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We have been developing a gas-jet transport system 
coupled to GARIS as a novel technique for superheavy 
element (SHE) chemistry.1) So far, isotopes of 261Rf (atomic 
number Z = 104), 262Db (Z = 105), and 265Sg (Z = 106) have 
been produced in the 248Cm(18O,5n), 248Cm(19F,5n), and 
248Cm(22Ne,5n) reactions, respectively, and the production 
and decay properties of these isotopes have been 
investigated for chemical studies.1–3) Recently, the chemical 
synthesis and gas-chromatographic analysis of Sg(CO)6 
were successfully conducted with 265Sg.4) We plan to obtain 
a heavier element, Bh (Z = 107), by investigating 
production conditions of 266,267Bh in the 248Cm(23Na,xn) 
reactions. In this work, as the first step, we optimized 
setting parameters of the GARIS gas-jet system using 174Re 
produced in the natGd(23Na,xn) reactions. Since Re is a 
homologous element of Bh in the periodic table, the Re 
isotopes would be useful in fundamental experiments on Bh 
chemistry in the future.   

The natGd2O3 target with a thickness of 340 μg cm–2 was 
prepared by electrodeposition onto a 2-μm Ti foil. The 
23Na7+ ion beam was extracted from RILAC. The beam 
energy was 130.6 MeV at the middle of the target, and the 
typical beam intensity was 1.4 particle μA. The evaporation 
residues (ERs) were separated by GARIS. Several magnetic 
rigidities were investigated (Bρ = 1.58–1.94 Tm) at a He 
pressure of 33 Pa. Then, the ERs were guided into a gas-jet 
chamber of 100-mm depth through a 0.7-μm Mylar window. 
The ERs were transported by a He/KCl gas-jet to a 
chemistry laboratory. The He flow rate was 5 L min–1, and 
the chamber pressure was 78 kPa. The KCl aerosols were 
then collected on a glass filter for 60 s and subjected to 
γ-ray spectrometry with a Ge detector after a cooling time 
of 60 s. A 20-μm Al foil was placed at the entrance of the 
gas-jet chamber to evaluate the gas-jet transport efficiency.  

Figure 1 shows a typical γ-ray spectrum observed in the 
natGd(23Na,xn) reactions. In this work, the γ-rays of 172–177Re 
and 172,173W were identified in the spectra. The decay curve 
of the 243.4-keV γ-ray of 174Re is shown in the inset of Fig. 
1. The half-life of 174Re was determined to be T1/2 = 2.40 ± 
0.04 min, which agreed with that in the literature.5) Figure 2 
shows the variation in the yield of 174Re as a function of 
magnetic rigidity. The dashed curve represents the result of  
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the least-squares fitting with the Gaussian curve with a 
maximum yield at Bρ = 1.74 ± 0.01 Tm and a resolution of 
ΔBρ/Bρ = 10.0 ± 0.4%. This optimum Bρ agrees well with 
that (Bρ = 1.78 ± 0.05 Tm) deduced from our systematic 
trend for the low-energy recoil ions.6) The gas-jet transport 
efficiency was about 80%. The radioactivity of 174Re 
available at the chemistry laboratory is 55 ± 2 kBq pμA–1 
after the 60-s aerosol collection. This yield is high enough 
to allow development of chemistry apparatuses and 
investigation of chemical systems for the study of Bh 
chemistry in the future. 

 
 
 
 
 

 
 
 
 
 
 
 
 
Fig. 1. Typical γ-ray spectrum observed in the 
natGd(23Na,xn) reactions at Bρ = 1.74 Tm.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The yield of 174Re as a function of magnetic rigidity.  
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Production of 262,263Db in the 248Cm(19F,xn)267−xDb reactions
at Elab = 96 MeV
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The isotope 262Db (T1/2 = 33.8 s1)) is often used
in the chemical studies of element 105, Db. At
RIKEN, the decay properties of 262Db produced in
the 248Cm(19F,5n)262Db reaction were recently stud-
ied with a gas-jet transport system coupled to the gas-
filled recoil ion separator GARIS.1) In this study, how-
ever, 263Db produced in the 4n channel was not ob-
served at 97.4 MeV and 103.1 MeV. The upper-limit
cross sections of 263Db were rather smaller than those
predicted by the HIVAP code, which reproduced the
5n channel fairly well. Therefore, in this work, we in-
vestigated the production of Db isotopes at a lower
energy of 96 MeV, at which the predicted excitation
function for 263Db exhibits the maximum.

A 248Cm2O3 target of 460 µg/cm2 thickness was pre-
pared by electrodeposition onto a Be backing foil of
1.8-mg/cm2 thickness. natGd2O3 of 23-µg/cm2 thick-
ness was admixed with the target material to simul-
taneously produce 170Ta (T1/2 = 6.76 min) via the
natGd(19F,xn)170Ta reaction. A 19F7+ beam was sup-
plied by the AVF cyclotron. The beam energy at the
middle of the target was 96.2 MeV, and the energy
degradation in the target was estimated to be 1.0 MeV.
The average beam intensity was 450 pnA.

The reaction products recoiling out of the tar-
get were continuously transported by a He/KCl gas-
jet system to the rotating wheel detection system
MANON. The transport efficiency was estimated to be
74%. Other details of the measurement were similar
to those in our previous study.2)

We searched for time-correlated α-α event pairs at
the α-energy range of 8.0 ≤ Eα ≤ 9.0 MeV. On set-
ting the time window to 25 s, 16 α-α correlations were
found. Figure 1(a) shows the two-dimensional arrays
of these α-α correlations. In Fig. 1(a), 74 α-α cor-
relations assigned to the decay chain 262Db α→ 258Lr
α→ in the previous experiment1) are compared. The
α-particle spectra of the parent and daughter nuclides
are shown in Figs. 1(b) and (c), respectively. For the
parent α spectrum, the 8.46-MeV α line of 262Db is
seen, while the 8.68-MeV α line was not very clear ow-
ing to the low counting statistics. On the other hand,
the α lines of 258Lr were clearly found in the daughter
α spectrum.

In Fig. 1(a), a solid box indicates the gated α-energy
range of the parent 262Db (8.26–8.83 MeV) and the
daughter 258Lr (8.36–8.80 MeV). Fourteen events are
found in this energy region. The deduced half-life of
∗1 Department of Chemistry, Niigata University
∗2 RIKEN Nishina Center

the daughter nuclide, T1/2 = 4.5+1.7
−1.0 s, is in agree-

ment with the reported half-life of 258Lr, T1/2 = 3.9
s.3) Thus, these events are attributed to the α de-
cay chain 262Db α→ 258Lr α→. The expected number
of random correlations was evaluated to be 0.3 in this
energy region. Regarding all 14 events as true ones,
the production cross section of 262Db is derived as σ
= 0.25+0.08

−0.07 nb. This cross section is consistent with
the previously reported one, σ = 0.23+0.18

−0.11 nb at 97.4
MeV.1)

Only one α-α correlation was found around the en-
ergy regions of 263Db and its α-decay daughter 259Lr,
as shown by an arrow in Fig. 1(a). Although this num-
ber of the event, one, is comparable with the expected
number of random events, the deduced half-life of the
daughter nucleus, T1/2 = 3.1+14.8

−1.4 s, is consistent with
the reported half-life of 259Lr (T1/2 = 6.2 s3)). If this
event is regarded as a true one, the cross section of
263Db is deduced to be σ = 0.031+0.072

−0.026 nb, which is
one order of magnitude smaller than that of 262Db as
well as the HIVAP predictions.1)
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Fig. 1. (a) Two-dimensional representation of time-

correlated events. (b) α spectrum of parent nuclei. (c)

α spectrum of daughter nuclei.
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