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ABSTRACT“

A ser1es of exper1ments was performed in wh1ch gamma-ray spectra
were measured, using a Ge(Li)’ detector, for incident 7 to 26-MeV
»proions on the even-even vibrational nuclei 56Fe, 62 N, 64Zn, 108Pd,
10gq, Mg, 116, 165, 12051, and 26pp, and for incident 14-Me¥
neutrons on naturai Fe, Ni, Zn, Cd,‘Sn,»and Pb. These measurements
yielded gamma-ray cross sections from which it was inferred that
a1mpst3a11>of‘the gqmmaaeascades from (p,p') and (n,n’) reactédns
passed down through fhe‘first 2+ ]eve]s. Consequently, tne strength
of thé 2%0" gammé transitions were found to be an ind}reettmeasure
of the (p,p') or (n,n') cross sections.

Several types of nuclear mode1.ca]cu1ations were performed and
compared with experimenta1 resu]ts These ca]cu1afions inc]uded' '
coupied~channel calcu]at1ons to reproduce the’ d1rect, collective
exc1tat1or of the Jow-1ying 1eve1s, and stat1st1ca1 p1us pre- equ111br1um
mode] calculations to reproduce the (p,p') and the (n,n') cross
) sect1ons for compar1son with the 2ot gamma measurements .. ~ The
agreement between ca1cu1at1on and experiment was genera]]y good
.except at high energ1es, where pre-equ1l1br1um processes domInate

(i.e. around 26-MeV) . - Here d1screpanc1es between ca]culat1ons from
the two d1fferent pre-equ111br1um models and between the data and the
calculations were found. Significant isospin m1x1ng;of T, into T,
sfates was necessary'in order to have the Ea]cu1ations'm5teh:the data

for the (p,p*) reactions, up to about 18-MeV.
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I. Imiroduction

Inelastic scattering is always an important contributor to
nuc]ear'}eactions and can often be the most difficult on which to
obtain reliable measurements. Difficulties with (n,n') and (p,p')
measurements arise because of experimental problems associated with
trying to measure particle spectra down o low energies, where ﬁosf
of the evaporation cross section is found. Such problems as multiple
scatiering, slit scattering, and scattering fiom contaminants often
make the spectra difficult to interpret. At high incident particie
energies, above the nucleon separation energy, the spectra include

‘multiple particle emission events as well as (n,n') or (p,p’) events
and again are hard to interpret. Reliable measured values of’these
cross sectionr are needed to compare with nuclear reaction model
calculations and (particularly for incident neutrons) as nuclear data
in nuclear reactor and nuclear Qeapons calculations. This wark
investigates a method whereby total (n,n') and (p,p') cross sections
may be determined easily and without contamination by (p,pn), (p,2p’,
{n,2n), etc. events, even at high energies.

General arguments6 based on angular momentum conservatidn sugéégt
that inelastic scattering from nuclei with an even number of neutrons
and an ever, number of protons almost always results in gammé decays
which cascade di.n through the first excited state. Consequently,
the cross section for the gamma transition from the first éxcited
state to the ground state is nearly equal to the fne]qsé&c scattering
cross section.> Such an equ{va]ence was ékp]oitéd as early"as 1953 by

Day.26“ The original purpose of the present work was to investigate



A this:ohservation hoth by.experiment and nuclear model calculation,
'%nd to determmne its Jimits of va1idity and applicability. In- '
" add1t1on, these measurements and their comparISon with modei calcu-
7*¢1at1ons have prov1ded some va]uable insight into pre- equ111br1um
processes at h1gh energ1es (around 26 MeV 1nc1dent energy) where these
.processes dom1nate compound nuciear processes, and into 1sosp1n-con-
.serving“statistical reactions ahd-their importance as a funétion of
incident particle energy;and target .nucleus. '
Both (n,n‘r)‘and (p,p'y) reactions were inyestigatee“in this wurk,
.': ) . “the former for only 14—Mev=ingiuent néutrons and the latter for 7 to
?B-Mev inctdent proton51' The (o,p'y)~reaetions were particularly
‘ conVenient because of the ease_with which the experiments could be done
as a funct1on of energy In prinniple, thé (p,p'y) experiments can be
{af: _ used to infer tnformatlon about {~,n'y) reactions using 1sospﬁn-conser7
;'vatlun arguments and nuclear model calculations. Investigating the
behavior of the tp,o'v)lreactions as a function ¢f energy was necessary

"rl-in{order-that the reaction mechanism might be understood and that the

» 5.11m1ts of app11cab111ty of the techn1que of us1ng gamma measurements

‘;“.to determ1re inefastic sratter1ng cross sact1ons might be determined.

Th1s worK was conf1ned to spherical even-even nuc1e1 which have

ﬂi:the character1st1c 10w 1y1ng Jevel structure shown schemat1ca11y in

’1-aF]g.,}-1 A]] even-even nuc1e1 have a 0 (spin, par1ty) grnund state,

. and'a]most a]] have a 2" f1rst exc1ted state. The 2" first excited
e state is typlca11y 0 5 to 1.5+ Mev above the ground state and can be
bgdescr1bed -as a col1ect1ve, quadrupo1e vibration of the nucleus about

liaaspherlcaj.equ1ithr1um”sha9e. ‘Th1s one-quadrupo’e-phonon vibration
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Fig. I-1. The typical low-lying level structure of a v1brat1ona1 even-
even nucleus with relevant gamma trans1t1ons shown. These transitions
are discussed in Section III B. :



carries'two unité of angular mqmenthm. The next~excitation is generaily

—aart@OFquadrupolé;phqnon vibration which forits'a triplet of States, with

spins 0, 2, and 4,'at'abbut twtce the energy ofjthe 6ne—quadrup01e-

' phonon state' In actua1 nuc1e1 these states are not degenerate in

energy and there 1s no, preferred order1ng of the three levels The

'one-octupo]e-phonon v1brat1ona]\1eve1 is aISo 1mportant; It has a

spin-parity of 3‘land occurs at.a somewhat higher excitation energy, .

generally arnund 4-MaV. Although the structure of actual nuclei does

‘not conform in all details to a pure vibrationaIVmode], the principal
feature that is exp1oited in this work is the regularity of the level

i sequences which allows a systemati¢ study of the gamma cross sections

over a wide range of nuclear masses.

To further introduce the ideas to be investigated in this work,

the ‘general nature of a {p,p') reaction on an even-even nucleus, as

shown in Fig.'I-Z,iwili be discussed. The important feature to note

”'about‘the level density is that it increases rapidly with increasing

excitation energy. Level densities, at a fixed excitatten energy,.

- also increase with increasing nuclear mass and are -strongly influenced ° -

py‘Shell structure. The density of levels for magic or nearly magic

A AnueTni is an 6rder of magnitude smailer than for nuclei between

shells at the same exc1tat1on, due pr1mar11y to the 1arger Tow

energy Tevel ‘spacing. . ' ' i

-

Tt s not poss1b]e to describe h1gh1y excited states as single

partic]e levels. Instead many nucleoris are excited and the emission

. speetrum becomes comp]ex due to the‘many different ways the energy

1i'mayiﬁe_distrfbuted amongftne;nucleons.‘ In this way. calculating -

g
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Fig. I-2. A schematic diagram of a {p,p') reaction on an even-even:
nucleus - - - - . ) .



'ﬂ nuc]ear 1eve1 dens1t1es becomes a stat1st1cal mechan1cs problem

and7(w1th 5u1tab1e assumptwons) prov1des the basis for the Fermi

éggas nndel of the nuc]eus and the. stat1st1ca] model of nuclear

react1ons. N . y .
r“Since the nuc;ear reactfun canbbe vieved in a'statfsticai way,
~it.is easy to understand why most em1tted par+1c1es come out with low
(energy, 11ke nn]ecu]es be1ng evaporated from a hot body The compound
-nuc1eus will decay w1th h1ghest probability to that conf1gurat1on with
the highest densvty of states wh1ch will occur-at high excitation
»f‘energ1es for the res1dua1 nucleus. A sketcihrof a typical protan
‘em1ss1on spectrum is shawn in F1g I 2. Angu]ar momentum is also
treated stat1st1ca]1y and- the sp1n d1str1but1on is found .to peak at
345 un1t56 in “the region of close1y spaced levéls relevant to the
f.present work. o
. ‘ After the part1c1e decay the nucleus 1s usually 1eft with a
dsubstant1a1 amount of exc1tat1on energy If this energy axceeds the
’-nucleon separat1on energy, then a second nucleon emission will
A usua11y occur. Proton ennss1on will, of course, be. h1ndered by

e . h ~5the Couionb barr1er, and aipha emission is usua??y very small

; fbecause of th1s CIf the exc1tat1on energy is be]ow the nuc1eon'

..Q>eparat1on energy (genera]]y the neutron separat1on energy) then

“the nuc1eus will decay by a gamma cascade from the highly excited

rtate down to the ground state., The nature of this cascade will

:;ldepend on the exc1tat1on energy and angular nnnentum of the 1n1t1a1




-this work, it is believed that the gaﬁma decays from.the,region 6f
closely spaced ievgls are predominantly glectric dipole. If a large amount
of angular momentum has been deposited in the nuc]éus by the incident -
<partic1€, the Qénma decay will preferentially feed low-lying Tevels

with higher spins such as the 3~ and 4" levels. If very little

angu]?r moméﬁium'is deposited by the incident particle, the decay

w11 favor thosejlevels ywith Tower spins, such as tﬁe 0;, ZT, 2+,

énd 0+ levels. In the high angular momentum, high incident particle
energy case, the_gamma cascade should nearly always pass through

the first 2% level. At lower energies, decays to the ground state

: whicﬁ bypass the first 2% ievel become more probable. :

Also shown schematically in Fig. I-2 are peaks from high eneragy
scattered protons correspohding to the lowaiying levels in the finai
“nucteus. These are due primarily to direct collective reacfiong and
‘ are reproduced by coupled-channel calculations which are discussed in
Section IV-A.

To complete the description of the reaction prbcess it is necessary
to include isospin conservatign and pre-equilibrium emission.

The relative importance of these processes varies wiih incident ,
particle energy, and the inclusion of both processes was necessary
in order to reproduce and understand experimental data. Isospin-
‘;conserviné reactions are particularily important- for protons, with
 energies up to about 20-MeV, incident on relatively heavy (A y]OO)
nuclei. Iﬁjsome cases, such as for the heavier masc isotopes,
isospin-conserving reactions proddge essentially all of the (p,p')

cross section not accounted for by pre-equilibrium reactions.



Converse]y, pre equ11:br1um em15510n becomes 1ncreasvng1y lmportant

.yeras the 1nc1dent part1cle energy 1ncreases unt1l, by 26-MeV. 1t accounts

S

for v1rtua11y a11 of the observed (p,p )} cross sec+1on, The annunt of
A ca]cu]ated pre equ111br1um enﬂss1on at any given energy-is somewhat
'dependent on the model used

vhe exper1menta1 techn1ques'and the equipment used to determine
v (p.p' y) gamma .cross sect1ons for 56Fe 62N1' 64Zn ]OBPd ]]OCd,.]]4Cd,
- ‘]IBCd ]]BSn 120Sn ~and 206Pb are discussed in Section IT-A. Section
‘II-B conta1ns the d1squssmon of the (n,n'y) experiments on natural Fe,
Ni;ZZn,'Cd, Sn, and Pb. It was found necessary to'employ pulsed beam
“and timing or cofncidence techniques in order that re1iab1e-measurements
of (psp’ 7) and (n n 'y} cross sect1ons might be obta1ned free of arbigui-
tiés assoc1ated wvth beta decay, electron. capture, or background-
associated gamma rays w1th the same energ1es as those from the (p.p’)
_or (n,n') events of ‘interest. o .
_ ' he resu]ts of these exper1ments, generally’ in the form of gamma
e cross sect1ons, are discussed in Section III. The {p,p'y) results
E are presented as a funct1on of 1nc1dent part1c1e energy, wh1ch ‘ranged
«from Tto 26 MeV and the (n,n'y) resu]ts are presented ‘at 14-MeV.
3What~1s observed bas1ca1]y, is that the (2 S0t } gamma transition does
-acc0unt for near]y all of the {p,p') or (n,n') cross section. Because
A of angu]ar nnnentum conservat1on however, this near-equality. tends
'to Dreak down at Tow 1nc1dent energies when very little angular momentum
.;js brought 1nt0 the nuc]eus and direct decay to the 0 ground state,

e

byba551ng the 2 L first excited state, becomes more -favored.




SeEtjon IV contdins the computer model calculations. First,
the eoupled-channe1 calculations 6f the direct collective excitation
- of the_lbwafing sfates in the final nucleus -are discussed. »The~/-
éXcitations of the vibrational 1eveis of these nuclei are very °
sigrificant, accounting for up to 50% of -the observed (2+;0+) gamma
cross sec;*”n, %ext, the statistical plus prgiéquilibrium mode
ca]cu15t1 D discussed and compared with experimental data both
from tﬁis work and from the work of others. These calculations were
" done essentially in two parts. First, calculations using the HYBRID
code, which combines the simple Nejsskopf evaporation modél41 (which
does not include angular momentpm) with the pre-equilibrium formulation .
due to Bla_nn40 and Grimes,42;48’were performed for almost all of the
nuclei investigated experimentally, as a function of incident proton
energy and for neutron energies near 14-MeV. These calculations
reproduEed the data reasonably well and clearly showe& how imporpant
isospin-conserving and pre-equilibrium reactions are in reproducing
experimental observations. They also ver%fied the near equality of
the (p,p'} and (n,n') cross sections wfth the (2++0+) gammia Ccross
g68

sectiop” ~Second, calculations using the STAPR code, which.consists

of the Hauser-Feshbach65 statistical model (which includos angular
momentum),, the pre-equilibrium formalism due to Cline and B]ann,46
and gamma-ray strength functions described by the Brﬁnk-Axe]Gg model ,

were performed fof incident protons on 62N1' and neutrons on 56Fe.

These calculations produced details of the gamma cascade and (2++0+)

Cross Sections which were not obtainable from the HYBRiD ca]cu]atioﬁ§.



‘ B -Cross sectlons for both the partvc]e em1ss wn and the, gamna trans1 tions

x

: v-.were ca1 cu]at.d

"measured va]ues \Agam the near—equa'h ty. between the (2 st ) gamna &

‘-chross sectwn and 'the” (n i’ ) or- (p.p ). cross, sect‘lon was demonstrateu,

- but with tn1s ca]cu]atlon the change in the re]atwnsmp with 1nc1dent

part'lc]e energy. . could be 1nferred Further conc]uswns, based on
‘ compamson of these ca1cu’|at1ons mth expenmenta] data, are presented

in Sectwn v along with reconmendations for further experi ments.’

10



11. Experimental Methods

The purpose of the exaeriments was to measure the gamma-ray speétra
from the inelastic scattering ofAhbth protons and neutrons by a series
of evenfeven target nuclei:. The experiments focused wn thelganma—rays
from the low-lying vibration-Tike le;els in these nhc]ei, where energies,
spins, and'paritiesvwere generally known. The gamma-rays of interest
hiad energies between Zod-kev and 3-MeV,

A. The (h,p'y) Experiments ’

A1, The Apparatus
The exper1ments were perfarmed at the Livermore. cyc]agraaff

faci]ity.z" This is a two-part acce]erator consisting of a 76-cm, fixed .

energy cyclotron and a 6 M/, variable energy, tandem Van de Graaff. The

cyclotron produces 14.8-MeV negatively charged hydrogen ions. The Van de-

Graaff can be used by itself to accelerate protons to energies up to 12-
MeV, or tt can be used with cyclotron injection to produce proton beams
with energies up to 27-MeV. This is a very versat1le system, but does
Teave a gap between about 12 and 15-MeV wn1ch cannot be reached by e1ther
mach1ne The 25 Mz pulse rate of the cyc1otron was reduced with an

external sweeper which eliminated 6 out of 7 beam pu1ses before injection

into the tandem. A schematic drawing of the facility and the exper1mental

setup is shown in Figs. II-1 and II-2,

' ‘ Data were taken at a series of proton energies, generally:
beginning at 7.5-MeV (9-Mev for the heavier elements) and inoving up in
steps 5f about 2§MeV to 26-MeV. For proten energies between 7.5 and
lZ-Mev; the ‘tandem alone was ysed. For the data at 14.8-Mev, the;‘

cyclotron alone was used and the beam was drifted through the tandem

n
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Ge(Li) .detector
with 120 preamp

" " Fig. I1-2. The top view of the experimental ‘setup for Ge(L1) detector
ganma spectroscopy at the LLL Cylo-Graaff facility.
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'J: w1th the term1nd1 shorted to ground For energies between 16 and 26-

MeV the comb1nat1on of f1xed energy cyc’otron and var1ab1e energy .
tandem was used.:~Beam currents were typ1ca11y between 25 and 100 nA
w1th runs tak1ng from: 20 to 30 minutes.

A~

" The proton beam emérging from the tandem was nnmentum
h ana]y}ed and bent down into the underground exper1ment pit. It was
" then focused through two co111mators {generally 3/16 and 3/32 inches
in diameter) onto the target. Thin self- support1ng targets {about
2 ng/cn?) were used, and the transmitted beam was c011ected in an
e1ectr1ca11y wsoiated beam dump It is believed that this integrated
current can be measured w1th an accuracy of better than 3%:,

An’Ortec VIP series e(Li) detector was used to detect
gdmma~ray$f These detectors have an ‘active valume of abput 55 cc and
a reso1ution-ot about 2.2 kev for 0o y-rays. The detector was-
' ’oriented ot 125°‘mith respect.to the beam direction. Gamma angular
distributtonswmey be ‘described by a series of even Legendre po1ynomia1s
and th1s angle corresponds to a zero for the 2 = 2 polynom1a1
,wh1ch.descr.bes most of the an1sotropy of the angiular distribution.
The’b4 term’is,genereiiy small and somewhat uncertain. Ignoring the P4
~term will introduce an error of between 3 and 9% in the case of
56Fe(n n'y; at 14 MeV28 and about 1% for 206Pb(n n'y) at 4- MeV 23
These,. va1ues are thought to be typ1ca1 of the other nuclei as well,
More w111 be said about angu1ar d1str1but1ons in Sect1on I11.

It must be kept fipmly in mind that the {pap y) measure-

e nents'were_made~on1y at 125° and actually represent_d1fferent1a1 cross
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sections. They can, wifh~on1y a few percént error, be multipiied by
4n and considered to be ang]e—integrated cross sections, however.

Tﬁe detector viewed the target.th;ough a mylar window on

_ thé target chamber. It was shielded from baékground'radiatibn, which
came principally from collimators in the beam 1ine, by several inches
‘of lead {n the form of an annulus around tlie detector and Tead bricks
between the detector and the collimators. For some targets the target
itself was the sburce of excessive amounts of x-rays. This low energy
radiation was reduced to acceptable Tevels by putting a 0.1-cm thick
copper absorber between fhe target and the detector.

The Ge(Lf) detectorshare single crystals of germanium‘
with 1ithiuﬁ drifted into them to cpmpensate for iﬁpurities. It is
necessary to keep fhe crystal at liquid nitrogeﬁ temperature to avoid
thermal excitation, with its resultant noise, an&'td keep the lithium
immobi]e,wfthig the cnystai. A high voltage is applied across the
crystal, which causes it to act like a large diode. Gamma rays intér-
acting with the dermanium atoms create electron-hole pairs which are
swept out by the applied electric field.. The charge collected is
proportional to the energy dgposited in the crystal by the gamma-ray.

) Gahma-rays with energies between 200-keV and 3-MeV were
of interest in these experiments. At the end of each experiment, the
detector was left in“place and the targets replaced by several cali-
brated gamma-ray sources to determine the detef:fM efficiency. Figure
I1-3 is a typical efficiency determination fors :f the runé: Cfoss
sectigns for the (p,p'y) experiments were ca]cu]éféd as fo]]ows.: Thé

reaction rate in the target in the region between x and X + dx is
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dRp(x) = gIN dx,

where
*x = distance into target,

cross section,

Q
[{]

I = beam current (protons/second),
3 _ M
N = nuclei/em” = X
Ny = 6.02 x 1023, o = density, M = mol.

and ; = isotopic abundance.
If we assume a thin target, with I and energy constant, then
Rp(x) = glNt,

where
t = targét thickness.

Gamina-ray photo-peak areas were measured. These can be related to the

reaction rata for incident protons by the expression
. oA
Rp—sz’
where

]
»

1.602 x 107" Coulomb,

measured detector efficiency, '

Lyl
»

f = measured Tive fraction for the electronics,

Q = charge collected {Coulombs),

and A = y-ray photo-peak area (number of counts).

The Tive fraction for the electronics, referred to above, is that fraction

of the time the electronics weré available to process a pulse, i.e.

=1- dead time.

The dead t1me is roughly proportlonal to count rate in the system. The TAC

(Time- to-Amplltude Coverter) and the MCA {(:ulti- Channe] Analyzer) both

17
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"contr1buted to the system dead t1me but ‘the NCA was the dom1nant contr13-
'utor The live fractlon, and the t1m1ng gate w1dth were determ1ned for '
‘each exper:ment us1ng a pu]ser pu]se at the h1gh energy end of the spectrum
"I The pu]qer output was sea1ed, and the nunber of - pu]ses getting into the
spectrum was tounted - ‘Runs were -made at very ]ow count ‘rates to define the
zere, dead - t1me cond1t1on and the timing gate w1dth° Actual runs’ were
'vcompared w1th these to determ1ne the 11ve fraction, wh1ch was generally
‘;about 80%.

AL 'tn - Combintng the aboue equatibne, the tqta] cross section‘
can bereubfessed‘as,l .

. _ eA ‘..“ . .“;
°T% QNT_ h .

Az .The . E1ectrdnics
. F1gure 11- 4 is a schemat1c d1agram of the electronics used
~1n these exper1ments The power supp1y for the Ortec 120 preamp]1f1er and
. the high vthage.pquer supply for the Ge(Li) detector were located in the
~fexperimenta1 pit and'iSoTated from Tine noise'bu an isolation transformer. h
..Th1s substant1a]1y 1mproved the reso]ut1on upsta1rs 1n the control room where
_the preamp s1gna] was amp11f1ed by an Ortec 451 spectroscopy amp]1f1er

5:%,’7 . o : : The accelerator was run in the pulsed beam mode with the

\nbeam bunched to a W1dth of about 2 ns and with'a repetition rate of 2 5 Miz

e for: the”tandem alone ‘and 3.57 Wiz fcr the qyc]ograaff The princ1pa] reason

for d01 g the t1m1nu was to e11m1nate the background events due ‘to (p.n)

c]eus oF 1nterest Th1s was® 1n1t1a1]y a substant1a1 prob1em with

£

A
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Fig. 11-4. The electromcs for both the (p,p y) and the (n n y)
exper"lments ’ : . ) ‘




’ T1m1ng pu]ses correspond1ng to beam bursts were taken
" from: the RF and used to generate stop pulses for'an Ortec 437A TAC. The-
start s1gnalsacame from the Ge(L1) detector Qne output from the preamp11f1er
was run through an 0rtec 454 T1m1ng F11ter Amp11f1er and then 1nto an Ortec i
453 Constant Fract1on discriminator. Gett!ng re11ab1e t1m1ng over a w1de
dynam1c range w1th the Ge(L1) detectors was a d1ff1cu1t problem Severai
d1fferent~t1m1ng un1ts were: tr1ed, including Ortec 463 and 453 Constant
) Fract1on un1ts and a Canberra EZS (Extrapo]ated Zero Strobe)  The 463 and"
the EZS d1d not g1ve the. dynamic range needed wh11e the 453 was d1ff1cu1t
‘to SEL up but -did’ prov1de_the requ1red dynamlc range. The s1gna1 from the
' ;453 was used‘to start.the’TAC. - A typical spectrum from the TAC.iS«shown in
}Fig;_II-S. }mo 0rtec44ZCA SCA's (Single'Channel Analyzers) were used to
'defirie gates on the TAC spectrum"’wOne gate Qae set over the -prompt peak ,

that 1s, over the events occurr1ng 1mmed1ate1y after the beam burst strlkes

uthe target The. other gate: was, set on the flat background region. Th1s
corresponds to events wh1ch ave out of time witli the beam bursts ~"Each

;}' S gate was approx1mate1y ”5 ns w1de and the TAC peak 1tse1f had a FWHM (Fuil

: * Width at Ha]F Max1mum) of. about 5 ns. The TAC output was-d1splayed on a o
sma]l MCA and checked after e?ch energy ck.: nge so that the TAC peak could

be kept wi thin the SCA gate The output from tne SCAs went to an LLL-

des1gned router whwch was used.to gate a Northern .4096. channe] mu1t1channe1

L

e ana]yzer Ne accumulated two 2048 channel spectra in the MCA, one corres-

3 pond1ng to events whlch fell w1th1n the prompt gate dnd the other to events

’ wh1ch fel] w1th1n the out~of—t1me or random gate S1nce the. prompt gate’

Jalso conta1ns R random contr1but1on the spectrum correspond1ng to the
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the prompt dat ," Teavmg onTy those counts whvch corresponded w beam burst ’
co1nc1 dent events. " The normahzatwn was accomphshed w1 th a Berkeley
Nucleomcs Corp BHI puT ser. The pulse shape from this_ pulser was set to
: match as cToseTy as possrbTe, the s19na]s from’ the Ge(Li) detector The
- amp'htude was set such that puTses went into’ about channeT 2000 in the MCA.
i S1nce the pul ser output was uncorre]ated with the beam, counting the pulses
m the prompt and delayed spectra was an indirect measurement of :the gate

w1dth The puTser output was scaled so that the nunber of pulses attempting

the beani before 1t passed through the target ‘and far away from the exper1ment
- These runs were used to ‘define the “zero dead trne" condi tions. The experi-
mentaT dead t1me was determned from the rat1o of pulser counts dur1ng .the
expemmen,t: to those correspondjng to f'zero dead time". The count rate-in
‘ ‘ < 'the.Ge(L-i) system was generaTT? about:TO Kz .and the dead time was less than
e o A3 Tar:gets »
» ' The targets were self~supporting metallic foﬂs with

=g thvcknesses of about 2 mg/cm except for the Sn and Pb targets, which were L

‘ __‘bm.c 5 mg/cm Target th1cknesses were determ1ned by weighing foﬂs with
v known areas and by measurmg the energy losses of 5- MeV anhas from 24]Am
The resuTts of, these two measurements were generaHy in good agreement.
. "'. . _,.”'; = A generaT ser1es of even-evern 1sotopes w1th the essential
R s1mp1e \nbratvon er Tow-Tymg TeveT structure was chosen for examination.

:'-"Nuc'le1 were needed whose Tow-lymg level StY‘UCtLY'ES were known, and which.had
56Fe 62N1 64Zn

a 0 g’r und state and a 2 f1rst excited state; We chose

) to enter the system was known Very 10w count rate runs were made by stoppmg

JJ//Y 408Pd HOCd 114Cd HGCd HGSn ]ZOSn and 206Pb as nuc1e1 wh1ch*sat1sf1ed
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these criteria and were availabie as isotopically separated targete. AT1
. “the targets had isotgpic pnritiee of more than 95%; most weire nearly 99%.
There are'mang other nhc]ei which eatisfy our criteria. but the ones chosen
al]owed us to Took at the gamma decay over a range of nuclear masses and over
a range of 1sotop1r masses- for individual elements. This dis 1mportant'because
neutron em1ss1on becomes more favored as the 1sotop1e mass increases. Accord-
jng to Cohen et al. the inelastic protor scattering from the heavier, more
neutron rich 1sotopes will be almost entirely d1rect, since almost all com- ‘
pound nuclear events will decay by neutron emission. The 17gnter, less
neutron ricn isotopes will undergo a conbinatton of compound and direct
processes. These arguments neglect 1sosp1n considerations- and pre equ111br1um
processes. The 1eve1 structure of the Tow- 1y1ng levels - in the nuc1e1 of
’ 7nterest is summarized in Fig. II-6 25
B. The (n,~'y) Fxper1ments
B.1. The Apparatus ‘
These experiments were performed at the Livermore ICT
‘({nsulated-Core fransformer).neutron ge .erator. This is a 400 kv dc,.high
_ Eurrent_maehine used to acceleratela deuteron beam onto a solid tritium-
_tttanium target;.producing‘copious guantities cf D-T fusion neutrons.
Sehematia,drawings of the;fati1ity and our experimental setup are shown
in Figsw II-7 and II:B The deuternn beam was bunched to a nidth'of 4.5 ns
.w1th a repet1t1on rate of 500 kHz and a beam current of about 6.5 A,
' Neutron productwon was determIned by count1ng alpha
part1c1es from the 3H(d n)4He reaction with a s111con surface-barr1er '
l_detector v1ew1ng the target at a backward angle (174°) about 13 inches '
.away The a1pha spectrum was v1ewed on a MCA and a s1ngle channe] analyzer

oL

tx
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Fig. 1I-8. The exper1mental arrangement for Ge(L1) detector gamma
spectroscopy at the L1vermore IcT fac1]1ty.
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N 3

o wp dow was set up on the alpha peak The events fallmg wi th1n this. window

L “ were scaled and, after cal1brat1on were-used to determme neutron product1on
rThe absolute neutrou source strength was deterrmned .using: a proton reco1l
detector, w1th an eff1c1ency kno.vn to about + 57 temporarﬂy set -up at o ‘

')_) ;; about lOO cm from the target -The count Fate in the alpha counter was then

_‘ ;_compared w1_th this detector. The ‘hekutiron production rate was typically 109

R .

An older Nuclear Dwdes 35 cc Ge(L1) detector, wi th a -

i resolutwn of about 3 2-keV for the 60(:0 lmes and an eff1c1ency about two
th1rds that of the Ortec’ VIP detectors, was used for the neutron exper1ments
, e The detector was placed on a p1ece of plywood on the th1n alummum "floor and’

lead br1ck sh1eld1ng was stacked around it to try to reduce the rather h1gh

. ,',background from mom—scattered neutmns and actWatwn A large copper slug, '
" v_46 cm long, was placed between the tr1t1u‘ln target and the Ge(Li) detector to
sh1eld Jt from rad1at1on com1ng d1'rectly from the source {see Fig. 1I-8).

] The scatter1ng ‘rings were mounted with the1r axes along
'the l1ne from target to detector w1th the target cl ose to the center of the k
s ' r1na and the- copper slug dlose to the target The energIes of Athe neutrons

em1 tted fmm the target var:y with the angle e in, the manner shown 1n Fig. 11-9.
':I Chang'mg the r1ng angle e (see F1g Ii- 8) from 55° to 125° changed -the

1nc1dent neutron energy from 13, S-Fev to l4 8-MeV. The neutron source

1ntens1ty also var1es w1th angle as 1s shown in Fig. 1I-10. As with the
7

(p p y) experments, these measurements are d1fferent1al cross sections at

a partu:ular angle. Unlike the (p p y) exper1ments h0wever, the (n ,n'y)

':measurements were generally made at several angl es They are in subgtant1 al
28,29,30, 3l »32°

L

o o agreement wi th publ1shed data

1
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_ At the end of the expérimenf, several calibrated gamma-
ray sources were placed on one of the rings and counted overnight to deter-
mine detec;or efficiency. Background contﬁibutions to the standard lines
were so strong that this method fai]ed and the efficiency-calibration had
to be repeated later. '

B.2. The Electronics

The e]eétronics setup was essentially the same as shown
in Fig. II-4, including an Ortec 120 preamp for the Ge(Li) detector. A
minor d{fference was that the timing filter amplifier and pulser were left
in the experimental pit to minimize noise pickup during the long transmission
of Tow level signals. _

Thé accelérator beah was pulsed, and timing signals were
taken from a capacitive time pickoff near the target and used to stop the
TAC. Start signals came from the Ge(Li) as in the {p,p') wdrk. The timing
was doubly necessary in this case, both to eliminate the beta decay contri-
bution and to redhce the very high background contribution from neutron
activation in the experimental'pit. Without the timing we could not have
pbtained re]iab]e_déta. Figurg II-11a is ‘the output of the TAC with the
ring in p1ace.' The first peak is due to gamma rays from neutron interactions
in the kiqg, and the Targer second peak is due to room and\equipment-scattered
neutrons aqd gamma rays produced by these neutrons. Short runs with the
ring-in ahd out were done, and the first peak wa§ not present when thé ring
wa;'not there, as can be seen in Fig. II-11b. Single channel analyzer gates
were sef,on the promot, ring-associated first peak and on thé'ffat, delayed, -
or random background region. The gates were each ascut 50 nsvwide and were 
used to gate the MCA to take two simultaneous 2048 chanﬁe! gamma-ray spectra

in exactly the same way as was done in the (p,b'y) experiments.
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Count rates in the"Ge(Li) systém were generally about

-5 kHz with ‘an associated dead tlme of about 10%. The runs generaily

took two to three hours, and were done with the rings in three d1f-

ferent p051t10ns which corresponded to neutron energles of about 13.5, e

14. 3 and 14.8 MeV, and ang]es of about 125°, 30°, and’ 50°

B.3.

Targets and Cross Sect1on Calculation

The targets for the neutron experiments were large rihgs
~of ‘the elements, in metallic form and their naturally occurring

isotopic abundance. Tanla TI-1 i 2 iummary of the rings used, -

including the weight, size, and isotopic abundances. Cross sections ~

fofdthe'(n,n’Y) expariments were talculatgd'as follows. Consider the

geometry shown in Fig. 1I-12. . The interaction rate of the source nédtréns

in the volume element dv is

dRn =

X,

S02 e-aTN(rQr])
4ar

ofxdv,

- where e OTN(T=1} doscribes the source attenuation by the ring, and where

“isotopic abundance of isotope of interest,

dfstance to rin§ surface,

distance to volume element dv,

soﬁrce strength, ‘

total cross sect1on, ) ' , A
cross section for reaction’ of interest, '

nuc1e1 per.unlt vo]ume.
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v’“-d1ff1cult

"_ where t of f equa1s the path lenqth through the ring. For small & Nt

An exact analyt1ca1 evaluat1on of the 1ntegra1 of th1s expression is

' S1nce the r1ng s crocs settvonal d1mens1ons are relatively

T a]l compared toAthe Jource -to- r1ng d1stance, it is reasonable to

- make certain helpfu] assumpt1ons Fxrst, it is assumed that the sgurce

e

J"‘
to r1ng d1stance 1r constant, 5. e that

E—a

_J_
S

V‘>-

‘

where <r> is the d1stance from the source to the centerlof the r1ng 's

cross- sect1ona1 area :The react1on rate will then be

L Sb . N(r r])
';Rn":" “2_[ e . chdv,
’ daer>™ <y -
S i x
‘ or Rn 0 .ol (', -e 0TNte"‘-'f'-)
s 4""’, effT

)

T “eff’

a»—OTNteff % l-oTNt .y e, g cTNteff q .2 for the more or less typlcaT Zn

we assune that the gamma product1on occurs unxfbrm]y

'"’throughout the r1ng The rate of detect:on of gamma—ravs in the Ge(L1)

(

> E

35
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where

u‘eAy-ray attenuation coeff1c1ent

and ¢ = Ge(L1) detector eff1c1ency

Then - h ! ' ) e
' S, Vex A _
R, = —2—— of(1-e ut)
Y 4n<r>pt
‘and .
2
2 Amer> R[

ut ]
SOVENX l_(] -E-Ut)j

_ The cross3sections.for (nan'y) events were calculated from this expression,
with - multiple scattering corrections applied later. ‘Multiple scattering

contrioutions due to neutrons scattered from the copper shadow bar back

into the ring were calculated {see Appendix I) and account for 3%, at most,

of the neutrons intereéting in the ring. Trrir contribution is probably
less than this because of our timing requirements. The scatte‘red neutrons’
would be de1ayed'and prodUce gammas which'woﬁ1d fall ouiside pdr prompt
t}me window. Monte»Carlo_ca1cu1ations with the copper shield in and out
indicate that its'etfect{ without the-tfmjng requirement, is of the order.
'of 3%, supporting'the analytical calculation.

Multvple scatterrng in the ring 1tself is a more diff1cu1t problem.
‘_‘Day26 demonstrated exper1menta11y that a mu1t1p1e scattering contr1but10n
‘ex1sts even for re1ative1y small rings and becomes fncreasing1y
important w1th increasing ring swze He d1d Monte Carlo calcu]atIOns
and found that in® genera],mu]twple scattering and neutron attenuat1on

balanced each other He found that neglect1ng both produced- - resu1ts

" which d1ffered by on1y 3. 5% from those results wh1cn had been corrected ,”f



for both phenomena These were Tow energy neutrons, however, weTT

beTow the (n 2n) threshon Kammerd1ener24 1nvest1gated muTt1p1e

scatter1ng ‘for 14 MeV 1nc1dent neutrons on rings 1n a geometry identical

" to ours (1ndeed, some of the r1ngs were” the same) and found the effect
to beosmaTT- He measured (n n! ‘) cross sect1ons and used a. Monte CarTo
code, iterat1ve1yt to correct the data.
The TART Monte CarTo code was used for‘caTcuTations with a geometry
wh1ch exactTy reproduced the 1mportdnt aspects of the exper1menta1 geometry.
"~ It was found that-the effects were 1ndeed smaT] but not ignorable. After
the (n,2n)'threshold is crossed; at about TO-MeV; the mu1t1p1e scattering is
'no longer balanced by the attenuation Table 11-1 g1ves the rat1o of
. "trueto- measured (n N ) cross sect1ons and 1t can be seen that the net
correct1on 1s generaﬂ]y less than TO% except for Pb where it is 19% . The
measured cross sect1on, omeas , is the sum of the 2 > 0 gamma trans1t1on i
" cross sect1ons for the maJor [dsotopic const1tuants of the r1ngs at 14 Mev

The “true“ cross sect1on  Oipue’ comes from the Monte CarTo calculation

: : rue
. in the following way - . “j<14
. - LT - DN :
. L S'4::f’meas Z z Sk i 1(2 )
~ “Ctrue T =
L Zk:,sk,m
where
I R L oL

: mean path‘Tength in the'ring with no iﬁteractions,i

5 neutron path Tength in the r1ng, at energy i, ‘summed

B
=
o
1

~ gver k contr1but1ons

: cross sect1on for 2 > 0 gamma produot1on at neutron

-k ). . e o
b A . £ - P
SRR . S e




The measured:cross section, o s , was subsequently multiplied by

Ot rue’
. . . ..:‘ -
events- from reactions induced by loWer energy neutrons from (n,n'),”

mea

* the ratio, » which corrected for multiple scattering

meas

(n,2n), and (n,np) events.:
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"ITI; Data AnaTys1s and Results

Bev1ngton, ‘which uses the Marquardt method.

39

ME e
: "‘,H

;A. The Data Ana’ys1s Computey Programs

.'"t»al‘ The data were taken in a Northern Sctent1f1c 4096 channe]
v»"-;_»muTt1channe1 analyzer, exam1ned (at the end of each run, and dumped- onto

) smaTT DEC magnetvc tapes through a PDP 81 computer. The data was then

transferred to Targe magnet1c tapes and pr1nted and p]otted v1a a CDC 6600

tina —shar1ng computer system Data analys1s was performed on a PDP 15

'computer system with a 32 K memory, a scope and 11ght pen, and a Versatac

pr1nter—p10tter. Th1s proved to be a very versatile and useful system

': although a bit slow for some - of the more 1nvoTved caTcuTatxons

The data analysis was done aTmost ent1re1y with a program called

- v‘GRASP which orlgvnated at Stanford and has been altered for our use. It

- is based on a non]1near Teast squares a]gor1thm called CURFIT by P: R.

4 The program will fit a

- jselected‘région of experimenta] data with up to four superimposed
.fGausstan Tine shapes pTus a.background poTynomiaT of up: to second order .
© It is designed to allownthe operator max imum controT ot and interaction

;.w1th the data being analyzed‘ It isvdesigned'for finding and analyzing

B part1cu1ar peaks 1n a spectrum consist1ng of many peaks, most of which

are not of lnterest The program is d1v1ded into three main loops, the
I/O or, 1nput/output loop, the PEAK Toop where peak and background reg1ons
are def1nﬂd,and the FIT Toop where the actual f1tt1ng is done..~

In the I/O Toop, data are read into the c0mputer and the asychron-

o ous background spectrum is mu]tlp]ied by a prev1ous]y determ1ned normal-: .

. 1zat1on constant and subtracted from: the prompt spectrum, thh care being

‘
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taken to calculate the correct stamdard dev1atlon for each data po1nt
The operator can then 1nput prev1ous]y determined parameters wh1ch
.descr1be peak width var1at1on ‘#s'a function of channel number, energy
variation as a funct1on of channel number detector eff1c1ency variation
as a functlon of gamma- ray energy, and a target parameter which includes
target th1ckness, molecu]ar weight, integrated beam current, and lnstru-
mental live time.

In the PEAK loop the data is examined on the scope and, using
a light pen, the peak region and the stable background regidns on each
side of 1t are chosen. Estimates for the locations of the peak centroids
are also‘marked with the Tight pen. The user has the additional pption
of entering particular values for any of‘the peak parameters and fixing

them so that they are not varied;in the fitting process.

] The user then goes on to the FIT loop and fits a polynomial

through the two stable background regions on either s1de of the peak reglon
This determines the background under the peak reg1on’wh1ch will be subtracted
to yield peak areas: From one to four Gaussian functions are then fit to .the

peak region. The parameters of‘the Gaussian plus quadratic backgrbugd function,

: 1 X.,-)-(z . & 2
y(xi) = cexpi-5 —1;——— +Cp+C3 X+ CaXy

~ which aré varied ‘to obtain the best’ fit to the data, Y;» are the centroid-
or mean, X, the fulliwidth at half maximum, T = 2.354c, where a;js the -’
'standard dev1at1on, and the peak area which is related to c1 The param-

eters c2, c3 and c4 have a]ready been determ1ned from f1tt1ng the stable



4

L e . e

backgroundﬂregiOns The best f1t 1s def1ned as the minimum x where .

”1]2 The program 1terates unt11 two successive

& ;‘:(y;- ENTEA

va1ues of XZ d1ffer by less than a predeternnned quant1ty (5 x 10 -4

’for Lh1S work) or for a max1mum of 15 iterations. An ‘example of a fit
'f‘to several over]app1ng peaks p]us a quadrat1c background is shown in

i F1g II-] Veny 11tt1e low energy ta111ng was observed, consequent]y

a s1np]e Gauss1an peak shape was adequate
B. The Results - General Commentc '

" The 1dea11zed p1cture of the Tow—ly1ng level structure of a

”vibrationa1 nucleus was-shown in Figl 1-1. The results preserited

»

here are an attempt to measure the cross sections for the production

‘of those " gamma rays shown in F1g 1-1 for 7 to 26-MeV proton bombardment

and 14 -MeV neutron hombardment of a number of even-even tarqet nuclei.

56 108

The nuc1e1 1nvest1gated are “ fFe, isotopes of Ni and Zn,

206

Pd, isotopes

of Cd and Sn, and Before‘discussing the results for the indiuidual

stj'nuc1e1, we will 1nd1cate the general features observed 1n the present

di o

7

) work and the1r systemat1c behav1or with incident energy and target mass.

when nuc1e1, with the characteristic level structure shown in

'FF1g. I- 1y undergo gamma decay from’ suffﬁc1ent1y highly exc1ted states,
the result zs genera]]y a cascade of gamma trans1t1ons down 'to, the ground
'ifstate Nhat is observed is that v1rtua11y all of the gamma decay funnels. -

Kfﬁgdown through the flrst 2 1eve1 fol10wed by decay to the, ground state

" The, 2 > O trans1t1on, 1abeled (:) 1n F1g I- l, 1s usually the

'“:stronoest trans1t1on 1n the spectrum. The fxrst 2t 1eve1 is fed pr1mar11y

jv‘by the by theu4 > 2* transwt1on 1abeled (:) in F1g I- 1, wh1ch genera11y

Bl

iaccounts for about one half of the strength of the 2 - 0 trans1t1on

at
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. 'Therformat1on of the 4% tevel requ1res that more angu]ar momentum be

brought 1nto the nucleus than. does -the format1cn of 2 or 0% levels.
Consequent]y the 4 -+ 2 tranSItlon is relatively less important at- 1ow

1nc1dent part1c1e energies than it is at high energ1es In some nuclei

4 - 2 trans1t1nn.
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The 2] - 2* transmt1on, “abeled (:) , and the 2] »0F transition, ~

.labeTed (:) s are also inyestigated. The 2) > 0% transition is important
" because it'bypassés the first 2+ leve and decays directly to the ground

- state. This transrt1on is observed to be “always very weak compared to

the 2t s 0 trans1t1on

The O1 =2 transition, Tabeled (:) is also of interest because

iit gives an indication of.the amount f feeding of the o* ground state from

higher lying states other than the fi~st 2*. This is important because it

‘ihdicategjtheAamount of gamma decay b ‘passing the first 2t state. The

. feedI .9 of these two ot Tevels will be similar only if the configurational

P

'-.deta1ls of the final 0 state are not important because of averaging'pver

many‘posswae initial configuratﬁons and intermediate transitions. - These

B arguments Fegpire the qha]itative'9a1idity of a statistical picture for

‘ thefbamma cascades. This transition is always weak but it is relatively -

étkonge%t;at‘low incident particle energies where very Tittle angular
momentum i brought into ‘the nucleus and decay to Tow spin states is

favored.
P

“B.1.,The, (p,p') Results

. -The gamma cascades geierally start from’high energy states

"'”E-Q.ﬁev) in the final nucleus. This can be seen by exanining the
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2 4 . ,6 8 10 12
Proton (p') energy (MeV) ’

111-2. The 64Zn(p p') and 62N1(p ') spectra of Sprinzak et al. 5
14 MeV incident protons.



'”difference_petween‘incoming and outgoing proton energies. fig. ITI-2

" shows the scattered proton spectra of Sprinzak et al.% for 14-MeV protons

’62 -

64 N‘. The (p p') -part of the spectra peaks around 5-MeV.

Zn and
Hence the f1na1 nucleus s left wwth 9-MeV exc1tat1on, on the average

The nuc]egs-1s also left with several units. of anguTar momentum, as can be

-inferred from Table III-1. This table Tists the most probable angular

momentum transfer to the.compound nucleus, as calculated by the LOKI34

f‘opt1ra1 mode] code _The scattered particles will be emitted with much

Tess. energy and angu1ar mnmentum, s-wave (2=0) and p-wave (2=1) events

are favored Consequently the final nucleus w111 be left w1th most of

'the angu]ar momentum, depos1ted by the incident particle. For the nuc1e1‘

1nvest1gated over the range of 1nc1dent proton energies from 8 to 26-MeV,

. 'the most prohabie anguTar momentum transferred va:ies from 2 to 6 units.

The p'edom1nant feed1ng of h1gh angu]ar momentum final states (e.g., the

I rather than the O ) can be qua11tat1ve1y Understood in terms of the

‘ d1ff1cu1ty of gett1ng r1d of 1arge amounts of 1n1t1a1 angu]ar momentum

dur1ng the. cascade

P A]so 1mportant in- understand1ng the bnhav1or of the gamma

cascades and the re]at1ve feeding of the. various lou- -1ying states is the

' spJn dependence of'the level dens1ty, which typically peaks at 3 to4 umts6

1n the reg1on of c1ose1y spaced 1eve1s at 5 8 MeV exc1tat10n

If the- f1na1 nuc]eus is .left w1th euouch energy to emit .

i vanother part1c1e,nt w111 usual]y do so., States above the neutron separat1on

:energy dec y predomwnant]y by neutron °m1ss1on A cor311at1on of neutron,
iproton, and a]pha separat1on energ1es for the nuclei 1nvest1gated is given

_:ﬂ;1n Tab]e—III 2. 15, Look1ng again’ at tﬁe 62N1 proton data5 in F1q III-2

.

v

h?a substant1a] lower energy peak is apparent Just be1ow the neutron separat1on



Table III -1

Most Probable Angular Momentum Transférred to the
Compound Nucleus as a Function of Incident Proton
Energy - from LOKI3# Optical Model -Calculations

e Angular MomentumiTrangfér
Energy :

Nucleus (Mev) 10. 12 14 - 17 20 . 23 26
%pe | . 2.5 3.0, 3.2 26 4.0 46 5.0
v | .0 27 31 3.3 3.7 4.3 46 5.0
64 : ’ ' '

Zn 2.8 3.0 3.2 35 43 45 5.0
Mg | 2,3 2.7 3.5 3.8 4.6 4.8 5.5
ey | | S .

| 23 2.8 35 4.1 50 5.0 56

N6eq ; 2.4 2.8 3.5 42 50 52 6.0

Mbgp - . 2.3 2.6 3.5 4.2 4.8 5.3 5.5

120 1 24--2.8 3.5 41 5.0 5.4 5.6

W6, 1. 15 .25 35 40 45 55 6.0



TABLE 111 -2

ng;fi cle Separation ‘Energié."s (MeV)

T |

.

R 0 R X 1

N
7.62
' 6.41

630

7.02

3.95 "

3.8

2.86

3.48
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energy at'tD.S-MeV; This comes from (p,np) protons uhich have energies

below E - Sn = 5.2~ Mev In th1s part1cu1ar case. it is re]at1ve1y easy

to separate the protons due to (p np) events from those due to (p,p')

events.v»At higher energies the situation becomes more amb1guous, it

may be-necessary to_uSe’ganna=data, such as those presenteo‘here, iftz

one is interestedriu'separating the (p,p') or {n,n') cross sections

© from the. total-inelastic cross sections. o o .

When the final nuc]eus is left below the particle em1ss1on
.threshold, 1t w111 gamma decay. - Degnan et a].9 have determined the
mu1t1p11ctt1es of -the gamma.cascade following (p,pﬂ) reactions on nuclei
oVeF,the_mass’range 59 to 122. They have observed'aﬁstrong‘similarity
betweeh‘ganma multiplicities from a1l of the different nuclei;i For an
incident eheroy of T7-MeV, they observe the mu]tiplicity to vary smoothly
with 1n1t1a1 exc1tat1on energy from about 4 at 10-MeV to about 1 at 2-MeV.
. The col]ect1ve v1brat1ona1 levels of spher1ca1 ‘even-even

bnuclei are a]so strong]y exc1ted by d1rect react1ons In the (p,p* )
spectra, the direct exc1tat1on man1fests itself as strong high‘ehergy
peaks wh1ch were not 1nc1uded 1n the integration of the (p,p’ ) data. In

V:the ganma spectra it is s1mp1y another contr1butor to the various 1ow-'
'1y1ng trans1t1ons snown in Fig. I-1, most of which go into the 2 50+ ‘
trans1t1on. Therefore, if one desires to compare gamma - cross sect1ons
with integrated proton or neutron cross -séctions which do not 1nc1uge
the Tow=lying states; it is necessary to determ{ne the amount&of direct
exc}tatfon contributing to the.ganmavcross sectiohs This7can be

’

ca]cu]ated quite successfully using. the coup]ed channe] Forma11sm

hdescr1bed by Tamura ]B The Oregon State Coup]ed-Channel Code]7 was used

to perform these ca]cu]at1ons, wh1ch w111 be described 1r deta11 1n Sectlon IV

.
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The caquTated d1rect exc1tat1on of the various co]]ect1ve

- levels 1s subtracted from the gamma data before they are compared w1th
1ntegrated (p p ) data Thefe calculat1ons have been checked against
(p,p ) measurements of 1nd1v1dua1 coTTect1ve TeveTs, when ava11able,
-and the agreement between data ard caTcuTat1on is generale qu1te good.

:‘A sun.ary -of the resu]ts of uhe coupled-channel calcu]at1ons zs given 1n

Tab]e ILI 3 The calculated direct excitations; aTong with the measured
total cross sect1ons are listed in.colums . for each of the transitions of
.1nterest and for aTT of the nuc1e1 studied. fThe sum' of the direct contri-

o buc1ons, Ec dwrect, st T1sted ina column at the r1ght This is subtracted

‘ from the tota] 2t 0" cross: sect1on with the resuTt, az+ , listed in the
next coTumn at the r1ght These numbers can then. be compared u1rect1y
w1th 1ntegrated (p p ) Spectra, c(P p'lsy- some of which are given in the

‘7;}., iif-" next: column The - furthest coTumn on the: right T1sts the percentage of the-

v ' d1rect react1on contr1but1ng to” the total measured gamma cross section.

Th1s 1s substant1a1 “in nearly all cases, being of the order of.40%. For

,fé f' : the 11ghter nuc1e1—there is substant1a1 variation with incident proton

~

5 energy 64Zn, for 1nstance, d1rect react1ons contribute 8% at 9—MeV s

gvto 507 at 26-MeV A similar Sunmary is given in Table III-4 for

e neutron exper1ments 5

In genera] the .gamma spectra were measured w1th the Ge(Li)
,etector onTybat an angTe of 125° with respect to the proton beam. |he

' onTy except1on was lzoSn which was measured at 90°. The totaT gamma cross

- w0 sect1ons WEre caTcuTated from the express1on ’

, ‘4‘1!('2‘-?6/(19')]250 L




Tabie IIT - 3

A Summary of Measured {p,p'y) Gamma Cross. Sections,
) Coupled-Channel Calculations, o4;rects
" and Integrated Proton Data, o‘(p,p'r’

47’(d°/dﬂ)~|25°_ {mb)

Percent

Ndlers & sfiadt) Gaie. | (v Gie| o(#h2) Gie | ofopt)  Gle | o] G, | Todirect o** olpup')  Direct
Sbpe, 9lamoe0 227 | e5:5 1.0 | 424 12| 7:1 22 1.4 | 285 d 8
wlases20 416 {w0ta 28 | s0xa 23 | asen 3.6 76 | 579 w220 3 13 .
20 |28:20 364 (M6 .22 | 2x2 1.6 |1.8:.5. 26 0.8 | 536 194:20 22
% | 20 325 | a0 17 23 10 | W5 20 123 | 496 w60 2
. 63y 3 {130+ 8 “16.4 {19:2 10| 821 14 151 3.2 2 | .l wse e 19
20510 336 | =3 29 ) sz 27 781 48 87 | 524 154:10 190 2
0147+ 8 334 | @3s3 27 | 1021 19 351 32 125 | 7 93 7 7
26010+ 8 3201 | 32:3 22 9:1 14 |25:1 2.6 w2 | s25 78+ 8 a0
8% 9 41+20 2.3 | :3 08 | maxs 18 | w2z 23 3.7 | 3.9 42s20 8
14500320 535 ;140£5 ° 30 | 130:10 3.3 6+1 3.4 1.9 | 2 az3em o 15
wfassn. m3 | e623 27 | a2 22 125 2.2 196 | 78.0. WM 36
% | w150 47.4. 1 ‘g0 1.9 26 1.3 0 1.6 22.3 7.5 76 50
10854 10 | @3 13.2 Be 1 1.3 6x1 1.6 | T4s2 1.2 1.7 19.0 2643 4
oo s w2 ai 1 e | 1ssr Az 31 2.2 . 65 | 500 - 80:5 50
20 1125+ 6 ;41 3 | s0s2 a2 [ @1 27 3:1 1.7 ' 0.4 | 60,3 65:6 ‘50
= 2 [13: 6 9 ws2 32 | 2s5 19 351 a4 73 | 87 Tss .
i "R T T 06 | 10s6 04 421 w06 3521 05 e | 138 2:2 41
o 1 [0s: 8. ma [ e 2 14|10k 0 | 3l a 8.3 | 40.2 65:8 6 ar
: 2 8:5 15 | M1 0.8 151 09 3.8 | 485 7a:a 40
"-' ‘26 8 1.1 8 W05 0’ 0.7 479 14:8 » 8

15.4
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Deformatwn paramters were not avaﬂable for any Tevel other than the 2* and 3" in these nuclei.
The calculated cross sections from Nbey were used for the 2'. 0]. and 4" levels. . - .
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P L
which assumes that the P4 Legendre polyncmial coefficient is zero,
which is ﬁrobebly not true.”zThe angular distributions are discussed
in more deta11 in.-Section. I111-B-2. '

56Fe

_ The exc1tat1on functions for the various gamma trans1t1ons
from 25Fe {p;p'y) reactions are shown in Fig. 1II-3, A typical Ge(L1)
gamma -spectrum, taken.at 10. 5 Mev, i$ shown in Fig. III-4. ATT data
were taken at 125°, The behav1or of the cross sections with energy

' (i.e.rthe.shabes'bf the curves in Fig. I1I-3) can be understood.in
_terms of the angular momentum depqsitéd in the nucTems and the spins
of the Tow-1ying TeveTs. . The 2++0+ transition strength peaks when about
3 units of anguTar momentum are brought into the nucleus. The a*s2t .
transition peaks at higher energies, when more angular momentum is
brought, in and the 0]+2 transition peaks at very low energy when less .
angular momentum is brought into the nucleus. -The behavior of the
gamma transitions observed for 56Fe is typical of the Tighter nuclei
62N1 and 64Zn also. :

The 270" transition {0.847-MeV) is the strongest line in -
the spectrum; It rises from 300 mb at 7.5-MeV, to a maximum-of about
450 mb at about 14.5-MeV. From Table III-1, it can be seen. that
this peak value corresponds te aboht 3 units of angular momentum
- being deposited in the nucleus. Above 15-MeV the 2 cross section
Vdecreases gradhally with ihcreasing proton enefgy toaebout 200 mb-at
20-MeV., v e

In erder to comPare the 2*>0" cross sections\with
meesured {psp') data,;the calculated direct excitation of the collective

levels was subtracted from the measured gamma cross sections. The:
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resu1ts of th1s are 11sted in TabTe III- 3 and, for the 2 *0 cross
_sect1on ave plotted in F1g III 5 Direct reactions contr1bu+e 8%

'wi«to 24%- of the, 2 Cross sect1on for 1nc1dent proton energ1es of 8 to

26-MeV. . Also plotted.are the (p,p') data of Spr1nzak et a1.%

o 14-MeV integrated over ang]e and energy. The solid line is s1mp1y

to‘guide the eye The 2 cross section rises from the Coulomb

: barr1er near 5 MeV and peaks at about 15- MeV Agreement between the

1ntegrated (p,p ) data and the 2 +0 gamma cross section is qu1te good.

.': The 2* cross section is a]so in good agreement with (p,p v) measure-

~ ments From 0RNL” done at 15:7-MeV.

The 452" transition (1.239- MeV) has s]1ght]y Tess than

han the strength of the 2 .0t transition and is the principal decay

feed1ng the f1rst 2 level. . It rises more sharpTy from Tow energy,

.and peaks at- a sT1ght]y hlgher energy, than does the 2 trans1t1on

»:It is. Tess T1ke1y o0 be popu]aued at Tower energies because the protons

‘ peaks néar- 4 un1ts

“'do not depos1t enough angular momentum in the nucleus. Proton energies

" of 17+ MeV or more are neressary befcre the angular, momentum distribution

The 4]+2 trans1t1on (T 8]0-Mev) is another member of

T the two phonon tr1p]et wh1ch decays strongTy to the one phonon 2* state.

E It peaks at substant1a]]y Tower™ energies and is substant1a]]y weaker (by

a factor of ]0) than the 2t.0" trans1t1on
The ]+2 transition (2 095-MeV) peaks at very Tow

e

'energ1es where onTy T or 2 un1ts of anguTar momentum are- brought 1nto

v'the nucTeus by the 1nc1dent protons Under these c1rcumstances the

A . . i . P
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con&ifiohs'aré moét f;vorable for'decay thrnugh a 0+ state. We expect
that the ot ground state will be fed from higher-lying s.ates in a
51m11ar way ] . '
. . The 2*a0+ transition (2.658-MeV) is the decay of the two
phonon 2t state- d1rect1y to the ground state and is very weak. It rises
'rap1d1y, peaking at about’ 4 5 mb at “Tow _energy (10~Mev) and then decreases
to about 1 mb. The strength of . this tran51t1on is an indication of the
error involved in us%ng the decay of the'fifst 2t state as a measure of
o(p,p'). Its stﬁengfh is,‘hoWever, more than two orders of magnitude
leés than' that of the First 2*.

U " The results for 62N1' are very simi]ar to those for 56Fe.
The measured streﬁgth; of the varicus gamma transitions are shown in
Fig. III-6. A typical gamma spectrum is shown in Fig. III-7. Al1 data
were taken at 125°,

The 2°>0" transition (1.173-MeV) peaks at about 210 mb

p 56

for 15-MeV incident protons. As witl Fe, the cross section then

"decredses to about 130 mb at 26-MeV. Fig. ITI-8 is a plot of the 2*»0"
cross‘seétion with the direct excitation, as calculated by the coupled-
channel éodé, subtracted. The solid line is s{mply to guide the eye.
Also plotted are the integrated {p.p') cross. sections of Sprinzak et al.,
Rao'ét al ;] and Lu et ai. 12 The (p,p') data are systematically slightly
h1gher than the gannm data but the error bars tend to overlap. It is

. expected that the 2 »D cross section will slightly underestimate the

(p, ) cross section due to transitions bypass1ng the f1rst 2" state.
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That appears to be the case here The underest1mate is of the order ‘
}of 144 and 1s one of the larger d1fferences between (p, P ) and gamma

ﬁ“,-;data observed An th1s work

) .;~i' As w1th Fe, the 4 +2 trans1t1on (1. 163 MeV) is the

‘:pr1nc1pa1 level feeding the f1rst 2 state. and its strength peaks at
‘about 15~MeV when about 4vun1ts of . angu]ar momentum are brought 1nto

‘.'_~the nuc1eus Also observed are the 21+2 transition (1.129=MeV) and

the 0]+2 trans1t1on (0. 8756 MEV) whose strength peaks at-low energ1es

e

and decreases to a few percent of the 2t0* strength at higher energ1es ’
w’»‘The decay of the 2 d1rect1y to the ground state, the 2 50 transition
o (2 301-Mev) 1s weak, of the order of 1% of the X strength

Zn -

62Ni, the ganma decay of the collective fevels of

56Fe

' As w1th

*In, shown 1n F1g III 9, - very similar. to that of There are

.60 "

substant1a1 d1fferences 1n nagn1tude, but the var1at1ons with the energy are

51m11ar F1g III 10 shows a typ1ca1 gamma ray spectrum from 64Zn. The

measurements were all done at 125°.

The 2 +O trans1t1on (0 991—MeV) peaks at about 540 mb

'\for 13 MeV 1nC1dent protons It then decreases w1th increasing energy
to, 160 mb at 24 MeV. F1g III 11 shows the variation of the 2 d1ffer-
( :ﬁent1a1 cross sect1on with energy, after the direct excitation of the
'~1co11ect1ve 1eve1s has been subtracted The trans1t1on strength rises
~}sharp1y from the Cou1omb barr1er to 2 broad peak at about 13- Mev,

o thCh corresponds rough]y to the neutron separat1on energy in the f1na1

v ..

. fnucleus.é For h1gher energ1es the decay goes 1ncreas1ng]y by neutron

En ss1onrand the (p p y) cross sect1o" fal]s stead11y w1th 1ncreas1ng
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e

energy The 1ntegrated (p,p ) data Qf Sprrnzak et.al. 5 and Lux and Porﬂe]3
1s aTso pTotted on. th15 f1gure The .gamma data 1s sT1ght1y Tower, but
1n,genera1 the agreement is. quite good

{‘ Gt -.\ ] X s
‘. T oL L The strengths of the 4 +2 trans1t1on (1 3135-MeV) and

the 21+2 trans1t10n (0 8078 MeV) are nearly the same and about 1/3 that
of the 2 »0 . The (2]+2 ) peaks Tower than the (4 +2 ) because. of angular

momentum con51derat1ons The (01+2 ) trans1t10n (0. 9188-MeV) is very

AL ;;j weak in this case but behaves in: the expected way. It is maximum at

b

s «10w energ1es, decreas1ng rap1d1y w1th 1ncreas1ng proton energy and”

angular momentum ) :. e B '

; : The 2]+0 transition (1v799-MeV)bis‘considerably stronger
he“e than in- most other nucTe1 - This measurement is not. in “agreement w1th”
pubTIShed vaTues for the branching rat1o from the 2] ‘level at'1. 799-MeV 351
The pub11shed branchlng ratlo 1nd1cates that th1s trans1t1on should be »

onTy 2/3 of. what we measured Th1s trans1t1on bypasses the f1rst 2

TeveT and t 1s 1mportant to know 1ts true. strength It could account

for as much as 107 of the 2t - strength or as little as 6%. Th1s woqu

e a: s1gn1f1cant source of error 5 the 2 +0 trans1tron were used as

measurJ of the ( p ) cross sect1on The observed d1fference between:
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A tyoiéal (p,p'y) spectrum is shown in Fig. IIf—lal‘ A1l measurements
were made at 125°, o . ' : . )
The 2*50" transition (0. 434 MeV) rises from the Coulonb "
barrier at 7.9-MeV and does not appear to have reached a max1mum, even v
at 26-MeV. 'Th1s is shown more clearly in Fig. III-14, wh1ch is a plot of
the‘2+‘strength with direct contributions, as ca]culated by the coupled-
"ohanne1'code, : removed. No experimenta] (p,p;) data were available for.
this nucleus. -
R ~ The atsot transition (0.614-Mev) carries about 1/3 of the
strength-ot the.2f+0+ transition; and becofies more important as incident
energy and angular‘mdmentum increase The 2]+2 transition {0. 498-Mev) :

is as strong as the 4 a2t transltlon at low energy but becomes less

~important at higher energies, accounting for on]y 15% of the 2* strength

at 26-MeV. The (0}2*) <trans1't1‘on (0:619-Mev) is weak, accousting for,

at most, 4% of the 2t strength "
) ‘The 2140 trans1t1on (0.931-MeV) is stronger here than

in most of the other nuc1e1 A background gamma ray of exactly - the

.same” energy is observed 1n b1ank runs which may account for .some of

the strength The branch1ng rat1o from the 2 Tevel has been neasured

by'Robinson et'a]., using Coulomb exc1tat1on, with the result-

—"=3.5 + 0.7 T . .

U(zw} =

Our measurements are generally noL,Jn agreement w1th th1s branchIng rat10 :
and. 1nd1cate extra strength in the 0.931 -Mev transItion The 2190 trans1- i‘j?

tion is probab1y only about 1/2 as strong as 1nd1cated by our neasurement.

& Ve
VT e
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N0y
.iThevexcitation functions for the various gamma transitions
from ]1péd (p,p'y) reactions are shown in’Fig. 111-15. A typiéal Ge(L.9)
gamma ;pec;rum is shown in Fig. I1I-16. A1l data were taken at 125°.

. The 2*+0" transition (0.6577-MeV) rises from the Coulomb
barriér atIS-MeV and reaches a plateau of about 120 mb at about 16-MeV.
The cross seciion remains gssentfal]y constant through 26-Mev. Fig. III-17
is a pTof of the 2t strength with direct contributions, as calculated by
the coupled-channel code, removed. Also plotted in this figure are
iﬁtegrated_measurements of the (p,p') cross section at 12-MeV by Rao
et el'l.'I and at 16-Mey by Lux et a1.]6 The agreement is good; however,
another measurement by Rao et al.,] at 17-MeV, is high by a factor of
two (12 ﬁﬁ)sr). The Rao cross section may be in error, because the ]14Cd,
”]166d'ahd 1205, cross sections from the same reference, at 17-MeV, are
all about a factor of two high in comparison witﬁ the later results of
Cohen et a1.1% and the '20sn results of Kalbach,® at 17-Mev.

The 4%>2" transition (0.8847-MeV) accounts for about 40%

of the ‘strength of the 2+»0+ and behaves in a similar way. The 2{+2+

transitidh (0.8180-MeV) accounts for about 10% of the strength of the 2t
énd‘seems to reach a plateau at about 16-MeV. The 0;»2+ transition
(0.8155-MeV) is gu{%e weak ;Xcépt at Tow energyias where angular moment im
considerations cause it to be fed preferentially.

The'Z;'-»O+ transition (1.476-MeV) behaves in a way identical
b thé-2:+2+.téansition. Its strength is about 6% of the 2t Strergth.
"One should therefore expect at Téast this amount of error in using the

2*30% transition as a measure of o{p,p').
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-114Cd :

The expemmenta] gamma- ‘ray cross’ sect1ons for the var1ous
trans1t1ons of 1nterest as a functvon of the proton energy, are shown 1n
Fig. III-18. -A typ1ca1 (psp'y) spectrum is ‘shown in F1g. III-]Qa_ All
measurenents were made at 125°. | h

The 2 »0 trans1t1on (0. 558- MeV) rises from Lhe CouTomb
barrier at about 8-MeV, reaches a plateau of about 100 mb at 18-MeV, and
remains consiant through 26-MeV. Fig. III-20 is a piot of this transition
with the calculated. d1rect excitation renoved. 1ts behavior is s1m11ar ;

]]OCd except that it appzars to reach a somewhat Tower plateau at a | ”
somewhat hiéher excitation energy. Plotted also are data from Rao et a].]
at 12-MeV and Cohen et al. ]4 at 16-MeV. An additional data pofnt at
17-MeV was about a factor of two higher than we observed, and 1ncons1stent

:w1th the data at ‘16-MeV, as was mentioned Eur11er

The 4*>2" transition (0.725-MeV) rises rapidly with proton
energy and anguiar momentum deposited in the nucleus, eventua]]y acFounting
for nearly 407 0¥ the strength of the 2 *50" transition. Its strength
does not appear to reach a plateau but continues to rise, even at 26-MeV.
The 21+2 transition (0.651-MeV) accounts for about 15% of the 2 +0}
strength and seems to reach a plateau at about 15-MeV.

The 0?+2+ transition (0,5759-MeV) accounts for somewhat
less than. 10% of thé strength of the first 2+, considerably more than

its counteruart in 10

Cd, and increases with proton energy rather than
decfeasing as one wodfd expect for a,O+ Tevel. This'peak‘is one of a
quadruplet of peaks which are very ¢lose in energy and dxff1cu: to
resolve accurately. It may be that the other trans1t1on§ are masking

the behavior of the 0;+2+ transition.
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.The strengtﬁ of the é;+0+ thansition 1s about 7% of the
strengtthf the é+j0+, and behaves in the same way with increasing proton
energy i s does’ the 2++0+ frgnsition. DOne can expect at least this much
error {n u;ing the 274+0% transition as a measure of the (psp’') cross

section. -

%
The gamma-ray cross sections measured for this nucleus are
~shown in Fig. III-21. A typical (p.p'y) speEtrﬁm is shown in Fig. III-22.
A1l measurements were made at 125°. .

 The gt:g:_transition (0.5139-MeV) rises from the Coulomb -
barrier, at about 8-MeV, to a plateau of about 100 mb - 18-MeV. The
cross section them increases slightly with increasing proton energy to
about 120 mb at 26-MeV. A plot of this transition alone with the calculated
direct excitation subtracted, is shown in Fig. IlI-23. It behaves in much

110 114

the same way as did ‘the 2" transition in Cd and Cd. Plotted also is

the integrated (p,p') data of Rao et a1.1 at 12 and 17-MeV and Cohen et a1.14
at 16-MeV. As with 119cd and 'T%cd, the (p.p’) data of Raoet al., at 17-MeV,
is about a factor of two higher than we observe and inconsistent with the
data of Cohen et al. at 16-MeV. The 0.513%-MeV transition was very difficult
to sgparate from the 0.511-MeV annihilation peak, which was present in all
runs. A syitematic determination of the width of the 0.511-MeV line and

its centroid was made in other runs and th2 results were used to constrain
the fitting parameters in the 0.511-MeV portion of the doublet. Since the
0.511-Mev line was always strong and quite wide, there is substantially

. . : : + 4 s
more error in the cross section determination for the 2 +0 transition
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*in this nucleus than in the others. In some cases (14.8 to 20-MeV) it
appears that'the sum of thé strengths of ﬁhe transition known to be feeding
“the fiest 2" state actuﬁlIy exceed the measured strengtﬁ of the 2f+0+

) transition. Sinée this cannot be true, it is-an indication of the enrof

jnvolved in extracting the 0.514-MeV ganﬁa from the 0.511-MeV. The upper

Jimif on-the error bars plotted in Fig. III-23 have been raised to include

~ this sum.
The 47527 transition (0.7063-MeV) is substantially stronger
in this isotope than in the other Cd isotopes or Pd. It rises more si.aiply
. from the Cou]pmb'barrier, peaking at 18-MeV at about 80 mb, and then
decreasiﬁg with inbreasing'bombarding energy. Its behavior is more 1ike
that observed in the lighter e]ements? Fe, Ni, and Zn, than.in the heavier
elements Pd, Cd, and Sn where the Coulomb barrier has more effect. This
transition accounts for abovt 70% of the strength of the first 2+, but as
was mentioned earlier, the errors involved in the determination of the
strength of the 2++0+ transition make this value somewhat uncertain. For.:
18-Mey inﬁident protons, the optimal angular momentum transferred is
between 4 and 5 units.

A The ZT+2+ transition (0.6997-MeV) behaves similarly, peaking
at about 19-MeV. This transition accounts for about 20% of the strength

of the first 2+ state. The remaining 10% is accounted for by the OT»2+

transition (0.8671-MeV). Thi; transition behaves in a most unusual manner
for a transition from a 0+ state. It rises sharply from a very small value
at low energies, to peak at about 17-MeV and then decreases with increasing
energy, in much the same way that the 4% transition does. From this

behavior, one is supicious that this transition may not be from a 0+ state.



The 2140 transltlon (1 2136~Mev) is genera]]y Tess than

ik 10% of the strength of .the 2 »O trans1t1on . This 1s of the same order

f»ﬁ{as we observe in ]]4Cd and substantzal]y larger than in ]]OCd

T]Gan

" The: gamma-ray cross sect1ons measured for this nucleus are
Ishown 1n F1g. 111~ 24 A typ1ca1 (p p y) spectrum is shown in Fig. III-25, *
',‘All measurements were made at 125°.
.The 2 +0 tran51t1on (1.2935-MeV) strength rises from the

Cou1omb barrier at about 8-MeV to a plateau of about 75 mb at 18-MeV.
The eross section remains constarit as the proton energy increases to 26-MeV.
The optimum angular,momentuh transfer at 18-MeV‘is between 4 and o units.
The'largest Sinéle contributor to the 2 Tevel is the decay of the 37, one-
octupotefphonon state. This 0.973-MeV transition is an ET transition which’
is ptobabiy fed by at Jeast dﬁe‘other dioo1e transition from the continuum.
The strength of the 2 transitioo with the calculated direct excitation

(see Sectien IV-A} subtraeted from it is plotted in Fig. III-26. This may
be compared directiy with the integrated (p,p') data of Rao1 at 12 and
17-Me¥. The gamma strength from the 2+-is only about 2/3 of that of the ,
1ntegrateq‘(p;p') ¢cross section atAtZ-MeV and at 17-Mev the Rao’et a1.!
" cross section is.larger than our values by the usual factor of two.
Extractihg‘integrated cross sections from the experimental proton data is
ambigious to.the extent that (p,np) and (p,2p) reactions contribute.

Tﬁis may account for the etfference between the integrated proton data
and the ganma data.v The strength of the 250" transition in ]]GSn is

.about 30% 1nss than it is in the Cd isotopes. -
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The 4 +2 trans1t1on (1.0975-MeV) in this nucleus is less’
strong’ than the 3 +2 trans1tlon Trans1t1ons from the 3~ and 47 states
‘ account for 70% of the gammas, feed1ng the first 2 level. An abrupt
A 1ncrease in the strength of the.1.0975-MeV ¢-.ma is observed, with a
' thresho]d around 14-Mev it appears that this additiona] gamma strength
]]SSb T 116,

.-epcomes from the 3/2 +5/2 transition (1.098- Mev) in sn (p,2n)

]]SSb thresho]d accurs at about 13.5-MeV and the abrupt rise in strength
appears to come. from about th1s po1nt The 1 0975 MeV gamma 1ine shows
) no apparent w1den1ng as this threshold is crossed e therefore conclude
that the d1fference in energy betwsan the two ‘'gammas is much less than
_our. nom1na1 3 keV resolution.
' _ - The 2]+2 trans1t1on (0. B]B-Mev) behaves in much the same
© way: as does the 2 +0 trans1t1on but has Iess than:10% of the strength.
‘{ The 0142 tran51t1on (0. 463—Mev) is qu1te weak and difficult to identify -
unamb1guously. IL d1sappears ent1re1y after 20-MeY. The 2]40 -transition
(2. IlZ-MeV) is very weak and d1ff1cu1t to separate from a 2. 113 MeV
.f; contam1nant 11ne be]1eved to be from - fe Measurements of its. branching
rat1o 1nd1cate that it has about the same 1ntens1ty as the 2 +2 (0. 818 MeV)
trans1t1on. o
. : ‘ ]205 1

The gamma-ray cross sect1ons neasured for th1s nucleus are

"i shown 1n'F1g III-27 and a typ1ca1 gamma spectrum is -shown in F1g 1II- 28

A]] measurements on thfs nuc]eus were made at 90° Th1s is o]der .and -

: \po: er qua11ty data than have been d1sp1ayed up to th1s point... No timing

/ﬁ‘as'used and no dead t1me correctlon was made The dead time was estimated
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tn be about 10% or Tess and will simply be included as a part o; the
uncerta1nty in the measurement The'contribution due to B decay and

electron capture (EC) from 1205n(p n)1205b react1ons could be more

-1mportant however, and an attempt was made to correct for it.

Essent1a11y all g decay and EC from the ground (1 ) state

]ZOSn ’ ]ZOSb has an gt isomeric

1205, -

]ZOSb goes to the ground state of
state, however, which decays by EC to the 2.48-MeV (77) level. in
This level then decays by a gamma cascade down through the first 2t level.
Dne of the Tinks in the cascade chain is a 197-keY gammavtransition whtch
could be used as a measure of this mode of_decay. JUnfortunate]y there was
also a contaminant 197-keV ganma-ray observed in runs without the target.

In addition, there was a Tow energy electronic cutoff in some of the runs
so that the 197-keV transition could not be observed. The corrections
uere very difficult’to make under these cireumstances, and highly uncer-
“tain. It was decided that about 5 mb could be attributed to the EC,and
this waslgubsequentIy subtracted from both the 2+—>0+ and the 4++2+ transi- -
- 'tion croes sections for incident proton energies of 10-MeV and greater.
The'probIems which beset.the analysis of this data are a goodlindioation
of why timihg and pulsed beam technioues were employed in subsequent
experiments.. - . : - S

The 250% transition (1.1715-MeV) rises from the Coulomb
barrier at about 8-MeV to a plateau of about 75 mb at 18-MeV. This‘behavior

is 1dent1ca] to that of ]]6 n.A'As with ]]GSn,

the largest contributor to
the 2 1; the decay‘of the'3 .. About 4 units of angu]ar'momentum are
brought in at 18-MeY. The strength of the 2t transition, with ‘the ca7culateo .
oirept'exqftationlsubtracted from it, is plotted in Fig. I1I-29. Tﬁ}s'

)
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- may be compared with the integrated (p,p') data of Ka]bach8 and Rao et al']
at 12, 14, 16, 17 and 17.8-MeV. The agreement between the (p p ) and-the -
gamma data is excellent except for the Rao data at 17 MeV.

. The 4*»2". trans1t1on (1.0231 MeV) is essent1a11y equal
to the 3 +2 (1.228-MeV) trans|t1on at all energies: The 4 and 37
transitions account for about 80% of the 2* strength at 19-MeV. At Tow
energ1es {near the Cou]onb barr*er) the 4 state is excited only by EC and

_d1rect reactions and was used to help est1mate the (p n) contr1but1on to

* the 2%s0" cross section. L

The 2]2" transition (0.926-MeV) behaves in much. the same
hay as does the 2+40+ transition but has only 10-20% of the strength: The

O;f2+.transition‘(0.7035-Mev) is ‘very weak and somewha t obscured by an

intruding neutron peak as well as having a possible conttibution from EC
from the 1* state in 1 20Sb.

Consequently, it is not éhownvon Fig. 111-27.

- This was the heaviest nucleus examined. The gamma-ray cross
sections measured for this nucleus are shown in Fig. II1-30. A typical
gamma spectrum is shown in Fig. I1I-31. A1l measurements heée made at
125°. o -

" The 2*50" transition (0.803-MeV) rises from the Coulomb

barrier at about 12-MeV to a plateau of about 70 mb. There is cdnsiderab]él

scatter in the data, however, and the data from the tho ruhs'at 22-MeV

do not overlap for this trans1t10n, though they genera]]y do for the other

trans1t1on§. Examination of the target showed that a crack had developed

in the.repion of the beam spot. It is believed that this crack—accounts
'for the scatter in the data. The Tow points would then be from the beam ;
_ wandering-qyervthe crack. The cross sect1on for the 2 »0 trans1t1on w1th
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the calculated direct excitation subtracted from jt‘is plotted in Fig. III-32.

A thorough sear¢ of the “Titerature failed to produce any complete (p,p')

;spectra or integrated cross sections for comparison with .the ganﬁa—ray

data. The most apparent prob]em with the data is that the 4 tot trans1t1on

t(O 881-MeV) appears to be twice as strong as the 2 trans1t1on The

> “shape of the exc1tat1on function suggests- that the problém may be an intruding

gamma-ray of the same energy whose threshold is about coincident with
that of the 206Pb (p 2n) reaction at 11.6-MeV. A literature search of
gamma rays from 20531 failed to turn up any of exactly 0.881-MeV, how-

ever. The ciosest was a strong transition of 0. 872 MeV which we do observe.

‘20631 is also suspect since all of the data in the literature appear to

206

have come from the B decay of the ot greund state of Po. This does

not.ekeite the highernspin §tates Tn'zosBi. Since the ground state of
ZOGBT is a 6" state, high spin states excited.-by (p.n) reactions would decay
in a much differert way than was observed inithe 8 -decay of 206Po. A

sat1sfactory explanat1on of the extra strength in the 0.881-MeV ganma-

_ray has yet to be found

The two- phonon states do not stand-out clearly in Pb as they

have in the- 11ghter nuclei. The next most significant transitions are the

3-+2 (1. 8446-Mev) transitibn and the 3%52% (0.537-MeV) transition. The

>2]+2 (0 664- MeV) trans1t1on is ‘somewhat 10wer yet. The 0+->2+ (0.362-MeV)

trans1t1on 1s very weak w1th a cross sect1on of T mb or less. “The

1

- 2]+0 (1. 467 MeV) trans1t1on is also weak, about 3 mb, and quite erratic.

' :Ne1ther of these Tast two transitions is plotted in Fig. ITI-29 because of .

the uncerta1nty 1n their measurement F1g I1I-33a is a summary figure Showing

';the relative strengths of the 2 +0 trans1t1ons, as a funct1on of energy, for
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a'H of the” nuc]e1 1nvest1gated.g Fig. III 33b is s1m11ar except that the
direct éxcitation ca]cu]ated by the coup]ed channe1 code has been subtracted
The strength of "the transat1ons systemat1ca11y decreases with - 1ncreas1ng

mass ofvthe'nucleus. Because of the effect ‘of the Cou]omb barr1e"; the

/

d1fferences are greatest at low 1nc1dent proton energy and become substan- .

tially sma]]er at high energy.

98
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.B.2- The (n,n'y) Results

The (n,n'y} reaction is simitar to the (p,p'v} reéctton,
and the discussion of the systemat1cs of the react1on g1ven at the
beginning of- aect1on III B. 1 is also pertinent here. The ur1nc1pa1
d1fference_ar1seslvrom the fact that the neutrons are hot charged. "The
inelastic brotoﬁ spectrum is cut off at low energies by the Couldmb
barrier while the neutron spectrum is not, as can be seen from the

24 and other‘557’58 in Fig, IT1-34. Conseqﬂently,i

data of Kammerdiéner
it is possible to obeerve rather clean {p,p') spectra, éubstantia]]y :
uncontaminated by (p,2p) and (p,np) events, even when the incident

energy is several MeV highe. than the ba:ticte separation energy. This

i's not true for neutrons. When the incident neutron energy is several

© MeV above the neutron separation energy, as it was in these experiments,

low energy neutrons from both (n,2n) events and (n,n') events are

present. Consequently, the gamma data cannot be compared

directly wfth the particle spectra as was done for the proton-induced

. _reactions. Neutron, proton, and alpha.separation energies are listed

in Table III- 2 for the relevant final nuc]ei Neutron separation'
energies vary between 8 and 12-MeV for the nuclei 1nvest1gated

As was 1nd1cated by the proton exper1ments, the 2 »0
gamma cross, section is expected to be a good estimate of’ that port1on

of the 1ne1ast1c neutron spectrum due to (n,n') events a]one " For

ffInCIdent neutran; with energ1es be]ou the neutron separation energy this
' :would be essentialiy all of the inelastic cross section, but at 14-MeV '

4t is only a part of it. Fer e, for example, measurements of the
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(n,2n) cross section (see Table III-5) indicate that about 60% of the
non-elastic neutron production cross section is due to (n,n’') events,
at 14-MeV. This percentage varies considerably from nucleus to nucleus

- and w1th 1sotop1c mass. A summary of the (n,n'y) data taken is given in
Table III-4. Data were taken fer all of the rings at about 50° and for
some of'taem at about 80° and 124°, The data, at the various angles, are
plotted in Fig. III-36,‘III-§§, ;II-4], and III-43, along with'expeei-

mental data from other sources. Table ILI-4 contains measured cross

sections for all of the transitions of interest as well as coupled-channel

calculations of the direct excitation of the various levels. A1l of the
data in the table have been corrected for multiple scattering. These
corrections ranged from 1% for Ni tc 19% for Pb (see Table II-1).

Because of the ring geometry, changing the angle from

50° to 125° also changes the incident neutron energy from 14.8 to 13.6-MeV.

In addition, there is some energy variafion across the ring itself (about
+ 50-keV) due to its Ffinite anQu]ar dimension of about 3°.. l

If the- fncident partvc]e energy is above the (n,2n) thres-
ho]d, the (n n'} cross section will be reduced by the (n,2n} competition.
This competition causes the (n,n') cross section to decrease rap1d1y.
with energy, just above this threshold, as the (n,2n) cross section’rises

56

"rap1uly At '14-MeV, the {n,n’) cross section for ° Fe is still decreaswng

rap1d]y with 1ncreasing energy because of the (n,2n) threshold at 1] 4 MeV.

The 64Zn(n,n ) cross section behaves similarly due to an (n, 2n) thres-'_
hold at IZ-MeV The heavier nucléi, however, have somewhau 1ower (n, 2n)

' thresho]ds, and it appears that the (n,2n) cross sectvon has reached a
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*plateaufby'JQLMeV,/Teaving the:(n:nf) cross section also qujte.fTat, at
wgleaStFover the few\MeV of %nterest'here. Consequently, if angular distri-
1,but10ns ares« deszred, it i necessary tu eorrect the e and In data, at
~3d1fferent angles, to a. common energy, but the Sn and 206Pb data do not .-

need such a correct1on for 1nc1dent neutron energies around 14-MeV. The

last few co]umns 1n Table III- 4 g1ve 2 +0 d1fferent1a1 cross sections

p’corrected tn 14. 8-MeV, 02+, and m1nus the d1rect contr1but10ns (stat1st1ca1

falone). 02+ " The. last co]umn conta1ns the est1mated percentage of direct

react10n contr1but1on to-the various” 2 40 transitions. The direct

contr1but1oh has been ca1cu1atnd with. the Oregon State coup]ed channe]

17

&

code and w111 be dvscussed in “detail in Sect1on Iv.

Measurements of the 2]»0 transitions were”attempted but

" these trans1t1ons were found to be very weak wh1ch when combined with

" the low eff1c1ency of the Ge{Li) de*ector for gammas of about.2- MeV

- made these cross-.sections very d1ff1cu1t to determine. It appears that

these cross sections are all less than 5 mb/sr.
e :

“. " Data, for Fe were taken at about 50°, 80°, and 124°. A

typical Fe (n,n'y) spectrum for ¢ = 52° and 14.7-MeV incident neutrons is

" - shown 1n‘Fig:-111735. As mentioned above, it was necessary to correct

. ithe angd]arﬂdistributfons to" a -conmon energy. Dickens et a1.% have

”nade ewtensiye {nsn'y) measurements,on Fe for 1 to 20-MeV incident

“l}neutrdns“ Using thefr data; the change in cross section as a function of

.fneutron energy between 13 6 and 14 8-MeV-was determined to be. about

'y;-5 7 nb/sr MeV Th1s was used to correct our data to a cennnn energy, I

‘1'14 2-Mev The cbrrected data were then. plotted in F1g III-36, as a
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Fig.. [11-35. The Feln,n'y) gamma spectrum at 52° for 14.7 MeV
neutrons
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A Surmmary of Measured {n,n'y) Gamma Cross Sectfor:

Table III - 4

Corrected for Multiplé Scattering, and Coupled-Channel Calculations*

da/da {mb/sr}
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functiod of angle, along with data from a nunber of other investiga~
tors® 128,30, 3] »32 There are substantial variations in both the angular

' distributions and- the dbsolute cross sections determined by ‘the vqriduS»
experimenters for the 0.847-Mev, 20" transition. Our data seem to

agree quite well with those of Abbandanno et ai.C

28

and to be in substantial

disagreement with the data of Lachkar et al. 3

and Martin and Stewart.
It appedrs that our correction to the cross section for energy v;ridtidn
with angle is not quite Targe enough, in that symmetry about 9G° has been .
only marginally achieved, and our data point at 124° is somewhat hiQher
than that of Didkeﬁs ot a1.%2 .

. The angular distribution of the 1.238-MeV, 4%22" 'transit}'op.
- appears to be somewhat flatter than that for the 0.847-Mev, 2%0" transit{on.

30 and Lachkar.28

The 4 ot data agree with those of Abbondanno et al.
D1ckens'32 pownt at 125° is also in excel’ent agreement with our data.
The data .have been corrected for myi tiple scatter1ng, wh1ch is about a

10% effect for the Fe ring. ‘ )
To obtain the total cross section from an angular distri-
bution,one-qaq 1edst-squares~fit a series of Legendre polynomials to the
data and integrate the resulting sefies over angle. For nuclear reactions’
whidh proceed through a state df well-defined parity,the angular distri-
butidn will bé symmgtric about 90° and will -conseguently bg described by
‘even Lééendré po'lynomials_.29 If such a fit is made to the Abbandanho30

data, the result is ‘

do ‘
do = §7.21 (1 + 0.313 P, - 0.230 P,)
% lo.847 2 o h
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! Th1s 1sisonewhat*d1fferent than the fit they make and yields a lower chi-
. square, If th1s funct1on is 1ntegrated over solid angle, the P, and P4

terms'1ntegrate-t0 zerolleav1ng only the constant term. The result is
9g.g47 = %r.x 57.21 = 719 wb

_At'e = 125°, the differential cross sgction is
, ’125°

. : do - =5

. @l 7.21 x 1. 09 = 62.1 mb/sr

. C 0. 847

Thus if the d1fferent1a1 cross section measured at 125° were to s1mp1y be
mu1t1p11ed by. 4w to y1e1d an "1ntegrated“ cross section, the result would

be 9% too large, becausL of the P4 term. At 125° the P2 term is essentially
zero and the P4 term is the only angle depenfent contr1butor to the -cross
gsect1on. This term71s sma]] and somewhat uncertain at this ang]e, since
the angu]ar d1str1but1on tends to be dominated by the PZ term. The P4 co-

1. 28 and Martin and Stewar't31 are

eff1c1ents determ1ned by Lachkar et a
"substent|a11y less than that determined by Abboudanno et 51.30 and would
. fnduce errors of 4%10}){esé in a cross section determined at 125°.
Although a complete statistica]-ﬁode] analysis of the
angular dfstribution;'whieh includes the effects of unobserved gammas in
thé cascade, has not been carried out, the_overa11 shapes of these distri-
'butiohs are expected to be related to those observed at Tow energies without
unobserved 1ntermed1ate tran51t10ns The review article by E. >She1don and

D. M.‘Van Patter?’

conta1ns examp]es ‘of these and sets forth a means of
ca]cd]ating fhem The an1sotropy at 14-MeV is in fact sma]]er than that

' observed at lower bonbard1ng energies, probab]y because of the 1ntermed1ate,

._unobserved rad1at10ns
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In general, then, one would not ant1c1pateoa large error
(greater than 10%) from using 4ﬂ(d0/d9)]25u as an estimate of the 1ntegrated
cross section at 14-MeV. It should be noted that the d1fferent1a1 cross
section at'55° should be 1dent1ca1.to that at 125° for angu}ar.dlstr1but10ns,
which are symnétric about 90°\. Most of our» data was taken at about 50°,
however, which introduces a slight additional error (not exceedind‘S%)

if this value is multiplied by 4 and used as a total cross section.

Ni
Ni data were téken only at 47°. A summary of the measured
gamm cress sections is given in Table III-4 for the isotopes 58N1, 60Ni,

and 62Ni, which constitute 67.9%, 26.2%, and 3.7%, respectively, of natural
nickel. A typical (n,n'y) spectrum ¥rom Ni is shown in Fig. Iv-37. The
1.173=MeV (2+40+) transition in GZNi forms an unresolved doublet with

the 1.173-MeV (4++2+) transition in éDNi. According to a previohs measure-

ment>2, the 8241 (n.n') cross section at 15.1-MeV is 75 + 19 mb/sr. This

. . R . + 4 cas .
is consistent with our observation that the 4 -2 transition cross section

n 62Ni_is about 71 mb/sr and is generally the prfncipa? contributor to

the 2*s0* strength. It can be concluded only that the 2 *50" cross section

n 62Ni is larger than 71 mb/sr.”

58

The 2t cross section increases from 23 mb/sr for “°Ni to

about 75 mb/sr for 62Ni at 14.8-MeV. This effect is probably due to
) differences in neutron and proton separation energies among the various

tsotopes From Table I11-2 we ser that the proton separat1on enﬂwny for
58Ni is only 8.2-MeV, some 4-MeV lower than the neutron sepal f

;
g

energy. As the rsotop1c mass increases, the proion separat1on energy

1ncreases to 11.1 Mev, nearly equa] to the neutron separat1on

energy for 62N1. Th1s increase in proton sepdrat1on energy causes more

.
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Fig. 11i-37. The Ni(n,n'y) gamma spectrum at 47° for 14.8 MeV
neutrons -

Energy (mev)

i



111

of the non-elastic events to be {n,n') rather than (n,n'p) and hence
the increasing (n,n'y) cross section with increasing A. The same effect
is observed for the Zn isotopes. For incident protons on the same nuclei,
Rao et a].1 have observed that the (b,p') cross sections.go down with
increasing isotopic mass, in contrast to the (n,n’}) cross sections.
The Ni data have been corrected for multiple scattering, '
which is onjy a 2% effect for the Ni ring. Zn shows the same behavior
.with isotopic mass as does Ni. Hence the 2% cross section at 14.8-MeV
increases from 40 mb/sr for 64Zn to 70 mb/sr for 66Zn. As with Ni the
proton separation energy for 64Zn is small, only 7.7-MeV, substantially
.1ess than the ngutron separation energy. The .rot separation energy
increases with isotopic mass, and we presume that this causes a larger
{n,n'y) contribution to the non-elastic cross section.
In
A typical (n,n'y) spectrum for Zn is shown in Fig. III-38.
The “n deta are plotted in Fig. III-39. Since the data were taken only
at 49° and 123°, it is not possible to get any idea of what the angular
distribution is 1ike. The data do show that the cross section 1§ changing
rapidly with energy around 14-MeV, however. The crosé section drops
8-10 mb/sr as the neutron energy changes from 13.6 to 14.8-MeV, assuming
that the angular distribution is symmetric about 90°. The 'Zn data have
been corrected for multiple scatteriﬁg, which is about a 7% effect.
¢d
] The Cd data were taken only at 49°. A summary of the measured"
gamma cross sections is given in Table III-4 for the isotopes ]IOCd, 1]2Cd,

1]4Cd, and ]]6Cd_whiéh constitute 12.4%, 24.09%, 28.8%, and 7.6%, respectivaly, .

#

-~
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of natural cadm1um A typicaT‘Cd(n n'y)‘spectrum is shown in Fig. I11-40.

" The 2 »0 cross sect1on decreases from 149 nb/sr for 110Cd

to ‘30 nb/Sr for IIGCd at 4. 8 MeV If only that part of the d1fferentia1

“n woo.
_cross sect1on wh1ch we estﬁmate to be due to stat1st1ca1 processes, Gots

is cons1dered, then the effect is even more significant, decreas1ng from ..

13 nb/srkfor 110fd to onTy 20 mb/sr for 116Cd The cross sect1on

' attr1butab1e to d1rect processes, g1ven in the last column of Table III-4

xl‘?as a percentage of the-total (n n') cross section, increases to about one-

]16CH Rao et al.! have -

lattr1buted all of the (p,p ) Cross sect1on for M6y and other heavy

1sotopes,-whjch decay predom1nant1y by.nentron emission, to direct re-
actions. The coupled-channe? -approach puts most of the direct reaction

strength into the one-quadrupole-phonon and one-octupoTe;phonon vibrational

'j exc1tat1ons (see Section IV-A). These have been included: in our calcyla-

f~t1ons along w1th the two- quadrupo]e-phonon excitations. If the coilective

: p1cture c¢f d1rect excitation is correct th1s should account for most

'L-Of the d1rect exc1tat1on cross sectlon Thus, it would appedr that

‘:even the heavy IaOtODES make a s1gmf1can+ amount ‘of statust1caT type

g _‘-(compound plus pre-equ111br1um) react1on contributi=n to the total (n.n')

“The data are Hsted in Tab'le m -4 and p'lotted in Fig.

' ;cross sect1on at 14 MeV The {p,p') resuTts support tL.s concTusuon.

The d1rect processes'make up an 1ncreas1ngTy larger percentage of the

J;totaT (n,r') cross, sect1on -as the 1sotop1c mass 1ncreases but do not

_'faccount fbr aTT of it.

Sn zy'.; L - ' ‘ . L
The Sn data were taken at three angles, 51°, 78°, and 123°.

III-4T

A typ1caT
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Fig. 111-40. The Cd(n,n'y) gamma spectrum at 49° for 14.8 MeV
neutrons E
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Fig. III-42 As with Cd the Sn(n,n'y) cross section decreases rapidly
with 1sotop1c mass, from 87 mb/sr for. IIGSn to 31 mb/sr for ]20 The .
est1mated fract1on of the cross- sect1on due to direct excitation iﬁcreases

with 'sotop1c mass, rising from about 14% for ]]GSn to 407 for ]20

1]65n data is more anlsotrop1c

. The angular d1str1but1on of the
than -that of the other isotopes, I?BSn and'lZOSn, or any of the other nuclei
investigated. All of the angular distributions are consistent with symmet}y
abaut 90°, an&fthene is no indication from either the (n,n'y) or;the
(p,p’y). data that the cross section varies by more than 10% between 13.6
to 14.8-MeV.: The data have beeh corrected for multiple séattering, which
is about a 5% effect for the Sn Fing. .

Pb
¢ . The 26py gata are p]ortte'd in Fig. ITI-43. As with Sn,
_there is no indication, from either thé‘(p,p') or (n,n]} data, af a larga‘
change in thé (n.n') cross section in the energy regioé between 13.6 and
14.8-Meé1 iConsequent]y, no correction for energy was made to the data. )
A typical-(n n'y) spectrum for 14.8-MeV and o = 46° is shown in Fig. III-44.
Since the Pb r1ng was, larger than the. others and because of the high density

of Pb, mu1t1p1e scatter1ng was a more significant problem. Monte Carlo

- caleulations 1nd1cated that a 19% mu1t1p1e scatter1ng correction was

‘necessahy Sheldonuand Van Patter29 present Pb(n n'y) data w1th an

angular ‘distribution, at 4. 1-MeV, given by

do

® = C (1 + 0. 1431 P2 - 0.0368 P4)
This dis;ribufion is p1otted:in Fig. 111-43 ﬁifh‘arbitrary‘nOrmalféation,
and thaugh it appears' to be somewhat Tess anisoptropic than gur data, the

“two are'not_reaily incthistent. The Pa term-cmntributes}pnlylj% to the *
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croes*section at 125° for this angular distribution. Direct excitation .
is not very s1"g'n1"f1'cant, contributing only about'vlo% at 14.§-Mev,

according‘to coupled-channel calculations.’ . . o

The (2++0+) gamma cross sections are also ihteresting

“-because of the information that may be inferred from them about (nyn')
cross sections. Table III-5 ‘Hs'ts the (2+40+) gamma. cross sections,
c(2+'->0+) 41T(d5/d9)50°, and a series of neutron cross sections- compiled
from UC:RL 50400, Vol. B, Rev. 1 and ANL/NDM-11. These cross sections were

' evaluated at 14.8-MeV, when possible, except for Fe, which-was evaluated
at~14.2-MeV. The mtent of the ‘table is.to compare the gamma Ccross

‘ section., o(2+->_6+), with an estimate of the (n,n’) cross section drawn
from the heutron measurements. In a few cases, other estimates of the',
(n,n') cross seg:tion have been made or inferred from gamma nieas'urements

or neutron data. These are listed in the th'ird'c.olumn under o{n,n').

The agreement with our gamma data is fairly good except m the case of. Cd.
In order to esumate the (n,n') .cross sections for comparison

- Wi th the gamma data, it is necessary to extract the nen-elastic scatteﬁng

cross section, .o nd subtract the cross sections for all cbrﬁpeting .

.non el’? a )
reactio,nsvfrom it. This can_lbe dore only if all significant competing

reactions and their cross sections are known accurately. The non- -elastic

cross sections compane favorab]y with the compound nucleus formatmn

cross sections, oLOKI, calculated w1th the optical mode] code- LOKI #:

cn.
’dsing l:l'iTmore-Hodgson20 neutron parameters. At 14~ MeV the (n, 2n) reactwn .
is generally the only significant competitor with the (n, n ) reactwn, o
except.for the Tighter nuclei, especially Ni, where the production of B

;harged-'particles is also significant.
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Values fbr the cross sections for the product1on of
’protons and alphas also taken from UCRL 50400 are listed under the
X ihead1ngs a(n x)p and u(n,x)a, respect1ve1y, in, Tab1e 111-5. " In the
:iTast co]unn, the cross sect1ons for all compet1ng react1ons are
,subtracted frum anon el’ 1eav1ng an estimate of a(n n') which can be
.compared with the gamma ‘cross sections, 0(2 »O ). wwth1n the uncertainties

. of ‘the. cross sect1ons the (n, n ') est1mates and the gamma measurements

) vgenerally agree However, the uncertainties are often large, and there

- are a'few s1gn1f1cant except1qns. The agreement is good for Fe, Ni, Zn
- and Sn:ihnt'cd; partiéuiarly 1]0Cd Aand ZOGPb showfserious discrepancies.
“>S1nce the (n 2n) react1on 1s the only s1gn1f1cant competitor with the
{(n, n ) reaction at “this energy and for these nuclei, the, observed
ﬁd1screpancy indicates a prob1em w1th e1ther the (n 2n) cross sect1on
ulor the -gamma: data It is our conc]us1on that the (n, 2n) cross sections

'for natural Cd, ?10Cd natural Pb, and’ ZOGPb shou1d be re- exam1ned




Table III - 5

A Comparison of the ( e"w*) Gamma Cross Section

with Available Experimental Neutron Data®+60 at 1a-Hev

o(m)

- Nuclews |20 . %(n,n') %non_el . U'Eg“ 9(n,2n) %(n,x)p %(n,x)a Tyon-E%4
S6ry 70460 660 = 80 1396 440 = 90 198+ 12 2 7745 95
" Nat Fe ~720 527 + 53 1360 + 30 1396 460 ¢ 40 750+ 50
5By 290« 25 360 + 60 1409 35310 840 + 60 125 : 60 /0 + 90
60y 700 « 3 880 £130 1435 380 180 ¢ 12 78 © m2s 50
62y 5890 940 = 240 1465 2400 181 2 17+ 4 945 1+ 60
Nat Ni 420 ~400 1380 + 30 1418 190 = 10 670 + 50 . 139 431 = 60
Bz, 500 + 25 1484 225 5 25 590 1 75 168 + 16 597 = 90
zn 800 4 25 1505 580 + 50 N7+ 12 - 883 + 60
Nat In ~640 470 = 220 15680 + 30 1492 560 = 50 ~420 G0 530 : 70
Mg <" q870 5 15 ' 1861 998 +115 27 5 - 885 ,» 120
M 1430+ 75 1870 650 + 40 ' 9 4 1237 + 60

S Mgy . 565 + 38 1880 - 7 "7 -
T Ny 477 2150 1890 1650 +100 2 1 257 + 110

A
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.fébiefll! - 5°(continued) . - -
‘ . ; c o JLokt . L - : .
Nucleus : (2 N ’ . °(n.n') hon €1 ch * 2> %n,2n) In,x)p nx)a non 2%
CMatcd o mws;s . 250 _ - 1970 % 40 85 1580 LR - 316 + 200
o "55n, s 1090 £ 63 1820 - 22+ 5 - -
“‘BSn 800 +'50 1801 . - 976120 1221 1 1040 & 185
g ‘ C ERL - .
sn 390 + 38 1913 1444 = 2307 521 - 581 226
RatSn w670 2030 ¢ 80 1904 1500 15 - 515 £ 200
pp 1030 + 63 2500 - 866 & 77 - 1 1633 % 90
208py ~400* , 309 901267 ¢ 1 2 1507 £ 130
Nat P A600 46070 2500 = 50 2506 2240 £ 170 - ¥ 256 = 180

723 + 94

f [ (3-_’03\) ‘not (’7(Z+_.0+]A :

vl

e
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Iv. ,Compufer Calculations and Models
A. Coupled-Channel Calculations

The direct, collective excitation of the spherical, even-even
nuclei studied constitutes an important part of the nuc]éar reaction
process and affects the gamr;a spectra in a fundamentally different way
‘ than it does the particle spectra. Direct,.collective excitation is
most important for the simple, low-lying collective levels found in
vibrational and rotational nuclei. The scattered proton and neutron
spgctra from these direct reactions consist of strong, high energy peaks
which are, in general, easily separable from the continuous, smouthly
varying, and lower energy part of the spectrum due primarily to statistical
reactions. These direct reactions were not included in the integrated
proton spectra. which were compared with the gamma data.

In the gamma spectra, direct exéitation of the low-lying co11éctive
Tevels generally results in a decay of the first 2" Tevel andbcontributes
significantly to the total 2t o* gamma Ccross secfion. The coupled-channel
calculations were performed to determine the direct contribution to the
gamma cross section, so that it might be compared directly with the
integrated. particle spectra, and also to examine the contribution of tha
. direct, collective reaction to the total inelastic scattering cross
section as a function of incident particle energy.

The coup]ed-chénne] calculations were performed with the Ovagon
17,56

18

State Coupled-CHannel Code. This code is based on the coupled-channel

formalism discussed by Tamura ~ and Madsen.ssv The strdng!y collective
nature of the law-l1ying levels in even-even nuclei impiies a strong

coupling between the excited state and ground state channels in the reaction



" @nprocess The col1 jve m0t1ons can. bn descr1bed by a hydrodynam1c

;'v1bratlng—drap mude] w1th the coup]1ng between the d1fferent channels
’"Qder1ved exp11c1t1y ' ,terms.of/an,opt1ca1 model w1th-deformatlon§<wh1ch
“Follow the shape v1brat10dé of the<1tdnid-dron Such-a‘cb]]ecttve-mode1
f!descr1pt1on of'th nteract1on 15 assumed in the. present work however,
;the code also contanns a m1croscop1c mode] descr1ptlon of the nuclear .

¥;‘ "1eve15 and the 1nteract1on in terms of.single partic]e states.

Because f the coup11ng of the various levels, the Schrod1nger

- equatlon wh1ch descrlbes the scattering, becames a_ set of coupied

d1ffnrent1a1 equat1ons The 1nteract1on is descr1bed by an opt1ca1 mode1
' < comp]ex and 1nc1udes the spir-orbit interaction as well

‘-*_ as the Coulomb 1nteract10n. The~ rad1a1 dependence of the nuc1ear potential

‘ is descr1bed-by‘the<Saan~WOods form and 1ts‘der1yat1ve.d The potential

n

*',{JTfQYR:f ]NV)\1‘+ exp[irzﬁfzg]

%

e 41w . exp[(r R)/a]
: F.a + exp[(r—R)/a]} ‘

r

expl(r: ﬁ)/ai , +

2
m RS exp[(r-R)/a]} ' f“"‘j

. : .
- Vso(c . JZ)‘ 'a-—-

LR

et » Th Becchett1-Green1ee419'gTobal parameters-for ﬁrotdn; and the -

20

N11more Hod on” parameters for neutrons were used The pecchetti-ereen]ees
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Vp = 54.0 - 0. 3E + o 4 T"' 24,0 -"—'—Mev, the. real potent1a'|, v

where R = 1.17 fm, the radws, and ap = 0.75 fm, the

K "di ffuseness"
wv = 0 22F - 2.7 MeV or zero, the 1mag:nary vo]ume potential;
.-W'SF = 11.8 - 0.25 +12.0 NAZ MeV, the 1mag1nary surface potential,

where rI—132fm, andax-051+C7N—-—fm,

and Vgq 4'-~-6..2 Mev, the sp1n-orb1t potent1a],
where r = 1.01 fm, and 350 = 0. 75 fm

The' Witmore-Hodgson parameter_-s are

-~

Vg =47.01 - 0.267E - 0.00118€7 MeV,
wheré ro = 1.322-7.6A x 1074 + 442 x 107 - 8% x 10 fm,
and aR 0.66 fm.
g = 9752 - 0.053 Mev,

" where ry = 1.266 - 3.78 x 107 + 2% x 1076 - an® 107 fm,
 anda = 0.48 fn. IR

In order to describe the deformation of the optic;] potential for o
a sphem‘caﬁy s}"nmetric target nué1eus which vibrates about a spherical
equ1hbr1um sha 1°, R and R are expanded as a sum of sphen cal harmonics,..

R-= R, (1+J::u a, ¥ (8,45))

and R = R, (1 *Ioay LW (e,¢)),

where Ro

roA]/z,_ the real radius, and .

'ﬁo = FOA]/3, the imaginary radius.’



_,,]2.3,

If these are 1nserted 1nto the expressron for the potenf1al and e .

:latter expanded 1n powers of z . Yn y one obta1ns an expression wh1ch

h
.cons1 ts ot the usua] optlcaI-mode1 potent1a1 p]us the- coup11ng potent1a1

18
between charne1s,‘ coup] ),

The Ham11ton1an 15

CHET S + Y '. ”vcoUp1 g

(see Tamura

where the coup11ng between channeTs may be expressed as -

v =% v(t)(r)(Q(t) - Y )
- t,A

cdupl

.(t)

The f1rst term in this eouatwon, y is, in the present case,

.proport1ona1 to the rad1a1 der1vat1ve of the opt1ca1 Potent1a1

When the coup]ed equat1ons are wr1tten out 1n deta11 the
strength of the coup11ng between the channels can be expressed in terms
of reduced matr1x e1ements, <IHQ(t)HI >, taken between the states of
the target nuc1eus which are descrited by the sets of quantum numbers
_represented by 1 and I' 1n the case cons1dered here, the general

*nucIear operator Q( £) 1s s1mp1y re]ated to the deformation operator

oy 1ntroduced above The superscr:pt t, refers to the order in the

5

“expansion in terms of oy S .

’ It 15 customary to further express these reduced matr1x e]ements
in. terms of 3 set of deformat1on parameters, B, wh1ch must be supp11ed to .
ithe ca1cu1at1on~and~wh1ch conta1n a11-of the necessary structuraI infor-
’mation about ‘the target states Coup11ng the ground state to a one-

'phonon state of angu1ar momentum I, 1n the v1brat1ona1 nuc1eus gives

oDl sm‘if‘sm
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Counling the4one-quadrupole-phonon‘state:to the two-quadrapole-phonon

. states gives

<1;éHQ£])H2;I> = Bgp V2(21 +1)/5"

s

Coupling the ground stetewto the two-quadrupole phonon states gives

<0; o”q(Z)(A] R = egz-srk(zzoq]m)//z—n ,

where BOA is-.the deformat1on parameter for the 2 ~ pole state w1th
‘respect to the ground state and (2200]10) 1s a Clebsch-Gordon coefficient.
Finally, coupling the one-quadrupo]e-phonom state to the one-octupo]e-‘
phonon state gives

802823(2300|A0)

a; 2||Q(2)(A1 =20, = TN - e,
us

where Bo3 is the deformation parameter of the ene-octupo]e phonon state
with reseect to the one quadrupole phonon state. F1g :VI-1 shows all of
the deformat1on parameters re1evant to th1s analysis. .

The deformat1on parameters, B, are of central importance in these

calculations-because the cross sections are proport1ona] to 62-

These
parameters can be determined in‘a number of different ways, ineﬁudjng

. fitttng coupled-channel calculations to angular distributions of inelastie
scattering data. In the east they have been most commonly determined‘eyj

‘ DWBA ca]cu]at1ons fitted to experimental angular d1str1but1ons and by
measurements of the electr1c quadrupo]e transition probab111ty, B(E2).

from Cou]omb exc1tat1on exper1ments In,DWBA calculat1ons, the coup]vng
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%etWeenifhe different channe]s is treated-only to first order in the
interaction. To understand the Coulomb ‘excitation measurements cons1der
the nuc]eus to be a sphero1d w1th seini-major and sem1-m1nor axes ‘a and b

: re§pect1ve]y, and with an average radius Ro, then,2]

> X s

Bog = 1.06(a-b)/R,

‘ Assuming a uniform chafée distribution. and in the limit of sma]i

deformations,Z] then

_ VB(E2.02)
Boz| * o

I lem | 3ZR§/4W

where R0 - 1.2A]/3 fm

In yeneral

2 YB(Er.0%)
{‘?"lem' 3TR) /4

i 61
where B(E2) = 4 08 x 10
exp _E (MEV) (sec)(]+a)

,EY js the energy of the ganma ray, ) o

_ 1 is the mean wae, and a is the 1nterna1 conversicn
P coefficient.
Va]ues of 602 and 303, determned from these relations by Stel son and
'Grodz1ns,2] are listed in Tab1e Iv-1 as Beom® Quadiupole trans1t1on
probab111t1es for one- quadrupole’ ‘transitions. from a 1ower state tu an

upper state can be wy1tten as77
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BlE2) = zm‘;("u_.’:u ”QZOJIULIL._"“

s

W “ihere ‘320 V 5 ("26 ¥ “20)

-Here Bo is Just B(E2) for. the 2"50" tran51t1on and the a's are ra1$1ng
and 30wer1ng operatars Tbe resu1t of. eva?uat1ng thTS expresswon for the .

one- phonon to two- phonon trans1tlons in a pure vibrational model is:
(E2 0+27) =
: 2
B(E2, 2 w ) =95 B

Bo

uﬂno

B(E2, 2 +2])
.B(E2, 2 4 ) = 5 Bo

, A?so tabulated in Table IV-1 are vafdée~of Bgp and goa;'extracted/
from the ]itéfe;ure,:wﬂdeh were obtained from fitting angular distributions of
.(p,pi); {osat), {d,d'), and (n;n') deté.' According to Madsen et al.,22
‘a~mieréscoe%c‘deseription, with isosbin»inc1uded'proﬁerIy, shows Ehat 8
.1s actua11y a function of the externa1 field producing 'the transntlon
7D1fferences of as much as 20% are expected between 8(n, n“ and B(p p )
w1th B(n R'), be1ng c]oser to.., If va1ues for Bop @nd g(p,p '} are
-knuwn, 1t 1s thenposs1b1e to. est1mate a va1ue for B(n,n') from the

.,express1on

,wh1ch was der1ved by Hansen et al. 48 from the express1ons 1n Table 11 of
;Madsen et a1 22 Va1ues for B Wt calculated from th1s express1on are '

11sted in Tab1e IV l and were used to calculate the ‘direct, co11ect1ve

el



Table IV - 1

Deformation Parameters from Various Reactions

' n,n - : ' v
Nucleus Bem 8o.p' Ba . Ba,d* (calc.) (exp.) 81 I Ba1 I
ey, | 0.2 0.25 0.24 | 0.23 0.0 0.2,4 | 0.24 -0,2,8

. By |07 0.9 0.0 | 0.18
625y, | 0.193 o026 016 022 | 0.2 0.19 0.11  0,2,4 1 0.24 0,2,4
B3l 0.20 021 0.2 0475 | 0.20 0.13 |
n gy, | 0.250 0.29  0.25 0.26 0.23 0.06 . 0,2,4 | 0.25 0,2,4

8oz | 0.23 0.2 0.23 .

W8y g, | 0.223  0.20 0.24° 0.06 ©,2,4. 0.16 0
S 0.22 . 2

By | 015 0.4 0.15 024 4
M0 gy, | 0188 0197 0.0 0.19 0.04 0,24 { 0.18% 0,2

Boz | 015 7 017 0.17 0.16 0.6, 4.
Whasg, [(0.193 019 o021 019 | ou9 6.1z 0 0 0
' X 014 2 00 - 2

‘Bp3 |- 0.14 0.6 - (.16 0.15 0.6 4. | 8. 4

MBeg 5y, |- 0,21 0.20 ‘ 0.20 0.04 - 024 | 013 0
: 0.1 2
Bz | 012 0.1 0.13 018 4 4

ggl
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contribution to the (n;n') gamma-cross sections. The va]ueS'fbk Bp,p'
listed in the table were used‘to make simi]ar ta]cu]ations for the
. (p,p") experinents “'In general the d1fferences between exper1mental
values of B were greater than any d1fferenres due to.reaction type.
Also tabu]ated in Table IV-1 are defohmat1on parameters descr1b1ng
the coupling of the 6he-phondn vibratidna] state to the two-phonon

vibrational states. ‘Experimental values were used when avai]ab1e;

_otherwise it was assumed that

.. 2
Bor = Bo2 * Far % Fop
where the subscript refers to the level spin, I,a member of the

|23 have found that

-two-phonon triplet, 0, 2, or 4. Curtis et al.
BZI ¥ Bgo to within 15% in the even Ge isotopes:
- The absorptive, imaginary part of the g1oba1 0pt1ca1 potentials
used in these calculations were determined without regard to explicitly
descr1bed inelastic scattering channels. The coup]ed?channe1 formalism
cons1sts of. such an explicit description of these channe]s, consequently,
it is necessary to ‘reduce the globat 1mag1nary-potent1a1 by an amount
which just compensates for the effect of these:coupled-channe1s Curtis
et a1 23 found that the imaginary potential should be reduced by about
' 0.5-MeV for each 10 mh of inelastic cross section exp11c1t1y descr1bed
by the coupled-channels formalism. Follrwing the perscr1pt1on of Madsen,67
coupled-channel ca]cu1at1ons weré perf01med with the coup11ng constants
(g) reduced,by a(factor of 10°. This was the "weak coupling“ approximatioh;

and was equivalent to a DWBA calculation. The ca]gulatioh was then repeated:

with the coupling constants at their nominal values -and a ratio formed -
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;,between the "weak coupllng" 1ne1ast1c cross sect1on mu1t1p11ed by 106

_;and th1sr1nelast1c cro°s sect1on The imaginary potential was then
. reduced by th1s ratio, wh1ch was about 0.79 for the coup11ngs considered
' here, and a11 further ca1cu1at1ons were performed w1th this reduced potential.
The standard ca]cu]at1on included the one-phonon coupling of

the ground'statefto the first ektited_state, 602, the one-phonon coupling
. of .the fjrSt excitedbstate to the tWO-phonon triplet of states, 82],

and the two-phonon coupling of the ground state directly to the two-phoi..n
nfstatesg'délt * The one-phonon contribution‘to the two~phonon states, BBI’
was ignored. A separate caloulationfwas done including the coupiing between
the ground:state, the one—quadrupole-phonon 2+ state, and the one-octupoie-
phonon'3' state,ﬁeozy 523‘and Bos > with the appropriate reduction in the
imaginary potential.. The contributions from the one-quadrupole-phonon and
oneroctupolerphonon_excitations together accounted for most of the direct
exoitation'oross section ca1cu1ated " The contribution from the two-phonon
s'states was relat1ve1y unimportant.

Exper1menta1 measurements, performed by other workers, of {p.p*)
anguiar d?strTbutronSv for the strong collective Tevels in the nuclei of
interest were‘generally avaitable Whenever possible, the calculations
were compared w1th -the. exper1menta1 data and adJustments in the deformat1on
‘»parameters were'made to m1n1n1ze the d1fference between the data and the
;fcalcu1at1on LI general this a11owed us to select the best'value of 8

_;from among severaT- ub11shed values, although many of the B S l1sted in’

'Tab1e IV 1 are averages of several pub11shed va]ues F1gs IV 2- through -

' Iv-4 show conpar1sons between data and coupled-channel ca1cu1at1ons for
'55Fe"52N1 64Zn ?‘OCd Teq,. ”5(:d and 206p,
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F1g Iv-2, Coupled channel calculations for 6Fe(p,P ) at 20 MeV and

6Fe (n,n'} at 12 MeV for 27 {0.847 MeV)(iF? 3= (4. 45 Mev) levels, dafa

of Eccles et a]

(o) and Beneven1ste35
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F1g. IV~3 Coup]ed channe1 ca]cu]at1ons for 20 MeV protons on 62y for 2+
1.173 MeV). and 3= (3.750 MeV) levels, data of Eccles et al.’ (s, 0 )i
470 for 2% .(0.991 MeV) and 3- (2.99 MeV) levels, data firrom Tamural8 (o),

and 206pb_for 2+. (0, 803)D=V) and 3"(2 648 MeV) levels, data of

~Glashausser et al;3
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] led-channel calculations for_14 MeV protons on IIOC& for
2+ 50.658 MeV) and 3= (2,079 MeV) levels; 114cd for 2+ (0,558 MeV) and
3= (1.957 MeV) levels; and 115%d)for 2+ (0.514 MeV) and 3- (1.920 MeV)

+). :

Fig., IV-4. "Cous
levels; data of Lutz et al.37
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V%.The results of these ca]cu]at1ons, the cross sections for the
d1rect exc1tatlon of the co]]ectlve vibrational levels, are summarized
%1n Tab’es -3 and 117-4. One can see that direct excitation of the
'coIIEgylven]evg1s ac;oqnts~fqr a significant pércentage of théir strength.
,Uﬁ to about 50% of thE‘strengfﬁ of the'2{40+ transition is due t6 direct I
eXC1tat1on, and for trans1tnons from some of the two- -phonon Tevels

__(0 in particular), essant1a11y all of their strength, at some energies,

may be due to,d1rect exc1tat1on.
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B. Statistical and Pre-Equilibrium Model Calculations
It has been known since the '1930's that most particlee from’

nuclear réactfons are emitted with low energies and with spectra resem-
bling those of molecules evaporated from a hot body. ThisAabservatfon
formed the basis for the statistical model of the nUcTeus,‘tho versions
of which have»been used in this.work. First, the simp]e weisskopf61’4f
eVapdration méde1 wihich constitutes the compound nuc]ear. or equ111br1um,-
part of the HYBRID ca]cu]at1on was cons1dered, followed by the Hauser~
Feshbach6 mode1, used in the STAPRE calculations. o

The weisskopf‘mode1 produces emitted particle spectra of'the fbrnpz

S(E) ~ u(E)Ep(U B-E),

where p(U-B E) is the Tevel dens1ty of the residual nucleus and U 1s the
-exg]tat1on energy just before part1c1e emis§ion. The quantities B and E
are the binding and kinetic energies of the~emitted particle. The Cross
section, o(E) is tﬁat which the excited nucleus would present to the

emi tted particle for forming a compound nuc]eus, i.e., the faverse cross
" section. Values of this guantity for the nucleus in its ground state
are generally used in these ealculat19ns. At its s1mp1est, the Tlevel

dentity, P, can be characterized by a single’ parameter, U, such that ~
Co(U) vexp(WT) -

where T is the nuclear temperature and U the excitation energy. This
'character1st1c tempera ure may be extracted from the slope of part1c1e
emission spectra and is connnn]y used to descr1be 1ével dens1t1es at

Tow exc1tat1on 43 At hlgher excvtat1on energ1es the’ Ferm1 gas. descr1p- :
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tionrof théfnuaTear:TeveTQdensTtyrﬁﬁten—hy'

gl ex Z/TT
p(U)‘W *—%7§—*-

becomes more® app11cab1e Here a is the Tevel dens1ty parameter _which

has been determ1ned to be about A/8° MeV -1

from heavy nucle1.§2

3. from f1tt1ng evaporat1on spectra
In general, the TeveT dens1ty parameter is more

comp11cated than, A/8 and shows str1k1ng nuclear she11 effects,63 even

after the pa1r1ng energy sh1ft determ1ned by G11bert and Cameron43 is
‘ app11ed, or the "back sh1fted"74 75 forma11sm is used..

' The 1nverse cross sect1ons necessary for th1s modeT can be
determ1ned by opt1ca1 mode] caTculatnons These caTcuTat1ons depend
on opt1ca1 potent1aTs wh1ch are TargeTy determined by f1tt1ng e]ast1c
scatter1ng data over a w1de range of nuclei. The comp11at1on by: Perey
and Perey 54 T1sts many of these sets of potent1a1s and the conditions
for wh1ch they are appropr1ate Among the more successful "global”
poteqt1a1~sets are those of Becchett1 “and Green]ees]g’for incident

protons and of w11nnre and Hodgson20 for incident neutrons. These poten-

twaJ sets are 11sted in Sect1on IV-A.

s A maJor shortcomnng of the Wevsskopf modeT is that it does not
1nc1ude argular momentum AnguTar momentum reTated effects become

1ncreas1ngly Important as the bombard1ng energy 1ncreases and as the mass

Vthe prOJect11e Tncrea They are 1mportant if one’ 1s 1nterested 1n

the emlsswon of gamma rad1at1on. AnguTar momentum valués influence the

ennss1on probab1l1t1es of the varxous part1c1es retative to gamma radiation

at the end of the evaporat1on cascade The Hauser-Feshbach mode]65




basically the evaporatipn model with eonserVation of angular momentum-i
and parity added. The compound nociear scattering cross section for
an. entrance channel 8 and an exit channe) o can be written”schematic—

ally aése

where the Tfs are‘transmiss%on coefficients for the entrance and exit
channels. The sum over y is over all possible exit channels. The trans-
mission coefficients are related to the collision matrix elements, Udé;

which are determined from solving tne radia]'part of the Schrodinger
eguation with the complex optical potential, by the expressionss'

2

aB

=1- ¥

a

fhe transmission eoefficients not»only vary with energy buf'depend ubon
channel characteristics such as fhe nature of the particle and its
orb1ta1 angu]ar ‘momentum, £ B’ and total angular momentum, JB 'z + SB’
' ‘Nhen this 1s taken into account, the angular momentum and parity conser-
vation restrictions app]1ed and provision made for 5p1n-orb1t

coup11ng, the result Ys:

. oy (2J +1) 2BJB(E )Tz wla (E )
g~ ™g Z T F I Z 3 16D
: J4sd o Y A
Vit SE _
By vty

where Jo s the sp1n of the target nucleus _and J is the sp1n of the

compound state formed via channel B. S ’fi.‘

183
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The effect of 1sosp1n conservat1on Jm the entrance channel
ﬂﬂy ‘be 1nc1uded by foTTowing the procedure detailed by Grimes et al 49
For 1nc1dent protons th1s involves cons1der1ng the ‘ormat1on of :
T' = T0 + 1/2 and T = T0 - T/2 states in the 1ncom1ng channel 8,
where T0 = (N 2)/2 is the’ 1505p1n of the ground state of’ the target

nucleus. ‘The' eompound nuc]eus format1on crass sect1on can then be
expresséd as .
. . | 1-05 3 gTO( c<q
) ZTO,+-T: 5. 2Ty + 1 B.

e " : &

where "B and GB are each ca]cu]ated v1a the Hauser- Feshbach forma11sm

us1ng transm1ss1on coeff1c1ents wh1ch are assumed to be 1ndependent of

the 1sosp1n channe]

“B.1~ The HYBRID Mode1 and CaTgulations .
"The hybrid pre-equilibrium model of BTann40 together

with the We1sskopf evaporation mode]4 const1tute the HYBRID code . of

40 42 48

Blann and Gr1mes et al., wh1ch was used to perform these ca]cuTa-

t1ons As was. ment1oned aboVe, the We1sskopf formalism does not_ 1ncTude

RS

angu]ar momentum The opt1ca1 model proton parameters of Becchetti and

Green]eeslga and the neutron parameters of. w11more and Hodgsan20 were
34

used 1 the opt1ca1 ‘model code, LOKI,™" to ca]culate the inverse cross

sect1ons needed by,HYBRID The TeveT dens1t1es used in. the caTcuTat1on

corresponded to t4

PR

correct1on g:ven by

v”'exp 2[a(U 6)1/2]
e 5]3 /7

. p(U}

Ferm1 gas modeT of the nucTeus, with a pairing energy”
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A yelue for the level density parameteria of (A/s)‘m’62 was used, and
tne pairing_energy‘6 was_taken from Gilbert and Cameron.43 At low " -
energies, Oif»U-s 4-MeV, the level density was assumed to have a
constant temperature form with the magnitude and slope obtained by
matching the magnitude end slope of the Fermi.gas 1eve1 density at
4-MeV. Because the Weisskopf tprma1isn does not include angular. -
momentim, gamma-ray eompetition cannot_be included in a satisfactory
manner. '

The pre-equilibrium part Qf.the ca1Cu1at10n was based
on the exciton model (where exciton refers to a particle or hole) of

' Gritfin45 as modified by'B]ann.40

+ Thi$ approach assumes that the
compound nucleus reaches equilibi-ium through a series of two-body
interactions. At each stage a small but finite width for particle
decay is assuned 1n‘add1tion to the width for deca& to more complicated
stetes. This adds a non-equilibrium conponent to the spectrum. The
fraction ef states, containing nfexéitons, with one particle unbound
is a rapid1y decreﬁsind function of n Particle décay occurs either
'ﬁ:early in the equ111brat1on process or after equ111br1um has been
reached, but not 1n between Pre- equ111br1um em1ss1on is near]y
'1ndependent of target nucleus. It does, hOWever, depend on the type
of projectile and its energy. _

“For the hybrid mode1 the pfdbabﬂity,ds (E)dE, of
emission of a part1c1e of type x w1th energy between E and E+dE’ 1s

given b /30

- ' (v B . (B »

© P{E)E = 5 [n y “T—T‘E* g ][”‘(T_TTC SEBN(: ] D;
© n=ho - - i

An=2; S . N



In th1s expre5510n P 1s the number of part1c1es of type x in an.

‘ exc1tat10n energy E*, P (U E) 1s the dens1ty of n-exc1ton states ‘
~such that a part1c1e, 1f em1tted 1nto the. cont1nuum, wou]d have
channe] energy E and the rema1n1ng (n 1) excitons wou]d share an .
jenergy Uy where E* 2E + B + U w1th B be1ng the b1nd1ng energy
j'of the em1tted part1c1e, and g is the density. of s1ng]e part1c1e

fstates per Mev And A (E) and 2, (E) are the rates at which particles

<‘of energy B + E are em1tted 1nto the cont1nuum or scattered with the -

qformat1on of an add1t10na1 part1c1e hole state, respectxvely Blann40

'has suggested that th1s damping’ w1dth, X (E) be determrned from the

amag1nary component of ‘the optrca? potent1a1 Hence

A (E 2N

“The continuum:decay'width’1s.giVen by
R ";A (E. ;'UVV0¢(E)
=€ Lt gV o
lwhere'c rs the rnverse cross sect1on, v is. the ve10c1ty of a part1c1e

v
:havvng pc states 1n the cont1nuum The parameter Y is an arb1trary

s

ftvo]ume and cance]s the same vo]ume in pc 'Dh is a dep]et1on factor,

'wh1ch g1ves~the re]atlve f]ux reach1ng an' n-exc1ton state before

ldecay occurs f,,““ '

The cross sect1on 1s‘obta1ned by summ1ng P (E) over

angular momentum z w1th the resu]t

N d ‘,“
'_G-.Eﬂ-ﬂx? Z (22+1)TP(E) :

dE

AN
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wheré~TE’is fhe trané&ission coefficient fgf angh]gr momentum %

in the entrancé channel. The emjsgion probability, PX(E); is
'1mp1icﬁt1y dependent on angular momentum through A, (E), which is'
determined'by the opticaijqdei poténtial, W, and Aé,which is
angular mdmentum dependent through the inverse cfoss sections which

134 optical model calculations. ‘Grimes?2>49

are'determined by LOK
has modif%ed‘the code_té'include a pajfing correction and isospin.
The iﬁciusidn of isospin is particular]} importanf for the {p,p')
reaétioﬂs. ‘ _ ’

C&]cufatiéns done with this ﬁode1 have been compared
with’(p;pf), (D,n); and (n,n') spectra in a number of‘paper's,40’42’47;48
and the agreement has been reasonably good éonsidéring the simplified
nature df the model. In the present work, calcﬁlations were perfdfmed
“to try to reproduce a selected set of (p,p') and (n,n') spectra as 4
well as the gamma cross sections. For the protons, the data con;i#t
of full-{p,p') sbectra for most of\the nuclei investigated but at only
a few energig$;~generq11y éround']d;MeV. For thelneutroné, complete
spectra at 18-MeV for Fg, Ni,'and Pb were available. AffEr'evidencé "
:was.obtained that tﬁe ca]culétions cou1d_reasonab1y_feproduce the
(psp') data at a few eneréiés, they Wgré then performed over the,
~ energy range 9 to 26;Mév'and compared ﬁifh the‘(2++0t) gamma cross
. sections. ‘ N o - S

' Inelastic proton scattering is strongly influénggd-by ,;

“isospin considerations. Fig..IV-6 is a schematic représentation of
the reaction processes involved for T4-Mev protons incideht’on:szNi,

with the‘isqépin possibilities shown. The isospin of thé grourd state
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F1g IVV5 A schemat1c representat1on of. isospin deta11s for 14 MeV
protons 1nc1denf .on. 8 N .
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of the target nucleus, TD’ is equal to 3 for 62Ni. ‘The incident proton
carries isospin 1/2 with z component -1/2, and can couple to the tafget.
nucleus isospin to form either a T = T -1/2 = 5/2 oraT, =T+ V2=

17,

7/2 state with probability 2Ty/(2Ty + 1) = 6/7 qr 1/(2Tg+ 1)
respectiveiy, in. the eoﬁpouhd system. The reactian cross section can
be expressed as | '

| 2Ty .

on s 1 o g o
RTIFTR AT R

in tetms of the reaction cross sections for thelT<:and T, states.
The energy of the T<-state, in the compound_sy;tem, is equal to the
kinetjc enetgy'of the proton pTus'the proton bindiﬁg energy. ‘The
ground state of the T>‘compound nucleus is shifted with respect to
the T_ by the symmetry energy, AT,T-T; ‘which for 63Cu is 8.85-Mev.
This means that the.effective excitation in the T> channel is 8.58;Mev
Tess than it is in the T_ channel.

o Tsospin'selection rules help.determine how the compound
eystem will decay. For nuc]éon emission the change in isospin; AT,
must be + 1/2,while for a]pha emission AT = 0. The T states can

.decay by proton emission back to the target nucleus w1th a- we1ght
factor of 2T0/(2. +1), by neutron em1ss1on to the T states in: the
(p.n) nueleas with we1ght factor 1/(2TO + 1), or by neutron enuss1oq
to the T_ states in tﬁe (p,n) nhd]eus with weight factor 1. These'

~decays are shown.by'dotted Tinesffn Fig., IV-5, ‘Tﬁe T‘ states'can
decay by proton em1ss1on back to the target nucleus with a we1ght
factor 1/(2T +1), or to the T states in the (p,n) nucleus w1th a.

'xL'WGIth factor 2 /(2T0 + 1) but not to the T states in the (p n)
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»‘nucleusi These decays are shown«by*dashed lines in Fig. IV-5. The
_fact that (p n). decay from the T compound states to the T, states
”1s 1sosp1n forb1dden effect1ve1y forces these states to decay by

. proton em1ss1on .-For many of ‘the nuclei examined, the decay of the

- T compound states was. the dom1nant source of: scattered protons. . The

T, states can a-decay only to T, states in the (p,a) nuc]eus and the

. T states can decay on]y to T, states The HYBRID ca]culat10ns do

_not present]y inciude a]pha decay, sq,these channels were 1gnored.

Compar1son w1th (ps p ') Data

“The scattered proton data of Spr1nzak et al.

62N1, and

‘ 1ntegrated over ang]e, for 14 Mev incident protons on 56F
64Zn is shown in F1g IV-6. Super1mposed -on thése data are thé HYBRID
'ca]culat1ons. These ca1cu1at1ons uere done with the Fermi gas level
density parameter, a, equal to A/8;anhe€imaginary potential of

19:

Beechett1-Green]ees ‘was bu}]t 1nto the “code and used to calculate

_'the pre-equ1]1br1um damp1ng width. The ca]cu]at1ons were done initially

43 which were then

i‘w1th pa1r1ng energ1es from Gilbert and Cameron,
Jchanged s]1ght]y in Tater ca]cu]at1ons in order to get better agree- .
‘ ment between ca]cu]at1on and measurements It-is thought that this was nec-
;ressary part]y because the alpha decay channe] ‘was neg]ected 1n the
'calculat1ons and alpha ‘competition is s1gn1f1cant in these nuclei.

In add1t1on there are uncerta1nt1es in the vdtues of the pairing

energ1es and uncerta1nt1es as to the exten+ to which "she11 sh1fts“

;shou]d be 1nc1uded in the energy shifts of the 1eve1 dens1t1es around
~c]osed she]]s " The pa1r1ng energ1es of Nem1rovsky and Adamchuk5

{s}1ght]y larger, in'general, than‘those of Gi]pert_and Cameron and
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<conséquent1y ine better egreement between measurement and calculation

64Zn at .14-Mev, it is estimated that the

dfor the 11ghter nuc1e1
1nc1us1on of an ‘alpha channel would . reduce the strength in the {p,p )
channel by about 10-20%, which lS not. enough for agreement between
calculation and measurement w1thout adJust1ng the pairing energy

) The cal oulation for isospin conserved is g1ven by
the 5011d 11ne and for’ no 1sosp1n by the dashed 11ne in F1g IV-G.
.lhe importance of isospir in descr1b1ng the (p,p') reaction is not
so0 apparent for the 1tghter nuclei, Fe, Ni, and Zn, but will be for
the heavier nuclei. :

e 10y {p.p') proton data, at 16-MeV, of Lux,

Porile, and Gmmes]6

are shown in Fig. IV~7, along with the HYBRID
‘catculations for isospin conserved no jsospin (isospin mixed) and
pre-equilibrium events alone. As was first demonst. ated by Fluss

et al.,”! isospin conservation leads to a relative enhancement in the
{psp') cross section, since this is the only reaction that can proceed
via the T state in the compound nucleus. This may be seen in Fig. IV-7
where the HYBRID calculation without isospin produces too few (psp")
events. If the calculation is done with isospin completely conserved,
too maiy (p,p') events are predicted. The decay of the isospin conser-
ved T, stetes'competes with the mixing of these states into the T,
states of the‘compouhd nueleus by the Coulomb interaction. Lux

et u] ]6 _have deterw1ned the isospin mixing fraction, for ]]OCd(p p )
at 16-MeV, to be 0.68 + 0. 15, us1ng a formalism developed by Grimes
jet a].f?l M1xing the two HYBRID caIcu]at1ons by this amount produces

. -good" agreement with the daté,'as can be seen in Fig. IV-7. Tt should
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be pbintedioUt that the isospin mixing fracttor was not determtned

- s1mp1y by -fitting the (p P ) spectrum, s1nce there are too many

relat1ve1y uncerta1n parameters, such as the pa1r.ng energy, §, and

the 1eve1 dens1ty parameter, 3, 1nv01ved in the ca]cu]at1on Rather,

. a series qf exper1ments; invelving formation of the same -ompound
nucleus, 1”In,.with protons’énd'a]pha particles, was performed.

These data were used to determine § and.a,whith were then used to

. calculate the ]10Cd(p,p ) spectra The actua1 mixing fraction was

determ1ned from the quant1ty

R = U'%EaEI) Uéuga') C
‘exp olp,a)  ola,p . ’ N

which, in the absence of isospin conservation would be 2qual to unity.

It was necessary to app]y an angu]ar momen tum correct1on s1nce the

angu]ar momentum d1str1but1ons in the proton and alpha entrance
'channe]s were d1fferent The -maximum- poss1b1e value of R, .cor->
) respond1ng to conserved 1sosp1n, was determ1ned from stat1st1ca1 .
node]zcaleu?at1ons Compar1son of R and Rmax yields v, the mixing
Cfraction.] . . o S
BT Isosp1n m1x1ng fractions Havé been determined on]y
52, 53

in: a few 1so1ated 1nstances Va]ues from Lux, P0r1le and Grvmes

. for the nuc1e1 of 1nterest are plotted 1n F1g IvV-8, and are seen to

’scatter between 0. 3 and 0 7 “for a compound nuc]ear excvtat1on rang1ng )

j.from 17 to 24—Mev If one looks at the va]ues for 64Zn and 69
v_wh1ch were determ1ned at: severa] energ1es, 1t appears that in this
energy range, at ]east u 1s decreas1ng w1th energy It has been

pred1cted that 1sosp1n m1x1ng shou]d be m1n1nﬁ1 at both 1ow and high
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fexc1tat1on*energ1es of the compound nuc1eus, out substant1a1 at 1nter-'
hmed1ate energ1es 52 54 55 One therefore expects 1o see changes w1th
'energy in the 1nterMéd1ate energy regvon

- The ]ZOSn(p P ) proton data at 17 8 MeV and 90°,
of Kalbach C]1ne, Hu1zenga, and Vonach are shown in F1g. V-9 along
w1th the HYBRID ca1cu1at10n for 1sosp1n conserved no jsospin, and
68% 1sosp1n m1f1ng.u The‘ca1cu1at1on adequate]y reproduces the Tow
energy evaporat1on peak at about 7-MeV, but fails to reproducé the
vs1zab1e strength above 9~MeV Angu]ar d1str1but1on58 of the events
in th1s reg1on show them to be forward peaked as would be .expected in
'pre~equ111br1um évents. Ka]bach8 does in fact reproduce the spectral

shape by 1nc1ud1ng much more of a pre-equ111br1um contribution than

that obta1ned from HYBRID

Compar1son W1th (n,n*) Data

-~ o

Inelast1c neutron scatter1ng reactions have a]so

A

been ca]culated and compared w1th data. Isosp1n effects do not

'p1ay at ro]e in’ these redtt1ons The 14 Mev Fe(n,n ) data’of Kammer-

24

d1emer and severaT others,?( 58 p]us the HYBRID calculation, with.

d1rect contr1but1ons to the low energy d1screte states added are.

shown 1n F1g IV 10. The agreement between measurement and ca]cuTat1on is
qu1te good although it appears that the coupled -channel calculat1ons
y1e1d sT1ght1y too much direct co]]ect1ve strength for the first 2t

1eve1 and not qu1te enough for sone of the h1gher 1y1ng leve1s .
S1m11ar ca1cu1at1ons were performed for. 14—Mev neutrons on 62N1 and - 20 Pb.
24

The resu]ts are compared W‘[th the 1ne7ast1c neutron data of Kammerd1emer

57 58

and others 1n F1g IV~ 11 and IV 12, respect1ve}y Agaln, the direct

gl .
- ,"
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‘done for the isotopes

contr1but1on as’ ca]cu]ated by the coupled channel code for the

d15crete low-1y1ng co]1ect1ve levels, has’ been added to the HYBRID

' ca]culat10n The agreement between calculation and data is qu1te

good for Ni and fair for Pb. The Pb data are systematlca11y higher

‘than the calculation at high energies. Since ihe‘éa]culations‘were

62i and 2%pb and the spectra were obtaifed

from .natural .targets, it is possible that the discrepancies between

data and calcu1ationfare due to our failure tb make the calculations

SR ‘
for all the isotopes present and td take into account their different
parfic]e_separatidn energfes. :More 1ikely, however, is the possibility
that multiple scattering events have contributed to fhe experin;ntal

spectrum. ~ R o

Comparison with' (p,p'y) Data

_ The HYBij calculations relevant to tne gamma meanre-
ments in the present work are best summarized by presentiné them, as a
funEtion of incident partic1e energy, in compar%Son with the 2+-»0+
gamma cress sections. Fig. IV-13 shows the calculdtions and data for .
56Fe(p,p‘y). The upper curve is the calculation for isospin conserved
and the lower curve fnr no isospin (isospin mired). The calculated

curves converge as incident proton energy increases. After the {p,pn)

threshold ie passed, at 11 4.-MeV, protons from this reaction become in-
,creas1ng1y important in the ca1cu1ated spectrum unt11 1t becomes necessary,

above -14-MeV, to cut the spectrum off at the neutron separat1on energy o

(Bn) plus 1-MeV (one bin above the separation energy),}to estimate .-

“that part due 'to (p,p') events a10ne; ’This.js indicated by the dashed '

m].



¢ Tine. 1n F1g IVd]?, and 15 equwvalent to assum1ng that the gamma ray’
3w1dths are such that neutron decay does not occur 1f on1y 1-Mev or .
;less 1s ava1]ab1e ‘ A1so ‘as energy 1ncreases, the pre-equ111br1um
Jcontr1but1qn to the tota] proton spectrum,‘ hown 1n the Tower right.
;1n F1g. IV—13 becomes 1ncreas1ng]y 1mportant. Isosp1n effects do not
‘strong]y 1nf1uence the react1on cross section for th1s nuc]eus, since - -
proton decay from T states is s1gn1f1cunt @ o
. (f\va‘ - The HYBRID ca1cu1ations and (p;p v) data for 62Ni

\are shown in Fﬁg TIV- 14 For this nuc1eus the ca]cu]at1ons with isospin
‘conserved (upper curve) yield substant1a11y 1arger va]ues for the
;1ntegrated crass sect1on than do” the ca]cu1at1ons for isospin mixed
-(1ower curVe) probably due-to a relat1vely small (p,n) Q vatue. The
Jgamma data and the 1ntegrated proton data 11e between the extremes of
;comp1ete 150591“ conservat1on and’ m1x1ng, 1nd1cat1ng that there is 1 net
.damp1hg of T states 1nto T states dur1ng the react1on process. The
‘average m1x1ng for the three 1ntegrated (p,p ) cross sections shown is
-32%, and a curve represent1ng 32% mixing is shown by the- dotted 1ine.

It s not expected that the annunt of ‘mi'xing rema1ns constant with
1nc1dent energy, but ne1ther the data nor the calculations are prec15e
enough to determ1ne changes in the amount of mixing with energy Above
'14-MeV the spectra ‘are cut off at the neutron separat1on energy, B n®
fplus 1-MeV w1th the resu]t shown by the dashed curve in F1g Iv-14.

‘56Fe calcu]at1ons, 1t -is c]ear that«at h1gh energ1es, simply

As w1th the
cutt1ng the spectrum at B +1. MeV 1s an oversimp11f1cat1on and results

in: cross sect1ons wh1ch are too Tow: There is ﬁoss1b1y a tail of (ps P ')

162 -
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events g;tending substéntiai]y'above the (p,np) threshold which is
being.cut off. by this procedurg This would bz expected 1f the ratio
of particle width to gamméfwidth decreaSes with increasing angular
momentum, §%nce at.higher bombarding energie: the (p,p') re;ction
- would tend to populate hlgher angular momentum states.

The (2 50t ) gamma cross sections, integrated
{psp') data, and HYBRID calculations for Zn(p,p')‘are shown 1in
Fig. Iv-15. Tne first calculation is shown at 12.5-MeV, since the
Tow enérgy ca]culations show anomalies que to the omission of the
alpha deﬁay channel'tn the calculaticn. ‘This nucleus has unusually.
high (p,n) and (p.p'n) thresholds, and neglecting alpha decay
forces too much strength into the (p,p:) channel at low energies.
Isospin effects‘aré practicaT]y nqn—existent, consistent with the
" high (p,n) Q value. If thie alpha decay channel is important, however,

it would dgcrease the proton flux from'the T channel much more thian

from the f; channel, thus increasing the effect of isospin conservatica.

The calculation very closely tracks the data with increasing proton
energy.-.Prefequilibrium events are important only at the highest
. energies. As'in'the other’ca]cu]ations, it became necessary, ¢bo :
14-Mev, to cut the em1tted proton spectrum off at B + 1-MeV to
e11m1nate protons from (p,p'n) events
Fig. Tv- 16 shows the (2++0+) gainra cross sections

r ]TOCd w1th the integrated {p,p') data and the HYBRID cal- ulations
as a function of 1ncident proton energy. The upper curve i, the
calculation withjiéospin conserved in the reaction, while the Tower”

.curve is for isospin completely mixed (no isospin). Lux et q]:JE'
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have ﬂetérmined’the 1sbspin‘mix1ng to be 68% at 16-MeV, and the dotted
" curve represents‘GS%"mixing for the-HYBRID ca]cu]ations. It is in
reasonab]y good agreement with the gamma data. ~The pre-equilibrium
contr1but1on to the ca]cu1at1on 1s shown by the 1owest curve. - It
rises from essent1a1‘y zerp around 12-MeV to account for most of the
ca]cu]ated cross section above 24-Mev For 1nc1dent proton energ;es
of 16-Mev and above, it was necessary to. cut off the emitted proton
spectrum at, the neutron b1nd1ng energy p]us 2-MeV, for the heavier
nuc1e1b This assumes that above B, * 2-MeV, al1 protons come from
'the {p,np) react1on, wh1ch4ns obviously an oversimplification for
]]BCd The caleulated curves converge to a tross section, at

- 24-MeV, which is about half of the measured value.

. The measured (2°50") gamma cross sections for
Maea(p.p'y) reaEtions (with direct subtracted), the integrated (p,p')
proton cross sections, and the HYBRID caiculations, as a function of
ineiqent proton energy, are shown in Fig. IV-17. ihe upper curve
is the calculation for isospin conserved and the Tower curv. is for
isospin mixed {(no isaspin) reaetions. The calculated proton emission
spectra are cuttoff at Bn + 2-MeV for proton energies of 16-MeV and
above and are shown by the dashed curve. The dotted Tine represents
about 40%’isospin mixing'and appears to agree quite well with the
data._ The pre—equi]ibrium contribution is shown by the Towest curve.
Essentially a1l of the no isesbin (isospin completely mixed) cross

M0y the cut-

section is due to pre-equilibrium processes. As with
off calculations converge to a cross section at 26-MeV which is too
low, indicatjng that some of the low energy protons (below Bn +2 MeV)

are probably due to (p;p') events.
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‘ FigzilviTB‘shows“the HYBRId catculations senerimposed
i;on ‘the 2" »O gannm ‘cross- sectuons for ]]GCd(p p'v). The results are
V“very s1m11ar to those observed for 1]4Cd in' Fig. IV-17 except that,
\.1n this case, the calcu]at1on w1th isospin conserved is- sumewhat
-c]oser to the data Look1ng back at 1]0Cd in F1g IV46, one can see.
'what appears to be a systematic decrease in isospin mixing with increas-
ing 1sotop1c mass.. Th1s may simply reflect the systematic decrease in
(p.n) Q va]ues w1th 1ncreas1ng isotopic mass or the increase in symmetry
1_energy Alternatlve1y, 1t m1ght simply be a consequence of the global
‘parameters (part1cu]ar1y the 1eve1-den51ty parameter) not being sensi-
tive enough to changes in isotopic mass. .
h Ganma data and HYBRID calculations for ]]GSn(P p'y)

_are shown in F1gs. 1V-19 and IV-ZO, respectively, The calculated 1165n
(pp*) spectra were cut OFf at B, + 1 MeV rather than B+ 2 Me

as was done for ]ZOSn and the other heavy nuclei. The calculations
bracket the data at Tow energies, where mixing is important, and show
good agreement with the data at high energies, where the procedure of
chtting off the spectha'at one or two MeV above the separation energy
“has failed for the other reactions considered. For ]]6Sn, the data

lie very close to the no-isospin calculation, substantiale closer

than do the 1205n data, showing the same behavior with isotopic mass

as did the Cd isotopes.

The (2"0%) gamma cross sections and HYBRID

'calculations for‘ZOGPb(p,p'y) reactidns,‘as functions of proton

energy, are shown in.Fig.’IV-21. The data generally lie between the

‘isospin conserved and the isospin mixed calculation. No atfempt was
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made to cut off the spectra above the neutron separation énergy
"because of the limited applicability of the approach and the.1imiféd .

. range ‘of the data.

Comparison w1th (n n'y) Data ‘ ; ..

A compar1son-between (n;n'y) 2*aof ganma cross
sections aad‘HYBRID calculations is made for Fe, Ni, Sn, and Pb in
Table IV 1, for 14.8 incident neutrons. The table 11sts the HYBRID
ca]culatq?,gfoss section as a function of the energy above the
neutron se;a}at1on threshold at which the spectrum was cut off.
Cutting the spectrum off at Bn + 1-MeV is a reasonab1e approximation
to the Fe cross section while for Ni, a'betteﬁ’approximation would be
Bn + 2 MeV. For Sn, Bn + 3 MeV Tooks good while for Pb it is'necessary
to go all the way to Bn + 5 MeV. This behavior is jdentical ta that
observed with the (p,p') reactions. Clearly, trying to cut off the emission
spectrum sharply Jjust above the neutron separation threshold, i.e. .
the (n,2n) threshold in this case, does not yieild very consistent or
easily understood results. It is iop much of a simplification, and
one must actually calculate the two particle emission contribution

to the total spectrum if accurate results are required.



L TABLE IV -1

»

HYBRID Ca1cﬁlations of (n,n i:) Reactions Compared With

{ é+'—>0+)3_ Gamma'Cross §ectioﬁs at 14.8-MeV,

o(2*s0

~

Minus Direct

204

v Yy . HVBRiﬁ Calculation Cut Off At (MeV)
Nucleus' (mb) ~ B, *+1 B +2 B +3 B +4 B +5
" e "sqav‘ 443 737, 1316 2054 -
RE TR 473 809 1464 ° 2333 -
g, 942 21 am 910 1932 3517
206py, 930 154 | 295 511

1116
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B.2. The STAPRE Model and Calculations . -

The computer code. STAPRESS is designed to calculate
energy-averaged. cross sections for>partic1e-induced nuclear reactions
with sevefa].enﬁtted particles and gahma rays, under the aésumption
of sequential-evaporation. Eachlevaporation step is“treated within
the framework of the statistical model and, unlike the HYBRID code,
includes angular nbﬁéntum and parity conservation explicitly. Pre-
equilibrium emissfon is considered Qn]y in the first stage of the
. " reaction. For that fraction of the popu]étfon,qf the composite system:
thét survives prejequiiibrium decay; the Hauser-Feshbach65 formalism
is applied, combined with the Br%nk-Axe]69 model of the gamma-ray
stfength functions.

The pre-equilibrium calculation is based dﬁ the exciton

model of Griffin> as modified by Cline and Blann.*0

This is the
master equation approach to pre-equi]ibrium'ca]culations. Starting
from a single initial configuration, the system approaches equilibrium
through a series of two-body collisions, with a chance for particle
emission occurring at each step in the equilibration process. From
perturbation theory, the transition rgte between states may be

written as

_ 27 2 .
)\Ap - IMl wAp(p,h,E) .

where wAp(p,h,E) is the particle-hole state density for a state with
p particles, h holes, ara energy E. The quantity Ap refers to the
change in particle number of the system during the interaction and

takes on values of +1, 0, -1. The parameter M is the average effective



two-body matrux e]ement If has been evaluated. from‘a global search by

70 and Ka1bach at. al. Y The result of th1s search

T Ka]bachfc11ne
is* that |M| is. found 1o have the form
|M|2-FM-A3 L

‘where‘A is_the mass nunber, E is the excitation energy and FM has

. been determined to be

95 + 30 (ref. 70) |
o 190 - (ref. 71) for nucleon induced reactions
M = T : : .
150 + 50 (ref. 72)

725 + 260 (ref. 70) for alpha induced reactions

The.basic difference §etween the pfe-equi]ibrium calculations in HYBRID
and $TAPRE is simply that the'obtica1 model is used to determine .
inlﬁYBRID and the parameter IMIZ is used in STAPRE.> The decays are
tredted similarly by the two methods.

The Hauser—Feshbach65 evaporation model is applied to
that fraction of reactions which survive pre-equilibrium emission.
This fraction deécreases with increasing incident particle ehergy.
If a partfc]e is emitted in a pre-equi]ibriﬁh event, it is added to
the_Hausér-Feﬁhbach cross section later. Moldauer’S Tevel width
fluctuation corrections are also available for calculations at low
gnergies, but were not used in this work. Gamma Hécay forms an

ddit{onal emissicn channel and may be included 2t each step in the
sequpnce nf particle decays, >tart1ng w1th the compound system. In

the calculations done for this work the ~mma cascade was calculated

2178



,,oﬁly after the first particle emission. Since this pre-equilibrium ‘
model does not consider angular momentum and parity, it i5 assumed
that the.pre-equi1ibriﬁm pobﬁ]ation is distributed among the jevels
with different spin and parity in the same proportion as the equili-
brium conﬁribution. This ié undoubtedly a poor assumption and mighf
bé important in those. cases in wnich pre-equilibrium emission is

dominant.

', 7'} by gamma emission

The ponulation of levels (E', I
from levels (E, I, n), where E, I and n represent energy, spin, and
parity, respectively, is determired by the ratio of the partial width,

'rY(E,E'), to the fotal decay width r(E}, given by the expression

EIéEyEul 1) g (E-E')

Nyl i ?
where N is the Hanser-Feshbach denominator wh.ch consists of a sum of
transmission coefficients for all open channe]srccnsistent with angular
momentum and parity selection rules. The sum over XL is restricted by

the multipole selection rules. -The gamma-ray transmission coefficients,

TYXL’ are related to the strength functions, fyXL’ by

_ o p2LH
T (E) =2 E fx(E) >

where the electric dipole strength function, ny] may be expressed in
terms of E1 giant resonance parameters with an energy dependence given
by the Lorentz form (Brink-Aer69 model).

Twn level density formulations were tried, both based on

the Fermi gas model. These were the "back shifted" formah'sm74 with

“179.
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75 12

and by Lu et al., and the Gilbert
-;hd Cqmeron43 fdrma]isﬁ_with‘g@e'constani temperature approximation
a#jloh energies. . . . -

leso§p1n§conserving (p,p'} reactions to analog states
have been found to be very iﬁportant contributoré to (p,p') cross ‘
se;tiqng. -The STAPRE code was designed primarily for neutron induced
reéctions and consequently does not treat,%sospjn conservation. Iso-
spin conservation has beeﬁ added to the Hau%ér-Fesnbach formalism by
Gardner,76 following the perscription of Grfmes et a].,49 50 that
thése calculafions,might~be performed.

The STAPRE calculations for protons incident on 62Ni

were- done with the "back shifted" level density parameters of Lu
et a].,lz which were determined from fitting experimental data in the
A = 62 region. Gamma cascades were considered in the final nucleus,

62 62yi, up to about 4-Mev of

Ni, only. Some 12 discrete levels in

excitation, were inﬁ]uded in the calculation, and experimentaily

determined gamma branching rati- 5 were used in this region. The
initial state in the pre—equiTibrium calculation was a two-particle,

one-hole state and the effective two-body matrix element was FM = 195,

Compaiison vith (p,p’) and (n.n') Data

First the calculated (p,p') and (n,n’) spectra will
be compared with experimental {psp') and (n,n') spectra to see if the cal-
culated results are reasonable. This is done in Fig. IV-22 and IV-23 for
62N1’(p,p') spectra, Qhere the Rao et a1.1 data {the 62Ni cross sections

appear to be all right) at 12 and 17-MeV and the Sprinzak et 31.5 data
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at 14-MeV, are shown with the superimposed STAPRE ca1cu1afions for tﬁe ’
isospin conserved and no isospin (isospin mixed) cases.. As the HYBRID
calculations, the indication is that sowe isospin mixing occurs, but un¥
certainties in level density parameters do not permit a good estimate of

" the amount. The calculations are in réasonab1e agreement with the data.
For 14-MeV incident protons, substan*ial numbers'of (p,np) and (p,pn)
protons can be seen appearing below 3-MeV. For 17-MeV incident protons,
in Fig. IV-23 the spectrum is dominated'by these protons, which appear
below 6-MeV. The STAPRE calculation includes (p,p') and (p,pn) but not
(p,np).events. It appears ;hat (psnp) is the dominant proton contributor
at Jow energies. The HYBRID ca1culétion is also shown in this figure -
with the cut off at Bn + 1 = 7-MeV indicated. At this energy and for this
nucleus this results in an overestimate of the (p.p') spectrum. Sharply
cutting off the HYBRID calculation is an oversimplification and it appears
that the fall off may actually occur over several MeV. This becomes a
more severe problem as the energy increases and may account for the dis-
agreement between cut off HYBRID calculations and the gamma data. Alter-
natively, the HYBRID calculation simply may not be producing enough pre-
equilibrium emission. '

Fig. IV-24 shows the 56Fe(n,n') data of Kammerdiener24

57,58 with the STAPRE calculations superimposed. The direct

and others
collective contribution to this spectrum, as calculated by the coupled-
channel code, has been added'to the STAPRE calculation. The agreement
between the measurement and the calculation is good, although multiple
scattering cor:cctions or better coupled-channel calculations might irprove

the agresment, since there is an indication that some cross section has been
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" missed at high energies. This could mean that it is necessary to include

mre levels than Just the flrst one and two-phonon levels in- the coup]ed-.

channe] calculations.

Lompar1son with (p, p y) and (n,n'y)" Data

Since STAPRE éalcnlateSAthe gamma cascades, it is .
possib]e to compare mea:ured ganma~cross sections direct]& with'calcylated
gamma cross sect1ons ~h 62Ni(p,p'y) ganma data from'ttis worktﬁwith )
the STAPRE calcu]at1ons superimposed, are shown in Fig. IV-25 The
d1rect colTective contr1but1on to thése transitions, as calculated by the
coupled-channe] code, has been added[te the STAPRE calculations for tha
isospin consenved and isc-: i mixed (no isospin) cases. The a§reement *
between néasurement and calculation is; in general, quite good,(,Certainly
the agreement is very good for the 1.173-MeV (2*0%) and the 1.163-MeV
(4f+é+) transitions,.nhile it is oniy fair for the weaker 1.129-May
(2152"), 0.876-MeV (0752"), and 2.301-MeV (2]+07) transitions. The
calculation puts more strength into these weak transitions than was
actually observed. Because only a very limited number of Tevels were
1nc1uded in the calculational .description of the nucleus, it seems .
probable that the calcu]at1on has forced additional strength into
these levels that wou]d otherwise have been distributed among other
wwktmm1hq@. ' ' ;

Fig. IV-26 shows the 1.173-MeV (2*+0%) gamia

t}ansition with the direct co]]ective contribution subtnaeted and
" the STAPRE calculation for 1sosp1n conserved and isospin m1xed (no ﬂ‘{"
isospin). Between about 8 and 16- Mev, 1sosp1n m1x1ng is c]ear]y .
1mportant and the data 1nd1cate a m1x1ng fraction of about 50% wou]d
be approprlate Above 16-Mev the calculation without 1sosp1n g:ves

a s11ght1y,better approx1mat1on to the data. rA]so shown are the i
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'3

zdfé .;f ca]tu1atedhprotonJer055'sections' The dashed curves represent the
"total cross sect1on, the dot-dash curve 1s the pre—equxlxbr1um part,
;and the dotted curvesrepresents the pre- equ111br1um proton emission
-1?;;cross sect.on cut off at Byt 1-Mev This may be compared with the
HYBRID calculat1ons shown in-Fig. IVJﬂ- From 8 to 14 MeV the proton
; em1ss1on cross sect1ons calcu]ated by the two' codes are 1n _good agree-
:'nEnt;' Abovn 14 MeV,1t is necessary t‘ cut off ‘the proton emission Ty
‘ "spectra 7-MeV above the neutron separat1on energy (B + 1 MeVY).” In Fig.
JIV~ 26 on]y the: pre~equ111br1um part of the 1ne1ast1c proton cross
sect1on 1s shown above 16~ MeV F1rst, it. 1s apparent that the Cline-
B1ann46 forma11sm used in STAPRE predvcts substantTa1]y more pre- .

‘equ111br1um em1ss1on for 62y (p,p ) than does the HYBRID calculation.

i'Second, the cut off pre- equ111br1um proton cross sect1ons are in good
4:3 . :. 1agreement w1th the gamma data and the gamma calcu]at1ons for 1nc1dent
- protons w1th energves of 1B-Mev and above, and account for all of the
_ﬁobserved cross sect1on go1ng intp (p p'y) events. The d1fference between
‘ the 1ntegrated proton spectra and the (2 0t ) strength is due pr1mar11y

E ;1‘to gamma transvt1ons wh1ch bypass the flrst 2t state and decay directly

L L to the ground state Est1mates of. the strength of these trans1t1ons
"’can best be obtalned from the STAPRE ca]cu]at1ons once it has been

"determ1ned that the ca]culat1ons are reproduc1ng the exper1menta1 data

o easonab1y we]] : . )
. ) Fig. IV27 shows the amount of gamma decay bypass1ng

>::‘nd go1ng o1rect1y to Lhe ground state, as a percentage of
0¢4(p,p").

":?'As was 1ndlcated 1nd1rect1y by our (0 +2 ') “gamma data,- th1s is important

the tota1 ganma decay cross sect1on, for both 62N1(p p ) and

R . »at 1ow energves F' 62N1 above 10 -MeV and for- ]]00d above 16- Mev, less

B3
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L than 10% of tﬁe teteT,gémma decay, or {p,p'y) cross section, bypasses
the firef 2+ Tevel. The disp]étement between these two ca]cuTated
) curves is- probabiy due to Couldmb effects. ' -

: ’ "The 56Fe(n n y) total gamma cross sect1on at 13.6-MeY
1was calcu]ated to be 670 mb. Our neasurenent of the 2tsot gamma cross
section yields 790 mb at about the same energy, wh1ch is in excellent
agreement with the calculation. The total calculated neutron emission

_'cross section is about 1065, however If the (n,2n) cross section
(m400 mbsg) is subtracted from this, the resylt is 665 mb which is iu
good agreement with both the gamma data “and the calculation, This
indicgtes that iittle gamma strength bypasses the first 2* 1evel for

“(n,n'} reactions at about 14-MeV.
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V. Conclusions and Recommendations
A. Conclusions About Experimental Methods

7. If one is to obtain reliable gamma cross sections from
(p>p') or (n,n') experiments, it is necessary, in most cases, to emﬁ]oy
pulséd beam and timing or coincidence techniques so that the spectra
will not be contaminated by gammas from electron caﬁture or beta
decay from the products o¥ (p,n) or (n,p) reactions, or from general
background.

2. If very accurate absolute cross sections are desired,
angular distributions of the gammas, for at least one energy, would be
desirab]e, since it appears that errors of up to 9% are involved in
negiecting the P4 Legendre polynomial in the angular distribution by
simply multiplying the measurement at 55° or 125° (where P, % 0) by

47, B
3. For the (n,n'y) experiments with large ring samples,
it was found that the muitiple scattering corrections could be

significént (19% for Pb), at Teast above the (n,2n) threshold.

B. Conclusions Based on Experimentally Observed Systematics

1. When nuclei with the characteristic level structure
shown in Fig. I-1 undergo gamma decay from highly excited states,
the result is a cascade of gamma transitions down to the ground state.
What is observed is that, for sufficiently high incigent energies,
nearly all of these decay cascades pass through the fﬁrst 2t Tevel.,
so fﬁat the (2++0+) transitidn is very nearly a measure of the (n,n')

or (h,p') part of the inelastic cross section. This conclusion is



192

based on compar1sons with 1ntegrated exper1mental {p.p') spectra,
A.,1nferences about transi tions bypass1ng the first 2t 1eve1 and feeding
the 0 ground state based on the popu]at1on o’ the 0 level, and
mode1 ca]cu]at1ons ‘
D The 1ntegrated lp p ) spectra anera]]V -agreed w1th
the (2 =0 ) cross sect1nns Unfortunate1y the data were sparse and
‘-genera11y~on1y‘avai1able at relatively 1uw'energies, i.e. below 15-MeV.
The (p,p ) measurements often had experimental prob]ems which were
assoc1ated with fry1ng to measure part1c1e spectra down to-Tow energ1es.
" For 1nc1dent proton energies of 16.and 17- MeV ‘the spectra were
dominated by_]oh energy protons from {p,np) react1ons wh1ch-make
:the (p;p') cross section difficult to extract. »
“The'feeuing of o TeveTs from the continuum becomes
. nuhe impohtant atilow energies because 1ittle angular momentum is
being brought tnto the hueleus. Hente transitions from the continuum
diredt]} to the ground state, not'passtpg tircugh the first 7l Tevel,

vy
are more 11ke1y at lTow energies. This conclusion is based on obser-

"vat1ons of: the populat1on of the 0] level as a funct1on of. incident

part1c1e engray,’ and supported by STAPRE nuc]ear reaction model
ca]cu]at1ons which include a deta11ed mode1 for the gamma-ray

_'cascades These calcu1at1ons 1nd1cate that for 52 Ni{p,p') reactions,

: more than 907 of the gamma decay passes through the first 2t Tevel

]1°Cd(p,p )

:'ﬁ’react1ons, more than 90A passes through the first 2° Tevel for

for 1nctdent proton energles of more than 10 MeV for

T 1nc1dent proton energ1es of more than 16-MeV. - The d1fference is

; probab]y due to the 1arger Coulomb barr1er for ]]OCd and implies

e :,:“._,
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that a larger percentage of decays throuéh the 2+'level would be
obtained for neutron induced reactions. At low energies, the amuunt
of gamma decay bypassing the 2" and going directly to the ground

state appears to be significant.

21 Our measyrements indicate that the cross sections for both
the (2++0+) and the (4++2+) transitions rise with increasing incident
proton energy to a maximum around 15-MeV. The (4++2+) transition
generally accounts'for about half of the strength of the (2++0+)
transition, although in some nuclei the (3'+2+) transition is stronger.
Angular momentum effects cause the (4++2+) cross section to peak at
higher energies than does the (2++0+) transition, while the (0;+2+)
transition is maximum at very lcw energies and decreases steadily

with increasing energy.

3. The strengths of the various gamma transitions for
62Ni(p,p') reactions as functions of incident proton energy are
reproduced reasonably well by the STAPRE calculations. The (2*s0")
and the (47+2*) transition cross sections, which are by far the
strongest, are reproduced very well, while the weaker (2;+2+),
(0;+2+), and (2;+0+) trangitions are somewhat overestimated by the
calculation. It is believed that the extra strength calculated for
the weak transitions would be qigided ug among other weak transitions
if a more‘gomplete description of the levels had been available and

had been used in the calculation.

4. Estimates of (n,n') cross sections at 14-MeV, obtained

by subtracting cross sections for all competing feactions59-from*the

-
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rnon-e]ast1c cross Sect1ons, genera1ly agree w1th our* (n r'y) data,
within, the uncerta1ntves -0f the various measurements. The agree—

" ment s goad fbr Fe, N1, Zn, and Sn but Cd partvcu]arly ]]0

d ZUGPb ‘show ser1ous d1screpanc1es Since the {(n, 2n, reaction
is. the on1y ser1ous compet1tor to the (n n ) react1on for these nuclei
and at this energy, we suggest that the (n 2n) Cross sect1ons for

these nuclei may not be reliable.

C. Imblications for Reaction Mechanisms
1. Coup1ed channel ca]culat1ons have been used quite succass-
fuT1y 1n reproduce the direct, collect1ve exc1tat1on of the ]ow-1y1ng

&

1evels in even-even nucTe1 as -observed in (p p') and. {(n'n') da*a

These ca]cu]at1ons indicate that direct, collective reactions account
“for up to 50% of the (2 -0 ) gamma cross section. * For (p p'y) reactions
‘on the 11ghter elements Fe, Ni,.and Zn, " this percentage var1es consider-
ab]y w1tn energy “For the heav1er e1ements pd, Cd Sn, and Pb, the

. percentage remains essent1a11y constant over the energy range of 10

to 26-MeV. For the. (n n'y) react1ons at 14-MeV, the percentage of

116Cd

direct- co11ect1ve strength var1ed from 12% for 1de to 48% for
'ref]ect1ng the substant1a1 decrease 1n (n,n ) cross saction with
1ncreas1ngﬂqsotop1c mass. - - The. d1rect, co]]ect1ve cross sect1on itself

rema1ned re,at1vely *onstant

2. Thé (n n') and (p p‘) cross sections’ decrease rapidly
g w1th 1ncreas1ng 1sotop1c mass, as has been observed. from the (2 -0 )
cross sect1ons -in th1s work and by Cohen et al. 1, ]4 However, even

for the heavy 1sotopes, ca1cu1at7ons 1nd1cate that beTow about 20- MeV .
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there is still some contribution from equilibrium compounq nqc]ear ‘

. brocésses, aithough'oniy for isospin conserved reacti&ns.. The
importance of these processes decreases with increasing encrgy, due
to the onset of'pre-édui1ibrium reactions, until, for energies exceed-

Afnq zo-ﬁev, one can say that direct processes such as pre—eqhi]ibrium
and direét, collective excitafion account for essent1a1]yré]1 of the

(nyn') or (p,p') cross section.

3. Partial isospin conservation has been shown to be 1mportant
in describing (p,p') reactions, at Teast for proton energies up to
18-MeV. Explicit inclusion of jsuspin in the calculations is important
for the heavier nuciei Cd, Sn, and'PB: where in some cases HVBRID
calculations indicate that all of the observed (p,p')} cross section,
‘other than that due to pre-equilibrium events, comes from T  states.

For the lighter nuclei Fe and Ni, there is less difference between
the 1sosp1n conserved and the isespin mixed calcu]at1ons and for Zn’
they are near]y 1dent1ca1

Substantial amounts of mixing of the T_ states. into the’
T, states are, in general, required to reproduce thevdata. Uncértajﬁties
in the parameters used to degcribe nuclear Tevel densit’es and reactions
do not allow an accurate determination of the amount of mixing, but it
does “seem to fall within the range of .3 to 0.7 (where 1.0 meéns
complete isospin mixiné). ) ' '

Comparison of HYBRID calculations with the experimental
data gives the impression that a systematic decrease in iscspin‘mixiné
occurs WithAincreasing mass in -an fsotopic sequence such as the Cdidr

Sn isotopes. This may Just reflect the systematic decrease’in (p,n)
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La 0 va]Qes with incfea%ing isotopic mass or tﬁe'increase-in symmetry
~3{f_-m:’ o energy. A]ternat1ve1y, it m1ght 51mp1y be a consequence of, the ‘
g]obal parameters (part1cularly the level density parameter) not

G e be1ng sens1t1ve enough to'chanaes in 1sotop1c mass.

. ‘4; An attempt was made to compare HYBRID and STAPRE (p p')
. ca]cu]at1ons with (2 +0 ) gamma cross sect1ons aove the neutron -
' seoarat1on energ1es ‘B ) of the various nuc1e1 by cutt1ng off the
emission spectra at Bn +1 or Bn + 2 MeV.. This was done in an attempt
O . to eliminate, low energy protons from {p,np) and (p,pn) reactions,
which tended to'dominate the smission spectra as the incident energy .
K 1ncreased above B In generalgthis failed at highﬂenergies for the
PYBRID ca1cu1at1ons " The cut off cross. section was only about hatf
of what_was observed. Cutting off the STAPRE 62N1(p p' ) spectrum at
I_iBn + 1-mas consistent'mith the calculated (2 +0’ ) gamma strength and
agreed'with'oor.measored (2+a0+) gamma cross sections. .Between 8 and
14- Mev'the STAPRE and’HYBRID calculations agree at least inbthe'case
62N1 for which a complete STAPRE ca]cu]at1on ‘was made. The Cline-
Blann46 Dre-equ111br1um formalnsm used in STAPRE calculates substan-
t1a11y more pre-equ1l1br1um emission at all energ1es than does -HYBRID, -
and for’ energ1es above 18—Mev, the STAPRE ca1cu1ated pre-equ111br1um
; em1ss1on accounts for essent1a1]y all. of the observed cross section.
;‘é'v, ﬁi' S ' Because of the ambiguities 1nvo1ved in cutt1ng of f the

S ca1culated em1ss1on spectra, and because (n,2n) react1ons are such

f strong compet1tor5vw1th {n,n*) react1ons once the neutron separation

3

5‘" energy (B ) is exceeded, 1t is d1ff1cu1t to ‘compare. the (n n y) data

Cat 14-MeV w1th the HYBRID calculat1ons .The appropriate effective
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cut off appears to increase from Bn + 1 for 56Fe to Bn +5 for zqub,

which tells us that something is amiss in eithe: the calculation for
heavier nuclei er in the procedyre of sharply cutting off the spectra

. above the neutron binding energy.’

5. HYBRID calculations reproduce experimental (p,p') spectra
of 5f;Fe,'G?'Ni;GAZn‘,‘and the Cd and Sn isotopesvat Tow energies (below
15-Mev), and the '1%Cd(p,p') data of Lux et al. at 16-MeV, but fail
to reproduce the other Cd and Sn data at 16 and 17-MeV. The calcila-
tion appears to fail to produce enduéh pre-equilibrium emissjon at
high incident particle energies, a conclusion which is supported by
the failure.of the cut off emission epectra to reproduce the gamma .,
data. . )

The HYBRID calculations for (n,n') reactions on Fe, Ni,

“and Pb;reproduce the data quite well. The Fb data are systematical1y~
s]ighé]y high, perhaps because of unconnected multiple scattering

effects. *

D. ﬁeconmendations for Future Experiments

In the conrse of doing the nork!described here, certain ideas
and experiménta] techniques evolved nhich mightlbe of vé]ue'to scmeone
doing related work in the future. Ffrst, if more accurate absolute
cross sections are desired, it would neAworthwhile to measire the
angulen'distributions_of the gammas for at least one energy. Next,
é series of proton-gamma coincidence experiments for (p,p'y) reactions
on some of the nuclei discussed in this work could yield eome valuable
information on pre-equilibrium react1ons ‘and the behavior of other

react1on mechan1sms with’ changes in incident particle energy
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For 1nstance, 1f the scattered proion. spectra in coincidence

"'.~w1th the 2 +0 gamma trans1t1on ware determ1ned, it wou]d be due

ent1re1y to (p,p ) events If th1s were compared with- the s1ng]es

.'f(p p '), spectra as a funct1on of ehergy 1t wou1d be poss1b1e to separate

7the (p,np) and (p p') react1ons and to- exam1ne their behavior as a

"l.*;

funct1on of energy At h1gh energy (above 24 MeV) this work has
1nd1cated that the (p,p ) reactlon 1s due a]most ent1re1y to pre-

equ111br1um react1ons These c01nc1dence measurements would a]1ow )

~'the exper1menta1 determ1nat1on of a near]y pure pre—equ111br1um (p,p")

a spectrum wh1ch could be very va1uab1e for compar1son with pre- ~equili-

;br1um mode] ca1cu1at1ons,espec1a11y if the measurements were done over

o a range of nuc1e1 and for several nuc]e1 1n an 1sotop1c sequence

If gamma spectra: were taken in c01nc1dence with a series of.

‘ ‘ energy windows - p1aced on the scattered proton spectrum, 1t wou1d be .

‘poss1b1e % examine the change in 1ntens1ty of the gammas, from, the

. hyar1ous leyels of 1nterest, as a function of the energy of- the out-

.. going. particle.. This could provide valuable information on the behavior

of_tﬁe ganma;cascade underuchanging.energy and angular momentum condi-

tions In add1t1on, the various portions of the proton spectra can

-:texper1ments

B nom1na11y be 1dent1f1ed w1th different react1on mechan1sms, i.e. the

.evaporat1on peak the pre-equ111br1um reg1on, and the (p,np) péak,

More 1nfbrmat1on about these reacttons and their contr1but10ns

s to the gamma cascade cou1d be obta1ned by doing these co1nc1dence

198 °
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Appendix T - Multiple Scattering from the Copper Shadow Shield

. Since the copper shadow shield is massive and guite close to both
the tfitium target and the scattering.ring, neutrons scattered from it
back onto ‘the ring might be important. Figu}e A-I-1 shows the con-
f1gurat1on to be calcuiated. .

The flux of source neutrons at the front face of the slug is

0o 4ux

The reaction rate at position x in the slug is

o

: 2
o 45 G° -ONx
an(X) = ¢S. Te oNdx 7 .

The flux of scattered neutrons on the ring is (assuming the slug to

be a line source of neutrons)

. an(x)
dgp(x) =
R P
( 2 dR_(x) 2 rr e gy
- T 1: P . J: (r + (x_+x-y )%)
? . Yo o * Yo
We assume that
Xy = 10 cm, !
. ¥y = 10 cm, ’

and r_ =10 cm,
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~Tritium . B

" target )

So

IRy g—

Nd R (x)

—Y

Fig. A-I=1. The scattemng rmg and shadow bar for the mu1t1p1e

';'1 ' - scattermg calculation,
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and we know that

S, = 1.1 x 109’1i/s,
: Nnp
N = ﬁ 8.45 x 1022 nuclei/cc,
d =6.2¢cm &= 46cm, ®
and ¢ = 1.5 b for 14-MeV neutrons.

non elustic

The resulting integral cannot be solved analytically but can be estimated by

assuming ' . : -
L ax ) -a
q,R—Afa"z dz"dx_Af —dx =2 x 10 0
o b +x" - o b *sec
where
A=2.09x 105,
a= 0.127,
and. b = 10. .

Integrating-numerical]y.yie]ds

¢ ]4)(]0'—2——
. cm ssec

The flux directly from the source on the ring is

S

: 4v(y + rz) em“esec
The Scattered contr1but1on is on]y 3% of the d1rect source contr1but1on
Monte car]o ca]culat1ons 1nd1cate that the neutrons scattered from
the copper sh1e1d have an energy distribution peaked near 14 MeV, s1nce

elastic sgetter1ng is the dominant reaction mechan1sm.¢bThese calculations

&
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support the ana1_yt1ca1 ca1cu’l atwn and md1cate that the copper shield
s adds about 3% to “the: (n n ) cross: sectwn. ,
. , .
. ) ) .
[ " SO .
v} . v .
" . ’ ,
_—
\ .
. .
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