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V.G. Tishchenko*, U. Jahnke, C.-M. Herbach and D. Hilscher
Hahn-Mei'tner-Insti'tut, D- 1~109 Berlin, Germany

Abstract

Ternary and quaternary spontaneous decay of 252Cf was studied with the NESSI
detector, a combination of two 4r detectors for charged particles, neutrons and --
rays. The applied method of particle identification by measuring the energies and
relative time-of-flights of the decay products is shown to be very effective for the
study of rare decay modes. The energy and angular distributions of the decay
products, the associated neutron multiplicities, the total energy of the prompt --
radiation as well as correlations between the various observables were measured for
the first time in a single full-scale experiment. The characteristics of ternary fission
known from previous investigations are confirmed in the frame of a methodically
independent experiment. Preliminary estimates of the quaternary fission yield are
presented. An attempt is made to determine the mechanism of quaternary fission.

Introduction

Normally spontaneous fission of an atomic nucleus is a binary process, in which two heavy
fragments originate and, usually, a number of neutrons. Once in several hundred fissions, a
third charged particle (CP) is emitted along with two fission fragments. This phenomenon
was called charged particle accompanied fission or ternary fission. It was observed for the
first time in 1944 by Alvarez and later confirmed in Ref. [1]. Quite soon it became evident
that ternary particles originate mostly from the neck zone of the fissioning nucleus at the
very late stage of the fission process. Therefore an idea occurred to use ternary particles
as spectators of the nuclear fission process to probe the fission dynamics and the scission
configuration. A number of experiments were performed mostly driven by the hope to get
access with the help of ternary particles to intimate aspects of the nuclear fission process.
Enormous efforts were made to measure carefully the energy and angular distributions
of ternary particles, the mass and energy distributions of fission fragments as well as
correlations between various observables. Unfortunately, the achievement of the final goal
was connected with solution of the inverse three-body problem, significantly complicated
by the strong Coulomb interaction of ternary fragments, which destroys the primary

*Present address: Joint Institute for Nuclear Research, 141980 Dubna, Russia

1



information about the scission configuration. In spite of all efforts the final decision in
favor of a definite set of initial parameters has not been obtained so far.

Q uaternary fission is a potential source of additional information. Unfortunately,
this particular decay channel has an extremely low probability. For instance, for 2 52 Cf
it amounts to about- 2 x 10`6 with respect to binary fission. Such a low yield of
quaternary fission complicates significantly the task of experimental investigation of the
decay characteristics. To study such a rare phenomenon it is extremely desirable to have
a detection system with high geometric efficiency, if possible, close to 4. One of the
most important problems related to the design of 4wF detectors concerns the organization
of the time trigger for time-of-flight measurements of decay products. The introduction
of a separate start-detector reduces considerably the effective solid angle available for
particle detection. There are two ways to solve this problem. First of all, to construct a
high-aperture (close to 4) start detector. The present-day experimental technique has,
however, not made a big progress in this direction. The second possibility is to develop
proper experimental methods, which allow to replace effectively the start-detector. For
instance, the similar problem at the 4wr speedometer FOBOS has been solved by measuring
time-of-flights of decay products with respect to the radio-frequency of the cyclotron [2]. In
the NESSI experiments at the COSY accelerator in Jillich the problem with start-detector
was solved by setting up the start-detector out of the main experimental facility, directly
upstream in the beam [3]. Obviously, neither of this approaches can be used to study
spontaneously fissioning nuclei. One needs a completely new approach. Of coarse, one
could use the telescope-technique to identify ternary particles, which has been successfully
employed in many previous experiments. However, the disadvantage of telescopes is high

lower-energy thresholds, which increase rapidly with the charge of particle being identified.
Obviously, this approach does not meet our needs, since we would like to move forward
in the detection of heavy particles as far as possible. Here we came to another important
problem related to the experimental discovery of true ternary fission.

The history of experimental search for true ternary fission is not much shorter than
the history of nuclear fission itself. It was already in 1941 (three years after the discovery
of nuclear fission phenomena in 1938 by Hahin and Stassman [4]) when Present pointed
out that the decay of a heavy nucleus into three heavy fragments is even more favorable
energetically than binary fission [5]. Unfortunately, all experimental attempts failed to
discover true ternary fission in spontaneous and low-energy fission of actinides. Quite
possible, that the reason of failure was caused by inadequate experimental methods. For
instance, at the very beginning of investigations an attempt was made to detect ternary
fragments with the help of three semiconductor detectors, arranged at angles of 1200 With
respect to each other. The fragments of true ternary fission were believed to fly away at
angles of 1200. However, theoretical calculations performed in 1973 by Diehl and Greiner
in the frame of the liquid drop model demonstrated [6, 7], that the most preferable shape
of fissioning nucleus concerning the fission barrier is a collinear stretched configuration. It
is possible, that the central fragment will not gain too high kinetic energy due to the bal-
ancing of counteracting Coulomb forces of the outer fragments. Therefore, to detect such
a fragment one should use an experimental setup with low thresholds. Unfortunately,
this requirement was not even fulfilled in a recent experiment [8]. Thus, true ternary
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spontaneous fission cannot be excluded entirely and the experimental challenge to detect
such an exotic decay still exists. It is the aim of the present paper to test the experi-
mental method of ternary (and quaternary) particle identification based on time-of-flights
and kinetic energies of the decay products measured with a high-efficiency low-threshold
experimental setup.

The paper is organized as follows. A brief description of experimental setup is given
in the first section. The second section is devoted to the details of data processing and
the method of particle identification. The characteristics of ternary fission are analyzed
in the third section. The aim of this analysis is twofold. First of all, we would like to
compare the characteristics of ternary fission with the results from previous investigations
to make sure, that our data are free of significant methodical errors. On the other hand,
the confirmation of previous results in this methodically independent experiment is a
good test for absence of methodical errors in previous measurements. The second aim
is to analyze the range of application of our approach for particle identification. The
characteristics of quaternary fission are analyzed in the fourth section.

1 Experimental setup

The NESSI-detector NEutron Scintillator tank and SIlicon ball) consists of two 4irf detec-
tors, the Berlin Neutron Ball (BNB) [9] for neutron detection and the Berlin Silicon Ball
(BSiB) [10] for detection of charged particles. BNB is a spherical shell with an inner and
outer diameter of 40 cm and 140 cm, respectively, filled with a liquid gadolinium-loaded
scintillator. Fission neutrons are detected by slowing them down by elastic collisions
with H- and C-atoms and having them finally captured by gadolinium nuclei in about
10fts. The y-radiation cascade released from each capture event produces scintillations
which are detected by 24 fast photomnultipliers distributed on the outer surface of the
tank. This delayed light component is exploited to count the number of neutrons on an
event-by-event basis for each reaction. This number is the essential observable of the
BNB detector. The prompt component of the total BNB signal originates from prompt
-y-rays emitted from fission fragments. This component is exploited to measure the total
energy of the prompt -y-rays. The prompt component contains a small contribution of
the summed kinetic energy of all charged particles produced within the scintillator liquid
from the slowing down of neutrons. The light of those highly ionizing particles is strongly
quenched compared to low ionizing Compton scattered electrons from y-rays.

The silicon ball BSiB is centered around the target in the inner vacuum chamber (40 cm
diameter) of BNB3. BSiB consists of 162 silicon detectors (500 pim thick) arranged to a
sphere with a diameter of 20 cm. The I3SiB detector is optimized mainly for detection of
light charged-particles (LCPs) conventionally defined as particles with charges 1 < Z < 2.
In this experiment BSiB is used for detection of fission fragments as well. In the present
experiment 18 silicon detectors were missing for beam in/out, target system, TV-camera,
some defect detectors and 6 detectors replaced by telescopes with a special task for beam
experiments.

A weak 2 52 Cf source (- 30 fissions/s) on a thin (111 pAg/cm 2 ) nickel foil was used in the

3



experiment. Energy and time-of-flight with the reference to a common time trigger were
measured for each charged particle by BSiB. Time trigger in each event was generated by
the second detected charged particle. Therefore only the differences TDC, between time-
of-flight of fragments i and 2 were measured with respect to the second particle. Energy
calibration of silicon detectors was made using natural a-peaks from various a-sources,
241Am (E, = 5.49 MeV) and ThC, ThC (E,, 6.06 MeV and 8.78 MeV). The stability
of the electronics was controlled on-line by the position of natural a-line of 2 2 Cf. Only
events with multiplicity (number of detected charged particles) of two and greater were
recorded. A total number of 4 x 07 events of binary fission was collected during four
weeks of measurements.

2 Data analysis

The first important task is to identify the decay products. Usually, FFs in ternary fission
have the highest values of kinetic energy among all other decay products. Let us sort
particles in each event according to measured kinetic energies: E > 2 > Thus,
particles 1 and ~2 most probably are fission fragments. Their masses can be reconstructed
from measured energies applying momentum conservation and taking into account that
the total mass of detected fragments should be equal to the mass of the mother nucleus.
This task can be easily solved if the mass of ternary particle is known. On the other
hand, the identification of the ternary particle is the aim of the analysis. Therefore, let
us assume that the ternary particles is an alpha-particle, which is true for the dominating
majority of ternary fission events. Later we will check the validity of this assumption. If
this assumption turns out to be wrong, we will repeat the mass-reconstruction procedure
with another assumption about the type of ternary particle, until we get self-consisting
result. In principle, one could use the method of identification of fission fragments based
on the analysis of the angular correlation of the decay products. However, we found the
approach proposed above to be more efficient, since polar ternary particles and elastic
scattering of FFs make the angular analysis insufficient and more complicated.

Let us evaluate now the time-of-flights TOF1 and TOF2 of FFs from the thus recon-
structed values of their masses and kinetic energies. A parameter, proportional to the
time-of-flight of ternary (as well as quaternary) particles can be calculated in the following
manner:

TOF3 =TDC- (TOF1 - TDC1) + (TOF2 - TDC2)()
2

The correlation between the measured energy of the ternary particle E3 and the parameter
TOF3 is shown in Fig. la. Particles of various type can easily be identified with the help
of graphical cuts shown in Fig. lb. Here is the very same place where we can check the
validity of the assumptions made above. If the ternary particle hits a wrong window,
we repeat the mass reconstruction procedure with another assumptions concerning the
type of the ternary particle as well as the choice of candidates for fission fragments. The
matrix shown in Fig. la is the final result of such a self-consisting procedure.

The absolute calibration of parameter TOF3 has been done employing long-range
alpha particles (LRA). The correlation between parameter TOF3 and parameter TOFE:,
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Figure 2: (a) Correlation between time-of-flight of LRA TOE3 deduced from E-E analysis
of fission fragments (see formula 1) and time-of-flight TOFE calculated from the particle
energy; the solid line is the result of linear regression; (b) distribution of the difference of
two parameters; the solid line is the result of a Gaussian fit.

of mean the neutron multiplicity in binary fission used as standard is 17 = 3.77. The
deduced detection efficiency for neutrons is = 0.85.

The calibration of the gamma-response of BNB was made using binary-fission data.
The value of mean total energy of prompt y-rays for binary fission used as standard is
E = 7MeV.

3 Ternary fission

Let us now analyze the characteristics of various ternary decay modes identified with
the help of graphical cuts shown in Fig. lb. Among hydrogen isotopes (protons and

6



tritons) we are able to distinguish only non-punch-through particles. Estimated values of
punch-through energies of protons, deuterons, tritons, and a-particles amount to 8, 11,
13, and 33 MeV, respectively. Unfortunately, we are not able to distinguish among various
helium isotopes. However, it is well known, that helium isotopes in ternary fission are
overwhelmingly dominated by a-particles [12]. Therefore, with the help of the selection
window "He" (Fig. b) we select mainly a-particles. The well-pronounced component
marked by window "Ni" corresponds to events of elastic scattering of one of the fission
fragments on nickel nuclei from target backing.

3.1 LRA accompanied fission

Events of LRA accompanied fission were selected by window "He" in Fig. lb. The charac-
teristics of LRA accompanied fission are well-studied by now because of the comparatively
high yield of a-particles in spontaneous fission. Therefore, the comparison of our results
with the data from literature is a good test of the reliability of the employed approach
for particle identification.

3.1.1 The energy of LRAs

The energy spectrum of selected LRA particles is shown in Fig. 3. The contribution from
a-particles of spontaneous a-decay of ... Cf is strongly suppressed due to the employment
of the time-of-flight parameter for particle identification. A small contribution from ran-
dom coincidences with these particles is seen in the vicinity of the energy of 6.1 MeV. The
results of a Gaussian fit (solid line in Fig. 3a) are shown in the insert of the figure. Com-
parison of our results with the results of earlier experiments [13, 14] is demonstrated in
Fig. 3b. Energy spectra from different measurements were normalized on the yield at the
maximum. In the high-energy region all spectra agree quite well, whereas at low energies
the disagreement between the results reported by different authors is quite well seen. The
low-energy part of the LRA energy spectrum was measured so far quite poorly because
of the energy cut caused by shielding foils frequently employed for absorbing a-particles
from natural radioactivity of ... Cf. The energy threshold in our approach, as one can see
from Fig. 3, amounts to about 2 2.5 MeV.

3.1.2 The angular distribution of LRAs

The angular distribution of LJRA particles is shown in Fig. 4. As can be seen from the
figure, most of the detected a-particles are emitted almost perpendicular to the fission
axis (so-called equatorial emission). The angular distribution has approximately a Gaus-
sian shape. The granularity of the Si-ball does not permit to measure all the details of
angular distribution. For a better representation of the experimental data a randomiza-
tion procedure was applied for coordinates of the impact point inside the hit detector.
Experimental data were corrected for the finite size of detectors by deconvoluting the
experimental distribution with a Gaussian with the width corresponding to the detec-
tor acceptance of a= 100. The result of the deconvolution is shown in Fig. 4 by the
solid line. Parameters of the deconvoluted distribution are shown in the insert of the
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Figure 3: (a) Measured energy spectrum of ternary a-particles (); the solid line is the
result of a Gaussian fit; (b) comparison of our data with the results of W.Loveland [13]
(solid line) and S.W.Cosper et al. [14] (dashed line).

figure. The mean emission angle with respect to the light FF obtained from our analy-
sis amounts 840 ± 10. This value is in good agreement with the value of most probable
angle of (84.50 ± 0.50) recommended in [15]. Precise determination of the parameters of
the angular distributions is very important for understanding the mechanism of ternary
fission. It is known, that the angular distributions are very sensitive to the choice of the
initial parameters for trajectory calculations [16]. Good agreement of our results with the
literature data indicates that the granularity of our detection system is sufficient for such
kind of measurement.

3.1.3 Evolution of the angular distribution with the kinetic energy of the
a-particle

The correlation between the kinetic energy of ai-particles and the emission angles with
respect to the light fission fragments is shown in Fig. 5. The width of the angular dis-
tribution increases with increasing ternary particle kinetic energy. To investigate the
characteristics of the angular distribution in more detail we plot in Fig. 6 the mean value
and the width of the angular distribution as a function of the kinetic energy. Significant
broadening of the angular distribution at high kinetic energies has been also reported in
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Figure 4: Distribution of angles between a-particle and light fission fragments (); the
dashed line is the result of a Gaussian fit; the solid line is the result of a deconvolution
(see text).

earlier works [17, 18]. We observe that at low kinetic energies the width of the angular
distribution increases as well. A similar feature was observed in ternary fission of 235U
induced by thermal neutrons [19]. An increasing of the mean emission angle with increas-
ing E, was also reported in Ref. [20, 15]. Possible reasons of the observed correlations
were discussed in Ref. [18, 21].

3.1.4 Polar a-particles

A fraction is clearly seen in Fig. 5 of particles emitted in the direction of the velocity
vector of FF with a much higher kinetic energy than the mean kinetic energy of LRA.
These are so-called polar a-particles. An energy spectrum of polar a-particles integrated
over angles (0 35O) and (1450÷-.1800) is shown in Fig. 7. Parameters of the distribution
obtained from a Gaussian fit are shown in the insert of the figure.

One can see two other groups of particles detected at small angles (Q,,LF < 500 and
0 o,-LF > 120') similar to polar particles, but with considerably lower kinetic energies
( 5 MeV). One of the possible models proposed to explain the mechanism of polar
particle formation is the evaporation from FFs [22]. The velocity of the emitter is added
up to the velocity vector of the evaporated particle. Therefore, particles evaporated
in the direction of velocity vector of FF have high kinetic energies in the laboratory
frame. And vise-versa, particles emitted in backward direction have small kinetic energies.
The expected correlation between the kinetic energy of a-particles emitted from fully
accelerated FFs and the emission angles with respect to FFs is shown in Fig. 5 by solid
lines. The emission energies of a-particles in the rest frames of light (L) and heavy (H)
FFs were taken to be 1 1 MeV and 14 MeV, respectively. These values were chosen in such
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Figure 7: Energy spectrum of polar -particles emitted at angles E),LF < 500 and
6a-LF > 120' (symbols); the solid line is the result of a Gaussian fit; the dashed histogram
shows the expected distribution of particles emitted from accelerated FFs.

a way to get a qualitative agreement with experimental data. It is interesting to note,
that the lines intersect at E,, - 10 MeV, that is close to the minimum of the dependence
shown in Fig. 6b.

The expected energy spectrum of particles emitted at small angles with respect to FFs
is shown in Fig. 7 by the dashed histogram. It was obtained from simple Monte-Carlo
simulations taking into account the experimental thresholds.

Thus, the main characteristics of polar a-particles do not contradict the assumption of
particle emission from accelerated FFs. Nevertheless, a more detailed analysis is needed
to conclude about the mechanism of polar particle formation, which is out of the scope
of the present paper.

3.1.5 The associated neutron multiplicity

The energy released in fission is given by the kinetic energy of fission fragments (TKEFF),
the kinetic energy of the ternary particle (E 3) and the energy carried off by neutrons and
-y-rays. Since we have access to all these components we can study the evolution of these
observables with the kinetic energy of ternary particles.

The mean number of emitted neutrons () is shown in Fig. 8 as function of the kinetic
energy of LRA (solid circles). The approximately linear decrease of -i has been also
observed in previous works (see Refs. [23, 24, 25, 26]). At low energies (, < 10 MeV) we
observe -f7 to be almost independent of a-particle kinetic energy. The low energy region has
been poorly studied so far, therefore our data can be considered as a good contribution to
the known systematics. The associated neutron multiplicity in polar-alpha accompanied
fission is shown in Fig. 8 by open circles. The dash-dotted line at 3.77 corresponds
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Figure 8: Mean neutron multiplicity as function of the kinetic energy of the ternary
particle in LRA (), polar alpha (o), triton (A), and proton (*) accompanied fission.

to the mean neutron multiplicity in binary fission. The dashed lines are the result of
linear fits of experimental data. The slope parameters obtained from linear fits are given
in Table 1. In the case of equatorial emission the neutron multiplicity is always less than
the value in binary fission. The associated neutron multiplicity in polar-a accompanied
fission reaches the value observed in binary fission at E, 20 MeV.

3.1.6 The energy of prompt y-rays

The correlation of the mean total energy of prompt y-rays (Es) and kinetic energy of
a-particle is shown in Fig. 9. The dashed-dotted line at Ey 7 MeV shows the mean
energy of y-rays emitted in binary fission. The evolution of E7) with Ec is qualitatively
similar to the behavior of -i5(E0 ). In the case of equatorial a-particle emission E7 is always
less than the value in binary fission and decreases slowly with increasing E,. The slope
of the Ry)(EQ) dependence is much steeper in the case of polar a emission.

Thus, the average values of neutron multiplicity and energy of prompt y-rays indicate,
that the FFs in LRA accompanied fission are less excited than in binary fission.

3.1.7 The total kinetic energy of fission fragments

The evolution of the average total kinetic energy of FFs with E,, is shown in Fig. 10. At
very low kinetic energies of ternary particles the TKE approaches the value of 185 Me'V
observed in binary fission (see dash-dotted line in Fig. 10). This behavior is different from
the behavior of the values F7 and E,,, which saturated at E, < 10 MeV.
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Table 1: Some characteristics of neutrons emitted in LCP accompanied fission

LRA
E,,< 1MeV E 0 > 1MeV Ref.

p dT7/dE, MeV-1

3.11 + 0.01 3.37 ± 0.02 -0.049 ± 0.002 *

3.13 ± 0.02 -0.037 ± 0.003 [24]
3.10 ± 0.08 -0.045 ± 0.010 [25]
3.11 ± 0.05 _______-0.026 ± 0.015 [26]

polar ce__

__ _ __ _ __ cI/dEa, MeV 1 Ref.
3.16 ± 0.07 _______ -0.10 ± 0.03 *

_________ ~~3.2 ± 0.2*

tritons__ _ _ _ _ _ _ _

I Et <7MeV Et >7MeV Ref.

2.90 ± 0.02 2.9 ± 0.1 -0.06 ± 0.02 *

proons ± Th 0.3 3.42 8 _241

prtns = .2± 0.03 1_
*results of this work

7.5

6 4
5.5}

5 . .
0 5 10 15 20 25 30 35

E 'Me V

Figure 9: Dependence of the mean total energy of prompt y-rays on the kinetic energy
of ternary particles in LRA (), polar alpha (), triton (), and proton (*) accompanied
fission.
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Figure 10: Dependence of the mean total kinetic energy of fission fragments on the ki-
netic energy of ternary particles in LRA (), polar alpha (), triton (), and proton()
accompanied fission.

3.1.8 Mass distribution of the fission fragments

The mass distribution of FFs in LRA accompanied fission is shown by the histogram in
Fig. 1ic. The mass distribution in binary fission is shown for comparison by the thin line.
From such a comparison one can learn how the FFs contribute to the mass of ternary
particles. From the shift of the light-fragment peak to smaller values observed in Fig. 11
one can conclude, that a-particles in ternary fission are produced at the expense of the
mass of the light fission fragment. However, one should use this conclusion with caution,
since our procedure of mass reconstruction is based on the E-E method, in which all three
fragments are involved, therefore some possible methodical errors can not be excluded. A
more reliable conclusion can be made in the frame of TOF-E method. Nevertheless, our
conclusion is in good agreement with the result reported in recent works [12].

3.2 Triton accompanied fission

Let us consider now similar characteristics of triton accompanied fission. The energy
spectrum of tritons selected by window "t"7 (see Fig. b) is shown in Fig. 12. Particles
with energies larger than the punch-through energy were excluded from the analysis due
to the applied selection condition. This results in a deficit of yield at the high-energy
region of the energy spectrum. To compare with the data from the literature the yield of
tritons was normalized to the yield of LRA.

The mean neutron multiplicity as a function of the triton kinetic energy is shown in
Fig. 8 by opened triangles. In spite of not too high statistics one can conclude, that the
evolution of -P with Et is qualitatively the same as in LRA accompanied fission. It is also

14



80 100 120 140 160 80 100 120 140 180

5 d 
4p a) 4)

V0 3 3

2 2

1 1

t b)e) 5

3. 3

2 2

5He c) f
4 4

3 3

2 2

1 1

0. 0
80 100 120 140 160 80 100 120 140 160

fragment mass (amu)

Figure 1 1: Mass spectra of FFs detected in coincidence with proton (a), triton (b), helium
(c), Be-like fragment (d), C-like fragment (e), and fragments with mass of about (15 <
M 3 < 30) amu (f); the thin line shows the mass distribution in binary fission.

clearly seen that the average neutron multiplicity in triton accompanied fission is always
less than in alpha accompanied fission. The obtained value of mean neutron multiplicity
for all selected events amounts to 2.90 ± 0.02.

The evolution of W. with the kinetic energy of the triton is shown in Fig. 9 by open
triangles. E7 does not differ very much from the value observed in LRA accompanied

fission.
The angular distribution of tritons is shown in Fig. 22. The characteristics of the

angular distribution are qualitatively similar to the characteristics observed for LRA ac-
companied fission. However, the width of the distribution seems to be somewhat broader
than in LRA accompanied fission.

The mass distribution of FFs in triton accompanied fission is shown in Fig. lb. One
can conclude that mainly the light FFs contribute to the mass of triton. This conclusion,
however, contradicts the conclusion of Ref. [27], where a shift of the heavy-fragment peak
was reported.
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normalized on the energy bin width and on the number of detected ternary Qe-particles.

3.3 Proton accompanied fission

The energy spectrum of protons stopped in Si-detectors is shown in Fig. 13 for Ep <
7 MeV. At least two components are clearly seen, a low-energetic one with a maximum
close to the low-energy threshold of Si-detectors (i.e. at Ep - 2 MeV), and a component
at higher energies with a shoulder at Ep 6 MeV. It was already observed in previous
investigations (see, for instance, Refs. [14, 28]), that the proton energy spectrum is much
more complicated than the energy spectra of other ternary particles. A considerable
contribution to the total proton yield could come from background (n,p) reactions induced
by fission neutrons. Careful analysis of contributions from different possible sources was
done in Ref. [14, 28]. It was found that the component corresponding to protons emitted
from '5 Cf during fission process has a Gaussian-like shape peaked at about 8 MeV.
In our case the low-energy component could originate from Si(n,p) reactions inside the
semiconductor detectors. At higher energies (Ep 4 MeV) the total energy spectrum
(see Fig. 13) is a superposition of different hydrogen isotopes (but, still, mostly protons).

The angular distribution of protons is shown in Fig. 14. The difference in comparison
with the angular distributions of other ternary particles is clearly seen. No strong focusing
in the direction perpendicular to the fission axis is observed for detected protons. The
angular distribution of prompt fission neutrons taken from [29] is also shown in Fig. 14 for
comparison. It is quite well seen, that the shapes of both distributions are very similar.

The resemblance of the angular distributions of neutrons and protons indicates that
the observed protons originate either from evaporation from FFs or from (n,p) reactions
induced by fission neutrons. To analyze the contributions from various possible sources we
calculated the energy spectra of protons and the results are shown in Fig. 15. The expected
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of neutrons (taken from [29]).

energy spectrum of protons originating from (n,p) reactions in the silicon detectors is
shown by histogram 1. To calculate the yield of protons from Si(n,p) reactions we used
the information about the distribution of kinetic energies of prompt neutrons [29], and
about the dependence of Si(n,p) reaction cross section on neutron kinetic energy [30].
The obtained value of proton yield from this source is 7 x iO` with respect to binary
fission or g: 2% with respect to LRA yield. The expected distribution of measured kinetic
energies of protons from ternary fission (histogram 2 in Fig. 15) was calculated assuming
a Gaussian-like energy distribution of ternary protons centered at Ep 8 MeV [14]. Let
us remind that punch-through energy of protons in our case is 8 MeV, therefore the
histogram 2 shows the distribution of AE. The sum of components 1 and 2 is shown
in Fig. 15 by the dashed histogram, which qualitatively agrees with the experimental
distribution shown by the filled histogram. Therefore, the measured spectrum can be
understood taking into account above discussed two sources. However there is a small
contradiction which should be mentioned. For events with protons from (n,p) reactions
one should expect the neutron multiplicity on average to be one unit lower than in binary
fission. As is seen from Fig. 8, the mean neutron multiplicity in the region of small
proton energies amounts to Ji - 3.4, which is much greater than the expected value of
2.77. For a more precise estimation one should use the information about the correlation
between neutron multiplicity and neutron kinetic energy. However, it is unlikely that high
neutron energies correspond to higher neutron multiplicities. Another possible reason of
the discrepancy could be the contribution in the low-energy region from protons of ternary
fission. However, in this case one should assume that the yield of this component is very
high (at least 60% of the observed yield).

Let us turn to the analysis of protons from the high-energy region. If this component
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dashed histogram is the sum of components 1 and 2; the filled histogram is the measured
energy spectrum.

really originates from evaporation from FFs, than it would be interesting to get informa-
tion about the evolution of the proton emission probability with the excitation energy of
FFs. The multiplicity of emitted light particles can be used as a measure of excitation
energy [3]. The ratio of the number of detected charged particles to the number of de-
tected neutrons is demonstrated in Fig. 16 as function of total number of particles N 1p
(number of neutrons plus a charged particle). In order to stress the difference between
proton emission and emission of other CPs, the triton and alpha particles were counted as
evaporative particles. It is clearly seen from the figure that the behavior of Np/N,' ratio
radically differs from the behavior of Nt/N, and NQ/1N, ratios for tritons and equatorial
cc-particles. The increase of the Np/N,, ratio with N 1p indicates an evaporative mechanism
for the formation of the detected protons. The difference in the behavior of polar and
equatorial a-particles also indicates in favor of the proposed method of analysis, because
for evaporated a-particles one should expect a dependence of emission probability on ex-
citation energy as well. The origin of low-energetic protons in Fig. 15 can be explained
by proton emission in the direction opposite to the direction of the velocity of the FF.

3.4 Elastic scattering of fission fragments

The elastic scattering of FFs from binary fission on atomic nuclei contained in the ma-
terials of the target as well as the target backing contributes to ternary coincidences
measured in the experiment. Therefore, one needs an effective method of discrimination
of these events from events of ternary fission. The events of elastic scattering of FFs on
the nuclei of the Ni-backing of the target are marked by the graphical cut "Ni" in Fig. lb).
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Figure 16: Ratio of the ternary charged-particle yield to the neutron yield as a function
of the total number of emitted light particles.

These events can easily be discriminated from CPs originating from ternary fission, which
is a big advantage of our experimental method. Let us consider some characteristics of
these events, which will tell us how to discriminate against elastic scattering in future
experiments.

The correlation between kinetic energy of recoiling Ni and the angle with respect to
the light FF is shown in Fig. 17a. The highest yield of recoiling nuclei is observed in
the lateral direction with respect to the fission axis. The main features of the observed
correlation can easily be understood from classical consideration of the process of elastic
scattering in inverse kinematic. The geometrical cross section of elastic scattering has a
maximum for peripheral collisions and it decreases down to zero with decreasing impact
parameter. In peripheral collisions nickel nuclei recoil at large angles with respect to the
FF velocity vector and have small kinetic energies. In more central collisions the recoil
angle is smaller whereas the recoil energy is higher. Such a correlation is well seen in
Fig. 17. In most central collisions the recoil energy of the Ni nuclei could be even higher
than the energy of scattered FFs. Therefore in such events it is difficult to distinguish
between Ni and FFs. One should expect the mean neutron multiplicity to be independent
of the kinetic energy of scattered Ni. Such a correlation is shown in Fig. 17b. Contrary
to LCP accompanied fission, -j is constant and equal to the value in binary fission.
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increased yield in the low-energy region can be explained by contribution from elastic
scattering. The yield of events from ternary fission was estimated from a Gaussian fit
(solid line) to the high-energy part of spectrum. However, the obtained value of about
0.8% with respect to LRA is higher than the yield of 1 3Be reported in the literature.

Let us turn to the analysis of events with ternary particle mass from the region (12--- 15)
amu. The correlation between particle energy and emission angle with respect to the light
FF is shown in Fig. 21. At least two components are clearly seen, marked by graphical
cuts 1 and 2. One can also see a third component which is similar to the component 2
concentrated symmetrically to the component 2 with respect to 90', but of lower intensity.
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Unambiguous selection of this component is not possible, therefore we will not analyze it
separately. The shape of the component 2 is similar to the behavior observed for scattering
on nickel nuclei (see Fig. 17). The correlation of the component 1 on the contrary is more
similar to the correlation observed in LCP accompanied fission (see Fig. 5). We suppose
that the component 2 is due to elastic scattering of heavy FFs on carbon nuclei contained
in the target materials, whereas events in window 1 correspond to events of ternary fission.
Events corresponding to elastic scattering of light FFs produce the third component of
considerably lower intensity mentioned above. To verify this hypothesis we analyzed
neutron data for both components. The dependence of Ji on the kinetic energy of the
ternary particle is shown in Fig. 21b. It is well seen that the neutron multiplicity for
events from window 2 is independent of the particle energy and is equal to the value in
binary fission (see Fig. 17b). The neutron multiplicity for events from window 1 is smaller
than in binary fission and it decreases with increasing particle kinetic energy. A similar
behavior was observed for LRA and triton accompanied fission (Fig. 8). At low kinetic
energies (EIMF < 8 MeV) the deduced value of -Th is largely due to the contamination by
events of elastic scattering.

The energy distribution of events from window 1 is analyzed in Fig. 20. The maximum
of the distribution is at about 16 MeV. This value is very close to the value observed for
He and Be fragments. The increased yield at low energies is due to the above discussed
component of elastic scattering. The Gaussian fit of the experimental points (the solid
line in the figure) was made by using only events with EIMF > 10 MeV.

The estimated yield of ternary carbon-like fragments amounts to about 2% of LRA
yield. This value is considerably higher than the value reported in the literature. The
reason of the difference could be explained by very high energy threshold (> 20 MeV) in
previous investigations. The obtained value of the yield of carbon-like fragments is unex-
pectedly high, higher than the yield of the lighter Be nuclei and therefore in contradiction
with the existing systematics (see, for instance, Ref. [21]).

The analysis of events with ternary particle mass of (16 -- 30) amu is carried out in
the same manner as in the previous case. The estimated yield of IMFs in this region is
about 0.7% of the LRA yield.

The angular distributions of IMFs selected by window 1 (see Fig. 21a) is shown in
Fig. 22. No corrections for the finite size of Si-detectors has been applied.

The dependence of the neutron multiplicity on the kinetic energy of ternary particles
is demonstrated in Fig. 23. The common tendency of decreasing neutron multiplicity with
increasing particle kinetic energy is quite well seen.

The mass distributions of FFs in fission accompanied by emission of MFs are shown
in Fig. ld-f. One can conclude that mostly the light FF contributes to the formation
of IMF. An interesting feature of the mass distributions concerns the position of heavy-
fragment peak (Fig. 11f). The distribution is peaked at - 140 amu. and the width of the
distribution is quite narrow.
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Table 2: Some characteristics of events detected with multiplicity three.

detected No. of det. Extrapo- 17 (energyE N/NO
particle particles lated range, MeV) MeV 
p(+d+t) 3214 3.43 ± 0.03 (> 2) 3.8

t 5240 5508 2.90 ± 0.02 (2 -. 12) 7.8 ± 0.1 6.4*
a 85560 3.11 ± 0.01 (> 2) 15.8 ± 0.1 100

9 <M 3 <11 684 2.9 ±0.1 (> 10) 15 ±2 0.8*
11 < M 3 < 15 1882 2.5 ±0.1 (> 10) 15.6 ±0.2 2*
15 < M 3 < 30 590 2.1 ±0.2 (> 20) 25 ±2 0. 7*

Niei scat. 62141 3.81 ± 0.01 (> 2) 73
*extrapolated value used

3.6.1 Random coincidences

The main feature of events selected by window 2 in Fig. b is the high kinetic energy of all
detected fragments. The average multiplicity of associated neutrons amounts to iP = 8.4.
Consequently, we can conclude that these events originate from random coincidences of
FFs from two events of binary fission.

3.7 Summary

Some characteristics of detected ternary events are summarized in Table 2. The number
of events corresponding to the selection condition is given in the second column. The
corrected number of particles obtained by extrapolation is shown in third column of the
table. The extrapolation was made using results of a Gaussian fit of the corresponding
energy distribution. The value of the mean neutron multiplicity is presented in the fourth
column. The corresponding range of kinetic energy of the ternary particle used for mul-
tiplicity determination is given in brackets. The mean kinetic energy of ternary particles
obtained from the Gaussian fit of energy distribution is shown in fifth column. The yield
of ternary particles with respect to the yield of LRA is presented in the last column of the
table. The yield of tritons is slightly less than the value reported in other investigations.
It is not surprising because we cannot be sure that we extrapolated correctly to the unob-
served high-energy region of the energy spectrum. However, the total yield of all hydrogen
isotopes excluding low-energy part of protons amounts to NH/N 0' (9.5 ± 0.5)% which
agrees quite well with the value of 9.3% reported in [12].

One can see from the table that the yield of events of elastic scattering is very high.
It amounts to more than 70% of the yield of ternary a-particles. This demonstrates that
the task of elastic scattering discrimination is of great importance in experiments aimed
at the search of rare decay modes.

Neutron multiplicity distributions not corrected for neutron detection efficiency are
shown in Fig. 24. The most probable value of the neutron multiplicity is always greater
than zero irrespective of the ternary particle type. Fission fragments are, therefore, highly
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excited even in the case of emission of heavy ternary particles.

4 Quaternary fission

In this section we analyze events with four detected CPs. The correlation between kinetic
energy of CP and time-of-flight calculated by formula 1 is shown in Fig. 25. For parti-
cle identification we use graphical cuts defined during the analysis of ternary data (see
Fig. b). Contributions from events of scattering of FFs on Ni and C or 0 nuclei are well
seen in Fig. 25. The highest number of detected coincidences is due to -a coincidences.
Several events of a-t and a-p coincidences were also detected. In the next paragraphs we
will discuss the characteristics of these decays in more detail. Events of fission accompa-
nied by higher particle multiplicity have not been detected within the statistical level of
1iO7 with respect to binary fission.
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4.1 oz-a correlations

The total number of detected ae-a coincidences amounts to 34. The energy spectrum of
ae-particles is compared in Fig. 26 with the energy spectrum of ternary LRA. The mean
kinetic energy of a-particles in quaternary fission is less than in ternary fission. Such a
difference is also reported in Ref. [32]. The distribution of angles between the velocity
vector of a-particles and the velocity vector of light FFs is compared in Fig. 27 with
similar distributions observed in ternary fission. It is quite well seen, that quaternary
a-particles are focused perpendicular to the fission axis. This indicates that ae-particles
originate from the neck-zone of fissioning nucleus similar to CPs in ternary fission. To
study the correlations between ce-particles we plot in Fig. 28 the distribution of angles
between projections of a-particle velocities on a plane perpendicular to the velocity vector
of light FFs (,-c). This coordinate system was chosen in order to reduce the effect of
simultaneous deflection of both particles by the heavy FF. However, the result is very
similar to the result obtained by using the angles between velocities. It is quite well seen
from the figure that the angle between projections is less than 900 for most of the events.
This indicates the correlation between two a-particles. For uncorrelated particles one
should expect a uniform distribution. It would be interesting to analyze the observed
correlation in more detail because from this analysis one can deduce information about
the source of particles or about the properties of the zone from which particles where
emittedl. In principle, the detected a-ae coincidences could originate from the decay of
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ternary 8Be into two a-particles. In this case the maximum angle between two a-particles
is 0,ma 2 arctan(/Q/EBe), where Q is the reaction Q-value and EB, is the kinetic
energy of Be nucleus. The angle between two alpha particles originating from the decay
of8 Be nucleus in the ground state is about 8 assuming EBe 16 MeV (Q 94 keV). The
detection efficiency for events of such a type is about E ~~ 0.3. If 'Be decays from the first
excited state (E* 2.9 MeV), then 0ema, -- 460 and the corresponding detection efficiency
is -- 0.5. Therefore, most of the detected events can be associated with the Be decay,
but there are three events with a relative angle between a-particles greater than 900,
which could originate from true quaternary fission. Another important observable which
can help to distinguish between different sources is the relative velocity of two particles.
This observable is independent of the velocity of the source and it is determined only by
the energy released in the decay. The distribution of relative velocities is shown in Fig. 29.
It is possible to distinguish three regions centered at 0.8, 2.5, and 5 cm/ns, respectively.
The first two regions most probably correspond to the decay of Be from ground and first
excited state, respectively. The relative velocity of two a-particles in the case of 'Be decay
from the ground state should be V,,, -- 0.15 cm/ns. The difference with experimental value
can be easily explained taking into account the finite size of our semiconductor detectors.
We ascribe to particles with a small relative angle the coordinates corresponding to the
centers of the hit detectors. This increases the measured value of the relative angle
between the particles, and, hence, the value of the reconstructed relative velocity. The
events at about 5 cm/ns cannot be explained by the decay of 8Be nuclei. These events
originate most probably from true quaternary decay of 2 2 Cf.

To reconstruct the velocity of the source of a-particles we show in Fig. 30 the distribu-
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tion of velocities of the center-of-mass of ca-particles. The distribution is peaked at about
2.1 cm/ns. Assuming that the Be nucleus moves with this velocity we can calculate its
kinetic energy, EB, 18 MeV. This value is close to the kinetic energy of Be-like nuclei
observed in ternary fission (see Table 2). The small difference is not surprising because
one can expect that Be can gain higher kinetic energy than 0̀ Be due to the smaller mass.
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Figure 28: Distribution of
angles between projections .Figure 30: Distributioin
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fragment.

In spite of low statistic we analyzed some characteristics of events in regions defined
above and the results a summarized in Table 4. First of all, the anticorrelation between
the total kinetic energy of a-particles TKEQ, and the mean neutron multiplicity is well
seen. This is a good indication of the genetic relation of detected particles. One should
expect a decrease of the neutron multiplicity in the case of 'Be decay from the excited state
with respect to the decay from the ground state taking into account total energy balance
(assuming, of course, that other components of energy balance are the same in both
decay modes). The expected decrease of neutron multiplicity is -i -- 0.6, using neutron
binding energy of 5.2 MeV. This value is in agreement with the observed difference of
0.7+± 0.4 between components 1 and 2. The mean total kinetic energy of a-particles of the
third component is close to twice the mean kinetic energy of ternary ae-particles. These
events are accompanied by low neutron multiplicity. The characteristics of these events
are consistent with the assumption that these particles originate from quaternary decay.
The collected statistics is unfortunately not sufficient to make further analysis. Therefore,
experiments with higher statistics could be a good task for future investigations with the
NESSI detector.

4.2 a-t correlations

Five events of a-t coincidences were detected. In spite of too low statistics we will try to
analyse some characteristics of the decay mechanism.
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The energy distributions of the detected particles are shown in Fig. 31. The mean
kinetic energy of a-particles is similar to the value observed in -a correlations. The
mean kinetic energy of tritons seems to be similar to the value observed for ternary
tritons. From the angular distributions one can conclude that both particles are focused
in lateral direction with respect to the fission axis (see Fig. 32). The tendency observed
in the distribution of the angles kŽ,t (Fig. 33) indicates a possible correlation of the
particles.

4.3 a-p correlations

Eight events of a-p coincidences were detected. The mean energy of a-particles (see
Fig. 34a) is very similar to the value observed in ternary fission. In the proton energy
spectrum (see Fig. 34b) only the low-energy component exists (compare with Fig. 13).
Alpha particles are emitted perpendicular to the fission axis (see Fig. 35a), whereas the
angular distribution of protons (see Fig. 35b) is similar to the angular distribution oh-
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served for events with multiplicity 3 (see Fig. 14). Angles 0 -p seem to be uniformly,
distributed. From these characteristics we conclude, that the detected events are most
probably due to the coincidence of a ternary LRJA and a proton emitted from a FE or a~
proton from the (n,p) reaction.
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4.4 The yield

The detection efficiency for events with multiplicity four was obtained from Monte Carlo
simulation. The obtained value amounts to 0.5 +. 0.6 depending on the assumptions
about the distribution of various observables. The summary of yields obtained employing

E=0.55 is given in Table 3. The yield of components 1 and 2 in Table 4 was estimated
using 0.3 and = 0.5, respectively.

Table 3: Some characteristics of events detected with multiplicity four.

No. of det. 77 , MeV N/Nbinary

events
a-ce 34 2.4 ± 0.2 10 ± 1 (1.5 ± 0.4) X 10-6

a-P 8 2.8 ±0.5 16 ±2 3 ±1 (0.4 ±0.2) 10-6

e- t 5 3.5 ±0.6 12±+2 8±:E1 (0.2±:E0.1) X10 6 _
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Table 4: Some characteristics of events in a-a coincidences.

Vrei No. of -j TKE,, MeV N/Nbinary

cm/ns events
1 0 --1.5 18 3.0 ±0.3 20 ±1 1.5 x10-6

2 1.5 3.5 13 2.3 ±0.3 26 ±2 0.6 10-6
3 4 6_ 3 1.2 ±0.6 34 ±5 0.1 X10-6

5 Summary

Ternary and quaternary spontaneous decay of 2 5 2 Cf was studied using two 4wr detectors for
charged particles, y-rays and neutrons. The method of fragment identification based on
the measurements of kinetic energies and relative time-of-flights of the decay products has
been-successfully tested. The main advantages of the employed approach in comparison
with other experimental methods used in earlier experiments are:

1. Due to the lack of a start-detector the largest possible solid angle is available for
fragment detection.

2. The high geometrical efficiency thus achieved allows to investigate rare decays with a
weak source without the use of absorption foils to protect detectors from irradiation
by ae-particles from natural a-decays of 252 Cf.

3. The lack of a start detector and absorption foils decreases considerably the threshold
in comparison with other experiments.

4. Employment of time as a parameter for fragment identification reduces considerably
the contribution from random coincidences with a-particles from natural a-decay
of 2 2 Cf.

The comparison of characteristics of LRA accompanied fission with well-known data from
the literature shows a good quality of the data collected in the frame of the new approach.

A wide range of ternary particles from protons up to NJ3 - 30 amu has been covered.
Our experiment demonstrates that the elastic scattering of FFs produces a strong back-
ground to the ternary fission data. Fortunately, the elaborated approach allows to reject
carefully the events of elastic scattering. Unfortunately, these events contaminate greatly
the region where the events of true ternary fission are expected. As to the investigation
of true ternary fission the Cf-source on a nickel backing is therefore certainly not a good
choice.

The NESSI detector was found to be well-suited for the study of quaternary fission as
well. In. spite of low statistics some characteristics of these rare decay modes have been
analyzed and compared with ternary fission. The characteristics of a-t and al-a quaternary
decays were found to be very similar. All particles are focused in lateral direction with
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respect to the fission axis similar to ternary particles. Strong focusing effects indicate
that these particles originate from the neck-zone of the fissioning nucleus. The angular
distributions indicate the existence of correlation between particles. The mean kinetic:
energies of quaternary particles are similar to the kinetic energies of ternary particles, but
somewhat smaller. Detected a-p coincidences exhibit essentially another characteristics.
In this decay mode ae-particles are focused perpendicular to the fission axis, but the
angular distribution of protons is more isotropic and similar to the angular distribution
of protons in threefold coincidences. Most likely, the a-p coincidences originate from the.
coincidence of an oz-particle from ternary fission and a proton emitted by a fission fragment,
or a proton from (n,p) reactions induced by fission neutrons in a Si-detector. The highest,
number of detected coincidences is due to a-a coincidences (70%). These coincidences.
were analyzed in more detail due to higher statistics. It was found, that most of the.
detected events can be explained by the decay of a Be nucleus from the ground and the
first excited states. Three events where detected which cannot be explained by the 8 Be.
decay. They originate most likely from true quaternary fission of ... Cf. The estimated.
yield of these events is 10`O with respect to binary fission. For a more detailed analysis
we are planning to collect higher statistics with a stronger 252 Cf-source. According to our
estimate we can increase the intensity of the source at least by factor of 10 without any
danger to overload our experimental facility with high counting rates.

Finally we conclude, that the NESSI detector, the unique combination of two 47r
detectors for charged particles, neutrons and y-rays, is a highly effective tool for the
investigation of nuclear fission accompanied by the emission of charged particles and true
ternary fission. To our knowledge, it is the first time that such a rich information about
the characteristics of various decay modes was obtained within a single experiment.
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