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1 Inj:roduction

Recent intensive investigatious essentially enriched the kuowledge
about manifestation of the cluster degrees of freedom in light a-cluster
nuclei. It is reasonable to speak about the nuclear molecule as the ol-
ject of study [1, 2]. The investigations of the cluster degrees of freedom
in heavy nuclei are still conjugated with large experimental and the-
oretical difficulties. However, sorme. experimental data on fission of
both the preactinide and actinide nuclei can be naturally treated in
cluster terms. The strongly bounded fraguients (with almost closed
shells) take there the role of clusters. The well-known example of such
a kind is the dependence of the mudtiplicity of neutron emission on
the wass of the fission fragment (FF} in low-cuergy fission (Terrell
curve [31}. For the FF that is close to the shell-nuclei in the viemity
of the mass numbers Ay = 130 and A, ~ 82, the neutron multiplicity
is equal to zero within the error bars (A and A, are the mass num-
bers of the heavy aud light FF, respectively). This mneans that in any
configuration of the fissioning system such FF have not enough exci-
tation energy for the neutron emission. As a result, we can assunie
that the preformacion of these FF oceurs at carly stages of fission.
These cluster-like prefragiments remain unchangeable in the fucther
evolution of the fissioning system. Based on the study of the neutron
ewission’ in the spontancous *Cf fission [4, 5, 6], the indication of
the validity of the above assumption was obtained for the fragments
with the mass numbers Ay ~ 130 and Ap ~ 80,90. The next example
concerus the fission of the nuclei lighter than Th. As was established
in 7], the asymmetric mass componcents with Ay ~ 134 in the FF
mass distribution appear ouly for the fissioning nuelei with A < 200
and/or Z = 80. The vanishing of the asvinnetric mass components
for tue heavier fission nuclei believes to Le caused by the shell effecis
in the fragments. The heavy fragment is formed wuder the eifect of
the splerical shells with =00 and Ny = 82 The mass of the
Aight fragment is defined by the mass of the nueleus with the closed
cither sphevioal shell (Z; = 28, N, = ob) or delored shell (Z; -= 30,
Npo=44) 5. 9] Therefore, the sum of the FE LASSeS 15 approXitsaiely

equakto the horderline mass vadne discused.
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The strong similarity between the symmetric high-energy mode of
the Fm-No fission with extremely small mass variance of the FF and
the asymmetric mode al in the fission of the nuclei in the vicinity
of A = 210 is noted in [9]. The symmetric fission mode assumed to
be resulted from the preformation of two double magic 32Sn nuclei.
For the nuclei with A ~ 210, the configuration consisting from the
two spherical fragments can be obtained with the replacement of one
132Sn nucleus in the previous case by the double wagic ®Ni nucleus.

The presented qualitative picture is supported by the calculations
based on the Woods-Saxon-Strutinsky model involving many deforma-
tion degrees of freedom [10]. It was shown that the density distribu-
tion and the shape of the fission nucleus at large elongation (in third
minimum) look like a di-nucleus. Such a clusterization is a dramatic
manifestation of the shell-structure role in the fission of heavy nuclei.

Besides the cluster aspects connected with the formation of the
FF, there are indications of the light-cluster formation in the contact
region between heavy nuclei [11].

The recent experimental data presumably indicating the clusteri-
zation of the fissioning ***U* nucleus were presented in Ref. [12]. The
Ref. [12] deals with the fine structures of the FF mass (M) - total
kinetic energy (T K E) distributions. By notation, the local areas of
the two-dimensional distribution with increased yields of the FF, as
compared to the ones supplied by the smoothed global distribution,
are treated as the fine structure (see Fig. 1). The fine structures in
the form of the ridges having a small slope to the energy axis in the
T K E-M distribution of ***U* were demonstrated in Refs. [13, 14]. The
conclusion about their origination, mainly from the proton odd-even
effect, was made. This effect is the strongest one, however it is not
alone in producing the fine structure. For the extraction of the struc-
ture shown in Fig. 2, the total TK E-M distribution in the cuts was
smoothed at M = const. The smoothed distribution was subtracted
from the initial one. This procedure has a minimal sensitivity to the
structures produced by the proton odd-even effect because the diree-
tion of the cuts, along which the smoothing occurs, is approximately
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parallel to the direction of the ridges produced by the odd-even effect.
Using this procedure, the fine structure which has different nature as
compared to structure preduced by the odd-even effect was subtract-
ed. We will try to interpret this structure in the framework of the
cluster model presented below.

2 Cluster-like configurations in the fissioning nu-
cleus

The phenomenological cluster concept of the low-excited licavy-nuclei
fission being the development of the earlier models (15, 16] was sug-
gested in [17. 18] to take inio consideration the new experimental
and theoretical results obtained from several fields. The fields consid-
cred are: the specific manifestation of the shell effects in the nuclear
fission, the data on the clusterization in a-cluster systems, the caliu-
lations indicating the multiniode charicter of the fission, as well as the
theoretical models of the cluster decay. The mtegration of these ques-
tions is based on the assumption about the generality of the physical
mechanisms determining the hehavior of all nuclear systems where the
cluster degrees of freedom are ieportant. The paper at hand aims to
provide a quantitative verification of the concept mentioned.
Refering to Ref. [18] let ns assume that, tor some clongations, the
fissioning system is transformed to the one consisting of two large
clusters connected by a neck. The large clusters are assumed to Le
the strongly bounded shell nuclei, for example, 2S5 and %Ge. The
nucleons in the neck are also joined into the clusters among which the
a-particles are preferable. With the descent from the fission barrier,
the large clusters retain their individual nroperties, and the elongation
of the system is caused by the elongation of the neck. The elongation
of the clnsterized neck means the rearrangemen’ of a-particles between
the two large clusters. The differeut neck scissions ave respousible foy
the formarion of the different FI'. (e fission mode is thus detormsined
by the large clusters The preformation of different pars of the large
clusters is the reason of the audtimodality of the micleay tission. This



paper is aimed to estimate quantitatively the characteristics of the
fissioning system within our approach based on the two key points:
the preformation of two large clusters gives rise to the fission mode:
the neck between the large clusters clusterises predominantly on a-
particles.

Based on the experimental indications mentioned above, the prob-
able mode in the thermal neutrons that induced the fission of 2*3U and
235U was chosen for particular calculations. In this mode, the fission-
ing system represents two large clusters '3?Sn, Ge and five a-particles
(*Ne) between them. The configurations investigated are schemati-
cally presented in Table 1. All configurations with labels from 1 to
11d are constructed using the following rule: the distance between
the nearest edges of the large clusters is a multiple of the a-particle
diameter; at fixed elongation of the system the w-particles, which are
not included in the chain connecting the large clusters, can be in the
positions to maximize the attractive forces raised by the nuclear inter-
action. The purpose of the comprehensive consideration of all possible
configurations was out of this paper. We would like only to demon-
strate the validity of the assumption on the clusterization that takes
place in the fissioning nucleus in the description of the experimental
data.

For the given cluster configuration, the potential energy of the sys-
tem and total kinetic energy of the fragments are calculated as a func-
tion of location of the scission point along the neck. The potential
energy of the cluster configuration consisting of n clusters is deter-
mined as follows

Vine = 2 Uij(ri — ;) + 3. B; — By, (1)
> iz

where Uj;(r; — r;) is the potential energy of the interaction between
the ”i” and ”j” clusters, B; is the binding energy of the cluster "i”,
By is the binding energy of the fissioning nucleus in its ground state.
The origin of the coordinates for Vi,; coincides with the energy of the
ground state of the fissioning nucleus. The cluster-cluster potential
depends on the Coulomb and nuclear interactions between the ”i”
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and ;" nuclei:
Uylrg) =05 + U8 (2)
The Coulomb potential Uy ¢ can be casily caleulated in accordance
with Ref. [19]. For (dlculdtlon of the nuclear interaction U \. the
double tolding method is nsed:

[~
=

["\ (1) /p ri)p;(R—r;)F(r, - r,jdr;dr;. (

Here p; and p; are the nucleon deusities of the interacting nuclei. The
density dependent nucleon-mucleon interaction is taken as

Flry—r;)=C {Fm ’)Ogl_l £, 1= Polr;)

£00 Luoo

(S(I‘,—I'j)._ l4)

where N and Z are the neutron and proton numbers of the nucieus.

N, —Z,N; - Z;
A4

. "
Fin,(‘.zr = fin,er + fin‘“'

Interaction (4) is well-known in the theory of finite Fermi-svstems [20].
giving a good description of a large set of the experimental data. In
(4). po = pi+ pj. This approximation is good for a small o erlap of the
nuclei. The nuclei overlap slightly in cluster configurations discussed.
The following set of parameters was used in our calculations: ¢ =
300 M eV im?®, pyg = 0.17fm =3, fi, = 0.09, f., = —2.59. fin =042 and
£, =0.54.

For the nuclei with 4 > 16, the nuclear density was taken as follows:

) = /)() -
pi 14 cap|(r — R Yool

1/3 . , w1 :
were f1; = rgA;"" is the radius of the nucleus 7i". For light nuclei. the
following functional dependence for the deasity is mor. realistic

Joun 32
\ ‘ 14 N
pilr;) = 4 **') e,

|-
L

/

In our calowdations. we used the following values of the parameters:
rg = 1.12%mn and ay = 0.54fm. The value of the parameter v was varied
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from 0.5 fm™! for 'O up to 0.671 fin= for *He. For caleulation of the
interaction between the two deformed clusters (F: = Ry (1+3:Y5)), we
used the vesults of Kef. [21]. The values of the deformation paramcters
3, were taken from the tables of [22]. We should 1ote that this methord
of culeulation of the nuclensumelens potential was successfully used in
determining the potential energy of the dinuclear systems formed in
the deep-inelastic collisions of heavy ions 23], Due to the density
dependence of the nucleon-nucleon interaction. the potential Uy (1)
has a repulsive core. For the twajority of the pairs of the interacting
nuclei, theie is a pocket in the Usj(ri;) dependence on r;; with a bottom
corresponding to the intercenter distance rig =i+ Ry + 0.5 fin. In
our calculations of the potential energies of cluster configurations, the
distance hetween tonching clusters corresponds to the bottom of the
potential pocket. The binding energies B; and B, were taken from [22].
For illustration, the caleulated interaction potentials in the a-particle-
Ge and “Ge 428y system are depicted in Fig. 3.

The calculation of TK'E as a function of the scission point along the
neck was performed as follows. If the fissioning system is disintegrated
into the A and B FF, then

TKE =3 U,

t€A

(en)
where the values of U, j are calculated at a moment of the scission. It
should be stressed that the scission criteria is not considered in the
present model. Therefore, the dependencies of Vit and TKE on the
FF mass can be calculated, however the model is not able to predict
the yields of the FF.

3 Results and discussion

The important characteristics of the fissioning systems 33U and 25U
were caleulated according te the model described above. First of all.
the total interaction cnergy for the sequence of the elongating con-
figurations was evaluated. Beside this, the total kinetic energy values
were calenlated (see Table 1) for different places of the scission (labeled
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by vertical lines) in each configuration. The calculated TKE values
were compared with the experimental data on the fine structure of
the TR E-M distributions of the 2¥U* FF (Fig. 4) that were mea-
sured using the time-of-flight spectrometer at the reactor of Moscow
Engineering Physics Iustitute [24]. The complete analysis of the fine
structures observed (the lines marked by letters A, B and structures
F in Fig. 2) is out of the frame of this work and will be given in the
forthcoming publications. As of now we note that the TKE values
(Table 1) for configurations with three a-particles between large clus-
ters are well grouped near the line of the fine structure labeled by letter
"a”. For configurations with four o-particles between large clusters,
the TR'E values lie slightly below the line "b” of the fine structure.
The T E values for configurations with a neck formed from the chain
of five «v-particles can not be compared with the experimental data be-
cause the statistics is too little in this region of the spectrum. The
strong manifestation of the fissioning system configurations, in which
the distance between the large clusters is a multiple of the a-particle
diameter, is seen in Fig. 4 and requires a discussion. There are some
reasons for the preferential production of the FF from the decay of
these configurations. For a given system elongation, the general num-
ber of configurations, when not all a-particles are responsible for the
integrity of the system, is essentially more (for example, the configu-
rations 4,7, and 8) than one in the case when all a-particles supply
this integrity (the configuration 3'a). There are no ”free” a-particles
in the configuration 3'a to organize the other configurations by the re-
arrangements of alpha-particles along the alpha-chain. Therefore, the
statistical weight can be more for the configurations with the interclus-
ter distance proportional to the a-particle diameter. For these states,
the scission probability can be larger as compared to the state without
neck clusterization due to the multitude of the points preferable for
the scission.

The subsequent comment concerns the discrete character of the
lines "a” and "b” in the fine structure (Fig. 4). In our model. the
scission in the neck gives the FF with masses differ on four amu, i.e.
this scissions do not give continuing sequence of frapments masses ob-



served in experiment. As compared with our model, the infermediate
values of the mass can he obtained. if one assumes, the small uncer-
tainty in the mass numbers of the large clusters and/or small surplus
of neutrons in the neck reference to its pure a-particle composition
(the change of ““Ne to “Ne is enough for this purpose). This sur-
plus of neutrons can be caused by the well known demand for the
Z/N ratio to be close to that in the parent nucleus. Our calculations
demonstrated that the Vi, and TR E values for the 32Ge-5a 1325,
and MGe-5a-*Sn modes differ by few hundred keV. This is why the
continuity of the muass number is supplied without the appreciable
change in the form of the discussed line of the fine structure.

As was noted above, for each cluster configuration of the fissioning
system, the total energy of interaction of the clusters was calculated.
The calculated values of Vi, were compared with the well-known cal-
culations of Ref. [25]. In Fig. 5. the dependencies of the energy of the
fissioning **U nucleus are presented for different fission modes as a
function of half-length of the fissioning nuclear system (sce Ref. [25]).
The points connected by the solid line correspond to the Vi, values
calculated by us for the configurations listed in Table 1. There is a
good agreement (Fig. 2) between our results and the ones of Ref. [25]
if to keep in mind that the valley image onto the potential energy
surface is influenced by the shape parametrization used [26].

The agreement of the calculations performed using the models with
the clusterized and unclusterized necks proves the shapes of the fission
nucleus to be roughly similar in the hoth cases. However, only the
cluster model provides the explanation of the periodic structure (the
lines a and b in Fig. 4) linking it with the configurations in which the
length of the neck is a multiple of the a-particle diameter, Therefore,
the model with the clusterized neck seems to be not only the simplest
algerithm of calculation but also a mechanisin actually taking place
i nature. One more conclusion can be derived from the comparison
In question. A small differcice belween the predictions of the two
models means that both phases - clustoerized and unclusterized  can
coexist in the neck of (e fission nucleus.

Some cowperisons with the results of the known caleulations [27,
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28] can be done if we estimate the barriers for the FF separation,
By definition, the separation barrier is due to the dependence of the
interaction energy between the fragments A and B on the distance s
between their nearest edges.

Vis)= X Uils).

(63)

If the fragments, between which the scission occurs. touch each other.
then s = 0. Let us assumne that on every stage of the FF aceeleration
their shapes remain to be constant. The FF separation bartiers for
several confignrations of the fissioning svstem are shown in Fig 6. The
labels of the curves correspoud to the configurations given i Table |

The separation barriers for the compact initial conficurations are
presented in Fig. 6a. The FF for such configurations are characterized
by the T E close to the ()-value of the fission. i.c. the so called cold
fission is realized from the compact confignrations considered. The
fission from the most compact configurations can be prohibited. as
the THE would exceed the Q-value (sec, for example. configurations
12a, 2a and curve 2a). At the same time the TR E values close. but
less then @), can be reproduced by means of rearrangewment of the n-
particles in the neck (configuration 13) or elongation of the systenn
(configuration 3a). The existence of the barrier for the FF separation
in the compact configurations of the fissioning system and. follow-
ing to this point, the tunnel mechanism of cold fragmentation are in
agreement with the concept of Ref. [27]. The energy corresponding to
the bottom of the potential pocket of the fragment-fragm-nt poten-
tial was taken as the TR'E in our valculations. The zero vibrations.
which increase slightly the TR E and peneteability of thie barvier of
the FF separation, were not taken into account. It means that the
1T'WE calculated without consideration: of the zero vibrations can be
cousidered as a low limit of the TR E values. However, the omitted
such a dynamical effect as the micleon exchange between the neigh-
boring clusters can comipensate in part the contribution from the zero
vibrations. This effect results i inereasing the depth of the poteatial
pocket inthe fragiment-fragment potential [29]. For lurge elongation of
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the fissioning system. the depth of the pocket in the fragment-fragment
potential is small. Theretfore, caleulation of the TR E value contains
less uncertainties with increasing the system elongation.

Rather interesting result follows from the calculation performed
for the system elongation coiresponding to the most probable T E
values and mass of the light fragment (Fig. 6b. curve dc). For FF
separation. the barrier practically vanishes. This fact correlates also
with the conclusion of Ref. [28] about the disappearance of the barrier
between the fission and fusion valleys at some stage of elongation of
the nucleus. The absence of the barrier contains a purcly clustering
aspect: the clusterization of a light nuclens occurs at the excitation
energies close to the disintegration threshold of this nucleus (sce the
phenomenological Tkeda rule [30]). Probably. the condition close to
thiz requirement is realized in the neck heing equivalent to the 2'Ne
nucleus. Either disappearance or small height of the barrier for the FF
separation mean the instability that is favorable for the clusterization.

As was assumed in Ref. [18], during the evolution, the fissioning
system really passes the phase where the nucleons in the neck between
the large clusters form the ?2Ne nucleus in its ground state. The values
of Vins, the elongation of the system, and the TK E value obtained for
the configuration 14 in Table 1 (the point labeled by *Ne in Fig. 3)
seem to be close to the corresponding values for the configurations 4
and 4'.

The Vipy and TKE values for configurations 7 and 8, containing
the pyramid formed by the four touching a-particles, are close to the
appropriate values obtained in the case of replacement of this pyra-
mid by the deformed 0O nucleus [22]. The similar result is obtained
in the replacement of the pyramid formed by three a-particles in the
configurations 9-12 by the '2C nucleus in the ground state. For the
configurations with the %O and '“C nuclei in the neck, the values of
Vine are marked by asterisk in Fig. 5. Thus, our calculations confirm
a hypothesis of Ref. [18] that some symmetry should be observed be-
tween the prolate and oblate shapes of the neck nucleus (%Ne): at
some excitation (deformation) the clusterization occurs in both cases.
When the distance between the large clusters increases, the nucleons

12
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Fig. 1 Schematic illustration of the procedure for the fine struc-
ture extraction; a — initial cut of TICE-M distribution along

M = const; b - the same cut after the smoothing; ¢ — the re-
sult of substraction the smoothed cut from the initial one.
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Fig. 2 The fine structure of the TR E-M distribution for the FF of
the thermal neutron induced fission of #3U. The procedure for
extraction of the fine structure is given in the text.
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the thermal neutron induced fission of **U. The lines connecting
the points of fine structure are drawn to guide the eye. The solid
points correspond to the configurations presented in Table 1. For
details, see the text.
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n the neck consistently pass the following phases of association: o-
clusters: a-clusters + 1%0; “ONe¢ in its ground state: Ca-clustors:
o-clusters (see Fig. 5).

The existence of the light clusters ¢ and 50 in the neck is an
argament for the benefit of the rule raken in one calcwdat o 1o
cheoose the probable points of the neck seission ouly between two v
clusters. Otherwise. the seission takes ploce across the light nuciens.
that is enecrgetically less preferable. The idea of the clusterization of
the neck can appear naturally from the other physical SUPDOsI G,
When the distance between the large clusters inerenses, the pucleon
density between the large clusters decrenses and the eonditions for
the so called percolation in the neck B1] are created. The actual
percolation process has o random «Laracter therefore, it v possible
fo expect. as was mentioned above, a coesistence of the unslusterized
and clusterized phases in the neck.

4 Sumrmary

Using our approach we obtained the verification for the bicluster mmech-
anisin of formation of the fission mode and clusterization of the neck
of the fissioning nucleus. The arguments supported this couclusion
are the following:

e For the “U* nucleus the calculated 7'A E values are in agreew~nt
with some elements of the fine structure 'R E- 1/ disteibution of

the FF.

o The obtained dependence of the potential energy of the fissionine
nucleus **1U* on its elongation agrecs with the previous caloda-
tions [25].

® The tendency sumilar to that shown in the caloulations of
Ref. [27. 281 for tive height of the barriers for the P'F sepasation
as g function of the fisstoisng svsten clongation is ohserved.,

The agreenient of the caleulations pectenned using the wodels with

the chsterized aud unclusterysod necks proves the shapes of the fission
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nucleus to be roughly similar in both cases. However. only the cluster
model proves an explanation of the periodic structure (lines a and b
in Fig. ) linking it with the configurations where the length of the
neck is a multiple of the a-particle diameter. Therefore. the model
with the clusterized neck seews to be not only the simple algorithm
for caleulation but a mechanism actually taking place in nature, A
small difference hetween the predictions of the two models means that
both phases - clusterized and unclusterized  can coexist in the neck
of the fissioning nucleus.

In our opinion, the most strong point that proves our model to
be valid is the following. The correlation was established between
clusterization of the Assioning nucleus and the fine structure in mass-
cnergy distribution of the FF which is completely different from that
produced by the proton odd-even effect.

We are grateful to Dr B.ILPustylnik for fruitful criticism and stim-
ulating discussions.
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[Iatkos H).B. u ap. E4-96-190
Knacrephoe npnéimxeiine K OHHCAHMIO TEIHTEBItIX MO

Honyueno nonrsepxienue BO3MOXHOCTH CYUECTBOBALIA BUKIIACTEPHOIO Me-
XaHH3MA DOPMHPOBAHMA AEIIHTCABHON MOIM K KJACTCPHIAMH IUEHKH TAAEIO10
HEMSIErocs A4pa MPEHMYILECTBEHHO Ha (A-YacTHUb. OGHapyxena Koppesiuus
MEXILY KIIACTEPH3IALHEH IeNKIUETOCS s3Pa U 0COBEHHOCTAMH (TOHKOI CTPYKTYpOit)
MACCOBO-SHEPrEvYHUYECKOIO  pactipeseeHus  IpaiMeHTes jtenenns. Halsiogacaas
CTPYKTYPA MONHOCTRK) OTIIMYACTCS OF CTPYKTYP, NPOIYILHPYEMBIX HPOTOHHBIM te'r.
HO-HEHETHBIM 3chdheK roM.

Patota seinosiiena s JTaGoparopuu reopeTHYeCKoH husnky um.H.H.Boramoto-
sa OHUSIA. .

[penpuut O6besunentoro uners IYTa epHBIX Wecaenesanuit. TvGun, 1996

Pyatkov Yu.V. et al. . E4-96-190
Cluster Approach to Descripiion ot Fission Modes

A verification for feasibility oi bictuster mechanism of fission-mode formation
and for clusterization of a neck of heavy fissioning nucleu: predominantly on alpha
particles is obtawied. The correlation was established between the clusterization
of the fissioning nucleus and peculiarities (fine siructure) in mass-energzy distribution
of fission fragments. The structure observed is completely difievent trom that

produced by proton odd-even eitect.

The investigation has beea performed  at the Bogoliubov  Laboratory
of Theoretical Physics, JINR.
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