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Deformation effects in neutron scattering from isotopically enriched Smy03 samples
have been studied at an incident neutron energy of 7 MeV vhere a maximum of the deformation

ffects was observed in total cress section me

asurements on the sawe isotopes.

Differential cross sections for elastic scattering and inelastic scattering (first 2*

sLate) vere measured for '48Sm and 1508m and for 146"d

which was included in this study

to 3id in separating isospin effects from defermation c(fetts. Cross sections for the sum
of elastic and inelastic scattering (first 2% stzte) were determined ‘for '525m and !5%4sm.

Experimental cross sections are compared to the results

tential coupled-channel calculations.
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Introduction

The results of several recent experiments suggest
that the effect of nuclear deformation on fast neutron
elastic and inelastic scattering may be appreciate.
Holmgvist et al. have measured the angular distribution
of neutiens elastically scattered from the deforued nu-
cleus 18!Ta batveen 2.5 and 8.0 MeV neutron enargy.

The angular distribution at angles greater -than about
60° was observed to be considerably damped, as compared
to optical model fits to the data using a spherical po-
tential.

Angular distributions computed using a non-sphe-
rical potential were found to provide significantly
better fits to the data. Tanaka et al. have performed
somenhat similar studies on natural 1. isotopic mlxturei
of each of the elenents Er and Gd over the neutron e
nergy range 1.5 to 3.5 Mev.2

From the results of coupled channel calculations,
i.e., by Tamura3, it is expected that nuclear deforma-
tion would have a strong effect on neutron inelastic
scattering from Loth uynamxcally deformed and perma-
nently deformed nuclei, that is, vibrational and rota-
tional nuclei., As an extreme example, in the DW3A the

ivect part of the inelastic scattering is proportional
t- the square of the deformation parameter. Using a vi-
braticnal optical model, Fu and Perey have obtained
good fits to inelastic scattering data on Pb for 14 MeV
incident neutrons.® Also, Belovitzk et al.? have stud-

ied the excitation by 14 MeV neutrons of the low-lying
octupole states of the isotopes 206,207 208pp, In this

latter work reasonable agreement between the experimen-
tal data and the results of calculations based on DWBA
theory was found. We are not aware of any published
cress sections on neutron inelastic scattering, sepa-
vrated from the elastic scattering, for heavy, perma;y
nently deformed ruclei at incident neutron energies
where direct excitation of the rotational levels pre-
dominates.

In the present work, defecrmation effects in neu-
tron scattering were 1nvequ q(ed by scatt Elﬁg 7 MeV
nevtrons from the isotopes ! OSm, and

Sm, The Sm isotopes are desirable nuclei for study-
ing the effects of nuclear deformation because they
span the region near N = 88 where the nuclear deforma-
tion changes rapidly. In this regard the nucleus Sm
is of special interest because of its role as a tran-
sitional nucleus betwezn vibrational and rotatioral
noclei. The nucleus !464d was included in these inves-
tigations, also, in order to separate possible isospin
effects from deformation effects, The Sm and Nd samples
were isotopically enriched and wére available only in
the form of cxides,

Differential cross sections for elastic scatter-
ing and inelastic scattering to the fxést 2’ state
vere measured for the nuclei '“fyd, Osm ;
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whereas for Sm and Sm, cross sections for the sum

of elastic and inelastic scattering (first 2% state)

were determined. Mcasuremants were performed over the

angular range 20° to 145° ; however, inelastically |
scattered neutrons were not observed directly at for-
vard angles because of appreciable elastic scattering
from oxygen.

An incident energy of 7 MeV was chosen for the
present study primarily becausS, as shown in fig. I,
measurements® and calculations’ of total cross section
differences for the Sm isotopes suggest that at this
energy the deformation effects in neutron scattering
may be maximum. Calculations using a range of deforma-
tion paramsters iundicate that the energy of this wmaxi-
mum does not depand appreciably on nuclear shape.7 This
incident energy is believed to be sufficiently high
that compound elastic scattering effects are unimpor-
tant for these nuclei.

Experimental Method

The differential cross section measurements were
performed using the neutron time-of-flight facility of
the Centre d'Etudes de Bruyéres-le-Chatel, which has
been described in detail elsewhere.8 Briefly, proton
bursts of repetition rate 2.5 MHz and width 1 nsec
(FWHM) were accelerated by the Bruyéres tandem sccele-
rator. Monoenergetic 7-MeV neutrons were produced by
bombarding tritium, contained in a 3-cm long gas tar-
get at a pressure of about 1.5 atm, with this pulsed
proton beam. Neutrons were scattered by cylindrical
samples located at 0° with respect to the incident
proton beam snd 11.3 cm from the center of the gas tar-
get. The scattered neutrons were detected by an array
of four detectors placed at 20° intervals, each detec-
tor consisting of a 12.5-cm dismeter, 5-cm thick
NE-213 liquid scintillator which was optically coupled
to an XP-1040 photomultiplier tube. Pulse-shape dis-
crimination was utilized to reject ¥-ray inducedevents
in the scintillators. The data acquisition system
which was employed permitted off-line adjustment of
the energy threshold for neutron detection. Only scin-
tillation pulses which corresponded to neutron ener—
gies greater than 1.5 MeV were utilized in the present
work.

Each neutron detector was housed in a shield
consisting of polyethylene and lead and was placed
behind a 1.5 m collimator composed of paraffin loaded
with lithium and boron. Four 70-cm long Fe shsdow
bars with W tips were positioned near the gas target
in order to reduce background caused by direct neu-
trons. The flight path from the sample to each detec-
tor was 8 m. For this flight path the energy spreads
and time spreads of the experiment were such that the
overall energy spread at each neutron detector was
less than 150 keV, With this spread, kinematic
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Lpartation of the oxygen scattering was sufficient to
[bserve the inciastic scattering to first excited sta-
tes for 146xd and 148,150Sm at angles = 90°.

Detector efficiencies were determined by scatter
ing neutrons from a l-cm diameter 4-cm high polyethy-
lene sample and by counting directly monoenergetic
neutrons from the D(d,n) reaction.’ The incident neu-
tron flux was measured using a proton-recoil counter
telescope. . . .

The number of incident neutrons from the gas tar-
get was monitored by an auxiliary NE-213 liquid scin-
tillation detector placed at 55° to the incident pro-
ton beam and about 10 m from the gas tarpet.

A1l samples were contained in air-tight thin-wal-’

led polyethylene cans about 2.2 cm in diazeter and

5 c¢m high. The Sm namples, '48'159"52"5b5m, consis-
ted of powdered Sm03 and ranged in na2es ffom 40.8 g
(‘5551203) to 63.6 g (‘485m203). The isotepic enrich-
ment of each sample was greater than 96 71 except for
150sn, for which the enrichment was 87.4 Z. The
ll‘ﬁNd203 sample had a mass 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 samples were subtracted with the aid of an
expty can and an H0 sample, respectively.

Cross sections were corrected for neutron flux
attencation in the sample, multiple scattering, and
gecuetrical effects using the analytic mathod describ-
ed by Kinney.!0 .

Results and Discussion

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

The measured differential cross sections for e-
lastic scattering 1% present?goin fig. 2 for ecach of
the nuclei ‘asﬁd, Sm, and Sm. The uncertainty of
each datum has been estimated to be about the size of
the data point or smaller, except at 35° where the
statistical uncertainty is about 12 X because the 160

"gcattering is relatively large at that angle. 1t is
observedthat the three angular distributions are very
gimilar. Quantitative comparisons were made by making
8 Legendre fit to each distribution. The Legendre cur-
v:s for 148sm and 150gy for example, were found to
d:ifer by at most about 10 Z over the angular range of
the measurements. Also shown in this figure is the re-
sult of a coupled channel calculation for 14 Sm, which
was assusmcd to be a vibrational nucleus with a qua-
drupole deformability, 52, of 0.13. The deformed-po-
tential optical-model parareters which were used for
this calculation were determired by fitting total
cross section data, !! strength function data, and
potential scattering at low energies. These parameters
are similar to parameter set 2 of ref.7. It is seen
that the agreement between the experimental and cal-
culated cross sections for Sm is remarkably good,
even though no attempt has been made to fit the pre-
sent data. . 152 154

The cross section data for Sm and Sm are
given in fig. 3. For each of these nuclei, the cross
sections for the sum of elastic scattering plus ine-
lastic scattering to the first excited state are
shown. Here, also, the experimental uncertainties are
about the size of the data points or smaller, except
at 35°. It is observed that the angular distributions
for these two nuclei are very similar, except for
swall differences at the 40° and 80° minima and at
su;'es greater than 120°. The calculated curve for
15450 given in this figure represents the sum of cross
sections for elastic plus inelastic (first 2% state)
scattering. This coupled-channel calculation differed
from the one for 8Sm in that : 1) 154Sm was assumed
to be a rotatioral nucleus,2) the real part of the
optical potential was about | I smaller in magnitude

for 15453 becanse of the inclusion of an.isospin term
in the optical potential, and 3) the gquadrupcle defor-
mation was taken to be 0.22, The parameters uvsed for
the '48sn and !5%5m calculations provide a very good
fit to total cross section difference measurements
over the energy range | to }5 MeV. These parameters
have not been adjusted in order to improve the fit to
the !54sn data of the present work. Again, it is seen
that there is good agreement between the calculated
curve and the data.

Figure 4 shows a cumparison of elastic scatter-
ing anﬁu%ar distributions between the vibzational nu-
cleus 1485m and the rotational nucleus 1595m, For
14 Sm, the cross section data and calculated curve

- presented here are identical to those given in fig.2.

The elastic cross secticns for 15450 were obtained by
subtracting the computed inelsstic (2%) cross sections
from the experimental (0% + 2*) cress sections. The
15450 calculated 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 cross sections for scatter-
ing to the first 2% state are similar for 146xd and
1485m and significantly larger for Sm as compared
to the two lighter nuclei.

It was possible for each of the nuclei studied
to compare the 0° differential cross sectien, deter-
mined by means of a Legandre fit, with Wick'slimit,
since measured total cross section values are availa-
ble at 7.0 MeV for these Sm isotopes and the 196nd
nucleus.!2 The differences ranged from 16 X for 1485y
to ~ 6 % for '3%sm with a standard deviation of 4 Z.
This standard deviation is well within the range ex-
pected on the basis of the estimated uncertainties for
the present work and for the total cross section mea-
surements., .

The elastic differential cross sections for

148y and the elastic plus inelastic differential

cross sections for !5%Sm of the present work at 7.0
MeV have been compared to the results of recent measu-
rements on these nuclei at 6.25 lieV neutron energy
which were performed at the TUF facility of the Uni-
versity of Kentucky.!3 For each inotope the angular
distributions at the two erergies were observed to be
in good qualitative agreement. Coupled-channel calcu-
lations indicated that the small quantitative diffe-
rences which were present were a consequence of the
different energies which were employed.

) The work of Holmquist et al.! on 18113 suggests
that the major effect of nuclear deformation on the
elastic scattering of neutrons is to increase conside-
rably the cross sections at the minima of the elastic
angular distributions. Hovever, the data and the cal-
culated curves presented in fig. 4 indicate-that for
the Sm isotopes the effect of an incressed quadrupole
deformation paramcter is to lower the elastic scatter-
ing angular distribution at back angles.

The reason for this apparent difference in de-
formation effects between Ta and Sm is not clear at
the present time. Holmgqvist et al. assumed that ine-
lastic scattering to the 6 keV state of 181Ta, which
of course was not experimentally resolved, was negli-
gible. However, the 6.25 MeV study '3 of Sm, the pre-
sent work, and coupled-channel calculations” for the
scattering of 17.5 eV neutrons by 1564 all indicate
that for sven-A deformed rare earth nuclei, inelastic
scattering to the first excited state is larger than '
elastic scattering at most back angles. Thus, contra-
ry to their assumptionl, it is likely that inelastic
scattering to the 6 keV state of 18113 is relatively
very large, also.
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Fig. ). Varistion with neutron energy of the relative -
differenca between the total cross sections® of 15%sm
and 150sm. The curves are the results of coupled-chan~
nel calculations’.
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Fig. 2 (above) Elastic scattering angular distribu -
tions for 146Nd, '48Sm and !'50Sm at 7.0 MeV. incident
neutron energy . The solid line is the result of a
coupled-channel calculation for !48spm-,

Fig. 3 (topright) Angular distributions for the sum
of elastic and inelastic (first 2% state) cross sec-—
tions for '32Sm and 13%4Sm ac 7.0 MeV incident neutron
energy . The solid line represents the calculated
cross sections for elastic and inelastic (first 2%
state) scattering by !3%Sm .

Fig. 4 (bottom right) Comparison of elastic scattering
angular distributions between '“8Sm (vibrational nu-
cleus) and 1545, (rotational nucleus) . The data points
for 134Sm represent the difference betwcen the experi-
mental (0% + 2*) and the computed inelastic (2+) cross.
sections . The solid lines are calculated elastic an-
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dd /dfL Cmb/sr)

da /7dS  Cmb/sr)

104

>
N
i

ELASTIC + INELASTIC SCAT TERING
En=7.0MeV
e 250 cotzh

o 545m (0% 25

—  C.C.Calculgtion

' for B45m (0% 2%
° Rol. B,=0.22

<

001 - 1 ! ! -
0 45 %0 135 -0
8 Cdeg)
— .
ELASTIC SCATTERING
En= 7.0MeV
0% L o ¥Bsm Cexpd - i

100

o 1545m Cexp.-?*colc.)

—w CC. Cdalculation
for 1485,

. vib. B. =013

__  C.C.Cdlculction
for 1°45m

B, =0.22

45 9 . 135





