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Evidence for Different Proton and Neutron Deformations in Heavy Nuclei Deduced
from Polarized-Deuteron Scattering

H. Clement, R. Frick, G. Graw, F. Merz, H. J. Scheerer, "'
P. Schiemenz, N. Seichert, and Sun Tsu Hsun

Sektion I'kysik, Universitat Miinchen, D-8046 Gaxching, P est Germany
(Received 3 December 1981)

Inelastic scattering of vector polarized deuterons near Ez = 20 MeV has been measured
for a series of target nuclei ranging from the sd shell to ' 'Th. Isoscalar transition rates
deduced from a collective-model analysis are found to be in agreement with the corre-
sponding electromagnetic quantities for the quadrupole and octupole excitations of T = 0
nuclei and of 2 Pb. For the quadrupole excitation in ' Sm, '5 Sm, '5 Sm, and Th about
20% smaller values are obtained, which imply a larger proton than neutron deformation
for these nuclei.

PACS numbers: 21.10.Ft, 24.70.+s, 25.50.Dt

The collective model for strongly excited low-
lying states correlates the transition strengths
with static and dynamic deformations of the nu-
clear shape. It is surprisingly successful in de-
scribing various aspects of the electromagnetic
excitation such as transition strengths and static
quadrupole moments; even the radial shapes of
the collective transition form factors have been
established experimentally by inelastic electron
scattering experiments. ' The comparison of elec-
tromagnetic and hadronic features of the nuclear
excitation offers the possibility to search for dif-
ferences between charge and mass distributions.
In fact, density-dependent Hartree-Fock calcula-
tions predict different proton and neutron defor-
mations. Very recently experimental evidence
for neutron-proton differences has been report-
ed' for quadrupole excitations of light mirror nu-
clei in single-closed-shell nuclei, where the
shell structure plays an obvious role. For nuclei
in the well-deformed regions, where collective
models are especially applicable, no such differ-
ences have been established so far.

In this Letter we report on a systematic study
of inelastic deuteron scattering on selected nu-
clei ranging from the sd shell up to the actinide
region. As a result of their isoscalar character
deuterons test the mass distribution of nuclei.
The use of polarized particles enables us to pro-
ject out the details of the diffraction pattern,
thus supplying a detailed knowledge' about the
mechanism of the excitation process and the
structure of the excited levels. The measure-
ments on'0 '0 'Mg Si S "Ar Ca
'~Cr, '~Sm '"Sm "~Sm, '"Pb, and '"Th have
been performed with the Munich MP tandem ac-
celerator at incident deuteron energies between
18 and 23 MeV. For each target data were taken
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FIG. 1. Vector analyzirg power iT
&& (I9} and differen-

tial cross section o (6} for the excitation of the ground-
state rotational band in 'Th. The curves drawn are
explained in the text.

for 20-33 angles ranging from 10 up to 160'.
For "'Sm and '"Th the quadrupole-triple-dipole
magnetic spectrograph has been used in order to
separate elastic and inelastic scattering up to
very forward angles with an energy resolution of
7 keV. Figure 1 shows as an example the scat-
tering data for the ground-state rotational band
in '"Th. In the angular distributions of the dif-
ferential cross section o(e) the diffraction pat-
tern is strongly damped and hardly visible,
whereas it shows up very clearly in the vector
analyzing power iT»(0).

The analyses have been performed in the frame-
work of the coupled-channels (CC) formalism un-
der the assumption that the collective excitations
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arise from a deformation of the nuclei. The
spherical part of the deuteron-nucleus interaction
is described by the global optical potential set of
Daehnick, Childs, and Vrcelj, ' which reasonably
resembles folding expectations. The inelastic
form factors

f~(r) =g„(1+5q0) 'J V(r, R)(Y 2„+Y~„*)dQ

result from the deformation of the nuclear sur-
face which is parametrized according to R(8, p)
=R0[1+p ~„431„„Y„„(8,y) j and which leads to the
nonspherical parts in the deuteron-nucleus inter-
action V(r, R(8, qr)). The deformation parameters
of the individual parts of the optical potential are
correlated to each other by the constraint of a
constant deformation length, implying that the
deuteron-nucleus interaction is dependent on the
distance from the nuclear surface. Since the
actual projectile-nucleus interaction is nonlocal,
phenomenological optical potentials have to be re-
interpreted as local equivalent potentials. To ac-
count properly for this effect in the CC calcula-
tions we have applied the nonlocality corrections
according to the prescription of Percy and Au-
stern. ' The multipole moments q~ of the inter-
action potential are deduced from the inelastic
form factors by

fr f ~(2)r'dr
(4m)"'f f, (r)r'dr '

where the denominator gives the normalization by
the volume integral of the interaction. Contrary
to the case for heavy ions, the deuteron optical
potential is still transparent enough to allow the
scattering data to probe the form factors over
the relevant radial range. For '~4Sm, e.g. , a,

notch at r = 8R, (i.e. , on the inner side of the sur-
face-peaked form factor) changing Iq ~

I' by 3% al-
so scales the calculated cross section by about
the same amount.

To our knowledge this is the first systematic
study which uses a global description for the pro-
jectile-nucleus interaction to reproduce simul-
taneously elastic and inelastic scattering over a
wide range of nuclear masses. By this procedure
we are able to compare systematic trends in the
results of inelastic scattering analyses, which
are not perturbed by fitting optical-model param-
eters to each individual nucleus. In fact our CC
descriptions for elastic and inelastic scattering
are for most of the nuclei as good as descriptions
with fitted potentials. The solid lines in Fig. 1
represent the result of the CC analysis, describ-
ing '"Th as a prolate rigid rotor with a small
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FIG. 2. Isoscalar transition rates for the excitation
of the lowest lying 2+ and 3 states from (d&oi, d;), in
comparison vrith electromagnetic transition rates (Ref.
9}. Horizontal bars indicate a reduction of our values
due to the density dependence as discussed in the text
(10% for A, = 2 and 15% for A. = 3).

positive hexadecapole deformation. In fact the
rigid-rotor assumption gives an excellent de-
scription for both observables for all states up
to the 6+. The high sensitivity of the analyzing
power to interference terms in the scattering
process enables us to draw clear conclusions on
the sign of the p, and p~ deformations. The dashed
lines show for the 0' and 2' state the effect of
changing the sign of P„ the dash-dotted lines
show for the 4' state the corresponding effect of
the sign change in p, . Both changes lead to dras-
tic effects in the analyzing powers. A detailed
discussion on the interference terms in the scat-
tering process with an emphasis on the sensitiv-
ity to static moments will be given elsewhere. '
Since for the 2+ scattering on heavy nuclei Cou-
lomb excitation plays an important role in the
forward angular region of the cross section (dot-
ted line in Fig. 1: pure Coulomb excitation), we
have treated this accurately in all calculations~
by using' the results from electron scattering
for B(Ey) values and charge distributions. The
CC analyses of the measurements on the other
nuclei reproduce the data for c and iTzz' with a
similar quality as for '"Th. The details of these
analyses will be the topic of a forthcoming paper.

Our results for the quadrupole and octupole iso-
scalar rates B(ISA) for the excitation of the low-
est lying 2' and 3 states are compared in Fig.
2 with the corresponding B(EX) values. ' The iso-
scalar rates are derived from the multipole mo-
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ments q~ of the real central part of the interac-
tion potential by B(IS,O+-x') = (Zq&)', where the
multiplication by the charge number Z is chosen
for direct comparison with B(Ey) values. Ac-
cording to Mackintosh" these potential moments

qz are identical to the moments of the mass dis-
tribution if the real central part of the optical po-
tential we use can be derived in principle from
folding the matter distribution with a density-in-
dependent nucleon-projectile interaction. In fact,
a realistic interaction is density dependent, caus-
ing the q& to be slightly larger than the true mass
moments. If we assume in a conventional Ansatz
that the density-dependence has the form (1
—yp

i ) and take a standard value" of y= 2 fm ',
we calculate these corrections to be of the order
of 5% for the quadrupole moments. Equal multi-
pole moments for charge and mass distributions
are expected for T =0 nuclei and for '"Pb."
Therefore, our results for these nuclei should
be about 10% larger than the corresponding elec-
tromagnetic values, which in fact is the case for
both y =2 and x = 3 (see Fig. 2). For the nuclei
in the rare-earth and actinide regions, however,
we get values for B(IS2) which are 15%-25%
smaller than the corresponding B(E2) values.
Since we used for the analysis of these nuclei ex-
actly the same potential set as for all the other
nuclei, we are lead to the conclusion that for the
Sm isotopes and for '"Th the quadrupole mass
deformations are substantially smaller than the
charge deformations. This observation is inde-
pendent of the special choice of the interaction
potential; the use of other global sets" param-
etrized with a Woods-Saxon geometry leads to
the same findings. We also investigated the pos-
sible influence of rearrangement collisions on
the inelastic excitation. Coupling the (d, g )(p, d)
process, e.g. , to the 2' excitation in '~Sm caus-
es, however, only negligible changes in the 2+

observables.
In the case of '~Sm our result for the 2' exci-

tation is very plausible in view of the closed neu-
tron shell in this nucleus. Quantitatively it is in
full agreement with a theoretical prediction' for
the ratio of the neutron to proton moments M„/
Af p:0.96, which has to be compared to the sim-
ple collective-model prediction of N/Z = 1.32.
We obtain a value of M„/M~ = 0.93+ 0.06, where
the correction for the density dependence is in-
cluded.

For the strongly deformed nuclei '"Sm and' Th our results are compared in Fig. 3 with
B(Eg) values'" obtained from Coulomb excita-
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FIG. 3. tqIIuadrupole and hexadecapole transition rates
in '548m and 3 Th. Our results {closed circles) for the
isoscalar rates are compared with experimental' (EX)
values (beefs. 9 and 14) from lifetime (inverted trian-
gles), Coulomb excitation (open circles), electron scat-
tering (triangles), and p-atom (squares) measurements
and with theoretical results from microscopic calcula-
tions (Hefs. 15-17) of transition rates from proton (P),
neutron (n), and mass (m) moments.

tion, electron scattering, p.- atom, and lifetime
studies, as well as with theoretical predictions
from density-dependent Hartree-Fock (DDHF)
calculations" and the Strutinsky shell correction
method (SSCM).""Experimentally, for x =2
transitions the situation seems to be rather
clear, whereas for x = 4 transitions a rather
large scatter and large uncertainties in the Cou-
lomb excitation results are obvious. The DDHF
calculations predict differences between the pro-
ton (p) and mass (m) moments which are some-
what smaller than we observe. They agree in
sign with our findings for "Sm, but disagree in
sign for '"Th. On the other hand, the SSCM re-
sult ' for "Th reproduces the observed trend in
the mass and charge moments both for X =2 and
for ~ =4, although the absolute values are too
large. Our result is, however, in pronounced
contrast to a very recent theoretical work, '
which predicts the deformation of the neutron dis-
tribution in actinides to be about twice that of the
proton distribution. Obviously, the theoretical
situation is not yet settled.

To summarize, we obtain from the systematic
analysis of polarized dueteron scattering on the
basis of a global optical potential isoscalar tran-
sition rates, which are in full agreement with the
corresponding electromagnetic values for "'Pb
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and the T =0 sd-shell nuclei, if the density depen-
dence of the effective nucleon-nucleon interac-
tion is taken inta account. This meets theoretical
constraints and provides a test of our procedure.
For the semimagic nucleus '~Sm we observe a
considerably smaller value for the quadrupole
transition in accordance with the theoretical pre-
diction. Also for ' 5 Sm and Th our result
for the mass quadrupole moments are consider-
ably smaller than the charge moments. Since the
collective model should be most appropriate for
the description of these strongly deformed nu-
clei, it is quite surprising that we observe devia-
tions between charge and mass moments. Cer-
tainly further experimental and theoretical work
is needed to study these phenomena in more de-
tail.
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