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The possibilities of direct production of the isotopes of transfermium nuclei 2>2°Md, 2°026!No, 262641 r,
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266271, 267274y, and 2’*?*Mt in various asymmetric hot fusion-evaporation

reactions are studied. The excitation functions of the formation of these isotopes in the wxn and pxn evaporation
channels are predicted for the first time. The optimal reaction partners and conditions for the synthesis of new
isotopes are suggested. The products of the suggested reactions can fill a gap of unknown isotopes between
the isotopes of heaviest nuclei obtained in the xn evaporation channels of the cold and hot complete fusion

reactions.
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I. INTRODUCTION

The hot actinide-based and cold **®Pb- and **Bi-based
complete fusion reactions have been intensively and
successfully used to produce heavy and superheavy nuclei
in the neutron-evaporation channels (xn channels) [1-15].
However, the synthesis of different isotopes of heaviest nuclei
in these reaction channels is limited by the number of available
stable projectiles and targets and the small production cross
sections. There is a gap of unknown isotopes between the
neutron-deficient superheavy nuclei obtained in cold fusion
and the heaviest isotopes formed in hot fusion. Note that the
a-decay chains of superheavy nuclei with the odd charge
numbers synthesized in **Ca-induced fusion reactions end at
this region of nuclides chart [1,2]. So, the direct production
of some isotopes completing the «-decay chains might be
interesting.

The multinucleon transfer reactions have been known for
producing new isotopes for many years [16-22]. As demon-
strated in Ref. [22], with asymmetry-exit-channel quasifission
(multinucleon transfer) reactions **Ca+23yU, **Am, and
244.246.248Cm at energies near the corresponding Coulomb
barriers one can produce new isotopes with the charge numbers
Z = 103-108. However, new isotopes of heaviest nuclei can
also be synthesized in the asymmetric actinide-based complete
fusion-evaporation reactions with the emission of charged
particles from the compound nucleus (CN). The production of
the neutron-rich superheavy nuclei with charge numbers 112—
117 in the proton evaporation channels is discussed already
in Ref. [23]. The emission of charged particles competes with
the neutron evaporation and fission. For the excited superheavy
nucleus, the emission of charged particles is suppressed by the
high Coulomb barrier. However, if after emission of charged
particles the daughter nucleus has higher fission barrier than
the parent nucleus, the survival probability can be relatively
large and one can obtain new isotopes of transfermium nuclei
with relatively large cross section. In addition, the complete
fusion reactions have the larger experimental efficiency in
the collection of products than the multinucleon transfer
reactions and the choice of actinide targets in both types
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of reactions is a natural way to access the superheavy
region.
The evaporation residue cross section [24-35]

oy(Ecm.) = Z Gcap(Ec.m.s])PCN(Ec.m.’J)Ws(Ec.m.’J) (D
J

in the evaporation channel s depends on the partial capture
Cross section oy, for the transition of the colliding nuclei
over the entrance (Coulomb) barrier, the probability of CN
formation Pcy after the capture, and the survival probability
Ws of the excited CN. In Eq. (1) the summation is over
the orbital angular momenta J. In the first step of a fusion
reaction the projectile is captured by the target. In the second
step a formed dinuclear system (DNS) evolves into the CN
in the mass asymmetry coordinate n = (A} — Az)/(A| + A»)
(A and A, are the mass numbers of the DNS nuclei) [24-
31,33,34]. Since the bombarding energy E. . of the projectile
is usually higher than the Q value for the CN formation, the
produced nucleus is excited. In the third step of the reaction
the CN loses its excitation energy mainly by the emission of
particles and y quanta [36—43]. In the de-excitation of a CN,
the charged-particle emission competes with the fission and
neutron emission. The DNS model [24-26,33,34] used here
is successful in describing fusion-evaporation reactions, espe-
cially related to the production of superheavy nuclei. Within
the DNS model detailed calculations of excitation functions
in different de-excitation channels of Th, U, Pu, Cm, and Hs,
for which there are experimental data, have been performed
in Refs. [32,33,35].

In the present article we focus on the possibility of the
direct production of some unknown heaviest isotopes with
101 € Z < 109 in the axn and pxn evaporation channels
with relatively high efficiency. We extend our model [35] to
describe the production of nearby nuclei in the evaporation
channels with emission of charged particles and neutrons in a
consistent way. The de-excitation of the CN is treated with the
statistical model using the level densities from the Fermi-gas
model. We treat different asymmetric actinide-based complete
fusion reactions. Our calculations are tested for several
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TABLEI. The calculated evaporation residue cross sections o of the indicated xn evaporation channels in various reactions are compared

with available experimental o SXP.

Reaction E.. Channel af,‘l fopund Reference
(MeV) (pb) (pb)
120 428387y 5 20Cf* 64.3 4n 5.8 x 107 6.2 x 107 [51]
70.0 5n 8.9 x 107 1.0 x 108
79.5 6n 3.9 x 107 1.5 x 107
90.4 Tn 1.9 x 109 3.0 x 10°
109.5 8n 2.8 x 10° 2.9 x 10°
2¢ 420py — 22Fm* 67.6 4n 2.2 x 10° 1.3 x 10° [52]
160 4237 — 2YFm* 87.0 4n 4.9 x 10* 2.0 x 10° [52]
90.8 5n 4.1 x 10° 1.3 x 10*
Ne +*Th — *Fm* 107.8 Sn 2.1 x 10* ~(10 £ 3) x 10 [53]
111.4 6n 2.1 x 10* ~(6.0 +2.5) x 10°
2Ne +22Th — ®*Fm* 121.2 Tn 1.3 x 10* ~(1.5£0.5) x 10* [53]
129.4 8n 1.0 x 10° ~3+1) x 10°
BN 4+28Cm — L 76.4 4n 4.2 x 10° ~(1.34+0.2) x 10° [54]
82.0 5n 7.6 x 10° ~(5.9+£0.5) x 10°
Y AL4+22Th — 2L 136.0 5n 2.3 x 103 (1.7 £0.5) x 10° [55]
136.0 6n 1.8 x 10° (1.3 +£0.5) x 10°
N +2%Bk — 2¢Rf* 75.5 4n 1.1 x 10* (1.44+0.2) x 10* [56]
22Ne +2#Pu — 24Rf* 104.9 4n 5.5 x 102 9.0 x 102 [57]
22Ne +2*%Pu — 20Rf* 104.9 4n 6.7 x 10? 7.0 x 107 [58,59]
104.9 5n 1.2x 103 3.0 x 10°

known reactions [45-48] in which the excitation functions
of actinides produced in the charged-particle evaporation
channels have been measured.

In Secs. II-1V, we review the fusion model of Ref. [35] and
extend the model for describing the charged-particle emission.
In Sec. V, we compare the calculated excitation functions with
available experimental data. For unknown isotopes of nuclei
with Z = 101-109, we make predictions of the production
cross sections of the charged-particle evaporation channels
and indicate the optimal reactions for producing new isotopes.
Finally, we summarize our results in Sec. VI.

II. EVAPORATION RESIDUE CROSS SECTION

Because the value of W; strongly decreases with increasing
angular momentum and Pcy weakly changes for relatively
small angular momenta J, as in Ref. [35], we obtain from
Eq. (1) the following approximate factorization:

os(Ecm) = O'::lf)(Ec.m.)PCN(Ec.m.)Ws(Ec.m.) s ()

where  Wo(Ecm) = Wi(Ecm,J =0) and Pen(Ecm) =
Pcen(Ecm.,J = 0) are the survival and fusion probabilities

TABLE II. The same as in Table I, but for other reactions.

Reaction Ecm. Channel ah oop Reference
(MeV) (pb) (pb)

180 424Bk — 2"Db* 86.7 4n 1.7 x 10* (1.0£0.6) x 10* [60,61]

92.3 5n 6.0 x 10° (6.0£3.0) x 10°

YE4+28Cm — 27Db* 95.8 5n 9.7 x 10? 2.14+0.7) x 10° [60]

2Ne +**' Am — 2°Db* 108.1 4n 4.7 x 102 (1.6+1.2) x 10° [62]

2Ne +*¥ Am — 2°Db* 106.4 4n 5.5 x 10 2.5+1.1) x 10 [63]

2T Al 4236y — 283Db* 138.2 5n 7.9 x 10! (4.5+2.0) x 10 [64]
146.3 6n 1.8 x 10! (7.5 +£5.5) x 10!

3p 4 22T —» 263pp* 151.4 5n 5.0 x 10! (1.2 4 1.0) x 102 [55]

80 4+29Cf — 275g* 88.6 4n 7.1 x 102 ~9 x 102 [65]

308i 4238y — 2685g* 133.0 4n 1.1 x 10! (1.0%59 x 10! [66]
144.0 5n 2.6 x 10! (6.7757) x 10!

ZNe +*“Bk — ¥'Bh* 113.0 4n 3.4 % 10 (9.6733) x 10! [59]
113.0 5n 4.7 x 10! 25 — 250
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FIG. 1. The measured (symbols) and calculated (lines) excitation
functions for wxn and xn evaporation channels. The mass table of
Ref. [50] is used in the calculations. The black triangles at the energy
axis indicate the excitation energy Efy = V;, + Q of the CN. In the
reaction '2C + ***Pu (a), the circles, squares, and diamonds represent
the experimental data [45] with error bars for the «5n, a4n, and 4n
evaporation channels, respectively. In the reaction '°Q 4 23U (b), the
circles, squares, diamonds, inverse triangles, and pentagons represent
the experimental data [45,67] with error bars for the «5n, adn, 6n,
5n, and 4n channels, respectively.

reduced to zero angular momentum, respectively, and

Th?J2 u
O Eem) = 5o [HE In{1+explag(Vy — Een)])

- gln{l + explao(Vy — Ecm) + C/M]}] (3

is the effective capture cross section for the transition of the
colliding nuclei over the Coulomb barrier with the height V.
Here, the maximum orbital angular momentum Jy.x = 10,
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FIG. 2. The same as in Fig. 1, but for the reaction channels
indicated. In the reaction '*0 +2**Pu (a), the circles, squares, and
diamonds represent the experimental data [46] with error bars for the
5n, 4n, and p3n evaporation channels, respectively. In the reaction
22Ne 4 28U (b), the circles, squares, diamonds, and inverse triangles
represent the experimental data [46] with error bars for the 6n, 5n,
4n, and p3n channels, respectively.

m is the nucleon mass, 4 = A;A,/(A; 4+ A3) is the reduced
mass number, and the energy barrier V}, is determined by the
Coulomb barrier for the side-by-side orientation of deformed
nuclei in the entrance channel. The parameters have been
adjusted as g = 0.5MeV ! and ¢ = 41.47 [35]. Usig Eq. (3),
we have effectively taken the orientation effects into account
to reproduce the available experimental data [35].

III. PROBABILITY OF COMPLETE FUSION

After the colliding nuclei is captured in a dinuclear config-
uration by the pocket of the depth B (ff in the nucleus-nucleus
potential, the relative kinetic energy is transferred into the
potential and excitation energies. In the reactions considered
the initially formed DNS is usually in the local potential
minimum on the potential energy surface. The microscopical
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effects are taken into account to calculate the potential energy
in 1. The DNS develops in time by diffusion in the mass
asymmetry coordinate n and in the relative coordinate R.
The fusion probability Pcy gives the probability that the DNS
crosses the inner fusion barrier Bf]“s in n and forms the CN.
The barrier Bgf in the driving potential is situated behind
the initial mass fragmentation n; toward smaller values of
[n] < |n;| and hinders the DNS to proceed to more symmetric
configurations. The DNS can decay in two ways, namely in
R from the initial configuration or can first evolve to more
symmetric configurations from which it decays in R with a
larger probability because of the larger Coulomb repulsion.
In order to calculate Pcn, in Ref. [33] we suggested the
approximate expression

_ 1.25exp [— (B — Bys)/ Tons]
1+ 1.25exp [—(B!* — By)/ Tons]’

where B,r = min(Bqu,Bgf) and Tpns = /Ejns/a is the
temperature of the initiall DNS (¢ = A/10 MeV~! is the
level density parameter and Efj\q is the excitation energy of
the initial DNS). As follows from our calculations, Eq. (4)
provides a good approximation of fusion probabilities obtained
with the solution of the master equation in coordinates 1 and
R. The height of the fusion barrier in 7 is strongly influenced
by the shell and deformation effects because it is determined
from the DNS potential energy,

U(R,T],ﬂi,-]):B1+BZ+V(R,T’,/3,',]), (5)

“

Pcn

where the shell and deformation effects come from the binding
energies B; (i = 1,2) of nuclei and nucleus-nucleus interaction
potential V, and B; (i = 1,2) are the deformation parameters
of the DNS nuclei in their ground states. The details of
calculations of the barriers B and B, and the temperature
Tpns are presented in Refs. [24-26].

IV. SURVIVAL PROBABILITY

Because oy is factorized into three factors in Eq. (2) with
W (Ecm.,J = 0) = Wi(E. ) [32-34], the calculations of the
survival probability are performed for J = 0 only. The survival
probability [36—43] under the evaporation of a certain sequence
s of x particles is calculated as follows:

Fis (Elt)

L(E7)

Wi(Eq) ~ PUES) ]

is=1

(6)

Here, i,, P, and El* are the index of the evaporation step,
the probability of realization of the channel s at the initial
excitation energy E¢y of the CN, and the mean values of
excitation energy at step i, respectively. The total width I, for
the CN decay is the sum of the widths of particle evaporation
I'; (i = n, p,a forneutron, proton, « particle, respectively) and
fission I' ¢. The emissions of y and other particles are assumed
to be negligible to contribute to T’,.

In the case of emission of x neutrons (s = xn), the
probability of realization of this evaporation sequence is [37]

Pxn(EéN) = P[)C] - P[X + 1], (7)
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FIG. 3. The same as in Fig. 1, but for the reaction channels indi-
cated. In the reaction '80 + 2*Cm (a), the circles, squares, diamonds,
and inverse triangle represent the experimental data [47,68] with
error bars for the 6n, 5n, 4n, and «3n channels, respectively. In the
reaction 5N + 2*Cf (b), the circles, squares, and diamonds represent
the experimental data [48] with error bars for the «3n, o2n, and 4n
channels, respectively. In the reaction **Ne + 2*Cm (c), the square
and diamonds represent the experimental data [69] with error bars for
the a3n and 5n channels, respectively.
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FIG. 4. The calculated excitation functions for the production of Fm and Md isotopes in the pxn and axn evaporation channels of the
reactions indicated. The mass table of Ref. [50] is used in the calculations.
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FIG. 5. The calculated excitation functions for the pxn evap-
oration channels in the reaction indicated. The mass numbers of
the produced isotopes **°Md are shown near the corresponding
excitation functions. The black triangle at the energy axis indicates
the excitation energy E¢y = Vj, + Q of the CN. The mass table of
Ref. [50] is used in the calculations.

where the function
2x—3

Plx]=1— exp(—Ax/T)|:1 + ) w} ®)
i=1 ’

i

defines the probability that at least x neutrons are evaporated
at a given Ey. Here, Ay = E{\ — Y ;_, Bx, where By is
the separation energy of the evaporated neutron k, T =
VEE&/(2a) is the average temperature, which is taken as
a constant during the whole evaporation process, and a is
the level density parameter for the parent CN. The value
of T in Eq. (8) is mainly responsible for the width of the
excitation functions and does not much affect the maxima of
the excitation functions. If the fission threshold By of the final
residual nucleus after the emission of x neutrons is less than
the neutron separation energy of that nucleus, B, is replaced
by B/ in the expression for A, [37]. In order to calculate P;
for the channel with evaporation of charge particle i such as
proton or « particle, we extend the formula for Py by taking
the Coulomb barrier V; for the emission of this particle into
account in the calculation of the value of binding energy By.

For the calculation of the Coulomb barrier, we use the
expression

(Z —Zj)Zj€2

a ril(A=mpi3+m

1./3] ’ ©)
j

where z; (m ;) are the charge (mass) numbers of the charged
particle (proton or « particle) and r; is a constant. The charge
Z (mass A) number corresponds to the CN. There are different
theoretical estimations of r; [36,43]. In the case of o emission,
rq varies from 1.3 to 1.78 fm. We obtain r, from the energy
of the DNS formed by the daughter nucleus and « particle.
We calculate the Coulomb barrier in the interaction potential
between the « particle and the daughter nucleus [49], and find

PHYSICAL REVIEW C 94, 044606 (2016)

the value of r, from Eq. (9). For different nuclei considered,
we obtained r, = 1.5-1.6 fm using this method. Thus, in
the calculations of V, we set r, = 1.5-1.6 fm for nuclei
considered. The parameter r, for the Coulomb barrier for
proton emission is taken as r, = 1.7 fm from Refs. [33,43].
As one can see, the values of o, near the maximum are almost
insensitive to the variations of this parameter but far from the
maximum they change up to one order of magnitude. We would
like to stress the weak dependence of the calculated o, near the
maxima of the excitation functions on the reasonable variation
of all parameters discussed. Therefore, the results obtained in
this paper have a small uncertainty near the maxima of the
excitation functions which are important for the maximum
yield of a certain nucleus. We estimate this uncertainty within
a factor of 2—4.

With the level densities of the Fermi-gas model, the ratio
of the emission width of a particle i (i = n,p,«) to the fission
width is [37]

F,‘ _ 4A2/3af[EéN - Bz]
Uy kai{2y/as[Eqy — Br(Egy)] — 1}

X exp{2,/ai(EéN — Bl) -2 af[EéN — Bf(EéN)]},

10)

where k = 9.8 MeV and q; is the level density parameter
for the particle i evaporation channel. With a, = a, the
level density parameters for fission, proton emission, and
a-emission channels are taken as ay = 1.04a, a, = 0.96a,
and a, = 1.15a, respectively.

The fission barrier B has the liquid-drop B} [44] and
microscopic B%(EEN) parts: Br(Efy) = B]]:D + B}’I(EéN).
For the considered isotopes of nuclei with Z = 98-109, B}”
is in the energy range of 0-4.4 MeV. The value B;‘,” =
SWyq — 8W,, is the difference between the shell correction
8Wi, of nucleus at the saddle point and the shell correction
W, of nucleus in the ground state. Usually, one neglects
the shell correction at the saddle point, §W;; =~ 0 and, thus,
B}’I = |6 W, |. Due to the dependence of the shell effects on
the nuclear excitation, the value of B effectively depends on
Egy as

Bf(E¢y) = BYY + By(Eéy = 0)expl—E¢y/Eal,

where the damping factor is E; =25 MeV. The pairing
corrections A = 22/+/A, 11/+/A, and 0 for even-even, even-
odd, and odd-odd nuclei, respectively, are regarded as fol-
lows: Efy — B;j — E&y— Bj — A, where j =n,p,a,f, in
Eq. (10). The neutron binding energies B, and the microscopic
corrections BW/;;C are taken from Ref. [50]. In order to avoid
a double counting of pairing in the fission barrier which is
purely the shell correction, BY = |§ Werl = [6Wy)°| — A.

V. CALCULATED RESULTS

A. Comparison with experimental data

The fusion model discussed in Sec. II has been used to
calculate the excitation functions and compare them with
available experimental data in various reactions. In Tables I

044606-6
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and II, the experimental maximum cross sections of the
xn evaporation channels are compared with the calculated
evaporation residue cross sections. The disagreements up to
a factor of ~4 in some cases should be considered in light of
the experimental uncertainties and the absence of a special fit
in the parameters used.

Figs. 1-3 show the comparison between the measured
and calculated excitation functions for the charged particle
evaporation channels. For the reactions '2C + ***Pu — *Fm*
and 0+ 28U — 2*Fm*, there is no fusion hindrance,
Pcx = 1. The survival probabilities are equal in both reactions
for given channel. However, the 12 4 242py reaction has the
lower V,, + O (indicated by the triangle on the energy axis),
and the effective capture cross section is larger. As a result,
the evaporation residue cross section is larger in the reaction
12C 4+ 2%Pu. Although the measured cross sections of the
aSn channel are shifted to lower energies in Fig. 1(a), the
maximum value of the experimental cross section agrees with
the calculated result within the experimental and calculation
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uncertainties. In Fig. 1(b), the ratios between the measured
(closed symbols [67]) cross sections of different xn channels
are well reproduced with the DNS model. After emitting o
particle and neutrons, the daughter nuclei have higher fission
barriers (with larger B}® at least) than the daughter nuclei in
the neutron evaporation channel. The ratio of the maximum
survival probabilities is Wy yn/ Wixt1yn = 10 (x = 4,5) that is
reflected on the calculated excitation functions. However, the
experimental cross sections of the «5n channel [45] are similar
to those of the 6n channel [67] in the experiment where the 4n
(open pentagons [45]) and a5n channels are shifted to higher
and lower energies, respectively. The excitation functions
of neighboring channels might be overlapped. In the same
experiments the radioactive o decays from the quasiparticle
isomeric states could be mixed up with «-particle emissions.
One can probably explain some of the existing discrepancies
by such an effect.

The reactions '30 + 2*?Pu and *>Ne + 23%J also lead to the
same CN 2°No*. In comparison with the 2Ne + 23U reaction,
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260 T o2n

10°
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FIG. 6. The same as in Fig. 5, but for the production of isotopes 2*?'No in the pxn and axn evaporation channels.
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FIG. 7. The same as in Fig. 5, but for the production of isotopes 2*'**Lr in the pxn and axn evaporation channels of the reactions
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he 80 + %*?Pu reaction has the larger effective capture cross

section and fusion probability. Consequently, the calculated
evaporation residue cross sections are larger in the last reaction
(Fig. 2).

In the proton-emission channels, the evaporation residue
cross sections are usually smaller than those in the neutron
evaporation channels (Fig. 2). This is because of the larger
proton binding plus the Coulomb barrier energy (B, > B,)
and the smaller level density parameter (a, < a,) (even
though the daughter nuclei might have higher fission barriers).
For the '80+2*?Pu (**Ne +2%U) reaction (Fig. 2), the
maximum survival probability of the p3n evaporation channel
is about 10° times smaller than that of the 4n emission
channel. Because in both reactions the 4n-channel peak is
under the Coulomb barrier V}, the ratio: of the maximum

th ~ t th ~
cross sections are o, /op3n 42 and oy, /0,3, ~ 12 in the

reactions 80 +2*?Pu and ?’Ne + 23U, respectively. These
ratios agree with the experimental data within a factor of 2:

4, /0,3,("P0 +2PPu) ~ 32 and 0y,° /o3 (PNe +2°0) ~
21. However, the experimental data in Flg 2(b) are shifted to
higher energies, especially for the p3n evaporation channel.
In the 22Ne + 238y ('80+242Pu) reaction, the other ratios,

};}1/6193” ~ 81 (o /o~ 59) and ol /ol A 98, are also

close to the experimental ones, o5,"/ a;gﬂ ~ 132 (0s"/ a;’;fl ~
44) and o," /oy, ~ 43, respectively.

As seen in Flg 1(b), the formation of Cf isotopes is
also possible in the (HI,axn) reactions with higher survival
probabilities and accordingly larger evaporation residue cross
sections than those for the [HI,(x + 1)n] reactions (x = 4,5).
Similarly, in the >N 4 2*Cf reaction the calculated excitation
function for the a3n evaporation channel is higher than one
for the 4n emission channel [Fig 3(b)]. For this reaction, the
calculated cross-section ratio oy /ol & 4.4 is quite close to
the experimental one o5 /o, "’ ~ 3.7 [48]. In the reactions
180 4 2Cm [Fig. 3(a)] and ’Ne + **Cm [Fig. 3(c)], Oaxn <
O(x+1)n- Although the measured '*0 + **Cm reaction data are

p3n p3n

044606-9



JUHEE HONG, G. G. ADAMIAN, AND N. V. ANTONENKO

G (PD)

Soxn (PP)

%—p2n
=== pin

180+249C12%75g" (a)

e 4
o E
I

20 30 40 50 60 70 80 90
Ecy (MeV)

22Ne+249BKk—27Bh" ()|

3 — 03N 3

- -—— o2n ]

L 265// —-— aln 4

/ ]

= I -

I E

}266/{‘
= .l l =
I i

20 30 40 50 60 70 80 90

G (PD)

G (PD)

PHYSICAL REVIEW C 94, 044606 (2016)

- —— p5n 22Ng4248cm 2705 (b)
F——— p4n |
r —-— p3n
I p2n 266 *5
e
;7NN 265
IEEE T |
. / | N
- 267 - %L .
i S0 ]
. [
| .
20 30 40 50 60 70 80 90
Ecy (MeV)
: o *Mg+**Pu—"0sg" (d)
I —-— p3n
[rreeee p2n ]
20 30 40 50 60 70 80 90

Ecy (MeV)
10%
F —— p3n
10% - === p2n
. 102 3
O
=
c 10 E
bé
0
107 ¢ 265 -
1 ;
10 3 /
r ]
10'2 T

305,298 ,26834" (e)

Y VA

264

*

Ecy (MeV)

20 30 40 50 60 70 80 90
Ecy (MeV)

FIG. 9. The same as in Fig. 8, but for the production of the isotopes 2’ Db in the reactions indicated.

044606-10



POSSIBILITIES OF PRODUCTION OF TRANSFERMIUM ...

10% T T T
#Mg+2*Bk—>"Mt (a)
103 -
—— 202n 3
5 ——=201n |
—~ 10° ¢ —-— 20 7
o) 3
2 ] ]
¢ 10 ¢
§ ’
100 ¢ /
266 1
107 - /
[ ,o’-’\267 ]
10'2 ‘HH‘Hmmmm\HIA‘HmmvuHmH‘Hm\m\ummmm
20 30 40 50 60 70 80 90
Ecy (MeV)

PHYSICAL REVIEW C 94, 044606 (2016)

104 T R AR R “\;“““‘E
260g+248Cm—2"Hs  (b) |
103 ¢ —— op4n -
—== op3n |
102 ©E —-—0cp2nE
_-é I (Xp"n E
g 10 ¢ E
6 L0 267 966 ]
10 -
/7 NTTS
i N
10" L e T
268 -~ ]
10'2 7‘HHmmHHHH\HH‘.'.A‘\Huumlw‘fnuu T T TS
20 30 40 50 60 70 80
Ecy (MeV)

FIG. 10. The calculated excitation functions of the isotopes 2°>2%Db in the 2cxn and apxn evaporation channels. The reactions are

indicated. The mass table of Ref. [50] is used in the calculations.

shifted to lower energies, the experimental 0‘3‘3" / astg ~ 1.1 and
theoretical o3 / U;(P ~ 1.6 cross-section ratios are in good
agreement. The calculated maximum cross section of the 4n
evaporation channel is about twice as large as the measured
one that is within the experimental uncertainties. The measured
cross sections of the 6n emission channel are shifted to lower
energies, and they are about an order of magnitude larger than
the calculated ones. Note that in the 80 4 >*3Cm reaction the
experimental uncertainties are large; the data points with arrow
show the upper limit of the cross section [47,68].

B. Production of 2*2Md

In asymmetric reactions 2Ne + 4238y, Pey ~ 1.
In the *Ca+2Pb reaction, the internal fusion and the
quasifission barriers are almost equal to each other, and,
thus, Pcn =~ 0.5. Therefore, in these reactions the value
of cross section is mainly determined by the survival
probability of the pxn or «xn evaporation channel
(Fig. 4). Because o &1 (*Ne 4 *U) > o0& (**Ca+-***Pb) and
Pen(PNe +240) > Pen(®Ca+2%Pb) at energies above
the corresponding Coulomb barriers, the production cross
sections of isotopes 423! Fm and 3'"2>*Md in the 2>Ne + 2**U
reaction are larger than those in the **Ca + 2°8Pb reaction.

The isotopes >%2°Md can be produced in the pxn
channels of the 'O+ 2*Pu reaction (see Fig. 5) where
Pcn =~ 1 and the evaporation residue cross section depends
only on the survival probability and the effective capture cross
section. The survival probability of the p2n channel is smaller
than one of the pn channel. At energies under the Coulomb
barrier V,, the effective capture cross section increases with
the CN excitation energy [35]. Because the pn-channel peak
is under the barrier, the calculated cross sections of the 2°°Md
isotope are smaller than those of the 2°Md isotope.

C. Production of 2>*'No

The isotopes 260.261No (*6'No is still unknown) can be
produced in the pxn and axn evaporation channels of the
complete fusion reactions N+ 2*Cm — 2%Lr* [Fig. 6(a)],
19F 4 *Pu — *%Lr* [Fig. 6(c)] and '%0 + ***Cm — *°Rf*
[Fig. 6(b)], 2*Ne + 2**Pu — 2°°Rf* [Fig. 6(d)]. In these very
asymmetric reactions, the fusion probability is almost equal to
1. Since in the N+ 2Cm (180 + 2**Cm) reaction the value
of E&y = Vb + Q is smaller by about 11 MeV (6 MeV) than
one in the '"F + ***Pu (**Ne + ***Pu) reaction leading to the
same CN, the effective capture cross section is larger in the
former reaction. Thus, the maximum evaporation residue cross
section of the pxn channel (exn channel) in the N 4 >*¥Cm
(80 +2*Cm) reaction is about two orders (one order) of
magnitude larger.

Among various reactions considered above, the
180 +28Cm reaction seems to be the most suitable for
the synthesis of new isotopes °No and *!No with the
maximum cross sections oy2, = 1 nb and oy, = 10 pb,
respectively.

D. Production of 2¢-2%Ly

The excitation functions for the axn and pxn evaporation
channels are presented in Fig. 7. Although the fusion (Pcn =~
1) and the survival probabilities are almost equal in the
reactions 80 +2¥Bk, "F+2**Cm, and **Na+ ***Pu, the
evaporation residue cross sections of the axn evaporation
channels are different in Figs. 7(c), 7(d), and 7(f) due to
the differences in the capture cross sections (different values
of V, and Q). The evaporation residue cross section in the
180 4 2¥Bk reaction is the largest one: The production cross
sections of the isotopes 2°'Lr and 2%’Lr in the o2n and an
channels are expected with the cross sections 3 nb and 30
pb, respectively. In the reactions SN + 2Bk [Fig. 7(a)],
80 4+28Cm [Fig. 7(b)], and **Ne + 2*?>*Pu [Figs. 7(f)
and 7(e)], the main discrepancies appear to be attributable
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FIG. 14. The same as in Fig. 8, but for the production of the isotopes 2’*2*Mt in the axn evaporation channels of the reactions indicated.

to the difference of their capture cross sections. For the pro-
duction of unknown isotopes 2632%*Lr in the pxn evaporation
channels, the 130 + 2**Cm reaction is the best one. The cross
sections of the isotopes 2022632641 r are expected to be about of
300, 90, and 1.4 pb, respectively. We expect that the production
of *%'Lr isotope is the most favorable in the '*0 +2*Bk
reaction with emission of the « particle from the CN.

E. Production of 2*2%5Rf

The isotopes 264295Rf (264Rf is presently unknown) can be
produced in the pxn channels of the reactions '0 +2*Bk
and ""F42*¥Cm and in the axn channels of the reactions
22Ne + 2*Cm and **Mg + 2**Pu (Fig. 8). For the production
in pxn channels, the 180 + 2Bk reaction looks more
favorable due to the larger capture cross sections. The cross
sections of the axn channels in the *Ne + >*3Cm reaction are
slightly larger than those in the Mg + 2**Pu reaction.

The **Ne +2**Cm reaction seems to be optimal for the
synthesis of the isotopes °*?®°Rf in the charged-particle
evaporation channels [Fig. 8(c)]. The production cross
sections of isotopes **Rf and 2%°Rf are about 90 and 0.9 pb,
respectively.

F. Production of **%pp

In Fig. 9, the calculated excitation functions of the
isotopes 264-26Tpyp (264265 are still unknown) are shown for
various fusion-evaporation reactions: in the pxn evaporation
channels of the reactions '30 +2*’Cf (a), >’Ne 4 *3Cm (b),
Mg + 2**Pu (d), and *°Si 4 238U (e), and in the arxn channels
of the reaction **Ne + >*’Bk (c). As seen in Figs. 9(b) and 9(d),
the value of the maximum of the production cross section
increases with excitation energy up to the E¢y ~ V; + 0, and
then decreases at E&y 2 Vi, + Q. Thus, the strong decrease
of the survival probability with increasing energy under the
barrier is overcompensated by the increase of the capture
probability.

The reactions *’Ne+**Bk — 2*2%Db +a3n,a2n
and ’Ne 4 2Cm — 2°02°Db + p3n, p2n  are preferable

for producing isotopes 264.265ppy [aa3,,(264Db) = 1.7 nb,
022,(**Db) = 0.3 nb] and *°**'Db [0,3,(***Db) = 33 pb,
O pon (**’Db) = 6 pb], respectively. Note that new 2%‘Db
isotope can be produced in the 80 +2*Bk — 2**Db +3n
reaction with the maximum cross section of about 7 nb.

For comparison, we present the excitation functions
of isotopes 262%Db in the reactions *Mg+2*Cm —
29=*Db4+apxn  and Mg+ 2Bk — 2/"*Db+2axn
(Fig. 10). In the reactions **Mg + **3Cm and **Ne + **Cm,
Oupn(*®Db) =0.1 pb at Eify =525 MeV and
0pn(*®Db) = 62 fb at Efy = 34.4 MeV, respectively.

G. Production of 26-%Sg

One can obtain isotopes 2°°2%Sg in the pxn chan-
nels of the ’Ne + 2*Bk reaction [Fig. 11(a)] and in the
axn channels of the reactions 26Mg+248Cm [Fig. 11(b)],
308i 4+ 24224py [Figs. 11(c) and 11(d)], and 0S + 23>238Q
[Figs. 11(e) and 11(f)], leading to the CN 271:272274Hg*,
The fusion probability in the 3¢S 4 233U reaction is much
smaller (Pcy < 0.14) than those in other reactions leading
o 2"Hs*. In the reactions *°Si+ ***Pu and 26Mg—}-248Cm,
Pcn are almost the same (about 0.6). The effective capture
cross sections in the Mg 4 >**Cm reaction are larger than
those in the reactions 2°Si+ 2**Pu and 3¢S + 238(. Thus, in
the Mg + 2*8Cm reaction the production cross section is the
largest in each specific channel.

Among all fusion-evaporation reactions presented in
Fig. 11, the Mg + 2*3Cm reaction seems to be the optimal
one for producing isotopes 2662Sg with the following
cross sections: Ua4n(266Sg) = 180 pb, Uagn(267Sg) = 330 pb,
O (®Sg) = 40 pb, and 0,1, (**Sg) = 0.2 pb. Note that the
22Ne + 2*8Cm reaction can be employed for the production
of isotope 2%°Sg [04,(**¢Sg) = 0.8 nb] and new isotope 2%’Sg
[03,(>7Sg) = 148 pb] in the xn channels.

H. Production of 2*?'Bh

For the production of isotopes 20°27'Bh (*%26°Bh
are still unknown), the various reaction channels are
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considered: the pxn channels in the reactions *°Mg + **Cm
[Fig. 12(a)], *°Si+2*>>*Pu [Figs. 12(d) and 12(e)], and
369 42332352381y [Fig. 12(f)], and the axn channels in
the reactions 2°Mg +2*Bk [Fig. 12(b)] and *’Al+2**Cm
[Fig. 12(c)]. In the reactions 26Mg + 2Bk and >’ Al +**#Cm
leading to the same CN 2”>Mt*, the fusion probabilities are
similar, but the effective capture cross sections in the first
reaction are larger. Thus, in the **Mg + 2*Bk reaction the
production cross sections are larger, especially at E&y < 50
MeV due to the lower V;, + Q.

The Mg + 2*’Bk reaction is the most favorable one for the
synthesis of the nuclei 2°2"°Bh in the charged-particle evap-
oration channels [0,s,(***Bh) = 0.6 pb, 044,(**’Bh) = 15 pb,
0a3n(*®*Bh) = 120 pb, 042,(**Bh) = 55 pb, 041,(*"’Bh) =
0.6 pb]. By employing the **Ne +2*Bk reaction, one can
also produce the isotopes 2*>2°Bh in the xn channels. For
instance, the maximum production cross sections of 2°Bh and
267Bh are about 50 and 200 pb, respectively.

1. Production of 2-*"*Hs

In the reactions 2’ Al + 2*Bk [Fig. 13(a)], *°Si + 242*8Cm
[Figs. 13(b) and 13(c)], and 308 4 240-242.244py [Figs. 13(d)—
13(f)], one can produce the isotopes 26" 274Hs (268-271.272.274 ¢
are still unknown). In the 3°S 4+ 2*°Pu — 27°Ds* reaction,
E{y = Vs + QO is smaller by about 10 MeV than one in
the 2’Al+2*Bk — ¥°Ds* reaction. Compared with the
27 Al 4 2*Bk reaction, in the 3°S + 2*°Pu reaction the fusion
probability is a few times smaller. In this reaction the relatively
lower fusion probability is overcompensated by the larger
effective capture cross section at E&y S 42MeV (Ecm, S V).
As a result, the production of isotopes >’*’'Hs is more
favorable in the 3¢S + 2*°Pu reaction. However, the production
cross sections of isotopes 2°%2%Hs in the 2’ Al + 2*’Bk reaction
are larger at energies above the Coulomb barrier [Efy 2
52 MeV].

In the reactions *°Si 4+ 2*¥Cm [Fig. 13(c)] and %S + ***Pu
[Fig. 13(e)] leading to the same CN, 28Dg*, the effective
capture cross sections are similar at Ey 2 47 MeV, but the
fusion probability in the second reaction is much smaller
(Pen < 0.2). Thus, the production cross sections of unknown
isotope 2’'Hs is relatively large in the *°Si + 2*Cm reaction.

The reactions 308i +24%Cm, 36g 4 240py,
and  %Si4+?***Cm seem to be suitable for
producing  isotopes 268200Hs [0y, (%% Hs) = 2 pb,
0anC®Hs) =3 pbl,  "Hs [042,(*"Hs)=3  pb],
and ' Hs  [043,(*"'Hs) =5 pb, g (*"*Hs) =2
pbl, respectively. The Z*Mg+2*8Cm reaction might
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be optimal for producing 2**°Hs in the neutron emission
channels [04,(**Hs) = 0.1 pb, o5,(**Hs) = 6 pb] [35]. So,
the production of 2Hs in the 6n channel is less effective than
in the o3n channel.

J. Production of 72" Mt

In Fig. 14, the reactions *°Si 4+ 2*’Bk (a) and 3'P +2**Cm
(b) lead to the same CN, 279Rg*, but the former re-
action has larger effective capture cross section and fu-
sion probability, and, thus, is more suitable for producing
the isotopes 2’**’*Mt with the following cross sections:
OasnCT'Mt) = 0.1 pb, 044 (*’'Mt) =4 pb, 043,(>*Mt) =
22 pb, 042, C7*Mt) = 12 pb, and 041,(**Mt) = 0.2 pb. In
the reaction Mg+ 2Bk — 2"%27'Mt +5n,4n, the maxi-
mum production cross sections are o4, (PT'M1) = 28 pb and
05,(*’"Mt) = 3 pb, respectively.

VI. SUMMARY

The production cross sections of the isotopes 2>*-2%°Md,
60261\ 261-264] 264265RE  264-268p,  266-269g,
266-271gL  267-274Hg  and 2"°"2"*Mt in the axn and
pxn evaporation channels of the asymmetric hot fusion
reactions were predicted for the first time. It was shown that
the charged particle evaporation channels are suitable for
producing unknown isotopes of these mentioned above with
the production cross sections about 0.1 pb—1 nb. Although
the production of some isotopes in xn evaporation channels is
more favorable, the axn and pxn evaporation channels allow
us to obtain access to those isotopes which are unreachable
in the xn channels due to the lack of proper projectile-target
combination. Thus, employing the reactions suggested, one
can fill a gap of unknown isotopes between the heaviest
isotopes obtained in the neutron evaporation channels of the
lead- and bismuth-based cold fusion and actinide-based hot
fusion reactions.
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