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Fission studies with 140 MeV « particles
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Binary fission induced by 140 MeV « particles has been measured for "'Ag, '3°La, ' Ho, and '°’ Au targets.
The measured quantities are the total kinetic energies, fragment masses, and fission cross sections. The results
are compared with other data and systematics. A minimum of the fission probability in the vicinity Z%/A = 24

is observed.
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The binary fission process in heavy elements has been
systematically studied with energetic probes such as photons,
protons, « particles, as well as with heavy ions. The details of
such experiments can be found in Refs. [1] and [2]. Less is
known about the fission of lighter nuclei and higher energies
where such nuclei can fission. If the angular momentum is high
then the fission barrier is reduced and even light systems like
%07Zn can undergo fission [3]. Here we will concentrate on
reactions induced by light charged particles and in particular
o particles. The low mass region is interesting since it is
predicted that for a fissility parameter Z2/A below 20 the
system tends to become asymmetric. This is the so-called
Businaro-Gallone point [4]. Nix and Sassi [5] found in cal-
culations employing the liquid drop model that the probability
for fission had a minimum at the quoted fissility parameter.
Such a minimum corresponds of course to a maximum in the
height of the fission barrier.

In the present work we extend upward the energy of «
particles in order to have higher partial waves involved in the
reaction. In this way one might expect to be more sensitive to
the predicted asymmetric instability.

The experiments were performed at the Jiilich cyclotron. A
beam of « particles was focused onto the fissile targets in the
center of a scattering chamber which was 1 m in diameter.
The beam was then dumped into a well shielded Faraday
cup. The targets were "Ag, '*La, 'Ho, and '’ Au with
thicknesses of 50 pg/cm?, 120 pg/cm?, 97 pug/cm?, and
130 pg/cm?, respectively. The rare earth targets had backings
of carbon with thicknesses of 10 1g/cm? (La) and 30 j1g/cm?
(Ho). The lanthanum target had in addition a 30 pg/cm?
carbon coating to avoid oxidation.

Two different setups were used in the experiments. First,
two solid state detectors of 30 mm diameter, cooled to —20°,
were mounted symmetrically left and right of the beam
direction at angles corresponding to full momentum transfer
to the compound nucleus. The solid angles were defined by
collimators of 25 mm diameter. Whilst the right detector was
only 57 mm away from the target the left one was at a distance
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of 150 mm. Thus, if a fragment was detected in the smaller
solid angle, its complementary fragment should always be
detected in the larger solid angle. Coincidence circuits ensured
that the two fragments were from the same reaction event. A
high voltage of 10 kV applied to the target holder prevented
electrons from reaching the detectors.

The detectors were calibrated with fission fragments from
a 232Cf source applying the method of Schmitt et al. [6] and
Kaufmann et al. [7]. The calibrations were performed before
the experiments and at regular intervals. The energies were
calculated according to the method given in Ref. [7]. The
masses were estimated from M; = AcnE;/(E; + E,), with
Acn being the mass of the fissioning nucleus and similarly
for M,.

While for the heavier targets it is rather simple to distinguish
between fission fragments and background, this is not so for
silver. For this target we therefore performed experiments with
adifferent setup. Again to the right of the beam was a solid state
detector. To the left we employed an ionization chamber, where
the anode was subdivided to allow for AE — E measurements.
Because of a Frisch grid, the signals were independent of
the position of the ionization. Position measurements were
performed using a proportional counter tube situated behind a
slit in the anode. The position was calibrated with a movable
slit between the ionization chamber and californium source.
Energy calibration was performed as before, but corrections
had to be applied for the entrance window of the ionization
chamber.

Backgrounds were eliminated by making cuts on the scatter
plots of combinations of the following parameters: AE, time
difference, position signals left and right of the proportional
counter tube, and the energy signal in the solid state detector
and in the ionization chamber.

The measured distributions of the total kinetic energies and
the masses of the two fragments are shown in Figs. 1 and 2.
In general the spectra have Gaussian shapes, as expected for
high energy fission where shell effects are unimportant. The
only exception is the mass distribution in the case of the silver
target where the distribution shows more of a box-like form.
Out of curiosity we have fitted a symmetric double Gaussian
cumulative to the data and found that it gives a much better
representation. This is also shown in Fig. 2.
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FIG. 1. Distributions of the total kinetic energy (TKE) for the
four target nuclei studied. The data are shown as dots with error bars;
fits with Gaussians are shown as solid curves.

The measurements were so far analyzed assuming a
fissioning system. These of course provide the most interesting
information. However, the experiment records events after
emission of particles before the fragments have reached the
detectors. The best choice for a necessary correction would
have been through the measurement of the corresponding
particle spectra, but this was not done. However, we performed
ameasurement of the correlation angle between the two fission
fragments in the case of the gold target and found an almost
complete linear momentum transfer from the projectile to the
fissioning system similar to that in Ref. [8]. Furthermore we
calculated the mean momentum carried away near the forward
direction by protons and neutrons during the pre-equilibrium
phase by making use of the exciton model with standard
input parameters [9]. In the case of the gold target, neutrons
carry away 255 MeV/c but with 0.22 neutrons per incident
o particle. For protons, the mean momentum is higher,
~285 MeV/c, but the rate is only 0.14 protons per « particle.
We, therefore, assume that the prefission neutrons are mainly
emitted isotropically.

The average number of prefission neutrons vy was calcu-
lated with the ALICE code [10]. Here we employed ratios for
the level density parameters a s /a, varying between 1.03 in the
case of the gold target and 1.1 for silver. We tested this method
by studying the compound nucleus 2°*Po by using the results
of Cuninghame et al. [11] who measured the total number of
emitted neutrons from 2%Po by radiochemical methods. They
then calculated the number of prefission neutrons with the
ALICE code and extracted the average number of post-fission
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FIG. 2. (Color online) Same as Fig. 1 but for fragment masses.
The fit with a symmetric double Gaussian cumulative in the case of
Ag is shown as a dotted curve.

neutrons. The latter are emitted from the excited fragments as
s waves and thus do not on the average change the fragment’s
velocity. Their results agree with the findings of Cheifetz
et al. [12] who measured the prefission and the post-fission
neutrons directly at some higher energies for 2!°Po. It is
interesting to note that the number of post-fission neutrons
is only weakly energy dependent. The numbers for the energy
and mass distributions, before and after corrections for neutron
emission, are given in Table 1.

In the following step, the influence of post-fission neutrons
on the distributions is taken into account following the method
of Ref. [13]. The resulting values are also given in Table I.
Here we have corrected an overestimation of the pulse height
defect in the case of the silver target, which is approximately
1 MeV.

Finally we performed one more comparison to test the
procedure. Fission is treated in ALICE in the framework of the
rotating liquid drop model [14]. We repeated the calculations
for the case of the gold target with a combined cascade
model code [15] and the statistical code GEM [16]. Contrary
to the ALICE calculation, GEM, based on the RAL model [17],
treats fission assuming empirical parametrizations. This limits
fission to nuclei with Z > 70. The calculation gives a mean
number of emitted neutrons of 11.1 which is a nice agreement
to the sum 11.6 in Table 1.

Viola and co-workers [18] found a remarkable correlation
between the kinetic energy release and the Coulomb parameter
Z?/A'3 (Viola systematics). The corresponding values are
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TABLE I. Widths and centroids with u the number of nucleons
of the measured distributions for the different target nuclei. The
average numbers of prefission neutrons (v,.) and post-fission
neutrons (Vpy) as well as the quantities corrected for pre- and
post-fission neutron emission are also given (indicated by an
asterisk). The last row is the estimation of the mean total kinetic
energy according to the Viola method [18].
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Target ntAg 13¥a 165Ho 197 Au
o, (1) 11.2+£0.7 155+0.8 16.6+03 144+0.1
(TKE) (MeV) 70.4+0.3 89.2+£04 110.7+0.1 138.6 £0.1
ome MeV)  65+02 88404 82401 10.0+0.1
(Vore) 1.0 1.5 2.7 7.0
{(Vpost) 5.6 6.2 6.6 4.1

o, (u) 10.2 15.0 16.2 13.8
(TKE*) (MeV) 71.2 91.9 1142 138.9

oty MeV) 8.0 10.1 9.6 113
(TKE)y 66.6 86.4 109.7 140.7

also given in the table. The present values are slightly larger
than those predicted by the systematics except for the case of
gold.

We converted the measured count rates into cross sections
by making use of the target thicknesses and the incident flux.
The results are given in Table II.

In Fig. 3 our results are compared with other data. Also
shown are calculations for nearby targets which describe
remarkably well the experimental fission cross sections at
lower energies. Our present data fill a gap between these lower
energy data and results at higher energies [20]. It is worth
noting that the cross section in the case of the lanthanum
target is the smallest.

Another comparison is made on the basis of the fission
probability as a function of the fissility parameter Z>/A (see
Fig. 4). The only data for 140 MeV « particles are for bismuth
and uranium [21]. The fission probability for bismuth is almost
an order of magnitude larger than that for gold and for uranium
it is about unity. Since no data exist for a-particle induced
fission for lower masses, we compare the present data with
those from proton-induced reactions at energies close by. There
is a remarkable agreement between the results for the two
entrance channels, the minimum in the vicinity of Z%/A = 24
is especially visible in both reactions. The fission probability

TABLE II. Cross section for fission for the different target
nuclei. Also given are estimates for the fission barriers obtained
by the linear dependence of the fission parameter [denoted by (I)]
and on the exponential given in the text [denoted by (II)].

Target Ofiss (Mb) By (MeV) (I) By (MeV) (II)
"Ag 0.030 % 0.007 38.8 49.1
19La 0.007 + 0.001 49.5 62.8
165Ho 0.600 + 0.050 40.8 45.4
197 Au 128 + 18 26.9 25.7
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FIG. 3. (Color online) Excitation function for «-particle induced
fission. The present data are shown as full dots with error bars with
the target nucleus being indicated. The curves are calculations from
Moretto [19] for In (dotted), Tm (dashed), and Au (solid). The results
from Ref. [20] for Au and Ho are shown by crossed circles.

shows exponential dependencies: one slope for 24 < Z2/A <
33 and another one for 34.5 < Z?/A.

Obviously the variation of the fission probability reflects
a variation of the fission barrier. In order to obtain a rough
estimate we have extrapolated the Thomas-Fermi approach
[27] to lower fissility parameters X, which depends not only on
Z?/ A but also on the symmetry energy. For arange 30 < X <
34.14 the original work found a linear relation of the reduced
fission barrier F(X) from fits to experiments. We have assumed
this dependence to be valid also for smaller X. Alternatively
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FIG. 4. (Color online) The fission probability as a function of the
fissility parameter. The dots with error bars are the present results
and diamonds are from Ref. [21]. The lines are to guide the eye. The
squares are for proton-induced fission at energies 150 to 200 MeV
[22,23]. The other data shown were measured with 190 MeV protons:
triangles down [24], triangles up [25], and those shown by crossed
squares were measured by radiochemical methods [26].
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we have fitted functions to all available experimental data and
found F(X) = exp(1.6248 — 5.504E — 05 x X?). The barrier
is then Bf(A,Z) = S(A, Z) * F(X) with S(A, Z) approxi-
mately the nominal surface energy of a nucleus. The results
with both methods are also given in Table II. While the two
methods give similar results in case of the gold target they
diverge more for the lighter systems. However, both methods
give a maximum for the lanthanum target which corresponds
to minimum fission probability.

In summary, we have measured the binary fission of four
nuclei from silver to gold induced by 140 MeV « particles. The
distributions obtained for fragment masses and total kinetic
energies were corrected for pre- and post-fission neutron
emission. The mean values of the total kinetic energies are
close to those predicted by the Viola systematics. The present
data fill a gap or extend smoothly fission yields to higher
energies. The measured fission probabilities show a distinctly
different behavior from those observed for very heavy nuclei.
This is in agreement with fission studies of proton-induced
reactions at slightly higher beam energies. The increase in the
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relative width of the mass distribution from lanthanum on, as
predicted by Ref. [28] on the basis of the liquid drop model, is
not seen here. However, o, /Acy decreases from lanthanum
to silver.

The minimum of the fission probability around Z?/A = 20
predicted by calculations within the liquid drop model [5]
and in a more refined model [29,30] is not seen here but a
minimum in the vicinity of Z>/A = 24. This is in agreement
with proton induced fission at energies close by and in
photofission [31,32]. A crude estimate of fission barriers in a
Thomas-Fermi approach yields a maximum for that value. The
fragment mass distribution in the case of the silver target shows
an almost rectangular shape while the other mass distributions
look Gaussian. Such a behavior was found in fission of **Th
with 190 MeV protons [26]. A possible explanation is that after
neutron emission the low excited system still undergoes fission
which is then asymmetric. This was also found in antiproton
annihilation on 28U [33]. However, such an explanation is
very unlikely for silver-like compound nuclei. Therefore this
case needs further investigation.
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