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Determination of the Time Evolution of Fission from Particle Emission
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Recently measured properties of the prescission particle emission from heavy-ion induced fission of
systems with 4 ~200 were analyzed using the statistical model. Simultaneous fits to prescission neutron,
proton, and a-particle multiplicities and mean kinetic energies can be obtained when the deformation
dependence of both the particle transmission coefficients and particle binding energies are taken into ac-
count. The experimental data are consistent with a total fission time scale of (30 £10)x 102" 5, with
more than half of this time being spent beyond the saddle point.

PACS numbers: 25.70.Jj, 25.85.Ge

The determination of the nature and magnitude of nu-
clear dissipation and its effects on the fission process has,
for the last decade, remained a topic of great interest.
The slowing of the fission process due to nuclear dissipa-
tion manifests itself as an excess of prescission neutrons
[1,2], light charged particles [3,4], and electric-dipole ¥
rays [5,6], relative to predictions from standard statistical
model codes [7-9]. These results imply that nuclear dis-
sipation is high and that movement in the fission direction
is overdamped.

One possible method of incorporating the delaying
effects of nuclear dissipation into statistical model calcu-
lations [4] is to allow only particle emission from nearly
spherical systems for a time tp. (the presaddle delay
time) and then allow the fission decay to compete with
the particle emission. The presaddle delay 7. is related
to the transient time 7 required to establish the quasi-
equilibrium population at the saddle point [10]. The eva-
poration of particles during the descent from saddle to
scission can be modeled by considering particle emission
from a system with a deformation somewhere between
the saddle and scission points, for a time 7 (the saddle-
to-scission transition time). The total fission time scale
can be defined as Tigtal = Tpre + Tssc.

Hinde et al. [2] recently analyzed prescission neutron
multiplicities vpe and mean neutron kinetic energies E,.
They extracted a total fission time scale of Tia=(35
+15)x10 %' s. Their analysis gives no information on
the breakup of this total fission time scale into a presad-
dle delay and a saddle-to-scission transition time. Since
the effective Coulomb emission barriers for proton and
a-particle emission decrease with deformation, it should
be possible to use light charged particle emission to better
define the time evolution of fissioning systems. Measured
prescission neutron, proton, and a-particle multiplicities
from the fission of the compound nuclei !9%!9%:198pp,
formed in Er+Si reactions, were recently analyzed [4] us-
ing an early version of the statistical model code JOANNE
[9]. The findings of this work were that 7 is limited to
<S10x10 72! s and that the neutron emission originates
predominantly from nuclei with deformations signifi-
cantly larger than the equilibrium value. Although this
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early version of JOANNE incorporated a presaddle delay
and a saddle-to-scission transition time, it made two very
simplifying assumptions. The particle transmission
coefficients T; were assumed to be independent of defor-
mation, and the thermal excitation energies and particle
binding energies during the descent from saddle to scis-
sion were taken to be equal to the average of those at the
saddle and scission points. These assumptions meant that
the information contained in the kinetic energies of the
prescission protons and a particles could not be used to
determine the time evolution of the fissioning systems and
that the extracted ¢ could not be trusted.

For this Letter we use the latest version of JOANNE
which does not make the simplifying assumptions men-
tioned above. The presaddle particle decay widths were
calculated using rotating finite range model [11]
(RFRM) deformation plus rotational energies, liquid
drop model [12] (LDM) particle binding energies and
T;’s obtained using universal optical model potentials
[13,14]. The statistical model fission widths were deter-
mined using RFRM fission barriers. To enable the deter-
mination of the saddle-to-scission particle decay widths,
one must first choose a deformation of the nucleus some-
where between the values at the saddle and scission
points. Factors influencing the particle decay widths as a
function of deformation, such as shape and deformation
energy, were determined using axially symmetric nuclear
shapes and the rotating liquid drop model (RLDM) [15].
To obtain the particle transmission coefficients for the de-
formed saddle-to-scission emitter, we used a simple ap-
proximate procedure similar to that of Ref. [16]. The ra-
dii of the nuclear optical potentials [13,14] were varied as
a function of the angle to the symmetry axis determined
by RLDM nuclear shapes. The Coulomb potentials
around the deformed nuclei were determined using the
results of Ref. [17]. These transmission coefficients pre-
dict a decrease in the effective proton and a-particle
emission barriers with increasing deformation. Figure 1
shows the change in the mean kinetic energy of neutrons,
protons, and a particles from '*>Pb compound nuclei with
J=0and E* =50 MeV as a function of the elongation of
the symmetry axis Z,xs (in units of the diameter of the
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FIG. 1. Change in the mean kinetic energies of neutrons,
protons, and a particles from '*>Pb compound nuclei with J =0
and E* =50 MeV as a function of the elongation of the symme-
try axis Zaxis (in units of the diameter of the spherical system)
relative to the emission from spherical nuclei.

spherical system), relative to the emission from spherical
nuclei. The small changes in the mean neutron energies
are due to the dependence of the deformation energy on
Z axis- The initial decrease in the mean kinetic energy of
the light charged particle emission is mainly due to
changes in the T;’s. The increase above Z s~ 2.2 is due
to the rapid rise in the thermal excitation energy as the
scission point is approached. The decrease in the effective
proton and a-particle emission barriers gives an enhance-
ment of the charged particle emission relative to the neu-
tron emission. Many people thus expect a favoring of
charged particle emission with increasing deformation.
However, when modeling particle emission from de-
formed nuclei, the dependence of the particle binding en-
ergies on deformation must be taken into account. Parti-
cle binding energies as a function of deformation can be
written as

Bpart=Mpan+M§+Dd(ai)_M;_Dp(a,-) N

where M, is the mass of the emitted particle, M and
M, are the masses of the spherical daughter and parent
nuclei, respectively. Dy and D, are the deformation ener-
gies of the daughter and parent nuclei, which are func-
tions of the nuclear shape as specified by parameters a;.
The LDM particle binding energies for neutron, proton,
and a-particle emission from '®°Pb are 8.2, 3.4, and —5.4
MeV, respectively. Figure 2 shows the change in these
binding energies as a function of the elongation of the
symmetry axis Z .. The neutron binding energies de-
crease slightly while the proton and a-particle binding en-
ergies increase dramatically with deformation. Such be-
havior is expected, since for a fixed deformation the re-
moval of charge causes a rapid increase in nuclear defor-
mation energy, while the removal of neutrons causes a
slight decrease. The increase in the light charged particle
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FIG. 2. Change in neutron, proton, and a-particle binding
energies as a function of Z,s relative to the spherical binding
energies for '*>Pb compound nuclei.

binding energies causes a suppression of the proton and
a-particle emission with increasing deformation. For sys-
tems with 4 ~200 this suppression of the charged parti-
cle emission is greater than the enhancement associated
with the drop in the effective emission barriers. Thus for
A~200 the model presented here predicts a suppression
of the charged particle emission relative to the neutron
emission with increasing deformation. Without this
suppression, it would not be possible to obtain the simul-
taneous fits to the prescission neutron, proton, and a-
particle multiplicities (vp,e, Tpre, and ap,e) and mean ki-
netic energies (E,, E,, and E,) shown later.

Figure 3 shows combinations of 7y and 7, which in-
dividually reproduce the measured values [4,9] of @y
=0.074 £0.005, E,=20.5%£0.3 MeV, ape=0.107
+0.009 and E,=11.5+0.2 MeV for the reaction '®*Er
+185 MeV 2Si— '92Pb. These calculations were per-
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FIG. 3. Combinations of 7pre and 7s, which individually
reproduce the experimental values [4,9] of mpre, @pre, Ex, and Eq
for the reaction '*Er+ 185 MeV 2Si— !92Pb.
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FIG. 4. Comparison of measured 7 pre, Qpre, Ex, and E, for the
reaction '®*Er+ 2Si— '"Pb to calculations using 7pre=9
x1072' s, 74 =22%10"%' 5, and a, based on the theoretical
values of Ref. [18] (solid lines). The dotted lines show the cal-
culated E, and E. assuming emission only from spherical sys-
tems.

formed using level density parameters a,(A4,a;) based on
the theoretical values of Ref. [18], an elongation of the
saddle-to-scission emitter of Z 3G =2.25, and values of
as/a, adjusted to reproduce the experimental evapora-
tion-residue cross section [19]. The elongation of the
saddle-to-scission emitter of Z 33 =2.25 corresponds to a
deformation approximately half way between the saddle
and scission points. Similar analyses were performed us-
ing various other values for the elongation of the saddle-
to-scission emitter. It was found that the extracted values
of Tpre and 7 Were insensitive to Z 5. Tpre~9%10 72!
s and T4.~22%10 %' s were found to give simultaneous
fits to the prescission proton and a-particle data, indepen-
dent of the deformation chosen for the saddle-to-scission
emitter. Figure 4 compares calculations to the measured
values of 7pre, @pre, £, and E, for the reaction 164+ 28G;j
as a function of the 2Si beam energy. Similar agreement
between model and experiment is found for the
167.170E 4+ 285 reactions [4,9], and with recently mea-
sured prescission light charged particle multiplicities for
the '#'Ta+'F reaction [20].

Unlike the calculations of the properties of the prescis-
sion light charged particles, calculations of vy are very
sensitive to the elongation of the symmetry axis of the
saddle-to-scission emitter. In order to obtain an estimate
of the deformation of the saddle-to-scission emitter, cal-
culations of vy as a function of Z35is were compared to
five recent measurements of prescission neutron multipli-
cities [2] for fusion-fission reactions with 4~200 and
E*~100 MeV. Acceptable fits to the v, data are ob-
tained with Z35 =2.21 £0.06. Table I compares mea-
sured values of vye and E, [2] to calculations using
Z 35 =2.21. Although the deformation of the saddle-to-
scission emitter was adjusted only to reproduce the mea-

TABLE 1. Comparison of experimental values of vy and E,
[2] to those calculated using Tpre=9%10 72! s, 74=22%x10"2!
s, Zaxs =2.21, and a, based on the theoretical values of Ref.
[18].

Vpre E, (MeV)

Reaction Expt. Cal. Expt. Cal.

141pr+249 MeV “°Ar
'9Tm+159 MeV %0
165H0+249 MeV “°Ar
19Tm+249 MeV “Ar
YAu+159 MeV 20

265+030 22 3.58%0.20 3.5
370030 3.7 356%*0.12 3.6
2.85+0.30 3.1 337%£0.20 34
300030 29 334%*030 3.5
4.10%+0.15 4.1 3.35%+008 3.4

sured vpre, the agreement with E, is also excellent. The
uncertainties in the measured E, can be used to place
limits on the level density parameters. It was found that
the measured E, imply a, is within 6% of the theoretical
values of Ref. [18]. This uncertainty in a,(A4,a;) and the
experimental uncertainties in the properties of the pres-
cission proton and a-particle emission lead to the follow-
ing uncertainties in the fission times scales: 7pe=1(9
+6)x1072 s and 74 =(Q22*+7)x10 2" 5. For com-
pound nuclei 4 ~200, E* ~100 MeV, these values imply
that ~60% of the neutron emission and ~—40% of the
light charged particle emission occur during the descent
from saddle to scission.

In summary, we have presented a model which con-
tains a presaddle delay 7 pr, a saddle-to-scission transition
time tg. and an elongation of the saddle-to-scission
emitter Z5 as free parameters. It was shown that
values of these parameters can be chosen that lead to a
simultaneous reproduction of prescission neutron, proton,
and a-particle multiplicities and mean kinetic energies,
from heavy-ion induced fission of systems with 4 ~200.
The deformation dependence of both the particle trans-
mission coefficients and particle binding energies has to
be taken into account when performing these calcula-
tions. The chosen values of Tpre, Tose, and Z35 imply a
total fission time scale of (30 % 10)x10 2! s with more
than half of this time being spent beyond the saddle
point.
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