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Quasifission and fusion-fission in reactions with massive nuclei:
Comparison of reactions leading to the Z = 120 element
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The yields of evaporation residues, fusion-fission, and quasifission fragments in the 48Ca + 144,154Sm and
16O + 186W reactions are analyzed in the framework of the combined theoretical method based on the dinuclear
system concept and advanced statistical model. The measured yields of evaporation residues for the 48Ca + 154Sm
reaction can be well reproduced. The measured yields of fission fragments are decomposed into contributions
coming from fusion-fission, quasifission, and fast-fission. The decrease in the measured yield of quasifission
fragments in 48Ca + 154Sm at the large collision energies and the lack of quasifission fragments in the 48Ca + 144Sm
reaction are explained by the overlap in mass angle distributions of the quasifission and fusion-fission fragments.
The investigation of the optimal conditions for the synthesis of the new element Z = 120 (A = 302) show that the
54Cr + 248Cm reaction is preferable in comparison with the 58Fe + 244Pu and 64Ni + 238U reactions because the
excitation function of the evaporation residues of the former reaction is some orders of magnitude larger than
that for the last two reactions.
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I. INTRODUCTION

The observed evaporation residues in experiments are a
result of the de-excitation of a heated and rotating compound
nucleus formed in complete fusion reactions at heavy ion colli-
sions. There are no evaporation residues if a compound nucleus
is not formed. The correct estimation of the cross section of
the compound nucleus formation in the reactions with massive
nuclei is an important but difficult task. Different assumptions
about the fusion process are used in different theoretical mod-
els and they can give different cross sections. The experimental
methods used to estimate the fusion probability depend on the
unambiguity of identification of the complete fusion reaction
products among the quasifission products. The difficulties
arise when the mass (charge) and angular distributions of
the quasifission and fusion-fission fragments strongly overlap
depending on the reaction dynamics. As a result, the complete
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fusion cross sections may be overestimated. We know that
quasifission fragments show anisotropic angular distributions
[1,2]. This is a way to separate them from the fusion-fission
fragments that should have isotropic angular distributions.
But fission fragments in reactions with heavy ions also show
anisotropic angular distributions, which are explained by the
assumption that an equilibrium K-distribution is not reached
(K is the projection of the total spin of the compound nucleus
on its axial symmetry axis). According to the transition state
model [3,4] the formation of a compound nucleus with a
large angular momentum leads to a large anisotropy A that
is proportional to 〈�2〉:

A = 1 + h̄2〈�2〉
4JeffTsad

, (1)

where
Jeff = J‖J⊥/(J⊥ − J‖) (2)

is the effective moment of inertia of the compound nucleus on
the saddle point; J‖ and J⊥ are moments of inertia around
the axis of the axial symmetry and a perpendicular axis,
respectively. Tsad is its effective temperature at the saddle point.
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At the same time the angular distribution of the quasifission
fragments may be isotropic when the dinuclear system decays,
having a large angular momentum [5].

This article is devoted to analyzing reasons for the lack or
disappearance of the quasifission feature in the experimen-
tal data for the 48Ca + 144Sm and 48Ca + 154Sm reactions
presented in the article by Knyazheva et al. [6], as well
as to the comparison of the results for these reactions with
the ones for the 16O + 186W reaction where there is no
hindrance for complete fusion [6]. The same method of
analysis is applied to study the problem of the synthesis of
the new superheavy element Z = 120. The three reactions
54Cr + 248Cm, 58Fe + 244Pu, and 64Ni + 238U are compared
with the aim of answering the question which of these reactions
is preferable to obtain Z = 302120.

At first we consider the 48Ca + 154Sm reaction which
shows evidently a yield of quasifission fragments at low
energies. The results in detail were presented in Ref. [6].
According to the conclusion of the authors of this article
the yield of quasifission fragments disappears by increasing
the beam energy. The model of the dinuclear system predicts
the presence of the quasifission features at large energies too
[7–10]. Another interesting phenomenon is that the authors of
Ref. [6] did not observe any yield of quasifission fragments
in the 48Ca + 144Sm reaction, whereas in the present work
we found a strong hindrance for the complete fusion in this
reaction. The conclusions of the experimental investigation in
Ref. [6] and our studies are in complete agreement for the very
mass (charge) asymmetric 16O + 186W reaction: the hindrance
to complete fusion is negligible. The results of the calculation
of the above-mentioned phenomenon are discussed in Sec. II.
In Sec. III, we present the results of estimating the evaporation
residue yields to find the preferable reaction for the synthesis
of the superheavy element Z = 120.

II. OVERLAPS OF THE FUSION-FISSION AND
QUASIFISSION FRAGMENT DISTRIBUTIONS

All heavy ion reaction channels with the full momentum
transfer at low collision energies take place through the
stage of the dinuclear system (DNS) formation and can
be called capture reactions. In the deep inelastic collisions
DNS is formed but the full momentum transfer does not
occur. Therefore, the deep inelastic collisions are not capture
reactions. In the capture reactions the colliding nuclei are
trapped into the well of the nucleus-nucleus potential after
dissipation of part of the initial relative kinetic energy and
orbital angular momentum. The lifetime of the DNS should be
enough for its transformation into a compound nucleus during
its evolution. The formation of the compound nucleus (CN)
in reactions with massive nuclei has a hindrance: not all of
the dinuclear systems formed at capture of the projectile by
the target nucleus can be transformed into a CN. The decay
of the DNS into two fragments bypassing the stage of the
CN formation we call quasifission. The fast-fission process is
the inevitable decay of the fast rotating mononucleus into two
fragments without reaching the equilibrium compact shape
of a CN. Such a mononucleus is formed from the dinuclear
system that survived against quasifission. At large values of the

angular momentum � > �f , where �f is a value of � at which
the fission barrier of the corresponding compound nucleus
disappears, the mononucleus immediately decays into two
fragments [11]. As distinct from fast-fission, the quasifission
can occur at all values of � at which capture occurs.

In Ref. [6] the authors established the fusion suppression
and the presence of quasifission for the reactions with the
deformed 154Sm target at energies near and below the Coulomb
barrier. But the authors did not analyze the products with
masses outside the range 55 < A < 145. In the mass distribu-
tion of fission fragments from the 48Ca + 154Sm reaction they
found an “asymmetric fission mode” appearing as “shoulders”
peaked around the masses 65 and 140 at E∗

CN = 49 and
57 MeV. Quasifission cross sections of this reaction have been
extracted from the total fission-like events by the analysis of
their mass and angular distributions. The analysis of these
“asymmetric shoulders” in the mass energy distributions
points to the quasifission nature of this component. The
contribution of the quasifission fragments with masses in
the above-mentioned range to the total mass distribution
of fission fragments increases, with respect to one of the
symmetric compound nucleus fission, as the 48Ca projectile
energy decreases. In Fig. 1(a) we compare the experimental
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FIG. 1. (Color online) Comparison of the results of this work
by the DNS model for the capture, complete fusion, quasifission,
fast-fission, and evaporation residue cross sections with the measured
data of the fusion-fission and quasifission given in Ref. [6] (panel (a))
and with data of the evaporation residues obtained from Ref. [12]
(panel (b)) for the 48Ca + 154Sm reaction.
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results for the capture, quasifission, and fusion-fission exci-
tation functions from Ref. [6] presented with the results of
calculations performed in the framework of the DNS model
(see Refs. [13,14]). In this figure we present our results for the
fast-fission fragments, too. The contribution of the fast-fission
channel increases by increasing the bombarding energy due to
the increase in the angular momentum of the mononucleus.

The origination of the measured fission-like fragments at
the large bombarding energies is explained by the sum of the
quasifission (short dashed line), fusion-fission (dash-double-
dotted line), and fast-fission (dash-dotted line) fragments.
At lower energies the contribution of the fusion-fission to
the yield of binary fragments is small in comparison with
the quasifission contribution. The small calculated fusion-
fission cross section is explained by the large fission bar-
rier (Bf = 12.33 MeV) for the 202Pb nucleus according to
the rotating finite range model by Sierk [15] and by the
additional barrier B

(microscopic)
f = −δW = −(δWsaddle−point −

δWgs) ∼= 8.22 MeV caused by the nuclear shell structure. We
conclude that the experimental fusion-fission data obtained
at low energy collisions contain a huge contribution of
quasifission fragments with masses A > 83 that show an
isotropic distribution as presented in Ref. [6]. This is not a new
phenomenon and it was discussed as a result of theoretical
studies, for example, in our previous articles [16,17] and in
Ref. [18]. The experimental results confirming this conclusion
appeared recently in Refs. [19] and [20]. At the large energy
Ec.m. = 154 MeV (E∗

CN = 63 MeV) the experimental values
of the quasifission cross sections are much lower than those
of the fusion-fission cross sections. A sufficient part of the
quasifission fragments shows the behavior of the fusion-fission
fragments: the mass distribution can reach the mass symmetric
region and their angular distribution can be isotropic due to
the possibility that the dinuclear system can rotate by large
angles for large values of its angular momentum. The authors
of Ref. [6] did not exclude such a behavior of the quasifission
fragments. It is difficult to separate the quasifission fragments
from the fusion-fission fragments when both their mass and
angle distributions overlap in the region of symmetric masses.

It is well known that quasifission is the decay of the
dinuclear system into two fragments with symmetric or
asymmetric masses. The quasifission can take place at all
values of the orbital angular momentum leading to capture.
Quasifission fragments formed at energies above the Coulomb
barrier with a small angular momentum contribute to the
asymmetric part of the mass distribution. Because the lifetime
of the dinuclear system decreases by increasing its excitation
energy. The excitation energy is defined as

E∗
DNS(Z,A, �) = Ec.m. − Vmin(Z,A, �), (3)

where Vmin(Z,A, �) is the minimum of the potential well
corresponding to the interaction of fragments with the
charge (mass) asymmetry {Z,Ztot − Z; A,Atot − A}. As
usual, the nucleus-nucleus potential V (Z,A, �, R) includes
the Coulomb VCoul(Z,A,R), nuclear VN (Z,A,R), and rota-
tional Vrot(Z,A,R, �) parts:

V (Z,A, �, R) = VCoul(Z,A,R) + VN (Z,A,R)

+Vrot(Z,A,R, �), (4)

where R is the distance between the centers of the nuclei.
Details of the calculation can be found in Refs. [10] and [13].

At low energies the projectile-like quasifission fragments
with A < 70 give a large contribution to the cross section for
the considered 48Ca + 154Sm reaction because the excitation
energy of the DNS is too small to shift the maximum of the
mass distribution to the more mass symmetric configurations
of the dinuclear system. The observed quasifission feature at
low energies is connected with the peculiarities of the shell
structure of the interacting nuclei. The increase in the beam
energy leads to a decrease of the shell effects and the yield
of the quasifission fragments near the asymmetric shoulders
decreases. The main contribution to quasifission moves to the
symmetric mass distribution. A more interesting phenomenon
at the same beam energies occurs for the dinuclear system
formed with large angular momenta. The lifetime of the DNS
can be long enough to reach large rotational angles and to
have a nearly isotropic angular distribution of its quasifission
fragments because E∗

DNS(Z,A, �) decreases as a function of
angular momentum �, according to its definition by Eq. (3).
Of course, the quasifission barrier Bqf decreases by increasing
� but it decreases slower than E∗

DNS(Z,A, �) because we have

|dE∗
DNS(Z, �)/d�| > |dBqf/d�|, (5)

i.e., E∗
DNS(Z, �) decreases faster than Bqf by increasing � (see

Fig. 2) at all beam energies. This inequality follows from
a comparison of the corresponding derivations that can be
obtained using Eqs. (3) and (4):

dE∗
DNS(Z, �)

d�
= − (2� + 1)h̄2

2
(
J1 + J2 + µR2

m

) . (6)

Taking into account the definition of the quasifission barrier
Bqf(Z, �) = VB(Z, �) − Vmin(Z, �) yields

dBqf(Z, �)

d�
= (2� + 1)h̄2

2
(
J1 + J2 + µR2

m

) − (2� + 1)h̄2

2
(
J1 + J2 + µR2

B

) ,

(7)
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FIG. 2. (Color online) The decrease in the quasifission barrier
Bqf(Z, �) (solid line) and excitation energy E∗

DNS(Z, �) (dashed line)
of the dinuclear system as a function of the angular momentum for
the 48Ca + 154Sm reaction.
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where VB(Z, �) is the barrier of the nucleus-nucleus potential
that should be overcome at the decay of the dinuclear system.
Vmin(Z, �) was discussed earlier; RB and Rm are the positions
of the barrier and minimum of the potential well with RB >

Rm. From a comparison of the right sides of Eqs. (6) and (7)
we obtain Eq. (5). This inequality means that the dinuclear
system can rotate by large angles before it decays into two
fragments if it is formed with large angular momentum �.
A large beam energy is needed to form a dinuclear system
with large values of �. The condition is similar with the
formation of superdeformed states of a nucleus. So, we can
conclude that the quasifission fragments formed at the decay
of the fast rotating dinuclear system have nearly isotropic
angular distribution. If their mass distribution is in the region
of symmetric masses then the quasifission fragments are
very similar to the fusion-fission fragments and they are
mixed with the latter. This mechanism is responsible for the
disappearance of the “asymmetric shoulders” in the mass
distribution of the fission fragments from the 48Ca + 154Sm
reactions at collision energies Ec.m. > 154 (E∗

CN > 63 MeV).
The experimental data, which were identified as fusion-fission
fragments by the authors of Ref. [6], increase strongly starting
from the energies Ec.m. > 147 (E∗

CN > 57) MeV. According
to our results, a large part of this increase belongs to the
quasifission fragments (see Fig. 1). So we stress that, in the
48Ca + 154Sm reaction, the quasifission [short dashed line
in Fig. 1(a)] is the dominant channel in comparison with
the fusion-fission (dash-dotted line), total evaporation residue
[thick dotted line in Fig. 1(b)], and fast-fission [dashed-double
dotted line in Fig. 1(a)] channels. The experimental data for
the excitation function of the total evaporation residues are
taken from the article by Stefanini et al. [12]. At energies
Ec.m. < 140 MeV, our capture cross section σcap overestimates
the experimental values of the capture cross section σ

(exp)
cap

because the authors of Ref. [6] excluded from their analysis
the reaction products having mass numbers outside the mass
range 55 < A < 145. Our studies showed that capture events,
i.e., events of the full momentum transfer, can lead to yields
of fragments with masses Aqf < 55. Consequently they lost
a part of the capture cross sections related to the contri-
butions of the quasifission fragments with Aqf < 55. They
determined

σ (exp)
cap (Ec.m., Aqf) = σ

(exp)
ER (Ec.m.) + σ

(exp)
f (Ec.m.)

+ σ
(exp)
qf (Ec.m., 55 < Aqf < 145), (8)

while the theoretical capture cross section includes the contri-
butions of all fragment yields, i.e., 4 < Aqf < 198, from full
momentum tranfer reactions

σcap(Ec.m.) = σER(Ec.m.) + σf (Ec.m.) + σqf(Ec.m.)

+ σfast fission(Ec.m.). (9)

The experimental and theoretical capture cross sections come
closer when the beam energy increases due to three main
reasons: (i) a shift of the maximum of the DNS mass
distribution to the mass symmetric region: the amount of
the lost part of the capture cross section decreases; (ii) the
quasifission fragments within the 70 < Aqf < 130 range that
are formed at the decay of the DNS with large angular

0 20 40 60 80 100 120

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

P
C

N

E*

CN
=63 MeV

E*

CN
=49 MeV

48Ca+154Sm

( )

FIG. 3. The probability PCN of the compound nucleus formation
as a function of the angular momentum of the dinuclear system
� at energies Ec.m. = 138 and 154 MeV, corresponding to the
excitation energies of the compound nucleus E∗

CN = 49 and 63 MeV,
respectively.

momentum show an isotropic angular distribution, being con-
sidered as fusion-fission fragments; (iii) the fusion probability
increases by increasing the beam energy due to the inclusion
of the contributions from collisions with large orientation
angles of the target-nucleus symmetry axis (see Fig. 3) with
respect to the beam direction. The favorableness of the large
orientation angles for the formation of the compound nuclei
was analyzed in Refs. [5,10,21]. This mechanism was earlier
suggested by Ref. [22]. The probability of the compound
nucleus formation PCN increases by increasing the collision
energy and the excitation energy E∗

CN, as seen in Fig. 3. The
presented results in Figs. 1 and 3 are obtained by averaging
over all orientation angles of the symmetry axis of 154Sm,
which is a well deformed nucleus (β2 = 0.341). The role
of the target orientation angle relative to the beam direction
during the formation of the fusion-fission and ER products
in the 48Ca + 154Sm reaction was analyzed in Ref. [21]. The
decrease in PCN by increasing the DNS angular momentum
� is explained by the increase in the intrinsic fusion barrier
and decrease in the quasifission barrier by increasing � (see
Refs. [13,14]). So, we have explained the large difference
between the calculated and the experimental capture cross
sections at low collision energies and the decrease in this
difference at high collision energies. The experimental data
of fission-like fragments seem to include some part of the
quasifission and fast-fission fragments that overlaps with
the mass and angular distributions of the fusion-fission
fragments.

The agreement of the results for the angular momentum
distributions with the measured ones in Ref. [6] confirms that
the angular momentum distributions of the compound nuclei
obtained by us are correct. The results of this comparison are
presented in Fig. 4. The deviation of the results for �CN of
this work from the experimental data at Ec.m. = 138 MeV is
explained by large contributions of quasifission fragments.
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FIG. 4. (Color online) Comparison of the calculated angular
momentum distribution of the compound nucleus 202Pb formed in
the 48Ca + 154Sm reaction with the experimental data from Ref. [6].
The presence of the quasifission contribution in the measured data is
noticeable at low energies.

A. About missing quasifission events in the
48Ca + 144Sm reaction

The authors of Ref. [6] concluded from the study of mass
angle distributions in 48Ca + 144Sm reactions that there are
no quasifission contributions to the mass distribution in the
analyzed range 60 < A < 130. The theoretical calculations in
this work show that quasifission occurs in this reaction causing
the hindrance for the formation of the compound nucleus.
But this hindrance is less active than the one in the case of
the reaction with 154Sm. The presence of the quasifission
feature is expected from the nonzero value of the intrinsic
fusion barrier B∗

fus, which is found from the driving potential
calculated for the 48Ca + 144Sm reaction. The results for the
capture, complete fusion, evaporation residue, fusion-fission
and fast-fission cross sections are presented in Fig. 5. It is
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FIG. 5. (Color online) The results by the DNS model for the
capture, complete fusion, quasifission, fission, evaporation residue,
and fast-fission cross sections for the 48Ca + 144Sm reaction.

seen that the theoretical results indicate large contributions
of quasifission to the capture cross section. Unfortunately,
the authors of Ref. [6] did not investigate the fusion or
evaporation residue cross sections that could be compared
with our results. The contradiction between our results and
the conclusion of the authors of Ref. [6] from their analysis
of the selected experimental data about a presence or lack
of quasifission in the 48Ca + 144Sm reaction may be removed
if we answer the question why were the quasifission events
not observed? There are two reasons: (i) one part of the
mass distribution of the quasifission fragments is outside the
analyzed range of 60 < A < 130, and (ii) another part of
the quasifission fragments is mixed with the fusion-fission
fragments and has similar isotropic distributions. The masses
of the missing quasifission fragments are in the mass range
48 < A < 60. This range is outside the analyzed range and,
therefore, the missing fragments cannot show the presence
of quasifission. The isotope 144Sm is a magic nucleus with
neutron number N = 82. Therefore, the concentration of
the asymmetric mode of the quasifission fragments in the
mass range 48 < A < 60 is explained by the effect of the
shell structure of the double-magic projectile-nucleus 48Ca
and magic target-nucleus 144Sm on the mass distribution of
the reaction fragments. As a result the mass distributions
of the products of deep inelastic collisions and asymmetric
quasifission overlap in this mass range.

This case is similar to the 48Ca + 208Pb reaction where
the presence of the quasifission feature was doubtful (see
Ref. [9] and references therein). But our investigation showed
that because of the collision of the double-magic 48Ca and
208Pb nuclei the mass distribution of the quasifission fragments
is concentrated around the initial masses [9] because the
potential energy surface has a local minimum in this region.
Moreover the products of these processes have similar angular
distributions for collisions with small values of the orbital
angular momentum � but they can be separated by the total
kinetic energy distributions. In the quasifission process the
full momentum transfer takes place. In collisions with large
angular momentum the angular distributions of the products
of the quasifission and deep inelastic collisions should be
different because of the long lifetime of the dinuclear system
formed at the capture stage of reaction. This kind of study will
be useful to investigate the mechanism of the full momentum
transfer reactions.

Concerning the second reason, the calculation of the mass
distribution of quasifission fragments for the 48Ca + 144Sm
reaction showed that there is another group of fragments that
is placed in the mass symmetric region and is mixed with the
fusion-fission fragments.

We suggest measuring the cross sections of the evaporation
residues and comparing them with the corresponding data
obtained in Ref. [12] for the 48Ca + 154Sm reaction. We expect
that the excitation function of evaporation residues of the latter
reaction will be higher than the one that could be obtained
for the 48Ca + 144Sm reaction. This will be evidence for
the presence of quasifission fragments in the 48Ca + 144Sm
reaction. Of course, the fact that the compound nucleus 192Pb
formed in the last reaction has a smaller number of neutrons
leads to a decrease in the evaporation residue cross sections but
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the effect of quasifission should be stronger than the effect of
the difference in the neutron numbers in the compound nuclei
192Pb and 202Pb. In Fig. 5 we present our theoretical results
for the excitation function of the evaporation residues (thick
short-dashed line) of the 48Ca + 144Sm reaction. A comparison
of the results of σER for the reactions with 154Sm (see Fig. 1)
and 144Sm (Fig. 5) shows that the values of the former reaction
are larger than the ones of the latter reaction. The fusion cross
sections are nearly the same but the capture excitation function
for the reaction with 144Sm is lower than the one for the
48Ca + 154Sm reaction because the attractive nuclear forces are
stronger in the more neutron rich system. So we can conclude
that according to our theoretical studies there are quasifission
events in the 48Ca + 144Sm reaction. The authors of Ref. [6]
did not observe them because the mass distribution of the
first group of quasifission fragments was outside the mass
range 60 < A < 130. The second group of the quasifission
fragments has an overlap in the mass angle distributions with
the fusion-fission fragments in the studied mass range.

B. About a lack of quasifission in the 16O + 186W reaction

To check the reliability of our calculation method we
analyzed also the 16O + 186W reaction where the complete
fusion is the main channel among capture reactions. Indeed,
the driving potential of this reaction does not show an intrinsic
fusion barrier � = 0 excluding a small barrier connected with
the effect of the odd-even nucleon numbers. But an intrinsic
fusion barrier can arise at large values of the orbital angular
momentum �. The results of the calculation for the capture,
complete fusion, evaporation residue, and fusion-fission cross
sections are presented in Fig. 6. One can see that up to
Ec.m. = 90 MeV the excitation functions of capture and
complete fusion are mainly the same because the contribution
of quasifission is very small (more than one order lower).
Certainly, the evaporation residue cross section is enough large
and it decreases at large values of the beam energy due to the
decrease in the stability of the heated and rotating compound
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nucleus. At Ec.m. > 83 MeV the fission cross section is higher
than the ER cross section. The fast-fission contribution is small
and it appears appreciably at Ec.m. > 100 MeV. The mass
distribution of quasifission fragments does not reach the mass
symmetric region and consequently there is not an overlap
with fusion-fission fragments. The measured fission fragments
correspond to a pure fusion-fission channel.

Concluding this section, in Fig. 7 we present the calculated
fusion probability PCN for the discussed reactions as a function
of the collision energy relative to the corresponding interaction
barrier for each reaction in the figure. It is seen that in the
mass asymmetric 16O + 186W reaction the fusion probability is
large. The mass distributions of quasifission fragments are near
the target and projectile masses and they are not mixed with
the fusion-fission fragments. Therefore, all fission fragments
near the mass symmetric region belong to the fission of the
compound nucleus. The quasifission process evidently takes
place in the reactions 48Ca + 144Sm and 48Ca + 154Sm. It is
more intense in the latter reaction. The lack of quasifission
events in the experimental studies of the 48Ca + 144Sm reaction
or the disappearance of quasifission events by increasing
the beam energy is connected with the measurement and
analysis of the experimental data. More advanced experimental
methods can be developed to study the quasifission feature in
the case where the mass angle distributions of the quasifission
and fusion-fission fragments strongly overlap in the mass
symmetric region.

III. ROLE OF THE CHARGE ASYMMETRY AND
NUCLEAR SHELL STRUCTURE IN THE YIELDS

OF REACTION PRODUCTS

The theoretical method based on the dinuclear system con-
cept is used to analyze capture, complete fusion, quasifission,
and fast-fission contributions in the reactions with massive
nuclei and can be applied to estimate and make predictions
of which of the reactions 54Cr + 248Cm, 58Fe + 244Pu, or
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64Ni + 238U is most preferable to synthesize the superheavy
element Z = 120.

The advantage of the cold fusion reactions is a large
survival probability in the emission of one or two neutrons
from the weak heated CN. This method was used to obtain
the first superheavy elements Z = 110 (darmstadtium), 111
(roentgenium), 112 (see Refs. [23,24]), and 113 [25]. The
grave disadvantage of “cold fusion” reactions is the dominance
of the quasifission process as the channel causing a hindrance
in transforming the DNS into a compound nucleus. According
to the DNS model, for the more mass symmetric reactions, the
intrinsic fusion barrier is larger in comparison with the one
for mass asymmetric reactions [8,13,14]. But the hindrance
caused by quasifission is not so strong in mass asymmetric “hot
fusion" reactions. This is supported by the synthesis of the even
heavier new elements Z = 114, 115, 116, and 118 that were
observed in reactions with 48Ca ion beams on 244Pu, 243Am,
245Cm, and 249Cf actinide targets at the Flerov Laboratory
of Nuclear Reactions of JINR in Dubna [26,27]. The cross
section for the synthesis of the new element 118 was about
0.5 pb in the 48Ca + 249Cf reaction [27]. The results of the
calculations for the cross sections of formation of the dinuclear
system, the compound nucleus, and evaporation residues in this
reaction are presented in Fig. 8. The relatively good agreement
between the experimental data and our estimations for the
evaporation residues gives hope to use the method based on the
dinuclear system concept to investigate which of the reactions
54Cr + 248Cm, 58Fe + 244Pu, or 64Ni + 238U is preferable to
synthesize the superheavy element Z = 120.
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FIG. 8. (Color online) Excitation functions of the formation of
the dinuclear system (capture), the compound nucleus (fusion), and
fast-fission fragments in the 48Ca + 249Cf reaction (upper part of the
figure). Comparison of the calculated evaporation residues in this
reaction with the experimental data from Ref. [27] (lower part of the
figure).

In Ref. [14], we discussed the difference in the yields
of evaporation residues in different reactions leading to the
same compound nucleus. It was shown that the relationship
between the excitation energy E∗

DNS and the intrinsic barrier
B∗

fus of the dinuclear system indicates which reaction is better
at producing an evaporation residue with a large cross section.
The results of the calculations in this work show that among the
three reactions, 54Cr + 248Cm, 58Fe + 244Pu, and 64Ni + 238U,
the first one is preferable for the synthesis of the superheavy
element Z = 120 in comparison with the last two.

The analysis of the reactions with massive nuclei show
that the mass asymmetry, shell structure, and orientation
angles of the symmetry axes of the initial colliding nuclei
play a crucial role in the formation of reaction products
at the final stage of the process [5,8,13,14,21]. The failure
in the synthesis of the superheavy element Z = 118 in the
“cold fusion” reaction 86Kr + 208Pb at the Lawrence Berkeley
Laboratory is explained by the very large value of B∗

fus of
the dinuclear system consisting of the 86Kr and 208Pb nuclei.
In other words, the touching point is far from the saddle point
corresponding to the compound nucleus 294118. Because of the
small quasifission barrier the lifetime of the dinuclear system
is short and its excitation energy is not sufficient to reach the
saddle point. An increase of the beam energy does not supply
the needed excitation energy because by increasing the beam
energy the capture events are lost because of the smallness of
the potential well in the nucleus-nucleus interaction between
the nuclei. The calculated friction coefficient is not sufficient to
trap the projectile into the small potential well at large energies.
Details of this phenomenon are explained, for example, in
Fig. 1 of Refs. [8] and [14] or Fig. 2 in Ref. [5]. The
dynamics of the entrance channel was discussed in the last cited
papers. This circumstance proves the importance of a correct
calculation of the potential energy surface and the friction
coefficients. Their quantities determine the distributions of
the angular momentum and excitation energy between the
fragments forming the DNS.

In the DNS model the capture and fusion stages are
studied in detail to analyze experimental data. The observed
hindrance to complete fusion in reactions with massive nuclei
is connected with the intrinsic fusion barrier B∗

fus which is
sensitive to the mass asymmetry and shell structure of the
nuclei in the entrance channel [13,14]. The fusion barrier is
determined by the peculiarities of the potential energy surface
U (Z,A,R) [13,14] calculated for the DNS leading to Z = 120
and A = 302. The potential energy surface is a sum of the
mass balance for DNS fragments and the nucleus-nucleus
interaction potential V (Z,R):

U (Z,A,R) = B1(Z) + B2(Ztot − Z)

+V (Z,R) − BCN(Ztot), (10)

where B1(Z), B2(Ztot − Z), and BCN(Ztot) are the ground
state binding energies of the DNS fragments 1 and 2 and
the compound nucleus, respectively [13,14]. The potential
energy surface, driving potential, and quasifission barriers
for the reactions leading to the CN 302120 are presented in
Fig. 9. The characteristics of the entrance channel as mass
(charge) asymmetry, shell structure, and orientation angles of
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FIG. 9. (Color online) Potential energy surface U (Z, R) calculated for the DNS configurations leading to the formation of the compound
nucleus Z = 120 and A = 302 as a function of the fragment charge number Z and relative distance between the centers of fragments R (a),
driving potential U (Z,Rm) (b), and quasifission barriers Bqf as a function of Z (c). The initial points for the dinuclear systems formed in the
54Cr + 248Cm, 58Fe + 244Pu, and 64Ni + 238U reactions are shown by a diamond, a rectangle, and a circle, respectively.
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FIG. 10. (Color online) Calculated excitation functions for the
capture and fusion (a) and for the formation of the evaporation
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the symmetry axis (for the deformed nucleus) of colliding
nuclei are important for the formation probability and angular
momentum distribution of the compound nucleus. The survival
probability of the heated and rotating compound nucleus
depends on its angular momentum �CN and excitation energy
E∗

CN [13,14]. The small intrinsic fusion barrier B∗
fus and large

quasifission barrier Bqf lead to a large fusion probability.
Figure 9 shows that the conditions are satisfied better for the
54Cr + 248Cm reaction.

It is seen from these figures that the 54Cr + 248Cm reaction
is advantageous because it has the smallest intrinsic fusion
barrier Bfus. The value of the potential energy for the DNS
formed in this reaction at the capture stage is placed close to the
maximum (“saddle point” to fusion) on the way to the fusion
valley (to reach small values of Z) [Fig. 9(a)]. The quasifission
barrier for this reaction is larger because it is more asymmetric
in the charge (mass) than in the two other reactions [see Fig.
9(c)].

The results of the calculations of capture, complete fu-
sion, and evaporation residue formation for the reactions
54Cr + 248Cm, 58Fe + 244Pu, and 64Ni + 238U are presented in
Figs. 10, 11, and 12, respectively. We stress that the deformed
shape of the initial projectile-target nuclei and the possibility of
collisions with different orientation angles of their symmetry

axes relative to the beam direction are taken into account as
in Ref. [5]. The comparison of the Figs. 10, 11, and 12 shows
that the 54Cr + 248Cm reaction is more favorable to synthesize
the new superheavy element Z = 120 because the predicted
excitation functions of the 3n and 4n evaporation residue
channels are much larger than the maximal values for the other
two reactions. We may state that the estimated evaporation
residue cross sections are in the range of possibility of the
detection systems used in the Flerov Laboratory of nuclear
reactions of JINR (Dubna, Russia), SHIP of GSI (Darmstadt,
Germany), and RIKEN (Japan).

IV. CONCLUSIONS

In this article we have analyzed the reasons for the
missing of the quasifission features in the 48Ca + 144Sm
reaction and the disappearance of the quasifission features
in the 48Ca + 154Sm reaction at collision energies increasing
from Ec.m. = 154 MeV to larger values in the experiments
investigated in Ref. [6]. Our studies and analysis of complete
fusion and formation of evaporation residues showed the
presence of quasifission in both of these reactions. The exper-
imental results for the capture, quasifission, and fusion-fission
excitation functions from Ref. [6] and data on the evaporation
residues for this reaction from Ref. [12] were compared with
the results of calculations performed in the framework of
the DNS model (see Refs. [13,14]). The appearance of the
measured fission-like fragments at large bombarding energies
is explained by the sum of the quasifission, fusion-fission,
and fast-fission fragments. We conclude that the experimental
fusion-fission data obtained at low collision energies contain
a huge amount of contributions of quasifission fragments
with masses A > 83 that show isotropic angular distributions
as presented in Ref. [6]. The smallness of the calculated
fusion-fission cross section is explained by the large fission
barrier for the 202Pb nucleus, Bf = 12.33 MeV, according to
the rotating finite range model by Sierk [15] and the additional
barrier B

(microscopic)
f

∼= 8.22 MeV caused by the nuclear shell
structure. The quasifission fragments formed in the decay of
the fast rotating dinuclear system have near isotropic angular
distribution. Such fragments are mixed with the fusion-fission
fragments if the mass distributions of both processes overlap in
the region of symmetric masses. This mechanism is responsi-
ble for the disappearance of the “asymmetric shoulders” in the
mass distribution of the fission fragments of the 48Ca + 154Sm
reactions at collision energies Ec.m. > 154 (E∗

CN > 63 MeV).
The experimental data, which were identified as fusion-fission
fragments by the authors of Ref. [6], increase strongly starting
from the energies Ec.m. > 147 (E∗

CN > 57) MeV. According
to our results, a sufficient part of this increase belongs to the
quasifission fragments (see Fig. 1). The calculated excitation
function of the evaporation residues is in good agreement with
the available experimental data from Ref. [12]. Its values for
large collision energies decrease strongly due to the decrease in
the fission barrier of the heated and rotating compound nucleus
if its excitation energy and angular momentum increase.

The contradiction between our results and the conclusions
of the authors of Ref. [6] from the analysis of the selected
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experimental data about the lack of the quasifission process in
the 48Ca + 144Sm reaction is connected by two main reasons:
(i) the quasifission fragments have a mass distribution with
the maximum outside of the analyzed range 60 < A < 130;
(ii) the quasifission fragments are mixed with the fusion-
fission fragments and have similar isotropic distributions. The
concentration of the first group of quasifission fragments in
the mass range 48 < A < 60 is explained by the effect of
the shell structure of the double-magic projectile-nucleus 48Ca
and the magic target-nucleus 144Sm on the mass distribution
of the reaction fragments. Therefore, the mass distributions
of the products from deep inelastic collisions and quasifission
overlap in this mass range. A similar case was analyzed for
the 48Ca + 208Pb reaction in Ref. [9]. Products of the decay
of the long-lived dinuclear system that were formed at large
values of the angular momentum contributing to the mass range
60 < A < 130 seemed to be considered as the products of the
fusion-fission reactions because the products of both processes
have overlap of the mass and angular distributions.

The results obtained for the 16O + 186W reaction show that
a hindrance for complete fusion [6] is negligible. Using the
experience obtained in the analysis of the above-mentioned

reactions we estimate the most preferable reaction for the
synthesis of the superheavy element Z = 120. Among the
three studied reactions, 54Cr + 248Cm, 58Fe + 244Pu, and
64Ni + 238U, the first one is most preferable for the synthesis
of the element Z = 120. Because it is a more asymmetric
reaction having a smaller intrinsic fusion barrier and a larger
quasifission barrier. These lead to a larger fusion cross section.
The expected cross section for the synthesis of superheavy
element Z = 120 in the 54Cr + 248Cm reaction is more than
1 pb for the 3n evaporation channel and about 1 pb the
maximal value for the 4n channel in the Ec.m. = 233–245 MeV
energy range.
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