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Distribution of compound-nucleus shapes and its influence on evaporation
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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, butfparticles, 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 abovel00 MeV.

PACS numbd(s): 25.70.Gh, 24.60.Dr

I. INTRODUCTION compound nucleus. If the rotational energy’s spin depen-
dence is particularly steep, this mechanism leads to the emis-
The evaporation of light particles from excited compoundsion of « particles with large orbital angular momenta and
nuclei is a well known decay process for excitation energiesience with significant centrifugal barriers. This situation oc-
above the neutron separation energy. A number of statisticaturs for the decay of light compound nuclei at high angular
model computer codes are available, based on either th@omentum where one can often obtain good fits to the ex-
Weisskopf formalisn{1] valid for low spin or the Hauser- perimental kinetic-energy spectra by modifications to the
Feshbach formalisni2] valid for all spins, to follow the spin dependence of the rotational enef¢—16.
decay of compound nucléproduced in either fusion, deep ~ However, for heavier compound nuclei, modifications to
inelastic, or other reaction mechanisntsy a cascade of the rotational energy have a much smaller effect as these
evaporated light particles. These codes are widely used igystems have larger moments of inertia, i.e., the rotational
many areas of nuclear research to predict information abownergy increases more slowly with spin. In addition, for
the evaporation residues and the multiplicity, energy, andinetic-energy spectra gated on evaporation resifiag—
angular distributions of the evaporated particles. One outi2] for which fission competition restricts the compound-
standing problem in the use of evaporation codes is that stamucleus spin to moderate values, the magnitude of the cen-
dard statistical-model calculations are unable to reproducgifugal barrier is already small and any attempt at fitting
the large number of “sub-barrier” or low-energy particles  such data requires a modification of the Coulomb barrier. In
emitted in heavy-ion induced fusion reactions. Numerous exprinciple, reduced Coulomb barriers can be a result of re-
perimental studief3—12 have found that the predicted peak duced nuclear density7] or an increase in the surface dif-
in the a-particle kinetic-energy spectrum occurs at a largerfusenes$17], however the most common approach to fitting
energy than observed. Suggested explanations of this obsesxperimental kinetic-energy spectra is to include into
vation involve either the reduction of the barrier for statistical-model calculations distributions of Coulomb barri-
a-particle emission or other sources of low-enekgypar- ers associated with a fixed deformation of the compound
ticles. Charityet al.[11] considered the emission of unstable nucleus[3,5,6,10,12 Emissions associated with the lower
clusters, such asHe fragments, which sequentially decay Coulomb barriers populate the low-energy “sub-barrier” re-
giving rise toa particles whose kinetic-energy spectrum ex-gion, which lies below the peak in the kinetic-energy spec-
tends down lower in energy than the corresponding spectrurmum. If deformation is the correct explanation of the experi-
for directly emitted particles. Subsequent investigations fomental data, it is important to understand the mechanism
E*~300 MeV %%b compound nucle{13] revealed that responsible for deforming the compound systems. This de-
although this source does exist, its contribution to the totaformation may be a consequence of the fusion dynamics and
a-particle spectrum is too small to cause any significantevaporation might occur before the compound-nucleus shape
change in the predicted peak energy. However, this extreelaxes to its equilibrium valufgl2,18,19 or the deformation
source is responsible for a significant enhancement in themay be an intrinsic property of the compound nucleus. It is
extreme ‘“sub-barrier” region. the latter explanation which will be pursued in the work.
The barrier for charged-particle emission is a combinatioriThermally induced shape fluctuations will give rise to an
of the Coulomb barrier and a centrifugal barrier. In the sta-equilibrium distribution of compound-nucleus shapes which
tistical model, evaporation is generally associated with lowdepend on the potential-energy surface and the excitation
centrifugal barriers, except when the level density has a vergnergy. Such shape fluctuations would seem to be an impor-
strong spin dependence, which occurs when the rotationaant ingredient in understanding the width of the giant dipole
energy increases steeply with angular momentum. This spiresonance in hot nucl¢0,21]. Before other effects such as
dependence favors decays for which the orbital angular madynamics are invoked as the explanation, it is important to
mentum of the evaporated particle reduces the spin of thdetermine the equilibrium-shape distribution and its effect on
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the energy spectra of evaporated particles and whether thighe quantitied/ andEX are the potential energy of deforma-
distribution can be attained before particles are evaporatedion and the kinetic energy associated with changes in defor-
In this paper, a start to answering these questions will benation, respectively. The collective rotational energy is
made taking into account only spheroidal shapes. Charged-
particle emission will be considered only in the framework oo _[33+1)-K*JA?
of the Hauser-Feshbach formalism. In the alternative E?(J,K,Q)= 27,(Q) !
transition-state formalism, the polarizing effect of the na-
scent charged particle determines the shape of the residuahereZ, is the moment of inertia of the spheroid perpen-
nucleus at the conditional saddle-point lowering of the Coudicular to its symmetry axis and, for independent particle
lomb barrier compared to emission from a spherical systenmotion,Z is the rigid body moment of inertia parallel to the
[22]. Also, fluctuations around this conditional saddle-pointsymmetry axis. The quantityis the level-density parameter.
configuration give rise to a distribution of Coulomb barriers  For hot nuclei, shell effects are assumed to be washed out
which similarly influence the kinetic-energy spectr{i#g]. and hence liquid-drop deformation energies will be used. The
The following section will be devoted to a theoretical de- liquid-drop deformation energy can be expressed in the fol-
scription of the shape distributions. Section Il will describe lowing form [26]:
the formalism used to calculate the statistical decay from
deformed systems. Examples of the predicted kinetic-energy V(Q)=[BS(Q)—1]E2+[BC(Q)—1]E2, @)
spectra are given in Sec. IV. Section V is devoted to a dis-
cussion of Langevin simulations used to predict the excitawhereEg andEg are the surface and Coulomb energies for a
tion energy at which the shape distribution will equilibrate spherical nucleus an&, and B, express the surface and
before evaporation commences. Statistical-model calculacoulomb energies of a deformed nucleus in units of the re-
tions are compared to experimental data in Sec. VI and thepective spherical quantity. Myers and Swiatgéki,28 de-
conclusions of this work are contained in Sec. VII. termined the spherical energies from fitting ground-state
masses as

(6)

Il. SHAPE DISTRIBUTIONS

Z 2
For spheroidal shapes, the deformation parameter will be ES= 17-943%1—1-7825{ T) }Am MeV, (8
taken as the relative quadrupole moménhtrelated to the
radii, r) andr, , perpendicular and parallel to the symmetry 2

X Z
axis by[24 0_
y[24] EQ=0.7053 5 MeV. (9)
8 (rf-r?)
Q=zm——5 @D The functionsBs and B, have been determined for spheroi-
15 r2

dal deformations by Beringer and Kn¢9].

The kinetic energy associated with changes in deforma-
Jion is determined from the associated momentegand an
inertia parametem(Q):

wherer is the radius of the sphere with equivalent volume
The relative quadrupole moment is positive for prolate an
negative for oblate deformations. The equilibrium distribu-

tions of Q andK, the projection of the system’s spiron the (Po)?

symmetry axis, for compound nuclei of excitation enekfy Ek(pQ Q)= 5 (QQ) ) (10)
; m

is

10 When shell effects are washed out, the hydrodynamical iner-
p** (E*,J,Q)dQ= = 2 p*(E*,J,K,Q)dQ, (2) tia from Ref.[24] is appropriate.

2 K==y To perform the integrals over momentum, is should be
remembered that the intrinsic level density is a very rapidly
rising function of excitation energy. Thus, only small values

3 of EX will contribute significantly and it is useful to expand
the level density as

dQdP,
p*(E*,J,K.Q>dQ=fpi*m<u,K,Q> Qh 2,

where the intrinsic excitation energy is
X
U=E*-V(Q)~EXPq,Q) ~E™(JK,Q). (4 Pim(U‘”:Pim(U)eXF( - f)' (1)

The factor of} in Eq. (2) results from symmetry consider- where the nuclear temperature is defined by
ations[25]. In these equation®), is the canonical conjugate

momentum taQ, and theK dependence of the intrinsic level 1 diIn(pin)
density is[25] T du (12)

. A%  a
pinlU,K,Q)= 1/ 277(Q) P u

_ K?h? 5) For a Fermi-gas level density, the temperature can be ex-
27«(Q) /)" pressed in terms of the level-density parameteas T
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L L ful to try and exclude such fission-unstable configurations.
0.15 ;Y E'=40 MeV 7 To this end, the condition that the potential-plus-rotational
[ [ energy be less than the value for the saddle-point configura-
0.10 - . ] tion was applied, i.e.,
o p2 1 1
0.05 - . V(Q)+E™(J,K.Q)<Esad ) +— T 7o
N 1
0.00 b—L~ A 19
L L
> 0.15F E*=100 MeV - whereEg,q, the energy of the saddle-point configuration and
= [ its moments of inertiaZ 3@ and 752 are taken from the
E [ Oblate //'\ Prolate calculations of Sierk30].
2 0.10 - R It has often been assumed in the past that the typical
© \ shapes of hot, rotating compound nuclei are well described
S o05f D ] by the rotating liquid drop mod¢B1] (RLDM), which mini-
o) ) O \ O mized the sum of the potential and total rotational energies,
~ [ | | N the latter being the sum of the intrinsic and collective rota-
0.00 ~— — tional energies:
0.10 . E"=300 MeV 7 2,2
: I~ EC(J,K.Q=E™(IKQ+ 5w (16
0.05 | / X . 21x(Q)
\\\ The RLDM ground-state configurations are approxi-
0.00 — L Lo mately oblate, except for the largest angular momenta, while
—2 0 2 4 the predicted distributions in Fig. 1 have somewhat larger
Q yields for prolate deformations. Clearly, the RLDM ground-

state configurations are not particularly representative of the

FIG. 1. Predicted probability distributions of the relative quad- gverall equilibrium distribution, however their importance

rupole momenQ for **¥b compound nuclei at excitation energies pecomes more transparent when looking at the predicted
of 40, 100, and 300 MeV. The solid curves indicate the results forjoint distributions ofQ and K. As an examplep* is dis-

J=60n while the dashed curves were obtained &3¢+ 0%. The
relative quadrupole moments for spherical and deformed shapé?s
with major and minor axes that differ by a factor of 2 are indicated

by the appropriately shaped figures.

~\/U/a. With this approximation, the integration over the

momentum coordinate in E@3) yields

T(Q)m
p*(E*,J.K,Q) dQ=pj(U' K,Q) \/%d@

layed as a contour plot in Fig.(@ for the J=601, E*
=100 MeV %%b system. The potential-plus-rotational en-
ergy, which is plotted as a function ¢ andK in Fig. 2(b),

has two minima: one oblate fd{=J and one prolate for
K=0. The oblate minimum af~ — 0.5 (the lowest of the
two, but by only ~1 MeV) corresponds roughly to the
RLDM ground-state configuration and is associated with the
largest peak in the joint distributioFig. 2(a)]. The prolate
minimum is only stable because of the restricted shape de-
grees of freedontit is unstable to ellipsoidal deformations
[32,33). This prolate minimum is also associated with a
peak in the joint distribution and there is a significant yield in
the ridge joining the two peaks.

where the temperaturd,(Q)=U'/a, is deformation de-
pendent and now

U'=E*-V(Q)— EcrOt(J,K,Q)_ (14) IIl. DECAY OF DEFORMED SYSTEMS

Given the equilibrium distributions d® andK predicted

Examples of the predicted shape distributionsin the preceding section, how do they affect the kinetic-
p** (E*,J,Q) are shown in Fig. 1 for%%b compound nu- energy spectra of evaporated particles? In addressing this
clei atJ=0 and 6@ andE* =40, 100, and 300 MeV. The question, let us assume that the statistical decay width is
distributions extend over both prolate and oblate shapesndependent ofPq. Further assume tha® remains un-
Their width increases as the excitation energy increasegshanged during the evaporation process, i.e., both the parent
However, their dependence on angular momentum is strorend daughter have the same deformation. For any single
ger. ForJ=607, the distributions extend out to strongly de- compound nucleus, thermal shape fluctuations will give rise
formed prolate shapes with their tails reaching the “superdeto changes in the decay width as the shape evolves with time,
formed” Q=3.2 prolate shapélength of axes differ by a however for an equilibrium ensemble, the population and
factor of 2. For very prolate shapes, the systems will be-decay rate from a particular deformation will both be con-
come unstable to the fission degree of freedom and it is usestant.
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Esep(Q)_Egep (MeV)

% —os0— L v 1]
= -2 0 2 4
- Q
£
‘Jﬂ FIG. 3. Predicted deformation dependence of the separation en-
> ergies for removing a neutron, a proton, and arparticle from
160y,
-2 0 Q 2 4 nucleus, respectively. The quantitigsl, andj are the spin,

orbital, and total angular momentum of the particle evapo-
FIG. 2. (a) Predicted joint distributiop* of relative quadrupole ~rated with kinetic energy andEg,is the separation energy
moment Q and spin projectionK obtained for J=604, E* for the removal of this particle. The transmission coefficients
=100 MeV *%b compound nuclei. The contour interval for the are averages over the surface of the nucleus and are now
solid contours is 10% of the maximum value@f and the dashed dependent omm, the projection ofl on the symmetry axis

contour represents 5% of this maximuth) The predicted depen- (see Sec. Il B. The thermal excitation energy of the daugh-
dence of the potential-plus-rotatior(atrinsic + collective) energy  ter is
for the same system with=0 and 6t for selected values of K.

_ _ __ cro 0 _
A. Statistical formalism Ug=E*—Va(Q) —E5°(3.K.Q) Esep € (18)

Statistical decay widths are typically calculated for com- . .
pound systems with significant spin using the Hauser \ot€ that the deformation energy of the daughtg(Q) is

. . : different from that of the paren¥ ,(Q). The difference be-
Feshbach formalisri2]. A number of studies have incorpo- P
rated deformation ngf]ects into this formalism. Modiﬁcatiponstwer?n the_sr:a hr?s been cqmbmed by Lestepal. [39] to- lled
associated with transmission coefficie[#s3,16,34—3§ de- gether V\.”t the separation energy to .glve a so-cafle
formed rotational energieg3,8,16,35, collective enhance- deformation-dependent separation energy:
ment of level densitie$37,38, and deformation-dependent
separation energieg39] have been considered. However, EsegQ)zEgepﬂLVp(Q)—Vd(Q) (29
none of these modifications allow one to calculate the decay
from a particularK state. To permit this, the Hauser-

_ 0 _ 0y _ (=0
Feshbach formalism has been extended by including the ex- = Egept [Bs(Q) = 1][(Es) p— (Es)d] (20
plicit summations over the projections of the angular mo-
menta of the emitted particle and the daughter nucleus via +[BC(Q)—1][(E2)p—(E8)d]- (21)

Clebsch-Gordan coefficientg,(, my, jo, my|j,m), i.e., the

modified decay width is The effects associated with a deformation-dependent separa-

1 tion energy are already implicitly considered in E#j7) and
r= EsedQ) should not explicitly appear is this equation. The
2mp* (E*,JpK;,Q) deformation dependence of the separation energy is plotted
w3y Iptdg j+s | for neutron, proton, andr-particle removal from a'®%vb
% f de> > ; system in Fig. 3. As found in Reff39], the separation energy
Jg=0 Kg=—3q j=[3,=34l 1=T7—s| m=—1 increases with deformation for charged particles, while it de-

. ) creases slowly for neutrons.
X (1,m,s,Kp=Kg=m|j,Kp—Kg) For a spherical nucleus, the transmission coefficients are
X(Jd,Kd,j,Kp—KdUp,Kp)z independent ofm and the level density of the daughter is
independent oK. The summation of the Clebsch-Gordan
><T|]m(e,Q)p*(E*—Egep— €,J4.Kq,Q), (170  coefficients overm and Ky then gives unity and Eq.17)
reduces to the standard Hauser-Feshbach formalism valid for
where the subscriptd andp refer to the daughter and parent spherical systems.
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B. Transmission coefficients : | | |
10F 1=0% .

For a deformed nucleus, the transmission coefficients 0.8
should depend om. For example, consider a prolate shape )
where the Coulomb barrier is lowest for emission from its 0.6
tips and highest for emission at the waist. Classically the 0.4
orbital angular momentum for emission from the tips must 0.2
be perpendicular to the symmetry axis, ira= 0, whereas at
the waist, all values o are possible. One would therefore
expect that, after averaging over the surface area, the barrier
for m=0 emission is lower than fan=1 emission, and vice
versa for an oblate shape. To estimate lthend m depen-
dence of the transmission coefficients, the equivalent-spheres
approximation[16,40 was modified. For each point on the
surface of a deformed nucleus, in this approximation, trans-
mission coefficients are calculated for an equivalent spheri-
cal system with the same radius Each set of spherical
transmission coefficients is weighted by the element of sur-
face areals associated with that point on the nuclear surface
and the average is then taken over the whole surface area.
The dependence om is obtained by noting that the orbital
angular momentum at each point on the surface is classically
perpendicular to the radius vector to that point. Taking this
radius vector as a projection axis, we thus assign a quantum
projection ofm’ =0 for the orbital angular momentum rela- e (MeV)
tive to this axis. To relate then’ state associated with this
projecuon ax|s to thosm states assoc|ated W|th the Symme_ FIG. 4. Transmission coefficients calculated for the-Yb

try axis, one must weight by the square of the quantumpha””el with orbital angular momentalef 0 and 1. The dotted
: : . : curves are for a spherical compound system, while the solid and
mechanical rotation matrix,, ..(6) [41], where 6 is the

r . L dashed curves were obtained with prolate and oblate deformations,
angle between the axes. With this extra weighting, and afte\;vhere the major and minor axes differ by a factor of 2.

some simplification, the transmission coefficients reduce to

prolate

T(e)

- spherical -

---- oblate B

T(e)

T(e)

soher i , IV. KINETIC-ENERGY SPECTRA
TP e,r)|P["(coso)|*ds OF EVAPORATED PARTICLES
. (22

T ,Q)=
I.m(€Q) A. Dependence orQ and K

The new evaporation formalism discussed above has been
incorporated into the Monte Carlo, statistical-model com-
whereP[" is the Legendre function. The spherical transmis-puter codesemini [47]. In the following, examples of th®
sion coefficients TSP"®'te,r) were calculated with the andK dependence of the decay are illustrated for Efe
incoming-wave boundary-condition modg#2] using real =100 MeV %%b compound system with a level-density
nuclear potentials from global optical-model fits for neutronsparameter ofa=A/10 MeV 1. The Q dependence of the
[43], protons[44], and « particles[45]. Examples of trans- kinetic-energy spectra of first-chance protons, neutrons, and
mission coefficients calculated with this procedure are showmr particles from alJ=0#4 system is shown in Fig. 5. The
in Fig. 4 for thea+Yb channel. It is clear fot=10 that predictions for a spherical system are given by the dotted
there is a very strontgh dependence when the deformation is curves, while the solid and dashed curves were obtained for
large. Also it should be stressed that although these transmikighly deformed prolate and oblate shapes, respectively, in
sion coefficients are believed to contain the most importanboth cases the major and minor axes differ by a factor of 2.
physics, they are only approximate. The averaging of spheriThe largest dependence on deformation is clearly observed
cal transmission coefficients over the surface area of thér « particles. The peak in their kinetic-energy spectrum
nucleus ignores multipole moments of the Coulomb field andnoves down to lower energies as the deformation increases,
the surface-curvature dependence of the nuclear field. Alsa direct result of the increase in the transmission coefficients
as the Coulomb and nuclear forces are not central forces fat these low kinetic energig§ig. 4). At the higher kinetic
a deformed system, the orbital angular momentum of thenergies where the transmission coefficients approach unity
emitted particle is not a constant of motigA. related effect, and are thus independent @f the emission probabilities are
the rotation of the compound nucle(fsr J#0) during the larger for the spherical system. The most important effect
emission of the particle, was found in Rg46] to be small]  now is that the spherical system is hottésd deformation
As such, these transmission coefficients should only be useehergy and for charged particles this is further enhanced
to give approximate information as to the effect of deforma-because the spherical system also has the smallest separation
tion. energieqFig. 3.

f |P"(cos)|?ds
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_1 T T T -1
10 alpha particlesJ 10
1072 . 10—2
1073 y 10-3
10~4 10—4
I T = 1071
3 5
= 107° 1 = 107°
B 103 4 T 1o-3
g g
T 104 ' © 104
1 T T T -1
10 neutrons 10 3
10_2 — prolate 10_2
-~ gpherical
1073 E 10—3
\% --- oblate
10—% I !

10 20 30 40
e (MeV)

104
0

e (MeV)

FIG. 5. Predicted kinetic-energy spectra of first-chance neu- FIG. 6. Predicted first-chance-particle kinetic-energy spectra
trons, protons, and: particles evaporated frol* =100 MeV, J for E* =100 MeV, J=60% %%b compound systems with spheri-
=0% %%b compound systems with three different deformations.cal, prolate, and oblate deformations. The deformed systems have
The dotted curves are for a spherical compound system, while theajor and minor axes which differ by a factor of 2. Calculations
solid and dashed curves were obtained with prolate and oblate devhere the initial rotational state is purely collectiv&k£0) or
formations, where the major and minor axes differ by a factor of 2 purely intrinsic K=J) are indicated by the solid and dashed

curves, respectively.

The dependence of the decaykiis shown forJ=607% in
F|g 6. The peaks in th@-partic]e kinetic-energy Spectra tude may be quite different. For prOlate deformations, on the
again move down to lower energies as the deformation inother hand, this is not the case. The transmission coefficients
creases for all values ¢f. However, the shape of the spectra for m=1 are only significant at high kinetic energi¢see
do show important dependencies on the spin projection. Iffig. 4). This fact is very important for th&<=J prolate
understanding these differences, we need to expand on t§@nfiguration which has the largestdependence of the ro-
discussion of the spin dependence of the rotational energfgtional energy(Fig. 7). The expected spin enhancement is
mentioned in Sec. I. Although for th€°Yb system this spin Not observed at low and medium kinetic energies as the
dependence is not so large that it leads to a noticeable in-

crease in the peak energy due to large centripetal barriers, | 60— 1 T T T T T T ]
is still responsible for a spin enhancement in the yield of r 1
heavy fragments, such asparticles, which can remove sig- 50 - -
nificant angular momentum from the decaying system. The r ]
magnitude of this spin enhancement depends again on th 40 ’

Prolate ,’/

slope of the rotational energy’s spin dependence and also o __ Keg o

the transmission coefficients. The rotational energies are’

plotted in Fig. 7 for the oblate and prolate shapes vi{th 2 30;
=0 and K=J. The slope is largest witiK=0 for oblate  § 20:
=

shapes and witK = J for prolate shapes. Ignoring the effects
of the transmission coefficients, one might expect these twc

configurations to have the largestparticle yields. However, 10

this is only true for the oblate configuration. Now the

compound-nucleus spin is most efficiently removed by an ot

evaporatecr particle if m=0 for theK=0 case andn=| 0 =0 4J° 60 80

for the K=J case. Thus, the extra enhancement for khe
=0 oblate case is tempered at low kinetic energies by the FiG. 7. Spin dependence of the total rotational eneiapllec-
reduced transmission coefficients for=0 (see Fig. 4 tive plus intrinsig for the oblate and prolate shapes used in the

It is important to note that for the oblate case, the transcalculations shown in Fig. 6. Curves are shown for btk 0
mission coefficients, for alin values, are non-negligible (solid) andK=J (dasheyl However, the prolat& =0 and the ob-
down to low kinetic energies, although their relative magni-late K=J curves overlap.

054614-6



DISTRIBUTION OF COMPOUND-NUCLEUS SHAPES AND . .. PHYSICAL REVIEW €1 054614

0‘5_""""l""|""""|""

0.4 .

0.3 _ Prolate

s [
ol [
0.2
0.1F 3
L Spherical i
O‘O'....I....I....I....I....I....
0 10 20 30 40 50 80

K

FIG. 8. Predicted first-chance-particle emission probability
for E* =100 MeV *%b compound nuclei ai=604. Curves are
shown giving theK dependence of the probability for prolate, ob-
late, and spherical deformations. The oblate and prolate deforma- € (MeV)
tions have major and minor axes which differ by a factor of 2.

o o ] FIG. 9. Predicted kinetic-energy spectra for first-chance evapo-
transmission coefficient for highn values are almost zero ration of neutrons, protons, and particles fromE* =100 MeV

and prevent the removal of significant angular momentum by!6%p compound nuclei with spins of 0 and 60 The solid curves
a-particle emission. It is only at the highest kinetic energieswere obtained from the predicted equilibrium distribution€adind

that a significant spin enhancement is achieved and the yield, while the dashed curves are from a more standard calculation
for K=J becomes larger than th€=0 prolate prediction. with spherical transmission coefficients.

The larger “temperature” which characterizes the slope of
the high-energy tail of the kinetic-energy spectrum for the
K=J prolate case is thus explained as a progressive increase
of the spin enhancement with kinetic energy and is not a

consequence of the initial temperature of the compound 60 F 7
nucleus. In fact, the initial temperature for this configuration .
is the smallest of all the examples in Fig. 6 as its potential- a HOr ]

plus-rotational energy is largest.

The dependence of the energy-integrated first-chance 20? ]
a-particle emission probability oK is shown in Fig. 8. The :
a-particle probability is clearly enhanced by deformation no op
matter what the value oK is. Oblate collective rotations ool 3
(K=0) are responsible for the greatest enhancements while :
prolate intrinsic rotationsK=J) have the lowest enhance- 403_ 1
ments. However, these two configurations are not well rep- Moo
resented in the equilibriur®-K distributions(Sec. I). 20F h

B. Averages overQ and K distributions 0 p——+—44 @ L
[ c) €,<18 MeV

First-chance kinetic-energy spectra, averaged over the

equilibrium distributions ofQ andK, are shown for thé&* T =
=100 MeV %%b system in Fig. 9solid curve$. For com- wh \ ~_ E
parison, the dashed curves show the results of more standard Moot \\ N
statistical-model calculations using only spherical transmis- 20k \ o
sion coefficients and rotational energies from the calculations . ‘\

of Sierk [30]. For J=0# systems, the effect of averaging ob—1 ! @

over the equilibrium distribution is not large, the only sig- -2 0 2 4

nificant change being a small enhancement for “sub-barrier”
a particles. For the higher compound-nucleus spin, this en- FiG. 10. Predicted joint distributions of and K for E*
hancement is much larger and the peak position occurs at an100 MeV, J=604 6%b compound nuclei(a) Equilibrium dis-
energy ~2 MeV lower in value compared to the standard tribution. (b) The same distribution, but also with the requirement
calculation. The reasons for the large spin dependence of thisat the system decays hy emission.(c) With the extra require-
enhancement can be inferred from Fig. 10, where the equiment that the system decays by the emission of a low-enargy
librium Q-K distribution [Fig. 10@)] is compared to the particle (¢,<18 MeV).
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same distribution with the extra condition that arparticle 100 F ' 3
was emitted Fig. 1Qb)], and where thisy particle has a low e e
kinetic energy,e,<18 MeV [Fig. 10c)]. Both Figs. 10b) = Yt
and 1@c) show an increase in the relative number of highly é 60 F
deformed prolate systems. The enhancement of low-energy ~ 40F
a particles is thus largely attributed to these highly-deformed -
prolate systems which become more probable at larger
compound-nucleus spir{see Sec. )l Figure 1@c) suggests
that the detection of a low-energyparticle could be used to
experimentally select out highly deformed prolate systems.
However, it is not clear whether this deformation will be

E/A=5 MeV **Ni+%Mo

[oz]

| ~——HICOL

[e]
I

preserved at subsequent decay si§ec. \). < 4b Spheroid s
Further enhancements of the sub-barueparticles are :

possible if a surface-area dependence of the level-density 2_ N E

parameter is assumed. This increases the relative probability ot bt S

of highly deformed shapes, which have larger surface areas. 0 5 10 15

Calculations were performed using the level-density param- time (zs)

eter of Ignatyuket al. [48], however the extra sub-barrier ) _ ) _
enhancement was quite modest. Given the other uncertainties F/G- 11. Predicted time evolution of the relative quadrupole

L. _ 64N
in calculating the sub-barrier enhancement, it was decidef'9MentQ and dissipated energy for the E/A=5 MeV “Ni
not to pursue this effect in the present work. +7°Mo reaction at zero impact parameter. The solid curves were

obtained from thesicoL code and the dashed curves from a sphe-

roidal approximation(see text
V. LANGEVIN SIMULATIONS

An important consideration before comparing predictedWithin our spheroidal approximation, the dynamics of this
spectra to data is whether the time required for the equiliblatter motion can also be followed. The equation of motion is
rium distribution to develop is shorter than the typical time
for evaporation. If this is not the case, evaporation will, on . 1dm . dv .
average, occur before the equilibrium distribution is estab- m(Q)Q=— fd_Q(Q)z_ 4o~ 7(Q)Q, (24)
lished. There are three time scales to consider; first the
evaporation timer,,; next the time required for the build up . . . ,
of sEape fluctuatif)ns; and finally the dynamical time associ¥Vhere the friction coefficieny(Q) is determined from the
ated with the fusion reaction. As an example of the latterVall formula[Eq. (23)] [24]:
consider the fusion reaction 8fNi+ °Mo. The evolution of
shapes leading to a fused system can be followed with the dEgiss 02
codeHicoL [49] which calculates the dissipation of energy dt 7(Q)(Q)". (29)
with the wall-plus-window formula of Refl50]. The win-

dow formula is valid early in the collision when there is still The friction predicted by the wall formula is very large and

a “neck” cqnnecting the targetlike and projectilelike frag- the rate of change of the deformation rapidly reaches its
ments and involves the transfer of nucleons between theseﬁerminal velocity’”:

fragments. In the wall formula, dissipation is mediated
through interactions of the moving walls of the nucleus with

the nucleons striking it; the rate of energy loss is given by _ d_V
[50] : dQ
=—. 26
0T (20

dEgss_ 3 . ﬂgvzds 23
dt 4 P01 e The dashed curves in Fig. 11 show the predictions of the

above equation using as an initial deformation the value pre-

wherep, is the mass density;; is the Fermi velocity, and dicted by theHicoL code after the rapid-dissipation period
v, is the normal velocity of the surface. QuicoL - The results of this spheroidal approximation and of

The results of the fusion simulation performed wificoL  the HicoL simulations are in excellent agreement @dle-
for a bombarding energy &/A=5 MeV and with zero im-  cays approximately exponentially with a time constant of 3.2
pact parameter are shown in Fig. 11 as the temporal evolues.
tion of Q and the dissipated thermal excitation enetgjyin Next consider the time scale for the build up of fluctua-
this calculation, there is an extremely short period of lesgions which are ignored in Eq24) and theHicoL simula-
than 0.5 zs when most of the energy is dissipated, aftetions. If we make the most simplistic assumptions that the
which a deformed mononuclear configuration is formed withmotion is Markovian and use the Einstein equatioelating
deformationQcoL - Subsequently, the quadrupole momentthe magnitude of the fluctuations and dissipatidine motion
slowly diminishes as the shape evolves towards sphericitycan be described with the following Langevin equation:
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T T ] 1.0
E/A=10 MeV ] A ]
* 1 r 4
- = A\ - - 4
& B'=297 Me : 08—\  mmmmmmmeeeee- 50 MeV —
@ C ]
C 100 MeV ]
] :: 0.6 -_ s sna s 200 Mev __
2 A 400 MeV :
0 ' ' g r ]
' ' © 0.4 —
E/A=5 MeV r 1
2r E'=101 MeV 3 ]
] 0.2 —
a4 C . ]
R -...\_N\ 4
DY PSP B PN B a2
0.0 2.5 5.0 7.5 10.0 125 15.0
At (zs)
0 5 10 15
time (zs) FIG. 13. Predicted dependence of the two-ti@ecorrelation

function plotted as a function of the intervAlt between the two
FIG. 12. Predicted time evolution of the me@olid curveyand  times. The results were obtained fo=0% **%Yb systems at the
standard deviatiottidashed curvésof the relative quadrupole mo- four indicated excitation energies.

mentQ distribution for theE/A=5 and 10 MeV®Ni+ *®Mo reac- - S _ _ _ o
tions at zero impact parameter. equilibrium distribution is attained. To investigate this, it is

useful to look at the two-time correlation function,

1dm dv

. ldm . dV -
m(Q)Q 2dQ(Q) a0 7(Q)Q—VT(Q)7(Q)&(H). CQQ(t,t’):UQQ'

(27) o

The last term is associated with a fluctuating force wheravhereQ andQ’ are the deformations at the two timeand
(&(t))y=0 and(&(t)é(t"))y=248(t—t"). Itis assumed that the t’, respectively. The correlation function was determined
initial period of rapid dissipation is too short a time for sig- from a Langevin simulation averaging over all times
nificant fluctuations to develop and hence all Langevin simu{>r4,) and is plotted as a function aft=[t—t’| in Fig.
lations were started with the same deformat@gco, - Af- 13. The correlation function is almost independent of excita-
ter performing many simulations, the evolution @(t)) tion energy, a result which is due to the cancellation of two
andog(t), the mean and standard deviation of Qelistri-  effects; diffusion is faster at higher temperatures, but the
butions, is calculated. Examples are shownEdA=5 and  width of the equilibrium distribution also increases. As cor-
10 MeV ®Ni+®Mo reactions(zero impact parametein  relations decrease approximately exponentially with time,
Fig. 12. In this figure, note that the initial deformation the time constant, of this decay will serve as a measure of
Quico. decreases at higher bombarding energies. Also ithe correlation timg3.0 zs in these simulations
both examples, the fluctuations build up very quicldythin The time scalesqy, and 7. are plotted as a function of
a couple of zp after which the standard deviation is very excitation energy in Fig. 14) and compared to the evapo-
close to its equilibrium value. The limiting time is therefore rative time scalery, =%/ (It IS the total decay width
not the time required to build up the fluctuations, but theThe solid and dashed curves were calculated for level-
dynamical time required to bring the mean deformation to itsdensity parameters oA/10 and A/8 MeV ™1, respectively.
equilibrium value. A dynamical timey,,, will be defined as The evaporative time scales change very rapidly with exci-
the time required to bring the mean deformation to withintation energy and, compared to this, the difference between
oo()/2 of the equilibrium value, i.e., Tgyn @nd 7 is not very important. FOE* >100 MeV, 7,
() <T74yn, T and significant evaporation will occur before the
og(*® equilibrium distribution becomes established. As the correla-
(Q(7gyn) —(Q(x)) = 2 (28) tion time also serves as an estimatergy,, let us use the
excitation energye; for which 7., = 7. as an indication of
This dynamical time is reaction dependent and for the exthe point at which evaporation occurs before the collective
ample reaction it decreases with bombarding energy due tdegrees of freedom are equilibrated. This quantity is plotted
the decreasing value dycoL. For very asymmetric en- in Fig. 15 as a function of mass number for two level-density
trance channels, the initial deformation will be much smallerparameters A4/8 and A/10 MeV 1). No major dependence
and the time required to equilibrate the shape degrees an compound-nucleus mass is seen. For symmetric entrance
freedom will be limited by the fluctuations. Another related channels, this excitation energy will be slightly smaller as
time is that required for systems to “forget” their deforma- 74,,> 7.
tion. This is of interest if one is looking for correlations in  So far shape fluctuations have only been discussed for
deformations between different evaporation steps once thgystems with zero spin. For finite angular momentum, one

: (29
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time (zs)
CQQ(At)

........................ 200 MeV_f

0.8 R\
— \_  —-—-—- 400 MeV]
w g 0B/ r
\N/ \3 0.4F B
o o .
g 0.2F E
0.0 —i=
0 15

At (zs)

0 50 100 150 200 250 300

E* (MeV) FIG. 16. Predicted) andK two-time correlation functions are
plotted as a function of the intervalt between the two times. The
results were obtained faf=60% %%b systems at the four indi-

cated excitation energies.

FIG. 14. Comparison of the dynamical ting,,,, the correlation
time 7., and the evaporation time,, for the 16%b system at spins
of 0 and 60:. The evaporation times, calculated with level-density
parameters oA/10 andA/8 MeV ™1, are indicated by the solid and

short-dashed curves, respectively. of theK relaxation rate is expected. Everkifremains frozen

for any appreciable deformation, the rapid relaxatiofK it

. . i sphericity may be the controlling factor for the total equilib-
must also consider fluctuationskn Unfortunately, the mag- jym time scale. To illustrate this, Langevin simulations were

nitude ofK fluctuations is not well known. When calculating yaformed wherek remains fixed, except whe® passes
fission-fragment angular distributions it is usually assume hrough zero, at which point the value Kfis randomized.
that the equilibriunK distribution is achieved for the saddle- 11,4 corresponding two-time correlation functions @and
point configuration, but subsequentfyremains frozen dur- . (1 i0ad forJ= 604 16%b systems are presented in Fig.
ing the descent from the saddle to the scission point. Thiﬁs. Unlike the=0% result (Fig. 13, the correlation func-
dighotomy betweerK relaxation as one crosses the saddle; o now depends on excitation enérgy. TReandK corre-
point mgst be a cgonsequence of either d'ﬁ?fe”t time scales %\tion functions have similar, but not identical, behavior for a
the motion on either sm}e of the sad'dle pointor a decre'a'se IBarticular excitation energy, but the correlation time of both
the K relaxation rate with deformation. Close to Sphericity, jecreases slowly with increasing excitation energy. This cor-
the symmetry axis gnls{ become less well de_flned leading o o440 timer. is compared to the evaporation time scale in
a rapid randomization dk. Thus a deformation dependence Fig. 14b). One should note that this value of is a maxi-

mum value; if there are significai fluctuations at large

150 I I ] deformation, then the actual value will be smaller. However,
: 3 it cannot be significantly smaller as the time scale is limited
125 - L -] by theQ fluctuations and thus the time scale should be larger
. -7 - % than the value ofr, for J=0% [Fig. 14a@)]. The excitation
~ 100 2 E energyE? where collective nonequilibrium effects first be-
2 r //’f\ come important is agair-100 MeV even if there is signifi-
:Hf, wr E cantK relaxation at large deformations. Valueskjf deter-
sob- 1 mined for *%b and 1°°Rh systems as a function of spin are
C ] plotted in Fig. 17. This figure also indicates th&t is ap-
25 F E proximately 100 MeV with no great dependence of
L i compound-nucleus mass or spin except for spins aroufid 55
N 1 L . in the 1°Rh system wher&} suddenly drops in value and
50 100 150 200 approaches the yrast line. In fact, for spins abovk,3Bere

A

iS no excitation energy region where the evaporation time

FIG. 15. The predicted excitation energy in the Langevin simu-Sc@le is larger than the correlation time in tHeRh system.
lations where the time scale for the thermalization of the shapd h€ reason for this behavior can be understood from Fig. 18,
degree of freedom is equal to the evaporative time scale. The ré¥hich shows the predicteQ-K equilibrium distribution for
sults, plotted against the compound-nucleus mass, were obtaindde J="55%, E* =100 MeV °Rh system. The peaks in the

with level-density parameters 8§10 (solid curve andA/8 MeV !
(dashed curve

distribution for prolate and oblate shapes observed in Fig.
2(a) are still present, but the ridge connecting them is con-

054614-10



DISTRIBUTION OF COMPOUND-NUCLEUS SHAPES AND . .. PHYSICAL REVIEW €1 054614

' ' ' directly populated by the heavy-ion induced fusion reactions
ey E in the HicoL simulations. However, it is not clear whether
= 100F TT>~ . 10%Rp - this bottleneck exists in reality. One can change from a pro-
% 75 Z—\\\ 3 late to an oblate deformation without passing through sphe-
1o 50 3 ricity, as we are forced to with only the spheroidal degree of
freedom. Whether diffusion along triaxial degrees of free-
i e E dom is fast enough to equilibrate the entire shape degrees of
0 Fomed ' ' freedom before evaporation occurs remains to be seen. For
' ' ' heavier systems, such as thH&€%b, no similar angular-
RS - momentum window is predicted as the bottleneck occurs at
% 100 | A larger spins where the fission barrier is very small.
2 wvs5F 3 Apart from this angular-momentum window discussed
e 5ok R CRE above, nonequilibrium collective effects are predicted to oc-
o5 b e cur at approximatel_y a constant excitat_ion energy with little
e dependence on spin. As such, they might well be observed
00 20 40 60 80 from the evolution of thex-particle spectra with bombarding

7 (1) energy. The exact value_at which thes_e e_ffec_ts first occur is
dependent on the magnitude of the dissipation. If the wall
FIG. 17. Predicted critical excitation energy at which the collec-formula significantly overestimates nuclear dissipation as
tive correlation times-, and the evaporation times, are equal is ~ suggested by Griffin and Dworzeck&1], both 74, and 7.
plotted as a function of compound-nucleus spin for f&h and  will be smaller andg} will be larger. Experimental studies
16%vh systems. The results obtained with level-density parametersf the entrance-channel dependence of statistical GDR
of A/10 andA/8 MeV ™! are indicated by the solid and dashed gamma and charge-particle emission52,18 have sug-
curves, respectively. For comparison, the yrast lines predicted in thgested the dissipation is even larger, which would imply the
calculations of Sierk30] are indicated by the dotted lines. value of E} is smaller. Experimental determination Bf
should permit the magnitude of the dissipation to be de-
siderably diminished. This narrow connecting region be-duced.
tween these two main parts of the distribution represents a The time scale for the equilibrium of the shape degrees of
“bottleneck” which retards the onset of equilibrium between freedom is strongly related to the predictions of transient
the oblate and prolate regions. To diffuse across this bottlefission decay widths. The equilibrium fission decay rate used
neck one must overcome the4 MeV barrier separating [N Statistical-model codes is applicable only after the distri-
them atJ=55%. This barrier also increases with increasing Pution of shapes has equilibrated. A number of theoretical
spin. The other important barrier, the fission barrier, whichStudies[53—58 have followed the diffusion probability cur-
retards the prolate group from fissioning is 11 MeV ati 55 rent over the fission bame_r whep the initial (;hstrlbutmn is
[30] and so escape across this barrier is less probable arfg@ncentrated near the minimum in the potential-energy sur-
evaporation would still be the dominant decay mode up tdace- Not surprisingly, due to the initial condition, these stud-
spins of 5%, where the neutron separation energy and thd€S f_lr_wd_the f|_55|_on rate is initially suppre_ssed approachmg the
fission barrier are equal. In the narrow angular-momentun§duilibrium fission rate only at larger times. This predicted
region, 55-5;, the above calculations would suggest thatPehavior has given rise to the concept of a fission delay

evaporation would be mostly from the prolate group which isWhich may be important in explaining the large fission time
scales measured experimentdl§6]. The standard equilib-

: : , rium decay rates are valid f@; (fission barrier>T, and in
such cases the saddle-point deformation is large compared to
the typical shapes described by the equilibrium distributions
for which V(Q)=<T. As longer diffusion times will be re-
quired to populate the larger deformations, for the assumed
initial condition the fission delay time should be longer than
7.. However, given the rapid build up of the fluctuations
compared to the dynamics of the mean deformation in the
Langevin simulations, it is not clear that the assumed initial
condition is appropriate for all reactions. For more symmet-
ric fusion reactions, the initial condition consistent with the
previous discussions is a large deformation possibility closer
to the saddle-point configuration rather than the minimum in
the potential-energy surface. In such a scenario, the fluctua-
tions may lead to transient fission enhancements.

VI. COMPARISON TO EXPERIMENT

FIG. 18. As for Fig. 2a), but now for the J=55i, E* In this section, calculated multichance Kkinetic-energy
=100 MeV °Rh system. spectra will be compared to experimental data measured in
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TABLE |. Experimental data used in comparison with statistical-model calculations. The compound
nucleus CN, bombarding ener@.., excitation energfe*, and measured and predictedmultiplicities
m, are listed. Predicted multiplicities, (GEM) were obtained with standard statistical-model calculations
and with calculations that consider the equilibrium distributions of compound-nucleus shapes. The level-
density parametest used in each of the calculations is indicated.

Reaction CN  Epeam E* a m, (exp m, (GEM) m, (GEM) Reference
(MeV) (MeV) (MeV™?) (shape dis}. (standargl

c+14sm  Sgr 142 113 A/8 0.7+0.1 0.53 0.39 [12]
6Ni+1%Mo  ®%vb 320 101 A/10 0.45-0.05 0.60 0.42 [11]

433 171 A/10  0.95-0.10 1.09 0.91

576 257 A/10 1.6+0.16 1.52 1.36

640 297 A/10 2.1+0.21 1.81 1.64
ONe+Nd  T%b 270 135 A/10 (6]
28G5i+18Ho 1997 145 65 A/10  0.11+0.04 0.10 0.08 [10]

166 83 A/10  0.30-0.12 0.29 0.20

193 106 A/10  0.59-0.24 0.53 0.41

216 126 A/10  0.69-0.28 0.72 0.58
%0+%au  2¥Fr 114 74 A/11 0.17:0.07 0.35 0.22 [10]

138 98 A/1l1  0.46-0.18 0.70 0.51
180+20%pp  224Th 114 61 A/13 0.22+0.09 0.16 0.08 [10]

138 84 A/13  0.56+0.22 0.34 0.18

coincidence with evaporation residues. In ttemINI Monte  residue cross sections have been measured. The experimental
Carlo simulations, values d® and K are chosen from the evaporation-residue cross sections allow one to restrict the
appropriate equilibrium distributions at each step in therange of compound-nucleus spins contributingxparticle
evaporation cascade. Otherwise, the valueQaind K at  emission. With these considerations, data from the reactions
different steps are assumed to be uncorrelated. At each stdisted in Table | were selected for comparison. In all cases,
an evaporated particle and its kinetic energy are selected inexcept the G- Sm reaction] waves contributing to residue
Monte Carlo fashion from the probabilities calculated with production are limited by fission competition at the higher
the chosen values of and K. a-particle kinetic-energy spins. The statistical fission parameters needed to fit the resi-
spectra were constructed from all particles emitted in due cross sections were taken from the values fitted by the
evaporation cascades that produce evaporation residuedithors of the studies referenced in Table I. These param-
When making comparisons to experimental data, it is imporeters also allowed adequate reproduction of the measured
tant to remember the limitations of these calculations. Firsteross sections in the present calculations. Also included in
the approximate nature of the method used to calculate th&able | is the Ne-Nd reaction of Ref[6] for which the
transmission coefficients has already been stressed in See-particle spectra are gated on high gamma-ray multiplicities
[l B. Even if more accurate transmission coefficients areselected to remove contributions from other reaction mecha-
available, only the spheroidal shape degree of freedom hagsms besides fusion evaporation. The fission parameters in
been considered in these calculations. When ellipsoidathis case were taken from the NMo reaction[11], which
shapes are allowed, the Coulomb-barrier distribution is addiproduces a very similar compound nucleus. For theShn
tionally enhanced for low-energy barriers; this would furtherreaction, the measured residue cross section was used to re-
increase the yield in the “sub-barrier” regid®3]. In spite  strict the fusion-wave distribution in the same manner as in
of these limitations, it is useful to determine whether theseRef.[12].
present calculations predict a sub-barrier enhancement of the Level-density parameters were varied frod/8 to
right order and whether extra enhancements are required af13 MeV ! with increasingA (see Table )l to approxi-
higher excitation energies indicating that collective pre-mately reproduce the high-energy slopes of experimental
equilibrium effects are at play. a-particle spectra. This dependence is itself interesting and
It was decided to restrict the comparison to experimentaimay be an artifact of using a temperature-independent level-
data with A>150. For lighter systems, the neck degree ofdensity parameter. Better reproduction of the slopes of the
freedom is of increasing importance at the saddle-point conspectra at high energies could be obtained with temperature-
figuration[38] and the simple spheroidal shape parametrizadependent level-density parametEt§], however it was de-
tion, which lacks this degree of freedom, is probably inad-cided not to introduce such an effect at present so as not to
equate for the larger prolate-like deformations. Also due tcadd confusion as to the importance of the different modifi-
the angular-momentum dependence of the predicted sulzations, but to concentrate on reproducing the subbarrier re-
barrier enhancement, it was decided to restrict comparison tgion. For all of the experimental data sets studied, the au-
a-particle spectrdresidue gatedwhere also the evaporation thors were unable to reproduce the experimentglarticle
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FIG. 19. Comparison of experimental and predictegarticle C /) ]
kinetic-energy spectra in coincidence with evaporation residues [ // E*=135 MeV X\ |
produced in the'’C+#‘Sm reactionsee Table)l The prediction, LS \
indicated by the solid curve, was obtained including the equilibrium N 20N e+ 150N g 170y
shape distributions at each step of the decay. The dashed curve is a g | |
more standard prediction using spherical transmission coefficients. 0= ‘15' = '20' = '25' = '30
The excitation energy of the compound nucleus is indicated. e (MeV)

spectra in the sub-barrier region with standard statistical- F|G. 20. Same as for Fig. 19, but now the data are from the

model calculations using spherical transmission coefficient$9Ne+15Nd reaction and the spectra are gated on the measured

(even with temperature-dependent level-density parametersgamma-ray multiplicity k,). The relative normalization of the dif-
The predicteda-particle multiplicities are compared to ferentk,-gated spectra is arbitrary.

experimental values in Table | and the predicted shapes of

energy spectrésolid curves are compared to the experimen- 14 compare with experimental data, we have used the rela-
tal datg In Flgs_. 19-24. The pre_d|cted spectra have be%nship(ky>=Jr/2+ 5.3 [57] to gate the statistical-model
normalized to give the same maximum yield as the experiy o gictions. The predicted increase in the sub-barrier en-
mental data to focus our attention on the differences in thﬁancement with spin is again correctly reproduced.

shapes of these spectra. To show the magnitude of the Sub- tpa5e comparisons with the experimental data give no
barrier enhancements, more standard calculations usingqication for the need of any extra sub-barrier enhancement
spherical transmission coefficients and Sierk’s rotational en ssociated with collective nonequilibrium emissions at the
ergies were performed and the results are also listed in Tab ghest excitation energies. To look for such effects it is
| and are indicated by the dashed curves in the figures. The
predicted multiplicities are in good agreement with the ex-
perimental values. The calculations including the equilibrium
distributions of shapes predict higher multiplicities and,
overall, are in better agreement with the data, but the sensi-
tivity of the multiplicities to the nuclear shape is not that
great. However, the largest difference between the two cal-
culations is the sub-barrier enhancement that is produced
when the equilibrium distribution of shapes is included. The
magnitude of this enhancement can be gauged by the differ-
ences between the solid and dashed curves.

First, let us focus our attention on reactions with asym-
metric entrance channel#\(,;;<20) shown in Figs. 19-23.
The compound-nucleus excitation energies for these systems
are 135 MeV or less and the calculations reproduced the
experimental data exceedingly well. Although the extent of
this agreement may be somewhat fortuitous, given the limi-
tations discussed above, the magnitude of the sub-barrier en-
hancement is of the right order. In addition, the spectra gated
on gamma-ray multiplicity in Fig. 20 confirm the predicted
increase of this enhancement with increasing spin. In this
figure, the experimental spectra gated on Idw=11-14)
and high k,=27-33) gamma-ray multiplicities are plotted.  FIG. 21. As for Fig. 19, but now the data are from tfiSi
The detected multiplicity is related to the spin of the residue+ *6*Ho reaction. The relative normalization of the spectra at dif-
J, after the termination of the particle evaporation cascadeferent excitation energies is arbitrary.

dm/dedQ) (relative)
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FIG. 22. As for Fig. 19, but now the data are from tH©
+197Au reaction. The relative normalization of the spectra at dif-
ferent excitation energies is arbitrary. FIG. 24. As for Fig. 19, but now the data are from tfi

+190Mo reaction. The relative normalization of the spectra at dif-

useful to examine more asymmetric entrance channels arf@rent excitation energies is arbitrary.
higher excitation energies where these effects should be
larger. The data from the NiMo reaction in Fig. 24 are from the decay of evaporatetHe and other unstable clus-
most suitable in this regard as it covers the largest range atrs. However, in th&€/A=11 MeV *Ni+ %Mo reaction
excitation energies. At the lowest excitation ener@pl (E* =300 MeV), this component is only dominant for
MeV), the predicted enhancement of sub-bartieparticles  a-particle kinetic energies below 10 MeV and cannot ex-
is again of the right order. However, for the higher excitationplain the yield near the peak of the spedtta]. Possibly, the
energies, substantially larger enhancements are needed to ieelusion of other shape degrees of freedom which are ex-
produce the data. Some of this extra enhancement will comeited at high excitation energies may contribute to a further
enhancement. However, from the discussion in Sec. V, it
O L would not seem unreasonable that for excitation energies of
C 16y, 208py,  224mp 170 MeV and larger, some evaporatior).occurs before the
- 1 shape degrees of freedom are fully equilibrated. HlwoL
simulations for largel-waves populate the prolat€ =0
minima [Fig. 2(b)] and thus it is expected that the preequi-
librium shape distributions will be weighted towards these
prolate shapes which are responsible for most of the sub-
barrier enhancemefiec. IV B). Thus, the increased experi-
mental enhancement at the larger excitation energies is quali-
tatively  consistent  with  collective  preequilibrium
evaporation. Some confirmation of this suggestion comes
from a comparison of the ®Sm and Ni- Mo reactions in
— Ref. [11] which were matched to 170 MeV of excitation
E energy. The measured residue-gategarticle spectra from
these reactions both show some extra sub-barrier enhance-
ment compared to the present calculations. However, this
enhancement is larger for the NMo reaction, consistent

dm/ded) (relative)

1072 —
T R B VA I with the HicoL predictions of larger initial prolate deforma-
15 20 25 30 tions for the more symmetric entrance channel.
e (MeV) Liang et al. [12] have interpreted an entrance-channel de-

pendence of the hardness of experimental proton and

FIG. 23. As for Fig. 19, but now the data are from th®  «-particle spectra as evidence for collective preequilibrium
+2%8p reaction. The relative normalization of the spectra at differ-emissions. The reactions studied wef€+44Sm and®Ni
ent excitation energies is arbitrary. +9Zr making the same compound nucleus with 113 MeV of
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excitation energy and similar spin distributions. More sym-agreement between the experimental and calculated proton
metric entrance channels have larger initial deformations irspectra is obtainefl0].
the HicoL simulations and thus are expected to have lower
initial thermal excitation energies. The initially cooler Ni
+Zr compound system is thus expected to have softer spec-
tra, as observed. The magnitude of this effect is consistent Thermal fluctuations give rise to an equilibrium distribu-
with HicoL simulationg12]. However, the possibility of sig- tion of compound-nucleus shapes and spin projections. A full
nificant nucleonic preequilibrium emissidat large angles  understanding of the evaporative decay probabilities of com-
for the C+ Sm reaction could also account for the observedpound nuclei requires a knowledge of how these quantities
differences. As further support for this latter interpretation,affect the statistical decay width. In this work, the equilib-
the sub-barrier region of the experimentaparticle spectra rium distributions have been determined for spheroidal
shows no significant entrance-channel dependence and $haped nuclei. Both prolate and oblate shapes are populated,
well accounted for in the present calculatiqfgy. 19. This  but at high spins the overall nature of the distribution is
is unlike the results for the higher excitation energy ®m  somewhat more prolate with the tail of the distribution ex-
and NiH Mo reactions discussed above. tending out to very deformeghxis ratio of 2:) shapes even
Clearly, more systematic experimental studies of the evofor moderate excitation energies. The Hauser-Feshbach for-
lution of a-particle spectra with excitation energy and malism has been extended to describe the dependence of the
entrance-channel asymmetry are called for. In addition talecay width on the quadrupole deformation and the spin pro-
this, it is important to obtain theoretical estimates for thejection K. In general, deformation increases the probability
magnitude of the extra sub-barrier enhancement associatdéar a-particle emission; the exact extent depends on the
with collective preequilibrium emissions. This task could bevalue of K. When averaged over the equilibrium distribu-
accomplished by adding evaporation to Langevin simulations, the increased-particle probability is preferentially for
tions similar to those discussed in this work. It is also oflow kinetic energies, enhancing the “sub-barrier” region
interest to determine the excitation-energy dependence afompared to standard calculations using spherical transmis-
this extra enhancement which is not clear at present. Alsion coefficients. The effect on predicted neutron and proton
though the amount of collective preequilibriumparticle  kinetic-energy spectra is much smaller. The magnitude of the
emission should increase with excitation energy, the initialsub-barrier a-particle enhancement is larger for high-spin
fusion deformation decreases with increasing bombardingystems, the largest contribution coming from highly de-
energy in thedicoL simulations. A better understanding of formed prolate shapes.
the evolution ofa-particle spectra with excitation energy  In general, as the excitation energy increases, one should
might allow the strength of nuclear dissipation to be de-observe collective preequilibrium effects associated with
duced. evaporation before the distributions of shape and spin pro-
As already mentioned, the inclusion of the equilibrium jection have thermalized. The time scale for thermalization
shape distribution has little effect on the predicted proton andhas been explored with Langevin simulations, using the dis-
neutron spectra. Within the statistics of tbemiNnl Monte  sipation strength predicted by the wall formula of R&0].
Carlo simulations, it is difficult to discern any difference From these simulations, the shape and spin-projection distri-
between the neutron spectra calculated with and without thbutions will become thermalized before significant evapora-
inclusion of the equilibrium shape distributions and only mi-tion occurs if the excitation energy is100 MeV or less.
nor differences were obtained for protons. Therefore, all conHowever, if the dissipation strength is smaller, then this
clusions made in Ref$10—12 concerning the experimental maximum excitation energy will be larger. At higher excita-
proton spectra for the reactions in Table | still hold. In sometion energies, collective preequilibrium emission will occur
cases a modest enhancement of the sub-barrier protomstil the system cools down below this maximum excitation
would improve agreement with the experimental data. How-energy. Based on the predictions of the dynamical cade
ever, given the insensitivity of the calculations to deforma-coL [49], we expect the preequilibrium shape distribution to
tion, the explanation of this effect would seem to lie else-emphasize large prolate shapes for heavy-ion induced fusion
where. reactions and this will further increase the predicted enhance-
For all but the two heaviest compound systerdO(  ment of sub-barrier particles.
+197Au and %0+ 2%%pp reactionsthe evaporation residues A preliminary comparison of predicteg-particle kinetic-
are predicted to lie close to the evaporation attractor[li@  energy spectra with experimental data from asymmetric col-
at which proton and neutron decay rates are similar at allisions with excitation energies less than 135 MeV indicates
excitation energies. In theemMINI simulations for these sys- that the inclusion of the equilibrium shape distributions pro-
tems, low-energy “sub-barrier” protons are mostly last- duces a sub-barriet-particle enhancement of the correct
chance evaporation and thus shell and structure effects mayder. Data from more symmetric entrance channels give in-
be important in explaining their yields. For the heavy sys-dications that collective preequilibrium-particle emission
tems, the residues are more neutron rich compared to thie occurring at excitation energies above 100 MeV, however
attractor line and at low excitation energies practically onlya quantitative understanding of these data is not available at
neutrons are evaporated. Consequently, almost all protormesent. Further experimental and theoretical studies are
are evaporated early in the decay cascade. Shell and structureeded and these may allow the strength of nuclear dissipa-
effects should be less important for these systems and godibn to be deduced.

VIl. CONCLUSION
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