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B cTaTbe pacCMOTpeHbl CBOMCTBA
MeTamaTepuanos, NpoBeAeH aHaAu3
ny6auKauuii, KoTopble yKasbiBaloT Ha
BO3MOXXHOCTb HU3KOMOJ/1IeBOW 3MUCCUN
pa3/InYHbIX NO/IYyNPOBOAHUKOBBIX

M MOJINMEPHbIX MaTepuasoB Npu pasmMepax
HaHo3epeH unm octpuii 20-30 HM. MokasaHo,
YTO A1 U3rOTOBJIEHUS UCTOYHMUKA
BbICOKO3HEpreTnyeckmnx 3aTpaBo4HbIX
6bICTPbIX 31eKTPOHOB U peanunsauum npobos
Ha yb6eraloLwmnx 31IeKTpoHaX A0CTaTO4YHO
MCNoJsib30BaTb HUTb AJIMHHOM 30-50 M

c ppakTanamMm HAaHOOCTPOBKOB (HaHOKanesb)
aNtoMUHNA ¢ pasmepom 10-30 HM.
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COCTOAHME
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CBOWCTBA METAMATEPUAJIOB [7]

B 1962 rogy B.I.Becemaro CHMCT@MHO OITHCa/l T'HIIO-
Te3y 0 HeOOBIYHBIX CBOMCTBAX «JIeBHIX» BelecTs («Left-
handed media»). B pa6ote [7], B 4acTHOCTH, I0Ka3aHO,
YTO TaKMe BelleCTBA MMeeT OTpPHLIATe/lbHbIe JUJIEK-
TPUYECKYI0 €, M MArHUTHYIO [, ITPOHHIIAEMOCTH,

522 ®OTOHUKA TOM 18 N27 2024

Pulsed Optical and
X-ray Radiation of
Fractals: Review of
Hypotheses. Part Il.
Micro-Breakdown
of Fractals made of
Metamaterials

P.P. Maltsev
Institute of Microwave Frequencies of the RAS, Moscow, Russia

In the continuation of the review, the properties
of metamaterials are considered, and an analysis
of publications that indicate the possibility of
low-field emission of various semiconductor
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-
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PROPERTIES OF METAMATERIALS [7]

In 1962, V.G.Veselago systematically described the
hypothesis about the unusual properties of “left-
handed” media. In [7], in particular, it is shown that
such medica have negative dielectric €, and mag-
netic L, permeability, and should also have a negative
refractive index n.

A metamaterial is a composite material which prop-
erties are determined not so much by the properties of
its constituent elements, but by an artificially devel-
oped periodic structure of macroscopic elements with
the arbitrary dimensions and shape. An artificial peri-
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a TakKe JO/DKHBI 00/1afjaTh OTPHLIATENIbHBIM I10KA3a-
Te/leM IIpeIoM/IeHHS N.

MeTaMaTepuan - KOMIIO3MILIMOHHBIM MaTepHall,
CBOMCTBA KOTOPOTo 0OyC/IOBIEHBI He CTOIBKO CBOM-
CTBAMM COCTAB/ISIIOIIMX €ro 3IeMeHTOB, CKOJIBKO
HCKYCCTBEHHO CO3JIaHHOM I1epHOJHUYECKON CTPYKTY-
POM M3 MaKPOCKOIIMYECKUX 37IeMeHTOB, 06/1alaomux
IIPOM3BO/IPHBIMU PasMepaMu U Gopmori. McKyccTBeH-
Has IephojhyecKkasl CTPYKTypa MOAUPULIMPYeT AMU3-
JIeKTPHUYEeCKYI0 ¥ MarHUTHYIO ITPOHHUIIAeMOCTb HCXO-
HOro MaTepuana [7, 8.

TakuM obpa3om, MeTamMaTepHasbl IIPeACTABIISIOT
coboil HMCKYCCTBEHHO COOPMHUPOBAHHbBIE K 0COOBIM
06pa3oM CTPYKTypHUpOBaHHbBIe Cpelbl, obnajaioIiue
371eKTPOMarHUTHBIMH CBOKMCTBAMH, CIOSKHO JOCTHKH-
MBIMH TeXHOJIOTHYeCKH TH60 He BCTpeYaromMMHUCS
B rpupofe. IIpHucTaBKa «MeTa» IIepeBOAUTCS C Ipeye-
CKOTO KaK «BHe», UTO I103BOJISIeT TPAKTOBATh TEPMHUH
«MeTaMaTepHaIbl» KaK CTPYKTYPbl, YbH 3QPeKTHBHBIE
371eKTPOMAaTrHUTHBIE CBOMCTBA BBIXOAST 3a IIpefesibl
CBOMCTB 06pa3yoIIHUX UX KOMIIOHEHTOB.

Hanbornee M3BeCTHBHIM ITPMMEPOM eCTeCTBEHHOM
ENG-cpensl (g,, - OTpHILaTe/]bHOM), KOTOpasi MOKeT
ObITH MO0 IIpO3pavyHOM, TH60 HEIpO3pavyHOU IJis
371eKTPOMAaTrHUTHBIX BOJIH B 3aBUCHMOCTH OT YaCTOTBI
BO30Oy>XIeHHs ®, SIBIsieTCA IUIa3Ma, AUdJIeKTpHue-
CKasl IIPOHMIIAeMOCTb KOTOPOM B OTCYTCTBHeE BHEII-
Hero MAarHUTHOTO IIOJISl OIpefenseTcss COIrJacHO

dopmye
g, (0)=1- oopz/ w?,

Ifie w, -~ apamMeTp, UMeHYeMbIF pajHalbHON IIa3-
MEHHOM YacTOTOM (pafHaabHOM YacTOTOM COBCTBEH-
HBIX KOJIeDaHUI IIJIAa3MBI) M 3aBUCSIIUH OT IVIOTHOCTH,
BeJIMUMHBI 3apsiia U MacChl HOCUTeNeH 3apsifioB.

Huke IJIasMeHHOM 4YaCTOTBl AM3JIeKTpHUYecKast
IIPOHUIIAeMOCTh OTpHLIATeNIbHA K 3JeKTpoMar-
HUTHBIE BOJIHBI He MOTYT PacIpPOCTPAaHSITBCS H3-3a
[IOTePH CPelo¥ IMPO3pavyHOCTH. IIpH ®>w, BeIH-
YMHA €,,>0 U 31eKTPOMarHUTHbIe BOJIHBI MOTYT IIPO-
XOIUTh uepe3 HMOHU3UPOBAHHYIO Cpely. H3BeCTHBIM
[IPHMEPOM 371eKTPOMAarHUTHOM IIJIa3Mbl SIBJISIETCS
roHochepa 3eMsIM, OT KOTOPOK H3/lyuyeHHe HH3KOM
YaCcTOTBl OTpakaeTcsl (ImpH €(w)<0), a BBICOKOYACTOT-
Hble 37IeKTPOMarHUTHbIE BOTHBI IIPOXOISAT C MajbIM
IIOI/IOIIEeHHEM.

B umcie uckyccTBeHHBIX cpell SNG (single negative,
MOHOOTpHIIaTe/IbHbIE) C OTPHULATeNbHOM €, (ENG, g, -
OTpULIATe/IbHOM) OJHOM M3 IepBbIX OblIa ONMcaHa
CHCTeMa M3 TOHKHX MeTa/UIM4YeCKHUX MPOBOMIOB, Pac-
IIOJIO>KEHHBIX MapayienbHo. O TakoM cpefie — HCKYC-
CTBEHHOM [H3/IeKTPUKe MJIsI MUKPOBOJHOBBIX IIpH-

odic structure modifies the dielectric and magnetic
permeability of the source material [7, 8].

Thus, the metamaterials are artificially generated
and specially structured media with the electromag-
netic properties that are difficult to achieve technolog-
ically or that do not occur in nature. The prefix “meta”
is translated from GCreek as “beyond” that allows us to
interpret the term “metamaterials” as the structures
which efficient electromagnetic properties go beyond
the properties of constituent components.

The most famous example of a natural ENG medium
(e, 1s negative) that can be either transparent or
opaque to the electromagnetic waves depending on
the excitation frequency w, is plasma, the dielectric
constant of which is determined according to the
following formula in the absence of an external mag-
netic field:

€,,(®) =1—oop2/w2,

where ), is a parameter called the radial plasma fre-
quency (radial frequency of plasma natural oscilla-
tions) that depends on the density, charge magnitude
and mass of charge carriers.

Below the plasma frequency, the dielectric con-
stant is negative and the electromagnetic waves can-
not propagate due to the loss of transparency in the
medium. At w>w, the value g,>0 and electromag-
netic waves can pass through the ionized medium.
A well-known example of electromagnetic plasma
is the Earth’s ionosphere, from which the low-fre-
quency radiation is reflected (at €(w)<0), and the
high-frequency electromagnetic waves pass with little
absorption.

Among the artificial SNC media (single negative)
with negative €, (ENG, €, is negative), a system of thin
metal wires arranged in parallel was one of the first to
describe. Such a medium (as an artificial dielectric for
microwave applications) was indicated in the work of
John Brown back in 1953. He obtained the relation for
the plasma frequency of a given metamaterial.

It was later confirmed by Walter Rothman who in
1961 demonstrated the possible application of multiple
thin conductors to simulate plasma, since their effi-
cient dielectric constant was expressed by the same
formula. In particular, for a metastructure based on
the aluminum conductors with a radius r=1 pm and
an interval between them a=5 mm, the radial plasma
frequency is approximately 8.2 GHz (Fig. 6a).

The seminal work [7] contained a theoretical descrip-
tion of the medium properties with simultaneously
negative values of €, and p,,, as well as a study of the
solution of Maxwell’s equations for this case. When

PHOTONICs vOL. 18 NO.7 2024 523



— m METATPOHUKA

MeHeHHUH - coobuanocs B pabore [koHa BpayHa ere
B 1953 romy. OH IIOIYYM/I COOTHOLIEHHUE [JIs IIJIa3MeH-
HOM 4YaCTOTHI JAHHOTO MeTaMaTepHaa.

[To3gHee OHO 6BUIO MOATBepsKIeHO YonTepoM PoT-
MaHOM, KOTOPBIH B 1961 rofy IpoieMOHCTPHUPOBaJI BO3-
MOYKHOCTb KCIIONb30BAaHHS MHOXKeCTBA TOHKHX IIPO-
BOJHMKOB JJIsI MOJEIHMPOBAHMS IIa3MBbI, IIOCKOJIBKY
UX 3pPeKTHBHAs OU3IeKTpUYecKas IPOHHUIIAeMOCTh
BBIpa’KaeTCsl TOM >Ke caMok GopMysok. B 4acTHOCTH,
IUIS MEeTaCTPYKTYPhl Ha OCHOBE aJIIOMHHHEBBIX IIPO-
BOJHUKOB C PAIMyCOM =1 MKM M HHTEPBAJIOM MEXAY
HHMMH a=5 MM pajuajabHas [jIa3MeHHas 4acToTa
cocTaBsieT mpuMepHo 8,2 T (puc. 6 a).

OcHoBomonaratomas pabora [7] comepskana Teope-
THYeCKoe OIIMCaHMe CBOMCTB Cpelbl C OLHOBPeMEHHO
OTPULATEIBHBIMU €, U |, 4 TaKKe HCCIeJoBaHHe
pelleHMs ypaBHeHHMH MakcBe/uia [js 3TOrO CIIy-
vyas. IIpu HMHTepHpeTallMy ypaBHeHHH MakcBesia
B.T.Beceymaro BIlepBble MCIIONB30BAJI B KaudecTBe
HMHJeKCa IIPeJIOMJIeHHS N BBIpaskeHHe I €, W, <0,
UYTO SIBUJIOCH [JOBOJIBHO HEOXKHIAHHBIM JIOTHYEeCKHUM
npuemMoMm. OTMeYass IMIIOTETHYHOCTb COOTBETCTBY-
Ioler cpenbl, B.T.Becenaro ykasan Ha 6ecCrIOpHBII
daxT, 4YTO ee CyIeCTBOBaHME He MCKIIOYAETCS ypaB-
HeHUsSIMH MakcBesla, U TeOpeTHYeCKH IIpOaHaju-
3MPOBAJI IIPOLIECC PACIIPOCTPAHEHMS 3/IeKTPOMAarHUT-
HBIX BOJIH B IIOA0OHBIX Cpefiax.

OTMeTHM, 4YTO BOJHA, PAacIpOCTPaHsAACh B Cpefe,
HMeeT JiBe CKOPOCTH — ¢a30ByI0 Vy U IPYIIIOBYIO V.
das3oBas CKOPOCTb — 3TO CKOPOCTb ABHKeHHS asbl
BOJIHBI, HaIlpUMep MaKCHMyMa HJIM MHHHMYyMa
KojebaTesIbHOrO Ipollecca, a IPYIIoBast CKOPOCTb -~
3TO CKOPOCTb, C KOTOPOHM HABHKeTCs ormbaromas
umnynsca. OHU He 06s13aTe/IbHO JO/KHBI OBITH OIH-
HaKOBBI U HaIlpaBJIeHbI B OJHY CTOPOHY.

IToTOK SHepruH, IepPeHOCHUMBIH 31eKTPOMarHMT-
HOU BOJIHOH, OIIpefie/isieTcsl BeKTopoM YMoBa — [1okH-
THHIA S, a, ClefioBaTeNbHo, U Vo, BCersa obpasyior
C BEeKTOpaMH 3JIeKTPOMarHUTHOU BOnHBI E U H mpa-
BYIO TPOMKY BEeKTOPOB. TaKUM 06pa3oM, [JIsl «IIPABBIX»
cpen dasoBas U IPYIIIOBAsi CKOPOCTH BCer/a HaIllpas-
JIeHBI B OJ[HY CTOPOHY, a /ISl «JIEBBIX» Cpef| BeKTopa V.,
U V,, — B pa3HbIe CTOPOHBI, TO €CTh 3TO CPeJIBI C OTPHULA-
TeJIbHOU I'PYIIIIOBOM CKOPOCTBIO.

Jlnst «7IeBBIX» Cpef BOTHOBOM BEKTOP M3TydeHHUs k
OymeT HampaB/eH 10 TPAeKTOPHH YaCTUIIBI U, a KOHYC
u3ydeHUs OyleT HalpaB/leH Ha3af I10 OTHOIIEHHIO
K IBUJKeHHUIO YaCTHUIIBL, T.e K HCTOYHHKY.

Hayano 2000 romoB 6b110 60raTto COOBITUSIMHU
B 06/1aCTH CO3aHMSI MeTaMaTePHUaIoB C OTPULIATENb
HBIM KO3QQUIIMEHTOM IIPeJIOMJIeHHUS 3JIeKTpOMar-
HUTHBIX BOJIH. DPPeKT OTPHUILIATEIBLHOIO IIPEeIOMIIe-
HHsl 00yC/IOBJIeH OJHOBPeMEeHHO OTPHLIATEeTbHBIMU
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interpreting the Maxwell’s equations, V.G.Veselago
was the first to use the expression for g, j1,<0 as the
refractive index n that was a rather unexpected logi-
cal method. While noting the hypothetical nature of
the relevant medium, V.GC.Veselago pointed out the

b) 80 MKM | 80 pm

Puc. 6. Memamamepuan ENG-muna: a) 8 8ude Habopa
MOHKUX MEMAAAUYECcKUX NPOBOOHUKO8 C UHMEeP8anom 5 mm;
b) nonumepHas HUMb ¢ HA6OPOM HAHECEeHHbIMU LenoYKamu
HAHO0CMPOBKO8 antomuHUs (ceemAbili Mamepuan) 800Ab
80/0KHa apamuda ¢ uHmepaanom 10 MKm

Fig. 6. ENG-type metamaterial: a) in the form of a set of
thin metal conductors with an interval of 5 mm; b) a poly-
mer fiber with a set of aluminum nanoislands deposited

in the chains (light material) along the aramid fiber with

an interval of 10 ym
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3Ha4eHUSIMH [H3/1eKTPUYeCKOM M MarHHUTHOH IIpO-
HUIIaeMOCTH (€, <0 u [, <0). Takre MaTepHaIbl 4aCTO
Ha3bIBaloT b6uHeraTuBHBIMH cpemaMu (DNG, double
negative). [lo HeflaBHero BpeMeHH 3TOT KIacC MaTepH-
as1oB 6bLI IIpeJCTaBIeH TOJIBKO MCKYCCTBEHHBIMH KOH-
CTPYKLHSIMHU, OJHaKo, B 2006 rony 6B110 YCTaHOBJIEHO,
YTO KPUCTALIBL La,;Ca;;Mn; HMeIOT OTpHLIATe/IbHBIN
KO3QOUIMEHT MpeIOM/IeHUS 3JIeKTPOMarHUTHBIX
BOJIH IIPMMeEPHO Ha 4YacrtoTe 150 I'Tm.

K moHuMaHu0 ¢u3sUKU cpen, DNG coBpeMeHHas
HayKa I[OAXOAMIA MUCIOABONb. CyAs II0 JOCTYIIHBIM
ny6IuKAUsSIM, [AJIbMY [I€PBEHCTBA B IPAKTHYeCKOM
IIOCTAaHOBKE BOIIPOCA O CYLIeCTBOBAHUM BOJH C OTPH-
LIaTe/IbHOL TPYIIIOBOM CKOPOCTBIO C/eflyeT OTAATh
aHIIMHCKOMY GU3UKYy ApTypy llycTtepy (1851-1934).
BeiBo#, 0 TOM, YTO OTpHULATe/bHAas TIPYIIIIOBAsi CKO-
POCTb BO3MOXKHA H3-33 aHOMaJIbHOM JHMCIIePCHH BOJH,
noATBepauiI B 1905 rony ®on Jlays (Max Theodor Felix
von Laue, 1879-1960). B ToM 3Ke rogy IIOKIHHITOH
B HebOo/IbIIOK 3aMeTKe ellle pa3 [OKa3as, YTO B OIpe-
Nle/leHHOM Cpefie, IJle BO3MOKHa obpaTHas BOJIHA,
AKTUBHU3UPOBAHHBIN HCTOYHHUK KonebaHUH GOpMHU-
PYeT BOJIHY C TPYIIIOBOLK CKOPOCTBIO, HAIIPaB/IeHHOM
OT HMCTOYHMKA, B TO BpeMs Kak ee pa3oBasi CKOPOCTh
OpPHEHTHPOBaHA eMy HaBCTpeyy.

OTMeTHM CJIe[ICTBUS, KOTOpPhIe BBITEKAIOT M3 TOrO
06CTOSITE/IBCTBA, UTO B JIEBBIX BelllecTBaX (a3oBas
CKOPOCTb IIPOTHBOIIOJNIOKHA IIOTOKY 3Hepruu. Ilpe-
KIe BCero, B JIEBBIX BellleCTBax OymeT HabIIOAAThHCS

obpameHHble: 3ddeKT [lonmiepa U H3IydeHHe
YepeHKoBa - BaBuiosal
HampuMep, H3MeHeHHe YacCTOThl KojebaHUM

BCJINCTBHE ABMYKEHHUS HCTOYHHKA HMJIM IIPUEMHHKA
HaspiBaeTcsa 3pdexToMm [lormtepa. IlycTh MpHUEMHHK
H3Ty4YeHHs B IBMKETCS CO CKOPOCThIO V OTHOCHTEIBHO
U31y4aTernss A, KOTOPBIM H3/1y4aeT 4acToTy. B 3aToMm
cjlydae il 4YacTOThl, BOCIIPMHHMMaeMOH IIpHUeMHH-
KOM BCJIe[ICTBHE IOIJIEPOBCKOTO CABMIA, MOXKHO 3aIlK-
CaTh BEIPAKEHHE!

0=, (1+p(V/ V).

B «eBoi» cpefe (p=-1) mpueMHHUK OymeT moro-
HATb TOYKHU BOJHBI, COOTBETCTBYIOIIHMe KaKOH-TH60
orpezeneHHoM ¢pase. IIpu 3ToM B dopmyie CKOPOCTH
V u V,, HanpaB/leHbl B pasHble CTOPOHBI. Ilo3ToMy
n3-3a 3¢dexra Jlomiepa B «IpaBOK» cpefe NpUOIH-
JKAIOMIUICS K HaM 06BeKT KaskeTcst 6oee «CHHUM?,
a B «JIeBOI» cpefle OyzeT Ka3aThCsl boree «KpacHBIM?.

MO>XHO IIpeAIIoNoXKTh, YTO 3TO U HabmrogaeTcs
npu npoboe Ha yberarmuiyx 3M1eKTPOHAX B BBICOT-
HBIX paspszax «KpacHeix 31boB» (puc. 1 u puc. 4,
cm.  II.II. ManeueB. HKMOynabCHBIE OITHYeECKOe

=

indisputable fact that its existence is not excluded by
the Maxwell’s equations, and theoretically analyzed
the propagation process of electromagnetic waves in
such media.

It should be noted that while propagating in the
medium, the wave has two velocities, namely phase
velocity V,;, and group velocity V.. The phase velocity
is the wave phase speed, for example, the maximum
or minimum of the oscillatory process, and the group
velocity is the speed at which the pulse envelope
moves. They do not have to be identical and directed to
the same side.

The energy flow carried by an electromagnetic wave
is determined by the Umov-Poynting vector S, and,
consequently, V, always generates a right-hand triple
of vectors with the electromagnetic wave vectors E
and H. Thus, for the “right-handed” media the phase
and group velocities are always directed to the same
side, and for the “left-handed” media the vectors V,
and V, are located in different directions, that is,
these are the media with negative group velocity.

For the “left-handed” media, the wave vector of
radiation k will be directed along the motion path of
the particle v, and the radiation cone will be directed
back in relation to the particle motion, i.e., towards
the source.

The beginning of the 2000s was rich in events in
the field of metamaterial development with a nega-
tive refractive index of electromagnetic waves. The
effect of negative refraction is due to the simulta-
neously negative values of dielectric and magnetic
permeability (g,<0 and p,<0). Such materials are
often called the double negative media (DNG). Until
recently, this class of materials was represented only
by the artificial structures. However, in 2006 it was
found that the La,;Ca;;Mn; crystals have a negative
refractive index of electromagnetic waves at approxi-
mately 150 GHz.

Modern science has approached understanding the
DNG media physics gradually. As judged by the avail-
able publications, the garland of the practical state-
ment of a question related to the existence of waves
with the negative group velocity should be given to
Arthur Schuster, an English physicist (1851-1934). The
conclusion that the negative group velocity is possible
due to anomalous wave dispersion was confirmed in
1905 by Max Theodor Felix von Laue (1879-1960). In the
same year, Pocklington once again showed in a short
note that in a certain medium where a backward
wave is possible, an activated source of oscillations
generatesa wave with a group velocity directed away
from the source, while its phase velocity is oriented
towards it.
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1 PeHTTeHOBCKOe H3/1yuyeHUs: ppaKTanoB: 0630p rUIo-
Te3. YacTh 1. MHKpompobol Ha yberaromiux 3/1eKTpo-
Hax. DOI: 10.22184/1993-7296.FRos.2024.18.5.358.374)
I1071, IeHICTBHeM ITPOHUKAIOIIHUX KOCMHUYeCKHX YaCTHI]
yepes «IeByI0» MeTacpefly B Bule GpaKTajoB.

HU3KOMNOJNIEBAA DMNCCNA HAHOTOYEK
[IpuBeneM aHAIW3 Nyb6IMKALMM, KOTOpble YKa3bI-
BalOT Ha BO3MOMKHOCTh HH3KOIIOJIEBOM 3MUCCHHU
Pa3/IMYHBIX IIOJYIIPOBOAHUKOBLIX M IIOJIMMEpPHBIX
MaTepHaloB IIPU pa3Mepax HAaHO3epeH WU OCTPUU
20-30 HM.

B pabote [9] moKka3zaHO, YTO IIPHU II0JIOKUTEIbHOM
CMeIIeHUH Ha 30HJe (OTpHLIATeNbHBIM ITOTEHIIHAJI
Ha IIOJYIIPOBOJHMKE) OCYIIECTB/ISJIACh 3MUCCHS
3JIEKTPOHOB M3 BBICTYIIOB Ha IIOBEPXHOCTH IIOJIyIIPO-
BOJHUKA, SIBJSIOUIUXCS 10 CBOEH IPUPOJEe HAHO06D-
eKTaMHU (pa3Mep OCTpHS BBICTYIA [l IMHCCHH MOT
IOCTUraTh 10-20 HM).

DMUCCHS 3/IeKTPOHOB M3 IIOJIYIPOBOOHHKA IIPO-
HCXOAUT C ydacTheM (OJHOTO MM HECKOJbKHX)
KBAaHTOBAaHHBIX YPOBHeM DJSHepPrUH 3/I1eKTPOHOB
B IIPUIIOBEPXHOCTHOM 30He MaTepHhasa - B YacTiIX
BBICTYIIOB LIIEPOXOBATOM IIOBEPXHOCTH, OOpaleHHBIX
K 30HTY.

OueBHUOHO, IOJIOKEHHE OCHOBHOIO ITHKa OIIpene-
7geTcsl BeIMUMHON IIMPHUHBL 3allpelieHHOHN 30HBI
[IOJIyIIPOBOJHHUKA M IIOJIOKeHHeM YpoBHS PepMmu,
a TaKKe BO3MOXXHBIM Ha4aJbHBIM HCKPHUBJIEHHEM
30H BOJM3KM IIOBEPXHOCTH, COOTBETCTBYIOLIUM
pekuMy oboramieHHs] ITOBEPXHOCTH IIOJNYIPOBO-
OHUKaA 371eKTpoHaMH. OlleHKa JMHEeHHBIX pa3MepoB
TaKHUX KBAaHTOBBIX TOUYEK OKa3blBaeTCsl B MHTepBaje
oT 10 10 20 HM, YTO BIIOJIHE COIJIACYeTCS C aHAJIUTH-
YeCKHMU OLleHKaMH i InSb.

KBaHTOBasi Touka, 06pa3oBaHHasl YaCThIO BEICTYIIA
IIepOXOBAaTON IIOBEPXHOCTH IIOJYIIPOBOJHMKA,
BBIIIOJIHSIET OYHKIIMIO CBoeobpa3Horo «duiapTpar
IJIS1 SMUCCHOHHOIO [IOTOKA 3JIeKTPOHOB M3 IIOIYIIPO-
BOAHHMKA B BaKyymM U Jajiee K 30HIY TYHHEeJIbHOIO
MHKPOCKOIIA.

B pabote [10] moxa3aHo, 4TO IOJNy4eHHble Majble
3HaYeHUs 6apbepoB Il SMHUCCHUHU M3 MHKpPO3epeH
InSb 1 InAs 1103BOJISIOT FTOBOPUTE O €€ HHU3KOII0IEBOM
XapakTepe.

Habnmomaemele a8 HUX BAX CBUETE/IbCTBYIOT
06 OrpaHUYEHUH TOKA 3aPSAOOM, JIOKAJTH30BAHHBIM
B [IPHUIIOBEPXHOCTHOM CJIO€ I10JIYIIPOBOAHMKA.

Crnenuduror InSb u InAs gBAAIOTCI OYeHb
MaJible 3HaueHMs 3PPeKTHBHON MacChl m (JIerkue
371eKTPoHBL, m=~0,01m,) u sHeprum € (<0,2 3B) 371ek-
TPOHOB. JTO IPUBOAUT K CPABHHUTEIBHO OONBLUIMM
3HauYeHUSIM [JJIUHBI BOJHBL Je Bpornsa Oas 3iek-
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Let us note the consequences of the fact that in the
left-handed media the phase velocity is opposite to the
flow of energy. First of all, in the left-handed media
the reversed effects will be observed: the Doppler
effect and Cherenkov-Vavilov radiation!

For example, any change in the oscillation fre-
quency due to the movement of a source or receiver is
called the Doppler effect. Let the radiation receiver B
moves with the speed V relative to the emitter A that
emits the frequency. In this case, for the frequency
perceived by the receiver due to the Doppler shift, the
following expression can be obtained:

w=0y(1+p(V/V,).

In the “left-handed” medium (p=-1), the receiver
will catch up with the wave points relevant to a spe-
cific phase. Moreover, in the formula, the velocities
V and V,, move in various directions. Therefore, due
to the Doppler effect, in the “right-handed” medium
an object approaching us will become more “blue”,
while in the “left-handed” medium it will appear
more “red”.

It can be assumed that this phenomenon is
observed during the runaway breakdown in the high-
altitude discharges of the Red Sprites (Fig. 1 and
Fig. 4) under the influence of penetrating cosmic par-
ticles through the “left-handed” metamedium in the
form of fractals.

LOW-FIELD EMISSION OF NANODOTS

Let us provide an analysis of publications that indicate
the possible low-field emission of various semicon-
ductor and polymer materials with the nanograin or
nanotip dimensions of 20-30 nm.

It was shown in [9] that in the case of a positive
bias on the probe (negative potential on the semicon-
ductor), the electrons were emitted from protrusions
on the semiconductor surface being the nanoobjects
in nature (the protrusion tip size for emission could
reach 10-20 nm).

The emission of electrons from a semiconductor
occurs with the participation of (one or more) quan-
tized electron energy levels in the near-surface area of
the material, namely in the parts of the rough surface
protrusions facing the probe.

Obviously, the main peak position is determined
by the forbidden band gap of the semiconductor and
the Fermi level position, as well as by the possible
initial distortion of bands near the surface relevant to
the electron enhancement mode of the semiconduc-
tor surface. The estimated linear dimensions of such
quantum dots turn out to be in the range from 10 to
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TpoHa - A=h(2m €)7V2 - no 30 HM (IS OPYyrUX MOy~
IIPOBOAHUKOB ~ IIOPSIZIKA OTHOTO HAaHOMeTPa).

30Ha MeNCTBHUSI NPHUIIOBEPXHOCTHBHIX JIOKAJIH30-
BAaHHBIX COCTOSIHUM 3MMCCHH [0/DKHA IIPHMEPHO
COOTBETCTBOBATh pa3mepy A. IInomanb 3MHCCHOH-
HOM IIOBEPXHOCTH 3€pHa IO YCIOBUSIM 3KCIIEPH-
MeHTa ~ 3 MKM?. Torga obbveM pasMelleHHs JIOKa-
JIM30BAHHBIX COCTOSIHHME B MHKpo3epHe v=10"13 cm~3,
KOHIIeHTPALHsl JIOKAJTHU30BaHHBIX LIeHTPOB 3MHUCCHH
NS/v=(10V-10%) cm™3, cpemHHe PaCCTOSHHUS MEXAY
neHTpaMH - (NS/v)=3~(10-30) HM.

B pabote [11] mpomeMOHCTPUPOBAHO OTCTyIIEHHE
oT dopmynsl Paynepa-Hoparerma ajisi TOKa aBTO-
SMUCCHM K3 HAHOYACTHUI[ IIPU aHaJIH3e 3KCIepH-
MeHTa/IbHBIX JaHHBIX OCTPHUHMHBIX aBTOKATOJOB M3
YIJIePOAHBIX HAaHOTPYb6oK. OTMeYeHO, YTO [/l MOy~
YeHMs IIPU SKCIEePHUMeHTe TOKAa BeJMYHHA HaIps-
JKeHHUsl IOJKHA ObITh, II0 KpaliHeH Mepe, B 10 pa3s
bonpile, T.e. HabnloJaeTcsi He aBTO3JIEeKTPOHHAs
SMHUCCHSI [/ M3TOTOBJIEHHBIX OCTPHHHBIX aBTO-
SMHUCCHOHHBIX KAaTOMOB C YMeHbIIEHHOH BBICOTOM
00 CyOMHUKPOHHBIX pa3sMepoB, a TaK Ha3blBaeMas
HH3KOIIOJIeBasl.

[IpenronaraeTcs, 4To OfHA W3 IPHUYUH IIOSIBIIE-
HUSI HHU3KOIIONEeBOM 3MHCCHHM CBSI3aHa C yMeHbllle-
HHEeM IUIOTHOCTH 371eKTPOHHBIX COCTOSIHME HaHO-
YaCTHLbl H3-32 Pa3MepPHOro KBAaHTOBaHMS CIIeKTpa.
9TO MpUBeeT K KOHTAKTHOM Pa3HOCTH IOTEHI[UAJIOB
MeXAy HaHOYaCTULIeM M MAaCCHBHOM IIOJJIOXKKOM.
3apsii HAHOYACTHLBI TOIZA CO3JACT y ITOBEPXHOCTH
IIOJIJIOSKKU BOJIM3U MecTa COuleHeHHsI HAHOYaCTHIIbI
C MaCCHUBHBIM OCHOBaHHeEM IIO/e, JOCTaTOUHOe MJIS
TYHHe/IMPOBAaHUS 3JeKTPOHOB M3 HEro B HaHOYA-
CTHUIy II0 BaKyyMy. BHelllHee Hamlpsi>KeHHe TOTBKO
M3MEHHUT TPAeKTOPHUIO ABHKEHHS 3MHUTHPOBAHHBIX
37IeKTPOHOB.

Jpyras Bo3aMo>KHasi Mojie/lb 3aK/Io4aeTcs: B fedop-
MaIliH1 ITOBEPXHOCTHOIO CJI0sl BHEIIHUMHM 3/1eKTpH-
YeCKHUMH CHJIaMH. [JebopMaliu B TaKOM Caydae
MOTYT OBITH yCH/IEHBI PhIYaraMH, COCTABIEHHBIMH H3
HAaHOYaCTHII.

B pabore [12] mposeMOHCTPUPOBAHBI BO3MOKHOCTH
371eKTPOCTATHUeCKUX MeTogoB ACM ¢ MpOBOASLIUM
30HAOM [/ HCCIeflOBaHUS 3MeKTPUUYeCKUX XapaK-
TEePUCTUK ITOBEPXHOCTH IIOTHMMEPHBIX MaTepHasoB
Y M3MeHeHMs TPAaHUYHBIX YCI0OBUH Ha I'PaHMIIe pas-
Jena ImoauMep- MeTasll.

YMeHbllIeHHe TONUIUHBL AU3IeKTPUUECKOH I10JIH-
MepHOH IUIEHKH IIPHUBOAUT K CHUTYyallUH, KOIJA
3apsifbl, COCpefoTOUeHHbIe BOIM3HM IPaHUL] KOHTAKTa
C MeTaJ/IMYeCKHUMH 3/1eKTPofaMH, HAUYHYT B3au-
MOJEFICTBOBAaTh MeXAy Cob0M, IPHUBOAS IPH 5TOM
K U3MeHeHHI0 GOpPMBI ITIOTeHIIHAIBHOTO bapbepa.

20 nm that is quite consistent with the analytical esti-
mates for InSb.

The quantum dot, formed by the protruded part
on the rough semiconductor surface acts as a kind of
“filter” for the emission electron flow from the semi-
conductor into the vacuum and further to the tunnel
microscope probe.

It was shown in [10] that the obtained low val-
ues of barriers for emission from the InSb and InAs
micrograins suggest its low-field nature.

The current-voltage curves observed in relation to
them indicate that the current is limited by the
charge localized in the near-surface layer of the
semiconductor.

A specific feature of InSb and InAs is the very
small values of the effective mass m (light electrons,
m=~0.01m,) and energy € (<0.2 eV) of electrons. This
fact leads to the relatively large values of the de Bro-
glie wavelength for the electron - A=h2m €)V2 up
to 30 nm (for other semiconductors it is about one
nanometer).

The action area of the near-surface localized emis-
sion states should approximately correspond to the
size A. According to the experimental conditions, the
emission surface area of the grain is » 3 pm?. In this
case, the volume of localized states in the micrograin
is v=0™8 cm™ the concentration of localized emission
centers is NS/v=(10-10%) cm, the average distances
between the centers are (NS/v)3~(10-30) nm.

In [11], a deviation from the Fowler-Nordheim for-
mula for the field emission current from the nanopar-
ticles was demonstrated when analyzing experimen-
tal data of the pointed field cathodes made of carbon
nanotubes. It is noted that in order to obtain a current
value during an experiment, the voltage must be at
least 10 times greater, i.e. we observe not the field
emission for the produced pointed field emission cath-
odes with a height reduced to the submicron dimen-
sions, but the so-called low-field emission.

One of the reasons for the low-field emission is
supposed to be a decrease in the electronic state
density of the nanoparticle due to the size quanti-
zation of the spectrum. This will lead to a contact
potential difference between the nanoparticle and
the bulk substrate. The nanoparticle charge will
then develop a field at the substrate surface near
the nanoparticle junction with the bulk substrate
that is sufficient for the electron tunneling into
the nanoparticle through the vacuum. The external
voltage will only change the motion path of the
emitted electrons.

Another possible model is the surface layer defor-
mation by the external electrical forces. Deformations
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B pabore [12] oTrmMeueHO, YTO TOHKHe IIJIEHKHU
moiuapuieHPTAIUAO0B (IOTHMepPbl C IIHPOKOM
3aIlpellleHHON 30HOM) C CYOMHKPOHHOM TOJLIMHOMN
CTaHOBSITCSI IPOBOLHHUKOM TOKA C BBICOKOHM 3JI€KTPO-
IIPOBOJHOCTBIO, COIIOCTABHMOK C IIPOBOAKMOCTBIO
HeKOTOPBIX MeTa/l/IOB, He B pe3yJjbTaTe IIPOLefypbl
JOOIMPOBAaHUS, a IPHU BHIIOJHEHHUH [BYX KpUTHYe-
CKUX YCTIOBUH:

* TOJIIMHA IIJIEHOK TaKOI'0 MaTepHasa JOo/IKHA
OBITH MeHbIIle OIlpefie/IeHHON KPUTHYeCKON
(HaHOpa3MepHOM),

* HaJHW4YMe MHHUIUHPYIOLIEr0 OTHOCUTETBHO
MaJIoro BHeIIHEero Bo3[eLCTBUS UIH 1eKTPH-
YeCKOTO I0JIS.

Takum obpaszom, pasmepsl 20-30 HM (HaHO3epeH,
HAaHOOCTPHUH, HAHOIIEPOXOBATOCTEH KM HAHOOCTPOB-
KOB) SIBJISIIOTCSI OOHUM H3 YCIOBHE BO3HHKHOBEHHSI
HU3KOIIOJIEBOM 3MHUCCHU K3 Pa3IUYHBIX IIOTYIIPOBO-
OHUKOBBIX M IOJIHMMEPHBIX MaTepHalOB IPU HaJIU-
YUM HaIpsDKeHHH CMeIleHHS U KMIIYJIbCHOIO BO3-
JelCTBUS HaIlPSDKeHHUSI.

HN3KOIMOJIEBAA SMNCCUA DPAKTAJIOB
PacCMOTpPUM pe3y/IbTaThl HCCIeNOBAHUS GPaKTAIOB
M3 IlelloYeK HeperyaspHbIX HAaHOOCTPOBKOB (HaHO-
KaIlenb) aqIOMHHHUS pasMepom 30-1000 HM, HaHe-
CeHHBIX Ha MOJHMEepHYI0 HUTh apaMH/ia 13 BOJIOKOH
yIJIePOIHBIX 6eH30BHBIX KoJell [13-15].

HaHOOCTpOBKM (HAaHOKAIUIM) AJMIOMHUHHS HAHO-
CUIM Ha HUTh apaMufa (apaMaTHUYeCKUH I101Ha-
MUJ, - THIIA «pycap»), KoTopas HaMOTaHa Ha bapabaH
1 obpabaTeiBajach B BaKyyMHOH yCTaHOBKe MarHe-
TPOHHOT'O HaIlbUIEHHS aJIIOMHUHHS Ha TeXHOJIOTHYe-
CKOM ycTaHOBKe «MHP-2» B OO0 «HHHU «dmacToMep-
HBIX MaTepHaJIOB X U3e/IHI».

JJisi co3maHMs 3KCIEepHMEHTalIbHBIX 006pa3LioB
HCIIO0JIb30BaHA IONMMepHas HUTb MIMHON 30 M
U guameTpom 1000 MKM, KoTopas IIJIOTHO HAMOTaHa
137 BUTKaMHu Ha nuiIuHAp (6obuHa-6apaban) pagu-
ycoM 3,5 cM M AJuHOH 13,7 cM [13] Ay HaHeceHUSs
ATIOMHUHHUS.

B mmpowiecce MeTa/IHM3al[U K YCTAHOBIEHBI PESKH MBI
B BaKyyMHOH KaMepe:

e CKOpOCTH BpamleHUs bobuHbI-6apabana =5 060-

POTOB B MHHYTY;

* BpeMs HambUleHHs 6061HBI-6apabaHa C HUTBHIO

~1-30 MHHYT;

e (WA TOKa B MarHeTrpoHe 2,5 A.

Hute npeacTasisieT coboil apoMaTUYeCKUI TOJIH-
aMuf, - apaMHJ, B KOTOpOoM 85% aMHHBIX CBs3eH
IIpUKpeIIeHbl HeIOCPeACTBeHHO K ABYM 0OeH30/b-
HBIM KOJIbLIaM. ApOMaTH4Yeckoe KOJIBLO0 M3 YyIje-
poma - b6enson (CcH,) obo3Havaercss B BHe LIECTU-
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in this case can be enhanced by the levers composed of
nanoparticles.

The paper [12] demonstrated the capabilities of elec-
trostatic AFM methods with a conducting probe for
studying electrical specifications of the surface of
polymer materials and changing the boundary condi-
tions at the polymer-metal interface.

The thickness reduction of the dielectric polymer
film leads to a situation when the charges concen-
trated near the boundaries of contact with metal elec-
trodes begin to interact with each other while leading
to a change in the shape of the potential barrier.

It was noted in [12] that the thin films of polyaryle-
nephthalides (polymers with a wide forbidden band)
with a submicron thickness become a current-carrying
conductor with high electrical conductivity, compara-
ble to the conductivity of some metals, not as a result
of the doping procedure, but when two critical condi-
tions are met:

 the thickness of films made of such material

must be less than a certain critical (nano-sized)
thickness;

+ the availability of an initiating relatively small

external influence or electric field.

Thus, the dimensions of 20-30 nm (nanograins,
nanotips, nanoroughnesses and nanoislands) are one
of the conditions for low-field emission occurrence in
various semiconductor and polymer materials in the
presence of bias voltage and pulsed voltage.

LOW-FIELD EMISSION OF FRACTALS

Let us consider the study results of fractals made of
the chains of irregular aluminum nanoislands (nano-
droplets) with the dimensions of 30-1000 nm depos-
ited on an aramid polymer thread made of the fibers of
carbon benzene rings [13-15].

The aluminum nanoislands (nanodroplets) were
applied to an aramid thread (aromatic polyamide
of the Rusar type) that was wound on a drum and
processed in a vacuum installation for magnetron
aluminum sputtering at the MIR-2 process unit in the
Research Institute of Elastomeric Materials and Prod-
ucts LLC.

To obtain the experimental samples, a poly-
mer thread with a length of 30 m and a diameter
of 1000 pm is used. It is tightly wound with 137
turns on a cylinder (reel-drum) with a radius of 3.5
cm and a length of 13.7 cm [13] for the aluminum
application.

During the metallization process, the following
modes are set in the vacuum chamber:

« rotation speed of the reel-drum: =5 rpm;
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YroJbHHKA C BIMCAHHON OKPYKHOCTBIO (BHEIIHHI « spraying time for the reel-drum with the
nuametp 0,28 HM), IIOAUYEPKUBAS TeM CAMBIM OTCYT- thread: =1-30 minutes;

cTBHe QUKCHPOBAHHBIX IBOMHBIX CBSI3eM M Ha/TM4YHe « current strength in the magnetron: 2.5 A.
eIMHOT0 3JIeKTPOHHOTr0 06J1aKka, OXBATHIBAIOIETO BCE The thread is an aromatic polyamide (aramid),

IIeCTh ATOMOB YIJIePOAHOro IMKIA. Llermouky u3 aByx || where 85% of the amide bonds are attached directly
6eH30/IBHBIX KOJIeL] BRICTPAUBAIOTCS B BOJIOKHO 4Yepe3 || to two benzene rings. The aromatic carbon ring,
CcoefiHeHHe U3 XJIOpa, a Iepell/leTeHHe U3 HeCKOJIb-
KHX BOJIOKOH obpasyeT apamuza (puc. 6, 6). Crnenyer
OTMETHTh, UTO PagHyC aToMa ajqoMuHuA: 0,143 HM
(nuaMetp 0,286 HM).

3aTeM HCCIe0BAIUCh CBOKCTBA 0OPa3l[0B HUTEH
JUIMHOM 1 cM.

doTorpadun MOIHMMepPHBIX HHTeH C Ieloue-
KaMHU HeperyasipHbIX HaHOOCTPOBKOB (HaHOKa-
Iesib) AIIOMHHUS C pasmepoMm 30-1000 HM (puc. 6b
U PHUC. 7) CAelaHbl Ha PacTPOBOM 37eKTPOHHOM
MuKpockorie CAMSCAN -S4 ¢ sHeprogUcIepCHOHHOU
U BOJIHOJHCIIEPCHOHHOM npucTtaBkaMu: Oxford INCA
Energy 350 u INCA Wave 700 (Cambrige, AHrnus)
B LleHTpe BBICOKKMX TexHOMOTHN IIKII «CHHXPOTpPOH»
®I'YII Hay4dHO-KCC/Ief0BaTe/IbCKUM MHCTUTYT QU3H-
yeckux mpobrem um. @.B.JlyknHa HallloHaIBHOTO
HCC/IeloBaTe/IbCKOT0 LeHTpa «KypuaTOBCKHUI HHCTH-
TyT» [13, 14].

Hcxopmst u3 aHanu3a u3obpakeHUM (puc. 7), MOIy-
YeHHBIX B 3JIeKTPOHHOM MHMKPOCKOIIe, MOXKHO CYH-
TaTh, YTO IIOJIMMePHAasi HUTh M3 BOJIOKOH apaMHJa
(13 yriepogHbeIx 6eH30IPHBIX KOJIeIl) C I[elI0YKaMH
Hepery/lIsipHbIX HAaHOOCTPOBKOB (HaHOKAIlesb) alo-
MHHHS He MMeeT PeryaspHOH TOIIOJIOTMH U MOXKET
OBITH OTHeCeHa K IIPHUPOAOIONO6HBIM ¢dpaKTasaM
(amoMUHUI 0003HaueH - KpaCHBIM LIBETOM Ha
PHC. 7a 1 6eIBIM ILIBETOM Ha pHC. 7b).

CremyeT OTMETHUTh, YTO B MaTeMaTHKe II0[ (ppax-
Ta/laMU IIOHHMMAIOT MHOXeCTBa TOYeK B eBK/IH0BOM
IIPOCTPAHCTBE, HMMEIOIIUX MeTPHUYeCKyl pasmep-
HOCTb, OTJIMYHYIO OT TOIIOJIOTMYEeCKOH, II03TOMY HX
cyleflyeT OT/IMYaTh OT IIPOYMX FTeOMeTPHUYeCKUX QULYP,
OTrpaHHUYeHHBIX KOHeUHBIM YHCIOM 3BeHbEB.

[IpuposHble 06beKTH (KBasMpaKTaabl) OTAHUYA- | D) ' |
IOTCSI OT M/Iea/IbHBIX abCTPAKTHBIX GPAKTATIOB HEIIOM-
HOTOMN M HETOYHOCTBIO IIOBTOPEHHUI CTPYKTYPBHI. Puc. 7. [osepxHocmb NoAUMEPHOU HUMU U3 80A0KOH

HccnenoBaHue D31eKTPUYECKHUX XaPaKTePUCTHUK | dpamudd ¢ HepezyAspHbIMU LUenoyKamu HaHOOCMposKos
IIOJIMMEPHBIX HUTEH IIPOBOAMIIOCH ITOCIe GOPMHUPO- |  dAOMUHUS: a) u306paxeHus kKapmel RGB, npedcmasasitoujel
BAaHUSI HHAMEBBIX KOHTAKTOB K IIOJIMMEPHBIM HUTSIM coboli HanoxxeHue kapm — Al (kpacHwili), C (curuii), Cl (3ene-
C LIeIIOYKAMHU HEepPeryJsipHBIX HaHOOCTPOBKOB (HAHO- | Hbli); b) u306pakeHus kKapmuHbl 60 BMOPUYHbIX 3AeKMpo-
Kalleib) AJIIOMUHUS CHUMAJIMCh BOJbT-aMIIEpPHBIE Hax — Al (6eabili ugem)
xapakTepucTuku (BAX) o6pasimoB Ha XapaKTepHo- Fig. 7. The surface of a polymer thread made of aramid
rpade J12-56. Kpome BAX c moMomiplo XapakTepuo- | fiberswith theirreqular chains of aluminum nanois-
rpad JI2-56 OLleHUBAJIOCh U COIIPOTHUBIeHKe 0bpa3iia lands: a) images of an RGB map with an overlay of Al (red),
I10 HaKJIOHY 3aBUCMMOCTH TOKA OT HaIIPsUKeHUA. s C (blue), Cl (green) maps, b) images of the secondary
OLIeHKHM eMKOCTH HCIIONb30BajICcA H3MepuTenb LCR electrons - Al (white)
hewlett packard 4284A.

a) 80 MKM | 80 pm

80 MKM | 80 pm
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IIpu usMmepeHnu BAX Ha 06pasLoB C IIMHOMN
10 cMm u 1 cM mOosBIeHHS TOKa IIPU H3MeEHEHHHU
HamOpssKeHUsd no 12 B He Habnomanock. JKCIIe-
PHMEHTaIbHO YCTAaHOBJIEHO, YTO IIOJIMMepHas
HHUTH M3 BOJIOKOH apaMuJa C Ilell0OYKaMHK Hepery-
JSPHBIX HAHOOCTPOBKOB /JIIOMHHHUS IIPU MAaJIbIX
IIOCTOSIHHBIX HAIIPSKEHHSX SIBJISETCS H30JISITOPOM
[13-15].

[Ipy mjaBHOM Ilofade BBICOKOTO HAIPSIKeHUS
BeJIMYUHOM [0 1,6 KB (B TeueHMe 1 cex) Ha IOIH-
MEepHYIO HUTb C HAHOOCTPOBKOBON MeTajIH3alen
ATIOMHUHHEM ITPOOOH OTCYTCTBYET.

IIp1 mojgaye MMITYJAbCHOIO BBICOKOTO HaIlpsiKe-
HHS Ha HUTb CUTYaLlUs U3MeHsIeTCs — IPOUCXOOUT
3/IeKTPUYEeCKUM paspsin U GopmupyeTcss HaAIO-
BepPXHOCTHOE BBICOKOIIPOBOJsAIIEe COCTOSIHHUEe Hal
[IOJIMMEePHOM HUTBIO M3 BOJIOKOH apaMHUAaA C Llello4-
KaMM HEperyasipHbIX HaHOOCTPOBKOB aTIOMHHHS,
BO3MOXXHO, B IIOSIBUBIIEMNCS IJIa3Me. DKCIIEpHUMEeH-
TaJIbHO YCTAaHOBJIEHO, YTO IIPU I[Oofaye HMIIYJIbCa
HamopsokeHUs 1,6 KB Ha 371eKTPOJbI, IIPHCOeIMHEH-
Hble K I0OJIMMePHON HUTH AJIHUHOU 1 M, BOSHUKAET
3JIeKTPUYeCKHUH pa3psil.

Ha puc. 7a BUAHBI HAHOOCTPOBKH (HAaHOKAILJIM)
anIOMHHUA C pasMmepoM 30-1000 HM, KOTOphIe
MOI'YT 06beJUHSITh HECKOJIbKO AEeCSITKOB - COTeH
yI7IepooHBIX OeH30IbHBIX KOJIELl U CO34aBaTh CTPYK-
Typbl aJlIOMHUHUH/yIIepon. B KakoH-TO dYacTH
TaKOM CTPYKTYpPHl MOXKeT 006pa3oBaThCsl «HAHO-
TOYKa», B KOTOPOH U CPOPMHUPYIOTCS YCIOBUS K BO3-
HHUKHOBEHHUIO HU3KOII0JIEBOKM 3MHUCCHUH 3JIeKTPOHOB
13 OeH30JbHBIX KoJell IIPHM KMIIYJIbCHOM IIofaue
HaIlps>KeHUs Ha IOIMMePHYIO HUTh.

CremyeT OTMeTHTH, UTO PACCTOSIHHE, «IIpobrBa-
eMoe» HCKPOH B BO3Ayxe, 3aBUCHUT OT HaIPSIKeH-
HOCTH 3JIeKTPHUYECKOTO II0JIg Y IIOBEPXHOCTH 3JIeK-
TPogOoB U UX GopMel. s chep, pamguyc KOTOPBIX
MHOTO 6oJbIlle Pa3psIHOrO MPOMeXKYTKa, OHA CUH-
TaeTcsl paBHOM 30 KB Ha CaHTHMeTp, a JJIsl UTOJIOK
cocTaBuUT 10 KB Ha caHTHUMeTD [3].

dneKTpUYeCcKasd IMPOYHOCTb ra3a B CHJIBHOM CTe-
IIeHW 3aBHCHUT OT ero IUIOTHOCTH (T.e. OT JaBie-
HUsI, eCIM TeMIlepaTypa IIOCTOSHHA). I[IpU Mablx
M3MEeHeHHUAX TeMIIepaTyphl U [aBjeHHs rasa IIpo-
6uBHOe HaIpsiKeHHe IIPONOPLHOHAIBHO IIJIOTHO-
CTH rasa. I[Ipy HOpMaJIBHBIX YCIOBHUAX, T.e. IPHU
masneHuu 0,1 MIla u Temmepatype 20 °C, 3JIeKTpHU-
yecKkas IIPOYHOCTE BO3AyXa IPH PACCTOSHUM MEXAY
3/1eKTPoAaMH 1 cM cocTaBasieT IpUMepHO 3,2 MB/M.
Pa3BuTHe NpobOst 3aBUCUT OT CTEIIEHU OLHOPOLHO-
CTH 3JIeKTPHUYeCKOTIO I10JI1, B KOTOPOM IIPOUCXOAUT
npobor rasa. ECIM B OZHOPOLHOM I10JIe HAIIpsisKeH-
HOCTb I10JI IIOCTOSIHHA, TO B Pe3KO HeOSHOPOSHOM
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namely benzene (C,H,), is designated as a hexagon
with an inscribed circle (its outer diameter is 0.28
nm), thereby emphasizing the absence of fixed double
bonds and availability of a single electron cloud cover-
ing all six atoms of the carbon cycle. The chains of two
benzene rings line up in a fiber through a chlorine
compound, and the interweaving of several fibers gen-
erates aramid (Fig. 6, b). It should be noted that the
radius of an aluminum atom is 0.143 nm (its diameter
is 0.286 nm).

Thereupon, the properties of thread samples with
the length of 1 cm have been studied.

The photographs of polymer threads with the
chains of irregular aluminum nanoislands (nano-
droplets) with the dimensions of 30-1000 nm (Fig.
6b and Fig. 7) are made by the scanning electron
microscope CAMSCAN-S4 with the energy-dispersive
and wavelength-dispersive attachments: Oxford INCA
Energy 350 and INCA Wave 700 (Cambridge, England)
at the High Technology Center of the Synchrotron
Shared Use Center of the Federal State Unitary Enter-
prise “Lukin Research Institute of Physical Problems”
of the National Research Center “Kurchatov Insti-
tute” [13, 14].

Based on the analysis of images in Fig. 7, obtained
by an electron microscope, it can be considered that
the polymer thread made of aramid fibers (from car-
bon benzene rings) with the chains of irregular alumi-
num nanoislands (nanodroplets) does not have a regu-
lar topology and can be classified as the nature-like
fractals (aluminum is indicated in red in Fig. 7a and in
white in Fig. 7b).

It should be noted that in mathematics, the fractals
are considered as the sets of points in the Euclidean
space that have a metric dimension that is different
from the topological one, therefore, they should be
distinguished from other geometric figures limited by
a finite number of links.

The natural objects (quasi-fractals) differ from the
ideal abstract fractals due to the incompleteness and
imprecision of structure repetitions.

The study of the electrical specifications of polymer
threads was performed after formation of the indium
contacts to the polymer threads with the chains of
irregular aluminum nanoislands (nanoproplets); the
current-voltage characteristics (CVC) of the samples
were taken by a L2-56 curve tracer. In addition to the
CVC, the sample resistance was also assessed using
the 12-56 curve tracer by the slope of the current-
voltage dependence curve. A Hewlett Packard 4284A
LCR meter was used to estimate the capacitance.

When measuring the CVC of samples with a length
of 10 cm and 1 cm, no current occurred when the volt-
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[ojle M3MeHseTCs Ha HeCKOJIbKO IIOPAAKOB BHOJb
CHJIOBOM JTMHUHU [3].

B pabotax [14, 16] npuBeneHsl ¢oTorpaduu KOHY-
coobpa3Horo paspsia BAOJb IIOTHMEPHON HUTH IJIHU-
HOM 30 M C LIelIOYKaMH HeperyasapHbIX HaHOOCTPOB-
KoB (HaHoOKaIesnb) aJIOMHHUS (puUC. 8a), KoTopas
aHAJIOTHYHA ITPUBeIeHHON B pabore [2] dopme onTH-
YeCcKOro M3ayuyeHHs MHKpoIpoboss Ha yberamommux
37eKTPOHAax BBICOTHOrO paspsna (puc. 8b), a He Ha
dopmy OOBIYHOM 3UI3aroooOpasHOM 3NMEeKTPHUUECKOU
MOJIHHUH Haf 3eMJIeHn.

IKCIIepPUMEHT U oTorpadus 3/1eKTPUUECKOTO pas-
pslla B HaIlPaB/IeHUM PaACIPOCTPAaHEHHUS 3JIeKTPO-
MarHUTHOMN BOJIHBI BJO/Ib IOJIMMEPHOHM HHMTH H3
BOJIOKOH apaMHZa C HaHOOCTPOBKAMH aIIOMHUHUSI
(InvHA HUTH 30 M; HaIpssKeHHe 37eKTPHUYecKoro
nong E=30 kB/M) ObLIM CHoesaHbl Ha BBICOKOBOJIBT-
HOM CTeHJle BcepocCHHCKOIO 3/IeKTpPOTeXHHYeCKOro
HHCTUTYTa [16]. IIpH 3KCIepHMeHTe YCTaHOBJIEHO,
YTO MPH 3/MeKTpHUyUeckoM Ipoboe Ha BO3AyXe IIONH-
MepHBble HUTH C HAaHOOCTPOBKOBOK MeTIIHM3alihen
aTIOMHHYEM He [1epPeropamoT.

MO>XKHO TIpedNoJIOKUTh, YTO BO3HHUKHOBEHHE
HH3KOIIOJIEBOM 3MMCCHH 3/IeKTPOHOB Ha IJIMHHBIX
BOJIOKHAX COeIHUHEHUI YIJepOAHBIX OeH30/bHBIX
KoJIell [IPX MMIIYJbCHOM BO3eHCTBUH HaIlPSDKeHHUS
4Jepe3 HaAaHOOCTPOBKHU (HAaHOKAILIM) aJTIOMUHHUS (IpH
HMIMITyJIbCHOM BO3/[eMCTBHMH) IPHUBOJUT K CO3aHHUIO
I1a3sMbl U QOPMHPOBAHHIO HAAIIOBEPXHOCTHOIO
BBICOIIpOBOsIIero cocrossHus (HIIBIIC), KoTopoe
obrerdaeT IOSIBIEHUIO BBICOIEPreTHUECKUX 371eKTPO-
HOB IIpU IIPHJIOKEHHOM BBICOKOM 3JIeKTPHUYEeCKOM
HaIpsDKeHUH, CIIOCOOHBIX 3aMEeHHUTb 3aTpaBOUYHEBIe
KOCMMYeCKHe JIYYH.

CnenyeT OTMeTHTh, HpHU COOPMHPOBAHHH HAL
[IOBePXHOCTBI0 HUTH BBICOIIPOBOJSIEIO COCTOSHHSA
(HIIBIIC) B BU/e IJIa3MBbI COXpaHseT ee U OHa He IIepe-
ropaert [13-15]. 9To cocTOSHHeE aHAJIOTUYHO SIBJIEHHIO
AHOMAJIBHOTO POCTa IIPOBOSUMOCTH mpu E>E., KoTO-
poe B paborax [1, 2] 6pUI0 Ha3BaHO “OBICTPHIM Iepe-
HOCOM 3apsga» mpu MIIYD B BRICOTHBIX paspsiiax.

IKCIIepUMEHTAJIIBHO YCTAaHOBIEHO, 4YTO IIpobort
HHTH K3 BOJIOKOH apaMH/ia C HeperyJIsIpHbIMU LIeI1o4-
KaMM HAaHOOCTPOBKOB a/IOMHHHS B KOMHATHBIX YC/10-
BUAX cocTaBiaseT 1,6 kB/cm [13-15], KoTopoe maxke
MeHBblIlle, yeM HeobxomuMmoe i mpobost Ha yberaro-
IIMX 371eKTpoHax - 2,16 KB/cM [2]. MeHblllee Hamps-
sKeHHe ITpobosi BO3SMOSKHO ITOBJIHSIIO Ha YMEHBIIUTh
IJIMHBL 3KCIIOHEHIIMA/IbHOTO HapaCTaHHs JIaBHUHBL
yberarmoumux 31eKTPOHOB C TeOPeTHYecKOM [JIHHBI
50 m [2] mo 30 M npu maBneHuH 1 atm [15, 16]. [as
CIIpaBKH, IPU JaBJIEeHUHU 1 aTM MOPOroBoe IoJe A1
obreruHOrO Ipobost coctapseT 23-30 kB/cm (2, 3].

i g

age was changed to 12 V. It has been experimentally
established that at the low constant voltages a poly-
mer thread made of aramid fibers with the chains
of irregular aluminum nanoislands is an insulator
[13-15].

When a high voltage of up to 1.6 kV is smoothly
applied (for 1 second) to a polymer thread with the
nanoisland metallization by aluminum, there is no
breakdown.

When a pulsed high voltage is applied to the thread,
the situation is changed: an electrical discharge occurs
and an off-surface highly conductive state is obtained

‘I

b)

Puc. 8. Saekmpuyeckuli paspsa: a) 8 HanpasaeHuu pacnpo-
CMpaHeHus 3/eKmpomazHUMHoL 80AHbI 800Ab NOAUMEPHOL
HUMU U3 80AOKOH ApamMudd ¢ HAHOOCMPOBKAMU AAOMUHUS
(8nuHa HUMU 30 m; Hanps>KeHUe 3AeKMpPUYecko20 NoAs
E=30 kB/m); b) npumep pazpsda «Cnpaiim» [2]
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B paborax [13-15] mokasaHO, YTO HHUTH H3 BOJIO-
KOH apaMHK/a C HAaHOOCTPOBKaAMH aJIOMHHHMS pas-
MepoM 10-1000 HM MoryT obnamaTbh CBOHCTBAMH
MeTaMaTepHaaoB U OLleHKa 3HA4YeHHUs IIIa3MeH-
HOM 4YacToTa MAJIs HCClIeJlyeMOro MeTaMaTepuaa
coctaBnsget 1-10 TT1y.

MOXKHO IIpeIIIoNIOKHTh, YTO CHOPMHPOBAHHEIE
MeTaMaTepua/sibpl M3 QpaKkTajioB U3 HAHOOCTPOBKOB
AIIOMUHHSA HUTH K3 BOJOKOH apaMula SIBJIAIOTCA
WCTOYHHUKOM BBICOKO3HEPTreTHYeCKUX 3aTPaBOYHBIX
OBICTPBIX 3JEKTPOHOB AJIS pealu3aluy pobos Ha
yberaromiyx 31eKTPOHax B JIaBOPATOPHBIX YCIOBHSIX
[IpU JJIMHe HUTH 30 M M HaIPS>KeHHOCTU 3/1eKTPHU-
4Jeckoro noist 30 kB/M.

BbIBOAbl NO YACTU 2
[UIIOTeTUYeCKH MOKHO IIPeAIIONOXKUTb, YTO IIPHU
roflaye MMITYJIbCHOIO BBICOKOIO HAIIPSIKEHMS I10JIH-
MepHasi HUTh M3 BOJIOKOH apaMH/a, COCTOSINEH H3
6eH30/BHBIX KOJIel] YIJIepoAia, C LlelI0OYKaMH Hepery-
JISIPHBIX HAHOOCTPOBKOB (HAaHOKAIleJb) ATIOMHHHUS
(pazamepom 10-100 HM) IPOHUCXOLUT MHKPOIPOOOH
dpakTasna dyepes 1masMy, ob6pa3oBaHHYIO IIPHU HHU3KO-
IOJIeBOM 3MHUCCHHU 3JIeKTPOHOB, C GOPMHUPOBAHHUEM
HaJIIIOBEPXHOCTHOIO BBICOKOIIPOBOASIILEIO COCTOSI-
Hus (HIIBIIC) Haj IIOTMMEepPHOM HUTBIO.

OKCIIepUMeHTAIbHO YCTAHOBJIEHO, YTO MHKPOIIPO-
6ot dppaKTana c HeperyIsipHBIMH LIeII0YKaMH HaHOO-
CTPOBKOB QJIIOMHHMUS HAa HUTSAX U3 BOJIOKOH apaMHUa
paBeH 1,6 kB/cm (B KOMHaTHBIX yC)‘IOBI/IHX), KOTOPBIU
[0 BeJIMYKMHE MeHbIle, YeM pacyeTHOe 3HaudeHHe
IUISL MUKpOIpobosi Ha yberamoIux 3/1eKTPoHaX, PaB-
Hoe 2,16 kB/cm. TakumM o6pa30M, OJIS1 U3TOTOBJIEHUS
HCTOYHHKA BBICOKO3HEPreTHUYeCKUX 3aTPaBOYHBIX
OBICTPBIX 3JIEKTPOHOB U peasiM3aliuy Ipobost Ha ybe-
TalOIIMX 371eKTPOHAX JOCTATOYHO KCII0/Ib30BaTh HUTh
¢ dpakTrasaMM HAHOOCTPOBKOB (HaHOKaIIeNb) ajio-
MHUHHUSA JJINHHOH 30-50 M.

®pOHT BOJIHBI PAaCIIPOCTPAHEHHSI BBICOTHBIX Ppas-
PSIOB B BUJle KOHYCA, HAIIPaBJIEHHOIO K UCTOYHUKY
KOCMHYeCKHUX H3/1y4eHHH, BO3MOXKHO OCYyIeCTBHTb
TOJABKO Ha ¢pakTajax U3 MeTaMmaTepHasoB (MMelo-
IIMX OTpPULIATe/bHbIE NAH3IeKTPUYEeCKYI U MarHHUT-
HYIO IIOCTOSIHHBIE), HaIlpUMep, HaHOKAIlelb aJlio-
MUHHSI Ha IIOBEPXHOCTH IIOJIHMMEPHBIX HHUTEH H3
BOJIOKOH YIJIePOOHBIX OeH307pHBIX Kojel. OIeHKa
3HaueHUs IUIa3MEHHON YacTOThHl IJisi pa3paboraH-
HOI'0 MeTaMaTepHasia cocTasiseT 1-10 TI'L.

dortorpadusi KOHYCO0OPa3HOro MUKpPOIIpobos dpax-
Taja W3 HAHOOCTPOBKOB (HAHOKAIIeNb) AJIFOMUHHS
BII0/Ib ITIOTMMEPHOM HUTBIO JIMHOM 30 M aHaJIOTUYHa
1o ¢opme ONTHYECKOMY H3Iy4eHHIO MHKPOIIPobos
Ha yberaroniux 3J1eKTpoOHaxX BBICOTHOIO pa3psiia.
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above a polymer thread made of aramid fibers with
the chains of irregular aluminum nanoislands, pos-
sibly in the resulting plasma. It has been experimen-
tally established that when a voltage pulse of 1.6 kV
is applied to the electrodes connected to a polymer
thread with the length of 1 cm, an electrical discharge
occurs.

Fig. 7a shows the aluminum nanoislands (nano-
droplets) with the dimensions of 30-1000 nm that
can unite several tens to hundreds of carbon benzene
rings and develop the aluminum/carbon structures.
In some part of such a structure, a “nanodot” can be
formed, in which the conditions will be developed for
the occurrence of low-field emission of electrons from
the benzene rings when a pulsed voltage is applied to
the polymer thread.

It should be noted that the distance “broken” by
a spark in the air depends on the electric field strength
at the electrode surface and their shape. For the
spheres which radius is much larger than the dis-
charge gap, it is considered equal to 30 kV per centime-
ter, and for the needles it will be 10 kV per centimeter
(3].

The electrical strength of a gas strongly depends on
its density (i.e., on pressure if the temperature is con-
stant). In the case of small changes in gas temperature
and pressure, the breakdown voltage is proportional
to the gas density. Under the normal conditions, i.e.
at a pressure of 0.1 MPa and at a temperature of 20 °C,
the electrical strength of air at a distance between
the electrodes of 1 cm is approximately 3.2 MV/m. The
breakdown development depends on the homogeneity
degree of the electric field in which the gas is broken
down. If in a homogeneous field the field strength is
constant, then in a significantly inhomogeneous field
it is changed by several orders of magnitude along the
field line [3].

The papers [14, 16] show the photographs of a cone-
shaped discharge along a polymer thread with the
length of 30 m and the chains of irregular aluminum
nanoislands (nanodroplets) (Fig. 8a) that is similar to
the optical radiation of micro runaway breakdown of
a high-altitude discharge given in [2] (Fig. 8b), and not
to the shape of the ordinary zigzag electric lightning
over the Earth.

An experiment and photograph of an electric dis-
charge in the direction of an electromagnetic wave
propagation along a polymer thread made of aramid
fibers with the aluminum nanoislands (thread length
30 m; electric field voltage E=30 kV/m) were performed
and made at a high-voltage stand of the All-Russian
Electrotechnical Institute [16]. The experiment estab-
lished that during the electrical breakdown in air, the
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Kpome Toro, Habnlomaemble B BEpPXHHX CJIOSIX
aTMocdephl BBICOTHBIE Pa3psabl OTJIMYAIOTCA II0
LIBETy ONTHYeCKOIO0 CBeUYeHHS Ha Pa3HOM BBHICOTE
KM3-3a Pa3sHOro TUIla QPaKTAIOB, B KOTOPBIX IIPO-
ucxonut MIIYD: «KpacHble 3nbdbr» («Red Sprite»)
IIPpOMCXOIAT B MeTacpene, a «CHHHE IXKEThI» («Blue
Jet») B 0b6bIuHOM cpefie. B pe3ynbTaTe, MIIYD oTaH4a-
I0TCS HaIlpaB/IeHHSIM KOHYyCa CBeYeHHS II0 OTHOIIe-
HHIO K IIOTOKY 3aTPaBOYHBIX KOCMHUYECKHX YaCTHI]
npu MIIY3, T.e. 3ddext [onmnepa bymer «obpa-
IeHHBIM”» I «KpacHBIX 3/1b$0B» Ha QpaKTaIaX H3
MeTaMaTepHaoB.

CnenyeT MOAYEPKHYTh, YTO OJHO3HAUYHAas CBSA3b
BBICOTHBIX Pa3psafoB C MOIIHBIMH HMMIIYJIBCAMHU
OIITUYECKOT0 M PEHTreHOBCKOTO M3/Iy4YeHUH SIBIS-
eTCsl B HACTOAIIMMN MOMEHT JIMIIb THIIOTe30H, XOTS
M BeCcbMa MpaBaomnofobHON. [JaHHBIE O IIPSIMBIX
U OLHOBPeMEHHBIX HabIIOOeHUSIX OITHUYECKOro
1 PeHTreHOBCKOrO M3JlydeHHI BBICOTHBIX Pa3psioB
[I0Ka OTCYTCTBYIOT.

Hcmonp3oBaHue Ppa3paboTaHHBIX QPaKTAIOB
C Ie[I0YKaMH HeperyJsipHbIX HaHOOCTPOBKOB (HaHO-
Kariesb) AJIFOMUHUS Ha IIOJIMMEPHON HUTU U3 BOJIO-
KOH apamufa (Ha OCHOBe apoMaTHUecKHUX KoJlell
yriepona - 6eH30/) II03BOJIsIeT IIPOBECTH HCCIeI0BA-
HHUS OLHOBPEeMEHHO OIITHYeCKOT0 U PeHTTeHOBCKOIO0
H3Iy9eHUN B JIabOpaTOPHBIX yCIOBHSX Ha IIOBEpPX-
HOCTH 3eMJIH.

PNHAHCNPOBAHWE PABOTDI
VccrenoBaHue BBIIIOTHEHO 3a cUeT I'paHTa Poccuii-
CKoro Hay4Horo ¢ponnga Ne 24-29-00129,
https://rscf.ru/project/24-29-00129/.
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polymer threads with nanoisland metallization by
aluminum do not burn out.

It can be assumed that the occurrence of low-field
electron emission on the long fibers of carbon benzene
ring compounds under the pulsed voltage through the
aluminum nanoislands (nanoproplets) leads to the
plasma development and formation of an off-surface
high-conducting state (OSHCS) that facilitates the
occurrence of high-energy electrons at an applied high
electrical voltage, capable of replacing the seed cosmic
rays.

It should be noted that the formation of an off-sur-
face high-conducting state (OSHCS) above the thread
surface in the form of plasma preserves it, therefore,
it does not burn out [13-15]. This state is similar to the
anomalous increase in conductivity at E>E_ that was
called the “fast charge transfer” during the MRB in
the high-altitude discharges in the papers [1, 2].

It has been experimentally established that the
breakdown of a thread made of aramid fibers with
the irregular chains of aluminum nanoislands
under the room conditions is 1.6 kV/cm [13-15] that is
even less than that required for the runaway break-
down (2.16 kV/cm) [2]. The lower breakdown volt-
age may influence the reduction of the exponential
growth length of the runaway electron avalanche
from a theoretical length of 50 m [2] to 30 m at a pres-
sure of 1 atm [15, 16]. For reference, at a pressure
of 1 atm, the threshold field for an ordinary break-
down is 23-30 kV/cm [2, 3].

The papers [13-15] show that the threads made of
aramid fibers with the aluminum nanoislands with
the dimensions of 10-1000 nm can have the properties
of metamaterials and the plasma frequency value for
the metamaterial under study is estimated at the level
of 1-10 THz.

It can be assumed that the metamaterials based on
the fractals of aluminum nanoislands are a source of
high-energy seed fast electrons for the implementa-
tion of runaway breakdown in the laboratory condi-
tions at the thread length of 30 m and an electric field
strength of 30 kv/m.

CONCLUSIONS: PART 2.

Hypothetically, it can be assumed that when a pulsed
high voltage is applied to the polymer thread made
of aramid fibers, consisting of benzene carbon rings,
with the chains of irregular aluminum nanoislands
(nanodroplets) (its dimensions are 10-100 nm), a frac-
tal microbreakdown through plasma formed by the
low-field electron emission occurs, with the genera-
tion of an off-surface high-conducting state (OSHCS)
over the polymer thread.
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It has been experimentally established that the
micro breakdown of a fractal with the irregular
chains of aluminum nanoislands on the aramid fiber
threads is 1.6 kV/cm (under the room conditions) that
is less than the estimated value for the micro run-
away breakdown equal to 2.16 kV/cm. Thus, to pro-
duce a source of high-energy seed fast electrons and
implement the runaway breakdown, it is sufficient
to use a thread with the fractals of aluminum nanois-
lands (nanodroplets) with the length of 30-50 m.

The wave front of the high-altitude discharge prop-
agation in the form of a cone directed to the source
of cosmic radiation can only be implemented on the
fractals made of metamaterials (having negative
dielectric and magnetic constants), for example, the
aluminum nanodroplets on the surface of polymer
threads made of fibers of carbon benzene rings. The
estimated value of the plasma frequency for the
developed metamaterial is 1-10 THz.

The photograph of a cone-shaped micro breakdown
of a fractal made of aluminum nanoislands (nanodro-
plets) along a polymer thread with the length of 30 m
is similar in shape to the optical radiation of a micro
runaway breakdown of a high-altitude discharge.

In addition, the high-altitude discharges observed
in the upper atmosphere differ in the optical glow
color at various altitudes due to the different types of
fractals in which the MRB occurs: Red Sprites occur
in the meta-medium, and Blue Jets are developed
in the ordinary medium. As a result, the MRB dif-
fer in the luminescence cone direction in relation
to the flow of seed cosmic particles during the MRB,
i.e. the Doppler effect will be «reversed» for the Red
Sprites on the metamaterial fractals.

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
findings about the direct and simultaneous observa-
tions of optical and gamma radiation of the high-
altitude discharges are not yet available.

The use of developed fractals with the chains
of irregular aluminum nanoislands (nanodroplets)
on a polymer thread made of aramid fibers (based
on the aromatic carbon rings - benzene) makes it
possible to study simultaneously optical and X-ray
radiation in the laboratory conditions on the Earth’s
surface.
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