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ABSTRACT. The processes associated with the for-
mation of lightning and their spectra during atmospheric and
volcanic phenomena were considered as a means of studying
the atmospheric plasma in the X-ray and soft y-ray bands. It
was found that the time intervals, power of the processes, and
their energy make it possible to develop new generation
equipment. The lightning spectra cover the X-ray and
gamma-ray bands. Hard radiation detectors have been devel-
oped and proposed for their registration. It is shown that in a
physical system of emitter (lightning), absorber (medium be-
tween lightning and detector), and the detector itself, the
spectral structure on the detector depends on the distance to
the source and the chemical composition of the environment
around thunderstorms and volcanoes. Therefore, we have
calculated and found the intervals of quanta energies in
which the absorber response is small. Such spectral regions
are called transparency windows and are necessary for the
design of appropriate detectors. In the transparency win-
dows, the original spectra of lightning discharges are ob-
served. To conduct field work and reduce the influence of the
atmosphere during a thunderstorm, the percentage contribu-
tion of air and water extrusion in atmospheric thunderstorms
was found. For volcanic discharges, silicates and Al,O3 par-
ticles were taken. The parameters of the previously designed
high-speed electrical interface suitable for operation under
high voltage conditions, which is supplied to the CsPbBr; or
Lu(SiO)s detector-crystal, were obtained and described. The
main economic and operational advantages of the proposed
spectroscopic equipment in the field are emphasized. The op-
eration of the high-speed spectrograph in outer space was
modeled in the absence of the need for its operation without
deep cooling. The transparency windows and the structure of
the radiation field in the X-ray and y-ray bands were calcu-
lated and systematized.

Keywords: hard radiation detectors, lightning, radiation
deposition, X-ray transparent windows, diffusion emis-
sion, thunderstorm aerosol.

AHOTAIIA. IIponecu, noB'sa3aHi 3 yTBOpEHHIM OJnc-
KaBOK Ta IX CIIEKTPIB MiJ 4ac aTMOC(EepHUX Ta BYJIKaHIY-
HUX SIBUIL OyJIM PO3IIISIHYTH SIK 3aci0 BUBUEHHS aTMOc(e-
pHOI TIIa3MM Yy  PEHITEHIBCBKOMY Ta M’ SIKOMY
y-mianma3zonax. OTpUMaHO, IO iHTEPBAJHN Yacy, HOTYKHICTh

MPOLIECIB Ta X SHEPreTHKA J1a€ MOXKIIUBICTH pO3po0IIsITH 00-
JIaTHAHHST HOBOTO TOKOJIIHHA. CIIEeKTpH OJHMCKaBOK OXOTLITIO-
IOTh PEHTTEHIBCHKHI Ta raMMa-fianazoH. st ix peectparii
PO3pO0JIEHO Ta 3aMPOIIOHOBAHO JIETEKTOPH IKOPCTKOTO BH-
npoMiHroBaHHA. OTprMaHo, mo y ¢i3uysoi cuctemi Bumpo-
MiHIOBadY (6rrckaBka), [lormmaay (cepenoBmime Mix OIHCKa-
BKOIO Ta JICTEKTOPOM) Ta caM JIeTeKTop CTpYKTypa CHEKTpY
Ha JIeTeKTopi 3aJIeKUTH Bif BIICTaHI 10 [Kepena 1 XiMIYHOTO
CKJIaJTy CEpeIOBHIIA HABKOJIO TPO3 i ByJKaHiB. ToMy y po6oTi
MIPOBE/ICHO PO3PaxyHKH Ta 3HAWICHO IHTEPBAJIM CHEPTill KBa-
HTIB, Y skuX Biaryk [lormiaava manwid. Taki JUITHKH CIIEKT-
PIB € BIKHAMU TIPO30POCTI 1 HEOOXITHI TSI IPOCKTYBAHHS Bi-
JIMOBITHUX JIETEKTOpiB. Y BIKHAX MPO30POCTi crocTepira-
FOTBCS BUXITHI CIEKTPH TPO30BHX po3psiiB. st mpoBeaeHHS
TOJILOBUX POOIT Ta 3MEHIIIEHHS BILTMBY aTMOC(EpH B IPOIIECi
rpo3u OyIJio 3HAWCHO BiJICOTKOBUI BHECOK €KCTUHKIIIT TTOBi-
TpsI Ta BOIU B aTMOCQEPHUX Tpo3ax. JIJs ByJIIKaHITHUX PO3-
psiaiB Opanucs cwiikatu Ta yactku AlO3. OTprumaHni Ta ormu-
CaHI IapaMeTpy paHillle CIPOEKTOBAHOTO BHCOKOIIBHIIKIC-
HOTO EJIEKTPHYHOro iHTepdeiicy, NmpuaaTHOro s poOOTH
YMOBAaX BHUCOKOI HAalpyTH, IO MOJAETHCS Ha KPUCTAI-JIETEK-
top CsPbBrz ado Lu(SiO)s. IlinkpeciaeHo OCHOBHI €KOHOMi-
YHI Ta eKCIUTyaTaliifHi epeBary 3apornoHOBaHOTO CIIEKTPO-
CKOIIIYHOTO 00JajHaHHA y IOJBOBHX yMoBax. IIpoBemeHo
MOJICITIOBaHHS POOOTH BUCOKOIIBHIKICHOTO cieKTporpada B
YMOBaxX BIIIKPHTOTO KOCMOCY 3a BIIICYTHOCTI HEOOXiJHOCTI
Horo excrutyaTarii 6e3 rmboKoro oxoyomkeHHs. Po3paxo-
BaHi Ta CHCTEMaTH30BaHi BiKHA TIPO30POCTi Ta CTPYKTypa pa-
JUaIifHOTo TIOJIS B PEHTIeHi Ta Y-7iana3oHi.

Ku11040Bi ci10Ba: 1eTEKTOPH JKOPCTKOTO BUIIPOMiHIOBAaHHS,
OnMcKaBKa, pajialiiHi BTpaTH, PSHTTeHIBChKI BiKHA MPO30-
pocrTi, nudy3iliHe BUITPOMiHIOBaHHS, TPO30BUH aepPO30JIb.

1. Introduction

During the motion of quanta from the Emitter towards
the Detector the processes of photoabsorption, incoherent
Compton and coherent Rayleigh scattering are noticeable.
As a result of photo absorption, there is also induced (char-
acteristic) radiation. To register the latter, it is necessary to
take into account that according to the presented graphs in
the long-wave wing of the X-ray spectrum photo absorption
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prevails. Photo absorption and corresponding resonance ra-
diation are directly proportional. A part of quanta with en-
ergies not falling on the resonant K-lines of carbon, nitro-
gen and oxygen can go beyond the Absorber. The exception
is the transparency window in the energy range of 280 eV
(atomic oxygen), 380 eV (atomic nitrogen) and 440 eV
(atomic carbon). Strong resonant scattering is observed
near the marked characteristic lines. Therefore, the soft X-
ray field at wavelengths of 2 nm — 4 nm is used to study
microscopic particles and biological structures. To accom-
plish such a task, the incoming or diffuse radiation field
must be sufficiently powerful. In X-ray microscopy, the
role of the Emitter is played by a source of powerful cyclo-
tron radiation. The absence of such sources can be compen-
sated by the registration of resonance scattering near the in-
dicated lines. Let us also note that even primitive photo-
graphic and visual observations of lightning show the step-
wise character of the current motion. Such curvilinear mo-
tion of relativistic electrons leads to flashes of synchrotron
radiation in the specified wavelength interval in microsec-
ond time intervals. In other words, our designed detector
should have high sensitivity in the indicated intervals of the
X-ray and gamma spectrum.

2. The energy resource of lightning

Lightning discharges of thunderstorm and volcanic
origin are formed in the zone of high potential difference
Ap=100 MV, electric field strength E=1000 V/m. In thun-
derstorm clouds, the cloud potential is formed by friction
and collision of microscopic aerosols, mainly consisting of
water. Initial inoculum charges can form showers and indi-
vidual cosmic rays. In volcanic lightning, the main poten-
tial and inoculum charges are formed by solid particles.
Mechanism of lightning formation presented in (Gurevich
& Zybin, 2001; Petrov, 2021).

The Earth's atmosphere during storms and volcanic phe-
nomena a possible to study the state of atmospheric plasma,
including various aerosols. For elements with small atomic
numbers the characteristic lines are in soft X-ray. The present
work takes water vapor as the main aerosol component. Be-
tween the clouds pure water together with atmospheric gas
are in a strong electric field with potential difference Ap ~
(10%—108) V. It has been shown that the hard radiation flux
generated by lightning is the result of transforming the initial
braking spectrum of relativistic electrons and collisions of
protons, ions of C, N, and O elements with resting atoms of
the medium. Both currents consisting of ions and electrons
are directed in opposite directions.

The gamma and X-ray radiation of lightning reaches the
detectors with strongly attenuated long-wave part. At ener-
gies less than 1 keV, practically all energy of long-wave-
length X-ray quanta is spent in photo-ionization of sur-
rounding water vapor. However, in the wavelength range
(2.34 — 4.4) nm we have bound energies (530 — 280) eV.
There is a transparency window with characteristic K-lines
of C, N, O atoms. We propose a method and compose a
model for registration of radiation fluxes in the window of
water transparency. This allows us to study the plasma in
which intensive ionization processes occur by the joint ac-
tion of photons and impact ionization of atoms by electrons

and protons. The protons and electrons experience colli-
sions with target atoms — C, N, O. It was obtained that at
sufficiently high saturation with water vapor around the
lightning. Its long-wave part is cut off in the X-ray spec-
trum. The relationship between water vapor content and ra-
diation intensity at the receiver is described. The concur-
rence of the processes of scattering, absorption of X-ray
quanta and formation of induced secondary quanta (charac-
teristic emission of C, N, O elements) is responsible for the
formation of the observed diffuse (bulk) X-ray fluores-
cence (Kozirev et al., 2011), (Doikov & Doikov, 2023).

For simulation of the process of nucleation of electron and
hadronic (p, a-particles + C, N, O - ions) currents was carried
out in the framework of the Geant4 DNA code (Inserti et. al.,
2010). Concurrently, the formation of X-ray and UV fluores-
cence was monitored. All necessary spectroscopic constants
for the media in which the processes under consideration
took place above described processes took place in a strong
electric field with a potential difference of A = (105 108)V,
which leads to the intensity E=(10° — 10° )V/m. A compari-
son with the laboratory experiments in (Kozirev et al., 2011)
has been made. On the basis of modeling of various types of
lightning using spectra of lightning in the X-ray range are
constructed and conclusions are drawn concerning the appli-
cation of this method in the study of explosive processes on
the surface of White Dwarfs (WD).

3. X-ray transport in thunderstorm clouds

Lightning generates X-ray and gamma radiation in a
wide range of the spectrum. It is caused by braking of fast
(in some cases relativistic) electrons. Appearing inside the
current cylinder, the quanta cross its surface and are di-
rected to the detector. Further quanta experience random
multiple acts of Compton and Rayleigh scattering, or expe-
rience photo absorption. In this case, the radiation field is
determined by the elemental composition of air (in the used
codes it is macro command G4_Air) and the fraction of wa-
ter vapor (G4_Water). If lightning is formed in volcanic
clouds, it is necessary to specify the distribution of silicon
and phosphorus along the propagation of quanta. In rain
clouds, the inoculum of free ions is formed as a result of
CR ionization losses. In volcanic ones as a result of mutual
friction of the solid fraction.

3.1. Formation of radiation in lightning

The current discharge in lightning has a powerful transi-
ent, mile-microsecond pulse character. The electronic com-
ponent of the current at the specified values of A has ve-
locities sufficient for the formation of braking radiation.
This leads to the formation of a continuous spectrum of
hard radiation. This spectrum is limited on the short wave-
length side by soft y-radiation. The target atoms for fast
electrons are C-N-O elements, the maximum of the spectral
distribution of the braking radiation of which is more likely
to fall in the entire X-ray range.

The electron kinetic energy spectrum W(2) is essentially
relativistic. The external electric field has a strength E =
102 — 10® V/m. The maximum current amplitude at the
peak of discharge reaches 3 - 10*A. During discharge, Ao
drops to zero. According to (Gurevich & Zybin, 2001) and
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Figure 1: Impact ionization cross section g,

(Petrov, 2023) the formation of the current pulse is deter-
mined by “fleeing” electrons. A 3-shaped peak appears in
the spectrum W()) at this moment. To determine the time
evolution of W(A), it is necessary to take into account all
channels of energy acquisition and loss by fast electrons.
As an initial approximation, we choose the Maxwell veloc-
ity distribution. Then let us apply the corresponding poten-
tial difference Ao to the cylinder in which the lightning nu-
cleates. Among the main channels of energy losses, we note
the losses on Bremsstrahlung radiation with cross section
o, and the cross section of ionization of K-level C-N-O
atoms is g.
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Here I, = m—CZZE =5 Eg =537eV, Ey = 405eV.

At aquantum energy of 10 keV, the characteristic cross sec-
tion value is o, =5-10"%°cm?, a o,/0; = 1073,
Fig. 1 and Fig. 2 show the cross sections o, o, in logarithmic
scale normalized to the electron scattering cross section o7

Diffuse X-ray emission. The initial spectrum of hard ra-
diation undergoes further evolution during the discharge
process. For this purpose, the macro commands of Weber
G codes (see Weber G link) are addressed to cross sections
of characteristic processes of interaction of quanta with
matter. The structure of the nonlinear behavior of cross sec-
tions of all energy loss channels leads to a shift of the max-
imum of the spectral distribution of their energy towards
longer wavelengths. Modeling of X-ray quantum beams
shows that their spectrum is gradually filled with a diffuse
X-ray component.
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Figure 2: Bremsstrahlung cross section a,,

A similar effect occurs in observations of the intrinsic
diffuse radiation of planets caused by the Sun's radiation.
The calculations of the spectrum of hard radiation coming
from lightning suggest that its quanta at the initial moment
of time cross the walls of the current cylinder. At this mo-
ment the mechanisms of coherent and incoherent scattering
of hard radiation are switched on. Rayleigh scattering of
sunlight on molecules is replaced by the scattering of hard
radiation on atomic structures.

In this case the extinction cross section k is defined
through the cross sections of Compton scattering o (¢) and
atomic photo effect a;’f(g). Similarly to formulas (1) and
(2) for the energy of quanta we substitute & = E, /m,c?.
E, is the energy of a hard radiation photon. m,c? is the rest
energy of the electron. Let us denote by o; = 6.65 -
10~25cm? the cross section of elastic, Thomson scattering
of photons on electrons. Then we have

k= al.(e)+al(e). ()

In the framework of the adopted notations, we will write
down:
32 3/2
gy (e) = ( ) a*Z%0; (4)

&

Y(e) = 1+e (2(1+e) 1 _ 1
0! (e)—ZUT[EZ (B2 _lin(1 + 26)) - = In(1 +

(1+3¢)
(142¢)2] (5)

+2¢) —

For each individual quantum within the free path length
all its characteristics and trajectory are tracked by the
Monte Carlo method. Such quanta form secondary elec-
trons, which in turn ionize the medium along their trajec-
tory. The flux of quanta and particles formed in this way
arrives at the detector crystal. The calculation results are
presented in Fig. 3 and Fig. 4.

It follows from the results shown in Fig. 6 that in the con-
ditions of thunderstorm clouds Compton scattering takes the
highest values in the long-wave part of the spectrum.
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It follows from the results shown in Fig. 6 that in the
conditions of thunderstorm clouds Compton scattering
takes the highest values in the long-wave part of the spec-
trum. The short-wave part of the X-ray spectrum of light-
ning is practically undistorted up to energies of 50 keV. If
we consider the cloud as a fog with relative humidity, the
free path length of X-ray quanta between two acts of Cou-
lomb scattering takes the values shown in Fig. 5. During
rain, it is necessary to take into account the percentage of
drops in the thunderstorm cloud.

Let us take into account that the average concentration
of water in raindrops is three orders of magnitude higher,
then the obtained values of fpass should be on average 103
times higher and, accordingly, fpass is the same number of
times smaller. It follows from Fig. 3 — Fig. 5 that the main
type of X-ray scattering is the incoherent Compton scatter-
ing given by the formula. Moreover, at each act of scatter-
ing it is necessary to recalculate the wavelength of the
quantum after scattering — A’ . If before scattering we have
a wavelength A and a scattering angle 0, then the relation is
satisfied:

N=1+ #(1 —¢0s0) =1+ 2,4-1073um - (1 — cosO)
(6)

At the wavelength interval from 0.12 to 0.06 nm, the
peak of Compton scattering in water is noticeable and a
rapid decrease in photo absorption begins. In this interval,
the appearance of X-rays scattered mostly by oxygen and
nitrogen is expected. The quantum beam attenuation coef-
ficients due to photo absorption, Compton and Rayleigh
scattering are presented in Fig. 6. In the presented resources
we calculated scattering angles 6 were set by the Monte
Carlo method in the range from 0 to n radians. The results
of averaging cross sections of beams containing 100 X-ray
quanta each are presented in Fig. 7. The calculations were
performed for the thickness of the equivalent water layer of
1 cm. The modeling results show general trends in the de-
pendence of attenuation coefficients on the energy of
quanta predicted by the formulas. However, for spectral
analysis of the investigated objects the results of accurate

Lfpass (in m)

0 50 100 150
Photon energy in KeV

200

Figure 4: Free path lengths X-, y-rays photon in pure air (G4_Air)

“ab initio” The calculations in Fig. 6 are applicable. In the
future, we will use them for quantitative analysis of X-ray
spectra of lightning to determine the content of elements in
lightning during lightning discharge (Kozirev et al., 2011).

3.2 Characteristic radiation

Quanta of soft X-ray radiation occupy wavelengths of
0.01 nm — 10 nm. In this interval all quanta from electron
transitions to the free K-level of atoms, which are part of
air and water droplets, occur.

If the energies of the quanta are adjacent to the edge of
the lines arising in the photo effect, strong resonance scat-
tering is observed, and inside the absorption lines. Along
with elastic scattering, X-ray quanta also experience inco-
herent scattering in the form of Compton scattering.

The process of photo ionization of aerosol represented
by water droplets of carbon, nitrogen and oxygen, which
are part of air. Scattered quanta is mainly determined by
photo ionization of K-shells of atoms. Near these lines we
have resonant scattering of diffuse radiation.

Next, for air under normal conditions and for a given
concentration of raindrops, we estimate the number of such
collision acts on the path of the X-ray quantum to the de-
tector. We need to trace the shift of the X-ray spectrum in
the region of the “transparency window” of water.

4. Detector construction

The design of detectors-spectrographs of hard radiations
requires fulfillment of a number of requirements to their
operation. In particular, for diagnostics of the described
processes in thunderstorm and volcanic lightning requires
the closest possible placement of equipment to the object of
study. In high mountain conditions at altitudes higher than
1 km the distance from the Detector to the Emitter can reach
1 km on average. The thunderstorm cloud aerosol at such
scales completely absorbs the long-wave part of X-ray ra-
diation. Quanta with energies up to 100 keV experience
complete Compton scattering. In this range we have diffuse



Odesa Astronomical Publications, vol. 37 (2024)

AIR - 1000 M

—&— Attenuation
== Compton Sc

Photoabsorption
== Releygh Sc

120
100
80
60
40

20

0 50 100 150 200
PHOTON ENERGY IN KEV

250

PERCENTAGE CONTRIBUTION

Figure 5: Radiation field after crossing 1 km of pure air

WITER - 10 MM

—— Atten Transm —a—PhotAbs
—%— ComptSc Rel.Sc
120
100
=
=]
=
5 =0
==
o
=
o
O 60
w
2
=
=
Y a0
o
w
(=
20
o
| G
0 b4 S Lt
0 100 200 300 400 500 600

PHOTON ENERGY IN KEV

Figure 6: Radiation field spectra after crossing 1 cm of pure
water

X-ray luminescence. The directional flux of gamma ray
quanta is expectedly registered by the detector. The calcu-
lated shape of the lightning detector includes a thin quartz
plate and a cube with an edge of 0.5 cm — 1 cm. This geom-
etry allows for guaranteed registration of lightning radia-
tion in the range of 0.01 MeV — 1 MeV. Semiconductor
crystals have been widely studied for this purpose CsPbBr3
u Lu(SiO)s. The obtained results on design and modeling
of detectors are presented in Fig. 9 and Fig. 10. The number
of quanta in the flux is assumed to be 50. The flux defocus-
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Figure 8: Ibid after crossing of 1cm Al;O3

ing is carried out by incoherent Compton scattering. A part
of quanta is reflected back (by 180°). Visualization of par-
ticle trajectories is described in (Inserti et. al., 2010). To
determine the efficiency of the crystal, the fraction of the
flux energy spent on the actual ionization of the crystal sub-
stance was determined. A detailed study of these issues in
(Doikov, 2022) allows us to obtain the values of the current
pulse amplitude (1 nA — 10 nA) and the time scale of its
formation (1 ps — 100 ps).
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Figure 9: SiO2 0.1 mm and CsPbBr; 10 mm target length.
Ey =511 keV

5. Discussion

The transfer of hard radiation formed by lightning is ac-
companied by a noticeable change in its shape. The most
informative results are obtained with high-speed X-ray and
gamma-ray spectrographs at the flash peak. This means that
the equipment we are developing should operate in the
monitoring mode. This means that the electronic interface
should only be triggered when a sufficiently powerful pulse
is received that the signal-to-noise ratio is maximized. The
convenience in carrying out mass in-situ measurements of
lightning spectra and images from stationary high-altitude
observatories significantly increases the chances of obtain-
ing high-quality results.

6. Conclusion

In the present work we obtained original results neces-
sary for diagnostics of hard radiations formed at fast ther-
monuclear processes. The energy resource of lightning in
sounder stomps and volcano causes a whole chain of ther-
monuclear processes and their accompanying bursts of hard
radiation. Presented in Fig. 5 — Fig. 8 predicted the presence
of an intense component in the spectrum of scattered X-rays
and the presence of strong self-absorption near the spectral
windows of transparency. Multiple scattering of hard radi-
ation quanta creates specific images of lightning and re-
quires a separate approach to their visualization.

Figure 10: SiO2 0.1 mm and Lu(SiO)s 10 mm target
length. Ey = 100 keV
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