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Abstract. Experiments have been performed for studying quaternary fission (QF) in spontaneous fission
of °2Cf, on the one hand, and for the neutron-induced fission reactions 2**2*U(ngy, f), on the other hand.
In this higher-multiplicity fission mode, by definition, four charged products appear in the final state. In
other words, as a generalization of the ternary-fission process, not only one but two light charged particles
(LCPs) are accompanying the splitting of an actinide nucleus into the customary pair of fission fragments.
In the two sets of measurements, which have used quite different approaches, the yields of several QF
reactions with a-particles and tritons as the LCPs have been determined and the corresponding kinetic-
energy distributions of the a-particles measured. The QF process can appear in two basically different ways:
i) the simultaneous creation of two LCPs in the act of fission (“true” QF) and ii) via a fast sequential decay
of a single but particle-unstable LCP in common ternary fission (“pseudo” QF). Experimentally the two
varieties of QF have been distinguished by exploiting the different patterns of angular correlations between
the two outgoing LCPs. The experiments described in the present paper are the first to demonstrate that
both types of reactions, true and pseudo QF, occur with quite comparable probabilities. As a new result
also, the kinetic-energy distributions related to the two processes have been shown to be significantly
different. For all QF reactions which could be explored, the yields for 2*?Cf(sf) were found to be roughly
by an order of magnitude larger than the yields found in the ?*3*U(ngy, f) and ***U(ng, f) reactions. An
interesting by-product has been the measurement of yields of excited LCPs which allows to deduce nuclear
temperatures at scission by comparison to the respective yields in the ground state.

PACS. 25.85.Ec Neutron-induced fission — 25.85.Ca Spontaneous fission — 24.75.+i General properties of
fission — 29.30.Ep Charged-particle spectroscopy

1 Introduction

Usually fission of actinide nuclei proceeds by decay into
two fragments of comparable size. With probabilities at
the level of 1073 /fission, a third, in most cases light
charged particle (LCP) accompanies the customary fis-
sion fragments. The process is called ternary fission (TF).
In about 87% of TF events an energetic a-particle with
a mean energy of about 16 MeV shows up. Helium iso-
topes (458He) and hydrogen isotopes (123H) contribute
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nearly 97% of the total TF yield, heavier LCP species be-
ing emitted very rarely [1,2]. There is ample evidence from
experiment, and also from theory, that by far the majority
of LCPs are born right at scission in the neck region of the
nascent fission fragments. Thus, although being a rather
rare process, the study of TF provides the experimentalist
with one of the few means to explore the behaviour of the
fissioning system near scission.

An even rarer particle-accompanied fission mode with
probabilities down to the level of 1076 /fission and below
is quaternary fission (QF). Here, a pair of LCPs is emit-
ted apparently simultaneously in one single fission event.
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Probably due to the low yields, QF has been barely stud-
ied in the past. Only a few experiments are known from
the literature both for thermal-neutron—induced fission of
2351 [3,4], and spontaneous fission of 252Cf and 248Cm [5,
6]. As regards the theory of QF as a generalization of TF,
it has been conjectured that the Rayleigh instability of
cylinder-like necks may lead to QF for sufficiently heavy
nuclei like the actinides [7]. In a different approach the
probability of multi-cluster-accompanied fission has been
postulated from inspecting the energetics of scission con-
figurations with several clusters in the neck region at a
time [8].

Quaternary fission is observed in experiment as a co-
incidence between two light charged particles (and two
fission fragments) in separate detectors. Up to now only
a-particles and H-isotopes could be identified in QF, i.e.
precisely those light nuclei which are also the most abun-
dant LCPs in TF. However, the timing capabilities of de-
tectors do not allow to distinguish between the simulta-
neous creation of two LCPs in the act of fission (“true”
QF) and the fast sequential decay of a single but particle-
unstable LCP in common TF. Very similar to the neutron-
unstable LCPs 5He, "He and 8Li*(2nd excited state) which
have been traced recently [9] and which disintegrate into a
charged particle and a neutron before reaching the detec-
tors, there exist also particle-unstable LCPs decaying with
short lifetimes into charged-particle pairs [10]. In the lat-
ter case a basically ternary event turns quaternary in a se-
quential process and is registered as such. This process has
been called “pseudo” QF [11]. The most prominent exam-
ple of pseudo QF is the formation of a primary ®Be, either
in its ground state or in excited states, and its subsequent
decay into two secondary «’s. Similarly, pseudo («, t) QF
has been detected which is attributed to the decay of "Li*
when it is born in its 2nd excited state, as already conjec-
tured by N. Feather in 1974 [12]. For “Li the ground and
1st excited state are particle-stable and cannot mimic QF.

The experiments to be reported in the following have
made use of quite different approaches for studying QF
in the spontaneous fission of 2°2Cf, on the one hand, and
in the neutron-induced fission reactions 233235U (nyy,, f), on
the other hand. In both sets of measurements the yields of
several QF reactions and the kinetic-energy distributions
of the corresponding LCPs have been obtained. Experi-
mentally the two varieties of QF have been distinguished
by exploiting the different patterns of angular correlations
between the two outgoing LCPs.

2 Quaternary fission in 252Cf(sf)
2.1 Experiment

Quaternary fission in the spontaneous decay of 2°2Cf(sf)
was studied with a detector assembly which is sketched
in fig. 1. A 252Cf source with a diameter of 3 mm and
having a strength of about 5000 fissions/s was viewed by
a set of eight AE-F,. Si diode telescopes for detection
and identification of LCPs. The active area per telescope
was 1 cm? and all telescopes together subtended a solid
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Fig. 1. Experimental setup for measuring (a-a) and (a-t) co-
incidences in 252Cf(sf).

angle of about 20%. The 12 um thick AE detectors were
made from CHICSI-type chips from SINTEF, Trondheim,
Norway, and the 380 pm thick F . detectors from SFH
871 chips from SIEMENS, Miinchen, Germany. The 22Cf
source was covered on both sides with a 1 mg/cm? Ni
foil. An additional 20 pum thick kapton foil of spherical
shape was placed around the source for protecting the
telescopes from being hit by fission fragments and the
30 times more frequent 6.1 MeV a-particles from the ra-
dioactive decay of 2°2Cf. Fission fragments were hence not
recorded. The spherical shape of the kapton foil was cho-
sen in order to minimize the variation of the energy cut-
off with detection angle. The whole setup was placed in a
closed chamber filled with nitrogen gas of regulated pres-
sure. The gas served as a further “variable thickness” ab-
sorber for fine adjustment of the discriminator thresholds
for the detection of LCPs. The tuning of the threshold
levels is crucial to set thresholds as low as possible but
avoid interference between the LCPs and the a-particles
from a-radioactivity in the AFE detectors.

A sample AE-FE,. spectrum of LCPs measured with
one of the eight telescopes is shown in fig. 2. The telescopes
permit a clean separation of LCP nuclear charges. As re-
gards the energy spectra, the lowest energy of a-particles
to reach the F,.s detectors is 8 MeV. The ternary « spec-
trum used in the present work for normalisation includes
the small contributions from ®He and ®He LCPs which
were not fully separated from the a-particles (= 3%
and =~ 0.2%, respectively), and also the contribution of
17% due to residual a-particles from the neutron decay
of ternary 5He, as recently confirmed in ref. [9]. As for
the H-isotopes, triton events extracted from the AE-FE,.qg
scatter plots (see fig. 2) are well separated from protons
but contain a minor contamination due to deuterons. How-
ever, in previous work it was reported that in QF tri-
tons, deuterons and protons come in the ratios 87% : 3% :
10% [5]. Compared to the abundances of H-isotopes from
the ternary decay in 252Cf(sf) with ratios t : d : p = 76% :
6% : 18% [13,14], it appears that the relative yields are
quite similar in TF and QF. The contamination is, hence,
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Fig. 2. AFE-FE\est patterns from ternary LCPs in 252(Cf. The
contour lines define the identification windows used for the
analysis. The weak (=~ 3%) patterns of ternary ®®He LCPs
visible above the dominant a-particle component have not been
treated separately (see text).

indeed negligible. In the triton spectra there is an upper
limit of 11.5 MeV for full energy registration which is due
to the thickness of the silicon detectors.

2.2 Evaluation

In four weeks of measuring time a total of 255 (o, «) and
37 (av, t) coincidences were registered within a narrow time
window of 10 ns, random coincidences being negligibly
rare.

The detector geometry chosen permits to cover a wide
angular range between 16° and 180° for the mutual open-
ing angles & between two measured LCPs. The lower value
of 16° comes from the detector frames. The 8 telescopes al-
low to assign 7 values for the mean opening angle between
the LCPs from a pair. Angular distributions measured for
(o, @) and (a, t) coincidences are on display in fig. 3. For
convenience the double LCP events have been collected in
the figure in a histogram, the histogram bars being placed
at average angles corresponding to the opening angle be-
tween the centres of telescope surfaces as seen from the
target, while the height of the bars give the number of
counts observed. It should be noted that, first, the small-
est average opening angle as just defined is about 50° and,
second, the angular spread covered by any combination of
detectors is considerably wider than the width of the his-
togram bars in the figure. The present data on angular
distributions are in close agreement with the early work
of Kataria et al. [5].

The distributions of relative angles between two
a-particles for 252Cf(sf) shown in fig. 3 point to an an-
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Fig. 3. Distribution of opening angles between two LCPs from
quaternary fission of 2°2Cf. Left: (o, a) coincidences, right:
(e, t) coincidences. The angle § denotes the angles as seen
from the target centre to the centres of a pair of detectors
registering two LCPs.

gular correlation which is independent of the angle for
opening angles § larger than some 60°. This feature is
taken as the fingerprint for the independent emission of
two a-particles and is, hence, identified as true quater-
nary fission. At smaller mutual angles there is a clear en-
hancement in the probability of emission of two a-particles
which indicates the presence of a second component of QF.
The pronounced correlation in angle is traced to the decay
of 8Be, which is particle unstable even in its ground state.
An enhancement in the coincidence rate at smaller angles
0 is observed in fig. 3 also for (o, t) pairs. Here it is the
decay of "Li* from an excited state which introduces the
close correlation in angles.

In the decay of ®Be from the ground state, the compar-
atively long half-life (T ), = 0.07 fs) together with the low
Q-value of the reaction (@ = 0.092 MeV) lead to a very
narrow angular correlation between the two «o’s. Calcula-
tions simulating the kinematics of the decay have yielded a
maximum opening angle dy,ax of 8°, at the average kinetic
energy of 8Be. Since the smallest angle for detection of an
« pair in neighbouring detectors is 6 = 16°, it is evident
that in the Cf experiment only the decay from excited
states of ®Be can contribute to the observed enhancement
at angles 6 < 60°. Thus, the measured pseudo (a, a) QF
has to be attributed to the sequential decay of the short-
lived 27 first excited state in 8Be at E* = 3.04 MeV
(Tyj2 = 3-1072% 5; Q = 3.13 MeV). In that case, sim-
ulation calculations have yielded a significantly broader
distribution of opening angles which matches with high
probability the angular range covered by the setup. A sim-
ilar observation holds for the decay of “Li* from the 2nd
excited state at E* = 4.63 MeV (T, =4.9-1072! ; Q =
2.16 MeV). Contributions from higher-lying states than
those quoted can be safely ruled out for ®Be, while for “Li
the 3rd excited state at E* = 6.68 MeV may be responsi-
ble for an estimated 10% of the total («, t) decay observed.

The kinetic energies of all LCPs were deduced from the
measured F,qs pulse heights. They had to be corrected for
energy losses in the absorbers in front of the telescopes and
in the AF detectors. The « energy spectra from («, «) co-
incidences for instantaneous and sequential QF are shown
in fig. 4. The two variants of QF were disentangled by first
gating on those events in fig. 3 (left pattern) with opening
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Fig. 4. Energy spectra of a-particles (corrected for energy
losses) from true (o, «) (left panel) and pseudo (o, «) (right
panel) quaternary fission of *>Cf. Solid and dashed lines are
Gaussian fits to the data. The ternary o spectrum for 2°2Cf is
given as the dotted line. Experimental spectra are truncated
by the low-energy cut-off of the detectors at 8 MeV.

angles & > 60° between the two a’s to find the spectrum
of both a-particles related with true QF. The spectrum
is shown in the left pattern of fig. 4. The « spectrum
from pseudo QF was deduced from coincidence events with
opening angles § < 60°. Here, a-particles from true QF,
taken to be isotropic and hence contributing equally to
all angles, were subtracted after solid-angle normalisation.
The resulting spectrum which corresponds to sequential
QF with an intermediate 8Be* is plotted in the right pat-
tern of fig. 4. Both spectra have been fitted by Gaussians
(solid and dashed curves). The spectrum of ternary a-
particles from 22Cf(sf) is given for comparison (dotted
curve). As seen from the figure and the numerical val-
ues given in table 1, a-particles from (a, a) coincidences
in QF have lower energies than those from ternary de-
cays. This finding is in agreement with former data from
refs. [4,5]. The a-particles assigned to pseudo (o, a) QF
via the decay of 8Be* (right figure) have even significantly
lower energies than those from true (a, o) QF.

The yield of true (o, o) QF was determined for the
full energy distribution, shown as a Gaussian in fig. 4, by
extrapolating the angular distribution from data at open-
ing angles § > 60° to the full angular range. Furthermore,
corrections from a Monte Carlo calculation were applied
for the probability of double hits in the same telescope.
Similar calculations were undertaken for the yield of pro-
ducing ®Be* in its 1st excited state. In the yield calcula-
tion it was assumed that the LCP pairs from both true QF
and 8Be* pseudo QF, are born right at scission in between
the nascent fission fragments and are, as the LCPs in TF,
subject to strong focussing in the fragment Coulomb field.
Emission of the LCP pairs thus occurs at polar angles
around 90° with respect to the fission axis. An analysis
of the (o, t) coincidences (right panel of fig. 3) was made
following the same lines. The resulting yields for both the
true (o, t) QF and the sequential decay of “Li* in the 2nd
excited state are included in table 1.

As explained, the yield of ®Be formed in its ground
state could not be observed in the angular correlation data
and had, therefore, to be determined indirectly in the fol-
lowing way. The two a-particles from the ground-state
decay of 8Be hit with a probability close to 80% the same
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Fig. 5. Decomposition of the F,est spectrum gated on the
AE-FE patterns for Li LCPs (data points). Dashed line: ternary
Li spectrum. Dotted line: sum spectrum from the two a-
particles from the decay of the ®Be(g.s.) decay. Solid line: sum
of both contributions. The cut-off energies are 17 MeV for Li,
and 8 MeV for a-particles.

telescope. In 20% of all cases only one a-particle impinges
on a detector and the second « is lost. As brought to ev-
idence in the AF-F,q scatter plot of fig. 2, the double
« hits in a detector telescope should add up as an ad-
mixture to the pattern for the Li LCPs. In the evaluation
an attempt was, hence, made to disentangle these double
a events from Li LCPs. As on display in fig. 5, the mea-
sured Eqs spectrum in the evaluation window for Li was
fitted with a superposition of the sum spectrum of two
a-particles from ®Be decay and the energy spectrum of
Li-LCPs known from other experiments [14,15]. Both the
two—a-particle sum spectrum and the Li spectrum were
corrected for energy losses in absorbers and AE detectors.
The mean energy of fully accelerated ®Be was assumed to
be 20 MeV before decay and, accordingly, a mean energy
of 10 MeV was adopted for each of the two a-particles.
The mean energy of 20 MeV for ®Be is deduced by ex-
trapolating known average energies for the heavier stable
ternary Be-isotopes, the experimental data being corrob-
orated by trajectory calculations [16]. The fractional yield
for 8Be(g.s.) found in this way is liable to large systematic
errors which are estimated to be at least 50%. The main
uncertainty is introduced by the energy loss corrections
and the not precisely known ternary ®Be and Li energies
and spectral widths.

A summary of results on yields is given in table 1.
The yield for true («,a) QF, when calculated relative to
binary fission, is (1.0 £ 0.3) - 107°, in fair agreement with
(1.5+0.5)-107° from the work of Kataria et al. [5], where
an angular distribution similar to that shown in fig. 3 was
measured but an admixture from 8Be* was disregarded
in the analysis. The present yields for true (o, @) QF and
sequential ®Be* decay sum up to (1.7 &+ 0.6) - 107°, still
in agreement with ref. [5]. On the other hand, the present
result is larger by a factor of (3 + 1) compared to the
former work of Fomichev et al. [6].

The present analysis might be upgraded by perform-
ing trajectory calculations of the four-body kinematics.
Hopefully these calculations should also give insight into
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PIN- diodes

Fig. 6. Experimental setup for measuring of (a-«) and
(a-t) coincidences in 23%35U(ny,, f) installed at the high-
intensity neutron beam PF1 at the ILL Grenoble, France.

the different starting conditions at scission which lead to
the differences in the kinetic energies of a-particles in the
ternary- and quaternary-fission modes. As regards a more
direct and more accurate value for the fractional yield
of 8Be in its ground state a new experiment is planned.
Besides a stronger Cf source, the method of pulse-shape
discrimination in F e Si detectors made from raw ma-
terial with resistivity profiles of better homogeneity than
available for the present study will be applied [17]. The
aim is to distinguish between signals from two a-particles
hitting in coincidence the same telescope and signals from
Li particles by exploiting their different rise times. This
technique was successfully applied in the search of QF
in U(ny,, ) reactions as demonstrated in the following
sections.

3 Quaternary fission in 233235U(ny,, f)

3.1 Experiment

Studies of the fission reactions 23%235U(nyy, f) were per-
formed in a cold polarised neutron beam of the High Flux
Reactor of the Institut Laue-Langevin in Grenoble. In par-
allel to the measurement of asymmetries and correlations
of fission fragment and ternary-particle angular distribu-
tions relative to neutron spin [18,19], also quaternary fis-
sion was observed. While the neutron spin of the polarised
neutron beam was flipped every second for these studies,
quaternary data were taken irrespective of neutron spin
orientation. The layout of the experiment is sketched in
fig. 6. Under neutron bombardment the fissile U targets,
either highly enriched 233U or 23°U, emit fission fragments
which are intercepted by multi-wire proportional counters
labelled MWPC in the figure. For the detection of LCPs
from TF and QF two arrays of silicon PIN diodes were
placed at right angles to both the neutron beam and the
fission axis. Since for the majority of LCPs the emission
angles 6 between fragments and LCPs are known to be
very nearly perpendicular, this arrangement optimises the
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chance to observe TF and/or QF in coincidence between
fragments and LCPs. Each of the two arrays consisted
of 16 diodes, made of SFH 872 chips from SIEMENS,
Miinchen, Germany. The 380 pum thick fully depleted de-
tectors, 3 x 3cm? in size, were mounted in a quadratic
frame with the n™ rear side facing the source. Particle
identification in the semiconductor detectors was based
on the analysis of rise times of the current pulses. With
injection of the ions from the rear side of the diodes the
separation of a-particles from the hydrogen isotopes was
perfect. The electronics, in particular the design of spe-
cially developed preamplifiers and timing filter amplifiers
is described in ref. [17]. Due to the ranges of H-isotopes
exceeding in many cases the thickness of the detectors, it
was not possible to distinguish in all cases between tri-
tons and deuterons. As already outlined in sect. 2.1, in
the reaction 252Cf(sf) it is known that the tritons carry
almost 80% of the yield of H-isotopes, both in TF and
QF. A similar predominance of tritons is also known from
TF in the U reactions under study here. Alike for the Cf
experiment, the detectors had to be shielded from fission
fragments and a-particles from radioactive decay in order
to avoid damage from too high ion doses. An aluminium
foil used for this purpose necessarily entails a low-energy
cut-off in the kinetic-energy spectrum of LCPs.

With a beam intensity of 6 - 10% neutrons/(s - cm?)
a binary fission rate of more than 10° fission events/s
was achieved, while the diode arrays registered almost 103
ternary particles/s. Quaternary events are spotted as coin-
cident signals in two PIN diodes. The installation of arrays
on either side of the target together with their high granu-
larity allows to study quaternary-fission events with small
and large opening angles § between the two LCPs. Small
opening angles are obtained for two LCPs hitting the same
array, while large opening angles correspond to hits in op-
posite arrays. It could be shown that a safe recognition
of quaternary fission is feasible by inspecting merely the
coincidences in the PIN diodes from the two arrays. There-
fore, to further improve the statistics, in the evaluation of
quaternary data all events with a 2-fold coincidence in the
diode arrays were taken into account without insisting on
a coincidence with fission fragments.

3.2 Evaluation

For U targets with some 5 mg of fissile material about
7.5-10% and 1.5 - 10* quaternary events from fission of
234U* and 236U*, respectively, were registered in 6 weeks
of measuring time. Particle identification enabled to sort
the data into 3 categories: (o, «), (o, H-isotope) and (H-
isotope, H-isotope). By far, in most cases, two a-particles
are observed in QF. On the other hand, the count rates in
the third category were too low to warrant further eval-
uation. In the following only results from the first two
categories are reported.

Evidence for QF is observed in the time spectrum of
coincident events in two different LCP detectors. In fig. 7
the time distribution between successive hits in two PIN
diodes of either the same array (left panel) or opposite ar-
rays (right panel) is given for the reaction 23>U(n, f). The
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Fig. 7. Coincidence spectra of double hits. Left: same array.
Right: opposite arrays.

peaks with a half-width of a few ns are the signature for
QF. The half-width is larger than the electronic timing
resolution due to both the different flight paths from the
target to the individual diodes, and the different velocities
of the LCPs. While the rates of background coincidences
outside the peak region in the figure are very much the
same for double hits in the same array or in opposite ar-
rays, the number of true coincidences in the peaks is ev-
idently much larger for events in one and the same array
(left panel). This directly points to a strong component
in QF where two LCPs are correlated with narrow open-
ing angles § between the two flight paths. These events
are attributed to sequential QF with a ternary short-lived
LCP in the intermediate state decaying well before reach-
ing the detectors. As already outlined in the introduction,
the LCPs in question are ®Be and ®Be* in the ground and
1st excited state contributing to (a, a) events, and “Li*
in the 2nd state in the (o, H-isotope) category.

When analysing the distribution of opening angles §
between two coincident a-particles it is indeed found that
at small angles § the yields are enhanced. For the two
U(n,f) reactions studied the distributions are very sim-
ilar. The & distribution for QF of 234U* is displayed in
fig. 8. The histogram bars indicate the opening angles &
between the midpoints of the diodes as seen from the cen-
tre of the target, and the heights of the bars correspond to
the count rates observed per solid angle. Due to the setup
of the detectors chosen (fig. 6) not all § angles were acces-
sible to experiment. The group at smaller angles § < 90°
corresponds to coincident events within the same detec-
tor array, while, for § > 90°, detectors in opposite arrays
have registered such an event. The angular acceptance of
each diode is around 8°, on the average, i.e. wider than
the bars as shown in the figure.

The distributions of relative angles § between the two
a-particles shown in fig. 8 for 233U(n, f) and those in fig. 3
for 252Cf(sf) complement each other in pointing to en-
hanced yields for pseudo QF at small relative angles § and
an isotropic distribution for true QF at the larger angles.
But, in contrast to the angular distribution measured for
252(f, the higher granularity of the detectors for U(n, )
permits to capture, with some probability, also pseudo QF
via the decay of the ®Be ground state. The yields for true
QF enter as a correction to the yields of double events
from the same diode array where both versions of QF con-
tribute. Subtracting from the measured yields for § < 90°
the extrapolated yields from § > 90° due to true QF, fi-
nally the yields for pseudo QF are obtained.
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quaternary («, «) fission. Open circles: raw data. Full circles:
data corrected for counting losses (see text). Continuous curve:
Gaussian fit to the data. Dash-dotted line: energy spectrum of
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Kinetic-energy distributions of a-particles from true
and pseudo QF with two a-particles in the exit channel
from 233U(nyy, f) are on display in fig. 9 in the left and
right panel, respectively. All data were corrected for en-
ergy losses in the target backings and the protecting Al
foils in front of the diodes. The open points represent mea-
sured data, while for the full points corrections for count-
ing losses were taken into account. In true QF the major
losses arise due to the protecting Al foil in front of the PIN
diodes which introduce a cut-off threshold in the energy
spectrum. Since with the experimental setup of fig. 6 the
LCPs enter the detectors under various angles, the energy
threshold is not a simple step function. Instead, a correc-
tion factor depending on energy had to be calculated by
a Monte Carlo simulation. For pseudo QF the corrections
are more delicate. Additional substantial losses are here
due to events from the decay of intermediate ternary LCPs
with very narrow opening angles § and where, therefore,
an important fraction enters the same diode. Although
this effect is less pronounced in the uranium data than
for 252Cf (see sect. 2.2), more than half of the events
from pseudo (a, «) QF are lost that way and a correction
for these “hidden” events had to be performed. The cor-
rections were based on a Monte Carlo simulation of the
patterns of distributions for the angle § which traced the
decay and its detection. For pseudo quaternary («, «) fis-
sion, simulation calculations were pursued with summing
up the decays from both the ®Be ground state and ®Be* 1st
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excited state. Thus, no effort has been made to separate
the QF modes related to the decays of the two 8Be states.

As seen in the right panel of fig. 9 the corrections for
pseudo QF were pursued only for energies above 13 MeV,
where threshold corrections no longer apply. The thin full
lines in fig. 9 are Gaussians fitted to the corrected data.
In the fitting procedure it was assumed that the energy
distributions of the light particles extend to zero energy
both in simultaneous and sequential quaternary decay. For
ternary-fission spectra this is well known to be the case.
For the present fits a yield of 2% of the maximum yield
was imposed at zero LCP energy. Especially for sequen-
tial QF it is evident from the right panel in the figure that
for the determination of yields a sizable uncertainty is in-
troduced when the energy distribution has to be extrapo-
lated to zero energy for taking into account all QF events.
The resulting averages and variances of the distributions
were calculated from the Gaussians. The results are sum-
marised for all reactions measured in table 1. It is worth-
while to note that the data in fig. 9 exhibit a clear shift
in the energies with a-particles from pseudo QF having
lower energies than from true QF. Thus, the energy dis-
tributions of a-particles shown in fig. 9 for 233U(n, f) and
those in fig. 4 for 252Cf(sf) closely complement each other.

Alike for 2°2Cf, the yield of true (a, o) QF was deter-
mined for the full energy distribution, shown as a Gaus-
sian in fig. 9, and by extrapolating the angular distribution
shown in fig. 8 from the data at opening angles § > 60°
to the full angular range. Subtracting from the measured
yields for § < 90° the extrapolated yields from § > 90° due
to true QF, finally the yields for pseudo QF are obtained.
A summary of results on yields is given in table 1.

For thermal-neutron—induced reactions only two ex-
periments have become known in the literature which were
restricted to the reaction 23°U(ngy, f). In the first exper-
iment the yield of ®Be was measured [3]. From 33 ®Be
events observed, the total yield for sequential quaternary
fission was calculated to be 10~7 per fission. This figure
is in agreement with (1.4 + 0.4) x10~7 from the present
work when normalising the measured QF yield to binary
fission. Also the average energy of 20 MeV reported for
8Be is in line with the average « energies of 9.9(10) MeV
for each of the two decay a-particles as found here (see
table 1). Unfortunately, however, the experimental setup
used in ref. [3] did not allow to separately detect the simul-
taneous emission of two a-particles from true quaternary
fission and, thus, a mixture of the two QF modes was
observed. In this respect the second experiment was com-
plementary since there only true quaternary fission could
be spotted [4]. The yield for the sum of true (a + ) and
(o + H-isotope) quaternary decay was evaluated to be
1.0(1)x 1075 per fission, while from the present study a
sum of yields of 0.6(2) x10~7 per fission emerges. These
results are, hence, in conflict.

4 Results and discussion

The main parameters of the energy distributions of a-
particles (mean value (E,) and FWHM) along with the
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yields for the different types of decay modes studied in the
present work are summarised in table 1 for the three re-
actions, 233U (ngy, f), 235U (ny, f) and 2°2Cf(sf). The data
for ternary fission accompanied by a-particles, “Li and
10Be are included in the table for comparison. Attention
is drawn to the fact that the yields are given relative to
10* ternary a-particles in each fissioning system. It should
be stressed that for each of the reactions, the energy and
yield data in table 1 have been obtained for the first time
in one and the same experiment for the two competing
modes of simultaneous and sequential decay.

As to the energy distribution of a-particles in table 1
it is remarkable that for the three reactions under study
both the mean values (E,) and the widths FWHM, are
very similar to each other for any of the decay modes in TF
or QF. However, compared to the a energies from ternary
decay, it is apparent that for simultaneous (¢, ) QF and
for the residual a’s from sequential ®Be decay the aver-
age energies are down by about 2-3 MeV and about 6-7
MeV, respectively. The smaller energies in the case of true
QF may indicate that, on average, the deformation of the
scission configuration is larger and the main fragments are
farther apart in QF than in TF. Indeed, for fragments far-
ther apart, the Coulomb forces accelerating the a-particles
will be smaller. Since in QF two a-particles have to be
accommodated in the neck region between the two main
fission fragments, larger overall deformations and, hence,
lower kinetic energies are quite understandable. As to the
a energies from 8Be and 8Be* decay, their still lower en-
ergies are nevertheless in line with the average energy of
about 20 MeV to be expected for a ®Be(g.s.) particle prior
to decay, as estimated from the systematics for the heavier
9:10,11,12Be T,CPs known for the reaction 23°U(ngy, f) [16,
1]. On average, therefore, each of the two a-particles
should carry some 10 MeV of average kinetic energy.

Before starting the discussion of yields a particularity
in the interpretation of the 8Be yields has to be noted.
Among the Be-isotopes also ?Be is generated as a ternary
particle. In its ground state °Be is stable. But Be has
several low-lying and short-lived excited states which may
either decay by =y emission or neutron emission. In case of
neutron decay of "Be the isotope 8Be is formed. If now in
TF °Be is not only produced in its ground state but also
in excited states, there will be a certain side-feeding of
8Be which in experiment cannot be disentangled from the
“genuinely” ternary 8Be. The amount of side-feeding is not
readily assessed but could be quite sizable. For instance,
assuming that at scission the nucleus has a temperature of
1 MeV, roughly half of the measured (®*Be + ®Be*) yield
could be due to side-feeding. This would lower the original
8Be yield to about half of the measured ones. This source
of systematic error is not considered in the yields given in
table 1 which, in the following, will be taken at face value
for discussion.

A salient feature in table 1 is the observation that,
for all different QF reactions which could be explored,
the yield for the 2°2Cf(sf) reaction is roughly by an or-
der of magnitude larger than the yields found in the two
23U (ngn, f) and 235U(ngy,, f) reactions. The difference in
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Table 1. Spectral parameters and fractional yields of the different QF modes, in 2*3?3°U(n¢y, f) and 2°2Cf(sf). The yields for
10Be and the ground state of “Li are average values from literature data. All yields are normalised to 10* ternary a-particles in

each reaction.

23U (ngn, ) 50U (ngn, ) 20 (sf)
Decay mode (Ea) FWHM  Yield per (Eo) FWHM  Yield per (Eo) FWHM  Yield per
(MeV) (MeV) 10* TF o’s | (MeV) (MeV) 10* TF o’s | (MeV) (MeV) 10* TF o’s
a TF | 15.7(6)  9.8(6) 10* 15.5(6)  9.8(6) 10* 15.9(6) 11.3(6) 10*
(o, @) QF | 12.9(8) 10.9(8)  0.41(13) | 13.0(8) 10.9(8)  0.32(10) | 13.7(8)  9.8(6) 3(1)
®Be(g.s.) QF 10® 10® 10(6)
8Be* QF 11.2(8)  10.0(8) 2(1)
2%Be,®Be”  QF | 9.0(10) 8.9(10)  0.94(30) | 9.9(10) 8.3(10)  0.83(30)
19Be TF 43(3) 30(2) 140(15)®
(a, t) QF | 12(2) 9(1) 0.03(1) 12(2) 9(1) 0.03(1) 0.4(1)
Li* QF | 11(2) 9(1) 0.03(1) 11(2) 9(1) 0.04(1) 0.3(1)
"Li TF 4.4(7) 4.1(3) 17(4)

(a) Fixed in the fitting routine (see text).
(b) Calculated as 80% of the measured total Be yield.

the QF yields for the heavier nucleus 2°2Cf compared
to the two lighter 234236 U*.isotopes becomes even more
pronounced when the yields are normalised to binary fis-
sion. The ternary a-particle yields for the reactions un-
der study have been reported as 3.3 -1073, 2.1 -1073, and
1.7 1073, for 252Cf, 234U*, and 236U*, respectively. When
normalised to binary fission, the enhancement of QF in
22Cf(sf) is found to be in excess of an order of mag-
nitude. Recalling the systematics of ternary-fission yields
(e.g., ref. [20]) for fissioning compounds of increasing mass
(or charge or fissility), the higher QF yields for 252Cf are
not surprising. Indeed, the heavier the compound nucleus
is, the larger become the yields for ternary particles of
increasing mass. Let us consider the ratio of yields for
ternary '°Be and a-particle as an example. From table 1 it
is read that these ratios relative to 10* a’s are 140 : 43 : 30,
for 252Cf : 234U* : 236U*, Scaled to yields per fission one
finds 19Be yields of 460 : 90 : 51. Since for 22Cf no isotopic
Be yields are available from experiment, the yield for 19Be
was estimated as & 80% of the measured yield for all beryl-
lium LCPs [15,21]. An enhanced probability of heavier ac-
tinides for emitting a larger number of nucleons as light
particles is, hence, a feature which is shared by ternary and
quaternary fission. A lesson to be learned from this obser-
vation is that a search for quaternary fission with ejectiles
heavier than a-particles or for “quinary” fission with three
lighter particles accompanying the main fragments should
be more successful for heavy compound nuclei.

For true QF an interesting point is to confront the in-
stantaneous (o, ) yield to the square of the « yield from
TF. The idea behind is that possibly the two «’s from
the (a, ) decay in QF are simply due to the independent
emission of a-particles from both the light and the heavy
fragment. For 2°2Cf(sf) the ratio of the (o, o) QF yield
to the square of the « yield in TF is about 1 : 10, while
for the two U(ngy,, f) reactions this ratio is about 1 : 100.
Especially the result for the U reactions clearly demon-
strates that quaternary fission is a new and independent
phenomenon not linked to a multiple ternary process.

For pseudo QF mediated by ®Be it is apparent from
table 1 that the ratio of ternary yields Y(!°Be)/Y(®Be)
varies smoothly for the three reactions under study. For
22(Cf(sf), 233U (ngp, f) and 235U (ngy,, f) one finds values for
the ratio Y(1°Be)/Y(®Be) of about 12, 46 and 36, respec-
tively, while the absolute yields are largely different. Con-
spicuously the ®Be yields are for all reactions studied at
least one order of magnitude lower than the °Be yields.
The low ®Be yields are most remarkable since Q-values
having been calculated for the three reactions at hand are
definitely larger for ternary fission with 8Be than with
10Be as the ternary light particle [22]. The difference in
emission probability tells that it may be ambiguous to rely
exclusively on @-values for predicting LCP yields. The
experimental values for the 8Be/!°Be yield ratio could,
hence, become a cornerstone for testing any theory of
ternary fission.

It should further be tempting to exploit from the data
for 292Cf(sf) in table 1 the ratios of yields for ®Be in its
ground state and its first excited state at 3.04 MeV. From
the Boltzmann factor for this ratio a temperature could be
deduced [23]. However, as already explained, the possibly
large but not well-known amount of side-feeding by “Be*
in excited states contributing to the production of ®Be is
unfortunately spoiling this thermometer of the nucleus at
scission.

Addressing quaternary fission with two main frag-
ments, an a-particle and a triton, the first remark to be
made when inspecting table 1 is that the yields for true («,
t) QF are down by roughly an order of magnitude com-
pared to the (o, «) case. Stated otherwise, the ratio of QF
yields is Y(o, t)/Y (o, ) ~ 10%. In ternary fission the ra-
tio of triton to « yields, e.g. for 233U (ng, f), is Y(t)/Y ()
~ 5% and, hence, the two ratios from QF and TF are
very close to each other. But in contrast to the (a, «)
case, where true (o, o) QF and ®Be-accompanied TF have
probabilities quite close to each other, in the (a, t) case
the probabilities for (a, t) QF and "Li-accompanied TF
are largely different. The yield ratios Y(a, t)/Y("Li) are
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found in table 1 to be 2.3% and 0.7% for the reactions
22Cf (sf) and 233:235U (nyy, f), respectively. If it is allowed
to apply an energy argument in case the nucleons involved
are identical to estimate the ratio of reaction probabilities,
then the differences in energy for (o, ) <> 8Be on the one
hand, and (a, t) < Li on the other hand, should play a
decisive role. In the (o, «) case one has to point to the
near degeneracy of the (o, «) pair and ®Be, where the en-
ergy gain in the decay of 8Be — (a, «) is only 92 keV.
By contrast, in the (a, t) case the rest energy of “Li is
by 2.47 MeV lower than for the («, t) pair. Hence, en-
ergy considerations could explain both, the near equality
of (ar, ) and ®Be yields in QF and TF, respectively, and
the markedly favoured yield of “Li in TF compared to the
(o, t) yield in QF.

Finally, very useful quantities carrying interesting
information prove to be the yields measured for "Li*.
In its second excited state at an excitation energy
E* = 4.63 MeV, the nucleus decays with a half-life of
4.9-1072' s to (a + t) and becomes accessible to obser-
vation as sequential QF. Contrary to ®Be (see discussion
above) there is no reaction in ternary fission which by
side-feeding could contribute substantially to the yields of
both “Li in its ground state or excited state. Also contri-
butions from decays into (a, p) or (a, d) which could not
be perfectly distinguished from («, t) should be negligible.
Therefore, the yields of "Li and 7Li* are “clean” and,
hence, ideally suited for applying the Boltzmann law to
find nuclear temperatures at scission [24]. The only draw-
back are the small yields for “Li* making measurements
difficult and introducing large error bars. Anyhow, taking
into account the proper spin factors for the two “Li
states in question, one calculates from the yields given in
table 1 the temperatures T' = 0.98(12) MeV for 2°2Cf(sf),
T = 0.80(9) MeV for 233U (ny, f) and T = 0.87(6) MeV
for 23°U(ng,f). In these calculations the contribution
by the third excited state of "Li at E* = 6.68 MeV has
been neglected because at the temperatures indicated its
contribution is less than 10%. Temperatures around 1
MeV for 22Cf(sf) have also been found from the yields
of 19Be* in its first excited state at E* = 3.37 MeV and
the ground-state yield of °Be [14,21]. The excited state
of 19Be decays to the ground state by ~ emission.
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