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The systematics of fission-like processes observed in reactions induced by 107- and 197-MeV '*C projectiles
have been investigated. Counter telescopes were employed to detect and identify the products of reactions with
Y, °®Mo, Ag, and ''%Sn. Limited experiments using Ni and Au targets were also performed. For the medium
mass targets, cross sections, energy distributions, and angular distributions of the reaction products are
reported. Limiting angular momenta for the fusion of '2C with Y, Mo, and Ag have been determined and are
used to estimate the angular momenta of the collisions leading to fission-like reactions. The probability of
occurrence of such reactions is compared with predictions based upon the concept of an angular momentum
dependent critical asymmetry. This concept is found to be very useful in discussing the reaction mechanisms

involved.

NUCLEAR REACTIONS Ni, ¥y, Mo, Ag, !%n, 1%'Au(?cC, x), E=107, 197
MeV; measured absolute 0(6), ¢ and E for fission-like products.

INTRODUCTION

The availability of heavy ion projectiles of higher
energy and higher mass has led to a renewed in-
terest in studying the interactions of two large
pieces of nuclear matter. Recent experimental
results!~?® have re-emphasized earlier indica-
tions?~® that the reaction mechanisms possible in
such interactions cannot be simply divided into fast
direct processes and slow compound nucleus pro-
cesses. Instead it appears that processes occur-
ring over the entire reaction time span from direct
to compound reactions can be observed with sig-
nificant probabilities.

The systematic experimental and theoretical in-
vestigation of these interactions, sometimes called
nuclear macrophysics, has considerable overlap
with studies of the fission process and is already
providing new insights into the properties of nu-
clear matter. In this paper we report studies of
the reactions of 'C projectiles, primarily with
target nuclei of medium mass. Fusion, fission,
and intermediate fission-like reactions were stu-
died. The results are discussed in terms of the
concept of critical asymmetry” with emphasis upon
the effect of angular momentum on the nuclear po-
tential energy surface.

EXPERIMENTS

The products of the reactions of 2C projectiles
with various target nuclei were detected using
semiconductor detector telescopes. These tele-
scopes typically consisted of three detectors. For
most experiments, the front detector was a totally
depleted 8.4-um-thick detector. In some experi-
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ments that front detector was replaced by a to-
tally depleted 4.3-pm-thick detector. Both detec-
tors were too thin to allow isotopic resolution but
permitted elemental resolution. The second detec-
tor was typically 50 to 100 pm thick and the third
detector was 1 to 2 mm thick. Since the products
of interest in these studies ordinarily stopped in
the second detector, the third detector served pri-
marily as a reject detector, eliminating light par-
ticles from the particle spectra.

The detectors were calibrated using 5.486-MeV
a particles from a 2*'Am source. The reactions
of 107-MeV and 197-MeV 2C projectiles were stu-
died. Targets were Ni (300 pg/cm?), 8Y (970
ng/cm?), **Mo (554 pg/cm?), Ag (550 ug/cm?),
1185n (200 pg/cm?), and °"Au (274 pg/cm?), Only
a limited number of experiments were performed
using the Ni and Au targets since the emphasis in
this work was on the study on the reactions with
medium mass target nuclei having mass ~100 amu.

During an irradiation, the detector telescope
data were recorded event by event on magnetic
tape for later off-line processing. This processing
was accomplished with the computer code TINIT
(see Ref. 8) which, in its current version, employs
a table look-up technique to assign particle identi-
fication (PI) values to the detected ions. The iden-
tification tables are initially based upon the semi-
empirical range-energy calculations of Northcliffe
and Schilling® but have been modified to take into
account pulse height defects and detector window
effects. The data required to make these modifi-
cations were obtained by comparing the measured
detector telescope energies of *N, %0, 28Si, “%Ar,
56Fe, and ®Kr ions, accelerated in the TAMU
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Variable Energy Cyclotron, with the energies de-
termined by magnetic analysis of the ion beam.

Table entries consist of the atomic number of
ions along the line of 3 stability as a function of
the apparent total energy, E;, and of the apparent
fractional energy loss in the AE detector, AE/E;.
While the pulse height defect data could be em-
ployed to correct the observed energies, thus al-
lowing us to construct a table of actual E; vs the
actual fractional energy loss, the use of such a
table for identification purposes would require
some prior knowledge of the particle identity or
alternatively, an iterative procedure involving
more than one entry into the identification table.
To reduce the time required for the identification,
we have chosen to use an empirical table of ap-
parent E; and AE/E;, making energy corrections
after the identification is completed.

The identification scheme consists of the follow-
ing:

1. employing the detector energy calibrations
to calculate the energies in the individual detector,

2. separating the events into two detector events
and three detector events,

3. calculating the total energy E; and the frac-
tional energy loss AE/E,, in the front detector (or
front two detectors for three-detector events),

4. searching a table of AE/E, vs Ej to assign
a PI value to the event,

5. correcting the observed energies for pulse
height defect and energy loss in the target.

The first correcticn is made using the formula-
tion proposed by Kaufmann et al.'® with the con-
stant A of the correction equation [Eq. (5) of Ref.
10] determined to be 17.0 from our pulse height
defect data. The correction for average energy
loss in the target is made using range-energy in-
formation® to calculate the energy loss of the ion
in an amount of target material equal to one-half
the target thickness corrected for the angle of ob-
servation. Since the table is constructed from
range energy information for nuclei along the line
of B stability, the PI values are close to but not
necessarily equal to the atomic number of the de-
tected product.

Once the energies and PI values have been de-
termined, the events may be combined to construct
the various PI and energy spectra as desired.

RESULTS

The general features of the data which we obtain
with the counter telescopes are well illustrated in
Fig. 1 which depicts the variation of AE with E for
the reactions of 197-MeV '2C with Ag. The ridge
of products of intermediate AE having a relatively
narrow spread in total energy are those which are
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FIG. 1. Spectrum of AE vs E for products of the
reactions of 197-MeV !2C with Ag. Data are for elements
detected at a laboratory angle of 40° with a telescope
employing an 8.4-um-thick AE detector.

of primary interest in this study. Products of
higher Z, corresponding to the lower energy heavy
recoils from fusion reactions, are mostly stopped
in the AE detector and are not identified, which
results in the sharp energy cutoff observed in the
figure for products of the highest AE.

Even though the AFE detectors stop the majority
of the recoils from fusion, the total cross sec-
tions for production of nonfissioning fusion resi-
dues have been measured for the reactions of 197-
MeV '2C projectiles with #Y, °*Mo, and Ag tar-
gets. These measurements were performed by
combining the cross sections for transmitted heavy
recoils with the measured cross sections for heavy
recoils stopped in the 4.3-yum AE detector. De-
termination of the latter cross section was possible
because the particles of much lower Z than the
fusion residues can leave very little energy in the
thin detector. As a result, the energy spectrum of
stopped recoils is quite distinct from the lower
energy pulses corresponding to lighter ions. The
cross sections for fusion not followed by fission
are presented in Table I.

In Fig. 2, we show particle identified spectra
derived from AE versus E data such as that shown

TABLE 1. Limiting angular momenta for the produc-
tion of heavy recoils in reactions with 197-MeV 12C
projectiles.

Sharp cutoff
limiting angular
Compound Cross section momentum
Target Nucleus (mb) (R)
¥y 10Rh 1770+ 180 70+ 4
%Mo 10cq 1910+ 195 T4+ 4
Ag 1207 1810+ 185 73+ 4
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FIG. 2. Identified spectra for products of the reactions
of 197-MeV 2C projectiles with ¥y, %Mo, Ag, and !'%n.
Data are for elements detected at a laboratory angle of
40° with a telescope employing an 8.4-um-thick AE de-
tector. The highest peak in each spectrum represents
carbon ions. The PI values are assigned using an identi-
fication table based on semiempirical range energy cal-
culations (see text).

in Fig. 1 for the Ag target. The elemental resolu-
tion obtained using the 8.4-um AE detector is found
to be adequate to separate elements up to Z ~16.
Above that atomic number, only the envelope of

the elemental product yield is observed. When
elements are resolved the correspondence between
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FIG. 3. Representative laboratory energy spectra for
elements produced in the reactions of 197-MeV 2C with
Ag. Data were taken at laboratory angles of 35° (@) and
50° (O). Spectra are shown for (a) Mg ions, (b) S ions,
and (c) Ca ions.

PI and atomic number is well established. For
higher atomic numbers we rely on our calibration
procedures to establish this correspondence. As
the atomic number of the product becomes greater
than 20, there does appear to be a systematic de-
viation of PI from Z in our data. The deviation

is such that the actual atomic number correspond-
ing to the peak at symmetry may be 1 to 2 atomic
numbers higher than would be indicated by equating
Pl to Z. We have attempted to correct for this
effect in assigning counts to bins of a particular
atomic number, above the point where elements
are clearly resolved. This slight uncertainty at
high atomic number has little effect on the conclu-
sions of this paper.

By the assignment of appropriate windows in the
PI spectrum, energy spectra of the individual ele-
ments may be obtained. Figure 3 illustrates the
nature of the typical energy spectra observed for
the reaction products of atomic number intermedi-
ate between that of the projectile and the composite
system. These energy spectra are characteristi-
cally relatively narrow, almost symmetric distri-
butions with peak energies which decrease rapidly
with increasing laboratory angles.

The high average energies and narrow energy
distributions observed for products of atomic num-
ber ranging from those slightly greater than that



174 NATOWITZ, NAMBOODIRI, AND CHULICK

I I I ’ T ] I
® . 12
L 3T e Sn+ “C _|
50 ’,‘ . .\L ° Ag"’ |2C
foo® %, s+ Mo+ '2C
[Pl & e ves
45 - 1 %, b -
] \\° \
\
$ \ e
%
\ \
e, \ ’\
40 \\\ \‘ \‘ —
\\ A\ »
—~ se A b
% A\\A\e X\ \ |
g 35 - \A\\ \ \\ -
. &% \\ o
= AW \
o V44
= Rt
30 — % \\ \\ -
\ \
A
\\\
25 - §‘\ —
L
[
]
\
i
20 —
1 I A T R
0 10 20 30 40
Z

FIG. 4. Variation of peak energies with atomic num-
ber for products of the reactions of 2C with ¥y (1),
%Mo (A), Ag (O); and !'éSn @). The data have been
converted to the center of mass assuming two-body
breakup. The estimated uncertainty of £1.5 MeV is
indicated by the error bar.

of the projectile into the region of atomic numbers
corresponding to symmetric fission suggest that
these products result from a process which is
predominantly a two-body breakup. That such is
the case has been confirmed by coincidence experi-
ments, employing two counter telescopes, which
will be reported elsewhere.!! For the present, we
shall refer to such reactions as “fission-like pro-
cesses.”

In order to explore the systematics of the ener-
gies more carefully, we have converted the ob-
served peak energies in the laboratory to center
of mass energies by assuming that the observed
products result from a binary division of the com-
posite system formed by the target and projectile
nuclei. In making these conversions we have not
taken any product excitation energy, and therefore
any mass decrease of the products after division,
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FIG. 5. Target-mass dependence of the cross sections
for light fission-like products. The differential cross
sections (do/dw) for elements detected at 40° are plotted
for the reactions of 197-MeV '2C projectiles with Ni (O),
Y (@), Mo (d), Ag (R), Sn (A), and Au (A). An inter-
esting odd-even alternation is observed.

into account,

When such conversions are made for the energy
data obtained at laboratory angles of 20° to 80°
in the reactions of '2C projectiles with the #Y,
%Mo, Ag, !!'®Sn, and '°7Au targets the resultant
center of mass energies for each product vary
with target mass but for each target are constant
with angle within the experimental error of £1.5
MeV. Within the same experimental error, no
systematic difference in the center of mass ener-
gies was observed in experiments with lower ener-
gy projectiles. In the limited experiments with Ni
targets it appeared that the center of mass ener-
gies do vary with angle of emission. The Ni +2C
system is being investigated further.

In Fig. 4 the peak energies converted to the cen-
ter of mass are plotted as a function of the atomic
number of the product.

The cross sections for the products having the
characteristic energy spectra of the type illus-
trated in Fig. 3 have also been measured. An in-
dication of the variation of the cross section for
such processes with mass of the target nucleus
is indicated in Fig. 5. This plot is one of differ-
ential cross sections for various elements detected
at 40° in the laboratory. The sharp decline in the
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FIG. 6. Center of mass angular distributions do/d6cm.
for elements produced in fission-like reactions of 197-
MeV 2C projectiles with Ag. The forward peaking de-
creases as the atomic number of the detected product
increases. The apparently constant value of do/dé
which is observed at the larger angles corresponds to a
1/sin6 angular dependence for do/dw. Uncertainties
are of the order of the size of the solid circles unless
otherwise indicated.

cross sections of elements of atomic number in
the range of Z =8 to 16 as the target mass increas-
es is readily observed. The odd-even variation in
the yield data at lower atomic number is similar
to that previously observed.?

For the medium mass elements, angular distri-
butions of the products of fission-like reactions
have been obtained. The data for the reactions of
Ag with 2C, presented in Fig. 6, are representa-
tive of these data. Here the differential cross
sections do/d#é_, are plotted as a function of cen-
ter of mass angle. We choose this way of plotting
the data since a horizontal line corresponding to
constant do/d6.,, would be indicative of a varia-
tion of do/dw.,, of the form 1/sin6. The angular
distributions for the products of fission-like pro-
cesses indicate a continuous trend towards the
limiting 1/sin6 variation'? of do/dw as the atomic
number of the product increases above that of the
projectile. However, even products with atomic
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FIG. 7. Elemental yields of the products of the fission-
like reactions of !2C projectiles with 3%Y. The data are
for a projectile energy of 197 MeV. The estimated ab-
solute error is £10%.

number well above that of the projectile exhibit a
small forward peaking in their angular distribu-
tion.

By integrating over the angular distributions, we
have determined the elemental yields which are
presented in Figs. 7-10. Extrapolations of do/
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FIG. 8. Elemental yields of the products of the fission-
like reactions of 12C projectiles with *®Mo. The data are
for projectile energies of 107 MeV (M) and 197 MeV (@).
The estimated absolute error is 10%.
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FIG. 9. Elemental yields of the products of the fission-
like reactions of '2C projectiles with Ag. The data are
for projectile energies of 107 MeV (M) and 197 MeV (@).
The estimated absolute error is +10%.
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FIG. 10. Elemental yields of the products of the fis-
sion-like reactions of 2C projectiles with 11Sn. The
data are for a projectile energy of 197 MeV. The esti-
mated absolute error is +10%.

db., atlarge c.m. angles were made for this
purpose.

DISCUSSION

In a system in which reaction mechanisms can
be clearly separated into two distinct types, fast
and slow, product angular distributions varying
essentially as 1/sinf but having a forward peaking
would suggest the existence of both reaction mech-
anisms leading to those particular final products.
However, the smooth continuous variation of the
yields of the products, their peak energies and
their angular distributions as indicated in the fig-
ures, are more suggestive of a continuous evolu-
tion of the reaction system? rather than a synthesis
of two distinct processes. In the reactions under
consideration here, the tendency toward the limit-
ing 1/sin6d dependence for the angular distribution
probably reflects the requirement that the reac-
tions for which large amounts of mass transfer oc-
cur proceed through the production of an interme-
diate composite nucleus which exists for atime long
compared to the rotational time. Such a composite
nucleus would not necessarily be a compound nu-
cleus in the same sense as it is usually defined.
Although there may well be dynamic equilibration
achieved in most of the degrees of freedom, the
system does retain some additional memory of the
formation step in its elongation and asymmetry.

Within the framework of the macroscopic ap-
proach, a complete description of the interactions
between two large nuclei must necessarily take in-
to account the potential energy surface as a func-
tion of all of the pertinent degrees of freedom and
the dynamic path of the system on that potential
energy surface. Swiatecki has estimated'® that
specification of approximately 14 degrees of free-
dom would be required to (completely) describe a
binary process such as fusion or fission and that
“three degrees of freedom is the barest minimum
necessary to give the roughest, qualitatively ade-
quate description of the nuclear shapes relevant
for binary fission or two-ion fusion.”

The minimum three degrees of freedom sug-
gested by Swiatecki are

a,, a separation coordinate,
a,;, a mass asymmetry coordinate,
a,, a neck forming coordinate .

Figure 11, an illustration of the fission and fu-
sion shapes described by the coordinates o, and
a, for a fixed value of the asymmetry coordinate,
a,, is similar to that presented by Swiatecki. This
figure emphasizes an important feature of the nu-
clear potential energy surface in a,, a,, a, space,
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FIG. 11. Schematic representation of the potential
surface in the a,—a, plane for a constant value of the
asymmetry coordinate, «;. The diagram indicates
shapes representative of the reactions of 2C nuclei
with medium mass target nuclei.

the misalignment of the fusion and fission valleys,
reflecting the very different shapes of the nuclei
in the two different processes.

In reactions with relatively light projectiles on
heavy targets, fission has been well described as
a statistical process competing with other possible
modes of deexcitation of a compound nucleus and
totally independent of the fusion step. This clear
separation between fusion and fission may be
viewed as a consequence of the asymmetric nature
of the initial collision resulting in a complete ab-
sorption of the projectile and producing a compos-
ite nuclear shape more compact than the symme-
tric saddle point shape of the fissioning compound
nucleus. For projectiles of significantly greater
mass, nuclear charge, or orbital angular momen-
tum, the very different nuclear potential in a,,

a,, 0, space and the increased importance of dy-
namic effects can greatly alter the nature of the
interaction.'”®

CRITICAL ASYMMETRY

While various approaches to full dynamic treat-
ments of the interaction between complex nuclei
are being developed,'*'!® at this time no complete
dynamic calculations encompassing the wide varie-
ty of reactions possible in the evolving system are
yet available. However, just as it is possible to
gain considerable insight into the nature of the fu-
sion and fission processes by focusing on the po-
tential energy variation in the single «, degrees
of freedom,'®'!7 it appears possible to understand
the basic features of collisions with large kinetic
energy damping by considering that degree of free-
dom which is expected to be of primary importance
at some decisive stage of the interaction. In this
spirit, we focus our attention on the asymmetry
coordinate, a,.

For the case of zero angular momentum, Swia-
tecki’” has estimated the critical asymmetry of a
saddle point nucleus as a function of the nuclear
fissionability and has emphasized the importance
of the critical asymmetry in determining the quali-
tative nature of the interaction between two com-
plex nuclei. For a particular fissionability, a
nucleus having a shape more asymmetric than that
characterized by the critical asymmetry would be
unstable toward asymmetric distortions, a nucleus
having a shape more symmetric than that charac-
terized by the critical asymmetry would be stable
towards such distortions.

As a result, for mass asymmetries more ex-
treme than the critical asymmetry, the smaller
portion of an asymmetric nucleus would be pre-
ferentially absorbed into the larger portion. For
mass asymmetries less extreme than the critical
asymmetry, the smaller portion would grow,
drawing mass from the larger portion, the entire
system thus evolving toward a symmetric mass
distribution.

The value of the fissionability parameter, X
[see Eq. (2)], below which a symmetric saddle
point shape is unstable toward asymmetric distor-
tions, is known as the Businaro-Gallone limit.'®
At zero angular momentum, this limit has a value
X =0.396 (see Ref. 19) corresponding to nuclei in
the vicinity of Z =44. The variation of the Busina-
ro-Gallone limit with angular momentum has been
calculated for symmetric saddle point shapes,'®
but no general calculations of the critical asym-
metry as a function of angular momentum and fis-
sionability have been reported.

In view of the misalignment of the fusion and
fission valleys and the absence of any experimen-
tal evidence for large distortions of colliding com-
plex nuclei, the critical asymmetries most perti-
nent to determining the probability of fission-like
reactions may well be those appropriate to the nu-
clear shapes encountered in the fusion valley.

Moretto et al.® have used a model of two rigidly
rotating tangent spheres to calculate the potential
energy of a composite system as a function of the
asymmetry. We have employed a similar model,
with the addition of a nuclear surface interaction
of the form suggested by Krappe and Nix,* to
make similar calculations. In our calculation, the
energy of two tangent spherical nuclei relative to
a spherical nucleus of the same total mass and
charge is

V=Eg +Es,+Ec +Ec, = Escy= By~ Erey

+fﬁzl(l+l) +zlzzez

LR +V

R KN *

1)

In this equation, the numbers 1 and 2 indicate the
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FIG. 12. Potential energy as a function of asymmetry
for the composite system !“'Rh. The potential energy of
two rigidly rotating tangent spheres has been calculated
using Eq. (1) in the text. Increasing angular momentum
stabilizes the symmetric configuration. The peak in the
potential curve for a fixed angular momentum occurs at
the critical asymmetry corresponding to that angular
momentum. The initial asymmetry for '2C +%%Y is in-
dicated by the heavy vertical line on the asymmetry
scale.

two tangent nuclei and CN indicates the composite
nucleus of the same total mass and atomic num-
ber. The energies designated Eg are surface en-
ergies, while those designated E - are Coulomb en-
ergies. The rotational energy of the composite
nucleus is Ep . In the remaining terms of Eq.
(1), I is the angular momentum quantum number,
1 is the reduced mass, R is the separation dis-
tance of the spheres, ze is the nuclear change.
The symbol f is the factor which corrects for the
variation of the moment of inertia of the rigidly
rotating system as the asymmetry of the system
varies.!” The final symbol V, represents the
Knappe-Nix surface interaction. We have used a
range of 1.35 fm in calculating that interaction.
Other parameters employed in the calculation are
identical with those of Ref, 19,

In Figs. 12 and 13, we show calculations of the
potential energies for the composite systems !°'Rh
and '?°I, two systems studied in the present work.
In both cases, the symmetric configuration is un-
stable toward asymmetric distortions for zero
angular momentum indicating that the point in the
fusion valley at which the symmetric shape be-
comes stable toward asymmetric distortion occurs
at a larger value of the fissionability parameter,

SO—rTT1 7T 17 T 1T T T T 1T
r 120 1
sl 1 —

30 30 —

V (MeV)

-20 —
N
-30
00 Ol 02 03 04 0.5
AL /(A +AL)

FIG. 13. Potential energy as a function of asymmetry
for the composite system '21. The potential energy of
two rigidly rotating tangent spheres has been calculated
using Eq. (1) in the text. Increasing angular momentum
stabilizes the symmetric configuration. The peak in the
potential curve for a fixed angular momentum occurs at
the critical asymmetry corresponding to that angular
momentum. The initial asymmetry for 12C +1%8Ag is
indicated by the heavy vertical line on the asymmetry
scale.

X, than the analogous Businaro-Gallone point in
the fission valley.

As the angular momentum is increased, the
slopes of the potential curves near symmetry de-
crease. At an angular momentum =457 the sym-
metric shape becomes stable toward asymmetric
distortions. The critical asymmetry, the point at
which the potential curve peaks as a function of
asymmetry, decreases rapidly with increasing
angular momentum, The initial asymmetry of the
two-sphere shape for a composite system pre-
pared using '2C projectiles is indicated on the ab-
scissa in each figure. The critical asymmetries
become less than these initial asymmetries for
angular momenta =707,

Composite systems of ©'Rh or 2T having shapes
more asymmetric than the critical asymmetry are
expected to be unstable toward asymmetric dis-
tortions. In such cases, the smaller portion of the
composite system should be absorbed into the larg-
er portion. The system is expected to move toward
fusion. In contrast, composite nuclei with asym-
metries such that they are more symmetric than
the shapes of critical asymmetry should show an
initial predilection for evolving into a more sym-
metric shape. In this latter case, fission-like
processes resulting from dynamic trajectories
from the fusion valley to the fission valley without
ever passing within the symmetric fission saddle
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point in a,, a,, @, space should be significantly en-
hanced.

The data on limiting angular momenta which we
have derived® from the cross sections for the pro-
duction of nonfissioning heavy recoil nuclei allow
us to make a more quantitative comparison of the
probability of fission-like processes with the cal-
culation. As indicated in Table I, the limiting
angular momenta for fusion without fission in the
reactions of 197-MeV '2C projectiles with ®Y,
%Mo, and Ag are T0%, 74%, and T3%, respectively.
It seems reasonable to assume that the reactions
occurring for orbital angular momenta just above
the limiting angular momenta for making nonfis-
sioning nuclei are those which may lead to the fis-
sion-like reactions under consideration. Thus,
for a projectile energy of 197 MeV, these angular
momenta are seen to be slightly larger than the
angular momentum at which the critical asymme-
try in the fusion valley becomes less than the ini-
tial asymmetry. A significant probability of fis-
sion-like processes would therefore be expected.

We have not measured the fusion cross sections
at the lower projectile energies. Based upon the
systematics of previous measurements and the
good agreement? between the trend of the experi-
mental limiting angular momenta and those calcu-
lated using the model proposed in Ref. 17, we esti-
mate that the limiting angular momenta for pro-
duction of '®Rh, '°Cd, and '?°T with 107-MeV 2C
projectiles are each ~49%, As indicated in Figs.
12 and 13, 49% is very close to the angular mo-
mentum above which the asymmetric shapes for
these composite nuclei first become unstable rela-
tive to the symmetric shape. The fission-like pro-
cesses are indeed observed at the lower projectile
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FIG. 14. Critical asymmetry as a function of fission-
ability and angular momentum. The critical asymme-
tries corresponding to fixed values of the parameter,
Y= Ep/Es, are plotted as a function of the fissionability
parameter, X=2E:/Eg. Dashed lines indicate the ini-
tial asymmetries for reactions induced by *He, ?C,
“Ar, and ¥Kr projectiles (see text).

energy but the cross sections are only 3% as large
as the cross sections measured when higher en-
ergy projectiles are used.

It appears that the pronounced increase in fis-
sion-like processes as the kinetic energy of the
12C projectiles is increased can be interpreted in
terms of Figs. 12 and 13 as resulting from colli-
sions involving angular momenta large enough that
the symmetric shape of the composite system has
been stabilized relative to asymmetric distortions.

Using the same model, we have calculated, as a
function of fissionability, the variation of the criti-
cal asymmetry with angular momentum. The re-
sults are presented in Fig. 14. This figure is pre-
sented in terms of the two dimensionless param-
eters X =E./2Eg and Y = E; /E5 where the ener-
gies Eg, E, and Ey are the surface, Coulomb,
and rotational energies of the spherical composite
nucleus.

Using the parameters of Ref. 19,

1 zZ?

¥ =50.883(1 - 1.78267) A’ @

___19249 & 3)
Y A -1.18261) A7’
andl =(N-Z)/A, where A, N, and Z are the mass
number, neutron number, and atomic number of
the nucleus, respectively.

For a particular value of the fissionability, the
value of Y for which the critical asymmetry equals
0.5 corresponds to the angular momentum below
which the symmetric shape is unstable with re-
spect to asymmetric distortions. As indicated in
our previous discussion the model predicts that
the fission-like reactions should first become like-
ly for that angular momentum. For higher angular
momenta, the critical asymmetry for that same
value of the fissionability is decreased. The value
of Y at which the critical asymmetry becomes low-
er than the initial asymmetry of the system cor-
responds to the angular momentum for which fis-
sion-like reactions should be quite probable.

For comparison with the calculation, we have al-
so plotted in Fig. 14 the initial asymmetries as-
sociated with the use of the particular projectiles
‘He, 2C, %°Ar, and ®*Kr to prepare nuclei of vari-
ous fissionabilities. For a particular projectile,
composite nuclei having values of Y above the
dashed line in the figure are expected to evolve
toward the spherical compound nucleus, while
those with Y values below the line are expected
to evolve toward two equal tangent spheres. The
large enhancement of fission-like processes with
increasing projectile mass, which has recently
been observed,! is consistent with the qualitative
predictions which would be made using Fig. 14.
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LIMITATIONS TO COMPOUND NUCLEUS FISSION

Angular distributions in the center of mass which
are symmetric and tend toward the limiting 1/siné
dependence expected for high angular momenta'?
are often taken as evidence supporting the forma-
tion of a compound nucleus, i.e., a completely
equilibrated nucleus with a memory of the forma-
tion process limited to the information such as that
contained in the distributions of excitation energy
and angular momentum which result from a partic-
ular formation process. While such a symmetric
angular distribution in the center of mass is not
sufficient evidence of the existence of a compound
nucleus, it is a necessary manifestation of the de-
cay of a compound nucleus. We may, therefore,
interpret the apparent constant values of do/d6,
observed at the larger c.m. angles, as represent-
ing upper limits to the cross sections for produc-
tion of the identified products in the decay of a
compound nucleus, From plots such as Fig. 6, the
limiting values of do/d6, and therefore the limiting
yields corresponding to a compound nucleus mech-
anism, may be obtained. These limiting yields
for the products of the reactions with 197-MeV
12C projectiles are presented in Fig. 15.

The odd-even variation of the yield noted in Fig.
5 is again apparent in the data in Fig. 15 although
not in the total yield data of Figs. 7-10. This sug-
gests that the variation reflects primarily the
evaporative deexcitation of the excited nuclei fol-
lowing the initial collision.

Another interesting feature of the data is the fact
that the limiting cross sections for products of
atomic number <16 decrease slightly as the com-
posite system varies from !¢iRh to '#Ba while the
yields of the higher Z products, corresponding to
symmetric division, increase by a factor of two.
If in fact the product yields represented in Fig, 15
did result from the deexcitation of a true com-
pound nucleus via the fission channel, this varia-
tion of the observed yield distributions would indi-
cate an increasing importance of asymmetric fis-
sion as the mass of the compound nucleus de-
creased, in agreement with the behavior predicted
to occur in the vicinity of the Businaro-Gallone
limit,22

However, since the Businaro-Gallone limit is a
function of angular momentum,!? decreasing the
projectile energy and, as a result, the angular
momentum of the fissioning nuclei, should bring
the shapes of these fissioning nuclei closer to the
limiting shape, increasing the asymmetry of the
distribution. This might explain the variation with
projectile energy which is observed for the !'°Cd
system (x =0.424) in Fig. 8. The same trend is not
apparent in Fig. 9 for '2°T (x =0.472).
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FIG. 15. Limits to the production of elements in
fission-like reactions proceeding via a compound nu-
cleus mechanism. The cross sections represent inte-
gration over angular distributions corresponding to a
constant value of do/d6_,, . The data are for the reac-
tions of 197-MeV !%C projectiles with 8Y (dotted line),
%Mo (dashed line), Ag (solid line), and !!6Sn (dotted-
dashed line).

SUMMARY AND CONCLUSIONS

The systematics of the fission-like reactions of
12C projectiles with Y, Mo, Ag, and Sn nuclei have
been studied as a function of projectile kinetic en-
ergy. The data suggest that the mechanism of
these reactions, at least for the lighter products,
is one which involves the continuous evolution of
the system along dynamic trajectories in a,, a,, o,
space which lead from the fusion valley to the fis-
sion valley without necessarily passing inside the
symmetric saddle point. The occurrence of such
reactions is consistent with calculations indicating
an increasing stabilization of the symmetric con-
figuration in the fusion valley as the angular mo-
mentum of the system increases.

The same mechanism may also account for hea-
vier products corresponding to near-symmetric
division, particularly for the reactions with the
lighter targets. However, in view of the increas-
ing tendency towards fusion as the asymmetry of
the initial collision increases and the rapid in-
crease in the probability of fission deexcitation of
a compound nucleus with increasing values of Z2/A,
the higher Z products may result predominantly
from dynamic trajectories which pass inside the
symmetric saddle point. It has previously been
noted that the average total kinetic energies for
this symmetric fission, when corrected for mass
changes during the deexcitation step, are found to
be in excellent agreement with the kinetic energies
of symmetric fission calculated using a dynamic
liquid drop model formalism.2?
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