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Transient Effects in Fission from New Experimental Signatures
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A new experimental approach is introduced to investigate the relaxation of the nuclear deformation
degrees of freedom. Highly excited fissioning systems with compact shapes and low angular momenta
are produced in peripheral relativistic heavy-ion collisions. Both fission fragments are identified in
atomic number. Fission cross sections and fission-fragment element distributions are determined as a
function of the fissioning element. From the comparison of these new observables with a nuclear-
reaction code a value for the transient time is deduced.

DOI: 10.1103/PhysRevLett.93.072501 PACS numbers: 24.75.+i, 24.10.–i, 25.70.–z, 25.75.–q
Introduction.—The process of equilibration of a highly
excited nucleus in all its degrees of freedom is not yet
well understood. A complete dynamical description of the
equilibration process in terms of a purely microscopic
theory is not possible to the present day due to the large
number of degrees of freedom involved. For this reason,
most of the current theoretical models are based on trans-
port theories [1] where one distinguishes between collec-
tive and intrinsic degrees of freedom. The latter are
considered in an average sense as a heat bath. The transfer
of excitation energy between collective and intrinsic de-
grees of freedom is denominated dissipation and quanti-
fied by the dissipation strength �.

One of the most intensively investigated nuclear col-
lective motions is the fission process. In the frame of a
transport theory, fission is the result of the evolution of
the collective fission coordinates under the interaction
with the heat bath and an external driving force given
by the available phase space. This evolution can be ob-
tained by solving the Langevin equation or its integral
form, the Fokker-Planck equation (FPE) [2]. In 1940,
Kramers [3] described the nuclear fission process within
a transport theory and derived the stationary solution of
the corresponding FPE. Later, by solving numerically the
time-dependent FPE, Grangé et al. [4] investigated the
transient effects that arise from the relaxation of the
collective degrees of freedom. Their results showed that
it takes a so-called transient time �trans, until the fission-
decay width reaches 90% of its stationary value.

The most frequently applied tools to measure nuclear
times are the neutron clock [5] and the gamma clock [6].
They have yielded the majority of the available informa-
tion on the time a nuclear system needs to cross the
scission point. However, the mean scission time �scission
is an integral value, including the transient time, the
inverse of the stationary decay rate, and an additional
dynamic saddle-to-scission time. Thus, �scission does not
give direct access to the transient time �trans that is
exclusively connected to the equilibration process of the
0031-9007=04=93(7)=072501(4)$22.50 
compound nucleus in deformation space. Total fission or
evaporation-residue cross sections have also been used to
investigate dissipation at low deformation, but, as we will
show later, they are not sufficient to determine transient
effects in an unambiguous way. Besides, the experimental
manifestation of transient effects is subject of controversy
nowadays [7]. To clarify the situation, we emphasize that
the observation of transient effects requires a reaction
mechanism that forms excited nuclei with an initial
population in deformation space far from equilibrium
and an experimental signature that is specifically sensi-
tive to the delayed population of transition states.

In the present work, highly excited fissioning systems
with compact shapes and low angular momenta were
produced in peripheral relativistic heavy-ion collisions.
Using inverse kinematics, both fission fragments were
identified in atomic number, enabling the measurement
of fission cross sections and fission-fragment element
distributions as a function of the fissioning element. In
this way, we introduce two new experimental signatures
that are selectively sensitive to transient effects. They are
exploited to deduce a quantitative value for the transient
time �trans from a comparison with a nuclear-reaction
code where dissipation effects in fission are modeled in
a realistic way. The new approach should help solving the
questions on the strength of � and its variation with
deformation [8–12] and temperature [9,13–15], which
are intensively discussed.

Experiment.—In very peripheral collisions of relativis-
tic 238U ions, delivered by the SIS18 heavy-ion accelerator
of GSI, with a lead target and a �CH2�n target, fissile
nuclei were produced with high excitation energy and
small deformation. This reaction mechanism induces
only a small angular momentum <20 �h [16], which avoids
additional complications in describing the process. The
experimental setup, especially conceived for fission stud-
ies in inverse kinematics [17], is schematically illustrated
in Fig. 1. When the projectile fragment fissions, the two
fission fragments are emitted in forward direction and
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TABLE I. Total nuclear fission cross section of
238U�1 A GeV� on Pb in comparison with different model
calculations.

Experiment �nucl
f � �2:16� 0:14� b

Bohr-Wheeler �nucl
f � 3:33 b

�K; � � 2� 1021 s�1 �nucl
f � 3:07 b

�K; � � 6� 1021 s�1 �nucl
f � 2:19 b

�f�t� Ref. [26], � � 2� 1021 s�1 �nucl
f � 2:09 b

�f�t� Ref. [26], � � 6� 1021 s�1 �nucl
f � 1:48 b

FIG. 1. Experimental setup for fission studies in inverse kine-
matics with a 1 A GeV 238U primary beam.
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detected simultaneously in a double ionization chamber
that delivers a very accurate measurement of their nuclear
charges.

The charge identification of both fission fragments
enabled us selecting the fission events according to the
excitation energy induced in the nuclear collision. The
sum of the nuclear charges of the fission fragments Z1 �
Z2 is a very significative quantity, being essentially iden-
tical to the charge of the fissioning nucleus. Indeed,
dynamical calculations performed with the Langevin
Monte Carlo code of [18] show that charged-particle
emission between saddle and scission is negligible for
the systems investigated here. Calculations with the
ABRABLA code [19,20] revealed that evaporation of
charged particles from the fission fragments is a very
rare process as well. Moreover, the charge of the fission-
ing system is strongly correlated to the charge of the
projectile fragment and hence, it gives a measure of the
centrality of the collision. Consequently, lower values of
Z1 � Z2 imply smaller impact parameters and higher
excitation energies induced by the fragmentation process.

The first signature we exploited to measure �trans is
given by the partial fission cross sections, i.e., the fission
cross sections as a function of Z1 � Z2. At high excitation
energies, particle decay times become smaller than �trans,
and the nucleus can emit particles while fission is sup-
pressed. Therefore, for the lightest fissioning nuclei (low-
est values of Z1 � Z2) transient effects will lead to a
considerable reduction of the fission probability. The sec-
ond signature is based on the element distribution of the
fission fragments that result from a given fissioning ele-
ment. According to empirical systematics [21], the vari-
ance �2

A of the mass distribution of the fission fragments
is a measure of the saddle-point temperature Tsaddle.
Although this systematics has been established on the
basis of experimental data for moderate excitation ener-
gies, experimental results from heavy-ion induced fission
[22] as well as recently performed two-dimensional
Langevin calculations [23] indicate that the linear corre-
lation between �2

A and Tsaddle remains valid at higher
excitation energies. Because of the strong correlation
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between the mass distribution and the charge distribution
of the fission fragments, a linear relation also holds for
the variance of the element distribution �2

Z and Tsaddle. For
the lower values of Z1 � Z2, transient effects will reduce
the temperature of the system at saddle, and, conse-
quently, they will decrease the width of the corresponding
element distributions [24].

Results.—To deduce quantitative results on transient
effects, the experimental observables need to be com-
pared with a nuclear-reaction code. The code we use is
an extended version of the abrasion-ablation Monte Carlo
code ABRABLA [19,20]. It describes the nuclear reaction
in three stages: In the first stage, the characteristics of the
projectile residue after the fragmentation are described in
ABRA according to the abrasion model. The second stage
accounts for the simultaneous emission of nucleons and
clusters (simultaneous breakup) that takes place due to
thermal instabilities when the temperature of the projec-
tile spectator exceeds some 5.5 MeV [25]. After abrasion
or eventually the consecutive breakup, the ablation code
ABLA models the deexcitation of the system through an
evaporation cascade. The relaxation process of the com-
pound nucleus in deformation space was considered by
introducing a time-dependent fission-decay-width �f�t�.
For this purpose we have implemented in the third stage
of ABRABLA a description of �f�t� that is based on an
approximate solution of the FPE [26,27]. In Table I, the
measured total nuclear fission cross section in the reaction
238U� Pb at 1 A GeV is compared with the values ob-
tained from ABRABLA calculations performed with three
different treatments of the fission-decay width. The total
nuclear fission cross section has been obtained subtracting
the electromagnetic contribution given by Rubehn et al.
[28] from the experimental total fission cross section.
Apart from the new analytical description of [26],
Table I includes the predictions of two other expressions
for the fission-decay width that do not consider any
transient effect. In one calculation, we applied the
Bohr-Wheeler transition-state model [29], and in the
other we used Kramers’s solution �K for the stationary
fission-decay width. The calculation with the transition-
state model overestimates the cross section. With
Kramers’s stationary decay width, the total fission cross
section can be reproduced, although a considerably higher
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value of the dissipation coefficient, � � 6� 1021 s�1, is
needed than in the dynamical calculation where � � 2�
1021 s�1 is sufficient to reproduce the data. Actually, the
dynamical calculation reproduces the experimental value
rather well with a dissipation strength in the range ��
1� 3� 1021 s�1 due to the smooth variation of the tran-
sient time with � in the critically damped region around
2� 1021 s�1 [30]. Nonetheless, the last line of Table I
shows that a strength as high as the one necessary to
reproduce the data with �K is excluded. The results of
Table I demonstrate that total fission cross sections allow
identifying an overall reduction of the fission probability.
However, they do not allow discriminating between a
stationary description of fission and a time-dependent
approach including transient effects.

Figure 2 represents the partial fission cross sections
[Fig. 2(a)] and the standard deviations of the element
distributions [Fig. 2(b)] measured in the reaction of
238U� �CH2�n as a function of the sum of the nuclear
charges Z1 � Z2 of two fission fragments. The experi-
mental data are compared with calculations using the
same descriptions for the fission-decay width as in
Table I. In addition, several calculations have been per-
FIG. 2. (a) Partial fission cross sections and (b) partial widths
of the fission-fragment element distributions for the reaction of
238U�1 A GeV� on �CH2�n in comparison with several calcula-
tions. The thin dashed and the thick dashed lines are obtained
by applying the Bohr-Wheeler transition-state model and
Kramers’s stationary solution with � � 6� 1021 s�1, respec-
tively. The solid, the dotted, and the dashed-dotted lines show
calculations using the �f�t� function of Ref. [26] with � �

2� 1021 s�1, 0:5� 1021 s�1, and 5� 1021 s�1, respectively.
The staggering in these curves and the strong decrease of the
dashed-dotted curve below Z1 � Z2 � 78 are due to statistical
fluctuations of the Monte Carlo calculations.
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formed that include transient effects according to the
time-dependent fission width of [26] with different values
of �.

As expected, the Bohr-Wheeler transition-state model
overestimates both observables, confirming their sensitiv-
ity to dissipation. The calculation performed with the
constant decay width of Kramers overestimates the ob-
servables as well. This demonstrates that these new ob-
servables are clearly sensitive to transient effects. In
particular, the rather fast decrease of the partial fission
cross section for the lowest values of Z1 � Z2 and the
weak increase of the width of the element distribution
with decreasing value of Z1 � Z2 directly prove the sup-
pression of fission at high excitation energies. For both
observables, the best description is obtained with the
approximation of [26] and � � 2� 1021 s�1 (solid line)
corresponding to critical damping [30] and thus to the
shortest transient time �trans 	 �1:7� 0:4� � 10�21 s. The
full data can be described with a constant value of � over
the whole range of Z1 � Z2. Thus, we do not find any
indication for a temperature dependence of the dissipa-
tion strength. In all calculations shown in Figs. 2 and 3,
the contribution from the hydrogen part of the �CH2�n
target has been determined with CASCABLA, previously
used in Ref. [31]. CASCABLA is a fast simplified version of
the intranuclear cascade code INCL3 [32] coupled to the
break-up stage and the ablation stage of ABRABLA. For
Z1 � Z2 < 84, fission events from carbon-induced re-
actions prevail.

Fission after charge pickup at Z1 � Z2 � 93 is not
treated in ABRABLA, and therefore does not appear in
the model calculations. Moreover, the model does not
consider the multihumped structure of the fission barrier
for the actinides. This might explain why the data at Z1 �
Z2 � 91 and 92 are overestimated. However, this dis-
agreement does not affect the conclusions drawn in the
present work as transient effects manifest only at lower
values of Z1 � Z2.
FIG. 3. Calculated mean excitation energies of the prefrag-
ment right before entering the ablation stage (solid line) and at
the fission barrier (dashed line) for the reaction 238U�1 A GeV�
on �CH2�n as a function of Z1 � Z2. The dashed line has been
obtained using the description of Ref. [26] with � �
2� 1021 s�1.
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Figure 3 shows the mean excitation energy of the
prefragments right before entering the ablation stage
and at the fission barrier as a function of Z1 � Z2 as
calculated by ABRABLA and CASCABLA. Up to Z1 � Z2 	
76 the excitation energy increases with decreasing Z1 �
Z2 and then it decreases gradually. The reason for this
decrease is that the projectile fragments undergo a simul-
taneous breakup, setting a limit of 5.5 MeV to the tem-
perature with which the fragments enter the ablation
stage. The influence of the breakup on the fission process
is thoroughly discussed in [33]. From Fig. 3 we deduce
that, although the initial excitation energies can be as
high as 550 MeV, transient effects suppress fission above
300 MeV.

Conclusion.—We studied projectile-fragmentation–
fission reactions and introduced two new experimental
signatures, the partial fission cross sections and the par-
tial widths of the fission-fragment element distributions,
to observe transient effects in fission. These observables
exploit the influence of the excitation energy on the fission
probability and on fluctuations of the mass-asymmetry
degree of freedom. We have interpreted the data with a
nuclear-reaction code that includes a time-dependent
treatment of the deexcitation process. The treatment is
based on an analytical approximation to the fission-decay
width that results from the solution of the Fokker-Planck
equation. The comparison of the experimental observ-
ables with model calculations indicates that, for the range
of excitation energies considered, the collective nuclear
motion up to the saddle point is critically damped.

These new signatures have opened a new road to an-
swer still open questions on the dissipation strength and
its variation with deformation and temperature. In the
near future, we plan to extend these investigations to
projectiles between uranium and lead in order to sepa-
rately vary fissility and induced energy by using second-
ary beams, presently available at GSI. Further progress in
this field is expected when advanced installations, e.g., in
the planned FAIR or RIA future projects, will become
available. They will allow to extend the isospin range of
secondary beams and to add new capabilities for mass
identification and light-particle detection, aiming for
kinematically complete experiments with a measure of
excitation energy in individual events.
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