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CpezHee YHCJI0 MTHOBEHHBIX HEHTPOHOB IIPH CIIOHTAHHOM
nenenun 260Rf

dkcrnepuMeHTalbHOe HccaenoBanne usotona 2°Rf, o6pasyomerocs B peak-
wuu nosiHoro causinus 238U +26Mg, BhimosHeHO C HMCMONb30BaHMEM (DUABTPA
ckopoctedl SHELS. MHoKecTBEHHOCTb MIHOBEHHBIX HEHTPOHOB TIPH CIIOHTAHHOM
nenenun 2ORf usmepena BrepBble, cpefiHee YHC/JO0 HEHTPOHOB B akKTe AeJeHUS
nanHoro msorona coctasuio 7(?60Rf) = 4,88 4+ 0,24. Ilepuon nomypacnaga Gbii

M3MepeH MpH foBepuTenbHOM MHTepBase 95% kak T 9 (*°Rf) = 16,8755 mc.

Pa6ora BemosHena B JlaGopatopuu simepHbix peakund um. . H. @neposa
OHndu.
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Average Number of Prompt Neutrons in the Spontaneous
Fission of 2°0Rf

An experimental study of 2°Rf produced in the complete fusion reaction
238U + %Mg was performed using the SHELS velocity filter. The prompt neutron
multiplicity in the spontaneous fission of 2°Rf was measured for the first time,
yielding an average value 7(*®°Rf) = 4.88 & 0.24. The hali-life was measured as
Ty /2(*°RI) = 16.8732 ms (95% CL).

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

Spontaneous fission (SF) of heavy and superheavy nuclei provides direct
information on the scission configurations, which result from the interplay
between Coulomb repulsion and shell effects. The probabilities of various
scission configurations shape the distributions of fragment mass, the total
kinetic energy (TKE) and the excitation energy, and, as a result, the
subsequent emission of prompt neutrons and ~ rays.

From actinides to transfermium and superheavy nuclei, the fission me-
chanism undergoes qualitative changes with increasing fissility. In actinides,
asymmetric fission is strongly influenced by the interplay between the
macroscopic part of the potential energy surface (PES) and quantum shell
effects. As the fissility parameter Z?/A increases, the macroscopic PES
flattens, thus favoring more compact scission configurations; together with
the evolution of fragment shell structure, this contributes to a gradual shift
toward more symmetric mass splits. In superheavy nuclei, where stability is
largely provided by shell effects, microscopic contributions play a decisive role
in shaping the fission barrier and determining the preferred fission path.

A comprehensive description of SF therefore requires the combined
analysis of fragment mass distributions, TKE, and prompt neutron emission.
Mass distributions reflect shell effects at large deformations, TKE constrains
the compactness of the scission configurations, and the average neutron
multiplicity () provides a sensitive probe of the excitation energy and
deformation carried by the fragments. Systematic measurements of 7 thus
yield important information on how excitation energy is partitioned and on
the fission dynamics near scission.

Experimental information on prompt neutron emission in the transfermium
and superheavy region remains scarce. To enable studies of nuclei produced at
extremely low rates, the high-efficiency SFiNx detector was developed [1,2].
The detector design enables efficient detection of SF events with reliable
event-by-event background evaluation, making it well suited for studies of
nuclei produced at the limits of experimental reach. This approach has
been successfully applied to isotopes with Z > 100 in complete-fusion (CF)
reactions [3-6], as well as to SF shape isomers of lighter actinides (Z < 100)
populated in multinucleon-transfer (MNT) reactions [7].

Rutherfordium (Z = 104) occupies a key position in the transitional
region between nobelium and seaborgium isotopes, where the fission mode
evolves from predominantly asymmetric to increasin%ly symmetric or bimodal
behavior. TKE distributions have been reported for 2> 250.258R{ [8], 260Rf [9],
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and 262Rf [10], while fragment mass data for 255 258.260.262R{ are summarized
in [10]. Prompt neutron multiplicities have been measured only for neutron-
deficient isotopes 2*Rf [11] and ?°°Rf [12], with a complete lack of data for
more neutron-rich isotopes including 2YRI.

Therefore, the first measurement of Z(*®°Rf) provides new experimental
input for the systematics of prompt neutron emission in the transfermium
region.

1. EXPERIMENTAL DETAILS

An experiment aimed at studying the SF properties of ?6°Rf was performed
at FLNR using the SHELS separator [13] and the SFiNx detection system [2]
(Fig. 1). The detection system includes 116 3He neutron counters capable of
detecting multiple prompt neutrons emitted during the SF process, as well
as a well-type 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
single neutron detection efficiency, calibrated with a 2**Cm source, was
(56.8 + 1)%, and the average neutron lifetime in the detector array was
(194 1) ps. The high granularity of the SFiNx neutron detector minimizes
the probability that more than one neutron is registered in a single *He
counter within the coincidence window [1]. Importantly, the SFiNx operates
in a continuous monitoring mode, recording all neutrons independently of any
fission trigger, which enables precise event-by-event background evaluation.
The DSSD energy calibration for a particles was carried out using the
198pt(26 Mg, xn)?**~*Th 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 (ERs)
traversed a single foil of the time-of-flight (ToF) system [14], which was
used to distinguish implantation events from subsequent decays registered in
the focal-plane detector. Owing to the low velocities of the ERs produced in
the studied reaction, only one ToF foil was installed in order to minimize
additional energy loss and avoid a reduction of the decay statistics.

Nine CLLBC-based scintillator detectors were installed directly after the
focal-plane DSSD to register prompt - rays accompanying fission, which can
be used in subsequent correlation analysis. The SFiNx detector system was
placed behind a wall of heavy concrete about 2 m thick to reduce neutron and
gamma backgrounds.

The 269Rf isotope was synthesized in the CF reaction of Mg ions from
the U-400 cyclotron with a 2®U30s target. A 150-mm-diameter target with
a thickness of (287 +50) pg/cm? (?3¥U enrichment about 99.999%) was
electrochemically deposited on 1.5-um-thick Ti backing foil. Measurements
were performed at beam energies corresponding to the center of the target
in the range 128-134.5 MeV, chosen near the maximum of the excitation
function for the 4n evaporation channel of the 23U +26Mg complete fusion
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Fig. 1. Upgraded SHELS separator (top), including a new triplet of magnetic
quadrupole lenses and a new target box, and the SFiNx detector system (bottom)
installed at the focal plane of the separator

reaction [15,16]. Despite the 23U enrichment of the target being close to
100%, the uranium target contained an impurity of %Pt resulting from the
target fabrication procedure, in which platinum electrodes were used. This
impurity significantly affected the analysis of the « spectra, as reactions on
platinum produced « lines in the energy region around 9 MeV, overlapping
with the o decays of rutherfordium. For this reason, a reliable analysis of
a-decay correlations was not pursued in the present work.



In addition to the CF reaction, MNT channels in the 23U 4 26Mg system
were investigated. These reactions are known to populate actinide nuclei
in the Am-Pu region, where spontaneously fissioning shape-isomeric states
have been reported [17,18]. MNT products predominantly arise from damped
binary collisions and, in near-barrier interactions, target-like fragments are
typically characterized by laboratory-frame velocities exceeding those of CF
recoils [19].

Calculations indicate that such target-like MNT products attain velocities
of approximately 1.3-1.8 wcn, where ven denotes the compound-nucleus
velocity. These estimates were used to define the high-voltage (HV) settings
of the SHELS velocity filter. The resulting experimental separation between
the CF and MNT velocity regimes is illustrated in Fig.2. By tuning the
HV of the velocity-filter deflectors, the transmission was optimized for CF
recoils, while most of the faster transfer products were effectively suppressed.
All other separator parameters, including the magnetic dipole and quadrupole
fields, were kept unchanged, while only the high voltages applied to the
electrostatic deflectors were varied. This significantly reduced the MNT-re-
lated background in the CF mode and enabled a dedicated study of prompt-
neutron emission from spontaneously fissioning isomers produced in transfer
reactions [7]. Nevertheless, a small fraction of transfer products resulting
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Fig. 2. Distribution of time differences between recoil implantation and fission-
fragment detection as a function of recoil energy. Green markers indicate events
found in the CF velocity mode of the SHELS separator (HV =49 kV), while
red markers represent events corresponding to the transfer-product velocity regime
(HV =65-90 kV). Thin yellow lines on the colorbar show the exact HV operating
modes of the separator used in the experiment. Markers with black borders indicate
events with at least one detected prompt neutron. Dashed box represents the CF
cluster of 2%°Rf



from orbiting or highly dissipative collisions may still fall within the velocity
range of the CF recoils. The possible contribution of such events is discussed
below.

Before entering the velocity filter, the recoils passed through a thin
carbon foil to achieve charge-state equilibration. Using the semi-empirical
Nikolaev—Dmitriev parameterization [20], the mean equilibrium charge state
of 2 Mg was estimated to be (g) ~ +11. The effective width of the charge-state
distribution is on the order of one charge unit. The total number of projectiles
delivered to the target, as measured with a Faraday cup, was approximately
1.4-10' and 2.7 - 10'7 for the CF and MNT reaction studies, respectively.

2. RESULTS

A total of 53 SF events of 26ORf were identified. The search was performed
within a 100 us-250 ms time window following implantation signals of recoils
with energy <11 MeV. The energy of the fission fragments was required to
exceed 30 MeV. SF events were accepted only if accompanied by either a
coincident signal from a second fragment in the side detectors or prompt
~ rays in the scintillation detectors.

The lower time limit of 100 us and the upper recoil energy limit of 11 MeV
were chosen to exclude products from MNT reactions (Fig. 2).

Prompt neutrons were searched for in the time interval 0-128 pus after the
fission signal in the focal-plane Si detector. A total of 147 prompt neutrons
in coincidence with 53 fission events attributed to 26°Rf were registered.
The distribution of the 53 recorded fission events as a function of neutron
multiplicity v is given in the table.

After correction for the neutron detection efficiency of (56.8 & 1.0)%, the
neutron emission distribution yields an average multiplicity of T(*°Rf) =
= 4.88 £ 0.24. The quoted uncertainty includes both statistical and systematic
contributions.

Background neutrons were studied by analyzing 10000 time windows
128 us in length starting at 1000 us from each fission event. Owing to
the continuous, trigger-independent operation mode of the SFiNx detector,

Observed number of SF events (V) for 2°Rf and background neutron
probabilities (b, ), categorized by the number of detected neutrons

v | N b,

0| 4 0.993
1] 5 0.007
2116 |5-107°
3|12 0
419 0

5| 5 0

6| 1 0

71 1 0




these time windows provide a reliable estimate of the neutron background
on an event-by-event basis. In such a data acquisition scheme, background
time windows can, in principle, be chosen either before or after the fission
event; in the present analysis, post-fission windows were used in order to
provide a straightforward and transparent background evaluation. The start
time of these background search gates (1000 ps) was selected to minimize
overlap with prompt neutrons. The resulting background distribution (Table)
was used in the correction procedure. The average background multiplicity
was 0.007 neutrons per fission, resulting in a negligible effect on the prompt
neutron multiplicity distribution.

After applying the recoil-energy selection of Eiecon < 11 MeV to events
in the CF velocity mode of the SHELS separator, two distinct activities are
observed (Fig. 3): a long-lived component attributed to the spontaneous fission
of 2°0Rf and a short-lived component described below. The half-life of 26°Rf
was determined as T}, (*°Rf) = 16.8753 ms (95% CL) using a maximum-
likelihood estimator applied to lifetimes from the recoil-SF correlations. The
obtained half-life value of 6°Rf agrees with previously reported values of
(21 + 1) ms [9,21] and 22.2739 ms [15].

For spontaneous-fission events correlated with fast recoils (£ > 11 MeV),
attributed to MNT products, the average prompt neutron multiplicity was
determined to be 2.4 + 0.2, based on 71 SF events. A comprehensive inves-
tigation of the transfer-induced isomeric states populated in the present ex-
periment, based on the full available statistics, is reported in [7], where an
average prompt neutron multiplicity of 7 = 2.65 4+ 0.20 was obtained; the
value measured here is compatible, within uncertainties, with that result.

In addition, a short-lived component was observed in a limited subset
(7 events) correlated with slow recoils (E < 11 MeV). Given the very low
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Fig. 3. Distribution of time differences between slow recoil nuclei implantation and

fission-fragment detections for events from the CF velocity mode of the separator. The

blue points represent the experimental data. The orange solid curve shows the double
exponential fit



statistics, no firm conclusion regarding its origin can be drawn; in particular,
an assignment to an isomeric state of ?°Rf cannot be established on statistical
grounds. Therefore, this component is not included in the determination of the
average neutron multiplicity of 8°Rf reported in this work.

3. DISCUSSION

The systematic behavior of the average prompt-neutron multiplicity as a
function of the fissility parameter Z?/A for nuclides with Z = 92-106 is
shown in Fig.4. The value obtained in the present work for 2°°Rf follows
the general increasing trend observed in this region and is consistent with
previously measured data for neighboring nuclei.

The reconstructed prompt neutron-emission probability distribution
obtained using the Tikhonov regularization method [35,36] is shown in
Fig.5. Owing to the limited number of detected fission events, the higher
moments of the multiplicity distribution (variance and skewness) cannot be
reliably determined. Consequently, the reconstructed distribution is presented
primarily for illustrative purposes and should be interpreted with caution.
Nevertheless, it enables a qualitative comparison with theoretical predictions.

The mass and TKE distributions, as well as neutron multiplicities, were
evaluated within the framework of the improved scission model combined
with a random-walk treatment of the post-barrier evolution [12,37,38]. The
results of the calculations are presented in the top, middle, and bottom panels
of Fig.5, respectively. In these calculations, the same parameterization that
previously provided a good description of the average neutron multiplicities
for Rf and Sg isotopes is used [6].
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Fig. 4. Average prompt neutron multiplicity vs. the parameter Z2/A for SF of nuclides
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Fig. 5. Calculated mass distributions of fission fragments (top), TKE distributions
of the fragments (middle), and prompt neutron multiplicity distribution (bottom) for
the spontaneous fission of 2°Rf (black solid lines) obtained within the improved
scission-point model [37-40]. Experimental data for fragment masses and TKE (red
circles with statistical error bars) are taken from [9] and correspond to post-neutron
fragment quantities reconstructed using the 2F method. The experimental prompt
neutron emission probability distribution for 2°Rf obtained in the present work is also
shown (red circles)



In comparison with the mass distribution of ?0Sg [6], the symmetric
peak in 26ORf appears more pronounced. This peak, corresponding to the
130Te 4-139Te configuration, is also observed in the experimental data [9]. In
the calculations both symmetric and asymmetric fission modes are obtained.
However, they appear more clearly separated than in the experimental
data [9], where a broad distribution around the symmetric mass split is
observed.

The calculated TKE distribution has an average value of 211 MeV and
shows a broad maximum around 200 MeV, consistent with the position of
the peak observed experimentally [9]. However, the shape of the calculated
distribution on the low- and high-energy sides of the peak differs from the
experimental one. This discrepancy likely arises from the absence of octupole
deformations in the current version of the model (see the discussion in [38]).

For neutron multiplicity, the calculations yield an average value of 4.82,
which is consistent with the measured value of 4.88 4- 0.24. The obtained neu-
tron multiplicity distribution reproduces the general shape of the experimental
data (see bottom panel of Fig.5). In particular, while the distribution for
260Sg is skewed toward higher multiplicities around v ~ 6 [6], the calculated
distribution for 2°Rf exhibits a broader maximum around v ~ 5.

4. CONCLUSIONS

The average prompt neutron multiplicity in the spontaneous fission of 20Rf
has been measured for the first time. From 53 identified fission events, the
mean multiplicity was determined as 7(?°Rf) = 4.88 & 0.24. The half-life of
260R was obtained as T} o (*Rf) = 16.875-3 ms (95% CL), in agreement with
previously reported values.

The measured value of 7 follows the established systematic trend with the
fissility parameter Z2/A for transfermium nuclei. The result is reproduced
within uncertainties by calculations performed in the framework of the
improved scission-point model. Only the average number of neutrons per
fission event could reliably be determined within the given sample size; more
data is required to make decisions on distribution shape or higher-order
moments.

A key element enabling this measurement was the velocity-based separa-
tion of complete-fusion and multinucleon-transfer products with the upgraded
SHELS filter. The controlled suppression of background from multinucleon-
transfer reactions made it possible to isolate spontaneous-fission events
of ?9RI. This capability is essential for extending prompt-neutron studies to
nuclei produced with extremely low cross sections in heavy-ion reactions.

The SFiNx detector system proves effective for systematic studies of
spontaneous fission in heavy and superheavy nuclei and is suitable for use at
the SHE Factory at JINR [41].
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