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Role of nuclear dissipation and entrance channel mass asymmetry in pre-scission neutron
multiplicity enhancement in fusion-fission reactions
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Pre-scission neutron multiplicities are measured for >C+2%Pb and 'F+ "’ Au reactions at laboratory
energies of 75-95 MeV for the >C beam and 98-118 MeV for the '°F beam. The chosen projectile-target
combinations in the present study lie on either side of the Businaro-Gallone mass asymmetry («pg) and populate
the 2'°Ra compound nucleus. The dissipation strength is deduced after comparing the experimentally measured
neutron yield with the statistical model predictions which contains the nuclear viscosity as a free parameter.
Present results demonstrate the combined effects of entrance channel mass asymmetry and the dissipative
property of nuclear matter on the pre-scission neutron multiplicity in fusion-fission reactions.
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I. INTRODUCTION

The dynamics of fusion-fission processes in nucleus-
nucleus collisions has been extensively investigated, both
experimentally and theoretically, in recent years. The exper-
imental probes for these studies are mainly the pre-scission
multiplicities of light particles including photons and evapora-
tion residue cross sections. Neutrons emitted at the pre-scission
stage are detected in most of the experiments [1-5], though
measurements of pre-scission multiplicities of light charged
particles [6,7] and high-energy y rays [8,9] have also been
reported. The measured pre-scission multiplicities of different
light species are found to be substantially higher than those
predicted by the standard statistical model of fission [10]. A
dissipative dynamical model, originally proposed by Kramers
[11], is now considered essential to describe fission of nuclei
at high excitations.

The emission of pre-scission neutrons can take place at
different stages of a fusion-fission reaction, starting from the
formation of a compound nucleus (CN) till it reaches the
scission configuration. Initially, the dinuclear system in the
entrance channel requires a time interval (#trm,) in order to
form a fully equilibrated CN. Due to fast energy equilibration
in the di-nuclear system [3], neutron evaporation can take
place during f#, and it would contribute to the measured
pre-scission multiplicity. After the CN is formed, its dynamical
evolution can be considered as a quasistationary diffusion
process over the fission barrier. Most of the pre-scission
neutrons are emitted during this stage. Beyond the saddle
point, neutron emission from the CN can still continue till
it reaches the scission point and this would make an additional
contribution to the multiplicity of pre-scission neutrons.

In heavy ion induced fusion-fission reactions, it is possible
to create the same CN at the same excitation energy through
different entrance channels by choosing proper combinations
of the target and projectile nuclei and appropriate beam
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energies of the projectiles. For such compound nuclei formed
through different entrance channels, the average number of
pre-scission neutrons emitted after formation of the CN are
expected to be the same. However, the number of neutrons
emitted during the formation time #s, in different reactions
could be different depending upon the dynamics of the re-
spective entrance channels. It is well established [3,12,13] that
entrance channel mass asymmetry o = (A; — A,)/(A; + A))
plays a major role in the dynamical evolution of a dinuclear
system leading to the formation of a CN and the fusion path
followed by the composite system is quite different for the
two cases of & < agg and o > apg, where apg is the critical
Businaro-Gallone mass asymmetry [14—16]. The multiplicity
of pre-scission neutrons would therefore be expected to depend
upon the entrance channel mass asymmetry.

The quasifission process is known [13,17] to take place
accompanying the fusion-fission process in a number of heavy
ion induced reactions depending upon the projectile plus
target combination. In quasifission, the dinuclear complex
formed after capture of a projectile by a target separates into
two fragments before full mass equilibration is established.
Energy equilibration however takes place in quasifission and
neutrons can be evaporated from the dinuclear complex. The
average life-time of a partially equilibrated dinuclear complex
is expected to be smaller than that of a fully equilibrated
compound nucleus. Consequently, the average number of
neutrons emitted in quasifission events would be smaller
than that from the compound nucleus. Thus occurrence of
quasifission events can affect the multiplicity of pre-scission
neutrons.

We have assumed in the foregoing discussions that the spin
distributions of compound nuclei formed through different
entrance channels are similar. However, a CN may be formed at
the same excitation energy but with different spin distributions
when the difference between the Q-values of two entrance

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevC.78.024609

HARDEYV SINGH et al.

channels is large. As the average lifetime of a CN decreases
with increase of spin, more neutrons will be emitted from a
CN with a smaller spin than from the one with a larger spin
though both of them are formed at the same excitation energy.
Therefore, the compound nuclear spin distribution can also
leave its signature on the multiplicity of pre-scission neutrons.

Entrance channel effects on pre-scission neutron mul-
tiplicities have been experimentally observed [3,18] in a
few measurements. In an earlier experiment [18], we have
observed different pre-scission neutron yields for the two
entrance channels ('°0 + '3!Ta and '°F + '78Hf) lying on
either side of the Businaro-Gallone point and populating the
197T] compound nucleus at the same excitation energies with
similar spin distributions. It was shown in this work that the
entrance channel dependence of pre-scission neutron yield
can be attributed to the longer formation time of the more
symmetric system and this was reflected into the magnitude of
the dissipation strength required to fit the data.

In the present work, the multiplicity of pre-scission neu-
trons is measured for the systems '?C 4 2%Pb (a = 0.888)
and F+'"7Au (a = 0.824) lying on the two sides of the
Businaro-Gallone point (ogg = 0.849). The measurements are
made at different laboratory energies. At three energies, the
compound nucleus 2'®Ra is formed at the same excitation
energies in the two reactions. The present systems are dis-
tinguished by the fact that they populate the CN with different
spin distributions at the same excitation energies. Further,
quasifission has been observed earlier in the '"F+ '97Au
system but not in the '2C +2%*Pb system [13]. Therefore,
we shall be able to study the combined effect of entrance
channel (formation time effect plus quasifission) dependence
and CN spin distribution on the multiplicity of pre-scission
neutrons. To this end, we shall make a detailed comparison of
the measured values with the statistical model predictions.

II. EXPERIMENTAL DETAILS

The experiment was performed using pulsed beams of
2C (E, = 75,79, 83, 87,91, and 95 MeV) and °F (Ep, =
98, 102, 106, 110, and 118 MeV) obtained from 15UD Pel-
letron of Inter University Accelerator Centre (IUAC), New
Delhi. A self-supporting '°7 Au target of 250  g/cm? thickness
and 2%Pb having thickness of 200 pg/cm? sandwiched
between carbon foils were used in the experiment. Two
large area (20 cm x 10 cm) position sensitive multiwire
proportional counters (MWPC) were placed at the folding
angle for symmetric fission. Detectors were placed on movable
arms on both sides of the beam at distance of 63.5 cm and
51.5 cm respectively from the target. The position of one
detector placed at 63.5 cm was fixed at 90° with respect to
the beam direction and the position of other detector was
adjusted according to the folding angle depending upon the
beam energies and projectile-target combination.

The neutrons were detected in coincidence with fission
events by four neutron detectors, which consisted of 12.7 cm
dia x12.7 cm thick organic liquid scintillator cells (BC501)
coupled to 12.7 cm XP4512B Photomultiplier tubes and
were placed outside the scattering chamber at a distance of
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100 cm from the target. Thin flanges of 3 mm stainless
steel (SS) were used with the scattering chamber in order
to minimize neutron scattering. These detectors were placed
at angles of 30°, 60°, 90°, and 120° with respect to the beam
direction. The neutron detector array threshold was kept at
about 120 keVee by calibrating it with standard y-sources
(¥7Cs and °°Co) [19]. Two silicon surface barrier detectors
were used at 11° for beam flux normalization purpose. The
time of flight of neutrons was obtained with reference to the
fission fragments detected in either of the gas detector. The
details of the experimental setup can be found at [18]. In
order to keep the background in TOF spectra at minimum
level, the beam dump was kept at 3 m from the target and
was well shielded with layers of lead and borated paraffin. A
discrimination between neutrons and gammas was made by
using pulse shape discrimination (PSD) based on zero cross
technique and TOF. The dual channel PSD modules having
built in shaping amplifier, constant fraction discriminator
(CFD), PSD and time to amplitude converter (TAC) were
developed at IUAC, New Delhi [20]. Data were also taken
with a blank target to estimate the level of background in the
neutron spectra and it was found to be negligible. The TOF
of neutrons was converted into neutron energy by considering
the prompt y peak in TOF spectrum as the time reference. The
efficiency correction for the neutron detectors was done using
Monte Carlo computer code MODEFF [21]. The Monte Carlo
calculations, in turn, were verified by measuring the relative
efficiency of the detector using a >>>Cf spontaneous fission
source [22].

III. DATA ANALYSIS

Pre- and post-scission neutron multiplicities were obtained
by fitting the observed neutron energy spectra with three
moving source evaporation components (pre-scission emission
is assumed to be from CN and post-scission from two fully
accelerated fission fragments) using the Watt expression [23].
The neutron emission from these moving sources was assumed
to be isotropic in their respective rest frames. Thus, the
measured double differential neutron multiplicities are given
as

3
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Here, E,, is the laboratory energy of the neutron and E;, T;, M,
represent energy, temperature, and multiplicity, respectively,
of each neutron emission source. A; is mass of each neutron
source and 6; represents the relative angle between the neutron
direction and the source direction. The folding angles were
obtained from the Viola [24] systematics for symmetric fission.
The angular acceptance of the neutron detectors and the fission
detectors were taken into account in the fitting procedure.
Figures 1 and 2 shows the fits to the double differential
neutron multiplicity spectra at various angles for both the
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FIG. 1. Neutron multiplicity spectra (filled squares) for the
12C 4-204Pb reaction at Ej, = 90 MeV along with the fits for the
pre-scission (dotted curve) and the post-scission from fragment 1
(dashed curve) and fragment 2 (dot dashed curve). The solid curve
represents the total contribution.

reactions. The post-scission multiplicity and the temperatures
were assumed to be the same for both the fission fragments.

The observed pre-scission neutron multiplicities for both
the reactions are shown in Fig. 3. The pre-scission neutron
multiplicity is found to be higher for the system with
entrance channel mass asymmetry « < agg('°F+ "7Au) as
compared to the system lying on the other side, i.e., o >
apg(1?C 4+ 2%Pb). This difference in multiplicities increases
with the excitation energy of the CN.
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FIG. 2. Neutron multiplicity spectra (filled circles) for
YF4 19 Auat E},, = 102 MeV along with the fits for the pre-scission
(dotted curve) and the post-scission from fragment 1 (dashed curve)
and fragment 2 (dot dashed curve). The solid curve represents the
total contribution.

PHYSICAL REVIEW C 78, 024609 (2008)

re . -
M: (neutrons/fission)

oS, T

40 45 50 55 60 65 70 75
Excitation Energy (MeV)

FIG. 3. Pre-scission neutron multiplicities from '>C+ 2Pb
(solid squares) and '°F + 7 Au (solid circles) reactions. Lines are
drawn to guide the eye.

IV. STATISTICAL MODEL ANALYSIS

The experimental neutron multiplicities were compared
with the statistical model predictions for the decay of a CN.
Emission of neutrons, protons, alphas, and GDR y’s were
considered as the decay channels of the CN in addition to
fission in the present calculation. The neutron and GDR y
partial widths were obtained from the Weisskopf formula [25]
while the fission width was calculated using the Kramers
modified Bohr-Wheeler expression [11],

F?ramers — F?W[(l + V2)l/2 —yl, Q)

where y represents the strength of nuclear dissipation and
was treated as an adjustable parameter in the calculation.
We may remark at this point that though y is introduced
in the present calculation as the strength of the dissipative
force in the fission dynamics of the CN, its value obtained
from fitting the experimental data has to account for the total
number of neutrons emitted before fission including those
emitted during the formation time (#¢m,) of the CN as well
as those from quasifission. This point will be discussed further
while comparing statistical model results with experimental
data. The Bohr-Wheeler fission width was calculated using
the fission barrier obtained from the finite range liquid drop
model for the nuclear potential [26]. A dynamical fission width
was subsequently obtained as

T (1) = [1 —exp(—2.3t /)", 3)

where 7, accounts for the build up or transient time required
for the fission width to reach its stationary value. The value
of 7y was taken from Refs. [27,28]. The level density
parameter used in the present study was taken from the
work of Ignatyuk et al. [29,30], who proposed a form which
includes the shell structure effects at low excitations. Using
the above partial widths, the time evolution of a CN was
followed in the statistical model code [31,32] till either fission
occurred or an evaporation residue was formed. In the case
of a fission event, the number of neutrons emitted during
saddle-to-scission transition was also included as pre-scission
neutrons [33]. The multiplicity of neutrons emitted from the
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FIG. 4. Reduced fusion cross section (dimensionless, see text) for
the two reactions. Lines are drawn to guide the eye.

fission fragments (post-scission neutrons) was also calculated
assuming a symmetric fission.

The spin distribution of the CN was assumed to follow the
usual Fermi distribution

T 21+ 1

H=—-—""___
o(l) K21+ exp (GE)

“

the parameters (/. and §) of which were fixed by fitting the
experimental fusion cross sections [17,34]. The experimental
fusion cross sections however show an interesting trend which
throws light on the spin distributions in the compound nuclei
populated through the two entrance channels. To illustrate this
point, the excitation functions of the experimental reduced
fusion cross sections, 67, (E) = Ufu(E)/nkz, where, A is the
reduced de Broglie wavelength of the entrance channel, for
the two reactions, 2C +2%Pb and '"F+ '97Au, are shown
in Fig. 4. It is noted immediately that the reduced fusion
cross sections are smaller for '°F 4 '’ Au than '2C 4 2%Pb.
Specifically, the difference is largest at 53 MeV of excitation
energy (E,) and becomes smaller at higher E,. The above
difference in fusion cross sections essentially arises due to the
large difference in the Q-values of the two entrance channels
(Q = —28.4 MeV for >C+2“Pb and —35.9 MeV for
19F 4 197 Au systems). Consequently, the critical angular mo-
menta /. are smaller for "?F+ "7 Au (28.2,34.7, and 41.6 in 7
unit) than those for 2C + 2%4Pb (41.0, 42.0 and 43.0 in /i unit)
at excitation energies of 53, 57, and 61 MeV, respectively. In
Fig. 5, the calculated pre-scission neutron multiplicity (MP™)
for different values of y are shown along with the experimental
data. We note here that for all values of y, the calculated
MP® at E, = 53 MeV is significantly larger for '°F + "7 Au
than for '2C +2%*Pb. However, they become almost equal
at £, = 61 MeV. The difference in compound nuclear spin
distribution is thus adequately reflected in the calculated values
of MP™. The statistical model results would therefore serve as
a baseline to assess the entrance channel effects in order to fit
the experimental data.

We have further calculated the number of neutrons emitted
during saddle-to-scission transition and the results are shown
inFig. 6. We find that such neutrons account for a small fraction
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FIG. 5. Experimental pre-scission neutron multiplicities along
with the statistical model calculation results.

of the total pre-scission neutron multiplicity. Therefore, the
difference in the calculated MP™ values between the two
systems can be solely attributed to the different fission
barriers encountered in the two systems due to different spin
distributions.

We shall now compare the experimental MP™ values with
the statistical model results. We immediately note that the
experimental and theoretical values present different trends
in the overlap region of excitation energies between the two
systems. In fact, this difference reflects the entrance channel
dependence of the multiplicity of pre-scission neutrons for
the present systems. Qualitatively, neutrons emitted (M ™)
during the formation time fg, should make an additional
contribution to the statistical model predictions since neutron
emission in the statistical model is considered only after a
CN has been formed. On the other hand, the number of
neutrons emitted (M%) in quasifission events is expected
to be smaller than the statistical model prediction since the
dinuclear complex in quasifission has a shorter life time than
the fully equilibrated CN. Quasifission events would therefore
reduce the statistical model prediction of MP™. In the present
study, the two entrance channels lie on the two sides of
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FIG. 6. Neutron yield from saddle-to-scission transition.
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FIG. 7. Angular momentum dependence of Businaro-Gallone
point for 2'°Ra compound system.

the Businaro-Gallone point for all values of CN spin under
consideration [16] as shown in Fig. 7. Therefore, the entrance
channel dynamics would be quite different for the two systems.
While the projectile nucleus will be swallowed by the target
nucleus to form the CN in the less symmetric 'C +2%Pb
system, a considerable amount of mass flow will take place
from the target nucleus to the projectile nucleus in order to
form the CN for the more symmetric '°F +'°7Au system.
Consequently, the ;o Would be larger for '°F + '°7 Au than the
12C 4-204pp system. Hence M ™™ would also be larger for the
more symmetric ('°F 4+ °7 Au) system as compared to the other
system. Further, it has been reported earlier by Berriman et al.
[13], that a considerable amount of the entrance channel flux
goes into quasifission for the '°F 4+ '°7 Au system though none
has been observed in the '2C + 24Pb system. This suggests that
the average number of evaporated neutrons would be depleted
only for the '°F+ 7 Au system due to quasifission. It thus
becomes evident that M™©™ and M4/ together should account
for the difference between the statistical model predictions and
the experimental pre-scission neutron multiplicities. However,
detailed calculations of entrance channel dynamics would be
required in order to make further quantitative assessment of
M™™ and M4/,

We shall now present in Fig. 8 the y values that reproduce
the experimental MP™ at each initial excitation energy for the
two systems. The statistical error associated with an experi-
mental multiplicity gives rise to an error on the corresponding
fitted values of y and it is also shown in this figure. It is
observed that y increases with the initial excitation energy
for both the systems and the rate of increase is higher for the
more symmetric system. However, the y values obtained from
fitting the experimental data here have to account for not only
the fission hindrance of the CN but also the additional neutrons
due to entrance channel effects. Specifically, we observe that
the excitation energy dependence of y for the two systems
are significantly different in the range of E, = 53-61 MeV.
Thus the differences in entrance channel dynamics and CN
spin distributions essentially give rise to the different rates of
excitation energy dependence of y. It may be remarked at this
point that microscopic theories such as two-body viscosity can
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FIG. 8. Excitation energy dependence of dissipation strength.
Lines are drawn to guide the eye.

give rise to an excitation dependence of y . It is therefore not the
initial excitation energy dependence of y but the difference in
the excitation energy dependence between the two systems that
is considered here as a signature of entrance channel dynamics
and CN spin distributions.

Lastly, we shall discuss the excitation energy dependence
of the post-scission neutrons (MP°') emitted by the fission
fragments. Figure 9 shows the experimental values along
with the statistical model results. We first observe in this
plot that the experimental MP*' for both the systems is
fairly independent of the excitation energy of the CN. This
indicates that the excitation energy available to the fission
fragments is nearly the same for all excitation energies of the
CN, the balance being carried away by the emitted particles
before scission. The y dependence of the calculated values
of MP arises because the available excitation energy of the
fission fragments is determined by the number of pre-scission
neutrons. Consequently, the y dependence of MP*' has a
complementary nature to that of MP™ over the entire range
of excitation energy for both the systems.
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FIG. 9. Experimental post-scission neutron multiplicities along
with the statistical model calculation results.
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V. SUMMARY AND CONCLUSIONS

The multiplicities of pre- and post-scission neutrons emitted
in the fission of 2'°Ra compound nucleus have been mea-
sured using two different entrance channels ('>C + 2*Pb and
19F 4 197 Au) which lie on either side of the Businaro-Gallone
point. The CN was formed at a number of excitation energies,
three of which (53, 57, and 61 MeV) were the same for both the
entrance channels. The measured pre-scission multiplicity in
the F 4 17 Au system was found to be higher than that from
the 12C + 204Pb reaction at the same excitation energies of the
CN. The difference in the MP™ values between the two systems
was attributed to the compound nuclear spin distribution and
the entrance channel dynamics comprising of the formation
time emission and quasifission. Comparison of experimental
values with statistical model predictions showed significant
contributions from the entrance channel effects. Consequently,
a stronger excitation energy dependence of the dissipation
strength () was required to fit the experimental data for the
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19F 4197 Au compared to that of the '2C + 2%*Pb reaction. The
present study thus demonstrates the sensitivity of pre-scission
neutron multiplicity to entrance channel dynamics including
quasifission.
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