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Evaporation residue cross sections and spin distributions have been measured for 200Pb compound nucleus
formed in 16O+184W reaction at the laboratory beam energies of 84, 92, 100, 108, 116, and 120 MeV. The
evaporation residues have been selected using the recoil mass spectrometer, HIRA and detected using a 2D
position sensitive silicon detector. The evaporation residue spin distributions have been measured by detecting
gamma rays with 14 element BGO multiplicity filter. Measured evaporation residue cross sections and spin
distributions are compared with the values predicted by a standard statistical model code. Comparison shows
that, in the energy region studied, the nuclear viscosity parameter γ = 3 is required to explain total evaporation
residue cross sections and evaporation residue spin distributions.
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I. INTRODUCTION

The study of fission of highly excited compound nuclei
has emerged as a topic of great interest in recent years.
The time scale of fission for highly excited heavy nuclei
resulting from heavy ion induced fusion reactions has been
extensively studied by measuring multiplicities of neutrons
[1–3], charged particles [4,5] and giant dipole γ -rays [6–8].
These experimental results clearly reveal that there is excess
emission of neutrons, charged particles and γ -quanta, in
comparison with the standard statistical model predictions.
This excess emission from the highly excited composite
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system is attributed to time delay or dynamical hindrance in
the fission process. It, therefore, appears that the dissipative
dynamical model would provide an appropriate description
of nuclear fission at higher excitation energies. Very few
measurements on evaporation residues (ERs) [9,10] have been
carried out to understand the fission hindrance phenomenon.
It is interesting to note that as a fused system moves from
equilibrium position to saddle point and then saddle point
to scission point, it keeps on emitting neutrons, protons,
and gamma rays. Therefore, neutrons, charged particles and
gamma ray multiplicities are not very sensitive to whether the
emissions occur before or after the traversal of saddle point. On
the other hand, ER measurement is a more sensitive method to
understand the fission hindrance from equilibrium deformation
point to saddle point because the evaporation probability from
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hot nuclei formed in heavy ion fusion reaction is sensitive
to the dissipation strength inside the fission barrier. If there
is any reduction in the fission width due to dissipation then
there is a strong probability for survival of the compound
nucleus. This is manifested in the evaporation residue cross
section which is larger than predicted by the standard statistical
model. The compound nucleus undergoing fission or surviving
as an ER is decided mainly within the saddle point. Hence the
measurement of ER formation probability provides the desired
separation between pre-saddle and post-saddle dissipation. It
is also pointed out by Frobrich et al. [11] that the ERs seem
to be more sensitive probes for friction rather than neutrons,
protons or γ -rays for studying the dynamics of fusion-fission
process.

ERs de-excite to the ground state by the emission of
gamma rays (nonstatistical in nature). These gamma rays carry
valuable information on the spin distribution of ERs. Fission
imposes the upper limit to the angular momentum carried by
the evaporation residues from a heavy compound nucleus. If
the fission branch is suppressed due to dissipation, then the spin
population of ERs will be enhanced with the occurrence of the
higher spin values. Thus spin distribution is also an additional
parameter to study the dynamical competition between ERs
and fission. The combined study of evaporation residues cross
section and spin distribution gives a better understanding of
fusion-fission dynamics than what is obtained by studying only
the total evaporation residue cross section.

Here we report our measurements on total ER cross sections
and spin distributions of ERs for a heavy compound nucleus
(200Pb∗) over a range of excitation energies. Earlier, there was
one such measurement but it was for lower fissility (194Hg∗)
[10]. The present measurements have been performed over
a range of energies around the Coulomb barrier where the
dissipation effects are expected to be already set in for the
fission [1,4,12], and the quasifission channels are absent [13].

The organization of the present paper is as follows. The
experimental details and the results are presented in Sec. II.
Section III reviews the basic ingredients of the model calcula-
tion and the data analysis, followed by summary and discussion
in Sec. IV.

II. EXPERIMENTAL DETAILS AND RESULTS

The experiment was performed in two runs. In the first
run, 16O pulsed beam with the pulse separation of 4 µsec
was taken from 15UD Pelletron accelerator at Inter University

Accelerator Centre (IUAC), New Delhi. Evaporation residues
(ERs) and spin distribution (gamma fold) measurements were
carried out for 16O + 184W reaction in the energy range from
Elab = 84 to 120 MeV. Enriched, isotopic 184W target of
thickness 210 µg/cm2 on a 110 µg/cm2 carbon backing was
used. As the residues were of low energy (5.5 to 8 MeV),
the carbon foil was made to face the beam to avoid energy
loss of residues in carbon foil. The recoil mass spectrometer
(Heavy Ion Reaction Analyzer), HIRA [14] was used for the
identification of ERs. A set of BGO detectors was mounted
at the target chamber for detecting gamma rays from ERs
covering 48% of 4π solid angle. The PHOPDISC assembly
[10], with the top and bottom flanges of the sliding seal target
chamber modified in the form of reentrant bucket-like structure
was used to accommodate the BGO detectors in a close
geometry. 14 BGO detectors were used with seven detectors
at the top and the remaining seven at the bottom. Elastically
scattered oxygen ions were registered in two Si surface barrier
detectors placed at ±25◦ with respect to the beam direction. A
carbon foil of 40 µg/cm2 thickness with large surface area was
placed 10 cm downstream from the target to reset the charge
state of ERs to statistical distribution. The HIRA spectrometer
is 8.6 m long and its ion optics is based on electric-magnetic-
electric dipole (ED-MD-ED) configuration with entrance and
exit quadrupole doublets as shown in Fig. 1 (details can be
found in Ref. [14]). HIRA was employed with full acceptance
corresponding to a solid angle of 10 msr in order to transport
the residues to the focal plane. ERs were detected at the focal
plane by a large 50 × 50 mm2 (active area) 2D position
sensitive Si detector with a resistive layer at the front.

The measurements were performed at the laboratory beam
energies of 84, 92, 100, 108, 116, and 120 MeV. We could
go up to 120 MeV with a pulse separation of 4 µsec, beyond
which the low intensity beam would not allow the locking of
the terminal potential. Mass, recoil energy, and charge state
scannings were done at each beam energy and, HIRA settings
were optimized for most probable energy, mass, and charge
state. The time taken by the ERs produced at the target chamber
to reach the focal plane detector was 3.5 to 4 µsec. A pulsed
beam, with a pulse separation of 4 µsec was used to record
the time of flight (TOF) of slowly moving residues. The start
signal for TOF was taken from focal plane Si detector and the
stop signal was the RF used for pulsing, with 4 µsec pulse
separation. The time of flight setup gave a clean separation of
ERs from the beam like particles. Figure 2 shows the 2D plot of
energy vs time of flight. We further recorded 14 TDC (time to
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FIG. 1. Block diagram of Heavy Ion Reaction Analyzer (HIRA). Q1, Q2, Q3, Q4: Quadrupoles; ED1, ED2: Electric dipoles; MD: Magnetic
dipole; M: Multipole; T: Target chamber; SADA: Solid Angle Defining Aperture; FP: Focal plane chamber.
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FIG. 2. (Color online) Two-dimensional plot of energy vs time
of flight for the reaction 16O+184W at 100 MeV beam energy. The
evaporation residues are at the center, while scattered beamlike
particles (very few in numbers) are seen at the top-left corner of
the plot, in two groups.

digital converter) spectra with ERs detected at the focal plane
as the common start signal and timing from individual BGO
detectors as the stop signal. These individual TDC spectra
helped us to correct, in software, for background in each BGO
signal while constructing the gamma fold distribution. In the
second run, transmission efficiency of HIRA was determined
experimentally for the chosen system.

A. Transmission efficiency of HIRA

The transmission efficiency of HIRA was determined by the
gamma ray method at 100 MeV beam energy. A high resolution
HPGe detector of 23% relative efficiency was mounted at
the target chamber. The focal plane detector setup remained
unchanged. Gamma rays were recorded by the HPGe detector
in singles and in coincidence with ERs. The ratio of counts
of a specific gamma line (corresponding to a particular ER) in
coincidence spectrum (Ncoin) to that in the singles spectrum

TABLE I. Transmission efficiencies for prominent ERs
through HIRA (in percent) obtained by γ coincidence
technique.

Residual nuclei Gamma energy (keV) ηHIRA

194Pb 581.8 1.02 ± 0.08%
195Pb 969.1 0.98 ± 0.06%
195Pb 739.1 0.97 ± 0.4%

(Nsing) gives the absolute transmission efficiency of HIRA for
that ER:

ηHIRA = Ncoin

Nsing
. (1)

Identified gamma lines from residual nuclei 194Pb and 195Pb
and the calculated efficiencies are listed in Table I. Figure 3
shows the coincidence and singles spectra of gamma rays
zoomed around the 581.82 keV (gamma line belonging to
194Pb) peak.

B. Total evaporation residue cross section

The total evaporation residue cross section is obtained by
using the relation

σER = YER

C

(
dσ

d�

)
R

�M

1

ηHIRA
(2)

where YER is the ER yield, C is monitor counts, �M is
the solid angle subtended by the surface barrier detector,
ηHIRA is the transmission efficiency of HIRA, and (dσ/d�)R
is the differential Rutherford scattering cross section in the
laboratory system. The evaporation residue cross sections
deduced at different energies using Eq. (2) for the 16O+184W
reaction are shown by solid circles in Fig. 4.

Total fusion cross sections (open triangles) are obtained
by adding fission and evaporation residue cross sections. The
fission cross sections have been taken from the literature [15].
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gamma rays zoomed around the 581.82 keV.
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FIG. 4. Evaporation residue cross section for
the reaction 16O+184W (solid points). Fission (data
taken from Ref. [15]) and total fusion cross sections
are shown by solid diamonds and open triangles,
respectively.

C. Spin distribution of evaporation residues

The first step in this analysis was to extract the fold distribu-
tion from the TDC signals of BGO detectors. Fold distribution
was generated from the software bit-pattern spectrum obtained
using CANDLE software [16]. The generated fold distribution
was in turn gated with ER events in the 2D spectrum of
energy vs time of flight for further cleaning of the background.
Figure 5 shows the gamma fold distribution for different beam
energies.

Moments of the multiplicity distribution were extracted
from the fold distribution by following the method explained in
Ref. [17]. Some of the basic expressions used in the extraction
of the moments are as follows. Let N be the number of identical
detectors employed, each having a solid angle �, then the
probability (P M

Np) that a cascade of M uncorrelated γ -rays
will cause number of p detectors to fire is given by

P M
N,p =

(
N

p

) p∑
k=0

(−1)p−k

(
p

k

)
[1 − (N − k)�]M. (3)

Let the probability of observing p-fold coincidence be denoted
by Q(p). Then its relation to γ -multiplicity probability
distribution P (M) is

Q(p) =
Mmax∑
M=0

P M
N,p(�)P (M). (4)

This can be written in the form of factorial moments such as

Q(p) =
M∑

m=0

〈(
M

m

)
m!

〉
Ap,m(�), (5)

where

Ap,m(�) = (−1)m

m!

(
N

p

) p∑
k=0

(−1)p−k

(
p

k

)
(N − k)m�m. (6)

By inverting Eq. (5), we obtain the factorial moments of the
multiplicity distribution as〈(

M

m

)
m!

〉
=

N∑
p=0

A−1
pm(�)Q(p). (7)
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FIG. 5. Gamma fold distribution for the reaction
16O+184W at (a) 84 MeV, (b) 92 MeV, (c) 100 MeV,
(d) 108 MeV, (e) 116 MeV, and (f) 120 MeV beam
energies. Fold distributions are in turn gated with the
ERs from 2D spectrum of energy vs time of flight
for further cleaning of the background.
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FIG. 6. Evaporation residue spin distributions
for the reaction 16O+184W, at (a) 84 MeV and (b)
92 MeV beam energies are compared with statistical
model calculation for γ = 0 (solid line), γ = 2
(dotted line), γ = 3 (dashed line), γ = 4 (dot long
dash line), γ = 5 (double dot dash line).

A−1
pm is the response matrix and is dependent on the detector

solid angle and the number of detectors employed in the
multiplicity setup. These factorial moments can be related in
a straight forward way to different moments〈(

M

m

)
m!

〉
= 〈M(M − 1) . . . . . . (M − m + 1)〉. (8)

The multiplicity distribution was generated using the
skewed gaussian multiplicity distribution of the form

Z(M) = exp

(
−1

2

(
M − M0

σ0(1 + εβ)

)2
)

, (9)

where ε = M−M0
|M−M0| ; M0 = 〈Mγ 〉, σ0 and β are the variance and

the skewness parameters. Transformation of the multiplicity
distribution to the spin distribution is made by assuming the
ERs to be good rotors with two units of angular momentum car-
ried away by each nonstatistical gamma ray [18]. Figures 6–8

show the plot of ER spin distribution for different beam
energies. Since the zero fold probability cannot be extracted
experimentally, spin distribution is nonzero at zero angular
momentum. However, for looking at the effect of fission
hindrance, higher l values are more important.

III. DATA ANALYSIS

We have compared the experimental evaporation residue
cross sections and the spin distributions with the statistical
model predictions for the decay of a compound nucleus. In
the present calculation, the excited compound nucleus can
emit neutrons and statistical giant dipole gammas before
it undergoes fission. While the neutron and GDR gamma
partial decay widths are obtained from the standard Weisskopf
formula as given in Ref. [19], the partial fission widths are
obtained from the Kramers modified Bohr-Wheeler formula
[20] which incorporates the effect of nuclear dissipation on
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FIG. 7. Evaporation residue spin distributions
for the reaction 16O+184W, at (a) 100 MeV and
(b) 108 MeV beam energies are compared with
statistical model calculations for γ = 0 (solid line),
γ = 2 (dotted line), γ = 3 (dashed line), γ = 4 (dot
long dash line), γ = 5 (double dot dash line).
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FIG. 8. Evaporation residue spin distributions
for the reaction 16O+184W, at (a) 116 MeV and
(b) 120 MeV beam energies are compared with
statistical model calculations for γ = 0 (solid line),
γ = 2 (dotted line), γ = 3 (dashed line), γ = 4 (dot
long dash line), γ = 5 (double dot dash line).

fission and is given as

�Kramers
f = �BW

f [(1 + γ 2)1/2 − γ ], (10)

where γ determines the strength of the dissipation and is
treated as a free parameter here. The Bohr-Wheeler fission
width is obtained using the fission barrier calculated from the
finite range liquid drop model [21] for the nuclear potential.
Using the above partial widths, the time evolution of the
compound nucleus is followed in a statistical model code
[22] till fission occurs or an evaporation residue is formed.
The excitation energy and spin of the residual nucleus is
recalculated after each emission of a neutron or a gamma.

We have assumed in the present calculation that the
compound nucleus is formed by fusing the projectile fully
with the target nucleus and processes such as fast fission or
quasifission are not considered. The fusion cross section of the
target and projectile in the entrance channel usually obeys the

following spin distribution:

dσ (l)

dl
= π

k2

(2l + 1)

1 + exp
[ (l−lc)

δl

] , (11)

where the values of the parameters lc and δl are fixed
by fitting the experimental fusion cross section. The total
excitation energy of the compound nucleus is obtained from the
beam energy of the projectile and the corresponding nuclear
temperature by the relation T = (Eint/a)1/2. The level density
parameter is taken from the work of Ignatyuk et al. [23],
which incorporates the nuclear shell structure effects at low
excitation energies and goes smoothly to the liquid drop at a
high excitation energy. An additional temperature dependence
in the level density parameter is also introduced as outlined
in Refs. [6,24]. The values of the level density parameter
at equilibrium shape and at saddle configuration are used to
calculate the neutron and fission widths, respectively.

In Fig. 9 we compare the experimental evaporation residue
cross sections with the values predicted by the statistical

80 90 100 110 120
100

1000

σ er
(m

b)

Beam energy (MeV)

FIG. 9. Evaporation residue cross section (solid
circles) with different excitation energies for the
reaction 16O+184W are compared with the statistical
model for γ = 0 (solid line), γ = 0.5 (dot line),
γ = 1(dash line), γ = 2 (long dash line), γ = 3 (dot
dash line), γ = 4 (dot long dash line), γ = 5 (dot
double dash line).
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FIG. 10. Experimental mean (a), second (b), and
third (c) moments of the evaporation residue spin
distribution (solid circles) for the reaction 16O+184W
at different beam energies are compared with statisti-
cal model calculations for γ = 0 (solid line), γ = 2
(dotted line), γ = 3 (dashed line), γ = 4 (dot long
dash line), γ = 5 (double dot dash line).

model calculation. The solid line in Fig. 9 corresponds to
the standard statistical model calculation, i.e., without the
inclusion of nuclear dissipation (γ = 0). The standard statisti-
cal model calculation underestimates the evaporation residue
cross section by about 20% especially in higher energy region.
With the introduction of a dissipation into our calculation, the
evaporation residue cross section increases with increase of the
strength of dissipation though this increase is more pronounced
at higher excitation energies of the compound nucleus. At
lower excitation energies, where the fission cross section is a
very small fraction of the fusion cross section, reduction of
the fission cross section further by introducing a dissipation
[Eq. (10)] hardly makes any noticeable change in the
evaporation residue cross section. At higher excitation ener-
gies, where the fission cross section is a substantial part of the
fusion cross section, the effect of slowing down of the fission
process due to dissipation is clearly manifested as an increase
of the evaporation residue cross section. We further note that
the above increase saturates at γ = 3 and the evaporation
residue cross section is not sensitive to higher values of
γ . Our results therefore indicate that a dissipative force of
strength γ = 3 in the fission dynamics of 200Pb is essential
to reproduce the systematic trend in the evaporation residue
excitation function. Similar values of γ within the saddle point
were also reported earlier from the analysis of GDR gamma ray
multiplicity at higher excitation energies of 200Pb [8] and also
from evaporation residue cross section studies of 224Th [24].
The present study provides evidence of a dissipative dynamics
of fission even at somewhat lower excitation energies of 200Pb.
Before we conclude our discussion on evaporation residue
cross section, we must draw attention to the fact that the
experimental evaporation residue cross section at 100 MeV
of beam energy is significantly higher than the theoretical
prediction and that at 116 MeV of beam energy is slightly
lower than the theoretical prediction with a value of γ = 3
(Fig. 9). In order to confirm these data we have repeated our
measurements at 100 MeV in the second run and found that
the value remains to be the same.

We shall next compare the calculated spin distribution
of the evaporation residue with the experimental data. We
first note in Fig. 6 that the calculated spin distribution are
practically independent of the value of γ at lower excitation
energies similar to the observation we made for the total
evaporation residue cross sections. In Figs. 7 and 8 we find,
however, that the standard statistical model (γ = 0) calculation
underestimates the spin distributions at higher spin values
compared to the experimental results. Calculations with higher
values of γ shift the evaporation residue spin distributions to
higher spin values and become closer to the experimental data.
An overall agreement with the experimental data is attained for
γ = 3 beyond which the distribution becomes insensitive to
the value of γ , similar to our earlier observation regarding the
total evaporation residue cross section. The standard statistical
model (γ = 0) also underestimates the experimental mean,
second and third moments of spin distribution which matches
very well for the dissipation parameter γ = 3 as shown in
Fig. 10.

IV. SUMMARY AND CONCLUSION

Summarizing, we have measured evaporation residue cross
sections and its spin distributions for the 200Pb compound
nucleus formed in the collision of 16O with 184W nuclei at
laboratory beam energies in the range of 84 to 120 MeV. The
total fusion cross section is obtained by the sum of presently
measured evaporation residue cross sections and the fission
cross sections taken from the literature. Evaporation residue
cross sections and the spin distributions for various energies
have been compared with statistical model calculations.

The present study shows that the standard statistical model
of fission (with no nuclear dissipation effects, i.e., γ = 0)
cannot reproduce the systematic trend of evaporation residue
cross sections and its spin distributions over the range of
excitation energies considered here. Our analysis shows that
a value of γ = 3 for the dissipation coefficient is required to
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fit the evaporation residue cross section along with its spin
distribution. The present study therefore provides evidence
for some fission hindrance in 200Pb in the measured energy
region. It is further demonstrated in the present work that the
evaporation residue spin distribution measurement provides
another sensitive tool to investigate the fission hindrance in
200 mass region. It is therefore expected that more extensive
measurements of evaporation residue cross sections along with
spin distributions at higher excitation energies would lead to a
better understanding of fission dynamics.
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