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Inhuence of nuclear dynamics on neutron scattering from ' Pt
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Measurements of neutron differential scattering cross sections at 4.55 MeV, and of neutron total
cross sections at low energies have been made with an isotopically enriched sample of ' Pt. These
results are combined with earlier neutron scattering data measured at 2.5 MeV in a consistent set of
coupled channels analyses based on the low-lying collective excitations of ' Pt. The results of these
measurements and analyses extend the tests of the collective character of ' Pt, and show the strong
relationship between scattering and the dynamics of nuclear excitations. We are able to discriminate
amongst different models which have been offered to interpret the low-lying structure of this nucleus.
Some information from an associated 8 MeV neutron scattering experiment is also included; the en-

tire neutron data set allows us to determine that the strength of the real scattering potential has a
nonlinear neutron energy dependence, and further that its geometry must be energy dependent.

I. INTRODUCTION

Recent studies of neutron scattering from heavy collec-
tive nuclei, ' have been designed to probe the extent to
which the effects of different collective excitations can be
separately determined for each collective level, particular-
ly for those levels which are not the most strongly excited
ones. As noted. in earlier studies' the very strong cou-
pling to quasi-ground-state band, or to one phonon vibra-
tional excitations, has been an important source of infor-
mation about those excitations. ' The sensitivity of neu-
tron scattering observables to excitations other than these
strongest inelastic excitations is not clear. There is also
the point that for some nuclei neutrons may provide exci-
tation strengths different from those deduced with other
probes. ' That seems to be the case for ' Pt, yielding
valuable constraints on the roles played by target neutrons
and protons. The question of excitation strengths found
in scattering with different hadrons is explored most
directly in another report.

The usefulness of working in the Os and Pt regions
when testing sensitivity to non-ground-state band excita-
tions was mentioned in an earlier study of ' Pt. The y-
band excitation strengths and collective character vary
rapidly through this set of nuclei. ' The present report
extends the study of excitations in ' Pt first presented in
Ref. 2, and other reports will present results for other nu-
clei of this mass region. In Ref. 2 differential elastic and
inelastic scattering cross sections at a neutron energy
E„=2.5 MeV and limited information from total cross
sections had provided tests of several structure models.
Total cross sections had been available for energies be-
tween 1.8 and 20 MeV, but only for natural abundance
Pt, and with rather large uncertainties. Additional total
cross section data exist from a much older data set, which
extended total cross sections to nearly 30 MeV.

The earlier study of Pt nuclear structure effects on neu-
tron scattering, Ref. 2, showed that y-unstable models,
such as the interacting boson approximation (IBA) near
the O(6) subgroup limit, or the dynamic deformation

theory (DDT) of Kumar, gave results consistent with the
cross sections while asymmetric rotor models (ARM' s)
did not. Indeed, there are at least half a dozen models in-
terpreting the bound state structures in the Os —Pt region,
all presenting interpretations in terms of varying degrees
of y softness, and several could describe those measure-
ments within uncertainties.

In this work we present new measurements of neutron
differential scattering cross sections and total cross sec-
tions, all measured with a sample of high isotopic enrich-
ment' in ' Pt. The total cross sections span the energy
interval from 300 keV to 4 MeV, and the differential
scattering cross sections are measured for E„=4.55 MeV.
Older studies" show that low energy total cross sections
are especially sensitive for testing coupling between
scattering channels. Analyses completed in this work
show that the 4.55 MeV elastic scattering cross sections
are particularly sensitive to the scattering geometry. They
are also particularly sensitive to the strength of the real
part of the optical potential, and to the couplings between
scattering channels. These heightened sensitivities reAect
the fact that 4.55 MeV is a low energy, where sensitivity
to channel couplings is known' to be high; but the ener-

gy is still high enough that compound nucleus cross sec-
tions, which are structure insensitive, are negligible.
Direct coupling between scattering channels is the only
important reaction mechanism.

As in the previous study, interpretation of these new
data in terms of coupled channels models shows that only
y-unstable or y-soft models could possibly describe the
measurements. Further, even discrimination among the
different y-unstable and y-soft models is now possible,
particularly because of the new, accurate set of total cross
sections. We show also that this new, sensitive interpreta-
tion of neutron scattering is completely consistent with
the earlier data set; in fact, we are now able to present a
better description of the earlier data.

Finally, while the combined analyses of all of these data
sets were being completed, a new experiment providing 8
MeV neutron scattering cross sections was in progress at
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the Centre d'Etudes de Bruyeres-le-Chatel' (BRC).
Combining a little of the data from that extensive study
with the data of Ref. 2 and the present measurements en-
ables us to draw some surprising conclusions about the
energy dependence of the scattering potential. We find
that a nonlinear energy dependence of the real potential
strength is required at low neutron energies and, further,
that its scattering geometry must be energy dependent.

II. METHODS AND PROCEDURES

A. Experimental methods

While many new measurements are provided in this
study, the focus of this report is on analysis and interpre-
tation of scattering cross sections from several scattering
experiments in terms of nuclear structure models. Hence
the description of experimental methods will be brief.
This is appropriate, since the experimental methods have
been well detailed in previous publications from this labo-
ratory. ' ' The particular methods and geometry used
for measurements of differential scattering cross sections
with the rather small powdered metal sample of isotopi-
cally enriched ' Pt were described and illustrated in Ref.
2. The 0.2 mol sample was mounted 8.4 cm from the
center of a tritium (T) gas cell; the H(p, n) He reaction
was used as the source of the 4.55 MeV incident neutrons.
The shielded neutron scintillation detector was mounted
3.7 m from the sample for time-of-fiight (TOF) separation
of neutrons scattered to the different levels of ' Pt.
Scattering was observed to the first three members of the
quasi-ground-state band and the 2+2 level. The total ener-

gy resolution of the neutron TOF spectra was approxi-
mately 110 keV.

The total cross section measurements required particu-
lar care, in order to avoid problems associated with nor-
mal position instabilities of the accelerator beam since the

Pt sample was quite small, a cylinder only 1.28 cm in
diameter by 1.54 cm long, with a total ' Pt mass of 40 g.
For the total cross section measurements the ' Pt cylin-
drical sample was mounted with its axis on that defined
by the proton beam entering the tritium gas cell, and 1.5
m from the end of the cell. The neutron detector was
centered in the main scattering shield illustrated in Fig. 1

of Ref. 2, and at a distance of 3 m from the tritium cell.
Thus the sample was equidistant from the shielded detec-
tor and from the neutron source. For these measure-
ments the detector was a 5 cm diam by 5 crn thick liquid
NE218 scintillator. The mouth of the detector shield con-
tained a brass collimator with a 2 cm diam aperture, to
reduce entry of scattered neutrons into the shield and
preserve good geometry. The neutron collimation system
between source and sample included a "forced reflection"
collimator of the type proposed by Spencer. '" The colli-
mator included 7.65 cm thick bafBes of Cu and Pb, to-
gether with the two element forced reflection collimator of
Li2CO3 loaded paraftin. ' The entire collimator was
about 1.5 m long; that is, it essentially filled the space be-
tween the neutron source and the samples. The collima-
tion system has an effective aperture diameter of 0.8 cm,
and the entire system is housed inside a 2.5 ton shield

also made of Li2CO3 loaded paragon. Components of the
cylindrical system were aligned on the beam-defined axis
to within 0.5 mm with a laser beam. A full description of
the system and measurement procedures is contained in
the dissertation of one of the authors. '

The largest problem with the total cross section data
stemmed from position uncertainties of the proton beam
in the T-gas cell. The beam is focused into the cell with a
90 Mobley bunching magnet, and current regulation for
that magnet was discovered to be less than optimum dur-
ing the experimental runs. Magnet current was thus
monitored and corrected manually; residual errors made
the most important contribution to uncertainties. In-
scattering effects were calculated using the method de-
scribed in Ref. 16. These corrections were found to be(0. 1% and were thus considered to be insignificant.
Corrections were made for the effects of resonance or
sample self-shielding these corrections were found to be
negligible above 1 MeV incident neutron energy. Total
uncertainties amounted to about 2%%uo per point cross
sections were verified by simultaneously measuring the to-
tal cross sections of carbon, which are known to better
than 1% in the energy range of this experiment.

B. Analysis procedures

As in previous studies, low energy scattering proper-
ties, such as strength functions and scattering lengths,
were constraints in fixing the scattering potentials. In ad-
dition, we had the new total cross sections shown in Fig.
1. The measurements cover the energy range from 300
keV to 4 MeV. These data are very important in fixing
the scattering potentials for different neutron energies. In
the region of overlap of our separated isotope measure-
ments and the natural sample measurements of Poenitz
et al. , the two data sets agree within experimental uncer-
tainties. Hence the natural abundance, lower precision
cross sections from Ref. 8, plotted in Fig. 2, and those of
Ref. 9, were used to extend the potential determination up
to 30 MeV. The greatest sensitivity to potential and
structure model, however, is found in total cross sections
from 300 keV to about 2.5 MeV, and in the elastic
scattering cross sections at 4.55 MeV.

The procedure followed in calculating scattering cross
sections included choosing a collective structure model
which has been tailored to fit the level energies and elec-
tromagnetic transition rates of ' Pt. The E2 and E4 ma-
trix elements of that model, which represented the
gamma-ray transitions between levels and E2 moments of
bound levels, were then used to fix the relative coupling
strengths between scattering channels. Six low-lying col-
lective levels of ' Pt were included in the coupled chan-
nels (CC) model space, the first three levels of both the
ground state and y bands. However, most CC calcula-
tions were done only with the five natural parity levels,
since the 3+ level affected other level calculations negligi-
bly.

For a scattering analysis each structure model must be
combined with a scattering potential whose parameters
are varied to optimize the description of all scattering data
within the context of that model. All CC analyses were
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FIG. 1. Neutron total cross section data for ' Pt along with two model calculations. The solid curve is from the DDT, while the
dashed curve would be representative of either the ARM or IBA-2.

carried out using the computer code' ECIS79. Special
handling routines had been developed here to use total
cross sections as a function of neutron energy and
differential elastic scattering cross sections as input infor-
mation to automatic search routines of ECIS79. Scattering
potential parameters were varied in multiparameter and
single parameter searches to find the best representation
possible within the context of the particular structure
model chosen to represent the bound levels of ' Pt. De-
cisions as to best fits were always made through visual in-
spection of calculated and measured cross sections, as
well as noting chi-square values from the search pro-
cedures. Although compound system (CS) cross sections
were almost negligible for these purposes, no more than
about 0.5 mb/sr for any single level at an incident neu-
tron energy of 4.55 MeV, they were carefully calculated
and included using models and procedures described ear-
lier. These calculations are accurate to about 10%%uo, which
means uncertainties in them are insignificant as regards
the present coupled channels models tests.

III. NEUTRON SCATTERING: RESULTS
AND INTERPRETATIONS

The measured total cross sections and some model cal-
culations are shown in Figs. 1 and 2. The points in Fig. 1

are measured with the sample enriched to 96% in ' Pt;
total uncertainties are indicated. The points of Fig. 2 are
from recent measurements using natural abundance Pt.
Since our new measurements of Fig. 1 extend to 4 MeV,
we have useful total cross sections up to 30 MeV incident
energy, with the proviso that above 4 MeV the data are
only for natural Pt. The natural abundance cross sections
of Poenitz et al. are in good agreement with the present
results of Fig. 1 for ' Pt. The solid curve shown in Fig.
2 is an extension of any of the model calculations which

provide a good fit to the data of Fig. 1. As expected,
these total cross sections tell us a great deal about the ap-
plicability of different models. An unexpected finding is
that these data also serve to provide important constraints
on the energy dependence of scattering potential parame-
ters, to be discussed later.

The elastic scattering differential cross sections for an
incident neutron energy of 4.55 MeV are shown in Fig. 3
with calculations of three models. Two of them gave re-
sults too similar to each other to separate in Fig. 3. The
model tests are discussed separately below. Several of the
models are sufficiently similar that the potentials needed
with them are also rather similar; others require distinct
potentials. As noted earlier, the different nuclear struc-
ture models are characterized, for present analytical pur-
poses, by the sets of E2 and E4 matrix elements which
connect levels of the target nuclei to each other through
gamma-ray transitions. The interacting boson approxima-
tion with separate boson parameters for protons and neu-
trons' ' (IBA-2), and Kumar's dynamic deformation
theory ' (DDT) provide E2 matrix elements which are
quite similar to each other for ' Pt. The matrix elements
for these and several other models are listed in Table I. It
is not surprising that different models provide similar E2
matrix elements, since all provide reasonable descriptions
of level energies and gamma-ray spectra of the same nu-
cleus. Finally, there is a set of E2 matrix elements in
Table I, labeled CE, which comes from model indepen-
dent analyses of Coulomb excitation experiments per-
formed with several different heavy ions. Any of these
models, or the CE results, can be tested in scattering.
The model tests to be presented here are not very sensitive
to the set of E4 matrix elements used. All of the model
calculations included both E2 and E4 matrix elements,
but most of the following discussion focuses on the sensi-
tive E2 matrix elements.
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FIG. 2. Neutron total cross sections for natural Pt taken from Ref. 8. The solid curve is representative of any of the better models

discussed, i.e., DDT, IBA-1, or y-soft. The dashed curve comes from the CE reduced matrix elements.

A. Asymmetric rotor model (ARM)

The ARM, fitted to transition rates and energy levels,
had failed badly to fit the elastic scattering differential
cross sections at 2.5 MeV incident neutron energy. The
new total cross section data of Fig. 1 constrain the scatter-
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ing potential more than before, and the failure reported
at 2.5 MeV now becomes more pronounced. The best
description of total cross sections achieved was that of the
dashed curve of Fig. 1. The elastic scattering diffraction
pattern is shifted forward of the scattering data of Fig. 3
of Ref. 2 noticeably more than shown there, where it was
already forward of the measured pattern. In contrast, this
same ARM leaves a calculated pattern shifted behind the
elastic scattering data at 4.55 MeV, as shown by the
dotted-dashed curve of our Fig. 3. The calculated total
cross sections shown in Fig. 1 as the dashed curve are
well above the data from 0.5 to 2.0 MeV. It is important
to note that these three comparisons are the best that can
be done after extensive searches on potential parameters.
They are approximately insensitive to small changes in the
coupling parameters P2 or y of the model. Wu and
Cline also have found that the ARM is quite incon-
sistent with their extensive Coulomb excitation results.

b
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FIG. 3. Neutron elastic scattering differential cross sections
from ' Pt. The uncertainties would be smaller than the data
points. The solid curve is from the DDT with altered 2f quad-
rupole moment as discussed in the text. The dotted-dashed
curve is from the ARM. The IBA-2 model would give results
very close to the solid curve.

B. IBA-2 and DDT models

Two IBA-2 descriptions have been developed for ' Pt:
an early version by Bijker and Dieperink' and a revision
of that description three years later. The earlier ver-
sion' and the DDT model ' have many similar E2 ma-
trix elements, as shown in Table III of Ref. 2. Both mod-
els had been found adequate as descriptions of neutron
scattering at 2.5 MeV. Matrix elements of the DDT and
the newer IBA-2 description are presented in Table I;
the newer IBA-2 model will be tested in the present anal-
yses, although there are clear reasons to prefer the first
form of the IBA-2 model to the newer one. First, the ear-
lier' IBA-2 description contained the smallest quadru-
pole moment for the 2+~ level, most consistent with recent
measurements. ' Second, the sign of the very small
E2(0+~~2') matrix element is correctly reproduced in
the earlier version, but not in the newer version; this
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TABLE I. E2 matrix elements of several di6'erent models for levels and transition rates in ' Pt. The
acronyms heading different columns (for different models) are defined in the text. All levels are even
parity.

CE IBA-2
IBA-1

(~=0.04) (~=0.54) DDT y-soft

Ol

Ol

2]
2l
2i
4l
22

2]
22

2]
4l
22

4)
22

—1.0
—0.074
—0.407
—1.614
—1.255
—0.764

0.415

—1.0
—0.101
—0.54
—1.655
—1.317
—0.748

0.498

—1.0
0.0046

—0.014
—1.551
—1 ~ 156
—0.013

0.014

—1.0
0.063

—0.196
—1.552
—1.142
—0.175

0.196

—1.0
0.053

—0.5
—1.672
—1.145
—0.67

0.43

—1.0
0.0
0.0

—1.654
—1.233

0.0
0.0

sign is very important for fitting our total cross sections.
The total cross sections at low energy constrain the

scattering potential, so that our present analyses with the
new IBA-2 model produce a chi-square value (P ) for
the 2.5 MeV elastic scattering data which is at least twice
the value found in Ref. 2, and also more than twice the
value for the best models tested in the present analyses.
The elastic scattering description of the IBA-2 model at
4.55 MeV (not shown) would be worse than the solid
curve of Fig. 3. The first minimum is too deep, and the
second too shallow. The total cross section calculation is
represented by the dashed curve of Fig. 1, very similar to
that of the ARM. As before, the potential parameters
have already been adjusted to optimize the fit to the data
of Figs. 1 and 3. Thus we see that the calculations for
this ISA model fail about as badly, particularly for the to-

tal cross sections, as do those for the ARM. The inelastic
scattering cross sections calculated and measured at 2.5
MeV are shown in the left-hand panel of Fig. 4 as solid
and dashed curves for the 2+~ and 2+2 levels, respectively.
This is close to the calculations shown in Ref. 2, and they
are low at forward angles. The failure of the total cross
section calculations and the poor 4.55 MeV differential
scattering calculations suggest that the revised IBA-2
model does not provide an adequate description of the nu-
clear dynamics of ' Pt.

Calculations with the DDT model of Kumar ' are the
first to be presented here which provide a rather good
description of the neutron scattering data at all energies.
Calculations were done with the model as presented in
Table I, and also with minor modifications made to it.
Those to be shown include one slight modification to the
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FIG. 4. Inelastic neutron scattering cross sections from the first two 2+ levels at 2.5 and 4.55 MeV. The solid curves are all
representative of the DDT, as modified to fit the experimental 2& quadrupole moment. The dashed curves are from the IBA-2 and are
sometimes not distinguishable from the solid curves. The dotted dashed curv-e is from the DDT using P2= —0. 16, as discussed in Sec.
III F.
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reorientation E2 matrix element of the 2+~ level. In all
realistic models this element must be, and is, small, a re-
sult of the accidental cancellation of large contributions to
the matrix element. The small value of Table I was re-
placed by an even smaller value, M2(E2; 2+~ ~2+~ )

= —0.200. This modest change puts the quadrupole mo-
ment of the first 2+~ level, Q (2+i) =0.18 e b, in agreement
with the most precise pair of measured values of
0. 14+0.03 e b.

There are four recent measurements of the 2+~ quadru-
pole moment, three from reorientation terms in Coulomb
excitation experiments and one from p-mesic atomic
spectra. The result of Chen et al. comes from a care-
ful reexamination of Coulomb excitation in ' Pt, repeat-
ing an earlier, less accurate measurement. This result is
in good agreement with the p-mesic atom result, whose
interpretation has little model dependence. Two other
Coulomb excitation experiments ' yield Q (2+i ) values
still small, but 2.5 times larger than the cited pair. Our
neutron scattering analyses show a clear preference for the
smaller average of the pair of results cited above, the
value Q(2+i)=0. 14 e b. Adopting the revised reorienta-
tion matrix element is an insignificant model change, but
has a marked effect on scattering cross sections, to be not-
ed later.

The DDT fit to low energy total cross sections is shown
as the solid curve of Fig. 1, an excellent result. This fit

continues to 10 MeV, as shown with the solid curve of
Fig. 2, and to 30 MeV in Fig. 5 of Ref. 2. Continuing the
fit to 30 MeV is important to characterize properly the
higher energy dependence of the scattering potential. The
fit to the 2.5 MeV elastic scattering data (not shown here)
is good. The comparison at 4.55 MeV is shown in Fig. 3
as the solid curve. The problem of fitting in the minima is

partially (although not entirely) alleviated. Calculations
for the 2+~ level are shown in the right-hand panel of Fig.
4 at 4.55 MeV, again as the solid curve, providing an ex-
cellent description of the measurements. Also shown in

Fig. 4, the dotted-dashed curve, is the result of lowering
the quadrupole deformation amplitude, P2, below its op-
timum value by 6%. This shows that f32= —0. 17+0.005,
quite sensitively determined. For all successful models
tested this was found to be the optimum value, with about
the same sensitivity. The value determined does reffect on
the chosen scattering potential, which is very sensitively
determined by the large set of neutron scattering data.

As noted above, many IBA-2 and DDT reduced matrix
elements M2(E2) are similar, yet the models have quite
different success, particularly for the total cross sections.
For total cross sections the difference comes largely from
the sign of the E2(0+~~2') matrix element, a very small
matrix element indeed, and a very sensitive result of any
model, but it is very important for low energy total cross
sections. The DDT and other models clearly require that
this matrix element must be positive, in our sign conven-
tion. Another Mq(E2) examined was the 2+i reorientation
matrix element, discussed above. Altering E2(2+i2+i)
as indicated had no effect on total cross sections, but im-
proved the elastic scattering calculations in the minima at
4.55 MeV, and increased the calculated inelastic scatter-
ing cross sections at small angles for the 2+~ level. These

improvements are thus rejected in the solid curve of Fig.
3 and all curves of the right-hand panel of Fig. 4.

C. IBA-1 and gamma-soft models

The IBA-I inodel very near the O(6) subgroup limit
was the original model deployed to give a remarkably
successful description of energy levels and transition rates
in ' Pt. It was a substantial success partly because it
gave us a new geometric picture, that of the y-unstable vi-

brator, well related to spherical vibrators and deformed
rotors. This picture was then applied, slightly modified,
as a description of ' Pt. This modified IBA-1 model was
used by Deason et al. (PTD) to describe 35 MeV proton
scattering to many levels of ' Pt and other Pt nuclei.
The form of the model Hamiltonian which was best suited
for bound level properties had a very weak residual
quadrupole-quadrupole coupling term to break the O(6)
symmetry; the quadrupole coupling parameter ~=0.04
implied very little deviation from the y-unstable limit, and
strong similarity to ' Pt. A strong quadrupole-
quadrupole interaction, breaking substantially the O(6)
symmetry, would correspond to a value of ~ near 0.5. In
their 35 MeV proton scattering analyses PTD did find
that such a larger value, ~=0.54, was needed particularly
for scattering to the 2+2 level. Matrix elements from both
IBA-1 models are presented in Table I. Of course, using
the larger value of ~ diminishes the claim that the heavier
Pt nuclei are outstanding examples of an O(6) dynamical
symmetry.

We had great difficulty with both IBA-1 model results
in our earlier 2.5 MeV neutron scattering experiment,
since they seemed to provide inelastic scattering cross sec-
tions to the 2+~ level which were much too low. Since that
work we have discovered, through direct calculation of
proton scattering, that the E2 matrix elements
E2(2+i~4+i) were published with the wrong sign in both
Deason's dissertation and in the subsequent paper
(PTD). That error has been corrected in Table I, and
the IBA-1 model, either with ~=0.04 or 0.54, gives a
good description of both elastic and inelastic neutron
scattering cross sections to the five low lying excited levels
of our coupled channels model space, except that the in-
elastic scattering cross sections to the 2+ levels are still a
little low. The elastic scattering description with ~=0.04
at 4.55 MeV is shown in Fig. 5 as the dashed curve. The
fit is slightly worse when the model with ~=0.54 is used,
because the minima are shifted toward back angles. The
inelastic scattering cross sections to the 2+ levels are
shown as solid curves in Fig. 6; for them there is no
detectable difference between the two IBA-1 model re-
sults. Both provide excellent descriptions at 2.5 MeV in-
cident energy except for the 2+2 level; all models intro-
duced to this point provide cross sections too small com-
pared to measured values for that level, and with angular
distributions shifted with respect to the data.

The last model to be introduced is the y-soft model of
Leander, ' as fixed to the level energies and electromag-
netic transition rates of ' Pt by Wu and Cline. The
cross sections provided by this model are just those of the
solid curves of Figs. 5 and 6, except for that to the 2f lev-
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IQ and 7, also exce11ent fits. This model and the ISA-1
models are also the only ones which provide a quadrupole
moment of the 2+~ level as small as determined by mea-
surement. ' Thus, on all counts, these two simple mod-
els (i.e. , IBA-1 and y-soft) provide the best representation
of our experimental results.

D. CE matrix elements

2

b

IQ
I8Q

el at 2.5 MeV incident energy. The dotted-dashed curve
of Fig. 6 is obtained for that level from the y-soft model,
the best result from any model. The fits in Figs. 5 and 6
collectively are substantially better than those for the
models represented in Figs. 3 and 4. The total cross sec-
tions of the y-soft model are the solid curves of Figs. 2

8, (deg)

FIG. 5. The neutron elastic scattering cross section at 4.55
MeV; the solid and dashed curves are representative of the y-soft
and IBA- 1 models, respectively.

Finally, we present the results of employing the matrix
elements not of any model, but those from the extensive
Coulomb excitation experiments and analyses of Wu and
Cline. The neutron elastic scattering calculation at 4.55
MeV is then similar to that of the DDT model, the solid
curve of Fig. 3 ~ This is not as good a description as the
y-soft model. The inelastic scattering cross sections to the
2+~ level are shown as dashed curves in Fig. 6. Excitation
of the 2+~ level is a little weak at 2.5 MeV, much like that
of the DDT model. The worst calculations with the CE
matrix elements are the total cross sections, shown as
dashed curves in Figs. 2 and 7, where serious disagree-
ment with measurements is found for 1.0 &E„g2.5 MeV.
Much of the problem with the CE calculations, as with
the IBA-2 model, lies in the sign of the small matrix ele-
ment directly coupling the ground state to the 2+q level. If
that one sign is changed, the fit to the total cross sections
is much improved; however, the inelastic scattering cross
sections to 2+ levels are still low.

As a final remark we should note that none of the mod-
els tested really describes well the angular distributions
for the second 2+ level, either at 2.5 or 4.55 MeV incident
energy. Scattering cross sections to the 2+~ and 4+~ levels
are well represented, so we doubt that the weakness of the
description of scattering to the second 2+ level rejects

80 1 I I I I

40 4.5 MeV

CD 30

20
20

b
g

I

22

0 I I I I

l80
I I I I

90 I80

8, (deg) 8, (deg)
FIG. 6. Neutron scattering from the first two 2+ levels at 2.5 and 4.55 MeV. The IBA-1 model calculations are plotted as solid

curves, which also represent the y-soft model except for the 2f level at 2.5 MeV. For that level the dotted-dashed curve would

represent the y-soft model. The dashed curves represent calculations using the CE reduced matrix elements.
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FIG. 7. Neutron total cross sections for ' Pt are shown along with three model calculations. The solid curve is representative of ei-
ther the IBA-1 or y-soft model using the potential given in Table II. The dashed curve comes from calculations using the CE reduced
matrix elements. The dotted-dashed curve is deri~ed from the y-soft model along with a real potential whose depth decreases linearly
with neutron energy.

systematic model problems, or data problems. Something
is missing in our description of that level, so that the an-
gular distribution of the data is not well reproduced.
Only the y-soft model yields the correct magnitude of
cross sections to that level.

E. Neutron scattering potentials

A significant surprise was the character of the scatter-
ing potentials required with realistic structure models. In
fact, the potential parameter constraints were essentially
the same for DDT, IBA-1, or y'-soft models. Our first ap-
proach to developing a scattering potential was to test lo-
cal, linearly energy dependent potentials with fixed
geometries, the normal procedure. However, we found
that it was not possible to fit the neutron scattering data
with such potentials. The dotted-dashed curve of Fig. 7,
which results from using linearly energy dependent poten-
tials, is obtained with any of the structure models which
fit well differential elastic scattering cross sections (for ex-
ample, the IBA-I or y-soft models).

The solid curves of Figs. 2 and 7 were calculated with
the y-soft model and a potential which was constant in
strength below 4.6 MeV. To fit total cross sections from
4.6 to 30 MeV, the energy dependence was that indicated
in Table IE. The energy dependences of the potentials
used with the DDT model, represented in Figs. 1 and 2,
are also those of Table II. The energy dependence of po-
tential parameters above 4.6 MeV were constrained not
only by the three sets of total cross sections, but also
through analysis of differential scattering cross sections
measured at 8 MeV. '

The elastic scattering differential cross sections at 2.5
and 4.55 MeV required potentials whose real strengths

were the same at both energies. Both analyses of
differential scattering cross sections and analysis of the to-
tal cross sections required the same, constant real poten-
tial strength below 4.6 MeV. Furthermore, in order to
provide a realistic fit to differential elastic scattering cross
sections at 8 MeV, ' we found it necessary to use a
diffuseness much larger at 8 MeV than at 2.5 and 4.55
MeV. In Table II we present the potentials which de-
scribe our measurements for all of the successful structure
models.

TABLE II. The nucleon scattering potential developed from
neutron scattering data in conjunction with coupled-channels
models as described in text. The quadrupole and hexadecapole
coupling parameters Pq and I4 are also presented. The symbol V
denotes real potential depth, O'D denotes surface absorptive
depth, and V„means real spin-orbit depth. All potential depths
are specified in MeV. The radius parameters (R ) and
diffusenesses are given in fermis, R as a coefficient of A ' . The
real potential diffuseness is nucleon energy dependent, as are the
potential depths.

For incident energy E &4.6 MeV:
V =45 ~ 4
8 D =2.25+ 0.69E
V„=6.30

R/a = 1.26/0. 64
R'/a'= 1,28/0. 47
R "/a" = 1.12/0. 47

For incident energy 4.6&E &8 MeV:
V =47.2 —0.39E R /a = 1.26/(0. 59+0.012E)
8 ~ =2.25+ 0.69E R '/a'= 1.28/0. 47
V„=6.30 R "/a" = 1.12/0. 47

The deformation parameters:
f3' = —0. 17+0.005, Pg= —0.04+0.005
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The unusual energy dependences of the neutron scatter-
ing potential found here are jus't those reported earlier
for neutron scattering by Pb. The authors of Ref. 28
attributed the nonlinear energy dependence of scattering
strength, and the energy dependence of the real potential
diffuseness, to an energy dependent effective nucleon
mass, an effect particularly pronounced at energies close
to the Fermi energy. These same variable effective nu-
cleon mass effects have been sought in neutron scattering
from other nuclei with low neutron separation energies,
near A =90. The tests for these mid-mass nuclei were
negative; no evidence for nonlinear energy dependence of
the scattering potential was required by the data. It
may be that we are seeing such effects in ' Pt, and that
they will only be evident in heavy nuclei. There is no
question but that our data, both differential elastic and to-
tal scattering cross sections, do require a nearly constant
real potential strength below 4.6 MeV.

F. Coupling strengths

Direct reaction cross sections determine coupling
strengths, or deformation amplitudes. Excitation
strengths associated with the scattering of different projec-
tiles are compared to those from other observables, like
electromagnetic decay probabilities, under the presump-
tion that the collective properties controlling both types of
strength are similar. In order to compare neutron cou-
p1ing strengths with results obtained via electromagnetic
excitation, we adopt the definitions of Ref. 5:

pn, n' p2r '5n, n' pn, n'+r

This allows us to make a geometry independent compar-
ison of the deformations sensed by different probes. The
deformations found from ' Pt(n, n') and electromagnetic
decay are

5„„=—1.239 (Ref. 12 and present work),

5, = —0.996 (Ref. 30) .

The coupling strength required for neutron scattering, and
possibly proton scattering, is considerably stronger than
that sensed by electromagnetic decay. The coupling re-
quired to describe neutron scattering from ' Pt is well
fixed, both at low and at high energies. ' Lower values of
p were used in test calculations to determine our sensitivi-

ty to this parameter. The dotted-dashed curve of Fig. 4
for the 2g level at 4.55 MeV incident energy demonstrates
the effect of lowering p from —0.17 to —0.16. Neutron
scattering from ' Pt at 8 MeV also clearly requires' the
value p2= —0. 17. The nuclear deformation sensed by
proton scattering at 35 MeV is less certain, the uncertain-
ty arising from the well known WP ambiguity. Reference
6 contains a thorough examination of the deformation pa-
rameters required for scattering of both protons and neu-
trons from ' Pt.

single model completely describes the neutron scattering
cross sections from ' Pt. Certainly the y-unstable or y-
soft models which leave the y-band head almost decou-
pled from the ground state, characterize this nucleus best.
The most successful models, IBA-1 and the y-soft model
of Leander, are quite consistent with the fact that the
quadrupole moment of the first 2+ level in ' "Pt is almost
zero, and that this nucleus is also very near the O(6) limit
of the IBA classification. Several models developed as im-
proved versions for description of ' Pt structure fail bad-
ly to describe scattering, notably the low energy total
cross sections. These models include the ARM and re-
cent IBA-2 description offered by Dieperink as an im-
provement over the 1980 IBA-2 description of Bijker and
Dieperink. Two other models, the DDT and the first
IBA-2 description, provided adequate fits to scattering,
but not nearly as good as the simpler IBA-1 and y-soft
models. It is interesting that recent efforts to extend sim-

ple models, to provide more detailed fits to bound level
properties, seem to move them away from better descrip-
tions of scattering behavior. It is interesting also that y-
soft models, implying potential energy surfaces almost in-
dependent of y, or degree of axial asymmetry, seem better
suited to ' Pt than y-unstable models, which evoke po-
tential energy surfaces with two distinct minima for
different values of y. A notable problem is describing
scattering to the very weakly coupled y-band head. The
calculations for these cross sections seem to be out of
phase with the data, both at 2.5 and 4.55 MeV. This
probably reflects the sensitivity to mixing of strong collec-
tive levels with this very weak collective level. '

An unexpected energy dependence is required for the
neutron scattering potential. We find that the real central
potential saturates at low energies, so that below 4.6 MeV
the strength is essentially constant. This is in contrast
with the linear energy dependence usually found for
scattering potentials. Also, the usual constant, energy in-
dependent scattering geometry is not adequate here.

The neutron differential scattering cross sections, mea-
sured at only three energies between 0 and 8 MeV, are
not abundant enough to fix the functional form of the
nonlinearity in the low energy behavior of the potential
depth, or the form of the energy dependence of the
diffuseness. However, both of these energy dependences
are in the sense to correspond to variations of effective nu-
cleon mass near the Fermi energy. Such effective mass
variations were proposed to explain nonlinear potential
strengths and energy dependent geometries in neutron
scattering from Pb; they were searched for without suc-
cess in lighter nuclei. It may be that such effects are more
evident in the heaviest nuclei. This extensive study illus-
trates the usefulness of neutron scattering at low incident
energies as a sensitive probe of the dynamics of low lying
nuclear excitations. The results complement well the in-
formation obtained from bound level decay studies.
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