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Continuum 7y-ray spectra and angular distributions from decays of highly excited K, “K, *Ca,
and **Sc compound nuclei produced by bombarding ¥’Al with '2C, 13C, 1N, and '30 ions have been
measured and the giant-dipole-resonance strength function has been extracted. The effective tem-
perature associated with the states upon which the giant dipole resonance is built is nearly constant
(1.7-1.8 MeV) for these reactions, while the final average spin varies from 8 to 18.5% as the projec-
tile energy varies from 32 to 72.5 MeV. The parameters of the giant-dipole-resonance strength func-
tion extracted from fits of statistical model calculations to the y-ray spectra measured at 6, =90
provide direct information on the spin dependence of the hot nuclear shape. The mean energy of
the giant dipole resonance shows a weak spin dependence that has a different character for *K and
4Sc nuclei. The width of the giant dipole resonance increases rapidly with spin for all reactions
studied, from 11.630.3 MeV at 8% to 14.7+0.5 MeV at 18.5% for *Sc* at T, =1.7-1.8 MeV, for ex-
ample, presumably due to rotational broadening of the giant dipole resonance. For the reactions
2C+?YAl at E,, =62.7 MeV and '80+?'Al at E|,, =44.9 and 72.5 MeV, angular distributions have
been measured. The observed energy dependence of the a, coefficient suggests large nuclear defor-
mation consistent with oblate noncollective or prolate collective rotation. The level density in nu-
clei with 4 =40 has been calculated in the Reisdorf approach with parameters fitted to low-energy
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level density data for nuclei in this mass region.

I. INTRODUCTION

During recent years much work has been done experi-
mentally on investigating the giant dipole resonance
(GDR) built on highly excited states of compound nu-
clear systems produced in heavy-ion collisions.! ~'¢ Most
of these studies concern medium- and heavy-mass nuclei,
while very little information on the GDR in equilibrated
light nuclei is available.'”> In a study of the temperature
and spin dependence of the GDR strength function in the
statistical GDR decay of ®Cu* (Ref. 14), the energy and
strength of the GDR were found to be independent of
spin and temperature, while the width of the GDR was
found to increase as a function of both temperature and
spin. In that work as well as in a similar study for
heavier nuclei!! both the effective temperature and the
spin of the final state upon which the GDR is built in-
crease with increasing bombarding energy and hence
their influence on the GDR strength function cannot be
separated.

In this paper we examine the GDR strength function
in 3K, *°K, 2Ca, and **Sc nuclei at elevated temperature,
in order to investigate possible spin-induced nuclear
shape changes. These nuclei are nearly spherical in their
ground states, except for *Sc which has a slightly prolate
shape.!” However, at higher spin, an oblate deformation
with rotation around the symmetry axis is predicted for
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nuclei with 4 ~40.18720 Very little experimental infor-
mation concerning this effect is known.

We formed the compound nuclei of interest at
moderate, nearly constant, effective temperature and over
a large range of spin in heavy-ion fusion reactions using
an aluminum target and '>C, '*C, N, and '®0 projec-
tiles. For these nearly mass-symmetric reactions, an in-
crease in the projectile bombarding energy increases both
the compound nuclear excitation energy and the rotation-
al energy by nearly the same amount. The difference of
these energies (diminished by the dipole vibration energy)
determines the effective temperature of the final states
upon which the GDR is built (see Sec. III C). Hence, the
effective temperatures are nearly constant for these reac-
tions (see Table I), while the angular momentum varies as
a function of bombarding energy. Thus, we are able to
study the spin dependence of the GDR strength function,
hence the nuclear shape, at constant temperature. For
the cases studied, the initial excitation E,; varies from
40.0 to 66.6 MeV and the grazing angular momentum /,
changes from 11.5 to 28#, corresponding to an average
initial spin I;=2l,/3=8-18.5%4. The effective tempera-
tures for most cases are in the range of 7,=1.7-1.8
MeV.

The parameters of the GDR strength function were ex-
tracted from fits of the statistical model calculations to
the measured y-ray spectra at 6,=90°. In order to test
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TABLE I. Characteristics of the compound nuclear states populated in the present work.

Compound Entrance E.° I, E. T,
nucleus channel (MeV) (f) (MeV) (MeV)

PK 2C+727A1 62.7 24.7 60.0 1.69
48.2 19.8 50.0 1.71

33.8 11.5 40.0 1.75

K BC+27Al 39.7 14.0 46.3 1.88
4Ca BN +27A1 44.7 18.7 50.2 1.78
29.2 11.5 40.2 1.77

8¢ BO+27Al 72.5 28.0 66.6 1.78
61.5 24.4 60.0 1.77

449 19.8 50.0 1.73

31.5 11.5 42.0 1.69

2E\,, averaged over the target thickness.

PEstimated as in Ref. 14 based on CASCADE statistical model calculations, and using a = 4 /8 MeV ™.

the assumption of statistical decay in the heavy-ion fusion
reactions presently studied and also to improve our un-
derstanding of the role of deformation in compound nu-
clei formed at high excitation, we have measured angular
distributions of y rays from the decays of *K* at
E,;=60.0 MeV and *Sc* at E,;=50.0 and 66.6 MeV.
For statistical emission of high-energy y rays, the angular
distribution in the center of mass must be symmetric
about 6,=90". The existence of an asymmetry would be
an indication of a nonstatistical reaction process.'°

For purely statistical decay of a spherical nucleus, the
angular distribution in the center of mass is expected to
be nearly isotropic. If, however, the compound system
possesses a definite deformation, a y-decay anisotropy
(which is symmetric about 90°) is expected (Ref. 21, see
also, Ref. 10). The anisotropy depends on the type of de-
formation (oblate or prolate) and on the orientation of the
deformed shape with respect to the rotational axis. For
pure dipole decay this results in a nonzero a,, the
coefficient of the Legendre polynomial P,(cos6). Experi-
mental evidence for this effect has been found previously
in the decay of Er* isotopes.?>??

Our measured angular distributions are symmetric
about 9y=90° for E y> 10 MeV, confirming the statistical
nature of the y-emission process in the GDR region.
Nonzero a, coefficients are observed, consistent with ob-
late noncollective or prolate collective rotation. Defor-
mation averaging calculations reproduce the observed a,
coefficients in the high-energy region and indicate pre-
ferred deformations $2>0.15 at the highest bombarding
energy, consistent with the oblate deformation expected
in the rotating liquid-drop model.

The treatment of the level density is of particular con-
cern in statistical GDR decay analysis. We present a
consistent analysis of the y-ray spectra from the decay of
four different initial compound nuclei with 4 =40 which
allows us to choose between different level density formu-
lations. Data which provide direct information on the
level density at the high energies relevant to statistical
GDR decay are either scarce or nonexistent. Extrapola-
tion of the level density upward from lower energies

where data exist is difficult because these energies span
the range where shell and pairing corrections to the nu-
clear mass are expected to disappear, and the rate of their
disappearance, which is uncertain, must be properly tak-
en into account. Among the level density formulations
currently available, the damping of shell effects is best
handled in the Reisdorf approach?® which we describe in
Sec. III B 1. Howeyer, the Reisdorf level density parame-
ters are not suitable for light nuclei, and we present a
determination of suitable parameters. We also discuss
the Piihlhofer approach,?® which is commonly used be-
cause it is built into the CASCADE computer code.

II. EXPERIMENTAL DETAILS

Self-supporting rolled aluminum targets of 99.999%
chemical purity and 1.0 and 1.5 mg/cm? thickness were
bombarded with >C, *C, N, and '®0 ions from the
University of Washington FN tandem Van de Graaff ac-
celerator. Gamma rays from the decay of the compound
nuclei studied were detected in a 254 cmX25.4 cm
Nal(T1) detector surrounded by a plastic anticoincidence
shield. Our experimental technique was very similar to
that described previously.'*

In order to check for the presence of light impurities,
particularly oxygen and carbon, in the aluminum targets,
additional measurements were performed using a '>C
beam at E,, =17 MeV, which is above the Coulomb bar-
rier for reactions on carbon and oxygen target nuclei but
below the Coulomb barrier for aluminum. The amount
of light impurities in the 2’Al targets was estimated to be
< 1%, and these impurities made a negligible contribu-
tion to the spectra of interest.

For all cases studied, the y-ray yield was measured at
6,=90° with respect to the beam axis. For three cases,
1#0+27A1 at E,, =44.9 and 72.5 MeV and ’C+?Al at
E,,=62.7 MeV, additional measurements were per-
formed with the Nal spectrometer positioned at angles
6y=40°, 60°, 90°, 120°, and 140°. Due to the significant
yield of high-energy neutrons, especially at forward an-
gles, all data were taken in event mode (pulsed-beam time
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of flight and y-ray energy recorded) and sorted off-line.
For the angular distribution data, varying time gates
based on a series of 1-MeV wide y-ray energy bins were
used in order to account for a small slewing in the time
signal from the gamma detector. During the experiment,
special care was taken to avoid systematic errors which
would influence the data differently at different angles.
Pileup was suppressed using an electronic rejection cir-
cuit. An additional correction was made in software to
account for the fact that the rejection circuit was not
100% efficient. All data were taken with a constant
counting rate of 15 kHz (above 0.25 MeV) in order to
minimize pileup differences at different angles, and
several sweeps through the full set of angles were made at
each bombarding energy in order to check internal con-
sistency.

All absolute cross sections were obtained by direct cal-
culation from the measured y-ray yields, after correcting
for pileup and deadtime as described in Ref. 14.

III. RESULTS

The measured y-ray spectra at 6, =90 produced by
the decay of the compound nuclei ¥K*, “°K*, #*Ca*, and
458c* formed at different initial excitation energies and
initials spins are presented in Fig. 1. The cross-section
scale was derived assuming isotropic angular distribu-
tions. The solid curves represent statistical model calcu-
lations which are described below.

A. Statistical model analysis

Gamma-ray cross sections were calculated using a
modified version of the computer code 2>CASCADE includ-
ing the effect of isospin.!> The parameters of the GDR
(peak energy Ep, width T', and strength S in units of the
classical dipole sum rule) were treated as variables in the
least-squares fitting of the calculated spectra to the exper-
imental data. The fitting region was E, 212 MeV, the
region where the spectrum shape is most sensitive to the
GDR parameters. Isoscalar (ISGQR) and isovector
(IVGQR) giant quadrupole resonances have been includ-
ed in the calculations with fixed parameters based on
ground-state systematics.?%?” The E2 contributions were
small (<7% for E,, <20 MeV, ~10% for E, =25 MeV),
and the calculated spectrum shapes were insensitive to
changes of GQR parameters.

Although the CASCADE calculations including the
effect of isospin are much more time consuming then
those with the normal isospin-independent version of the
code, they were necessary because of the large impor-
tance of isospin for these light nuclei. We found that the
fits done with and without including the effects of isospin
were not simply related by a strength renormalization
factor as is the case for heavier masses.!* Isospin affects
not only the strength by relatively large factors of
1.3-1.8 but also the extracted values of E, and I" by up
to 5 and 7 %, respectively, for the present cases. Hence,
all the fits presented here were done including the effects
of isospin. We neglected possible isospin mixing, which,
in somewhat lighter nuclei, was found to be small.!?
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Fusion cross sections for '2C+?7Al (Ref. 28),
N +?Al (Ref. 29), and '*0+?"Al (Refs. 30 and 31) reac-
tions are known experimentally. For projectile energies
E,,, =50 MeV and above, the fusion cross sections calcu-
lated with CASCADE are within 10% of the experimental
values. For lower energies, discrepancies up to 25%
occur between calculated and experimental values. In
our analysis we used CASCADE default fusion cross sec-
tions for energies E,;, = 50 MeV. For lower projectile en-
ergies, the calculated spectra have been normalized to
agree at low y-ray energy with the measured spectra by
varying the grazing angular momentum /. Fusion cross
sections determined in this manner together with experi-
mentally measured values are presented in Table II.

B. Level density

As in our previous paper,'* we have examined the sui-
tability of the level density formulation given by
Piihlhofer,?® together with variations, and the Reisdorf
approach.”* The Reisdorf approach is much more sensi-
ble, in principle, and with parameters fitted to low-energy
level density data, it results in good fits to all the y-ray
spectra from the GDR decay. Here the level density at
all excitation energies is given by one smoothly varying
formula in which the parameter a is dependent on the
ground-state shell correction energy and the excitation
energy of the nucleus.

The Pihlhofer approach, on the other hand, is not as
good a method, in principle, and in nuclei presently stud-
ied (4 =40) can be made to work only with somewhat ar-
bitrary and uncertain parameter adjustments which are
different for neighboring nuclei. The basic problem with
the Piihlhofer approach is that the low-energy (E, <10
MeV) and high-energy (E, =20 MeV) regions are treated
independently. The level density in the high-energy re-
gion is not tied to experimental data, nor may it be extra-
polated to sufficiently low energy, in most cases neutron
threshold, where data do exist. As a result, in the region
of interpolation between low and high energies, the slope
of the level density is commonly wrong, and this affects
the shape of the calculated y-ray spectrum and the ex-
tracted GDR parameters. Nevertheless, with parameter
adjustment one can achieve a reasonable level density for
many nuclei with this approach.!* However, care has to
be taken to check the smoothness of the level density
curve and to compare it with existing experimental data.

Below we present an analysis of the level density for
nuclei with mass 4 =23-120. Our goal was to repro-
duce the level density for nuclei with mass 4 =40. Our
calculated level densities were compared with available
experimental data, which consists of level density values
determined from direct level counting, high-resolution s-
and p-wave neutron resonance and charged-particle reso-
nance measurements, one-nucleon transfer reactions, and
fluctuation analyses.*>3® These data cover the range
mainly up to ~ 10 MeV; for some nuclei the level densi-
ties up to ~25 MeV are known. We then performed
CASCADE calculations for decays of *K*, “K*, “2Ca*,
and **Sc* nuclei using level densities based on this
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analysis. Some additional background information is
given in our previous paper.'*

1. The Reisdorf approach

Here we discuss our attempt to reproduce the level
density for nuclei with mass A4 =40 with the Reisdorf ap-
proach.'#?* In this approach the level density is given by

M. KICINSKA-HABIOR et al. 41

aU=a{U+8U[1—exp(—y U]}, (2)

where U=E —I(I +1)/6+8P, I is the angular momen-
tum, and #=2J /#* is the moment of inertia parameter.
The damping parameter ¥ ~ ! and the level density param-
eter @ are described below. The shell plus pairing correc-
tion to the ground-state mass is given by the difference of
the experimental mass M., and the calculated liquid-

— drop mass M such that 8U +8P=M_, —M Equa-
— 4 P LD ex Lp- Eq
p(E,n=2111/; exp2Val) (1) tion (2) applies to energies U which are sufficiently high
126 that the pairing correction to the level density are as-
with sumed to have vanished; hence the appearance of the
T I T r Al I T ] T ] x1' 2" . I T I T l T I T
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—~~
=
)
=
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N
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FIG. 1. Measured y-ray spectra at §=90° from the decays of *K*, “*K*, *Ca*, and *Sc* together with least-squares-fitted sta-
tistical model calculations using the level density calculated in the Reisdorf approach with the odd- 4 pairing reference, Yy '=18.5

MeV and r,=1.10 fm.
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TABLE II. Fusion cross sections used in CASCADE calcula-
tions.

O fusion (mb)
Entrance E Present Previous
channel (MeV) work? work Ref.

2C+27A1 62.7 1144 1140+170 28
48.2 967 1045+160 28
33.8 524 ~ 600° 28

BC+7Al 39.7 592

BN +27A1 44.7 860 930+120 29
29.2 561 600+80 29

30 +%A1 72.5 1131 1220+38 31
61.5 1015 1150+35 31
449 922 880130 31
31.5 499 418+17 30

*For E\,;, > 50 MeV, this is the default value from CASCADE.
For E,,;, <50 MeV, this value was determined from a fit to the
low-energy part of the y-ray spectrum.

®Extrapolated from higher energy.

“backshift” factor 8P. At low energies where pairing is
important, the factor 8P should be absent. We treat the
behavior at low energies in an approximate manner by
extrapolating Eqgs. (1) and (2) down to E=3-5 MeV,
below which the level density is given by the counting of
individual levels. The shell correction factor 8U is as-
sumed to be damped more slowly than 8P with excitation
energy, hence it appears in Eq. (2) multiplied by the
damping factor 1 —exp(—y U).

The pairing corrections 8P are calculated in a standard
way using the droplet model of Myers.>* Originally in
the droplet model the odd- 4 pairing reference was used,
in which the pairing correction equals zero for odd- 4 nu-
clei.** However, Reisdorf?* used the even-even reference,
while Schmidt in the microscopic calculations of the level
density®® recommended the odd-odd reference. The
ground-state shell corrections 8U are determined by
d3U=M,—Mp—8P. Thus, both pairing and shell
corrections depend on the choice of the pairing reference,
and hence the deduced level density depends on the refer-
ence. It is not obvious which of the pairing references
should be used.*® In this work we used the odd- A refer-
ence, with 8P=+114 ~'/2 (MeV) and zero. Some calcu-
lations have been done in all three references and the sen-
sitivity of the extracted GDR parameters has been tested
using level densities determined from different pairing
references.

The parameter @, which is assumed to be independent
of energy and to vary smoothly with mass, is calculated
according to a microscopic description?* containing sur-
face and curvature corrections

a@=0.04543r34 +0.1246r2 4%/ B¢
+0.1523r, A'°B; 3)

where the parameters r,, Bg, and By are defined in the
droplet model of Myers.>* The numerical coefficients in
Eq. (3) are taken from the HIVAP computer code,’” and
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are somewhat different for the surface and curvature
terms than the values given in Ref. 24. Our calculations
have been done using the level density subroutine from
HIVAP, which we have incorporated into CASCADE. We
assume’* B¢ =B =1 and we concentrate on the parame-
ter ro which should be very close to the nuclear matter
radius constant.’® In the original Reisdorf approach,* r,
was treated as a free parameter together with ¥ ~! and
p=8PA'"? in a fitting procedure of the experimental
neutron resonance spacings for nuclei with 4 =100-253.
The best-fit parameters were r;=1.153£0.01 fm,
y !=18.5 MeV, and p =10.5+2. Although the level
density calculated in this manner with these parameters
works well for 4 =63,'* it does not work well, in general,
for other light nuclei. In the mass region of 4 =40 the
level density calculated with these parameters and the
odd- 4 pairing reference is 2-5 times larger than the ex-
perimental values.’?>** This is shown in Fig. 2, where the
total level density p(E) (summed over allowed spins), cal-
culated with the Reisdorf parameters and the odd- 4 pair-
ing reference is shown by dashed lines for some nuclei
with A4 =35-45 and compared with experimental
data.’*33 A similar discrepancy between calculated and
experimental densities is shown in Fig. 3(a), which
displays ratios of the level spacings calculated with the
Reisdorf parameters to the experimental level spac-
ings*»** for nuclei with mass 4 =23-65 at particular
spins and at particular excitation energies in the range
5 MeV=E, <12 MeV. A similar effect is observed when
the even-even reference is used. With the odd-odd refer-
ence, the agreement between the calculated and experi-
mental level spacings is better in the mass region 4 =40,
but it is much worse for heavier masses, as shown in Fig.
4.

The question then arises as to whether the parameters
y~! and r, should be independent of A. To test the sen-
sitivity of the level density to changes in ¥ ~! and r, we
have varied the parameter y ~! from 6 to 25 MeV and r,
from 1.153 to 1.10 fm, for the three pairing references
and nuclei with mass 4 =23-65. We found that de-
creasing ¥ ! worsens the discrepancy between experi-
mental and calculated values beyond that shown in Fig.
4, whereas increasing ¥ ! above the Reisdorf value of
18.5 MeV makes only a slight improvement, independent
of the pairing reference. On the other hand, the common
expectation that the damping of shell effects should scale
with temperature (as opposed to excitation energy U) im-
plies that ¥ ~! should be smaller in lighter nuclei. Since
we do not have a good justification for increasing ¥ ~!, we
decided to leave it fixed at 18.5 MeV.

The calculated level density is, however, very sensitive
to changes in r; since r, appears to the third power in the
parameter @ [Eq. (3)]. In the case of the odd-A and
even-even pairing references, reducing r, below 1.153 fm
improves the agreement between calculated and experi-
mental level densities for 4 =40. We found that to
reproduce the level density for nuclei in the mass range
A =35-45, the best values of r, are the same for the
odd- 4 and even-even references, namely 1.10 fm, while
for the odd-odd reference r,=1.153 fm is the best. The
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FIG. 2. Total level density curves for some nuclei important in the decay of K *, ““K*, “2Ca*, and **Sc* together with the experi-
mental data (solid points) from Refs. 32 and 33. Level densities are calculated in the Reisdorf approach with the odd- 4 pairing refer-
ence, ¥ ~'=18.5 MeV, and two values of r,: 1.153 fm (dashes) and 1.10 fm (solid lines).

total level density curves calculated with parameters
y ~!'=18.5 MeV and r,=1.10 fm in the odd- 4 reference
presented by solid lines in Fig. 2 reproduce the experi-
mental data®’** much better than those with r,=1.153
(dashes). Ratios of the level spacings calculated with
these best parameters to the experimental level spac-
ings®>33 are presented for the odd- 4 reference in Fig. 3(b)
for comparison with those calculated with the Reisdorf
parameters [Fig. 3(a)]. In Fig. 5 these ratios, calculated
with the best parameters for each of the three references,
are shown. Even with the best parameters, discrepancies
up to a factor of 2 between calculated and experimental
values of the level spacing occur for some nuclei with
mass =40. This suggests that some of the shell correc-
tions in this mass range are not correct. In Fig. 6 we
show the energy dependence of the total level density cal-

culated for *Sc using the three different references with
the best values of ¥ ~! and r,. These three level density
curves have different slopes, and this affects the fitted
GDR parameters, as discussed below.

Reducing r, to 1.10 fm improves the agreement be-
tween experimental and calculated level densities for
A =40, but worsens it for heavier nuclei. However, ro
should be weakly mass dependent. This is illustrated in
Fig. 7 which shows the equivalent sharp radius parameter
ro. of the charge distribution for nuclei with mass
A =20-120 obtained from the equivalent rms radius Q,
in a manner similar to Ref. 38:

Q,=ro, A'P[1+3(b/ry, )4 727] . @)

The equivalent rms radius Q, =V'5/3(r2)!/2 and the sur-
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FIG. 3. Ratio of the calculated and experimental (Refs. 32
and 33) values of the level spacing for nuclei with 4 =23-65.
Level spacings were calculated in the Reisdorf approach with
the odd-A4 pairing reference, y " '=18.5 MeV and the two
values of (a) r,=1.153 fm and (b) 1.10 fm.

face width b =(7/V'3)z of the proton Fermi distribution
have been determined from the electron scattering data
for which the two-parameter Fermi model was applied.*®
Shown also in Fig. 7 is r(, calculated by Myers (see Fig. 5
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FIG. 4. The same as Fig. 3(a), but calculated level spacings
obtained in the Reisdorf approach with y ~'=18.5 MeV and
ro=1.153 fm for three pairing references and nuclei with
A =23-120.
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FIG. 5. The same as Fig. 3(a), but calculated level spacings
obtained in the Reisdorf approach with the best parameters r,
and y ! for each of the three pairing references for nuclei with
A =23-65 (see text).

in Ref. 40) including effects*’ due to finite nuclear
compressibility, which lead to a greater squeezing of light
nuclei by surface tension forces, and dilation of heavy nu-
clei by the electrostatic repulsion. For A =40,

T 1T 1 T T 1

1012 L 45SC

109

p (Mev™h)
3,

100 ! ! l I 1 1
0 10 20 30 40 50 60 70

E, (MeV)

FIG. 6. Level density curves for **Sc nucleus calculated in
the Reisdorf approach with the best parameters for each of the
three pairing references: the odd- 4 reference, solid line; even-
even reference, dashes; odd-odd reference, dots.



2082

1.20 T T T T T

T T T\

1.05

1.00 I I I 1 1
20 40 60 80 100 120

A

FIG. 7. Equivalent sharp radius parameter r,, of the charge
distributions for nuclei with mass 4 =20-120. Experimental
values obtained from Ref. 39 by direct calculation according to
Ref. 38 (see text). The curve represents the droplet model calcu-
lation of Myers (Ref. 40).

ro.(exp)=1.09 fm, which lies somewhat below the Myers
calculations (see Fig. 7). This value, together with the
droplet model prediction for the difference between rms
radii of the neutron and proton distribution,** yields
ro=1.10 fm, in excellent agreement with our estimate
from the neutron threshold level density comparisons.
Furthermore, at the substantially higher energies of
10-25 MeV, the level density calculated in the Reisdorf
approach with r,=1.10 fm, y " !=18.5 MeV and the
odd- 4 reference agrees with experimental values deter-
mined from fluctuation analyses (see Fig. 2). These in-
dependent studies provide confidence that the present
level density formulation is sensible and reasonable.

All measured y-ray spectra have been fitted with
CASCADE calculations using 7,=1.10 fm and y ~!=18.5
MeV, and the odd- A pairing reference. With these pa-
rameters, @ lies in the range 4/8.37 MeV ™! to 4/8.61
MeV ™! for 4=39-45. The moment of inertia parame-
ter in the level density was approximated as spin indepen-
dent. This approximation was tested by comparing to
one-shot CASCADE calculations which included a spin-
dependent liquid-drop moment of inertia, which showed
negligible differences. From these fits the GDR parame-
ters discussed in Sec. III C have been extracted.

In order to check the sensitivity of the GDR parame-
ters to the choice of the level density parameters r, and
y~! as well as to the choice of the pairing reference,
several fits were performed to the presently analyzed y-
ray spectra with various parameters ¥ ~! and r, and the
different references. Conservative systematic errors due
to estimated level density parameter uncertainties
Ary==0.02 fm, Ay ~!=+6 MeV, and change of pairing
reference (odd-A4, even-even, and odd-odd) are
AS=+15%, AE;,=0.05 MeV, AT =+1 MeV. We have
included in AS a +7-12 % uncertainty in the fusion
cross section. As discussed below, these uncertainties do
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not apply to the differences in GDR parameters as a
function of spin, for which the relative uncertainties are
much smaller. Variations of the GDR parameters with
the change of pairing reference depend weakly on the ex-
citation energy of the decaying nucleus, since the slope of
the level density depends weakly on the reference (see
Fig. 6).

Nevertheless, the character of the spin dependence of
the extracted GDR parameters (see Sec. IIIC) is not
significantly affected by the change of pairing reference,
ro or ¥~ ! This is because all the reactions studied are at
approximately constant temperature, which implies con-
stant U in the level density Egs. (1) and (2). Therefore,
the level density changes very little as a function of spin,
independent of the reference.

2. The Piihlhofer approach and variations

In the approach proposed by Piihlhofer,® originally

used in the code CASCADE, the level density is defined
separately in four regions. At the lowest excitation
(E, =5 MeV), individual levels for the initial compound
nucleus and for each daughter nucleus are counted. At
higher energies, where the energies and spins of individu-
al levels are unknown, the functional form of the level
density proposed by Lang,*’ which is based on a Fermi
gas model with equidistant levels, with parameters a and
A, is applied. In the medium-energy range (E, < ~10
MeV), the parameters a and A are determined experimen-
tally for each nucleus. At “high” energies (E, = ~20
MeV), where shell and pairing effects are assumed to have
vanished, smooth mass dependences for @ and A are as-
sumed. The generally accepted values of aypy=4/8
MeV ™!, and A,y defined as the difference between ex-
perimental and liquid-drop binding energies calculated
from the Myers droplet model mass formula** without
shell and pairing corrections, are commonly used. In the
transition region (~10 MeV <E, < ~20 MeV) between
medium and high energies, a linear interpolation of a and
A is performed.

In the case of the Piihlhofer approach, the calculated
level densities agree with experimental values at medium
energies up to E, =8-10 MeV for most of the nuclei (see
Fig. 8), because the parameters @ and A (Refs. 32 and 44)
used in the calculation have been extracted from fits to
those level density data. At high energies, however, the
magnitude of the level density determined by the parame-
ters a;py=A/8 MeV™! and Ay calculated without
the Wigner term® is too large for most of the nuclei.
This results in an incorrect slope of the level density in
the transition region (E, =10-20 MeV), where the level
density is interpolated between the medium and high en-
ergies. In such a case, the high-energy y-ray spectrum
for y-decay populating states in the transition region is
calculated incorrectly and fits often give unreasonable
GDR parameters. We found this effect in the case of de-
cay of the ®*Cu* nucleus.'* We also found that with some
adjustment of parameters a; ) and A; py, (Which we call
variations of the Piihlhofer approach'®), we could repro-
duce the level density curves for nuclei near 4 =63 very
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FIG. 8. Total level density curves for nuclei as in Fig. 2 but calculated using the Pihlhofer approach: dashes, a;py = A4/8
MeV ™!, and A| py without the Wigner term; solid lines, a; py = 4 /10 MeV ! and A py with the Wigner term.

well and extract reasonable GDR parameters.!* We have
observed a similar effect in our analyses of decays of
¥K*, “Ca*, and *Sc* nuclei. Gamma-ray spectra from
the decay of these nuclei at the initial excitation energy
E, ;=40 MeV can be fitted only if values smaller than
A /8 MeV ™! for the a; py parameter are used, especially
for ¥K* where values as low as a;py =4 /10 MeV ™!
and A; py calculated with the Wigner term are required.
Even with such a parametrization of the level density,
however, the y-ray spectrum shape for 40K * at E =46.3
MeV cannot be reproduced.

The observed inconsistency of the parameters a;py
and A; by required to reproduce the level density curves
and the high-energy y-ray spectra for neighboring nuclei
seems to be connected with large differences in the
ground-state shell effects in the mass range 4 =40. The
parameters a and A defining the level density in the
medium-energy range (3.5 MeV=<E, <11.5 MeV) have
been extracted from the analysis*** of the experimental
level densities at energies up to 8—10 MeV. In this pa-

rametrization, the shell effects are included not only in
the parameter A but also in the parameter a, which re-
sults in a significant variation in a@ values for similar mass
nuclei. The biggest difference occurs between 3°K, for
which a=4/12.2 MeV™! and “K, with a=4/7.2
MeV L It is then impossible to find, for all nuclei near
A =40, one constant value defining the parameter
apy=A4/const MeV~! which, together, with some
realistic A;py, will determine the level density with a
sensible slope in the transition region where the linear in-
terpolation of @ and A between the medium- and high-
energy range is performed.

Figure 8 shows the total level density curves for some
of nuclei important in the decay of ¥K,*, “°K*, *’Ca*,
and ¥*Sc* compound nuclei. The dashed curves were ob-
tained using the Puihlhofer approach with a;py=A4/8
MeV ™! and A;py calculated without the Wigner term,
while the solid lines correspond to a;py = 4 /10 MeV ™!
and A py including the Wigner term. For comparison,
the experimental values of the level density taken from
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TABLE III. Reaction parameters and fitted GDR parameters for the compound nuclear decays studied.

Compound E,, I, E., E,, T Ep r
nucleus (MeV) (%) (MeV) (MeV) (MeV) S (MeV) (MeV)
¥K 60.0 16.0 18.7 13.9 1.69 0.86+0.06 17.0+0.1 13.4+0.4
50.0 13.0 12.5 14.3 1.71 0.77+0.05 16.8+0.1 11.6+0.4
40.0 8.0 5.0 14.9 1.75 0.89+0.11 16.410.1 10.5+0.3
K 46.3 9.5 6.6 17.8 1.88 1.33+0.09 17.2+0.1 12.1+0.4
2Ca 50.2 12.5 10.3 16.7 1.78 1.17+£0.08 17.1+0.1 11.9+£0.3
40.2 8.0 4.4 16.5 1.77 1.19+0.08 17.7+0.1 11.6+0.3
43Sc 66.6 18.5 19.6 17.8 1.78 0.97+0.07 16.3+0.1 14.7+0.5
60.0 16.0 14.8 17.7 1.77 0.87%£0.06 16.1+0.1 12.4+0.4
50.0 13.0 9.9 16.8 1.73 0.76+0.05 16.1+0.1 12.1+0.4
42.0 8.0 3.9 16.1 1.69 0.75+0.05 17.0+0.1 11.6+0.3

Beckerman®® and Dilg et al.’? are also presented in Fig.
g

8. Even though the dashed curves agree reasonably well
with the level density data, the slope discontinuities
present in several nuclei such as °K lead to physically
unreasonable GDR parameters at some bombarding en-
ergies.

Finally, we conclude that with the Piihlhofer approach
we are not able to reproduce the level densities for all nu-
clei of interest in a consistent way, and which will result
in good fits for all measured y-ray spectra.

C. GDR parameters

All measured y-ray spectra were fitted using an
isospin-dependent version of the code CASCADE with the
level density calculated in the Reisdorf approach as dis-
cussed above, and a one-component GDR strength func-
tion. Final values of the mean GDR energy, width, and
strength (in units of the classical dipole sum rule) extract-
ed from least-squares fits (with the level density parame-
ters y '=18.5 MeV, r,=1.10 fm and with the odd- 4
pairing reference) are given in Table III. Errors in the
GDR parameters include only statistics, except for the
strength, which includes the absolute normalization un-
certainty of 7-12 %. Systematic errors are connected
mainly with the uncertainty in the level density discussed
in Sec. IIIB1 and are estimated to be AS=+15%,
AE =+0.5 MeV, and AI'=%x1 MeV. These errors are
due primarily to the uncertainty in the pairing reference;
they also include contributions from estimated uncertain-
ties in 7o (+0.02 fm) and y ! (+6 MeV). However, none
of these uncertainties apply to the GDR parameter
differences as a function of spin for a given reaction.

Also presented in Table III are the final energy E, , above
the yrast line, the final average spin I, and effective tem-
perature T, for each case calculated as in Ref. 14. The
final energy E,, above the yrast line is defined as
E,,=E,—E —Ep, where E, is the excitation energy of
the decaying nucleus averaged over the initial compound
nucleus and all daughter nuclei that contribute to the y
decay with E,, =E,. The yrast energy calculated for the
average final spin I, is E,=1,(I,+1)/6, where the
rigid-body moment of inertia 6 is calculated with
roupm = 1.30 fm. The effective temperature was estimat-
ed as T}=Ex r/a, where the level density parameter
a=A/8MeV ! was used.

In attempting to understand the properties of the
GDR at high excitation energy, it is very useful to be able
to compare with the properties of the GDR built on the
ground state. The shape of the GDR built on the ground
states of K, *2Ca, and **Sc has been measured in pho-
toneutron reactions (see Refs. 45-47, respectively) and
the observed broadening of the (y,n) excitation curve was
explained mainly by the (unresolved) isospin splitting of
the GDR into two components, characterized by
T_=T;and T, =T;+1. For our purpose, we wish to
know the properties of the T . component since only this
component is formed in heavy-ion collisions. For the
“2Ca nucleus®* and the *Sc nucleus’®®' T_ and T.
components have also been observed in (y,p) excitation
curves. For *’Ca (Ref. 48) and **Sc (Ref. 47) a deforma-
tion splitting was also considered. The mean GDR ener-
gies estimated for **K, *’Ca, and **Sc are presented in
Table IV. There are no available experimental data from
photoproton or photoneutron reactions for “°K, so we es-

TABLE IV. Characteristics of the ground-state GDR isospin splitting for the nuclei of interest (see

text).
E . can AE E.
Nucleus T, (MeV) (MeV) S./S. (MeV)
¥K 172 ~20 2.31 1.65 ~18.6
K 1 19.7 3.0 0.77 18.4
2Ca 1 20.0 2.86 0.78 18.7
4Sc 3/2 19.0 3.33 0.49 17.9
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timated the mean GDR energy for that nucleus based on
“0Ca data.”® > The magnitude AE of the isospin split-
ting>® (which is related to the nuclear symmetry energy),
the calculated strength ratios®® S, /S _ due to isospin
splitting, and the estimated energies E . of the T . com-
ponent of the GDR are presented in Table IV for the nu-
clei of interest. The width of the T'. component of the
ground-state GDR is difficult to estimate because the
splitting is not resolved; however, the value I’y ( =5 MeV
seems to be reasonable for these nuclei. The fraction of
the classical dipole sum rule exhausted by the GDR built
on the ground state has been estimated by taking into ac-
count both the (y,n) and (y,p) cross sections, with the
result S, ; =0.85 and 0.90 for **Ca and *’Sc, respectively.

Although the effective temperatures in the present ex-
periments are nearly constant (in the range of 1.7-1.8
MeV for most cases), the spins vary substantially, so that
the results provide direct information on the spin depen-
dence of the GDR in hot nuclei at constant temperature.
This simplification of constant temperature is particularly
important, as mentioned earlier, since the GDR width
and shape are known to be strongly influenced by temper-
ature as well as spin. The uncertainty in the average spin
I, is due mainly to the determination of the grazing an-
gular momentum /; in the entrance channel (see Sec.
II A) and is small (= 17) based on a comparison of calcu-
lated and measured y-ray spectra for E, <8 MeV, as-
suming the strong absorption model with the transmis-
sion coefficient approximated by a Fermi distribution
with diffuseness of 2 fm for the initial spin distribution.
The resulting temperature uncertainty is of order 0.1
MeV. The uncertainties in the final spin and temperature
are not sensitive to the choice of the reference in the level
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FIG. 9. The extracted GDR parameters as a function of final
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45-54 as described in the text.
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density calculations if the best parameters ry and ¥ ~! are

used in each case. The GDR parameters plotted as a
function of the final average spin I, are shown in Fig. 9.

For a given initial compound nucleus, the extracted
GDR energies show some spin dependence. For the
48c* and *?Ca* compound nuclei, the GDR energy Ej,
drops by 0.7 and 0.6 MeV respectively, while for *K* it
increases by 0.6 MeV. In all cases, the character of this
spin dependence is not affected by a change of the pairing
reference or the level density parameters ¥ ! and ro, due
mainly to the fact that the data all correspond to nearly
the same temperature. The uncertainty in these energy
shifts is estimated to be =+0.14 MeV and is dominated
by the statistical uncertainties. We made a further inves-
tigation to see if these shifts might be affected by an error
in the shell correction, and again we found no significant
dependence (specifically, for **Sc* a change in 8U of 0.5
MeV changed the shift in E;, with spin by 0.02 MeV).

In our previous study'* of decays of ®*Cu, no evidence
for spin dependence of the GDR energy was found. In a
study reported by Schwalm et al.,”? the GDR energy in
Er isotopes decreased with increasing spin from 5 to 507.
In the recent experiment by Thirolf et al.’’ at the
Darmstadt-Heidelberg crystal ball, similar effects have
been observed. Also, Bruce et al.’® have reported a shift
in the y-ray strength for 1Dy and !"?Yb as a function of
spin varying from 18 to 404, which could be interpreted
as a reduction in the GDR energy or, alternatively, in
terms of a shape transition between prolate and oblate
shapes.

The fitted energies E, in Table II are consistently low
compared to the E _ estimates for the ground-state GDR
given in Table IV. In fact, the discrepancy between the
average value of E} and the corresponding E _ estimate
for each of the four nuclei is nearly the same, =1.5 MeV,
and is a factor of 3 larger than our estimated uncertainty
in E, of £0.5 MeV given earlier. We know of no ex-
planation for these differences. They are clearly outside
the uncertainties in our estimates of the mean energy for
the ground-state GDR. An explanation in terms of in-
creased isospin splitting would require twice the normal
symmetry energy, which seems unreasonable. If decays
to T. final states are significant in the present reactions,
then the extracted E; values would be expected to be
lower than the E _ estimates, since the isospin splitting is
greater for a GDR built on a T, state; however, we
checked this effect and found it to be negligible. Isospin
mixing, if important, would make this discrepancy even
larger.

The GDR width increases smoothly with increasing
final spin. The character of this dependence is similar for
all the nuclei studied. It is also independent of the choice
of the pairing reference. Even calculations using the
Reisdorf parameter values (ry=1.153 fm, y '=18.5
MeV) for the level density give the same rapid increase of
the GDR width with spin. The main difference in the
shape of the GDR strength function for these nuclei com-
pared to the previously studied *Cu* decays'* is that in
these lighter nuclei the GDR observed at the same spin
and temperature is 2—-5 MeV broader. However, if one
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extrapolates the GDR widths in Fig. 9 to zero spin, one
finds =10 MeV, which is similar to the value '=9
MeV found for ®Cu* decays at similar temperature and
low spin (see Fig. 12 of Ref. 14). Thus, the difference is
that the GDR width increases more rapidly with spin in
the present cases than it does in ®*Cu*. This is to be ex-
pected since, for a given spin, the rotational frequency in
these light nuclei is about twice that of Cu*. Hence,
one expects larger spin-induced deformations, and, as a
result, a larger GDR strength function width due to the
deformation splitting in these lighter nuclei. Neverthe-
less, all of the present data are reasonably well fitted with
a one-component GDR. This suggests that for these *K,
K, “Ca, and *Sc nuclei at finite temperature
T=1.7-1.8 MeV the ensemble of excited nuclear states
available in the process of thermal fluctuations (which are
in large part responsible for the GDR width®) contains a
broad distribution of deformations and the thermal
averaging over this distribution washes out the GDR
structure leaving only a very large width. The experi-
mental proof that spin-induced deformation splitting
plays an essential role in determining the shape of the
GDR is presented in the discussion of angular distribu-
tion results in Sec. III D below.

The question arises as to whether the very broad GDR
strength functions deduced in the present studies may be
distorted by contamination from high-energy y rays pro-
duced in reactions other than fusion evaporation. It has
been observed in previous studies of '>C (Ref. 28), °N
(Ref. 29), and 'O (Refs. 30 and 31) induced reactions on
27A1 that the measured fusion-evaporation cross section
o gr €xhausts more than 75% of the total reaction cross
section o for the highest projectile energies presently
studied and more than 80% for lower projectile energies.
The difference between o, and ogg is attributed to the
deep-inelastic cross section opjc and quasielastic cross
section oqp. The quasielastic process does not produce
high-energy ¥ rays. For '2C+7?’Al at 62 MeV® and
160+27Al at 72.5 MeV,*! the contribution of op;c to the
reaction cross section was found to be less than 4%. In
order to estimate the effect of deep-inelastic scattering on
the high-energy y-ray spectrum, the y-ray spectrum fol-
lowing the decay of deep-inelastic fragments produced in
12C+77Al at 62.7 MeV and '*0+?7Al at 72.5 MeV were
calculated using the CASCADE code. We assumed the
product masses to be the same as in the entrance channel
and that the intrinsic energy of the two-body system (to-

J

dzac.m.(ec.m.’Ey,c.m. )
d‘Q‘c.m.dEy,c.m.

=Ay(E, . )[1+a,(E

y,c.m. y,c.m.

In Fig. 10 the fitted parameters a, and a, are shown as a
function of y-ray energy E, (here and below, E,, 0, a,,
and a, refer to c.m. quantities) for the three cases stud-
ied. For all three cases, the coefficient a; is consistent
with zero for E, > 10 MeV, within experimental uncer-
tainty. This behavior is predicted for statistical emission
of y rays, which involves averaging over many initial
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tal energy minus Coulomb repulsion energy for two
touching spheres) divides equally between light and heavy
fragments. For both reactions the resulting y-ray spec-
trum is of the order of 1% or less of the statistical spec-
trum at energies £, =8 MeV and of the order of 0.2% or
less for energies E, =15 MeV, and hence the extracted
GDR parameters are completely insensitive to this effect.
Similar results are obtained for a fission-like process pro-
ducing two equal mass fragments.

The only other known process which might cause trou-
ble is the heavy-ion bremsstrahlung; however, at these
low bombarding energies E/ A4 <6 MeV/nucleon, there
is no evidence from other studies for this process.
Indeed, there is evidence from other studies for pure sta-
tistical emission at these energies (e.g., Refs. 10 and 14).
Also, the measured angular distributions (see Sec. III D)
are consistent with @, =0 up to the highest y-ray ener-
gies, in contrast to the positive a; expected for brems-
strahlung.®?

D. Angular distributions

We measured angular distributions of ¥ rays from the
decay of K* at initial excitation energy E «i =60.0 MeV
and *Sc* at E,=50.0 and 66.6 MeV. The measured
cross section at each angle has been transformed from the
laboratory to center-of-mass frame (c.m.) by accounting
for Doppler shifts in y-ray energy:

E?’:C‘ﬂk ZY[ 1 —BCOS( Glab)]E}/,lab

and converting the laboratory cross section and angle
into the center-of-mass system according to the formulas

¢ ( 0 ) Sil’l( elab )
n ==
A em. y[cos(6,)—B] °
d’o,,  sin’(Oy) 1

dQ ndE, .  sinX6,,, ) Y[1—Bcos(fy)]

2
d Olab

X,
d‘Qladey,lab

where B=v_ . /c, v.,, 1is the velocity of the center-of-
mass frame and y=(1—B2)"12. The center-of-mass
cross section as a function of angle and y-ray energy was
fitted with a Legendre polynomial expansion of the form

)P (cosO. ) +ay(E, . )Py(cosO 1, )] -

[
states of the thermally equilibrated compound system. A
zero a, coefficient, although it is not sufficient to prove a
statistical mechanism for the reactions studied, does im-
ply that any enhancement from a nonstatistical process
like that observed at high y-ray energies for He, ‘He
(Refs. 8 and 10) and ®Li (Ref. 14) projectiles is negligible.
It also weighs against a bremsstrahlung contribution due
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FIG. 10. Angular distribution coefficients a, and a, for reactions '*C+2’Al—*K* at E,,, =62.7 MeV and "*0O+?’Al—*Sc* at

E,,,=44.9 and 72.5 MeV as a function of y-ray energy.

to a nucleon-nucleon collision mechanism, which should
be somewhat forward peaked in the c.m. frame.

The a, coefficient above E,, =10 MeV has a small neg-
ative value (|a,| <0.15) and it is zero or slightly positive

for E, 220 MeV. At low y-ray energies (4—8 MeV), the
measured y-ray spectra at the highest projectile energies
and especially at forward angles show some structure
visible as small bumps above the smooth statistical part
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of the spectrum, and the a; coefficient is positive. The
energies of these bumps agree with lines produced when
the same projectile bombards natural carbon and oxygen
targets, but their relative strengths are different, which
makes any subtraction of this “impurity” impossible.
The yield of these “impurity” bumps is also much larger
than expected, based on the estimated amount of light
impurities in our aluminum targets (Sec. II). Therefore,
we infer that these bumps are due to y decay of
projectile-like reaction products which are moving with
an average velocity B/f. , in the beam direction. Thus,
since the low-energy part of the spectra has some con-
tamination due to nonstatistical process, we discuss a,
coeflicients for these two cases only above 10 MeV, where
we are confident that only statistical decay is taking
place.

E. Interpretation of angular distributions

The observed dependence of @, on E,, in the GDR re-
gion E, > 10 MeV is qualitatively similar for all three re-
actions shown in Fig. 10; namely, small negative values
with a magnitude |a,| <0.15 on the low-energy side of
the GDR, E y < E},, and zero or somewhat positive values
for E,>E,. These anisotropies provide model-
independent evidence for a preferred deformation of the
rotating, decaying nucleus (see, e.g., Refs. 10 and 63). A
dispersion curve for a, vs E,, centered on E,=Ej, is
just what is expected for deformation splitting of the
GDR, and the sign of the curve—negative a, values for
E, <Ep—indicates that the short axis of the deformed
nuclear shape is preferentially aligned in the spin direc-
tion, and rules out the other possibility, namely that the
shape is preferentially aligned with its long axis in the
direction of the spin. If the nuclear shape is axially sym-
metric, then the allowed orientations correspond to either
oblate noncollective or prolate collective rotation, while
oblate collective and prolate noncollective rotation are
ruled out. More generally, the nuclear shape may be tri-
axial; then the allowed orientations correspond to
—30°<y <60° where v is the usual quadrupole shape pa-
rameter with prolate collective rotation and oblate non-
collective rotation corresponding to the ¥ =0° and 60°, re-
spectively.

The sign of the dispersion curve for a, vs E,, does not
allow one to distinguish between the interesting possibili-
ties of oblate noncollective and prolate collective rota-
tion. The detailed shape of the curve might allow such a
distinction if @, could be determined with good precision
for E, > Ep,, where different magnitudes are expected for
these two possibilities. Unfortunately, the statistics are
poor in this region (this is generally true in statistical de-
cay studies, due to the exponentially dropping spectrum
shape) and do not allow such a distinction. However, at
these high temperatures T,=1.7-1.8 MeV, shell effects
should be mostly washed out, and the nuclear shape
should be well approximated by that of a rotating liquid
drop. Thus oblate (noncollective) deformations which
grow with spin are expected.'® This may be quantified by
the liquid-drop calculations of Cohen, Plasil, and
Swiatecki.®* They predict for *Sc at spin I =18.5% a de-
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formation AR /R =0.18 (=f, where 8 and y are the usu-
al quadrupole shape parameters). Since we expect
AE /E,=AR /R, this leads to an expected deformation
splitting AE =3 MeV, which is comparable to the ob-
served spin broadening shown in Fig. 9.

In order to make a quantitative interpretation of the
measured angular anisotropies in terms of deformation, it
is necessary to account for the broadening of the GDR
due to thermal fluctuations in the deformation. We have
performed deformation averaging calculations (see also
Ref. 65) along the lines of Gallardo et al.’>® using the
metric SdBdy. We assumed a parabolic shape for the
free energy of the form

F=c[(x —x)?+(y —y,)*1,

where x=fsiny, y=fcosy, and where the oblate
minimum (x,y,) corresponds to y,=60° with 8, adjust-
ed to fit the data. The curvature ¢ was chosen to be 30
MeV, a value that is approximately correct for nuclei at
these temperatures.’’ The calculation was performed for
a rotating harmonic-oscillator potential, assuming a
GDR splitting (at zero spin) proportional to 1/R;, where
the R; are the principal axes of the deformed shape. The
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FIG. 11. Solid dots: measured a, coefficients (in the center
of mass) as in Fig. 10. The curves are calculations (see text)
with oblate deformation 8,=0.10 (top), 0.13 (middle), and 0.15
(bottom). The mean final state spin I (in units of #) are indicat-
ed on the figure.
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intrinsic GDR width (spreading width) was assumed to
vary as I‘]-=I“0(EJ-/E0)1'9 (Ref. 68) where I'y=5 MeV
and E,;=mean GDR energy (a similar relation describes
well the width of the split GDR components in the rare-
earth and actinide mass regions). The calculated aniso-
tropies depend strongly on B, but weakly on T (hence
also ¢) and on I. A comparison of measured and calculat-
ed a, coefficients is shown in Fig. 11. The calculations,
which are for a fixed equilibrium deformation and align-
ment, apply to the high-energy part of the spectrum with
E,=11-12 MeV. For lower E,, the increasing impor-
tance of daughter contributions from decays at lower spin
(and weaker alignment) and energy, hence smaller defor-
mation, should tend to drive the a, towards, zero, as is
observed. The three different data sets are consistent
with B, in the range 0.10-0.15, as shown in Fig. 11.
These deformation averaging calculations fail by about
30% to reproduce the large widths observed for the
strength distributions; hence the oblate deformation
values deduced by comparing the calculated curves with
experiment should be regarded as lower limits. Never-
theless, these results are in reasonable agreement with the
liquid-drop expectations discussed above.

IV. SUMMARY AND CONCLUSION

The purpose of the present study was to examine the
spin dependence of the GDR strength function in equili-
brated hot nuclei with mass 4 =40 at constant effective
temperature. We produced K*, “°K*, 2Ca*, and *Sc*
compound nuclei at nearly constant temperature
T,=1.7-1.8 MeV and average final spin varying from 8
to 18.5%i.

In order to obtain statistical model calculations con-
sistent with all of the measured spectra, it was necessary
to improve the nuclear level density description beyond
that commonly used. We found a good description of the
level density using the formulation given by Reisdorf,?*
with a properly adjusted radius parameter r suitable for
these light nuclei, and with pairing energies determined
with an odd- 4 mass reference. It accounts for level den-
sities at neutron threshold in an average manner, and in-
cludes the damping of shell effects with increasing ener-
gy. It also provides a reasonable model basis for deter-
mining the a parameter, as opposed to the commonly
used and somewhat arbitrary value a= A /8 MeV !,
This formulation is to be preferred over other ap-
proaches, particularly for problems in which the level
density at excitation energies E, <40 MeV, where the
damping of shell effects is important, plays a role. We
found an apparent spin dependence in the GDR energy
for 3K (a decrease of AE=0.6 MeV with increasing
spin) and 42Ca and *’Sc (an increase of 0.6 and 0.7 MeV,
respectively), unaffected by uncertainties in level density
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parameters ry, ¥ !, pairing reference, and 8U. In addi-
tion, the mean GDR energies E; for each nucleus are
found to be systematically low by =1.5 MeV compared
with the E _ estimates for the ground-state GDR.

The GDR width (FWHM of the strength distribution)
was found to vary smoothly from 11 to 15 MeV over the
spin range 8-18.5%. These broad widths may be com-
pared to I'==5 MeV estimated for the T . component of
the ground-state GDR. The width extrapolated to zero
spin is =10 MeV, comparable to the =9 MeV value
found at low spin and similar temperature for the decay
of $Cu*. The spin broadening at constant temperature is
comparable to that expected for oblate deformation split-
ting of the GDR with a deformation given by the rotat-
ing liquid-drop model. This splitting is unresolved in the
GDR strength function presumably because it is ob-
scured by the additional broadening due to thermal fluc-
tuations.

The observed spin dependences of all the GDR param-
eters S, Ep, and I', are insensitive to level density param-
eter uncertainties, since the different cases are at approxi-
mately constant temperature (constant U). Thus, not
only is constant temperature an important condition
which allows us to study the pure spin dependence of the
GDR parameters, it also considerably reduces the sensi-
tivity of the deduced values to the most uncertain aspect
of the statistical model calculations, namely the level den-
sity.

Measured y-ray angular distributions were found to be
symmetric about =90 in the center of mass, confirming
the statistical nature of these reactions. The observed a,
coefficients require a preferred deformation different from
zero, with either an oblate shape rotating noncollectively
or a prolate shape rotating collectively. Reasonable
agreement is obtained between measured and calculated
angular distributions in which the calculations include
the effects of deformation averaging, and for which the
preferred deformations are oblate and comparable in
magnitude (8<0.2) to values expected from a rotating
liquid-drop model. More detailed calculations together
with new data at higher bombarding energies (higher
spins) will be presented in a forthcoming publication.
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