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Fission fragment mass and angular distributions were measured for *?S induced reactions on 2**Pb
at the laboratory energies of 180, 210, 250, and 266 MeV. By measuring the folding angle distribu-
tions between coincident fissionlike fragments at several beam energies it is shown that essentially
the entire mass of the projectile is transferred to the composite system, which subsequently decays
via symmetric fission. With increasing projectile energy the width of the mass distribution increases
approximately as the square root of the nuclear temperature. The energy dependence of the angle
integrated fusion-fission cross sections can be well described by classical trajectory calculations using
the proximity potential and one-body dissipation. The fission fragment angular distributions become
more anisotropic with increasing beam energy. Even at the lowest energy of 180 MeV, the angular
distributions are more anisotropic than expected from statistical model calculations using saddle
point shapes of the rotating liquid drop model. A simple parametrization of the angular momentum
dependence of the effective moment of inertia gives a consistent description of the energy depen-
dence of the angular distributions.

NUCLEAR REACTIONS Fusion, fission 2®Pb(**S,f), E =180—270 MeV, mea-
sured o(E), 0(0), o(M). >*Cf deduced effective moments of inertia.
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I. INTRODUCTION

The concept of compound nucleus formation and decay
is expected to become meaningless for angular momenta
exceeding the value lgr_o for which the fission barrier
vanishes. It has been known for several years!— that the
cross sections for fusion-fission-like processes may consid-
erably exceed the sharp cutoff limit for compound nucleus
formation,

o =50 »

as calculated from the rotating liquid drop model.* It has
been suggested®—® that a new reaction mechanism, “fast
fission,” should set in for partial waves greater than /gs_o
but less than [,, where [, is the maximum angular
momentum for which the entrance channel potential ex-
hibits a pocket and for which capture of the projectile by
the target nucleus occurs. The interaction time for fast
fission is expected to involve time scales intermediate be-
tween compound nucleus formation and statistical decay
on the one extreme and deeply inelastic scattering on the
other.

The occurrence of fast fission processes has also been
suggested in the context of more general considerations on
the dynamics of fusion of two nuclei.’~!! For the dynam-
ical evolution of nucleus-nucleus collisions three configu-
rations and, correspondingly, three energy thresholds, have
been pointed out to be of special importance: (i) the con-
tact configuration for which neck formation becomes en-
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ergetically favorable, (ii) the conditional saddle point con-
figuration corresponding to the saddle point in a multidi-
mensional potential energy surface for fixed mass asym-
metry, and (iii) the fission saddle point configuration. Nu-
clear collisions leading to a contact configuration which is
outside the conditional saddle point correspond to dinu-
clear deeply inelastic reactions, whereas compound nu-
cleus formation requires a configuration inside the fission
saddle point (assuming the existence of a nonvanishing fis-
sion barrier). Reactions, on the other hand, that overcome
the conditional saddle point but not the fission saddle
point correspond to fast fission (mononucleus) reactions.

Although the occurrence of fast fission appears to be
well justified theoretically, the experimental signatures of
this process are less well established. For interaction times
shorter than the rotational period of the corresponding
mononucleus, the angular distributions of nonsymmetric
fragments will no longer be symmetric about 90° in the
center-of-mass system. This signature provides clear
proof for a reaction not involving compound nucleus for-
mation. Up to now, such angular asymmetries have been
observed!? primarily for heavier projectiles (A4 >50) for
which the distinction between deeply inelastic reactions
and fast fission is less clear.

It has also been proposed that fast fission processes
should exhibit broader mass distributions than convention-
al compound nucleus fission.>~® A first survey® of the an-
gular momentum dependence of fission fragment mass
distributions provided evidence for an abrupt increase of
the widths of fission fragment mass distributions once the
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entrance channel angular momenta exceed the value /ps_o.
However, this effect appears to be less pronounced in
more recent investigations.*!*> In terms of the angular
momentum dependence of the widths of the mass distribu-
tions, the distinction between compound nucleus fission
and fast fission is complicated by the fact that the stiff-
ness parameter for the mass asymmetry degree of freedom
of the potential energy surface is expected to decrease'* for
higher angular momenta. As a consequence, the widths of
fission fragment mass distributions are expected to in-
crease more rapidly with increasing beam energy than ex-
pected from the pure temperature dependence, AM ~ T'/2,
an effect which has not yet been accounted for in a quanti-
tative way.

For the case of compound nucleus fission, fission frag-
ment angular distributions provide information about the
shape of the saddle point configuration.'> At sufficiently
high excitation energies, the saddle point configurations
derived from angular distribution measurements were
found to be in agreement with the liquid drop model. Re-
cent investigations'®~!° of fission fragment angular distri-
butions measured for 32S induced reactions on heavy tar-
gets have revealed unexpectedly larger angular anisotro-
pies, in clear contrast to predictions from the rotating
liquid drop model. It has been suggested!”!® that these
large angular anisotropies should present a sensitive indi-
cation for the occurrence of fast fission processes.

In order to further elucidate the possible experimental
signatures of fast fission reactions, we have studied fission
processes following the capture of *2S projectiles by *°Pb
target nuclei over the incident energy range of 180—270
MeV. At the lower end of this energy range, the reaction
is expected to proceed via compound nucleus formation
followed by the subsequent statistical fission decay. At
the higher energies, on the other hand, the entrance chan-
nel angular momenta leading to the capture of target and
projectile considerably exceed the value lps_o, and fast fis-
sion is expected to occur. Based on the foregoing argu-
ments, we measured energy and mass distributions with
good statistical accuracy at 180, 210, 250, and 266 MeV
incident energies. In an earlier experiment, distributions
of the folding angle between two coincident fission frag-
ments were measured.

Details of the experimental setup and the data analysis
will be given in Sec. II and in Appendix A, respectively.
The results of the folding angle distribution measurements
will be discussed in Sec. III. In Sec. IV, fission fragment
mass distributions will be presented. The energy depen-
dence of the integrated cross sections and the angular dis-
tributions will be discussed in Sec. V and VI, respectively.
Details about the ambiguities arising for the interpretation
of the angular distributions at low energies will be given in
Appendix B. A summary will be given in Sec. VIL.

II. EXPERIMENTAL SETUP

The experiments were performed at the Argonne Na-
tional Laboratory Superconducting Linear Accelerator
using a pulsed 32S beam of a 20.6 ns repetition rate. De-
pending on beam energy, time resolutions were typically
between 200 and 500 ps. For the experiment, a 2**Pb tar-
get of 200 ug/cm? areal density was used.
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FIG. 1. Experimental setup.

The detector arrangement in the scattering chamber is
shown in Fig. 1. For all detectors, time-of-flight measure-
ments were performed by recording the detector time
response relative to the phase of the accelerator radio fre-
quency. Two solid state detectors mounted out of plane at
the fixed laboratory scattering angles of +24° and —21°
were used to monitor the cross section normalization and
the time calibration with respect to the rf phase. At for-
ward angles, fission fragments were detected with a solid
state AE-E detector telescope consisting of a 5 um AE-
and a 150 um E-surface barrier detector. This telescope
was located at a distance of 30 cm from the target and
subtended a solid angle of 0.26 msr. At backward angles,
fission fragments were detected by a 30 um surface barrier
detector backed by a 100 um thick veto detector used to
identify and reject light particles. This telescope was
placed at a distance of 18 cm from the target and subtend-
ed a solid angle of 0.98 msr.

Fission fragment folding angle distributions were mea-
sured by detecting coincident fission fragments with a po-
sition sensitive solid state detector and a surface barrier
detector used for energy and time-of-flight measurements.
The position sensitive detector (PSD) was placed at a dis-
tance of 9 cm from the target and subtended an angular
range of 30° in the reaction plane. The time-of-flight
detector was mounted at a distance of 39 cm from the tar-
get and subtended a solid angle of 1.6 msr. For the mea-
surement of the folding angle distributions, the center of
the PSD was moved from —70° to —90° while the angle
of the time-of-flight detector was moved from 60° to 85°.
The absolute accuracy of the folding angle distribution
measurements was limited to about A6,z ~2° due to the
close geometry of the position sensitive detector and the
large aperture (¢ =3 mm) of the beam collimator that was
placed at the entrance of the scattering chamber.

For the measurement of fission fragment mass distribu-
tions a channel plate was placed in front of the surface
barrier detector at a distance of 15.4 cm from the target,
and the position sensitive detector was replaced by a 600
mm? surface barrier detector of 0.2 sr solid angle. This
detector was positioned at the maximum of the folding an-
gle distribution and was used to detect coincident fission
fragments. In order to avoid the uncertainties of the mass
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dependent plasma delay® for silicon detectors, the channel
plate was used for the velocity measurements while the sil-
icon detector was used for the energy measurements and
to resolve the time-of-flight ambiguities that arise from rf
timing at high beam pulse repetition rates. The energy
calibration of the silicon detectors was established by
using the procedure of Ref. 21.

In order to establish the absolute cross section normali-
zation, the elastic Rutherford scattering was measured at
forward angles using the AE-E telescope and the two
monitor detectors. The absolute normalization of the
backward angle telescope was obtained from the known
geometry. The relative normalization of the cross sections
was established by measuring the elastic scattering in the
two monitor detectors and by measuring the integrated
beam current. The absolute normalization of the cross
section calibration is believed to be accurate to better than
10% and the relative cross section uncertainties are given
by the error bars in the appropriate figures.

For all detectors the energy signals and the time signals
relative to the phase of the accelerator radio frequency
were written on magnetic tape and analyzed off line.
Some details concerning corrections for neutron evapora-
tion and kinematic transformations into the center-of-
mass system are given in Appendix A.

III. FOLDING ANGLE DISTRIBUTIONS

From the measurement of the folding angle between
two coincident fission fragments, information about the
linear momentum of the fissioning nucleus can be ob-
tained.?>~2% With increasing recoil velocity of the parent
nucleus, the two fission fragments are emitted to more
forward angles, i.e., decreasing folding angles between two
coincident fission fragments correspond to larger linear
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FIG. 2. Most probable folding angle measured between two
coincident fission fragments for *’S induced reactions on 2%®Pb at
different incident energies. The dashed lines show the folding
angles calculated for symmetric fission of 2*°Cf nuclei recoiling
with 80%, 90%, and 100% of the beam momentum.

1 1 1 T 1 ] T
208p(32g, 1) ‘

FOLDING ANGLE (deg)

ll

1490

1 1 1 1 1
180 140 100 60 20
MASS NUMBER
FIG. 3. Scatter plot of the measured folding angle versus
fragment mass for the reaction 2%Pb(*3S,f) at E),, =270 MeV.

momenta of the parent nucleus. By means of this tech-
nique, fusion-like reactions can be readily distinguished
from quasielastic or deeply inelastic reactions.??

Figure 2 shows the variation of the most probable fold-
ing angle with projectile energy. The dashed lines corre-
spond to folding angles calculated for symmetric fission of
the composite system assuming linear momentum
transfers of 80%, 90%, and 100% of the beam momen-
tum. For these calculations, the total kinetic energy
release of TKE=188 MeV has been taken from the sys-
tematics of Ref. 26. As can be seen from the figure, more
than 90% of the projectile momentum is transferred to the
parent nucleus prior to fission. Within the accuracy of the
experiment, the data are consistent with fission following
capture.

In Fig. 3 we show a scatter plot of folding angle versus
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FIG. 4. Contour plot of mass versus energy measured for the
reaction 2°Pb(*’S,f) at E},, =266 MeV and 0y,,=40°.
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FIG. 5. Upper part: mass dependence of the average value (solid curve) and variance (vertical bars) of the estimated number of
neutrons emitted from the primary fission fragments. Lower part: primary (circles) and secondary (triangles) mass distributions for

capture reactions induced by 32S on 26Pb at 180 and 266 MeV.

fragment mass for the incident energy of 270 MeV. The
folding angle distribution was found to be asymmetric
with a tail which extends toward smaller folding angles
for more asymmetric mass divisions. This asymmetry is
of purely kinematic origin as is shown by the solid line
which corresponds to compound nucleus fission assuming
a total kinetic energy of 188 MeV.

At higher beam energies, Ej,, > 250 MeV, there is evi-
dence of sequential fission following deeply inelastic reac-
tions. Except at backward angles, this process could be
clearly separated from fission following capture. As an
example, Fig. 4 shows a contour plot of energy versus
fragment mass measured at Ej,, =266 MeV and 0,,,=40".
Two groups of heavy fragments can be distinguished, con-
sistent with fission following capture reactions and fission
following deeply inelastic reactions. Even at the highest
energy investigated, deeply inelastic processes contribute
only about 8% to the total fission cross section. Possible
contributions of fission following deeply inelastic reactions
to the capture cross sections are estimated to be smaller
than our experimental uncertainties.

IV. MASS DISTRIBUTIONS

The masses of secondary fission fragments after neutron
evaporation are determined from the measurements of en-
ergy and velocity. In order to deduce the mass distribu-
tions of the primary fragments we have corrected for the
effects of neutron evaporation and possible kinematic dis-
tortions as described in more detail in Appendix A.

Over the range of beam energies investigated the
kinematic distortions of the mass spectra are small. How-
ever, the effects from neutron evaporation are appreciable,

as is demonstrated in Fig. 5. The upper part of the figure
shows the average values (solid curves) and variances
(vertical bars) of the estimated number of neutrons emitted
by a given primary fragment. The variances shown in the
figure reflect the variations of the total kinetic energy for
fixed fragment mass and do not include the additional
broadening arising from temperature fluctuation or from
the statistical nature of the neutron emission process. The
measured laboratory distributions of secondary fragments
(triangles) and the extracted primary mass distributions in
the center-of-mass system (circles) are given in the lower
part of the figure. The main effects of the neutron eva-
poration correction are to shift the centroid of the mass
distribution towards 4 =120, corresponding to symmetric
mass division, and to increase the width of the primary
mass distribution. With increasing beam energy, the neu-
tron evaporation becomes more important, as can be seen
by comparing the mass distributions at 180 and 266 MeV.

Within the accuracy of our measurements, the centroids
and widths of the mass distributions were found to be in-
dependent of scattering angle. This result is in qualitative
agreement with the results of Ref. 12, where significant
angular variations of the mass distributions were detected
for reactions induced by 2°Pb projectiles on targets
heavier than “®Ca but not on a 2Mg target. The angular
independence of the measured mass distributions is con-
sistent with interaction times that are larger than the
characteristic time to reach equilibration of the mass sym-
metry degree of freedom.

In order to obtain mass spectra with better statistical ac-
curacy the data taken at different angles were added. The
resulting mass distributions are symmetric about 4 ~ 120
and become broader with increasing beam energy; see
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FIG. 6. Mass distribution of primary fission fragments mea-
sured for capture reactions induced by 32S on 2%Pb at E),, =180,
210, 250, and 266 MeV. The mass spectra measured at several
angles were added to increase statistical accuracy.

T T T T T T T T T T T
70~ 208pp (323 f) 266 Mev —
i 250 Mev+//+ i
T
30 210 Mev %,f’ -
= -1~
S ’/.,/_
3 [ wo Mev+ PPt .
50 —
- AM~(EF)V
- e AM ~ (E*=(E o1 sonM* ]
1 1 1 1 1 1 1 1 e 1 1
4% 50 100

2. (R)

FIG. 7. Dependence of the full width at half maximum,
AM gwim, of primary fragment mass distributions on the sharp
cutoff angular momentum for capture reactions induced by
32§ 4+ 2%pb. The dashed and dotted-dashed lines show the ex-
pected temperature dependence of the width of the mass distri-
bution normalized to the data at Ej,, =180 MeV.

Fig. 6. In Fig. 7, the widths of the mass distributions,
AMgwywm, are plotted versus /., the sharp cutoff angular
momentum for capture. The value of /. is determined
from the angle integrated fission cross sections, o, using
the relation

op=mkhHl,+1)?. (1

We do not find positive evidence for a sudden increase of
AMgwym for I, >lgr_o~607. However, the number of
data points and the accuracy of the present measurements
cannot rule out a small discontinuity in the rate of in-
crease of AMpwyy in the vicinity of [, =Ips_o.

The widths of fission fragment mass distributions are
expected to increase both for larger angular momenta and
for higher temperatures of the composite nucleus. With
increasing angular momentum the stiffness parameter of
the potential energy associated with the mass asymmetry
degree of freedom at the saddle point is expected to de-
crease.'* As a consequence, the mass distributions should
become wider. Since this effect has not yet been account-
ed for in a quantitative manner, we make the simplifying
assumption that the stiffness parameter is independent of
angular momentum. If statistical equilibrium and a har-
monic potential for the mass asymmetry degree of free-
dom are assumed, the width of the mass distribution is
proportional to the square root of the temperature T at the
saddle point,

AMFWHM =const X T1/2 . 2)

In order to evaluate the temperature, we have used the
relation

_ 7.7 MeV
A

T? (E* —(E)) , (3)

where 4, E*, and (E,, ) are the mass number, the excita-
tion energy, and the average energy of collective rotation,
respectively. We assume that no energy is removed from
the composite system by prefission light particle emission.
The average rotational energy is calculated by using the
moment of inertia of a rigidly rotating sphere .# o= 133#?
MeV~!. This procedure leads to an overestimate of the
average rotational energy and, correspondingly, to an un-
derestimate of the temperature.

The temperature dependence of AMpwym calculated
from Egs. (2) and (3) is shown by the dotted-dashed curve
in Fig. 7. For comparison, the dashed curve shows the ex-
pected temperature dependence if the rotational energy is
neglected. For these calculations, the proportional con-
stant in Eq. (2) was normalized to the measured value of
AMgwym at 180 MeV. The calculated temperature depen-
dence of AMpwyym reproduces the trend of the data rather
well. Our observations are, therefore, not inconsistent
with the temperature dependence expected for the achieve-
ment of statistical equilibrium for the mass asymmetry de-
gree of freedom. This result is in qualitative agreement
with recent measurements'® for the system *Cl+!’Au
for which the major energy dependence of the widths of
the fission fragment mass distributions could be attributed
to the expected temperature dependence.
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FIG. 8. Angular momentum dependence of the fission barrier

of *0Cf as predicted by the rotating liquid drop model (Ref. 4)

(solid curve) and the macroscopic two-center model (Ref. 27)
(dashed curve).

V. ENERGY DEPENDENCE
OF CAPTURE CROSS SECTIONS

The compound nucleus 2**Cf which is formed by the
fusion of *’S and 2°®Pb has a small fission barrier. The
solid line in Fig. 8 shows the angular momentum depen-
dence of the fission barrier as predicted by the rotating
liquid drop model.* Slightly lower fission barriers are
predicted from the macroscopic two-center model?’ which
includes the effects due to the finite range of the nuclear
force and to the diffuse nuclear surface (see the dashed
line in Fig. 8). Both models predict that the fission barrier
vanishes for angular momenta larger than about 607.
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FIG. 9. Energy dependence of capture cross section for 328 in-
duced reactions on 2°8Pb. The solid curve corresponds to the cal-
culated capture cross section using the proximity potential and
one-body dissipation (Ref. 3). The dashed curve corresponds to
the predicted cross section for the passage over the conditional
saddle point in terms of the parametrization of Ref. 12.

TABLE 1. Laboratory energy Ey, center-of-mass energy
E. ..., compound nucleus excitation energy E*, capture cross sec-
tion oy, and maximum angular momentum for capture /. ob-
tained in the sharp cutoff limit for the present experiment.

Ew (MeV) Ecm (MeV) E* MeV) o mb?®  L(#)
180 156 50 150+8  30.4+0.9
190 165 59 202444 441136
200 173 67 480+72  58.3%4.6
210 182 76 604130  67.1%1.7
230 199 93 866+130  84.416.7
250 217 111 968+50  93.1%2.5
266 231 125 1108+55  102.9+2.7
270 234 128 1116+67  104.0+32

2Only relative errors are given; the absolute errors are 10% for
oy and 5% for I..

Because of these low fission barriers, capture reactions
of 2%%Pb and 3?8 are expected to be followed by fission.
The cross section for the formation of particle stable eva-
poration residues is negligible as compared to the fission
cross section. Consequently, the integrated fusion-fission
cross section (excluding the contributions from fission fol-
lowing deeply inelastic reactions) is identified with the
cross section for capture reactions.

Figure 9 shows the energy dependence of the measured
capture cross sections. The dashed curve corresponds to
the cross section predicted for the passage over the condi-
tional saddle point in terms of the parametrization of Ref.
12. At the higher energies the measured cross sections
considerably exceed the predicted cross section, indicating
that the “extra push” needed for the passage over the con-
ditional saddle point is overestimated for the present sys-
tem. Similar observations were made?® for capture reac-
tions of “Ar+!"’Au. In fact, the measured capture cross
sections can be rather well described by classical trajectory
calculations using the proximity potential and one-body
dissipation,’ as is shown by the solid curve in Fig. 9.

The values of the sharp cutoff angular momenta I,
determined from the measured capture cross sections [see
Eq. (1)] are listed in Table I. For energies E >210 MeV
these angular momenta exceed the value Igr_~ 607 corre-
sponding to a vanishing fission barrier according to the ro-
tating liquid drop model. At least for these higher ener-
gies, the reaction is expected to include processes, such as
fast fission reactions, which do not involve the formation
of the compound nucleus. At the same time, one cannot
exclude contributions from noncompound processes at en-
ergies below 210 MeV, since the sharp cutoff approxima-
tion is rather unrealistic as, owing to zero-point oscilla-
tions of the nuclear surface, angular momenta in excess of
the value /. are expected to contribute to the capture reac-
tion.?®30  Furthermore, capture beyond the conditional
saddle does not ensure passage over the true saddle point,
which is a necessary condition for compound nucleus for-
mation.

VI. ANGULAR DISTRIBUTIONS

Fission fragment angular distributions contain valuable
information about the collective rotations of the composite
system prior to scission. In the framework of the transi-
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tion state model of compound nucleus fission,'>3! the fis-
sion fragment angular distribution is determined by the to-
tal angular momentum I, its projection M on the space
fixed axis, and its projection K on the body fixed symme-
try axis that coincides with the direction of fission. By as-
suming Gaussian shaped K distributions corresponding to
the statistical population of K states at the saddle point,

]

+1
S 1QI+1)| Do k(0) ] %exp
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remarkably good agreement has been obtained for a large
body of data.!> If the compound nucleus is formed by the
fusion of two nuclei with zero intrinsic angular momen-
tum, the total angular momentum is equal to the orbital
angular momentum / of relative motion, 7 =/. If the beam
axis is chosen as the space fixed quantization axis the fis-
sion fragment angular distribution is given by

2

do 2 & K=-1 2K (2),1
d—n(9)=1r7c > @i+NT1, v, 4)
t=0 > exp(—K2%/2K3))
K=—1I
r
with (1/Ko 1) ={1) /K, .
7w
K3 =TS /=T |———— (5)  Clearly, this ratio depends on the distribution of capture
A probabilities, T;, which cannot be predicted reliably. As a

Here, T; denotes the probability of capture for the partial
wave of angular momentum I/, & fw=0’ x is the symmetric
top wave function, T is the nuclear temperature, and .# I
and .# | are the moments of inertia of the saddle point con-
figuration about axes of rotation parallel and perpendicu-
lar to the symmetry axis. For simplicity, one often as-
sumes that the variance of the K distribution is indepen-
dent of angular momentum, i.e., Ko ;=K.

For compound nucleus excitation energies well above
the fission barrier, the effective moments of inertia ex-
tracted from the analysis of measured fission fragment an-
gular distributions agree, in general, rather well with the
saddle point shapes predicted by the rotating liquid drop
model.!>32 Within the context of this model, the effective
moments of inertia are expected to increase with an in-
creasing fissility parameter and with increasing angular
momentum, because the saddle point shapes become more
compact. Thus for more fissile compound nuclei, the
liquid drop model predicts angular distributions which are
more isotropic, in qualitative agreement with experimental
observations.!>3? Recently, however, the angular distribu-
tions measured for 32S induced capture reactions on heavy
targets!®~!° were found to be substantially more anisotro-
pic than expected. The description of these angular distri-
butions in terms of Eq. (4) requires K, values which are
clearly inconsistent with the saddle point shapes predicted
by the rotating liquid drop model.

Although Egs. (4) and (5) were originally derived to ex-
plain angular distributions measured for the fission decay
of compound nuclei, they are of more general validity.
The equations remain valid as long as the final total heli-
city distribution reflects a statistical equilibrium distribu-
tion of K values at some intermediate stage of the reac-
tion. For this more general situation, the values of Kg;
extracted from the analysis of the measured angular distri-
butions provide information about that stage of the reac-
tion at which the K distribution is frozen. The corre-
sponding configuration may be different from the saddle
point configuration.

It can be shown® that the angular anisotropy given in
terms of Eq. (4) depends mainly on the average value of
the ratio

consequence, the extracted values of Ky; will depend on
the particular choice of capture probabilities. Rather sig-
nificant uncertainties of the extracted K ; values exist at
energies close to the barrier where only few, if any, partial
waves contribute with full strengths. At higher energies
where a large number of partial waves are expected to be
captured with unit probability, the extracted K, ; values
are significantly less ambiguous. A more detailed discus-
sion of these uncertainties is given in Appendix B.

For the present analysis, we assume that the transition
of the capture probabilities from T;=1 to O takes place
over a comparable number of partial waves as the transi-
tion from T/ =1 to 0 of transmission coefficients ob-
tained from optical model calculations. The nuclear part
of the optical potential'® was parametrized as

U(r)=(V +iW){1+exp[(r —R)/al} !,

with V=W =40 MeV, R =10.65 fm, and a =0.54 /fm.
For each energy we used the relation

T, =TV (6)

and adjusted the parameter /' to reproduce the experimen-
tal capture cross section.

The angular distributions measured in the present ex-
periment are shown in Fig. 10. With increasing beam en-
ergy (and, correspondingly, with larger contributions from
angular momenta exceeding /zs_o), the angular distribu-
tions become more anisotropic. Even at the lowest beam
energy, the measured angular distributions are incompati-
ble with the effective moments of inertia of the saddle
point configuration predicted by the rotating liquid drop
model, as will be discussed in detail in Appendix B.

In the following discussion we will analyze the present
angular distributions and the ones of Ref. 18 in terms of
Eqgs. (4) and (5). In the first step of the analysis we have
fit the data assuming an angular momentum independent
value of Ky ;=K at each energy. If one assumes that the
K distributions correspond to statistical equilibrium distri-
butions, which are frozen in at a particular deformation,
the extracted value of K, may be related to the effective
moment of inertia at this configuration via Eq. (5). For
simplicity, the nuclear temperature T was calculated from
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FIG. 10. Fission fragment angular distributions measured for
capture reactions induced by *2S on 2°°Pb at E,,, = 180, 210, 250,
and 266 MeV. The dotted-dashed curve corresponds to an angu-
lar dependence of 1/sinf. The solid curves have been calculated
in terms of Eqs. (4)—(7) as described in Sec. VI.

Eq. (3) by neglecting the rotational energy. We used the
rigid sphere moment of inertia .#,=133#* MeV~! (corre-
sponding to the radius Ro=1.2254' fm) to obtain the
dimensionless numbers .#/.# . The resulting best-fit
values of %/ . are shown in Fig. 11 by the open and
solid circles. The error bars indicate the range of #o/# ¢
for which the absolute X? value does not increase by more
than one from the best-fit value. For a given energy, the
best-fit value of #/.# 4 is plotted for the mean square
angular momentum (/%) which scales with the average
value of the rotational parameter as defined in Ref. 4 (see
the upper scale of the figure). For comparison, the values
of #/F . predicted by the rotating liquid drop model*
and the macroscopic two-center model?’ are shown by the
solid and dotted-dashed curves, respectively. The best-fit
values of .#,/.# o are significantly larger than the values
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FIG. 11. Angular momentum dependence of .#/.# 1, Where
S o=133#2 MeV~! was used for the moment of inertia of the
rigidly rotating spherical compound nucleus **°Cf. The solid
and dotted-dashed curves correspond to the saddle point shapes
predicted from the rotating liquid drop model (Ref. 4) and the
macroscopic two-center model (Ref. 27), in which sharp and dif-
fuse nuclear surfaces are assumed, respectively. The solid and
dashed lines correspond to the parametrization Eq. (7) of the ef-
fective moment of inertia used to fit the energy dependence of
the angular distributions as described in the text. The open and
solid points represent fits to the angular distributions at different
energies with fixed values of Ko ;=K. These paints are plotted
for the average value of the rotational parameter y of the rotat-
ing liquid drop model (Ref. 4), given by the upper scale in the
figure.
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predicted by these models. For large angular momenta the
effective moments of inertia are consistent with the con-
stant value of & /5 r=1.

The rather smooth variation of the effective moment of
inertia with the mean square angular momentum (/%)
suggests that it should be possible to parametrize the ef-
fective moment of inertia in terms of a simple function of
this variable and use this functional dependence to fit the
entire set of angular distributions. For simplicity we have
adopted a functional dependence of the form

a—bl% for 1< 2=F

I o/ I ett= _ )]
c, for12>abc ,

where the parameters a, b, and ¢ are chosen to provide a
fit to all angular distributions. The solid line in Fig. 11
shows this functional dependence for the best set of pa-
rameters, a =2.2, b =6.6X 104 and ¢ =1.01. The corre-
sponding angular distributions, shown by the solid lines in
Fig. 10, provide an excellent fit to the data. As in our pre-
vious calculations with a constant value of K, ;=Kj, the
angular momentum dependence of the temperature was
neglected. In order to assess the importance of this latter
effect, we also performed calculations using the relation

T =[7.7 MeV(E* —E,,)/A]'?, ®)

where the rotational energy was taken as
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b/a

FIG. 12. Values of .#,/.# 4 for axially symmetric rigid ob-
jects of uniform density for two families of shapes corresponding
to overlapping spheres (thin lines) and axially symmetric ellip-
soids (thick lines). The ratio b /a denotes the ratio of maximum
dimensions b and a of these objects in the directions parallel and
perpendicular to the symmetry axis, respectively. .#, denotes the
moment of inertia of a rigid sphere of identical density and
volume. Examples of particular shapes are given for values of
Fo/ I 5=0.5, 1.0, and 1.5. The ratio b/a =1 corresponds to a
sphere.

11+ D%
25

and £ was taken as the moment of inertia of an axially
symmetric ellipsoid rotating about an axis perpendicular
to the symmetry axis. The shape of this ellipsoid was
chosen to reproduce the value of .# /.7 o given by Eq. (7),
and the volume of this ellipsoid was taken as the
equivalent sphere  volume V=(47/3)R}, with
Ry=1.2254' fm. Fits of comparable quality are ob-
tained by this procedure, giving a slightly lower value of
the asymptotic value £ /7 ;y=0.93 (see the dashed line in
Fig. 11).

Although the effective moment of inertia cannot be re-
lated to a given nuclear deformation in a model indepen-
dent way, it is instructive to exhibit the values of &/ 7 ¢
for two simple families of axially symmetric rigid bodies
of uniform density. The light and heavy curves in Fig. 12
give the values of # /. o for axially symmetric ellipsoids
of prolate deformation and for two overlapping spheres.
The horizontal axis of the figure is given in terms of the
ratio b /a, where b and a denote the maximum dimensions
of these objects in the directions parallel and perpendicular
to the symmetry axis. Examples of particular shapes are
given for the values of #/# =0.5, 1.0, and 1.5, respec-
tively. The relatively large values of .#o/F > 1.0 ob-
tained from the present analysis imply that the K distribu-
tions are frozen in at rather large deformations corre-
sponding to b/a > 2.

It was shown in Ref. 18 that the fusion-fission angular
distributions measured for the system °0+2%%U are con-
sistent with the expectations from the rotating liquid drop
model. The compound nuclei formed in the 328+ 2%%pPp
and '®*0+ 238U reactions have very similar fissility param-
eters, x =0.837 and 0.842. It is, therefore, difficult to
reconcile the large values of /.7 extracted for the

E o= , 9)

325 4-298pp reaction with the concept of compound nucleus
formation followed by fission, and it was suggested'® that
the spherical compound nucleus configuration might nev-
er be achieved for this reaction. The reaction was, there-
fore, suggested to proceed via passage over the conditional
saddle point rather than passage over the true fission sad-
dle point, corresponding to the occurrence of fast fission,
even at energies close to the barrier.

At the higher energies of E,,=250 and 266 MeV, a
major part of the capture cross section involves angular
momenta corresponding to a vanishing liquid drop fission
barrier for which the process of fast fission is also expect-
ed to occur. The consistent description of several angular
distributions over a large range of energies in terms of a
simple functional dependence of the effective moment of
inertia on angular momentum and the large values of
Jo/F g are consistent with the assumption (but do not
prove) that the present fast fission reaction proceeds via
rather elongated shapes for sufficiently long times to at-
tain thermal equilibrium distributions of the angular
momentum projection along the scission axis.

At present, experimental evidence!>!%32 is consistent
with the assumption that the K distribution is frozen in at
the saddle point for the case of normal compound nucleus
fission with insignificant reorganization taking place as
the system proceeds from the saddle point to scission. It
then appears unlikely that fast fission processes attain the
more compact saddle point shapes for a sufficient amount
of time to attain statistical K distributions. Indeed, if
more compact shapes are obtained for fast fission reac-
tions an alternate interpretation®* of the narrow K distri-
butions will have to be taken into consideration. It is con-
ceivable that the reaction may proceed so rapidly that the
reaction products are primarily emitted in the reaction
plane defined by the initial impact parameter. In that
case, the K distributions would be determined by the reac-
tion dynamics and should not be interpreted in terms of
statistical equilibrium distributions. It is more difficult to
perform quantitative calculations for this latter assump-
tion. Clearly, more systematic data on fast fission are
called for to search for possible violations of the assump-
tion of statistical K distributions which was found to be
consistent with the present set of data.

VII. SUMMARY

In order to search for possible experimental signatures
of fast fission processes we have studied fission following
capture reactions induced by 328 on 2%Pb over the energy
range of Ej,;,=180—270 MeV. Over this range of ener-
gies, the maximum angular momentum for capture /., ob-
tained in the sharp cutoff approximation, increases from
values considerably smaller to values significantly larger
than the angular momentum Ilgs_, for which the fission
barrier is expected to vanish.

From the measurement of the distribution of folding
angles between coincident fission fragments it was con-
firmed that the reaction proceeds via the capture of essen-
tially the entire projectile by the target nucleus. At the
highest energies investigated, there is evidence for the oc-
currence of deeply inelastic reactions followed by sequen-
tial fission of the target residue. Except at backward an-
gles this process is separated kinematically from fission
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following capture reactions. Possible contributions of
sequential fission to the experimental capture cross sec-
tions are within the quoted errors.

The widths of the fission fragment mass distributions,
AM gwum, were found to increase rather smoothly with in-
creasing beam energy. Within our experimental uncertain-
ties, we did not find positive evidence for an abrupt in-
crease of AMgwym for I, >Ilgs_o. Rather, our observa-
tions are consistent with the expected variation of
AMgwym Wwith temperature. Even for low angular mo-
menta the compound nucleus 2*°Cf has a small fission bar-
rier which decreases gradually for /—/p,s_, Because of
this smooth decrease of the fission barrier with increasing
angular momentum and the high excitation energies of the
composite system, it appears unlikely that dramatic effects
should be observed in the vicinity of I, ~Igr_o. Since the
sharp cutoff model is unrealistic, additional smearing of
any discontinuities is expected to occur due to the finite
range of / values for which the partial wave capture proba-
bilities decrease from T;=1 to 0.

The energy dependence of the capture cross section can
be rather well described in terms of classical trajectory cal-
culations® using the proximity potential and one-body dis-
sipation. At the highest energies, the capture cross sec-
tions are larger than predicted from a recent parametriza-
tion'? of the cross section corresponding to the passage
over the conditional saddle point, indicating that the extra
push needed for the passage over the conditional saddle
point is overestimated for the present system.

Even at the lowest energy of E,, =180 MeV, where the
reaction should be expected to proceed via compound nu-
cleus formation followed by fission, the angular distribu-
tion cannot be described by the transition state model if
predicted®?” saddle point deformations are used. We have
analyzed the angular distributions by making the assump-
tion that the final total helicity distribution corresponds to
a statistical equilibrium distribution of K values at some
intermediate stage of the reaction. By adopting a simple
functional dependence of the effective moment of inertia
on angular momentum, a consistent description of the
measured angular distributions was achieved. The extract-
ed values of &,/ % indicate that the distribution of K
values is frozen in at rather large deformations. Since
these findings are difficult to understand in terms of the
systematic trends established for compound nucleus for-
mation and fission decay, it was suggested'® that the
present reaction might proceed via fast fission even at the
lowest energies. Obviously, more systematic investigations
for different systems will be necessary to substantiate the
assumptions on which the present analysis and interpreta-
tion are based. Of particular importance is the question of
whether the extracted narrow K distributions correspond
to equilibrium distributions of some intermediate stage of
the reaction or whether they are governed by nonequilibri-
um dynamical effects.

Finally, we should point out that our analysis was based
on the assumption of first chance fission. At present,
there is no quantitative experimental information available
to determine whether this assumption is correct. Recent
schematic studies of the effects of light particle emission
prior to fission indicate that the qualitative results of our
analysis are unlikely to be affected even if higher chance
fission were not entirely negligible for the present reaction.

APPENDIX A. KINEMATIC TRANSFORMATIONS
AND CORRECTION FOR NEUTRON EVAPORATION

A. Angular Distributions

The following approximations were used for the extrac-
tion of fission fragment angular distributions in the
center-of-mass frame. For a given laboratory angle, the
capture cross section was integrated over mass and energy,
giving the fission fragment differential cross section
dosp/dQ. The resulting angular distribution was
transformed into the center-of-mass system by assuming
symmetric fission of the compound nucleus and a total ki-
netic energy release (in the center-of-mass frame) of
TKE =188 MeV derived from the systematics of Ref. 26.
By adopting this procedure, the variation of the kinematic
transformation over the finite range of fission fragment
velocities is neglected. Although we have not assessed the
error introduced by this procedure, it is likely to be small
since the resulting angular distributions were found to be
symmetric about 6., =90° within the accuracy of the
present experiment (see Fig. 11). (Note that the mass and
energy integrated angular distributions must be symmetric
about 90° in the center-of-mass system, since each frag-
ment emitted at an angle 6, is accompanied by a fragment
emitted at the angle 6,=7—0,.)

B. Mass Distributions

To extract the primary fission fragment mass distribu-
tions we used the following procedure. The scattering an-
gle 6;, the velocity ¥}, and the kinetic energy E; of fission
fragments were measured in the laboratory. (For clarity
we will refer to these fragments as secondary fission frag-
ments and to fragments prior to neutron evaporation as
primary fission fragments.) Using the measured velocity
and energy, the mass number of the secondary fragment,
M', is obtained via

M'=2E;/myV}, (A1)

where m,, is the nucleon mass.

Assuming that the velocity of a fission fragment is not
changed by neutron evaporation the velocity, V,, , and
the scattering angle, 6., of fission fragments in the
center-of-mass system are given by

V2, =VE+V3—2V,V,cosb; , (A2)
cosO. 1, =(Vicos0;— Vo) / Ve » (A3)
Vo=02M,E,/my)""*/Mcx . (A4)

Here, V), is the velocity of the center-of-mass in the labo-
ratory and E,, M, and My denote the beam energy, and
the mass numbers of the projectile and the compound nu-
cleus, respectively. The total kinetic energy release in the
center-of-mass system is related to the primary fragment
mass number M, by

MoMm
NTTO0 _p2 (A5)

TKE=—————
2Men—M) ™

Assuming that the two primary fission fragments have
the same temperature, one obtains for the excitation ener-
gy of the primary fragment
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E*(M)= MM (E*N+0Q —TKE), (A6) Z=M'/(2+0.0128M"%73) (A9)

CN
. o For an evaporation spectrum of the form
where E¢y denotes the excitation energy of the compound
nucleus and Z—N —CEe E/T (A10)
E >
=EpMcn,Zon)—Ep(Mcn—M,Zcn—2Z) . (AT L . . .
Q BT CNECN BTN N ) the average kinetic energy of the emiitted particles is
The Q value was then calculated by assuming liquid

droplet binding energies®® (Eg)=2T . (Al1)

Ep(M,Z)=—a,M +a,M?*>+a,Z* /M3

_ 2
+agym M —22) MZZ) , (A8)
with
a,=15.68 MeV ,
a;=18.56 MeV ,
a,=0.717 MeV ,

Agym=28.1 MeV .

Since the fragment charge number Z is not measured in
this experiment, Green’s approximation to the valley of
stability was used to relate it to the mass number M’ of
the detected secondary fission fragment:

J

The average number of neutrons n emitted from the pri-
mary fragment may then be estimated as

n(M)=E*(M)/(B,+2T), (A12)

where B, denotes the average neutron separation energy.
For simplicity, the constant value of B,=6.5 MeV was
used. The temperature was taken at

T =(8.5EX(M)/M)'"? .

An iterative procedure was used to achieve internal con-
sistency with the relation n (M)=M —M’.

In order to correct for possible kinematic distortions of
the mass distributions measured in the laboratory we as-
sumed that the fission cross section in the center-of-mass
system is of the form

d’c d’o 1
————————(E ., 0c.m. M) = - . Al3)
dMdE_ ., dQ. . (Eem.»66m.M) dM dE. ,, sin6 ., (
Since the mass distributions were determined for rather large scattering angles, this approximation is quite good.
The mass distribution, do /dM, is then obtained by
do o d%o i
—_—= ——————dE . Al4)
aM fO dMdE_, ™ (
The measured center-of-mass cross section is given by*’
d3o N (M) V Vycosh, 1
—_—_— ,0c.m. ,M)= t 1— , (A15)
M dE, 49, ook Oem MI=com g Ty, i |aq
where N, (M) denotes the number of fission fragments Ty=1—{1+4exp[(lo—1)/A]} 2. (B1)

detected with center-of-mass energies in the energy inter-
val

(Ec.m.,k —AEc.m. /Z;AEc.m.,k +Ec.m. /2)

and AQ is the detector solid angle in the laboratory.
Combining Egs. (A13), (A14), and (A15), one obtains for
the mass distribution

do _s N (M)V ¢ i sin6; o, - Vocos6; 1
aM < 1] 1] AQ;
(A16)

APPENDIX B. SENSITIVITY TO THE
PARTIAL WAVE DISTRIBUTION
AT NEAR BARRIER ENERGIES

In order to assess the uncertainties that have to be asso-
ciated with the unknown angular momentum dependence
of the capture probabilities we used the following
parametrization®:

Examples of the partial wave capture cross sections cal-
culated with this parametrization are given in Figs. 13 and
14. For a given choice of A, the value of [, is taken to
reproduce the measured capture cross section. In the
sharp cutoff limit, A=0, one has I, =I[,. For orientation,
the upper horizontal scales of the figures give the reduced
distance of closest approach,

do=dmin(A7+4,")71,
calculated for pure Coulomb trajectories from the semi-
classical relation

I+ 1)=k2%d2%,, —2kd a7 (B2)

where k =p /# is the wave number of relative motion and
n=ZpZ,e2/ﬁv is the Coulomb parameter. As is apparent
from the two figures, the values of A=10 and 15 represent
rather dramatic deviations from the classical sharp cutoff
model for capture. The corresponding partial wave cap-
ture cross sections may, however, not be entirely unrealis-
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FIG. 13. Partial wave capture cross sections corresponding to
the parametrization of Eq. (B1) for the partial wave capture
probabilities for *S induced reactions on 2%Pb at 180 MeV. The
thick solid line has been obtained from optical model calcula-
tions using the prescription of Eq. (6). The upper scale gives the
reduced distance of closest approach for classical Coulomb tra-
jectories.

tic. In fact, comparably broad distributions are predict-
ed®>30 if the zero point oscillations of the nuclear radii
and shapes are taken into account. Similarly, rather broad
distributions of partial wave capture cross sections are ob-
tained by the prescription of Eq. (6), which was adopted
for the analysis of the energy dependence of the angular
distributions.

In the first part of the analysis described in the main

do= dmin (AR> + ALY (fm)

1.2 1.3 1.4 1.5 1.6
T T T

T T T T

20 . ; .

208pyp (323, 1)

Ejab = 210 Mev ]
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FIG. 14. Partial wave capture cross sections corresponding to
the parametrization of Eq. (B1) for the partial wave capture
probabilities for >’S induced reactions on 2%°Pb at 210 MeV. The
thick solid line has been obtained from optical model calcula-
tions using the prescription of Eq. (6). The upper scale gives the
reduced distance of closest approach for classical Coulomb tra-
jectories.
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FIG. 15. Fission fragment angular distribution measured for
capture reactions induced by 32S on 2%Pb at E,,=180 MeV.
The dashed curves correspond to angular distributions predicted
in terms of the transition state model using the saddle point mo-
ments of inertia as predicted by the macroscopic two-center
model of Ref. 27. The solid curves are fits to the data assuming
a constant value of Ko ;=K. The partial wave capture probabil-
ities T; have been parametrized in terms of Eq. (B1). Thin lines
correspond to A =0; heavy lines correspond to A=10.

text we fit the experimental angular distributions with an
angular momentum independent value of Ky ;=K. In or-
der to assess the ambiguities of the extracted values of K,
we performed similar calculations using the parametriza-
tion of Eq. (B1) for the partial wave fusion probabilities
T;. Examples of such calculations are shown in Fig. 15.
The light and heavy solid lines correspond to calculations
performed with the parameters of Kq=7.5, A=0 and
K,=9.5, A=10, respectively. The fits to the data are ex-
cellent. Fits of similar quality are obtained at higher ener-
gies.

The best fit values of K depend on the cutoff parame-
ter A used for the parametrization of the fusion probabili-
ties. As is shown in Fig. 16, the use of broader distribu-
tions of the partial wave fusion cross section results in
enhanced values of K,. This effect is particularly pro-
nounced at the lower energies and may result in sizeable
uncertainties for the analysis of angular distributions at
energies close to the barrier unless independent informa-
tion on the angular momentum dependence of the fusion
probability is available. At higher energies, the depen-
dence of the best fit value of Ky on the width parameter A
is less pronounced. For the present system, this depen-
dence is of minor importance at incident energies above
210 MeV.

At the lowest energy investigated in this experiment,
E, =180 MeV, the sharp cutoff angular momentum for
capture, I, =314, is significantly smaller than the value of
Ips _o= 607 for which the fission barrier vanishes. At this
energy, the reaction should be expected to proceed via
compound nucleus formation and fission decay. However,
even at this low energy the measured angular distribution
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FIG. 16. Dependence of the best fit parameters K, on the
width A of the partial wave capture probability as parametrized
in terms of Eq. (B1). Calculations have been performed for
fusion-fission reactions induced by 32S on %*Pb at E),, =180 and
210 MeV.

cannot be understood in terms of the transition state
model if effective moments of inertia are used that corre-
spond to the saddle point shapes predicted by the rotating
liquid drop* and the macroscopic two-center?’” models. To
demonstrate this point, detailed calculations with the
two-center model were performed at this energy. Similar
results were obtained by interpolating the saddle point
shapes published for the rotating liquid drop model. For
each angular momentum, the effective moment of inertia
and the temperature of the saddle point configuration
were calculated. The corresponding values of K, ; are
shown in Fig. 17. Due to numerical uncertainties the
values of K, ; corresponding to angular momenta larger
than 45# have been extrapolated to give .#, 4+ —0 for
| —>64% (see also Fig. 11 for the corresponding values of
Fo/F o). It was verified that our conclusions are not af-
fected by the uncertainties inherent in this extrapolation.

The light and heavy dashed curves of Fig. 15 represent
calculations using these values of Ky; and the T; values
according to Eq. (B1) for A=0 and 10, respectively. None
of these model calculations reproduces the large angular
anisotropies observed experimentally.
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.
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e
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FIG. 17. The solid curve shows the angular momentum
dependence of K calculated for fission of >*°Cf at an excitation
energy of 50 MeV in terms of the macroscopic two-center model
of Ref. 27. The dotted part of the curve shows the extrapolated
values of Ko; The dashed lines give the best-fit parameters
K=Ky, for different width parameters of the partial wave cap-
ture probability 77, as defined by Eq. (B1).

The uncertainties that arise from the unknown distribu-
tion of partial wave capture probabilities are not suffi-
ciently large to account for the failure of the transition
state model to reproduce the observed large angular aniso-
tropies in terms of predicted saddle point deformations.
This is apparent from the thin dashed lines in Fig. 17
which show the best-fit values of K obtained for the pa-
rameters A=0, 10, and 15. Even for the extreme value of
A =15 the best-fit parameter of K,=11.75+0.7 is signifi-
cantly smaller than the minimum value of K ;~15 ob-
tained from the macroscopic two-center model at low an-
gular momenta.
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