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Abstract. Triple coincidence data from the fission of 2*2Cf were used to deduce the
intensity of the proposed second mode in barium channels by using the v — 7 —~ coincidence
relations and Gammasphere. An upper limit of 1.25% was found for the relative intensity
of the second mode in the Ba-Mo case. Yields for cold ternary and cold binary fission were
extracted from intensities of y-ray transitions originating from the de-excitation of primary
and secondary fragments. The relative “He and >He ternary fission yields were determined
from a careful analysis of the energy distribution of o spectra from a new measurement with
a 52Cf source and from published data on °>Cf and 2**U(n,f). The kinetic energies of the
5He and “He ternary particles were found to be approximately 11 and 16 MeV, respectively.
SHe particles contribute 10-20% to the total alpha yield with the remainder originating
from ternary fission accompanied by the emission of *“He. A number of correlated pairs are
identified in ternary fission with 1°Be as the LCP. We observed only cold, On °Be and little,
if any, hot, xn 1°Be channel.

Key words: binary and ternary spontaneous fission, triple and double gamma coinci-
dences, gammasphere.

1. INTRODUCTION

The last decade has seen great advances in the study of prompt ~-rays
accompanied spontaneous fission. With the development of large Ge detector
arrays, such as Gammasphere and Eurogam which offer high degree of sensi-
tivity and selectivity, quantitative determination of rare processes such as cold
binary and cold ternary fission processes, have become feasible. The so-called
“cold-fission” processes are the ones where no neutrons are emitted. In these
types of experiments, one measures the coincidence relationships among the
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v-rays emitted by the two fission fragments. From such measurements [1], one
can extract the yields for many types of rare processes. Also, it is possible
to study the weak intensities of the hot mode in the binary fission by using
the triple « coincidences and Gammasphere. In the present review paper,
we present the topics of the binary spontaneous fission (SF) and « and Be
ternary spontaneous fission.

2. SECOND MODE IN THE BINARY FISSION

Observations of prompt ~-rays produced in the spontaneous fission of
252Cf have shown evidence for a second fission mode in the Ba-Mo channel.
The evidence for this mode is observed as a higher relative intensity for the
7-10 neutron channels [2-4]. A later analysis [5, 6] shows a much smaller
second mode, but did find an “irregularity” around the eight-neutron channel.
In recent years, more complete data on the levels and relative intensities of
transitions in barium and molybdenum isotopes have become available. Be-
cause fission spectra are often complex and the events of interest are rare
compared with other channels, this type of analysis is difficult and prone to
errors caused by random coincidences and background. Therefore an improved
method which avoids many of these complexities was developed in order to
determine the relative intensity of the second mode in both the binary and
ternary cases involving barium.

The data for this analysis come from experiments with the Gammas-
phere detector array when located at Lawrence Berkeley National Laboratory.
A 62pCi source was placed between two iron foils in order to stop fission frag-
ments. This arrangement was then put in a 7.62 cm polyethylene ball and
placed in Gammasphere. A total of 5.7x10' v —+ — ~ events were recorded.
A coincidence cube was then constructed using the Radware software pack-
age [7].

The number of prompt neutrons emitted in a binary fission event can
be determined by finding the mass number of the fragments produced in the
event. For example, if the fission fragments of 2°2Cf are determined by some
method to be *4Ba and '©3Mo, then five neutrons must have been emitted.
The relative intensities of a particular neutron channel can be found from
triple coincidence data by double gating on a pair of transitions in the heavy
fragment, then measuring the intensity of its partners. This must be done for
each isotope of the heavy partner. The yield as a function of neutrons emitted
can then be determined by summing the contributions of all possible pairs.
More details can be found in Ref. [8].



3 Binary and ternary spontaneous fission in 2*2>Cf 597

Table 1
Relative Yield Matrix for the Ba-Mo charge split

Ba\Mo 102 103 104 105
138 0.43(25)
139 0.41(8) 0.36(12)
140 0.4(1) 0.19(12)  2.9(9)
141 12(9) 1.8(8)  13.0(7)
142 0.007(3) 6(1)  27.0(7)  45.9(9)
143 4(1)  18.6(8) 59.4(9)  93(3)
144 10.0(3) 51(1)  102(4)  99(2)
145 21(1)  53(2)  79(2) 46(2)
146 16.7(7) 30.6(6) 39(3)  11.0(2)
147 43(2)  145(4) 5.1(4)  2.1(2)
148 21(2) 1.8(2) 0.5(2)

Ba\Mo 106 107 108 109
138 0.78(36)

139 2.3(2)  2.7(6)  4.8(8)  2.5(1)
140 11.8(6) 11(1)  22(5)  2.5(2)
141 37(1)  26(3)  39(3)  3.2(3)
142 92(2)  41(2)  51(33)  5.5(2)
143 111(2)  32(3)  59(9)  2.8(8)
144 71.7(2)  10(1)

145  21.9(9)

146 4.5(2)

The Xe-Ru binary channel was the first to be analyzed. The resulting
neutron distribution is fit well by a single Gaussian; there is no second mode.
However, in the Ba-Mo case, there is still a higher than expected yield for 9-
neutron channel, as shown in Fig. 1. This could be evidence for a second mode,
but it is difficult to interpret this result in the usual way since this distribution
is not fit well by a double Gaussian. An upper limit for the intensity of the
second mode in this case was determined by taking the 20 upper limits for the
8 and 9 neutron channels and fitting this distribution to a double Gaussian
with the requirement that the first mode be centered around 3 neutrons and
the second mode be centered at >6 neutrons. If there is indeed a second mode
in the Ba-Mo split, this analysis suggests that the intensity is below 1.25% of
the primary mode.

3. COLD BINARY SPONTANEOUS FISSION

Since the neutronless binary events are much smaller than those with
neutrons emitted, double gating techniques have been employed to extract
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Fig. 1 — Upper limit for the intensity of the 2*! mode in the Ba-Mo split.

the yields for the cold binary fission. No direct measurements of yields of
correlated pairs in cold binary fission have been made prior to our work. Earlier
we reported the first results for the correlated pairs in cold binary fission in
22Cf[3, 9, 10] and 242Pu [11]. Subsequently we extracted more detailed yields
of cold binary fission from Gammasphere data with 72 detectors [12].

Table 2

Average cold binary fission yields from gates on two light fragment and
two heavy fragment transitions [12]

AL / AH Yezp )/the )/t(}::n)

Zr/Ce  100/152  0.010(2) 0.38  0.004
102/150  0.020(4) 2.82  0.033
103/149  0.030(6) 4.21  0.049
104/148  0.010(2) 1.03  0.012
Mo/Ba  104/148  0.010(2)  0.47  0.005
105/147  0.040(8) 5.39  0.063
106/146  0.040(8) 0.61  0.007

107/145  0.070(14) 3.07  0.036
108/144  0.030(6) 7.45  0.087
Tc/Cs  109/143  0.090(18) 11.03  0.128
Ru/Xe 110/142 0.060(12) 3.78  0.044
111/141  0.10(2) 7.12  0.083
112/140  0.020(4) 0.59  0.007
114/138  0.020(4) 117  0.014
Pd/Te  116/136 0.050(20) 2.35  0.027

By determining the intensities of v transitions in both fragments and
knowing the branching ratios between different transitions, the relative binary



5 Binary and ternary spontaneous fission in 2*2>Cf 599

yields [12] were extracted again where the total yield was normalized to Wahl’s
table [13]. Presently, many of the spectra of the odd-Z nuclei are not known,
so that one could not determine experimentally most odd-Z isotopic yields.
The cold binary fission yields are shown in Table 2 along with the theoretical
values predicted by Sandulescu et al. [14]. In Table 2, the first report of the
cold binary fission of an odd-Z — odd-Z fragmentation is shown for the Tc and
Cs pair.

Based on a cluster model similar to the one-body model used for the de-
scription of cluster radioactivity [15] in which the barrier between fragments
can be calculated quite accurately due to the fact that the touching configu-
rations are situated inside of the barriers, Sandulescu et al. [9, 11] predicted
the relative isotopic yields for the spontaneous cold (neutronless) binary, and
a-ternary [15] fragmentations of 22Cf, taken as ratios of the penetrability of a
given fragmentation over the sum of penetrabilities of all possible (neutronless)
fragmentations.

In the case of cold ternary fission, Sandulescu et al. [9, 11] considered
that close to the scission configuration a few of the nucleons form a short neck.
At a given value of the neck radius a double scission takes place, a third light
fragment is formed between the two heavier ones and from this point starts
the ternary fission barrier corresponding to a given mass and charge splitting
[14]. The trends, e.g. variations with A and Z, of the theoretically calcu-
lated yields are in good agreement with the experimental yields. Of particular
note, for even Z the odd A-odd A pairs are predicted to be larger than the
even A —even A pairs and this is observed in every case. Moreover the largest
theoretical yield predicted is for the odd Z — odd Z '%Tc — 43Cs and this
is true within the experimental error. Overall these results generally are in
remarkable agreement.

4. COLD o TERNARY SPONTANEOUS FISSION

Hot ternary fission has been known for a long time, with the third particle
generally being an « particle. However, cold ternary fission had not been
directly observed prior to our work [16]. In the case of cold (neutronless)
alpha ternary fission of 22Cf, one looks at the correlation between two even-
Z fragments with the sum of charges Z = 96 and sum of masses A = 248.
For example, %éGBa and }182Zr are the partners when a ternary a-particle is
involved. More experimental details can be found in Ref. [16].

In Table 3, the cold neutronless alpha ternary fission yields observed in
the spontaneous fission of 2°2Cf are presented. The highest experimental yields
were found for the Zr + Ba isotopes. Significant yields also were observed for
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the Mo + Xe and Sr 4+ Ce ternary fragmentations. The average values of
the «a ternary fission yields obtained by double-gating on the heavy fragments
or light fragments are listed in Table 3. The theoretical values calculated by
Sandulescu et al. [17] are shown in columns 3 and 6 of Table 3. Since a different
normalization is used for the theoretical calculations, the total theoretical yield
is normalized to the total experimantal yield, and the reported values are the
renormalized relative theoretical yields. In general, there is good agreement
between the relative theoretical and experimental yields.

Table 3
The alpha ternary isotopic yields Yeqp obtained per 100 fission events [16]

« Partner nuclei  Yerp (%) YT « Partner nuclei Yoo, (%) Yo'

2Kr—go°Nd 0.002(1)  0.002 92Sr—£32Ce 0.008(3)  0.010
359r-+2°Ce 0.014(6)  0.017 385187 Ce 0.018(9)  0.016
3208r-148Ce 0.021(10) 0.027 101Sr7147Ce 0.014(11) 0.010
1°Zr-+88Ba 0.038(12) 0.017  1'Zr-i"Ba  0.082(10) 0.058
1027Zr-135Ba 0.009(4) 0.017  iPZr-1¥Ba  0.084(29) 0.050
01 Zr-+¢'Ba 0.017(8) 0.016  13°Mo—+:°Xe  0.018(7) 0.031
13" Mo-$4' Xe 0.030(14) 0.017  1¥Mo—+4°Xe  0.007(3) 0.014
i42Ru-£5°Te 0.011(6) 0.028  1t°Pd-£3%Sn 0.006(3)  0.048

A few of the cold a-ternary fragmentations presented in Table 3 involve
odd-odd splittings. One observes that their corresponding experimental yields
are higher than the yields for the even-even neighbours, as found in the theo-
retical calculations also. The increased yields in these cases may be because
of the differences in level densities near the ground states in odd-odd and the
even-even nuclei. The enhanced experimental yields for the cold a-ternary
fission in which heavier partners are Ba isotopes could be attributed to the
static octupole deformation observed in this region, since octupole shapes at
the scission configuration could significantly lower the Coulomb barrier and
increase the penetrability between the final fragments. These are the first
identification and determination of yields of the particular correlated pairs
associated with cold « ternary fission.

5. LIGHT CHARGED PARTICLE TERNARY FISSION

Another experiment was performed incorporating light charged particle
(LCP) detectors to detect ternary particles in coincidence with v rays in Gam-
masphere. The energy spectra of LCPs emitted in the spontaneous fission of
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2520f were measured by using two AE — E Si detector telescopes installed
at the center of the Gammasphere array. With the position resolution of the
strip detector (4 mm wide strips and 1 mm resolution along each strip), the
AFE — E telescopes provided unambiguous Z and A identification for all the
LCPs of interest. The ~-ray spectrum in coincidence with ternary a-particles
is shown in Fig. 2. In this spectrum, one can easily see the «-transitions for
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Fig. 2 — ~-ray spectrum in coincidence with a-particles.
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Fig. 3 — Coincident spectrum gated on a and 287.1 keV transition in 4?Xe.

various partner nuclei where a ternary a-particle is emitted. For example, Xe
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and Mo isotopes are partners where o and xn are emitted. Now, imposing
an additional condition that the a-gated y-spectrum should be also in coinci-
dence with the 2+ —07 transition in *2Xe, one gets a very clean spectrum as
shown in Fig. 3. From the analysis of the v-ray intensities in these types of
spectra, one can calculate the yield distributions. The yield distributions both
for binary and ternary a-channel from 0 to 6n emission are shown Fig. 4 for
two particular channels. These are the first relative 0-6n yields for any ternary
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Fig. 4 — Yield spectrum for a.

a SF. Note the peak of the neutron emission yields for Ba-a-192Zr is shifted
up by about half an AMU from the Ba-'Mo binary yield and so the average
neutron emission in this « ternary SF channel is shfted down by about 0.4n.
About 5-20 % of the « yield is from *He ternary fission in 2*2Cf SF.

6. "He TERNARY FISSION YIELDS [18] OF ?*2Cf AND U

In the case of 252Cf, the relative yields of *He, “He and 8He have been
measured to be 10%, 393(60), and 25(5), respectively, with an absolute ternary
“He yield of 3.82x1073 [19]. The contribution of ®*He to the ternary helium
fission yield is difficult to determine because of its break-up into the o + n
channel with a half-life of 8x10722. The Q value and neutron energy asso-
ciated with this process are 0.957 MeV and 4.0(3) MeV, respectively [20],
e.g. (Esy.) = (E,) + 3MeV. The presence of °He in the fission of 2°2Cf was
originally demonstrated by Cheifetz et al. [21], who measured the correlation
between neutrons and « particles at 0° and 180°, and reported that approx-
imately 11(2)% of the ternary « particles result from °He break-up. The
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average °He kinetic energy was measured to be 15.4 MeV, i.e the associated
« energy is 12.4(9) MeV [21]. The latter value should be contrasted with
the average o energy of 15.7 MeV reported in Ref. [19]. The results of Refs.
[20-23] leave a number of open questions. The mean *He energy of ~ 6 MeV
extracted from the low-energy tail of the a spectra [22,23] differs significantly
from the only direct measurement of 12.4 MeV [21]. Furthermore, the He
yield extracted from this tail, 15.5 % [22, 23], is barely consistent with the
yield of 11 % reported by Cheifetz et al. [21]. Additional uncertainties regard-
ing the experimental situation come from the fact that the role of the neutron
multiplicity was not considered in Ref. [21]. This multiplicity was determined
later by Han Hongyin et al. [24]. Thus, it appeared worthwhile to revisit the
issue. Hereafter, we present the results of a new analysis of « spectra from
ternary fission. Data from a new measurement with a 2°2Cf source as well
as published data on 2°2Cf and ?*>U(n,f) have been analyzed. A consistent
picture of the "He ternary fission yield appears to emerge. An approach to
the fitting procedure was then employed with the only requirement that the
widths of the two Gaussian distributions be the same, hereby fulfilling the
requirement derived from Ref. [22]. This approach neglects the fact that the
break-up of “He contributes a small, additional spread in momentum to the
distribution imparted by the ternary fission process. The results given in Ta-
ble 3 are presented under the assumption that *He ternary fission dominates
the alpha particle spectra, i.e. that °He is associated with the component
with the smaller intensity. The results of the fit are also displayed in the top
part of Fig. 5. The energies associated with the two particles are now quite
different, even though the centroid of the low-energy Gaussian is determined
with less than desirable accuracy. This is due to the low-energy cut-off of the
present « spectra. This cut-off also impacts severely the accuracy with which
the intensity of the two components can be determined. In other words, the
low-energy cut-off of the present « spectra makes the errors large in the yields
and energies as shown in Table 4. These findings prompted us to then con-
centrate on the data of Loveland [23] and the results of a fit (with the same
constraints) of the spectrum measured by this author are presented in Table
4 and the middle part of Fig. 5. Within the errors, the results of the two data
sets are in satisfactory agreement. Furthermore, the effect of the low-energy
cut-off in the new data was examined by arbitrarily truncating the data by
Loveland [22]. It was found that the changes in the values of the fitting pa-
rameters remained within errors for cut-off energies varying from ~ 1 to 9.5
MeV; i.e., the values presented in Table 4 are quite stable and reliable.

Thus, this analysis indicates that the average energies of the alpha par-
ticles associated with “He and °He differ by 3-6 MeV and that at least 80 %
of the total alpha yield is associated with ‘He originating from ternary fission.
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for two Gaussians: (a) this spectrum is from our work [18]; (b) and (c)

from data of Loveland [23] and from data of D’hondt et al. [25, 26],
respectively.

Table 4

Relative yield ratios extracted for the ternary *He and ®He particles of
Z52Cf from our work [18] (first and second rows) and Ref. [23] (third and
fourth rows) for 2°2Cf, and from Ref. [25, 26] (last rows) for 2**U(n,f).
(Espe) = (Ea) — @+ (En) = (Ea) +3 (MeV) [20]

(E) MeV FWHM MeV Relative yields x*/d.o.f

TICf THe 16.0750 740 79.6, 2 0.068
SHe 13.9711 (I 20.472L°

2620f 4He  16.0193 97703 78.9744 0.91
SHe 110193 9.7:03 21.1+3:2

85U e 15.8104 9.1793 87.7. 51 0.56
SHe 11.6799 9.1,0% 12.3732

Finally, a similar analysis of the 235U(n,f) ternary fission data of Refs. [25] and
[26] was also carried out. The results form the last entries to Table 3. As can
be seen the results are similar to those obtained for 22Cf and a satisfactory
understanding of the data appears to emerge. The agreement between the
various data sets can be regarded as satisfactory, considering that the com-
parisons cover data obtained with independent instruments under different
experimental conditions. A consistent description of the present 2°2Cf data
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as well as of the data of Ref. [23] for 2°2Cf and of Refs. [25,26] for 23°U(n,f)
was achieved. In all cases the energy of "He is determined to be around 11
MeV while the corresponding energy for *He is 16 MeV. 80-90 % of the total
yield can be assigned the ternary fission accompanied by a “He particle. The
remaining 10-20 % of the alpha yield is then assigned the break-up of He.

7. COLD 'Be TERNARY SPONTANEOUS FISSION [12]

Ternary fission is very rare process that occurs roughly only once in every
500 spontaneous fissions (SF) dominated by « ternary fission. Roughly, the
10Be particles are emitted once per 10° spontaneous fissions. The maximum
yield in the binary spontaneous fission is located around 3 to 4 neutrons. We
know that the « ternary fission is, mostly, accompanied by ~ 2 to 3 neutrons.
In neutronless ternary spontaneous fission (SF), the two larger fragments have
very low excitation energy and high kinetic energies. Experimentally it is not
easy to identify the v transitions of the cold or hot °Be ternary SF pair
because it is very rare process. The first case of neutronless '°Be ternary
spontaneous fission (SF) in 2°2Cf was reported from v — 7 — v coincidence
spectrum where the pairs are “°Sr and 4°Ba without neutrons emitted [27].
In our LCP-y — ~ data, the cover foils allowed only the high energy tail of
the ©Be energy spectrum to be observed in the particle detector and their
partners established from the cube data.

In our work, the neutronless (cold) 1°Be ternary spontaneous fission (SF)
pairs of 252Cf are identified for two other fragment pairs of 194Zr-138Xe and
106\[0-136Te from the analysis of the v — v matrix gated by the °Be particles
as shown in Fig. 6. Also, several isotopes related to the '°Be ternary SF are
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Fig. 6 — ~-ray spectrum in coincidence with '°Be.

observed. From the AE-E plot, the 19Be charged particles are selected as a gate
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to make the v —+ matrix. Also, we did not subtract the background spectrum
from the full projection of the v—~ matrix because of poor statistics. The high
efficiency of Gammasphere enables coincidence relationships to be established
even with the low statistics data associated with a small °Be ternary SF
yield. The identification of the gamma-transitions belonging to other partner
fragments is not clear in this experiment. From the v — v — v cube we could
clearly eatablish coincidence for °0Zr-142Xe and '02Zr-149Xe. Also, by double
gating on the 376.7 and 457.3 ~-rays in '“°Xe, we can see clearly the zero
neutron channel 1°2Zr and probably the °°Zr 2n channel which is weaker by
a factor of 5-10 if present. The identification of several isotopes related with
the °Be emission is made by the observation of two or three transitions in
coincidence belonging to each isotope and from the v —~—+ cube. All isotopes
and the related v transitions identified in the present work are tabulated in
Table 5.

Table 5

Fragments identified from the coincidence relationship between ~-rays
and '°Be ternary particle [12]. * : identified in v — v — v data and
** . LCP-vy — « data

Identified Isotopes Observed v rays (keV) Partner isotopes
(B2 [28, 29]) in the left column isotopes (B2 [28, 29])
10°Zr (0.321) 212.6, 352.0, 497.0 t1°Xe (0.145])"
102Zr (0.421) 151.8, 326.2 $4%Xe (0.1136 )*
101Zr (0.381) 140.3, 312.5 128 Xe (0.0309 )**
13'Mo (0.325) 192.0, 368.5 £38Te (0.000 )
(or 15¥Mo) (or 23%Te)
12Mo (0.353) 171.6 with 606.6 (**°Te) £35Te (0.000 )**
1°Ru (0.303 ) 240.7, 422.2 £32Sn (0.000 )
(or 33°Ru) (or 53"Sn)
£35Te (0.000 ) 606.6, 424.0 with 171.6 (*°°Mo)  13°Mo (0.353)**
$38Xe (0.0309 ) 588.9, 483.8, 482.1 107r (0.381 )**
$19Xe (0.1136 ) 376.7, 457.4, 582.5 192Zr (0.421 )"

In Table 5, partner fragments pertaining to the cold (neutronless) channel
are shown some of which are confirmed as noted. Quadrupole deformations for
each isotopes are taken from Refs. [28, 29]. From these examples, we can see
that the statistics of the coincident spectrum with a single gate on the lowest
gamma transition does not depend on the statistics of the gated peak because
of complexity of the gamma-ray multiplicity and the enhanced population of
the lowlying levels in the 1Be SF.
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The hot fission mode can excite the fragments up to higher level energies
than the cold fission. The present results indicate that the cold (neutronless)
process is dominant in the ternary SF accompanying a heavy third particle
such as '"Be with high kinetic energy. In our work, we are gating only on the
high kinetic energy part of the 19Be particles.

The 1%Zr isotope is highly deformed with a 3 value of around 0.4 [7, 29]
and the 38Xe nucleus is very spherical. Therefore, the 1°Be particle seems
to be emitted from the breaking of “8Ce = 38Xe+10Be at scission which
would enhance the °Be kinetic energy. Increased deformation at the scission
point increases excitation energy for the third ternary particle and two heavy
fragments. Therefore the possibility of observing the exciated levels in both
the fragments increases when both of them are deformed at scission point such
as 194Zr(deformed)—'48Ce(!38Xe+19Be)(deformed). Actually, the neutronless
binary fission yield for 48Ce—194Zr pair is as high as 0.05(3) per 100 SF of
252(Cf [30]. This case is very similar to the one we reported earlier for the pair
%Sr (spherical shape) and '46Ba (deformed shape) [27].

In the a ternary fission we see the cold, zero, neutron fission but 2n and
3n channels are much stronger. However, for the cold °Be ternary SF pairs
identified from the v — v matrix gated on '°Be charged particles and the cube
data, we find the zero neutron channel clearly much stronger than 1n and
2n. This is a very unique discovery in the study of the cold (zero neutron)
fission processes.
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