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Production of >*Bh in the ***Cm(**Na,51)***Bh reaction and its decay properties
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The nuclide 2°°Bh was produced in the *Cm(**Na,51)**°Bh reaction at beam energies of 125.9, 130.6, and
135.3 MeV. Decay properties of 2°Bh were investigated with a rotating wheel apparatus for o and spontaneous
fission (SF) spectrometry under low background conditions attained by a gas-jet transport system coupled to the
RIKEN gas-filled recoil ion separator. Based on genetically correlated o~ and «-SF decay chains, a total of 23
chains were assigned to 2 Bh and its daughter nuclide 2°?Db and granddaughter 2**Lr. The half-life of 2°Bh was
measured to be Tj, = l0.0ffﬁ s which is an order of magnitude longer than the literature data. The «-particle
energies of 2*Bh disperse widely in the range of E, = 8.62-9.40 MeV. The maximum production cross section
for the 2**Cm(*Na, 51)**°Bh reaction was determined to be o = 57 & 14 pb at 130.6 MeV, whereas the upper
limit for the 2Cm(**Na,4n)**"Bh reaction was o < 14 pb at 121.2 MeV. These cross sections are discussed by
comparing with the literature data as well as the theoretical calculations.

DOI: 10.1103/PhysRevC.102.024625

I. INTRODUCTION

Decay properties of superheavy element (atomic number
Z > 104) nuclei have been systematically investigated to
verify the predicted spherical nuclear shell closure at proton
number Z = 114, 120-126, and neutron number N = 184 as
well as the deformed shell at Z = 108 and N = 162 [1-4].
Neutron-rich and long-lived isotopes of 2*’Bh and 2%°Bh,
which are located around Z = 108 and N = 162, were first
produced by Wilk et al. [5] in the ***Bk(*’Ne,4n)**’Bh and
29Bk(*Ne, 51n)*°Bh reactions, respectively, at the Lawrence
Berkeley National Laboratory 88-in. cyclotron using a gas-jet
coupled rotating wheel apparatus which was equipped with
six pairs of passivated ion-implanted planar silicon (PIPS)
detectors for o spectrometry. Identifications of 2°’Bh and
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266Bh were performed by observation of genetically corre-
lated o decays between the Bh isotopes and their Db and
Lr daughter nuclides. Five o-a correlations including one
random of unrelated o decays were assigned to 2’Bh. 2’Bh
decays with a half-life 77, = 17fé4 s by emission of « parti-
cles with an average energy of E, = 8.83 £ 0.03 MeV. Their
experimental setup was not sensitive to a spontaneous fission
(SF) decay due to fission contamination attributed to 26pm,
The production cross sections for the ***Bk(*’Ne,4n)**’Bh
reaction were o = 58732 and 96732 pb at 117 and 123 MeV,
respectively. At 123 MeV, one a-a-o correlation of 2°°Bh
was observed with o = 25-250 pb, decaying within 1 s by
emission of a 9.29-MeV « particle. Immediately after the
report of the long-lived 2°’Bh by Wilk et al. [5], Eichler et al.
[6] investigated chemical properties of Bh in the form of its
oxychloride where six correlated decay chains of ’Bh (about
1.4 random correlations), formed in the 2**Bk(*’Ne,4n)*"Bh
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TABLE 1. Decay properties and production cross sections of 200Bh. Listed are beam energies (Epeam), numbers of observed atoms (N),

random numbers (NVg), half-lives (77 ,,), and cross sections (o).

Reaction* Egeam (MeV) N(NR) Ty (s) E, (MeV) o (pb) Reference
29Bk(*Ne, 5n)*°Bh 123 1(0.0016) ~1 9.29 25-250 [5]
29Bi("Zn,n)*"®Nh — ?*Rg — 7'Mt — Bh  349-351 3(0.090) 2.172%  9.08;9.77;9.39 0.022700%  [7-9]
23 Am(*Mg,3n)***Bh 135 4(0.054) 0.66737 9.03 £0.08 154+ 10 [10]
8Cm(*Na,5n)*°Bh 126132 20P (0.056) 8.82; 8.84-8.99; 9.05-9.23 50¢ [11]

?Arrows indicate the a-decay chain.
Nine in 20 events were tentative assignments.
°Energy-averaged and inclusive cross section of 2°Bh and 2’Bh

reaction at 119 MeV, were observed with the stepwise rotating
wheel equipped with 12 pairs of the PIPS detectors after the
chemical separation. The measured six « energies of >*’Bh
ranged from E, = 8.72to 8.91 MeV and the half-life of 2’Bh
deduced from the average decay time was 71, = 141“2 S.

In the new element search program at RIKEN, Wako,
Japan, Morita and co-workers [7-9] observed three o« de-
cays of 2°Bh as a descendant of the element 113 isotope,
28Nh produced in the *Bi(’°Zn,n)*’®Nh reaction using a
silicon semiconductor detector box placed at the focal plane
of the RIKEN gas-filled recoil ion separator (GARIS). The
reported three o energies of 2°Bh (E, = 9.08 & 0.04 MeV
[7], 9.77 £ 0.04 MeV [8], and 9.39 £+ 0.06 MeV [9])
were different from each other and the mean lifetime of
the three decays was 7 =3.0717s(Tip =2.17335). The
9.08-MeV « group reported by Morita et al. [7] was con-
firmed in the 243Am(%Mg,Srz)%‘SBh reaction at 135 MeV at
the Heavy Ion Research Facility in Lanzhou, China where
Qin et al. [10] observed four correlated o decays between
266Bh and its daughters 2°Db and >®Lr using the rotating
wheel system equipped with four pairs of the PIPS detec-
tors. The measured o energy and half-life of 2*Bh were
E, =9.03£0.08MeV and Ti, = 0.66703¢ s, respectively.
Their experimental setup was not sensitive to the «-SF
correlations.

To enhance the decay data of 2°Bh, Morita e al. [11] stud-
ied the decay properties of 2°Bh in the >**Cm(**Na, 51)**Bh
reaction at 126, 130, and 132 MeV by using the similar
experimental setup for the 2 Bi("°Zn,n)*"®Nh reaction [7-9].
The four a-a-«, five a-ce, and four «-SF correlations, which
initiated from the parent o decays with E, = 8.82, 8.84, and
9.05-9.23 MeV, were assigned to °°Bh, even though the «
energies of E, = 8.82 and 8.84 MeV just coincide with E, =

8.83 MeV reported for 267B} in Ref. [5]. Furthermore, Morita
et al. [11] tentatively assigned the eight «-SF correlations
with a new « group of E, = 8.93-8.99 MeV for 2Bh. As
for 2°’Bh, one a-a-SF correlation could be assigned to the
chain 2’Bh — 2°Db — »°Lr —. The four «-SF correla-
tions with E, = 8.71-8.84 MeV, however, were tentatively
assigned to 2’Bh — 2%Db — because the possible assign-
ment to 2°Bh — 22Db — could not be excluded due to the
very similar decay properties of their daughter nuclides. Since
Morita et al. [11] analyzed only the data collected in the beam-
off period due to high count rates of the focal plane detector
of GARIS during the beam-on period, no time difference be-
tween the evaporation residue implantation and its decay was
obtained. Thus, the half-lives of 2°°Bh and 2’Bh could not
be determined. An energy-averaged and inclusive cross sec-
tion for the ***Cm(**Na,5n)***Bh and ***Cm(**Na,4n)*’Bh
reactions was o = 50 pb at 126132 MeV.

The number of the observed events, half-lives, o energies,
and cross sections of 2°Bh and 2*’Bh from the previous stud-
ies [5—11] are summarized in Tables I and II, respectively. The
o energies and half-lives reported for 2°Bh in Refs. [5,7-11]
are not in good agreement. The assignments of the observed
decay events to 2°Bh and 2°’Bh were often ambiguous due
to the very similar decay properties of their daughters °*Db
(T2 = 33.8s; decay branch b, /bsp = 48%/52%; E, = 8.46
and 8.68 MeV [12]) and Db (T, = 27s; by /bsg/brc =
41%/55% /3% E, = 8.36 MeV [13]), and their granddaugh-
ters *8Lr (Ti)2 = 3.54s; by /bpc = 97.4%/2.6% [12]; E, =
8.654, 8.621, 8.595, and 8.565 MeV [14]) and *°Lr (T;» =
6.35; by /bsy = T7%/23%; E, = 8.45MeV [14]). The decay
patterns of *°Bh and 2*’Bh are shown in Fig. 1. In ad-
dition, no excitation functions were measured for both the
249Bk(22NC, 5;4n)266,267Bh and 248Cm(23Na’ 5;4n)266,267Bh

TABLE II. Decay properties and production cross sections of 267Bh. Listed are beam energies (Egeum), numbers of observed atoms (),

random numbers (NVg), half-lives (77 ,,), and cross sections (o).

Reaction Egeam (MeV) N (NR) Ti (s) E, (MeV) o (pb) Reference
2Bk (*Ne,4n)*"Bh 117; 123 3;2(~1) 1744 8.83 £ 0.03 58733,96133 [5]
29Bk(*Ne,4n)**’Bh 119 6 (1.4) 14450 8.72-8.91 [6]
28Cm(*Na,4n)*’Bh 126-132 54 (0.014) 8.71-8.84 50¢ [11]

“Four events in five were tentative assignments.

The half-life was deduced from the reported lifetimes in Ref. [6] by the authors.

°Energy-averaged and inclusive cross section of 2°Bh and ’Bh
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FIG. 1. Decay patterns reported for the chains 2*Bh — 2?Db — 2%Lr — (*: [5]; T: [7-9]; ¥: [10]; 8: [11]; I [12]; %: [14]) and *’Bh —
3Db — Lr — ("1 [5]; *": [6]); 8: [11]; 71 [13]; 1: [14]). The electron capture (EC) decay branches are known for 8Lr and 2*Db, and their

EC decay daughters 2®No and 2*Rf, respectively, decay by SF.

reactions, although they must be important clue for mass
assignments.

The production and decay data of >*Bh as well as 2°’Bh
are still inadequate as mentioned above. This has led us to
further studies of the isotopes with use of a more sensitive
technique. We have been developing a gas-jet transport system
coupled to RIKEN GARIS for use in experimental studies
in the field of superheavy element chemistry [15]. 20!Rf%?,
262Db, and 2%3Sg®” produced in the *Cm('80,5n)?0'Rf*?,
28Cm(1F,51)**Db, and *8Cm(**Ne,5n)*%3Sg®” reactions,
respectively, were extracted by the gas-jet transport system
to a chemistry laboratory after the separation by GARIS
[12,16-18]. The « and SF decays of those isotopes were
investigated in detail using the measurement system for the
a-particle and spontaneous fission events on line (MANON)

coupled to the gas-jet transport system under low back-
ground conditions. In this paper, we investigated the pro-
duction and decay properties of 2°Bh and *’Bh via the
28Cm(*Na,5n)*°Bh and 2**Cm(*Na,4n)’*’Bh reactions,
respectively, using the GARIS gas-jet and MANON setups.

II. EXPERIMENTAL TECHNIQUES

The experimental conditions, such as beam energy at the
middle of the target, thickness of 28Cm target, beam integral,
and step interval of MANON, are summarized in Table III.
The *Na’* ion beam was extracted from the RIKEN Lin-
ear Accelerator. The ***Cm,0; targets of 256-290-/1g/cm?
thicknesses were prepared by the molecular-plating method
and deposited on a 2-um Ti backing foil. The isotopic

TABLE III. Experimental conditions and number of correlations. Listed are beam energies, thicknesses of the Cm, 0, target, beam
integrals, step intervals of the rotating wheel apparatus MANON, and numbers of observed and expected «-o, a-cc-o, and «-SF correlations.

Beam Thickness of the Beam Step interval Number of observed correlations

energy 28Cm, 05 target integral of MANON (Expected number of random correlations)
(MeV) (jg/cm?) (x10"®) (s) a-a a-a-o a-SF
121.2 257 10.20 8.5 0(0.15) 0(0.00) 0(0.02)
125.9 256 9.26 8.5 1(0.16) 0 (0.00) 3(0.03)
130.6 290 4.96 5.0 0(0.16) 0 (0.00) 4 (0.02)
130.6 290 3.99 15.0 5(0.23) 1 (0.00) 1(0.01)
130.6 257 8.90 8.5 5(0.28) 1 (0.00) 3 (0.06)
130.7 257 9.02 8.5 11(0.43) 3(0.00) 2(0.03)
135.3 256 11.21 8.5 9(0.15) 2 (0.00) 0(0.02)
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composition of the Cm target was 96.64% 2*Cm, 0.04%
#71Cm, 3.17% ***Cm, 0.13% ***Cm, and 0.02% ***Cm. The
eight arc-shaped targets were mounted on a rotating wheel
of 100-mm diameter, and the wheel was rotated during the
irradiation at 1000 rpm. The beam intensity was monitored
by measuring elastically scattered projectiles with a Si PIN
photodiode (Hamamatsu S1223) mounted 1.42 m downstream
of the target at 45° with respect to the beam axis. The
beam energies at the middle of the target were calculated
to be 121.2, 125.9, 130.6, 130.7, and 135.3 MeV using the
stopping power model by Ziegler et al. [19] in the LISE++
program [20]. It is noted that the excitation functions calcu-
lated for the ***Cm(*Na, 51)*°Bh and ***Cm(*Na,4n)**’Bh
reactions by the HIVAP code [21] exhibit the maximum cross
sections of 0 =60 and 11 pb at 131 and 121 MeV, re-
spectively (see Fig. 6). The typical beam intensity was 3
particle A (puA); 1 piA corresponds to an impinging beam
of 6.24x10'? particles/s. The evaporation residues (EVRs)
of interest were separated in flight from the beam particles
and the majority of the nuclear transfer products by GARIS
and were guided to a focal plane of GARIS. GARIS was
filled with helium gas at a pressure of 33 Pa and the mag-
netic rigidity Bp was 2.12 Tm. The efficiency for collecting
266Bh at the focal plane of GARIS was estimated to be 15%
based on our separate experiments with >>No [22], 2°'Rf“
[16], and 2*’Db [12] produced in the 2¥U(**Ne,5n)*>°No,
248Cm(180,5n)261Rf", and 248CIn(lgF,Sn)%sz reactions,
respectively.

At the focal plane of GARIS, a gas-jet chamber of 100-mm
inner diameter and 20-mm depth was equipped. The EVRs
separated with GARIS passed through a Mylar vacuum win-
dow foil of 0.7-um thickness which was supported by a
honeycomb-hole grid with 78.2% transparency. In the gas-
jet chamber, the EVRs were thermalized in helium gas, at-
tached to aerosol particles of potassium chloride, and were
continuously transported through a Teflon capillary (2.0-mm
inner diameterx 10-m length) to the rotating wheel apparatus
MANON for « and SF spectrometries [15—-17], which was
placed in a chemistry laboratory isolated with a 0.5-m con-
crete shield from an irradiation room. The flow rate of the
helium gas was 5.0 1/min, and the inner pressure of the gas-jet
chamber was 80 kPa. The gas-jet transport efficiency and the
average transport time were estimated to be 50% and 3 s,
respectively, based on our previous >*Cm('30,5n)**'Rf*?
experiments [16,17].

In MANON, the aerosol particles were deposited on a
gold-coated (5 nm) Mylar foil of 0.5-um thickness, 40 of
which were set on the periphery of a rotating wheel. The
wheel was stepped to position the foils between 15 pairs of Si
PIN photodiodes (Hamamatsu S3204-09). The step intervals
of MANON were set to 5.0, 8.5, and 15.0 s that resulted in
measuring times of 0.3-75.0, 0.3-127.5, and 0.3-225.0 s for
each sample with the 15 detectors; the detector dead time
during the rotation of the wheel was 0.3 s for each step. Each
Si PIN photodiode had an active area of 18x18 mm? and
a 38% counting efficiency for the samples deposited on the
Mylar foil. Each signal of the detector was divided into signals
for « particles (1-20 MeV) and SF fragments (5-150 MeV).
The a-energy resolution was about 50-keV full width at half
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FIG. 2. Sum of a-particle spectra measured in the 15 top detec-
tors of the rotating wheel apparatus MANON at the step interval
of 8.5 s. The beam integral of 8.90x10'" was accumulated at
130.6 MeV. The *¥Cm,0; target with a thickness of 257 ug/cm?
was used. The o groups reported for *Bh (E, = 8.82, 8.84-8.99
MeV [11], 9.03 MeV [10], 9.05-9.23 MeV [7,11], 9.29 MeV [5],
9.39 MeV [9], and 9.77 MeV [8)), its a-decay daughter 2*Db (E, =
8.46 and 8.68 MeV [12]) and granddaughter >®Lr (E, = 8.565,
8.595, 8.621, and 8.654 MeV [14]) are not very clear in the spectrum.

maximum (FWHM) in the top detectors and about 100 keV in
the bottom detectors; the latter was larger because of energy
degradation in the Mylar foils. For daughter nuclides which
recoiled out from the sample onto the top detector, the «-
energy resolution would become larger than the above value
in the top detectors due to the closer distance to the detector.
All events were recorded in an event-by-event mode together
with time information. During all irradiations, the wheels
containing the Mylar foils were replaced every 12 h at the
longest to prevent the buildup of the long-lived radioactivities.

III. RESULTS

Figure 2 shows a typical example of «-particle spectrum
measured in the 15 top detectors of MANON at the step
interval of 8.5 s. The beam integral of 8.90x10'® was ac-
cumulated at 130.6 MeV where the excitation function for
the 2Cm(**Na,5n)*°°Bh reaction by the HIVAP code [21]
exhibits the maximum cross section (see Fig. 6). In this
measurement, six time-correlated « decays of 206Bh were
observed (chains 13—18 in Table IV). Due to the very small
number of the events, however, o groups reported for 2068
(Ey = 8.82, 8.84-8.99 MeV [11], 9.03 MeV [10], 9.05-9.23
MeV [7,11], 9.29 MeV [5], 9.39 MeV [9], and 9.77 MeV
[8]), its a-decay daughter 2*’Db (E, = 8.46 and 8.68 MeV
[12]) and granddaughter >%Lr (E, = 8.565, 8.595, 8.621, and
8.654 MeV [14]) are not very clear in Fig. 2. After the GARIS
separation, radioactivities due to o decays of multinucleon
transfer reaction products from the Cm target as well as the
Pb impurity in the target material or the target assembly were
fairly suppressed compared with the previous >**Bk 4 ?’Ne
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TABLEIV. Correlated decay chains observed in this paper. Given are the number of the chain, the beam energy at which it was observed, the
o energies of parent (E;), daughter (E,), and granddaughter (£73), and the observed decay times of parent (t;), daughter (t,), and granddaughter
(73). 71 is defined as an elapsed time since the beginning of the measurement. Fission fragment energies are not corrected for pulse height
defect and energy degradation in a Mylar foil for bottom detectors. The detector in which the event was observed is given in parentheses; “7T"”
stands for top detectors, and “B” stands for bottom detectors. The classifications by groups A — E in the two-dimensional plot of the correlated
event pairs (Fig. 3) are also listed. In the last column, the decay assignments are given for each chain.

Beam energy

No. MeV) E; MeV) 1 (s) E, (MeV) 7 (s) E; (MeV) 713 (s) Group Decay assignment

1 1259  9.01(B2) 10.03 82/98 (T11/B11) 81.96 B 20} — 22Dp —»

2 1259  875(B2) 13.30 8.09(T2) 246.09 Not assigned

3 1259  9.25(T1) 1.38 130/56 (T8/B8)  58.37 B 20Bh — 22Db —

4 1259  8.96(T3) 24.09 98/38 (T4/B4) 5.16 B 20} — 22Dp —»

5 130.6  9.40(T4) 19.00 115/64 (T7/B7) 13.52 B 20Bh — 22Dp —

6 130.6 8.80 (B6) 26.27 135/86 (T6/B6) 19.62 B 26Bh — 22Dh —

7 130.6  9.05(T12) 57.28 90/91 (T14/B14)  8.86 B 208 — 22Dp —»

8 130.6 8.66 (B1)  2.34 108/84 (T4/B4) 13.95 D Bh — 22Db — or Db — *Lr(**No) —
9 130.6  8.89(BIl)  5.17 8.49(Tl) 58.93 8.64(T1) 838 A,E 20Bh — 22Dph — 2B r —
10 130.6 8.84 (T1) 9.19 114/86 (T5/B5)  61.36 B 26Bh — 22Dbh —

11 130.6 8.67 (T13) 184.79 8.72 (T13) 7.77 C 202D — 28 ¢ —»

12 130.6 8.72 (T1) 740 8.74 (T5) 64.59 C 26Bh — 22Db / 28Lr —
13 130.6  9.12(T1)  0.92 8.70(T2) 1029 8.59(T3) 7.05 A,C 26Bh — 2°Db — >’Lr —
14 130.6  885(T1)  7.68 93,76 (T11/B11) 79.78 B 208} —» 22Dp —»

15 130.6 8.86(T2) 13.05 119/88 (T13/B13) 95.01 B 26Bh — 22Db —

16 130.6 8.98 (T2) 16.43 127/27 (T6/B6) 31.41 B 26Bh — 22Dp —

17 130.6  8.71(B5) 34.43 8.43(T5) 44.26 C 0B} —» 22Dp —»

18 130.6 8.80 (B2) 13.65 8.62(T2) 12.76 A 26Bh — 22Db / 28Lr —
19 130.7 846 (T1)  0.47 8.0 (Bl) 6.68 E 22D — P8 —

20 130.7  8.62(Tl)  2.42 845(Tll) 89.48 8.63 (T11) 1.24 C,E 26Bh — 2°Db — 2’Lr —
21 130.7  8.41(B4) 30.63 8.67 (T4) 0.96 E 22Dp — 28Lr —

22 1307  897(T2) 10.32 8.39(B2) 272 8.62(T2) 589 A,E 20Bh — 22Dph — 2BLr —
23 130.7 9.29 (B1)  4.10 69/102(T1/Bl) 186.72 B 26Bh — 22Db —

24 130.7  8.86(T4) 33.65 133/89(T9/B9)  40.50 B 26Bh — 22Dp —

25 130.7  8.63(B3) 23.98 8.61(T4) 5.92 C °Bh — 2?Db/>®Lr — or *’Db — >’Lr —
26 130.7 9.37 (T1) 5.97 8.46 (T11) 84.31 A 26Bh — 22Dph —

27 130.7 9.17(B2)  8.81 8.49(T2) 19.75 8.61(T3) 555 A,E 26Bh — 22Dh — 28Lr —
28 1353  9.04(Bl) 033 8.63(TI) 9.07 8.59(T1) 4.64 A,C 20Bh — 2°Db — 2’Lr —
29 1353 8.43(T5) 35.94 8.56 (T5) 1.33 E 22Dp — 28 —

30 1353  847(B2) 16.51 8.32(T3) 6.01 E 02Dp — P8 —

31 1353  825(B8) 60.94 8.61 (T9) 7.53 E 2Dp — P8 —

32 135.3 9.22(T3) 21.17 8.46 (T5) 19.27 8.34(B6) 4.00 A,E 20Bh — 22Dh — 28 r —

and 2*Am + 2°Mg experiments (e.g., Fig. 2 of Ref. [5] and
Fig. 2 of Ref. [10]). The prominent 7.687-MeV « line is due
to 2*Po; 2Po is a descendant of the natural radioisotope
222Rn in the room, and its daughter nuclides stick to the
detectors during a replacement of the Mylar foils. Similarly,
the 8.785-MeV « line is >'?Po as a descendant of the natural
radioisotope **’Rn in the room.

For all events collected with MANON, we searched
for time-correlated «-ov event pairs in the «-energy ranges
of 8.00MeV < E, < 10.00MeV and 8.00MeV < E, <
8.77MeV for the parent and daughter « events, respectively,
based on the reported o energies of 2°°Bh and 2’Bh and their
daughters (see Fig. 1). We also searched for time-correlated
a-SF event pairs in the parent a-energy range of 8.00 MeV <
E, < 10.00 MeV. The coincident events in the top and bottom
detectors in the SF fragment energy range of Esr > 20 MeV
were assigned to SE. The time window for the search of the

a-o and «-SF event pairs was set to 340 s which corresponds
to 10 and 13 half-lives of the - and SF-decay daughters 2°*Db
(Ti/» = 33.8s [12]) and *®*Db (Tj;, =27s [13]) of *Bh
and 2°’Bh, respectively. As a result, a total of 31 a-o and
13 «-SF correlations were obtained. It is noted that 19 out
of the 31 a-a compose seven triple-o correlations (o-o-o¢).
The numbers of the a-o, a-o-or, and «-SF correlations are
summarized in Table III. Random rates for those correlations
were calculated by taking the observed number of all « events
and multiplying by the probability of observing o or SF
within the required time. The expected maximum numbers
of the random correlations are listed in Table III, and they
are less than 0.43, 0.01, and 0.06 for a-o, a--o, and «-SF,
respectively. The details of all of the correlations are shown
in Table IV where the beam energies, the @ or SF fragment
energies of parent (E|), daughter (E,), and granddaughter
(E3), the detectors in which the event was observed, and
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FIG. 3. Two-dimensional presentations of time-correlated events observed in the bombardment of >*Cm with »*Na ions: (a) «;-SF (;:
parent o) correlations and (b) o1-a» (or2: daughter o). The time-correlated events at the beam energies of 125.9, 130.6/130.7, 135.3 MeV are
shown by closed circles, closed squares, and closed triangles, respectively. (c) «-particle spectrum of «;. (d) a-particle spectrum of «,. The
expected a energies for 2?Db (E, = 8.46 and 8.68 MeV [12]), Db (E, = 8.36 [13]), for their daughters >*Lr (E, = 8.565, 8.595, 8.621,
and 8.654 MeV [14]), and *’Lr (E, = 8.45MeV [14]) are indicated by dashed and dotted lines, respectively.

the observed decay times of parent (t;), daughter (1,), and
granddaughter (73) are listed. t; is defined as an elapsed time
since a beginning of the measurement.

Two-dimensional arrays of the time-correlated «-SF and
a-o pairs are shown in Figs. 3(a) and 3(b), respectively.
The pairs at the beam energies of 125.9, 130.6/130.7, 135.3
MeV are shown by closed circles, closed squares, and closed
triangles, respectively. Figures 3(c) and 3(d) display the o
spectra of parent and daughter, respectively. In the figures,
the « energies reported for 2*Db (E, = 8.46 and 8.68 MeV
[12]) and 2%3Db (E,, = 8.36 MeV [13]), their daughters >>®Lr
(E, = 8.565, 8.595, 8.621, and 8.654 MeV [14]) and **Lr
(E, = 8.45MeV [14]) are indicated by dashed and dotted
lines, respectively. Several o energies reported for 2°°Bh

(Ey = 8.82, 8.84-8.99 MeV [11], 9.03 MeV [10], 9.05-9.23
MeV [7,11], 9.29 MeV [5], 9.39 MeV [9], and 9.77 MeV
[8]) and 2*’Bh (E, = 8.83 MeV [5]) are not indicated in the
figures to make it easy to see the figures. The SF decay mode is
known for 2?Db (bsp = 52% [12]), 2°Db (bsp = 55% [13]),
and 2°Lr (bsp = 23% [14]). The EC decay mode is known
for 2°Db (bgc = 3% [13]) and *3Lr (bgc = 2.6% [12]) and
their EC decay daughters 2°Rf (bsg = 100% [13]) and ***No
(bsp = 100% [14]), respectively, decay by SF.

In this paper, no correlated «-SF and «o-« pairs corre-
sponding to the decay chain *°Db — *’Lr — were seen in
Figs. 3(a) and 3(b), respectively, suggesting that few numbers
of the 2’Bh atoms were produced in this experiment, and the
predicted small cross sections for the >**Cm(**Na,4n)**’Bh
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reaction at the studied energies would be reasonable (see
Fig. 6).

Based on the reported « energies and decay patterns of
266Bh and its daughters 2>Db and *Lr in Fig. 1, the cor-
related events can be classified into five groups A, B, C, D,
and E in Figs. 3(a) and 3(b). These classifications are also
indicated for each correlation in Table IV. The eight a-« pairs
in group A can be assigned to the chain ***Bh — 2%°Db or
28Lr —. The daughter « energies agree with the reported
data of 2’Db [12] and >®Lr [14]. The 12 «-SF pairs in
group B can be assigned to the chain 2Bh — 2’Db —;
the possibility of assignment of the a-SF events to 2Bh —
(missing 2°Db — 2%Lr —) **No — would be very small
based on the small EC branch in ?%Lr (bpc = 2.6%) [12].
The daughter half-life of 7j, = 32.3%25s (68% confidence
interval (c.i.) [23]) calculated from the average decay time of
the 20 pairs in groups A and B agrees with T;, = 33.81";:;‘ s
of 22Db [12]. The bsg = 60 % 11% of the daughter nuclide is
also consistent with bsp = 52 & 4% of Db [12]. Thus, the
parent o decays in groups A and B were reasonably assigned
to 2°Bh.

The parent « energies of the pairs in groups C/D and E cor-
respond to the 8.68- and 8.46-MeV « decays of 2°Db, respec-
tively. All ten a-a pairs in group E were assigned to 2**Db —
28Lr —. Although the parent « energy of E, = 8.25 MeV
(chain 31) and the daughter o energies of E, = 8.32 MeV
(chain 30) and 8.34 MeV (chain 32) are more than 200 keV
smaller than the lowest « energies of 22Dp (E, = 8.46 MeV
[12]) and »8Lr (E, = 8.565MeV [14]), they are within the
distributions of the measured o energies of *’Db (E, =
8.21-8.77MeV) and >%Lr (E, = 8.26-8.73MeV) with the
same MANON setup in our previous 2*Cm('°F,5n)*>Db
experiment [12]. The daughter half-life of 77, = 3.307,%s
(68% c.i. [23]) deduced from the average decay time of the 10
a-o pairs in group E is consistent with 77, = 3.54703¢ s of
28Lr [12].

The one a-a-o pair in groups C and E (chain 20), i.e., )
(Ey = 8.62MeV; 11 =2.42s) —> ap (E, =8.45MeV; 1, =
89.48s) — a3 (E, = 8.63MeV,; 13 = 1.24s) — can be rea-
sonably assigned to the chain 2°°Bh — 29°Db — 23Lr —,
although the o energy of E, = 8.62 MeV measured for 2°°Bh
with the top detector having the o-energy resolution of about
50-keV FWHM was smaller than those in Refs. [5,7-11]
(E, = 8.82-9.77MeV). Since this low-a energy of 2°°Bh
(E, = 8.62MeV) is close to E, = 8.68 MeV of its daughter
262Db [12], the other six a-a pairs in group C and one -
SF pair in group E should be carefully judged. The latter
o-o pairs (op-a3) of the two a-ap-o3 (chains 13 and 28)
in group C could be unambiguously assigned to Db —
28Lr —. The a-a pair (chain 25) has two possible assign-
ments to 2Bh — 22Db or Lr — and 2’Db — >%Lr —
due to their indistinguishable « energies, whereas the ¢-o pair
(chain 17) was assigned to 2Bh — 2°°Db —; the daughter
a energy of E, = 8.43 MeV measured with the top detector
agrees with the characteristic E, = 8.46 MeV of 22Dp [12].
The a-o pair (chain 11) was assigned to ?Db — 2%¥Lr —
because the decay time of the parent (r; = 184.795s) is too
long for 2°Bh by considering its 10-s half-life (see Fig. 5).

The «a-a pair (chain 12) was assigned to 2°Bh — 262Db or
28Lr — not to 2?Db — *3Lr — because the decay time
of the daughter (t; = 64.595s) is too long for **®Lr with
Tip = 3.54f8:‘3‘2 s [12]. The «-SF pair (chain 8) in group D has
two possible assignments to 2 Bh — 29°Db — and ***Db —
(missing »*Lr —) ®No —, although the possibility of the
latter assignment is unlikely due to the very small EC branch
in 8Lr (bge = 2.6%) [12].

In Fig. 3(b), we observed one exceptional «-a pair: o
(E, = 8.75MeV, 1y = 13.308) = a» (E, = 8.09MeV; 1, =
246.09s) — (chain 2). This sequence is different from all
known decay patterns of the nuclides of interest and would be
of random origin. Thus, we assigned all the correlated «-SF
and a-a pairs to 2°*Bh — 292Db — 2%Lr — except for chain
2 as indicated in the last column of Table IV. The half-lives
of 22Db and 2®Lr were determined to be Tj n = 33.7’:2:8 S
(68% c.i. [23]) and 3.147 (3¢ 5 (68% c.i. [23]) from the average
21 and 12 decay times of 2Db and 2*®Lr, respectively, and
they agree well with the reported 71/, = 33.8f§:‘51 s [12] and

Tijp = 3.547038 s [12], respectively.

IV. DISCUSSION
A. Decay properties of 2°Bh

As indicated in Table IV, a total of 23 « decays were
assigned to 2°°Bh in this paper. In Fig. 4(b), a spectrum of
the 23 « decays of 2°°Bh is shown. Compared in Figs. 4(c)-
4(g) are the spectra of 2°Bh and/or 2’Bh reported in
the 2¥Bk(**Ne, 5:41n)*%2°"Bh [5], 2**Bk(**Ne,4n)’°’Bh [6],
209Bi(7OZn,n)278Nh - 266Bh [7-91, 243Am(26Mg,3n)266Bh
[10], and 2*Cm(**Na,5;4n)**%2'Bh [11] reactions, respec-
tively. As shown in Fig. 4(b), the a-particle energies mea-
sured in this paper disperse widely in the range of E, =
8.62-9.40 MeV, and « groups are not very clear in the spec-
trum. The reported o groups of E, = 9.29MeV [5], 9.08
MeV [7], 9.39 MeV [9], 9.03 MeV [10], 8.82, 8.84-8.99, and
9.05-9.23 MeV [11] for °Bh are all within our a-energy
range of £, = 8.62-9.40 MeV except for E, = 9.77 MeV [8].
The widely dispersed a-decay energies of the odd-odd >*Bh
nucleus would be a natural feature due to the decays to lots
of excited states in 20*Db; as an example, the o energies of
the odd-odd 2**Bh nucleus disperse widely in the range of
E, = 8.87-9.85MeV [24].

In Fig. 4(a), the decay times of the a decays of °°Bh
measured in this paper are shown by closed squares as a
function of the « energy together with those of *°Bh and
267Bh reported in Refs. [5—10]. No decay times were measured
in Ref. [11] as described in the Introduction. The decay times
measured in this paper at E, < ~9.1 MeV seem to be longer
than those at £, > ~9.1 MeV, suggesting that isomeric states
would exist in 2 Bh. The half-lives deduced from the average
decay times of the 16 « decays at E, < 9.10 MeV and
the 7 « decays at E, > 9.10MeV are T, = 11.8737 and
6.1f?:2 s (68% c.i. [23]), respectively, and they are consistent
with each other within the error. A high-resolution «-particle
spectrometry with a large number of decay events would be
desired to confirm the existence of the isomeric states in
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FIG. 4. (a) Decay times of the o decays of 2Bh observed in
this paper as a function of the «-particle energy (closed squares).
The literature data on 2°Bh and *Bh (Wilk er al. [5], Eichler
et al. [6], Morita and co-workers [7-9], and Qin et al. [10])
are compared. (b) a-particle spectrum of 2Bh produced in the
28Cm(*Na,5n)*Bh reaction in this paper. (c) « spectrum of
26Bh and 2’Bh produced in the **Bk(*’Ne,5;4n)*°%?"Bh reac-
tions (Wilk er al. [5]). (d) o spectrum of 2Bh produced in
the *Bk(**Ne,4n)*"Bh reaction (Eichler et al. [6]). (e) o spec-
trum of 2°Bh on the w-decay chain of ”®Nh produced in the
29Bi(°Zn,n)?’ Nh reaction (Morita and co-workers [7-9]). (f) «
spectrum of 2°°Bh produced in the 2**Am(**Mg,3r)**°Bh reaction
(Qin 2006: [10]). (g) a spectrum of **Bh and 2’Bh produced in the
28Cm(*Na, 5;4n)*%2"Bh reactions (Morita ef al. [11]).
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FIG. 5. Spectrum of decay times of 2°Bh. The counts in a
radioactive decay are shown on a logarithmic time scale with a
logarithmically increasing channel width. The best fit is shown by
the dotted curve.

266Bh. The decay time distribution for the o decays observed
in this paper is shown in Fig. 5. The half-life deduced from the
average decay time is Ty, = 10.01%3 s (68% c.i. [23]), and
this value is an order of magnitude longer than the literature
data of Ty, = ~1s [5] and Ty» = 0.667030 s [11], and five
times longer than Ty, = 2.1727 s in Refs. [7-9].

As mentioned in the Introduction, a total of 15 o decays
of **’Bh with E, = 8.83 MeV [5], 8.72-8.91 MeV [6] and
8.71-8.84 MeV [11] were reported based on the correlated
a-decay chains to its daughter 2*Db and granddaughter
29Lr. However, these « decays of 2’Bh cannot be clearly
distinguished from those of **Bh because of their indistin-
guishable o energies and decay times as well as the similar
decay properties of their daughters. Wilk et al. [5] reported
the three and two a-a correlations of 2°’Bh produced in the
299Bk(**Ne,4n)**’Bh reaction at the beam energies of 117 and
123 MeV, respectively. Due to relatively large o radioactivities
of byproducts, one of the five pairs was estimated to be a
random correlation of unrelated o decays. The daughter o
energies of E, = 8.36-8.47 MeV in the five correlations
are consistent with not only E, = 8.36 MeV of Db
and E, = 8.45MeV of *®Lr, but also E, = 8.46MeV of
262D, the daughter of 266Bh within the resolution of the PIPS
detector used in Ref. [5] (FWHM = 0.04-0.10 MeV). Eichler
et al. [6] reported the six o decays of °’Bh (one random) in
the 2Bk (*’Ne,4n)**’Bh reaction at 119 MeV. The three «-SF
pairs assigned to the chain 2’Bh — 20*Db /?*Lr — cannot
be distinguished from 2°°Bh — 262Db — due to the similar
SF properties between 2°Db / »°Lr and 26?Db. Although one
a-a-a pair was reasonably assigned to 2°’Bh — 2%°Db —
29Lr —, the two a-a pairs of 267Bh — 293Dp / 29Lr — are
in question due to the close « energies between 2*Db /2L
and 2’Db as described above. In addition, Wilk et al.
[5] produced *°Bh in the *’Bk(*’Ne,5n)***Bh reaction at
123 MeV with the comparable cross section of o = 25-250 to
o = 96133 pb for the ***Bk(**Ne,4n)**"Bh reaction [5]. It is
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FIG. 6. Cross sections for the ***Cm(**Na,5n)*°Bh (closed
square) and 2*3Cm(**Na,4n)?"Bh (closed circle) reactions as a func-
tion of the excitation energy E and the laboratory-frame energy
E1.p (scale at the top). Curves are the HIVAP calculations [21] for the
28Cm(**Na,xn)*"~*Bh reactions (x = 3-6) according to the calcu-
lational method described in Refs. [25,26]. The energy-averaged and
inclusive cross section for the 5n and 4n cannels at 126-132 MeV
by Morita et al. [11] is compared by an open square. Error bars on
the cross-sectional data correspond to 68% confidence intervals. The
symbols with arrows denote upper limits. The location of the Bass
barrier [29] (Bass interaction barrier) is indicated by the bold arrow
on the upper horizontal axis.

noted here that the cross sections predicted by the HIVAP code
[21] for the 2*Bk(**Ne,4n)?*’Bh reaction are smaller than
those for the 2**Bk(**Ne, 51)’°Bh reaction at the beam ener-
gies studied in Refs. [5,6] (see Fig. 7). Thus, the possibility
of misassignment of the 2°°Bh decays to 2*’Bh cannot be ex-
cluded in Refs. [5,6]. The shapes of the « spectra in Figs. 4(c)
and 4(d) are similar to that of 2°Bh in Fig. 4(b) in this paper,
although the observed numbers of the events are small.

In the 2Cm(**Na,xn)?’'~*Bh reactions at 126, 130, and
132 MeV, Morita et al. [11] assigned the four «-SF pairs to
27Bh — 263Db —, although they claimed that the possible
assignment to 2°Bh — 262Db — could not be excluded. Only
one a-a-SF decay chain of 2’Bh (E, = 8.84 MeV) — Db
(Ey =8.42 MeV; 7 = 11.955) — >Lr (Egr = 169.5 MeV;
T = 27.22s) — was observed at the beam energy of 132 MeV
where the cross section for 2°Bh is expected to be an order
of magnitude larger than that for ?’Bh (see Fig. 6). In our
previous study [12], the EC decay mode was observed in >>SLr
and its EC decay daughter 25¥No (T; 2 = ~1.2ms) immedi-
ately decays by SE. Thus, the possibility of misassignment of
the chain ?°Bh — 62Db — 2%Lr — to *’Bh — **Db —
2Lr — in Ref. [11] cannot be excluded. The o spectrum of
266Bh and 2’Bh produced in the **Cm(**Na, 5;45)%°%2’Bh
reactions [11] [Fig. 4(g)] is compatible with that of *°°Bh in
this paper in Fig. 4(b).

B. Cross section

Figure 6 shows the excitation functions predicted
by the statistical model code HIVAP [21] for the
28Cm(**Na,xn)?"' *Bh reactions (x = 3-6). The details of
our calculational method, such as the input parameters of the
code, are described in Refs. [25,26]. In the entrance channel,
an orientation of the deformed target nucleus was taken
into account to calculate the Coulomb barrier and capture
cross sections. Due to the light projectile and high mass
asymmetry of the entrance channel, the fusion cross sections
are almost equal to the capture cross sections. Our calculations
successfully reproduced the excitation functions measured
for the asymmetric reactions, such as 23¥U('°Q,xn)***Fm
(x =4-6) [25], *8Cm("80,xn)*Rf (x =4-6) [27],
MCm("F,5n)*’Db [12], *8Cm(**Ne,5n)*%Sg [18], and
M8Cm(**Mg,xn)*"**Hs (x = 3-5) [28].

In this paper, we evaluated the cross sections for the
28Cm(*Na,5n)?°°Bh and >**Cm(**Na,4n)*"Bh reactions in
the following way. The 23 decay events of 2°Bh except
for the alternative (chains 8 and 25 in Table IV) were used
to evaluate the cross sections. The decay corrections due
to the limited measuring time of MANON as well as the
gas-jet transport time were conducted using the half-lives
of Ti» = 10.0's obtained for ***Bh in this paper and Tj/, =
17 s for 2Bh in Ref. [5]. The o and SF decay branches of
266Bh and 2’Bh and their daughters were shown in Fig. 1.
The transport efficiencies of GARIS were assumed to be
identical for the Bh isotopes irrespectively of the beam en-
ergies and the reaction channels. The cross sections for the
28Cm(*Na,5n)*°Bh reaction were determined to be o =
29728 57 £ 14, and1672] pb (68% c.i. [23]) at 125.9, 130.6,
and 135.3 MeV, respectively; the cross section at 130.7 MeV
was merged with that at 130.6 MeV because the energy differ-
ence of 0.1 MeV is small enough as compared to the energy
loss in the 2Cm, 05 target (0.7 MeV [19,20]). At 121.2 MeV,
the upper-limit cross section of o < 16 pb (68% c.i. [23]) was
evaluated. For the 2*5Cm(**Na,4n)**’Bh reaction, the upper
limit of o < 14 pb (68% c.i. [23]) was determined at 121.2
MeV. These cross sections are shown in Fig. 6 by closed
squares and a closed circle for the 2*Cm(**Na,5n)*°Bh
and 2*Cm(**Na,4n)**’Bh reactions, respectively. In the fig-
ure, the energy-averaged and inclusive cross section of o =
50 pb at 126-132 MeV, reported by Morita et al. [11] for
the Cm(*Na,5n)?°Bh and ***Cm(**Na,4n)’*’Bh reac-
tions at 126-132 MeV, is also shown by an open square.
The inclusive cross sections of 2*Bh and 2*’Bh are consis-
tent with our results on 2°°Bh within the error. The HIVAP
code reproduces well the experimental cross sections for the
28Cm(*Na,51)*°Bh reaction as well as the upper limit for
the 28Cm(**Na,4n)**’ Bh reaction at 121.2 MeV. The location
of the Bass barrier [29] (Bass interaction barrier) is indicated
in Fig. 6 by the bold arrow on the upper horizontal axis.
The excitation function for the **Cm(**Na, 57)*%°Bh reaction
shows the maximum around the Bass fusion barrier [29]. The
cross sections at the subbarrier energies arise from the capture
cross sections due to the lower Coulomb barrier when the
projectile collides on the polar sides of the deformed target
nucleus [30,31].
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FIG. 7. Cross sections reported by Wilk et al. [5] for the
249BK(Ne,5n)**Bh (closed square) and 2*Bk(**Ne,4n)*’Bh
(closed circle) reactions as a function of the excitation energy Ee
and the laboratory-frame energy EL., (scale at the top). Curves are
the HIVAP calculations [21] for the 2**Bk(**Ne,xn)?’' ~Bh reactions
(x = 3-6) according to the calculational method described in [25,26].
See the caption for Fig. 6 for others.

It is interesting to compare the excitation functions for
the 2Cm 4 2*Na and 2*Bk + %’Ne reactions, which form
the same compound nucleus of 2’'Bh*. By using the same
input parameters on the HIVAP code, the excitation functions
for the 2*Bk(**Ne,xn)*’'*Bh (x = 3-6) reactions were cal-
culated as shown in Fig. 7. Due to large differences in the
Bass barrier and Q values between the 2**Cm +**Na and
the 2*Bk + 22Ne reactions, a relatively larger contribution of
the 4n channel was predicted in the >*Bk + ?*Ne reaction.
In Fig. 7, the cross sections reported by Wilk et al. [5]
for the 2*Bk(**Ne,5n)*°Bh reaction at 123 MeV and for
the 2*Bk(*’Ne,4n)**’Bh reaction at 117 and 123 MeV are
compared. The HIVAP code reproduces the 5n cross section
at 123 MeV within the large error, whereas the code under-
estimates the 4n cross section at 123 MeV and conversely
overestimates at 117 MeV. As discussed above, if the decay
events previously assigned to 2’Bh in Ref. [5] attribute to
266Bh, the sum cross sections can be reasonably reproduced
by the HIVAP code. More detailed studies, however, would be
desirable to gain further insight into the production and decay
properties of 2°’Bh in the **Bk(**Ne,4n)**’Bh reaction at
the lower excitation energies (Eex < 40 MeV), where the 5n
channel cannot be opened and unambiguous identification of
27Bh would be possible.

In Fig. 8, the maximum cross section obtained for the
28Cm(*Na,5n)*Bh reaction in this paper is shown as a
function of the atomic number of compound nucleus (Zcn)
together with those measured for 28Cm(180,5n) % Rf*? [17],
28Cm("F,51)?°Db [12], and >!Cm(**Ne,51)*%Sg? [18] at
RIKEN. In Fig. 8, the literature data for 2*Cm('2C,5n)*>>No
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FIG. 8. Maximal cross sections of the 5n evaporation channel in
the complete fusion reactions of >**Cm target with different projec-
tiles as a function of the compound nucleus atomic number Zcy. The
present cross section for the 2*Cm(**Na,5n)*Bh reaction (closed
square) is compared with the literature data for >*Cm('2C,5n)**No
(open circle, Sikkeland ez al. [32]), 2Cm("3C,5n)**No (open tri-
angle, Sikkeland er al. [32]), 2Cm("3N,5n)*°Lr (open inverted
triangle, Eskola et al. [33]), 28Cm('%0,5n)**'Rf*? (closed circle,
Haba et al. [17]), **Cm("F,51)**Db (closed triangle, Haba et al.
[12]), 22Cm(**Ne,5n)*Sg"’ (closed inverted triangle, Haba et al.
[18]), and *8Cm(*Mg,51)**Hs (open square, Dvorak et al. [28]).
The dashed line is an exponential fit to the data points.

[32], 2¥Cm(*3C,5n)*%No [32], 22Cm(**N, 57)*°Lr [33], and
248Cm(%Mg,Sn)%gHs [28] are also included. As can be seen
in Fig. 8, the cross section for the 5n evaporation channel
in the complete fusion reactions of ***Cm with different
projectiles exponentially decreases with Zcn. The cross sec-
tion for element 109 27°Mt, which was first observed as the
granddaughter of 2’8Nh produced in the cold fusion reaction
of 209Bi(7OZn,n)278Nh [7-9], is predicted to be about 1 pb
via the *Cm(*’Al,51)”°Mt reaction. The systematics is
preserved in so far as the fusion probability after penetrating
the Coulomb barrier does not drop significantly also in the
%7 Al-induced reaction. This is verified from the reaction study
using the *°Si beam in the 238U + *°Si reaction [31] where
the fusion hindrance is not evident around the Bass bar-
rier from the measured evaporation-residue cross section of
2638g (5n).

V. CONCLUSIONS

The decay properties of 2Bh produced in the
28Cm(**Na,5n)*Bh reaction were investigated with the
rotating wheel apparatus MANON under low background
conditions attained by a gas-jet transport system coupled
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to GARIS. Based on the genetically correlated o-ce(-or)
and «-SF decay chains of *Bh and its known daughter
nuclide 2°’Db and granddaughter nuclide >°®Lr, the « decays
with E, = 8.62-9.40MeV were assigned to 2°°Bh. The
half-life of 7/, = 10.0*7%s obtained for *°Bh is an order
of magnitude longer than the literature data. This half-life
is long enough to study chemical properties of Bh in future
using the 28Cm(*Na,5n)*°Bh reaction. A question of
the misassignment of the 2°Bh decays to 2°’Bh in the
previous studies was raised. The excitation function for the
28Cm(*Na,5n)?°°Bh reaction was measured for the first
time, and it indicates the maximum of o = 57 £ 14 pb at
130.6 MeV. The excitation function was reproduced by the
statistical model code HIVAP. The upper-limit cross sections

of ¢ < 14 pb was also derived for the 2*8Cm(**Na,4n)**’Bh
reaction at 121.2 MeV.
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