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Abstract. The first evidence for a new spontaneous fission decay has been observed in the evaporation
residues for the reaction 3°Si + 2%¥U at the bombarding energy of 158 MeV. The measured half-life is

54+98

"5, s and the production cross section is 180

+240
—120

pb. The observed spontaneous fission decay is a

possible candidate for the spontaneous fission decay of 2%*Sg or 2%3Db after the 3-decay of 253Sg.

PACS. 23.90.+w Other topics in radioactive decay and in-beam spectroscopy — 25.70.-Z Low and inter-
mediate energy heavy ion reactions — 27.90.+b 220 < A

The spontaneous fission half-lives of heavy even-even nu-
clei decrease with increasing the atomic number Z up
to 104. Recently the heavy seaborgium isotopes 26%266Sg
have been synthesized in the heavy-ion fusion reactions at
Dubna [1] and GSI [2]. These isotopes mainly decay by
emitting a-particles. This fact indicates that the nuclear
stability against fission caused by nuclear shell structure
increases significantly near the neutron number 162. In or-
der to study the decay property of the heavy elements (Z
> 106), an effort was made to synthesize a new seaborgium
isotope 264Sg in the reaction 30Si + 238U.

Beams of 3°Si delivered from the JAERI-tandem ac-
celerator were used to bombard a ™ UF, target whose
thickness was 580 pg/cm?. The target was prepared by
evaporation of the UF, material onto a 1.5 pm aluminium
semicircular backing and mounted on a target wheel of 140
mm diameter. The target wheel was rotated with 2 cycles
per second. Reaction products emitted from the target foil
were separated in-flight from the primary beam and prod-
ucts of various background reactions by the recoil mass
separator (JAERI-RMS) [3].

The details of the detection method are shown else-
where [4]. The reaction products were implanted in a
double-sided position sensitive strip detector (PSSD) in-
stalled at the focal position of the JAERI-RMS. The PSSD
(73 mm x 55 mm, 15 strips in the front face and 128 strips
in the back face) provided two-dimensional positions and
energies associated with implanted reaction products and
subsequent decays. The each strip in the front face was po-
sition sensitive in the horizontal direction and 128 strips
were divided into 8 resistance chains to read out a ver-
tical position within a group. The energy resolution was

80 keV (FWHM) for the a-particle energy of 5.486 MeV
from an 24! Am source. The PSSD was surrounded by four
solid state detectors (60 mm x 60 mm) to detect escaped
a-particles and one of a pair of fission fragments follow-
ing the decays of the implanted reaction products in the
PSSD. A microchannel plate detector (MCP) was installed
at 290 mm upstream from the PSSD and a flight time of
each reaction product passing through the JAERI-RMS
was measured between the MCP and the PSSD to give
the mass discrimination.

The measured energies for heavy reaction products
were corrected with the pulse height defect using the equa-
tion of [5]. The pulse height defect of the PSSD was mea-
sured by detecting the 238U recoil of 56.3 MeV corrected
with the energy loss of 6.3 MeV in the target at the present
bombarding energy of 157.6 MeV. A detector depending
parameter in the equation was adjusted to reproduce the
measured pulse height defect.

The bombarding energy of 157.6 MeV which was about
1 MeV lower than the Bass fusion barrier was chosen to
correspond to the maximum of the 4n deexcitation chan-
nel which was calculated by the code HIVAP [6]. The beam
intensity was about 100 pnA and the total dose was 2.64
x10'7 particles. The JAERI-RMS was tuned to pass the
26480 recoil of the charge state 13% and the recoil en-
ergy 13.2 MeV. Since the JAERI-RMS could accept only
one charge state of the recoil, it was important to cor-
rectly estimate the most probable charge state of the re-
coil, which was estimated by using the equation of [7].
The total counting rate of the implanted reaction prod-
ucts, which were mainly composed of low energy scattered
beams and target-like products, was 2 ~ 3 Hz.
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Fig. 1. a « spectrum for all decay events observed in the
present reaction, b A two dimensional spectrum showing the
correlation between parent and daughter o decays. the time
gate of 400 s was set for the correlation between parent and
daughter a1 and also for the correlation between daughter oy
and granddaughter aw

The time-ordered data were sorted to identify corre-
lated decay events within the position deviations of + 0.4
mm for the horizontal direction and £+ 0.5 mm for the
vertical direction in the PSSD, where the position devi-
ations are given with respect to the implantation site of
the reaction product.

An « spectrum for all decay events observed is shown
in Fig. 1la. It was difficult to discriminate completely light
particles like a-particles passing through the JAERI-RMS
from the true decay events associated with implanted reac-
tion products, because the detection efficiency of the MCP
was 60 ~ 70 % for a-particles. The a-decays associated
with the heavy elements (100 < Z < 106) are expected
in the energy region between 7.0 MeV and 9.5 MeV. No
distinct energy peak is seen in Fig. la. The correlation
between parent and daughter a-decays, parent-a;-as, is
shown in Fig. 1b, where a correlation time of 400 s was set
for parent-daughter a; and daughter a;-granddaughter
ag. The observed 6 decay chains were attributed to the a-
decays of 214Ac, 222m Ac, 208,210.211R 5 from the measured
time-energy correlations.

The a-decays from the heavy fusion residues (Z > 100)
were not identified in the present analysis, while six fission
decays correlated with implanted heavy reaction products
(A > 220, where A is the mass number) were observed

H. Ikezoe et al.: First evidence for a new spontaneous fission decay produced in the reaction 3°Si + 233U

1000 -
800 |- /
600 -

Yields (Counts/0.1MeV)

400 Py .
200

Coincidence Yields
&)
T

10 15 20
Energy (MeV)

Fig. 2. a Measured energy spectrum (the solid line) of reaction
products (A > 180). The calculated energy spectra for the 28y
recoil and the 264Sg recoil are shown as the dashed line and the
thin solid line, respectively, b The parent energy distribution
corresponding to the observed six fission events

within the correlation time of 400 s. The observed ener-
gies E and A of these heavy reaction products are listed
in Table 1 together with the energies F/; and the times
t of the spontaneous fission fragments after the implan-
tation of these heavy products. The fission decays were
identified by detecting a large energy deposit (E > 69
MeV) in the PSSD and at the same time detecting the
one of a pair of fission fragments in any one of the four
detectors surrounding the PSSD. It should be noted that
the four detectors were installed so that the incoming re-
action products did not directly hit these detectors. The
kinetic energies of the implanted reaction products cor-
related with these six fission decays were plotted in Fig.
2 together with the single energy spectrum of implanted
reaction products (A > 180).

Since the mass and energy acceptances of the JAERI-
RMS are + 3.5 % and + 12 %, respectively, the target-like
recoils of the charge state 12+ and the energy around 12
MeV can also pass through the JAERI-RMS. The cal-
culated energy distribution for the 233U recoil passing
through the JAERI-RMS is shown as the dashed line in
Fig. 2a with an arbitrary normalization. The measured
energy of the target-like products are slightly shifted to-
wards the lower energy side compared with the calculated
result. This difference is probably due to the contribution
of lighter target-like products (A < 238) which are not
taken into account in the calculation. The calculated en-
ergy distribution for 264Sg is also shown in Fig. 2a as the
thin solid line with an arbitrary normalization. In this cal-
culation, the energy and the angular distributions of the
4n channel evaporation residue were calculated by using
the statistical model code Pace2 [8]. The multiple scat-
tering and the energy loss of the evaporation residue in
the target were calculated by the code TRIM [9] and the



H. Ikezoe et al.: First evidence for a new spontaneous fission decay produced in the reaction 3°Si + 233U

381

Table 1. Fission decay events correlated with implanted heavy reaction products (A > 220). EJQ and Ey are the fission
fragment kinetic energies without and with the correction of the pulse height defect, respectively. The average counting rates
of the heavy recoils passing through the JAERI-RMS are shown for two energy regions of the recoil energy in the column 10

and 11
SF Strip # E A oy Ey t N¢ Counting rate (1072 cps)
events nz ny; (MeV) (MeV) (MeV) (s) E <14 MeV E > 14 MeV
1 8 6 14.9 253 87.5 97 51 6 40 5.1
2 9 5 14.6 241 84.8 94 105 1 45 3.1
3 6 6 12.0 235 105 114 162 2 10 1.0
4 8 6 12.1 254 68.6 78 131 6 40 5.1
5 9 4 11.8 228 87.0 95 40 2 38 4.2
6 12 2 12.2 255 93.1 103 8.4 2 1.5 0.2

beam transport efficiency of the evaporation residue was
calculated by the code GIOS [10].

As shown in Fig. 2a, the calculated energy distribu-
tions for the 233U recoil and the 264Sg recoil are overlapped
each other. Therefore, it is difficult to classify unambigu-
ously the observed six recoils into the 23¥U recoil or the
264Gg recoil. However, as shown in Table 1, the measured
mass numbers of the events No. 3 and 5 are inconsistent
with the 264Sg recoil and rather consistent with the 238U
recoil within the experimental error + 10 %. As the prob-
ability to observe a 264Sg recoil at an energy of 12 + 0.5
MeV is four times smaller than to observe it at an energy
of 14 + 0.5 MeV, it cannot be excluded that the events
No. 4 and No. 6 are random coincidences with 233U re-
coils. However, their mass numbers were consistent with
2648 recoils.

The possible fission background is considered to be the
fission decay of 252Cf, because the PSSD is contaminated
by only a very small amount of 2°2Cf. The probability
of the random coincidence between the fission decay of
252Cf and the implanted reaction products (4 > 180) was
estimated by taking into account the total numbers of fis-
sion events and the implanted reaction products and the
total data acquisition time of about five days. The total
numbers of background fission events Ny detected in a
small rectangular portion of the PSSD specified by the
strip number n, in the horizontal direction and the group
number n, in the vertical direction are shown in Table 1
together with the average counting rate of the implanted
reaction products. By taking into account the finite po-
sition resolution of the PSSD, the number of the random
coincidence during the time interval of 100 s was estimated
to be 0.28 and 0.08 for the low energy component (E < 14
MeV) and the high energy component (E > 14 MeV) of
the implanted reaction products, respectively. This means
that the error probability [11] is 3.2x1073 for the two fis-
sion decays with the parent kinetic energy around 14.5
MeV. On the other hand, the fission decays with the par-
ent kinetic energy around 12 MeV may contain some ran-
dom coincidence events with target-like products.

From the above consideration, at least the two fission
decays, the events No. 1 and No. 2, can be attributed to
a spontaneous fission decay produced in the reaction 2°Si
+ 238U, The fission events of No. 4 and No. 6 can not

be completely excluded from the true coincidence event,
while the fission events of No. 3 and No. 5 are probably
originated from the random coincidence with target-like
products.

The half-life and the production cross section of the
two spontaneous fission events of No. 1 and No. 2 were

54 fgf s and 180 f?gg pb, respectively. If the four fission

events (No. 1, 2, 4, and 6) are taken into account, the
half-life becomes 51 fi’% s and the production cross section

increases to 360 f?;g pb. The cross section was evaluated

using the calculated efficiency 3.7% of the JAERI-RMS.

Since any a-decay preceding to the fission decays was
not observed within the time window of 400 s after implan-
tation and the energy region between 1 MeV and 10 MeV,
it is difficult to identify definitely the observed fission de-
cays as the decay of 264Sg. The nuclei 2°?Lr, 253Rf and
262,263Dhb whose spontaneous fission half-life are close to
the measured value, may be considered as a parent nucleus
of the observed spontaneous fission decays in addition to
2645, Among these, the nuclei 2°°Lr(ap4n), 262Db(p5n)
and 263Db(p4n) are scarcely produced in the present bom-
barding energy, because their calculated production cross
sections are the two to three orders of magnitude smaller
than the one for the 4n channel cross section. (The evap-
oration channels to produce these nuclei are indicated in
each parenthesis.) Although the nucleus 2®3Rf is the un-
known isotope, its spontaneous fission half-life is reported
to be 500 fggg s [12]. This nucleus can be produced in
the an and 2p3n channels. Even if the cross section of
the (HI,axn) reactions is about 3 - 5 times larger than
those for the (HI,xn) reactions [13], the an cross sec-
tion is negligibly small in the present excitation energy
48 MeV compared with the 4n cross section. This is also
true for the 2p3n channel cross section, because the cross
section maximum for the 2p3n channel is located at the
high excitation 62 MeV.

The nucleus 263Sg can be produced with the same or-
der of magnitude as the 4n cross section. The nucleus
263G whose half-life is 0.8 s decays into 2*°Rf by an a-
decay with the branching ratio of 30 % and decays by
a spontaneous fission with the branching ratio of 70 %
[14]. In addition, the 3-decay of the nucleus 263Sg is the-
oretically predicted with the calculated half-life of 17.5 s



382

[15]. The daughter nucleus 2°3Db whose half-life is 27 s
decays by an « decay (43 %) and a spontaneous fission
decay (57 %). Therefore, the nucleus 2%3Sg becomes also
the candidate in addition to the nucleus 254Sg. The cross
section for the 3n channel, which corresponds to the pro-
duction of 265Sg, was evaluated to be the one order of
magnitude smaller than the cross section for the 4n chan-
nel in the present bombarding energy, because the cross
section maximum for the 3n channel is well below the Bass
barrier. The possibility to attribute the observed fission
decays to the one of the long lived spontaneous fissions of
26Cf (12.3 m), 2°°Fm (157.6 m), 2°Md (96 m) and 2¢'Lr
(39 m) is also small, because their decay probabilities for
the time window 100 s are less than 0.1.

The obtained half-life is close to the fission half-life of
266Gg [2] and the one order of magnitude larger than the
calculated spontaneous fission half-life 2.3 s [16] for 261Sg.
The observed spontaneous fission decays are a possible
candidate for the spontaneous fission decay of 26Sg or
263Db after the B-decay of 263Sg.

The authors would like to thank the accelerator crew of JAERI
tandem facility for the excellent performance of the accelera-
tor.
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