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The possibilities of direct production of new isotopes of transfermium nuclei 261:203204No, 2632641

263,264,266, 268 R £, 264265Dp, and 267-268:270-2728 g are studied in various asymmetric hot fusion-evaporation reactions
with radioactive beams. 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 with the

stable beams.
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I. INTRODUCTION

The hot actinide-based and cold ***Pb- and **Bi-based
complete fusion reactions have been intensively and success-
fully used to produce heavy and superheavy nuclei in the
neutron-evaporation channels (xz channels) [1-15]. However,
the synthesis of different isotopes of heaviest nuclei with
the charge numbers Z = 103-108 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 (Z = 103-108) between the neutron-
deficient superheavy nuclei obtained in cold fusion and the
heaviest isotopes formed in hot fusion.

As demonstrated in Ref. [16], with asymmetry-exit-channel
quasifission (multinucleon transfer [17-22]) reactions BCa+
244246280 at energies near the corresponding Coulomb
barriers one can produce new isotopes with charge numbers
Z = 103-108. New isotopes of heaviest nuclei can also be
synthesized with stable beams in the asymmetric actinide-
based complete fusion-evaporation reactions with the emission
of charged particles from the compound nucleus (CN) [23,24].
However, there is an other possibility of the direct production
of some unknown heaviest isotopes in the complete fusion
reactions with the actinide-targets and the radioactive beams.
Although the intensities of radioactive beams are presently
much smaller than those of stable beams, they can be used
if the production rate of the isotope of interest is suitable for
existing experimental setups. In the present article we focus on
this possibility considering the neutron and charged particle
evaporation channels. For unknown isotopes of nuclei with
Z = 102-106, we make predictions of the production cross
sections and indicate the optimal reactions for producing new
isotopes. The prospects for the synthesis of transactinide nuclei
in the xn channels using radioactive beams have been already
discussed in Refs. [25-27]. The emission of charged particles
competes with the neutron evaporation and fission. For the
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excited heavy 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.

II. MODEL

In the excited superheavy nucleus (SHN), the emission of
charged particles is suppressed by the high Coulomb barrier
and competes with the neutron evaporation and fission. The
evaporation residue cross section [28-39]

os(Ecm) = Z Gcap(Ec.m.:J)PCN(Ec.m.,J)Ws(Ec.m.,J) (1
J=0

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
W; of the excited CN. The formation of CN is described within
the dinuclear system (DNS) model [24]. In the first step of a
fusion reaction the projectile is captured by the target. In the
second step a formed DNS evolves into the CN in the mass
asymmetry coordinate n = (A; — Az)/(A; + Az) (A; and A,
are the mass numbers of the DNS nuclei) [28-35,37,38].
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 [40—47]. In the deexcitation of a CN,
the charged particle emission competes with the fission and
neutron emission. We describe the production of nuclei in
the evaporation channels with emission of charged particle
(proton or « particle) and neutrons as in Ref. [24]. The
emissions of other particles are assumed to be negligible
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to contribute to the total width of the CN decay [36]. The
deexcitation of the CN is treated with the statistical model
using the level densities from the Fermi-gas model. The
neutron B, proton B, and « particle B, binding energies,
the nuclear mass excesses of superheavy nuclei, and the
ground-state microscopic corrections (their absolute values
are approximately equal to the fission barriers for the nuclei
considered) are taken from Ref. [48]. With the level-density
parameter a, =a = A/10 MeV~' for neutron (A is the
mass number of the CN), the level-density parameters for
fission, proton-emission, and «-emission channels are taken
asay = 1.04a,a, = 0.96a, and a, = 1.15a, respectively. For
the calculation of the Coulomb barrier, we use the expression

(Z —zj)zje e?
rj[(A m; )1/3 +m1/3]

@)

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; [40,47]. In the case of « emission,
rq varies from 1.3 to 1.78 fm. We obtain r, from the energy
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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
the value of r, from Eq. (2). For different nuclei considered,
we obtained r, = 1.57 fm using this method. Thus, in the
calculations of V,, we set r, = 1.57 fm for nuclei considered.
The parameter r,, for the Coulomb barrier for proton emission
is taken as r, = 1.7 fm from Refs. [37,47]. As seen, 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 quite a small uncertainty near the maxima
of the excitation functions which are important to obtain the
largest yield of certain nucleus in the experiments. We estimate
this uncertainty within a factor of 2—4. Our calculations are
tested for many known reactions in which the excitation
functions of transfermium nuclei produced in the charged
particle evaporation channels have been measured [24].
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FIG. 1. The measured (symbols) and calculated (lines) excitation functions for xn and axn evaporation channels in the indicated reactions
with '°C beam. The mass table of Ref. [48] is used in the calculations. The black triangles at the energy axis indicate the excitation energy
E&y = Vi + Q of the CN where V), is the Coulomb barrier for spherical nuclei.
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The fission barrier B, has the liquid-drop B}D [50] and
microscopic BY (E¢y) parts: Bf(Egy) = BFP + BY (Egy).
For the considered isotopes of nuclei with Z = 102-106, B"
is in the energy range of 1.6-3.7 MeV. The value BM
dWyq — 8W,, is the difference between the shell correctlon
6Wyy of nucleus at the saddle point and the shell correction
8W,, of nucleus in the ground state. Usually, one neglects
the shell correction at the saddle point, § Wy; = 0 and, thus,

M [6Wq,|. Due to the dependence of the shell effects on
the nuclear excitation, the value of B effectively depends on
E¢y as

Bp(E&y) = BF” + B(E¢y = 0)expl—Eéy/Edl.

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 follows:
Ei{y— Bj — Eiy— Bj — A, where j=n,p,a,f, in the
level densmes The neutron binding energies B, and the
microscopic corrections (SW;;C are taken from Ref. [48]. To
avoid a double counting of pairing in the fission barrier which
is purely the shell correction, BY = |§ Wee| = |8Wé‘rlc — A.
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III. CALCULATED RESULTS

The fusion model discussed in Sec. II is used to cal-
culate the excitation functions in various reactions with
radioactive beams (Figs. 1-10). In the asymmetric actinide-
based reactions with beams of 16C,2°’210,21’23F,24_26Ne, the
fusion probability Pcn is almost equal to 1. In the reac-
tions 2425:27Na,30Mg + 2Py, and 2Mg + 38U, Pey ~
(0.3-0.9). Therefore, in these reactions the value of cross
section is mainly determined by the survival probability in the
xn or axn evaporation channel and the capture cross section at
subbarrier energies. The reactions considered look unfavorable
for the pxn channels due to the smaller cross sections.

A. Production of 2*2%No

The isotopes >*****No can be produced in the xn and/or
axn evaporation channels of the complete fusion reac-
tions '6C 4 28Cm — 2*No* [Fig. 1(a)], 2*?'0 + ***Pu —
264.265N0* [Figs. 2(a) and 2(c)], 20210 + #8Cm —> 208209
[Figs. 3(a) and 3(c)], and Mg + U — 2°°Rf* [Fig. 4(b)].
The isotopes 26:263:24No are unknown yet. Among various
reactions considered above, the reactions '°C + **Cm —
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FIG. 2. The same as in Fig. 1, but for the indicated reactions with 20210 peams.
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FIG. 3. The same as in Fig. 1, but for the indicated reactions with 22O beams.

2INo + 3n and 2*2'0 4+ **#Cm — ?°'No + a3n, ad4n seem
to be the most suitable for the synthesis of 2*'No with the
maximum cross sections o3, = 23 nb, 0y3, = 20 nb, and
Oq4n = 44 nb, respectively (Table I). Because the 3n-channel
peak is under the barrier, the calculated capture cross section
in this channel is significantly smaller than that in the «3n or
adn channels. In the '°C 4 >**Cm reaction, the relatively lower
effective capture probability is compensated by the larger sur-
vival probability. By employing the reactions '°C + ***Cm —
263No + 17 and 2210 + 28Cm — 23No + 1n, 2n, one can
also produce the isotopes 2*No with the maximum production
cross sections about 1-2 nb. Note that new isotope ***No can
be produced in the >'O 4 ***Pu — 2**No + 1n reaction with
the maximum cross section of 1 nb.

B. Production of 2**-26Ly

Figures 1 and 5-7 show the calculated excitation
functions for the xn and/or axn evaporation channels
in the reactions with the radioactive beams '°C, 20210,
2LBE and 2*?>?"Na. The reactions 2'O + 2Bk — 2SLr +
a3n [043,(*%Lr) = 140 nb], ?’Na + ***Pu — ?Lr + a4n
[Oan(C®Lr) = 88 nb], and 2°F 4 2*8Cm — 203204265 1 4
adn, a3n, 02n [0gu(*Lr) = 270 nb, 043,(***Lr) = 110 nb,
Oam(*®Lr) = 3.7 nb] are preferable for producing still un-
known isotopes 20325Lr.

C. Production of 26-28Rf

The isotopes 261268Rf (263.264.266.268Rf are presently un-
known) can be produced in the xn channels of the re-
actions 22210 + ?*%Cm [Figs. 3(a) and 3(c)], 28Mg+238U
[Fig. 4(a)] and in the axn channels of the reactions 28’3’0Mg +
24Py [Figs. 4(d) and 4(f)], 2%2'0 + P'Cf [Figs. 8(b) and
8(d)], 21O 4 2¥25°Cf [Figs. 9(b) and 9(d)], **~**Ne + 2*3Cm
[Figs. 10(b), 10(d), and 10(f)]. The reactions 2%2'0 +
28Cm seem to be optimal for the synthesis of the iso-
topes 203:264266.268Rf in the neutron evaporation channels
where the maximum production cross sections of isotopes
263.264.266.268R¢ are 72, 95 or 310, 27, 1.7 nb, respectively
(see Table I). The cross sections of the axn channels in the
reactions Ne + 2¥Cm — 2°Rf + o3n, *°Ne + *Cm —
26Rf 4 dn, and Mg + **Pu — 2°Rf 4 adn are 40, 59,
and 16 nb, respectively. In these reactions the discrepancies
of the cross sections are mainly attributed to the difference of
capture cross sections.

D. Production of 2%-*"°Dp

In Figs. 5(a) 5(c), 6(a), 6(c), 7(a), 7(c), and 7(e) the
calculated excitation functions for the isotopes 2®*"°Db
(264:265.269D) are still unknown) are shown for xn evaporation
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FIG. 4. The same as in Fig. 1, but for the indicated reactions with ***Mg beams.

channels of the reactions 22'0 + 2Bk, 21'2F + 28Cm, and
25Na + 24Py,

The reactions 2°0 + Bk — 2%4205Dp + 5n,4n, 2O +
2Bk — 29Db + 51, and PF + 2*Cm — Db + 21 are
preferable for producing new isotopes 204263:269pp
[05,(***Db) = 72 nb, 04, (***Db) = 160 nb, 05, (***Db) = 300
nb, 6,,*Db) = 2.2 nb]. The isotopes 26026728Dp can
be produced in the reactions 2°F + 2*8Cm — 266.267.2688pp,
(3-5)n with the maximum cross sections of about 300, 150,
and 10 nb, respectively.

E. Production of "2 Sg

One can obtain isotopes 2°>27?Sg in the xn channels
(x = 2-5) of the reactions 2>>'O + 21 Cf [Figs. 8(a) and 8(c)],
20 4 2920Cf [Figs. 9(a) and 9(c)], and **~2*Ne + ***Cm
[Figs. 10(a), 10(c), and 10(e), Table I]. As seen in Figs. 8(c)
and 10(a), the value of the maximum of the production cross
section increases with excitation energy up to the Efy ~
Vi 4+ Q and then decreases. Thus, the strong decrease of the
survival probability with increasing energy under the barrier
is overcompensated by the increase of the capture probability.
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6 6
1 O T T T T T 10 T T T T T
(a) 214 2980m 29 %Dpxn (b) 24 280m 25 rraxn
5n o4n
105 -—=4n{ 105} -—=- 03n1

*

Ecn (MeV)
106 : 106 T T T T
(©) (d) 23E,2480m 267X 1 oxn
10° £ ———4n 1
—-—3n
g .......
=10t 3
X
© 269
10 :
270
102 L M
10

Ecn (MeV)
FIG. 6. The same as in Fig. 1, but for the indicated reactions with 2"**F beams.

014609-6



POSSIBILITIES OF PRODUCTION OF TRANSFERMIUM ...

10° e
F (a) 24N 244Pueze;B')(Db+xn
I 5n
-——4n
10% +
3 [
£
&
© .3
10 E =
102 TR AR AT L L 1 L
20
Ecn (MeV)
10° g
L (c) 25Na+244Pu—>269 XDb+xn ]

Oxn (Pb)

5n

Ecn (MeV)

Goxn (PD)

Goxn (PD)

PHYSICAL REVIEW C 96, 014609 (2017)

10°

(b) 24N 244Pu_)264x

Lr+ocxn
od4n -
——=—o3n"

265-x

(d) 25Na+244

Lr+ocxn -
o4n -
—-——o3n"
—-—o2n-

Pu—>

Ecny (MeV)

FIG. 7. The same as in Fig. 1, but for the indicated reactions with 2425.2TNa beams

014609-7



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

5
10 : : S
(b) 2004231Ct 25" Rroxn -
o4n -
264 ——=3n"
10% ¢ PR —-—o2n-
5 FAERN :
£ ]
< .
bé 265'/ I\
w7
|
.I 1
| |
S
102 l la
40 50 60 70
Ecn (MeV)
10° ‘ ‘ e
(d) 210428101268 Rt axn .
o4n -
265 ——=o03n"
10* ¢ K —-—o2n-
3 / -
e /
3 266 .
© . 3| SN 1
10°0 7 :
I .
! I
/ I
. I
102 / .a
40 50 60 70
Ecy (MeV)

PHYSICAL REVIEW C 96, 014609 (2017)

FIG. 8. The same as in Fig. 1, but for the indicated reactions with 20210 peams.
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TABLE I. The calculated evaporation residue cross sections o; in the indicated evaporation channels i in various reactions.

Reaction E¢y crcezflf) W; o
(MeV) (mb) (nb)
16C +28Cm — 2'No + 3n 29.2 7.2 x 1072 3.2x 1074 23
20 +2Cm — *'No + a3n 48.3 34.5 5.7 %1077 20
210 +28Cm — *'No + a4n 54.4 34.7 1.6 x 1076 44
15C +28Cm — No + 1n 11.8 1.8 x 1073 107! 1.8
200 4+ %py — No + 1n 11.8 7.7 x 1076 10! 0.8
210 4 2%Pu — No + 2n 18.3 1.4 x 1074 7.7 x 1073 1.1
210 + 2Py — No + 1n 12.1 7.1 x 107° 1.4 x 10™! 1
16C + 2Bk — Lr 4 2n 17.7 2.7 x 1072 6.5 x 1072 18
210 + Bk — Lr + a3n 44.8 21.6 6.6 x 107° 140
BE +28Cm — SLr + adn 50.5 274 9.9 x 10~° 270
?"Na + **Pu — %Lr + adn 50.9 19.0 9.8 x 1076 88
210 + 2Bk — 2*Lr + a2n 40.8 6.8 1.4 x 107 9.8
BE 4+ 2Cm — 2*Lr + o3n 46.1 17.2 6.7 x 107° 110
?Na + **Pu — *Lr + a3n 47.0 10.5 5.5 % 107 27
BE4+28Cm — Lr+ o2n 40.8 3.0 1.2 x 107 3.7
?Na + **Pu — Lr + a2n 42.1 1.8 6.9 x 1077 0.6
200 +28Cm — 2R + 5n 46.4 30.3 2.4 %107 72
20 +2Cm — 2Rf + 4n 38.7 3.7 2.6 x 1073 95
210 +8Cm — 2%*Rf + 5n 43.6 18.2 1.7 x 1073 310
200 +28Cm — 2°Rf + 2n 17.7 1.5%x 1074 3.8 x 1072 5.8
210 +28Cm — 2°Rf + 3n 24.6 3.9 %1073 7.1 x 1073 27
BNe + 28Cm — 2°Rf + 3n 443 17.0 2.4 x 107 40
2Ne 4+ 28Cm — 2°Rf + adn 50.5 23.9 2.5 % 107 59
Mg + 2Pu — °Rf + adn 50.9 17.5 2.4 x107° 16
210 +8Cm — 2°Rf + 1n 10.7 4.7 x 10°° 3.7 x 107! 1.7
Ne 4+ 2Cm — 2Rf + a2n 404 6.0 1.8 x 1077 1.1
200 + 2Bk — 2%Db + 5n 45.9 29.4 2.4 %107 72
2IF 4+ 28Cm — Db + 5n 48.2 14.8 1.6 x 107° 23
Na + **Pu — Db + 5n 48.9 9.2 1.3 x 1076 7.7
200 + 2Bk — 2Db + 4n 37.9 2.9 5.4 x107° 160
210 + 2Bk — 2%Db + 5n 43.3 15.5 2.0x 1073 300
2IF 4+ 28Cm — Db + 4n 38.9 3.2 x 107! 3.4 x 107° 11
BE 4+ 2Cm — Db + 2n 17.2 3.4 % 1073 6.4 x 1072 22
00 +BIcf — 7Sg + 4n 40.3 8.2 3.0 x 107° 24
2O +2Cf — *7Sg + 5n 49.6 30.8 5.7 x 1078 1.7
2O 4+ 20Cf — 27Sg + 4n 40.3 5.6 3.6 x 107° 20
2o +5'Cf — *7Sg + 3n 28.7 1.5x 1072 1.9 x 10~ 2.8
#Ne + 2Cm — *'Sg + 5n 46.2 19.0 1.3x10°¢ 24
2O 4+ 2¢Cf — 285g + 4n 41.8 4.8 1.3 x 107° 6.2
*Ne + 28Cm — 28Sg +4n 38.2 1.4 2.6 x 1073 37
BNe 4 2#Cm — 28%Sg + 51 43.1 13.4 7.3 x10°° 98
Ne 4 2#Cm — 2°Sg + 4n 37.9 22 8.5 x 1076 19
Mg + 2Pu — °Sg + 4n 37.6 4.7 x 107! 1.6 x 1073 25
Ne 4 2#Cm — ??Sg + 2n 17.3 1.0 x 107* 1.8 x 1073 0.2

Among all fusion-evaporation reactions presented, the
reactions 00 4+ BIcf — 27Sg + 4n, **Ne + 2#Cm —
2720890 4 5p.4n,  BNe +2*#Cm — 8Sg+ 51,  and
2Ne + 2Cm — ?"°Sg + 4n seem to be the optimal ones for
producing new isotopes 207-2%270Sg with the following
cross  sections: 04, (*%7S g) =24 nb, o5, *%'s g) =24
nb, 05,(*%Sg) =98 nb, 04,(**3Sg)=37 nb, and
04, (*"°Sg) = 19 nb.

IV. SUMMARY

The production cross sections of new isotopes 26!:263-264No,
263-205] 1. 263.264.260.268R ¢ 264.265.269yp, (] 267.268.270.272 g,
the axn and xn evaporation channels of the asymmetric hot
fusion reactions with the radioactive beams were predicted
within the DNS model. It was shown that the charged particle
evaporation channels are suitable for producing these unknown
isotopes with the cross sections of about 0.1-300 nb. The
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optimal reactions and charge particle evaporation channels
for the production of new isotopes were proposed. Thus,
employing the reactions suggested, one can fill a gap of
unknown isotopes between the isotopes obtained in the neutron
evaporation channels of the lead- and bismuth-based cold and
actinide-based hot fusion reactions. With the cross sections
predicted the intensities of the radioactive beams can be up to
10° times smaller than those for the stable beams to supply the
suitable production rates.
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