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peasuresents the fragment kinetic energies and the numbers
of neutrons emitted by each compiementary fragment were
registered. The fragment masses and kinetic encrgies were
obtained for fixed specific combinations of the numbers of
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distridbutions as a function of fragment deformations 1s
discussed. The charucter of mass distridutions in binary and

ternary fission is compared.
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Oneor the mst mPoraant and stul not cleared up

- " prodblems of the nuclear rission mechanism i1s~ . formation . of
- frageent mass distributions. At: [Present there exist a mumber
.. of theoretical models tased on different apuroaches which tend
" 'to- describe with different degrees . confidence the
o tragnent mass distributions -and which, nouover. do not provide
. .- 'an-exact quanutauve sclution of the problem, In part icular,
. 'the statistical model (11, the fragmentatfon medel {23, the
~‘seiseion point model (3], the model combining fission chammels

"7 'with the random neck-rupture {4, 5] can be mentioned among them.

" These - nodels. although devcloped ‘from different starting

- ,':;,-"pointa. , yield ‘results’ which are - matnly - gverned by the
- -upotantm energy’ at the sciasion point and 1t can be shown that

they are nearly equivalent from the qualitative point of view.
< This, uork is an atiempt to get dlrect experinental information
"1 'on the. character of .the potential energy surface in the

. ** scission . point - as well as on some detaus of tbe mass
j;;_dhtrlbutlon fomtion.. T T _y

o Nultiparameter measurements = of the  fission process
- characteristics- were performed in both -binary and . ternary

" ‘sponuaneous fission of ***Cf. The following "parameters were

. Teglstered for.‘each individual fission event: the Kkinetis
‘energles .of ° both .Complementary fragments, the numbers of

-*. . neutrons emitted by each complementary fragment and the kinetic
. energy of lorgrange partlclea in the case of temary ﬁ.ssion

S it eqmtorm and “potar emtosion.
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heuu- s were registered by a combination of two
gadolinfum .. ded largc Viquid scintiilation counters separated
one from the « > by & combined shield to prevent - their
mutual influence. :~» (otal .neutron regici;ation efficiency
(including the geomecrv factors) s&amcuuted . to S55%. Fission
fragoents were registered Ly a twin parailel plate jonization
chamber with ‘a collimation of ihe fraguents within = 8 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, 10° events of binary fission, 4.10°
events of ternary fission with equatoriel emission and 4.10°.
events of termary fission with polar emission wene utilized for
experinental data processing.

The quality of the detector channels used can be

characterized by the fragment pulce-height spectra (Pig. ¢),
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the preneutron fragment mass disiribution in binary and teruary
ission (Fig. 2), the long range particie pulsc-incight gpectra
for eguaicrial ~~4 ~iar em'ssion (Pig. 3) and - the saw-tooth
dependence of the mean mculron emission on the fragment mass
rresenced in FP1g. 4 together with similar curves obtained by
SIGNARBIEUX (6] and FRAENKFL [7].

0 T TTTT . _
80 100 120 140 160 180
Mass, a.m.u.

.PIS. 2. Pre-neutron emission graguent mass distributions
in binary and ternary fission ‘

The measured two-dimensional multiplicity distributions
P(v_,v,} of neutrons emitted by both the light and the heavy
fragrents v - and »_ were obtained in the measurements for each
fixed fragnent mass M and total Kkinetic energy Ek} as raw
experimental data. These distributions were then unfolded . to
obiain the initial distributions with correctl.ms introduced
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for the neutron detection efficiency, the. background, and
the neutron pulse pile-up. The finite mass and energy resolution
at the fragment registi.lic~ was also allowed for. A method of
statisiical regularization wac employed to perform the P(v, ,v.)
cistribution tnfolding by the use of prior information on both
the smoothness and the momenta of the initial distributions.
The initial P(~ ,»,) distributions thus obtained for various:
fized ¥ or Ek were then converted 1into distiributions - of
preneutron masses Y (v ,v ). and kinetic energies Y (v, ) for
fixad pairs of nunbe"s or neutrons (v _,v,) emtted by the light
and heavy fragments.The comctlona ror neutron emission
Introduced into N and E, to obtain the prensutron values could
be determined sccurately encugh since the mumbers of neutrons
were measured directly for each fission event. =~

The number of neutrons emitted is a direct measure of the
fragment excitation energy, t.e. the sm of the energy '
dissipeted at the descent from saddls to scission and the '
energy of deformation in the scission pocint.

Cn the basis of the existing estimation of free energy
values (for example (8)), which does not exceed 10 MeV, 1t 1s
possible to suggest that the dissipated energy can cause an
emission of no more than one neutron. Therefore, the number of
neutrons emitted 18 8 measure reliable enough of rragnent
deformation in the scission point.

Consideration of mass distributions for fixed mmbers 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 WIIKINS {n the scope of  the
scission point model (3] and presented in Pi1g.5. ‘ N



<@

o...
(d) n01

a 3
fyme0430

0 1 6

NEUTRON NUMBER

P18. 5. meutron- snhell corrections calculsted by Wilkins

aumber.

et al. (3] as a function of deformation () and neutron



. "NARY FISSION

The fragrent mass distributionsconsidered Dbelow  are
characterized by pairs of numbers (v _j»,) which are the
numbers of neutrons emitted oy the light and heavy Iragnents." :

The mass distribution corresponding to the case when  no
neutrons are emitied (O}0) and thus to the most compact
configuration of both the rragments is preserted in Pig. 6. It
1S characterized by two rather narrom main peaks at masses
M =107, M =145 and by iwo pairs of satellite peaks at masses
M =112, N =140 and N =102, X =150. A practically suppressed
yield of mass K =132 can be noted, which corresponds to the
double nagic 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 M =140, 145, 150, are’
positioned at the slope of this minimum which corresponds to 8
greater ' potential energy.

It should be noted that the distnbution consldered is
close to that obtained by BARREAY et al. (9) for true cold
fission of 2320t (i.e. when Q-TKE < 6 MeV) and 1is presented
in Fig. 7. Similar structures with a period of 5 a.m.u. can be
seen in both distribntions. Such structures that were found 1in
& number of other studies (cf. {10, 11, 12)) can be regarded as

®) In our previous publication (24) similer symbols were used,

fowever. there they denoted the numbers of neutrons emitted by

the conaldered fragment (1light in the laft part of the Figures

- and heavy in the right part). and by the complementary onq.vbln

thia paper these symtols denote the numbers of neutrons emitted

by the light and the heavy fragments. Thus, 1in the previous
psper publication the curves represented tha left and the right
carts of two differsnt mass cdistributions. while now they are’
both halves of one mass distribution. '
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a well estz2biished and caused by the fragmen® charge even-odd
effects. The prosence f such struciures caused by predominant
mass vield of f{ragrai.'s wii.. even charges 1s an evidence that
the fission fragments are cold 1in the scission pomt because
the proton pairing gap 1s less than 3 MeV.

The similarity of the distribution obtained ln this work
to that obtained by BAPREAU et al. {9) and the presence of the.
structures meniloned - shows that fission without neutron
emission 1s cold enough ip the scission point, though 1in this
case Q-TKE = 1C NeV (cf. Table 4) and the fragment heating 1s
rot forbidden by the energy balance. It can be mentioned that
in [9) the structures are also present in the energy 1intervai
of 5 ¥eV < Q-TKE < 8 MeV (cf. Pig. 7).

The mass N =132 appears when the 1ight * complementary
fragment N =120 becomes deformed and 1ts yleld rises with the
complement deformaiion increase as can be seen in Fig. 8 where
the mass distributions for cases of (1}0), (2]0), (3]0), (4}0),
{(510) are presented. This can also be clear from
distributions P(v,) and ?(v,) for this fragment mass pair
presented in Pig.g. The general trend of the behaviour of this

fragment pair with the neutron numbers (v_|v )} 1s presented 1in
Table t.

A compact fragment with the mass N=132 can thus exlst cnly
together with a deformed complement. This fact can be
vnderstood on the basis of a conclusion proposed by WILKINS (3]
that the broad ainimum on the pu.cntial energy surface at the
quadrupole deformations @,=3,-0.6 due to a 1liquid-drop
component causes the complement,the spherical (ragment with
N=82, to be very deformed. However, for the 107./145 mass split
the liquid-drop component does not forbid both the fragments to
be completely compact (v, =,=0, Q-TKE < 10NeV). Thls difference
c¢an probably be aasociated with specific properties of 1light
fragments M =107 and M =120, though they peitain to . the same
. broad maximm in .the contour plot (N =64 and N =T2,
respectively).
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Table 1

Presence of the mass n"-naz in the fragmer.t nase
diatributions vs. the nautron nuabers Utond Vu emjitted by
the 1ight and heavy fragments.

(Numbar 132 denotes combinations (¥ [v.) in whion an
appreciabdble yield of this mass can be sesn ).
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It can be seen from Pig. 8 that the mass distributions for
compact configurations of the heavy  fragment - consist of
narrow pronounced peaks at masses M =145, 137-140, 132 and X =
107, 115- 112, 120 respectively. In this case the yield of
mass K =145 drops quickly (disappears alredy in the case (2]0))
and the yield of masses M =137-140 or K =:12-115 rises with the
light fragment deformation increase. .The last peak agrees
well with the deformed minimum C, D in the contour plet by
WILKINS and its mass increases from 112 to 115 in saccordance
with the slope of the C, D valley (N rises from 68 to 70). The
general trend of the behaviour of mass M =112-115 with numbers
of neutrons (v |»,) 18 presented 1in Table 2.

Table 2

Prasance of mess ut-;;z-z1s in the fragment mass
djstritutions vs. the neutron numbers v, sna v,
(Figures denote both the presencs of the mass

and its varistions with the neutron numbers incresse).

vl 5] 115 11e ] 114
4 1 115 ."‘ 114 | 1'1‘
3| vz | 1| 14| 1z
zluwzjmz 2| ‘
1ln2]ln2}] T
of 1z |
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There is no deformed minimum in the plot by WIIKINS
correspording tc the 1ight mass K =120. Therefore, mass
distrihutions Jor comgact configuration of the heavy Ifragment
can be assumed to be governed by quantum structures in heavy
masses K =122, 145 and in light masses M =112-115.

When the deformation of the heavy fragment somewhat
increases, the structures in the. mass distribution and the
character of their depencence on the light mass deformation
remain generally the same. However, these masses can be found
noe at greater deformations of the light fragment, 1.e.the mass

=145 disappears in the cases (2}2),(313),(3{4), and
conversely the mass M =132 exists in the case (1j0), but
disappears in the cases (2(1).(2)2), and at » > 2 (see Tables
t, 2 and 3).

The mass M =145 corresponds to the deformed utnm.n | m
the piot by WILKINS (N =86-88) with the n=0.6 quadrupole
deformation. However, the mass distributions obtatned show
that this mass exists and prevaiis 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
moet pronounced in a broad range of the fragment deformations
which 18 confirmed by the mean total mass of the heavy fragment
peak N = 144.8 . m. u.). In the case of the strongly deformed
heavy fragment, themass N = 145 can be seen for a slightly more
deformed light fragment (v =1, 2, 3). When the light - fragment
13 fully compact, this mas. gradually shifts towards heavier
values (K -147-150). The general trend in the behaviour of mass
(M, =145-150) against the mwbers of neutrons (v |»,) 18
presented in Table 3. '

Mass distributions are rather narrow up to » =3, but
essentially broaden &t » =4, § due to a contribution or heavier
masses, that is, t0 8 more asymmetric mass spiit. 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 mumbers and for the cases (0)4),



Table 3 ]

Presance of the eng M = 185-150 :in <he fragment
mase dietridbutione ve.- the neutron numbers VL and V.
(Figures dencote both tha presernce of the muness and
ite varistions with the neutron number increase).

_v‘ -
]
3 145 | 145
2 ' 145 | 145 | 145 | 145
1 | 145 | 145 | 145 | 148 | 150
0 | 145 | 145 | 147 | 149 | 150
0 1 2 | 3 4 5

(114), (2]4) or (0§S), (1{5), (2|5) are closely similar, as can
be seen 1n Figs. 10 and 11, respectively.

Summing up the mentfoned above, one way assume the
existence of a well pronounced (N, = 86 - 88) extended minimum,
which 13 absent in the WILKINS plot, on the potencial surface
at M = 144 - 146, beginning from small deformatjons up to the
greatest ones, turning towars greater masses and essentially
broadening with the growth of the heavy fragment deformation.

The general trend of the mass distribution behaviour with
the fragment deformation increase can be noted. With the 1light
fragment deformation increase, the mass peaks are shifted
together toward the symmetric mass split. On the contrary, with
the heavy fragment deformation increase, the peaks move apart
toward the asymmetric mass split. '
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Mass, a. m u.

?18. 'O-ﬂ\.'ﬂ-anont mase distridbutions in biney fission
for fixed combinations of neutron numbers:
A - (o]8); B~ ta)m); ¢ - (2fm) °

In the mass distributions shown in Pigs. 8, 9, structures
with a period of about S a.m.u. can. bé seen with peaks for
similar masses N = 89, %4, 98, 102, 107, 112, and M = 163,
158, 154, 150, 145, 140. FNITTER et al. who measured the
fraguent charge directly (131 observed ‘the same predominant
masses in cold and nearly cold compact fission of 2%2Cf, which
were attributed to 2 = = 38, 40, 42, 44, even 1ight fragment
charges 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 was theoretically predicted by HASSE (14] on the
basis of the fact experimentally observed by NIFENECKER et al.
{8) that the covariance of the numbers of neutrons emitted.
by coplementary fragments for fixed ¥ is reduced to zero both
at the maximal and minimal values of total kinetic energy.
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420
Mass, a.m.u.

_ )lau. a.m.u.
'18- 11, The rru-ont mass cistributions in binary fission
' for the fixed combinetions of neutron numbers:
A - (ols)- » - uln. c - (zls)

A similar experlnemal fact ns alao obtamed in thla work (see

- P1g8. 12). Pollou_.lc “%e calculations by mmacm the zero
value of COV(v _,v,) corresponds to & zero variance of ths
frageent excitation energy which means reducing the free energy
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to zerc, 1.e. the difference between the energy available . (Q)
and the sum of potential energy components (Coulomb repuision

energy and the energy of fragu.at deformation) and thus the
intrinsic excitation in the scission point. This situation can
be 1ilustrated by Fig. 13 in which the dependences of these
potential energy components on the deformation ace presented.

_ Cold deformed fission was experimentally obeerved in (15)
in the thermal neutron induced fisaion of **3Cm. 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
sbout of 1€ - 10™ of the total amount. The structures
observed in this work are inherent in significantly  wider
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Pig. 13.vota) deformatsion energy(D). Coulor: intaracticn

anergy (C) and potential energy (¥) of :Le acission

4.eonr£¢urottonl iimited by the total available energy
(Q) from (14) '

spread events and can be seen for case (0]4) i.e. at the tctel
excitziion close to its mean value (cf. +(™%Cf) = 3.7¢'. In
this case they can be assumed to be conneated not only with the
total excitation energy or with the total number of neutrons
emitted, but rather with the asymmetry of their pariiiton
between the fragments as can be seen from Pig. 14, where the
mass distributions are presented for varjous (v ,» ) cases
8t v, = 6. The range of total kinetic energy 1in which such
structures are observéd is much broader than that asswred from
the starting point of zero free energy. It should be noted that
similar structures were found by PIATKOV et al. ([16) 1in the
thermal fission of **°U also in a broad range of TKE. It can be
seen from Pig. 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, 1f it really exists at
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FPig. 14.The fragment mass distridbutions in binary fission
for fixed combinsticns of neutron numbers:
A - 3]ln; 8 - (2f; ¢ - a1fs)

all, occurs at non-zero free eneryy, and the free energy itself
1s not dissipated to the intrinsic excitation but is realized
as a prescission kinetic energy and contributes to the fragment
total kinetic energy, i.e. a superfluid descent from the saddle
to scission can be assumed. It should be noted that in the
range of deformations where the structures are observed, the
total fragment kKinetic energy is governed only by a deformation
of the heavy fragment and does not depend on the light fragment
deformation, 1.e. remains the same for the cases (0}4), (1}4),
(2]4), (3]4) or (0§5), (1]5), (2}S). (see Table 4). In this
case the energy balance is not broken (cf. Table 6).
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Table 4
Maan vali.s of the fregnent totel kinetic enersy (MevV)

a8 a funct.uon oi aumbers of neutrons UL and 9-.

170.5 | 173.0
176.4 | 176.7 [ 177.0 |
182.8 | 162.1 | i81.0 | 118.0 | |
190.6 | 187.2 | 184,10 | 1794 | 1T42 |
197.1 | 191.7 | 186.4 | 181.0 | 174.6 | 168.4 |
201.6 | 195.2 | 189.3 | 182.8 | 174.8 | 163.6 | 164.4
0] 205.5 | 197.6 | 193.4 | 185.1 | 174.2 | 168.0 | 162.2
i) 1 2 3 4 | 5 6

“v

Nl wl alol o

-~

NIX and SWIATECKI (17) assumed that In the case of the
superfiuid descent the covariance of numbers of neutrons
emitted by complementary fragments for (fixed °masses are
expected to have an appreciable negative value .The dependence
of COV(v _,»v,) averaged over the total kinetic energy om the
fragment mass obtained in that work 1s presented in Fig. 16. It
can be seen that in the range of masses where thestructures
exist a noticeable negative covariance can be observed.

If one sssumes a si._ :rfluld descent in some region of
fragment mass c¢r deformations, then a dependence of the
viscosity parameter on the fragment mass or deformation has to
be assumed. Such a dependence could be understood, 1n
particular, 1if 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 &
dependence of viscosity and other dynamic effects on the

fragment mass split.
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Pig. 16. COV(-VL.VH) a8 a function of fragment mass

Mean values of the fragment total Kkinetic energies are
presented in Table 4. A constancy of the TKE with heavy
fragment deformation can be seen for large ‘deformations of
light fragments similar to that for a large deformation of
heavy fragments (cf. cases (4|0), (4j1}, (4}J2) and (5)0),
(5§1)., (5)2)). It 18 possible that in this case filssion can
also be cold in the scission point, but the structures with a
period of S a.m.u. can not be observable because the peaks are
now too NArTow. .

Another ract 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 the light
fragments. This fact is in  good agreement with the energy
balance, since in the first case the mass distribution 1s
strongly asymmetric for which the Q- value 1s much less than
in the second case where the mass split 1s close to a
symmetric one and the Q-value 18 the highest possible.
The lower TKE values in the first case suggest that heavy
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fragments are mere deformable or softer though they are
corsidered ucliitic....”7 to bF more stiff.

On the basis of mear..vd neutron multivilcities the total
excitaticn energy as a function cof the frageent mass was
calculated. The statistical model using the Hauser-FPeschbach
method was employed [19]). The results of the calculations
together #ith the TKE values measured were 1in good agreement
with the energy balance except for the symmetric reglon. The
Q-values were taken from {20). The results of the calculations
and the comparisons are presented in Table 5. However, 1in the
cases of large deformations of one of the fragments, Q - TKE
value differs from the calculated excltation energy in a
different way depending on what fragment is deformed. Some of
these values are presented in Table 6. If the hedvy fragment is
strongly deformed, that is, when the structures 1n the mass

fable §

Ccmparison of mean totsl excitation energiss for various

fragmen: masses czlculated on the basis of messured

—— >
numbers of neutrons {19) with differences Q - TKE.

g E E, WE Q1200 o-TKE E +E
a.m.u. MeV MeV deV MeV NeV MeV
96 12.9¢4.0 19.7+5.0 174+3 209 35 32.6
100 13.9 1T.4 78 210 2 31.3
104 16.9 15.6 18t 213 32 32.5
108 17.8 14.7 184 17 33 32.5
112 21.9 13.6 186 223 37 35.5
116 22.1 13.9 188 228 40 36.0
120 25.2 13.1 191 232 41 38.3
123 23.9  12.6 190 233 43 36.5
125 19.2 16.7 188 233 39 - 35.9

distributions are seen, the calculated excitation energles are
systematirally higher than the Q - TKE differences which
suggest a deficit of energy spent for an intrinaic excitation.
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a ~ctullar ciharacier of the neutron mutiplicity
distribui:i . ns in symmeiric a:d nearly syumetric regions should
be noted. St.-:ing from the mase ¥ = 123, M, - 129, the
distributions beccme bimodel. In the distribution P(v } for the
mass M = 129 corre.ponding to the compact configuration, &

Table 6. comperison of .o mean total fragment excitation

anergies calculated 3n the basis of measured numbers

of neutrons (19) for cases of & larce azymmetry of the
fraguent deformations with the diffcrences 6~:—Ti!;

v v,) Q TKE Q- THE E*
NeV MeV eV eV

ot 216 197.6 18.4 18.5
02 214 193.4 19.6 24.0
0J3 212 185.1 26.9 30.2
oj4 210 174.6 35.4 38.0
015 208 168.0 40.0 - 45.4
1)2 216 189.3 26.7 31.1

143 213 182.8 30.2 36.4
114 212 174.8 37.7 45.9
115 | 208 168.6 39.4 53.3
141 219 195.2 23.8 24.1
1|0 221 201.6 19.4 18.6
210 227 187.1 29.9 26.6
30 229 190.6 38.4 31.1
410 233 182.8 50.2 a.7
510 |} 235 176.4 58.6 49.1
21 227 191.7 35.3 32.3
3 230, 187.2 43.3 37.6
41 235 182.1 52.9 45.7
511 235 176.7 58.3 52.0
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sec,nd mode characteristic for an elongated configuration
arises. . t.. ., metric mass split both distribtutions for I'_
= 126 and M, = 126 -~ 3imilar and have two pronvunced  modes
with the same ylelds. The <distridutions are presented 1n
Pig. 17. The two-dimensional distribution P(v_,»,) for the
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’18- 1T. The neutrar multiplicity distributions !("L)
. ana P(V’) for the fragment Rmass paires
l'_- 128, .ﬂ' 128 and "l.. ﬂ.- 126

symnetric mass split 1s presented in FPig. 18. Two types of
fissicn configurations can be seen in this distribution: for
moderate and equal deformation of both fragments and &8
combination of a compact Iragment with a strongly deformed
complement. The second type can be due to 2 = 50 proton shell.
The presence of two types of sclssion configurations can also
stem from two valleys in descent from the saddle to scission
predicted by BROSA and GROSSMAN [4,5].
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?18. 18. The two-dimensional neutron multipliicity
‘ distribution P(V, .V ) in binary fission for
symmetric mass aplit

TERNARY FISSION WITH BQUATORIAL ENISSION
QF IONG RANGE PARTICLES

S1licon surface-dbarricr detectors used for the long range
particle registration failed to distinguish the type of
particles. Therefore, all the 1inforuation obtained was
attributed to a-particles since their emission 1s the most
probable. Besides, at the present stage of data processing
the information on the LR-perticle energy was omitted in the
data interpretation because of a complexity of deaiing with
five-dimensional spectra and was used only for calculations of
corrections for the LR-particle recoil.

The mean values of different quantities in ternary rissfon
are presented in Table 7 in comparison with similar data from
(21,22) and with similar quantities in binary fission. The saw-



Table 7
Mean values of arious Fuan*.ties in binary and ternacy
fission of 252C1a V
Binary fission -
- (22} (2t} This work:
E. NeV  186.26:0.01 187.310.1 186.8:0.1
X, amu. 1085 108.720.1 108.6:0.1
M., 2.m.u.  143.4 143.320.1 143.420.1
v, 3.766:0.002 v
vV 1.16 - 1.13 1.13
" Ternary rission
qk, NeV 169.79:0.04 174.5:0.1 175.4:20.1
E7-E[ NeV  13.56:0.04 12.8:0.1 11.4:0.1 |
X, amnu 106.2 105.9 106.610.1
!.. a.m.u, 141.8 142.1 141 .420.1
v, 3.072+0.008 3.11:0.05 3.06+0.01
v/ 1.13 1.12.
Statistics TO0GO 8500 450000

tooth curves of the average neutron emission from individual
fragments as a function of fragment mass 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 1in binary fission,
then a similar shift by 2 a.m.u can be seen both in the peak
positions and in tre mean values of the light and heavy
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FPig. 19. 7The mesn neutron emission as & function
of fragment masses in binary and ternary finsion
with  equatorial emission of LR - particles

fragments. This fact 18 in agreement with the results obtamed
by other authors (for example (20)).

General behaviour of the partial fragment mass
distributions for fixed combinations (v .~ ) in ternary fission
i1s the same as in binary fission, but nevertheless there are
some appreciable distinctions, which probably stem from the
LR-particle emission.

Mass distribution" with no neutron emission (Fig. 20)
represents narrow peaks jJust like those In binary fission, but
- with masses shifted by 2 a.m.u. (i.e. l‘_=105. K_=143). The mass
deficit in this case 13 thus the same a3 for the total mass
distrfbution and 1s equal in both the light and heavy
fragments. Besides these peaks, satellite peaks can . be seen
‘with masses { <100 an< N =148 corresponding to the masses
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Fi1g. 20. The fragment mass distribution in ternary
fission for the case (0)0) when no neutrons
are emitted

N =102 and M, = 150 in binary fission. The double magic mass
M, = 132 15 absent as in binary fission. Therefore, the cold
ternary fission can be suggested to be similar to cold binary
fission but the maln mass w_=145 now shifted due to the
LR-particle emission.

Tield of the K =132 double magic mass rises with the 11ght
fragment deformation increase as was in binary rission. This
situation can be seen In Pig. 21 where mass distributions for
the cases of (1]0),(2]0),(3]0),(4§0),(5]0) are presented  and
" also In Fig. 22 where neutron multiplicity distributions P(v )
and P(v ) for the N =105, M =143 and M =116, M =132 mass paira
are shom. A comparison of these distributions with those in
birary fission shows them to have approximately the same
character, but to be appreciably narrower or shorter. It cam
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FPI&. 21. The fragment mass distributions in ternery
fission for fixed combinatione of neutron numbere:
a- Gfor; » - (2jo); c - (3lor; 0 - (sjor, 5 - (s}o)
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Plg. 22. The neutron multiplicity distridutions P(VL)
and P(V,) 1n ternsry fission for the fragment mass

petre M - 105, M, = 183 and N = 116, N, ..’132

D seen in Pig. 21 that the mass M =132 1s well pronounced and
1s not shifted, which makes it possibie to assume. that the
fragment corresponding to double magic shell does not
contribute to the o-particle formation. Yield of the mass
M =132 vceurs for the same combinations of neutron numbers as
in binary fission, t.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 (v ,» ) cases, corresponding to smail
numbers of neutrons or small deformations. In the case of large
and ssymmetric deformations a shift of only one peak by 4
a.R.u, can be seen, corresponding to a fragment which 18 more
deformed or emits many neutrons, with the mass of the
complementary fragment being the same a8 in binary {fission.
The general trend of such a dependence of the fragment mass
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shifts on tuc fTragesent deformations or on the gumbers of
neutrons emittec !s presented in Pig 23 where L and H denote
the shift of only ore peak (1ight and heavy ones, respectively)
and By denctes a simulianeous shift of both peaks by 2 a.m.u.
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P1g. 23. The snifts of the mess Gistribution peaks in
ternary fiesion with respect to those in binary
fiasion as & funé'tlon of niutron numbers. l. and V'
L end ¥ denote the shift of onlv ons light or honvv peak,
respectively, l denotes an eqQusl shift of both the pook.

An example of such an equal shift of both peaks 18 shomn 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
1s shom 1in Pig. 25. In the distribution of binary fission, two
palrs of peaks for masses N, =115, 120 and N =137, 132 can be
seen. In the distribution for ternary fission both peaks which
belong to heavy masses remain the same, whereas the peaks of
l1ight masses are shifted by 4 a.m.u. and become W = 116, 110.

It should be noted that due to heavy masses to be retamed in

temary fission for strong deformations of- ligm fragments the
same components can be seen in the mass d;stributions in binary.

and ternary fissfon, 1.e. N =132 and 137-138, whereas the
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Plg 24. Tne mass distributions in bimary and teraery '
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P1g 25.The mass dto!rtbuucn- in binary end tomm
f1seion for the case of the (3[0) comblnetion
of fixed neutron numbers
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complementa.; components of the 1light fragment msasses 1n
ternary fission arc shifted by 4 s.m.u. with respect to those
in binary fission and are now M =116 and M =110-111 {nstead of
N =120 and N =114-115, Their behaviour vs. the light fragment
deformation 18 the same as in binery frission. though in ternary
Iission the latter mass aprears 1n  slightly greater
deformations of the light fragment. If in binary fission this
mass can be seen in the case of v =0, then in ternary fission
1t appears only with v =1 or even v _=2. A8 mentioned above, this
mass determines the romation of rragnent mass distributions in
the case of strong deformations of 1light fragnents and 1s
governed by the minimum C, D on the plot by WILKINS,

The behaviour of the mass corresponding to the mase ¥ =145
in binary fission vs. fragment deformation in both cases 1s the
same. However, in the case of ternary fission It 13 more
dairficult to identify this mass because 1t 1is shifted by 2
a.m.u. (M =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 » =4, 5 occurring 1in
binary fission can also be observed {n ternary fission.
However, now it can de seen for a smaller number of neutrons
emitted by the heavy fragment 1i.e. at v _=3. All the facts
mentioned make it pessible to suggest that the valley on the
energy surface at N _=688-94 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
X =89, 94, %, 102, and X, = 163, 158, 154, 150, can be seen
in binary fission. In ternary fission, the same peaks exist 1in
the light mass distribution (i.e. M= 90, 94, 98, 102), but
the peaks corresponding to heavy masses are shirted by 4 a.».u.
(M, = 158, 154, 150, 146).
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FPi1g. 26. The maes distributions in binary and ternary
fission for the case of the (1}8) combination of
. >
fixed neutron numbers

All the facts mentloned show that formation of the mass
distributions 1s governed by the same relief of the potential
energy surface both in the binarv and termary fission and the
scission configurations in both cases 18 nearly the same. 7The
main contribution of nucleons to IR-alphas formation 1s in 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 cases of
small and equal deformations of both [fragments each fragment
can contribute 4 nucleons with the same probability which leads
to an averaged mass distripoution with s mean mass shift by 2
a.n.u. This situation 1s fliustrated in Pig. 27 where mass
distributions for the case (2)3) are presented. For binary
fission, the peaks at N =107, N =145, are seen, whereas for
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Fig. 27. The mees atstributions in binary and ternary
fission for the case of the (2]3) combinatioen
of fixed neutron numbers '

ternary fission there are two pairs of pcaks at N, = 102, 107,
and N, = 146, 141, which either correspond to bmax“y fission or
are ahltted by 4 a.n.u,

Por large deformatiocns of heavy [fragments in ternary
f1ssion, 3.e. at v 7 4 (as can be seen in particuiar in Fig.
26) structures with a period of about 5 a.m.u. can be found 1n
frageent mass distributions similar to those seen in binary
fisajon. Thus, a conclusion can be made that cold deformed
fission may also exist in ternary fission. .It should be
emphasized that the peaks of these stmctares are seen 1in all
cases for the same light masses  both in binary and ternary
fission. This certainly stems from the fact that LR-alphas are
‘muinly emitted by more deformed heavy fragnents. . These
structures exist in the region of small statistics and
therefore are not always statistically confident. Nevertheless,
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1t should be pcinted cut that these Structures were
systematically repeated for the same fasses 1in three
independent measurements: in our forwer work (24) and 1in two
sets of dsta indepundently processed for binary and termary
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, 1.e.
remains the same for the cases (Cj4), (1}4}, (2{4), (3{4), or
(0§5), (1§5), (2]5), as well as it 13 in binary fission.

In the region of symmetric fission, neutron multiplicity
distributions In ternary flssion have the Jame Dbimodal
character as in binary fission. It can be seen in Pig. 28 where
the P(»_) and P(v,) are presented for the symmetric mass split
¥ =M =124, Thus, in ternary as well as in bluary fission
there exist two versions cf configuration with intermediate and
equal deformations and a combination of compact tra@ems with
strongly deformed ones.

L1

Probability * 100
[ ]

ST T I T T

Number of ncutrm _
Fig. 28. Tne neutron multiplicity dietributions P(V, )
and an) in ternary filssjon for the symmetric
mass eplit (M <R =128)
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TERNARY PISSION WITH POLAR EMISSION OP LONG
 PARPICLES

. It 18 evident now that the ter "polar emission® can be
used only conditionally because such emission occurs  over
the angles from O to 180° with respect to the fragment flight
and 1ts probability in the polar direction 1is only 12 to 15 per
cent higher (25). Therefore, it could' be more realistic to
consider the existence of two types of long range particle
emission which differ by some properties.

In ouwr experimen: the LR-particles were registered by a
detector arranged along the fragrent flight. The mean angle of
particle registrations with respect to the fragment [flight
taking into account the sei-up geometry and the IR-particle
angular distribution was about 14°. Rather small statistics
were obtained in the measurements (3650 and 760 events
corresponding to the LR-particle flight toward the 1light and
heavy fragment, respectively). Therefore, @ successive file of
stored events could be used in data processing wrat in turn
- made it possible to use the information on the LR-particle
energy. At the same time, due to small statistics 1t was not
possible to perform any unfolding of the reutron multiplicity
distributions and toobtain any Iinformation for fixed
combinations of neutron numbers.

The mean values ofsome quantities of this process are
presented in Table 8. 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 time, the fragment iotal kinetic energy 1s
in this case rather less than in binary rlssion or in temary
fission with equatorial emission.

’ A pronounced asymmetry can be noted in the mumbers of
neutrons emitted by the light and heavy fragments. It 1s seen
both from Table 8 and Fig. 29 where the mean neutron emissions



Table 8 .
Mean values of varicus quantities in ternary fisajon of
zsch with polar emtssion of LR-alDhea.
Plight toward light Flight toward heavy
fragment - frageent
N, .a.m.u. " 108st | 110s1
N, .a.m.u. 14021 : 13821
E . MeV . - 168.0:0.5 170.0¢1.0
v, 3.5420.09 , 3.54:0.15
v /v, 2.16 1.44
Statistics 25 748
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P1g. 29. The wmeen neutron emission in ternary fission
with polar enission of LR-particles as a fumnotion
of fragment Rags:
€ - LA-particls flight toward the 1ight fragment;
& - LR-particle flight toward the heavy fragment.
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from indiviqus' fragment are presented as a8 function of
fragnent masses Icr e cases of La-particle flights toward the
light and heavy fr.owents. The curves piresented have 2
conventicnal aaw-tooth shape, though in the first case there is
8 rise of » In the region of lighiest masses (85 < M_ < 95).
In the second case, there is no statistics available in this
mass region. In this case, the asymmetry 1s somewhat less and
heavy fragments themselves are more deformed or excited than
in the prevlous.case; However, the light fragments are still
more deformed than the heavy ones.

The information obtained suggests a conclusion that the
polar emission towards the light fragment occurs mainly in the
case of strongly deformed light fragments with rather compact
configuration of their heavy compiements. in the case cof
emission towards the heavy fragnents the difference between the
neutron numbers or fragment deformations &re noticeable less
and the heavy fragments are more deformed than in the previous
case. Nevertheless, in this case the light fraguents are siill
more deformed than the heavy ones v v, = 1.44).

The fragment mass distributicns for both the cases are
- presented in Pig. 30. As it was mentioned earlier, a pronouced
yield of the mass ¥ = 132 should be expected in the case of
strongly deformed light fragnents. However, no proper peaks are
seen in the distributions and the yizlds of this mass amounts
to a half of the maximal ones. In the similar mass distribution
. obtained in (25] this mass 1s somewhat more pronounced and
manifests itself as a bend of the curve.

The mass distribution concidered for the case of
IR-particle flight towards the light fragment looks 1like that
in ternary fission with equatorial emissicn for the cace of an
intermediate deformation -7 the light fragment and ‘a compact
. deformation of the heavy fragment, when the yleld of the mass
M, = 132 18 st1]1 isufficlently pronounced, the masses M_= 112
and K, = 140 prevail in binary fission and the main mess shift
due to the LR-particle emission falls on ihe 1ight peak. In
this case in ternary fission with equatorial emission the mean
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Pig. 30. The mass aistributions in ternery fission with
polar emission toward the light (A) end heavy
fragments (C) in comparison with that l.no t.rnar&
fission with equatorial emission for the (2‘1)

conbination of firad noutrpn numbers

masses § = 108, M, = 140, are the same as in the distribution
concidered. A comparison of this distribution with that for the
case of equatirial emission for the combination of neutron
numbers (2]1) 1s presented in Pig. 30. '

The mean masses obtained in {25) are ¥ = 109, ¥, = 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 § = 110, N, =
138. The mean masses from [25] are the same for both the cases
and the mass distributions themselves are rather similar. It
shiould be noted that poor statistics for the second case either.
ir our measurements or in {25) makes determination of the mean

passes uncertain.
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In coi.>’vsion, the mass distridution 1n ternary fission
with polar emis.ioi: can be assumea 0 be goveined mainly by the
minimum C and in purt Uy the minimum ¢ on the piot by WILKINS
and the emnission of m-partlcles occurrmg from a single
fragment.

Pi1g. 31 presents the mean ncutron emission as a function
of LR-alpha energy. These curves havc nonlinear character and
show a sudden change in the slope at E, = 18 NeV. Besides, they
have a concave shape instead of the promlnent shape obtained in
(22] for a similar dependence in equatorial emission. The
derivative G /dE, does not depend on the fragment muss as well
g8 in (22} for the case of equatorial emission.
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Pig. 31. The mesn total neutron emission (A) and the mean
. c-ilozon from individual light (B) and heavy (C)
fragment in ternary fiseion with polar emission
as a function of the LR-particle kinetic erersgy
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- Plg. 32 presents the fragrent total Kinetic emergy as a
function of the Lﬂ-a.pna energy. This curve 1is nonlinear 1o
shape as beforc ..’ has & sudden break at the same 18 MNeV-:
energy. Its slope 25, /d2, now depends on the frageent mass
(Pi1g. 33) as well as 8 simuar derivative from (22} for the
case 0f equatorial emissicn. However, the character of this
dependence is reverse of that obtained in (22). If in the case
of equatoriai emission the slcpe rises. when approaching. the
symmetric mass split, then by contrast in the case of polar
emission it falls down, and within an appreciable mass range
{110 to 124) the fragment total kinetic energy does not depend
on the IR-alpha Kkinetic energy. This could protably result
from a different character of the acceleratica of LR-particles
emitted from the neck region or from the outside part of the

rmgnent surface.
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Pi1g. 32. the totar fragment kinetic energy in ternary
fission with polar emission as a function
of the LR-particle kinetic energy
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CONCZUSION

Analysis of the partial mass distributions corresponding
to fixed mumbers of prompt neutrons sakes it possible to trace
the dependence of the mass distribution formation om
. thefragment deromtlon and make some eoncluslone on the

character of the potential emergy surface in the scission
point. The picture obtzined agrees mainly with that obtained by
WILKIKS (3), but suggests a ‘possible presence of an extended
" valley responsible for a significant part of the mass
distributions. Visible correlations of behaviour of both the
- fragments show that  statistical - calculations using a
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ore-dimensional energy surface which characterizes a formation
of single Iragments can zive only a rough description of the
mass aistribuilon I .*ion. To provide a more adequate
picture, 3 multi-dimensiona! cnergy surface should be used to
account for simultaneousiy thedeformaticons of both the
fragmenis, the mass division, the charge :ustrnmucns and 80
on, for example, as obtained in i{26). -

. 1t onme ‘considers the information obtalned from the
viespoint of the model pronosed by BROSA and GROSSMAN (4,5),
then the 107/145 mass split can be regarded as an 1initial
scission configuration, though featuring various degrees of
deformation (cf. cases (0}0) to (3|23)) and the unifcrm drift of
mass distribution peaks from this starting point towards
efther asymuetric or symetric mass splits with ‘the fragment
. deformation variations as well as deformation partitions
between the rragrents - definitely connected with this drift
could be assumed to be governea by a position of the neck
rupture point. Besides, superlong configurations predicted by
BROSA and GROSSMAN are really observed both in the extremely
asymmetric mass split and in symetric or nesr symmetric ones
{v,= 5.6,7).

The structures observed in the distributions obtalned
suggest ' that spontaneous fission 13 a weakly dissipative
process and that free energy can be realized as prescission
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 (ission
shows that the main contribution in the IR-alphs formation 1s
provided by only one fragment either in equatorial or in polar
emission. The o-perticle emission occurs at the last stage of
the descent to the scission point when the mass distribution is
already forwed, and the scissicn configurations in binary and-
ternary fission are nearly the same. MNore detailed parameters
of the mass distribution formation are very promising. In
particular, it 1is very important to - obtain- for [fixed
combinations of neutron mumbers the total distributions of
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fragroui mass and Kkinetic energy. Hcwever, 1t requires
statisvi.3 to be Licreased at least by an order or more. An
increase in .Y number of fixed parameters and, in particular,
registration 2 *the fragnent charges !5 especlally promising.
It will make 1t pcossible to obialn the picture of shell
structures in nore detaill,
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