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* Scission-point model relies on assumption that statistical
equilibrium 1s established at scission where observable
characteristics of fission are formed.



Model

Coordinates Zi! Ai' Bi — Ci/ai (l — L, H),
R completely describe the geometry of
System

Total potential energy:

ﬂ

AN

(<

—
_

(ZLr AL)

R

~
N

P

(ZHJ'AH)

U(Aiizi' ﬁi'R) — UII:D(AL'ZL! IBL) + 6Ufhell(AL'ZL' :BL'E;:) T UII-}D(AHJZH; ,BH)

+6UI§Ihell(AH'ZH' :BH' E;I) + VC(Ai'Zil :BiJR) + VN(Ai:Zi' ,Bi; R)

V =V¢ + V" — interaction potential



Model

U(A;, Zi, Bi, Rp)
T

w(A;, Z;, Bi, E*) = Ny exp [—

The different yields can be calculated by integrating over the deformations:

Y (A Z)) = j j w(Ai, Zi, B E*) By dBs

v = [ [0t 28,5 dprap, .
Zi

Y(Z) = f f (A0 Zu, B E*) dB1dBs

TKE(A;, Z;, Bi,Ry) = V.(4i,Z;, Bi, Ry) + Vi, (41, Z;, Bis Ryp)

Yz, | TKE(A;, Zy, Bi, Rp) w(A;, Zi, B, E* )d B d B,

<TKE > (4;) = Yz, J w(A, Zi, B, E*)d B dp, R:b



What advantages does the scission model have?
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The simultaneous
description of many
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The dependence on excitation energy
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Not all aspects of the binary SF can be simply understood on the
basis of pure binary fragmentation (DNS) of the fissioning nucleus

Focus: 2Fm(SF)
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The most probable fragmentations
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One can explain the 2 peaks in the TKE, but the mass yields can not be described



Formation of the DNS Decay of the DNS
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Figure schematically depicts the possible SF pathways



The formation of TNS from Cd+Te and its
binary decay enhance the yields of Sn and
decrease the yields of Cd and Te

Spectroscopic factor for a-cluster is equal to 0.1
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s the a -clustering mechanism generally applicable
in the SF of other actinides and super-heavies?

Focus: 23°Fm(SF)

The characteristics of SF of 2°°Fm and >>*Fm are completely different!
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The large variation of TKE distribution is explained by the existence of binary fission
pathways through TNS



P(n)

0.5

04

0.3

0.2

0.1

03[

] 025f
1 0.45¢

1005¢

02+

0.1t

— DNS+TNS
- DNS

10



The question arises whether heavier
cluster than «a -particle may play an
important role in binary fission

Focus: **Cf(SF)



Focus: 2>2Cf(SF)

Two fission modes?

Ba-Mo: 15t mode: < TKE > = 189 + 1 MeV

<v>=3-—-4
21d mode: < TKE > = 153 + 3 MeV
<v>=>=8

G.M. Ter-Akopian et al., PRC55, 1146 (1997): “(. . .)
data clearly indicate that most of the neutrons in the
high neutron emission events come out of the Ba
fragments-not the Mo fragments.”

Theory: for Ba-Mo TKE (B, = By = 2) = 173.4 MeV
and for Ce-Zr TKE (B, = By = 2) =171.0 MeV

To obtain TKE ~ 153 MeV one needs gy mo > 3
(PRCSS, 1146 (1997)) — unrealistic!

FWHM = 3.1
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Maximum excitation energy:

0.08
epa = Efa + USS = 281 MeV
ste = Ete + UL = 24.1 MeV 0.06
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Initial nucleus Formation of a dinuclear system Decay of the dinuclear system
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Two important aspects are:

1. The reduction of the interaction potential V after
the formation of a TNS. The decrease in the V is
restored as the internal excitation energy of system.

2. Complete fusion Q —value gives contribution to
the internal excitation energy.



What kind of clusters can be formed?

Competing mechanism with true ternary fission.
Idea supported by: 1. Tsekhanovich et al. PRC67, 034610 (2003)

Absolute yields of third clusters in *°Cf(ny, f):

Cluster Yield
10Be (3.84+0.7) x 107>
14c (1.34+0.2) x107°
200 (2.5+0.7) x 107°
24Ne (2.4 4+ 0.6) x 1077




Probability for formation of ternary system (TNS)

The probability of emitting exactly v neutrons contains DNS and TNS contributions:

P(v) = A4P,(A;, Z;, Biy €7) + APy (A, Zy, By €7

e ™~

formation probability of DNS formation probability of TNS

def def

%
P,(A;,Z;, B;, €) = 2 J dE P.(E)P, (U +E)P,_, (e = U —E)
0

v =0

The probability of emitting the third cluster 1s the product of the probabilities for
formation of ternary system A; and three body decay.

A:=the experimental probability of emitting the cluster/the probability of 3-body decay.



Focus: 2°2Cf

Final excitation energy of the heavy fragment
is: g =eg+AV —Q

where e = Epy + Udef

AV — the reduction of the interaction
potential due to third cluster

Q 1s the fusion Q —value

Large variations in AV, especially

148Ce 4 1047y & = 24.1 MeV

1463 + 106Mo &, = 28.1 MeV
148Ce 4 1047y AV QO e TKE
('¥Ba+a)+ 1%7zr 8.3 1. 31.3 162.0

(138Xe+ 19Be)+ 1047y
(134 Tet HC)4 1047;
(l288n+ 200)+ 104Zr

140.5
150.3
153.6
144.5
144.2

Cd+24Ne)+ 1047y

for heavy third cluster.

146Ba i 106MO

TKE

Large negative Q — values enhance &;;°
especially for heavy third cluster

Extremely large excitation energy for
the heavy fragment after cluster
fusion

166.6
144.4
155.6
160.6
1957.1
158.0
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Bat+Mo:

Total kinetic energy: Neutron multiplicity:
I**'mode:  TKEgy, = 189 £ 1 MeV, TKEy, = 192 MeV, <V >ep=3—4,<v>y=35
2"dmode:  TKEy, = 153 + 3 MeV, TKEy, = 156 MeV, <V >ep=8,<v>y=9

Excitation energy:

E; E;
Ba,mode?2 _ Ba,mode?2 _
Ba,model exp Ba,model th




® Exp.

0 Nd + Sr = = = = Normal fission mode
1 0 E Total
= (""Ce + o) + *Sr
| _ - (1404 + 1'Be) + *Sr
— A TN RN e ‘:Idﬂxc + ]-'IC} + @ESI.
10 E ® —_— — {I_‘wch + 2::(‘)} + 'I.Htsl.
—_ YA T A N T\ P ("**Sn + **Ne) + *Sr
- 10—2
o’ E
s X
10 =
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Because gygq(C) = 50.9 MeV is smaller than g, (C) = 67.1 MeV and g, (C) = 64 MeV,
the contributions from normal and abnormal SF modes overlap.



Can an abnormal mode exist in other nuclei?

Focus: 2°%2No(SF)
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Prediction
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Conclusions

We demonstrated that SF of 2°2Cf and *%2°3Fm has contributions
from fission pathways through the binary decay of trinuclear
systems!

The unusually narrow symmetric distribution of >>*Fm(SF) is related
to a -clustering of heavy fragment in Cd+Te and formation of the
trinuclear systems Cd+a+Sn and their binary decays leading to the
formation of fragments (Cd+ a)/Sn—Sn/Sn.

Trimodal structure of the TKE distribution.

Super-long fission mode has a -cluster origin.



Conclusions

* One can think the a -clustering mechanism is generally applicable in the
SF of actinides and super-heavies.

* In SF of *>2Cf, we explained the abnormal mode with the enormously
high neutron multiplicity (8-11 neutrons) by the binary decays of
trinuclear systems with C, O, Ne clusters.

* One can conclude the abnormal mode exists for all fissioning nucleli,
especially for those nuclei with observed ternary fission.



Thank you for your attention !






a) (Te+C) + Zr ‘
165 165




134Nd + %8S

(150Cet-a)+%8Sr
(H4Ba+1"Be)+%Sr
(14{1X6+14C>—|—£}88I
(134’]:\6_'_200)_'_9881,

(128Sn426Ne)+98Sr

AV Q |7 | TKE
0.7 4.1 129.4|172.1
14.7] 6.5 |31.9]139.7
28.8|-4.3 150.91137.9
41.8}-13.1|78.6|151.8
56.0]-17.2197.01155.6




Model

ﬁ

AN

Total potential energy: t/

(ZL!AL)
U(A;, Zi, By R) = Upacro(4i, Zi, By, R) + 8UF™M (A, Z;, By, R) =

R

.
o

"

(ZH!AH)

= > Uz + Y SUTNALZ, B) + V(A Zi B R) + VY (40,23, By, )

i=L.H i=L.H
UL (A, Z, B) = Uisurf(Ai;Zi;ﬁi) +UF (A, Zy, B) + U™ (AL Z)
Liquid drop terms:

(N; — Z;)?
A;

Y (R
Ui (Al'Zl'ﬁl)_S Ro’i \/Eln ﬁl+ ﬁi 1

U;”™ (A, Z;) = 27.612




Model

Surface energy with variable surface tension:

U (A, 21, By) = 0; S

0; = 0p,; (1 + ki (Bi — .Big's')z)

(N; — Z)?\*
0,; = 0.9517 [ 1 — 1.7826
) Al

1
k; =
“7 1 + exp[—0.063(Cyyp, (4, Z;) — 67]

- 2
hwb, (3Z:e RS, / (41))
2B(E2)!

vib

Coin(4i,Z;) =
B(E2)L;, = EL B(E2)Lo: /(Rwl,}

Shell corrections are calculated as in:

J. Maruhn and W. Greiner, Z. Phys. 251, 431 (1972)
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Y
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1
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Model

Excitation energy of the scission configuration can be calculated as a sum of the 1nitial excitation

energy of the fissioning nucleus and the difference of the potential energies of the fissioning nucleus
and scission configuration:

E*(AitZir .Biin) = EZ‘N + [UCN(Ar Z, :B) - U(Aiizir :Biin)]

Tpns(E®) = JE*/a, a=A/12 MeV?

Temperature dependence of LD terms:
Uigym(AirZitT) = Ufym(Ai)Zi;T = O)(1 + 6 X 10_4E;</Al)
Uf (A, Z, B, T) = UF (A, Z, B, T = 0)(1 — 0.12 E} /A})
U™ (A, Z, B T) = U (A4, 24, B3, T = 0)(1 + 0.102 E; /A;)

ki(E;) = k; X exp[—E; /E]
Shell damping:
ushell(4;,z;, Bl EY) = sUU(4;, Z;, B, Ef = 0)exp[—E}/Ep]

G. Suaner et al., Nucl. Phys. A 264 221-243, (1976)



The probability of emitting exactly v neutrons (Jackson model):

h(E)) = P(v)—P(v + 1)

2v—-3
Pv)=1—e?[1+
k=1

A,= (Ei* - zv: Bk) /T

k=1

(A,)"
k!

P, (Ef) ~ pL(Ef)pu(E* — E7)

E* * * * * *
fo dE] Py (E[)p.(E[)pu(E" — EL)

Pp(v) =

fo dE; pr(E;)py(E™ — EL)

pi(Ef) ~ exp|2(a; E)Y?]




Results - thorium isotopes
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What about excitation energy of CN? 238U(n.f)
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Manifestation of ternary clusterization in binary spontaneous fission of 2°2Cf
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Suggesting the formation of the trinuclear systems (C, O, Ne between two fragments) at scission and their binary decay into a
light fragment and a dinuclear system with subsequent fusion of the nuclei of the dinuclear system and the formation of a

1% mode: TKEqy, = 189 + 1 MeV, TKEg, = 192 MeV,
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