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The phenomenon of spontaneous fission (SF) discovered by G.N. Flerov and K.A. Pietrzak in
1940, turned out to be one of the main decay processes for many heavy nuclei. As further
research has shown, this process is very characteristic of superheavy elements and determines
the boundary of the existence of atomic nuclei in this region. A significant part of the fission
reaction energy goes to the fission fragments excitation and the subsequent evaporation of
prompt neutrons. Therefore, the prompt neutron multiplicity carries valuable information
about the process dynamics; however, it is one of the least studied characteristics for
spontaneously fissile heavy nuclei. Studies of the SF process are of utmost importance for the
development of theoretical approaches in fission physics. However, when moving into the
region of the heaviest nuclei, significant experimental difficulties arise, which are associated
with small cross-sections for production and short lifetimes of synthesized isotopes, what
requires researchers to develop the most advanced experimental methods.

A new detector system SFiNx (Spontaneous Fission, Neutrons and X-rays) [1] for on- line
investigation of the SF properties of short-lived heavy nuclei synthesized in complete fusion
reactions was created in FLNR JINR (Fig. 1).
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Fig. 1. The SFiNx system (left) and «well» from Si-detectors (right)

The creation of SFiNx is based on the experience of using the neutron detector [Al] and the
GABRIELA system for a,f,y-spectroscopy [A2], which were actively used in experiments on
the SHELS separator [A3]. The detector [A1] consisted of 54 3He-filled neutron counters
located around an array of Si semiconductor detectors, in which the focal- plane double-sided
strip detector (DSSD) had an area of 60x60 mm. The GABRIELA detection system used a
DSSD array with a large focal-plane detector with a size of 100x100 mm. Due to the
approximately threefold increase in area, the focal-plane detector of the GABRIELA made it
possible to capture a significantly larger number of recoil nuclei (ER). The use of an Si
detectors array from the GABRIELA system, inside a neutron detector, would significantly
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improve the sensitivity of experiments conducted to study of the SF. The increased size of the
vacuum chamber for the new DSSD, however, required the substantial modification of the
neutron detector configuration.

The selection of the optimal geometry of neutron counters was carried out using Monte Carlo
methods for neutron flux simulation in the MCNPX 2.7.0 program. The distance between
layers was chosen in such a way that neutrons were thermalized in polyethylene, but the number
of used counters was minimal (Table 1). The simulation of a large number of various
configurations resulted in the optimal solution with maximum efficiency using 116 counters

(Fig. 2).
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Fig. 2. Scheme of the SFiNXx (front view — left; side view — right). The legend: 1 — recoils; 2 —
focal-plane Si-detector; 3 — lateral Si-detectors; 4 — *He-counters; 5 — array of scintillators; 6
— vacuum chamber; 7 — moderator; 8 — shield

Table 1. Characteristics and number of neutron counters in the assembly. Enumeration of
counters is given in relation to central axis of the detector

i 3
Diameter, ;Actl\;]e Working He
Manufacturer mm ength, voltage, V | Layer |  Number pressure,

mm atm
SPF 1 20
«Consensusy» 530 1400 4 44

32 2 24 7

FLNR 460 1775 3 28

Neutron counters surround a vacuum chamber into which the new DSSD assembly was placed.
The focal-plane silicon detector with the 128x128 strips configuration has an active area of
100100 mm and a thickness of 500 pm. Eight silicon semiconductor detectors are situated



perpendicular to the focal-plane detector and form the tunnel assembly (Fig. 1). These lateral
16x16-strip detectors have a size of 50x60 mm, a thickness of 700 um, and are situated in
pairs along each side of the focal-plane detector.

After traversing a time-of-flight detector, the studied ER are implanted inside the focal- plane
DSSD, where their subsequent decay takes place. The assembly of Si-semiconductor
detectors can be used to register fission fragments and a particles. The detector resolution for
a particles with an energy of 8 MeV is 20 and 30 keV for the focal-plane and lateral detectors,
respectively. For reducing noise and improving energy resolution, the DSSD assembly is
mounted on a cooled holder.

Additional linear amplifiers can be used to adjust the system to the mode of electron
registration, which allows one to use the detector for investigating delayed fission and delayed
neutrons after  decay.

Prompt neutrons produced in the SF are slowed down in polyethylene to thermal energy and,
hitting neutron counters, are captured by 3He nuclei. The external part of the detector is
covered by plates from borated (5%) polyethylene with a thickness of 50 mm along the
moderator prism height and 30 mm at the bases for protection from background neutrons.

Since the process of the SF is accompanied by the emission of a large number of y quanta,
gamma coincidences can be an additional factor for cleaning away background pulses with
large amplitudes in the DSSD. An array of 9 CLLBC scintillator detectors was installed
directly after the focal-plane DSSD for registration of y quanta.

Measurements of prompt neutrons from the SF of 2*3Cm were performed to verify the
detector operation and a more specific determination of its characteristics. The source was
placed on a thin foil, which was then installed at the center of the DSSD array, 5 mm from the
focal-plane detector. When a fission fragment was detected in the data, neutron events in an
interval of 0 — 128 us were sought. The energy window for the search of fragments was chosen
in such a way that false correlations with o particles from the source were completely
eliminated. To determine the exact value 55+1 % [2] of the single neutron registration
efficiency, the nonlinear least-squares method was used. The distribution of times between
fission fragments and neutrons was used for determining the average neutron lifetime in the
assembly, this value was determined as 18+1 ps.

An experimental series was carried out on the modernized kinematic separator of recoil nuclei
SHELS [Al] at FLNR JINR to study the SF properties of short-lived isotopes of
transfermium elements [2—4]. The nuclei under study synthesized in complete fusion reactions
of “°Ar, “8Ca and %“Cr ions accelerated on the U-400 cyclotron with targets from enriched
isotopes 204206:207.208ph The SHELS carried out the separation of the desired recoil nuclei from
the products of side reactions and scattered ions of the beam. After the separation step, recoil
nuclei flew through the time-of-flight detector and implanted into the focal-plane double sided
Si-strip detector of the SFiNx system, where their further decay occurred.

Since the efficiency of neutron detection by counters is far from 100%, the multiplicity
distribution observed in the experiment is highly distorted compared to the original one and
requires a restoration procedure. High statistical efforts associated with small formation cross-
sections of recoil nuclei and the error in determining the efficiency of the detector transfer the
problem to the category of mathematically incorrect ones, which requires the use of special
mathematical methods to reconstruct the true neutron multiplicity distributions from the
measured ones (Fig. 3). To solve this problem, the Tikhonov method of statistical



regularization used. It was successfully adapted for the SFiNXx detection system experimental
data analysis [5].

It is worth mentioning that the detection setup at the focal plane of the separator is situated
behind a 2 m-thick concrete wall, which substantially reduced the background from neutrons
and y quanta produced on the Faraday cup and the target. The influence of the background
was insignificant in comparison with the level of statistical efforts obtained in experiments

[3].
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Fig. 3. Measured (squares) and restored (circles) prompt neutron multiplicity distributions
from 22No spontaneous fission

As a result of an experimental series, the prompt neutrons yield data from spontaneous
fission obtained for the first time for the isotopes 2°No and 2%°Sg, and significantly
refined for the isotopes 2*4?*Fm and 2°2No (see Table 2). The updated systematics of the
average number of neutrons per the SF act (Fig. 4) shows a continuing general trend towards
an increase in the values of this characteristic when moving towards heavier nuclei.

Table 2. Characteristics of the prompt neutron emission from the SF of heavy nuclei

244Em 3,5+0,2 1,4 substantially refined
246Fm 3,8+0,3 2,1 substantially refined
250N 4,1+0,1 1,8 received for the first time
252N g 4,25+0,09 2,1 substantially refined
260Sg 4,9+0,4 30 received for the first time
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Fig. 4. Systematics of the average number of neutrons per the SF act. The oval marks the data
obtained with the SHELS separator

The most important feature of our experimental series was the ability to obtain data not only
for the first two moments of prompt neutron distributions (average number and dispersion) but
also for the shapes of neutron multiplicity distributions, which contain information about the
dynamics of the SF process [A4, 8]. As seen from the systematic on Fig. 5, the distribution
shapes are unique for each isotope and could be separated into symmetric and asymmetric ones.
The latter may be especially valuable for searching for fission modes of heavy nuclei [A4].

2655g 26659 ‘

256y, | 257pb | 258Db | 259pp, | 260Dy, | 267Db | 262pb 253Db‘

. . ’ ) N
106 | 28gq | 25259 | /| 261gg | 2625¢ | 26354

105

- \ 4 A
Y Y Y

104 | 253y | 254p¢ | 255pf |/ \\ 257k | 258Rs | 259R¢ | 260Rs | 261Rf | 262Rf 263R1‘

103‘ 252 | 253, | 254, | 285 | 256, | 257, | 258, | 250, | 260, | 261, | 262

S o

-

r Y ~ \ ’ " * s < 3 Y 9
102 | 2480 | [\ | 5o J\ 253N ﬂ'HH 255N | 256N | 257N | 258Ng | 259No 250N0‘ 262\

101

r ¥ Y - ' < ¢ 9 5 Y f
245Md 246Md 247Md 1 243Md {249Md {szd 257Mmd | 252Mmd | 293Md | 254Md 255Md ESGMd 257Md ZSGMd ZSSMU / \\ J
N A A ). ) A . .

o

249 | 250Fm | 251Fm | 252Fm | 253gm

e ' . \ S

A A H,
/Y| 255k s 258Fp, | 259Fm ‘
AN, / \B ;r/ \kl )

100

242F

) : g
H A
243 | /| 245Fm | [ tM 247k lzaa,:m
AR A -

142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160

Fig. 5. The prompt neutron multiplicity systematics for isotopes of transfermium nuclei. The
data obtained using the SHELS separator highlighted in green.

The SFiNx detection system also combined with digital electronics (National Instruments) for
collecting and processing waveforms, what is useful for finely tune neutron counter
thresholds, and allows us to analyze time correlations at the level of tens nanoseconds [6—7].
The capabilities of SFiNx digital electronics were tested during an experiment on the SHELS
separator to study the decay properties of the neutron-deficient 2°°No isotope [4].



Thus, a highly efficient detection system created for studying the spontaneous fission of
short-lived heavy nuclei. The use of SFiNx will make it possible to advance research into
the field of superheavy elements, where there is currently no data on the yield of prompt
neutrons and the total kinetic energies of fission fragments. The system can be used on
the GRAND gas-filled separator, recently launched at the Superheavy Elements Factory
of FLNR JINR.
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