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The process of heavy-ion fusion followed by compound-nucleus fission is explored in the context of
light nuclear systems. Spin- and mass-asymmetry-dependent saddle-point energies are calculated for
several nuclei with 40~ AcN ~80 using the diffuse-surface, finite-nuclear-range model. A simple,
double-spheroid approximation to the macroscopic-energy calculation is developed for determining
fission barriers and fragment total kinetic energies. Fission cross sections are calculated within a statisti-
cal model and compared to experimental results. These comparisons support the idea that nuclear
fission is the dominant process responsible for the fully energy-damped yields observed in this mass re-

gion.

I. INTRODUCTION

Nuclear-fission studies have tended to concentrate on
relatively heavy systems of compound-nuclear mass
A cN ) 100, largely ignoring the possibility of light-
nucleus fission. Only recently has it been shown that
compound-nucleus fission can also play an important role
in heavy-ion reactions forming systems as light as
ACN-45 —60 [1—7]. The fission process in light systems
has a number of distinctive features which set it apart
from its heavier-system counterpart. In contrast to
heavy-system fission, where symmetric breakup is favored
in the absence of shell effects, the dependence of the mac-
roscopic potential-energy surface on nuclear deformation
and shape asymmetry favors the breakup of lighter sys-
tems into two unequal-mass fragments. This behavior
emphasizes the progression from light-particle evapora-
tion to heavy-fragment, binary breakup of the compound
nucleus [8]. Another characteristic of light-nucleus
fission is the relatively greater importance of the rotation-
al energy in determining whether a given system will
fission. For these systems it is only for the higher spin
states of the compound nucleus that fission can compete
favorably with light-particle (p , n -, and c-t-particle) emis-
sion. At lower spin values the possibility of heavy-
fragment emission is significantly reduced because of the
rapid increase in the fission barrier in going to more sym-
metric breakup channels [2]. The limited range of spin
values leading to fission suggests the possibility of using
this process to learn more about the structure of nuclei at
high spins.

Part of the difticulty in studying the fission of light sys-
tems has been the lack of model calculations to give gui-
dance as to its system dependence and to highlight reac-
tions where the measured binary-reaction yields are in-
consistent with expectations. One of the motivations for
the present work was to determine whether binary cross
sections observed in several systems with ACN=—40 and
attributed to a dinuclear "orbiting" mechanism [9] are
significantly in excess of what can be reasonably attribut-
ed to a fusion-fission process, as has been claimed [10].

For heavier systems the transition-state model [11],
where the fission probability is related to the available
phase space at the saddle point, has been quite successful
in describing the general characteristics of the breakup
process. The standard application of this model assumes
a symmetric saddle-point configuration, however, and is
therefore inappropriate for lighter systems. It is possible
to generalize these calculations to include the possibility
of fission to different mass fragments, as has been done
for the Ni system [2], but this requires calculation of
the mass-asymmetric saddle-point energies —a lengthy
procedure since it is essential in describing light-nucleus
fission to include diffuse-surface and finite-nuclear-range
effects [12] in calculating these energies. Earlier esti-
mates of the fission-barrier energies based on the stan-
dard, lepodermous liquid-drop model led to barriers
which were too large to allow for significant fission com-
petition with light-particle emission. Realistic calcula-
tions of the fission process in light systems are only
achieved by the inclusion of diffuse-surface and finite-
nuclear-range corrections.

In this paper a simple parametrization is developed for
the spin- and mass-asymmetry-dependent saddle-point
energies in the mass range 40~ AcN ~ 80. This parame-
trization is fitted to saddle-point energies determined us-
ing the full macroscopic-energy calculation for the Ca,

Ti, V, Fe, Ni, and Zr systems. The resulting pa-
rametrization is then incorporated into a statistical-
model calculation using the transition-state model. Fis-
sion cross sections are calculated for heavy-ion reactions
leading to the 4oCa, 42Sc, 47V s6Ni, and soZr compound
systems and the results are compared to experimental,
fully energy-damped, binary-reaction cross sections mea-
sured for these systems. The reactions considered are at
energies where the complete-fusion process is expected to
dominate over incomplete-fusion processes. In general,
the experimentally observed cross sections throughout
this mass range are found to be of a magnitude that can
be explained by a fusion-fission mechanism assuming
reasonable corrections to the saddle-point energies by
shell effects in the nascent, relatively "cold" fission frag-
ments.
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This paper is organized as follows. In Sec. II the ex-
perimental evidence for fissionlike decay in the mass
range 40 & AcN & 80 is briefIy summarized. A simple pa-
rametrization of the fission barriers is presented in Sec.
III, followed in Sec. IV by a discussion of how these bar-
riers can be incorporated into a statistical-decay model.
The calculated cross sections and final fragment kinetic
energies for several representative systems are compared
with experimental values in Sec. V. Results are summa-
rized and conclusions stated in Sec. VI.

II. OVERVIEW OF EXPERIMENTAL SYSTEMATICS

TABLE I. Systems with 40& ACN & 80 for which fissionlike
yields have been reported.

Reaction A cN E, (MeVj Reference
Detected
fragments

28S +12C
Si+' N

35Cl+ 12C

a+ 24Mg
31P+ 16O

37Cl+ 12C

16Q +40Ca

S+ Mg
16Q +44Ca
16Q+ 48T'

"Si+ "Cr
Ca+ Ca

"Ca
42S

47V

47V

47V

49V
' Ni

Ni

Zn
78S

80Zr

30-40
30-57
46,51

46
46

37,44
50-62
52,60
51-64

75
96

86,103

[9]
[31]
[4,5]

[7]
[5]
[47]
[1,2]
[471
[48]
[43]

[24,43]

5&Z &8
S&Z&10
S&Z &12
3 Z 10
6&Z&7
S&Z &11
22& A &36
12& A &28
22& A &36
S&Z&10
12& A &58
6& A &62

The evidence for the fission of light nuclei stems from
the observation of fully energy-damped, binary yields in
heavy-ion reactions. These yields are characterized by
constant

der�

/d 9 angular distributions, suggesting a decay
from a rotating complex of lifetime comparable to, or
greater than, the rotational period. The total kinetic en-
ergies of the outgoing fragments are independent of angle
and can be accounted for with a simple model that con-
siders the breakup of a rotating, binary system with no
initial relative motion in the radial direction. The final
kinetic energies are then given by summing the relative
Coulomb, rotational, and nuclear potential energies in
this configuration. These two features have led to the ob-
served yields being characterized as resulting from either
a dinucleus "orbiting" or fission mechanism. Table I
summarizes some of the systems for which such yields
have been observed, ordered by their compound nucleus
mass 3CN, with 40 ~ 3cN

& 80.
Few of the experiments that show evidence for fission-

like processes in light systems are suSciently complete to
establish the exit-channel isotopic distributions or even
the inclusive fission cross section. There are a number of
reasons for this. In channels near the entrance channel,
there can be significant quasielastic yields, requiring
large-angle measurements covering a wide angular range
to unravel the fully energy-damped products from those
of faster processes. Further complicating the situation is
the theoretical expectation that the fission process should
favor the mass-asymmetric channels. In particular, for

some of the light systems considered, the population of
the Be channel is expected to be significant. The experi-
mental difhculties associated with Be detection have so
far prevented direct fission cross-section measurements in
this channel. (Although Harmon et al. [13] have found
evidence for this decay in the velocity distribution of the
associated S heavy recoil in the Si+ ' C reaction. The
production of ground-state Be fragments to large angles
has also been deduced for the S+ Mg reaction by a
measurement of the breakup a particles [2].) Depending
on whether energy-loss or time-of-Bight identification is
employed, the current fission measurements tend to iden-
tify either the nuclear charge or mass of the reaction
fragments, but not both. This complicates detailed com-
parisons of the isotopic distributions with calculations.
In lighter systems with even, and equal, numbers of pro-
tons and neutrons, this last problem is mitigated by the
observation that the channels corresponding to even-even
X=Z nuclei (i.e. , ' C, ' 0, Ne, etc. ) are the most
strongly populated. Table I indicates the range of mass
(or charge) which are presented in the various experimen-
tal references.

The secondary emission of light particles from the
fission fragments can also pose a serious challenge for de-
tailed comparisons of the theoretical and experimental
mass-asymmetry dependence of the fission cross sections.
One means of obtaining an experimental measure of the
degree of secondary emission is to detect both fission
fragments in coincidence, as has been done for the Ni
system [2]. In general, however, it is necessary to model
the effects of secondary light-particle evaporation to com-
pare calculations with experiment. A procedure for do-
ing this, using the Monte Carlo evaporation code LILITA
[14], is discussed in Sec. IV.

Another problem that arises in trying to compare cal-
culated fission cross sections to experimental values is the
need to know the fusion partial-wave distribution for the
model calculations. These distributions are usually de-
duced from total fusion cross-section measurements by
assuming a diffuse cutoff of the transmission coefticients
for fusion. Unfortunately, there are relatively few cases
where both evaporation-residue and fission cross sections
are measured concurrently and analyzed in a consistent
manner. Relatively small differences in the evaporation-
residue cross sections used to deduce the total fusion
cross section can lead to significant differences in the cal-
culated fission competition. Also, the favoring of
asymmetric-mass channels by the fission process can re-
sult in the evaporation-residue channels containing
significant fission yields. To achieve a consistent analysis
of a number of different systems, a simple critical-
distance model is used in the present paper to estimate
the total fusion cross section for each system considered.
The sensitivity of the calculations to the assumed total
fusion cross section is tested, however, in several cases
where measured evaporation-residue cross sections are
available.

III. ASYMMETRIC FISSION BARRIERS

The application of the transition-state model in light
nuclear systems requires knowing the macroscopic-



S. J. SANDERS

b, —(b, /a, )(z —l, )

p = . b 2
—(b~ /a2 )(z —l2 )

b, —(b, /a, )(z —l, )

for /i —a, z z),
for z2 z I2+Q2

fOr z) z z2,

where a3 is imaginary for light nuclei with constricted

energy fission barriers as functions of the spins and mass
asymmetries of the respective decay channels. For light
systems it is important that these calculation include
diffuse-surface and finite-nuclear-range eff'ects. Although
the procedure for calculating these barriers using the
Yukawa-plus-exponential model [15] is discussed by Sierk
[12] and an interpolation routine is available for finding
the mass-symmetric barriers for nuclei of atomic number
Z ~ 20 [16], the mass-asymmetric barriers are not readily
available. The full calculation of the fission saddle-point
energy for a specific mass asymmetry and spin of a com-
pound nucleus is sufficiently involved to make it imprac-
tical to directly incorporate these calculations within a
statistical-model calculation. Fortunately, the macro-
scopic fission barrier is a smoothly varying function of
spin and mass asymmetry, making a simple parametriza-
tion of the barrier energies possible.

To develop this parametrization, the saddle-point ener-
gies for several nuclei in the mass range 40~ AcN ~80
were first calculated following the procedures outlined in
Ref. [12]. These full calculations were done for the Ca,
4"Ti, 4 V, 5 Fe, 5 Ni, and 8 Zr systems. Saddle-point ener-
gies were found by determining the stationary points of
the compound-nucleus potential-energy surface as a func-
tion of spin and constrained mass asymmetry. The
potential-energy calculations, in which the shape of the
compound nucleus is expressed in terms of three connect-
ed quadratic surfaces of revolution, include diffuse-
surface and finite-nuclear-range effects. The parameters
used for the potential calculation were the same as given
in Ref. [12].

The shape parametrization, discussed by Nix in Ref.
[17], can be written in cylindrical coordinates (see Fig. 1)
as

necks at the saddle point (as is the case in Fig. 1). Con-
straints on the shape coordinates assure that the nuclear
surface is continuous with smooth transitions between
the three segments. With these constraints the shape is
determined by five nontrivial coordinates. Although res-
trictive, this parametrization is well behaved in the pro-
cedure for locating the saddle points. Sierk [12] has
shown that more general parametrizations can lead to un-
realistic shapes for lighter systems, with two saddle
points for nuclei with Z 50.

The saddle-point energies were calculated for all even
spins ranging from 0.4J,„ to J „ for the respective
compound nuclei, where J „is the spin value for which
the mass-symmetric fission barrier vanishes. Only a few
calculations were done for lower spin values since these
play little or no role in the fission process. (The final pa-
rametrization was, however, found. to reproduce these re-
sults reasonably well). The program used for these calcu-
lations was checked against the results of Sierk for the
symmetric barriers in the mass range 40 ACN ~80, al-
ways agreeing to better than 0.S Me V, and by comparing
with the asymmetric barrier calculations published for
the spinless '"In system by Sierk [18], again with better
than O.S-MeV agreement for all mass asymmetries.

The minimization procedure used in these calculations
was generally successful in finding suitable saddle-point
configurations for mass asymmetries q (0.4S, with
ii=1 —2(AL /AcN). AL refers to the mass of the lighter
fission fragment assuming the final mass ratio is the same
as the ratio of volumes on the two sides of the constricted
neck at the saddle point. It was not always possible to
converge on a valid saddle-point configuration for more
asymmetric mass divisions, and in these cases it was
necessary in calculating the fission cross sections to rely
on extrapolated barrier energies based on the double-
spheroid approximation, to be discussed next, developed
from the more symmetric barriers.

The saddle-point energies obtained with the full calcu-
lations were fitted by a double-spheroid approximation in
order to obtain a simple method of calculating these ener-
gies. The model is of two, axially aligned, ellipsoidally
deformed spheroids separated by a gap. The goal was to
obtain a reasonable scaling for the saddle-point energies
rather than attempting to reproduce the full saddle-point
calculations. In this double-spheroid model, the saddle-
point energy is given by

V„dd), (JCN, il)= Vc+ V„+V„+Vo,

b3

= &cm

2

FIG. 1. Geometry of saddle-point shapes consisting of three
connected quadratic surfaces of revolution.

where Vc, V„, and V„are the Coulomb, rotational, and
nuclear energies, respectively, and Vo is an energy offset.

In obtaining expressions for the different components
of V dd], it is found convenient to express V„ in terms of
an ellipsoidal geometry, the geometry used for the
double-spheroid approximation, whereas Vz and V„are
most readily expressed in terms of a quadr upoloid
geometry. It is therefore necessary to have a way of
equating these two geometries. For a spheroid of mass
A, the equivalent quadrupoloid to the ellipsoidal shape of
semiminor to semimajor axis ratio b/a is taken to have
deformation
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2 1 —6/a
Y~ ()(0 0) 1+2b/a

The semimajor axis length a of the ellipsoid is expressed
in terms of the spherical radius R, with R =rpd and
a =R ( b /a )

~ . The comparable semimajor axis
length for the quadrupoloid a is given by a =R [1
+ —,

) &(5/~)po], where R is a scaled radius such that the
equivalent quadrupoloid has the same volume as the el-
lipsoid used for the double-spheriod approximation. For
spherical shapes, R =R. The distance between centers r
in the double-spheroid approximation is given by
r =s+a1+a2, where s is the gap distance between the el-
lipsoidal surfaces. When using the equivalent quadrupo-
loid shapes, the gap distance was taken as s with
s = r —a, —a 2. The ellipsoidal and quadrupoloid
geometries are sufficiently similar at the deformations en-
countered in this analysis that the corresponding dis-
tances are very similar.

The two-body potential of Krappe, Nix, and Sierk [19]
was used to determine the nuclear interaction. This po-
tential is based on the same Yukawa-plus-exponential,
finite-range model utilized in deriving the saddle-point
energies. The interaction potential for two nuclei of radii
R, and Rz and quadruPle deformations Po, and Po z, re-
spectively, has the form [19]

R
V„=—D F+—'

a r
I

—4
2 [Po )R (Ap(1)+Po pR 2A p(2)] Yp o(0,0),

arp

where R,2
=R ) +R z and Yz o(0, 0) is the spherical har-

monic evaluated at 0=0' and /=0. The depth constant
D and constant F are given by

4a g(R)/a)g(R2/a)eD=
r pR12

and

F=4+ R12

a

f(R, /a )

g(R) /a )

f(R2/a )

g(R~/a )

c,'= [c,(1)c,(2) ]'

The individual eAective surface-energy constants depend
on the relative neutron-proton excess I; =(X;—Z;)/A;
(i =1,2) with c,(i)=a, (1 Ir, I; ), w—here a, is the surface-
energy constant and ~, is the surface-asymmetry con-
stant. For consistency with the macroscopic-energy cal-
culations, the constants used for these calculations were
rp=1. 16 fm, a =0.68 fm, a, =21.13 MeV, and ~, =2.3.

The deformation dependence is expressed with the
functions A2(1) and A2(2) for particles 1 and 2, respec-
tively. For particle 1(2) with quadrupole deformation
Po )(~), this term is written as

respectively, with g(x)=x cosh(x) —sinh(x) and
f(x)=x sinh(x). The geometric mean of the surface en-
ergies of the interacting particles is used with

Az(1(2))=a gBa

R 1(2)

R 2(1)
+3

R 2(1)

3 R 2(1)
sinh

a
a—3

R 2(1)

R 2(1)
cosh

a

2
a a a

X —+3 — +3-
r r r

3

The form given above for the nuclear potential is only
valid for s ~ 0. Although a generalization of the potential
for s (0 is possible, as discussed in Ref. [19], this was not
needed for the present work.

The rotational-energy term was taken as

JCN( JCN + 1 )
tot

I

3, and A2 refer to the atomic masses of the two frag-
ments, respectively. The surface-diftuseness parametric
a Y„k, , =0.75 fm. The radii R1 and R2 are for the ellip-
soidal shape.

The expression used for the Coulomb energy between
the two deformed spheroids again makes use of the
equivalent quadrupoloid shapes with [20]

with

J„,=J,+ J~+ J„„

Z1Z2e 2

Vc=
r

Y2o(o o)
1+— ', (Po, )R t+Po, zR 2)

5 r

aI1d

J)(2)=0.2A)(2)R [(bla ) +(b/a ) ]
2+4 ~ 1(2)a Yukawa

&te) =P"

The charge was assumed to be uniformly distributed with
Z1=ZCN ~1~~cN.

Simple functional forms for the double-spheroid pa-
rameters can be found which make it possible to use this
model to quickly and accurately estimate saddle-point en-
ergies in the mass range 40~ Ac& 80. These energies
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would otherwise have to determined through the full
macroscopic-energy calculations. The surface separation
s is taken to have the functional form s(fm)=0. 79
+0.00805 A cN, with the coe%cients determined by
fitting the results of the full calculation. The ratio of
minor to major axis lengths b /a is taken as 0.8 for both
spheroids. The energy offset is taken as

Vo(MeV) = —5. 19+0.0046M cN+E, „„,( g, )

+E.i,h ~ ( g z ) Esi i ere( 1 cN ) .

E ph is the macroscopic energy of a spherical nuc 1eus
and is given by Eq. (2) of Ref. [21], assuming a uniform
charge to mass distribution between the two fragments.
For this calculation the pairing and signer energy terms
are set to zero. Incorporating this potential-energy
difference has the advantage of including a charge-
asymmetry term in the overall barrier energies, allowing
for a parametrization that works for even-odd and odd-
odd nuclei as well as the even-even nuclei. The expres-
sion for Vo also contains an expression linear in the
compound-nucleus mass.

A comparison is made between the double-spheroid ap-
proximation using fitted parameters (solid curves) and the
full macroscopic-energy calculations (points) for several
systems in Fig. 2. For the Ca, ~ Ti, V, Fe, and Ni
systems, the comparison is shown for the two spin values
corresponding to 0.6J,„and 0.8J,„, respectively. The
comparison is shown at 0.64Jm» and 0.93Jm» for the
heavier Zr system. In each case the two spin values
cover the region where fission competition is likely to be
significant. The calculated barrier energies, based on the
double-spheroid model, are extrapolated to the mass
asymmetry corresponding to a lighter fragment mass of
AL =6. The Sierk value t12] for the symmetric saddle-
point energy is shown to the left of each line, indicating
good agreement with the present calculations. The limit-
ing case of g = 1, where the lighter-fragment mass van-
ishes, should be the same as the equilibrium energy of the

55 I I I
I

I I I
I

~ I I
I

1 I I
I
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FIG. 2. Fission barrier energies as a function of mass asym-
metry for the Ca, Ti, V, ' Fe, ' Ni, and Zr systems. Spin
values corresponding to 0.6J,„and 0.8J,„are shown for all
but the ' Zr systems, with J,„=30k, 36k, 41k', 42k, and 43k for
the five systems, respectively. For ' Zr spins, 36k (0.64J,„)
and 526 (0.93J,„) are shown. The symbols indicate values ob-
tained from the full saddle-point calculations, while the curves
are for the double-spheroid parametrization discussed in the
text. The results at g=1.0 are from the equilibrium energy cal-
culations of Sierk [12]. The Sierk values for the symmetric bar-
rier energies are shown to the left of the curves.

nucleus at the corresponding spin value. These equilibri-
um values, tabulated by Sierk, are also shown. The ener-

gy difference between the saddle point and corresponding
equilibrium energies at a given spin value is the fission
barrier Bf.

TABLE II. Selected examples of double-spheroid parametrization.

ZcN

20

28

40

40

49

56

80

12
20
12
20
12
24
12
24
12
28
12
28
16
40
16
40

0.40
0.00
0.40
0.00
0.51
0.02
0.51
0.02
0.57
0.00
0.57
0.00
0.60
0.00
0.60
0.00

18k'

24

32

52

Jmax

30fi

43

56

S

(fm)

1.18

1.24

1.43

6/a

0.8

0.8

0.8

0.8

Vc
(MeV)

15.1
17.7
15.1
17.7
16.7
21.9
16.7
21.9
21.7
31.0
21.7
31.0
37.4
56.0
37.4
56.0

V„
(Me'V)

8.3
7.3

14.6
12.9
11.5
9.3

20.3
16.4
11.6
8.8

19.6
14.9
12.8
9.3

26.4
19.2

V„
(MeV)

—2.8
—3.0
—2.8
—3.0
—2.7
—2.9
—2.7
—2.9
—2.6
—2.9
—2.6
—2.9
—2.3
—2.6
—2.3
—2.6

Vo

(MeV)

10.3
11.0
10.3
11.0
11.3
12.2
11.3
12.2
5.4
3.1

5.4
3.1

—7.6
—20.8
—7.6

—20.8

E tot
K

(MeV)

18.1
20.2
22.4
24.3
21.6
25.9
27.2
31.1
26.4
34.7
31.4
39.2
43.1

60.5
51.4
51.8
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Ca(r)=0. 40, J=18)

Ni(q=0. 42, J=26

Zr(ted=0. 00, J=52)

taken as being proportional to the available phase space
at the saddle point. In heavier systems the level density
above the symmetric saddle point is generally used in
these calculations. This is justified by a mass-asymmetry
dependence of the saddle-point energy which favors sym-
metric fission. In contrast, the macroscopic energy in
light systems favors the asymmetric breakup of the com-
pound nucleus, requiring that the spin-dependent, mass-
asymmetric saddle-point energies be used to determine
the fission phase space. In this section the details of
fission calculations based on the asymmetric-mass bar-
riers are given.

A. Fusion partial-wave distributions

FIG. 3. Comparison of shapes determined from the full
saddle-point calculations (solid curves) and the double-spheroid
parametrization of the saddle-point energies (dashed curves).
The g=0.40 and 0.42 asymmetries for Ca and ' Ni correspond
to 3

& /A2 =12/28 and 16/40, respectively.

Table II gives typical shapes and potential-energy
values calculated in the double-spheroid approximation.
Figure 3 compares the shapes of the double-spheroid ap-
proximation to the connected-quadratic-surface approxi-
mation used in the saddle-point calculations for several
systems. The resulting configurations are similar to those
of the "exact" saddle-point calculations, although clearly
with differences. The spheroid approximation does not
show a neck connecting the two fragments, and the as-
sumption of equal fragment deformation is an
oversimplification. The approximation is sufficiently
similar in geometry to the calculated saddle-point shapes,
however, to expect that the relative rotational and
Coulomb energy between the two fragments will be
reproduced reasonably well. This can be tested by com-
paring the calculated fragment total kinetic energy E&"
predicted by the double-spheroid approximation with ex-
perimental values. For these comparisons the total kinet-
ic energy in the exit channel is taken as

g2E~"=Vc+ V„+ I(1+1),
rel

with

The fusion cross-section calculations consist of deter-
mining the compound-nucleus spin distribution. For
these calculations the fusion partial cross sections for for-
mation of a compound nucleus of spin J from projectile
and target nuclei of spins J and J„respectively, at
center-of-mass energy E were taken as [23]

2J+1 p t J+S

p

with

T1(E)= 1

1+exp I [l —lo(E) ]/b, ]

The total fusion cross section o.f'„', is then given by

tot

J=O

The diffuseness parameter b, was set to 1A. Although this
parameter is, in principal, system dependent, for the
present survey of the fission process in light systems it
was held fixed so as not to introduce an arbitrary,
system-dependent constant in the comparison of the
theoretical to experimental results.

The energy-dependent, critical angular momentum for
fusion Io(E) was set to the maximum partial wave for
which the nuclear surfaces of the target and projectile
(assumed spherical) touch, subject to the interaction po-
tential V;„, in the entrance channel. This potential is
given by

ZpZte
V;„,= + l(1+1)+V„,

2pr

rel
JcN .

tot

Although the saddle and scission points in light systems
are expected to be quite similar [22], any dissipative pro-
cess active between these configurations will result in
somewhat lower fragment kinetic energies.

IV. TRANSITION-STATE MODEL CALCULATIONS

Fission cross sections were calculated using the
transition-state model [11], with the fission probability

where Z and Z, are the charges of the projectile and tar-
get nuclei, respectively, I is the angular momentum
brought into the reaction, and r is the distance between
the two nuclear centers. The potential of Krappe et al.
[19] was again used for the nuclear interaction V„, how-
ever, assuming spherical shapes for the target and projec-
tile. This form for V;„, assumes a "self-masking dissipa-
tion" [24] where the frictional energy loss from the rela-
tive motion in the entrance channel comes entirely from
the centrifugal energy as the orbital angular momentum
decreases.

An alternative method of determining lo is to use the
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experimental total fusion cross section o.&„',
' to deduce this

quantity. This requires, however, knowing both the total
evaporation residue and fission cross sections. In several
cases where this information was available, the fission
calculations were also made using the experimentally de-
duced lo values.

widths for the compound-nucleus decay, without follow-
ing the full decay chain.

The partial widths for the three light particles x (x =n,
p, or (() of spin s„ to be emitted from the compound nu-
cleus of excitation energy EcN and spin Jcz to form an
evaporation-residue nucleus ER of excitation energy EER
and spin JER are given by [23,25]

B. I g /I „,
The ratio of the fission decay width I & to the total de-

cay width of the compound nucleus I „,was determined
using the statistical model. It was assumed that the com-
pound nucleus decays through the emission of neutrons,
protons, alphas particles, or fission fragments, with

P (EE bJ )

2~~PCN(EER ~ ~ER )

ER x CN

X X
s=lJ —s l

l=lJ
T] (E~ )de~

ACN /2 AL /2+2

X X
L 6 ZL ~L/2 —2

I f(ZL, AL ),

where I f(ZL, AL) is the decay width to the channel
where the lighter fragment has charge ZL and mass AL.
For odd compound-nucleus masses, the upper limit of the
atomic-mass summation was taken to be (AcN —1)/2,
and for odd values for the light-fragment mass, the corre-
sponding charge sum was taken over +2 units about the
central charge of ( Al +1)/2. Although a summation is
performed over the different fragment charges, the results
are not significantly changed if only the most probable
(lowest barrier) channel is considered for each mass
asymmetry. For the light systems and corresponding
bombarding energies discussed here, secondary fission
following light-particle emission from the compound nu-
cleus is unlikely. This is a consequence of the limited
spin range over which the fission process competes with
light-particle emission. It is therefore sufhcient in calcu-
lating fission cross sections to use energy-integrated

I

r...=r„+r,+r.+r~ .

The fission partial width I & can be further expressed as a
sum over the possible heavy-fragment decay channels.
To reduce the length of the calculations, this sum was
truncated with

where the integral is over all kinetic energies of the emit-
ted light particle E„, and pcN and pE& are the level densi-
ties of the compound nucleus and resulting evaporation
residue, respectively. The transmission coefticients
T] (E„) are obtained from optical-model calculations us-
ing average parameters.

The parameter 6 determines the zero point of the
effective excitation energy. Since fission comes early in
the decay chain, the densities corresponding to relatively
high excitation energies in the compound nucleus and
residues dominate the partial-width calculations. At
these high energies 6 can be determined by assuming that
the virtual ground state for the level densities should cor-
respond to the macroscopic-energy ground state [23],
with

b, ( Me V ) =Eii (Z, A ) Es ""'(Z—, A ) .

E& is the measured binding energy of the nucleus, and
Ez ""is the corresponding macroscopic energy, obtained
using the binding energy terms from Eq. (2) of Ref. [21],
and including the Wigner energy term, but not the pair-
ing energy.

The fission widths I (ZI, AL ) are obtained with an ex-
pression similar to that for the light-fragment widths, but
using the level density above the mass-asymmetry-
dependent saddle point:

20M vPf(ECN ddl (~CN ")) ~Vh ll(~CN ZL ~j) ~ 8 JCN)
rf(Z, , ~, )= TJf (E )d e,

v=0 2~&S CN«cN —~*JcN)

where

Tf (E)= .
CN

1 for E EcN —V.~dd] (JCN, il) —b, V,h„](ZL, AL ) —b, ,

E + E( N Vggdd]e( J( N g ) ~ Vghe]](ZL

The integration variable c can be envisioned as the energy
going into internal excitation of the system at the saddle
point. Limiting this variable to 20 MeV, even when the
energetics would allow for a greater value, does not
significantly affect the width calculations since the level
density is strongly energy dependent. V„dd„(JcN, il) is
the spin- and mass-asymmetry-dependent saddle-point
energy with respect to the macroscopic-energy ground

state of the compound nucleus, as discussed in the previ-
ous section. This is a smoothly varying function of the
mass asymmetry q, as seen in Fig. 2.

The experimental evidence indicates a strong isotopic
dependence for the fission cross sections that is incon-
sistent with a smooth dependence of the potential-energy
surface on the mass-asymmetry parameter q. This can be
understood in terms of shell and pairing corrections to
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the energy surface from the structure of a nascent fission
fragments. As a first approximation of these corrections,
a term 6 V,h,&&(ZL, AL ) has been added to the barrier en-
ergy. This term, which can be viewed as a macroscopic
shell correction, consists of the sum of the %'igner energy

I

corrections [21] for the two nascent fragments, with

bV,„„,(ZL, AL )= W(ZI, AL )+ W(ZcN —ZL, AcN —AL)

W(Z, A ) =(36 MeV) 2Z 1/A, Z and X odd and equal+ '
0, otherwise

It follows from the form of the signer energy that, for compound nuclei where the neutron and proton numbers are
equal, the total barrier energy V„dd], +AV, h, &&

will have local minima for channels where both fragments also have
N =Z and for which 6 V h &~

=0. Until more realistic calculations of the shell and pairing corrections are performed for
the strongly deformed, nascent fission fragments, detailed agreement between the calculated and experimental isotope
distributions cannot be expected. It will be shown in the next section, however, that the simple expression for 6 V,h„,
presented here is sufhcient to reproduce the general trends of the experimental results.

The model calculation also requires level densities for the light-particle evaporation residues and at the saddle point
(the level density of the compound nucleus is common to all of the widths and, consequently, does not affect the
different branching ratios). The same Fermi-gas formula [26] was used to determine both the evaporation residues and
fission saddle-point densities, with

3/2
2J+1

p(u, J)= Qa, [u) exp(2+a u )
12 ' 2J

and

EREER ——J(J+1) b„e vapor ta—io nresidues,

EcN V( JcN g) b, V,h,n(ZL, AL )
—b e, saddle p—oint .

For the evaporation residues, the level-density parameter
a =a„, and the spin is that of the evaporation residue
J=JER. The saddle-point densities are calculated with
a =af and J=JcN. The moment of inertia coefficients
for the evaporation residues was obtained using the equi-
librium energies calculated by Sierk [12],with

and taking the limiting value of this expression for J=O.
Again, the saddle-point moments of inertia and energies
are calculated using the double-spheroid approximation.

The extent to which fission competes with light-
particle evaporation is largely determined by the relative
values of level-density parameters a„and af. In heavier
systems it has been found that fission competition can be
reliably reproduced by setting a, =af if fission barriers
calculated with the Yukawa-plus-exponential model are
used. A similar assumption is employed in the present
calculations where values of a„=AER/(8. 0 MeV) and
af = A cN /( 8.0 MeV) are assumed.

C. Comparison with other models

Previous models developed to describe fissionlike pro-
cesses in light nuclear systems include the equilibrium
model of orbiting of Shivakumar et al. [27,28] and the
extended Hauser-Feshbach model of Matsuse and Lee
[29,30]. These models, together with the transition-state

picture, share the common idea that the final fragment
distribution is determined by statistical processes. Other-
wise, the premise of the equilibrium model is quite
di8'erent from either the transition-state picture or the ex-
tended Hauser-Feshbach model. Both the transition-
state and extended Hauser-Feshbach models describe a
fusion-fission process.

The equilibrium model gives a unified description of
fusion and damped binary-fragment yields by viewing the
dinuclear orbiting configuration as a doorway which can
lead to fusion or binary decay. In this picture the final
mass and energy distributions of the heavy fragments are
determined after the dinuclear complex has held together
long enough for the relevant degrees of freedom to reach
equilibrium. This is a statistical model in that the rela-
tive probability of fusion to binary decay is determined
by the density of states in the respective configurations.
However, unlike fusion-fission models, the binary yields
arise from a configuration that never achieves the com-
pact form of the equilibrated compound nucleus. This
model is successful in describing both the evaporation-
residue and damped binary yields, as well as fragment to-
tal kinetic energies, for several systems in the mass
A =40 region [28,31,32] and, by allowing for fragment
deformation, can also successfully describe the observed
yields from the S+ Mg reaction [2]. As a predictive
tool, however, the model sufFers from requiring system-
dependent changes in the nuclear-strength parameter and
fragment deformations to achieve good reproduction of
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experimental results, without giving guidance as to how
these parameters should be changed. For nearby sys-
tems, however, it can be expected that these changes will
be small.

The extended Hauser-Feshbach model starts with the
same premise as the transition-state picture that the fully
energy-damped, binary fragment yields arise from the
process of complete fusion followed by binary fission.
The two models principally differ in how the phase space
for the fission process is determined: The extended
Hauser-Feshbach model takes this as a product of the
level densities in the two nascent fragments, at the point
of scission. The effective Q values for the different mass
channels, used for the level-density calculations, are
varied between their asymptotic values (calculated with
ground-state binding energies) and the liquid-drop value
where shell effects vanish. Although this model is similar
in concept to the scission-point model developed to de-
scribe heavier-system fission [33], the significant energy
differences between the saddle and scission points found
in heavier systems are not expected to be present in light
systems [22]. This suggests that the predictions of the ex-
tended Hauser-Feshbach and transition-state models
might be expected to be similar. The advantage of the
transition-state picture, however, is that the geometry of
the saddle point, including the role of fragment deforma-
tion, is fully determined by the macroscopic-energy cal-
culations. In the extended Hauser-Feshbach model, a
fragment-separation parameter is adjusted in an ad hoc
manner to account for the system-dependent geometry.

state calculations to the experimental results in a number
of systems, the effect of secondary light-particle emission
was simulated using the binary-decay option of the
Monte Carlo evaporation code LILITA [14]. For these
calculations the transition-state model was used to deter-
mine the primary (preevaporation) mass distribution and
mean kinetic energies (EK"(Z, A ) ) for the different frag-
ment channels. A Gaussian spread was assumed for
these energies with o(Ez".(Z, 2 ) ) l( Ez"(Z, 3 ) ) =0.21.
The total excitation energy was assumed to be split be-
tween the fragments proportional to their masses. The
spin transferred to the fragments was again estimated us-
ing the double-spheroid approximation.

From these calculations it was possible to deduce ve-
locity spectra (which could be converted to energy spec-
tra) for the final fragments. These spectra were accumu-
lated for all possible final nuclear charges and nuclear
masses, separately, and for laboratory angles between 0'
and 40', binned every 1. The final isotopic distribution
was also determined.

In general, the role of secondary emission for the reac-
tions considered in this paper was found to increase with
compound-nucleus mass. For the lighter systems, where
secondary emissions were less prevalent, the principal
effect of these emissions on the kinetic-energy distribu-
tions was to change the shape without strongly modifying
the energy corresponding the peak of these distributions.
For the heaviest system considered ( Ca+ Ca), the
emissions lead to a significant change in both the average
and peak kinetic energy calculated for a given mass chan-
nel from before to after the emissions.

D. Correction for secondary light-particle emission

For most of the reactions being considered, the possi-
bility exists for the fission fragments to be emitted with
excitation energies above their respective particle-
emission thresholds. The resulting secondary light-
particle emissions can strongly affect the measured mass
distribution of the fragments. In the case of the

S+ Mg reaction, for instance, where a coincidence
measurement enabled an experimental correction to be
made for this evaporation, it was found that the peak
seen in the mass distribution corresponding to symmetric
breakup of the system disappeared when the results were
corrected for secondary emissions [1,2]. These emissions
can also have a strong inAuence on the average total ki-
netic energies observed for the fragments. Although the
average velocity of the fragments in a given breakup
channel will not change, under reasonable assumptions of
the decay process, these fragments will be identified as
corresponding to a lower charge or lower mass channel,
where a different average velocity might pertain for parti-
cles which do not undergo secondary evaporation. The
net result can be a measured total kinetic energy for a
mass channel which is different from what would have
been observed in the absence of this evaporation. Wheth-
er the observed kinetic energy in a channel will be in-
creased or decreased by the secondary emissions is deter-
mined by the relative probability of emission to or from
that channel.

In order to compare more realistically the transition-

V. COMPARISONS WITH EXPERIMENTAL RESULTS

28Sj+12c and 24Mg+ 160

The lightest system considered for this paper was Ca.
Fissionlike yields have been observed for this compound
nucleus as populated through the Si+ i2C and

Mg+ ' 0 reactions. As previously indicated, these
yields have been suggested to arise from a dinucleus or-
biting mechanism which does not involve the formation
of an equilibrated compound nucleus. Since many of the
features of orbiting yields are similar to that expected for
the fusion-fission mechanism, however, it is interesting to
explore the extent to which they can be explained by this
latter mechanism.

Figure 4 summarizes some of the experimental results
for the Si+ ' C system [9,31]. The solid curves are the
results of the transition-state calculation discussed in the
previous section. It should be emphasized that there are
no additional parameters for these calculations beyond
those discussed in the previous section —the calculations
shown by the solid curves have not been adjusted for this
specific system. The top portion of the figure shows the
cross sections measured for evaporation residues and car-
bon, oxygen, and nitrogen decay channels. (The Monte
Carlo simulations of secondary light-particle emissions
indicates that this process does not strongly affect either
the mass distributions or average fragment energies for
this system. ) For comparison with the evaporation-
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FIG. 4. Comparison of the fusion-fission model calculations
to experimental results in the Si+' C system. The top panel
shows the experimental cross sections for evaporation-residue
yields [from Refs. [49] {squares), [50] {circles), and [13] (dia-
monds)] and energy-damped carbon, oxygen, and nitrogen
yields [9,28]. The solid curves are the corresponding calculated
cross sections based on the transition-state model. The total
calculated fission cross sections are also indicated. To compare
with the experimental evaporation-residue yields, both the cal-
culated total-fusion cross sections (solid curve) and evaporation
cross sections (long-dashed curve) are shown. The short-dashed
lines are the result of a 3.0-MeV adjustment to the carbon bar-
rier energy, as discussed in the text. The arrow at the top of the
figure indicates the energy at which incomplete-fusion processes
are expected to become significant. The bottom three panels
show the experimental total kinetic energies [9,28,51] in the
three channels (points) as well as the calculated values (lines) us-
ing the model discussed in the text.

residue yields, the calculated results are shown for both
the total fusion cross section (solid line) and this cross
section with the fission component subtracted out (dashed
line). The arrow at the top of the figure indicates the en-
ergy at which incomplete-fusion processes are expected
to start becoming significant based on the systematics of
Morgenstern et al. [34] (this occurs when the velocity of
the light reaction partner UI /c =—0.06). Up to this point
there is good agreement between the calculated and mea-
sured evaporation-residue yields.

The cross sections in the oxygen and nitrogen channels
are well reproduced by the transition-state model, but
significant differences are seen for the carbon channel
where the observed cross sections are underpredicted by
a factor of 2.5 —3. To achieve agreement with the obser-
vations, it was found necessary to decrease the fission
barrier in the carbon channel. This is seen by the short-
dashed curves which correspond to a decrease in the as-
sumed barrier for the carbon channel by 3.0 MeV. (The
oxygen and nitrogen channels are also affected by this
change, but to a lesser extent as seen in Fig. 4.) Such a

shift could result from microscopic shell corrections at
the asymmetric saddle point corresponding to the ' C
channel. With this correction the predicted cross sec-
tions are in good agreement with the experimental values.

It is also possible to compare the calculated total kinet-
ic energies in the exit channels with the experimentally
determined values. The results for the nitrogen and oxy-
gen channels, also shown in Fig. 4, are again in good
agreement with the experimental values. The calcula-
tions tend to predict lower energies than observed in the
carbon channel, however, suggesting that these fragments
are emitted either from a more compact configuration
than expected for the saddle point or from a higher spin
configuration. The change in spin value needed to ac-
count for the difference of about 2.7 MeV between the ob-
served and measured total kinetic energies for the ' C
channel at E, =34.5 MeV is about 4A units, a relative-
ly large value.

Other experimental observations concerning observed
"orbiting" yields are also not readily explained within the
transition-state model. In particular, the measured spin
distributions of the fragments [35], the observation of an
entrance-channel dependence for the final fragment mass
distributions [36], and the selective population of
natural-parity transitions of final fragment states [37]
have been used to argue that the orbiting process is dis-
tinct from compound-nucleus formation and fission de-
cay. These features have been predominantly observed at
lower Q values, however, and it is possible that the orbit-
ing and fusion-fission processes coexist in this mass range.

In the study by Ray et al. [36], where the entrance-
channel dependence of the "orbiti.g"" yields is explored,
it is found that the ratios of the fully energy-damped oxy-
gen to carbon yields are quite different for the Mg+ ' 0
(E, =31.8 MeV) and Si+ ' C (E, =34. 5 MeV) re-
actions, even though the measurements are at energies
which should form the common Ca compound nuclei at
a similar excitation energy (E -=47.9 MeV). This ratio is
shown in Fig. 5(a) as a function of the mutual fragment
excitation energy for the two reactions. The horizontal
line is the predicted ratio based on the transition-state
model —the model predicts essentially the same ratio for
the two reactions. Although an adjustment of the ' C
barrier height will bring the predicted ratio into agree-
ment with the Si+ ' C reaction results, this clearly does
not explain the Mg+ ' 0 results. The dominance of the
' 0 channel for the more symmetric entrance channel is
strongly at odds with the transition-state picture.

It is found, however, that the greatest discrepancy
occurs at the lower excitation energies. The regions of
excitation energy where the carbon and oxygen fission-
fragment yields are expected to be maximum based on
the double-spheroid model are indicated by the short
lines at the bottom of Fig. 5. At these energies there is
better agreement between theory and experiment. This is
seen more clearly in Fig. 5(b) where the cross sections for
the two channels are shown for the Mg+ ' 0 reaction.
(These cross sections were obtained from the angular dis-
tribution data of Ref. [36] by extrapolating a I/sin8 be-
havior to the full angular range. ) The open histograms
show the experimental yields for both the full g-value
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range and for Q values (—8. 5 MeV. To the right of the
figure, also indicated by an open bar, is the measured
evaporation-residue yield [38]. The solid bars are the re-
sults of the transition-state calculation using the critical
angular momentum for fusion derived from the critical-
distance model (with at„",=1006 mb). Also shown, by the
crosshatched bars, are the transition-state calculations
performed for a total fusion cross section (cr't'„,'= 1100 mb)
that leads to better agreement with the measured
evaporation-residue yields. It is apparent that a
significant part of the cross section at those Q values
where fission is expected to be present can be accounted
for by this process. A comparison of the solid and
crosshatched histograms indicate the sensitivity of the
predicted fission yields to the assumed fusion cross sec-
tion.

The results in the Si+' C and "Mg+' 0 systems
suggest that a simple fusion-fission mechanism cannot be
used to fully explain the observed binary yields. It is like-
ly, however, that the more strongly damped of these
yields arise, at least in part, from this mechanism. It
should be noted that both the Si+ ' C and Mg+' 0
reactions have been shown to demonstrate strong reso-
nant behavior at back angles [39,40]. Also, the

Mg(' 0, ' C) Si reaction demonstrates strong resonant
behavior at all angles and to quite large excitation ener-
gies [41]. Fusion-fission, orbiting and molecular-
resonance behavior all seem to coexist in the large-angle
yields for these systems, although how they are related is
still unclear.

g 28Sj + 14'

The observation that at least a component of the
large-angle yields for the Si+ C and Mg + 0 reac-
tions cannot be explained by a simple fusion-fission pic-
ture makes the Si+' N reaction study particularly in-
teresting. Unlike the lighter, even-even, X=Z systems,
which reach the Ca compound nucleus, there is little, if
any, evidence for molecular-resonance behavior in the
only slightly heavier Si+' N system. It would there-
fore be expected that the fusion-fission calculations
should work better in this system.

This expectation is realized as seen in Fig. 6. The
crosshatched bars are the experimentally measured yields
of Shivakumar et al. [31] for the Si+' N reaction at
E, =40 MeV. The shaded and solid bars are the corre-
sponding calculated yields based on the fusion-fission
model before and after the correction for secondary
light-particle decay, respectively. The model calculation
is found to reproduce the overall experimental behavior
quite well, particularly considering the very simple way
that shell efF'ects are introduced. The inset shows the
average total kinetic energies measured for the stronger
channels (points). Again, these results are well repro-
duced by the model calculations (solid line). (The calcu-
lated kinetic energies before secondary light-particle de-
cay are shown. The LILITA calculations indicate that
secondary emissions should result in measured kinetic en-
ergies being about 1 MeV less than the indicated theoreti-
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FIG. 5. (a) Ratio of the ' 0 to ' C orbiting yields as a func-
tion of the mutual excitation energy in the exit channel for the
' Mg+' 0 reaction at E, =31.8 MeV [36] and the "Si+ "C
reaction at E, =34.5 MeV [9]. (b) Angle-integrated carbon,
oxygen, and evaporation-residue [38] cross sections for the

Mg+ ' 0 reaction (open bars). The solid bars are the corre-
sponding cross sections using the model discussed in the text,
while the crosshatched bars indicate a calculation where the
critical angular momentum for fusion is adjusted so as to obtain
better agreement between the calculated and experimental
evaporation-residue cross sections.
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FIG. 6 Cross sections for the binary-decay channels of the
'Si+' N reaction at E, =40 MeV. The crosshatched bars

are the experiment results of Shivakumar et al. [31]. The shad-
ed (solid) bars indicate the calculated cross sections before
(after) secondary light-fragment emission using the fusion-
fission model discussed in the text. The measured (data points)
and calculated (solid line) total-kinetic-energy values for the
three strongest channels are shown in the insert.
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cal values for each of these three channels, resulting in
better agreement with experiment. ) Overall, the fusion-
fission model seems capable of fully describing the
damped binary cross sections for this reaction.

C. Cl+' C and Na+ Mg

The Cl+' C and Na+ Mg reactions have been
studied by Beck et al. [4,5] and Djerroud et al. [6], re-
spectively. These two systems, of quite different mass
asymmetry, both populate the V compound nucleus.
Because of the fewer number of shell-favored channels
available for the odd-mass V decay, the resulting fission
yields might be expected to be spread among a larger
number of channels than would be the case for an even-
even system.

The open histograms in Fig. 7 show the experimental
cross sections for the Cl+' C reaction at E, =51.1

MeV and the Na+ Mg reaction at E, =45.5 MeV.
For both measurements the nuclear charge of the frag-
ments was identified. At these energies both reactions
populate the V compound nucleus at an excitation ener-

gy of E„=64 MeV. The results of the transition-state
calculations using total fusion cross sections derived from
the critical-distance model are shown by the negatively
sloped crosshatch histograms. These calculations tend to
overpredict the fission cross sections for the Cl+' C re-
action by a factor of 2 —3 and underpredict the

Na+ Mg fission cross sections by a similar amount. It

) 35 12

can be noted, however, that the predicted evaporation-
residue cross sections, also shown in Fig. 7, are also over-
and underpredicted for the two reactions, respectively. A
summary of these calculations, as well as the other calcu-
lations presented in this paper, is given in Table III. This
table also includes the calculated cross sections for the
Be channel for the respective systems. The calculated
Be cross sections are not shown in Fig. 7 for reasons of

scale and the lack of corresponding experimental values
( Be is particle unbound in its ground state).

In order to explore the sensitivity of the calculations to
the assumed total fusion cross sections, fission calcula-
tions were also performed using critical angular momenta
for fusion in the two systems that lead to better agree-
ment of the calculated and experimental evaporation-
residue cross sections. These results are shown by the
shaded histograms. Correcting the calculated cross sec-
tions for secondary light-particle evaporation leads to the
solid-filled histograms. The new, light-particle-corrected
cross sections are clearly in much better agreement with
the experimental values. By further increasing the criti-
cal angular momentum for fusion for the Na+ Mg
calculations in order to optimize the agreement between
the calculated (corrected for light-particle emission) and
experimental fission cross sections, one obtains the posi-
tively sloped crosshatch bars. The resulting estimate for
the total evaporation-residue yield is still within the un-
certainty range of the measured value.

In general, the experimental cross sections for the fully
damped binary fragments in these two systems are in ex-
cellent agreement with the expectations of the transition-
state model. The data indicate, however, the difficulty of
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FIG. 7. Fissionlike the evaporation-residue cross sections for
the (a) "Cl+' C reaction at E, =51.1 MeV [5] and the (b)
'Na+'~Mg reaction at E, =45.5 MeV [6]. The experimental

values are shown by the open bars with uncertainties indicated.
The negatively sloped stripped bars are the results of the
fusion-fission calculation. The shaded bars are the results of the
fission calculation with the critical angular momentum adjusted
to obtain better agreement between the calculated and measured
evaporation-residue cross sections. The solid bars are the corre-
sponding cross sections after allowing for secondary light-
particle emissions from the fragments. The positively sloped
stripped bars for the Na+ Mg reaction show a calculation
where the critical angular momentum for fusion has been ad-
justed to improve the agreement between the calculated and ex-
perimental fission yields.

FICx. 8. Total fragment kinetic energies observed for the
Cl+' C reaction at E, =51.1 MeV (circles) [5] and the
Na+ Mg reaction at E, =45.5 MeV (squares) [6]. The

solid curves are the results of the calculation discussed in the
text. The dashed curve corresponds to the calculations where
the critical angular momentum for fusion has been adjusted to
improve the agreement between the calculated and experimental
fission yields for the Na+ Mg system.
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TABLE III. Summary of fusion-fission calculations discussed in text. The calculations labeled "crit-
ical distance" use the critical angular momentum for fusion determined by the critical-distance model
discussed in the text.

Reaction

28Si+ 12C

"Mg+ "0
'Si+' N

3~C1+ '2C

a+ Mg

S+ Mg

Ca+ Ca

28S1+50Cr

(MeV)

34.5
31.8

40.0
51.1

45.5

51.6
60.5
98.5

115.5

96.2

Fusion

calculation

critical distance
critical distance

fit ER
critical distance
critical distance

fit ER
critical distance

fit ER
fit fission

critica1 distance
critical distance
critical distance
critical distance

~0 ~Sierk

critical distance

I0

21.2A'

20.6
22. 1

23.7
28.0
25.4
28.5
30.8
32.1

31.7
35.6
53.8
62.9
56.1

53.9

ISierk

29.9A

33.4
39.0

39.0

43.5

56.1

57.3

tot
fus &ER

1065
1006
1100
1072
1167
964

1069
1200
1300
961

1058
999

1164
930

1148

1026
969

1051
1015
1088
922
983

1069
1123
919
936
750
669
646
910

39
37
49
57
79
42
83

131
177
42

122
249
495
284
238

21
19
26
20
28
15
31
45
58
20
39
19
14
17
23

(mb) (mb) (mb) (mb)

making a priori estimates of fission cross sections without
prior knowledge of the total fusion (or evaporation resi-
due) cross sections. In this case, the critical-distance
model predicted the more asymmetric-mass entrance
channel to have the greater total fusion cross section, in
contradiction to experiment.

The final fragment total kinetic energies observed for
the two reactions are shown in Fig. 8. The calculated en-
ergies are in excellent agreement for the Cl+ ' C system
(lower solid curve), although the predicted energies are
about 2 —3 MeV too low for the Na+ Mg system. For
comparison with the Na+ Mg system, both the calcu-
lation that leads to agreement with the observed
evaporation-residue cross sections (upper solid curve) and
the calculation leading to better agreement with the
fission cross sections (dashed curve) are shown.

Secondary light-particle evaporation in these systems is
seen to have a small e6'ect on the observed charge distri-
butions. These emissions also a6'ect the observed total-
kinetic-energy distributions. The Monte Carlo simula-
tions systems suggest that, for these systems, the average
energies are shifted more than the peak positions as the
shape of the distributions become skewed, with shifts on
the order of 1 —3 MeV for the average energies and lesser
amounts for the peak energies. Since these shifts are still
relatively small, the preevaporation (approximating the
peak post-evaporation) energies are shown in Fig. 8.

0 S+ Mg

The damped binary yields for the S+ Mg reaction
at E, =51.6 and 60.5 MeV have been shown previous-
ly to be well reproduced by the transition-state model [2].
The measurement of these cross sections was done using
a coincidence technique that allowed for the primary,
preevaporation mass distribution to be deduced. The ex-
perimental method and associated analysis are discussed

(a)

o O

10

:v: Hld
12 14

7

/ 7

/

/

,:rfl[]Irtl:, V5 l
16 18 20 22

fragment

24 26 28

FIG. 9. Experimental (open bars) [1,21 and calculated
(striped bars) mass distributions for the S+ Mg reaction at
(a) E, =51.6 MeV and (b) E, =60.5 MeV. The experi-
mental distributions have been corrected for secondary light-
particle emission using coincidence data, as discussed in Ref.
[~l.

in Refs. [I] and [2].
Figure 9 shows that primary mass distribution deduced

from this experiment by the open histograms. For the
lower-energy data the cross sections have been binned
every two masses, while every mass is shown for the
higher energy. The crosshatched histograms show the re-
sults of the present calculation using the critical-distance
model to deduce the total fusion cross sections. These
are the predicted, preevaporation cross sections since the
experimental results already take into account the secon-
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dary emission of light particles. Good agreement is
achieved between the calculated and experimental yields.
The total evaporation-residue cross sections predicted at
E, =51.6 and 60.5 MeV are 919 and 936 mb, respec-
tively, to be compared to the experimental values of
1080+130 and 1050+100 mb [2]. The small increase in
the fusion critical angular momentum needed to bring the
evaporation-residue yields into better agreement with ex-
periment also improves the overall agreement of the
fission cross sections.

In the previous analysis of these data, similar results
were achieved, but using different level-density parame-
ters for the evaporation residues and fission channels,
with af/a„=0. 86. The principal change in the present
calculations, where these two parameters are set (approx-
imately) equal [42], is the more consistent treatment of
the level densities. The present calculation uses the same
level-density expression for the saddle point and for the
evaporation-residue channels —in the previous analysis
these two expressions were different. Also, the present
calculation consistently uses the yrast energies calculated
with the finite-range model in deriving residue level den-
sities.

The total kinetic energies observed in the strongest
mass channels at the two energies are shown in Fig. 10
along with the calculated energies based on the double-
spheroid approximation. Good agreement is achieved for
the more symmetric-hiass exit channels, although a 2 —3-
MeV overestimate of these energies is seen for the more
asymmetric-mass channels. Increasing the assumed criti-
cal angular momentum for fusion to better reproduce the
evaporation-residue and fission yields can only increase
this discrepancy. This result suggests the possibility that
post-saddle damping of the relative motion might be
greater for asymmetric fission than for symmetric fission.

E. OCa+ Ca and Cr+ Si

Studies of the fissionlike yields from the Ca+ Ca re-
action at E, =98.5 and 115.5 MeV [24,43] indicate
that this system is above the Businaro-Gallone point [44]
marking the transition from asymmetric to symmetric
fission. The experimental mass distributions at the two
energies are shown in Fig. 11. The data points and asso-
ciated uncertainties were deduced from the angular dis-
tribution data of Ref. [24] by extrapolating these distribu-
tions over the full angular range assuming a 1/sinO angu-
lar dependence. At both energies the experimental distri-
butions show maxima near to, but shifted slightly down
from, the symmetric breakup mass of A =40.

The mass-asymmetry-dependent fission barriers of the
Zr compound nucleus undergo a transition at high

spins, as seen in Fig. 2. At a spin value of J=36A
(0.64J,„), the saddle-point energy is found to favor
asymmetric breakup of the system, as is the case for the
lighter systems considered. However, at the higher spin
of J=54A' (0.92J,„), a very difFerent behavior is ob-
served with symmetric fission being favored. The peak of
the fission spin distributions at 98.5 and 115.5 MeV are
found to be near 50k and 56'', respectively, from the
transition-state calculations using the critical angular
momentum for fusion of the critical-distance model.
Symmetric-mass fission is expected in this spin region as
shown by the calculated distribitions in Fig. 11 (bold-line
histogram). As expected from the saddle-point behavior,
the predicted mass distribution at the lower energy is
somewhat broader, following from the Aatter mass depen-

I I I I
i

I I I I
)

I I I I
)

I I I I
)

I I I I
f

I I I I
)

I I I I
i

I I I I

(a) E, =98.5 MeV
80

60—

25—

~ 20

40—

I I I I I ~ I I I I I ~ I I I I I I I I ~ I I I I

-(b) E, =115.5 MeV

I //~/I I

I I I I I I I I I I I I I I

50

25—

20
12 16 20 24 28

A

10 20 30 40 50
A fragment

60
FA all& I

70

FIG. 10. Fragment total kinetic energies for the ' 8+ Mg
reaction at (a) E, =51.6 MeV and (b) E, =60.5 MeV [2].
The curves show the results of the calculation discussed in the
text.

FIG. 11. Experimental (data points) and calculated (histo-
grams) mass distributions for the Ca+ Ca reaction at (a)
E, =98.5 MeV and (b) E, =115.5 MeV [24]. The calculat-
ed distributions before (broad line) and after (crosshatched} the
emission of secondary light particles are shown.
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FICx. 14. Spin- and mass-asymmetry-dependent saddle-point
energies for the Sr (solid lines) and ' Zr (dashed lines) corn-
pound nuclei. The barrier energies are shown for spins 46fi,
48k, 596, and 52k.

ity parameters, and the critical angular momenta for
fusion are also expected to be very similar. The possibili-
ty of a fast-fission mechanism accounting for the asym-
metry dependence of the Si+ Cr yields is suggested.

With the suggestion of a new reaction mechanism be-
ing observed in this mass region, it is interesting to com-
pare the predictions of the present calculation with the
experimental results. The bold-line histograms in Fig. 13
are the primary (preevaporation) mass distributions pre-
dicted for the two systems using the critical-distance
model to deduce the total fusion cross sections. The total
channel cross sections (angle integrated) are shown. The
shaded regions show the predicted mass distributions fol-
lowing light-particle evaporation. It can be noted that
quite different mass distributions are predicted for the
two reactions, with the Si+ Cr system taking on a
more asymmetric behavior, as seen experimentally. Al-
though the calculations suggest similar angular momenta
values are involved in the fission process (( l„, ) -=50'') for
both systems, as suggested by Evans et al. , the corre-
sponding saddle-point energies show a subtle difference.
This is seen in Fig. 14 where these energies are shown as
functions of the mass asymmetry for spin values 46k, 48k,
50k, and 52fi for both systems. The Si+ Cr system is
seen to be just crossing the Businaro-Gallone point in this
spin region, whereas the Ca+ Ca system favors sym-
metric fission throughout the region. Although it is not
clear whether this transition behavior can fully explain
the experimental results seen in Fig. 13, it does suggest
that at least part of differences in the observed mass
dependence might arise from this cause.

VI. SUMMARY AND CONCLUSIONS

Fissionlike cross sections have been observed for a
large number of light heavy-ion systems by a number of

different investigators. Explanations for these yields have
varied from heavy-ion fusion followed by fission to
different deep-inelastic-scattering mechanisms. None of
the models have been fully adequate to explain the yields
and have been particularly weak in offering a means of a
priori prediction of the expected cross sections in a given
system.

Although the general characteristics of the yields sug-
gest a fusion-fission mechanism, estimates of fission cross
sections using the standard, lepodermous liquid-drop
model are considerably smaller than the observed values.
Also, some of the observed behaviors of the yields in the

Ca mass region (entrance-channel dependence, spin
alignment, etc. ) are inconsistent with a compound-
nucleus origin.

In this paper a procedure for calculating fission cross
sections and fragment total kinetic energies in light sys-
tems is developed. The calculations are based on the
transition-state model of fission and use saddle-point en-
ergies derived from the diffuse-surface, finite-nuclear-
range model. A simple parametrization, which can be
easily incorporated into the transition-state calculations,
is developed for obtaining these saddle-point energies
over the mass range 40 ~ 3CN

~ 80. By applying a
critical-distance model to deduce the total fusion cross
sections, a parameter-free procedure for calculating
fission cross sections and fragment energies as a function
of fragment mass and charge is developed. These calcula-
tions are found to reproduce the overall experimental re-
sults quite well.

Since the saddle and scission points in light nuclear
systems are similar, it is expected that the results of the
transition-state calculations, based on the saddle-point
level densities, will be comparable to those of the extend-
ed Hauser-Feshbach model [29,30], which uses a product
of fragment level densities to determine fission probabili-
ties. The geometry of the transition-state calculations is
more fully established, however, being based on the mac-
roscopic energy calculations. Any significant differences
that might exist in the model predictions of these two
fusion-fission pictures are most likely to be highlighted
once more realistic shell corrections are developed for the
transition-state calculations and more detailed experi-
mental charge and mass distributions of fission fragments
become available.

The question of fission at higher energies in light sys-
tems is interesting since this process is found to dominate
over light-particle emission in the highest partial waves
contributing to fusion. It is unlikely that one can
separate the question of what limits fusion in light
heavy-ion systems from an understanding of the fission
process. Although this paper concentrates on systems
where the complete-fusion process is expected to dom-
inate over incomplete-fusion processes, a better under-
standing of the fission process may suggest future experi-
ments where the competition between complete-fusion-
fission and incomplete-fusion processes are explored.

Still unresolved is the question of the orbiting process
in lighter systems. Although the fusion-fission picture
can explain the more fully damped yields observed in, for
example, the Si+' C and Mg+' O reactions, this
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model does not explain some of the other characteristics
of these yields, particularly for less negative Q values. It
appears that orbiting, molecular resonance, and fission
behaviors all coexist in these systems, and their relation-
ships still need to be sorted out.

Finally, it is interesting to ask whether the fission pro-
cess might extend to even lighter systems than considered
here. Szanto de Toledo et al. [46] have observed fission-
like decay of oNe as populated in the &OB+ &OB ~e~~tion
The present calculations were not extended below mass
40 because finite-range model calculations of yrast ener-
gies were not available for these lighter systems. It is
clearly possible to remove this restriction in the future.
Although the use of statistical calculations in systems of

so few particles can be questioned, it can be noted that
heavy-ion reactions are still able to populate regions of
very high level densities.
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