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Observation of 10Be Emission in the Cold Ternary Spontaneous Fission of252Cf
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The emission of10Be in ternary cold neutronless spontaneous fission of252Cf is observed with the
Gammasphere consisting of 72 detectors. Theg ray corresponding to the decay of the first21 state in
10Be is observed in coincidence with theg rays of the fission partners of96Sr and146Ba. The yield to
the first excited state of10Be in the96Sr-146Ba split is the order of4.0 3 1024 per 100 fission events.
[S0031-9007(98)06096-7]

PACS numbers: 25.85.Ca, 23.90.+w, 27.20.+n
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The cold (neutronless) binary fission of many actinid
nuclei into fragments with masses fromø70 to ø160 is
now a well-documented phenomenon [1–3]. Since t
final nuclei are generated in their ground states or so
low excited states, these decays were soon related to
spontaneous emission of light nuclei (cluster radioacti
ity) such as alpha particles and heavier clusters rang
from 14C to 34Si [4,5]. All of these experimental findings
confirmed the theoretical predictions regarding the cold r
arrangement processes of large groups of nucleons fr
the ground state of an initial nucleus to the ground sta
of two final fragments. In the spontaneous and therm
neutron induced ternary fission of heavy nuclei, simil
clusters have also been detected in hot fragmentations
However, cold ternary fission is quite different from ho
fission. Recently, the emission of ana particle in neu-
tronless ternary fission [7] has been observed. Howev
the double magica particle may be a special case becau
of possible preexistence in the nucleus. To definitive
establish cold ternary fission or cold multifragmentatio
it is necessary to observe experimentally cold neutronle
ternary fission (triple fission) with the third particle bein
a heavier cluster such as10Be.

Contrary toa-ternary fission whose excited state ene
gies are very highs.20 MeVd, 10Be has excited states21d
at an energy of 3.368 MeV. From a theoretical point o
view it is important to see the cold fission to the groun
state as well as to the first excited state of a light partner
cold ternary fission. This is not expected fora emission.
Furthermore,10Be and other heavier ternary fragments a
more easily deformable to enhance collective effects. T
could lead to hyperdeformed nuclear configurations, of
molecular type, in the exit channel. It will be very in
teresting to see whether modes of relative vibration a
rotation of the three fragments can be seen in the futu
The excitation of such modes may determine the angu
distribution of the emitted fragments.
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In two recent conference proceeding papers [8,9], t
ternary fission modes of252Cf were reported. The ob-
served average number of prompt neutrons emitted in
Be-accompanied ternary fission isn̄ ø 2 [8] compared to
n̄ ø 3.8 for binary fission of252Cf. Also the 3.368 MeV
g line emitted by10Be in such ternary fission events wa
observed [9] in coincidence with Be recoils but not wit
correlated fragments. So it is not established whether i
hot or cold fission. Moreover, there is a question in th
study as to why the 3.368 keVg line is not more Doppler
spread out since the lifetime is 125 fs and the Be tran
time to the detector is 2 ns. They had no explanation
this. Indeed, in both papers [8,9], they did not identify th
final fragments and so could not distinguish between co
and normal ternary fission.

Cold ternary decays should produce all three fragme
at very low excitation energy and, consequently, with ve
high kinetic energies. Their total kinetic energy will b
close to the corresponding total decay energyQt or may
even be equal to it. The10Be ternary spontaneous fissio
(SF) has been theoretically predicted recently [10].
this paper we report, for the first time, the emission
10Be and measurements of its yields with the correlat
pairs96Sr-146Ba in the cold spontaneous ternary fission
252Cf. In our experiment, we measured a yield to the fir
excited state10Be. These results provide a significant ne
confirmation of the theory of cold fragmentation [10] an
point the way to new detailed studies of cold SF of vario
heavy fragments from Li to C to further test theoretic
descriptions of this process.

To study the fission of252Cf, a28 mCi source was sand-
wiched between two Ni foils of thickness11.3 mgycm2

and Al of 13.7 mgycm2 and was placed at the center o
the Gammasphere with 72 Compton suppressed Ge
tectors at Lawrence Berkeley National Laboratory. Th
stopping range of10Be (average energyø17.5 MeV [8,9])
is 10.3 mgycm2 for the Ni. Since the source is covere
© 1998 The American Physical Society 947
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with Ni and Al, the 10Be nuclei are completely stopped
and also the fission fragments. A total of9.8 3 109 triple-
and higher-fold coincidence events were recorded. T
Gammasphere was calibrated with133Ba, 137Cs, 152Eu,
56Co, and57Co sources. The fraction of248Cm in our
sample was estimated to give a spontaneous fission
of 0.13 fissionsys, whereas the SF rate of252Cf is 2.81 3

104 fissionsys. The very complexg-ray spectra from over
100 different final fragmentations were analyzed by buil
ing ag-g-g cube and usingRADWARE software [11]. The
half-life of 125 fs for the21 level is fast compared to the
stopping time. The stopping time in Ni for a 17.5 MeV
10Be particle is 1280 fs. Hence the 3368 keV line shou
be broadened. The absence of Doppler broadening in
present paper and also that of Muttereret al. [8,9] can be
explained as follows. The10Be is formed and sits in the
potential well of Ba and Sr while they separate. Assum
ing a M3Y force between Ba and Sr [10] and96Sr to be
almost spherical,b2 ­ 0.10 and 146Ba with b2 ­ 0.22
and b3 ­ 20.08, the barrier penetration probability is
P ­ 0.98 3 10216. The frequency of collision with the
barrier is calculated by assuming a beta-vibrational mo
with an energy ofh̄v ­ 1 MeV. The half-life for pene-
tration through the barrier is much larger than the lifetim
of the level. Hence, we believe that the21 state decays,
when most of the10Be nuclei are essentially at rest.

In the ground state fission of252Cf, the252Cf source fis-
sions into two primary fragments, which are formed
highly excited statessø30 MeVd. These primary frag-
ments emit neutrons forming secondary fragments until
excitation energy is below the binding energy of a ne
tron (7 MeV for 106Mo and 5.1 MeV for146Ba). These
secondary fragments decay to the ground states by
emission ofg rays. For example, for146Ba as one fis-
sion fragment, there can be several partners, different
FIG. 1. Coincidenceg-ray spectrum obtained by double gating on the 977.5,41 ! 21 transition in96Sr and 181.0 keV,21 ! 01

transition in146Ba. About half of the 332.6 keV peak intensity comes from the background coincidence effect.
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isotopes depending upon the number of neutrons emitt
The g rays from the two secondary partner nuclei wi
be in coincidence because the time window of 100 ns
much larger than the fission time scale ofø10220 s. In
the present paper we have chosen two complimentary p
ners, 96Sr and146Ba, which are situated near the peak
of the mass distribution to study the ternary fission. F
these partners the missing third particle is10Be. Hence,
by selecting two gates, for example,21 ! 01 transitions
in both nuclei or21 ! 01 transition in one nucleus and
41 ! 21 transition in its partner nucleus, in the coinc
dence spectrum one should observe the transitions in b
of these nuclei, usually the first two or three transitions
the yrast band if they are in prompt coincidences.

In Fig. 1, we show a coincidence spectrum obtain
by gating on the 21 ! 01 transition of energy of
181.1 keV in 146Ba and on the41 ! 21 transition of
energy 977.5 keV in96Sr. One can clearly observe th
41 ! 21 transition of energy 332.6 keV in146Ba and
21 ! 01 transition energy of 814.7 keV in96Sr. Several
cross-checks were made by shifting the gates to differ
energies around these peaks to make sure that th
are not accidental coincidence peaks from backgrou
Furthermore, we selected the two gates on the21 ! 01

transitions in both of these nuclei and observed t
corresponding41 ! 21 transitions to be in coincidence
(spectrum is not shown).

The next problem is to determine whether the missi
third fragment is really10Be or some combination of nucle
such as8Be 1 2n or 2a 1 2n, etc. In Fig. 2(a), we show
the high energy region of the coincidence spectrum o
tained by gating on21 ! 01 transitions in146Ba and96Sr.
In Fig. 2(a), we see a peak at an energy ofø3368 keV
(marked as 3362 keV) region coincident with the gate tra
sitions. Assuming that the peak atø3368 keV is the
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FIG. 2. (a) Coincidenceg-ray spectrum obtained by double gating on the 814.7,21 ! 01 transition in 96Sr and 181.0 keV,
21 ! 01 transition in146Ba. (b) Coincidenceg-ray spectrum obtained by double gating on the 814.7,21 ! 01 transition in96Sr
and on 176.0 keV background peak, which is shifted from 181.0 keV,21 ! 01 transition in146Ba. BG: background.
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21 ! 01 transition in10Be, we set one gate on this trans
tion and the other gate on the21 ! 01 transition in96Sr.
We observed in our coincidence spectra the 977.5 ke
41 ! 21 transition in 96Sr. Further, when we set the
double gate on theø3368s10Bed and 181.0s146Bad keV
peaks, we observed the 332.6 keVs41 ! 21d transition
in 146Ba. Our measured energy for theø3368 keV peak
is 3362(4) keV. The energy values calculated from th
level scheme [12] range from 3362.8 to 3367.4 keV. Th
value of 3362.8 keV is the difference between the tra
sition energies of 5955.4 and 2592.6 keV [12]. Henc
we believe that our measured value is within the ran
of the reported values and it belongs to10Be. Further-
more, if one moves one of the gates to a nearby e
ergy, the 3362 keV peak disappears as shown in Fig. 2(
The 3362(4) keV transition is not seen in Mo-146Ba or
96Sr-Nd binary partner double gated spectra. So it is n
a weak transition either in96Sr or 146Ba. From these
spectra, we have clearly observed, for the first time, t
cold neutronless triple fission, with10Be being the third
partner, to definitely establish cold multifragmentation
The fact that we observedg rays from all three nu-
clei demonstrated that we have observed the triple fi
structure for the first time in such ternary cold splittings.

The yield for the10Be ternary process is obtained from
the double gate on the 181.0s146Bad and 814.7 keVs96Srd
transitions. In this double gate, at the energy of 3362 ke
in 10Be, the number of background subtracted events
14 and a fitted peak half-width is less than 9 keV (2
channels at 0.3333 keVychannel). The width of the peak
for a stopped recoil is reasonable based on our ene
resolution. When the number of counts in the 3362 ke
peak is corrected for the detector efficiency and gati
conditions, the efficiency corrected count for the10Be
i-
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is normalized to the previously determined binary yield
of Ba and Mo pairs. The extracted yield to the firs
excited state of10Be for this split is4s2d 3 1024 per 100
fission events (about 2.6% of the total10Be yield), and is
the order of 4.4% of the colda-ternary fission yield of
0.009(4) per 100 events for146Ba and102Zr [7] and 1.0%
of the cold binary fission yield of 0.04(1) per 100 event
for 146Ba and 106Mo [7]. These new results provide
significant insight into the cold rearrangement of clusters o
nucleons and multifragmentation. They also point the wa
to exploring a variety of cold ternary spontaneous fissio
modes including odd and evenZ from 3H, 6,7Li to 14C.
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