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The time delay in fission induced by bombardment of W with 180 MeV 32S, 240–255 MeV 48Ti, and
315–375 MeV 58Ni has been measured by observation of crystal blocking. There is a clear narrowing and
a small increase in the minimum yield of the angular dips for fission compared with scaled dips for
elastically scattered ions. This is interpreted as a fission delay of about 2 as, only weakly dependent on
energy and atomic number. The delay is longer by 1 to 2 orders of magnitude than obtained from standard
interpretations of measurements of prescission neutrons and giant-dipole-resonance gamma rays and from
calculations of the nuclear dynamics in heavy-ion reactions.
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The standard model for nuclear fission induced by ion
bombardment is decay of a compound nucleus in statistical
equilibrium, as introduced by Bohr and Wheeler shortly
after the discovery of fission [1]. Fission competes mainly
with evaporation of neutrons and after each neutron emis-
sion the nuclear temperature is significantly reduced and
the lifetime for fission is strongly increased. When the
fission yield has contributions from several stages in this
cascade, the time scale for fission can therefore span many
orders of magnitude. The existence of a tail in the time
distribution, stretching to times longer than 10�16 s, was
demonstrated by crystal blocking measurements on fission
induced by light ions in the 1970s [2– 4]. The observations
were consistent with the average numbers of neutrons
emitted before fission [5].

Crystal blocking is a time-of-flight technique. Charged
particles emitted in nuclear decay at a lattice site are
blocked by a row of atoms, and the blocking dip in the
angular distribution is filled in if, due to the recoil in the
reaction, the decaying nucleus is displaced from the
row by more than about 5 pm. With increasing displace-
ment in the range 5–100 pm the dip becomes narrower and
shallower, and it vanishes for larger displacements. The
shape of the dip therefore reveals whether a filling-in is due
to a delay giving a recoil displacement in the range of

sensitivity or to the tail of a very broad time distribution.
The latter gives an increase of the minimum yield but no
narrowing, and this was seen in the early measurements
[4,5].

Later studies have indicated that the Bohr-Wheeler
model may break down for heavier projectiles and higher
atomic numbers of the fissioning nucleus. Systematic mea-
surements 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 a
highly viscous flow of nuclear matter that delays equili-
bration of the fission degree of freedom in the compound
nucleus. Typically, an initial time delay is introduced in the
analysis, during which neutron emission but not fission is
possible, and the fission width is reduced to account for
diffusion backflow at the saddle. Total average fission
times of a few times 10�20 s have been deduced from the
neutron emission [6,7] and a little longer delays from
emission of giant-dipole-resonance gamma rays [8].
However, there is considerable uncertainty in the interpre-
tation. The introduction of a delay time for equilibration
has been challenged [9], and fission times longer by an
order of magnitude have been deduced from alternative
analyses of the neutron emission [10,11].
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More direct measurements of fission times for such
systems have given even longer delay times. An experi-
ment in the early 1990s on fission of highly excited ura-
nium nuclei showed that an appreciable fraction of the
fission events were slower than the atomic K-vacancy
lifetime of 7 as (1 as � 10�18 s) [12], and this result was
corroborated by later crystal blocking measurements [13].
Even more surprising were recent observations of similar
long delay times for fission of superheavy nuclei with
atomic number near 120, created in heavy-ion collisions
[14,15]. The results have been interpreted within a
compound-nucleus picture with multichance fission and a
broad time distribution.

With the aim of addressing these questions, we have
carried out experiments with thin tungsten crystals as
targets. Earlier, we reported measurements with 170–
180 MeV 32S beams (performed at the tandem accelerator
at the University of München, Garching), which apparently
showed no lifetime effects [16]. Here we extend the mea-
surements to 48Ti and 58Ni beams. A new analysis taking
into account the mosaic structure of the crystal shows
significant lifetime effects even for a 180-MeV S beam.

The experiments were carried out at the HRIB Facility at
Oak Ridge National Laboratories. Thin (100) oriented W
crystals (75 nm), grown on Mo (200 nm) on an MgO
backing, were used. Ion beams of 32S at 180 MeV, 48Ti
at 240, 245, and 255 MeV, and 58Ni at 315, 330, 350, and
375 MeV bombarded the W crystal. The beam was colli-
mated by two apertures 1.75 mm in diameter positioned
27.6 and 101.3 cm ahead of the crystal. For the 58Ni
experiment the collimator closest to the crystal was
1.0 mm in diameter. The crystal was tilted with the surface
at 19.0� to the beam in order to observe blocking along a
[111] direction at 35.3� to the crystal surface.

Elastically scattered ions and reaction products were
measured in a position-sensitive gas ionization counter at
54.3� to the beam direction and 48.3 cm from the target.
The detector was identical to the one used earlier [16]
except that CF4 was used as the counter gas instead of
isobutane. The anode was split into �E (12 cm long) and
Erest (18 cm long) electrodes, which provided particle
identification. Figure 1 shows a �E vs Erest plot. The
energy scale was calibrated from observations of 212-
MeV elastically scattered Ge ions and 87-MeV W recoils.
In Fig. 2 measured fission-energy spectra are compared
with calculated spectra [17]. There is excellent agreement
for S; for Ti and Ni the energy spectrum is modified by the
polygon cut at both high and low energies, but the average
energy is close to the prediction for fusion-fission
reactions.

The distribution in energy of the fission fragments and
the strongly correlated distribution in atomic number are
needed for calculations of the blocking dips. The width
scales with the Lindhard angle,

  1 �

�
2Z1Z2e

2

Ed

�
1=2
; (1)

where Z1 and Z2 are the atomic numbers of the particle and
crystal, E is the energy, and d is the atomic spacing along
the axis [18]. We have assumed a fixed average charge-to-
mass ratio for the fragments and used the corresponding
relation between Z and E, obtained from the fission kine-
matics. The corrections to the mean values of  1 for the
cutoff of the distributions in E and Z were less than 3%. A
small deviation from the scaling with  1 might be expected
due to screening by projectile electrons, but our measured
dips for elastic scattering of S, Ti, Ni, and Ge show no
indication of such a deviation.
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FIG. 1. The 2D spectrum for a beam of 245 MeV Ti. The
intense lines to the left are from elastic recoils of Mo and W and
the horizontal lines from lower-Z particles. There is a folding
over of these lines at the energies where the particles are no
longer stopped in the gas counter. The polygon used to select
fission events is indicated.

FIG. 2. Fission-energy spectra for 180 MeV S, 245 MeV Ti,
and 350 MeV Ni compared with spectra calculated for a
Gaussian mass distribution.
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The position data were corrected on the basis of data
taken with a mask placed in front of the detector [16].
These data also provided for an angular calibration of the
detector. Polygon-shaped gates were set in the �E vs Erest

plot on the regions corresponding to fission and to elastic
scattering from W in order to generate the 2D blocking
patterns. The patterns shown in Figs. 3 and 4 were obtained
from circular averages about the minimum in the 2D
position spectra, and they were normalized to the yield at
angles outside the blocking dip. The lifetime effects are
derived from a comparison between the fission dips and
blocking dips for elastic scattering, taking into account the
energy dependence of the Lindhard angle  1. Fission-
blocking dips for separate gates on low and high fragment
energies were compared, and they are consistent with this
scaling.

Figure 3(a) shows the blocking dips for elastically scat-
tered Ni ions. The dip at the higher beam energy
(350 MeV) was recorded together with fission blocking,
and the lower energy (111 MeV) was chosen to give a value
of  1 equal to its average value for the fission fragments.
The dips are compared with calculations in the continuum
model with a thermally averaged multistring Lindhard

potential [5,18]. The size of the beam spot and the mosaic
spread of the crystal determine the angular resolution, and
both are included in the calculations. With a beam spot of
2.5 mm and a 0.35� FWHM Gaussian spread of the direc-
tion of the [111] axis the dips are reproduced very well.
The mosaic spread is close to the smallest value found in a
study of the conditions for epitaxial growth of W on
Mo=MgO [19]. A small random component of the crystal
(3%) has been included to account for crystal
imperfections.

The accuracy of the continuum model can be assessed
from the comparison in Fig. 3(b) with numerical simula-
tions. The difference in the shoulder region, due to multiple
scattering in the simulation [20], is reduced when the
angular resolution is included in the calculations but the
continuum-model dips are then slightly narrower.

Representative fission-blocking dips are shown in Fig. 4
for the three bombarding ions, compared with calculated
dips with the parameters determined from fits to dips for

FIG. 3. (a) Blocking dips for elastic scattering of 111 MeV Ni
and for 350 MeV Ni scaled in angle to the lower energy [Eq. (1)]
compared with continuum-model calculations including mosaic
spread and beam-spot size. (b) Comparison of continuum-model
calculations (curves) with simulations for fission fragments with
Z1 � 48 and E � 135 MeV (angular resolution not included).
The narrower dips correspond to an exponential displacement
distribution with mean value 10 pm.

FIG. 4. Fission-blocking dips for three different bombarding
ions, compared with calculations including the angular resolu-
tion and a small random component of the crystal (3%) deter-
mined from the simultaneously recorded blocking dip in elastic
scattering.
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elastics, as illustrated in Fig. 3(a). There is an additional
average over the distribution of  1 corresponding to the
correlated distributions in Z1 and E for the fragments. The
measured dips are clearly narrower, and this is interpreted
as an effect of a displacement of the nucleus before fission.
The reason for the different conclusion in [16] for S
induced fission is the comparison there of the fission dip
with the elastic dip recorded at the same bombarding
energy. As illustrated in Fig. 3(a), the angular resolution
modifies the scaling of the dip with energy and the fission
dip must instead be compared with elastic scattering at a
lower energy where the value of  1 is the same. According
to Fig. 3, this dip is well represented by the calculation. To
model the measured fission dips, we have introduced an
exponential distribution of recoil distances from the atomic
row. The recoil velocity components perpendicular to the
axis are 4:0� 106 m=s, 5:3� 106 m=s, and 6:6�
106 m=s, and the mean time delay is close to 2 as in all
three cases. For Ti and Ni the dependence of the delay on
the bombarding energy was found to be weak.

The measured time delays cannot be explained within
the Bohr-Wheeler model with multichance fission and a
broad time distribution [13–16,21]. Instead, the observa-
tions support a picture of highly damped deformation
change, from the initial touching of two spheres to a
more symmetric, elongated shape at scission, with simul-
taneous cooling by neutron emission without much influ-
ence on the dynamics [10]. There is then a nearly classical
delay, with a spread from fluctuations and from the distri-
bution in angular momentum. However, such a theoretical
picture of the fission process has yet to be worked out in
detail. The analysis of fission lifetimes in [10] is semi-
empirical, based on data for neutron emission, and our
measured delays of about 2 as are 2 orders of magnitude
longer than obtained from dynamical models of heavy-ion
induced reactions [22,23].

It is of great interest whether a compound system is
formed in the reactions, which may survive fission and
become an evaporation residue (ER). In heavy-ion reac-
tions leading to a mononucleus with very high atomic
number, the initial configuration of two touching spheres
is more extended than the very compact shape at the saddle
point, and this together with the high viscosity of excited
nuclear matter has been suggested to be the explanation for
the very low observed ER cross sections [24,25]. In [24]
the additional energy barrier for formation of a compound
nucleus, the ‘‘extra-extra push,’’ was found to be a function
of a mean fissility, xm, which takes into account the prop-
erties of both the initial configuration and the compound
nucleus. The magnitude of this barrier increases dramati-
cally in the range xm � 0:75–0:8, and the values of xm for
our systems are 0.72, 0.78, and 0.86 for 32S, 48Ti, and 58Ni
on 184W. Hence, the reactions we have investigated are in a
transition region. If there is a considerable contribution

from quasifission for the heavier projectiles, the observa-
tion of a fairly well-defined delay suggests that this delay
does not depend on the formation of a compound nucleus
(see also [10]). It is interesting that interpreted in such a
scenario the observations by crystal blocking of delayed
fission of superheavy nuclei would not imply high fission
barriers from shell effects as concluded in [14,15].
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