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THE WHHITE HHOUSE

WASHHNGTON

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 Cunference
on the Interactions of Neutrons with Nuclei to be held
at the University of Lowell.

Thosc who are concerned with this important area of

scientific research have contributed significantly to our
understanding cf 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 mankird.

Aty £ 2
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PREFACE

these Provesdings recurd the rransact.ons of the International Conference
on the lnteractions of Neutrons with Nucled, which was held at the University
of Lowell! in Lowel!, Massachusetts, 7.9 A, from Tuesday, July 6 to Fridau, July 9,
JNTH arnd waee atUequieed Lo Loarpy clpante Yoo 20 s tries.,

Tlhee cuntesrcace was planned for o ogears as an academic and scientific con-
tribution to the U.S. Bicentennial, to take place just after the Fourth-of-July,
at the sesquicentenniai of the city 57 Lowe!l and on the first anaiversary of
the formation «or the University of Lowel!. It was conducted on the North Campus
63 the Universitu, in the o 'ney Socence Conter and In Olsen Hall.

The Conference was cenceived as o topical successor o eariier meetings,
such as those held in 1957 at Columbia University, in 1965 at Antwerp and 1972
at Fudapese, 1n which the gim was to sureey the entire realm of basic neutron
physics from g nuclear stamipoine, reviewing the present status and assessing
the poteat:aiities ftor the fvture of this field of endeavor. It was somewhat
more oxtensive [n scope, both as regards atiéendance, (215 attendees from the
.5.4. [i.e., 65%), plus representatives Trom Australia, Austria, Belgium, Brazil,
Candda, China [Nationi!lsse Repubiicl, Foupt, France, Germany [6.D.R.), Germany
[F.r.o0], Great Mritain, bangery, India, Iraq, Italy, Japan, Mexico, Netherlands,
Polamnd, South Atrica, Sweden, Switzerland, Turkey, U.S5.5.R., United States and
Yucoslavia) and in coverdee o! topics, which extended over a diversity or theoretic-
al, experimental, teckhielogioal ad general areas.  These raaged over the electro-
magretic interactions (Choroncutions and radiative capture) and the strong
interactions (suittering, reactions, polarization, stripping, transfer, fission,
fusion) or neutrons, a review of peutron facilities, instrumentation and applic-
ations, intermediate ani high-~energy neutron physics, and related topics of
genesal interest. Altocether, 34 Invited fapers and 198 Contributed Papers were
presented at simultanewus (buv staveercv.} Main and Parallel Sessions, as detailed
in the Program Schedul!s nd [.ist of Papers which have been reproduced in these
Froceedings. The list of Fi:rst Authors of these papers comprises 207 names,
of whom 83 |i.e., 40%] «tem from the U'.S.A. and 124 {i.e., 60%] from overseas
f=ame 25 countries as those of the obove attendees). This illustrates the inter-
ndtional fiavor of this event, which together with the distinguished character of
its participants, constituted a particularly gratifying feature of the Conference.
Also especiallu pleasurable was the involvement of many younger delegates, graduate
students and others, wh: injected a vivacity and enthusiasm into the atmosphere
ot this gathering which. together with 1 verv evident, all-prevading spirit of
frieniliness, imbued this Conference with a memorable and noteworthy cordiality.,

The scientific procram comprised 26 Invited Papers In the Main Session, each
of 30 minutes® duration, followed by up to .5 minutes of discussion (except for
a 45-minute Conference summary <uad Overview, presented by Professor Eugene Paul
Wigner of Princeton University, U.S.A. and a 1l0-minute clecsing address, d=l-
ivered byedcademician Professor Illya Mikailovich Frank of the Joini Institute
for Nuclear 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 Sessicn 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 solid-state physics, neutron astrophysics, and the use of
neutrons for the production and util: .~Aticn of energy. Certain aspects of neutron



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

Also teatured In a Joint Session was a !-hour Conference Forum, comprising
a free-ranging panel discussion among 9 invit~d 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 from 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 Résumés and Abstracts of the remaining
190 contributed Papers. These latter were delivered orally in simultaneous
Papers Sessions of the Parallel Schedule, each paper being allotteda l10-minute
span followed by 5 minutes of discussion. In addition, 1%-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 afternocn 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 Confersnce and compara’ le guantities 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 Nuciear 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 subrnanosecond time-of~flight systems,
arnd a General Flectric swimming-pool research reactor. presently operating at
a 1-mwWw power level. Also, on Thnursday morning, July 8, 1976 groups were taxen
to the High Voltage Engineering lorporation in Burlington and to the M.I.T.
Bates Linear Accelerator facility at ¥iddleton, 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 Banguet
was heid for 350 participants and guests at the Sheraton Rolling Greer Motor
Inn, Andover, Massachusetts, the principal Banguet Address being delivered by
the Guest of Honour, Professor Edcardco 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 80-80 companions also took part in the arrangements. A special
Companion Program was established, comprising coach tcurs to nearby areas »f
cultural, historical or r..creational merit. Thus, an excursion to 0ld Sturbridge
Village was arranged for Tuesday, July 6, a Companion group left for Boston
early on Wednesday miorning, July 7 in order to visit Concord, Lexington, and




other Revolutionary (Bicentennial) sites in the area before visiting special
exhibiticons and locations in Boston pricr 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 combiration walking/bus tour was conducted through Iowell’s canai systems
and his:o~ical or architectural attractions, including the South Campus of
the Uni er *“ of Loweil.

The language < the Conference was Enclish throughout, and a compiete
record on magnetic tape was made of all Invited Talks and discussions. The
Invited Speakers were asked to send preliminary Abstracts, followed by the
fnll text of their Invited Fapers, prior to the Counference so that by the
time the Conference began, all! Abstracts of Invited and Contributed Papers
could be distributed to each participant in dupiicated loose-leaf form in a
ring-binder Conferences Portfolio. The manuscripts of the full texts were
assembled during the Conference, at which time preliminary unedited trans-
cripts of the Discussic 1S were alsn 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 rapidé publicetion.

We sincerely and gratefully appreciate the consideration shown by the
Speakers in conveying to us the manuscripts o schedule and in scrutinizing
our vriginal 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 notoricusly prone to mis-—
understanding, and we had to use our discretion whenever it was mot 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 expressicn 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-matrix" as an
avowal that he was "partial to the use of Army tricks"!

The highly compressed nature of the schedules enabled a vast amount of
material tc be covered in the four days of the Conference, and necessitated
rhe division of these Proceedings into twe fzirly bulky volumes. For ease of
perusal, we have included a Table of Co-..ents and Conference Schedule and in
Volvme II an Author Index, L°st ot Invited and Contributed Fapers (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 Mi, and 2 Invited Talks of Session MN. Also
contained therein are 8 Invited Papers and 4 Special Contribvted 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 Bancuet 4Jlddresses, a Secretarial Contributicn, 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. Jacquelyri Jones, Ms. Elizabeth Connors, Ms. Betty Ryan, Ms. Diane
buggan, Ms. Pam lLeczynski 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 Fo.andation, 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 Iastitute of Physics (U.K.),
The American Nuclear Society, The U. S. National Science Foundation and the
U. 5. Energy Research and Developmen: Administration (whose Technical Informa-
tion Division is publishing these Proceedings, obtainable from

The Eational Technical Information Service,
U.S. Department of Commerce,
8285, Port Royal Road,

Springfieid,
virginia 22161
U.S5.4.

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.

tric Sheldon
(Blitor)

Gus P. Zouchell
Susan A. Goodwin
Swresh C. Mathur
David Pullen

(Assveiate Editors;

University of Lowell
July 24, i976
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ICINN PROGRAN SCHEDULE

TUESEAY, JULY 6, 976

TIME  SESSION NO. MAIN SESSION TIME SESSION NO. PARALLEL SESSION
9.00 HA CHAIR: L.E. Beghian (U. of lowell, USA)
INAUGURAL ADDRESSES:
J.B. Duff (President, U, of Lowecll, USA)
T. O'Neill (Lieuternant-Governor, Cormun-
woalth of Hassschusetts, USA)
E. Sheldon (ICINN Chairman, U.of lowell)
9.30 HA RECENT ADVANCES IN NEUTRON PHYSICS
B. Fesbhach (Massackusetts Institute of
Technology, USA)
10.1% - CROUP PHOTOGRAPH (Main Latrance, Ofvey)}
10.25 - REFRESHMENTS {CCney {cbbyl
10.45 ¥B CHATP; K. Abrahams (Reacfor Centrum Neder- 10.45 PA CHAIR: §. Csikal (Debrecen, Hungary)
land, Petten, Netherlands)
10.45 MB1 THE KIGH-FLUX REACT.R AT GHENOBLE AND ITS 10.45 PAl NEUTRON INSTALLATIONS AND FACILITIES
SPECIAL NEUTRON DEAM IXSTALLATIONS S.W. Cierjacks (Kernforschungszentrus
R.L. M3ssbauver (ILL Gremoble, France} Karlsruhe, Germany}
11.30 Bl RESONANCE NEUTRON CAPTURE 11.30 PA2 ACCELERATOR-PRODUCED NEUTRONS OF HIGH
J.R. Bird, J.W. Boldeman, B.J. Allen, FLUX RATE
A.R, del., Musgrove. M.J. Kenny (AAEC L. Cranberg (TDN Inc., Austin, Texas, USA)
Lucas Heights, Australia}
12.15 - 1.45 LUNCHEON [Sindent Union Tafefordiun) 12.15 - 1.45 LUNCHEON {Studant Union Cafetonium}
1.45 K CHAIR: G.A. Bartholomew (AECL Chalk River. 1.45 PB1 Parallel Sesaions of Contributed Papers:
canala) Al-B: Neutron Properties & Forces {0-115)
1.45 Kl FAST RADIATIVE CAPTUKZ G1l-8: Polarization (0-513)
I. Bergqvist (U. of Lund, Sweden) J1-8: Fission and Fusion (o-517)
Fl-8: Neutron-induced Reactions  (0=519)
2.30 Mc2 ULTRACOLD NEUTRONS
¥ © K1-B: Theoretical Neutton Physics (0-521)
V.I1. Luschikov {JINR ~ Dubna, USSR} .
3.15 M3 NEUTRON RESONANCES: NEUTRON REACTION
MECHANISMS AND NUCLEAR STRUCTUREZ
J.A. Harvey (ORNL, Oak Ridge, !!SA) 3.45 - REFRESHMENTS (Olrey Lobby)
4,00 - REFRESHMINTS (0€ney Lobby)
4.15 PB2 Parallel Sepsiors of Contriluted Papers:
. s d. 3 . of Ne , Switz. ;
4.30 0 CHATR: . Rossel (0. of Meuchatel, Switz.) El-11l:Neutron Instrumentation (0-115)
4.30 MDY FAST NEUTRON SCATTERING FROM SOME MEDIUM D1-7: Photoneutrons & Rad, Capture(0-513)
MASS NUCLEL J9-15:Fission and Fusion (0-517}
M.T. McEllistrem (U. of Kentucky, USAJ Bl-7: Resonarce Neutrons {0-519)
5.15 2 FAST NEUTRON SCATTERING: REACTION MECHA- X9-15:Theoretlical Keutron Physics (0-521)
NISMS AND WUCLEAR STRUCTURE 4.15 PB2 Foster Sec<iong in 0-102 to 0-105:
A.T.G. Ferguson (AERE - Harwell, UK}, Al~B: Neutron Properties & Forces
I.J. van Reerden (Southern U. Nuclear Fl-14:8eutron-induced Reacticns
Irnstitute, Faure, South Africa), X1-B: Theoretical Neutron Physics
P. Moldauer and A. Smith (ASL, Argonne,USA) K22-27: Theoretical Neutron Physics
L1-7: Miszcellaneous
6.00 - CONCLUSTON 6.00 - CONCLUSION
L IE B B B BN B B B DN RN I I DN B DN T B B BB B B N RN BRI NN N ¢ WV S SN SRS ST Y TOS I RN
8.30 RECEPTION AT THE SHIRATON ROLLING SREEN MOTEL, ANDOVER

COMPANTON PROGRAM EXCURSION: STURBRIDSE VILLAGE, Massachusetts (B.45 a.m, - 4.15 p.m.)
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TIME SESSION NO.

9.00

9.00

9.0

10.05

10.2%

10.25

10.45

1.

12.00

12,00

ME

nr2

12,15 - 1,00

t.o0¢
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ICINN PROGRAM SCHEDULE

WEDNESDAY, JULY 7, 1976

MAIN SESSION

CHAIR: J.B. Garg {State U, of New York 5.00
&t Albany, USA)
Special Contributed FPapar: 9.00
FLOCTUATION ENHANCEMENTS OF COMPOUND CROSS

SECTIONS FOR ELASTIC, DIRECTLY COUP-
LED, AND WEAKLY ABSORBED CHANNELS

P.A. Moldauer (ANL, Argonne, USA)

Special Contributed Faper:
SPIN DETEAMINATION OF FISSION RESONANCES
G.h. Xeyworth (LASL, Los Alasos, USA)

WELTRON-INDUCED REACTIONS ON VERY LIGHT
AND LIGHT TARGET NUCLEI

1. Slaus (Rudjer 3loskovic Nuclear Insti-
cute, Zagred, Yugoslavial)

REFRESHMENTS (O{rey Lobby)

CHATRe H.H. Barschall (7. of Wisconsinusa; 1015

NEUTRCN-INDUCED REACTIONS II: (n,x} REAC~ 10.15

S'IONS ON MEDIUM AND HEAVY NUCLEI
N. Cindro (C.E.N., Bruybres-le~Chdtel, France)

REUTRON-1INDUCED CASCADE REACTIONS

J. Préhaut(C.E.N. Bruydres-~le-ChAcal,France) 11.00

NEUTROK FPOLARIZATION
r.W.K. Firk (Yale University, USA}

CONCLUSTON

11.45

12.00
CONCLUSTON

LUNCHEON [Student Union Cafetorium}

CONFERENCE EXCURSION TO BOSTON 1.00

TIME SESSION NO,

PC

PD

ol

D2

D3

15,15 - 1.00

PARA! “.EL SESSION

CHAIR: R.L. Macklin (ORNL, Osk Ridge,UsA}

TAST REUTRON DETECTORS AND INSTRUMENTATION
B. Zeitnite (V. of Bochum, West Germany)

REFRESHMENTS (OLney Lobby)

CHATR: . Newstead (Brookhaven Nat.Lab.,USA)

TECHNOLOGICAL AND INDUSTRIAL APPLICATIONS
OF WEUTRONS

C. ¥ itkamp (GKSS, Geesthacht, Cermany)

DETERMINATION OF SCATTERING LENSTHS AND
MAGNETIC SPIN ROTATIONS BY NEUTRON
TRTERFEROMETRY

H. Rauch (Atominstitut der Usterreichischen

Hochschulen, Vienna, Auztris),
G. Badurek, W. Bauspiess, U. Bonse,
and A, Zeilinger

Special Contributed Puper:

STRUCTURE STUDIES OF *°Li AMD
ELASTIC SCATTERING OF NEUTRONS

R.0. lLane, R.H. Whits, and H.D. Knox (Ohio

1"1" FROM

University, Athens, USA)

CONCLUSTION

LUHCHEON (Student lindion Cadetorium]

CONFERENCE EXCURSION TO BOSTON
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TIME

8.00

9.00

SESSION NO,

ICIN{ FROGRAM SCHEDULE

THURSDAY, JULY &, 1976

MG

MAIN SESSION
CHAIR: P.A. Woldavrr (ANE, A-gorne, UCA) 9.00
THENRETICAL NEUTRON PHYSIC5 1: ELUCIDATION 9.00

OF WUCLEAR STVUCTURE
V.G. Socloviev (JINP = Dubna, USSR)

TIME SESSIOGN tO.

PARALLEL GESSION

PE

g

IR: R.E. Chricn (Prooxhaven National
Laboratory, USA}

<

|

Speeial Contribur § Popuye:

FRODUCTION OF POLARIZZL FAST-NEUTRLH DEAMS
— AR EVALUATIOZ OF SEVERAL ¥1Tn0hS

R.L. Waltes and L.k, Licowak) {Duke V.,USA)
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7.30

THEORETICAL NEUTRON PHYSICS II: MICRO-
5C0PIC CALCULATIONS OF THE OPTICAL-
MODEL POTENTIAL

J.-P. Jeukenne, A. lLejeuns and C. Mahaux

(V. of Lidge, Belgium}

REFRESHMENTS (Olmey lobby)
CHAIR: J. Husblet (U, of Lidge, Belgium}

THEURETICAL NEUTRON PHYSICS III: SPECTRUM
FLUCTUATIONS AND THE STATISTICAL
SHELL MODEL

P.A. Mello (U. Nacional Autonoma de Mexico}
J. Floxea, T.A. Brody, J.B. Prench,

and 5,5.M. Wong

THEORETICAL NEUTRON PHYSICS IV: NUCLEAR
REACTIONS

A.N. Lane (AERE - Barwell, UK}

CONCLUSTION

LUNCHEON (Student Union C.ufetorium)

CHAIR: S.H¥. Chen (Massachusetts Institute

of Technalogy, USA)

USE OF RWIUTHON SCATTERING FOR THE ANALYSIS
Of BIVLLGICAL STRUCTURES

8.7, Schoendorn (Bronkhaven Sotional
laboracory, USA}

SOLID-STATE ASPECTS CF NEUTKOY PIYSICS
BESEANCH

W, GlBrer (Technisc.. ', Minchen, Cersany)

REFRESINENTS {Clrey Lobby)

CHAI?: F. Rjzenberq-Selove (U'. of Pearsyl-
vania, USA)

BRLUTRON AL TROFNYRICE
RAL Emith (State UL of Nev York at Stony

Prock, 1SA)

RIUTRC™” AW puTRGY

2.L. Fowles (oBnl, Oak fidyr, USA)
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11.20
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16.20

1.2
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- 1.00
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Special Contributed Paper:

AN OPTICAL MODEL POTENTIAL BASED ON THE
TOLDED YUFAWA MOLEL

A. Prince (Natfonal Neutron Cross-Saction
Center, Brookhaven National Lab., USA)

NEUTRON STANDAIDS AND THEIR APPLICATION
K. Liskien (B.C.N.M. - Gesl, Belgiuaj

REFRESHIENTS [0fney Lobbyl
CHAIR: F.G.J. Parey (ORNL, Oak Ridge, USA)

THE IMPORTANCE OF NEUTRON DATA IN FISSION
REACTOR APPLICATIONS

E.M. Bobn (ANL, Argonne, USA), B. Henryson,
J. Rardy, Jr., R. Roussin and C.Weisbin

NEUTRON SOURCES FOR HEDICAL APPLICATIONS
K.E. Scheer, X.H. Hiver and K.A. Schaidt
(Deutsches Krebsforschungstentrus Heidel-

berg, West Germany)

Spectal Contributed Paper:

STATUS CF NEUTRON ACTIVATION CRDSS SECTIONS
POR REACTOR DOSIMETRY

M.F. Vlasov (JAZA, Vienna, Rustria},

. McElroy and A. Fadry

CONCLUSTON

LUNCHEON [Student Union Cafetorium)
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Parallal Sessioms o/ Contributed Papers:
21-6:
D8-13: Photoneutrons & Rad, Capture (0-513)
J16-18:Fisslon and Fusion (O-517)
11-3: Standards and Data (0-517)
§8-13: Resonance Ncutrong (0-519)
Kl6-21:Theoretical Neutron Physics (D-511)

Neutron Scattering (O-115)

REFRESHIENTS (Ofmew L.bby)

Farallel Sessicre of Contrilrated Popers:
?-12: Keutron Scattering {0-11%)
D1€-19:?Nhotoneutrons & Rad. Caprure {0-313)
14-9; Scandarés and Data (0-517)
Mlé-3v:. ‘eonance Neutrons (O-519)

X33-29:Theoretical Soutron Physics (O-%71)

Ivetsr Seepicns im C-I00 to O-I104:
Fl-& NKtytroa Scatiering
£13-2):%eutron Scattering
Hl-111 Neution Inatrumentation
21-19: Fisvion ard Fusion

X%$-21: Theoretical Xeutran Fhysics

220-)8-Theoretlical Scuilron Physics

cexctuston
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TCINN PROCEAM SCHDULE o FRIPAY, JBLY 3. 1970

TInE SESSION MO, RAIN SESSION TIME SESSION NO. PARALLEL St suleN
.00 L3 CHATR. A M. Beunon Puke U, (SA) 9 00 [ Reinille! Scasions F arribuecd Papere:
..00 -l SEUTRONS 0D PISSION Eid-L71 Wuuteon Scattocng (O-118)
A Michaudun (C.F W.-8ruydres-le-chdre!, D30-24: Photanautions £ ad. Capture(0-513)
resnce) T10-14: Standardt and Cata (0-317)
€ 1= %: Meutron Fauilitics (0-319)
348 . e s 0-12: Theoretical Weutron Physics (0-31)
WEUTROM- 1NDUCED PISSION oF * 'y, v
Ao ey 1g.15 - REFRESHUENTS [U€ney Lobli)
n.A. Fooshyar, 3. Compani-Tsbritza and 10.45 ™2 Furullel Sessiona of Cur: ributed Pipiars:
P. Pagy Moltk (Indiana U , USA) B18-23: Meuton Scattering {0-11%9)
10.00 - Special Jontrikurcd Paper: L 1- 7 Miscellansous Topies (0-310)
DOUBLY R?DIATIVE NEUTSON CAPTURE 1N M, 7 9-14: Weutron-Induced Reactians (0-519)
a0 D, K)1-38: Theoratical Neutron Pnysics [(0-521)
. Earle (ANCL ~ Chalk River, Canads}, 10.45 m2 Poster Sessions in 0-100 (o 0-105:
A.D. KcOonald, M.A. Lone, B.C. Les. ¥ 1-29: Resonance Keatrons
snd P.C. Khanna € 1- 51 Meutron Facilities
10.15 - REFRESHMENTS [Olney Lobby) D 1-24: Phatoneutrons & Radiatlve Capture
10.43 o CMAIR: P.K. Iyengax (Bhabha Atomic Ressarch B 7-11: Meutron Scattering
Iaseitute, Troabay, Bombay, India) € 1-i3: Folarisation
.45
10.4 [ 5% WEUTRONS AMD FUSION T 1-141 Standards and Dets
N €., Maynard (U. of Wisconsin, USA}
11.30 w3 WEUTRON PHYSICS AT LAMPF (Cltneon P, Ander-
son Los Alamos Meson Physics Facility)
L.C. Worthcliffe (Texas A & & Universicty,USA}
1215 - 1.45 LUNCHEON (Student tinion Cajetonium) 12,15 - 1.45 LUNCHEON [Seudent Union Cafetorinm}
r.48 " CHAIR: B, Axaldl (V. of Roms, Italy)
1.45 LU RESEARCH TRENOS IN NEUTRON PHYSICS
J.B. Lynn (AERE - Harwell, UK}
2.3 "2 CONFERENCE FORUM
Moderator: H.M.Barschall (V. of Wisconsin.USA)
Panel: C. Coceva (Comitato Wazionale per
1'Energia Nucleare, Bologna, Italy),
J. Csikal (Kossuth U.,Debrecen,Hungary),
A.T.G. Ferquson (A.E.R.E.-Harwell, UK},
P.K. Iyengar (Bhabha Atomic Researck
Centre, Trombay, Bomi,. Indis),
C. Mahaux (U, of Lidge, Belgium,
v.G. Solovier (J.I.N.R.-Dubna, USSR},
$. Tanaka (Japan Atomic Ro-
search Establishrent,Tokal Japant,
search Establishment,Tokoi,Japan)
2.L. Wilhelm (Warsaw U., Poland).
L[] - REFRESHMENTS [Ofney LabL,)
4.0 . mt CHATP: 1.M. Frank (JINR - Dubna, USSRJ
aon ™ CONELECTX D, SUMMAKY A'ID CUTUHVEFY
E.P. Wiqner (Princeton &., USA)
4 [ F CLUSIV; ALLFELS
1M, Frack (J.WN = Dabny, 1Sse)
4.8 Lt CONCLUDING REMAKKS
E. Sheldnn (1N Chatemin, U of Lewel] (1SA)
5.00 . CONCIUSION OF I1CINN CONFERENCE
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LIST oF ICIMN GUESTS, SPEAKERS AND PANELISTS

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

GUEST OF HONJQUR AND BANQUET SPEAXER (July 8, 187€)
E. AMALDI Univentety of Rome 1taly 9.00 p.m.
ICINR INVITED SPEAKERS

I. BERGQVIST Univers: +y of Lund Sweden MC1
J. R. BIRD AAEC Lucasz Helights Australia MB2
E. M. BOHN ANL, Prqgonne U.S.A. PF1l
S. W. CIERJACKS Kernfoschungszentrum Karlsruhe W. Germany Pal
N. CINDRO C.E.N., Bruyéres-le-Chéitel France MF'1l
L. CRANBERG TDN, Inc., Austin, Texas U.S.A. PA2
A. T. G. FERGUSON AERE - Harwell U.K. MD2
H. FESHBACH Massachsetts Inst. of Technology U.S.A. MA
F. W. K. FIRK Yale University U.S.A. MF3
J. L. FOWLER ORNL, Oak Ridge U.S5.A. MJ2
I. M. FRANK JINR, Dubna U.S.S.R. MN2
J. FREHAUT C.E.N., Bruyd.es-le-Chitel France MF3
W. GLASER Technische Universitdt Milnchen W. Germany MI2
J. A. HARVEY ORNL, Oak Ridge U.S.A. MC3
A. M. LANE AERE - Harwell U.K. MH2
H. LISKIEN B.C.M.N., Géel Belgium PE3
V. I. LUSCHIKOV JINR, Dubna U.S.E.R. MC2
J. E. LYNN AERE - Harwell U.K. M1
C. MAHAUX Université de Ligge Belgium MG2
C. W. MAYNARD University of Wisconsin at Madison U.S.A. ML1
M. T. McELLISTREM University of Kentucky U.S.A. MD1
F. A. MELLO Universidad Nacional Autonoma Mexico MH1
A. MICHAUDON C.E.N., Bruyéres-le-Chitel France MK1
R. L. MOSSBAUER Institut Laue - Langevin, Grenoble France MB1
L. C. NORTHCLIFFE Texas A & M University U.S.A. ML2
H. RAUCH Atcminstitut der Oesterreichischen

Hochschulen, Vienna Austria PD2
K. E. SCHEER Deutsches Krebsforschungszentrum

Heidelberg W. Germany PF2
B. P. SCHOENBORN Brookhaven National Laboratory U.S.A. MI1
I. SLAUS "Rudjer Roskovié" Nuclear Institute,

Zagreb Yugoslavia HE3
R. A. SMITH State University of New York at

Stony Brook U.S.A. MI1
V. G. SOLOVIEV JINR, Dubna U,S.5.R. MG1
C. WEITKAMP G.K.S.S., Geesthacht W. Sermany PD1
E. P. WIGNER Princeton University U.S.A. MN1
B. ZEITNITZ University of Bochum W. Germany PCl

(')

H. H. BARSCHALL University of Wisconsir at Madison !.S5.A,
C. COCEVA C.N.E.N., Boloona ITtaly
J. CSIKkArI Kossuth U'niversity, Debrecen Hungary
A. T. G. FERGUSON A.F.R.E. - Harwell U.K.
P. K. IYENGAR Bhabha Atomic Research Institute India
C. MAHAUX University of Liége Belgium
V. G. SOLOVIEV J.I.N.R. - Dubna U.S;S.R.
S. TANAKA J.A.E.R.I., Tokai-mura Japan
Z. . WILHELMI Warsaw University Poland
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ABRAHAMS
AJZENBERG-SELOVE
AMALDI

K. BARNES

H. BARSCHALL
A. BARTHOLOMEW
M. BARTLE

E. BEGHIAN

R. GOULD

. C. BLOCK

CAMADDN

H. CHEN

E. CHRIEN
P. COUCHCLL
CSIKAI

M. FRANK
GABBARD

B. GARG

W. HALDERSON
HUMBLET

K. IYENGAR
JAHN

S. KAPOOR
H. R. KEGEL
A, KEYWORTH

C. KHANNA
0. LANE

. MACDONALD
L. 'MACKLIN
A. MADSEN
B. MALIK

A. MOLDAUER
W. NEWSON
NEWSTEAD

5. J. PEREY
B. PEREZ
PHELPS
POSTHMA

J. PULLEN
M. DAIM
RAUCH

%, RISSER
C. ROGERS
ROSSEL

B. SMITH

K. SMITH
TERASAWA
TURKIEWICZ
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L1sT DF JCINN CHAIRPERSONS

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 Uriversity, Kingston, Ontario

Université de Liage

Bhabha Atomic Research Centre, Bombay

Kernforschungszentrum Karlsruhe

Bnabha 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

D.R.N.L., Oak Ridge

University of Lowell

Rijksuniversiteit Groninaen

University of Lowell

Kernforscnungsanlage Jilich

Atominstitut der Dsterreich, Hochschulen

Rice University, Houston, Texas

Ford, Bacon & Davis Utah, Inc.

Université de Neuchdtel

Argonne National Laboratory

University of lLowell

University of Tokyo

Instytut Badan Jadrowych, Warsaw

Netherlands
U.S.A.
Italy

U.S.A.
U.S.A.
Canada
Australia

W. Germany
India
U.S.A.
U.S.A.
Canada
U.S.A.
U.S.A.
U.S.A.

.
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Nethe
U.S.A.

W. Germany
Austria
U.S.An.
Uu.S.An.
Switzerland
U.S.A.
U.S.A.
Japan
Poland

lands

MB
MJ
MM

PG2/E
MP

MC
PG2/D
MA
PH2/F
PB2/B
PB2/K
M1

PE
PGl/E
PA

MN
PG2/1
ME
PG2/K
MH

ML
PB2/J
PGl/J&I
PBl1/A
PG2/B
PB1/J
PB1/G
PG1/K
PC

PH1/K
PH2/K
MG

MK

PD

PF

PB1/K
PB2/H
PG1/B
PH1/I
PG1/D
PR2/B
PBl/F
PH2/E
MD

PH1/E
PH2/L
PH1/D
PH1/C
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Chair: L.E. Beghian (University of Lowell, U,S.A.)



SESSION CHAIRMAN‘S INTRODUCTORY REMARKS

L. E. Beghian

(ICINN Executive Officer and Provost of The University of lowell, Mass., U.S.A.)

On behalf of the University of Lowell, I would lik to axtend 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 tlassachusetts:

" I DEEPLY REGRET THAT I AM UNABLE TO BE PRESENT AT THE OPENING CEREMONIES OF
THIS INTERNATIONAL CONFERENCE. IT WOULD 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 MERGER
OF LOWELL TECHNOLOGICAL INSTITUTF AND LOWELL STATE CQLLEGE.

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 TC OBTAIN
AN EXCELLENT SCIENTIFIC EDUCATICN AT A COST THEY CAN AFFORD. THE PRESENCE HERE
TODAY OF 330 PARTICIPANTS FROM 30 COUNTRIES IS AMPLE TESTIMONY TO THE 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 UNITEY STATES SENATE"

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



THAUGUEAL ADUHRESS
John #B. Duff

(President, tUniversity of Lowell)

Honored Guests, Distinguished Guests, and Fellow Colleagues at the Universicy
of Lowell!

All of us here at the University are honored by vour preseace 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 the chain of highly successful neutron physics conferences
that have been held previously at Antwerp in 19565 and at Budapest in 1972, It
is 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 50 many outstanding sclentists.

That a Confcrence 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 eéncrmous personal grat-
ification to me and to all at the Uniwversity.

We are especially appreciative of the fact that the President of the United
States of America has sent us a personal message of goodwill {reproduced in we
Frontispicce).

Accordingly, T am happy to declare this Conference open and on behalf of
the University family and the Greater Luwwell Community, as well ar the Conference's
Local Executive Committee which did so much to prepare this program ¢1id all these
arrangements, ! bid you a warm welcome ang extend to vou our friendliest good
wishes for a highly stimulating and productive Conference.



IVENING ALDRLSS

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 sOo 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 laurvates among the Invited Speakers-
Academician Professor I. M. Frank, 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 cor not we grasp the subtleties of scientific theories, we have all
benefited inestimably from the work of Galileo, Newton, and Einstein. That which
13 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 Univercity 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 ouf ¢lje 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
internatior.al meeting of distinguished and authoritative minds. You do us great
honor. )

Thank you very, very much.



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 fo 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 nom 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 unigue 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 ir the fifth
century 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 1930, Bothe and Becker in Germany published results of
investigations on artificially-induced y-ray emission with weak a-radiation sources,
followed in 1931 by data from considerably stronger a-sources as used in France by
Iréne Curie and Jean Frédéric 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 1386 (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.”



To follow this splendid quotation with arother, more recent statement that
eloqgently conveyeé {in unconscious poerry) the grandeur and centrality of ncutron
phy51cs, I would like to repeat the way that Dr. Jacob Bronowski expressad himself
in "The Ascent of Man":

"At twilight on the sixth day of Creation,

So say the Mebrew commentators to the 0ld 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 ‘.

P R R

The neutron was therefore a new kind of probe,
A sort of alchemist’s flame,

Because, having no electrical charga,

It could be fired into the nuclel 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 thev have bestowed
Jpon 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 Halban, Kowarski,
Szilard, Wigner, Oppenheimer, and many others). It has now teen brought to the
stage at which it holé~ immense promise for mankind toward the resolution of its
immediate energy requ .zments in the face of dwindling stocks of fossil fuels.

We now recognize the multifaceted diversity, the exguisitely attractive
potentialities and possibilities offered by neutron physics, and it needs no words
on my 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 rescurces, 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 recearch centers constitutes a par-
ticularly felicitous and promising line of proaress in our field, just as in other
realms of physics.



Interpationalism has been the quiding principle in the selection of our
Advisory Committee, who have ensured world-wide representation at this Conference.
As yOu see, even our Executive Committec at Lowell, composed of Drs. Beghian, Goodwin,
Mathur and mysclf, is multinational in origins and composition. We are cognizant
ant froud of the fact that the interrational flavour of scholarship has ieen 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-
ted States celebrate the Bicentennial, the city of Lowell its Sesquicentennial, and
thu~Univcrsity its first anniversary. We are indeed happy that you have come from
s0 far afield to share in it and tc participate in this first Conference here.

At about this time a year ago, when the wn:gislature enacted the merger of
The Lowell Technological Institute (the present University‘s North Campus) and The
Lowell State College (constituting our sister Scath 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. Thesé 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 legitimatc 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 nécessary means from elsewhere; the second imitiative 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, 1 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 generous contributions from sponsoring agencies and organiza-
tions, including many induistrial 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 occasicn.

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 trv to compress
this wealth of material into but a few days provided us with appreciablc problems and
you with a highly concentrated program.

The neutron is probably unique in its sensitiveress 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 neutrens and antineutrons alike
or, as in a paper to be published ir the July 15, 1970 issue of The Physical Review
by L. Koester of the Technische Universitsdt, Miinchen, 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 the
physics of our cosmos ig the ultra-dense world of neutron stars. I have no doubt
that undreamed-of surprises lie in store for us in the domain of neutron astrophysics,
even #s we prepare to hear of the latest proqress in the course of this Conference.
Obviously the main thrust of the meeting will be directed toward an examination of
ciectromagnetic 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 utilizaticn, we will be updating our knowledge of neutron instrumenta-
tion and farilities, particularly in the high-flux field where recent advances seem
to offer signiiicant promise toward neutron therapy, as well as in the gensral roalm
of noeutron biophysics.

But there is one interaction stronger than all of these: the all-sedeeming
force of Love. May we, throunh 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 Jerve not only Science but also Humanity, and that they bring about
the realization of a world-wide diffusion of knowledge, understanding and friendship.

Flaqure 1. Multilingual Greetings to ICINN Participants
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J.30 a.m., ‘Puesday, July 6, 1976 in Qiney 150 Invited Paper: Session MA

RECENT ADVANCES IN NEUTRON PHYSICS
H. Feshbach

{epartment of Physics, Massachusetts Institute of Technology, Cambridge,

MA 02139, U S. A.

RESUME

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

ABSTRACT

In reviewing the past decade f 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-
mentaticn 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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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 ieading 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 directl?; 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 roint of view of the basic scientific
inguiry into the fundamental properties of matter, the neutron
and nuclear structure, the title of this conference, is a subject

of unusual importance.



A property of the neutron which makes it so useful cn 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 iow energy
phenomena. It is no adcident 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
nuelear interactions.

The neutrality of the neutrons, tegether with their in-
stability against B d2cay 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, angd 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



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
with the electron linac which is at present the most effective
scurce 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 alsc 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 develog=d 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 ig the use of a photoneutron polarimeter system,
which determines the pclarization of the emergent neutron, devel-
oped at ANL (3). The application of that system to the reactiocn
208?b(y,30)207Pb showed that the resonances at photcn energies of
7.56, 7.70, 7.92, 7.98, 8.03, and 8.23 MeV are El excitations
not M1l as originally believed. Another beautiful example is

the spin determination of resonances in the neutron interaction
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with Np and U by a Los Alamos~Oak Ridge collabo:ration

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

a polarized 235U 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-

235U. Where it can be applied this method

ances below 60eV in
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
feeiing 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 turn 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



must add the fluctuation cross-section determined empirically
or calculated using the statistical model. The optical model,
that is the single particle mcdel description for the neutron-
‘nucleus interaction, has proved to be extraordinarily useful,
but in its traditional form it takes into acccunt 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 nptical 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 Jeviation
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. 1In that case
it is best to use a coupled channel description in which the

incident channel, neutron plus target in its ground state is



- 20 -

coupled to an excited state of the system. In the case of a
vibraticnal nuclens for example, that might consist of a neu-
tron and the target in a one-phoron state. Solcviev as well as
Beres, Divadeznam, Newson and a number (f 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 cr three guasi-particle
state. If only one such excited state is involved this pro-
cess is refarred 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 in,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

152 153 148

Sm and Sm. The nucleus Sm was considered

was used for

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

a 2+ vibration. Both assumptions were tried for 150Sm. Total

148Sm 150,1488m 152,148Sm 154,148

cross-~sections for . , y Sm 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



- .
nature--i.e, V = {R,A,2,N,0,L) where R = Ro {1 +zlu aku

opu vopt
qu(ﬂ)] for the vibrator and R = Ro(l + Ly By on(e’)) in the body
fixed system for the deformed case. Voptwas obtained by fitting

low energy data on these nuclei and by employing empirical Vopt

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 gquite capable of obtaining good fits

148

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

152'154Sm. In the latter case the value of the deformation,
the parameter 82, is determined to within 10%. The guestion

150Sm is moot although the data Eavors the vibrational des-

of
cription. Improved data should resolve the issue. The paper
did not guote the magnitude of the étatistical 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 c¢f 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



to the 2t 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,no), (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, o, 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 evapcration model can lead
to errors of the order of magnitude of 20 as exemplified by the

63Cu(n,na)SQCo reaction (En = 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 tc the angular momentum barrier. Another example is
discussed by Fu (9) namely the 40Ca(n,xy). See Figure (6j.

The superiority of the .iore detailed model over the evaporation
model is apparent. Ancther example in the same figure is the
(n,npyY) 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
af 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 (Bﬁ a direct component (11)
is added in as well.

The pre-equilibrium prccess 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 surminarize 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 regior. 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 secend, as pointed out
by Agassi and Weidenmiller, 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 (Figgre 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
phonuns. The reaction can end at any step in the chain by a

transition to the final state. The 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 coutinuum 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 states of differing angular momentum J and parity 7 do

not interfere. To this is added the assumption, which can be
verified in a given model, that I'n>>Dn__l where Fn is the avef—
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 7w is

r 1(f) -n—l I*+ (1)
(fluct} _ =« T k r
Ofj = ‘2‘2 : o = (e L
n=1 P k=1 1

|

The terms have a fairly transparent meaning. The first te-m
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measures the probability of going with the first stage, the
product gives the attenuation of the incident flux because of
emission while en route 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

> > > o * > P . - T, -
E:VYa(kz,kl)vai(kl,kz)via (ki,klﬁl)VaY, (k87,85 ~ 5(51 ﬁl),(l)

AIn 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; El etc. give the momenta of the par-
ticle in the continuum and 51 is a unit vector in the il dir-
ection. With this random phase approximation one obtains for

the differential cross-section:

-~

-

> > > > r > > i > >
do (kg k) _ ak) |k, ﬁﬁdwn'v(kf,ku) ’ haw k) k)
\\jﬁﬂ;ifg" £ &1 En2 Tan? ao_da; Jl_ SN

> > > o+
™ dwzll(kz,kl) do; (k; k) (2)

dﬂz du anl dau

2 1

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 Ul and Ul + dUl.



The factor del(Kz,ﬁl) / (szdUZ) gives the differential prob-
ability per unit time for a transition from il to Ez angd the
residual nucleus from stage 1 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 thle
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, 51V(p,n) 51Cr, are shown in Fig. 1ll. The
experiments were performed by Grimes, Anderson, 'ong et al.
at the Lawrence Livermore Laboratory. The angular distributions
of the neutrons at the low energy end of the spectrum are iso~
tropin while those nearby are symmetric about 9€°. 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 28Si(Y,a)24Mg and 3

05i(y,a)26Mg 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 since these

are essentially one-step processes. The pdint 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,o) 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 componeni... 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. (15) who were able to fit the data using this morlel, 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 Miller, Rohr [19] and Kirouac [20].
The former authors looked particularly at the 3S resonance
regicn, the latter at the 48. 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-
tipocle expansion, replacing thereby three empirical parameters

by one; (2) an'éxplicit A dependence of the average escape width,
namely (l/A3L and (3) the use of the Fermi gas to estimate the
densily of 3 quasi-particle states. The results are shown in
Fig. (l16). Similar results were obtained by Mliller and Rohr

for the 35S 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 (1/A3) 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.



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

206,207,208,209' 7 205, Ni56,58 54 Ca40,44,48 .28

Pb 1 , Fe™ 7, , Si and

88Sr. Theoretical calculations using the 2p-lh description of

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

ment with these identifications. The small value of the strength

48

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

of Beres and Divadeenam. The p wave doorway state in 28Si

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

29 285i and find a very strong correlation

the reaction Si(y,n)
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between the partial neutron and gamma-ray widths[?ig. (17)].
Similarly the Australian-Oak Ridge group verified the doorway
in 89Si (23)» On the other hand the Oak Ridge Group (24) upon

206

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

Jdoorway state in 206Pb + 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 Qamma trans-
itioné 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 saf they
exist at all,.

It is by now some eight years since the phenomenon of in-
termediate structure in sub-threshold fission as illustrated

240Pu(n,f) was discovered. It should be

in Figure (18) for
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 been 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 humpedfbarrier 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
have been observed in the case of 232Th(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

238

result 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-

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

action
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 toc have a common doorway, a phrase coined
by Lane. He employed it in connection with radiative neutron
capture (or its inverse, the threchold 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. Aas the
careful experiment of Chrien, Cole, Slaughter and Harvey (31}
on 98Mo(n,y)ggMo has shown, the correlation is strong when the
ground state of the residual nucleus has a strong single par-

98Mo+n can be excited

ticle character and the resonant state in
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.



Thiis model has had quantitative success in these correlated
transiitions. 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 198Au is

in which the photo~strength function for Au and
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, Howe§er,

208Pb by Khanna

according to the shell model calculations on
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 1483m 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 2 150 Elastic scattering angular distributions for 148Sm
and Sm at 7.0 MeV incident neutron energy. The curves
are obtained from coupled channzl 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 sectlig4for the excitation of
the first 2+ level for 1°2sm 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-

ided by the 148sm total cross-section for 130,148gm, 152,

8sm and 1°4/158sy, All shown are coupled channel cal-
culations assuming rotational (full line) or vibrational
{dashed line) models. The quadrTHgle deformatlons were

8> = 0.14, 0.17, 0.22, 0.24 for sm, 150sm, 152sm, re-
spectively. (See Ref., 7)
Figure 5 Calculated helium production cross-section for 63cy.

Total" is the sum of (n,u), (n,ax), and (n,na). Dots

are calculations for (n,nc) in which the spins of the
states of °9Co are set eqgual 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 40Ca (n,xy) re-
actian for 1§95 MeV incident neutrons. The levels excited
i Ca{n,np)~“’K reaction are shown. (See Ref. 9)

Figure 7 Evaluation of neutron emission spectrum from 93Nb+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. 1ll)

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 51V(p,n) 51Cr.
Calculated values are denoted by o = pre-compound, B =
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 cowpared with spherical and deformed optical-model
results. (See Ref. 18)

Figure 13 Experimental data on p-wave strength functions com-
pared with calculations with a2 non-local potential. (See
Ref. 18}.

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

Figure 15 s-wave neutron s*rength 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 2 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 T and reduced neu-
Ton widths Y4 for resonances in the 29%{ compound nucleus
with J"=3'. p gives the correlation coefficient. (See

Ref. 22)



Figure 18 High resolution subthreshold fission cross-section
for 240pu(n,f). (See Ref. 25)
Figure 19 Potential energy of deformation as a function of

the deformation parameter B; taken from A. Mekjian, Advances
in Nuclear Physics, 1, 1, (1973).

Figure 20 Strength functions for Au. a} The solid circles
are from o while the points above 8 MeV are from a.,.
(b) The points O, A and @ are from the spectrum fitting
method - thermal (n,Yy) data, the sequential extraction
method (d,py) data, and the high resolution method. (¢}
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, (M.I.T.)

Newstead {Brookhaven National Lab:cratory):

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 channel:
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-lyinq
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 zll, other
modes of inelasticity -~ or if you wish, the fluctuation cross sections -- all of which
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 T1'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: Profe=nscr
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 Liége by Jeukenne, Lejeune and Mah.auv
(MG 2), which I rezcommend to all of you, in which the Brueckner-Hartree-Fock methou 1i:
applied quite successfully to the problem.
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THE HICH-FLUX REACTOR AT GRENOBLE AND ITS SPECIAL NEUTRON BEAM INSTALLATIONS
R.L. Mossbhauer
Institute Max von Laue — Paul Langevin

38 Grenoble, France
” rd
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 reactor is equipped
vwith hot, thermal and cold moderators, providing neutrons with high intensity
ove: an unusual wide range of energieso(wave-lengths) extending from some
0.1 meV (30 &) up to some 500 meV (0.4 A). An extensive system of neutron guides
vith different curvatures permits the transport of neutrons over distances rsn-
ging up to 140 m with hardly any loss of intemsity within linear apertur-: 4s they
are typical for neutron spectrometers withip their scattering planes. T'.e trans-
ported beams,in addition, exhibit only very low background contaminati:ns by fas.
and epithermal neutrons and y-radiation. A large variety of different :ypes cf
neutron spectrometers mounted on reactor faces or on neutron guides provide uni-
que research opportunities in fields such as nuclear physics, crystalleyr -3,
solid state physics, chemistry, metallurgy and biology. The paper describes L.
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
Grenotle, 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 onerating 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 cxperiments originate in the three member
countries, with scientists from other countries frequertly 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 Dirvector on the Sciemntific Program and on prac-
tical aspects relating to its execution. The Scientific Council has 8 Subcommit-




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 sach
as cold and hot neutron sources and neutren 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 th.s 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 :iespect 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.l 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 235y,
The fuel element contains 8,6 kg of 2%°y
enriched to 93% in the form of UAl; 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
Fig.l Assembly of the neutron beam peak power density of 3 kW/cm®. The sur-
tubes inside the reactor tank.(l)fuel face of the fuel element experiences a
element (2)control rod (3)safety rods mWaximum temperature of 147°G. pooling is
(4)1light water pool (5)heavy water achieved by a central unit, which pumps
tank (6)hot neutron source 2010 m*/h of heavy water through the fuel
: element, with a speed of 15.5 m/sec in




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 10'% of thermal neutrons/cm?/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
\Oam 10 for the fast neutrons and the y-rays in the neutron

T 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 y-rays, on the other
hand initiates the production of tritium, amounting to some
4 Curie/dm®/year. For operational reasons, the tritium con-
tent is limited to 2 Curie/dm’. 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.

circulatinn
D0

fuel plate

RS

Fig.2 Fuel element

cross-section It may finally be of interest to note, that the reactor was

operated in 1975 at 70,57 of the total time, with only a 27
loss of time due to unforeseen shut-downs.
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Fig.3 Flux distribution inside the Fig.4 Arrangement of the beam tubes
moderator 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




spherical vessel of 38 cm diameter with thin aluminium walls filled with 25 1li-
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 tn 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 availible with intensities
sufficient for experimantal applications.

3) Neutron guides. The HFR has been equipped
with an extensive system of neutron guides, which

hot moderator

wmermat transport neutrons over long distances, avoiding
moderator the usual loss in intensity with the square of dis-
g tance. These guides employ the principle of total
h-] . . . » » .
g reflection which applies to neutrons incident in
w coid vacuurm onto a flat surface at glancing angles below
-« moderatcr . » . .
g a critical angle Y. which is defined by the rela-
2 tions
E [ -
@ i
g \ cos Yo = n =Y 1-AZNb/7
3
2 on A\ ronath A where n is the refraction index and A the wave—
1 an » . - -
v TR wawelens length of the incident neutrons, while N is the
o e w0 x;g o 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 talled at the ILL, one has vy, = 0.} A, if yo is
at the HFR measured in degrees and A 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, im fact, decreases approximatively
as the inverse of the fourth power of the length of the guide tube, whereas the
losses of thermal nertrons 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 cr 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 m and 27000 m, and with a rectangular cross sec-
tion of 3 x 20 cm, They consist of opti:ally polished glass plates, covered with a
thin leyer (1500 A) of vacuum evaporated nickel, which serves as the totally re~
flecting material. The overall intensity losses, employing mechanical precisions
of a few hundredths of a mm and angular adjustements of about 10~" 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 with large radii of curvature are
of order 10°n/cm?/sec. Each neutron guide can accomodate up to 6 different experi-



mental set-ups, in part by feeding 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 operatad in se-
ries and whereby each instrument uses different narrow wavelength ranges which
are filtered out by monochromator crystais. The neutron guides at the ILL thus
provide three major advantages : (1) they more than doutle 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 monochromators, 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
T THERMAL NEUTRON BEAM instrument portfolio
€ COLD NEUTRON  BEAM and the reader is for
W MOT NEUTRON BEAM a detailed description,
G NEUTRON BEAM
: referred to various
Fig.6 Distribution of instruments reports >f the 1mL3**)

We shall make a few
remarks concerning exclusively some of the more exotic instruments :

1) Multi-chopper time-of-flight sPectrometerS) 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 prevenfing frame overlap. An energy reso-
lution of 24 meV (FWHM) is obtained at A = 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 banc of 400 *He counters.

2) High Energy Resolution Backscattering Spectrometers) IN1O : This spectro-
meter eliminates one of the prime sources sor the loss in energy resolution, i.e.
the wavelength spread AX in a bz2am reflected from a monochromator crystal due to
the finite divergence A0 in the incident polychromatic beam. Consideration of the
Bragg equation and of its dexivative, respeccively, yields :




TABLE 1

SURVEY OF NEUTRON SPECTROMETERS AT ILL

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

Position Specification

DiA TG Two axis high resolution diffractometer

DIB TG Two axis diffractometer with multi-detector

D2 TB Two axis high flux diffractometer

D3 B Two axis diffractometer using polarized neutrons, without
polarization analysise

D4 HB Twe 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 cG | Elastic 4iffuse scattering spectrometer

D8 TB Conventional four circle diffractometer

D9 HB Four circle diffractometer

D10 TB Four circle diffractomsier with energy analyser

D11A CB Small angie 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

Di4 - 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

IN1 HB Three axis spectrometer for high incident energies

IN2 TB Three axis spectrometer with double crystal monochromator

IN3 TG Three axis high resolution spectrometer

ING TB Rotating crystal spectrometer with multidetector banc

IN5 CG Multichopper time~cf-flight spectrometer with multidetector banc

IN7 TB Mechanical statistical chopper

IN8 TB High intensity three axis spectrometer

INO CcG Time of flight polarization spectrometer

INIQ CG Backscattering Doppler-spectrometer with high energy resolution

IN11 CG Neutron spin echo spectrometer with very high energy resclution

IN12 CG Three axis spectrometer for high energy resolution at low
energy transfers

PNI 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 Yy-ray spectrometer and pair-formation <y-ray

5. :ctrometer
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where ¢ 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 monuchromator and analyser crystals of the instrument, while simulta-
neously employing Doppler-shift techniques to compensate for energy differences
hetween incident and scattered neutrons due to inclastic 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 107 %V,

3) Small Angle Scattering CaQera7) DI1 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 monocuromator and sample in steps 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 umit with
64 x 64 eclements of | cm® surface each. The analysis of the small angle scattering
distribution provides information on large structures, typically between 10 and
10000 Angstrowms. Such studies have proven most revealing im 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 Hp0 and D30 have coherent scattering amplitudes of opposite sign, thus permit-
ting to vary or even cancel the scattering contributions from sci—ent material,
crystal water or from certain subgroups of a composite system with vhe consequen-—
ce that scattering contributions from certain specified domains or units become
emphasized.

4} MNeutron Spin Echo Spectrometera) IN 1} : 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 arm of the spectrcmeter. A se-
cond symmetric part of the spectrometer with equal but opposite magnetic field di-
rections leads to 2 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, independont of the velocity of the neutrons. This is the spin echo princi-
ple, It may be used for neutron spectroscopy by placing a sample at the center po-~
sition, which destroys the perrec:t vprecession 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, utilizes the ncutron spin-echo principle to determine the
Fourier-transform of the sanple scattering function at a given detector setting.
The high rcsolution of the instrument for small energy changes is a consequence
of the large number of precessiots which the neutrons undergo during their passa-
ge along the instrument. The spectrcmeter has been designed to operate in the wa-
velength range between % and 16 A with an energy resolution ranging from 500 meV
to 2 neV.

TRE MEASUREMENT PROGRAM

Space does not permit to describe in any sense the comprehensive experimen-~
tal program of the ILL. In 1975 at total of 535 experiments have been carried out,
individually vanging in time from a few hours up to the entire year. Some 1100
scientists from 136 different institutions and from 16 different countries 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 liter tuve volerences®!. We shall here confine ourselvss to give in Table 2




TABLE 2

EXPERITMENTAL PROGRAMME JANUARY | TO DECEMBER 31, 1975

Major areas of Number of Number of Number of Ins-
Scientific interest Instriuent days|Experiments|truments Involved
Biology 216 49 4
Chemistry 237 41 6
Crystal Structure 623 60 8
Liquids and Amorphous 466 52 10
Diffuse Scattering 307 59 10
Phonons 388 38 7
Phase Transitions 121 11 4
Magnetiec Structure 658 71 8
Magnons 190 20 4
Crystal Field Effects 125 14 3
Nuclear Physics 947 62 6
Scientific Test and
Feasibility ExperimentA 284 >8 2!

Total 5562 535 27

some statistical information reflecting the main areas of research and shall then
conclude with a few more specific remarks on the nuclearv 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 f1551on process is being studied by means of
a huge parabola-type mass spectrometer’ 12}, 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 fissicn 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 R and
Y spectroscopy, lifetime measurements as well as measurements of delayed emission
processes. Continuous tape transport systems 13 and helium-jet are employed in
the collection and measuring procedures. An example for a measurement is shown in
Fig.7. The nucliear 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 IL.L. Of particular interest are here the studies on
the neutron itself, such as the search for an electric dipole moment of the neu-
tron!®, studies of time-reversal invariance'® and of parity conservation. In the
latter case, a study is in progress cf the anisotropy of y-radiation following
polarized neutron capture in the reaction n + Yy = d + y. The insrallation of a
source of ultra-cold neutrons, which is scheduled for the fall of this year, will
permit an improved renewal of the search for an electric dipole moment of the
neutron, a remeasurement of the neutron lifctime, 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 2°%U. 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
evaporation'“).

APPLICATION PROCFDURE 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 cobtainable on request from this ofiire.

The closing dates for acceptance of applications are as follows :
August 31 and February 15.

All prcposals are submitted to the Scientific Council for approval.

it should be noted thkat 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, must be provided by the user.
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MB 1 - THE HIGH FLUX REACTOR AT GRENGBLE AN "™% SPECIAL NEUTHOM BEAM INSTALL-
ATIONS - R, I,. Mossbauer (1LL, Grenoble)

Block (R.P.T.3:

In neutron scattering there has always been a debhate betweeen prople 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 high energy source running at 2200 degrees K. Wiil you
please comment on what cnergy you feel ig 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 at the moment about this, because there will
probably be a Furopean cffort to build a pulsed sourcc as well. When I say
Eurapean, I'm not talking about the Russian pulsed reactor which will soon go
into operation at Tokobiad, a tri-national effort in connection with Grenoble.
We think that the crossover point is probabiy around 300 millielectron volts.
Our source goes up to 500 milliclectron volts, but nevertheless the intensities
there already drop substantially, We have done cxperiments up to 500 milli-~
electron volts, but the intensity leaves something tc be desired. Now there is,
of course, the question of a pulscd 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 cnough applications ta justify the major
financial engagement? I think 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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RESOUANCE MEUTRON CAPTURE

J. R, Bird, J. W. Boldoman, B. J. Allen, A. R. del. Musarove angd M. J. Renny

Physics Division, AREC Research Establishmont, Lucas delghts,

Private Mailbag, Sutherland, NSW 22312, Australia

rEsung

Many results are now avallable showing large wariations in radiative widths,
correlations between FY and [, as woll as preferred El and Ml transitions to single
particle final states. These can be explained by assuming that YT containg a com-
pound nucleus component (well defined from sarlier work on complex nuclei) plus
valence nuclocn transitions (dependent on T aad 3¢ plus particle-hole components
{dependent on Syl

ABETHACT

Resonance studies at low neutron energles often involve complexz tuclei which,
in the main, provide verification of the statistical theory of neutron interactions,
Howaver, much of the rocent work on resonance neutron capture has taken advantage of
the availability of improved facllities for studving interactions at neutyon encrgies
up to 1 MeV, Sufficient data have now been ohtained on nuclel with low level
densities {including many oddoncutron and near magic compound nuclei) to obtain
aystematic information on departures from the statistical model.

High regolution capture cross section measurcments give radiative widths which
vary markedly from resonance to resonance, from nucleus to nucleus, and for different
neutron angular momenta. The largest values are usually associated with Strong
initial state correlations (?T.Tgi as well as final state vorrelations (r*f,sf). The
tmost striking results occur near closed neutron shells and provide confirmation of
the valence model which reproduces these results quantitativelv. The success of the
valence model indicates that valence transitions are fully decoupled from the giant
dipole resonance for s-, p- and possibly d-wave neutron intoractions.

Gamma ray spectra from neutron capture at energies up to the order of 1 MoV show
intermediate structure involving preferred transitions which follow clogely the
systematics of single-particle configurationz as measured with (d,p) interactions.
Structure has also been observed in thresheold photonuclear mecasurements of T
although detailed agrenment between these and neutron capture results is not 'alwﬂys
obtained. The widespread occurrence of final state correlations, even when valence
transitions are weak, points to the importance of additional doorway-state mechanisms.
Radiative widths are thus most usefully viewed as the sum of a statistical component,
a valence component and terms reprezenting doorway-state effects. However, an
adegquate 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 gamma ray spectra than are given by the
statistical theory.
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#esonance studies at low neutron energies preferentially involve complex nuclei
and in the main, provide verific tion of the statistical theory of neutron inter-
actions, However, much of the recent work on resonance neutron capture has taken
advantage of the availability of improved facilitics for studying interactions at
neutron encrglies vl to 1 MeV., Sufficient data have now been obtained on nuclides
with large resopance spacings, including many odd-neutron and near-magic nuclei,
for 1t o ke worthwhile to explore the systematic trends of the departures from the
statistical model. A discussion of models and the data available for distinguishing
betwoeen them 1s followed by consideration of a framework for including non-
statistical offects wn The parametrisation of neutron resonancese capture.

Jeo MOOELS

THE STATISTICAL MODLEL

Harly work on ncutron cagpture showed the existence of narrow resonances and
fed 1o Bohr's compound nucleus hypothesis. This, in turn, was the basis of the
statistical theory of nuclear reactions which was vary successful in the following
decades - 50 much so that, to many nuclear physicists, neutron cross scctions and
statistical theory are synonymous. This s not surprising in view of ths confirma-
tion of many of the main conseqguences of gtatistical theory which appears in the
reviews and toxtbooks.

Statistical theory is based on the assumption that a very large number of
cotfigurations randoemly contribute to the reduced width amplitude for a particular
rescaance state.  This assumption is expected to apply sccurately only at high
cxcitations in the more complex nuclei. Although the early studies 1n neutron
capture woere necessarily concentrated in such reglouns, cnough evidence of non-
sratistical effects has now been sccumulated to cstablish patterns of behaviour
from mass 20 upwards.

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

Width Distraibutions

The statistical assumption leads to the expectation that partial radiation
widths (I ) will follow a Porter-Thomas distribution. Experimental difficulties
hava limiééé the amount of cvidence on their distribution but it is generally
accepted that the Porter-Thomas distrabution applies in most statistical nucled.
Departures fSrom the statistical model are demonstrataed by the occurrence of
rorrelations between partial radiation widths and reduced neutron widths of
initial and final states.

In comjp.lex nucles, radiative capture leads to the emission of many different
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gamma-ray cascades. The total radiation widtn (7)) 1s then the sum of many partial
widths and h?s a correswendingly narrvower distribltion. This is 1llustrated by

the results®’ for ‘®7Er in Figure 1. By contrast, the widtiis for p3/2 rosnn?nces in
®85r are dominated by a few transitions and have a very broad distributior..?
Correlations with reduced neutron widths, and energy dependent structure are also

observed.,

Partial Radiation Widths

Resonance averaged reduced widths (k. )} for viectric dipole transitions®’ are
shown in Figure 2. Although the owverall a@eraqe value (Eﬁ = 2.5 x 107% Mev™ ¥ applies
from mass 50 to 250, there are systematic departures - for example, when I .. is
correlated with the single-particle widths of final states. vit

Magnetic¢ dipole transitions dare a factor of 7 weaker than clectric dipole
transitions®’ and the average reduced width (k = 18 x 1077 Mev™ ') apnlics over
a similar mass range. However, agaln, depaan%es have been reported in some mass
regions.

Radiation Widths

Aver?ge radiation widths show a relatively smooth variation with mass
number'’ %’ which can be partially explalned, 1n statistical theory, by changes in
level density and binding cnergy. Much ¢f this data consists of measurements made
on nuclides with enough low energy resonances, for which capture cxceeds scatter-
ing, to give reliable and accurate average valuvs. These values usually provide
good support for statistical theory. However, ron-statistical effects are
observed in nuclides with lower level densities for which average radiation widths
may vary with mass number, neutren angular momentum (1) and neutron encrgy.

Gamma Ray Spectra

The envelope of the spectrum of)prinary gamma rays from ncutron capture is
',

given, 1in the statistical model, by ' :
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Fiqure 1. pistributions of radiation Figure 2. Resonance averaacd reduced
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where I_ is the intensity of gamma rays of cnergy E, D, and D_ are the average
spin—zc}o level spacings at initial and {inal state energies, and f(E_) is any
additicnal depondence on gamma-ray energy such as may be imposed by tKe giant dipole
resonance. The competition between level density and gamma-ray energy facters leads
tuv an asymmetric bell-shaped spectrum and this shape is occasionally observed.
Hewever, aepartuares from this shape are bot!. striking and common. Such departures
were tirst ebserved as groups of strong high energy gamma rays in thermai capture
spectra.  Rescnance capture spectra <how similar results for s-wave resonances in
the yegions of the 3 and 4s strength f{unction maxima and additional structure for
powave resonances iln the 2p and 3p regions,

Giant Dipole Resonance

The g:ant dipole resconance (GDR) ocourring in photon strength functions is
commonly described by either a smoot!. Lorentzian distribution or the sum of two
such distributions. Howewver, the GDR is often more corplex 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 £ dependence of partial
radiation widths can be derermined from the shape of the low energy tail of the
appropriate lerentzaan®’, makes no allowance for local structure near threshold.
Structure 15 freguentiy observed in photoneutron yields but it may, in part, be
introduced Dy tle vmicsion of neutrons to oxcited states which do nct participate
in neutron capturec reactiong.  However, other measurements confirm the presence of

. + 36
structure ncar throshoid®’’?

VALENCE AMD DOURWAY MODEL:

The importance ¢f simple reaction mechanisms 1n neutron capture was considered
by Lane and Lynnr"p who 1ntroduced hard sphere or direct capture, and channel or
valence capture. These processes ari1sc from the overlap of 1nitial and final state
wave functions in the oxternal 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 captureg and it has been necessary to consider edach partial
radiation width us derived from a reduced width amplitude which contains a number of
CCWPOHOHCSIO

r(if; = C) yv(vl’cf) + C: ,d(%f) + Cy yt(ﬁl) + Cu Yo (2)
The first term arises from wvalence nucleon capture which 1s propertional to both
the resonance reduced neutren width amplitude {3.) and the final state reduced
width amplitude (7)), The second term invelves deorway interactions which create a
particle-hole pair and depend oniy on *_, while the third term arises from particle-
hole configurations in the 1nitial and tinal states and depends on 6. only. The
fourth term represents all the remaining torms of interaction lumped together as
compound nucleus formation ond decay. The amplitude components may interfere
either constructively or destructively for a particular transition, but the inter-
ference terms should average to zero for measurements summed over many resonances
cor many final states,

The number of terms 1n equation (2) depends on the number of distinguishable
processes occurriing and information on these may come from the study of inter-
mediate structure or of correlations betweei different reaction channels. Not only
do correlations occur tor partial radiation widths to specific final states but also
for total radiration widths when a small number of partial widths are dominant. This
means that copture cross sections, as well as gamma ray spectra and threshold photo-
neutron exjeriments, can be used in the study of non-statistical effects.



A variety of correlation ccefficients are usefnl:

Initial State Correlations

. R
Many Resonances ~ One Final State Py = p(?Yif;Fni)

. - = L
Many Resonances - Many Final States ci = o(fo;Fni)
Many Resconances - All Final States Py = Q(TY:Fni)
Final State Correlations
One Resonance ~ Many Final States pf = p(kif;(2J+l)8;)
Many Resonances - Many Final States 5 = o(E ;(2J+1}82)

£ £ £

Total Correlations
Many Resonances - Many Final States DT = D(ryif;r:if)

Valence Capture

v

The vaience component ([ ) of a partial radiation width can be calculated

from the optical model}1-14) Y€
I‘;’if = q¢(E) e; I‘:i s; z? /A2 (3)

where Fl. is the resonance reduced neutron width and q,f(E ) is the overlap
interqrgi (including geometric factors) obtained usingloptzcal model wave functions
normalised in the internal region of the nucleus. An average vaience component is
obtained by summing equation (3) over final states:

v £ =
<rY> = Qi <rn> = Qi 52 D (4)
where S; is the f-wave strength
function and D the average level . - e ey
spacing. eBOSr /',..
Evidence for valence capture P‘ =0.85 ﬁ"“ !
is illustrated in Figure 3 where 1 & q&r /, i

measured radiation widthsz'IS) for

p3/2 resonances in 8f%sr and °°zr are
compared with values calculated from
equation (4). Most of the points
cluster along a line which represents
the sum of <['> and a statistical
component of YSD MeV, with pI = 0.85.
This provides surong evidencé for

the presence of valence transitions.
For resonances with large radiation
widths, the calculation gives guanti-
tative agreement with the observed @
widths.

Particle-Hole Interactions

Figure 3. Comparison of measured radia-
tion widths®’'3) for p~wave resonances

in ®%sr and %%zr with reduced neutron
widths as expressed by calculated vailence
widths.

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



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 in 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 availakility 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 “3ca where 24 s-wave resonances
give an initial state correlation coefficient of 0.2 and valence model calculations
predict that only 7% of the average radiation width arises from valence capture's).
However, for the 1.48 keV resonance which dominates thermal capture, the final

state correlation coefficient for 22 transitions is 0.75'7),

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-hele configurations
in both the initial state and final state can lead to additional transition strength
which is correlated with TQ but uncorrelated or <ven anti-correlated with 92. Thus
streng transitions may be gbserved to states not populated in stripping reactions.

Particle-hole configuratiors in both initial and final states but with the same
parity may give rise to erhanced 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 functicns 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 nuclei’e’za) but in general, the phases
and amplitudes of suitable configurations and their spreading width near the particle
separatior. energy are not well enough krown. 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
measurement.s of whichever is the smailer 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 available?!) - 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 compilationl) 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.

function of mass number.

Radiation widths for s-wave (upper) and p-wave (lower) resonances as a
Single warticle E1 transitions betwcen relevant capturing

and final states are shown in each case.



widths. In the 3s reagion, s-wave widths can be 3 to 4 times the p-wave widths
whereas in the 3p region the situation is reversed, with p-wave widths being
approximately twice the average s-wave widths. Near N=82 s-wave widths are again
enhanced and for 'e?a a ratio of 6 has been reportedzz). A similar ratic has been

789, .51
observed for °°mi .

Althougn the major feature for s-wave radiation widths is the large peak at
A=20& (N=126), there i1s no sign of any comparable effect at N=20 or 50. Also the 4s
strength function maximum, which 1s breadened and split by the effects of deforma-
tions, appears to have only a very small influence on radiation widths., Clearly
the availability of low-lying p-states 1s a4 prervequisite for strong s-wave capture
and this is reinforced by the influence of neutron shell closure. Thus, while semi-
empirical formulace which are bascd on the statistical assumption have been
moderately successful in accounting for the structure observed in <l > as a function
of A?*'7% | the structure 1s in fact the result of non-statistical effects and
the contributions from simple reaction mechanisms.

There i¢ evidence for peaks in p-wave radiation widths at A ~ 30, 90 and 208
although data 1s sparse in intervening regions. It is of interest that there is
also a small peak near A = 50 and limited evidence for high values near A = 120.
These are regions where strong Ml transitions have been observed?®~ 2%} which may
influence the radiation widths when El transitions are not favoured. Measure-~
ments are needed a* 1ntermediate neutron energies for many more nuclei to provide
further 1nformation on p-wave interactions.

It is reasonable to assume that d-wave radiatior 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 wel. as to p-states. Evidence has been found for the presence of d-wave
resonances in the 2d and 34 regions3°'iz). For example, gamma-ray transitions have
Leen observed to the 7,2 ground state of "'Ca and to 5/2° and 7/2° states through-
out the region A = 40 - 70. Although 5/27 states may he populated by p-wave Ml
transitions as well as d-wave E: transitions, both %-values must be considered in
the analysis of cross-sections in the regicn of the strength function maxima even
at energies below 100 keV, Three values of average radiation widths have been
obtained?’) 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 s and p-wave capture are plotted
in Figure 5 as & function of mass number. The vertical bars indicate only the effects
of varying sample size on the uncertainty in coefficients®?). Additional uncer-
tainties arise from experimental errcrs 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
irterest that one or two large widths often dominata the calculation of correlation
coefficients, outweighing a lot of small but poorly correlated results.

Calculated values of <Fv> vary by many orders of mag..itude as the reduced
neutron widths and level sparcings 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



valence process does not fully explain the observed correlations or the observed
radiation widths.

The varying success of valence predictions ir the 3p region is illustrated |
the following results for p-wave resonances:

TABLE 1
Resonance Parameters and Correlation Coefficients
Nuclide 88gy gy 25, M0 98M0
Reference 2 15 21 11 11
<FY>S {meV) 220 250 136 160 93
<FY>p {meV) 670 440 380 290 117
<1"‘Y’>p (meV} 420 140 165 40 32
pI P3/2 0.96 0.58 0.88 0.62
pI pl/2 0.78 0.24 0.€1 0.96 0.4
i T T M
& | | K
ot T
ig B
i X
5
E 'i
¢} l t d
: - il
E [
t 3 *s WAVE |
2
E [ frwe l
-1 o~ i L .
2p 3s 3p 45
N - 20 28 50 82 126

[

LA s me e e

LW |
;H( ]
& ***&*%% % X u

VALENCE FRACTION, R

(o]

40 160 180 200

o]

Figure 5. ZInitial state correlation coefficients (mostly p_) for s and p-wave
resonances (upper) and calculated valence fractions (lower). The positions of
strength functlon maxima and magic neutron numbers are shown in the centre.



The s=~wave radiation widths can be taken tco indicate an approximate upper
limit to the magnitude of the statistical component in each nuclide, since only Ml
transitions can then occur to low-lying single particle states. Thus, the calcu-
lated valence components are to be compared with <> - <> . 1In %%sr, the
predicted valence component is almost twice the staXigtical cgmponent and the
larger radiation widths are within 25% of the estimates from the optical model
formulation of the valence theoryz). This close agreement is reflecteda in the large
observed correlation coefficient.

In 90Zr, the valence component needs to be supplemenied by another mechanism
in order to explain the magnitudes of the radiation widths and the moderate correla-
tion coefficients!®)., Measurements of ground state transitions lead to the same
conclusionah). In 92Zr, the valence component increases because of an increase in
p~wave strength function and the observed ccorrelation also increases?!)., 1n ?2Mo
ana 98Mo, the small level spacing leads to lcw neutron widths and hence small
valence estimates!?!) although, in the latter case, the estimated valence component
is still a significant fraction of the observed <I' > . For these two isotopes p
behaves in the opposite manner to the valence frdczign and again other mechanisms

are needed to explain the results.

Soloviev and Voronov®®) 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 obs=rved resonances therefore
varies from isotope to isotope and this provides at least & partial explanation of
the observed results. For example, they find that the valenc= model should he more
significant in %27y and *°Mo than in %Mo in agreemenrt with the nbserved results.

Valence capture contributes up to 50% of the gamma strength for large resonances
in the 3s region. For example, the 192 keV rescnance in °“Fe has a radiation width
of 16 eV and the calculated valence component is 10 ev?1} .  In other isotcpes such
as ‘"ca, %%Cr and %®Fe, the average valence component is of the ordar of 30% of the
observed s-wave widths and only moderate corralation coefficients are observed.
Calculations by Soperae) 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 iritial
state correlations predicted by the valence model.

A similar situatior 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 differ irom those for 0. which have veen reported to be
zéro in this regionlo). However, here, valence es%imates account for less than 10%
of the observed I, values and particle-hole contributions which depend on I are
needed to explain the oosservations. Information is needed on gamma-~ray spectra to
explore the nature of taiese 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 chells where it is expected to dominate. Elsewh-ce it contributes
smaller components to the observed radiation widths. There are no cases in which
the valence model over-predicts the avirage radiation widths and thus no evidence
for depletion of the valence strength by the giant dipole rvasonance.

There are a number of examples of over-prediction of individual radiation
widths and of partial radiation widths. To scme extent these can be attributed to
uncertainties in experimental data, but there is also evidenrce 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 [, is relatively small.
This can bd attributed to interference between the terms in equation (2). Varying
phases should lead to some cancellaticn of this intziference in the case of total
radiation widths. However, there are so few partial widths contributing strongly to

the nuclides concernad that interference can still be expected to be important.

In 2aSila) and 98Mo“) 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 ia the
neutron channel, leading to incorrect values of I'” for use in 2stimating valence com-
ponents. Destructive interference is required to explain the results in 285i whereas
constructive interference is required for %8m0,

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
heve reported intermediate structure and additional results are provided by threshold
photoneutron measurements using time-of-flight technigues. The most complete body of
evidence has been obtained for ??si and the results are summarised in Figure 6.
Reduced neutron widths of resonances at neutron energies up to 1.5 ifleV have be=an
measured in total cross section experimentsl’ and by the (4,p) reaczion®”). Ground
scate radiation widths have been measured by the photoneutron techniquean) and total
radiation widths by neutron capture measurements®’). These all show the presence of
large Fn and I, values between 500 and 1000 keV and the correlation for 20 p-wave
resonances is p_=0.84. Halderson et al.'®) have used a phonon-particle model, which
gives good resuits for low lying levels in ngi, 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-states in
this energy regicn.

Photoneutrcn measurements on °'Fe show a few dominant ground state transitions
for neutron energies near 200 and 600 kev'0), However, neutron capture measure-
ments?? give a much more complex picture (Figure 7). The specific resonances seen
in the photoneutron measurements have large radiation widths, but so do many other
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resonances in the energy range up to 800
kev.
are important in this energy region has
already been meptioned and further work is
needed to establish conclusively whether
there is intermediate structure arising
from p-wave Ml effects.

Large radiaztion widths for p-wave
resonances have been observed in localised
regions of neutron energy for capture in
88Sr, 302r and *?zr (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 ¢f energy dependent radiation
widths have also been found (for example
in 19p%1) gng 295p1%2) .

Measurement of resonance averaged

The possibility that d-wave resonances
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Figure 7. Comparison of resonance areas

from capture cross sections??) (upper)
and threshold photoneutron measurements
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transition rates has been a very useful technique at low neutron energies ).

Results obtained using a similar technique
and sn isotopes"?) indicate that p-wave El

to study p-wave resonances in Cd
transitions from capture in the odad

isotopes do not show unexpected structure in the neutron energy range from 10 to

100 kev.

Structure may be more likely to cccur for capture in the even isotopes

but a much larger energy range is needed o 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 2, =3
states have alsoc been observed“).
Results for individual resonances are
subject to Port~r-Thomas fluctuations
which make it diificult to establish
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P resoveces

MEUTRON  MERCY (ieV)

sytematic trends. This is illus-
trated in Figure 9 where results"®)
for two resonances in °?Mo are com-

Figure 8. Measured radiation widths?’/15721)

for p-wave resonances in 88Sr, %%2r and
%2zr 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 theselgwo
resonances even though the averaged
coefficient for 16 p-wave resonances

is p. = 0.96 for s1/2 final states and
0.70 for 43/2, 5/2 final states. On

the other hand, the two resonances in
98Mo which are included in Figure 10
nave high correlation coefficients"®)
whereas only 5 out of 17 resonances

give large values of 5 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 1%28d.  Three
(d,p} experiments and two thermal measure-
ments can be combined in various ways to
obtain wvalues of pf which vary from 0.05
to 0.5.
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Figure 9. Comparison of partial radia-
tion widths (Iy,,) with final state
reduced widths as expressed by the cal-

culated valence component {F;)u)hS:us)

The averaging of partial widths over many resonances with the same J,7 over-
comes the difficulty with fluctuations bat 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 {-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
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Figure 10. Final state correlation coefficients from s-wave (x} and p~wave

resonances (*) and from thermal capture (+).



from thermal capture when this is dominated by resonances®?). 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 capture. For example, both corre-
lation coefficients are 0.9 f?r capture in *“Fe which has N = 28 and has an
important valence component?!’. The coefficients and the estimated valence com-
ponent are much reduced in 5fpe, It is of interest that final state correlations
are observed in °"®Fe for ill transitions from p-wave resonances“’) 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 p-Wave Resonances

Nuclide %2mo *?Mo *Inb °3Nb $4M0 $6Mo $8Mo %8m0
Reference 45 49 48 50 49 49 46 49
Number of:
Resonances 16 ~1 ~40 1¢C ~4 ~5 17 ~5
Final States 12 11 45 20 9 10 10 10
0. 0.51;0 0 0 0.3
6; 0.8 0.69 0.47 0.38 0.67 0.47 0.4 0.97

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

Some Tinal state correlations have been reported in the 4s region where neither
thesc 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 dan be attributed Eo 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 cnannel.

Strong gamma ray transitions hava been observed“") to £ = 3 final stutes
following capture in Y3914, 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 prescont or absent in this case.

Strong Transitions

Therce are many gamma ray spectra measurements in which too few transitions
are ohserved for meaningful correlation coefficients to be calculated. Nevertheless,
non-statistical cffects are often apparent from the fact that a few dominant tran-
sitions may account for at least %0% of [,. For capture in even-even nuclides,
strong high caergy transitions cccur to final states whose energies and stripping
widths are relatively smooth functions of mass number from 20 to 70 and 85 to
140°Y) . The i: ensities of strong transitions from s-wave capturing states to
£3/2 and p1/2 final states follow closely the stripping widths.

A comparison of gamma-ray intensities from p-wave capture, with {(d,p) & = 0,2
results for s:, 4372 and d5/2 final states is shown in Figqure 11. The gamma ray
reduced widths were obtained from relative gamma ray intensity measurements
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normalised where necessary to the non-statistical part of the average radiation
widths. The normelisation for %lzr is

to the photoneutron ground state "
results®*). oOnly 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 . it
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analysis of neutron capture results to 2l T TT—
analogies with stripping reactions. f* .
The capture results can be used in < *e
their own right to establish single- T T T T T
particle properties of many nuclides. L ¢
Ml Transitions 00 20 120

High average values of M1 reduced
widths have becn reported in the non- Figure 11. Comparison of (n,Y) and (d,p)
statistical regions (e.g. A ~ 30, 55, reduced widths for sl/2, d3/2 and d5/2
90, 140 and 208) although in some cases final states
(such as °®Fe and 2%®Pb) there are
difficulties in reconciling conflicting
experiments®). Particularly high values, which are to be compared with the

overall average, le =18 x 10°° MeV™®, are listed in Table 3.
TABLE 3
Enhanced Ml Reduced Widths
Nuclide 19p 27y 10lp, 117:118g, 138
Reference 26 26 27 28 29
No. of Transitions 3 6 7 3
ko x 10° (Mev™ ) 164 164 191 270 90

It is possible that such high values have an influence on total radiation widths
but insufficient information is available to confirm the giant M1 resonances found
in photon excitation experiments’}).

4. OYSTEMATICS

Average radiation vidths show a smooth trend with mass number which can
be 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
rary 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 2-wave. The guantitative prescription for valence



capturc could be used, plus estimates of the strength of doorway state contributions
(which at this stage must be established experimentally) and a relatively smooth
statistical contribution.

Electric dipole transitions f.om
capture in most even-even nuclides
(except those in the regions of large 13
deformations) follow closely the systema-
tics in excitation energy and reduced 1y
neutron widths of single-neutron states. %
Average Ml transition rates, which are
normally about one seventh of those for O N -
El transitions“), also show some in- EGNOARIES S s e, Co
creased values but the systematics of COMPONENT
these are not fully established.

Ag

values of reduced radiation w;dths s
should be subdivided into groups, at A
least for even-odd nuclides. The
strongest transitions which populate o " Y VVy J
final states with single particle con- o ! 2 3 E‘[Mv)5 é 7 8
figurations have a considerably higher g e
average reduced width than do El transi- Figure 12. Schematic representation of
tions to states with more complex con- spectra with a dominant single particle
figurations. They also follow specific component (lower) and a dominant
trends with mass number for each spin statistical component (upper).

and parity of the final states. 1In

considering the E, 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 rescnance 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:

IY = (IY)S + K F(W'ER'EY) (5)
where E_ and W are the centre position and width of a single-particle peak. The
function F will not necessarily have a common form for all nuclei. However, a
suitable functien, 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 ER.

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 eaSr, 9°Zr, etc., to substantiate evidence
on the localisation of valence and doorway strength.




(ii) Models - further detailed comparisons in multiple experiments (as des-
cribed for 2%si) 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-rav 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. 1It's the measurements at several hundred kilovolts
energy which help to prcvide 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 certeinly 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 ccncerning the strontium-88 total radiation
widths, you compared the distribution with those from erbium-167. It seemed 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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RESUME

Recent studies of fast neutron capture processes in the znergy range 5 - 15
MeV are focused on inv.stigations 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 davelopments in theory and experim.nt of fast neutron
radiative capture will be presented. The experimental data on heavy nurlei in
the neutron energy range of 5 - 15 MeV strongly support the interprctation 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 thst the results can be interpreted in terms of a
y-ray strength function fcr El transitions. Some aspects of this streapth
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-
energy 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

4]

for the reaction

0. .
La(n,yo)
41

Ca, i.e. the yield of y-ravs to the 1r7/2 ground state

of ""Ca. Figure | shcws the results from experiments performed at Los Alamos by

1000

Jl]iL

“caln.y,) “'Ca

a
*a'gr)._“..ub
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o
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Fig. 1. Cross section for the

AOCa(n,YO)41Ca reaction. E}perimental re-

sults are taken from ref. D (filled

circl ad ref. 2) (open circles). The
dashed curves show the compound nucleus
(CN) and direct-semidirect (DSD) cross
sections.

form function with the strength of the real isospin part of the optical
A more general formulation of the coupling will be discussed in Section

9]

Bergqvist, Drake and McDaniels and

at Uppsala by Nilsson ec al 2). 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 1I, has recently been comprehen-
sively discussed for A > 90 nuclei by

Barthoclomew et al 3). For lighter nuclei,
almost no information on the y-ray
strength function is available. Never-
theiess, the same procedure for the es-
timate of the y-ray streng:th was

followed in the calculaticns of the
AOCa(n,YO) 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-

4)

lation by Nilsson and Eriksson .
In this calculation it was assumed that

the giant dipole resonance of 41Ca is
split into two isospir 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
potential.
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 3) 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 section 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 fer.

II. THE y-RAY STRENGTH FUNCTION FOR E1 TRANSITIONS

We define the y-ray strength function as the average reduced width for
transitions of a particular multipole type. For an El tramsition of energy EY

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

< PY‘A >
i
f(EY) = ——E's———' DJ(EA)’ 1)
Y
where < T_., > 1is the partial y-ray width averaged over states with spin and

Yii
parity 7" in the neighbourhood of EA and DJ(EA) is the level density for such
states.
The strength function for ground state transitions can, as shown by Axel 6),
be related to the photoabsorption cross section, < Oyi >. Following ref. 3 we
write

J
B g (E) > _
FE) =26 - 10° —"3_ Y ey 3, )
Y g3 EY
where = 2+ and < 0 J(E } > is th b i i 1
- 2J0+ I va By is the average absorption cross section (in

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

spin J at energy EA = EY. The total observed absorption cross section, < OYa >,
is the sum of all contributing < oyi >. For El transitions one usually assumes 2

that

g
J > =—£-<(j >

<0
Ya E1 3 va El
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In this case the strength function

<o E)
£(5) = 8.7 + 10 > — Y3 ey 3 (3)

Y

is independent of spins Jo 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 7), states that each excited state has built on itself
a glant 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 geaerally well established at energies
above the neutron binding energy. Generally, one or two Lorentz curves describe
the observed cruss sections quite well, i.e.

2 2

Oi EY Fi “
2 2.2 2 2’

1 (EY Ei

[N I V]

o (E) =
Ya oy Yo + ECT.

i
v i

where Ei’ I', and g, are the resonance energy, width and maximum cross section,

i
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 3). 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, namelv Au, which

8)

lhas been studied in a recent experiment by Earle, Bergqvist and Nilsson in
order to resolve a discrepancy evident in earlier measurements, and tégy, for

which theoretical calculations have now been performed ky Csernai and Zimanvi 9N .
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Fig. 2 Experimental and calculated y-ray spectra from 197Au(n,‘{)lgSAu (see text).

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

were measured at several incident energies between 30 keV and 2.5 MeV. The
y-ray detector was a 5" Nal (T1) 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 spactra are nearly the same at all neutron energies. The
Y-ray intensity decreases with energy up to EY = 3.5 MeV, bacomes roughly cons-

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

larity of the spectral shapes (the variations can probably be attrikuted to sta-
tistical errors and uncertainties in y-ray energy calibrations) indicates that

a Y-ray strength function can he found which would give calculated spectral
distributions in satisfactory agreemernt 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 shames. The 2.5 '"eV results disagree
significantly with earlier weasurenents 02 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 Fig. 2 is repre-
sented in Fig. 3 as solid curves again with the shaded areas to 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

EY = 3.5 MeV and 5.5 MeV and the rather sharp increase with EY between these
energies. Comparison with the results quoted in the review of Bartholomew et al 3
obtained frow analyses of spectra from thermal neutrons (open circles). and from

1¢8

. 197 . .
the reaction Au(d,pY) Au (filled triangles) shows wood agrcement except at
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-5 T T . . . .o
10 T ' T ' ' lower y-ray energies which is diffi-

cult 1o determine in neutron capture
experiments. Absolute normalization of the
present  curve has been made to the high
resolution y~ray results of Leper,
Bollioper and Thomas using a + 2 keV

broad neutren beam (filled circles).

The experimental results fall signi-
ficantly below the Lorentzian curve
(dashed line).

The seriocus discrepancy between
the strength functions previously

-
S,
~

TV TIT

t{Ey) Mev™

168 . . ,
deduced for Au is primarily due to
differences in the assumed level den-
sity distributions. This was illus~

N RTINS O S § B G S SO S S I

3
trated bv Bartholomew et al , who
showed that different level densities

A

98 .
assumed for ! Au produce differences
of about an order of magnitude for
!(EY; around £ = 6 MeV., The level
1

density formula connected to all the

IR S

5 L i : é b~ 8 results presented in Fig. 3 is

ﬁy,MeV

o= 4 et ()
Fig. 3 Gamma-ray strengtl function for ’
198 with a constant temperature T =

Au (for symbels, see text). 0.753 MeV.

Early analyses of the y-ray spectra following neutrun capture in ]97Au indi-
cated a peak at EY = 5.7 MeV ("pygmy resonance") in the strength function. The

new recsults suppurt the observation hy Bartholomew et al that there is a decrease
from EY = 5.5 MeV to 3.5 MeV which is strronger than that of the Lorentzian extra-

polation of the gi:nt dipole resonance. Above f MeV, there might also be a de-
crease but the dip is certainly not so deep as that suggested by Lundberg and

Starfelt 13).

clearly.

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

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 fo. Pb indicated
-1
that most of the strength for the 4s3p neutron state would be decoupled from the

. . . 4
giant resonance. However, iater calculations by Harvey and Khanna 14) show that
the particle-hole states near the unperturbed energies are collective, i.e. the

- ..1 . . .
453p1 and 3d3p states are coupled to other particle-hole configurations and
fragmented in states distributed over several MeV,
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Humerical calculations have rnow bees performed by Osernad and Zimdnyi %) on 116Sn
which has neutron Jpl/z, 3p]/3 and ?{7/2 single particle states ?ear the thieshold.
The U?gﬂﬁturbﬂd ??crqiuﬁ of thc-iive jarticle~hole states pl/)“l/z ' p3f231/2'
pj/ZdS/Z . f7/2q7/2 , and f7/2d5/2 are around 8 MeV,

3
2.
I
i
+ 5
PR
o b .
' e A
. -3
!
\
L
\ j;a
N\ !
Ty 43
ey |
2 $ !2'.':::!
¥ig., 4 Gamma-ray strength function for 11653 trom threshold calculations in ref. 8.

The contribution from noutron 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 probablilities to
the around state. The strength function is obtained by representing each line of the
diccrete 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 dJdotted curve indicates the contribution of the five particle-hole states
mentioned above, and it can be geen that this is dominating around 8 MeV. Hence, it
is shown that neutrorn single~particle states ncar threshold are able to produce an
independent collective state decoupled from the gliant resonance.

A new source of decoupling some strcn?th from the giant dipole rcsonance has
been found by Gyarmati, Lane and Zimaanyi 1%}, 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
{-values.
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Although some progress has been made in this field very much remains to be
fone. Fxperimentally, the mass region below A = 90 should be investigated.

Difrerent methods as reviewed by Bartholomew et al 3 should be applied to test
the validity of the strength function concept. Theoretically, we need calculations
also for nuclel in other mass regions, e.g. A = 190 - 208. The fact, that the Lo-
rentzlan extvapelation 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.

[1i. DIRECT-SEMIDIRECT CAPTURE IN THE GI1ANT RESONANCE REGION

The dirvct-semidirect (DSD) cross section fer the capture of a neutron
with angular momentum ?' and spin j' into a bound single-particle orbit with quan-
tum numbers nij can be written

DSD _ D v o
AP TIPS R PRI SRR VTSR AL DR (6)

B

D . . . .
where 7 1is the direct cross section and Fe an effective charge factor

ff

'runQJ(r)h(r)uQ,'j'(r) 2
F .
eff

@' inig) = |- e

. €2

¥ -F —il Junzj(r)r uQ'j'(r)dr
R oy 17

This facter ¢escoibes the enhancement caused by the semidirect process in which
the incident neutron excites the target nucleus into the giant dipole state.
The paramerers ER and ! are the energy and width of the giant resonance; uR'j'

is the radial wave function of the incident neutron, uan that of the captured

neutron arnd h{(r) the coupling function which is proportional to the reutron-
aucl *us vibration ccupling interaction.

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

6)

h(r). A summary of these different functions has previously been given 1 .
Here we shall be more specific and recormend the use of the complex coupling

7)

function derived by Potokar
4(r) = const r {V,f(r) - iw14b ggézl}, (8)

where V1 and wl

symmetry potential, f(r) the Wood~Saxon form of the potential and b is the
diffuseness parameter, This form allows the use of V1 and w1 determined from

are the strengths of the real and imaginary part of the optical

other experiments for predictions of DSD cross sections. Conversely, we can treat

vV, and W, as free parameters to be determined from the fitting c¢f the experiment-

al capture results and then compare with optical model parameters obtained from
analyses of other experimental data.



- 107 -

T T T The effect of the complex coupling_
finction o the omture crows sectior
frr2 Nilsson Eriksson reaction 40Ca(n,10)41Ca. The valucs
- C?:T-;Os'(:,t 35Mev of V1 = 75 MeV and \\'1 = 35 MeV are
''''' 2ITOKAR taken from analysis by Carlson, Lind

v, =75 Mev (W:0)
! and Zafiratos 8) of charge exchange
] reactions on medium~weight nucletl.
Comparison with the cross section
curve calculated with a real coupling

4)

N function (Nilsson and Eriksson )
shows a more symmetric curve around
the peak at E_ = 10 MeV. This 1s pri-
marily due to the effects of inter-
ference between direct and semidirect
capture. With the real coupling
function the interference is construc-
20 ] L 1 tive above the giant resonance peak
5 10 15 and destructive below. The interfe-
E,.MeV rence term is relatively large and
makes the curve much steeper on the
low-energy side of the peak than on
Fig. 5 Comparison of DSD cross sections the high-energy side. The experimental
with real (solid and dot-dashed curves) cross sections do not generaily show
and complex (dashed curve) coupling this asymmetry. The imaginary part of
functions. 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
17)

200

100

T.ub

50

found that the complex coupling function gives a significant improvement in

2
the fit of the experimental data for the reaction 208Pb(n,\')"ong. For

40 . 4 . . . .
La(n,yo) 1Ca 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 lewvcls between 1.9 MeV and

2.7 Mev in “lca (Fig. 6).
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Fig. 6 Cross section of the AOCa(n,Y)4
reaction for y-rays to excited levels
between 1.0 and 2.7 MeV. Experimental
results are taken from ref. 1 (filled

lCa

circles) and ref. 2 (open circles). The
dashed curves show the compound nucleus

(CN) and direct-semidirect (DSD) cross
sections.

nucleus contribution below En = 8 MeV.

analysis

Potokar found in hi.
9
of the ¢

°)8Pb(n,v)209Pb reaction that
the experimental results are well
reproduced with strength values Vl

= 75 MeV and W, = 140 MeV of the

symmetry potentiai. The same para-
meters have been appiied also for

89Y(n,“')go\' and found to give good
agreement. An example is the cross
section for y-rays to the d5/2

doublet - the ground state and the

first excited state of 90Y - 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, Nl = 140 MeV) and the

dashed curve that with the real
(w1 = 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 below 6 MeV are in prog-
ress to determine the cross section
in this range. For the total capture
cross sectirus recent calculations

by Longo, Reffo and Saporetti 19)
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
structure is
energy. and,
is uncertain

strength function and level densities

of 90

the two types of reactions are quite dissimilar. The single-particle
not known in the excitation energy region just below the binding

of course, the intensity of Yy-rays from direct-semidirect reactions
in this region. Further uncertainties are related to the y-ray

Y.

Nevertheless, the spectra can serve

the purpose of making a rough distinction between the compound nucieus and direct-

semidirect processes.
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Fig. 7 Cross section for the
89Y(n,yo+yl)9OY reaction. Theoretical cross

sections are from direct-semidirect calcula-
tions with complex eoupling functiom,
V1 = 75 MeV and Wl = 140 MeV (solid curve)

and with wl = 0 (dashed curve).

These examples show that the
compound nucleus contribution first
must be determined before the syste-~
matics of the strengths V1 and wl

can be obtained from neutron capture
cross sections. Furthermore, we need,
to reasure angular distributions of _
*the y-rays at several neutron ener—
gies. This is a very time~consuming
work 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 couference 0). Of particular
interest is the contribution of E2
radiation in energy regions just be-
low the El1 giant resonance for the
isoscalar part and above for the
isovector part. New theoretical
calculations on the E2 contributions
are reported to this conference by

21)

Potokar and Longo and Saporetti

“

)
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Fig. 8 Compariscn of experimental and theoretical shapes of the y-ray spectrum

from 89Y(n,Y)gOY. 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 a.t» ;avion technique is a relatively simple method to measure fast neut-
ron cross secticns. 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,n'), (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 have been improved in order to reduce

this influence; the tritium target he.ds .save been redesigned to reduce the mass

of materiol 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
decermine.

The correction for secondary neutrons produced in the sample itself is pene-
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 the

115 )116m 23)

reaction In{n,y In on the sample thickness. The ohserved activation
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Fig. 9 Dependence of the appzrent activation
cross section for the reaction

llsln(n,y')llﬁln on the sample thickness,
The shaded area shows the theoretically cal-
culated centribution of secondary neutrons.

vield (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 metrhaod c\'mil:ar_rn that des-
cribed in ref. €0

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 excrapolations to zero
distance, to zero thickness and diameter are not straightforward and coupling

effects are present between observed dependencies.

Another method was used by Schwerer et a1 .2t

who determined the flux of

low-energy neutrons at the sample position using gold foils with and without
cadmium cover for thermal and epithermal neutrens and threshold reactions for

higher energy neutrons.
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Fig., 10 Neutron capture cross section as a function of mass number.

. 22, 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 rdle in activation measurements also at lower
neutron energies. This remains to be studied.
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MC 1 - FAST RADIATIVE CAPTURE - I. Berggvist (Univ. of Lund, Sweden)

Newstead (B.N.L.):

wWell, I'm very pleased to see that the (n,y) 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 cof the imaginary term

wl' particularly in the case of yttrium, where W; = 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 (¥.7)/A, which
would bring the value down to 35 MeV. But still, 35 MeV seems rather high for
vttrium-89 and I wonder if you have a comment about that?

Berggvist:
1 think the inclusion of a compound nucleus contribution which we know to be
prasentd 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 hig% value o W and I don't understand that. 1 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. &ould you care to comment on the rather large values of wl,
for instance in lead?

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

In the heavier nuclei like lead, wheve at the enargies we're talking about the

W for the T 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 reascnable. T mean, there is a factor of something like A/N-2Z 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)l:

T would like to remark that in the analycis of the data, several effects are

ignored: for example, first of all the a, contributions and the quadrupole

contributions, then the type cof correlations in the final state, and the

enerqy 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.
i e

Chrita (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
Rudapest, that it was very carefully explained to us that the absolute value
of the photon strength function, as derived from thermal neutren capture
experiments, agreed very well with the giant resonance extrapclation at 6 MeV,
and then as one went to lower energies a deficiency appeared. Your curve
seemed to indicate a deficiency even at 6 MeV.

Bergavist:
That's right. Tn the review paner by Bartholomew and collaborators there still
it a difference between the Lorentzian and the experimental data. 1Ir the
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Lorentian they used, the parameters were based on rather early work. There is
some new photonuclear work on !97au 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 Berggvist-Starfeld 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 guestion that I have is, if you
take the experimental strength functions that you infer from the lower enerqgy
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
assocliated with other non-statisiical effects in neutron capture such as
correlatiuns 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. Sc, then, we have to get used to vhe idea of non-
statistical effects in higher partial waves.

Berggv1§t:
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-MeVv 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 scatteriag 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):

Yow 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? 1Is 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 paoint. 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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Dubna, USSR

d ’
RESUME

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

ABSTRACT

In 1959 Zeldovich’/ '/ pointed out to the possibility of storage

in a closed vessel of very slow neutrons with energies below £:1O'7eV
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 meny substancea emplgying a strong suppre-
ggion of inelastic processes in the reflection of ultracold neutrons

(UCN). In a series of experiments beginning 1968/2/ the effective
methods were developed of obtaining pure UCN beams from the maxwel-
lian spectrum of thermal neutrons, The UCN beams of intensity about

103 n/sec and density up to 102 n/liter were obtained at the reac-

tors with thermal neutron flux of 5 x 1013 n/cmzsec. Such UCN beanm
parameters allow to measure easily the UCN storage time in different
vessels and under different conditions. Naximum 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
gatisfactory result had been obtained as yet., Nevertheless the alrea-
dy obtained value of the UCN storage time permits to perform at high
flux reactors experimentsa on the scvarch for the electric dipole mo-
ment of the neutron and on the determination of the life-time of a
free neutron before _2 -=-decay. Moreover, one may consider ultracold
neutrongs as a specific quantum gas of elementary particles,which pro-
perties are an interesting field for investigation,

")¥a.B,Zeldovich, JETF, 36,1952(1959).
2)F,L.Shapiro, Report at the International Corference 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 4 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 £
dependence in neutron scattering, where £ 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 examipnation 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 Yy 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 th2 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
ot 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 deseription
of techniques for these two kinds of experiments would b2 a lengthy review in
itself; this will not appear here. Fortunately, at least for neutron detecticn
experiments, the techniques have been described in considerable detail.-s Some
reviews of (n,n'y) experiments?’s4 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,n'y) experiments, whose
techniques have beer less emphasized in the literature, some critical points
effecting cross section accuracy will bz emphasized.
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After a comparison of cross sections from (n,n’) and (n,n'Y} experiments,
a comparison will be presented of results from different laboratories, all using
neutron detection. Both of these comparison reviews shonuld give us a basis for
evaluating the degree of success to be expected in using scattering studies to
determine nuclear rroperties, 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 c¢f 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 parcs of the potentials. Most of the material
mentioned above will refer to spherical nuclei which are not very deformavle.

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 cf deformation
on neutron scattering. Some additional scat ering studies, from the traansitional
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 o 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 ronm, and the shadow bar near the neutron source.
This bar, made from a machinable form of tungsten, directly shadows the liquidi
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 of 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. Cranberg7, whose
plioneering work on closed geometry shielding for neutron detection was the basis
for the designs at many laborateries.

The second figure shows a design completed by D. W. Gilasgow, gg_gl.z, 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 detactor shield. This system was originally designed and
used at the Aerospace Research Laboratories (ARL) of Wright Patterscn AFB, and
was later moved to its present location at Triangle Universities Nuclear Labora-
tories (TUNL).8 Both this and che Kantucky systems were developed for neutron
time-of-flight detection with flight naths ranging to between 4 m and 6 m. For
work at flight paths longer than 5 m i+ is often convenient to have a multi-
detector system, such as that in use at the Centre d'Etudes de Bruyeres—le—Chate19
(BLC) and shown in Fig. 3. Thece four detectors, spaced 20° apart, have all the
essential components muitiplied by 4. The extra problems of having four or more
detectonrs, each carefully adjusted, stabilized, and detector efficiency measured,
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PARAFEIN COPPER LEAD TUGSTEN VAN D4ELD
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PULSED BEAM

Figure 1. KXentucky detection system, designed5 for detection distances of
2 to 4 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 Cua baffles.
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BEAM LINE
E b — + ! 4,
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Figure 2. ARL-designed2 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 rime for
experiments with long flight paths and correspondingly small data collection rates.
One special difficulry of a multi-detector system i3 in the use of the shadow-bars.
Each one shiclds a single detector, but the additional three only present extra
matzrial to scatter hackground into that detector. To minimize their role as
scatterers, they are withdrawn somewhat from the proximity of the scattrering
sample, and then an aux{liary wedge of heavy metal is placed near the source to
shadow the bars themselves from the source. This 15 a compromice in a multi-
Sutector system which reduces a little the effectiveness of those early shields.
This and similar mulri-detector systems show thelir real worth in high detector-
resolution experiments.

The pulsed beam from efther single-ended Van de Graaffs or randems usually has
a burst width of between 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 scattercd
neutron detection usually ranges between 1.7 and 2.4 ns. For example, recent
experiments at BLC use an overall resolution of 1.8 ns. An experiment is in
praogress at 3.4 Me¥” incident energy, and a flight path of 10 m. By keeping the
neutron source thin in enerpy, a detected energy resolution of 25 keV {s obtained.
This is quite valuable for separaring excited levels of heavy nuclei, but the run
time 15 20 hours per polnt! Tt 1s in experiments of this kind that 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 1s the use of a Ge{Li) detectcor surrounded by
an annular detector of Nal(TR) and operated in anti-coincidence with the central
Ge(Li) detector. This system was emphasized“ in an earlier review of (n,n'y)
experiments, and has the advantage of reducing Compton-scattering in the detected
Y-ray spectrum, usually by a factor of about 4. MHowever, the large annulus of
NaI(TL) 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) detecior in a small shield, and employ it at distances of abosut 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
di~tance 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-
hution measurements.,

A comparison of neutron inelastic scattering cross sections from (n,n’) and
{n,n'y) experiments has been developed by McDaniels, et al. 10 pased on experiments
carried out at Argonne National Laboratory (AXNL) 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)SﬁFe production cross sections

for the 0.847 MeV transition begun by D. B. Nichols,4 and periodically brought
up-to-~date by others. The compilation12 was revised in 1973, and a portion of

it 1s shown ian Fig. 5. This presents differential y-ray production cross sections
for the 0.847 MeV line of 36Fe between incident energies of 1.0 and 4.7 MeV. The
solid curve is a series of polynomial segments which have been least~-squares-
firted to the measurements in 0.5 MeV incident energy intervals. A deviation
region «f + 8% from that curve would include more than 2/3 of the measured points,
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Figure 3.
unit detection system.

Intermediate version of the BLC four
Later versions have more

massive collimators and detector shields.

all of which have been selected to corre-
spond to measuremeats with an energy spread
of 50 to 90 keV. This compilatiocn 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 time-of-
flight procedures Instituted by L. Cranbergl]
and adopted by R. B. Dayl® are used to
separate the desired y rays from undesired
backgrounds. This is {llustrated in Fig. 6,
which shows the time distribution of radi-
ation in the Ge(Li) detector for scattering
in an Fe sample, This figure is taken from
a pulsed~-beam TOF experiment at the Kentucky
accelerator.l The prompt y rays from in-
elastic scattering are separated from back-
grounds by setting a time~gate around the
yv-peak and accepting only those events.

These svents in the Ge{Li) detector are
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Figure 4. Single Ge(Li) detector

in a small shield, for use at
small detection distances, <l m.
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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 uncorrclated background and avoids all backgrounds caused by
fast neutrons scattered into the detector, the ncutron peak of Fig. 6. To
achfeve this separation between neutron and yY-ray peaks, 0.6 m Ils a sufficiently
long flight path. That and other background eliminations provide enough sensi-
tiv}t ’to measure transitions corresponding to cross sections of oanly a few

mb, 4. 1<

An important consideration in both necutron and y-ray detecti{on experiments
is that given to sample-size effects. Corrections for these effects have been
extensively discussed in the literature for neutron detection. They are calcu-
lated using approximate but analytic rec!pe$15-16 or Monte Carlo methodsl?.l
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
many vears an approximation introduced by Day“~19 allowed one to ignore both
neutron attenuation in ¢he sample and multiple scattering, making corrections
only for y-ray attenuation.<0 Tessler and Glickstein showed that in general all
three corrections were important, at least In geometries similar to that of Fig.
4, which use small cylindrical scatterers.Zl  The Universicy 85 Lowell group has
1180 bevn concerned with the importance of these cerrections, and most recently
D. L. Smitn zi ANL has developed Monte-Carlo methods2? for making these correcrions.
The analytic methods of Engelbrcctls are ecasily acapted to making sample-size
corrections to inelastic scattering cross sections for either neutron or vy-ray
detection, and have been used in a recent studle of the effects of such
corrections for (n,n'yY) measurements. 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 B47-keV line of 36Fe and the 2615-keV line of 208pb as
a function of the size of the scattering sample. The results are shown at three
incident cnergies for Fe and one neutron =nergy for Ph. 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 arrors of the order of several percent would be present, the
size error depending upon the size of the sample. The upper data points ana 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 reasonadly sample independent.

Neutron inelastic scafttering cross sections inferred from (n,n'y) measure-
ments are shuwn in Table I for neutron energies near 3 MeV incident on 92zr. They
are compared to neutron inelastic scattering cross sections measured in neutron
detection experiments at ANL24 and at Kentucky.25 The agreement amongst the three
sets of results is good. The average deviation between the two (n,n') experiments
is 182 and that between the (n,n'y) results and the (n,n') results of Ref. 24 is
17%. A similar comparison~® of (n,n') and (n,n'y) cross sections for 3.5 MeV neu-
trons incident on 9240 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 comparisomns, both
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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 1

A comparison of neutron inelastic scattering cross sections in 92z¢ 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 McV 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,n'") (n,n'y) (n,n') (n,n')
934.1 633 606 560 477 416 421 283 290
1381.9 108 109 145 101 112 84 58 96
1494.8 182 254 230 155 196 130 153 175
1846.4 240 340 280 245 220 192 172 190
2066.1 240 160 275 207 224 181 157 162
23129.0 134 168 126} 234 {150
2398.0 98 121 89 112

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 exci-ation
energies of the levels to be studied. Ambiguities are virtually absent when level
energies and Y-ray decay schemes are determired by these methods.4 A couple of
examples will illustrate the methods, both drawn from studies of neutron scatter-
ing in the A Vv 90 region. These were part of a systematic study of neutron scat-
tering in the A v 90 region initiated by J. D. Brandenberger and the author,
together with other colieagues 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 94pMo
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. Wolfenstein2? to be the special
signature of a 0% level. This angular distribution, together with the magnitude
of the inelastic scattering cross section, uniquely fixes28 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 927¢. Measured angular distributions for three decays from
the 2742.6-keV level of 92Zr are shown in Fig. 9b. When these data are carefully
analyzed, and large M2/El mixing ratios are rejected, the level is definitely
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Figure 8. Scattered neutron spectrum at 3.9 m. The numbers above the arrows
are level excitation energies in keV,

assigned12 as 47, The 1248-keV line is shown to be an El and the 257.3-ke¥ line
an Ml transition. These two illustrations show the use of neutron and y-ray
angulavr distributions to determine properties of levels. The magnitudes of in-
elastic scattering cross sections in spherical nuclel can also be of assistance
in fixing spin assignments. For example, we have measured 53 cross scctions for
levels excited in two 1sotopes, 927¢ and 4Zr, and then calculated them with the
Wolfeustein-Hauser-Feshbach (WHF) mode127 as modified by the fluctuation correc-
tions of Moldauer.29 The average deviation of measurements from calculations is
A 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 oaly

at the factor of 2 tevel. The curves shown in Figs. 9a and 9b are all WHF calcu-
lations. Neutron inelastic scattering studies employing buth 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.27,28 These methods are especially useful because in spherical
nuclef the crass sections and angular distributions have no dependence on
dynamical nuclear properties, or intrinsic structures of levels. Only spins,
parities, and excitaticn energies play a rcle.

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, 35_51.31 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 precisfon of abeut 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 apart by about 20%
for the group near 3 MeV excitation energy. The overall agreement for the in-
elastic scattering is quite impressive.



A comparison betwecen measurements from three laboratories is available in
Figures 11 and 12. These are drawn from a large carbon scattering study32 at
BLC. The BLC data overlap a similar experiment of Perey and Kinney33 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 uricertainties of about 5% on either experiment. A scattering study for
carbon was also completed recently at ARL laboratories, between 7 and 9 MeV
incident energios.3“ The 9 MeV data of Figs. 1]l and 12 show results from both
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Figure 9%a. Negtron aggu]ar distri- Figure 9b. Angular distributions for
butions to a 0 and 2; level. Upper decays from 2742.6 keV. A test for
panel shows y-ray excitation func- large M2/El admixtures eliminates J=3,

tion for 0% + ZI ¥ rays.

the AR.L36 data and BLC studies.3? Once again excellent agreement is obtained
between results of the two lsboratories. These figures link together three
different experiment, showing the good agreement which exists amongst them. The
measurements shown at 14.0 and l4.5 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
experiment33 are compared with very recent measurements made at TUNL.33 The
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 TUMNL 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 difficulcy in knowing well
the energy dependence of the neutron detection efficiency. Careful determination
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cf the neutron detection efficiency for the detector

acinally used is one of the most critical tasks to SRR LML R RS
be performed in a high precision, high accuracy neu- - " Altn,n’)
tron scattering study. \ . * ARL. 897 MeV
One of the tests of the adequacy of local, 10 E . KY 905MeV'§
enercy dependent potentials to describs neutron = - Q=00MeV -
scaitering has been the test for [ dependence, ‘g - s, . :
or noutrou excess dependence, and whether or not S - N oy
the 4 dependence reflects the i-spin dependence EE . i
expected by Lane.3® The last major review of this z 10°- “ae® ?i
questlon for neutron scattering3’ in 1972 seemed — 3 Q=093 MeV
to reach the conclusion that the & depeandence of E 8 . FUsoie éi
the real part of the potential! was only about half @ 4K it S S PN,
or less that expected on the basis of proton scat- -S £ Q-2 2 MeV
tering. At arny incident neutron energy one writes 6 = srerem, j{
the depth of the real scattering potential as: - "% aad atesRinone
Vir) = (Vg * V; £) £(r), with f(r) a Saxon-Woods ¢ Q=29 MeV
form factor. Similarly, one writes Wp(r) = = aserens :
(Wo + W &) g(r), with g(r) a derivative Saxon- Ig == * ey e ettt
Woods form factor for the imaginary part of the {_LLL;JJdLLLJJJ_LLLLLj
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potential, Wp. For proton scattering the coeffi- 30 60 90 120 150 180
cients derived from globar fits seem to ne38 Bc.m (degj

Vi "~ 24 MeV, and Wy v V3/2. On the other hand
neutron scattering surveys seemed to suggest37

Vi € 13 MeV, half the value implied by global
proton scatctering analyses. Since this would
appear to violate the notion of i-spin dependence
for scattering potentials, it is worthwhile to re-
examine this questicn 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 anzlysis of proton and neutron scat-
tering from the same nuclei, a procedure adopted for 14 MeV neutron scattering
from 29Co and 20981 quite some years ago.3? The result for these two nuclei was
in the range V, = 2224, depending on other assumptions in the analysis. The
recent 9 MeV scatter ag experiment of Velkley, et gl.31 included differential
elastic scattering cross sections for three nuclei near A=60. The measurements
and potential analyses ar~ shown in Fig. 14, and the potential depths determined

are plotted in Fig. i5. From the slope of V vs. & 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 59co. The fits to proton
scatte.ing cross sections and polarization data are shown in Fig. 16, a very
nice confirmation of the notion of i-spin dependence. Bcch 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, et al. 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 Vi = 22 MeV. Instead of analyzing the data
at equal bombarding energies, one may elect to analyze at energies shifted by
the Coulomb displacement energyl‘l and usin% standard energy dependencies42 for
the scattering potentials. Ferrer, et al. 0 have been able to do this for three
nuclei included in their 11 MeV neutron scattering study, and the results are

Figure 10. Comparison of
ARL and Kentucky cross sec-
tion measurements in AY.
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Figure 11. FElastic scattering by L2¢,
shown in Fig. 18. The fits to one of the
auclei, 120sn, are not comparable to the
fits of Fig. 17, but are still fair. When
all of the combined {(n,n) and (p.r) anal-
vses are included, they determin. J Vi
to be very close to 22, the value Velkley,
et al. had found at 9 MeV.

The Ohio University group also
analyzed their extensive set of 11 MeV
neutron scattering angular distributions
separately, to see what i, dependence that
data by itself would inuivate.? Distri-
butions of differential cross sections
had been measured for 21 nuclei. For f
dependence tests, 16 of them were
¢ivided inte 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 ARL 9 MeV experi-
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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 A90
region includes measurements
on four Mo isotopes at 6 MeV
incident energy. The scatter-
ing neutron TOF spectra are
shown in Fig. 21, where ome
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

ment,31 one of the four Mo iso-
topes, and one including heavy
elements. The interesting obser-
vation is that the £ cdependence ob-
tained from analysis of all four
groups 1is 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 °2Mo in Fig. 19 is not
gnod; this may call into question
the confideance with which the
potential parameters are greeted
for the set of Mo isotopes, or it
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has progressed enough to make clear the fact that V; = 24. This result had also
been obtained by Smith, 25.33,45 in their analysis of neutron scattering from the
Mo isotopes between 1.8 and 4.1 MeV incident energies. For the rigid, spherical
Mo isocopes it seems clear that the £ 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. 1In addition the coefficient V% appropriate for a set of isotopes is also
the coefficient for a global analysis.#3 Examination of Figs. 19 and 20 shows
that most of the nuclides included in the survey are also rigid, spherical nuclei,
howaver. It is possible that this result applied particularly to such nuclei.
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Fignre 19. Data from 11 MeV neutron Figure 20, Elastic scattering cross
scattering survey analyzed in two sections for each panel have been
groups for two mass regicns. 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.%6 Their potential analysis of the data -
found that reasonable fits to the data could only be obtained for V3 = 9 + 2 MeV!
This was reminiscent of results from earlier scattering surveys37 which had indi-
cated small coefficients for § dependence, of this size or less. A possible reason
foer this anomalous behavior might lie in the fact that the deformation amplitudes
By ranges from 0.2 to 0.3 as determined frum Coulomb excitation studies.4’/ These
are large values for nuclei not regarded as deformed. To test the hypothesis that
the large and varying Bs-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.? 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 cc-
efficient V3 $ 20 MeV {in the
new analysis. The real part

of the scattering potential has
the same £ dependence for these
deformable isotopes as for the
more rigid nuclei of Figs. 19-
21 wheua 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 (S,) some years ago
by Delaroche and Newstead 48
showed two trends. The gradual
progression of S, from element
to element was consistent with
global analyses in which Wjn0.
On the other hand within sets
of isotopes S, decreases very
rapidly with &, a behavioer
requiring large Wy values,
ranging from 40-62 MeV for
different isotope sets.

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 Wy = 38,

a large value consistent with
the fits to low energy
strength functions. The mass
survey at 11 MeV also seems

to fix Wy. Both from the com-
bined neutron and proton scat-
tering analysisA3 and from

the separate analysis of neu-
tron scattering44. ‘Ferrer,

et al. conclude that Wy v10-
15 MeV, which would give
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Figure 22. Measurements and coupled channel
(cc) analyses for elastic and inelastic
scattering at 8 MeV.
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values for Vj and W; consistent with the expectations of Bechetti and Greenlees, 42
who projected Wy v V;/2. On the other hand in their analysis of a selected set

of the 11 MeV scattering data, these for 1sotopically pure scattering samples and
with minimum inelastic contributions to the elastic scattering data, they deter-
mined W; v 2 MeV. The analysis of Velkley, gg_gl}l and that shown in Fig. 21 are
for Wy =0.

A clear and general statement about W; does not seem possible at this time.
For Vi, a definitive statement can be made. Both for analyses of sets of isotopes
and for those including many elements, Vi = 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.*9 Some years
ago G. R. Satcnler pointed out that all potentials of whatever form which satisfy
the condition VRD = constant are at least approximately phase equivalent. With
this condition and a series expansion for V(r+8r) 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 1s:49 Vl(r) =
(1/4) (N-2)Uy g(r), with U; ranging from 1.3 - 1.8 for analyses with different
surface tforms for g(r).__The coefficient Uj which characterizes the scattering
data of Velkley, g£.§£.31 is U = 1.4, which is equivalent to the volume cceffi-
cient V3 = 22. Thus the presently determined coefficients V; = 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 scatt=ring 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 >l with coupled channel models. He began
by determining an energy dependent scattering potential to fit 20981 and 207pb
data. Then adding a £ dependent term to the real potential with V; = 24, he cal-
cvulated 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 this approach was in the calculation
of total cross sections for the light deformed nuclei between 23Ng and Ca, and
at incident energies between ! and 3 MeV. 1In 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
Glasgou52 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 1205n, The measurements are from the
Japan Atomic Energy Research Institute (JAERT).33 The elastic scattering ¢=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 model 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 {5 often the case for spherical nuclei, that
contribution 1s small enough so that even its existence may not be evident in
the data, but the fits which combine WHF and direct contributions represent the
woasurements well.,
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Figure 24. Measurements and cc analysis for 120gn,
Dashed curves are statistical model (WHF) calculations.

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
others34at 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 54 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 fixad (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. 2 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 survey54 are
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.
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. TFor elemeuts Ni-Bi the crsss sections secwm to be very
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close tou 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 depencence of small angle scattering. The only really
ancmalous behavior is that for W at 7.55 ond 11.0 MeV, which we will attribute
to deformation effects.
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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 enharnced small angle scattering
was that of G. Palla,58 who showed the effects on neutron scattering from U.
Subsequently, Benenson, et 3&.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 seriously6o 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 e¢ffects of deformation
for U, the ratios of U and Pt 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 or somewhat above 14 MeV39 that U scarters like npherizal Ph, no anomaly
wou d be evideni. But between 7 wnd 12 MeV very siicngz departures from spherical
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nucleus behavior are evident. The sulid 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 B2 in the model. The energy shift
between the calculated arnd measured ratios re-
flects the fact that the calculations are done
entirely for U, with 85 = 0 and 0.3, but the
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.

do/da(bAr)

4+ -

The strong energy dependence of deformation g__r,mm,“,-1
related effects in total cross sections (0y) was 3+ ]
explicitly demonstrated in the measurements of |
Shamu, 55.51.62 at Western Michigan University 2 N
(WMU). The differences between Os for deformed Tk -
and gresumably spherical 1“BSm, normalized to O
for 148sm, are shown in Fig. 32. In the mean- 0 e
time Lagrange and Mondon 61 had prepared a coupled 4 8 12 ® 20 24 28
channel analysis of Sm+n scattering for several Bcm deq)
isotopes, based on low energy strength functions Figure 26. Comparison of
and total cross sections for natural Sm between data from two laboratories

0.6 and 14 MeV incident -energies. The subsequent at small angles.

successful analysis of Ch. Lagrange63 of the WMU

measurements is also shown in Fig. 32. The data and analyses are are guite
similar to those shown in Fig. 31 for small angle cross sections. For these
transitional Sm isotopes one sees two energy regions of pronouncad 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. 55 The elastic and inelastic scattering cross sections to the first excited
2* level are shown in Fig. 33 for one of the isotopes, 152Su. These measure-
ments and analyses were completed at BLC for 7 MeV incident energy. The detailled
fiz to the eiastic scattering results 18 quite good, and the magnitude of tge in-
elastic scattering cross sections is also well represented in the analysis.

Thus the coupled channel model, which treants the excited ievel of 152gm 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 1s 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.66 The_inelaatic scattering cross sectiocns to the first 2* levels of
three isotopes, 148'150-1528m, are shown in Fig. 34. One sees there the feature-
less, almost isotropic data for 148sn,  This is typical of results for spherical
nuclei. The atrong structure for 152gp 15 quite atypical of neutron inelastic
scattering angular distributions, and presents clear evidence of strong collective
enhancementg at low bombarding energies. That these enhancements involve not only
the first 2° states but a large part of the ground state rotatienal band is
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demonstrated -in Fig. 35, which shows stron 10+ i T T T T

Y rays de—excitinggthe 4* and 6% levels ofg _B‘m’\\ 14.0MeV (lab)
152sm, For these states, collective enhance- *quzk
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 o
levels.?»03, :é’ \

In summary, comparisons of elastic scat- 't'NHA) \l\\\\;$§§
tering cross sections measured in different o e -
laboratories show good agreement, supporting T :f0(5l
the accuracy claims of about 5% on measure- _g 05" AL (3.5) [ \
ments when special care to achieve this is X
developed in the experiments. For inelastic b\i\\
scattering, measurements from different rC(3) =
groups suggest consistency within about 10- ’ . \\‘\\
15% and this includes results inferred from ",'s.(b, '
Y-ray production cross sections as well as [ I o
those from neutron detection. The resuilts ol ot .
for Y-ray production at bombarding energies 0. & 3 6 ¢ 45
< 3.5 MeV indicate that that method reliably 8. . (deg.)
extends neutron inelastic scattering studies Figure 29. See caption for
to nuclei whose levels cannot be resolved in Fi 27 and 28

gs. 27 an .
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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 inciuding deformed and spherical nuclei,
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

sca:tering cross sections for de-
formed U and spherical Pb. The
curves are cc calculations as
described in the text.
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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 nuciei, 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.
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Figure 34. Neutron inelastic scat- Figure 35. The enhanced 4 + 2
tering to 2% levels of three Sm and 6* » 4% transitions dominate

isotopes at 2,47 MeV,

the 152sm (n,n'y) spectrum at
2,47 MeV,

A recent and extensive survey of small angle elastic scattering shows no
anomalously large cross sections, except thzt differential cross sections €or
deformed nuclei are large compared to scherical 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. Wbile coupled channel calculaticns 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 (Liége):
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 becauze 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 iow energies from element to element

you didn't need any I-spin component in order to describe that dependence. But

if vou 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, we didn't need that at all. And other people constructing analyses have
found that the I-spin coef.icient 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 vou need some imaginary part. 1 come to fpg second part of my
question: you have shown a Coulomb correction of .27Z/A . Where is this .27
coming from, because usually I think peopl =zake .47?

McEllistrem:

I think some early estimates had suggested .4 and then somecne 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 T don't recall.

Rapaport {(Ohio University):

Bechetti and Greenlees, I understand, found a value of .27 in their work. We
have f5und on analysis of T=0 nuclei, using both (p,p) and (n,n) data, a value
of .48 + .07 assuming the samc 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-compunent of the potential.
This 1s 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 gquestion 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 Holmgvist and Wiediing a
number of years ago?
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McEllistrem:
Let me answer that question indirectly by saying that for almost all of the
analyses used here, the radius for the Saxon-Woods potential for all parts of
the real part of the pof?%tial -~ the I-spin dependent part and other parts --
is approximately 1.25 A fermis. But I believe Rapaport lLas actually looked
at the slope of that integral. Am I correct in saying that the slope is different
from the Holmgvist-Wiedling analysis which determined an I-spin coefficient of
12.5 or 13 Mev.

Rapaport:

Are you referring to the dependence on energy of Vl or Wl?

McEllistrem:

No. The dependence on neutron excess of Jl’ the volume integral of the real part
of the scattering potential.

Rapaport:
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 € = (N - 2Z)/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.. 1In 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.



McEllistrem:

I guess that's really a comment. I think the deformation parameters are well
enough known 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.

Newstead:

Yes, I'm sure in some cases it's probatly true that the parameters are known very
well. But in other cases, in fact, it seems they're really not that well known.
Unioss one is really quite sure about those parameters. I still think thai this
is a real possibility. 1 think in the molybdenum i->topes this may be the case.

Mughakbghab (Brookhaven N. L.;:

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 100Mo, for cxample, is
deformed, and the 2, value derived is about 0.2. What would this do to your fit of

100M5 ana systematics for molybdenum isotopes? Secondly, did you carry out 10UpMs
{(n,n'y) measurements?

McEllistrem:

Well, let me answer the last question first. We have 100y, {n,n'y) measurements,
and the inelastic cross sections are not consistent with, for example, the cross
sections we have for samariurm. 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 vhe 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 190M5 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 words, that model would not project a deformed char-
acter for !?0Mo 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 100pM6, and there is a big change in the level separations
between !9%0 and the other izotopes, but that seems to be accounted for quite
well in the statistical model calculations. There is i.othing 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 ocwn data that l48gm js spherical in the
excited state and !°2sm is deformed in the excited compound state. It is possible
to reach this conclusion.

McEllistrem:
In the case of !°Zsm it has a rotational spectrum. It has the character that one
expects for a deformed nucleus. In !°“Sm =---

Solovsev:
It's clear for low-lying states that this is deformed. But what is the shape
near the neutron binding energy? Is it possible to say that it is deformed in
the compound state?
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5.15 p.m., Tuesday, July 6, 1976 in Olney 150 Invited Paper: Session MD2
FAST NEUTRON SCATTERING: REACTION MECHAMISMS AND HUCLEAR
STRULCTURL

A. T. ;. Ferguson

Atomic Energy Reseaich Establishlment, Harwell, England

I. J. van lieerden

Southern Universities Nuclear Institute, Faure, Republic of South Africa

P. lioldauer and A. $mith

Argonue hational Laboratory, Arponne, I1l. U.S.A.

Contemporarv experinental and theoretical understanding of (n:n),
(n;n') and (n;n',v) processes is outlined with empliasis on a unified
phvsical view of reaction mechanisms and nuclear structure parameters of
medium (fluctuating), and heavv (deformed-acti..ide) nuclel at enerpies
where both compound-nucleus and direct-reaction mechanisms are prominent.

ABSTRACT

The experimental and theoretical understanding of fast neutron (njn}),
(asn*) and (n3n',¥) processes is outlinea 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 enerpies (Vv 5 MeV) where compound-nucleus and
direct reactions are prominent and where inelastic neutron processes provide
insiyht into nuclear structure not otherwise easily available, The
cor relation of phyvsical concents and experimental observation is illustrated
by selected studies of neutron scattering and associated processes (e.g.,
total neutron cross scections, strenpth functions) employing both high and
averape experimental enerpv-resolutions. Present and potential experimental
capability to provide quantitative physical information is noted inzluding
techiniques and sources, Model coucepts and parameters relevant to energy=~
averaged properties (optical model), compound-nucleus reactions
(statistical model and fluctuations), collective phenomena (couple-cuannel
model) and nuclear structure are discussed, Applications of these models to
measured cross sections and associated properties arc made to determine
structural properties of nuclear states. The sensitivities of cross
sections to various phvsical model parameters are discussed.
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FAST JLUTRON SCATTERINGs  REACTION PLOCBARTSUS Al LLCLEAR
bRy,

A, 1. G Fergusen

Atomic Lunerpy Rescarclo hstal lisivent, Harvell, Fogland

I, J. van Leerden

Southern Universities huclear Institute, Faure, Republic of South Africa

. Poldauver anc A. Smitiv

Argonne National Lavoratorv, Argonne, Ill. L.S.A.

1, INTRODUCTION

It has long been appreciated that inelastic neutron scattering was
potentiallv a poverful tool for tlic study of miclear structure, On any
objective viev however its quantitative contrilution to that field has bLeen
small by comparison with alternative charged particle technicues, puring
the last vears there has been steady progress in tihe developrment of Loth
the experirental technicues for the study of inelastic scatterine and of
the theoretical framework which enables nuclear structure inforrmation to be
derived from such measurements, lfuch of tiie motivation for such improve-
ments has come from tiue need for cross section data for use in applications
and the need for its theoretical understauding to enable such data to be
predicted for nuclei for which there is no possibilitv of measurement, It
will emerpge that the main differentiating 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 energyv range that we shail
principally be concerned., The questions we will attempt to review are

a. What progress has been made in experimental techiniques that support
-our objective?

b, Is there a body of theory that is internallyv 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 brieflv (Sec.Il) at the current theoretical
position and then go on (Sec. III) to mahe sone cormments on techniques.
The main substance of the pajcer consists of comparisons of experimental
observatinns and theoretical predictions in the general context of (njn')
processes (Sec.lV) and in the special case of the (n;n'y) reactions with
attention to the complimentary nature of tiile processes and their implica-
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tions on nuclear structure am! cormpound-nucieus and direct-reaction
mechanisnus,  Finally, we will attenpt to surmirize our overview of the
situation,

IT. BASTC TiEORIES ARD PRACYICAL POTLUZALS

Neutron scatterfnp procecus by two mechanisms, dircer and compound,
described by the unitary S-matris

d Ol
X (1)
~

The direct scattering cross scctions exaibit gradual enerpy variations over
several hundred heV and the correspondine neutron-ancular distributions are
peaked in the forvard dircvction, Corpouna processes proceed throuph dis-
tinct resonances at lov enerpies and oxbibit creoss scetifon fluctuations
produced by overlapping and interferine resonances at higher enerpics.  The
corresponding fluctuating S-ratrix enersv deveindence tal es the form

3

For
.Cit . pe nd
T B S I T
cd < (-1 + ' 1T
L ¢ h) . M
and, in the enerpy average, (2)
;.‘ cn = —(TT/B) <’.“I x p o> .
1

Enerpv averaged compound-nucleus cross sections tiat are spoothed over
resonances or fluctuaticns have pgradual eiwerpy variations and a fore-to-

back symmetry of the associated anrular distributions, ‘Lhe interrelation

of direct and cgrpnund-nucluus processes is prominent in neutron interactions
at energies of % several leV particularly wvhere the excitation of collece-
tive modes is strong. This is alseo a resion rich in structure information
and particularly suited to neutron studies. 1t is tihis recion that is pri-
marily addressed here,

The energy~averaged cross scctions are decscribed by the optical model
(0.M.) in which the interaction between tiwe neutrorn and tarpet nucleus is
described by a comnlex potential well (1), Iluch of the pover of the
optical model lies in its sinplicitv vhich irplics lirdtations that saould
be kept in mind. Solutions of tie Schradinrer ecuation with such a complex
potential yield the enersy-averaped Sematrix, §, vhiich determines the
direct shape—elastic scatteriing cross section and averaye~-compound-
ahsorption cross scctions or transrission ceefficicents, 1, as well as
averape total cross sections. In principle a relatively snall number of
measurements should fit tue values of the Se-patrix. Of these measured
values only the averape total cross scction i directlv related to § and
its precise measurerent and interpretation should be a part of any general
analvsis. ‘this basic fart is too often ijnered, Unfortunatelv the total
cross scction determines onlv the real part of § and no observable gives a
direct determination of its ir.aginar: cor-onent. Indirect recourse must be
macde vo the averape elastic cross section above several eV or the
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resonance structure at low enervices. I the case of deformed or deformable
nuclei one must add to toe complex potential well certain coupling poten-
tials between neutron channels involving rotationally or vibrationally re-
lated levels of the tarpet, The result is a set of coupled Schrgdinner
cquations--the Counled Channels o tical “odel (CC,0M)) (2)--which vields
direct scattering cross secticas not only in the elastic channels but also
tn all directly coupled inelastic caannels, in addition te tie averape
absorption and total cross sections,  In these cases S Is non-diagonal and
this is thie ale rather taan tae excertior for wide ranpes of tarpet nuclei.

The averase absorption cross sectacis provided by the 0.M, permit us
to calculate the statistical properties of the compound nucleus cross
sections, ‘the averare corcound cross sections are conventionally obtafned
by means of the hauser-Yesoiach formula (3)

cn 1cTc'
”cc' - 7 I, 3
'Cll C"

Iu manv cases this expression tust be multiplicd bv the width=flretuation

< >/< )f:';) “

which has the effect of eunlianciny the averare corpound elastic cross
section by factoers of up to 3 at lov energics and up to 2 at hipher ener-
pies.  Average inelastic cross sections are redueed correspondinpgly. The
oririn of this correction lies in tie correlation hetween the fluctuations
in the entrance and clastic exit clannels,

correction factor

hetailed calculations have led to sormewvhat riore corplicated expressions
for the averape compound cross section whose evaluation depended upon
statistical effects that were difficult to determine., Cne plausible set of
statistical assumptions led to a correction depending upon a paraneter O
(4) vhicii we refer to Lelow as tae “oldancer=(O-parameter, Ilore recent
studies nave shown that these additional corrections to the hauser-Feshbach
formula are not widely applicabtle because of a puenomenon called H-matrix

cancellation (5).

In the case of the C,C.0.°L waere on2 has direct inelastic scattering,
the calculation of the average compound cross section is complicated bv the
fact that there mav exist correlations in the fluctuations betwcen any
directly coupled channels, leadin to correlation enhancements of inelastice
as well as clastic average cross sections., To calculate averape compound
cross sections in these cases one must first diagonalize the C.C.0.M.
averape S-matrix by means of the Enrelbrecht-Weidenmilller (E.W,) transfor-
mation (b), then cormpute the fluctuation-corrected Hauser-Feshbach cross
sections in this transformed channel space, and finally apply the inverse
E.W, transfornation to obtain the averase compouad cross sections connect-
ing, the physical coupled chauncls, For this purpose onc needs the complete
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CoU.0,Y, S-matrix, not just the usually computed elements that connect to
the entrance channel,

Averape compound inelastic enhancemeuts due te direct coupling are
sensitive not only to the transmission ceefficienrs i:ut also to the rela-
tive phases of the averape S-matrix clements., Larpe effects are expected
only in the vicinity of the causality limit where the determinant of
Satchler's penctration matrix =55t vanisies (7). There,enhancements com-
parable to elastic enhancements can occur,

The statistical thcory underlving tue calculation of y-~rav anpular
distribucions has been described in detail in the classic paper by Sheldon
and Van Patter (8). ‘Thev assume a hauser-Feshbach formalism for calcula~
tion of the level population, Tuils treatment can readily be modified io
include the “oldauer correction factor discussed above (5). An alternative
to tihils which is eqgually effective is the nultiplicative factor proposed by
tepel et al. (Y). Neutron inelastic scattering at neutron enerfies just
sliphtly above the threshold for excitation of a particular level are
doninated by S-wave outgoiny neutrons and one can obtain model independent
limits for the anpular distribution of_the associated transition, For
example consfder tiie excitation of a 3 state from a !4 pround state, Near
threshola the inpoing neutron waves will have £, = 3 with £, = U. This
vields a model independent angular distribution of the pround state trans-
ition with anpular asvmretryv of 2,37, 1If the sta.e were 3+ the limiting
anrular distribution would pive an anpular asvmmetry of 3.2, Thus there
is clear parity dependence near thireshold.

The experimental application of the ahove concepts requires a suitable
model-potenti. 1 and there are a number of “plobal” optical models that are
qualitative'y satisfactory (lU). The basic nature of the two nucleon
reactinn mechanism implies, in the equivalent local approximation, an
energv dependence of tiie real potential strength (11,12,13), This is
consistent with the consensus of experimental evidence indicating an ap-
proxirately liuear decrease in real strenpth of about 0.3 MeV/MeV. With
increasing enerpy, surface absorptien pgives way to volume absorption. It
is odd that manv interpretations of ncutron processes to tens of MeV tend
to ipnore this effect, Recent calculations show that the small absorptions
at low enersies are consistent with observed strength functions (14,15,16)
and that increasing values are required for auantitative description of
ohserved neutron cross sections in the tew .leV range. Physically this is
reasonable as tihe absorption should he qualitatively proportional to the
product of the matrix poverning the interaction and the density of states
and the latter is roupghly proportional to energy, It should be remembered
that calculations of nonelastic cross sections can he sensitive to inverse
transmission coefficients deduced from a model at enerpies several MeV
reroved from the incident eneryy and that their determination thus will be
influenced by the energy dependence of the model parameters. Bevond the
problem of energy dependence and the onset of volume absorption there are
additional ambiruities in the determination of the surface absorption.
Outstanding of these is tle inability io accurately identify the components
of the preoduct W x b. This is sensitive to deformation as a crude spher-
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ical arcrexiratien of the deforration leads to §nereasinge valucs of tie
surface al sarption viatis, b Saedl clesure vill o effeet Lotis real ana
Gavivare ooatential terr: (17) aic e s a 3;3 derenaence of , at least,
the real potentind strenct, (). oo ine i ui'rail at & ana § strengti
furctions sugpysts tiat both l=ce echnuence ang deforrrtionare factors in
deterrining altsorptien macnituaes (149),  In siort, even in tie lover energy
ranpe viere tae alserption is lar ]l eenfine: te tia surface tice detalls
of t.e rowcls are cetrler ana far fror encris separal 1e,

Iota static anc davee e adlorration. arc o prorinent coaracteristic of
the neutron interaction vith a vice ranee of nuclei,  Deforratiens arc
corronly dewueed fror (p3r'), (nyo') and coulomb excitation results using
first order sinple apuroninations and oxtensive tai.les of the resulting
coof ficients are available (2u). orce accurate a,rroxirations consicerinf
the hi;lwr order terns (i.e., auadrupele ane hexadecarole) lead to sraller
v values and inclusion of 4, pives i1 rroved aprecrent witio the rmcasured
néutron valucs (16,21). TPrarnatic neutron calculations often consicer only
the o, tern and in these cases even sialler values tend to be indicated as
the result of the orission of tiw ,, terr, Considerine these factors it is
doubtful that the neutron results indicate general suistantive differences
betveen deformations deducea from neutron and clarced=-particle measure-
ments,  An excention is near the closed shwlls wiere dynaric deformnations
due to neutron vibrations have been olservea (22) to be considerably
larper tihan those due to the corresponding proton vibrations, These wide-
ly=present deforrations can strongly influence botlit real and irmaginary
potential sclection by arounts larre corpared to those attributed to other
mechanisrs, e,4., parameter Vaﬁiﬁti“"“ due to deformation can be several
tires those attriluted to tihe terr: of tihe potential (10). In view of
this widespreas and relatively strong irpact of various tyvpes of collective
deforrations it is probally unfortunate that they have received so little
attention until relatively rccently,

IIT. COIZLaTs O THCHAIOULS AND HETHODS

Neutron scattering studies have larpelyv emploved tiie pulsed-veam mono-
enerpetic=source tire-of=flipght tecimiques oriyinated by Cranberp et al,
(23) nearlv tvo decades apo. (ver the vears this technique has been
developed into a rood spectroscopic tool withh fine resolutions as illus-
trated, for example, Ly the studies of the actinide region by iaouat et al,
reported elsewhere at tiis conference, Tie rate of developrent in tais
ficld has been slow over tue last tenm vears with an irproverent of at best
a factor tvo in burst width and little siynificant increase in peak in-
tensity. Accelerator anu source techuiques develojped in the coicext of
high eneryy physies could greatly contribute here. The latter offer order-
of-nagnjtude increases in intensity and intensity rerains tie problem, A
limitation of the method is tie incident enerpy reselution of 10-100 keV
wvhiich prevents the hiph resolution study of hirhlv fluctuating cross
sections, In this proller arca intense white-source technicues as er-
ploved, for exariple, by Kinnev et al., (24) have had a profound iwpact tiaat
is only now beinp fully aprreciated. Tv selected cases, such as scattering
fror %Fe at enerpies of < 2.U eV, the resolutions are superlative as




- 210 -

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 (n3n',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 transitionsl energies can be precisely determined
and the resolution far surpasses that available in the complimentary (n;n')
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 “Li(n;n’,vy) (28) or using a standard counte,

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 y-ray 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 v 25%. The method
has been verified by studies of the "well known" 846.8 keV state in °®Fe
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 (njn',y) studies, How-
ever, only recently has generally careful attenticn been given to correc-
tion procedures essential to highly quantitative results. It has become
all toc 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., (n3n',y) of the B46 keV state of 58Fe) 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 ..gital
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,

1V. 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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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 Jdescription of total cross sections (13).

Recently a similar global view of inelastic scattering has been taken
by Almen-Ramstrbm (34} who has made a systematic studv in the range 2.0 -
6.5 MeV. She looked at elements ranging from AL to Bi mot, 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 Holmqvist 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 @ parameter set to zero. The excep-
tions ware the first 2+ levels in FeS“, Sépe SOCr, S¢r and certain
sequences of levels in 89y, ¥3nb, 11510 and 509Bi 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 deforms:d nuclei were included in this survey. 1In the
sections that fellow 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 ragion 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=50-70) into the several McV range (36). Recent very fine resolution
studies of neutron scattering from S6re by Kinney et al. (37) support the
theoretical predictions. These results, illustrated in Fig. 2, are very
impressive. The fine resolution of Vv 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 these high resolution results with broader
resolution (e.g., AE - 50 keV) values as the comparisons are sensitive to
the exact 2nergy 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-rescolution elastic scattering measurements as illustrated
by Ni, V and Co elastic distributions shown in Fig., 3. Even thcugh deter-
mined with relatively broad resolutions (25-50 keV) 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 0.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 energ*——by amounts large com-

pared to detailed aspects of the potential (e.g., < dependence),

The above fluctuations persist into the ron-elastic channels with very
strong effects and attendant problems as illustrated by the recent (njn',y)
and (n;n') studies of Kinney et al. (37), D. Smith (38) and A, Smith (39)
outlined in Fig., 5., White-source techniques show strong fluctuations to
2.0 MeV. The normalization relative to the "Li(n;n',y) standard has been
confirmed using broad (» 50 keV) resolutions and 235y(n,f) standards and by
direct determination of the corresponding (n;n') cross section relative to
the basic H{(n,n) cross section, When taken in a broad scope, the results
obtained with ~ 50 keV resolutions are very consistent with the average
values of the high resolution results, However, again the energy-averaged
measurements are sensitive to exact energyv scales and experimental resolu-
tions and thus comparisons at isolated energies can be very deceptive not
only between experiments but also in comparisons with energv-averzged
theory. Thils remains true even when the experimental resoluticus are large
(» 100 keV), This is a particular conccrn when reactions such as Sére
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 S6Fe
and these include relatively strong P, terms., The strength of the latter
have been verified in broader-resolution measurements bv D, Smith, In
these inctances the common practice c¢f assuming P, distributions and limit-
ing measurements to angles corresponding to P2 nodes will not yield
quantitatively accurate angle-integrated cros§ sections.

The capability of energy-average theory to describe the trends of the
fluctuating cross sections are illustrated in Fig. 4, The conventional
Hauser-Feshbacli calculation characteristically leads to too large average
cross sections, Width fluetuation corrections in the manner of Moldauer
(4) lead to a much more appropriate description of the measured values. An
alternative use of the "correlaticn 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 can te estimated from the
erergy 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 vielding results much more descriptive of experiment, 7This titanium
exarple is an extreme case. However, otiher nuclei in tliis region have
appreciable vibrational coupling with consequently similar behavior of
fluctuating structure, The present calculations are qualitacive, the com=-
nutational tecimniques approxirate and costlv but the relatively strong and
aqualitative influence of tlic vibrational reaction on the fluctuating
structure pives ernliasis to the importance of the direct reaction mechanism
and can puide the choice of energv-average potentials,

The more common knowleage of inelastic scactering in this region is
based upen enery averaped results lacking the resolution of the above 56Fe
example, There is a characteristic rapid transition over the few MeV range
from singla or few open channels with attendant uncertainties in channel
correlations to a comylexity of channels thiat cannot at present be resolved
experimentally, The result is a relatively narrow energy "window" most
favorable for tihe analvsis of the associated structure. Even with these
limitat.ons, analvsis of mcasured (njn') cross sections has piven new
structure insight., For example, studies of *3Co have resclved alternate
spin assipnments in the few MeV ranpe consistent with the concept of a
proton liole in the f7/ shell (41) assuminy deformation in the manner of
Viottelson and Nilsson %42).

Y
(. Potentials and Deformation near AV1OO

Flastic neutron scatterinpg measurecirents over a relatively broad energy
range in this mass repion provide a basis for models subsequently applicable
to structure assay. ILllustrative of such comprehensive results is elastic
scattering from the isotones of molvbdenum shown in Fig. 6. (44). Measure-
ments such as these pive pood definition of the parameters of a convention-
al spherical optical potential. The sampling is sufficientlyv large to
mitipate the efrects of fluctuations which remain appreciable in this re-
eion (45). However, there are ambiguities in the interpretation. At
enerpies of 3-5 MeV compound elastic contributions remain significant.
Their cuantitative calculation is uncertain due to a lack of knowledge of
channel competition and recourse must be made to statistical-average
properties, At lover enerpies witi only a few open compound-nucleus
channels, resonance-correlation enhancement of selected ch.unnels can be
large (see Sec.II). We uo not know how to calculate rigorously such con-
tributious. Contemporary practice amounts to little more than a renormal=-
ization of widti=fluctuation-corrected hauser-Feshbach estimates (e.p., use
of the loldauer "0" parameter) with adjustments of O to obtain agreement
vith experirent as illustrated in Fig, 7., The angular distributions of
neutrons correspoidiing to tihe excitation of certain states have character-
istic signatures; for exarple, those concave distributions correspouding to
the D+ states shown in Fip. 7. An additional factor is tlie known large
deforration of many of the isotopes in this mass region which can strongly
affect the abiove simple spherical rodels, For cxarple, the heavier
molvbdenur isotopes are stronplv deformed (20) with characteristics of both
vibrational and rotational phenouena (e.g., 100y, Such deformation
effeceks can stronely influence the interpretation as illustrated in Fig. 8.
otential pararcters deduced from deformed and spherical bases are con-
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siderably different and by amountsvlgrge compared to those attributed to
other potential properties (e.f., ~— dependence). (46 and 18). Similar
importance of deformation in these molvbdenurm isotopes lias been noted in
(pin) studies (47)., Certainly, deformation should be a consideration in the
phvsical interpretationiin this region and with it cores additional
parameters and computational complexity that tend to destroy simplicity and
uniqueness,

In some cases, such as 9°Zr, the excited structure is reasonably known
and with the above potentials and measured (njn') 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), Such comparisons are
illustrated in Fig. 9, All calculations emploved the width~fluctuation=-
corrected Hauser-Fesibach forrula, Near the first few thresholds this
result lies pronouncedly lower than the measured values {(lower curves) but
the discrepancy decreases with increasing eneryy and the opening of many
additional channels, Enhancement of tiie first inelastic group is particu=-
larly strong (934 keV, 2+ state) and sinilar enhancerment has been noted in
the compound-elastic component, However, there remains a consistent discrep-
ancy batween enhancement factors indicated by the (nj;n) and the (n3n')
measurements, This exanple is probably illustrative of the current short-
comings in compound-nucleus computational canabilitv. 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 tihis nucleus, Other (n3n') cross
section results are somevhat better descriled by theory as indicated by the
100y values of Fig. 9 (44), Neutrons corresponding to the excitation
of moe than ten “states" in '"°Mo have been observed (many corresponding
to miltiplets of states). This nucleus is stronplv deformed and, as noted
above, potential selection is sensitive to that deformation., However, at
these illustrated enerpies deformation has small qualitative impact upon
discrete inelastic cross sections. The first two states (0.54 MeV, 2+;
0.69 eV, 0+) are well known and cross sections calculated with the width
fluctuation corrected lauser-Fesiibach formula are reasonably consistent
with olservation, The measured values and associated interpretation
support the suppested doublet ciiaracter of hipher lving states (e.pg., 1.766
and 1,770 MeV) and give some guidance as to suppested spins.

Recent (n:n) and (njn') studies by Reitmann et al. (49) suppest a
strony parity dependence of the optical potential in the repion of isomerism
near A=100), Heutron scatterings and associated (n3n',y) studies of the
interaction of fast neutrons with *°3Rh could not be described by a single
potential and there was ohserved a strong paritv conservation associated
with the (nin',Y) transitions, Tiis is illustrated by the measured and
calculated (n3n') cross sections of Fii. 1lU. A potential giving a good
description of tiie elastic reaction and tihe nepative parity inelastic cross
sections was prossly different from that found suitalble for the excitation
of positive parity states even when careful attention was given to theo-
retical correction factors (Y). The interpretation suppests a 1U% parity
dependence of tue real potential and nearly a factor of tvo for the
iraginary potentinl, These are verv large chances., Retrospective examina-
tion of sirilar scattering processes in this mass-energy repion sugpest a
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sirilar strong paritv dependence of the potential (e,c., #3%b and !'31Ing
(50 and 34)) and it is noted tuat historicallv "global" narameter sets tend
to have difficulties in this recion, A possible exnlanation is a stronp
l-dependence of tite potential in this repion of miniral s-wave and maxiral
p-vave strenrtih functions and this is suygrested by sope recent strength
function interrretations (51). An alternative is a basically different
character of tite positive and nerative parity states and tihis mav be more
consistent witn the strouyr ovserved parity conservation in the (ngn',y)
processes, As anotier alternative, the two classes of state mav also have
differcnt deformations,

D. Staticallv veforred Rotational iuclei

In the region A=180~-1YU the statically deformed nuclei start the trans-
ition to sphericitv with rapid changes in deformation and collective struc-
tures, The even isotopes of tungsten are in this region and attractive
experirentally as tie lov=-lving rotational structure can be clearly resolved
using tire-of-flipht tecimiques, Uetailed elastic-and inelastic-neutron
scattering and total-neutron cross sections have recentlv been obtained for
tiic three isotopes lezw, 1831y and 188y over a wide energv and angle range
as illustrated in Figs.11,12 and 13 (52). These results provide a good
foundation for model and structure internretations extending from low=
enerpics where compound-nucleus processes are major factors to 3-4 MeV
where elastic and low=-lying ine.astic components are essentiallv entirely
due to direct reactions.

The inelastic processes generally fall into two categories. The first
is associated with the pround-state rotational band predominently excited
by direct processes at several eV enerpies. The second is the excitation
of the manv hirher lving states proceeding largely thirough tie compound-
nucleus mechanism. In this latter caterorv are 15-30 observed "states” in
each of tiese three isotopes, many of tiiem undoubtedly multiplets., The
experimental tine distributions are conplex, The observed inelastic
rieutrons are generally ernitted approxinately isotropically excepting those
associated with O+ states characteristic of tihe onset of tiie B-vibrational
band., As the eneryy increases tue number of open channels prows very
rapidly and the corresponding individual cross sections become very much
smaller, Sore of the aspects of these inelastic processes are illustrated
in Fip. 12, The low=lying states are well defined over a large energy
range. The higher-lving leyels rapidly increase resulting in a cunulative
inelastic ¢ross section of v 3.9 b at 2,5 MeV, That magnitude is consistent
to within Vv 10% witihhv the observed elastic and total neutron cross sections.
The cumulative sunm of inelastic cross sections has steps which sugpest the
onset of band structure,

At energies of a few MeV a coupled-channel model assuming quadrupole
and hexadecapole static deformation (or alternatelv, reduced quadrupole
strenrth alone) well describes elastic and ground-state-rotational-band
inelastic distributions (sce Fiyr. 1ll1) and tiwe total creoss section, At
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lower energies compound-nucleus coutributions are larpe, width-fluctuation-
corrections significant and an enhancement of the cempound-elastic contri-
bution is indicated., ‘The same model is also suitable for describing angle-
integrated inelastic cross sectfons (Fig, 12). The direct excitation of
the first two members of the ground-state rotational band is larpe alove
sevcral eV, Theoretical n{cdiction of the hipher~excited states is less
certain particularly albove v 1,06 eV comparison of measurement and calcula~
tion sugppests the assipnment of prominent band heads systematically corre-
lated with similar '°*W and '?% results.

The above interpretations were primarily developed in the context of
186y and led to [, values of U.180, The rmodel was then examined in the
context of '®*% and '®2y limiting parameter variations to the magnitude of
tire deformation, An 1illustrative result is shown in Fig. 13. The neutron
measurenents indicate '%2g, is about 10% larger than '°® £, This is very
similar to the relative chiinze deduced from coulomi excitatfon studies (20)
but the magnitude of 3, deduced from the neutron results is approximately
20% lower than that inaicated from coulomh excitation studies, As noted
above (Sec,11}, this difference is expected from approximations commonly
emploved in coulomh excitation interpretations and probably does not re-
flect any true measurable difference in deformation as derived from the
neutron ~nd charged-particle processes, From Fig, 13, it is also evident
that iie neutron sensitivity to deformation is most sipnificant in the
elastic process at larye scattering anples in tuils mass—-energy repsion. 1he
same aneular area is sensitive to the relative contributions of ., and £
components, Thus measurerments at veryv larpe scattering angles se€m to have
a possible potential for better identifyiny: the character of deformation in
this repion includinp the relative importance of i, amd {3, terms and
possible differences between results obtained with“neutron and charped-
particle probes,

E. 7The Even-~Even Actinides

Neutron scattering from the even~even actinides has much the same
characcer as that from the above rotational nuclei but {s experimentally
more forridable due to the closer spaciny of the collective structures,
llovever, excelleut experimental resolutions are providinp quantitative
results as illustrated bv the work of Haouat et al,, reported at this
conference (53). The prominent excitation is that of the first rotational
state (2+) at & 50 keV vet the experimental resolution is sufficent to
reasonably resolve this and associated components at a numlber of anples.
Such results obtained at Lruveres-le-Chatel, Lowell and Arponne are
reasonably consistent and confirm tie larre anpular anisotropies predicted
Ly theorv as illustrated in Fig., l4, At these enerpies the processes are
essentiallyv all direct reaction, Calculations based upon this assurption
and using the model developed in thie context of the tuncsten isotopes (sece
above) are aualitativelv descriptive of the reasured values., They alse
cive detailed quantitative apreecent vitin the subsecuent reasurcionts waile
concurrently well describiuny total and elastic scattering cross soctions,
Alternate rodels pive different results (53) particularly for the cxcita-
tion of the 4+(148 keV) state and there are larce upcertainties at forvard
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arples., EFEven given these shortcomings these results suggest a cualitative
understanding of these direct-inelastic processes sufficient for the
reasonable deduction of anpgle-inteyrated values as illustrated in Fig, 15,

As tie energy decreases the compound-nucleus mechanisr becores promi-
nent and our understanding deteriorates. Total cross sections present sone
theoretical difficulties. Good ayreerent with measured strength functions
is achieved bv ceduced absorption which adverselv effects inelastic com~
pound nucleus contributions tending; to under-predict the measured values.
In addition there is indication of strong enhancemen® of the inelastic
channels, In the few 100 keV repion the measured excitations of
the first state tend to show persistent structure that has not been thieo-
retically explained (56), With these complexitivs and uncertainties it is
attractive to quantitatively define a model in the sirpler splerical region
near A=208 then extend it to the actinide region intreduciny onlw the con-
cept of deformation., Such, an approach has the additional advantage of
sinilar values of “== at AV208 and for the common actinides. This avenue
has been puruued using ZJGPb, 2°7Pb, ZUBPb, 20943 and 2%y with che results
shown in Fip. 16 (57). A relativel: good descri:tion of the measured 8y
elastic distribution at 554 keV was obtained. FExtrapolations to hiyher
enerpies and to the total cress sections to lU eV are also good. The
model is at least as good in many aspects as tiose specially tailored to
238y (10). However, the troublesome prolilem of chiannel correlations re~
mains ang, tvpically, the corpound-elastic enhancer cnt indicated by experi-
ment is N 404, Moreover, there is a cousisteunt tendancy for esrerineuts to
vield a stronger forvard pealing of tue inclastic cross section tiuan pre-
dicted by C,C.0.;0. theorv, An interesting characteristic of tie potentials
developed near AV2Us is an apparent minivurm in the real petential strength
at A=2006 and there is the knovn minirun in the inacinary poteatial near
shiell closures (%§759). Tiese effects appear relatively stron:er taan the
reneral overall ;K; dependence of “gloval"™ madel sets,

The compound-nculeus process continues to dordnate inelastic neutron
scattering in the actinides to hiyher excitations and incident encerries of
more than an MeV, The recuisite measurerents are ditficult but corplimen=-
taryv use of (nin') and {nj;nl!y) technicues is now providing a new insight
into the structure of defovmed actinides. This is perhaps best illustrated
by the recent studies of 2324y, by liciurray et al, (&0), The neutron
scattering aspects of this study are indicated in Fic. 17 and the corre-
sponding (n3n}y) measurerents and associated structure interpretation are

discussed belov.

V. THE {n3n}y) PROCESS

As ULorrelation with the (nyn') T'recess aud Structure

During the last ten vears there has Leen a steady increase in tae
arount of rescarch beding carrica out on v=ravs from neutro» inclastic
scattering and the nuclei studied cover the entire mass revion to Pu.  Sore
23201 ¢n,n"Y) results (GU) recently obtained at the Soutnern Lniversitics
suclear Institute, can serve as an exaimple of hotr such measurcicnts are
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interpreted, In these measurerents y-ray spectra produced at 6 = YU° by
neutron inclastic scatterine frer toe 2329, nucleus wvere obtaindd at
neutron enersgics ranging fron 750 to 21040 keV, Fie, 18 illustrates the
results obtained. The strencth of the (n,u'y) method in providing data on
the relative cross sections of closelv spacea levels, previouslv unresolved
in (n,n') studies, can be illustrated by reference to the close lying
doublet of states at 774.1 and 774.3 leV. 7The 774.1 keV level decays
directlv to tii¢ pround-state and tae decav y-rav has an entirely different
excitation shape fror the tio decay y-ravs of tie 774.3 heV level, The
level and decav scuere shown in Fig., 1Y has been deduced from the measured
y=rav enerpies, the enerpv thresholds, excitation shapes and tiie existence
of anv branch decavs, Prelirinary y-ray anpular distributiens have becen
deterrined and the ancle~intesrated cross scctions cormared with the
dircctly observed (nyu') values shown in Fie, 17, The indicated tlicoreti-
cal values were ol:taineq using thic Hauser-Fesilbacih forrula with the
variaible enliaucenent corrections of Tepel et al. (Y). Yor tuose levels
with spin and parity values koown fror Coulomb excitation studies, the
predicted curves shiov pood aprecnent with the excitation curves directly
ohtained fron neutron tiire~of-fli;i:t measurerents, liovevaer, it is obvious
that in this case tie (n;n)y) reactien studies cannot provide directly
corparable (u,n') cross scction data, presumably due to tie existence of
EO transitions not involving y-ray enission, internal conversion, ctc.
Flectric mouopole transitions (10) have, in fact, been ohserved in coulomb
excitation studies (72) for the 730.4, 774.3, 785.3 and 873.1 keV levels
in 23y, These results siov that for thie X = O band ahait one=third, of
the pnpulntiQn of levels in this bhand, viz., tiie 730.4 (D), 774.,3 (2)
and 873.,1 (4 ) keV levels, decav via electric monopole de-excitation to tie
sround-state band, Talkine these EO transitiens into account, there 3s a
mucih closer asrreenent betveen tihe directly measured neutron inclastic
scattering cross sections and those ebtaiuned fror (ninly) measurenents.

The close neutron seurce~to-scatterer georetry, outlined in Sec, III,
has been uscd to studv the eed and '%¢d nuclei (61}, tuvo nuclei in the
rare earth repion, PSham (62,63) and 160Gd (Ref. (60) and also the 2937¢ and
20599 nuclei (64). For eacl nuecleus studied, y=rav spectra fron neutron in-
elastic scatterine were obtained over a wide rance of incident neutron
encrries. Fir. 20 shous a typical "scatterer-in minus scatterer-out"
y-rav spectrur ostainea fron 13%¢m with incident neutrons of maxirun cnergy
1.7 eV, CGamna-ray spectra such as tiese were used to deterrine level
positions and decav modes for all the nuclei studica, For shin assicnrents
the (n,u') excitation curves experitentally ootained uere corparcd with
Hauser-Feshiach theory and Fic. 21 shovs the exrerirental and tucorctical
cross scations that hiave been obtained for tie 1351, 1378 and 1381 keV
levels in '8%:d.
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B, Determination of Spim Values and !lixine Ratios Fron

Angular bDistriiutions

Accurate (n3nly) anpular distribution resnlts have nov been obtained
for a large nunber of nuclei over tiie entire mass recjion. In many cases a
comparison of the experirental results with statistical model predictions
of Sec. II has been very useful for deterrination of spin assipurents. Due
to the rapid rise of the (ugn') cross section above tihreshold, it is alse
possible to measurc the ancular distribution of a narticular transition
Y-ray jwt sliyhtly above its tiiresiiold, It is well knevn tihat, if the
spin J, of tue emitting level is preater than the ground-state spin J , tue
Y~rav anisotropy depends very sceusitively on the snins of the initial and
final states and on tue multipole ciaracter of the verav, Tor lcvels with
J, > 3, it is therefore often possible, usinge proeedures developed Ly
Sﬁvldoﬁ and van Patter (H), to use anpular dictribution measura ants to
ol tain tiie nuclear level spins and thic miring raties of mized rultijele
Y-rav transiticns,

As anexarple of thw utilization of {(njul}y) an;ular distriliutious for
svin assignments iavolving transiticns of mixed multivolaritr, one can
refer to thie recent '4%Sn results of Kiluchi and Sugirara (G5). Their
distributions are siiovn in Fio. 22, Aualw@sis as a function of tie multi-
nole minine ratie hes beon perforied for tuese y-=rar transitions and tac
caleculated angular distributions giviae mini: ur }2 valuces for each
illustrated J, = J tronsitien, The 412 eV y=rar is a transition from a
level at 2,699 “eVito a 5 level at 2,207 eV The ancular distriiution
scens to indicate a spin of 4 for this level,) ane a rmiziue ratio of 0,31
0,13 for a suprested 1702 adnictures For all tie other y-rav transitious
the observed anpular distributions sear. to indicate spins of eitiier 2 or 3
for thie initial levels. For sone of tirese levels it was, hovever, possible
to decice Letween these two spin values by corparing ti:c observed branching
ratios with those derived fron single particle estirmates.

x

1The small sample method can also ¢ usce for studving y-rav angular
distriimtions from tiie (n3nyy) reaction (o). ilerc the veray angular

distribution, N(En’av) can be exnressed asg
AT L0 €

Py en Tpt v

viere U denotes the average y-ray auple with respect te the incident
neutron' direction and f{¥,€. ) is a seoietric factor for correctine the
v #,). In this technisuc

experirental y-rav angular ﬁistribution, Mo .,
Nt p
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it is however impossible to determine this correction factor unless the
spin J. of tlie level and the mixing ratio of the y-ray transition are
alread§ known, To overcore this difficulty bavidson, et al. (66) have
developed a computer code EVA in which tie geometcic corrections are ap~
plied to the theoretical angular distributions for various J, and ¢ values,
These can titen be directly compared with the measured distriéutions.

The usefulness of the above approach for the determinacion of level
structure and for spin assignments can be seen from the {(-3jnly) results for
20379, 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, 10bb, 1073 and 1075 keV levels
observed in the (njnly) reaction (67). The 1045 level can be eliminatec on
the basis of its y-ray branching (68). bDavidson, et al. have measured the
angular distributions for the Y-ray transitions from these levels to the
first excited state at 279 keV, and these are shown in Fig, 23, together
with the x? plots. As can Rp seen, the 1073 keV level is the most probable
choice for the predicted7/2 state with the other two at 1066 and 1075 keV
eliminated at the 98% contidence level,

C. Interpretation of Branching Ratios

In many (njn,y) studies the spin assignments made by corparing 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 large amount of reliable data now exists on the y-rav strengths for
transitions with well established multipolarity, y-ray strength denoting
the y-ray width for the transition divided by the Weisskopf single particle
width, that is ' /T W These have been compiled (69,70) and from these
experimental distriBlitions it is now possible to place some upper linmits
on the v-ray strengths for the various multipole transitions., From the
empirical data it is obvious tiiat, except for EZ transitions, the transi-
tion speed is much below the Weisskopf single particle estimate., The
branching ratios calculated on the basis of the single particle estinate
can therefore be used for approximate spin assignments., For exarple in the
lzuSn(n;n:y) studies of Kikuchi and Sugiyama (65) the 2096 keV level decays
to the pround-state and to the first excited state at 1171 LeV. The
branching ratio of the 2096 keV transition relative to that of the Y25 keV
wvas 0,99, From the measured y-ray anpular distrikution and excitation
function, a spin value of 2 ¢r 3_is indjcated for this level. The calcu-,
lated branchlgg ratios for 2°, 37 and, 3 assignments are 0.070, 4.4 x 107"
and 4.4 x 19 respectively, For a 3 assignment this reans that the 1096
keV M3 and the 925 keV Ml transitions should be so enhanced and hincdered
respectively that the combined effect is to increase the relative branching
ratio by a factor of alrost 10, The 3~ assipnrment can be excluded on the
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grounds that the lowest 3~ level in 1206n 15 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. ihe relationship also
holds when the initial and final states beleng t: the same rotational band.

The branching ratios obtained from 15%gm and '®°Gd studies (62,63)
have, for example, been used to calculate the B(Fli) 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 = U assignment for the
octupole band,

TABLE 1

Fxperimental and theoretical ratios of transition probabilities from
members of the octupole band in 15%m and !'°°Cd to members of the ground-
state (g) rotational band.

Nucleus jo : j’ BCEL; J0 v Jﬂ)/B(El; JO - )
o 2 Experiment Theory
154g 1: > 2: 1.83 £ 0.1 1.997
37+ 4
3: - ": 1.19 * 0,06 1.53
37+ 2
16064 ;: > :: 2,07 = 0.1 1.997
-
3 - 4: 1.32 + 0.07 1.33
37 -2

VIi. CONCLUSIONS

In the beginning we set forth three peneral cuestions that we have
attempted to answer,

Je have asked if the body of the th:ory is internallyv consistent and
sat1qfactorv from a theoretical point of view.. The answer is affirmative.
The work of lioldauer (5) and Engelbrecht and Weidenmiller and associates
(6) has placed on a sound theoretical focting the corrected Hauser-Feshbach
theory particularly defining the nature of the correction factors, their
repions of applicahbility and providing approximations for their j;ractical
applicatien, ihe coupled-channcl optical model is theoretiecally sound and
can pive eXact descriptions of the reactions providing the recuisite
coupling parameters are provided, In practice, liowever, attempts to treat
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more than the simplest coupling schemes (e.y., those associated with the
pround-state rotational band) rapidlv Lecome verv complex with attendant
increases in parameters, arbiguities and computational complexity. Ground=-
state~associated couplings are by far the most significant, particularly
tiilose associated with the rotational band. In the heavy deforned nucleus
the next set of couplings is to and within the various collective vibra=-
tiong~-the several octupole bands, the B~ and y- vibrations, etc., All of
these are probably of comparable strenpgth., To understand all of these
complexities is indeed a formidable task., ‘The question is--are these really
significant matters? We will return to this point below.

Turning to the question~-"does tlie theory reasonably describe experi=-
ment?"., CGenerally, the overwhelming evidence is that it does excepting
very local and penerally small and detailed exceptions, In those regions
where the compound-nucleus treatment is appropriate a very larpge body of
experimental data can be well described. lowever, thz continuing necessity
to treat the correctiouns to the Hauser-Feshibach formula to a more or less
extent as a free parameter is unsatisfyirg 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 tile uncertainties are greatly
reduced, Thus improved experimental techniques providing good resolution
of levels at higher incident neutron euergies would be an important
development,

While, in the strongly statically deformed nuclei, there can be no
doubt that the 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-channels interpretations of tue ground~state band and associated
statistical interpretations at ninher enerples is consistent with this
view. However, the question remains open and deserves computational~
experimental examination.

Much of the interpretation of the (njnl!y) process can be model inde-
rendent--e.g., angular distributions near threshold, branching ratios can
all be interpreted on the basis of well established electromagnetic theory.
This is a very stronp situation and one that should bLe exploited above all
in the mass region where it has few serious competitors i.e., among the
heavy nuclei.

Un the question of tecunique development prosress has been modest.
The preat need is for another increase of intensity cowmparable to that
achieved by the introduction of bunching but without the side effects of
enerpv and anpuvlar spread attendant upon the latter. There also appears to
exist a larpe shortfall between corputational and theoretical capability
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and what 1is actually employed in the concept, execution and analysis; the
concept of system-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 propress 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 {(Bruyéres):
Please, can you tell me what kind of parameters you hi.ve taken for the inelas-

tic scattering cross section for uranium?

Perguson:

Well, these calculations were carried out by Dr., Smith, and I 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 will 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 (4.I.T.):

T T am struck by the success the deformed model has had in Lhe 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, has anybody looked into the question =-- particulariy 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 vibraticnal aspects cof 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 smphisticated 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 yca 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 yocu could bang at any point
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in the nucleus, essentially. So, in a naive way, one might expect a larger 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 toc add

some further comment. He says "no".

Wigrer (Princeton University):

I think in the higher energy region all models give the sane result. And this
is to some degree a mystervy to me., But I know that if one thinks crudely about the
R-matrix model, which we all bhelieve is fundamentally correct, at first instance it
looks as if it were impossibie 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 vnry 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 lcoks 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 deformed 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 yreat 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. Soloviev? Could he, for example, tell us whether there are any really
spherical nuclei?

|Background Remark (amid laughter): God knows! ]

Soloviev:
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?

Farguson:

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 bacvkward 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 beccmes 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 & 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. 1In
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 1 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 (Fuq> and the average
2
total widths <Fu> = g <?u;> . In units of ™ the energy averaged compound nu-

cleus cross section between channels ¢ and 4 was given by

BC.N. - 2 <ruc>< Fud > (1)
cd D <Fu> :

, . 2 . s e .
With the advent of the neutron optical model and the identification of the
partial-width-to-spacing ratio for isolated rescnances with the optical model
transmission coefficient

= T 2
Tc 2T uc/D' (2)
Egq. (1) became the Hauser-Feshbach formula 3

S CN. _ HF. T, Ty

cd cd. T ) (3)
ee

A little later it was realized that in Eg. (1) the average should have been
taken as follows:

5 ~.N. - 2w // rpc Pud (4)
cd D r ’
T,

leading to the width-fluctuation-corrected Hauser-Feshbach formula

— C.N. H.F.

g c.N._ o} x W . (5)
I shall return to a discussion of the width fluctuation correction facter
Wcd below.

The problem becomes a great deal more complicated when one wishessto cal-
culate average cross sections in the domain of interfering resonances ~, because
of the complicated demands imposed by the unitarity requirement. Taking unit- 6
arity explicitly into account, one obtains an expression of the following type

_C.N. _g8 0 _
o cd \——————“g “d> Mea (6)
U .
where <eu(> = T, * g9 Meg (7)
while 0 \ = T 5] \ (8)
w/ c ue g

and Mc depends in a complicated way upon correlations among the S-matrix pole
paramegers.
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If one assumes that all these correlations vanish, then one finds that the

matrix M is diagoral and that it and \\Ouc} can be expressed in terms of the trans-

mission coefficients Tc and certain resonance interference parameters Qc' Formulas
. . 6

based on this assumption were put forward a dozen years ago. However, these

7, B8 . .
formulas are not correct because, as has been shown '’ =, the correlations in M
do not vanish but become very appreciable.

. . . ces . . 8 s
At the same time another kind of simplification was discovered ~. Writing

6] = G + X
uc uc c
where /G \ = T (9)
\1uy c
and XC = X Mcd
d
we get from Eq. (6),
T T i
— C.N. c'd iIT X + T X + X X)W
= = - W o+t cd dc cd cd _p
cd Z (T+X) cd [ T (T3 %) ch . (10)

8 . . , .
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

s 6.\ JE& N6 )
w =___u°_}£_d\/5‘ucz \ Hd , (11)

\& e

\/

where <&- = T and the G fluctuate in u in a way which we assume can be
adequatelgcreprgsented by gcchi—squared distribution with v degrees of freedom.
In fact v_varies between the values of 1 _for isolated resogances, to the value
of 2 for gtrongly overlapping resonances . A useful approximgte formula for the
dependence of the V. upon TC has been given by Hofmann et al.

It is useful to separate the width fluctuation correction into two factors:
Wea = Cca * Fea (12)
where the "covariance factor" CCd is
VA
Cog “\nc nd/ (13)

>< >
<Gpc Gud

and the "fluctuation factor" ch is
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Let me first discuss the covariance factor C. For the elastic channel
this can be calculated to give

/ 2

2
= = 4 -
Cee B ! v, ’ 15)
pcl)” -
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
. € S c d
coefficient p betweén G and G _,
cd He Ha
= <+ - -
Cea 1 pcd’v(ccc b (cdd b
=1+ 2 Ped (16)
4 vc vd
In the absence of direct reactions we have in general Ped = § andsocCc =1
for c # d . However where channels ¢ and d are coupled by a diregg eaction,

then pc can differ from zero., To see this, we note that causali%y requires
that aS% P> O where P is the Satchler penetration matrix P = 1 = T where S is
the average S-matrix, This causality requirement is entirely analogous to the

reguirement that TC > 0 in the absence of direct reactions.

At the causality limit the condition detP = O reduces the free parameters
describing the channels by ore. So in the case of n channels, only n-l1 can be
linearly independent at the causality limit and there must be correlaticns. 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 det P = 0 when
the parameter D = 0.5, Detailed calculations show thatlghe 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-Weigenmﬁller transformation matrix U which diagonalizes the average
S-matrix

s = u'sy

C§' diagona%)
~C.N.7
The width-fluctuation-corrected Hauser-fFeshbach cross sections ¢ are then
calcalated in the transformed channel space and the result is thgg 10,11

— C.N. — C.N. 7
o = I Coger 7 et '
er

(17)

cd {18)
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where the coefficients C are products of the elements of the transform-
ation matrix U. In equaglgn (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 Gu= gGuc does not fluctuate, that is when nv is large (n = no. of channels,
Vv = average vc). 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,Fc can be greater }Ban unity if both T, and T4 are small but compete

with strongly agsorbed channels . In that case G and G cG 4 will become
effec 'ively uncorrelated and H He o

w &) 6)

This possibly severe enhancement of small compound nuclear cross sections affects
mostly charged particle cross sections that compete with strong neutron channels.

= (nv < 2)
(19)
nv
= nv oz (mvo> o2l
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Figure Captions

Fig, 1. Elastic and Tnelastic 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 J°Fe,
Data are ccmpared 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, AND 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 statistical Llieory. You have to assume that you have something
calied 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 re:onances.

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:

Unfortunately 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-



ation enhancement was the numerical factor that is given by the correlation
factor aione; that is usually dimini:shed by the fluctuation factor that I did
not get to. So the net enhancement over Hauser-Feshbach is very often
around 1.5.
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G. A. Keyworth

Los Alamos Scientific Laboratory, University of California, Los Alamos, NM 87543
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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 understandirg
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. Fer the fissionable isotopes it is
assumed that certain fissiomn resonance properties, such as Vv, the number of
neutrons emitted in fission, and the kinetic energy ard 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., 1Im this paper, we review experimental techniques and
results usiug polarized neutrons and pularized 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 age, 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 chananel theory of A. Bohr,z‘ Lynn examined the energies and nature of those
internal nuclear states assoclated with the transition of the nucleus through the
fission barrier, the fission chammels. He concluded at that time that under-
standing of this basic thegry 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 chaunels has
been only little improved in the last ten years.

In the Bohr theory, the tramsition. states or fission channels are collective
in nature and characterized by the total angular momentum J, the parity 7, 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 ccllective
motion, and each band is characterized by the same K value and parity. Within
each band, there are a number of different J values. An open fission channel is
one which is both energeticallv available and has the same JT 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, J7 and K,
the resonarce parameters, E,, I', g, and I'y, and the detailed behavior of the
fission products. In particular, one shoula ctudy the prompt neutrons, the distri-
bution of fragment masses and energies, ard even the total neutron and y-ray
energles, 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 nf 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 nuclel exists, very
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few measurements pertaining to channel quantum numbers have been made. The
discussisn 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.

EXPERTMENTAL 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
fiss’sn 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, 4) 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 metliods, each has a disadvantage. The main disadvantage of
the 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 nmust 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, H, 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, ercher from Mossbauer measurements or from model calculations, to determine
the signs of 1 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, O,:

op = 00(1 + fIfon) (1

Here f, is the polarization of the incident neutron beam, fy is the polarization of
the target, and fy is a spin-dependent factor given by:
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1
fI=T+—1forJ I1+1/2

fI =<1 forJ=1-1/2.

Clearly, the enhancement or diminution of a resonance is greater for the 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
n/T << 1, a common occurrence for fissionable nuclei. Comparisons between spin
assignments in 235y%) and in 237Np“‘ by the two direct methods show little better
than random agreement, due presumably to the low ratio of I'y/T.

A general lack of consistent spin assigmments 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'ex?eriments are nearly random
with a single interesting exception. Four gr0ups°'B of exgerimencers attempted to
assign spins to low energy radiative capture resonances in 35y 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 al® 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 239py 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 al?) and later by Pattenden
and Postma'!®) on 235U in crystals of U0 Rb(NO3)2, and by Kuiken et all!»1%) on
233y and 237Np in the same crystal. All these experiments were handicapped by the
low thermal conductivity of 11e 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 235y, 237yp, and although somewhat more ambiguous, for 239py,
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Because of the scope and number of measurements on 235U, the remainder of this
paper will primarily address this single nucleus. We will examine the information
available ir 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 235y target.

The results from a preliminary measurement made at the Oak Ridge Electron
Linear Accelerator (ORELA) reported by Keyworth et al®) 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 resomances in
this energy region. In these measurements, the neutron bcam was polarized by trans-
mission through single crystals of LagMg3(NO3);, * 24Hp0 (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-4He dilution
refrigerator operated at v 0.02°K and in a magnetic field v 5 kOe. The details of
the metnods used are described in Refs. 3 and 4.

Tae data consist of time-of-flight spectra of fission events occurring in the
target with the neutron beam poiarized parallel and antiparallel to the target
polarization, and of the tramsmission under the same conditions. The degree of
polarization of the neutron beam and of the target was approximately 507 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 Nj are the J = 3 and J = 4 enhanced count rates, i.e. the spin
antiparallel and parallel data, then we can write

N, = A303¢ +-A40q¢ (2a)

and N, = B3O3¢ + 3404¢, (2b)

where 04 and 0, are the cross sections for J = 3 and J = 4, ¢ is the neutron flux,
and the constants A3, A4, B3, and B, are determined from fy, fy» and 1 as defined
in Eq. (1). Solving for the appropriate spin-dependent components, we get

c3¢ = (B4N3 - A4N4)/(A33A - B3A4) (3a)

and 04¢ (A3N4 - B3N3)/(A354 - B3A4) (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 35 eV.
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Fig. 1. Spin-separated resonance structure in the fission of 235U + 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 iasking 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 Mehta!?) 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,l 1 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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Fig. 2. Spin-separated resonance structure in the fission of 235U +n
versus neutron enetgy in the energy range from 20 to 32 eV.
Note the doublet composed of a resonance with J = 4 at 26.4 eV
and another with J = 3 at 26.55 eV. Although a comparisom 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
{T®)/4 are accurately known. With these assumptions, and the resonance parameters
for 235y of Reynolds,ls‘ 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 Garrison!®) would indicate. We also see no evidence
for a very large number of missing levels as suggested by Felvinci et al.!”l 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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Fig. 3. Spin-separated rescnance structure in the fission of 235U +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
Youngle‘ for ENDF/B-11I, and 2) those of Reynolds for ENDF/B-V. Using the Smith
and Young fission widths, we calculate (T¢)3- = 0.179 eV and (T¢l4- = 0.090 eV,
whereas from Reynold's parameters we get {Ff>3_ = 0.220 eV and {Tg4- = 0.098 eV.
This discrepency can be attributed to the different values for the radiation widths
of {Ty) = 0.0355 eV determined by Smith and Young and {Ty} = 0.042 eV assumed by
Reynolds. The Bohr-Wheeler estimate, modified for a double~humped barrier, is
expressed by

_ n{D?
<rf> = %)
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Fig. 4. Spin-separated structure in the fission of 235U + 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 <Ff)3- = 0.092 eV and <Tf)4- = 0.271 eV for each open
channel. The results of the two multilevel analyses are consisteut with approxi-
mately two open channels for J = 3, or more if the channels are ouly partially
open, and with no more than one fully open channel for J = 4 resonances.

Additional information regarding the configuration of those fission channels
may be gleaned from the Pattenden and Postma'?) data on the angular distribution
of fission fragments from aligned 235U1 This angular distribution may be expressed

as

W) =1+ Z Anfn(I)Pn(cos 0) (5)
n even
n <21
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Fig. 5. Observed resonance spacing distribution in (2350 + 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 A, parameters contain the geometric factors, the f, are the alignment
parameters, and P, are the Legendre polynomials. In the Pattenden and Postma
measurements, only the Ay terms are measured. For a well-resolved resonance with
known spin and unique K, measurement of A) should determine K. Because ¢f the use
of a fission booster target with a rela.ively 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 2355 + 1 as

J =3+ (6)

%4
eff 03 + 04
where 03 and 0, are the spin-3 and spin-4 cross sections used ja Egs. (2a) and (2b).
A plot of Ay versus Jogf 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 Ay for pure spin~3 resonances (Joff = 3.0) and for pure spin-4 resonances
(Jeff = 4.0). We thus obtain (Ap)y=3 = 1.22 and {Aplj=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 ciiecnnels for each spin state, we may
assume that the two lowest channels, (J,K) = (4,1) and (4,2), are open. Knowing
the Ay 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 {Tglj.q = 0.20 eV and (T¢dj-, = 0.094 eV. For the J=4
resonances, we determine {T¢ly y = 4 1 = 0.075 eV and ng>4’2 = 0.019 eV. This
implies that since the (J,K) =’(4,1) channel is fully open, the (3,1) chanrel should
also be fully open with a fission width of .096 eV. Solving for the K = O and 2
channel widths, we get (Ff>J K = 3,0 = 0.020 eV and (Ff>3,2 = 0.084 eV. However,
the assumption of (Ff>3,0 = 0 and thus (Tg)g 1= (Tglsy 2 = 0.100 &V is not incon-
sistent with the errors involved. The sutprising 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 Ay 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 233y. It has
been suggested 20,21) that the fluctuations in the unresolved region result from
local enhancement due to broad states in the second well uf the double-humped
fission barrier. Keyworth et al*) showed that for 237Np + n, the subthreshold
fission resonances corresponding to a single state in the second well all have the
same spin. If the structure in 235y + n involves a similar mechanism, then one
would expect a spin dependence.
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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 235U + n in the range 8 - 20 keV is shown in the
plot of sumied counts, N3 + N4, in Fig. 7. The large fluctuations are clearly
evideat. However, the spin-separated data over the same energy region, shcwn 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
Mignece et al,zo] we initially carried out a Wald-Wolfowitz runs-distribution test
from 0.1 to 25 keV on Jorg ~ {Joprf) 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 gy for 235y, 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 Jaff followed by a Wald-
Wolfowitz test on these coefficients again showed no significant departure from a

random distribution.
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Fig. 8. Spin-separated count rates in the fission of (235U + n) versus
neuiron 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, showad a more interesting result. We calculated the
correlation coefficient between the 2pin-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

Knowledge of the 235U + n system has beeu substantially enhaunced by removing
uncertainties in the resonance spins. For an understanding of the average prcperties,
division of the resonances into the appropriate spin groups permits an accurate
descriptior of the cross section. However, understanding of the underlying fission

process remains incomplete.

For example, with this spin information, one may search for a dependence upon
J and K of the fisczion fragment mass distribution, fragment kinetic energy distri-
bution, and Y. Although available measurements of these quantities are limited in
resolution and scope, there is no clear evidence for dependence upon spin alone.
In fact, measurements?!s22) of ¥ over several of the larger resonances in 235y
clearly preclude a dependence of this quantity upon J alone. However, it has been
demonstrated®®) that the (n,Yf) process can account for the relatively large
fluctuations of ¥ in 229%Pu. Although the evidence?") is less persuasive in the ‘case
of 235U, this process is probably involved in the V variations., One mav well
expect that the fragmen*t mass and kinetic energy distributions are depeadent upon J
and K but the poor state of knowledge of K values coupled with the poor resolutiomn
in existing measurements makes detailed interpretation tenuous.

What ' is needed is a coherent approach toward answering these questioms,
initially in 235y alome. Using the new time-of-flight facility being implemented
at the Los Alamos Meson Physics Facility (LAMPF), the Weapons Neutron Research
Facility (WNR), we are pursuing such an approach. Using an antiferromagnetic
intermetallic compound of uranium rather than the paramagnetic crystals used by Dabbs
and Pattender and Postma, we hope to achieve sufficient aligument of 235y 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 distributiom
for the larger resonances in 235y, we expect that the results of these proposed
measurements, in conjunction with existing data, will provide answers to those
questions on 235y 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 o¢, from 8 — 25 keV. 1In this
table, the significance level is the probability that the observed correlatio»
or larger would occur with a randomly selected sample.

Energy Range Birn Width Significance Significance
(keV) (keV) P(Nq,2) of p(N3,2) P(N,,L) of p(N,,%)

2.0 - 10.4 0.12 -0.01617 "“0.50 0.7048 0.0003

10.4 -~ 12.8 0.12 0.2148 0.18 0.6148 0.002

12.8 - 15.2 0.12 0.0889 0.35 0.3815 0.05

15.2 - 20.0 0.24 0.1996 0.20 0.7111 0.0002

20.0 - 24.8 0.24 0.2336 0.16 0.7443 0.0001

24.8 - 34,4 0.48 0.2864 0.11 0.8194 <0.00001
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NEUTRON INDUCED REACTIONS ON VERY LIGHT AWD LIGHT NUCLEI
ivo élaug
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RESUME
A critical survey of (n,p), (n,d), (m,t), (a, X) reactions
on light nuclei (A 40) and of muwltiparticle breakup processes
D(n.2n)p, 6Li(n‘dst)n. 7L*(n,tux)n, loB(n,ag\t), 1°B(n,d7&d)n,
lgC(n,BnX)n, and lqﬁ(n,Bﬁxt) 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+ y radiative
capture; t+n elastic scattering and breakup data; (n,p) anguler
distributions on ~He, °Li, ‘Li, 1°B, 1%¢, 1*w, %0, 1%, 27a1,
325, and “°Ca; (n,d) angular distributions on JEe, °Li, ’Li, 1B,
llg 14y 155 169 19p 274 325 3%35, 35c1 and ®ar; (a.t)
angular distribution on ©Li, ’Li, 1°B, !B, 1*N and 19F ana (n,%)
angular diastributions on 9Be. llB, 14N and 016. A summary of
n+120 is presented.

A 477 type study of multiparticle particle breakup processes
6Li(n,d.o"-)n, 7Li(n,tc1)n, loB(n,auxt), 1°B(n,d:xx)n, 12C(n,S x Jn,
and luﬁ(n,Bi t) provide insight into reaction mechanisms: sequen-
tiasl decays and quasifree scatterings.

Most of the data are obtaeined at Einc 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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WEUTRON INDUCED REACTIONS OF VERY LIGHT ARD LIGHT FRUCIZI

Ivo Slaus

Institute "Rudjer Boskovié", Zagreb, tugoslavisz

1. Introduction
The aim of this paper is to outline the information on current

rrogress of neutron interaction with light puclei. We will ccncen-
trate on neutron induced reactions and consequently we will almost
completely omit discussing the elsstic end inelastic neuvtron scat-

tering.

Most of the meutron data have been obteined at EincA’14 lieV
(S1 68). Eowever, neutron facilities developed at Van de Graaff ac-
celerators, at isochronous cyclotrons, particularly at Crocker Nu-
clear Laboratory, UC Davis snd at Kernforschungs Zentrum. Karlisruhe,
and at meson facilities nave now provided significant data at other
energies.

. The n-d breakup reacsion

- - o > 2 P > -

i) "directly" by detecting breakup products and ii) "indirectly" by
subtracting the integrated elustic differential cross section from
the total n-d cross ection (the cross sections for n-d Bremsstrahlung
and for radiative cepture are negligible. The cross section Zor radi-
ative capture becomes significant only below 100 eV).

The indirect measurements have been performed using both p-d
(Ho 68) and 2-d (Se 70, Se 72, Ro 70) elastic scattering angular dis-
tributions. The p-d angulaer distributions have been corrected for
Coulomb effects. The rncertainties in these indirect measurements
are represented by results at 18.55 and 23 MeV (Se 72).-

Early direct measuremen%s have been confined to energies around
and velow 14 MeV (Ca 61, Ho 69, Gr 71). Paulettea and Brooks have re-
cently (Pa 75, Pa 73) measured the n-d breakup cross section from

Eincc 8 to 22 MeV by integrating the energy distribution of breakup



protons and recoil deuterons observed in the deuterated scintillator
used both as a detector and as a deuterium target. (se2x 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 4o obtain a pulse (S) charscteristic of the scintillation
decay time and hence of the nature of the ionizing particie. 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. 3. Letters: s,
p, 4, and alpha indicsie the ridges due to electroms, protoss, deu~
terons and alphas. One can clearly see the minimum in thez 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. Therafore, it is
not necessary to know either the number of target nuclei or the
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number of incideat neutrons.
Fig. 4. shows the measured
proton energy distribution
at Eﬁnc= 22 MeV. 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 120(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
0.4 E;axs E,=0.7 Ega" The
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Fig. 4.
measured energy spectra have been corrected for edge effects, multi-
ple scattering and proton spectra also for the coentribution of
recoil protons. The contribution due to n-n quasifree scattering
(QFS) is localized at low proton energies, whereas that duve to n-p
QFS is adistributed over all pruton energies. Since n-n FSI angular
distribution is peaked at small proton angles, the enhancement due
to n-n FSI is locallzed at higher proton energies, and the n-p FSI
around 4/9 Eﬁax. 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 ve less then the n-n
FST contribution (at E <30 MeV).
The breakup cross section 6% has been determined by two meth-~

ods: Ip

Ipeak where Ipeak is obtained by integrating the

a) g = U peak

measured deuteron energy distribution from the minimum, ¢ peak is
the corresponding integral obtained from N-d angular distribution,
and Ip is the integral of the proton energy distributior extrap-
olated to zero energy assuming the phase space shape.
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b) use n-d elastic data to obtain the total deuteron integral Id
from Ipeal : CFE =11T/(1 + 1d/Ip), where "T i- the total cross
section.

The results obtained by two the metheds arree and the mean
values are piven in Fig. 1.

The n-d total brealur cross section data are compared in Fig.l.
with p-d data from 22 to 4% MeV (Ca 72) aud with the calculations
based on the Faddeev formalism:

i) Kloet and Tjon (Kl 72) have used local S wave potentisls. Dashed
curve in Fig. 1. is for Malfliet - Tjon potential I-III (repulsive
cores in both singlet and triplet N-N interaction), while the dashed-
dotted is for Malfliet - Tjon potential I-IV (repulsive core only in
singlet states).

ii) B8loan (31 71) hac used the separable S wave interaction (solid
curve ).

1ii) Dolesckall {Do 72%) has included in the exact calculation also
the P wave separable interaction (x's).

iv) Pieper (Pi 73) has iicluded 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 %o
EinC-VSO MeV with an accuracy which varies from 7 to 25%.

2) The date arree with the calculations based on the Faddeev formal-
ism using rather simple N-N force.

%) The total breakup cross section is a sensitive observable to
distinguish various features of the nuclear force.

2.2. The _n-n GFS

Two measurements oI the D(n,2n)p reaction at QFS kinematic con-
ditions have been performed at Einc= 14.1 MeV at Onl= Qn2= 300,
¢12= 180° (Fig.5., left hand side, open circles S1 71a, points
Bo 75) and @ ;= © = 40% g5 180° (right hand Bo 75) and have
been compared with the predictions of the calculation based on the
Faddeev formalism using the $ wave separable interaction with
Yamasuchi (Y) and exponential form factor~ (E) in both sinflet and
triples states.

These mearurcnents are faced with considerable technical



difficulties due mainly to the rather severe background from gamma
rays, direct and scattered neutrons, to low intensities of incident
neutrons, and to the wmodest efficiency of neutron counters. The ex-~
perimental setup used im (81 7la, Th ++): incident neutroms, colli-~
mated by the associated alpha~pearticles, strike e C6D6 target-~

i 6 54

: : vy

£ L+ [,J EE

wz ) l

° | |

(:;" 2 2 T

r-\i { $ [ % , f
Ol *11 U - { —- 0! 4 j, ; -+ + .
c "2} ¢ 6 8 EMMvI 0 2 4l & 8 E M)

Fig. 5.

scintillator. The pruton from the deuteron breakup is detected in
this counter and it provides the staert for a T.0.F. measurements of
two neutrons scattered in fixed directions gnl and an. Requirement
of the coincidence (few ns) between the C6D6 and the alpha counter
virtually eliminates the fraction of the counting rate in the 0696
due to gamma rays. To further reduce the accidental coincidences
"reiect” alpha counters have been introduced at 180° in the line
Joining the neutrca source to the neutron counters. In addition, pulse
shape digcriminations have been used in the C6D6 and in the neutron
counters. This experimental getup enables the measurement of seven
independent kincmatic variables: energies of two neutrons (E ’Enz)’
proLon energy (Ep), the directions of two neutrons (Onl,an,dle) and



the incident neutron energy (Einc)' The cross section for the multi-
particle reaction resulting into N particles in the finsl state de~
pends on 3W-4 independent kinematic variables (IKV). Since for N=3,
there are 5 1KY, this zet .. kinematically overdetermines the mesac-
urement providing two adi‘tionel corstraints. For QFS kinematic
conditions the energy of the spectator proton is very low (typically
OﬁEpf 1 MeV) and successful measurements have been reported (Bo 7°&)

sven without information about the breakup proton.

The n-p QFS has been memsured atl Einc= 14.4 at ®n= 9p= 300,
1!512- 180° (Va 70) end the data have been comcared with the Faddeev
type calculations (S1 7la).

2.3. The n-n FSI

- o — - e o

Tkhe contribution of the n-n FSI to the total breakup cross sec-
tion has been determined by measuring the n-n FSI enhancement over
the phase space (Pa 73) and by integrating over energy and angle the
upper end of the protsn energy spectra (De 66). Fig. €. shows tbis
contributicn, ) y &5 @& percentage of GB'
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Three different geometries have been used to study the n-n FSI
in the reaction nd —> nnp:

i) detecting breakup protons at forward angles. Une measures
three variables: E_, Gp, and Einc and thus the process is nct kine-
matically determined. Froton energy spectra measured at several ianci-
dent energies and at several forward angles (Il 61, Ce 64, Vo 65,

Ba 67, Bo 68, Pr 70, St 72, Sh 73) reveal a pronocunced enhancement

et E2®* due to n-n FSI at Ennf'o and therefore, it is in prineciple
possible to extract n-n effective range paramsters: &n and Tin® 1t
has been shown (Ca 74) that in this geometry the analyses based on
Wwatson-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 73)). The FSI ephancement de-
pends on 8 and only weukly on T, (varying Ty from 2.2 to 3.4 fu
does nct change 8, more than the uncertainty due to the present
statistiecrl accuracy of the data). The values of 8n extracted from
these measurements are listed in Table 1. Recently this reaction has
been measured a) at Grenoble (Bo 76) using multiwire counters giving
each proton trajectory a 1° accuracy. The shape of the FSI enhance-
ment and its absolute magnitude did not give so far s definite value
for a . b) at Lawvence Livermore Laboratory (Ha 75) using a charged
particle magnetic guadrupole spectrometer with 200 keV energy reso-
lution (twice as good as in any of the previous measurements). A

14 MeV neutron source producing 4 X 1012n/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, Ho &8a, Gr 69a, Mc 75a).
Simultaneous study of n-n FSI (@ ;= 6 .= 30°, 4 ;= 180°, ,582: 165°)
and of n-p FSI (0 ,= 30°, 03" 84.3°, 5= 165°, Buz= ~7.5°) allows
to determine the n-n effective range, Thpo from the ratio of two



Table 1.

a . from D(n,p)2n measurements

Einc Qp a used Thn analysis Ref.
(MeV) (fm) (fm)
14.4 4° o2 %t 2.84 {Born+Watson— I1 61
4.4 4,8° -21.7 %1 2.8 Migdal Ce 64
14 o° -23.6 2 Komarov-Popova Vo 65
14 <14t 3 Impulse Appr. Ba 67
’ {=16 ¥ 3 Born Appr. Ba 67
8-28 5°,20° -15.9 ¥ 1.1 z.8 Impulse Appr. Bo 68
~30 Watson-Migdal
14,1 0° .16.2 % 2.2 Born Appr. Gr €9a
14.1 o° -23.2¥1.9 2.65 Komarov-Popova Pr 70
14 0° -16.7 } 55 2.63 Comparison proc. Sl 68a
14,06 3.5° -23 + z.g' 2.65 Komarov-Popova Sk 72
50 3,8° ~21.7 2 1.2 2.6 Impulse Appr. gt 72
14.1 4° (19,2 X 0.8 2.e4 Impulse Appr. Sh 7%
i ~18.3 ¥ 0.22 2.84 Cahill (Faddeev) Sh 73

cross section (which can be measured much more accurately than the
absolute cross section).

The shape of the FSI enhancement depends predominantly on the
n-n scatteriang length, a,n (K1 73, Ze ?4) and in fact the simple
Watson-ligdal 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 T,p» OB the
form factor and on the type of calculation (see Fig. 7a and b). In
most analyses the N-N force has been approximatad using S wave in-
teraction with Yamaguchi form factors (Y). Calculations with several
different S wave rank-one separable potentials have shown (Br 74a)
that the better treatment of the high energy repulsiorn 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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Fig. 7a. Relative dependence c¢f the calculated cross section oa
Ton for two form factors and two types of calculations
(Ze 748).

en¢rgies 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 c¢nly in the inhomogeneous term. This method is
often called hybrid (H) to be distinguisheé from the correct proce-
dure (C) when the charge dependence is introduced both in the in~
homogeneous term and in the kernel.

Table 2. summarizes the values of 8on obtained in various ki-
nematically complete measurements. The n-p FSI has been studied
(Iu 70) and gives for anp= -23.0 ¢ 1.7 using the Watson~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 Ql= 0,
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1.00
R CEE ~Calculation ’//////,/,///

20

14 15 16 17 18 19
ann (fm)

Fig. 7b. Ratio of the integral of the n-n to n-p FSI as a function
ol &n and rn® The dashed line denotes the experimental
result (Ze 74).

the measurement of the incident energy, and the energies of two out-
going particles provides five IKV (Einc’ El’ EZ[,?nd gigc§)91= 0 ?E?
process does not depend on any azimuthal angle: Pine~ P1o Po and p3
form & triangle). The disadvantage of this setup is the lack of con—
straints to reduce the background. The advantages are: the kinemat-
ically allowed region covers an area shown in Fig. 8. and one can
simultaneously study n-p and n-n FSI and regions far from quasi two
body processes. In particular, one can investigate processes along
the constant relative energy locus (dashed-dotted line in Fig. 8;
deshed line is the symmetry axis) where the cross section is sensi-
tive to the off—eﬁergy shell effects (Ja 73). An experimental advan-
tage of this method is that one of the particles is detected in a
4% solid angle with a 100% efficiency and one has to use only one
neutron detector. The exverimental distribution of deuteron breakurv
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Table 2.

ann determined from kinematically complete measurements

ann Analysis Nuclear Einc Ref.
interaction

-16.3%1.0 Faddeev, CEE 18.4 Ze 74
n-n shape

-16.6%¥1.0 Faddeev, CEE 18.4 Ze 74
botk n-n and
n-p FSI

-15.8%0.9 same HYY 18.4 Ze 72

-16.0¥1,0 wWatson-Migdal 18.4 Ze 72

-16.2%¥1.2 Faddeev, HYY 14,2 Br 74
n~n shape

-16.8%1.3 wWatson-Migdal 14,2 Br 74

-25z¥ Ch 67 14,3 Sa 72

-17.130.8 Watson-Migdal 120-140 Me 75a

-15.7%¥2.0 Faddeev, CEE 14,1 Ke 75
n-n shape

-16.3%1.6 Faddeev, CEE 14.1 Ke 75

n-n and n-p

¥ This value can be criticized both an experimental and theoretical
grounds (Eu 75).

events in the E_ vs En plane 1is given in Fig. Qa. compared with

the simulation of the spectrum using the CEE calculation (Fig. 9b)
with 80" -16 fm, rrn= 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 FSI).
Since this discrepancy could not be eliminated by any choice of the
input n-n force, the n-n parasmeters have been determined by analy-
sing separate parts of the spectre: a) n~n FSI (region I) is sen-
asitive to 8ono but not to Ton® Using Ton® 2.86 fm, one obtains

a, = -15.7 + 2.0 fm. b) the ratio of megnitudes of the distributions
in regions 1 and II (n-p FSI) depends on &0 and Tnn® A simultaneous
fit to both distributions yields: 8 5" ~-1l6.3% .6 fm, Tn® 3.15 A
0.7 fm. ¢) the comparison between distributions in regions I and IV
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(n~p FSI) has not given 8. SF Tppe
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Information concgrning an have been obtained so far from the
studies of D(n,2n)p, JH(n,d)2n, ~H(t, He)2n, D(W ~, ¥ )2n, H(d, He)on
and D(d,2p)2n reaction. There are two classes of studies presently
suitable for quantitative consideration:

1. D(F 7, ¥ )2n yielding a = -16.4 ¥ 1.6 fm (Sa 72a)
2. D(n,2n)p kinematically ccmplete experiments analyzed using the
Faddeev theory. CEE should be considered superior to HYY analysis.

We choose:

a = ~16.3 ¥ 1.0 fm (Ze 74)
-16.6 ¥ 1.0 fm (Ze 74)
-15.7 £ 2.0 fr (Ke 75)
-16.3 ¥ 1.6 o (Ke 75)

The average of these values i.+2.°2
a = -16.26 X 0.66 fum
can be compared with the previously recommended values:
= -16.7 £ 0.6 fm (Ve 71)
a_ = -16.4 % 0.9 fm (He 72)
= -16.61 £ 1.45 fm (Ku 75)
a = -16.2 X 0.6 fm (Ze 75)

Information concerning Tun have been obtained i) from the
reactions 3H(d,5He)2n and 5He(d,t)2p using the comparisoi. procedure
(Ba €6), ii) (omparing the ratio of the experimental cross sections
for n~n and n~-p FSI with the ratio calculated using the Faddeev
theory (Ze 74, Ke 75), iii) from the n~n QFS (S1 7la).

Results: i) Ton= 3.2 1.6 fm. However, in view of the limitation
of the comparison procedure (Va 67) the uncertainties should be
increased.

ii) r__= 3.6 £ 0.4 at E nc= 18-4 using HYY (Ze 72)

nn

Tpn= 2.13 T 0.4 using CEE (Ze 74)

r = 1.95 o using CYY (Ze 74)
+ .

Tpps 3-15 = 0.7 at Einc= 14.1 using CEE (Ke 75)

The extracted values depend on the assumed {form factor. The F31 eross
secticn depends on the-off-the-energy nuclear interaction.



1.6 usizg the spectator model (S1 7la)
0.8 uasiug HYY and the absolute cross section
data (S1 71a) (Vr 75)

H
n
\S]
.
\J1
t+ 1+

The average of the results obtained using the Faddeev theory
gives Thn= 2.67 ¥ 0.6 fm
It has been shown (S1 76)that QFS magnifies on-shell differences
between potentials and it is insensitive to off-shell variation. If
the ratio of the cross sections around QFS at Eincnl25—50 MeV is
measured with an accuracy of 2-3%, then T,, can be determined with
the accuracy of ~ 3-4%. One cannot use the present data at Einc=
14.1 MeV data since the only available wmeasurement at On1=9n2=400
(Bo 75) has large errors, the cross section is too low sna it wounld

give unrealistic values for 8n and hn®

3. The n-d Bremsstrahlung

Only an upper limit has been quoted for n-d Bremsstrahlung cross

section at Ein =14.1 MeV:
a°e (8,=6 , =30%, ¢=180°)/dN a2, < 2mb/sr° (51 71a)

4. Radiative capturg n+d —> t+ 7Y

The experimental cross section at thermel energies is 0.6 2 0.05
mb (Ju 63). The cross section calculated using the probatility of the
31 g0 state, Pg, , of 1% is 0.15 mb (Ph 72). The discrepancy decreas-
es as PS’ increases, but since it is unlikely that PS’ is larger than
2%, it is necessary to represent meson exchange effects more realis-
tically.

At higher energies data exist only at 14 MeV: 6TF29.415.8/ub
(Ce 61) and a preliminary result using a more sophisticated experi-
mental setup 6T=1oi3/ub (Tu 76a).

Since the energy of the outgoing triton is a linear function of
the angle @ of the gamma ray emission, the measurement of the triton
energy spectrum Xiglds the angu{ar distribution:

N
s - R PRGN
[ Bel [ (1 +,,".,r-.f~- L SR Y- A

ao» <
'a—ji—:SFO"A.L ;
A preliminery analysis (Tv 7Ca; ~iver o -0 av/rr. b vOO/ub/sr,
/s
p ~ 0.5, and ¥ =0.
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There are no data on triton photodisintegration.
The charge symmetric process D(p, '-)')BHe and its inverse reaction
have been studied at several energies (e.g. Ch 72, Ti 73, Be 70).

5. The npucleon-trion interaction

Angular distributions have been measured at Einc= G, 9, around
14-15, 18, 19.5, 21

¢/ and 25 MeV (Co 51, De

097 /0*' 76, Bl 66, Ta 68a, Ko
O EXPT POINTS Co 5 o 68, Fu 67, Se 72, De 68,
s
80 < X ¢ ;"/’ data are consistent and

: in agreement with the
data on the charge sym-

metric process: p-BIIe

‘5 60+ scattering. However,

3 results of several meas-

E urements done around li4-~

g 15 MeV are mutually in-

% ‘01 consistent (Figs. lo
and 11): i) The results

at 14.3 MeV (Co 51)
should be renormalized
by 14% because the
cross section has been
determined assuming

50 mb/csr for the n-p

+ g . * . . y i F k4 o
0 6T 00" 140" 180" differential cross

Fig. 10. Angular distribution of the n-t elastic scatteringc at Ei;pc
14 HMeV. Dashed curve renresents the p -“He data (il T1) At 1T, :‘iv":'.::
Theorctical calculations (2 "1): Jolid eurve - .. wave e o . o e,

dashed~dotted curve - with tensor and spirn orhit rorce.



- 289 -

section at 180°, while
the new value is 57.2
[:J =>.sr (Ho 71). ii) Data
263" 8 at 14.1 MeV (Ko 68)
match the renormalized
Coon’s data (Co 51) sas
120+ well as the data at

0 Sem
® Fus?.Baee & 13.85 MeV (De 76). iii)

D EVALUATED FROM
é Co51.K088.0e78 Data at 14.4 MeV for
62160° (Ba 68) ars about
a factor of two lower
than the data i) - ii).
iv) Data at 14.1 MeV
[v] (Sh 75) end 15.2 MeV
(Fu 67) are in agreement
' with the data at 14.4
o 6 Qe MeV (Ba 58). v) Data by
e (De 68) and (Bl 66) are
© ‘q . o situated in between.
° o o The experimental
0s 4G /d8r (6, =149°) and
total n-t cross section
opLi oo T W w2 as function of E. are
E,(MeV) piven in Fig. llinghe
backward n-t elastic
FPig. 11. scattering studies
(Pa 76) at Ei“c=13.94, 14.4 and 14.94 MeV have shown that the cross
section does not change by more than ~ 15%.

Considerable vprogress has been achieved (Al 70, Tj 75) in ex-
tending the exact treatment to four particle systems. Tjon (Tj 76)
has recently applied the Faddeev-Yakubovskii equations to the N-T
scattering. The results of his calculation compared with the data in
Fir. 12. demonstrate the importance of including hicher partial wave
components in the (3+1) subamplitude.

160~

<r

80+
|

dG/d0 (mb/sr)

0 0 0o o

~
é;:_jl
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500— 5 —
3
| He(nnPHe
s Sa61
° Se 60
~~-N,=1 ro P WAVES in {21 amphitudes
~+~Ny=1 P WAVES wncludec
4001 ° --“-N:=2 (P WAVES jnciuged
=N, =2 ,P WAVES (3+1)-potentials Pig. 12 The results of
s mult:phed by 2 . *
o E,»5 MeV the theoretical calcula-
= 5 tions (Tj 76) using N-N
E oo S wave Malfliet-Tjon
E I~III potential and ne-
gﬁg L glecting Coulomb forces.
200} N .)\ is the nuaber of
) terms in the two nucleon
subamplitude. Data are
from (Sa 61) and (Se 60).
100¢

O 30 60 90 120 150 180

- e v = > v

The reaction 3H(n,d)2n has been studied at E, .~ ~14 MeV (Aj 65,
Th 66, Fu 68, Ad 71) and a pronounced peak due to n-n FSI has been
observed. The extracted value for 8,n depends on the reaction mecha-
nizm and on the triton wave function employed in the calculation
(Va 67, Ad 71).

Recently an improved meastvrement of the n~t interaction has
bern pertormed (De 75) using large acceptance angle (26°) multiwire
and «. = rilicon detectors. Long runs have been performed at
Bie=ll eV, at 6=5.%%accumulating ~107 elastic tritons {320 mb/sr),

N . - -
and ~ 107 denlerons from the reaction 5H(n,d)cn (%% mb/sr). A proton
Y - t
snectrun slows several peaks (Fig. 13): “He(n,p)’Hd (14#.7), n-p
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T{n,p) 14 MeV ‘
f H |
[ | l '
; 0 s s

iy
B b
| 95 Tp 1% 14.7MeV
R 20 30 40 56 C
fig. 13.

scettering (14) fortuitous coincidences with the elastic triton
peak (f:9.5) and also a group around EprJG MeV with the cross sec-
tion ~ 1 mo/sr. It represents a possible resurrection of a similar
group found earlier (Aj 65) and interpreted as a possible state of
5n. However, all other studies that should have revealed the analogs
of this state have not provided conclusive evidence for excited
states in A=3% nuclei (Fi 75).

5.3. The reactions 5He§glpzT aud 3§gg9492g

The cross sections for the reactions 5He(n,p)’l‘ and 3He(n,d)d
have bzen obtained Irom the inverse reactions using the reciprocity
theorem (Pa 74). Fig. 14. shows the evaluated total cross sections
for these reactions. Though the graph for the reactien Jtie (n,p)7T
starts at 0.2 MeV, the data are also available from thermal ener-
pies (Al 67). )

The differential cross section for the recaction 3He(n,d)d
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sum of Legendre polynomials up to L=? (dashed curve in Fig. 17.
(An 67).

6. The n—12C interaction

————

fimt}

can be expressed as:
G(Q)T;EP- % A£ Py (cos ©J,
Aé = 1 and the Legendre
coefficients are glven in
Pig. 15. (Pa 74). The ra-
tio of the differential
cross section to the tetal
cross section for the re-
action 3He(n,p)T is givén
in Fig. 16. (Pa 74). The
14.4 MeV data are compared
in Fig. 17. with the cal-
culation (E1 66) (solid
curve) done assuming pro-
ton knock out (K) and
heavy particle (n+d — t)
stripping (H):

&(0) ~ | 4K + BH|Z. Com-
plex parameters A and B
are adjusted to produce
the best fit to the data:
1Bi2/1A12 = 0.2 and the
interference term

I aB%, A¥Bj/(A12 is - 2/3.
The angular distribution
can be represented as a

Accurate n+120 data are required in several applications:
i) nuclear energy - calculation of neutron transport in shieiding
material, ii) neutron radiotherapy, iii) n+ o0 data are proposed as
standards for neutron flux measurements and energy calibration
(IN 74), iv) 126 4+ n reaction cross sections are necessary to cal-
culate neutron detection efficiencies for scintillators containing
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carbon. An evaluation of the
cross sections for 120 + n reac-
tions in the range Einc= ¢ to
20 MeV have been recently per-
form:d (La 75). We will present
here the evaluations for the
reactions (n,«), (n,3x ), (n,p)

and (n,d).

12 9.
6.1. "70(n, X ) Begs

Cross sections shown in
Fig. 18. include 12C(n.,oc)9Begs
(Gr 55, Da 63, Ki 69) and
Be(x,n)!2C, (Ve €8, Re 60, Ob
72) data. A1l (x,n) cross sec-~
tions below 15 MeV are consist-
ent and the value corresponding
to E = 13.7 leV {Ve 68} is in
good agreement with the absolute
measurement of the (a,x) at
14 MeV:€ =80%10 mb (Br 68, Al
62). The (n,x) data at B
8-9 MeV (Da 63) are consistent
in shape but smaller in magni-
tude. The evaluation of Lachkar

Fig. 16. et al. (Ta 75) inecludes also the

(n, %) data of (Ch 64, Br 68, Iu 66) and { X.,n) data (Ni 62) at
L ~14-17 MeV, while the (n,ot) (B8a 71) and {2 ,n) data (De 63) are
by a factor of +wo too low.
6.2, 17¢(n, n2)3%

Fig. 19. shows the cross section data from three measurements
(Va 88, Fr 60, Gr 49) together with the recommended cross section

{(La 7%) based on a recent measurement (Cr 74) which suggests a

broad structure at Enﬁ’12 leV.

’re mechanism of the reaction laC(n,n’)Ba.has been studied



© Re 60
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A Vg 68
+ Ki 69
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o Gr55
La75 recom.

£, (MeV)

Fig. 18. The 12C(n,oC)gBe o data. The solid curve is the recommended
cross section (ILa 75), dotted snd dashed curves are the cross sec-—
tions used in Kurz's (Ku &4). 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
decays involving 120*. Similar conclusions have been drawn from the
studies of the reaction lzc(p,p’)ia\. Table 3. summarizes the con-
tribution of each partial cross section 12(J(n,n’)1203'Z to the total
12C(n n’)3x cross section (La 75).

6.3. 120(n,p)*?B and 12¢(n,q)1's
The (n,p) cross section measured using the activation technigue
(Ri 68, ¥r 59) is shown ir Fig. 20. together with the recommended

cross section (Ia 75).

0029+ .

Q018 - 'QC(ngﬂaa r///‘ *\\\x

n RIGS
021 * X %P

{La15) recom.
ac08

G(barn)

1 A S 1 i T T T T L T T T T —
0 14 1% 18 17 18 19 20
£, (MaV)

Fig. 20.

The sxperimertal cross sections for the reaction 11B(d n)12
(Am 57, C1 65) have been converted to the 12C(n d)ll gs CTOSS
sections end are shown in Fig. 21. together with the recommended

values (La 75).

The cross section for the reaction 12C(n,np)llB at By .= 22 HeV
has been estimated to be 0.0% b (Sh 70).

Differential cross sections for the reactions 120(n,p) and
lzc(n,d) have been measured at E; = 56 MeV (Mc 75). The results
compared with the (p,d) data are given in Fig. 22. The notation
(n,p) includes all final states in which a free proton occurs i.e.
12C(n,p)lzB, 12C(n,np)1lB, double contribution from lgC(n,Ep)llBe

Zs



Table 3.

Partial cross sections 1EC(n,n’)lgcii in mb (La 75)

| By, (leV)

Q (ev) 2::;) 10 11 12 13 | 14 15 16 18 20
- 7.653 9.7 5 10 20 11 10 10 10 5 5
- 9.638 34 40 70 6 65 :3 100 70 45
- 10.3 | 3000 10 10 15 15 20 15 5
- 10.84 | 320 5 20 35 | 50 20 45 30
- 11.83 | 2 5 20 41 90 80 70
-12.71 2 10 30 50 75 80
- 13.35 400 5 15 30 55
o+ Ipe® 25 80 90 75 80 60 60 40 10
(n,n’320) %0 130 195 185 235 294 395 360 300

- L62 -
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Pig. 22. 1°c(n,p) and

12C(n,d) data. Soiid lines
Dashed
estimate

represent the data.
curves include the
for the emission of protons
and deuterons below the
detecting threshold and are
extrapolated to 6 > 90° as-
suming the isotropic anru-
lar distributions.



1
OBe,

and 12C(n,pd) the last one
(n,d) cross sections. The cross
56 heV are: 6 (17C(n,p))~219 md
certainties are quoted due to a

integrated cr

sec

and

these estimates). ‘The

+%,

viie

leading to individual states of
> 124

12600, & = 3.4 % 0.6 mb
Le(n,p)i% (7.4 1ev) & =
Pe(n, ) s%(2.12 1ev)6 -
recomnended cross
Einc= to 20 lieV are

are given in Table 4

s

=]

? 0.6
1 mb.

sections

2
4.

[ RSN

3
The
ol

o

summarized in

3
S R

being included in both (n,p) ard

tions for these processes at
3
f’(lLC(n1d))ﬁ'78 mb (no un-

nunter of assumptions included in

0565 sections for reactions
residual nuclel are:

12 %, = . -
(n.p) °p¥(4.3 MeV)& =3.2

p}
L, 1‘C(r.;,d)”rsgs G= 20

0.6nmb,

2

4+ 14

mb ,

-
“C reactions fronm

™

ihe

for n +

Fig. 23. esticated errors
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Table 4.
Estimated errors in the recommended 12¢ + n data (La 75)
Neutron Energy (MeV)
Process Thermal 0-4.8 4.8-8 8-15 15-20

Total 1% 1-2% 4% L 6%

Elastic 155 456 5% 5-7% 10%
(n, &) 125 12% 20%
(n,n’)3 20% 25%
(n,2) 15%
(n,d,) 15%

7. {n,p) reactiomns
The total reaction cross sectioms for OLi(n,p)6He, 160(nap)16N,

19F(n,p)lgo and 27A1(n,p)27Mg are given as function of E; . in
Pice 24 a-f) (Ro 74, Ma 75 and references therein).

GT 6Li(n,p)GHe
(mbs
40
.& = 3A 63
« PR 69

20 i "L. o BA 53

201 'i + ,_}'}'

10 4 I i
ol

0 o ~r v - v ———r-—-——r-——"-—v-\\}\——-v———v—-"-

3 4 5 6 7 8 9 10 1 14 En(MeV)

Fig. 24a.
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The rescommended values

for the reaction
() 27 27 :
s A1(n,p) ‘Mg reaction

: are given as solid curves

b : in Figs. 24e-f). The en-
' ’ ergy dependence of the
curve below 3 MeV is mp-

) Ty proximated by an L=0 pen-

; Bon. e . etrabiiity function. lost

aoer L ' of the data are mutually
sory A " Gospore. a2 ' consistent (the data of

"% s do ds S s dg s do s e i (Fe 67) are relative data

ColMyv!

and they should be renor-
malized to 77 mb at 14.1
MeV, instead of 55 mb at
13 MeV).

Table 5. summarizes
the measurements of (n,p)
reactions on light nuclei.

Tigure 2

" v
arin.0 ey

L1 L] "‘~Y‘~I’_~f—"7"“_7'"‘ I e B R o

as " € mudren, 888
O Went, 1840

‘ " SeDdere, 1943
© Forquses, 1987

"
¢ Seiwirg, (@

 Degras 980 Charge exchange re-

L Khurgne 1939
« Sebineno, 196

actions (n,p), (p,n),
(h,t) and (t,h) and ra-
diative pion capture have

¢ ~T=--___ 'Ybeen used to populate an-
+ - alogs of giant resonsances.
00 S S U UL AU A series of experiments
130 138 140 148 190 138 16.0 183 170 R&-] i8.0 85 9a 9 20C
£, ey have been undertaken at
Fig. 24f. Crocker Nuclear Lab.

(UC 75) and investigations have so far included 6Li, 7Li, 120, luN,
160, 2°Fe, 2741 ana 2°%Bi at E; =~ 43, 56.3 and 64 MeV (UC 75,

Ki 76). The reactions 6L1(n,p) He and 12C(n p)12B populate T=1
analogs to collective M1 transitions. The angular distributions for
{n,p) reactioms (UC 75) together with the existing (p,p') and (p,n)
data to the members of the same isotriplet are given in Fig. 25.
The DWBA calculations based on the macroscopis collective model
form factor are also shown in Fig. 25 (dashe¢ and solid curves)



-~ 304 -

Table 5.

Available data on (n,p) reactions on light nuclei

Reaction Einc(MeV) e%ax(9>(mb/8r) References
>H(a,p)>n 14.1 0.7 £ 0.3 De 76
3He(n,p) H 4.4 35.4 % 0.8 Au 67, Pa 64
6Li(n,p)6Hegs 56.3 11 uc 75
7Li(n,p)7ﬁegs 56.3 uc e
loB(n.p)loBegs 4.4 0.26 * 0.04 Pa 64
1%(n,p)1%8e¥ _ 14,4 1.6 £ 0.1 Pa 64
126(n,p) 1% £6.% 3 uc 75
l“N(n,p)l‘*ce_ﬂg 14.4 1.0 * 0.8 Pa 64
(G Rt 14.4 5.1 % 1.4 ®a 64
I“N(n,pil“cg.a 4.4 0.7 o 64
1“N(n,p)14cg.8 14,4 0.7 Pa 64
I%N(nvp)140§c.43, 10.47  14.4 7.8 ¥ 1.2 Pa 64
160(“*P)16“gs,0.1,0.3,0.4 14.4 8.5 £ 0.6 Pa 64
lgF(n,p)lgogs,l.e.s_ 14.4 0.8 % 0.08 Re 68
198 (n,p)1%% _ 14.4 0.5 % 0.05 Re 68
191?(:u.p)190’3‘,4,5 o.s. 14.4 0.85 ¥ 0.05 Ke 68
2781 (0,p) Mg 56.3 1.0 £ 0.3 Br 75
271(n,p)* e, , 56.3 2.2 £ 0.3 Br 75
225(0,0)%%P ;1 e.a. 5.85 15 2 Fo 72
25(n,0)%%0, , 5.85 6 %2 Fo 72
40ca(n,p)*K 5.85 400 Fo 72

gs,l.e.s.
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)12B have also shown evi-

Proton spectra from the reaction 12C(n,p
dence for a giant magnetic quadrupole 2~ state at 4.3 MeV excita-
tion in 12B and a giant electric dipole 1 state at 7.7 MeV. There
is no evidence for strong collective excitations in 7Li(n,p)7He.
Proton spectra reveal a peak corresponding to the 7Hegs unbound
against n+6He decay by 440 keV. Proton spectra from the reaction
27A1(n,p)271"lg (Br ?5) are characterized by peaks corresponding to
6, 10 and 14.4 MeV excitation in 27Mg. The angular distribution of
the 6 MeV resonance is consistent with L=0, S=1 (lower portion of
Fig. 26.) indicating that it can be an M1 analog. The angular dis-
tribution of the 1l4.4 MeV rescnance (upper portion of Fig. 26.) is
compared with the DWBA predictions for IL=1 and L=2 using a macro-
scopicform factor based on the Goldhaber-Teller model.

The differential cross sections for the reactions
loB(n,p)lnBeog and 1°B(n,p)1°Bei;S'at 14.4 MeV (Pa 64) (Fig. 27.)
suggest that the n-p interaction is spin-dependent. Fig. 28. shows
the angular distribution of the reaction 16O(n,p)lGN leading to
four unresclved states in 1%y ground (2~-), 0.126 (0-), 0.296 (3-)
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_ - l _ : and 0.%96 MeV {1-) staves

L 27 27 ] compared with the PWBA pre-
Al(n,p) “'Mg Br75 dictions where 1L=1 and L=3
=~ En=56.1 MeV transitions have been in-

A : coherently added with weight-
ing factors of 3 snd 8, re-
spectively (Pa 64). The an-

4 gular distributions of the
reactions 19F(n,p)190 (Re

68) are shown in Fig. 29.
Integrating the proton

-\ \ - spectra from 4 MeV up and
from 6=0° to 120° one obtains
%2 wb, to be compared with

~ 20 mb (Ka 62, Mi 66, Pi 65,
see Fig. 23d) and with the

50 ¥ 10 mb (Fa 68).

[ SO S

" N S

\ /! \ 8. (n,d) reactions
- W Y Table 6. summarizes
_J available data on (n,d) reac-
1 i 1 L ) R 1 . r T
6 5 35 35 o) 50 60 tions E&perlmentél angular
6 c.m. (deg.) distributions indicate the

dominance of direct mechanism,

Fig. 26. The zero range DWBA calcula-
tions assuming the proton pickup has been performed (Mi 67, Mi 71,
Py 76). Data from >He to 19F are ccompared with the DWBA predictions
using one average neutron optical model potential witl 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 bsen analyzed using the neutron
potential (Ro 65) and two deuteron potentials: set & (Mi 67, Mi 68a)
and set B which gives a somewhat better fit to the elastic scat-
tering data. Both deuteron potentials have surface absorption, and
set B has also a spin-orbit term (see Fig. 31.) The neutron and
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Tatle 6.

Available data on (n,d) reactions on light nuclei

Reaction 6'm (8) (mb/sr) Transferred Reference
orb. ang. mom.
5He(n a)d 39.6 ¥ 0.8 0 Au 67
®Li(n, d)5He 51.3 * 43 45 % 4 1 Va 65, Fr
7L1(n d)6H o 2.2 ¥ 0.35 1 Mi 70
°B(n,d) Be,, 8.6 Yo 8.4 % 0.4 1, (3,5) Va 65, Ri
log(n,q)? Bej 43 5.8 £ 0.33 5.0 ¥ 0.3 1, (3,5)  Va 65, Ri
g(n, d)]oBe ns  2.1%o0.1 1 Mi 68
1“N(n,d) 5cg; 7.3 £ 0.5 9.2 £ 1 1 Fe 67, Mi
9.0 %1 3 10.4 %1.9 Ca 57, Za
1%%(n, d)15c ca 4919512521 1 Fe 67, Ca
8.5 1.5 Za 63
158(n,a) ¢ 3.3 * 0.45 1 Fe 67
16 15,88 +
0(n,d) Ngs 4.7 Z 0.7 1 Pa 64
19¢(a, d;lsogs 03 ¥ 1 ou t 1.5 0 Re S8, Ri
19p(n,a)1%0% g 1.6%0.6,1.5% 2 Ri 57, Pa
F(n,d) Box” 2.8 0 Pa 64
23 00268 +
Na(n,d) Negs 1 = 0.2 Sa 65
2 Na(n,d)?2NexX, 5 3.5 % 0.4 Sa 65
#Na(n,d)?PNe} ; 3.0 f 0.3 sa 65
31P(n,d)5°Sigs 15 1.5 20 £ 2 0 Co 60, Sa
528(n,d)5lpgs 151 ;18.2 2.6 0 Co 60, Ve
35¢1(n, d)54s 1.5 ¥ 0.35; 2.73 £ 0,42 2 Pa 76, Mi
55C1(n, d)54s2 13 4.5 % 0.5 0,2 Pa 76
5501(n,d)5‘*s’3‘_3 6.96 £ 0.5 0 Mi 67
5701(n,d)56sEgs 1.65 * 0.55 2 Pa 76
56Arfn d)5501 1.85 % 0.35 2 Pa 76

o

>®pr(n, d)35011 20, 1.6 8%1 Pa 76

Si

54

68
63
57

57

€5

60
67
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Table 7.

Spectroscopic factors
A, B and C in parenthesis denote deuteron potentials (Mi 71, Pa 76)

Reactions (n,d) (p,d)
5 1.7 (A
He(n,d)d 5.4 (B
1.7 {C
€. . 5
Li(n,d) Hegs ~10
1 A l.1s
"Li(n,d) He 0.6 §5§
85 0.8 (C
1.2 (A) 0.76b
1op(n,d)%e 1.1 (B9 0.83a
B5  a.% (c
1.3 (A) 0.76Y
1°3(n,d)%e¥* ,; 1.3 2B 1.2d
2.43 113 05
1 1o 1.1 (A) 0.48d
“T(n,a)" "Be s 1.2 (B
85 0.7 (c
2.8 (A) 1.52d
Yhr(n,a)13c . 2.5 §3§
5 1.3 (C
2.0 f
15%(n,a)1%c . 1.8 (A) 1.5g
£ 1.3 (B
0.8 (C
1.6 f
160(n,d)1%y 4.5 (A) 4.44
4.1 (BY 2.9b
4.0 (C
19%(n,a)*%0 0.4 (A
0.4 (B
0.8 (C
55¢1(n,d)*s__ 1.04 gAg
55 1,18 (B
1.58 v
_ 1.07 =
55CJ(n,d)94s’2‘ 13 0-34 (A)
(1=0) 0.45 (B)
0.29v
0. %6z

(d,t)

0.80c¢c
0.%6e

0.66¢

1.35¢

l.8d

(d, He)

0.76¢c
1.02e

1.28¢

l.76d

1.51

l1.26v
1.50]
1.29y

0.373
0.35y

(®He ) (p,2p) Theory

1.66h 1.%9p

1.51

i3 limit
1.23%p

%2.05s

C.57n 0.51t

l.1ss
0.94tt

0.58ss
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Reactions (0,d) (p,d) (d,t) (d,°He) (PHe, ) (p,2p) Theory
22c1(n,a)>%% 15 0-28 (A) 0.93 v 0.21 =3
(r=2) 0.26 (B) 0.55 3
. 0.51 2z 0.39 ¥
5701(n,d)36sgs 1.8 (A) 4.21 v 1.1%65s
2.04 (B) 1.64 j 1.22 x%
0.35 2 1.32 x
56Ar(n,d)350155 3.62 (A) Loty 5,898
3.82 (B) 4 tt

References:

(1i 69), b (D0 69), ¢ (Fi 67), d (Ba 69), e (Ga 68), £ (Te &7),
(Sn 69), h (¥n 70), i (Bo V0), § (Pu 69), k (Hi 67), 1 (Do 69),
(Ka 70), n (Ja 67), ¢ (Mi G8), p (Co 67), r (Ra 64), q (Na 63),
(Br 66), t (E1 70), v (Cu 62), w (Do 74), x (Gr 69), v (i #8),
(Fa 67), ss (Gd 64), tt (Wi 71).

u # O oo

w

deuteron potentials used for chlorine and argon differ from those
used for “He to 17F.

Table 7. summarizes 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 6Li(n,d)5Hegg (Fig.
30b.) where the shape of the angular distribution is not feproduced
by the pickup model. If one would normalize the DWBA prediction to
the maximunm experimental cross section, one would obtain S~10 as
compared to the theoretical value of S=1.36. It has been pointed
out (Va 5£5) that the weason for the discrepancy is the large contri-~
bution of the deuteron krock out process.

The (n.d) reactions have bee: also studied at E._ = 56.3 MeV
(UC 75). TFir. 32. shows the 12C(n,d)llB data compare%ngith the
12a(p,d) e data at 55 and 61 HeV.
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9. {(n,t) reactions

Table 8. summarizes the measurements of (n,t) reactions on
light nuclei. leasured angular distributions suggest the importance
of direct mechanisms (Fig. %3a-d). Data are compared with the zero
ranfe DWBA calculations assuming a two nucleon pickup nechanism.
Nuclear structure factors have heen calculated using wave functions
from (Do 64). The neutren optical model potentials are the same as
in the study of (n,d) reactions on Jle to 1% (1ii 71). Two sets of
triton potentials have been used both with volume absorntion: o -
which fits 3He —12C and E - which fits t +12C elastic scatterinc.
In ¥Figs. 3% the DWEA predictions us.ur; potential D are given by
golid curves and those using potential E by dached curves. The ab-
solute values of the experimental cross sections are larger than
the theoretical. The ratios are given in Table 8. cnd differ for

two triton opticel model potentials.
In some (n,%t) reactions other mechanisms could be important,
e.g. in the reaction 7Li(n,t)5He 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 'Smax(g) (mb/sr) Exp/theory Reference En (tieV)
GLi(n,t)qugS 20,6 1 o.8 Re 67 2.7
8.38 ¥ 0.27 1.4 ED% Re 67 14.4
6.1 {E
1i(n,t) He s 5.6 %o0.5 2.4 ng Mi 70 14.4
& 13.2 {E
193(n,5)%Be 0.79 % 0.06 4 ED% Va 6 144
gs 20 (E
1op(n, t)BBe 2o 1.62 % o0.08 5.4 gng Va 64 14,4
17 (E
pin,£)%8e s 2.57 *o0.08 4 ng Mi 70 14.4
g 12 (E
Y, et . 2.6 % o0.25 3.5 §Dg Re 67 14.4
. & 16 (E Mi 70
1 N(n,t)lgcz y 5.6 0.4 4.5 (Dg Re &7 14.4
13 (E Mi 70
19r(n t)170 1.2 % 0.07 Re 67 14.4
Brn,6)170, go 2.45 * 0.13 Re 67 14.4
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that the cross secticns for
the reaction 7L1(D t) is
twice as large as for the
71Li(p,’He) reaction (Ce 56).
The reactions TLi(n,t)xn
and loB(n,t)zx result in a
three body final state. An-
gular distributions are me-
aringful only if one can
reliably extract the contri-
bution due to the sequential
mechanism invo’ving a well
defined intermediate state.
For example, it has been es-
tablished that the sequen-
tial decays through 8BeEr
Be' 2.9 and 7L14 gz are pres-
ent in the reaction
10g(n,t) 2 , but the last
two partially overlap in
the triton energy spectra.

oot T R : o ;
' Qb 08 06 07 0 -07 -O%-08-08 -t The total crgus section
cos®, for the reactioen “Li(n,t)
Fig. 34. obtained by integrating the
angular distribution in Flg. 33d. 1s 16 21 at E = 2.7 MeV

(Re 67) coupared with 26 ¥ 3 mb at Ei o= 14.4 MeV, “oth in good
agreement with other measurements (St 64). The broad maxinum obser-
ved at 6~ 65° (Fig. 33d.) is also seen in the reaction 6Li(p,5He)
at Elnc: 2.91 eV (Ma 56). Excitation curve reveals a resonance at
E = 1.85 lieV corresponding to the formation of the compound nucle-
us /3e¥ (7.19 MeV). Similarly, there is a resonance ir the reaction
6Li(n,t)¢ at E = 0.3 MeV (7Li$.48). Angular distributions at
various incident .aeutron energies are snown in Fig. 34.
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16, {(n,* ) reactions

The excitation functions for some (n, ) reactions are given
in Figs. %5, %6, 37a, and b) (Bo 74, Yo 75, Ar S6, 5S¢ 70, Ba o5,
Fi 65). Solid curves in Figs. 37 are recommended cross sections
(Yo 75). The energy dependence of the recomuended curve below
6 MeV is given by an L = O penetrability function. The recommended
value for 27A1(n,cx)24Nb eross section at 14.1 MgV is 124 mb.

1 "B(n,ocjdLi
[
(mbl T . ARS6
07 x SC70
301 +
4
201 %{
10 7
9 , , . , , — ——r
T2 13 w15 6 17 18 19 20 B MeV)
Fig. 35.

i o e B s o e T S S o e B e S e I A il S e S e 2

Differential cross sections rave been measured from Einc"s
to 30 MeV (Kr 72), in particular at 12.2, 14.1 (Sm 76), 1l4.4
{(Pa 67a) and 18 MeV (Sm 76). The Karlsruhe iscchronous cyclotron
has been used to produce & continuous spectrum of ~ 4 x 107
neutrons/s—cm2 by bombarding the internal carbon target with
S4 MeV deuterons. Experimental apparatus: time-of-flight in
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conjunction with a set of
counter telescopes provides a
simultaneous measurement of
sngular distributions at many
incident energies. Fig. 38.
shows the amgular distribu-
tions for a) 9Be(n,O()6Heps
and b) 9Be(n,d )6He¥ 8 (gee
also Sm 76). Dashed ;urves
are eye guides only. Neutron
energy is written besides
each curve. Angular distribu-
tiong at 12.2, 14.1, 14.4
and 18.0 MeV are given in
Fig. 39. In thece measurements
(Pa 672, Sm 76) both "He and
6He have been detected thus
providing a full arpgular
distribution. The backward
peaking of the angular dis-
tribution per~sisting at least
from 12 to 18 MeV and the
smooth excitation function
(Fig. 40) strongly argue
that the direct mechanism is

responsible for the reaction 9Be(n,o&)6Hegs. 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 5He pickup in the entire angular region. This is obvious-
ly unrealistic. The analysis of the charge symmetric process
9Be(p,cx)6Li {De 72, using zero range and exact finite ronge DWRA
shows that the contribition of the heavy particie stripving at
forward angles decreases by an order of magnitude by introducins
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w the exact finite range. Es-

9 [ N w0 ELI N B B (N
0{ e ~ .
™ o MENN b timates of the knock out
N N ™
10{ ot TR - w0 .
oo L B N, » process have shown that its
S NI 10 wf 2 . . . .
of N PR I N " contribution is substantial-
10 PR NN n 0] S ‘0 .
oo ey W 8 SN » 1y smaller than the pickup
- TR / 0 404 Ld N 70 .
o AT ALA T NN N e s CT0SS section
/7 1 \ L * ~ \ s
on ’} 1’/ Y las o AN L 0
/ \ & ~ 3o »
o i rﬁﬁﬁiiu a | '\“”P‘\‘J/ w0 10.2. ggg_gggggggg B£n<x __}
\ 30§ \ e 18 .
0 _?/(/“\yf . ° ) NS, ‘e The reaction B(n X)L
(S 1 os . .
o uL_V’{\L// 2 W.\“~k4\\s“/ﬂ r, Nas been investigated at 15.9
NN R W 2 (We 71), at 14.1 MeV vsing
s I3 NPT LN we
:“[mi\'/”\ e A \\\_«"‘ e the CsI(T1) detector (Bo 73)
o ~ o8 ~
- ] N a4 fs } .
o \'\4,4~3\4 N ;\' '\\\‘ ;:and at 14.4 MeV using nuclear
NN ,/ﬂ\wﬁ“ VR e Ny e THPT 1 emulsions where these events
N s - as ~ ~ as
It ST o] el e . are visualized as events re-
ol mot. los 1% s T~ o . R .
o RS \$ / AN BN R * sulting into an alpha parti-
b \’. Lﬂ s \' \._\\ -a‘ - -
"Lt N Ny T t.cle and Li which beta de-
3 N AN 03 15 o ~ ae .
” mk\’ \V | L S RN "~ , [ cays into 8Be ~—>od+AK (4o 76).
o3 N -1 I os LN ~ Sy :
MRS N Vol :.\\\ ‘. b, [P Figs. 4la (We 71, Bo 73) and
N N 03 ! \ ~ /
ol “4/’Q4-rn I AN °°b (An 76) show angular distri-
o2 AN oS e N t 1]
ol ] v\“\\ Ay o o N \\\ i Pl °’butlons ieading to 8L1g and
on +. \ '\-’/ [00- 0 \_‘\ \‘\ 1 , °7 8
i . . v L:L . Thre -
o] K\\\ /(/ e SN e 0.975 states hree measu
o A TV Ol Y ' > remernts disagree. The data of
oy \ ~4 / roos N b2
‘} ¥/+ o~ AN e ™ (Bo 73) suggest a symmetric
- ~ - (] 1
4+ - 08 - . . .
I T et X R e e angular distribution in agre
B B ement with the Hauser-Feshbach
Mig. 38. model (Pig. 41la).
The structure of 11B is mainly t+8Be (see also De 72). The spectros-

copic factors for 8Li+d 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

11R(r, «)BLi. The cross sectiors for the reactions 11B(n, X)Bngs
and 11W(n \) Llo g75 are 17.7 £ 5.5 mwb and 9.2 ¥ 3.0 wb, respec~
tively (An 76, Ar 56, Se 70, He 56).
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FlP‘. 40. Energy dependence of the 9Be(n O()6Her c¢ross section

obtained by intesrating the anrular distributions over
the region indicated in parentheses (Kr 72).
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——— e e e o e i e e e o e oS

160

oo T ____gl—’_kﬁl_ﬁ-gé_}?@gl_l_ﬁ()_
liN_m.__olﬂ_B_ 1 The reaction qu(n,-—’X)llB
* Ké 7% 1 has been neasured at 14 MeV
E 4 Batd | n
¢ . Bo 73 , (Bo 73, Le 68, Ba 68, Ma 68,
E | K3 71). Measurements (Fig.42)
.’\g I indicate the presence of di-
2 ] 41— .| rect mechanisms: pickup
- ] ,"'Il } %(HPJ (dashed curve) and heavy
AL **\\“';Ff '+ 4 particle strinping (dotted
A —%5" A || curve - PWBA). The solid
o0 e 600 90 1200 150° G,"cm,, curve is the incoherent ad-

Fiz. 42. diticn of the two processes.
There is evidence that at

of T T T F E;pe=15-19 MeV (Sa 71) this

| O(n,o_fo)‘ac il reaction proceeds through

at —_—T-— 4 compound nucleus formation.
E i : :: g;’ | I} 7 Even the early qualita-
e %@ & ern I ] | tive studies of yhe reaction
3 .l * Bo™ ! § _ 16O(n,o\)lBCgs revealed pro-
8 t %@ l éi § 41 nounced forward and backward

2r it . ﬁ ﬁ%iﬁg B §}§ ﬂ 1 peaking. The structure ob-

O— , ,?*fﬁ?ﬁﬁ, ’%? e | served in recent mneasurements

e, E L0 120° 0% 8w of the angular distribution

Pig. 43, (Ka 69, Br 71, Ma 68a, Hs 67,

Mc 66, Bo 73) (Fig. 43) corresponds to similar structures observed
in the studies of the reactions 13C(x ,11)1605,s and 16O(p,x )lBNgs
(Br 71). Various PW and DWBA calculations (Le 68, Ma 68a, Hs 67,
Mc 66, La 67) indicate that the backward alpha emission is mainly
due to heavy particle stripping. Pickup and knockout mechanisns
are also present. However, the measurements in the range Einc= 14.8
to 18.8 MeV (Si 68) indicate a pronounced energy dependence and the
 compound nucleus mechanism is suggested.

In the study of the reaction 19F(n,‘*)lGN it has not been pos-
sible to resolve groups leading to low lying states in 16N. 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 4% 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 <orrelation measurement
does not depend on the number of detected particles. Multiparticle
reactions leading tc N particles have 3N-4 IXv. i) If all particles
in the final state are charged, their momenta can be determined,
(3N data) and the process is overdeterminedl: 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 (3F-3
measurements), the process is only once overdetermined. iii) If two
particles in the final state are neutral (3N-6 measurements) the
process is underdetermined. 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 frequercy 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 cnergy of two outgoing particles, Eij’ and momentum
transfer, p. The representation of the data in terms of such vari-
ables is meaningful only when a large portion of the phase 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,t o )n are shown in Fig. 44.: a) Eqp VS E t with bands cor-

responding to sequential decays, b) Ecxn VS Py Single particle
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Table 9.
Elements present in nuclear emulsions
Element 9(g/cm3) ‘Reaction &6(ob) Q(MeV) - (no’)rel
Ag 1.817  1%%g(n,p) 12.5 -0.328 29.8
Br 1.324 798r(nA) 10.0  1.798 24,3
8lpyr(n,®) 100.0 0.631  237.8
I 0.052  Y271(n,p) 2%0.0  0.092 26.6
1271(n, ) 180.0  4.291 20.8
c 0.277 12¢(n,300 230.0 -7.28  1523.0
H 0.05% H{n,p)n 650.0 10000.0
0 G. 249 1%0(n,p) 89.0 -9.603  401.5
180(n,«) 310.0 -2.202 1398.4
N 0.074 4n(nx) 100.0 -0.155  152.7
1%%(a,200 58.0 -8.823 88.5
5 “0.007 523(n,p)  370.0 -0.926 22.0
E 41 (MeV) p¢ (Mevic)

El (4 m)MeV

Y A A U S PO

0 2 A 6 8 10
Enlc m)Mev

Figs. 44a-d.

0_ 20 40 &0 80

00 120 140 €O

b
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phase space distributions as a function of neutron energy, En’ and
triton momentum, p,, are shown in Fig. 44 ¢) and d), respectively.
Data from reactions leading to 4 body final states (particles i,
j, k¥, 1) can be displayed in a triangular plot Eij vs E . Bands
perpendicular to Ei’ correspond to sequential decays through i-j
states, thus enabling the identification of 2 body resonances in a
4 body breekup. When such resonances are established., the 4 body
process can be reduced to a quasithree body process: (ij) + k + 1.

At Elnc‘ 14.4 MeV the reaction proceeds mainly through ine-
lastic neutron scattering followed by the decay of 7Li into o + t.
The contrlbutlons of the sequentlal decays through 7L14 63" 7L16 56
and 7He are 150 ~ t 20 mb, 54 10 mb and 49.5 - 9 mb, respectively,
using 500 mb for the total cross section (Ro 62).

The contributions of the QF n-a scattering has been investi-~
gated through experimental E xn VS Py plots imposing the condition
E*(7L1)>-7 MeV (Fig. 44e). Thin lines in the py distribution

0 26 40 60 80 100 120 140 160 '?5—‘ )
P, (Mevic) NUMBER OF COUN
0’ l 1-2
I ] e 3-4
9 5-6

' [
O Y 'l| R U
0 20 & 60 80 KX] 120 140 160
p, (MeVic)

NUMBER OF ,COUNTS

rip. 4d4e.



. . . . . B ‘ represent the speetrum af-
s : ‘ ' ; ‘ ' ! ter the subtraction of the
- - : : : © events proceeding visa
: 5He s sequential decay.
Fig. 44f. shows the ex~
tracted square of the
Fourier transform ]ﬁ(p)\2=
- a%6 G L - PSF) compared
with \d(p)iz deduced from
the study of the
7Li(p,pcﬂ)t reaction (sol-
; id curve - Ja 70) and with
; ___| the theoretical calcula-

/ ‘ ! | tions assuming 7Li compo ~
10T N F————1T 57 ged of two clusters:d and
g T B : ‘“‘f" " "%\] t in L=1 described by a

' Hankel wave function with
' - : - —1 a cutcff of 2.87fm (dot-
ted) and a harmonic os-

19(p)i’ ARBITRARY UNITS

W . L
0 0 4060 8 0o 120 10 0 sy lator function (dashed).
p.(MeVic) ] ]
The total contribution of
Fig. 44f, the QF n-« scattering

zmounts to 46 X 10 mb.

o e e o e e e g e e o L e e 2 s s o e et e i e e e A e o e e

Cross sections for these reactions are given in Fig. 45. The
solid curves represent the recommended values (EN 75).

Evidence for n- & QFS has been found in the reaction ~Ii(m,ad)n
and the extracted Fouriler transform can be described by Hankel
function: for the 1L=0 relative motion of o -d clusters in 6Li

(An 75).

6

About 5~6% of the total four body breakup can be attributed to
the double PSI: m+1%B —» (xd)g .+ (Xn)g . The four body
Li2 18 Hegs
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reaction also proceeds
és a QF interaction
between the incident
neutron and¢ a correlated
o or &d group in lc'B.
Information about the
presence of 8Be and 6Li
unstatle states in 1°B
can be obtained investi~
gating the contribution
of higher relative angu-~
lar momentum components
in the wave functions
d-8Be and o<-6Lix. De-
fining the percentage of
events beyond 100 MeV/c
one obtains results which

- are not unreasonable in

the spectatoer model pic-~
ture.

The reaction loB(n,o«xt) proceeds through intermediate states
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E 3 Ve ¥ . .
gs’ 8Be2 99 L14.63 and even L16.54 (Fig. 46). Since there are
two alphas in the final state there are two sets of bands involving

intermediate states of 7Li“. It seems that there is no contributicn
of a simultaneous 3 body breakup.

This process has been studied at E,  =14.4 MeV (An 75a, An 75b),

18.2 MeV (An 76) and with a continuous neutron spectrum extending
to ~ 40 MeV (4n 76b). The reaction can proceed through sequential

decays:

126 + n —>n’ + 120"(—>a+ 8‘Be(-—->o(oc b)) 1)
— o+ 9Be“(—) n o+ 8Be(——) ax)) (2.1)
>+ IBe¥(—r+ Zle(—>xn)) (2.2)
—> 8Be(xx ) + He(nx ), (3) double FSI

and through QF processes where neutron interacts with an alph& or

a correlated o.X pair (8B €gs? Bpe* ).
Fig. 47. shows the

density distribution of
experimental events in
the E (5He) vs E (BBe)
plot for Einc=18'2 MeV.
The right and lower his-
tograms are projections
on each axis. Thin line
histograms are the cor-
responding spectra at
Einc= 14.4, Each event
is rerresented by 3 data
points in the plot, since
any of 3 different but
indiscernible pairs of

L _ Lt T
T . L, s ' three final state alphas
EgB'(MeV)
3 H A may constitute the 8Be
Fodtte nucleus. If alphas i and
Fig. 47, j interact, then d ‘Aj

and CY -~ n produce correct excitations of 8Be and 5He while other



two combinetions give "spurious events”. The Ttwo spurious avents

are well separated from the correct ore only for events representirp
two alphas forming a narrow 8Be,,s. Hence, these cpurious events warae
omitted. Data show strong enhangements due to 8Begs, e broad peak
due to 8Beg 9° but no structure due to 5Hegs. Thefe is mo indication
of double FéI: 8Be + 5Hegs' Since 8Be is formed in this 4 body
reaction, we can treat it as a quasithree body process n+<x+83e,
e.g. in a Dalitz plot E(gBe“) vs E(IECK). 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 120(n,n’)1205'E involving 9.63,
10.84, 11.83 and 12.71 MeV excited states of 1°C (~ 80% of the
12C(n,361)n’ cross section at 14--18 MeV, see also Table 3)3 ii) the
process 120(n,o()9Be§ 45(~9n 2 ) contributes ~ 10% at 14.4 MeV and
~5% at 18.2 MeV and there is an indication of the decay throurh
9Beﬁ_75 statey iii) there are no events corresponding to a possitie
simul taneous breakup; iv) the density distributions of the Dalit:
plots at Einc=l4.4 MeVSindicate that a) the process 1203.65*) x
proceeds only through Begs (of course, sincemthe 3.63% MeV state ics
0.64 MeV lower than the o +8Beg-9 system) 1‘CTO.8—> 3X branches
69% through BBeg and 31% through 8Be§ 93 12C§2.71
only through SBee.q, These results are.in agreement with the spin-
parities of the cofresponding states in 120, i.e. 3-, 1~ and 1+
respectively; the process 120?1.83 proceeds ~32% via 8Begs. This
already questicns the spin-parity J% assignment of 2- for - 11.8%"
The density distributions calculated assuming that the excited state
of 19¢ with 7 = 1- and 2- decays via 88e2 9(2+) for orbital aarfular
monenta L=1 and 5 have been compared with %he data and have suggest-
ed that the 11.83 MeV shculd have J = 1- (An 75b). This result has
been also supported by the study at E; .= 18.2 leV (An 75¢).

The reaction 120(n,3c£)n can also proceeds via QF n- A and
n-(ot ) interaction, the last one can be either the Q¥FS or «F
reaction. The extensive study of these processes is under way at
Eincé 40 MeV. There is no conclusive evidence ifor the prescence of
QF processes at 14.4 MeV. Fig. 4&. shows the extracted momentum
distribution id(p){z for the n-« 475 compared with the calculat=d

—> 3 proceeds
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Fig. 48. The mno-
nentum distfibu—
tion {#(p)l< of
the 8Be in the
12 s
C nucleus. The
thin lizne histo-
gram presents
only data which
proceeds via
120?9‘_63 state.
The dashed curve
is the theoreti~
cal distribution
using a harmonic
¥ oscillator wave

~N

Qo

o
i

150 1

100 1

iap)i’ ARBITRARY UNITS

w
o
.

function with

X -SBegs relative
angular momentum
L = 0.
distribution (dashed curve). It seems that at Eincﬁ’18 MeV the
reaction 120(n,5;x)n vroceeds at least partly via QF process, but
it has not been possible to quantitatively determine its contribu-~

tion to the total cross section.

. et i e 2 O o P e 0 ey g e e e B S e e S e iy 4 e A e 8 Y e A S o et S

The dominant reaction mechanism for the process 14N(n,dd)7Ligs
(or 7Lig_468) at E; .~ 14-18 lMeV is the sequential decay via the
Begs and to excited states of 11B (Tu 75, Tu 75, Sc 71). The rela-
tive contribution of the established intermediate states, 8Be and
llB, is given in Table 10. Fig. 49. shows the E(8Be) vs E(lle)
Dalitz plot at 18.2 MeV.

The four body process qu(n,Ect)t has been studied at 18.2 MeV
(Tu 7G). Fig. 50a. shows the E(7Lix) vs E(8Bex) plot, whicli demon~
strates that the reaction proceeds via 8pe s (~50%). Projecting
all data on E(7Lix) one can also see the eghancement due to the
decay through 7Li?f-63 state and in particular the contribution
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Fig. 49. £(Bre) vs £(11ls%
plot at E; c=18.2 MeV (a)
i and the proaected gspectra

23
pd

P R S A (b and c¢). Arrous indicate
X PRI ot YR
ﬁka . T, ,Sﬁfﬂ" the known levels in 11B.
DR T T

* The solid curve in ¢) rep-
s resent the continuum due
to spurious events (two
alphas). Diagram d is a
sketech of the loci corre-
sponding to relevant states
n llB.

N L . %
N et ¢t . )

~ <4
‘l. PN W ‘. i

oiiéLser

Wﬂ%

u (MeV)

Eo= 182 Me¥
Table 10.
Relative contributions to the reaction luN(n,aaX)7Li
Intermediate Einc BBe 11B
state (MeV)
Peak number 1 2 3 4 5
(Fig. 49)
Excitation Energy gs 8.925 9.185 10.33 10.59 11.27 12.56 14.04
(MeV) 9.274 1l.46
Relative
contribution 18.2 6%f1 10%f2 s5h1 22k2 17%f2  of2
(%) 14.4 1311 1ef2 1372 6*f1 ot 1 15%2

-—

a_
(right hand spectrum) of the process 4Iv+n — Beg (qu)+ Ll4 6B(bu)
amounts to ~18% of the totel four body yield. Since the reaction is
& quasithree body process 8Be+~x+t we can construct the E. vs Ey

t
plot (Fig. 50b), where from one concludes that the reactior procceds
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T e, 'l E(8Be) plot after =ub-
S P ° 5 tracting spurious
& Y rY
Z sgpa §t.. e 2 events associated
W LI [ ‘W with true events
$ e ~° add ia On
R ﬁ: H L en proceeding via Cecs“
L 4 o’ B
4 T T T - ~
o v 2 3 4 s 2 2 ©
4
40
3o
Z 26 —_
N
10 ~
4 e o e~
Q. ~
N A S S S k‘o"’\
. \ L] N
Eeg (MeV) \ ..09'. . N .
Fig. 50b. E_ vs E, plot. Events 5 T & o . -
) 3 - [
group along bands of fixed E, i.e. 2 i .){ o® N
E @ \
E(12Cx)_ Dashed curves in the upverwy’, {ﬂ\. ;i, ‘5% '., N
portion of the figure indicate the \s.\f.\}? “-. '.. N
oo Ve % \
loci corresponding to 8Begs and ;'\‘.:‘ O .\:\Qi :°:.'°° N
aﬁeg_g intermediate states. Since ! “. .\:\:: ‘b. :Q \ig‘.z . :\
there are three indiscernible alphas °;‘,{gg °%f\. 5 k
[ 2 { ¥
each event is representdby three A e et S

dots in the figure, only one being
correct. They have different E

out the same E(12C“). Therefore,

the excitation energy has three
values whenever the intermediate
state counsists of either one or two
alphas, but only one if all three
alphas are involved. Spurious events
as well as those corresponding to

Pig. 50a. E('Li*) vs

£, (Mev)

the process 14N(n,&&)lle(ﬁ>d7Li§G>M,t) can fall outside tl.e “Re
loci. The shaded area of the spectrum represents events nruceedir:

8

via the Begs'



- 336 -

~ 80% as 14N(n,t)lecg 6.10.8.11.8 (CK+BBe (mainly Be s). The process
14 11,% -0410.9, "~ &
N(n,x )" B*(>uxat) has not been observed.
At E; .= 18.2 MeV the total four body cross section is 0.96 +

12 mb, the cross sections for the reactions: 14N(n,aBe s)7Liz 63
- 0.19 £ 0.04 wb, ¥N(n,t)120% = 0.77 * 0.11 ab, while the three
body cross section 14N(n,aCK}7Ligs + 0.468 is 12.7 ¥ 1.5 mb and
14N(n,8Begs)7Ligs + 0.468 Cross section is 0.76 ¥ 0.1 mb. The un-
certainties represent only relative errors which are quite small
because the measurements have been done under identical conditions
for all these reactions.
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ME 3 - NEUTRON INUUCED REACTIONS GN VERY LIGHT AND LIGHT TARGET NUCLEI - I. Elaus,
(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 recail correctly, for the
(n,p} singlet scattering length the value is about ~23 fermis, while for the
proton~proton scattering len<th the value ig about -8 fermis. After I take
out the charge dependent par*, or the Coulomb effects, from the p-p scattering
length, I come cut with a nher between seventeen and eighteen fermis. Now,

if these number: are correct and we accept the value that you have given us today,

namely, -16.26 * 0.66 fermis, it would imply that therxe is a certain amount of

charge devendence and charge asymmetry for nuclear potential. Would you care
to comment about it?

-

Slaus:
First, a comment concerning the nuclear part of the proton-proton interaction.
You said correctly that ap- is -7.7 fermis, and then you have to extract the
nuclear part. It has recently been shown by Saver 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 chargé 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.

§1ausz

I agree.

Wigner (Princeton Uni- ):

I wonder whether you could make some comments on charge independence also.

-
Slaus:
Charge independaence is obviously broken to the order of about 4% as derived
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from the difference between a,_p & an_pn - The differerce is so large because
the scattering length is a magnifying glass and one can see very fine differ-
ences in the potentials.

Garg (albany):

The data on 9Be(n,od6He seem to indicate that heavy particle stripping is the
most dominant process that you see. 1In fact, the ratio is very small for pickup.
Cnould you please explain how the heavy-particle stripping process is taking place

in this reaction.

Slaus:
In the case of pickup, the 9Be target is pictured as 3He + 6He and the neutron
picks up the helium-3. 1In heavy particle stripping it is pictured as SHe + ot
and the neutron picks up "He to form °He. 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(pﬂx), using the

There the situation is completely different:

finite range Born approximation.
stripping but it is not

one still gets the predominance of the heavy particle
three orders of magnitude greater.
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NEUTRCN INDUCED REACTIONS TI : (n,x) REACTICGNS ON MEDIUM AND HEAVY NUCLET
Nikola Cindro®
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' r
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 {preequilibrium in
particular) and the possible role of clustering in the emicsion of complex sarti-
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 prenounced 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 preequilibrium emiz-
sion, We present a critical comparison of the above models with particular attentior
to the analysis of the role of the different physical parameters employed. At the
end we analyse a unified mcdel of equilibrium and preequilibrium emission.

(2) The emission of complex particles in fast neutron induced reactions is a
long-standing problem. The similarity of, e.g., alphs particle emission with ‘he al-
pha radioactive decay has led to conclusions about the preformation of alpha clus-
ters in nuclei indicating a very high degree of preformation. On the other hand, com-
parison with (p,o) reactions has rendered these ccnciusion 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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NEUTRON INDUCED REACTIONS 1I : (n,x) REACTIONS
ON MEDIUM AND HEAVY NUCLEI

N. CINDRO

Service de Pnysique Nucl@aire, Centre d'Etudes de Bruydres-le-Chitel

B.P. 61, 92120 Moutrouge, France

Pormanent address : Institute Rudier Poskovic, Zagreb, Yugosiavia
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 (precompound
in particular) and the possible role of clustering in the emission of complex par-
ticles. Hence the first itwo sections of this paper will be devoted to these two
subjects. In the last section we shall briefly deal with some other subjucts trat
have recently emerged in the field.

THE MECHANISM OF (n,p) REACTIONS

It has been known for .ome time that the statictical model in its simple form
was unable to account in detail for the single nuclecn emission following fast neu-
tron bomtardment of nuclei. The discrepancy between mcdei and erperiment wos more
severe for proton then for neutron emission as 1llustrated in fig. 1 : the experimen-
tal points lie at least an order of magnitude higher than Lhe calculated onss. Tt s
thus clear that the evaporation process can account for only a small pa.st of the
{n,p) total cross scction. This part becomes negligible as the stomic mass (and
charve increase. We can understand this trend by keeping in mind that particles
emitted by the evaporation process will have an average energy of ihne order of tuc
nucliear temperature (v 1 MeV) ; the penetrability of sanh particles through the
Coulemb barrier in heavy nuclei is negligible. Hence the zmall calculated c(n,p)/
o(n,n') ratio. In order to bring thiz ratio ir accord with experiment we have 1o
devise a mechanism that favour: the emission of higher energy rarticles; 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 enmission of nucleons integrateld
over the solid angle is given by (1)




where

s = ]/? is
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the nuclecn spin, m is the nucleon mass, g,

is the op%ical model

reaction {ncnelastic) cross section for neutrons of energy fn, € and Uipylc) are,
respectively. the kinetic energy of the emitted nucleons and the corresponding
inverse cross section, E is the excitation energy cf the compound nucleus, U that

of the residual nucleus and g is the average single
gas model. The factor #/3 in the formula comes from

and neutrcnsiin the nucleus.
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rarticle spacing in the Fermi
charge conservation (protons
A stage in the equilibration pro-
i1s characterized by the number

cess
n of excitons (particlies and hcles);
f =V2gE. The transition between sta-

mation cver n in stops of 2

ng =3 to fi) isdetermined by the tw>

body tranciticnmatrix element I,
el .

whose square )M]~ enters directly

into the formula.

Although criticisms and objiec-—
tions stemming from various sources
can be fermulated as to the validy
of the expression {1), the essen-
tial features of the physics of tre
process appear clearly from the dis-
cussion of this expression. We find
that the cross section for the emis-
sion ¢f particles of a gi.an erergy
€ is a sum of several terms, each
of tuem representing a stage in the
equilibraticn process.As U < E, the
contribution of the consecutive
terms decreases. In fact, for highsr
energy particles (e large hence U
small) the coatributions of all the
terms but the first one {ng= 3) are
negligible, This is physicaily
understandable : the emission of
high energy particles ocecurs in the
very early stages of the equilibra-
tion process. Thig fact. is respon-
sible for the preponderance of the
precompound mechanism in the (n,p)
reactiou (as opposed to (n,n')):
due to the Coulomb barrier, only high
energy protons van leave the nuclcus;
these protons can be produced only
in processes preceding the compound
nucleus equilibration.

A few samples of the need for
preequilibrium processes in (n,p)
reactions at MeV energies are shown
in Figs. 2 ~ L. We see that both the
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energy spectrum and the excitation function for a typical nuclear system (CsI) as
well as a set of 75 (n,p) total cross sections for medium and heavy nuclel eie fit-
ted with a calculation based on the expression {1). It should be pointed out that
the scatter of the ratic points in fig. 4 is of the order of the real experimental
errors and need not mean a discrepancy between the used precompound model and ex-—
periment.

The reader has certainly notico?
309 Cgilnp) that we have restricted our analy
s to medium and heavy nuclel. For ligun
ter nuclei, the cutting of the
Coulomb barrier is less severe, &l
lower energy 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 additicn,
although in principle straightforword,
presents some problems when 1t comes

e

to its carrying int . erfert,

4C0H

N {E)

200+

Naively represented, the pre-
Ty compognd‘proFesses&are the firs%;ta‘
£, (MoV) ge: of ﬁ'J?VU;JPMGLu.leadlng to t'1i-
nal equilibration, i.e, to the com-
Zg. 2 The spectrum of protons emitted by pound nucleus formation. The com-
21.5 MeV bombardment of CsI. The solid pound nucleus should then be the 1o
line represents the precompound emis— ny exciton state where the total
sion caleulated by means of formula energy is shared among many parti-
(1) (reiative wunitsl); (from ref. 1). cles and many holes. It is obvious,
however, that representations ~f th:
equilibraticn process like that giv-~
j en by the expression (1) do noi
i describe this situation. As we have
, already seen, the contribution of
! stages with large values of n (number
lOOF ' & ] o . . . -
//’ ] of excitons), 25 glven by expres
]
!
|

150

L CALCULATED PRECOMP.
EMISSION

' ’
$EXP. POINTS . /f//
i

(1), drops off very sharply and o
off the precomvound contr bubiou
a very early stage. 1t ic true tha!

this contribution can be calculated

o (n,p) (mb)

L,» using more sophusticated expresaion. ,

j/,A”A but. the common usage 1s to fit the
i physi-cal data (e.g. angle integra*~:

O—i5 T 5 I8 30 55 particle spectra) by an uncoherent

Eq (MeV) sum of a precompound and a scale:
compound component
Fig. 8 The exeitation function of the (n,p) 'ddr%
reaction on CsI caleulated from the (Tig_zexp = npc(e) + R o, (e) ‘o

expression (1) (relative units) ;
{from ref. 1).
Such combinations with plausible
values of R have succeeded in giv-



ing reasonable Tits to experimental data. Their physical basis remains, however,
rather quectionable. An obvious crlticism concerns the ingredients of the compound
nucleus cross section cc(e) : what are the values of the inverce cross sections to
be sed 7 Certainly not the g,.(e) = opele) obtained from the optical model, as one
sart of the total rlux has already been taken into sccount by the preequilibrium

process.
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Fig. 4 A global fit te 75 {(n,p) total cross sertions around 14 MeV for nuciet with
A > 100, Tre cqleulation gave absolute values once the value of [M|? was
empirically determined (from ref. 1).

A way out is to follow the evolution of tne composite iiucleus towards equili-
brium as a function of time by solving a2 set of coupled =quations, the so callied
master equations. These equations describe the oscillations of a system near equi-
librium ; applied to precompound processes (%) 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 set 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. L, after about 2000 iterations,
corresponding to about 2 x 10720s), while the emission o© the total particle spec-
trum (full reaction cross section exhausted) takes an estimated time of about
1.5 x 10-"%s. Tu this picture the reaction process divides naturally into two
parts : the precompound part emitted very early in the reaction and the compound
nucleus part which grows in a very much longer time scale (k).

It is tair to say that precompound emission is not the oniy mechanism that
provides higher energy particles in the spectrum. 4rndt and Reif (8) have suggested
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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 calculaticn is
performed using DWBA with form factors computed from a microscopic 1 particle -

T hole description of collective states in even-even nuclei up to about 7 MeV.
Although calculations of (n,p) spectra are not available, 1L MeV (n,n') spectra
calculated by this method show fair agreement with experiment. For “*0Ca(n,n’) the
agreement with experiment is somewhat better then when using the geometry depencent

hybrid model (Fig. 6).

Summarizing the present status of our knowledge of the (n,p) reaction mech-
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 the 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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dlcted by pare srtatistica] consi<erations. wWe like to think of this problem in
verms o1 alpha particle cuv-struotur called, ol times, vy musically counding
nrmes™ | A new -e:s. to these consideraticns was acded by the discovery of peculiar

elow

I

resongnees in the continuum near Lhe particle emission tnreshola observed in

neutron induced {n, «) reactions (%). Ir thic paper we shall, however, rectirict
surselves to (n,u) reactions in the MeV bombarding energy regilon.

The (n,a) cross section systematics at Th MeV has bLeen reviewed several years
ago (10). This systematics showed that while compound nucleus emicsion was able to
aecount for the total cross scections for nucleil with mass number A between roughly
20 and 80, It failed completely to account Tor the alpha emission in heavy ruclei,
“he difference with expceriment reaching orders of magnitude around A = 200, [t thus
mechanisms other then c~om-ound nucleus formaticn are pre-

became soon visible that
sent in the emission or alpha particles,

The precompound emission of alpha particles was first studied in terms ¢f 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 reprecented by a single exciten (11). The second approach assumed that a
complex particle, represented by o number of excitonc eaual *o its macs number, is
rerred from the excited nucleons of the comporite nucleus (12). While the former
approach was applied to a more extensive set of 1: MeV (n,.) data, the latter ap-
proach had the advantage that it could te applied to the emission of ary type cf
complex particles.

A third, independent, approach to the (n,x) emiscion in neavy nuclel was cug-
gested by the Warsaw (13) and Zapgret (14)grcups. This apprcach is based on the cb-
cervation that similarities exist between some 1L MeV {r,a) spectra and lhe corre-
‘ponding single neutron level densities. 7o explain these similarities, it was as-—
sumed that the knock-ont mechanism, procceding Ly the ejectisn of an alpha cluster
from the surface, is followed by the capture of a neutron by the remaining {usual-
ly unperturbed) core (12}, 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 nuclieus. This model is som~what simpler than
the cone developed bty Milazzo-Celli et al. {11) but the physic.l bases of tihe two
models are quite nimilar.

The controversy is centered here arcand the so called preformaiicn Tacter of
complex particles in nuclel. Do complex structures exist in a prefabricated -~tate
in excited nuclel ? 1f so, where and to what extend could they te found in
quelel U And whot kind of states are oxeited in nuclel by the emiscion of ¢omplex
particles ¢

Let us first anslyre the answers given in the frame of the preccmpound medels.
The method used by the Milano {(11) uni Zagreb {15) groups gives the energy cpocirum
of alpha particles emitted by the precompound process in the following closed form:

® Cuartets, for the non initiated.



e n n-2 . (&
dc’(n’a)p.c-:'q. =gy m, LOinv(e)gl’. §- ( gR'-’) (n - 1) {(n+1 )9_“ q“\'l—l
de bnh2 M| 26387 o3 \g B PKE + (1-8) KV
(An=+2)
(3)
The meaning of the physical gquantities is the same as in expression (1) except for

the coefficients K, and @#. The value K = K% ; is the percentage of states contain-
ting an excited a—ﬁarticle and an"a-particle ™ hole in the state assembly correspon-
ding to p + h = n excitons (K% x P 1s the level density of the particular kind of
states obtained by the excitation of an a cluster). The values K¥ = Ks p correct
for charge conservation. ’

Once the values of K®* and KY are calculated (11) the essential f{ree parameter

in the expression (3) is the probability ¢ that the incoming neutron will strike

an alpha cluster preformed in the nucleus. ledving aside some difficulties in choo-
sing appropriate values of |M|? and g, (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 (Fiz. 7).

Crucial to this amalysis 1s the value of the preformation factor 4. 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 1in 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. (16) have obtained consistent values of ¢ by a combined anal-
ysis of radioactive alpha decay an’ {(p,a) and (n,a) reactions.

Tne model used by Kalbach - Cline {i7) 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 tactor equal to the
factorial of the mass nunber of the emitted particle has been introduced into the
rate expressions lor partiele 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 rits were obtained for (p,a)
spectra but the model was not (to our knowledge) applied to (n,¢) 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 {2z inref.{(17) or in the earlier work of Ribansky and
Oblozinski (19)) . In this model the probability P,(e)de to emit a nucleon x inthe
energy channel e, € + dv iIs given by

,_'_’ b, (B - B, - ¢ A X
px(s)dc = x p-1,h x ¢ 01 O(BX4~€) de cle) D -
n=n D 0 o > n )
tn=+5 p,n(E) Moe) + a%(e) (1)
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where B, is the binding energy of the nucleon and E the excitation energy of the
Composi%e nucleus. The value p, denotes the number of nucleous of type x prescnt in
the state with n = p + h nucleens ; p is the intermediate density of states.

The structure of expression (4) 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 sct of brackets contains the
probability that the excited particle of interest will decay into the continuum at
the rate A¥ before it interacts internally at the rate A¥ to give a (n + 2) exci-
ton state. D, is the depletion factor representing the fraction of the initial
populaticn surviving the excitation by particle emission prior to the formation of
the considered n-exciton state. Oblozinski (18) has modified the abecve expression
to derive the probability Pe(e)de of emitting a complex particle £ formed from Pg
excited nucleons in the energy channel £, ¢ + de

n oo h (E - BS -~ £)
Pgle)ae = 3 R, (p) PPy > — o, o{Bg* e)ae
n=n () Pao
fo) Op h ¢
An=+2 i
(s)
8
YBAC(E) b

YAE(e) + vaBle) + (1 = v,) X () 2% ()

It is rather instructive to compare the expressions {4) 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
bty Kalbach - Cline (17), which assures the right combination of neutrons ané prc-
tons to form the outgoing complex particle 8. The main modification is in the
second square bracket, where a factory, was introduced. This factor gives the frac-
tion of time that a given configuration of Pq nucleons can be treated as a complex

particle p. Hence Yg < 1.

Let us now discuss this factor more in detail.As introduced in ref. (18), this
factor is an adjustable parameter. The usual procedure is to adjust all the other
parameters of expression (5) to fit nucleon emission with Yy =1 (in which case
expression (5) becomes identical with expression (h))and then to chose Y; in such a

way as to fit experimental {(n,e) and (p,o0) spectra.

Fig. 9 shows the fits to the 93Nb(n,a) spectrum at 1h.2 MeV obtained with var-
ious methods. The dotted curve represents a conventional equilibrium calculation,
the solid curve is the precompound calculaticn 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 ¢ (ref. 11) and vy {(ref. 18) were, re-
spectively 0.17 and 0.0015. The cvaporation component {Qotted 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 Faugdre (20) following the
method of Kalbach-Cline (17) with nn adjustable parameter included. These calcu-
laticns were performed. by scolving the set of master equations (5) wiln particle emis-
sion included ; for the latter, the probability wg(p,h,e) fer emitting a complex
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particle B with energy € from a state with n = p + h excitons given by ralbach -
Cline were taken (see egqs. (1) and (6) of ref. 17). These expressions do not con~
tain any adjustable A - dependent preformation factor. Rather, they contain a uni-
que factor p, ! ( = 4 * for alpha particles) which corrects empirically for the
emission of complex/ﬁgrticles. The calcuiation of Faugere and BersillonA§2O) used
parameters fixed *j fitting the 1b4.4 MeV neutron spectrum of 93Nb(g = T3 > IMj? =
20 keVz) ; once these parameters were fixed and p., ! taken as 2L, no othér parame-
ter was introduced to fit the alpha spectrum. Although the calculated values over-
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 ¢ and Yy 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 (1€) based on the hybrid model {?),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 ¢ extracted rrom different kinds of experiments (16), it may be argued
that the somewhat unrealistic values of ¢ needed in ref. (11) are a conseguence of
a deficiency of the basic precompound model used. The large values of ¢ 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 (L) ; 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. A1l the
models, however, require for the alpha par-

ticle an empirical emission probability
larger then the one based on considerations

mbist.MeV EVAPORATION the
--—-REF. 18 of pure statistics.
——REF 1T . ] . .
-w-= REF. 20 % 1/2 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 cection, 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 feasiblc. In
rontrario, 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. 8 The expertimental spectrum of
93Wb(n,a) at 14.2 MeV and the fits
obtained with an evaporational for-
mula (dotted curve), with the pre-
compound expresstons (3) (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 is described

by a set of nonrelativistic Feynman diagrams ; for a (n,x) r=action, experimental
considerations restrict the choice to a single triangular diagram describing the
knock out of an alpha partizle from the target nucleus. There again the reduced
width for the dissociation of the target nucleus T into { T - a) and o appears as
an adjustable parameter. The results of a calculation of spectra of 151Eu(n,a)”*8Pm
and 169Tm(n,a)166Ho at 18.15 MeV are chown in Fig. 10 (solid lines)together with
the results of & precompound caleulation 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
gpectra. Indeed, experimental spectra show considerable structure, but it is not
obvious that the calculated structure iz 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 -ngular information
on the emission of ccaplex 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-
Tied 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
gble to understand it starting from first principles. For the moment, we are not.
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Fig. 10 Comparison of the angle integrated experimental spectra of 151Eu(n,a)148Pm
(left) and 169Tm(n,a)186H0 (right) with preequilibrium calculations(dashed
curves) and the dispersion theory calculations of ref. (21) (solid curves).
The light dotted curves represent (clearly tnadequate; evaporation calcu-
lations (from ref. 21).



NEW LINES OF INVESTIGATION

We shall now deal with two separate protlems which are mutually connected only
by the role of the 1sospin quantum number and by the fact that they represent new
and somewhat unusual lines of investigation in fast neutron induced reaction studies.

Isospin 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, =
(N - 2)/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 Ty
states. Now, in protcn induced reactions on a target with isospin T, the fractions
of states with T¢ and T, formed in the intermediate nucleus are, respectively,

2 To/(2 Ty + 1) and 1/{2 To + 1). As, normally, T, >> 1, many more T< states are
formed. On the other hand in a neutron induced reaction, only T« states are formed.

Kalbach - Clige et al. (23) have discussed this problem and, in perticular, the
question to what extent is the isospin conserved as u 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 reutron emission spectra
will be different for neutron and for proton induced reactions respectively. An in-
teresting suggestion (4) will be, e.g. to compare (n,p) and (p,p') spectra on an
isotopic chain. In reactions at moderate energies {Fgxe v 20 MeV) where precompound
processes are important, the rate of emission of protons from a neutron rich nucleus
like 1205n 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 equilitrium
component. While compariscn between calculations and experiment were made fer (p,p')
spec%ra (23), it would be interesting to extend such a ccmparison to {n,p) spectra
too (4).

Analogs of the Dipole Giant Resonance via the (n,p) Reaction.

Anvtier example of anew line of investigation is the recent report by Brady et al.(24)
of the excitation of the giant dipole rescnance analogs via the (n,p) reacticn. The
{n,p) reaction produces a change of AT, = AT = + 1 in target nuclei with N > Z; thus
we expect it to excite cnly analogs of T, states of the target. For the 27Al(n,p)27Mg
reaction studied by Brady et al., these are the isobaric analogs of the T» (T = 3/2)
components of the giant dipole resonance in 2Ta1, Fig. 11 shows the 15.5° lab. spec-
trum of 27Al(n,p)2TMg at 56.1 MeV together with the 2TAl(p,p') spectrum for 61.5MeV
incident protons. The excitation energy czales were adjusted for the Coulomb energy
and (n,p) mass differences between 2TMg a.d 2TAl (6.9 MeV) ; the peaks around 1h.h
MeV in ©TMg and 21.3 MeV in 2TAl correspond to each other rather well. They are also
aligned to the photoneutron and total photonuclear cross sectisn peak positions (see

bottom of fig. 11).
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Ir addition to the major component of the giant dipole resonance analog at
14,4 MeV Brady et al. report two other peaks in the spectrum, visible arcund,res-
: - - . s o7 o
pectively, 10 and 6 MeV of excitation in 2TMg. The first (at & 10 MeV) may corres-

EXCITATION ENERGY IN 2TAl {MeV)
44 42 13 34 30 26. 22 1 14 10 [
rl—r_l'i vy t

LIRS Shn S S e R M e

altp,e)

do (p,p")/dQ dEimb/sr- Mav)

éo {n,p)/d0 dE (mb/er -MaeV)

1 - A 1 't -
35 30 23 20 13 10
EXCITATION ENERGY IN Mg (MeV)

ceres 221y tot)
—— Zal(y,zn)

44 42 L) 349 30 26 22 [} L) .IO 8
EXCITATION ENERGY IN TarMev)

o .
Frg. 11 Top part : The ”/AZ(n,p}Zng
spectrum at 15.5° lab. and 51.1

MeV incident neutron energy (mid-

dle curve) compared to the
2741(p,p"') spectrum at 15° lab.
and 61.5 MeV incident proton
energy (top curve); the lowest
curve ts the background (dash—
dotted curve) subtracted (n,p)
spectrum. Bottom part
responding 27A1(y,xn) and “TAl
{vstot) photonue!cor spectra.

the cor-

vond to a splitting of the Ty dipole
resonance into a major{ 14.% MeV) and a
smaller (10 MeV) component. The inten-
s5ity ratio of the two components is not
inconsistent with the predictions of
the hydrodynemic model of the giant di-
pole resunance {predicted ratio Vv 2.5).
Using the same model tc estimate the
intrinsic quadrupole moment Q. of the
2Tpl ground state from the ratio or the
excitation enerrgies in 2Ta1 correspon-
ding to these two components, Brady et
al. obtained a value of Q. = 0,45+ 0.05
barns. The second peak (arcund 6 MeV)
may possibly we an M1 analogue, as its
exhibits an angular distribution con-
sistent with{ = 1 and is not visible in
the photonuclear spectra (24).

It would be interesting to perform
similar experiments on other nucle! and
see whnether analogous results can be ob-
tained.

CONCLUSION

While it is hard to compete in the
field of fast neutron induced reactions
vith the experimentally much more re-
warding aund 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 new 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
Nucléaire, C.E.N. Bruyéres-le-Chétel,
wi.ere this work was performed. He is also
indebted to several authors cited in this
paper for kind permission to liberally
use their resul*s.
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Discussion on this paper will be deferred till the end of Dr. Fréhaut's paper,
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NEUTRON INDUCED CASCADE REACTIONS

J. Fréhaut
Service de Physique Nucl&aire, Centre d'Etudes de Bruyéres-le-Chétel

B.P. 61, 92120 Montrouge, France

RESUME
The present state of experimental data for neutron induced cascade reactions,
end in particular data on (n,2n) cross sectiong, 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 beth compound
nucleus and preequilibrium decay modes.

ABSTRACT

In the energy range below v 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 thoroughiy
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 for the total (n,2n) cross sections in a wide range of energies and
nuclel 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 9.5~1 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 inei-
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 isctopes, 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 finel 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 14 MeV incident neutron energy. Excitation functions for a large
number of nuclides have recently been measured accurately over a wide energy range
15>4) . and a brief survey of the technigues 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 iittle information has been publishei on cascade reactions involving char-
ged particle emission. Measurements have only been performed around 14 MeV incident
neutron energy for the [(n,d) + (n,n'p) + (n,pn)] and the[(n,n'a) + (n,an)] reac-
tion cross sections on a limited number of nuclides. They will be briefly reviewecd.

TECHNIQUES OF CROSS SECTION MEASUREMENTS

In most of the published (n,2n) cross section measurements, use has been madz
of the activation technique. A ?ethod based on the large loaded liquid scintillator
has been recently developed °*¢’/, Because it is a direct method, it overcomes the
limitations of the activation technique.

The activation wmethod.

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 (T1)
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 resaction

mechanism.

The large loaded liquid scintillation method.

This technique, which has been recently improved 6), involves the detection of



Lthe emitted neutrons. It relies on two properties
gadolinium loaded liguid scintillator : 1, i .
relatively long lifetime of neutrons in the secil
of an {n,2n) event by ? separate pulses within a
cvent,
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This method can be used for any nuc 2
ure svailable for a sample. Thus uny separated isc
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REACTION MECHANISM
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The sssumptions made o derive the above lormulme have their greatest valxuzty
everal HeY above the {n,2n) threshold, It is thus understandable than they give a
good overall representation of the hulk of experimental dnte zvailable around
14 Me¥ incident neutron energy



Comparison of the statistical model sredictions with experimental results.
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corresponding nuclei. As will be discussed later, because the y-decay competition
and the preequilibrium emission are not included ir. the model, the calculated values
are then systematically underestimated, leading to an overestimate of the ratio

cexplocal'

A somevhat different approach was adopted by Lu and Fink !!), Using a statisti-
cal model allowing for neutrcen and charged particle emission, they calculated the
(ny2n) cross sections at 1h.k MeV for a series of nuclei for which they had previous-
1y made measurements using the activation method. The upper part of fig. 3 shows the
comparison of the calculation with experiment : calculated valuee are generally v
10% larger than the experimental ones. Arguing that the competiticn Letween y-ray and
particle emission should result in an apparent increase of the reaction thresheld,
they performed new calculations using effective threshcld higher by 0.5 and 1 MeV
respectively for the (n,2n) and (n,3n) reuctions. As seen in the lower part of fig. 3,
the agreement is much improved, especially for nuclei having a high (n,2n) threshold
(5"i, *2Mo) and for nuclei having a (n,3n) threshold below 1b.h MeV (1%2Ce). This
latter case demonstrutes the rdla 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 (v 3%) well above the (n,2n) threshold, end the
conclusions of Holub et al. !% remain valid. The large discrepancies remaining in
fig. 3b for *®Ru, '%2pd and '°’Rh, attributed to direct interacticns by the
authors 'Y | are more probably due to uncer-
tainties in the decay schieme of the product

L4F oevenl eveaN

saoddZ oevenN ™ nuclei : the (n,2n) cross sections recently
*Z:2090 NeSQR2 Ce

obtained using the liquid scintillator tech-
nique ') for '9Rh are in good agreement with

the predictions of !!),

A third evidence of the failure of the
simple evaporatior m¢del in predicting the
(n,2n; cross sections is given by the experi-
mental results obtained at incident neutron
energies above v 20 MeV. As can be seen in
the lower part of fig. L taken from refer-
ence “), the evaporation model cannct 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 ~vaporation model. The first which
AL ST T Y N R allows for angular momentum effects and for
WM 102 H 19 126 1% 2 competition between y-ray and particule

A—e emission is an extension of the statistical
model. The second mechanism, by which direct
or preequilibrium particle emission can occur,
lies outside the stacistical model. Both will
be reviewed auccessively.

¥ig. 3 Comparison of predicted (n,2n)
cross sestitons with experiment
at 14.4 MeV.(a) Using ground
state thresholds. (b} Using ef-
fective thresholds higher by
0.5 and 1 MeV respectively for
{n,2n) and (n,3n) reactions.
Taken from 1y,
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Competition betweeny.ray and particle emission. Angular momentum effects.

Cross Section(b)

One of the approximations generally used in the statistical model calculations
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is that de-excitation of an excited nucleus
by y-ray 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 12),
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

2 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 emissiun can compete favourably
with the particle emission. Such a situa-
tion may occur tor 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 approximaticn 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

Fig. 4 Calculated and experimental cross tne reaction thresholds. This is supported

sections for Y69Tm(n,2n)168m,
The upper part shows the fit of
an equilibrium plus preequilib-
rium component using different
values of R, the scaling factor
for the transition rate \y4s tn
the preequtlibriwn model. The
lower part shows the decomposi-
tion of the total (n,2n) cross

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 intervall’“)
The overall effect of neglecting the y-ray

sectton (full line) into an equi-decay competition in evaporation model cal-

librium (short-dashed curvz) and

culations should be an apparent shift of

a preequilibrium component (long=calculated excitation functions towsrd low

dashed curvel, calculated with
k = 4. Taken from “

energies 8'13), Such a shift has little
influence on (n,2n) cross sections calcu-
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lated well above the (n,2n) threshold btut still below the {n,3in) threshclds, It is
one of the reasons why the statistical model has been quite successful in pre-
dicting the (n,2n) cross sections around 1h MeY,

Angular momentum efrects may have a more complex rdle. 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 residusl nuclous (secondary emission not allowed). When charged particle emis-~
sion competes favourably with neutron emission, the relative brauching ratios car
also be affected. The net result could be an enhancement as well as a reduction of
the calculated (n,2n) cross section.

Decowski et al. 1e) have performed compound nucleus caleulations including the
y-decay competition and angular momentur effects. Fiﬁ. 5 shows that the calculation
fits reasonably well their experimental results for '''In and 2%*Pb. Unfortunately
these aushors do no indicate the importance of the y-decay cf unbound states and of
angular momentum effects for (n,?n) 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,

is given in fig. # :here are

A good illustration of angular momentum effecti
150 for % and *’iUh in three

presented the results of a calculation by J.Jary
different cases :

' - 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 . The inverse reantion cross sections
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Fig.5 Comparison of the experimental crogs sections for the ' 3In(n,n)1¥¥Mp,,
20%ph(n,n')2°*Mpp (triangles) and the ''’Inin,22)1'2In and 2°*Pb(n, 2n)
203pp (oircles) reactions with the calculated ones : (a) the compound
nucleus formation zross secticm, (b} the (n,2r) cross section, (o) the
total (n,n') cross section, (e) and (d) the ensss section for formation
of the isbmeric state by itnelastic scattering wiih aqnd without the
Y-decay of unbound states, respectively. The shadowed area corresgonds
to the contribution of the y-decay of unbound states. Takenm from “J,



. . . 7)) . .
J, are obtained hy optical model caluulations 17 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
Cameron '¢7,

3 - Same as in 2., but teking into account the angular momentum effects (not the y-
decay competition). The transmission coefficients le are calculated according tc
the SPRT method '7°}

For both nuclei, the charged particle rave
neutron energies up to Vv L MeV above the (n,?n) threshold, angular momentum effects
strongly 1imit transitions towards bound states of 8%y in the de-excitation of the
compound nucleus *°Y, which leads to an enhanced a,#n) cross section, in fairly
good agreement with experimentel results (fig.5). In the case of #3yb, 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)}.

always remainc small, For incident
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Fig.§ Comparison of experimental and caleulated ‘3! (n,91) eross sections for °%Y
and *3Nb ; dotted curve : simple evaporation model ; dashed ourve : adjusted
level densities ; full line : angular momentum effects inoluded ; dotted-
dashed curve : preequilibriwn emission included above 12 MeV for *3Wb and

above 15 MeV for °%Y ; symbols + and e : experimental results of '/ and *
respectively.
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1 bot

on of the valculated cross section which is not negligible up to ™
tion threshold., However its influence is smaller than the angular momentum ef-~

s by a factor of about 2, In both cases, there is no special need ror including

cay competition in order to fit the experimertal results,

h nuciel, the use o. adjusted level dersgity distributions resuits in n retue-
3 MeV above the

In conclusion, it should be kept in mind that vesides the competition uelies:
y-ray and particle emission, which certainiy is not negligitle in certain rases, tne
ang.lar momentum effects and the level Jensity iistritations ave als> strongly in-
fluencing the {n,2n) or ss section calculations up to several Mel atove the reac-
visn threshold.

Preeguilibrium contribution to (n,2n) reactions.

In the compound nucleus evaporation model, the interactior of the inciient nei-
trcn with a nucleus is considersd to ccocur in two steps, !. the formation of the
cemwpound nucleus, and 2. the subsequent statistical decay of the compound nucleus,
which is considered independant of its mode of formation (the Behr hypethesis). In
the Cormation step, the assumption 1s made that the *otul energy (binding + kiner
¢ the incoming neutron is immediately shareld with all other nucleons, We now wis

2

3
-

of

to cunsiaerer the effects of Jdropping this assumption anl are intereste: in what
happens during the equilibration time, A moldel has been recently proposed by Griffi:
ie

in an attempt to caleulate the decay probarilities of an excited nucleus al encr
stage of its approach to statisticsal equiligrium. Parcther developments wnce appli ra-
tions have been inveztigatod by Williams 70)) mlann et al. *1*27) and Jline et aw,
233+) It is out of tne scope of the present paper to discuss in detail the pre-
equilitrium processes., We shall only show what may be their ceontributicn to {(n,’n’
and (n,3n) reactions,

prium particle emlmsion cosurs
erval much smaller than <he

mainly in the esarly stage of the reaction, in a :i
s n & ratural Jivision of the

compaund nucleus life time 24} This behaviour result
emitted neutron spectrum into two coumponents :
1-the preequilibrium component which can be approximated by the closel form expres-
sion E -~-¢g u-2
- — IO
N(e) =K ¢ . (e} & n in-1) ( — ) (
n=3,5,7...

o]
N

where Ep and € stand for respectively the incident and the cutgoing neutron energy,
d, {g) for the inverse reacticn cross section, Fpe for the neutron binding energy
in the compound nucleus A + 1 (see fig.1). The parameter n is the numter of excitel
particles and holes, and K is a normalisation factor.

2 - the equilibrium compeonent, given by eguation {5),

Fig. 7 shows a decomysition of the total ' sutron spectrum resulting {iom bombardi-
ment of Y¥Nb with 14 o MeV neutrons | i.e. neutrons from {(n,n'y}, (n,2n), (n,np) ani
(n,pn) reactions} , ¢vtained using a least square fit analysis 25) | The preequiliv-
rium component fits rather well the high energy tail of the spectrum. It should be
pointed out that the part of the spectrum lying sbove 5.8 MeV (secondary neutron
emission not possible) corresponds to the primary emitted neutrons only. As 8 re
sul*, the effect of preequilibrium emission concerns mainly the first emitted neua-
trcen end is quite negligible in the secondary emissicn. This is a recurring fea~
ture of the analysis of data obtained at ~ 14 MeV incident neutron energy.



se

wrdening of the primary neutron spectrum caused by the preequlllbrlum emission

‘b rracticn of neutrons vapable of giving rise tc the emissiorn of secondary
nextrouns, and thus leads tyu a reduction of the {n,?n) cross section, as prealctnc by
tne simple compound nucleus evaporaticn modei. At incident neutron energies around
t

ich can be estimatei)to be of the order cf 10%, in good agreemert
3912

th MeV, “he reduic
with the anniysis of Holub et al, At higher energies [ubove the (n,3:)
thresholi) preegquilibrium emissicn now favours the ‘n,’n. reaction, at the =xpense
¢ the ‘n,n) reacticn, es otserved by Bayhurst et al, “) (rig. L)

: a8

AreAnl upproRCLes are gps ple 'n\:al:ulating the preeguilivrium contribtution
Sross o;vx,‘s. J. Jary  uses essentially the erergy 1ntegrated pre-

L.ty L C88 8

equilitriam spe. i eqdat\vn * cy wiich the cons*ant ¥ 1s calculated using the
‘umplete expr:s s1on biuen bty Jline ana Blann 24), The squares T the average lwo-
pody matrix clements {M]° apvearing in the complere express: ion are determined by

! A .
ng the experimental Drlnarv neutron spectra 26! ..sing an equiiibrium plus a

ivrium component as idescridbed sbove |equatzons (5) and (&)} . The compound
e formaticn eross sestion O, used to calculate the eguilivrium compeonent is
thut ohtaired by cprizal model calenlations '7*1%), but reiuced by an amount cor-
responding vo the ol 'A&LUM preequilibrium term, The level density parameters are
devermines by Uirting the available experimental fata using the procedure described
r¥ Sil.bert ung Jamercn “J)A The model mllows for charged particle emission and
vakes intc arcount ﬂngwla" momentum effects, bur the y-decay is not included, Tre
%Y and *Umorig. ) agree fairly well with the experimental

)

saloulatieons for
results. The preequiiitrium ontributicn is found Yo bhe negl ligitle below 15 MeV

“I' o 3 o - * . eq" Ny I § v o 13 91 . r 1 hd l

invilient neatron encrgy lot Y, and pelow 17 MeV o ., Bayhurst et al,

adopted the hybrid model formalism 21} 1o evaluate the preequilibrium component they
i “Vap‘“q(ion term. The alsolute value of the preequilibrium contribu-

added o =i
vion was caloulated by adjisting the zransiticu rates A, 4~ so as to reproduﬁe tne
experimental iata or €9y {gee fig. ). The best fit was obtained by using

e .
CIL whnere V7Y is the value evaluated in 2‘) by firting the average mean free
- » .

in nuclear matter BS '=1culat?c by Kikuchi and Kawai ),

%
path o excilted nurleons i 3
"heir caleulation alsc iiffers from the one of Jary in the values cc for in-

-O.i

Fig., 7 Experimentzal total neutron
specirum obtained by bombard=-
ment of *Nb with 14,6 MeV
newtrons (ful: sircles), The
ercss sectiong for neutron
emigsion from equilibriwm and
preequilibfium states accord=
ing to equatzons (8} and (8)
are denoted by the solid and
the dotted-dashed lines re-
spectively. The sun of both
(dashed line) fits the ex—
€§§imenta1 points. Taken from

- o,

(T(C),rnb/$dﬁv
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verse cross sesctions and in the choice of a different set of level densities.
Moreover, the y-decay 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
(r,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 %97y (fig. L) the contributions of equiiibrium and nreeqplllbrlum emission to
the (n,2n) cross section are equal at v 19 MeV and preequilibrium emission is the
only epprecisble mode above 24 MeV.

Direct veaction contribution to (n,2n) reactioms.

Most of the available experimental data on (n,2n) cross sections and on energy
distributions of emitted neutrons are satisfactorily understood in the frame of the
compound nucleus n»lus preequilibrium theories. There is however some evidence that
direct reactions may also play a non negligivle rdle. The most trivial indication is
that we know they exist in the inelastic scattering of intermediate energy neutrons.
Typical values of angle 3ategrated cross sectlons for ﬁnelaatic scattering to the

Tirst 2t state of some Se, Nd and Sm isotopes ?° are given in table I. Such
large values cannot be accounted for by Hauger Fesbach type calculations, They re-
sult mainly from a strong coupling of the ground state (0%) to the firast excited
level {2%). It thus appears that direct scattering of neutrons of intermediate en-~
ergy to the low lying rollective states amounts to & few hundred millibarns. These
direct transitions to bound states of the residusl 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-
ticns are coneerned, this effect is properly taken into account when a coupled chen-
nel calculation is used to derive the compound aucleus formation cross sections used
in evaporation models !®

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, anc
it is hardly possible to determine the relative part of both processes in the higa
energy tail observed in the experimental spectra.

76 82, k2 thh t 16 1481150 118 liso. 152

Nucleus

En s MeVv 8 8 8 8 7 7 7 T 7 7 7 T

o2 y,mo | 184 | 201 {202 J2oro } 65 | 106 ) 196 | 2ou | 255 | 178 | 213 | 286

TABLE 1

dngle integrated oross sectione for inelastic scattering of medpum energy nheu—
trons to the first 2% state of some Se, Nd and Sm <sotopes 28535536)



A more specific feature is that the angular distributions of product parti-
cles, particularly those of' higher energy, are peakad in the forward direction.
Now compound nucleus and preequilibrium processes tend to §§v§0?ngular distribu-

»

tions which are isotropic or symmetrical ahout 90 degrees . H. Jahn et al.al)

have taken advantaege of this trend in an attempt to interpret the inelastic scat-
tering of 14.7 MeV neutrons on "®Fe. Using a plane—wave—Born—approxi?ation (PWBA)
analysis of the angular distribution measured by Hermsdorf et al. 2/, they showed
that the forward directed anisotropy cvbserved for energies of the scattered neu-
trons above v 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 inelestically scattered 14.7 MeV neu-
trons measured by Hansen et al. *¥)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 2%/using realistic paraieters., 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, 3“)to fit the
experimental forward peaked angular distribution they obtained from bombardment
of 9.1 and 1h4.4 MeV neutrons on two groups of nuclei arcund A = 56 and A = $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 :

3 e
= € - —_—) 4 —_— - € 92
o {e) a € exp ( 5 ) +y \ 5 (En €) (9)
n
1000 EXPERIMENTAL DATA —
PRECOMPOUND o=o ' » Wk, restwev
EVAPORAnog-- o Efemomey i \’% E
DIRECT REACTIONS a—a ] I
COMBINED w—x % ;,\\ g AL
~ 00 2 ] S
?. 3 Lt 545 3T 1S]
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3 f s
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t —— s . s Fig,9 Comparison of measured (points) and
2 4 6 8 10 12 1 c3 7.
€, (Me¥) caleulated (solid lines) energy spec-
tra of tnelastically scattered 9.1
and 14.4 MeV neutrcns on *®Fe. The
Fig.8 Comparison of measured and cul- curve 1 represents the contribution
culated energy spectra of of direct processes. Selecied angular
inelastically scattered 14.7 Me distributions are also given ; dached
neutrons on “°Fe. Taken from %), curves are for angular distribuiions

of evaporated neutrons. Taken from>"“)
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where En and € stand for the energy of the incident and the outgoing neutron respec-
tively, © for the nuclear temperature, and whare o 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 %®Fe is shown in fig. 9. For

E = 14,4 MeV, the fit was performed only for excitation energies of the first
résidual nucleus below the (n,2n) threshold (Egp, = 11.2 MeV), i.e. for the first
emitted neutron ( € > 3.2 MeV),

Comparison of fig. 8 and of fig. 9 (for 14,4 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 enalysis 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 angular
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 Petd *7?)observed that the (n,2n) cross sections at a con-
stant excess energy Ur above threshold vary linearly with (N-2) if either N or Z
is constant. They derived an empirical formula :

(2 £ AZ,N) = o (2,N) ¥ m (up) Az (10)
with m = 231 mb for Uz = 3 MeV and for all values of N except N = 28, This expres-
sion was extensively used by evaluators to provide recommended values of (n,2n)
cross sections where experimental data were not available 3%/,

A revaluation of this observation has been recently carried out 39>on the
basis of the experimental results given in compilations by B&dy “9)and Kondaiah
and of more recent measurements ! "**“2), in particular on several series of iso-
topes =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 Ug. The extreme right of the figure
shows the Csikai Petd trend calculated from expression (10) at Ug = 3 MeV for the
isotones N = 4k 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 Ug. The scatter of experimental points is such;
however, that substantiasl changes in the apparent hehaviour are possible. For
Ug = 3 MeV, the slope of the average lines is generally less steep than that pro-
posed by Csikai and Petd.

Fig. 11 shows the (n,2n) cross sections recently measured for some even N4
and Sm isctopes *)plotted against (N-Z) for different values of Ug. fgain 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, eveY for Ug = 3 MeV.
Thus it appears now that the trend observed by Csikai and Petd 37)for Ug = 3 MeV is
not regular and has not a general character. Hence, it cannot be used for evalua-
tion purposes.

lol)
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Fig.10 The (N-2) dependence of the (n,2n) cross section at vartous values of the
excess energy Up for several isotones around N = 50 and N = 82, Poinis
marked (a) were obtained from measurements to a metastable state (dM) to
which a caleulated value of 09 was added. The extreme right of the figure
shows the Cstkat Petd trend calculated frcm expregsion (10) at Up = 3 MeV
for the isotomes N = 44 and N = 90. Taken from *°/,

It should be pointed out that simple evaporation formulae such as (6) do not
allow explicitly for any (N-Z) dependence at constant Ug. When the simple energy

dependence of the nuclear temperature :
—
g = \I..n__

is introduced in (6), one obtains :

¢ (n,2n) U a U_ /&
o " 1 - (1 + i \/_—')exp <~ RY ) (11)
g \n, "y +E u_+E

N R ot \ R bl

The ratio o(u.2n)/o(n,M) as given by (11) depends only on the values of U
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and of the binding rnergy of the last neutron in the target nucleus. On the

]
other han&, for constant values of N, Epy decreases generally with (N-Z) for (N-Z)

values larger than the v.lue corresponding to the stability valley (which is the
case for most of the nuciei in fig. 10). Thus, for a given value of Ug, & simple
phase space argument °°) shows that ol{n,2n)/c(n,M) should increase with (N-Z)
at constant N. However quantitative calculations show that this effect accounts

only for about 10% of the observed increase,

We believe that the Csikai Petd trend results rather from the behaviour of
o(n,M), the sum of the (n,n'}), (n,2n), (n,3n), etc... cross sections. Following
Pearlstein *, the {(n,2n) cross section can be written as ‘

g (n,M) o(n,2n) (12)

o (men) = 0. g a(n,M)
ne

where o(a,2n)/0(n,M) is given by expression (6) and Oye, the nonelastic cross
section, can he considered as constant in the energy range of interest here ard
is approximated by the empirical relation of Flerov and Talyzin **):

1

- g
n 3 -
T = (0,12 A + 0.21) {13)

The ratio o(n,M)/ope represents the fraction of the reaction cross section
involving only neutron emisgion. This ratio is elos~: to one for hegvy nuclei,

for which the Coulomb barrier hinders the emission . charged particles. For ligh-

ter nuclei, however, charged p
is smaller. The ratios o(n,M)/Oye as determined by Pearlstein 8)are plotted

vers&i (N-2)/A in fig. 12, together with the empirical formula giver by Barr et
al.*"):

article emission becomes more probable and the ratio
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Fig.11 The (N-2) dependence of the rig.12 Fraction of the reaction cross sec-
(n, 2n) cross section at vartous tion involving only neutrons emis-
values of the excess energy Up stom as a funetion of the neutron

for the Nd and Sm isotopes 1) excess (N-2)/A. Taken from ®/,
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In the case of medium and heavy nuclei, the value of 0,, is approximatively con=
stant for a given set of isotones or of isotopes, accorging to expression (13),

Also (N-Z)/A varies appreciably for the same set. As a final result o{(n,M)/oge »
and thus 0(n,2n), are increasing functions of (N~Z) for a given value of N or 2

and at constant excess energy Up. Calculations according to equations (11) through
(14) can account farly well for the observed increasing trend of ¢(n,2n) with (N-Z).
In particular, the predicted average slope is less steep for higher values of 4, in
good agreement with experiment (fig. 10). It is also understandable that large
deviations from the general trend may occur, since the values of o(n,M)/0ye are
somewhat scattered around *le 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 Le expected is a persistent but rather irregular increase of ¢(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 14-15 MeV neutrons. How-
ever these reactions involve the emission of charged particles and are generally
much less probable than (n,2n) :eaction for medium and heavy nuclei, because of the
existence of the Coulomd barrier inhibition. Therefore, they are difficult to in-
vestigate and very little information has beern published on the subject. Most of
the studies in recent years have been carried out using activation techniques for
cross section measurements at 14-15 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 !!)have obser-
ved that thel (n,n'p) + (n,pn) + {n,d) ] cross sections for the lightest stable
isotope of even Z elements in the region Z = 28 to SO are linearly related to both
Z and A (fig. 13). Their observaticn relies on measurements on >®Ni, *®Ru, !°®cd
and ''2sn. However this apparent linearity might be fortuitous, since their pre-
dicted value ot v 350 mb for *“Sr is not confirmed by the value of 120 *+ 10 mb

Fi{g.13 The [(n,n’p) + (n,pn) + (n,d)l ex-
perimental cross sections for the
lightest stable tsotope of even Z
elements are showm. They are lin-
early related to (a) Z and (b} A of
the target nucleus. The predicted
eross gectiona for '“Se and “Sr
are ailgo shoum. Taken from 1)
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i Fig.14 Trends in (n,2n), (n,p), (n,a) and | (n,n'p)
{n.2n} + (n,pn)l reaction cross sections for iso-
———— topes of tungsten. The cross sections are
plotted versus the asymmetry parameter
KQTZ)/A of the target nucleus. Taken from

=)
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recently measured by Qaim and Stdcklin “°)

10 .
0 \\\ Qaim and Graga 4e) kave recently measured some

“~a (n,2n), (n,p), (n,a) and [(n,n'p) + (n,pn) + (n,d)
Na cross sections at 14,7 MeV on tungsten isotopes. The

\}\\\\J“P’ results of.their investigation are plotted on fig.1h
\: N as a function of the asymmetry parameter (N-Z)/A.
"\, The cross sections for charged particle emission are
\\\\QF“' auch 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-

Olow - 0% B 030 ' 022 cleus, a consequence of the competition between

) i | ) neutron and charged particle emission. For the first
Asymmetry parameter, (N-Z]/A time, a similar correlation is observed for the

[ (ayn'p) + (n,pn) + (n,d) ] reaction,

Ty

Reaction cross section ¢ (mb)

=3
T

T YT

ftnnp)e (n,prl] \

Very little information is available for other reactions. Cross sections have
been measured using the activation technique for the| (n,n'a) + (n,un)]reactions 4s)
on ®5cu, 7%2n, 7'Ga, 7%Ge and ??Tc. They lie in the millibarn region. The (n,2p)
reaction has been investigated at 14.6 MeV by Lulic et al. “’), They found cross
sectaons ranging between 20 and 60ub for a set of eleven nuclei from “1¢ to '3%La,

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 11’“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,
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MF 2 - NEUTRON-INDUCED CASCADE REACTIONS - J. Fréhaut (C.E.N. Bruyéres-le-Chdtel,
France)

Barschall (Wisconsin):

Dr. Cindro's and Dr. Fréehaut'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 zarbon-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 ¢ 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 be 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 take 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.

Mughabghab (Brookhaven Natl. Lab.):

T 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 a sonstant 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 guestion 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?

Fréhaut:
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.

Wigner:
So that when you introduce a second mechanism you give yourself the freedom of
an additional constant?

Fréhaut:

Yes.

Wigner:
Thank you. You know what Poincaré said?

Cindro:

Could I perhaps elaborate on Fréhaut's interpretation? In the case that has
“een 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-equilibriurn: is rather a very arbitrary one at this stage,

Wigner:
Arbitrary?

Cindro:
Yes, not even on the ground of axperiment; this division is rather questionable
both on conceptual and practical grounds.

Wigner:
Thank you. That essentially confirms. May 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.

Seeliger (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 Feshbach that
they are really not different mechanisms, because the firat part in the pre-
equilibrium theory is a statistical treatment of a direct process in a single
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 wmodel also., But the axisting models, the pre-equilibrium models,




do not explain and have no formulation for the angular digtributions. And there-
fore, it is better to make calculations by a direct theory for the single par-
ticle direct excitation aiso, ana 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: Dr. Fréhaut
has said that the (n, 2n) cross section in general is decreased by the presence
of pre-equilibrium emission. 1It'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-equilib:ium,
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 vhe 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):

1'd like to support Dr. Seeliger's conclusion. 1 have also discussed it in
detail with Weidenmiller 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 Weidenmiller actually calculated the angular
distribution of the pre~equilibrium part and he gets about the same 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,

Moldauver (Argonne):

I think this argument between you two revolves around the definition of "direct"
and T think DWBA is a rather unsatisfactory definition of a reaction mechanism.




- 388 -

It's a theoretical approximation but not a definition, and I think the first
term of the pre-eguilibrium 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 pke-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 ander-
stand the alpha decay is about 10 2,

Cindro:
{(Note added to the discussion):

A part of Dr. Malik's comments refers to preliminary calculations not presented
orally, but included in the paper (Faugére and Bersillon, -CEN Bruydres-le-
Chitel, 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-equilibrium model" since there are several versions due to M, Blann.
T™wo 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 inelactic nucleon cross
sections. 1In our "Washington paper", whose results have been mentioned by Dr.
Fréhaut and Professor Feshbach, we tried to reproduce the 14-MeV S6pe (n,n*)
angle-integrated energy distribution of the inelastic cress section by means
of the pure-hybrid model with the equidistant Fermi gas cne-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 wculd 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 tc 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.




11,15 a.m., Wednesday, July 7, 1976 Invited Paper: Session MF3

NEUTRON POLARIZATION
F. W. K. Firk

Electron Accelerator Laboratory, Yale University, New Haven, Ct. 06520
RESUME

Some recent experiments involving polziized 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 resgricted regions at higher encvrgies, 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 c¢ntered an era in whi.“ neutron
pelarization experiments are now being carried out, in a routine way, throughout
the entire ranye from thermal energies to tens-of-MevV. The significance of
neutron polarization studies is illustrated in discussiony 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 ~urrents in the
photo~disintegration of the deuteron iii) the determination of quantum numbers
of states in the fission of aligned 235y and 237Np induced by polarized neutrons
and iv) the double- and triple-scattering of fast neutrons by light nuclei.
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INTRCDUCTION

Studies of polarization effects in nuclear reactions involving neutrons
provide information of a basic nature that can ke 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 nuETéE;'spin-orbit potential was first established by studying the
polarization of neutrons scattered from various iiuclei.

Polarization is a consequence of interference effeots 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,z’3 polarization effects can arise from
interference bhetween 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 }n Nuclear Physics involve tests of P- and T-invariance of quantym sys-
tems *’5’ and of the basic features of the nucleon-nucleon interaction.®

The following examples have been chosen to illustrate the wide variety of
information that has been obtained in this field lately. (Several detai}ed re-
views ?f neutron po}arization have been given in the past [gee Haeberli’ , Bars-~
chal118’ and walter?® ] ).

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

[
HEe

where aI and ai 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
+|
o

where H X =X

2 '\‘ 0] . . »
If the scattering matrix Mlis to be invariant under rotations and reflections



10)

{conservation of angular momentum and of parity) it must have the form

n, -> ~
M1 = g 1 + h o . n (1)
where } = ‘1 ) R o is the Pauli spin (vector) matrix
-+
and ﬁ1= k x k'/lklx kll is a unit vector normal to

-
the scattering plane. Here, fl 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:

+|
a2
' =
xz o'
2
n
where M = x'
2X2 2
and = y!
X2 xl

~
The scattering matrix M2 has the form

(2)

o o
M =gl+h g . A
2 2 2 2
N > o> <> - . .
where h2 = k2 X k; / ] k? x k; is a unit vector normal to the

second scattering plane
-

and k =k'

2 1
The two planes are rotated with respect to each other by the angle ¢, so that

A . A = cos ¢
1 2

If the initial beam is unpolarized (< la:] - IaJI > =0 etc.) '

the differential cross section after the first scattering is

2 2
4 =
_Gi Igll * |h]|
an
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and the state of polarization of the beam after the first scattering is

2 * *
[u [— o gh +gh
| 1 | - 11 cos ¢ 3
402 4.2 2 2
o Felate® g 1+ In )
=p cos ¢
1
P =ph
where Pl-Pl 1

The beam is seen to be polarized if hl # 0.

(The complex amplitudes 9, and hl 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 spln-o}blt part)).

If this partially polarized beam is scattered a second time, the differential
cross section is found to be

dag

3 = (|g,|? |h|><1+p.A) (4)
) 1 1772
where Kz = A2ﬁ2 is the analyzing power of the second scatterer
* *
and R i (8)
la, 1% |n,|?
2 2
therefore EE? = du 21 (1 + pl.A ) (6)
aR dF
> - npol
and Pl'Az = p1A2 cos ¢

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 7. 1In this case

T2, (d" l(l+plA2) )
& - lad
npol
and do™ - d” = p,A, = R . (8)
a® + ao®
11)

The sign convention is as shown
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[ Looking down on the scattering plane]
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1 Polarization "down" R\\\;i

In elastic scattering, the polarization is equal to the analyzing power (p=A).
In order to measure pl, we require a measurement of R and of A2(= pz).
Application of the a)ove 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 configurat}ons. The
general principles are presented and illustrated in detail by Welton. 12

TESTS OF FUNDAMENTAL SYMMETRIES
A TEST OF T-INVARIANCE IN THE B-DECAY OF POLARIZED NEUVRONS

A greatly improved experimental upper limit for D, the triple-correlation
coefficient in the B-?ecay of the polarized free neutron, has recently been reported
by Steinberg et al.l3’ Thig coefficient appears in the expression for the decay
rate in the form

Db . (. xDp EE 9
n - Pgxp) /EE (9)
v v
> . . > ->
Here, Pn is the neutron polarization and P+ P_. Ee and E  are the momenta and

: . : s .
energies of the leptons, This expression is odg 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 chservation of 5 x 106 events. The chase angle ¢ between the
coupling constants 9y and 9, is

#
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¢ = 180.14 + 0.22°

In neutron B-decay, the Coulomb interaction is the only important final
state interaction and its contribution to D vanishes in a pute V-A theory.
Possible weak magnetism effects contribute less than 2 x 1073

The experiment was carried out at the hiun 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 169 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 5. that the term (9)
can be rewritten

DP_ . (B_XxPp) /EE
n°’ pp X P e {(10)
where B is the momentum of the recoil proton. The experimental geometry was
chosen to maximize the triple product as shown.

Proton
detector

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 NaI(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 24%-month period.



NEUTRON POLMRIZATION EFFECTS IN TWO- AND THREE-NUCLEON SYSTEYS

New experiments on ; -p and ; - d elastic scattering have been reported
recently and all of them arc at the forefront of sxparimental technique. A parti-
cularly irnovative experiment is that of Brgoks and Jgnes!3’!€) uhose method opens
up interesting possibilities in studies of n - p and n - 4 reactions at energies
above a few MeV. Before presenting some of their results, a few comments on their
method will be useful. In 1964, Tsukada and Kickuchi!?' demonstrated that the
acintillation decay of an anthracene crystal excited by 3.7 MeV protons is direction-
dependent, relative to the crystal axes. They showed that the fast componant is
more direction-dependent than the slow component. Brooks and Jones carried out &
detailed study of this effect in many different scintillators and, in the cougse of
this work, they invented a new polarimeter guitable for studies of & - pand n - d
interactions. Consider a neutron incident at an angle a with respact to an axis
c', normal to an (a,b) piane in the crystal:

Proton recoil, lef?
-8

For a proton that rececils through an angle (~-8) towards the b-axis, the values of
the integrated light output JXL(-0) and of the ratio of the slow- to total-light
component &(-9) ave different from the values cbtaired when a proton recoils through

an angle (+0) towards the c'-axis. In general,
L(-0) < L(+8)
and d-0) > fi+o)
The measured two-parameter (L") data can he analyzed to give the left-right asym-
metry in n-p scattetingle) in_an anthracene crystal (C14H 0) and in n-d scattering' )

in adeuterated crystal. The r-d results at neutron energies of 16.4 and 21.6 MeV
are shown in Fig. 1.
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Fig. 1. The n-d results, at two energies, obtained by Steinbock et al 19) and Morris
et al20) Eopen cxrclgs] compared with the calculations of P1eper21 Esolxd
curve ] and with the p-d measurements??) [_dashed curve].

The work of Morris et a12°) is also shown toqet&er with the theoretical calculations
of Pieper? ), and with the general trend of the p~d measurements (the dashed curve).2?)
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.?3

In a demanding experiment, Johnsen g;_gl?“) [see also the contribytion to this
conference 25)] have measured the spin correlation parameter A in n-p scattering
at 50 MeV. Their apparatus is shown schematically in Fig. 2.

38 Mev TROTIUM
—s- TO BEAM DUMP

DEUTERON BEAM
7‘90 <
419
MAGNET FOR
SPIN-PRECESSION POLARIZED TARGET

MAGNET —————

LMN TARGET
CRYQSTAT
<
po®
PROTON DETECTORS
> >
Fig. 2. An arrangement for sth¥ing the spin correlation parameter, A__, in n~p
scattering at 50 MeV, ¥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.zs)

0.4 —

0.2

Ayy

-0.2

| ! L ] ] | |

10 i30 150 170 L°] m
Fig. 3. The results of Johnsen et al?*) compared with the two possible values
of ¢, (YO or -87), that gave equally good fits to all n-p data at 50 MeV
prior to the present work.

Reutron triple scattering experiments are notoriously difficult. However, they
can provide unique information on the interaction and therefore it is i rtant that
they should not be overlooked in future research programs. Ahmed et 31? ) have
carried out a measurement of the depolarization parameter D(8) in R-d scattering at
low energy Esee also the contribution to this conferencezetl. Their method is out-

lined ir Fig. 4.
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Fig. 4. Apparatus for an n-d triple-scattering study reported by Ahmed gE_gl.27)

Their results are compared with theory in Fig. 5.
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Fig. 5. The results of Ahmed et 51?7) compared with two parameterizations of the

ERA model.

Clearly, more work remains to be done both experimentally and theoretically befcre
this rcasic interaction is sufficiently well-understood, even at these low energies.

aAn important new technique for producing polarized neutrons, particulariy iu
the energy range 10 to 20 MeV, uses the polarization transfer mechanism in D{d,..}
and T(d,n)reactions at forward angles.29 Waltey and his colleaques at Duke uUn.
versity have recently reported measurements on (n,g)*scatterinq at 9u° (c.m.[‘:ur
neutron energies of 13.5 and 16.0 MeV using the D(d,n) reaction as a source 3% M iy
results set new standards of precision in neutron polarization studies in the «.'ri-
cult energy region under study; typical statistical accuracy reported is 0.00:>.
Their results are systematically smaller than th= LRLX predictions but are con-
sistent with values calculated with the new phase shifts of Arndt et al.®})
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THE DOUELL ~-SCATTERING UF JAST NEUTRONS BY LICHT RUCJLE

bor mdny years, neutron doublu—scatterxng experiments were not considersd
stscable ') and the first n-"Ile double- -scattering experiment zegorted'"’ did
‘! chanye the general vicw. However, in 1972, a program of studies of the polari-
caton of poutrons wcattered from light nuclei was successfully initiated at the
Yate Llectron Accelerator Laboratory, using the double-scattering technique.

The amctid involves the polarization of an unpolarized flux of neutrons by
clastic scattering from 2e.  The poiarization of the flux scattered at a given
sqiv is measared using true double-scattering in which the polarized flux is

~t.red again from an identical '%c taiget at an identical scattering angle.
e asymmetry in the doubly scattered flux is measured and, after taking into
count the (known) cnergy-loss at the first scatgezgng, the results are analyzed
"¢ yive the absolute polarization p of the flux. Having established the
] larization "Gf the source, the analyzing powers of other Puclex can be obtained
by replacing the second scatterer with an appropriate target,” 374381 39)

The initial flux of unpolarized nsutrons is generated via the (y,n} reaction
in 4 heavy nucleus and therefore the spectrum is Maxwellian with a maximum inten-
ity at an energy of about 1 MeV. The intensity decreases rapidly at energies
abeve 5 MeV; this is a necessary feature in making measurements of polari-

“ation that resusts from elastic scattering of neutrons in light nuclei. The
neutron energies are measured with good resolution (typically 0.7 ns.m !). A gen-
eralized neutron spin-precession method is used that is well-suited to a continuous
energy spectrum of neutrons; this method grea?ly 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 Fig. €. Here, the first reaction angle is 50  and
the second scatterer is a cylinder of liguid helium viewed by an array of fast neu-
tron detectors. The observed (source) polarization of neutrons, obtained in a true
1-12C double-scattering experiment, is shown in Fig. 7.

The essential points in obtaining the analyzing power when using the gen-
rrulized spin-precession solenoid are:

The integrated mggnetic field required to precess a neutron of measurei
nLergy E" through 180 is

JH.d? = 2.37 x 10° ,/ v Oe-
X X Eﬂ(Me ) e-cm

and the angle of precession, ¢, of a non-relativistic neutron of measured energy
F, is
QI
E
¢ =T ﬂ/E¢

The product of the polarization p of the source and the analyzing tower A of
tie second scatterer is
DA = i(l-R+)/(R+— cosé)

where + and - refer to the right and left detector, respectively and

R, = [N, (H)/N_(0)] [ciD) /C ()]
where . {(H' and C:H}) are the corre.ponding detectar scunt rates and monitor count
rate with the field on and N_t0) ané C(0) the corresponding rates with the field
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off. It is now straightforward to deduce pA independently of the monitor
rates.’

Phase~-shift and R-matrix Analyses

The measured polarizations were analyzed using iterative qrid search tech-
* itgues to give definitive sets ot phase-shifts ard R-matrix parameters. The in-
:lusion of partial waves higher than d-waves did not alter the quality of the
fite significantly. Expressions for the differential cross section, polarization
and tetal cross section used aro:

g{e)

Wy 8
{(1/k éOBLPL(COS )

& -
o (N pll) (1/k?££1chi(cosa)

n

Y
A L e . 2.t
Y tan/k ) T [esin6) + (D) sin®s ]

T

i

where P_(cos6) and P!(cos6) 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 Biedenharn and Simon and Welton.42743

The elastic scattering of neutrons from spin-zero nuclei is the simplest ap-
plication of R-matrix theory.*“’“%) only one channel is open so that

= T2 _
Reg = f*m/(s.\w E)
where y2 and E. ,_ are the reduced widths and energies,and the states are de-

noted by i\, and éigo

R,, = (£,-B

-l- = —l
03 Yoo, fg(E) au, (a)(duE/dr)a

23
where a is the channel radius, u, is the radial part of the wave function and
B , is the boundary condition. %he collision function UiJ can be expressed in
té¥fms of a single, real phase-shift, 8,3 thus

= i b
UZJ exp (21613,

The phase-shifts are related to the R-function as follows

= e / - -, 1
GEJ ¢l + arctan {PEREJ ; [l REJ(SR BRJH}

where S_, P and¢Q are the well-known shift function, penetrability, and hard-

£ 7
sphere phase-shift. We define the resonance enerqgy E_ as the energy at which
the resonant phase-shift is an odd integral multiple of n/2. The width of the

resonance is

- 2
Taea = g

Distant levels are taken into account using the method given in Ref, 46, i.e.
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A fit was made to the polarization measurements by minimizing the guantity

s= 4% 3 0, 8 2
j=1 i=1 cal i By ) - Pexp( i'Ej)]

[Ap(ei,Ej):I 2

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 S Mev.

Details of the analysis of the polarization data in the case of ;-sLi
scattering are given in a recent paper.*7) 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 geported above are shown in Fig. 8. (the observed asym-
metry 1n g(SO ) - “He (60°) scatter:.ng3 )y, in Fig. %. (the phase-shift analysis
of the 160(n,n) 150 reaction, measured at nine angles between 1 and 4 MeV) and in
Fig. 10 (the total scatterlnq cross section predicted from an analysis of the
polarization data for the 6O(n n) 169 reactlonaa))

$
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Fig. 8. The observed asymmetry product for 12C(50 ) - l'l-le(60 )} neutron double-
scattering.
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THE TRANSMISSION OF POLARIZED NEUTRONS THROUGE 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
ot the spins of low enerqg (s-wave) resonances directly, few such measurements
have been performed.“&“g 0)This situation is somewhat surprizing in view of
the well-established low temperature techniques that form the basis for producing
pclarized proton targets (the polarizers) and polarized targets. There is, how-
ever, one outstanding example of the method, due to Keyworth et alS50) 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 pn) is passed throggh a
polarized target (polarization p_) andf¥he directions of the vectors p_ and p,
. . s S1) n T
are parallel, then the transmission 'rJ is given by
-no

J
T, = e {cosh (pJanoJ) - p,sinh (onTnaJ)}

where n is the number of nuclei/em? in the target, o, is the unpolarized cross
section and

J=1I1%1/2,

is the spin of the resonance, and I is the target spin.

If we write J+ =1 +1/2 and J_= I-1/2, the values of o5 are

ax + E- Y
QJ+ I/(1+1) and QJ_ 1
The transmission TJ”, corresponding to the vectors ;n and ;T being anti-

parallel, is

0 “noy
s AN
T, =e {cosh (pJanoJ) + pnsxnh(pJanaJ.}

For a J, = I + 1/2 state, the difference in transmission for parallel and anti-
parallel polarization vectors is therefore

-

o]
J
T -T = AT =-2pe “tesinh[ (1) p,.nc (11)
J, T, I n I+1 Ty

which is always negative.
if, however, a state has J_ = I - 1/2, the difference in transmission is

st Rt
TJ_ - TJ_ = AT, = +2pe *sinh [anGJ_j (12)

which is always positive.



Keyworth et al 50) used 2 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 E couid be re-
versed with a magnetic field. The transmission of thfs beam through
a polarized 237Np (or 235y) target (p_ = 0.2) was measured for the two incident
polarization directions. 1In addition, the vield 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. (11and12) is shown
in Fig. 11 (In this case, I = 5/2, tlerefore J+ =3 and J_ = 2)

1 1 A L | i {
4 6 ] i0 12 4 ]
“ NEUTRON ENERGY (eV)

Fig. 11. Values of T - TH and the relative transmission for 237Np + n showing
the clear-cut determination of the resonance spins.sa
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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.30)
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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 kelow
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 straightforward examples are those nuclei which have closed
shells of neutrons and protons eg: '80, “0ca ana 208pp.

An El phot:n 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 1ith nuclei, E. > 15 MeV for neutron emission to occur). A 1 particle -1
hole (lp-lh) state s thereby created;in the case of El absorption in* o, five
such lp-lh states are possible. The final “electric dipole states" ¥ are con-
sidered to be linear combinations of the five base states: D
* ;

Yo =it C3 %
If the combination happens to be coherent thea a strong transition will be ob-
served. In 180, there are two such transitions whtich, 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 anrd FJowerssz)
in 1957 and were subsequently cbserved in the reactions SN(P.Yo)leo.160(eﬂf,po)15N
and !®0(y,ng) '50 between 1959 and 1962.

A signigicant test of the shell model used in the Elliott-Flowers calculation
recquires a determination of the amplitudes ¢, which are associated with the five
base states. It will be shown that it is no% possible to answer these questions
simply by measuring the angular distributions of the outgoing photonucleors -

a measurement of their different.ial polarizations is also necessary.

In general, the angular distribution of the photonucleons is of the form:

4 _ T ab. (cos 0)
aq = LEo MR, (@
where (cosB) is the Legendre polynomial of order L and N is the maximum allowed

value of L (consistent with the conservation of angular momentum) .

In the present case of El absorption in 169, the differential cross section
for photoneutrons emitted to the ground state of 150 has the form:

d—9-= 3— 2 ‘) 2 2 2
& 16‘*Y {._(as +a)) + (2v2 asadcosASd ad)Pz(cose)} (13)

Here, a_ and a, are the real magnitudes of the s= and d- wave emission amplitudes
respectively and Asa Bé-ﬁd, where<% and Bd are their respective phases. The only

reacticn matrix elements which contribute in this case are:
1 iss
<t = o, 8 = 1, w'[R §E10> Z ae (14)

s



WU

1 idq
and < =2, 8=1, a'lR |E10> = ade (15)

Ui +
where s is the channel spin and a.,0' specify the ground state (J° = 0 ) and ex-
cited states (J" = 1 ) respectively. The coefficients, A_ are given by:

L
2 2
A +
o as ad
and A_ " {(a_a_cosA -az)
2 s d sd d

Now 47nA_ is the total cross section and is insensitive to interference effects
between®the different components (the £ = 0 and £ = 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 (L = 2) nucleons. The
differential polarization of photonucleons has the form
> .
a .

N
aa E

B.P (cos 9) (16)

L=l LL

where k is a unit vector normal to the scattering plane and P (cos 8) 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 Eg. (16). This reflacts the fact that any polari-
zation produced is due to interference effects between different channels. In the
present example, it is found that:

-

dP _ 2 . sl

& - xx Y(0.205 aa, sansd) P, (cos 8) (W)
which shows that the differential polarization is zero (for all values of Q) if
either ag = 0 or ad = 0.

-
Another important point emerges from the expression for dpP/dQ given in Eq. (17):
the associated Legendre function of second order is:

=1 _ ,12 sin 26 (18)
Pz(cos 8} = 16

which means that, at a reaction angle of 6 = 900, the po%arization d37d9 = 0.
Conversely, the appearance of any polarization at 6 = 90 is clear evidence of the
intrusion of M1l or E2 multipoles in the aksorption process.

With these points in mind, three group§3'5m55)have 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) , 16o(y,n )15 57) and
208pp (y,nR07pp °8) using the method developed at Yale ifi 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 28pp, The neutron energies are determined with good resolution (<1 ns.m"l)
and the neutron polarization determined by measuring the left-right asymmetry in
scattering from a suitable light nucleus (2“Mg at neutron energies between 0.1 and
0.5 Mev, 165 petween 0.3 and 1.5 MeV, 12¢ petween 1 and 10 Mev and “He between 1
and 20 MeV).
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The measured leo(y,; )150 polarizations are shown in Fig. 13. The energy
region covers the main giant dipole states. The most noticible features are the
energy-dependence of the polarization (which is not observed in the 16O(Y,po)lsN
data, deduceg 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 et 3;60) in order to deduce the s~ and d-wave ampli-
tudes and the possible E2 contributions to the absorption process.

Holt et al ©!) haye used the same technique to measure the polarization of
photoneutrons from the 208Pbty,; 1297p, reaction just above threshold. Thgy have
chown 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 M1 strength located in 208pp?  We shall
have to wait for the answer.

>

The D(y,n)p results 62) 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 8-
decay rate of the triton63)). Riska and Brown ) 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 + 4.0
mb by demonstrating the importance of pion exchange, excitation of the N* 3 state
and the process w -+ Ty in this reaction. Another interesting theoreticai devalop-
ment that has emerged from this new approach is concerned with calculations ot the
cross sections for photo-disintegration of the deuteron from threshold to about 100
MeVv. Hadjimichael and Arenhdvel et 31?5'55) have shown that, whereas the energy
dependence of the total and differential cross section for the 4d(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 al
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 Schrédinger-type calculations
as typified in the work of Partovi®?) and Nunemake:.68) Typical diagrams included
in the work of Hadjimichael are
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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 E1l absorp-
tion below 100 MeV. The El amplitudes are about an order-of-magnitude larger than
the amplitudes for the spin-flip transitions 351 -> 1so and 3D1 + 1D2. 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

do

daQ
where the third term is due to E1 - Ml interference. The M1l 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+bsin®® + ¢ cosg (19)

P . (%%* = A sin6 + B sin® cose (20)

where the first term now represents El ~ Ml interference that contains M1 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,;)p reaction at photon energies
between 6 and 14 MeV and at reaction angles of 60, 90, and 120° by measuring the
po