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Reinvestigation of the decay properties of 261,262Bh at the gas-filled
recoil separator SHANS2
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The isotopes 261,262Bh were reinvestigated by using the cold fusion reaction 54Cr + 209Bi. The evapora-
tion residues were separated by the gas-filled recoil separator SHANS2 (Spectrometer for Heavy Atoms
and Nuclear Structure-2) and identified by means of the recoil-α-correlation method. The α-decay proper-
ties of 261,262Bh were measured and the results are consistent with the previously reported values. Based
on the measured half-lives, the existence of two distinct states of 262Bh was confirmed, whereas 261Bh
lacked any isomer with α-decay properties. Two spontaneous fission events potentially from 262Bh and/or
261Bh were detected and the production cross sections at beam energies of 264.1 and 270.4 MeV were
obtained.
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I. INTRODUCTION

Alpha-decay spectroscopy has been recognized as a pow-
erful technique for the identification of superheavy nuclei
and the study of their decay properties [1]. The macroscopic
model predicts that nuclei with Z � 100 are unstable due to
spontaneous fission (SF) [2]. Owing to the pivotal role of the
shell effect [3], over 100 superheavy nuclei (Z � 104) have
been synthesized to date. The presence of shell effect leads
to the suppression of SF, while α decay emerges as a notable
mode.

Cold fusion reaction, which utilizes medium-mass nuclei
as the projectiles and 208Pb or 209Bi as the targets, is one
of the most important methods for synthesizing superheavy
elements and investigating their decay properties. Oganessian
et al. [4] first studied the SF products in 54Cr + 209Bi and
55Mn + 208Pb cold fusion reactions. In 1981, element 107 was
identified for the first time through α-correlation chains by
Münzenberg et al. [5] via the 209Bi(54Cr, 1n) 262Bh reaction.
This result was confirmed by the subsequent independent
experiments with the same projectile-target combination by
the same group [6]. In 1997, the element received its official
name “bohrium” [7].

The chemical properties of element 107 and the decay
properties of its isotopes have been extensively investigated.
In 2000, 267Bh was produced by Eichler et al. [8] via the fu-
sion evaporation reaction 249Bk(22Ne, 4n), and the adsorption
enthalpy of BhO3Cl was measured as �Hads = −75+9

−6 kJ/mol

*Corresponding author: zggan@impcas.ac.cn

using isothermal gas chromatography. Their research demon-
strates that Bh exhibits typical characteristics of the Group
VII elements, despite the influence of relativistic effects on its
chemical properties. Up to now, 11 isotopes of Bh have been
identified [3,5,9–15].

The early studies of 261,262Bh [5,6] revealed that 262Bh
exhibits two distinct states. Ten α-decay events assigned to
261Bh were observed with a half-life of 11.8+5.3

−2.8 ms. In 2006,
Folden, III, et al. [16] reported the two isotopes produced by
the 55Mn + 208Pb reaction. Their results confirmed the obser-
vations of Refs. [5,6]. The 209Bi(54Cr, 1n) 262Bh reaction was
also investigated by Štreicher et al. [17], the yield of 262Bh was
increased several times compared to the previous experiments,
and the existence of two states of 262Bh was also verified. In
2008, Nelson et al. [18] reported experimental results from
both reactions. An excitation function for the production of
262Bh via the 54Cr + 209Bi reaction was measured, which gen-
erally agreed with the previous works [5,6]. Later on, more
detailed decay properties of 261,262Bh were investigated by
Heßberger et al. [10,19].

To study superheavy nuclei and elements with extremely
low production cross sections, the superconducting linear
accelerator CAFE2 (China Accelerator Facility for Super-
heavy Elements) was constructed and the new gas-filled
recoil separator SHANS2 [20,21] was developed at the In-
stitute of Modern Physics, Chinese Academy of Sciences,
in 2019. A series of experiments was performed at the sep-
arator with beams of 54Cr, 40Ar, and 48Ca. In this paper,
we report the results of 261,262Bh produced in the reactions
209Bi(54Cr, 1-2n) 261,262Bh.
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II. EXPERIMENT

The experiment was performed at the SHANS2 separa-
tor with CAFE2. The beam of 54Cr17+ was produced by an
electron cyclotron resonance ion source and accelerated to
264.1 and 270.4 MeV, which were chosen for the observations
of 262Bh and 261Bh, respectively. The average beam intensity
was about 315 pnA. The 209Bi target material with a thickness
of 500 μg/cm2 was evaporated on a 60-μg/cm2-thick carbon
layer. Twenty targets were mounted on a rotating wheel with
a diameter of 50 cm.

The recoiled evaporation residues (ERs) of interest were
separated in-flight from the primary beam particles and other
unwanted reaction products using the SHANS2 separator. The
separator was filled with pure helium gas at a pressure of
1 mbar, and the ERs underwent charge equilibrium through
collisions with gas molecules. The magnetic rigidity of 1.8–
2.1 Tm was set to transmit ERs to the focal plane, where
the ERs were implanted into a 300-µm-thick double-sided
silicon strip detector (DSSD). The DSSD had an active area of
128 × 48 mm2 with 128 vertical strips on the back side and 48
horizontal ones on the front side, and it was used to determine
the vertical and horizontal positions of the implanted particles.
In the offline data analysis, ERs were identified based on the
position on the DSSD as well as on energy and time informa-
tion obtained from successive α decays, in which the emitted
α particles were denoted as α1, α2, and so on. To detect α

particles escaping from the DSSD, six side silicon detectors
(SSD) with an active area of 120 × 63 cm2 and a thickness of
500 µm were strategically positioned around the DSSD. The
detection efficiency of α particles was approximately 87(6)%,
which was measured in the test reaction 48Ca + 208Pb.

To detect prompt or delayed γ rays, a Clover detector
consisting of four Ge crystals, each of 60 mm in diameter
and 90 mm in length, and a HPGe detector with a relative
efficiency of 70% were mounted behind the DSSD and on
a side of the SSD, respectively. Energy calibration of the
detectors was performed using 133Ba and 152Eu. The en-
ergy resolutions (full width at half maximum) were 3.8 and
9.6 keV, respectively, at the 122-keV peak of the 152Eu source.

V1724 wave-form digitizers with a 100-MHz sampling
from CAEN S.p.A [22] were used for data acquisition.
The wave forms from the charge-sensitive preamplifier were
recorded in 20-µs-long traces for the signals from the front
of the DSSD and in 30-µs-long traces from the back.
The silicon detectors were calibrated by using a standard
239Pu - 241Am - 244Cm hybrid α source and known α-decay
peaks from the 54Cr + 159Tb reaction. The energy resolutions
were about 30 keV for full-energy α events detected by the
DSSD and 90 keV for reconstructed events detected by the
DSSD and SSDs.

III. RESULTS AND DISCUSSION

The α-decay energies and half-lives of 262Bh and 261Bh and
their daughter nuclei are similar; thus, the assignment has to
rely on their granddaughters 254Lr and 253Lr. The data analysis
revealed that electron capture (EC) is a significant decay mode
in the correlation chains of 262Bh. Due to the presence of an
EC-α branch and an EC branch in 258Db and 254Lr, the isotope

TABLE I. The numbers of observed 262Bh and 261Bh at two beam
energies.

Isotopes Ebeam = 264.1 MeV Ebeam = 270.4 MeV

262Bh 137 6
261Bh 0 26

254No was generated. Therefore, 262Bh was identified by the
α-particle energies and lifetimes of the granddaughter 254Lr
and the great-granddaughter 254No. At the beam energy of
264.1 MeV, 137 correlation chains were assigned to 262Bh,
while 261Bh was absent. At 270.4 MeV, 6 events from 262Bh
and 26 events from 261Bh were detected, respectively. The
numbers of observed 261,262Bh at two beam energies are listed
in Table I.

A. 262Bh

A total of 143 α-decay events of 262Bh were observed in
this work. Figure 1(a) shows the energy spectrum of 81 full-
energy events. The broad distribution suggests the possible
existence of an isomeric state, as well as energy summing
effects resulting from the internal conversion electrons and α

particles. The prior research [19] indicated that the identifica-
tion of ground and isomeric states in 262Bh remains uncertain.
Unfortunately, our research has not yielded any further in-
sights into this issue. Therefore, a definitive differentiation

FIG. 1. (a) α-decay spectrum of 262Bh for full-energy events
on the DSSD. (b) Two-dimensional scatter plot of lifetime versus
energy of α decays of 262Bh. Histograms depicting the distribution of
lifetimes for 262Bh(1) and 262Bh(2) are presented in the inset graph,
where the red curves are the fitted decay-time distributions.
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TABLE II. Summary of the half-lives for 262Bh(1) and 262Bh(2).

262Bh(1) 262Bh(2) Ref.

96+18
−13 ms 21+8

−5 ms This work
115+231

−75 ms 4.7+2.3
−1.6 ms [5]

102 ± 26 ms 8.0 ± 2.1 ms [6]
135+15

−12 ms 13.2+1.2
−1.0 ms [17]

120+55
−29 ms 16+14

−5 ms [18]
83 ± 14 ms 22 ± 4 ms [19]

between ground and isomeric states cannot be established.
However, despite the lack of a comprehensive understanding
of their differences, we can still utilize the notations (1) and
(2) to describe the long-lived and short-lived states of 262Bh
for our ongoing research.

Figure 1(b) is partitioned into three intervals based on
the α-particle energies of 9.95 and 10.3 MeV. The energy
intervals below 9.95 MeV and above 10.3 MeV are assigned
to 262Bh(1) and 262Bh(2), respectively. Due to the intricate
nuclear structure of 258Db, distinguishing between 262Bh(1)
and 262Bh(2) within the energy interval of 9.95 to 10.3 MeV
poses a significant challenge. Therefore, the half-lives of
262Bh(1) and 262Bh(2) are deduced without considering the
events within this interval. The half-lives of 262Bh(1) and
262Bh(2) are determined to be 96+18

−13 and 21+8
−5 ms, respec-

tively. Table II summarizes the half-lives obtained from this
work and all the previously reported values for both states
of 262Bh. The half-lives are in agreement with the results of
Nelson et al. [18] and Heßberger et al. [19], although there
are differences in the division of 262Bh(1) and 262Bh(2) based
on the α-particle energy. The distinction between 262Bh(1)
and 262Bh(2) is somewhat ambiguous and requires further
investigation with higher statistics.

Figure 2 shows a two-dimensional scatter plot of the α-γ
prompt coincidence from 262Bh and the corresponding γ spec-
trum. The energies of 129, 138, and 155 keV were found to
be consistent with those reported in previous literature [19].
The 129- and 138-keV events are interpreted as the Kα2 and
Kα1 lines from 258Db, respectively. The 155-keV line is more
similar to an E1 transition. Unfortunately, the 61-keV event
cannot be assigned definitely in this work.

Figure 3 shows the ER-α1-α2 correlation of α decays
between the parent 262Bh and the daughter 258Db. Only those
events detected with full energy by the DSSD at the beam
energy of 264.1 MeV are included. The searching time win-
dow is 1 s for the ER-α1 pair and 30 s for the α1-α2
pair. The α-decay energies of 258Db are mainly in the range
from 8.9 to 9.3 MeV, which is consistent with the results
in Refs. [19,23]. The half-lives of 258Db following decays
of 262Bh(1) and 262Bh(2) are determined to be 4.0+1.1

−0.7 s and
3.0+1.8

−0.8 s, respectively. The former might be regarded as decay
from the long-lived (4.41 ± 0.21 s [23]) isomer in 258Db and
the latter is tentatively assigned to decay from the short-lived
(2.17 ± 0.36 s [23]) ground state in 258Db.

The α-decay half-life of the granddaughter 254Lr was de-
termined to be 15 ± 2 s, which is consistent with the literature
value of 18.1 ± 1.8 s [24]. Utilizing the α-particle energy of

FIG. 2. (a) Two-dimensional scatter plot of α-γ prompt coin-
cidence from 262Bh. (b) The γ spectrum from the α-γ prompt
coincidence events.

258Rf [25] and 254No [26], two full-energy events, which are
assigned to the decay chains of the types ER(262Bh)

α−→ 258Db
EC−→ 258Rf

α−→ 254No and/or ER(262Bh)
α−→258Db

α−→ 254Lr
EC−→

254No, were observed.

FIG. 3. Two-dimensional scatter plot of α-particle energies from
the parent 262Bh and the daughter 258Db for the ER-α1-α2 correla-
tion. The searching time window is 1 s for the ER-α1 pair and 30 s
for the α1-α2 pair. Only those events detected with full energy by the
DSSD at the beam energy of 264.1 MeV are included.
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FIG. 4. The α-decay energy spectra of 261Bh, 257Db, and 253Lr.
The lifetime distribution of 261Bh is presented in the inset graph; the
red curve shows the calculated decay-time distribution with a half-
life of 8.9 ms.

At the beam energy of 270.4 MeV, we observed an

ER(262Bh)
α−→ 258Db

EC−→ 258Rf
SF−→ correlation chain. It was

assigned to 262Bh(1) based on the lifetime of 206 ms and the
α-particle energy of 9.855 MeV of the ER. At 264.1 MeV, 25
correlation chains mentioned above were assigned to 262Bh.

The production cross section of 262Bh was determined
to be 703+261

−246 pb at the beam energy of 264.1 MeV and
56+76

−40 pb at 270.4 MeV. The transmission efficiency of
the SHANS2 separator for cross-section calculations was
measured to be 56(10)% through the 208Pb(48Ca, 2n) 254No
reaction.

B. 261Bh

A total of 26 correlation chains of 261Bh were observed, 3

of which have the chain of ER(261Bh)
α−→ 257Db

α−→ 253Lr
SF−→.

The half-life of 261Bh was determined to be 8.9+2.2
−1.5 ms,

which corresponds to the published values of 11.8+5.3
−2.8 ms [6],

10+14
−5 ms [16], and 6.7+3.8

−1.8 ms [18]. Figure 4 shows the
α-particle energy spectra of the parent 261Bh, the daughter
257Db, and the granddaughter 253Lr.

The energy spectrum of 261Bh shows a wide distribution
as a result of energy summing effects caused by internal
conversion electrons and α particles. An obvious peak is ob-
served at 10.061 MeV in the energy spectrum of 261Bh. It is
attributed to the α decay originating from the 5/2−[512] state
of the parent to the 5/2−[512] state of the daughter and piles
up with the internal conversion electron from the 5/2−[512]
to the 1/2−[521] proton single-particle state of the daughter
[10]. The energies and half-lives of α decays for the parent,
daughter, and granddaughter nuclei of 261Bh from this work
and the literature are summarized in Table III.

A γ event was detected in the α-γ prompt coincidence,
with a corresponding γ energy of 245 keV detected by
the Clover detector. This event is assigned to 261Bh based
on the α-decay energy of the granddaughter 253Lr. The γ

event of 257Db might be interpreted as an E1 transition
from the 7/2−[514] to the 9/2+[624] proton single-particle
state, based on the previously suggested decay scheme in
Ref. [10].

In this work, we observed 17 full-energy events of 253Lr
on the DSSD. By considering a detection efficiency of 55%
for events with full energy deposited in DSSD, 31 α-decay
events in total from 253Lr were expected, of which 18
events were originated from 253Lr(1) and 13 from 253Lr(2).

Three ER(261Bh)
α−→ 257Db

α−→ 253Lr
SF−→ correlation chains

were observed at the beam energy of 270.4 MeV. If the
three events were assigned to 253Lr(1), the spontaneous fission
branching ratio of 253Lr(1) would be deduced as 14+10

−8 %,
which is slightly larger than the reported value 8(5)% in
Ref. [27]. This may potentially be attributed to a statistical
error, wherein an increase in the count leads to a corre-
sponding improvement in the accuracy of the branching
ratio.

TABLE III. α-particle energies and half-lives of 261Bh, the daughter 257Db, and the granddaughter 253Lr from this work and the literature.

This work Literature data

Isotope Eα/keV Number T1/2 Eα/keV T1/2 Ref.

261Bh ≈10 000 22a 9.0+2.4
−1.6 ms ≈10 000 11.8+3.9

−2.4 ms [10]
9900-10 160 13a 8.4+3.2

−1.8 ms 9900–10 160 11.5+7.0
−3.2 ms [10]

10 160–10 400 9a 9.8+4.9
−2.5 ms 10 160–10 400 12.0+6.0

−3.0 ms [10]
257Db(1) 9161 ± 13 11 0.48+0.21

−0.11 s 9163 ± 10 0.76+0.15
−0.11 s [27]

257Db(2) 9075 ± 13 4 0.91+0.63
−0.26 s 9074 ± 10 1.50+0.19

−0.15 s [27]
8987 ± 13 2 8967 ± 15 [27]

253Lr(1) 8725 ± 13 10 1.23+0.57
−0.29 s 8722 ± 10 1.49+0.30

−0.21 s [27]
253Lr(2) 8797 ± 13 7 0.70+0.42

−0.19 s 8794 ± 10 0.57+0.07
−0.06 s [27]

aFull-energy and reconstructed events.
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The production cross section of 261Bh was determined to be
174+92

−77 pb at the beam energy of 270.4 MeV, while no 261Bh
was observed at 264.1 MeV, thus only an upper limit of 33 pb
can be estimated.

C. Spontaneous fission

We scrutinized all the data to determine whether any
SF events could be attributed to 262Bh or 261Bh and found
two such ER-SF events, which correspond to the excitation
energies of the compound nucleus at 17.0 and 22.0 MeV,
respectively. The first ER-SF event at the beam energy of
264.1 MeV shows an implantation energy of 14.7 MeV, with a
position at the strip number 107 in the horizontal direction and
29 in the vertical direction, followed by a signal of 174.2 MeV
after 336.6 ms. The lifetime of the ER significantly exceeds
the half-life of 262Bh(2) or 261Bh; thus, it may be attributed to
either 262Bh(1) or its EC-decay product 262Sg. However, the
absence of a detectable second fission fragment in this event
presents challenges in distinguishing them from projectilelike
particle signals. The second ER-SF event at the incident en-
ergy of 270.4 MeV was implanted in the DSSD with an ER
energy of 15.5 MeV, with a position at the strip number 75
in the horizontal direction and 26 in the vertical direction.
A signal from a second fission fragment was detected by the
SSD, resulting in a total SF energy of 179.9 + 8.3 MeV and
a lifetime of 18.2 ms. However, determining whether the ER
is 262Bh or 261Bh based on its lifetime presents a challenging
task.

D. Excitation function

The excitation functions of 262Bh and 261Bh in the
54Cr + 209Bi reaction system are shown in Fig. 5, where the
theoretical values are calculated from the HIVAP code [28,29],
and the experimental data are obtained from this work and
Refs. [5,6,18]. In the HIVAP code, the BARFAC parameter
is used to adjust the fission barrier height of the liquid-drop
model, thereby regulating the competition between fission
and alternative decay channels, such as light particle evapora-
tion and γ -ray emission. Nevertheless, the liquid-drop model
predicts an almost negligible fission barrier in the region of
superheavy nuclei and adjusting the BARFAC parameter does
not effectively modify the height of the fission barrier. The
HIVAP code takes into account the extra-push mechanism to
increase the height of the interaction barrier, consequently
suppressing fusion probability. The curves in Fig. 5 were
generated by adjusting the extra-push parameters within the
HIVAP code framework.

IV. CONCLUSION

261,262Bh have been studied and reinvestigated by using
the fusion evaporation reaction 54Cr + 209Bi at the gas-filled
recoil separator SHANS2. 262Bh exhibits two distinct states

FIG. 5. The excitation functions of 262Bh and 261Bh. Ecot repre-
sents the beam energy of 54Cr at the center of target in the laboratory
system. The theoretical curves were calculated by using the HIVAP

code and the points are experimental data from GSI [5,6], LBNL
[18], and this work. The masses of 54Cr, 209Bi, and the compound
nuclei 263Bh are taken from AME2020 [30]. The Coulomb barrier
VBASS of the 54Cr + 209Bi reaction system was calculated by using the
BASS nuclear-nuclear interaction potential [31].

with half-lives of 96+18
−13 and 21+8

−5 ms, respectively, and the
half-life of 261Bh was measured to be 8.9+2.2

−1.5 ms. At the beam
energy of 264.1 MeV, the production cross sections of 262Bh
and 261Bh were measured to be 703+261

−246 and < 33 pb, respec-
tively, while they were 56+76

−40 and 174+92
−77 pb at 270.4 MeV.

The half-life and cross-section data obtained in this work are
consistent with the results from prior experiments.
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