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The production cross sections of neutron-deficient isotopes '®''Xe and ''>''*Ba in the complete fusion
reactions **%Ni +>*Fe and 33%°Ni +°®Ni with stable and radioactive beams are studied with the dinuclear system
model. The calculated results are compared with the available experimental data. The optimal beam energies and
corresponding maximum production cross sections of new isotopes '®Xe and ''?Ba are predicted.
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I. INTRODUCTION

a decay is a useful tool to investigate the low-energy struc-
ture of neutron-deficient nuclides near magic shell closures [1].
Additional interest in the -decay rates of nuclei around '®Sn
[2] is caused by the study of astrophysical processes, for
which this region has been cited as the end of the rapid
proton capture process due to the Sn-Sb-Te cycle [3]. The
a emitters '971%Te and 1%Te, '9Xe have been produced in
the reactions '°0 +°°Ru and *®Ni +8Ni, respectively [4,5].
The nucleus '%Te remained for a long time the lightest known
o emitter leading to the daughter nucleus '°2Sn. Later on the
0Cr(*®Ni,3n) reaction was employed to produce the '®Te
nucleus, which is the fastest « emitter known so far with
half-life T7,, = 0.70 us [6].

The production of '%Xe nucleus in the fusion-evaporation
reaction >*Fe(® 8Ni ,3n)109Xe at beam energies 220-225 MeV
and the discovery of the superallowed a-decay chain '“Xe
— 10Te — 1918n have given new motivation to search for
new emitters in this region of nuclides [7]. Further studies of
the superallowed «-decay chain resulted in the observation of
low-lying states in °!Sn, the one-neutron system outside the
doubly magic nucleus '°Sn [8].

The neutron-deficient nucleus !'*Ba has been produced
in the *®Ni(*®Ni,2n) reaction. The o decay of '*Ba occurs
with E, = 3410 keV energy and its half-life is 430 ms. The
synthesis of the more neutron-deficient barium isotope ''>Bain
complete fusion reactions is interesting for two reasons [9-11].
The first one is the possibility of the observation and discovery
of the superallowed a-decay chain ''?Ba — 1%¥Xe — '%Te
— 19981 which connects ''?Ba with the doubly magic nucleus
1008 The second one is the possible discovery of 1>C cluster
radioactivity [12-15] of '"*Ba leading again to the '®Sn
daughter nucleus. Note that experiments searching for the
superallowed decay chain '"?Ba — 1®Xe — %Te — 198,
are planned at Argonne National Laboratory (ANL, USA), the
Japan Atomic Energy Agency (JAEA, Japan), and the Grand
Accééléérateur National d’Tons Lourds (GANIL, France).

In the present work, the production cross sections of
isotopes % 10Xe and ''>'“Ba in the fusion reactions
38,56Nji +-34Fe and °%°Ni +¥Ni with stable and radioactive
beams are predicted. The possibility of using neutron-deficient
radioactive ion beams—for example, a beam of SONji—in
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the complete fusion reactions gives us a good opportunity
to discover new neutron-deficient isotopes and study their
decay properties. This is an interesting possibility to reach the
proton drip line. Some models (for example, the mass model
of Ref. [16]) predict that the neutron-deficient nuclei '®Xe
and ''?Ba are beyond the proton drip line.

Our calculations are based on the dinuclear system (DNS)
model [17,18] which describes well the experimental produc-
tion cross sections of individual isotopes formed in very weak
decay channels [19-23]. Within the DNS model [17,18], an
evolution of the system occurs in the collective coordinates
of charge and mass asymmetries and relative distance R.
According to the model, there are nucleon drift and nucleon
diffusion between the DNS nuclei which lead to the formation
of excited compound nucleus (CN) and different DNS config-
urations with probabilities depending on the potential energy
surface and temperature of the system. The decay of excited
CN and DNS configurations is described in a unique way,
which allows us to describe both light particle evaporation
and complex fragment emission in the same way [24]. The
main ingredient of our description is the sophisticated potential
energy depending on the charge (mass) asymmetry and angular
momentum.

The DNS model is briefly described in Sec. II. The results of
calculations for the reactions %Ni +°*Fe and 3%-%8Ni +°8Ni
are presented in Sec. III. The conclusions are given in Sec. IV.

II. MODEL

The cross section of a residual nucleus with certain mass
number A and charge number Z is given as

Jmax

0z,4(Ecm.) = Z 0z,4(Ecm.,J)
J=0

Jimax

= Z O‘cap(Ec.m.aJ)W;l,lfq(Ec.m.sJ)a (1)
J=0

where o, is the partial capture cross section which defines
the transition of the colliding nuclei over the Coulomb barrier
and the formation of the initial DNS when the kinetic energy
E.m and angular momentum J of the relative motion are
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transformed into the excitation energy and angular momentum
of the DNS. The probability of the production of a specific
residual nucleus (Z, A) from the excited entrance channel DNS
in a distinct decay channel is described by W3, (Ecm ,J).
To calculate W3, (E. . ,J), one has to find the formation-
emission probabiiity Wz, a,(Ecm.,J)of aspecific light particle
or cluster (Z;, A;) from the excited system. Here, we consider
the decay of the excited nuclear system as a sequential
light particle (Z; < 2) evaporation, which includes neutrons,
protons, deutrons, and tritons, and complex clusters (Z; > 2).

The DNS formation is described by the partial capture cross
section ocap(Ec.m.,J):

Ucap(Ec.m.,J) = 7'[?&2(2.] + I)Pcap(Ec.m.’J)v (2)

where 12 = h?/(2uEcmy.) is the reduced de Broglie wave-
length and p the reduced mass in the entrance chan-
nel. The transition probability is calculated with the Hill-
Wheeler formula: Peyp(Ecm.,J) = {1 +exp[2n(V(Rp,J) —
E.m)/hao(J)]) ™!, where the effective nucleus-nucleus poten-
tial V is approximated near the Coulomb barrier at R = R;, by
the inverted harmonic-oscillator potential with barrier height
V(Rp,J) and frequency w(J) [20]. The maximum value of
the angular momentum Jy,.« is limited either by the kinematic
angular momentum JJ;L“X = [2u(Ecm. — V(Rp,00)]12Ry, or by
the critical angular momentum J,,, depending on which one
is smaller: Jyy = min{Jkn J. }.

After the system is captured in a pocket of the nucleus-
nucleus potential at R = R,,, the relative kinetic energy is
transferred into potential and excitation energy. The DNS de-
velops in time by diffusion in the mass and charge asymmetry
coordinates leading to the formation of the CN and different
DNS configurations. After complete fusion, the excited CN
decays by various channels including the formation a DNS
and its decay.

The emission probability Wz, 4,(Ecm.,J) of alight particle
or cluster (Z;, Ay) is calculated as the product of the CN or
DNS formation probability Pz, 4, and the CN or DNS decay
probability P , :

R
PZl,A1PZ|,A1
R 9
ZZ;,A’I PZi,A’IP LA

where the indexes Z| and A} go over all possible channels
from the neutron evaporation to the symmetric splitting. The
probability of the CN or DNS formation,

Pz, 4, (Ecm,J) ~ exp[=U(Ry, Z1,A1,J)/ Tonax ()], (4)

WZ].A[(EC.m.’J) = (3)

is calculated statistically by using the stationary solution of
the master equation with respect to the charge and mass
asymmetries and depends on the potential energy of the CN or
DNS configurations and on the thermodynamical temperature.
Here, n, p, d, and ¢ evaporation channels are taken into
consideration with U(R,,,Z;,A,J) = 0. The potential energy

U(Rm9Z7A7]) = Bl + BZ + V(Rva’A,J)
—[Bi2 + EiS ()]

of the DNS configuration is calculated with respect to the
rot

potential energy By, + E75(J) [B12 and E}%‘(]) are the mass
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excess and the rotational energy of the CN, respectively] of the

rotating CN, R,, is the position of the minimum of the pocket

in the nucleus-nucleus interaction potential V, and B and B,

are the mass excesses of fragments in their ground states.
The probability

PE 4 (Ecm J) ~exp[ — BE(Z1,A1,0)/ Tz, 4,())]  (5)

of the DNS decay in R coordinates is calculated by using
the transition state method. This probability depends on the
difference B;’Qf (the quasifission barrier) between the potential
energies of the DNS configurations at the touching distance
and at the Coulomb barrier position.

In Egs. (4) and (5), Thmax(J) = max{Tz 4,(J)}, where
Tz, .4,(J) are the temperatures of the CN and all possible DNS.
For the emission of particles with Z| < 2, Tz, 4,(J) = Ten(J)

is the temperature of the CN and B;{ef (Z1,A,,J)is equal to the
particle binding energy plus the value of the corresponding
Coulomb barrier at Z; # 0. The Fermi-gas model is employed
to compute the temperature [20-23].

The neutron-deficient isotopes of nuclei are usually pro-
duced in very weak decay channels and their absolute
production cross sections are very sensitive to the excitation
energy, which is available for light particle or cluster emission.
Therefore, we took into account the kinetic energy distribu-
tions of emitted light particles (n, p, d, and ¢) and clusters
(*He, *He, 1214C, .. ) as

P(e,J) = Neexpl—e€/Tz a(J)], (6)

where € is the kinetic energy of light particle or cluster in the
center-of-mass system and N is the normalization constant.
The actual value of € in each decay event is chosen by the
Monte Carlo method.

In the calculations, we use formulas (1) and (3) to treat the
sequential statistical decay (the evaporation of light particles
and/or the binary decay) of the hot CN. The generation of the
whole cascade of decay channels is performed with the Monte
Carlo method. We continue to trace the decay processes until
all fragments become cold (when the excitation energy of
fragments is smaller than the energy threshold of the neutron
emission).

III. CALCULATED RESULTS AND DISCUSSIONS

In order to calculate the potential energy in Eq. (4), one can
use the experimental [25], if available, or theoretical [16,26—
28] values of mass excesses. As follows from Ref. [28], one-
proton separation energies S;, = 0.33, 0.23, 0.76 MeV, two-
proton separation energies S, = —1.45, —1.43, —0.3 MeV,
and energies released in « emission Q, = 5.08,4.02, 3.8 MeV
are for '%Xe, 11211384, respectively. So, these nuclei are stable
against one-proton emission and unstable against two-proton
and alpha emission. To estimate the corresponding half-lives
Ty, we can use one of the expressions in Refs. [13,29].
With the expression of Ref. [13] and listed Q, we find
Tijp~1 us, 1s, and 10 s for alpha emission from 1086
1211384, respectively. The half-lives with respect to two-
proton emissions are many orders of magnitude larger. So,
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TABLE I. The calculated excitation energy E¢y [MeV]atJ =0
and maximum angular momentum Jy,,x of the compound nuclei
formed in the indicated reactions at bombarding energies Ej;
(MeV /nucleon) in the laboratory frame.

Ew  SNi+®Ni  PNi4+®Ni  ®Ni+¥Fe  *Ni+*Fe

* * * *
ECN Jmax ECN Jmax ECN Jmax ECN Jmax

34 32.1 8 385 19 35 12
3.6 379 29 33.1 22 44 34 40.6 28
3.8 43.7 40 38.8 36 49.6 44 46 39
40 495 50 446 46 552 52 51.5 47
42 553 58 50.2 54 60.8 59 57 54
44  61.1 65 56 60 66.4 64 62.5 61
46 669 71 61.6 67 72 69 68 67
4.8 72.7 76 67.3 72 71.6 75 73.5 72
50 785 78 73 76 83 75 79 72
52 84.3 78 78.7 76 88.4 75 84.5 72
54 90.1 78 84.4 76 93.8 75 90 72
56 959 78 90.1 76 99.2 75 95.5 72
58 1017 78 95.8 76 1046 75 101 72
6.0 1075 78 1015 76 110 75 1065 72

the main decay mode of neutron-deficient nuclei considered
here is o radioactivity.

Because the CN formed in the reactions 3°°Ni+4>*Fe
and %%°Ni 4+8Ni are very neutron-deficient, the emission of
neutrons from the CN is strongly suppressed. The probabilities
of very weak decay channels which lead to the formation
of isotopes ' 119Xe and ''>''“Ba are very sensitive to the
excitation energy and angular momentum of the system. At
angular momenta J > 60, the quasifission process from nearly
symmetric configurations dominates in these reactions and
therefore the evaporation residue cross sections are small. In
Table I, one can observe that the maximum angular momenta
Jmax are larger than J = 60 at bombarding energies of about
(4.2-4.4) MeV /nucleon.

At fixed bombarding energy, the excitation energy of
CN decreases with increasing angular momentum (Fig. 1).
This effect causes the change of the set of energetically
possible decay channels leading to the formation of certain
evaporation residues. For example, in the **Ni +->*Fe reaction
at Epp = 4.2 MeV/nucleon, the excitation energy changes
from Efy(J = 0) = 61 MeV to Efy(J = Jmax) ~ 30 MeV.

A. Production of isotopes '®~!'Xe

The complete fusion-evaporation reactions “*Ni +>*Fe —
108-110% e 1 (4-2)n and °Ni +>*Fe — 108:19Xe + 1,25 are
the most optimal ones for the production of isotopes '%~!19Xe.
In the *Ni+>*Fe reaction, the calculated production cross
sections of isotopes '?'11Xe are in a reasonable agreement
with the available experimental data [30] (Fig. 2). The
maximum cross sections for the production of '®Xe are about
1 nb and 63 nb in the reactions with stable and radioactive
Ni beams, respectively. The corresponding optimal incident
energies of **%Ni are Ej;, ~ 4.2 and 4.6 MeV /nucleon.
Note that the prediction within the statistical code HIVAP
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FIG. 1. Dependence of the excitation energy of the CN formed
in the *Ni+>*Fe reaction at 5.0 MeV/nucleon on the angular
momentum J.

gives the optimal energy Ej, =~ 4.4 MeV/nucleon in the
YFe(®®Ni ,4n)'%Xe reaction [30].

The isotopes '%119Xe can be also produced in the reactions
38.56Ni +3Ni via axn and 2pxn evaporation channels. The
corresponding excitation functions are presented in Fig. 3.
In the *®Ni 4+8Ni reaction, the isotopes '%11°Xe are mostly
produced in the axn (x = 2—4) decay channels. The maximum
production cross section of the '%Xe isotope is 0.32 nb at
Ein ~ 5.2 MeV/nucleon. In the reaction with radioactive
beam *°Ni, the isotopes '®Xe and ''°Xe are produced in the
a2n- and 2p2n-evaporation channels, respectively. For the
108X e nucleus, the maximum cross section is 23 nb at Ej, &
4.4 MeV /nucleon. The excitation function for production of
isotope '“Xe in the Ni+8Ni reaction has two maxima
corresponding to the oln and 2p3n evaporation channels at
3.8 and 4.8 MeV /nucleon, respectively.

10"

P PRI PN B B B
32 36 4.0 44 438
E|ap(MeV/nucleon)

32 36 40 44 48
E|ap(MeV/nucleon)
FIG. 2. Calculated excitation functions (open symbols connected

by lines) for the production of isotopes '®'1°Xe in the reactions

38:56Ni 4+3*Fe are compared to the available experimental data (solid
symbols) from Ref. [30].
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FIG. 3. Calculated excitation functions (symbols connected by
lines) for the production of isotopes '®''°Xe in the reactions
S8.56Nj + 3N

B. Production of isotopes '>1“Ba

The excitation functions for the production of barium iso-
topes '>"!*Ba in the complete fusion reactions **>°Ni +°8Ni
are depicted in Fig. 4. In Ref. [10], the experimental production
cross section of ''*Ba in the 3Ni 4-°®Ni reaction is found to be
200 nb at (3.5-4.2) MeV /nucleon. Our calculations show that
the maximum production cross section for '*Ba is about 1 1b
atabeam energy 3.8 MeV /nucleon, while at 4.2 MeV /nucleon
the cross section falls to 250 nb. One can synthesize '*Ba
with production cross sections of 0.85 nb and 160 nb in the
reactions “°Ni +3Ni at 4.9 MeV /nucleon and *°Ni +°Ni at
4 MeV /nucleon, respectively.

IV. SUMMARY

We applied the DNS model to calculate the excitation
functions for the production of neutron-deficient isotopes
108-110%e and ''>'!“Ba in the fusion-evaporation reactions
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FIG. 4. Calculated excitation functions (symbols connected by
lines) for the production of isotopes ''>''“Ba in the reactions
583N} + 3N

36.58Ni 4-7Fe and ¥Ni +°Ni with stable and radioactive
beams. The predicted maximum production cross sections of
108% e (112Ba) are 63 nb (160 nb) and 1 nb (0.85 nb) in the
reactions “°Ni +>*Fe at 4.2 MeV /nucleon (4 MeV /nucleon)
and *8Ni +>*Fe at 4.6 MeV /nucleon (4.9 MeV /nucleon), re-
spectively. In the reactions °Ni(4.4 MeV /nucleon)+>3Ni and
3Ni(5.2 MeV /nucleon)+°°Ni, the production cross sections
of '%Xe are 23 nb and 0.32 nb, respectively. Thus, using
the Ni+*Fe reaction with a stable beam, one can study
superallowed a-decay chains '®Xe — %Te — !8n and
12Ba — 108Xe — 1¥Te — 198 and the nuclear properties
of the doubly magic nucleus '°°Sn with reasonable statistics.
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