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Half-lives of trinuclear molecules
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Recent discoveries d’Be and*?C accompanied cold fission in the spontaneous fissiofiaaff 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 itt@deteformed fragments and an
particle with a three body potential computed by a double folding potential generated by M3Y effective
interaction. A repulsive compression term was included. The computesinary 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 ¢hparticle 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 numbd(s): 25.85.Ca, 21.60.Gx, 23.76j

I. INTRODUCTION shown that they transitions are not Doppler broadened, con-

firming again the existence of such long living molecules.

Cluster radioactivity[1], cold binary fission[2,3], cold  Evidently, the inclusion in the future experiments of frag-
ternary fission[4—6], and cold fusion[7,8] are well estab- ment and light charge detectors will provide a complete set
lished phenomena. These processes were predicted based@rflata necessary to clarify the existence of such long living

the idea that cold rearrangement of large groups of nucleori®olecules. _ .

is possible[7]. The recent direct evidence of coftHe [4], In this paper we describe a dynamical three cluster model
108¢ [5], and 12C [9] ternary yields was possible mainly due appropriate for the evaluation of a cold ternary fission pro-

to the development of large Ge-detector arrays such as Garfi€ss at a qqantrl]tatlvle Ieyell.l In]it|atl)_g(()jnf|gurat_|ons, dynamtl)glal
masphere and Euroball. By using especially muItipIet.r"’”ecttor.'est n t efctﬁss]:ca y 0: IC etrr: region, tp(:_netra_| -
y-coincidence technique the correlations between the twges, rajectories ot the Iragments In e asymptotic region,
. ; angular, and energy distributions of the decaying fragments
heavy fragments and the light particle were observed unam- . . :

. 0 . are deduced from a three body interaction potential. We ob-
biguously. In the case of’Be cold ternary spontaneous fis-

. £ 2520¢ onlv the triol ncid 4. Th tain a set of coupled differential equations which satisfy the
sion 0 only the triple y-coincidence was used. The \inimum action principle, appropriate for the description of

y-ray corresponding to the decay of the first &tate '”.lOEfe the trajectories under the barrier. We show that to the lowest
was detected in coincidence with therays of the fission grder of the WKB approximation there are no penetration
partners*Sr and **Ba. The yield of such a ternary cold sojutions for a multidimensional case. We show how to cir-
splitting is of the order of &4 10™* per 100 fission events. cumvent this difficulty by solving the steepest descent equa-
The surprising result is that the transition in °Be is not  tions near the turning points. By solving dynamical equations
Doppler broadened as one would expect if the system sepase deduce trajectories, barriers, penetrabilities, relative pro-
rates immediately into three clusters af®Be decays in duction yields, angular, and energy distributions for the de-
flight. The other key experimental fact is that theay seems caying fragments. From the calculated penetrabilities and the
to be 6 KeV lower in energy than expected from the compi-barrier assault frequency we estimate the lifetimes for the
lation [10]. The energy of the first excited state iBe was  giant trinuclear molecules.
remeasured recently with a high precision in a The paper is organized as follows. Section Il deals with a
°Be(d,py)'°Be reaction11] and was found to be in excel- brief description of our reaction model, results from numeri-
lent agreement with the literature value. The only possiblecal calculations are presented in Sec. I, and we end up with
interpretation is the existence of a long living nuclear mol-some conclusions.
ecule where the three nuclei stick together with a half-life
larger than 10*? s [5]. Recently, this result was confirmed
by the discovery of'*C cold ternary fragmentation in the
spontaneous fission 6P?Cf [9]. Again only the tripley cor- About 90% of the light particles emitted in the ternary
relations between the first two transitions }C at 3214.8  spontaneous fission are particles. That prompted us to
and 4438.0 KeV and the first excited state in the lightstudy the cold(neutronlesk a ternary fission of?>Cf. A
(®'Ge**Nd) or heavy t#La->*Br) fragment were observed. coplanar three cluster model consisting of two deformed
No excited states were observed in the other fragment. It waBagments and a spherical particle was considered. The
kinematics of the problem is described in detail in our paper
[12]. Three main coordinates were retained for the descrip-
*Electronic address: carstoiu@theorl.theory.nipne.ro tion of the dynamics during the rearrangement and penetra-

Il. THE REACTION MODEL
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tion through the barrier processes. These ag,Y,), the ~ 30
. . . - 3
coordinates of the c.m. of the particle, and a collective ﬁ
coordinateR describing the separation distance between theZ 5 [ i+ “Kr +"*Nd
heavy fragments along the fission axis. Center-of-mass cor:§ if- %.=0
relations are fully taken into account in all calculations. We § - i 3
s 260 N ——— x3=2

assume that the fission axis is conserved during the penetreg§, i\ ",
tion process. As a consequence, the total energy is only ap& i 1 — A=6

proximately conserved, but this approximation has little in- .8 20 |- - =300 MeV
fluence on the calculated penetrabilities. No preformation™ I
factors were included in our description. Our previous study m |
of cold (neutronlesgbinary fission of?°Cf showed clearly r
that the inclusion of high rank deformations into calculation

: . ./° ' '\.\
is necessary in order to obtain a correct description of the [ T -" /\\

cold binary yields[3]. Consequently, we included realistic i
deformations for the description of the fragment shapes. The 180 -
three body potential was computed with the help of a double L

folding potential generated by M3MX-N effective interaction w0 -

[13]. We would like to stress that the interaction barriers are el e
calculated quite accurately on the absolute scale and that th 8 9 10 1 12 13 14 15 16 17 I8
touching configuration for the heavy fragments is situated R (fm)

outside the barrier. Due to the lack of any explicit density _ _

dependence in the M3Y effective interaction, which leads to,, FlGl.Seli. Interaction potential between the heavy fragments
unphysically deep potentials for large density overlaps, in the K/ ~Nd for a nose to nose configuration calculated with a com-
following we introduce a compression term in order to cor-Pression strength &fgompg=300 MeV. Deformation parameters are

et e shortange depandancsof h i marseafon 1, S, T o L A P
potentials which read p p p g -

tum A3=0. Dash-dotted line includes terms upXg@=2 and con-

tinuous line includes terms up ¥o;=6. The interfragment distance

V(R :f dr.dr r r)o(ls for the touching configuration is indicated by an arrow. The hori-
(R) 10r2p1(r1)p2(r2) (ﬂ) zontal line indicates th&) value for the reaction®®Cm— %Kr

+ 156Nd.

+VC°mp°f drudropa(ra)pa(rz)8(s), - (1 used by Uegak[16] for molecular resonances in medium-
weight nuclei. Other details on the computational techniques
whereu(|§T) is the effective interactioriddepending on the used for the evaluation of folding integrals in Ed) and the
separation distance of the interacting nucleasr,+R axial static deformations are given in R¢fL2]. The role

> o : played by high order static deformations is illustrated in Fig.
r2) which 'QCqueS the usual pseuddknock-on exchange 3“0 "y "o n o2y 1 150yd, The fragments were chosen
term[14], pi(r;), i=1,2 are the ground state one body den-

" e Y ~with aligned symmetry axes. When only the monopole terms
sities taken as defclrm§d two parameter Fermi distributions i .o allowed(terms coupling to a total angular momentum
the intrinsic framesp;(r;)i = 1,2 are the corresponding sharp \ ;=0), the interaction potential is dominated by the com-
fragment densities WittRgarp given by the equatior?)  pression and Coulomb terntdotted line. If higher multi-
=3/5R§harp and V¢ompo is the strength of the compression pole are included, a typical quasimolecular pattern emerges
term. With the above definition, the compression term givegdash-dotted and continuous line€learly, the height and
rise to a repulsive component in the interaction potentiathe maximum barrier are controlled by high order multipoles.
which is proportional to the volume overlap of the two den-One see also that the barrier is situated outside the touching
sities. It is short ranged and contributes to the integtal configuration and essentially the barrier region involves den-
only for [r;—r,/<R<r,+r, and therefore the interaction sity overlaps significantly less than the nuclear matter satu-
potential is unaltered beyond the touching configurafon ration density.

=Ryouen= R1t R, . For the o particle we used a harmonic ~ We would like to mention that the introduction of the
oscillator density with a width parametg®=0.47 fm 2. compression term greatly improves the short range depen-
The Coulomb component was calculated also by doublelence of the interaction potential. The three body potential
folding using appropriate charge densities. In evaluating thassumed to be the sum of all two body components displays
integrals in Eq(1) we used a multipole expansion of the one a quasimolecular pattern with two minima in the equatorial
body densities which allows for the inclusion of the defor-region and two polar minima. The situation is illustrated in
mation to all orders and arbitrary orientation of the nucleiFig. 2 for the fragmentation channef®Cf— a+ %Kr

[15]. The strength of the compression term is largely uncer-+Nd and for an interfragment distané®=15 fm. The
tain. In principle it should be determined from EOS at twiceminima in the equatorial region are equivalent due to axial
the normal density of nuclear matter. Throughout the papesymmetry. The potentials for nose to nose configurations in
we have used a valué;,,,0=300 MeV, close to the value each two body channel are displayed in FiguBper panel
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FIG. 2. Left panel: the three dimensional plot of the interaction
potential for the splitting?>?Cf— a + %Kr+1%Nd at interfragment
distanceR= 15 fm. Right panelx-y projection of the same poten-
tial.
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The minima in thea particle components are situated at 7 i
and 8.5 fm with respect to the light and heavy fragment, i o
respectively, which means that quasistable configurations ar. 10 m 12 13 14 15 16 1w 1
formed in the three body system with theparticle situated R (fm)
at rather large distances. We also mention that quasistabl 10
configurations are formed if and only if a molecular pattern
is obtained in all two body channels. If the minimum in one
two body channel disappeafs.g., in thea-light fragment
channel, then the minimum in the three body potential is
attained with thex particle situated at infinitywith respect

to that fragmentand the stability is lost. This is in contrast
with the situation in light Borromean nuclée.g., °He and i

1 i) where a bound three body state close to the threshold is % o "B u "% %

a-coordinates (fm)
n

>

formed (the Efimov quantum effegtwhile all two body R (fm)
channels are unbounded. This is due to the fact that we are
treating classically the interaction. FIG. 3. The two body components of the interaction potential

Our strategy is clear now. We assume first that the movecalculated with a compression strength,myc=300 MeV are dis-
ment of the three particles is so slow that the system adjusfdayed in the upper panel. The adiabatontinuous ling and dy-
adiabatically to stay in a configuration corresponding to the'amic (dashed ling barrier (see text for detailsare given in the
minimum in the three body potential. The corresponding barMiddle panel. The corresponding adiabaiontinuous ling and
rier and thea particle trajectory are displayed in Fig. 3 dynamic(dashed ling « particle trajectories are given in the bottom

(middle and bottom panalsvith continuous lines. Also the panel. The fragmentation channel is indicated on the figure.
total available reaction energy is indicate@s]. We distin- , , . .
guish three regions: the mig?/mum where ?'Egle system oscilf-’vIth _M =m1+,2mj(xj)2 the effective mastor the effective
lates corresponding to a cold rearrangement process, tHertid andx’=dx/dx,. m; are the masses for the corre-
classically forbidden regiofthe barriey, and the asymptotic SPonding degrees of freedon@ is the reaction energy.
region (beyond the outer turning pointvhere the system Mlxed derivatives do not appear in _the effec_:tlve inertia since
decays into three fragments. In the minimum region well Our case the mass tensor is diagongl.is one of the
solved the classical equations of motion thus obtaining th&elevant variablegsupposed to vary monotonicallghosen
oscillation timeT ., the corresponding particle trajectory (0 Parametrize the trajectory. In practice we found that the
and the inner turning point. The oscillation time is of the Variable R is the best candidate. The coupled differential
order of 0.6< 10~ s and the barrier assault frequency of the €auations2) describe the motion of the system in the barrier
orderv~1.7x 1%L s 1. The zero point energy is estimated "€9ion and satisfy the minimum action principle. It can be
from the uncertainty principle givingeq=0.9 MeV for shown thgt the set.of equauo@) IS fu_IIy eguwalgnt V\.”th
highly deformed fragments and slightly larger for sphericaltN€ classical equations of motion in imaginary time it.
splittings(~1.2 MeV). In the classically forbidden region we 1€ reduced action is given by

solve the semiclassical trajectory equations for the relevant
degrees of freedorfil2]. For completeness we write them SOZJ \/Z(V—Q)
here in a simpler but equivalent form

ax 12
m1+2 m‘(d_;((l) dx;, (3

and the penetrability factor is simp=e 2%/" A close
) examination of Eq(2) shows that the semiclassical approxi-
mation is not valid on the surfad®@=V. In order to have a

X{

'T2(Q-V)

M X{ oV 1 9V
mq &Xl m &Xi ’
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solution we must require that the factor in parenthesis in Eq. ®2
(2) vanishes on that surface. This gives us the so-callec? .
transversality conditionr the steepest descent equations §°'15 -
[17] i

S
, “r 101 103
m;X; my 4) i
aVIox,  aVIax,’ 0
[ 92 96 98 ! , 08 112 116
which are solved near the turning points. One extremely im-  © 38 40 38 40 33 40 40 40 42 42 42 4
portant problem relates to the existence of penetrating solu exp

tions for Eq.(2). While such a question does not appear ,

in the one-dimensional case, in the multidimensional case the :
answer is not obvious. Consider, for example, the following fo.s [
analytical case. Take the many body potential in the form 3 :
V=VO—Eaixi2 with V4 an arbitrary constant. The solutions o1 |
for this potential(in the imaginary timer) for given initial :
conditionsx;q, areX;=X;oCoSw;7), w;=2a;/m;. The exit 005 |-
conditionsdx; /d7=0, i=1, require sing;7;)=0=w; must k
be in ratios of rational numbers, a condition hardly satisfied ® 38 33 35 40 35 40 35 40 40 40 42 42 d» 44
for any realistic problem. Therefore, in the semiclassical ap- dynamic
proximation the trajectory is localized inside the barrier, 0S- o,

cillating indefinitely between the turning points. We circum- :
vent this difficulty by determining explicitly the regions &jo.ls -
where the semiclassical approximatiMYKB) is valid (usu- § f
ally in the middle of the barrigrand solving the steepest =1 [
descent equations in the region of the turning points. Note -

that the WKB approximation requires that 005 [
ho9? 1[0\ 658 | o
E__820<2_(_SO) 7 (5) N N N N N R RN
Tomp ox; Tom; | 9X; adiab.
which can be transformed to FIG. 4. Comparison of experimental yieldld] (upper panel

with the dynamidmiddle) and adiabati¢bottom) results. The frag-
mentation channel is indicated by the charge nunfbeithex axis)
(6) and by the mass numbéon top of the stacksof the light fragment.

N 1
h

i aXi mi).(i

The last inequalitywith x=dx/d7) is valid also in the bar- the reaction energiesY;) calculated from the e.xperlmentalll
rier region. Near the turning point&/& Q) the condition(6) masses or in few cases taken from the theoretical p_rgdlctlons
. o o . of Moller and Nix [18] we evaluate the penetrabilities as
is not satisfied sincg;~0. In practice we evaluated E(F)  gescribed above. The relative production yields are evaluated
along the trajectory and near the turning points we switcheg.om the simple formula

automatically to solving Eq4). Usually the portion of the

trajectory obtained with Eq(4) gives little contribution to PL(AL,Z))
the total action. When this contribution becomes important YL(AL,Z)= : (7)
one changes the initial conditions for integrating E2). E PL(AL,Z))
L/
Ill. RESULTS

Evidently we assume that the preformation factors are the

An example of dynamical barrier andparticle trajectory ~same for all cold splittings and consequently in the expres-
is given in Fig. 3(middle and bottom panelsvith dashed sion (7) this factor cancels. The calculated yiel®rmal-
lines. The dynamical trajectory should be contrasted with thézed to the experimental ongd]) are displayed in Fig. 4.
adiabatic(statig one. In the dynamical case theparticle  Full details of the calculation are given in Table I. This in-
gets away from the interfragment axis with larggvalues at ~ cludes the 16 splittings we have considered in this paper, the
the outer turning point. Contrary, in the adiabatic casedhe interfragment distance for touching configuratioRycp),
particle gets closer to the interfragment axis ug to-0. We  the maximum of the dynamical barrieB,,) and the reac-
mention that for the example given in Fig. 3 the minimum intion energy Q3), the initial configuration at the inner turning
the three body potential disappears at a distance of the ordppint (R; ,X.i,Y.i), the final configuration at the outer turn-
of ~17 fm and the adiabatic barrier and trajectory are nang point (R¢,X.f,Y.s), the dynamic penetrabilityR), the
longer well defined. final kinetic « particle energy [E,,), and the scattering angle

Having solved the dynamical equations of motion, using(6,). We define the mass asymmetry ag=(Ay

044606-4



HALF-LIVES OF TRINUCLEAR MOLECULES PHYSICAL REVIEW C61 044606

TABLE |. Results for the tunneling trajectories in the WKB approximation for 16 fragmentation chan-
nels: touching configuration, barrier maximum, initial and final configurations on the penetration path, the
penetrability factor, energy and scattering angle fordtgarticle. The coordinates of theparticle are given
in the c.m. of the three body system.

Riouch Bmax Qs Ri Xei  Yai Rt Xet  Yar P E, O
L H [fm] [MeV] [MeV] [fm] [fm] [fm] [fm] [fm] [fm] 10°2* [MeV] [deg]
9Kr gNd 13.78 2227 202.7 13.85-2.54 3.95 17.8-047 7.5 031 21.1 —759
ST t3%Ce 14.02 2244 2058 14.02-220 3.90 17.9-1.97 81 191 19.0 -804
3Sr Ce 14.12 2244 2052 14.07-1.95 3.86 17.9-1.46 7.9 192 196 —79.6
ST e 14.39 2225 2025 14.32-195 3.85 183-1.64 7.6 0.32 19.6 —79.7
i0%zr  %Ba 14.15 227.7 2082 14.11-1.82 3.85 17.9-164 7.8 173 19.4 —82.0
%r  i%Ce 14.16 2239 2042 14.16-1.80 3.85 18.1-1.70 7.8 0.64 19.4 —80.1
izr  ¥'Ba 14.33 2275 2085 14.17-1.70 3.80 17.9-152 7.7 629 19.6 —81.9
PSr i'Ce 14.92 2204 2012 1455-1.90 3.74 185-0.86 7.1 126 204 —77.9
io%zr  %Ba 14.13 2295 2104 13.93-160 3.90 17.7-175 82 511 19.2 —82.6
i0%zr  1%Ba 14.25 2289 2100 14.00-1.55 3.85 17.8-1.18 7.7 591 19.7 —81.7
0'Zr  %Ba 13.96 230.8 211.7 13.80-1.50 3.92 17.5-1.43 82 486 19.2 —824
Mo i%Xe 13.78 234.7 2153 13.67-1.20 4.04 174-161 85 356 18.9 —84.8
2'Mo iXe 13.79 2345 2149 13.69-1.10 4.06 17.4-161 85 192 189 —84.9
%Mo %e 13.29 236.9 217.8 13.40-1.00 426 17.1-161 88 411 18.6 —84.9
WRu  B3Te 12,75 244.1 2239 12.90-0.70 4.43 16.6—-1.45 93 062 182 —86.8
Pd  2%n 1231 250.8 2302 12.35-0.45 4.71 160-1.28 9.8 0.24 17.8 —88.4

—A\)/248. For the splittings given in Table f; varies be- glected the level density close to the ground state of the
tween 0.26 and 0.06. From the table it is evident that thdragments and as a result the odd-even effects, noticeable in
penetration process starts always in a configuration Rjth the experiment around the masggs=101, 103, 107 are not
=Ryouch- Along the sequence of splittings we considered inwell reproduced.

Table |, the reaction energyQg) varies by more than 28 We evaluate the lifetime for the decaying molecule using
MeV and though the dynamic penetrability is very stable.the relationT,,=In 2/vP, wherev is the barrier assault fre-
This is due to the fact that along the dynamic trajectory theyuency andP the penetrability.

action is minimal for given initial conditions, i.e.,, on the  Next we consider fluctuations in the entrance point since
trajectory the resistandeffective inertia to a change in the {he calculated action along the penetration path should be

a—partlg!e pl)oordlngtes ';’ m]lqnlmalh As a Conseqy?}r_‘ce’ thiﬂinimized not only with respect to the path, but also with
mass distribution is rather flat, showing nonvanishing an espect to the initial conditions. If we neglect theparticle

pomparable mass yields for a large range of mass asymmet(%ordinates, then the lowest quasimolecular state of the sys-
in agreement with the experiment. Another remark concerns, i the potential minimum is of the form¥~exp

the energy and the scattering angle of theparticle. The ~~ _ ", .
energy is larger for large asymmetry mass splittings and thg 20(R-Ry)]. From the estimated energy for the lowest

scattering angle is smaller. The average values, taking the-ai€ We hanEOZ_hZ“/ 2m and the estimated value for the
calculated dynamical yields as weighting factors &g, ) distribution width is 1{2\/Z=0.7 fm. Thergfore we starteq a
=111.0+1.3 MeV, (E;)=80.6+4.5 MeV, (E,,)=19.3 Monte Car_lo evaluation of the trajectories using as inner
+0.5 MeV, and(6,)=—82.5+1.9°. The quoted variances turmning point R;=R; + oX Gaussseed) whereR;; is the

are calculated from the width distributions given in Table I.turning point given by the minimization procedure, Gauss-
We shall show below that these variances become muctseed is a random Gaussian generator with zero mean value
larger if quantum fluctuations are taken into account. Ac-and variance 1o is the desired variance of the generated
cording to Heeg[19], the mean experimental angle, mea- distribution, taken here of the order of 0.1 fm, a rather con-
sured with respect to the fission axis oriented towards theervative value. For all generat®&lvalues we search for the
light fragment(opposite to our convention, see bela®83°.  solutions of the equation for energy conservation
The adiabatic scenario gives ternary yields only for splittingsV[R; ,X,(R;),Y.(R;) 1= Q3 at the entrance point. In practice,
with one of the fragments spherical, as we have shown in owve relaxed this condition, searching for solutions,(Y i)
previous papef12]. The corresponding yields are evidently in a bandQ;=50 KeV. No initial velocity distributions were
dominated byQ-value effects. Only higlQ-value channels considered in this simulation, since in our particular system
contribute to the total yield. In the dynamical calculation of coordinates it is difficult to conserve the total linear mo-
there is a delicate interplay between deformatiQavalue,  mentum. In this way a number of some 8000 initial positions
and penetration path effects. Note that the theoretical yieldaiere generated. The calculation was completed by solving
are calculated strictly at zero excitation energy and we nethe dynamical equations in the barrier up to the outer turning
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0 3 1000 1~ FIG. 6. Energy distributions for the decaying light)( heavy
F F (H), and alpha(@) particle. Angular distribution €,) is given in
P e g v SLIP e xS i S 1 the last row. See caption to the Fig. 5.
logP
2000 — oo | the finaly,; coordinate. Also the energy distribution of the
2 N light fragment is wider. The mean kinetic energy for
1000 kL
) ol the « particle is 2118) MeV and the mean scattering angle is
2o logT(sec) T ogT (sec) —78°(—88°) for large(smal) ». The angle is negative since

we have chosen a system of coordinates with the light frag-

FIG. 5. Initial and final distributions for dynamic variables ob- ment placed on the left side, and theparticle is deviated
tained in a Monte Carlo simulation. Left panels include selectedstrongly by the heavy fragment, so the scattering angle is
events in the bandsSy,;<6 fm; right panels are for events in the always in the second quadran & 7/2). A typical trajec-
band 4<y ;<5 fm. The last two rows are for the distribution of the
decimal logarithm of the penetrabilitfP) and for the half-lives 120
(Ty). Filled histograms are for the splitting®’Cf— “He+ 11%Pd &
+1%25n, The other histograms are for the splittike’Cf—“*He > I
+ 92Kr + lSGNd. 1000

Bior—s a”Kr+"Nd

point. From then on the system disintegrates. The final en-
ergy and angular distribution of the fragments were obtained  sw -
by solving the classical equation of motion for a three body i
system. Since the exit point locates at rather large distance

(Ry~18 fm) andy,;~8 fm, the nuclear forces are com- o
pletely negligible, and we used only the monopole-monopole
part of the Coulomb interaction. We have sho{@9] that wo |-

guadrupole-monopole and other higher multipolarity terms
have little influence on the final distributions. The results of I
the simulations are displayed in Figs. 5 and 6 for the splitting 200 -
B2Ct— a+%9Kr+°Nd (»=0.26). We have also consid-

ered the more symmetric splitting’Cf— a + *Pd+ 13%5n I 2Ky By g
(7=0.06 shown by shadowed histograms in Figs. 5 and 6. e
In left panels we have selected all events in the band 5 T T T R T TR
<y,i<6 fm and 4<y_ ;<5 fm in the right panels. Much WO S0 A0 00 160 f“(fmj”"

lower initial valuesy ,; correspond to aw particle in overlap
with the fragments and lead to trajectories traversing one of FiG. 7. Typical trajectory calculatiofincluding only monopole-
the heavy fragments and with penetrabilities of the ordeimonopole Coulomb termsfor the decay of a three body system.
10 1% or smaller and they are disregarded. The higher therhe recoil of heavy fragments in the presence of ghparticle is
initial position of thea particle, the wider the distribution in  small but sizable. The scattering angle is defined on the figure.
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tory calculation is illustrated in Fig. 7. For initial positions in classical coupled differential equations which satisfies the
the lower bandright panels in Figs. 5 and) @ll distributions ~ minimum principle action. Minimum action with respect to
are much narrower, showing a strong focusing effect. Thehe initial conditions was found in an extensive Monte Carlo
final kinetic energyE,, lowers to 1917.5 MeV and the calculation. The asymptotic distributions of kinematical vari-
scattering angle is-79° (—88°). In the upper position band ables were obtained by solving the classical equations of
the penetrabilities are smals(10 2% and the lifetime is of motion for the three fragments. The three body interaction
the order of tens of seconds. In the lower band the penetrgotential was generated fromGmatrix density independent
bilities increase (10%Y) and the lifetime varies between 1 effective interaction in a double folding procedure. The short
and 10 s. As we must minimize the reduced action, ongange behavior of the interacting potential is greatly im-
should choose the trajectory with maximum of penetrability.proved by introducing a compression term which suppresses
Therefore our model predicts lifetimes for the trinuclear mol-large density overlaps. The obtained three body potential
ecule of the order of 1 s. Of course, all distributions will be shows a typical quasimolecular pattern and relatively stable
much larger if averaged over all fragmentation channelsconfigurations are predicted with the particle laying at
Note the strong dependence of all distributions on the massther large distances from the heavy fragments. The lifetime
asymmetry of the heavy fragmentand implicity on Q  predicted by the model is of the order of 1 s. The model
value and deformation(Figs. 5 and & This is especially could be tested experimentally since the final energy and
evident for exit configurationR; ,y ;) and for the kinematic angular distributions of the decaying fragments are strongly

variables of the fragment<£(,, ,Exy,0,). correlated with the initial configurations prior to the penetra-
tion process and with the mass asymmetry of the fragments.
IV. CONCLUSIONS The model could be improved by increasing the number of

_ _ relevant degrees of freedofe.g., by including a relative
In conclusion we designed a coplanar three cluster mod&loordinate in they direction for the heavy fragments and
which describes reasonably well the cold ternary spontanegliowing for collective rotations

ous fission process from the early stage of cold rearrange-

ment of nuclgons in the potential minimum, to the I'ast stage ACKNOWLEDGMENTS

of the decaying nuclear molecule in the asymptotic region.

The complicated penetration process in a multidimensional The authors are grateful to Professor G.ridanberg for
barrier was described dynamically by solving a set of semifruitful discussions.
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