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Production and decay of the isotopes of Hs were studied in the ??°Ra -+ **Ca reaction at beam energies
Epp = 229, 234, and 241 MeV. At the Ej,, = 234 MeV energy, the maximum of the 4n-evaporation channel
of the reaction, six identical a-SF decay chains of the nucleus ’°Hs were detected corresponding to a cross
section of oy, = 1672 pb. At the other “*Ca energies, no Hs isotopes were observed. Nuclei of ”°Hs undergo
a decay with a Q, = 9.15 & 0.08 MeV and the half-life of the daughter spontaneous fission (SF) isotope 2°°Sg
is 0.2810.1% 5, in good agreement with the data previously observed in the **Cm(**Mg,4n)*°Hs reaction. The
partial a-decay half-life of *°Hs was measured for the first time: 7,, = 7.6755 s. For the spontaneous fission, we
determined a lower limit Tsg > 10s. Decay properties of 27Hs corroborate theoretical predictions of its relatively
high stability caused by the effect of the deformed shells at Z = 108 and N = 162.
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I. INTRODUCTION

According to the predictions of microscopic theory, the
existence of the heaviest elements is fully controlled by the
closed deformed shells at Z = 108, N = 162 and spherical
shells in heavier nuclei at Z = 114 (or possibly 120-126)
and N = 184. In the studies carried out in recent years, a
group of nuclides with Z = 104-118 and N = 161-177 was
synthesized [1-12]. By and large, the experimental data on
the decay properties of more than 50 new nuclei agree well
with the theoretical predictions. This provides direct evidence
of the manifestation of the new closed shells in the region of
the heaviest nuclei that considerably expand the limits of the
existence of chemical elements.

In this respect, of great interest to study directly are the
doubly magic nuclei: deformed 2’°Hs and spherical >*®114 (or
304120, 319126 in other models). In their decay, the stabilizing
shell effect should be maximum. While synthesis of the
neutron-rich spherical nuclei with N &~ 184 is a difficult task,
the nuclide >’°Hs can be produced with several reactions.

The doubly magic nucleus >’°Hs was studied for the
first time in the reaction 2*3Cm(**Mg,4n)?°Hs [2,3]. At the
excitation energy of E* = 4049 MeV, near the maximum
of the cross section of the 4n-evaporation channel, six «-SF
chains were detected that were assigned to the decay of
2OHs produced with the cross section of o4, ~ 3 pb. The
nuclide 2’°Hs was found to emit « particles with E,, = 8.88 +
0.05 MeV and give birth to the daughter 2°°Sg that undergoes
spontaneous fission (SF) with a half-life of 77/, = 0.361’8%(5) S

[3]. In a later experiment, only a single decay of ?’°Hs (E, =
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9.021'8:(1)(5) MeV) that was followed in 23 ms by SF of 2°6Sg was
registered in the >*U + 3°S reaction [ 13]. In these experiments,
the signals from the implantation of the recoil nuclei in the
detector were not registered; as a result, the half-life of
the evaporation residue is not measured. For the same
reason, the half-life of the SF of the mother nucleus is
also not determined. Another possible synthesis reaction,
244Pu(®0Si,4n)?"°Hs, has not been studied yet. Finally, in the
symmetric cold fusion '3*Xe('3Xe,2n)?""Hs reaction, only
an upper limit of the cross section oy,-3, < 4 pb [14] was
determined.

However, the 22°Ra + *8Ca reaction looks the most promis-
ing for synthesizing *’’Hs. Due to the doubly magic *Ca
projectile, the excitation energy of the compound nucleus
?7*Hs with beam energies at the Coulomb barrier decreases
down to 32 MeV [15] and the expected cross section of the
4n-evaporation channel could increase up to 30 pb [16,17].
Studies of the decay properties of the isotopes of Hs could be
continued with better statistics in this reaction.

Measuring the cross sections of the production of evapo-
ration residues in the >*Ra+ *8Ca reaction is of individual
interest within systematic studies of formation and survival of
heavy compound nuclei in the reactions with **Ca. Production
of Hs isotopes is an intermediate case between the well-
studied cold fusion reactions of spherical colliding nuclei
206-208ph(48Ca,xn)>4=259-*No (see, e.g., Refs. [18,19] and
references therein) and reactions of fusion of the deformed
target nuclei of 38U, 237 Np, 242.244py, 243 Am, 245:248Cpyy 249BK,
and 2*°Cf with **Ca that we have used for synthesizing the
superheavy elements (SHE) [1,10-12].

Despite the difficulties arising from using a highly «-
radioactive target of 2*°Ra (21-33 mCi, including daughter
nuclei), in 2008 and 2009, we performed experiments aimed
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at the production of Hs isotopes with the 2?°Ra+ “*Ca
reaction.

II. EXPERIMENTAL TECHNIQUE

The a-radioactive isotope *°Ra (T}, = 1600 y) target was
deposited as an oxide RaO onto 1.5-pum-thick Ti foils. The total
area of the rotating target was 36 cm?. In the experiment, we
used targets with Ra thicknesses of 0.12 and 0.18 mg/cm? (see
Table I). In the course of the irradiation with the “*Ca beam,
the target thickness was checked periodically by measuring
the 22°Ra a-particle counting rate.

The “8Ca beam was obtained at the U400 cyclotron of
the FLNR, JINR. The typical beam intensity at the target
position was 0.7-1.1 puA. The beam energy was measured
by employing a time-of-flight system with a systematic
uncertainty of 1 MeV.

The Dubna gas-filled recoil separator (DGFRS) [20,21]
was used to separate evaporation residues (ER) from “¥Ca
ions, scattered particles, and transfer-reaction products and
deliver them to the focal-plane detectors. The transmission
efficiency for Hs isotopes was estimated to be approximately
40%. At the focal plane of the separator, ERs passed through
a time-of-flight system and were implanted in a 4-cmx
12-cm semiconductor detector array with 12 vertical position-
sensitive strips surrounded by 8 4-cmx4-cm side detectors
without position sensitivity, forming a box open to the front
(beam) side. The position-averaged detection efficiency for
full-energy « particles emitted in the decays of the implanted
nuclei was 87%.

The detectors were tested by registering the recoil nuclei,
« particles, and SF fragments from the decay of the known
isotopes of Th, No, and their descendants produced in the
reactions "'Yb(*®Ca,xn) and 2°°Pb(*¥Ca,2n), respectively. The
full width at half maximum (FWHM) energy resolutions for
« particles absorbed in the focal-plane detector were 50110
keV (depending on strip) and 130-310 keV for « particles
that escaped this detector with a low-energy release and
were registered by a side detector. Fission fragments from
the decay of 2>No implants were used for the total-kinetic-
energy calibration. The measured fragment energies should
be corrected for the pulse-height defect of the detectors and
for energy losses of escaping fragments in the detectors’

TABLE 1. 2Ra target thicknesses, average laboratory-frame
beam energies in the middle of the target used in this work,
corresponding average excitation energies, total accumulated beam
doses, and number of events assigned to decays of Hs nuclei.

Target Ep E* (MeV) Beam Number
thickness MeV) dose of
(mg/cm?) (x10'%) events
0.12 229 34.7-38.5 2.9 0
0.18 229 34.7-38.7 33 0
0.12 234 38.2-42.8 3.0 4
0.18 235 39.0-43.2 1.1 2
0.18 241 44.6-48.7 2.3 0
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entrance windows, dead layers, and the pentane gas filling
the detection system. The mean sum energy loss of fission
fragments of 22No registered by both the focal-plane and side
detectors was 20-25 MeV; the detection efficiency of such
double fission events was about 40%. The FWHM position
resolutions of correlated ER-ow and ER-SF signals were 1.1-1.9
and 0.6—1.6 mm, respectively. For « particles detected by both
the focal-plane and side detectors, the ER-« position resolution
depends on the energy deposited in the focal-plane detector and
was on average 2.0-3.5 and 3.4-5.8 mm for energies larger and
lower than 3 MeV, respectively.

The experimental conditions are summarized in Table I.
Excitation energies of the compound nucleus at given pro-
jectile energies are calculated using the published masses of
Refs. [22,23], taking into account the thickness of the targets
and the energy spread of the incident cyclotron beam. The
energy loss of the beam was calculated using the published
data tables of Refs. [24,25].

For detection of the daughter nuclides in the absence of
beam-associated background, the beam was switched off after
a recoil signal was detected with implantation energy Epgr =
9-15 MeV (expected for evaporation residues) followed by
an «-like signal with an energy of 9.0 < E, < 9.38 MeV
(expected for decays of *Hs and 2"'Hs) in the same strip,
within a 2.2-mm-wide position window and a time interval of
At < 8 s. Because of the short half-life of the SF daughter
26Sg (T2 = 0.36 s) in a-SF decay of ?’’Hs nucleus [3],
and the low counting rate of SF-like events (see below), real
decays of 2’°Hs can be easily found in the data, so part of
the experiment at Ejy, = 234 MeV with the 0.12-mg/cm?
target was conducted without switching off the beam. All
other experiments shown in Table I were performed with
3-min beam-off intervals for detection of more long-lived
decay products of even-odd Hs isotopes. In the experiment at
high *Ca energy, the duration of beam-off time interval was 1
min, but if a particle with E, = 8.5-9.1 MeV was registered
in any position of the same strip, the beam-off interval was
automatically extended to 3 min.

III. EXPERIMENTAL RESULTS

Experiments were carried out at three beam energies (see
Table I). The Ejp = 234 MeV energy corresponds to the
maximum of the 4n-evaporation channel leading to 2’°Hs [17].
At two other energies of 229 and 241 MeV, the yield of ?’°Hs
should be lower; they are more optimal for the production of
neighboring isotopes 2’'Hs and 2®Hs in 37 and 51 channels,
respectively.

In two runs performed at the energy of 234 MeV with two
targets of different thickness, six correlated decay chains of
the type ER-«-SF were observed (see Table I). The measured
parameters of the observed events are shown in Fig. 1. Energies
of events, their positions, and time intervals are presented. The
energies of events detected by both the focal-plane and the
side detectors are shown in brackets. The energy resolution
AE is given for each « particle. Most of the first experiment
was performed without beam interruptions. In one chain
observed in the second run in strip 4, the ER-o pair did
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ER: 15.993 MeV ER: 13.812 MeV ER: 13.864 MeV
16.33 mm 14.45 mm 25.84 mm
Hs 270 | 8940 [2.278+6.662] MeV Hs 270 | 9:009 MeV Hs 270 | 8-991 MeV
str 11 6.4194s AE=150kev Str7 8.1642s AE=85kev  str10 7.3538s AE=81keV
13.75 mm 13.84 mm 25.59 mm
193.9 [170.6+23.3] MeV 168.6 MeV 196.3 [123.1+73.2] MeV
0.1629 s 0.2450 s 0.3081s
16.70 mm 14.32 mm 25.66 mm
ER: 11.461 MeV ER: 11.356 MeV ER: 11.537 MeV
23.53 mm 31.40 mm 23.32 mm
Hs 270 9.024 [1.132+7.892] MeV Hs 270 9.133 MeV Hs 270 8.923 [1.442+7.481] MeV
str7 9.7087s AE=134kev Str8 3193955 AE=109kev Str4 1.8538's AE=287 keV
30.24 mm
>187.9 [166.3+>21.6] MeV 148.7 MeV 165.2 MeV
0.0708 s 0.7517 s 0.9196 s
24.10 mm 29.98 mm 23.42 mm

FIG. 1. (Color) Decay chains observed in the ?°Ra + “Ca reaction. Strip numbers (str), energies, energy resolution (A E), times between

events, and positions of events are shown.

not switch the beam off because of the low-energy o particle
deposited in the focal-plane detector and its position signal was
below the electronic threshold. In another decay, the fission
event was detected when the beam was off (event marked
in boldface). In one case (left bottom, strip 7), the fission
fragments were registered by both detectors. The energy of
the fragment in the side detector exceeded the «-scale interval
but was not detected in the high-energy scale. Therefore, the
energy of fragment registered by the side detector was larger
than 21.6 MeV and total measured energy was larger than
187.9 MeV.

In the analysis of the data, we found seven sequences of
the type ER (E = 7.5-16.5MeV)-a (E = 8.7-9.5MeV, Ar <
60 5)-SF (At < 400 s) within position windows corresponding
to two FWHM position resolutions (confidence level 0.98). In
one case, the a-SF time interval was 285 s. The six other decay
chains are shown in Fig. 1. All these SF events were registered
within 1 s after preceding « decays. Thus, the total number of
random ER-a-SF (Ar < 1.4 s & 5Tgp of the daughter nucleus)
decay chains is less than 0.025 [26].

The distribution (number of events versus time interval in
double logarithmic scale) for all ER-like events preceding the
a-SF chains shown in Fig. 1 and registered within two ER-« or
ER-SF position resolutions is shown in Fig. 2. For all 6 decay
chains, 54 ER-like events were found within a 4000-s time
interval which indicates that the total number of random ER-
like events detected during 5 half-lives of the parent nucleus
(38 s) is about 0.5 [26].

The «-particle energy and half-life of the parent nucleus are
E, =9.0240.08 MeV, T1)» = 7.675 s, the half-life of the

daughter SF isotope is 0.28f8:(1)§ s. The decay chains were
observed at the excitation energy of the 2’*Hs compound
nucleus corresponding to the calculated maximum for the
226Ra(*8Ca,4n)*"Hs reaction (see Table II). Thus, we assigned
the six observed decay chains to the 27°Hs parent nucleus and
obtained a value of 16J_r%3 pb for the average cross section for
the 22°Ra(*8Ca,4n)*’"Hs reaction at 41-MeV excitation energy.

In addition to the six observed chains of 2°Hs, about three
more decays could be detected as ER-SF correlations without

registration of an « particle in the focal-plane detector. In
the situation when « particles have been detected by the side
detector only and thus the beam was not switched off, we could
not identify them in the background of random events due to
the relatively long half-life of 27Hs.

The ER-SF chains could appear also due to fission of the
even-even isotope 2’°Hs. From calculated partial half-lives of
Sg and Hs isotopes and available experimental data on SF
probability of even-even isotopes of Rf and Sg, it can not
a priori be excluded that the Tsr value for 2’°Hs will be
comparable with its partial half-life against « decay.

In addition to the 6 SF events shown in Fig. 1, we observed
40 more high-energy signals with E > 135 MeV that can
be expected for SF of heavy nuclei [1,10-12]; 4 of them
were registered by the both focal-plane and side detectors.
Thus, from 40%-detection efficiency of both SF fragments,
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ER-a time interval (s)
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FIG. 2. Time intervals between « particles shown in Fig. 1 and
all the preceding ER-like events observed within two ER-« or ER-SF
FWHM position resolutions. Part of the histogram referring to the six
decay chains shown in Fig. 1 is shaded in gray. Dashed line shows
linear fit for random ER-like events.
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TABLE II. Experimental and calculated 4n-evaporation cross
sections for the production of *’°Hs. Excitation energies E¢ of the
compound nuclei are calculated for Coulomb barrier [15] and masses
[22,23]. Cross sections were measured at the excitation energies of
the compound nucleus 2"*Hs of 40 MeV in 2#Cm + 2*Mg, of 51 MeV
in 2%U 4 36S, and of 37, 41, and 47 MeV in ?2°Ra + “®Ca reactions.

Reaction E} oM (pb) N o.?  [Ref]
(MeV) [Ref.] events (pb)
MCm+2Mg 445 12 [16] 6 A3 23]
24Py 4-308i 45.6 8 [16]
B8y + 368 42.0 24 [16] 1 0875  [13]
226Ra +*Ca 323 30[16,17] 0 <3.1  This
6 1677 work
0 <71

only about 10 of them may be ascribed to SF fragments.
From the analysis of time correlations of ER-like and SF-like
events [27], the upper limit for the fission branch of ’°Hs is
set to about 50% and the lower limit for its partial spontaneous
fission half-life is 10 s.

At ¥Ca energy of Ejy, =234 MeV, we can set only an
upper cross-section limit for the 2?°Ra(**Ca,3n)>’'Hs reaction
of 11 pb (assuming 77/, < 10 s for 211Hs). On the other hand, at
the lower and higher excitation energies of 37 and 47 MeV, the
ER-a-SF decay chains of 2’’Hs were not observed. Here, the
upper cross-section limits of the 2>°Ra(**Ca,4n)?"°Hs reaction
are 3.1 and 7.1 pb, respectively.

For 2°Hs, the product of the 226Ra(*8Ca,5n) reaction, we
refer to its shorter decay branch [28] that should be terminated
by spontaneous fission of 2'Rf. In terms of decay properties
of this isotope (see Ref. [28]), we searched for ER (7.5—
16.5MeV)—« (8.8-9.45 MeV, At < 60s)—SF (Ar < 1505)
decay chains. Such chains were not found, which results in
the upper limit of the cross section for the 5n channel of the
226Ra + *3Ca reaction at E* = 47 MeV of 9.8 pb.

At E* =37 MeV, we searched for *’'Hs by looking
for sequences of the type ER (7.5-16.5 MeV)—« (8.7-
9.5 MeV, At <60 s)—»>SF (At <400 s) within posi-
tion windows corresponding to two position resolutions.
We did not observe chains of the type ER—a—SFq or
ER— a— ato— SFoie with fission events registered during
beam-off time intervals. The upper limit of the cross section
for the 22Ra(*3Ca,3n)?"'Hs reaction depends on the unknown
half-life of 2’'Hs. Using ER—« time interval of 8 s for
switching the beam off and estimated 7} »(*'Hs) = 4 s [3], the
upper limitis o3, < 8.2 pb. If the half-life of >’ Hs is lower than
T, /2(269HS), the upper cross-section limit for 7} /2(271Hs) =1s
becomes lower; 03, < 6.2 pb. Vice versa, if the half-life of
?7'Hs is similar or larger than that of 2°°Hs, the limit increases
to 14 pb.

The cross sections for producing 2°Hs in the >°Ra + *Ca
experiments, together with the previously known experimental
data from other reactions and the calculated cross sections, are
combined in Table II.
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IV. DISCUSSION

A. Decay properties of *’°Hs

For the first time, in this experiment we measured the
half-life of the doubly magic nucleus >°Hs (T}, = 7.6755
s). Its a-particle energy (9.02 £ 0.08 MeV) as well as the
half-life of daughter SF isotope 2°Sg (0.281”8:(1)2 s) are in
agreement with the data determined in ***Cm + 2*Mg (E, =
8.88+0.05 MeV, Tsr = 0.36702 s) [3], and 23%U+3°S
(E, = 9.02f8:?8 MeV, SF decay time 0.023 s) [13] reactions.
The measured half-life of even-even >’°Hs is in good agree-
ment with the expected probability of allowed « transitions
estimated from the measured «-particle energy and using
various theoretical 7, versus Q, relationships (see, e.g.,
Ref. [29] and references therein). For the partial spontaneous
fission half-life of 2/9Hs, as it was indicated above, only a
lower limit was determined (7sg > 10 s).

The decay properties of 2’°Hs and 2°Sg determined in
this work, together with the data for other isotopes with
Z =102, 104, 106, and 108 [30,31], are presented in Fig. 3.
Here are also shown the theoretical expectations following
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FIG. 3. (Color) Partial half-lives of the nuclei of No, Rf, Sg, and
Hs with respect to (a) « decay and (b) spontaneous fission. Solid
symbols show even-even isotopes and open ones odd-neutron nuclei.
Black lines are drawn to guide the eye; they connect points referring
to even-even isotopes. Color lines show calculated half-lives of the
even-even isotopes of Sg and Hs (« decay) and Hs (spontaneous
fission), calculated in the macroscopic-microscopic nuclear model
[32-34].
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macroscopic-microscopic calculations [32-34]. As one
can see in Fig. 3(a), the considerable decrease of «a-decay
half-lives observed for Rf, Sg, and Hs in transition from
N = 152 to 154 substantially changes with increasing neutron
number at Z > 104 and N > 154. In accordance with the
theoretical predictions, by moving off the N = 152 shell, a
considerable increase of T, is observed in experiments; this
gives evidence of increasing nuclear stability in the ground
state upon approaching the next neutron shell at N = 162.

Even stronger is the effectof Z = 108 and N = 162 nuclear
shells displayed in the spontaneous fission of these nuclei
[Fig. 3(b)]. When going from >**No to °Rf (both nuclei
have N = 152, but AZ = 2), the probability of spontaneous
fission increases by about seven orders of magnitude. This
is connected with the change of the fission barrier structure
caused by shell effects in deformed nuclei [35]. However,
with increasing number of neutrons in the isotopes of Rf and
Sg, the spontaneous fission half-life gradually increases. The
strongest increase of Tgg is observed in Hs nuclei. Of all the
even-even isotopes with Z = 104-108 shown in Fig. 3(b),
the 2"°Hs (Tsg > 10 s) isotope is the most stable against
spontaneous fission. Note, decrease of proton and neutron
numbers in the 2’°Hs magic nucleus by two, AZ = AN =2
(o decay into *6°Sg) increases the probability of spontaneous
fission by a factor of more than 30. Such a strong variation
of Tsr near the peak of stability of Hs isotopes, as well as
the experimentally observed trend of growth of Tsg(N) when
approaching N = 162, agree well with model calculations
[Fig. 3(b)]. The deviations between absolute values of Tgp
are explainable taking into account the general difficulties
of calculating the probability of spontaneous fission that is
a process of tunneling through potential barrier. Generally, the
predicted decay properties of the doubly magic nucleus >’°Hs
are confirmed in the experiment.

B. Cross sections

In the three experiments with three different beam energies,
2OHs was observed only in the excitation energy range
E* = 38.2-43.2 MeV, near the calculated maximum of the
4n-evaporation channel of the ?*Ra+ *8Ca reaction. The
cross section for producing 2’°Hs in the 2?°Ra 4 “8Ca reaction
appeared to be about five times higher than in the more
asymmetric >*Cm + Mg reaction. The excitation energy of
the 2"*Hs compound nucleus at the Coulomb barrier of the
226Ra+ *8Ca reaction is E& = 32 MeV, lower than that of
the case of 2*3Cm + *Mg, E& = 44 MeV. Despite the fact
that the formation of the compound nucleus is more favored
in fusion of the more mass-asymmetric nuclei, the shift of the
threshold of the 2#¥Cm + Mg reactionby AE* ~ 10 MeV re-
sults in a reduction of the cross section in the excitation energy
range E* ~ 40 MeV (near the maximum of oy, ). For this very
reason, in the 228U(%°S,4n)*"Hs reaction with E} = 42 MeV
the production cross section of 2’’Hs is only 0.8 pb [13].

Anincrease of E* by 10 MeV in the 2Cm + 2°Mg reaction
would result in an even stronger decrease of the cross section
of the 3n-evaporation channel. Our data differ from those
obtained in Refs. [2,3]. Against expectations, in the whole
energy range E* = 34-42 MeV in which the production of
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the isotopes "' Hs and ?’°Hs in the **Cm + 2°Mg reaction was
observed with comparable cross section, we did not detect a
single decay event of the isotope 2’'Hs. Examining various
scenarios of interaction of nuclei in the entrance channel of
the reactions did not allow us to clarify the reasons for these
disagreements and thus needs further investigation.

Now, with the new data on the cross section of the
226Ra(*¥Ca,4n)*""Hs reaction, let us consider in a more general
sense the reactions of synthesis of heavy and superheavy nuclei
(Z > 102).

We would remind the reader that in cold fusion reactions,
the doubly magic nuclei 2®Pb or 2®Bi are used as targets;
and advances to higher nuclear charges and masses means
using heavier projectiles ranging from °Ti to 7°Zn. In these
reactions, the compound nuclei have low excitation energies
(E* = 12-20 MeV); their transition to the ground state is
accompanied by emission of a single neutron. Note, the
production cross section of the lighter isotope of element
108 with N = 157 in the 2%Pb(°®Fe,n)*°Hs reaction is about
66 pb [36], which is significantly larger than cross sections for
the hot fusion reactions given in Table II.

However, despite this advantage (high survivability of the
compound nucleus), the production cross section drops by
more than eight orders of magnitude [Fig. 4(a)] when Zcn
increases from 102 to 113. Such an effect, as a result of
growth of the Coulomb factor kZ, Zz/(A}/3 + A;B) by 44%
[Fig. 4(c)], is associated with the potential energy surface of the
colliding system which causes the hindrance of the formation
of compound nuclei with stronger Coulomb interaction.

On the contrary, in hot fusion reactions the magic projectile
48Cais kept invariable and the atomic number of the compound
nucleus is increased by using heavier target nuclei. As opposed
to cold fusion, in the more asymmetric reactions of **Ca with
actinide nuclei, the Coulomb repulsion is less but the excitation
energy of the compound nucleus is larger. Major losses of
evaporation residues occur in the course of cooling down
of the heated nucleus by evaporation of multiple neutrons.
The total cross section of formation of the isotopes of the
given element depends on the thermodynamic properties of
the heated compound nucleus and can be generally expressed
by a well-known formula

Yog(E*, J) = O—capPCN(E*’ J)Psurv(Bf, B,),

where o, is a capture cross section, Pen(E™, J) is the
probability of the formation of the compound nucleus Zcy,
Acn with excitation energy E* and angular momentum J, and
Paun(By, By) ~ 11, exp[(B; — B!)/T;] is the survivability
of the compound nucleus which depends on the fission barrier
heights B} and binding energies of neutrons B! of the series
of heated nuclei with temperature 7; that are formed in the
course of neutron evaporation.

Let us consider first SHE produced in the fusion reactions
of the deformed target nuclei, isotopes of U-Cf with “8Ca
projectiles that lead to compound nuclei with Z¢cy = 112-118
and Acn = 286-297. The Coulomb factor is changed by no
more than 6.5%. The excitation energy of the compound
nuclei at the Coulomb barrier varies within E¢ = 27-33 MeV
(calculated with the Bass barrier [15] without taking into
account the effect of orientation of the deformed target nuclei,
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FIG. 4. Maximum cross sections of the production of the isotopes of the heavy elements in (a) cold fusion reactions: 2Pb,2”Bi + *3Ca,
0T, 54Cr,...7%Zn (E* = 12-20 MeV) and (b) hot fusion reactions: 2%6Pb, 2*°Ra, 233238, 242.24py, 243 Am, 24>248Cm, 2Bk, and **Cf + *Ca

(E* = 3540 MeV). In plot (c), Coulomb factors ZlZz/(A:/3 + Aé/3

) for nuclei in the cold (open circle) and “*Ca-induced (closed circle)

reactions are shown. (d) Difference of fission barrier heights (involving nonaxial shapes) and neutron binding energies of the compound nuclei
in **Ca-induced reactions calculated in the macroscopic-microscopic nuclear model [33,37,38] and corrected for the odd-even effect are shown.
Arrows show number of neutrons in the compound nucleus with the given atomic number.

which is also practically the same for the actinides). The
cross section for producing evaporation residues reaches its
maximum at excitation energy £* = 35-40 MeV (hot fusion).
The main contribution to the total cross section (X o,, )™, as it
follows from the experiments, is due to 3n- and 4n-evaporation
channels of the reaction and their ratio changes with the
nucleonic composition of the compound nucleus [1,4-12].

Because the initial states of the compound nuclei Z¢y =
112-118 are similar, this allows a uniform description of their
transition to ground state via emission of neutrons and y
rays. The calculated survivability of the compound nuclei,
which depends on the thermodynamic characteristics of the
heated nuclei in the course of their cooling down via emission
of neutron(s) and on fission barriers, should thus correlate
with evaporation residue cross sections as obtained in the
experiment.

In Fig. 4(b), the total cross section (Xo,,)™** measured in
the experiments in all the reactions of fusion of **Ca with the
target nuclei of Pb, Ra (this work) and with actinide targets
U-Cf are shown. The calculated values of (By — B,) are
shown in Fig. 4(d) for the compound nuclei having production
cross sections given in Fig. 4(b). Comparing these, one can

see that the relatively high cross sections for production of
evaporation residues in hot fusion reactions with *Ca are
connected with high survivability of the heated compound
nuclei. This provides direct evidence of the presence of high
fission barriers in these superheavy nuclei.

V. CONCLUSION

2Hs was synthesized in the >*Ra + *3Ca reaction at an
excitation energy of E* =41 MeV with a cross section of
1671* pb. 2°Hs has an «-SF decay chain with E, = 9.02 +
0.08 MeV, and the half-life of the daughter SF isotope *6¢Sg
is 0.28%00% s. For *Hs, the half-life Ty, = 7.6755 s was
determined for the first time and a lower limit for spontaneous
fission was determined to be Tsg > 10 s.

In the systematics of the decay properties of the even-even
isotopes of elements 102, 104, 106, and 108, one can observe
a significant increase of stability when approaching 2’°Hs.
The experimentally determined probabilities of o decay and
spontaneous fission of 2’°Hs agree with the concepts of the
macroscopic-microscopic models of its structure as a magic
nucleus with closed deformed shells Z = 108 and N = 162
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(see, e.g., Ref. [29] and references therein). It is shown once
more that the relatively high cross section for production of
heavy and superheavy nuclei in fusion reactions with *8Ca
is connected with the presence of a high fission barrier that
appears due to nuclear shell effects.
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