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Model

Parameters Z;,, A;, B ; P , and R completely

describe the geometry of the system.

(Z1,A)

The interaction potential between the fragments: V (R, Z, A, J, 51, P2) = Vy + Vo

1/2
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R po(r) = p1(r) + p2(R—1)
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Finea = Jinico  finea 2V (N, ¥ 20)

27. 7 9 \2e27,7
‘/;:(R7217227/817/62):€ : 2+<_> : 22R262

= S0 Ps(cosb;)

Co = 300MeV fm?
——————————————— fin = 0.09, foy = —2.59
B af poo = 0.17fm =2, a = 0.51 — 0.56fm

Sh. A. Kalandarov, G.G. Adamian, N.V. Antonenko, W. Scheid, Phys. Rev. C 82, 044603 (2010)
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(Z1:A1)

 The total energy: U ( A;. Z;, B, d) —
:Umacro(Az'a Zia ﬁia d) T 5U8hell("4ia Z?lv ﬁz) —

=Y UMP(AiZi,B:)+ Y UM (A Zi, B, B )+

1=1,2 1=1,2
‘|‘VN<Ai7 Zia ﬁia d) + VC(Aia Z’ia 5’1:7 d)

UL-P-(A;, Z;, B;) = Uiswface(Ai, Zi, Bi) + UF (As, Zi, Bi) + U{gym(Az" Z;)

*  Liguid drop terms:
U™ (Ay, Z;) = 27.612 8520
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Model - Ru+ "Ry (E* = 0 MeV)
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Surface energy with variable surface tension:

Uiswface(Am Ziy Bi) = 0;S; o

o; = 00.i(1+ ki(B; — BY)?)
00 = 0.9517(1 — 1.7826((N; — Z;)?)/A;)?)

o 1
k’b - 1+exp[—0.063(001b(ZL7A’L)_67)]

hw? ., (3Z;eRG ; /(47))>
2B(E2);,,

Cviv(Zi, Ai) =

B(EQ)’Uib — E;JrB(EQ):f‘ot/(hwff)ib)
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Shell corrections are calculated as in :
J. Maruhn and W. Greiner, Z. Phys. 251,431 (1972).




Model

Excitation energy of the scission configuration can be calculated as a sum of the initial excitation
energy of the fissioning nucleus and the difference of the potential energies of the fissioning nucleus
and scission configuration:

Tons(E*) = v/E*/a ,a=AJ/12MeV ™!

lemperature dependence of LD terms:

U™ (A, Zi, T) = U™ (Aiy Zi, T = 0)(1 4+ 6 % 107 EF /A;),

U (A, Zi, i, T) = UL (A, Zi, B, T = 0)(1 — 0.12E; /A;)

U (A, Zs, i, T) = UV (Ay, Zs, Bi, T = 0)(1 4 0.102E7 / A;).
ki(EY) = k; xexp|—FE}/FEx]

Shell damping:

SU (A, Zi, Bi, EY) = 6US" (A, Zi, B, B = 0)exp|—E; | Ep]

G. Sauer, H. Chandra, U. Mosel, Nucl. Phys. A 264 (1976) 221-243
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Yields:
Using PZ,A<EEN7 517 62) ™ e:cp{—U(Rm, Za A) 517 52)/T}
Pyeaty 5 ~exp{—Bes(Z, A, B1,B2)/T}

U(AZ7 Zia B’i) R?n) T BQf(A?,a Zia 51)]
T

w(AZ7 Zi)ﬁ% E*) — Noeajp[—

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

Y(Ai, Zi) = No //W(Az',ZiaﬁlaﬁmE*)dﬁldﬁz,

Y(4;) = NOZ//w(Az',Zuﬂl,ﬁmE*)dﬁldﬁ% {\ /}
Z; Q_/

(Z1:A1) (Z2,A2)

V(Z) =N Y [ [wlAi, Zis 1., B dirde
A

TKE(AZ, Zz) :Vc(Ai, Zia Bla 182> + ‘/TL(A’U Zia /817 52)

_ ZZi fTKE(Ai7Ziaﬁl)ﬁQ)w(AZ'?Z’L'?Bl:/BQ?E*)dﬁldBQ

<I'KE > (AZ> ZZi f’lU(AmZiaﬁl)ﬁ?aE*)d/BldﬁQ
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Results (and more modelling)

2, JdBLAPyTKEA, Z,, p)w(A;. Z;, B, E¥)
ZZi J dprdpgw(A;, Z;, ;s E¥) .

(TKE)(A,) =

TKE({A,Z.p}) = VV({Au Z: B;}) + VE( AL Z, Bi))
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Results - thorium isotopes
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What about excitation energy of CN? 238U(n.f)
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Results - <N/Z> ratios in primary fragments
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Pasca et. al, PRC 99, 064611 (2019)
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G.M. Ter-Akopian et.al., PRCSS 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.” 10°
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B. M. Musangu et.al., PRC 101, 034610 (2020)
< see also: G.M. Ter-Akopian et.al., PRL77, 32 (1996)
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171.0 MeV (Ce-Zr), respectively.

Maximum excitation energy: €; = E* + Ugsf = 28.1 MeV
and € = E + Ug:f = 24.1 MeV, respectively.
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To obtain TKE ~ 153 MeV one needs S, 51, > 2.5 (>3 PRC55 1146 (1997)) - unrealistic.
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Competing mechanisms?
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Initial nucleus Formation of a dinuclear system Decay of the dinuclear system

.——-0’—0 <@

Three-body decay

Formation of a ternary system " ‘ ‘ ‘

Binary decay
of the ternary system

. Fusion leading to a
“a hyperexcited heavy nucleus

Schematic illustration of normal binary decay and ternary fission processes, as well as the ternary
cluster mechanism leading to a hyperexcited heavy fragment.
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TABLE I. Mean kinetic energy E, width of energy distribution o and absolute yield of ternary particles.

[J [J
COmpetlng meChanlsmS? Values.giyen in italics are those from an “enforced” fit, as explained in the text; they should be considered
Ideea supported by: 1. Tsekhanovich et. al., PRC67 034610 (2003), Table I (right) as preliminary.
E (Mev) OF (MCV) Yield
814 15114 7.1*13 (26+0.7)x107°
oLi 125+09 55+10 (3.8+1.0)x107°
[°Be 17.5+0.4 7.7+0.6 (3.8+0.7)X 10> |
Be 165+13 74+09 (47+12)x107°
12Be 15.1+1.1 7.1+1.1 (27%£07)%107°
12 21.8+0.8 82+18 (1.5+04)x107°
3B 20.1%1.1 8.1+09 (24+0.6)x107°
4B 170+12 73+07 (14+04)x1077
5B 168+1.9 70+10 (9.1+4.1)x 102
[14c 27.0+0.3 9.9+0.5 (13+02)x1075 |
5¢ 25.1+0.5 8.9+0.7 (53%1.1)x107°
e 244+1.1 9.6+1.2 (48%1.1)X1076
¢ 213+1.7 83+09 (75+28)x1077
3¢ 204+2.8 85+14 (24+07)x1077
16N 259+22 98+1.7 (15+04)x 1077
N 250*1.6 94+12 (8.1£2.0)x 1077
18N 238+15 99+12 (45+1.1)x1077
5 N fixed 7.0+0.9 1.3x107%
: 2N fixed fixed 34x107°
5 [*0 314+17 10.6+1.9 (25+07)x10°° |
; e 242+12 10.7+0.7 (64+13)x1077
v v 20 33.0+74 143+42 (42+16)x1077
20 fixed 9.5+32 58x1078
. . sl % 2R 254+33 fixed 9.7x107°
Ba (left) and Ce (right) nuclei have sufficient €* to be g resaal o3 Lm0 10-7
1 1 2R 33.8+10.5 122+4.6 (14+08)x 1077
energetically feasible to be represented as clusters. - 810 22746 (aromao |
%Ne 33.9+29 142+19 (24+0.6)x 1077
2 9+5.9 fixed 2.0x1078
- .y 10p, 14~ 200 24,26 Ne 359
Notable third fragments: a, “Be, “C, “°0O, “*“°Ne 2Ne fived fived 1.8x107
. . 2Na 38.4+82 163+45 (82+32)x1078
(neutron rich nuclei). N fived fived 1.0X10~7
ONa 31.7+8.6 11.9+6.1 (22*22)x10°8
Mg 349+37 13.0+138 (13+x04)x107"
Mg fixed 108+2.7 3.7x1078
Mg fixed fixed 1.0x107°
0A1 fixed fixed 9.0x107°
241 fixed fixed 1.1x1078
BAl fixed fixed 1.8x1078
325 fixed 120+1.7 8.9x107°
Bsi fixed 11.3+14 15x1078
Hgi fixed 113+13 22x1078
37si fixed fixed 2.0Xx107°
¥p fixed fixed <56x107°
37 fixed fixed 4.7x107°

408 fixed fixed <3.3x107°
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170 170

b). (Zr+C) + Te

a) Zr + (C+Te)
165

160

T R B
d(fm) d(fm)

Interaction potentials favor the formation of the cluster composing of the heaviest nucleus with the third particle.

G.M. Ter-Akopian et.al., PRCSS 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.”
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Final excitation energy of the heavy fragment is: £** = ¢* + AV — Q,
where e* = E* + U9,

l
AYV - the reduction of the interaction potential due to the third fragment;
Q is the fusion Q-value.

18Ce + 1917Zr ef, = E¥ + U =24.1 MeV

AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)

(*Ba+a)+1Zr 8.3 1.1 31.3 162.0

( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5

(134T 14C) 41047, -9.2 64.0 150.3

(1288n4200) 41047y -9.2 72.7 153.6

(1220d+26Ne)+104Zr -9.9 81.4 144.5

(124Cd+24Ne)+1°4Zr -11.0 80.9 144.2
Large variations in AV, especially for heavy third nuclei. “Ba + Mo G = By Up| = 28.1MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)

_(142Xe+a.)—|—106M0 12.7 2.0 38.8 166.6

(136 Te+19Be)+105Mo 3.2 38.6 144.4

(132Sn+14C)+106M0 -8.5 67.1 155.9

(126Cd+200)+1%Mo -3.5 70.6 160.6

(120Pd+26Ne)+106Mo -4.7 77.8 157.1

(122Pd+24Ne)+1%Mo -5.6 78.5 158.0
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Final excitation energy of the heavy fragment is: ¢** = ¢* + AV — Q,
where e* = El?‘< + U,
AYV - the reduction of the interaction potential due to the third fragment;

Q is the fusion Q-value.

148Ce + 1047y ef, = E¥ + U =24.1 MeV
- AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
- // (*“Ba+a)+10Zr 8.3 1.1 31.3 162.0
( 138X e+10Be)+104Zr 35.1 140.5
}/ (134 Te+11C)+1047Zr 64.0 150.3
(,s’ (1288n+4-200) 41947y 72.7 153.6
;‘j\ (*?2Cd+?6Ne)+1%4Zr 81.4 144.5
22 (*24Cd+2"Ne)+1%Zr 80.9 144.2
Large variations in AV, especially for heavy third nuclei. 1°Ba + Mo €40 = Eja+ Upy =28.1MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
(12X e+a)+1%Mo 12.7 2.0 38.8 166.6
Large negative (J-values enhance £**, especially for (136 Te+10Be)+1%Meo 3.2 38.6 144.4
heavy third nuclei. (13280 +14C) £ 106\ o 67.1 155.9
( 70.6 160.6
(*°Pd+?0Ne)+1¢ 77.8 157.1
(122Pd+21Ne)+1%Mo 78.5 158.0
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Final excitation energy of the heavy fragment is: £** = ¢* + AV — Q,

where e* = El?‘< + U,
AYV - the reduction of the interaction potential due to the third fragment;

Q is the fusion Q-value.

18Ce + 1917y ef, = E¥ + U =24.1 MeV

AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)

( (*“Ba+a)+10Zr 8.3 1.1 31.3 162.0
,’ ( 138Xe+19Be)+1047Zr 140.5
(134 Te4+14C) 41047y 150.3
(128Sn+200)+1047r 153.6
(122Cd+20Ne)+1%Zr 144.5
2 (124Cd+-24Ne)+1%47Zr 144.2
Large variations in AV, especially for heavy third nuclei. 1°Ba + Mo €0 = Ej,+ Upe) =281 MeV
AV (MeV) Q (MeV) €% (MeV) TKE (MeV)
2.0 38.8 166.6
Large negative (J-values enhance £**, especially for 3.2 38.6 144.4
heavy third nuclei. 155.9
160.6
(129Pd+26Ne)+1¢ 157.1
158.0

(122Pd+-24Ne)+1%Mo

Extremely large excitation energy for the heavy fragment
after heavy cluster’s fusion.
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TABLE I. Mean kinetic energy E, width of energy distribution o and absolute yield of ternary particles.

. . Values given in itali those fi “enforced” fit, lained in the text; they should b idered
Competlng mechanlsms? a:.}l)lrzsllrgri:’::ryln italics are those from an ““enforce: t, as €xplamed 1n the text €y shou € considere
e .. . E (Mev) or (MeV) Yield
The probability of emitting exactly v neutrons, taking L P 1t1a 2620 7X10-¢
. . . c4l . . oLi 125+09 55+10 (3.8+1.0)x10°°
into account binary and tripartition contribution, can be M5 = = G070
. . Be 165+13 74+09 (47%12)x107°
written as: 12Be 15.1*1.1 7.1+1.1 (27£0.7)x 107
12g 21.8+0.8 82+18 (1.5+04)x10°°
138 20.1+1.1 8.1+09 (24+0.6)x10°6
— %k %k sk 4 170+12 73%0.7 (14+04)x1077
P(l/) - /IdPy(Ai’ Zi’ ﬂi? € ) + ﬂtpy(Aia Zi’ :Bi’ € ) 5B 16.8+1.9 7.0%10 (9.1+4.1)x10°%
[14C 27.0+03 9.9+0.5 (13+02)X10°5 |
15C 25.1+0.5 89+0.7 (53*1.1)x10°6
v pe=USi_yget e 244+1.1 9.6+12 (48+1.1)X10°°
P(A.Z. B. e) = Z EPA(EP (U%f + P _ydf _ g e 213+17 83+09 (7.5+28)x1077
SAi Zi, fi €) dEP(E) ”L(UL +E) ”_”L(e UL ) e 204+28 8.5+ 14 (24+07)x 1077
y=0"0 1N 259+22 98+17 (15+04)x1077
N 25.0*1.6 94+12 (8.1£2.0)x 1077
18N 238+15 99+12 (45+1.1)x1077
PN fixed 7.0+0.9 1.3x1078
21N fixed fixed 3.4x107°
12’0 314+17 10.6+19 (2.5+0.7)x10°° |
29 242+12 10.7+0.7 (64+13)x1077
20 33.0+74 143+42 (42+16)x1077
20 fixed 9.5+32 58x1078
2R 254+33 fixed 9.7x107°
g 26.5+2.1 9.8+13 (1.6+£04)x 1077
The probability of emitting the third cluster is the product o 382103 122245 (40810
of the probabilities for formation of ternary system and Ijjge 539209 s Q4209107 |
e 915, e .
three body decay. "Ne fixed fixed 18x107
Na 38.4+82 163+45 (82%32)X 10~
. . . 28Na fixed Sfixed 1.0x1077
L j’t can be estimated using the experlmental values. 0Na 317+86 119+6.1 (22+22)%x10°8
) Mg 349+37 13.0+1.38 (13+x04)x107"
[N : . — : 2Mg fixed 10.8+2.7 3.7x1078
our estimates: < 107 compared to binary decay. B Jued P 710
A1 fixed fixed 9.0x107°
2] fixed fixed 1.1x1078
BAl fixed fixed 1.8x1078
325 fixed 120+1.7 8.9x107°
3si fixed 11.3+14 1.5x1078
i fixed 113+13 22x1078
37si fixed fixed 2.0Xx107°
¥p fixed fixed <5.6x107°
s fixed fixed 4.7x107°

40g fixed fixed <3.3x10°
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lUl _ | [ | 0T | 1T | T | 1 n | 1 n | [ | 1 | 1 | 111 T | 1 | I | [ B I
- a)Ce+Zr ® Exp - ® Exp -
0 ) — — — = Binary contributions T~ b) Ba + Mo = = = - Binary contributions  —
10° = ("“Bat+ta)+'"Zr —F ("Xe+ta)+'®Mo —=
107 ¢ = =
=~ F ¥ -
=107 = =
e = o 3 =
- ° T ® o =
10_3 = o == i =
= \ =F \ ° =
» - \ ® - \ -
107 \ = \ =
= \ =F \ =
N \ I -
0 el T A A A A Y N b b
0 2 4 6 8 10 12 0 2 4 6 8 10 12
\4 \4
_ def __
148Ce + 1047y e =E% +U% =24.1 MeV 1468, 4 106)\[o €g, = Eg, + Up, =281 MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV) AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
(MBata)+197Zr 8.3 1.1 31.3 162.0 (H2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5 (136Te4+10Be)+1%Mo  13.7 3.2 38.6 144.4
(131 Te4+11C)+1017Zr 30.8 9.2 64.0 150.3 (1328n+14C)+106Mo 30.5 -8.5 67.1 155.9
(1288n+200)+1%7r 39.6 -9.2 72.7 153.6 (126Cd+2°0)+1%Mo 39.0 -3.5 70.6 160.6
(}22Cd+%%Ne)+104Zr 47.4 -9.9 81.4 144.5 (120Pd+26Ne)+1%6Mo  45.0 4.7 77.8 157.1
(*24Cd+2"Ne)+1%4Zr 45.8 -11.0 80.9 144.2 (122Pd+%INe)+1%Mo  44.8 -5.6 78.5 158.0
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252 Cf

. | [ | I | N | I | o | 1 | | I:: | T | I | LT T | T | T | I I:
- 3)Ce+Zr ® Exp. - ® Exp -
N ) — — = = Binary contributions - b) Ba + Mo = = = - Binary contributions —
=" (144Ba + a) + 104 Zr == (142Xe + (l) + 106 MO =
= — —— - (38Xe+ "Be) + % 7Zr I - — ——=- (36Te + 'Be) + ' Mo =
— - .’/ . \\ -
= I o - N =
= E =
= = S =
| | - / —
Ve
= EX =
= L = ° =
- ® I \ ° -
= 3= \ =
= \ + | * =
— \ o I \ \ -
= \ 3= \ =
= \ = \ \ =
- \ I | \ Z
Lo v b by e b v bvvvra b U bvvvon v bvvr o v bowr v bvvv o b
0 2 4 6 8 10 12 0 2 4 6 8 10 12
A \4
= de] =
14SCe + 104ZI' eéke — Ege + Ugjf = 24.1 MeV 146Ba + 106MO 6;54 El?a + UBa 28.1 MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV) AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
(*Ba+a)+10Zr 8.3 1.1 31.3 162.0 (M2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5 (136Te4+10Be)+1%Mo  13.7 3.2 38.6 144.4
(134 Te+11C)+1047Zr 30.8 -9.2 64.0 150.3 (1328n+14C)+1%Mo 30.5 -8.5 67.1 155.9
(1288n+200) 41947y 39.6 -9.2 72.7 153.6 (126Cd+2°0)+1%Mo 39.0 -3.5 70.6 160.6
(}22Cd+%%Ne)+104Zr 47.4 -9.9 81.4 144.5 (120Pd+26Ne)+1%6Mo  45.0 4.7 77.8 157.1
(*24Cd+2"Ne)+1%4Zr 45.8 -11.0 80.9 144.2 (*22Pd+%4Ne)+1Mo  44.8 -5.6 78.5 158.0
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lUl _ | 1T | 01T | T | T | T | T | T | 1T | 1 | 1T 1T | T | 1 | [ I B
- ) Ce +Zr ®  Exp. - ®  Exp -
100 — ) — — — = Binary contributions - b) Ba + Mo - 1134i2nary contriltgzltions ~
= 4Ba+ o)+ %Zr T (MXeta)+ ™Mo —=
§ —— - EBSXz + (‘?Be) + lOIt; 7r §§ - —— ('36Te + ‘°Be) + 106 Mo §
— s @ @ N assssaas (134Te + MC) + 104 7, :: 0.~ 0 - R (BZSII + 14C) + 106 Mo —
10_1 = // = .//, ——
= o, =S Y 2 =
; -2 - ,// 1 //, -
=107 =6 = =
= = ° e =
-4 AN N 3 I \\ ®..e _
107 . e = i % e
= \ " == W =
Al \ ® I \ ‘\ -
4 \ i | —
10 = \ ES ! \ =
: Voo T 1 A -
1075 v v b by e b e Peva b b b I b P N i L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
A% \4
= ﬂe] =
14SCe + 104ZI' eéke — Ege + Ugjf = 24.1 MeV 146Ba + 106MO 6;54 El?a + UBa 28.1 MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV) AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
(*Ba+a)+10Zr 8.3 1.1 31.3 162.0 (M2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5 (136Te4+10Be)+1%Mo  13.7 3.2 38.6 144.4
(134 Te+11C)+1047Zr 30.8 -9.2 64.0 150.3 (1328n+14C)+1%Mo 30.5 -8.5 67.1 155.9
(1288n+200) 41947y 39.6 -9.2 72.7 153.6 (126Cd+2°0)+1%Mo 39.0 -3.5 70.6 160.6
(}22Cd+%%Ne)+104Zr 47.4 -9.9 81.4 144.5 (120Pd+26Ne)+1%6Mo  45.0 4.7 77.8 157.1
(*24Cd+2"Ne)+1%4Zr 45.8 -11.0 80.9 144.2 (*22Pd+%4Ne)+1Mo  44.8 -5.6 78.5 158.0
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10°

10°

(
(
(
(
(
(

— | L | o | L | Frrr | o | 1 | [ | [N | T | T L | LT | LT | [ I I
= + ® Exp. - ®  Exp. =
— a) Ce + Zr — — — - Binary contributions —| b) Ba + Mo — = == Binary contributions —
= (*“Ba+a)+'"Zr —= ("Xe+oa)+'*Mo —
— — ——=- (133Xe+ "Be) + % 7Zr I& - — ——-(3Te + %Be) + % Mo =
- 72 @ @ "N  asesass (134Te + 14C) + 10470 TC .-~ O ~O e (13zsn + 14C) + 106 Mo =
_ —_ = - (IZSSn + 200) + 104 7r . ./, —_ = - (126Cd + 200) + 106 Mo _
= = ) o =
- = =
= e =
— . | PY =
- VAN L -..' 1T \\ e e —
— \ .°. . = A ". o —
= 1 == i PY =
- J" \ AP - " \\ o -
_ 1\ . 1 | AT N0 _
= 1 R E3 N A =
= 1 \ "\ aF A ! Ny =
m Wiz Ly I | \ v -
Lovvva v v bvvaAd e b b bedvra boa b bvvron v brvvoar bbb bvwr o tav i Ly
0 2 4 6 8 10 12 0 2 4 6 8 10 12
A A/
148Ce 4 1047y e =E% +U% =24.1 MeV 1468, 4 106)\[o ey, = Ej,+ Upd =28.1MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV) AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
iBata)+1%Zr 8.3 1.1 31.3 162.0 (M2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
138X e+10Be)+101Z2r  13.9 2.9 35.1 140.5 (136Te+10Be)+1Mo  13.7 3.2 38.6 144.4
134Te4+14C)+1%47r 30.8 -9.2 64.0 150.3 (1328n+-14C)+1%Mo 30.5 -8.5 67.1 155.9
1288n4-200)4-1047r 39.6 -9.2 72.7 153.6 (126Cd+2°0)+1%Mo 39.0 -3.5 70.6 160.6
122Cd+4-26Ne)+1%7r 474 -9.9 81.4 144.5 (120Pd4-26Ne)+196Mo  45.0 4.7 77.8 157.1
124Cd+24Ne)+1947Zr 45.8 -11.0 80.9 144.2 (22Pd+2!Ne)+1%Mo  44.8 -5.6 78.5 158.0
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- a3)Ce+Zr ®  Exp. - ® Exp -
0 ) — — = = Binary contributions —~ b) Ba + Mo = = =~ Binary contributions  —
10° (“Bato)+'™Zr g (“Xe+a)+ %Mo —
= — — == (38Xe+ 9Be) + % 7y I e — —— - (13Te + 1'Be) + 1 Mo =
— s @ @ N aassaas (134Te + l4C) + 104 7, 1 ’,’ [ \\ _______ (132Sn + I4C) 4 106 Mo —
10—1 _ y — — -(Bgn+20)+ 1047y | .,,’ — — - (15Cd +20) + 1% Mo __
; .// _____ (12Cd + 26Ne) + 1% Zr ;% . -~ W\l @ ... ('2°Pd + 26Ne) + 1% Mo %
— - 7 T . -
Z 1072 =e =
=5 = ® = =
I A S T A TR 9 T \ .‘ =
-3 v . \ oo .
107 = o\ N = N SN - @ =
= N 3 ) N " ® =
_4: V- -x @ o || PRI -
107 = 2 A = Sl TG E
= / \ \ 9 v oA ) ,\\ N\« =
— ,'\ "\ “ —4- N B \ \o —
1075 i1 b M b edv b b tvvvra I v b b rma Tvw v P v
0 2 4 6 8 10 12 0 2 4 6 8 10 12
vV vV
= def =
148Ce 4 1047y e =E% +U% =24.1 MeV 1468, 4 106)\[o €, = Ep, T Up, =281 MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV) AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
(*Ba+a)+10Zr 8.3 1.1 31.3 162.0 (M2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5 (136Te4+10Be)+1%Mo  13.7 3.2 38.6 144.4
(134 Te+11C)+1047Zr 30.8 -9.2 64.0 150.3 (1328n+14C)+1%Mo 30.5 -8.5 67.1 155.9
(1288n+200)+1%7r 39.6 -9.2 72.7 153.6 (126Cd+2°0)+1%Mo 39.0 -3.5 70.6 160.6
(}22Cd+%%Ne)+104Zr 47.4 -9.9 81.4 144.5 (120Pd+26Ne)+1%6Mo  45.0 4.7 77.8 157.1
(*24Cd+2"Ne)+1%4Zr 45.8 -11.0 80.9 144.2 (122Pd+%INe)+1%Mo  44.8 -5.6 78.5 158.0
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101=|IIIII|IIIII|IIIII|IIIII|IIIII|IIIII|II==|IIIII|IIIII|IIIII IIIII|IIIII|IIIII|IIIII=
- a3)Ce+Zr ®  Exp. - ®  Exp -
0 ) — — = = Binary contributions b) Ba+ Mo — = — - Binary contributions  —
10" = ("“Ba+a)+'™Zr S (“Xe+to)+'®Mo —
= — = == (13¥Xe + 19Be) + 1 Zr = = - —— = (¥Te + 'Be) + 1 Mo =
- @ @ N saseaas (¥Te+“C)+1%zr - &7 @ TN e (32Sn+ “C)+ %Mo =
10—1 _ — — - (1388p + 2Q) + 1% 7y — — - (15Cd+20) + % Mo __
= &/ X\ - (2Cd+*Ne)+'%zr ¢ =~ o~ 7 I\ = - (*°Pd +*Ne) + ' Mo =
- - Total contributions Total contributions =
E? 107 =e =
10—3 _ == \ ) =
— e N o =
— - M | _
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4 1 _
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- =4 AL =
— - N B R \" -
1075 i L b v b b v N o Pah e Ly
0 2 4 6 8 10 12 0 2 4 6 8 10 12
A% A
1480 4 1047y ¢ = Ef +U% =24.1 MeV 1463, 4 106)\[o ex, = Ej, + Upd =28.1 MeV
AV (MeV) Q (MeV) €37 (MeV) TKE (MeV) AV (MeV) Q (MeV) €37 (MeV) TKE (MeV)
(*Ba+a)+10Zr 8.3 1.1 31.3 162.0 (M2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5 (136Te4+10Be)+1%Mo  13.7 3.2 38.6 144.4
(134 Te+11C)+1047Zr 30.8 -9.2 64.0 150.3 (1328n+14C)+1%Mo 30.5 -8.5 67.1 155.9
(1288n+200)+1%7r 39.6 -9.2 72.7 153.6 (126Cd+2°0)+1%Mo 39.0 -3.5 70.6 160.6
(}22Cd+%%Ne)+104Zr 47.4 -9.9 81.4 144.5 (120Pd+26Ne)+1%6Mo  45.0 4.7 77.8 157.1
(*24Cd+2"Ne)+1%4Zr 45.8 -11.0 80.9 144.2 (122Pd+%INe)+1%Mo  44.8 -5.6 78.5 158.0
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148 104 _ def __
Ce + ""*Zr ek =E* + UL =24.1 MeV

Competing mechanisms? - Neutron multiplicity AV (MeV) Q (MeV) € (MeV) TKE (MeV)

lUl — | [ | [ | [ I [ | [ | [ | T | [ | TTTTT | TTTTT TTTTT | TTTTT | TTTTT | T TTT_] (144Ba+a)+104zr 8.3 1.1 31.3 162.0
§ a) Ce+Zr __._- E)_(P- tributi b) Ba + Mo ——.—- F;ig contributions §
100 I T ( 138Xe+1%Be)+1%Zr  13.9 2.9 35.1 140.5
o0 B = Y D e 150 whie 134rm. | 14 | 104
= Y SN (;Z?cll#ﬁg?:mzr ----- (;:E’ﬁ::;ﬁieguti;";sl\do E ( Te+ C)"‘ ZI' 308 -92 640 1503
> 102, _
R N AR\ (128804-200) 41047, 39.6 -9.2 72.7 153.6
1023 H X N =
= SO S . E
o Y .| - (12Cd+*Ne)+'%Zr 474 -9.9 81.4 144.5
= \ “A PN | , =
E ; |// \, A\ oAl A Ny =
10—5_||||||| ||||||||||||'\|\\|/‘!||'|"|‘|||Ii'-l\l RS NN ||||||||||||\r||l|'|'||‘\||[||\:‘4\‘[||||[_ (124Cd+24Ne)+104Zr 45.8 "].1.0 80.9 144.2

o 2 4 6 8 10 12 0 2 4 6 8 10 12
v v — daej _
1468, 4 106)\[o, €pa = B+ Up, =28.1MeV

AV (MeV MeV) &% (MeV) TKE (MeV
Other observables in the 2nd mode for Ba-Mo: (MeV) @ (MeV) 3 (MeV) (MeV)

(M2Xe+a)+1%Mo 12.7 2.0 38.8 166.6
. TKE >, =153 +3MeV 136 10 106
Total kinetic energy: i - >exp_ oy e (136 Te+1Be)+106Mo  13.7 3.2 38.6 144.4
th ’ (1328n+14C)+16Mo  30.5 8.5 67.1 155.9
= 126Cd+-200)+1% Mo 39.0 -3.5 70.6 160.6
Neutron multiplicity: <v >ex”N 98 ( )
SV >y = (120Pd+26Ne)+106Mo  45.0 47 77.8 157.1
o (***Pd+*'Ne)+'Mo  44.8 -5.6 78.5 158.0
Excitation energy: Ba,model —26
G .M. Ter-Akopian et.al., PRL77, 32 (1996) E* - <
Ba,mode?2 exp
Ega,model —94
Ega,modeZ

th
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Other fragmentations - is the second mode present?

Nd+Sr fragmentation:
— Binary decay contribution much narrower than experimental data;
 PES minimum is much narrower than previous cases.
b example P(v = 7) is at least two orders of magnitude less than
previous cases.

— Most probable cluster is Nd — Xe + C. —Confiquration

— 2nd mode overlaps significantly with 1st mode.

— O, Ne clusters offer just a “tail” due to low probabilities. ~ |(F*Te +220) +7 Sr

AV 0 e**
(*°Ce + a) +° Sr 9,7 412 29,4
(“**Ba +'° Be) +78 Sr 14,7 6,53 31,9
(M49Xe +14C) +8 Sr 28,75 -4,3 50,09
1,8 13,1 78,6
(1285n +2° Ne) +78 Sr 56,04 17,2 97

B I I I I I I I I I I I I I I I I I I I I I_
1 Ol L I I I I I -
- o Exp. -
ol = = == Binary contributions .
1 O 3 Total contributions =
o S (19Ce + o) + %Sr >
% N P (144Ba + IOBC) + %8Gy i
= 1 O—l I A o AL (140X + 14C) + %St B
- - S ® — — - ("%Te +20) + %Sr 3
—_ E _____ (IZSSn + 26Ne) + 98Qr E
\, Z 1072 =
I"I"" = - ® =
I I,'//"z'/’\\\\v [~ ]

iy 1073
10F
1 0_5 i | L1 I\ '|' G 1 1IN 1 | |_



Conclusions

e The mass, charge, TKE and neutron distributions can be calculated within the same model.

* Clusterisation of the heavy fragment can lead to a highly excited fission fragment.

e Competing mechanisms are possible, and they provide key signatures in < n > and TKE values.
e Evidence for cluster effects for can be “hidden” within existing experimental data.

e Question : Is this mechanism more common than previously thought ?

Thank you!
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