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Evidence of a shape transition in even- A Ge isotopes
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Cross-section and vector-analyzing-power measurements have been carried out for
Ge(d, d) at Ee 8a——nd 16 MeV, (d,d') 2+ at Ed 16 M——ev, and (p,p) and (p,p') 2+ at

Ep=11.5 MeV. Exploratory measurements of, 2 "Ge(d,d) at Ed ——6 MeV have also been per-
formed. The elastic analyzing-power data for A =70,72 are nearly identical, as are those for
A =74,76, and a sudden decrease in the amplitude of Ay occurs in going from A =72 to 74. The
inelastic-scattering data also show near identity for the A =70„72 target nuclei as well as for
A =74,76, with characteristic changes occurring between A =72 and 74. Coupled-channels calcula-
tions have been performed for all four isotopes using a macroscopic form factor employing both vi-
brational and rotational models. It is found that the anomalous behavior of the elastic-scattering
data at Ed ——16 MeV and at E„=11.5 MeV is by itself not indicative of ground-state shape, but only
shows the effects of target excitation on elastic scattering. The 2 inelastic-scattering data, howev-
er, can be explained only if a vibrational model is assumed for Ge and a prolate symmetric rota-
tional model is assumed for ' Ge. These results are indicative of a shape transition between Ge
and Ge, consistent with the conclusions drawn from transfer-reaction measurements.

I. INTRODUCTION

The structure of nuclei in the mass region 2=68—82
has been a subject of extensive experimental and theoreti-
cal investigations. In particular, the even-even isotopes of
Ge are complex systems and show evidence of shape in-
stability. Ardouin et al. have reported a systematic in-
vestigation of one-nucleon transfer reactions in the region
and have suggested the possibility of a shape transition be-
tween nuclei with %=40 and 42. In addition, spectro-
scopic measurements indicate that some of these nuclei
exhibit both collective and noncollective features. In par-
ticular, the 0+ excited state in Ge at E„=0.685 MeV
presumably arises from coupling two quasiparticles with
collective excitations. Anomalies in two-nucleon transfer
reactions strongly suggest both the existence of a shape
transition, from spherical to weakly deformed between
%=40 ( Ge) and %=42 ( "Ge) and a coexistence of dif-
ferent types of deformation. Recent Coulomb-
excitation measurements have shown, in addition, a pos-
sible structural change between %=38 ( Ge) and %=40
( Ge). These ideas have been integrated in a recent report
by LeComte et al.

In a number of investigations, it has been suggested that
a coupled-channels (CC) analysis of elastic and inelastic
scattering of polarized protons or deuterons is sensitive to
the nature of the collectivity of the states involved. ' In
the case of a 0+-2+ rotational excitation, for example,
there are two matrix elements: one between the 0+ and
2+ states, which is related to the E2 transition amplitude,
and the other involving two 2+ wave functions, which is
essentially the quadrupole moment of the excited state.
For scattering to the 2+ state, the cross section is dom-

inated by the transition strength. The analyzing power,
on the other hand, is a relative measurement and is nearly
independent of the transition matrix element, but is rather
sensitive to the diagonal element, ' ' which enters in the
interference term of the scattering process.

Szaloky et al. ' have measured angular distributions of
cross section and vector analyzing power (VAP) for

Ge(d, d) and (d, d') at Ed=16.0 MeV. Although
remarkable differences in the VAP data in going from

Ge to Ge were observed and CC calculations were per-
formed, the above-mentioned ideas concerning the
nuclear-shape sensitivity of the analyzing powers were not
fully exploited. In fact, the emphasis in the analysis was
on spectroscopy of the inelastic states and no firm con-
clusions concerning the ground-state shapes of these nu-
clei could be made. Analyzing powers for the (p,p') reac-
tion for these isotopes have not been published .

VAP data, particularly for deuteron elastic scattering,
are interesting in another respect. Recent measure-
ments' ' of '" ' ' Se(d, d) at Ed 12 MeV show——a
linear increase of the amplitude of the vector analyzing
power iT»(8) with mass number, changing by nearly a
factor of 2 as one goes from 7 Se to Se. A similar situa-
tion in the 2=90 mass region has been reported by
Bieszk and Ulbricht. ' There are other interesting data
such as those on even-even Ni isotopes for Ed ——6—12
MeV, where one observes that as the bombarding energy
is decreased, the VAP changes from a symmetric oscilla-
tion about zero to a predominantly "one-signed" value in
an isotopically systematic way. The one-signed behavior
at low deuteron bombarding energies (close to the
Coulomb barrier) has also been observed for many other
medium mass nuclei. These drastic variations in the
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behavior of the VAP are unexpected from a simple
optical-model description of the elastic scattering.

Our purpose is to investigate the collective properties of
the even-even isotopes of Ge(70,72,74,76) as manifested in
the elastic and inelastic scattering to the first 2+ state of
vector polarized deuterons and protons from these nuclei.
We seek a comprehensive understanding of the behavior
of the VAP data simultaneously with the differential
cross-section angular distributions in the framework of a
CC analysis of the data using a macroscopic form fac-
tor.

Part of the data for ' ' Ge(d, d') at Ed ——16 MeV has
been taken from Ref. 17. We have remeasured all the
cross-section data and some of the iT» data at this ener-

gy. In addition, measurements have been carried out for
Ge. Elastic-scattering data for the four isotopes at

Ed ——8 MeV have been measured. Exploratory measure-

ments of ' Ge(d, do) at Ed ——6 MeV have been carried
out. Analyzing-power and cross-section data for elastic
and inelastic scattering of protons at Ep ——11.5 MeV for
all the four isotopes have also been acquired. The mea-
surements, analysis of the data, and the results, are dis-
cussed in the ensuing sections.

II. EXPERIMENTAL PROCEDURE

All of the data in this experiment were obtained at the
Notre Dame tandem accelerator laboratory using beams
mostly from the polarized ion source. The targets consist-
ed of self-supporting Ge foils between 300 and 350
pg/cm thick and were prepared by Szaloky et al. '7 The
isotopic enrichments of '. ' "' Cxe were 84.6%, 96.2%,
94.5%, and 73.9/o, respectively. In the case of deuteron-
induced reactions, the reaction products were detected in a
43-cm-diam scattering chamber using four b.E-E solid-
state detector telescopes in conjunction with a two-
parameter data-handling program. VAP data were ob-
tained for 24 laboratory angles between 30' and 145 in 5

steps. Detector telescopes were located at the same angle
on both left and right sides of the incident beam and mea-
surements were performed with the beam polarized alter-
nately in directions parallel and antiparallel to the normal
to the scattering plane. The beam polarization was deter-
mined by a vector polarimeter located downstream from
the scattering chamber. The polarimeter also served as a
Faraday cup for current integration. The magnitude of
beam polarization it ~ ~ was typically —0.47+0.01
(p» =0.54). Polarized beam intensity on the target was ap-
proximately 12 nA. Narmw entrance slits (1.5 mm) to the
scattering chamber and the positioning of detectors on
both left and right sides were used in order to avoid the
problem of false asymmetries that might result if the
beam spot on the target moved systematically as one goes
from the up mode to the down mode, or if the target were
nonuniform. This is particularly important at Ez ——8 and
6 MeV where the measured elastic analyzing powers are

relatively small [iT» (8) & 0.05].
Measurements with polarized protons were carried out

at a proton energy Ep=11.5 MeV. No telescopes were
used in this case. The scattered protons were detected by
15 solid-state detectors fixed in 10 intervals from 2S' to

165. Pulses from the detectors were routed into the
PDP-9 computer through two analog-to-digital converters
(ADC's) and the spectra were written on magnetic tape.
Data were obtained for 29 laboratory angles between 25'
and 165' in 5' steps. The beam polarization was measured
using a downstream polarimeter employing He(p, p) He
scattering. The magnitude of the beam polarization was

typically pz ——0.60. Polarized proton beam intensity on
the target was approximately 7 nA.

For deuteron elastic scattering, the relative cross sec-
tions were measured using an unpolarized beam and one

detector system of fixed geometry over the entire angular
range. The yield/charge for a few angles at Ed ——3.2 MeV
were also measured. Absolute cross sections were ob-
tained assuming that the scattering at Ed ——3.2 MeV is all
Rutherford scattering. An optical-model calculation indi-
cates that this is true within l%%uo even at back angles. Pro-
ton elastic-scattering data at Ep =11.5 MeV were normal-
ized by comparing the yield/charge with those measured
at Ep ——3.0 MeV.

A separate normalization was determined for each iso-
tope studied. Both the VAP and cross-section data were
corrected for the isotopic abundances.

Inelastic scattering cmss-section data for (d,d') at
Ed ——16 MeV and for (p, p') at EP=11.5 MeV were ob-
tained using the normalization described above (isotopic
abundance corrected). These cross sections were also cal-
culated from VAP data, assuming the incident beam to
be purely vector polarized (which applies only to deute-
rons) and the beam polarization to have the same value in
the two modes of polarization. Errors introduced by these
assumptions lie within the uncertainty of the measure-
ments and were considered unimportant. If the cross-
section values obtained by the two methods were incon-
sistent, they were excluded from consideration. In some
cases, the peak of interest in a spectrum is partially
masked by a contaminant peak. In such situations, it has
sometimes been possible to calculate the VAP using a part
of the peak, but the corresponding cross-section data
could not be extracted.

In order to determine the extent of agreement between
our measurements and those of other workers, we mea-
sured elastic cross sections for Ge(p, p) at EP=14.5
MeV for five laboratory angles between 60' and 105'.
Curtis et a/. have reported similar measurements, and
assign an uncertainty of 10%%uo. These authors normalized
their data for 20', 30, 40, and 50' with cross sections cal-
culated for Ge(p, p) using an average optical model po-
tential. Our measurements yield values approximately
16'I/o lower than those of Ref. 26. The estimated overall
uncertainty in the measured cross sections reported in this
paper is of the order of +10%%uo.

The elastic and ineIastic cross-section and VAP data are
displayed in Figs. 1—6. Errors shown are statistical and,
where error bars are not used, the size of the data point
indicates the approximate statistical error.

III. DATA ANALYSIS

We first discuss the characteristic features of the deute-
ron elastric-scattering data. The measurements at Ed ——16
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will not reproduce the characteristics of the data. In other
words, starting with a global set of deuteron optical-model
potential parameters, ' if we search and fit the

Ge(d, do) data at any one energy, one obtains two very
different sets of parameters, which cannot be related by
any realistically acceptable isotopic dependence.

In order to investigate whether the behavior of the
elastic-scattering data is a reflection of nuclear shape
(structure) effects, we have performed proton elastic and
inelastic-scattering measurements from the Ge isotopes at
E~ =11.5 MeV. The elastic scattering cross-section and
VAP (A~) data are shown in Fig. 4. Once again we ob-
serve that while the Az data for Ge and Ge are almost
identical, there is a decrease in amplitude of A~ for Ge
and Ge. In addition, both the cross-section and the
VAP data show a qualitative change in shape at extreme
back angles between 7 ' Ge and 7 '7 Ge. Optical-model
analyses using the average potentials of Becchetti and
Greenlees ' show a systematic variation of the analyzing
power because of a large symmetry dependence of the well
depths, but the near-identity of the 70,72 data and 74,76
data and the sudden change between Ge and Ge cannot
be explained.

In an attempt to understand the anomalous behavior of
the data, we recall that the optical model was introduced
to reduce an infinite-channel problem to a one-channel
problem (the usual optical model for elastic scattering) or

a few-channel problem (coupling between a few low-lying
states). ' The Hamiltonian for the entire system
(projectile a+target 3) including relative motion and
projectile-target interaction is

II=II.+II„+T+V .

A straight-forward derivation of the coupled equations
leads to an infinite set. Following Feshbach, if one in-
troduces the projection operators P, which refer to the
elastic and a few inelastic channels of interest, and Q,
which refer to all other channels, one can formally replace
the infinite-channel problem governed by H by a modified
problem governed by

A =H, +Hg+T+W,

where

P =V+V V.E—H+Eq

This modified problem is to be solved only within the fin-
ite subspace of the P channels. The matrix elements of
the effective interaction P that are diagonal in the intrin-
sic structure of a and 2 are conveniently parameterized
by the optical potential,
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U.„,=(OI F IO& .

Using (2), one can write the optical potential

U.„,=(OI VIO&

+ 2 &Ol I'IQ&E . &Q I
I'IO&,

g~o E—Eg+En
(4)

where Q is summed over all channels except the elastic
channel. For spherical nuclei these include all intrinsic
excitations. For deformed nuclei, they include rotations
as well as intrinsic excitations.

We introduce the phenomenological model via the
parametrization of the nuclear surface,

R=Rp 1++agpYp„(9,$) =Rp+'6R .
-Ap

For rotational nuclei, the a~„(or a~ for the axially sym-
metric case) are c numbers. For even-even deformed nu-
clei, the lowest lying states are the members of the
ground-state rotational band and thus correspond to the
same intrinsic state of motion. The excitation of rotation-
al states of the g.s. band of a deformed nucleus is excep-
tional in the sense that only the diagonal intrinsic matrix
elements of the effective interaction are involved.

For vibrational nuclei, the o,~& are dynamical operators
(combinations of phonon creation and annihilation opera-

If the coupling to the states of the ground-state rota-
tional band is explicitly included, as in a coupled-channels
calculation, then the rotational terms R in (5) ought not to
appear in the corresponding potential U, used in the cou-
pled equation. This U, should apply to both spherical
and deformed nuclei since it takes into account only in-
trinsic excitation in both cases. However, there may exist
vibrational nuclei whose intrinsic excitations are such that
some vibrational states belonging to Q are strongly cou-
pled to the ground state. In such cases, these collective vi-
brational levels are included explicitly in CC calculations
and their effect thereby eliminated from P . The result-
ing optical potential should be essentially the same as U„
since the g& is dominated by the region of the spectrum
where the level density is high, i.e., the high-excitation en-

ergy region. To the extent that the level density at high
excitation does not depend on the deformed nature of the
ground state, U, should be a smooth function of mass
number, and should therefore vary only slightly across the
Ge isotopes.

It is not easy to explicitly calculate U p, and U„but we
can pararnetrize them. In the standard procedure, U,p, is
the phenomenological optical-model potential that repro-
duces the elastic-scattering data, while the parameters
characterizing U, are to be chosen such that when the
coupling to the collective states is explicitly included in
the calculations via the gz terms, the predicted elastic
observables are essentially identical to those predicted by
Uopt.

The CC calculations were performed using the code
EcIS74, assuming both the central and spin-orbit parts of
the potential to be deformed. Coulomb deformation was.
also included. The methods adopted for numerical solu-
tion of the coupled differential equations are discussed in
Ref. 35. In these calculations we include coupling to the
first 2+ excited state and assume a vibrational model for

Ge and a rotational model in the case of ' Ge. The
effects of including other states in the coupling scheme
will be discussed in the next section. Grid searches on the



792 SEN, DARDEN, LUHN, GAISER, MURILLO, AND RAMIREZ 31

deformation parameters and the optical parameters were
performed, with the requirement that we should be able to
fit the 0+ g.s. and 2+ state data for all the isotopes using
basically one set of potential parameters.

The code includes the full-Thomas deformation of the
spin-orbit potential which could be complex, and has pro-
visions for using imaginary and/or spin-orbit deformation
parameters different from those of the real central poten-
tial. Although the deformation parameters quoted in the
next section refer to the deformation of the real central
potential, in the actual analysis the deformation parame-
ters of the individual parts of the optical potential are
correlated to each other by the constraint of a constant de-
formation length.

IV. RESULTS AND DISCUSSION

A. E&——16.0 MeV data

Results of the analysis for (d,d) and (d, d') at E~=16
MeV for the g.s. and the first 2+ excited state considering
a 0+-2+ coupling scheme are shown in Figs. 1 and 5,
respectively. The choice of this particular coupling
scheme and the effect of including additional inelastic ex-
citations in the calculations will be discussed later in this
subsection. We have assumed a vibrational model for

Ge and a symmetric prolate rotational model for
Ge. Parameters characterizing the U, part of the op-

tical model potential as discussed in the preceding section
and the deformation parameters are listed in Table I.
Both the elastic and inelastic cross-section and YAP data
are well reproduced by the calculations.

It can be seen that the U, parameters (Table I) for the
four isotopes, although very similar, are not quite identi-
cal. We recall that one expects only U, to be a smooth
function of A, and there will be some residual mass
dependence. There exists no prescription for these depen-
dences when CC calculations are performed. However, it
is reasonable to assume that the A dependence of the pa-
rameters of the conventional optical-model potential U,„„
as found in global searches, ' provide an upper limit on
the corresponding variations in U, . The differences in the
U, parameter values of Table I are small and well within
these limits.

It is to be noted that a rather small depth imaginary
spin-orbit component has been used in the calculations.
There is no a priori reason why the absorption should not
be spin dependent, and such potential components have
been found to improve the phase relationships between the
oscillations in the deuteron elastic-scattering data and
phenomenological optical-model predictions. The effects
are, however, small and the imaginary spin-orbit depth for
medium mass nuclei at E~-15 MeV has been found to be
between —,

' and —,
' the real spin-orbit depth. ' These re-

sults are based on analyses of elastic-scattering data only.
In the present analysis it was found that while the elastic
predictions were only marginally affected, the inelastic
scattering VAP fits were very sensitive to the parameters
characterizing the imaginary spin-orbit potential. A small
depth and a geometry identical to that of the real spin-
orbit part best reproduce the data.

As stated earlier, we have used a vibrational model for
Ge and a rotational (prolate) model for ~'76Ge. How-

ever, an interesting feature that emerges from the analysis
is that if one interchanges the models, i.e., if one uses a ro-
tational model for Ge and a vibrational model for

Ge, retaining the U, and /3 parameters listed in Table
I, the elastic scattering data are equally well reproduced.
The fits are indistinguishable from those shown in Fig. 1.
On the other hand, neither the cross-section nor the VAP
data for the 2+ inelastic scattering can be reproduced
when the models are interchanged. Two examples, one
for Ge(d, d'); 2+ (solid curve: vibrational and dashed
curve: rotational) and the other for Ge(d, d'); 2+ (solid
curve: rotational and dashed curve: vibrational) are
shown in the upper half of Fig. 7. The predictions are for
the most part out of phase with the data. The characteris-
tic changes in the elastic-scattering data between Ge and

Ge are, therefore, not indications of a shape transition,
but simply show the effect of target excitation on the elas-
tic scattering as described by the second term in Eq. (4) of
Sec. III. The reproduction of the first 2+-state data, how-
ever, is sensitive to the model assumed and shows evi-
dence of a shape transition from spherical to deformed in
the region Ge to Ge.

Calculations were also performed assuming that the de-
formation is oblate instead of being prolate Nei. ther the
elastic- nor the inelastic-scattering data are reproduced by
these calculations. An example is shown for Ge in Figs.
1 and 5 (dashed curves).

At this point, some discussion of the characteristics of
the data for inelastic scattering to other states in the Ge
nuclei is appropriate. Considering the published data
(Ref. 17) on the first excited 4+ states in Ge
(E„=2.160, 1.727, and 1.473 MeV, respectively) one ob-
serves that the data for the three isotopes are almost iden-
tical. The iT&& are negative at all angles of measurement
and neither the magnitudes nor the phases of the oscilla-
tions show any characteristic or systematic isotopic
dependence. Considering the data for the second-excited
2+ states in ' Ge (E„=1.710, 1.466, and 1.210 MeV,
respectively), although a small gradual increase in the am-
plitudes of the oscillations occurs for both o(8) and iT~~
with increasing A, there is no abrupt change in the data
between 3=72 and 74, and in any case, such changes as
exist are within the uncertainties in the data. The scatter
in the data points and large error bars prevent any mean-
ingful comparison of the data for the first excited 0+
states among the different nuclei. Data for the 3 states
(E„=2.570, 2.522, 2.546 MeV for ' ' Ge, respectively)
are also nearly identical in magnitude and phase for the
three isotopes. A small decrease in the amplitude of oscil-
lations of iT&~ at back angles in Ge is within the error
limits of the data points. Data for these additional excit-
ed states in Ge are not available. We thus conclude that,
as far as the cross section and vector analyzing powers for
the states considered are concerned, the sudden changes
between Ge and Ge are exhibited only by the data for
the ground and first-excited states. It is also necessary to
determine the effect of including explicitly more channels
in the CC calculations. The use of a 0+-2+-3 vibration-
al model coupling scheme for Ge or Ge and a 0+-2+-
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4+ rotational model coupling scheme for Ge or Ge
does not affect the results of the CC calculations in any
fundamental way. When these more extended coupling
schemes are used, an increase in /32 between 5%%uo and 10%%uo

provides- a quality of reproduction of the g.s. and 2+-state
data equal to that obtained using the more restricted cou-
pling.

The fits to the 3 state data ( Ge or Ge) are of the
same quality as given in Ref. 17 (cross-section data are
well-reproduced but the VAP are not well fit). The quali-
ty of the fit to the 4+ data ( Ge) using 0+-2+-4+ rota-
tional model coupling was also quite satisfactory.

Nurzynski et al. have investigated the inAuence of
various second-order processes on the elastic scattering of
12 MeV deuterons from ' ' ' Se. They found that
two-step processes involving transfer channels contribute
little to the elastic scattering and almost the entire effect
arises from (d, d') 2+ (d', d). We have assumed this to be
true in the case of the Ge isotopes. Some calculations in-

volving transfer channels .were performed for a lower
bombarding energy and will be discussed in the following
subsection.
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FKJ. 7. Data and CC calculations for the first 2+ excited

state. Cue{1,d') 2+, Ez 16 QeV; solid ——curves correspond to
vibrational-model and dashed curves represent prolate

rotational-model calculations. Cxe(d, d') 2+, Ed ——16 MeV:
solid curves represent prolate rotational and dashed curves cor-

respond to vibrational-model calculations. 7 Ge(p, p') 2+,
E~=11.5 MeV: solid curves correspond to vibrational-model
and dashed curves represent prolate rotational-model calcula-
tions. "Cre(p, p') 2+ E„=11.5 MeV: solid curves represent pro-
late rotational model and dashed curves correspond to
vibrational-model calculations.

On the basis of the preceding discussions it is reason-
able to conclude that as far as the observed anomalies in
the elastic and the 2+ inelastic scattering data are con-
cerned, it is appropriate to consider the elastic channel
and the first 2+ inelastic channel to be sufficient to con-
stitute the P subspace (Sec. III) of the coupled-channel
calculations. Consequently a 0+-2+ coupling scheme has
been adopted throughout.

B. Ed ——8.0 and 6.0 MeV data

At Ed ——8.0 MeV, because of the weakness of the inelas-
tic scattering, only elastic-scattering data could be extract-
ed with reasonable statistical accuracy. The analyzing
powers are an order of magnitude smaller than those at
Ed ——16.0 MeV.

The solid curves in Fig. 2 show the results of CC calcu-
lations assuming a 0+-2+ coupling scheme. We assume
the same g.s. shapes as in Sec. IV A and the U, part of the
potential parameters are listed in Table I. We note that
even the cross-section data show some distinguishability

in going from Ge to Ge for 8, =100'—120' and all
the data are well reproduced by the calculations.

The U, parameters (Table I) for the four isotopes are
quite similar, but not identical. In particular, the real well
depths show considerable fluctuations, especially for "Ge.
Many attempts were made to reduce this fluctuation in a
consistent way, but it always resulted in a deterioration of
the fits. It is to be noted that most of the global sets of
conventional optical model parameters ' are prescribed
for higher energies, and little in the way of systematic
studies exist for energies near the Coulomb barrier.

Other characteristics of the U, parameters are the rela-
tively large values of r; and a; compared to those at 16
MeV. Even a conventional optical model analysis of the

Ge(d, d), Ed ——8 MeV data (i.e., U,'&, ) requires r;=1.70
fm and a;=0.88 fm, although such a large r; value is not
ruled out in a global prescription by Hodgson. In Sec. I,
we have mentioned the work of Wong and Quin on
deuteron scattering from even-even Ni isotopes and from
other nuclei in the f @shell at energies ne-ar the Coulomb
barrier. Analyses of these data using an optical model
(Uo&, ) show that the data and, in particular, the one-
signed behavior can be reproduced using relatively large r;
and a; values (r; —= 1.7 fm, a;=0.9 fm).

In the study of heavy-ion elastic scattering near or
below the Coulomb barrier, the effect of strongly-coupled
inelastic channels upon elastic scattering has been studied
in detail. ' Analyses in terms of coupling to the
Coulomb-excited 2+ state provide a satisfactory explana-
tion of the data. An alternative description would be to
use additional terms in the optical potential which arise
from two-step contributions to elastic scattering. A long-
range imaginary potential approximating the effect of
Coulomb excitation has been derived. '

One expects that when the appropriate couplings are in-
cluded in the analysis, the parameters characterizing U,
will become smooth and will probably be of conventional-
ly accepted magnitude. At Ed (8 MeV, inelastic scatter-
ing to the 2+ state is weak and a large fraction of the total
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reaction cross section may be attributed to transfer reac-
tions. In a recent paper, Tostevin and Johnson show
that coupling to weakly-bound neutron transfer channels
can produce large changes in the elastic VAP at sub-
Coulomb energies. For the Ge nuclei, no informa-
tion on weakly-bound-neutron states exists in the litera-
ture. In the present experiment, no such states with large
cross--section were observed in the proton spectrum. In
the absence of any information, model calculations were
done using the coupling scheme

(d, d)+(d, d') 2+(d', d)

+Coulomb excitation +(d, p) —', (p, d) .

A neutron binding energy of 0.200 MeV and values of the
spectroscopic factors as large as 0.25 were assumed. Cal-
culations were performed using the code cHUcK. 2,""using
a vibrational model for Ge and a rotational model for

Ge. The inclusion of the transfer channel in the cou-
pling scheme had a small effect on the predictions and
does not affect our conclusions. Model calculations using
a 0+-2+-3 vibrational coupling scheme for Ge and a
0+-2+-4+ rotational scheme for Ge showed no signifi-
cant differences from those employing the 0+-2+ cou-
pling scheme.

A complex spin-orbit potential was necessary to repro-
duce the VAP data, particularly the dips around 80' and
120' c.m. The imaginary depths are approximately one-
half of the real depths. This is in agreement with the re-
sults of Refs. 36 and 37 but, in the absence of inelastic
scattering data, the significance of this agreement is not
clear.

An interesting feature of the analysis is that, unlike the
Ez ——16 MeV ease, the elastic scattering appears to be sen-
sitive to the model used. Calculations were performed by
exchanging the models, i.e., assuming a rotational model
for ' Ge and a vibrational model for ' Ge, without
altering the U, and P parameters. Two examples (for
2Ge and Ge) are shown by the dashed curves in Fig. 2.

Calculations were also carried out using, for example, the
Ge potential and a rotational model for Ge, and the
Ge potential and a vibrational model for "Ge. In the

Ge cases, calculations were also performed assuming
an oblate deformation. This is shown for the case of Ge
in Fig. 2. It is seen that only the solid curves, where

Ge are assumed vibrational and ' Ge are assumed
rotational, fit the data.

The sensitivity of the fits to the model used, which is
observed at this energy, is not completely understood.
The calculations are also quite sensitive to the potential
parameters. As noted above, the parameters show some
Auctuations which could not be avoided. There may also
be some cancellation between the amplitudes correspond-
ing to coupling to reaction channels not included in the
calculations. These effects may be small, but the observed
analyzing powers are also small in magnitude, and the cu-
mulative effect may be substantial. In the absence of a
more detailed investigation, the conclusion that at 8 MeV
the elastic scattering analyzing powers show a nuclear
shape dependence is to be considered tentative.

Measurements at E~ ——6.0 MeV shown in Fig. 3 are of

an exploratory nature and are incomplete. The main pur-
pose in making these measurements was to obtain a quali-
tative idea of the energy dependence of the VAP. The
characteristics of the data are similar to those at 8 MeV.
Calculations employing the same potential parameters
used in the analysis of the 8-MeV data are in qualitative
agreement with the data of Fig. 3. No attempt has been
made to further analyze these data.

C. E~ =11.S MeV data

Figs. 4 and 6, respectively, show the results of CC anal-
yses of the (p,p) and (p,p') data at E~=11.5 MeV. The
solid curves correspond to vibrationa1-model calculations
for ' Ge and to rotational-model calculations for

Ge, using the 0+-2+ coupling scheme. Table I con-
tains the U, and P parameters used. The elastic-
scattering data are quite well reproduced by the calcula-
tions and the inelastic-scattering data are fairly well fit.
The phases of oscillation in the VAP are in good agree-
ment with the measured values, but the magnitudes at for-
ward angles are underpredicted by the calculations.

The U, parameters for the four isotopes are again quite
similar (Table I). Small systematic variations in the cen-
tral potential depths are well within the (X—Z) depen-
dence of a conventional U,~, .

' In the case of ' Ge, the
use of a small imaginary spin-orbit component improves
the overall reproduction of the data. Both the magnitude
(0.3 MeV) and the negative sign of this component are in
good agreement with those predicted by Brieva and
Rook from a microscopic optical model.

As for the Ez ——16 MeV data, if we interchange the
models, i.e., use a rotational model for ' Ge and a vibra-
tional model for ' Ge, retaining the U, and P parame-
ters, the proton elastic data including the qualitative
differences at extreme back angles are equally well repro-
duced. The calculated results are nearly identical to the
solid lines in Fig. 4. Here again, the observed anomalies
in the elastic-scattering data can be understood on the
basis of the discussion in Sec. III and seem to be relatively
insensitive to the g.s. shapes. However, the reproduction
of the 2+ inelastic-scattering data, especially the VAP, is
sensitive to the model adopted. In particular, the sharp
rise of the VAP beyond 120' c.m. and the shoulder at
—140' c.m. for * Ge and the oscillatory dip between
130' and 165' c.m. for ' Ge cannot be reproduced if the
models are interchanged. Two examples of this, one for

Ge(p, p'), 2+ (solid curves: vibrational and dashed curve:
rotational) and the other for Ge(p, p'), 2+ (solid curve:
rotational and dashed curve: vibrational), are shown in
the lower half of Fig. 7. The inelastic proton scattering
data thus also provide evidence of a shape transition in
the region Ge to Ge.

Although proton inelastic scattering data for other ex-
cited states were not extracted, sample calculations were
performed including the 3 -state coupling in Ge and
4+-state coupling in Ge. By increasing the value of P
between 3% and 5% in these calculations, equally good
fits as those obtained using the 0+-2+ coupling were
achieved. For 7"* Ge, the use of an oblate deformation
does not reproduce either the elastic- or inelastic-
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scattering data.
Tamisier et al. and Ramstein et a/. have reported

cross-section angular-distribution measurements of
Ge(p, p') and Ge(p, p'), respectively, at E„=22 MeV.

These authors performed CC analyses of the data using a
vibrational-model description. While the data for the 2&+

and 3 states are quite well described, those for the first
4+, second 2+, and excited 0+ states are not well fit. Our
measurements and analysis have shown that most of the
structure-dependent characteristic features are contained
in the analyzing powers, but unfortunately such data are
not available at E~ =22 MeV. In the case of Ge(p, p'),
CC calculations were also performed employing the
asymmetric rotor model (ARM). Calculations were per-
formed for the first 2+ and 4+ and second 2+ states. The
calculations show that the main improvement provided by
the ARM is in the reproduction of data for the 4+ and
the second-excited 2+ states. A y parameter somewhat
different from those obtained from Coulomb-excitation
measurements was required to fit the second 2+ state
data. For the first 2+ state, which is of main interest in
our analysis, the improvement in reproduction of the data
provided by the ARM is marginal. The predictions of the
elastic scattering cross sections do not depend in any sig-
nificant way on the detailed description of the collective
states assumed in the CC calculations.

In a recent paper Delaroche et al. have reported
cross-section and VAP angular-distribution measurements
for ' ' ' Se( p, p') at E~ = 16 MeV. It is important to
point out that while both the Se and Ge nuclei occur in
the same mass region, both proton and deuteron elastic
and inelastic-scattering data for these nuclei show quite
different characteristics. The measurements of Ref. 47
show the following: (1) At E~ = 16 MeV, the (p,p)
analyzing-power data for the four isotopes are almost
identical; (2) an earlier measurement at E~=12 MeV
showed a systematic increase in amplitude of the oscilla-
tions of Az with mass number, but in agreement with that
expected from the A dependence of global optical-model
potential parameters; ' (3) the A~ data for inelastic
scattering to the 2+ state at Ez ——16 MeV are near1y iden-
tical for the four isotopes, except in the angular range
90'—120. This is in contrast to the Ge data, where one
observes sudden changes in both the elastic and inelastic
(2~+) analyzing-power data at E~=11.5 MeV. In addi-
tion, as pointed out in Sec. III, the deuteron elastic- and
inelastic-scattering data for the Ge isotopes are completely
different from those of the Se isotopes at comparable in-
cident deuteron energies. The data of Ref. 47 have been
analyzed in the CC framework assuming the vibrational
model (VM), the rotation-vibration model (RVM), the
asymmetric rotor model (ARM), and its extension to /3-

vibration states (EARM). It is seen (Figs. 3—6, 11, 12, 13,
of Ref. 47) that (1) the data for the 4+ state are not well
reproduced by any of the calculations; (2) the data for the
only resolved excited 0+ state in Se are not reproduced
by the EARM calculations; (3) the data for the second ex-
cited 2+ states are fairly well reproduced by the ARM
model assuming a y value smaller than that obtained
from Coulomb excitation measurements; (4) the elastic
and the first 2+ state data are almost equally well repro-

duced by all of the calculations, although none of the cal-
culations reproduce the 2+ analyzing-power data in ' Se
in the angular range 90'—120'. It is interesting to note
that Szaloky et al. ' were able to fit the Ge(d, d') data for
the second 2+ state fairly well using the vibrational
model. The Ge (22+, 1.710 MeV) data were fairly well
reproduced assuming it to be a pure two-phonon state. In
order to reproduce the Ge (2+, 1.210 MeV) data in the
VM, a one-phonon component in the transition amplitude
was needed in addition to the two-phonon part. The
necessity of including a one-phonon component in this
case is consistent with our conclusion that the vibrational
model is inappropriate for Ge. For Ge (22+, 1.466
MeV), the analyzing-power data are well reproduced as-
suming the state to be a pure two-phonon state. The
cross-section data, however, are not well reproduced.

The calculations of Refs. 46 and 47 thus show the
ARM predictions to be nearly identical with VM predic-
tions for the Ge and Se isotopes as far as the g.s. and first
2+ states are concerned. Our analysis clearly shows that
VM calculations cannot reproduce the inelastic deuteron
analyzing-power measurements for the first 2+ state in
" Ge and Ge. The assumption of a change in shape be-
tween Ge and Ge explains the characteristics of the
data. An analysis employing more extended models such
as the ARM or the rotation-vibration model would re-
quire high-quality analyzing-power data for inelastic
scattering to the 4&+, 2&+, and 02+ states, and these data are
as yet unavailable.

D. General comments and discussion

Sherif and Blair have demonstrated the importance of
including a spin-orbit deformation of the full-Thomas
form in the interaction potential. Their investigation and
several others ' ' propose the use of a spin-orbit deforma-
tion substantially greater than the deformation of the rea1
potentiaI, in order to improve the quality of reproduction
of the proton inelastic-scattering data, for example. Cal-
culations performed with /3„=2/3„, ~

did not yield any sig-
nificant improvement, in the fits either for the deuteron or
the proton scattering cases. This observation is in agree-
ment with the results of Refs. 9 and 10. In fact, the pre-
dictions are quite insensitive to whether the spin-orbit
part of the potential is considered to be deformed or not.
All calculations reported in this paper, however, have
been performed using a full Thomas form of the spin-
orbit potential. In addition, since the deformation lengths
for each component of the potential were held constant
and the spin-orbit radius parameter is of smaller magni-
tude than its real central counterpart, in effect P„ is larger
than P„,t.

The P values obtained from the deuteron scattering data
are approximately 10% smaller than those of Ref. 17.
However, as discussed in Sec. IVA, the P values increase
when more channels are included in the coupling scheme
and come to reasonable agreement with those of Ref. 17.
The deformation parameters obtained &om analysis of the
proton scattering data are approximately 10% lower than
those of Ref. 26. These disagreements are within the nor-
malization differences between the present measurements
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and those of Ref. 26, as discussed in Sec. II. We also note
that the P values obtained from the 16-MeV deuteron data
are 10—15% lower than those obtained from the 11.5
MeV proton scattering data. A remeasurement of the
cross-section data shows that the difference is not con-
nected with any discrepancy in the normalization con-
stants. A number of investigations have yielded a
deformation parameter for nuclear neutrons in general
different from that of protons. This difference results in
a dependence of the measured deformation parameter on
the external field which produces the transition. The ob-
served differences between P2 (protons) and P2 (deuterons)
may be indicative of the probe dependence of nuclear exci-
tation.

The abrupt change in the analyzing-power data in the
region Ge—Ge that we have observed is not the only
indication of a shape transition in these nuclei. Two-
nucleon stripping and pickup reactions on even-even Ge
nuclei have been studied extensively; ' It is ob-
served that the cross section for populating the first-
excited 0+ state varies dramatically from isotope to iso-
tope. This state is populated in the (p, t) reaction with
about 30% of the ground state strength, and the strength
is strongly peaked at n =40. In the case of the (t,p) reac-
tion, the maximum cross section for this state is about
25% of that of the ground state transition, and the ratio is
strongly peaked at X =42 for the final nucleus. Similar
discontinuities at %=40 have also been observed in other
nuclear reactions. ' In the study of the (d, He) reaction
on the even isotopes of Ge, for example, Rotbard et al.
found that the ground-state proton occupation number ex-
hibits anomalous behavior between Ge and Ge.

Attempts have been made to understand the nature of
these abrupt changes from both microscopic ' and mac-

, roscopic ' points of view. The microscopic approaches
are based on orthogonality of the 0+ ground and first-
excited states in either the neutron ' or proton configu-
rations. Becker et al. have analyzed the angular distri-
butions for (p,t) reactions to 0+ states in even Ge isotopes
at sub-Coulomb triton energies in the framework of CC
calculations. The form factors were determined from
simple shell-model wave functions with Ge considered
as an inert core, and the remaining neutrons occupying
only 2p&&2 and 1g»2 subshells. Their calculations provide
a fairly good description of the 0+—+0+ transitions in

Ge(p, t), but other experimental facts, particularly
the results of single-proton transfer reactions, which led to
the introduction of orthogonal proton configurations, are
not easily explained. A recent analysis using the in-
teracting boson model (IBM) reproduces quite well the
general trend in the (t,p) and (p, t) data as a function of
mass number.

From a macroscopic point of view, the characteristics
of the transfer-reaction data indicate a shape transition
between %=40 and 42. Since the maxima in the cross
sections leading to the first-excited 0+ state observed in
both the (p,t) and (t,p) reactions do not occur for the same
final nuclei, but for nuclei differing by two mass units, it
is reasonable to eliminate the possibility of a subshell clo-
sure at %=40. Comparison of the results in this mass re-
gion with other transitional regions suggests a shape tran-

sition. A summary of the experimental data obtained in
Coulomb excitation and two-nucleon transfer-reaction
measurements has been presented by Lecompte et al. ,
and a consistent picture emerges from the data if the ex-
istence of a shape transition is assumed. The measure-
ments and analysis reported in the present paper support
the concept of a shape transition between Ge and Ge.

V. SUMMARY AND CONCLUSIONS

Cross-section and vector-analyzing-power measure-
ments have been carried out for ' ' ' Ge(d, d) at
Ed 16 and ——8 MeV, (d,d') 2+ at Ed 16 M——eV, (p,p) and
(p,p') 2+ at E~ = 11.5 MeV, and measurements of

Ge(d, d) at Ez ——6 MeV are reported. The data have
been analyzed using the coupled-channels formalism as-
suming a collective-model form factor. Most of the cal-
culations were performed using a 0+-2+ coupling scheme.
The elastic-scattering data for Ge are nearly identical,
as are those of ' Ge. However, there is a sudden transi-
tion in the cross-section shapes and the amplitudes of os-
cillations of the VAP as one goes from Ge to Ge. The
inelastic-scattering data also show near identity for Ge
and Ge, but differ from the ' Ge data, which are near-
ly identical. In the case of deuteron inelastic scattering,
the main difference between ' Ge and "' Ge data
occurs in the phase of the VAP oscillations. For proton
inelastic scattering, considerable difference also exists,
particularly at the back angles. Calculations were per-
formed using a vibrational model for ' Ge and a prolate
rotational model for Ge. Essentially all of the data
are well reproduced by the calculations. The analysis
shows that the characteristic features of the elastic-
scattering data of Ed ——16 MeV and E~=11.5 MeV @re
not by themselves particularly sensitive to the ground
state shape of the nuclei. The inelastic-scattering data,
however, are sensitive to the model assumed, and, within
the framework of the CC calculations, can be reproduced
only by assuming that the nuclei ' Ge are vibrational
while ' Ge are rotational, suggesting a shape transition
between Ge and Ge. At the lower bombarding ener-
gies investigated, the deuteron elastic-scattering analyzing
powers are smaller by an order of magnitude than those
observed at 16 MeV, but show characteristics similar to
the higher-energy data.

We note that Ge shows a 0+-2+-4+ triad at approxi-
mately twice the excitation energy of the first 2+ state.
The 0+, first 2+, and first 4+ excitation energies do not
precisely satisfy the I(1+1) rule characteristic of well-
developed rotational bands. These nuclei are complex and
no simple model or, for that matter, no one model is ex-
pected to unravel all the structure information of the
states. There are features in these nuclei which imply evi-
dence of shape coexistence and the existence of noncollec-
tive states. Our analysis is not powerful enough to discern
all these aspects. However, the present analysis is in-
herently simple and provides a satisfactory overall
description of a fairly large data set.
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