.6 MeV (See Fid. S7)6S> .
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3.33 keV obtained fo,
e to the value $2-2.5

th 24Op J • Y 3 1" 6 8, 3? 6 ^finitely greater than X- . 3.33 keV obta
the «"Pu fission 1 somer17><See Section II.3.1), but arl^close to the value
keV calculated for the second saddle point of the 2A0Pu f i s s i o n barrier

 6 7 ) . ^
Though the moment of inertia of 233TH ^ y differ from that of 240pu at the second

SfZ- 23il?~ntl 2 3 w re^u^ts s e e m t0 confirm that the third minimum actually exists
fetched JTliig 39 " r e S p ° n s i b l e for the <tTh anomaly" according to a mechanism

In order to substantiate this interpretation, more accurate calculations
are needed to know better the moment of inertia of 23lTh and 233 T h as a function of
deformation and also tbo decoupling parameter a for the analysis of K - 1/2 vibra-
tional resonances . Th tential energy surface seems also to present a third mi-
nimum for a few other nuclei which, in this respect, should be studied more atten-
tively together with the two Th isotopes mentioned above. Accurate angular distri-
bution data are clear ly needed in each peak of the line structure in o'rdsr to check
cneir individual J value .

Potential
'Energy Excitation

Energy

Class I Class l l \ Class III ( ? )

Deformation Fission yield

Fig. 39 - Possible explanation of the "Th anomaly" in terms of a third
mmmm zn the fission barrier . The picture is drawn for an even nvoleus
for clarity but the Th data are actually obtained for odd Th isotopes .
At exaltation energies obtained by fast neutron capture, class I and
class II vibrational states are completely mixed and fully damped ;
they cannot cause structure in <j-f . Vibrational resonances could then
be due to vibrational levels in Jthe third well (class III) . Since
the third well is shallow, the class III vibrational levels are not
damped . The rotational band indicated in the circle causes fine
structure to appear in the vibrational resonance .
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V. DYNAMICAL EFFECTS IN FISSION

V.I - Generalities

A great deal of attention has been paid to the determination of the potentia
energy surface of the fissioning system . Present fission barrier calculations are
accurate to + 1 MeV (See Section II). But, the knowledge of the potential energy,
though essential,is not sufficient for a thorough understanding of the fission pro -
cess . This is because the equation of motion of the fissioning system, in addition
to the potential term,also contains other terms that reflect the dynamical aspects
of the motion . More precisely, these terms correspond to energy dissipation and to
inertia and are associated respectively with the first and second derivatives of
the collective degrees of freedom .

V.1.1 - Inertia gives the manner in which the nuclear system responds to
an external force"7~fhis effect seems to vary strongly with deformation6" . At
scission, the effective mass v „ associated with the fission motion is simply
equal to the reduced mass y of the two fragments. For symmetric fission u 'A/4,
where A is the mass of the fissioning nucleus . But much higher veff values are
obtained for smaller deformations .

For example, the value of Verc
 at ground state deformation can be estima-

ted from the properties of the e-vibrational states in the first well, where :

"fcu) «fi (K / u e f f ) '
/ 2 - 0.8 MeV (39)

and V(r) - f K (r - r o)
2

In these two expressions :

- fiio is the spacing of the B vibrational levels in the first well,

- K is the force constant in the potential ,

- V(r) is the potential, supposed to be of the harmonic oscillator
type ,

and - r is a deformation paramater, having the value r=r at equilibrium

With this parameterization , the deformed nucleus is described as composed
of two halves having their centers of mass separated by the parameter r which can
be calculated in terms of the usual deformation parameters70) .
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0.8 MeV and the calculated shape of the fission barrier near the
first minimum, the two expressions (39 and (40) give Meff * ^ 0 ^ for the ground
state of 236u> a value which is much higher than (iQ at scission .

In a similar manner, expressions (39) and (40) can also be used at the three
other extrema of the double-humped fission barrier whereW and V(r) can also be
known . This results in a steady decrease of jUgff with increasing deformation from
Meff * A0fAo at ground state deformation to fiQ at scission

69).

The proper determination of the fission path requires, however, a more precise
determination of the mass inertia paramaters since it is very sensitive to them.
Therefore, the above estimates need to be supplemented by more detailed microscopic
calculations for all possible deformations along the fission path . An attempt has
been made along this line for 2A0pu> an(j £s presented in Section II.2 where the
concept of dynamical fission barrier is introduced and discussed .

V.1.2 - Energy dissipation , called also friction or viscosity, corresponds
to the coupling of the fission mode to the intrinsic degrees of frtcdom . This as-
pect of fission is already considered above in Sections III and IV but attention is
limited there only to the damping of class I and class II vibrational levels into
intrinsic excitations .

In this Section, attention is focused mainly on energy__dissigation_effects
iD_£!lS_descent_from_the_last_saddle_Doint_to_scission~7 The fisilorTbarrier at the
scission point is about ?5 MeV below the total energy for slow-neutron-induced
fission of light actinides. Viscosity effects control the division of this 15 MeV
of available energy between excitation energy Es and pre-scission kinetic energy
Ej=. of the system at scission. Along the fissioncpath, including the scission point,
the following relation holds ;

E - E + E. . + E - ES _ + E,S. + ES (41)
tot pot kin exc pot kin exc

In the full damping picture, the energy in the fission mode is fully dissipated
into internal excitation. At scission, this internal excitation is transmitted to
the fragments also in the form of internal excitation . The total kinetic energy
TKE of the fission fragments is then just equal to the Coulomb energy V at scission
since the pre-scission kinetic energy is zero . The opposite situation prevails
in the absence of damping. In this case, all the available energy at scission goes
into pre-scission kinetic energy EJ*. which, added to the Coulomb energy at scission,
gives the total kinetic energy TKE l n of the fission fragments . These fragments
are cold but deformed at scission, and their deformation energy E, is transformed
into excitation energy after they have separated .
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Whatever the damping situation is, i) the TKE of the fragments is equal
to the sum of the Coulomb and pre-scission kinetic energies at scission and ii)
the total excitation energy Efc of the fragments is equal to the sum of the
excitation energy of Che systlm°and the deformation energy of the fragments at
scission. The overall sum of TKE and excitation energy of the fragments is just
the Q value for the fission process . This results in the following relations :

TKE - E^in + Vc (42)

Et - E8 + E, (43)
exc exc d

Q m TKE + Et (44)
M exc

Very little is known about dissipation effects in the last stage of fission .
Theoretical calculations are just starting to be made but, despite their strong
interest, they are still preliminary because of the extreme complexity of the
problem (see for example") , Many experimental results exist for the fragment
excitation energy (through measurements of prompt fission neutron and y-ray yields)
and for the total kinetic energy. Most of the results are obtained for the sum of
all mass splittings at scission but more and more measurements are made for detail-
ed and specific mass divisions. Despite their number and their value, these fission
data are difficult to interpret in a unique manner . This is because the properties
of the fission fragments are measured after scission and not at scission . A model
is therefore needed to relate the final properties of the fission fragments to tho-
se of the scission point .

This ambiguity in the interpretation is illustrated, for example, in the ca-
se of ternary fission in which a long range a particle is emitted in addition to
the two main fragments. Ternary fission data, including the energy spectrum and
angular distribution of the ternary et's, can be explained equally well in terms of
strong and weak damping by using different but realistic scission configura-

The TKE data can also be interpreted with contradictory hypotheses . For
example the average total kinetic energy TKE for all mass divisions is plotted in
Fig. 40 for a wide variety of fissioning species as a function of their fissility
parameter x . These TKE data show a regular Z2 A"1/3 dependence but their interpre-
tation is somewhat ambiguous.

It would seem, at first sight, that the nearly linear dependence of TKE with
Z^ A~'/3 implies that the pre-scission kinetic energy is negligible and that the
scission configurations can be specified simply by a separation fl of the fragment
charge centers proportional to A " 3 . In this case :

TKE - Vc = £ . E£, . Zf2 (45)
where :

- e is the proton charge,

- Zf. and Z f 2 are the atomic numbers of the two fragments .



- 7 05 -

Fig, 40 ~ Comparison of measured and calculated values of the kinetic
energy of the fission fragments for a wide variety of fissioning nuclei
as a function of their fissility parameter x . The measured values are
for the total kinetic energy TKE only . The calculated values are ob-
tained for the Coulomb energy V (•post-scission) (short-dashed cur-vejj
for the pre-scission kinetic energy Sf. (dot-and-dash curve) assuming
absence of damping and for the total Ktnetic energy TKE = Va + £f .

 74'.

This interpretation would favor the strong damping hypothesis in which
there is no appreciable pre-scission kinetic energy and therefore TKE comes from
Coulomb repulsion only .

1/3The above assumption that d varies as A is nevertheless unrealistic
because <1 depends not only on A but also on Z74) . For higher Z values, the
scission~configuration is relatively more elongated, thus resulting in larger d va-
lues and lowered Coulomb energy . The variation of Vc with x, as obtained from LDM
calculations, is plotted in Fig. 40 . For relatively light nuclei, the scission and
saddle points are very close and, therefore, the observed TKE and calculated Vc

values are almost equal, as expected . This is in contrast to the situation for
heavy nuclei where the remoteness of the scission point from the saddle point brings
about a decrease of Vc compared to a pure Z

2 A~'/3 dependence . In fact the behavior
of Vc with x flattens for heavy nuclei as a consequence_of the more stretched confi-
guration at scission . The difference between observed TKE and calculated Vc values
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implies that some pre-scission kinetic energy E£. needs to be taken into account
If viscosity effects are supposed to be negligible in the descent from saddle point
to scission, all the available energy at scission appears in the form of pre-scis-
sion kinetic energy which , when added to Vc , results in calculated TKE values in
reasonable agreement with the data (Fig. 40) .

In fact, more recent and sophisticated calculations give TKE values which
are too high compared to the measured ones especially on the heavier element side71).
Some damping needs to be introduced to bring the calculated TKE values down to the
measured ones . This damping is calculated in terms of either one-body dissipation
or two body viscosity. These concepts stem from their analogy with classical fluid
dynamics in which the energy dissipation either comes from the interactions betweer
the molecules of the fluid or proceeds through collisions of the particles with
the moving boundary of the system. A good fit to the data can then be obtained but
uncertainty «till persists as to the manner in which the energy dissipation occurs,
whether through one-body or two-body processes or both71' .

FiQ. 41 - Primary fragment mass distri-
bution obtained for thermal-neutron-indu-
aed fission . All distributions have been
corrected for experimental dispersions .
The shaded vertical bars indicate the cal-
culated fragment masses associated with
the even nuclear charges sham in the
figure for 239Pu(n,f) 76 ) .



- 707 -

The weak damping hypothesis receives some support from other pieces of
data, for example from the mass distribution of the fission fragments75' . This is
illustrated in Fig. 41 where the mass distribution for the primary fragments e-
mitted in thermal-neutron-induced fission is plotted for several fissile nuclei
ranging from 229lh to 2 5 4 E S 7 6 ) % ^ f^ne structure is observed with peaks correspon-
ding to even charge splittings. This structure which is quite pronounced for the
lighter fissioning nuclei fades away when moving to heavier ones . Also, for a given
even-even fissioning nucleus such as 236^ the fine structure is enhanced if a selec-
tion of high TKE events is made in the data analysis77). It is quite possible that
a fine structure it: also present for the high TKE events of heavy fissioning nuclei
for which the total fragment yields lead to a smooth spectrum . Interpretation of
these data has been tentatively proposed in terms of superfluid motion in the fission
mode75) . In this type of motion, the nucleons remain coupled by the pairing force
and no internal excitation is transmitted to the nuclear system .The peaks at even
charge yields imply that some superfluidity is preserved in the descent to scission,
otherwise there would be no obvious reason for the fissioning nucleus to prefer even-
even division (The even-odd neutron effect in the splitting at scission is not at
obvious as for the protons because of the correction for prompt neutron emission
needed to obtain the properties of the E£iniary_ fission fragments) . Intuitively,
one is led to think that superfluidity is better preserved if :

i) the TKE is higher. This comes simply from the fact that, for a given Q
value, very little is left, in the high TKE events, for the total exci-
tation energy E c of the fragments, as a consequence of relation (44).
At scission, the fragments are then deformed but without internal
excitation .

ii) the scission point is closer to the saddle point or the exit point for
sub-barrier fission . This is because friction forces play a bigger
role if the path from descent to scission is longer .

These physical conditions are actually met in the data which are therefore
consistent with a contribution of superfluid motion in low energy fission .

The effects of energy dissipation briefly discussed above, are thus far
from being completely understood yet . They appear to viry a lot, depending on the
nucleus, the mass splitting and the fission events being considered .A comprehensive

description of the situation is well beyond the scope of this paper. Rather, in
Section V.3 , several experimental data relevant to viscosity effects are presented
for the low energy fission of 240pu where damping of the fission mode seems to vary
also with excitation energy .

V.2 - Dynamical fission barriers for spontaneous fission.

A simplified approach to the calculation of the mass inertia parameter
consists in assuming that the fission motion is adiabatic until the motion to scis-
sion becomes irreversible . In this representation, the barrier penetration proceeds
without, intrinsic excitation of the system . Different damping conditions may occur
after the barrier penetration and they can influence the scission properties, as dis-
cussed in Section V.I, but not the fission pxobability since the process ia then
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irreversible. This approach is certainly valid for spontaneous fission for which .
detailed calculations of the fission life-time have been made along this line1* >?&

The probabilityA-f p«r unit time for decay by spontaneous fission is given
by the following relation':

where :

x • 2Ttu». P - x "' (46)

2 it u is the frequency of the zero point motion in the
first well (*cu = 0.8 - 1 MeV) ,

P is the barrier penetrability/

and T c is the life-time for spontaneous fission,
s. t»

The calculation of P is greatly simplified for a one-dimensional fission
barrier and a constant mass parameter B . Standard WKB techniques79) then give :

P « exp ( - 2 S/h ) f if S >> ft (47)

with „

8 - / (21 E- E(s) | B ) " 2 ds (48)

In expression (48) :

- s is the deformation parameter of the one-dimensional fission barrier
and s' and s" (with s" > s1) are the values of s, respectively at the

entrance and exit points of the barrier, where the total energy E of
the system is equal to that of the barrier (E - E(3*) - E (s")) •

Improvements to i , calculations have been made by using a more sophistica-
ted approach '••'8J briefly introduced above and described in more detail below
where the concept of a dynamical barrier is presented .

It is first considered that the potential energy is known in a multidimensio-
nal space, with a set {s} • (s. , s, ... s. ...s. ...) of deformation coordinates,
using the Strutinsky procedure . But the major step1'forward is to consider that the
mass inertia parameter B is no longer constant but can vary with {s} . This is jus-
tified by noting that the shell structure, which is so important in the calculation
of the potential energy,also plays a major role in the value of the mass tensor B..
(the indices i and j refer to the deformation coordinates s. and s. respectively)l-J
Actual calculations of B.. , using the "cranking" formula,snow oscillations in these
values with deformation quite similar to those of Em({s}) discussed previously. In
this multidimensional representation, with possible variations in B.. with {s}
taken into account explicitly, the expression for S now reads : 1J

f (2 I E - E(G) I B(«)) dB (49)
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where :

- the deformation parameters s., s., are assumed to be functions
of some arbitrary parameter 6", J

- o' and c" are the end-point values of the parameter a , similar
to s1 and s" uefined for (48), for which E-E(<r') - E(ff-"),

and - B ( o ) is the effective mass defined by the following relation :

B ( o ) - 2 - B . . (»,(« , S 9 ( 6)...s, ( e),s, ( e )..]-^^J- (50)
i.j

In the adiabatic approximation, the collective motion in the fission mode
is supposed to be slow enough so that, for each deformation { s } , (or a given

0 value) the nucleons have enough time to rearrange themselves . It is then jus-
tified to consider the state of the system (including the single-particle states
1 m > ) at any deformation { s} in the sub-barrier region . In these conditions,
it is possible to derive an expression for Bjj , in terms of the single-particle
states | m >, having eigenvalue E m , using the cranking formula :

B.. fK-i - 2 tt2
iJ m > 1 E - E

' mo
The calculation of S, with equation (49), can be carried out provided

that a trajectory, the fission path, is defined between the two end points ° '
and a" . If B were constant, the fission path would follow the extremal values of
the potential energy surface . This condition defines what is called the '̂ static
•kajxisj" . The fission path is no longer the static barrier if B varies with
deformation . For example, the fission trajectory may reach higher potential
energy if the mass parameter takes there a smaller value. The fission path is
then determined by the least-action principle, which leads to the smallest possible
value for S and, consequently, for T . Such a path gives the so-called ".dynâ

which is illustrated In Fig. 42 for 240pu. It is interesting tonote that the least-action trajectory does not pass through the "static" saddle
points, but prefers a path at a somewhat higher energy . This seems to apply to
most of the cases studied so far and appears to be a consequence of a large mass
parameter at the saddle point . This effect itself is due to the shell structure
which gives a large positive shell-energy correction at that deformation .

These results illustrate clearly that "dynamical barriers" should be con-
sidered for the determination of the fission path and the fission probability . A
test of the validity of the method has been provided by the comparison between
calculated and measured ts>£ values for a wide variety of nuclei. Good agreement
is obtained provided that a delicate adjustment is made for the parameters used
in the calculation of macroscopic and microscopic quantities » » ) . A more
accurate knowledge of both microscopic and macroscopic properties of the fis-
sioning nucleus as a function of deformation is needed for this type of calcula-
tion to be applied quantitatively without too many adjustments of the parameters .
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Fig. 42 - The calculated deformation energy of Pu versus the two symmetric
deformations c (elongation) and h (constriction) is shown as a contour plot .
Contour intervals are 1 MeV. The proiection of the least action trajectory
(see the text) into the symmetric subspaae (ayh) is shown by the thick solid
line. Note the discrepancy between the static and dynamiaai barriers W .

240
V.3 - Dynamical effects in the low energy fission of Pu

In spite of our poor knowledge of damping effects in the last phase of fission,
let us examine how they can play a role by comparing TKE and 5 data for spontaneous
and neutron-induced fission of some even-even nuclei . Special attention is given
here to the 240pu c a s e f o r which (d,p f) data are also considered

 2 9 t 8 0 ) >

It can be seen in Fig. 43 that, for a given even-even nucleus, TKE is systema-
tically higher for thermal-neutron induced fission than for spontaneous fission .
Therefore, the full damping condition is not met for the cases plotted in Fig. 43
since the excess Sn of excitation energy for neutron-induced fission is found, at
least partially, in the form of kinetic energy. But the difference ATKE in TKE is
less than 6 MeV (the approximate value of S n for such nuclei), implying that some
damping can nevertheless occur which causes the rest (Sn - ATKE) of the excitation
energy to appear in the form of dissipation. This is actually reflected in prompt-
neutron emission since the V values, as plotted in Fig. 44, are systematically higher
for thermal-neutron-induced fission than for spontaneous fission, in agreement with
TKE data . From these results, it would seem that moderate damping could apply to
the low-energy fission of even-even actinides .
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t380 ii00 M 8 0 1 5 0 C 1580

Fig. 43 - Comparison of the total kinetio energy THE of the frag-
ments for the ground state spontaneous fission (m) and for the
thermal-neutron induced fission(o) of some even-ever, nuclei76»71'
The solid line is a fit to the available data"1*) .

1350 1450

Fig. 44 - Comparison of the average fission neutron multiplicity
5 for the ground state spontaneous fission (U) and the thermal-
neutron induced fission (O) of some even-even nuclei . The value

$ , is obtained by extrapolating to zero^ excitation energy the.
^-energy dependence observed for neutron-induced fission2**.
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A closer examination of neutron-induced fission for a wide range of neutron
energies En (belotv the threshold for second chance fission) can help to indicate
what fraction of the increase in excitation energy E* of the fissioning nucleus
goes into fragment excitation and how this fraction varies with E' . Many studies
have been made on the variation of v with En for a great variety of actinides

81) .
An illustration of this v energy dependence for 2*°Pu i > gi^en in Fig. 45 where v"
shows a rough linear increase with En . No attention is D'.id here to the details
of the energy dependence, in particular to the fine structure which may exist at
low energy, but rether the gross behavior of v versus En is considered . These
results show that the excitation energy E? c °^

 t'ie fi-ssi-on fragments increases
rapidly with E* . If this effect, probably due to damping, is supposed to be pre-
sent in the same manner for all excitation energies below Sn , the linear variation
of v with En can be extended down to zero-excitation energy to obtain the extrapo-
lated value of v" (called Vext) f o r spontaneous fission. Comparison of extrapolated
and measured values of V for 240pu spontaneous fission shows that the first one is
lower than the second one_(Fig. 45) . This effect is found for all even-even acti-
nides for which relevant 5 data are available (Fig. 44) . Therefore, it seems that
the amount of damping would decrease for E*<S n .

It is possible to pursue further this type of investigation for low-
energy fission of 240pu since a fairly large number of experimental results is
available on the properties of the fission fragments and their variation with exci-
tation energy80*82). The variation of the total kinetic energy TKE for the fragments
emitted in the low-energy fission of 240pu £s plotted in Fig. 45 which includes
data for the spontaneous fission of the ground state (G.S.) and the 4 ns isomeric
state (I.S.), for the 239Pu thermal-neutron induced fission and for the ^^^Pu(d,pf)
reaction. Also, the values of d(TKE)/dE* , the slope of the linear variation of
TKE with E* are given for several groups of fragment mass ratios and for the two
types of fission discussed below . Moreover the average mass <m* > of the heavy
primary fission fragments is plotted as a function of £* in Fig. 47 .

Examination of these data seems to demonstrate the existence of two types
of fission. The first one (called type I) includes i) the G.S. and I.S. spontaneous
fission and ii) the 239Pu(d,pf) reaction at E* = 4.65 MeV for the fragments emitted
at an angle 9 » 0° relative to the recoil axis of the 240pu compound nucleus . A
200 keV wide resonance appears at E* = 4.65 MeV in the anisotropy data and is
interpreted as being d^e to a vibrational level in the 2nd well of the 240pu double-
humped fission barrier. The second one (called type II) refers to all other 239pu
(d,pf) results and to the Pu(n,f) reaction induced by thermal neutrons .

In the fissipn_qf_.typel, the kinetic energy TKE increases linearly as a func-
tion of E* with a slope of about + 1 . This means that practically all the excita -
tion energy E* is found as an increase of the kinetic energy of the fission fragments
and this holds for all mass divisions (Fig.46). The average mass <m^ > is the same
for the three fission reactions of this type . This strongly suggests that damping ,
if present, must be very small and the fission of type I may very well be an illus-
tration of superfluid motion already envisaged »'*' . In this hypothesis, no in-
trinsic excitation occurs in the descent to scission and the available energy at
that point then appears as pre-scission kinetic energy. All increase in E* is then
found entirely as an increase in E,*. and therefore in TKE since the Coulomb energy
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3.5 -

3 - Fig. 45 - Plots_o£ the fragment total
kinetic energy TKE (graph A) and prompt-
neutron yield v (graph B) for the fis-
sion of **Opu as a function of excita-
tion energy S* 8 0 ' .
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E*(MtV)
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theFig. 46 - The values of d (^}

slope of the linear variation of TKE
with E* , are plotted for several
groups of the mass m* of the heavy
fission fragment. The plots are made
for the two types of fission (I and II)
discussed in the text60) .
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does not change with E* in this picture. This applies to all mass divisions since
all fission properties but the kinetic energy do not vary with E* . The experimental
results obtained for fission of the type 1 are consistent with this superfluid
motion of the fissioning system .

In the fission of type II, on the contrary, the kinetic energy TKE decreases
linearly as a function of E* with a slope of about -0.43 -This is consistent with the
increase of v with E* observed above Sn . Nevertheless the energy balance in fission
calculated with these data leads to a fairly large value <S^> of che average neutron
separation energy in the fission fragments(<Sf>= 8.3 MeV) . The mass splitting,on the
average,is different from that of type I since<n£> takes a different value (Fig.47)
There does not seem to be a satisfactory interpretation of such a behavior of TKE and
v with E* . Several explanations have been proposed in terms either of damping or
variation in stiffness of the fission fragments with E*80) . In the first case, the
coupling of the fission mode to the other degrees of freedom reduces the pre-scission
kinetic energy and induces intrinsic excitations which lead to a greater excitation
of the fission fragments, hence to an inciease in V 80'. In the second case, the grea-
ter excitation energy reduces the stiffness of the nascent fragments which then be-
come easier to deform . At scission they are more elongated and the increase in the
distance d between their charge centers decreases the Coulomb energy82*83) . In
these interpretations, shell effects seem to play an important role in agreement
with the experimental results since the rate of decrease d(TKE)/dE* strongly depends
on the fragment mass ratio (Fig. 46) .

__ The existence of two types of fission having different variations of TKE" and
v with excitation energy seems justified from these experimental data .

Such a phenomenon needs to be considered when extrapolating fission properties
from isolated experimental results. In particular it does not seem adequate to deduce
general laws about fission by comparing only spontaneous fission and thermal neutron
fission for the same nucleus .

0 1 2 3 4 5 6 7 8 9 10

Fig. 4? - Plot of the average mass
<mH > °f. tfie heavy primary fragments

emitted in the fission of *4Dpu. as a
function of excitation energy 2T*. Note
the difference in <niu> for the two types.
of fission discusseain the text 8 0 ' .
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CONCLUSION

The quantity of material presented in this paper, which is far from being
comprehensive, shows obviously that fission is a lively subject. But, the vast
amount of data collected about fission, either calculated or measured (but mostly
measured) does not always give a clear description of the phenomenon. Though each
piece of information adds another patch of color to the painting, the full import
is still elusive . Obviously, the picture is not completed and some large surfaces
probably still remain blank but, just as for the painting of the Impressionists,
full appreciation comes only from afar .In this way, despite the great difficulties
arising from the complexity of the process and the abundance of relevant data, gene-
ral guide-lines can nevertheless be made out .

The neutron contribution to the picture has been significant from the very
beginning. The famous patent taken out by Joliot and his collaborators, as early
as 1939, on the possibility of self-sustained reactions and their energy applica-
tions, resulted from the combination of fission-neutron and neutron-induced-fission
properties . More refined aspects of neutron-induced fission could be studied later
when more intense neutron sources became available either from nuclear reactors or
from nuclear reactions induced by accelerated beams of charged particles.. Basic
fission properties were then observed with now obsolete equipment such as crystal
spectrometers or choppers installed at reactors. This work is probably considered
these days by young physicists to have been the odd hobby of eccentrics , now old
i.ge pensioners. Nevertheless, the properties oi fissioi. induced by neutrons in the
thermal and resonance region could be explored under such conditions. It was quite
a surprise for instance to find out that fission resonances were not smeared out
by their fission width, which was estimated to be quite large. Also, the wide
fluctuations of the fission widths from resonance to resonance seemed for quite a
while incompatible with the extremely large number of types, and states, of fission
fragments, then thought to be the fission channels. The fission channel theory of
A. Bohr, introduced about twenty years ago, gave one of the first guide-lines for
the understanding of fission at this stage . It proved to be even more useful and
fruitful later when hundreds of fission resonances were measured with modern neu-
tron time-of-flight spectrometers installed near powerful pulsed accelerators .
Even now, this theory continues to play an important role in neutron-induced
fission ; it is verified in many cases , for example for Pu resonances, with
nevertheless a few obscure areas, such as for 235U fission resonances. When the
theory was not apparently verified, this stimulated studies which, in some cases,
led to the discovery of new fission aspects, the (n,7 f) reaction for example .

Another great step forward, also closely connected to neutron-induced fis-
sion, occurred about a decade ago with the advent of the double-humped fission
barrier and all its various consequences . Such barrier shapes were first obtained
by Strutinsky by an ingenious combination of the macroscopic and microscopic pro-
perties of the fissioning nucleus for all deformations along the fission path . The
theoretical foundations of the calculational method have not been established as
yet but there are presently no other methods of calculating fission barriers with a
greater accuracy . Double-humped barrier shapes are obtained for practically all
known actinide nuclei and provide a qualitative but unified interpretation of seve-
ral puzzling experimental results measured independently and otherwise apparently
uncorrelated. It is now commonly accepted that these results, encompassing fission
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isomers as well as gross structure and intermediate structure in fission cross sec-
tions, are consequences of the double-humped shape of the fission barrier. The
strength of such an interpretation came, and still comes, from the unified and
coherent explanation it gives of so many diverse aspects. Its validity was later
confirmed through i) detection of transitions between the rotational levels of the
240pu fissior isomer and ii) spin measurements within the first low energy cluster
of the 23V. • Ission cross section .

Neutrons have also contributed substantially to these last developments .
Fission isomers were not discovered with neutr.ms but the latter played an important
role in identifying the first fission isomer, ^^Am,in determining its excitation
energy and in demonstrating that it was not sinply a conventional high spin isomer.
But, in contrast, neutrons were solely responsible for the discovery of the now so-
called "vibrational resonances" and of the intermediate structure effect in sub-
barrier fission cross sections . Furthermore, another neutron experiment confirmed
the correctness of interpretation. It is interesting to note that the intermediate
states in the fission exit channels were found at the time when, more generally,
doorway states were searched for in the neutron entrance channel

232
The fine structure observed now in the vibrational resonances of the Th(n,f

cross section suggests even more complicated shapes of the fission barrier, perhaps
with a third minimum .

The whole field of fission, including the description of the process in terms
of double-humped barrier shapes, is far from being completely exploited to-day. More
complete and accurate fission data are necessary to define more quantitatively the
barrier parameters. It is striking, for example, that no direct spin determination
for fission isomers has yet been made . Also, the 7 branch has been observed only
for one fission isomer end the spectroscopy of nuclear states in the second well is
still in its infancy. This last aspect would nevertheless give the most interesting
possibility of studying very deformed states of nuclear matter .

Neutrons should continue to play an important role for further studies of
fission . The low energy fission resonances that can be separated with high resolu-
tion neutron time-of-flight spectrometers give the almost unique possibility of
studying fission from a large number of pure initial states having well defined and
determinable quantum numbers . In this endeavor, the neutron techniques can be chal-
lenged only by a few sophisticated charged particle spectrometers used to study
reactions such as (d,pf), in which different compound nucleus states are populated
with quantum numbers more difficult to measure but with excitation energies covering
a wider range, especially below the neutron emission threshold . One natural way
for neutrons to continue to contribute would consist in extending current types of
measurements to heavier actinides . This would provide valuable information on fission
over a wider range of nuclei and thus give better confidence in the predictions of
the properties of superheavy nuclei. Of course, it is quite possible that, as was
the case many times before, unexpected and exciting results might modify the course
of the studies . Also, more intense neutron sources may be needed for extending the
measurements to short-lived isotopes available in small quantities only .
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Lastly, the fission dynamics that are just starting to be extensively stu-
died, should provide a better knowledge of the fission path and a more thorough
understanding ot the later stages of fission, especially at scission . The theore-
tical calculations that become available can be compared more and more realistical-
ly to the experimental results on kinetic and excitation energies of the fission
fragments . In this respect and in addition to more sophisticated calculations,
detailed measurements of these fission properties for specific mass divisions
would be highly desirable for a larger number of different fissioning states .
These studies of fission dynamics are closely connected to those also started
for heavy ion reactions and this common approach is only the beginning of what
could become a strong and long interplay between fission and heavy-ion physics .
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MK 1 - NEUTRONS AND FISSION - Dr. A, Michaudor (C.E,N.-Bruyeres-le-Chatel, France)

Block (R.P.I.):

Comment: In one of the papers yesterday on neptunium-237 from the Geel group,
they reported results in which they said that the radiation widths of some of
the 40 volt resonances were extremely large — two to three times the average
radiation width. As I understand the paper these were the resonances with
strong subthreshold fission components. I wonder if you would comment on this.

Michaudon:

Since there are so many parallel sessions in this conference, I was not able
to listen to the talks but nevertheless I read the abstract and I'm very sur-
prised by these results because as far as I'm concerned I have no explanation
for these results.

Wigner (Princeton Univ.):

I have a very down to earth question. You give for plutonium-240, "& /2 1 as
33 keV, for thorium as 2.5 keV, is that really three tines laiger radius, or
what is the reason that the difference is so large, or did I copy it wrong?

Michaudon:

You mean the las t results about thorium?

Wigner:

You said it was given as 2.5 keV.

Michaudon;

Yes, those are the figures.

Wigner:

Plutonium-240 as 33 keV ?

Michaudon:

No, 3.33. For plutonium-240 you have this value for the parameter ii /2I.

Wigner:

Then that was a misprint in an earlier graph. That was very much at the
beginning of your discussion.

Michaudon:

It's 3.33. Because it gives a low value of this parameter and consequently a
large value of the moment of inertia.

Wigner:

What radius does it correspond to?
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Michaudon;

It is difficult to make a clear connection between the moment of inertia and
the shape of the nucleus because we don't know exactly how to calculate the
moment of inertia. But we can say that for the extreme stage of fission, the
radii are roughly in the factor of 2. So it's between one and two. I would
say maybe l.S or 1.6.

Kapoor (Bombay):

I'm referring to one slide you showed in which K was plotted versus the mass
asymmetry parameter R. Would you imply from this that there is some indication
that the mass-asymmetry is already developed at the outer barrier and the
fissioning nucleus remembers the asymmetry up to the scission point?

Michaudon:

I think from the experimental point of view the results are significant. Now,
the interpretation is much more difficult because the transition states are
octupole-octupole bands and you don't know exactly why the mass asymmetry should
vary in this manner as a function of K. You expect a correlation of come kind
but you don't know exactly what type of correlation. And also, as I mentioned,
you have a skin affect which cannot then be understood, because in the fission
channel theory of Bohr, it is the fission channels which matter, not the spin.
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RESUME

The observed change in the percentage mass yield in the fission of
2** 235 239

U, U, and Pu as a function of incident neutron energy are success-
fully analyzed in terms of the statistical model and an additional external
barrier between the saddle and the scission points.

ABSTRACT

We have analyzed the observed change in the percentage mass yield and
25' 239

total kinetic energy spectra in the fission of M, and Pu by
incident neutrons of thermal, 7 MeV, and 15-5 MeV energies and in the fission

23 5
of JJM by incident neutrons of thermal, 7 MeV, 15-5 MeV, and 22.0 MeV energies
within the context of the statistical theory of Weisskopf-Ewing-Newton-Ericson
and using the recently proposed external barrier between the saddle and the
scission points. The transmission functions are calculated using a set of
coupled equations in the exit channels and the level density formulas of
Gadioli and Zetta. The computed results indicate that the model can account
for the observed variation of the percentage mass yield spectra and the total
kinetic energy in each case. Furthermore, we have calculated the most

235
probably kinetic energy in the fission of U and found it to agree with
the observed ones. Our calculation of the same quantities for the spontaneous

23k 236 2^0
decay of ^ U, U, and Pu and the associated absolute spontaneous fission
half-lives also agree with observation. The prediction of the kinetic energy
and percentage mass yield spectra associated with the fission from a isomer

2̂ -0
state of Pu are in a<vord with the recent measurements and will be presented

for the fission from isomer states of U and U.

* Presented by F. Bcwy Malik.
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I. Introduction

One of the most fascinating experimental observations associated with

the fission process is the fact that the percentage yields of daughter

fragments in nuclear fission process changes dramatically as the energy of the

incident projectiles, particularly* neutrons is increased from the thermal

to a few tens of MeV. This change is particularly pronounced for the symmetric

decay modes which refer to those decay modes having nearly equal masses for

each member of a particular daughter pair. For targets such as U, U, and

259

?Pu, the percentage yields for the symmetric modes for induced fission by

thermal neutrons is a few orders of magnitude less than those for the asymmetric

modes defined to be those modes where one member of a daughter pair has nearly

twice the mass cf the other. This percentage yield of the symmetric fission

products becomes on the other hand comparable to those of the asymmetric products

for incident neutrons of a few tens of MeV. While thi3 effect was well docu-

mented in the past, only the recent development of the solid state detectors

has made it possible to study this effect systematically in conjunction with

the total kinetic energy released as & function of masses of daughter nuclei.

Moreover, the earlier experiments primarily analyzed charged particles induced

fission. Recently, however, D'yachenko, Kuzminov and their collaborators

have measured the percentage ma3s yield and the total kinetic energy simultaneously

as a function of mass number for incident neutron energies ranging from the

thermal to 22 MeV.

Hooshyar and Malik analyzed successfully the data in terms of a
12 15 Jit-

statistical theory of Weisskopf, Weisskopf and Ewing, Newton, and

Ericson. The first such application of this statistical model to the

fission process was developed by Fong who indeed made a preliminary attempt
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to understand this change in the percentage yield curve. The statistical

model used in ref. 11 is based on the one proposed by Facchini and his

collaborators and postulates the existence of an external barrier

between the saddle and the scission points. Indeed, the analysis of the

then available data led Facchini and his collaborates to conclude the
18

possibility of the existence of such an external barrier which is similar

19 20
to one originally proposed by Block and Malik and Block et al. and used

91 ?IL

extensively by Hooshyar and Malik " to understand and predict various

observables such as half-lives and percentage mass yields etc., associated

with the spontaneous fission of even-even actinides. In particular this

model postulating the existence of an external barrier between the saddle

and the scission points has been able to account for (a) the mass distribution,

(i.e., percentage yields of the fragments as a function of mass number) in

the spontaneous fission of most of the even-even nuclei from * U to ' Fm

(ref. 21-23), in conjunction with the dependence of the total kinetic energy

as a function of mass number (i.e., the total kinetic energy spectrum),

(b) the total and partial spontaneous fission half-lives and the associated

average kinetic energies of these nuclei, (c) the charge distribution and

the average mass associated with each such charge distribution, (d) the

absolute half-lives for the fission from the isomeric states of U, U,
puii.

Pu, and Cm. The model further predicted the average kinetic energy2Viand the mass distribution for fitsion from the isomeric states of U,

256 2U0

U,and Pu and since then these predictions have been confirmed by the

experiment of Weber et al. (ref. 25).

The possibility of the existence of this external barrier has also been

recognized in the calculations based on many body approaches such as the energy
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density formalism ' and the Hartree-Fock calculations. This external

barrier between the saddle and the scission points in these calculations

originates from the fact that the density distribution of a nucleus varies

as a function of its radius yielding a surface of about 5 fa thickness vhich

is a substantial fraction of its half density radius which is about 7 ftn for

actinides. Because of this surface, the density of nuclear natter at the

neck connecting a particular daughter pair prior to its scission is sub-

stantially lower than the saturation density. Actual calculation based on

the energy density formalism indicates that this neck of unsaturated low

density nuclear matter yields an effective attraction between the two members

of a given daughter pair prior to scission. The Hartree-Fock calculation

based on density dependent two nucleon interaction indicates also the possi-

bility for the existence of this barrier.

In this article we extend the work of ref. U to incorporate the

theoretical prediction of the total kinetic energy spectrum in conjunction

with the proper mass distribution within the context of the statistical model

using this external barrier. We show that the theoretically calculated

kinetic energies lie within a few MeV of the observed ones. In addition,

tils calculated kinetic energies are sensitive to the actual choice of the

parameters of the barrier. We slightly modify the parameters used in ref. 11

in order to achieve a better agreement between the calculated and the observed

kinetic energy spectrum while maintaining the same excellent agreement in the

percentage mass yield spectrum. In addition, we show that the absence of

such a barrier would lead to incorrect kinetic energy spectra.

In view of the ability of the model to calculate the kinetic energy

spectrum, we are now in a position to predict most of the observables in the

spontaneous and particle induced fission processes.
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II. The Model

Following the Facchini and his collaborators, ' the expression for the

fission width T for the decay channel of relative angular momentum zero

is given by

, I,U) = J nA^Ag^IUEjdE (1)J

Here a compound nucleus of spin I and excitation energy U is undergoing a

fission into two fragments characterized by A1 and Ag. )£.ie the maximum

available energy that could be released in the decay of the compound nucleus

at an excitation energy U to a daughter pair A. and Ag in their ground states.

E is the total kinetic energy of a fragment pair. The energy balance yields

the following relations

= M(A-l) + M(n) + E n - M(AL) - MfAg) (2a)

This maximum available energy £ i s related to excitation energies of a daughter

pair "by

?£ = E + U2 + U2 (2b)

where M(A-l), M(n), M(A1) and M(Ag) are, respectively, masses of the target

nucleus, incident neutron and the daughter pair A. and Ag in their respective

ground states. E is the kinetic energy of the incident neutron.
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in (1) is the probability of decay of the parent nucleus

in a daughter pair A^ and k^ with a total kinetic energy E. The

is then given by

T(E) P P1(U1)p2(g-E-U1)dU1 (3)P P1(U1

where U. is the excitation energy of one member of a given daughter pair and

by energy conservation IL = £-E-U- is the excitation energy of the other

member of the daughter pair. T(E) is the transmission function through the

barrier.

Experimental measurement of the total kinetic energy associated with

a given mass splitting refers actually to the total kinetic energy of those

daughter pairs which have maximum yields for that particular mass splitting.

Because of this additional piece of information, it is sufficient for us to

calculate the partial decay width I X A ^ A ^ I U E ) given by (3). Actually, these

are also the decay modes contributing primarily to the Integral in (1). To compute

r(A.,Ap,IDE) we require an appropriate level density function and barrier

through which the transmission takes place. We use the level density function

28
reported by Gadioli and Zetta and note the fact that we are to use effective

excitation energy Vin the level density formula which is related to U by (6).

In terms of the effective excitation V, their level density formula is given by

x exp[2(aV)8]/(V+t)2; U a 5 MeV. (4a)
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and p = 6-function for V < 5 MeV

Here A is the moment of inertia of the nucleus in consideration.

o 2 = (G/ft2) x [(V+t)/ar and is the spin cut-off factor regulating the

distribution of level spin, a is the characteristic parameter related to

the single particle spacing near the Fermi sea. The choice of 5 MeV as the

transition from the 6-function to (he.) is arbitrary but our results are

thoroughly insensitive to this choice. V , the effective excitation, is

related to the nuclear temperature t by

V = at2 - t. (5)

The effective excitation energy V is given by

V = U - A + (70/A) in MeV. (6)

The energy gap parameter & is the sum of the pairing energy of last proton

29
and neutron pairs. This is tabulated by Cameron. The moment of inertia

parameter A is

,\ = (0.7) X Rigid Body Moment of Inertia

= (O.7)(2/5)A R2, with R = 1.5 A1/5 ftn. (7)

Also, a is the a, parameter of Gadioli and Zetta (Their Fig.l) = 0.127A (MeV"1).

Insertion of (^a)in (3) leads to
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ft

,A,HJE) = r^fuT (a a J 4 - ^ ttAV
1 2 Pc(IU) 1 2 ( 1 2 )

2
( 2 / 2 ) A*

f.-E (CT.CT )3 exp(2/a7vT
X T(E) J g

1 2
 g i X L I

exp(2/a~V
x ^ dU (8)

(v2 + t 2 r 1

Here P (IU) is the level density of compound nucleus of spin I at an excitation

energy U.

For a given daughter pair characterized by their respective mass and

charge numbers and for a given energy E of the incident projectile, the

decay probabilities are different corresponding to different kinetic energy

associated with a daughter pair or stated otherwise the decay probabilities

to a particular daughter pair depends on the excitation of each member of

the daughter pair.

The calculation of the most probable yield and the corresponding kinetic

energy involves evaluating (8) for all available values of E and then looking

for the particular E for which r(A,A ,IUE) has maximum yield.

To accomplish this, we are to evaluate the transmission function T(E).

This function is calculated for the coupled W-channel decay modes using the

formulation of Re:fs. 21 and 2k. The form of the external barrier is given by

VI

vo
VD(R) =

R

Rc

*b

Ro

<

<

Rc

R

R

R

<

<

\

Ro

(9)
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and the coupling term i s given by

Vc = X exp{- | (R-R o) /c | 3} (10)

Z,Z e 2

where V = 200 MeV, V = V ^ - 60 MeV, V . = -===— ,
o

X = U.56 + (36.1) exp(-! (175-A)/75.3 | 9 ' 5 ) in MeV

R = 8 fm, B. - Rrt + d log(VJv n .), d = 3-2 fm,

Ro = ro*A i^+ ^3} + 5*° ** ro = 1 > 3 + °*15

c - U.8 - 0.6 g(A1,A2,A). g(A1,A2,A) =

where A,A,jAp are the mass number of compound nuclear and daughter pairs, respectively.

Except for the small correction g(Aj,A2,A) this is the same barrier

used in Refs. 21 and 2k. In fact, for the fission to asymmetric decay modss

g •• 0 and -we get exactly our old barrier. This slight modification affects,

however, the mass yield near the symmetric modes. Obviously the spontaneous

half-lives are not influenced by this slight change because they are deter-

mined by the asymmetric decay modes accounting for most of the yields. For

the same reason, the theoretical mass yield spectra published in Refs. 21 and 2k

will not be altered significantly because the yield is very low for the

spontaneous fission to symmetric modes. Quite often the experimental mass

yield for these cases is less than 0.1 percent, and have considerable

uncertainties. However, in ne-tron induced fission the percentage mass

yield to symmetric modes becomes significantly large and is sensitive to

the detail of barrier relevant to these yields. Thus, the information obtained

in induced fission by neutrons of tens of MeV energy is a significant one

in learning about that part of the barrier which is relevant to the decay

to symmetric modes. Data on spontaneous fission of this nuclei are not good
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enough for this purpose.

The transmission function T(E) is calculated by the JWKB approximation

2
T(E) = exp(-2f /B(V-E) dr) (11)

2
where B = 2x reduced raass/1 . 1 and 2 refer, respectively, to two classical

turning points.

At this point it is appropriate to discuss the domain of integration

involved in evaluating the decay width (10) and searching for the most

probably kinetic energies. For this purpose, we rewrite the energy balance

equation as follows:

U = E n + S n (12a)

- E + Ux + U (12b)

where S is the binding energy of the incident projectile.

The point to note is that just prior to the scission the excitation

energies of a daughter pair must be such that the second law of thermo-

dynamics is not violated. If we identify the excitation energies of the

compound nucleus and the daughter pair as available heat energy H, in order

to insure that the entrophy is not diminished just prior to the scission

all the available heat of the compound nucleus are to be taken up by the

daughter pair who are at thermal equallibrium. We impose the condition at

the change in entropy As cannot be negative i.e.,

As = AH/t a 0. (13)
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To ensure this inequality, we set the lower limit of integration in (10)

from the condition that U(t) = U^t) + U_(t) where t is the temperature of

the compound nucleus. This corresponds to As = 0 which refers to the

situation that temperature of the compound nucleus is equal to that of

each member of the daughter pair. Similarly, the changing the upper limit

to (f:-E-u2(t) ensures that As remains positive in the entire domain of

integration for our choice of the level density function (see Appendix for

a proof). We recognize that while these new limits are sufficient to insure

(13), there could be other ways to do this.

While this additional modification in the lower limit of integration

does not influence the computation of the most probable kinetic energy for

induced fission by low energetic neutrons, its incorporation improves the

theoretical prediction of the kinetic energy for projectiles of higher

energies, i.e., for E ^ 10 MeV. Empirical support for this theoretical

consideration is evident from the fact that the observed kinetic energy

spectra for the fission products do not change significantly with the variation

of incident projectile energies implying that the excitation energy of the

compound system is converted basically to excite daughter pairs.

Thus in essence', we are using the approach of Facchini and Saetta-

18
Mennichella who indeed concluded from their analysis of the mass yield

curve and the information on the kinetic energy for induced fission of

235

U by 6.0 and 15-5 MeV neutrons that an external barrier of the type

discussed here is indeed needed. Our analysis, however, deviates in details,

the most important of which are the consideration of the second law of

thermodynamics to determine the domain of integration and the coupled channel

approach to compute the transmission function.

This statistical model based on Weisskopf-Ewing-Newton-Ericson's
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approach reduces in its general outline to the model of Fong if the

barrier transmission function is taken to be constant. In addition, Fong

uses different approximations to evaluate the integral.
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III. Details of the Calculation

Ideally we can calculate the percentage yields, kinetic energies,

Q-values and half-lives, once a potential for calculating the transmission

fucntion and level density functions are chosen. In practice, however, we

face the problems that (i) all known mass formulas used to calculate

Q-values have an inherent uncertainties of a few MeV. This is further

compounded in our case because parameters of most of the mass formulas are

adjusted to reproduce nuclear masses intiie valley of stability, whereas,

the daughter nuclei in a fission process,being neutron rich, lie quite

often away from this valley of stability,(ii) the experimental data on

percentage yields and kinetic energy have significant uncertainties, and

(iii) the potential chosen here is only a good approximation to an actual

one which can only be generated by a complicated superposition of analytical

functions.

We, therefore, follow the following procedures: (i) we have first

chosen a kinetic energy spectrum consistent with the data for spontaneous

fission. Experimental information indicates that there is,usually, no

substantial difference "between the kinetic energy spectrum associated with

the spontaneous fission and the one obtained in thermal neutron induced

fission. This is further substantiated by our argument based on the second

law of thermodynamics that the additional excitation energy of a parent

nucleus is primarily distributed in the excitation of its decay products,

(ii) We use this kinetic energy spectrum obtained from the analysis of

spontaneous fission for calculating the percentage mass yields in thermal

neutron induced fission and allowed ourselves to adjust the Q-values within

5 MeV of the theoretical calculation from Meyers and Swiateeki mass

formula to obtain the best fit to the percentage mass yields for thermal
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induced fission, (iii) Once the Q-values are fixed for the thermal induced

fission for a given target, we use the same Q-values unaltered for the

induced fission of the sane target by neutrons of higher energies, (iv) For

every incident energy, we then determine theoretically using (10) the kinetic

energy required to obtain the best fit to observed yields. This is the same

method used in Ref. 11 to determine the theoretical kinetic energy spectra.

In all cases, we find that these theoretically determined kinetic energies

lie within 5 MeV of the observed ones, (v) In addition, we theoretically

calculate the most probable kinetic energy associated with a given decay mode.

This is done by calculating rXA^A^IUE) as a function of E and searching for

that E which maximises I X A J A ^ I U E ) . (vi) We repeat the procedure (iii) to (v)

for every incident energy, (vi) To test further the choice of the potential

we calculate both the spontaneous fission and isomer fission half-lives

using equation (28) of Ref. (52) and a preformation probability of 10~5

calculated in Ref. 20.

The slight difference between the theoretically determined kinetic

energy spectra designated under (iv) in this paper and those in Ref. 11

occurs because we have used here one of the calculated theoretical kinetic

energy in (v) as a reference point, whereas Ref. 11 used an observed kinetic

energy as a reference point. (Since we do not have a knowledge of absolute

mass yield for none of the decay modes, we are forced to use a reference

point in all our calculations.

Thus in essence using the same potential, we have reproduced (i) half-

lives for spontaneous fission, (ii) half-lives for isomer fission, (iii)

percentage mass yields for every incident energies and (iv) the most probable

kinetic energy associated with each decay mode without using any free parameter.

In Ref. 22 and 32, we have also reproduced correctly the charge distribution
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and the average mass associated with each set of charge numbers.

Lastly we want to tuimnarize the coupled channel approach used to calculate

the transmission function. The decay of a parent nucleus in this approach

is governed by N-coupled channels. Under the assumptions mentioned in Refs.

21 and 2k this set of N-coupled equations can be diagonalized to a set of

equations, only three of which are different.. Spontaneous fission in this

context is governed by the decay through an effective barrier comprising

(v + V ) and we have used this in Eq. (10) to compute half-lives, and per-

centage trass yield for spontaneous fission. The other effective barrier

(V_ - V_) lies lower than the observed kinetic energies and represents

the simple scattering process and not a decay process. The last one of

these non-identical equations contains only V,. which is relevant for the

computation of half-lives and percentage mass yield for decay from isomerlc

states. The statistical model for the neutron induced fission assumes the

formation of a compound parent nucleus in an excited state. This compound

nucleus has a life-time much larger than those pertinent to a simple scat-

-22
tering process, i.e , much larger than 10 sec. The experiments on mass

yields measure then ths fastest decay probabilities of this compound system.

For this purpose, the relevant potential is V^ and we have used this in our

computation of observables related to neutron induces, fission. It is,

however, interesting to note that in the neutron induced fission, there

is, in principle, another decay mode corresponding to a decay through a

potential VL + V_: however, the mass yield through that decay mode is about

10 orders of magnitude less than those reported here and is outside the

capabilities of present experimental technique.

We shall also discuss the effect of the choice of the potential on the

various computations performed here. For this purpose we designate two
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sets of potentials:

Set A: The exact potential (8)

Set B: The potential (8) vith d = 5-0 fu (instead of 3.2) and

Ro = ro^Al + $>[*} + 3-7 fm with the same value for rQ as

in the set A and gih^K^A) = exp{-O.O36|A1-A2|
1'6}.

Both of these sets are very similar. However, our analysis and calcu-

lations are sensitive to the actual choice of the potential and had we chosen

another set differing substantially from these, results obtained would be

poor. The set A is the one used in R«fs. 21 to 2k. Although the results

obtained by using the set A is about the same as those obtained from the

use of the set B, there are some improvements, as discussed below. The main

purpose is, however, to demonstrate that a finer adjustment of the potential

is capable of reproducing the data perfectly.
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IV. Results

In Table I, the calculated total half-lives for the spontaneous and

Z*k 236 2hO
isomer fission of U, U, and Pu are compared with those observed in

experiments. Although our barrier is slightly different from the one used

previously in Ref. 21, it does not change the previously calculated results

in any significant way. As stated earlier, this is expected because these

barriers differ from each other significantly for the decay to symmetric modes

only. On the other hand, the half-lives for spontaneous fission are primarily

determined by the decay probabilities to asymmetric modes because the percentage

yields to these asymmetric modes exceed to that to symmetric modes for

spontaneous and isomer fission by a few orders of magnitudes. The agreement

is good. Both the experimental and theoretical average kinetic energy in

Table 1 refer to the maximum energy associated with the decay by fission and

the agreement is satisfactory. Our theoretical values for the average kinetic

energy reported here differ slightly from those reported in Refs. 21 and 2k

(using set A), because in these earlier papers the computed average kinetic

energy was defined to be the sum of all (kinetic energies times corresponding

percentage mass yield) divided by the sum of all percentage mass yield.

Consequently, they were slightly lower than experimental values which, as

stated, usually refer to the kinetic energy associated with the maximum of

the observed yields.

The theory, further, predicts that the kinetic energy spectrum for the

fission from isomer states should be about the same as the one associated

with spontaneous fission and this seems to be the case for U (Ref. kh)

and it will be interesting to test this general prediction of the model for

Z*>k 2U-0
other cases, particularly for U and Pu. In addition, the model predicts

that the average kinetic energy associated with spontaneous and isomer fission
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should nearly be equal.

A. (n + "PU) and Spontaneous and Isomer Fission of Pu

In Ref. 21 we predicted the percentage mass yield spectrum for the

2I4.0
fission from the isomer state of Pu using the set A. The predictions of

these quantities using the set B is almost identical. This prediction

in ref. 2i should hold for isomer states at 6.k6 MeV excitation energy of

2I4.O
Pu because it was calculated for fission from isomer states generated

23 9
by the thermal induced fission of Pu. The theoretical prediction implied

also that the kinetic energy versus mass spectrum for the fission from the

spontaneous and isomer fission states should be nearly the same. The recent

measurements of the kinetic energy spectrum and the percentage

yield curve from the fission of an isomer state at 2.U MeV excitation energy

of Pu by Weber et al. bear out these predictions. In Fig. 1, we have

plotted the theoretical prediction of the mass yield curve from the decay

of the isomer states along with measurements of Weber et al. (insert c).

The corresponding kinetic energy spectrum is the same as that of thermal

neutron induced fission. This along with the measured kinetic energy spectrum

of fission fragments for thermal neutron induced fission by Neiler et al.
3k

is shown on the insert (a) of Fig. 1. The theoretical and experimental

percentage mass yield spectrum for spontaneous fission are shown in the

insert (b).

Recently Torasker and Melkonian have measured the percentage mass

2U0
yield curve for the spontaneous fission of Pa along with the corresponding

kinetic energy spectrum. This shows interestingly enough a significant

deviation from the mass yield curve obtained in the thermal neutron induced

fission around the heavy mass fragment 130 and 13U (Fig. 1). The difference in
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21+0
the excitation energy of Pu formed as a compound nucleus in the thermal

21+0
neutron induced fission and Pu in ground state is 6.1+55 MeV. Energy

balance requires that this 6.1+55 MeV more energy is available in the integration

of the phase space (the phase space corresponds to the integrand of Eq. (2)),

for the thermal neutron induced fission and hence in principle ve expect

some difference between the percentage mass yields obtained in the spontaneous

fission and those obtained in the thermal neutron induced fission. The

experimental results plotted for these two cases in Fig. 1 indeed show this

difference and the theoretical computation can account for this observed

difference. In Fig. la, we compare the theoretical kinetic energy spectrum

for these two cases with tfiose observed and except for a few mod«s associated

with the spontaneous decay, there is a reasonable agreement. The theoretical

prediction for the decay from an isomer state close to the ground state is

also plotted in Fig. lc and this agrees somewhat better with the experimental

results.

In Fig. 2, the experimental data for the percentage mass yield and the

kinetic energy spectrum are compared to the theoretical computation done

with the set B for the case of incident thermal neutrons. The solid line in

the kinetic energy spectrum corresponds to the kinetic energies required

to obtain the "best t:t to the yield curve using the Q-values drawn in the

same figure. These Q-values are compared with those obtained from Meyers-

Swiatecki mass formula and they agree with each other within a couple of MeV

which is well within the range of the inherent uncertainty of this mass

formula. The kinetic energy spectrum corresponding to the best fit to the

yield curve agrees with the observed one within 5 MeV which is about the

uncertainty of the experimental measurement. The theoretically calculated

most probable kinetic energy, marked by open circle, is within 5 MeV of the



experimental data in most cases. This demonstrates that theoretically

computed percentage yield curve and th<s kinetic energies are in agreement

with the observations.

We have now used the same Q-values for computing the percentage mass
239

yields and the kinetic energy spectra for the induced fission of pu by

5-5 MeV and 15-5 MeV neutrons. They are compared with the data in Fig. 3

and It-, respectively. Once again the computed kinetic energy spectrum

(solid-line) corresponding to the best fit of the obse *ved yield curve lies

within 5 MeV of the observed kinetic energies. The theoretically computed

most probable kinetic energy (open circles) for each decay mode agrees within

a few MeV of the observed one. The same set B has been used for our theoretical

computation.

B. (n + J U) Fission Process

Scientists in Physics and Power Engineering Institute of the U.S.S.R.

have recently done a systematic study of the variation of the percentage

mass yield spectrum and the kinetic energy spectrum obtained from the neutron

255induced fission of U in the incident energy range between the thermal and
k-10

22 MeV. Although the change in the yield for the thermal and 22.0 MeV

neutron induced fission is very substantial, the data indicate that this

change takes place gradually. Consequently, we have chosen to analyze data

for thermal, 7 MeV, 15.5 MeV and 22.0 MeV neutron induced fission and our

theoretical investigation indicates that the model can account for data at

other intermediate energies.

Facchini and Saelta-Meniehella attempted to derive the nature of the

barrier by analyzing the 6 MeV and 15-5 MeV neutron induced fission of

'U data of Ref. If and 6 and came to the conclusion that a barrier similar
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to the one used here might be needed. Our successful analysis of their

data confirms this conclusion.

In Fig. 5, we present the theoretically calculated and observed percentage

mass yields and kinetic energy spectra for the thermal induced fission.

The theoretical results using the both sets of potential is almost the same

and hence we have shown only one set of curves. In addition, we have pre-

sented the theoretical Q-value.for the fission of the compound nucleus U

to the decay of various daughter pairs in their ground states. These Q-values

are obtained from the best fit to observed mass yield spectrum. So derived

Q-values are in excellent agreement with those calculated from Meyers-Swiatecki

mass formula. These same Q-values have been used in subsequent calculation

235
of induced fission of U by neutrons of high energies.

Fig. 5 also shows the predicted taass yield spectrum for fission from

an isomer state of U formed at about 6.5 MeV excitation energy which

corresponds to the formation of a compound nucleus by bombarding thermal

235
neutrons to U. The kinetic energy spectra are predicted to be the same

235
as the one for the thermal induced fission of U. Figs 6, 7, and 8 show

the calculated and observed kinetic energy and mass yield spectra for the

7 MeV, 15.5 MeV, and 22 MeV neutron induced fission, respectively.

The solid curves in insert (a) of each of these figures represent the

kinetic energy spectra corresponding to the best fit to percentage yield

data, using the set B along with limits of integration dictated by (13).

These kinetic energy spectra lie very close to those observed. The result

obtained using the set A with limits of integration dictated by (13) lie

very close to results obtained from the set B hence are not shown. We have

also calculated the theoretically maximum probable kinetic energy for each

decay mode using both the sets. These calculated values lie very close to
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the theoretical kinetic energy values obtained from the best fit to the

percentage mass yield spectra. They also lie within 5 to 10 MeV of the

observed values. These calculations for the set B are shown as open circles.

The effect of the thermodynamical consideration in determining the lower

limit of integration is also evident from these studies. If we set the lower

limit to be zero, the calculated kinetic energy is 10 to 15 MeV higher than

those observed. Although we have shown these calculated values for the

set A, the results using the set B is almost the same.

In Fig. 12, 13, Ik, and 35, we present samples of the probability of

decay to three important decay modes. The set B is used in calculating

Figs 12 and 13 for the thermal and 22.0 MeV neutrons. Fig. U* and 15 represents

calculations using the set A. Experimental determination of these decay

probabilities are possible today and will provide important information

on the transmission function.

In Fig- 16 and 17, we have done the calculation of the probability of

decay to the same decay modes using T = 1 using the domain of integration

from V± = O1(t)to U = £^ - E - U(t). It is not possible at all to get the

maximum of the kinetic energy near the observed value irrespective of our

choice of the level density formulas.

Thus within the context of the statistical model discussed here, it is

reasonable to assert that it is not possible to predict the most probatle

kinetic energy without postulating the existence of a barrier between the

saddle and the scission points.
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The predicted mass distribution for the decay from isomer state of

U is about the same as the one reported in Ref. (21) and the associated

kinetic energy spectrum is the one plotted in Fig. 5«

C (n + JJ\3) Fission Process

In Fig. 9, we have compared for thermal neutron induced fission the

theoretical and experimental percentage yields and kinetic energy spectra

along with the required set of Q-values corresponding to the best fit to the

yield curve. These Q-values once again lie very close to the ones calculated

using Meyers-Swiatecki mass formula. This same set of Q-values have been

used in the calculation for 5.5 and 15-5 MeV neutron induced fission. Fig.

10 and 11 compare the computed yield curves and kinetic energy spectra with

observed data. Once again the theoretical kinetic energies obtained from

the best fit of the mass distribution spectra lie very close to those observed.

More importantly, theoretically calculated most probable kinetic energies

lie within 5 MeV of the observed ones. The predicted mass yield and kinetic

energy for the fission from an isomer state is about the same as those published

in Ref. 21.
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V. Discussion and Conclusion

This analysis conclusively indicates that experimental data on (i)

spontaneous fission, (ii) isomer fission and (iii) induced fission can be

adequately accounted for in terms of a statistical model employing a barrier

between the saddle and the scission points. The theoretical computation

can moreover reproduce the following important points:

(i) The mass yield near the symmetric decay modes increases by a few

orders of magnitudes with the increase in the incident neutron energies,

while the yield of the asymmetric decay modes do not change substantially.

(ii) The kinetic energies of the fragments near the symmetric modes

increases significantly while those associated with the asymmetric modes do

not.

It is important to document that once the parameters of the potential

2ko
are chosen to reproduce the half-lives of the spontaneous decay of Pu

to its fastest decay modes, no other free parameters have been used for

the induced fission involving neutrons at idfferent energies. The Q-values

used in our calculation are essentially those obtained from Meyers-Swiatecki

mass formula.

The agreement between the theory and the observation is all the more

impressive because the spontaneous fission data of U, TJ, and Pu

can all be explained essentially by the same potential using the simple

dependence of the scission radius E g c on the (1/3) power of the mass number.

It is legitimate to ask the effect of transmission coefficient. In the

absence of any barrier between the saddle and the scission points, this coeffi-

cient is one. As noted in Ref. 11, it is very difficult to fit both the per-

centage yields and the kinetic energies for the symmetric decay modes at all

incident neutrons energies setting T = 1. But the difficulty is much more pronounced !
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if we calculate the maximum probable kinetic energies using T = 1 as shown

in Fig. 16 - 17. They are in disagreement with experimental values by over

100 MeV.' This discrepancy cannot be bridged by twisting the parameters of

the level density functions. This analysis therefore strongly suggests the

existence of such a barrier.
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Appendix

At every point of integration of (8), is is given by (Uj/tj+Ug/tp

where U., U-. and U are excitation energies of eac!i member of a daughter

pair A, and A-t and the compound nucleus A and t., t_, and t are their

respective temperatures. Neglecting the slight correction (-A + 70/A) in

(6), we have U = at2 - t. Hence

As = O.lZliA^ + Agtg - At) - 1 (A.I)

where we have used a = 0.127 A(MeV "') or using A = A., + Ap, we get

As = 0.327(A1(t1 - t) + Ag(t2 - t)) - 1 (A.2)

However, U. in the domain of integration is larger than IL used in setting

the lower limit ( = U.(LL)). The lower limit occurs when t = t. = t_.

Hence, t. * t in entire domain of integration. The same holds for tg

and tp St t.

Since 90 ^ A 1 ^ 150 we get As > 0 at every point of integration.
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Table Caption

Table 1. Comparison of the computed half-lives and the average total kinetic

energies for the spontaneous fission with the observation. The theory using

both sets predicts that the average total kinetic energies for fission from

isomer state lie close to those for spontaneous fission. Columns two through

four are, respectively, the observed total kinetic energies (E, . ) in MeV,
sun

observed total half-lives, IFS.- in seconds for fission from isomer states,

and observed total half-lives in years for spontaneous fission, SF. Columns

five through seven refer to the corresponding quantities calculated in this

paper using two sets of potentials, (a) through (i) corresponds, respectively,

to references 35 to 1+3 •
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Figure Caption

Fig. 1:

Solid and dashed lines are theoretical values for the thermal induced

239 21+0

fission of 7Pu and spontaneous fission of Pu respectively in all three

inserts. Insert (a) refers to the total kinetic energy as a function of heavy

fragment mass M^ in amu and solid triangles and open rectangles are, respectively,

experimental values for the thermal induced fission (ref. 36) and spontaneous

fission (ref. ̂ 5)< Insert (b) represents the percentage mass yield curve

as a function of IL, and open rectangles refer to experimental data from

ref. h5- Insert (c) refers to the percentage mass yield for fission from

isomer states as a function of M^ and solid dots with error bars are experimental

observation reported in ref. 25.

Fig. 2:

The total kinetic energy and the Q-values for the thermal induced fission
239

of Pu are plotted as a function of the masses of heavy fragments M^ in

inserts (a). Solid and dashed curves in insert (a) refer, respectively, to

the theoretical values required for the total kinetic energies and the Q-values

to fit the yields. Dots and triangles refer, respecti\ely, to the experimentally

observed kinetic energy (ref. 36) and Q-values calculated from Meyers and

Swiateeki mass formula (ref. 31). Calculated most probable kinetic energies

are shown by open circles. Insert (b) refers to the theoretical (solid line)

and experimental (dots (ref. 36)) percentage mass yield as a function of M^.

Experimental error bars are shown at the bottom of each insert.

Fig. 3:

The total kinetic energy (insert (a)) and percentage yield (insert (b))

are plotted as a function of the mass of heavy fragments mass M^ for 5.^ MeV

239
neutron induced fission of Pu. Theoretical calculations of kinetic
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energies corresponding to the best fit to observed yields aitd calculated

most probable kinetic energies are shown in insert (a) by solid lines and

open circles, respectively. The solid line in (b) refers to the theoretical

yields. Solid dots in (a) and (b) are data from ref. 10. Experimental

e*i"or bars are shown near the bottom of each insert.

Fig. U:

The total kinetic energy (insert (a)) and percentage mass yield (insert

(b)) are plotted as a function of the masses of heavy fragments Mj, for

IS.1'/ MeV neutron induced fission of Pu. Symbols are the same as described

in the caption of Fig. 3»

Fig. 5:

Insert (a) Indicates theoretical kinetic energy (solid line) and Q-

values (dashed line) used in fitting the percentage mass yield as a function

235of masses of heavy fragments for thermal neutron induced fission of U.

In the name insert dots and solid triangles refer, respectively, to the ex-

perimental kinetic energy reported in Refs. h and 5 and the Q-values calculated

from Meyers and Swiatecki mass formula (Ref. 51). The open circle in iuaert

(a) are theoretically calculated most probable kinetic energies. In insert

(b), the calculated (solid line) and experimental percentage mass yield

(Kef. U and 5) arc plotted as a function of heavy fragment Basset.

Fig. 6:

The total kinetic energy (insert(a)) and percentage mass yield (insert

(bj) are plotted as a function of the masses of heavy fragments M,, for
2357.0 MeV neutron induced fission of U< Symbols are the same as descr

in the caption of Fig. 3- Data are taken from Refs. k and 5-



The tote* r.etic energy insert, 'a'1'5 an I percentage :uis:" yield ' irsr.T*.

•'t5'1 are plot* e l as a function of the ^aases of heavy fragments Y, for

1: •' MeV neutron i:v.hsee.'. f iss ion of '',. ;•&*". a are froi; r'-f. • . .'yr/: e ls

are f*Krlair.c.'. it- th" caption of fit:..;. • ,,n ; t,.

."If. •:

The t o t a l k ine t ic Rner^y ' i n s e r t 'a"1'' ac.;l pfr-[-.?r.ta*--e tsaas yiel-1 'Siisert.

':•'! are plot ted as a fur.cti.or: of saassea of heav;/ frar^icntsi for '.-•?. 0 Kr-V

r.cutrot". induced f i ss ion of *!. fa ta are tafcen frcw ref. • . ;',""•.: ols are
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as a function of M... Experimental error Vars are inriicfttrJ near the tottots

of each insert.

?ig. 10:

The total kinetic energ;,' ^insert (a)) and percentage mass yield finsert

(bM are plotted as a function of masses of heavy fragments b'. for :).-.i MeV

neutron induced fission, of '" ''U- F^rperiaiental data are taken from Ref. 10.

fiyrrbols are explained in the caption of Fig. ?.
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Fig. 1' :

The saxr.e as in the Tie.. LL except the set A potential has Veen used

and incident, neutron enerpty is ?2 MeV.

Fig. 1' :

Talculated valvies of relative probalilities of decay as a function of

total >:inetic energies of a particular daughter pair for the case T(E) = 1

(i.e., for the case of no narrier). Plots are for thermal neutron induced

fission of U. Masses of daughter pairs are noted next to tne relevant

plot. Kinetic energies corresponding to maximum probabilities are most

probable theoretical kinetic energies.
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Fig. 17:

The same as the Fig. It except for incident neutron energy of 22.0

MeV.
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MK 2 - NEUTRON-INDUCED FISSION OF 2 J 3U, ?'f5U, and rj-'Pu - F. Bary Malik (Indiana)

Wigner (Princeton):

I have again a very trivial question. You mentioned that the kinetic energy
of the fragments in the case of the 140 to 80 distribution decreases with
increasing energy of the neutrons. That was the second slide, I believe.
Where does the extra energy go?

Malik:

When v;e calculated, and we indeed did so, we find that the excess kinetic
energies are going into excitation of the fragments. We find this by inte-
grating the phase space.

And it really is increasing the fragments in that energy so that it goes mostly
into gamma rays or into what?

Malik:

Mostly into ganuia rays. Sorry, mostly in the neutron; it's in the excitation
energy of the fragments and it primarily goes into neutron. Of course it is
shared by the gamma rays as well.

But that means that neutron energy is increasing fantastically, because there

are only two neutrons --

Malik:

Right. There are only two neutrons at thermal induced fission. At other

energies, it is only necessary for us to specify that it is going into internal

excitation enargy.

Wigner:

What is the final disposition? You see, the internal energy is not the f'tiol

disposition. Finally it goes cither into gamma rays or into neutrinos or

into the sky, but something happens to it.

Malik:

Right. The something it is goincj into are both gamma ray?; and nei/Lrons.

Miciaudon (Bruyeres- 1 c-Chati' 1) :

In fact, I wanted t.o cover this .isp"ct in my talk |MK 1 ] , but I ihin'l have

time to dn so. All this depends on the vi scos i ty ef forts jftcr the saddle

point and to scission. You have some available energy which can <jo either

into pre-scission kinetic energy (which, adced to t.he t'oulomb energy gives

a total kinetic energy nf tin- fis.-aon fragments), or it. can go into excita-

tion energy of the fragments. Ho the sharing is thereby controlled by vis-

cosity effects. If viscosity effects are important, ill of the available

energy goo;, into excitation energy; if you have .ii| er 1" I ui .1 ir.ot.ion, as se"m:

for instance to be the case tor tin: low-'MV'ru'. I i:.si>;> of plutnmum-.Mi'. the

available energy goi-s into pre- -u-i •;•; icn kinet i. • :..•>;%•. *ic<w, tiie excit.it ii>n

e n e r g y g o e s m o s t l y i n t o t h e n r . m S x i n f m n t i o n •• w!i i •'; 11 e e n i i t l e . l .
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Wigner:

The number of neutrons?

Michaudon:

The number of neutrons. There is a slight change in the temperature of the
spectrum of fission neutror. «,iich are emitted, but the gross effect is in the
neutron number.

Wigner:

And it goes up to about three and a half?

Michaudon:

Oh, it goes up to three. The slope for plutonium-240 is, I think, 0.13
neutrons per MeV of excitation.

Wigner:

Tremendous number.

Michaudon:

Tremendous number, yes.

Wigner:

Have you tested this experimentally?

Michaudon:

The results are obtained experimentally. Now, if you try to understand a
qualitative effect, nevertheless, you are slightly in trouble, because you
cannot with a binding energy of fission fragments which is slightly too high,
something like 8 MeV. But the main effect is there.

Wigner:

Thank you very much.

Kapoor (Bombay):

The observation on the variation of kinetic energy with mass at different
excitation energy has alpo been interpreted earlier as simply a washinq out
of the sholl effects of N = 82 shell. This may also be explained by assuming
a scission barrier, as you have done. But since this would involve intro-
duction of additional adjustable parameters, I was wondering whether there is
any other way to test your hypothesis of a scission barrier.

halik:

You are right, that the change in the vield curve was known already in 1940.
But the change in the yield curve in conjunction with the asymptotic kinetic
energy has been systematically studied, as far as I know, first time in
Russia for neutron induced fission. There is some data now available in
this country. I haven't come across any theoretical model which can explain
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the change in the yield curve in conjunction with the kinetic energy and I will
be quite willing to get some information on that.

One of the recent papers is by Steinberq et al^ where he has tried to explain
these observations by a different model. I would also like to know whether you
have included shell effects on level densities used in your analysis.

Malik:

Yes, Steinberg's paper does not talk about kinetic energy at all. The thing
that always bothers me is that how can one talk about a decay probability if one
doesn't specify the kinetic energy of the decaying fragments, because the decay
probability is the surface area between the kinetic energy and the top of the
barrier. So unless the kinetic energy is specified, it can decay in all possible
ways and there is an infinite solution to that problem.

Michaudon (Bruyeres-le-Chatel):

(Inaudible.)

Malik:

Yes, shell effect does not affect the transmission through the external barrier.
It affects the properties near the saddle point.

Michaudon:

As you know, there are strong odd-even effects in the mass distribution of
fission fragments and there is a strong tendency, especially in the low energy
fission, to have stronger yields for even Z and even N nuclei fragments.
How can you explain this with your model?

Malik:

Are you talking about odd-even effect in the yield curve, or odd-even effect in
the parent?

Michaudon:

In the yield curve.

Malik:

We can reproduce the yield curve for the odd masses also. We haven't analyzed,
on the other hand, the other thing, the decay due to the odd parent nucleus.



- 777 -

).00 a.m., Friday, July 9, 1976 Special Contributed Paper: MK 3

DOUBLY RADIATIVE NEOTRON CAPTURE IN H2 AND D2

E.D. Earle, A.B. McDonald, M.A. Lone, B.C. Lee and F.C. Khanna

Chalk River Nuclear Laboratories, A.E.C.L., Chalk River, Ontario, Canada KOJ 1J0

RESUME

Cross sections for double photon emission following thermal neutron capture in
and D2 and the 0{n,y) 0 ciross section and branching ratios were measured. The

lues are H2 l = - 3 ± 8
1 6

for 600 keV < E y < 1620 keV, D2 = 8 + 1 5 pb) for
iO keV<E y<5500 keV,

 160{a = 202+27 ub) and (82±3)% frr the branching ratio to
e 3055 keV level of 1 7O.

ABSTRACT

The (n,YY) reactions on H2 and D2 provide tests (not dominated by the uncer-
inties in nuclear structure) of the current theories of the electromagnetic inter-
•tion of the nucleons. From measurements-*-' with two GeLi detectors shielded from
ich other (see insert, fig. 1) we obtain 02y = -3+• 8 Vb for the H(n,YY)D reaction
>r the Y-ray energy range 600 keV <Ey < 1620 keV. The residual contribution from
ie cross registration of the 2.223 MeV y-rays due to multiple Compton scattering
id positron annihilation in flight was calculated^'2' and subtracted from the
>served yield at 2.223 MeV. This measured lirrit is larger than the conventional
edictions-^' of a2y = 0.08 pb, but is smaller Vnan the prediction of 13 ub
itained by assuming maximal non-orthogonality of the S np state and the deuteron
round state. These c?y have been normalised for the reaion 600 < Ey < 1620 keV,

We also measured o 2 = 8 + 1 5 pb for the D(n,YY>T reaction for the y r a y energy
inge 700 keV<E y < 5550 KeV. The cross section for D{n,YY)T is expected to be
irger than t.̂ at for H(n,YY)D. Detailed calculations are in progress. The double
ioton cross sections for H2O and D2O were measured relative to the cross section
156i 16 ub) of the sum peak from the 670.89 and the 10P7.88 keV cascade in ] 70 as
tiown in fig. 1. The cross section for this cascade is an average of our results
•neasured relative to the knov;n D(n,y)T cross section of 521 ub) and the results of
urney and Motz4'.

) t.D. Earle, A.B. McDonald,
O. Hausser and M.A. Lone,

nys. Rev. Letts. 32(1975)908 and
o be published.

) H.C. Lte and E.D. Earle, Nucl.
Inst. & Meth. 131 (1975)199.

) D.P. Grechukhin, Sov. J. Nucl.
Phys. 1_£(1972)62; J. Blomqvist

nd T.F.. Ericson, Phys. Letters,
•7BU975) 117; H. Hyuga and M.
Ja.ri. Phys. Letters 57BJ1975) 330;
t.C. Lse and F.C. Kharsna, Phys.
.etters B, to be published.

1) E.T. Jurney and H.T. Motz.
ANL-6797, page 2 36.
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DOUBLY RADIATIVE NEUTRON CAPTURE

E.D. Earle, A,B. McDonald, M.A. Lone, H.C. Lee and F.C. Khanna*

Atomic Energy of Canada Limited, Chalk River Nuclear Laboratories,

Chalk River, Ontario, Czna-.a KOJ 130

* Speaker

RESUME

Cross-sections for doubly radiative thermal-neutron capture on hi, 2H, 3He, 160
and 208Pb are calculated to be 118, 26, 1200, 48 and 53 nb. Measured upper limits
for this cross-section are -3 + 8 pb for 1H, 8 ± 15 pb for 2H and 3±19 pb for 16O.

1. INTRODUCTION

Neutron capture in nuclei with the emission of a single photon has been a very
important tool for studying the structure of nuclei. It has provided useful infor-
mation about the gamma-ray strength function ind hence details of the tail region
of the giant dipole resonance. In this talk we would like to present an interesting
companion study - doubly radiative capture, which should provide further understand-
ing of the electromagnetic interactions in the nucleus.

The two photon process2 has beer studied in 0+ -+ 0+ transitions in the nuclei
1SO, 40Ca and 90Zr. However extraction3 of useful information has been difficult
since excited 0+ states have very complicated structures. We shall show that in
certain cases the two photon process in thermal neutron capture can be calculated
more accurately.

We shall here present some recent advances in the study of doubly radiative
capture, first outlining the theory and then summarising the experimental results
that we have obtained to date.

2. THEORY

The cross-section for doubly radiative capture is (ignoring recoil of the
target)

(2J.+1) /-dV d3uj- d3p
O

n (2ir) (2TT) (2TT)

where the factor 1/2 normalises the two photon final state; J^(J) is the spin of the
initial state of the total system (target nucleus): (2J^+l)/(2(2J+1)) is the statis-
tical weight factor? v n

- 1 = 1.37 * 105 is the inverse velocity for thermal neutrons;
£' sums over the polarisation of the photon and magnetic substates of the final
state and averages over those of the angular-momentum-coupled initial state; coj, u2

are the energies of the two photons; to = oij + OJ2 ; k(p) is the momentum of the
initial neutron (residual nucleus); and M2 is the two photon matrix element. We
use units li = c = 1. The two photon matrix element is

«2v = r E -E.
a x
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where ^(ipf) is the initial (final) state wavefunction. It has been shown1* that
only the electric dipole (El) transitions are important. The transition operator is

OOo) =

where e is the polarisation vector of the photon.

There are three different mechanisms that can contribute to M2 .

i) Single-particle direct capture. This is analogous to the direct capture process5

for one photon emission. The target nucleus is treated as an inert elementary
particle. The initial wavefunction is taken to oe the s-state scattering wave-
function (sjy2)

 o f t n e thermal neutron which has an asymptotic form (.1 - a/r), where
a is the neutron scattering length. The intermediate states are taken to be single-
particle plane waves. The final wavef unctions are bouna i>-;;»ves (S1/2) in H, H
and '•Ha and bound d-waves (d5//2) in

 17O (ground state) and 209Pb (at an excitation
of 1.58 MeV). Calculated ff2v's are given in Table 1 (in the column labelled single-
particle). The result for nH caotere is reliable to <vl% V The uncertainty in all
other cases is ̂ 20%. In n-2H, three body effects increase6 a2y to 26 nb.

ii) Capture through core excited states. In the case of 16O and 208Pb two processes
due to collective excitations of the target could be important. In the first

process the intermediate states are the two 3/2" states formed by coupling the giant
dipole state (1~) of the target to Sw2 and d^/2 respectively. The second process
is due to the initial (l/7+) and the final (5/2+l stftts having components
](I" ® 1")2+ d5/2;l/2

+> and ((1" 8 1")2+ s1/2;5/2
+> respectively. It is found6 that

in the schematic model the matrix elenient of the second process is twice that of the
first process. If these contributions are added coherently to that of the direct
capture a is increased to 48 and 53 nb for ibO ari 2C3Pb respectively.

iii) Resonance capture. For neutron capture in 2H, 16O, 208Pb ihere are no reson-
ances at or near thermal energies. The singlet (1S0) n-

JH resonance does not
contribute to the cross section for 5H(n,YY>2H because the electric dipole operator
cannot alter the spin wavefunction. In the case of 3He(n,YY)^He, a broad p-^H
resonance underlies the neutron threshold. Consequently the (n,p) cross section is
very large (5327 b). This resonance requires the neutron scattering length7, deter-
mined by elastic and inelastic scattering data, to be complex. In calculating o.^
the effect of this resonance is included by using the complex scattering length.
This results in a large value (1180 nb) for o2y»

 m o s t (1150 nb) of which is due to
the resonance.

The final result for all cases is given in column 7 of Table 1. The experimen-
tal values for ^(600 < Ey < 1620 keV),

 2H(700 < Ey < 5557 keV) and
 16O

(1200 < EY < 2943 keV) are given in the last column. From the predicted energy
spectra shown in Fig. 1, the integrated cross sections for the restricted energy
ranges given above are 64, 94 and 53% of the total calculated 02v ^or H' 2fl anc* *-*
respectively.

3. EXPERIMENT

The measurements ' of two photon cross sections for •'H, 2H and 16O were per-
i umed with 0.009 eV neutrons (M x 10s neutrons s-1cm"2) obtained by Braqg
reflecting a beam of neutrons from the NRU thermal column with a pyrolytic graphite
monochromator. The target and detector geometry is shown in the insert in Fig. 2.
For the !H measurement anH,0 target was used. For ?-H and 160 measurements a 99.76%
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Isotopically enriched D20 target was used. Targets were 50 cm3 contained in 0.1 mm
thick polyethylene bag. Because of the large ratio of scattering to capture cross
sections the neutrons were effectively thermaiized before capturing.

The detector geometry and the 4.9 cm thick heavy metal (90% W, p = 16.7 g/cm )
shield were designed to reduce the probability of detecting coincidence events due
to gamma-ray scattering between the detectors. The entire target-detector assembly
was surrounded by 10 cm of Pb and the neutron beam-tube was constantly flushed with
liHe gas in order to reduce the background from capture in 14N.

Spectra of the summed linear signals from the two detectors, gated by a fast
coincidence requirement, were obtained on line with a modular electronic system { H
measurement) or off line by playback of three parameter data accumulated by a PDP-5
computer. Energy resolution of M keV FWHM (at 2 MeV in the sum spectrum) and time
resolution of 6 ns FWHM were oLiained.

The detector efficiencies as a function of energy were determined from the
known*^ relative intensities of gamma rays from neutron capture in N, *2C and 'Li.
The absolute coincidence efficiencies were determined from the peaks in the sum
spectrum due to the well known cascade6'13 in 17O.

Figure 2 shows a portion of the sum spectrum collected in 600 hours of data
accumulation with the H2O target. This spectrum is composed of events in which the
energies observed in the two detectors, E A and EB, are greater than 600 keV. There-
fore the majority of the cross registration due to pair production and Compton scat-
tering i<; gated out. Fur E > 600 keV, cross registration is due :o multiple Comp-
ton scattering and positron annihilation in flight and is well described by Monte
Carlo calculationsli*. For this spectrum, the residual contribution with the heavy
metal in place was calculated to be 19± 4 counts. The peak at 1959 keV is due to
coincidences between 871 and 1088 cascade6'13 gamma-rays in 170 (a = 156 ± 16 ub)
and was used for normalisation. For an 8 keV region at 2223 keV in this spectrum,
the net yield was 11± 25 counts. After subtraction of the cross registration con-
tribution, we obtain an upper limit of a2y = -3±8 yb for 600 keV < EA, EB < 1620
keV, corresponding to C ^ V ^ I Y = (-0-8 ±2.5) x 10~5. About 60% of the background in
the region of 2223 keV arises from random summing of the Compton tails of two 2223
keV gamma-rays. Unless major improvements are made in time resolution or pe; k to
Compton ratio for the Ge(Li) detectors, this will also constitute a major limitation
to future experimental sensitivity. This problem and the problem of cross registra-
tion are much less severe in the case of 2H and 160 because the aly are lower by a
factor of more than 600.

Figure 3 shows the sum spectrum obtained with the D20 target with the restric-
tion that EA and E B ' 700 keV. Here the background is due to capture in materials
other than D2O, such as F, N and Ge. From a 14 keV wide region at 6257 keV we
obtain an upper limit of o2 = 8± 15 yb for 2H(n,yy)3H in the energy range
700 < EA,EB < 5557 keV.

The sum spectrum shown in Fig. 4 was used to obtain a limit of a2 = 3 + 19 pb
for 16O(n,YY)17° f°r t:ie energy range 1200 < EA,EB < 2943 keV. The somewhat higher
energy limit of 1200 keV in this case was chosen partly to reduce the background at
4143 keV in the sum spectra and also to eliminate the contribution from the
871 + 3272 keV cascade. Triple coincidences from the 871 + 1088 + 2184 keV cascade
are negligible in the present measurement and could be excluded completely by not
including a small region near 2184 keV in each detector.
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4. SUMMARY

Most of the theoretical and experimental1''15 work in doubly radiative capture
has been concentrated on the 1H(n,YY)2H reaction. The second last column in Table 1
indicates that in the four other cases considered c^y/a^y is expected to be much

yy
larger than that for nH capture. The small values of a2 will still present a major
experimental problem, but the large two photon branching ratios will reduce a sub-
stantial source of difficulty apparent in the H(n,YY)2H measurement. The predicted
branching ratio and the absolute a^ are by far the largest in n-3He, making this
case appear very attractive. However the competing (n,p) cross-section (5327 b)
will present severe problems. The branching ratios in n- 0 and n- Pb are smaller
hat still almost three orders of magnitude greater than that for nH capture. In
both cases, backgrounds due to cascading Y~rays following (n,Y) capture are not
expected to pose serious problems provided that energy windows for the two-photcn
spectra are judiciously chosen.

The present upper limits on a2y are much larger than the calculated v- lues pre-
sented in Table 1. Improvements in sensitivity are possible, particularly for 2H
and 16O, by increasing the neutron flux and reducing the background from (n,Y) reac-
tions in materials other thai, the target. Work to achieve both improvements is in
progress.
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TABLE I. RESULTS FOR 0

Initial
Nucleus

lH

H

3He

16o

2 0 8Pb

I

0

0

0

2

2

a
(fm)

5.41

0.65a)

b)

5.81C>

9.52°'

W
(MeV)

2.22

6.14

20.6

4.14

2.36

0 d) 2Y E x p t .

Jb s I " ^ 7 Total6 f
 ° 2 Y / ° 1 Y °J

particle

3.32 x 105 0.118 0.118 3.6xl(f7 -3 ± 8

521 ± 9 0.021 0-026 4 . 9 x i o " 5 8+15

60 ± 30 0.030 1.180 3x lo

f) _4
190 ± 18 0.041 0.048 2 .7x10 3 i 19

487 ± 30 0.050 0.053 l . l > : i o " 4

a) ref. 8; fc,) ref. 7; c) ref. 9; d) ref. 10;

e) single-particle and collective amplitudes are added coherently; f) refs. 6, 13,
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Fig. 1. Calculated energy spectra; x == EA/E where EA is the energy of one of the
photons and E is the total energy of the two photons.
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H2O target for a total accumulation time of 600 hours. The inset shows the
geometry used in the experiments.
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Fig. 3. Sum spectrum obtained with the D?0 target for a total accumulation time- of
300 hours. The energies of the y-rays i n detectors A,B have been restric-
ted to the range 700 keV < Ea_,EB. The peaks arise from cascade gaircna-riiys
from the O(n,y) O reaction. The insert indicates the ieqion suiranpd to
determine a2 for deuterium.
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Fig. 4. Sum spectrum obtained as in fig. 3 but with 1200 < EA,EB < 2943. The insert
indicates the region summed to determine o2 for oxygen.
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MK i - DOUBLY RADIATIVE NEUTRON CAPTURE I« H2 AND D, - E. D. Earle,

A. ii. McDonald, M. A. Lone, H. C. Loc- «ind F. C. Khanr.a (A. E.C.I..-

Gialfc River, Canada)

Seyfarth (JUlich, Germany) :

Perhaps one should mention that we have measured the double radiative
capture in hydrogen-2 and that we have a bit of additional information.
It wasn't only the sum peak that we treasured - in fact, whist w- really
measured was the nvatris elwnent between tht- two sinqle-cvent peaks, and
that naan;; that we measured the differential cross section. We didn't
find any significant deviation from the background. Our value for the
ratio doublsj radiative decay/single radiative decay is about a factor
of 6 higher, but one should remark that our energy region was greater
by a factor of 2, i.e., we measured from <10 keV up to about 2.15 MeV.

Khanna:

I am sorry that I did not mention all the people who have done previous
work on thi.'» doubly radiative capture problem. But you will find them
referred to in mv talk.
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10.45 a.m., Friday, July 9, 1976 Invited Paper: Session ML 1

NEUTRONS AND FUSION

Charles W. Maynard

Nuclear Engineering Department, The University of Wisconsin, Madison, USA

The D-T fusion process yields 1^-HeV neutrons numbering four tines as many as
those produced in an equivalent fission reactor and carrying seven times the energy
of the fission neutrons. A review is undertaken of the associated problems: details
of the energy deposition processes and of reactions needed to provide additional
tritium are outlined, damage considerations are presented, and a report is given
on the status and prospects of data for fusion studies.

ABSTRACT

The production of energy from fusion reactions does not require neu-
trons in the fundamental sense that they are required in a fission reactor.
Nevertheless, the dominant fusion reaction, that between deuterium and
tritium, yields a 14 MeV neutron. To contrast a fusion reactor based on
this reaction with the fission case, we note there will be 3 x 1 0 ^ such
neutrons produced per gigawatt of power. This is four times as many neu-
trons as in an equivalent fission rsactor and they carry seven times the
energy of the fission neutrons. Thus, they dominate the energy
recovery problem and create technological problems comparable to the
original plasma confinement problem as far as a practical power producing
device is concerned. Further contrasts of the fusion and fission cases are
presented to establish the general rii'i?. of neutrons in fusion devices.

Details of the energy deposition processes are discussed and those
reactions necessary for producing additional tritium are outlined. The
relatively high energy flux with its large intensity will activate almost
any materials of which the reactor may be composed. This activation is
examined from the point of view of decay heat, radiological safety, and
long-term storage. In addition, a discussion of the deleterious effects
of neutron interactions on materials is given in some detail; this includes
the helium and hydrogen producing reactions and displacement rate of the
lattice atoms. The various materials that have been proposed for structural
purposes, for breeding, reflecting^ and moderating neutrons, and for
radiation shielding are reviewed from the nuclear standpoint. The specific
reactions of interest are taken up for various materials and finally a
report is given on the status and prospects of data for fusion studies.
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Neutrons and fission

Charles W. Maynard
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Introduction

The use of fusion reactions as a source of energy is a concept currently
mentioned in popular media with great regularity and with a general vagueness
that indicates how little the general public is aware of how the concept might
be implemented. Those within the technical community are likely to have a
view of fusion reactors based primarily on the confinement problems which have
dominated the field since its beginning. Solutions to the problem of confining
the fusing nuclei at the required temperatures vary greatly in size, appearance,
and physical basis. However, the fuel cycle J.s almost always based on the
D-T reaction in devices proposed for near tes/m construction. This results simply
from the lower confinement requirements and leads to many consequences that
are common to a wide range of these devices.

The D-T reaction results in a direct energy release of 17.6 MeV with 14.1
MeV appearing as kinetic energy of the product neutron. This neutron will undergo
further reactions which generally yield a net addition to the energy production
such that around 20 MeV results per D-T reaction. This can be contrasted with
a fission reaction which produces approximately 200 MeV, including about 2.5
neutrons with an average energy per neutron of 2 MeV. Thus, for the same power,
there are 4 times as many neutrons produced in a fusion as in a fission reactor.
In addition, they carry seven times the energy per neutron. Thus the neutron
flux in a fusion reactor is very intense and the spectrum very hard.

This gives rise to a variety of nuclear effects which are in many respects
as diverse and intricate as those found in a fission reactor. However, the
important behavior is quite different; for there is no eigenvalue problem for
neutron multiplication. Further, no single problem dominates the subject like
the neutron multiplication problem of fission reactors. Instead, a number of
different, but more or less equally important, responses of the system to the
neutron flux occur.

The energetic 14 MeV neutrons from the D(T,n)ot reaction produce a highly
anisotropic angular flux, at the first material wall, which requires a high
order transport approximation for its accurate determination. Much new data in
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an energy range not previously of groat. imr>ortance is required for this as well
as for the system responsc?s. These responses strongly affect the economics of
the systems.

Blanket and Shield Functions and Responses

As noted above the various : .. ;ion reactor concepts vary in many respects,
but all form .»:•. intense neutron .•• .urce in a region generally transparent to the
neutrons. This results in an r.ense high energy flux which must be utilized
and attenuated. The first zone surrounding the fusion zone is referred tc as
the blanket and is followed by a zone called the shield. The functions performed
by the blanket are to breed tritium, convert the kinetic energy of the 14 MeV
source neutrons into heat, transfer the heat to the external thermal cycle,
and provide a vacuum chamber for the fusion zone. A schematic oi a representa-
tive blanket and shield for a magnetic confinement reactor is given in Figure 1.

The requirement of tritium breeding arises since its instability precludes
it from occurring naturally in significant quantities. The only effective
reactions for this purpose are the neutron reactions in Li and Li . The
possibility of producing as much or more tritium that D-T fusion reactions
consume is based on capturing most fusion neutrons in Li& and loosing very few
fusion neutrons to parasitic capture, the production of tritium during inelastic
scattering from Li7, and the multiplication of fusion neutrons by (n,2n) reactions
in some materials. The response function required here is simply the sum of the
tritium production cross sections of Li and Li' weighted by their respective
number densities. The actual response can be influenced directly by the lithium
density through changes in the lithium bearing materials and the fractional content
of structure and other constituents of the breeding zone and by intentionally
changing the isotopic composition of the lithium. Indirectly, the response is
influenced by wall, structure and other composition influences on the spectral
and spatial flux dependence. The feasibility of fusion power is clearly dependent
on the possibility of tritium production exceeding its consumption; however,
inventory considerations indicate that the ratio of production to consumption
(i.e., the breeding ratio) need only slightly exceed unity.

In Figure 1, a first wall is shown which must withstand the most extreme
environment in the system since it is exposed to intense radiation of all
kinds and must operate at the highest temperatures possible for the sake of
system thermal efficiency. A set of performance indices determined by nuclear
properties are required for radiation damage analysis, This is most severe in
the first wall. While ideally, one would relate the radiation fluxes to the
specific material property effects, the phenomena involved are too complex to
allow such a direct approach. Instead, one can only Jetermine transmutation and
initial displacement rates in the material. Composition changes, due to hydrogen
and helium production, can cause deleterious property changes which limit the time
during which acceptable material performance can be assured. The transmutation
products may influence materials properties, but they may also t>a radioactive and
thus create a new set of problems. For these reasons, cross sections for the
various reactions form a set of response functions of Qreat importance. A



slightly different case is the displacement of atoms from their positions in
the crystal lattice of the material. The damage due to displacements is complex
since many displacements are offset by recombination of tho vacant lattice sites
with displaced atoras. The degree of recovery and the interaction of vacant sites
and displaced atoms with one another and with other lattice imperfections depends
on temperature and imperfection densities and is a major study area. The above
quantities serve as input to these studies. However, even the initial displace-
ment rate is a complex topic which depends on lattice properties as well as
nuclear cross sections. Thus, a desirable response function, the displacement
cross section, which gives the displacement rate when multiplied by the flux
and integrated, must be based on a model of the displacement process and the
various nuclear cross sections. This response function is important enough that
it is determined by processing cross sections weighted by primary knock on recoil
energies and a model predicting the number of displaced atoms per unit energy of
the primary nucleus.

!fost of the energy produced is carried by the neutrons. To determine the
spatial distribution and the exact total amount of energy produced, neutron
energy deposition cross sections known as kertna factors must be available.
The energy deposition depends on the reaction Q values as well as the cross
sections. Closely related to the kerraa factors, the gamma production cross
sections complete the energy balance for the reactions and provide the source for
gamma transport calculations. Thus, while gamma production is not directly
a response function of interest, it is related to energy deposition both
through reaction energy conservation and through the eventual energy deposition
by the garama photons.

The shielding effectiveness is measured by energy attenuation. This is
not a reaction rate and is not even a volumetric effect. While it is related
to all reactions taking place., its determination by subtracting incident energy
absorbed from tne incident energy would be an awkward procedure. The energy
weighted current can be used to determine the attenuation achieved, but the
high energy total cross section is the data which most readily indicates the
approximate attenuation rate. In any case, the energy leakage represents an
important response of the blai.ket and shield bince it measures the energy
load to the magnets and thus to the cryogenic refrigerators.

The system responses discussed to this point are required in the technical
analysis of reactor performance. Energy production is included above, where
the emphasis is on the determination of the energy deposited. However, from
an economic point of view, a comparative study of alternative materials and
their relative energy production may strongly influence design decisions. Thus,
while energy production is not a separate response function, this discussion
is introduced to emphasize that a different set of calculations may be important
when optimizing the performance than in simply analyzing a particular system.
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Materials and Reactions of Interest

The nature of the problem of nuclear analysis of fusion systems is
basically lik-j many radiation shielding problems, but with a greater need to know
the detailed reaction rates in the zones close to the source than is usual. The
blanket clearly contributes to the shielding as it must extract most of the
energy release. The high energy neutron capture cross sections are small and
likely endoergic in any case; thus, it is necessary to slow the source neutrons
down to an energy where they can mostly be absorbed in Li^ to produce tritium.
Fortunately, this reaction is highly exoergic and produces an additional 4.8
MeV for the reactor. The moderation of the energy of the source neutrons is
carried out most effectively by inelastic collisions with materials of medium
to heavy mass rather than through elastic collisions with light nuclei as in
fission reactors. The reason is that at the source energy here, the elastic
cross sections have fallen and anisotropic scattering occurs. On the other
hand, inelastic events readily occur at these energies and structural materials
are generally good for neutron moderation.

The first zone behind the initial wall will contain lithium in some form,
a coolant, and structural materials. This may be followed by a reflector region
which returns as many neutrons as possible to the lithium bearing zone. Beyond
the reflector there may be a coolant zone and then the shield which simply
attenuates the neutron and gamma fluxes as rapidly as possible.

In some cases, there is a concern over obtaining adequate tritium breeding.
This leads to the introduction ox a material called a neutron multiplier be-
cause of its relatively large (n,2n) cross section in the part of the blanket
near the source. Another consideration of importance for a fusion reactor is
the activation of the reactor constituents. The first wall is not expected
to last the life of the plant, thus maintenance and replacement will occur in the
presence of the radiation by the activated materials.

Materials that have been suggested for the first wall and the structure
include steels, alloys of the refractory metals, nickel based alloys. Aluminum,
and Zirconium. Each has its merits from the thermal, mechanical, and fabric-
ability points of view. From a neutron physics standpoint, steel, Niobium, and
Molybdenum are good neutron moderators, have helpful (n,2n) cross sections, but
they activate to long lived products to a significant degree. On the other
hand, Aluminum and Vanadium have very low activation cross sections. From the
standpoint of radiation damage, there are large uncertainties in all of the
materials. This is due primarily to lack of materials studies in the expected
radiation environment. To reduce these uncertainties there is a need for nu-
clear data on helium and hydrogen production as well as data for determining
displacements, since the calculated production of these impurities and defects
can be correlated with actual material properties.

The coolants that have been favored in most studies have been liquid
lithium and helium. Liquid lithium has been given considerable attention since
it is a good coolant, lithium must be present in any case, and the technology
for handling liquid metal coolants could be borrowed from the fast reactor
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development programs. Helium is well-known as a coolant and is innoccus from
the nuclear standpoint. The reasons for avoiding water as a coolant are the
risk of lithium-water reactions in an accident and the difficulty of removing
tritium produced in the blanket from the water if leakage or diffusion result
in contamination.

If a coolant other than lithium is chosen, then lithium must be intro-
duced in a form suitable for both tritium production and removal. Lithium
bearing solid compounds have been proposed for this purpose, with L1AI2O3 a
prominent example. Tritium production is not expected to be a problem at the
present time. However, it was considered very carefully since it is essential
to sustained energy production from this fuel cycle. The possibility of using
a neutron multiplier has been developed. For this purpose berylium has a very
large (n,2n) cross section and is clearly the best choice. The expense and
availability of berylium have resulted in the evaluation of other materials and
several metals have been considered for this function including lead as well
as most of the structural materials since they are present in all cases.

Another idea for increasing tritium production is to introduce a reflector
behind the lithium bearing zone in analogy to the use of reflectors in fission
reactors. The material should have a large scattering cross section, low
scattering anisotropy/ and a low neutron capture cross section. Carbon meets
these criteria well and is often the choice for the rsflector. However, it has
been observed that if tritium breeding is more than adequate, the use of a
reflector may still be desirable as the Li6(n,ot)t reaction is a good energy
producer. The reflector material may then be chosen to minimize energy losses
in the nonelastic reactions which are often endoergic. For example, there is
less energy loss to the system in using a steel reflector compared to a
carbon reflector.[1] The inelastic scattering in iron produces a very hard
gamma which is eventually absorbed, while the C(n,3a) reaction results in a bind-
ing energy loss that is then not available to the reactor.

For an efficient use of the energy, on the order of 99% should be recovered
at reasonably high temperature in the blanket. The remainder must be removed
by the shield to protect magnets and equipment. The biological shield will be
the walls of the containment structure and is treated separately. The region
referred to as the shield is constrained by magnet and other equipment costs to
be relatively thin and total costs may dictate the use of expensive shield
materials if radiation intensity gradients can be enhanced. The most penetrating
radiation is the 14 MeV neutron flux. For this reason a heavy material with a
large inelastic cross section should be present. Ideally this should produce
only soft gammas and not activate to a significant degree. Lead, .or example
meets this criteria well, but will rot support itself. Iron is suitable and
in the form of stainless steel is a good relatively inexpensive non-magnetic
structural material. Unfortunately, iron produces the previously mentioned very
hard gamma which requires a significant amount of high Z material for its
attenuation. The heavy materials will only slow neutrons down efficiently at
the higher neutron energies and are very inefficient below about 1 MeV. A good
material to include for this energy r=>.nge and for capture of the neutrons is
B4C. The boron and carbon will aid in moderation especially at the lower
energies, and the boron capture is an (n,a) reaction preventing (n,y) capture
in other materials which might produce a hard y. Many materials have been
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proposed for the shield and the best choices for different situations are still
not settled. The attenuation to be achieved is determined by a number of criteria.
The criteria which is limiting varies with the design. Examples of these criteria
are the acceptable thermal load to the magnet cryogenic system, radiation damage
to the cryogenic thermal insulation or the conductor stabilizing material.

In addition to the above effects, activation of the blanket and shield
constituents will result in radiation problems for maintenance operations and for
wall replacement.

Cross Sections and Spectra

The neutron spectra at different locations is clearly dependent on the
particular system; however, the general trend is not overly sensitive to the
particular design since all have the same source, a medium mass structure and
lithium. Shield materials also have enough commcTi features to allow a typical
spectrum to characterize the behavior. The system shown schematically in
Figure 2 has been used to generate the representative spectra of Figure 3. This
displays conveniently normalized spectra for the first structural wall, the
middle of the lithium zone, the reflector, and in the lithium behind the reflector.
The 14 MeV peak is characteristic of the source and is suppressed as the position
gets further from the source. The dip extending from a few MeV to the 14 MeV
peak results from the source neutrons being scattered below this region by
inelastic collisions, with only the elastic collisions moderating the neutrons
into this region. In the first zones, a fairly flat region extends to around
10 KeV in which resonances are prevalent but the average cross section remains
roughly constant. There is a dip at a few hundred keV which is due to the Li
elastic scattering resonance peak. At still lower energy, the flux falls off
rapidly to its thermal level except in the reflector with its low thermal capture.
The trend is for a softer spectrum further from the source as would be oxpected.

To illustrate the energy regions of importance, three responses are used
here. These are the atomic displacement, the helium production, and the tritium
production rates. The time independent neutron transport equation can be
written in operator form as

L $ = S

where L is the transport operator, ip the angular neutron flux, and S the neutron
source distribution. The equation involving the adjoint operator

Lt 4,* = s*

with solution t/>* called the adjoint flux can easily be shown to relate to the
original problem through the relation

This leads to th^ interpretation of I|I* as an importance function for a source
neutron to contribute to response S* which may be chosen to be a macroscopic
cross section resulting in one of the responses of interest. Adjoint sources
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equal to the displacement, helium production, and tritium production cross
sections are employed to obtain importance spectra. The displacement cross
section is obtained as follows. The recoil spectra of e.toms from each type of
collision is determined and a solid state model employed to give the number of
atoms displaced from their lattice positions by the primary knock on. The
original cross section is multiplied by the number of displacements and on
suaroing over all collision types, the displacement cross section is obtained.
This response cross section is illustrated for several structural metals on
Figure 4. [2] It is large at high energies as the number of displacements
due to the energetic primary more than offsets any cross section differences.
After decreasing with energy, it again increases at low energy where the primary
energy is supplied by recoil during reactions an the increase is due to the
increase is the reaction cross sections. The helium production cross sections
emphasize the high energy region even more as they are usually threshold
reactions. It should be noted that the appropriate cross section here is
the sum ever all cross sections where helium is a product, i.e., (n,a), (n.n'a)
2(n,2a), etc. These are shown for the main constituents of stainless steel and
for vanadium in Figure 5. The tritium production cross sections are not shown
but consist of a very large cross section at low energies in Li*> and an
inelastic scattering event at high energy in Li7.

Importance spectra are clearly both system and response specific, but give
good insight into the energy region's that dominate a given response. Figure 6
shows importance spectra at the same points for which the flux spectra are given
for displacement production in the first wall. As would be expected, the high
energy range dominates but there is no 14 MeV peak. At the first wall, the
top curve, the spectrum follows approximately the cross section itself. However,
the remaining spectra become negligible at low energy because they stand little
chance of further interaction in the first wall. Figure 7 is a similar plot of
the importance spectra for helium production in the first wail. Again the
largest spectrum is in the first wall corresponding to point 1 of Figure 2.
These spectra emphasize the high energy neutrons in the extreme. Figure 8 shows
tfie importance spectra for total tritium production. The first wall and main
breeding zone spectra are almost superposed on top of one another since the
first wall neutrons at most energies end up in the breeding zone. At the very
lowest energies there is a difference and the first wall spectra is the lowest
of the four. The initial drop for the first few MeV below 14 MeV occurs as the
energy passes through the Li7 breeding reaction. The reflector spectrum shows
all energies to be of essentially equal importance as most neutrons of any
energy in the reflector will end up contributing Li6 reactions in one of the
lithium zones. The low importance, except at the lowest energies, of neutrons
in the second lithiun- zone results from the thinness of the zone so most
neutrons will simply leak into the shield.

There is a well developed formalism for determining the effect of data
uncertainties on uncertainties in design responses. The information is
summarized by a sensitivity coefficient or function. If an uncertainty in cross
section for reaction Y, do results in an uncertainty 6R in response R , this
coefficient is defined as Y x x
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If this is .lot integrated over energy, a sensitivity profile results which can
be determined in terms of Shr the perturbation of the transport operator, IJJ£,
and tji. This is very specialized information as it is system, response, material,
and reaction specific and thus will only be representative for a narrow range of
designs. Three examples have been carried out to illustrate the sensitivity
concept. The first example considers the tritium breeding of the system of
Figure 2, and its sensitivity per unit energy to the stainless steel cross
sections in the first wall and in the middle of the breeding zone.

The results are shown in the lower and upper curves respectively for these
points. The sensitivity is greater for changes involving the center of the
breeding zone as is appropriate for this response. The profile may be either
positive or negative depending on whether the source or loss terms of the
transport operator containing the cross sections in question dominate. Actually
the absolute values are plotted for convenience. In this particular case the
upper curve corresponds to positive values to the mark at a few KeV and to
negative values above this. Lower values are positive as scattering from
the larger flux at higher energy dominates, the losses due to collisions at
these low energies. Above the mark the effect is negative as the total cross
section is larger than the scattering cross section at higher energy while the
spectra are closer to the sarce value. A large amount of detailed interpretation
is possible. For example, the initial drop occurs both due to the source peak
and the threshold nature of the breeding reaction in Li'.

Similar insights are gained from Figures 10 and 11 for the displacements
per atom and helium production respectively. Both show the extreme importance
of the high energy data compared to the low energy data. The effects illustrated
are for the entire contribution of the material in question. One could also do
this by individual reaction for even more detailed analysis of the influence
of data on design quantities.

Current Status

The interest in this field is indicated by the large division of the
American Nuclear Society devoted to controlled thermonuclear research with
several sessions at a recent national meeting devoted to the nuclear analysis
aspects of fusion power. This interest is widely dispersed geographically and
indicates that many nations are starting to look beyond the confinement problem
to the reactors. The general technology problems have been the subject of
several conferences and have recently been reviewr}. [3]

The neutron aspects of fusion divide naturally into the calculational
methods and the nuclear data. Both areas have borrowed heavily from the
fission reactor development of the past thirty years. The calculational
approaches have thus far been completely taken from earlier work. It appears that
special methods and computer programs for fusion will require only modest
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extensions of those already available. Nuclear data needs extend very signifi-
cantly the data base needed for fission. The energy range of importance now
extends to at least 14 MeV whereas in fission there is only a nominal interest
above about 5 MeV. In this higher energy range the number of reactions of
consequence increases dramatically, A response function involving these reactions
is the energy deposition cross sections or kerma factors which played a very
minor role in fusion but are quite important in fusion where the neutrons carry
most of the energy. Some of the materials of prime interest are also new. The
data needs have been reviewed recently [4] in greater detail.

While the data needs have not always been met, and much data is of rather
uncertain quality, the data community has generally been very responsive. Some
very good data has been available from the weapons programs and the data files
and evaluation procedures developed for fission and other applications have beer,
extended to allow the handling of the i;eeds of fusion. [5] Computerized
implementations of nuclear models have been used to fill in some of the needed
data. [6] At this point, data is available for fusion power st idies and we are
just starting the assessment of its adequacy.

Several studies [7,8] have looked at tritium breeding and the lithium cross
section data, while the final assessment must await large scale tests; it seans
that adequate breeding i:> possible with existing data uncertainties. The
materials degradation by the radiation is very uncertain, but this stems from
materials behavior more than from data uncertainty. While materials performance
may be a limiting factor in fusion systems, additional nuclear data will have only
a small impact on the problem. A possible exception here are the total helium
production cross sections which are often not well-known. There are current
experimental programs to reduce this problem.

The real importance of better nuclear data on neutron interactions for
fusion will be felt in the details of reactor economics. Since competitive power
systems will not be reached in the present century, there is no great urgency in
carrying out detailed improvements in much of the data. This allows time for a
careful appraisal of the results from experimental reactors. Those cross sections
of prime importance can be studied using the formalisms developed to date to
establish quantitative information on required accuracy. [9,10]

The discussion to this point has not mentioned the fusion-fission hybiid
reactor concept in which the fusion neutron source drives a blanket consisting
at least in part of fertile and fissile materials. Such a system can amplify the
energy production from fusion alone and breed fissile fuel for use in other
reactors. A variety of optimizations ere possible in such systems. Much of the
neutron data needed is well-known from the intensive studies for fission reactors.
The higher energies have again not been explored intensively. The interactions
of greatest importance in this energy range are the fission, (n,2n), and (n,3n)
cross sections. The energy distribution of the secondary neutrons from these
reactions will be important to the systems performance. [11]



The neutron data of greatest near term interest is that required for the
first large experiments to produce intense fusion neutron sources or simulations
of such sources. In order to characterize spectra precisely, dosimetry must be
well-developed in the energy range above a few MeV. Since D-Li and other
neutron producing reactions are proposed for use in intense neutron sources,
spectra extending well above 14 MeV must be characterized to aid in evaluating
the appropriateness of each source in simulating effects in a fusion reactor. [12]

Activation data is also of importance in the- near term due to its consequences
for shielding and maintenance. [13]

Conclusions

Neutron interactions are of great interest for fusion development programs.
They will influence many reactor design and operational decisions, and affect
plant economics. The crucial tritium breeding reactions possess cross sections
that currently seem adequate to assure the fuel supply. The cross section data
will play an important role in materials research both as a basis for correlating
damage data to the radiation and in characterizing the radiation environment in
which studies are carried out. Other data effects are primarily economic and not
as urgently needed. A continuing assessment program is necessary to quantify
priorities and necessary accuracies.
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ML 1 - NEUTRONS AND FUSION - C. W. Maynarri (University of Wisconsin)

Newstead (Brookhaven):

Could you give us your personal view of the ultimate utility of a laser induced
fusion device as opposed to the TOKAMAK type machine you've been discussing?

Maynard:

Well, the difficulty of the problem is that I think if the laser can be had
and if you believe their (Hodges and Eniicks) codes the laser has great merits.
It would allow for smaller modules and I don't see any hard engineering problems.
I don't think there will be many serious shock-wave type problens from the
pellet explosion so I think laser fusion would be a very fine thing but I guess
I have to say it's further down the road at present. The/ may be able to come
along very fast with their bigger lasers, but at the present time they're not
as well understood and so we have to keep them as an alternate for the time
being.

Newstead:

I wanted to ask you a second question. One has recently heard about "clean
fusion" using more exotic thermonuclear reactions and I wonder if you can
comment on whether this is a real possibility.

Mayr.ard:

Are you referring to the advanced fuel cycles?

Newstead:

Yes.

Maynard:

Well, you see, if you use a fuel cycle based on D-D, you get roughly a 2.5-MeV
neutron; also, you have the time to get tritium, though. That will result
in 14-MeV neutrons and that's not clean. The r tact ion -1 h 'HI- civo:; all charged
particles, but you have to wait for vour helium-3; it's rather a hard cycle
to work with. There are some other cycles like p + B ttuit have been pro-
posed: another charged particle. The problem is you aggravate a confinement
problem, and the confinement problem is still extremely difficult. So I'm
all for "clean fusion" but I just don't see how it can be done.

Fowler (Oak Ridge):

In calculating the breeding ratio, what do you take as the chemica' efficiency
for extracting the tritium from the lithium? How much logs is there?

Maynard:

I really don't recall the number. They've assumed fairly small losses, for a
number of reasons. First of all, you'll spend enough money to assure yourself
that you don't. I can only tell you that there are quite a few chemists, for
example, Oak Ridge has some good people in this area, to ensure that you can't
afford to lose it because of the environmental problem; also you would hur*
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yourself on your economy if you lost it. So I think something lass than a
tenth of a percent would have to be insisted on.

Qaim (Juelich):

I would like to make a comment on the question asked by Dr, Fowler. TritiiMi
recovery will be a tricky business. The tritium which is produced via (n,t)
reactions on lithium will exist in different chemical forms; chemical species
like LiT, Li?T, T, and T have been observed in the vapor phase. We have a
group at Juelich Institute of Nuclear Chemistry doing this type of work and
our own feeling is that there is no point in getting very accurate data and
calculating the breeding ratio of tritium very accurately until and unless
one also has some knowledge about some methods of tritiun recovery from various
blanket materials.

Iyengar (BARC):

If I may ask a question; are there any experimental measurements of these
spectra, which you showed?

Maynard:

This is what you refer to as an integral experiment in our end of the business.
There are few. They haven't been very extensive. But Nuclear Science and
Engineering in a recent issue did contain,- I believe it was German work, in
which some spectrum measurements were made and they are in the process of
receiving more emphasis, ERDA has given Oak Ridge money specifically for
this type of experiment.
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RESUME

The experimental program in neutron physics at intermediate energies (460-
800 MeV) at the Clinton P. Anderson Meson Physics Facility (LAMPF) will be surveyed.
Among the reactions studied are n-p elastic scattering, pion-production, (p,n)
recLCtions and neutron-induced reactions in various nuclei.

ABSTRACT

The Nucleon Physics Laboratory at Laanpf and the multiwire proportional
chamber spectrometer used in neutron physics experiments will be described. The
neutron spectra at 0° from proton bombardment of hydrogen, deuteriura and numerous
other targets at nominal proton energies of 647 and/or 800 MeV have been investi-
gated. While all spectra (except those for pp •* npir+) show a sharp charge-ex-
change peak at essentially the bombarding energy, the peak for pd •+ npp is intense,
narrow and exceptionally well isolated from the background of lower energy neu-
trons and thus provides the basis for a nearly ideal monoenergetic neutron beam.
This beam has been used in precision studies of the differential cross section
for n-p elastic scattering in the region 50°<e£m<180° at 463, 647 and 800 MeV.
Values of the pion-nucleon coupling constant derived from the shape in the charge-
exchange region are in good agreement with values obtained from pion-nucleon
scattering. The experiments also give the angular distribution for the reaction
n + p -> ir° + d at these energies with high statistical accuracy. In a separate
experiment, the cross sections d^a/dSidp^ for production of v+ and ir~ mesons in
n-p collisions at 800 MeV have been measured. The monocnergetic neutron beam
has also been used in measurements of n-d back-angle elastic and inelastic
scattering and in measurements of proton, deuteron and triton spectra from neutron
bombardment of other nuclei.
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I. INTRODUCTION

More than a decade ago a need was recognized for accelerators of high beam
intensity to be used in the accurate investigation of a wide variety of phenomena
in the. "medium-energy" region, above the threshold for meson production. In
response to that need, accelerator facilities identified by the acronyms LAMPF,
TRIUMF and SIN have been built in the U. S., Canada and Switzerland. Prominent
among the motivations which led to the construction of these "meson-factories" was
the need for detailed data on the phenomenon of meson production near threshold and
for an accurate determination of the nucleon-nucleon interaction in both elastic
and inelastic collisions at medium energy. In particular, despite considerable
previous experimental effort, the available data on the n-p interaction have not.
been sufficiently accurate and comprehensive to permit unambiguous n-p phase-shift
analyses for energies above about 400 MeV. A definitive determination of the n-p
interaction, elastic and inelastic, for energies up to 800 MeV has been the primary
motivation for the program of neutron physics research which has been undertaken at
the Clinton P. Anderson Meson Physics Facility (LAMPF) at the Lcs Alamos Scientific
Laboratory (LASL). While this continues to be the long-term objective in the
neutron physics program, the instrumentation developed has made possible a number
of other experiments involving high-energy neutrons. The purpose of this paper is
to present a brief description of the facility and instrumentation for neutron
physics research at LAMPF, and a summary of the oxperimental results obtained thus
far. The work has been a collaborative effort involving scientists from LASL and
from several universities (see Table I.). It should be noted that papers on some
of this work were presented by Mahavir Jain1) and D. M. Wolfe2) at the recent
International Conference on Few Body Problems in Delhi.

Table I. Collaborators in neutron physics experiments at LAMPF.
Asterisks indicate those whose work constitutes PhD thesis research.

Texas A&M U.
M. L. Evans*
G. Glass
J. C. Hiebert
Mahavir Jain
R. A. Kenefick

U. of New Mexico U. of Geneva LASL

H. C. Bryant
C. G. Cassapakis
B. Dieterle
C. P. Leavitt
W. Thomas

D. W. Werren

U. of Texas
C. W. Bjork;

P. J. Rilev

B. E. Bonner
J. E. Simmons
Nelson Stein

L. C. Northcliffe D. M. Wolfe

II. THE LAMPF EXPERIMENTAL FACILITY

The accelerator is a proton linear accelerator, a half-mile in length, of var-
iable energy (200-800 MeV), designed to provide, simultaneously, H"*" beam:; of inten-
sity up to 1.0 mA and H~ beams of intensity up to 100 JJA. The machine has a macro-
scopic duty factor of 6%, providing beam pulses of 500 ysec duration at a rate of
120 Hz. Microscopically, the beam comes in bursts of 1/4 nsec duration separated
by 5.0 nsec. This time structure can be utilized to some extent in time-of-flight
(TOF) measurements. Further optimization for TOF measurements can ba achieved by
operating the H~ beam in an optional "chopped" mode in which seven out of eight
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beam micropulses are eliminated and the micropulse separation becomes 40 nsec.

A view of the experimental areas, Fig. 1, shows how primary (H+,H ) and
secondary (rr.p.v.n) beams can be provided simultaneously in a variety of experi-
mental channels, permitting the performance of more than a dozen experiments at the

ISOTOPE
PRODUCTION

NEUTRINO
AREA

L STOPPED ^ RADIOSOLOGY AM)
MUON CHANNEL THERAPY RESEARCH FACILITY

Fig. 1. Plan view of experimental areas at LAMPF. the beam enters from the left.
The accelerator is not shown.

same time. The splitting of the beam between lines into beam areas A, B and C is
achieved by use of foil strippers to convert fractions of the H beam into H+ and
magnets to separate the H~ and H components. During the first two years of oper-
ation only the H~ beam from the accelerator was used. Recently, H+ beams have
been accelerated with intensity as high as 110 pA and routine operation with
simultaneous acceleration of beams of 35 IJA HL and 6 uA H has been achieved. This
mode of simultaneous H~ and H operation will be used in the future, and no major
difficulty in increasing the beam intensity is foreseen.

III. THE NEUTRON FACILITY

The neutron experiments are done in beam area B, called the Nucleon Physics
Laboratory, which is located at the top of Fig. 1. The neutron beam is generated
by passage of the H~ beam through a production target, normally a forced-convection
liquid-deuterium (LD2) target of thickness 1.80 g/cm which is designed to dissipate
100 W of beam power.3) The H~ beam current is monitored by integration of the
output of a toroid beam-current monitor. / As shown in more detail in Fig. 2, the
neutrons from the %(p,n)2p reaction are collimated at 0° (in a cone of half-angle
0.1°) while the proton beam is deflected into a beam stop. Background charged
particles are swept from the neutron beam with magnet M^. In the earlier runs a
veto scintillator SQ was placed in front of the second target so as to eliminate
any residual charged-particle contamination, but this was found to be unnecessary
and SQ was eliminated in the later runs. The second target is normally a cell con-
taining liquid-hydrogen (LH2) of thickness 0.94 g/cm^. The neutron flux is moni-
tored by N-M0N, a polyethylene radiator at the collimator exit viewed by counter
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telescopes positioned at 25 to left and
right of the beam; another range tele-
scope (H-MON) placed to detect protons
recoiling at 45° from the LH2 target
serves to monitor the product of neutron
flux and LH2 thickness. Charged parti-
cles produced in the target are analyzed
in a multiwire proportional chamber
(MWPC) magnetic spectrometer (elements
S1,W1,W2,M2,W3,W4,S2 in Fig. 2), which
determines the trajectories and momenta
of the particles. The spectrometer will
be discussed in more detail in Sec. IV.

The properties of the 0° neutron
beam are inferred from the distribution
of recoil protons from n-p charge-ex-
change scattering in the LH2 target, as
observed in the MWPC spectrometer. The
horizontal distribution of the neutron
beam at the midplane of the LH2 target,
obtained by projection of the proton tra-
jectories back to that plane, is shown, in
Fig. 3. Note that the full width at one-
tenth maximum is only M cm. The neutron
momentum distributions observed for the
2H(p,n) reaction at nominal beam energies
of 647 and 800 MeV5) are shown in Fig. 4.
These spectra are of special interest
because of the comparative isolation of
the sharp high-energy peak from the back-
ground of lower energy neutrons which

makes this reaction almost ideal for generation of
monoenergetic neutron beams for use in scattering
experiments. This beam is quite intense: at
both energies the integrated flux of neutrons in the
high-momentum peak is ̂ 8 x 10^/sec per pA of proton
beam current.

In some experiments, LH2 is used in the produc-
tion target or LD2 is used in the second target or
various solid targets are used in one or the other
position. Some of the results obtained when this is
done will be presented and discussed in Sec. V.,
below. Of special interest is the first alternative,
in which the neutrons come primarily,from the lH(p,n)
pir+ reaction. The observed spectrâ -* are also shown
in Fig. 4, for comparison with the ^H(p,n) spectra.

The remarkable similarity of the lower-momentum regions of the spectra from the two
targets is an indication that similar pion-producing mechanisms may be responsible
for this continuum in both reactions.

IV. THE MWPC SPECTROMETER

The spectrometer has been described in more detail elsewhere. It consists
of a large magnet (M2; see Fig. 2), two scintillators (Sĵ  and S2) and four MWPC's
(W1-W4) which give the horizontal and vertical coordinates of four points on the

Fig. 2. The neutron facility, showing
the production target (LD2), the 0° neu-
tron line, the reaction target (LH2) and
the MWPC spectrometer.

1000 L-

PROJECTION Icml

Fig. 3. Beam profile at
LH9 target.
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patli of charged particle recoiling from
the LH9 target, determining the path
before and after the deflection, from
which the momentum and recoil angle of
the particle can be determined.
Typical deflection angles are ̂  22°
and are determined with a precision of
^ 0.06°, which gives a momentum deter-
mination of accuracy "v 0.5%.
(Actually, multiple scattering and
other effects increase this to ̂  1%.)

'° 9 The angular acceptance of the spectro-
10a meter in the horizontal plane is ̂  4°.

In orc^r to measure angular distri-
butions over a wider range, the entire
spectrometer system is rotated as a

• 05 rigid unit about a vertical axis
,04 through the center of the LH2 target.

jo?

HO 6

600 MeV

400 600

The scintillators
2

and S2 are used to

01

800

Fig. 4. Neutron spectra at 0° from proton
bombardment of deuterium and hydrogen at
nominal energies of 647 and 800 MeV. Typi-
cal statistical errors are shown.

Fig. 5. Examples of important on-line displays.
(a) p o vs tj2 shows the separation of protons

I ~ measure tj2» t ne TOF of the particle
I02 through the spectrometer, which differs

for different charged particles (p,d,t,
TT) of the same momentum and is used to
identify them (see Fig. 5(a), below).
Independent identification is provided
by the pulse height seen in S2, which
differs for particles of the same
momentum but different mass. The
timing t r of the S^ signal relative to
the accelerator rf micropulse is also

measured since it can be used to
distinguish low-energy recoils
which are produced by low-energy
neutrons from the LD£ target from
those which are produced by
inelastic processes in the LH2
target (see Fig. 5(b)).

When a coincidence between
signals from S^, S2 and at least
three out of four of both hori-
zontal and vertical MWPC's occurs
in the absence of a veto from S Q ,
an event is accepted and analog
signals from S l 7 S 2 > tj 2 and tr

along with digital signals iden-
tifying the "hit-wires" in the
MWPC's are read via CAMAC and
a microprogrammed branch driver''
into a PDP-11 computer. The
data-acquisition program"' writes
all data for each event on mag-
netic tape, for use in subsequent
off-line analysis as well as pro-

viding live, on-3ine display of a variety of histograms and two-paramoter plots or

(band p) from deuterons (band d ) . (b) p 0 vs t
shows the separation of low-momentum recoils
caused by low-energy neutrons (slanting bands)
from those caused by inelastic reactions in the
LH2 target (vertical band); The separation in
this display is enhanced by obtaining the data
with "chopped-beam" (40 r.sec micropulse spacing).
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the data. The two examples shown in Fig. 5 are of special interest. They are plots
of the approximate momentum p 0 (estimated from the angle of deflection) vs. ti2 and
tr, respectively. Figure 5(a) shows the separation of protons and deuterons into
separate bands which is used as one means of particle identification, while Fig.
5(b) shows how low-momentum recoils which are caused by inelastic reactions in the
LH2 target (the vertical band of events) can be distinguished from those due to
low-energy neutrons from the LD- target (the slanting bands).

A final determination of the momentum p for each event is made in the off-line
analysis by starting with the approximate value p0, computing the path of a particle
of this momentum through the spectrometer using a matrix of measured magnetic f i e 1^
values and finding the optimum path and momentum p by a x2 minimization procedure.y>
This p value and other data on the event are written on another tape which is used
in all further analysis.

The problem caused by the occasional occurrence of multiple "hiti" in the MWPC
planes is resolved by considering all possible trajectories through individual
"hits" in the different wire planes and selecting the one with the best x value.
Events with a missing x or y coordinate due to MWPC inefficiency (typically ^0.3%)
caused no problem because three x and three y coordinates determine the particle
orbit unambiguously.9)

The geometric acceptance of the spectrometer is limited vertically by the gap
of the magnet and horizontally by the edges of the MWPC's. The vertical limitation
can be specified in terms of the polar and azimuthal angles 0 and <£_ in a polar
coordinate system fixed in the spectrometer with its polar axis normal to wire-
planes W^ and w"2- With our spectrometer geometry and beam size, particles restric-
ted to the region sindn sin<j>m < 0.02 had negligible probability of striking a mag-
net pole. Imposition of this restriction limits the azimuthal angular acceptance
to the fraction e = (2/TT) arcsin(0.02/sin6m) when sinOm > 0.02 but eliminates un-
certainty about the eclipsing due to the magnet poles. The limitation imposed by
the finite width of the MWPC's can be determined empirically from plots of 6m vs

hit-wire position for various momentum
bands and all magnet currents. The
results are summarized in Fig. 6, in
which the limits determined by the left
and right edges of the MWPC's are
plotted. If an event falls within the
shaded region it is sure to have passed
through all four MWPC's. Only events
within this region which have
sinem sin<J>m < 0.02 are used in the

-j analysis. Thus the uncertainties due to
J finite beam size and the geometric limits
| of the spectrometer are eliminated. From
this plot it is seen that the width of
the angular region accepted by the spec-
trometer in the horizontal plane is i» 4°
and that the location of this angular
region for particles of a given momentum
p changes as the magnet current is
changed (i.e., as fB-di through the mag-
net is changed, where B is the vertical
component of the magnetic field at ele-
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Fig. 6. Geometric acceptance of spectro-
meter as determined by left and right
edges of MWPC's. The dependence on mag-
net current is eliminated by dividing
the momentum p bj- the magnetic field
integral /B-d*.
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merit of path dJi) . Thus, the angular region studied can be changed somewhat without
moving the spectrometer if the magnet current is changed.

The sense-wire spacing in the MWPC's is 2.0 mm. The discreteness of the coor-
dinate information gives rise to surprisingly large artificial discontinuities in
the 9m and <f>m distributions. This instrumental "granularity" is removed by redis-
tributing the discrete coordinates randomly in accord with a trapezoidal probability
distribution which approximates the actual probability that a wire will be triggered
as a function of the distance by which the particle misses the wire. This distribu-
tion is tailored to reproduce the observed frequency of simultaneous triggering
of neighboring wires.

V. EXPERIMENTAL RESULTS

A. Neutron Momentum Spectra

One of our objectives has been to make a systematic investigation of the
neutron spectra produced in proton bombardment of a wide range of target nuclei.
For these measurements the spectrometer was positioned at the nominal angle 6 = 0 °
(see Fig. 2) and LtT? was used as a radiator. In each case the neutron spectrum was
derived from the observed spectrum of recoil protons from n-p charge-exchange
scattering in the radiator. The proton recoil spectrum was synthesized by merging
the results of runs made with several magaet currents (typically four) which
spanned different overlapping momentum regions. The spectra were corrected for the
slow variation of the n-p charge-exchange cross section with neutron energy. They
were also corrected for the inelastic (pion-producing) reactions in thn LH? target,
which also produced protons of reduced energy. The correction was determined in a
special set of "chopped" beam runs with the broad spectrum of neutrons produced in
the 27Al(p,n) reaction at 786 MeV (see Fig. 8, below); while the recoil proton
momentum was measured in the spectrometer, the neutron momentum cculd be inferred
from tr with adequate accuracy to determine whether the recoil protons came from
n-p elastic scattering or were associated with pion production (the energies of the
latter protons are reduced by at least 135 MeV).

The (p,n) spectra from hydrogen and deuterium at 647 and 805 MeV already have
been presented in Fig. 4. (Momentuni measurements indicate that the actual energy
of the nominal 800 MeV beam was 805 MeV.) The data for hydrogen are reproduced on
a larger scale in Fig. 7, along with another spectrum measured at 771 MeV. The
reaction in hydrogen is of particular interest because it can only proceed by way
of pion production and because the simplicity of the reaction pp -*• npir"1" makes it
a suitable candidate for a theoretical calculation. A first attempt at such a
calculation^) was based on a phenomenological pion-exchange model, dominated by
the pion-nucleon interaction in the A(1232) resonant J = 3/2, I = 3/2 state. While
fairly successful in reproducing the spectral shape, the model underestimated the
yield in the region where enhancement by the n-p final-state interaction (FSI) was
expected. The model has since been improved by including this FSI.^) As present-
ly constituted it contains four phenomenological parameters: RNN is a length char-
acteristic of the average separation of the two final-state nucleons; f ^ is a
factor characterizing the attenuation of the final-state N-N interaction caused by
the presence of the pion; oipr and asc account for off-shell effects of the ex-
changed pion at the production and scattering vertices. These parameters were
determined by fitting the 805 MeV data (see Fig. 7), and the success of the model
is indicated by the closeness with which the calculation (solid curves) predicts
the 647 and 771 MeV spectra when the same values are used for these parameters.
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The next simplest (p,n) reaction is that for deuterium. Its spectrum is of
interest both because of its similarities to and its differences from the pp •*• n
spectrum (see Fig. 4). The striking difference is the appearance of the intense

and narrow peak at approximately the bom-
barding energy. This peak makes the
pd ^ n reaction the best yet found for
the production of monoenergetic neutron
beams in this energy region. The mechan-
ism responsible for this peak is quasi-
free p-n charge-exchange scattering from
the target neutron enhanced by the p-p
FSI. The peak can be compared with the
predictions of calculations which have
been made12) using both the simple plane-
wave Born approximation (BA) and the dis-
torted-wave Born approximation (DWBA)
including the FSI of the diproton in the
L=0 partial wave. At both energies the
integrated cross section in the charge-
exchange peak is observed to be ̂ 29 mb/sr
(approximately 58% -J: the free n-p charge-
exchange cross section), whereas the pre-
dicted values are ^25 mb/sr for the BA
and ^60 mb/sr for the DWBA calculations.12-'

RNN=I.II fm

fHN =0.233

»509.l MeV/c

=431.8 MeV/c

GeV/c

Fig. 7. Neutron spectra at 0° from p-p
collisions. The solid line shows the
theoretical calculation including the n-p
FSI. The dashed line shows the portion
not contributed by the n-p FSI in this
model. The righthand arrow shows the
point in eai_h spectrum at which the n-p
VSI is expected to be a maximum. The
lefthand arrow shows the point about
which there is forward-backward symmetry
in the center of mass system.

In the lower-momentum region there
1.3 is a striking similarity in the shapes

of the pp -»• n spectra and the pd -*• n
spectra, although the distribution is
somewhat broadened in the latter case.
This is true in both the 647 and 800 MeV
spectra. The broadening is expected
because of the nucleon motion within the
target deuteron.

The remarkable similarity in the
shape of the spectra in the low-momentum
region leads to the speculation that the
same mechanism is operating in both re-
actions. It seems likely that in the
p-d collisions the neutrons of lower

momenta are primarily associated with pion production in quasi-free p-p or p-n coll-
isions which proceed through the A(1232) channel with the third nucleon as a spec-
tator. This assumption neglects contributions from p-d breakup without pion pro-
duction as well as pion production which proceeds through ir-N isospin 1/2 states in
p-n collisions. It leads to the prediction of a 4/3 intensity ratio between the
p-d and p-p spectra. The data are reasonably consistent with this prediction.

The (p,nj spectra obtained with more complex targets are shown in Figs. 8 and
9. (The data of Fig. 8 have been published.13)) All of these spectra are qualita-
tively similar to the deuterium spectrum, showing both a prominent charge-exchange
peaV at approximately the bombarding energy and a broad peak associated with pion
production in the lower-momentum region. In no case, however, is the isolation of
the charge-exchange peak from the background of lower-energy neutrons as good as in
the case of deuterium. A comparison of the C and Al spectra at tne two energies in
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Fig. 8 shows that the integrated intensity in the charge-exchange peak is essen-
tially independent of energy, while the broad peak associated with pion production
tends to increase at the higher energy. The same observations seem to hold true
for the D spectra in Fig. 4. The systematic trends of some important features
of the 800 MeV spectra as a function of mass number A are summarized in Fig. 10.
The smoothness of the A-dependences exhibited for the heavier targets is remarkable.
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Fig. 8 Neutron spectra
observed at 0° in
proton bombard-
ment of Be, C
and Al. The
proton energy
was 633 MeV for
the spectra on
the left and 786
MeV for those on
the right.

Fig. 9. Neutron
spectra observed
at 0° in 800 MeV
proton bombard-
ment of various
targets. (The
spectrum for C
was obtained at
786 MeV beam
energy.
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Fig. 10. A-dependence of important features in
the spectra of Fig. 9. The curve labeled £„ gives
the sum over the "pion-production" region (505-
1295 MeV/c); that labeled Zce gives the sum over
the charge-exchange peak (1295-1500 MeV/c); that
labeled £ce/Ev gives the ratio of the sum over the
charge-exchange region (1365-1465 MeV/c) to that
over the adjacent valley (1245-1345 MeV/c).
For the carbon spectrum the momentum windows were
adjusted to account for the difference of beam
energy.

: B. n-p Differential Cross Section

Measurements of the differential cross section
do/dfi for n-p elastic scattering have been under-
taken at 463, 647 and 800 MeV. The scattering occurs
in the LH2 target (see Fig. 2) and the recoil pro-
ton is observed in the MWPC spectrometer. At the

same time, deuterons are being produced at forward angles by the reaction np -• diT°.
The cross section for this reaction is known (with an estimated absolute accuracy
of 7%) because by isospin conservation it is one-half the cross section for the
pp •+ dv reaction and the latter cross section is well known. ^ The observation
of these deuterons along with the charge-exchange protons provides a convenient
means for absolute determination of the neutron flux and thus for absolute normal-
ization of the n-p cross section values.

The 647 MeV data were obtained in two sets of runs, some six nonths apart.
In the first set the spectrometer was fixed at 0° and the 8-acceptance region was
varied by making runs with three different magnet currents, giving data of high
statistical accuracy on da/dft for 174.5° < 0cm < 180°. In the second set the
spectrometer was moved in steps of 4° (lab) from 0° to 60° with magnet current
aHjusted to compensate for the changing recoil proton momentum, giving data on
da/'dfi for 50° < 6cn) < 180°. Every foreground run made with the filled LH2 target
was matched by a background run with the target cell emptied. Relative normal-
ization between runs was provided by both the proton beam integrator and the
neutron beam monitor. The absolute normalization was determined from the deuteron
y:eld at forward angles. After background subtraction, the results obtained with
different currents in the first set of runs were self-consistent and agreed very
well with those obtained in the second set.

The final da/dfi values at 647 MeV were obtained by pooling all of the data
and are shown in Fig. 11 along with previously published measurements in the same
energy region frou: Dubnal5) an<j the Princeton-Penn. accelerator (PPA).l^) A com-
parison with another recently published measurement from Saclay*') which covers
only the angular region above 0cm = 145° is shown on an expanded scale in the
inset in Fig. 11. (The data shown in the inset have been published.18)) Our values
are seen to fall between those of Dubna and PPZU They are in reasonable agreement
with the Saclay values except at extreme backward angles Ocm •* 175°). The plausi-
bility of the shape of the backward peak in the angular distribution can be tested
by using the pole-extrapolation method of Chew1 ^ to extract the pion-nucleon
coupling constant from the shape. In this energy region the method is expected
to give a reasonably accurate value.20) When this is done with our 647 MeV data
the value obtained is f2 = 0.073+0.003, in agreement with the value f2 = 0.076±0.003
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Fig. 11. Differential cross section data for n-p elastic scattering near 640 MeV;
Dubna (630 MeV; Ref.15); PPA (649 MeV; Ref. 16); Saclay (649 Me 7; Ref. 17); present
experiment (647 MeV). The inset shows an expanded view of the back-angle region.
For clarity, the Saclay data are omitted from the full angular distribution.

obtained in a phase-shift analysis of p-p scattering data.21-* When the same is
done with the Saclay data,17) a reasonable value for f2 is obtained only if their
back-angle points ( 175°) are omitted.

The analysis of the 800 MeV data has recently been completed and the results
are being presented here for the first time. They are displayed in Fig. 12 along
with data from Saclay-'-'') and PPA16) at the nearby energy of 817 MeV. The agreement
with the Saclay results is remarkably good. The value of the pion-nucleon coupling
constant obtained from our data by the pole-extrapolation method is f̂  = 0.079
± 0.003, again in good agreement with the value given by the p-p phase-shift
analysis.21)

The analysis of the 463 MeV data has only just begun.

C. np -*• dir° Angular Distribution

As mentioned in the above subsection, deuterons from the two-body reaction
np -»• d7T° are observed at laboratory angles less than ^ 15°. In fact, these deuter-
ons serve as the basis for normalization of the n-p differential cross sections.
While we cannot determine the absolute differential cross section for the np •+ dir"
reaction from these data (since it is assumed to be half of that for pp -* dTt+) ,
nevertheless we are able to determine the relative angular distribution with
greater accuracy than has previously been achieved, even for the pp -* dir case.
Our results at 647 and 800 MeV are shown in Fig. 13. It has been customary to fit
the center of ir.ass differential cross sections with a parameterization of the
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where 9^, is the pion angle in the center of mass
9 system and K.^, A and B are the fitting paiame-
ters. The values of A and B obtained by least-
squares fitting of this functional form to the

7data of Fig. 13 are given in the figure. In
Fig. 14 they are compared with all previous de-
terminations of A and B for the np -> d^o reac-

gtion in this energy region,22-25) a s Weil as with
the most accurate determinations for the pp -*
d + reaction.14) It will be noted that the

7present results are consistent with but more pre-
cise than the previous determinations. Also,
there is no evidence for violation of charge-

5independence at this level of accuracy.

Similar data have been obtained at
but have not yet been analyzed.

463

cos' D.
at

n p -»• TT"

800 MeV
Momentum and Angular Distributions

Fig. 13. Relative differential
cross sections in the center of
mass system for the reaction
np •• dn0 at 647 and 800 MeV.

Data have been obtained on both n+ and IT"
spectra produced at ten laboratory angles in
800 MeV n-p collisions. Thess data represent a
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Fig. 14. The coefficients A and H of Hq. 1. De-
terminations based on the np •*• dn reaction;
open squares - Ref. 22; open triangle - Ref.
23; open diamond - Ref. 24; open circle - Ref.
25; solid circles - present results. The best
determinations based on the pp •+ dn+ reaction^)
are shown by the crosses. Note that B was assumed
to be zero in Refs, 23-25.

considerable improvement over previous studies of
these reactions. At present, only a small portion
of our datfi have been analyzed. Preliminary n-~ en-
ergy spectra obtained at several spectrometer angles
are shown in Fig. 15. As more of the data are an-
alyzed, the statistical accuracy of Chese spectra
will be improved.

E. Neutron Induced Reactions on Deuterium

72° Proton and deuteron spectra produced
in 800 MeV neutron bombardment of deu-
terium have been measured at spectrome-
ter angles of 0°, 4°, 80 and 16°. The
prominent reactions seen include n-d
elastic scattering, the quasifree pion-
producing reactions np' ->• dir° and nn' ->•
dir , and quasifree n-p scattering. While
the analysis of the data is incomplete,
preliminary results for the quasifree
n-p scattering are available and are com-
pared in Fig. 16 with previous data from
Harvard^) at 152 MeV as well as with our
measurement of the free n-p cross section
at 800 MeV. The free n-p cross section at
152 MeV (the solid line) is that given by
the Yale phase-shift prediction YLAN4MP.
The quantity t is the square of the ex-
change four-momentum transfer. In the

Fig. 15. Center of mass energy spectra l i m i t o f s m a l l t w e f i n d t h e r a t i o o f

for n- meson production in n-p collis- q u a s i f r e e to free cross sections to be
ions at 800 MeV, Absolute normalization 0_51 w M l e t h e r a t i o w a s Q65 a t 1 5 2 Mf?v

of the cross sections has not yet oeen
established. The angles quoted are nom- p_ N e u t r o n I n d u c ed Reactions on Heavier
inal spectrometer laboratory angles. Targets
They correspond approximately to center
of mass angular regions of 0-3°, 29-35°,
63-73°, 80-900, ancj 107-119", respec-
tively.

200

Proton, deuteron and triton spectru
produced at 0°, 16° and 24° have been
obtained for 800 MeV neutron bombardment
of 6Li, 7Li> 9B6j C ) 27/vi and Cu targets.

While preliminary results have been reported27) the analysis of these data
is still incomplete. A sample of the results is shown in Fig. 17.
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Fig. 17. Relative yields of protons,
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MeV neutron bombardment of Be and C.
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ML 2 - NEUTRON PHYSICS AT LAMPF - L. C. Northcliffe, Jr. (Texas A & M Univ., USA)

Cranberg (TDN, Inc.):

A number of years ago, Professor V. F. Weisskopf, writing in the Scientific
American, claimed that one of the spin-cffs from high-energy physics is the
technology of fast timing. This prompted me to .send a letter to the Scien-
tific Americar pointing out that the origin of nanosecond timing and beam-
pulsing technology lay not in high-energy physics, but rather in fast-neu-
tron technology - a point which several colleagues engeged in high-energy
physics research have acknowledged. Although this letter was never pub-
lished, it seemed appropriate to mention this point on this occasion, since
this review has felicitously been devoted to both high-energy and neutron
physics.




