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The preformation amplitudes far and %Be clusters in the cold ternary fission $€Cf are estimated within
a microscopic model starting from single particle spherical Woods-Saxon wave functions and with a large
space BCS-type configuration mixing. The resulting position of the maximum of cluster preformation prob-
ability is situated in the region between the two heavier fragments near the scission point, and approaches the
fission axis as the distance between the fragments increases.

PACS numbg(s): 25.85.Ca, 24.7%:i, 27.90:+b

Recently theoretical predictions were made for the yieldghe ternary cluster, respectively, all antisymmetrized and nor-
of cold (neutronlessa- [1] and ®Be-accompanied fragmen- malized to unity. Thet’s are the internal coordinates of the
tation of 2°Cf [2]. The same phenomena were directly ob-involved nuclei (the c.m. coordinate being extracieand
served by tripley coincidence technique with GammasphereR,¢,Rg. are the relative distances between the LCP and the
with 72 detectors[3,4]. The main characteristic of cold heavier fragments. For the moment, we study the ground-
nuclear fragmentations is the emission of final nuclei withstate fragmentation of even-even nuclei into even-even prod-
very low or even zero excitation energy and with high ki- ucts so that all andL angular momenta are zero.
netic energies pointing thus to rather compact shapes of the Since we are interested in evaluating the LCP preforma-
fragments for the scission configuration. The fact that thaion amplitudes around the scission point, we substitute the
light charged particle$LCP) emitted in ternary fissiofin-  parent nucleus wave functioff » with the linear combina-
cluding the cold splittingsare focused mainly into the equa- tion [‘IIA+C(§A+C)‘I’B(§B)+\IfA(§A)\PB+C(§B+C)]JPMP cor-
torial plane perpendicular to the fission axis seems to indiresponding to the two possible binary splittings. Thus, the
cate that most of the ternary clusters originate from theernary cluster will be preformed either from the fragment
region of the neck between the two heavier fragments. A + ¢ or from the fragmenB + c. Then, after integrating on

A fully microscopic theory of cold ternary fragmentations the internal coordinatess (&,) in the first(secondl term on

LCP. A previous attempt was made only in the point-

a-particle approximation and with shell-model nucleonic _

configurations mixed through pairing forcgs. We present F(Rac:Rec, V) =FadRac, @)+ Fac(Rec.A)
here a formalism for obtaining the preformation amplitudes . %
for a- and °Be-ternary particles within a microscopic ap- :f dEadécVarc(Earc)Wade
proach, which starts from realistic single-particle spherical
Woods-Saxon wave functions and uses a large space BCS-
type configuration mixing[6,7]. The LCP internal wave
functions are given by the Wildermuth cluster model and are
consistent with the corresponding nuclear mean-square radivhere « and 8 are the angles between the fission axis and
A pairing interaction is acting together among neutrons andhe vectorsR,., Rg., respectively, whiley is the angle
separately among protons. The strength of the pairing forcpetweenR,. andRg.. The three Euler angleQ which are

is fitted so as to reproduce the experimental pairing ¢aps  resulting from the transformation of angular coordinates

Ap Of the initial and final nuclei. _ [e.9. Rac, Red)— (€, 7)] and which define the orienta-
We consider the cold ternary nuclear fragmentation of g; ; ; ;
y nu 9 &ion of the reaction plane, were omitted from the list of ar-
parent nucleu$®—A+B+c and write the LCP preforma- guments in Eq(2).
tion amplitude as The shell-model configuration mixing is taken into ac-
count through the BCS formalism by introducing a residual
_ . pairing interaction which couples pairs of neutrons and pro-
F(RAC’RBC)_J déadépdécWp(Ep) Wen, @) tons with zero total spin. For example, the internal wave
function of the fragmenA + c is written as

n f déadécV s, oo ) VESE . (2

where the final channel wave function isW.,
q

:[qu(gA)\PB(fB)(ﬁc(gc)YL(ﬁAc)YL’(ﬁBc)]JPMP- Here, _ . 10 r NN
¥,(i=P,A,B) and ¢, are the internal wave functions of the \PA”_% X(n)X(p)nl:[l l(n”I”J”)2>p1:[1 [(Mplpip)2) W,

initial nucleus of the two heavier final fragments and that of ©)]
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whereq(r) is the number of neutrofproton pairs in the
even-even emitted cluster and the coefficienti)
=<\PA+C|a;1afyl, . ,a;tafthA) are expressed in the
framework of the second quantization formalism by using
the particle creation operatoesj for neutrons and protons
(i=n,p), respectively, with y={nl;jim}, —y={nlij;
—m;} andt=q(r) for neutrons(protong. A similar wave
function is used for the fragmei® + c.

We used realistic single particle wave functions generated
in a spherical Woods-Saxon potential and developed in a
spherical harmonic oscillator bagig] with an oscillator pa-
rametere, e.g., for neutrons

|(nn| nJ n)g>WS: 2 Cvlnncvznn|(vll ny Vol n)2>HO .4
vivy

The parameters chosen for the Woods-Saxon potential were
those proposed by Blomqvist and Wahlb¢8j.

In order to calculate the preformation probabilit .
+Fg % we integrate separately over tkig coordinates and
&g coordinates, respectively, of the heavier final fragments
taken as a core, then transform the individual coordinates of
the lastc nucleons forming the LCP into their relativéa-
cobi) coordinates and further integrate on the ternary cluster
. internal coordinateffor details see Ref$7,9]). The clus-
ter wave functionsp, are also expressed in relative coordi-
nates. In Ref[7], we obtained the general expression for the,,

(10" fm-3)
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106Mo + 142)(e + ‘He

FIG. 1. The preformation probabilityF o+ Fgc|? of the a clus-
as a function of the distance between the two heavier fragments

cluster preformation amplitude from a heavier nucleus, as ag, .—g fm (a), 9 fm (b), 10 fm (c).

expansion over the harmonic oscillator radial wave functions
Rn,,0 of the relative motion between the two final nuclei:

(Nem)
Ay

(nql4,n515(0)N3l3,N4l4(0)0,, B) appear when one

calculates the overlap integral for the case of éghparticle,
Fo(R)= NE B(NC'm)RNC‘m_O(AcaRz)! (5) using harmonic oscillator single-particle wave functions, and
c.m.

(c)

for a given configuration of the last four particl§€8,10].

When the oscillator parameter of the HO basis employed
whereA_ is the cluster massy is the oscillator parameter of for calculating the Woods-Saxon single-particle wave func-
the HO basigEq. (4)] andN, ,, is the oscillator radial quan-  tions of the decaying nucleus and the cluster size parameter
tum number. B are equal, thé\ 4 coefficients take the simple expression

We wrote the spatial part of the-particle wave function
as (€)= (BIm)" exp(-B(pi+p5+pI2), where py

—r4)/2 are the corresponding Jacobi coordinates and the
a-particle oscillator parameter 8=0.57 fm 2. The coeffi-
cients of the above expansion, E§) of the cluster prefor-
mation amplitude, resulted as

(Nem)
=(ri—1)/\2, po=(rs—ry)/\2, and psg=(ry+r,—rs A(4) -

(w/4)3’4inip4—Nc-m-( Nem!

1
it s

1
Nc.m.+ E

!/ili ni!(ni

1/2

: )

with the orbital momentad; =I,=1,, I3=1,=1, coupled to

BEZ‘;-m)=fnfp‘2 h(jn)h(jp) E Cuyn,Copn,, zero, [=42I+1, and with the usual conditioM.,=n;
InJp 12T +ny+ln+tngtng+l,.

N
X CwlnpcwznpAE4)c'm)(Vll n» Vol n(0) 74l po

In order to calculate the preformation factor of tfBe
cluster, we obtained its internal function from the usual an-

X 1m,] ,(0)0,a, B), (6)  satz prescribed by the cluster-type nuclear structure theories

[11] as ¢lOBe:Hj=1,2¢aJX00(PV)X10(Po1)X20(Pr), where

and are formally similar to those obtained earlier by Mangboth ¢,’'s are as shown above. The functigi, describes

[10] for the overlap integral of the particle using harmonic the relative motion between the last two neutrogs, de-

oscillator single-particle wave functions. Here the BCS fac-scribes the relative motion with two oscillator quanta be-

tor f is f=Hj(U}UJf+V}VJ-f)Qi, with Q=(2j+1)/2, andi,f tween the firsta and the di-neutrorias for the ®He casg

superscripts representing the initial and final nuclei,and the functiony,q describes the relative motion with four

and h(j)=QjV}UJ-f/(U}UJ-f+V}VJ-f). The coefficients oscillator quanta between the center of mas§téé and the
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FIG. 2. The preformation probabilityF .+ Fg? of the 1%Be

cluster as a function of the distance between the two heavier frag- F!G- 3. The coordinatesx), (y), and the Gaussianlowidm of
mentsRxg=7 fm (a), 8 fm (b), 9 fm (c). the maximum of preformation probability for the and ~"Be clus-
ter, respectively, as a function of the distafiryg; .

seconda. Only Os quantum numbers for the relative motion

between pairs of nucleons are considered in the emitted C|u§§ached for radial d|stanc<§€abo.ut 1t0 1.5 fm beneath the
ter. The cluster wave function is normalized to unity with nuclear surface, both for spherical and deformed nuclei. In

- : : : Fig. 1 we show the preformation probabilitf .+ Fg¢/?,
regard to the internal relative coordinatgs Finally we ob- " Ac " Bc
taigr]1 the coefficients s y (2), for the cold ternary splitting®®™Mo+ 14?Xe+ « as a func-

tion of the coordinatesx(y) of the « cluster for the inter-
fragment distanc®R,g=8, 9, and 10 fm, respectively. The

N N N
BEngm) i 2N 24;*1)824;*2)522)&) “(1.Ngy [Ngr N ) center of the fragment®®Mo is placed in the origin while the
RiTR, center of the fragment*?Xe is situated at the other extremity
X<21Nc.m.|NR011NR2>u ®) of thex axis. In Fig. 2, the spatial distribution of the prefor-

ma(t)ion probability for the cold ternary splittingfSr+ *Ba

. , . _ +10Be is drawn for the interfragment distanBag=7, 8,

with the usual energy conserving HO relatloN§Ol—N31 and 9 fm, respectively. We can observe that the highest clus-
+Ng,—1 andNg,=Nem—Ngy, +2. Here,(n,N|ny,n) is  ter preformation probabilities are reached in the region be-

short-hand notation for the Moshinsky coefficients generaltween the two heavier fragments. Non-negligible preforma-

ized for pairs of particles with unequal masses and with altion probabilities are also obtained for the clusters in the

angular momenta equal to zero. The first bracket correspondsterior region of the two fragments and towards their outer

to D=m;/m,=2 and the second bracket correspond®to poles. Nevertheless, the potential barrier between the cluster
= 1.5. We employed an oscillator parameter of 0.39 fm and the heavier fragments is much higher for these cases
for the 1°Be cluster. resulting in very low cluster emission rates.

We normalized the position-dependent cluster preforma- We studied the dynamics of the distribution for the ter-
tion amplitudesF 5. ,Fg. with the help of the cluster spec- nary cluster preformation probability along the fission trajec-
troscopic factor which we defined &s- [dRR|F(R)|%>. We  tory. The preformation probability distributions around the
used the cluster spectroscopic factors deduced by Blemaxima were fitted with Gaussians. As the two heavier frag-
dowskeet al.[12], namelyS=0.63x 10" 2 for the a particle  ments separate, the position of the top of the LCP preforma-
and 0.25< 10 ° for the 1%Be particle. tion probability distribution moves closer to the fission axis

It is well known [6,7,10,13 that the maximum for the (y=0). In Fig. 3a), the coordinateéx) and(y) of this point
cluster preformation amplitudeB(R) in heavy nuclei is are shown as a function of the interfragment distaRgg,
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together with the Gaussian width of the «-particle prefor-  these initial conditions, it will be possible to perform a mul-
mation probability distribution; in Fig.®) the same coordi- tidimensional potential barrier penetrability calculation and,
nates are shown for th¥Be cluster preformation probability finally, to obtain the LCP trajectories and the corresponding
distribution. One can see that while the distaqg of the  angular and kinetic energy distributions, to compare to the
preformation probability peak relative to the fission axis de-experimental data.
creases to zero, the peak widthis nearly constan{l.0 fm
for the « cluster and 0.8 fm for thé%Be clustey. The work at Vanderbilt University is supported by the
In conclusion, within a consistent treatment of the coldU.S. Department of Energy under Grant No. DE-FGO05-
ternary fragmentations, the microscopic cluster preformatio8ER-40407. The Joint Institute for Heavy lon Research is
probabilities could indicate the LCP initial conditions, supported by its members, University of Tennessee, Vander-
namely the distribution of X,y) initial positions and the bilt University, and Oak Ridge National Laboratory and the
Gaussian distribution widtha, thus replacing any arbitrary U.S. DOE, through Grant No. DE-FG05-87ER-40361 with
hypothesis regarding these distributions. Furthermore, witlhe University of Tennessee.
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