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Angular momentum efFects in heavy-ion-induced fission
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We analyze angular momentum effects in heavy-ion-induced fission in terms of the statistical model,
including collective effects in the nonadiabatic approach and avoiding all the usual numerical approxi-
mations and free parameters but one. We find that the strong increase of the fission probability along
with the increasing compound nucleus spin is responsible for several observable effects such as the in-

crease of the fission cross section and the decrease of the multiple-chance fission contribution, with the
increase of the projectile mass. It is shown that the fission is particularly sensitive to the fusion cross sec-
tion and its spin distribution. This feature can be used to determine the latter two from the measured
fission cross section.

PACS number(s): 25.85.—w

I. INTRODUCTION

Nuclear fission has been an extensively studied field of
nuclear physics for a long time. As far as a neutron-
induced fission is concerned, one can assume that the
process is rather well understood in terms of the statisti-
cal model and its cross section can be predicted with rela-
tively high accuracy by existing model codes. Introduc-
tion of heavy-ion (HI) beams has brought about new
qualities in this well-established field. Not only has the
range of the nuclei of interest been vastly enlarged, but
most of all formation of the very-high-spin states in HI
reactions requires a more careful and accurate treatment
of the angular momentum effects. One of the aims of this
paper is to demonstrate the importance of these effects
and to indicate how they can eventually be employed for
the determination of the quantities, which, not being
direct observables, are otherwise difficult to estimate.

It is known that the fission cross section strongly de-
pends on the following spin-dependent quantities: (i) the
compound-nucleus fusion cross section, (ii) level densities
in the nucleon emission and fission channels, and (iii) the
fission barrier. None of these quantities is, however, en-
tirely available for experimental investigations. The
fusion cross section can be determined experimentally by
measuring cross sections in all exit channels, but its spin
distribution remains a subject of theoretical speculation.
Similarly, level densities can be studied experimentally
only in a very limited range of low spins and energies, far
from the values typical for HI reactions. The same also
holds for the spin dependence of a fission barrier which
usually relies on the liquid-drop-model predictions. To
investigate the role of angular momentum, we extended
the statistical model code EMPIRE [I], based on the
Hauser-Feshbach theory, to include HI-induced fission.
In doing this we were guided by the work of Vigdor and
Karwowski [2], especially in the parts related to nuclear
deformation effects. We avoid, however, certain numeri-
cal approximations and extend our investigations to the
very-high-spin values approaching the limits of nuclear
stability. Under such extreme conditions, we had to pay

appropriate attention to effects related to nuclear shapes
which undergo a dynamical evolution with increasing
spin. We account for the accurate angular momentum
and parity coupling and allow for a fission preceded by a
multiparticle emission.

We consider ' Er, for which fission cross sections had
been measured for various incoming channels and ener-
gies by van der Plicht et al. [3]. Having the same com-
pound nucleus formed in different incoming channels is
much to our advantage because of the following: (i) it
offers the possibility of forming the same compound nu-
cleus (CN) at the same excitation energy, but with a very
diff'erent spin population (exhibiting the role played by
the angular momentum); (ii) all CN and residual nuclei-
related quantities have to be kept the same for each
projectile-target combination, providing a more severe
test of the model itself.

II. MODEL

In the frame of statistical theory, the contribution of
the CN state with spin J, parity ~, and excitation energy
E to the fission cross section is given by the ratio of the
fission width I f to the total width I tpt multiplied by the
population of this state, o (E,J,m). This general a. pproach
holds not only for the first CN following HI absorption,
but also for the secondary CN's which are formed as a re-
sult of subsequent emission of particles. The only
difference is that while the first CN is excited to the
unique (incident channel compatible) energy, the secon-
dary CN s are created with excitation energies which
spread over an available interval. Each of the CN states
contributes to the fission cross section with

I f(E,J,~)
of(E,J,m)=o (E,J,~).Q„I (E,J, vr)

which has to be summed up over spin and parity, in-
tegrated over excitation energy, and finally summed over
all the nuclei in the decay chain to obtain the measured
fission cross section. The fission and particle decay
widths are given by the formulas
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(3)

where E d(J) is the energy of the nucleus at the saddle
point with angular momentum J, p is the level density,
and T stands for the transmission coefficient. The sub-
scripts f and x refer, respectively, to the fission process
and particle-x emission channels (neutron, proton, a, and
y). The subscript CN indicates compound nucleus, and

primes are used to mark a residual nucleus after particle
emission. The parity selection rules are implicit in Eq.
(3).

T„'~is an optical-model transmission coefficient for par-
ticle x with orbital angular momentum l coupled with
particle spin to give j. The fission transmission coefficient
T& is taken in the classical form proposed by Hill and
Wheeler [4]:

T& =
f 1+exp( 2irE /hr—o ) ]

with fico = 1 MeV. In the present cases, the fission
transmission coefficient is practically equal to unity, as a
result of the rather high excitation energies involved, and
therefore the particular choice of the fico value is ir-
relevant.

To estimate the fusion cross section, we apply the Bass
model [5], which is supposed to provide the total fusion
cross sections with accuracy of the order of 10%. This
cross section is distributed among different spins of com-
pound nucleus by means of the 1-wave transmission
coefficients

T&
= 1+exp

d

Here d is a free parameter and lr„, is chosen in such a
way that, having d fixed, g&(21+1)T& equals the cross
section of Bass. Such an approach is based on the as-
sumption that a transmission coefficient for HI fusion
equals unity for I's lower than 1&„,and falls off smoothly
to zero for greater 1's. It follows that the fusion cross sec-
tion reaches its maximum at J somewhat lower than I&„,.
Calculating spin distribution, we couple projectile spin
and orbital rnomenturn with the target spin to the
compound-nucleus state spin J, observing parity conser-
vation.

Special attention has been devoted to the treatment of
the level densities. HI-induced fission involves very high
spins which inhibit the usual factorization of the spin-
dependent part in the level-density formula. In addition,
large nuclear deformations bring about a rotational
enhancement of the level densities. This enhancement is
especially effective in the fission channel, but also persists
in the particle channels because of the dynamic deforma-
tion of the high-spin states. To account for rotational
enhancement and to avoid a spin factorization assurnp-
tion, we apply the expressions reported in Ref. [6] [Eqs.
(4-63b) and (2B-51)] and write the density of levels with
spin J at energy F. as

g2 J
p(EJ ir)= a' g [E —E«(K)] r exp(2[a [E — E( K)]]'~ ),

16&6ir

$2 fiE 1E„,(K)= J(J+1)+
2 J

(6)

Here Ji and J~~ are moments of inertia perpendicular and parallel to the symmetry axis and K is the projection of J on

the quantization axis. Application of this general expression depends on the particular case. A nucleus at the saddle

point is known to have a strong prolate deformation with the angular momentum vector perpendicular to the symmetry
axis and therefore the rotational contribution to E„d(J) is given by

fi J(J+1)/2( J'i)„q.
'

In the case of the yrast state (equilibrium state of the residual nucleus reached after particle or gamma emission), the de-

formation is usually slight and the shape may be prolate, oblate, or even triaxial. For prolate yrast deformations, we as-
sume rotation around the axis perpendicular to the symmetry axis and retain expression (7) to calculate the rotational-
energy contribution. In the case of the oblate deformation, however, the nucleus is assumed to rotate around its sym-

metry axis and the rotational energy contribution to the potential-energy surface becomes

fi J(J+1)/2(Ji)„,.
Defining the effective moment of inertia,

1 1

~elr

the level densities for prolate and oblate deformed nuclei read
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1/2

p(E, J, ir) = a '~
16 6ir

g2g 2 g21t 2

U — exp 2 a U—
eff eff

1/2

(10)

and
1/2

p(E, J,n)=. — a '
16 6ir K= —J

fi [J(J+1)—E ] iri [J(J+1)—E )
1/2 '

E„,(MeV) =ficool&O.,1=413 (12)

where A'coo is the mean oscillator frequency and 5„,is the
potential deformation parameter. Following [2], we ac-
count for the damping of the rotational enhancement
multiplying Eqs. (10) and (11)by

Note that for the density of fission channels Eq. (10) is
appropriate, while either of the two expressions [Eqs. (10)
and (11)] can be valid for the yrast states, depending on
their deformation. Consistency requires that for the criti-
cal value of the angular momentum —for which the
fission barrier vanishes —saddle-point and yrast shapes
are the same and level densities are calculated using the
same analytical form.

Equations (6), (10), and (11) describe an adiabatic limit
in which intrinsic and rotational degrees of freedom are
completely decoupled. In fact, a rotational band is built
on each intrinsic state, which leads to an increase of the
total level density by factor of the order of 10 . This as-
sumption ceases to be valid for higher excitation energies.
Indeed, the cranking-model Hamiltonian contains the
Coriolis term, which directly couples intrinsic and rota-
tional motions and eventually leads to the breakdown of
the adiabatic approach. One expects the relevant scale to
be given by the Coriolis energy [2,6], which may be ap-
proximated as

1

fi /Sit

3~oA
E„;b,=exp 1.7

47TA 0 dg pp

(15)

and

This expression is tailored to approach unity, essentially
leaving the entire rotational contribution to the level den-
sities intact, at temperatures t low compared with E„„
and tends to the inverse of the rotational enhancement
factor fi /Sit at t ))E„„leading to the cancellation of
the rotational enhancement. To this end, the Q„,func-
tion is arbitrarily related to the Fermi-gas occupation
probability of the single-particle level at energy E„,:

exp(E„,/t)+ 1
(14)

Figure 1 illustrates the energy dependence of Q„,for
the yrast and saddle-point cases. It should be stressed
that because of the much larger deformation of the saddle
point, rotational enhancement fadeout in the fission chan-
nel is considerably slower than in the particle emission
channels. Later on, we shall return to discuss conse-
quences of this difference.

In addition to the rotational effects, we also account
for the vibrational enhancement of the level densities
multiplying Eqs. (10) and (11) by the factor
E»b„—Q»b, (E„;b,—1), where, following Ref. [7],

' 2/3
4/3

100
Q„;b,= 1+exp (16)
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Here mo is the nucleon mass and o.d„is the coefficient of
the surface tension in the liquid-drop model. As for the
rotational effects, one expects the vibrational enhance-
ment to vanish at high temperatures. Equation (15)
therefore contains a damping factor Q„;b„whichwe arbi-
trarily choose to be —,

' at t =t, /2=2 MeV with d, =0.2
MeV. In practice, this choice is of little importance be-
cause the vibrational enhancement affects fission and par-
ticle channels in a similar way and to a large extent it
cancels in the fission cross-section formula. We have
checked that by forcing the damping factor to reach a —,

'

value at t =1 MeV instead of 2 MeV, the fission cross
section is practically unaltered.

III. CALCULATIONS

FIG. 1. Energy dependence of Q„,used to damp the rota-
tional enhancement of level densities for saddle point and yrast
deformations.

In our calculations we consider first-, second-, and
third-chance fissions, allowing for the competition of neu-
tron, proton, and n emission. In the case of second- and
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third-chance fissions, we also account for the full y cas-
cade, which at lower energies may effectively compete
with the particle and fission channels. For completeness,
in addition to the decay to continuum, we also include
particle and y decay to the few low-lying resolved levels,
even though their contributions turn out to be negligible.
Throughout this paper we neglect the possibility of hav-
ing multiple-chance fission after emission of any charged
particle. This could be done with our code, but these
processes contribute too little to justify a huge calculation
effort.

It is important for all relevant parameters used in the
calculations to be specified in detail since, in principle,
our conclusions may depend on the choice of the input.
In fact, the same result may be usually obtained with a
different choice of input parameters and it is difficult to
establish where the physics ends and the game starts.
That is why we choose to study the same compound nu-
cleus produced in different reactions, which needs a
simultaneous reproduction of the enlarged body of exper-
imental data nearly with the same set of parameters. The
only parameter which is evidently related to the incoming
channel is d, which describes deviations from the sharp
cutoff in the spin distribution of the fusion cross section.
This parameter was actually the only one fitted (to the
low-energy fission cross sections) and will be discussed
further on. All the remaining calculation ingredients
were chosen on physical bases and kept fixed throughout
the computations.

The transmission coefficients T,'~ for the particle chan-
nels were calculated from a spherical optical-model po-
tential with global parameters by Becchetti and Green-
lees [8]. The use of the spherical optical model is to some
extent inconsistent with the large deformations encoun-
tered in the calculations. The effect of the nuclear defor-
mation on the transmission coefficients was studied in
Ref. [2]. The main effect of the deformation was found to
consist in the shift of the transmission coefficient thresh-
olds toward lower energies. This shift is of the order of 1

Me V and may eventually lead to a substantial
modification of the charged-particle emission close to the
threshold, but should not be relevant for the fission cross
section.

In order to determine the level-density parameter a, we
applied the method proposed in Ref. [9] and calculated a
from the single-particle spectrum of the shell-model
Hamiltonian. We favor this method over the standard
parametrization a = A /c (with c =8), as it is not only
realistic, but it also takes care of the energy and mass
dependences resulting from the shell structure in the ei-
genvalue spectrum. For the time being, we neglect the
difference between the single-particle spectrum at the
ground state and saddle point. As a matter of fact, a
large saddle-point deformation may lead to some increase
of a and consequently to an increase of the fission cross
section, but this effect is estimated to be rather small [10].

Other parameters of crucial importance are moments
of inertia which determine the spin distribution of the
levels. In the case of the saddle point, the three principal
moments of inertia were obtained by means of Sierk's
routine BARMOM [11], which fits the results of the ad-

vanced rotating liquid-drop-model (RLDM) calculations.
The inertia moments for the yrast states were calculated
from the P and y deformation parameters using the for-
mulas reported in the Appendix of Ref. [2]. The spin-
dependent deformation parameters were taken from Ref.
[12], in which the shape of different even isotopes of Er
were studied in the frame of the cranking model. Out of
these we chose ' Er and applied its shape indifferently to
all the nuclei involved. According to Ref. [12], "Er is
prolate up to spins of about 4(Hi with P=0.2—0.3, for
higher spins it crosses the triaxial region to reach the axi-
ally symmetric oblate deformation at J=SOA, and for
further spin increase it remains oblate, increasing its P
deformation parameter. This leads to an increase of the
inertia moment, which must not be neglected when heavy
projectiles and high incident energies are considered.

The spin-dependent fission barriers were obtained us-

ing the BARFIT routine [11] based on the same RLDM
calculations, which also provided moments of inertia.
The same routine, in addition, returns ground-state ener-

gy at a given spin, which is used to determine the
effective excitation energy in the fission and particle emis-
sion channels.

The remaining model parameters (ejectiles binding en-
ergies and fusion Q value) were calculated from the tables
of nuclear masses [13],and all spins were taken from [14].

IV. ANGULAR MOMENTUM EFFECTS

The results of our theoretical calculations are com-
pared with experimental data in Fig. 2. We believe the
general agreement to be more than satisfactory. Some
minor deviations could easily be removed with the al-
lowed modifications of the input parameters; e.g. , varia-
tion of the fusion cross section within a 10% accuracy
limit would be more than enough. We deliberately did
not do it in order to avoid a pure parameter fitting which
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FIG. 2. Comparison of experimental data [3] with the results
of our statistical-model calculations for fission of '"Er obtained

0+ Nd, Mg+ Ba, S+ Te, and Ni+ Zr
tions.
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could obscure the underlying physics. In any case it is
clearly seen that using the best and an a priori fixed set of
input parameters (allowing only for the variation of d) a
very convincing reproduction of the experimental fission
cross sections is achieved. This is in spite of the con-
sistent inclusion of collective effects throughout the entire
calculations, while in the original paper [3] it was argued
that an incorporation of such effects would lead to the de-
struction of the general agreement between experimental
data and statistical-model predictions. Analysis of Figs.
1 and 3 will help to solve these contradictions. First of
all, in the energy range of our present interest, the rota-
tional effects are not entirely damped at the yrast defor-
mations and neither are they fully operative in the fission
channel (see Fig. 1), as was supposed in Ref. [3]. The
dependence of the fission cross section on the coupling
between intrinsic and collective degrees of freedom can
be qualitatively studied by multiplying E„,in Eq. (12)
with a constant y and varying it between 0 and infinity.
Setting y=O corresponds to the complete damping of the
rotational effects, leaving only intrinsic excitations (we

may call it a spherical limit), while for y equal to infinity
we recover an adiabatic limit. All finite values of g there-
fore correspond to the intermediate coupling of rotation-
al and intrinsic motions. The effect of this coupling on
the fission cross section is presented in Fig. 3. We note
that, in the case considered, the fission cross section in
the adiabatic limit is somewhat larger than the value ob-
tained in the spherical limit. Roughly speaking, their ra-
tio is approximately equal to the ratio of rotational
enhancement factors for fission and particle emission
channels, (Ji)ftf /(2i)„,t„,. Even though the saddle-

point moment of inertia is always larger, the final result
may still depend on the most probable temperatures in
the fission and particle emission channels. In very rare
cases of excitations slightly above a high fission barrier

(possible mostly at low spins), a larger temperature in the
particle channels may win over the moment-of-inertia ra-
tio, and the fission cross section in the adiabatic limit
may become smaller than in the spherical limit. In any
case, going back from the adiabatic toward the spherical
limit, the fission cross section increases (see Fig. 3) be-
cause of the faster fadeout of the rotational enhancement
factor in the particle channels (Fig. 1). The fission cross
section reaches its maximum for y around 0.2 and then
falls down to the spherical limit. This maximum is, how-
ever, much lower than what one would expect if rotation-
al enhancement were totally damped in the particle chan-
nels but still fully effective in the fission channel. This
would lead to an increase of the fission probability by two
orders of magnitude. If this does not happen, it is due to
the rather slow energy and deformation dependence of
our Q„„function. Good agreement between experimen-
tal data and the results of our calculations confirms our
choice of the damping function and of the physically
motivated value for the y parameter (y=1). In fact, we
have performed calculations using different forms of the
damping function [15],obtaining results which were visi-

bly worse.
We also note a very weak dependence of the calculated

fission cross section on the value of the level-density pa-
rarneter a. Applying the standard relation a =A/8,
which for ' Er provides us with the value a =19.8, con-
siderably higher than our value a =15, the fission cross
section changes a few percent only, confirming that the
results depend more on the ratio of the level densities in
the fission and nucleon emission channels than on their
absolute values.

Having convinced ourselves of the applicability of the
model to the reactions studied, we may proceed to inves-
tigate the less apparent details of the reaction mecha-
nism. First of all, we address the spin dependence of the
fission probability (given by the ratio of the fission width
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FIG. 3. Dependence of the fission cross section on the g pa-
rameter (see text) in the case of the S+ ' Te incoming channel
at an incident energy of 180 MeV. The arrow points to g=1,
the value used in the calculation.

FIG. 4. Dependence of the fission probabihty (solid line) and
the fission cross section (dashed line) on the compound-nucleus
spin for the S+' Te incoming channel at an incident energy
of 220 MeV.
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to the total width, I &/I „,) as shown in Fig. 4. One ob-
serves a strong increase of the fission probability with in-

creasing spin. There are two reasons contributing to this
effect: (i) decreasing fission barrier and (ii) large moment
of inertia of the saddle-point configuration, which makes
the density of high-spin states in the fission channel much
larger than the equivalent densities in the particle emis-
sion channels. It is worthwhile noting that since the CN
population is also up to 1&„„anincreasing function of the

spin (due to the kinematical factor 2l + l), an overwhelm-

ing contribution to the fission cross section comes from
the very few spin values close to l&„,(see Fig. 4). A de-

crease of the fission cross section at the very last spin
values is related to the vanishing population of these
states in the projectile-target fusion. This observation is
essential to our further discussion since all the effects we
are going to discuss are a direct consequence of this par-
ticular spin dependence of the fission probability.

The most evident spin effect is a drastic growth of the
fission cross section with increasing projectile mass for
the fixed CN excitation energy (see Fig. 2). This finds a
straightforward explanation in the fact that heavier pro-
jectiles bring about higher angular momenta, populating
higher-spin states, which are of high fissility. It follows
that the difference between the fission cross sections for
two different incoming channels leading to the same CN
excitation energy reflects the difference between maximal
I values participating in the CN fusion (l&„,) in both cases.
Obviously, this statement holds when the CN is the only
mechanism contributing to fission.

Another spin effect brings us back to the determination
of the input parameter d, which describes the fallout of
the fusion cross section in the vicinity of l&„,. Figure 5

shows a typical dependence of the fission cross section in

a function of d for two distinct CN excitation energies:
the first one close to the fission threshold and the other
one considerably higher. The fission cross section turns
out to increase strongly with d in the first case, while for

the higher energy this dependence practically disappears.
The explanation is again given by the spin dependence of
the fission probability. At low energies the CN states
populated from the incoming channel lie in the spin re-

gion where the fission probability rapidly increases. In-
creasing d means shifting part of the fusion cross section
toward higher spins, which have a higher fission probabil-
ity, and thus the calculated fission cross section increases.
For the higher-energy case, the same shift of the fusion
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FIG. 5. Dependence of the fission cross section on the pa-
rarneter d in the case of the ' S+' Te incoming channel at an
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FIG. 6. Contributions of the multiple-chance fission cross

sections to the total fission cross section (solid line) for the four

different incoming channels considered. The dashed, dotted,

and dot-dashed lines refer to first-, second-, and third-chance

fissions respectively.
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FIG. 7. Histogram of the relative contributions of the
multiple-chance fission for the four incoming channels at the
same excitation energy of 100 MeV.

cross section does not make such a large difference since
the fission probability tends to saturate approaching uni-
ty. This can be worded more generally by saying that the
fission cross section is sensitive to the fusion spin distri-
bution if If„,is well below the I value, whereby the fission
barrier vanishes. This fact makes a priori predictions of
the fission cross sections right above the fission threshold
difficult, but this may be turned to our advantage by us-
ing it for the determination of the CN spin distribution
resulting from HI fusion, which is not a directly measur-
able quantity. Actually, in the present analysis, we ob-
tained d equal to 1.5, 4.5, 4.5, and 1.0 for ' 0+' Nd,

Mg+ Ba, S+ Te, and Ni+ Zr channels,
spectively.

The third effect we are going to discuss is the relative
probability of the multiple-chance fission for different
projectile-target combinations. In Fig. 6 we decompose
the results of our calculations, already presented in Fig.
2, into contributions coming from the fission of the initial
CN (first-chance fission) and those which are due to the
fission of the residual nuclei after emission of one and two
neutrons (second- and third-chance fissions). Generally,
one would expect that a multiple-chance fission can be
characterized by the increasing shift in the excitation en-
ergy, which may approximately be related to the neutron
binding plus average energy of the emitted neutron, i.e.,
the difference between excitation energy of the parent and
daughter nuclei. Accordingly, the multiple-chance fission
cross section should decrease with the number of neu-
trons emitted prior to fission and, in the first approxima-
tion, should depend on the neutron binding energies in
the subsequent nuclei. In fact, such a general behavior is
observed in Fig. 6. However, we would like to point out
that in some cases the shapes of different multiple-chance
fission cross sections are different, contradicting the as-
sumption of the simple energy shift between subsequent
fission chances. Moreover, for the Ni+ Zr channel,
multiple-chance fission cross sections seem to differ by a

factor other than a constant-energy shift. In Fig. 7 we
plot percentage contributions of the first-, second-, and
third-chance 6ssions to the total fission cross section for
the four incoming channels leading to ' Er at an excita-
tion energy of 100 MeV. We chose this relatively high
energy in order to have all three fission chances well es-
tablished. By analyzing Fig. 7, we note that for the light-
est projectile the first-, second-, and third-chance fissions
contribute with 49%, 34%, and 17%, respectively. Con-
sidering heavier projectiles, the contribution of the first
chance grows at the expense of the higher chances and
for the Ni+ Zr system we find 85%, 12%, and 3%, re-
spectively. Alternatively, the same effect may be worded
in terms of the prefission neutron multiplicity, which
turns out to decrease from 0.68 in the former case to 0.18
in the latter one. This may be understood as a depletion
of the cross section available to fission resulting from the
fission of the preceding nucleus in the chain. As we al-
ready know, this depletion increases with the projectile
mass. This effect is enhanced by the fact that, because of
the spin dependence of the fission probability, depletion
mostly concerns the states of highest fissility. Neutron
emission brings about a rather small change in angular
momentum, and in any case, for highest-spin states, it
tends to shift the population toward lower spins where
more levels are available. Therefore neutron emission
does not obscure fission depletion. If the fission probabil-
ity of such states is high enough, the population of the
high-spin states in the residual nucleus will be very low,
leading to a considerable reduction of the next-chance
fission.

V. SUMMARY

We have presented statistical-model calculations of the
heavy-ion-induced fission cross sections using an a priori
fixed set of input parameters and avoiding any numerical
approximations. We have allowed for only one free pa-
rameter d, describing the angular momentum distribution
of the fusion cross section, which in any case has only a
marginal effect on the fission cross section at energies sur-
passing the fission threshold by more than few tens of
MeV. In principle, there are no grounds to expect d to be
independent from energy, but its relatively small
influence on the fission cross section at higher energies
does not allow a trustworthy determination of its energy
dependence. However, at the energies right above the
fission threshold, a large sensitivity of the fission cross
section to the value of the parameter d may be used to
determine the fusion spin distribution. We obtain a very
good description of the experimental data, allowing for
the nonadiabatic coupling of the collective and intrinsic
degrees of freedom in the level densities. This contrasts
with the results of Ref. [3], where it was claimed that in-
clusion of such effects would destroy the agreement. By
analyzing the answer of the calculated fission cross sec-
tion to the gradual transition from the case with no col-
lective effects to the adiabatic limit (collective effects in-
cluded without any damping), we have found that the
fission cross section is only slightly different between
these two limits (being larger in the adiabatic limit),
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reaching its maximum in between. This behavior could
be used to discern damping of the collective effects, espe-
cially in the high-energy range where the fusion spin dis-
tribution parameter d does not affect the results. In this
work we have found that the physically motivated as-
sumption that the collective effects fade out to —,

' at a tem-

perature equal to the Coriolis energy is consistent with
the experimental data, and therefore we do not consider
this issue as a degree of freedom in the calculations. Ac-
cordingly, at higher energies there are essentially no pos-
sibilities of changing the results of our calculations.

Our code is capable of an approximate treatment of
viscosity effects, but agreement obtained without these
effects did not call for their inclusion. In fact, the use of
a reasonable value (about 0.8X10 ' s ') for the viscosity
parameter would lead to a decrease of the calculated
fission cross sections by 10—20%, leaving the agreement
with the experimental data essentially unchanged. More-
over, the same changes can be obtained by the
modification of the coupling between collective and in-
trinsic degrees of freedom (i.e., damping of collective

effects). For these reasons we have decided to neglect the
viscosity effects in order to avoid the introduction of a
free parameter. This does not mean that the dissipation
effects are totally negligible, but it certainly indicates that
the phase-space arguments prevail by far in the con-
sidered energy range.

The most striking feature of the heavy-ion-induced
fission is a strong increase of the fission probability with
CN spin. A direct consequence of this effect is a strong
correlation between the fission and fusion cross sections,
which may be used to determine the latter once the form-
er is known experimentally.
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