RESEARCH Revista Mexicana dédica60 (2014) 350-356 SEPTEMBER-OCTOBER 2014

Coulomb effects in isobaric cold fission from reactions
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The Coulomb effect hypothesis, formerly used to interpret fluctuations in the curve of maximal total kinetic energy as a function of light
fragment mass in reactiorf$3U(ny,,f), 2*°U(n,f) and 2*°Pufu,f), is confirmed in high kinetic energy as well as in low excitation
energy windows, respectively. Data from reactiGfi8U(n.n,f), 22°U(nn,f), 22°Pufuen,f) and 252Cf(sf) show that, between two isobaric
fragmentations with simila@-values, the more asymmetric charge split reaches the higher value of total kinetic energy. Moreover, in low
excitation energy windows, between two isobaric charge splits with diffépevilues, the more asymmetrical fragmentations is preferred.
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1. Introduction total kinetic energy as a function of primary fragment mass,

_ _ o Kmax(Ay) for light fragment masses frog0 to 108.
Among the most studied properties of nuclear fission of ac- At the Lohengrin spectrometer in Grenoble, P. Arm-

t|p|?edstare the |d|str|bltJt|onfs of masts alnd IF<|rI13e|t|c enetrgy faSS(Erusteret al. [5] measured the mass and charge distribution
ciated to complementary fragments [1]. F. Pleasonton foun s function of light fragment kinetic energy from reactions

that the highest total kinetic energy is around 190 MeV [2]'233U(mh f). They measured light fragment mass frém

However, those distributions are disturbed by neutron emisg) 105, Like C. Signarbieuset al. [3, 4] they interpreted

sion. In order to describe one of the consequences of neutrql, «tructure of mass yield for cold fragmentation as domi-

em(;ssmn, let's ztéipos:? th_at a nuclelus with prol'.[o;: nt:rﬁbe(; nated by potential energy surface of the scission configura-
and mass numbet; splits into complementary light (L) and i, \yhich is influenced by shell effects. They also agree

heavy (H) fragments corresponding to primary mass nu.mber\ﬁlith Signarbieuxet al. that superfluidity is at least partially

Ar, and Ay, and proton numbers,, and Zy, having kinetic destroyed. P. Armbrustet al. conclude that the lowest exci-

energiesky, and E}.I' respe(_:tlvely. After neutron emission, tation energy occurs for masses arovadwhile C. Signar-

those fragments will end with mass numbers bieux et al. [3] suggest that this phenomenum occurs to the
mp, = A, — n, fragment pair {°*Mo, 3°Sn).

In order to interpret fluctuations in experimental
K.x(Ay) curves, M. Montoyaet al. proposed the hy-
pothesis that the maximal value of final total kinetic energy
wheren;, andny are the numbers of neutrons emitted by thecorresponds to fragments that began with a compact scis-
light and heavy fragments, respectively. The correspondingion configuration with null free energy [4, 6, 7]. If this hy-
final kinetic energies associated to those fragments will be pothesis' called Coulomb effect, is true one can eas"y show

n, that between neighbouring mass fragmentations with similar
eL = By (1 - ) Q-values, the higher maximal Coulomb interaction energy

and
my = A — nw,

A
- (Cmax) and, consequently, the high#f,,.., will be reached
and n by the fragmentation with the lower light fragment charge
'H
en = Ey (1 - AH) 5 (20).
respectively. In this paper the theoretical basis of the Coulomb effect

In 1979, at the High Flux Reactor (HFR) of Laue- hypothesis are firstly explained. Then several experimental
Langevin Institute (ILL), in order to avoid neutron emission "€SUltS on charge yield in cold fragmentations, compatible

effects, the cold fission regions, associated to the highest vaYylth that hypothesis are presented.

ues of kinetic energy, consequently to the lowest values of

total excitation energy, in reactiod&®U(ny,,f), 23°U(ny,f)

and 23°Pu(u,,.f), respectively, were studied by C. Signar- 2. Basics of Coulomb effects in cold fission

bieux et al. [3, 4]. Using the difference of time of flight

technique, with solid detectors to measure the fragment kiin a scission point model, the potential enerdg) 6f a scis-
netic energy, they succeeded to separate neighbouring psion configuration corresponding to a light fragment charge
mary masses, which permitted them to measure the maximaly, is given by the relation
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interaction Coulomb energy between the two complementary
P71 (D) = D?t (D) + C%= (D), fragments corresponding to light chagg and scission con-
figuration shapéD, with fragments nearly spherical. If one
takes two isobaric splits with light fragment charggsand
%L — 1, respectively, one obtains the relation

where D is the total deformation energy of fragments,
is the Coulomb interaction energy between complementar
fragments, and represents the elongation of the scission
configuration, which may be defined as: 0% (D) — B (D) Zi — 27; + 1CZL (D).
D:CLI_FCLJ’ Z(Zy — Z1)
bu by From this relation, for the same shape of scission configura-
whereb andc are the ellipsoidal semi axes referred to heavytion, one can show that
(H) and light (L) fragments, respectively (It is assumed that
ar, = by, anday = by). See Fig. 1. c4-1 (D) < c% (D).
In general, at scission, the fragments have a free energy
(Ete.) Which is spend in pre-scission kinetic energy and in-In consequence, if one assumes that
trinsec energy of fragments, respectively, obeying the relation
D#-~1 (D) = D* (D),
Q = P + Efree.
one obtains relation
The most compact configuration obeys the relafign. = 0,
then P#=1(D) < P71 (D).
Q=P
In order to explain the Coulomb effect in isobaric splits in

cold fission, it matters first to show that, for the same shape
configurations, the more asymmetric charge split has a lower

See Fig. 1.

Coulomb interaction energy. Let’s take the case of two spher- 100
ical fragments. The Coulomb interaction energy between two 180-\
complementary hypothetical spherical fragments at scission \
configuration is given b X
] ey czeh |eo
cn — L A2 - Zu)e 1601
sph 47eg Ry, + Ry +d ’ . <
. . N >
whereg is the electrical permittivitye is the electron charge, g é
Ry, and Ry are the radii of light and heavy fragment, respec- 7 3
tively, andd is the distance between surfaces of fragments. g E
In this paper it is assumed that= 2 fm. The nucleus radius = |
for each fragment is given by the relatidh= 1.24A'/3 fm.
Then, one can show that
ACuypn (Z1,, 21 — 1) = CZ — 2471 120t 17
- MCZL

Z1(Zy — Zy,) P

Let's take two cases of charge splits from fission of nucleus
236y which hasZ; = 92. The first case corresponding to
Zy, = 46 for which the relative variatiol\C,p,1, produced by ~ FIGURE 1. Low energy fission of actinides. Schematically, solid
changing toZ;, — 1 = 45 will be nearly zero; and the sec- lines represent the total deformation energ),(the Coulomb in-
ond case, a much asymmetric charge split, corresponding f§raction energy() and the potential energyX = D + C) as a

7, = 30, for which the variatiom\C;,,,, produced by chang- functlop of the elongation of a scission configuration, .corr.es.pond-
ing to Z;, — 1 = 29 will be approximately 3.5 MeV. This ing to light fragment charg€y,. The space of deformation is lim-

. . . .. ited by the total available energ®j. Dashed lines represent sim-
gg’;rir?:;':dryegf%fhhaorgen;gﬁ? the Coulomb effect increases wit ilar curves corresponding to the neighbouring more asymmetrical

. . charge split 1, — 1) but having the sam@-value. One can see that
In general, the Coulomb interaction energy betweenye |ower minimal deformation corresponds to the lower light frag-

;phericgl fragment_s is higher than t@e-value. Therefore, ment charge. As a result, the maximal Coulomb interaction energy,
in a scission configuration, fragments must be deformedwhich will be converted in kinetic energy, corresponds to charge
Let's assume that, for isobaric sphit;,/Ay, C?=(D) is the  Zi. This figure is based on a similar figure taken from Ref. 7).

Deformation (/b + ¢ /b))
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3. The maximal value of total kinetic energy

The fragment deformation energy and Coulomb interaction
energy between fragments are limited by tevalue of the
reaction. The maximal Coulomb interaction energy corre-
sponding taZ;, (CZx ) and the minimal value of deformation

max
energyDZ: obeys the relation

Ci. =Q- DX
Similarly, the relation corresponding to fragmentation with
light fragment chargeZy, — 1 will be
CZL—l _ Q _ DZI-‘il.
The deformation energyY) increases wittD. Then the most
compact configuration correspondingAg — 1 has a lower
deformation than the corresponding #p,. See Fig. 1. In
consequence:
D71 o pZu

min min*

From these three relations one deduces that

Ol ' > il
Therefore, it is expected that between two isobaric splits hav-
ing similar Q-values, the more asymmetric charge split will
reach a more compact configuration, which corresponds to a
lower deformation energy, then a higher Coulomb interaction
energy and, therefore, a higher maximal total kinetic energy.

4. Experimental data confirming the Coulomb
effect hypothesis

Acording to the Coulomb hypothesis, between two isobaric
fragmentations, if

Q(21) = Q(22),

where Q(Z1) and Q(Z2) are the@-values corresponding
to the light fragment charge81 and Z2, respectively, and
Z1 > Z2,then

K22 >KZI

max max*

Therefore, the higher yield will correspond to the more
asymmetrical charge split. Data confirming the Coulomb ef-
fect hypothesis will be shown in the following paragraphs.

4.1. 23U(ng,f)

In 1986, H.-G. Cleret al.[8] presented the charge and mass
yield in light fragment kinetic energy windows in the re-
action 233U(ny,,f). The highest light fragment kinetic en-
ergy window studied was 110.55 MeV. In this energy win-
dow, between two isobaric charge splits, a preference for th
light fragment charge corresponding to the high@stalue

M. MONTOYA

N

Yield (%)

50

50

20

by U. Quadeet al. [10].
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FIGURE 2. Experimental yield of charge, as a function of light
fragment kinetic energy, corresponding to some isobaric splits
fith similar Q-values from reactior?*3U(n.y,f), as measured

If one compares yields of odd or

is mostly observed. However, among the 27 measured lighéven charges, respectively, at the highest measured kinetic energy
fragment masses, there are ten exceptions to that rule. FQE, = 110.55 MeV), the higher yield corresponds to the lower

these exceptions, the highest probability corresponds to #ght fragment charge.
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that in this last case the probability of an even charge split is
TABLE |. Cold fission in reactiof**U(n..f). From data referred  higher than the corresponding to the odd charge split.

to charge and mass yield of light fragments with 110.55 MeV, taken  In 1991, to interprete those results, Brhenwein and B.
from Ref. 8, ten cases for which, as exceptions, the charge with theBorsig propose the “Tip model of cold fission” [11] which is
highest yield is not the corresponding to the high@stalue are  a more elaborated version of the model proposed in 1984 by
presented. For each mass)(the light fragment chargeg1 and ~ H .G, Clercet al.[8]. They include the deformation proper-
42 correspond ta@)1 and @2, respectively. AlthouglQl > Q2 tjes of nuclei in their ground states. They propose the concept
the highest yield corresponds #2. The Q-values are calculated ¢ «1e cold fission” which corresponds to a critical mini-

using the atomic mass from Ref. 9. mum tip distance. This distance, as derived from the theoret-

A Z1 Z2 Q1 (MeV) Q2 (MeV) ical deformations, is assumed to be 3.0 fm.
(Highest Confirming the Coulomb effect hy_pothesis, in 1994, W.
yield) Schwabet al. show that, in the reactiof?3U(ny,f), defi-

nitely there is a clear trend to prefer more asymmetric charge

81 33 32 179.1 178.6 splitin cold fission [12]. They calculated the mass and charge

82 34 33 181.6 180.7 yield as a function of excitation energy. Comparing cold iso-

85 35 34 184.3 184.1 baric fragmentations with charges with the same parity, in the

86 36 34 186.2 185.9 region of low excitation energy, the highest yield corresponds

87 36 35 186.2 1856 to the lower light fragment charge. See Fig. 3.

91 37 36 190.4 190.2 4.2 235U(nthyf)

92 38 37 198.3 197.5

101 a1 20 1973 192.8 In 1980, for the reactiof®>U(ny,f), W. Langet al.[13] pre-

102 42 40 205.1 2012 sented experimental results about charge and mass yield in

light fragment kinetic energy windows. In 1986, using those
103 42 41 203.1 202.2 results, M. Montoyeet al. [7] showed that, in the kinetic en-
ergy window of 108 MeV (the highest studied window) be-
a light fragment charge lower that the charge correspondyween two isobaric fragmentations with simitarvalues, the
ing to the highest)-value. See Fig. 2 and Table |. Tli¢  more asymmetric charge split is preferred.
values are calculated using the atomic mass table of G. Audi |n 1986, G. Simonet al. [14] measured the highest
etal.[9]. H.-G. Clercet al. interpret this result playing with  yalue of total kinetic energy as a function of light frag-
the distance between fragments centerg) @rresponding ment charge and mass for reactiG&U(n.y.f), 235U (nn.f)
to a Coulomb energy equal to tiig-value, the interaction and 23°Pu,,,f), respectively. In the case of the reaction
radius Ry and tunneling through the barrier separating the2ssy(y,, f) they observed that the maximal total kinetic en-
fission vaIIey from the valley Corresponding to two Separateq;rgy are most]y reached by the Charges maximizing@he
fragments (fusion valley). value. The exceptions correspond to cases of singjlar
The above mentioned experimental results were convalues, for which the highest values of total kinetic energy
firmed in 1988 by U. Quadet al. [10]. Let's see some of s reached by the more asymmetric charge split. See Tabla Il.
these results. In 1991 C. Signarbieugt al.[15] confirmed those results
For the mass spli82/152, the chargesZl = 34 and  except for mass 88. For this mass, they found that the
Z2 = 32 correspond ta)-values equal td81.6 MeV and
180.7 MeV, respectively; nevertheless, although the highet
Q-value corresponds t&@2 = 34, the higher probability ~TABLE Il. Cold fission in reactior?**U(n.,f). Four cases of
is referred to the lower chargeZ2 = 32. For the mass masses4) for which, as exceptions, the charge that reach the high-
split 89/145, the chargesZ1 = 37 and Z2 = 35 corre-  ©st total kinetic energy is ndtl, corresp_onding to the highegt
spond toQ-values equal td86.7 MeV and 186.5 MeV, re- value @Q1). For. these gxcgptlons thg light fragment charge)(
specivel:nevertnles, alhough e ighewalue core- 115112 et et erergy e or o Do en,
sponds toZ1 = 37, the higher probability corresponds to from Ref. 9 ' g
the lower chargeZ2 = 35. For the mass split4/140, the T

chargesZ1 = 39 andZ2 = 37 correspond t@)-valuesl91.6 A Z1 Z2 Q1 (MeV) Q2 (MeV)
MeV and190.5 MeV, respectively; nevertheless, although the (Highest
higher@-value correspond&81 = 39, the higher probability Kumax)

corresponds to the lower chargg2 = 37. For the mass split

81/153, the chargesz1 = 33 and Z2 = 32 correspond to 93 38 87 1895 189.2
Q-values,179.2 MeV and178.6 MeV, respectively; although 97 39 38 194.0 193.4
the higherQ-value correspond t@1 = 33, the higher prob- 98 40 38 196.2 195.7
ability corresponds t&Z2 = 32. It is interesting to notice 99 40 39 196.3 195.6
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FIGURE 3. Experimental yield of charge, as a function of total excitation energy, from reactiti{(n...f), as measured by W. Schwab
al. [12]. If one compares yields of odd or even charges, respectively, at the lowest excitation energy, the higher yield corresponds to the lower
light fragment charge.

maximal total kinetic energy is reached by the charge 36, cor4.3. 23°Pu(n,,f)

responding ta) = 186.6 MeV, instead of 35 suggested by G.

Simonet al, corresponding ta@) = 182.8 MeV. Neverthe- The results obtained by G. Simet al. referred to the reac-
less, one must notice that in this case the differenc@4n tion 23°Pug,f) show that, between isobaric charge splits,
values corresponding to those charges is 3.8 MeV in favor ofhe maximal total kinetic energy is reached mostly by the
charge 36. charge that maximizes the correspondipeyalue. The ex-
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FIGURE 4. Experimental yield of charge, corresponding to total excitation energy values of 7, 9 and 11 MeV, respectively, from reaction
252Cf(sf), as measured by F.-J. Hambsathal. [16]. If one compares yields of odd or even charges, respectively, at the lowest excitation
energy, the higher yield corresponds to the lower light fragment charge. Exception is observed faf@nemsesponding to transitional
nuclei, whose deformabilities depends of neutron number.

ceptions are referred to cases for which the maximal total kiFig. 4. One can observe that, in the coldest regian, in

netic energy is reached by a more asymmetrical charge splithe lowest excitation energy window, the highest yield corre-

Those exceptions are presented in Table III. sponds to the lowest light fragment charge, with a few excep-
tions that we mention below.

4.4, 252Cf(sf)
The Coulomb effect is more evident in the region as-

In 1993, F.-J. Hambscht al. [16] presented experimental sociated to the more asymmetric fragmentations. For light
data corresponding to spontaneous fissiort°6Cf. They fragments heavier than 100 amu, other effects seem to be re-
show the charge and mass yield referred to total excitatiofiected on charge and mass yield. In the region corresponding
energy values equal to 7, 9 and 11 MeV, respectively. Seto transitional fragments with mass number around 100 and
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chargeZ = 44 (N = 61) is higher than the corresponding to
TaBLE Ill. Cold fission in reactiorf**Pu(u,,f). Two cases of 2 =42 (N = 63).
massesAl) for which, as exceptions, the charge that reach the high-
est total kinetic energy is ndf1, corresponding to the highe&t
value (21). For these exceptions the light fragment charge)( 5. Conclusion
that reach the highest kinetic energy is lower ti#&n Data taken
from Ref. 14. TheR-values are calculated using the atomic mass Evidence was shown that, in the coldest region of thermal
from Ref. 9. neutron induced fission of*3U, 235U, 23°Pu and sponta-

N 71 79 01 (MeV) 02 (MeV) neous fi_ssion of52Cf, respectively_, in th_e asymmetric mass
split region A < 100), between isobaric charge fragmen-

(Highest tations with similarQ-values, the more asymmetric charge

Kimax) fragmentation reaches the higher maximal total kinetic en-
91 37 36 195.2 194.6 ergy. This results is interpreted, in a scission point model, as
92 38 37 1975 194.5 a “Coulomb effect” [4, 6, 7]: between charge splits with sim-

ilar @Q-value, a lower light fragment charge corresponds to a
neutron numberd’ > 58 it is expected that deformabilities lower Coulomb repulsion, which will permit to reach a more
will be reflected on the charge and mass yield. For instancesompact conf|gurat|on and, as a consequence, a lower mini-
in the mass fragmentatiotD0/152 with 7 MeV of excita- mal deformation energy, and then a higher maximal Coulomb
tion energy, the chargg = 42 is preferred taZ = 38 and  interaction energy. The final result of that will be a higher
Z = 40. For the mass fragmentatioi$0,/142 the yield of ~maximal fragment kinetic energy. Even more, for charge
Z = 44 (N = 66) is higher than the correspondingZo= 42 splits with differentQ-values, the more asymmetrical charge
(N = 68). For the mass fragmentatidn5/137, the yield of splits are associated to the lower minimal excitation energy.
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