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The a-particle energy spectra have been measured in coincidence with fission fragments over a wide range of
relative angles with respect to fragment emission direction in the ''B (62 MeV) + 232Th reaction. The a-particle
multiplicity spectra have been fitted with moving source model to extract the prescission (e ) and near-scission
(atnse) components. The present results, along with available data from the literature over a wide range of Z%/A
and the excitation energy of a compound system, have been analyzed to develop certain global features of the
pre- and near-scission emission characteristics. It is seen that o, values when normalized to Eé}, (Ecy is the
compound nucleus excitation energy) show a systematic linearly increasing trend with the a-particle emission
Q value (Q,). The fraction of near-scission multiplicity is observed to be nearly the same at around 10% of the

total prescission multiplicity for all the systems.
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In heavy-ion-induced fusion-fission reactions, neutron and
charged-particle (mainly proton and «-particle) emission
take place from various stages, namely from the fissioning
compound nucleus (prescission) and from the accelerated
fission fragments (postscission) [1,2]. Prescission neutron and
charged-particle emission spectra and multiplicities provide
important information on the statistical and dynamical aspects
of the fusion-fission process [1,2]. The prescission neutron
multiplicity, vp has been shown to have a linearly increasing
dependence on the compound nucleus excitation energy (Ecn)
[3,4], whereas prescission charged-particle multiplicities in-
crease nonlinearly with Ecy [3,5]. In the case of a-particle
emission, it is observed that particles are also emitted very near
the neck region in the fission process just before scission, akin
to the ternary fission events in low-energy fission [6—10]. This
part of prescission « particles emitted near the neck region
is termed as near-scission emission (NSE). Although there
have been many studies on prescission «-particle emission
in many heavy-ion-induced fusion-fission reactions [1,2,5-9],
a global systematics is yet to be developed. In low-energy
fission (thermal neutron-induced, photo-, and spontaneous
fission) NSE is a dominant channel [11-13] and exhibits
characteristic energy and angular distributions corresponding
to strong focusing of the particles by the Coulomb field of
the fragments. The near-scission «-particle multiplicities are
found to increase linearly with Z2/ A of the fissioning nucleus
[11,12]. The features of the NSE observed in low-energy
fission have been understood qualitatively with the sudden
neck collapse dynamic model suggested by Halpern [13].
However, the validity of such a model has not been proven
at elevated excitation energies and over a wide range of
Z?/ A of fissioning nuclei typically encountered in heavy-ion-
induced fusion-fission reactions. On the contrary, a statistical
emission mechanism for the prescission «-particle emission,
including the NSE part, has been suggested [14]. The study of
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near-scission emission of « particles can provide information
on the scission point characteristics of the fissioning nucleus
and is important from the point of understanding the collective
fission dynamics. There are no systematic studies so far for
the NSE over a large fissility (x) range in heavy-ion-induced
fusion-fission reactions.

In the present work, we have carried out measurements of
a-particle energy spectra in coincidence with fission fragments
for the system !'B (62 MeV) + 2¥Th (Z?/A =37.13, x =
0.798) in a wide range of relative angles between fission
fragments and « particles. The o-particle multiplicity spectra
at various relative angles have been fitted simultaneously
with the moving source model calculations to extract the
components of multiplicity corresponding to emission at
different stages of the fusion-fission process. The present
results are analyzed along with data from literature over a
wide range of excitation energy and fissility of the compound
system to develop systematic features of pre- and near-scission
emission as a function of a-particle emission Q value and
Z?/ A of compound systems.

Experiments were performed using a !'B beam of energy
62 MeV from the BARC-TIFR 14-MV Pelletron accelerator
facility at Mumbai. A self-supporting thin metallic foil of
22Th of thickness 1.6 mg/cm? was used as the target.
Measurements were carried out in two separate experiments. In
the first experiment, the fission fragments were detected using
a position sensitive 32-strip silicon detector (SSD) having
delay line read-out [15] with an angular opening of ~32°
and centered at 150° with respect to the beam direction. In the
second experiment, a position sensitive gridded gas ionization
chamber consisting of AE,,s and E,,s elements [16] was used
to detect fission fragments. The detector was centered at 145°
with respect to beam direction and covered an angular opening
of 30°. In both the experiments, o particles were detected
by three collimated CsI(T1)-Si(PIN) detectors [17] with an
angular opening of £3.5°. The particle identification in CsI(T1)
detectors was achieved using pulse shape discrimination (zero
cross over) technique. The energy threshold for a-particle
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FIG. 1. (Color online) The «-particle multiplicity spectra along with fits of moving source model for different combination of laboratory
angles of CsI(T1) detectors with respect to beam direction, 6,, and detected fission fragments, 6,¢,. The solid curve indicates total contribution
from four sources. The dotted, long-dashed, short-dashed, and dash-dot curves are contributions from compound nucleus, detected fission
fragment, complementary fission fragment, and near-scission emission, respectively.

identification was ~9.5 MeV(and ~5 MeV in the second
experiment). The higher threshold in the first experiment is due
to a 14.9-um aluminum foil used to stop the fission fragments.
The CsI(TI) detectors were energy calibrated for « particles
using ??%22°Th source and in-beam energy calibration runs. In
the first experiment, the in-beam calibration made use of the
discrete a-particle peaks corresponding to '>N* states from the
reactions '>C ("Li, ) '>N* at a "Li beam energy of 15 MeV.
In the second experiment, the discrete states of 2’Ne* from the
12C (12C, a) Ne* reaction at '>C beam energies of 25 and
40 MeV were used.

In the first experiment, the CsI(T1) detectors were placed at
the back angles in the range of 115° to 155° on either side of the
beam direction. In the second experiment, the CsI(T1) detectors
were placed at angles of 70°, 130°, and 105° with respect
to the beam direction. The angular opening of the fission
detector in both the experiments was divided into four equal
parts. Thus, a total number of 24 combinations of «a-particle
spectra, each having different relative angles with respect to
the beam (6,) and fission fragments (6,y4), were obtained
from the combined geometry of both the experiments. After
correcting for random coincidence, the normalized «-particle

multiplicity spectra were obtained by dividing the coincidence
spectra with total number of fission single events. Figure 1
shows typical normalized «-particle multiplicity spectra for
12 of 24 combinations of 8, and 6yy,.

These 24 multiplicity spectra are fitted simultaneously by
the moving source model, including four different sources,
namely the compound nucleus, the two complementary fission
fragments, and the NSE. In the moving source analysis,
symmetric mass division is assumed for the fragments and
mean values of fragment mass and charge have been used. The
« particles are assumed to be emitted isotropically in the rest
frames of pre- and postscission sources. The «-particle energy
spectra in the rest frames for pre- and postscission sources
are calculated using the constant-temperature level-density
formula with the expression [1,18];

n(e) = Na,eo(e)exp <_?E>, (D)

where o, and € are the multiplicity and energy of the emitted
a particles in the rest frame, T is the temperature of the
source, o(¢€) is the inverse reaction cross section, and N is
a normalization constant. The inverse reaction cross section
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o (¢€) is calculated using the Wong’s expression [19]:

hwR} ( [271 D
In{1+4exp|—(—Vp)]|), 2
2e hw

where hw is the curvature of fusion barrier for angular
momentum ¢ = 0. The values of hw for prescission and
postscission sources are determined from the fits to the fusion
excitation functions for 4He—|—237Np [20] and “He+°Co [21],
respectively, with the predictions of the one-dimensional
barrier penetration model code CCFUS [22]. Thus, liwye and
hwpos: values used in the moving source model for pre- and
postscission sources are 4.8 and 4.0 MeV, respectively. The
Vg is the emission barrier height of the o particles and is
calculated using the expression [23];

vy = 1}3.44ZP(ZS Zp) MeV, 3)

l"o[AP + (AS - Ap)1/3] +4

where Ap, Zp and Ay, Zg are the mass and charge of the o
particle and emitting source, respectively. The value of r( is
taken to be 1.45 fm [1]. § is a factor which takes into account
for the reduction in emission barrier due to deformation effects
and it is taken to be 2.0 for compound nucleus [23] and
0.4 for fission fragment [5,24]. Thus, the effective emission
barrier heights (Vp) calculated for the compound nucleus and
fission fragment are 20.2 and 13.4 MeV, respectively. The
temperatures Tpr. and Tyos are calculated using the relation
T = /E*/a, where E* is the intrinsic excitation energy of
the source and a is the level-density parameter taken as A/11
for compound nucleus and A /7 for fission fragments [1]. Tpre
is scaled down by a factor of 11/12 to account for multistep
evaporation [1,25,26]. Thus, Tyre and Tpos values are calculated
to be 1.2 and 1.25 MeV, respectively. The energy and angular
distributions for NSE are assumed to be Gaussian in the rest
frame as given by the expression [1];

—(e — 2 _ o _ N)\2
n(e, 0) ~ opse €XP [M} exp [M], “4)

2 2
20 20,

o(e) =

where oy, €p, 0, 0c, and oy are the o-particle multiplicity of
near-scission emission, peak (or mean) energy, relative angle
of o particles with respect to the scission axis, standard devia-
tions of the energy, and the angular distributions, respectively,
in the rest frame.

The wa-particle spectra calculated in rest frames of four
sources are converted to laboratory frames using the appro-
priate Jacobians and finally summed up to fit the measured
spectra. In the moving source fit, the parameters Tpre, Tposts

Vgre, and VEOSt are not varied, whereas the pre- and postscission
multiplicities (otpre and ofpos) and parameters related to NSE
are kept as free parameters. The mean fragment velocities are
determined using Viola’s systematics [27] for the total kinetic
energy released in fission process. The fitted spectra for the
individual source and after summing are shown in Fig. 1.
The values of the parameters corresponding to the best fit are
found to be otpre = (5.2 £ 0.1)x 1073, poge = (0.17 £ 0.02) x
1073, apee = (0.5 £ 0.05) x 1073, €, = 19.3 £ 0.3 MeV,
0. =3.44+0.2MeV, and oy = 11.5° £ 1.6°, having a minimum
x?/(degree of freedom) value of 5.07. Fits are also obtained
by excluding the NSE component in the moving source model

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 84, 031603(R) (2011)

and the best-fitted values are ap = (5.8 = 0.1)x1073 and
dpost = (0.16 £ 0.02)x 1073, corresponding to a minimum
x?%/(degree of freedom) value of 6.1. Here the errors quoted in
the extracted parameters include only statistical uncertainties.
Itis seen that fitting quality of the spectra improves particularly
for 0,74 ~ 90° if the NSE component is included in the moving
source model. It should be noted here that in contrast to the
works by Wilczynska et al. [9] for ** Ar4+->*Th and Lindl et al.
for ¥Cl4-'24Sn and 28Si+'4'Pr systems [6], in the the present
data the small value of ays and closeness of peak energies
of pre- and near-scission emission do not make the spectral
shapes of 6,r4 ~ 90° differ very much from those which are
away from 6, g = 90°.

In the past, statistical model calculations with the inclusion
of fission delay have been carried out to reproduce measured
values of vy and o for various systems. In order to quan-
titatively understand the o value of the present experiment,
we have used the statistical model code JOANNE2 [28] which
incorporates the deformation-dependent particle binding en-
ergies and transmission coefficients. Prescission emission is
assumed to take place from two points in the deformation
space corresponding to mean presaddle deformation (Z;) and
mean saddle-to-scission deformation (Z. ). The JOANNE2 code
allows only particle emission from nearly spherical systems
for mean presaddle time (7)) and then allows fission decay
to compete with particle emission for mean saddle-to-scission
time (ty). It is seen for the present system that for fixed
fission delay the particle multiplicities are insensitive to Z
but very much sensitive to Zg. Calculations are carried out
by varying either Zg. or Ty to examine its effect on vpe
and ape. The value for Z; is fixed at 1.28. The value of
Ty is fixed at 20 zs (1 zs = 102! s) from the systematics
available in the literature [4]. In the first case, the vy, and
apre values are calculated as a function of Zg at a fixed value
of 74 = 100 zs. The level-density parameters for spherical
compound nucleus a, and for the saddle-to-scission stage
asse at each Zg are calculated within the code using the
formalism of Toke and Swiatecki [29]. It is seen that vpe
increases strongly with Zg., whereas o increases mildly
up to a certain value of Zg. and then decreases as shown in
Figs. 2(a) and 2(b). In the second case, the vy and e values
are calculated as a function of 7 at a fixed value of Zy,. =
2.23, where ape is maximum [Fig. 2(b)]. The calculated vy
shows a strong increase with 74, whereas the oy increases
very little initially and saturates at 7, = 40 zs as shown in
Figs. 2(c) and 2(d). The shaded regions in all the panels of
Fig. 2 represent the corresponding experimental values. The
experimental vy in Figs. 2(a) and 2(c) have been obtained
after scaling the experimental data of Ref. [4] at Ecn =
60.4 MeV to Ecn = 45 MeV, corresponding to the present
experiment. As seen from Figs. 2(a) and 2(c), the experimental
Vpre 18 reproduced with the statistical model calculation using
the code JOANNE2 for suitable set of input parameters but the
experimental o cannot be reproduced by any choice of the
input parameters [as seen from Figs. 2(b) and 2(d)]. Statistical
model calculations using the code PACE2 [30] including fission
delay are also carried and results are similar to that obtained
with JOANNE2. The similar difficulty of not reproducing
simultaneously experimental vy and o by use of a statistical
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FIG. 2. (Color online) The vy and oy calculated using the code
JOANNE2 as a function of Zggc [in panels (a) and (b)] and 7ssc [in
panels (c) and(d)] for the ''"B+23?Th system. The shaded regions in
all the panels represent the corresponding experimental values of vy
and o The experimental vy is taken from literature (see text).

model code has been reported earlier also for the 28Si4+-232Th
system [31].

The o values measured earlier in many heavy-ion-
induced fusion-fission reactions are observed to increases
nonlinearly with an excitation energy of the compound nucleus
(Ecn) [5]. In order to verify this nonlinear behavior of @pre,
statistical model calculations are carried out as a function
of Ecn using the code JOANNE2 for many target-projectile
systems. It is seen that the oy increases nonlinearly with
compound nucleus excitation energy as EélfI to EélfI in going
from compound nuclear mass number 150 to 270. Therefore,
with a proper scaling of oy by a certain power of Ecy, it
is possible to obtain a systematic behavior with respect to
the «-particle emission Q value for different target-projectile
systems leading to a wide variety of compound nuclei. The
experimental values of o, normalized with Efy for all
available data for various systems are plotted as a function of
the «-particle emission Q value (Q,) at different values of n
in the range of 1.0 to 3.5. For each value of n, the normalized
apre shows a linearly increasing trend with Q. In order to
determine the best power dependence of ap. on Ecy, the
x? value is determined for each n by comparing the data for
normalized o as a function of Q, with the best linear fit to the
data. The variation of x> with n is obtained to be parabolic from
where the best fit value of # is obtained as 2.3 £ 0.1. Therefore,
in order to compare the o values for various systems we have
normalized the available data on o with EZ3. The spread in
Qpre Value after normalizing with Eég for a given system is
observed to be within the error bars in cases, where the o
data are available as a function of Ecy [2,5,6,18]. In these
cases a weighted average of the normalized o values of a
given system is taken to investigate the dependence of o
on Q. Figure 3 shows the present result and available data
of apre/ EES as a function of the a-particle emission Q value
(Qy) for various systems. In Fig. 3, the inset shows the nearly
parabolic variation of the x? with n. It is observed that the
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FIG. 3. (Color online) The o normalized with EéfI (Ecy is the
compound nucleus excitation energy) as a function of the «-particle
emission Q value (Q,). The different data points are for following
systems: 28Si+!'Lu [1], 28Si4!'64167.170Er [2], 37Cl4-'*Sn [6],
TCI+" Ag [8], ““Ar+22Th [9], F+22Th [18], and 2Si+>*2Th [31].
Data fOI" 285i+197Au, 28Si+208pb, 19F—|—197Au, 19F+208Pb, 160+197Au,
and 'F+'""Ta are from Ref. [5] and for '°0O+2?Th and '>C+'7Au
are from Ref. [7]. The dashed line is a linear fit to the data. The
inset shows the parabolic variation of x? with the excitation energy
normalization factor n (see text).

normalized oy shows a correlation with Q, and increases
linearly. The statistical theory also predicts that, for a given
Ecn, particle emission width increases with the emission Q
value [32]. It is interesting to note that the vy values show
a systematic behavior in terms of fissility after normalizing
with Ecy [4], whereas ap, shows a systematic behavior in
terms of Q, after normalizing with Eé; However, it would
be more relevant to analyze the vy also in terms of the neutron
emission Q value because the same fissility can be achieved
for compound nuclei having widely different O values for a
given particle emission.

The value of oy determined in the present work at Ecy =
45 MeV is significantly lower than the Z2/A systematics of
low-excitation-energy fission. In low-excitation-energy fission
oty increases linearly as a function of Z%/A of the fissioning
system and it is consistent with liquid-drop-model calculations
for dynamical emission of o particles near the scission
configuration as the gain in potential energy from saddle
to scission increases with Z%/A [11,12]. The peak energy
for NSE « particles (€,) in low-energy fission is constant
within 15 to 16 MeV, whereas in heavy-ion-induced fission
it is scattered from 12.5 to 19.5 MeV for different systems
[1,2,6-9]. In heavy-ion-induced fusion-fission reactions it has
been observed that a, increases with excitation energy [2,7],
in contrast to low-excitation-energy fission where dependence
of the o OnN excitation energy in the range of 8 to 20 MeV
is quite weak [11]. These comparisons about the features of
NSE indicate that the near-scission emission mechanism in
heavy-ion-induced fission differs from low-excitation-energy
fission.

In order to understand the near-scission emission mech-
anism in heavy-ion fusion-fission process, the ratio of o
to total prescission c-particle multiplicity (otpre + Ofnge) 1S
calculated for the present system and other heavy-ion data
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FIG. 4. (Color online) The % o as a function of Z2/A of the
fissioning system. The different data points are for following systems:
ZSSH_WSLu [1]’ 285i+164.167, 170Er [2]’ 37Cl+nalAg [8], and4OAr+232Th
[9]. Data for 3’C1+'**Sn and 28Si+'4!Pr are from Ref. [6] and for
160+4232Th and '>C+'"7Au are from Ref. [7]. The vertical spread in
some cases corresponds to different excitation energies of a given
system. The dashed lines are shown to guide the eye.

from literature. The fractional oy for the present system is
determined to be (8.6 & 0.2)%. The fractional «,¢ for all
available systems is plotted as a function of Z?/A as shown
in Fig. 4, where vertical spread in some cases corresponds
to different excitation energies of a given system. It is seen
that fractional aye is nearly same at around 10% of the
total prescission multiplicity over a wide range of Z?/A and
excitation energy, as indicated with dashed lines in Fig. 4.
The insensitivity of oy, with Z2/A has been seen earlier
also by Sowinski et al. [7] for two projectile-target systems
having widely different Z2/ A values. These features of oy
in heavy-ion fission indicates that « particles emitted from
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neck region near the scission point are due to a statistical
emission process in contrast to low-energy fission where it
is a pure dynamical process. It seems that as the available
excitation energy increases, statistical emission dominates
over dynamical emission. This indicates that the neck collapse
is faster in the case of low-energy or spontaneous fission [13],
whereas at higher excitation energies, it is a slow process. It
may, therefore, be inferred that the nuclear collective motion
exhibits a change from a superfluid to viscous nature as the
excitation energy is increased. In the literature, it has been
conclusively established that the o in thermal or 1-MeV
neutron-induced fission (corresponding Ecy = 6-8 MeV) is
less than in spontaneous fission of the same fissioning nuclei
[33-35] which is also in favor of the above arguments.

In summary, we have measured the «-particle multiplicities
corresponding to different stages of emission in the fusion-
fission process in the ''B (62 MeV)+2*?Th reaction. The
present results along with data from the literature have been
used to carry out a systematic analysis for ape and opge
as a function of Z?/A and excitation energy for various
target-projectile systems. It is seen that o, values normalized
to EZ3 show a systematic linearly increasing trend with
a-particle emission Q value. The fraction of near-scission
multiplicity is observed to be nearly the same at around 10%
of the total prescission multiplicity for various systems over
a wide range of Z?/A and excitation energy, suggesting that
the near-scission emission of ¢ particles is a statistical process
in heavy-ion-induced fission reactions. The above observation
may indicate a changeover of nuclear collective motion from
a superfluid to a viscous nature with increasing excitation
energy.
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