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Attosecond time delays in heavy-ion induced fission measured by crystal blocking
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The time delays in fission induced by bombardment of W with 180 MeV 32S, 240-255 MeV “*Ti, 330—
375 MeV 3Ni, and 390 MeV *Ge have been measured by observation of crystal blocking. Nearly all results are
consistent with exponential decay with lifetimes of order 10~!® s which depend weakly on the atomic number of
the composite nucleus. This is inconsistent with the Bohr-Wheeler model of fission from a compound nucleus in
statistical equilibrium at each stage in a neutron evaporation cascade and supports a picture of strongly damped
quasifission. A simple diffusion model with one-body dissipation reproduces roughly the observed time scale
and the exponential decay. It suggests that the outer fission barrier could play a significant role in the observed,

very slow decays.
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I. INTRODUCTION

We have carried out measurements by crystal blocking
of time delays in nuclear fission induced by heavy-ion
bombardment. Crystal blocking is a time-of-flight technique
in which charged particles emitted in nuclear decay at a lattice
site are blocked by a row of atoms, leading to a dip in yield
in the direction of a crystal axis. The dip is reduced if, due
to the recoil in the reaction, the decaying nucleus is displaced
from the row by more than about 5 pm [1]. With increasing
displacement in the range 5—100 pm the dip becomes narrower
and shallower, and it vanishes for larger displacements. With
recoil velocities of a few times 10°m/s, lifetimes of attoseconds
can be measured (1 as = 1078 s). The shape of the dip reveals
whether a filling-in is due to a well defined delay, giving a
recoil displacement in the range of sensitivity, or to the tail of
a broad time distribution. Such a tail gives a component with
no blocking and hence an increase in minimum yield but no
narrowing of the dip.

Fission induced by light ions was studied by crystal
blocking in the 1970s, and the measurements revealed a tail
in the time distribution stretching to times longer than 1071 s
[2-7]. This could be understood from the Bohr-Wheeler model
of a compound nucleus (CN) in statistical equilibrium as an
intermediate stage in the fusion-fission process [8]. Fission
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competes mainly with evaporation of neutrons, and after each
neutron emission the nuclear temperature is reduced and the
lifetime for fission is strongly increased. When the fission
yield has contributions from several stages in this cascade
(‘multichance fission’), the time scale for fission can therefore
span many orders of magnitude. A simple case with only
fast first-chance and slow second-chance fission of uranium
was studied in detail with crystal blocking [9]. The crystal-
blocking results for fission induced by bombardment with
light ions were shown to be consistent with statistical-model
calculations of multichance fission, which also reproduced the
independently measured average numbers of neutrons emitted
before fission [6].

However, later measurements with direct information on
time delays have yielded surprisingly long delays for fission
of nuclei with high excitation energy and fairly low fission
barrier. For such nuclei fission should dominate over neutron
emission and a time scale much shorter than attoseconds is
expected for early-chance fission, with a very small probability
of late-chance fission. An experiment in the early 1990s
on fission of highly excited uranium nuclei showed that an
appreciable fraction of the fission events were slower than the
atomic K-vacancy lifetime of 7 as [10], and this result was
corroborated by crystal blocking measurements [11,12]. Even
more surprising were recent observations of similar long delay
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times for fission of superheavy nuclei with atomic number near
120, created in heavy-ion collisions [13,14]. The results were
interpreted as stability of a compound nucleus with a fairly
high fission barrier due to shell effects, but this is difficult
to reconcile with observations of very low cross sections
for formation of evaporation residues (ER) of superheavy
nuclei [15]. (See the discussion in [16].)

Fairly long fission times have also been deduced from
observations of neutron emission and giant-dipole gamma
rays. Systematic measurements of fission induced by high-
energy heavy ions have shown that many neutrons are emitted
prior to fission even for nuclei with a fission barrier so low
that the fission yield should be dominated by first-chance
fission. The physical explanation is thought to be highly
viscous flow of nuclear matter which delays equilibration of
the fission degree of freedom in the compound nucleus and
slows down the descent from saddle to scission. Typically,
an initial time delay is introduced in the analysis, during
which neutron emission but not fission is possible, and in
the subsequent statistical decay with competition between the
two decay channels, the fission width is reduced to account for
diffusion back-flow at the saddle. Total average fission times
of a few times 1072° s have been deduced from the neutron
emission [17,18] and slightly longer delays from emission of
giant-dipole-resonance gamma rays [19]. Although long on
the nuclear time scale, these times are much shorter than those
observed with the more direct techniques.

The indirect lifetime techniques clearly tell something
about the lifetime of the fissioning nucleus but there are
problems with the quantitative interpretation of this message.
The pre-scission neutron number is a highly nonlinear clock
since at the end of the evaporation cascade the neutron
lifetime may increase by an order of magnitude or more after
each evaporation. Therefore, even small errors in the average
neutron number have a large influence on the deduced lifetime,
and different measurements are not always consistent [20,21].
In addition, the interpretation is model dependent. Fission
times longer by an order of magnitude have been deduced from
an alternative analysis of the same data for neutron emission
[22]. Here the reactions were treated as mainly quasifission,
i.e., fission without formation of a compound nucleus, and the
calculated lifetimes are longer mainly because there is then
less excitation energy available for neutron emission than in
the compound nucleus.

With the aim of providing more direct information on the
lifetimes, we have carried out crystal blocking experiments
with beams of 328, 4®Ti, 38Ni, and "*Ge ions inducing fission
in a thin W crystal. The composite nuclei have atomic numbers
ranging from Z = 90 to Z = 106. According to theory [23],
these reactions are in a transition region where the reaction
mechanism changes from mainly compound-nucleus fission to
quasifission without CN formation. As mentioned below, there
is recent experimental evidence for dominance of quasifission
even for *2S bombardment.

Measurements with 170-180 MeV 32S beams (performed at
the tandem accelerator at the University of Munich, Garching
by a group wich included some of the present authors) have
been previously reported [24]. Now we have extended the
measurements to 240-255 MeV *®Ti, 330-375 MeV 8Ni, and
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390 MeV 7“Ge beams. The analysis of the early data for 32S
beams [24] did not reveal any fission delays. However, in
a preliminary publication of a small selection of the present
data we applied a more sophisticated analysis and found strong
effects of fission delay, even for 328 bombardment. Lifetimes of
order 2 as were deduced [25]. The key to the interpretation was
an analysis of the shape of the blocking dips, with a comparison
between the blocking of fission fragments and of elastically
scattered ions which took into account an angular smearing due
to mosaic structure of the thin target crystals. Much effort has
since been spent on tests of the calibration and of the analysis,
and we have found a significant correction to the angular cali-
bration of our detector, which reduces somewhat the difference
between blocking dips for fission and for elastic scattering.

Except for the 32S induced fission, the blocking results
are well reproduced with an exponential distribution of delay
times with a single value of the lifetime. This is strong
evidence for the failure of the picture of multichance fission
of a Bohr compound nucleus. The measured lifetimes are of
order 1 as (somewhat shorter than reported earlier due to the
calibration correction). This is much longer than obtained by
the conventional analysis of neutron measurements [17,18].
However, when differences in excitation energy are taken into
account, the results may be consistent with the alternative
analysis of neutron measurements in [22].

Itis important for a qualitative interpretation of experiments
on heavy-ion induced fission and also, in some cases, for
quantitative analysis of the experiments to know whether or
not the fission proceeds via compound nucleus formation. For
reactions between very heavy ions, the probability for CN
formation is small. The reason is that the initial configuration
with two touching nuclei is less compact than the shape of the
compound nucleus at the fission barrier, and there is an energy
barrier depending on the asymmetry in the collision, which
hinders the complete fusion (see, for example, Fig. 7 in [16]).
Recently, experimental evidence has been obtained, indicating
that except for fission induced by very light ions (e.g., '>C and
160), the probability for CN formation in heavy-ion reactions
is small [26-28].

With the possible exception of 32S + W, the reactions we
have studied should lead mainly to quasifission without CN
formation. This is supported by our observation of a single
lifetime since there is then no competition between fission
and neutron emission, leading to a broad time distribution.
However, a picture of heavy-ion induced fission as quasifission
with lifetimes of attoseconds is quite surprising. An alternative
name for quasifission is ‘fast fission’ and, indeed, early
studies of correlations between scattering angles and mass
distributions in quasi-fission indicated lifetimes of only a few
times 10~2' s [29]. Since there is no large fission barrier
to overcome in quasifission, the explanation for the long
delay must be sought in strong damping of the deformation
dynamics. The question is then, whether the observed very long
lifetimes can be explained on the basis of current theoretical
understanding of nuclear dynamics.

'The estimates of fission times were developed in discussions of
our results with W. J. Swiatecki.
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An important observation is that for the collision systems
studied here, the liquid drop potential surface for the composite
system has a very flat region. This was also noted in [21,
22], where it was pointed out that the driving force for the
deformation is so weak that the dynamics must be described
by a stochastic equation. In the analysis in [22] no attempt
was made to give a theoretical estimate of the time delay
associated with this stochastic evolution and the time delay
was instead derived semi-empirically from a calculation of the
statistical neutron emission during the fission process and a fit
to measured numbers of pre-scission neutrons.

A way to estimate the delay time theoretically is indicated
by recent work on cross sections for ER formation in heavy-ion
collisions producing superheavy nuclei [16,30,31]. The small
probabilities for CN formation were here estimated from
a simple calculation of diffusion in a parabolic potential
representing a barrier for fusion, and the results reproduced
measurements rather well. We apply the same diffusion
equation with standard one-body dissipation and show that
the simplest estimates indeed lead to diffusion times of order
1 as for a stochastic development from the merging of the two
nuclei to a configuration close to scission. We also estimate the
influence on the diffusion time of a possible shallow potential
minimum, deriving from a combination of the liquid drop
energy and the shell effects, which give rise to a secondary
minimum near the 2:1 deformation ratio [32].
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FIG. 1. Experimental layout.

II. EXPERIMENTAL DETAILS

The measurements were carried out at the Holifield Ra-
dioactive Ion Beam Facility (HRIBF) with stable beams from
the 25 MV tandem. Data were collected in three separate
experiments. Fission and elastic scattering was measured with
ion beams of “8Ti at energies of 240, 245, and 255 MeV in
the first experiment and *®Ni at 330, 350, and 375 MeV in the
second experiment. In the third experiment beams of 32S ions
at 55 and 180 MeV, Ni ions at 111 and 350 MeV, and "*Ge
ions at 219, 299, and 390 MeV were used.

The blocking measurements were made with 75 nm thick
crystals of natural W grown on a 200 nm thick crystal of Mo,
which, in turn, was grown on an MgO substrate with a (100)
axis normal to its surface; for the third experiment the W
crystal was 50 nm thick. The crystal was oriented with a (111)
axis (at 35.3° to the crystal surface) pointing at the center of
the detector positioned at 54.3° to the beam, with the result
that the beam was incident at 19.0° to the target surface. The
beam was collimated by two apertures 1.75 mm in diameter
positioned 27.6 and 101.3 cm ahead of the crystal. For the
second experiment the collimator closest to the crystal was
1 mm in diameter.

Elastically scattered ions and reaction products were
detected in a large-solid-angle ionization counter with an
entrance aperture of 8§ cm by 8 cm at 56.2 cm from the
target [33]. The pressure of the CF, gas in the counter was
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FIG. 2. Two-dimensional spectra obtained with the gas counter for (a) 180 MeV *2S, (b) 245 MeV “*Ti, (c) 350 MeV **Ni (third experiment),
and (d) 390 MeV "*Ge. The polygons used to define fission events are indicated.

adjusted to stop fission fragments (35 Torr). To ensure that
particles entering the counter did not strike the electrodes or the
sides of the counter an aperture of 3.8 cm by 3.8 cm was placed
36.2 cm from the target resulting in a solid angle of 11 msr
and an acceptance angle of +3 degrees in x and in y about the
center of the aperture.

A schematic layout of the experimental setup is shown in
Fig. 1. In the inset at the top the counter is seen from the
side and the ions are incident from the right. The anode of the
counter is split into two electrodes, and the first (12 cm long)
gives a A E signal. The second electrode (18 cm long) gives an
E..q signal and the total energy deposited in the counter is the
sum AE + E\ .. Only events with a signal in both sections of
the counter were accepted. The detector has the capability to
determine the average (x, y) position of the particle path in the
counter. The x sensitivity is achieved with a cathode electrode
in the shape of a backgammon, as indicated in the figure. The
zigzag line separates a left and a right electrode, and an x

signal is obtained from the signals from the left (/) and right
(r) sections as the ratio (I — r)/(/ 4+ r). Since the signal from
the cathode is dependent on the distance of the trajectory of the
detected particle from the cathode (the closer to the cathode
the bigger the signal) a y signal is obtained from the ratio
of the cathode and anode signals, i.e.,as (I + 7)/(AE + Eies)-
The x and y coordinates of the particle at the entrance are
then determined from the x and y signals through a nonlinear
transformation using calibration data taken through a mask, as
described below.

The split anode provides a means of particle identification
from a plot of AE vs E, as shown in Fig. 2 for the four
beams used in this work. The region of the plot corresponding
to fission fragments is marked. The light particles appearing as
nearly horizontal lines in the lower part of the plot come mainly
from reactions within the thick substrate. The ions scattered
elastically from W appear as a small circle because of the small
energy loss in the thin target. Since the gas pressure is low
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the highest energy light reaction products such as elastically
scattered ions do not stop in the detector, and there is a folding
back of these lines in the AE vs E,.y plot. At the left hand
side of the plot there are two ridges of counts with a positive
slope of AE vs E\.y. These contain signals from recoiling Mo
and W atoms, the W signals being concentrated in a spot due
to the small thickness of the W crystal.

The event-by-event data consisting of AFE, E, [, and
r were recorded on the data acquisition computer for later
playback.

III. DATA ANALYSIS

The event-by-event data were played back with selection
of events inside polygons set on the fission and elastic regions
in the AE vs E plot. For events in the fission and elastic
polygons, a two-dimensional (2D) plot of the x and y signals
was generated with the equations given above. The x and y
coordinates at the entrance to the counter were obtained from
a non-linear transformation based on a set of data for elastic
scattering of the beam through a calibration mask placed in
front of the detector. The mask has a 9 by 9 array of 1.0 mm
diameter holes at 5.0 mm spacing and was placed 41.6 cm
from the target. The transformation was derived from the
requirement that the centroids of the “peaks” in the mask
x-y spectra transform into a square grid. This procedure also
provides an angular calibration of the detector. Mask data were
collected for beams of 240 MeV “8Ti, 330 MeV *Ni, 111 MeV
3N, 350 MeV 8Ni, 55 MeV 328, 180 MeV 32S, and 219 MeV
" Ge.

The mask data were collected only for elastically scattered
ions but the calibration transformation was applied also to
fission fragments after some corrections. In our previous
work [24], we observed that the y signal depends on the
mass of the detected particle, and we scaled the y-coordinate
for the fissions so that the axis of the fission and elastic
blocking patterns occurred at the same y-coordinate. In the

5.0
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first analysis of the present data [25], we refined this correction
and introduced a linear dependence of this y-scaling on the
parameter E..q, ensuring that the coordinates of the center of
the blocking dip were the same for all fission fragments as
those for the elastics.

In the comprehensive analysis of the data presented here
we have obtained a better understanding of this correction
and discovered that also the angular scale must be corrected
for fission fragments. The origin is easily understood from
the schematic drawing of the setup in Fig. 1. The x and y
signals depend on an average over the length of the counter
of the x and y distances from the center line at which the
particle energy is deposited as ionization. For a given angle of
the trajectory, the signals therefore depend on the range of the
particle. Since fission fragments have a shorter range than the
elastically scattered particles used for the mask calibration,
this dependence leads to a systematic underestimate of the
angles for fission fragments. The effect was clearly visible
in a comparison of the 2D plots of the x and y signals for
fission and for elastic scattering. These plots are images of
the 3.8 by 3.8 cm entrance aperture in front of the counter,
and the limits of the image were larger in both the x and
y directions for elastic scattering. We have scaled the x and
y signals so that the limits of the aperture image for fission
were equal to the limits for elastic scattering. The corrections
were linear in the fraction of energy lost in the E.s portion
of the counter, Eies/(AE + Eiey). They were derived with
the further condition that they should vanish for the values of
E.. and AE for elastically scattered ions. They resulted in a
5-10% “stretching” of the fission pattern in x and y about the
position of the axis.

A corrected 2D x vs y plot for fissions from 245 MeV
“8Ti bombardment of W is shown in Fig. 3. The experimental
blocking dips shown in the following figures were obtained
from circular averages about the blocking minimum in the
two-dimensional spectra. As pointed out earlier [6] this has
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FIG. 4. (Color online) Axial blocking dip for elastic scattering of
111 MeV %8Ni, (O) with calibration using mask data recorded at
111 MeV and (@) with calibration for fissions using mask data
recorded at 350 MeV.

the advantage of improving statistical accuracy as well as
eliminating the influence of planar blocking effects which is
clearly seen in Fig. 3.

To test the correction procedure we compared the 2D
blocking patterns for 55 MeV *2S and 111 MeV Ni data,
generated using the mask data taken with the same beam, with
the blocking patterns generated using the mask data taken at
the higher energy and applying the same corrections as for
fissions. The agreement is excellent, as illustrated for the Ni
case in Fig. 4. The fraction of the energy lost in the E.y part
of the counter is even smaller for elastic scattering at 111 MeV
than for fission, so this gives us confidence in the accuracy of
the correction procedure.

The lower energy beams, 55 MeV 328, 111 MeV 3N;,
219 and 299 MeV "#Ge, all stopped in the active part of the
detector giving us a means to calibrate the energy response
of the detector. In addition we have used W recoils from
the high energy *Ge beam. A problem in the calibration
is the energy loss in the target and in the 1 um mylar foil
at the entrance to the counter (up to about 10 MeV) which,
for a given energy, depends on the atomic number and mass
of the particle. We have solved this problem approximately by
performing a linear calibration with W recoils as representative
of the heavier fission fragments and the 219 and 299 MeV
74Ge elastically scattered ions as representative of the lighter
and more energetic fission fragments.

IV. CALCULATION OF BLOCKING DIPS

In our analysis we have used the simplest description of the
blocking of charged particles by rows of atoms along a crystal
axis, the continuum approximation. We give below the few
formulas from the Lindhard theory on which the calculations
are based [34]. In the comparisons with experiments, the
measured yield is averaged over the azimuthal angle for
fixed angle of the beam to the axis. This elimination of the
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perturbations caused by the arrangement of the atomic rows in
crystal planes is for thin crystals justified by Lindhard’s rule
of angular averages applied to planar blocking.

The small angle scattering of the particle by the atoms is
described as motion in a potential, U (¥), which is the average
along the axis of the particle-crystal Coulomb interaction at a
position 7 in the plane perpendicular to the axis (“transverse
plane”). For a particle with energy E moving at an angle ¥
to the axis, the so-called transverse energy, ¢ = E wz + U@,
is then conserved along the trajectory. We have added the
potentials from the six nearest rows using Lindhard’s standard
potential for a single row, corrected for thermal vibrations,

Uy = Ev? | 11 3@ 4.1
s(r) = —In| —— , .
2 rr+ui
expressed in terms of the characteristic blocking angle,
1/2
27,Z,e?
== . 4.2
(41 ( o 4.2)

Here Z, and Z, are the atomic numbers of the particle
and the crystal atoms, d is the spacing of atoms in the rows
along the axis, and the length a is the Thomas-Fermi screening
distance, a = 0.8853 Z;mao = 11 pm. The square of the
one-dimensional vibrational amplitude, u%, in the denominator
is a simplified correction for thermal vibrations, giving the
correct maximum potential. For tungsten at room temperature
the amplitude is #; = 5 pm.

We make the further assumption that when the particles
reach the crystal surface the flux is uniform in transverse phase
space at fixed transverse energy ¢ (statistical equilibrium).
For two-dimensional motion this implies that the flux is also
uniform within the available area. At an angle v, to the axis
outside the crystal, the modification by crystal blocking of the
flux of particles emitted at the transverse position 7, inside the
crystal is then given by

- - 1 -
Y(Fe, EY) = /AU 42 /PU@)dgEs(s — Ey! —U®)).

(4.3)

HereAy is the unit cell area in the transverse plane and A(e)
is the area accessible to a particle of transverse energy . The
outer integral is over points of exit from the crystal and the
delta function picks out the transverse energy contributing to
the flux at angle V. If 7, is close to a row, the potential U (7,) is
high. At small angles, v, the function Y is then much smaller
than unity because the outer integral only has contributions
from the small region with U(¥) > U(,). This is the crystal
blocking effect.

The modification of the total emitted flux is obtained by
integration over the distribution, P(7,), of emission points,

Yo(EY?) = / d*7, P(F)Y (Fe, EVY). (4.4)
For elastic scattering, the distribution P(7,) is centered at a
row, with a Gaussian broadening from thermal vibrations.
For fission there is in addition a displacement due to the
delay ¢ of the emission, given by vt, where v is the projection
of the recoil velocity on the transverse plane.
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FIG. 5. Continuum model calculations of blocking dips for
different displacements of the emitting nucleus froma (111) row of W
atoms, with (a) fixed displacements and (b) exponential distributions
of displacements. The (mean) displacement varies from 0 to 40 pm
in steps of 10 pm.

The calculations are illustrated in Fig. 5 by blocking dips
for a series of displacements. In Fig. 5(a) the displacements
are well defined. For zero displacement the width is close to
the Lindhard angle in Eq. (4.2), and the main effect of the
displacements on the blocking dip is a strong narrowing as
the displacement increases. For the exponential distributions
of displacements, corresponding to exponential decays, there
is a stronger increase of the yield in the bottom of the dip,
associated with the tail of large displacements, but a narrow dip
remains because the recoil is chosen to be parallel with a plane
so that the recoiling atom is moving towards a neighboring
row [6].

A different recoil effect, which could disturb the interpre-
tation of measurements, is the change of the blocking dip
due to emission of a neutron from the fission fragment. The
effect of a 1-MeV neutron emitted isotropically from a fission
fragment after the blocking by scattering on nearby row atoms
is illustrated in Fig. 6. If the neutron is emitted before this
scattering the recoil has no effect on the blocking. Since most
neutrons are emitted at times much shorter than the time
required for the fragment to pass a few row atoms, which
is of order 10710 s, the effect is therefore expected to be small.

To test the accuracy of the continuum approximation, we
have compared it with Monte Carlo simulations for a W
crystal of about 130 nm, corresponding to the thickness of
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FIG. 6. Illustration of the influence of neutron recoil. The param-
eters correspond to fission induced by 180 MeV *2S and isotropic
emission of a 1 MeV neutron by a fragment after it has moved
away from the atomic row containing the emitting atom. Full line
no neutron, dashed line one neutron.

our targets along the blocking axis [35]. The dips for zero
and 15 pm displacements are compared in Fig. 7(a). For
zero displacement, corresponding to blocking of elastically
scattered particles, there is a deviation in the shoulder region
just outside the dip but the overall agreement is quite good. For
the narrower dip the agreement is nearly perfect. In Fig. 7(b)
the two types of calculation are compared for an exponential
distribution of displacements, corresponding to exponential
decay by fission. Also here the overall agreement is very good
but the yield at small angles is higher by a factor of about
1.5 in the simulation, the so-called Barrett factor. Both this
enhancement and the shoulder depletion in Fig. 7(a) are well
known effects due to the influence of crystal planes on the
axial blocking pattern [36—39].

The calculations in Fig. 7 were carried out with the Lindhard
potential. It is known to be a little too strong but we have
found that the blocking dip for elastic scattering is only slightly
narrower (5%) when calculated with the more accurate Molicre
potential. Both potentials use the Thomas-Fermi screening
distance a as a parameter. With the value given above we
include only screening by target electrons. The screening by
projectile electrons depends on the projectile velocity. At low
velocities the atomic projectile carries nearly all its electrons
and they should give a significant contribution to the screening.
Lindhard suggested an effective screening distance obtained
by the replacement Z; > — (Z}* + Z3/*)~"/% in the formula
for a, but at high velocities the projectile carries few electrons
and their contribution to the screening is strongly reduced.
We can estimate the influence on the blocking dip from the
formula for the half width in the continuum approximation
with the Lindhard potential for a single row [34],

1)}1/2.

2
! ( (Ca) (4.5)

= —In
Vip = [2 2u?1n2
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FIG. 7. Comparison of continuum model calculations (curves)
with Monte Carlo simulations for (a) fixed displacements of O (full
line) and 15 pm (dashed) and (b) an exponential distribution with
average value 15 pm. Fission fragments were emitted isotropically
with angles less than 2.9 deg to the axis, at ten depths from 6.6 nm to
125 nm. The Lindhard angle is ¢r; = 0.9 deg.

As shown below, we have measured blocking for elastic
scattering of projectiles with Z; varying from 16 to 32 and
found no indication of a violation of the simple scaling of
the halfwidth with ;. With the Lindhard prescription for a,
the change in 1,2/ should have been 3%, with a further
change by 3% for a variation of Z; from 32 to 54. We have
used the screening distance for tungsten in all calculations,
without a correction for projectile screening.

In this description, the width of the blocking dip scales
with the angle v, in Eq. (4.2). For fission fragments there
is a distribution in energy and atomic number and hence in
the parameter . In calculations of fission blocking the first
correction is an average over this distribution.

Next there are corrections for the imperfect experimental
conditions. First, the finite size of the beam spot gives a
smearing of the dip. The diameter of the beam was about 2 mm
and due to the tilt of the crystal the beam spot on the target was
elongated in the horizontal plane. As seen along the (111) axis,
at 35.3° to the surface, the elongation is sin(35.3°)/ sin(19°) =
1.77. A corresponding angular smearing was introduced in the
calculations.

There is a similar but much larger correction for mosaic
structure of the thin W crystals. It is a well-known property
of thin epitaxially grown W crystals that they consist of small
crystallites with a spread in orientation of a few tenths of
a degree [40]. This is most important at high energy where
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FIG. 8. Illustration of the effect of mosaic structure on the energy
scaling of blocking dips, for elastic scattering of (a) 55 MeV (@) and
180 MeV (O) *2S and (b) 111 MeV (®) and 350 MeV (O) 3¥Ni. The
angles are for the higher energies scaled by the square root of the
energy ratio. The curves are continuum model calculations including
a Gaussian mosaic spread of 0.35 deg FWHM.

the blocking dip is narrow, and we have determined the
mosaic spread from measurements of blocking dips for elastic
scattering at different energies. This is illustrated in Fig. 8
by elastic scattering of S and Ni beams. The data at the
higher energies were recorded together with a blocking dip for
fission fragments, and the lower energies were chosen to give
about the same value of i, as for these fission fragments. The
high-energy dips have been scaled in angle by the square root
of the ratio of the energies so that the dips should be identical
if the scaling with i, were perfect. The large discrepancy
is mainly due to the mosaic spread, and the dips are well
reproduced by a convolution of the calculated dip with a
Gaussian angular distribution of the direction of the (111)
axis, with FWHM = 0.35°.

Finally, there is a small correction for disorder in the crystal,
mainly at the interfaces. In Fig. 8, the ‘random’ fraction of the
crystal has in both cases been assumed to be 3%, corresponding
to an amorphous layer of about 2 nm. This correction just raises
the minimum yield by 3% without affecting the width of the
dip.

We have also measured elastic scattering for Ge at several
energies and the blocking dip for scattering of 219 MeV Ge
is shown in Fig. 9. The agreement with the calculation is
good and the measured dip even seems slightly broader than
the calculated one, indicating that the scaling with v is not
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FIG. 9. (111) blocking dip for elastic scattering of 219 MeV "*Ge
compared with continuum model calculation.

significantly affected by projectile-electron screening, which
would lead to a narrowing. The lowering of the shoulder region
by multiple scattering is seen also in Figs. 7(a) and 8.

V. PRESENTATION OF DATA

An important element in the identification of fission
fragments with the gas counter is a comparison of the energy
spectra with theoretical predictions. This is illustrated for three
cases in Fig. 10. The events are selected by the polygons in
the 2D-plots in Fig. 2, and the spectra are compared with
calculations based on the mean fission energies from [41]
and a Gaussian mass distribution. The agreement is good
for the central region with cut-offs at low and high energies,
more abrupt at low energies due to the polygon shape. For Ti

Yield

Energy (MeV)

FIG. 10. Fission energy spectra corresponding to the polygons in
Figs. 2(a)-2(c), 350 MeV *®Ni (<), 245 MeV “*Ti (A), and 180 MeV
328 (O). The curves are calculations with Gaussian fragment-mass
distributions and the average kinetic energies from [41].
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the energy spectra are very similar at the other bombarding
energies. The Ni measurement is from the third experiment
with the thinner crystal. A narrower polygon was used for the
other Ni data and also for the Ge measurement, where the
separation from deep inelastic scattering is less well-defined.
The average energies of the selected fragments are given in
Table I.

For the calculation of blocking dips, both the distributions in
energy and in atomic number of the fragments are needed. We
have assumed a fixed charge-to-mass ratio for the fragments
in a given reaction and have calculated the relation between
energy, E, and atomic number, Z, from the fission kinematics.
In the 2D-plots in Fig. 2, the spread in AE for fixed E reveals
a spread in Z for given mass, M, but the relative spread in E
(and M) is much larger. As seen in Fig. 2(c), the Z values can
be identified as nearly horizontal lines for inelastic scattering
just left of the elastic scattering peak. We have extrapolated
the linear relation between Z and AFE into the high-energy
edge of the fission polygon and found good agreement with
the calculated relation between Z and E. This supports our
analysis but it is not a very stringent test.

The blocking dips for 180 MeV *2S bombardment are
shown in Fig. 11, for fission fragments and for elastic
scattering. The full lines represent calculations of blocking

1.0+

0.8

0.6+

0.4+

0.2 1

| LI T S T L S E a1 LER R d

Normalized Yield

Normalized Yield

T T T T T

I I I
0.0 0.2 0.4 0.6 0.8 1.0 12
Angle (deg)

FIG. 11. Blocking dips for 180 MeV 32S on W, (a) fission and
(b) elastic scattering. The curves are calculations discussed in the
text. The full drawn curves correspond to no recoil displacement and
the dotted curve is a superposition of 75% without displacement and
25% with an exponential distribution of displacements with average
vt = 12 pm.
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FIG. 12. Blocking dips in fission and elastic scattering for 240 MeV (a,d), 245 MeV (b,e), and 255 MeV (c,f) **Ti, compared with
calculations. The full drawn curves correspond to no recoil displacement while the dotted curves include exponential distributions of
displacements from the (111) row, with average values (a) 6 pm, (b) 5 pm, and (c) 4 pm.

dips without any recoil displacement. The calculations were ~ with 0.35 deg FWHM and a small ‘random’ component
discussed in Sec. IV. The two parameters adjusted to fit the (3%). These parameters were kept fixed in all calculations
dip for elastics are the Gaussian mosaic spread of the crystals and give excellent agreement with all blocking dips for elastic

TABLE I. Summary of the results. The energies are given in MeV, the cross sections in mb, the distances in
pm, and the times in as.

Ion Elab E*b Blabc (Ef>1hd (Ef)expe O f calc Uf.exp vt T

280 180 72.1 157.1 116.6 120.0 361 337 12" 3h

BTy 240 49.9 224.8 135.8 139.1 199 224 6 1.2
By 245 53.9 224.8 136.0 139.1 260 278 5 1.0
BTj 255 61.8 224.8 136.5 139.0 373 408 4 0.7
BNi 330 64.0 294.3 154.6 164.9 357 299f 8 1.2
BNi 350 79.2 294.3 155.1 165.4 526 438f 9 1.4
BNi 375 98.2 294.3 155.6 164.9 711 477" 8 1.2
BNi® 350 79.2 294.3 155.1 157.0 526 438 8 1.2
74Ge? 390 52.1 349.8 165.1 178.1 361 234# 12 1.6

*Measured with 50 nm W crystal.

YExcitation energy calculated with atomic masses from [42].

“Barrier energy from [43].

d Average kinetic energy of single fragment in the lab at 54.3° to the beam, from [41].

¢Average over polygon, as illustrated in Figs. 2 and 10.

fScaled to give the same cross section for 350 MeV as obtained with the wider polygon used for analysis of the
second measurement at this energy.

£With narrow polygon.

"For 25% of the fissions (75% below = 1 as).
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scattering. The width of the blocking dip for fission fragments
is fairly well reproduced by the calculation but there is a
significant filling-in of the dip at angles just below the half
width. This may indicate the presence of a small component
of fissions with a displacement of more than 10 pm, as
illustrated by the dotted curve for 75% with zero displacement
and 25% with an exponential distribution of displacements
with average valuel2 pm.

The blocking dips for the “*Ti measurements are illustrated
in Fig. 12. The fission dips are seen to be narrower than the
calculated dips without recoil displacement but the difference
decreases with increasing bombarding energy. Good fits
are obtained with exponential recoil distributions. As a test of
the scaling with E and Z for fission fragments, we have split
the polygon for fissions (Fig. 2(b)) into high- and low-energy
parts, and the corresponding energy spectra are shown in
upper part of Fig. 13. From the fission kinematics and the
energy spectra we have calculated the ratio 0.84 of the average
blocking widths for the two regions and a comparison of the
blocking dips scaled with this ratio is shown in the lower
part of Fig. 13. Within the statistical uncertainty the two dips
agree.

The data obtained with Ni bombardment of the thicker
crystal are shown in Fig. 14. There is an even more pronounced
effect of recoil displacement on the fission dips, and all dips
are fitted well with an exponential distribution of recoils with
an average about 8 pm. Note, that the fitted curves should
be somewhat lower than the measured ones at the smallest
angles due to the Barrett effect discussed in Sec. IV. The
measurement at 350 MeV was repeated with the thinner
crystal in the third experiment and the fission dip is shown in
Fig. 15(b). For this measurement, illustrated in Fig. 2(c), we
have also set a polygon on deep inelastic scattering in the region
just left of the elastic peak. The corresponding blocking dip is
shown in Fig. 15(a). Apart from a 10% increase in minimum
yield, which might be due to a contribution from scattering in
the crystal backing (Mo), this dip is in good agreement with a
calculation without recoil displacement.

Finally, the data obtained for bombardment with 390 MeV
74Ge are shown in Fig. 16. The statistics are poor for fissions
but sufficient to reveal a fairly large recoil displacement. Note
also the good agreement with the calculation for the dip in
elastic scattering, confirming the simple scaling of the width
with Z; and E in Eq. (4.2), without any correction for screening
by projectile electrons of the Coulomb interaction with crystal
atoms, as discussed in Sec. IV.

VI. DISCUSSION

The parameters for the reactions studied and the results
of the analysis are summarized in Table I. Fission from
reactions with W nuclei has been identified in the 2D-plots
illustrated in Fig. 2 and has been confirmed by the good
agreement of the energy spectra with theory shown in Fig. 10.
A further confirmation is provided by the comparison of the
measured and calculated fission cross sections in the table.
The experimental cross sections have been obtained from the
Rutherford cross section for elastic scattering combined with
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FIG. 13. Analysis of fission for 245 MeV “Ti bombardment
with two polygons, containing high- and low-energy fragments,
respectively. The energy spectra are shown in the upper figure and the
corresponding blocking dips below with the same symbols. A scale
factor of 0.84, calculated from the fission kinematics with a fixed
fragment charge-to-mass ratio, has been applied to the angles at the
lower energies.

the measured ratio between fission and elastic events. The
calculated cross sections have been obtained from the simple
estimate

Ofeae = (1 —lmrd (A + A1 = B/E).  (6.1)

We have used rp = 1.2 fm and a simple form of the Bass
barrier [43], given in the center-of-mass system by

Bewm. = 1.438(MeV) Z,Z, /[1.07(A}” + AY®) +2.7]
—294°A /(A7 + AYP). (6.2)

The leading factor in Eq. (6.1) accounts for a reduction
corresponding to deep inelastic scattering and we have used
k =0.2. We have also made an average over a Gaussian
distribution of barrier heights with 6 MeV standard deviation
but at our bombarding energies the effect on the cross section
is negligible. For S and Ti the cross sections agree within about
10% but there are larger deviations for the heavier projectiles.
We have not made any correction for the cuts in fission energy,
except for the renormalization of the Ni data. As seen from
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FIG. 14. Blocking dips in fission and elastic scattering for 330 MeV (a,d), 350 MeV (b,e), and 375 MeV (c,f) 3¥Ni, compared with
calculations. The dotted curves include exponential distributions of recoil displacements from the (111) row, with average values (a) 8 pm,

(b) 9 pm, and (c) 8 pm.

Fig. 10, the polygon cut does not reduce the cross section much
for the lighter projectiles but for Ge there is a large reduction.

The delay in the fission process is derived from an analysis
of the blocking patterns generated by the interaction of the
fission fragments with the thin tungsten target crystals. The
(111) axial blocking dips are compared with those for elastic
scattering, and the observed differences are interpreted as
results of recoil distances of order 10 pm in the fission
reactions. For such small recoil distances, the main influence
on the blocking dips is a narrowing, and the analysis requires
an accurate angular calibration of the detector.

For elastic scattering, the calibration can be derived directly
from measurements with a mask in front of the counter.
However, it was too time consuming to record mask spectra
with fission fragments and instead the calibration for the
simultaneously recorded elastic scattering was applied as in
earlier work [24,25]. We found in the present analysis that
one then must correct for the different depth profiles of
energy deposition in the counter. Fortunately, this correction
can be determined quite accurately and, as the correction
for mosaic spread, it has been tested by measurements of
elastic scattering at different bombarding energies. In a short
publication of some of the present data [25], the correction
for different depth profiles of energy loss was not included
and this accounts for the differences of nearly a factor of two

between the delays derived from the measurements there and
here.

An important tool in the analysis is calculation of the
dip shape. The model calculations reproduce very accurately
the blocking dips for elastic scattering with an important
correction for mosaic structure of the thin crystals. Mosaic
structure introduces an absolute angle, the width of the
Gaussian distribution of orientations of the microcrystals, and
thereby breaks the simple scaling of the blocking angles with
the square root of the Z;/E ratio. We have confirmed this
correction by measurements of elastic scattering at different
bombarding energies. In the first measurement for *2S on
W [24] neither of the two corrections was applied and it was
concluded that there was not a significant lifetime effect on
the blocking. Including the two corrections, we find here a
significant lifetime effect but the corrections partly cancel and
the lifetime effect is small for *2S bombardment.

The great strength of the crystal blocking method for
lifetime determination is that it is a direct time-of-flight
technique which does not rely on assumptions about the
nuclear dynamics like, for example, the ‘neutron clock.’
The results have strong implications for the dynamics of
heavy-ion induced fission. Except for the lightest projectile,
328 our results are consistent with exponential distributions
of delays with a single lifetime of order 1 as. This is in
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FIG. 15. (a) Blocking for deep inelastic scattering of 350 MeV
3Nion W (third experiment), compared with a calculation including a
10% random component (dotted curve). The average energy is about
80 MeV lower than for elastic scattering. (b) Fission blocking for
350 MeV ®Ni on W (third experiment) compared with calculations.
The dotted curve includes an exponential distribution of recoil
displacements from the (111) row with average value 8 pm.

strong contradiction to the prediction of the Bohr-Wheeler
model of a compound nucleus in statistical equilibrium, with
a competition between fission and neutron emission which
results in multichance fission and a broad distribution of
lifetimes. Instead the results support the picture of heavy-ion
induced fission as mainly quasi-fission without formation of
a compound nucleus [21,22]. The long lifetime is then a
consequence of strong damping of the dynamics of deforma-
tion of the mononucleus and not of confinement by a fission
barrier.

There is strong independent experimental evidence sup-
porting the picture of mainly quasifission in heavy-ion induced
reactions [26-28]. Of particular relevance to our measurements
is the comparison in [27] of different reactions forming >?Th.
It was shown that for heavy projectiles (*°Ar, *¥Ca, 82Se, and
124Sn) the cross section for xn evaporation residue formation
is typically an order of magnitude lower than for '°O. In our
measurements of 32S induced fission we also form thorium
isotopes, with mass numbers 214-216 and 218. The projectile
is in the transition region between 'O and “°Ar, closer to
the latter. It is interesting that this is the only case where
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FIG. 16. Blocking dips in fission (a) and elastic scattering (b) for
390 MeV 7“Ge on W compared with calculations. The dotted curve

includes an exponential distribution of recoil displacements from the
(111) row with average value 12 pm.

a two component fit is required to reproduce the measured
fission blocking dip. Perhaps the small component with about
3 as delay can be associated with CN formation while the
larger fast component with delay shorter than 1 as is from
quasifission.

As stressed in [21], the picture of quasi-fission also explains
the weak dependence of the fission time scale on fissility.
However, the delay times measured here are about two orders
of magnitude longer than obtained there for systems expected
to be dominated by quasifission. A possible explanation
for this large discrepancy is suggested by the alternative
analysis of neutron measurements in [22]. More excitation
energy is tied up in potential energy in quasifission than
in the compound nucleus and hence neutron emission is
slower. The delays derived in [22] from neutron data are
typically a few tenths of an attosecond, somewhat shorter than
our findings. However, we have studied reaction systems at
energies rather close to the fission threshold, and the delay
times could be shorter at higher bombarding energies. We find
a significant energy dependence for “*Ti induced fission but no
systematic variation in a much broader energy interval for >*Ni
bombardment.

To investigate whether a picture of quasi-fission with
strongly damped dynamics may be consistent with our
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experimental results we discuss below estimates of delay
times obtained from a simple diffusion model with one-body
viscosity. We find that indeed a time scale of order one
attosecond is possible with a nearly exponential distribution of
delay times. It is also possible that the blocking measurements
for super-heavy composite nuclei can be understood from such
a picture [13,14]. A filling-in of the fission blocking dips was
observed, indicating an attosecond lifetime, but the shapes of
the dips were not analyzed in detail so little can be concluded
about the distribution of delay times.

VIIL. FISSION BY DIFFUSION

A diffusion model was used in [16,30,31] to estimate the
probability for formation of a compound nucleus after the
initial contact between two heavy nuclei. After a rapid neck
formation, the system is located in an asymmetric-fission
valley of the potential-energy surface. This is illustrated
schematically in Fig. 17, showing the potential V(x) as a
function of the deformation x. For very high atomic numbers of
the composite nucleus the initial configuration is less compact
than at the fission barrier. In the simple one-dimensional
picture in Fig. 17, the ‘injection’ point x is therefore outside
the fission barrier and formation of a compound nucleus (CN)
requires uphill diffusion, across the fission barrier.

We are instead interested in the dynamics of the majority of
the systems, moving towards larger deformations and eventual
scission at x = L(quasifission).! For fissilities around 0.8 the
liquid drop potential is very flat [21,22], and if the viscosity
is high the dynamics may be described as diffusion [30]. The
continuity equation for the probability distribution W(z, x),
expressing conservation of the total probability, may be
written as

oW 3 [V 92
—5 = Hao —W)-D—Ww.

7.1
ax \ dx ox2 .1y

The right hand side is the divergence of the probability
current, which is the sum of a drift current and a diffusion
current, and the mobility © and the diffusion constant D are

Vx) t
‘Injection’ Scission
Fission Outer
barrier barrier
" LY

Deformation x

FIG. 17. Qualitative illustration of the potential energy of a
composite nucleus as a function of deformation. The ‘Injection’ arrow
indicates the deformation after touching of the two nuclei and neck
formation.
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assumed independent of x. They are connected by the Einstein-
Smoluchowski relation between diffusion and dissipation,
D = uT, where T is the temperature and the Boltzmann
constant is set equal to unity. For a distribution completely
confined by a potential, the time independent solution is the
Boltzmann distribution, W (x) o exp(—V (x)/T). Without the
first term on the right hand side, the drift term, the solution of
Eq. (7.1) is a Gaussian with variance 0% =2Dt.

If we replace V(x) in Fig. 17 by a linear potential,
corresponding to a constant driving force F, Eq. (7.1) has
an analytical solution,

_ _ 2
Wie 1) = M) a2

1

/4 Dt P < 4Dt

for W(x, 0) = 6(x—xp). The drift term in Eq. (7.1) just gives a
displacement of the Gaussian distribution function, with veloc-
ity wF. When the drift term dominates, the distribution moves
towards L without much broadening and the characteristic
decay time becomes t = (L—x()/u F. When the driving force
is small the maximum remains near x = xo. The delay may
then be characterized by the time when the variance of the
Gaussian becomes equal to (L—xp)?,

taee = (L — x0)*/2D. (7.3)

We replace the fission barrier by a perfectly reflecting wall at
x = xo. With areduced time defined by T = ¢ /14 the fraction
of systems having undergone scission is then given by the
complement to the error function,

S(t) = 1 —erf(1/4/27), (7.4)

and the decay rate is the derivative of this function, /(t) =
S'(t). As seen in Fig. 18, the rate grows from zero at T = 0
to a maximum near T = 0.35, and I(t) = 0.7exp(—7) is a
fair approximation for 7 of order unity. Asymptotically, I(t)
decreases as 7 ~3/2 but, as shown below, the decrease becomes
exponential with an absorbing wall at x = L, representing
scission.

05 T T T T ’ T J T

Decay rate

T= Iﬂdm

FIG. 18. Illustration of the function /(7) defined below Eq. (7.4).
The dotted curve is the approximation /(t) >~ 0.7 exp(/(7)).
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To estimate the diffusion time we need a simple estimate of
the mobility ©. The mononucleus is represented by a cylinder
with length 2x and radius r. Let x increase at a rate dx/dt
with a corresponding decrease of r to preserve volume. We
use the standard one-body dissipation formula [44—46] for the
negative of the derivative of the energy with respect to x, the
force resisting the deformation. The force is written as an
integral over the surface of the nucleus,

dn dn
dt dx
where do is the differential area, dn is the normal displacement
of the surface induced by the change dx, p is the nuclear
number density and (p) the mean magnitude of the nucleon
momentum, equal to 3/4 of the Fermi momentum p . The right
hand side is proportional to the deformation speed (dx/dt).
Solving for this speed and writing it as uF, we obtain the
following expression:

pn(x)"' = p (p) (Volume/x) (1 +r/2x).

The neutrons and protons are treated as independent Fermi
gases, each with half the nucleons, Z = N = A/2. The result
is insensitive to the difference between Z and N. The Fermi
momentum is then given by pr = (372/2)3np!/3.

Introducing the radius constant r through p = 1/(47/ 3)r3 ,
we obtain for the product p(p) in Eq. (7.6)

F=p(p) do, 1.5

(7.6)

_ 27 (n>1/3 /)
T 327 \3 4

With the simplifying assumption that ;« remains constant at
its value at injection, the characteristic diffusion time is given
by Eq. (7.3) and the Einstein-Smoluchowski relation. We write
the initial value of x as xo = Roo and L — xo = Ry, where Ry
is the equivalent sharp radius, Ry = A'/3r. The final formula
for the diffusion time then becomes

A4/3/32 1
g =3.76- 107 — " [ 1 + — |,
e (14 7)

where time is measured in attoseconds and temperature in
MeV. With T = 1 MeV and « = 1.5 inside the brackets this
gives for A = 232

p (p) (.7

7

(7.8)

/32

taier = 0.65 E (7.9)
This is a remarkable result. A simple diffusion calculation with
a diffusion constant corresponding to one-body dissipation
gives a lifetime not too far from our observations! The delay
time is somewhat shorter when the x dependence of the
mobility is included and inclusion of neck formation will lead
to a further reduction of the damping and of the delay time.
Conversely, the presence of a low outer fission barrier could
increase the delay, as discussed below.

A. Puddle of stability

Let us try to estimate the influence of a lower outer barrier
on the diffusion (dashed curve in Fig. 17). This barrier could
come from a combination of the liquid drop potential with shell
effects. Shell effects give a minimum of the potential energy
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around a 2:1 deformation ratio, forming perhaps a shallow
‘puddle of stability.” The inner fission barrier is larger for the
systems studied here and is most important for CN fission but
there is also an outer barrier of a few MeV ([32], p. 888).

The following considerations are at first based on a per-
turbation approach. The distribution W (x, ¢) is assumed to be
determined by diffusion in a flat potential and we then estimate
the modification of the diffusion current by a shallow potential
minimum. A simple model potential is V(x) = !/,bx?. The
injection point in Fig. 17 now corresponds to x = 0, and we
imagine that the fission barrier is a reflecting wall so we can
solve the diffusion equation for a symmetric x interval. We
assume that at x = %L there are perfectly absorbing walls so
the maximum of the potential is Vjyax = ' /26 L?. The condition
for the potential not to play a significant role for the diffusion
is that the drift current is small compared with the diffusion
current. The ratio of the diffusion current to the drift current
at x is

9 3
—D—W/ubxW = —(D/ubx) — InW = D/ubo?,
0x ox
(7.10)

where o2 is the variance of the Gaussian. We use the relation
D = uT and insert 6> = L?/2 to obtain a rough estimate of
the relative importance of diffusion and drift,

diffusion/drift ~ 2T /bL* = T/ V. (7.11)

This is a very simple result: the energy fluctuations in the
system are of order 7', and the barrier before scission has
to be larger than 7 to be important. The implication is that
even a barrier of order 1 MeV will slow down the diffusion
significantly (a very similar result was derived in [30]).

To make a numerical simulation we introduce reduced
variables. The natural variables are &€ = x/L and t = t/t4,
with xo = 0in Eq. (7.3). The diffusion equation then becomes

oW 19 avW 132W
at 2T 3¢ \ 9¢ 20982

with the boundary condition that W (&) vanish at § = +1. The
maximum of the barrier is denoted Vy,.x = ¥ T and with the
harmonic potential we then obtain

oW d W 1 92
or = Ve WM 5

The survival as a function of time is shown in Fig. 19 for
different values of y. Without the potential, the probability of
survival is about one third at #4;. This stage of the decay is
delayed by a factor of 2.4 for y = 2.

As seen in the figure, the decay becomes exponential after
some delay, and this can be understood from an expansion
of W in eigenfunctions. For V = 0 the eigenfunctions of the
differential operator on the right hand side of Eq. (7.12) are
cos((n — 1/2)w&€) and sin(nw&), and the lowest eigenvalue
is Eg=m?/8. The corresponding term in the expansion
dominates at long times, giving an exponential decay with
decay constant E.

This result is more general. With a simple transformation
of Eq. (7.12) we can make contact with a well known theorem
in quantum mechanics. Multiplying by exp(V /2T) we find an

(7.12)

W. (7.13)
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FIG. 19. Survival probability as a function of time for different
values of the parameter y in Eq. (7.13).

equation for the time derivative of ¥ = exp(V/2T)W with a
differential operator which can be viewed as a Hamiltonian
(h =m = 1) with the potential (V')>/4T? — V" /4T. With
the boundary conditions that Y (£, t) vanish at & = %1, the
Hamiltonian has discrete eigenvalues. The corresponding
eigenfunctions form a complete set, and the solution to the
equation for Y (¢, 7 = 0) = 6(§) can be expanded in these
functions. Again the term corresponding to the lowest eigen-
value, Ey, dominates at long times, and the decay becomes
exponential with decay constant E.

The termination of the fission process by irreversible
scission gives a similar boundary condition, and more realistic
stochastic calculations may be expected also to give nearly
exponential decay. However, the path to fission depends on
the impact parameters in the reaction and the time distribution
may be modified by the average over angular momentum (see
the discussion in [22]).

VIII. SUMMARY AND CONCLUSIONS

We have carried out crystal blocking experiments for fission
induced by bombardment of thin W crystals with 180 MeV 32S,
240, 245, and 255 MeV “8Ti, 330, 350, and 375 MeV *Ni,
and 390 MeV 7*Ge ions. In earlier experiments with fission
induced by lighter ions [2—7] an increase in the minimum
yield in the blocking dips for fission fragments without a
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change in the width was observed, indicating the presence
of a long-lived component. This component was identified as
late-chance fission after evaporation of several neutrons [6]. In
contrast, we have here observed a narrowing of the blocking
dips for fission fragments with only a small increase in the
minimum yield, and in nearly all cases the dips are consistent
with exponential decay with a single lifetime of order 1 as.
This is longer by orders of magnitude than expected for first
chance fission.

The results are inconsistent with multi-chance fission of
a Bohr compound nucleus in statistical equilibrium at each
stage. There is independent strong evidence for dominance
of quasifission without formation of a compound nucleus
in heavy-ion induced fission [26-28], and the deformation
dynamics may be pictured as strongly damped stochastic
motion in a nearly flat potential [22]. We have made simple
model calculations based on a diffusion equation with one-
body dissipation. The model predicts nearly exponential decay
and the estimated delays are of order attoseconds, consistent
with the observations. We find that the presence of even a
low outer fission barrier may contribute significantly to the
delay [32].

Our results support the reinterpretation in [22] of data on
pre-scission neutron emission and establish a new paradigm for
analysis of heavy-ion induced fission. Also the interpretation
of earlier crystal-blocking measurements of fission lifetimes
in such reactions in terms of multichance fission of a Bohr
compound nucleus may have to be revised [11-14]. In a very
recent crystal-blocking experiment on fission in 2%Pb-+Ge
and 2*®U-+Ni reactions, the measurements were reproduced
by simulations with exponential decay with lifetimes of 1 as
and 2.2 as, respectively, for the fused nuclei with Z = 114 and
Z = 120 [47]. Despite claims to the contrary, this is consistent
with our results and supports our interpretation.
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