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We reinvestigated the neutron multiplicity yields of Ba-Mo, Ce-Zr, Te-Pd, and Nd-Sr from the spontaneous
fission of 252Cf by (i) using both γ -γ -γ -γ and γ -γ -γ coincidence data, (ii) using up to date level scheme
structures, and (iii) crosschecking analogous energy transitions in multiple isotopes, we have achieved higher
precision than previous analyses. Particular attention was given to the Ba-Mo pairs where our results clearly
confirm that the Ba-Mo yield data have a second hot fission mode where 8–10, and now 11 neutron evaporation
channels are observed. These are the first observations of the 11 neutron channel. These 8–11 neutron channels
are observed for the first time in the Ce-Zr pairs, but are not observed in other fission pairs. The measured
intensities of the second mode in Ba-Mo and Ce-Zr pairs are ∼1.5(4)% and ∼1.0(3)%, respectively. These high
neutron number evaporation modes can be an indication of hyperdeformation and/or octupole deformation in
143–145Ba and in 146,148Ce at scission to give rise to such high neutron multiplicities.
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I. INTRODUCTION

Yields of individual correlated pairs in barium (Z = 56)
and molybdenum (Z = 42) binary fission have been observed
to undergo fission splits via an extra “hot fission mode”
(also called second mode) [1]. In this mode, it has been
observed that the Ba-Mo fragment pair emits high neutron
multiplicities of 7–10 neutrons in spontaneous fission of 252Cf
[1–3]. To explain this phenomenon, theorists have attributed
the presence of this mode to a possible hyperdeformation of
144,145,146Ba fragments at scission [1,4,5]. This is justified
by referring back to the theory which predicts that a large
nuclear deformation is more likely to yield higher neutron
multiplicities [6]. Other theorists have raised skepticism, since
the hot fission mode has only been observed in Ba-Mo frag-
ment pairs of 252Cf and not in spontaneous fission of 248Cm
[7]. However, this private communication [7] has never been
published.

Furthermore, some earlier analysis in spontaneous fission
of 252Cf did not confirm the second hot mode [8] without
reporting the 9 and 10 channel yields (see later discussion),
while others did show some irregularity around the eight-
neutron channel [9–12]. Because of the importance of under-
standing this extra hot fission mode, pairs of Ba-Mo, Ce-Zr,
Te-Pd, and Nd-Sr have been studied with improved precision
using γ -γ -γ -γ as well as γ -γ -γ coincidence data and the
latest level structures of these nuclei. Also, relative intensities
of transitions in these nuclei made available through our work

likewise improved the accuracy of the analysis. In all cases,
careful attention was given to transitions of the same energies
in multiple isotopes.

Of particular interest in this experiment are the γ -ray
transitions to the ground state. Some isotopes have a single
ground state γ -ray transition, but others have multiple ones.
The ground state γ -ray transition is generally the highest
intensity γ -ray emitted by an isotope, and all daughter nuclei
will emit this γ ray, excluding the extremely unlikely case
they were produced in the ground state during the fission
process. By measuring the intensity of ground state γ rays, it
can be deduced how likely specific isotopes of fission partner
isotopes are to be produced in the spontaneous fission of
252Cf.

If the ground state γ ray is inconvenient to measure,
it is also possible to use a higher transition to make this
calculation, as long as its intensity relative to the ground state
transition is known. The relative intensities of all transitions
feeding the ground states of the isotopes analyzed in this
study were determined based on new levels schemes with
new ground state transitions (especially in odd-even nuclei)
[13–21] to produce a new set of absolute yields. Some of the
γ rays in the newly published level schemes are not clearly
observed in our data such as 140Te [22]. The new results
confirm a second hot mode in Ba-Mo pairs with an intensity
of ≈1.5(4)% and shows evidence for a comparable second
hot mode in Ce-Zr pairs with an intensity of ≈1.0(3)%. These
results are compared with other results [8–12].
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TABLE I. A list of isotopes whose ground state transition en-
ergies were difficult to measure (because of similar ground state
energies or not clearly observed in our data) and what energy
transition we measured instead in Nd-Sr fragment pairs. The scaling
factor is the relative intensity of the measured transition to the ground
state transition; we divided the yield of the transition by this factor to
correct it.

Ground Measured Scaling
Isotope Gate state (keV) (keV) factor

92Sr 155Nd 814.6 859 0.46
94Sr 150Nd 836.7 1089.1 0.23
96Sr 155Nd 814.8 977.5 0.49

II. EXPERIMENTAL SET-UP

The present experiment was done at the Lawrence Berkeley
National Laboratory (LBNL) with the Gammasphere detector
array. A 62 μCi 252Cf source was sandwiched between two
iron 10 mg/cm2 foils, which were used to stop the fission
fragments and eliminate the need for Doppler correction. A
7.62 cm in diameter plastic (CH) ball surrounded the source
to absorb β rays and conversion electrons, as well as to par-
tially moderate and absorb fission neutrons. A total of 5.7 ×
1011 γ -γ -γ and higher fold γ events, and 1.9 × 1011 γ -γ -γ -γ
and higher fold γ coincident events were recorded. These
γ coincident data were analyzed by the RADWARE software
package [23]. More details about the experimental setup can
be found in Refs. [24,25].

III. METHOD OF DATA ANALYSIS

Quadruple (γ -γ -γ -γ ) as well as triple (γ -γ -γ ) coinci-
dence data were analyzed to extract the relative yields of
correlated fragment pairs in spontaneous fission of 252Cf. In
order to find peaks for the yield computation, a double or triple
gate was set on the most intense coincident γ rays in a given
nucleus (usually the 2+ → 0+ and 4+ → 2+ transitions in
case of an even-even product). On the generated coincidence
spectrum, the transitions in the partner fragments were clearly
identified. The intensities of the γ -ray transitions in the part-
ners (usually the 2+ → 0+ in case of even-even nuclei) were
corrected for the detector efficiencies and internal conversion
coefficients (ICC) of the γ rays involved in the selection and

used along with other transitions feeding into the ground state
to extract the relative yields for the considered partitions. In
the case of odd nuclei, all the known transitions populating the
ground state were summed proportionally according to their
intensities.

Additionally, if there is a presence of an isomeric state
in the level scheme structure of a given nucleus, the transi-
tions populating into that isomeric state were considered by
adding the contribution of those transitions populating that
state according to its time scale. This was done to avoid
underestimating the yields. Specific examples will be given in
the discussion section. A two-dimensional matrix was created
from the initial data by selecting the γ -ray coincidences
occurring within 1 μs time window. The peaks observed in
this two-dimensional spectrum arise from the coincidences
between the γ -ray emitted promptly by both complementary
fission fragments of different fragment pairs.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fission spectra are very complex and this type of analysis
is difficult and prone to errors caused by random coincidences
and background. As such, we found some peaks unusable
because of contamination or similar transition energies found
in other isotopes. Crosschecks by gating on a series of isotopes
as well as gating on their fission partners have been done
to determine possible contamination and the accuracy of the
current result. In addition, to measure yields in these cases,
we used peaks found in higher transitions and scaled them
appropriately. For example, Table I contains this information
for the Sr-Nd pair. In order to calculate the scaling factor, we
set a clean gate with no contamination on energy transitions of
other isotopes and measured the intensities of the ground state
transitions and of the higher transitions. By taking the ratio of
these intensities, we compute the scaling factor needed.

The yield matrix for tellurium (Z = 52) and palladium
(Z = 46) in Table II, displays the expected pattern where
the highest yields are concentrated in the center of the ma-
trix, along the 4 neutron channel diagonal, running from the
bottom left to the top right corners. The yield matrix was
normalized by using the normalization constant of 114Pd in
Wahl’s table [26]. This pair has a lot of isomeric states and
many of the level schemes are incomplete. Therefore, the
yields are incomplete (see Fig. 1). The yields for the other

TABLE II. New yield matrix for tellurium and palladium from the spontaneous fission of 252Cf.

Yield 110Pd 111Pd 112Pd 113Pd 114Pd 115Pd 116Pd 117Pd 118Pd

130Te 0.010(1) 0.0029(4) 0.017(2)
131Te 0.05(1) 0.042(5) 0.006(1) 0.010(1)
132Te 0.036(4) 0.06(1) 0.07(1) 0.19(2) 0.018(2) 0.016(2)
133Te 0.0022(3) 0.016(3) 0.035(4) 0.14(2) 0.09(1) 0.15(2) 0.005(1) 0.008(1)
134Te 0.0021(3) 0.015(2) 0.16(2) 0.33(4) 0.78(9) 0.28(3) 0.24(3) 0.007(1) 0.006(1)
135Te 0.003(1) 0.017(2) 0.11(1) 0.20(2) 0.27(4) 0.05(1) 0.040(5) 0.0013(3)
136Te 0.021(3) 0.06(1) 0.29(4) 0.24(3) 0.22(4)
137Te 0.012(2) 0.020(3) 0.12(2) 0.06(1) 0.013(2)
138Te 0.014(2) 0.023(3) 0.035(4) 0.005(1)
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FIG. 1. The experimental Ba-Mo, Ce-Zr, Te-Pd, and Nd-Sr yield
curves from the present analysis are shown above. There is no
evidence for the 9, 10, and 11 neutron channels in pairs other than
Ba-Mo and the newly observed Ce-Zr. A smooth Gaussian fit to the
0–8 neutron channels in Nd-Sr, Te-Pd, Ce-Zr, and Ba-Mo. The full
width at half-maximum (FWHM) was also calculated for each of the
yields as shown in this figure.

studied element pairs in Fig. 1 display a similar pattern as
expected. These element pairs all exhibit gaussian distribution
centered at about ≈ 3.5 − 3.8 neutron channels with full
width at half maximum ≈ 3 neutrons as listed in Table III.
However, as seen in Fig. 2(a), where the spectrum was gated
on both the 373.7 and 574.5 keV transitions in 110Pd, there
is no evidence for the 9 and 10 neutron channels at 1150.6
keV in 133Te and at 974.4 keV in 132Te, respectively, for the

TABLE III. A list of the average neutron multiplicities (ν̄) and
the full width at half-maximum (FWHM) for each pair shown in
Fig. 1. The average neutron multiplicity distributions are very close
to the accepted values of 3.8 for the spontaneous fission of 252Cf.

Ba-Mo Ce-Zr Te-Pd Nd-Sr

Ave (ν̄) 3.57 3.62 3.71 3.84
FWHM 3.1 3.1 2.9 3.1

980 1020 1060 1100 1140 1180 1220 1260

50

100

150

200
(a)

1279.1(8n)
1150.6(9n)974.4(10n)

373.7/547.5(110Pd)

790 840 880 920 960 1000
−15

0

20

40

60 (b)

836.7(8n) 986.1(9n)858.9(10n)

129.7/251.2/338.6(150Nd)

C
ou

nt
s

p
er

C
h
an

n
el

310 330 350 370 390 410 430 450

0

100

200

300 (c)
410(9n)146Ce

161.5/999.4(97Zr)

Energy

FIG. 2. Partial γ -ray coincidence spectra by gating on (a) 373.7
and 574.5 keV transitions in 110Pd to show that there is no evidence
for the 9 and 10 neutron channel at 1150.6 keV in 133Te and at 974.4
keV in 132Te, respectively, whereas there is clear evidence of the 8
neutron channel at 1279.1 keV in 134Te which fits to the curve. In
(b) a triple gate on 129.7, 251.2, and 338.6 keV transitions in 150Nd
to show that there is no evidence for the 9 and 10 neutron channel
at 986.1 keV in 93Sr and at 858.9 keV in 93Sr for the Nd-Sr pair,
respectively, whereas there is weak evidence of the 8 neutron channel
at 836.7 keV in 94Sr. And in (c) a double gate on 161.5 and 999.4
keV transitions in 97Zr to show evidence for the 9 neutron channel at
410 keV in 146Ce for the Ce-Zr pair.

Te-Pd pairs. Whereas, there is clear evidence of the 8 neutron
channel at 1279.1 keV in 134Te which fits nicely with the
simple curve in Fig. 1.

In the Nd-Sr yields matrix in Table IV, we left most of the
items in the 148Nd and 149Nd columns blank because those
isotopes are very weakly populated in the spontaneous fission
of 252Cf, making it difficult to measure energy transitions
of interest. Some similar energies, such as the ground state
transitions of 100Sr and 150Nd (129.8 keV and 129.7 keV,
respectively), are not distinguishable. To resolve this, we set
a gate on both the 2+ → 0+ and 4+ → 2+ transitions of
100Sr 129.8/287.9 keV and compared the intensity ratios of
its partners’ transitions of interest to another double gate on
2+ → 0+ and 4+ → 2+ transitions of 98Sr 144.3/289.4
keV. The 129.7 keV peak from 150Nd was contaminated as
well as some of the other peaks of interest. Therefore, the gate
on 100Sr was avoided. Isomeric states had to be considered
in the case of 153,154Nd. In 154Nd, the isomeric state at
1298.0 keV is weakly populated therefore, the transitions
feeding into it were not added to the total yields.

The 154Nd nucleus was reported to have an isomer at
1348 keV in [27], which is not observed in the current data.
In that paper, the ground state band transitions were reported
as 72, 163, 243, 328 keV, etc., with a 870 keV isomeric
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TABLE IV. New yield matrix for neodymium and strontium from the spontaneous fission of 252Cf.

Yield 148Nd 149Nd 150Nd 151Nd 152Nd 153Nd 154Nd 155Nd 156Nd

91Sr 0.004(1) 0.005(1)
92Sr 0.020(3) 0.019(4) 0.030(5)
93Sr 0.005(1) <0.05 0.027(5) 0.012(2) 0.022(4)
94Sr 0.010(2) 0.026(4) 0.09(1) 0.18(3) 0.13(2) 0.047(8) 0.043(7)
95Sr 0.017(3) 0.033(6) 0.12(2) 0.30(5) 0.11(2) 0.023(4) 0.012(2)
96Sr 0.040(7) 0.06(1) 0.16(3) 0.23(4) 0.06(1) 0.010(2) 0.005(1)
97Sr 0.030(5) 0.043(7) 0.06(1) 0.07(1) 0.021(4)
98Sr 0.010(2) 0.031(6) 0.08(2) 0.044(7) 0.06(1) 0.025(5) 0.009(2)
99Sr 0.020(4) 0.017(3) 0.015(3)
100Sr 0.026(4) 0.006(1)

transition. In the contrast, both the previous work in [28]
and our current data show a 72-163-248 keV cascade for
ground state band. In [27], transition energy and levels were
also reported in other nuclei 156,158Sm, 152,156Nd. The energy
difference between transitions in those nuclei reported in [27]
and our current work, as well as other data recorded in nuclear
data sheets is generally within 1 keV. Thus, the big 5 keV
energy difference in 154Nd between the 243 and 248 keV
6+ → 4+ transition may indicate a wrong isotope assign-
ment in [27]. Instead, 159Sm was reported to have an isomer in
[29], with 163–243 keV for the first two E2 transitions for the
ground state band and 870 keV for the isomeric transition. The
1348 keV isomer reported in [27] may belong to 159Sm, but
5 mass numbers away from 154Nd. Further details are needed
to understand the reason.

According to [14], 153Nd the ground state transitions are
50.0 keV, 120.2 keV, and 191.7 keV if our time gate is long
enough to cover the isomeric transition. Energies at 50.0 keV,
70.2 keV, 60.7 keV, and 78.0 keV reported in [14] are hard
to measure accurately to get accurate intensities. Thus, when
the ground state transitions are hard to measure we summed
up all the next level transitions. In the case of 153Nd, we
used 88.3 keV, 197.6 keV, and 158.5 keV in the ground state
band and 97.9 keV, 175.8 keV, and 208.8 keV in the 5/2+
band together. These transition are reported in [14]. Figure. 1
shows a plot of the extracted yields against the fission’s
neutron channel number (see Fig. 1). Also shown in Fig. 2(b),
a triple gate on 129.7, 251.2, and 338.6 keV transitions in

150Nd is used to show that there is no evidence for the 9
and 10 neutron channel at 986.1 keV in 93Sr and at 858.9
keV in 93Sr for the Nd-Sr pair, respectively. Whereas there
is clear evidence of the 8 neutron channel at 836.7 keV in
94Sr that fits fits nicely the single yields curve as shown in
Fig. 1.

In the case of determining the cerium (Z = 58) and zir-
conium (Z = 40) yield matrix, measurements of multiple γ

rays emitted by the Ce-Zr fission fragment pairs formed in
spontaneous fission of 252Cf were used to extract the yields.
Table V below displays the absolute yields data that were
collected. These are new results and different from the report
given in Ref. [30]. In this analysis, most of the transitions
of interest were easily identifiable with the exception of the
97.5 keV (9/2− → 5/2−) and 97.4 keV (2+ → 0+) from
145Ce and 150Ce, respectively, and 101Zr and 103Zr also have
similar transitions of 97.8 keV (5/2+ → 3/2+) and 98.4 keV
(5/2+ → 3/2+), respectively.

To avoid possible contamination, a few gates were set on
150Ce to measure the peaks of interests from its Zr fragment
partners. Any contamination of the 98.4 keV transition from
103Zr is avoided since 103Zr and 150Ce are not fission partners
in spontaneous fission of 252Cf. However, gating on 145Ce
would bring in contamination from both 101Zr and 103Zr.
Multiple gates were set on the Zr fragments to measure the
ground state transition of 145Ce. By gating on 109.4/146.6
keV of 103Zr, the 97.4 keV transition from 150Ce is once
more avoided. Because the channel number between 102Zr

TABLE V. New yield matrix for cerium and zirconium from the spontaneous fission of 252Cf. The 8–11 neutron channels are labeled with
neutron numbers as superscripts.

Yield 144Ce 145Ce 146Ce 147Ce 148Ce 149Ce 150Ce 151Ce 152Ce

96Zr 0.003(1)10 0.0049 0.004(1)8 0.015(3) 0.025(5) 0.020(4)
97Zr 0.002(1)11 0.005(2)10 0.003(1)9 <0.0098 0.028(4) 0.026(5) 0.07(1) 0.08(2) 0.050(9)
98Zr 0.004(1)10 0.005(2)9 0.008(3)8 0.048(8) 0.06(1) 0.14(3) 0.21(4) 0.15(3) 0.06(1)
99Zr 0.007(3)9 0.006(2)8 0.018(3) 0.056(9) 0.20(3) 0.25(5) 0.30(5) 0.12(2) 0.033(6)
100Zr 0.011(2)8 0.032(6) 0.12(2) 0.28(4) 0.55(9) 0.39(7) 0.28(5) 0.11(2) 0.017(3)
101Zr 0.11(2) 0.26(4) 0.33(5) 0.54(9) 0.23(4) 0.17(3)
102Zr 0.024(4) 0.16(3) 0.43(7) 0.40(6) 0.40(6) 0.10(2) 0.029(5)
103Zr 0.033(6) 0.14(3) 0.22(4) 0.14(3) 0.12(2) 0.03(1)
104Zr 0.005(1) 0.07(1) 0.008(1) 0.0013(3)
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and 150Ce is zero, any possible contribution from the 97.4 keV
of 150Ce to the 97.5 keV in 145Ce can be neglected given that
it is very small. Any gate on 101Zr brings in contribution from
both the 97.4 keV of 150Ce to the 97.5 keV in 145Ce. One
thing to consider first is to avoid setting any gate using the
97.8 keV in 101Zr. This prevents the contribution from the
98.4 keV in 103Zr. A double gate 216.6/250.9 keV was set on
101Zr and from this gate three peaks were of interest, however,
only the 158.7 keV one in 150Ce and a peak around 98 keV,
containing both the 97.4 keV peak ( 145Ce) and 97.5 keV
peak ( 150Ce), were capable of being measured. Since the
ratio between 158.7 keV peak ( 145Ce) and 97.5 keV peak
( 150Ce) was already known when determining the yields of
150Ce, it was easy to deduce the portion of the contribution of
150Ce from the measured peak. This meant that the remaining
portion belonged to the 97.4 keV peak ( 145Ce). This method
was repeated for 100Zr.

In the present study we observed evidence of the 9, 10,
and 11 neutron channels in the Ce-Zr fission pairs. A double
gate on 397.2 keV and 541.2 keV in 144Ce shows evidence
for the 10 neutron channel at 1222.9 keV in 98Zr (see Fig. 3).
However, in this gate the intensity is not very clear. Therefore,
we checked for clean transitions to gate on in 144Ce to avoid
contamination and we found that other double and triple gates
on 397.2, 541.2, 709.1, and 585.2 keV were good candidates
that can be used to verify this observed peak. As shown in
Fig. 3(a), 3(b), 3(c), and 3(d) all these gates show evidence
of the presence of the 10 neutron channel for the 98Zr - 144Ce
fission pair. In part (e) of Fig. 3 there is another clear evidence
of the 10 neutron for the 146Ce and 96Zr pair at 1750.4 keV by
gating on 409.9/503.2 keV in 146Ce. To measure the intensity
of the 1750.4 keV, we accounted for the presence of 1751 keV
in 100Zr (which would make this yield higher than what it
should be) by subtracting the portion of 1751 keV from the
measured 1750.4 keV in 146Ce and 96Zr pair since we already
had the real intensity for that. Part (f) of Fig. 3 gives further
evidence for the presence of the 1750.4 keV.

There is a clear 1103 keV peak when gating on 146Ce. The
intensity of this peak however, is higher than expected. We
discovered that this high intensity is due to a strong contam-
ination around this peak from beta decay where a 1103 keV
transition in 146Ce feeds a 1810.2 keV level. There is also
a clear peak at 258 keV in 146Ce when one gates on 97Zr.
However, for any of the possible gates on 97Zr, it is difficult
to find a good reference peak that has the expected ratio
with the 258 keV peak. Therefore, we measured the 409.9
keV peak which has the expected ratio with the 209.1 keV
peak taking into consideration their intensities, efficiency, and
internal conversion relative to the ground state transitions.
Another challenging channel to measure is the 144Ce - 97Zr.
There is a strong 1102.8 keV peak feeding into the 4+ level
(938.6 keV) in 144Ce. Hence, the presence of the 11 neutron
channel at about the 397.2 keV peak would be influenced by
the overlapping two transitions of 1103 keV in both 144Ce and
97Zr.

Upon completion of the matrix yield of the correlated
fragment pairs of Ce-Zr in the spontaneous fission of 252Cf,
the yields were next scaled according to Ter-Apkopian’s
independent yield [2] and summed for each isotope of Ce.
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FIG. 3. Partial γ -ray coincidence spectra by gating on
(a) 397.2/541.2 keV, (b) 397.2/709.1 keV, (c) 397.2, 541.2, and
709.1 keV, and (d) 541.2/709.1 keV transitions in 144Ce to show
that there is evidence for the 10 neutron channel at 1222 keV in 98Zr
for the 98Zr - 144Ce pair. In (e), a double gate on 409.9/503.2 keV
transitions in 146Ce to show clear evidence of the 10 neutron for the
146Ce and 96Zr pair at 1750.4 keV by gating on 409.9/503.2 keV.
And (f) gives further evidence for the presence of the 1750.4 keV
transition by gating on 258.3/515 keV.

This summation and Ter-Akopian’s calculated data for Ce-
Zr, were both normalized such that 148Ce had a value of
100. Then these two data sets were compared to see if Ter-
Akopian’s calculations could be verified. As can be seen in
Fig. 1, the present absolute yield data Te-Pd, Nd-Sr, and
Ce-Zr are in agreement with the previous ones [2], and thus
are experimentally confirmed with smaller error limits. The
results from the present study show evidence for an “extra
hot fission mode” as shown Fig. 4. This is the first time
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FIG. 4. The second curve in Ce-Zr was fitted by fixing the width
of the second curve (presenting the second mode) to the width of the
first curve (presenting the first modes) and also fixing the position
to 8 neutron channel. It contributes ≈1.0(3)% of the first mode. The
second curve in the Ba-Mo fit was also fitted by fixing the width of
the second curve to the width of the first curve and fixing the position
to 8 neutron channel. It contributes ≈1.5(4)% of the first mode.

this mode is observed in Ce-Zr pairs; it is ∼1.0(3)% of the
first mode. The observation of this mode in this pair can be
explained when one considers that 143–145Ba and 146,148Ce
have been determined to be octupole deformed [31–35] and
may also have hyperdeformation at scission to give these
nuclei high internal energy and in turn gives rise to high

neutron multiplicities. The second curve (6–10 neutrons) in
Fig. 4 was fitted by restricting the width of the second curve
to the width of the first curve (0–7 neutron channels) and the
position to 8 neutron channel. If the unfixed width method is
used instead, the width of the Ce-Zr first curve is 6% larger
than the Ba-Mo width. However, the 10 neutron channel in
Ce-Zr pair is obviously above the tail of the first Gaussian in
either way.

The new yields of Ba-Mo are given in Table VI and Fig. 1.
The 8–10 neutron yields presented in the present study are
much lower than both the ones reported earlier; contributing
≈1.5(4)% of the first mode. In the first report [1], the second
mode was reported to contribute ≈7% of the first mode with
significantly lower TKE, 153/189 MeV [1]. The second report
to have observed this mode [9], reported that it contributed
≈3%. The current experimental data have improved statistics
over the other two experimental data from which the first and
second analysis came. Therefore, one would expect that the
second mode would be more pronounced in this experiment.
However, this is not the case because with improved statistics
comes more complete level schemes that provide new insights
on possible contamination that were otherwise not considered
in the previous analyses causing either overestimation or un-
derestimation of the yields. Gating on Ba isotopes and Mo iso-
topes should give the similar yield results. Such crosschecks
were used in this experiment to investigate the contamination
given that contaminates are more common in Ba-Mo than in
Ce-Zr, Te-Pd, and Nd-Sr pairs.

In detail, in the analysis of Mo-Ba yields, one has to be ex-
tra careful when determining the yields of 140Ba - 104Mo and
the 138Ba - 104Mo which correspond to the rare 8 and 10 neu-
tron channels and the 140Ba - 108Mo and the 138Ba - 108Mo
yield which correspond to the 4 and 6 neutron channels. This
is because of the possible contamination that arise from the
unresolved 192.4 keV and 192.9 keV 2+ → 0+ transition for
104Mo and 108Mo, respectively (see [8] for similar analysis).
In a previous analysis [8], a gate on 602.4/529 keV in 140Ba
was used to measure the intensities of 368.6 keV and 371.0
keV transitions in 104Mo and 108Mo, respectively. In such
gate, the 369 keV peak has ≈30 counts and is 1/3 (1/14 in
our data) of the 371 keV one. In contrast, as seen in Fig. 5(b),
our data show ≈9000 counts for the 371 keV peak, while

TABLE VI. New yield matrix for barium and molybdenum from the spontaneous fission of 252Cf. The 8–11 neutron channels are labeled
with neutron numbers as superscripts.

Yield 138Ba 139Ba 140Ba 141Ba 142Ba 143Ba 144Ba 145Ba 146Ba 147Ba 148Ba

100Mo 0.004(1)10 0.009(2)
101Mo 0.017(3) 0.005(1)
102Mo 0.005(2)9 0.015(3)8 0.023(5) 0.09(2) 0.12(2) 0.18(3) 0.18(3) 0.031(6)
103Mo 0.009(3)11 0.004(1)10 <0.005(1)9 0.010(2)8 0.07(1) 0.20(3) 0.42(7) 0.44(7) 0.35(6) 0.21(4) 0.014(3)
104Mo 0.009(2)10 0.007(2)9 0.010(2)8 0.05(1) 0.24(4) 0.53(8) 1.08(17) 0.73(11) 0.37(6) 0.18(3) 0.006(1)
105Mo 0.008(2)9 0.003(1)8 0.022(4) 0.18(3) 0.48(8) 1.01(17) 1.09(19) 0.47(9) 0.10(2) <0.04
106Mo 0.015(3)8 0.010(2) 0.09(2) 0.39(7) 1.05(17) 1.09(17) 0.72(12) 0.27(4) 0.02(1)
107Mo 0.009(2) 0.020(4) 0.13(3) 0.31(6) 0.57(10) 0.30(6) 0.16(3)
108Mo 0.011(3) 0.028(5) 0.14(3) 0.22(3) 0.22(4) <0.09 0.05(1)
109Mo 0.008(2) 0.015(3) 0.034(7)
110Mo <0.008 0.008(2)
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FIG. 5. Partial γ -ray coincidence spectra by gating on (a) 193.1
and 371.0 keV transitions in 108Mo to show the neutron inelastic
scattering platform, and (b) 602.4 and 529 keV transitions to show
the 369 keV in 104Mo and 371 keV in 108Mo. Part (b) shows
difference between Fig. 1 in Ref. [8] using the same gate. See text
for more details.

the 369 keV one is just above the background. Thus, it is
possible that the 140Ba - 104Mo yield was overestimated due
to the background fluctuation (10–20 counts) in Ref. [8]. A
gate was set on the first two transitions of the 108Mo isotope
and the ground state transition (1435.7 keV) of 138Ba was
measured as well the (8+ → 6+) transition populating the
isomeric state at 2089 keV level because it is very strong
in our data. When measuring the yields of 138Ba - 104Mo,
however, the 192.4 keV from 104Mo has to be avoided to
prevent contamination from 192.9 keV from 108Mo since it is
strong and can enhance this yield. Instead, gates on 368 keV
and 519 keV transitions from 104Mo were set and this time
only the 1435.7 keV transition in 138Ba was measured [see
Fig. 6(a)]. Also in Fig. 6(b) is shown the 9 neutron channel
seen in the 94.9–138.1 keV transitions in 105Mo to show the
9 neutron channel at 1435.7 keV in 138Ba.

Furthermore, unlike in Ref. [8] we did not set a gate
using the 602 keV from 140Ba when determining the yield
of 140Ba - 108Mo pair because 602 keV is present in 104Mo
from the 8+ → 6+ transition feeding into the 1725 keV
level and another weaker 602 keV 8+ → 6+ transition
feeding into the 2685.4 keV level. This means that setting
any gate with 602 keV from 140Ba to measure desired peaks
in 104Mo would bring in contamination. The other reason is
that 602 keV lies on a complex region associated with an
inelastic neutron scattering in germanium of the detectors as
discussed in Ref. [10]. This neutron platform is not negligible;
the background around this region is too high and as a result
it is in coincidence with every other peak on the spectra [see
Fig. 5 (a)]. In Ref. [10], the 528.2 keV 4+ → 2+ transition
was used in the place of the 602.4 keV in 140Ba. However,
transitions with energies close to 528 keV are present in
104Mo from 7− → 6+ (feeding into the 2083.8 keV level),
105Mo from 21/2− → 19/2− (feeding into the 1352.9 keV
level), 106Mo from 6+ → 6+ (feeding into the 1033.48 keV
level), and 108Mo from 6+ → 4+ (feeding into the 564 keV
level). Although they are weak transitions, when considering
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FIG. 6. Partial γ -ray coincidence spectra by gating on (a) 368.6
and 519.4 keV transitions in 104Mo to show evidence for the 10
neutron channel at 1435.7 keV in 138Ba and in (b) another gate on
368.6 and 641.6 keV transitions in 104Mo to give further evidence of
the 10 neutron channel in the 138Ba - 104Mo. In (c) a gate on 94.9 and
138.1 keV transitions in 105Mo to show evidence for the 9 neutron
channel at 1435.7 keV in 138Ba for the Ba-Mo pair.

which one to gate on between the 104Mo and 140Ba, they
are comparable in intensities when gating on 104Mo which
would result in contamination but sufficient when gating on
140Ba. Such cases should also be carefully treated when
measuring other high neutron channels with low yields, e.g.,
105,106Mo - 140Ba pairs.

Another approach that has been used in the past to resolve
this problem is presented in Ref. [11]. In the analysis of
Ref. [11], the intensities of 519 keV (6+ → 4+ transition
in 104Mo) and the 414 keV (4+ → 4+ transition in 108Mo)
were measured instead of the ground state transitions for
the yields. However, there is another 414 keV present and
strong in 107Mo from (15/2)− → (11/2)+ (feeding into
the 2083.8 keV level). When gating on Ba transitions to
measure the 414 keV in 108Mo, the strong 414 keV transition
from 107Mo will contaminate the spectra. Whereas, the 519
keV transition is okay in this case because even though it is
present in 103Mo it is weaker to contaminate the spectrum.
Therefore, a gate on (519/641) keV from 104Mo was used to
measure the 602 keV in 140Ba. These two gated transitions
are located high enough in the 104Mo level scheme and have
no feeding from the two contaminants (602 keV transitions
mentioned earlier) in 104Mo. In this case, we used a local
background subtraction which was set higher than usual to
reduce the contribution from the neutron platform. This too
does not completely circumvent the problems but it gave us
a good approximation of what the yield should be. For more
major overlapping transitions in Ba-Mo pairs to be considered
when conducting this analysis refer to Table VII. Through
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TABLE VII. Part of the major overlapping energies transitions
in Ba-Mo pairs that could result in contamination. See text for more
instructions.

Energy (keV) Nuclei Ei to Ef (keV)

110 107Mo 458 → 348
109Mo 333 → 222
145Ba 618 → 508
147Ba 110 → 0

113 103Mo 354 → 241
145Ba 113 → 0

172 105Mo 796 → 623
106Mo 172 → 0
107Mo 492 → 320

185 145Ba 463 → 277
147Ba 185 → 0

192 104Mo 192 → 0
108Mo 193 → 0
138Ba 2089 → 1898

250 103Mo 354 → 103
147Ba 360 → 110

414 107Mo 566 → 152
108Mo 979 → 564

493 107Mo 950 → 458
143Ba 954 → 461

519 103Mo 1157 → 637
1180 → 561

529 104Mo 2612 → 2083
105Mo 1882 → 1353
106Mo 1563 → 1033
108Mo 1508 → 979
140Ba 1130 → 602

1660 → 1130

602 104Mo 2326 → 1725
2685→2083

140Ba 602 → 0
neutron platform

this thorough examination of the Ba-Mo yield there is clear
evidence of the 9 and 10 neutron channel yields as in Fig. 6.

The errors are significantly reduced because of the im-
proved statistics, the use of quadruple coincidence data and
improved knowledge of level schemes. To calculate all abso-
lute errors, the experimental data were normalized to values
from Wahl’s tables [26]. Specifically, the summation of 144Ba
yields was normalized to Wahl’s value because it was the
strongest yield in our experiment. Note that the values from
Wahl’s tables only considered ground state γ transitions but
we have considered the branching ratios from feeding bands.
The 15% errors from Wahl’s data were added to our absolute
errors as well as 5–10% experiment errors from missing
transitions and contamination in our data.

As seen in Fig. 1, a similar deviation from a Gaussian
fit to the data for the 0 to 7 neutron emission channels
is seen at neutron numbers 7, 8, 9, and 10 in the Ba-Mo
yields as observed in [1,9]. In comparison to these results, a
noticeable difference is that in the present analysis we have
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FIG. 7. Partial γ -ray coincidence spectra by gating on (a) 102.8
and 135.5 keV transitions in 103Mo to show evidence for the 11
neutron channel at 1435.7 keV in 138Ba and in (b) another gate on
102.8 and 363.1 keV transitions in 103Mo to give further evidence of
the 11 neutron channel in the 138Ba - 104Mo pair.

a more complete set of yield pairs; 100–110Mo and 138–148Ba.
This is not the case for the earlier analyses where 139Ba is
missing in [1,8,9] and 138Ba in [8]. These are very important
components of the analysis as they contribute to the intensity
of the second hot mode. Additionally, the 9 and 10 neutron
channels were not reported in [8] and [11,12] (same data set
in these two) did not report only the 10 neutron channel.
Note that there is a typographical error in the 142Ba - 102Mo
yield in Ref. [11]. This reported yield is too small (0.007)
compared to 144Ba - 104Mo (102) in the same reference. The
second smallest reported yield in Ref. [11] was 0.35, which is
two orders larger than the 0.007 value. However, as shown in
Fig. 6, the 9 and 10 neutron channels are present. And in the
current study we have also observed the 11 neutron channel at
the 1435 keV peak in 138Ba as seen in Fig. 7. This channel is
observed in several gates but in Fig. 7 we only show two gates
on 102.8/138.5 keV peaks in (a) and 102.8/363.1 keV peaks
in (b) and they are both from 103Mo. Also in Fig. 4, we show
a second Gaussian fit to the 8, 9, and 10 as reported earlier
[36] and added the 11 neutron channel. In Ref. [36], we fitted
a second Gaussian by means of restricting the peak position of
the second mode to greater than 6 neutrons emitted. However,
in the present study we were able to obtain a reasonable fit by
restricting the peak position of the second fit to ≈8 and width
of the second curve was fixed to the width of the first curve.
This new analysis of Ba-Mo fission pairs, coupled with the
new analysis of Ce-Zr yields, which shows a reduced “extra
hot mode”, and the Te-Pd and Nd-Sr yields, which do not
exhibit 8, 9, 10 neutron emissions, confirms the existence of
this “extra hot mode” in the Ba-Mo and now found in Ce-Zr
yields.

V. CONCLUSION

In the present work, new yield matrices were determined
for Te-Pd, Nd-Sr, Ce-Zr, and Ba-Mo fission partners from
the spontaneous fission of 252Cf. A similar deviation from
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the Gaussian fit to the normal fission mode was found in
Ba-Mo for the 8, 9, and 10 neutron channels as found in
previous analyses to confirm the existence of the proposed
“extra-hot-fission” mode. We have also observed an “extra hot
fission mode” for the first time in Ce-Zr pairs. The observation
of these modes in both pairs can be explained by considering
that 143,144,145Ba and 146,148Ce have been determined to be
octupole deformed which can help give these nuclei high
internal energy at scission and in turn gives rise to high
neutron multiplicities. This is in addition to the possible
hyperdeformation suggested for these nuclei. Errors are re-
duced in this newest analysis compared to previous studies
because of the greater statistics of the latest Gammasphere
experiment and the use of quadruple coincidences in the
analysis and improved level schemes. A new experiment is
being planned to do fission fragment-γ -γ coincidence studies
to investigate details of the fission process and to study new

more neutron-rich nuclei. In addition, the investigation will
study the existence of an “second extra hot mode” observed in
Ba-Mo and Ce-Zr fission yields as well as ascertain whether
these second modes are a result of hyperdeformation and/or
octuple deformation of 144,145,146Ba and 146,148Ce.
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