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Inhuence of rotation-induced nuclear deformation on a-particle evaporation spectra
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The shapes of 0;-particle spectra from hot, high-spin compound nuclei produced in energetic
heavy-ion fusion reactions are analyzed within the framework of a statistical model. Contrary to
claims made in the literature, good agreement is obtained between calculated and experimental

spectra when the evaporation barrier of each nuclide in the complex cascade is assumed equal to its

respective absorption channel barrier. The dependence of the shape of n-particle spectra on nuclear

deformation is discussed both in terms of the transmission coefficients and the spin-dependent level

density of deformed nuclei. For deformations of the magnitude given by the rotating liquid drop
model, n-particle spectra and effective barriers are insensitive to whether deformed or spherical nu-

cleus transmission coefficients are used. It is important, however, to include the deformation depen-

dence in the nuclear level density. Model calculations indicate that the shape of o.-particle spectra
may be quite insensitive to large deformations.

I. INTRODUCTION

Considerable effort has been made in the past to under-
stand the spectra of charged particles evaporated from
excited nuclear systems prepared in various ways. The
motivations for these studies has been twofold. ' On the
one hand, such spectral data, along with their analyses,
provide a method to study the properties of equilibrated
nuclear systems as a function of excitation energy, angu-
lar momentum, and deformation. On the other hand, a
profound understanding of particle evaporation spectra
and multiplicities is a prerequisite for employing
charged-particle emission as a potentially powerful probe
of equilibration processes in nuclear collisions, and of
various additional aspects of the collision dynamics.

Standard statistical models ' have been employed for
many years to study the decay of composite nuclei at
moderate energies and angular momenta, such as those
produced with light-ion projectiles. " ' Several of these
studies have shown that spectra can be reproduced using
particle transmission coe%cients calculated from optical
models for the inverse reaction. Even for light-ion-
induced reactions, however, it is usually necessary to use
an angular-momentum-dependent theory in fitting angu-
lar and energy-dependent differential cross sections.

Over the last decade, however, many papers have
claimed' that experimental charged-particle evapora-
tion spectra from heavy-ion fusion reactions, where
higher excitation energies and angular momenta are in-
volved, are no longer consistent with predictions of stan-
dard statistical models. Specifically, it has been suggested
that for heavy-ion-induced reactions the charged-particle
emission barriers are significantly lower than those calcu-
lated with optical-model transmission coefficients for the
respective inverse absorption channels. In fact, several
authors claim that spectra data require composite nuclei
with unusually large deformations ' ' ' (e.g. , with axis
ratios ranging from 2.2 to 3.0), much in excess of predic-
tions based on the rotating liquid drop model. '

In order to evaluate the reported claims of very de-
formed nuclear shapes based on charged-particle spectra,
a program was initiated to compare available experimen-
tal a-particle spectra from heavy-ion-induced reactions
with theoretical results from a standard statistical model.
This model incorporates a spin-dependent level density
that accounts, in an approximate way, for the spin-
dependent shape changes predicted by the rotating liquid
drop model (RLDM). First results' showed good agree-
ment between calculated and experimental a-particle
spectra for the Al+ Ar reaction without the need to
lower the evaporation barriers relative to the respective
absorption barriers, suggesting the analyses of other ex-
perimental 0:-particle spectra from heavy-ion-induced
fusion reactions. The results of these analyses,
confirming previous conclusions, are reported here. In
addition, a number of model calculations are performed
to study the effect of nuclear deformation on 0:-particle
spectra. In Sec. II, a procedure for the calculation of eva-
poration spectra is described. The results of model calcu-
lations of spectra from deformed nuclei are presented in
Sec. III. Theoretical statistical model fits to experimental
n-particle spectra are presented and discussed in Sec. IV.
A summary is included in Sec. V.

II. CALCULATION
OF EVAPORATION SPECTRA

In the present work, a slightly modified version of the
statistical-model computer code cAscADe (Ref. 32) has
been employed in the analysis of particle evaporation
spectra. This version calculates proper energy spectra in
the c.m. system, rather. than the total kinetic energy (in-
cluding recoil) distributions predicted by the original
code, which cannot be compared directly to experimental
data. In the statistical model, ' there are two basic
quantities that govern the How of an evaporation cascade.
These are the spin-dependent level density, defining the
available phase space and the transmission coefficients

40 668 1989 The American Physical Society



40 INFLUENCE OF ROTATION-INDUCED NUCLEAR. . . 669

that control access to this space. The change in each of
these quantities with deformation is considered here.

For calculating the spin-dependent level density, the
code CASCADE assumes the analytical expression

a'~ A' (2I+ 1)
24&2 Jo (E+t —5 Et)—

XexpI2[a(E b, EI—)]'—
where a is the level-density parameter, and t is the ther-
modynamic temperature. This level-density formula is
based on an approximation of a Fermi gas with equidis-
tant single-particle levels and a constant level-density pa-
rameter (assumed to be a = 3/8). While such a simple
nuclear model clearly has insufficiencies, it is assumed
that it can be used to approximate the level density at the
total excitation energy E and spin I by evaluating the
model level density at an energy reduced by a pairing
correction 6 and a spin-dependent parameter EI. In the
calculation, the quantity EI is parametrized as

5z in Eq. (2).
While the above discussion referred to the phase space,

in the following the transmission coefFicients describing
the access to this phase space are considered. In the stan-
dard application of CASCADE, the - transmission
coefFicients are those for spherical nuclei, including neu-
tron, proton, and a-particle emission, and are gen-
erated with published optical-model parameters. As in
all such calculations, the present calculations of transmis-
sion coefficients for a particular decay process are based
on the standard assumption that the respective inverse re-
action (i.e., fusion on excited target nuclei) cross sections
are well approximated by the total reaction cross sections
for cold target nuclei. However, for the present study
this concept has to be generalized to deformed nuclei, for
which no data exists for inverse reactions.

Transmission coefficients for deformed nuclei were
generated using a simple approximate procedure. In this
procedure, the nucleus was represented by an ellipsoid of
revolution (see Fig. 1) defined by

El=(fi /2JO)I(I+1)l(1+5, I +5~I ), (2)

in terms of the rigid-body moment of inertia Jo of a
spherical nucleus (the radius parameter ro in cAScADE
depends slightly on A, e.g. , 1.26 and 1.28 fm for the com-
pound nuclei Ga and Cu, respectively). The quantities
6& and 62 are adjustable input parameters providing a
range of choices for the spin dependence of the level den-
sity.

In the application of the above formula to nuclei of
high spins and excitation energies, it must be emphasized
that EI is not necessarily the yrast energy. In particular,
this quantity should be equated neither to the yrast ener-

gy of a rigid body with a spin-independent moment of in-
ertia as employed by Lang nor to the yrast energy (col-
lective rotational plus deformation energy) of a rigid body
with a spin-dependent moment of inertia. In general, the
quantity EI has a much more complex interpretation.
This is due, in part, to the rearrangement of the single-
particle levels near the Fermi energy that is associated
with the spin-dependent nuclear deformation, and the
direct effect of this nuclear structure change on the spin-
dependent level density. In the present formulation of
p(E, I) any dependence of the level-density parameter a
on spin or deformation is incorporated into EI. The
dependence of the level density on deformation caused by
periodic changes in the shell structure is well known for
the low-spin systems. ' ' In the high-energy limit, the
shell effect on the level density can be described in terms
of a constant correction to the intrinsic excitation energy
at which this density is to be derived using a Fermi gas
formula. It will be shown later that the dependence of
the level density on excitation energy and spin is a crucial
quantity in statistical-model calculations for heavy-ion-
induced reactions. However, very little is known experi-
mentally about this spin dependence for the large spins
and high excitation energies of interest here. Therefore,
to achieve the best At to experimental data, it appears
justifiable to select to some extent a spin dependence of
the level density, e.g. , by adjusting the parameters 5, and

b = l.llS7 R

a = 0.799I R

b/0 = l.400

b = l. 25l5 R

0 =0.8959 R

b/a = I.400

b = l. 3389 R

a = 0.5579 R
b/a = 2.400 b = l.7926 R

a = 0.7469 R
b/a = 2.400

2b R3

FICx. 1. Nuclear shapes utilized in calculations of ct-particle
transmission coefficients and spectra. Volume conservation is
assumed in the calculation of the lengths of the axes for the
symmetric prolate and oblate shapes with sharp surfaces. The
heavy line in each prolate and oblate shape represents the sym-
metry axis (see Fig. 2).
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for prolate and oblate shapes, respectively. Here, the x
axis is the symmetry axis, and y is perpendicular to x.
The deformation is characterized by an axis ratio b/a,
for a fixed volume equal to that of a sphere of radius R.
Volume conservation then requires a b =R for a pro-
late, and ab =R for an oblate shape. The nucler radius
varies with the angle 0 measured from the symmetry
axis, i.e. , R =(x +y )' . The optical-model calculation
for spherical nuclei was repeated for different radii, corre-
sponding to a number of selected (x,y) pairs on the de-
formed nuclear surface. The transmission coefficients
from these calculations were then weighted with the cor-
responding surface areas (see Fig. 2) to obtain effective
transmission coefficients for deformed nuclei.

The resulting a-particle transmission coefficients for
the Cu+o. reaction are shown in Figs. 3 —5. At an ener-

gy equal to the barrier energy for emission of an a parti-
cle, the I =0 transmission coefficient assumes a value of

In Fig. 3 the transmission coefficients for l =0 and 5

waves are plotted as a function of cx-particle energy for
prolate (6/a =1.4), spherical, and oblate (0/a =1.4)
nuclear shapes. In each case, the three curves are essen-
tially identical, with no appreciable difference in the
effective barriers for the deformed and the spherical
shapes. Similar results are illustrated in Fig. 4 for the
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more highly deformed prolate (b/a =2.4) and oblate
(b!a =2.4) shapes. Again for the same reaction, the
transmission coefficients for o, particles with center-of-
mass energies of 12.5 and 28.5 MeV are plotted as a func-
tion of angular momentum in Fig. 5 for spherical, pro-
late, and oblate nuclei, each of the latter two at deforma-
tions of b/a =1.4 and b/a =2.4.

As expected, deformed nuclei emit a particle with
larger angular momenta than spherical nuclei. The
present results shown in Fig. 5 are in qualitative agree-
ment with earlier results, calculated in a classical
sharp-cutoff model with similar weighting over the sur-
face area. As a consequence of these large angular mo-
menta, u-particle spectra for deformed nuclei are harder.
On the other hand, the reduction in transmission for
smaller angular momenta for deformed nuclei is a direct
consequence of the minor axis being smaller than R.

The error introduced in the present transmission

FIG. 3. u-particle transmission coefficients for the Cu+n
reaction, for l =0 and l =5 waves, are plotted as a function of
o.-particle energy for prolate (b/a =1.4), spherical, and oblate
(b/a =1.4) nuclear shapes. The procedure for calculating the
transmission coefficients for deformed nuclei is described in the
text.
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sion as a function of angle to the symmetry axis for prolate, ob-
late, and spherical shapes (see Fig. 1).
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FIG. 4. Same as Fig. 3 except for a deformation of b/a =2.4.
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plexity hidden in the theoretical cumulative spectrum of
o. particles from the various stages of the cascade starting
with the composite nucleus Ga produced in the

Al+ Ar (E&,b =190 MeV) reaction. The calculation
assumes an initial excitation energy of 91 MeV and a spin
distribution with a diffuse (M) edge located approximate-
ly at I =46. There are usually several cascade paths (see
Fig. 7) on the (X,Z) plane that lead to any of the various
a-emitting nuclides and thus contribute their respective
individual a-particle spectra (thin curves in Fig. 6) to the
cumulative spectrum (heavy curve in Fig. 6). The latter
is the predicted theoretical spectrum to be compared to
the inclusive experimental one.

The inAuence of the spin-dependent level density on
the theoretical a-particle spectrum can be seen by com-
paring the top and bottom parts of Fig. 6. The curves in
the top part of Fig. 6 are calculated with EI [see Eq. (2)]
values generated with 5, =6.25 X 10 and

6z=6.65 X 10,whereas the curves in the bottom part of
Fig. 6 result for 5& =5z=0. In each case, the maximum
of the cumulative spectrum occurs at a significantly lower
energy than the maximum of the spectrum for first
chance o.-particle emission (the most energetic individual
spectrum). As a matter of fact, the position of the max-
imum in the cumulative theoretical spectrum can be seen
in Fig. 6 to be rather insensitive to the particular change
in the spin dependence of the level density introduced
through Ez. The spin-dependent level density has its
most profound inhuence on the shape of the high-energy
tail of the cumulative spectrum.

A. quantitative account of the complexity of the deexci-
tation cascade for Ga is given in Fig. 7, where multipli-
cities of evaporated particles are given for the case,
6&=6.2SX10 and 52=6.6SX10 . The numbers on
vertical, horizontal, and 45 lines in Fig. 7 are individual
multiplicities of protons, neutrons, and a particles, re-
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FIG. 7. Theoretical cascades of neutrons, protons, and a particles resulting from the reaction Al+ Ar (E„b=190 MeV). The
tabulated multiplicities of evaporated particles are based on a slightly modified version of the statistical model computer code
CASCADE (Ref. 32). This figure illustrates the complexity of the deexcitation processes following the initial formation of the com-
pound nucleus 'Ga. The numbers on the vertical, horizontal, and 45' lines are individual multiplicities of protons, neutrons, and a
particles, respectively. On the lower left part of the figure, the a-particle multiplicities associated with the Z values of seven different
daughter nuclei are listed.
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spectively. Of the 31 nuclides contributing to the total
a-particle multiplicity, 22 nuclides contribute multiplici-
ties equal to or greater than 0.010. The number of indi-
vidual spectra shown in Fig. 6 even exceeds 31 because a
few nuclei, e.g. , Cu, that can be formed by different
paths, produce multiple spectra. When comparing exper-
imental and theoretical spectra, it is imperative to realize
that the cumulative spectra are a superposition of a large
number of contributions from many nuclides in the corn-
plex cascade with different Z values, excitation energies
and spins. It is understandable that simplified statistical-
model codes such as GANEs, considering only single-
chance emission from a nucleus at a single effective exci-
tation energy and spin, are not able to fit such complex
data by using standard statistical-model parame-
ters. ' ' ' Furthermore, in the simulation of experi-
mental spectra with a single-chance emission code, the
choice of the representative emitting nucleus is not clear.
As can be seen in Fig. 7 (lower left), the total a-particle
multiplicity has contributions from several elements,
where on average, the emitting nucleus has a nearly 2
units smaller Z than the initial compound nucleus.
Hence, the superposition of contributions from nuclei
over a range in Z in the complex cascade leads to a peak
in the cumulative spectrum that is significantly lower in
energy than that of the first-chance a-emission spectrum.

As already illustrated in Fig. 6, the spin dependence of
EI has a pronounced effect on the cumulative e-particle
spectra. In going from the 5, =52=0 case (Fig. 6, bot-
tom) to the 5,=6.25 X 10,5z =6.65 X 10 case (Fig. 6,
top), the available phase space for low I-wave emission of
neutrons and protons from the high-spin composite nu-
clear states is enhanced relative to the higher I-wave
emission of e-particles from these states. As a result, the
now strongly competing, neutron and proton emission
suppresses the early-chance emission of alpha particles
from the high-spin states. Direct confirmation of the role
of the density of high-spin states on first-chance @-
particle emission from Ga is shown in Fig. 8, where the
cross section for the two individual spins shown is nor-
malized to the total compound nucleus cross section. For
spin —", , the first-chance a-particle spectrum for
5, =52=0 (heavy-dashed line at the bottom of Fig. 8) is
very much harder and more intensive than the first-
chance n-particle spectrum for 5, =6.25 X 10 and
52=6.65X10 (light-dashed line at the bottom of Fig.
8). The enhanced-first chance neutron and proton emis-
sion for the latter case, and hence, the sizable reduction
in the first-chance n-particle emission causes a marked
change in the high-energy portion of the total a-particle
spectrum (light and heavy solid lines at the bottom of
Fig. 8). Depending on the form of the spin dependence of
the level density of the high-spin states, as expressed by
the values of 5& and 52, a-particle evaporation may be ei-
ther enhanced or reduced relative to proton and neutron
evaporation. This change in the first-chance o.-particle
emission probability has a profound effect on the intensi-
ty and slope of the high-energy portion of the a-particle
spectrum, and the most probable energy in the first-
chance a-particle spectrum for large spins is extremely
sensitive to the spin dependence of the level density.

However, the energy of the maximum of the cumulative
spectrum is relatively insensitive to the choice of the
values of the 5 parameters as shown in Fig. 6. As seen in
Fig. 8 (bottom, heavy- and light-dashed lines) this most
probable energy decreases for I =—", by over 7 MeV when

the values of the parameters 5, and 5z are increased from

5, =52=0 to 5, =6.25X10 and 52=6.65X10 . With
these latter parameters values, the first-chance most
probable energy for I =—", is reduced drastically to ap-
proximately the same most probable energy as the corre-
sponding peak for I = —", , which exhibits only little sensi-

tivity to the values of 5, and 52. This is true also for the
energy of the maximum of the cumulative spectrum
which is relatively independent of the choice of parame-
ter values, as shown in Fig. 6. Figure 8 demonstrates this
insensitivity of the most probable a-particle energy of the
cumulative spectrum, for individual spins as large as —", .
This result is due to the complexity of the cascade and
the importance of contributions from later stages in the
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FIG. 8. Similar to Fig. 6, except for selected spins of '2' and

(normalized to the total compound nucleus cross section).
This figure illustrates the suppression of first-chance a emission
for very large spins when realistic values of 6& and 52 are intro-
duced.
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each cascade correspond to spherical, prolate (b/a =2.4), and
oblate (b/a =2.4) shapes (see Fig. 1). The same spin-dependent
level density is used for each calculation {5&=3.32X10 and
52=2.95X10 ), illustrating the effects of deformation on the
total a-particle spectra due to the different a-particle transmis-
sion coefficients. 50

i I

Si = 625 x IO

variations in El vs I via the 5& and 5z values, produces a
noticeable change in the slope of the high-energy tail of
thy spectrum, but not in the peak position as described in
the previous paragraph. Increasing 5, and 5z (reducing
the values of Ei) enhances the available phase space for
low I-wave emission of neutrons and protons from high-
spin compound nuclear states relative to the higher I-
wave emission of o. particles from these states. As a re-
sult, the more strongly competing neutron and proton
emission suppresses the early-chance emission of o, parti-
cles from the high-spin states. It is the first-chance a-
particle emission from the high-spin states in Ga that is
responsible for the high-energy part of the cumulative
spectrum (see, e.g. , Fig. 6 and the bottom part of Fig. 8).
The suppression of first-chance G.-particle emission leads
to a substantial softening of the high-energy part of the
cumulative spectrum. The important lesson to be learned
from these results is that nucleon emission can compete
effectively with heavier-particle emission in the statistical
decay of high-spin states, the competition depending on
the spin-dependent level density. This result is often not
appreciated.

The greater intensity of high-energy events in the
theoretical cumulative a-particle spectra calculated with
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FIG. 11. The same transmission coefficients are used as Fig.
10, except more realistic spin-dependent level densities are em-
ployed; spherical, 5, =6.25 X 10, 52 =6.65 X 10; prolate,
5&=1.41X10, 5&=1.47X10 ', oblate, 5&=1.22X10
52=1.33X10 . It should be noted that for the spherical nu-
cleus calculation, the transmission coefficients are calculated for
a spherical nucleus, however, the level density is that appropri-
ate for a deformed nucleus with b/a of approximately 1.4 (see
Fig. 9).

FIG. 12. Values of E& for the nucleus 'Cu as a function of I
for difFerent sets of 5 values [see Eq. (2)]. The solid line
represents EI values used in the analysis of the experimental
(Ref. 25) a-particle spectra for the A1+ Ar (El,b =190 MeV)
reaction {see Fig. 13). The EI values given by the solid, dashed,
and dotted lines were used to calculate the theoretical spectra
displayed Fig. 11. The solid points represent the sum of the col-
lective rotational and deformation energies given by the RLDM
(Ref. 31)~ Since CASCADE (Ref. 32) uses a variable and some-
what larger radius parameter than does the RLDM, the RLDM
energies plotted are relative to the energy of a rotating rigid
sphere (see Fig. 12 of Ref. 31) with the radius parameter used in
CASCADE.
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a-particle transmission coefricients for nuclei with large
deformations (b/a =2.4) can be readily suppressed by
reducing the spin dependence of the level density of the
high-spin states. This is illustrated in Fig. 11, differing
from Fig. 10 only by the 5 values. The corresponding EI
values, used to calculate the theoretical cumulative spec-
tra in Fig. 11, are illustrated in Fig. 12 for the single nu-
cleus Cu in the cascade. The important conclusion to
be drawn from these figures is that there are opposing
effects of deformation on the theoretical cumulative spec-
trum, introduced by the transmission coefIicients on the
one hand, and on the other hand, by the spin-dependent
level density p (E,I) that depends directly in EI in the
present formalism. As can be seen in Fig. 11, the cumu-
lative spectra for the three cases are essentially the same,
illustrating the insensitivity of such spectra to the defor-
mation expected for composite nuclei produced with
large excitation energies and high spins.

of 2/o at I =30 and 10%%uo at I =40. It must be em-
phasized, however, as discussed in Sec. II, that the quan-
tity EI has a much more complex interpretation.

Analyses similar to those described above were per-
formed also for the "Ni+' F and Al+ S compound
nucleus reactions. The experimental a-particle spectra
measured at four angles for the "Ni+' F (E„b=120
MeV) reaction are plotted in Fig. 15 along with the
respective cumulative spectra calculated with the
statistical-model code CASCADE. The initial excitation
energy and maximum angular momentum are 103 MeV
and 474, respectively. As can be seen in Fig. 15, the
agreement between experiment and statistical theory is
very good both in terms of the spectral shapes and the ab-
solute differential cross sections. The values of EI
(5, =4.5X10 and 52=3.5X10 ) as a function of I
used in the calculations are plotted in Fig. 16. Also

IV. COMPARISON OF KXPKRIMKNTAL
AND THEORETICAL CUMULATIVE SPECTRA

In Fig. 13, statistical model calculations of cumulative
spectra are compared to experimental a-particle spectra
for the reaction Al+ Ar (E~ b

= 190 MeV), measured
at four laboratory angles. As already described in Sec. II,
appropriate absorption channel values of transmission
coeKcients were employed in the calculations for all par-
ticle evaporation channels. Fission was also taken into
account. Input parameter values of 6& =6.25 X 10 and
52=6.65X10 were chosen to parametrize El [see Eq.
(2)] which defines the spin-dependent level density [see
Eq. (1)]. Since cAScADE does not calculate angular distri-
butions, the experimental angular distribution was
adopted in the calculations. In Fig. 14, the experimental
angular distribution of a particles for the Al+ Ar re-
action at E],b = 190 MeV is compared to that calculated
with the statistical-model code PACE, which predicts
angular distributions but treats transmission coefFicients
in a more approximate fashion. The solid circles
represent experimental data at average center-of-mass
angles, and the solid line was calculated directly from the
laboratory energy spectra.

As can be seen from Fig. 13, the agreement between
experiment and statistical-model calculations is excellent,
insofar as the shapes of the spectra are concerned.
Equally impressive agreement is achieved with o,-particle
transmission coefficients for prolate (bla =1.4), oblate
(b/a = 1.4), and spherical nuclei (see Fig. 9). In addition,
there is also very good agreement between theory and ex-
periment with respect to cx-particle multiplicity, as evi-
denced by the excellent fits to the double difFerential cross
sections at the four angles.

If one interprets the quantity EI in Eq. (2) in a very
limited way, i.e., in terms of the sum of collective rota-
tional and deformation energies, it can be compared to
the predictions of the rotating liquid drop model. ' Such
a comparison shows that at high spins, the values of El
shown in Fig. 12 (solid line) and needed to reproduce the
data in Fig. 13 are somewhat smaller than predicted by
the RLDM. For example, the discrepancy is of the order
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FIG. 13. Comparisons of statistical-model and experimental
(Ref. 25) a-particle spectra for the reaction Al+" Ar
(E&,b=190 MeV). The statistical-model a-particle spectra are
calculated with u-particle transmission coefficients for spherical
nuclei and 5&=6.25X10 and 62=6.65X10 '. Essentially
identical a-particle spectra are obtained with a-particle
transmission coefficients for prolate ( b /a = 1.4) and oblate
(b/a =1.4) nuclei {see Fig. 9). The Ats remain almost equally
good with a-particle transmission coefficients for highly de-
formed (b/a =2.4) nuclei if realistic values of 5, and 62 are em-

ployed (see text and Fig. 11).
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multiplicity as was done for the two reactions studied
previously.

Previous statistical-model fits ' to the a-particle
spectra from the Al+ S reaction using a similar com-
puter code to follow the complex decay cascade differ in
two important aspects from the present calculations.
First, the optical-model potential transmission
coefficients were calculated for a spherical nucleus with a
radius enlarged by factors increasing with increasing
bombarding energy (1.25 for E&,b

= 150 MeV). The
motivation for this was to account for the deformation in
the calculation of the transmission coefficients. As dis-
cussed above, with deformations predicted by the RLDM
for the highest spins excited in this reaction, the effective
barrier ca1culated by weighting over the surface area is
essentially unchanged from that for the spherical nucleus
(see Fig. 3). Furthermore, the increase in radius is some-
what equivalent to the assumption that all charged parti-

FIG. 14. Angular distribution of a particles for the
Al+ Ar reaction at a laboratory bombarding energy of 190

MeV. The circles were reported by Ref. 25 and represent data
at (8, ). The solid line was calculated directly from the labo-
ratory spectra reported by Ref. 25. The dashed line was calcu-
lated with the code PACE (Ref. 40).

shown in this figure, for several spin values, are the sums
of the collective rotational and deformation energies pre-
dicted by the RLDM. For the spin range excited in this
reaction, the maximum difference between the EI values
and the sum of RLDM rotational and deformation ener-
gies is of the order of 10%. Based on the present statisti-
cal model fits to the a-particle spectra from the Ni+' F
reaction, no evidence is obtained from this case either to
support the unusually large deformations of bla =2.2
deduced from calculations with the one-step decay code
GANES.

The experimental a-particle spectra reported for the
Al+ S reaction, ' at six laboratory bombarding en-

ergies, ranging from 100 to 150 MeV, are shown in Fig.
17 along with the respective cumulative spectra calculat-
ed with the statistical-model code CASCADE. The initial
excitation energy in the compound nucleus ranges from
59 to 81 MeV, while the maximum angular momentum
varies from 27 to 42%. The largest values of the initial en-
ergy and angular momentum of the compound nucleus
excited in this reaction are somewhat smaller than the
values of the corresponding quantities for the two reac-
tions discussed previously. Good agreement between ex-
periment and theory is obtained for the shapes of the cu-
mulative spectra with values of EI derived from Eq. (2)
with 5I=1.25X10 and 5&=1.17X10 . In Fig. 18 the
values of EI derived with those parameters are plotted as
a solid line. At the higher-spin values, the values of EI
used in the calculations are somewhat smaller than the
sum of the collective rotational and deformation energy
predicted by the RLDM (see solid circles in Fig. 18).
Since the double-differential cross sections of a particles
are reported ' in relative units, no comparison can be
made between the experimental and theoretical a-particle
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FIG. 15. Comparisons of statistical-model and experimental
(Ref. 28) a-particle spectra for the reaction Ni+ ' F (E~,b = 120
MeV).
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perimental information on nuclear phenomena, and
among them, on particle (evaporation) spectra from spin-
ning excited nuclei. The underlying physical processes
are, however, highly complex, not fully understood, and
seldom allow for an accurate numerical representation.
Therefore, in any practical implementation of this model,
there are a number of assumptions and approximations
that need to be made in order to derive numerical predic-
tions, for any particular set of experimental data, from
the simple original concepts. As a result, in the
mathematical formulations of the model, simple concep-
tual physical quantities, such as, e.g. , yrast energy, bar-
rier height, level density parameter a, nuclear deforma-
tion, etc, are replaced by their effective counterparts,
namely the effective barrier, effective a, effective deforma-
tion, and so on. The fact that such substitutions have

0
0 10 20 30 40 50 IPIQ I

(
I I I I

(
I 1 I I

(
1 I

FIG. 16. Values of Ei for the nucleus ' Br as a function of I
for 6& =4.5 X 10 ' and 62=3.5 X 10 . The solid circles
represent the sum of the collective rotational and deformation
energies given by the RLDM (Ref. 31). See caption of Fig. 12.

lag =

IO8

8

cles are emitted from the tips of a prolate nucleus, ex-
cluding most of the surface area. One of the results of
the larger radii is more yield of high-energy a particles,
than is compatible with experiment. In order to reduce
the theoretical intensity of high-energy e particles, it is
necessary to increase the level density of high-spin states.
This is done in the calculations of Viesti et al. by lower-
ing the so-called effective yrast line. As shown in Fig. 18,
the values of EI used by Viesti et al. (dashed line) are
substantially smaller than the values used in the present
calculation (solid line). These opposing eff'ects of defor-
mation on transmission coefficients and the spin-
dependent level density have been discussed previously
(see Figs. 10 and 11). Hence, if larger optical-model radii
are used in the calculation, it is expected that one needs
to lower the EI values in order to reduce the intensity of
high-energy a particles.

In each of the above cases, a statistical-model calcula-
tion using the code CASCADE reproduces the position of
the maximum of the cumulative u-particle evaporation
spectrum when the evaporation barrier of each nuclide in
the cascade is assumed equal to its respective absorption
channel barrier, i.e., no reduction in the respective bar-
riers are required in the complex statistical-model calcu-
lations reported here. This conclusion is independent of
the 6 values used in the calculation, as illustrated in Fig.
6. Hence, the reported ' ' unusually large nuclear de-
formations, deduced with the single-step evaporation
code GANES, is attributed to the simplifying approxima-
tions used in this latter code.

V. SUMMARY

The statistical model offers a conceptually simple, how-
ever, sound framework for interpreting various sets of ex-
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FIG. 17. Comparisons of statistical-model and experimental
(Refs. 26 and 29) o,-particle spectra for the reaction Al+ S at
six laboratory bombarding energies ranging from 100 to 150
MeV. The experimental spectra, measured at O~,b=30, have a
sizable low-energy background. Subtraction of this background
greatly improves the agreement between theory and experiment
at small o. energies.
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been implicitly made, has to be kept in mind when at-
tempting to extract information on physical properties of
nuclear systems based on statistical-model analysis of ex-
perimental data.

The present study has revealed, through various model
calculations of the a-particle evaporation spectra, the
effects of different assumptions and approximations on
the values of the above effective quantities, most notably,
on the effective nuclear deformation. This effective defor-
mation appears both in simplified and in complete statis-
tical decay cascade approaches.

The simplified approaches that have been probed, in-
clude a single-step effective cascade approach
as well as a very approximate approach based on analyti-
cal equations' ' ' ' ' for the o.-particle energy spectra.
It is shown, that in the case of high-spin, hot compound
nuclei these approaches lead systematically to values of
the effective barrier heights that are lower than those be-
lieved to reAect the physical barriers of colder, lower-spin
systems, and consequently, they lead to the unusually
large effective deformations. In view of the availability of
complete statistical decay cascade codes such as
CASCADE (Ref. 32) and PACE, it appears then advisable
not to pursue such approaches, at least as far as studying
the deformation of spinning nuclei is concerned.

In complete statistical cascade calculations, the
effective nuclear deformation appears as a common
feature in the two distinct types of assumptions made,
one concerning the available phase space (level density)

FIG. 18. Values of El for the nucleus "Co as a function of I
for different sets of 5 values [see Eq. (2)]. The solid line

represents Ei values used in the present analysis of experimental
data (Refs. 26 and 29) for the Al+ S reaction at laboratory
energies ranging from 100 to 150 MeV (see Fig. 17). The dashed
line was used in the analysis of the same data in Ref. 29. The
solid circles represent the sum of the collective rotational and
deformation energies given by the RLDM (Ref. 31). See caption
of Fig. 12.

and the other concerning the access to this space
(transmission coefficients). Uncertainties in the choice of
implementing each of these fundamental constituents of
the statistical model, affect directly the deduced values of
effective quantities, but the accepted choices can be
justified only with a varying and often limited degree of
confidence.

As far as the nuclear level-density calculations are con-
cerned, the effective deformation enters Eqs. (1) and (2)
through evaluation of the collective or macroscopic (de-
formation and rotational) portion of the nuclear excita-
tion energy which does not contribute to the thermal en-
ergy. There are, however, many phenomena that are not
included explicitly in the derivation of Eqs. (1) and (2),
which affect the effective collective energy, and thus the
effective deformation. So, e.g. , the level-density parame-
ter a is essentially unknown at high-spins and high excita-
tion energies. Its value is affected by the deformation-
and rotation-induced rearrangement of the single-particle
leve1 scheme on the one hand, and by the macroscopic
effect of the altered nuclear surface area on the other.
The latter effect is small at moderate deformations that
are compatible with the RLDM, but becomes quite
significant for higher deformations (see Fig. 19). It leads
to an increase of a with increasing deformations and, by
virtue of the role of this parameter in the Fermi gas mod-
el, affects the temperature of the system. Thus, when not
accounted for explicitly, it affects the effectie collective
energy which, in turn, is rejected in the effective defor-
mation. Apart from the fact that the link between the
nuclear deformation and the macroscopic energy provid-
ed by the RLDM has its own uncertainties, the level den-
sity may be additionally enhanced (collective enhance-
ment) as suggested in Ref. 43. In the present study,
effects similar to the above are implicitly included in the
values of the 5 parameters. It is shown that the resulting
effective deformations for the systems studied are compa-
tible with the predictions of the RLDM for the nuclear
deformation.

As far as the uncertainty introduced by the deformed

I I i I

~

I I I 1

I

I [ i I

i

I

1.2

C4
tO

Q
1.1

05

1.0

1.5
I

2 2.5

Axis Ratio b/a

FIG. 19. The ratio of the level-density parameter of a de-
formed nucleus to that of a spherical nucleus as a function of
b/a (see Ref. 42) for a nucleus with equally spaced single-
particle levels.
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nucleus transmission coefFicients is concerned, it is shown
that the effective barrier heights are fairly insensitive to
the nuclear deformation when an averaging over the
whole surface area of the nucleus is carried out. Such an
averaging procedure, relying partially on classical and
partially on quantum-mechanical approaches (optical
model) has its own uncertainties, but appears superior to
a simple increase of the radius parameter in the
optical-model calculations. The latter approach is shown
to enhance the intensity of the high-energy e particles in
the spectrum. Such an enhancement is then offset in the
model calculations by an appropriate reduction of the
(effective) collective energy which leads to an unusually
large effective deformation.

In summary, it is shown that when no unnecessary ap-
proximations and simplifications are made in calculating
the a-particle evaporation spectra from spinning hot nu-
clei, within the framework of the statistical decay model,
the effective quantities and, in particular, the effective de-
formation deduced based on experimental data, are corn-
patible with established systematics for their true physi-
cal counterparts. It is shown that previous claims of
unusually large nuclear deformations at high-spin values
result from the oversimplifications employed in the im-
plementation of the statistical model.
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