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CBOMNCTBA METAJUTMYECKUX
OPAKTAJIbHbIX KJIACTEPOB

[naBHas uepTa O¢pakTtanpHOro kinacrepa (OK),
orpezensomas ero GU3UKO-XUMHUYECKHe CBOMCTBA, -
MacmTabHass MHBAPHAHTHOCTh: 000K Masbld ¢par-
MeHT QK mpu yBenHueHMH MacmiTaba BOCIIPOH3BO-
OUT IPOCTPAHCTBEHHYIO CTPYKTYPy BCero KiaacTepa.
MacmrabHas WHBAapHAHTHOCTh MPHUBOAUT K TOMY,
YTO IIPOCTPAHCTBEHHOE PACIIONOKEHHe eClTH He BCex
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PROPERTIES OF METALLIC FRACTAL
CLUSTERS

The main feature of a fractal cluster (FC) determining
its physical and chemical properties shall be its scale
invariance: when scaled up, any small FC fragment
reproduces the spatial structure of the entire cluster.
The scale invariance shall lead to the fact that the spa-
tial arrangement of not all cluster particles, but a very
large group of particles, turns out to be correlated,
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YaCTHUL KJIaCTepa, TO OY€Hb GoBIIION TPpYIIIIbI HaCTHL,

OKa3bIBAaeTCs CKOPPEIHMPOBAHHBIM, XOTS UHCTO
BH3YQJIBHO CTPYKTypa MOXKET BOCITPUHHMATBCSI KaK
becriopsiiouHas.

Bropoe crencTBHe MacmITab6HON WHBAPHAHTHOCTH —
Hanu4ure B OK 60JIBIIOro YHC/IA IIONOCTEH CO CTeIleH-
HBIM pacIpeneneHyueM II0 pasMepaM, Aenarwomee OK
JOBOJIBHO aKypHOH KOHCTPYKLIHEH.

doTorpaduu MOMHMMEPHEIX HHTEH C Ielod-
KaMH Hepery/spHbIX HaHOOCTPOBKOB (HaHOKAIle/lb)
AMIOMHHUS C pasmepom 10-1000 M (puc. 11) cme-
JIaHBl Ha PACTPOBOM 3JIeKTPOHHOM MMKPOCKOIIe
CAMSCAN-S4 ¢ 5HeprogUCIepCHOHHON U BOJHOLH-
criepcuoHHol mpuctaBkamu: Oxford INCA Energy
350 u INCA Wave 700 (Cambrige, Aurnus) B lleH-
Tpe BBICOKUX TexHoaoTuM LKII « CHHXpoTpoH» ®T'YII
Hay4Ho-HCClIefoBaTeNbCKUN HHCTUTYT OQH3HYe-
ckux mnpobnem umm. @.B.JlyknHa HalKoHaIbHOTO
HCCIeloBaTebCKOro eHTpa «Kyp4yaToBCKUU MHCTHU-
Ty [1, 10].

PacrionoskeHHbIe LIeIIOYKH HEePeryJIsipHbIX HaHOO-
CTPOBKOB aJIIOMUHUSA C pasmepoM 10-1000 HM, B TOM
yucie u cpepuueckor GopMmel ¢ pasmepom 10-30 HM,
Ha [OBEPXHOCTH IIOJIMMEPHOM HHUTH M3 BOJIOKOH apa-
MHKJA, MOXKHO IIPeACTaBUTh B BHUAE MeTa/UIMYeCKUX
$paKkTaabHBIX KIACTEPOB.

B nuTepaType OIMCBHIBAIOTCA PpasivyHble ClIy4Yau
BO3HHMKHOBEHHS HU3KOII0JIeBOKM SMUCCHHU /IeKTPOHOB
C YyMeHblIeHHeM pa3sMepoB 4acCTHI] Ha II0BePXHOCTH
MaTepHaJIOB 10 AecsiTKOB HAHOMETPOB U MeHee [11-15],
a TakKe BBICTpaHMBaHMe HHUTEH U3 OTAe/IbHBIX aTOMOB
onoBa [16]. HccnemoBaHUs BAUSIHUS OUCIEPTHPOBaH-
HBIX Cpefi, BK/IIOYas MeTaj/l/IMYecKHe YacTHIbI, Ha
pacmpocTpaHeHHe 3JeKTPOMarHUTHOE H3Jy4YeHHe,
BKJIIOYAsl ONTHYECKHUM AUAIla30H, MIPOBOASTCS AOCTa-
TOYHO OaBHO [17-28)], U ObLIM BBISIBIICHBI pa3nuy4HbIe
3bdeKThl, KOTOpble IIOTPeboBaN AAIbHEHNIIHUX Teope-
THUYeCKUX IIPOpPaboToK.

HampumMmep, BHeIIHsS 3/IeKTPOMarHMTHas BOJIHA,
PaCIpOCTPaHSIOMAsACS B CHCTeMe c1abo IOr/omar-
IIMX PacCerBaTe/ller, B pe3yJbTaTe MHOIOKPaTHOTO
IepepaccessHUs CIIOCOOHA «3aI[UKIUTLCS» B Orpa-
HUYEHHON 00/acTH IPOCTPaHCTBA. [IpUUYMHA 3TOro
SABJIEHUS - CHeuupuyeckrue HHTeppepeHIMOHHbIe
3bdeKTrl, MMeolIe MeCTO Jake B abCOTIOTHO pas-
YIIOpSIAOYeHHOM CHCTeMe YacTull [24-26, 29]. DbdeKT
y/IaBAWBaHMA QPaKTaAbHBIM K/IaCTEPOM BHEIIHEro
M3/ly4eHHsl B ONTHYECKOM JHxalla3oHe JIMH BOJIH,
HaIllpuMep, Ha p3JIeeBCKUX YaCTUIIAX, HAa3Ba/IU «JIOKa-
nu3anuen GoToHa», KOTOPYIO MOXKHO PacCMaTpPHUBATh,
YC/I0BHO, KaK KaHaJl «JUCCUITALIUU» [1aJaIO0IIero u3iy-
YeHHs, AOIOHSIIINE KJIacCH4YeckHe — HeyIIpyroe
paccesHue U IIOIJIOLIeHHUE.
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Fig. 11. Map of the Al surface of a polymer thread with
aluminum nanoislands in the form of metallic fractal clusters

although visually the structure may be perceived as
disordered.

The second consequence of scale invariance shall be
the availability of a large number of cavities in the FC
with a power distribution of dimensions, making the
FC a rather delicate structure.

The photographs of polymer threads with the chains
of irregular aluminum nanoislands (nanodroplets)
with a size of 10-1000 nm (Fig. 11) were taken using
a CAMSCAN-S4 scanning electron microscope with the
energy-dispersive and wave-dispersive attachments:
Oxford INCA Energy 350 and INCA Wave 700 (Cam-
bridge, England) at the High Technology Center of
the Synchrotron Collective Use Center of the Federal
State Unitary Enterprise “Lukin Research Institute for
Physical Problems” of the National Research Center

“Kurchatov Institute” [1, 10].

The chains of irregular aluminum nanoislands with
a size of 10-1000 nm, including spherical ones with
a size of 10-30 nm, located on the surface of a polymer
thread made of aramid fibers, can be represented as
the metallic fractal clusters.

The publications describe various cases of the occur-
rence of low-field electron emission with the decreased
size of particles on the surface of materials up to tens
of nanometers and less [11-15], as well as the genera-
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MOHATUE «TOKAJTTN3ALUNA DOTOHA»
BO ®PAKTA/IbHOM KJIACTEPE
JddexT noxanmusanyy GOTOHA B CHUCTEMe pacCeMrBa-
TeJell MOKHO OKUIATh MPU BHIIIOJHEHHUU OIlpene-
JIeHHBIX YC10BUH [29]. TIpexkaie Bcero, CpefqHssl ATMHA
IIOIVIOIeHUs GOTOHA |, HOJKHA OBITH OOJIbIIE IJIHMHBL
ympyroro paccesuus l.. Kpome Toro, ceyeHue yIIpy-
FOT0 paccesiHUs Ha OTAeNbHOM YacTHIIe LOJIKHO OBITH
IOCTAaTOYHO BEJIUKO. B MPOTHBHOM Ci1y4ae obpa3oBa-
HHe [IeTJIM MaJIoBeposiITHO, T.K. MHaYe He byzeT ycio-
BUI [I/IS1 «pa3BepPTHIBAHUSI» IBHKeHUS GOTOHA.
Hcnonb3yeM JJIsI OIIMCAHHUS 3THX YCJIIOBUI BhIpaske-
HHUSsI, IIONy4YeHHble B paboTe [28]:

la=(n00a)_1 ul= (noos)_l,

e 0, - CedyeHHe IIOIJIOLIeH s CBETA OT/e/IbHBIM pac-
ceHBaTesleM;
0, -~ Ce4eHHe YIIPYroro pacCessHUS CBeTa OT/e/Ib
HBIM pacCerBaTeseM;
N, - KOHIIEHTPALIMS pacceHBaTe/ler B CHCTeMe.

Ha mepBBINl B3IJISZ, H3-32 MaJIOCTH CedeHHS
YIIPYIOro paccessHUS OTAeNbHBIM P3/TI€eBCKUM Ppac-
cerBaTesleM C PafiUycoM R, Jaske MpH MaKCHUMAaJIbHO
OOCTMDKUMBIX GaKTOpax YIIAKOBKH Ilapamerpa p=A/l,
OIlpefesISIOINero BepOSITHOCTh JIOKATM3al[UH, OCTa-
eTCsl TpeHeOPesKMO MalbIM: 0,/ TIR= (R/)\)4<< 1.

9TO [OEHCTBUTENBHO TaK, HO CHUTyalHsl MeHS-
eTcsl, eC/IM YacTOTa I1afIAlolNero KBaHTA @ COBIIAJIAET
C YaCTOTOM KaKOHW-JIMO0 3/1eKTPOMArHUTHOHM MOJBI
OTJe/IbHOTO paccerdBatesisi. Hampumep, As IOBepx-
HOCTHOTO IJIA3MOHA CPepHUYeCcKON MeTa/l/TUYeCKOH
OT/Ie/IbHOET YaACTHIIBI C PAIHYCOM R MMeeM: =g/ /3,
Ihe o, - KIacCu4ecKas IIa3MeHHas 4acToTa Heorpa-
HUYeHHOI0 3JIeKTPOHHOIO rasa [28].

B sToMm ciydae st cheprueckor MeTa/LIMYecKOH
OT[Ee/NIbHON YaCTHLBl CeYeHHe YIIPYyroro pacCesHHs
CBeTa yacTulleH byner paBHO [28]:

0,=8/3[nR2 (2nR/A)*] [@*/ (02~ +y2e, ]

U HMMeeT Pe3KHHM MaKCHUMYM, TaK Kak IMIHPHHA IUIa3-
MEHHOro pe3oHaHca y=10"7 I8 MHOTHX MeTasl-
JIOB, a Ce4YeHHe IIOIVIOUIeHHsI CPepHUecKOM MeTas-
JTUYeCKON OTAEAbHOM YacTHUIB OyleT paBHO:
0,=8nR?yw*/ )\[(wz—wlz)2+y2 oolﬂfl , 1 $aKTOp YIIAaKOBKHU
YaCTHUI] B CHCTeMe paBeH: f=4/31R3n,,.

B sTom ciy4ae mapametp p=(R/ )\)3 f/y> mocturaer
eIUHHULBl Aas dacTul ¢ R/A=10"! yxe mpu f=0,1.
JinvHa mornomeHus $oToHa |, ocTtaercs mpu 3ToM
CPaBHHMOM C JUIMHOM yIIPyroro paccesiHus [ [29].

TakuM 06pa3oM, IJIOTHO YIIaKOBaHHBIE CHCTEMBI
HAaHOPa3MePHBIX META/UIMYECKUX YaCTHUIL IIPU YacTo-
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tion of threads made of individual tin atoms [16]. The
studies of the dispersed media influence, including
any metal particles, on the propagation of electro-
magnetic radiation, including the optical range, have
been conducted for quite a long period of time [17-28].
Various effects have been found that require further
theoretical development.

For example, an external electromagnetic wave
propagating in a system of low-capture scatterers, as
a result of multiple rescattering is capable of “moving
in loops” in a limited spatial region. The reason for
this phenomenon shall be the specific interference
effects that occur even in a completely disordered
system of particles [24-26, 29]. The effect of capturing
external radiation in the optical wavelength range by
a fractal cluster, for example, on the Rayleigh par-
ticles, is called “photon localization” that can be con-
ditionally considered as a channel for “dissipation” of
incident radiation, complementing the classical ones,
such as inelastic scattering and absorption.

THE"PHOTON LOCALIZATION" CONCEPT
IN A FRACTAL CLUSTER
The photon localization effect in a system of scat-
terers can be expected under certain conditions [29].
First of all, the average photon absorption length I,
shall be greater than the elastic scattering length ;.
In addition, the elastic scattering cross section on an
individual particle shall be large enough. Otherwise,
the loop generation is unlikely, since otherwise there
will be no conditions for “unfolding” of the photon
movement.

To describe these conditions, the expressions
obtained in (28] shall be used:

la=(noca)_1 ul= (noos)_l,

where g, - light absorption cross-section of an indi-
vidual scatterer;
g, - cross-section of light elastic scattering by
an individual scatterer;
n, - concentration of scatterers in the
system.

At first glance, due to the small elastic scattering
cross-section of an individual Rayleigh scatterer with
the radius R, even at the maximum achievable pack-
ing factors of the parameter p=A/l; that determines
the probability of localization, this value remains neg-
ligibly low: o,/mR=(R/})* 1.

This is indeed the case. However, the situation is
changed if the frequency of the incident quantum
coincides with the frequency of some electromagnetic
mode of a separate scatterer. For example, for the
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TaX BHEIIHEro H3/ly4eHHUs , SIBASIOTCS IIOAXOJIS-
IIMMH KaHAWJATaMK 1Sl HabimofeHUs SIBIeHMS
JIOKa/JIM3allud POTOHOB B AHAIa30He YacTOT OT BH/IH-
MOT0 [I0 Y1bTPadHOIeTOBOIO.

CiemyeT oTMeTUTH paboty [29], B KOTOPOI BBeIEHO
MOHATHE «IOKAJIM3aLUs POTOHa» BO PpaKTaJbHOM
K/IacTepe C IOAPOOHBIM OMMCAHHEM 3TOro 3pdexTa.
B pabore [29] ¢ ucmonbp3oBaHKEM [AHATPAMMHOIO
MeTO/la CO3/IaH HOBBII IMOAXOJ K OMMCAHMIO 371eKTPO-
OUHAMHYeCKHX CBOMCTB QPaKTAIbHBIXOIO KIacTepa,
COCTOSIILIEI0 M3 HEeIOIVIOMAIOMMX TBepAbIX YaCTHII.
[TpoBefeHO HCCIeN0BaHUe SIBIeHUS IePeHOPMHPOBKHU
(yMeHBIIEHHSI) AJTUHBI BOJHBI A BHEIIIHEr 0 U3/Ty4eHHUs
[I0 Mepe ero NPOHUKHOBEHHS BO QppPaKTaJbHBIN KJIa-
CTep W BBIUMCIeHa 3PeKTHBHAasl IU3TeKTpHYecKas
IIPOHULIAEMOCTD GPAKTAIBHOTO KIIACTEPA Egy.

[Toka3aHo, 4TO GPAKTA/BHBIK K/IACTEP XapaKTepH-
3yeTcss HabOpOM 3HAUeHHH Egy, KaXK/I0€ UX KOTOPBIX
COOTBETCTBYeT CBOEH CTelleHH IIepeHOPMHPOBKHU A.
[TokasaHo, uTO 3QPeKTUBHAS AHITeKTPUYecKas IIpo-
HUIIaeMOCTb KJIacTepa SBJSeTCS KPUTHYECKOM QyHK-
Lpen GpakTaIbHON Pa3sMepPHOCTH KilacTepa d, v mpu d,
MeHBIINX HEeKOTOPOro KpUTHYeCcKOro 3HaueHHsI, OHa
MO3KeT 6BITb Upe3BBIYAHO BHICOKOM.

BHemHHUN GOTOH, MONAJAINIHI BO GPaKTaIbHBIN
KIacTep, HMeeT BO3MOXKHOCTb «pasI/IsiieTb» Mac-
mTabHYI0 MHBAPHAHTHOCTh KIacTepa. [THHA BOJIHBEI
doToHa B Ki1acTepe A, CTAHOBUTCS HAMHOIO MeHbIIIe
BHEIIHEeH A, HO 4acToTa GOTOHA ® IIPH 3TOM He MeHs-
eTcsi, T.K. ONHOBPEMEHHO yMeEHBIIAeTCsi CKOPOCTh
doToHa, T.e. IO Mepe yMeHbIIEHHUS [JIMHBI BOJHBI
doToH mpuobpeTaeT CIOCOOHOCTh «Pa3IISIABIBATH»
Bce Oolee MenKHe [eTaaH CTPYKTYphHl. [anbHOMeH-
CTBYIOIIME KOPPeISLMM B PACIONOKEHUH YacTHIL
dpaKkTasbHOIO KJIacTepa, BU3yaJbHO BhIpPasKaloIlHecs
B CBSI3HOCTHU KJIACTepa, SBJSIOTCS IPUYHUHON yYMeHb-
IIeHUs JIHHBl BOJHBI A BHELIHETo H3/y4eHHUs IIpU
«3aLMKIMBAHHUI» B HEM.

[lepeHOPMHUPOBKA A IIPOHCXOAMT CIeAYIOUUM
obpasoMm. ITagaromyi Ha Kiaactep QOTOH C IJIMHOU
BOJIHBI A IIOPSIIKA XapaKTepHOro pasMepa kiaacrepa L
«yJIaBIMBAeTCsl» KaKOM-HUOYOb NOCTATOYHO KPYIIHOM
II0/I0CThI0 PPaKTANIBHOIO KJIacTepa (IIepBUUYHOI pe3o-
HAHCHOI II0JIOCTBIO). DTO y/lIaBlIMBaHHE IIPUBOSUT
K pocTy 3$PeKTHBHOM AM3IeKTPHUUeCKON IIPOHHIIAe-
MOCTH KJIaCTePa €4y, T. K. € BO3PACTAET BOIHM3HU 1106010
3/IeKTPOMarHUTHOIO pe3oHaHca. Bo3pacTaHue €
MHULIMKPYeT, B CBOIO O4epelb, YMeHbIIeHHe IJIHMHBI
BOJIHBI pOTOHA: Aj, =A. POTOH C IIepeHOPMHUPOBAHHOM
IJIMHOM BOMHBI A, HaXOAWUT APYIYI0 Pe30HAHCHYIO
[I07I0CTh, MEHbIIero pasMmepa. HoBoe ynaBiaMBaHHe
BHOBb CTUMYJIHpPYeT BO3pacTaHHUe € U HOBOe yMeHb-
meHHe Ay, U T.[. B pesynbraTe Bce IIOJIOCTH KJa-

=

surface plasmon of a spherical metallic individual par-
ticle with the radius R the following expression can be
obtained: w;=w,/ ﬁ, where o, is the classical plasma
frequency of an unlimited electron gas [28].

In this case, for a spherical metallic individual par-
ticle, the cross section of light elastic scattering by the
particle shall be equal to [28]:

0,=8/3[nR2(2nR/A)*] [0*/ (02~ +y2w,]

and shall have a sharp maximum value, since the
plasma resonance width is equal to y=1072 for many
metals, and the absorption cross-section of a spheri-
cal metallic individual particle shall be equal to:
oa=81'[R2y034/)\[(o.)z—colz)2+y2col“]_1 and the packing fac-
tor of particles in the system shall be: f=4/3nR3n,,.

In this case, the parameter p=(R/ )\)3f/y2 shall be
equal to one for the particles with R/A=10"! already at
f~0.1. The photon absorption length I, shall remain
comparable to the elastic scattering length I, [29].

Thus, the densely packed systems of nanoscale
metallic particles at the external radiation frequen-
cies w; shall be the suitable candidates for observing
the photon localization phenomenon in the frequency
range from visible to ultraviolet.

It shall be worth noting the paper [29] that has intro-
duced the concept of “photon localization” in a fractal
cluster with a detailed description of this effect. In the
paper [29], a new approach to the description of elec-
trodynamic properties of a fractal cluster consisting
of non-absorbing solid particles has been developed
using the diagrammatic method. The phenomenon
of renormalization (decrease) of the external radiation
wavelength A as it penetrates the fractal cluster has
been studied, and the effective capacitivity of the frac-
tal cluster g;. has been calculated.

It is shown that the fractal cluster is characterized
by a set of values g, each of which corresponds to its
own renormalization degree A. It is shown that the
effective capacitivity of the cluster is a critical func-
tion of the fractal dimension of the cluster d, and if
the d value is less than some critical value, it can be
extremely high.

An external photon entering the fractal cluster has
the ability to “discern” the cluster scale invariance.
The photon wavelength in the cluster A, becomes
much smaller than the external value A, but the
photon frequency  is not changed, since the photon
speed is simultaneously decreased, i.e. as the wave-
length decreases, the photon acquires the ability to
“discern” the increasingly smaller structural details.
The long-range correlations in the arrangement of
particles of the fractal cluster, visually expressed
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CTepa MOIYT 3aIlOJIHUTbCA IIepeHOPMHUPOBAHHBIMH
BUPTYQJIBHBIMH QOTOHAMH, B TOM YHKC/Ie U TEMH, Ybs
A~ 0. HIX 30 peKTHBHasI CKOPOCTh HYJIeBasl.

JlokanusaLus CBeTa CBs3aHA C 3aMKHYTBIMH IIeT-
JSIMH Ha TpaeKTOPHSX BUPTYalbHBIX GOTOHOB [29].
Ecnu $oTOH coBeplIaeT 3aMKHYTYIO IeT/ni0, Haber
da3bl ero BOTHOBOM QYHKILMK HYI€BOM. AMIIIUTYABbL
BEPOSITHOCTH, COOTBETCTBYIOIIHE IBYM BO3MOKHBIM
criocobaM obxoza meTiu (110 X0y BpallleHHs YacOBOM
CTPeJIKM M HaobopoT), HHTepPOEPUPYIOT KOHCTPYK-
THBHO HE3aBHCHMO OT CTeIleHH HeYIIOPSINO04eHHOCTH
paccenBaTenei. Jliobas IeTass — 3TO BO3BpallleHHe
Ha3az. [ToCKOIbKY BEPOSITHOCTh 0Opa3oBaHMUS IETIH
13-32 II00OHOTO posa HHTephepeHLIUH YBeIHUYHBa-
eTCsl, BO3pacTaeT M paccesHHe B 3aJHIOI0 IIOnycdepy.
9To, B CBOIO OYepefb, CTHMYJIHUPYyeT oOpa3oBaHHe
HOBBIX IIe€Te/Ib U T. [I. Pe3y/JIbTaTOM 3TOr0 CaMOIIOALep-
SKABAIOIIET0 ITpolLiecca SIB/seTcs «3allupaHue» GOToHa
B OFPAaHUYEHHOM 06JIaCTH ITPOCTPAHCTBA ~ «JIOKAIK3a-
LIHS CBeTa».

OT/INMYUE OT CTAHAAPTHOI'O OINMMNCAHNA

NOKATN3ALUUNUN CBETA

CTaHJapTHas CcXeMa ONMCAHHUS JIOKATH3alHUK CBeTa -
cBelleHHe ypaBHeHHs bere-ConmnuTepa ISl HelpH-
BOJHMMOK YeThIPeXTOUeYHOM BepUIMHHON QPyHKILHHU
(4eTBIPeXXBOCTKM) B HMIIyJbCHOM IIpefCTaBAeHUHU
K TPAaHCIIOPTHOMY YpaBHeHHIO (ypaBHeHHe IlepeHoca
H3/lydeHUs) U BBeleHUe 3PPeKTHUBHOTO0 KOIPPUIIL-
eHTa AUPPy3HU TeKTPOMarHUTHOH 3Hepruu [29]. Ilo
AQHAJOTHHM C aHJEPCOHOBCKOM JIOKalH3alliel 3J1eK-
TPOHa obpalieHue 3Toro Ko3pduiiieHTa B Hy/Ib O3HA-
4YaeT CH/IBHYIO JIOKA/IM3aI[UI0 CBeTa.

B pabore [29] mopxon K pelleHHIO ypaBHEHHUS
IlepeHoCa H3/y4eHHs OTIHYaeTCs OT CTaHAAPTHOIO.
B ocHOBe IOCTPOeHUH JIEKUT IIpeACcTaBlIeHHe O JIOKa-
TH30BaHHBIX QOTOHAX KaK O TUIIMYHBIX BUPTYaIbHBIX
YacTHULAX, AHAJIOTHYHBIX BHUPTyaJbHBIM (GOTOHAM
KBaHTOBOM 3/IeKTPOAMHAMUKM. ITH GOTOHBI He CBS-
3aHBI HU C IeTeKTOPOM, HU C UCTOUHHUKOM CBeTa.

TUOHYHBIA BUPTyalbHbIM GOTOH [29] - 3TO 3aM-
KHyTasl HeTasi GOTOHHOrO IpoIlaratopa (cBepTka
IOBYX BeKTOPHBIX IIOTeHIIHa/IoB), BBIpacTaloIlasl Ha
I BOMHOM JTMHUM, ONMCBIBAIOLIEHN PaclIpoCcTpaHeHUe
snekTpoHa (puc. 1la), M BO3HHKAalONIlas BO BTOPOM
Iopsiike TeopuH Bo3MyIneHUH (TB) ¢ raMHJIBTOHHA-
HOM H:

Hz(p—eA/c)Z/Zm,
I/ie e 1 M - 3aps/i K Macca YJIeKTPOHa,

€ — CKOPOCTb CBeTa B BaKyyMe,
p — JIeKTPOHHBIN UMITYJIEC,
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in the cluster connectivity, shall be the reason for
the decreased external radiation wavelength A when
“moving in loops” in it.

The renormalization of A shall occur as follows. The
photon with a wavelength A of the order of the typical
cluster size L incident on the cluster shall be “cap-
tured” by some sufficiently large cavity of the fractal
cluster (the primary resonance cavity). This capture
shall lead to an increase in the effective capacitiv-
ity of the cluster ,, since the € value is increased
near any electromagnetic resonance. The increased €
value shall initiate, in turn, a decrease in the photon
wavelength: A =A. The photon with a renormalized
wavelength A, shall find another resonance cavity of
a smaller size. The new capture shall again stimulate
an increased € value and a new decrease in A, etc.
As a result, all cluster cavities can be filled with the
renormalized virtual photons, including those which
Ainc~ 0. Their effective speed shall be equal to zero.

The light localization shall be associated with the
closed loops on the trajectories of virtual photons [29].
If the photon makes a closed loop, the phase incursion
of its wave function shall be equal to zero. The prob-
ability amplitudes relevant to the two possible ways
of the loop bypass (clockwise and counter clockwise)
shall interfere constructively regardless of the disor-
der degree of the scatterers. Any loop shall be a return
back. Since the loop formation probability due to this
kind of interference is increased, scattering into the
back hemisphere is also increased. In turn, it stimu-
lates the generation of new loops, etc. The result of
this self-sustaining process shall be the photon “lock-
ing” in a limited spatial region, namely “the light
localization”.

DIFFERENCE FROM THE STANDARD
DESCRIPTION OF LIGHT LOCALIZATION

The standard description scheme for the light local-
ization shall be the reduction of the Bethe-Salpeter
equation for an irreducible four-point vertex function
(four-tail function) in the momentum representation
to the transport equation (radiative transfer equa-
tion) and introduction of an effective electromagnetic
energy diffusion coefficient [29]. Similar to the Ander-
son electron localization, vanishing of this coefficient
shall mean strong light localization.

In [29], the approach to solving the radiation trans-
fer equation differs from the standard one. The con-
structions shall be based on the idea of localized
photons as the typical virtual particles, similar to the
virtual photons of quantum electrodynamics. These
photons shall not be related to either the detector or
the light source.



A - BeKTOPHBIM [TOT€HILIHAJ 37IeKTPOMaTHUTHOLO
oss.

ITOT 3aMKHYTBIN caM Ha cebsi GOTOHHBIM IIpoIara-
TOp [JaeT HeKOTOpoe IIpefCcTaBleHHe O TOM, YTO IpeJ-
cTaBisieT co60H JTOKATH30BaHHBIH GOTOH (pHc. 12a).

dopmanbHO Jokanu3auus [29] cBsizaHa C BO3HHK-
HOBEHMEM II0/II0CA Y COCTaB/JIeHHOM K3 BeepHBIX IHra-
rpaMM d4eThIpeX XBOCTKU (puc. 12b). Ilomroc momob-
HOTO poja OMMChIBaeT CBSI3aHHBIE COCTOSIHHS Iaphbl
B3aHMMOEHNCTBYIONIMUX YacTHUI], HapUMep, 3KCUTOH.
B paccMaTpuBaeMBIX 3afladax O pacIpocTpaHeHHU
OJHOIO eAWHCTBEHHOro (pOoTOHA BepUIMHHAasg QYHK-
LIMsI OITHChIBaeT 3pPpeKTHBHOE B3aHMO/IEHCTBHE [1aphl
BUPTYa/IbHBIX GOTOHOB (puc. 12b), obxomsmiux 3am-
KHYTyI0 IeT/II0 Ha TPaeKTOPHH B JIByX ITPOTHBOIIO-
JIOKHBIX HaIlpaBJeHUSX (TouHee, HMHTepdepeHIIHI0
AMIUIATY[, COOTBETCTBYIOIIMX 3TUM [BYM HaIlpaBile-
HUAM 06x07a).

B oTi4ue OT OOIIeNpHHSTOM CXeMBbl B pabote [29]
yAaoCh pellrTh ypaBHeHHe Bere-Conmurepa HeIo-
CPelCTBEHHO B KOOPAHMHATHOM IIpe[CTaB/IeHHUH.
B pamKax IpejjaraeMbIX IIOCTPOEHHH HeT HHUKAKOM
HeoOXOMMMOCTH BBeHeHUS KO3QPHUIIHeHTa 1udoy-
3UM 3JIEKTPOMArHUTHOM 3HePruu. JIoKanu3auus
IIposiBIsieT cebsi IMPOCTO KaK HMHTepdepeHLIMOHHEIe
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A typical virtual photon [29] shall be a closed loop
of the photon propagator (convolution of two vector
potentials) growing on a double line describing the
electron propagation (Fig. 11a) and occurring in the
second order of perturbation theory (PT) with the
Hamiltonian H:

Hz(p—eA/c)z/Zm,

where e and m are the electron charge and mass,
¢ - speed of light in vacuum,
p - electron momentum,
A -vector potential of the electromagnetic
field.

This self-closed photon propagator shall give some
idea of the localized photon (Fig. 12a).

Formally, the localization [29] is associated with
the occurrence of a pole in a fan-shaped diagram of
four tail function (Fig. 12b). Such kind of pole shall
describe the bound states of a pair of interacting
particles, for example, an exciton. In the considered
problems of the single photon propagation, the vertex
function shall describe the efficient interaction of
a pair of virtual photons (Fig. 12b) bypassing a closed
loop on a trajectory in two opposite directions (more

W+W+W©cﬂv¥
U + WA + U DvaP
e + LR
«/@:.%Dm/\%lv%ﬂ

N | R

-

a) b)

Puc. 12. MpedcmasneHue 0 munu4HoOM supmyanbHoM GomoHe: a) nemas GomoHH020 nponazamopd; b) cucmema ypagHeHul
0451 Yemblpex MuUNo8 Nponazamopos, ee céedeHue K 00HOMY YpasHeHU 0As NPONAzamopa 8 KaAubposKe C HyAegbiM CKAASpHbIM
nomeHyuanom 8 namol cmpouke U 00esaHue HenpusoduMOz0 NOASPU3ALLUOHH020 0Nepamopa NA0MHOCMb-NAOMHOCMb

8 wecmoll cmpou4ke

Fig. 12. Conception of a typical virtual photon: a) photon propagator loop; b) system of equations for four types of propagators,
its reduction to one equation for the propagator in the gauge with zero scalar potential in the fifth line and provision of the
irreducible polarization operator (density-density) in the sixth line.

OO
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IIOIIPpaBKKU K Ce€YeHHSM PpacCesaHUsa U IIOIVIOLIEHHS.
HMmeHHO 3TU IIOITIPpaBKH BbIYHCIIAIOTCS, © HMEHHO 3TOT
«CMBICJI» BKJIAABbIBAETCS B CJIOBO «JIOKAJITHM3aITHsI».

OCOBEHHOCTU BUPTYAJIbHbIX ®OTOHOB
Krnaccudeckun HOpHUMep BUPTyalbHBIX QOTOHOB -
BUPTya/lbHble GOTOHBI KBAaHTOBOM 3/1eKTPOJHHA-
MHKH, HCIyCKaeMble JBIMIKYIIMMCS 3JIeKTPOHOM.
9TH (OTOHBI ONMCHIBAIOTCS IIPOIAraTOpoM HI/IH
dysKUOMer I'puHA ypaBHeHMH MakcBesnna, a He
IUIOCKOM 3M1eKTPOMAarHUTHOM BoJHOM. Hampumep,
IpU 3aJaHHOM YacToTe OJIMHAa BOJHBI BUPTyalb-
Horo ¢poToHa A;,, ompenensercss 3dPeKTUBHON CKO-
POCTBIO CBeTa B Cpefie V COT/IAaCHO COOTHOIIEHHIO
®=2mv/\j,;. B ycrmoBusix mokanmsanuu v-0 (cTpe-
MHUTCS K HyI0) 1ub0 NpH odeHb OONBIION BeNH-
YMiHe €, 1100 NPU 0O4eHb OOIBIIOM 3HAYEHHUH IIPO-
usBogHou de/dw.

O6Hapy>keHHOe SIBJIeHHe IpPOoJIMBaeT HOBBIM CBeT
Ha NPUYMHY HM3BECTHOIO HeJOCTaTKa MHOTOYHC/IeH-
HBIX IIPUONIDKeHU 3G PeKTUBHOM cpenbl [29]. B pam-
KaX 3THX TeOPHH B OINpefie/IeHHOM JHalla30He YacTOT
¥ GaKTOpOB YIaKOBKH 3pPeKTUBHASA JUIIEKTpHUEe-
CKasl IIPOHHIIAeMOCTb Cpefpl, COCTOSIEH M3 MasbIX
HeIIOIJIOIIAIOMMX YacTHL, OKa3blBaeTCsl KOMILTIEKC-
HOM, TeM CaMBIM J0IIyCKasl CyIlleCTBOBaHHE B CHICTeMe
HeKOero 3araJo4yHoro mnorjaomeHusi. OQHaKo BCe CTa-
HOBUTCS Ha CBOU MecTa — 3pdeKTHUBHOe MOIJIOIIeHHe
CBSI3aHO C JIOKA/IM3aIeH.

B KkauecTBe IIpHMepa, CBH/ETe]bCTBYIOIIETO
0 HaJeXHOCTH pa3paboTaHHOM AHMArpaMMHOHN Tex-
HUKU B paboTe [29], Bocmpou3BeldeHbl pe3y/lbTaThl
KIaCCUYeCcKOH Teophuu Mu B 3ajade o6 ynpyrom pac-
CestHUH 371eKTPOMarHUTHOHM BOJHBI ChepHUYecKoH
MeTaJUIM4YeCKOH YacTHULer. OGHOBpeMeHHO BCKPBITHI
U ee HeJOCTAaTKH, 3aK/Ivalolyecs B HeyyeTe 3¢ppex-
TOB IIPOCTPaHCTBEHHOM JMCIIEPCHH, U II0Ka3aHO KaK
HX [IPeofio/IeTh.

B cucTeMe 4YacTHI[ Pa3sHOCTb MeXAY aMILIUTY-
OaMH IIPSIMOTO M 06PAaTHOIrO IIPOXOKIAEHHUSI GOTOHOM
MapIIpyTa «4acTHLA a — YacTHLA b» ompenensercs He
TOJIBKO YIIPYTHM paccesiHMeM, HO U 3allUKIHBaHHEM
HJIM JIOKaJIM3allhel CBeTa MeXX1y 3THUMH YacTHLAMHU.
VIMeHHO 3TO 3aLIUK/IMBaHHe OIMChIBAETCS KOMILJIEKC-
HBIMH COCTaB/ISIOUIMMHU 0,y,.

B paborte [29] mocTpoeHa TeopHs JIOKATH3ALUHU
doToHA B IJIOTHOM CIy4aMHOM YIIAKOBKE pP3JieeB-
CKHX dvacTull. O6HapyskeHa CuIbHas AedopMalius
HHAMKATPUCHl PaccesHUsl CBeTa OTHE/NbHOM YacTH-
Lled CHCTeMBI, BBIPKAIOIIASCA B aHOMaJIbHOM YBe-
JTMYeHUH PaccessHUA B 3afHIOI0 Monychepy, a TakkKe
CHU/IbHA4d YYBCTBUTEJNBHOCTH JIOKAIHU3ALHUKU K THILY
MOJISIPU3aLIMK IAJAIOLIero cBetTa. IIpemyioskeHo Ipen-
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precisely, the interference of amplitudes relevant to
these two bypass directions).

In opposition to the common scheme in the
paper [29], the Bethe-Salpeter equation has been
solved directly in the coordinate representation. As
a part of the proposed constructions, there is no need
to introduce the diffusion coefficient of electromag-
netic energy. The localization is demonstrated simply
as the interference corrections to the scattering and
absorption cross-sections. It is these corrections that
are calculated, and it is this “meaning” that is put
into the word “localization”.

SPECIFIC FEATURES OF VIRTUAL PHOTONS

A classic example of virtual photons shall be the vir-
tual photons of quantum electrodynamics emitted by
a moving electron. These photons are described by the
propagator or Green’s function of the Maxwell’s equa-
tions, rather than by a plane electromagnetic wave.
For example, at a given frequency, the wavelength
of a virtual photon A, is determined by the efficient
speed of light in the medium v according to the rela-
tion w=2nv/A;,,. Under the localization conditions
v-0 that tends to zero either at a very large value of ¢,
or at a very large value of the derivative de/dw.

The phenomenon found sheds new light on the
cause of a well-known shortage of numerous efficient
medium approximations [29]. As a part of these theo-
ries, in a certain range of frequencies and packing fac-
tors, the effective capacitivity of a medium consisting
of small non-absorbing particles turns out to be com-
prehensive one, thereby allowing for the existence of
some mysterious absorption in the system. However,
everything fits together: the effective absorption is
related to localization.

As an example demonstrating reliability of the
developed diagram technique, the results of the clas-
sical Mie theory in the problem of elastic scattering of
an electromagnetic wave by a spherical metallic parti-
cle are reproduced in the paper [29]. At the same time,
its shortcomings, consisting in non-consideration of
the spatial dispersion effects, are found, and it is
shown how to overcome them.

In a system of particles, the difference between the
amplitudes of forward and reverse photon passage
along the route “particle a - particle b” shall be deter-
mined not only by elastic scattering, but also by the
light cycling or localization between these particles. It
is this cycling that is described by the complex compo-
nents a,.

In the paper [29], the photon localization theory in
a dense random packing of Rayleigh particles is pre-
pared. The strong deformation of the light scattering
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CTaB/IeHHe O YaCTOTHOM M KOHLEHTPalMOHHOM JHa-
I1a30He JIOKaJH3aluu GOTOHOB.

IIpemnokenHoe B Ppabore [29] ypaBHeHHe, Kak
U CJIel0BaJI0 OKUIATh, COBIIAJAET C YpaBHEHHEM [
byHkuuu I'pUHA ypaBHeHHMH MakcBe/ia B TOH JKe
KanubpoBKe. IIpensnoskeHHBIN GOpMaNH3M [danee
IIpUMeHseTcsl /ISl pacyeTa BepPOSITHOCTEH OCHOBHBIX
3JIEKTPOAMHAMHYECKHUX IIPOLIeCCOB B LUCIIEPTHPO-
BaHHBIX Cpelax: YIpyroe paccesHMs, IIOIJIOIIEHHE,
Heympyroe paccesHue, $poTo3bdekT U pasHoro posa
Tpex$OTOHHEIE IIPOLIECCHI.

NMPUMEPDbI NCIMOJIb3OBAHUA
NOKATN3ALUN CBETA

Pe3y/IbTaThl 10 HCCIeJOBAHUAM JIOKAIHM3ALMK CBeTa
MOI'YT HCIIO/Ib30BAThCSI IIPH CO3[AHHUHU «CIy4aHHBIX»
(mopoIIKOBBIX) Jla3epoB [29]. B ciydaliHOM fasepe
po/Ib 3epKaJl HUIpaeT MHOTOKPaTHO paccerBaloliast
cpefia - KJIacTepbl M3 HaHOYACTHI] C1abo IOIVIONAI0-
ero Matepuaia (Hanpumep, ZnO). Emle ofUH Bapu-
aHT «CJIy4arHOro» JIa3epa — BBe/leHHe TaKoro ITOPOIKa
B KIOBETY JIa3epa Ha SKUIKHUX KpacuTessix. [locie obny-
YeHHs] BHEIIHUM HCTOYHHKOM CBeTa TaKOH Ja3ep
obecrieyrBaeT KaK yCHJIEHHe, TaK U yAepskaHUe CBeTa
B CHCTeMe 3a CueT MHOTOKPAaTHOIO IlepepaccesiHHS.
B oTnn4Me OT PeryyispHOIO Jiasepa H3jydeHHe «CIy-
YaMHOTO» M30TPOIIHO. He MCK/IOYEHO, YTO «C/ydaM-
HBIF» J1a3ep criocobeH 060MTHCh U BOBCe 6e3 aKTHBHOM
Cpenbl, 3a CUeT BBIHY>KAEHHOIO U3/Ty4eHHs TOKaIU30-
BAaHHOTIO CBeTa.

Ha ocHOBaHMH IIOCTPOEHHOH TEOPHH JIOKAIH3a-
LIMH CBeTa BO ppaKTaIbHOM KiIacTepe [29] BBIYHC/IEHO
BpeMs JKH3HH CBeTa, JIOKA/IM30BAaHHOIO KaK B OJH-
HOYHOM (PpaKkTaJIbHOM KiIacTepe, TakK U B arjiome-
paTe GpaKTaabHBIX KIACTePOB. IIpe/yIosKeHO HCIIONb-
30BaTh BBIHY>KAEHHOe H3/yueHHe JO0Ka/K30BaHHOIO
cBeTa sl Co3faHus (QpaKkTaJbHOIO MMKpoJasepa,
He TpeOylollero MHBEPCHOI 3aceIeHHOCTH ypPOBHeEL
U CI1I0co6HOro paboTaTe B MIMPOKOM JHAIA30HE JTHH.
B pesynpraTe IHpeljioskeHHs 0OQOPM/IEHBI B BHIE
ABTOPCKOT'O CBUJETENBCTBA Ha CI10cob Ipeobpa3oBa-
HMS U3/Iy4eHUsl B KOTepeHTHBIN CBeT YCTPOHCTBAMU
MHUKPOHHOTO pa3mepa [20].

B pa60Te [29] mpenioskeHa Mofenb, IT03BOJSIOMIAS
IOHSTh NPUYMHY TMIAHTCKOIO KOMOHHAIILIOHHOIO
paccesHus (IKP) cBeTa MoJeKy/lIaMH, aacopdbupo-
BAaHHBIMHU Ha IIOBEPXHOCTH MAaJIbIX MeTaJUIMYeCKHUX
YacTHL. B ee ocHOBe JIOKa/IM3aLUs HU3/1y4eHHUs IIPU
MHOTOKPaTHOM HeYIIPYIOM pPacCessHUU CBeTa B aHCaAM-
61e yacTUL. [BUTrasich 110 3aMKHYTOH TpaeKTOPHH,
BUPTYaJbHBIK (OTOH MHOTOKPAaTHO OOMeHHBaeTcs
SHeprueH CO CpeloM PacIpocTpaHeHHs, B030yKmas
B Hel QIYKTyallMH 3apsIOBOM IIOTHOCTH. JHEPIHs

=

indicatrix by a single system particle is determined,
expressed by an anomalous increase in scattering into
the back hemisphere, as well as a strong localization
sensitivity to the incident light polarization type. The
determination of frequency and concentration range
of photon localization is proposed.

As expected, the equation proposed in the paper [29]
coincides with the equation for the Creen’s function
of the Maxwell’s equations with the same gauge. The
proposed formalism is then applied to calculate the
probabilities of the main electrodynamic processes in
the dispersed media: elastic scattering, absorption,
inelastic scattering, photoelectric effect, and various
three-photon processes.

EXAMPLES OF LIGHT LOCALIZATION
APPLICATION

The results of light localization studies can be used to
develop the “random” (powder) lasers [29]. In a ran-
dom laser, the role of mirrors is played by a multiple
scattering medium, namely the clusters of nanopar-
ticles of a weakly absorbing material (for example,
Zn0). Another version of a “random” laser shall be
introduction of such a powder into a laser cell on lig-
uid dyes. After irradiation by an external light source,
such a laser shall provide both light amplification and
retention tin the system due to the multiple rescatter-
ing process. In contrast to a regular laser, the radia-
tion of a “random” laser is isotropic. It is possible that
a “random” laser can do without an active medium at
all, due to the forced emission of localized light.

Based on the obtained theory of light localization in
the fractal cluster [29], the lifetime of light localized
both in a single fractal cluster and in an agglomerate
of fractal clusters has been calculated. It is proposed to
use the stimulated localized light emission to develop
a fractal microlaser that does not require any inverse
population of levels and is capable of operating in
a wide range of lengths. As a result, the proposals are
formalized in the form of an inventor’s certificate for
a method for radiation conversion into the coherent
light using the micron-sized devices [20].

In the paper [29], a model is proposed that allows
us to understand the cause of giant Raman scattering
(CGRS) of light by the molecules adsorbed on the sur-
face of small metallic particles. It is based on the radi-
ation localization during the multiple inelastic light
scattering in an ensemble of particles. When moving
along a closed trajectory, the virtual photon repeat-
edly exchanges energy with the propagation medium
while exciting fluctuations in the charge density. The
energy of these fluctuations can be an arbitrary value,
less than the photon energy.
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3TUX QIYKTyallMH MOXKeT ObITb ITPOM3BOJIPHOK BeJIH-
YMHOM, MeHblllel 5HepTuu GoToHa.

CubHBIe JIOKAJIbHBEIE IIOJISI, CBS3aHHEIE C 3THMHU
GIyKTyalMsIMHU U CyIeCTBYOIIHE BO BCEM YaCTOTHOM
guamna3oHe ot UK mo YO, aBngioTcs HPI/I‘-II/IHOI;I T'KP.
OCcobeHHOCTH IIOBeleHHsl 3THUX QIYKTyal[UH I103BO-
NS0T OOBSICHHUTH CIlelHuYeckKue 4YepThl (GIHKKep-
IIyMa, a TaKKe OOBSICHSIOT KaTa/IUTHYeCKHe CBOMCTBA
MaJIbIX MeTa/I/IN4ecKHX YacTHUI].

Kpome T1oro, B pabote [29] mpennoskeHa HoBas
MoOJeslb, OIMCBIBAIOMAS >KUAKOMEeTaTIHUYeCKUU
3ddexT PebrHAepa, B OCHOBe KOTOPOH JIESKUT IIpen-
CTaBjlleHHe O BO3MOKHOCTH JIOKaJIH3aLlUHU 3T1eKTPo-
MarHUTHOIO IO/l B CKJIaJKax IPaHHULBI pasfesna
da3 ¥ KOMIIOHEHTOB KHUJKOH 3BTeKTHUeCKOH CMeCH,
3aIIOIHSIOINEeN TPeIIMHBEl B II0BEPXHOCTH TBEPIOTO
MeTajjla (TUIMYHBIM IPUMep — >KHUJKasl IBTEKTHKA
In u Ca Ha moBepxHOCTH Al). ITOCKOTBKY B KakKIOH
[IPOCTPAaHCTBEHHOMN TOYKe 35BTeKTHUYECKOM CMecH
COCeICTBYIOT TPH Pa3IHUUHBIX Cy6CTaHLMHK (OLHOPOA-
HBIM pacmnaB In+Ga, TBeprbldl In u TBepAblil Ga),
CHCTeMa CKJIaJ0K TaKoro MHTepderica MOJelHUpyeTcs
M3BeCTHOM B TOIIOJIOTHM CTPYKTypol Bazwl-Bpayspa -
IIOBEPXHOCTBIO, Pas3leNsionier TPHU Pa3THYHbIX 06Ja-
CTU B KaSKIOM CBOEH TOYKe.

Jlokanu3oBaHHBIe GOTOHBI CIIOCOOHBI «BBIKJIIO-
YUTh» KYJIOHOBCKOe IIPUTSDKeHHe QIYKTyalluH 3apsa
Ha IIPOTHUBOIIONIOKHBIX «beperax» 3aIloIHEHHOM
3BTeKTHMKOHN TpeIlHHbI, obecrmeuunBawiler BaH-gep-
BanbcoBcKoe IpUTsDKeHHe 6eperos. IlpelncKasaHo
sIBJIeHHe MCIIYCKaHUS JIOKAJIKM30BAaHHOIO CBeTa IIPU
SKUAKOMeTa//In4YeckoM 3¢deKkTe PebUHAepa U aHAIIO-
THYHasl S5MHCCHUSA M3 Ka3UMHPOBCKOH IIeNIH C Hapy-
IIeHHOHU CUMMeTpHeH.

I[Toe3HBIM pe3ynbTaToM paboTsl [29] siBiIsteTCs BO3-
MO>KHOCTb HCIIO/Ib30BaTh eIlle OJHO CBOKCTBO, BO3HHU-
Kalolllee ITPY JIOKAIU3ALUKU GOTOHA, 1)1 OOBSICHEHUS
GOpPMUPOBAHUS IIUPOKOIO «OCHOBAHHS» B HHKHEH
YaCTH KOHYCA UePeHKOBCKOIo H3ay4deHHs (puc. 12a).
Takast BHemHsAs GopMa 4YepPeHKOBCKOIO H3J/y4eHHS,
chopMHUpOBaHHasl NP BO3HUKHOBEHUH IIpobosi Ha
yberaromux 31eKTpoHax (CKOPOCTH 37eKTPOHOB 671H3-
KHe K CKOPOCTH cBeTa) [30-32], 3adukcrupoBaHa IIpU
paspsiie Ha IO MEPHOM HUTH JAJIMHHOM 30 M C MeTasl-
THUYecKHMHU QPaKTa/JIbHBIMM KlacTepaMu (IIPU HaIpsi-
SKeHHOCTH 3/eKTpudeckoro mosis 30 xkB/m) [30, 32].
Hcronp3oBaHHBIe B 3KCIIeDHUMeHTe KOMIIO3HTHBIE
HUTH, IIpe[CTaBleHHble MeTa/UIMYeCKUMH QPaKTaab
HBIMH KJIACTepaMH, IIPeAIIONOKUTENIbHO 00JIafaioT
CBOHCTBAMU MeTaMaTepHasa C OTPHLIATeJIbHOM OH3-
JeKTPUYecKOM IPOHHIIAeMOCThIo [1, 6, 8].

Y4uTEIBasi, YTO B MeTaMaTepHalax da3oBasi CKO-
POCTb M TPYIIIOBasi CKOPOCTh HAIIPaB/IeHBl B pa3HbIe
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The strong local fields related to these fluctua-
tions and available in the entire frequency range
from IR to UV shall be the GRS cause. The behav-
ioral features of these fluctuations allow us to
explain the specific features of flicker noise and
also explain the catalytic properties of small metal-
lic particles.

In addition, a new model describing the liquid-
metal Rehbinder effect is proposed in the paper [29]
that is based on the idea of possible electromag-
netic field localization in the folds of phase bound-
ary and components of a liquid eutectic mixture
filling the cracks in the solid metal surface (a typi-
cal example shall be the liquid eutectic of In and Ga
on the Al surface). Since at each spatial point of the
eutectic mixture three various substances are adja-
cent (a homogeneous melt of In+Ca, solid In and
solid Ga), the system of folds of such an interface is
modeled by the Wada-Brauer structure well-known
in topology, namely a surface separating three vari-
ous regions at each of its points.

The localized photons are capable of “switching
off” the Coulomb attraction of charge fluctuations
on opposite banks of a eutectic-filled crack that pro-
vides for the Van der Waals attraction of the banks.
The phenomenon of localized light emission in the
liquid-metal Rehbinder effect and similar emission
from a Casimir gap with the broken symmetry are
predicted.

The useful result of the paper [29] is possible
application of another property occurred during the
photon localization process to explain generation
of a wide “base” in the lower part of the Cherenkov
radiation cone (Fig. 12a). Such an external form of
Cherenkov radiation obtained during the occur-
rence of breakdown on runaway electrons (the elec-
tron velocities close to the speed of light) [30-32],
has been registered during a discharge on a 30 m
long polymer thread with metallic fractal clusters
(at an electric field strength of 30 kv/m) [30, 32].
The composite threads with metallic fractal clusters
used in the experiment presumably have the prop-
erties of a metamaterial with negative capacitiv-
ity [1, 6, 8].

Having considered that the phase velocity and
group velocity in metamaterials are aimed at vari-
ous directions for Cherenkov radiation (“inverted”
Cherenkov radiation) [8], the phase velocity shall
determine the tip of Cherenkov radiation, and the
group velocity shall be opposite and shall influence
the formation of its “base”.

However, when photons are localized, the group
velocity in the metallic fractal cluster is decreased
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CTOPOHBI /ISl YePeHKOBCKOr0 H31y4ueHHs («obpalieH-
Hoe» YepeHKOBCKOe H3/1y4yeHue) [8] - mpu sTom daso-
Basi CKOPOCTb OIIpe/ieisieT OCTPLe YePeHKOBCKOTO U3y~
YeHHs], a IpyIIoBas CKOPOCTb - IPOTHBOIIOJIOXKHA
Y B/IHMSieT Ha OPMHUPOBAHHE €r0 «OCHOBAaHMS».

OpfHaKo IIpH JIOKAJIM3aUUH GOTOHOB yMeHBIIAeTCS
TPYIIIOBasi CKOPOCTh B MeTAZIMYEeCKOM OPpaKTalb-
HOM KJIacTepe M BO3HHKaeT CHJIbHAasg AedopMaliMs
MHAUKATPUCBl pacCesHUs] CBeTa OTAeIbHOM YaCTH-
Llell CHUCTeMbl, BBIPKAIOUIEHCS B aHOMAJbHOM YBe-
JTUYeHUH PacCessHUS B 3a[JHIOI Ioaychepy U H30-
TPOIIHOTO H3/1ydeHUs [29], KOTOpoe MOXKeT NpHUBECTH
K PE3KOMY PaCIIMPEHHUIO «OCHOBAHUSI» YePEHKOBCKOTO
u3nydenus (puc. 13a).

AHa/IOTUYHYI0 QOPMY H3/IyuyeHHH MOXKHO Habiro-
IaTh U /IS BBICOTHOrO Ipobos «CrmpanT» (puc. 13b)
Ha yberaromiyx 3JMeKTPoHaX (CKOPOCTH 371eKTPOHOB
6IM3KH K CKOPOCTH CBeTa) (31, 32], BO3HHKAIOIIMX
IIPU BO3[MCTBUU BBICOKO3HEPreTHUYeCKUX KOCMHUe-
CKUX YacTHIl Ha $paKkTajabl U HauHMHAIOIHecs C UX
MHKporpoboeB. Bo3aMoxkHO, HabmomaeMoe «obpalieH-
HOe» YepPeHKOBCKOe H3/ydyeHHe (BBICOTHBIM IIPoboii),
HaIlpaB/IeHHOe K HCTOYHUKY — HABCTPedy BBICOKOSHEp-
reTHYeCKUM KOCMHYEeCKUM YaCTHLIAM, TaKkKe IIPOMC-
XOOUT Ha QpaKTaIax C «a>KypHOIM apXHUTeKTypoi» [31],
ob/laaloIUX CBOMCTBAMM MeTaMaTepPHasloB C OTPH-
LlaTe/IbHOM IM3/1eKTPHUYeCKON IIPOHHIIAeMOCTBIO.

BbIBOAbl MO YACTU 2

TUIIOTETUYECKH MOKHO IIPEAIOJIOKUT, YTO IIPU
OIpEe/IeNIEHHbIX YC/IOBUSIX BHEIIHSS 3/eKTPOMAarHUT-
Hasl BOJIHA, PACIIPOCTPAHSIOIASCS B cHcTeMe c1abo
IIOTJIOMAIONINX PACCeUBATeeH, B pe3yIbTaTe MHOTO-
KPAaTHOTO IlepepaccesHUs] CIOCOOHA «3aLIUKIHUTHCS»
B OTPAaHHUYEHHOM 00/1aCTH MPOCTPAHCTBA U IIPUYHHA
3TOTO SIBJIEHUS - CHeluduueckue UHTEPPEepeHIIHOH-
Hble 3deKTs, UMeI[He MeCTO Jake B abCOMIOTHO
Pa3yIIOpSIIOUEHHON CHCTeMe YacTHL. ITOT 3bdexT
yIaBIHUBaHUS (QPAKTAJTbHBIM KJIACTEPOM BHELIHEro
M37y4YeHUs B ONTHYECKOM [Halla3oHe [JIUH BOJH
Ha3bIBaJIU <<)'IOKaJ'[I/I3aL[I/IeI;I (I)OTOHB.», KOTOPYIO MO>KHO
pPacCMaTpHUBATh YCJ'[OBHO KaK KaHaJlI «OJUCCHUIIALIHH»
[IAIAI0IIEr0 U3/IyYeHuUs!, AOIOMHSIOUUN KIACCHYe-
CKHe - HeYIIpyroe paccessHUe U IOIJIOLIeHHe,

CyTh «IOKQJIM3ALIMU CBETa» XOPOIIO HILIIOCTPU-
pyeT C/lemyommas IIpocTasi aHAIOTHs, IIPeJIosKeHHAs
B pabote [29]. HabepeM HEMHOrO BOZABI B IIHPOKUE
COCyl W CIIyCTS HeKOTOpoe BpeMs t OTKpoeM Y3Koe
CJIMBHOE OTBepCTHe. [IpU YCIIOBHUU, UTO IIPHUXOJ, BOJIBI
Q B cocy[ B TOUHOCTH PaBeH ee CJIUBY, YPOBEHb BOMbI
B CcOCy[e BCKOpe CTabuIu3upyercs Ha oTMeTke H (dop-
Mmyna Toppuuennu). ECIM IepBOHAYaIbHBIN YPOBEHb
BOZBI B COCyZe MaJl, TO COCYZ HAIlOJIHSeTCs 0 H,

i g

and a strong deformation of the scattering light
indicatrix by an individual particle of the system
occurs that is expressed by an anomalous increased
scattering into the back hemisphere and isotropic
radiation [29] that can lead to a sharp expansion of
the “base” of Cherenkov radiation (Fig. 13a).

The similar form of radiation can be observed for
the high-altitude sprite breakdown (Fig. 13b) on
the runaway electrons (the electron velocities are
close to the speed of light) [31, 32], occurring due to

a)

b)

Puc. 13. Pa3psdsi: a) 3nekmpuveckull pa3pso 8 HanpasneHuu
pacnpocmpaxeHust 3AeKmpomMazHumHou 80/AHbI 800Ab
NOAUMEPHOU HUMU U3 80A0KOH dpamudd ¢ HAHOOCMpPOB8KAMU
anoMUHUS; b) 8bicomHbill pazpsd «Cnpaiim»

(ucmouruk [32])
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a eCIH 3a[ep>KKa BOMBL IIepef] OTKPHITHEM OTBEPCTHS
IOCTAaTOYHO 60sbIIast, TO M36BITOK BOIBI YXOOHT.

Poib BOZbI HIPaeT HU3lydeHHe, COCYA - CHCTeMa
YaCTHLI, BoJa B COCyZe ~ JIOKATU30BaHHbIH CBeT. ECIH
BpeMs >KM3HU [ JIOKQJIM30BAaHHOrO GOTOHA Malo,
CHCTeMa pearupyer yMeHbLUIEHHeM paccesHHUs (Cocyn,
HAIIOJHSeTCS BOLOM), a eC/d t U3JIHIIHE BeJIHUKO, TO
paccestHHe yBeTUYUBAeTCs (M3/IHIIEK BOIbI YXOAUT U3
cocyza).

OPNHAHCUPOBAHUE PABOTDI
HccnemoBaHMe BBIIIOJIHEHO 3a CYeT IPaHTa Poccun-
CKOro Hay4Horo ¢poHna Ne 24-29-00129,
https://rscf.ru/project/24-29-00129/.
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the impact of high-energy cosmic particles on the
fractals and beginning from its micro breakdowns.
It is possible that the observed “reversed” Cheren-
kov radiation (high-altitude breakdown), directed
towards the source (towards the high-energy cos-
mic particles), also occurs on the fractals with
“lattice architecture” [31] having the properties of
metamaterials with negative capacitivity.

CONCLUSIONS FOR PART 2

Hypothetically, it can be assumed that under
certain conditions, an external electromagnetic
wave propagating in a system of weakly absorbing
scatterers as a result of multiple rescattering is
capable of “moving in loops” in a limited spatial
region, and the reason for this phenomenon is
specific interference effects that occur even in
an absolutely disordered system of particles. This
effect of capturing external radiation in the optical
wavelength range by a fractal cluster has been
called “photon localization” that can be considered
conditionally as a channel for “dissipation” of
incident radiation, complementing the classical
ones, namely the inelastic scattering and
absorption.

The essence of “light localization” is well illus-
trated by the following simple analogy, proposed in
the paper [29]. Let us collect some water in a wide
vessel and after some time t open a narrow drain
hole. Provided that the water inflow Q into the ves-
sel is exactly equal to its outflow, the water level in
the vessel shall soon stabilize at the H mark (Torri-
celli formula). If the initial water level in the vessel
is low, then the vessel is filled to the H mark, and
if the water delay prior to the hole opening is large
enough, then the excess water shall be drained.

The role of water is played by radiation, the ves-
sel is a system of particles, and the water in the
vessel is localized light. If the lifetime t of a local-
ized photon is short, the system reacts by decreas-
ing scattering (the vessel is filled with water), and
if t is excessively large, then scattering is increased
(excess water is drained from the vessel).
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LLIMPOKUIA CNEKTP NPoayKLUM
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OO0 «CNexkTp» — aKkTUEHO PA3BWMBAKLWAACA KOMMNaHMA, cnéu,uanu-
IMPYIOWSACH Ha pa3paboTie, NPOM3BOACTES W NPOOAME CRELMani-
IMPOBAHHON XMMWYECKOW NPOOYKUWMK, 3 TaKHe WM3Oenyd, KoTopoie
HaxoOaT NPUMEeHEHME B Da3NUHHBIX CTRACNAX POCCUACKOM NPOMBIL-
NEHHOCTW.

Za 12 neT paboThl KOMMNAHWA CMOMa FABCEEATE AOBEPUE GONBLUMH-
CTEa HPYNHBX NPeAnpuaTHi4A M Hay4YHBIX OpraHdIagmia Pocouu
W BrvaHero 3apyGemen. HawW KNMeHTEl — 3T0 NPEQNPWATHA, BXO0A-
WwMe B HopnopauuK Poctex W PockocMmoc, B HoHUepH Pocatowm,
a Tawxe B NazepHyo accouMaL.

BricokMi NpogeccioHanM3M COTRYOHWKOB, WMPOKKMA KPYT HaOem-
HElX NapTHepoE oBecNedYuealoT peweHde mobbix NoCTARNEHHEIX
KAMeHTaMIA 3a0a49.

Ha cerogHAWHKWA OBHE TEXHONOMMM WM NPOOYHUWA NPeanpyaTHa
YHMKANBH B NOOAENAKLWES GONELUMHCTES NOIMLUMA HE MMEeKT aHano-
roe 8 Poccui, a pag NPoayKToR — B MUpe.

B NpoW3B0OAcTEEHHONR HoMEHKNaTYpe QOO0 «CnexkTps HacYMTeIBa-
e1cA Gonee 150 HaKMMeHoBaHWA NPOoOAYKLMK TAKWX HANPaBNeHKUK Kaik

NNEHKOOBPA3YIOLWMWE MATEPUANDbI (MOM)

ONnA BAKYYMHOIMo UCNAPEHUA

Kepamuyeckme mMaTepuransl (oKcuabl, GToOpWabl, XanbKOreHMObl, YWCTEIE METanN-
nel) 8 Buae TabneTok, rpadyn, AMCKOE NPUMEHAINTCH ANA BaKyyMHOMS TepMude-
CHOM, 2NeKTROHHO-NYYeBOoro MK MarHeTpOHHCro HaHeCeHMa NpoCcBeTNAKLWWE,
3AWMTHEIX W APYTMX WMHTepdepeHUMOHHEIX TOHKOMMNEHOYHEIX NMOKPBITUMIA Ha
ONTUYECKWE OSTaNM (MWH3bI, NPU3MbI W T.0.) ONF WKMPOKOro AyMana3oHa cnexkTpa
INEKTPOMarHUTHOO M3NYYEeHWs — OT BakyyMHoro Y@ oo aanbHero MK,

MHDOPAKPACHBIE U YNIbTPADWONETOBLIE BU3YANMU3IATOPDI

MpyMeHAKTCa ANA ICTUPOBKKW NAa3epHOro U ceeToaMoaHore obopynoeaHme,
ONA BMIyanuauMK HeBMOWMMOro M3nydeHwa. Buzyanuaatopbl cNocoBHb
pPErMCTPUPOBaTE MENydYeHKe oT 250 HM go 2100 HM. Beinyckawotca B dopme
KEPAMMWYECKMX QMCHOB B METANNMYECKOM AepaTene unum 6e3 Hero, a TakMe
B BMOS KapTOYeK M3 NPOYHOro NNacTHMKa ¢ OAHOCTOROHHEN MNK OBYXCTOROHHER
SBKTMBHOW Y4acTeio.

MHOAMKATOPbI TEMNEPATYPbI

OBecneyrBadT BBICOKOTOYHBIM KOHTPONL TeMnepaTypbl HarpeBaembix
noeepxHoCcTEN. BoinycKaoTcA B BMOE CYCNEeH3WMK (KpacoK) Ha TeMnepaTypbl OT
30 oo 1200 °C, a TakKe B BMOE HakNeek Ha TeMnepaTypbl oT 40 go 300 °C.

MamMeHeHWe LUEEeTa NpW OOCTHMMEHWM 330aHHOW TEMMNepaTypbl NPOWMCXOOWT
EoicTpo (okono 100 mc) M HeobpaTkmo. MHOWMKaTOpbl TeMnepaTypbl WKWPOKD
NpHUMEHAKTCA ONA KOHTRONA TEMNepaTyPbl B KAMepax BaKyyYMHOMo MCnapeHusa,
CTEPW/IMIaLMM, a8 TaKKe B OBWraTenecTpOeHMK, 3BWa-, PaKeTHOW W Opyror
TEXHMHKE, INEKTRO3IHEPreTUKe, TpaHcnopTe 1 AKX,

MUArMEHTbI U KPACKW, OBNAJAKOLWWE NOMUHECUEHTHBIMMA

M OPYTMMW CNEUMANBHBIMU CBOUCTBAMM

MPUMEHSIOTCA B 3alUMTHbLIX TEXHONOMMAX, AM3alHe, CBETOMHOWKaLUMM 1 CBETO-
pazMmeTke, OOHMM W3 MEePCNeKTHMEHLIX HanNpaeneHWid KoMMNaduW ABNAeTcH
pazpaboTka M NPOABMMEHME NMIOMMHECLIEHTHBIX KOHUEHTPATOE, NPUMEHAEMbIX
B CEMLCHOM XO3AMCTRBE KM MeauUMHe, |

NPUMALWAEM K aonrocPO4YHOMY U BEZAMMOBBIrOOQHOMY COTPYOHHUYECTBY!
355000, PM, CtappononbCkiia Kpai, r CTasponons, Np. Kynakosa, 8. | e-mail: spectrstavri@mailru | Tenedod/bake: (B652) 34-90-90
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