PHYSICAL REVIEW C

VOLUME 49, NUMBER 2

FEBRUARY 1994

Entrance channel effects in the fusion-fission time scales
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Prescission neutron multiplicities in fusion-fission reactions of 'B+23"Np, !'B+232Th,
12C4232Th, and '*0+232Th, lying on either side of the Businaro-Gallone mass asymmetry (aBG),
have been measured. The present data along with those available in literature for compound sys-
tems spanning the fissility range from 0.70 to 0.84 were analyzed in a consistent manner to deduce
fusion-fission time scales for all systems. From the systematic behavior of all the data, the three
components of total dynamical fusion-fission delay, namely, transient delay, saddle-to-scission de-
lay, and formation delay, have been deduced. It is found that the formation delay depends on the
entrance channel mass asymmetry relative to Businaro-Gallone point. The variations of the fusion-
fission time scales with fissility, ratio of fission barrier to temperature, and entrance channel mass

asymmetry have been studied.

PACS number(s): 25.70.Jj

I. INTRODUCTION

In recent years there have been numerous measure-
ments [1-10] of fragment neutron angular correlations in
heavy-ion-induced fusion-fission reactions to determine
the average prescission neutron multiplicities MP™ over
a large range of bombarding energies and compound nu-
clear masses. It is now well established that the mea-
sured prescission neutron multiplicities are, in general,
much larger than those expected on the basis of neutron,
charged particle, and fission widths calculated from sta-
tistical models with the level density parameters adjusted
to explain the observed fission excitation functions. The
excess neutron emission from the composite fissioning nu-
cleus has been interpreted to be due to a time delay in
the fission process arising due to dynamical effects in the
fission decay. Thus these studies have provided a valu-
able “clock” in the time scale of 1072°-1072! s to probe
the dynamics of the fusion-fission process. It was shown
by Weidenmuller and co-workers [11-13] and Grange [14]
based on the pioneering work of Kramers [15] that dif-
fusion from the equilibrium configuration to the saddle
point takes over a finite transition time due to nuclear
viscosity effects and therefore the fission width rises to
its final quasistationary value over a finite time. This
is one of the processes which results in a time delay in
the fission process (termed the transient delay 7). Neu-
tron emission during this time delay can be an important
source of excess prescission neutrons.

A second contribution to the number of excess prescis-
sion neutrons is also expected due to neutron emis-
sion from the dynamical evolution during the saddle-to-
scission transition time 7ss. The dependence of 755 on
the fissility of the compound nucleus has been theoret-
ically investigated by many authors [16,17]. The third
source of prescission neutrons can be due to nuclear
deexcitation by neutron emission of the temperature-
equilibrated intermediate dinuclear complex during the
time 7g, of its evolution toward compound nucleus for-
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mation. In heavy-ion fusion reactions, the energy equili-
bration takes place [18] in a time scale of 10722 s, while
the evolution toward a fully equilibrated compound nu-
cleus takes [19] much longer (~ 1072° s). Hence the
dinuclear complex can be considered to be temperature
equilibrated at different points and can emit neutrons
during evolution toward the compound nucleus. One way
to look for contributions to neutron emission during the
compound nucleus formation phase is to carry out mea-
surements on different projectile-target systems leading
to the same compound nucleus but having different for-
mation times expected due to the difference in the fusion
dynamics. It is known [20-23] that the entrance channel
mass asymmetry o = (A;—A,)/(As+A,) plays an impor-
tant role in the dynamical evolution of the temperature-
equilibrated dinuclear system leading to compound nu-
cleus formation and the fusion path followed by the
composite system is quite different for the two cases
of @« < apg and a@ > apg, where apg is the critical
Businaro-Gallone mass asymmetry. In the present work,
we have carried out measurements of prescission neutron
multiplicities for the fissioning systems of 'B+4232Th,
12C4232Th, 'B+2%"Np, and %0+232Th fissioning sys-
tems, of which the first three systems correspond to
a > apg and the last system corresponds to a < apg
(see Table I). Also, the 1*B+23"Np and 60+232Th sys-
tems populate the same compound nucleus 248Cf, and,
therefore, any difference in the prescission neutron mul-
tiplicities in these reactions would directly reflect on the
compound nucleus formation time 7¢, in these systems.
The present data along with those available in the lit-
erature for compound systems in the fissility range of
0.7 < z < 0.84 were analyzed in a uniform way to ex-
tract fusion-fission delays in all the systems. The depen-
dence of the fusion-fission delay on the various parame-
ters such as By /T, «, and a has been examined in detail.
The data were parametrized within the framework of the
transient delay theory [11-14] to deduce 7., Tss, and g
in a self-consistent way. It is seen that, among other pa-
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rameters, entrance channel mass asymmetry plays a role
in the determination of the fusion-fission delay. In the
following sections, the experimental setup, data analysis
procedure, and results are discussed.

II. EXPERIMENTAL PROCEDURE

The experiments were performed using !B, 12C, and
160 beams obtained from the Bhabha Atomic Research
Centre-Tata Institute of Fundamental Research 14UD
Pelletron accelerator. Figure 1 shows a schematic dia-
gram of the experimental setup used. A self-supporting
232Th target of 1.8 mg/cm? thickness and a 300 pg/cm?
237Np target on aluminum backing were used in the ex-
periment with the target plane making an angle of 70°
with respect to the beam direction. Two thin silicon
surface barrier detectors (= 12 pm) were placed at an-
gles of 110° and 160° with respect to the beam direction
to detect the fission fragments. A thin-walled scattering
chamber was used to minimize multiple neutron scatter-
ing. Two NE213 neutron detectors (5 cm thick and 5
cm in diameter) were positioned outside the scattering
chamber at a distance of 50 cm from the target such
that each of these detectors subtended angles of 0° (or
180°) and 90° with respect to the direction of fragment
detection. In this way, fragment-neutron angular corre-
lations for four combinations of fragment and neutron
detection angles could be measured without moving the
neutron detectors. This is important since the measured
efficiency of a neutron detector can vary with position
due to surrounding materials. The time-of-flight signal
of each neutron detector was obtained with reference to
the start pulse derived from either of the two fission de-
tectors. The time jitter in the time-of-flight signal as a
function of fragment pulse height was corrected to mini-
mize the spread. The time resolution was found to be 2.5
ns as seen from the full width at half maximum of the
prompt gamma-ray peak in the time-of-flight spectrum.
The position of the gamma-ray peak in the time-of-flight
spectrum was used as the reference for calibrating the
time-of-flight signal. In order to keep the background in
the time-of-flight spectra at a minimum level, the beam
dump was kept at a distance of about 2 m from the tar-
get and was well shielded with layers of lead and borated
paraffin. A further reduction in the gamma background
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FIG. 1. Schematic representation of the experimental setup.

is achieved after employing the pulse shape discrimina-
tion technique to differentiate neutrons and gamma rays
in the neutron detectors. This was done by appropri-
ate gating in the two-dimensional plot of pulse shape
versus pulse height of the neutron detectors. The pa-
rameters consisting of time of flight, pulse shape signal,
dynode signal of the two neutron detectors, and the fis-
sion fragment pulse height from the two fragment detec-
tors were recorded such that the events corresponding
to each of the four combinations of fission-neutron coin-
cidences could be distinguished. Fission events without
coincidence with neutrons were also recorded after suit-
ably scaling them down for the purpose of obtaining the
neutron yield per fission in the experiment.

The detection efficiency of each of the neutron detec-
tors was experimentally determined in a separate exper-
iment by measuring neutron time-of-flight spectrum in
coincidence with fission fragments from a 252Cf source in
27 geometry and comparing the measured energy spec-
trum with the empirical form given by Madland and Nix
[24].

III. DATA ANALYSIS AND RESULTS

The laboratory neutron energy spectra were deter-
mined from the observed time-of-flight spectra after cor-
recting for the neutron detection efficiency for each neu-
tron detector. Some typical spectra are shown in Figs.
2 and 3. In order to obtain the prescission and postscis-
sion neutron components, the observed neutron energy
spectra were fitted with three moving-source evapora-
tion components (the prescission component correspond-
ing to emission from composite nucleus and the postscis-
sion components corresponding to emission from the two
fission fragments) using the Watt expression [25]:

3

Ml
=D 2Ty vE
i=1
xexp (—(E,, - 2\/6,‘TE.',, cos ¢; + e,-)) Y

where €;, T;, and M} are the energy per nucleon, temper-
ature, and multiplicity of each neutron emission source
i. B, is the laboratory energy of the neutron, and ¢; is
the neutron detection angle with respect to the source
i. The above expression is based on the reasonable as-
sumption of isotropic neutron emission in the rest frame
of the emitting systems. The ¢; value for the composite
nucleus was calculated assuming full momentum transfer
since the contribution due to transfer-induced fission is
expected to be small at energies used in the experiment.
The €; values for the two fission fragments and the an-
gle of emission of the complementary fragment were de-
termined by applying the reaction kinematics using the
Viola’s systematics for total kinetic energy release for
the symmetric division [26]. The postscission parame-
ters M2 and Tpos¢ for both fragments were assumed
to be equal. The temperature for the prescission compo-
nent T, was also fixed using a Fermi gas relation be-
tween temperature and excitation energy assuming the
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FIG. 2. Measured neutron energy spectra for the two neu-
tron detectors at angles of 0° (or 180°) and 90° with respect
to the fission direction along with the fits for **0+2*2Th and
NB_127Np systems. The dashed, dash-dotted, and solid lines
show the contributions of the postscission component, prescis-
sion component, and the sum of the two, respectively.
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FIG. 3. Same as Fig. 2 but for the *C+232Th system.

level density parameter to be given by a, = Acn/10.0
MeV~1:

a,T*(E,) = E, — S, — 2T(E.), (2)

where Acy and E, are mass and initial excitation en-
ergy of the compound nucleus, T is the temperature of
the first residual nucleus, and S,, is the separation en-
ergy of the neutron. According to LeCouteur and Lang
[27,28], a factor of % takes care of the cascade of sequen-
tial particle evaporation and Tp.. is taken as %T(EI).
The remaining parameters Tpost, MEt, and MP™ were
obtained by fitting the observed spectra with Eq. (1)
by the x? minimization procedure. Figures 2 and 3 also
show the typical fits to the neutron energy spectra for
different systems. The sensitivity of the fits to the vari-
ous parameters was checked by calculating the change in
x? due to a small change in the values of the parameters.
Minimum values of x2/(degrees of freedom) are in the
range of 0.8-1.20 for different spectra. It was seen that
a small change in MP™ or MP°% by about 10% from the
minimized values gives an increased x2/(degree of free-
dom) by about 12%-26%, resulting in noticeably poor
fits to the observed spectra. Fits were also obtained us-
ing Tpre as a free parameter. However, the results on
neutron multiplicities were found to be close within er-
rors to those obtained by fixing Ty as discussed above.
In the present experiment, the values of MP™ and MPost
were determined from two independent sets of data, one
measured with the neutron detector at 20° and the other
at 110°. The values of the MP™ and MP°* obtained
from these two sets were found to be consistent with
each other, which implies that there is no appreciable
dependence of MP™ and MP° on the neutron detection
angle with respect to the beam direction. From the fitted
values of MP™ and MP°, the total neutron multiplicity
was derived as Mt = MP™ + 2MP°st. Figure 4 shows
the correlation between the values of MP*® and Mt°* for
the systems measured in the present work along with the
data for other systems taken from the literature. The
present data agree with the overall trend indicated by
the straight line with a slope of 0.6240.09 and an offset
for MP™ = 0 corresponding to M!°* = 3.15 +0.3.

Figure 5 shows the variation of M}!°* with excitation
energy of the compound nucleus for different target-
projectile systems measured in the present work. It is
seen from this figure that as expected M\°* increases with
excitation energy for all the systems. It is also seen that
for the 12C+232Th projectile-target system, correspond-
ing to the 2*Cm compound nucleus, the total neutron
multiplicity at a given excitation energy is smaller than
that for the 248Cf compound system as expected due to
lower fissility in the former case. Also, it is interesting
to note that for the 1'B+23"Np and 50+232Th systems,
both populating the same compound nucleus 248Cf, the
observed values of Mf°* at any given excitation energy
appear to be nearly equal.

Figure 6 shows the variation of MP™ with excitation
energy for the various systems. The dashed lines cor-
respond to straight line fits through the data points
for different systems. It is seen from this figure that
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FIG. 4. Average prescission versus average total neutron
multiplicity for the present measurements along with data
from the literature. References for the data points are listed
in Table I.

the 10+232Th system gives a larger prescission neutron
multiplicity as compared to the 'B+23"Np system at a
given excitation energy. This result implies that entrance
channel mass asymmetry plays a role in determining the
fusion-fission time scales in these systems. In Fig. 6 we
also show the values of prescission neutron multiplicjties
expected from the statistical model calculation using the
PACE2 code [29] for values of the level density parameter
a,, in the range of 4/7.5-4/10.0 MeV~! and as/a, = 1.0
for different systems. The above choice of parameters
seems reasonable since for the values of a, = A/10.0
MeV~! and af/a, = 1.0 the measured fusion-fission ex-
J
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From the above expression, we get mean evaporation
lifetime given by %/T',, for the emission of the first neutron
at a given excitation energy E,. The total fusion-fission
delay Tfssion is obtained by summing the time delays in-
volved in the emission of the observed excess neutrons.
The values for Tggsion as deduced from this analysis were
found to be about (50 +5) x 102! and (35+5)x 10~ % s
for the 180+232Th and 'B+23"Np systems, respectively,
for the level density parameters a, = Acn/10.0 and
aff/a, = 1.0. For the 2C+232Th and !B+232Th sys-
tems, total fusion-fission delays are about (30+4) x 10—2!
and (17 £ 3) x 10™2% s, respectively, for the same set of
parameters. These time scales are in general agreement
with the earlier systematics [1,4] for the fusion-fission
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FIG. 5. Experimental average total neutron multiplicity as
a function of the excitation energy of the compound nucleus
for various target-projectile systems. The lines correspond to
straight line fits to the data for the two compound systems.

citation functions [20] are described rather well. It is ap-
parent from this comparison that a considerable number
of excess neutrons in the prescission phase are emitted
in all cases. Furthermore, the number of excess neutrons
increases with the excitation energy.

Neutron emission during fragment acceleration tends
to lower the resulting values of MP°* and give increased
values for ME™. Using the formalism of Eismont [30], it is
seen that the fragment acceleration time is of the order of
5.5 % 10721 s for 248Cf and 244Cm fissioning systems and
the neutron evaporation time, calculated with fragment
excitation energies as determined from the parameters of
postscission components, is estimated to be about 3 x
10719 5. This gives an estimate of neutrons evaporated
during acceleration of the order of 0.02, which is rather
small compared to the total number of excess neutrons.

The excess prescission neutrons were used to estimate
the dynamical fusion-fission delays. The neutron decay
width I', for decay from a compound nucleus at a given
excitation energy E, and spin I is given by [4]

p(E: — B, — €,)T1(€n)den,. (3)

f

time scales. It is seen from the above that in the case of
the 180+4232Th system, there is an extra 40% of the total
delay as compared to the 1'B+237Np system, presumably
resulting from the difference in the formation time of the
compound nucleus in the two cases. It may be pointed
out that this conclusion is not sensitively dependent on
the chosen values of a,, and af/a,. The above measured
fusion-fission delay can be considered to be made up of
three components: transient delay, saddle-to-scission de-
lay, and formation delay. In an earlier study of fission
fragment angular distributions, it was suggested that for
the 160+232Th system a certain fraction (about 30%) of
events lead to preequilibrium fission, which are expected
to have smaller formation delay. Considering that the
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FIG. 6. Comparison of the measured average prescis-

sion neutron multiplicity with statistical model calculations.
Lines A, B,C correspond to calculations with different sets
of level density parameters: (i) an = A/10.0 MeV™' and
af/an = 1.0, (ii) an = A/7.5 MeV~! and as/a. = 1.0, and
(iii) an = A/10.0 MeV ™! and as/a. = 1.02, respectively.

transient delay and saddle-to-scission delay are expected
to be present in both normal and preequilibrium fission
events, the effect of inclusion of this component may fur-
ther increase the difference in the formation times of the
normal fusion-fission events for the two systems lying on
either side of apg as deduced above.

IV. SYSTEMATICS
OF FUSION-FISSION TIME SCALES

Analyses of several measurements of excess neutrons as
a function of mass and excitation energy of the fissioning
nucleus have been reported by several groups. We have
carried out a global analysis of the relevant experimental
data available in the literature [5-9] for compound nuclei
with 0.7 < = < 0.84 using a single set of statistical model
parameters. Table I gives the list of systems taken up for
the present analysis. It is seen that the data include sys-
tems with entrance channel mass asymmetry both below
and above the liquid-drop Businaro-Gallone mass asym-
metry apg. The apg values were calculated using the
empirical relation given by Abe [23] as

0 (z < zBG) ()
o = z—z
T py ek (@ > sa),

with p = 1.12, ¢ = 0.240, and zpg = 0.396.

The full set of data on MP™ spanning the compound
nucleus fissility region of 0.7 < z < 0.84 and By /T < 4.0
is shown in Fig. 7, where values of MP?™/E, are plotted
versus the fissility parameter . Here By is the effective
fission barrier averaged over the spin distribution and z
is the fissility parameter given by

B Z%/A
"~ 50.883{1 — 1.7826[(N — Z)/A]?}’

T

(5)
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FIG. 7. Systematics of ME™/E, as a function of the com-
pound nucleus fissility.

The data points corresponding to different target-
projectile combinations are depicted by different symbols
in Fig. 7. In order to determine the number of prescission
neutrons (ME™®)g.¢ expected on the basis of the statisti-
cal model, calculations were performed with two different
codes PACE2 [29] and ALICE [31] with the level density
parameter a, = A/10 MeV~! and af/a, = 1.0. The re-
sults of calculations from these two codes were found to
be consistent. The fission barriers entering these calcu-
lations were taken from the rotating finite range model
of Sierk [32]. The excess number of prescission neutrons,
MPre (excess), were determined after subtracting the sta-
tistical model calculated values of (MP™)s,¢ from the
measured MP™ and the values of ME™ (excess) were con-
verted to fission delay Tggsion using the neutron decay
width I',,, calculated from the statistical model for decay
of the compound nucleus at any given excitation energy
as discussed in Sec. III. The values of total fission delay
Thssion thus deduced are plotted in Fig. 8 as a function
of B¢ /T for all systems. As different systems correspond
to different fissility and mass asymmetry, the scatter in
the overall data in the figure shows that Tgsi0n also has a
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FIG. 8. Total dynamical fusion-fission delay as a function
of By /T. The dashed lines show fits to the data with Eq. (8).
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dependence on fissility and entrance channel mass asym-
metry. For a given target-projectile system, however, a
systematic dependence of Tggsion 00 By /T can be seen in
the figure. As already mentioned earlier, the total fission
delay is a sum of three terms:

Thssion = Ttr + 78S + To- (6)

We identify the component 7, with the transient delay
due to the diffusion from equilibrium configuration to the
saddle point. The theoretical framework for calculating
the fission probabilities with inclusion of dynamical ef-

fects in the fission process has been developed by Wei-
denmuller and co-workers [11-13] and Grange [14] based
on the pioneering work of Kramers [15]. Treating nu-
clear fission as a diffusion process over the fission barrier,
Kramers showed that the fission width is reduced with
respect to the Bohr-Wheeler value by a factor (Kramers
factor) given by

fr =1 +7*)2 =], (7)

where v = (3/2wg; [ is the reduced dissipation coeffi-
cient, and wg is the harmonic oscillator frequency cor-

TABLE 1. List of systems used in the present analysis.

E.
System (MeV) ME™ z a aBG Ref.
30.5 1.25+0.15 6]
p+33%U 0.78 0.992 0.885
120.0 5.80+1.0 [9]
"Li+232Th 105.0 5.50+0.6 0.78 0.941 0.885 (7]
1B+%32Th 60.4 2.1040.15 0.798 0.909 0.886
54.1 1.35+0.14
g 4232Np 0.826 0.911 0.897
59.9 1.85+0.16
47.4 1.15+0.10
12C+232Th 53.1 1.454+0.12 0.808 0.902 0.89 Present
58.8 1.9540.15 measurements
49.5 1.35+0.16
10+%32Th 55.2 1.82+0.15 0.826 0.871 0.897
60.8 2.53+0.18
54.6 2.00+0.16
64.8 2.70+0.23
19F+%%2Th 73.1 3.32+0.29 0.834 0.849 0.90 5]
81.4 4.07£0.50
86.0 4.3940.40
59.4 2.80£0.30
1%0+2Pb 0.763 0.857 0.871 8]
72.5 3.400.50
63.0 2.67+0.23
120+1°7Au 72.2 3.2840.20 0.743 0.85 0.861 [5]
80.5 3.35+0.34
288i+1"°Er 84.1 3.00+0.37 0.704 0.717 0.84 5]
288i+1%4Er 78.4 2.00£0.25 0.715 0.708 0.846 [5]
88.6 3.2240.30
19F+181Ta 0.701 0.81 0.838 5]
97.6 3.7240.36
88.1 3.651+0.34
180419205 0.711 0.829 0.844 (5]
91.8 3.86+0.37
20Ne+2°°Bj 76.0 3.2040.40 0.792 0.825 0.884 7
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responding to the saddle point. It is seen [11-14] that
the diffusion from the equilibrium configuration to the
saddle point takes place over a finite transient time 7y,
which can be defined as the time during which the fission
width rises to 90% of its final quasistationary limit. Thus
the disintegration constant Ay for fission becomes a time-
dependent quantity eventually reaching the asymptotic
value A%°. For mathematical simplicity, Ay is assumed to
have the same form as that for the charging of a capacitor

Af(t) = AF[1 — exp(—t/7ec))s (8)
where
FBW
AP = (1497 -,

R

where F?W is the Bohr-Wheeler value.
For overdamped motion (y > 1), the transient delay
T can be expressed as

Ter = 5—5—% In(10B;/T), 9)

where (3 is the reduced dissipation coefficient and w; is
the curvature of the potential energy corresponding to
the ground state minimum of the fissioning nucleus.

On the basis of qualitative arguments, 3 is expected to
be a smooth function of temperature T', with 3 approach-
ing zero as T tends to zero. Such a behavior was inferred
[33] from the study of the effect of friction on spontaneous
fission half-lives, and an upper limit to 3 of 3 x 10%° s~!
was obtained. It is further reasonable to assume that 7gg
depends mainly on fissility = and is not very sensitive to
the temperature of the fissioning nucleus. It is expected
that the value of ¢, will depend on the entrance chan-
nel mass asymmetry «, and one may reasonably assume
it to be independent of bombarding energy in a limited
region. We can, therefore, parametrize the above fusion-
fission delay Tggsi0n With the expression

Tssion = a1 In(10Bf/T) + k(z, a), (10)

assuming (3 to be proportional to T'. The first term corre-
sponds to the transient delay, and the second term k(z, a)
corresponds to the sum of the formation time and saddle-
to-scission transition time.

The experimental data on Tgssion were fitted to Eq.
(10) to deduce the values of a and k. The fits to the
data are shown by the dashed lines in Fig. 8. From these
smooth fits, it is now possible to deduce values of Tggsion
for various systems at a fixed value of By/T. The de-
duced values of Tggsion corresponding to a typical case of
B¢ /T = 1.0 for the various systems have been plotted
against the fissility parameter = in Fig. 9(a). It is seen
from the figure that the fission delay, in general, increases
with z, which is expected due to the increase in 7sg with
fissility [16,17]. It is interesting to note that the data
points are seen to bunch broadly into two groups cor-
responding to composite systems with entrance channel
mass asymmetry a < agg and a > apg. It is clear that
this bunching of the data into two groups arises due to

the behavior of k(z,a) with respect to the mass asym-
metry a. In order to see this more explicitly, we have
deduced the values of Tggsion from the fits of Fig. 8 cor-
responding to By/T = 0.1. In this case, the first term in
Eq. (10) vanishes and 7gssion then corresponds to k(z, @)
alone, which is the sum of 7ss and 7¢,. Figure 9(b) shows
the values of (7ss + 7o) thus deduced as a function of
z. As expected, the data are clearly seen to be bunched
into two separate groups corresponding to a < apg and
a > apg, and for each case 7ss + Ty, increases with .
The dashed lines in Figs. 9(a) and 9(b) show the fits to
the data points for the two groups. This figure also brings
out two important features. For systems with a > apg
where the formation time of the compound nucleus, 7%,
is expected to be small, it may be reasonable to assign
the deduced delay entirely to 7ss, which is found to vary
from 5 x 1072! to 30 x 102! s in the present fissility
range. Based on the same reasoning, the difference in
the delay for the two groups can be ascribed to 7¢, for
systems with a < agg, which is found to be about (10-
15)x 10721 5. The difference in the delays plotted in Figs.
9(a) and 9(b) corresponds to the value of transient de-
lay ¢, [on the basis of Eq. (9)], and the values of 7,
thus deduced for Bs/T = 1.0, are shown in Fig. 9(c). In
this way we are able to deduce the values of ¢, alone for
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FIG. 9. (a) Total dynamical fusion-fission delay, deduced
for B;/T = 1.0, against the fissility parameter x. (b) Sum
of saddle-to-scission delay 7ss and formation delay 7r, as a
function of z. (c) Transient delay 7i. at By/T = 1.0 versus
fissility parameter z.
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various target-projectile systems. It is seen that 7, lies
in the range of (5-10)x1072! s for the various systems.
This range of values is in good agreement with theoreti-
cal predictions of Bhatt, Grange, and Hiller [34] for the
248Cf system.

We have also analyzed the data in Fig. 8 assuming
B to be independent of temperature and did not find
any significant change in the quality of fits from that
shown in Fig. 8. It is found that reasonably good fits
for the entire set of data are obtained with 8 = 7 x
10%! s~1, assuming a value of w; = 1 x 1072! s. The
transient delay, deduced for By/T = 1.0, is found to be
8.1 x 102! s for all systems, and the features seen in
the fusion-fission delay as a function of fissility and mass
asymmetry remain unchanged but for small differences
in the absolute values of the individual components of
delays.

The absolute values of the time scales derived above
are sensitive to the level density parameter a,. In the
present work, the value of a,, has been taken to be 4/10.0
MeV~!, but the relative intercomparison with fissility
and mass asymmetry is not found to be sensitive to the
above choice.

V. SUMMARY AND CONCLUSIONS

To summarize, in the present work, we have exper-
imentally investigated entrance channel effects in the

prescission neutron multiplicities in fusion-fission reac-
tions by studying the target-projectile systems lying on
either side of the Businaro-Gallone point. The mea-
sured prescission neutron multiplicites are found to be
higher for the 0+4232Th system as compared to the
1B 4+237Np, 'B4232Th, and 2C+232Th systems, im-
plying for the former case a larger fusion-fission delay
resulting from larger dynamical time during formation of
the compound nucleus. We have carried out a system-
atic analysis of the available prescission neutron multi-
plicity data in the compound nuclear fissility range of
0.7 < £ < 0.84 to deduce the individual dynamical de-
lays, namely, the transient time, saddle-to-scission transi-
tion time, and compound nuclear formation time, which
are involved in the different stages of the fusion-fission
dynamics. The present studies have brought out the de-
pendence of fusion-fission delays on the values of By /T
and fissility of the compound nucleus produced in heavy-
ion reactions.
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