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Abstract. Measurements of fission fragment yields and neutron multiplicities have been carried out for the
Mo-Ba fragment pairs in the spontaneous fission of 2*2>Cf, using the y-ray spectroscopy technique to analyze
v-v-7y coincidence data. Prompt ~-ray multiplicities were also measured as a function of the number of
neutrons emitted in the fission process leading to the Mo-Ba partition. We do not observe the enhancement
in the yields of events with high neutron emission multiplicity (v, >7) that has been associated to a second
fission mode leading to the production of hyperdeformed Ba fragments, as reported in some earlier studies.
The average -ray multiplicity is found to be rather weakly dependent on the number of neutrons emitted

in the fission process.

PACS. 27.70.4+q 150 < A <189 — 21.10.Re Collective levels — 25.70.Gh Compound nucleus

1 Introduction

Extensive investigations of fission fragment charge, mass
and energy distributions in spontaneous fission of 2%2Cf
have been carried out in the past, providing valuable in-
formation on the dynamics of the fission process and, in
particular, on the sharing of the total released energy
among different degrees of freedom (thermal, deformation
and total kinetic (TKE) energy) [1]. The excited fission
fragments emit prompt neutrons and ~y-rays which carry
information on their structural properties and on the dy-
namics of the fission process. For a given TKE, the number
of prompt neutrons emitted in a fission event is directly
related to the thermal excitation energy of the fragments.

In some recent gamma-ray spectroscopy studies in
252Cf spontaneous fission, enhanced cross-sections have
been reported [2,3] for the production of Ba-Mo fragment
pairs associated with high neutron emission multiplici-
ties (v,) of 7 to 10 neutrons. To explain this observa-
tion, it was inferred that the 14414%:146Ba fragments at
scission exhibit an unusually large deformation character-
ized by a 3:1 axis ratio, while their Mo partners have a
normal, only slightly deformed shape. Assuming that the
two nuclei separate along their major axis, such a dinu-
clear configuration would be associated with a much lower
total kinetic energy, as compared to the case correspond-
ing to nearly spherical shapes. Consequently, the fission
fragments would have unusually high excitation energies,

thus evaporating a larger number of neutrons in their sub-
sequent decay.

The enhanced yield corresponding to the events char-
acterised by large neutron multiplicities (v,,>7), was in-
terpreted as due to a second fission mode leading to the
population of hyperdeformed (HD) Ba nuclei. This inter-
pretation was also substantiated by the measurement of
the average fragment spin as a function of neutron multi-
plicity, where a strong correlation was observed between
the average fragment spin and neutron multiplicity. The
results reported in [2,3] stimulated wide interest from the
experimental as well as theoretical point of view [4,5], since
the search for HD structures in nuclei is at the forefront
of the nuclear physics research. Indications for the pop-
ulation of HD structures were evidenced in the past in
the actinide nuclei fission [6]. Furthermore, hyperdeformed
rotational bands have also been investigated by using in-
beam ~-ray techniques in the mass region of A=150-160,
where they have been predicted [7,8] to occur at very high
angular momenta (J>70 k). The experiments performed
so far in the Dy [9,10] as well as in the Gd [11,12] regions
do not provide any conclusive evidence for hyperdeformed
shapes produced in heavy ion induced reactions.

The occurrence of HD structures of fragments pro-
duced in the 252Cf spontaneous fission is of great interest
for the understanding of the fission dynamics as well as
for nuclear structure studies. Therefore, any further at-
tempt to extend the information presented in [2,3] on the
fission products is worth pursuing. In the present work,
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we have carried out new measurements of the multiplicity
distribution of the prompt neutrons emitted in the spon-
taneous fission of the 252Cf by using the discrete 7-ray
spectroscopy technique. Furthermore, the total ~-ray mul-
tiplicity has been measured for the first time as a function
of the neutron multiplicity for the Ba-Mo fission fragment
pairs.

2 Experimental Set-up

The experiment was performed at the GASP spectrometer
[13], which consists of an array of 40 large volume Comp-
ton suppressed germanium detectors (HPGe) positioned
in 7 rings at different angles with respect to the beam
direction and an inner ball of 80 Bismuth Germanate
(BGO) scintillators. A sealed weak 252Cf source (~10%
fissionxs~!) was placed at the center of the GASP array.
The counting rate of the inner ball was 15 kHz for fold
k>2 and the corresponding counting rate of each HPGe
detector was ~300 Hz. Data were collected during three
weeks run with the condition of having fold k>2 in the
inner ball elements in coincidence with at least one HPGe
detector. This condition assures a good suppression of the
~-ray cascades originating from the released radioactivity
in the source. Some of the results obtained in the present
experiment for the production of energetic v-rays in 252Cf
fission have already been published [14]. In the present pa-
per, we discuss the results on the yields of specific Mo-Ba
fragment pairs measured from the coincident y-ray spec-
troscopic measurements.

In the off-line analysis, a total number of 0.8 x 10°
5-fold events (2 ~-rays in the BGO inner ball and 3 ~-
rays in the HPGe detectors) were considered. In this data
set, prompt HPGe v-ray events were selected by requir-
ing a gate of 40 nsec in the TDC spectra started by the
inner ball. The overall energy resolution in the total pro-
jection spectrum of the HPGe detectors was found to be
about 1.8 keV at E,=331 keV. The HPGe prompt y-y-v
coincidences were used to build E,-E, matrices and E.-
E,-E, cubes. To study the ~-ray multiplicities associated
with different selections of final fission fragments, E,-E,-k
cubes were used by gating on -ray transitions in specific
fission products.

3 Method of data analysis

The triple v-y-v coincidence data were analyzed to ex-
tract the relative production cross-section for a given pair
of final fragments. A double gate on two coincident -
rays in a given nucleus (A1, Z1) (usually the 2+ —07 and
4T —27 transitions in case of an even-even product), was
used to obtain a y-ray spectrum where the transitions in
the partner fragments were clearly identified. The inten-
sities of the «-ray transitions in the partners (usually the
2+ —07 lines in case of even-even nuclei) were corrected
for the detection efficiencies of the 7-rays involved in the
selection and used to extract the relative yields for the
considered partitions.
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For a given pair of fission products (Ay, Z1) and (Aa,
Zo) with Z1+7Z2=98, the number of emitted neutrons is
uniquely defined as v,=252-(As+A1). As a result, the
partition yields uniquely determine the distributions of
the neutron multiplicity associated with the nucleus (A1,
Z1). The total neutron multiplicity distribution for the
Ba-Mo fission channel was then obtained by summing the
probabilities for the same number of emitted neutrons as-
sociated with the different (Ba or Mo) isotopes. The data
were then normalized to the results presented in [3]. This
procedure is based on the assumption that the intensity
of the transition used to extract the production yield is
proportional to the total yield of the fragment. Such an
assumption is certainly justified for even-even nuclei. In
case of odd nuclei, the decay paths are usually much more
complicated and the complete spectroscopic informations
are not available in some cases [15]. The reconstruction
of the total production yield in the present analysis was
obtained by using the two most intense lines to identify a
particular odd nucleus.

In this work, the results on production yields and neu-
tron multiplicity distribution for the Mo-Ba fission chan-
nel are reported. The Mo-Ba partition is the strongest
channel in the 2°2Cf spontaneous fission, accounting for
~17% of the fission decay. In order to verify the extent to
which the results are influenced by the chosen gating tran-
sitions and by the available spectroscopic information, the
data analysis was performed in two ways by double gating
on the Mo as well as on the Ba isotopes. As a further check,
the transition energies used as first and second gates in the
nucleus (Aj, Z1) were in all cases interchanged.

It has to be stressed that, in this study, we consider
events in which at least 5 y-rays have been detected in the
GASP array (2 in the BGO inner ball and 3 in the HPGe
detectors). This condition minimizes the background due
to radioactive decays of the fission products, which involve
rather short v-ray cascades, and allows to use 3 y-ray tran-
sitions to tag any fission fragment pair. It is believed that
the bias introduced by this selection in the prompt fis-
sion y-ray data is rather small in the case of the Mo-Ba
channel, since the associated average y-ray fold measured
with the above trigger conditions in the GASP inner ball
is <k>~8 for all fragment pairs, as it will be shown in
Sect. 4.2.

4 Results and discussion

The ~-ray transitions used to select different final fission
fragments (A1, Z;1) in the Mo-Ba partition are listed in Ta-
ble 1. In most cases, the double gated ~-ray spectrum with
appropriate background subtraction shows clearly the ab-
sence of contributions from nuclei other than the tagged
isotopes (A1, Z1) and the correlated fragments (Ag ., Z2),
where Ay, =252-A;-v, and Zy=98-Z;. As an example, we
show in Fig. la the spectrum obtained with the double
gate (E,=199 and 331 keV) on the 4*Ba nucleus. The 7-
ray spectrum is seen to be dominated by transitions in the
Mo isotopes corresponding to the emission of 2,4 neutrons.
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Fig. 1. ~-ray spectra obtained with a double gate, back-
ground subtracted, on transitions in ***Ba (a) or **°Ba (b and
c). Marked transitions in (a) are from: '**Ba (open squares),
196Mo (full dots), **Mo and %Mo (full squares), ***Mo only
(full triangle). For further details see the text

Table 1. ~-ray transitions used to select the different final
fission fragments in the Ba-Mo partition. For more details see
the text

Nuclei E} E2
14084 602.3 530
142, 359.6 475
143B,, 492.9 342.9
1448, 199.3 330.7
14584 248.8 373.8
146B4 181.0 332.7
1484, 281.8 384.8
1020\ 296.6 447.1
103Mo 251.1 102.4
104\ o 192.8 368.9
105Mo 94.5 137.7
1060\ o 172.1 351.1
107Mo 348.4 406.0
108\ o 192.9 370.8

In some cases, however, the tagging of a given nucleus
has to be performed with great care due to the presence
of transitions having the same (or nearly the same) en-
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ergy in two or more isotopes. An important example of
this situation is the case of the °*Mo and °*Mo nuclei.
The 2 —07 transitions have, indeed, almost the same en-
ergy in the two nuclei: 192.8 keV and 192.9 keV for 1Mo
and '°®Mo respectively. In addition, the 4T —2% transi-
tions are also very close in energy: 368.9 keV and 370.8
keV for 1%Mo and "8 Mo respectively. In the present data
analysis, it is of extreme importance to clearly distinguish
the yields for partitions involving '°*Mo and '%®Mo frag-
ments, since the 1%*Mo-1Ba and '%*Mo-'3*Ba channels
correspond to the rare v,=8 and v, =10 neutron multi-
plicity events, whereas the 1°®Mo-14"Ba and °*Mo-138Ba
partitions are associated with the more probable 4 and 6
neutron emission channels.

In these two cases, we have first gated on the Ba iso-
topes of interest. As an example, to obtain the yields of
the 119Ba-1%Mo (1,=4) and '1°Ba-1%*Mo (v,,=8) parti-
tions, we tag the °Ba nucleus by the coincident 602 keV
(2t —01) and 530 keV (41t —27) transitions. The associ-
ated double gated spectrum is shown in Fig. 1b. Since the
contributions to the intensity of the 193 keV line from the
two 194Mo and '°® Mo partner nuclei could not be distin-
guished, we obtained the yield ratio for these products us-
ing the 47 —27 ~-rays which are separated by 1.9 keV. In
fact, in the expansion of the 149Ba double gated spectrum
as shown in Fig.lc, the line at 370 keV appears clearly
to be a doublet. The yield ratio of 1Mo and Mo nu-
clei in coincidence with the '49Ba nucleus was then calcu-
lated with a two-gaussian fit, as shown in the same figure
(Fig. 1c). In this way, the yield for the 1¥Mo-14°Ba par-
tition (v,=4) was found to be 2.8 times larger than the
104Mo-140Ba channel (v,=8). This is also as per the ex-
pectations that the relative yields for many partitions in
the 252Cf fission exhibit a maximum at v, = 3 - 4 [16].

We note that this result is substantially different from
the ratio 0.33 reported in [3] where the 8n channel yield
is 3 times larger with respect to the 4n one. It has to
be noted that in [3], the overestimation of the probability
for this specific, i.e. the 1°*Mo-14"Ba 8n channel strongly
influences the total probability for the 8n emission. The
104Mo-149Ba partition accounts, in fact, for 2/3 of the total
8n channel strength reported in that work.

4.1 Fission fragment yields and neutron multiplicity

The total relative production yield of the Ba and the Mo
isotopes was obtained by summing over the single parti-
tion yields. The yield distributions for Ba and Mo isotopes
are shown in Fig. 2. The data are compared with results
from [3] and with semi-empirical estimates of the 252Cf fis-
sion product yields [17]. The results of the present study
agree quite well with both these semi-empirical estimates
and the experimental data from [3], demonstrating that
our analysis reproduces the known gross features of the
isotopic distributions.

In Fig. 3, we show the total neutron multiplicity dis-
tribution for the Mo-Ba partition. As discussed in Sect. 3,
the two data sets presented here correspond to the choice
of either Ba or Mo isotopes as (A1, Z1) tagged nuclei. The
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Fig. 3. Total neutron multiplicity distribution for the Mo-Ba
partition from our experiment compared with the results from
Tab. III of [3]. The solid line is the result of inclusive neutron
mesurements from [17]

two exctracted neutron emission probability distributions
are very similar, with the exception of the 1n channel,
where the Mo-tagged data show a lower yield. The agree-
ment between the two distributions demonstrates that, in
general, the transitions used to tag the Ba-Mo pairs do not
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Fig. 4. ~-ray spectrum obtained by double gating on '*°Ba.
The arrows indicate the transition energies 102.4 keV (1031\/107
vn=9) and 172.1 keV (***Mo, v,=6)

bias the results, and excludes the possibility of any con-
taminations from nuclei produced in other partitions. In
Fig. 3, we also present the results from the y-ray study of
[3] and from inclusive neutron distribution measurements
of [18]. It appears that a satisfactory agreement is achieved
between the different data sets when neutron multiplici-
ties between 1 and 7 are considered. On the contrary, our
values are much lower when compared to the data from [3],
for the v,,=8 channel, which has been already discussed.

Furthermore, the present measurement for the v, =9
channel yield was also much lower than that reported in
[3]. In this reference it was reported that two partitions,
i.e. 138Ba-105Mo (yield 0.0240.02) and 1°Ba-1%3Mo (yield
0.05+0.03) contribute to the 9n channel. As far as the
140Ba-103\o partition is concerned, our results are illus-
trated in Fig. 4, where the spectrum gated on '4°Ba is
expanded in the energy region where the 102.4 keV tran-
sition in '93Mo is expected. The yield of this line appears
to be very small, compared to the expectations based on
[3] for which the ratio between the 102.4 keV and the
172.1 keV (19°Mo) lines is supposed to be about 1/2. In a
further attempt to search for this channel we used the pro-
cedure of [2]. In that work two spectra were produced: the
first one gating on the transitions 251 keV (1%*Mo) and
602 keV (14°Ba) and the second one called “background
spectrum” gating on energies 270 keV (background level)
and 602 keV (*°Ba). In [2], the analysis of the 529 keV
structure (1*Mo) showed a much lower yield in the “back-
ground spectrum” with respect to the first one. In our
case, we found nearly the same counts for the 529 keV
structure obtained in the two spectra. This confirms the
very low yield associated to the 49Ba-13Mo as shown in
Fig. 4. This smaller production rate for the v,=9 chan-
nel evidenced here agrees quite well with the results from
the inclusive neutron measurements of [18]. The latter dis-
tribution, being not related to a specific partition in the
spontaneous fission of 2°2Cf exhibits the shape resulting
from the dominant fission mode.

As far as the v,,=10 channel is concerned, [3] attributes
to this channel a yield of 0.0840.03, which is only due to
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the 138Ba-194Mo partition. This yield is, in principle, well
above our detection limit. In the present experiment, the
138Ba-104Mo was tagged by a preliminary double gate on
138Ba. This choice is essentially due to the difficulties in
the discrimination between the °*Mo and the °*Mo nu-
clei as discussed earlier. The '3®Ba is known to have a 67
isomeric level with 0.8 us lifetime at 2091 keV excitation
energy. This isomeric state decays to the ground state by
a cascade of 3 ~-rays of energies 192 keV, 463 keV and
1435.8 keV, the latter transition being the connection be-
tween the first 2 and the 0 ; levels. It is not known if the

47" level is fed only through the isomeric 6™ state or there
are some prompt side-feeding transitions which bypass the
isomer. In any case, the presence of the isomer would re-
duce the tagging efficiency for the 38Ba due to the trig-
gering conditions of the present experiment. Furthermore,
a strong production of 1435 keV ~v-rays was found in the
data due to the inelastic excitation of the first 27 level
of the ®2Cr present in the stainless steel cointainer of the
252Cf source. This fact creates an additional background
problem when tagging the *®Ba nucleus via its 2+ — 0%
transition. As a final result, it was not possible to detect
a clear signature associated to the '38Ba-1*Mo partition.

As a final point, we would like to briefly discuss the
v =0 case. A special interest is set on this channel because
the v,=0 events indicate that large amplitude motion in
nuclei takes place as cold rearrangement of a large number
of nucleons, in which very low thermal excitation energies
are transferred to the fission fragments. In the present
work, we have clearly identified two partitions contribut-
ing to the v, =0 channel, i.e. the *6Ba-1"Mo and the
144B4-198Mo. An example of this identification is given in
Fig. 5 for the spectrum with the double gate on '46Ba.
The yield of the first partition was obtained by tagging
the 1%6Ba as well as the 1%Mo. Our estimates of the rel-
ative yield is 0.0540.01, which is somewhat in agreement
with the value reported in [3] (0.0840.05). Furthermore,
we also determined the yield of the second partition by
only tagging the **Ba nucleus. Our value for this second
partition is 0.0540.01, to be compared with 0.06£0.05
quoted in [3]. Our data, therefore, confirm the findings of
previous works for the yields of the v, = 0 channel.

The results reported in this section demonstrate that
we are not able to confirm the enhancement in the v,,>7
channels in the Mo-Ba partition, interpreted in earlier ex-
periments as due to the presence of a second fission mode.
We stress that our analysis was performed on the vy-y-v
data where contaminations from beta decay or neutron in-
duced events are strongly suppressed by the requirement
of two additional gamma ray hits in the inner ball.

4.2 ~-ray multiplicity distributions

The mechanism of spin generation in spontaneous fission
products has been investigated in the past [19-22] and it
was found to be associated with the excitation of vari-
ous angular momentum bearing modes, such as wriggling,
bending and twisting in the nascent fragments [23,24].
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The present study offers a unique possibility for a de-
tailed analysis of the ~v-ray multiplicity associated with
specific pairs of fission fragments. Furthermore, the ~-ray
multiplicity as a function of the neutron multiplicity in
the Mo-Ba partition has a specific interest when the v,,>8
channels are considered. In [3], the average angular mo-
menta for individual fission fragments were derived from
the measured populations of different spin levels. The av-
erage angular momentum for Ba fragments exhibited a
sudden decrease in case of v,=8,10 channels which was
assumed to be correlated with the second fission mode. It
is, therefore, quite interesting to verify if such an effect
is also seen in the 7-ray multiplicity measured with the
GASP inner ball.

The gamma ray multiplicity distributions were ob-
tained from the measured gamma ray fold spectra cor-
responding to a fragment pair by using the same tech-
nique of double gates set on transitions in one fragment
and a third gate on a ~-ray from its partner nuclei. Such
data analysis was performed for the most intense channels
of the Mo-Ba partition, employing the gates reported in
Table 1. Furthermore, the analysis was repeated by inter-
changing the double gates on Mo as well as the Ba iso-
topes, as was done for the production yield and neutron
multiplicity measurements.



194

Double gate on "“Ba

8000 1

6000 | inclusive |

4000 ¢ <k>=8.2 T

2000 L FWHM=7.0 4

60 | 2n chcnnel )

I <Kk>=8.1 |
n X W73

- 20 | 4

-

3 h I
4n channe

8 40 ¢ .
<k>=8.3

20 t FWHM=7.0 -

20 | 6n chonnel |
<Kk>=7.8

10 FWHM=6.5 -

10 15 20

fold K

Fig. 6. The experimental raw fold distributions in coincidence
with the '**Ba nucleus (upper panel) and with the additional
selection of different partner Mo nuclei

An example of the measured raw fold distributions is
shown in Fig. 6. The spectra shown are related to a double
gate on the '44Ba nucleus and the v,=2, 4 and 6 channels
were selected by a third gate on the corresponding Mo iso-
topes. In all the pairs considered in this work, the width
of the experimental fold distribution was found to be re-
markably constant at around a value of Ak~6-7 (FWHM),
which is larger than that due only to the response func-
tion of the GASP inner ball. This demonstrates that the
intrinsic width of the spin distribution in the spontaneous
fission is not negligible, as discussed in [19].

To obtain the average ~-ray multiplicity, the values of
the first moment (i.e. the average value) of the raw fold
distributions have to be corrected for the inner ball effi-
ciency as well as for the effects of neutrons. The neutron
induced events could not be suppressed experimentally,
since the flight path in the inner ball was too short (17 cm)
to reject them by the time of flight technique. We have,
therefore, investigated the neutron-to-gamma event ratio
in the BGO inner ball detectors by performing the n-v
discrimination by the time-of-flight technique in an inde-
pendent measurement, where the flight path for one of the
BGO detector was increased up to 70 cm. The measured
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ratio between the counts due to neutrons and v-rays emit-
ted from the 252Cf source was used to determine a neutron
multiplicity dependent correction to the vy-ray fold data.

The average ~-ray multiplicity as a function of the neu-
tron multiplicity is shown in Fig. 7 for different fragment
partitions. Two sets of data are reported in which the dou-
ble gate selection is set on either Mo or Ba isotopes. The
data show two important features. The bulk of the mea-
sured multiplicity data is in the range M,=10-11. This
result is well in agreement with the value M,=10.5£0.6
obtained in a coincidence measurement with Ba X-rays
[19]. Secondly, several data points are corresponding to the
same neutron multiplicity. As an example, the four parti-
tions 192Mo-'46Ba, 194Mo-1**Ba, 196Mo-142Ba and %°Mo-
143Ba reported in Fig. 7 are all 4n channels. Multiplicity
data have been obtained for those partitions by double
gating on Mo as well as on Ba isotopes, providing a set of
8 different values. A remarkably good agreement is found
among the measured ~-ray multiplicity values correspond-
ing to different partitions leading to the 4n channel, the
average dispersion of the data from the mean value be-
ing less than 5 %. Following this observation, the average
values of the y-ray multiplicity are plotted in Fig. 8 as a
function of the neutron multiplicity. The interest in the
correlation between number of emitted neutrons and -
rays explored in past experiments [21,22] lies in the fact
that the number of emitted neutrons reflects the thermal
excitation energy of the fission fragments and the number
of the emitted ~-rays is proportional to the total angular
momentum built into the fragments. The present mea-
surements show that the average gamma ray multiplici-
ties have very weak dependence on the number of emitted
neutrons. This is somewhat in contrast to the results re-
ported in [3], where the total spin of the fragments showed
a rather strong dependence on the number of emitted neu-
trons, particularly for v, >8, which was considered as an
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additional support for the occurrence of the second fission
mode.

5 Summary

In the present work, we have measured the yields for the
correlated Mo-Ba product pairs in 2°2Cf spontaneous fis-
sion in a y-ray coincidence experiment using the GASP ar-
ray. The measured isotopic yields were used to derive the
relative probability distribution of the number of evapo-
rated neutrons in the Mo-Ba fission channel. The neutron
multiplicity distribution was found to agree well with the
results of a similar measurement [2,3] for multiplicities v,
between 1 and 7. On the contrary, the yield for v,,=8 chan-
nel resulted to be much lower than previously reported.
A very low yield for the v,=9 events was also observed,
whereas the v,=10 channel was not seen in the present
experiment.

Prompt 7-ray coincidences between the HPGe detec-
tors and the inner ball provided a measurement of the
~-ray fold distributions for a number of specific Mo-Ba
fragments pairs. The derived average y-multiplicities were
found to be in agreement with earlier exclusive experi-
ments in which the Ba X-rays were used to tag the Ba-
Mo partition [19]. The average ~-ray multiplicity shows a
rather weak dependence on the number of emitted neu-
trons.

In conclusion, the results of the present experiment do
not show evidence for the proposed second fission mode
suggested in [2,3] as being responsible for the enhanced
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production cross sections of the v,,>7 fission channels and
for the strong decrease of the fragment spin in the v,,=8,10
channels. The major experimental difference between our
work and the previous experiments of [2] and [3] is the
~-ray fold considered in the data analysis (triple v coin-
cidences with k>2 in this experiment and double ~ co-
incidences in [2,3]). Further improved experimental data
would be of help to map out the distributions in neutron
multiplicity using different fold selections. This will allow
the direct detection of possible influences due to the used
fold on the apparent production yield for the rare chan-
nels and further verify the presence of the second fission
mode.
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