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Hcae A.B. u np. E7-2026-3

DMHCCHS MFHOBEHHBIX HEHTPOHOB B CTMIOHTaHHOM Aejenun 2°8260Sg

Wccnenoanue cBoficTs pacmaga usotoros 2°%260Sg  o6pasyromuxcs B pe-
akuusix mosHoro causiausi 297Pb 4 5254Cr, 6blI0 BBIMOJHEHO C HMCMONbB30BAHHEM
¢uabtpa ckopocteil SHELS. MHoKecTBEHHOCTH MTHOBEHHBIX HEHTPOHOB IpH
crionTanHoM fesienuu 228 260Sg 6pinu usmepensl Briepsbie. CpenHue yrca HeATPo-
HOB B aKTax jefenus coctauiu 7(*8Sg) = 4,9+ 0,4 u 7(*°Sg) = 5,03 +0,14.

KosdhulreHT BeTBIeHHS M0 MyTH a-pacnana uzorona 2°°Sg 611 onpegesneH Kak
bo = 0,29 £ 0,03. Tlepuons! mosypacnasga OblJIM M3MepeHbl NPH 1OBEPHUTEJBHOM

unrepsaine 95 %: T /o(**Sg) = 2,21“%’3 e u T /9(*Sg) = 7,01“%? MC.

Pa6ora BeimonHeHa B JlaGopaTtopuu simepHbix peakuuit um. . H. Dneposa
OHdHN.

[Tpenpunt O6beAHHEHHOTO HHCTUTYTA flepHBIX HccenoBanni. Jly6ua, 2026

[saev A. V. et al. E7-2026-3

Prompt Neutron Emission in the Spontaneous Fission of 2°%260Sg

An experimental study of 2% 260Sg produced in the complete fusion reactions
207ph 4-5234Cr was performed using the SHELS velocity filter. Prompt neutron
multiplicities in the spontaneous fission of 25%269Sg were measured for the first
time, yielding average values of 7(?*®Sg) = 4.9 + 0.4 and 7(*°Sg) = 5.03 4 0.14.
The a-decay branching ratio of 2°Sg was determined to be b, = 0.29 & 0.03. In
addition, the hall-lives were measured as T} /o(*%Sg) = 2.2724 ms (95% C.L.,
confidence limit) and T} 2(*°Sg) = 7.071% ms (95% C.L.).

The investigation has been performed at the Flerov Laboratory of Nuclear
Reactions, JINR.
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INTRODUCTION

The study of spontaneous fission (SF) of superheavy elements (SHE)
remains a major challenge in nuclear physics, as experimental data are scarce,
despite the process becoming increasingly important for these nuclei. In
particular, fission data are practically absent even for seaborgium isotopes
(Z =106). Crucial characteristics remain unknown, including the total kinetic
energy and mass distributions of the fragments, as well as the yields of prompt
neutrons and +y rays.

The region near the neutron number N = 152 is of particular interest due
to enhanced shell stabilization, which is expected to affect fission barriers
and the evolution of the fission process. Recent experimental studies of
neutron-deficient Sg isotopes, including new data on 2*’Sg [1], indicate that
shell effects in this region may significantly influence SF dynamics. This work
addresses this gap by providing the first information on the yields of prompt
neutrons from the SF of the neutron-deficient isotopes 2°42%0Sg  which lie
near the closed neutron subshell N = 152.

Prompt neutron data can shed light on the SF dynamics and provide a
reliable basis for the development of advanced fission models for SHE at the
boundaries of nucleonic stability. Furthermore, as shown in our previous study
of the SF of 2 Rf [2], prompt neutron multiplicity distributions can, in certain
cases, be useful for identifying different fission modes in SHE.

1. EXPERIMENTAL DETAILS

An experiment aimed at studying the SF properties of 2°%260Sg was
performed at FLNR using the SHELS separator [3] and the SFiNx detection
system [4] (Fig.1). For the present study, the data were collected in three
experimental runs. The detection system includes 116 3He neutron counters
capable of detecting multiple prompt neutrons emitted during the SF process,
as well as a “well-like” assembly of double-sided silicon detectors (DSSD),
consisting of a 128 x 128-strip focal-plane detector and eight tunnel detectors
with 16 x 16 strips each, used to register fission fragments and « particles.
The DSSD energy calibration for « particles was carried out using the
154Sm (52 54Cr, £n)?06-2.28-2Rp reactions. The detection efficiency of the
focal-plane silicon detector is approximately 50% for « particles and nearly
100% for at least one of the two fission fragments.

Before implantation into the focal-plane DSSD, evaporation residues
traversed the foils of the time-of-flight (ToF) system [5], which was used
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Fig. 1. Schematic view of the SFiNx detection system: front view (left) and side view

(right). Legend: I — recoil nuclei; 2 — focal-plane Si detector; 3 — tunnel Si detectors;

4 — ®He counters; 5§ — CLLBC scintillation detectors; 6 — vacuum chamber; 7 —
moderator; § — shield to reduce background

to distinguish implantation events from subsequent decays registered in the
focal-plane detector. Additionally, a thin Mylar foil was placed directly in front
of the entrance to the DSSD “well” assembly to suppress soft background
originating from parasitic reaction products and scattered beam ions. Passage
through the ToF foils and the Mylar degrader resulted in a reduction of the
measured recoil energies in DSSD; this effect is taken into account in the
correlation analysis described below.

The single neutron detection efficiency, calibrated with a ?*3Cm source,
was approximately 56% (see below for experiment-specific values), and the
average neutron lifetime in the detector array was (19 + 1) ws. The high
granularity of the SFiNx neutron detector minimizes the probability that more
than one neutron is registered in a single 3He counter within the coincidence
window [4].

Nine CLLBC-based scintillator detectors were installed directly after the
focal-plane DSSD for the registration of prompt ~ rays. The SFiNx detector
system was situated behind a wall of heavy concrete about 2 m thick to reduce
neutron and gamma backgrounds.

The isotope ?0Sg was synthesized in the complete-fusion reaction of >*Cr
ions from the U-400 cyclotron with a 2%7PbS target. Two PbS targets with
thicknesses of 345 and 455 pg/cm? (2"Pb enrichment around 99.4%) were
electrochemically deposited on 1.5 um-thick Ti backing foils. Measurements
were carried out at beam energies at the center of the target (F)),
spanning 251-255 MeV for the 345 ug/cm? target and 249-254 MeV for
the 455 pug/cm? target. The ®*Cr mean equilibrium charge state after passing
through a thin C-foil was calculated using the semi-empirical formula [6],
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yielding (¢) = +21. The total number of projectiles delivered to the targets
and measured in a Faraday cup was approximately 3.6 - 108,

The ?58Sg isotope was obtained in a complete-fusion reaction induced by
52Cr ions from the cyclotron on a 20’PbS target. A 455 ug/cm? PbS target,
prepared as described above, was used. Due to the absence of experimental
cross-section data for the reaction under study, the beam energies (E/3)
were selected in the range 249-253 MeV by extrapolating values {rom related
52Cr-induced reactions [1, 7]. The total number of beam ions transmitted
through the target was approximately 1.4 -10'®. The corresponding mean
equilibrium charge state of the 52Cr ions was also (g) = +21.

2. RESULTS

2.1. Decay of 260Sg. Spontaneous-fission events following the implanta-
tion of evaporation residues were searched for within a 0-50 ms time window.
Recoil energies were restricted to 11-30 MeV, and fission fragments were
required to have energies above 20 MeV. Applying these criteria yielded 290
recoil-SF correlations.

A fraction of these events originates from the o decay of ?°Sg to 2%°Rf,
which also undergoes spontaneous fission. Since the lifetimes of ?°Sg ((4.95 +
+0.33) ms [8]) and 2°°Rf ((6.2 £0.2) ms [9]) are similar, timing information
alone does not allow their separation.

To suppress the contribution of *Rf, a search for recoil-a-SF corre-
lations was performed. The «-particle search was carried out over a wide
energy interval of 8-11 MeV. The observed a-particle energies (Fig.2)
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Fig. 2. Spectrum of « particles of ?**Sg obtained via recoil-a~SF correlations in the

focal-plane detector. The blue bars represent the experimental data. The solid orange

curve displays a continuous fit using a Gaussian peak with a fixed 20 keV detector

resolution and constant background, fitted using Poisson-binned maximum likelihood

as recommended in [14]. The red dashed curve shows the expected counts per bin
from the fitted model



are concentrated at the known a-decay line of 2%0Sg, providing a reliable
identification. Events containing such « signals were rejected. This procedure
removed 59 SF events (based on 42 « from the focal-plane detector and 17 «
from the side detectors), resulting in a final data set of 231 SF events. As
« particles emitted into the backward hemisphere are not always detected, the
rejection is not complete. Consequently, the final SF event sample is estimated
to contain a (11 + 2)% residual admixture of 2%6Rf.

The a-decay branching ratio of ?°Sg was determined to be b, = 0.29 +
+ 0.03, consistent with previous values b, = 0.29 +0.03 [8], bsr = 0.77 +
+0.09 [10], b, = 05+82 [11] and inconsistent with the earlier estimates
b > 0.8 reported in [12, 13] (which were based on limited statistics).

The «-particle peak was fitted following the procedure of [14]. The peak
centroid, (9757 £ 6) keV, agrees with the reported value of (9748 & 1) keV [8,
15]. Due to limited statistics, no conclusions can be drawn regarding the
additional line at (9715 £ 3) keV reported in [8, 15].

The hali-life of ?°Sg was determined using two independent methods.
Using the method of [16], applied to lifetime data from recoil-SF correlations
(Fig.3), a value of Ty, = (6.5 4 0.3) ms was obtained. An independent
analysis based on recoil-a—SF correlations was performed using a maximum-
likelihood estimator applied to the decay-time distribution. This approach
yielded T/ = 7. O+2 % ms (95% C.L.), with the confidence limits obtained from
the exact likel 1hood ratlo method. The two results are statistically compatible
within their uncertainties and demonstrate consistency between the applied
analysis methods.

The statistical test of [16] shows no statistically significant evidence for
additional decay components in the lifetime distributions owing to the limited
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Fig. 3. Distribution of time differences between recoil nuclei implantation and fission-
fragment detections for *°Sg. The blue points represent the experimental data. The
orange solid curve shows the exponential fit



number of decay events. While most recoil-« correlations are consistent with
a half-life of about 5 ms, a small number of longer-lived events is observed,
leading to a longer half-life. This behavior is attributed to the limited statistics
and to the possible presence of unresolved a-decay fine structure previously
reported for 269Sg [8, 15].

The obtained half-life value 7.072% ms is consistent with earlier measu-
rements for ground-state decay (4.95+ 0.33) ms [8, 15], 3.6f8:2 ms [11],
S.Ofgjg ms [10]. It is also consistent with a longer-lived activity of 6.71“3:; ms
reported in [10].

The hali-life of 2R was found to be T}/ = 5.371) ms (95% C.L.) using
the same recoil-a—SF correlations. This is consistent with previous values
(6.2+£0.2) ms [9], (6.7+0.2) ms [2], (6.7 +0.2) ms [17], (6.94+0.4) ms [18],
and (6.9 40.2) ms [19]. No « decay of 2RI was observed in this experiment.

Prompt neutrons emitted in SF were searched for in the time interval
0-128 ps after the fission-fragment signal in the focal-plane DSSD. This
choice is based on the average neutron lifetime of (19 & 1) us in the setup.
A total of 645 prompt neutrons in coincidence with 231 fission events
attributed to 26°Sg were registered. These data (Table 1) represent the first
measurement of prompt-neutron emission from ?®9Sg. After correction for the
neutron detection efficiency (565.5 & 1.0)%, the neutron emission distribution
yields an average multiplicity of 7 = 5.03 £ 0.14.

The Tikhonov regularization method [20, 21] was applied to reconstruct
the true neutron emission probabilities from the measured neutron multiplicity
distribution. The resulting reconstructed distribution is shown in Fig. 4.

Background neutrons were studied by analyzing 1000 time windows of
length 128 us starting at 1000 ps from each fission event. The start time
of these background search gates (1000 us) was selected to minimize overlap
with prompt neutrons. The resulting background distribution (Table1) was

Table 1. Observed number of SF events (N) and background neutron
probabilities (b,), categorized by the number of detected neutrons, together with
the reconstructed neutron emission probabilities (P,) for *'Sg

v | N b, P,
0 | 10| 0997 | 0.002+0.004
1 |36 | 0003 | 0.025+0.010
2 | 55| 2-107% | 0.058+0.013
3 |60 0 0.107 +0.015
4 | 41 0 0.163+0.017
5 | 22 0 0.208 +0.020
6 | 6 0 0.214+0.018
710 0 0.157+0.013
8 | 0 0 0.063+0.019
9 | 1 0 0.00319:0%
10] 0 0 < 0.006
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Fig. 4. Neutron multiplicity distributions for the SF of 2°Sg: measured distribution
(blue squares) and reconstructed distribution (red circles)

used in the correction procedure. The average background multiplicity was
0.003 neutrons per fission and has a negligible effect on the prompt neutron
multiplicity distribution.

The average number of prompt neutrons in the SF of ?*Rf, deduced from
the same recoil-a—SF correlations, is 4.7 + 0.2, consistent with the previously
reported value of 4.30 +£0.17 [2].

2.2. Decay of 258Sg. A total of nine SF events of 2Sg were identified.
The search was performed within a 0-50 ms time window following implan-
tation signals of recoils searched for over a broad energy range of 2-50 MeV.

All recoils associated with SF events were
Table 2. Observed number of  fo nd to have energies between 11 and
SF events (N) for **Sg and 17 MeV. The energy ol the fission fragments
background neutron probabili- ;¢ required to exceed 20 MeV. Sponta-
ties (b)), categorized by the .., . fission events were accepted only if
number of detected neutrons . . L .

accompanied by either a coincident signal

v | N b, from a second fragment in the side detectors
0l 0 0.995 or prompt « rays in the scintillation detec-
1| 1| 0005 tors.

0| 3 13.10°° Prompt neutrons were searched for in
31 3 0 the time interval 0-128 us after the fission
4|1 0 signal in the focal-plane Si detector. A total
51 1 0 of 25 prompt neutrons in coincidence with

nine fission events attributed to ?%Sg were
registered. The distribution of the nine recorded fission events as a function
of neutron multiplicity v is given in Table 2.

After correction for the neutron detection efficiency (56.8 &+ 1.0)%, the
neutron emission distribution yields an average multiplicity of 7 = 4.9 £ 0.4.
Compared to the previous experiment, a slight increase in single neutron
detection efficiency (from (55.5 +1.0)% to (56.8 &+ 1.0)%) was achieved.
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This improvement results from the unification of most *He counters, which
facilitated optimal adjustment of the discriminator thresholds.

Background neutrons were studied using the method described above for
260Sg. The total number of time windows analyzed from each SF event was
10000, yielding an average background multiplicity of 0.006 neutrons per
fission (Table 2).

The half-life of 2’Sg was determined as T}, = 2.2*75 ms (95% C.L.)
using a maximum-likelihood estimator applied to lifetimes from the recoil-SF
correlations. The obtained hali-life value agrees with previously reported data
21700 ms [7], 2.770: ms [22], and 2.9753 ms [9].

To reliably detect the o decay of ?%®Sg, we searched for recoil-a—SF
and recoil-a-a correlations, taking into account b, (***Rf) < 0.015 [9]. An
a-search interval of 0-50 ms was applied after the recoil implantation signal,
and a 0-10 ms fission or second a-decay search interval followed the first
« detection. For this analysis, only « particles with energies of 7-11 MeV
were accepted. Consequently, no a-decay events were observed.

3. DISCUSSION

The systematic behavior of the average prompt neutron multiplicity as a
function of the parameter Z%/A'/3 for nuclides with Z = 92-106 is shown
in Fig.5. The present values for 2®260Sg follow the general increasing trend
with fissility and agree with expectations for SHE.
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Fig. 5. Average prompt neutron multiplicity vs. the parameter ZZ/AI/3 for the SF of
nuclides with Z = 92—106. References: U — [23, 24]; Pu — [25-27]; Cm — [25, 28];
Bk — [28]; CI — [25, 26, 28, 29]; Fm — [29-33]; Md — [34, 35]; No — [4, 36, 37];
Rf — [2, 38]; Db — [39]; Sg — this work. For 28Dh, 7 = 4.2 +0.4; the uncertainty
was estimated in this work since the original reference [39] does not provide it



The calculation of the neutron multiplicity distribution in the SF of 260Sg
is presented in Fig.6. The calculations were performed within the improved
scission-point model [40-43] with random walk. It is assumed that after
crossing the fission barrier, the nucleus is represented as a superposition
of various dinuclear systems (DNS), i.e., the system of two fragments in
touching. The DNS fragments evolve by stretching and exchanging nucleons.
This evolution is treated in competition with the decay of DNS into two
hot primary fission fragments. The de-excitation of fission fragments through
neutron emission is treated using Monte Carlo simulations, taking into
account the distribution of kinetic energy of neutrons [44]. The parameters
of the model are fixed by fitting the average neutron multiplicities in the SF
of 22No [4], ?5Rf [2], 2°Md [34], and 5% 269Sg (current work). The model
is presented in detail in [42, 43], and its application to the description of
neutron multiplicities of 2*Rf is given in [2]. It is worth mentioning that in
comparison to the calculations in [2], in the current version of the model,
level densities were calculated in the microscopical approach, taking into
account both pairing and shell effects at each given deformations of DNS
fragments.

As seen in Fig. 6, the results of the calculations are in excellent agreement
with the experimental data. Compared to 2°Rf [2], the neutron multiplicity
for the SF of ?60Sg shows a less pronounced tail toward small neutron
multiplicities v; instead, it has a wide and more uniform distribution with
considerable probabilities for fission events with small v. To analyze the
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Fig. 6. Prompt neutron emission probability distributions for ?°Sg: the experimental

distribution obtained in this work (red circles) and theoretical predictions from the

improved scission-point model [40-43] (green dashed curve) and GEF model [45]

(violet dotted curve). For comparison, the prompt neutron multiplicity distribution of
P6Rf from work [2] (cyan triangles) is also included



mass splits that are responsible for fission events, the partial mass distri-
butions representing contributions to the SF of ?9Sg with specific neutron
multiplicities are shown together with the total mass distribution in Fig.7.
[t is seen that the mass distribution exhibits both symmetric and asymmetric
modes for v < 4 and becomes asymmetric for 5 < v < 7. Interestingly, for
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Fig. 7. Calculated mass distributions of fission fragments (a) and total kinetic energy

(TKE) distributions of the fragments (b) for 2°Sg spontaneous fission. The results

are categorized by prompt neutron multiplicity (v): the solid black line represents the

total distribution summed over all multiplicities; blue triangles down denote 0 < v < 2;

green circles — 3 < v < 4; yellow squares — 5 < v < 7; orange diamonds — v = 8§,
and red triangles — up 9 < v < 10 (see inset)



Probability

Fig. 8. Calculated mass-charge distribution for the SF of °Sg. Fission fragments cor-
responding to the most probable symmetric 2Te + 2 Te and asymmetric !'2Pd + “¥Nd
splits are indicated

even larger values of v, the mass distribution again starts to evolve toward
a symmetric one and becomes fully symmetric for 9 < v < 10. This mode
corresponds to the same scission configurations as v < 2 but with strongly
deformed fragments that is revealed by small TKE values (see inset panels
in Fig. 7).

The role of various scission configurations is elucidated in Fig.8 where
the mass-charge distribution is presented. The maximum of the asymmetric
mass split corresponds to the dinuclear system '"’Pd+ “8Nd with soft
fragments that are strongly deformed before DNS decay. Upon decay, the
energy stored as the deformations of fragments is released as excitation
energy leading to a large neutron multiplicity. On the contrary, the symmetric
split corresponds to the fragments '?8Te 4 128Te which are relatively stiff
against deformation. As a result, the dinuclear system composed of these
fragments decays from compact shapes leading to the fission events with few
or no emitted neutrons and a correspondingly high TKE, as demonstrated
in Fig. 7. With very small probabilities, this scission configuration can become
strongly deformed, leading to fission events with a large v > 8 and small TKE
values.

The average number of neutrons emitted in SF was calculated as
7(*%8Sg) = 4.99 and 7(**°Sg) = 5.07. These values agree well with the expe-
rimental data.

We also compared our results with the GEF model [45] (version 2025/1.2).
The model was found to significantly underestimate the T value and fails
to describe the shape of the prompt neutron multiplicity distribution (see
Fig.6).
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CONCLUSIONS

For the first time, the prompt-neutron emission probabilities for different
neutron multiplicities were measured for the SF of 28260Sg  The average
neutron multiplicities were determined to be 7(**®*Sg) = 4.9 + 0.4 and
7(*0Sg) — 5.03 + 0.14.

In addition, the half-lives T},5(*®Sg) = 2.2*7¢ms (95% C.L.) and

T1/5(*°Sg) = 7.07% ms (95% C.L.), as well as the a-decay branching ratio

b (*®9Sg) = 0.29 & 0.03, were obtained. All of these values are consistent with
previous measurements.

A comparison with the calculations based on the improved scission-point
model shows good agreement with the experimental data, reproducing both
the average neutron multiplicity and the shape of the multiplicity distribution
for 260Sg, as well as the average multiplicity for 28Sg. This indicates that the
model provides an adequate description of spontaneous fission properties in
these superheavy nuclei.

These new results on neutron multiplicities in the spontaneous fission of
neutron-deficient seaborgium isotopes provide an important benchmark for
fission theory in the superheavy-element region and demonstrate the influence
of shell structure on fission observables. They also lay the groundwork for
future prompt-neutron studies in neighboring superheavy nuclei, which will
further elucidate the fission process at the limits of nuclear stability.
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the Ministry of Science and Higher Education of the Republic of Kazakhstan
(Grant No. BR28712431).
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Appendix.

AUXILIARY ESTIMATES OF PRODUCTION CROSS SECTIONS
FOR 258, QGOSg

This Appendix presents auxiliary estimates of production cross sections for
the In evaporation channel in the 27Pb 4 52%4Cr reactions. These estimates
were not used in the analysis or interpretation of the prompt-neutron emission
data discussed in the main text and do not affect the conclusions of the paper.
The values are provided solely for completeness and for comparison with
previously reported systematics and should be regarded as indicative rather
than precise. The estimates are shown in Fig. 9.

For the reaction 207Pb(®4Cr, 1n)%°Sg, the estimated values are consistent,
within uncertainties, with previously reported data [15]. For the reaction
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Fig. 9. Production cross sections for the 27Pb(®*Cr, 1n)?°Sg reaction from [15] (blue
circles) and estimates from the present work (red squares for the 345 pug/cm?® target
and red diamonds for the 455 pug/cm? target). Estimates for the 27Pb(®**Cr, 1n)?%Sg
reaction from the present work are shown by green triangles. The beam energy is
given after passing through half of the target thickness. The presented values are

provided for comparison only

27pp(32Cr, 1n)?8Sg, no experimental cross-section data have been reported
previously. The nuclide ?®Sg has been synthesized earlier in the reactions

208ph(52Cr, 2n)%58Sg [1, 7] and 2Bi(°'V, 2n)2%Sg [9, 22].
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