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Ynaunoa U. U. u np. E7-2026-41
Bpewmsi-npoekiiMoHHasi kKamepa JJisi UCCJeJOBAaHUE CIIOHTAHHOTO JAeJIeHHUs
CBEPXTSKEJNBIX sIIEp

[IpencraByeHa KOHUEMIUSI BPeMs-POEKIIMOHHON KaMepbl AJisi UCCJIeN0BaHUM
CTIOHTAHHOTO JIeJIeHUs] CBEPXTSKEJbIX siflep, NOCTaBjseMblX B (POKaJbHYIO TJOC-
KOCTb ceraparopa sjep otnaud. JleTeKTop npenHasHaueH AJs siiep, 00pa3yolnx-
csl B SIIePHBIX peaKLUHsX, CeNapupyeMbIX OT TMepPBHUHOrO My4YKa M OCTaHABJMBae-
MbIX B rase Mocjie BXOJHOIO OKHa, YTO MO3BOJISIET COBMECTHTb CEeMapaluio siaep
OTa4U C TPEXMEPHOU PEKOHCTPYKIIUEH TPEKOB OCKOJIKOB JIEJIEHHSI.

KoHuenuusi HanpaB/ieHa Ha MojiydeHHe HHPOPMALUK O KHHEMATHKE OCKOJIKOB,
BKJ/IIOUasi TMOJIHYI0O KHHETHUYECKYI0 3JHEepPryio, MacChl W pelKHe MOMIbl JeseHHS,;
coBMecTrMocTh ¢ SFiINX MoxkeT oGecrednTh KOppessiiMd C MTHOBEHHBIMH HeH-
TPOHAMH.

MonenupoBanue Geant4 UCNONb30BAHO [JIs1 ONTUMHU3ALUH T€OMETPUU KaMEpHI,
TOJIIIMHBl BXOAHOT'O OKHA W JaBJIeHHsl ra3a B YCJOBHSIX (DOKAJbHOH MJIOCKOCTH
GRAND; onpenenena 06/1acTh, Ile OKHO OCTaeTCsl MeXaHUYECKH YCTOHUHBBIM,
a JeTeKTOP COXPaHSIeT UyBCTBUTEJbHOCTb K COOBITUSIM CIOHTAHHOTO [eseHHs.
PesynbraTel MOKa3bIBAIOT, YTO TaKas KaMepa MOXeT pacUIMpPHUTb BO3MOKHOCTHU
HCCJIeIOBAHUH CIIOHTAHHOTO AEJIEHUS SIIep.

Pa6ora Beimonnena B JlaGopatopuu simepHbix peakuuiét um. . H. ®neposa
OHndu.

[Tpenpunt O6beNUHEHHOTO HHCTUTYTA sIEPHBIX HccaenoBaHuit. 1y6Ha, 2026
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A Time-Projection Chamber for Studies of Spontaneous Fission of Superheavy
Nuclei

A concept of a time-projection chamber for studies of spontaneous fission of
superheavy nuclei delivered to the focal plane of a recoil separator is presented.
The detector is intended for nuclei produced in nuclear reactions separated from
the primary beam and stopped in the gas after the entrance window, making it
possible to combine recoil separation with three-dimensional reconstruction of
fission-fragment tracks.

The concept is aimed at obtaining information on fragment kinematics,
including total kinetic energy, masses, and rare fission modes; compatibility with
SFiNx would allow correlations with prompt neutrons.

Geant4 simulations were used to optimize the chamber geometry, entrance-
window thickness, and gas pressure for the GRAND focal-plane conditions; an
operating region was determined where the window remains mechanically safe
and the detector preserves sensitivity to spontaneous-fission events. The results
show that such a chamber can extend experimental capabilities for studying
spontaneous fission of nuclei.

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

Spontaneous fission of heavy and superheavy nuclei is one of the most
sensitive probes of nuclear structure at the limits of stability. The process is
governed by the interplay between Coulomb repulsion, shell effects, collective
deformation, and the redistribution of excitation energy between the nascent
fragments. Fragment mass distributions, total kinetic energy (TKE), and
prompt-neutron emission are therefore essential observables for characterizing
the mass-energy division in fission and the excitation energy carried by the
fragments after scission.

For transfermium and superheavy nuclei, experimental data remain scarce
because production cross sections are small, lifetimes are often short, and
the number of registered decay events is limited. Under such conditions, each
spontaneous-fission event should provide as much information as possible.

At the Flerov Laboratory of Nuclear Reactions (FLNR, JINR), short-li-
ved heavy nuclei are produced in heavy-ion reactions and transported to
the focal-plane detector system after separation from the primary beam
and background reaction products. In the present experimental approach,
the separated nuclei are implanted into a silicon-detector assembly, where
subsequent a decays and spontaneous-fission events are registered. The SFiNx
neutron detector [1, 2] surrounding the focal-plane detection system makes it
possible to measure prompt neutrons from spontaneous fission.

Silicon detector systems are highly efficient for decay-chain identification
and for the registration of spontaneous-fission events. In particular, double-
sided silicon detectors provide position and energy information for implanted
nuclei, a particles, and fission fragments. However, this technique provides
only limited event-by-event information on fission-fragment kinematics.
The measured fragment energies can be affected by dead layers, detector
thresholds, entrance foils, pulse-height defects, and geometrical losses, while
the fragment ranges in the detector material are not reconstructed directly.
As a result, the determination of TKE and fragment masses remains limited.

A time-projection chamber (TPC) offers a different experimental approach.
In a gas-filled active volume, charged fission fragments produce ionization
tracks, which can be used to reconstruct their ranges and energy-loss profiles.
After appropriate calibration, this information can provide event-by-event
access to fission-fragment kinematics, including TKE and fragment masses.

Conventional fission TPCs are usually designed for measurements with
a fissioning source placed inside the active volume. This geometry is not
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directly applicable to experiments with superheavy nuclei produced in nuclear
reactions and transported to the focal plane of a separator system. The
present work therefore proposes a TPC concept adapted for separator-delivered
superheavy nuclei. In the proposed configuration, the fissioning nucleus is
produced in a nuclear reaction, separated by the GRAND gas-filled recoil
analyzer, and stopped in the active gas volume of the chamber.

The aim of the present work is to develop and simulate a separator-
coupled TPC for studies of spontaneous fission of superheavy nuclei. The
paper describes the detector concept, the Geant4-based simulation model,
the optimization of gas pressure and entrance-window thickness, and the
evaluation of the expected registration efficiency under conditions relevant to
experiments at the GRAND focal plane.

1. EXPERIMENTAL MOTIVATION AND EXISTING DETECTOR
CONFIGURATION

1.1. GRAND as a basis for the proposed TPC configuration. The
proposed TPC is considered as a possible focal-plane detection system for
GRAND, the Gas-filled Recoil Analyzer and Nuclei Detector of the Super-
heavy Element Factory at FLNR. The GRAND separator is designed for
experiments with nuclei produced in heavy-ion reactions and operates in a
gas-filled mode, with helium or hydrogen considered as working gases [3, 4].

The GRAND focal plane can accommodate different detector systems
depending on the experimental task, including chemical chambers, spectro-
metric detection systems, setups for nuclear mass measurements, and dedi-
cated detectors for fission studies (Fig. 1). In this context, the proposed TPC
represents a specialized focal-plane detector for fission studies.

Fig. 1. General view of GRAND at the Superheavy Element Factory of FLNR

A simplified schematic layout of the GRAND separator and its focal-plane
region is shown in Fig. 2.
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Fig. 2. Simplified schematic layout of the GRAND separator. / — target chamber; 2 —

quadrupole lenses; 3 — dipole magnets; 4 — beam stopper, into which the primary

beam is directed; 5 — detector system for chemical experiments; 6 — detector system

for physical experiments; 7 — shielding wall for reducing the radiation background in
the focal plane

1.2. Limitations of silicon-detector measurements of fission frag-
ments.  Despite its high efficiency for decay-chain identification, the ap-
proach based on silicon detectors has limitations for precise measurements of
fission-fragment energies. Silicon detectors register the energy deposited by
a fragment in an individual detector element, but the measured signal does
not always correspond to the full fragment kinetic energy.

The main limitation is related to energy losses and pulse-height defects for
heavy ions. The measured fragment energies can be affected by dead layers,
detector thresholds, entrance foils, incomplete charge collection, pulse-height
defects, and geometrical losses. These effects complicate the reconstruction of
the TKE of the two fission fragments.

As a result, the extraction of fragment masses on an event-by-event
basis remains limited in the existing configuration based on silicon detectors.
A gas-filled TPC can address this problem by measuring the fragment tracks
and energy-loss profiles in the active volume. After appropriate calibration,
such information may provide additional constraints for the reconstruction of
TKE and fragment masses.



2. CONCEPT OF THE SEPARATOR-COUPLED TIME-PROJECTION
CHAMBER

2.1. General detector concept. The proposed detector concept is based
on a TPC placed at the focal plane of GRAND. It is intended for event-by-
event studies of spontaneous fission of nuclei produced in heavy-ion reactions,
separated by GRAND, and stopped in the active gas volume of the chamber.

In contrast to conventional source-based fission TPC measurements,
the fissioning nucleus is not introduced as a stationary source inside the
detector. Instead, the separated recoil nucleus enters the chamber through
a thin entrance window and loses its residual kinetic energy in the gas.
If spontaneous fission occurs after stopping, the emitted fragments produce
ionization in the active volume. The ionization electrons drift toward the
readout plane, where the charge distribution and drift-time information are
recorded.

In this configuration, the active gas volume both stops separator-delivered
recoil nuclei and serves as the detection volume for fission fragments. After
appropriate calibration, the measured track and energy-loss information may
be used to constrain fission-fragment kinematics, including TKE and fragment
masses. Therefore, the chamber dimensions, gas pressure, entrance-window
thickness, and readout geometry must be optimized together.

2.2. Ditference from conventional TPC configurations. Time-
projection chambers have been used in fission studies as active gas detectors
for measuring charged fission fragments [5]. In conventional fission TPC
configurations, the fissioning material is usually placed inside the active
volume, either as a spontaneous-fission source or as an actinide target
irradiated by an external neutron beam. In this case, fission fragments are
emitted directly into the surrounding gas from a fixed source position.

Gas-filled TPCs with other readout schemes have also been used for
studies of rare nuclear decays. For example, the Warsaw Optical TPC was
applied to decay studies of very neutron-deficient Zn isotopes, where exotic
nuclei were stopped in a gas volume and charged-particle tracks from proton
emission were recorded using optical readout [6].

In contrast, the TPC proposed in the present work is intended
for separator-delivered recoil nuclei. Therefore, it must be optimized
simultaneously for recoil transmission, recoil stopping in the active gas
volume, and fission-fragment registration.

2.3. Concept of the GRAND-coupled TPC. Figure 3 summarizes the
proposed GRAND-coupled TPC concept and shows the main elements of the
detector geometry considered in the present work.

2.4. Requirements for operation at the GRAND focal plane.
Operation of the proposed TPC at the GRAND focal plane requires a
compromise between recoil transmission, recoil stopping, and fission-fragment
detection. The entrance window must be thin enough to transmit evaporation
residues with minimal energy loss and angular straggling, while remaining
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Fig. 3. Concept of the time-projection chamber for spontaneous-fission registration
in the separator-coupled configuration: front view (a) and side view (b). I —
incoming evaporation residue delivered by GRAND; 2 — fission fragments emitted
after spontaneous fission; 3 — position of the calibration source; 4 — cathode; 5 —
active gas volume of the time-projection chamber; 6 — anodes; 7 — Mylar separating
foil; 8 — ion-guide channel of the GRAND separator; 9 — polyethylene neutron
moderator; 10 — 3He neutron counters; 11 — background-neutron shielding made of
polyethylene containing 5% boron

mechanically stable under the pressure difference between the detector gas
and the beam-line vacuum.

The gas pressure must be chosen so that incoming recoil nuclei stop inside
the active volume. At the same time, the pressure should not be so high that
the fission-fragment ranges in the gas become too short for reconstruction
of track and energy-loss information. Thus, the pressure determines both the
stopping efficiency for separator-delivered nuclei and the quality of fission-
fragment measurements.

The active volume must be large enough to contain a significant part of
the fission-fragment tracks, while remaining compatible with the geometrical
constraints of the GRAND focal plane. These requirements define the main
parameters to be optimized in the simulation: entrance-window thickness, gas
pressure, chamber geometry, and the resulting registration efficiency.

3. MATERIAL AND METHODS

3.1. Detector geometry. The detector geometry used in the present
study was implemented in the Geant4 simulation toolkit [7, 8]. The model
represents a compact cubic TPC with an outer size of 15.5 x 15.5 x 15.5 c¢cm
(Fig. 4). This size corresponds to the central region available inside the SFiNx
neutron-detector assembly and defines the maximum geometrical envelope
used in the simulation.



Fig. 4. Three-dimensional Geant4 model of the proposed compact TPC geometry

The chamber housing was modeled as a stainless-steel vessel with a wall
thickness of 1 mm. The wall thickness was fixed in the present simulation
and was not included among the optimized parameters.

The entrance side of the chamber contains a circular entrance window
with a diameter of 10 cm. The window defines the geometrical acceptance for
evaporation residues entering the detector from GRAND. In the optimization
procedure, the window thickness was varied together with the gas pressure.

The sensitive volume was filled with an argon-butane mixture, Ar +
+ C4Hjo. Argon-isobutane mixtures have been used as drift gases in fission
TPC detectors, including the NIFFTE fission TPC [5]. In the present work,
this mixture was chosen as the baseline working gas for the simulation of
highly ionizing fission fragments. Argon provides the main ionization gas,
while butane acts as a quenching component. The mass fractions used in the
Geant4 material definition were 93% for argon and 7% for butane.

At atmospheric pressure, the gas density was taken as

pmix(1 atm) = 0.00170 g/cm?.

For other pressures, the density was scaled linearly at a fixed temperature of
293.15 K. This approximation allows the stopping power of the gas volume to
be varied through the gas pressure while keeping the gas composition fixed.

The charge readout of the proposed detector is based on a Micromegas
structure [9]. In the present model, the Micromegas plane is introduced as
the readout boundary of the active volume. It provides the two-dimensional
projection of the ionization charge, while the third coordinate is obtained from
the electron drift time. Avalanche multiplication, electronics response, and
detailed signal formation were not simulated at this stage.

3.2. Recoil-nucleus source and beam distribution.  The source of
recoil nuclei was modeled using the experimentally determined spatial profile
of the beam at the exit of the GRAND separator. This approach was introduced
in order to avoid the idealized approximation of a pencil-like beam and to
account for the finite transverse size of the recoil distribution at the detector



entrance. The use of an experimentally motivated beam profile is important
because the initial position of a recoil nucleus determines whether it enters
the active region of the TPC and how the subsequent fission-fragment tracks
are distributed inside the detector volume.

The spatial distribution was based on the data obtained at the focal plane
of the GRAND separator for nuclei produced in the reaction

26ph(18Ca, 2n)?*No. (1)

The number of registered recoil nuclei was determined in concentric radial
intervals with a step of 6 mm. The experimental data used for the construction
of the source distribution are given in Table 1.

Table 1. Experimental radial distribution of recoil nuclei at the focal plane of
the GRAND separator used for the source model

Radius r;, mm | Number of particles N;
6 1700
12 1367
18 1351
24 1419
30 1258
36 1049
42 1004
48 902

Let r; be the radius corresponding to the i-th radial interval and let N;
be the number of particles registered in this interval. The total number of
particles in the experimental profile is

Ny, = ZN% (2)
=1

where n is the number of radial intervals. The probability of generating a
recoil nucleus in the i-th radial interval was then defined as the normalized
experimental frequency

N; N;

P N )

By construction, the probabilities satisfy the normalization condition

23:1. (4)

For use in the Monte Carlo event generator, the discrete probability
distribution was transformed into a cumulative distribution function. The



cumulative probability up to the k-th radial interval was defined as
k
Fe=) P, F=0 - F,=1 (5)
i=1

This cumulative distribution was used to sample the radial coordinate by the
inverse-transform method. For each simulated event, a random number

§~U(0,1) (6)
was generated. The radial interval was selected from the condition
Fi_1 <& < F.. (7)

If condition (7) was fulfilled, the radial coordinate of the recoil nucleus was
assigned to the corresponding interval characterized by ry.

After the radial interval had been selected, the azimuthal angle was
generated independently from a uniform distribution,

o~ U(0,2n). (8)

The initial transverse coordinates of the recoil nucleus in the entrance plane
of the detector were then calculated as

T = T + T COS , Yy = Yo + 7 Sin @, 9)

where (x9,yo) denotes the center of the beam spot. Thus, the experimentally
measured radial distribution was converted into a two-dimensional transverse
source distribution.

The corresponding experimental radial profile is shown in Fig.5. The
decrease in N; with increasing r; reflects the fact that the density of
separator-delivered recoil nuclei is highest near the beam axis and decreases
toward the periphery.

N
1800

L - N
1600

1400 |
1200 |

1000 |

800 L 1 L 1 L 1 L 1 L
0 10 20 30 40 50

7;, I

Fig. 5. Experimental radial distribution of recoil nuclei at the focal plane of the
GRAND separator used for the source model. The distribution was obtained from the
number of registered nuclei in concentric radial intervals



Fig. 6. Geant4 visualization of the modeled recoil-nucleus distribution at the entrance
region of the proposed TPC. The finite transverse size of the beam was generated
using the experimentally motivated radial distribution

A Geant4 visualization of the generated recoil distribution in the entrance
region of the detector is shown in Fig.6. The simulated trajectories
demonstrate that the source model reproduces the finite transverse size of the
separator-delivered recoil beam and its overlap with the entrance region of the
proposed TPC.

3.3. Energy distribution of recoil nuclei. In addition to the transverse
beam profile, the initial kinetic-energy distribution of recoil nuclei was
included in the source model. This parameter determines the transmission of
evaporation residues through the entrance window and their stopping in the
active gas volume.

The energy distribution (Fig.7) was based on the experimental spectrum
measured at GRAND for evaporation residues produced in the reaction

26ph(*8Ca, 2n)?**No. (10)

The experimental spectrum was used as the basis for the recoil-energy
generation in the new simulation. The distribution was approximated by a
Gaussian function with the mean value

Eo = 17 MeV (11)

and the standard deviation
o = 2.5 MeV. (12)

For each simulated event, the initial kinetic energy of the ?>No recoil
nucleus was sampled from this distribution,

E ~ N(Eo, 05). (13)

This approach accounts for the experimentally observed energy spread of
nuclei delivered by GRAND and avoids the assumption of monoenergetic recoil
injection.

The generated distribution reproduces the mean energy and finite width
of the experimental recoil spectrum. These parameters were then used in the
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Fig. 7. Energy distributions of *No recoil nuclei used in the source model.

a) Experimental kinetic-energy distribution measured at GRAND for evaporation

residues produced in the 2®Pb(**Ca, 2n)??No reaction. b) Simulated kinetic-energy

distribution of primary %?No recoil nuclei sampled from a Gaussian distribution with
Ey =17 MeV and og = 2.5 MeV

detector-response simulation for the transport of ?®2No nuclei through the
entrance region and their stopping in the active gas volume.

3.4. Spontaneous-fission event generation. The spontaneous-fission
event generator was implemented in Geant4 as a user-defined model for
the decay of stopped ?’No recoil nuclei inside the active detector volume.
In the present work, the spontaneous fission of ?*’No was not described
by independently sampled fragment masses and energies. Instead, complete
event-by-event fission information was taken from the GEF code [10], which
allows one to preserve the physical correlations between fragment masses,
fragment charges, TKE, and prompt-neutron emission.

The fission-event library was generated using GEF version 2024/1.1 in
the spontaneous-fission mode for the nucleus:

Zo=102,  Ag =252, (14)

with the extended 1lmd+ option enabled. In this mode, GEF provides an
event-by-event list of spontaneous-fission observables, including the fragment
properties after prompt-neutron emission, the total post-neutron kinetic
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energy, and the characteristics of emitted prompt neutrons. A total of 10°
spontaneous-fission events were generated in advance and used as the source
library for the Geant4 simulation.

The original GEF output was converted into a compact event file
containing, for each spontaneous-fission event, the fragment charges and
post-neutron masses,

ZL7 AL,posh ZHv AH,pOsty (15)

the post-neutron TKE,
TKEpost ) ( 16)

and the prompt-neutron multiplicities from the light and heavy fragments,
vy, Vg, (17)

together with the energies and angular coordinates of all prompt neutrons
belonging to that event. Here the subscript “post” denotes fragment properties
after prompt-neutron emission.

The generated GEF event library contains 100000 spontaneous-fission
events. Its mean prompt-neutron multiplicity is

(v) =4.3, (18)
the mean prompt-neutron energy is
(Epn) = 2.4 MeV, (19)
and the mean total post-neutron kinetic energy of the fragments is
(TKEpost) = 199 MeV. (20)

During the Geant4 simulation, whenever a 2>No recoil nucleus stopped in
the active gas volume, one spontaneous-fission event was selected randomly
from the pre-generated GEF library. Therefore, the fragment masses and
fragment charges were not assigned independently but were taken directly
from the same physical GEF event. The light and heavy fission fragments
were then defined in Geant4 as ions with quantum numbers

(ZL, AL,post) and (ZH, AH,post), (21)

respectively. This procedure preserves the event-by-event correlation between
the two fragments and ensures consistency between the fragment species and
the prompt-neutron multiplicity of the selected spontaneous-fission event.
The selected post-neutron fragment pair was emitted from the stopping
point of the recoil nucleus. The fragment momenta were assigned in the rest
frame of the fissioning nucleus under the condition of two-body momentum
conservation,
pL +pu =0, lpLl = [pul =p. (22)
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The common momentum magnitude p was determined from the requirement
that the sum of fragment kinetic energies reproduces the post-neutron TKE
of the selected GEF event,

TKE o5t = (\/pgc2 +m2ct — mLCQ> + <\/ch2 +m2ct — mH02> , (23)

where my and mp are the masses of the post-neutron light and heavy
fragments, respectively. The individual fragment kinetic energies were then

calculated as
Ep =\/p*c2 +mict — mrLc, (24)
By = \/p*2 + m%ct —myc?, (25)

EL + Ey = TKEpost. (26)

so that

As expected from two-body kinematics, the lighter fragment receives, on
average, a larger fraction of the TKE.

The fission axis was generated isotropically in the rest frame of the stopped
22No nucleus. The emission direction of the light fragment was sampled
according to

cosf ~U(-1,1), © ~U(0,2m), 27)
which defines the unit vector
n = (sin cos ¢, sinfsin ¢, cosb). (28)
The heavy fragment was emitted in the opposite direction,
ng = —ny,. (29)

Thus, both fragments originate from a common fission point and are initially
emitted back-to-back.

Prompt neutrons were generated simultaneously with the two fission
fragments. Their total multiplicity was taken directly from the GEF event,

vV =vL+vyg. (30)

For each prompt neutron, the energy and angular coordinates from the 1md+
event record were used. The neutron directions were given in the local
fission-event coordinate system, defined relative to the light-fragment axis,
and were subsequently rotated into the global Geant4 coordinate system. These
neutrons were introduced as secondary tracks and transported through the
detector materials using the activated Geant4 hadronic interaction models.
The initial kinetic energy of the primary ?*?No recoil nucleus was sampled
independently from the experimentally determined Gaussian distribution

Eno ~ N (17 MeV, (2.5 MeV)?) . (31)

The recoil ion was propagated through the detector geometry until it stopped.
If the stopping point was located inside the active gas volume, a spontaneous-
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fission event was generated at that position using the procedure described
above. The two post-neutron fragments and all prompt neutrons were then
transported through the full Geant4 detector geometry. Their trajectories and
energy losses in the gas were used to determine the probability of registering
both fission fragments in the sensitive TPC volume.

The calculated pre-neutron fragment-mass distributions were compared
with the experimental data of Wild et al. [11]. The experimental mass yields
for spontaneous fission of 2*?No were taken from the EXFOR database, where
the data are reported with a bin width of five mass units. To ensure a
consistent comparison, the GEF distribution and the distribution reconstructed
from the GEF events sampled in the Geant4 simulation were rebinned
using the same bin width of five mass units. All three distributions were
subsequently normalized over the full fragment-mass range. The resulting
comparison is shown in Fig.8.

As expected, the fragment-mass distribution reconstructed from the events
sampled in Geant4 closely follows the original GEF distribution, confirming
the correct transfer of the GEF fission-event information into the Geant4
simulation. The calculated distributions reproduce the general asymmetric
two-peaked structure of the experimental pre-neutron mass distribution. At
the same time, the calculated peaks are more pronounced and the distributions
are narrower than those observed experimentally.

The TKE distribution of the fission fragments was validated in a similar
way. The experimental TKE distribution for spontaneous fission of 2?No
was taken from the EXFOR database, based on the measurements of

o L B B B BN LR B DL
0.16 F Light fraé;ment (GEF)
s R Heavy fragment (GEF)
E 0.14 E 'x'“-“ --o-- Light fragment (Geant4)
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g 010F ] 4 { i .
2, C ]
2 0.08 7
§ 0.06 E ]
S 0.04F ]
P~ - L ]
0.02 F v ".“.' 1\ ]
0:.....'--p’."..l....|....|.._.L'._\....|....|.....'" ]

amre]
80 90 100 110 120 130 140 150 160 170
Pre-neutron fragment mass, A

Fig. 8. Normalized pre-neutron fragment-mass distributions for spontaneous fission of

%2No obtained from GEF, from the GEF events sampled in the Geant4 simulation, and

from the experimental EXFOR data. All distributions are presented using the same
bin width of five mass units and are normalized over the full fragment-mass range
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Wild et al. [11]. The experimental data are reported in intervals of 5 MeV.
Therefore, both the GEF and Geant4 TKE distributions were rebinned using
the same 5-MeV intervals and normalized over the considered energy range.
The Geant4 distribution was obtained from 8259 fission events produced in a
simulation of 10000 primary ?>No nuclei. The resulting comparison is shown
in Fig. 9.

The TKE distribution reconstructed from the Geant4 events closely follows
the original GEF distribution over the entire considered energy range. This
agreement provides an additional check that the fragment kinetic energies
generated by GEF are transferred consistently to the Geant4 simulation. Both
calculated distributions reproduce the overall shape and energy range of the
experimental TKE distribution. However, the maximum of the experimental
distribution is shifted towards somewhat lower TKE values compared with
the GEF prediction, and differences in the detailed shape of the distributions
remain visible.

Taken together, the comparisons of the I[ragment-mass and TKE
distributions demonstrate that the implemented GEF-Geant4 interface
consistently reproduces the fission-event information generated by GEF. The
approach therefore provides a correlated event-by-event description of 2?No
spontaneous fission in Geant4. In contrast to simplified models in which
fragment masses, fragment charges, kinetic energies, and prompt-neutron
multiplicities are sampled independently, the use of GEF 1lmd+ events
preserves their mutual correlations while allowing all generated particles
to be transported through the detector using the standard Geant4 physics
framework.

- — GEF
16 |
0-16 b ~* Geantd4 (8259 fissions)
0.14 ™ EXFOR 14054008

0.12 |
0.10
0.08 F
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0.04 -+
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Fig. 9. Normalized TKE distributions for spontaneous fission of *2No obtained from
GEF, from the GEF events sampled in Geant4 simulation, and from the experimental
EXFOR data. All distributions are presented using 5-MeV intervals
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3.5. Influence of event statistics. The influence of the accumulated
event statistics on the reconstructed fission observables was investigated using
samples containing 10, 50, 100, and 200 ?>’No fission events. The evolution
of the post-neutron fragment-mass distribution with increasing statistics is
shown in Fig. 10, while the corresponding TKE distributions are presented in
Fig. 11.

At very low statistics (N = 10), both distributions are dominated by
individual-event fluctuations and their characteristic shapes cannot be reliably
identified. At N = 50, the underlying structures begin to emerge, although
substantial bin-to-bin fluctuations remain. For approximately 100 fission
events, the asymmetric two-peaked fragment-mass distribution becomes
clearly distinguishable, and the TKE distribution begins to reproduce its
characteristic broad structure. With 200 events, both distributions become
considerably more stable.

These results indicate that approximately 100 fission events represent a
reasonable minimum statistics for a qualitative identification of the main
features of the fragment-mass and TKE distributions, while a sample of about
200 events provides a more robust representation of their shapes.
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- N=10 - 9¢ N=50 -
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Fig. 10. Post-neutron fragment-mass distributions obtained from Geant4 simulations

of 2No spontaneous fission for samples containing 10, 50, 100, and 200 fission events.

Both light and heavy fragments are included in each distribution. A bin width of one
mass unit was used
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Fig. 11. Post-neutron TKE distributions obtained from Geant4 simulations of *?No
spontaneous fission for samples containing 10, 50, 100, and 200 fission events. A bin
width of 1 MeV was used

3.6. Mechanical constraint on the Mylar separating foil. A thin
Mylar foil is used as a separating element between the beam-line vacuum
region and the gas volume of the TPC. Since the pressure in the separator
region is of the order of 1077-10~° mbar, it is negligible compared with the
working gas pressure in the chamber. Therefore, the pressure difference acting
on the foil can be approximated as

Ap ~p, (32)

where p is the gas pressure in the detector volume.

The foil is supported by a cellular structure. As a result, the free span
of the foil is not determined by the full entrance-window diameter, but by
the size of a single support cell. In the present design, the support cell is
approximated by an equivalent circular membrane with an effective radius

R=Rout — A =5.0mm— 0.5 mm = 4.5 mm, (33)

where Ryt is the distance from the cell center to the outer boundary of the
hexagonal cell and A is the cell-wall thickness. The corresponding support-cell
geometry is shown in Fig. 12.
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Fig. 12. Geometry of the Mylar foil support structure. a) Geometrical representation

of a single hexagonal support cell used for the mechanical estimate of the foil, with

an effective free-span radius R = 4.5 mm. b) Schematic illustration of the Mylar foil
supported by the honeycomb structure

For a Mylar thickness in the micrometer range, the ratio between the
characteristic free-span radius and the foil thickness is large. For example, for

t = 2 pm one obtains
R 4.5 mm

t 2 um

~2.10%. (34)

Thus, the foil thickness is several orders of magnitude smaller than the
transverse dimension of the unsupported region. Under these conditions, the
bending stifiness of the foil is negligible compared with membrane stretching,
and the deformation can be described using the membrane approximation.
Although the real support geometry is hexagonal, it was replaced in
the analytical estimate by an equivalent circular membrane with radius R.
For a circular membrane with a clamped edge under uniform pressure, the
maximum central deflection and membrane stresses can be estimated using
the membrane approximation based on Hencky’s solution [12-14]. They are

written as /3
pR\"
5. = 0.662R (E) , (35)
2 P2y 1/3
0. — 0423 ( L2 , (36)
tQ

2 o 1/3
EpR) | (37)

Oedge = 0.328 < 2

where §. is the maximum central deflection, o, is the maximum central
membrane stress, geqge iS the stress near the edge, E is the Young modulus
of the foil material, ¢ is the foil thickness, and p is the pressure difference.
Since the numerical coefficient in Eq. (36) is larger than that in Eq. (37), the
maximum stress is expected in the central region of the membrane. Therefore,
the rupture condition was defined by

Oc = Olim, (38)
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where oy, is the tensile strength of Mylar. In the present estimate,
typical room-temperature mechanical parameters of Mylar polyester film were
used [15]. The tensile strength was taken as an engineering limiting value for
the rupture estimate, while the Young modulus was used to characterize the
elastic response of the membrane:

Olim = 200 MPa, E =45 GPa. (39)
Substitution of Eq. (38) into Eq. (36) gives the burst pressure
3/2
Olimt
reak = — 40
Poreak = 0 42332 VE R (40)

This expression shows that, for fixed material parameters and fixed
support-cell size, the burst pressure is proportional to the foil thickness:
Dbreak X t. (41)

For the parameters used in the present geometry, this relation can be written
in the convenient engineering form
Dbreak (atm) ~ 0.34 t(um). (42)
In order to account for possible deviations from the ideal membrane
model, material inhomogeneity, local stress concentration, and uncertainties
in the boundary conditions, a safety margin was introduced. The safe working
pressure was defined as

Dsafe = 0~7pbreak~ (43)

18
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Fig. 13. Calculated burst pressure pureax and safe working pressure psate = 0.7Pbreak
as functions of the Mylar foil thickness. The step-like behavior reflects the use of a
finite set of technologically available foil thicknesses
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This corresponds to a safety factor

DPbreak 1
FoS=——=—— ~
° Dsafe 0.7

The calculated dependence of the burst pressure and the corresponding safe
pressure on the Mylar thickness is shown in Fig. 13. Only working pressures
below psate were considered mechanically acceptable in the subsequent
optimization of the detector parameters.

1.4. (44)

3.7. Definition of the registration eftficiency. The registration
efficiency was used as the main quantitative criterion for evaluating the
detector performance. In the present simulation, an event was considered
successful if the recoil nucleus entered the detector through the entrance
region, reached the predefined fission region, and the subsequent spontaneous-
fission fragments were transported through the active gas volume in such a
way that both fragment tracks could be registered by the TPC.

For each set of detector parameters, a fixed number of primary recoil
nuclei was generated. The total number of generated events is denoted as
Ngen. The number of events satisfying the registration criteria is denoted as
Nieg. The registration efficiency was then defined as

Nreg
= —. 45
"7 Nean 42

The event-selection procedure included several consecutive conditions.
First, the recoil nucleus had to pass through the geometrical entrance region
of the detector. Events in which the recoil nucleus was lost in the entrance
structures or did not reach the fission region were rejected. Second, the
spontaneous-fission event had to occur in the predefined region of the detector
geometry. Third, both fission fragments had to enter the active gas volume
and produce tracks inside the sensitive region. Finally, the event was counted
as registered only if the tracks of both fragments were sufficiently contained
in the active volume to be suitable for event-by-event reconstruction.

Thus, the number of registered events can be written formally as

Ngen

Nreg = Z Xi» (46)
i=1

where y; is the registration indicator for the i-th simulated event:

i = {1, if the event satisfies all registration criteria,

0, otherwise. (47)

In this definition, the efficiency characterizes the probability that a
separator-delivered recoil nucleus produces a spontaneous-fission event whose
two fragments can be reconstructed in the proposed TPC geometry. The
criterion therefore includes both the transport of the recoil nucleus through
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the entrance region and the registration of the two fission-fragment tracks in
the active gas volume.

In addition to the geometrical and tracking criteria, the mechanical
constraint imposed by the Mylar separating foil was taken into account.
The detector configuration was considered mechanically acceptable only if the
working gas pressure did not exceed the safe pressure defined in Eq. (43):

p < Dsafe (t)a (48)

where t is the Mylar foil thickness. Therefore, the optimization of detector
parameters was performed only within the mechanically allowed region.
Configurations with high registration efficiency but with a working pressure
above the safe-pressure limit were excluded from the set of acceptable detector
configurations.

The efficiency defined by Eq. (45) was calculated for different values of
the working gas pressure and Mylar foil thickness. The resulting efficiency
map was then used to determine the parameter region in which the proposed
detector provides both efficient fission-fragment registration and mechanical
stability of the separating foil.

4. RESULTS

The main result of the present optimization study is the registration-
efficiency map of the proposed detector for the 2®2No-based simulation. The
efficiency was studied as a function of the Mylar entrance-window thickness
and the working gas pressure. For each parameter combination, N = 5000
primary events were simulated, and the registration efficiency was calculated
according to Eq. (45). The resulting two-dimensional distribution is shown in
Fig. 14.

The efficiency map demonstrates that the detector response is determined
by both the working gas pressure and the entrance-window thickness. At low
pressures, the registration efficiency remains small because the stopping and
detection conditions for recoil nuclei and fission fragments are unfavorable.
At higher pressures, the efficiency increases; however, the operating pressure
is limited by the mechanical stability of the Mylar foil.

The red curve in Fig. 14 corresponds to the calculated burst pressure of the
foil, while the green dotted curve represents the safe working pressure defined
by Eq. (43). Only configurations located on or below the safe-pressure curve
were considered acceptable for practical operation. Therefore, the optimal
detector parameters were selected from the mechanically safe part of the
efficiency map.

For each point, the statistical uncertainty of the efficiency was estimated
assuming binomial statistics,

7 p(l —p) ~_ € ,
0. =100\/ ==, p=1g5. N =5000, (49)

where ¢ is the registration efficiency in percent.
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Fig. 14. Registration efficiency of the proposed TPC for #2No as a function of
the Mylar foil thickness and the working gas pressure. The red curve shows the
burst-pressure limit of the separating foil, the green dotted curve corresponds to the
safe working pressure with a 30% safety margin, and the red cross indicates the best
mechanically safe detector configuration

The best mechanically safe configuration found in the present 2>’No-based
scan corresponds to a Mylar foil thickness of 1.5 pm and a working gas
pressure of 0.40 atm. For this configuration, the calculated registration
efficiency is

e=(10.2 +£0.4)%. (50)

Here, the efficiency corresponds to the strict two-fragment registration
criterion, in which an event is counted as successful only if both fission
fragments are stopped and registered in the active gas volume.

The ten best mechanically safe configurations are listed in Table 2.
The efficiencies of several neighboring configurations are close within the
statistical uncertainty. Therefore, the result should be interpreted as a stable
operating region rather than as a single sharply defined optimum.

The mechanically allowed region is defined by the condition

D < Dsafe (t)v (51)

where p is the working gas pressure and psafe(t) is the safe pressure for a
Mylar foil of thickness ¢. The highest-ranked configurations are concentrated
mainly around foil thicknesses of 1.5-1.6 ym and pressures of 0.34-0.40 atm.
This region provides a compromise between recoil transmission, stopping in
the active gas volume, fission-fragment registration, and mechanical stability
of the separating foil.

For the optimal configuration with a Mylar foil thickness of 1.5 ym and a
gas pressure of 0.40 atm, an additional calculation with 10000 primary events
was performed. Out of these events, 8259 52No recoil nuclei reached the
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Table 2. Ten best mechanically safe detector configurations for the 2?’No-based
simulation. The uncertainty of the registration efficiency was calculated for
N = 5000 simulated events for each contfiguration

Rank | Foil thickness, um | Pressure, atm | & +oc, %
1 1.5 0.40 10.24+0.4
2 1.5 0.37 10.24+0.4
3 1.5 0.34 10.0+0.4
4 1.6 0.37 99+04
5 1.2 0.30 99+04
6 1.6 0.38 9.8+04
7 1.6 0.39 9.7+04
8 1.7 0.40 9.6 +0.4
9 1.6 0.40 9.5+04
10 1.5 0.35 94+04

active gas volume and stopped in it, corresponding to 82.6% of the primary
events. The main loss of primary recoil nuclei was caused by the hexagonal
supporting structure, where 17.38% of events were lost. The loss directly in
the Mylar foil was only 0.03%.

In the 8259 simulated spontaneous-fission events, a total of 16518 fission
fragments were produced. Among these fragments, 55.52% stopped in the
active gas volume, 16.10% were lost on the hexagonal supporting structure,
13.77% reached the stainless-steel chamber walls, 12.40% left the detector
volume, and 2.20% were stopped in the Mylar foil.

With the strict two-fragment registration criterion, 1046 events out
of 10000 primary events were successfully registered. The corresponding
absolute registration efficiency is

Eatrag = (10.5 +0.3)%. (52)

The uncertainty was estimated assuming binomial statistics. This value is
consistent with the result of the parameter scan, where the same detector
configuration gave an efficiency of (10.2 4+ 0.4)% for 5000 primary events.

5. POSSIBLE OPERATION IN COMBINATION WITH SFiNx

The results discussed above were obtained using the strict registration
criterion adopted for fission-fragment studies in the TPC. In that case, an
event was counted as successfully registered only if both fission fragments
were detected in the active gas volume. This criterion is appropriate for
event-by-event reconstruction of fission-iragment observables, including TKE
and fragment masses.

A different operating mode can be considered if the TPC is used together
with the SFiNx neutron detector. In this case, the role of the TPC is
not necessarily the full reconstruction of both fragments, but rather the
identification of the spontaneous-fission event and the determination of its
time. Once such a charged-particle signal is registered in the active gas
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volume, it can be used as a trigger for the search for prompt neutrons in the
surrounding SFiNx detector.

The SFiNx detector is based on 3He proportional counters placed in a
moderator. Prompt neutrons emitted in spontaneous fission are slowed down
in the moderator and then detected through the capture reaction

n+°He — p+ 3H + 764 keV. (53)

According to the current SFiNx characteristics, the single-neutron registration
efficiency is about (55 & 1)%, while the average neutron lifetime in the
assembly is about (18 1) us [1].

The compact TPC geometry considered in the present work is compatible
with the central region of the SFiNx detector. In such a configuration, the
TPC replaces the original central gas chamber, while the surrounding neutron-
counter geometry is preserved. The SFiNx detector and the corresponding
TPC placement scheme are shown in Fig. 15.

For this combined TPC-SFiNx operating mode, the event-selection
criterion can be relaxed. Instead of requiring the registration of both fission
fragments in the active gas volume, an event can be counted as useful if at
least one of the two fission fragments is stopped and registered in the gas.
Such a signal is sufficient to confirm the occurrence of spontaneous fission
and to define the reference time for the prompt-neutron search.

For the optimized geometry, this relaxed criterion gives 8125 successful
events out of 10000 simulated spontaneous-fission events. The corresponding

absolute efficiency is
e>1 = (81.3+£0.4)%. (54)

The uncertainty was estimated assuming binomial statistics.

Fig. 15. Possible combined TPC-SFiNx configuration. a) Photograph of the SFiNx

detection system installed at the focal plane of the SHELS velocity filter. ) Schematic

placement of the proposed compact TPC in the central region of the SFiNx neutron-
detector assembly, with the surrounding *He neutron-counter geometry preserved
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This value is much higher than the efficiency obtained with the strict
two-fragment criterion. Therefore, while the strict criterion is required for
detailed reconstruction of fission-fragment observables, the relaxed one-
fragment criterion is more suitable for a combined TPC-SFiNx experiment
aimed at prompt-neutron studies. In this mode, the TPC provides a
charged-particle confirmation of the spontaneous-fission event and a time
reference for neutron-correlation analysis, while SFiNx provides prompt-
neutron multiplicity information.

CONCLUSIONS

A concept of a GRAND-coupled time-projection chamber for studies of
spontaneous fission of heavy and superheavy nuclei has been proposed. The
detector is intended for operation at the GRAND focal plane. In the proposed
configuration, evaporation residues separated by GRAND pass through an
entrance window and stop in the active gas volume of the chamber, where
subsequent spontaneous-fission fragments can be registered.

A Geant4-based simulation model was developed for conditions
corresponding to 2*’No recoil nuclei produced in the 2%Pb(*8Ca, 2n)??No
reaction. The model included the transverse recoil-nucleus distribution at the
detector entrance, the experimentally based recoil-energy distribution, the
transport and stopping of recoil nuclei, and the generation and transport of
spontaneous-fission fragments in the active gas volume.

The influence of the Mylar entrance-window thickness and the working
gas pressure on the registration efficiency was investigated. The mechanical
stability of the separating foil was included as an additional constraint through
the safe-pressure condition. The best mechanically safe configuration found in
the present 2>No-based parameter scan corresponds to a Mylar foil thickness
of 1.5 ym and a working gas pressure of 0.40 atm. For this configuration,
the calculated efficiency for the strict two-fragment registration criterion is
(10.2 £ 0.4)%. An additional calculation with 10000 primary events gave a
consistent value of (10.5 +0.3)%.

For this optimized configuration, 82.6% of the primary ?>?No recoil nuclei
reached the active gas volume and stopped in it. The main loss of primary
recoil nuclei was caused by the hexagonal supporting structure, while the
loss directly in the Mylar foil was negligible. The analysis of fission-iragment
transport showed that the registration efficiency is limited not only by the
stopping of the recoil nuclei but also by the subsequent propagation of the
two fission fragments in the compact detector geometry.

The proposed TPC can extend spontaneous-fission measurements from
event identification to event-by-event information on fission-fragment
kinematics. After appropriate calibration, track and energy-loss information
in the active gas volume may provide constraints on the reconstruction of
TKE and fragment masses. The detector may also be useful for identifying
rare fission modes, such as ternary-fission candidates.
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A separate operating mode was considered for possible combined
measurements with the SFiNx neutron detector. In this case, the full
reconstruction of both fission fragments is not required: registration of at
least one fission fragment in the active gas volume is sufficient to confirm
the spontaneous-fission event and to define the reference time for the
prompt-neutron search. For the optimized geometry, this relaxed one-fragment
criterion gives an absolute efficiency of (81.3 +0.4)%. This value indicates
that the proposed compact TPC geometry can be suitable not only for
detailed fission-fragment studies but also for TPC-SFiNx experiments aimed
at prompt-neutron multiplicity measurements.

The present work should be regarded as a simulation and design study.
Further development should include a more detailed detector-response model,
including electron drift, diffusion, gas amplification, charge -collection,
electronic thresholds, and signal reconstruction. Prototype tests with
calibration sources and heavy-ion beams will be required to validate
the entrance-window design and the reconstruction of fission-fragment
observables.
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