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De form~ ti on e ff ~ c t s i n n• u t ron scRttering fr om i so t opic a lly en r iched SmzOJ sa mples 
}:l a ve be e n sludi~d a t a n irrc i dt"n t n e u tron en ~..~r gy o f 7 ~-i t.: V -.he r e a max i mum o f t he d e (o r rr.a ti o n 
ef f ec t s \.1 [1 5 ob~~ rvt: d i n t o t a l c r e s s ~ c ct i o n t iH.! a ~ u rem£: n t s o n t he s a we i s o t ope s. 

Di f f e ren t ia l cres s scr ti on s f or e la s tic sc a tt t ring and in~ l a s tic sc a tt e ri ng (fi r st z + 
s t a t e ) '-' ·~ re r~e a•u red f o r 11. 8:;m and l 50sm ;o nd f or l 46:Jd , •·h i c h '-'a S included i n th i s s tudy 
t o ai d i n s c ?a r a t ing i •~ •rin ~ff r c ts f r om defo r ma tion ff~ c t s . Cr os s s~ct i on s fo r the sum 
of e l a st ic and i ne l a s t i c Hottcri ng ( first z+ s t a t e ) we re de t er min ed ·for i 52 sm and l5~ sm . 

Expe ri ~e nta l cros s se c ti ons a re c a red n- srl•e r ica l op t ica l - po-
t en tia l coup l ed - channe l c~ l c u la ti on s. 

( NU CLEAR REAC!lO% 
146

s d ( n , n ), ( n ,n '), 
146

•
150

sm(n,n) , 
c "l c ul <~t e d ,;: (c ) . ) 

I r. tr oduct i on 

The r e su lts o f se ve ra l recen t C! Xpe r i mi' nts s ugges t 
t hat tha e f !~c t o f nucl ear d efor~a t ion on f as t neutr on 
e l as ti c a nd i ne l as t ic sca tt e ri ng ~a y be ap pr~cia te . 
Ho l wqvi s ~ e t a l. h .=t ve Ifle ;ts ur e d the a;,z u l a r di s t r i bu ti o n 
of neut l'<•ns- -e'fa, t i ca l ly sc« t t e r ed f rom t he de f o r;r.e cl nu­
c l eu s 18 1ra be t~e e n 2 . 5 and 8.0 He V nPu t ron e ne r gy . I 
The angu l a r distr i bu t ion a t ang l e s gr ea te r · t han a bou t 
~o · ~ z s obs e rv~d to be con s i der 3 bly damped, as c ompared 
to c>p ti ca l mo de l f i ts to the da t a using a spher ic a l po­
te nt i a l. 

Angu l a r di s tri bu ti on s c ompu t ed us i ng a non- sp he ­
r ic &l pot e n ti a l we r e f ound t o p r ovide si gn if i ca nt ly 
bett • r fits t o t~ e dd ta . Ta na ka e t a l . have pe rforme d 
.. om£ \..ha t si u:il a r s t ud i e s o n na tufal lso t op i c m i x tur e ~ 
o f ea~ h of t he elP. r.oe n ts Er a nd GJ ove r t he ne u t ron e -\ 
n~rgy r ange I .5 to ).5 KeV. 2 

fr nm the resu l t s o f couple d cha nne l c a l c ul a ti on s , 
i .e. , hy Tnmn r n 3 , i t is cx pe r: t c U th a t nuclear dc f or li"'a ­
ti un I..'OulJ have ,, s tr ong e f f ec t on ne ut r on ine l a s t ic 
s ca tt ~ ri n g fr om l.ot h dynam ically de f n r m"d a nd pe nna 
nent ly de f o r m~ J nuc l e i , t ha t is , v ibra t iona l a nd r o t a ­
t iona l nuc l e i . As a n ex tr eme examp l e , i n the IJ\./5A t he 
ni r rct par t o f t he i ne l as tic scat t ering is pro porti ona l 
t : the squa r e of the tle f o r ma ti on pe r .1:ne t Pr. UR i ng a vi­
Lr~ ti on a l opti ca l ;;,oc.!e l, fu a nd Pe r ey have ob t a ined 
good fit s t o ine l as t i c sca tt er i ng dat a on Pb f o r 14 lle V 
i ncide nt neu tr ons.4 Al so , De l ov i t zk e t al, 5 have s tud­
i ed th e e xcit a ti on by 14 HeV ne utronsoft he l o.., - l y i ng 
oc t upol e s t a t e s o f the i so t opes 20&, 20 7 , 20Hpb. ln t his 
l atte r vork r eason&bl e a greemen t be t wee n the ex pe ri me n­
t a l da ta and th e r esu lts of c a l cu l a t ions based on JJ\./BA 
t ~eo ry was f ound . \./e a re no t a\Ja r e of a ny publi she d 
cross s ecti on s on ne utr on i ne l aq tic s ca tt er i ng , s epa­
: a t ed f r om t he e l as ti c sca tt e r ing , f o r heavy , perma ~ 

ne n tly de ! t> r ~e d nuc l e i a t i nc id e nt ne utr on ener gi e s 
~he r e d i r ~c t exc it a ti on of t he r o t a t iona l l e ve ls pre­
domina t e s . 

In t he pre s e n t '-'u rk , de f o r na ti on e ff ec ts in nc u­
tro~ sca tt e rin g ~e r e i nves t igate~ by sca t t~5 ing 7 HeY 
ne utrons f rom t h e i sotope s 148sm , 150sm, 1 Sm , a nd 
l 56 sm . The Sm i s o : o?€ S are d es i r a b l e nuc l e i fo r st ud y­
ir.g the effec t s o f nuc l ea r d e f o r;na ti on becaus e t hey 
span t he r egi on ne a r N ~ 88 ~o~here the n uc l ea r de f orrr.a­
t ion cha nges r a pidly . In t his r eg e. r d t he uucl e u s l 5°sm 
is o f sp ocia l i n t e r es t bec a use o f i ts t o le a3 a t ra n­
si tj o,~ a l OIJC! eus betw~~ n v i br a t i o na l a 11d r o t a t i o nai 
nuc l ei . The nu c l e u 9 ~L.~ld Yas i nc l udt:' d i n tb t! se i nve s­
t ig 3 ti on s , a l so , i n o r de r to s epa r at e ?Os s ible i so sp in 
e f fec ts f r o~ de fo r~a ti on ef f ects . T~~ Sm a nd ~d s amp l e s 
~e re i ~oto pic a lly e nriched and ~~ re a va i l ab le on l y in 
the fo r m o f cx i de s 

Di fferentia.l ' c r os s s~ ctio :> s f o r e l a• t i c s c a t te r ­
i ng and in e l a stic scatt e ri ng to the fi~ s t 2+ sta te 
ve re measur ed f o r the nuc l ei I L~Id, 14osm , 150s m ; 

we2s ured -; ( c' ) 

whe r eas fo r 152sm a nd 154 s m, cross sec ti ons for th e sum 
of e l ast ic and in e l •s tic sca tt er i ng ( first z + sti te ) 
were de te r mined . ~c asu r eme n ts Y~re pe rfo r me d ove r the 
angul a r <ange 20" to !45 ° ; howe ve r, i ne l as tica lly 
sca tt ~r c d ne u tron s were no t obs e rv t d di r e c t ly at f o r ­
v~r d a ngl e s be c a u se of app r t c iab l e el a stic sca t t e r i ng 
f r om ox ge n. · 

An inciden t e ne rgy of 7 He V was c hos e n f or the 
prese n t st udy prirn~ ri l y be c aus 7, as shovn i n fi g. I, 
me 2 su r enoe n ts6 a"d ca l cu l a ti ons o f t o t a l cr oss sec t io n 
dif fe r e n~e s f o r the Sm i so t ope s su gges t th a t a t this 
energy the de f orma tion e ff ects i n ne utro n sca t t e r i ng 
may be maxi ~um . Ca l cu l a ti o:>s us i ng a range o f de f o r ma­
t i on ?a ra~2 t e r s i ndi cate tl1a t th e en e r g y of "t h is nia x i ­
mum doe s no t depe nd a pp r e c i•b l y on nucl e ar sha pe . 7 Thi s 
in c i d ~ nt e ne r gy is be l i eved to be su ffici en t ly hi gh 
th .H c o~pound e l as t i c s ca tt e ring effec ts are uni mpo r­
t Ant f o r th ese nucl e i. 

Expe ri men t n l Ke tl oo d 

The dif f erent ial c r os s sec ti on meas ur eme nt s '"'e r e 
pe rf o rme d us i ng t he neu t r on t i r.•c - of - fli gh t f ac ility o f 
t he Ce nt r e d' Et udes de Br uyi r c s - l e - c ha t e l , whi c h ha s 
be e n des cribed in deta i l el se..,he re .8 Sri e fly , pr o t on 
bu r s t s of r ep e t i ti on r a t e 2.5 ~Hz and '"'id th I nsc c 
(F I.IIIM ) ~o~c r e ac c e l e r a t e d by the llruyerc s t ande m ~ c. cc l c­

r a l o r . Konoe nerge t ic 7-H~ V nc ut ronR we re pr od uc~d by 
bomba r di ng t ritium, c ont a i ned in a J - cm l ong gas t a r­
ge t a t a pr e ss ure o f abou t 1. 5 al m, with this pu l s ed 
prot on b~ am . Neutron s we r e sca tt ere d by c y li nd r ica l 
s amp l es l oca t ed a t o· wi th r es pe c t to the inciden t 
pro t on beam .<nd II . ) e m fr om th ~ c e n t er of t he gas ta r ­
ge t. The scat t e r ed neutron s we r e d e tec t d by a n a rr a y 
of f our d e t e c tor s pl aced a t 20" i n t erva ls , each d e tec­
t o r cons i s ti ng of a 12 . 5-c m d i 6mc t e r , S- c m thick 
NE-2 13 l i qu id scin till a t o r wh i ch '"'a s op tically c ou pled 
t o a n XP - 10~ 0 pho t omul ti p l ie r tube . Pul se - shape di s­
cri~ ina ti on wa s u ti l i zed t o r e j ec t 1 - r a y i nduced eve nts 
in th e s c intill a t ors . The da ta a cqui s it ion sy s t em 
whic h '"'a s emp l oyed perrn i tt ~d of f - li ne adj us t ment of 
t he ene rgy t hresho l d f o r ne utron de t ec tion. Only s c i n­
t i l lation pul s e s 1.Jh ich c o r r espoc ded t o ne utron e ner ­
g i e s grea t e r t ha n l . S MeV were u t il ized i n the pre s en t 
work . 

Each neu tron de t ec t or ~o~ a s hous ed in a s h i e ld 
c ons i s t ing o f polye t hy l ene and l ead and \JaB placed 
be hind a I . 5 m co ll i ma t o r c om?ose d o f pa r a ffin l o~ ded 
wit h l ithi um a nd bo r on . Fou r 70-cm l ong Fe shadow 
bars 1.J ith W t ips ~ere posi ti oned nr a r t he gas t a r ge t 
in order t o r e duc e backgr ound c aused by d i r ec t ne u­
t r ons . The fl igh t p3th f r om the sa m? le to eac h d etec­
t or ~as 8 m. Fo r t h i s f l igh t pa t h tht ene rgy s pr ead s 
a nd t ime spr e ads of the e x?c ri ne nt ~e re s uc h t hat t he 
ov era ll energy spread at e a c h ne utron de t e c to r was 
l ess tha n ISO keV. \lit h t hi s s pre1d , k in e:na tic 
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of the oxygen scattering ~as -~uffici<nt to 

ob~erve the incl~stic scattering to first e~cited sta­
!or 1~6sd and 148,150sm at angles:;;.. 90". 
Detector efficiencies were determined by sc~tter 

ing neutrons from a 1-cm diameter 4-cm high polyethy­
lene •~m~lc and by counting d1r~ctly monoenergetic 
neutrons from the D(c! ,n) reaction. 9 The incident neu­
tron flux was measured using a proton-recoil counter 
telescope. 

The number of incident neutrons from the r,as ta~­
get was monitored by an ;.uxi.li;.ry Nl::-213 liquid scin­
tillation detector placed at ss· to the incident pro­
ton beam and 8bout 10 m fro~ the gas tareet. 

All s.11oples w~re contained in air-ti~;ht thin:-wal- · 
led polyethylene cans about 2.2 cc in dia~eter and 
5 em high. The Sm ""mples, lt.8,150,152,15 4 ~:n, consis­
ted e! po.,dead 5'·'20) And ranc;ed ln n.2~s Cto:n I,Q,B g 
(154~~ 2o3 ) to 68.6 g [148sc 2o3). The isotopic enrich­
ment of each sa~ple w~s greater than 96 Z exctpt for 
l50so, for which the enrichr-uent "·as 87.4 %. The 
l46t:d

2
o

3 
sao;>le had a n;ass of 63.6 g and an enrichment 

of 94.5 %. 
Background peaks in the TOF spectrum caused by 

the carbon of the polyethylene can and the oxygen of 
the oxide sarn~ics were subtracted with the aid of an 
e~pty can and an H20 sample, respectively. 

Cross sections \.:ere corrected for neutron flux 
Attenuation in the SR~?le, multiple Scattering, and 
gecmetrical effects using the analytic method describ­
ed by Kinney.IO 

Results and Di~cussion 

Some of the results from a preliminary analysis 
of the data arc given in figs. 2,3 and 4. 

The measured differential cross sections for e­
l~stic scatterir.g 1~§ ?resentl~Oin fig. 2 for each of 
the nuclei l4f>:;d, S:n, and Sm. The uncertainty of 
each datum has been estimated to be about the size of 
tl.e data point or smaller, except at 35° where the 
statistical uncertainty is about 12% because the 16o 
scattering is relatively large at that angle. lt is 
observedthat the three ~ngular distributions arc ~ery 
similar. Quar.tit.>tive comparisons were made by making 
a Lege11dre fit to each distribution. The Le&endre cur­
\!B !or 14Bsm and ISOsm for example, vere found to 
d:ifer by at most about 10 %over the angular range of 
t!.e r..c.;.surernents. Also shown in this figure is the re­
sult of a coupled channel calculation for 148sm, 1.•hich 
vas assu~cd to be a vibrational nucleus ~ith a qua­
drupole deformability, ,S 2. of 0.13. The deformed-po­
tential optical-model ~.;.rameters which were used for 
this calculati<>n "'ere determined by fitting total 
cross section data, II strength function data, and 
potential scattering at lev energies. These parameters 
are similar to pzrameter set 2 of ref.7. It is see.n 
that the agrPe~ent bet~een the experimental and cal­
culated cross sections for 14Ssm is rerr~r~~bly good, 
even though no ;;tt~rn;>t has been m~de to fit the pre­
sent data. 

The cress section data for 152sm and 
154

sm are 
given in fig. 3. For each of these n"uclei, the cross 
sections for· the sum of elastic scattering plus ine­
l&stic scattering to the first excited state are 
sl•o,.·n. Here, also, the e~;>erimental uncertainties are 
about the size of the data ·~oints or ''maller, except 
at 35°. It is observed that the angular distributions 
for these tvo nuclei are very similar, except for. 
Sw.r.!l differences at the 40.0 and 80" minima and at 
aci:es greater than 120". The calculated curve for 
15 s~ ~iven in this figure represents the sum of cross 
s~ctions for el~stic plus inelastic (first i• state) 
scattering. TI1is coupled-channel calculation differed 
from t_he one for I~Bsm in that : I) 154sm was assuooed 
to ~e a rotatior.al nucleus,2) the real part of the 
optlcal potential was about I % s.maller in magnitude 

for 154srJ h~t:<:ttiSC of the inc.lu~,iun of an .isospin term 
in the optic~l pot~ntial, and 3) the quadrupole Jpfor­
rn~tion 1.·as takf.!n to b~ 0.22. The p.1rar>•.:tcrs used for 
the 148sm and 154sm cJlcula~ions pr~vide a very good 
fit to total cross $~ction diffcrcnc~ measurements II 
over the energy rJnge I to 15 HcV. These parameters 
have not been adjusted in order to improve the fit to 
the 154sm data of the present work. Again, it is seen 
that there is good agreellient between the calculated 
curve and the datn. 

Figure 4 shows a comparison of el~stic scatter­
ing an~u~ar distributions between the vib~ational nu­
cl~us 4 S:n ;,nd the rotational nucleus IS Sm. For 
14 Sm, the cross section data and calculated curve 
presented here are identical to those given in fig.2. 
TI>e claBtic cross secticns for 15 4sm ~ere obtained by 
subtrActing the co~pu~ed !nelgstic (2+) cross sections 
f::om the experimental (0+ + 2•) cross sections. The 
154sm calcul~ted curve in this figure represents, of 
course, only elastic scattering. 

No inelastic cross sections will be presented in 
the present report, primarily because of space limita­
tions. It suffices to say at this time that at back­
ward angles the inelastic cress sections f~r scatter­
ing to the first 2• state are similar for 146sd and 
148Sm and significantly larger for 150sm as compared 
to the two lighter nuclei. 

It vas possible for each of the nuclei studied 
to compare the o· differential cross section, deter­
mined by means of a Legen~re fit. with Wi~k'slimit, 
since measured total cross section values are availa­
ble at 7.0 MeV fqr these Sm isotopes II and the 1 4 6~d 
nucleus.l2 The differences ranged from 16 % for 148sm 
to - 6 % for 154sm with a standard deviation of 4 %. 
This ~tandard deviation is well-within the range ex-­
pected on the basis of the esti1:1nted uncertainties for 
the present work and for the total cross section mea­
surements. 

The elastic rlifferential cross sections for 
· 148 sm and the elastic plus inelastic differential 
cross sections for 154sm of the prese~t vork at 7.0 
MeV have been compared to the results of recent u.casu­
rements on the~e nuclei at 6.25 :leV neutron ener!(y 
"·hich were ·perform"-d at the TOF faci I i ty of the Uni­
versity of Kentucky. 13 For eAch iHotope the angular 
distributions at the two energies were observed to be 
in good qualitative ~greement. Coupled-channel c~lcu­
l3tions indicated that the small quantitative diffe­
rences which were present were a consequence of the 
different enf.!rgies which were employed •. 

· The work of lioltr.qvist et al. I on IS Ira suggests 
that the major effect of nuclear defor~~tion on the 
elastic scattering of neutrons is to increase conside­
rably the cross sections at the minima of the elastic 
angular distributions. Ho~ever, the data and the cal­
culated curves presented in fig. 4 indicate-that for 
the Sm isotopes the effect of an incre<.<sed quadrupole 
deforwation parameter is to lower the el«stic scatter­
ing angular distribution at back angles. 

The reason for this apparent difference in de­
formation effects between Ta and Srn is not clear at 
the present time. Holmqvist et al. assumed that ine­
lastic scattering to the 6 k;V state of 181Ta, _;hich 
of course vas not c~perimentally resolved, was negli­
gible. However, the 6.25 HeV stu-dy 13 of Sm the pre­
sent work, and coupled-channel calculations~ for the 
scattering of 17.5 -~\eV neutrons by 15foc;d all indicate 
that for even-A deformed rare enrth nuclei, inelastic 
scattering to the first excited state is lar~;cr than 
elastic scattering at most !:Jack angles. Thus, cont'ra­
ry to their assumption!, it is likely that inelastic 
scattering to the 6 keV state of 181Ta is relatively 
very large, also. 

\ 
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nel calculationg7, 
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Fig. 2 (above) Elastic scattering angular distribu -
tions for 146Nd, 148sm and 150s:n at 7.0 !-leV. incident 
neutron energy • The solid line is the r~sult of a 
coupled-channel calculation for 148sm· 

Fig. 3 (topright) Angular distributions for. the sum 
of elastic and inelastic (first 2• state) cross sec­
tions for l52sm and 154sm a~ 7.0 MeV incident neutron 
energy . The solid lin~ represents the calculated 
cross sections for elastic and inelastic (first 2• 
state) scattering by 154sm • 

Fig. 4 (bottom right) Comparison of elastic scatt"ering· 
angular distributions between 14Bsm (vibrational nu­
cleus) and 154sm (rotational·nuclcus) • 1~e data points 
for 154sm represent the rliffprencc between the experi­
mental (O+ + 2•) and the computed inelastic (2•) cross. 
sections • The solid lines are calculated clastic an­
gular distributions ·• 
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ELASTIC SCATTERiNG 
En= 7.0 MeV 

o .148sm C exp) 
• 1S~sm ( exp. _ 2+ cole) 
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ror H8sm 
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C.C. Colculotion 
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