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Inelastic scattering of 134 MeV polarized protons from '**Sm and '*Er has yielded angular distri-
butions of both cross sections and asymmetries for J”=0% to 6* members of the ground state rota-
tional bands. Deformation parameters f3,, B4, and B¢ have been extracted from an analysis using
coupled channels calculations for scattering from a deformed optical potential. The angular distri-
butions of the cross sections have also been compared with an analytic eikonal model of the reaction.
Multipole moments of the potential are determined and are compared with similar moments ob-
tained from electromagnetic measurements and other hadron scattering experiments at different en-
ergies. A small energy dependence of the moments for **Sm is observed. Comparisons are also
made to moments obtained from Hartree-Fock calculations and from a liquid drop model. The ob-
served hexadecapole moment of '**Sm is consistently higher than the theoretical predictions.

NUCLEAR REACTIONS '**Sm(p,p’), '“Er(p,p’), E,=134 MeV, polarized
beam; enriched targets, magnetic spectrograph (45 keV FWHM): measured
o(Ey,0), A,(E,,0); coupled channels calculations, deduced optical model param-
eters; comparisons with electromagnetic measurements, (p,p’) and (a,a’),

-

I. INTRODUCTION

The main interest in studying inelastic hadron scatter-
ing on deformed nuclei has been the hope of extracting the
shapes of nuclear matter distributions and comparing
these with the accurate charge distributions and transition
densities obtained from elastic and inelastic electron
scattering. Improvements both in the accuracy of the data
available and in the reaction codes have led to substantial
improvements in the accuracy of the extracted deforma-
tion parameters. In addition, the observation by Mackin-
tosh,! that the multipole moments of the reaction potential
are related by Satchler’s theorem? to the moments of the
underlying matter distribution if the nucleon-nucleon in-
teraction is density independent, has encouraged compar-
isons of moments over a wide range of energies and parti-
cle types. For example, for *Sm multipole moments
have been extracted from proton inelastic scattering®* at
35 and 800 MeV and compared with moments from elec-
tron scattering, Coulomb excitation, and inelastic scatter-
ing of other hadronic probes. The moments extracted
from the recent accurate hadronic data, analyzed in a
similar fashion, seem to be quite consistent among them-
selves and with the values from electromagnetic measure-
ments.

However, Brieva and Georgiev® recently pointed out
that because of the energy dependence of a potential de-
rived from a realistic nucleon-nucleon interaction, the mo-
ments of a potential derived from a standard phenomeno-
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Hartree-Fock and liquid drop calculations.

logical optical model analysis should show an energy
dependence. The energy dependence is expected to be
greater for the higher order multipole moments and also
greater for the moments extracted from the imaginary
part of the potential. Since no data were available on de-
formed nuclei in the region between 50 MeV and about
150 MeV discussed by Brieva and Georgiev, measure-
ments were made on **Sm and !%Er with 134 MeV pro-
tons to explore the moments in this region.

This region of bombarding energy is also interesting be-
cause of the expected strong effects of the spin-orbit force
on the shape of angular distributions. Such effects are
known in the extensive measurements on a range of spher-
ical nuclei showing high spin stretched states.® At 35
MeV, spin-orbit forces have been shown? to have a notice-
able effect on the quality of the fits to the inelastic cross
sections, although the spin-orbit interaction did not need
to be deformed to give good fits.” However, at 800 MeV,
the effect of spin orbit forces on the cross sections and ex-
tracted moments is rather small.® Up to the present, very
few asymmetry measurements have been made on de-
formed nuclei in the rare earth region, and since such
measurements would be expected to be particularly sensi-
tive to spin-orbit forces, the present measurements were
carried out with a polarized beam to allow asymmetries to
be extracted.

Another advantage of the higher bombarding energies is
the ability to extract higher order moments of the poten-
tial distribution. Up until now most of the measurements
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have obtained only quadrupole (“2 A pole,” where A=2)
and hexadecapole (A=4) moments of the distributions.
At 134 MeV, the higher angular momentum states are ex-
pected to be excited more strongly relative to the lower an-
gular momentum states than at lower bombarding ener-
gies. In addition, at higher energies the angular distribu-
tions for the higher J states have more structure than at
lower energies, which should allow more detailed compar-
ison with the predictions. This is certainly true at 800
MeV bombarding energy, but this is one of the few cases
where a hexacontatetrapole (A=6) moment has been ob-
tained. Values of B¢ have been extracted in the rare earth
region using inelastic alpha-particle scattering.” Since all
reported values were either zero or negative, the trend of
Be values predicted by Nilsson et al.'® does not seem to be
followed in this region. It would certainly be of interest to
extend measurements of such higher order deformations,
to check the values so as to provide accurate data for
theoretical predictions of such deformations. In the
present experiment, therefore, we chose two targets, 154Sm
and '%Er. The former has been extensively studied and is
known to have a reasonably large hexadecapole moment.
On the other hand, '®°Er has a smaller hexadecapole mo-
ment and therefore the inelastic scattering might be more
sensitive to the higher (A >6) moments. Calculations by
Nilsson et al.,'° for example, predict opposite signs of B¢
values for '>*Sm and !%°Er.

Another interesting theoretical development which re-
cently appeared is an analytic approach to inelastic
scattering calculations described in a series of papers by
Amado and his collaborators.!!~!> These calculations use
an eikonal approximation and present simple analytic
forms for cross sections both for one- and two-step pro-
cesses in terms of the elastic scattering cross section. This
method is particularly interesting since in principle it
should allow one to estimate transition strengths for
higher spin states in heavy nuclei without the very large
amounts of computing time required by the usual distort-
ed wave coupled channels codes. We will therefore also
compare our measurements with some predictions from
this analytic theory.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out using a polarized pro-
ton beam of energy 133.9+0.1 MeV from the Indiana
University Cyclotron Facility. The proton polarizations
were between 68% and 73% for spin up, and between
81% and 86% for spin down. The polarization was re-
versed every 30 sec during a run to help minimize sys-
tematic errors. The polarization was measured periodical-
ly every three or four hours by scattering from a helium
target and was found to be quite stable with time. The ac-
tual time dependence of the polarization was determined,
and interpolated values were used in analyzing the data
obtained in each run.

Outgoing protons were momentum analyzed by the
QDDM magnetic spectrometer and were detected in a hel-
ical wire counter'® backed by two plastic scintillators.
After careful adjustment of the beam, the overall energy
resolution obtained was about 45 keV full width at half
maximum (FWHM). The targets consisted of self-
supporting foils of enriched isotopes ('**Sm99%:;

pAx =10.5+0.9mg/cm? and '®Er96%; pAx =3.31+0.16
mg/cm?). The absolute cross sections were determined by
normalizing to the calculated elastic scattering cross sec-
tion between laboratory angles of 20° and 36°. In this re-
gion the calculated cross section is fairly insensitive to the
values of the parameters of the optical potential and the
value of 8,. For example, a 20% change in 3, gives only a
3% change in the value of the elastic scattering cross sec-
tion. The optical potential used was the global, spherical
potential determined for energies similar to ours'’ but
with deformation parameters “BR” scaled from either a
previous study® of *Sm, or from Coulomb excitation
studies'® for °Br. The uncertainty in this determination
was estimated to be about +8%.

Spectra of protons scattered from **Sm and '®°Er with
spin up and spin down at an angle of 47.5° are shown in
Fig. 1. Note that the ground state and first excited 2+
state are quite well resolved even though the separation is
only 82 and 81 keV, respectively. The 0%, 2%, 4% and 6+
members of the ground state band are cleanly separated
from other states. However, the 8% states of the ground
band in both nuclei are not resolved from neighboring
states. In '*Sm, a 1~ state occurs within 18 keV of the
8% state; in '%°Er the 45" state is 45 keV from the 8" state.
These states are not readily resolvable and are therefore
not included in the coupled channels analysis.

Cross sections and asymmetries were measured for
154Sm from 22.5° to 77.5° and for '**Er from 22.5° to 70°
in the laboratory in 2.5° steps. Since the greatest uncer-
tainties in the cross sections extracted from these spectra
with many close lying states arise because of the necessity
to peak strip and not from the statistics, two completely
independent analyses of all the spectra were made, one at
Michigan State University (MSU) using the code SCOPE-
FIT and one at the University of Melbourne using the code
MATILDA. The results of these two programs were gen-
erally in good agreement, although occasionally discrepan-
cies did arise. After these were resolved, the final data
were obtained by averaging the two analyses with the er-
rors reflecting the agreement between the two analyses and
the ease of peak stripping as well as the statistics. For the
07 and 2% cross sections, a 5% stripping uncertainty was
added in quadrature with the average error obtained from
the two independent analyses. For the 47 and 6% cross
sections, a 5% stripping uncertainty was also added for
angles above 40°. However, for smaller angles, a 10% un-
certainty was added in quadrature.

The angular distributions of the cross sections and
asymmetries for the 0%, 2%, 4% and 61 states are shown
in Figs. 2—4. One striking feature of the data is the
strong oscillation observed in both differential cross sec-
tions and asymmetries, even for the 6% states. The cross
sections all decrease rapidly with angle. For example, the
2% cross section changes by almost four orders of magni-
tude between 22.5° and 77.5°. Another notable feature of
the data is that while the angular distributions for the 2+
states for these two nuclei are very similar, and the 4* an-
gular distributions are fairly similar (especially beyond
30°), the 6% angular distributions are quite dissimilar.
Not only are the two 6% angular distributions not in
phase, but the magnitude of the cross section for '*Sm is
twice the magnitude of the cross section for scattering to
the 67 state for 'Er. The asymmetries are quite struc-
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FIG. 1. Spectra of polarized protons at 133.9 MeV elastically and inelastically scattered from '**Sm and '*°Er into the laboratory
angle of 47.5°. The upper panels are for one polarization direction, protons with “spin up,” and the lower panels are for protons po-
larized to have “spin down.” The states of interest to this study are labeled by their spins and parities, J7, in the upper panels, and by

their energies in the lower panels.

tured and are positive and large, especially when compared
to those for proton scattering on **Pb at a similar bom-
barding energy.!” There are also some phase differences
between the analyzing powers for states with the same J”
in the two nuclei.

III. ANALYSIS

The data were analyzed using a deformed optical model
(DOM) with the coupled channel code ECIs (Ref. 19),

which included a deformed full-Thomas spin-orbit term,?°

and employed relativistic kinematics. As is common with
such analysis, we assumed that the nuclear states are
members of a K=0 rotational band. All nonzero cou-
plings between the 0% through 8% states involving S3,, s,
and B¢ deformations were included in the coupled chan-
nels space, except as specified below. The nuclear poten-
tial was assumed to have the standard Woods-Saxon shape
with the deformation parameters B, introduced in the usu-
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FIG. 2. Comparison of measured (solid symbols) and calcu-
lated (solid lines) differential cross section and asymmetry angu-
lar distributions for elastic scattering of polarized protons at
133.9 MeV from **Sm and '*®Er. The calculations are described
in the text (Sec. III) and are “best fits” when the BX7 values are
allowed to differ from the B3 values. The parameters are given
in Table I as case A. Relative errors on the data points are
shown by vertical bars where they exceed the size of the sym-
bols.

al way by replacing real, imaginary, and spin-orbit radii by

R(O)=rod'? (14 3 BrY0(0) ] .
A

Because of the complicated nature of the X ? surface and
the interdependence of parameters, the search procedure
was carried out as follows. The 0%, 2%, and 4% angular
distributions and asymmetries were used to carry out
searches on the optical parameters and f3, values, leaving
the value of B, set at some reasonable, previously deter-
mined value. The initial values of the optical potential
parameters were taken from the systematic studies of Na-
dasen et al.'” During these searches, the potential depths
were varied independently of the corresponding radii to
avoid the well-known V-r ambiguity. In the case of '**Sm,
the radii were left fixed. When the optical potentials and
B3, value were reasonably well established, then the coupled
channels space was extended to include the 6% state, and
the B4 deformation was searched on. Couplings to the 8+
state were included when searches on B4 deformations
were made. Finally, when the parameters appeared to be
reasonably stable, a complete search including all defor-
mations and the optical potentials was carried out to ob-
tain the final parameters including uncertainties. The
code ECIS gives an uncertainty for each varied parameter
which is related to the variation of X 2. The uncertainties
are derived from the inverse of the matrix of second

154

Sm (B,p") 1 ost At

133.9 Mev ] A
] 0.6

2* oa}
82 kev

2*

Ay (8)

0.2} 4*
o4l
-0.6f j
-08f )

-1.0

08
0.6
107!
04t
0.2

(o]

-0.2]

-0.4}

-0.6f

-0.8}

1074 L e
20 40 60 80 [¢]
Bc.m, (deq)
FIG. 3. As for Fig. 2 except the data and calculations are
shown for the excited states in the ground band of '**Sm with
J™=2%,4% and 6.
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derivatives of X% with respect to the varied parameters,
and account for correlations between these parameters.
The final values of both the optical parameters and the
By’s are given in Table I. Note that for both nuclei the 3

for the real potential, Bf, were always smaller than the Bﬁ

for the spin-orbit potential. However, the deformation
lengths (BR) of the spin-orbit term agree with those of the
real term, except for the A=4 case in '°°Er.

In order to test the effect of spin-orbit terms, two other
calculations were done. In the first, a similar search for
the one described above was carried out, but in this case
forcing BR=p° for all A’s (B} was always kept equal to
BR). The final results of this search are also given in
Table I. With this constraint it was not possible to obtain
such good fits to the cross sections or analyzing powers.
For both nuclei the values of the [,’s obtained in this
search were intermediate between the values obtained with
BR+B3°.

Finally, a search was made without including the spin-
orbit potential. In contrast to the case® at 800 MeV, the
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FIG. 4. As for Fig. 3 except for *°Er.

fits to the cross sections were noticeably worsened (see Fig.
5) and the values of the 3,’s were changed significantly, il-
lustrating that at 134 MeV the inclusion of the spin-orbit
term is extremely important.

One other feature of the fitting procedure deserves com-
ment. We had hoped that the asymmetries would give
better constraint on the values of the spin-orbit potential
and deformations. While the fits to the asymmetries were
improved slightly by allowing the spin-orbit parameters to
vary independently, they did not appear to be significantly
more sensitive than the cross sections themselves. In all
cases the fits to the asymmetries were somewhat out of
phase, with the effect increasing for the higher J states
and at larger angles for all J values. Because of this phase
slip, a search was also made on the '’*Sm data which
weighted the cross sections much more strongly than the
asymmetries, to be sure that there was no biasing of the
results due to the phase shift in the asymmetry data. This
search gave very similar results to the earlier search. We
therefore conclude that, possibly because we are unable to
get a very good fit to the asymmetries, they do not add

TABLE 1. Deformed optical model parameters.

Vo Wio 750 aso
(MeV)  (MeV)

T

ar

TR
(fm)

Bgo

SO
4

Bgo

(fm)

(fm)

(MeV) (fm) (fm)

(fm)

(MeV)

Target

Case A* 24.15 1.210  0.790 5.95 1.393  0.566 2.82 —119 1092 0652 0.281 0.062 0.009 0.291 0.071 0.007

154Sm

(7)

0.289

0.010

—0.007

0.068

1.092  0.630

1.079

—1.18

—0.84

2.37
2.95

0.590

0.651

1.393
1.357

1.210  0.770 6.68
0.756 6.96

1.226

25.42
23.34

Case B°

154sm
lééEr

—0.007

0.030

0.308

0.276  0.009

0.640

Case A

Case B 23.57 1.222  0.768 6.57 1.357  0.547 2.63 —-093 1079 0599 0298 0.010 —0.004

166Er

*For case A: BR=B1£B5°. Errors for the B, are given in parentheses and represent the uncertainties in the last significant digit. These errors were used for the errors in the moments

presented in Table II.
®For case B: Bf

S
=B

I
A

=B

“In the case of '®Er the spin-orbit radius and diffuseness are for the real potential only. The imaginary potential radii are 1.088 fm (cases A and B). The diffuseness values are 0.530

fm

(case A) and 0.599 fm (case B).
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FIG. 5. Comparison of measured (solid symbols) and calcu-
lated (solid lines) differential cross sections for elastic and inelas-
tic scattering of polarized protons at 133.9 MeV from '*Sm.
The calculations did not include the spin-orbit interaction, and
are discussed in Sec. III.

substantially to the information obtained from the cross
section measurements.

IV. EIKONAL METHOD

The eikonal approximation is often used to describe
high energy hadron-nucleus scattering. Recently, Amado
and co-workers!! obtained analytic expressions for the
eikonal integrals using the method of stationary phases.
Making the reasonable assumption that the transition den-
sity was local and surface peaked, they showed that the
scattering was dominated by the geometry of the nucleus.
Since both elastic and inelastic scattering were formulated
similarly, Amado et al.'? also pointed out that the cross
section for inelastic scattering could be formulated direct-
ly in terms of the elastic scattering cross section. An ad-
vantage of such data to data formulae is that they au-
tomatically correct for some effects which are neglected in
the derivation.

Amado et al.!> also extended the method to two-step
processes in inelastic scattering and derived data to data
relations relating two-step cross sections to the elastic
scattering cross section in a way similar to the one-step
calculation. In the same paper they derived a simple en-

velope test for the order of the dominant process.

While the method of Amado et al. is expected to work
best at high bombarding energies and in fact has been ap-
plied to some data at 800 MeV, those authors suggest that
it may be valid in the region between 100 and 200 MeV.
It would be very useful to be able to use the theory in this
region because in principle it allows one to extend the cal-
culations to higher spins, which are impossible to treat
with a complete coupled channels code because of the very
long computing time involved.

As a first step, a qualitative comparison of the variation
of the cross sections for the 2%, 4%, and 67 states was
made with one-, two-, and three-step envelope functions as
shown in Fig. 6. The functional form is given by

En =q2ne —2mBq ,

where n is the step order, g is the momentum transfer, and
B is the diffuseness parameter in the usual Fermi distribu-
tion for the nuclear density. The first order function
matches the slope of the 2% angular distributions for both
1548m and '$°Er very well, which gives one confidence in
the approach. The slope of the 4 cross sections, howev-
er, matches the two-step function better than the one-step
function, suggesting a dominance of a two step excitation
of 4% states. The slope of the 6% angular distributions
also matches the two-step function. Again, the implica-
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FIG. 6. Comparison of experimental differential cross sec-
tions (symbols) as a function of momentum transfer (to J"=27,
4%, and 6% states in **Sm) to one-, two-, and three-step en-
velope functions as described in Sec. IV. Only the slopes of the
calculated curves have significance in comparisons to the data.
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tion is that the 6™ states are excited through either the
0*—2*%—6% or 07 —4+ 6" paths or possibly through
both paths but with little strength either in the direct
0t —6* or0t—2%* 4% 6" paths.

In more detail, the cross sections for the 4% states in
both '**Sm and '®Er are compared with both one- and
two-step calculations [Eq. (2.22) of Ref. 13] in Fig. 7. The
latter calculation used the experimental elastic scattering
differential cross section and the B(E2)’s for the 0t —2%
and 2+ —47 transitions as input. It should be noted that,
as pointed out by Haber and Sparrow,'* the transition
strength measured in intermediate energy hadron scatter-
ing (a high momentum transfer measurement) should not
be expected to be the same as the transition strength mea-
sured by the B(EL) values for electromagnetic transitions,
which are measurements at essentially zero momentum
transfer. Consequently, these calculations using elec-
tromagnetic B(EL) values as input can be regarded only
as a semiquantitative guide. With the same restriction in
mind, a one-step calculation of the 0 —4% transition us-
ing Eq. (2.51) of Ref. 12 is also shown in Fig. 7 for com-
pleteness.

For '**Sm, the two-step calculation gives reasonable
qualitative agreement with the data, although the calcula-
tion tends to slip out of phase with the data for ¢ >2.2

fm~!. The one step calculation appears to be important
10 - 154 , .
Sm (p,p) to 4" state
(Ep=133.9 MeV)
‘ as a function of
R/ ™Sk momentum transfer
1 Ay Ex = 0.267 MeV.
10 N\ a\r2 step only.
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FIG. 7. Comparison of experimental differential cross sec-
tions (crosses) for J"=4% states in **Sm (upper curves) and
1Er (lower curves) as a function of momentum transfer to cal-
culations (open symbols) involving one- and two-step processes
as described in Sec. IV. The lines through both the data and cal-
culations are to guide the eye.

only for ¢ <1.5 fm~'. The incoherent addition of one-

and two-step cross sections also matches the data fairly
well. For !°Er, where the one-step process is very weak
[since B(E4) is very small], the two-step calculation alone
gives a fairly reasonable fit to the experimental data, al-
though again there is a slippage in phase beyond a
momentum transfer of about 2.2 fm~!. Considering the
simplicity of the analytic formulation and the lack of ad-
justable parameters, the agreement with the data is quite
good.

The general slope of the 6% angular distributions sug-
gests a dominance of two step processes; therefore such
calculations were done for both **Sm and !°°Er and the
results are shown in Fig. 8. Here, as before, the B(E2)t
values were taken from y-ray data, and the B(E4)1 value
from inelastic electron scattering.

In the case of '*°Er, the comparison of the experimental
data with a calculation of the 0t —4%-»6% two-step re-
action path indicated that the phases are approximately
correct, but, as was the case with the two-step processes to
the 47 states, there is a tendency for the phase to slip at
the higher momentum transfers. More importantly, the
absolute magnitude of this calculated cross section is
about a factor of 2 less than that of the experimental data,
indicating that the 0 —2% —67 reaction path is about as
important as the 0¥ —4% 6% path for which the calcu-
lation was made. From this semiquantitative result, it is
possible to estimate the B(E4)1 value for the 2+ —6*
transition as about 0.05 e?b* which is very near the rota-
tional model value of 0.047 e?b*.

The results of the two-step process calculations for pop-
ulation of the 6% state of **Sm differ in two important

10 — 54
P'sm (p,8)
Ex=0.544 MeV (67)
{ Experimental Data
100 L/,/‘(\:“*\'

b/ N
e 0141\61‘\\

10
046"
calculation

166,
- Er(pp)
Ex = 0.545 MeV (6")

¥ Experimental Data

0_1 1 L | 1 1 Il 1 1 |

1.0 12 14 16 1.8 20 22 24 26 28
q (fm')

FIG. 8. As for Fig. 7 except for J7=6% states. Only symbols
for experimental points are shown.
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respects from those for '%Er. First, the magnitude of the
cross section calculated for the 0" —4* 6% reaction
path is close to that of the experimental data, indicating
that, for this nucleus, there is probably little contribution
from the 0t —2* 6" reaction path. Second, the calcu-
lated two-step cross section is out of phase with the exper-
imental data for all values of momentum transfer. Indeed,
the data are nicely in phase with a one-step calculation for
momentum transfer greater than 2 fm~!. Thus we have
an  experimental differential cross section for
134Sm(p,p’)!**Sm*(6+) whose general slope indicates a
predominance of two-step processes in the reaction
mechanism, yet whose maxima and minima, beyond g =2
fm~!, line up with those given in a one-step mechanism
calculation. This suggests a significant one-step contribu-
tion to this particular reaction channel, and is qualitatively
consistent with the relatively large value of ggo
(=0.1940.04 eb’) given by the coupled channels fitting
of the data. However, the expression given by Amado,
McNeil, and Sparrow!? for the relative magnitudes of the
one- and two-step contributions indicates that the one-step
contribution is less than one-third in amplitude for all
values of momentum transfer for which data were ob-
tained. This proportion is not enough to give a calculated
result which agrees in phase with the experimental data.
The differential cross section for inelastic scattering to the
67 state is thus not understood at present.

Even more recently a paper appeared'® which gives ana-
lytic expressions for multistep processes in hadron-nucleus
scattering which should, in principle, be even more ap-
propriate for the strongly deformed **Sm and 1Er cases.
However, we have not yet applied these to the present
data, since that would require more extensive numerical
calculations which were considered to be beyond the scope
of the present work.

V. DISCUSSION

The comparison of the results of the DOM analysis
with the experimental data allows the extraction of the de-
formation parameters 3, defined earlier. The best fit opti-
cal parameters and the 3,’s are listed in Table I. However,
such B,’s are not readily comparable between different re-
actions or even for the same reaction at different energies
because of the different properties of the probes. Mackin-
tosh has pointed out,! using a result first derived by
Satchler,’ that provided the DOM potential can be derived
from a “normal” folding model, then the normalized mul-
tipole moments of the nuclear matter distribution are
equal to the normalized multipole moments of the folded
potential, independent of the range of the potential. A
normal folded potential is one where the interaction is cen-
tral, scalar, and independent of the local nuclear density
and of the local energy of the scattered particle within the
nucleus. Thus the multipole moments of the DOM poten-
tial should be comparable for different probes, and even
with electromagnetic measurements, provided that the
matter and charge distributions of the nucleus are the
same. This, of course, is one of the interesting questions
which may be answered by such a comparison. Mackin-
tosh concluded that the comparison between moments
from (p,p’) and electromagnetic measurements worked
well for light nuclei with N =Z, where proton and neutron

distributions are certainly the same. However, the folding
model did not appear to work for the (a,a’) reaction. In
addition, he concluded tentatively on the basis of measure-
ments available at the time that at least the hexadecapole
moments of the matter distribution for heavier nuclei
seemed to be smaller than those of the charge distribution.

More recently Brieva and Georgiev® carried out a fold-
ing procedure using the Hamada-Johnston nucleon-
nucleon interaction and included exchange effects to
derive a “realistic” scattering potential. They concluded
that the current data suggested similar neutron and proton
moments but that there should be some noticeable energy
dependence in the multipole moments of the optical poten-
tial, which is greater for the higher multipoles.

In the light of these predictions it is interesting to com-
pare our results with those of the previous (p,p’) and
(a,a') measurements at different energies and with elec-
tromagnetic measurements. Following Mackintosh, we
present the moments of the DOM potential obtained from
the present data, together with other results, in Table II.
We have chosen to present comparisons only with hadron
scattering data above 30 MeV, where at least 8, was deter-
mined in the analysis. There are some very nice neutron
data?! excluded by these criteria, but the quadrupole mo-
ments from these results were compared with charged par-
ticle scattering previously.

In presenting our results, we have used only the real po-
tential for the cases where the real and spin orbit deforma-
tions were not constrained to have the same value. This is
believed to be the most accurate measure of the real defor-
mation, since the fits to the angular distributions are im-
proved. In addition, there is no obvious a priori reason
why the SO deformation should necessarily match the real
deformation, since the radius parameters are so different.

We have also constrained the BX to equal the B, mainly
to reduce the number of variables in the calculation. The
radii of the real and imaginary potential forms are dif-
ferent, and, in principle, these deformation parameters
may also be different. However, at 134 MeV the angular
distributions are better determined by the properties of the
real potential than by the imaginary potential, so that it
seems reasonable to use the real potential values. This is
no longer true at 800 MeV (Ref. 4), where the imaginary
potential is much better determined, and, in fact, the mo-
ments quoted at 800 MeV are the moments of the
imaginary potential.

A. 'Sm

The quadrupole and hexadecapole moments determined
by proton scattering at 35, 51, 134, and 800 MeV are
reasonably consistent with one another and with the elec-
tromagnetic measurements. At 51 and 800 MeV we as-
sume the errors are similar to those for the 35 MeV and
the present data at 134 MeV. The present measurement of
g9 is about 10% higher than all the other measurements,
but this is only a difference of about one standard deriva-
tion, and so is probably not very significant. The fraction-
al error on the g4 is larger than for the g5y, but within
these uncertainties the values are quite consistent. The
calculations of Brieva and Georgiev® suggested about a
6% higher g,o moment of the potential at 134 MeV than
the electromagnetic moments, assuming that the matter
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FIG. 9. Comparisons of the percentage differences between
experimental multipole moments (closed symbols) from (p,p’) re-
actions and those of a microscopically calculated potential hav-
ing an underlying density with given multipole moments as a
function of incident proton energy. The Q/(E) are defined in
Sec. V.

and charge distributions are identical and that the elec-
tromagnetic measurements give the correct charge distri-
bution. In Fig. 9 we show the percentage variation of the
multipole moments of potentials, with respect to those of
the underlying nuclear density, for proton scattering at 35,
51, and 134 MeV. The calculations are those of Brieva

and Georgiev. The percentage variation is defined as
QféI(E)z qfél(Eg_qfO

qx0

X 100% ,

where gf/(E) are the multipole moments (normalized to
mass) of the real and imaginary parts of the phenomeno-
logical potential used to fit the scattering data at each en-
ergy, and qfo are the multipole moments of the matter
density used by Brieva and Georgiev (ghh=5.212 1,

g =1.173 b?, ¢%=0.162 b°).

Except for Q3 at 35 MeV the predicted energy depen-
dences for g%, and g%, are followed remarkably well, given
that the underlying density is correct. Comparisons for
Q%X are not made because the analysis of the 35 MeV data
did not include B¢ and because the analysis of the 51 MeV
data used negative values of 3¢, and our analysis used a
positive value of B¢. The omission of a B¢ value of the or-
der we observe will also affect the value of ¢&, of the order
of 5%. This will cause 20—30% changes in QX. We
conclude that the observed energy dependence of the mo-
ments may signify that there is not such a simple relation
between the moments of the optical potential and the mo-
ments of the matter density as we assume, and perhaps
density-dependent interaction effects are being observed.
However, consistent analyses of existing data, plus data at
more points in the energy range considered as well as a
greater effort to establish B¢ values, will be necessary to es-
tablish quantitatively deviations from the simple assump-
tion above.

For the Q%, the interpretation is even more difficult.
The experimental values of Q% in Fig. 9 do not follow the
predicted trend. Values of Q4% deviate by factors of up to
2 and thus are not presented. This indicates perhaps that
the assumptions about the phenomenological potential,
such as equal real and imaginary potential deformations,
may be invalid.

No g¢ moments are given by the electromagnetic mea-
surements, but the various proton measurements seem to
be converging on a value around 0.1 e b, Again the mea-
surement at 134 MeV is somewhat higher than the mea-
surement at 35 and 800 MeV, and much higher than the
(a,a’) value. This is because in the analysis of the 35
MeV data no B¢ deformation was used, and negative B
values were used in the analysis of the (a,a’) (Ref. 9) and
800 MeV proton data.® A positive value of B was ob-
tained in the present experiment.

B. '$Er

Comparatively few hadron scattering measurements
have been made on !'%°Er, so that it is only possible to
compare our results with the electromagnetic measure-
ments. Both the quadrupole moments and hexadecapole
moments measured in the present (p,p’) experiment and
by inelastic electron scattering or Coulomb excitation
measurements agree fairly well. As for !3*Sm, the (p,p’)
experiment gives a g,o which is slightly larger than the
(e,e’) case. However, the g4 moment is slightly smaller.
No previous measurements of g have been quoted, al-
though we do extract one from the optical model parame-
ters of Hendrie et al.’ Our value of +0.01 eb? quoted in
Table II is substantially smaller than the value found for
154Sm and is indicative of the nearly zero value of 8, and
the negative value of Bq.

C. Comparison with model calculations

There have been a number of calculations of deforma-
tion in the rare earth nuclei using different models. These
results are also given in Table II. The most recent is a
density dependent Hartree-Fock calculation by Negele and
Rinker.?? Previously, a Hartree-Fock calculation using a
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TABLE II. Moments of the DOM potential obtained in this work together with other results.

Energy q20 g0 qe0
Target  Reaction (MeV) (eb) (eb?) (eb?) References
1548 m (p,p’) 35 206 (3) 054 (2) King et al. (Ref. 3)
(p,p") 51 2.15 0.36 0.07 Wollam et al. (Ref. 25)
(p,p") 134 231 (8) 0.62 (6) 0.19 (49 This work
(p,p") 800 2.12 0.58 0.099 Bartlett er al. (Ref. 4)
(p,p") 800 2.12 0.54 0.088 Ray (Ref. 8)
(a,a’) 50 2.38 0.61 0.037 Hendrie et al. (Ref. 9)°
(*He,*He’) 41  2.17 (150 047 (6) 0.05 (3) Palla and Pegel (Ref. 26)°
EM Av  2.094 (4) 0.588 Ronningen et al. (Ref. 18)¢
Theory HF 2'02] p 0.41 ] P Negele and Rinker (Ref. 22)
1.96 | n 0.45) n
Theory 2.14 p 0.429 p Gotz et al. (Ref. 24)
166 (p,p") 134 250 (8) 032 (6 +001 (3) This work
(a,a’) 50 2.69 0.28 —0.10 Hendrie et al. (Ref. 9)°
EM Av 24194 024 5 Ronningen et al. (Ref. 18)¢
6
Theory HF 2'45] P 0.28 ] P Negele and Rinker (Ref. 22)
242 n 032)n
Theory HF 246 p 0.326 p Flocard et al. (Ref. 23)
Theory 247 p 0.266 p Goétz et al. (Ref. 24)

2Same 800 MeV data as Ref. 4 but including spin-orbit potential.

®Moments calculated using data of Ref. 9.
‘Moments calculated using data of Ref. 26.

dAn average of electromagnetic measurements including measurements added in proof to the compila-

tion in Ref. 18.

Skyrme force was carried out by Flocard et al,*’ but no
numbers are given for >*Sm. An alternative approach us-
ing a liquid drop model?* but including shell effects and
pairing (Strutinsky method) also gives 3, and f3, values for
both 1°*Sm and '®Er. Negele and Rinker give values of
the moments of both proton and neutron distributions,
and for the hexadecapole moments these differ by
10—20 %.

The measured quadrupole moments agree very well in
all cases with the model predictions. However, in **Sm,
the measured hexadecapole moments cluster around
0.60+0.05 e b?, whereas both theoretical predictions are
around 0.4 eb?. While the measurements are sparse for
186Er the agreement between theory and measurements is
very good, with the value of the hexadecapole moment be-
ing about 0.3 e b%.

There are no predictions for the higher moments in the
calculations referred to above. However, an earlier paper
by Nilsson et al.'® shows predictions of B¢ across the rare
earth nuclei. These have a minimum in B4 of about
—0.025 near 4 =170, with the value changing sign be-
tween **Sm and '®°Er ('**Sm, Bg~ +0.005 and '®°Er,
Be~ —0.012). The behavior of B¢ and g¢; across a de-
formed region can be understood by extending’ a simple
model due to Bertsch.?’” These predictions are consistent
with the values of B¢ obtained in the present experiment
(Table I). However, further B measurements on more nu-
clei are needed to confirm the systematic trends predicted.

VI. SUMMARY AND CONCLUSIONS

Measurements of the angular distributions of the cross
sections and asymmetries of the inelastic scattering of 134
MeV polatized protons from **Sm and '°°Er show that,
indeed, the higher J members of the ground state rotation-
al band are reasonably strongly excited. The angular dis-
tributions of the cross sections even for the high J states
are quite structured at this energy and can be fitted quite
well with coupled channels calculations using the code
ECIS. However, the asymmetries are not very well fitted
and show a steady slip of phase between data and predic-
tion with increasing scattering angle and increasing J.
Spin-orbit effects are very important at these energies and
improved fits to the data are obtained when the spin-orbit
deformation parameters are allowed to vary independently
of the real deformation parameter. In both »*Sm and
16Er, the spin-orbit deformations are larger than the real
deformations.

The moments of the deformed optical potential ob-
tained from fitting the data for **Sm agree quite well
with other measurements both for hadronic probes and
electromagnetic measurements. A small energy depen-
dence of the moments for !3*Sm is observed with the trend
between 50 and 134 MeV in the direction predicted by
Brieva and Georgiev.’ No previous proton measurements
are available on '®°Er, but the values of the quadrupole
and hexadecapole moments agree quite well with previous
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values from (a,a’) (Ref. 9) and Coulomb excitation.'8

The angular distributions of the cross sections have also
been compared with the analytic eikonal model of Amado
et al.'' The general slope of the inelastic cross sections for
the 4% and 6% states versus momentum transfer is well
represented by g*e ~27P4 as suggested by Amado et al.'® for
a second order process. Fits to the 4% cross sections for
both '*Sm and !'%°Er with a two-step calculation are
reasonably good although there is a phase difference at
large momentum transfer. Two-step calculations for the
61 states suggest that the Ot—2v—6% and
0t —4%t 6% paths are of comparable importance for
16Er, but that the 0t —4*—6% path is dominant for
154G

The quadrupole moments for both **Sm and '®°Er
agree very well with predictions both of Hartree-Fock??
and liquid drop Strutinsky calculations,?* as does the hex-
adecapole moment for '*Er. However, the experimental

hexadecapole moment for !**Sm is about 50% higher than
the predictions of either model. Finally, a B¢ deformation
parameter was obtained for !®*Er. This value together
with the '3*Sm, B¢ value agrees with the trend suggested
by Nilsson ez al,'® but more data are needed to confirm
the systematics.
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