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Excitation functions of evaporation residues in heavy-ion reactions
leading to compound nuclei with Z = 80-90
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The excitation functions of evaporation residues in xn, pxn, and axn channels for the reactions leading to the
compound nucleus with Z = 80-90 are studied within the dinuclear system model. The stationary solution of
master equation is applied to calculate the formation-decay probabilities of dinuclear systems. The results show
that the maxima of excitation functions in xn, pxn, and axn channels are comparable for the reactions leading
to compound nuclei from Hg to Th. This means that the charged particles emission along with neutron emission
influence the survival probability of compound nucleus in these reactions. Neutron deficiency of compound
nucleus leads to favor both charged particle emission and fission.
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I. INTRODUCTION

The studies of neutron-deficient and neutron-rich nuclei
are required to define the borders of nuclear stability and
to explore the shell evolution in isotopic chain. While the
neutron-rich nuclei are produced in multineutron capture and
transfer reactions, the neutron-deficient nuclei can be pro-
duced either in transfer reactions or in heavy-ion fusion
reactions [1-7]. The compound nucleus (CN) formed in com-
plete fusion of two nuclei is usually neutron deficient and
could be highly rotating. The study of fusion of two heavy
nuclei and the decay of the resulting excited CN is an actual
topic of recent years. The practical interest of this research
lies in synthesis of new neutron-deficient isotopes of heavy
nuclei [1-6]. In the last decades, the nuclear chart was consid-
erably extended with new isotopes and their properties were
established [7].

The quasifission phenomena (the decay of the system
without CN formation) was found to be the main obsta-
cle to form the CN at small angular momentum J in the
reactions with colliding nuclei having Z,;Z; > 1600. Such
reactions with a large charge product Z,Z, are relevant to
the synthesis of superheavy nuclei [2,8,9]. The quasifission
also plays an important role in the reactions with Z,Z, <
1600 if the angular momentum is large because the repulsive
centrifugal force becomes as strong as the Coulomb force.
So in heavy-ion reactions there is always some competi-
tion between complete fusion and quasifission processes. The
survival probability of formed CN depends on competition
between particle evaporation and fission. For CN formed in
particle-induced fission reactions, the main evaporation chan-
nel is neutron emission, which competes with fission process,
while in heavy-ion reactions proton and «-particle emission
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from excited neutron-deficient CN become quite competitive
decay channels. Accordingly, the determination of the fission
barrier of such neutron-deficient and highly rotating hot nu-
clei becomes even more puzzling. These facts motivate us
to investigate the excitation functions of evaporation residues
in xn, pxn, and axn decay channels in nuclear reactions
leading to CN with Z = 80-90 because this region of nu-
clei is mostly appropriate to investigate the role of neutron
deficiency and rotation (angular momentum) on competition
of particle emission channels with fission. The excitation
functions for evaporation residues (ER) result from the con-
sideration of this competition.

The ratio I' /T, of width for fission (I" ) to one for neutron
emission (I',,) is an important and widely used characteristic
of nuclear reactions related to fissility of CN. Using the exper-
imental values of I';/I",, the fission barriers were extracted
within the statistical model for CN with Z = 74-85 [10].
This tool for extraction of fission barriers from experimental
data is very useful when neutron emission and fission are
dominant decay channels. However, for neutron-deficient and
highly rotating CN formed in heavy-ion reactions, charged
particle emission channels become quite strong and should be
taken into account in the extraction of fission barriers from
experimental I'y/T",. Also, the experimental I"y may contain
the contribution from quasifission process.

To calculate the excitation functions for ER in this paper,
we apply the approach [11] based on the dinuclear system
(DNS) model [12-15], which was successfully used for de-
scribing the decay process of excited medium mass CN.
According to the DNS model, after projectile is captured
by target, the nucleon exchange occurs between interacting
nuclei. The nucleon exchange process drives the initial system
to DNS with different mass and charge asymmetries. The CN
is considered as a DNS with mass asymmetry n = 1. The
decay of DNS in relative distance coordinate R and parti-
cle (n, p, ) evaporation from CN are in competition with
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FIG. 1. Driving potentials
(a) ®Ca+'""Nd and (b) “°Ar+'**Sm at indicated angular
momenta J.

nucleon exchange process. The fusion-fission and quasifis-
sion products are formed as a result of decay of DNS in
R and particle emission from CN leads to the formation of
ER. Thus, our model describes the competition of all decay
channels (from particle emission up to symmetric splitting)
in a unique way. The excited CN can either emit particle or
decay from one of the possible DNS configurations. Besides
the description of deexcitation of excited CN, the DNS model
is successful in the explanation of the properties of sponta-
neous fission [16]. In this approach to fission, the probability
of each configuration is calculated as in the scission-point
model [17]. Indeed, the widths of fission and particle emis-
sions are calculated using the potential energies of prescission
configurations.

The paper is organized as follows. In Sec. II, we present the
most salient details of our model. In Sec. III, the comparison
of calculated results with experimental data is discussed. The
main conclusions are made in Sec. I'V.
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FIG. 2. Driving potential for the reaction “°Ar + '®°Hf at indi-
cated angular momenta J.

II. MODEL

In our model, the binary decay of excited nuclear sys-
tem involves the motions in charge and mass (1) asymmetry
coordinates of the DNS and the motion in the relative dis-
tance coordinate R between the centers of mass of the nuclei
in DNS. The nucleon exchange between nuclei in DNS
transforms the initial DNS into different asymmetric and sym-
metric DNS and the CN. Since the decay of DNS in R is
a collective motion, it requires some time, so that system
before decaying from certain DNS can walk through many
DNS configurations including the CN configuration due to
fast nucleon exchange between nuclei. When system reaches
CN configuration, it can either emit light particles (fusion
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FIG. 3. Dependencies of quasifission barrier in DNS formed in
the **Ar 4 '8Hg reaction on Z; at indicated angular momenta J.
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TABLEI. Calculated entrance Coulomb barrier V,,, excitation en-
ergy Efy of CN for J = 0 at E, ,,,, =V}, critical angular momentum
Jorand E& forJ = O at E, 1, leading to Jyax = J for listed reactions.
Energy units are given in MeV.

Reaction | ENEem. =WV, J =0) Joo Ely
BCa+"Nd - "Hg 135.6 37 85 70
OAr+1%sm — B*Hg 1285 37.5 83 75
#Ca+1°Gd — *po 1445 46 80 78
“Ca+1Gd — 2™po  143.8 50 83 85
OAr 4 1By — 2°Rp 137 46 73 72
2Ne + '°0s — 2’Rn 86 48 66 88
2Ne + '*pt — 2°Ra 88.1 42 67 81
2Ne + '%pt — 0Ra 877 40 68 80
OAr4+ Hf —» 220Th 144 43 76 74

evaporation) or go back to asymmetric DNS (« particle +
heavy nucleus) with further diffusion into more symmetric
DNS then decaying in R (fusion fission). In this way, we de-
scribe the quasifission, fusion-evaporation, and fusion-fission
processes within the DNS approach. The nature of these three
modes of statistical decay are the same, the connections be-
tween them are provided by the mass asymmetry coordinate,
only their characteristic times are different, the fusion-fission
process is slower than the rest processes. This difference be-
comes more perceptible if decay time of the DNS becomes
comparable to nucleon exchange time, which is typical for
very heavy systems or for high angular momenta. The ex-
cited fragments of binary decays can also experience decay
in the same way until the cold products are formed to be
detected.

The nucleon exchange between the nuclei in DNS and its
decay in R are usually described using transport approach
with the master equation [18]. If the quasifission barriers
B?ef , which prevent the DNS decay, are large enough, then
one can use the stationary solution of this master equation to
obtain the probability of finding the system in a given DNS,
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which is proportional to relevant level density p. Thus, we
assume that a statistical equilibrium is reached in mass-
asymmetry coordinate so that the formation-decay probability
Wz, .4, with given asymmetries Z; and A; of each DNS or
CN configuration depends on the corresponding potential
energy

UR,Z1,A1,J)=B1+B,+V(R,Z1,A1,J)
— [Bia + VWD), (1)

calculated with respect to the potential energy By, + VI (J)
[Bi, is the mass excess of the CN and the rotational energy
VC“Ii} (J) of the CN] of the rotating CN, Bj, and B, are the mass
excesses of fragments in their ground states. The nucleus-
nucleus interaction potential V contains the nuclear, Coulomb,
and centrifugal potentials. The orientations of the DNS nuclei
correspond to the minimum of the potential energy (the pole-
pole or tip-tip orientation for the deformed nuclei).

The formation-decay probability Wz 4, (Ecm.,J) of the
fragment (Z;, A}) is calculated as the product

R
PZl-A1PZ],A1

= R
Zz; Al Pz P, Z A,

of the DNS formation probability Pz 4, and the DNS de-
cay probability Pg 4,- In Eq. (2), the indexes Z| and A} go
over all possible channels from the neutron evaporation to
the symmetric DNS splitting. In the equilibrium limit in the
charge and mass asymmetries (see Ref. [11] for details) the
probability Py, 4, is calculated as follows:

W21 VA (Ec.m.’ J) (2)

Pz a,(Ecm.s J) ~ expl=U R, Z1, A, J) [ Tiax (D] (3)

Here, n-, p-, d-, and t-evaporation channels are taken into
consideration with U (R,,, Z;, A, J) = 0. The DNS is formed
at the touching distance R = R, between the centers of nu-
clei. The value of R,, corresponds to a distance of about
0.5 fm larger than that corresponding to touching of nuclear

102 F T T T
E(b) 48Ca+192Ng - 190Hg*

—~

o
S

=

o}
10"

100

50 60 70 80 90
Ecy'(MeV)

10—1 1 1

100

FIG. 4. Comparison of calculated (lines) and experimental (symbols) data for excitation functions in xn channels of the reactions
(@) “*Ar + **Sm and (b) “*Ca + “*Nd. The experimental data are taken from Ref. [19].
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FIG. 5. Comparison of calculated (lines) and experimental (sym-
bols) data for the excitation functions in xn channels of the reactions
(a) *Ca+'Gd and (b) “*Ca+ '"°Gd. The experimental data are
taken from Ref. [20].

surfaces [11]. The DNS decay probability
Pf p (Eems ) ~ exp[ = BY (21, ATy 0, (D] )

depends on Bzf (Z,,A,J), which is the difference between
the potential energies of the DNS configurations at touch-
ing distance and at the barrier position. The quasifission
barrier B;Ief prevents the decay of the DNS in R. At J >
Joos BY (Z1,A1,J) =0 and P§ , = 1. In Eq. (3), Tpux(J) =
max{7z, 4,(J)}, where Tz 4,(J) are the temperatures of the
CN and all possible DNS with Z; > 2. For the emission
of particles with Z; < 2, Tz 4,(J) = Ten(J) is the temper-
ature of the CN and B;’ef (Z1,A1,J) is equal to the particle
binding energy plus the value of the corresponding Coulomb
barrier at Z; # 0. Excitation energies of CN and DNS are
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FIG. 6. Calculated excitation functions in (a) pxn and (b) axn
evaporation channels of the *Ca + '°Gd reaction.

calculated as
EiNU) = Eom + 0 — VR(),
Efns(Zi, AL ) = ESND) — U Ry, Zy, Ay ), (5)

respectively. The local temperatures of CN and DNS are
defined from their excitation energies using the Fermi-gas
model formula 7z 4, = /EéN,DNS /a with the asymptotic
level-density parameter a = 0.114 A + 0.162 A*/ [11]. Note
that the number of neutrons emitted from the DNS (predecay
neutrons) is very small in reactions considered [18].

In Eq. (2), the competition between various decay channels
depends on the values of maximum angular momentum and
excitation energy deposited in the system. Because theoretical
descriptions of cluster decay and light-particle evaporation
processes are related with the mass asymmetry coordinate,
we use the same expressions (3) and (4) to calculate both
processes. Fission and evaporation are the two obvious parts
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FIG. 7. Comparison of calculated (lines) and experimental (symbols) data for excitation functions in the (a) xn and (b) pxn evaporation
channels of the “*Ar + '"*Er — 2°Rn* reaction. The experimental data are taken from Ref. [19].

of a single decay process. Note that the product P, ,A]Pg A
in Eq. (2) takes into account the fusion-fission process to-
gether with the quasifission and fusion-evaporation processes.
So, the binary decay fragments have contributions from both
quasifission and fusion-fission, which can not be uniquely
distinguished in our model.

Using the probabilities given in Eq. (2), we generate the
cascade decay process of CN and DNS with the Monte Carlo
technique. For this, we distribute all possible decay processes
with the probabilities given in Eq. (2) in the interval [0; 1]
and generate a random number to select the event. After each
generation of the event, we redefine the mass and charge num-
ber, excitation energy, and angular momentum of the residual
system and calculate new decay probabilities with Eq. (2). The
generation of the events continues up to all decay fragments
become deexcited. The evaporation particles are assumed to
have Maxwellian kinetic energy distributions at given decay
step. The excitation energy and angular momentum are di-
vided between decay fragments according to their masses and
moments of inertia, respectively. In this work, the simulation
number ng, = 10° in Monte Carlo method is chosen to have
enough high statistics for decay channels of interest.

If at the first step of Monte Carlo simulation the particle
(n, p, o) emission is generated, it means CN is formed. Sys-
tem can either emit further particles or decay through doorway
DNS configuration into binary fusion-fission products. At the
second step, the Monte Carlo simulation based on Eq. (2)
may result in either particle emission or DNS decay, which
is related to fusion-fission in our model. The ER originates
from the consequence of particle emissions. If at the first step
the decay of some DNS is generated, then the quasifission
or fusion-fission products are formed. So in our model the
fusion-fission and quasifission are partly discriminated by the
first step of Monte Carlo simulation of the cascade decay.

The partial cross sections for the ER is

ozal) = w22 + l)Pcap(J)nZ’A(j), 6)

Nsim

where nz 4(J) is number of a given evaporation residue in ngjp,
runs. The partial capture probability Pe,p(J) is calculated with
the Hill-Wheeler formula in the same way as in Ref. [11].
Then one can calculate the total cross section

Jmax

o(Z,A) =) 074()) (7)

J=0

for the formation of ER. Here the maximum value of angular
momentum Jp,x is limited by either the kinematical angular
momentum Jii, or by critical angular momentum J,, depend-
ing on which one is smaller: J.x = min(Jin, Jor). Here, Jo;
is the angular momentum for which the pocket in the en-
trance interaction potential disappears (see more details in
Ref. [11]).

III. RESULTS AND DISCUSSION

A. Application of the model and outcomes

Since our intention is to reveal the competition of charged
particles emission as well as neutron evaporation with fission
process, we choose the reactions leading to Zcn = 80-90, so
that the fission is not strongly dominant channel as in heavier
nuclei. In heavy-ion fusion reactions the formed CN is neutron
deficient and highly rotating. The neutron deficiency leads
to enhancement of the probability of proton and o particle
evaporation, while fission probability increases with angular
momentum. These effects are included in our model through
the calculation of potential energy U with the experimental
binding energies and centrifugal forces [11].

In Fig. 1, the driving potentials [U (R, Z;, A}, J] are min-
imized by A; for given Z; and normalized to the energy of
rotating CN) for '%*Hg and '"°Hg nuclei to demonstrate the ef-
fects of neutron number and angular momentum. One can see
that with increasing angular momentum J the potential energy
of DNS decreases with respect to that of CN, so the forma-
tion probability of more symmetric DNS increases. For more
neutron-deficient system '®*Hg, the binding energy of neutron
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FIG. 8. Comparison of calculated (lines) and experimental (sym-
bols) data for excitation functions in the (a) xn and (b) pxn
evaporation channels of the reaction 2Ne + °0Os — 2?Rn* reac-
tion. The experimental data are taken from Ref. [21].

is larger and, as seen in Fig. 1, the formation of the DNS
from the CN is energetically more favorable comparing to the
system '°°Hg with more neutrons. Since the separation ener-
gies of proton and «-particle decrease with neutron deficiency,
charged particle evaporation channels become competitive.
In Fig. 2, the driving potential for heavier system “2°Th is
presented. One can see that symmetric DNS potential energy
(about 5 MeV) becomes smaller than those for systems '*°Hg
(about 15 MeV) and 184Hg (about 10 MeV). This means that
the formation probability of symmetric DNS increases, i.e.,
fissility of nuclei increases with Zcy. The quasifission barrier
Bfef (Z1) in R as a function of Z; at different angular momenta
J is presented in Fig. 3 for **°Th. With increasing angular
momentum from J =0 to J = 60, the value of Bzf (Zy) is
reduced to 1-1.5 MeV.

22Ne+1QOOs . 212Rn*

10—1 L

110 120 130 140 150 160
Ecn*(MeV)

FIG. 9. Comparison of calculated (lines) and experimental (sym-

bols) data for excitation functions in the oxn channels of the

2Ne + "°0Os — 2!?Rn* reaction. The experimental data are taken
from Ref. [21].

We calculate excitation functions starting from slightly
above Coulomb barrier energy V,,, which is calculated for
spherical shapes of colliding nuclei. Maximal angular mo-
mentum Jy,,x, Which contributes to capture process, increases
by bombarding energy up to J, for which capture prob-
ability is equal to zero. Further increasing of bombarding
energy do not change Jy,.x, Which remains to be Ji.x = Jor-
The Coulomb barrier energies, the CN excitation energies
corresponding to E. ., =V, critical angular momenta, the
excitation energies of CN at which Jy,,x reaches J.; are listed
in Table I for the reactions considered.

Summary of the DN'S model used in this work is as follows:
(i) CN is considered as one of available very asymmetric
DNS. If at the first step of Monte Carlo simulation the par-
ticle emission is generated, the CN formation is assumed.
CN can further emit particles or go to fission through certain
doorway DNS. (ii) Neutron deficiency, angular momentum
and increasing charge number of CN lead to larger formation
probability for symmetric DNS. (iii) The quasifission barrier
quef , which prevents the DNS decay, increases with asymme-
try and decreases with angular momentum. (iv) The maximal
angular momentum Jy,,x, Which contributes to capture pro-
cess, is energy dependent. It is determined from kinematics
at low incident energies. At higher energies the Ji,,x reaches a
critical value J.; and thereafter it remains constant.

B. Comparison of calculated results with experimental data

In Fig. 4, we present the comparison of calculated results
and experimental data for excitation functions in xn channels
for the reactions *°Ar + '*Sm and **Ca + '**Nd. One can see
that the maxima of excitation functions for neutron-deficient
CN '8%Hg are lower than those for CN *"Hg. For example,
in 5n channel this difference is one order of magnitude. It
is not only because of the difference in particle separation
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FIG. 10. Comparison of calculated (lines) and experimental
(symbols) data for excitation functions in the (a) xn and (b) pxn, axn
evaporation channels of the reactions 2*Ne + Pt and 2Ne + %Pt
leading to excited radium isotopes as the CN. The experimental data
are taken from Ref. [22].

energies of these isotopes, but also because of higher forma-
tion probability of symmetric DNS in neutron-deficient CN
184Hg (see Fig. 1). This phenomenon leads to the increased
yield of fissionlike fragments.

Similar behavior of excitation functions in xn channels
with neutron deficiency is observed in the reactions lead-
ing to excited CN of polonium isotopes (Fig. 5). As found,
the calculated maxima of excitation functions for 4n (in the
4(Ca 4 'Gd reaction) and 3n (in the **Ca + ’°Gd reaction)
channels are shifted to higher energies comparing to the exper-
imental ones because we consider E. p, larger than the height
of the Coulomb barrier for spherical colliding nuclei, while
smaller E, ,, contribute to the experimental data as well. As
seen in Table I, the excitation energy of CN at the Coulomb
barrier is 46—-50 MeV for these reactions, so the corresponding
Jmax Vvalues are very small. In Ref. [20], the ER were not
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104 i (14n+(i§ﬁ\t * x10
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1., a3n \,\ .
:a —
fj,- 102 4 407 r+180Hf o 220Tyx
o .

Ecn(MeV)

FIG. 11. Comparison of calculated (lines) and experimental
(symbols) data for excitation functions in the xn, pxn, and axn
channels of the “°Ar + "'Hf — 2°Th* reaction. The experimental
data are taken from Ref. [23].

observed in the 3n channel of the **Ca + '%°Gd reaction due to
the higher excitation energy of CN at the Coulomb barrier than
it is required for 3n channel. Calculated excitation functions in
pxn and axn channels of the “*Ca 4 '°Gd reaction are shown
in Fig. 6. As seen in Figs. 5(a) and 6, for the excited CN
204pg, the maxima of excitation functions in xn, pxn, and oxn
evaporation channels are rather comparable. This fact should
be taken into account in analyzing the survival probabilities
of the CN formed in these reactions. The extraction of fission
barriers from the experimental I'y/T", in these reactions will
be inaccurate because of the enhanced emission of p and o
particles from neutron-deficient CN.

In Figs. 7-9, the excitation functions in xn, pxn, and axn
evaporation channels are presented for the fusion reactions
resulting in different radon isotopes as the CN. Calculated
excitation functions are in good agreement with experimental
data. One can see again that maxima of excitation functions
in xn, pxn, and oxn channels are comparable. Since with the
neutron deficiency the binding energy of neutron increases,
the cross sections in the xn channels decrease with increasing
the number of emitted neutrons due to the growing competi-
tion with other decay channels.

In Figs. 10 and 11, the excitation functions in xn, pxn, and
axn evaporation channels are presented for the fusion reac-
tions leading to excited isotopes of radium and thorium as the
CN. As seen, the cross sections decrease by about two orders
of magnitude in the *°Ar + '8°Hf reaction comparing to those
in the *Ca + **Nd and “’Ar + **Sm reactions. This result
is explained by the driving potentials for these systems. The
potential energy minimum at the symmetric DNS for thorium
(Fig. 2) is deeper than those for Hg isotopes (Fig. 1). This
leads to larger formation probabilities of symmetric DNS in
the “°Ar + '89Hf reaction than in the reactions *3Ca 4 '“>Nd
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and “°Ar 4 '%Sm, which in turn leads to larger cross sec-
tions for fissionlike fragments in the “°Ar 4 '8Hf reaction.

The neutron-deficient nuclei produced are almost spherical
and can emit « particles, with the exception of Pb and Bi
isotopes, which can not be detected by « decays. The proper-
ties of these nuclei are the subject of intensive study [24-27].
The probability of o decay increases with decreasing mass
number of isotope. Our calculations with the microscopic-
macroscopic model [28] indicate that the ground-state spins
of nuclei in the a-decay chains 2" Ac — 2''Fr — 2Y7At,
2HAe — 207pr 5 28 At and 2Ra — 2%Rn — °Po are
9/27,9/27, and 3/27, respectively, which agrees well with
the experiment [29]. In the «-decay chains, the «-decay
branching ratio decreases. For example, >3 Ac and 2”7 At go
to o decay with probabilities of 99.9% and 8.6%, respec-
tively [29]. In the nuclei of a-decay chain starting from >*’Ra,
there is low-lying isomeric state 13/2%. Thus, these nuclei can
emit « particles from both the ground state and the isomeric
one. Note that for these nuclei the measured «-decay half-lives
are larger than 100 ms [26].

IV. SUMMARY

Based on the DNS approach, the proposed statistical model
considers in a single way such reaction channels as parti-
cle emission, fusion-fission, and quasifission. The decay of

excited CN was treated through various DNS states. The ex-
citation functions of ER in the xn, pxn, and axn channels for
the complete fusion reactions leading to CN with Z = 80-90
were investigated within this model. The cross sections for
production of neutron-deficient nuclei '"*-'8Hg, 1952%po,
197-203 Ay 198-200g; 195-197p}, 201-204p ) 206211 211-215R,
214216 A and 25217 Th were calculated. The theoretical re-
sults are in good agreement with the available experimental
data for all reactions considered. Such type of reactions seem
to be suitable for producing neutron-deficient isotopes with
the cross sections larger than 1 pb.

The results show that the maxima of excitation functions in
the xn, pxn, and axn channels are comparable for the reactions
leading to compound nuclei from Hg to Th. This means that
p- and «-particle emission along with neutron emission influ-
ence the survival probability of CN in these reactions. Neutron
deficiency of CN leads to favor both charged particle emission
and fission. With increasing Zcy;, the probability of formation
of symmetric DNS increases and the ratio of the probability
of particle emission to the probability of fission decreases.
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