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In this process a heavy or superheavy nucleus spontaneously breaks into four, five, or six nuclei of which
two are asymmetric or symmetric heavy fragments and the others are light clusterse gagtticles,
10Be, C, 2°0, or combinations of them. Examples are presented for the two-, three-, and four-cluster
accompanied cold fission d®2Cf and 25%Rf, in which the emitted clusters arex? a+ ®He, a+ %Be, «
+14C, 3a, a+ ®He+ %Be, 2o+ fHe, 2o+ 8Be, 2o+ 1“C, and 4. A comparison is made with the recently
observed?®%Cf cold binary fission, and cold ternatgccompanied by particle or by*°Be cluste}. The strong
shell effect corresponding to the doubly magic heavy fragniéf8n is emphasized. The most favorable
mechanism of such a decay mode should be the emission from an elongated neck formed between the two
heavy fragmentq.S0556-28139)03906-0

PACS numbdis): 25.85.Ca, 23.96:w, 23.70:+]

Neutron multiplicities higher than one have been ob- Forty years agd8] it was shown, on the basis of the
served since the early times of nuclear fission investigationiquid drop model, that for increasingly heavier nuclei, fis-
Once the condition of a positive released ene@y; 0, is  sion into three, then four, and even five fragments becomes
fulfilled, the escape of one or several neutrons from the necknergetically more favorable than binary fission. Swiatecki
formed between the light and heavy fragment, is not pretook into consideration only equally sized fragments and ig-
vented by any Coulomb force. A small and narrow centrifu-nored any shell effect. The “true(in which the fragments
gal barrier, due to the angular momenta carried away by thgre equally sizedternary or quaternary spontaneous cold
neutrons, does not constitute a major obstacle. fission has not been experimentally discovered until now. On

A charged particle has to penetrate, by quantum tunnelg,q oiher side the multifragmentation process taking place at

ing, a much thicker and higher potential barrier, leadingyjo eycitation energies, well over the potential barrier, is
to a long delay and to a corresponding comparable IOVYntensiver studiedo]

yield. Nevertheless, the particle-accompanied fissarter- A very powerful technique, based on the fragment identi-
nary fission was observed both in neutron-induced and, . ) S . .
fication by usingy-y-vy coincidences in the multiple Ge-

zﬁgrr:t%rggggssgi?l?: .V\Ilth\i/g?]stﬂljcga/:rrgegdlnp;?t:ﬁ:ak]e. ie\ée[)?l)torg’etector Compact Ball faci.Iity at Oak Ridge National .Labo—
deuteron, triton,3~8He, 6-11j 7-14e, 10-17g 13-2C, ratory, and more recently in the GAMMASPHERE with 72
15-20\ 15-220 have been detected. Many other heavier isoGe Compto_n-suppressed detecto_rsz was deve_loped and em-
topes of F, Ne, Na, Mg, Al, Si, P, S, CI, Ar, and even CaP oyed to discover new characte_rls'_ucs of the fission process
were recently mentionefB]. This rare process is different [10,11, and new decay modésmission of an alpha particle
from cluster radioactivity[4,5], which can be considered a and of 1°Be[12], accompanying the cold fission 61Cf, the
binary superasymmetric cold fission phenomenon. The Cmgiouble fine structure, and the triple fine structure in binary
ter emitted in a binary process has a well defined engtgy ~ and ternary fission, respectivelyThis technique will be
kinetic energyE,=QAq/A, whereA, and A are the mass hopefully extended in the future to more complex phenom-
numbers of the daughter and parent nuclei, respeciively€na, including the nuclear division into more than three frag-
while in a ternary one the energy spectrum is very broadMents.

extends to much h|gher limit and possesses a much h|gher We start by a brief sketch of the CalCUlationS, and then we
most probable value. In a cold fission procggkthe frag- discuss some typical results, presented in Figs. 1-3. The ba-
ments are neither excited nor strongly deformed, hence n®C condition to be fulfilled in a spontaneous emission pro-
neutron is evaporated from excited fragments or from the&ess of high complexity/*Z—=7 4Z;, concerns the re-
compound nucleus; the total kinetic energy of the fragmentéeased energyQ@ value
exhausts the released energy. In more complex than binary

phenomendternary, quaternary, etcneutrons could still be 0=M _2 m e
emitted from the neck, because tQevalue is positive. In —

this case their kinetic energy added to those of the fragments

should exhaust the total released energy. Two or even threghich should be positive and high enough in order to assure
clusters emitted from the same parent have been detgtted a relatively low potential barrier height. We took the masses
in cluster radioactivity. They are, like in binary fission, alter- (in units of energy, entering in the above equation, from the
native ways of splitting, and not simultaneous emission ofmost recently updated compilation of measurem¢af.
several particles. When the numbemn=2 one has a binary process=3
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FIG. 1. Aligned and compact configurations feraccompanied
cold fission of?52Cf with doubly magic'®?Sn heavy fragmerteft-
hand sidg and aligned configurations with three clusters between £15 3 On the left-hand side: the energy of the optimum aligned

i 6 10y H . I .
the light azrsld heavy 1‘1r3agment far+ "He+ “Be accompanied cold  .onfigurations of fragments in contact for three examples of two
fission of _2Cf with _ZSn heavy fragmentright-hand side The | ster @+ He, a+1%Be, anda+ 1C) accompanied cold fission
corresponding energies are shown. of 25%Rf versus the neutron number of the light fragment. Calcula-
tions for the three cluster @ plus: ®He, ®Be, and*“C) accompa-
nied fission are given on the right-hand side. The vertical heavy bar

on each graph corresponds to a magic neutron number of the heavy
52 56 60 64 68 72 52 56 60 64 68 72 fragmentNH=82.
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means a ternary fragmentatioms=4—a quaternary fission,
n=5—a division into five fragments)=6—a division into
six fragments, etc. We make the following conventidn:
<A, <A;<A,;<A:- --<A,, e.g., for thea+ %Be accom-
panied fission of?Cf with *?Sn and!°Ru fragmentsA,

1% =4, A,=10, A;=110, andA,=132. This convention will
140 help us to label the different modes of ordering the fragments
130 when they are lying on the same axis.

In a first approximation, one can obtain an order of mag-
nitude of the potential barrier height by assuming spherical
shapes of all the participant nuclei. This assumption is real-

120

110

190 istic if the fragments are magic nuclei. For deformed frag-
140 ments it leads to an overestimation of the barrier. By taking
1 30 into account the prolate deformations, one can get smaller

potential barrier height, hence better condition for multiclus-
ter emission. We use the Yukawa-plus-exponentiat- &)
- S —— double folded moddl14] extended by us for different charge
52 56 60 64 68 72 52 56 60 64 68 72 )
N, (neutrons) densities. In the decay process from one parent to several
fragments, the nucleus deforms, reaches the touching con-
FIG. 2. The energy of the optimum aligned configurations offiguration, and finally the fragments become completely
fragments in contact for the cold fission 8¢Cf versus the neutron separated. A phenomenological shell and pairing correction
number of the light fragment. The experimentally determined coldenergy is introduced by subtracting the “partia@);; value

binary fission,a-, and 1%Be accompanied fission are plotted on from each component of the interaction enerﬁ){,, at the
the left-hand sidéthe identified pairs are emphasize@alculations touching configuration

for the 2, 3a, and 4 accompanied fission new decay modes are

given on the right-hand side. The vertical heavy bar on each n n

graph corresponds to a magic neutron number of the heavy frag- Etzz 2 (Eij—Qij); Ejj=Ecij+Eyi, 2)
mentNy=82. >

120
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whereE;; (i,j=1,2,...n) is the sum of the Coulomb and ~ From '#!41%1E the favoured is'‘C, and all*®!#202®

Y +E potential energies, given below for spherical shapesisotopes have comparab@values when they are emitted in

For calculation of bottE;; andQ;; we consider a “partial”  a cold binary fission of°?Cf. Nevertheless?°O is slightly

compound nucleus with a mass numbgr=A;+A;, and an  higher than the others. As a rule, if tiggvalue is larger the

atomic numbeiZ;;=Z;+Z;. The origin of the potential en- barrier height is smaller, and the quantum tunneling becomes

ergy is taken at an infinite separation distance of the fragmore probable.

ments. In such a way one has initially, for the undeformed Qn the left-hand side of Fig. 1 we show different kinds of

parent, a potential energy equal to tQevalue, motivating  gjigned configurations of fragments in contact and we com-

our procedure. . o _ pare the corresponding energies. There are three aligned
By assuming a uniform distribution of the electric charge,fragments on the same axis, in the following order of the

the electr_ostatic interact?on energy of nqnoverlapping Spherifhree partners: 213, 123, and 1@2 231 and of the compact

cal nucleiA;Z; andA;Z, is the same as if the charges were 01 ration (in which every partner is in touch with all

concentrated at the sphere centers. Consequently one hasothers). It is clear that the potential barrier for the “polar

emission” (123 or 132 is much higher than that of the emis-
sion from the neck213), which explains the experimentally
getermined low yield of the polar emission compared to the
“"equatorial” one. As it should be, the compact configuration
possesses the maximum total interaction energy, hence it has

tion of the surface energy to the interaction of the separated!® 10west chance to be observed. An important conclusion
fragments; the barrier has a maximum at the touching pointa be drawn, by generalizing this result, namee mul-
configuration. The proximity forces acting at small separaiPle clusters1,2,3 ... should be formed in a configuration
tion distancegwithin the range of strong interactiongive of the nuclear system in which there is a relatively long neck

rise in the Y+ EM to a term expressed as follows: between the lighttn—1) and heavy(n) fragment Such
shapes with long necks in fission have been considgréld

ECiJ:eZZiZj/Rij y (3)

whereR;; is the distance between centers, which become
Ruij =" o(A*+A!®) at the touching point. Within the Myers-
Swiatecki’s liquid drop mode{(LDM) there is no contribu-

a)?2 R;; as early as 1958.
EY”:_4(r_ Vagiay| gigj| 4+ a On the right-hand side of Fig. 1, we ignore the aligned
0 configurations in which the heavy fragments are not lying at
exp—R;;/a) the two ends of the chain. By arranging in six different man-
—0ifi—of)| —g 7 (4)  ners thea-particle, ®He, and'°Be clusters between the two
ij

where

heavy fragments from the cold fission 6¥°Cf, the differ-
ence in energy is relatively small. Nevertheless, the 43125
configuration seems to give the lowest barrier height.
R R R On the left-hand side of Fig. 2 we plotted the energies at
gk=—kcosr{ )—sml—( ) (5)  the touching point configurations for the known binary and
a ternary cold fission decay modes $¥Cf. On the right-hand
side there are new decay modes which have a good chance to
Re|? . [R« be detected: @, 3a, and 4 accompanied fission. In order
fk:(;) sm)—(; : ® o emphasize the strong shell effect, we have chosen in the
abscissa the number of neutrons of the light fragmisint,
in which R, is the radius of the nucleus,Z,, a=0.68 is the ~ Which in turn corresponds to a well defined neutron number
diffusivity parameter, andy; , a,; are expressed in terms of Of the heavy fragment\y, for a given parent and a given
the model constanta,, « and the nuclear composition pa- cluster accompanied fission, in our caséNig=150-N_ for
rametersl; and I, a,=ag(1—«l 2), ag=21.13 MeV, « 2« accompanied fissiotNy =148— N, for 3a accompanied
=2.3,1=(N=2)/A, Ry=roAY3 ry=1.16 fmis the radius fission, andN,;=146—N_ for 4a accompanied fission. The
constant, ane is the electron charge2:1.44 MeV fm. vertical heavy bar on each plot helps to determine the posi-
By performing extensive calculatiof$5] we have seen a tion of the magic numbeN,;=82. Different types of lines
clear correlation between th® values and the measured are drawn through the points belonging to the same combi-
yield of different isotopes for one cluster accompanied fis-nation of atomic numbers of the fragmeis—Z,,. The full
sion. For example, among the He isotopes with mass nunline is always reserved for the pair in which the heavy frag-
bers 4, 6, and 8*He leads to the maximur® value; the ~ment is an isotope of Stwith Z;;=50 magic numbegr We
maximum vyield was indeed experimentally obserj2tfor ~ have only plotted the results for eveh andZ, because
a accompanied fission. Similarly, amofi§1%18e, the clus- they can be identified more easily by using the technique of
ters ®Be and'°Be give the maximun® values. triple-y coincidences. The conclusion is clear: the minimum
As Be spontaneous|y breaks intmmartides it is not barrier helght is always obtained when the heavy fragment
easy to measuréBe accompanied fission yield; conse- is the doubly magic'*’Sn. The investigated pairs are em-
quently 1°Be has been most frequently identified. By detect-Phasized. These are for the binary fissid®,11] (at the
ing, in coincidence, two alpha particles flying from the necktop): 20°'°Zr- 52> *Ce (N =62,64), 5" *Mo- ;6> **Ba
on the same axis in opposite directions, & accompa- (N_=62-66), i Ru-g4Xe (N =66), and ;Pd-5°Te
nied fission with a larger yield compared to that of tf8e  (N_=70). For colde accompanied fissiofL2] (in the inter-
one, could be observed in the future. mediate pait 32Kr- gaNd (N =56), 35 *0'Sr-32"14Ce



3460 BRIEF REPORTS PRC 59

(N, =58-63), }lgw 1047 égS* 14484 (N, =60—64), While the minimum energy of the most favorable aligned

106-10810_142-140xe (N, =64—66), L%Ru-1¥Te (N configuration of fragments in contact, when at least one clus-

42 5f16P L32g L= TR L teris not an alpha particle, becomes higher and higher with

=68), and 45Pd-5"Sn (NL_EHC’)). At the bottpm, _thgre 'S increasing complexity of the partners, the same quantity for

one example gef d(igected coltBe accompanied fission of - iti.alphas remains favorable, hence we expect that multi-
’Cf, namely 3¢Sr-3¢Ba (N, =58) [12]. alpha emission could be more easily experimentally de-
The energies of the optimum configuration of fragmentstected.

in contact, in the right-hand side of Fig. 2 and in Fig. 3, are . L
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