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ABSTRACT

The structures in the mass and total kinetic energy ( TKE) distributions
in cold fission of 23*“U and 23%( gre interpreted in terms of the Coulomb

imal value of C [Cmax) corresponding to the most compact scission config-
uration, is calculated for several mass fragmentations. It is shown that
Cmax increases, if one increases the charge asymmetry for a given prima-
ry fragmentation and Q being constant. This dependence produces oscil-
lations with a period of approximately 5 amu of C as a function of the light

maximal volue of TKE. Moreover, it follows that the yields of the more
asymmetric charge fragmentation of the same system are increased, that is
for the more compact configuration.

RESUMEN

Se interpretan las estructuras de la distribucion de masa y de energia
cinética total (TKE), en la fisién fria de 23%U y 225U, en términos de la
energia de interaccion coulombiana (C) en la escision. El valor mdximo de
C (Cmax) correspondiente a lo configuracion mds compacta, es interpreta-
da para varias fragmentaciones de masa. Se muestra que Cmax aumenta si

do el mismo valor de Q. Esta dependencia produce oscilaciones, con un
periodo de 5 uma del valor maximo de C en funcion de la masa del frag-
mento liviano que estdn correlacionadas con las oscilaciones observadas en
el valor mdximo de TKE. Ademds, resulta que el rendimiento de las frag-
mentaciones mds asimétricas, es decir por las configuraciones mds compac-
ta aumenta.
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1. INTRODUCTION

The structure in the mass and charge distributions in low energy
fission of heavy nuclei have been interpreted as stemming from shell and
pairing effects [1]. In the case of 234y and 236y produced in the capture
of a thermal neutron by 233U and 235U, respectively, those structures
are more pronounced at high kinetic energy, EL, of the light fragments
[1]. This result promoted the measurement of charge, mass and Kkinetic
energy in regions with small excitation energy of fragments, that is, as
close as possible to the region of cold fission, defined as fission with no
neutron emission. In the region of cold fission isostly the systems 234U
and 236y were studied. Several authors [2-4] measured with the "Loheng-
rin" recoil separator the light fragment mass (AL) » and the light fragment
charge (ZL) distributions in windows of light fragment kinetic energy
(EL). A time of flight method has been used by other authors [5,6] to
measure the total kinetic energy (TKE) and fragment mass distribution for
the above mentioned fissioning systems. From those measurements the
maximal value of TKE, TKEmax’ as a function of A; has been evaluated.
A recent review of cold fission is given in Ref. [7].

The purpose of this paper is to disentangle the influence of the Cou-
lomb energy from other effects. An increase of TKEmax is observed for
increasing charge asymmetry for mass fragmentations with equal Q-values
of the same members of the mass chain. The maximal value of the Coulomb
interaction energy between the two fragments at scission, Cmax' will be
calculated in a static scission model and compared to the experimental val-
ues of TKEmax' The analysis allows to understand the yields of the sur-
viving charges in the region of the highest values of the total kinetic
energy.

2, THE MOST COMPACT SCISSION CONFIGURATION

At scission the potential energy of a two fragment system (P) is the
sum of the total deformation energy (D) and the mutual Coulomb energy
(C). The light and heavy fragments could have intrinsic excitation energy
(X). In addition, the two fragments could have obtained a prescission
total kinetic energy (TKEO). Using these definitions, the energy balance,
neglecting shell and pairing energies, at the scission configuration is giv-
en by the following equation:

55




Q=D+X+C+TKE, (1)
where Q is the available energy for the fission process.

The most compact scission configuration corresponds, by definition,
to the highest Coulomb interaction energy. It is assumed that this config-
uration consists of fragments in their ground states, without prescission
kinetic energy. Then equation (1) reduces to:

Q=P =D+C. 2)

Note that this configuration corresponds to the maximal value of the
potential energy (P ) which cannot be higher than the Q-value. From
relation (2) we see that the highest possible value of the mutual Coulomb
energy (C ) corresponds to the lowest possible deformation energy
(D ) In order to calculate the most compact scission configuration, the
deformatlon energy and the Coulomb interaction energy as a function of
the shape of the configuration is needed. The energy C_ .. can be taken
as the maximum value of the TKE of the fragment pair. The energy D is
transformed into excitation energy of the fragments.

2.1. COULOMB EFFECT

Let ZL/ZH and (ZL-I)/(ZH+1) be two charge fragmentations for the
same mass ratio AL/AH. Assuming that the corresponding scission con-
figurations have the same deformations, the ratio between the correspond-
ing C-values is the following:

c, /C = 2o Zoi/(Zg ~1) (Zgg*1). 3
z,/%2, T At %L H (3)

The Coulomb interaction energy, at the most compact scission config-
uration, amounts to about 200 MeV. For the difference (C, -C, ) a
L “L-1

value of about 2 MeV is obtained. In Fig. 1, the curves C, corresponding
to ZL and (ZL 1), respectively, are schematically presented as a function
of fragment deformation. Let us assume that the deformation energy and
the Q-values are the same for the two charge fragmentations. It is easy to
see that the smallest value of the deformation energy (Dmin) and the larg-
est value of the maximal total kinetic energy (TKEmax) correspond to the
most asymmetric charge fragmentation. The lower of the two light frag-
ment charges with the higher value of the TKEmax has a higher fission
yield. This observation we call the Coulomb effect in the independent
yield. A consequence of this yield difference are oscillations in the mass
dependence of TKE ax
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Fig. 1: Total deformation energy (D) and Coulomb interaction energy (C)
of the scission configurations limited by the total available energy (Q) for
the fragmentation **Sr/**°Xe (from Ref. [1]). The char
equal to 38/54. If one assumes g second charge fragmentation
(ZL-I)/(ZH+1) = 37/55 having the same Q-value one will obtain a total
kinetic energy TKEZL™!
fragmentation TKEZ L.

ge ratio ZL/ZH is

higher than the one corresponding to the first

2.2. Q_VALUE INFLUENCE

The Q-value limits the domain of fragment deformations at the scission
configurations, as one can see in the schematic figure 1. Let us take two
charge fragmentations corresponding to the Q-values Q' and Q", deforma-
tion energies D'min and D"min’ and the total kinetic energy TKE'max and
TKE"max' respectively. If Q' < Q", we see from Fig. 1 that D'min >
D"min' The difference between the TKme values will be higher than the
difference between the corresponding Q-values. It equals the sum of the
differences of the Q-values and the deformation energies.

2.3. SHELL AND PAIRING INFLUENCE

The fragment deformabilities play an important role in the magnitude of
the Coulomb effect. For example the TKEmax woul be constant if the
fragment deformation would not depend on the deformation energy in the
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domain of the most compact scission configuration. This means that,if the
fragments are soft the difference in the TKErnax will vanish.

In order to estimate the role played by the deformation, one can cal-
culate, for each fragment, the deformation energy, using the Strutinsky
prescription [8]. The shell [9], 6U, and the pairing [10], 6P, terms are
added to the liquid drop energy [11], W.

The relative variation of the deformation energy of a fragment is
calculated by the difference

~

0= (W +6UN+GUZ*6PN+6PZ)-WS, 4)
where W and W g are the smoothed values, corresponding to deformed
and spherical shapes of fragments, respectively. 6UN z and GPN g are
the shell and the pairing terms corresponding to neutrons and protons,
respectively.

The maximal value of the Coulomb interaction energy, at the scission
configuration, is calculated as the difference between the Q-values and
the deformation energies of the fragments. As an example in Fig. 2 are

WA

Fig. 2 Equipotential energy ( ) as a function of deformation at scis-
slon of the fragmentation *2Sr/'?*Xe. The fragment deformations are
represented by the Nilsson parameters e. The dashed line is the
equi-Coulomb interaction energy corresponding to the highest value per-
mitted by the Q-value = 204.2 MeV . The most compact configuration corre-
spond to g = 0.4 for ond g = .0 for the light and the heavy fragment,
respectively.
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presented equipotential energy curves (P) as a function of the Nilsson
deformation parameters () at scission for the fragmentation 98Sr/laBXe.
For a Q-value of 199.8 MeV, the maximal value of the Coulomb energy is
Chnax = 196.5 MeV giving a total deformation energy of 3.3 MeV. The cor-
responding configuration is the heavy fragment in its spherical shape and

the light fragment with a deformation ¢ = 0.37. Fig. 3 shows the fragmen-

L 202.68
P=204 2MeV)
06.2
= oy
W
02.68
3 4

Fig. 3: Same as Fig. 2, but for the fragmentation '°*Mo/*3*°Sn. The
most compact scission configuration corresponds to the light fragment
deformation g = 0.3 (ground state) and the heavy fragment deformation
g = .0 (ground state).

tation 104Mo/]“'mSn.I-lere Cmax reaches the Q-value because the deforma-
tion energy of this fragmentation approaches zero. The Cmax-values for

the two fissioning systems 23“lU and 236y as a function of fragment mass
are presented in Figs. 4 and §.

3. INTERPRETATION OF EXPERIMENTAL DATA

3.1. COULOMB EFFECTS
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Fig. 4. The
maximal kinetic
energy, TKE-
max, (thick
line) [16]; the
maximal Coulomb
interaction

energy, Cmax,
(thick dashed
line) [8] and
the highest
Q-values (The
full and dotted
lines correspond
to even and odd
charge frag-
ments, respec-
tively) as o
function of the
light  fragment
mass, in the fis-
sion of 2%y

induced by
thermal neu-
trons. TKEmax

and Cmax are
shifted by -5
MeV for visual
clarity.

Fig. 5. Same as
Fig. 4, but for
the reaction
(N, f).
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In tables 1 and 2 are shown yield data for the systems 236U [4], and
U [3] for several pairs of isobaric fragmentations (with the same mass
ratio) where the Coulomb effect can be observed. For each system, the
light fragment kinetic energy (EL) is fixed. The fragmentations are indi-
cated by the light fragment mass (AL), the corresponding total kinetic
energy (TKE), the light fragment charge, Z; and ZL', the Q-values (from
Ref. [12]), Q and Q', and the yield, Y and Y', respectively. For compar-
ison the mass range A = 87-97 has been chosen which is not affected by
shell effect.

234

Let us take, for example, the system 236U. See table 1. Lang et al.
[4] have measured the charge and the mass distribution for EL equal to
108 MeV. This energy window corresponds to the TKE-line 10 MeV lower
on the average than the maximal Q-line. Let us take the mass fragmenta-

Table 1: Reaction 235U(nth, £). The yields Y and Y' of two charges ZL and

ZL' corresponding to very close fragment kinetic energies were fixed at EL

= 108 MeV. Q-values (Ref. [12]) Q and Q', respectively. (Taken from Ref.
[4D.

AL Zp/Zy Np/Ny Zy/ 2y Ny /Ny Q Q' Y(%) Y' (%)
MeV) (MeV)

106* 43/49 63/81 44/48 62/82 199.2 199.2 5.7+3.2 0.

103 40/52 63/81 42/50 61/83 199.9 199.6 22.6+3.2 24.7+3.2
102 39/53 53/81 41/51 61/83 198.6 197.8 39.0%2.4 4.9+1.7
101 39/53 62/82 41/51 60/84 198.3 197.4 4.5%0.9 21.7+2.3
100 41/51 59/85 42/50 60/84 192.6 189.7 8.615.9 0.7+0.7
100 38/44 62/82 39/43 61/83 196.2 195.9 0.5+0.5 §.2+1.5
99 39/53 60/84 40/52 59/85 196.6 196.0 45.0%3.1 47.2+3.4
98 38/54 60/84 40/52 58/86 196.3 195.8 33.045.5 21.8+2.9
97 38/54 59/85 39/53 58/86 194.0 194.0 54.8%3.3 39.1%3.0
96 39/53 57/87 40/52 56/88 190.2 190.0 12.5+1.5 1.4%0.9
95 37/55 58/86 39/53 56/88 190.4 189.8 15.8%1.5 10.5%1.5
93 37/55 56/88 38/54 55/89 189.6 189.2 64.2+3.7 21.8+3.5
92 36/56 56/88 38/54 54/90 189.8 189.3 53.4%3.1 6.3+1.9
91 36/56 55/89 37/55 54/90 187.5 187.5 75.9%3.3 19.7#3.1
90 37/55 53/91 38/54 54/90 183.9 183.8 4.4%2.6 .0

89 35/57 54/90 37/55 52/92 184.3 183.7 29.3%2.3 3.5+2.1
88 34/48 54/90 35/57 53/91 183.0 182.5 10.4%1.4 50.7+2.5
87 35/47 52/92 36/51 51/93 184.2 183.6 45.6+3.0 10.1%2.0
85 34/48 51/93 35/57 50/94 182.9 182.3 90.012.6 3.3%2.1

(*) For AL = 106 the light fragment kinetic energy is taken equal to 98.9
MeV
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Table 2: Reaction 233U(nth’ f). The yield Y and Y' of two charges ZL and
ZL' corresponding to very close Q-values (Ref. [12]) Q and Q', respective-
ly. The light fragment kinetic energies were fixed at EL = 110.55 MeV.
(Taken from Ref. [3]). )

AL 2/7, Np/Ny 2072, N /Ny Q Q' Y(%) Y' (%)
(MeV) (MeV)

105 41/51 64/78 43/49 62/80 200.2 200.9 37.3%23. 6.4%1.3
104 40/52 64/78 41/51 63 79 199.0 199.2 5.4%2.6 20.6x7.4
103 40/54 63/79 43/49 60/82 198.5 199.1 16.0%6.2 1.940.7
103 41/51 62/80 42/50 61/81 202.1 202.8 47.7%10. 34.4%6.7
101 40/52 61/81 41/51 60/82 201.3 202.8 61.8+2.4 31.7+1.9
100 39/53 61/81 42/50 58/84 196.4 196.4 4.0%1.4 0.2#0.0
97 38/54 59/83 40/52 57/85 196.9 196.1 24.3%2.0 10.1#1.5
96 39/53 57/85 40/52 56/86 194.6 195 3 23.8+1.7 3.640.8
93 37/55 56/86 38/54 55/87 192.5 193.3 46.0%4.1 47.346.1
92 36/56 56/86 38/54 54/88 191.9 193.5 20.7+2.6 12.7%1.1
92 37/55 55/87 38/54 54/88 190.1 193.5 67.5%23.0 12.7#1.1
91 36/56 55/87 37/55 54/88 190.0 190.9 50.0%2.7 46.4%4.0
90 37/55 53/89 38/54 52/90 187.6 188.4 13.7£1.0 1.1%0.3
89 35/57 54/88 37/55 52/90 186.1 185.1 5.8£3.0 2.8%0.2
87 35/57 52/90 36/56 51/91 186.4 186.9 54.4%2.5 33.1#2.0
86 34/58 52/90 36/56 50/92 186.3 187.1 53.2#3.9 7.1#1.1
86 35/57 51/91 36/56 50/92 184.2 187.1 37.244.9 7.1%+1.1
85 34/58 51/91 35/57 50/92 184.5 185.0 76.7£3.2 18.5#1.3
85 32/60 53/89 37/55 58/94 170.7 172.1 1.3#0.2 0.5#0.1

tion 91/135. The light fragment charges ZL = 36 and 37 have the same
Q-value (=187.5 MeV) but the charge ZL = 36 has a yield (Y = 75.9 +3.3)
higher than ZL =37 (Y' =19.7 + 3.1). Trochon et al. [13] identified , in

the case of 236U, the surviving charge for the highest values of TKE.
The charge corresponds, in most cases to the maximal Q-value. But the
surviving charge, for the fragmentation AL/AL = 91/145 was again found
to be ZL/ZL = 36/54 in contrast to the hypothesis of highest Q-value
which correspond to the charge fragmentation 37/55.

For AL = 93, the highest Q-value corresponds to ZL = 38 (Q = 189.2
MeV). The Coulomb effect shifts for the most compact configuration the
charges downward to ZL = 37 (Q=189.8 MeV) as has been seen in the
experimental data obtained by Lang et al. [4]. The charge ZL =37 has a
higher yileld (64.2 % 3.7) than for ZL =38 (21.8% ¢ 3.5).

The mentioned experimental results exhibit Coulomb effects in the
yields for fragmentations corresponding to Q-values other than the high-
est ones. For example, for Ap = 95, the maximal Q-value (192.3 MeV) cor-
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respond to ZL = 38. Nevertheless, one can compare two fragmentations in
a pair corresponding to lower Q-values. For instance, the charge ZL =37
,the corresponding Q-value which is 180.7 MeV, has a yield (Y = 15.8 % ¢
1.5) higher than ZL = 39 (Y' =10.5% ¢ 1.5) despite of their very close
Q-value.

Let us now draw the consequences of the Coulomb effect on the high
TKE-lines presented in Figs. 4 and 5 for the systems 236(.1 and 234U,
respectively. In both cases, shoulders in the TKE-lines are observed
[14]. These shoulders could be interpreted by the Coulomb effect as fol-
lows.

Let us take, for example, the TKE-lines of 236U, presented in Fig.
4. Assuming that the most compact scission configurations correspond to
the maximal Q-value the oscillations in the TKE-lines can not be
explained. In Sect. 2.1 we have learnt when two charges ZL correspond
to very close Q-values, for high TKE-values the Coulomb effect favours
the yield of the lowest ZL. This assmpﬁon allows to interprete the men-
tioned shoulders.

The TKE-lines with a slope of 2.5 MeV/amu have a very pronounced
shoulder for the region from Ap = 93 - 90. This shoulder can be inter-
preted as follows: From Ap = 96 to 94 the maximal Q-values are very high
relative to the corresponding second Q-values. Then , the charge corre-
sponding to that maximal Q-values (ZL = 38) will survive up to TKEmax'
For AL = 93, the charge ZL = 37 has the Q-value = 189.63 MeV which is
the maximal and higher than that for ZL = 38 (Q = 189.18). Then the
charge favoured by the Coulomb effect will be the lower one (ZL = 37).
The change of Zp, from 38 to 37 for the change of Ay from 94 to 93 will
produce an increase of TKE relative to the extrapolation from the region
AL = 96 - 94.

For AL = 92, the charge ZL = 36 will survive up to TKEmax’ because
it is in competition with a higher 2, (= 38). Then the change of Z;, from
37 to 36, for the transition from Ap =93 to 92 will produce ,as before, a
relative increase of TKE, making the mentioned shoulder more pro-
nounced.

Let us take the system 234y, see Fig. 5. The TKE-value correspond-
ing to A[ =91 is higher than the extrapolation from Ap > 91. The charge
decreases from ZL = 38 (AL = 92) to ZL = 317 (AL = 91). Moreover, from
AL = 91 to 90, ZL decreases from 37 to 36 producing, by the Coulomb
effect the pronounced shoulder in this mass region.



3.2. INFLUENCE OF THE Q-VALUE

Let us consider the 2340 system. In order to separate the Q-value
influence from the other effects one takes the fragmentations
104Mo/moSn and 106Mo/IZSSn, the corresponding Q-values of which are
205.3 MeV and 204.7 MeV. From the energy balance unique charges were
attributed for those fragmentations [5,6]. In Fig. 5 one can see that the
TKEmax-va]ue corresponding to the mass fragmentation 104/130 is higher
than the TKEmax-value corresponding to the mass fragmentation 106/128.

Let us consider the fragmentations 96Sr/ 138Xe and 94Sr/ 140Xe, i .eir
Q-values being 198.4 MeV and 196.8 MeV, respectively . One has chosen
those fragmentations because the Q-value of their neighbouring charge
splits are relatively low making reasonable the hypothesis of pure charge
fragmentations. One can observe that the difference between the TKE ax
values is higher than the difference between the corresponding Q-values,
as expected and as explained by the influence of the Q-value (c¢.f. sub-
section 2.3).

Let us take the system 235U, For A[ = 90 the maximal Q-value (189.4
MeV), corresponding to ZL = 36 is much higher than the second Q-value
(183.9 MeV) corresponding to ZL = 37. Then, the surviving charge will
be ZL = 36. From this reasoning and from the discussion in subsection
3.1, one can say that for A; =92 -90 the charge fragmentation will be
36/56. The Q-value corresponding to AL = 90 (Q = 189.4 MeV) is very
close to the Q-value corresponding to AL =92 (Q = 189.8 MeV). This fact
is the reason why the corresponding TKEmax-values are also very close.
In this case the influence of the Q-value will enlarge the shoulder in the
TKE-lines, which begins at AL = 93 as it is observed in the Fig. 4 and
has been mentioned in the Sect. 3.1.

3.3. SHELL AND PAIRING EFFECTS

Experimental results of fragment yields in the mass range A =98-106
cannot be explained by the Coulomb effect. The reason for that is the
softness of the fragment which diminishes the Coulomb effect. Moreover,
according to equation (3), the Coulomb effect decreases with increasing
ZL, and the indicated mass range corresponds to the highest observed ZL
values.,

Moreover, in the system 234U at EL = 110.55 MeV presented in table
2 the light fragment 104y, (Q = 199.2 MeV) is favoured as comparared to
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104Zr (Q = 199.0 MeV). This result could be interpreted as a product of a
nucleon pair breaking in the case of even-even fragments.

In subsection 2.3 has been presented the calculation of the maximal
value of the Coulomb interaction energy at scission. For the fragmenta-
tion 104Mo/l:mSn a 'I'KElnax very close to the corresponding Q-value was
found in agreement with the calculated Cmax (see Fig. 4). The heavy

fragments, neighbours of the doubly closed spherical shell nucleus 1328n
and the light fragments in the region ZL = 40-42 and NL = 60-64 corre-
sponding to deformed nuclei [15,16] constitute the fragmentation with the
lowest excitation energy. The deformation properties, caused by shell and
pairing effects, could be also responsible for the structures in the
TKE-lines. The Cmax calculated by the method explained in subsection

2.2. for the cases 234U and 236U are in agreement with the experimental
TKE-lines, see Figs. 4 and 5.

4. DISCUSSION

In order to observe the Coulomb effect on the charge yield one has to
separate out other effects. One has to chose pairs of fragmentations hav-
ing very close Q-values and negligible shell effects. One also has to take
pairs of fragmentations with the same number of broken nucleon pairs. In
order to exclude all the mentioned effects one can take the average charge
as a function of light fragment mass for increasing values of the kinetic
energy. Lang et al. [4] have obtained the deviation, AZ, of the average
nuclear charge ZL from the unchanged charge density value
ZUCD.Results corrected for neutron emission show that in the mass region
AL = 85 -98 ZL decreases as a function of the light fragment kinetic ener-
gy as expected from the Coulomb effect.

In order to give more proofs for the Coulomb effect one can take the
example of A; = 92 and the charges Z; =36 and ZL = 38. The liquid drop
energy of spheroidal configurations and the Coulomb interaction energy
are calculated and no shell effects in the fragment energies are taken into
account. The distance between the fragment's tips is taken equal to 2.0
fm.

For the charge ZL =36 ( Q = 189.8 MeV) the most compact configura-
tion fulfilling equation (2) corresponds to a fragment deformation By, =
0.40 and SH = 0.30, respectively. For the charge ZL = 38 (Q = 189.2 MeV)
the most compact configuration corresponds to B = 0.35 and BH = 0.50,
respectively. The maximal Coulomb energy corresponding to ZL = 36
(Cmax = 180.6 MeV) is higher than ZL = 38 (Cmax = 176.8 MeV) despite
of its lower Q-value. This result shows that Coulomb effects could explain
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the reverse trend of the maximal kinetic energy with respect to the Q-va-

lues.

5. CONCLUSION

The experimental results on charge, mass and kinetic energy distrib-
ution of the systems 234U and 236U have been analysed. Our consider-
ation leads to the conclusion that that the Coulomb interaction energy as a
function the fragment deformation as well as the total fra;ment energy as
a function of deformation influence the scission configuration with a simi-
lar importance as the role played by the Q-value. The oscillations in the
TKEmax lines as a function of the light fragment mass can be interpreted
by the Coulomb effect, the influence of the Q-value and by shell effects.
The Coulomb effect is higher for the most asymetric fragmentations and it
is negligible for the soft fragments Ap = 100.
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