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Distribution of compound-nucleus shapes and its influence on evaporation

R. J. Charity
Department of Chemistry, Washington University, St. Louis, Missouri 63130

~Received 10 November 1999; published 20 April 2000!

The tail of the equilibrium distribution of compound-nucleus shapes is shown to extend out to very deformed
shapes even for a moderate excitation energy of 100 MeV. The standard Hauser-Feshbach formalism is
extended to predict the decay of a deformed compound nucleus as a function of spin, spin projection, and
excitation energy. The inclusion of the equilibrium distributions of shapes is found to have little effect on the
predicted neutron and proton kinetic energy spectra, but fora particles, the low-energy ‘‘sub-barrier’’ region
of the spectrum is enhanced, in agreement with experimental data. Langevin simulations, using dissipation
given by the wall formula, predict that compound nuclei start evaporating before the shape distribution equili-
brates for excitation energies above;100 MeV.

PACS number~s!: 25.70.Gh, 24.60.Dr
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I. INTRODUCTION

The evaporation of light particles from excited compou
nuclei is a well known decay process for excitation energ
above the neutron separation energy. A number of statist
model computer codes are available, based on either
Weisskopf formalism@1# valid for low spin or the Hauser
Feshbach formalism@2# valid for all spins, to follow the
decay of compound nuclei~produced in either fusion, dee
inelastic, or other reaction mechanisms! by a cascade o
evaporated light particles. These codes are widely use
many areas of nuclear research to predict information ab
the evaporation residues and the multiplicity, energy, a
angular distributions of the evaporated particles. One o
standing problem in the use of evaporation codes is that s
dard statistical-model calculations are unable to reprod
the large number of ‘‘sub-barrier’’ or low-energya particles
emitted in heavy-ion induced fusion reactions. Numerous
perimental studies@3–12# have found that the predicted pea
in the a-particle kinetic-energy spectrum occurs at a larg
energy than observed. Suggested explanations of this ob
vation involve either the reduction of the barrier f
a-particle emission or other sources of low-energya par-
ticles. Charityet al. @11# considered the emission of unstab
clusters, such as5He fragments, which sequentially deca
giving rise toa particles whose kinetic-energy spectrum e
tends down lower in energy than the corresponding spect
for directly emitted particles. Subsequent investigations
E* ;300 MeV 160Yb compound nuclei@13# revealed that
although this source does exist, its contribution to the to
a-particle spectrum is too small to cause any signific
change in the predicted peak energy. However, this e
source is responsible for a significant enhancement in
extreme ‘‘sub-barrier’’ region.

The barrier for charged-particle emission is a combinat
of the Coulomb barrier and a centrifugal barrier. In the s
tistical model, evaporation is generally associated with l
centrifugal barriers, except when the level density has a v
strong spin dependence, which occurs when the rotatio
energy increases steeply with angular momentum. This
dependence favors decays for which the orbital angular
mentum of the evaporated particle reduces the spin of
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compound nucleus. If the rotational energy’s spin dep
dence is particularly steep, this mechanism leads to the e
sion of a particles with large orbital angular momenta a
hence with significant centrifugal barriers. This situation o
curs for the decay of light compound nuclei at high angu
momentum where one can often obtain good fits to the
perimental kinetic-energy spectra by modifications to
spin dependence of the rotational energy@14–16#.

However, for heavier compound nuclei, modifications
the rotational energy have a much smaller effect as th
systems have larger moments of inertia, i.e., the rotatio
energy increases more slowly with spin. In addition, f
kinetic-energy spectra gated on evaporation residues@7,10–
12# for which fission competition restricts the compoun
nucleus spin to moderate values, the magnitude of the c
trifugal barrier is already small and any attempt at fitti
such data requires a modification of the Coulomb barrier
principle, reduced Coulomb barriers can be a result of
duced nuclear density@7# or an increase in the surface di
fuseness@17#, however the most common approach to fittin
experimental kinetic-energy spectra is to include in
statistical-model calculations distributions of Coulomb bar
ers associated with a fixed deformation of the compou
nucleus@3,5,6,10,12#. Emissions associated with the lowe
Coulomb barriers populate the low-energy ‘‘sub-barrier’’ r
gion, which lies below the peak in the kinetic-energy spe
trum. If deformation is the correct explanation of the expe
mental data, it is important to understand the mechan
responsible for deforming the compound systems. This
formation may be a consequence of the fusion dynamics
evaporation might occur before the compound-nucleus sh
relaxes to its equilibrium value@12,18,19# or the deformation
may be an intrinsic property of the compound nucleus. I
the latter explanation which will be pursued in the wor
Thermally induced shape fluctuations will give rise to
equilibrium distribution of compound-nucleus shapes wh
depend on the potential-energy surface and the excita
energy. Such shape fluctuations would seem to be an im
tant ingredient in understanding the width of the giant dip
resonance in hot nuclei@20,21#. Before other effects such a
dynamics are invoked as the explanation, it is important
determine the equilibrium-shape distribution and its effect
©2000 The American Physical Society14-1
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the energy spectra of evaporated particles and whether
distribution can be attained before particles are evapora
In this paper, a start to answering these questions will
made taking into account only spheroidal shapes. Charg
particle emission will be considered only in the framewo
of the Hauser-Feshbach formalism. In the alternat
transition-state formalism, the polarizing effect of the n
scent charged particle determines the shape of the res
nucleus at the conditional saddle-point lowering of the C
lomb barrier compared to emission from a spherical sys
@22#. Also, fluctuations around this conditional saddle-po
configuration give rise to a distribution of Coulomb barrie
which similarly influence the kinetic-energy spectrum@23#.

The following section will be devoted to a theoretical d
scription of the shape distributions. Section III will descri
the formalism used to calculate the statistical decay fr
deformed systems. Examples of the predicted kinetic-ene
spectra are given in Sec. IV. Section V is devoted to a d
cussion of Langevin simulations used to predict the exc
tion energy at which the shape distribution will equilibra
before evaporation commences. Statistical-model calc
tions are compared to experimental data in Sec. VI and
conclusions of this work are contained in Sec. VII.

II. SHAPE DISTRIBUTIONS

For spheroidal shapes, the deformation parameter wil
taken as the relative quadrupole momentQ related to the
radii, r i andr' , perpendicular and parallel to the symmet
axis by @24#

Q5
8

15
p

~r i
22r'

2 !

r 0
2

, ~1!

wherer 0 is the radius of the sphere with equivalent volum
The relative quadrupole moment is positive for prolate a
negative for oblate deformations. The equilibrium distrib
tions ofQ andK, the projection of the system’s spinJ on the
symmetry axis, for compound nuclei of excitation energyE*
is

r** ~E* ,J,Q!dQ5
1

2 (
K52J

J

r* ~E* ,J,K,Q!dQ, ~2!

r* ~E* ,J,K,Q!dQ5E r int* ~U,K,Q!
dQdPQ

h
, ~3!

where the intrinsic excitation energy is

U5E* 2V~Q!2Ek~PQ ,Q!2Ecrot~J,K,Q!. ~4!

The factor of 1
2 in Eq. ~2! results from symmetry consider

ations@25#. In these equations,PQ is the canonical conjugat
momentum toQ, and theK dependence of the intrinsic leve
density is@25#

r int* ~U,K,Q!5A \2

2pIK~Q!

a

U
r intS U2

K2\2

2IK~Q! D . ~5!
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The quantitiesV andEk are the potential energy of deforma
tion and the kinetic energy associated with changes in de
mation, respectively. The collective rotational energy is

Ecrot~J,K,Q!5
@J~J11!2K2#\2

2I'~Q!
, ~6!

whereI' is the moment of inertia of the spheroid perpe
dicular to its symmetry axis and, for independent parti
motion,IK is the rigid body moment of inertia parallel to th
symmetry axis. The quantitya is the level-density paramete

For hot nuclei, shell effects are assumed to be washed
and hence liquid-drop deformation energies will be used.
liquid-drop deformation energy can be expressed in the
lowing form @26#:

V~Q!5@Bs~Q!21#Es
01@Bc~Q!21#Ec

0 , ~7!

whereEs
0 andEc

0 are the surface and Coulomb energies fo
spherical nucleus andBs and Bc express the surface an
Coulomb energies of a deformed nucleus in units of the
spective spherical quantity. Myers and Swiatecki@27,28# de-
termined the spherical energies from fitting ground-st
masses as

Es
0517.9439F121.7826S N2Z

A D 2GA2/3 MeV, ~8!

Ec
050.7053

Z2

A1/3
MeV. ~9!

The functionsBs andBc have been determined for sphero
dal deformations by Beringer and Knox@29#.

The kinetic energy associated with changes in deform
tion is determined from the associated momentumPQ and an
inertia parameterm(Q):

Ek~PQ ,Q!5
~PQ!2

2m~Q!
. ~10!

When shell effects are washed out, the hydrodynamical in
tia from Ref.@24# is appropriate.

To perform the integrals over momentum, is should
remembered that the intrinsic level density is a very rapi
rising function of excitation energy. Thus, only small valu
of Ek will contribute significantly and it is useful to expan
the level density as

r int~U2x!5r int~U !expS 2
x

TD , ~11!

where the nuclear temperature is defined by

1

T
5

d ln~r int!

dU
. ~12!

For a Fermi-gas level density, the temperature can be
pressed in terms of the level-density parametera as T
4-2
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DISTRIBUTION OF COMPOUND-NUCLEUS SHAPES AND . . . PHYSICAL REVIEW C61 054614
'AU/a. With this approximation, the integration over th
momentum coordinate in Eq.~3! yields

r* ~E* ,J,K,Q! dQ5r int* ~U8,K,Q!AT~Q!m~Q!

2p\2
dQ,

~13!

where the temperature,T(Q)5AU8/a, is deformation de-
pendent and now

U85E* 2V~Q!2Ecrot~J,K,Q!. ~14!

Examples of the predicted shape distributio
r** (E* ,J,Q) are shown in Fig. 1 for160Yb compound nu-
clei at J50 and 60\ andE* 540, 100, and 300 MeV. The
distributions extend over both prolate and oblate shap
Their width increases as the excitation energy increa
However, their dependence on angular momentum is st
ger. ForJ560\, the distributions extend out to strongly d
formed prolate shapes with their tails reaching the ‘‘super
formed’’ Q53.2 prolate shape~length of axes differ by a
factor of 2!. For very prolate shapes, the systems will b
come unstable to the fission degree of freedom and it is

FIG. 1. Predicted probability distributions of the relative qua
rupole momentQ for 160Yb compound nuclei at excitation energie
of 40, 100, and 300 MeV. The solid curves indicate the results
J560\ while the dashed curves were obtained forJ50\. The
relative quadrupole moments for spherical and deformed sh
with major and minor axes that differ by a factor of 2 are indica
by the appropriately shaped figures.
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ful to try and exclude such fission-unstable configuratio
To this end, the condition that the potential-plus-rotation
energy be less than the value for the saddle-point config
tion was applied, i.e.,

V~Q!1Erot~J,K,Q!,Esad~J!1
K2\2

2 F 1

I K
sad

2
1

I'
sadG ,

~15!

whereEsad, the energy of the saddle-point configuration a
its moments of inertia,I K

sad and I'
sad, are taken from the

calculations of Sierk@30#.
It has often been assumed in the past that the typ

shapes of hot, rotating compound nuclei are well descri
by the rotating liquid drop model@31# ~RLDM!, which mini-
mized the sum of the potential and total rotational energ
the latter being the sum of the intrinsic and collective ro
tional energies:

Erot~J,K,Q!5Ecrot~J,K,Q!1
K2\2

2IK~Q!
. ~16!

The RLDM ground-state configurations are appro
mately oblate, except for the largest angular momenta, w
the predicted distributions in Fig. 1 have somewhat lar
yields for prolate deformations. Clearly, the RLDM groun
state configurations are not particularly representative of
overall equilibrium distribution, however their importanc
becomes more transparent when looking at the predic
joint distributions ofQ and K. As an example,r* is dis-
played as a contour plot in Fig. 2~a! for the J560\, E*
5100 MeV 160Yb system. The potential-plus-rotational e
ergy, which is plotted as a function ofQ andK in Fig. 2~b!,
has two minima: one oblate forK5J and one prolate for
K50. The oblate minimum atQ;20.5 ~the lowest of the
two, but by only ;1 MeV) corresponds roughly to th
RLDM ground-state configuration and is associated with
largest peak in the joint distribution@Fig. 2~a!#. The prolate
minimum is only stable because of the restricted shape
grees of freedom~it is unstable to ellipsoidal deformation
@32,33#!. This prolate minimum is also associated with
peak in the joint distribution and there is a significant yield
the ridge joining the two peaks.

III. DECAY OF DEFORMED SYSTEMS

Given the equilibrium distributions ofQ andK predicted
in the preceding section, how do they affect the kinet
energy spectra of evaporated particles? In addressing
question, let us assume that the statistical decay widt
independent ofPQ . Further assume thatQ remains un-
changed during the evaporation process, i.e., both the pa
and daughter have the same deformation. For any sin
compound nucleus, thermal shape fluctuations will give r
to changes in the decay width as the shape evolves with t
however for an equilibrium ensemble, the population a
decay rate from a particular deformation will both be co
stant.

-

r

es
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R. J. CHARITY PHYSICAL REVIEW C 61 054614
A. Statistical formalism

Statistical decay widths are typically calculated for co
pound systems with significant spin using the Haus
Feshbach formalism@2#. A number of studies have incorpo
rated deformation effects into this formalism. Modificatio
associated with transmission coefficients@3,8,16,34–36#, de-
formed rotational energies@3,8,16,35#, collective enhance-
ment of level densities@37,38#, and deformation-dependen
separation energies@39# have been considered. Howeve
none of these modifications allow one to calculate the de
from a particular K state. To permit this, the Hause
Feshbach formalism has been extended by including the
plicit summations over the projections of the angular m
menta of the emitted particle and the daughter nucleus
Clebsch-Gordan coefficients (j 1 , m1 , j 2 , m2u j ,m), i.e., the
modified decay width is

G5
1

2pr* ~E* ,Jp,Kp ,Q!

3E de (
Jd50

`

(
Kd52Jd

Jd

(
j 5uJp2Jdu

Jp1Jd

(
l 5u j 2su

j 1s

(
m52 l

l

3~ l ,m,s,Kp2Kd2mu j ,Kp2Kd!2

3~Jd ,Kd , j ,Kp2KduJp ,Kp!2

3Tl ,m~e,Q!r* ~E* 2Esep
0 2e,Jd ,Kd ,Q!, ~17!

where the subscriptsd andp refer to the daughter and pare

FIG. 2. ~a! Predicted joint distributionr* of relative quadrupole
moment Q and spin projectionK obtained for J560\, E*
5100 MeV 160Yb compound nuclei. The contour interval for th
solid contours is 10% of the maximum value ofr* and the dashed
contour represents 5% of this maximum.~b! The predicted depen
dence of the potential-plus-rotational~intrinsic 1 collective! energy
for the same system withJ50 and 60\ for selected values of K.
05461
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nucleus, respectively. The quantitiess, l, and j are the spin,
orbital, and total angular momentum of the particle evap
rated with kinetic energye andEsep

0 is the separation energ
for the removal of this particle. The transmission coefficie
are averages over the surface of the nucleus and are
dependent onm, the projection ofl on the symmetry axis
~see Sec. III B!. The thermal excitation energy of the daug
ter is

Ud5E* 2Vd~Q!2Ed
crot~J,K,Q!2Esep

0 2e. ~18!

Note that the deformation energy of the daughterVd(Q) is
different from that of the parentVp(Q). The difference be-
tween these has been combined by Lestoneet al. @39# to-
gether with the separation energy to give a so-cal
deformation-dependent separation energy:

Esep~Q!5Esep
0 1Vp~Q!2Vd~Q! ~19!

5Esep
0 1@Bs~Q!21#@~Es

0!p2~Es
0!d# ~20!

1@Bc~Q!21#@~Ec
0!p2~Ec

0!d#. ~21!

The effects associated with a deformation-dependent sep
tion energy are already implicitly considered in Eq.~17! and
Esep(Q) should not explicitly appear is this equation. Th
deformation dependence of the separation energy is plo
for neutron, proton, anda-particle removal from a160Yb
system in Fig. 3. As found in Ref.@39#, the separation energ
increases with deformation for charged particles, while it d
creases slowly for neutrons.

For a spherical nucleus, the transmission coefficients
independent ofm and the level density of the daughter
independent ofKd . The summation of the Clebsch-Gorda
coefficients overm and Kd then gives unity and Eq.~17!
reduces to the standard Hauser-Feshbach formalism valid
spherical systems.

FIG. 3. Predicted deformation dependence of the separation
ergies for removing a neutron, a proton, and ana particle from
160Yb.
4-4
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DISTRIBUTION OF COMPOUND-NUCLEUS SHAPES AND . . . PHYSICAL REVIEW C61 054614
B. Transmission coefficients

For a deformed nucleus, the transmission coefficie
should depend onm. For example, consider a prolate sha
where the Coulomb barrier is lowest for emission from
tips and highest for emission at the waist. Classically
orbital angular momentum for emission from the tips m
be perpendicular to the symmetry axis, i.e.,m50, whereas at
the waist, all values ofm are possible. One would therefor
expect that, after averaging over the surface area, the ba
for m50 emission is lower than form5 l emission, and vice
versa for an oblate shape. To estimate thel and m depen-
dence of the transmission coefficients, the equivalent-sph
approximation@16,40# was modified. For each point on th
surface of a deformed nucleus, in this approximation, tra
mission coefficients are calculated for an equivalent sph
cal system with the same radiusr. Each set of spherica
transmission coefficients is weighted by the element of s
face areads associated with that point on the nuclear surfa
and the average is then taken over the whole surface a
The dependence onm is obtained by noting that the orbita
angular momentum at each point on the surface is classic
perpendicular to the radius vector to that point. Taking t
radius vector as a projection axis, we thus assign a quan
projection ofm850 for the orbital angular momentum rela
tive to this axis. To relate them8 state associated with thi
projection axis to thosem states associated with the symm
try axis, one must weight by the square of the quantu
mechanical rotation matrixr m,m8

l (u) @41#, where u is the
angle between the axes. With this extra weighting, and a
some simplification, the transmission coefficients reduce

Tl ,m~e,Q!5

R Tl
sphere~e,r !uPl

m~cosu!u2ds

R uPl
m~cosu!u2ds

, ~22!

wherePl
m is the Legendre function. The spherical transm

sion coefficients Tl
sphere(e,r ) were calculated with the

incoming-wave boundary-condition model@42# using real
nuclear potentials from global optical-model fits for neutro
@43#, protons@44#, anda particles@45#. Examples of trans-
mission coefficients calculated with this procedure are sho
in Fig. 4 for thea1Yb channel. It is clear forl 510 that
there is a very strongm dependence when the deformation
large. Also it should be stressed that although these trans
sion coefficients are believed to contain the most import
physics, they are only approximate. The averaging of sph
cal transmission coefficients over the surface area of
nucleus ignores multipole moments of the Coulomb field a
the surface-curvature dependence of the nuclear field. A
as the Coulomb and nuclear forces are not central forces
a deformed system, the orbital angular momentum of
emitted particle is not a constant of motion.@A related effect,
the rotation of the compound nucleus~for JÞ0) during the
emission of the particle, was found in Ref.@46# to be small.#
As such, these transmission coefficients should only be u
to give approximate information as to the effect of deform
tion.
05461
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IV. KINETIC-ENERGY SPECTRA
OF EVAPORATED PARTICLES

A. Dependence onQ and K

The new evaporation formalism discussed above has b
incorporated into the Monte Carlo, statistical-model co
puter codeGEMINI @47#. In the following, examples of theQ
and K dependence of the decay are illustrated for theE*
5100 MeV 160Yb compound system with a level-densi
parameter ofa5A/10 MeV21. The Q dependence of the
kinetic-energy spectra of first-chance protons, neutrons,
a particles from aJ50\ system is shown in Fig. 5. The
predictions for a spherical system are given by the dot
curves, while the solid and dashed curves were obtained
highly deformed prolate and oblate shapes, respectively
both cases the major and minor axes differ by a factor o
The largest dependence on deformation is clearly obse
for a particles. The peak in their kinetic-energy spectru
moves down to lower energies as the deformation increa
a direct result of the increase in the transmission coefficie
at these low kinetic energies~Fig. 4!. At the higher kinetic
energies where the transmission coefficients approach u
and are thus independent ofQ, the emission probabilities ar
larger for the spherical system. The most important eff
now is that the spherical system is hottest~no deformation
energy! and for charged particles this is further enhanc
because the spherical system also has the smallest sepa
energies~Fig. 3!.

FIG. 4. Transmission coefficients calculated for thea1Yb
channel with orbital angular momenta ofl 50 and 10\. The dotted
curves are for a spherical compound system, while the solid
dashed curves were obtained with prolate and oblate deformat
where the major and minor axes differ by a factor of 2.
4-5
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R. J. CHARITY PHYSICAL REVIEW C 61 054614
The dependence of the decay onK is shown forJ560\ in
Fig. 6. The peaks in thea-particle kinetic-energy spectr
again move down to lower energies as the deformation
creases for all values ofK. However, the shape of the spect
do show important dependencies on the spin projection
understanding these differences, we need to expand on
discussion of the spin dependence of the rotational ene
mentioned in Sec. I. Although for the160Yb system this spin
dependence is not so large that it leads to a noticeable
crease in the peak energy due to large centripetal barrie
is still responsible for a spin enhancement in the yield
heavy fragments, such asa particles, which can remove sig
nificant angular momentum from the decaying system. T
magnitude of this spin enhancement depends again on
slope of the rotational energy’s spin dependence and als
the transmission coefficients. The rotational energies
plotted in Fig. 7 for the oblate and prolate shapes withK
50 and K5J. The slope is largest withK50 for oblate
shapes and withK5J for prolate shapes. Ignoring the effec
of the transmission coefficients, one might expect these
configurations to have the largesta-particle yields. However,
this is only true for the oblate configuration. Now th
compound-nucleus spin is most efficiently removed by
evaporateda particle if m50 for the K50 case andm5 l
for the K5J case. Thus, the extra enhancement for theK
50 oblate case is tempered at low kinetic energies by
reduced transmission coefficients form50 ~see Fig. 4!.

It is important to note that for the oblate case, the tra
mission coefficients, for allm values, are non-negligible
down to low kinetic energies, although their relative mag

FIG. 5. Predicted kinetic-energy spectra of first-chance n
trons, protons, anda particles evaporated fromE* 5100 MeV, J
50\ 160Yb compound systems with three different deformatio
The dotted curves are for a spherical compound system, while
solid and dashed curves were obtained with prolate and oblate
formations, where the major and minor axes differ by a factor o
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tude may be quite different. For prolate deformations, on
other hand, this is not the case. The transmission coeffici
for m5 l are only significant at high kinetic energies~see
Fig. 4!. This fact is very important for theK5J prolate
configuration which has the largestJ dependence of the ro
tational energy~Fig. 7!. The expected spin enhancement
not observed at low and medium kinetic energies as

-

.
he
e-
.

FIG. 6. Predicted first-chancea-particle kinetic-energy spectra
for E* 5100 MeV, J560\ 160Yb compound systems with spher
cal, prolate, and oblate deformations. The deformed systems
major and minor axes which differ by a factor of 2. Calculatio
where the initial rotational state is purely collective (K50) or
purely intrinsic (K5J) are indicated by the solid and dashe
curves, respectively.

FIG. 7. Spin dependence of the total rotational energy~collec-
tive plus intrinsic! for the oblate and prolate shapes used in
calculations shown in Fig. 6. Curves are shown for bothK50
~solid! andK5J ~dashed!. However, the prolateK50 and the ob-
late K5J curves overlap.
4-6
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transmission coefficient for highm values are almost zer
and prevent the removal of significant angular momentum
a-particle emission. It is only at the highest kinetic energ
that a significant spin enhancement is achieved and the y
for K5J becomes larger than theK50 prolate prediction.
The larger ‘‘temperature’’ which characterizes the slope
the high-energy tail of the kinetic-energy spectrum for t
K5J prolate case is thus explained as a progressive incr
of the spin enhancement with kinetic energy and is no
consequence of the initial temperature of the compo
nucleus. In fact, the initial temperature for this configurati
is the smallest of all the examples in Fig. 6 as its potent
plus-rotational energy is largest.

The dependence of the energy-integrated first-cha
a-particle emission probability onK is shown in Fig. 8. The
a-particle probability is clearly enhanced by deformation
matter what the value ofK is. Oblate collective rotations
(K50) are responsible for the greatest enhancements w
prolate intrinsic rotations (K5J) have the lowest enhance
ments. However, these two configurations are not well r
resented in the equilibriumQ-K distributions~Sec. II!.

B. Averages overQ and K distributions

First-chance kinetic-energy spectra, averaged over
equilibrium distributions ofQ andK, are shown for theE*
5100 MeV 160Yb system in Fig. 9~solid curves!. For com-
parison, the dashed curves show the results of more stan
statistical-model calculations using only spherical transm
sion coefficients and rotational energies from the calculati
of Sierk @30#. For J50\ systems, the effect of averagin
over the equilibrium distribution is not large, the only si
nificant change being a small enhancement for ‘‘sub-barri
a particles. For the higher compound-nucleus spin, this
hancement is much larger and the peak position occurs a
energy;2 MeV lower in value compared to the standa
calculation. The reasons for the large spin dependence of
enhancement can be inferred from Fig. 10, where the e
librium Q-K distribution @Fig. 10~a!# is compared to the

FIG. 8. Predicted first-chancea-particle emission probability
for E* 5100 MeV 160Yb compound nuclei atJ560\. Curves are
shown giving theK dependence of the probability for prolate, o
late, and spherical deformations. The oblate and prolate defo
tions have major and minor axes which differ by a factor of 2.
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FIG. 9. Predicted kinetic-energy spectra for first-chance eva
ration of neutrons, protons, anda particles fromE* 5100 MeV
160Yb compound nuclei with spins of 0 and 60\. The solid curves
were obtained from the predicted equilibrium distributions ofQ and
K, while the dashed curves are from a more standard calcula
with spherical transmission coefficients.

FIG. 10. Predicted joint distributions ofQ and K for E*
5100 MeV, J560\ 160Yb compound nuclei.~a! Equilibrium dis-
tribution. ~b! The same distribution, but also with the requireme
that the system decays bya emission.~c! With the extra require-
ment that the system decays by the emission of a low-energa
particle (ea,18 MeV).
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same distribution with the extra condition that ana particle
was emitted@Fig. 10~b!#, and where thisa particle has a low
kinetic energy,ea,18 MeV @Fig. 10~c!#. Both Figs. 10~b!
and 10~c! show an increase in the relative number of high
deformed prolate systems. The enhancement of low-en
a particles is thus largely attributed to these highly-deform
prolate systems which become more probable at la
compound-nucleus spins~see Sec. II!. Figure 10~c! suggests
that the detection of a low-energya particle could be used to
experimentally select out highly deformed prolate syste
However, it is not clear whether this deformation will b
preserved at subsequent decay steps~Sec. V!.

Further enhancements of the sub-barriera particles are
possible if a surface-area dependence of the level-den
parameter is assumed. This increases the relative proba
of highly deformed shapes, which have larger surface ar
Calculations were performed using the level-density para
eter of Ignatyuket al. @48#, however the extra sub-barrie
enhancement was quite modest. Given the other uncertai
in calculating the sub-barrier enhancement, it was deci
not to pursue this effect in the present work.

V. LANGEVIN SIMULATIONS

An important consideration before comparing predic
spectra to data is whether the time required for the equ
rium distribution to develop is shorter than the typical tim
for evaporation. If this is not the case, evaporation will,
average, occur before the equilibrium distribution is est
lished. There are three time scales to consider; first
evaporation timetev; next the time required for the build u
of shape fluctuations; and finally the dynamical time asso
ated with the fusion reaction. As an example of the lat
consider the fusion reaction of64Ni196Mo. The evolution of
shapes leading to a fused system can be followed with
codeHICOL @49# which calculates the dissipation of energ
with the wall-plus-window formula of Ref.@50#. The win-
dow formula is valid early in the collision when there is st
a ‘‘neck’’ connecting the targetlike and projectilelike frag
ments and involves the transfer of nucleons between th
fragments. In the wall formula, dissipation is mediat
through interactions of the moving walls of the nucleus w
the nucleons striking it; the rate of energy loss is given
@50#

dEdiss

dt
5

3

4
rmv f R vn

2ds, ~23!

whererm is the mass density,v f is the Fermi velocity, and
vn is the normal velocity of the surface.

The results of the fusion simulation performed withHICOL

for a bombarding energy ofE/A55 MeV and with zero im-
pact parameter are shown in Fig. 11 as the temporal ev
tion of Q and the dissipated thermal excitation energyU. In
this calculation, there is an extremely short period of le
than 0.5 zs when most of the energy is dissipated, a
which a deformed mononuclear configuration is formed w
deformationQHICOL . Subsequently, the quadrupole mome
slowly diminishes as the shape evolves towards spheric
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Within our spheroidal approximation, the dynamics of th
latter motion can also be followed. The equation of motion

m~Q!Q̈52
1

2

dm

dQ
~Q̇!22

dV

dQ
2h~Q!Q̇, ~24!

where the friction coefficienth(Q) is determined from the
wall formula @Eq. ~23!# @24#:

dEdiss

dt
5h~Q!~Q̇!2. ~25!

The friction predicted by the wall formula is very large an
the rate of change of the deformation rapidly reaches
‘‘terminal velocity’’:

Q̇5

2
dV

dQ

h~Q!
. ~26!

The dashed curves in Fig. 11 show the predictions of
above equation using as an initial deformation the value p
dicted by theHICOL code after the rapid-dissipation perio
QHICOL . The results of this spheroidal approximation and
the HICOL simulations are in excellent agreement andQ de-
cays approximately exponentially with a time constant of 3
zs.

Next consider the time scale for the build up of fluctu
tions which are ignored in Eq.~24! and theHICOL simula-
tions. If we make the most simplistic assumptions that
motion is Markovian and use the Einstein equation~relating
the magnitude of the fluctuations and dissipation!, the motion
can be described with the following Langevin equation:

FIG. 11. Predicted time evolution of the relative quadrupo
moment Q and dissipated energyU for the E/A55 MeV 64Ni
196Mo reaction at zero impact parameter. The solid curves w
obtained from theHICOL code and the dashed curves from a sph
roidal approximation~see text!.
4-8
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m~Q!Q̈52
1

2

dm

dQ
~Q̇!22

dV

dQ
2h~Q!Q̇2AT~Q!h~Q!j~ t !.

~27!

The last term is associated with a fluctuating force wh
^j(t)&50 and^j(t)j(t8)&52d(t2t8). It is assumed that the
initial period of rapid dissipation is too short a time for si
nificant fluctuations to develop and hence all Langevin sim
lations were started with the same deformationQHICOL . Af-
ter performing many simulations, the evolution of^Q(t)&
andsQ(t), the mean and standard deviation of theQ distri-
butions, is calculated. Examples are shown forE/A55 and
10 MeV 64Ni196Mo reactions~zero impact parameter! in
Fig. 12. In this figure, note that the initial deformatio
QHICOL decreases at higher bombarding energies. Also
both examples, the fluctuations build up very quickly~within
a couple of zs! after which the standard deviation is ve
close to its equilibrium value. The limiting time is therefo
not the time required to build up the fluctuations, but t
dynamical time required to bring the mean deformation to
equilibrium value. A dynamical timetdyn will be defined as
the time required to bring the mean deformation to with
sQ(`)/2 of the equilibrium value, i.e.,

^Q~tdyn!&2^Q~`!&5
sQ~`!

2
. ~28!

This dynamical time is reaction dependent and for the
ample reaction it decreases with bombarding energy du
the decreasing value ofQHICOL . For very asymmetric en
trance channels, the initial deformation will be much sma
and the time required to equilibrate the shape degree
freedom will be limited by the fluctuations. Another relate
time is that required for systems to ‘‘forget’’ their deform
tion. This is of interest if one is looking for correlations
deformations between different evaporation steps once

FIG. 12. Predicted time evolution of the mean~solid curves! and
standard deviation~dashed curves! of the relative quadrupole mo
mentQ distribution for theE/A55 and 10 MeV64Ni196Mo reac-
tions at zero impact parameter.
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equilibrium distribution is attained. To investigate this, it
useful to look at the two-time correlation function,

CQQ~ t,t8!5
sQQ8

sQ
2

, ~29!

whereQ andQ8 are the deformations at the two timest and
t8, respectively. The correlation function was determin
from a Langevin simulation averaging over all time
(@tdyn) and is plotted as a function ofDt5ut2t8u in Fig.
13. The correlation function is almost independent of exc
tion energy, a result which is due to the cancellation of t
effects; diffusion is faster at higher temperatures, but
width of the equilibrium distribution also increases. As co
relations decrease approximately exponentially with tim
the time constanttc of this decay will serve as a measure
the correlation time~3.0 zs in these simulations!.

The time scalestdyn and tc are plotted as a function o
excitation energy in Fig. 14~a! and compared to the evapo
rative time scaletev5\/G tot (G tot is the total decay width!.
The solid and dashed curves were calculated for lev
density parameters ofA/10 andA/8 MeV21, respectively.
The evaporative time scales change very rapidly with ex
tation energy and, compared to this, the difference betw
tdyn and tc is not very important. ForE* .100 MeV, tev
!tdyn, tc and significant evaporation will occur before th
equilibrium distribution becomes established. As the corre
tion time also serves as an estimate oftdyn, let us use the
excitation energyEc* for which tev5tc as an indication of
the point at which evaporation occurs before the collect
degrees of freedom are equilibrated. This quantity is plot
in Fig. 15 as a function of mass number for two level-dens
parameters (A/8 and A/10 MeV21). No major dependence
on compound-nucleus mass is seen. For symmetric entr
channels, this excitation energy will be slightly smaller
tdyn.tc .

So far shape fluctuations have only been discussed
systems with zero spin. For finite angular momentum, o

FIG. 13. Predicted dependence of the two-timeQ correlation
function plotted as a function of the intervalDt between the two
times. The results were obtained forJ50\ 160Yb systems at the
four indicated excitation energies.
4-9
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R. J. CHARITY PHYSICAL REVIEW C 61 054614
must also consider fluctuations inK. Unfortunately, the mag-
nitude ofK fluctuations is not well known. When calculatin
fission-fragment angular distributions it is usually assum
that the equilibriumK distribution is achieved for the saddle
point configuration, but subsequentlyK remains frozen dur-
ing the descent from the saddle to the scission point. T
dichotomy betweenK relaxation as one crosses the sad
point must be a consequence of either different time scale
the motion on either side of the saddle point or a decreas
the K relaxation rate with deformation. Close to spherici
the symmetry axis andK become less well defined leading
a rapid randomization ofK. Thus a deformation dependenc

FIG. 14. Comparison of the dynamical timetdyn, the correlation
time tc , and the evaporation timetev for the 160Yb system at spins
of 0 and 60\. The evaporation times, calculated with level-dens
parameters ofA/10 andA/8 MeV21, are indicated by the solid an
short-dashed curves, respectively.

FIG. 15. The predicted excitation energy in the Langevin sim
lations where the time scale for the thermalization of the sh
degree of freedom is equal to the evaporative time scale. The
sults, plotted against the compound-nucleus mass, were obta
with level-density parameters ofA/10 ~solid curve! andA/8 MeV21

~dashed curve!.
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of theK relaxation rate is expected. Even ifK remains frozen
for any appreciable deformation, the rapid relaxation ofK at
sphericity may be the controlling factor for the total equili
rium time scale. To illustrate this, Langevin simulations we
performed whereK remains fixed, except whenQ passes
through zero, at which point the value ofK is randomized.
The corresponding two-time correlation functions forQ and
K obtained forJ560\ 160Yb systems are presented in Fi
16. Unlike theJ50\ result ~Fig. 13!, the correlation func-
tion now depends on excitation energy. TheQ andK corre-
lation functions have similar, but not identical, behavior fo
particular excitation energy, but the correlation time of bo
decreases slowly with increasing excitation energy. This c
relation timetc is compared to the evaporation time scale
Fig. 14~b!. One should note that this value oftc is a maxi-
mum value; if there are significantK fluctuations at large
deformation, then the actual value will be smaller. Howev
it cannot be significantly smaller as the time scale is limit
by theQ fluctuations and thus the time scale should be lar
than the value oftc for J50\ @Fig. 14~a!#. The excitation
energyEc* where collective nonequilibrium effects first be
come important is again;100 MeV even if there is signifi-
cantK relaxation at large deformations. Values ofEc* deter-
mined for 160Yb and 100Rh systems as a function of spin a
plotted in Fig. 17. This figure also indicates thatEc* is ap-
proximately 100 MeV with no great dependence
compound-nucleus mass or spin except for spins around\
in the 100Rh system whereEc* suddenly drops in value an
approaches the yrast line. In fact, for spins above 55\, there
is no excitation energy region where the evaporation ti
scale is larger than the correlation time in the100Rh system.
The reason for this behavior can be understood from Fig.
which shows the predictedQ-K equilibrium distribution for
the J555\, E* 5100 MeV 100Rh system. The peaks in th
distribution for prolate and oblate shapes observed in F
2~a! are still present, but the ridge connecting them is co

-
e
e-
ed

FIG. 16. PredictedQ and K two-time correlation functions are
plotted as a function of the intervalDt between the two times. The
results were obtained forJ560\ 160Yb systems at the four indi-
cated excitation energies.
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DISTRIBUTION OF COMPOUND-NUCLEUS SHAPES AND . . . PHYSICAL REVIEW C61 054614
siderably diminished. This narrow connecting region b
tween these two main parts of the distribution represen
‘‘bottleneck’’ which retards the onset of equilibrium betwee
the oblate and prolate regions. To diffuse across this bo
neck one must overcome the;4 MeV barrier separating
them atJ555\. This barrier also increases with increasi
spin. The other important barrier, the fission barrier, wh
retards the prolate group from fissioning is 11 MeV at 5\
@30# and so escape across this barrier is less probable
evaporation would still be the dominant decay mode up
spins of 59\, where the neutron separation energy and
fission barrier are equal. In the narrow angular-moment
region, 55–59\, the above calculations would suggest th
evaporation would be mostly from the prolate group which

FIG. 17. Predicted critical excitation energy at which the colle
tive correlation timestc and the evaporation timestev are equal is
plotted as a function of compound-nucleus spin for the100Rh and
160Yb systems. The results obtained with level-density parame
of A/10 and A/8 MeV21 are indicated by the solid and dashe
curves, respectively. For comparison, the yrast lines predicted in
calculations of Sierk@30# are indicated by the dotted lines.

FIG. 18. As for Fig. 2~a!, but now for the J555\, E*
5100 MeV 100Rh system.
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directly populated by the heavy-ion induced fusion reactio
in the HICOL simulations. However, it is not clear whethe
this bottleneck exists in reality. One can change from a p
late to an oblate deformation without passing through sp
ricity, as we are forced to with only the spheroidal degree
freedom. Whether diffusion along triaxial degrees of fre
dom is fast enough to equilibrate the entire shape degree
freedom before evaporation occurs remains to be seen.
heavier systems, such as the160Yb, no similar angular-
momentum window is predicted as the bottleneck occurs
larger spins where the fission barrier is very small.

Apart from this angular-momentum window discuss
above, nonequilibrium collective effects are predicted to
cur at approximately a constant excitation energy with lit
dependence on spin. As such, they might well be obser
from the evolution of thea-particle spectra with bombardin
energy. The exact value at which these effects first occu
dependent on the magnitude of the dissipation. If the w
formula significantly overestimates nuclear dissipation
suggested by Griffin and Dworzecka@51#, both tdyn and tc
will be smaller andEc* will be larger. Experimental studie
of the entrance-channel dependence of statistical G
gamma and chargea-particle emission@52,18# have sug-
gested the dissipation is even larger, which would imply
value of Ec* is smaller. Experimental determination ofEc*
should permit the magnitude of the dissipation to be
duced.

The time scale for the equilibrium of the shape degrees
freedom is strongly related to the predictions of transi
fission decay widths. The equilibrium fission decay rate u
in statistical-model codes is applicable only after the dis
bution of shapes has equilibrated. A number of theoret
studies@53–55# have followed the diffusion probability cur
rent over the fission barrier when the initial distribution
concentrated near the minimum in the potential-energy s
face. Not surprisingly, due to the initial condition, these stu
ies find the fission rate is initially suppressed approaching
equilibrium fission rate only at larger times. This predict
behavior has given rise to the concept of a fission de
which may be important in explaining the large fission tim
scales measured experimentally@56#. The standard equilib-
rium decay rates are valid forBf ~fission barrier! @T, and in
such cases the saddle-point deformation is large compare
the typical shapes described by the equilibrium distributio
for which V(Q)&T. As longer diffusion times will be re-
quired to populate the larger deformations, for the assum
initial condition the fission delay time should be longer th
tc . However, given the rapid build up of the fluctuation
compared to the dynamics of the mean deformation in
Langevin simulations, it is not clear that the assumed ini
condition is appropriate for all reactions. For more symm
ric fusion reactions, the initial condition consistent with th
previous discussions is a large deformation possibility clo
to the saddle-point configuration rather than the minimum
the potential-energy surface. In such a scenario, the fluc
tions may lead to transient fission enhancements.

VI. COMPARISON TO EXPERIMENT

In this section, calculated multichance kinetic-ener
spectra will be compared to experimental data measure
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he
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TABLE I. Experimental data used in comparison with statistical-model calculations. The comp
nucleus CN, bombarding energyEbeam, excitation energyE* , and measured and predicteda multiplicities
ma are listed. Predicted multiplicitiesma ~GEM! were obtained with standard statistical-model calculatio
and with calculations that consider the equilibrium distributions of compound-nucleus shapes. The
density parametera used in each of the calculations is indicated.

Reaction CN Ebeam E* a ma ~exp! ma ~GEM! ma ~GEM! Reference
~MeV! ~MeV! (MeV21) ~shape dist.! ~standard!

12C1144Sm 156Er 142 113 A/8 0.760.1 0.53 0.39 @12#
64Ni1100Mo 164Yb 320 101 A/10 0.4560.05 0.60 0.42 @11#

433 171 A/10 0.9560.10 1.09 0.91
576 257 A/10 1.660.16 1.52 1.36
640 297 A/10 2.160.21 1.81 1.64

20Ne1150Nd 170Yb 270 135 A/10 @6#
28Si1165Ho 193Tl 145 65 A/10 0.1160.04 0.10 0.08 @10#

166 83 A/10 0.3060.12 0.29 0.20
193 106 A/10 0.5960.24 0.53 0.41
216 126 A/10 0.6960.28 0.72 0.58

16O1197Au 213Fr 114 74 A/11 0.1760.07 0.35 0.22 @10#

138 98 A/11 0.4660.18 0.70 0.51
16O1208Pb 224Th 114 61 A/13 0.2260.09 0.16 0.08 @10#

138 84 A/13 0.5660.22 0.34 0.18
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coincidence with evaporation residues. In theGEMINI Monte
Carlo simulations, values ofQ and K are chosen from the
appropriate equilibrium distributions at each step in
evaporation cascade. Otherwise, the values ofQ and K at
different steps are assumed to be uncorrelated. At each
an evaporated particle and its kinetic energy are selected
Monte Carlo fashion from the probabilities calculated w
the chosen values ofQ and K. a-particle kinetic-energy
spectra were constructed from alla particles emitted in
evaporation cascades that produce evaporation resid
When making comparisons to experimental data, it is imp
tant to remember the limitations of these calculations. Fi
the approximate nature of the method used to calculate
transmission coefficients has already been stressed in
III B. Even if more accurate transmission coefficients a
available, only the spheroidal shape degree of freedom
been considered in these calculations. When ellipso
shapes are allowed, the Coulomb-barrier distribution is ad
tionally enhanced for low-energy barriers; this would furth
increase the yield in the ‘‘sub-barrier’’ region@33#. In spite
of these limitations, it is useful to determine whether the
present calculations predict a sub-barrier enhancement o
right order and whether extra enhancements are require
higher excitation energies indicating that collective p
equilibrium effects are at play.

It was decided to restrict the comparison to experimen
data with A.150. For lighter systems, the neck degree
freedom is of increasing importance at the saddle-point c
figuration@38# and the simple spheroidal shape parametri
tion, which lacks this degree of freedom, is probably ina
equate for the larger prolate-like deformations. Also due
the angular-momentum dependence of the predicted
barrier enhancement, it was decided to restrict compariso
a-particle spectra~residue gated! where also the evaporatio
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residue cross sections have been measured. The experim
evaporation-residue cross sections allow one to restrict
range of compound-nucleus spins contributing toa-particle
emission. With these considerations, data from the react
listed in Table I were selected for comparison. In all cas
except the C1Sm reaction,l waves contributing to residue
production are limited by fission competition at the high
spins. The statistical fission parameters needed to fit the
due cross sections were taken from the values fitted by
authors of the studies referenced in Table I. These par
eters also allowed adequate reproduction of the meas
cross sections in the present calculations. Also included
Table I is the Ne1Nd reaction of Ref.@6# for which the
a-particle spectra are gated on high gamma-ray multiplicit
selected to remove contributions from other reaction mec
nisms besides fusion evaporation. The fission paramete
this case were taken from the Ni1Mo reaction@11#, which
produces a very similar compound nucleus. For the C1Sm
reaction, the measured residue cross section was used t
strict the fusionl-wave distribution in the same manner as
Ref. @12#.

Level-density parameters were varied fromA/8 to
A/13 MeV21 with increasingA ~see Table I! to approxi-
mately reproduce the high-energy slopes of experime
a-particle spectra. This dependence is itself interesting
may be an artifact of using a temperature-independent le
density parameter. Better reproduction of the slopes of
spectra at high energies could be obtained with temperat
dependent level-density parameters@10#, however it was de-
cided not to introduce such an effect at present so as no
add confusion as to the importance of the different mod
cations, but to concentrate on reproducing the subbarrier
gion. For all of the experimental data sets studied, the
thors were unable to reproduce the experimentala-particle
4-12
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DISTRIBUTION OF COMPOUND-NUCLEUS SHAPES AND . . . PHYSICAL REVIEW C61 054614
spectra in the sub-barrier region with standard statisti
model calculations using spherical transmission coefficie
~even with temperature-dependent level-density paramet!.

The predicteda-particle multiplicities are compared t
experimental values in Table I and the predicted shape
energy spectra~solid curves! are compared to the experime
tal data in Figs. 19–24. The predicted spectra have b
normalized to give the same maximum yield as the exp
mental data to focus our attention on the differences in
shapes of these spectra. To show the magnitude of the
barrier enhancements, more standard calculations u
spherical transmission coefficients and Sierk’s rotational
ergies were performed and the results are also listed in T
I and are indicated by the dashed curves in the figures.
predicted multiplicities are in good agreement with the e
perimental values. The calculations including the equilibriu
distributions of shapes predict higher multiplicities an
overall, are in better agreement with the data, but the se
tivity of the multiplicities to the nuclear shape is not th
great. However, the largest difference between the two
culations is the sub-barrier enhancement that is produ
when the equilibrium distribution of shapes is included. T
magnitude of this enhancement can be gauged by the di
ences between the solid and dashed curves.

First, let us focus our attention on reactions with asy
metric entrance channels (Aproj,20) shown in Figs. 19–23
The compound-nucleus excitation energies for these sys
are 135 MeV or less and the calculations reproduced
experimental data exceedingly well. Although the extent
this agreement may be somewhat fortuitous, given the li
tations discussed above, the magnitude of the sub-barrie
hancement is of the right order. In addition, the spectra ga
on gamma-ray multiplicity in Fig. 20 confirm the predicte
increase of this enhancement with increasing spin. In
figure, the experimental spectra gated on low (kg511–14)
and high (kg527–33) gamma-ray multiplicities are plotte
The detected multiplicity is related to the spin of the resid
Jr after the termination of the particle evaporation casca

FIG. 19. Comparison of experimental and predicteda-particle
kinetic-energy spectra in coincidence with evaporation resid
produced in the12C1144Sm reaction~see Table I!. The prediction,
indicated by the solid curve, was obtained including the equilibri
shape distributions at each step of the decay. The dashed curv
more standard prediction using spherical transmission coefficie
The excitation energy of the compound nucleus is indicated.
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To compare with experimental data, we have used the r
tionship ^kg&5Jr /215.3 @57# to gate the statistical-mode
predictions. The predicted increase in the sub-barrier
hancement with spin is again correctly reproduced.

These comparisons with the experimental data give
indication for the need of any extra sub-barrier enhancem
associated with collective nonequilibrium emissions at
highest excitation energies. To look for such effects it

s

is a
ts.

FIG. 20. Same as for Fig. 19, but now the data are from
20Ne1150Nd reaction and the spectra are gated on the meas
gamma-ray multiplicity (kg). The relative normalization of the dif-
ferentkg-gated spectra is arbitrary.

FIG. 21. As for Fig. 19, but now the data are from the28Si
1165Ho reaction. The relative normalization of the spectra at d
ferent excitation energies is arbitrary.
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useful to examine more asymmetric entrance channels
higher excitation energies where these effects should
larger. The data from the Ni1Mo reaction in Fig. 24 are
most suitable in this regard as it covers the largest rang
excitation energies. At the lowest excitation energy~101
MeV!, the predicted enhancement of sub-barriera particles
is again of the right order. However, for the higher excitati
energies, substantially larger enhancements are needed
produce the data. Some of this extra enhancement will co

FIG. 22. As for Fig. 19, but now the data are from the16O
1197Au reaction. The relative normalization of the spectra at d
ferent excitation energies is arbitrary.

FIG. 23. As for Fig. 19, but now the data are from the16O
1208Pb reaction. The relative normalization of the spectra at diff
ent excitation energies is arbitrary.
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from the decay of evaporated5He and other unstable clus
ters. However, in theE/A511 MeV 60Ni1100Mo reaction
(E* 5300 MeV), this component is only dominant fo
a-particle kinetic energies below 10 MeV and cannot e
plain the yield near the peak of the spectra@13#. Possibly, the
inclusion of other shape degrees of freedom which are
cited at high excitation energies may contribute to a furt
enhancement. However, from the discussion in Sec. V
would not seem unreasonable that for excitation energie
170 MeV and larger, some evaporation occurs before
shape degrees of freedom are fully equilibrated. TheHICOL

simulations for largel-waves populate the prolateK50
minima @Fig. 2~b!# and thus it is expected that the preequ
librium shape distributions will be weighted towards the
prolate shapes which are responsible for most of the s
barrier enhancement~Sec. IV B!. Thus, the increased exper
mental enhancement at the larger excitation energies is q
tatively consistent with collective preequilibrium
evaporation. Some confirmation of this suggestion com
from a comparison of the O1Sm and Ni1Mo reactions in
Ref. @11# which were matched to 170 MeV of excitatio
energy. The measured residue-gateda-particle spectra from
these reactions both show some extra sub-barrier enha
ment compared to the present calculations. However,
enhancement is larger for the Ni1Mo reaction, consisten
with the HICOL predictions of larger initial prolate deforma
tions for the more symmetric entrance channel.

Liang et al. @12# have interpreted an entrance-channel d
pendence of the hardness of experimental proton
a-particle spectra as evidence for collective preequilibriu
emissions. The reactions studied were12C1144Sm and60Ni
196Zr making the same compound nucleus with 113 MeV

-

-

FIG. 24. As for Fig. 19, but now the data are from the64Ni
1100Mo reaction. The relative normalization of the spectra at d
ferent excitation energies is arbitrary.
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excitation energy and similar spin distributions. More sy
metric entrance channels have larger initial deformations
the HICOL simulations and thus are expected to have low
initial thermal excitation energies. The initially cooler N
1Zr compound system is thus expected to have softer s
tra, as observed. The magnitude of this effect is consis
with HICOL simulations@12#. However, the possibility of sig-
nificant nucleonic preequilibrium emission~at large angles!
for the C1Sm reaction could also account for the observ
differences. As further support for this latter interpretatio
the sub-barrier region of the experimentala-particle spectra
shows no significant entrance-channel dependence an
well accounted for in the present calculations~Fig. 19!. This
is unlike the results for the higher excitation energy O1Sm
and Ni1Mo reactions discussed above.

Clearly, more systematic experimental studies of the e
lution of a-particle spectra with excitation energy an
entrance-channel asymmetry are called for. In addition
this, it is important to obtain theoretical estimates for t
magnitude of the extra sub-barrier enhancement assoc
with collective preequilibrium emissions. This task could
accomplished by adding evaporation to Langevin simu
tions similar to those discussed in this work. It is also
interest to determine the excitation-energy dependenc
this extra enhancement which is not clear at present.
though the amount of collective preequilibriuma-particle
emission should increase with excitation energy, the ini
fusion deformation decreases with increasing bombard
energy in theHICOL simulations. A better understanding o
the evolution ofa-particle spectra with excitation energ
might allow the strength of nuclear dissipation to be d
duced.

As already mentioned, the inclusion of the equilibriu
shape distribution has little effect on the predicted proton
neutron spectra. Within the statistics of theGEMINI Monte
Carlo simulations, it is difficult to discern any differenc
between the neutron spectra calculated with and without
inclusion of the equilibrium shape distributions and only m
nor differences were obtained for protons. Therefore, all c
clusions made in Refs.@10–12# concerning the experimenta
proton spectra for the reactions in Table I still hold. In som
cases a modest enhancement of the sub-barrier pro
would improve agreement with the experimental data. Ho
ever, given the insensitivity of the calculations to deform
tion, the explanation of this effect would seem to lie els
where.

For all but the two heaviest compound systems (16O
1197Au and 16O1208Pb reactions! the evaporation residue
are predicted to lie close to the evaporation attractor line@58#
at which proton and neutron decay rates are similar at
excitation energies. In theGEMINI simulations for these sys
tems, low-energy ‘‘sub-barrier’’ protons are mostly las
chance evaporation and thus shell and structure effects
be important in explaining their yields. For the heavy sy
tems, the residues are more neutron rich compared to
attractor line and at low excitation energies practically o
neutrons are evaporated. Consequently, almost all pro
are evaporated early in the decay cascade. Shell and stru
effects should be less important for these systems and g
05461
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agreement between the experimental and calculated pr
spectra is obtained@10#.

VII. CONCLUSION

Thermal fluctuations give rise to an equilibrium distrib
tion of compound-nucleus shapes and spin projections. A
understanding of the evaporative decay probabilities of co
pound nuclei requires a knowledge of how these quanti
affect the statistical decay width. In this work, the equili
rium distributions have been determined for spheroi
shaped nuclei. Both prolate and oblate shapes are popul
but at high spins the overall nature of the distribution
somewhat more prolate with the tail of the distribution e
tending out to very deformed~axis ratio of 2:1! shapes even
for moderate excitation energies. The Hauser-Feshbach
malism has been extended to describe the dependence o
decay width on the quadrupole deformation and the spin p
jection K. In general, deformation increases the probabi
for a-particle emission; the exact extent depends on
value of K. When averaged over the equilibrium distrib
tions, the increaseda-particle probability is preferentially for
low kinetic energies, enhancing the ‘‘sub-barrier’’ regio
compared to standard calculations using spherical trans
sion coefficients. The effect on predicted neutron and pro
kinetic-energy spectra is much smaller. The magnitude of
sub-barriera-particle enhancement is larger for high-sp
systems, the largest contribution coming from highly d
formed prolate shapes.

In general, as the excitation energy increases, one sh
observe collective preequilibrium effects associated w
evaporation before the distributions of shape and spin p
jection have thermalized. The time scale for thermalizat
has been explored with Langevin simulations, using the d
sipation strength predicted by the wall formula of Ref.@50#.
From these simulations, the shape and spin-projection di
butions will become thermalized before significant evapo
tion occurs if the excitation energy is;100 MeV or less.
However, if the dissipation strength is smaller, then t
maximum excitation energy will be larger. At higher excit
tion energies, collective preequilibrium emission will occ
until the system cools down below this maximum excitati
energy. Based on the predictions of the dynamical codeHI-

COL @49#, we expect the preequilibrium shape distribution
emphasize large prolate shapes for heavy-ion induced fu
reactions and this will further increase the predicted enhan
ment of sub-barriera particles.

A preliminary comparison of predicteda-particle kinetic-
energy spectra with experimental data from asymmetric c
lisions with excitation energies less than 135 MeV indica
that the inclusion of the equilibrium shape distributions p
duces a sub-barriera-particle enhancement of the corre
order. Data from more symmetric entrance channels give
dications that collective preequilibriuma-particle emission
is occurring at excitation energies above 100 MeV, howe
a quantitative understanding of these data is not availabl
present. Further experimental and theoretical studies
needed and these may allow the strength of nuclear diss
tion to be deduced.
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