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The phenomenon of coltheutronlessalpha ternary fission in spontaneous fissiorf8€f was experimen-
tally observed by triple gamma coincidence technique with Gammasphere with 72 gamma-ray detectors.
Correlated pairs 0§gKr- goNd, 36Sr-56Ce€, 40Zr-56Ba, 4oM0-54Xe, 44RU-55Te, and,gPd-50Sn were observed to
be associated witha ternary fission of 25%Cf. Yields of cold o ternary fission were extracted.
[S0556-28188)01005-X]

PACS numbd(s): 25.85.Ca, 24.75:i, 27.90+b

I. INTRODUCTION neutron induced fission of heavy nuclei the third fragment is
usually a light charged particld.CP), the most probable
The spontaneous emission of light nudieluster radioac- being an alpha particlgl2,13. Heavier clusters like'°Be,
tivity) is now a widely observed phenomenon, starting from*4C, 2°0, ?*Ne, ?®Mg, and /Si[14] have also been detected.
the emission of alpha particles to heavier clusters such abhe two heavier final fragments have on the average 20 to 40
33i [1,2]. The cold (neutronleskfission of many actinide MeV of total excitation energyTXE) which finally leads to
nuclei into fragments with masses ranging from70 to  the evaporation of a few neutrons in every ternary fission
~160 has been clearly observE®8]. An extreme case is event. Nevertheless, ternary fragmentations characterized by
the bimodal fission observed for the Fm and Md isotdf®8s much lower TXE values are sometimes obserj/Eg|15.
where two distinct fission channels were observed, one with It is very important to establish experimentally if cold
very high total kinetic energyTKE) corresponding to the (neutronlessternary fragmentations similar to the cold bi-
cold fission with compact scission shape fragments and theary ones are existing in nature. This new phenomenon will
second one at much lower TKE’s with elongated fragment$e equivalent to cluster radioactivity during the fission. Such
at scission. All these observations confirmed the theoreticatold ternary decays will produce all three fragments with
predictions regarding the cold rearrangement processes ®E&ry low or even zero internal excitation energy and conse-
large groups of nucleons from the ground state of an initiaquently with very high kinetic energies. Their total kinetic
nucleus to the ground states of the two final fragmentenergy TKE= Q;— TXE will be close to the corresponding
[10,11). ternary decay energ@; or even equal to it. In order to
On the other hand, the fragmentations involving moreachieve such large TKE value, the three final fragments
than two final fragments have been also observed. In thermahould have very compact shapes at the scission point and
deformations close to those of their ground states, similar to
the case of cold binary fragmentatiofi6,17.
*Also at UNISOR, ORISE, Oak Ridge, TN 37831; on leave from  The first direct observation of coltheutronlesk binary
Institute of Nuclear Physics, Cracow, Poland. fragmentations in the spontaneous fissiorf8Cf was made
'Present address: National Accelerator Center, P.O. Box 74,6,7], by using the multiple Ge-detector Compact Ball facil-
Faure, 7131 South Africa. ity at Oak Ridge National Laboratory, and more recently
*present address: Department of Physics, Western Kentucky Unwith the early implementation of Gammasphgreg]. In this
versity, Bowling Green, KY 42104. paper we report the first evidence for cdlteutronlesster-
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nary fission where the third particle is anparticle. These Method 1.This method is described in our earlier paper

data were obtained in studying the spontaneous fission @8B]. In this method the coldneutronlesgbinary fragmenta-
252Cf with Gammasphere by using the triple coincidencetions and 1-6 neutron channels were studied by setting
technique. We were able to identify uniquely several corredouble gates on 2—0% and 4"—27 transitions in an
lated pairs with total charge and mass different fré?fCf  even-even fragmerie.g., heavy or lightand then measuring

by only an« particle. the intensities of the 2—0" transitions in the correlated
fragments(e.qg., light or heavy The relative counts for all
[l. EXPERIMENT AND RESULTS the pairs of correlated nuclei are determined. Correcting

In order to study the fission of5%Cf, a 25 uCi 25%Cf these relative counts for the detector efficiency of fhey

source was sandwiched between two Ni foils of thicknes@nd for interal conversion, we obtain the relative yields for
11.3 mg/cn? and then sandwiched between 13.7 mglcm a set of_ particular pairs. Normalizing the totz_sil yields to the
thick Al foils and was placed at the center of Gammaspher&@lués in Wahl's table[19] or to the experimental total
with 72 Compton suppressed Ge detectors at Lawrence BeYields, if known, one obtains the yields per 100 fission
keley National Laboratory. A total of 9:810° triple or  €vents. If one isotope from the heawyr light) fragment is
higher fold coincidence events were recorded. The Gammahissing, we evaluated its corresponding yield by interpola-
sphere was calibrated with**Ba, 1°*'Cs, 1%%u, %Co, and tion from its neighbors with a Gaussian. A cross-check is
5’Co sources. The fraction o*%Cm in our sample was ex- necessary by imposing a double gate on the heavy fragment
perimentally determined and found to be too small to giveand determining the gamma intensities of the corresponding
the observed yields. The SF rate f8Cm in our sample is  correlated light fragments. Again the sum of these yields is
0.13 fissions/s, whereas the SF rate f6FCf is 2.81 normalized to the Wahl tablg49] for the heavy fragment.
X 10%fissions/s. Ay-y-y cube was built using theaAbwARE ~ The final isotopic yields must be consistent.
software[18]. The complexy-ray spectra obtained in SF Method 2.In this method one can determine the yields by
were analyzed by the triple gamma coincidence method. I8etting the first gate on the light or heavy fragment and the
this method a double gate can be set on twrays in any  second gate on its correlated partner. Determining the inten-
particular isotope or in two different isotopes which are part-sities of y transitions in both fragments and knowing the
ners of each other. branching ratios between different transitions we can deter-
For a given fission fragment there can be several partnggine again the relative binary yieldig,8] which are normal-
isotopes because 0 to10 neutrons can be emitted from its j;eq to Wahl's tablg19]. We should like to mention that
primary partners following scission. Thgrays emitted by presently many of the spectra of the odidauclei are not

the partners during deexcitation will be in coincidence with) o1 ‘s that we cannot determine experimentally most
each other. If the transitions in one of the partner nuclei are, ;- i,sotopic yields

known, one can identify the-rays belonging to other part- In the case of coldneutronlessalpha ternary fission of
ner nuclei uniquely because one can compare the fISSIOQ.—,ch we look at the correlation between two evarrad-
yields with calculated ones from Wahl's tablgk9]. In the P 9
fission of 252Cf, about 100 different final fragments are pro- ments with the sum ﬁf charg%; 96 and sum of masses
duced. During the fission process two primary fragmentd*= 248. For exgmp.IeS.GGBa andgg Zr are the partners when
along with several neutrons and/or light clusters are emittec? ternarya-particle is involved. The Mo nuclei are partners
The primary fragments may also emit several neutrons untif Ba when binary fragmentations with and without neutron
the deexcitation energy is below the neutron binding energgmission are involved. The-ray spectrum observed in co-
of ~6 MeV. Then the secondary fragments decay to theiincidence with the 180.9 (2-0") and 332.0 (4 —2")
ground states by the emission gfrays. Also cold(neutron-  keV transitions in**8Ba is shown in Fig. 1. The transitions
lesg fragmentations are possible. The excited fragments probelonging to various Mo partners are shown along with the
duced in SF are too neutron-rich to emit charged particlegppropriate numbers of neutrons emitted during the fission.
such as protons or alpha particles which would take thenin this spectrum, one can see the-20" transition of en-
farther away fromg stability. ergy 171.6 keV of'%Mo, which corresponds to the zero
The data to obtain yields per 100 fission events were anaseutron channel. One also sees the 151.8 keV—£D™)
lyzed by two different methods. transition in 1°2Zr, which corresponds to cold-ternary fis-
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sion. In Fig. 1, the 151.8 keV transition is not as clear asemission of anx-particle by one of the fragments, when they
some of the other peaks because of background fluctuationare in excited states is highly unlikely because these excited
When the double gates were set on two transition¥'fBa,  nuclei emit neutrons instead of anparticle because of the
many normal fission channels to Mo nuclei are open. HowCoulomb barrier. Now can the nuclei emitparticle when
ever, restricting to one--channel by setting the double gates they are formed near the ground states such as cold fission.
on the 326.2 keV {*’Zr) and 180.9 {*Ba) as shown in Fig. |n order to check for this process we studied several corre-
2 one can decrease the background effect. In Fign2 also  |ations as follows. When we gated on thé 20* transi-
the inset one can clearly see the 151.8 keV'(20") tran-  4ions in 1%8a and°Mo as shown in Fig. @) we observed
sition in %27y, The inset in Fig. 2 shows the region around i 4+ 2+ transitions in both these nuclei. The evidence
151.8 keV (10220 transitiqn. This procedure does not imply ¢, 102 jg guestionable which implies that We are not ob-
relixmg thgdgtatmgl coy:jdmon. in Fi is sh th serving sequential binary fission. When the gates were set on
s an additional evidence, in Fig(§y) is shown the spec- the 2 —0" transitions in'%Zr and **%Ba in Fig. 3b), we

: + " 10
trum by gating on the 2—0" transitions in **Zr and observed clearly 2— 2" transitions in'%?Zr and *®Ba but

1488a. In this spectrum one can clearly see the42™" tran- t the transition im®Mo. which implies that there
sitions in both these nuclei. The peak area of the 151.8 keW°! tN€ transition '?1106'\/'0' W 'Cloz'zmp 1es that there 1S no
transition in Fig. 1 is similar to that of 332.6 keV transition COrrelation betwee o and “Zr. If the a-particle is

in Fig. 3b), as they should be because of the coincidenc&mitted by**Mo, one should observe this cor_rellaotion. When
gating conditions. In Fig. 2, one observes ajseays corre-  the gates were set on the 2.0 transitions in'%Zr and
sponding to Mo isotopes because the gate 326 keV also con- Mo in Fig. 3(c), we do not see the 4—2" transitions in
tains the 7 —5" transition of energy 324.2 keV transition °Mo or *9%Zr, which also implies that the-particle is not

of 1*6Ba. We also see the enhanced octupole band relative @mitted by the light fragment. Similar tests were also per-
the yrast band in**®Ba during thea-ternary fission which formed to check whether the-particle is emitted by the
may imply that the octupole shape is playing an importantheavy fragment, and found to be negative. Furthermore, the
role. These and similar spectra, which are not shown here&, for these cases iss —6 MeV. Hence thex particle is
clearly prove that we are observing a new phenomenon, coldnlikely to be emitted after binary fission.

a-ternary fission with the 0 neutron emission. The question In Table I, we present for the first time the neutronless
now is whether the process observed is sequential binaglpha ternary fission yields observed in the spontaneous fis-
process as opposed to the ternary fission, where one of trsgon of 25%Cf. The highest experimental yields are found for
fragments formed in binary process emitsaparticle. The the Zr+ Ba isotopes. Significant yields also are observed for
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TABLE I. The alpha ternary isotopic yields g, obtained per TABLE lll. (a) Binary (*Ce and%%zr) yields normalized to

100 fission events. Wahl's table[19]. (b) Cold « ternary ¢*®Ba and %%Zr) fission
yields of 252Cf. Ratio 1= (cold a-ternary/binary zero-neutron, and

a partner nuclei  Ygyp (%) a partner nuclei Yy (%) ratio 2 = (cold a-ternary/total-n-channel.

K- aaNd 0.002+ 0.001  3Sr-%Ce  0.008= 0.003 @

SeST-gaCe 0.014+ 0.006  3Sr-;gCe  0.018* 0.009  Nyclei 1027¢/ 1027y 192zriCe

%sr-iatce 0.021+ 0.010 33'Sr-ig'Ce  0.014= 0.011

ooz ldgy 0,038+ 0012 %7r-17Ba  0.082+ 0010 - ce(0n) 0.016 0.020

1027, 14655 0,009+ 0.004 171583 0084+ 0029 . Ce(In) 0.088 0.097

1047 14485 0017+ 0.008 %Mo-14%e 0.018+ 0.007 . Ce(2n) 0.23 0.22

0\o-4e  0.030+ 0.014 1%Mo-19%e 0.007+ 0.003 ' Ce(3n) 0.46 0.46

Ryi3Te 0011+ 0006 H%Pdi%sn 0006+ 0.003 - Ce(4) 035 0.33
145%Ce(5n) 0.19 0.19
144Ce(6n) 0.034 0.053

the Mo + Xe and Sr+ Ce ternary fragmentations, too. In otWan) 1.367 1.367

Table Il, the relative binary isotopic yields obtained by using (b)

methods 1 and 2 for Mo-Ba pairs are shown. The yields inyyclei 102711027, 102711465

column 2[(a),(b)] were obtained by double gating on the

20" and 4" —2" transitions in14%Ba, extracted from *Ba(a) 0.012 0.013

transitions to the ground states and normalizing the MdRatio 1 72.05% 64.90%

yields to the values in Wahl's tab[d9] and the'%?Zr yield  Ratio 2 0.86% 0.96%

extracted from its 2— 0" transition intensity relative to the
Mo transition intensities and yields. The yields in column 3

[(a),(b)] were obtained by double gating on thé 20"  normalizing the Ce relative yields to those of Wahl's table
transition in **Ba and 2 —07 transitions in the Mo iso- [19]. In a ternary fission, we can set the double gates either
topes and'%’Zr and using the 4—2" transition in**Ba as  on the heavy fragment or the light fragment. The value of
a measure of the relative yields. The yields were obtaine@.0054 obtained for the ternary fission yield given in col-
from analyzing the intensities of 42" transitions in  umn 2 by method 1 is in agreement with the yield obtained
4%Ba. In Table IIl, the relative isotopic yields obtained by by method 2 as shown in column ®) of Table II. We
using methods 1 and 2 for Zr-Ce pairs are shown. The yieldgalculated two ratios(cold a-ternary/binary-zero-neutron
in column 2[(a),(b)] were obtained by double gating on the and (cold a-ternary/total-n-channel. These ratios are pre-
2" —0" and 4"—2" transitions in'%Zr. The yields in col-  sented in Tables Il and IIl. The results shown in Table Iil
umn 3[(a),(b)] were obtained by double gating on thé 2 were obtained by setting the double gates on the light frag-
—07 transition in *%Zr and 2" —0" transitions in Ce iso- ment. The coldx-ternary yield in Table Ill is a factor of two
topes and"**Ba. The relative yields were obtained from ana-|arger. This difference reflects uncertainties in intensities and
lyzing the intensities of the 4—2" transitions in'%Zr and  difference in spin population in the light and heavy frag-
ments. The average values obtained by these two methods
TABLE II. (a) Binary (*Mo and #88a) yields normalized to ~ are listed in Table I. A few of the cold-ternary fragmenta-
Wahl's table[19]. (b) Cold a ternary ¢*Ba and 1°%r) fission  tions presented in Table | involve odd-odd splittings. One
yields of 25%Cf. Ratio 1= (cold a-ternary/binary-zero-neutron, and can observe that their corresponding experimental yields are

ratio 2 = (cold a-ternary/total-n-channel. comparable or even higher than the yields for the even-even
neighbors. In order to obtain the yields for odd-odd split-
@ tings, all they-transitions to the ground state are summed.
Nuclei 14%ga/14%Ba l4Ba/Mo The vyields are corrected for the internal conversion and de-
1990(0n) 0.029 0.029 tector efficiency. The increa;ed yields in.t.hesga cases may be
19%lo(1n) 610 0'11 because of the dlﬁerences in level densities in odd-odd and
10910(2 0'30 0'30 the even-even nuclei. _
1°3MO( n) : : ~We mention here that we found enhanced experimental
0 o(3n) 0.35 0.31 yields for the coldx-ternary fission in which heavier partners
02'\/'0(4”) 0.15 0.16 are Ba isotopes with masses ranging from 144 to 147. Their
1%Mo(5n) 0.079 0.088 higher yields could be attributed to the static octupole defor-
1%Mo(6n) 0.0049 0.016 mation observed in this regid20], since octupole shapes at
Total (Wah) 1.017 1.017 the scission configuration could significantly lower the Cou-
lomb barrier and increase the penetrability between the final
Nuclei 1468(31468 14654/102 fragments. Similar enhanced yields have already been de-
uctet a ' tected in the cold binary fission ¢P%Cf [8].
19271( o) 0.0054 0.0052 We should stress here that the experimentally determined
Ratio 1 18.4% 17.6% isotopic yields are integrated yields. In the spontaneous fis-
Ratio 2 0.53% 0.51% sion experiment of>2Cf the majority of the binary and ter-

nary splittings lead to highly excited final nuclei which after
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