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Preformation probabilities for light ternary particles in the cold „neutronless… fission of 252Cf
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The preformation amplitudes fora and 10Be clusters in the cold ternary fission of252Cf 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 number~s!: 25.85.Ca, 24.75.1i, 27.90.1b
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Recently theoretical predictions were made for the yie
of cold ~neutronless! a- @1# and 10Be-accompanied fragmen
tation of 252Cf @2#. The same phenomena were directly o
served by tripleg coincidence technique with Gammasphe
with 72 detectors@3,4#. The main characteristic of cold
nuclear fragmentations is the emission of final nuclei w
very low or even zero excitation energy and with high
netic energies pointing thus to rather compact shapes o
fragments for the scission configuration. The fact that
light charged particles~LCP! emitted in ternary fission~in-
cluding the cold splittings! are focused mainly into the equa
torial plane perpendicular to the fission axis seems to in
cate that most of the ternary clusters originate from
region of the neck between the two heavier fragments.

A fully microscopic theory of cold ternary fragmentation
has to include preformation probabilities for the emitt
LCP. A previous attempt was made only in the poin
a-particle approximation and with shell-model nucleon
configurations mixed through pairing forces@5#. We present
here a formalism for obtaining the preformation amplitud
for a- and 10Be-ternary particles within a microscopic a
proach, which starts from realistic single-particle spheri
Woods-Saxon wave functions and uses a large space B
type configuration mixing@6,7#. The LCP internal wave
functions are given by the Wildermuth cluster model and
consistent with the corresponding nuclear mean-square r
A pairing interaction is acting together among neutrons a
separately among protons. The strength of the pairing fo
is fitted so as to reproduce the experimental pairing gapsDn ,
Dp of the initial and final nuclei.

We consider the cold ternary nuclear fragmentation o
parent nucleusP→A1B1c and write the LCP preforma
tion amplitude as

F~RAc ,RBc!5E djAdjBdjcCP~jP!Cch* , ~1!

where the final channel wave function is:Cch

5@CA(jA)CB(jB)fc(jc)YL(R̂Ac)YL8(R̂Bc)#JPM P
. Here,

C i( i 5P,A,B) andfc are the internal wave functions of th
initial nucleus of the two heavier final fragments and that
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the ternary cluster, respectively, all antisymmetrized and n
malized to unity. Thej ’s are the internal coordinates of th
involved nuclei ~the c.m. coordinate being extracted! and
RAc ,RBc are the relative distances between the LCP and
heavier fragments. For the moment, we study the grou
state fragmentation of even-even nuclei into even-even p
ucts so that allJ andL angular momenta are zero.

Since we are interested in evaluating the LCP preform
tion amplitudes around the scission point, we substitute
parent nucleus wave functionCP with the linear combina-
tion @CA1c(jA1c)CB(jB)1CA(jA)CB1c(jB1c)#JPM P

cor-
responding to the two possible binary splittings. Thus,
ternary cluster will be preformed either from the fragme
A 1 c or from the fragmentB 1 c. Then, after integrating on
the internal coordinatesjB (jA) in the first~second! term on
the right side of Eq.~1!, the preformation amplitude become

F~RAc ,RBc ,g!5FAc~RAc ,a!1FBc~RBc ,b!

5E djAdjcCA1c~jA1c!CA* fc*

1E djBdjcCB1c~jB1c!CB* fc* , ~2!

wherea and b are the angles between the fission axis a
the vectorsRAc , RBc , respectively, whileg is the angle
betweenRAc andRBc . The three Euler anglesV which are
resulting from the transformation of angular coordina
@e.g., (R̂Ac , R̂Bc)→(V, g)] and which define the orienta
tion of the reaction plane, were omitted from the list of a
guments in Eq.~2!.

The shell-model configuration mixing is taken into a
count through the BCS formalism by introducing a residu
pairing interaction which couples pairs of neutrons and p
tons with zero total spin. For example, the internal wa
function of the fragmentA 1 c is written as

CA1c5(
n,p

X~n!X~p!)
n51

q

u~nnl nj n!2
0& )

p51

r

u~npl pj p!2
0&•CA ,

~3!
©2000 The American Physical Society02-1



e

ing
s

te
n

e

nt
s

ste

i-
he
a
n

f
-

th

ng

c

le

nd

c-
eter
n

n-
ries

e-

r

ents

RAPID COMMUNICATIONS

A. FLORESCUet al. PHYSICAL REVIEW C 61 051602~R!
where q(r ) is the number of neutron~proton! pairs in the
even-even emitted cluster and the coefficientsX( i )
5^CA1cuag1

1 a2g1

1 , . . . ,ag t

1a2g t

1 uCA& are expressed in th

framework of the second quantization formalism by us
the particle creation operatorsag

1 for neutrons and proton
( i 5n,p), respectively, with g5$ni l i j imi%, 2g5$ni l i j i
2mi% and t5q(r ) for neutrons~protons!. A similar wave
function is used for the fragmentB 1 c.

We used realistic single particle wave functions genera
in a spherical Woods-Saxon potential and developed i
spherical harmonic oscillator basis@7# with an oscillator pa-
rametera, e.g., for neutrons

u~nnl nj n!2
0&WS5 (

n1n2

cn1nn
cn2nn

u~n1l n ,n2l n!2
0&HO . ~4!

The parameters chosen for the Woods-Saxon potential w
those proposed by Blomqvist and Wahlborn@8#.

In order to calculate the preformation probabilityuFAc
1FBcu2, we integrate separately over thejA coordinates and
jB coordinates, respectively, of the heavier final fragme
taken as a core, then transform the individual coordinate
the lastc nucleons forming the LCP into their relative~Ja-
cobi! coordinates and further integrate on the ternary clu
jc internal coordinates~for details see Refs.@7,9#!. The clus-
ter wave functionsfc are also expressed in relative coord
nates. In Ref.@7#, we obtained the general expression for t
cluster preformation amplitude from a heavier nucleus, as
expansion over the harmonic oscillator radial wave functio
RNcm0 of the relative motion between the two final nuclei:

F0~R!5 (
Nc.m.

B(c)
(Nc.m.)RNc.m.0

~AcaR2!, ~5!

whereAc is the cluster mass,a is the oscillator parameter o
the HO basis@Eq. ~4!# andNc.m. is the oscillator radial quan
tum number.

We wrote the spatial part of thea-particle wave function
as fa(ja)5(b/p)9/4 exp(2b(r1

21r2
21r3

2)/2), where r1

5(r 12r 2)/A2, r25(r 32r 4)/A2, and r35(r 11r 22r 3
2r 4)/2 are the corresponding Jacobi coordinates and
a-particle oscillator parameter isb50.57 fm22. The coeffi-
cients of the above expansion, Eq.~5! of the cluster prefor-
mation amplitude, resulted as

B(4)
(Nc.m.)5 f nf p (

j n , j p

h~ j n!h~ j p! (
n1n2p1p2

cn1nn
cn2nn

3cp1np
cp2np

A(4)
(Nc.m.)

„n1l n ,n2l n~0!p1l p ,

3p2l p~0!0,a,b…, ~6!

and are formally similar to those obtained earlier by Ma
@10# for the overlap integral of thea particle using harmonic
oscillator single-particle wave functions. Here the BCS fa
tor f is f 5) j (U j

i U j
f1Vj

i Vj
f)V j , with V5(2 j 11)/2, andi , f

superscripts representing the initial and final nuc
and h( j )5V jVj

i U j
f /(U j

i U j
f1Vj

i Vj
f). The coefficients
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(Nc.m.)(n1l 1 ,n2l 2(0)n3l 3 ,n4l 4(0)0,a,b) appear when one

calculates the overlap integral for the case of thea particle,
using harmonic oscillator single-particle wave functions, a
for a given configuration of the last four particles@9,10#.
When the oscillator parametera of the HO basis employed
for calculating the Woods-Saxon single-particle wave fun
tions of the decaying nucleus and the cluster size param
b are equal, theA(4) coefficients take the simple expressio

A(4)
(Nc.m.)5~p/4!3/4l̂ nl̂ p42Nc.m.S Nc.m.! S Nc.m.1

1

2D !/)
i 51

4

ni ! S ni

1 l i1
1

2D ! D 1/2

, ~7!

with the orbital momental 15 l 25 l n , l 35 l 45 l p coupled to
zero, l̂ 5A2l 11, and with the usual conditionNc.m.5n1
1n21 l n1n31n41 l p .

In order to calculate the preformation factor of the10Be
cluster, we obtained its internal function from the usual a
satz prescribed by the cluster-type nuclear structure theo
@11# as f10Be5) j 51,2fa j

x00(rn)x10(r01)x20(r r), where

both fa’s are as shown above. The functionx00 describes
the relative motion between the last two neutrons,x10 de-
scribes the relative motion with two oscillator quanta b
tween the firsta and the di-neutron~as for the 6He case!,
and the functionx20 describes the relative motion with fou
oscillator quanta between the center of mass of6He and the

FIG. 1. The preformation probabilityuFAc1FBcu2 of thea clus-
ter as a function of the distance between the two heavier fragm
RAB58 fm ~a!, 9 fm ~b!, 10 fm ~c!.
2-2



n
lu
th

ra
a
n

a
-

le

e
. In

e

y
r-

lus-
be-
a-

the
ter
ster
ses

r-
c-
e

ag-
a-

is

ra

RAPID COMMUNICATIONS

PREFORMATION PROBABILITIES FOR LIGHT . . . PHYSICAL REVIEW C 61 051602~R!
seconda. Only 0s quantum numbers for the relative motio
between pairs of nucleons are considered in the emitted c
ter. The cluster wave function is normalized to unity wi
regard to the internal relative coordinatesjc . Finally we ob-
tain the coefficients

B(10)
(Nc.m.)5 (

NR1
,NRn

B
(4)

(NR1
)
B

(4)

(NR2
)
B

(2)

(NRn
)
•^1,NR01

uNR1
,NRn

&

3^2,Nc.m.uNR01
,NR2

&, ~8!

with the usual energy conserving HO relationsNR01
5NR1

1NRn
21 and NR2

5Nc.m.2NR01
12. Here,^n,Nun1 ,n2& is

short-hand notation for the Moshinsky coefficients gene
ized for pairs of particles with unequal masses and with
angular momenta equal to zero. The first bracket correspo
to D5m1 /m252 and the second bracket corresponds toD
5 1.5. We employed an oscillator parameter of 0.39 fm22

for the 10Be cluster.
We normalized the position-dependent cluster preform

tion amplitudesFAc ,FBc with the help of the cluster spec
troscopic factor which we defined asS5*dRR2uF(R)u2. We
used the cluster spectroscopic factors deduced by B
dowskeet al. @12#, namelyS50.6331022 for thea particle
and 0.2531026 for the 10Be particle.

It is well known @6,7,10,13# that the maximum for the
cluster preformation amplitudesF(R) in heavy nuclei is

FIG. 2. The preformation probabilityuFAc1FBcu2 of the 10Be
cluster as a function of the distance between the two heavier f
mentsRAB57 fm ~a!, 8 fm ~b!, 9 fm ~c!.
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reached for radial distancesR about 1 to 1.5 fm beneath th
nuclear surface, both for spherical and deformed nuclei
Fig. 1 we show the preformation probabilityuFAc1FBcu2,
~2!, for the cold ternary splitting106Mo1142Xe1a as a func-
tion of the coordinates (x,y) of the a cluster for the inter-
fragment distanceRAB58, 9, and 10 fm, respectively. Th
center of the fragment106Mo is placed in the origin while the
center of the fragment142Xe is situated at the other extremit
of the x axis. In Fig. 2, the spatial distribution of the prefo
mation probability for the cold ternary splitting96Sr1146Ba
110Be is drawn for the interfragment distanceRAB57, 8,
and 9 fm, respectively. We can observe that the highest c
ter preformation probabilities are reached in the region
tween the two heavier fragments. Non-negligible preform
tion probabilities are also obtained for the clusters in
interior region of the two fragments and towards their ou
poles. Nevertheless, the potential barrier between the clu
and the heavier fragments is much higher for these ca
resulting in very low cluster emission rates.

We studied the dynamics of the distribution for the te
nary cluster preformation probability along the fission traje
tory. The preformation probability distributions around th
maxima were fitted with Gaussians. As the two heavier fr
ments separate, the position of the top of the LCP preform
tion probability distribution moves closer to the fission ax
(y50). In Fig. 3~a!, the coordinateŝx& and^y& of this point
are shown as a function of the interfragment distanceRAB ,

g- FIG. 3. The coordinateŝx&, ^y&, and the Gaussian widthw of
the maximum of preformation probability for thea and 10Be clus-
ter, respectively, as a function of the distanceRAB .
2-3
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together with the Gaussian widthw of the a-particle prefor-
mation probability distribution; in Fig. 3~b! the same coordi-
nates are shown for the10Be cluster preformation probability
distribution. One can see that while the distance^y& of the
preformation probability peak relative to the fission axis d
creases to zero, the peak widthw is nearly constant~1.0 fm
for the a cluster and 0.8 fm for the10Be cluster!.

In conclusion, within a consistent treatment of the co
ternary fragmentations, the microscopic cluster preforma
probabilities could indicate the LCP initial condition
namely the distribution of (x,y) initial positions and the
Gaussian distribution widthsw, thus replacing any arbitrary
hypothesis regarding these distributions. Furthermore, w
.

05160
-

n

th

these initial conditions, it will be possible to perform a mu
tidimensional potential barrier penetrability calculation an
finally, to obtain the LCP trajectories and the correspond
angular and kinetic energy distributions, to compare to
experimental data.
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