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Gamma-ray spectra from the decay of the giant dipole resonance (GDR) built on excited states of
92Mo and '°°Mo nuclei at average spins(9-24)h and temperatures of 1.35-1.50 MeV were measured,
and the parameters of a two-component GDR strength function were extracted. Deformations
determined from the fitted component energies are substantially larger than predicted by the rotating
liquid drop model, suggesting large thermal shape fluctuations. Widths of the GDR in °>Mo increase
from 7.640.1 to 8.61+0.2 MeV in the spin range of (9-19.5)% and temperature range of 1.35-1.45 MeV,
as compared with the ground-state GDR width of 5.440.2 MeV. In °°Mo the GDR width is nearly
constant and equals 9.840.2, 9.940.2, and 10.140.2 MeV at average spins 9%, 19.5% and 24% and
temperatures 1.35, 1.45, and 1.50 MeV, respectively, as compared with the ground-state width of
7.940.2 MeV. The observed difference in the GDR widths between the two molybdenum isotopes
at the same temperatures and spins indicates that shell effects are still present at the temperatures

studied.
PACS number(s): 23.20.—q, 24.30.Cz, 27.50.+¢

I. INTRODUCTION

Recent studies of high-energy y-ray spectra [1-6] fol-
lowing the decay of the giant dipole resonance (GDR)
built on highly excited states formed in heavy-ion fusion
reactions have shown that the GDR strength function
provides information on the deformation of the ensem-
ble of excited nuclear states populated by the v decay.
These results motivated our interest in studying the GDR
strength function for excited nuclei which are spherical
vibrators in their ground states and hence undergo large
quadrupole surface vibrations.

For these studies we chose even isotopes of molybde-
num: %2Mo and !%°Mo. Comparison of the GDR strength
function for decay of 92Mo* and 199Mo* is particularly in-
teresting because 92Mo is a relatively stiff, nearly spheri-
cal nucleus close in mass to the quasimagic nucleus *°Zr,
while 1°°Mo is a strong vibrator [7]. These nuclei, then,
offer the oppcrtunity to compare the temperature and
spin broadening of the GDR in nuclei which, as a result
of shell structure, have very different low-temperature
softness. It is generally expected that at temperatures
T ~2 MeV shell effects should be mostly dissolved [8]. A
comparison of GDR decay in hot %2Mo* and 1°°Mo* com-
pound nuclei for T < 2 MeV should provide information
on the dissolution of shell effects with temperature.
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The GDR built on the ground states of even molyb-
denum isotopes (A = 92-100) has been observed in the
(7, n) reaction [9]. It was found experimentally [9] that
the ground-state GDR width in Mo isotopes is strongly
dependent on the softness of the nucleus and increases
from 5.440.2 MeV for 92Mo to 7.940.2 MeV for 1°°Mo.
Data for the (7,7’) reaction on ®>Mo and %Mo [10] are
in good agreement with the dynamic collective model
[10, 11], which involves a coupling between the zero-
temperature quadrupole surface vibration and the GDR.

We used the 60 + 76Se and 20 + %2Se reactions to
produce °2Mo* and °®°Mo* compound nuclei such that,
following GDR v decay, the ensemble of states has the
same effective temperatures 7;=1.35-1.50 MeV and the
same average final spins /=(9-24)h (see Table I). The
parameters of the GDR strength function were extracted
from fits of the statistical model calculations to the mea-
sured 7-ray spectra at 6,=90°. The level densities in
the Reisdorf parametrization [12] with parameters ap-
propriate for nuclei with mass A =~ 90 — 100 [4] were
used. Some results obtained with level densities in the
Piihlhofer parametrization [13] are also discussed. All
measured spectra were reproduced by statistical calcu-
lations with a two-component GDR strength function.
Because the deformation splitting of the GDR was not re-
solved, calculations with a one-component GDR strength
function were also performed.

II. EXPERIMENT DETAILS

We produced °2Mo* and '°°Mo* compound nuclei by
colliding *®0 on "®Se at projectile energies Eja,=50.0 and
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TABLE I. Characteristics of the compound nuclear states populated in the present work.
Compound Entrance EY lo Ez T}’ I
nucleus channel (MeV) h (MeV) (MeV) h
Mo 180 + "8Se 50.0 13.5 43.1 1.35 9.0
72.2 29.5 66.5 1.45 19.5
199Mo 180 + 8%8e 49.1 14.0 48.1 1.35 9.3
63.4 29.5 59.8 1.45 19.5
72.8 36.3 67.5 1.50 24.0

® Flab averaged over the target thickness.

PEstimated as in Ref. [14] based on CASCADE statistical model calculations, and using a = A/8

MeV™1,

“Estimated as in Ref. [14] based on CASCADE statistical model calculations.

72.2 MeV, and 80 on 82Se at Ej,5=49.1, 63.4, and 72.8
MeV, using the heavy-ion beam from the University of
Washington FN tandem Van de Graaff accelerator. We
used water-cooled targets of 76Se (1.7 mg/cm?) and 82Se
(1.0 mg/cm?) enriched to 96.5% and 96.7%, respectively,
evaporated onto platinum backings and covered with a
thin layer of evaporated gold in order to reduce target
degradation due to beam heating. Because the targets
were backed, our useful projectile energies were limited
to energies below 83 MeV, the Coulomb barrier for plat-
inum.

Gamma, rays from the decay of the compound nuclei
studied were detected at a laboratory angle of 90° with
respect to the beam axis, in a 25.4 cm X 25.4 cm Nal(TI)
crystal surrounded by plastic anticoincidence and lead
shields. Our experimental technique was very similar to
that described previously [14].

All absolute cross sections were obtained by direct cal-
culation from the measured y-ray yields, after correcting
for pileup and dead time as described in Ref. [14]. The
measured detector response was folded into the statistical
model calculation for comparison with experiment.

III. RESULTS

The measured -ray spectra at 6,=90° from decays of
92Mo* and 1%°Mo* are presented in Figs. 1 and 2 (top
rows), respectively. The cross-section scale was derived
assuming an isotropic angular distribution. The solid
curves represent statistical model calculations which are
described below.

A. Statistical model analysis

Gamma-ray cross sections were calculated using a
modified version of the computer code CASCADE [13] with
a two-component GDR strength function. The six pa-
rameters of the GDR (peak energies E;, widths I';, and
strengths S; in units of the classical dipole sum rule;
i=1,2) were treated as independent variables in a least-
squares fitting of the calculated spectra to the experi-
mental data in the high y-ray energy range F,= 11.5—
25 MeV. Isoscalar and isovector giant quadrupole reso-
nances have been included in the calculations with fixed
parameters based on ground-state systematics [15, 16).

In all cases the grazing angular momemtum /o was ad-
Jjusted in order to match the magnitude of the calculated
and measured spectra at low y-ray energies, £, ~ 3-6
MeV. The fusion cross sections determined in this man-
ner are very similar to the default CASCADE cross sections
except for 10 + "6Se at Ej.,=72.2 MeV, for which the
deduced fusion cross section was 20% smaller than the
CASCADE calculation.

B. Level density

Since very little experimental information is known
concerning the level density of ®2Mo, °°Mo, and their
daughters populated by compound nuclear decay, we ex-
amined the level densities for some nuclei with mass
A = 85-105 calculated in the Reisdorf parametrization
[12, 14, 4] and in the Pithlhofer parametrization [13, 14,
4] with parameters adjusted to reproduce the available
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FIG.1. Top row: measured y-ray spectra from the decays

of ®2Mo* together with least-squares-fitted statistical model
calculations using the level density calculated in the Reisdorf
parametrization. Bottom row: solid curves, fitted absorption
cross section corresponding to the parameters given in Table
II; data points, measured v emission cross section o5*P(E)
multiplied by the calculated ratio oaps(Ey)/0y(Ey).
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FIG. 2. The same as Fig. 1, but for °°Mo*.

experimental level spacings [17] at particular spins and
particular excitation energies in the range of 6 < E,; < 12
MeV. In the Reisdorf parametrization we used the pa-
rameters y~1=18.5 MeV, rp=1.153 fm (corresponding to
a=A/8.70 and a = A/8.81 MeV~! for ®2Mo and 1°°Mo,
respectively) for the odd-A pairing reference as well as for
the even-even pairing reference, as was found previously
to be appropriate (see Fig. 4 in Ref.[4]). In the Piihlhofer
parametrization the calculated level densities agree with
experimental values up to energies Ey ~ 10 MeV, be-
cause the parameters used in the calculation have been
extracted from fits to the level density data. The result-
ing level-density curves for the initial compound nuclei
92Mo and 1°°Mo are presented in Fig. 3. The Reisdorf ap-
proach results in a smooth energy dependence of the level
density in contrast to the Plihlhofer approach, especially
when a = A/8 MeV~! is used. The level densities in the
Reisdorf parametrization with the odd-A and even-even
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FIG. 3. Level density curves for 2Mo and !°°Mo calcu-

lated in the Reisdorf parametrization with the best param-
eters for odd-A reference (solid curve), even-even reference
(dots); and in the Piihlhofer parametrization with a = A/8
MeV~! (dot-dashed curve), a = A/9 MeV~! with the Wigner
term (dashes).

reference are very close, especially above E;=10 MeV;
thus we discuss below only calculations with the odd-A
reference, as was used previously [14, 4].

In Fig. 4 total level-density curves for some nuclei
important in the decay of °2Mo* and !°°Mo* calcu-
lated in the Reisdorf parametrization with v~ 1=18.5
MeV, r;=1.153 fm and odd-A reference (solid curves)
as well as the Piihlhofer parametrization with a = A/8
MeV~! (dot-dashed curves) and a = A/9 MeV~! with
the Wigner term included (dashed curves) are shown to-
gether with some experimental data (solid points) from
counting levels and for °°Zr from the analysis of partial
width fluctuations [18]. Since there is no experimental
information about the level densities for nuclei of inter-
est above E; ~12 MeV, we cannot favor any of these
curves. However, the slope discontinuities present in level
densities calculated for several nuclei with the Pihlhofer
parametrization and a = A/8 MeV~! may result in un-
reasonable GDR parameters at low bombarding energies,
as has been observed previously [14,4]. Thus, we only
present here the detailed results obtained with the level
densities calculated in the Reisdorf parametrization with
parameters y~1=18.5 MeV, ro=1.153 fm and odd- A pair-
ing reference.

C. GDR parameters

In the fitting range F,=11.5-25 MeV, all measured
spectra were well reproduced by statistical calculations
with a two-component GDR strength function for each
level-density parametrization discussed above. The GDR
parameters extracted from the fits for the Reisdorf level-
density parametrization are given in Table II. Errors in
the GDR parameters include only statistics. There is an
additional systematic uncertainty of +10% in S;+S2 due
to uncertainty in the fusion cross section. Other system-
atic errors are connected mainly with the uncertainty in
the level density discussed above. Changing the level-
density parametrization to the Piihlhofer one affects the
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TABLE II. GDR parameters determined by the CASCADE fits to the measured spectra.
Compound E.; E? E,/E; S2/5: S1+ 5, Ty T, FWHMP
nucleus (MeV) (MeV) (MeV) (MeV) (MeV)
°2Mo 48.1 16.674£0.28  1.21£0.06  0.56 1352 0.90+0.05  5.52+£0.52  6.87 £2.36 7.63 £0.10
66.5 16.5840.15  1.232+0.03  1.74 1332 0.90£0.05  4.68+0.84 7.31£1.17 8.6040.20
100Mo 48.1 16.38+0.47  1.2240.36  1.17 1§32  1.6340.28  6.70+£4.36  11.4842.70 9.79 +0.20
59.8 16.1740.14  1.254£0.03  0.75 ¥35.  1.104£0.03  7.2040.26 9.91+1.04 9.904+0.20
67.5 15.96+0.24  1.30+£0.02  0.51 333 1.03+£0.03  7.1640.48 8.19+1.61 10.06 £0.20

*Mean resonance energy E = (E1S: + E252)/(S1 + S2).

®Full width at half maximum calculated numerically from the fitted strength function @abs(E-).

GDR strength S;+S, by 10-20%, the mean energy E by
2-5% and the full width at half maximum (FWHM) by
1-11%.

All the fits discussed here were performed with the nor-
mal isospin-independent version of CAsCADE. The fitted
strengths of the GDR components were increased by 12%
as estimated from CASCADE calculations which included
the effect of isospin. Fits with a one-component GDR
strength function were also performed. These fits yielded
similar GDR strengths, mean energies lower by 0.4-0.8
MeV and widths narrower by 0.5-1.0 MeV; however, the
quality of these fits was significantly worse, especially for

the higher-spin cases.

The fits with a two-component GDR strength func-
tion are shown in the top rows of Figs. 1 and 2, where
the measured spectra o3*P(Ey) and the fitted spectra
o4(Ey) calculated with the level densities in the Reisdorf
parametrization are presented, and in the bottom rows
of Figs. 1 and 2 where the photon absorption cross sec-
tions, oabs(Ey), as calculated with the GDR parameters
given in Table II, are shown. In the bottom rows of
Figs. 1 and 2 we display as points the quantity oy (E,)
= 0P(E,) 0abs(Ey)/04(Ey). This quantity represents
our best estimate of the photon absorption cross section
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FIG. 4. Total level-density curves for some nuclei important in the decay of > Mo* and *°°Mo* together with the experimen-
tal data (solid points) from counting levels and from Ref. [18]. Level densities are calculated in the Reisdorf parametrization
with the odd-A pairing reference and the best parameters (solid curves), and in the Pihlhofer parametrization with a = Al8
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averaged over the ensemble of states populated by GDR
v decay.

In the shape of the deduced photon absorption cross
sections a broadening of the GDR in both ®?Mo* and
100Mo* nuclei, as compared to the ground-state GDR,
is clearly visible with increasing temperature and spin;
however, the apparent deformation splitting is unre-
solved. In such cases the sense of the deformation, prolate
(S2/S1=2) versus oblate (S2/S1=1/2) is difficult to de-
termine, as is reflected by the large errors in the strength
ratio S3/S; for most of the fits. In particular these er-
rors were found to be asymmetric. In Fig. 5 we show
the reduced x2? as a function of S»/S; for decay of 67.5
MeV 1Mo*. The x2 was obtained from fits in which
S,/S; was fixed at various values, and for each value the
other five parameters were allowed to vary. The hori-
zontal line represents the value x?= x2 + 1/Np, where
X2 is the reduced x? at the minimum, and Np is the
number of degrees of freedom. In all the present cases
the uncertainties in S3/S; derived from the diagonal el-
ements of the error matrix of the fit are substantially
smaller than the values obtained from x? plots such as
Fig. 5 and thus are an underestimate of the true uncer-
tainty when that quantity is asymmetric. From all the
measured cases, only for 1°°Mo* at E,=67.5 MeV are the
error bars small enough for the ratio S3/S; to suggest the
sense of the deformation, which appears to be oblate.

The total GDR strength S;+S3, mean energy E and
full width at half maximum (FWHM) determined from
the fits with a two-component GDR strength function
are presented in Fig. 6 as a function of the square of the
average final-state temperature Ty (see Table I). Earlier
results obtained for °°Zr* at I = 9k, 22k and Ty=1.6, 1.7
MeV and °2Mo* at I=33h and T;=2.0 MeV [5] are also
shown here for comparison. The fitted total strength and
mean energy are close to the ground-state values [9]. The
GDR width increases from 5.44+0.2 MeV in the ground
state to 8.6+0.2 MeV at I=19.5h, T;=1.45 MeV for
92Mo* obtained in the present work, and up to 12.1+1.0
MeV at [=33h, Ty=2.0 MeV from Ref. [5]. For 1°°Mo*
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FIG. 5. The reduced x? as a function of S2/S;. The error
limits are given by the locations where the horizontal line
crosses the curve.

the FWHM increases from 7.9+0.2 MeV in the ground
state to 9.8-10.1 MeV for /=(9-24)% and T;=1.35-1.50
MeV. Although both increasing spin and increasing tem-
perature lead to a broader GDR FWHM, it appears in
this temperature and spin range that the thermal broad-
ening dominates. The data of Fig. 6 are plotted as a func-
tion of sz in order to spread out the data in a more use-
ful manner. It is also clear that shell effects are still very
important at T' ~1.5 MeV, since the observed FWHM
for 92Mo* and '%°Mo* are significantly different. The
rotating liquid drop model (RLDM) [19] predicts very
similar, small deformations for 92Mo and 1°°Mo at the
same spin (see below); thus if shell effects were absent at
these temperatures, the GDR FWHM should be essen-
tially the same in the two nuclei. The same behavior of
the GDR parameters as a function of temperature and
spin as shown in Fig. 6 is found when any other level-
density parametrization discussed in Sec. III B is used in
the calculations.

From the energy splitting of the two-component fits
to the spectra, we calculate effective deformations f =
2,/4n/5In(E,/E,), where E; and E, are the resonance
energies for the GDR strength function components. We
obtain #= 0.20+0.05 and 0.22+40.03 for the cases with
average final spins 9% and 19.54 in ®2Mo*, and 0.21+40.27,
0.2440.03, and 0.2840.02 for the cases with average final
spins 9k, 19.5h, and 24k in 1°°Mo*.

From the rotating liquid drop model [19], one expects
spin-induced equilibrium deformations SBripm =~ 0.01,
0.05 for °2Mo at 9% and 19.5k, and 0.04, 0.06 for 1°°Mo
at 19.5h and 24h, respectively, and these are all much
smaller than the effective deformations inferred from the
data. On the other hand, the quadrupole surface softness
of cold 22Mo and '%%Mo leads to B.g = 0.12 and 0.25, re-
spectively, based on the B(E2) values for the lowest 2%
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states [20], so that large fluctuations are clearly expected
for 190Mo, even at very low temperatures. There is also
the interesting possibility that 1°°Mo, at the tempera-
tures and spins of interest here, has a larger equilibrium
deformation than that calculated from the RLDM, owing
to its increased surface softness due to shell structure.

It is difficult to distinguish the effects of deformation
fluctuations from the effects of nonzero equilibrium de-
formation on the y-ray spectrum shape. Either effect
can lead to an apparent two-component splitting in the
GDR spectrum shape [21]. In earlier studies of °°Zr* and
92Mo* [5) where the y-ray spectra as well as the angular
distributions were measured at mean spins and tempera-
tures in the range (9-33)h and 1.6-2 MeV, respectively,
and compared with theoretical calculations including
intrinsic-shape fluctuations and shape-orientation fluctu-
ations [22], it was found that large thermal shape fluctu-
ations are present at this spin and temperature, which
accounted for the observed spectral shapes. In these
cases the deformations inferred from the energy split-
tings were larger than the equilibrium deformations but
smaller than the most probable deformations (due to fluc-
tuations). Since the energy splittings are comparable in
these two experiments, a similar explanation may apply
to the present results.

An extrapolation of the data of Fig. 6 suggests that
at sz ~ 3-4 MeV? (Ty ~ 1.7-2 MeV) the GDR FWHM
for 199Mo* and °2Mo* would be similar, which further
suggests that shell effects may no longer be significant
at these temperatures, in accord with conventional ex-
pectation. However, since the thermal fluctuations in-
crease with temperature, the same shell effects in the
nuclear potential energy surface may lead to a smaller
FWHM difference for 92:19°Mo* at high temperature than
at low temperature. Indeed, if we (crudely) estimate
the additional broadening in °°Mo compared to °2Mo
as A = /[FWHM(19°Mo*))? — [FWHM(?2Mo*)}?; ie.,
we fold in quadrature the FWHM in 92Mo with A in or-
der to obtain the FWHM in !°°Mo, then A= 5.8, 6.1, 4.9
MeV for Ty= 0, 1.35, 1.45 MeV, respectively. Thus if we
identify A as a measure of the effect of shell corrections
on the GDR FWHM difference, then there is no evidence

that shell corrections have changed significantly over this
temperature range.

IV. CONCLUSION

Over the temperature and spin range of the present
study the GDR FWHM for decay of 1°°*Mo* is consis-
tently larger than the FWHM for decay of 92Mo* as is
also observed for the GDR built on the ground state.
This clearly indicates the persistence of shell effects up
to a temperature T 1.5 MeV, the highest temperature
studied. From these results alone, it is not clear whether
shell effects are similar or are reduced relative to zero
temperature.

From general considerations (see, e.g., Ref. [8] , Fig. 6-
54) one expects a reduction of a factor of 3.5-4.5 in the
contribution of the shell correction to the free energy at
T = 1.5 MeV relative to that at T = 0. A similar re-
duction factor of 4.5 is expected from the Reisdorf level
density prescription, in which the shell correction is ex-
ponentially damped with a damping factor y~!= 18.5
MeV (see above). It seems surprising that such a large
GDR FWHM difference as is observed in the present ex-
periment would result from shell corrections at 7' =~ 1.5
MeV which are only 20-25% as large as at T=0.

The shell corrections could be determined by compar-
ing the present results with detailed thermal averaging
calculations based on Strutinsky shell-corrected potential
energy surfaces. Such calculations have been performed
for other cases, and generally account well for the ob-
served FWHM [23]; unfortunately the present cases have
not yet been calculated.
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