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ABSTRACT. Hard radiation spectra are associated with AHOTAIIIA. 3pocranHs HEOOXiTHOCTI peecTparil

fast-flowing thermonuclear processes. For the registration
of hard radiation spectra, a new generation of semiconduc-
tor detectors is developed and modeled. Their main differ-
ence is the presence in their composition of chemical ele-
ments with large atomic numbers. In particular, Pb and Lu,
which are part of CsPbBr; and Lu(SiO)s crystals. The cal-
culations of the detector design were performed using Gi-
ant4 open-source codes (Geant4 — School, 2024), which is
an integrated engineering and physics constructor. The
energy range of particles and quanta accompanying light-
ning flashes has been preliminarily determined. It was ob-
tained that the totality of mechanisms of energy losses of
quanta and particles in lightning discharges points to the
energy interval (0.001 — 2) MeV. The necessary calculations
have been carried out in order to select affordable, minimize
the size and structure of the detection systems planned for
operation. The detailed tracks of quanta, the values of energy
losses, and their relation to the amplitudes of current pulses
delivered to the high-voltage preamplifier are determined.
The detailed tracks and quanta, energy loss values, and their
relation to the amplitudes of current pulses delivered to the
high-voltage preamplifier have been determined. The selec-
tion of a suitable electronic interface has been carried out,
demonstrating the cost-effectiveness of fabrication and op-
eration of the obtained detector-spectrograph. In particular,
the possibility of its operation under normal conditions,
which does not require deep cooling, was revealed. Two
varieties of detectors were modeled and constructed. A two-
layer one, with a silicon wafer of 1 mm x 1 cm x 1 cm, and
either a CsPbBr3 or a Lu(SiO)s crystal. The source of modu-
lation of current pulses of the detector is chosen to be a di-
rected radiation beam consisting of 50 X- or gamma-quanta.
The detector efficiency is estimated. All basic elementary
processes were taken into account on the basis of the Monte
Carlo method. The energy of the beam entering the detector
was set in the range from 1 kev to 1 MeV. At given time
intervals, elementary scattering acts are visualized and tracks
inside a given detector are plotted. A detailed relationship
between the absorbed energy and the current pulse of a given
detector is constructed.

Keywords: perovskite; total ionizing dose; CsPbBr3;
detector; X-ray, gamma-irradiation of lightnings.

CIIEKTPIB >KOPCTKOTO BHUIIPOMIHIOBAHHS, IIOB'S3aHOTO 3
IIBUIKOIUNIMHHUMH TEPMOSIEPHIMH TPOIECAMH, BUMAarae
PO3pOOKH Ta MOJIEIIIOBaHHS HOBOT'O TIOKOJIIHHS HariBIIpPO-
BIJTHUKOBHUX JI€TEKTOpiB. Y 0OpaHMX HaMu HPUCTPOIB
CIIOCTEPIraeThCsl MPUCYTHICTh y XIMIYHOMY CKJIaji ele-
MEHTIB 3 BEJMKHMU aTOMHHMH HOMEpaMH. 30KpeMa, po3-
[IIAaI0ThCs BKIOUeHHS atromiB Pb ta Lu. Ile € HamiBm-
posimanku-kpuctamn CsPbBrz Ta Lu(SiO)s. 3ampormono-
BaHa 3ajada Oyia BHpINIEHA 3a JOIOMOTOI0 BiIKPHTHX
koniB Giant4-DNA Bepcii 11.2 (Geant4 — School, 2024) y
BUTJISIII  BUKOPHCTAHHS  IHTETPOBAHOTO  IHXXEGHEPHO-
(i3UYHOTO KOHCTPYKTOPA. 3pO0JICHO MOAETIOBAHHS PEHT-
TeHIBCBKHX Ta Y-CHeKTporpadiB B IHTEpBali eHepTii
(0,001 — 10) MeB. BigmiueHo KOCTYMHICTD Y IPUAGAHHI,
MiHIMi3alil po3MipiB Ta CTPYKTYpH, €KCIUTyaTalii JeTek-
Tytounx cucreM. OTpUMaHO JeTaibHI TPEKH YaCTHHOK Ta
KBaHTIB, BM3HA4Y€HHI €HEPreTHYHi BTpaTH, 1X 3BSI30K 3
aMILTITYJ]JaMHd CTPYMOBHX IMIYJBCIB, IO HAIXOHISATh Ha
BUCOKOBOJIbTHUI mijcuimtoBad. Ha OCHOBI oTpuMaHHMX
pe3yIbTaTiB 3p00JICHO BUOIp BiAMOBIIHOTO EIEKTPOHHOTO
inTepdeiicy. IlepeBara 3ampomoHOBaHOT KOHCTPYKIIIT
JeTeKTopa-crekTporpada momsdrae B eKcIulyaTamii 3a
HOpPMaJIEHIMH YMOBaMH 1 He 1oTpedye rIIMOOKOTro 0X0Jo-
JDKeHHS. Y poOOTi 3MOAENbOBAHO JETEKTOD, SIKMH CKIIaaa-
€TBCA 13 IBOX mmapiB. [lepmmii map € CHIIIKaTHOIO ImIac-
THHOIO IS TIOTJIMHAHHS PEHTIeHIBCHKOTO CIIEKTPa PO3Mi-
pom 1 x 10 x 10 mm. pyruii nerexrop CsPbBrz abo
Lu(SiO)s mae posmipu 1 cM X 1 cMm X 1 cM i mornuHaE x0p-
CTKHMH PEHTTeH Ta M’sKe Y-BUIIPOMiHIOBaHHs. Mix JeTek-
TOpaMH HEMae MPOMDKKY. 3pOOJIEHO BHCHOBOK, ILIO Y
OUTBIIOCTI BWITAAKIB ONTHMANbHA TEOMETPis JeTeKTopa
ckiragaetses 3 5 mapiB CsPbBrs Ta 5 mapiB kxpeMHi€BOTO
i30J15ITOpa BUCOKOI HANpyru. Y HaBeJICHOMY NMPHUKJIAL BCi
Iapy MaroTh OJHAKOBI PO3MipH, IO IOB'S3aHO 3 HEOO-
XiJTHICTIO BUCOKOTOYHOTO KajiOpyBaHHsS eHeprii mamaro-
YMX HA HUX KBAHTIB i YaCcTHHOK. J{is Moxysawii Mu oOpa-
JIM TIOTIK, 1110 CKIIAAA€ThCs 3 20 YaCTHHOK PEHTTEHIBCHKHUX
a0o ramMma-mpomeHiB. Byno 3MojenboBaHO — cliieHapiit
B3aEMOJII IMX KBAHTIB 3 MaTepiajoM JaeTekropa. Bpaxo-
BaHO BCi OCHOBHI €JIEMEHTapHI NPOLECH 3 ypaxyBaHHIM
MeTtoxy Monre-Kapio. [l IeBHOCTI po3TisiHyTa eHepris
IMy4yKa, 10 BXOAWTH y NETeKTOp B Mexax Bix 10 xeB 1o
1 MeB. Ha obpanux iHTepBanax yacy 3a JOIOMOTOIO
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JIaHOTO METOJNY Bi3yalli30BaHO €JIEMEHTApHI aKTH PO3Cilo-
BaHHS Ta NMOOYIOBAaHO TPEKU BCEPEIUHI 33aHOTO JETEK-
Topa. [laHWii MeTOx I03BOJIMB TOOYIyBaTH HeTajIbHUH
3B'30K MK TOTJIMHYTOIO €HEPri€l0 Ta CTPYMOBHM IMITY-
JIBCOM JIAHOTO IIapy JAeTekTopa. Bizyaizaiis BCix mporie-
ciB Ta 1X CHeKTpiB € Ha Bi3yanbHUX 3D MamoHKax.

Kiro4oBi cjioBa: TepoBCHKIT; CyMapHa i0HiI3yroua [103a;
CsPbBrs;  merekTop,  peHTITCHIBCbKE Ta  ramma-
BUIIPOMIHIOBAaHHSI, OJIMCKABKH.

1. Introduction

Design features of hard radiation detectors depend on the
range of energies received by the receiver (hereinafter re-
ferred to as the Detector) and its physical and chemical
structure. Depending on the tasks to be solved, the geome-
try and types of compositions of different materials have to
be taken into account. This leads to the complication of the
design of the Detector body itself and its electronic inter-
face. There is also a qualitative dependence of the radiation
spectrum conversion processes inside the Detector (Doikov,
2022; 2023). The calculations of the spectroscopic response
of various crystals to incident hard radiation were previous-
ly carried out using the codes G. Weber (see link) and test
tasks in (Geant4-School, 2024). The calculations showed
that the entire long-wavelength wing of X-ray radiation is
effectively absorbed due to photo absorption in a 1 mm
thick layer of silicon semiconductors in the energy range
E, < 10keV. Semiconductor crystals CsPbBr3 and
Lu(SiO)s were used to register photons up to 1 MeV.

2. Energy transport in Absorber and Detector

Increasing the efficiency of the Detector required intro-
duction of additional layers with the necessary materials
into its construction. Until recently, silicon semiconduc-
tors were used in computed tomography (CT). Their wide-
spread use in such tasks was due to their availability, the
history of the development of semiconductor device re-
search. The results of my X-ray transport calculations for
silicon semiconductors are shown in Fig. 1 — Fig. 4. As
can be seen from the presented results, taking into account
multiple scattering and geometry of the Detectors (e.g.,
their thickness) significantly changes the percentage con-
tribution of the scattering and absorption mechanisms.
Despite the significant photoabsorption of the long-
wavelength wing of X-rays, a transparency window con-
venient for obtaining lightning spectra is located in the
wavelength interval 2.2 nm — 4.4 nm. For this purpose, the
Detector must be in sufficient proximity to the lightning.
In these “windows” the extinction is many times less than
in the adjacent wavelength intervals. Let's call the source
object whose spectrum is recorded by the Emitter. The
medium between the Detector and the Radiator is further
called the Absorber. Photon beams from the Emitter are
separated in this energy range. Taking into account min-
iaturization possibilities and dielectric properties of sili-
con semiconductors, the first layer of the Detector is a
receiver of soft X-ray radiation — Fig. 5 or Fig. 6. The rest
of the Detector is a combination of insulator layers and
detector material. For simplicity, this paper presents vari-
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Figure 1: Radiation transport in SiO,. Target length 10
mm in different scales across axis of energies.
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Figure 2: Ibid. At a four times greater energy scale
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Figure 4: Ibid. Target length 1 mm

ants of the detector in 2 layers. Their design, physical and
chemical structure, and geometry are such that efficient sig-
nal processing is possible in the energy range 10 keV<Ey<1.3
MeV. This is due to the specificity of the flow of thermonu-
clear reactions in the objects under consideration and the
formation of their own spectrum of hard radiation.

3. Modeling of detectors. Objects of study

Lightning in thunderstorm and volcanic clouds. The
main processes occur in millisecond time intervals. The
energy resource in the peak of discharge reaches 200
MeV. The main reactions can proceed with effective ener-
gies up to 10 MeV. The rest of the energy of relativistic
electrons is spent on impact ionization and braking radia-
tion. Photo visual observations confirmed the step charac-
ter of the lightning trajectory. The observed numerous
local bends of the trajectory of relativistic electrons leads
to the formation of cyclotron radiation. Depending on the
conditions of discharge flow in the spectrum of the Emit-
ter we have a combination of braking, and in some cases
synchrotron. Thus, Following X-ray radiation transfor-
mation by the Absorber, we obtain the spectrum of the
quantum flux entering the Detector. It follows from the
obtained results that on such geometrical scales the extinc-
tion of the directed flux of quanta is due to Compton inco-
herent scattering. In this case the detector registers a wide
range of continuous X-ray spectrum. The probability of
registration of X-ray and gamma pulses increases.

X-ray and possible gamma-ray bursts in double star
systems may be rarer and shorter. Some white dwarfs
have a companion star nearby. If matter from the compan-
ion star falls out in proper amounts, a hydrogen-helium
mixture in a degenerate state form on the surface of the
white dwarf. The explosive burning of this mixture results
in a prominent flare in all ranges of the spectrum. For the
most part, this is a rare event. However, monitoring such
flares is important for understanding the conditions for the
origin of type | supernova explosions. Flares are most

common in some double systems where the magnetic field
of the white dwarf reaches 103T or more. Observations
show that several times a year there is a powerful flare in
the optical range. Our previous calculations showed that if
we take into account protons and helium nuclei, which
make up the bulk of the matter falling along the magnetic
column, the formation of X-ray and gamma-ray flares
during the near-surface explosion is expected.

In the previously proposed binary detector (Doikov,
2022; 2023), the combined use of monitoring equipment
was based on the operation of two separate detectors. In
the present work, a multilayer detector of X-ray and
gamma radiation emitted in such explosions is proposed.
Since the proposed detector consists of several, sequen-
tially alternating layers, the current pulses coming from
these layers are processed within a single electronic inter-
face. The height of each unit pulse is determined by the
quantum contribution of the corresponding energy. The
percentage quantum contribution is determined by the
absorbed energy of a given layer. The parameter of such
estimation is the percentage contribution to the total ex-
tinction called “Attenuation” and is presented in Fig. 1 —
Fig. 4.The calculation of the time interval of soft gamma-
ray and hard X-ray flares is microseconds. At the same
time, its optical component lasts about a week. At the
peak of the flare, the flux of X-ray and gamma-ray quanta
from the AM Her double system on the near-Earth detec-
tor can be 10 — 100 quanta/cm?s. This is noticeably above
its sensitivity limit.

4. Layout modeling of detectors

Thus, the use of semiconductors based on heavy ele-
ments-perovskites allows us to solve two problems at
once. The first detector must efficiently absorb gamma
and X-ray quanta and convert the energy into a current
pulse. The presented figures Fig. 5 and Fig. 6 show the
layout modeling and individual trajectories of quanta
during their motion in the Detector. The use of new engi-
neering and physical methods of modeling detectors ac-
celerates their fabrication and reduces the cost of their
bench testing. The following tasks were set and solved
during modeling and prototyping:

1. Size and geometry, chemistry composition and emis-
sion spectrum of the incoming radiation detector.

2. Graphical interface tracked each individual trajectory.

3. During the motion of the quanta, its trajectories are
generated and then its average characteristics are deter-
mined as shown in the figures.

4. In this work, the part of energy loss that forms the cur-
rent pulse of the high voltage preamplifier is highlighted.

The obtained results of modeling and prototyping of de-
tectors are presented in Fig. 5 and Fig. 6 allowed to select the
optimal size, shape and chemical composition of detectors.
Quanta with energy higher than 10 keV cross the silicon
substrate and are trapped by the second layer of the detector
up to 200 keV. Multiple scattering in the range from 200 keV
to 511 keV leads to defocusing of the directed beam of quan-
ta passing through the spectrograph aperture. Fig. 5 and
Fig. 6 show the results of such scattering.
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Figure 5: Model of bilayer detector CsPbBr; 1 x 1 x 1cm
and SiO; 0.1 x 1 x 1 cm. Ey=511 KeV

5. Discussion

Long-term operation of detectors under normal condi-
tions requires elimination of surface degradation of these
crystals. Therefore, they are placed in an isolation volume
in which the air is evacuated and the high-voltage pream-
plifier can be operated. However, this leads to energy
losses in the long-wavelength X-ray wing. In an open
space environment, there is no need to resort to such pro-
cedures (Ma et al., 2023).

6. Conclusion

In the present work, the detector parameters necessary
for their design are calculated. The method of selection of
geometrical and physicochemical characteristics of used
semiconductor crystals including chemical elements with
large atomic numbers is proposed. Their operation does
not require deep cooling and the signal-to-noise ratio is
insensitive to changes in ambient temperatures. All major
elements of the detector and electronic interface are pub-
licly available.

Figure 6: Model of bilayer detector Lu(SiO)s 1 x 1 x1cm
and SiO, 0.1x1x1cm. E,=511 KeV
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