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Angular distributions of *He inelastic scattering from the stable even isotopes of samarium were measured
at an incident particle energy of 53.4 MeV. The data for 2* and 3~ collective states extend to 150° for
1441981503 and to 100° for 2" states in '**'**Sm. The cross sections span approximately seven orders of
magnitude. The data were analyzed with the distorted-wave Born approximation and the strong-coupling
approximation. Quadrupole and octopole deformation parameters thus obtained are compared with results

from analyses of proton and a-particle-scattering data.

NUCLEAR REACTIONS !4 148,150, 152, 154gm (3He, SHe' ) E3y, =53.4 MeV, mea-
sured o(6) for 2% and 3~ states, DWBA and SCA analyses, deduced deforma-
tion parameters.

INTRODUCTION

In this paper we report a study of inelastic scat-
tering of *He from the stable even isotopes of
samarium.! These targets are an interesting
group for studying the collective motions of nu-
clei. They span the transition from a major closed
neutron shell (}**Sm) through vibrational nuclei and
into the rare earth region of permanent deforma-
tion. In inelastic scattering they exhibit strongly
excited 2* and 3~ levels with level spacings char-
acteristic of a vibrational band for the *Sm,
485m, and !*°Sm isotopes and of a rotational
band for '2Sm and '*Sm. The excitation
of these levels provides information on the de-
formations that occur in these collective motions.

Previous elastic- and inelastic-scattering mea-
surements and analyses for samarium isotopes
have been reported for protons at 50 MeV 2(2»2(»
and at 16 MeV,** and for « particles®® at 50 MeV.
The present measurements on #8Sm, !°°Sm, !%2Sm,
and '*Sm with *He particles were made at 53.4
MeV and supplement the measurements on '**Sm
already reported.”

The measurements on ¥8Sm and '*°Sm were per-
formed with AE-E telescopes of silicon surface
barrier detectors at the variable energy cyclotron
at United Kingdom Atomic Energy Authority Har-
well where the beam intensity of up to 1800 nA on
target facilitated measurements at angles as large
as 150°. The measurements on !53Sm and '%*Sm re-
quired high resolution to separate the first excited
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states (122 and 82 keV, respectively) and hence
were performed with the broad range magnetic
spectrometer at the Oak Ridge isochronous cyclo-
tron. The lower beam intensity and smaller solid
angle limited the latter measurements to angles
<100°.

In an earlier paper® the elastic-scattering cross
sections were presented together with a conven-
tional optical-model analysis which investigated
various discrete and continuous ambiguities in the
potentials. The preferred potentials were those
with real volume integrals per particle pair, Jg,
~300 MeV fm® and included a surface absorption
term; addition of volume absorption and spin orbit
terms to the potentials did not result in improved
fits to the data. The potentials were characterized
by large radii and diffuseness of the absorption
potential in agreement with other work at 40 MeV.°

In the optical-model analyses of the elastic data®
the parameter sets obtained showed only slight
variations in the well depths (except for the poten-
tial family characterized by J5~240 MeV fm?). A
folding model calculation!® demonstrated that varia-
tions observed could be adequately explained by the
density dependence of the effective interaction. The
similarity of the potentials for the range of iso-
topes suggested that it may be possible to describe
the inelastic-scattering angular distributions for
the range of isotopes with a single optical-model
potential by varying only the deformation param-
eters. This approach, which is based on the as-
sumption that the principal difference in the iso-
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topes is in their strongly excited collective levels,
was successful in describing a-particle inelastic
scattering.>® The a-particle data, however, were
limited to angles forward of 80°, and the same ap-
proach was not so successful on the more exten-
sive proton data.?

DISTORTED-WAVE BORN APPROXIMATION ANALYSIS

The inelastic-scattering data were first analyzed
with a conventional distorted-wave Born-approxi-
mation (DWBA) approach using the code DWUCK.!!
In the formalism of the collective model a dis-
torted nucleus is represented by an axially sym-
metric nonspherical surface given by

R(9)=R0(1+Z s,ye(e)>. )
. 1

The coupling between the ground state and the ex-
cited levels is assumed to be weak so that an ex-
pansion of the potential in terms of the deforma-
tion parameters B, becomes, e.g., for the first 2*
level

V[r-R(U)]=V(1’—Ro)-ﬁzYg(e)Z—: ) 2)

where V(r - R) is the optical-model potential for
elastic scattering. The inelastic scattering is ac-
counted for by the radial derivative term. For
inelastic scattering from the lowest 2* level of
even nuclei DWUCK predicts differential cross
sections related to the data by

(#). %)
ase SID— 2ldq DWUCK ’ (3)

The calculated angular distributions are normalized
to the data by a least squares fit to obtain values of
B,. In this analysis, BR for Coulomb and nuclear
interactions are essentially the same.

The present DWBA analyses were performed with
three sets of optical-model potentials (from Ref. 8)
characterized by J~240, 300, and 400 MeV fm?3,
where Jp=(1/Ap A1V, [r2f(Ndr | f(r) is the
radial form factor]. The resulting fits to the 2*
levels for all five target isotopes and to the 3°
levels of *Sm, *8Sm, and !°°Sm are presented in
Figs. 1 and 2, respectively. The corresponding
values of B, and 8, are given in Table I.

The quality of the DWBA fits is equally good for
all three potentials so inelastic-scattering data
(at 53.4 MeV) do not confirm the preference for
the potential with J;~300 MeV fm? that was in-
dicated from analysis of data at higher energy.?

For all three potentials the DWBA predictions
differ appreciably from the data at the most for-
ward angles. This is a puzzling result. The ques-
tion of whether enough partial waves were used in
the calculation was considered. The usual re-
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FIG. 1. Angular distributions for inelastic scattering
of 53.4 MeV °He to the first 2* levels of the stable even
isotope of samarium. The DWBA calculations were with
sets of optical-model parameters (from Ref. 8) for
which Jg ~ 240, 300, and 400 MeV fm?,

quirement if Coulomb excitation is included is that
lnax be at least as large as 21/6,,,, where 1) is the
Coulomb parameter (Z, Z,e?/hiv) and 6, is the
smallest angle, in radians, at which calculations
are made. For the present situation for 6,,,=8°
this indicates [, ~70 should be used. The DWBA
calculations used this value. Repeating some of
the calculations with 7., increased by 50% yielded
no significant differences in the predicted angular
distributions. The DWBA calculations were also
checked by comparing the results with those of
other codes and computers and the differences
were found to be very small. The data for 15245¢Sm
were obtained with an experimental arrangement
appreciably different from that used for the other
targets. It is thus unlikely that systematic experi-
mental errors are the cause of the lack of agree-
ment between the data and the calculated angular
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TABLE I. Deformation parameters obtained from DWBA analyses using optical-model
potentials with J 5~ 240, 300, and 400 MeV fm? (sets A, B, and C, respectively). The potential

sets are from Ref. 8.

Potential

Deformation set 4gm 148gm 1505m 1529m 1549m
By A 0.099 0.136 0.169 0.287 0.369
Bs B 0.075 0.128 0.176 0.276 0.367
Bs C 0.095 0.137 0.168 0.277 0.380
B3 A 0.115 0.139 0.136
B3 B 0.114 0.155 0.129
B3 C 0.114 0.156 0.136

distributions at very forward angles.

The values of B, and B, obtained from the DWBA
fits (Table I) do not vary appreciably for the three
parameter sets used. In all cases the values of
B, obtained in the present analysis of 3He scat-
tering are a little larger than those obtained in
previous (p,p’),%™ and (¢, @’)%>°® work. The values
obtained from B(E2) measurements!® (for
148,150,1529m) are very close to those obtained in
our DWBA analysis; the closest agreement is with
B, values obtained with parameter set B, i.e.,
Jr~300 MeV fm®. In all cases the B, values in-

[ ° Sm(3He JHe ) Sm* 53 Mev
DWBA Predictions for J
the 3- level
---- 240 MeV tm3 ’
—— 300 MeV fm3 J
!

——_ 400 MeV tm3
LEP,
(182 MeV)

e,m.(6) (mb sr-t)

8.m.(deq)

FIG. 2. Angular distributions for inelastic scattering
of 53.4 MeV °He to the first 3~ states of the stable even
vibrational isotopes of samarium. The DWBA predictions
are from the calculations referred to in Fig. 1.

crease with target mass while the octopole de-
formation parameter, B,, for *8Sm appears to be
larger than that of *°Sm. This is also observed
in the coupled-channels analysis described below.

COUPLED-CHANNEL ANALYSIS

The strong-coupling approach (SCA) extends the
optical-model potential to include a permanent
spheroidal deformation which generates coupled
radial equations when introduced into the Schro-
dinger equation. The present SCA analyses were
performed principally with the code JUPITOR-
KARLSRUHE! using the IBM 195 computer at the
Rutherford Laboratory. Optical-model potentials
with J . ~300 MeV fm® were used throughout with
surface absorption and without a spin-orbit term.
For the isotopes 1#4148:150gm a vibrational model
coupling of the 0*, 2*, and 3~ states was used and
for !%21549m a rotational model coupling 0*, 2*
(and in some cases 4*) states was used, although
data existed for only the 0* and 2* states. All of
the calculations employed ~ 70 partial waves and

TABLE II. Parameters obtained from an SCA analysis
of *He inelastic-scattering data from 4Sm. The real
radius parameter »5 was fixed at 1.136 fm (from Ref. 7).
Coupling 0* and 2* states yielded set a and coupling 0*,
2*, and 3~ states yielded set b. All well depths are in
MeV and all geometrical parameters are in fm. Values
of x? per point are listed.

Parameter Set a Set b
Ve 137.1 132.2
ag 0.79 0.81
W 28.1 27.4
7p 1.18 1.20
ap 0.87 0.82
By 0.077 0.076
B 0.09
X2 (0% 30 37
X2 @") 65 67
X1 (37) 81
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FIG. 3. Angular distributions for inelastic scattering
of 53.4 MeV °He to the first 2* levels of the stable even
isotopes of samarium. The couplings used and results
of the SCA fits are given in Table III.

integration of the radial equations extended out to
25 fm. Both real and imaginary potentials and the
Coulomb potential were deformed and calculations
were performed with and without Coulomb excita-
tion being included.

For comparison a number of the SCA calculations
were repeated (without parameter searching) with
the code ECIS73 !5 using the IBM 360/91 computer
at Oak Ridge National Laboratory. For these cal-
culations ~ 100 partial waves were used when Cou-

He FROM SAMARIUM... 1317

T T T T T T - o I
Sm(3He,3He) Sm™ 53 MeV
SCA fits to the 3™ level

Om(0) (mb sr1)

[

60 80 100 120 140 160
8c.m, (deg)

0 40

FIG. 4. Angular distributions for inelastic scattering
of 53.4 MeV °He to the first 3~ states of the stable even
vibrational isotopes of samarium. The SCA fits were
obtained simultaneously with those of Figs. 3 and 5.

lomb excitation was included and ~40 partial waves
(the actual value of [, was determined for each
case by the code) when Coulomb excitation was not
included. Integration of the radial equations was in
steps of ~0.18 fm and extended to 40 fm. For all
of the calculations with ECIS73 the predicted angu-
lar distributions are in good agreement with those
obtained with the code JUPITOR-KARLSRUHE. Re-
sults of the latter are presented below.

The initial SCA analyses used the *Sm data of
Ref. 7 and all of the parameters were allowed to
vary except the real radius parameter which was
fixed at 1.136 fm. The resulting parameters are
listed in Table II; set a was obtained by coupling
the 0* and 2* states and set b was obtained when
0*, 2*, and 3" states were coupled. There are
only slight variations in the values of individual
parameters thus obtained from the two searches
with different coupling. The geometry parameters
of set b were then used as fixed parameters in
searches on the other data sets with the well
depths and deformations as variable parameters.
Table I lists the resulting values of the param-
eters and the corresponding fits to the data are
shown in Figs. 3-5. In Table III and below in
Table IV values of x2 (computed in the usual way)
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TABLE III. Well depths and deformation parameters obtained from SCA analyses of inelastic
3He scattering from samarium isotopes with fixed geometry parameters (set b of Table II).
For &150gm o* 2* and 3- states were coupled, for %1%gm 0*, 2*, and 4* states were
coupled. For ®¥15%gm values of B, (0.048 and 0.054, respectively) and B¢ (~0.012 and —0.018,
respectively) from Ref. 5 were used. A and B, respectively, imply Coulomb excitation not
included and included. Values of )(2 per point are listed.

Ve Wp By B3 X2 (0%) X’ @) X237
Wgm A 132.2 27.4 0.076 0.090 37 67 81
B 121.8 33.4 0.063 0.087 168 16 16
U48gm A 139.9 26.3 0.138 0.133 88 392 237
B 142.1 29.3 0.126 0.128 293 306 197
50%m A 133.4 24.8 0.162 .103 125 347 187
127.0 25.0 0.140 0.105 154 356 175
1%29m A 128.4 24.4 0.337 31 216
B 132.2 27.4 0.346 69 74
1545m A 129.7 25.5 0.387 3 473
B 132.2 27.4 0.389 611 235

T T T

Sm (3He .>He ) Elastic 53 MeV
SCA fits

Oc.m. (deg)

FIG. 5. Angular distributions of elastic scattering of
53.4 MeV °He from the stable even isotopes of samarium.

The SCA fits were obtained simultaneously with those
of Figs. 3 and 4.

are listed for the various experimental angular
distributions. These have most meaning for the
elastic-scattering data but are included for the
inelastic data as some means of comparing re-
sults from different coupling schemes, geometry,
etc.

For '5*1%gm the 4* states were explicitly cou-
pled in the calculations although no data were
available and 8, was not varied. Values of B,
and B, listed in Table III are those from the -
particle work of Hendrie et al.’ to provide some
comparison of the g, values. Since B, values in
Table I are somewhat larger than those obtained
in the work of Hendrie ef al. (8,=0.13, 0.246, and
0.270, respectively, for *8Sm, !53Sm, and '**Sm)
it is probable that, given 4* and 6* 3He data, dif-
ferent values of 8, and 8, might have been obtained.
The values, however, are not large and we feel
this approximation is reasonable.

As in the case of DWBA calculations angular
distributions predicted for inelastic scattering to
the 2* level by the SCA differ appreciably from the
data at the most forward angles. The agreement
is improved for each of the five targets by in-
cluding Coulomb excitation in the calculation but
good fits are still not obtained at the most for-
ward angles. The fits to the large angle (6>100°)
data for 4%148150gy;  where cross sections are
<100 nb/sr, are not as good for the SCA as for
the DWBA calculations. In spite of difficulties at
both small and large angles the SCA calculations
are in fair agreement with the measured angular
distributions (in which the cross sections span
seven orders of magnitude) and yield B, values to
compare with those from earlier SCA analyses of
data from scattering of different particles.

The SCA fits to the 3 angular distributions (Fig.
4) also reproduce the general features of the data



but the fits are poor at both the most forward and
most backward angular regions. In contrast to the
2* results including Coulomb excitation in the cal-
culations results in only slight changes in the pre-
dicted 3~ angular distributions that do not improve
the fits at either small or large angles.

The SCA calculations of the elastic scattering
reproduce the gross features of the data reasonably
well, but in detail the fits (Fig. 5) are not as good
as those obtained in the optical-model analyses of
Ref. 8. In particular, the small oscillations in the
experimental angular distributions (for 6 <100°)
are not reproduced as well in the SCA analysis as
in the optical-model analysis. At large angles,
where the cross sections are very small (=100 nb/
sr) angular distributions from the SCA calcula-
tions differ from those of the optical model but the
qualitative agreement with the data is about equal
for the two.

The SCA calculations of the elastic-scattering
angular distributions shown in Fig. 5 do not in-
clude Coulomb excitation. When it is included in
the SCA calculations the agreement with the elas-
tic-scattering data is poorer than when it is not
included. Thus we have the result that including
Coulomb excitation in the SCA calculation worsens
the fit to the elastic scattering, improves it to 2*
inelastic scattering, and makes little difference
for 3° inelastic scattering.

For each of the target nuclei a search was per-
formed in which all of the parameters except 7,
were varied. To reduce the amount of computing
time coupling of the 4* levels of !5%'!%Sm was not
included but Coulomb excitation was included for
these nuclei since it is of increasing importance
as the energy of the 2* state is lowered. Coulomb
excitation was not included for 44:148:150gm  how-
ever. Table IV shows the values of the param-
eters thus obtained. With the variable geometry
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the fits to the 2* angular distributions for !2**Sm
are as good as or better than those obtained above
in fixed-geometry searches which included cou-
pling of the 4* level.

DISCUSSION

The 3He data analyzed in the present work are
distinctly different in two ways from those used in
previously reported analyses of inelastic scat-
tering of protons®* and o particles® ¢ from the
samarium isotopes. The *He cross sections span
six to seven orders of magnitude in contrast to
three or less for the proton and «-particle data,
and the angular distributions exhibit very little
structure in contrast to those for protons and «
particles. The latter feature was a problem in
fitting the *He data, particularly the elastic scat-
tering,® because the real potential would frequent-
ly “jump” to another “discrete potential family.”

The lack of structure in the angular distribu-
tions resulted in low sensitivity of the calcula-
tions to values of the optical-model parameters.
This is apparent if one compares 2 values in Table
III (from fixed geometry searches) with the cor-
responding x2 values in Table IV (from variable
geometry searches). Table I also shows (for
DWBA calculations) only small variations of de-
formation parameters for three discrete families
of optical-model potential.

In the SCA parameter searches the values of the
well depths are reasonably uniform both in the fixed
geometry and in the variable geometry fits. The
values obtained for V in both SCA analyses are
not significantly different from those obtained in
the optical-model analyses (Ref. 8) with J;~300
MeV fm®. Only for '5*Sm are the values of W, sig-
nificantly lower in the SCA analyses compared to
the optical-model analysis. The most pronounced

TABLE IV. Parameters obtained from SCA analyses of inelastic *He scattering from samar-
ium isotopes with variable geometry parameters (rg was fixed at 1.136 fm). For 441481505y,
0*, 2*, and 3" states were coupled and Coulomb excitation was not included. For 152,154 @*
and 2* states were coupled and Coulomb excitation was included. Values of x? per point are

listed.

Parameter gm 1485 1509m 1529m 1545m
Ve 132.2 138.6 133.5 130.9 141.7
ap 0.808 0.765 0.769 0.646 0.618
Wp 27.4 23.2 24.8 27.2 18.8
7p 1.20 1.16 1.16 0.941 0.897
ap 0.821 0.941 0.944 1.15 1.27
B 0.076 0.143 0.163 0.325 0.44
B3 0.090 0.127 0.104
x2(0%) 37 96 124 76 72
x2@" 67 359 348 81 146
x2(37) 81 319 186
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FIG. 6. Quadrupole deformation parameters of the
stable even isotopes of samarium. The DWBA results
are from potential set B of Table I. The SCA results
for (°He, *He’ ) are from the fixed geometry analyses
summarized in Table III; for both a Coulomb radius
parameter of 1.25 fm was used. The 50 MeV ( p,p’) re-
sults are from Ref. 2, the 16 MeV (p,p’) results are
from Ref. 4, the (o, @' ) results are from Ref. 5, and the
B(E2) results from Ref. 13 were converted using
R=1.24"3 A few of the plotted points are slightly dis-
placed horizontally for clarity.

trend in the parameters is in the decrease of 7,
and the increase of a, as the target mass changes
from the vibrational region to the rotational re-
gion. There is also a distinct difference in aj,
(opposite from that of a,) for vibrational and
rotational nuclei. In the optical-model analyses of
the elastic-scattering data® these parameters
showed similar ranges of values but the shift was
not so well defined as in the SCA analysis.

The lack of agreement, at the most forward
angles, between the 2* angular distributions and
both the DWBA and SCA predictions is puzzling.
We note, however, that the envelope of the 2*
angular distributions predicted by SCA for 50
MeV o particles (Ref. 5) changes near 25°; it
is flatter at more forward angles. The data of
Ref. 5 do not extend into this forward angle region
nor into the angular region back of ~70°. «-par-
ticle data over a larger angular range (i.e., to
include smaller and larger angles) would provide
a better test of agreement with SCA predictions
to compare with the present 3He results. The con-
cept of a single potential with appropriate deforma-
tions to fit vibrational and rotational nuclei, as

0.3 T T I
O DwWBA
® SCA (FIXED GEOMETRY) }PRESENT
02 __‘ SCA (VARIABLE GEOMETRY) WORK
’ A (p,p') 16 MeV SCA
Q’ ? o
A
O
04— T
0.09 — ) —
0.08 — a ]
0.07 — | | | 1
144 146 148 150

MASS NUMBER

FIG. 7. Octopole deformation parameters of the stable
even vibrational isotopes of samarium. The (°He, 3He' )
results are from the same analyses as those of Fig. 6.
The 16 MeV (p, p’) result is from Ref. 4.

suggested by the analysis of «-particle data (Ref.
6), is apparently invalid for the present He data
as can be noted from the trends of the parameters
in Table IV. This is in agreement with the anal-
ysis of proton data (Ref. 2) and suggests that a
single potential can be successfully applied to data
(from a range of targets) for a limited angular
range only.

Perhaps the best comparison of the present
analysis of *He data with previous studies is the
deformation parameters thus obtained. In Fig. 6
values of B, obtained in our DWBA and SCA anal-
yses are compared with those from analyses of
proton and «-particle scattering and B(E2) mea-
surements. In all cases the g, values from the
present *He analyses are larger than from the
50 MeV(p,p’) work? and in fair agreement with
results of 5(E2) measurements.!* There is good
consistency of agreement of the values for each
isotope from the variety of data used to obtain
them. Figure 6 shows a clear trend of a steady
increase of B, with isotope mass for the vibra-
tional nuclei followed by a larger increase at the
transition to rotational nuclei.

In Fig. 7 values of 8, obtained for the vibra-
tional nuclei are compared. The previously re-
ported value for '*°Sm, which was obtained from
analysis of proton scattering,? is in good agree-
ment with the present *He analyses. The most
surprising behavior of the results presented in
Fig. 7 is a decrease of B; as the isotope mass in-
creases from 148 to 150. This may imply a change
in character of the 3~ level as the isotope mass
approaches the transition from vibrational to ro-
tational.
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