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Half-lives of trinuclear molecules
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Recent discoveries of10Be and12C accompanied cold fission in the spontaneous fission of252Cf lead to the
surprising result that long living trinuclear molecules may exists. For the description of the dynamics and
decay of such molecules, we used a coplanar three body cluster model~two deformed fragments and ana
particle! with a three body potential computed by a double folding potential generated by M3Y effective
interaction. A repulsive compression term was included. The computeda ternary cold fission yields are in
agreement with the experiment. The energy and angular distributions of the three clusters at infinity and the
half-lives are strongly dependent of the initial positions of thea particle relative to the two fragments and of
mass asymmetry of the fragments. The evaluated lifetimes of such trinuclear molecules are quite large, of the
order of one second.

PACS number~s!: 25.85.Ca, 21.60.Gx, 23.70.1j
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I. INTRODUCTION

Cluster radioactivity@1#, cold binary fission@2,3#, cold
ternary fission@4–6#, and cold fusion@7,8# are well estab-
lished phenomena. These processes were predicted bas
the idea that cold rearrangement of large groups of nucle
is possible@7#. The recent direct evidence of cold4He @4#,
10Be @5#, and 12C @9# ternary yields was possible mainly du
to the development of large Ge-detector arrays such as G
masphere and Euroball. By using especially multip
g-coincidence technique the correlations between the
heavy fragments and the light particle were observed un
biguously. In the case of10Be cold ternary spontaneous fi
sion of 252Cf only the triple g-coincidence was used. Th
g-ray corresponding to the decay of the first 21 state in10Be
was detected in coincidence with theg rays of the fission
partners 96Sr and 146Ba. The yield of such a ternary col
splitting is of the order of 431024 per 100 fission events
The surprising result is that theg transition in 10Be is not
Doppler broadened as one would expect if the system s
rates immediately into three clusters and10Be decays in
flight. The other key experimental fact is that theg ray seems
to be 6 KeV lower in energy than expected from the com
lation @10#. The energy of the first excited state in10Be was
remeasured recently with a high precision in
9Be(d,pg)10Be reaction@11# and was found to be in exce
lent agreement with the literature value. The only possi
interpretation is the existence of a long living nuclear m
ecule where the three nuclei stick together with a half-
larger than 10212 s @5#. Recently, this result was confirme
by the discovery of12C cold ternary fragmentation in th
spontaneous fission of252Cf @9#. Again only the tripleg cor-
relations between the first two transitions in12C at 3214.8
and 4438.0 KeV and the first excited state in the lig
(81Ge-159Nd) or heavy (147La-93Br) fragment were observed
No excited states were observed in the other fragment. It
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shown that theg transitions are not Doppler broadened, co
firming again the existence of such long living molecule
Evidently, the inclusion in the future experiments of fra
ment and light charge detectors will provide a complete
of data necessary to clarify the existence of such long liv
molecules.

In this paper we describe a dynamical three cluster mo
appropriate for the evaluation of a cold ternary fission p
cess at a quantitative level. Initial configurations, dynami
trajectories in the classically forbidden region, penetrab
ties, trajectories of the fragments in the asymptotic regi
angular, and energy distributions of the decaying fragme
are deduced from a three body interaction potential. We
tain a set of coupled differential equations which satisfy
minimum action principle, appropriate for the description
the trajectories under the barrier. We show that to the low
order of the WKB approximation there are no penetrat
solutions for a multidimensional case. We show how to c
cumvent this difficulty by solving the steepest descent eq
tions near the turning points. By solving dynamical equatio
we deduce trajectories, barriers, penetrabilities, relative p
duction yields, angular, and energy distributions for the
caying fragments. From the calculated penetrabilities and
barrier assault frequency we estimate the lifetimes for
giant trinuclear molecules.

The paper is organized as follows. Section II deals wit
brief description of our reaction model, results from nume
cal calculations are presented in Sec. III, and we end up w
some conclusions.

II. THE REACTION MODEL

About 90% of the light particles emitted in the terna
spontaneous fission area particles. That prompted us t
study the cold~neutronless! a ternary fission of252Cf. A
coplanar three cluster model consisting of two deform
fragments and a sphericala particle was considered. Th
kinematics of the problem is described in detail in our pa
@12#. Three main coordinates were retained for the desc
tion of the dynamics during the rearrangement and pene
©2000 The American Physical Society06-1
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tion through the barrier processes. These are (xa ,ya), the
coordinates of the c.m. of thea particle, and a collective
coordinateR describing the separation distance between
heavy fragments along the fission axis. Center-of-mass
relations are fully taken into account in all calculations. W
assume that the fission axis is conserved during the pen
tion process. As a consequence, the total energy is only
proximately conserved, but this approximation has little
fluence on the calculated penetrabilities. No preformat
factors were included in our description. Our previous stu
of cold ~neutronless! binary fission of252Cf showed clearly
that the inclusion of high rank deformations into calculati
is necessary in order to obtain a correct description of
cold binary yields@3#. Consequently, we included realist
deformations for the description of the fragment shapes.
three body potential was computed with the help of a dou
folding potential generated by M3Y-NN effective interaction
@13#. We would like to stress that the interaction barriers
calculated quite accurately on the absolute scale and tha
touching configuration for the heavy fragments is situa
outside the barrier. Due to the lack of any explicit dens
dependence in the M3Y effective interaction, which leads
unphysically deep potentials for large density overlaps, in
following we introduce a compression term in order to c
rect the short range dependence of the calculated intera
potentials which read

V~RW !5E drW1drW2r1~rW1!r2~rW2!v~ usuW !

1Vcomp0E drW1drW2r̃1~rW1!r̃2~rW2!d~sW !, ~1!

wherev(usuW ) is the effective interaction~depending on the
separation distance of the interacting nucleonssW5rW11RW

2rW2) which includes the usual pseudo-d knock-on exchange
term @14#, r i(rW i), i 51,2 are the ground state one body de
sities taken as deformed two parameter Fermi distribution
the intrinsic frames,r̃ i(rW i) i 51,2 are the corresponding sha
fragment densities withRsharp given by the equation̂ r 2&
53/5Rsharp

2 and Vcomp0 is the strength of the compressio
term. With the above definition, the compression term gi
rise to a repulsive component in the interaction poten
which is proportional to the volume overlap of the two de
sities. It is short ranged and contributes to the integral~1!
only for ur 12r 2u<R<r 11r 2 and therefore the interactio
potential is unaltered beyond the touching configurationR
>Rtouch5R11R2 . For thea particle we used a harmoni
oscillator density with a width parameterb250.47 fm22 .
The Coulomb component was calculated also by dou
folding using appropriate charge densities. In evaluating
integrals in Eq.~1! we used a multipole expansion of the o
body densities which allows for the inclusion of the defo
mation to all orders and arbitrary orientation of the nuc
@15#. The strength of the compression term is largely unc
tain. In principle it should be determined from EOS at twi
the normal density of nuclear matter. Throughout the pa
we have used a valueVcomp05300 MeV, close to the value
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used by Uegaki@16# for molecular resonances in medium
weight nuclei. Other details on the computational techniq
used for the evaluation of folding integrals in Eq.~1! and the
axial static deformations are given in Ref.@12#. The role
played by high order static deformations is illustrated in F
1 for the channel92Kr1156Nd. The fragments were chose
with aligned symmetry axes. When only the monopole ter
are allowed~terms coupling to a total angular momentu
l350), the interaction potential is dominated by the co
pression and Coulomb terms~dotted line!. If higher multi-
pole are included, a typical quasimolecular pattern emer
~dash-dotted and continuous lines!. Clearly, the height and
the maximum barrier are controlled by high order multipole
One see also that the barrier is situated outside the touc
configuration and essentially the barrier region involves d
sity overlaps significantly less than the nuclear matter sa
ration density.

We would like to mention that the introduction of th
compression term greatly improves the short range dep
dence of the interaction potential. The three body poten
assumed to be the sum of all two body components disp
a quasimolecular pattern with two minima in the equator
region and two polar minima. The situation is illustrated
Fig. 2 for the fragmentation channel252Cf→a192Kr
1156Nd and for an interfragment distanceR515 fm. The
minima in the equatorial region are equivalent due to ax
symmetry. The potentials for nose to nose configurations
each two body channel are displayed in Fig. 3~upper panel!.

FIG. 1. Interaction potential between the heavy fragme
92Kr1156Nd for a nose to nose configuration calculated with a co
pression strength ofVcomp05300 MeV. Deformation parameters ar
taken from Ref.@18#. The dotted line calculation includes all th
terms in the multipole expansion coupled to a total angular mom
tum l350. Dash-dotted line includes terms up tol352 and con-
tinuous line includes terms up tol356. The interfragment distance
for the touching configuration is indicated by an arrow. The ho
zontal line indicates theQ value for the reaction248Cm→92Kr
1156Nd.
6-2
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The minima in thea particle components are situated at
and 8.5 fm with respect to the light and heavy fragme
respectively, which means that quasistable configurations
formed in the three body system with thea particle situated
at rather large distances. We also mention that quasist
configurations are formed if and only if a molecular patte
is obtained in all two body channels. If the minimum in o
two body channel disappears~e.g., in thea-light fragment
channel!, then the minimum in the three body potential
attained with thea particle situated at infinity~with respect
to that fragment! and the stability is lost. This is in contras
with the situation in light Borromean nuclei~e.g., 6He and
11Li) where a bound three body state close to the thresho
formed ~the Efimov quantum effect! while all two body
channels are unbounded. This is due to the fact that we
treating classically the interaction.

Our strategy is clear now. We assume first that the mo
ment of the three particles is so slow that the system adj
adiabatically to stay in a configuration corresponding to
minimum in the three body potential. The corresponding b
rier and thea particle trajectory are displayed in Fig.
~middle and bottom panels! with continuous lines. Also the
total available reaction energy is indicated (Q3). We distin-
guish three regions: the minimum where the system os
lates corresponding to a cold rearrangement process,
classically forbidden region~the barrier!, and the asymptotic
region ~beyond the outer turning point! where the system
decays into three fragments. In the minimum region
solved the classical equations of motion thus obtaining
oscillation timeTosc, the correspondinga particle trajectory
and the inner turning point. The oscillation time is of th
order of 0.6310221 s and the barrier assault frequency of t
ordern;1.731021 s21 . The zero point energy is estimate
from the uncertainty principle givingE0.0.9 MeV for
highly deformed fragments and slightly larger for spheri
splittings~;1.2 MeV!. In the classically forbidden region w
solve the semiclassical trajectory equations for the relev
degrees of freedom@12#. For completeness we write them
here in a simpler but equivalent form

xi95
M

2~Q2V!
S xi8

m1

]V

]x1
2

1

mi

]V

]xi
D , ~2!

FIG. 2. Left panel: the three dimensional plot of the interact
potential for the splitting252Cf→a192Kr1156Nd at interfragment
distanceR515 fm. Right panel:x-y projection of the same poten
tial.
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with M5m11(mj (xj8)
2 the effective mass~or the effective

inertia! and x85dx/dx1 . mi are the masses for the corre
sponding degrees of freedom,Q is the reaction energy
Mixed derivatives do not appear in the effective inertia sin
in our case the mass tensor is diagonal.x1 is one of the
relevant variables~supposed to vary monotonically! chosen
to parametrize the trajectory. In practice we found that
variable R is the best candidate. The coupled different
equations~2! describe the motion of the system in the barr
region and satisfy the minimum action principle. It can
shown that the set of equations~2! is fully equivalent with
the classical equations of motion in imaginary timet5 i t .
The reduced action is given by

S05EA2~V2Q!Fm11(
i

mi S dxi

dx1
D 2Gdx1 , ~3!

and the penetrability factor is simplyP5e22S0 /\ . A close
examination of Eq.~2! shows that the semiclassical approx
mation is not valid on the surfaceQ5V. In order to have a

FIG. 3. The two body components of the interaction poten
calculated with a compression strengthVcomp05300 MeV are dis-
played in the upper panel. The adiabatic~continuous line! and dy-
namic ~dashed line! barrier ~see text for details! are given in the
middle panel. The corresponding adiabatic~continuous line! and
dynamic~dashed line! a particle trajectories are given in the botto
panel. The fragmentation channel is indicated on the figure.
6-3
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solution we must require that the factor in parenthesis in
~2! vanishes on that surface. This gives us the so-ca
transversality conditionsor the steepest descent equatio
@17#

mixi8

]V/]xi
5

m1

]V/]x1
, ~4!

which are solved near the turning points. One extremely
portant problem relates to the existence of penetrating s
tions for Eq. ~2!. While such a question does not appe
in the one-dimensional case, in the multidimensional case
answer is not obvious. Consider, for example, the follow
analytical case. Take the many body potential in the fo
V5V02(a ixi

2 with V0 an arbitrary constant. The solution
for this potential~in the imaginary timet! for given initial
conditionsxi0, arexi5xi0cos(vit), v i5A2a i /mi . The exit
conditions dxi /dt50, i>1, require sin(vitf)50⇒vi must
be in ratios of rational numbers, a condition hardly satisfi
for any realistic problem. Therefore, in the semiclassical
proximation the trajectory is localized inside the barrier, o
cillating indefinitely between the turning points. We circum
vent this difficulty by determining explicitly the region
where the semiclassical approximation~WKB! is valid ~usu-
ally in the middle of the barrier! and solving the steepes
descent equations in the region of the turning points. N
that the WKB approximation requires that

U(
i

\

mi

]2S0

]xi
2 U!U(

i

1

mi
S ]S0

]xi
D 2U, ~5!

which can be transformed to

U\(
i

]V

]xi

1

miẋi
U!U(

i
mi ẋi

2U. ~6!

The last inequality~with ẋ5dx/dt) is valid also in the bar-
rier region. Near the turning points (V5Q) the condition~6!

is not satisfied sinceẋi'0. In practice we evaluated Eq.~6!
along the trajectory and near the turning points we switc
automatically to solving Eq.~4!. Usually the portion of the
trajectory obtained with Eq.~4! gives little contribution to
the total action. When this contribution becomes import
one changes the initial conditions for integrating Eq.~2!.

III. RESULTS

An example of dynamical barrier anda particle trajectory
is given in Fig. 3~middle and bottom panels! with dashed
lines. The dynamical trajectory should be contrasted with
adiabatic~static! one. In the dynamical case thea particle
gets away from the interfragment axis with largeya values at
the outer turning point. Contrary, in the adiabatic case tha
particle gets closer to the interfragment axis up toya;0. We
mention that for the example given in Fig. 3 the minimum
the three body potential disappears at a distance of the o
of ;17 fm and the adiabatic barrier and trajectory are
longer well defined.

Having solved the dynamical equations of motion, us
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the reaction energies (Q3) calculated from the experimenta
masses or in few cases taken from the theoretical predict
of Möller and Nix @18# we evaluate the penetrabilities a
described above. The relative production yields are evalua
from the simple formula

YL~AL ,ZL!5
PL~AL ,ZL!

(
L8

PL8~AL8 ,ZL8!

. ~7!

Evidently we assume that the preformation factors are
same for all cold splittings and consequently in the expr
sion ~7! this factor cancels. The calculated yields~normal-
ized to the experimental ones@4#! are displayed in Fig. 4.
Full details of the calculation are given in Table I. This i
cludes the 16 splittings we have considered in this paper,
interfragment distance for touching configuration (Rtouch),
the maximum of the dynamical barrier (Bmax) and the reac-
tion energy (Q3), the initial configuration at the inner turnin
point (Ri ,xa i ,ya i), the final configuration at the outer turn
ing point (Rf ,xa f ,ya f), the dynamic penetrability (P), the
final kinetic a particle energy (Ea), and the scattering angl
(ua). We define the mass asymmetry ash5(AH

FIG. 4. Comparison of experimental yields@4# ~upper panel!
with the dynamic~middle! and adiabatic~bottom! results. The frag-
mentation channel is indicated by the charge number~on thex axis!
and by the mass number~on top of the stacks! of the light fragment.
6-4
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TABLE I. Results for the tunneling trajectories in the WKB approximation for 16 fragmentation c
nels: touching configuration, barrier maximum, initial and final configurations on the penetration pat
penetrability factor, energy and scattering angle for thea particle. The coordinates of thea particle are given
in the c.m. of the three body system.

Rtouch Bmax Q3 Ri xa i ya i Rf xa f ya f P Ea ua

L H @fm# @MeV# @MeV# @fm# @fm# @fm# @fm# @fm# @fm# 10221 @MeV# @deg#

36
92Kr 60

156Nd 13.78 222.7 202.7 13.8522.54 3.95 17.8 20.47 7.5 0.31 21.1 275.9

38
96Sr 58

152Ce 14.02 224.4 205.8 14.0222.20 3.90 17.9 21.97 8.1 1.91 19.0 280.4

38
98Sr 58

152Ce 14.12 224.4 205.2 14.0721.95 3.86 17.9 21.46 7.9 1.92 19.6 279.6

38
99Sr 58

149Ce 14.39 222.5 202.5 14.3221.95 3.85 18.3 21.64 7.6 0.32 19.6 279.7

40
100Zr 56

148Ba 14.15 227.7 208.2 14.1121.82 3.85 17.9 21.64 7.8 1.73 19.4 282.0

38
100Sr 58

148Ce 14.16 223.9 204.2 14.1621.80 3.85 18.1 21.70 7.8 0.64 19.4 280.1

40
101Zr 56

147Ba 14.33 227.5 208.5 14.1721.70 3.80 17.9 21.52 7.7 6.29 19.6 281.9

38
101Sr 58

147Ce 14.92 220.4 201.2 14.5521.90 3.74 18.5 20.86 7.1 1.26 20.4 277.9

40
102Zr 56

146Ba 14.13 229.5 210.4 13.9321.60 3.90 17.7 21.75 8.2 5.11 19.2 282.6

40
103Zr 56

145Ba 14.25 228.9 210.0 14.0021.55 3.85 17.8 21.18 7.7 5.91 19.7 281.7

40
104Zr 56

144Ba 13.96 230.8 211.7 13.8021.50 3.92 17.5 21.43 8.2 4.86 19.2 282.4

42
106Mo 54

142Xe 13.78 234.7 215.3 13.6721.20 4.04 17.4 21.61 8.5 3.56 18.9 284.8

42
107Mo 54

141Xe 13.79 234.5 214.9 13.6921.10 4.06 17.4 21.61 8.5 1.92 18.9 284.9

42
108Mo 54

140Xe 13.29 236.9 217.8 13.4021.00 4.26 17.1 21.61 8.8 4.11 18.6 284.9

44
112Ru 52

136Te 12.75 244.1 223.9 12.9020.70 4.43 16.6 21.45 9.3 0.62 18.2 286.8

46
116Pd 50

132Sn 12.31 250.8 230.2 12.3520.45 4.71 16.0 21.28 9.8 0.24 17.8 288.4
th

in

le
th
e

th
n
e
rn

th
t

s
I

u
c

a-
th

g
o
ly

n

ld
ne

the
le in
t

ing
-

ce
be

ith

sys-

st
e
a
er

s-
lue

ed
n-

on
,

em
o-
ns
ing
ing
2AL)/248. For the splittings given in Table I,h varies be-
tween 0.26 and 0.06. From the table it is evident that
penetration process starts always in a configuration withRi
.Rtouch. Along the sequence of splittings we considered
Table I, the reaction energy (Q3) varies by more than 28
MeV and though the dynamic penetrability is very stab
This is due to the fact that along the dynamic trajectory
action is minimal for given initial conditions, i.e., on th
trajectory the resistance~effective inertia! to a change in the
a-particle coordinates is minimal. As a consequence,
mass distribution is rather flat, showing nonvanishing a
comparable mass yields for a large range of mass asymm
in agreement with the experiment. Another remark conce
the energy and the scattering angle of thea particle. The
energy is larger for large asymmetry mass splittings and
scattering angle is smaller. The average values, taking
calculated dynamical yields as weighting factors are^EkL&
5111.061.3 MeV, ^EkH&580.664.5 MeV, ^Eka&519.3
60.5 MeV, and^ua&5282.561.9°. The quoted variance
are calculated from the width distributions given in Table
We shall show below that these variances become m
larger if quantum fluctuations are taken into account. A
cording to Heeg@19#, the mean experimental angle, me
sured with respect to the fission axis oriented towards
light fragment~opposite to our convention, see below! is 83°.
The adiabatic scenario gives ternary yields only for splittin
with one of the fragments spherical, as we have shown in
previous paper@12#. The corresponding yields are evident
dominated byQ-value effects. Only highQ-value channels
contribute to the total yield. In the dynamical calculatio
there is a delicate interplay between deformation,Q-value,
and penetration path effects. Note that the theoretical yie
are calculated strictly at zero excitation energy and we
04460
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glected the level density close to the ground state of
fragments and as a result the odd-even effects, noticeab
the experiment around the massesAL5101, 103, 107 are no
well reproduced.

We evaluate the lifetime for the decaying molecule us
the relationT1/25 ln 2/nP, wheren is the barrier assault fre
quency andP the penetrability.

Next we consider fluctuations in the entrance point sin
the calculated action along the penetration path should
minimized not only with respect to the path, but also w
respect to the initial conditions. If we neglect thea particle
coordinates, then the lowest quasimolecular state of the
tem in the potential minimum is of the formC;exp
@21

2a(R2R0)
2#. From the estimated energy for the lowe

state we haveE05\2a/2m and the estimated value for th
distribution width is 1/2Aa50.7 fm. Therefore we started
Monte Carlo evaluation of the trajectories using as inn
turning point Ri5Rt11s3Gauss~seed) whereRt1 is the
turning point given by the minimization procedure, Gaus
~seed! is a random Gaussian generator with zero mean va
and variance 1.s is the desired variance of the generat
distribution, taken here of the order of 0.1 fm, a rather co
servative value. For all generatedRi values we search for the
solutions of the equation for energy conservati
V@Ri ,xa(Ri),ya(Ri)#5Q3 at the entrance point. In practice
we relaxed this condition, searching for solutions (xa i ,ya i)
in a bandQ3650 KeV. No initial velocity distributions were
considered in this simulation, since in our particular syst
of coordinates it is difficult to conserve the total linear m
mentum. In this way a number of some 8000 initial positio
were generated. The calculation was completed by solv
the dynamical equations in the barrier up to the outer turn
6-5
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point. From then on the system disintegrates. The final
ergy and angular distribution of the fragments were obtai
by solving the classical equation of motion for a three bo
system. Since the exit point locates at rather large distan
(Rf;18 fm) and ya f;8 fm, the nuclear forces are com
pletely negligible, and we used only the monopole-monop
part of the Coulomb interaction. We have shown@20# that
quadrupole-monopole and other higher multipolarity ter
have little influence on the final distributions. The results
the simulations are displayed in Figs. 5 and 6 for the splitt
252Cf→a192Kr1156Nd (h50.26). We have also consid
ered the more symmetric splitting252Cf→a1116Pd1132Sn
~h50.06! shown by shadowed histograms in Figs. 5 and
In left panels we have selected all events in the band
<ya i<6 fm and 4<ya i<5 fm in the right panels. Much
lower initial valuesya i correspond to ana particle in overlap
with the fragments and lead to trajectories traversing one
the heavy fragments and with penetrabilities of the or
102100 or smaller and they are disregarded. The higher
initial position of thea particle, the wider the distribution in

FIG. 5. Initial and final distributions for dynamic variables o
tained in a Monte Carlo simulation. Left panels include selec
events in the band 5<ya i<6 fm; right panels are for events in th
band 4<ya i<5 fm. The last two rows are for the distribution of th
decimal logarithm of the penetrability~P! and for the half-lives
(T1/2). Filled histograms are for the splitting252Cf→4He1116Pd
1132Sn. The other histograms are for the splitting252Cf→4He
192Kr1156Nd.
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the final ya f coordinate. Also the energy distribution of th
light fragment (EkL) is wider. The mean kinetic energy fo
thea particle is 21~18! MeV and the mean scattering angle
278° ~288°! for large~small! h. The angle is negative sinc
we have chosen a system of coordinates with the light fr
ment placed on the left side, and thea particle is deviated
strongly by the heavy fragment, so the scattering angle
always in the second quadrant (ua>p/2). A typical trajec-

FIG. 7. Typical trajectory calculation~including only monopole-
monopole Coulomb terms! for the decay of a three body system
The recoil of heavy fragments in the presence of thea particle is
small but sizable. The scattering angle is defined on the figure

d

FIG. 6. Energy distributions for the decaying light (L), heavy
(H), and alpha~a! particle. Angular distribution (ua) is given in
the last row. See caption to the Fig. 5.
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tory calculation is illustrated in Fig. 7. For initial positions
the lower band~right panels in Figs. 5 and 6! all distributions
are much narrower, showing a strong focusing effect. T
final kinetic energyEka lowers to 19~17.5! MeV and the
scattering angle is279° ~288°!. In the upper position band
the penetrabilities are small (<10222) and the lifetime is of
the order of tens of seconds. In the lower band the pene
bilities increase (10221) and the lifetime varies between
and 10 s. As we must minimize the reduced action, o
should choose the trajectory with maximum of penetrabil
Therefore our model predicts lifetimes for the trinuclear m
ecule of the order of 1 s. Of course, all distributions will
much larger if averaged over all fragmentation chann
Note the strong dependence of all distributions on the m
asymmetry of the heavy fragments~and implicitly on Q
value and deformation! ~Figs. 5 and 6!. This is especially
evident for exit configuration (Rf ,ya f) and for the kinematic
variables of the fragments (Eka ,EkH ,ua).

IV. CONCLUSIONS

In conclusion we designed a coplanar three cluster mo
which describes reasonably well the cold ternary sponta
ous fission process from the early stage of cold rearran
ment of nucleons in the potential minimum, to the last sta
of the decaying nuclear molecule in the asymptotic regi
The complicated penetration process in a multidimensio
barrier was described dynamically by solving a set of se
H
C

W

J.
.
s
O

. O
.

,
C

u
-
th

a

04460
e

a-

e
.
-

s.
ss

el
e-
e-
e
.

al
i-

classical coupled differential equations which satisfies
minimum principle action. Minimum action with respect t
the initial conditions was found in an extensive Monte Ca
calculation. The asymptotic distributions of kinematical va
ables were obtained by solving the classical equations
motion for the three fragments. The three body interact
potential was generated from aG-matrix density independen
effective interaction in a double folding procedure. The sh
range behavior of the interacting potential is greatly i
proved by introducing a compression term which suppres
large density overlaps. The obtained three body poten
shows a typical quasimolecular pattern and relatively sta
configurations are predicted with thea particle laying at
rather large distances from the heavy fragments. The lifet
predicted by the model is of the order of 1 s. The mod
could be tested experimentally since the final energy
angular distributions of the decaying fragments are stron
correlated with the initial configurations prior to the penet
tion process and with the mass asymmetry of the fragme
The model could be improved by increasing the number
relevant degrees of freedom~e.g., by including a relative
coordinate in they direction for the heavy fragments an
allowing for collective rotations!.
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