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Spin-induced shape changes in light-medium mass compound nuclei
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At very high spins an oblate-to-triaxial transition in the equilibrium shape of hot medium mass
nuclei is expected, with superdeformed major to minor axis ratios of 2:1 and larger. To search for
this shape transition, we measured p ray production cross sections and angular distributions for the
decay of ' Cu compound nuclei populated in the fusion of S+ Al and 0+ Sc over a wide
range of spin (J = 0 —475) and excitation energy (E* = 55—130 MeV). Very broad giant dipole
resonance (GDR) strength functions are deduced at high bombarding energy (spin), implying the
existence of large deformation in the ensemble of decaying states. Thermal shape and orientation
Huctuation calculations based on the rotating liquid drop model provide a good description of the
GDR strength functions for all cases. The calculations fail to reproduce the GDR strength functions
at high bombarding energy (spin) when the oblate-to-triaxial shape transition and the associated
softness in the potential energy surface are removed, indicating the observed broadening of the GDR
strength function is due mostly to spin-driven deformation. Threshold bremsstrahlung production
is inferred from measured angular distribution anisotropies in 0+ Sc collisions at 125 and 149
Mev.

PACS number(s): 24.30.Cz, 23.20.—g, 25.70.Gh, 27.50.+e

I. INTRODUCTION

An outstanding question in nuclear physics is the na-
ture of the equilibrium shape of the nucleus at high ex-
citation energies and at angular momenta near the limit
of what a nucleus can sustain. The rotating liquid-drop
model (RLDM) [1—3] predicts the nucleus should expe-
rience a shape transition, at very high spins, Rom an
oblate noncollective shape to a triaxial (approximately
prolate collective) shape, with superdeformed major to
minor axis ratios of 2:1 and larger. In light and medium
mass nuclei, these highly deformed triaxial shapes are
predicted to exist as equilibrium shapes of the rapidly
rotating nucleus. In an in6nite system this shape change
is a second. -order phase transition similar to the Jacobi
shape instability in gravitating rotating stars.

The experimental investigation of the shapes and
shape evolution of hot rotating nuclei at very high excita-
tion energy and spin has been possible through studies of
giant dipole resonance (GDR) p decays of compound nu-
clei formed in heavy-ion fusion reactions [4,5]. Both the
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GDR spectrum shape and angular distribution are sensi-
tive to nuclear deformation. In a deformed nucleus, the
GDR splits into components corresponding to vibrations
along the di8'erent principal nuclear axes. The &actional
energy splitting is proportional to the fractional diKer-
ence in the axes lengths, which is simply related to the
nuclear deformation. In hot nuclei, the energy splitting
of the GDR is usually not resolvable, in part because
of thermal shape Huctuations. In order to infer quantita-
tive information about the equilibrium nuclear shape and
shape evolution &om GDR data, comparison with full
thermal Quctuation calculations is necessary. Excited-
state GDR spectroscopy has established itself as a pow-
erful method to study nuclear shapes at high temperature
and spin (see, for example, [6,7]).

In this paper, we present GDR energy spectra and
angular distribution measurements for decays of excited

Cu and Cu compound nuclei populated over a wide
range of spin (J = 0—475) and excitation energy (E' =
55—130 MeV) in the fusion of S+ Al and 0+ Sc.
Our goal is to search for the highly deformed nuclear
shapes associated with the predicted spin-induced oblate-
to-triaxial transition. The compound nuclei studied lie
in the mass region where highly deformed triaxial shapes
are expected to be most pronounced [1]. In addition,
measured fusion cross sections for S+ Al in our range
of study imply spin distributions which extend signifi-
cantly beyond the critical spin calculated for the oblate-
triaxial shape transition. Our main experimental re-
sult is the determination of the shape and the width
of the GDR as a function of nuclear spin and temper-
ature. We find good agreement between the experimen-
tally determined shape of the GDR and the prediction
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of the thermal fIuctuation theory only when the oblate-
to-triaxial shape transition is included in the calcula-
tions. Recently, similar results have been reported for
excited 4sSc compound nuclei [6]. Compared to [6], the
main advantage of the present study is the examina-
tion of both mass-symmetric and mass-asymmetric re-
actions, which permits a much better understanding of
possible backgrounds, including nuclear bremsstrahlung.
For ~ 0+ Sc, angular distribution measurements at the
highest bombarding energies, 125 and 149 MeV, were
used to determine the bremsstrahlung cross section near
threshold, where bremsstrahlung and GDR decay can-
not be resolved in the total cross section, but may be
distinguished in the angular distribution.

The experimental details are described in Sec. II. In
Sec. III, the experimental results are presented and back-
ground corrections are discussed. Statistical model anal-
ysis is discussed in Sec. IV. The experimental results are
compared to thermal shape fIuctuation calculations in
Sec. V and a conclusion is given in Sec. VI.

II. EXPER,IMENTAL DETAILS

Measurements of p rays Rom S+ Al and 0+ Sc
collisions, each at Gve difFerent bombarding energies in
the range 90—215 and 54—149 MeV, respectively, were
performed at the University of Washington Nuclear
Physics Laboratory using the tandem-injected supercon-
ducting linac (see Table I). Inclusive high-energy p-ray
singles spectra and angular distributions were measured
for all the reactions. Coincidence data in which the p
multiplicity was also measured using a multiplicity Alter
were taken for three of the reactions, 175 and 215 MeV
3 S+~'A]. and 125 MeV 0+ Sc. Self-supporting rolled
metallic foils of natural Al and natural Sc (chemical
purity 99.99%) were used as targets. Carbon buildup was
kept to a negligible level by use of a liquid-nitrogen cold
shroud surrounding the target. Target oxidization was
measured to be negligible ((0.2%) using the O(p, p'p)
reaction.

A. NaI spectrometer

High-energy p rays were detected with a NaI spectrom-
eter consisting of a large cylindrical NaI(T1) crystal 38
cm long and 25 cm in diameter surrounded by an active
plastic anticoincidence shield, and passive LiH and lead

shielding. The plastic shield serves primarily to reject
cosmic rays; it also improves the detector energy resolu-
tion by rejecting events which deposit part of their energy
in the shield. Long-term gain stability of the NaI spec-
trometer of better than 0.5%%up over a period of a week was
achieved using a stabilized LED feedback circuit. The
energy calibration was performed in the range E~ = 2.9—
22.6 MeV using the iiB(p, p) C and B(p, p'p) B reac-
tions. The front face of the lead detector collimator was
positioned 49 cm &om the target. The absolute detector
efficiency at E~ = 15.1 MeV was deduced from the known
yield of the lowest T =

2 resonance in the C(p, pp) N
reaction at E„= 14.2 MeV [8]. In the inclusive p-ray
measurements, the energy threshold in the plastic antico-
incidence shield was set at 10—20 keV, and a wax absorber
of 36 cm thickness was placed between the detector and
the target. In the coincidence measurements, 11 cm of
wax was used, and the plastic threshold was set to 400
keV. The resulting measured efficiency solid angle prod-
uct for a 90—110% window set around the photopeak at
E~ = 15.1 MeV was measured to be edA = 8.7+ 0.3 and
21.7 + 0.7 msr for the inclusive and coincidence setups,
respectively. The energy dependence of the efficiency is
based on the work of Glatzel [9] and is shown in Fig. 1
for the two setups. The detector line shape was measured
at E~ = 22.6 MeV in the B(p, p) C reaction, and ob-
tained at other energies in the good approximation that
the line shape depends only on the ratio E/E~, where E
is the detected energy. The line shape and the efFiciency
were folded into CASCADE statistical model calculations
for comparison to measured spectra. Time of fIight was
used with a pulsed beam (240-nsec repetition rate) to
eliminate neutron background, and standard techniques
were employed to reduce pulse pileup.

B. Multiplicity filter

The p multiplicity filter (MF) is an array of 23 cylin-
drical NaI detectors 7.6 cm diameter and 10.2 cm long,
with their &ont faces 15.2 cm &om the center of the tar-
get, mounted on a spherical structure [10]. The product
of the solid angle and efFiciency for each detector was de-
termined to be 0.8%%up at E& ——1 MeV, corresponding ta
18.4% for all 23 detectors. The detectors were wrapped
with a 3.2 mm lead shield on the sides, which reduced the
Compton crass talk to less than 3%%up. Because the high-

TABLE I. Reaction parameters.

61.1
72.4
99.1

113.0
130.1

52
68

105
125
149

18~+45 S
E„(MeV) (E~ —V„)/A„E* (MeV)

(MeV/nucleon)
0.98
1.98
3.93
5.04
6.37

2lp 5/3

17.3
23.3
25.3
25.3
25.3

Ep (MeV)

90
120
141
175
215

54.4
68.1
77.7
93.2

111.4

32 S+27Al
(Ep —V~)/A„E" (MeV)

(MeV/nucleon)
0.74
1.68
2.34
3.40
4.65

2lp5/3
b

15.0
22.4
26.5
28.7
30.7

Compound nucleus excitation energy.
Average compound nucleus angular momentum.
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A. Inclusive p-ray measurements

Inclusive p-ray energy spectra at each bombarding
energy for the two systems studied, S+ Al and

0+ Sc were m~~~ured at the laboratory an
40, 55', 90, 125, and 140, and then transformed to
the compound nucleus (CN) center-of-mass frame. The
center-of-mass angular distributions were fitted with a
Legendre polynomial expansi. on

W(0) = Ao [1 + aqPq (cose) + a2P2 (cosg) j .

FIG. 1. Relative detection efBciency for two different com-
binations of shielding and veto threshold.

energy p-ray production cross section is small, a typical
event rate 0.5 kHz (E~ ) 7 MeV) in the large NaI spec-
trometer resulted in a large, 80 kHz singles rate in the
individual MF detectors. This required the use of transis-
torized photomultiplier (PM) bases which were stable at
high counting rate. The pulses from the PM bases were
clipped to a length of 250 nsec, to reduce pileup, using
passive RL shaping. Because of problems with gain dete-
rioration when the Hamamatsu R1911 phototubes were
operated at normal high voltage ( 1200 V), the bases
were operated at 700—800 V and x100 gain amplifica-
tion was used in the pulse processing. Constant fraction
discrimination with a 100-keV threshold was used to gen-
erate timing signals, and time-to-digital converters were
used to register the time of Bight between the large NaI
trigger and the individual MF detectors. The time-of-
fIight measurements were made over a 500-nsec period in
order to record the random detection of MF events in the
following beam burst, which was used to compute ran-
doms corrections for events involving two or more com-
pound nuclei reactions in the prompt beam burst.

The total inclusive p-ray cross sections, obtained from
an average over all angles, and the extracted angular dis-
tribution coeKcients aq(E~) are shown in Figs. 2 and 3,
respectively. The solid curves on the spectral shapes are
statistical model fits to the data discussed in Sec. IV.
The measured a2 (E&) coeKcients are presented in Sec. V
together with the results of the thermal fIuctuation cal-
culations.

The o,q(E~) coeKcients provide an independent check
of the statistical nature of the emitted p rays, since
forward-backward symmetry in the center-of-mass kame
is required for statistical decay, and hence O,q(E~) must
be zero. In the S+ Al, aq(E~) is consistent with zero
in the GDR region of interest 12 & E~ & 30 MeV, for
all five bombarding energy cases, supporting the com-
pound nucleus decay hypothesis. However, for Ez & 120
MeV and E~ & 12 MeV, large negative aq(E~) values
are found, together with an excess in the measured p-ray
yield relative to the statistical model predictions.

For 0+ Sc the measured aI (E~) coefficients are
consistent with zero only for the 52- and 68-MeV cases.
At higher bombarding energy, deviations from CN sta-
tistical emission are evident in diferent regions of the
energy spectrum: E~ ( 12 MeV where positive aj (E~)
coefIicients are observed, near E~ = 15 MeV, and in the
high-energy region E~ ) 22 MeV. Possible sources of
background associated with these departures of aq(E~)
from zero are discussed in the next section.
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FIG. 2. Inclusive p-ray pro-
duction cross sections o' b, (E~)
(top row), and aq(E~) (bottom
row) for S+ Al. The solid
curves are CASCADE Gts to the
measured cross sections, as dis-
cussed in Sec. IV.
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FIG. 3. 0+ Sc results,
as in Fig. 2. For the 125-
and 149-MeV cases, the dashed
curves represent the brems-
strahlung contribution (see
text) and the solid curves rep-
resent the sum of the brems-
strahlung and statistical contri-
butions. The cross sections for
the 105-, 125-, and 149-MeV
cases have been corrected for
the 15.1-MeV line (see text),
while ai(R~) has not been cor-
rected.

B. Background fram nonstatistical processes

Inelastic scattering and transfer reactions populating
low-energy states are important even at low bombarding
energy. As the bombarding energy increases, in medium
mass systems the fusion-evaporation cross section sat-
urates, typically around E„/A„= 3—5 MeV/nucleon,
where E„ is the projectile bombarding energy and Ap
is the projectile mass, and other reactions such as deep
inelastic scattering and fusion-Gssion become important.
Nuclear bremsstrahlung, though not normally expected
at our bombarding energies, turns out to be important.
Of these processes, typically only nuclear bremsstrahlung
and p decay following deep-inelastic or fusion fission can
have large enough cross sections to contribute signifi-
cantly to the high-energy p-ray yield. The exception is
excitation and decay of the 15.1-MeV state in C. Back-
ground from these sources is discussed in subsections 1—4
below. The issue of preequilibrium emission prior to CN
formation is discussed in Sec. IV C.

Deep- inela8tic bacicgt'ound

We have estimated the cross section for production
of p rays &om decay of excited fragments produced in
deep-inelastic collisions (plus fusion fission) of 175 MeV

S+ Al. The production cross section, excitation en-

ergy, and spin of the fragments were first determined. For
estimation purposes, we used an upper limit to the bi-
nary reaction cross section given by the difference of the
measured total reaction cross section [11,12] and the mea-
sured fusion-evaporation cross section [13]. For Ez ——175
MeV this limit is = 700 mb. The excitation energy distri-
bution of the &agments was estimated &om the measured
primary Q-value distributions of deep-inelastic scatter-
ing of S+ Al at E„= 135—190 MeV [14,15]. We as-
sumed that the excited &agments reach thermal equilib-
rium prior to decay. As a result, the excitation energy
in the projectilelike and targetlike &agments is divided
proportional to their masses. A rough estimate of the
angular momentum involved in the deep-inelastic (DI)
reaction can be obtained from the fusion and total (fu-
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FIG. 4. Calculated p-ray production cross section from
deep-inelastic scattering (dashed curve), and from compound
nucleus decay (solid curve) for 175 MeV S+ Al. Data
points are the measured inclusive cross section.

sion plus binary) cross sections assuming a sharp cut-
off approximation for both spin distributions. For 175
MeV s2S+27Al the result is (l)Di = 50h. In the rolling
or sticking rigid-body limits (these two limits are sim-
ilar for near-symmetric systems) the average fragment
spin is (t)Di/7 75. cAscADE calculations were per-
formed for p decay of both targetlike and projectilelike
&agments, with Al and S chosen as representative
&agments. The CASCADE calculations for each fragment
were averaged over the excitation energy (Q-value) distri-
butions which correspond for 175 MeV S and "Al to a
mean excitation energy of 20 MeV for each &agment.
The sum of the calculated p-ray spectra &om decay of
both fragments is plotted in Fig. 4 (dashed line) along
with the measured p-ray production cross section and
the CASCADE calculation of the contribution from com-
pound nuclear decay (solid line). The deep-inelastic con-
tribution to the GDR region is negligible. For E~ & 10
MeV the shape of the calculated deep-inelastic contribu-
tion is similar to the measured total yield; however, the
magnitude is a factor of 5—10 smaller than the observed
excess in the measured yield relative to the calculated
compound nucleus contribution. Similar calculations for
other representative fragments were performed with sim-
ilar results.
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In the above analysis, w'e have assumed that the de-
cay of the excited binary fragments is statistical. For
deep-inelastic scattering this is generally believed to be
the case. For example, in 156 Me V S+ Ni and 143
MeV Si+ Ni reactions, the p-ray spectra, measured
in coincidence with deep-inelastic &agments, were found
to be statistical [16]. However, for 143 MeV S+ Ni
collisions, nonstatistical p rays were found to dominate
the emission spectra from the excited fragments [17].

2. lVuelear br em, sstrahlung

At bombarding energies E~/A„) 10—15 Me V/nucleon,
heavy-ion collisions produce high-energy p rays via the
process of nuclear bremsstrahlung [18]. Bremsstrahlung
is observed as an exponentially falling component in the
p-ray spectrum at high p-ray energy, E~ & 30 MeV,
extending beyond the statistical component and under-
stood as arising &om collisions of individual protons in
the projectile with neutrons in the target and vice versa.
The emission is characterized by forward-backward sym-
metry [ar(E~) = 0] in a reference frame moving with
half the projectile velocity the "nucleon-nucleon center
of mass. " A universal dependence of the cross section on
(E„—V~)/A„ is observed, where V„ is the Coulomb bar-
rier energy. The cross section is usually parametrized as
cr " (E~) = o'oexp( —E~/Eo), where pro and Eo depend
on (Ez —V~)/Az In the lo.w-energy regime Ez/A„( 10—
15 MeV/nucleon, the cross section os drops very rapidly
with decreasing E~/Az, and the inverse slope parameter
Eo also drops. At bombarding energies between thresh-
old and 10 MeV/nucleon or so, the brernsstrahlung cross
section will not be resolved &om the high E~ tail due to
statistical emission. At such low bombarding energies,
o " (E~) should be observable in mass-asymmetric col-
lisions as a forward-backward asymmetry in the nucleus-
nucleus center of mass. This is because, in such colli-
sions, v„/2 g v&N, so that bremsstrahlung will be asym-
metric in the nucleus-nucleus center of mass, while the
CN component is required to be symmetric. For mass-
asymmetric collisions with light projectile and heavy tar-
get, the ar(E&) which would result from bremsstrahlung
alone should be positive, and should increase with E~ at
a 6.xed bombarding energy, and should increase with Ez
at a fixed E~. The observed ar(E~) will be diluted by
statistical decay, which is forward. -backward symmetric
in the center of mass. Since the &action of the cross sec-
tion due to statistical decay should drop with increasing
E~, the eR'ect of this dilution will be to increase the rate
of change of ar (E~) with E~ over that which would result
from pure bremsstrahlung alone. These trends are con-
sistent with the measured 0+ Sc data, Fig. 3, where
it is seen for E~ ) 20 MeV, ar(E~) = 0 for E„(105
MeV, and ar(E~) is nonzero and increasing with E~ for
E„&125 MeV.

We have estimated the brernsstrahlung cross section
for the two cases where it is observed, 125 and 149
MeV x80+45Sc. The cross section is assumed to fall
exponentially as given above. The proportionality con-
stant oo and the slope parameter Eo cannot be obtained
by extrapolating the bremsstrahlung systematics which

are known for systems with higher bombarding ener-
gies, to our lower bombarding energies, because of the
steep fall of the measured integrated cross sections at low

(E„—V„)/Az [18]. Also, no theoretical model can be used
to calculate Oo or Eo reliably at these energies. Instead,
we treated oo and Eo as free parameters, determined
by fitting the observed angular distribution ar (E~) co-
efBcients. In this process, the bremsstrahlung cross sec-
tion, assuming isotropic emission in the nucleon-nucleon
center-of-mass frame, was calculated with starting val-
ues for o.o and Eo, transformed to the CN center-of-mass
frame, and then ar" (E~) was determined by fitting the
calculated bremsstrahlung angular distribution. The cal-
culated ar(E~) was obtained by multiplying abr" (E~)
by the compound nuclear dilution factor obtained from
the ratio of the estimated bremsstrahlung cross section
to the measured cross section (bremsstrahlung plus sta-
tistical). This process was iterated, adjusting the free
parameters 0 o and Eo so as to obtain agreement be-
tween the measured and calculated ar(E~). In Fig. 3,
we show, for the 125 and 149 MeV 0+ Sc cases, the
bremsstrahlung contribution (dashed curve) determined
in this manner. The fitted parameters are o.o ——1.5 + 0.3
mb/MeV and Eo ——3.9 + 0.2 MeV for E„=125 MeV,
and oo = 2.4+0.4 mb/MeV and Eo ——4.0+0.2 MeV r for
E„= 149 MeV. In the next step, o " (E~) was added
to the CASCADE statistical model calculation of the CN
contribution, and the GDR parameters were obtained by
a y Gt to the measured cross section as discussed in
Sec. IV. The result is shown as the solid curves in Fig. 3
for the Ez ——125 and 149 MeV cases. According to this
analysis, bremsstrahlung contributes from about 15 + 5
to 50 6 10% of the total measured yield in the energy
range 15—30 MeV for the E„=149 MeV case. The large
quoted E~ uncertainty in our bremsstrahlung estimate
reflects the statistical errors of the measured ar(E~) at
high E~.

The mass asymmetry of the 0+ Sc system per-
mits identifying and correcting for the nucleon-nucleon
bremsstrahlung since, as discussed above, the nucleon-
nucleon and compound nucleus center-of-mass veloc-
ities are difFerent. This identification is not possi-
ble in the near-symmetric S+ Al system. How-
ever, the 0+ Sc results suggests that the onset of
nucleon-nucleon bremsstrahlung emission takes place
at 125 & E& & 105 Me V corresponding to 5.0 )
(Ez —V„)/A„) 3.9 MeV/nucleon (Table I). If we
assume that the bremsstrahlung yield scales accord-
ing to (E„—V„)/A„, as is suggested by the known
nucleon-nucleon bremsstrahlung systematics [18], then
the bremsstrahlung in E„& 175 MeV S+ Al, which
corresponds to (E„—V„)/A„( 3.4 MeV/nucleon, should
be negligible, while the E„= 215 MeV S+ Al case,
which corresponds to (E„—V„)/A„= 4.7 MeV/nucleon,
lies in the threshold region of bremsstrahlung onset. Re-
cently the bremsstrahlung yield has been found to be
greater in systems with a neutron excess [19]. This sug-
gests that at the same (Ez —V„)/A„, the bremsstrahlung
cross section for S+ Al collisions should be smaller
than for 0+ Sc collisions. Hence brernsstrahlung in
the 215 MeV S+ Al cases should be small also.
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8. The 15.4-Me V emission line
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FIG. 5. A typical 8~ = 90' spectrum from 125 MeV
0+ Sc showing both corrected (crosses) and uncorrected

(solid points) spectra and uq(E~) coefficients in the vicinity
of the 15.1-MeV line.

A p-ray line near 15 MeV is present in the 0+ Sc p-
ray energy spectra at E„=105, 125, and 149 MeV. The
line can be seen in Fig. 5, which displays a portion of a
0~ = 90' spectrum from 0+ Sc at 125 MeV. This line
is most likely the M1 p transition &om the 15.1 MeV,
1+,T = 1 state to the ground state in C. The reason
is that, besides agreeing in energy with this assignment,
this transition has an unusually high absolute branch-
ing ratio (88%) [20] for a high-energy p-ray transition.
Hence excited C nuclei may be populated by projectile
breakup or particle transfer with a very small population
cross section (= 0.06 mb for E„=125 MeV) and produce
a noticeable 15.1 line. The angular distribution of this
line was found to be forward peaked in the CN center-
of-mass &arne, suggesting that the mechanism for C*
production is projectilelike excitation.

The measured spectra at each angle were corrected for
this line in the following procedure. The emission line
spectrum at 90' was obtained by subtracting from the
measured spectrum a CASCADE fit obtained by exclud-
ing a narrow region around 15 MeV. We assumed this
line spectrum was emitted &om a reference frame moving
along the beam axis with a fixed velocity —the "source
reference &arne. " Assuming isotropic emission in the
source reference frame, the emission line spectra, shape
and magnitude, were calculated at the other angles using
the Lorentz transformation. The source velocity was ob-
tained by comparing the resulting Doppler-shifted spec-
tra with the observed line spectra at the other four an-
gles. For all three bombarding energies, the best results

were obtained with a source velocity v, = 0.9v„. The
calculated emission spectra were then subtracted &om
the measured spectra at each angle. A corrected spec-
trum obtained in this fashion is shown in Fig. 5, along
with the corrected and uncorrected aq(E~) coefficients.
The uncorrected aq(E~) shows a dispersionlike shape in
the vicinity of 15 MeV due to the Doppler-shifted 15.1-
MeV line. The absence of this shape in the corrected
aq(E~) provides a measure of the subtraction accuracy
at forward and backward angles. CASCADE fits for these
3 cases discussed in Sec. IV and shown in Fig. 3 were
performed to the corrected data.

Low- ener gy backgf'ound

Below E~ = 12 MeV there is a large noncompound nu-
cleus contribution to the measured spectra for E„&100
MeV in both reactions. This component is evident
from the nonzero aq(E~) coefficients and from the ex-
cess of the yield relative to the statistical model cal-
culations. From the sign of the corresponding aq(E~)
coefficients one concludes that the emission sources in
the CN center-of-mass frame are predominantly mov-
ing forward in the 0+ Sc case and backward in the

S+ Al case, which indicates predominantly "projec-
tilelike" excjtations in &80+ 5Sc and "targetlike" ezcita-
tions in S+ Al. Moreover, the structure apparent in
aq(E~) in this energy region suggests the decay of iso-
lated or semiisolated levels.

Deep-inelastic scattering produces p-ray background
for E~ & 12 MeV, although apparently not enough to ex-
plain the observed cross sections (Fig. 4). This statement
needs to be qualified. The decays following DI scatter-
ing were calculated for representative fragments masses,
using CASCADE with the Reisdorf level density at low
excitation energies (see Sec. IV). It is possible that an
improvement in this description, such as using measured
p-decay branching ratios and the actual density of indi-
vidual levels for residual nuclei at low excitation energies,
might result in larger calculated p-production cross sec-
tions for E~ & 12 MeV. However, such improvements are
unlikely to affect significantly the calculated cross sec-
tions at higher E~.

Transfer reactions can also lead to emission of low-
energy p rays with nonzero aq(E~) coefficients. Under
the assumption that projectilelike and targetlike prod-
ucts are peaked forward and backward, respectively, in
the CN center-of-mass &arne, p decay of excited residual
nuclei produced in pickup and stripping reactions should
result in positive and negative aq (E~) coefficients, respec-
tively. Which reaction channels dominate will be influ-
enced by the transfer probabilities and by the binding
energies of the residual nuclides which are produced. For
example, of the projectilelike and targetlike nuclides that
could be produced in S+ Al collisions, Si is bound
up to relatively high excitation energy of 10 MeV. Thus,
if Si is produced strongly and primarily as a targetlike
reaction product, then p decay with E~ 10 MeV will
produce large negative aq(E~) coefficients, as is observed.
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C. Coincidence p-ray measurements

FIG. 6. Cross sections and ai(E~) coefficients obtained
with a fold & 2 condition in the multiplicity filter. Solid
curve, cAscADE fits to the measured spectra.

We extracted the GDR strength functions by fitting
the experimental total cross sections with the statistical
model code CASCADE. In all our calculations, we used
a version of CASCADE [21] modified to include effects of
isospin and parity [22] and including the option of us-
ing the Reisdorf level density formula [23, see below]. In
CASCADE the cross section o b, (E~) for the inverse pro-
cess of GDR photoabsorption [4] was approximated by
one Lorentzian with three parameters: the strength (in
units of the classical dipole sum rule), resonance energy,
and width. One Lorentzian was found to be adequate
to fit all of the present data. In fitting the data the
Lorentzian parameters were varied simultaneously in a

fitting procedure in which the parameter space was
searched using two methods; the linearization of the fit-
ting function, and the gradient search [24]. Convergence
of the fit was defined by a change in the normalized y
of less than 10 in subsequent iterations. No significant
differences in the extracted GDR parameters were found
when fits were performed to data at individual angles,
hence the angle-integrated center-of-mass spectra were
used to improve the counting statistics, both for the sin-
gles and for the p-multiplicity coincidence data. In the
fitting process, the CASCADE calculated p-ray spectrum
was folded with the detector response function and then
compared to the data.

Coincidence measurements using a multiplicity filter
array were carried out for 175 and 215 MeV 2 S+ Al,
and 125 MeV 0+ Sc reactions. In these measure-
ments the high-energy p rays were measured in the large
NaI spectrometer in coincidence with the low-energy p-
ray multiplicity. The angular distributions for the 175
MeV S+ Al case were taken at 0~ = 40, 55, 90',
125, and 140 . For the 215 MeV S+ Al and 125
MeV 0+ Sc cases, data were measured at 40', 90',
and 140'. The measured cross sections were transformed
to the CN center of mass and fitted with a Legendre
polynomial expansion, as in the inclusive measurements.
The p-ray energy spectrum at each angle was obtained by
requiring a condition of fold & 2 on the true fold distri-
bution in the multiplicity filter, where fold is the number
of multiplicity filter elements triggered in a given event.
The true fold distribution was obtained &om the mea-
sured fold distribution after correcting for random coin-
cidences. For our reactions, the detection efIiciency was
33—40%%up with the fold & 2 condition.

The spectral shapes and the deduced angular distribu-
tion coeKcients ai(E~) for 175 and 215 MeV S+ Al
reactions are shown in Fig. 6. The solid curves on the
spectra are statistical model CASCADE fits. The result
of the fold & 2 condition is the reduction of the non-
compound nucleus yield at E& & 12 MeV by a factor of
2 or so in all cases, with no measurable effect at p-ray
energies above 12 MeV. The ai(E~) was also reduced in
the region below E~ 12 MeV by about a factor of 2
compared to the inclusive data. At higher p-ray energies
E~ & 12 MeV the ai(E~) coeKcients are consistent with
zero, as is the case for the inclusive data.

A. Input parameters

In CASCADE the important input parameters which
need to be specified include the level density, fusion cross
section, spin distribution, yrast line, and the giant dipole
and quadrupole resonance parameters.

Level denaity

The level density is assumed to have the same func-
tional form as a &ee degenerate Fermi gas. Shell, pair-
ing, and deformation efFects are taken into account by
introducing empirical parameters. We used the Reisdorf
level density parametrization in which shell corrections
are damped exponentially with excitation energy [25,23].
In this approach the level density parameters include the
radius parameter ro, the damping coefIicient p, the
pairing reference, and the liquid-drop model chosen to
calculate the nuclear masses.

The radius parameter ro 1.09—1.13 fm for the mass
60 region was determined &om electron scattering data
[23]. In our fits we used the value ro ——1.127 fm which
best reproduces the available experimental level spacing
at low excitation energies & 10 MeV for the mass 60 re-
gion, as can be seen in Fig. 3 of [23]. Although the level
density is sensitive to the choice of the radius parameter
ro, small variations in ro do not change the calculated p-
ray spectra significantly. This is not surprising since the
p decay probability in the statistical model depends only
on the ratio of the daughter nucleus level density reached
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by p-ray emission to that reached by particle emission.
For the special case of E~ = E, + B, where E, + B
is the average energy (kinetic + binding) removed by
evaporation, this ratio should be independent of ro. In
general E~ g E,„+H and one expects a weak depen-
dence on ro. The GDR parameters extracted &om fits
to 175 MeV S+ Al data using different values of ro
in the range of Aro ——+0.027 fm results in +4% change
in the GDR strength and the width, and +2% change in
the centroid energy.

We used p = 18.5 MeV for the shell damping param-
eter, which was determined by empirical fit to data for
masses 100—253 [25]. Schmidt et al, . [26] have estimated
this parameter &om microscopic calculations and found
it to be p = 13.3 MeV for Cu. We found that the
calculated p-ray spectra are insensitive to the value cho-
sen for this parameter except for a slight increase in the
spectrum strength with increasing p . When fits were
performed to the 175 MeV S+ Al data using these
two values and an arbitrary larger value p = 37 MeV,
the fit resulted in a 5% change in the extracted GDR
strength, less than 3% change in the width, and no sig-
nificant change in the centroid energy.

The pairing correction bz is calculated using the
droplet model of Myers [27]. Using the odd-even nuclei
as a reference this pairing correction is equal to (A —A),
A, or (—A+ A) depending on whether the nucleus is odd-
odcl, odd-even, or even-even, where A = 12/~A, and
A = —10/A. Even-even or odd-odd pairing references
can also be used; however, the calculated p-ray spectrum
was found to be insensitive to the chosen pairing refer-
ence. In all fits we used the odd-even pairing reference.
The shell correction energy b, was determined &om the
difference of the experimental mass M,„~t and the liquid-
drop mass MLDM such that h, + h„= M, „~q —Mz, DM. »
CASCADE several liquid-drop models are available. The
calculated b, differs significantly depending on the LMD
used; however the shape of the p-ray spectrum is basically
insensitive to this choice. In all fits we used the Groote
et a/. LDM [28] including the Wigner term. The Wigner
term must be included in order for the LDM to repro-
duce the nuclear symmetry energy deduced &om ener-
gies of isobaric analog states [29]. The effect of including
this term on the calculated p-ray spectrum is small, and
the extracted GDR parameters are unchanged except for
about 4% decrease in the strength.

Calculations using the Puhlhofer level density ap-
proach [21] were also performed and compared with those
conducted with the Reisdorf approach. When the level
density parameter a, for the liquid-drop region in the
Piihlhofer approach [21], is adjusted to give the same
asymptotic a = 6.9 = A/8. 5 as in the Reisdorf approach
[25], the calculated p-ray spectra using these prescrip-
tions are similar.

2. Eusion cross section

The CASCADE code uses a simple relation to calculate
the fusion cross section, which depends on the Coulomb
barrier and on the sum of the radii of the two collid-

ing nuclei. Instead of this estimate we used the fusion
cross section obtained &om measurements of evaporation
residues. For S+ Al the fusion-evaporation residue ex-
citation function has been measured over a wide range of
projectile energies [13). In Table II, we show the mea-
sured evaporation residue cross sections and the corre-
sponding compound nucleus critical angular momenta.

Measurements of the fusion-evaporation cross section
for the 0+ Sc reaction were not found in the liter-
ature; however, this cross section has been measured
for the nearby entrance channel 0+ Ca [30,31], us-
ing measurements of evaporation residue mass and ve-
locity distributions. We compared these cross sections
to the predictions of CASCADE to obtain the ratios
0 f ' „(expt) /o i'„„. „(CASCADE) . Assuming that this ra-
tio, at a given center-of-mass bombarding energy, is the
same for both reactions, and using the CASCADE fusion
cross section predictions for 0+ Sc, an estimate of
or„„„(expt) for 0+ Sc was obtained. This estimate
is listed in Table II together with the corresponding lo.

8. Spin distr ibution

TABLE II. Fusion-evaporation cross sections for S+ Al
(measured) and 0+ Sc (inferred, see text).

System
S+ Al

18O+45S

E~ (MeV)
90

120
141
175
215

52
68

105
125
149

o.„' ' (mb)
650 + 65
936 + 94

1073 + 107
1042 + 104
960 + 96

946
1240
1027
856
742

lo (5)
24
34
39
43
45
26
35
39

39

Ref.
[zz]
[12]
[13]
[13]
[13]

Inferred from 0+ Ca measurements.

For the inclusive measurements, we calculated the ini-
tial compound nucleus spin distribution in the smooth
cutoff approximation based on the fusion cross sections
given above. In the coincidence measurements, the fold
& 2 condition in the multiplicity filter leads to discrim-
ination against low-spin reaction events, including low-
spin compound nucleus formation. To account for this
effect, we modified the initial spin distribution used in
the CASCADE calculations. To obtain the modified spin
distribution one must know the probability that for a
given fold n in the multiplicity filter, a number M~ p rays
are emitted. This probability distribution was calculated
using a simple recursive formula [32]. The modified spin
distribution for the fold & 2 condition was then obtained
assuming J = 2 M. This assumption ignores the angular
momenta carried away by particle evaporation and hence
leads to an overestimate of the effect of the fold & 2 con-
dition on the spin distribution. However, the effect of
the fold & 2 condition is not very big. This can be seen
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in Fig. 7, where we show the calculated spin distribution
for E„=175 MeV, with and without the fold condition.

Yeast'line

2.0

o 1.0
0.5
0.0 I I I I I I

(a) =
I I I I I I I I I I

I I I I

I

I l I I

The yrast line is calculated using a spin-dependent
moment of inertia approximated in CASCADE as 0
Ho(1 + O'J + b"J ), where Ho

——2mR /5 is the rigid-
body moment of inertia with B = roA / . For the ra-
dius parameter ro, we used the rms radius given by the
droplet model calculation of Myers [27]. In all our cal-
culations, the deformability parameters b' = 2.10 x 10
and b" = 1.59 x 10 were used in order to reproduce
the spin dependence of the moment of inertia calculated
in the rotating liquid. -drop model of Cohen, Plasil, and
Swiatecki [1]. At high spins the RLDM predicts a shape
transition from oblate to triaxial with rapidly increasing
deformation. In Fig. 8(a), we show the RLDM moment of
inertia 0/Ho, as a function of spin, obtained from Fig. 11
of [1],with and without the oblate to triaxial shape tran-
sition (solid and dashed lines, respectively). The triaxial
deformed shapes have a greatly increased moment of in-
ertia which lowers the yrast line at high spins as shown
in Fig. 8(b). The lowering of the yrast line enhances the
phase space available for p-ray and particle emission.

In attempting to understand the consequences of this
enhancement, we performed CASCADE calculations for
175 Me V S+ Al with and without the oblate-to-
triaxial shape transition in the moment of inertia, and
obtained the partial widths for particle and p-ray de-
cays as a function of spin. For p decay the efI'ect of the
shape transition in the moment of inertia is to increase
the branching ratio at high spin. For E~ = 25 and 17
MeV, the enhancement is up to a fact, or of 3 at J = 405
near the limit of compound nucleus formation, as shown
in Figs. 8(c) and 8(d), respectively. For particle decay the
shape transition enhances proton decay relative to alpha
decay. This changes the I' /I'z ratio, which is enhanced
at moderate spin, back toward the values found at low

40—
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FIG. 8. (a) RLDM moment of inertia H/Hp, (b) calculated
rotational energy, (c) calculated p-ray branching ratio I'~/I
at E» = 25 MeV, and (d) at E~ = 17 MeV, (e) calculated
alpha to proton branching I' /I'„vs spin, for first step decays
of the initial CN. Solid curves, full RLDM; dashed curves,
oblate-to-triaxial shape transition removed.

spin, as can be seen in Fig. 8(e). This change in I' /I'„
is a direct consequence of the Battening of the yrast line.
This efFect, which was not appreciated in many studies of
alpha particle spectra, has been shown to be important
in understanding the measured spectra in terms of the
statistical model [33].

We performed CASCADE fits to the 175 MeV S+ Al
spectrum shape, with and without the eKect of the
oblate-to-triaxial shape transition on the yrast line. The
result is very similar GDR energies and widths, and a
GDR strength that is 15%%uo larger when the shape tran-
sition is included. These differences are too. small to use
to determine whether or not the shape transition has oc-
curred.

20— $. Giant quads upole reaonance

10—

I s & s i I i & a c I

0 10 20 30 40 50

FIG. 7. Solid curve, initial spin distribution; dashed curve,
efFective initial spin distribution with a fold & 2 coincidence
condition, for 175 MeV S+ Al.

Isoscalar (ISGQR) and isovector (ISVGQR) giant
quadrupole resonances were included in the CASCADE
its. Each resonance was approximated by a I orentzian
with three 6xed parameters, the strength (in units of an
energy weighted sum rule), resonance energy, and width
[4]. For the hot compound nuclei produced in our re-
actions, we determine the strength and the centroid en-
ergy for each resonance &om the ground-state systemat-
ics [34], assuming that these parameters do not change
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with temperature. The width on the other hand is as-
sumed to increase with excitation energy, in analogy with
the systematics of the GDR built on excited states. We
used Srs = ~tv = 1.0, Ers = 16.3 MeV Erv = 32.6, and
I'is = I'iv = 10.0 MeV. The contribution from IVGQR
decay in the GDR region of interest 12 & E~ & 30 MeV,
is negligible and the contribution from the ISGQR is an
order of magnitude smaller than the GDR. When fits
are performed to the 175 MeV 3 S+ Al data with both
GQR components removed, the extracted GDR strength
and width increase by 6 and 2%%uo, respectively, with no
significant change in the centroid energy.

Systematic errors due to uncertainty in calculating the
bremsstrahlung correction at the highest two bombard-
ing energies of the 0+ Sc reaction are estimated and
quoted separately in a second error entry in Table III.

It is useful to present the GDR parameters determined
from the Gt results as a function of the Anal-state spin and
temperature. For each bombarding energy, the average
final-state spin Jf of the compound nucleus is calculated
according to

JN & (JN) I N(JN)/I N(JN

E„E,.~.(J, ) r~(J )/I'~(J. )

B. Extracted C DR parameters

The CASCADE Bts to the measured spectra are shown
in Figs. 2 and 3 (solid curves) for S+ Al and 0+ sSc
systems, respectively. As noted above, a one-component
GDR strength function was found to be sufFicient to fit
the data in the energy region 12.8 & E~ & 30.0 MeV
for all the measured cases. The experimentally deter-
mined absorption cross sections 0 b, (E~) are discussed
in Sec. VB and compared with the results of thermal
fluctuation calculations. Values of the centroid energy,
width, and total strength (in units of the classical dipole
sum rule) determined &om these fits for QCu* and sCu*
nuclei are given in Table III. Errors in the GDR param-
eters, due to counting statistics and due to uncertainties
in CASCADE input parameters, are added in quadrature.

where o, (J; ) is the population cross section, and
I' (J,- )/I' (J; ) is the branching ratio for emitting a
p ray with energy E~ = EGDR ——17 MeV &om a given
nucleus % in the decay cascade, populated with initial
spin J; . In this estimate, we neglect the unit of angular
momentum carried away by the dipole photon. The nec-
essary quantities in the above equation were obtained by
performing a series of CASCADE calculations at selected
initial compound nucleus spins used to approximate the
initial spin distribution. Similarly an average excitation
energy E for p decay with E~ = EGD~ ——17 MeV was
obtained. The effective final-state temperature was cal-
culated &om the relation

T~
——E g/a,

where the mean final-state energy E f ——E —E, q—
EGDR, and a = A/8 MeV is the approximate level

Reaction

S+ Al

180+45s

E„(MeV)

90

120

141
175

175
215

215

52

105

125

I'aoa, (MeV)

12.8 1.7 0.9 + 0.1 17.9 + 0.4 9.1 + 0.6

17.6 1.8 0.9 + 0.1 17.6 + 0.3 9.7+ 0.6

22.0
27.5

1.9
2.0

1.0 + 0.1
1.1 + 0.1

17.9 + 0.3
17.6 + 0.4

11.7+ 0.6
13.5 + 0.6

27.5
31.5

2.0
2.1

1.2 + 0.2
1.1 + 0.1

17.4 + 0.3
17.3 + 0.4

13.6 + 0.7
13.4 + 1.0

31.5 1.1 + 0.2 17.1 + 0.3 14.4 + 0.8

14.9 1.1 + 0.2 17.3 + 0.3 11.1 + 0.6

19.6 1.9 0.9 + 0.1 17.3 + 0.3 11.4 + 0.6

22.6 1.1 + 0.1 16.8 + 0.3 14.8 + 0.9

22.9 1.1 + O. l
+0.2

16.7 + 0.3
+0.1

12.7 + 0.7
+2.2

TABLE III. The GDR parameters determined from the CAscADE 6ts.

Jf (h) Tf (MeV) Sooa

1.0

1.4

1.5
0.6

3.0
1.0

6.0

1.6

1.3

1.2

1.5

Comment
No MF

condition
No MF

condition
No MF

condition
Fold & 2
No MF

condition
Fold & 2
No MF

condition
No MF

condition
No MF

condition
No MF

condition
No MF

condition

149 22.9 2.5 1.2 + 0.1
+0.2

16.5 + 0.3
+0.1

13.0 + 0.7
+2.0

3.1
No MF

condition

A bremsstrahlung correction eras applied here.
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density parameter. For all bombarding energies Jy is be-
low the critical spin J, (= 36h, and 39h for ssCu and
ssCu, respectively) for the oblate-to-triaxial shape tran-
sition predicted by the rotating liquid-drop model. How-
ever, the spin distribution extends well beyond J for the
highest three bombarding energy S+ Al cases. For
the 215 MeV S+ Al case for example, 30% of the
cross section lies in the region J ) J .

The extracted GDR strength and centroid energy, at
all bombarding energies studied, are consistent with the
ground state systematics (S&s'DR ——0.97 and EGsDR ——17.4
MeV for ssCu [35]). On the other hand, the GDR width
is much larger than the 5 MeV ground-state width.
The GDR parameters determined from fits to the inclu-
sive S+ Al data at the highest two projectile energies
agree with the values determined from the Gts to the ex-
clusive data (fold ) 2 condition). This is consistent with
the observation that the fold condition does not affect the
GDR region of the spectrum. For 0+ Sc, the width
appears to saturate (within error bars) for Ez ) 105
MeV. The central values for the widths at the highest
two bombarding energies for this system are in fact nar-
rower than that at lower E~ = 105 MeV; however, the
systematic errors due to bremsstrahlung corrections in
these two cases are large.

The GDR strength function is expected to become
broader with increasing bombarding energy. This is be-
cause higher bombarding energies correspond to higher
compound nuclear spins and temperatures. In the ro-
tating liquid-drop model, the nuclear deformation is ex-
pected to increase with spin. The effect of deformation
on the GDR is to split the strength function into differ-
ent components, and increasing deformation leads to an
increase in the size of this splitting. However, thermal
fluctuations at finite nuclear temperature tend to smear
out this splitting, and the combined effect of increasing
spin and temperature is to make the GDR strength func-
tion broader. This qualitative expectation is in agree-
ment with the increase of the GDR width observed in
our data. Model calculations described in Sec. V predict
that most of the increase in the GDR width arises from
spin-driven increases in deformation. Our experimental
results are consistent with the width increase being pre-
dominantly spin driven; however, it is diFicult experi-
mentally to separate the eKects of spin and temperature.

C. Preequilibriurn processes

In our statistical model analysis we have assumed that
preequilibrium emission prior to fusion is negligible. The
projectile and the target completely fuse to form a com-
pound nucleus at an excitation energy equal to the total
available energy of the system, and with an initial average
angular momentum determined by the fusion-evaporated
cross section. This is a crucial assumption that needs
some elaboration.

In heavy-ion reactions at low bombarding energies,
E'„/A„& 5 MeV/nucleon, complete fusion (CF) domi-
nates. However, at higher bombarding energies E„/A„)
10 MeV/nucleon, considerable experimental evidence ex-

ists for incomplete fusion (ICF) processes (e.g. , [36]). In
these processes preequilibrium particles are emitted at
early stages of the collision so that only parts of the pro-
jectile or target fuse to form the compound nucleus. Such
promptly emitted particles (PEP's) carry away energy,
linear, and angular momenta. Therefore, the "compound
nucleus" formed does not absorb the full linear momen-
tum of the target and. the projectile, and starts with only
a portion of the total mass and energy of the entrance
channel. The clearest experimental evidence for pree-
quilibrium processes comes &om charged particle emis-
sion measurements. In these measurements the statistical
model calculations could not account for the high-energy
part of the measured proton and alpha spectra and the
extra yield is attributed to preequilibrium emission. The
systematics of these measurements show that the multi-
plicity of the preequilibrium particles increases and. the
energy spectra become harder with increasing bombard-
ing energy. For example, the multiplicity of high-energy
protons with E„&12 MeV in 0+ Al was found to in-
crease from 0.15 at E„/A„= 8.8 MeV/nucleon to 0.65 at
E„/A„= 13 MeV/nucleon [37]. Similarly the multiplic-
ity of the high-energy o, particles in 0+ Ni was found
to rise &om less than 0.02 at Ez/A„= 6 MeV/nucleon
[38] to 1.0 at E~/Az ——20 MeV/nucleon [39].

Light charged particle emission spectra and angular
distributions in S+2 Al collisions were measured at
bombarding energies similar to ours: E„/A„= 3—6.7
MeV/nucleon [40], and excellent agreement with statisti-
cal model calculations assuming complete fusion was re-
ported. In these comparisons, no preequilibrium particle
emission was needed to fit the data, suggesting that pree-
quilibrium emission is small. The evaporation residue
mass and velocity distributions were also measured over
a wide range of bombarding energies for S+ Al. In
this symmetric system the centroid of the velocity dis-
tribution is not sensitive to a possible incomplete fusion
component but the width of the distribution is expected
to get broader if preequilibrium particles are emitted.
Both the measured velocity district utions and the mea-
sured evaporation residue mass distributions were found
to be consistent with complete fusion up to Ez ——320
MeV [41], much higher than the projectile energies used
in our work.

For 0+ Ca, the reaction we used to infer complete
fusion cross sections for our 0+ Sc studies, there is
evidence for some incomplete fusion. The analysis of [31]
shows that at 140 Me V 0+ Ca, which has the same
E„'™as 149 MeV 0+ Sc, our highest bombarding en-
ergy case, incomplete fusion is about 25 jo of the complete
fusion cross section. This corresponds roughly to an av-
erage preequilibrium particle emission multiplicity of 0.2,
which we neglect.

V. THERMAL FLUCTUATION CALCULATIONS

A. Introduction

At Finite temperature, thermal shape and orientation
fluctuations affect the GDR observables, which are av-
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FIG. 9. Potential-energy surfaces (1 MeV contour inter-
vals) for Cu at E = 54.4 MeV at different spins. Below
J, = 365, the minimum lies along the oblate noncollective
axis (po ———180'). Above 1 = J„ the equilibrium shape is
triaxial, po lies near the prolate collective axis (p = —120 ),
and a saddle point lies on the oblate noncollective axis.

eraged over all shapes experienced by the nucleus. To
interpret our measured GDR spectra and angular distri-
butions in terms of the shapes and shape evolution of
the compound nuclei, comparison with thermal fIuctu-
ation calculations is necessary. In recent years, fIuctua-
tion calculations [42] of GDR decay of hot rotating nuclei
have been developed [43—45]. In this theory, the hot ro-
tating nucleus is described by a canonical ensemble of all
possible nuclear deformations determined by the rotating
liquid-drop free-energy surface (PES). In Fig. 9, we plot
the PES contours for the 5 Cu nucleus at E = 54 MeV,
calculated at difI'erent spins. Below the critical spin J
(= 395 for the 5 Cu) the minimum of the PES, which cor-
responds to the equilibrium shape, lies along the oblate
noncollective axis (po

———180 ) with an equilibrium de-
formation Po which increases smoothly as the spin ill-
creases. At J = J, a shape change occurs. At higher
spins the equilibrium shape is triaxial with pp approach-
ing the prolate collective axis (p = —120'), and the de-
formation P&& increasing rapidly with increasing spin. The
minimum which was along the oblate noncollective axis
for J & J develops into a saddle point. This shape
change, which is similar to the Jacobi shape transitions
in gravitating rotating stars [46], is a second-order phase
transition (in the limit of infinite nuclear rnatter), be-
cause the deformation parameters Po and po, which cor-
respond to the order parameters in the Landau theory
of phase transitions [47], are continuous at J = J, while
their derivatives are not.

A few features of this shape change are worth mention-
ing. As J approaches the critical spin J &om below, the
PES in the region of the minimum becomes increasingly
soft along the decreasing P sing direction (the direction
of the negative x axis of Fig. 9). The PES curvature r

along this direction decreases with increasing spin, ap-
proaching zero at the transition point. Beyond the tran-
sition point this softening is reversed, and r increases
with increasing spin. The curvature ~„along the y axis
(y = P cosy) continuously increases with increasing spin
through the transition point. Above the transition point
the deformation is large and the major to minor axis ratio
approaches 2 and greater (corresponding to Po & 0.7).

Fluctuation calculations of the GDR observables (the
cross-section and angular distribution coefficients) were
performed in the adiabatic approximation [43]. The GDR
observables were first calculated at a given deformation
and then averaged over all possible deformations. For
each bombarding energy case, the calculations were fur-
ther averaged over the spin distribution of the decaying
nuclei, approximated by three-spin values. It should be
pointed out that there are no &ee parameters in these
calculations. The only parameters that enter the calcu-
lations are the zero-temperature GDR centroid energy,
width, and the width scaling exponent b which relates
the widths of the diff'erent GDR components. The values
Ep = 18 MeV, I'p = 5.0 MeV, and b = 1.6 were used.

B. EfFective photoabsorption cross sections and
comparison to calculations

Figures 10 and ll (middle rows) show the experi-
mentally determined absorption cross sections o b, (E~)
for the S+ Al and 0+ Sc reactions, respectively.
The absorption cross section cr b, (E~) was obtained
by dividing the measured p-ray cross section cr~(E~)
by, a statistical model "phase space, " cr b, (E~)
cr~(E~)/[cr" (E&)/cr"b, (E~)], where o" (E~) is the least-
squares CASCADE fit to the measured cross section, and
o "b,(E~) is the GDR absorption cross section determined
from the fit. A fold & 2 condition was required in the
multiplicity filter for the 175 and 215 MeV S+ "Al data
shown here. The thick solid curves show the results of
the shape and orientation fIuctuation calculations. The
calculations were performed for each bombarding energy
case at three different spins, which approximate the spin
distribution with equal weights, and then averaged. The
corresponding PES for each spin is shown in the top rows
of Figs. 10 and 11. Except for the highest spin increment
in the E& ——175 and 215 MeV S+ Al cases, all spins
are below the Jacobi break point (J, = 365 and 39h for

Cu and Cu, respectively).
The calculated absorption cross sections (thick solid

curves) are in reasonable agreement with the data; in par-
ticular, the calculations correctly reproduce the observed
broadening of the GDR width with increasing bombard-
ing energy (spin). In the 0+ Sc cases, the width of
the calculated strength function increases with the aver-
age spin and then stays approximately constant once the
average spin saturates at (I) = 23h, for E„&105 MeV.

C. Evidence for the Jacobi transition

So far in our comparisons, we have demonstrated how
thermal fIuctuation theory, in which nuclear spin and
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FIG. 12. Fluctuation calculations of o b, (E ) (top row)
and az(E~) (bottom row) for decays of Cu; left column,
fixed spin (305) and varying T; right column, fixed tempera-
ture (1.7 MeV) and varying spin.

temperature effects are taken into account, can repro-
duce the measured GDR cross sections. To investigate
further the separate effects of spin and temperature, we
performed fIuctuation calculations for Cu in which the
temperature is kept constant at T = 1.7 MeV, while
the spin is varied. The calculated GDR cross section
o b, (E~) and angular distribution coefficient a2(E&) are
shown in Fig. 12 (right column). At high spins, near
the Jacobi transition (J, = 36h), the calculated spectral
shape becomes much wider, and for spins above J it
shows a pronounced structure. On the other hand, when
the calculations are performed at constant spin (J = 305)
and several temperatures T = 1.7, 2.0, and 2.3 MeV, the
change in the calculated spectral shape is small as can
be seen in Fig. 12 (left column). The calculated a2(E~)
is not sensitive either to varying spin (except for very
low spins), or to varying temperature, indicating that it
provides little information on shape changes at very high
spin.

To be more quantitative about the role played in
the calculated spectral shapes by the predicted spin-
induced Jacobi transition, fluctuation calculations were
performed using potential-energy surfaces in which this
shape change was removed. This was done by replacing
the RLDM PES by a parabolic potential energy surface
of the following form:

F(x, y) = v. (x —xo) ' + K„(y —yo) ',
where x = P sing and y = P cosy. At each spin, the min-
imum of this surface (xo, yo) was chosen to coincide with
the actual RLDM minimum for J ( J and with the sad-
dle point for J ) J . The curvature K„was taken to be
the same as that in the actual liquid-drop surface, while

was set equal to its value at J = 0, in order to elimi-
nate the x softness associated with the Jacobi transition.
The shape and orientation fluctuation calculations of the
absorption cross sections using these parabolic surfaces
are shown as thin curves in Fig. 10 for S+ Al. As can
be seen, the calculations with the Jacobi shape transition
removed are adequate only at the lowest two bombard-
ing energies, which correspond to low average spins. For
the higher bombarding energy (spin) cases, these calcu-
lations fail to reproduce the experimental cross sections,
indicating the importance of the Jacobi transition.

As mentioned above, an important feature of the Ja-
cobi transition is the increased softness of the potential-
energy surface in the P sing direction for spins below the
transition break point J . This softness leads eventu-
ally to the transition and therefore acts as a precursor
for it. The calculated spectral shapes are more sensi-
tive to this softness than to the actual transition. This
can be seen in Fig. 13, where o b, (E~) for S+ Al is
shown together with ffuctuation calculations (thick solid
curves) averaged over the spin distribution as in Fig. 10,
and with fluctuation calculations performed at the me-
dian spin (thin solid curves). The median spin is less
than J in all cases. The agreement of the data with the
calculations performed at the median spins is good in all
cases, including the 175- and 215-MeV cases. Since the
actual spin distribution extends beyond J for 175 and
215 MeV, this comparison indicates that the calculated
spectral shapes are mainly sensitive to the softness of the
PES.

D. Camment on the adiabatic appraximation

Our data provide one of several examples [4,5,45] in
which the adiabatic theory of thermal fIuctuations works
well for describing measured GDR strength functions. In
this theory, the shape degrees of freedom are assumed to
equilibrate prior to CN decay, and the time scale t for
fluctuations in the nuclear shape is assumed to be much
longer than the time associated with the GDR frequency
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spread due to shape Huctuations (h/b, E). Little is known
about the relaxation time t, . Studies of the GDR built
on excited states can provide experimental information
on t if the data is compared to a fluctuation theory in
which dynamic effects are taken into account.

Although time-dependent fluctuation calculations of
the GDR decay have not been performed for compound
nuclei as light as A 60, they have been performed in
systems with A 108 [48] and A 160 [45]. In the
work of Alhassid and Bush, the dynamics of the shape
changes are described by a Langevin equation similar to
the one for the motion of a heavy particle immersed in
a Huid [49]. A damping parameter y, which is related to
t, is introduced, with large y corresponding to large t
(the adiabatic limit). For the case of ii2Sn at T = 1.8
MeV, y = 1255 results in a GDR width (FWHM) which
is about 20'%%uo less than the adiabatic limit (see Fig. 3
of [48]). Using the relation between y and g given in
[50], where il is the adiabaticity parameter, we estimate
that the same deviation &om adiabaticity (same rI) in

Cu would correspond roughly to y = 50h. Taking a
20% deviation in the width from the adiabatic limit to
be the limit compatible with our experimental results,
we arrive at a lower limit y & 505 for Cu'. This limit
could be improved upon by performing time-dependent
fluctuation calculations for Cu* and comparing to our
experimental results.

Our limit for y may be compared to theory. In the
work of Bush et al. [51], the diffusion coefFicient Dp =
T/y for quadrupole nuclear shape change is parametrized
as Dp = nT /s&A with n 50. Assuming that this
relation is also valid in medium mass nuclei and taking
8f 35 MeV and T = 2.0 MeV, our A = 59 case implies
o. & 360. Our upper limit on n is also compatible with
other theory as shown in Table V of [51], but not with
the results quoted there from prescission neutrons or from
dipole narrowing data. However, it has been pointed out
that this dipole narrowing estimate is not correct [52]. It
should be mentioned that all estimates to date of the time
scale for large amplitude shape change from GDR data
assume equilibrium of the nuclear shape at time t = 0,
an approximation which may not be good in all cases.

E. Calculations of as(E~)

The measured a2(E~) coefficients for the s2S+2~Al and
O+ Sc reactions, respectively, are shown in Figs. 10

and 11 (bottom rows) together with the thermal Huctua-
tion calculation results (thick curves). A fold ) 2 condi-
tion is required in the multiplicity filter for the 175 and
215 MeV S+ Al data. The fold cut increases the sta-
tistical error bars on the a2(E&) coefficients by as much
as a factor of 2 at high p-ray energies, as can be seen
in Fig. 14 where we compare a2(E~) measured with and
without this fold condition.

The calculated a2(E&) agree with the data only in the
region 12 & E~ & 18 MeV on the low-energy side of
the giant dipole resonance. In particular, the observed
negative dip around E~ 16 MeV, which increases in
magnitude with bombarding energy, is reproduced. Be-
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low E~ 12 MeV, the data deviate substantially &om
the calculated curves, especially for the high bombard-
ing energy cases. This deviation is not surprising for
two reasons. First, a low E~ nonstatistical background
is observed both in the measured spectral shapes and
in the angular distribution ai(E~) coefficients. Second,
the statistical. p rays emitted in this energy region come
predominantly &om nuclei in the decay cascade formed
after several particles have been emitted. These nuclei
have lower spin and temperature than the nuclei which

p decay at higher E~, in the GDR region, and may be
partially dealigned from the original direction. The aver-
age spins and temperatures used in the calculations are
correct for the GDR region, but not for lower E~. In
addition the efFect of dealignment is not included.

The discrepancies between the measured and calcu-
lated a2(E~) coefficients on the high-energy side of the
GDR present a puzzling problem. Although the ex-
perimental statistics for the coincidence S+ Al data
(Fig. 10) are too poor to judge, the singles data at
high bombarding energy in both s2S+2~Al (Fig. 14) and

0+ Sc (Fig. 11) suggest that the negative a2(E~) val-
ues observed on the low side of the GDR persist on the
high side. The fluctuation calculations of statistical GDR
decay predict the a2(E~) coefficients should turn pos-
itive on the high-energy side of the resonance, in dis-
agreement with the inclusive data at high bombarding
energy. Although in the highest two bombarding energies
of 0+ Sc, a bremsstrahlung contribution at high E~
is observed in the emission spectra and in the measured
ai(E~) coefFicients, the observed a2(E~) coefficients just
above the GDR peak cannot be explained in terms of
bremsstrahlung background. This is because the frac-
tional bremsstrahlung contribution to the measured spec-
tra, based on the analysis of ai(E~) described in Sec. III,
increases by about a factor of 3 from E~ 20 to 30
MeV. This implies that the contribution to a2(E~) due to
bremsstrahlung should also increase by this factor. How-
ever, in both cases the measured a2(E~) coefficients re-
mains constant at a2(E~) = —0.15 for E~ & 20 MeV, in-
dicating that the observed negative a2(E~) values in the
region of the GDR peak are not due to bremsstrahlung.

10 20 30 iO PO 30

E, (MeV)

FIG. 14. aq(E~) coefficients for S+ Al at 175 MeV (left
column) and 215 MeV (right column). Top row, inclusive
data; bottom row, fold & 2 condition. Solid curves, Quctua-
tion calculations.
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Indeed, because the p-ray intensity close to the GDR
peak is so strong, it is unlikely that the observed neg-
ative az (E~) can be due to anything other than GDR
decay.

Negative o2(E&) coefn.cients can occur in the statistical
emission of high-energy p rays, even for a spherical nu-
cleus, due to a level density eff'ect [4]. This efFect, which
is not included in the fluctuation calculations, arises &om
the fact that the decay probability depends on the final-
state level density, which is different for LI = 0 and
AI = +1. We have estimated this final-state level density
efFect and found it to be small (az --—0.017 to —0.024 in
the region E~ = 10—30 MeV for the 175 MeV S+ "Al
case, estimated using I = 29k), too small to account for
the observed discrepancy at the high p-ray energy region.

It is tempting to blame this discrepancy of a failure
of the calculation. Indeed, Alhassid [43] has pointed out
that the present fluctuation calculations, which are done
in the approximation of constant spin (as opposed to con-
stant rotational &equency), nonscalar observables such
as a2(E~) are not determined with the same rigor as are
scalar observables such as the cross section. Whether this
limitation is relevant to the present problem remains to
be seen.

VI. SUMMARY AND CONCLUSION

We have presented a systematic study of the GDR de-
cays of Cu and Cu compound nuclei populated over
a wide range of excitation energy and spin in the fusion
of S+ Al and 0+ Sc, respectively. The motivation
was to search for the predicted spin-induced oblate-to-
triaxial shape transition at very high spin. High-energy
p-ray production cross sections and angular distributions
were measured. The measured angular distributions, in
the CN center of mass, were found to exhibit forward-
backward symmetry for E~ ) 12 MeV, in the GDR re-

gion of interest, for all S+ Al bombarding energies and
for Ez & 105 MeV 0+ Sc, supporting the compound
nucleus decay hypothesis. For higher projectile bombard-
ing energies in 0+ Sc, the angular distributions were
found to be forward peaked at high E~, and the angu-
lar distribution anisotropies have been used to deduce
bremsstrahlung production cross sections at threshold.

Broad GDR strength functions were determined from
statistical model fits to the measured spectral shapes
at high bombarding energy (spin), implying the pres-
ence of large deformation in the ensemble of decaying
states. The GDR strength functions are well described
by thermal fluctuation calculations in which the GDR
is averaged over a distribution of deformations deter-
mined &om rotating liquid-drop model potential-energy
surfaces. The calculations predict a substantial softening
of the potential-energy surface at high spin, related to
the equilibrium oblate-to-triaxial shape change, and the
measurements are found to be sensitive primarily to this
softening. The calculations fail to reproduce the exper-
imental cross sections at high spin when the triaxial-to-
oblate transition and the associated softness in the PES
are removed, con6rming that the observed broadening of
the GDR strength function is mostly due to spin-driven
deformation.

The calculated a2(E~) angular distribution coefficients
are found to agree with the data only on the low-energy
side of the resonance. Above the GDR centroid, dis-
crepancies are observed between the calculations and the
inclusive a2(E~) measurements at high bombarding en-
ergies (spins).
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