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Predictions for statistical decay of highly deformed nuclei using the Hauser-Feshbach formulation are presented
including emission of clusters up to "C. These calculatons use the rotating liquid drop model to estimate
deformation versus angular momentum. The algorithms used to compute transmission coefficients for spherical and
for deformed nuclei are presented, as well as results for several sets of calculations for 3 = 56 and 148 compound
nuclei. Several different formulations are explored for computing decay rates of deformed nuclei. Large cluster
emission amplification is predicted when deformation is considered, with consequent decrease in first chance fission.
Qualitative comparisons are made with some heavy ion experiments which are consistent with these predictions, and

types of experiments to verify the new cluster decay amplification mechanism are suggested. It is pointed out that
the phase space dependence on deformation may prove valuable in interpreting some nonequilibrium heavy ion

reaction results.

NUCLEAR REACTIONS Model equilibrium decay clusters from superde-
formed nuclei at high angular momenta. Discuss relevance new decay mode
to incompletely equilibrated heavy ion systems. Compare predictions qual-

itatively with experimental results.

I. INTRODUCTION

Many heavy ion reaction yields have been an-
alyzed by comparisons with equilibrium sta-
tistical model predictions. Reaction mechanisms
are often deduced from the agreement or dis-
agreement between statistical model expectation
and experimental observation. Usually the role
of angular momentum was recognized in sta-
tistical model calculations by lowering the fission
barriers due to deformation. ' ' Strangely enough,
the effect of this deformation has generally been
overlooked with respect to particle emission
rates from the deformed nuclei.

Recently, the ground state deformations pre-
dicted by the rotating liquid drop (BLD) model
were used to model n, P, and n transmission
coefficients IT, (e)) as a function of emitting nu-
cleus angular momentum. ' ' Results for the
predicted decay channels were drastically altered
from earlier calculations in which T, (e) com-
puted for spherical ground state nuclei were used.
Large amplifications of the a decay rates resulted
for the highly deformed triaxial nuc1ei with con-
sequent suppression of first chance fission. ' If
such an amplification effect had been observed
experimentally it might well have been inter-
preted as a precompound effect if corn'pared with
predictions of the statistical model with T, (e)
computed for spherical nuclei.

In this paper the earlier modeling effort for
deformed nuclei has been expanded to include
emission of heavier clusters —specifically I.i,

Be, 'Be, "B, and "C. Several. different ap-
proaches are used to calculate the decay rates
in addition to the extreme assumptions used in
earlier works. Results are presented compared
to calculations with T, (e) modeled'for spherical
nuclei. As in the earlier work, the predicted
course of deexcitation is altered for super def ormed
nuclei. Many experimental results are qual-
itatively in agreement with these predicted
changes; results which had been interpreted as
precompound or direct reactions are now found
to be consistent with compound decay expectations.
Although this consistency by no means confirms
a compound nucleus mechanism, it suggests that
caution should be exercised before dismissing
compound nucleus interpretations.

It has been shown that heavy ion compound
lifetimes should become comparable to equili-
bration times and coalescence times at moderate
excitations. In addition, experiments, supported
by theoretical modeling, have shown that sig-
nificant equilibration of excitation sets in very
rapidly in heavy ion reactions, with significant
particle emission expected during the coalescence
process. In view of the'se observations the results
to be presented in terms of fully equilibrated
systems may be relevant to the equilibrating sys-
tems. They would then predict a new type of
precompound decay, best described as "centri-
fugal fragmentation. " The centrifugal fragmen-
tation mechanism would be different from pre-
compound decay of light-projectile induced
reactions in that it results from collective (defor-
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mation) influences on phase space rather than
on intrinsic excitations.

In Sec. II we describe the rel.evant parametri-
zations and decay equations used, with reference
to eaxlier works containing more detailed de-
scriptions of the computer codes and fission decay
rates. The approximations and uncertainties of
the model. calculations are discussed. The phase
space relationships which result in the cluster
emission amplification are reviewed qualitatively.
Different ways to calculate the decay rates are
described.

In Sec. III, results of model calculations are
presented and compared for the "old statistical
model. " [T,(s) for spherical nuclei] and for the
new approach with respect to the angular mo-
mentum deformation dependence of T, (c). Com-
pound nuclei in the mass 60 and 150 regions have
been selected arbitrarily to illustrate the mass
dependence of the results.

In Sec. III some qualitative comparisons are
made between recent experimental results and

the predictions of the new model. Additionally,
some noncompound results are reviewed, and
relevance to the present work is discussed.
Section IV presents our conclusions.

II. DECAY FORMULATION AND CLUSTER
EMISSION PARAMETRIZATION

A. Statistical decay code

The code used in these calculations, ALKHTII,
is a modification of the Hauser-Feshbach (HF)
multiple particle emission code MBII.' These
codes include fission as a deexcitation channel
according to the RLD and Bohr-%heeler models.
Detailed descriptions of the treatment of the fis-
sion channel are to be found elsewhere. '

The emission probability for particle v with
channel energy E and spin s„ from a compound
nucleus of angular momentum I to give a residual
nucleus at excitation U and angular momentum
J' is given by

(2 s„+1)P", ,Q~"~~, ~,T', (e)p(U, J )d&

J,",Q„",(2 „sl+)g", op~"~, , i „T, (s) p(U, Z)da

&he „T, (&) represents the transmission coef-
ficient for particle v at channel energy q to form
a residual nucleus with angular momentum J and

p(U, J') the residual level density. The spin depen-
dent level density was used in the form suggested
by Lang, '

p(U, Z) (~+1)U 'exp(2 ju [U- U...(~)1P"),

where U„,(Z) is the energy of the rotational nu-
cleus at angular momentum 4, differing from the
ground state by the rotational energy and by sur-
face and Coulomb enex'gies which axe modified by
the equilibrium defox mation.

Lang demonstrated that this formulation gives
a better representati. on of more exact level den-
sity expansions than does the commonly used
exponential spin cutoff form, and goes to zero at
the yx'ast line. The xotational energies used in
(1) and (2) in this work were evaluated for the
equilibrium deformations of the rigid rotors
predicted by the BLD model. ' The code included
a y-ray deexcitation channel and evaluates a space
with a mesh size 1 MeV by lb. A fission rate
according to the Bohr-Wheeler formalism was
also included in the denominator of Eg. (1).

The code as described" was modified to allow

the emission of up to eight particle types in addi-
tion to the y-ray and fission channels. The first
two particles are always neutrons and protons.
The five additional particles are specified at time
of execution as to mass number, atomic number,
and intrinsic spin. Results to be presented in
this work considered emission of n, P, n, 'I i,
'Be, Be, "B, and "C from,",Ni and,",'Sm com-
pound nuclei. Limits involved in evaluating Eq.
(1) are discussed in Sec. III 8; calculation of
transmission coefficients is described in Secs.
IIC and IID.

B. Evaluation of decay rates

The point of the present work is that the very
large deformations expected in compound nuclei
formed in heavy ion reactions previously have
been only partially incorporated into the statis-
tical decay calculations. In particular the fission
barriers have been calculated with the RLD mod-

el, and yrast energies of residual nuclei have been
computed using the RLD rotational energies for
deformed nuclei. Yet the 7.', have been computed
for spherical nuclei, and this represents an in-
consistenc y.

Recognition of the inconsistency is less con-
troversial than the question of how to formulate
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statistical decay when compound and residual
nuclei each have substantially different defor-
mations. We will. therefore present results of
a calculation of the type previously used in sta-
tistical codes, and three modifications intended
to illustrate the possible influences of the large
deformations. 'The physical assumptions of these
calculations can be described as foQows:

(A) T, are computed for a spherical. residual
nucleus, but the yrast energy is calculated for
the equilibrium deformed final nucleus as given

by the HI D model;
(8) T& are computed for the compound nucleus

deformation predicted by BI D model, and the

yrast energy is computed for the equilibrium de-
formed residual nucleus;

(C) T, are computed for the compound nucleus
deformation, and the yrast energies of the residual
nuclei are calculated assuming that the compound
nucleus deformation is a frozen (collective) degree
of freedom;

(D) T, and yrast energies are both computed
for the equilibrium residual nucleus deformation.

Of these approaches, (A) is recognized as the
one which has been used commonly over the past
decade. It would in some sense be a more con-
sistent formulation (but not necessarily better)
if not only the T, but also the yrast energies had

been computed for spherical nuclei. Calculation

(8) is the approachwhich has been taken in several
recent works. ' 7 It has an implicit assumption
that there is complete overlap in shape for the
initial and final state wave functions.

It is the easiest method computationally for
handling T, for deformed nuclei and for this rea-
son was used in works preceding this. However,

the phase space is calculated with T, based on

compound nucleus shape, and the final state level
density based on residual nucleus deformation.
'The total phase space is not computed at a single
point, and while computationally convenient it is
physically incor rect.

Formulation (C) assumes that there is no re-
adjustment of shape of the nascent final nucleus
towards its equilibrium deformation at the saddle
point consisting of final nucleus plus ej ectile just out-
side the range of nuclear forces. Moretto has pre-
viously presented a saddle point formulation for sta-
tistical. decay of clusters and nucleons, for some-
whatdifferent reasons. "

Formulation (D) results from a detailed balance
approach where the decay rate is based on the
capture rate of the ejectile by the equilibrium
deformed residual nucleus. Using the residual
nucleus deformation is a conservative method of
limiting the T, range; this limit should provide

the physical information as to the overlap restric-
tions between initial and final states.

The phase space relationships of the several
calculations maybe seen in Fig. 1, which is an
excitation energy versus angular momentum dia-
gram for a "Ni compound nucleus at 176 MeV
of excitation with 55k of angular momenta. The
curves AD and GI represent the loci of minimum
angular momenta which may be populated in the
residual nucleus by a emission if the T, are com-
puted for spherical (AD) or deformed (fG) nuclei
(compound nucleus deformation is assumed).
Curves are shown for the yrast lines computed
for a spherical rigid rotor, for the BLD yrast
line of the equilibrium deformed residual nucleus,
and for the yrast line based on the compound nu-
c1.eus deformation.

The decay rates as given by Eg. (1) are given
by the summation (over Z values) for level den-
sities of Eq. (2) which are evaluated for the exci-
tation energies above the appropriate yrast en-
ergies. Thus for calculation (A), the area bounded
by AcFD enters the decay rate result as lower
limits in the summation over J. If a spherical
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FIG. 1. Energy and angular momentum space for
statistical deexcitation of a ~6Ni compound nucleus at
555 and 176 MeV excitation energy. The dotted curve
represents the rigid spherical rotor yrast line, the low-
er solid curve represents the BLD model yrast line, and

the lower dashed curve represents the RLD yrast line for
a nucleus having the shape (and moment of inertia) pre-
dicted by the RLD model for a nucleus at 555. The rela-
tionship of these several yrast limits to decay rates is
discussed in the text.
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rotor had been assumed rather than the RLD
model result, then the curve ABED would have
bounded the relevant area. Calculation (8) in-
volves limits in Eq. (1) given by GHKI; it may
be seen that this represents the maximum area
of the possible approaches, and therefore wi. ll
give the maximum effects on decay rates. Cal-
culation (C) involves limits given by GHJI.

Calculation (D) should give a residual nucleus
J locus somewhere between AD and GI, with level
densities computed from the equilibrium residual
nucleus yrast line. On. e should remember that
the deformation enters the fission rate only via
the compound nucleus fission barrier, so that the
fission rate is the same for all approaches (A)-
(D). However, as particle emission rates change,
the fission probability will change due to the com-
petition with particle emission.

%'e have presented several options as to how

to model deformation into decay rates. Recom-
mendations as to the most appropriate are more
difficult to make, as they depend on the dynamical
influence on the potential energy surface as the
particle is just being emitted from the compound
nucleus. We would expect calculation (B}to over-
estimate the deformation effects, as a total over-
lap between initial and final state shapes is highly
unlikely. Calculation (C), on the other hand,
requires a complete overlap of shapes by freezing
this degree of freedom; no change of collective
to intrinsic excitation upon particle emission is
assumed and this therefore seems a safe and
conservative approach to the problem.

Viewing the decay process as an equilibrium
phenomenon with time reversal leads to calcula-
tion (D); however, the question of the evaluation
of the T, which can connect different initial and
final states is more difficult when the usual
assumed spherical symmetry is not present. „
once again the question of dynamics enters. In
this context calculation (D) is again conservative,
as the lower residual nucleus deformations rather
than the larger deformations of the compound
nuclei are used in defining the limiting ejectile
orbital angular momenta; this imposes the limit
on overlap of shapes which is missing in cal-
culation (B). We would conclude that the effects
predicted in calculating (C) and (D) should be very
reasonable, with larger effects possible, if the nu-
clear shape can change significantly during the
particle emission process.

C. Transmission coefficients for spherical nudei

The T, (e) used in this work were based on a
classical sharp cutoff (SCO) model. For the n, P,
and a channels the SCO parameters were selected
to approximately reproduce the T, = 0.5 loci of the

= 1.21(p)'

For spherical nuclei the maximum angular
momentum (I ) which could be carried off by a
neutron was taken to be

(4)

=0.187(2ps)"'[R+R„+3.4/(&+0. 4)'~'], (5)

where E is the channel energy in MeV and p. is the
reduced mass.

For charged particles,

I = 0.18 I [2pc(1 —V„/e) j'i' (6)

where the Coulomb barrier V„(MeV) is given by

(z —z„)z~„
(R+R„+1.6) '

and where 2 is the compound nucleus atomic num-

ber, S„ is the cluster atomic number, K„ is a
constant, and 1.6 is a finite range parameter. The
value of K„as determined from the fitting of optical
model cross sections was found to be 1.15 for
protons and 1.32 for o particles. It was assumed
to be 1.32 for all other clusters, in the absence
of a global optical model parameter set with which
to compare SCO results.

D. Transmission coefficients for deformed nuclei

A qualitative consideration of the problem of
evaporation from a deformed rather than spherical
system is useful. Classically, l =Rx P; then /

for neutron emission from the tip of a deformed
nucleus leads to twice the result of a spherical
nucleus if the deformed nucleus major axis is
twice that of the spherical nucleus (which according
to the RLD model is the case for many nuclei
formed in heavy ion reactions). However, some
emission will take place from the "waist" region
of the deformed nucleus, leading to lower l than
for the spherical system. Clearly an averaging
must be performed; the evaporation aspect sug-
gests that the weighting be proportional to the sur-
face area. The qualitative argument is similar
for charged particle emission, except that in this
case l depends not only on radius of emission,

nuclear optical mode). The latter used the global
parameter sets contained with the optical model
subroutine of the code ALICE."" Comparisons
between the SCO and optical. model results were
presented in Ref. 7. For heavier clusters the
parametrization of T, (s} for n particles was modi-
fied in a consistent fashion as will be described.

The radius 8 of a, residual nucleus following
emission of a particle of mass number v from a
nucleus of mass number Ac„was taken to be

R = 1.21(Ac„—v)'~'

and the radius of the particle v was taken to be
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but on the barrier height at the point on the sur-
face from which emission takes place [see Eqs.
(6) and (7)]. This barrier height differs from that
of the spherical nucleus due to both the non-
spherical matter and the nonspherical charge dis-tributionss.

For neutrons, the T, (&) were computed averaged
over 50 "slices" of the nucleus along the sym-
metry axis with the R of Eq. (5) replaced by the
distance from the center to the surface point (ring)
of emission. The nuclei were assumed to be
ellipsoids of revolution, with the major axis given
by the BLD model, and the minor axis deter-
mined by volume conservation. Figures showing
representative T, sets for deformed nuclei were
presented in (7).

For charged particles the procedure was sim-
ilar to that for neutrons, except that the V„of
Eqs. (6) and (7) as well as the R had to be re-
computed for each ring of the nuclear surface.
The equations describing these computations are
to be found in (7). The deformations at each an-
gular momentum were computed according to the
HLD model; the R, but not the R„were modified
for deformation as indicated.

In the remainder of this work we will consider
results of the deexcitation of "Ni at 176 and 96
MeV of excitation, and of "'Sm at 135 MeV of
excitation. These choices were made in order to
show results for the rare earth and for a l.ight
mass system. In Table I the relevant deforma-
tions to be expected versus compound nucleus
angular momentum are summarized, as well as
l for several channel energies for the protons
and clusters considered. The large increase in

l with deformation (angular momentum) may be
seen in Table I, especially for the clusters.

E. Population of superdeformed nuclei

It is worthwhile to indicate the expected fraction
of the compound nucleus cross section which may
be populated in the superdeformed nucleus region.
This mass dependent function is shown in Fig.
2, where the relative cross sections which could
be populated in the spherical/oblate region vs the
prolate/triaxial regions are indicated versus mass
number (based on the RLD model). The RLD limit
for cross sections (which should be proportional to
& ) above which the fission barrier is zero is also
indicated in Fig. 2. Finally, the ratio of prolate/
triaxial nuclei to spherical/oblate nuclei (according
to the RLD model) versus mass number is shown.
As an example of the use of Fig. 2 we consider
mass number 80. A vertical line through 80
(abscissa) intersects the solid line at a relative
cross section (J') of 2000 units. The fission
barrier disappears (becomes equal to zero) at
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8'= 5500 units. Then 2000 units of cross section
may be populated by spherical and oblately de-
formed nuclei, and 5500 - 2000 = 3500 units as pro-
late and triaxially deformed nuclei. The ratio
of the lattex' to the forIQex' 18 approximately
1.V: 1, as given by the curve labeled "ratio. " It
may be seen that a major portion of compound
cross sections maybe superdeformed over a wide
range of masses. (Some preliminary experi-
mental results suggest an onset of prolate shapes
at even lower angular momenta than predicted by
the RLD model. ") It is obvious that these de-
formed shapes must not be overlooked in reaction
models. It is the purpose of this work to indi-
cate how the deexcitation of these highly deformed

FIG. 2. Relative cross section limits and ratios for
populating spherical/oblate versus prolate/triaxial nu-
clei as function of mass number accox'ding to the rotating
liquid drop model. The left ordinate is the square of the
angular momentum quantum number of the xotating nu-
cleus; the x'ight ordinate is for the ratio cux've. Mass
number is given on the abscissa. The solid cuxve rep-
resents the transition between spherical/oblate (S/0) and
prolate/triaxial (P/T) nuclei; cross section (proportion-
al to 4 ) below the solid curve represents the S/0 limit,
whereas the cross section above the solid cuxve repre-
sents the P/T result. The loci of angular momenta
(squared) for which the BLD fission barrier is predicted
to vanish is shown as a dashed line. The ratio of cross
sections above the S/0-P/T transition line and below the
8&=0 line, to those below the transition line are shown
as the ratio line.

nuclei might be expected to differ from earliex'
statishcRl decRy models.

F. Uncertainties in mode1

Model calculations are no better than the pa-
rameters and/or approximations used. We there-
fore give some discussion of these points to
emphasize that the results of these calculations
are more a qualitative guide to the type8 and di-
rections of deviations expected from earlier sta-
tistical model x'esults than quantitative predictions
to be quoted verbatim and tested quantitatively.
The model calculation can, of course, also be
irrelevant if the physical assumptions are in-
correct, or the reaction mechanism different
than that assumed.

The most crucial factors in the modeling decay
of highly deformed nuclei is in the computation
of T, (e) and the evaluation of the related yrast
enex'gles. 3ources of erl or in 7) I'esult fx'oIQ

uncertainties in the accuracy of the liquid drop
shapes versus I, and in the parametrizations
assumed in replacing the 8 and V of Egs. (5)-(V)
with deformed radii and in the averaging used.
The question of yrast energies is, we think, open
to controversy, and we therefore have chosen to
explore several limits as descxibed in Sec. IIB.

Simplification in using Eq. (I) comes about
from taking the intrinsic particle spin out of the
summation as a multiplicative constant (28„+I).
For neutrons and protons this should be a vex'y
good approximation. For 'I,i, 'Be, and. "8with
spin 3, this may overestimate their emission
rates. This overestimation should have an upper
limit of a factor of 3, and is probably much less.
Another moxe important question than the factori-
zation of the spin degeneracy is the physical ques-
tion of decay px'ior to the attainIQent of equilibrium.
The increRsed emis8lon FRte8 fx'OIQ defox'med
nuclei over spherical nuclei would imply this pos-
sibility, and this would alter branching ratios.
Kith these reservations in mind, we next con-
sider comparisons of statistical model results
for deexcitation of spherical versus defox'med
nuclei.

III. RESULTS

A. General model predictions

Decay characteristics for the Ni and Sm
compound nuclei are summarized in Tables II-IV
and in Figs. 3-5. An interesting quantity to define
and compare is the ratio of emission rates for
either a particular ejectile or for all ejectiles
when deformation is considered for T, [calcula-
tions (B), (C), and (D)] to the case where it is not
[calculation (A)]. We refer to this ratio as the
amplification factor,
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TABLE II. Decay probabilities and amplification factors for 6Ni nuclei at 176 MeV excitation energy.

Compound nucleus
angular momentum (5)

Calculate. on (D)

50

(D)

Fractional decay

fi2C

AmpI. ification factors:

All, particles

0.35

0.106

0.145

0.090

5.4(-3) 0.141

1,6(-3)

7.8(-3)

0.069

0.56

0.110

0.036

0.23

0.063

0.30

0.092

1.7(-3) 1.7(-3)

0.032

2.4(-3) 0.029

0.042

2.1(-3)

0.047

9.0(-3) 0.11 6.4(-3) 0.011

30

1.8

8.9(-4) 9.1(-3)

0.23 3.7(-3) 0.180

0.047

0.20

0.20

2.9(—3)

0.083

0.012

7.3 (—3) 0.031

0.026 0.11

0.037

1.9(-3)

0.044

2.4(-3)

7.0(-3)

1.7(-3) 0.068

0.152

0.051

0.17

3.2{-3)

0.082

7.1(-3)

0.024

'Be

ioB

400

430

790

1.0 1.5
2.2 170

260

0.7

0.34

1.7

Fission calculated for gf/a„= 1.03 and fission barriers 0.6 times BX D values.
"Numbers in parentheses are exponents base 10.

1000
c /

e

/
/

100

BX10
l
I

I

I

Itn f S /'8
gS fD fS

where R; represents the emission rate from the
deformed nucleus [calculations (B), (C), or (D))
and ~&' the rate from the spherical T, calculation

'l.0

10
Q

0.4 ;

0.1
:a
—0.04—

d

6 MeV
95 MeV

B (X 102)
0.1—

c
Q

A

45 50 55 45 50 55
Angular momentum (h)

FIG. 3. Total and alpha particle amplification factors
versus angular momentum for ~8Ni nuclei at 95 and 176
MeV for calculations (8)-(D). Total factors are shown
in the left half of figure.

B

~A
40 45 50 65 40 45 60 55

Angular momentum {h)
FIG. 4. Partial decay widths for fission and alpha

emission versus compound nucleus angular momentum
for Ni nuclei at 95 MeV (dashed line) and 176 MeV
(solid line) excitation. The four types of calculations
are described in the text.
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TABLE II. (Continled) .

(A) (B) (C) (A) (B)

40

(C)

0.106

0.040

0.16

0.27

0.23

6.2(-3)

0.13

0.013

0.041

5.3 (—3)

4.7(-3)

0.020

0.23

0.38

0.015

0.23

0.030

0.098

0.107

0.066

0.29

0.39

0.059

3.7(-3)

0.067

4.7(-3)

0.013

0.082

0.046

0.20

0.30

0.20

6.2(-3)

0.12

0.012

0.038

0.052

0.044

0.17

0.37

0.17

3.6(-3)

0.13

0.015

0.041

0.011

0.017

0.065

0.35

0.25

0.014

0.19

0.025

0.072

0.062

0.073

0.29

0.41

0.063

5.1(-3)
0.075

6.3(-3)

0.017

0.047

0.048

0.18

0.37

0.16

8.7(-3)

0.13

0.014

0.040

1.7(-3)

0.26

0.47

0.22

6.6(-3)

5.3(-3)
0.018

3.7(-3)

4.1(-3)

17

48

1.0
1.4
0.3
0.5
0.3

1.3
1.4

1.2

4.9

4.5

6.9

6.9

8.3

0.8

1.0
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FIG. 5. Partial widths and amplification factors for
total and ~ particle emission versus angular momentum
for Sm nuclei at 105 and 135 MeV excitation. Calcula-
tions (8)-(D) are described in the text. Partial decay
widths for fission are also shown. Subscripts denote n
or fission (f) widths.

(A); f~ represents the calculated fractional decay
by fission from the deformed or spherical nucleus,
and f, is the corresponding fractional emission of
particle i. These decay fractions and many ampli-
fication factors are summarized in Tables II-IV.

Consider first the "Ni systems (Tables II and
III; Figs. 3 and 4). For the standard calculation
(A), the fission probabilities are negligible at
low angular momenta, becoming significant at
angular momenta above 408. Neutron, proton,
and n decay are the main channels at lower an-
gular momenta. At higher angular momenta some
significant evaporation of "C and Be is predicted
even in calculation (A). When the extreme for-
mulation (8) is applied, very large particle
emission amplification factors result (Fig. 3).
This leads to large predicted enhancements of
cluster emission for at, "C, 'Be, and ' B, with
all these expected to constitute a substantial frac-
tion of the first chance decay cross sections.

When the more reasonable calculations (C) and
(D) are considered the following should be noted:

(i) Total particle emission amplification factors
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of 2-3 result at 176 MeV excitation, and factors
of 6-7 result at 96 MeV. This shows a significant
increase of particle emission amplification with
decreasing excitation such as, e.g. , following
successive neutron emission. These emission
rate increases may be important in deducing fis-
sion parameters by fitting fission and evaporation
r esidue excitation functions.

(ii) The observations of (i) hold true for the n
particle amplification factors, which tend to be
larger than the total particle emission amplifi-
cation factors (Fig. 3). The particle emission
amplifi. cations noted lead to a decrease in fission
probability at the higher angular momenta and an
increase in n emission. These effects should be-
come more pronounced for lower compound nucleus
excitataons or sn secondary decay of res&dual nuclex
following primary particle evaporation.

It should be noted that calculation (C) can lead
to decreased emission rates for heavy clusters
for some compound nuclei. Reasons for this may
be seen by reference to Fig. 1 (note the decrease
in effective excitation above the yrast line for
frozen compound nucleus deformation). Consider
next Table IV and Fig. 5 for decay of "'Sm nuclei
at 135 MeV of excitation. Here neutron emission
is the principal decay channel at all but the highest
angular momenta for the standard calculation
{A). Fission becomes the dominant channel at the
highest angular momenta; alpha particle emission
is significant over a part of the angular momentum
range; no other clusters contribute significantly.
If one goes to the extreme calculation (B), one
finds very large amplification factors for cluster
emission with resultant suppression of fission at
the higher angular momenta. The result is a
prediction that 'Be and "C are the most probable
first chance ejectiles for compound nuclei between
85 and 100 h.

Calculations (C) and (D) predict overall particle
emission amplification of factors of 2-4, which
(as for "Ni) maybe significant for determination
of liquid drop fission parameters from experi-
mental data. It may be seen that the predicted
fission probabilities decrease significantly even
for the more conservative assumptions [calcula-
tions (C) and {D)]; the a amplification factors
exceed a factor of 10 for (C) and a factor of 5
for (D). At lower excitations, as for "Ni, these
factors become still larger [e.g. , 40 for (C) and
10 for (D} at 955 and 105 MeV]. They are there-
fore expected to raise the a particle emission
probabilities to significant levels for first chance
emission, with significant probabilities for emis-
sion foll.owing neutron evapor ation. Amplification
factors for "C and "Bare of the order of &0' for
(C) and 50 for (D). This leads to a prediction thai

the highest angular momentum compound nuclei
might deexcite initially by emission of heavy clus-
ters; the residual nuclei would in many cases
still have sufficiently high angular momenta to
undergo fission.

0.0'I
10

J I i I

40 so 20 30
e (me V)

40

I'IG. 6. Alpha particle spectra predicted for decay of
Sm nuclei of 905 and 135 Me V excitation and ewi nuclei

of 505 and 176 MeV excitation. Calculations (A)-(0) are
described in the text.

B. Alpha particle evaporation spectra

It is instructive to compare the & spectra pre-
dicted by formulations {A)-(D) for the two mass
systems under discussion. These results are
shown in Fig. 6 for '4'3m at 908 and for "Ni at
50h. A major part of the 0,'particle amplification
for calculations (C) and (D) may be seen to come
from the decrease in Coulomb barrier due to the
high deformations, as shown by the enhancement
of low energy & particles relative to the spherical
nucleus calculation (A). Such an effect has been
seen, and the mechanism has been suggested by
Logan et a/. " It is the presence of the low en-
ergy ("sub-barrier" ) a group which leads to a
decrease in the average kinetic energy for cal-
culations (C) and (D) versus (A) (17.1 MeV versus
19.6 MeV} and to a slightly lower average angular
momentum removal for (D) than (A) (3.6h versus
3.95 }. Calculation (C), due to using T, based on

the compound nucleus deformation, is predicted
to show an average angular momentum decrement
of 8.8h, in contrast to the other two cases.

The extreme calculation (B) yields an average
kinetic energy of 23.6 MeV and angular momen-
tum decrement of 20.2h. Here the main amplifi-
cation comes from high energy a particle
emission rather than sub-barrier emission
T11ls ls the result of the rate a't whicll the
maximum value of / changes with the ejec-
tiIe kinetic energy versus decrease in energy
of the yrast line when the compound nucleus



M. BLANN AND T. T. KOMOTO

'TABLE IV. Decay probabilities and amplification factors for Sm nuclei at 135 MeV excitation energy.

Compound nucleus
angular momentum I

Calculation (A) (B)

98

(C) (D) (A) (B) (C) (D)

Fractional decay:

0.64

0.31

0.017 0.33

1.4 (-3) 0.29

0.44

0.35

0.54

0.39

0.0105

0.013

0.26

0.35

0.38

0.42

0.040 0.023

8.1(-3) 6.7(-4) 0.014

0.29

0.016

0.18

0.011

0.050 0.026 0.31

2.0(-3) 0.016 0.019

0.17

A2

f~ Ll

fs Be

f9Be

fiOB

5.1(—5) 0.80

1.7 (-5) 3.7 (-3)

3.1(-4) 0.11

2.2 (-5) 0.026

1.1(-6) 0.013

0.035 2.0(-3)

2.1(-3) 5.3 (-4)

0.033 6.2(-3)

3.2 (-3) 4.3(-4)

7.0 (-4) 5.4(-5)

1.1(-4) 0.78 0.040 1.5(-3)

4.5(-4) 0.12

3.8(-5) 0.030

2.4(-6) 0.014

0.037 5.2(-3)

3.8 (-3) 3.7 (-4)

8.5 (-4) 4.3(-5)

6.7(-5) 4.7(—3) 2.5 (—3) 4.8 (-4)

Amplification factors:

All particles 100

21

3.6
14

2.3

6.4
110

27

1.9
48

12C

8Be

1OB

2.6(+4)

1.3 (+ 4)

4.9(+ 5)

1330

190

1360

2.0(+ 5)

1.4(+ 4)

3.1(+5)

830

170

740

19.4
16

25

Calculated for a&/a„=1.0 and RLD fission barriers.
"Numbers in parentheses are exponents base 10.

deformation is used for T, and the equilibrium
residual nucleus shape is used for the yrast cal-
culation. The predicted kinetic energy spectra
may be seen to be sensitive to the interrelations
of these two quantities. Conclusions for the n

spectra from "gi are similar to those for "'Sm;
the physical effects of the different formulations
are qualitatively the same, with some quantitative
differences as may be seen in Fig. 6.

The general conclusions as to the effects pres-
ented to this point are for significant overall
increases in particle emissioii rates versus fis-
sion when deformation is considered. Alpha par-
ticle emission rates are always predicted to be
enhanced, and heavier cluster emission is also
enhanced in most cases. These effects should be
more pronounced at lower excitations, and even
in the most conservative formulations should be
sizable corrections to evaporation expectations as
generally formulated.

C. Qualitative comparisons with experimental observations

oeschler eI; a/. have recently measured fission
fragment yields and Z distributions for the sys-

tern "Si+"'Xe at bombarding energies of 5.4 to
8.2 MeV/A (lab) for the '"Xe projectile. " A sym-
metric fission group was observed which had its
peak at half the compound nucleus Z at 5.4 MeV jA
incident "'Xe energy. As the bombarding energy
was increased, the centroid moved to a value
characteristic of fission of a nucleus 4 units lower
in charge. This is consistent with the results
presented in Table IV for the extreme calculation,
where first chance fission rapidly decreases and
evaporation of Z = 2-6 clusters rapidly increases
with increasing angular momenta; it is in rough
agreement with the more conservative results
I(C) and (D)] when the contribution of multiple o.

emission is also considered. The increasing
bombarding energies, of course, produce an in-
crease in the spin distributions of compound nu-
clei; the onset of the shift in Z in the yields of
Ref. 17 corresponds to the bombarding energy at
which significant cross sections for superdeformed
compound nuclei are predicted. Application of the
old statistical. model approach would require a
direct reaction interpretation of the results cited.
The new model permits an equilibrium inter-
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TABLE IV. (Coatigued).

(A)

90

(C) (D) (A) (C) (D) (A)

80

(C) (D)

0.46

0.45

9.3 0.22

0.014 0.37

0.34

0.47

0,31

0.53

0.020 0.19

0.055 0.49

0.24

0.54 0.62 0.21 0.62 0.62

0.097 0.023 0.088 0.082

0.013 6.8(-4) 0.018

0.067 0.048 0.31

0.019

0.16

5.0(-4) 0.73 0.033(-2) 1.4(-3)

1.8(—4) 6.8(-3) 2.5(-3) 5.1(-4)

0.017 2.4(-3) O.O21 0.020

0.13 0.15

2.0(-3) 0.54

0.27 0.19

0.012(-2) 2.7 (-3)

7.2(-4) 0.011 1.7(-3) 9.5(-4)

0.021 8.8(-3) 0.025 0.022

0.24 0.34 0.24 0.254

3.9(-3) 0.23 5.4(-3) 4.6(-3)

1.8(-3) 0.012 1.4(-3) 1.9(-3)

1.3(-3) 0.14 0.034 4.6(-3) 4.9(-3) O.17 0.018 7.4(-3) 0.011 0.14 0.012 0.013

1.6(-4) 0.035 3.7(-3) 4.0(-4)

1.3(-5) 0.015 8.0(—4) 42 (-5)

7.1(-4) 0.037 2.0(-3) 8.9(-4)

6.6(-5) 0.013 3.4(-4) 8.9(-5)

1.7(-3) 0.027 1.3(-3) 1.8(-3)

1.6(-4) 6.9(-3) 1.8(-4) 1.9(-4)

95

40

7.5(+ 4)

5.5(+ 3)

1.8(+4)

3.0
9.7

140

129

3.2
4 0

5.0

44

22 1.9
18 3.2

6.0(+ 3) 10.0

540 6.0

3.O(+3) 13

1.4
1.9
1.7
2.0

1.8

4 4

6.0
250 1.5

80 1.2
180 1.2

1.2
1.2
1.4
1.4
1.4

pretation which seems more consistent with other
measurements of reaction mechanisms in this
energy range (-1.2 MeV/A. center of mass).
Angular distribution measurements of the charged
particles emitted in coincidence with the fission
fragments in this experiment would be valuable
in deciding this question.

It has been pointed out that the proposed cluster
amplification mechanism is consistent with ex-
perimental results presented by Britt et al."and
recent results of Hillis et al." Both sources
reported on z-ray multiplicity measurements in
the evaporation residue (ER) compound nucleus
region. A conclusion was that evaporation residue
products could not be produced with J& 658. On
the other hand, ER cross section measurements
suggested higher values of angular momenta con-
tributing to the ER cross section (however, these
experimental results had large uncertainties and
would best be repeated to higher precision). These
two apparently contradictory J limits for EB
formation are consistent with cluster decay am-
plification, as quite high l waves may accompany
cluster emission, giving an EB cross section at

lower J which can then survive fission decay.
These residual EB would show a p-ray multiplicity
characteristic of a much lower J than the original
compound nuclei, having been populated by com-
pound nuclei originally formed at higher J, but
deexciting to EB at considerably lower angular
momenta.

Many additional experimental results which are
consistent with the proposed cluster emission
amplification mechanism have been summarized
in Bef. 7. An additional result comes from the
Marburg/GH group; they have investigated reac-
tion yields versus bombarding energy for the sys-
tem 'Ti+ "Mg.' At the lower bombarding en-
ergies (below 4.7 MeV/4) the final product yields
were in excellent agreement with standard HF
statistical model calculations. However at en-
ergies in the range of 5.8 to 8.5 MeV/A (for which
large superdeformed nucleus cross sections are
expected), the experimental results showed far
higher yields of products which could be populated
by emission of three or more o.'particles (or by
other clusters). While this was tentatively inter-
preted by the authors as evidence for a pre-
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equilibrium mechanism, it may also be seen from
Fig. 3, and Tables I-III that it is also consistent
with compound nucleus evaporation when super-
deformation is considered. We further note that
significant precompound decay of the intrinsic
excitation type at such low bombarding energies
would be unexpected.

Attention should be drawn to an earlier work of
Puhlhofer et al."who measured product yields
for the reaction "'"'"Mg+ 'S at 160 Me+. They
also found final products which corresponded to
enhanced a particle emission. The possibly impor-
tant role of deformation on T, (a) was pointed out
in this work, and a calculation using optical model
T, (s) generated assuming a 10/p radius increase
was performed. It was found that the predicted
yields of the latter calculation were in better
agreement with the experimental yields than was
the standard calculation.

It should be pointed out that the cluster emis-
sion amplification mechanism has important
implications for the interpretation of various
experiments investigating the maximum angular
momentum for fusion (l,„). Measurements have
often been made of the sum of evaporation residue
plus fission cross sections. The l,„deduced
from this sum has in some cases exceeded the
predicted liquid drop limit. " However, the rapid
increase of cluster emission probability and

resulting decrease of fission probability means
that the rate at which clusters can be emitted
may far exceed the rate of fission. Cluster emis-
sion amplification in the extreme case results
from the exponential phase space increase acces-
sible from mostly antiparallel coupling of com-
posite system and ejectile orbital angular mo-
menta which may be due to the large radii of the
superdeformed nuclei (see Table I). This can
result in residual nuclei of 10-20 8 lower angular
momentum following first chance n emission, and
still lower values when heavier ejectiles are in-
volved. Therefore, while t:here may be no fission
barrier in the initial composite system, residual
nuclei which do have a fission barrier could be
formed prior to fission due to cluster amplifi-
cation decay from an equilibrated or quasiequli-
brated system. Precompound master equation
calculations predict particle emission during
coalescence, "'"and there is experimental evi-
dence for this phenomenon as well. This would
lead to a broadening in the fission yield curve
(since many different daughter nucleides may be
undergoing fission) but a more likely explanation
for the experimentally observed broadening (if
such yields are indeed from equilibrium fission)
would be less stiffness to asymmetry as the fis-
sion barrier decreases. "

The question of applying the deformed nucleus
amplification mechanism to quasiequilibrium sys-
tems is worth a qualitative exploration. It has
been shown that there is an equilibration of exci-
tation energy even in deep inelastic reactions. '6 '
Particle-hole degrees of freedom should either
equilibrate or go far towards equilibrium on a
time scale close to the coalescence period. Direct
reaction models contain a final state component.
In this case the residual nucleus level density
and ejectile phase space factors may represent
the final state. If the final state density is not
fully equilibrated, it may well be closely pro-
portional to the equilibrated value. But if as in
the calculations of this work, the collective de-
formation and rotational energy of the final nucleus
is an important aspect of the final state, then the
model. predictions of this work should be relevant
to nonequilibrium reactions as well, except that
the ejectiles should be forward peaked rather than
symmetric about 90'. This idea may be relevant
in the interpretation of the "'Gd("C, nxn) and
("C, 3o.') reactions recently reported by Wilczynski
and co-workers, although these results seem to
be more characteristic of direct reactions as
interpreted by the authors. "'"

Worthwhile future experiments would include
searches for cluster emission with proj ectiles
heavier than "C (less prone to fragmentation than
"C) at lower incident energies. One wants
reactions with a large population of superdeformed
nuclei produced with projectiles not prone to frag-
mentation or breakup; as mentioned earlier a
"gate" on decay of higher angular momentum
states would aid such experimental measurements.
Such a gate might be on high total y-decay energy
or on fission fragments.

IV. CONCLUSIONS

Figure 2 illustrates that a major fraction of
heavy ion reaction yields may, according to the
RLD model, populate highly deformed triaxial
nuclei ("superdeformed nuclei" ). Comparisons
have been made between HF-type decay calcula-
tions in which transmission coefficients for par-
ticle decay were used for spherical nuclei (as
has been standard practice) and several sets of
calculations for which particle emission trans-
mission coefficients were modeled for deformed
nuclei, with deformations as given by the BLD
model.

The comparisons show a predicted new decay
mechanism which has been called cluster decay
amplification (for fully equilibrated systems) or
centrifugal fragmentation (for quasiequilibrated
systems) after a consideration of its causes. The
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quantitative degree to which nature may agree
with the computer modeling remains to be shown;
it will depend very much on how realistically the
T, (&) have been modeled for the deformed nuclei
and on the reaction dynamics. The results pres-
ented herein should therefore be interpreted as
qualitative suggestions of deviations between
"new" and "old" statistical model approaches
rather than as quantitative predictions.

Many experimental observations in heavy ion
reactions are consistent with the proposed new
mechanisms; it would permit an equilibrium inter-
pretation to be placed on many phenomena which
heretofore had been interpreted as noncompound
or precompound. However, we feel that experi-
ments to date provide only circumstantial evidence
for cluster amplification; more direct experi-
ments have been suggested.

Nuclear physics has long been involved in the
investigation of limits of nuclear matter. One

important such frontier area is nuclear matter
at very large deformations. It may provide the
basis for understanding important collective
variables in many heavy ion induced "direct"
reactions which may be described in a sort of
quasiequilibrium fashion. The area is a poten-
tially valuable and fruitful one for further and
deeper investigation. Whether the potential will
be realized when nature renders the answers re-
main to be seen.
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