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We study the binary cold fission @P%Cf in the frame of a cluster model where the fragments are born to
their respective ground states and interact via a double-folded potential with deformation effects taken into
account up to multipolarity =4. The preformation factors were neglected. In the case when the fragments are
assumed to be spherical or with ground-state quadrupole deformatioQ-tledue principle dictates the
occurrence of a narrow region around the double magfi@n, like in the case of cluster radioactivity. When
the hexadecupole deformation is turned on, an entire mass region of cold fission in the range 138—-156 for the
heavy fragment arise, in agreement with the experimental observations. This fact suggests that in the above-
mentioned mass region, contrary to the usual cluster radioactivity where the daughter nucleus is always a
neutron/proton(or both closed shell or nearly closed shell spherical nucleus, the clusterization mechanism
seems to be strongly influenced by the hexadecupole deformations rather tharQ thalue.
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PACS numbgs): 25.85.Ca, 21.60.Gx, 23.76j, 27.90+b

[. INTRODUCTION consequently with very high kinetic energf KE=Q
—TXE. In order to achieve such largeKE values, both
In the binary nuclear fission of actinide nuclei the frag-fragments should have very compact shapes at the scission
ments are usually formed in highly excited states which subpoint and deformations close to those of their ground states
sequently decay to their ground states by emitting neutrong3,11].
andy rays. However a small fraction of these fragmentations The first direct observation of coltheutronless binary
will attain a very high kinetic energff KE which is very  fragmentations in the spontaneous fissiorf 8€f was made
close to the corresponding binary decay end@gySince in by using the multiple Ge-detector Compact Ball facility at
this case the fragments are formed with excitation energie®ak Ridge National Laboratory7,8], and more recently
close to their ground states no neutrons are emitted. Miltomvith the Gammasphere consisting of 72 detecfisUsing
and Frasef1] noticed that some of the fission fragments arethe triple-gamma coincidence technique, the correlations be-
produced at such high kinetic energies that the emergingveen the two fragments were observed unambiguously. In
nuclei are formed nearly in their ground state. Later on Guethese cold fragmentations, some indications of a third light
et al. [2] confirmed the previous interpretation by determin-fragment such asy, ®He and 1°Be clusters[12—-14, were
ing the mass distributions of the primary fragments for thealso reported.
highest values of the kinetic energy. They concluded that In a recent series of publicatio45,16 the Tibingen
even before the scission takes place we deal with a superpgroup reported some interesting results on the spontaneous
sition of two fragments in their ground state, from which the decay of?5%Cf using a twin ionization chamber. Two distinct
cold fragmentationterm emerged. An interesting remark mass regions of cold fission were observed: the first extend-
they made was that the odd-even fluctuation®Qotflue to  ing from the mass split 96/156 up to 114/138 and the second
nucleon pairing were not present also in h€E,,, values. one comprising only a narrow mass range around the mass
In their view this smoothing of the odd-even effect was asplit 120/132.
consequence of a pair broken from one of the fragments. The In the present paper, based on a cluster model similar to
probability for neutronless fission is 0.0020.0008 for the cluster model used for cluster radioactivity, we estimated
252Ct. the relative isotopic yields for the spontaneous cold binary
In the last years the col¢heutronless fission of many fission of 2°2Cf. These isotopic yields are given by the ratio
actinide nuclei into fragments with masses froai7/0 to  of the penetrability through the potential barrier between the
~ 160 was an intensively studied phenomen8r9]. An  two final fragments for a given mass and charge splitting,
important step in the understanding of the cold fission pheever the sum of penetrabilities for all possible fragmenta-
nomenon was the observation that the final nuclei are genetions.
ated in their ground states or some low excited states, which The corresponding barriers were evaluated using the
prompted some authors to relate these decays to the spontésuble folding potential withtM3Y nucleon-nucleon effec-
neous emission of light nuclécluster radioactivity such as tive interactions and realistic ground-state deformations in-
« particles and heavier clusters ranging frofC to 3/Si  cluding the octupole and hexadecupole oft3. We were
[10]. mainly concerned with the study of the influence of the frag-
The fragments emitted in binary cold decays are producedhent deformations on the yields and we concluded that the
with very low or even zero internal excitation energy andoccurence of the two mass regions of cold fission is deter-
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mined essentially by the ground-state hexadecupole defor- 5
mations. f redr dQp(r,Q2)=A 3
Il. DEEORMATION-DEPENDENT CLUSTER MODEL and then the multipoles are computed numerically

In the present paper we consider a deformation-dependent
cluster mF:)deI, sir%ilgr to the one-body model used ?or the Px(f)=f dQp(r,Q2)Yyo(Q2). (4)
description of cluster radioactivifyi0]. The initial nucleus is
assumed to be already separated into two parts, a heavy ok¥ice the multipole expansion of the density is obtained, the
and a light cluster, and the preformation factors for the fragintegral in Eq.(1) becomes
ments are not taken into account. An advantage of this model
is that the barrier between the two fragments can be calcu- - M A2
lated quite accurately due to the fact that the touching con- Ve(R.1,02) wgzuz Dol DD 0l 02 gty
figurations are situated inside of the barriers. Thevalues )
and the deformation parameters contain all nuclear shell and

pairing effects of the corresponding fragments. where[19]
The barriers were calculated using the double folding N
model for the heavy-ion interaction I)\lﬂl)‘zﬂzz}\}: B)‘izi)\zﬂzJ’ ridrlrgdrzpkl(rl)phz(rz)
343
Ve(R)= f dr1drp;(re)pa(ra)v(s), 1) XFXpang(T1:12,R) ©)

and
wherep; (,)(r) are the ground-state one-body densities of the

fragments ana is theNN effective interaction. The separa- o~ ) )
tion distance between two interacting nucleons is denoted bﬂlxzxs(rlyrz-R):f q°dqu (a)j»,(ara)jx,(ara)iy,(ars).
s=r;+R—r,, whereR is the distance between the c.m. of 7)
the two fragments. We have chosen tBematrix M3Y ef-
fective interaction which is representative for the so-calledAbove, DZo(w) stands for the Wigner rotation matrix de-
local and density-independent effective interactidig]. scribing the orientatiom of the intrinsic symmetry axis with
This interaction is particularly simple to use in folding mod- respect to the fixed frame;(q) denotes the Fourier trans-
els since it is parametrized as a sum of three Yukawa funcform of the interaction angl, are the spherical Bessel func-
tions in each spin-isospir§(T) channel. In the present study tions. The matrix8 in Eq. (6) is defined in19] and contains
the spin and spin-isospin-dependent components have begBlection rules for coupling angular momenta. ORly+ X,
neglected since for a lot of fragments involved in the calcu-i )\ ,=even, are allowed. Whep, #0, A=2,3,4 for both
lation the ground-state spins are unknown. The spin-spifyagments, the sum in E5) involves 36 terms for a nose-
component of the heavy-ion potential can be neglected hefg_nose configuration with ;<6. For most of the fragmen-
since itis of the order H;A,. Only the isoscalar and isovec- tation channels studied here, large quadrupole, hexadecu-
tor components have been retained in the present study fgjole, and occasionally octupole deformations are involved.
the central heavy-ion interaction. Therefore a Taylor expansion method for obtaining the den-
The M3Y interaction is dominated by the one-nucleon sjty multipoles turns out to be unsuitable. On the other hand,
knock-on exchange term, which leads to a nonlocal kernelg large quadrupole deformation induces according to(&q.
In the present case the nonlocal potential is reduced to a zefRynyanishing multipoles with=4 and 6 even if8,= B4
range pseudopotentié]ooﬁ(s), with a strength depending =0. Therefore for a correct calculation of E¢), a numeri-
slightly on the energy. We have used the common prescripeal method with a truncation error of ord&(h’) is needed
tion [17] Jgo=—276 MeV fm® neglecting completely the in order to ensure the orthogonality of spherical harmonics
small energy dependence. For example, the odd-even stagith A<6. Performing the integral$) and(7) we have used
gering in theQ value for a fragmentation channel, which is @ numerical method with a truncation error of the order
typically of the orderAQ=2 MeV, leads to a variation with O(h®). All short-range wavelengthy< 10 fm~*) have been
AJgy=—0.005 AQ/x) MeV fm? with x~100. The one- included and particular care has been taken to ensure the

body densities in Eq(1) are taken as Fermi distributions in convergence of the in'gegrals \_/vith respect to the integration
the intrinsic frame step and the range of integration.

At the scission configuration two coaxial deformed frag-
ments in contact at their tips were assumed. For quadrupole
p(r)= __Po (2)  deformations we choose two coaxial prolate spheroids due to
1+elr—o/a the fact that the prolate shapes are favored in fission. It is
known that each oblate minimum always corresponds to an-
with c=cg[1+3,-28,Y,0(Q)]. Only static axial symmet- other prolate minimum. For pear shapes, i.e., fragments with
ric deformations are considered. The half radigsand the  quadrupole and octupole deformations, we choose opposite
diffusivity a are taken from the liquid drop modéLDM) signs for the octupole deformations, i.e., nose-to-nose con-
[18]. The normalization constap, is determined by requir- figurations(see Fig. 1L For hexadecupole deformations we
ing the particle number conservation choose only positive signature, because it leads to a lowering
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FIG. 3. The influence of théM3Y-folding multipoles on the
FIG. 1. Density plots of%\o and “Ba fragments, placed at Parrier betweert®™o and 1*%Ba. Notice that the main effect is due

R=15 fm, considered with quadrupole and octupole deformations!©® A3=2. The influence oh;=3 is large but less important in the
In the upper part are represented the prolate-prolate, oblate-prolaf@Tier region compared with the induced deformatings:5 and
positions and in the lower part two pear shapes nose to back artp=©

nose to nose. The positions are given by the deformation signs. N . .
hexadecupole one. Next, in Fig. 4 we are illustrating for the

of the barriers in comparison with negative ones and conse3@Me partners the cumulative effect of high rank multipoles

guently they are much more favored in fissi@ee Fig. 2
In order to illustrate the influence of deformations on the

barriers we displayed in Fig. 3 thd 3Y-folding multipoles
for %Mo and *®Ba with all deformations included. The
octupole component is large in the interior but gives negli-
gible contribution in the barrier region in contrast to the

on the barrier.

Ill. COLD FISSION BINARY ISOTOPIC YIELDS

We should like to stress again that in our simple cluster
model the preformation factors for different channels are ne-

glected, i.e., we use the same assault frequency facfor

the collisions with the fission barrier for all fragmentations.
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FIG. 2. Same as for Fig. 1. The influence of different signs of
and 1“%Ba densities in the

hexadecupole deformations dfi®o

etrability is maximized forB,>0 configurations.

FIG. 4. The cumulative effect of high rank multipoles on the
barrier betweert®™o and 1®Ba. We considered the deformations
presence of large quadrupole and octupole deformations. The peg- and 3, to be much larger than the real ones in order to illustrate

the effect of deformations.
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FIG. 5. The barrier betweeff*®Ba and°®Mo as a function of 2

the distancdr,;, between their centers of mass. By, we denote

the decay energy. FIG. 6. The assumeg,, B3, B4 ground-state fragment defor-

mations[18]. We can see that the light fragmentg;(A;) have
mainly quadrupole deformations in contrast to the heavy fragments
It is generally known that the general trendsdandecay of  (Z,,A,). The octupole deformations are existing in a small mass
heavy nuclei are very well described by barrier penetrabili+egion 14k A,<148 whereas the hexadecupole deformations are
ties, the preformation factors becoming increasingly imporimportant in the region 138 A,<158. The fragments with masses
tant only in the vicinity of the double magic nucled¥Pb.  A;=<94 andA,=<138 are practically spherical.
On the other hand, the cold binary fragmentationZeACt
was also reasonably well described using constant preforma- Accurate knowledge of values is crucial for the calcu-
tion factors[9,20]. However in this case too, as we shall seelation, since the WKB penetrabilities are very sensitive to
later, around the double-magic nucletiSn the preforma- them. We obtained th€ values from experimental mass
tion turn out to be of capital importance. Eventually, as thetables[21], and for some fragmentations the nuclear masses
experimental data become more accurate we would be abigere taken from the extended tables of IMp et al. [18]
to extract some fragment preformation factors and discussomputed using a macroscopic-microscopic model.
the related nuclear structure effects. Let us consider for the beginning only the relative isoto-
In the laboratory frame of reference theaxis was taken pic yields corresponding to true colgheutronless binary
as the initial fissioning axis of the two fragments, with the fragmentations in which all final nuclei are left in their
origin at their point of contact. The potential barrievg  ground state. These relative isotopic yields are given by the
— Q. between the two fragments are high but rather thinexpression A=A ,A;=Ay)
with a width of about 2 to 3 fm. As an illustration, we show
in Fig. 5 a typical barrier betweef*Ba and ®Mo, as a P(A1,Z1)
function of the distancdr, ; between their center of mass. Y(A1,21)= Sa7P(ALZ)
HereQ, 4 is the decay energy for the binary fragmentation of
252Ct. For the two fragments, the exit point from their po-
tential barrier is aR,  typically between 16 and 17 fifsee
Fig. 5 which supports our cluster model.
The penetrabilities through the double-folded potential
barrier between the two fragments were calculated by usin
the WKB approximation

(€)

121

As we mentioned above the fragment deformations were
chosen to be the ground state deformations oflddcet al.
[18], computed in the frame of the macroscopic-microscopic
model. In Fig. 6 we represented separately these deforma-
Hlons for the lightA, and heavyA, fragments for odd and
even chargeZ. We can see that the light fragments have
mainly quadrupole deformations in contrast to the heavy
2 (s fragments, which have all types of deformations. The octu-
P=€XP[ —%J V2u[Ve(s)—Quulds|, (8 pole deformations are nonzero in a small heavy fragment
S mass number region 14lA,<148. The fragments with
mass numbeA; <92 andA, =138 are practically spherical.
wheres is the relative distancey is the reduced mass, asd The computedVi 3Y-fission barrier heights, for different
and s, are the inner and outer turning points, defined byassumptions: no deformations, including the quadrupole
Ve(s)=Ve(s,)=Q.y. The barriers were computed with ones, including the quadrupole and octupole ones and for all
the LDM parametersa,=a,=0.5 fm, ro,=ro,=(R  deformations, together with the correspond@galues, are
—1/R)A~ 1R fm with R=1.28AY%+0.8A" 13- 0.76. represented in Fig. 7 for odd and evenZ separately. We
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FIG. 7. The barrier heights for all considered fragmentation ~FIG- 8. The true cold fission yields in percent for all fragmen-
channels represented for different charggsnd mass numbers, tation chgnnels _compgted with the LDM parameters, for spherlcal
of the light fragment. nuclei, with the inclusion of quadrupole deformations and with all

deformations at zero excitation energy.
notice the large influence due to the quadrupole deformations
but also the hexadecupole ones are lowering the barriers very In the next figure we represented the mass ylé((;is

much. The octupole deformations in the mass region 14L y, LY(A,.Z,) (Fig. 9) for spherical fragmentsg; =0), for

=Ay=148 have a smaller effect as we expected. This is %uadrupole deformationsBg#0) and for all deformations
illustration of the difference between cluster radioactivity, (8,#0). We can see in the spherical case that the main mass
i .

which is due only to the larg® values and the cold fission ' _ )
which is due mainly to the lowering of the barriers due to theerIdS are centered arount,=132. All these heavy frag

fragment deformations. Both processes are cold fragmenta-
tion phenomena. E
The computed yields in percent, for the splittings repre- 1 ¢
sented by their fragment deformation parameters in Fig. 6 or 1 &
by their barrier heights in Fig. 7, are given in Fig. 8 for 107
spherical fragments g =0), for quadrupole deformations B L= P A N N B
(B,), and for all deformationsg,+ 85+ 3,) at zero excita- 130 13 140 14 150 158
tion energy. We can see that when the fragments are as Bi=0
sumed to be spherical the splittings with the high@stal-
ues, which correspond to real spherical heavy fragmisets
Fig. 6), i.e., for charge combinatiorng, /Z,= 48/50, 47/51,
and 46/52 are the predominant ones. As we mentioned be ™ 1"}
fore this situation is similar to the cluster radioactivity where -25. P N P Y I R E N B R
the governing principle is th@ value. Due to the staggering 0 s ““142 1 150 158
of Q values(see Fig. 7 the highest yields are for even-even B,
splittings. By including the3, deformations a few asymmet- E
ric splittings exists. For all deformations more asymmetric ™ ¢
yields appear. Now the principal yields are f@/Z, 1E
=38/60, 40/58, 41/57, and 42/56 along with 44/54, 46/52, w'F
and 47/51. This is due to the fact that the influence of the 2t ... . vl T ) 000 2T,
fragment deformations on the yields overcome the influence 130 138 10 18 150 158
of Q values in the more asymmetric region. This illustrates
the fact that cold fission is a cold rearrangement process in F|G. 9. The mass yield¥, =3, Y(A,.Z,) in percent, as a
which all deformations are playing the main role and not theynction of light fragment mass computed with LDM parameters.
Q values. The staggering for odA fragmentations like calculations without deformationspg s ,=0) enhance only the
Z,1Z,=39/59, 41/57, 43/55, 45/53, and 47/51 or oNd spherical regiom\,<136; the inclusion of quadrupole deformations
fragmentations is recognized at first glance. However, by thgg,=0) enhances the yield witih,=134; for all deformations
introduction of the density levels this staggering is reversedihere are two main mass yields regions, i.e.,<423<136 and 138
The largest yields will be for odd and/orN fragmentations. <A,<156.

=
=)
S

yield [ ( %)
T T

all B
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ments are spherical or nearly spherigaith a small prolate 0 A,=132 o’ A, =134
deformation and have high® values. Since other spherical L E b

fragments do not arise in the yield diagram, it occurs that in  ,,2E L w?C

the spherical case th@® value is the dictating principle. 0'E 10'E

When we turn on the quadrupole deformation a rearrange: 1°F 0°E

ment in this spherical region takes place. The yield corre- 10"t pm - 10 o -
sponding toA,=132 is still important but the one foh, B;=0
=134 takes over, although the maximum decay energy of o2 102

the first mass spliQ . is larger than that of the former. In 5\3: 1 E 1 F

this case the larger quadrupole deformation of the light part-3 1”°F 0’ E

ner decides the augmentation of the= 134 yield. When we £ 10 :: 10 :l

include the higher multipole deformations, i.e., octupole and ™ ,F 1 J wE 1 1
hexadecupole deformations the yield diagram will change " 0 52 R 7%
drastically over the whole mass range. First of all, in the 2 2 B,
spherical region the mass splittings yieldls=132, 134 are 0% 10’

lowered whereas their odd neighbors are augmented. Onc 't ! J

again this is a consequence of the fact that the hexadecupol
deformations of the odd light partners are slightly larger. But
the most important change occurs in the mass redign
=138-156 where a whole bunch of splittings show up with
yields greater than 0.01%. This is, beyond any doubt, an
effect due to the hexadecupole deformations. As can be in- FiG. 10. The yields for thez splittings of A,=132, 134 in
fered from Fig. 6 the above-mentioned mass region is charpercent computed with LDM parameters.

acterized by noticeable values of the hexadecupole deforma-

tion. Before adding the hexadecupole deformation this The hexadecupole deformeaggion, extending from 138
region was completely desertic, whereas after the inclusioro 156, obtained in the frame of our cluster model, presents
of B, the most pronounced peaks akg=138, 140, 146, also some discrepancies compared to the experimental find-
150, and 154. It is the place to mention that the first masings. The main problem that we faced here concerns the
region, in the cold fission of°2Cf reported in the paper of odd-even effect which seems to be very strong in this region
Gonnenweinet al.[16] coincides with the range obtained by according to the Thingen group[15]. This can be under-

us employing a deformation-dependent cluster model. Howstood as follows: In the vicinity of the ground state, the level
ever in order to reproduce completely the experimental datdensities of odd mass nuclei are much larger than for even
we have to underline the elements that have to be supplieduclei and consequently it will be more probable to observe
further in our model. First, in the spherical region, the ex-cold fission for odd-odd mass splits in comparison to even-
periment claims a mass region of cold fission centereagven mass splits. Since in our present calculations the level
aroundA,= 132, instead ofA,=134 as we obtained. How- density of fragments is not taken into account our results
ever this misfit was to be expected since as we mentioned ipoints to an enhancement of even-even mass splits with re-
the beginning of our paper we did not include the preformasspect to the odd-odd mass splits. In a preceding pgl&Er

tion factors. In the case of the doubly magic nuclét®sn the effect of level density was incorporated in the calculation
this assumption proves to be unsatisfactory. As has been adf yields by means of the Fermi back-shifted model, valid
vocated by the Thingen groud 16] this is a possible mani- also for small excitation energies. In order to get a rough idea
festation of heavy-cluster decay. Therefore it is very likelyof how the odd-even effect influence the yields, we simply
that in this case the preformation factor, which multiplies theshift the decay energy by the fictious ground-state posiion
penetrability, is larger than for the neighboring nuclei, whichtaken from the global analysis of Dilgt al. [22], Q* =Q
could then account for the discrepancies between our calcu- A. In Fig. 11 we represented the same thing like in Fig. 10
lations and experimental data. However, an encouraging exut with the above-mentioned shift in tigg¢ value. It is ob-
perimental point which supports our calculations is the factious from the inspection of this figure that excef

that the even masses 134 and 136 are accompanying thel38, the odd splittings take over, in agreement with the
leading yield for 132. In Fig. 10 we compare the total yieldsexperimental data. It is worthwhile to stress once again that
for 132 (left side and 134(right side. We see that th& in our view the mass region extending from 138 to 156 the
splitting corresponding to the sphericil*Te dominates in hexadecupole deformation is the leading mechanism respon-
all the three cases, because, as we mentioned earlier its lighible for the cold fragmentation GP%Cf. The lowering of the
partner has a sensitive quadrupole deformation and a nonvaarriers due to hexadecupole deformation increase dramati-
nishing hexadecupole one. Espartner3*Sn has a smaller cally the penetrabilities and eventually the yields. In Fig. 12
hexadecupole deformation. The same reasoning applies tee represented the yields for the splittings of A,=143.
A,=136. Therefore it could be possible that in the case ofComparing the first two cases we see that the yields are
these nuclei the deformation dictates the yield magnitud@lmost unsensitive to quadrupole deformation. When the
rather than the magic number in protons or neutrons. Théexadecupole deformation is included the distribution
experimental determination of the double fine structure inchanges, all the yields being shifted uniforn{in the log

this region will, hopefully, clarify the situation. scaleg towards magnitudes four times larger. It is worthwhile
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FIG. 11. The mass yield¥, =37 Y(A;,Z,) in percent, as a FIG. 12. The yields for th& splittings of A,= 143 in percent
function of light fragment mass computed with LDM parameterscomputed with LDM parameters. Calculations without deforma-
with the decay energy modifie@* =Q—A. The odd-odd mass tions and with the inclusion of quadrupole deformation give nearly
splittings are favored this time. the same yields. The inclusion of hexadecupole deformation in-

creases uniformly by four orders of the magnitude yields.

to notice before ending this section that the octupole defor-

mations are not inducing the tremendous changes that tH&Mber of splittings. Here the shell closure in neutrons or
hexadecupole do protons seems to not be involved. Although the shell effects

should play an important role in the odd-even differences by
enhancing the odd-odd mass splits with respect to the even-
IV. DISCUSSIONS AND CONCLUSIONS even one, our results emphasize that the fragments are emit-

The def tion-d dent clust del which d with the deformations corresponding to those of the
€ deformalion-depenaent Cluster model Which We USEf.,,nq state. In the spherical region our results give only a

in_ this paper for_ca_lculating _the isotopic yields associated,int of the importance of the magic nucled®sn which is
with cold binary fission, predicts a large number of favoredgsceptible to be produced in a heavy clusterization process,
binary splittings in which one or both fragments are well simijar to that for light cluster§23]. Here the decay mecha-
deformed in their ground states. For cold binary fission theyism should be similar to the light cluster radioactivity, the
initial scission configurations are known: the fragment defor-yaughter nucleu$®’Sn being traded fof°Pb and the heavy
mations should be essentially those of the ground-state dejyster 12%cd for 4C.
formations. The results reported in this paper point to the importance
The main result obtained in our paper represents the thesf deformations included in the cold fission model, since the
oretical confirmation of the existence of two distinct regionsQ value seems to be no longer the absolute ruler of the
of 257Cf cold fission. The results indicate two different process, as in the case of cluster radioactivity. In the future
mechanisms. In the heavy-mass region situated between 13 investigations should be extended in such a way to ex-
and 156, the hexadecupole deformation gives rise to a largalain also the yields structure at finite excitation energy.
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