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Fission Time Evolution with Excitation Energy from a Crystal Blocking Experiment
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Fission times of uraniumlike nuclei with excitation energies up to about 250 MeV have been
inferred from blocking effects in a single crystal. They are found longer by at least 1 order of
magnitude than the ones obtained by other techniques, a hint for very broad fission time distributions.
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The possibility to gain information on the nuclear mat
ter viscosity at high temperature from the dynamics o
nuclear fission [1] has given rise to numerous work
[2–16] devoted to the determination of the fission tim
scale at high excitation energy. In most cases [2–10
multiplicities of pre- and (or) post-scission particles or o
giant dipole resonanceg rays have been extracted from
fits to the data and the fission time scale has been infer
from a comparison with multiplicities calculated using sta
tistical models. However, complementary measuremen
seem essential considering, on the one hand, large un
tainties on statistical model parameters during the dynam
cal evolution of the nuclei and, on the other hand, broa
and complex fission time distributionsPf std [17,18] that
could extend to times for which pre-scission particle an
g-ray emissions have very low probabilities [18,19].

A more direct approach, sensitive to longer times, ca
in principle be followed, taking advantage of the blockin
effects in single crystals [20] that can be briefly describe
as follows. When fission fragments (FFs) are emitted
a single crystal, their angular distribution exhibits dip
(i.e., minima in the transmission yields through the crysta
in the directions of the crystal axes and planes. Th
dips are due to the repulsive potential of atomic plan
or rows experienced all along the FF trajectories, an
are thus all the more pronounced as the scissions oc
at small distances from a row or plane. However, th
technique presents no time sensitivity for the part o
Pf std corresponding to scissions occurring at times short
than the one needed by the fissioning nucleus to mo
away from the thermal vibration region of the atom
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(,0.1 Å). It has no sensitivity either for the part ofPf std
corresponding to times longer than the one needed by
fissioning nucleus to reach a neighboring string or pla
at a distance of a few Å. These parts ofPfstd for which
the technique has no time sensitivity give rise, for avera
fission time determinations, to two limits,tmin andtmax, that
depend on the shape ofPfstd and on the fissioning nucleus
recoil with respect to the crystal axe and plane direction

A few attempts [12–16] have been made to determ
by the blocking technique the fission timetf , the average
time needed for a nucleus to reach its scission configu
tion. For very low excitation energies, lifetimes have be
inferred [12,13] in good agreement with the predictions
Bohr and Wheeler’s statistical model. However, at high
excitation energies, the FF blocking pattern could not
reproduced in a satisfactory way by simulations cons
ering a single lifetime. This failure has then been co
sidered as evidence for a long lifetime component [14,1
in the fission time distributionPf std, as later shown by
theoretical works [17,18]. Nevertheless, in these expe
ments, most of the fission events occurred at times sho
than tmin and only a small part ofPfstd could be probed.
Efforts have therefore been undertaken in the block
experiment reported here to decrease the shortest time
cessible by the blocking technique and to measure
evolution of the blocking patterns with excitation energ
under the very same experimental conditions, using
very same apparatus.

A 238U beam accelerated at 24 MeVynucleon by the
GANIL facility has been used to bombard a Si sing
crystal with an effective thickness of5.8 mm, mounted
© 1999 The American Physical Society
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on a goniometer. The coincident FFs were detected
two 5 3 5 cm2 position sensitive telescopes,T1 and T2,
each consisting of two crossed silicon strip detectors (1
and 500 mm thick for DE and E, respectively). AZ
identification with an overall accuracy of the order o
62 units has been achieved withT1 and T2. T1 was
located 7± off the beam axis and was dedicated to th
measurement, in an angular range of 1± with a precision
of 60.002±, of the blocking patterns associated wit
fission fragments when thek110l axis of the Si target
was oriented in its direction.T2 covered the angular
rangef25±, 213±g in the plane defined by the beam an
T1. A third telescope,T3, identical to T1, was located
inside the grazing angle, at 1±, in order to measure
the blocking pattern associated with elastically scatter
uranium nuclei when thek110l axis of the Si target was
oriented in its direction.

As shown in detail in [21], the highly fissile projectile-
like nuclei have velocities close to the beam one. Becau
of these rather high velocities, axial blocking pattern me
surements at 7± permit a fission time discrimination be-
tweentmin ­ 3 3 10219 s andtmax ­ 10216 s, assuming
for Pf std an exponential distribution. For the uraniumlik
nuclei considered in the following, Bohr and Wheeler
statistical model predicts, even for excitation energies ju
above the fission barrier, lifetimes shorter than10216 s.
Considering that this model reproduces in a very sat
factory way lifetimes of the order of10216 s measured
in blocking experiments for239U nuclei at excitation
energies between 6 and 10 MeV [13], the upper tim
limit tmax should hardly affect the data presented in th
following.

The initial excitation energyEp has been inferred
event by event from the neutron multiplicity measure
by ORION, a 4p neutron detector that provides thre
pieces of information: (i) the total measured neutron mu
tiplicity Mn over 4p associated with a nuclear reaction
(ii) six partial neutron multiplicities from six sectors sub
tending different angular ranges, giving thus access
rough angular distributions, and (iii) the light output o
the detector operated as a regular scintillator, allowing f
an estimation of the energy deposited in the liquid sci
tillator [22]. The angular distributions have been used
verify that contributions toMn due to targetlike or pre-
equilibrium emission were very small (at most 1 neutro
at Ep ­ 600 MeV). Mn has been corrected, on the av
erage, for background counts (,0.5 pulse per reaction)
and for detection efficiency (e , 48%) as calculated by
Monte Carlo simulations [23] for neutrons isotropicall
emitted by excited projectilelike nuclei. Finally, 2 neu
trons have been subtracted to take into account, on
average, the excitation energy gained during the fiss
process itself [24].Ep has then been determined from th
very narrow correlation between the evaporated neutr
number and the thermal excitation energy predicted f
these nuclei. TheEp values are presented in the follow
by
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ing with the uncertainties arising from the corrections fo
background and neutron detection efficiency.

The two-dimensional blocking pattern for elastically
scattered nuclei is presented in Fig. 1 in which plana
and axial dips are clearly visible. The angular distributio
dNydV, integrated over the azimuthal angle and norma
ized to the Rutherford cross section, is presented in t
inset as a function ofC, the polar angle determined from
the center of the axial dip. This blocking pattern has bee
periodically measured during the experiment in order
control possible radiation damages in the crystal. Becau
of the low beam intensity (,107 particles per second), no
deterioration has been observed during the whole expe
ment. The solid line in the inset is the result of a Mont
Carlo simulation that considers all the individual atomi
collisions of the scattered ions with the lattice atoms. Th
projectile is supposed to be scattered with its equilibriu
charge state in silicon (781) [25], without any later charge
modification. With this assumption, a very satisfactor
agreement is reached between the data and the simula
performed assuming a perfect crystal.

Because of the small probability of charged particl
evaporation for the neutron rich nuclei under consideratio
the sumZtot of the atomic numbers of the coinciden
FFs can be considered as the primary atomic numb
of the fissioning nucleus, except for the most dissipativ
collisions (Ep * 300 MeV) for which a few charge units
are evaporated. For all the data presented in the followi
a selection onZtot ­ 92 6 5 has been applied. The
blocking dips in the FF angular distributionsdNydV are
presented in Fig. 2 for differentMn bins. The relative
yields are not representative of the cross sections for ea

FIG. 1. Two-dimensional blocking pattern for elastically scat
tered nuclei. In the inset the one-dimensional blocking patte
integrated on the azimuthal angles from the center of the ax
dip is presented. The full line is the result of a Monte Carl
simulation.
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Mn bin because the FF folding angle distributions depe
on the violence of the collision and our experiment
acceptance, defined byT1 and T2, does not permit a
complete detection of these distributions. The filling o
the dips can be represented by the blocking ratioB , the
ratio of the mean yield in the angular range correspond
to the broadest observed dip to the mean yield in an angu
range outside the dip:

B ­

RC2

C1

dN
dV dCRC4

C3

dN
dV dC

3
C4 2 C3

C2 2 C1
,

with C1 ­ 0.01±, C2 ­ 0.08±, C3 ­ 0.2±, C4 ­ 0.3±.
B is presented, with error bars arising from statistical u
certainties, as a function ofEp in the upper panel of Fig. 3.
For Ep $ 250 MeV (Mn $ 10), no significant evolution
of the blocking ratio is observed, indicating either th
tf reaches a constant value or thattf becomes shorter
than tmin. In any case, the strong evolution observed f
Ep , 250 MeV shows that the fission times in this energ
range are longer than3 3 10219 s, leading to time scales
much longer than the ones inferred from pre-scission m
tiplicities for similar nuclei [1,3,7,8]. This discrepancy
can be explained considering fission time distributio
Pf std extending to times at which pre-scission emissio
have very weak probabilities. Depending on the pro
used (either neutron multiplicity, org-ray multiplicity,
or blocking effects), three different upper time limits ar
then involved, thus leading to the three different inferre

FIG. 2. Blocking dips for fission fragments. The full line
correspond to fits performed assuming a fission time d
tribution with two components (see text). The dotted line
correspond to the fits obtained assuming exponential ti
distributions. ForMn $ 10, the full line corresponds to a
simulation for fission times smaller thantmin ­ 3 3 10219 s;
the dashed line corresponds to the same simulation but w
out post-scission emission; the dash-dotted line correspond
a simulation assuming an exponential fission time distributi
with tf ­ 10218 s.
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fission time scales. Such very broad distributions cou
actually arise from the competition between fission a
particle evaporation [18].

The simulation code used for elastic scattering has be
applied to FFs assuming a constant FF atomic cha
within the crystal equal to their equilibrium charge into th
crystal. The post-scission emission effect on the blocki
patterns [26,27] has been taken into account assuming
neutrons to be emitted by each FF [1] with kinetic energi
and emission times equal to the mean values calcula
by a statistical code [28] for a typical FF (En1 , 2 MeV,
tn1 , 10219 s,En2 , 1 MeV, tn2 , 10216 s). The main
assumption in fission simulations concerns the fissi
time distributionsPf std that are highly model dependent
Therefore, the experimental blocking dips have been fitt
assuming different shapes ofPfstd. For Ep $ 250 MeV,
where no evolution of the blocking patterns withEp is
observed, quite satisfactory fits are achieved whate
the assumedPfstd, provided the conditiontf , tmin is
fulfilled (the full line in Fig. 2 forMn $ 10 corresponds to
an exponential shape). Therefore, the blocking techniq
applied in the present experiment does not permit any ti
discrimination forEp . 250 MeV.

The effect of post-scission emission has been found
be all the more important as the scissions occur clo
to the crystal axis, in the lattice region where the F
transverse kinetic energies change very rapidly due
the strong potential gradient. The effect is maximu
for lifetimes t , tmin and becomes negligible in the
present experiment fort * 10218 s. Figure 2 presents for
Mn $ 10 as a dashed curve the result of a simulation f
tf , tmin without post-scission emission and as a das
dotted curve, for the sake of comparison, the result o

238U + Si  24 MeV/nucleon
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FIG. 3. Blocking ratio (upper panel) and fission time (lowe
panel) as a function of the initial excitation energy of th
fissioning nucleus. The dashed line in the upper panel indica
the limit due to thermal vibrations as calculated assuming
exponential fission time distribution.
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simulation for a lifetimet ­ 10218 s. It must be stressed
that post-scission emission has been ignored in previo
work analyses [14,15]. In these experiments, the lo
recoil velocity of the fissioning compound nuclei make
the FF trajectories sensitive to post-scission emissi
for times much longer than in the present experime
probably leading in these analyses to an overestimat
of the so-called long lifetime component.

For Mn , 10, assuming exponential distributions lea
to fits that underestimate the yields in the central part
the dips, as shown by the dotted lines in Fig. 2. The on
way to fill in the central part of the dips is to conside
much broader distributions with which more satisfacto
fits have actually been achieved. As an example, the so
curves in Fig. 2 present fits obtained adjusting for eachMn

bin the relative weights of two arbitrarily chosen compo
nents ofPfstd (an exponential component with an averag
time t , tmin and a long lifetime component with a con
stant density probability betweentmin and 6 3 10217 s).
However, fits of comparable quality can be achieved a
suming different shapes, providedPfstd is broad enough,
and the actual distributions cannot be inferred from th
present data. Nevertheless, the average valuestf of Pf std
inferred from the fits are found to be only weakly sens
tive to the assumed shapes. These values are present
the lower panel of Fig. 3 where the error bars correspo
to the statistical uncertainties. The error due to the u
known shapes of the fission time distributions have be
estimated to be of the order of665%. This estimation
is obtained by considering the shortest possibletf values
which correspond to exponential shapes and the long
possible ones associated with bimodal distributions w
a component with an average timet1 ­ tmin and a com-
ponent with an average timet2 ­ tmax. The hightf val-
ues and the broad fission time distributions suggest t
the competition between fission and particle evaporati
leads, with sizable probabilities, to nuclei with very lon
lifetimes, undergoing fission at very low residual excita
tion energies. Friction coefficientsb . 2 3 1022 s and
delays to fissiontd . 3 3 10221 s have to be considered
in pure statistical model calculations for excitation ene
gies larger than about 50 MeV in order to reach the ve
long fission times that we measured.

Summarizing, the blocking patterns associated with fi
sion fragments have been measured as a function
the initial excitation energy of uraniumlike nuclei unde
the very same experimental conditions. The long fi
us
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sion times inferred for excitation energies smaller tha
250 MeV as well as the shapes of the blocking dip
clearly point to fission time distributions extending t
times for which further pre-scission emissions have ve
weak probabilities. The long times involved make th
blocking technique in single crystals the most straightfo
ward and accurate way to probe fission time distribution
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