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We have measured energy spectra and angular distributions of 'H and He from 190-MeV
Ar+ Al reactions. Comparisons with statistical model calculations show that evaporation from

spherical nuclei cannot account for both the energy spectra and angular distributions, using en-
trance channel spins and evaporation barriers derived from fusion data. Alterations are required
in both the emission barriers and the moments of inertia. Extensive nuclear deformation could ex-
plain the He data, but discrepancies remain with the 'H spectra, suggesting that additional ef-
fects are needed in the models.

The emergence of new and upgraded high-performance
heavy-ion accelerators at laboratories around the world
has triggered a surge in new experiments to explore the be-
havior of very hot nuclei. A natural course for such inves-
tigations is to extend our current ideas about hot nuclei to
new regimes of' energy, mass, and angular momentum, and
to determine experimentally when and how our theoretical
descriptions must be changed to embrace new observa-
tions. A focal point in these endeavors is the elucidation of
the time scales and the extent to which the relevant de-
grees of freedom are equilibrated. The familiar signatures
of energy sharing and thermal equilibrium are well under-
stood in terms of statistical models of nuclear deexcita-
tion, ' as are the basic ideas involving spin effects. The
success of statistical theories has led to the development of
a number of sophisticated computer codes which are wide-
ly used for calculating nuclear evaporation properties:
neutron and charged-particle spectra, multiplicities, cross
sections, residue velocities and yields, photon distributions,
etc. As these codes are rapidly finding applications in un-
charted waters it is important to have a clear view of the
weaknesses and potential difficulties of the basic model, in
order that we do not confuse new phenomena with old, but
perhaps unrecognized, shortcomings.

The objective of this Communication is to show that sta-
tistical model predictions for spherical nuclei are often at
odds with the behavior of real nuclei heated to tempera-
tures of only a few MeV. We report results for a typical
system, Ar+ A1~ Ga', for which we demonstrate
that the bulk of the 'H/ He emission is due to essentially
pure evaporative decay of compound nuclei. We then give

a detailed comparison of the data with standard statistical
model calculations and highlight the nature of the ob-
served discrepancies.

Energy spectra and angular distributions of 'H and He
were measured from 190-MeV Ar+ Al reactions. The
experiment was carried out in reversed kinematics in order
to obtain high quality evaporative particle spectra in the
forward hemisphere while simultaneously discriminating
against any direct particle emission. The target was a
self-supporting 420 pg/cm Al foil, and the charged parti-
cles ('H/ He) were detected in a series of three-element
(50, 500, 5000 pm) Si telescopes. The composite system

Ga* was formed at an excitation energy of 91 MeV, and
the critical angular momentum for fusion l,„, is —466 as
derived from fusion cross-section data. In this experiment
we also used a large position-sensitive avalanche detector
backed by an ionization chamber to measure evaporation
residues and projectilelike fragments and to estimate the
charged-particle multiplicities associated with each. At
this energy, less than 1% of the 'H/ He arises from reac-
tions with projectilelike survivors, and hence the inclusive
data presented here are not biased by emissions from such
fragments.

We show in Fig. 1 a pair of velocity contour maps of the
invariant (particle) cross sections in order to provide an
overall picture of the reaction pattern. Figure 1(a) is for
'H emission and Fig. 1(b) is for He emission. The circu-
lar arcs are all centered on the c.m. velocity (as indicated
by V, in Fig. 1). These circles do quite a good job of
describing both the 'H and He data. Small deviations
from the circles can be seen in the very forward and back-
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FIG. 1, Contour maps of the invariant cross section
(d o/d Qds)p 'c ' in units of (mb/srMeV2) for (a) 'H emis-
sion and (b) He emission. The axes V~~ and V~ denote laborato-
ry velocity components parallel and perpendicular to the beam,
respectively. The circular arcs are centered on V, , the velocity
of the center of mass, and the projectile velocity is V~. Straight
lines are drawn along the laboratory angles and terminated at
the detector thresholds. The invariant cross section magnitudes
are: 1 x10 . &: 1 x10 &: 1 x10 ~: 1x10 0: 1 x10

2x10 $: 1xlQ + 1X1Q ' ~: 2X]Q g 1X]Q
V: 1X10

ward directions, and these are attributable to angular an-
isotropies in evaporative decay that result from the spins of
the composite nuclei. Particle emission from direct or
preequilibrium processes would appear as strong devia-
tions from the circles in the direction of the light reaction
partner (backward for reversed kinematics), and such ef-
fects are not prominent here. Thus we are confident that
essentially all of the observed 'H/ He particles (particu-
larly in the forward hemisphere) are associated with com-
posite nucleus decay. The energy spectra of these particles
(to be discussed below) are also strongly supportive of this
conclusion.

Laboratory energy spectra are given in Fig. 2 at four an-
gles as indicated. The points with occassional error bars
are the experimental data. These spectra exhibit the
characteristic features normally associated with compound
nucleus evaporation: steeply rising at low energies, ap-
proximately exponential falloff at high energies with low
apparent temperatures, and only slight (spin-driven) vari-
ations with angle. We have attempted to reproduce these
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FIG. 2. Laboratory energy spectra of He (left) and 'H
(right) from 4 Ar+ Al reactions. The points are experimentaI
data and the curves are results from statistical model calcula-
tions for spherical nuclei (---) and deformed nuclei ( ). See
text for details.

spectra with statistical model calculations' using the
evaporation-simulation code GANES. This code evaluates
the relative probability of emitting a particle of given
mass, charge, energy, and orbital angular momentum from
a spherical nucleus with known mass, charge, excitation
energy, and spin, into an angle whose direction is specified
with respect to the emitter spin. Particle spectra and an-
gular distributions are built by repeated event-by-event
sampling of the relevant quantities in a Monte Carlo
fashion.

As input for the calculations, we have used a triangular
spin distribution in the entrance channel, 0 ~ l ~ l„;&, and
appropriate fusion barriers for the exit channels as taken
from systematics. A value l„;t=466 was derived from
fusion cross-section data. Calculated results are shown as
dashed curves in Fig. 2. Compared to the experimental
data, the calculated spectra for both He and 'H are shift-
ed to higher energies and are substantially broadened.
Measured c.m. angular distributions for He and 'H are
shown in Fig. 3; calculated angular distributions (dashed
curves) display greater anisotropies than do the data
(points). The calculated anisotropy is determined primari-

ly by the ratio of the rotational energy (i.e., a J2) to the
temperature, ' and as the spin zone is fixed by cross-
section data, one might suspect that the large calculated
anisotropy is due to the effective temperature. However,
the dashed curves in Figs. 2 and 3 already represent first-
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FIG. 3. Angular distributions of 4He and 'H in the c.m. sys-
tem. The points are experimental data and the curves are
statistical model calculations for spherical nuclei (---} and de-
formed nuclei ( }. The calculated curves have been normal-
ized to the data at 90 to illustrate the difference in anisotropies.

step emission for the evaporated particle, and hence the
highest reasonable temperature. Particle emission very
near the yrast line is not included in our calculations.
Such particles could have subbarrier energies, but their
large I values and low temperatures would lead to even
larger predicted anisotropies. Within the constraints of a
Fermi gas model and spherical nuclei, a problem clearly
exists.

There are, in fact, two related but distinct difficulties.
First, the effective emission barriers in the calculations
must be substantially higher than those of the real nuclei.
This causes the calculated spectra to appear at higher en-
ergies than the experimental spectra. Second, the spheri-
cal moments of inertia used in the calculations, when com-
bined with the spin distribution required by the fusion
cross section, produce larger angular anisotropies than ob-
served. If significantly lower effective emission barriers
are used, 9 good fits can be obtained for the evaporation
spectra, but the correspondence with observed fusion data
for He and 'H would be lost. It is important to recognize
that these effects are not peculiar to the evaporation code
GANES. All statistical model codes use the same basic
physics (empirical barriers or transmission coefficients
from interactions between cold nuclei, Fermi gas level den-
sities, three-dimensional coupling between emitter spin
and exit channel spin). There are no substantial differ-
ences between quantum mechanical and semiclassical cal-
culations in this context. ' Thus, any statistical model
code which calculates particle evaporation from spherical
nuclei will manifest similar behavior (unless masked by ar-
bitrary radius parameters, moments of inertia, transmis-
sion coefficients, or equivalent internal quantities).

How can this dilemma be resolved? If the hot, rotating
nuclei under consideration here are not spherical, but
strongly deformed as has been suggested, " ' then emis-

sion barriers would be lowered in directions of large radial
extent, and the enlarged moments of inertia would reduce
the angular anisotropies. We have pursued this approach
by trying to fit the observed data with statistical model
calculations for deformed nuclei. ' In these calculations,
we have used a Cassini shape parameterization, ' and the
root-mean-square spin of the emitting nucleus was fixed
[J,~, =(I„;t/2) '~ ] by the fusion data. The nuclear poten-
tial was of Woods-Saxon form with diffuseness adjusted to
match the fusion barrier for a spherical shape. The emis-
sion barriers were then controlled by the Coulomb-nuclear
potential of the deformed nuclear shape. ' Only the shape
and the mean excitation energy were varied, with the re-
sulting "best fits" shown as the solid curves in Figs. 2 and
3. As can be seen, the He spectra and anisotropies can be
fit very well using the deformed nuclear model. The
curves for the He spectra in Fig. 2 were obtained with a
near-prolate shape with axis ratio 2.4 and a mean excita-
tion energy of 64 MeV (compared to an initial value of 91
MeV). Oblate shapes of similar axis ratio give nearly the
same spectra for this system. The reduced effective excita-
tion energy is reasonable, since He (or 'H) emission can
occur at any step of the evaporation cascade, and hence
some excitation energy can be lost before the average He
(or 'H) emission step. However, the very large axis ratio
required may imply that this simple deformation approach
is unrealistic. The H spectra on the right side of Fig. 2
were calculated with the same deformed shape and effec-
tive excitation energy as were used for the He spectra.
This calculation accounts for the anisotropies in Fig. 3 and
gives some improvement in the calculated spectra com-
pared to the spherical case. However, the predicted spec-
tra are still at significantly higher energies than those ob-
served. This result persists even if one sums calculated
spectra from several temperatures (or emission steps), and
extends the range of Tt values to less than 10 s (the de-
fault cutoff in GANES). It appears that the angular distri-
bution problem can be taken care of by invoking deforma-
tion, but the effective barrier lowering for H is inade-
quate.

What must we conclude? Since simple symmetric de-
formations cannot reproduce the observed 'H spectra, the
good fits achieved with the He data must not reveal the
whole story. Clearly, some basic feature is missing from
the statistical model descriptions which probably affects
both 'H and He emissions. There must be a new in-
gredient which effectively increases the mean evaporation
radius in a manner unattainable by symmetric deforma-
tions alone. We are attracted to the idea of fluctuations
(or a tail) in the nuclear density distribution, whereby pro-
ton evaporation can occur from less dense regions than
may be needed for He cluster evaporation. Whatever the
speculation, it is important that the questions raised here
be seriously addressed, both theoretically and experimen-
tally, in order that one may use statistical models as im-
portant benchmarks for studies of new frontiers at high en-
ergy and spin.
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