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One of the most Important and still not cleared up
problems of the nuclear fission mechanism Is fonnation . of
fragment mass distributions. At present there exist a number
of theoretical models based on different approaches which tend
to describe with different degrees ot confidence the
fragment mass distributions and which, however, do not provide
an exact quantitative solution of the problem. In par t lcular,
the statistical model H I , the fragmentation nsedel 123, the
sclselon point model 13), the model combining fission channels
with the random neck-rupture U » 5) can be mentioned among them.
These models, although developed from different starting
points, yield results wnlch are mainly governed by the
potential energy at the scleslon point and It can be shown that
they are nearly equivalent from the qualitative point of view.
This work Is an attempt to get direct experimental information
on the character of the potential energy surface in the
scission point as well as on some details of the mass
distribution formation.

' • • , . .. • / '•';. .• ••• ; - • ' • • • ' ' . • • • • ' • • • " Т Е В И Щ - , . • • . • . "

•ultlparameter measurements of the fission process
characteristics were performed In both binary' and ternary
spontaneous fission of ̂ "Cf. The following parameters were
registered for each Individual fission event: the kinetic
energlea of both coeplementary fragments, the numbers of
neutrons emitted by each complementary fragment and the kinetic
energy of long range particles In the case of ternary fission
with equatorial and polar emission.
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-r.i were registered by a combination of two
gadolinium *v "5РЛ large Uquld scintillation counters separated
one from the < --.>ьг by ь combined shield to prevent their
mutual Influence, r ' total .neutron reelstation efficiency
(Including the georae с г? factors) amounted to S3*. Fission
fragments were registered W a twin parallel plate lonlzatlon
chamber with a* colllmatlon оГ ihe frafjnents within ft small
angle along the chamber axis.

The chamber was Inserted Into the center of the shield
between the neutron counters. Long range particles were
registered by silicon surface-barrier detectors arranged around
the chamber electrodes Inside the chamber.

In the measurements, \<f events of binary fission. 4.i(f
events of ternary fission with equatorial emission and 4.10*
events of ternary fission with polar emission were utilised for
experimental data processing.

The quality of the detector channels used can be
characterized by the fragment pulse-height spectra (Fig. 1),

3500
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• Channels

Fig. 1- The Пвш&ол егтжтлт х>иХшл-П*1хЪ* «pectга
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the preneutron fragment oass distribution In binary and ternary
fission (Fig. 2 ) , the long range particie pubt-aelght opecfa
for equatorial ••>"* уЛ&г emission (P.tg. 3) and the saw-tooth
dependence of the me^n neutron emission on the fгадвепг mass

prcsenced in Pig. 4 together with similar curves obtained by
SIGNARBTEUX (6) and FRAENKKL (7).
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* 2. Pr«-neutron «Mleelon fragment maaa dlotributlon*

In binary end ternary flaalon

The measured two-dimensional multiplicity distributions

F<»
b
,*'

H
) of neutrons emitted by both the light and the heavy

fragments u>
L
 and i»

H
 were obtained in the measurements tor each

fixed fragment mass M and total kinetic energy ^ as raw

experimental data. These distributions were then unfolded . to

obtain the Initial distributions with corrections Introduced
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•Pig» 3. The LR-partlcl* «nsxsy spsctra in

fission with «quatorisl and polar emission
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Pig. 4.The averse* neutron emission fro» individual

fragments v л» л function of fragment mess in binary fission:

*- this work; о > data from raf. (6); • - data free ref.(7J
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for the neutron detection efficiency, the background, and
the neutron pulse pile-up. The finite mass and energy resolution
at thf fragment rtgistn..!^ was also allowed for. A method of
statistical regularizetion wac employed to perform the F(»»

b
,%)

olstrlbutlon unfolding by the use of prior Information on both
the smoothness and the momenta of the Initial distributions.
The Initial tl\t*

m
) distributions thus obtained for various

fixed I or ^ were then converted Into distributions of
preneutron masses ?

ы
(»

и
*»

п
) and kinetic energies Y

K
(V

| L
,M

| |
) for

filed pairs cf numbers of neutrons (»»,,#%) emitted by the light
and heavy fragments.The corrections for neutron emission
Introduced into V and E^ to obtain the preneutron values could
be determined accurately enough since the numbers of neutrons
were measured directly for each fission event.

The number of neutrons emitted Is a direct measure of the
fragment excitation energy. I.e. the sum of the energy '
dissipated at the descent from saddle to scission and the
energy of deformation In the scission point.

On the basis of the existing estimation of free energy
values (for example (8)). which does not exceed 10 Mev\ It Is
possible to suggest that the dissipated energy can cause an
emission of no more than one neutron. Therefore, the number of
neutrons emitted Is a measure reliable enough of fragment
deformation in the scission point.

Consideration of mass distributions for fixed numbers of
neutrons and thereby for fixed fragment deformation makes It
possible to obtain Information on the character of the
potential energy surface In the scission point as well as on
some quantum effects at the descent from saddle to scission.
Such Information can be compared with the nature of the
potential surface obtained by WILKINS In the scope of the
scission point model (31 and presented In Pig.5.
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Fig* 5* N*wtron~ shell correction» calculated by Wllklna

•t ml. (31 •• a function of d^romation {Pi and neutron

nuaiber.



- т -

. 'NARY flSSlOH

The fragment mass dlstrlbutlonsconsldered below are
characterized by pairs of numbers (̂ j**,,) which are the
numbers or neutrons emitted by the light and heavy fragments.*)

The mass distribution corresponding to the case when no
neutrons are emitted (OJU) and thus to the Host compact
configuration of both the fragments Is presented In Pig. 6. It
is characterized by two rather narrow main peaks at «asses
M

fc
=i07, X

M
=f45 and by two pairs of satellite peaks at masses

11^=112, ̂ =140 and ^=102. 3^*150. A practically suppressed
yield of mass И

и
=132 can be noted, which corresponds to the

double raaglc shell Z-50, N=82. and there by to the most deep
minimum G in the potential energy plot at zero deformation of
the heavy fragment, whereas masses 1^=140, 145, ISO, are
positioned at the slope of this minimum which corresponds to a
greater' potential energy.

It should be noted that the distribution considered Is
close to that obtained by BARREAU et al. (9) for true cold
fission of

 2 5 2
Cf (I.e. when a-TKE < 6 MeV) and Is presented

In Pig. ?. Similar structures with a period of 5 a.n.u. can be
seen In both distributions. Such structures that were found In
a number of other studies (cf. 110, 11, 12)) can be regarded as

in our previous publication (24] similar symbol* we»* ueed.

However, there they denoted the numbers of neutron* emitted by

the considered frasnent (llcht In the left part of the Г1cures

and heavy In the richt part), and by the complementary one. In

thla paper these symbols denote the number* of neutron* emitted

by the light and the heavy fragment*. Thus. In «he- previous

paper publication the curve* represented tin* left тал the rlsHt

parts of two different mass distribution*, while пои they «re

both halves of one mas* distribution.
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6. Th* fragment M B S distribution In binary tlesion

160

140 1ё0
Mass, a.m.u.

0 < Q-TKE < б MeV 6 < Q-TKE < 8 MeV

0 1 4 0 l 6 0 I t
Mass, a.m.u.

Fig. 7. The fpaevent ша«| dl«trlbutlon« in eeld. compact

flttton of
 2 5 2

Cf obtained in
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a well established and caused by the fragment charge even-odd
effects. The pr^encs of *uch structures caused by predominant
mass yield of fragji«:i. *s wit., evea charges Is an evidence that
the fission fragments are cold In the scission point because
the proton pairing gap Is less than 3 Me?.

The similarity of the distribution obtained In this work
to that obtained by BARREAU et al. (9) and the presence of the
structures mentioned- shows that fission without neutron
emission Is cold enough in the scission point, though In this
case Q-TKE = 1С MeV (cf. Table 4) and the fragment heating is
not forbidden by the energy balance. It can be mentioned that
In 19) the structures are also present In the energy Interval
of 6 XeV < Q-TKE < 8 fceV (cf. Pig. 7).

The mass M^-132 appears when the .light •complementary
fragment M

V
=12O becomes deformed and Its yield rises with the

complement deformation Increase as can be seen In Fig. 8 where
the mass distributions fcr cases of (f|O), (2(0), (3)0), (4)0),
(S|0) are presented. This can also be clear froe
distributions P(»

L
) and ?(»

и
) for this fragment mass pair

presented In Flg.9. The general trend of the behaviour of this
fragment pair with the neutron numbers (̂ J*,,) Is presented In
Table t.

A compact fragment with the mass M=132 can thus exist only
together with a deformed complement. This fact can be
understood on the basis of a conclusion proposed by fflLKIHS 13)
that the broad alnljnum on the pc>.^ntial energy surface at the
quadrupoie deformations /?

ь
=/»

я
=0.6 due to a liquid-drop

component causes the complement,the spherical fragment with
N--82, to be very deformed. However, for the КУГ/145 mass split
the liquid-drop component does not forbid both the fragments to
be completely compact ( V ^ H

5
*

0
* Q-TKE < IQHeV). This difference

can probably be associated with specific properties of light
fragments Jl^=tO7 and 1^-120, though they pertain to . the same
broad maximum In the contour plot (W

u
=64 and 1^=72,

respectively).
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rri-THW I I I I I I I I I W

120 140
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i lo ffl ido

Fig. 8.Th« frac«M»nt ••>• dlatrlbutlon* In binary fleslon

for the fixed combination of neutron numbers:

A - (t|oi; • - <г|о»; с - <з(.о>; о - (*lor, с - (з|о#
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T~T I 4 T * * *
Number of neutrons

Pig. 9. Tn* neutron Multiplicity dlatrlbutlona P(
V

L
>

for the aaseaa И.-120. Я_*1Э> in binary flaalon

Table 1

Praaanca or tha вшаа in the rr«*mnt awaa

aalttae bydlatplbutlona va. tha neutron пиаймга **,*nd

th« llcht and haavy frac««nta.

(Nunbap 132 danotaa coMblnatlone <".!**«>
 l n

 whion an

appreciable yield of thla ашаа can b« aaan >.

5

4

3

2

1

0

*132

132

132

132

132

0

132

132

132

132

1

132

132

132

2

132

3 4 5
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It can be seen from Pig. в that the mass distributions for
compact configurations of the heavy fragment consist of
narrow pronounced peaks at masses M^«145, 137-140, 132 and M

v
*

107, 115- 112, 12CL respectively. In this case the yield of
•ass 1^*145 drops quickly (disappears alredy 1л the case (2|0))
and the yield of masses М„=137-140 or H

|
_=:i2-it5 rises with the

light fragment deformation Increase. The last peak agrees
«ell with the deformed minimum C, D in the contour plot by
WIIXINS and Its mass Increases from 112 to M 5 m accordance
with the slope of the C, D valley <\ rises from 68 to 70). The
general trend of the behaviour of mass M

U
=112-115 with numbers

of neutrons ("il»,,) Is presented In Table 2.

Table 2

of »••« M,-иг-115 In the frecaent ««••

distribution* vs. the neutron numbw* v end »*_.

d«not« both th« pr«a*nc* of th» яаа«

•nd Its vsristlons with th« neutron nuMbsrs lnersss*).

5

4

3

2

1

0

115

115

112

112

112

112

0

114

114

114

%\2

112

1

114

114

114

112

2

114

112

ii'*

3 4 5
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There Is no deforced minimum in the plot by WIXJONS

corresponding to the light ааза 1^=120. Therefore, швее

distributions /or contact configuration of the heavy fragment

can be assumed to be governed by quantum structures In heavy

masses 1^=132, 145 and In light masses 1^=112-115.

When the deformation of the heavy fragaent somewhat

Increases, the structures In the mass distribution and the

character of their dependence on the light mass deformation

remain generally the same. However, these masses can be found

no* at greater deformations of the light fragment. I.e.the mass

M
M
- U 5 disappears In the cases (2|2).(3|3),(3f4), and

conversely the mass «"„=132 exists In the case (1|O), but

disappears In the cases (2(1),<2|2), and at »
u
 > г (see Tables

1. 2 and 3).

The mass fe^-145 corresponds to the deformed minimum fl In

the plot by WILKINS <N
t
 =86-88) with the /»=0.6 quadrupole

deformation. However, the mass distributions obtained show

that this mass exists and prevails In the case of the minimal

deformation of both heavy and light fragments and still remains

with the deformation increase (In general, this mass Is the

most pronounced In a broad range of the fragment deformations

which Is confirmed by the mean total mass of the heavy fragaent

peak I • 144.8 a. m. u.). In the case of the strongly deformed

heavy fragment, thetnass if = 145 can be seen for a slightly more

deformed light fragment <»
t
=t. 2, 3 ) . When the light fragment

is fully compact, this mat,* gradually shifts towards heavier

values (1^,-147-150). The general trend In the behaviour of mass

(•^=145-150) against the numbers of neutrons (^t^) is

presented in Table 3.

Mass distributions are rather narrow up to »
я
«3» but

essentially broaden at *
и
=4, 5 due to a contribution of heavier

masses, that is, to a more asywmetrlc mass split. In this case,

these distributions can evidently be assumed to be governed by

structures In the heavy mass, since they only slightly depend

on the light fragment neutron numbers and for the cases (0}4),
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fracaent

Table 3
Presence of the сале и - 1*5-150 in «he

вш*с distributions vs.- the neutron numbers v „ „ - .

I* n

(Plfuree denote both the presence of the ms.sk and

Its variations with the neutron number Increase).

5

4

3

г
t

0

145

145

0

145

145

1

145

145

147

2

145

145

148

149

3

145

145

150

150

4

145

5

d|4). (2|4) or (0|5), (1|5). (2|5) are closely similar, as can

be seen in Figs, to and \\, respectively.
Sunning up the mentioned above» one «ay assune the

existence of a well pronounced (N
M
 = 8 6 - 8 8 ) extended minimum,

which Is absent In the tllJCINS plot, on the potenclal surface
at V,,* 144 - 146, beginning from small deformations up to the
greatest ones, turning towars greater masses and essentially
broadening with the growth of the heavy fragment defoliation.

The general trend of the mass distribution behaviour with
the fragaent deformation Increase can be noted, flth the light
fragment deformation Increase, the mass peaks are shifted
together toward the symmetric mass split. On the contrary, with
the heavy fragaent deformation increase, the peaks move apart
toward the asymmetric mass split.
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100 1 * 0 I
Мам* a.m.u.

Fig. 10-Th* fracM*nt maee distribution* In binary ftsalon

for flx*tf combinations of neutron п«шо«г«:

A - co|«>; в - uf*>; с - (г|»>
 а

In the mass distributions shown In Figs. 8, 9, structures
pith a period of about 5 a.m.u. can be seen with peaks for
Similar masses m^« 89. 94, 98, 102, 107, 112, and ̂  = t63,
t58, 154, 150, 145, 140. KNITTER et al. «ho measured the
fragment charge directly (131 observed Vhe same predominant
•asses In cold and nearly cold compact flsalon of

 i92
Qt, which

«ere attributed to 2^ «38, 40, 42, 44, even light fragment
chaises The presence of such structures can suggest that such
strongly and asymmetrically deformed configurations can be cold
In the scission point. The possibility of strongly deformed
cold fission «as theoretically predicted by RASSE (14) on the
basis of the fact experimentally observed by NIFENECKER et al.
(8) that the covarlance of the numbers of neutrons emitted
by copleaentary fragments for flied M is reduced to zero both
at the awTtmal and minimal values of total kinetic energy.
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в

Ш Ш 140 "160
Ifass, a.m.«u

Тйо

%o"Too" ffi uo
Mass, a.m.ii.

11* The frecaent MSSS distributions In bln*rv fission

for th* fixed eoablnstlons of neutron nuabers:

С -

A slallar experimental fact «as also obtained In this work (see
Pig. 12). Following '1л calculations by NIFENECKER the zero
value of CCRlv

u
,i>

u
) corresponds to a zero variance of the

frapent excitation energjr wnlch aeans reducing the free energjr
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Tig. 12. COV<f, .»* ) »• a function or th«

In binary flaalon:

it - this work;

ф - «UPV4» fFO«

Kln«tle

to zero. I.e. the difference between the energy available (Q)
and the sum of potential energy components (Coulomb repulsion
energy and the energy of fragfeuit deformation) and thus the
Intrinsic excitation In the scission point. This situation can
be illustrated by Fig. 13 In which the dependences of these
potential energy components on the deformation are presented.

Gold deformed fission was experlaentally observed in И 5 )
In the thermal neutron Induced fission of **

5
Cau The structures

were found in the narrow energy ranges at both the maximal and
minimal fragment total kinetic energies or at zero and maximal
possible total excitation energies. The yield of such events Is
about of to~* - 10"* of the total amount. The structures
observed in this work are inherent in significantly wider
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. 13. Total defoliation *n*rty(V). couiort interaction

•n«r*y (C) «fid potential *n*r«v (?) of xhm «claelon

conMcurctions Slatted by the tot»i available en*r*y

(Q) fro* C141

spread events and can be seen for case (0|4) i.e. at the total
excitation close to Its mean value (cf. £(***Cf) = 3.76>. in
this case they can be assumed to be connected not only with the
total excitation energy or with the total number of neutrons
emitted, but rather with the asymtnetry of their partition
between the fragments as can be seen from Fig. 14, where the
mass distributions are presented for various (»',.•»'„) cases
at »t = 6. The range of total kinetic energy in which such
structures are observed Is much broader than that assiared from
the starting point of zero free energy. It should be noted that
similar structures were found by PIATKOV et al. П 6 ) In the

thermal fission of *
M
U also In a broad range of ТКБ. It can be

seen from Fig. 15 where the energy spectra from that paper are

presented. The wide range of total kinetic energy makes one to

assume that the cold deformed fission. If It really exists at



2000

Mas*, a.m.*..

Pig. 14.Th* fragment m««« distribution* In binary fission

for fixed combination* of neutron nuabtri:

A - <з|э>; в - (г|*>; с - (i|s)

all, occurs at non-zero free energy, and the free energy Itself
Is not dissipated to the Intrinsic excitation but Is realised

as a presclsslon kinetic energy and contributes to the fragment
total kinetic energy. I.e. a superfluld descent from the saddle
to scission can be assumed. It should be noted that In the

range of defoliations where the structures are observed, the

total fragment kinetic energy is governed only by a deformation
of the heavy fragment and does not depend on the light fragment
deformation. I.e. remains the same for the cases (0|4), <1|4),

(2|4), (3|4) or (0|5). (i|5). (2|5). (see Table 4). In this

case the energy balance Is not broken (cf. Table 6 ) .



62 88 94 100 106
Fig* f5- Fin* atructurea In the ашее-епегсу dlatributlon

233
for the theraal neutron Induced flealon of U

from (16):

a.e - the •••• dl«trlbutlon« at 110 M*V and 85 M*V

total kinetic *n*rslaa;

b - the жааа-onercy dlatrlbutlon;

x - the avvrac* neutron emlaalon a« a function

of the ll«ht fr«*jMtit
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Table 4

M«*n v«l\..i of the fr«si«ent total Kinetic enersy (N«V)

*• » funct. ->n oi number* of neutrons v and **_.

6

5

4

3

2

1

0

170.5

176.4

182.8

190.6

197.1

201.6

205.5

0

173.0

176.7

182.1

187.2

191.7

195.2

197.6

1

177.0

181.0

184.1

186.4

189.3

193.4

2

178.0

179.4

181.0

182.8

185.1

3

174.2

174.6

174.8

174.2

4

168.4

168.6

168.0

5

164.4

162.2

6

NIX and SWIATECKI 1ГП assumed that in the case of the
superfluld descent the covarlance of numbers of neutrons
emitted by complementary fragments for fixed

9
 masses are

expected to have an appreciable negative value .The dependence
of C07(v

L
,v

H
) averaged over the total kinetic energy on the

fragment mass obtained In that work la presented In Pig. 16. It
can be seen that in the range of masses where thestructures
exist a noticeable negative covarlance can be observed.

If one assumes a su^arfluld descent In some region of
fragment mass cr deformations, then a dependence of the
viscosity parameter on the fragment ввез or deformation has to
be assumed. Such a dependence could be understood, in
particular. If a viscosity mechanism accounting for
Landau-Zener transitions (18) was considered. In this case, the
level bunching and due to It different probabilities of
transitions on upper or lower levels could cause such a
dependence of viscosity and other dynamic effects on the
fragment mass split.
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0.00

Fig. 16. C0V(v^
f
pjj) mm a function of fraceent a***

Mean values of the fragment total kinetic energies are
presented In Table 4. A constancy of the TKB with heavy
fragment deformation can be seen for large deformations of
light fragments similar to that for a large deformation ot
heavy fragments (cf. cases (4|0), (4|t), (4|2) and (5|0),
(5|1). (5|2)). It Is possible that In this case fission can
also be cold In the scission point, but the structures with a
period of 5 a.a.u. can not be observable because the peaks are
now too narrow.

Another fact can be noted in Table 4. In the case of
strong deformations of heavy fragments, the TKE values are
less than those for strong deformations of tine light
fragments. This fact is in good agreement with Ш е energy
balance, since In the first case the mass distribution is
strongly asymmetric for which the 0- value Is much less than
In the second case where the mass split is close to a
eyinetrlc one and the Q-value Is the highest possible.
The lower TKE values In the first case suggest that heavy



- 23 -

fragments are йоге deformable or softer though they are

considered ucilti...^,'v to tr raore stiff.

On the basis of ir.eai.ued neutron multiplicities the total

excitation energy as a function of the fragment mass «as

calculated. The statistical model using the Hauser-Feschbach

method was employed [19J. The results of the calculations

together with the TKE values measured «ere In good agreement

with the energy balance except for the symmetric region. The

Q-values wore taken from {20). The results of the calculations

and the comparisons are presented in Table 5. However, In the

cases of large deformations of one of the fragments, Q - H E

value differs from the calculated excitation energy In a

different way depending on what fragment Is deformed. Some of

these values are presented In Table 6. If the heavy fragment Is

strongly deformed, that Is, when the structures In the mass

Table 5

Ccmparleon of mean total excitation «nertitt for various

fragment tuiattf calculated on the basis of •••«urtd

number* of neutron* {19J with difference* Q - TKE.

a.m.u.

96

100

104

108

112

1)6

120
123

125

<
MeV

12.9*4.0

13.9

16.9

17.8

21.9

22.\

25.2

23.9

19.2

К
MeV

19.7*5.0

17.4

15.6

14.7

13.6

13.9

13.1

12.6

16.7

Ю
MeV

174*3

78

131

184

186

188

191

190

188

Q (20J

MeV

209

210

213
217

223

228

232
233

233

Q - fKE
MeV

35
32

32

33
37

40

41

43

i:5

MeV

32.6

31.3

32.5

32.5

35 5

36.0

38.3

36.5

35.9

distributions are seen, the calculated excitation energies are

systematically higher than the Q - TKE differences which

suggest a deficit of energy spent for an intrinsic excitation.
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A ~?ullar character of the neutron multiplicity
dletribu;: .48 In symmetric a*:-! nearly syim^trlc regions should
be noted. Stating from the mas? «̂  = 123, 1̂ , - 129, the
distribution? tecCTie blinodal. In the distribution ?i\) for the
Base 1^ * 129 correspond?r^ to the compact configuration, a

Table 6. Comparison of о-в я**п tot*l fr*c««nt «xelt*tlon

•nersl** c*Xcul*t«<2 эп the bacls of Mtiurtd nu*Mrt

of neutrons (19) for <;•••« of « l*rc« *#*•«•• try of th*

frft«m*nt tf«fora«tton« with th* differences Q - TKS.

0|1
0|2
0|3
0|4

0|5
1|2
1|3

4*
1|5

4 1
1|0
2 fO
3|0

4|0
5|0
2J1
3|1
4|1
5|1

Q
MeV

216
214
212
210
203
216
213

212
203
219

221
22T
229
233
235
22T
230.
235
235

m
MeV

197.6
193.4
185.1
174.6
168.0
189.3
182.8
174.8
168.6
195.2
201.6
1S7.1
190.6
182.8
176.4
191.7
187.2
182.1
176.7

Q - тезе
VeV

18.4
19.6
26.9
35.4
40.0
26.7
30.2
37.7
39.4
23.8
19.4
29.9
38.4
50.2
58.$
35.3
43.3
52.9
58.3

E*
ieV

18.5
24.0
30.2
38.0
45.4
31.1
36.4
45.9
53.3
24.1
18.6
26.6
31.1
41.7
49.1
32.3
37.6
45.7
52.0
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«node characteristic for an elongated configuration
аг1зез. Lr. t.„ „, metric mass split both distributions for 1^
* 126 and M

M
 = t26 :.:. dlntllar and hare two pronounced nodes

with the same yields. The distributions are presented In
?lg. 17. The two-dimensional distribution PW^»

U
) tor the

§30

£го
S
л
! . .

л.
(

ал/ \
i i

г
V.
-J~T

\

\

i

124
12*

s
s

Number of neutron* Number of neutron*

Fig. 17. The neutr*» Multiplicity distributions

*nd eiv ) foe that ffiniat M»SS

л

^
- 12*. !!„• 128 and

H

eynnetrlc mass split Is presented in Fig. 18. Tiro types of
fission configurations can be seen In this distribution: for
moderate and equal deformation of both /ragoente and a
combination of a compact fragment with a strongly deformed

complement. The second type can be due to Z « 50 proton shell.
The presence of two types of scission configurations can also
stem from two valleys in descent from the saddle to scission
predicted by BROS! and GROSSMAN U,51.
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Fig* 18- The two-dleenatonal n*utron multiplicity

distribution PC*, .»* ) In ЫПЛГУ fflesion for

symmetric мае* split

TERNARY FISSION WITH EQUATORIAL HUSSION
OF LONG RANGE PARTICLES

Silicon surface-barrier detectors used for the long range
particle registration failed to distinguish the type of
particles. Therefore, all the information obtained was
attributed to «-particles since their emission Is the most
probable. Besides, at the present stage of data processing
the information on the* LR-p&rtlcle energy was omitted in the
data interpretation because of a complexity of dealing with
f lve-dlmenslonal spectra and was used only for calculations of
corrections for the LR-partlcle recoil.

The шеап values of different quantities in ternary fission
are presented in TaMe 7 in comparison with similar data from
(21,22) and with similar quantities in binary fission. The saw-
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Table 7
Mean value* or ••«пом* quan*:t1«» in binary and ternary

flaalon of
 2 5 2

Cf.

\, MeV
M^, a.m.u.
К,,, а.ю.и.

^, MeV

З^-Е" MeV
M^, a.m.u.
1^, а.ю.и.

v
v

/v
m

Statistics

Binary fission

122 i

186.26*0.01

108.5

143.4

3.766tO.0O2

1.16

I2tJ

187.3iO. f

108.7*0.1

143.3*0.1

1.13

Ternary fission

169.79*0.04

13.56*0.04

106.2

141.8

3.072*0.006

1.13

700G0

174.5*0.1

12.8t0.1

105.9

142.1

3.11*0.05

8500

This work

186.8*0.1

108.6*0.1

143.4*0.1
•

1.13

175.4*0.1

11.4*0.1

106.6*0.1

141.4*0.1
3.06*0.01

1.12

450000

tooth curves of the average neutron emission fix» Individual

fragments as a function of fragaent «ass In binary and ternary

fission are presented In Fig. 19. It can be seen that both

curves are rather similar In shape except for a shift towards

lower v values In the latter case. When the mass distribution

In ternary fission Is compared with that In binary fission,

then a similar shift by 2 a.a.u can be seen both in the peak

positions and in t?*e mean values of the light and heavy
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120 140
Man. a.m.u.

160

19* The м ы * neutron «at««lon •• • function

of fracmant «••••« in blury and ternary fiielon

with equatorial «и1«*1оп of Lit - particle*

fragments. This fact Is In agreement with the results obtained
by other authors (for example (20)).

General behaviour of the partial fragment mass
distributions for fixed combinations (̂

1>
.̂

и
) In ternary flsalon

la the same as in binary fission, but nevertheless there are
some appreciable distinctions, which probably stem from the
IR-partlcle emission.

Mass distribution- with no neutron emission (Pig. 20)
represents narrow peaks just like those In binary fission, but
with masses shifted by 2 a.m.u. (i.e. M^IOS, 1^=143). The mass
deficit In this case Is thus the same as for the total mass
distribution and Is equal In both the light and heavy
fragoents. Besides theue peaks, satellite peaks can be seen
with masses ^«100 агг; 1^*148 corresponding to the
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80 Тбо t'do u o ieo
MAC*, «.т.п.

. 20* Th« frt(B«nt nti* distribution In ternary

flam Ion for tl>» c*«* (o|o> when no neutron*

•r« «mitt«4

M^ = 102 and М
я
 = 150 In binary fission. The double magic mass

M^ = 132 Is absent as 1л binary fission. Therefore, the cold
ternary fission can be suggested to be similar to cold binary
fission but the main mass ь

м
и45 now shifted due to the

LR-partlcle emission.
field of the «^=132 double magic mass rises «1th the light

fragnent deformation Increase as was In binary fission. This
situation can be seen In Pig. 21 where mass distributions for
the cases of <i|0).(2|0>.(3|0).(4|0),(5|0) are presented and
also in Fig. 22 where neutron multiplicity distributions P(*

u
>

and P(f
H
) for the 1^=105, V 1 4 3 and'\-ii6, 11,,=132 «ass pairs

are shown. A comparison of these distributions with those In
binary fission shows them to have approximately the ваше
character, but to be appreciably narrower or shorter. It can
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50

Number of neutrons Number of neutrons

Pig. 22. The neutron Multiplicity distribution*

and PC-' ) In ternary flaaion for th* fpacaant m a c

pair* 105. 1«3 and 116, 132

b> ч-ег.< in Fig. 21 that the mass 1^=132 Is «ell pronounced and
is not snifuoi, which makes It possible to assume, that the
fragment corresponding to double magic shell does not
contribute to the o-partlcle formation. Yield of the mass
•"„=132 occurs for the same combinations of neutron numbers as
in binary fission. I.e. <1|0) to (5|0). (3|1) to (5(1). (3|2)

Equal displacement of both the peaks In ternary fission by
2 a.m.u. with respect to those In binary fission can be seen
only for a limited set of (\»%) cases, corresponding to small
numbers of neutrons or small deformations. In the case of large
and asymmetric deformations a shift of only one peak by 4
а.в.и. can be seen, corresponding to a fragment which la more
deformed or emits many neutrons, with the mass of the
complementary fragment being the same as In binary fission.
The general trend of such a dependence of the fragment
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shifts on г** fragment deformations or on the numbers of
neutrons emittec Is presented in Fig. 23 where L and H denote
the shift of only ore peak (light and heavy ones, respectively)
and EQ denotes a simultaneous shift of both peaks by 2 a.m.u.

» L с L

« t i, L L,

3 L L L H M

2 Cq L Cq €q . M H

I Cq Cq Cq Cq M H

О ' Cq Cq Cq M И Н

О 1 2 3 4 3

?lg. 23. The shift* of the •••• distribution редка In

хттплгу flea ion with r«ep«et to tito«« In

tXmalon лш m function of neutron numt>mrm v *nd v .

L and If danot* the ahlft of only on* llcht or nasvy peak»

raapaetlvaly, с danotoa an «qual ahlft of both tha paaka

An example of such an equal shift of both peaks Is shown In
Pig. 24 where the mass distributions In binary fission (BF) and
ternary fission (TF) are presented for the (2|2) case.

An example of the light fragment shift for the (4|0) case
Is shown In Fig. 25. In the distribution of binary fission, two
pairs of peaks for masses\=w 5, 120 and *

H
=t37, t32 can be

seen. In the distribution for ternary fission both peaks which
belong to heavy messes remain the sane, whereas the peaks ot
light masses are shifted by 4 a.m.u. and become fc^ * tt6, 110.
It should be noted that due to heavy masses to be retained in
ternary fission for strong deformations of light fragments the
same components can be seen In the mass distributions In binary
and ternary fission. I.e. ft^«l32 and 137-138. whereas the



- 33 -

Mate, «.т.н.
Fig* 24. The mmmm distributions in binary « M ternary

fission for tha essa of the <*|г> combination

of fixed neutron

1000

eoo

Мам, i.m.«.
Pig. 25.Tha swss distributions la binary and ternary

fission for the eaaa of «ha <э|о) eoablnatlon

of fixed neutron numbers
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complements; components of the light fragment aasaea la
ternary flaeloi* arc shifted by 4 a.m.u. with respect to those
In binary fission and are now 1^=116 and 1^=110-111 Instead of
1^=120 and ^=114-115. Their behaviour vs. the light fragment
deforaatlon la the same as in binary fission, though in ternary
fission the latter mass appears in slightly greater
deformations of the light fragrant. If in binary fission this
mass can be seen In the case of ^ = 0 , then in ternary fission
It appears only with ^=1 or even *\_=2. As nentloned above, this
aass determines the formation of fragment mass distributions in
the case of strong deformations of light fragnents and Is
governed by the minimum C. D on the plot by WIUEINS.

The behaviour of the mass corresponding to the mass 4^*145
In binary fission vs. fragment deformation in both cases Is the
same. However, In the case of ternary fission it is more
difficult to Identify this mass because It is shifted by 2
a.m.u. (1^,-143) for small fragment deformations and by 4 a.a.u.
for large fragment deformations and Increases at the same, time
with a rise In the heavy fragment deformation.

Broadening of mass distributions at »
H
=*, 5 occurring in

binary fission can also be observed In ternary fission.
However, now it can be seen for a smaller number of neutrons
emitted by the heavy fragment I.e. at "„=3. All the facts
mentioned make It possible to suggest that the valley on the
energy surface at N^=88-94 assumed for the binary fission
governs mass distributions In ternary fission as well. An
example of a shift In the heavy mass In ternary fission for a
large deformation of the heavy fragment can be seen In Pig. 26
where mass distributions In binary and ternary fission are
presented for the case (1|4). A series of peaks.for the masses
Ц. = 89. 94. 98, 102, and M

M
 = 163, 158, 154, 150, can be seen

In binary fission. In ternary fission, the same peaks exist In
the light mass distribution (I.e. M^ = 90, 94, 98. 102). but
the peaks corresponding to heavy manses are shifted by 4 a.a.u.

» 158. 154, 150. 146).
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Т£6 но
Ifasa, a.m.u.

» 26. Th* n*ca distributions In blatry And ternary

flstion ror tn« CA«« or the (

fixed neutron numbers

combination of

All the facts mentioned show that formation of the mass
distributions Is governed by the same relief of the potential
energy surface both In the binary vti. ternary fission and the
scission configurations In both cases Is nearly the sane. The
main contribution of nucleons to LR-alphas formation Is la our
opinion brought by one fragment, which agrees with the
assumption by Feather (23). Here the LR-particles are emitted
most probably by a more deformed fragment. In the саам of
small and equal deformations of both fragments each fragment
can contribute 4 nucleons with the зам probability which lead»
to an averaged mass distribution with a mean mass shift by Z
a.m.u. This situation is Illustrated In rig. 27 where mass
distributions for the case (2|3) are presented. For binary
fission, the peaks at J^-1OT, 1^*145. are seen, whereas for
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1000

1

Fig. 27. Tn* «*«• distribution* In binary and ternary

flaalon ГОР the <?*•• of the (г|3) combination

of flxed neutron number*

ternary fission there are two pairs of peaks at U
m
 = 102, 107.

and U
m
 = 146, 141

v
 which either correspond to binary fission or

are shifted by 4 a.m.u.
Por large deformations of heavy fragments in ternary

fission, I.e. at »
m
 } 4 (as can be seen in particular In fig,

26) structures with a period of about 5 a.m.u. can be found In
fragcent mass distributions similar to those seen in binary
fission. Thus, a conclusion can be made that cold deformed
fission may also exist 1л ternary fission. . It should be
emphasized that the peaks of these structures are seen In all
cases for the same light masses both in binary and ternary
fission. This certainly stems from the fact that LR-alphas are
mainly emitted by more deformed heavy fragments. These
structures exist in the region of small statistics and
therefore are not always statistically confident. Nevertheless,
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It should be pointed cut that these structures «ere
systematically repeated fo^ the same «asses in three
Independent measurements: in our former work 124j and in two
sets of data Independently processed for binary and ternary
fission obtained In this work.

In ternary fission for large deformations of one of the
fragments, the total fragment kinetic energy does not change
with the deformation of the complementary fragment, i.e.
remains the same for the cases <0|4>, (1|4). (2|4), (3|4). or
tO|5). (t|5). <2|5), as well as It is In binary fission.

In the region of symmetric fission, neutron multiplicity
distributions in ternary fission have the Jame blaodal
character as In binary fission. It can be seen in Fig. 28 «here
the P(*u) and ?{vm) are presented for the symmetric mass split
Mt = •*„= t24. Thus, In ternary as well as in binary fission
there exist two versions cf configuration with intermediate and
equal deformations and a combination of compact fragments with
strongly deformed ones.

Number of oeutroae
28. Th* neutron aultipltolty distributions

•no Kf.) in ternary fiesta* for cn« trio
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TERNARY FISSION WITH POLAR EMISSION 0? LONG

PARTICLES

It Is evident now that the ten» "polar emission" can be
used only conditionally because such emission occurs ever
the angles from 0 to 180* «1th respect to the fragment flight
and its probability in the polar direction is only 12 to 15 per
cent higher I25J. Therefore, it could be more realistic to
consider the existence of two types of long range particle
emission which differ by some properties.

In our experiment the LR-partlcles were registered by a
detector arranged along the fragment flight. The mean angle of
particle registrations with respect to the fragment flight
taking Into account the set-up geometry and the LR-particle
angular distribution was about U ° . Rather snail statistics
were obtained In the measurements (3650 and 760 events
corresponding to the LR-partlcle flight toward the light and
heavy fragment, respectively). Therefore, a successive file of
stored events could be used in data processing what In turn
made li possible to use the information on the LR-partlcle
energy. At the same time, due to small statistics It was not
possible to perform any unfolding of the neutron multiplicity
distributions and toobtaln any Information for fixed
combinations of neutron numbers.

The кеап values ofsome quantities of this process are
presented In Table 3. It can be seen that If In the case of
equatorial emission the fragments are less deformed or excited
than In binary fission, in the case of polar emission the
fragment deformation or excitation are close to. those In binary
fission. At the same tine, the fragment total kinetic energy Is
in this case rather less than in binary fission or In ternary
fission with equatorial emission.

A pronounced asymmetry can be noted In the numbers of
neutrons emitted by the light and heavy fragments. It Is seen
both from Table 8 and Pig. 29 where the mean neutron emissions



. 39 -

Table 8

Heat» valuas of various quantities in ternary f&aalo* of
гьг.

cr with polar «Mission of Lft-alpbaa.

1

M
f c
,a.ffl.u.

M^.a.rc.u.
R

 t
MeV

Statistics

'light toward llgbt
fragment

1O8tt

14Ott

168.0i0.S
3.54*0.09

2.f6

Э625

?llght toward heavy
fragaent

llOti

I38ti

170.0H .0

3.54^0. IS
1.44

748

too 1Й0 140
М«м, a.m.». 1*0

29. тп* MW«II neutron «mission In t*rn*i>y f las&on

Mith polar «nlsslon or U»-p*rtiel** «• • f«motion

of fra—snt MMf*.

• - LH-p»rtlel« fllcht toward th« llcbt fra«wanf
r

•> - Lft-partlcia filcht toward th* heavy fra—ant
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frora lndivldus.
1
 fragment are presented as a function of

fragment masses fcr \r.°. cases of LR-prtlcie flights toward the
light and heavy frc^nents. The curves pi*esented hare a
conventional aaw-tooth shape, though In the first case there Is
a rise of v In the region of lightest masses (05 < \ < 95).
In the second case, there Is no statistics available In this
mass region. In this case, the asymmetry Is somewhat less and
heavy fragments themselves are more deformed or excited than
In the previous case. However, the light fragments are still
•ore deformed than the heavy ones.

The Information obtained suggests a conclusion that the
polar emission towards the light fragment occurs mainly 1л the
case of strongly deformed light fragments with rather compact
configuration of their heavy complements. In the case if
enlsslon towards the heavy fragments the difference between the
neutron numbers or fragment defoliations are noticeable less
and the heavy fragments are more deformed than In the previous
case. Nevertheless, In this case the light fragments are still
more deformed than the heavy ones (

v
^
v

n
 = t.44).

The fragment mass distributions for both the cases are
presented In Fig. 30. As it was mentioned earlier, a pronouced
yield of the mass If = 132 should be expected In the case of
strongly deformed light fragments. However, no proper peaks are
seen In the distributions and the yields of this mass amounts
to a half of the maximal ones. In the similar mass distribution
obtained In (251 this mass Is somewhat more pronounced and
manifests Itself as a bend of the curve.

The mass distribution concldered for the case of
LR-partlcle flight towards the light fragment looks like that
In ternary fission with equatorial emission for the case of an
Intermediate deformation ~f the light fragment and a compact
deformation of the heavy fragment, when the yield of the mass
U
m
 * 13? is still Isufflciently pronounced, the masses M^ =112

and 1^ * 140 prevail In binary fission and the main mass shift
due to the LR-partlcle emission falls on the light peak. In
this case In ternary fission with equatorial emission the mean
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200

120 140
Ma**, «.т.о.

Pig. 30. The mass distributions in ternary fission with

polar «mission toward the light (A) end heavy
«

fragments (C) In comparison with that In ternary

fission with equatorial emission for the (2|l)

combination of flxod neutron numbers

masses «^ = 108, M^ = u o . are the same as In the distribution
concldered. A comparison of this distribution with that for the
case of equatlrlal emission for the combination of neutron
numbers (2|1) Is presented In fig. 30.

The mean masses obtained tn £25) are M^ = 109. Ц, ** 139.
The mean masses obtained In our measurements In the case of
emission towards the heavy fragments are shifted by 2 a.m.u.
with respect to those in the other case and are M^ * 110, Ĵ , »
138. The mean masses from (251 are the same for both the cases*
and the mass distributions themselves are rather similar. It
should be noted that poor statistics for the second case either
in our measurements or In C25] makes determination of the mean
masses uncertain.
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In coi.r'^slon, the mass distribution In ternary fission
with polar emlboior. can be assumed to be governed mainly by the
mlnUnum С and In р ы ч Ly the mlnlnum 0 on tfte piot by fILKINS
and the emission of LR-par tides occurring from a single
fragment.

Pig. 31 presents the. mean neutron emission as a function
of IA-alpha energy. These curves have nonlinear character and
enow a sudden change In the slope at E

o
 -• 18 MeV. Besides, they

have a concave shape Instead of the prominent shape obtained In
122) for a similar dependence In equatorial emission. The
derivative dvv/d£a does not depend on the fragment mass as well
as In 122) for the case of equatorial emission.

• 6.0

I to

*1.0

0.0

• • • »• • • A

10 го so
. Energy, MeV

40

Fig. 31. The mean total neutron emleelon (A) and the uctan

. «mlealon from Individual light <B) and heavy (C)

fragment In ternary fleeIon with polar emission

as a function of the UR-particle Kinetic energy
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Fig. 32 presents the fragment total kinetic energy as a
function of the LR-alpha energy. This curve is nonlinear la
shape as before ̂ ' has г sudden break at the same 18 ШЯ-
energy. Its slope ^ / ^ 2

а
 now depends on the fra^ent шаав

(Fig. 33) as well as a similar derivative fro» (22) for the
ease of equatorial emission. However, the character of this
dependence Is reverse of that obtained lu (22). If In the case
of equatorial emission the slope rises, when approaching the
syametrlc mass split, then by contrast in the case of polar
emission It falls down, and within an appreciable Bass range
(110 to 124) the fragment total kinetic energy does not depend
on the Ш-alpha kinetic energy. This could probaoly result
frost a different character of the acceleration of LR-partlcles
ealtted from the neck region or from the outside' part of the
fragment surface.

150

Energy. MeV

Fig. 32. The total rrasaent kinetic energy In ternary

fission with polar «elision as л function

of the Ut-partlcle kinetic
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Mass, a.m.u.
90 too no i n iao

Fig. 33. TIM «lot* €ТЦЩ/йШ
а
 •• a function cf fra«a*n« •*••

CONCLUSION

Analysis of the partial mass distributions corresponding
to fixed numbers of prompt neutrons aakes it possible to tract
the dependence ojf the mass distribution formation on
thefraeient deformation and шоке some conclusions on tht
character of the potential energy surface in the scission
point. The picture obtained agrees mainly with that obtained by
И Ш К 5 13). but suggests a possible presence of an extended
•alley responsible for a significant part of the mass
distributions. Visible correlations of behaviour of both the

show that statistical calculations using a

4



:• - 4 5 -

one-dlmenslonal energy surface which characterises a formation
of single fragments can give only a rough description of the
явбз distribution r.::.*.*ton. To provide а шоге adequate
picture, a fflultl-dlnensloaal energy surface should be used to
account for simultaneously thedefornatlcns of both the
fragments, the mass division, the charge distributions and so
on, for example, as obtained In C26I.

If one considers the Information obtained fro» the
viewpoint of the model proposed by BROSA and GROSSMAN (4,51,
then the 107/145 mass split can be regarded as an Initial
scission configuration, though featuring various degrees of
deformation (cf. cases (O|O) to (3|3)) and the uniform drift of
mass distribution peaks front this starting point towards
either asymaetrlc or syametrlc mass splits with 'the fragment
deformation variations as well as deformation partitions
between the fragments definitely connected with this drift
could be assigned to be governed by a position of the neck
rupture point. Besides, superlong configurations predicted by
BROSA and GROSSMAN are ideally observed both In the extremely
asymmetric mass split and in symmetric or near symmetric ones
<V" 5,6,7).

The structures observed in the distributions obtained
suggest that spontaneous fission Is a weakly dlsslpatlve
process and that free energy can be realised as presclsslon
kinetic energy which should be accounted for In the estimation
of dynamic effects at the descent from saddle to scission.

Consideration of mass distributions in ternary fission
shows that the main contribution in the IR-alpha formation !•
provided by only one fragment either In equatorial or in polar
emission. The a-partide emission occurs at the last stage of
the descent to the scission point when the mass distribution is
already formed, and the scission configurations In binary and
ternary fission are nearly the same. More detailed parameters
of the mass distribution formation are very promising. In
particular. It Is very Important to obtain for fixed
combinations of neutron numbers the total distributions of
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it mass and kinetic energy. However, It requires
6tatlsb.iv/-.

 f
o be increased et least by an order or more. An

Increase In ^u; number of fixed parameters and, in particular,
registration or

 f
he fragment charges iz especially promising.

It will make it possible to obtain the picture of shell
structures 1л aore detail.
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