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Using the improved scission-point model, the mass and charge distributions of fission fragments of the
compound nuclei 18182190198 o* and 292Ph* formed in complete fusion reactions **Ar 4 **Sm, *°Ca + “>Nd,
BAr + 5Sm, o + P, and *¥*Ca + *Sm are studied and compared with available experimental data. The
transition is explained from the mass-asymmetric distribution in fissioning '8*132**Hg* to the mass-symmetric
distribution found in fissioning *®Hg* and 2*2Pb*. The retention of the asymmetric mass distributions is treated
in the case of fissioning '8%1821%Hg¢* with increasing excitation energy. In the fissioning '*Hg* and '8?Hg*,
completely different shapes are predicted for charge and mass yields.
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I. INTRODUCTION

The fission process remains one of the most interesting
puzzles of modern physics, despite several decades of ex-
perimental and theoretical investigations. As known from the
measured data, the charge and mass distributions of pre-
actinides are symmetric while mass- and charge-asymmetric
fragmentations are favored in nuclei heavier than thorium, U-
Cf [1]. The fissioning nuclei APa and “Th with A < 226 (A >
226) and A = 226 display a single-peaked (two-peaked) and
triple-peaked charge distribution, respectively. In general, the
asymmetry of distribution is attributed to the shell effects in
the fissioning nucleus or fission fragments. The closed spher-
ical shells, like the ones found in the vicinity of Sn (Z = 50,
N = 82), or/and deformed neutron shells (e.g., N = 88) have
a large influence on the potential-energy landscape, creating
minima that favor asymmetric divisions of the parent nucleus.
There is a longstanding opinion that the competition between
symmetric and asymmetric fission modes is mainly related to
the deformed shells [2]. However, in neutron-deficient '%Hg
the asymmetric mass distribution of fission fragments was
unexpectedly observed in Ref. [1]. This is an unusual behavior
since the original prediction was that the symmetric division
would be even more pronounced due to the N = 50 shell in
the *°Zr4+-°Zr fragmentation.

The evolution of mass and charge distributions of fission
fragments with excitation energy is also an important as-
pect in fission studies. The transition from an asymmetric
distribution to a symmetric one with increasing excitation
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energy is attributed to a weakening of the shell effects.
However, in the cases of neutron-induced fission of *3?Th
and 23U, the recent experimental data have shown that the
mass distributions maintain the asymmetric shape even at
neutron energies of E, ~ 60-70 MeV [3-5]. Asymmetric
shapes of the mass distribution resulting from the fission
of highly excited nuclei 27240y, 2¥=24Np, and 2*!~2*py
(at excitation energies Efy ~ 60-70 MeV), originating from
the transfer reaction '3Q+23U at Ej, = 157.5 MeV, have
been experimentally observed in Ref. [6]. The same ef-
fect has been observed in Refs. [7,8]. The presence of a
strong asymmetric component in the fission of ***Cm at
Elx =23 MeV and 2°Cf at EZ = 46 MeV has been re-
cently observed in Refs. [9,10]. Furthermore, the experi-
mental mass distribution of fission fragments of the com-
pound nuclei (CN) '8%-182.190Hg* and 7®Pt* formed in com-
plete fusion reactions *°Ar + “’Nd, "*+!*Sm and *Ar +
12Nd at different bombarding energies [11-13] showed a
weak change of the asymmetric shape of respective dis-
tributions, even though large excitation energies (Efy =
60-75 MeV) and angular momenta (L = 59-74) have been
involved. All these experimental data are in contrast with the
belief that the shell effects wash out rather rapidly with in-
creasing excitation energy. At these large excitation energies,
the shell effects are expected to be washed out, and the nucleus
is supposed to leave with a dominant symmetric mode, in
contrast to the experiments. Thus, the statement that the fast
melting of shell effects with excitation energy always results
in the fissioning nucleus having a dominant symmetric mode
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is not completely correct. The possible reason(s) for this could
be the underestimation of the roles of shell and/or macro-
scopic effects. Because the shell effects are very important for
the description of fission properties of heaviest actinides, it is
interesting to study the excitation energy dependence of the
fission observables in these nuclei. Note that the multichance
fission at E%y > 50 MeV cannot explain [14] the presence of
the asymmetric mode in the experiments mentioned.

In the present paper we will study the evolution of charge
and mass distributions of fission fragments with increasing
excitation energy in the fissioning even-even '30:182.190.198 4o
isotopes. Our aim is to predict the charge and mass distribu-
tions at large excitation energies. The fission observables are
described using the improved scission-point model [15-19].
The statistical scission-point model [15-19] relies on the
assumption that statistical equilibrium is established at the
touching configuration of fragments where the observable
characteristics of the fission process are formed. The relia-
bility of this conclusion is supported by a good description of
various experimental data (mass, charge, kinetic-energy distri-
butions, and neutron multiplicity) with the scission-point-type
models [15-28].

II. MODEL

The most important step of the scission-point model is the
calculation of the potential energy of the dinuclear system
(DNS) as a function of charge Z;, mass A;, deformations
B; (the ratios between the major and minor semiaxes of the
fragments) of the two fragments, and internuclear distance R
between them. The index i designates the light (L) or (H)
heavy fragment. The scission configuration is imagined as
two axially deformed and uniformly charged ellipsoids—the
nascent fragments. The two nuclei are fully formed and pos-
sess all the features of isolated nuclei, e.g., binding energies,
according to the separability principle [29], and mutually in-
teract through the nuclear and Coulomb forces. Their orienta-
tion is frozen to a tip-to-tip configuration, which provides the
minimum of interaction energy. Owing to the repulsive nature
of the Coulomb interaction V¢ and rotational energy V¥, and
attractive nature of the nuclear interaction V", a potential
pocket is formed in R coordinates with a minimum at R =
R,, which roughly corresponds to a separation of 0.5-1 fm
between the tips of the fragments, depending on the mass Ay p
and charge Z; y numbers, and deformations f; y. Because the
model assumes statistical equilibrium at the scission point,
one can reduce the complexity of the problem by fixing the
internuclear distance at the bottom of the potential pocket
(R = R,,). Then, the potential energy

UAi, Z;, Bi, Ry, L)
=U"AL. Zy. B, Ef) + 83U AL, Z1, B E})
+U°(Ay. Zy., Bu. E) + UL (An. Z, Bu. Efy)
+ V(AL Z;, Bis R) + VY (AL, Z;, Bis Rn)
+VRA;, Zi, Bi, R, L) (1)

of the system is calculated as the sum energies of the
fragments [the liquid-drop (LD) energy U'P plus shell-

correction U energy] and energy Vit = V€ + VN + VR
of the fragment-fragment interaction [15-19]. The interaction
potential consists of the Coulomb interaction potential V¢
of two uniformly charged ellipsoids, rotational energy VX,
and nuclear interaction potential taken in the double-folding
form [30]. The moment of inertia of the DNS formed is
calculated in the sticking limit. The excitation energy de-
pendencies of the liquid-drop and shell-correction terms are
taken as in Refs. [15-19]. The excitation energy Ej. s of
the scission configuration (DNS) is assumed to be distributed
between the fragments proportional to their masses: E =
Ej\sAi/Acn. The deformation-dependent surface tension co-
efficient is taken as in Ref. [25].

The relative formation and decay probability of the din-
uclear system with particular masses, charges, and defor-
mations of the fragments is calculated within the statistical
approach as follows [15-19]:

w(Ai, Zi, Bi, L) = No(2L + 1) exp [—U({A"’ Zi. Pib B, L)]

Ten(L)
B,r({Ai, Z;, Bi}, L
Xexp[_ ar Bi} )]’ )
Tpns(L)
where N, is the normalization factor. The term

exp [—Byr/Tpns] describes the decay probability of the
dinuclear system in R. The height of barrier B,; is
simply taken as B,s = Vin'(R,, L) — VI"(R,,, L) (where
Ry, ~ R, +2 fm is the position of the Coulomb barrier)
and has a strong dependence on the charge numbers and
deformation parameters of interacting fragments, and angular
momentum L. It is smaller for mass/charge symmetric
configurations than for asymmetric ones and for highly
deformed configurations than for compact (small f; g) ones.
Because the potential energy contains the repulsive centrifugal
part, the value of B,s decreases with increasing angular
momentum. For the fissioning nuclei under consideration,
the values of B,y are quite large even for the symmetric
fragmentations and we do not impose any restriction on
the lower limit of B, or, correspondingly, on the upper

TABLE I. The excitation energies Ef (L = 0) at zero angular
momentum as well as the maximum angular momenta of the CN
formed in indicated complete fusion reactions.

Reaction E&(L =0) (MeV) Linax
194pt(a,f) 49 30
OAr + '"“Sm — ]SOHg* 334 Liin =9
48 Lkin = 51
65.8 L,=73
OAr + 1*Sm — 1OHg* 56 Ly = 24
62.4 L, =43
70.5 L, =59
“Ca + "°Nd — "?Hg* 33 Liin = 10
58 Lyin = 67
75 L,=74
BCa+ %Sm — 22pp* 49 Liin = 30
57 Ly =59
95 L, =91
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FIG. 1. Calculated mass distributions (thin solid lines) for the fission resulting from the reactions *Ar + “*Sm — '3'Hg* at Ej,, = 157,
175, and 197 MeV compared with the experimental data (closed symbols) [11] (a), (c), (e). The excitation energies of the CN at L = 0 are also
given. The open symbols represent the calculated mass distributions smoothed with the Gaussian function having the width o = 2.4 u. The
thick dashed lines connecting the open symbols are for eye guidance. Panels (b), (d), and (f) present the predicted charge distributions for the
same reactions.
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limits of B g [15-17]. In Eq. (2), the CN and, respectively,
DNS temperatures are calculated as Ton = (/Efy/a and
Tons = /Efns/a where a=A/12 MeV™' is the level
density parameter [26]. Finally, for the calculations of
mass and charge distributions the following expressions are
obtained:

Lmﬂx
vy =Y. [ dpdpudzion. 2. ..
L=0

Limax

Y(Z)=)_ / dBLdBudAw(Ai, Z;, i L).  (3)
L=0

The value of L is limited by either the kinematic angular
momentum Ly, or the critical angular momentum L, in the
entrance channel, depending on which one is smaller: Ly, =
min{Ly,, L.;} (see Table I). Note that in order to simulate
the minimal experimental uncertainties, the mass yields in
our paper are smoothed using a Gaussian function with width
o = 0.5 u, unless otherwise specified. The charge yields are
not smoothed.

III. CALCULATED RESULTS

To reveal the dependence of the shape of fission-fragment
mass distribution on the excitation energy of the fissioning
nucleus, we treated the fission of 18°Hg* formed in the com-
plete fusion reaction **Ar + '**Sm at bombarding energies
Eyp = 157, 175, and 197 MeV (Fig. 1 and Table I) [11].
The corresponding excitation energies of '8'Hg* are Eiy =
33.4,48, and 65.8 MeV, respectively. As seen, the increase
of excitation energy and angular momentum in the CN leads
to more symmetric mass distribution. This is to be expected,
since, on the one hand, with increasing excitation energy
the shells “melt” and the system is left with a predominant
symmetric mode and, on the other hand, the general effect
of the angular momentum is to produce more mass (charge)
symmetric fission fragments [31]. Our model describes the
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FIG. 2. The relative contributions of indicated angular momenta
to the mass distribution (thick solid line) in the case of the °Ar +
Sm  — He* reaction at Ep = 197 MeV [E&(L =0)=
65.8 MeV]. The contribution of all partial waves is shown by the
thin solid line.

experimental data rather well; however, the local symmet-
ric minimum is present. If we take into consideration the
experimental uncertainty o = 2.4 u of mass resolution [11],
the measured data are faithfully reproduced (Fig. 1). One
can conclude that the finite experimental mass resolution of
the fission fragments can have an unwanted effect, severely
masking some fine structures of the mass distribution. We
might expect that even at large excitation energies and/or an-
gular momenta the mass distribution does not exhibit smooth
distributions with plateau. Similar examples can be found
in Refs. [6,11,16—19], where at large excitation energies the
isotopes of U and Pu displayed asymmetric peaks or a wider
plateau than those predicted by the liquid-drop model. So, a
direct or an indirect effect of the shell structure is expected
even at high excitation energies and angular momenta.

The explanation of the asymmetric mass distribution at
high excitation energy can be found by analyzing the relative
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FIG. 3. For the fissioning nucleus '*Hg*, the calculated average
potential energy U (A;) as a function of the mass number of one of the
fragments at indicated angular momenta L. (a) The driving potential
is normalized such that U (Acn/2) = 0. (b) The calculated average
deformations By and S, of the two fragments as functions of their
mass numbers at indicated values of L.
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FIG. 4. The same as in Fig. 1, but for the **Ca 4 ¥*Nd — 8?Hg* reaction at Ef(L =0) = 33,58, and 75 MeV [panels (a), (c), and (e),
respectively]. Here, Mg = A; /(AL 4+ Ap) is the fragment mass ratio. In panels (b), (d), and (f) the predicted charge distributions are shown. The
experimental data are taken from Ref. [12].

contributions to the mass yields originating from the systems
with different angular momenta L. In Fig. 2, the fission-
fragment yields originating from fissioning systems with

L =0, 15, 30, and 55 are separately shown together with their
total contribution for the *°Ar + “*Sm — !89Hg* reaction
at Ej, = 197 MeV. At low angular momenta (L = 0 and 15)
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the yields show the liquid-drop-like behavior. The potential excitation energy, resulting in stronger shell effects, and there-
energy in mass asymmetry coordinates is rather smooth due  fore a more pronounced structure of the mass yields. Also,
to the large excitation energy. The largest contributions orig- larger L values (smaller excitation energies) lead to smaller
inate from L = 10—40. As the angular momentum increases, relative yields and fewer mass-asymmetric configurations
the rotational energy increases, leaving the system with less available (Fig. 2).
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FIG. 5. The same as in Fig. 1, but for the **Ar + '**Sm — """Hg* reaction, at E¢y (L = 0) = 56, 62.4, and 70.5 MeV [panels (a), (c), and
(e), respectively]. In panels (b), (d), and (f) the predicted charge distributions are shown. The experimental data are taken from Ref. [11].
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The effect of excitation energy and angular momentum on
the average potential energy as a function of fragment mass
number A; is seen in Fig. 3. The average potential energy of
the system as a function of A; or Z; at fixed angular momentum
L is calculated as

U) = /-d,BLd,BHdZiw(Aini,ﬂivL)U({Ai’Zia,Bi}aRva)

“)

or

Uz = /dﬁLdﬁHdAiw(Ai9Zia Bi, L)
x U({Ai, Z;, Bi}, R, L). %)

The values of U are normalized relative to the average
potential energy of the symmetric configuration such that
UA; =Acn/2) =00rU(Z; = Zen/2) = 0. The average val-
ues of the fission fragment’s deformations are calculated in a
similar way and also shown in Fig. 3 for different values of
L. For L =0 and 40 the fragment deformations are almost
independent of the mass number and equal between two frag-
ments. This is due to the large excitation energy presented in
the system. As the angular momentum in the system increases,
more elongated configurations become energetically favorable
due to the centrifugal part of the potential. At large values of
L, large fragment elongation is favorable, but the diminishing
excitation energy leads to small deformations of magic nuclei.
This can be seen in Fig. 3 at L = 55 for Ay = 116 (Sn) and
Arp =90 (Zr). At these mass numbers, the centrifugal part of
the potential becomes large, leading to the maxima seen in
Fig. 3 and, correspondingly, to the minima in the mass yield
seen in Fig. 2 at L = 55. So, the mass distribution is the
sum of low L, almost structureless, distributions and high L
distributions which reflect the microscopic shell effects. Note
also that, as the value of the angular momentum increases,
the excitation energy decreases and at highest L values not all
configurations are energetically available.

In Fig. 4, the mass distributions resulting from the
40Ca 4 > Nd — '32Hg* reaction are compared with available
experimental data [12] at excitation energies Efy = 33, 58,
and 75 MeV of the CN (Table I). As seen, the experimental
data [12] are rather well reproduced. One can compare the
results in Fig. 4 with those in the fission of ''Hg* (Fig. 1).
If the excitation energies of '8*!82Hg* are approximately the
same, the additional two neutrons in '®?Hg* prevent the sym-
metric fragments from having closed N, = Ny = 50 neutron
shells as in the case of ""Hg*. This makes the ratio between
the asymmetric maxima and the symmetric minimum for the
Ca + ">Nd — '82Hg* reaction (Fig. 4) smaller than the
one for the °Ar + '“*Sm — '"8Hg* reaction (Fig. 1). For
example, one can compare the mass distribution depicted in
Fig. 4, where EZ (L = 0) = 58 MeV, with the one in Fig. 1
with E&(L = 0) = 65.8 MeV. Even though the excitation
energy is higher in the case of ''Hg*, the peak-to-valley ratio
is larger. Note that the values of maximum angular momentum
for these two systems are quite similar (see Table I).

The calculated mass distributions from fissioning '*°Hg*
formed in the *°Ar 4 '3*Sm — % Hg* reaction are shown in

Fig. 5 and compared with the experimental data at bombard-
ing energies Ej,, = 157, 165, and 175 MeV or correspond-
ing excitation energies Efy = 56, 62.4, and 70.5 MeV [11]
(see Table I). With increasing excitation energy neither the
experimental data nor the theoretical results show significant
changes in this excitation energy range. This was pointed out
in Ref. [11]. However, the mass distribution exhibits much
more shallow minima at symmetry than those in the fission
of 180-182Ho* The explanation of this becomes evident if we
compare the average potential energy U of the mass number
of one fragment at different angular momenta L (Figs. 3
and 6).

In Figs. 1, 4, and 5, the charge distributions in fission of
180.182.190Ho* are predicted. They have similar features, which
are an asymmetric double-peaked nature and a large peak-
to-valley ratio at low excitation energies. As the excitation
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FIG. 6. (a) The calculated average total potential energy U (A;)
as a function of the mass number of one of the fragments at indicated
angular momenta L. The driving potential is normalized such that
U(Acn/2) = 0. (b) The calculated average deformations Sy and B
of the two fragments as a function of their mass numbers at indicated
values of L.
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a function of the charge number of one of the fragments at indicated
angular momenta L. The driving potential is normalized such that
U(Zcn/2) = 0. (b) The calculated average deformations Sy and
B of the two fragments as a function of their charge numbers at
indicated values of L.

energy and angular momentum of the CN increase this ratio
decreases. While the charge distributions in these reactions are
quite similar, the mass distributions bear more discrepancies.
This is an important observation, because it means that the
average N;/Z; ratio of the fragments is not constant, and
depends on the excitation energy and angular momentum of
the fissioning nucleus [9]. The fission of '$?Hg* at EiN =
75 MeV (Fig. 4) is quite interesting: it exhibits an almost
symmetric mass distribution and a clearly asymmetric charge
distribution. This effect can be easily understood on the basis
that Sr and Mo nuclei appear in several mass fragmentations
with rather large yields. The difference between the mass
and charge yields is reflected in different dependencies of
the average potential energy on the mass and charge num-
bers of fragments (Figs. 6 and 7). While U(A;) (Fig. 6)
has a local minimum at A; = 90 and all L considered, the
dependence of the average potential energy U (Z;) does not
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FIG. 8. (a) The experimental (symbols) and calculated (line)
mass distributions for the o +'* Pt — '®Hg* reaction. (b) The
predicted charge distribution for the same reaction. The excitation
energy of the CN at L = 0 is EX (L = 0) =49 MeV. The experi-
mental data are taken from Ref. [32].

exhibit a minimum at Z; y = 40. Moreover, at L = 55 U(Z;)
has a minimum at Z; = 38 and maximum at Z; y = 40
(Fig. 7).

In Fig. 8, the mass and charge yields in the a-induced
fission of '**Pt [the fissioning nucleus is '**Hg* (Table I)] at
EZy =49 MeV are presented and compared with the experi-
mental data [32]. The mass distribution is symmetric in both
experiment and theory. The '*Hg* nucleus shows a mass-
symmetric fission which differs from that of !30-182.190Hg*,
The predicted charge distribution, however, is asymmetric,
with a peak-to-valley ratio of ~2. However, this ratio is
smaller than those in the fission of '30:182.190g*

In the #¥Ca + '5*Sm — 22Pb* reaction at Egy = 49, 57,
and 95 MeV (Fig. 9 and Table I), the experimental data [33]
are well reproduced. The fission of 2°*Pb* exhibits clearly
symmetric mass and charge distributions. These distributions
are symmetric at all excitation energies. Our conclusion about
the shape of the mass and charge distributions is not sensitive
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to the variation of the level density parameter a. In the
experiment at the lowest energy, asymmetric shoulders are
observed. However, the latter are related to the dynamical
quasifission process [34—40], which is outside the scope of
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the present paper. Note that in the experiment as well as
in the theory the distributions become wider with increasing
excitation, because more mass-asymmetric configurations are
reached. This effect can be experimentally investigated.
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FIG. 9. (a), (c), (¢) The same as in Fig. 1, but for the **Ca + **Sm — 2°2Pb* reaction at indicated excitation energies Ei (L =0)=49,57,
and 95 MeV. (b), (d), (f) The predicted charge distributions are shown. The experimental data are taken from Ref. [33].
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IV. CONCLUSIONS

distributions of fission
180,182,190, 198Hg*

In summary, the mass
fragments of several fissioning nuclei
formed in the complete fusion reactions °Ar +
*Sm, *Ca 4 '*Nd, *Ar + *Sm, o + '**Pt, and **Ca +
154Sm were calculated and compared with the existing
experimental data. The obtained dependencies of the mass
distributions on excitation energy of CN (Ef ~ 33-95
MeV) are in a good agreement with the experimental data.
The low angular momentum L values contribute to the total
yields leading to rather smooth mass distribution, while the
high L values contribute to the total yields preserving the
microscopic shell effects. Their combined effect is to preserve
the structure of the distribution found usually at low excitation
energies and angular momenta, while still weakly increasing
the weight of symmetric configurations in the total yields.
With increasing bombarding energy the symmetric yields
increase up to the maximum at critical angular momentum
L., after which, as excitation energy increases, the theoretical
mass and charge distributions widen. The charge distribution
was predicted to be less affected by excitation energy and
angular momentum than the mass distribution.

For the fissioning nuclei 80182190198 o* the asymmetric

charge distributions were predicted up to high excitation en-
ergy. In contrast, for 2>Pb*, the symmetric charge distribution
was obtained. The interesting cases found are the fissions
of "2 Hg* at Efy = 75 MeV and '®Hg* at Ey = 49 MeV.
They exhibit a symmetric mass distribution (within the mass
resolution of measurements), while the predicted charge dis-
tribution has a pronounced double-peaked structure. For the
fissioning nuclei 80182190198 o " the average N;/Z; ratio of
the fragments is not constant, and depends on the excitation
energy and angular momentum of the fissioning nucleus.
Note that, for the fissioning actinides, a similar effect was
experimentally observed in Ref. [9].
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