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I1.I1. Maasues The article presents the study results of the
HCBUYII3 PAH, Mocksa, Poccus breakdown of fractals of the nano-sized alumi-
num droplets on the polymer filaments made

B cTaTbe npuBeAeHbl pe3ybTaTbl U3yYeHUs of carbon benzene rings under a sudden volt-
npo60os ¢ppakTanoB U3 HAHOPa3MeEpPHbIX age (discharge) of 1.6 kV cm that is similar in
Kanesib aIlOMUHUSA HA MNOJIMMEPHbIX HUTAX magnitude to the electric field of 2.16 kVcm™!
M3 yrnepoaHbiX 6eH30/bHbIX Koslewl, Npu required for the occurrence of micro-breakdown
pe3Koi nogade HanpsxeHus (paspage) with the runaway electrons during the high-alti-
BesIMYMHOM 1,6 KB cM™!, KOTOpas aHanoruyHa tude lightning discharges. For the ordinary air
no Be/INYNHE /IEKTPUYECKOMY NOJII0 breakdown, a voltage of 1-30 kV per centimeter
2,16 KBcm™, He0O6X0AUMOWM A1 BOSHUKHOBEHUS is required. The photographs of radiation shapes
MUKponpo6os Ha y6eratowmx 3eKTpoHax npu in the optical spectral region for two types of
BbICOTHbIX FPO30BbIX paspsgax. /11 06bI4HOro breakdowns are provided. The possible reverse
npo6os Ha Bo3ayxe TpebyeTcsa Hanpsi>keHue of the Doppler effect and Cherenko radiation on
10-30 KB Ha caHTUMeTp. MpuBeaeHbI the fractal metamaterials is discussed.
¢oTorpadpum popm nsny4eHuin B oNnTU4HECKkom
obnacTu cnekTpa Ans AByX TUNOB npo6os Keywords: fractals from the nano-sized aluminum
M 06cyXAeHa BOSMOXHOCTb o6paleHus droplets, polymer filaments made of aromatic poly-
a¢dekTa lonnepa n nsny4yeHmsa YepeHkosa- amide fiber, plasma, off-surface highly conductive
BaBuioBa Ha MmeTamaTepuanax us ¢ppakrasnos. condition
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BO/IOKHA apOMaTWYeCcKoro noaMamuaa, niasma,
Ha/INOBEPXHOCTHOE BbICOKOMPOBOASsILLee
cocTosiHve RUNAWAY BREAKDOWN
The runaway breakdown was first theoretically pre-
CTatbs nonydera: 11.06.2024 || dicted in the work of A.V.Gurevich, G. M. Milikha and
CtaTbs NpuHATa: 11.07.2024 || R.A.Russell-Dupré (1992) [1]. This hypothesis is based
on the peculiar interaction of the high-energy particles
with the matter.
MPOBOW HA YBEMAIOLLMX DNIEKTPOHAX The runaway breakdown (RB) is related to the gen-
[Ipobort Ha yberarmomux 3/1eKTpoHaxX ObUT BIepBhle || eration of secondary electrons occurred due to the ioniza-
TeOpeTHYeCcKH IIpefcKa3aH B paboTe A.B.TypeBuda, || tion of neutral molecules by the high-energy runaway
[.M.Munuxa u P.A.Paccena-Jrompe (1992 rom) [1]. || particles [2]. Although the bulk of secondary electrons
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B oCHOBe 3TOI TUIIOTe3BI JIEKUT 0COOEHHOCTh B3aKMO-
IerCTBUSI OBICTPBIX YACTHL] C BEIIeCTBOM.

ITpobor Ha yberaromux 3mekTpoHax (IIYJ) cBa3aH
C TeHepallMell BTOPHUYHBIX 3€KTPOHOB, IIOSIBIISIIO-
IIMXCS BCAEICTBHE HOHHU3ALMHK OBICTPBIMH yberaro-
IMMMU YacTHIIAaMH HeHTpaJbHBIX MoeKkynl [2]. XoTs
OCHOBHa$l Macca BTOPUYHBIX 3/IeKTPOHOB MeeT MaJlble
SHEPrHH, MOTYT POAUTBCS U 31eKTPOHBI C JOCTATOYHO
OOMBIION SHEPTHen €,>€, (€, - KPUTHUECKasl SHePTHs
yberaHms). Takue 37IeKTPOHBI TOXKe CTAHYT yberaro-
IIKMH, T.e. 6YAyT YCKOPSIThCS IIONIEM K B CBOIO Ode-
pefb MOTYT IIPY MOHU3ALUU FeHepHpoBaTh YaCTULIBL
C €y>€.. B pe3ynbpTaTe MOSB/ISIETCS SKCIIOHEHIIHAIBHO
HapacTaoasi IaBUHa y6erammux 31eKTPOHOB.

BMecTe ¢ HUMH TreHepHpyeTcsi U 6onbloe KoaHye-
CTBO MeJJIEHHBIX 3JIEKTPOHOB, UTO B KOHEUHOM CUeTe
M IIPUBOAUT K 37IeKTPUYEeCKOMY ITpobol0 BellecTBa.
BaskHO, 4TO Ipoboi Ha yberaroIlux 3/1eKTPOHaX IIpo-
HCXOIUT B OTHOCHTENBbHO c/1aboM mosne E>E,, KoTopoe
Ha IOPSIIOK MeHbIle [IOPOrOBOro 0I5l 0OBIYHOTO IIPO-
6os E,. Hanpumep, B Bo3Ayxe pH aTMOCHEPHOM JIaB-
neHuu Eg~23 kB/cm, a E 2,16 kB/cm [2, 3].

OpHaKo Ajs OCyllecTBIeHUsT Ipobost Ha yberaro-
IIMX 3JIeKTPOHAX BBIIIOJIHEHUS TONBKO OJHOIO YCJIO-
Busg E>E, HeZOCTaTOYHO. HeobxoguMo HaaudHe
3aTPaBOYHBIX OBICTPBIX 3/]€KTPOHOB C 3Hepruem,
[IpeBOCXOAIell KPUTHYeCKyl SHepruro yberaHwus
€,>€.>(0,1-1 M3B). Emie 6oee BasKHO, UTO IIPOCTPaH-
CTBeHHBIH pa3Mep IIOCTOSHHOIO 3/JIeKTPHUYeCKOro
II0JIs. B BellecTBe L JO/DKeH CyIIeCTBeHHO IIpeBOC-
XOOUTb XapaKTepHYI0 [AIHHY 3KCIIOHEHIIHa/JIbHOIO
HapaCcTaHMUs JIABUHBI YOeralIux 31eKTPOHOB [, L>1,.
ITocmenHsIsl BeIMYMHA B Fa30BBIX CPe/lax OKa3blBAETCS
BeChbMa 3HAYHTEJIHOM, YTO B OCHOBHOM H 3aTPyAHSIET
peasbHOe OCyIIeCTBIeHHe B J1ab0PAaTOPHBIX yCIOBUSIX
paccMaTprBaeMoro 3¢dekra. Hampumep, B Bo3myxe
IIpu aTMOoCchepHOM AaBIeHUH |, ~50 M.

BMecTe c TeM B Tpo30BOM aTmochepe CUTyallHs
CyIIeCTBEHHO MHasl. XapaKTepHBbIe pa3Mephl 0671akoB L
3mech Bcerma MHoro bosmble |,. BEICTpEIe 3aTpaBOYHEIE
JIeKTPOHBI TAaKKe BCerga eCThb - OHH 3PpHeKTUBHO
TeHepUPYIOTCSI KOCMHUYECKMMM Jy4aMH (IUVIOTHOCTh
[I0TOKA BTOPUYHBIX 3JIeKTPOHOB KOCMHUYECKHUX JIy4e
¢ 3Heprue E>1 M3B nopsigka 103 wacturn (m2c)?). I1os-
TOMY OCyIIeCTBIeHHe I1pobost Ha yberarommx 31eKTpo-
Hax B I'PO30BBIX 0OJaKax OKAa3bIBAeTCSl BIIOJIHE BO3-
MOKHBIM IIPH HOCTHKEHHHU 3JIeKTPHYECKUM II0JIeM
3HaueHwus E . M Takue o/1s, KaK [TOKa3bIBAIOT M3Mepe-
HHUSI, LeNCTBUTeNbHO Habmomatorcsi. FiMeHHO ITpobon
Ha yberamImux 371eKTPOHAX, II0-BUIHMOMY, HIpaeT
OIpefie/IIIOIYI0 Pob B OOHAPYsKeHHBIX TaKUX SIBIIe-
HHUSIX, KaK TUTAHTCKHe BEICOTHBIE Pa3psiIbl MEKAY I'Po-
30BBIMHU 0671aKaMU U HoHOCdeport («CIparT»), COIpo-

=

have low energies, the electrons with a sufficiently high
energy €,>¢, can also be produced. Such electrons will
also become runawayj, i. e. they will be accelerated by the
field and, in turn, will be able to generate particles with
g,>€, during ionization. As a result, an exponentially
growing avalanche of runaway electrons appears.

A large number of low-energy electrons are generated
together with them that ultimately leads to the electri-
cal breakdown of the matter. It is important that the
runaway breakdown occurs in a relatively weak field
E>E, that is by an order of magnitude lower than the
threshold field of ordinary breakdown E;. For example,
in air at the atmospheric pressure, Ej, is equal to 23
kV/cm, and E, is equal to 2.16 kV/cm [2, 3].

However, to achieve the runaway breakdown, it is not
enough to fulfill only one condition E>E,. It is necessary
to have the seed high-energy electrons with an energy
exceeding the critical runaway energy €,>¢,>(0.1-1 MeV).
It is even more important that the spatial size of the
constant electric field in matter L should significantly
exceed the specific length of the exponential growth
of a runaway electron avalanche [,: L>],,. Last value in
the gaseous media turns out to be very significant that
is mainly makes it difficult to actually implement the
effect under consideration in the laboratory conditions.
For example, in air at the atmospheric pressure I, is
equal to 50 m.

However, in a thunderous atmosphere the situation
is significantly different. In such a situation, the typi-
cal dimensions of clouds L are always much larger than
l,. The high-energy seed electrons are also always avail-
able, since they are effectively generated by the cosmic
rays (the flux density of secondary cosmic ray electrons
with the energy E > 1 MeV of the order of 10° particles
(m?s))). Therefore, the runaway breakdown in the thun-
derclouds turns out to be quite possible when the electric
field reaches the value of E,. As the measurements show,
such fields are indeed observed. The runaway break-
down apparently plays a decisive role in the discovered
phenomena, such as the giant high-altitude discharges
between the thunderclouds and ionosphere (“Sprite”),
accompanied by the powerful bursts of y-radiation and
X-ray radiation.

Certain attention should be paid to the special aspect
of the physical essence of these processes. The atmo-
sphere is a very dense medium, therefore, the free path
length of both neutral molecules and thermal electrons
and ions is only thousandths of a millimeter, and the
lifetime of free electrons is tens of nanoseconds. Despite
this fact, in a relatively weak electric field, the giant
macroscopic (kilometer-long and even many-kilometer-
long) processes occur, being determined by the purely
kinetic effects.
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BOXKJaeMble MOIUHBIMM BCIJIECKAMH Y-H3/1y4eHHUS
Y BCIIBIIIKH PeHTITeHOBCKOIO U3JIy4YeHHsI.

CrnenyeT oOpaTUTh BHHMaHHe Ha 0cOOyI0 CTOPOHY
$U3MYeCKOro CyIecTBa 3THX IIPOLeccoB. ATMochepa
SBJISIETCS. BeCbMa IUIOTHOM CpeloM, II03TOMY JJIMHBI
cBobogHoOro mpobera Kak HeHMTPaJIbHBIX MOJIEKYJI, TaK
U TeIUIOBBLIX 37IeKTPOHOB U HOHOB COCTaB/SIOT B HeH
JIMIIb TBICSIYHBIE NOJIM MUJUIMMeTPA, BpeMs >KH3HH
CBODOIHBIX 37eKTPOHOB - [eCSITKH HaHOCEKYH].
HecMOTpsL Ha 3TO, B OTHOCUTENIBHO C1abOM 31EeKTPU-
YeCKOM I10JIe BO3HHUKAIOT IMTaHTCKHe MaKpPOCKOIIHYe-
CKHe (KMIOMETPOBble U Jake MHOTOKHIOMETPOBEIE)
IIPOLIECCHI, OIlpefe/sieMble YHCTO KUHEeTHU4YeCKHMHU
3pdexkTaMu.

MOJE/Ib BbICOTHOIO PA3PSAA NY3 [2]
Heob6xXx0qUMOCTh [JII BO3HUKHOBEHUS I[IYD HMMeHHO
IIOCTOSIHHOIO 3JIeKTPUYeCcKOro II0/s, CO3JAI0Iero
3HAQUMTE/IbHYI0 aCHMMeETpPHUI0 QYHKLWHU paclpenere-
HHUS B 0071aCTH €,>€,, TAaKKe CYIIeCTBEHHO BBIAE/seT
1poboyl Ha yberarmmiux 31eKTPOHaX Cpegu APYIHX
MeXaHH3MOB 3JIeKTPHUYECKOro IIpobosi BelecTsa.

IIpenrmonaranock, 4YTO M 3JIeKTpHUYecKoe Iiojie E
M IIOTOK 3aTPAaBOYHBIX OBICTPBHIX 3JIEKTPOHOB OLHO-
POOHBL B IIPOCTPAHCTBe. BMecTe ¢ TeM 3aTpaBOYHBbIe
BBICOKOSHepPrHYHble 3MeKTPOHBl MOIYT OBITH pef-
KUMHU. [IpH 3TOM IOC/iefHee YC/JIOBHe He BBIIIONHS-
erca. IlosaTomMy pacCMOTpPHM, KaK Pa3sBHBAETCSI IIPO-
6ot Ha yberammux 31eKTPOHAX, TeHepHpyeMBbIH
OHKM 3aTPaBOYHBIM OBICTPBIM 371eKTPOHOM. IIyCTh S -
HaIlpaB/ieHHe [BU>KeHHUS ObICTPOro 371eKTPoHa, COBIIA-
Jarolllee C HaIlpaB/JIeHHeM 3JIeKTpHuYeckoro mons E.
[Ipobor Ha yberaromux 31eKTPOHAX Pa3BHUBAETCS
TOIJa He TOJIbKO B HAIIPaBIeHHH S, HO U B OPTOro-
HaJIBHOH IVIOCKOCTH I

TakuM 06pa3oM, ITO0 JOCTHIREHHUHU 3IeKTPUIECKUM
nonieM E B rpo3oBoM obake 3HaueHus E, mpowiecc ITYD
MOKeT pa3sBHBaThcs. IIpU 3TOM, ITOCKOJIBKY BTOPHUY-
HBle 37eKTPOHBl KOCMHYECKHX Jy4erd HMeIOT 3Hep-
ruo [0 30 MasB U BOIeACTBHe pacCesHMs Ha sAOpax
JBIMDKYTCS BO BCeX HAIIPaBJIeHMAX, B 3aBUCHMMOCTH OT
3HAKa 37eKTPHUUYECKOro II0Jsi IIpobor MOSKET Pa3BU-
BaThCsl B JIFOOOM HAIlpaBlIeHHH - KaK BHH3 K 3eMile,
TaK U BBepxX K HoHocoepe. OCHOBHYIO POJIb 30eCh
HIrpaeT BO3MOKHOCTD II0SIBJIeHHSI HeoOX0OHMOro 37IeK-
TPHUYeCKOro I10J151, 3aBUCAINASL OT COOTHOIIEHUS MEXKIY
IIpoLIeCCAMU I'eHePaLlMK U pejlakCallkH 110/ E.

EcTecTBeHHO pasnnyaTh [ABa MeXaHH3Ma TIeHe-
PallMHM 31eKTpHUYecKoro Ionsi. [lepBBIE - 0ObIU-
Hoe IIJIaBHOe HapacTaHHe II0JIsl BHYTIPU M Ha Ipa-
HHuIIaX O0O/IaKOB 3a C4YeT JeHCTBUS aTMOChEepHBIX
BeTPOB, CHJBl TSDKECTH M 3aXBaTa 3apssKeHHBIX
YaCTUL, KaIlJIAMM BOJBI, YAaCTHYKAMHM JIBOA, a3po30-
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MODEL OF THE RB HIGH-ALTITUDE
DISCHARGE [2]

The need for the RB occurrence of a constant electric
field that develops a significant asymmetry of the
distribution function in the region g,>¢, also sig-
nificantly distinguishes the runaway breakdown from
other mechanisms of electrical matter breakdown.

It was assumed that both the electric field E and the
flow of high-energy seed electrons are homogeneous in
space. Moreover, the high-energy seed electrons can be
rare. However, the last condition is not met. Therefore,
let us consider how the runaway breakdown generated
by one high-energy seed electron is developed. Let s
be the motion direction of the high-energy electron,
coinciding with the direction of the electric field E.
The runaway breakdown then develops not only in the
direction s, but also in the orthogonal planer.

Thus, when the electric field E in the thundercloud
reaches the value E,, the RB process can develop. More-
over, since the secondary electrons of cosmic rays have
an energy of up to 30 MeV and, due to the nuclear
scattering, move in all directions, the breakdown can
develop in any direction depending on the sign of the
electric field, both down to the Earth and up to the
ionosphere. The main role in this case is played by the
possible occurrence of the required electric field that
depends on the relations between the field E genera-
tion and relaxation processes.

It is normal to distinguish between two mecha-
nisms for an electric field generation. The first one
is the usual smooth field increase inside and at the
boundaries of clouds due to the impact of atmospheric
winds, gravity and capture of the charged particles by
the water droplets, ice particles, and aerosols. The typ-
ical time of this process is about 1-10 min. The second
mechanism is a sharp change in charge in the cloud
due to a powerful electrical discharge to the Earth. The
typical time of this process is milliseconds.

While comparing the typical times of these pro-
cesses with the relaxation time, it is established that
only in the second case is it possible for the field E
to significantly exceed E . Moreover, in the region of
high altitudes (z220-50 km), due to the rapid field
relaxation, the RB conditions can only be met for
a fairly short period of time At<10s.

An example of such a high-altitude discharge from
the thundercloud into the ionosphere is shown in
Fig. 1. The discharge duration is 10-200 ms. The height
range is 25-100 km, the horizontal length is 10-50 km.
The peak glow intensity occurs at the altitudes of
50-60 km. The total volume of the emitting region is
usually more than 1000 km?, and the radiation bright-
ness is 10-100 kilo-Rayleigh (Rayleigh is a non-system
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JIAMH. XapaKTepHoe BpeMs 3TOro IIpoliecca IIOpsiaKa
1-10 MuH. BTOpor MexaHHM3M - pe3Koe H3MeHeHHe
3apsna B objake BC/Ie[CTBHE MOIIHOIO 3/eKTpHUe-
CKOT'O paspsiia Ha 3eMJI0. XapaKTepHOoe BpeMsl 3TOro
[poLecca — MUJUIMCeKYH/BL.

CpaBHHBas XapaKTepHble BpeMeHa 3THX IIPOLIeCCOB
C BpeMeHeM peJlaKCalliy, YCTAHOBJIEHO, YTO TOJIbKO
B CJy4ae BTOPOTO BO3MOXKHO 3HAa4YMTe/IbHOE IIPeBbI-
meHue nond E Hap E.. IIpu 5ToM B 0671acTU 6OJIBIIUX
BBICOT (z220-50 KM) BCIeICTBHE OBICTPOM peslakcaliuu
11071 yCI0BUA [1YD MOTYT BBIIIOIHATHCS TOJIBKO B TeYe-
HHe JOCTATOYHO KOPOTKOIo BpeMeHH At<10 c.

[IpriMep TaKOro BBICOTHOIO paspsiia M3 T'PO30BOIO
obraka B MOHOCOepy IIpeAcTaBlIeH Ha puc. 1. nu-
TeJIbHOCTh Pa3psfia CoracHo cocTtasiaseT 10-200 mc.
Obnacte BbICOT 25-100 KM, TOPH3OHTAJIbHAS IIPOTS-
>KeHHOCTb 10-50 KM. IIMK MHTEeHCHBHOCTU CBeYEHUS
IIPUXOAUTCSL Ha BBICOTBL 50-60 KM. OOmum o6veM
u3ny4damomen obnacth obsiuHO 6osmee 1000 Km3,
a sSIpKoCTh u3nydeHus 10-100 kumopaner (Panel - BHe-
CHUCTeMHasl eQWHHMIA HM3MepeHMs, HCIIoJb3yeMas
B 3apybexxkHON auTepartype, 1 pamein = 10° $oToHOB
(cm?c)’l.) Ha cpemHeM ¢oHe BBIZENSIETCS MUJIIHCE-
KyHAHBIM BCIIJIECK M3/1y4eHHsI MCKIIOUUTEIbHO BBICO-

i g

unit of measurement used in the foreign literature, 1
Rayleigh = 106 photons (cm?s)™}). A millisecond radia-
tion burst with the exceptionally high brightness
stands out against the average background (about
(1-5)103 kilo-Rayleigh). The frequency of positive dis-
chargesis 0.3s.

An important feature of the critical RB field is
that it is decreased exponentially quickly at a height.
Moreover, the air conductivity o at the altitudes above
20-30 km is very high, so that the constant electric
field at the altitudes of 20-50 km disappears in 10 s
or even less due to polarization. Therefore, in a quasi-
stationary state, the field is almost absent (E~0).

However, after a strong positive discharge to the
Earth (the positive lightning transfers a charge of
up to 100 C or more), the balance is disrupted and
the field E may appear for a short period of time in
a large spatial region significantly exceeding the criti-
cal one (Fig. 2). The electric field is directed towards
the Earth, i.e. it accelerates the electrons towards the
ionosphere. The flux of seed secondary electrons from
the cosmic rays over a large discharge area (S2100 km?)
is rather high, and even in a time of about 1 ms their
total number can be 10°-107.

ucmouHuk: http://lomonosov.sinp.msu.ru)

source: http://lomonosov.sinp.msu.ru)

Puc. 1. BoicomHbili pazpsd «Cnpalim» (npoexm «/lomoHocos», HUNSAD MIY um. M. B. JIoMOHOC08;

Fig. 1. Sprite high-altitude discharge (Lomonosov project, Lomonosov Moscow State University Research Institute;

t=7,86 ms
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KoM siprocTH - (1-5) 103 kumopaner. YacToTa I10TOXKHU-
TeJIbHBIX pa3psamos - 0,3 c.

BaskHast 0c06eHHOCTb KPUTHYECKOro moss IIY3
COCTOMT B TOM, YTO OHO 3KCIIOHEHIIMAJIBHO OBICTPO
yOBIBaeT C BBICOTOM. BMmecTe C TeM ITPOBOJHMOCTh
BO3[lyXa 0 Ha BhICcOTe Bhille 20-30 KM BeCbMa BeIHKa,
TaK 4YTO IIOCTOSIHHOE 3JIeKTPHYecKoe IIojieé Ha BhICO-
Tax 20-50 KM 6raromaps MoMSpHU3allUM HCUe3aeT 3a
BpeMeHa mnopsnaka 10 ¢ uiu gaxke meHsiie. ITostomy
B KBa3HCTALIMOHAPHOM COCTOSIHHH IIOJie 3[eCh IIpak-
THUYeCKH OTCYyTCTBYeT (Ex0).

OmHaKo IocCjae CHJIBHOTO II0JIOKHUTEIBHOIO pas-
psinda Ha 3emro (a IOJOKHUTe/IbHble MOJHHH IIepe-
HOCAT 3apsiz mo 100 K u 6oree) banaHc Hapymiaercs,
U B OOJIBIIOK ITPOCTPAaHCTBEHHON 06/71aCTH MOKET BO3-
HUKHYTh Ha KOpPOTKOe BpeMs Iojie E, 3HaUMTeIbHO
IIpeBBILIAIONIee KPUTHUecKoe (pUC. 2). DIeKTpuue-
CKoOe I10Jie IIpM 3TOM HaIIpaB/IeHO K 3eMsie, T.e. OHO
yCKOpsieT 37eKTPOHBI B CTOPOHY HOHOChephl. IToTOK
3aTPaBOYHBIX BTOPHUYHBIX 3/IEKTPOHOB KOCMHYECKUX
nyder Ha 60mbLION IUTomanu paspsama (S=100 km?)
BeChbMa BeJIMK, U JasKe 332 BpeMs MopsaaKa 1 Mc ux 1moi-
HOe YHCJI0O MOKeT COCTaBUTH 100-107.

ITpocTerimas Mofeab TaKOM CHCTeMBl IIPefCTaB-
JeHa Ha puc. 2. B obnake nuamMerpom 10 KM pacrio-
JIOKeH CJIOM IIOJIOKUTEeNBHOTo 3apsaa B 100 Ki Ha
BBICOTE 18 KM, a COOTBETCTBYIOIIMI CJIOM OTpHIIATe/Ib-
HOIO 3aps/a — Ha BBICOTE 5 KM. DJIeKTPHUYeCKoe II0JIe
BHe o6/aka 3KPAaHHPOBAHO MOJSPHU3ALHOHHO HaBe-
JeHHBIM OTPULIATEIbHBIM 3aPsIOM, PaCIIOIOKEHHBIM
Ha BBICOTE 25 KM, M IIOJIOKMTEIBHBIM 3apsafoM Ha
HIDKHeH TpaHHIe HoHochephl Ha BeIcoTe 70 KM. Bra-
rofapsi SKpaHUPOBKe I10jIe Ha BBICOTE z>25 KM IIpak-
THYeCKHU OTCYTCTBYyeT: E=E_ +E;~0.

B pesynpTaTe IIOJIOKMTEIIPHOTO paspsama Q BHY-
Tpu obnaka mone E, ucdesaeT, u B 067acTH MeXIy
BepxHel IpaHHIleHN obnaka X HOHOCPepor oCTaercs
3HAYUTe/IbHOe 3JIeKTpuyecKkoe mone E,. Ero pacmpe-
JleJleHHe II0 Z Ha OCH CHCTeMBI 4Yepe3 10 MKC mocie
paspsiia ImpHUBeleHO Ha pHC. 3. BugHo, 4TO B 607B-
IIOK 06/1acTU BBICOT (0T 20 KM M BILIOTH [0 HUKHEH
HoHoCdepsl) ose E IpeBOCXOAUT MUHHMAaJIbHOE I10/Ie
mpobost Ha yberarouiyx 31eKTpoHax. [ist BOSHUKHOBe-
HHS OJISPHU3ALMOHHOIO [0/, KOMIIEHCHUPYIoIero E
B 00/1aCTH BBICOT z<50 KM, TpebyeTcsi BpeMsi MOPSAAKA
HeCKOJIBKHX CeKYHJ,. B 3TOT IIeprof 1 IOB/ILeTCs BO3-
MOKHOCTb [JIsl BOSHHMKHOBEHHS TMIAaHTCKOTO BBLICOT-
HOTO paspsiia, BBI3BAHHOTIO IpoboeM Ha yberaroomux
3JIEKTPOHAX.

Yucao XapaKTepHBIX HMOHH3AIMOHHBIX IJIMH, 00y-
CJIOBJIMBAIOIIMX 3KCIOHEHUHWAJIbHB M pocT IIY3,
paBHo L/l,. IIpu crapte IIY3 Ha BbIcoTe 20 KM 3Ha-
YyeHHe 3TOr0 IIapaMeTpa J[AOCTaTOYHO BeJIHUKO:
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Fig. 2. Model of the conditions for a high-altitude discharge

The simplest model of such a system is shown in
Fig.2. In a cloud with a diameter of 10 km there is
a layer of 100 C positive charge C at an altitude of 18
km, and a relevant layer of negative charge is located
at an altitude of 5 km. The electric field outside the
cloud is screened by a polarization-induced negative
charge located at an altitude of 25 km, and a positive
charge at the lower ionosphere boundary at an alti-

Field strength, rel.units
HampssKeHHOCTS I1071s1, OTH. €.

0 | | | | | |
0 10 20 30 40 50 60 70

BrIcoTa, KM | Height, km

Puc. 3. 3agucumocmb nonst E/E, om ebicomsi z
Fig. 3. Dependence of the field E/E_on the height z
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L/1,220-40. BcnencTBue 3KCIIOHEHLIMAJIBHOLO POCTa
JIaBUHBI U 60JIBIIOr0 YK C/IA 3aTPAaBOYHBIX 3/IEKTPOHOB
obIee KOTHYECTBO BBHICOKOSHEPIHYHBIX 31€KTPOHOB,
CO3LABIIMX Pa3psi K BEICOTaM IOpsAAKa 50 KM, MOKeT
OOCTUIaTh OYeHb OoNMbIIMX 3HaueHUH 1016-102°, IIpu
3TOM 32 cYeT AUPPY3HOHHOIO pPACHIMPEHHs IIydyKa
IIMpHUHA obnacTu paspsifa I1YD Ha BbicoTe 40-60 KM
nocturaet 30 KM.

MO/E/1b ONTUYECKOIO U3NTYYEHUA MY [2]
IIpy ABUKEHUM 3HEPIUYHBIX 3JIEKTPOHOB B BO3JyXe
30deKTHUBHOCTh BBI3BIBAEMOT0 MMM OIITHYECKOTO
HU3JIy4eHHS] B Pa3/IMYHBIX CBETOBBIX [AHAIla30HaX
u3BecTHa. B ycmoBusax £,~0,1-10 M3B oHa MOpakTH-
YeCcKy He 3aBHCHUT OT SHEPTHUH OBICTPHIX 37IeKTPOHOB.
DTO I103BOJISIET AOCTATOYHO TOYHO
OIlpefe/INTh H3jIydeHHe paspsia
Ha yberamomux 3M1eKTPOHAX Ha
PA37MHUYHBIX BBICOTAX [2].

IIpy 5TOM [0 BBICOTHI 50 KM
DOMUHHUPYeT ronyboe H3TydeHHE
(«CuHHe IKeTh»), NMpU OOIBIIMX
BBICOTaX - KpacHoe («KpacHble
anbder?) [2, 4]. MMeHHO Takas
KapTHHA U HabIoIaeTcss B BBICOT-
HBIX paspsgax «CropadT» (puc. 1
1 puc. 4). Ha noHOChepHBIX BBICO-
Tax Ppa3psl Pa3sMBIT BCJIeACTBHE
JudPy3HOro paccesHUs mMydKa.

OTMeTHM OJHY BaKHYIO 0CObeH-
HOCTb [2]. JnexkTpudecKoe mone E
CYLIeCTBEHHO IIPeBOCXOAUT MHUHHU-
MaJibHOe I101e E, BOIH31 IPO30BOro
obnaxka (Ha BBICOTaX zx15-25 KM)
M BOAJH OT Hero (Ha BBICOTAX
z~35-50 xM). BHauajsle JOMHUHHU-
PpYyeT ymeHbllIeHHe 110114 E, onpefe-
JsieMoe yBelIh4eHHeM PacCTOSHUS
OT 3apsAna, a 3aTeM IIpeBaJUpyeT
3KCIIOHEeHIIMaJbHOe nageHue
IUIOTHOCTH aTMOCepbl, CHIJIBHO
[IOHMKaloIllee BeIMYMHY E, .

TakuM o0Opa3oM, BBIIEISIOTCS
Kak Opl ABe obyacTu — OIMKHAS
U JanpHSA, rAe 30PeKTHBHO
MOXKeT Ppa3BHUBAThCs MNpoboll Ha
yberaomux 31eKTpoHax. B mpome-
SKyTOYHOHM obnacTu (z~35-50 KM)
OH Pa3BHUBAeTCs TOJIBKO IIPH 0OCO-
6eHHO OO/JIBIIMX 3HAUEHHSIX OCBO-
60>KIAOIerocs 3apana Q. OrMme-
YyeHHas 0C06@HHOCTh KaYeCTBeHHO

Me3socdepa Tepmocdepa
Mesosphere Thermosphere

Stratosphere
Ctpatocdepa

Troposphere
Tporochepa

tude of 70 km. Due to the shielding, the field at an
altitude of z > 25 km is almost absent: E=E, + E,~ 0.

As a result of a positive discharge Q inside the cloud,
the field E; disappears, and a significant electric field E,
remains in the region between the upper boundary of
the cloud and the ionosphere. Its distribution along z
on the system axis 10 ps after the discharge is shown in
Fig. 3. It can be seen that in a large height region (from
20 km and down to the lower ionosphere), the field E
exceeds the minimum runaway breakdown field. For
the occurrence of a polarization field that compensates
Ein the altitude region z < 50 km, about several seconds
are required. During this period of time, it is possible
to obtain occurrence of a giant high-altitude discharge

Puc. 4. AmmocepHbie s81eHus, HabAdaemble 8 8epPXHUX CA0SIX ammocdepbl -
8bIcCOMHble pa3psadbl «Cnpalim»: «KpacHble 3Ab¢bi» (Red Sprite) u «CuHue dxkembl»
(Blue Jet) (ucmouHuk: Neubert T. et al. Recent results from studies of electric
discharges in the mesosphere surveys. Surveys in Geophysics. 2008; 29: 71-137.
Doi: 10.1007/s10712-008-9043-1)

Fig. 4. Atmospheric phenomena observed in the upper atmosphere — the Sprite
high-altitude discharges: Red Sprite and Blue Jet (source: Neubert T. et al. Recent
results from studies of electric discharges in the mesosphere surveys. Surveys in
Geophysics. 2008; 29: 71-137. Doi: 10.1007/s10712-008-9043-1)

caused by the runaway breakdown.

KpacHBIN CIpayT
Red Sprite

HoHocdepa | lonosphere

II7IOTHOCTB 37IEKTPOHOB

Electron Density

CHUHUH IKET
Blue Jet

BrIcoTa, kM | Atitude, km

o,

Temriepatypa
Temperature
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IIPHUCYTCTBYeT BCEr[a, OHA Majo 3aBHCHUT OT BHIOpaH-
HOM MOJEeNIHU.

H3nydeHue, 0O6yCIOBIeHHOe IIy4KOM BBICOKO-
SHEPIrUYHBIX 3JIeKTPOHOB, MOXKeT CO3IaBaTh MUJI-
JHCeKyHAHble KMMIIY/IbChl TUIAaHTCKOM HHTEHCHUBHO-
CTH - HeCKOJIbKO Merapanel (puc. 5). Topasmo 6oree
IUIMTeNbHAsl YacTh H3/1y4eHUs (HeCKOJIbKO [IeCSITKOB
MUJITINCEKYH]]) TeHepupyeTcs Oomee MeIIeHHBIMH
3JIeKTPOHAaMH M HMeeT HHTeHCHBHOCTb MOEeCSTKHU
KWIOp3JIeHd. Pe3ynpTaThl pacueToB HAXOHSTCS B COOT-
BeTCTBUU C JaHHBIMU HabMOOeHUN [2].

CiemyeT OTMETUTD, UTO IpelJIOKeHHas B pabote [2]
MoJie/nb OOBSICHEHHUSI OIITUYeCKOro U3/TyueHHUs paspsaa
«CIIpaliT», OCHOBAaHHas TONMBKO Ha I1YD, He eqUHCTBEH-
Hasi. BO3MOSKHBI 1 IpyTHe e MeXaHU3MBl: IIPODOOLI B II0JIe
H3JIy4eHHUs], CO3[aBaeMOro CBEPXMOIIHBIM Meskobmay-
HBIM Pa3psnoM, Ipobol B KBAa3HUCTATUYECKOM II0JIe
WIHM UX KoMbuHanua ¢ I1Y3. OTMe4YaeTcss TakKe BIIHS-
HMe MeTeOpoB Ha reHepaliuio «CIipaiTar.,

OfHaKo Ba’KHBIM [OIOTHHTENBHBIM apryMeHTOM
B II0JIb3y IPSIMOM CBSI3H BBICOTHBIX pa3psioB c ITY3
SBIISIIOTCST HabmrogaeMble MHTEHCHUBHbBIE HMITYJIBCHI
PEeHTIeHOBCKOTO M FaMMa HM3/1y4yeHHH [2].

dopMy ONTHUUECKOIO H3/Iy4eHUs BBICOTHOI'O Pas-
psiia MOXKHO IIOSICHUTD I10 aHAJIOTUHU C BOHAMU [0k~
reHca, M3 KaKOOM TOYKH BAOAb TPAeKTOPUU [OBU-
SKeHHUsSI OBICTPOM YacTHUIBl (KOCMHYECKHX Jyder)
HUCXOOUT cheprvecKU QPOHT CBETOBOM BOJIHBI, pac-
IIPOCTPAHSIOIIMEICS II0 Cpelle CO CKOPOCTBIO CBeTa
B 3TOM Cpefie, IpUYeM KaKAasd clepymolias chepu-
yecKasl BOJIHA MCIIYCKaeTCsl U3 Clelyoller TOYKHU Ha
IIyTH ABH>KEHUS YaCTHLIBI,

BHeIIHMWI BUJ ONTHYECKOT0 M3My4YeHHUS BBICOTHBIX
paspsimoB «Crpanta» («KpacHBIX 31bQOB») MMeeT BHI,
KoHyca (puc. 1), omHaKO MMeeTCs: 0COOeHHOCTh — KOHYC
H3/y4deHus HallpaB/leH C [IperMYIecCTBeHHbIM HaIlpaB-
7eHHeM K MCTOYHUKY BBICOKOSHEpPreTH4ecKHX 3aTpa-
BOYHBIX YaCTHIL], (KOCMHUYECKUX JIy4er), T.e. 0OpaTHbIN
BEKTOP K HAITPaBJIeHUIO PaclIpOCTPaHEeHH s YacTHI], a He
BZ0JIb [TIOTOKA YaCTHI] I10 HaIIPaB/IeHHUIO K 3eMIIe.

AHOMAIJIbHbIE BCIbILLKA
PEHTTEHOBCKOIO U3/TYYEHUSA NY3 [2]
BCIIBINIKK PeHTIeHOBCKOTO M3ny4deHHs [5] cornmacHo
TEOPHH CBSI3aHBI C MHOXECTBEHHBIMU MHKPOIIPo6o-
MK Ha yberamomux 3mekTpoHax (MIIYJ), mpoucxo-
OSIIUMU B OOIIHMPHBIX 06/1aCTAX IUIOMIAMBIO IIOPSAKA
HEeCKOJIBKHUX KBaJIPATHBIX KUIOMETPOB [2]. A HIMeHHO,
IIOCKOJIBKY I'PO30BbIe 06JIaKa MMEIOT IIOCKOCTIOUCTYIO
CTPYKTYpy, TO CpefiHee 3/IeKTPUUYeCKoe II0le B HHUX
6JIM3KO IO HAIIPaBIeHHIO K BEPTHKAIH Z U KaKABIH
BTOPHUYHBIHM 3/IEKTPOH KOCMHYECKHX Jy4el I'eHEpU-
PyeT B Ipo30BoM obJ1ake JTaBHHY yberarouiux 371eKTpo-
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Puc. 5. 3asucumocmsp UHMeHCUBHOCMU U3AYYeHUs om
8pemMeHu
Fig. 5. Dependence of radiation intensity on time

The number of typical ionization lengths that deter-
mine the exponential RB growth, is equal to L/I,.
When the RB is commenced at an altitude of 20 km,
the value of this parameter is quite high: L/1, > 20-40.
Due to the exponential growth of the avalanche and
the large number of seed electrons, the total number
of high-energy electrons developed the discharge at
the height of about 50 km can reach very large values
of 1016-1020. Moreover, due to the diffusion expansion
of the beam, the width of the RB discharge region at
a height of 40-60 km reaches 30 km.

MODEL OF THE RB OPTICAL RADIATION [2]
When the energetic electrons move through the air,
the efficiency of optical radiation caused by them in
various light ranges is known. Under the conditions of
g,~ 0.1-10 MeV, it is almost independent of the energy
of high-velocity electrons. This makes it possible to
quite accurately determine the runaway discharge
radiation at various heights [2].

Moreover, the blue radiation (Blue Jet) dominates
at an altitude of up to 50 km, and red radiation (Red
Sprite) dominates at the higher altitudes [2, 4]. This
phenomenon is observed in the Sprite high-altitude
discharges (Fig. 4 and Fig. 1). At the ionospheric alti-
tudes, the discharge is blurred due to the diffuse scat-
tering of the beam.

Let us note one important feature [2]. The electric
field E significantly exceeds the minimum field E,
near the thundercloud (at the altitudes zx~15-25 km)
and far from it (at the altitudes z~35-50 km). At first,
a decrease in the field E, determined by an increase
in the distance from the charge, prevails, and then
an exponential drop in the atmospheric density domi-
nates, while greatly reducing the value of E,.
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HOB. YmC/I0 GBICTPBIX 3/1eKTPOHOB IIPU 3TOM CHJIBHO
BO3pacTaeT. JTOT IIpollecC, Ha3BaHHBIM «MIIYI»,
U CTIy’KUT NPUYHMHON HabMI0aeMOM BCIBIIIKH PeHT-
TeHOBCKOI'O M3Ty4YeHHs.

Pe3ynpTaThl PacuyeTOB HHTEHCHUBHOCTH H CIIeK-
Tpa PEHTIeHOBCKOIO H3/lIydeHHs: Ipu MIIYD crabu-
neH [2]. OH HMeeT Bcerja SpKO BbIPa)KeHHBIM MakK-
CUMyM B parioHe 50-60 K3B u OBICTpO cIlafaeT Kak
B 007aCTh MasbIX 3HEprum (3a cueT GOTOHMOHH3A-
IIUM), TaK U B 0b1acTs 60mbpuIMx 3Hepruil 100-150 k3B
(3a cyeT KOMIITOHOBCKHUX IIOTepb). YTO >Ke KacaeTcs
[IPOCTPAHCTBEHHOIO paclipefie/ieHUss HHTeHCUBHOCTHU
PeHTIeHOBCKOTO M3/y4eHHs, TO OHa JOCTHIraeT Mak-
CHMyMa B OKPECTHOCTH MaKCUMyMa 3J1eKTPHUYECKOro
IOJI — COABKMI MaKCHMMyMa PeHTTeHOBCKOIO H3jyde-
HUs nopsaka 100-200 M B HaIpaB/IeHUH [BHKeHHS
3JIEKTPOHOB.

BecbMa BaKHO, YTO BAIM OT MaKCMMyMa HHTEH-
CHBHOCTb PEHTI@HOBCKOTO H3JIy4YeHHs CHJIBHO CIia-
JlaeT, U yKe Ha PaCCTOSHHUM Iopsaka 1-1,5 km oT
MaKCHMyMa 3JIEKTPUYECKOIO IO/ — OHO IIOYTH He
OT/IMYMMO OT QOHa.

M3 pe3ynbTaToB pacyeTa aHOMAIBHBIX BCIIBIIIEK
PeHTIreHOBCKOTO M3/1yueHHs, 00ycioBleHHBIX MIIYD,
CefyeT BA BasKHBIX /151 Hab/MIofeHUs BBIBOAA:

1. cIeKTp HMMeeT CTaHIAPTHBIM BHJ, C XapaKTep-

HBIM MaKCHMYMOM B obsacti 50-60 K3B;

2. UHTeHCHBHOe H3JIy4eHHe MOXHO HabmomaTh
JUIIb B IIpenenax 1-1,5 KM 10 BBICOTe OT MaKCH-
MyMa 3JIEKTPHYECKOTO I10JI.

ITOCKO/IBKY COIJIACHO MHOTOYMC/I€HHBIM JaHHBIM
M3MepeHU 3HaueHUs |E|~E, IOCTUTAIOTCs B TPO30BBIX
obyaKkax JIMIIb Ha BBICOTAX z=4 KM, TO 3TO O3HAYaeT,
YTO PEHTreHOBCKOe H3lIyuyeHHe oT MIIYD peasbHO
MO>KHO HabII0aTh JIUIIb IpH 222,53 KM.

Oba BBIBOZA IOATBEPKAAIOTCS AAHHBIMH Habiio-
noeHuI [2]. ClenyeT oTMeTUTDH TaKKe, YTO COIJIACHO
pacueTaM 3aMeTHOe YBeJHMUYeHHe YMCIa OBICTPBIX
3JIEKTPOHOB W T'e€HEePHPYeMOro MMHU PEeHTIe€HOBCKOIO
M3/Ty4eHHUs IIPOUCXOIUT y’Ke B IIPeAIPOOOMHEIX yCIIO-
BUSIX IIpU NpUbnmskeHuH nons E K E, (TouHee mpu
E>0,95E).

HampsskeHue KpuTH4Yeckoro Ions E; 3skcmo-
HeHIIMa/JbHO Yy6bIBaeT C BBICOTOM: z=6,3 KM IIO/e
E.=100 xB/mM; z=11 xm ntoste E.=50 KB/ M.

IIpoBogMMOCTE aTMOCHEpHI 0 OIpelensieTCss UOHH-
3allMel BO3AyXa KOCMHUYeCKMMH Ay4aMHU. [Ipu Hanu-
YUK O06JaYHOCTH M 0CafIKOB BOIH3HU ITOBEPXHOCTHU
3emnu (o 2 KM BBICOTBI) CYIIeCTBeHHBIH BKJIaJ BHO-
CHUT H3/Iy4YeHHe paJJHOaKTHBHEIX 3IeMEeHTOB. B SCHYIO
IIOTOfly KOHIIeHTPAIlUsl MOHOB Iopsifika 103 cm3, uTo
COOTBETCTBYeT BpeMeHH pejIaKCalluH 3JIeKTPUYECKOro
mons T,.=(41m0)1~400 c. IIpoBOAHMOCTb 6BICTPO yBeTH-
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Thus, there are somewhat two region (near and
far) where the runaway breakdown can be effectively
developed. In the intermediate region (z~30-35 km) it
develops only at especially large values of the released
charge Q. The given feature is always qualitatively
available; it slightly depends on the selected model.

The radiation caused by a beam of high-energy elec-
trons can create the millisecond pulses with gigantic
intensity, such as several mega-Rayleigh (Fig. 5). The
much longer portion of the radiation (several tens of mil-
liseconds) is generated by the slower electrons and has an
intensity of tens of kilo-Rayleigh. The calculation results
are in accordance with the observational data [2].

It should be noted that the model proposed in [2] for
explaining the optical radiation of the Sprite discharge
and based only on the RB, is not the only one. Other
mechanisms are also possible: breakdown in the radi-
ation field generated by a super-powerful intercloud
discharge, breakdown in a quasi-static field, or their
combination with the RB. The influence of meteors on
the Sprite generation is also noted.

However, an important additional argument in
favor of the direct connection of high-altitude dis-
charges with the RB is the observed intense pulses of
X-ray and gamma radiation [2].

The type of optical radiation from the high-altitude
discharge can be explained on the analogy with the
Huygens waves: a spherical front of the light wave
emanates from each point along the motion path of
a high-energy particle (cosmic rays) while propagating
through the medium at the speed of light, and each
subsequent spherical wave is emitted from the next
point along the motion path of the particle.

The optical radiation from the Sprite high-altitude dis-
charges (Red Sprite) has the shape of a cone (Fig. 1). How-
ever, there is a peculiarity, since the cone of radiation
is predominantly directed towards the source of high-
energy seed particles (cosmic rays), i.e. it is a reciprocal
vector to the direction of particle propagation, rather
than along the flow of particles towards the Earth.

ANOMALOUS X-RAY BURSTS OF THE RB [2]
According to the theory, the X-ray bursts [5] are asso-
ciated with the multiple micro runaway breakdowns
(MRB), occurring in the vast areas of about several
square kilometers [2]. Namely, since the thunder-
clouds have a plane-layered structure, the average
electric field in them is close in direction to the ver-
tical z and each secondary electron of cosmic rays
generates an avalanche of runaway electrons in the
thundercloud. In this case, the number of high-veloc-
ity electrons is increased greatly. This process, called
MRB, is responsible for the observed X-ray burst.
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YMBaeTCsl C BHICOTOM 6arofapsi yMeHbIIEHHIO YK CIa
COyIapeHHH U,, M3-3a IIOHK’KeHHS KOHLEeHTPalLHUH
Mmonekyn1 N,. B obrakax, HaIIpOTHB, IIPOBOJKMOCTb
MOXKeT IIOHM3MUTBCS H3-3a IIPWIMIAHKS 3apSII0B
K KaIle/IbKaM BOJBI U a3PO30JIIM.

IIpx BOSHMKHOBEHUU MIIYD YMC/IO 3HEPTHYHBIX
3JIGKTPOHOB M, COOTBETCTBEHHO, YKC/I0 aKTOB HMOHH-
3aLMU B CJIoe TOJIIIUHON ropsaka 100-500 M B okpecT-
HOCTH MaKCHMYyMa I'PO30BOTO I10JIS CHJIBHO HapacTaerT.
COOTBETCTBEHHO Pe3KO YBEeIMUYMBAETCS U HHTEHCHB-
HOCTh PEHTITeHOBCKOIO H3/1IyueHHUs. HcIone3ys sKc-
[IepUMeHTa/lbHble NaHHBIe 00 yBeTHYeHUU HHTEeH-
CHUBHOCTH PEHTIeHOBCKOIO H3ay4deHHs B 10>-10° pas,
MOSKHO OLIEHHUTH YHC/I0 3KCIIOHEHT B peajIbHBIX YCJI0-
BHUSIX B YCKOPSIIOIIEM cj10e z~(5-6)1, 1, TakumM obpasom,
OIIpefe/INTh KOJTMYeCTBO OBICTPBIX 37IEKTPOHOB, IeHe-
PHPYeMBIX ONHOM Ha4Ya/IbHOM YaCTHUIIEH .

OpHako, corjacHo Teopuu IIY3 [2], dyHKUMA pac-
mpefeneHUst GBICTPBIX 31eKTPOHOB 3PPeKTUBHO pac-
TeT C YMeHbIIeHHeM SHepPruu 3/JIeKTPOHOB He TOJIbKO
IIpH €>€, HO U B 0OOJACTH MaJIBIX SHEPTHUH E£<E,.
Bce 3TH 3/1eKTPOHBI BHOCSAT CYLIeCTBEHHBIN BKIaf,
B MOHM3AILIUIO aTMOCHEPHl — KaK BBICOKOIHEPIrUYHEIE
(E>862100 K3B), Tak U OOCTATOYHO HH3KO3HEePTHY-
Hble (BIUIOTh [0 MaKCUMyMa CedeHHs HOHH3ALUHU
£€~0,1-1 k3B). brnaromaps 3ToMy, HHT@HCUBHOCTh r'eHe-
paLMu CBOOOAHBIX 3J€KTPOHOB Q, B C/I0€ TONIIUHOM
nopsiika l, y rpaHuusl obnactu I1YD 3HAYHTENBHO
BO3pacTaer:

CnenyeT OTMETUTH, YTO BCe BHOBb POSKIEHHbIE 3/IeK-
TPOHBI, MMeIOIlYe BHaYajle SHePrui0 HeCKOJIbKO 3JIeK-
TPOHBOJIBT, 32 OUeHb KOPOTKOe BpeMs ~1078 c ee TepsitoT
M3-332 HEeYIPYTHX B3aMMOJENCTBHM C MOJIEKyJIaMH
Bo3ayxa. KpoMe Toro, BCIedCTBHe TPOUHBIX COyAape-
HUH 1eKTPOHBI OBICTPO IMPHIIMIIAIOT K MoJeKynam O,
1 H,0, obpasyst oTpULiaTe/IbHEIe HOHBI. XapaKTepHOe
BpeMsi KH3HHU CBOOOIHOTrO 3/1eKTPOHA Ha BBICOTAX I'PO-
30BBIX 00J1aKOB BCETo JIUIIb Iopsiika 70-100 Hc. TakuM
06pa3oM, 31eKTPOHBI LOCTATOYHO OBICTPO HCYe3aIOT,
HO 3aTO B BO3MYINEHHOM CJioe aTMOCPepsl HapacTaeT
IIJIOTHOCTb ITO/IOKUTENbHBIX Nit K OTpULIaTeNIbHBIX Ni~
MOHOB. MIMEHHO HOHBI U OIpee/sioT IIOBbIIIeHHe
IIPOBOAMMOCTH B 06acTy MIIYD (XOTSI U 371eKTPOHBI,
HEeCMOTPS Ha MX O4YeHb Majioe BpeMs >KHU3HH, MOIYT
BHECTH CBOM BKJIal B POCT IIPOBOAYMOCTH).

B ycmoBusix MIIYD B rposoBom objake 3a BpeMms
B HECKOJIBKO IEeCATKOB CeKYHJ, KOHLIEHTpalKus HMOHOB
yBeIMYMBAETCS Ha II0/ITOpa-[Ba IopsaKa. BosHuKaer
C/IO aHOMAJIBHO BBICOKOM IIPOBOZHMOCTH, YTO, ecTe-
CTBEHHO, JO/KHO CHJIPHO CKa3aThCs Ha 3JIEKTPOJMHA-
MMYeCKHX IIPoLleccax B rPo30BoM obiiake.

fABleHHe aHOMAJBHOTO POCTa IIPOBOAHMMOCTH
npu E>E, 6pUT0 IpencKkasaHo B [1] B BUe THIIOTE3HI -

=

The calculation results of intensity and spectrum
of X-ray radiation during the MRB are stable [2]. It
always has a significant maximum value in the region
of 50-60 keV and quickly decreases both to the region
of low energies (due to the photoionization) and to
the region of high energies of 100-150 keV (due to the
Compton losses). As for the spatial distribution of the
X-ray radiation intensity, it reaches a maximum value
in the vicinity of the electric field maximum - the
shift of the X-ray radiation maximum is about 100-
200 m in the direction of electron motion.

It is very important that far from the maximum,
the X-ray radiation intensity is decreased greatly.
Already at a distance of about 1-1.5 km from the maxi-
mum of the electric field, it is almost indistinguish-
able from the background.

Two conclusions significant for observation follow
from the calculation results of anomalous X-ray bursts
caused by the MRB:

1. the spectrum has a standard form with a typical

maximum in the region of 50-60 keV;

2. an intense radiation can be observed only within

1-1.5 km at a height from the electric field maximum.

Since, according to the numerous measurement
data, the values |E|~E, are achieved in the thunder-
clouds only at the heights z>4 km. It means that the
X-ray radiation from the MRB can actually be observed
only at z=2.5-3 km.

Both conclusions are confirmed by the observa-
tional data [2]. It should also be noted that, according
to the calculations, a noticeable increase in the num-
ber of high-velocity electrons and the X-ray radiation
generated by them occurs already in the pre-break-
down conditions as the field E approaches E, (more
precisely, at E>0.95E)).

The critical field voltage E, is decreased exponen-
tially with the height: z=6.3 km - field E,=100 kV/m;
z=11 km - field E, =50 kV/m.

The atmospheric conductivity o is determined by the
air ionization by cosmic rays. In the presence of clouds
and precipitation near the Earth’s surface (at an alti-
tude of up to 2 km), a significant contribution is made
by the radiation of radioactive elements. In the case of
clear weather, the ion concentration is about 103 cm™3
that corresponds to the relaxation time of the electric
field t,=(410)?~400 s. The conductivity is increased
rapidly at the height due to a decrease in the number
of collisions v, as a result of decreased molecule con-
centration N,. On the contrary, conductivity in the
clouds may decrease due to the adhesion of charges to
the water droplets and aerosols.

When the MRB occurs, the number of high-energy
electrons and, accordingly, the number of ionization

PHoOTONICs vOL. 18 NO.5 2024 367



METATPOHUKA

=

OHO Ha3BaHO B 3TOM paboTe «OBICTPBHIM IIepEeHOCOM
3apsgar.

CornacHo pacueTaM [2] KOIH4eCTBO OBICTPBIX JJIEK-
TPOHOB HM3MEHSeTCsl BO MHOIO pa3 IIpU U3MeHeHUU
otHomeHus E/E, Bcero Ha 10%, TO B pea/bHBIX YCJIO-
BHUSIX IPO30BOro 06J1aKa CTOJIb SKe CHJIBHO MOXKET U3Me-
HUTbCA KOHLIEHTpallusd HOHOB, a, CIeL0BaTe/IbHO,
M aHOMaJIbHO BBICOKasi IIPOBOAMMOCTH B CJIoe, BO3-
HUKampomasg npu E~E. TakuM ob6pasoM, IpHUBeleH-
Hble OLIeHKU TOBOPST JUIIb O “CpPefHEeN aHOMaJIbHOM
IIPOBOAMIMOCTH». PeasipHas ke IIPOBOAHMMOCTb MOKET
MMEeTh CU/IbHbIe QIYKTYallMK, B TOM YHCJIe [IPOCTPaH-
CTBeHHbIe QIYKTyallud BHYTPHU CJI0s1, OTIMYAIOLIHeCs
OT “CpefHel» B HECKOJIBKO Pas.

OTMeTHM, YTO MPHUBEIEHHYIO OLIEHKY POCTa IIPO-
BOAMMOCTH CJIelyeT pacCMaTpPHUBATh JHIIb KaK Ipen-
BapUTE/NBHYIO. B Hel He Yy4YHUTBIBAJIOCH, HAIIPUMeED,
HU IIOIJIOLIeHHe CBOOOLHBIX HWOHOB KAILISSMH BOIBI,
YaCTHULIAMH JIbJA, a9PO30JISIMHU B TPO30BOM 0baKke, HU
obpaTHble mpolieccel. He mccienoBanack porib coyna-
PeHHI OGBICTPHIX 3EKTPOHOB C TEMH 3Ke YaCTHLIAMU
U BCS LleNb M3MEHEHHU B MPOUCXOASIIUX B obma-
KaX CIOXKHBIX GU3UKO-XMMHYECKUX IIpolieccax. Bos-
MOXKHO, OJHAKO, YTO BCe 3TH IIpollecchl Oonee Men-
JIeHHBbIe, yem MIIY?.

MUKPOMPOBOU HA YBETAIOLLUX
SJIEKTPOHAX U ®PAKTAJIbI [2]

JlaHHBIe TIOKa3bIBalOT, 4yTO B TeueHue 100-500 mc
N0 IIOSIBJIeHHUS I1IepBOrO0 KMMIIyJIbCa MOJHHEBOIO pas-
psAla HMMeeT MeCTO AKTHBHOCTh B IIHPOKOH 30HE
obmakoB MacmTaba KHUIOMETpa HIKM HECKOIBKHUX
KHJIOMETPOB.

ITOT IPOLIECC MOKHO IPEeCTAaBUTh KaK MeJIeHHO
nperidyrolie MHOXECTBEHHbIE MeJIKHe Pa3psIHbIe
TOKH. KasKOBIH BCIUIECK H3JIy4eHHUs! ObIT JIOKATH30-
BaH BHYTpH obnactu paspemnieHus HHTepdepome-
Tpa (50 M), HO LIeHTPHI obracTell HU3/IydeHHs I10CTO-
STHHO CMeII/INCh. AKTUBHOCTb BCIUIECKOB HapacTasa
BIUIOTh [I0 CHJIBHOTO BCIUIECKA H3Ty4YeHHs. B 3ToT
[IepUOJ, MHTEHCUBHOCTD HU3JIy4eHHUs] BHAavasle IIPOJoJ-
>Kasia OBICTPO HapacTath, a 3aTeM, 32 BpeMs MeHbIle
1 mc, pe3ko magana. OOHOBPeMEHHO ITPOMCXOIHIIO
pe3Kkoe yMeHbIIEHHEe 3JIeKTPUYecKoro IIOJsI, CBS-
3aHHOe, II0-BHAVMOMY, C II€PBBIM YAAPOM MOJTIHHH.
Takoro THIa IPOLIECCHl C XapAaKTePHBIM BpeMeHeM
pasBuTHs mopsiaka 0,1-1 ¢ mpeauIecTBYIOT OCHOBHOMY
paspsay, KOTOPBIE COAEPSKUT 0OBIYHO HECKOIBKO yaa-
POB MOJIHMI Kak BHYTPH 06/71aKOB, TaK U Ha 3eMIIIO.

Pa3psii MOJTHUH, CBSI3aHHBIM C CO3LAHHEM BBICOKO-
IIPOBOJSIIEr0 KaHaIa U COOMpaHHeM 37IeKTPUUeCKOro
3apsiia Tpo3oBoro obnaka ¢ rwromazau 1-100 km? 3a
BpeMs 1-10 ¢, mpencTaBisieT coOOM OYEHb CIIOKHBIH
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events in a layer with a thickness of about 100-500 m
in the vicinity of the thunderstorm field maximum
is increased greatly. Accordingly, the X-ray radiation
intensity rises sharply. While using the experimental
data on an increase in the X-ray radiation intensity
by 10%-103 times, it is possible to estimate the number
of exponentials in real conditions in the accelerat-
ing layer z~(5-6)1, and, thus, determine the number
of high-velocity electrons generated by one initial
particle.

However, according to the RB theory [2], the distri-
bution function of high-velocity electrons effectively
increases with the decreasing electron energy not
only at €>¢,, but also in the region of low energies
e<g,. All these electrons make a significant contribu-
tion to the atmospheric ionization, both high-energy
(e>€,~100 keV) and fairly low-energy (up to the maxi-
mum ionization cross section £€x~0.1-1 keV). Due to
this fact, the generation intensity of free electrons Q,
in a layer with a thickness of about I, at the boundary
of the RB region is increased significantly.

It should be noted that all newly born electrons
that initially have an energy of several electron volts,
lose it in a very short period of time (~1078 s) due to
the inelastic interactions with air molecules. In addi-
tion, due to the triple collisions, the electrons quickly
stick to the O, and H,0 molecules while forming the
negative ions. The typical lifetime of a free electron at
the heights of thunderclouds is only about 70-100 ns.
Thus, the electrons disappear rather quickly. How-
ever, in the forced atmospheric layer the density of
positive Ni* and negative Ni~ ions increases. It is the
ions that determine the increased conductivity in the
MRB region (although the electrons, despite their
very short lifetime, can contribute to the increase in
conductivity).

Under the MRB conditions in a thundercloud, over
a period of several tens of seconds, the ion concentra-
tion is increased by one and a half to two orders of
magnitude. A layer of anomalously high conductivity
occurs that, naturally, should greatly affect the elec-
trodynamic processes in the thundercloud.

The phenomenon of an anomalous increased con-
ductivity at E>E, was predicted in [1] in the form of
a hypothesis. It is called the “fast charge transfer” in
this work.

According to the calculations [2], the number of
high-velocity electrons is changed by many times
when the E/E, ratio changes by only 10%. Then in
the real conditions of the thundercloud, the ion
concentration can change just as strongly, and, con-
sequently, the anomalously high conductivity in the
layer that arises at E~E.. Thus, the above estimates



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
= M ETATRONICS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

IIPOLIeCC, U3YYaBIIHUICSI B MHOTOUHNCIEHHBIX IyOIHKa-
uusax. OTMETHM JIHIIb HEKOTOpble MOMEHTHI, CBSI3aH-
HBIe C PoJIbIO IIPo60st Ha yOeraromuyx 37eKTPoHaX.

9To, BO-IIepBHIX, yKa3aHHOe BhIIlle aHOMAJbHOE
yBeJIMYeHHe IIPOBOJUMOCTH, BbI3BaHHOe MIIYD. PocT
IIPOBOLUMOCTH IOJIKEH eCTeCTBEHHO CII0CODCTBOBATH
mpolieccy 6bICTPOro repeHoca 3MeKTPUUecKoro 3apsia,
pacripenenieHHOro B obyiake. YKa3aHHOe IIOBBIIIEHHE
IIPOBOAMMOCTH XOTSl M BeJIMKO, HO «B CpefHeM» ISl
cobrpaHUs 3MeKTPUUECKOro 3apsiia, BHUAMMO, HeIo-
CTaTOYHO. BO-BTOPBIX, OHO MO’KeT, OJHAaKO, 3HauH-
TeJIbHO YBETHMUUTBCS 32 CUeT CHJIBHO HeOLHOPOLHOM
CIy4aliHOM CTPYKTYPBl IIPOBOASILEI 30HBI, OTMeYaB-
IIecsl BhIIIe. [IoceiHsIs MOSKeT CII0COOCTBOBATH 0bpa-
30BaHHUIO 3QPEeKTUBHBIX IIPOBOISIIHNX KAHAJIOB.

BO3MOKHO, YTO MMEHHO TaKoi, obyCI0BIeHHBIH
MIIY?3, «bpaKTIBHBIN» XapaKTep MOBefeHUs [IPOBO-
OUMOCTH B 06JITaYHOM CJI0€ Iepe[ IIePBbIM Pa3psiioM
MOJHHUHU YaCTUYHO OTPAKAT pPaJUoOUHTepdepome-
Tpudeckue HabnopeHus [2]. OTMETHM, YTO BO3MOXK-
HOCTb BO3HUKHOBEHHSI QPAKTAIBHOIM CTPYKTYPHL IIPO-
BOOMMOCTH B obnake, oOyCIOBI€HHOHM MeIKHUMH
paspsiAaMu o6BIYHOIO THIIA.

BCMJIECKU TAMMA U3TYYEHUSA NY3 [2]
ITonTBep>kKOeHHEeM BKHOK ponu IIYD B BBICOTHBIX
paspsiiax MOKHO pacCMaTpHUBATh HAabIIOMABIIMeCS Ha
CIIyTHHKE «KOMIITOH» HHTeHCHBHBIE BCIIECKH FaMMa
u31ydeHus [2]. YcTaHOBIEHO, YTO y-BCILIeckH [4] mpu-
XOIST C 3eM/IH U3 ParioHOB Hanbosee HHTEHCUBHOIO
rposzoobpasoBaHus [2]. [IMTeIBHOCTh TaMMa BCILIe-
CKOB COCTaBJIsIeT HEeCKOJIbKO MHIJIIMCEKYH],, SHepre-
THUYeCKUI CIIeKTP COOTBETCTBYeT CIeKTPY, BO3HHKAIO-
meMy npu I1Y3.

MOXHO OTMETHTBh, YTO B CPaBHEHHH C Habio-
IOeHUSIMU PEeHTTeHOBCKOIO H3JIyuYeHHUs B I'PO30BOM
obnake CIIeKTp raMMa H3/ly4eHHs CABHUHYT B CTO-
poHy O6onBIIMX 3HEpPruiri (MakKCUMyM B pakoHe
300-500 k3B) [2].

9TO FOBOPHUT O GOJIBIIOMN [JIHE YCKOPEHHUS 3TTeKTPO-
HOB M 3HAYHTE/IbHBIX [IOTEPSX Y-HU3JIy4eHHs B aTMOC-
depe, UTO IpSIMO COOTBETCTBYeT TeOpHUH. HHTeH-
CUBHOCTb H3JIy4eHHs BecbMa BeJlHKa (Iopsiaka
100 doroHoB (cM’c)™!). Pe3ynpTaTsl MOZENBHBIX pac-
yeToB IIYD HaXomdaTcsl B AOCTAaTOUHOM COOTBETCTBHH
C JAaHHBIMU HabONIOeHUHN Y-BCIIECKOB [2].

CremyeT MHOAYEepKHYTb, UTO OLHO3HAYHAS CBS3b
BBICOTHBIX Pa3psiioB C MOIIHBIMH HMIIYIbCAMU
raMMa M3/ydeHHUs SIBJSETCS B HACTOSIIUN MOMEHT
JHUIIb TUIIOTE30k, XOTS M BecbMa IPaBAONOA06HOI.
JIaHHBIE O IIPSIMBIX X OJHOBPeMeHHBIX HabMI0oeHHU X
OITHYECKOr0 M IaMMa H3JIy4eHUH BBICOTHBIX pa3ps-
IOB ITIOKa OTCYTCTBYIOT.

=

determine only the “average anomalous conductivity”.
The real conductivity can have strong fluctuations,
including any spatial fluctuations inside the layer, dif-
fering from the “average” ones by several times.

It should be noted that the above estimate of the
increased conductivity should be considered only as
the preliminary stage. For example, it did not con-
sider the absorption of free ions by the water droplets,
ice particles, aerosols in the thundercloud, or reverse
processes. The role of collisions of high-velocity elec-
trons with the same particles and the entire chain of
changes in the comprehensive physical and chemical
processes occurring in the clouds have not been stud-
ied. However, it is possible that all these processes are
slower than the MRB.

MICRO RUNAWAY BREAKDOWNS

AND FRACTALS [2]

The data show that within 100-500 ms prior to occur-
rence of the first lightning strike, an activity occurs in
a wide area of clouds with the width of a kilometer or
several kilometers.

This process can be represented as the slowly drift-
ing multiple small discharge currents. Each radiation
burst is localized within the resolution region of the
interferometer (50 m), however, the centers of the
radiation regions are constantly shifted. The activity
of the bursts is increased until there is a strong burst
of radiation. During this period of time, the radia-
tion intensity initially continues to increase rapidly,
and then, in a time of less than 1 ms, falls sharply.
Moreover, there is a sharp decrease in the electric field,
apparently related to the first lightning strike. Such
processes with a typical development time of about
0.1-1 s precede the main discharge that usually con-
tains several lightning strikes both inside the clouds
and on the Earth.

The lightning discharge associated with the devel-
opment of a highly conductive channel and collection
of the thundercloud electrical charge from an area
of 1-100 km? during the period of 1-10 s is a very com-
prehensive process that has been studied in numerous
publications. Let us note only a few points related to
the role of runaway breakdown.

This is, firstly, the above-mentioned abnormal
increase in conductivity caused by the MRB. An
increase in conductivity should naturally contribute
to the rapid transfer process of electric charge dis-
tributed in the cloud. Although this increase in con-
ductivity is rather high, “on average” it is apparently
not enough to collect an electric charge. Secondly, it
can be increased significantly due to the highly inho-
mogeneous random structure of the conducting area,

PHoTONICcs vOL. 18 NO.5 2024 369



METATPOHUKA

=

YEPEHKOBCKOE U3JTYYEHUE
B 1934 rogy II.A.YepeHKOB, BBIIONHSS B Jlabopato-
puu C.H.BaBuioBa MCCIeN0BaHHS TIOMUHECLIeHIIUH
SKUJKOCTeH IIOf, BO3AEeHCTBHEM TaMMa-H3/y4YeHus,
obHapyxun cmaboe ronyboe H3nydeHHe HeH3BECTHOM
npHpozabl [6]. Yske mepBble 3kcIIeprMeHTEI I1. A. UepeH-
KOBa, IIpeAIIpUHATHIe [10 UHULKaTHhBe C. M. BaBuiiosa,
BBISIBU/IM Psif,. HEOOBSICHUMBIX OCOOEHHOCTEM H3Iy-
YeHHSI: CBeueHHe HAOTIOMAeTCS y BCeX IPO3PAvHBIX
SKUJKOCTeH, MpHUYeM SPKOCTh MaJIo 3aBHUCHT OT MX
XHMHYECKOI0 COCTaBa MU XMMHUYeCKOH IIPUPOIBI, U3/y-
YeHMe MOJSPHU30BaHO C [IPeUMYIeCTBeHHEIM HaIlpaB-
JIleHHeM 3/1IeKTPUYeCKOI0 BeKTOPa BA0/Ib HAallpaB/IeHUs
pacmpocTpaHeHHs YacTHIL, IIPH 3TOM B OTJIHMYHE OT
JTIOMHHeCLIeHIIUM He Hab/iofaeTcss HU TeMIIepaTyp-
HOI'0, HY IIPMMeCHOr0 TylIeHHs. Ha OCHOBaHHHU 3THX
IadHbIX C.H.BaBUIOBBIM OBUIO CHEIAHO OCHOBOIIONA-
rampolee yTBepkIeHHe, UYTO OOHapyskKeHHOe sBIeHHe
He SIB/ISeTCSl JIIOMUHeCLleHLIHel, a CBeT H3/1y4aloT
OBIKYIIHECS B SKUJKOCTH OBICTPbIe 3IeKTPOHBI.
Teoprsi OTHOCUTE/IBHOCTH IJIACUT: HHU OJHO MaTe-
pHanbHOe Teylo, BKIKOYas ObICTpble 37eMeHTapHbIe
YaCTULBl C BBICOKMMHU 3HEPIUSIMH, He MOKeT [IBHU-
FaThCs CO CKOPOCTBIO, ITPeBBIIIAIOIIEH CKOPOCTh CBETa
B BakyyMe. Ho B oNTH4YecKH IIPO3payHBIX Cpefax
CKOPOCTb OBICTPBIX 3apsKeHHBIX YacTHIL] MOXKET ObITh
Gonbile $a30BOM CKOPOCTH CBeTa B 3TOM cpefle. [er-
CTBUTE/IBLHO, $a30Bast CKOPOCTh CBeTa B Cpefie (, paBHa
CKOPOCTH CBETa B BaKyyMe C, Ie/ICHHOH Ha IT0Ka3aTelb
[IpeIOMJIeHHS Cpelibl Nn:

Cp=c/n.

IIpu 3TOM BOAA, HAaIpUMep, HMeeT II0Ka3aTejb
IIpeIoMiIeHHs 1,33, a IoKkasaTe/y IIPeJIOMJIEHUS pas-
JIMYHBIX MapOK OIITUYECKUX CTEKOJI JIeKAT B IIpefenax
oT 1,43 mo 2,1. CooTBeTCTBeHHO, $a3oBasg CKOPOCThb
CBeTa B TaKUX CpelaxX cocTaBiseT 50-75% OT CKOPOCTHU
CBeTa B Bakyyme. I103TOMy OKa3bIBaeTCsl, YTO PeISATH-
BHCTCKHe YaCTHIIBI, CKOPOCTh KOTOPHIX O/IH3Ka K CKO-
POCTH CBeTa B BaKyyMe, ABMKYTCS B TAKHX Cpelax Co
CKOPOCTBIO, ITpeBocxofsiiier $pa3oByI0 CKOPOCTh CBETa.
BBICTpble 3/1eKTPOHBI BBIOMBAIOTCS K3 3/1€KTPOHHBIX
060/104eK aTOMOB Cpefibl FaMMa-H3/1yuYeHHeM.

Eciu yacTunia ABUKeTCS ObICTpee CKOPOCTH pac-
IIPOCTpaHeHUs CBeTa B Cpefle, TO OHa 0oOrOHSET cBe-
TOBbIe BOJIHBI. COBOKYIHOCTh KacaTeJIbHBIX ITPSIMBIX
K cepHUecKMM BOJIHOBBIM QPOHTaM, IIPOBeIeH-
HBIX M3 TOYKM, ITPOXOASINel uepe3 4acTHUIly, obpa-
3yeT KPYIOBOK KOHYC - BOJIHOBOH (QPOHT H3/TydeHHUS
YepeHKoOBa.

JleTeKTOphI, PerUCTPUPYIOLIYe YePeHKOBCKOe U3JIy-
YyeHHe, IIHPOKO HKCIIONB3YIOTCI B PH3HKe BBICOKKX
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noted above. The latter can contribute to the genera-
tion of efficient conductive channels.

It is possible that it is precisely this “fractal” nature
of conductivity in the cloud layer prior to the first
lightning discharge caused by the MRB that is par-
tially reflected by the radio interferometric observa-
tions [2]. The possible occurrence of a fractal conduc-
tivity structure in the cloud, caused by small ordinary
discharges should be noted.

GAMMA RADIATION BURSTS OF THE RB [2]
The important role of RB in the high-altitude dis-
charges can be confirmed by the intense bursts of
gamma radiation observed on the Compton satel-
lite [2]. It has been established that the gamma bursts
[6] come from the Earth from the regions with the
most intense thunderstorm formation [2]. The dura-
tion of gamma bursts is several milliseconds, the
energy spectrum corresponds to the spectrum that
appears during the RB.

It can be noted that, in comparison with the observa-
tions of X-ray radiation in a thundercloud, the gamma
radiation spectrum is shifted towards the higher ener-
gies (its maximum is about 300-500 keV) [2].

This fact indicates a large electron acceleration
length and significant losses of y-radiation in the
atmosphere that directly corresponds to the theory.
The radiation intensity is very high (about 100 pho-
tons (cm?s)~Y). The results of model RB calculations are
in the sufficient compliance with the observational
data of y-bursts [2].

It should be emphasized that currently the unam-
biguous connection of high-altitude discharges
with the powerful gamma radiation pulses is only
a hypothesis, although a very plausible one. Any find-
ings about the direct and simultaneous observations
of optical and gamma radiation of the high-altitude
discharges are not yet available.

CHERENKOV RADIATION

In 1934 P.A.Cherenkov performed researches on the
fluid luminescence under the influence of gamma
radiation in the S.I.Vavilov’s laboratory and dis-
covered weak blue radiation of an unknown nature
[6]. Already the first experiments of P.A.Cherenkov,
undertaken on the initiative of S.I.Vavilov, revealed
a number of inexplicable features of such a radiation:
the luminescence was observed in all transparent
liquids, and the brightness depended little on their
chemical composition and chemical nature, the radia-
tion was polarized with the predominant direction of
an electric vector along the particle propagation direc-
tion, while, in contrast to luminescence, there was
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3HEepPruu [/1s1 perucTpalliu PeasTUBHUCTCKUX YacTHI]
U OIlpefeleHUs] UX CKOPOCTeH M HaIlpaBleHHUU [BU-
>KeHHs. EC/IM M3BeCTHa Macca IOPOKIAOIIHUX YepeH-
KOBCKO€ HM3JlyyeHHe YaCTHIL], TO Cpa3y OIpeLeseTcs
UX KMHeTHYecKas SHeprus.

[TOSICHUTB 3TO SIBJIeHHEe MOYKHO I10 aHJIOTHH C BOJI-
HaMHU TIolreHca, U3 KaKOOK TOYKH BIO/Nb TPAaeKTo-
PHUU IBIKEHHUS OBICTPOM YaCTHUIBI UCXOOUT cheprye-
CKHUI QPOHT CBETOBOM BOJIHBI, PaCIIPOCTPAHSIONIUIICS
IO Cpefie CO CKOPOCTBIO CBeTa B 3TOM Cpele, IIpUUeM
Kakgas crnegyroouas chepruyeckas BOJIHA HMCIIYCKAeTCs
U3 CJlefyollel TOYKH Ha IYTH JBMJKEHHS YacTHIIBL.
Teopetnueckoe oOBSICHEHHEe SIBJIeHHUS OBIJIO [IaHO
H.E.Tammom u M. M. ®paHKom B 1937 romy.

B 1958 romy II.A.Yepeuxos, H.E.Tamm
u H.M.®PpaHK 6bL1H yoocToeHbl HobenmeBckoil Impe-
MHH II0 QHU3HKe C GOPMYJIHPOBKOH: «3a OTKpBITHE
U UCTONKOBaHHe 3dpdexkTa YepeHKoBa». MaHHe CHUTI-
6aH u3 IlIBeICKOM KOPONEBCKOM aKafleMHUH HayK
B CBOEll pedl Ha llepeMOHHH BPyueHUs [IpeMUH OTMe-
THJI, YTO “OTKPBITHE SIBJIeHH S, HbIHe M3BeCTHOIO KaK
3ddeKT YepeHKOBA, MIpeCTAB/seT COO0K HHTEPeCHBIH
IIpUMep TOro, KakK OTHOCHUTEJIbHO IIpOCToe (QH3Hye-
CKoe HabilofeHHe IIPU IIPABHIBHOM IIOAXOJEe MOXKET
IIPUBECTH K BaKHBIM OTKPBITHSM U IIPOJIOSKUTH HOBEIE
IyTH [J1s1 JAIbHENIINX HUCCIeJOBaHUL.

H3nyyenue YepeHKoBa-BaBu/oBa HM/IH 4YepPeHKOB-
CKOe M3Jly4YeHHe - CBe4yeHHe, BBI3bIBAaeMOe B IIPO-
3payvHOU Cpefie 3apsUKeHHOM YacTULEeH, JBHKYILeHCs
CO CKOPOCTBIO, IIpeBhINIaloell Ga3oBy0 CKOPOCTh pac-
[IPOCTPaHEeHU s CBeTa B 3TOH Cpefie.

Bo3sHMKHOBeHHe 4YepeHKOBCKOIO H3JIy4yeHHs aHa-
JIOTUYHO BO3HUKHOBEHMIO yIApHOH BOJHBI B BHJE
KOHyca Maxa oT Teja, OBHKYILEIOCS CO CBEPX3BYKO-
BOM CKOPOCTBIO B ra3e H/IH >KHIKOCTH, HaIIpUMeD,
yZapHasi KOHycoobpa3Hasi BOJIHA B BO3JyXe OT CBEpX-
3BYKOBOI'O CaMoOJIeTa HJIH I1yJIH.

BbIBOJbl MO YACTU 1
B ycnoBusix MHKpoOIpoboss Ha yberaromiux 31eKTpo-
Hax (MIIY3) B rpo3oBoM ob71aKe 32 BpeMs B HECKOJIBKO
JeCATKOB CeKyHJ, KOHIIeHTpallMs HMOHOB YBeIMYMBa-
eTcs Ha IO0JNTOpa-IBa MopsAKa. Bo3sHHKaeT C/I0H aHO-
MaJIbHO BBICOKOM ITPOBOZHMOCTH, YTO, eCTeCTBeHHO,
JOJIKHO CHJIBHO CKa3aThCsl Ha 31eKTPOAMHAMHYECKUX
mpolieccax B Tpo3oBoM obiake. SIBTeHHEe aHOMaJlb-
HOT'O POCTa IIPOBOAKMMOCTU IIpu E>E, 6BUIO IIpesicKa-
3aHO, U OHO Ha3BaHO «OBICTPBIM IIepEeHOCOM 3apsiia».
OTMeTHM JIMIIb HEKOTOphle MOMEHTHI, CBs3aHHBbIe
C porbio 1pobosi Ha yberarmomux 31eKTpoHax.
Bo-mepBhIX, YKa3aHHOE BBIIIE aHOMAJIbHOE YBeJIH-
YyeHHe IIPOBOAMMOCTH, BhI3BaHHOe MIIY3. Poct mpo-
BOAMMOCTH JJO/DKEH eCTeCTBEHHO CII0CO6CTBOBATH ITPO-

=

no phenomenon of thermal or impurity quenching.
Based on these findings, S.I.Vavilov made the fun-
damental statement that the discovered phenomenon
was not luminescence, and the light was emitted by
high-velocity electrons moving in the liquid.

The relativity theory states that no material body,
including the high-velocity elementary particles with
high energies, can move at a speed exceeding the
speed of light in a vacuum. However, in the opti-
cally transparent media, the velocity of fast charged
particles can be greater than the phase speed of light
in this medium. Indeed, the phase speed of light in
a medium ¢, is equal to the speed of light in a vacuum
c divided by the medium refractive index n:

Cp=c/n.

Moreover, for example, water has a refractive index
of 1.33, and the refractive indices of various brands of
optical glass range from 1.43 to 2.1. Accordingly, the
phase speed of light in such media is 50-75% of the
speed of light in the vacuum. Therefore, it turns out
that the relativistic particles which speed is close to
the speed of light in vacuum, move in such media
with a speed exceeding the phase speed of light. The
high-velocity electrons are knocked out of the atomic
envelopes in the medium by gamma radiation.

If a particle moves faster than the speed of light in
the medium, then it overtakes the light waves. The
set of tangent lines to the spherical wave fronts drawn
from a point passing through the particle generates
a circular cone, namely the wave front of Cherenkov
radiation.

The detectors that record Cherenkov radiation are
widely used in the high-energy physics to record the
relativistic particles and determine their velocities
and directions of motion. If the mass of particles
generating Cherenkov radiation is known, then their
kinetic energy is immediately determined.

This phenomenon can be explained by analogy with
the Huygens waves; a spherical front of the light wave
emanates from each point along the motion path
of a high-velocity particle, propagating through the
medium at the speed of light, and each subsequent
spherical wave is emitted from the next point along
the path of the particle. The theoretical explanation
of this phenomenon was given by I.E.Tamm and
I. M. Frank in 1937.

In 1958, P. A. Cherenkov, 1. E. Tamm and I. M. Frank
were awarded the Nobel Prize in physics with the
wording: “For the discovery and interpretation of the
Cherenkov effect”. Manne Siegbahn from the Royal
Swedish Academy of Sciences noted in his acceptance
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1eccy ObICTpPOro IepeHoca 371eKTPUYECKOro 3apsifa,
pacripefieieHHOro B obyiake. YKa3aHHOe IOBBbIIIEHHE
IIPOBOSKMMOCTH XOTS H BeJIHKO, HO «B CpefHeM» JJIs
cobrpaHMsl 37eKTPUYeCKOro 3apsifia, BUAMMO, HeIo-
CTaTO4YHO. BO-BTOPBIX, OHO MOMKeT, OJHAKO, 3HAYM-
TEeJIBHO YBEJIMYUTHCS 3a CYeT CH/IPHO HeoJHOPOIHOM
C/Iy4allHOM CTPYKTYpbl IIPOBOASILEH 30HBI («dpax-
TaJIoB»), OTMeuaBIleHcs Bellle. IloclmeqHssI, MOXKeT
criocobcTBoBaTh 06pa3oBaHMI0 3PPEeKTHUBHBIX ITPOBO-
JSIIMX KaHAJIOB Ha «dpaKTanax».

B0O3MOKHO, YTO MMEHHO TaKOH, 00yC/IOBIE€HHBIN
MIIY3, «dpaKTaIbHBIM» XapaKTep IOBeleHHUs IIPOBO-
OUMOCTH B 061a4HOM C/Ioe IIepe[] IIepBBIM Pa3psaoM
MOJHHUHK YacTHYHO OTPAKAOT pafHOHHTepdepome-
TpUueckue HabmoneHHsI. BO3MOKHO BO3HHUKHOBEHME
dpaKTanbHON CTPYKTYpHl ITPOBOSHMOCTH B obnake,
0byClIOBIEHO MEJIKHMH PpaspsifiaMu  0OBIYHOIO
THIIA.

[TocKOBKY IpO30Bble OOlaKa HMMEIOT ILIOCKOCTIO-
HCTYI0 CTPYKTYpy, TO CpefHee 37eKTpHUecKoe II0jIe
B HHX O/IM3KO 110 HaIIPaB/IeHUIO K BePTHUKAIH Z U KaX-
OBl BTOPUYHBIM 3M1eKTPOH KOCMHYECKHX JIy4deHn
reHepUpyeT B I'PO30BOM ObJlaKke JTaBHHY yberarouiux
371eKTPOHOB. YHC/IO OBICTPBIX 3JIEKTPOHOB IIPH 3TOM
CHJIBHO BO3pacTaeT. ITOT Irpoiiecc MIIYD CIysKUT
IIPUYKHOM Hab/l0faeMol BCIIBIIIKY PEeHTTeHOBCKOTO
H3/IydyeHHs.

M3 pe3y/nbTaToB pacdyeTa aHOMAJBHBIX BCIIBIIIEK
PEHTTeHOBCKOTO H3/y4YeHHUs], 0bycnoBieHHbIX MITY3,
CllemyeT Ba BasKHBIX 1)1 HaOMIO/leH S BBIBOJIA

1. cIeKTp HMMeeT CTaHIAPTHBIN BHUJA C XapaKTep-
HBIM MaKCUMYyMOM B ob1actu 50-60 k3B;

2. UHTeHCHBHOe M3/y4yeHHe MOXHO HablogaTh
JHIIB B Ipefenax 1-1,5 KM Mo BBICOTe OT MaKCH-
MyMa 3/1IeKTPHYeCKOrO II0JIS.

BHelIHUH BUJ, OIITHYECKOr0 K3/1yuYeHHs BBICOTHBIX
paspsimoB «Crpaiita» («KpacHbIx 31b$0oB») LMeeT BUT,
KOHYCa, OJHAKO MMeeTCs 0COOEHHOCTb — KOHYC H3JIy-
YeHHs] HalpaBleH K HCTOYHHUKY BBICOKOSHEPIeTH-
YeCKMX 3aTPaBOYHBIX YacCTHI] (KOCMHYECKHUX Jy4der),
T.e. 0OpaTHBIN BEKTOP K HaIlpaBIeHHIO PacIIpocTpa-
HeHUS YaCTHLI, a He BA0JIb [I0TOKA YaCTHILL [10 HAaIlpaB-
JIEHHIO K 3eMIie.

CileflyeT OTMETUTh, YTO Habliomaemble B BEPXHUX
C1051X aTMoCcdepbl BBICOTHBIE pa3pspl «CIIPanT» OTIH-
YAIOTCS He TOJIBKO IO LIBeTy OITH4YeCKOro CBeYeHHUs
Ha pa3HoM BbIcoTe - «KpacHsle 31bdbl» («Red Sprite»)
u «CuHUe IKkeTh» («Blue Jet»), HO U 10 HaIIpaBlIeHUS
KOHYCa CBeUEeHH S I10 OTHOIIEHMIO K IIOTOKY 3aTpPaBoY-
HBIX KOCMHYeCKHX YacTHUI], KOTOpOe 3aBUCUT OT CBOM-
CTB $paKTasoB, B KOTOPBIX IPOHCXOOUT MIIYD.

CrnenyeT MHOAYEepKHYTb, YTO OFLHO3HA4YHasl CBA3b
BBICOTHBIX Pa3psiioB C MOIIHBEIMH HMIIYJIbCAMH
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speech that “the discovery of phenomenon currently
known as the Cherenkov effect provides an interesting
example of how a relatively simple physical observa-
tion, if done correctly, can lead to the important dis-
coveries and break new paths for further research”.

The Cherenkov-Vavilov radiation or Cherenkov radi-
ation is a glow caused in a transparent medium by
a charged particle moving at a speed exceeding the
phase speed of light propagation in this medium.

The occurrence of Cherenkov radiation is similar to
the occurrence of a shock wave in the form of a Mach
cone from a body moving at the supersonic speed in
a gasor liquid, for example, a cone-shaped shock wave
in the air from a supersonic aircraft or bullet.

CONCLUSIONS: PART 1

Under the conditions of micro runaway breakdown
(MRB) in a thundercloud, the ion concentration is
increased by one and a half to two orders of magni-
tude over several tens of seconds. A layer of anoma-
lously high conductivity occurs that, naturally, should
greatly affect the electrodynamic processes in the
thundercloud. The phenomenon of an anomalously
increased conductivity at E>E_ has been predicted and
called the “fast charge transfer”. Let us note only a few
points related to the role of runaway breakdown.

Firstly, itis the above-mentioned abnormal increase
in conductivity caused by the MRB. An increase in
conductivity should naturally contribute to the rapid
transfer process of electric charge distributed in the
cloud. Although this increase in conductivity is rather
high, “on average” it is apparently not enough to col-
lect an electric charge. Secondly, it can be increased
significantly due to the highly inhomogeneous ran-
dom structure of the conducting area (“fractals”) noted
above. The latter can contribute to the generation of
efficient conducting channels on the “fractals”.

It is possible that precisely this “fractal” nature of
conductivity in the cloud layer prior to the first light-
ning discharge caused by the MRB is partially reflected
by the radio interferometric observations. It is possi-
ble that the fractal conductivity structure in the cloud
may occur due to the small ordinary discharges.

Since the thunderclouds have a plane-layered struc-
ture, the average electric field in them is close in direc-
tion to the vertical z and each secondary electron of
cosmic rays generates an avalanche of runaway electrons
in the thundercloud. In this case, the number of high-
velocity electrons is increased greatly. This process, called
MRB, is responsible for the observed X-ray burst.

Two conclusions significant for observation follow
from the calculation results of anomalous X-ray bursts
caused by the MRB:
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raMMa H3/1y4eHUs SIBAsSeTCs B HACTOSIIMK MOMEHT
JIMIIb THUIIOTe30HM, XOTS W BechbMa ITPaBIOIIOLOOHOM.
JaHHBIe O IPSIMBIX M OAHOBPeMEeHHHBIX Habnroge-
HHAX ONTHYEeCKOI0 M raMMa H3J1y4eHHU BBICOTHBIX
PaspsoB IIOKa He omybnuKoBaHo. CyIIeCcTBOBAHHE
IIYD moATBepsKOEHO IIPH HCCIEeNOBAHHAX Ha LIKMKIO-
TPOHe, HO C YYeTOM HEeKOTOPBIX OIPaHHUYEHHSIX IIPHU
3KCIIepUMeHTe.

Bo3sHMKaeT BOIIPOC -~ O BO3MOXXHOCTH CO3JaHUSA
MIPUPOLOIIONOOHEBIX «bPAKTAIOB» I1s1 GOPMHUPOBAHUS
M HCCIeIOBaHUS BBICOTHBIX Pa3psnoB B Jiabopartop-
HBIX YCIIOBUSIX Ha 3emiie,

B npodoaskeruu 0630pa (wacmp 1I) bydym paccmompenbl c8oii-
cmea memamamepuanos, npogedeH aHaAu3 nybaukayudi, Komo-
pble YKA3blBAKM HA B03MOSKHOCMb HU3KON0AEBOL IMUCCUU pa3-
AUHHBIX NOAYNPOBOOHUKOBBIX U NOAUMEPHLIX MAmepuanos npu
pasmepax HaHo3epeH uau ocrmpuil 20-30 HM. Mbl nokaskem, 4mo
048 U320M0BAEHUA UCMOYHUKA BbICOKOIHEP2emuUUeckuX 3ampa-
BOUHBIX DbICMpPLIX 3AeKMpPOHO8 U peaausayuu npoboa Ha ybeea-
HOWUX INeKmpoHax docmamouHo UCnoAb308amp HUMb 0AUHHOLL
30-50 m ¢ ppakmanamu HaHoocmposKos (HAHOKANeAb) anomu-
Hua ¢ pasmepom 10-30 HM.

OPNHAHCUPOBAHUE PABOTDI

VccenoBaHKe BBIIIOJIHEHO 33 CUeT TpaHTa PocCHE-
CKOro Hay4dHoro ¢onma Ne 24-29-00129, https://rscf.
ru/project/24-29-00129/.
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1. the spectrum has a standard form with a typical
maximum in the region of 50-60 keV;

2. an intense radiation can be observed only within
1-1.5 km at a height from the electric field maxi-
mum.

The optical radiation from the Sprite high-altitude
discharges (Red Sprite) has the shape of a cone (Fig. 1).
However, there is a peculiarity, since the cone of radi-
ation is predominantly directed towards the source
of high-energy seed particles (cosmic rays), i.e. it is
a reciprocal vector to the direction of particle propaga-
tion, rather than along the flow of particles towards
the Earth.

It should be noted that the Sprite high-altitude dis-
charges observed in the upper atmosphere differ not
only in the optical glow color at various altitudes (Red
Sprite and Blue Jet), but also in the glow cone direc-
tion in relation to the flow of seed cosmic particles
that depends on the properties of fractals in which the
MRB occurs.

It should be emphasized that currently the unam-
biguous connection of high-altitude discharges
with the powerful gamma radiation pulses is only
a hypothesis, although a very plausible one. Any find-
ings about the direct and simultaneous observations
of optical and gamma radiation of the high-altitude
discharges are not yet available. The RB existence is
confirmed by the cyclotron researches, but with due
regard to some limitations during the experiment.

The question arises about possible development of
the nature-like “fractals” for the formation and study
of high-altitude discharges in the laboratory condi-
tions on Earth.

In the continuation of the review (Part II), the properties of meta-
materials will be considered, and an analysis of publications that
indicate the possibility of low-field emission of various semicon-
ductor and polymer materials at the size of nanogreens or points
20-30 nm is carried out. We will show that for the manufacture
of a source of high-energy seed fast electrons and the realization
of breakdown on escaping electrons, it is sufficient to use a thread
30-50 m long with fractals of aluminum nanostructures (nano-
drops) with a size of 10-30 nm.
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