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The crystal blocking technique has been used to measure delay times in the fission chan-
nel for excited nuclei produced in the 2*Si +natPt reaction. Experimental results range from
10~17 to 10"18 s at bombarding energies from 140 to 170 MeV. It is shown that fission barriers
keep their double-humped structure in the range of excitation energies here considered (40 - 70
MeV), and that the lifetimes of exciced states in the second potential well contribute essentially
to the observed delay times in the fission channel.

The potential energy surfaces of heavy nuclei display two minima, whose na-
ture is connected with the existence of shells even at anomalously large deforma-
tions [1]. As a consequence, the fission barrier of heavy nuclei is double-humped.
At excitation energies near the barrier, the crossing of nuclei through the sec-
ond minimum is noticeably influenced by the transitional states in the second
potential well. However, by increasing excitation energy the penetrability of the
fission barrier approaches unity and the sensitivity of fission cross-sections to
the structure of second-well states decreases. The increase of excitation energy
leads also to decreasing shell corrections, so that the double-humped structure
of the fission barrier tends to transform into a single-humped one and only one
class of excited states survives, under equilibrium deformation.

The experimental investigation about the energy dependence of the shell
effects and fission barrier structure is possible measuring the lifetimes of excited
states in the second well. So in Ref. [2] it was shown that the existence of quasi-
stationary transitional states in the second well of heavy nuclei manifests itself
in the dynamics of induced fission. It was demonstrated in Refs. [3] that the
existence of two classes of excited states in heavy nuclei is reflected in different
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time dependences of the decay yields for different channels. In particular, fission
exhibits an additional time delay, absent in any other decay channel.

In the present work, the crystal blocking technique has been used to measure
fission delay times of excited nuclei produced in the ^Si +natPt reaction at
beam energies from 140 to 170 MeV. Experimental data have been compared
with statistical model calculations that take into account excited states in both
potential wells. The aim was to find evidence of additional time delays in
the fission channel, induced by the lifetime of the excited states in the second
well, and to check whether the fission barrier keeps or loses its double-humped
structure at the excitation energies considered here.

Measurements were done with Tandem-XTU accelerator at LNL Labora-
tories (Padova, Italy) using thin (~ 0.5 /im), self-sustaining and large-area
(diameter « 5 mm) natPt < 100 > single crystal targets.

Reaction products were observed at #;„;, = 25° using a detector telescope
made of a multiwire gas proportional chamber followed by an axial Bragg cham-
ber. The multiwire detector, 10 • 10 cm2 area, was a two-sector gas proportional
counter with a common cathode (1 ^m thick) and two wire anodes, mounted
at opposite sides of the cathode. The distance between two adiacent anodic
wires (20 fxm diameter) was 1 mm. To have both the X and Y coordinates of
the impinging ion position, the anodes were mounted so that the direction of
the first anode wires was at 90 degrees with respect to the wires of the second
anode. The filling gas was isobutane at 14 mbar, under continuous flow. The
Bragg chamber was an axial-field ionization chamber operated with CF4 so that
reaction products with atomic number Z > 12 were fully stopped in the cham-
ber. The multiwire detector had a 1 mm spatial resolution and was placed at
60 cm from the target, thus resulting in a A6 = 1.667 mrad angular resolution.
Events were defined by the X and Y spatial coordinates of the ion from the
multiwire and by kinetic energy E and charge Z from the Bragg chamber.

The deduced delay times in the fission channel (see Figure 1) are much longer
than what expected from standard statistical calculations for the lifetimes of
initial compound nuclei produced in the reaction under study. These delays
range from ~ 7 • 10~18 s at 140 MeV to ~ 4 • 10~18 s at 150 MeV and go below
measurable values at 160 MeV.

The fission of compound nuclei having two classes of excited states in the
first and second potential well was described in Ref. [2] in the framework of the
statistical model. It was demonstrated that the mean delay times depend from
the reaction channel, viz :

T = J j ± J 2
1

and

il^ — F12F21 Fi,T2 4- F2iF
It should be noted that expression (1) is valid only if populating the second

well states takes place with a high probability, due to the damping of the col-
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lective motion [6]. In order to estimate this probability, we used the diffusion
model for fission [7], that permits to take into account both the thermal fluctu-
ations in the fission mode, and the nuclear dissipation phenomenon. The basic
equations of this model are described in [6].

The probabilities of populating the second well states versus the /3 reduced
dissipation coefficient, calculated for the 224U nucleus (chosen as an example)
are shown in Fig. 2 at various excitation energies within the range achieved in
the experiment. In this figure, very quick saturation with increasing f3 attracts
attention. It can be seen that the probability has become close to unity at
very low (3 values, consistent with underdamped collective motion. It should
be noted that at present all evaluations of dissipation coefficients are consistent
with an overdamped motion ( /?>2x 1021 s"1) of the fissioning nucleus [8]. It
is significant that our estimates, when using the larger value for the reduced
dissipation coefficient, lead only to a probability increase.

Figure 2 shows the dependence of the probability on the difference between
the minimal barrier and the second well depth (rnin(Efi, Ef%) — E2) at different
excitation energies and 0 = 0.5 X 1021 s~1. It is seen that with very shallow
second well (min(Ef\y Epi) — E2) — 2 MeV, the probability remains sufficiently
large (> 0.8). This fact is probably due to a small increase of the fission kinetic
energy during the evolution from the first saddle point to the second well.

To conclude, our calculations indicate that the probability of populating
the second well remains close to unity for the excitation energies used in the
present experiments, even for considerable small value of the reduced dissipation
coefficient and for very shallow second well. Therefore it is necessary to consider
delay times due to the second well states when analyzing fission reactions for
heavy nuclei in the present excitation energies.

The experimental delays in the fission channel observed in our reaction are
displayed in Figure 1. They cover a range from 10~17 to 10~18 s, depending on
the projectile energy. The analysis of these data was done with reference to
the statistical theory of nuclear reactions and taking into account the natural
mixture of isotopes in the target nuclei.

In order to consider an angular momentum dependence of the double-humped
fission barrier we used the predictions of the advanced rotating liquid drop
model of Sierk [9], corrected for shell effects: Bf(J) = Bid{J) + SWuM , where
Bid{J) is the liquid drop part of the fission barrier, and SWoM is the adiabatic
value of shell correction at the corresponding point of fission barrier.

The level density at the extremal points of the fission barrier was calculated
in the framework of the phenomenological model [11]. The model includes
collective excitations, correlation effects of the superconducting type and shell
effects.

In Figure 1 we show the calculated times in the fission channel, averaged over
the isotopic composition of compound nuclei produced in the present reaction
(222U, 223U, and 224(7). As one can see, a simple calculation in the frame-
work of the advanced rotating liquid drop model [9] , and taking into account
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only lifetimes of excited states under equilibrium deformation, underestimates
experimental data by approximately three orders of magnitude.

Introducing the double-humped model for fission with allowance for the life-
times of excited states in the second and first potential well [3] essentially im-
proves the fit to experimental data. The solid lines in Figure 1 present delay" •
times in the fission channel calculated within the double-humped fission barrier
model and taking into account all possible fission chances, each one weighted
with its probabilities of occurrence.

The solid curve 1 in Figure 1 was calculated neglecting the damping of shell
effects with increasing nuclear temperature. One sees that this curve overes-
timates the experimental r/ values. To take into account the decreasing shell
correction part (8W) of the fission barrier parameters (heights of the inner and
outer fission barrier, and second well depth) with increasing nuclear tempera-
ture we use SW = 8WgsF, where F is the universal damping function of Fermi
type F{T) [12]:

F ( T ) = l + exp((T-To)/d) ' ( 3 )

where d — 0.2 MeV is the rate of disappearance of the shell corrections with
temperature, and TQ is an adjustable parameter. The best fit to experimental
data was achieved using To = 1.85 MeV (see Figure 4).

Compound nuclear fission also has two dynamical time scales: the time to
build up the fission flux at the saddle point (r^), and the time for the system
to move from saddle to scission (rM).

The saddle-scission time, in presence of dissipation, is given by the equation:

(4)

where if, = (3 x 10-21)s [8, 13].
Usually, to estimate rBCj the next relations are used [14]:

JLln(WBf/T) = ^-ln(10Bf/T) (5)

rsd = hn(10Bf/T) = -±-ln(10Bf/T) . (6)
p ^l^gs

In equations (4) - (6), the parameter 7 = /?/2u>SJ, is the normalized friction
coefficient, /? is the reduced dissipation coefficient, and hugs provides a charac-
teristic energy in the local potential surface near the ground state.

It should be noted that rsd plays an important role in compound nuclear
decay, since this time delay might strongly change the competition between
decay channels in the early stages of nuclear evolution.
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The estimated rsci and T3S values are presented in Figure 4 as a function of the
normalized friction coefficient 7. It should be noted that for such estimates we
varied the 7 values within the range proposed in the [8]. Here, all available data
on the dissipation coefficient, obtained from observables in heavy ion induced
reactions, are presented. One sees that these time scales are very short if
compared to those observed in the present experiment.

We have measured delay times of induced fission in nuclei produced by the
^Si +nat Pt reaction at bombarding energies from 140 to 170 MeV. Delay
times induced in the fission channel by the CN (U isotopes with initial excita-
tion energies from 40 to 70 MeV) vary from 10~ir to 10~18 s. This excitation
energy range is very interesting because here we can expect (from the energy
dependence of the mass-energy distributions of fission fragments [15] and other
experimental data) that the influence of the nuclear shell structure on the defor-
mation energy of fissionable nuclei begins to decrease, and the double-humped
fission barrier tends to transform into a single-humped one, so nuclei have only
one class of excited states.

The main goal of our investigations was to find the energy range where the
shell effects totally disappear. The result was that the experimental data can
be understood only allowing for a time delay in the second well. In this case,
they are successfully described by taking into account the damping of shell
effects with increasing nuclear temperature. A phenomenological description of
the temperature dependent shell correction was found using the temperature
parameter of the damping factor F, where F = 1/2 at T = To = 1.85 MeV. This
contradicts some previous results (see, for example, [16]), that suggested a much
faster decrease and from a smaller starting energy. Theoretical considerations
by Bohr and Mottelson [17] also predict that shell effects should disappear at
much lower temperatures. However, our results are very similar to the data of
Ref. [18], where a semi-empirical analysis was done of temperature and spin
dependence of shell corrections.

To end with we have shown that fission barriers keep their double humped
structure in the excitation energy range considered here, and that the times in
the second potential well essentially contribute to the total observed delay time
in the fission channel. This means that shell corrections are important up to
excitation energies of about 70 MeV.

This work was supported in part by the Istituto Nazionale di Fisica Nucleare
and the Ministero dell'Universita e della Ricerca Scientifica e Tecnologica, and
by the grant of Russian Foundation of Fundamental Research N° 98-02-16911
and grant of the "Russian Universities" program N° 5335.



122 XIV International Workshop on Nuclear Fission Physics

10 "w

10 -18

io -17

10

10

-18

10

28Si natPt

\
\

1 - without damping;
2 - To - 2.00 MeV;
3 - To - 1.85 MeV;
4 - To - 1.75 MeV

1
2
3
4

E(zaSi), MeV

Figure 1.
Summary of the present experiment: delay times in the fission channel due to
nuclei produced in the 285i+196 Pt reaction at different beam energies. Dots are
experimental data. Dashed lines do not contain effects of neutron evaporation
cascade. In detail, 1 and 2 (short and long dashed curves) allow for (1) and not
(2) delay times introduced by the excited states in the second potential well.
The solid curves are the results of calculations allowing for the delay due to ex-
cited states in the first and second potential well and also for all possible fission
chances. The solid curves were calculated taking into account the temperature
dependence of shell corrections with different values of the temperature param-
eter To: co (1); 2.00 MeV (2); 1.85 MeV (3); and 1.75 MeV (4), respectively.
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Figure 2.
(upper part).
The probabilities of populating the second well states versus the reduced dissi-
pation coefficient value for the 124U nucleus at the different excitation energies
50, 60, and 70 MeV.

(low part) .
The dependence of the probability of populating the second well states at dif-
ferent excitation energies (50, 60, and 70 MeV) and for /? = 0.5 x 1021 s"1.
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Figure 3.
The result of estimations of the time to build up the fission flux at the saddle
point (1) and the time for the system to move from the saddle to scission (2)
versus the normalized coefficient of nuclear friction.
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Figure 4.
Different types of the damping functions. Curves were taken from: 1 - [11]; 2
and 3 - [12] with value To equal 1.85 and 2.00, respectively; 4 - [18]; and 5 -
[17].
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