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Abstract

Heasurements of the polariszation produced in the
scattering of neutrons from heavy nuclel have been carried
out at neutroh ensrgles of 380 keV and 980 keV. The y
(p,n)Be7 reaction was used as a qodroe'of polarized neutrons,
Right=-left asymmetries in scattering of these neutrons from
gseveral elements ranging in atomic welght from 55 to 238
weres moasured at scattering angles of 55°, 90°, and 130°%
With few exceptions the observed polarizations vary smoothly
with atomic weight, Measured values of the polarization
range from «0,11 to +0,15 at 3080 keV, and from «0,17 to +0.20
at 980 keV, The results at 330-keV neutron energy are
compared with values predicted by the complex sguare well
potential modified by a surface sgpin-orbit interaction.
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Uaing several sets of well parameters 1t has not bsen
possible to roproduce the experimental results. _/

1le Introeduction

.EXpefiments.on the scattering of polarized neutrons
from nucled proéide a strailghtforward methodifor investi=
gating.&pin@orbit forces in the nsutron-nusleus interastion.

If such forces are present, the scattered neutron filux

ezhibits a right-left asymstry in the scattering plane

which is chosen perpendiculer té the direction of polari-
zatlion of'the incident neutronss This asymmetry deponds
on the polarization of the incident nsutrons and on the
quantity P(S), P(@)g the polarization which would be pro=
duced in en nnpéiariaed beam upon being scgttered through
the angle @, dapénas on the stremgth of the spin-orbit
interaction, '. | 4
Adair;'and Okazaki® have used 380<kev polarized
neutrong from the L17(p,n)ne7 reaction to investigate'
poiarization effects in scattering from intermadiate and
heavy nuélei for a scattering angle of 90°% Data obtained
from a number of eiemsnts indicated that P(@) varies
fairly smocthly with atemic weight. These results were
comparced with polarigations calculated assuming a complex
squars well potential rodified by a apin-orbit intsraction,
Qralitative agreement between computed and mesasured polarie
zations was found for nuclei in the atomic waisht region

of the glant Pewave resonance observed in the totel cross

gections at ¢this energy., Polarigation experimsnts involving
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heavy nuclel have also been carried oiit at & noutron bome |
barding energy of 3.2,--Hev3’h as woll as at onergies in the

Ioooﬂev.region.+

' : e
+ A summary of high energy msasurements is given.”

] The present experiments continus the previous
work1°2 at4380»kev neutron ensrg& and extend the msasuree
ments to scatteﬁing engles of 55° and 130°, whers one would
oxpect the effect of a D—wave nnlztting on the polarization
to be more prominent.. In addition, moasurements Were
. carried out at a neutron energy of 980 kov for scattering
angles of 55° 90°, and 1259,
';29 Experinental Procedure

The axperlmental arrangement used for measuring
the ripght-isft asymuatries was ainilas to that employad by
Adairl and Okazakia and 18 shown in Fig. 1. Neutrons were
produced by bombarding an evaporated metsllic lithium tare
got with protons from an eloctrostatic generators Thse tare
get chamber was connected to the generator beam tube by a
metal bellows, which allowed the chamber to be rotated
around the boan directlon during_bombardmedtc This, tow
gother with eir cooling of the target permitted 6 /ABmp
proton beam to be used over a period of a few ﬁundred
hours before daterioration of the target set in, Neutrong
emitted at o 1abor>atox'y g.ng,la of 50° with respect to the
proton bsam wera ccllinated by a paraffin shleld; The col-

1limator holé was tapered gsuch that the diroot néut?on beam

£y
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FIG, 1

Top view of the experimental arrangement used for a scattering angle of 55°,

I



3
could not strike eny part of the collimator surface exposed

‘o the counter, The enorgy spréad of the nseutrons was ine
foxred from the target thickness which was deternined by

. the ﬁieeAmethodé

and from & reasurement of the apparent
width of the 620<kev resonance in the total cross section
of Bey, The two values reduced to & proton bombarding
energy of 2.3 Mev wa?g;BO kev and 92 kov,

The seattgéing samples were in the form of right
ciroular cylindéﬁs,-most of which hgd,lehgths of 6 em and f
dienetora between 155 and 2.5 oms Three of the rér@ earth

‘"éémmles+ had lengths of lj em and the U sample was 8,5 cm

+ The authors wish to thank Fg He Spsdding of the Amsa
Laboratory of fhe Us Se Atomié Ensrgy Commission {for
granting the loan of the rafé earths Sm, Nd, and Er,

o

| longe The liquid Br and Hg as well as the powdered Mn and
¥ werse c@ntained 1n thin-wall stéiniess steel cylinders,
Scatterers Were aligned with axXes perpendicular to the
scatteéing,planaa The collimathAnsutron beam irradiated
e2ll samples except the uranium sample over their entire
lengthse =

| Houtrons scattered %ﬁfbugﬁ the angle & were de=
tected with»a c#lindrical yroyobtiogal counter, The countspr
was filiadlwitﬁ five atmbsﬁherés of hydrogen for the 380-kev
measursmenta and with 15 atmosphérss of helium for the 930
kev ﬁbasuﬁémenés; The'cpunter ﬁuiaea’ﬁare recordad on two

scals®s havifig diffévspt’diggg?@@@nbhsettings;‘ For the:




lower energy experiment thoe diseriminator lcevels corrssponded
2o rocoil eneryies of 200 kev and 150 kov respectively,

For the measurerents at the hicher cnergy the corresponding
figures are 800 kev and 570 kev,

The counter was mounted upon a nevabls support
which could be rotated around the axls of the sample, The
intensity of neutrons goattered ﬁhrough a glven anglée was
de ternined by méﬁéubing the nurbar of counts obtained with
the sample &n position for e run during which a fixed chargs
vas sollected on the garget and subtracting from this num»
ber the counts obtalned during a cpr?esponding run with the
éample rembvad, Right-lalt 1nt9nsityféatios wore obtained
by alternatcly carrying out this procedurs for right and
left ecatterings. 'Baékgrouﬁd céunts avargged 20 %o LOY of
Vthe semple=in counts at the f0ﬁward scattaring angless and
50 to 603 at the back angles |

In order to avoid falss ésymmatries, an acourate
determination of the counter posltion corresponding te a
scattering angle of 06 is necessary, particulaniy in cases '
for which the différentlai crogss section varies rapidly with
. -angle, Fow tﬁig parposé the trﬁnSNLssion of a sampie wes '

.mmasmred és a functlon of the angular position of the |

c@untsr for scattering angles near 0° The aettinb about
'whiah the tvanamission curve is symmatric could be deter-
minsd within aooa and was taken to be the 0¢ settlnge
This procedure was repeated several times during the BXe

porinontde In order to cheek otherzaapects of the alignp?

~
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ment, auch as the'conatancy of the dlstance from the sample
axis to the eounter, the figh%iibft asymmstries of neutrons
gscattored fpom carbon was measurad for écattering angles of
¢ = 55° 90°, and 130° at the lowsr neutron energy. No
appreciabla aéyﬁmetry is expected at this energy since the
contribution to the scattering by néutrons with engular
mementea iéigér_thah zero 1s négligible., HNo asymmetry was
chiasrved within the statistiosl uncertainties of the measuré=
ments (865 Table I):.

- 3 Pqiariéation of &he ti7(p,nJBo7 Neutrons
| 3inos the right-left asymmetry in the soattering
or‘§61é§15@d neﬁ§rons from nuéléi dapends on the polarizae

ti6h of the néutréns being scattered,t’

the polariz&tion‘ga
of the L;7(p,n)§67 neutrons must bo determined in a
separate éxppri%ent. Measuremsnta of the polarization .of
980=keV neutrons are reported in the fﬁzlouing papere Pree
vious measurémehtsl'ay at 380 kav'gavo been répeated, A

value,of‘gl = «0.38 p 0.0&5+ uha found for neutrons emittsd

¥ The positive direction of tho'polarization is in the
direction of the vector n = k x'kb, whers k and k  are the
prepagation vectors of the outgoing and incident beams

reapeetivaly.

at a laboratory angle of S0° with respect to the proton .
beam direction, 'Thla value is conslstent with Okazakl's
result of «0.41 = 0.02, At the higher energy a value of
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P1 = =g 30 2 02 was used, The guoted errér 1imite include
in additica to the usual statistical un@srtainties@4unceru
taintiss in thoe calculation of P(8) of ths oxyzen analyzepgi
errors in the determination of the tar;et thickness, and
uncertaintles in the multlplé acatterinz corrsctions. At
both oner:;ies 1t was assumod that P, doos not vary:with
energy over the energy épeotruﬁ of ﬁhe neutrons. Since at
the lower onérgy previoué measurements suggest thaﬁ P1 nay
vary rapidly with energy this assumption introduces an
additionel uncertainty in Py of 6} of 1ts vaiue; '

Lo Results and Discussion | .

Rightoléft'ratios moasured for ﬁhe.imtermgdiate
and heavy elements are eummarized in Tebles I and IX, S3Since
no significant diffavéﬁcea'batween the results obtained at
" the two blasg settings wore founda the valﬁea used are those
haeving the smaiier statistical uncertainty. These ratios

‘were then ocorrected for the variation of the neutron flux

across tho sanmple and for the effse et of neutrons scatstered

‘more than once bofore leaving the sample. The correction
for flux variation 1ncréased-thé méasured ratios bﬁ about
one per cen%, The brocoduéa followadiin.éorracting for
rmultiple scattering ié similar to thaﬁ used by Wait and
Bgrscha11.7 ln'making this corrgétion itéwaa,aaaumad that
the mmléiply scatterad neutrons exhibit no riphteleft:
asymiotry, .Consequently the corrections have the effect
of increasing the magnitude of the measured polarizations;
At 380=kev neutron oneiryy the.average value of this core

roction is about 257 of the value of tlie polarizatioh. At
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the.highe? neutron cneriy the averagse corr@é%ions amcunted
vo 1655, 2375 and 30% of the value of the polarization at
scattering ansles of 55° 90°%, and 125° respectively@ Core=
rected &alu@s of P2 are given in the last thiree columms of
Tableg I aéd I, |
“he agsumption that the multipl& scattered neus

trons exhibit no apprecieble right-left asymmetry requires
some jmstifiéationo It was ﬁested by a numerical calculae
tion of the number of deubly scatteréd nsutrons in Bi. The
rosults of this caleulatidn'indicated that if the singly
scattored neutrons exhibit a ripght-left ratic of 1,11 for
a scattering angle of 90°; the doubly acattersd neutrons’
will exhibit e ratio of 1,04 for the same angle, This
number varies from clement to element. Bi was chosen for
the num@ricalicaiculatiohg singe gualitative considerations
indicated that for other glements this ratio is closer to
unity,  Im this particular case, the aasmmptiom that the
.mmlﬁiply scattered_namérona 8Xhibit no rightal@ft asymm@tfy
introduces an error in thg multiplé'acattéring correction
of 1/3‘@f its value@' Sincas tﬁa averags value of the m@ltipl@
seattering correction was 250, an error of 8% has been ine
cluded in the unecertainties given in Tables I and IL,

| Wh@imaasuved polarizations are plotted as a funce
tion of atomic weight im Figs. 2 and 3., For the lower
‘neutron enersy, measuremonts of the angular depsndence of
the polﬂrizations éré ghown in Pig. LI Por a numbeﬁ of 8lge

nents. With few exceptions,; the polarization varies
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FIG. 2

Measured polarizations as a function of atomic weight
for a neutron energy of 380 keV. The scattering angle
is indicated in the upper right hand corner of the graph.
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FIG., 3
Measured polarizations as a function of atomic weight for

a neutron energy of 980 keV, The scattering angle is
indicated in the upper right hand corner of the graph.
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smoothly with atomlc welrht, 'lo dependenco on the spid of
the targzet nuclous is evidents At the lowor nedtron energy
the polarizatlons are sméll, having a mAXirmm vaiue of 0915@
e most prominent feature of these data i8 the poak in the
atomic weight re;ion of 100 fbr soattarinb eng;iss of 55”

and 90°% MNesative polarizationa are. obsorved in the vicinity
of A = 73 for 90° and 135° énd in tho region of the hesvier
elements for all angles, The 90° data are in falyr agreement
with the results of Adairl and of Okazakia0 The small
negative_polafizations in the naighbbrhood of A = 75 and'
A= 175 do .not eppear in Okazaki's data, At the highe?
n@uﬁvon energy the polarizations are.éimilar in magnitudg

to those observed at 330 kev, Hoﬁaverm at ﬁhe higher sneryy
there is more pronombced change in the pdiarization in going
from the secattering ansle of 55° to the angls of 90°%
Measursmentss’h have bson performed for a nsutron
enersy of 3.2 !leve At this energy polarigations in excess
of 0.5 have been reported, and in addition the data soem

to exhibit a more complex angular dgpendencé.

The energy spread of the nsutron beam used in the
present experimonts is large compared to fhe level spaecing
of the compound nucleus for most of the elsments studied,
Consequently the ﬁaasured polarizatiqns are averayes ovepr
many levels, and theories of the averéae propertiaslof the
neutron-nueleus interaction might bsrexﬁected to raproduce
the general features of' the observed polarizations, since

other features of the neutron-nucleus interaection have been
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reprodussd using such tﬁeoriea. Haturally the potential
used muast be modified to include spinecrbit coupling in
order to account for the observed polarizations.

caloulations* wore awéilabla for & potential of

*rhese calculations were performed by the igge Rs Go Thomase

the form. : , 'ﬁz;
Vi - o138~ g Sr-RILs  reR

0 | r>R
whers M ia the nsutron magss. The targst nucleus was agsumed
to have zoro spin. q 1a a measurs of strength of tho spine
orbit soupling. The nndiear.radius R was taken to be
R = 1,45 Ax/3 x 106136m. Total oreaé;seetione,eélculated
on the baéis of thiz model have been campaveds) éith the
obserﬁad total aross seotions as a function of atomic walght
for a noutren enavgj of 380 kBVQ"Qualitative agreement be-l
tween the méééuved and caloulatéd values was found. Howaver,
the agresment bocomsa abpreolably poorer ag the sbsorpticn
params tor 3 is inoreased from 0.03‘ to 0.1 end/or as a signi-
ficant ahodnt of spin~orbit coupling is added. The pd;@riéap
tions predicted by the model havé'been compared with the ro=
sults of the present expeimsnt, using velucs of the paramster
q between 0.5 and 6,0 and values of $ of 0,03 and 0,10, For
21l the values of ¢ and_Z'tried, the caloulated curves exhibi¢
in the atomic weight reglon near A = 100 structure which iz
associated with the splitting of the giané P=weve resonance in
this region, This featurs is evident inm the 55° and 90° data.

Sona of thé caleulated curves are shown in Pigs S for a

G685 012
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'Polarization versus scattering angle for Zr, Mo, Ag, Ta
and V. The data are for a neutron energy of 380 keV.
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Calculated values of the polairzation produced in shape elastic
scattering for a scattering angle of 90° and a neutron energy
of 380 keV. The curves were computed from the potential (l%,
using the parameters given in the figure. The experimental
data are also shown.
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scattating anzle of 90° It can be seen that with the |
smaller value of § , which is indicated by the measured
total oross sections, the correct amount of polarization at
the A = 100 peak is obtalnod, Howsver, thé-peak is much
too narrow and the negative polerizations belcw A = 100 aro .
too larse in magnitude, The peak can be widened by ine-
creasing tho spin-orbit ccuplingg 1n"which'caso, nowever,
the polarizsations are toollargé.in nagnitude, The magni-
tude of the predictod polarizations may be reduced without
atrongiy affecting the width of the peak by increasing the
absorption parameter to 0,1, but this draetiéally raduces
the P-wave peak in the total croas sectlion, Thé bghavior
at the othe» séattering angléa is similar, except that a%
130° the caleulated polarizations for q = 3 are larger than
the measured ones by an order of magnitude, even with

3’3 Ovle
The coriparlison between theory and experiment is
complicated by the fect that the model predicts only the
polar&zation of the shape elastically scattored neutrons,
The affect of cdmpound alasticallylacatteved neutrone may
be taken into account by assuming that they are on the
BVoragze unpolarized1 and that their angular distribution
is 1sotropic, Tﬁis will have the effect of roducing the
predicted polarizations in the atomic weigzht re;ion near
100 by as much as aom, 30», and 505 for the scattering
an;lee of 55°% 90°. and 135° reapectively. The amount of

this reduction depends upon the fraction of abaorbed

635 014
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nsutrons which are re-emitted elaatically, At & neutron
enefgy of 1400 keV the amount of reduction quoted above
would be expected to hold aines at this energy inelastic
gcattering is relatively unimportant,

It is not surprising that calculaticns based on
a square well potential fall to reproduce the measured
polarizetions since this model has already besn shown t0
be unsatisfactory. The introduction of rounded wells has
cons&derdﬁiy improvad the agreement betwsen ths oaleoulated

and the measured differentisl oross esctions.a)

However,
pﬁramsterg,dbtaiasd from such comparisons are uncertain to
the extent that the effect of spinecrbit coupling has not
been oonsi&erad in such potaentialsg, Galculationslo) for a
complex'pdtantial with rounded edges including e spin-orbit
¢oupling ave in nrogresa.
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Figure Captions

Top viow of the sxperimental arrangamant uged for a-

~scatterlmg angle of 55“

W@asured polnrizatlons as a. fmuction ef atomic waiph%

for a n@utron enorgy of 380 k@Vb The scattering angle -

'13 indicated in the upper right hend corner ‘of " ¢he'
-8raph@ ' N '
{Measuréd pelarizations as & fanétion of atomic weight

'ﬁar-a;nemtvon energy of 980 keVs The scattoring angle

i@ indicated in the upper right hand corner of the

- gravhs _ .
:Polarizatiom versus acatterimg angia for Zr, Mo, Agp T& A
’and Va The data are oy a. neutron energy of 380 k@Va'
Acalculated valuoa of ehs polarization produced in gheps

@1@3%&0 scattering for a soatt@ring anple of 90° and s

noutron energy of 380 MBV. he curves were computed

‘ f?om'the potentiali(l),.uaing,tha paramsters given in

tn@:figureéi'?h@ sxperimental data are also showns
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ZADLE I

SUMMARY OF EXPRRIMENTAL
v : RVSULTS FOR Fn = 320KEY

ELEMEHT A mmsvnwn R/L Po ,

550 1300 _550 990 130°
c 12,0 2995200k °99;(-@-0006 -~ 1,000%,009 =+ 004,006 ~.009% Q08 .. =.0102.016
tn- 63,5 1.020%.011 1.02 s-.ooos 1,026,018 ol;}-oow ohsic,oxs T =.050%.030
2a-~ 5.4 1°mL.01u 2,01%2,010 1.01&2.017 -.00930021 =-.,osxmozs | 2,033,029
Go - 72.6 %om 009 1,020,015 1,008,019 meoza «0039-..021; -,0182.018
S@ - 79.0 99@.. 012 1,005,011 eoo:sg .018 o.,oeom.on :
By 79.9 991.9,,01!& 1,0282,016 00012, 01l -,olm -023
zr 9102 09 9010 097 009 lgO‘GanO}S 90535\:5017 oOliQ-le? ‘90?&39032
1) 92,9 *.008 092 °o13 09575.,015 .0762.019 .131=-.027 007&,029-
Mo — 26,0 .929&010 <9142, 005 9842013 .1265.023 -1522.019 oasn ozl
Ag - 107.9 912,013 .,95&"0).2 -383%,008 .088%.023 .036=,022 ,ozsmoosz
ca - 1124 een@ 109355, 013 -9862,019 -0832.018 oﬁ.oes 0172.033
in 114.76 .963-,,013 "995&5012 essza.oez ,052:.022 eessmoa ,031@,035
Sa— 18,7 «263%.008 53.03.0 098059011& .ogha,om ,03§ 016 ouomoes
Sy -~ 121.8 - 097920012 ,9636.011 .979..ooao o ,ozhn,ow ,osxaeozao 052,033
Te — 127.6 - +9622,008 - -09655,010 ooze 2 .,039%015 oouy.oxs ' 'oooz.ﬁ,o%
Cs — 1401 ,976‘..? co7 o972%.011 Looaaa.,ozo ,0292,012 °03a».oxs 01;350031
Fa 11 .9992.012 .9962.015 - 0042, 018 -0002,020
Sm 150, .980%.011 <986%,013 ‘ : .oz!eiooxs 017,018
Ep.— 167.2 1.,025:’. 007 1,036,008 .981&1‘.027 ~. 05,012 -.062%,013 oaoaoolsa
o - 180.9 1,00&, 009 1.0432,013 1,081,015 ~°oo3;,oz?~s «006%, 0 -.os},,oas
W - 18309 . 1302199012 1002%0012 o% 033 -003&0019 “’0073«»0016 "009% 05“
Hg — 200.6 .%Ba.oog 1,0042.009 1. 033?015 .0182,015 -,01k%. 014 ~.0613.025
BL — 205,0 1.0652,011 1.0262.011 827,008  =.104,018 oks?.016 aoa»,,o}z
U~ . 2381 1.050%, 015 1.0232.011 aqslé » 011 =.079*.023 =,,036!.017 0082022
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- PABLE II

SUMMARY OF EXPERIMENTAL
BFSULTS FOR ¥a = 980 KRV

. MEASURTD R/L - P,
“LEMEET A : ' : - :
552 90° 1258 55° _98° 1252
v 51.0 «997+.017 _ { =, 0222.037
Mo 54,9 .,992§.,017 .975%.017 1,02:3.018 .6002,033 032,040 «s0632. 037
Co 59,0 m 05 ) o .093,..03& s
Ca— 63,g - 1:0502.006 1.0182.008 Ce11653.017  ~.052%.008
Zn._ 65, 1.0383,010 : -=,0882,022 -
Go - 12,6 1.0522.017 .96ud. 015 ‘ --1072.03%  .058%.033 .
- Se - 75.0 1.003%.01% 912,010 guZ. 017 C 2, 0252.027 .173: 027 J172.01
. Mo@— 96,0 <997L.015. .9322.010 T - ,06@...033 -150%.028
“Ag—  107.9 . .9793.012 .9072.016 : . #.0279,023 .2078.042
cd- 1124 1,003%.010. +920:£,016 - +987%.028 «,0232.020 .znmolw .016%,055
Sn — 1!.397 .9%013 o . . ) . .02.7‘2937
Sh- 12,8 o9 ozo ' ' 02,020
To -~ 127.6 97 .948%,013 .023.,,60;,7 .103..,.031;
Co - - 1%D.1 .967‘.007 9755015 .0502,018 k&.olq
Er — 167.2 1,037,018 s : -.0802.034
Ta —~ 180.9  1.0k8%.010 ~01032:022 .
W~ 18309 10 0016 4 1.011:0018 owg.ﬂa -'-.09@903’% 090!‘32 °h3 90’%1:.'0165
Hg - 200.6  1,022%.008  1.0253.006 oo . =0602,008  -.073%.033
41 20b, 1 1.0572.011 1.017%.017 ' -o1272.025 ~.0875.037 R
Bl 2090 1009330017 1. 07810009 lém‘go 019 =5 173:&036 ®q 157:0025 0902330037
U - 238.1 1.061%,010 1,013,016 .962%,027 -.1202.023 -.0372.030 .0652.053





