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Amnnomayus: IlpuBeAeHBI epBbIe Pe3yABTATHI, IIOAyYEHHBIE HA 3KCIEPHUMEHTAABHOI yCTaHOBKE,
CO3AAHHOM AASl U3YUEHHA ITAPAMETPOB AOKAAU3AIINH, pacceanua u rnoraomenua CBY usayuenns
MomHOCTRIO 1-4 MBT Ha uvacrore 38 I'Tmi mpu pacnpocTpaHEHUH H3AYYEHHA B BOAHOBOAAX
rnepeMeHHOro ceueHusa. IIpoBeAeHBI HMCCAGAOBAHHA NAPAMETPOB AOKAAUBAIMU M PACCEAHHA
9AEKTPOMATHUTHOM BOAHBI B YACTUYHO ITIOTAOIAOIIEN CPEAE B 3ABUCUMOCTH OT F€OMETPHUUECKOM
KOH(pUIrypanuu BBIBOAHOTO Tpakra. MHTepnperanua IIOAyYE€HHBIX II€EPBOHAYAABHBIX
pe3yabpTatoB mpoBeAaeHa B pamkax (1+4)D moaeam pacmupensHoro mpocrpancrBa (MPIT).
Moaeasr pacmmpeHHOro npocrpaHcTBa cdopmyanposana B (1+4)-mepHOoM mnpocrpaHcTBE
BpeMA-KOOPAMHATA-UHTEPBAA AelicTBHE. AOIOAHUTEABHON IIPOCTPAHCTBEHHOMN KOOPAMHATOMN B
MPII cay>xut UHTEpPBAA, HMEIOINUN (pu3HUECKHl CMBICA AelicTBUA. B conpsasxennom (1+4)D
IPOCTPAHCTBE SHEPIrUA-UMIyAbC-Macca mHTepBaAy (AerictBuio) B MPII coorBercTByeT Macca.
MPII paccmarpuBaeT BOIPOC BOZHHKHOBEHHUA Y (POTOHA HEHYAE€BOU IIEPEMEHHOM MACCHI U €TI0
AOKAAM3AIMHA IIOA BAUAHUEM BHEIIHETO ITOAA.

Korouesvre cno6a: Aokasmsanmusa m pacCessHUE IACKTPOMATHUTHOIO IIOAA, IOTAOIIEHUE U3AYUEHUA,
BOAHOBOA niepemenHoro cedenus, CBU-usayuenne, (1+4)D MmoaeAp pacimpeHHOro mpoCTpaHCTBA
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Abstract: The paper presents first results obtained on an experimental setup designed to study the
parameters of localization, scattering and absorption of microwave radiation with a power of 1-4
mW at the 38 GHz when radiation propagates in variable-section waveguides. The parameters
of localization and scattering of an electromagnetic wave in a partially absorbing medium were
studied depending on the geometric configuration of the output tract. The interpretation of the
obtained initial results was carried out within the framework of the (1+4)D extended space model
(ESM). The extended space model is formulated in (1+4)-dimensional space time-coordinate-
interval action. An additional spatial coordinate in the ESM is the interval, which in the ESM has
the physical meaning of the action. In the dual (1+4)D space energy-momentum-mass, the interval
(action) in the ESM corresponds to the mass. ESM considers the question of the emergence of a
non-zero variable mass for a photon and its localization under the influence of an external field.

Keywords: electromagnetic field localization and scattering, radiation absorption, variable cross
section waveguide, microwave radiation, (1+4)D extended space model
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1. BBEAEHI/IE HpOFpaMM NECZ, MININEC?)) AU CHUCTEM

PACIIPOCTPAaHEHUN H3AYYCHHA B METAAAMYECKHIX
BOAHOBOAAX ITEPEMEHHOIO CEYEHUs, 3aIIOAHEHHBIX
AMSAEKTPUKAMI €  PA3AUYHBIMH  IIOKA32TEAAMHU
ITPEAOMACHHH.

PesyapraTel  HM3MEpPEHHI,  IPOBEACHHBIX
HAa CO3AAHHOM 9KCIIEPHMEHTAABHOM CTEHAE,
MBI OYyAEM  CpaBHHBATb C  pacUeTaMH
saekTpomMarHuTHOrOo 1oAfl AAf CBY  amrens,
IIPOBEACHHBIMH C HCIIOAB30BAHHEM IIPOTPAMM,
OCHOBAHHBIX Ha METOAE MOMEHTOB (HaIIpHMED,

B pa6OTe [1], OH}76AI/IKOB3HHOI>'I mamu B 2021 QACKTPOAI/IHaMI/I"ICCKOFO MOACAI/IPOBQHI/IH u
npoexkrtuposanus  HFSS  (High  Frequency
Structure Simulator), IE3D, Microwave Office,
Microwave Studio [2-5]).

Kpowme CpaBHEHUA ITOAYYEHHBIX

I, OBIAO  OIIMCAHO CO3AAaHHE U TCCTI/IpOBaHI/IC
BKCHCPI/IMCHTQABHOﬁ YCTaHOBKH, HpCAHﬁSHa‘ICHHOfI
AAA HN3y9ICHMA HapaMCTpOB AOKAAM3aITUH

aaexTpomaranTHoro CBY m3Ayuenms MOITHOCTBEO

0.001-0.004 Br B amamasome 36.0-79.0 TTrr mpu 2 NCHEPHMEHTAABHBIX pE3yAPTATOB ¢
O6IlI€HpI/IHHTbIMI/I MOAECAAMI paCf'ICTOB MBI
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IIAAHUPYEM OIIEHHUTH BO3MOKHOCTDH OITHCAHUA
C IOMOIIBIO PAaCYETOB Ha OCHOBaHMH MoaeAn
pacmupennoro npocrpancrsa (MPII), passuroit
pamee B paborax [6-10]. MPII ocHoBama mHa
dusmyeckor  rurmoTese, 3aKAIOYAOINEHCA B
TOM, YTO Macca (Macca ITOKOfl) M CONpPSKEHHasd
AEUCTBHE

el  BEAMYHHA  — (nHTEPBAA)

ABAAIOTCA AMHAMIYECKIMU ITepeMEHHBIMHU.
BsammoaelicTBre ImOA€H M YACTHII OIIPEACAAET
BEAUYHHBl 3THUX IIEPEMEHHBIX. TaKad MOAEAD
Aasgerca obobmmernem CrenmaAbHOH TeOpUH
ornocureapnoctn (CTO). B CTO wunTepBas n
Macca ITOKOSl YACTHIl ABASAIOTCA MHBAPHAHTAMH,

[6-10]

n3menarbca. Hanpumep, 8 MPIT dporon momxer

a B mpeasaraemoirt MPII OHH MOTYT
npuoOperaTh Maccy (Kak IIOAOKUTEABHYIO, TaK U
OTPHUIIATEABHYIO). TaKkas Macca MOKET IOABAATHCA
1 HU3MEHATBCA  H3-3d  9ACKTPOMATHHUTHOIO
B3aHMOACHCTBUA U ITOPOKAATD IPABUTALIOHHBIC
CHABIL. DTO IIO3BOASET PACCMATPHUBATD IPABUTAIIUIO
1 9AEKTPOMArHETH3M Kak eanHOe moae B MPIT.
HeobxoanMo ormernth, 9TO OAH3KAA K
MPIT narumepHas MOAEAb ObiAa pa3paboTanHa
Paul Wesson ¢ coasropamn [11-14]. P.Wesson
B CBOHUX PabOTax IIPEAAOKHA HCIOAB30BATH B
Ka4eCTBE IATOH KOOPAMHATHL "Maccy'" B KadecTBe
KOOPAHHATHI, AOIIOAHHTEABHOH KO BPEMECHH W
[11]

crp. 10 "msI ... paccMaTpuBaeM MacCy Ha TOH Ke

TpCM HpOCTp AHCTBCHHDBIM KOOPAI/IHaTaMZ

OCHOBE, YTO H BpeMs U mpocTpanctso..." u [11]
Ha crp. 191 ypasuenue (7.40) "Dro osHagaer, 410
poAb HeszapssxeHnHON Macce 4D B reomerpun 5D
UIPaET AOIIOAHHTEABHASA KOOpAHHATA".

TaKoI ITOAXOA K BBEACHUIO ITATOH KOOPAHHATEL
IIPEACTaBAICTCA HaM HeAormyHeiM. Hampuwmep,
9TO HIPHUBOAUT K TPYAHOCTAM IpU OOOOIeHHN
YETBIPEXMEPHOTO TCH30PA SHEPIUHU-UMITYABCA HA
IATUMEPHBIH TEH30P SHEPIHH-HMITYAbCA-MaCCHL
B 5D mpocrpancrtse. 1o mamemy mueHuro, macca
MOJKET PACCMATPHBATHCHA KaK IIATas KOOPAUHATA,
OAHAKO HE B KOOPAHMHATHOM IIpocTpancTse. Maccy
HAAO PACCMATPHUBATH B IIPOCTPAHCTBE HMIIYABCOB,
4 MMEHHO KaK AOIOAHUTEABHYIO BEAHMYHHY K
SHEPIHH M TPEM KOMIIOHEHTAM HMITyAbca. [lpum
9TOM B KOOPAHUHATHOM IIPOCTPAHCTBE IIATAS
KOOPAMHATA AOAKHA OBITb APYIMM 3HAYCHUEM,
KOTOPOE CBSI3BIBAIOT C Maccoil. B pesyabrare
Maccel B OATON

paccMoOTpeHnA Ka9€CTBE

KOOpAI/IHaTbI IIOMHXMO BpCMCHI/I 48 HpOCTpaHCTBa

3ABHCHMOCTD I[TAPAMETPOB AOKAAM3ALIMIM 11 PACCEAHMA 207
DAEKTPOMAI'HUTHOM BOAHBI B YUACTUYHO TTOI'AOLLIAFOLLE...

B [11-13] OBIAO TPYAHO YCTAHOBHTH CBA3b MACCHI
c skcrepumMenTamu. Heaasuo B padore [14] James
Overduin (coasrop Paul Wesson) u R.C.Henry
IIPEAAOKHAN TAKYIO KE HMACIO BBEACHUA IIATOU
KoopAuHaTHI, 910 u Tsipenyuk D.Yu. and Andreev
V.A. B 1999 roay [10].

O030p  pasAMYHBIX  MOAEAEH IO  TeMe
MHOTOMEPHBIX IIOAEH MOKHO HalTh B KHure [15].
HanbGoaee wu3BecTHBIE ITHOHEPCKHE IIOAXOABI K
ITIOCTPOEHUIO IATHMEPHBIX MOACAECH MOKHO HAHTH
B paborax Klein Felix [16], Einstein [17,22], Klein
Oskar [18], Kaluza [19], Fock [20], Mandel [21].

B pabGorax mo 5-omruke Pymepa [23] rTakixe
BBOANTCA IIATaA KOOPAMHATA B BHAE ACHCTBHA
U PACCMATPHUBAETCA 5-MEpPHOE HIPOCTPAHCTBO C
metpukoii (1;4). Oanako Pymep e paccmarpusaer
HHKAKHX IIPeOOPA3OBAHUI B TOM IIPOCTPAHCTBE,
KOTOpBIE IIEPEIYTBIBAAM OBl KOOPAHMHATY C
APYTHMH Y€TBIPbMA KOOPAHMHATAMH IIPOCTPAHCTBA
Munkosckoro. IloaToMy m B CONPAKEHHOM K
5-MepHOMY KOOPAHMHATHOMY IIPOCTPAHCTBY, MacCa
B nAtuonTuke Pymepa ocraercs IOCTOAHHOH H
He IIpeoOpas3yeTcs B 9HEPTUIO U UMIYABC.

B AammoOIT paboTe MBI IPEACTABAAEM IIE€PBBIE

SKCHCPI/IMCHTaAI)HI)IC p€3yAI)TaTI)I

CBY
gactoroir 38 I'Tn m mommocteio 4 MBr mpnm

I/ISMCpeHI/I}I

HapaMeTpOB AOKAAM3AaITHH N3AYICHUA
paCHpOCTpaHCHHI/I B BOAHOBOAAX HCPCMCHHOFO

CCUYCHUA, 3AaIIOAHCHHBIX AI/ISACKTPI/I‘ICCKI/IM

MaTEpHAAOM € OoApmIIM  KOI(DDHUIHECHTOM
mpeAOMAeHHuA. TakiKe IIPOBOANTCA CpaBHEHHE
MEKAYy coOoi BeamduH 3ddexra ocaadbAeHHA
curaaaa CBY wmsAydeHmsas B AHIAEKTPUYECKOM
AUCTOBOM IIOTAOTHTEAE IEPEMEHHOMN TOAIMHEI
dopmer

(cxoadImuecs MAHM IPAMOYTOABHBIE B CEUCHUH).

B 3AaBHCHMOCTH oT BOAHOBOAOB

KadecrBenHnasd  mHTEpHpETAHA  PE3YABTATOB
IIPOBEAEHA HA OCHOBE pPaHEE OIyOAMKOBAHHBIX
pador o BO3MOKHOCTH

KYAOHOBCKOTO Oapbepa B pamrax MPIT [24].

IIPEOAOACHUA

2. AOKAAMIBAITHUA 1 ITIPEOBPA3OBAHMA
TTOAEU Y1 YACTHULI B PAMKAX ITOAXOAA
MPII

AoKaAm3arus IMOACH 1 YaCTHII, UX IIPEOOPA3OBAHUA
B pamkax 1moaxoaa MPIT moapobHO paccMoTpeHsI
B paborax [6-10,24]. Hmxe KOpOTKO H3AOMKEHBI
HEKOTOPEIE PE3YABTATH 3TUX PabOT, OTHOCAIINECH
K T€ME HACTOSAIICH CTAThH.
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MOACAI) pacmnpeHHoro HpOCTpaHCTBa
IIO3BOAACT OITMCATH HpOL[CCC AOKAAHM3AITIH
SACKTPOMQ,I‘HI/ITHOFO ITOAA HpI/I ITOITAAAHIIT

5AEKTPOMATHUTHON BOAHBI U3 BaKyyMa BO BHEIITHEE
IIEPEMEHHOE B IIPOCTPAHCTBE IIOAE (HAIIpHMeEp,
SAEKTPOHA) HAU B CXOAAITUICA (PACIITUPAFOIIIIICA)

BOAHOBOA.
B MPTII paccMOTpeHO obobIeHIE
CIICIINAABHOM TECOPUH OTHOCHTEABHOCTH

Onnmreitna (CTO) Ha 5-MepHOE IPOCTPAHCTBO,
a Tounee ropopd Ha (1+4)-mMepHOE TPOCTPAHCTBO
(,X,Y,Z,5), obaaaaroree merpukon (+ — —
~- ).

0060061meHnA cAyxuT TOT daxt, ¥ro B CTO Maccw

PuU3nIeCKUM OCHOBAHHEM AAAI  TAKOTIO

YACTHIL ABAAIOTCA CKAAAPAMH M HE MEHAIOTCA IIPHU
UX YOPYTUX B3aUMOACHCTBHAX.
OAHAKO XOpPOIIO H3BECTHO, dYTO (OTOH

MOKHO CUNTATD 0e3MaccoBOM JacTULIEN

M OIIUCBIBATH IIAOCKOM BOAHOW TOABKO B
OeCKOHEYHOM IIyCTOM IpocTpaHcTBe. Ecam ixe
doTOH TOITaAaeT B CPEAy HMAHM OKa3BIBAETCA B
OrpaHMYECHHOM IPOCTPAHCTBE, HAIIPUMEp, B
pEe30HATOpPE UAM BOAHOBOAE, TO OH IIpHOOpeTacT
HEHYAEBYIO MACCy. DTa MACCa MOKET ITOABAATHCA
1 MEHATBCA BCAEGACTBHE JAEKTPOMATHHTHOTO

BSaHMOACﬁCTBHH n HOpO)KAaTI) FpaBI/ITaL[I/IOHHI)IC

cuAbl.  VIMeHHO AaHHOE OOCTOATEABCTBO W
II03BOAAIET ~ PACCMATPHUBATh  IPABUTALIHIO U
9AEKTPOMATHETH3M KaK CAHOE ITOAEC.

MPII ocHOBaHO Ha HPEAIOAOKEHHUH, HUYTO

COOTHOIIICHHUC, CBA3BIBAIOIIICC SHCPFI/IIO, HUMITYABC
1 MacCCy SABASCTCA 5—MCpHI)IM, CCAL HpI/IHHTb BO
BHUMAaHHE BO3MOXXHOCTb M3MECHCEHHA MaACCbhl B

dusnuecknx mporeccax
2 2.2 2.2 2 2 2 4
E*—c'py—c'p,—c'p,—mc =0.

MPIT
5-BexTopa,

©)
[Tpu Aopenri-

KOBApHAaHTHOI'O

9TOM B AAHTHA

COOTBETCTBYIOIIIETO
obObekTaMm, yaoBAaeTBOpaArornM (1), paBHAETCA HyATO:

2

€CTECCTBCHHDBIM paCH_II/IpI/ITI)

(ct) —=x*—y* —z"—s> =0.

IIpeacraBasercs

IIPOCTPAHCTBO ~ IIAPAMETPOB,  XaPaKTEPU3YFOIINX
YACTHUILY, C YYETOM TOTO, YTO IIPH B3aNMOAEHCTBUN
€€ Macca MOYKET MEHATBCHL

[Ipuseaem mpoctyio amasoruro. CBoOOAHaA
YACTHIIA ABIZKETCH IO IPAMOH, IOITOMY, ITOOBI
OIIMCATh €€ ITOBEACHHE, MOKHO OTIPAHHYNTHCHA

(1+1)-mepHBIM TIPOCTPAHCTBOM, OOPa3OBAHHBIM
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BpemMeHeM 1 ¢ HAIpPaBACHHEM €€ ABIDKCHHSA
X, IIOCKOABKY OCTaAbHBIE KOOPAMHATHI Y H Z
Ecam xe wacruma
APYTHIMH
OOBEKTAMH TAK, 9YTO MOKET YHTH C HIPAMOH I

OCTAIOTCA IOCTOAHHBIMU.
HAYMHAET  B3aUMOACHUCTBOBATH  C
HAYaTh ABHUTATBCA €le U B maockoctu (YZ), To
TAKOTO IPOCTPAHCTBA YiKE HEAOCTATOYHO M €TrO
Ao (1+3)-mepnoro.
Touno Takke M B HAIlIEM CAydYae, IIOKAa Macca

IIPUXOAUTCA  PACIITHUPATD
YACTUIIBI HE MEHAETCHA, MOMKHO OIPAHHYUTHCA
mpocTpaHcTBoM 4-mepubiM Munkosckoro M(1,3),
HO €CAHM OHAa HAYMHAET MEHATHCH, IPOCTPAHCTBO
M(1,3) npuxoAHTCA PACHIHPATH AO 5-MEpPHOTO
G(I7X)Y,Z,5).

B srom mpocrpaHcTBE BBOAMTCA H3OTPOIIHBINA
5-MepHBIIT BEKTOP 9HEPTUU-UMITYAbCA MACCHI:

p=(E/c;py,Py-P;) 3)

1 5-MEpHBI  W3OTPOIMHBINL  BEKTOpP  TOKA,

IIop OYKAATOTITIIT CAMTHOC SACKTPOMATHUTHO-

I'PaBUTALIIOHHOC IIOAC:

)

5=i jj)— emc emv eme
—\o ) —| /T /> .
N1-p 2 N1-p 2
Amnarormano B MPIT  BBoAmTCa 5-Bextop-
HHOTEHIIHAA A:

A=(p, A, A) = (4,,A,, Ay, 4,, A).

Kommonentsr

®)

TaKOIO 5—M€pHOPO BCKTOp—

rorenImaia cesasausl B MPIT cucremoit ypasuenmii:

O5Ar =—47p, ©)

- —471' -
<>(S)AX;Y;Z = B Js (7
—A4r .
O(S)AS: c_]sa (8)
O —a_2+a_2+a_2 a_z_La_z 9
® oy oy oz° os° or*’ ©)

Ha ocnose Bexrop-morenimasa (5) B MPII
MOJKHO ITOCTPOHUTH OOBIYHBIEC IACKTPUYECKOE U

MarauTHOE TOAS £ m H, 2 Taxike ABa HOBBIX TOAS —

ckarsproe JuBekTopHOe G , KOMIIOHEHTBI KOTOPBIX
OIIPEAEAAIOTCA AHAAOTMYHO ITOCTPOECHMIO ITOAEH
B YETBIPEXMEPHOM IIPOCTpaHCTBE MMHKOBCKOrO:

04, 04,

Il =o2s S ik =tz 10
k

i
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0 -E, -E -E -0
E, 0 -H, H, -G,
”Ek ” =| E, H, 0 -H, -G, (11)
E, -H, H, 0 -G,
0o G, G, Gy 0

Buemaee BosactictBue B MPI1 ommcesaerca
C TIOMOIIBIO ITOBOPOTOB TPEX THUIEPOOANIECKUX
nosoporos (1X), (1Y), (I,Z), coorsercrByromux
1IpeoOpazoBanuAM /\OpPEHIIA B YETBIPEXMEPHOM
npocrpancrse Muakosckoro M(1,3) m HOBBIX THIIOB
IIOBOPOTOB — OAHOTO rHnepbosmgeckoro (1,5) n
Tpex 9BKAMAOBBIX (X,S), (Y,5), (Z,5) B pacimupennom
npocrpanctse G(1,4).

[Tosoporsr B G(1,4) mmeror sAcHbIi prsmaecKmii
CMBICA, TaK HAIIPHMEP, THIIEPOOAUMIECKIE ITOBOPOTHL
(LX), (LY), (I,Z) ato npocro, coraacuo (1) u (2),
HM3MEHEHHE CKOPOCTH YACTHIIBI B COOTBETCTBYIOIIEM
HanpasAeHun X, Y nan Z.

B caywae rumepboAMYECKHX — IIOBOPOTOB
B 1maockocta (1) coraacuo (2) mmeer mecto
OAHOBPEMEHHOE H3MEHEHHE MACCHl H JSHEPIUU
gacTuibl. Hanprmep, saBucuvocts Maces hoToHa
OT yraa mosopora (¢ ompeaeaserca OpPMYyAOIt
me = hwshl [6-10]. Beipamenue Aasi mapamerpa

AOKaAm3anuu /gepes yroa b
_ 2rmc
@-sh’
AAf €BKAMAOBBIX ITOBOPOTOB B IAOCKOCTH (XS)

(12)

3aBHCHMOCTb MAacChl (DOTOHA OT yrAa IIOBOPOTA
¢ onpeaeasiercs popMyAOHt e = hwsing, oTkyAa
CACAYET BBIPAKCHHE AAA ITAPAMETPA AOKAAM3AINN /
uepes yroa i

2rwe

/= (13)

w-siny
CKOPOCTb PACITPOCTPAHEHUS BOAHBI ¢ B BAKYYME
CBA32HA C PACHPOCTPAHEHHEM CKOPOCTH B CPEAE
HAU BOAHOBOAE 7 M TIOKA3ATEAEM HPEAOMACHHSA 7
COOTHOIIIEHUEM ¥ = ¢/ n.

B caywae mosopotos

(XS) ddoror 1o

BO3ACHCTBHEM BHCHOIHCIO ITIOAA ano6peTaeT

MaccCy, CBA3AHHYIO C IIOKAa3aTCACM IIPCAOMACHHUA

COOTHOIIICHHEM:
hao hao

M oy =—SINY =——. (14)

) T2 V=,

[Tosopor (XS) coorsercrByer B  MPII

IIEPEXOAY M3 IIPOCTPAHCTBA C OAHOH OITHYECKOH

3ABHCHMOCTD I[TAPAMETPOB AOKAAM3ALIMIM 11 PACCEAHMA 209
HDAEKTPOMATHUTHONM BOAHBI B YACTUUYHO TTOT' AOIIAIOIIET...

IIAOTHOCTBIO B IIPOCTPAHCTBO C APYTOH OIITHYECKON
IIAOTHOCTBIO. [Ipm 3TOM HHKAKHX BpPEMCHHBIX
IIPOLIECCOB HE IPOUCXOAUT, BCE PACCMATPHUBACTCS B
OAHH U TOT 7K€ MOMEHT Bpemert. [Tloaromy sHeprus
YACTHUL[ COXPAHACTCSA, 4 BCE IIPOUCXOAAIINE C HUMU
IIPOLIECCHI CBOAATCH K BHYTPCHHHM IIEPECTPOMKAM.
VCAOBHO 3TO MOKHO IIOHHMATh TAK, YTO YACTHIIA,
omaAas B OOAee IAOTHYIO CPeAy, AepopMupyercs
VIPYTHEM OOPa3oM, a IIOKHAAS €€, BOCCTAHABAUBACT
CBOH XaPaKTCPUCTUKIL.

B cayuae  rumepOOAMYECKHX — ITOBOPOTOB
(TS) doror moa BO3ACHCTBHEM BHEIIHEIO ITOAA
LIPHOOPETACT MACCY, CBS3AHHYIO C IIOKA32TECACM

IIPEAOMAEHHSA COOTHOIICHHEM:
ho fiw
[ 2
m(TS) =—2-Sh49 :—2 n —1.
C C
Ouznueckut

(15)

(T$) =

TOM, YTO HpOCTpaHCTBCHHI)IX ABI/DKCHI/Iﬁ MBI HC

CMBICA  ITOBOPOTOB
COBEpIITAEM, BCE BPEMsA HAXOAMMCA B OAHOH U
TOI K€ TOYKE, HO OITHYECKA IIAOTHOCTb B 9TOI
TOYKE C TEYEHUEM BpemeHH MeHsercda. B aammom
cayuae npeoOpasosarue (1) o3Hauaer mepexoA K
APYTOMY MOMEHTY BPEMEHHU U APYIOH OIITHYECKOI
ITAOTHOCTH. DTO MOKHO HHTEPIPETHPOBATH TaK,
YTO B IIPOCTPAHCTBE BO3HUKAET BHEIITHEE IIOAE,
KOTOPOE, ACHICTBYSl Ha YaCTHUILy M COBEPIIasA padoTYy,
HU3MEHACT €€ SHEPTHIO M MacCy.

C rtoukm spenma MPII mepexoa w3 cpeaw
C OAHHM IIOKA32TEAEM IIPEAOMACHHA B CPEAY
C APYITHM IIOKA32TEAEM IIPEAOMAECHHA MOKHO
HHTEPIPETUPOBATh KaK ABH/KEHHE BAOAD IIATOU
KOOPAMHATH PacrimupeHHOro mpocrpaHctsa. DTo
(1+4)-mepHOE IPOCTPAHCTBO MOKHO ITOHHUMATH KAK
mabop 1+3-mepHBIX HpOCTpaHCTB MHHKOBCKOTO,
Ka/KAO€ M3 KOTOPBHIX XapaKTE€PHU3YeTCA HEKOTOPHIM
ITAPaMETPOM, THITA  ITOKA3aTE€AAd IIPEAOMACHHSA
n. V1 1epexoA M3 CPEAbl C IIOKA3aTeAeM 7, B
CPEAy C TIIOKa3aTEAEM TIPEAOMAEHHUA 72, MOKHO
HHTEPIPETUPOBATh Kak IepexoA B (1+4)-meprom
(1+3)-meproro
(1+3)-mepnoe

HpOCTpaHCTBC nus OAHOTI'O

IIOAIIPOCTPAHCTBA B Apyroe
ITIOAIIPOCTPAHCTBO.

Takum ob6pasom, reomerpusa Pacmmpennoro
IIPOCTPAHCTBA OKa3BIBACTCA CBA3AHHON C (PH3UKON
TEX IIPOIIECCOB, KOTOPHIE MBI H3Y9aEM B KaKAOH
KOHKPETHOH 3aAade. A HMEHHO, C IOAfMH U
CpeAaMH, KOTOPBIE YYaCTBYIOT B 9THX IIPOIIECCAX.

PaCHpeAGACHI/IC 9THUX CpCA U IOAEH B HAIIIEM

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3
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OOBIYHOM HpOCTpaHCTBC MunkoBckoro OHpCACAHCT
paCHPCACACHI/IC
PaCU_H/IpCHHOM HpOCTpaHCTBC, T.C. CIrO FCOMCTPI/IIO.

"ImokasareAst IIpPEAOMAcHUA B

B pabore [8] ObiAa HAFACHO pEIIICHIE CHCTEMBI
ypasuenuii (0)-(8) B BuAe

27

U(s,x,y,z,t)= u(s,x,y,z)'e_ik‘ ek = 74, (16)

HpeAHOAaraH, 9TO HMCKOMas (i)YHKL[I/IH CTaL[I/IOHapHa
II0 BpCMGHI/I 1 MEHACTCA MEAACHHO BAOADB OCH § ITO
CpaBHCHI/IIO C UIBMCHECHUEM BAOAD ocent X )R- B srom
CAydae pCIHCHI/IC HMEECT BHA 3-MCpHOfI FayCCOBOfI
BOAHBI

w 3/2
u=u,| —>| x
()
1 ik

><exp{—i(ks+(o)—(x2 +y° +22)(7+§ﬂ.

3A€Ch %, MHUHUMAABHBIH DPAAUyC BOAHBI B TOYKE

a7

s = 0; w — Amamerp BOAHBI B TOUKE § 1 R paamyc
KPHUBH3HBI BOAHOBOTIO (DPOHTA B 3TOH TOUKE.
[Tpm momapaHUM TAOCKON 3AEKTPOMATHHTHOM

BOAHBI B cpeay wuam BHermHee 1moae MPIT
IIpEeACKa3bIBaeT, dYro B coorsercteun ¢ (17)
IIPOMCXOAUT €  YVY9E€TOM  CACAAHHBIX  BBIIIIE

IPEAITOAOKEHUN AOKAAM3AITUA ITAOCKOH BOAHBI B
cdepy paanycom .

Ormvernm  Takxke, 9ro B pabore [24] ObIAO
rokasano, 4to noad (11) mpeobpasyrorca Apyr B
Apyra mpu mosoporax B G(1,4), uro mpuBoAuT K
BO3MOKHOCTH ITIPEOAOACHISA KYAOHOBCKOIO Oapbepa
B pamkax MPIT.

1) TumepboaAmdeckue ITOBOPOTHI B IIAOCKOCTH
(I,X) IpHBOAAT K CAEAYIOIIEMY IIPEOOPA3OBAHUIO
IIOACIH:

=~ o= 1 _ =, = Vg o=
E'=FE+—-[v,H], G'=G+—E,

c c (18)
H'=H, 0'=0.

2) I'mmepboAnmyeckne IOBOPOTHI B ITAOCKOCTH
(T,S) mpuBoasT k:
E=E+5G, G'=G+E,

c c
H'=H, 0'=0.

3) DBKAMAOBEI ITIOBOPOTHI B HAOCKOCTH (X,S)

19)

IIPUBOAAT K:
E'=E-iQ, G'=G+[i,H],

R T (20)
H' =H+[4,G], 0'=0+—(ii,E).
C
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U

3aece 1 v,

ABIKEHUIO BAOAB cOOTBeTCTBYIOMIEH ocu B G(1,4).

CKOPOCTH, COOTBETCTBYIOIMIC

B [24] nmoxaszano, uro B pamxax MPIT moae
ITAOCKOM 3AEKTPOMATHUTHOH BOAHBI E,ﬁ apu
LIOBOPOTAX B IMAOCKOCTSX ¢ + ¢ Ha crienmaAbHO
ITOAOOPAHHBIE YTABI MOKET IOAHOCTBIO IICPEHTH B

11oAd G u (J, 9TO TO3BOAUT IIPEOAOAETH KYAOHOBKHUI

Oapbep.

3. OIIMMICAHHME YCTAHOBKHM U
PE3VABTATHI ITEPBBIX U3BMEPEHUM
3.1. OIIMCAHUE YCTAHOBKU

[ToapoOnoe OIIHCAHHE CO3AQHHOM
SKCIIEPUMEHTAABHON ~ YCTAHOBKH IIPUBEACHO B
pabore [1].

[ToaydeHHbIE ~ HA  YCTAHOBKE  PE3YABTATHI

U3MEpEHUl OYAYT CpPaBHUBATBCA C PE3YABTATAMU
pacyeToB Ha OCHOBE CYIIECTBYIOIIIHX MOAEAEH
pacripocrpanenns CBY nsayuenus u mpeAckasaHmia
ma 0ase MPIT1. Ha ycranoBke Takke IIpeAlrosaraeTcs
nsMepenue mapamerpos Aokaamsarmu CBY mpnm
ITOITAAAHUN U3AYYECHUA B AUIAEKTPHUIECKIE CPEABI C
ITOKAa32aTEAEM IIPEAOMAEHHUA OOABIIIE EAUHUIIEL.

Cxema ycranoskn nnpuseaeHa Ha Puc. 1.

CBY n3ayuenne gacroroii 38 I'T'ir remepupyerca
reaeparopom 1 mapku ['4-141 (obaacts remeparym
36-55 ITm).
peryaupyerca ot 1

MoIHOCTP  BEIXOAHOTO
A0 4107 Br,

M3MEHEHNsA YPOBHA BHIXOAHOM mormuocTH 30 AB.

CHUTHAAA
AHAITa30H

HecrabuabHOCTE 9acTOTBI BHIXOAHOIO HE 0OOAee
107, [IpeaeA HECTAOMABHOCTH YPOBHA BBIXOAHOM
momuoctu 0.3 Ab. Ilocae remeparopa CBY
H3AYYEHHE  PACHPOCTPAHACTCA

I10 MCAHOMY

nocepe6peHH0My BBIXOAHOMY BOAHOBOAY 2 AAMHON

[ -

s

1 — cenepamop CBY

usnyvenus 38 11y, 2 — evixodnas pynopras armerina,

SNE

Puc. 1. Cxema yomanosku.

4 — megponosan dussexmpueckas 6cmaska nocmOANHH020
UNU NEPEMETH020 Ceueris, 5 — QUINCKIMPULEcKUN AUCII0601]
noenomumens CBY usnyuenus nepemerron mosmune: 0-50
MM, 6 —npuemmstii pynop ¢ npuemmuxor CBY usnyuenus,
coedunerinwrtl ¢ AL u ynpasasromum xomnwromepos, 7 —
cucmema 3-meprozo X-Y-Z nosuyuonuposanus npuemmura.
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30 MM, EIMEFOITIEMY TPAMOYIOABHOE CEYECHHE aX§ =
5.5%2.5 mm.

Buyrpp  BOAHOBOAZ 2 ycTaHaBAMBaeTCHA
AMASAEKTPUYECKHH CTEPKEHb 4, N3TOTOBAECHHBINA M3
TedpAOHA, ITOAHOCTBIO 3AITOAHAFOIINNA BOAHOBOA
1 BBIXOAAIIMI U3 BOAHOBOAA Ha 135 MM Hapyxy.
Mur
Te(PAOHOBBIX CTEPKHEH PASAUYHBIX ITPO(HUACH:

Nel ¢ ceuenmem ot 5.5X2.5 Mm B Hagaae Ao 0.1X2.5

HMCIIOAB3OBAAMT ABa THIIA AI/ISAeKTpI/I‘ICCKI/IX

MM B KoHIle crepxkHA AamHONH 180 MM m Ne3 ¢
OAMHAKOBBIM cedeHueM 5.5X2.5 MM BAOAB Bcero
crepxua AAHHOH 200 MMm.

Ha

VCTAHOBKH ~ PYIIOPHOI

YCTaHOBKE peaAmM30OBaHA BO3MOKHOCTH

aHTCHHBL 3  (BBIXOAHOIT
AmameTp 45 MM m AAMHA 75 MM), TaKKe Kak H
BOAHOBOA 2, HMEIOIIEH TOAIIUHY CTEHOK 1.2
MM, HM3TOTOBACHHBIN W3 MCAH H Hocepe6peHHbeI
H3HYTPH.

[lpremuuk 6, COBMEIEHHBINI C PYHOPHOMN
AHTEHHON (BXOAHOH Amametp 35 mm, AAmHA 55
MM), MOKET IIPELIMU3HOHHO IIEPEMEINATHCA B TPEX
IIPOCTPAHCTBCHHBIX  HAIIPABACHHAX  (TOYHOCTD
repemertienusa 0.1 mm B Amanasonme 0-140 mm) c
ITOMOIIIBIO CHCTEMBI 3-MEPHOIO IIO3UIIHOHUPOBAHUA

npuemunka 7. Aasee upuaAteii CBY  curmaa

obpabareBanca  ALIl wu  mepeaaBasca  Ha
VIIPaBAAIOIITHI KOMIIBIOTED.
AAsl  H3ydeHHA  BO3MOMKHOIO  PasAHYNA

roraomenusas CBY wmsayuenmsa B 3aBmcmMocTH
OT CTEIIEHH AOKAAM3AIINH MEKAY H3AydareseM 4
C YCTAaHOBAEHHBIM T€(PAOHOBBIM CEPACYHHUKOM C
rmoctogHHBIM 1mpoduaem Nel mAm mepemMeHHBIM
rnpoduaem Ne3 nnrpreMHUKOM 6, OBIA YyCTAHOBAEH
AHICTOBOM
CB4Y
Habopa
TOAIIMHOW  OT 2

AI/IBACKTPI/I"ICCKHI;‘I IIOTAOTHUTEAD

BACKTpOMaFHI/ITHOI‘O H3AYICHHA 5

b

COCTOAIUN U3 AIIAEKTPHIECKHX

A0 16

MakcumaabpHas TOAIITMTHA Ha60pHOFO AMCTOBOTIO

HOAACTHH MM.
AUSAEKTPUYECKOIO ITOTAOTHUTEAS COCTaBHAA 55
MM, M3mepeHnbt K03 @UIIMEHT ITOrAOIIEHUA
CBY wmsayuenma 38 ITn npm wmsmenenun
CYMMapHONH TOAIIHHBI HaOOPHOIO AHCTOBOIO
AUIAEKTPHYECKOIO ITOTAOTHTEAR OT 2 AO 55 MM
cocTaBuA OT 5 A0 90% OT BEAMUYHUHBI BBIXOAHOTO
curHasa. IIpn ycraHoBke MakKCMMAaABHOTO YPOBHA
BBIXOAHOI MOIIHOCTH CUrHAaAa Ha yposHe 4-107 Br
AMIIAHTYAQ PETHCTPUPYEMOTO IIOAE3HOTO CHUTHAAA
aocturaet yposHsa 350 MB ma paccrosaum oxoao

150 mm.
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3.2. PE3VABTATHI UBMEPEHUH
Ha Pwuc. 2

nsmepeHus  POPMEBI

IIPEACTABACHBI IIEPBBIE PE3YABTATHI
BEPTUKAABHBIX ITPOHUAEH
CBY Boamer wacroroir 38 ITi, BeIxoasieill us
IIPAMOYTOABHOI'O BOAHOBOAA CceueHneM 5.5X2.5 mm,
COBMEIIIEHHOTO C BBIXOAHBIM PYIIOPOM AHAMETPOM
45 MM u aambOI pynopa 60 mm. Bxoanoit pyrop,
COBMEILIEHHBIII C AATYMKOM H3AYYEHHSA, HMEA
AuameTp 35 Mm 1 AAEHY pyropa 50 Mm.

Beprukaapabie mpoduau OBIAI H3MEPEHBI KaK
ITOCPEAMHE TTYYKA B TOPHU3OHTAABHOM HAIIPABACHHH,
TAK U C OTCTPOMKOH dYepe3 KamAple 5-10 mm ot
cpeanero ceuenus. [IpeacraBaennvie ma Puc. 2
BEPTUKAABHBIE IIPOPUAM BOAHBI H3MEPEHBI Ha
pasamgnbx paccrosuuax 50, 100 u 150 MM memAy
BBIXOAHBIM 1 BXOAHBIM CEUEHUAMH PYIIOPOB.

Ha Puc. 2 mnpeacraBAGHBI AAf  CpaBHEHHA
dopMBI TPOPHUAA BOAHBI Ha PA3HBIX PACCTOAHMAX
0e3 yduera peaAbHON BEAMYHHBEI IIPUHHUMAEMOTO
curHasa. Buano, uro Ha paccroannn 50 MM BOAHA
eme He CcHOPMHPOBAAACH OKOHYATEABHO, HYTO
COOTBETCTBYET OAMKHEI 30He Audpaxinn Ppenes
Aast m3Ayderus gactoroin 38 1T (AAmHA BOAHBI
7.89 mm). Vixe Ha paccroannu 100 Mmm (ppoHT BOAHED
IIPaKTHYECKH COPMUPOBAH, UYTO COOTBETCTBYET
AaAbHEN AndpakimonHoi sone @paynrodepa.

AaHHbBIE PE3YABTATBI XOPOIIO COOTBETCTBYIOT
TEOPETHIECKUM IIPEACTABACHHUAM O (DOPMUPOBAHNI

dponra

SACKTpOMaFHI/ITHOFO HM3AYYICHUS B 3AaBHCHMOCTH OT

BOAHOBOTIO HPI/I HU3AYICHUN
paCCTOHHI/IH 10 HaHpaBACHI/I}O paCHpOCTpaHCHI/IH

HU3AYICHHUS.

TR
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ITy (6es yuema ommnocumenvioii seanuune: cucrasa), 6
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50, 100 u 150 ymm. Berxoonoi pynop duamenpom 45 rmm,

onura pynopa 60 mm u 6xodmod pynop 35 mm, Oauna
Pynopa 50 ym.
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Ha paccrofnnsax, cOOTBETCTBYIOIINX OAMKHEN
AUQPAKIINOHHON  30HE, TEOPETHYECKUI pacder

dopmbr dponra

CYILIECTBEHHBIE TPYAHOCTH, IIO9TOMY OOABIIIHCTBO

BOAHOBOTO IIPEACTABAACT
M3MEPEHUIT MBI IIPOBOAMAN HA PACCTOAHUAX OOAee
100 MM MexKAy M3Ay9IaTEAEM M IIPUEMHHKOM. B 1O
#Ke BpEeMA MBI OBIAH OIPAHHYEHBI B BO3MOKHOCTH

dporT

paCCTOHHI/IHX, TaK KaK MaKCHMAaABbHOC BO3MOKHOC

I/I3MCP5{TI) BOAHOBOI Ha 6OAI)LHI/IX

Hp CITU3MOHHOC Hep CMCHICHMC HpI/ICMHI/IKa 6

5
HCIIOAB3YEMOE Ha YCTAHOBKE, OBIAO OIPAHIYCHO
140 MM ¢ TOYHOCTBFO TO3UIIMOHUPOBAHHA CUCTEMBI
78 0.1 mm, cm. Puc. 1.

AAA  9KCIIEPUMEHTAABHON OIICHKU HAAHYHA

A OTCYTCTBHUA pasAanf/i CTCIICHHM IIOTAOIIICHIA

SACKTPOMQ,I‘ HHUTHBIX BOAH, O6AaAaIOH_[I/IX
paSAI/I"IHOﬁ CTCIICHBIO AOKAAM3AITNH B
216) OpHI)IX AI/I3A€KTPI/I‘-ICCKI/IX IIOTAOTHTEAAX

PAa3AMYHON TOAIIHUHBI, ObIAd COOpaHA yCTAHOBKA,
npeactaBaeHHas Ha Puc. 1. Pasamumaa dopma
BOAHBI

H3AY9IaEMOM 9AEKTPOMATHHTHOM

CO3AABAAACH Tedp AOHOBBIMI IIOTAOTHUTEAIMU
4, MMEIOIIMMM TIOCTOAHHBIH HAM IT€PEMEHHBIN
npoduap cedenud. B saBucumoctn or mpoduad
tedparonoBoi BeraBku Nel mam Ne3 B BBIXOAHOM
BOAHOBOA 2 (pOPMBI BOAHOBOTO (DPOHTA U3AYICHHA
Ha YpOBHE IIOAOBHHBI HHTCHCHUBHOCTH OBIAK
pasamaabivu. Ha paccrosamu 100 mm ot BHEIITHETO
cpe3a TePAOHOBOM BCTABKH ITOCAE IIPOXOKACHHA
AMIAEKTPUYECKOIO ITOTAOTHTEASl TOAITHHON 18
MM BEAHMYHHA BEPTHKAABHOIO NPOMUAA CHIHAAA
ot npsamoyroapHoii BecraBku Nel cocrasager 31613
MM Ha IIOAYBBICOTE OT MAaKCHMAaABHOIO 3HAYCHUIL
[Tpm arom ot BeraBku Ne3, MMEFOITIEH CXOAATITHIICA
HIpOHUAb CHIHAAQ, BEAMYHHA HA IIOAYBBICOTE
coctaBuAa 42413 mm.

Ha 3

OAHOIoO M3 HpOBCACHHI)IX

Puc. IIPUBEACHBI  PE3YABTATHI
5KCIIEPUMEHTOB 110
roraomennto CBY msaygenna wacroroir 38 I'Tn
B AMAIAEKTPUYECKOM ITOTAOTHTEAE IIEPEMEHHOM
TOAIIUHBL. B AamHOM skcrepnmente TedpAOHOBASA
BCTaBKa cO cxoadmummca npoduaem Ne3 (ot 5.5%2.5
MM B HagaAe AO 0.1X2.5 mm B koHIIe) ObIA2 BCTABACHA
B BBIXOAHOI BOAHOBOA 2 U BBICTYITaA2 M3 HETO Ha
125 MM, IpH 5TOM BBIXOAHOH PYHOP 3 OTCYTCTBOBAA,
cm. Puc. 1. Bxoamo# pymop mnpAMOyroAbHOTro
ceuenus 36X30 MM aamHON 60 MM, COBMEIIIEHHBII
C IPUEMHUKOM 06, OBIA YCTAHOBAEH HA PACCTOAHUN

100 mm ot koHIta TeAOHOBOIT BeTaBku. HabopHbIi
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Puc. 3. 3Sasucumocns  ommocumenviion  sequuuris

npouedutezo cuznara CBY usayuerus vacmomoi 38 11y
071 10N UL HABOPHO20 DUISIEKINPUHECKOZO NO2AOMIUINIEA.

Te(PAOHOBBIH IOTAOTHTEAD TOAIIHHOH OT 2 AO
55 mm roctupoBaaca B Amarrazone 0.1-4 mm ot
OKOHYAHNA Te(PAOHOBON BCTABKH TAKHM OOPa3oM,
9TOOBI YPOBEHb CHUIHAAA B IIpUEeMHHKE O OT
IIPOIIIEAIIIETO YEePE3 IIOTAOTHTEAD U3AYICHHUSA OBIA
MAaKCHUMAABHBIM. AAH yMeHbLTJeHI/IH ypOBHH ITOMEX
OT paccesHHBIX OOOpyAoBanuem ycranosku CBY
BOAH HAa BBIXOAE HM3AYYATEAf U BXOAE IIPUEMHHUKA
CBY

HU3AYYICHUSA, 9TO IIO3BOAHMAO CYIIECCTBCHHO CHU3HUTDH

KPEIIMAHUCh  CIICLIMAABHBIE — ITOTAOTHUTEAN
YPOBEHB IIIyMa B IIPHEMHOM TPAKTE.

Ha Puc. 3, xpome sKCIIEPUMEHTAABHBIX AAHHBIX
3aBUCHUMOCTH BEAYNHBI IIPOIIICAIIIEIO CUTHAAA IIPU
HICIIOAB30BAHUN Te(PAOHOBOI BCTABKU CXOAAIIIETOCH
npoduas  Ne3, mnpuBeA€HA ANIIPOKCHMAIIUA HA
OCHOBE KCIIOHEHIIHAABHOH (POPMYABI ITOAYIEHHBIX
AAHHBIX M BEAHYHHA AOCTOBEPHOCTH AAHHOMU
armpokcnvanmn - R
dopmya

BcTaBoK Nel (upsamoyroapnoe cedenme) u Ne 3

CpaBHEeHME ITOAYYIECHHBIX

aHHpOKCI/IMaLH/H/I AAA TGQDAOHOBBIX

(cxoadrmieecss CeYeHHE) IIOKA3aAO PasAHMIHE B
CTEIICHAX ITOKAa3aTEACH 9KCIIOHEHTHI Ha ypoBHE 4-5%
(-0.069 mporus —0.074). Ilpm sTOM 1OKa3aTEAD
SKCIIOHEHTHI B (DOPMYAE TPEHAA COOTBETCTBYIOIIICH
ITOTAOITIEHUFO AOKAAN30BAHHOM BOAHBI, BEIXOAATIICIHT
U3 CXOASIIErocs BOAHOBoaa Ne3, MeHbIlle dYem
IOKA3aTEAD

9KCIIOHEHTBI, IIOAYYAFOIIUNCA IIpH

aHHpOKCI/IMaHI/H/I SKCIIOHCHIITNAABHBIM 3AaKOHOM

pe3yAbTaToB TepAOHOBOTO cTepsKHA Nel, mverormum

HIPAMOYTOABHBIN ITOCTOAHHBIA IIPOHUAB.
TO"IHOCTI) AQHHBIX HepBbIX SKCHCPI/IMCHTaAbeIX

PE3yABTATOB M OOIIHH OOBEM IIPOBEACHHBIX
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U3MEPEHHUI IIO3BOASET IIOKA TOABKO OIICHUTH U
OTPAHMYNTL BEAHMYHHY ITIOAyYeHHOro sddekra
PasAHYHA B IIOTAOIIEHHH dAeKTpoMarHHTHBEIX CBY
BOAH B paitone 35-50 I'TIr ¢ pasAndHOIl CTEIeHbIO
AOKAAHM3AITUN CBEPXY BEAHYHMHON OKOAO 3-4% Aad
AQHHOIT TEOMETPUH 9KCIIEPUMEHTA.

4. OBCYXXAEHHE PE3YABTATOB U
BBIBOADBI
[ToAyuensr

IIEPBBIE KAYECTBEHHBIEC PE3YABTATHI,

ITO3BOAAFOIIIIC CpaBHUTDH ITOTAOIIICHMIC

SAEKTPOMATHUTHBIX BOAH Pa3AMYHON  CTEITEHH
AOKAAM3AINH B AHIACKTPHYIECKOM ITOrAoTHTEAE. B
pamxax MPII pacnpocrpanenme 3AeKTPOMATHUTHOI
BOAHEI BAOAB OCH Z B CXOAAIIEMCSH IO OcsiM X 1 Y
BOAHOBOAE ITEPEMEHHOIO CEUEHUS, 3aITOAHECHHBIM
AMIACKTPHKOM ~ C  ITOKA32TEAEM  IIPEAOMACHHA
OoAapIre 1, COOTBETCTBYET CAYYAIO KOMOMHAIIAN
oBOpoToB §*°, ™ 1 y*° B maockocTax XS, YS u Z§
[6,24]. I1pn KOMOMHAIINN TIOBOPOTOB B Pa3AMYHBIX
IIAOCKOCTSAX, coraacHO opmarnsmy MPII, maockas

SACKTPOMATHUTHAA BOAHA, COCTOAIIAA TOABKO M3

komronent E, H, HepexoauT wactiduno (a mpu
OIIPEACACHHBIX YCAOBHAX U IIOAHOCTBIO) B HOBBIC
oas G ; 0.
Tak, HAIIpUMEp, IIPU ITOBOPOTE §*° IIPOUCXOAAT
CAEAYIOIIIHME U3MEHEHU KOMITOHEHT:
E) =cosp”E, +Qsing™; H, = H, cos¢” -G, sinp";
Q=Qcosp"” —sing”E,; G, =G, cosp"™ —H,sing".
[Tpu mosopore ¢*° u y* B maockocrax XS u Z§
coraacto MPIT Takke NIPOHCXOAAT AHAAOTHIHBIC
1IpeoOpazoBaHusA moAei [6-7].
Coraacno noaydenubiv B MPIT kauectBeHHBIM

OIIEHKAM IIPOIIECCOB, IIPOUCXOAAIIIUX  IIPHU
HPOXOKAECHUHU IIAOCKOM 9AEKTPOMATHUTHOM
BOAHBI  Y€PE3  CXOAAIIHICA  AMIACKTPUYECKHIT

BOAHOBOA HCpCMCHHOFO CCUYCHUA (AOK?IAI/ISQ.HI/IH
BOAHI)I), MMEET MECTO BO3HHKHOBECHHE HOBOIO
IIOAEBOTO O6T)€KT2, B KOTOpOM n3-32 9aCTHUYIHOIO

IIpeOOPA3OBAHNA NCXOAHBIX ITOACH E , H B HOBBIE
ITOAf BO3MOKHO DOAee 3D (PEKTUBHOE IIPEOAOACHHE
KYAOHOBCKOro Oapbepa B Berectse. Kak pesyaprart,
MPTI,
acpdexruBHOE  paccesHHE

B OKCIICpHMCHTAX, COTAACHO AOAXKHO

HADATOAATBCA  MeEHEe
TAKAX AOKAAN3OBAHHBIX BOAH IIO CPaBHCHHUIO
c HEAOKAAU30OBAHHBIM 9ACKTPOMATHUTHBIM
nsAydeHueM [24].

B mpoBeAeHHON HAMU CEPHU IKCIEPHUMEHTOB

moAydena orenka paccesnus CBY msaygenns
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gactotoit 38 ITm B AWdAEKTpHUYECKHX
ITOTAOTHUTEAAX ~IIEPEMEHHON TOAIIWHEL IIPH
PA3ANIHON dopme BOAHOBOI'O dponTa
ITAAAFOIIIEH  BOAHBI  (Pa3AMYHON  CTEHEHH

Aokaamsanum). B cayuae, ecanm mcxoanmoe CBY
H3AYYEHHE OT TEHepaTopa IIPOXOAHT dYepes
CXOASAIIIUIICA AU ACKTPHUIECKII BOAHOBOA,
3a(PUKCHPOBAHO MEHbBIIIEE PACCETHNE U3AYICHHUA
IIPU PACIIPOCTPAHEHHHN YEpPE3 AUIACKTPUIECKUN
ITOTAOTHUTEAD IO CPABHEHHUIO C 9KCIIEPUMEHTAMH,
B kKoTOpEIX CBY OT remeparopa mpoxXoAHAO uepes
Te(AOHOBBII CTEPKEHb TOCTOAHHOIO CEYCHUA.

AAst

3KCHCpI/IMCHTaAI)HI)IX AAHHBIX C p€3yAI)TaTaMI/I

CpaBHCHHH HOAy‘ICHHbIX
MOACABHBIX PACYETOB MbI ITAAHHPYEM IIPOBECTH
BBIYHMCACHHS HA OCHOBE CYILECTBYIOIIUX IAKETOB

manpumep, NEC2, MININEC3,
HFSS (High Frequency Structure
Simulator), IE3D, Microwave Office, Microwave
Studio [2-5].

B nmeasx

IpOTpPaMM,
a  TaKxKe

OoAaee  IIOAHOIO  H3yYECHHUA
mpearroraraeMoro addekra OYAYT IIPOBEACHBI
U3MEPEHUsA C MCIOAB30BAHMEM CHAUKOHOBBIX
AMDACKTPHYECKUX MATEPHAAOB, KOTOpPBIE
00AQAAIOT CYIIECTBEHHO OOABIIHUM ITOKA3ATECACM
IIPEAOMACHUSA AAf DACKTPOMATHHUTHBIX BOAH B

CBY Anamasomne.
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oAynpoBoAHUKOBEIX mpubopos (IIIIII) mo OCT 11 0944-96 u opuruHaAbHBINI

MOAYAALIMOHHBII METOA, PEaAM30BAHHbBIE B Pa3pabOTaHHOM aBTOPAMHU AaMIIAPATHO-
nporpaMMHOM Kommaekce. B o6omx wmeroaax IIIIII pasorpeBaerca HMMOyABCHOM
MOIITHOCTBIO, 4 TEMIIEPATYypPa €ro aKTUBHON o00AacTH (II€PEX0AA) OMpPEAEAAETCA IIO0
M3MEHEHHIO TeMIepaTtypouyBcTrBuTeAbHOro nmapamerpa (TUII) — mHanpsaskenus xHa ITITIT
IIPU MAaAOM ToKe, npomyckaemom uepes IIIIII B maysax Me’>XAy MMIIyAbCaMHU I'PEIOIIIETO
Toka. ITorpemaocte n3mepenua TC cTaHAAPTHBIM METOAOM CHABHO 3aBHCHUT OT BbIOOpa
AAUTEABHOCTH HMIIYABCOB TIPEIOINEro TOKA M BPEMEHH 3aA€PX>KKU IIPU H3IMEPEHUH
HanpsokeHua Ha IIITIT mocae BBIKAIOUEHHA I'PEIOIIET0 TOKA. B MOAyAAIIMOHHOM MeTOA€
AAUTEABHOCTh HMIYABCOB TIPEIOIIEr0 TOKA H3MEHAIOT II0 TapPMOHHYECKOMY 3aKOHY,
U 110 pe3yabTaraMm m3MmepeHua HampspkeHusa Ha IIIIII mpu mpoxo’kKAeHUM IpEroInero u
U3MEPUTEABHOI'O TOKA OIPEAEAAIOT MOAYAB TermaoBoro umneaanca ITITIT kak orHomIeHUe
IEePBOIl TAPMOHUKH TEMIIEPATYPHI IIEPEX0AA K II€PBOM IrAPMOHHUKE I'PEIOIIEl MOIMHOCTH.
ITo yacTOTHOII 3aBUCHUMOCTH MOAYAS T€IIAOBOI'O UMIIEAAHCA OIPEAEAAIOT KOMIOHeHThI 1TC
00'b€KTA, IPHU 3TOM CyIIIECTBEHHO CHHIKAIOTCA TPEOOBAHMUA K IIOAACPIKAHUIO TEMIIEPATYPBI
Kopiyca mnpubopa M, KaK CAEACTBHE, CHIDKaercsa mnorpemHocts usmepenusa T1C.
ITpuBeaens! peayabTarsl cpaBHUTEABHBIX H3MepeHni T C naTerpaspuesix CBU-ycuanTeaeit
(ycuanreapubix kackapoB) Ha InGaP/GaP I'BT craHAapTHBIM M MOAYAALIMOHHBIM METOAOM
IIPU PA3AMYHBIX 3HAYEHHAX AMIAHTYABI rperomero Toka. ITokazamo, uro pesyabTaThl
usmepenua TC uarerpaspapix CBU-ycuanreaeir 060MMHI METOAAME XOPOIIIO COTAACYIOTCH
MEJXKAY COO0OH. YCTAaHOBAEHO UYTO C POCTOM AMIIAUTYABI I'PEIOIIEr0 TOKAa IPOMCXOAHUT
ymenbmienune TC mepexoa-kopmyc mHTerpasbHbix CBU-ycmamreaseii, 4To0 0GyCcAOBAECHO
BBIPABHUBaHHEM TOKopacnpeAeseHus B crpykrype I'BT npu Harpese.

Koarouessie ciosa: marerpassabre CBU-ycuanTeAn MOIIHOCTH, reTEPOOHIIOAAPHBIE TPAH3UCTOPEI,
TEIAOBBIE ITAPAMETPBI, U3MEPEHUE, MOAYAAIIMOHHBIA METOA
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Abstract: The method of measuring the thermal resistance (TR) of semiconductor devices (SD)
according to OST 11 0944-96 and the original modulation method implemented in the hardware
and software package developed by the authors are described. In both methods, the SD is heated
by pulsed power, and the temperature of its active region (transition) is determined by a change in
the temperature—sensitive parameter (TSP) - the voltage at the SD at a low current passed through
the SD in the pauses between the pulses of the heating current. The measurement error of the
vehicle by the standard method strongly depends on the choice of the duration of the heating
current pulses and the delay time when measuring the voltage at the SD after switching off the
heating current. In the modulation method, the duration of the heating current pulses is changed
according to the harmonic law, and according to the results of measuring the voltage at the SD
during the passage of the heating and measuring current, the modulus of the thermal impedance
of the SD is determined as the ratio of the first harmonic of the transition temperature to the first
harmonic of the heating power. According to the frequency dependence of the thermal impedance
module, the components of the vehicle of the object are determined, while the requirements for
maintaining the temperature of the device body are significantly reduced and, as a result, the
measurement error of the vehicle is reduced. The results of comparative measurements of the TR
of integrated microwave amplifiers (amplifying cascades) on InGaP/GaP HBT by the standard
and modulation method at different values of the amplitude of the heating current are presented. It
is shown that the results of measuring the TR of integrated microwave amplifiers by both methods
are in good agreement with each other. It is established that with an increase in the amplitude of
the heating current, the TR junction-case of integrated microwave amplifiers decreases, which is
due to the alignment of current distribution in the structure of the GBT during heating.

Keywords: integrated microwave power amplifiers, heterobipolar transistors, thermal parameters,
measurement, modulation method

UDC 621.382.32

Acknowledgments: The work was supported by the Russian Science Foundation (project No. 22-29-01134).

For citation: Vyacheslav A. Sergeev, Vitaliy I. Smirnov, Andrey A. Gavrikov. Methods and features of measuring
the thermal resistance of integrated microwave amplifiers on heterojunction bipolar transistors. RENSTT:
Radioelectronics. Nanosystems. Information Technologies, 2023, 15(3):215-222¢. DOIL: 10.17725/rensit.2023.15.215.

COAEPKAHUE 4. W3MEPEHHE TEIIAOBOI'O COIIPOTUBAEHUSA
1. BBEAEHUE (217) CBU-YyCUAUTEAL CTAHAAPTHBIM METOAOM
2. METOABI WU3MEPEHUS TEIIAOBOTO (219)

COITPOTUBAEHUS HUHTETPAABHBIX CBU- 5
YCUAUTEAEN (217) )
3. AIIIAPATHO-TIPOTPAMMHBIIT KOMIIAEKC AAf
W3MEPEHHSA TEIIAOBOTO COITPOTUBAEHMA 6. 3AKAIOUEHHE (221)
(218) AUTEPATYPA (221)

HW3MEPEHUE TEMNAOBOIO  COITPOTUBAEHUSA
MOAYASILIMOHHBIM METOAOM (220)

3 HOMEP | TOM 15 | 2023 | POHCUT/RENSIT



PAONOJ3JIEKTPOHMKA

1. BBEAEHUE

CBY-ycmAnTeAn MOIITHOCTH Ha F€TEPOOUITOAAPHBIX

(I'BT)

HpI/IMCHCHI/IC B paSAI/I"IHI)IX paAI/IOQACKTpOHHbIX

TPAH3UCTOPAX HAXOAAT IIIIPOKOE
cucremax, padoTaronux B S- u [ -Amanasonax [1,2].
OAHOM 13 KAIOYEBBIX IIPOOAEM AAfl 9TOIO KAACCA
HIPUOOPOB ABAACTCA OTBOA TEIIAA OT KPHCTAAAOB,
ITOCKOABKY KO3(DHUIIMEHT ITOAE3HOIO ACHCTBUA
CBY-ycmanTeAeii MOITHOCTH CYIIIECTBEHHO MEHbIIIE
eamannnl [1,2]. ITlpm sTOM peasbHBIE TEIIAOBBHIE
mapameTpel MoAayAer CBUY-ycuamreanm mormuocTn
MOTYT CYIIECTBEHHO OTAMYATBCA OT PACYETHHIX,
II03TOMY HEOOXOAHM KOHTPOAB HX TEIIAOBBIX
ITAPAMETPOB KAK Ha IIPEATIPHATUAX-M3TOTOBUTEASAX,
TAK M HAa BXOAHOM KOHTPOAE IIPEAIPHATHI-
IIPOU3BOAUTEAECH PAAHOIAEKTPOHHOM aIIapaTypsl
C HCITOAB30BAHHUEM TAKUX YCTPOMICTB.

AAf KOHTpOAS TeHmAOBBIX mapamerpos CBY-
YCHAUTEAH MOIITHOCTH HCIOAB3YIOT MeTOABI K-
TepmomeTpui [3,4], paMaHOBCKOI TepMomeTpun [5],
HAM CHEKTpocKkonnu (hoTorpoBoAuMocTH [6]. D1n
METOABL IMEIOT HEBBICOKYIO TOYHOCTD, I OYEBUAHO,
HEIIPUTOAHBI AAfl TIOAHOCTBIO T'OTOBBIX HM3ACAUIN B
3AKPBITBIX KOPITYCax.

[leap  AaHHOI  pabOTHI  3aKAFOYAAACh B
apodanuy  METOAOB  KOCBEHHOIO — H3MEPCHHA
TEIAOBBIX ~ I1apamMeTpoB  mHTerpaAbHbx  CBY-

yeuanreaeir mormHoctH Ha ['BT cramaaprabM 1
MOAYAAITHOHHBIM METOAOM IIPH Pa3AMYHBIX TOKAX
H B AaHAAH3€ IIOAYIYEHHBIX 3aBUCHMOCTEH.

2. METOABI U3BMEPEHHA TEIIAOBOT'O
COITPOTHMBAEHUA NMHTEI'PAABHBIX
CBU-YCUAUTEAEN

TemAoBBIE  CBOHCTBA  IIOAYIPOBOAHHKOBBIX
npubOOPOB IPUHATO XAPAKTEPU3OBATD TEIIAOBBIM
conpornsacuuenm (TC) "mepexoa-xopmyc" R,
OIIPEACASICMBIM KAK OTHOIICHHE IIPUPAIICHUS

temmeparypet AT p-n-mepexoaa  I'BT
paccenmBaeMO B HEM TEIIAOBOM MOIITHOCTH:
RT- :Tj—Tc:ATj
Je P p’
TAE T — TeMIeparypa p-n-1epexoAa

)
TPAaH3UCTOPA, BXOAAIICTO B COCTAB YCHAHTCAA;

TC — duxkcupoBaHHasa TeMmueparypa kopiyca; P —
MOIIIHOCTbD, PACCEUBAEMAA B YCUAHTEAE.

Coraacao OCT 11 0944-96 [7] ans BT u I'BT

HCIIOAB3YIOT ~HMIIYABCHBIM — PEXKHUM  Pasorpesa
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COTIPOTUBAEHUS MHTETPAABHBIX CBU-YCUAUTEAEIL...

0OBeKTa HM3MEPEHHUS, BKAFOYEHHOIO IIO CXEMe
¢ obmei Gasoir. Temmeparypa mnepexoaa T
MEIKAY

ayTem

OHPCACA}ICTCH B Imay3ax HMITyAbCaMI1

TOKA I
heat

IPEIOIIIETO U3MepeHns
TemreparypodysctBuTeAbHoro mapamerpa (TUI),
AMHEIHO 3aBHUCAIIETO OT TEMIIEPATYPHI IIEPEXOA T]
B kauectse TUIT aasa BT u I'BT umcroassyror npsamoe
nanpskenne U, Ha SMUTTEPHOM IIEPEXOAE IIPH
IIPOTEKAHUH Y€Pe3 HErO MaAOrO (DUKCHPOBAHHOTO
nsmepureAbHOro Toka. Ilorpemmnocts mamepeHus
TC AaHHBIM METOAOM IIO OIIEHKaM [7] cocTaBAfeT
o6oaee 12% c aoBepureabHON BeposaTHOCTHIO (.95,
OAHOII M3 IPUYUH 3TOTO ABAAETCA IEPEXOAHBIN
9ACKTPHUYICCKII IIPOIIECC, BO3HHUKAIOITTII
npu nepekarovennn BT wmam I'BT m3 pexnma
pasorpesa B pexnm msmeperus TUIT [8]. Apyroi
IIPUYUHON ABAAETCA HEOIPEACACHHOCTD 3aAAHHUA
AAUTEABHOCTH TPEIOIIUX HMIIyABCOB, KOTOpasd
3-5 pas

[IPEBBIIIATh TEIAOBYIO IIOCTOSIHHYIO 'IIEPEXOA-

COTAACHO CTaHAAPTY [7] AOAKHA B

"
xopmyc" 7.,
CTAHAAPTE HE IIPEACTABACHO.

DTt

MOAVAAIIMOHHOM METOAE C HArpeBOM OOBEKTa

HO METOAMKHN I/I3M€pCHI/IH Z-Tic B

HEAOCTATKH OTCYTCTBYIOT B

HUMITYAbCAaMH FpCIOLL[CFO TOKa, AAHTCABHOCTD

KOTOpI)IX HN3MEHAIOT II0 FapMOHI/I‘-ICCKOMY 3aKOHY

[9]:
7(?) = ¢ (1 + asin2xfi),

TAC T — CPEAHAS AAHUTEABHOCTH HMITyABCOB; 4, [
— K03(D(PUIIHEHT U YACTOTA MOAYAAIIUU IPEIOIIECH
MOITHOCTH. MOAyAAIIAA  IPEOIEH  MOIHOCTH
BBI3BIBACT CHHYCOMAAABHBIC KOACOAHUSA CPEAHEH 3a
IIEPHUOA TEMIIEPATYPHI IIEPEXOAA Tj, CO CABHTOM ¢ TIO
rase OTHOCHTEABHO IIEPEMEHHON MOIHOCTH:

() =T, + T,sinft - p),

TAE Tio — ITOCTOAHHASA COCTABAAIOIIAS TEMIICPATYPEI
nepexopa; I —

AMITAHUTYAQ IT Cp €MEHHOM

COCTﬁBAHIOH.[CI:I TCMHCpaTypr Hepeona Ha 9aCTOTC

MOAYASIITHH f,
TenaoBoIt HMIIEAAHC OIIpeAeAsieTCs
KaK OTHOIIIEHHE AMITAHTYA IIEPEMEHHBIX

COCTABAAIFOIIUX TEMIICPATYPhI IIEPEXOAA H IPEIOITCI
MOIIIHOCTH. 3aBHCHUMOCTb TEIAOBOI'O HMIIEAAHCA
OT YACTOTBI MOAVASIIIMM TIPEIOIICH MOIIHOCTH
nMeeT OCODEHHOCTH B BHAC ITOAOTUX YYACTKOB U
TOYCK IIepernda, OIPEACASEMBIX KOMIIOHCHTAMI
TC o0Owekra [10]. MOAYAAIIMOHHBI METOA IIO
CPaBHEHHIO CO CTAHAAPTHBIM METOAOM HMEET
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paA mpeumymects [11]: om mossoasder m3mepATsH
koMItoHeHTH TC, 1 B 9TOM METOAE CYILIECTBEHHO

CHIDKCHBI ~ TPEOOBAHUA IO  IIOAAEPIKAHUIO
TEMIIEPATYPHI  KOPIIyca OODBEKTA IIOCTOAHHOIL.
Oba  MeToAa  PEaAM3OBAHEI B AIIAPATHO-
HIPOTIPAMMHOM KOMITAEKCE, BKAIOYAIOIIIEM
B ceOA  MHKPOIPOIECCOPHBIH  HM3MEPHUTEAD
TEHAOBOIO  COHPOTHUBAEHHUA,  KOMIIBIOTED  H

CHCLII/IaAI/ISI/IpOBaHHOC HpOFpaMMHOC obecrieuenne

[11].

3. ATITIAPATHO-ITPOTPAMMHBII
KOMITAEKC AA I USMEPEHUA

TEITAOBOTI'O COITPOTHBAEHUA
MOoAYAATTMOHHEBI

TC

aImapaTHO-TIPOrPAMMHOM

MCTOA U3MCPCHUA

peaAnsoBan B

(ATIK),
koToporo npeacraBaera Ha Puc. 1. ATIK paboraer
obpazom.  Omeparop

KOMITAEKCE dyHKIMOHaABHAA — CXeMa

CACAYVIOIITHM BBOAHT
AAHHBIE O PEKHMAX H IIApaMeTpax H3MEPEHU,
KOTOPEBIE USB-unrepderica
[IEPEAAIOTCA B H3MEPHUTEAD MHKPOKOHTPOAAEPY.

ITIOCPEACTBOM

MUKpPOKOHTPOAAEP  COBMECTHO C  ITU(PPOBBHIM
ITOTEHITHOMETPOM (LIIT) u HCTOYHUKOM
rperoriero  Toka I pOpMHPYeT HMIIyABCHI C
YJCTAaHOBACHHBIMH ~ OIIEPATOPOM  AMIIAHTYAOH,

IIEPHOAOM CACAOBAHHA W YACTOTOH IITMPOTHO-
IMIIYABCHOM MOAyAstuu. Vimiryabcer rperorrero
TOKA, IIPOXOAAIINE ITO IIEITH KOAACKTOP-3MHUTTEP
TPAH3UCTOPA, HATPEBAIOT OOBEKTA H3MECPEHHA
MOIITHOCTBIO, H3MEHAFOIIEHCA 110 TAPMOHIIECKOMY
3akoHy. OUpeACACHHE AMIIAHTYABl II€PEMEHHOI
COCTABAAFOIIIEH  MOIITHOCTH ITPOM3BOANTCA HA
OCHOBE YCTAHOBAECHHOH OITIEPATOPOM AMIIAHTYABI
HMIIYABCOB  IPEIOIIETO TOKA M H3MEPEHHOTO
HAIPAKEHUA Ha  OOBEKTE, KOTOpOEe  dYepes
aunddepennmaspabiii ycuaureab (AY) mocrymaer
Ha  BXOA MHKPOKOHTPOAAEP
arasoro-mudposoro npeodpasosareas (ALIIT).

;g Urn 1/2]_6lll;lT ~ SPL___,

VYcranoska Irp

BCTPOCHHOIO B

POKOHTpOnnep

l IMM-uMITyI6Ch
T71213

ALIT
Hcrounnk
| 11) S \4
Irp A
USBDP| [USBDM
e |

Ka
]’+IZB

Puc. 1. Qyrxyuonanvrias cxema annapammo-npozparimiiozo

Herounuk| [y
Tusm

Komrnjiexcea.
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Bosaeticrsue HA OOBEKT ITIEpEMEHHOI

MOIITHOCTH, H3MCHﬂmmCﬁCH I1I0 I“apMOHI/I‘ICCKOMy

3aKOHY, BBI3BIBACT N3MCHCHHC TCMHCpaTypI)I

AKTHUBHOM obaacTu KpHCTaAAQ TpaH3I/ICTOpa

(p-n-miepexoAa) IO TAKOMY :K€ 3aKOHy, HO CO

daze

MOIITHOCTH. I/I3M€pCHI/I€ TCMHCpaTypr IICPCXOAA

CABHTOM I10 OTHOCHTEABHO Fp CI—OU.[CIZ

OCYIIICCTBAACTCA KOCBCHHDBIM CrIOCOOOM Ha OCHOBE

n3MepeHna TEMIIEPATYPOUYBCTBUTEABHOTO
mapamerpa  (TUII), B xagecrBe  KOoTOpOTO
HICIIOAB3YETCA psAMoe HAIIPA/KCHIC U

eb

MEKAY OSMHTTEPOM H 0a30H TPaH3UCTOpA IIpH

HpOTCKaHI/II/I "ICPCS BMI/ITTCPHI)IEI HCPCXOA

Toka [

meas

PUKCHPOBAHHOTO  M3MEPUTEABHOTO
Temmeparypa Iepexoaa U3MEPAETCA B I1AY3aX MEKAY
TPEIOIINMH UMITYABCAMHU C BPEMEHHOM 3aAEPKKOI
OTHOCHTEABHO HX 3aAHETO (PPOHTA, HEOOXOAUMOTO
AASl  3ABEPIIEHUA  IIEPEXOAHBIX  JAEKIPHUYECKUX
IPOLECCOB. TEMIIEPATYPEI

mmepexopa mpomsBoAutcsa 16-paspaaasim - AL

Wzmepenne
B3aHUMOACHCTBYIOIIUM €  MHUKPOKOHTPOAAEPOM
ITOCPEACTBOM  IIOCACAOBATEABHOIO IIEPHEPHUITHOIO
nurepdetica SPI (Serial Peripheral Interface). YroOsr
00eCIeYnTh MPOTEKAHHE HMIIYABCOB IPEIOIIEIO
TOKA dYepe3 TPAH3UCTOP IO IEHMH ''KOAAEKTOP-
sMuTTEp", 4 B I1ay3aX MEKAY HMIIYABCAMH — IIO
neru "0asa-oMuUTTEDP'", HCITOAB3YIOTCSA IACKTPOHHBIC
mepekarodatean KA Ha ITOAEBBIX TPaH3UCTOPAX,
VIIPABAAEMBIC MUKPOKOHTPOAAECPOM.

C pomompro AITK  MOKHO IIPOH3BOAHTH
m3mepenna TC He TOABKO MOAYAAIIMOHHBIM
METOAOM, HO M CTaHAAPTHBIM MeToAoM 1o OCT
11 0944-96, wucmoAp3yroImuM HarpeB OOBEKTa
CepHuell UMITYABCOB I'PEFOIIIErO TOKA C ITOCTOAHHOMN
AAUTEABHOCTBIO. [ToCKOABKY ~ AAUTEABHOCTB
IPEIOIINX UMIIYABCOB AOAMKHA OBITH TAKOMH, ITOOBI
KPHCTAAA VCIIEBAA BBIXOAHTH B CTAI[MOHAPHBIN
TEMIIEPATYPHBIA PEXKHUM, 2 TEMIIEPATypa KOPITyCa
OCTaBaAaCh OBl IIPH 3TOM HEH3MEHHOI, TO B

ATIK

AAUTEABHOCTH

AAA OIIPEACACHHUA OITOH  OITHUMAABHOM

IIPEAYCMOTPEH  CIIEIHAABHBII
pexnM. OH OCHOBAaH HAa HM3MEPEHHHM H aHAAW3E
rmepexoAHoN TerAoBoi xapakrepucrukn ([TTX),
TO ectb 3apucumoctu Z (1) nepexoanoro TC or
AAUTEABHOCTH T HMIIYABCOB TIPEIOIIErO TOKA M
BKAIOYAE€T B CEOA IPOIYCKAaHHE dYepe3 OOBEKT
IPEIOIINX HMIIYABCOB C YBEAMYIHBAIOIICHCA IIO
AAITEABHOCTBIO.

AOTApU(MPMUYIECKOMY  3aKOHY

IIpn srom maysa memxAy HMHOyAbcamu B 4-5 pas
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MPEBBIITIAET  AAHUTEABHOCTb — HMIIYABCOB, — 9TO
BIIOAHE AOCTATOYHO AASl TOTO, YTOOBI TEMIIEPATYPa
KPHCTaAAQ ITOCAE KAKAOTO HMITYABCA BO3BPAITIAAACH
K MCXOAHOMY 3Ha4eHUIO. [ Tocae kamaoro rperormero
HMIYABCA C HEKOTOPOM BPEMEHHOM 33AECPKKOI
IIPOU3BOAUTCA HM3MEPEHHE OTKAMKA Ha  9TO
BO3AEHCTBHE — N3MEHEHNE TEMIIEPATYPEI IIEPEXOAA.
AAA OIIPEACACHHSA OITUMAABHOH AAHTEABHOCTH
CTAQKUBAHNIE  H

HMITYABCOB HpI/IMCHHCTC}I

anddepennmposanue nzmepennon ITTX.

4. UBAMEPEHME TEITAOBOTI'O
COITPOTHMBAEHHNA CBU-YCHUAWUTEAA
CTAHAAPTHBIM METOAOM

O0ObeKTAMI HCCACAOBAHUA ABAAANCH HHTETPAABHBIC
CBY ycuamrean wa ocuoe InGaP/GaP I'BT
tuma . MMG3014NT1 ¢ mpeaeAbHOM 9acTOTON
4 I'Tu u makcuMaAbHBIM pabounm TokoM 300 MA
[12].

K HCTOYHMKY TPEIOINNX HMMIIYABCOB IIO CXEME C

[Ipr  m3mepeHHAX OOBEKT TIOAKAFOYAACH

obrieir 0asoil. Paszorpes ocymiecTBAfIACA cepueit
HUMIIYABCOB TPEIOIIETO TOKA, IIPOTEKAOIIHNX ITO
n n

koanekrop-amurrep".  Hampmxenne U,
ncrioapsyemoe B kadectse TUII, msmepsrocs ¢

IICII

BpEMEHHOI 3aAepKKOH 40 MKC OTHOCHTEABHO
OKOHYAHHA KaKAOI'O HMITYAbCA TPEIOIIETO TOKA.
TemneparypHbiii K09MHUITUEHT IPAMOTIO TAACHHSA
HATIPAKEHUA U3MEPAACA CTAHAAPTHBIM METOAOM M
Aaast 'BT MMG3014 pasen —1.78 mB/K.

AAfl OIIPEACACHHSA OIITUMAABHOI AAHTEABHOCTH
HUMITYABCOB TIPEIOIIETO TOKA BHAYAAEC H3MEPAAACH
I1TX)

IIyTEM IIPOITYCKAHHUA HMMIIYABCOB TIPEIOIIETO TOKA,

IIEPEXOAHAA  TEIAOBAaA XapPaKTEPHCTHKA
¢ mameHeHneM AanteapHOCTH T OoT 0.1 A0 300
MC C ITOCTOSIHHBIM IIO AOTapHU(PMUYECKOH IITKaAe
mrarom 50 mMIyABCOB Ha AeKaAy. PesyAbpTaTer
ITTX 1mpeacraBAeHBI B
okne Ha Puc.

H3MEpPEHUA BEPXHEM
2. BriasaeHme 0coOeHHOCTEH
[TTX mponssBoAnAOCh IyTem BbramcAeHus [dZ /
d7™' Kak HyHKINH AANTEABHOCTH HMITYABCOB T.
Pesyaprar Takoi obpaborku ITTX mpeacraBaeH
B HmKHeM okHe Ha Puc. 2. Makcumym rpaduka
B HIDKHEM OKHE COOTBETCTBYET ONITHMAABHOMN
MMIIYABCA, KOTOpOI
ans - uccaeayemoro I'BT MMG3014  okasaroch

pasuoO 5.5 mc. Ilpn onpeaeAeHHOH TakuM 0Opa3om

AAUTCABPHOCTH 3HAYCHHC

AAUTCABPHOCTH HNMITYABCOB n IIPOBOAHAMICH

U3MEPCHUA CTAHAAPTHBIM  MCETOAOM. TeraoBoe

COIIPOTHUBACHHUC Rrjc OIIPCACAAAOCHh Ha OCHOBEC
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COTIPOTUBAEHUS MHTETPAABHBIX CBU-YCUAUTEAEIL...
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Puc. 2. [ lepexoonan mennosan xapaxmepucmura (66¢pxy)
u pesyavman ee 06paboniKi (61u3y).

BBI'YTMCACHMA paSHOCTI/I TCMHCpaTyp KpI/ICTaAAa AO
H IIOCAE FpCIOLLICFO HUMITyAbCa C IIOCACAYIOIIHM
YCPGAHCHI/ICM II0 BCEM HMITYABCAM. AAH YCTpaHCHI/IH
BAUAHMUA Ha pCSYAbTaTbI I/ISMCPGHI/IH BpCMeHI/I

3AAEPIKKI HCIOAB30BAAACH SKCTPAIOASALIHA
saveHuil TUIT Kk MOMEHTYy OKOHYAHHSA KaKAOTO
IPEIOIIETO HMIIYABCA; IIPH 9TOM IIPEAITOAATAAOCH,
YTO  IIPOIIECC oObeKTa

OIIHCBIBAETCA KOPHEBOH 3aBHCHMOCTBIO [8].

OCTBIBAHUA KpI/ICTaAAa

Pesyaprar mamepenus TC CBUY-ycumanmreas
MMG3014 npn Iheat = 200 MA mpeAcTaBAeH Ha
Puc. 3. Bre 3aBucmmMoOCTH OT YCTAaHOBAEHHOMU
AAUTEABHOCTH  HMITyABCOB  HAIpAKEHHE Ha
BEpIIMHE HMMIYABCOB wu3MepArock 10 pas c
ITOCACAYIOIIHM YCPEeAHEHUEM. AAA OIIPEACACHHSA
M3MEHEHUA TEMIIEPATYPH IIEPEXOAA, BBI3BAHHOTO
BO3AECHCTBHEM TIPEIOIIETO HMITYAbCA, 3HAYCHHE
TUIT usmepsarocsy 10 pas A0 Ka’KAOTO IPEFOIIETO
nvuyAbca u 130 pas mocae Hero. MlHTEpPBAA MEKAY

coceaanmu nameperuamu TUIT cocraBasa 13 mxc,

55 -Pulse duration. ms Re Zr, K/WZ3 281

E 4770
~,4370]
3t
83970
=)
9 3570
o
3170
S
2770
)
S 2370
=}
> 1970

1570t
0 100 200 300 400 500 600 700 800 900 1000
Meassurement number

1100 1200 1300 1400 1500

Puc. 3. Qopya nanpscerius ra obwexme npu usmeperimu TC
CBY-ycunumens MMG3014  cmarndapmivim  memodom
npul, = 200 mA.
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YTO OIIPEACAAAOCH BO3MOKHOCTAMHU BHEIIIHETO
ALIT u SPI-uaTepdetica. Mismepennoe 3uadeHue
TCuopu [, = 200 MA moayauaock pasabM 23.28
K/Br. Usmepenns TC rpu pasAnYHBIX 3HAYCHUS
I ITOKa3aAH, YTO C POCTOM AMITAHTYABI [,

heat heat
3HAYCHUC RT]C CYU_[CCTBCHHO yMCHI)U_[aCTCH.

5. UBMEPEHUME TEITAOBOT'O
COITPOTHMBAEHHNA
MOAYAAIITMOHHBIM METOAOM
B srom meroae  0OBEKT  pasorpeBaerci
IIOCACAOBATEABHOCTBIO HMIIYABCOB TIPEIOIIErO
TOKA C 3aAAHHBIM IIEPHOAOM CACAOBAHHUA W
U3MCHAIOMIEHCA 110 TapMOHHYECKOMY 3aKOHY
Aas ompeaeaenms Ry

U3MEPAAACH 3ABHCHUMOCTD BEITIECTBEHHON YaCTHU

AAUTEABHOCTDBIO.

Re Z () TemaoBoro wmmmeaanca OT HacTOTHI
MOAYAAITHH I'PEFOIIEH MOIITHOCTH f (BEPXHEE OKHO
na Puc. 4). Touka nepern6a Ha 3aBucumoctn Re
Z.(f) onpeAeAseTcs TEHAOBBIM COIIPOTUBAECHHEM
n n hed
nepexoA-kopuyc” Ry . Aas onpeaesenus sToii
KOMITOHEHTBI CTPOHUACH TpadHuK 3aBHCHMOCTH
obparHoIt mponssoanoii Re Z () mo wacrore or
Re Z (mwxnee okno ma Puc. 4). Makcumym Ha
rpacpuke coorsercTByer komronente TC R .
Tjc
AAf OIIEHKH HEOAHOPOAHOCTH PACIIPEACACHUA
IPEOIIEro  TOKa CTPYKType

10 KpHCTAAAQd

9.5
2 6

10 14 18 22 26 30 34 38 42 46 50 54 58
Meassurement number
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n
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[dRe Zr/dv]!, WHzZ/K

oy

SP R o i e i e
132 5152 172 109 2102 232 252 299 999 312
Re Z1.K/W

Puc. 4. Yacmomnas sasucumocnv semyecmserinot dacmiu
ReZ. () mennosozo umnedarca CBU-ycunumens MMG3014.
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Puc. 5. Sasucumocnms (dReZ [ df)”" om eemecmsenoi
vacmu  menaosozo  umnedanca Re 7. CBYU-yeunumens
MMG3014 npu pasauuneex amnaumydax I, .

CBY-ycuamreas MMG3014 6p1au Ipou3BeACHB!
n3MepeHus 3aBucnMocT Re ZT(/) IIPU Pa3AMYIHBIX
3HAYCHHUAX AMIAHTYABl HMIIYABCOB IPEIOIIErO
ToKa. PesyAapTarel  00OpabOTKH  IIOAYYECHHBIX
3aBHCHMOCTENH IIpeAcTaBAeHBl Ha Puc. 5. Aas
yAOOcTBa BOCupuATHA IpaddUKOB BCE OHHU
CABHHYTBl OTHOCHTEABHO APYI ApPyra IO OCH
opanHaT Ha 5 eannuil. Buano, 9to ¢ ypeandenuem
Iheat ot 100 a0 300 MA MaKCHMYMBI, IIOAOKECHHE
KOTOPHIX OTHOCHTEABHO ocu Re ZT OIIPEAEAAET
TEIIAOBOE COIIPOTUBAEHHE RT;C’ CABUTAIOTCSA K
HAYaAy OCH aDCIIICC. DTO YKa3bIBACT HA TO, YTO C
POCTOM AMITAHTYABl HMIIYABCOB I'PEIOIIErO TOKA
3HAYEHUA TEIIAOBOTO COIPOTHUBACHUSA RTiC CBUY-
ycuamreas wmornaocta Ha I'BT  cyrmmecrBenHO
YMEHBIIIAFOTCA.

Pesyaprarer msmepenmii R npu  pasmpix
3HAYEHMAX [, TTOAYYIEHHBIE MOAYAATTHOHHDBIM
METOAOM, ImpuBeAcHbl Ha Puc. 6. Craormnoi
Amameii 1 mokasam  pesyAprar 00pabOTKH
3HAYECHUU R’ch’ IIOAYYECHHBIX MOAYAAITHMOHHBIM
METOAOM, IIO METOAY HAMMEHBIIUX KBAAPATOB.

2 oKa3aH 06paboTKH

Rrjc’

METOAOM. BI/IAHO, 9T1O XapaKTep 3aBUCHMOCTH

AnHne pesyAbTaT

3HAYEHUU ITOAYYEHHBIX ~ CTAHAAPTHBIM
RTiC oT Iheat AASl OOOHUX METOAOB OAMHAKOB, HO
MEKAY M3MEPEHHBIMU 3HAYCHHUAMHI RTiC HMeeTCs
CyIIecTBeHHOE pasamume. llpmumHoil Takoro
pasAnYnA ABAACTCSH TO, UTO YCUAUTEAD MOIITHOCTH
KpOMe KpHCTaAAa, B KoTOpoMm cchbopmuposan I'BT,
HMEIOT COTAACYIOIIHE 9AEMEHTBI, OOAAAAIOIIINE
AKTUBHBIM W E€MKOCTHBIM  COIIPOTHBACHHEM.
[Ipu HCIIOAB30BAaHUH MOAYAAIIMOHHOIO METOAR
OOBEKT

HanCBaCTCH IIOCACEAOBATEABHOCTBIO
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Puc. 6. Sasucusocnv mennosozo conpomusaernus CBY-yeunumens MMG3014, usmeperrozo pasauunsivu menodarmu,

071 AMNAUNLYOBL UMNYABCOE 2peroyeco moKa: 1— cmardapmieitl Men100; 2 — MOOYAAYUOHHBII MENI00.

HMIYABCOB C IIEPHOAOM CAeAOBaHHA OkoAO 100
MKC, 2 ITPH HCITOAB30BAHUU CTAHAAPTHOTO METOAQ
— OAMHOYHBIMH HMIYABCAMH AAHUTEABHOCTBIO
HECKOABKO MHAAHUCEKYHA. M3-3a pasamganoro
XapakTepa MPOTEKAHUA TOKA YePe3 COTAACYIOIIHE
eMKOCTHBIE 9AeMeHTH Kpuctaaa I'BT cepumeit
KOPOTKHX HMIIYABCOB TOKA HaIPEBAETCA CHUABHEE,
YeM IIPU HarpeBe OAMHOYHBIMHU HMIIYAbCAMHU.
Kpome Toro m3 TabANIEL BHAHO, 9TO TEIIAOBOE
Rch CBY-ycuanreas ma I'BT
MMG3014 3amMeTHO YMEHBIIAETCHA C YBEAHMYECHUEM

COHPOTI/IBACHI/IC

AMITAUTYABI Iperorrero Toka. OAHNM U3 HamboAee

BCpOHTHI)IX MCXAaHHN3MOB TAKOI'O YMCHDbITICHH A

ABAACTCA BBIPABHUBAHHE TOKOPACIIEACACHHA B
rpebenuaroii crpykrype I'BT mpu marpese [13,14].
OAHOM m3 OCHOBHBIX IPHYHH HEOAHOPOAHOTO
TOKOPACIIPEACACHUA B TIPEOCHYATHIX CTPYKTyPax
BT u I'BT B akruBHOM pexnMe PabOTH ABAACTCH
IIAACHHE  HAIPMKEHWA  HA  CONPOTHUBACHUH
TOKOBEAYIIIUX SMUTTEPHBIX AOPOKEK METAAAU3AIIIN
B COOTHOILIEHUH C TEIAOBBIM IToTeHIImaAoM [14]. C
YBEATYEHUEM TEMIIEPATYPHI CTPYKTYPHI X TEITAOBOTO
IIOTEHIINAAA BAUAHUE ITAACHHA HAIPAKECHUA Ha
COIPOTHUBACHUN  METAAAHM3AIIUMU  CHIKACTCA U
HEOAHOPOAHOCTb ITAOTHOCTH TOKa B CTPYKIype
yMeHbImaeTcs. TakuM oOpasoM, KPyTH3HA TOKOBOM
3aBUCUMOCTH RTic MOXKET CAYKHTb KOCBEHHBIM
AMATHOCTHYECKUM ITAPAMETPOM  COIIPOTHBACHUSA
TOKOBEAYIIIEH METAAAH3AIMU U HEOAHOPOAHOCTH

TokopacnupeaeAaeHus B crpykrype I'bBT.

6. BAKAFOUEHHE

[TpuBeaeHs! PE3yABTATHI CPaBHUTEABHBIX
m3meperuii TC IepexOA-KOPIIyC HHTEIPAABHBIX

CBY-ycuanresein (YCHAHUTEABHBIX KACKAAOB) Ha

InGaP/GaP I'BT cTaHAApPTHBIM 1 MOAYASILITOHHBIM
MCTOAOM HpI/I paSAHquIX SHAYCHUAX AMIIAUTYABI
rperomero  Toka. IlokasaHo, dYTO  pPeE3yABTATHI
m3meperuss TC mepexoA-KOPIYC HHTEIPAABHBIX
CBY-ycmanreseii 0OOMMH  METOAAMH  XOPOIIIO
COTAACYIOTCA MEKAY COOOH. YCTAHOBACHO d9TO C
POCTOM aMITAUTYABI IPEIOIETO TOKA ITPOHCXOAUT
ymenbirenne TC IepexoA-KOPIYC HHTEIPAABHBIX
CBY-ycuanreAeri, d9TO BEPOATHO OOYCAOBACHO
BBIPABHUBAHIEM TOKOPACIIPEACACHHA B CTPYKTYpE
I'BT npwu marpese.

Taxum ~ 0oOpasoM,  KPyTH3Ha  TOKOBOH
3aBHCUMOCTH K. MOMKET CAYKHTH KOCBECHHBIM
AMATHOCTHYECKUM I1apAMETPOM HEOAHOPOAHOCTH

TokopacrpeseseHus B crpykrype I'BT.
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Abstract: The influence of external disturbances on the sensitivity and dynamic range of the

microwave radiothermograph is considered. The results of an experimental study of the
interference situation in the range up to 3 GHz are presented. The diagram of the spectral

density of interference adjacent to radio astronomy windows is analyzed. The features of real
observed disturbances are investigated. The classification of possible disturbances according
to their characteristics is given. Algorithms for discrimination of various types of interference
are considered. The sensitivity and dynamic range of the microwave radiometer are evaluated
using the pulse noise suppression algorithm.
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1. BBEAEHUE

CBY-paamomerp — 3TO BEICOKOYYBCTBHTEABHBII

HpI/ICMHI/IK COOCTBEHHOIO PaAOTCIIAOBOTO

HN3AYICHHA paSAI/I‘IHI)IX (1)I/I31/I‘ICCKI/IX TCA,

CBY-

HpI/IMCHHI-OTCH B OCHOBHOM B

CPEA HAH KOCMHYECKHX OOBEKTOB.
PAAIOMETPHI
paanoactponomun [1|, mpm AMCTAaHITMOHHOM
30HAHPOBAHIH 3eMHOM ITOBEPXHOCTH

[2], ¢ Oopra

CAMOAETA HAH OECIIMAOTHOIO AETATEABHOIO

1 aTMOCepel M3  KOCMOCA
armapata [3], a TakKe C Pa3SAMYHBIX Ha3E€MHBIX
HocuteAer [4]. OcoObIil HHTEPEC TIPEACTABAACT
npumvenenne CBY-paamomerpos B Meanriume,
AASl HEHHBA3HUBHOIO H3MEPECHHA BHYTPECHHEH
TEMIIEPATYPHI TEAQ YEAOBEKA C IIEABFO BBIABACHUSA
3AOKAYECTBEHHBIX ~ HOBOOOPA30BAHHI  HA
PAHHHX CTaAHAX PA3BUTHSA, KOTAA HUX TEPAIINA
ocobenno adpdexrusHa [5-9]. 3oHAMpOBaHHE
CBY-paanomerpamu

YCAOBCYCCKOIO TCAQ

OAHOBPEMEHHO B  HECKOABKHX YaCTOTHBIX
AMAITa30HAX IT03BOASIET BH3YaAH3HpPOBATH 3D
PACIIPEACACHHE BHYTPEHHETO TEIIAOBOTO ITOAA

ugeroseka [10].

Bxoanon CHUTHAA

CBY-paanomerpa
IPEACTABAAET  ITHPOKOIIOAOCHBIM  IITYMOBOM
CUTHaA  —

paAI/IOTCHAOBOC M3AYICHUC,
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CITEKTPAABHAA IIAOTHOCTH KOTOPOTO OIHCHIBACTCA
nsBecTHOIl popmyaort [laamka m 3akoHOM
[TraEKa AAA B3AYUEHHA AOCOAIOTHO YEPHOTIO
TeAa. PacmpeaeseHme aAMIIAHTYA TEIIAOBOTO
IIyma IIOAYHHAETCA cratuctuke laycca m B
II0AOCE  IIpHEMA MeET

CBY-paanomerpa
IIPAKTUYECKA  PABHOMEPHYIO  CIICKTPAABHYIO
IIAOTHOCTD, T.€. IIPEACTABAAET OEABIH IIIyM.
AAsl caygas Huskux gactor ¢opmyaa [Taanxa
cBoanTCcs K popmyae Pared-Axurca, coraacHo
KOTOPON HHTEHCUBHOCTD TEIIAOBOTO U3AYICHUA
TEMITEPATYpE

HO3TOMY HNHTCHCHUBHOCTb TCIIAOBOI'O

IpAMO  IPOIIOPITMOHAABHA
TEAQ.
H3AYYEHHUSA OOBIYHO BBIPAKAIOT B EAHMHHIIAX
TEMIIEPATYPHEl — IPaAycax 1o 1rkase KeappuHa.
B rpaaycax KeAbBrHa BBIPaKAIOT KaK BXOAHOI
n3mepsemeri curaaa CBY-pasmomerpa, Tak u

YYBCTBUTEABHOCTD PAAMOMETPA, HOA KOTOPOM

IIOHUMAETCA ~ MHUHHMAABHO  OOHAPY/KHIMBII
CHTHAA.

UyBCTBUTEAPHOCTD ~ HAM ~ MHHHMAABHO
OOHAPYKUMBII CUTHAA HAEAABHOTO (De3 ydera
dArokTyanmit - koapdunMeHTa  YCHACHHA
CBY-ycuamreas) paanomeTpa IIOAHOI
MOIITHOCTH IIPOITOPIIMOHAABHA cymme

IITyMOBBIX TCMHCpaTyp AHTCHHDBIL Td " HCpBOFO

kackarna CBY  ycwmamreas T m  obGparHO
IIPOIOPIIOHAABHA PAAHOMETPUYIECKOMY
BBIUIPBIIILY, IIPEACTABASIOIIIEMY KOPEHb

KBAAPATHBIN U3 IIPOU3BEACHUSA SKBUBAACHTHOMU
IMUPUHBI BXOAHOHM IpHEeMHON moAock Af Ha
BpeMA HAKOIIACHHUA, HWAW HHTEIPHPOBAHIA
IIPOAETEKTUPOBAHHOTO curHaAa 1 [1].
T,+T,

i 1)

UyBCTBUTEABHOCTD  ABAfIETCA  BAKHEHIIICH

oT =

xapakrepucrukorr CBY-paanmomerpa, wHapsaay
C AMHAMHYECKHM AHAIIa30HOM, IIOA KOTOPBIM
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IIOHMMAECTCA OTHOIIICHUEC MaKCHMAABHOIO

HCHUCKAKCHHOI'O H3MCpH€MOI‘O CHUTHaAQ Tmax

K BEAMYHNHE MHHHUMAABHO OOHAPYKHMOIO
curHaaa o01:
T
D, = 2MAX )
oT

Awnmamirdgeckuii anarason D, — 6espasmepHas
BECANYNHA, KOTOPYIO OOBIYHO BEIPAKAIOT B
AELIMOEAAAX:

D,[dB]=10Ig(D,). 3)
Haamaue I/ICKYCCTBCHHBIX AN CCTCCTBCHHBIX
moMex B moAoce upuema CBY-paamomerpa

VXYAIITACT 9YBCTBUTCABPHOCTD U AI/IHaMI/I‘ICCKI/Iﬁ
AMAIIa30H PaAHOMETPA.

IHean

BAMAHNC HMCKYCCTBECHHBIX HMAHN CCTCCTBCHHBIX

HACTOAIIEN CTATbU — OILIEHUTDH
moMex B moAoce upuema CBY-paamomerpa

Ha 9IYBCTBUTCAPHOCTD n AI/IHaMI/I‘ICCKI/II‘/‘I
AHAITAa30H paAI/IOMﬁTpa. A TAKXKE OIICHHUTH 3THU
HapaMeprl HpI/I HCIIOAB3OBAHHIT Q.AFOPI/ITMOB
AI/ICKpI/IMI/IHaHI/II/I HCKOTOprX CIICIITMAaABHDBIX
BHAOB ITOMCX, HaHpI/IMCp, IIOMCX HMITYABCHBIX

HA Y3KOIIOAOCHBIX.

2. BAMAHME BHEIITHHUX ITOMEX

HA ®YHKIIMOHHMNPOBAHHE CBY-
PAANMOMETPA

[Toa BHemrHEMH HOMEXaMH OYAEM IIOHHMATb
ATFOOBIC CHUTHAABI €CTECTBEHHOIO  HAH
HICKYCCTBEHHOIO ITPOMCXOKACHUA, OTAMYIHBIE
OT TEHAOBOTO M3AYYECHHUA, IIOIMAAAFOIIHE B
moAoCcy mpuema papmomerpa. K momexam

€CTECTBEHHOIO  IIPOMCXOKACHHA ~ OTHOCHTCA
9AEKTPOMATrHUTHOE H3AYYCHHE, BO3HUKAIOIIICE
IIPY HCKPOBBIX pa3psArax B armocdepe —
MOAHHAX. A TaKKe H3AYYEHHE, BBI3BAHHOE
BCIIBIIITKAMM Ha COAHIIC. HOA I/ICKYCCTBCHHBIMI/I
IIOMEXaMU IIOHHMAOTCA AIOOBIE H3AVICHHSA
HCKYCCTBEHHOTI'O IIPOUCXOKACHHUSA IIPH AYTOBBIX
pa3pAAaxX (3AEKTPOCBAPKA), ICKPOBEIX Pa3pPAAAX,
HAIIPUMEP OT CBEYEH PaOOTAIOIIErO ABHUIATEAS
BHYTPEHHEIO CIOPAaHHA, a TAKKE AFOOOTO
BHAA paamoniepeaaTdukos, Bluetooth n Wi-
Fi ycrpoiicts m Apyrux. KamABII aKTHBHBIN

MAU TACCHUBHBIN ITOAB30OBATEAD paAHoa(pra

OCOBEHHOCTUN ®VHKIIMOHNPOBAHMA CBY- 225
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pa60TaeT B BbIACACHHOﬁ AAA HEITO IIOAOCE

YACTOT. Pactipeaesenns paamoacupa
MEKAY HOAB30BATECAAMU peryaupyercs
HAITMOHAABHBIMHA 32KOHOAATEABCTBAMU C

VIETOM MEKAYHAPOAHBIX COTAAIIeHnH. Tak B
Poccuiickoit dpeaeparinm Takoe pacIpeAeAeHIe
OIpeAEAAeTCA TabAHIIENT YTBEPKACHHOM
[Tocranosaenuem Ilpasureapctsa Poccniickoit

cerrsaopa 2019
"O6 yrBepracHnn TaOAmIEI

®epeparmun - ot 18
Ne 1203-47

paCHpeACACHHH ITIOAOC paAI/IO"IaCTOT MCIKAY

roAa

pasuocayxOamu  Poccmiickoit Peaepannu u
IIPU3HAHUN YTPATUBIINMU CHAY HEKOTOPHIX
roctanoBAeHuI [IpasuteanctBa Poccmiickon
Depcpannn”. B coorserctBum ¢ TabaAwnmeit
PAA YACTOTHBIX AHMAITA30HOB BBEIACACH AAA
pPabOTHI ITACCUBHBIX CPEACTB, PAAHOMETPOB H
PAAMOTEAECKOIIOB, ITO3TOMY 3TH AHAIIa30HEI
MHOTAA Ha3BIBAIOT ' PAAHOACTPOHOMUYCCKIMI
Pabora AFOOBIX

OKHAMM . AKTUBHBIX

H3Ay9IATEACH B 3THX AMAIIa30HAX 3alIpeIrcHa.
Ho
OKHAa AOCTATOYHO Y3KH, Tak B [ -AmarmasoHe AAf

BEIACACHHBEIE ~ PAAHOACTPOHOMHYECKIIE
PAAMOACTPOHOMHUH BBIA€ACHBI 9acTOTE OT 1400
A0 1427 MI'm, To ectsb Bcero 27 MI'n. Coraacuo
dopmyae (1) UyBCTBUTEABHOCTH pPaAHOMETPA
oOparHO IIPOITOPITMOHAABHA KOPHIO
KBAAPATHOMY U3 IIHPHHBI IIOAOCHI IIpHEMA.

[ToaTomMy AAfl HOBBIIIEHNA YYBCTBHTEABHOCTH

Yy paAI/IOZLCTpOHOMOB €CTb TOABKO ABa
IIyTH ITOBBIIIICHMA TIYBCTBUTCABHOCTH —
YMCHBIIICHHUC IIIYMOB HpI/IﬁMHI/IKa 3a CUET

ymenbiieHns  Temmepatypel  CBY-ycmamreas

IIYyTEM OXAAXKACHHUA AO TCMHCpaTypI)I KHIAKOI'O

reAus, TyTeM IPAMCHEHHUA CIEINAABHOM
KPUOI€HHON  TEXHHUKH, HWAHW  YBEAUYCHUA
BpeMEHH HakoIAeHHA. AAA  PaAHOMETPOB
AVCTAHIIMOHHOI'O 30HANPOBAHUSA 3eMAN
C OECIHAOTHBIX  AETATCABHBIX  AINIIAPATOB
IIpUMEHEHIE KPHOTI€HHOM TEXHUKI
u YBEAHYCHUE BpEMEHHU HAKOIIACHHS
HETIPUEMAEMBIL. Ocraercs pacImupATh

IIPUEMHYIO IIOAOCY, HO IIPH 3TOM HEU30EKHO B
IOAOCY IPHEMA PAAMOMETPA MOITAAYT IOMEXH,
CO3AAHHBIE AKTUBHBIMH CpeAcTBamMu. Kpowme

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3
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TOTO, BBIACACHHBIE PAAMOACTPOHOMIYECKHUE
OKHA IIOCTOAHHO cy:karoTce. Tak B C-Anamasone
COBCEM HEAABHO OBIAO PAAHMOACTPOHOMUYECKOE

200 M.

CoraacHo moOCAeAHEH pepakiuu  'TaOAnIer

OKHO IITIPUHON Doaee

PACIPEACACHHA IIOAOC PAAHOYACTOT..." OT
200 MI'x ocraroch ToAbko 10 MI'tr o1 4990 Ao
5000 MI'tr. OcBOOOAMBIIIECSH YACTOTBI OTAAAHN
AASl TECTUPOBAHUA CPEACTB CBA3HU IO CTAHAAPTY
5G. Tak 9TO PaAMOMETPHI, U3TOTOBACHHBIE AO
2019 ropa aaa C-pnamnasona, Terepb pabOTAIOT

B YCAOBHUAX  IIOMEX. AA  MEAMITMHCKHAX
PAAIOMETPOB — paAHOTepMorpa(pOB CHATyaIus
C BHEIIHUMM IIOMEXAMH EIIE XYK€, Tak

AAA TIOAYYEHHSA HHMOPMAINH O TEIIAOBBIX
IIOAAIX TEAA YeAOBeka Ha rayomue Ao 7-10 cm.
HEOOXOANMO paborars B Anarrazone 700 MI'mx ¢
muprHON HoAOCH TTopaaka 200 MI'tt. B aaraOM
AMAIIA30HE HET CBOOOAHBIX OT IIOMEX IIOAOC.
ITpobaema permraeTcs IpU IMOMOIIN TACCUBHBIX
CPEACTB 3AIIUTHL OT IIOMEX AUOO IIPUMEHEHUEM
CIIEIIMAABHBIX IIOMEXO3AIIMIIIEHHBIX AHTEHH-
aIIIIAMKATOPOB, AHOO IIPOBEACHHEM aHAAH30B
B CIEITMAABHBIX 3KPAaHUPOBAHHBIX KaMepax CO
crererpro skpaHuposku 0oaee 60 Ab. Caeayer
OTMETHTb, YTO CTOHMMOCTH 3KPAHHPOBAHHOI

KAMEpPBl IIOYTH HA IOPAAOK  IIPEBBIIIACT
CTOUMOCTh CaMoro paauorepmorpada.
Kpome ToOro, BO3HHKArOT IPOOAEMBI IIpU

ee pasMEINEHHH, COOPKE U OOCAYKHBAHUL,
YTO OIPAHHYHUBACT IIPUMEHHUMOCTb METOAA.
Ho Aake mepedncACHHBIX CPEACTB OBIBACT
HEAOCTATOYHO, KPOME TOIO, IIPUMEHEHHE
SKPAHHPOBAHHBIX KAMEP HEIIPHEMAECMO KAK B
PAAHOACTPOHOMUM, TaK U IIPU AUCTAHIIHOHHOM
PAAHOMETPUYECKOM 30HAUpPOBaHUU. [losromy
BECbMa AKTYaABHOH CTAHOBUTCS 3aAa49a ITOMCKA
AATOPUTMOB U METOAUK PabOTH PAAIOMETPOB B

YCAOBHAX BHCIITHUX ITOMECX.

Aaf moncka 3@ EKTUBHBIX  AATOPHTMOB
padoTHI
HEOOXOAUMO HCCACAOBATH, C KAKUMH HMEHHO

PAAMOMETPOB B YCAOBHAX IIOMEX
IIOMEXAaMH HMEEM AEAO Ha IIpakTuke. AAf

HMCCACAOBAaHUA paciIpeACACHUA ITOMEX II0

9acTOTaM B paanoadupe B anarrazose A0 4 I'Tn
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AnTeHna I'.IJMpDKDﬂO.HOCHbIIFI

—= MLLY —]

CnekTpoaHanusaTtop

WKMPOKONOAOCHAA

Puc.1. Pecucmpayus cnexmpa nomex.

OBIA IIPOBEACH 9KCIIEPUMEHT, CXEMa KOTOPOTO
moka3zaga ga Puc. 1.

Curman ¢ LHI/IpOKOHOAOCHOfI AHTCHHBI

va 40 aAb
IIIIPOKOITOAOCHBIM JCHAUTEAEM H ITOAABAACA

VCHAHBAACH MaAOIITYMAIIIIM
Ha aHaAuzaTop crekrpa. CrekrporpamMma IoMex
mmpeactasaeHa Ha Puc. 2.

AHAAU3 CIEKTPOIPAMMBI IIOKA3BIBACT, YTO
Bech 9pUpP B AHAITA30HE AOBOABHO ITAOTHO
3aIIOAHEH IIOMEXaM{ (CHIHAAAMU aKTHUBHBIX
cpeactB). Heboabmroe oxkao mabAroaaercs B
I -Amamazone m OCOOEHHO CHABHBEIE ITOMEXU
B AnmanaszoHax 900 u 1800 MI'm — momexu or

ATTEN

10dB

START OHz
REB STOP 4.0DDg
M 1.0HHzZ .000GHzZ

VBH 1.0HHZz
o = SHP BD.oms

Puc. 2. Cnexmpozpavma nomex 6 duanasore om 0 do 4

1Ty.
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cotoBrIx ceteit GSM. M3-3a TOro, 9To MEKAy
IIOMEXaMH IPAKTHIECKH HET CBOOOAHBIX

IIPOMEIKYTKOB, IIPUMEHECHHE PEKEKTOPHBIX
PUABTPOB AAf PUABTPAIINH IIOMEX OVAET

HesddextusabM. [IpuMenenme M3BECTHBIX

AATOPUTMOB  ITOAABACHHA  IIOMEX  IIyTEM
nu@PPOBON (PHABTPAITUN ITOMEX TAKKE OYAET
HeaHDEKTUBHBIM.

AAf ICCAECAOBAHHA XaPAKTEPUCTHK IIOMEX
BO BPEMEHHOH OOAACTH HCIIOAB30BAACH
CBY-pasmomerp c ABYXOITOPHO
moayaarnueit C-amamazona. Cxema Takoro
paAmoOMeTpa HM3BECTHA U OIYOAHKOBaHA
[11]. Cumrmaa ¢ BBIXOAZ KBaAPATHYHOTO

ACTEKTOPa IIOAABAACA HA IIEPBBIH KaHAA
ABYXKAHAABHOTO OCHHAAOTpaca, Ha BTOPOM
KaHAA  IIOAABAACH  CHTHAA  VIPABACHUA
MOAVASIIHEH, OT KOTOPOTO OCYIIECTBAAAACDH
cHHXpOoHH3anusA ocuuasorpacda. AHTEHHA
paAmoMeTpa AHOO HAIIPABASAAACH B HEOO AAA
[IPOBEPKU HAAUYNA M 3AMHUCH IIOMEX, AHOO
3AKPBIBAAACH IIOTAOIMAIOIINM MATEPHAAOM
AAfl  PETHCTPALIIH

IITYMOBOM  AOPOKKH

B orcyrcrBum  momex. OAHOBpEMEHHO
3AITUCBIBAACH BBIXOAHOM CHUI'HAA PAAMOMETPA
IIOCAE CHHXPOHHOI'O (DUABTPA M CHHXPOHHOTO
ACTEKTOPA IIPU BPEMEHU HAKOIIACHHUA B OAHY
CEKYHAY.

Bua mrymoBoit AOpOKKH (OCITMAAOTPAMMBI
IITYMOBOTO CHUTHAAQ HA BBIXOAE KBAAPATHYHOIO
AETEKTOpPa) B OTCYICTBHE BHEIIHUX ITOMEX

rmokazan Ha Pmc. 3. Ha done mymosoi

o )

Hantek RN/|#)
5.810ms/

WWIWWWIW W]

Puc. 3. Buo uymosoii doposcku 6 omeymemeue sreutriv
nomex.
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AOpO)KKI/I ITOKa3aH CHUTI'HAA YIIPpaBACHHA

Moayasrmeit. [TlymoBoit curHaA mpeacTaBAfeT
HOPMAABHO  PACIPEACACHHBIM  CAYYAMHBIN
nporecc. PyHKINIA PACIIPEACACHHA CAYIAHHOTO

mmporecca onuceBaerca popmyaoit I'aycca:

1 _(U*UZM)2 4
f(U): \27o? ¢ Y
rae U~ — cpeaHee 3HavyeHHE CHUTHAAQ
MAM  MATEMATUYECKOE  OKHUAAHHE, O  —
CPEAHEKBAAPATHIHOE OTKAOHECHHE VAU
AMCIIEPCHAL.
(DyHKL[HH peaAusanuu CHUTHAAQ U,
mpeAacTaBAeHHasAs Ha Puc. 3, mpeacraBaser
3aBUCHMOCTb  HAIPSUKEHHA  OT  BPEMCEHH.

Hanpsxenne mamepsiercss B €AHHHIIAX BOABT,
HO MOJKET OBIThb IIEPECYUTAHO C IPAAYCHI IIO
mkaAe KeapBrHAa OAArOAAPA HAAMYHIO B CXEME
paAHOMeTpa ABYX BHYTPEHHHX 9TaAOHHBIX
HATPY30K C PAa3AHYHBIMA M  H3BECTHBIMHU
temmeparypamu. kissectro, aro 99.7% orcueros
HOPMAaABHO PacIIpeAEACHHOTO CHTHAA2
VKAAABIBACTCA B AmMamasoH 13 o. Beamumny
IITyMOBOI AOPOKKH, IIPEACTABACHHOI Ha Puc. 3,
MOJKHO IPHOAU3UTEABHO OLICHUTh BEAMIHMHOMN

B 200 wmB,
temieparype npudausureapro 600 K.

YTO COOTBETCTBYET IITYMOBOM

Bua coortsercrByromero Puc. 3 BeIxOAHOTO
CHTHAAQ PAAMOMETPa IIPEACTABAEH KOIIMEH
3KpaHa IIPOrpaMMbl ITH(POBONH 0OPaOOTKH,
IIOAYYEH IIOCAC HHTETPHUPOBAHUA CHUIHAAA B
TEYEHHE OAHONM CEKYHABI H IIPEACTABACH Ha

Puc. 4.

Ranet Radiometric Signals

3300 3350 3400 3450 3500 3550 3600 3650 3700 3750

uc. 4. Buo swvixodnoeo cucnana paduomenpa nocse
CeKYHOH020 HAKONACHUA.

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3
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Ha Puc. 4 npeacTaBAeHB TpadpUKH Tpex
BCAHYHH. BepxHss mpsmas KPaCHOIO IIBETa
npeActaBAfeT rpaduk sHadeHHH "ropsaei”
5TAAOHHOM HArpy3kd, moporperor Ha 50
IPAaAyCOB IIO OTHOIIECHHIO K '"XOAOAHON"

HATPY3Ke, KOTOpas HMEET TEMIIEPATYpY,
PABHYIO TEMIIEPATYPE OKPYKAIOIICH CPEABL.
Temmeparypa "gepHoro" Teaa, 3aKpbIBABIIIETO
AHTCHHY OT IIOMEX, paBHA TEMIIEpaType
"xoroasOH" Harpysku. [Tostomy ux rpacduku
Ha Pric.4 mpakTUYecKkd COBITAAAIOT HAa YPOBHE
305K. B macmrrabe rpadpuka daroxryarun
BEIXOAHOTO CHUTHAAAd HE3AMETHBI, ITOCKOABKY

He npesbrmaroT 1K,

HaAmdme BHEITHUX ITOMEX CYIIECTBEHHO
MeHAIOT KapTuHy. IlocKOABKYy MOIIHOCTD
€CTECTBEHHBIX

PaAOTCIIAOBBIX CHUIHAAOB

60 AB),

Tpedyerca masomymsamnr CBY-ycuanreas

YPE3BBEIYANHO MaAa (TTOpAAKA

¢ Ooapmmum KO3 PUIIMEHTOM YCHACHUA

(mopsiaka 80 Ab mpu moaoce mpuema 50 MI'),

9TOOBI  YCHACHHBIC IIYMBI  CYIIECTBEHHO
IIPEBOCXOAUAH OBl  COOCTBEHHEIC  IIIYMBI
ACTEKTOPa  MOIIHOCTH. [Ipu  Takom

VCHACHHUH IIPAKTUYECKH AIOOOH BHEIIHHUN
HCKYCCTBEHHBIM CHTHAA IIPEBOCXOAHT IIO
BEAHYHHE IITYMOBYIO AOPOKKY TEIAOBOIO
H3AyYEHUA, IHIPEACTAaBACHHYIO Ha Puc. 3.
CurHaA BHENTHEH ITOMEXH B XYAIIIEM CAYYa€
MOXKET TIEPErpPy3UTh

YCUAMTEAD TIEPBOTO

KaCKaAaQa, KOTAQ AMITAUTYAQ YCHACHHOTO

CHUIHaAa IIOMEXH AOCTHIHET MAKCHMAABHOIO
3HAYCHUSA BBIXOAHOIO CHUTHAAQd YCHAHUTCAA. B

Puc. 5. Buo sremrneir nomexu rna 6vixode xéadpamutriozo

demexmopa.
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3TOM CAydYde FOBOPUTH O UYBCTBUTEABHOCTH
paamoMeTpaHeT cMBEICAA. PaboTaTh B yCAOBUAX
CTOAB ODOABIINX IIOMEX HEBO3MOkHO. Ho Ha
IIPAKTUKE YaCTO BO3HHUKAIOT CHUTYAIIMH, KOIAQ
maceimenne CBY-ycuamreas me Hactymaer,
XOTA IIOMEXa IIPEBOCXOAUT IIO BEAUYHHE

[Tprmep

CHUTHAaAa B

BEAUYHHY IIYMOBOI  AOPOKKH.
IIPOAETEKTUPOBAHHOTO TAKHX

YCAOBHAX IIPCACTABACH Ha OCHHAAOI'DAMMC

Puc. 5.

BI/IA BBIXOAHOTO CHI'HAAAd PpaAOMCTPpa IIPH
HAAWYNN BHEITHEH ITOMEXH IIPCACTAaBACH Ha

Puc. 6.

Amnarrazon o AIOKTYaIri BEIXOAHOTO CUTHAAQ
B YCAOBHAX BHEITHHX ITomex mpesbiaer 300K.
B arom cAygae MHHHMAABHO OOHAPYKHUMBII
CHTHAA OIIPEACAAETCA HE CTOABKO MapaMeTpaMu
PaAOMETpPa, CKOABKO IMapaMeTPaMU ITOMEXH.

Anaans CHUTHAAQ, HPCACTaBAeHHOI‘O Ha

Puc. 5, moxkaseBaer, 4TOo IIomexa — 3TO HE
HEIIPEPBIBHBEIN CHUTHAA, 4 HEIIEPHOAUYCCKAA

IIOCACAOBATEABHOCTH ~ KOPOTKHX  HMIIYABCOB
pasanmaHON  amMuAUTYAB. Koporkum OGyaem
CIHTATH  HMIIYABC  IIOMEXH, €CAH  €rO

AANTEABHOCTDb MECHBIIIE HﬁpI/IOAa A,I/ICKPCTI/ISZLL[I/II/I
HPOACTCKTI/IPOBQHHOFO curaasa. B srom CAy9ac
IIOMEXa IIOIIaAA€T TOABKO B OAHMH OTCYET

ALITT. Takoro

AAA HeKOTOprX L[I/ICppOBbIX BHAOB CBA3HM M

BHAQA IIOMEXH XapaKTCprI

PAAHMOAOKATOPOB  Pa3AMYHOIO  HA3HAYCHMA.
Ecan wmvmmyabcHble momexu kak Ha Puc. 5

HpI/IHI/IMaIOTC}I HCHpCprBHO Ha HpOTH)KCHI/II/I

Ranet Radiometric Signals

2750 23800 2850 2900 2950 3000 3050 3100 3150 3200

Puc. 6. Bewxoonoi cucnan paduosempa 6 yeaosusx
BHEHLHUX NOMEX.
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Puc. 7. [ Ipumep xopomxoil urmnysecrod nomext.

BCErO BPEMEHH HAKOITACHHUSA CHTHAAQ, TO YIECTh
X BAHAHHE U IO BO3MOKHOCTH YCTPAHHUTD €rO
BECbMa CAOKHO. BO3MOKHO 3TO Tema OyAyIux
nccaepoBannid. Ecam momexa mpuHHMAaeTcH
AMIIb YACTh BPEMEHU HAKOIIAECHHA CHTHAAQ, TO
MOJKHO IIPEAAOKHUTH AATOPHTMBI BBIABACHII,
ydgeTra M IIOAABACHHA IIOMEX AAHHOIO THIIA.

[Ipumep KOpPOTKOII ~ HMMIYABCHOM  IIOMEXH
peAcTaBacH Ha Puc. 7.
Caeayer OTMETHTH, YTO HA IIPAKTHKE

BCTPEYAIOTCHA HE TOABKO KOPOTKUE HMITYABCHBIE
IIOMEXH, HO U OOAEE AANTEABHBIE, HAIIPHMEP
kax Ha Puc. 8. Takoro Ttuma momexu BepOATHO
TOMKE MOYKHO yYECTh M IIOAABUTB, HO 9TO TEMa
OTACABHOT'O MCCACAOBAHHUIL

3. AATOPUTM AMCKPUMMHAILINI
BHEINTHHWX MMITYABCHBbIX ITOMEX

Kax
3P PEKTUBHBIX METOAOB K AATOPHUTMOB PAOOTEL

OBIAO ~ OTMEYEHO  BBIIIE  ITOUCK
CBY-papmomeTpoB B YCAOBUAX BHEIIIHUX
IIOMeX — aKTyaAbHaf 3aAava. Eil mocBAmeHsr

AI/ICcepTaL[I/II/I M MHOIOYUMCAECHHBIE CTAaTbM

Puc. 8. [ Ipumep orunnoi urmnyavcrod novexu.
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(mampumep [12]). Ho 3anaua ctoap caoxHA
1 MHOTOIPAaHHA, YTO OOIIEro pPEeIIeCHHUSA HE
HaHWAEHO AO cux mop. Hmxe paccmaTpupaetcs
AATOPUTM ydYe€Ta BAUAHHA BHEIIHUX ITOMEX
AAfl  9ACTHOTO CAydYas HMMIIYABCHBIX HE
HEIIPEPBIBHBIX BHEIIHUX ITOMEX. AATOPUTM
IIPEAIIOAATAET BBIABACHHUE HAANYHSA BHEITHEI
ITOMEXH, OTCEUBAHUE OTCUCTOB, COACPIKAIITUX
HMIIYABCHYIO

IIOMEXY, AAABHEUIITYIO

00pabOTKYy  OCTAaBIIUXCA  OTCYETOB  AAA
BEIYHCACHHUAAHTEHHON TeMITepaTypsl. CaeayeT
OTMETHUTB, UTO AAA IIPUMEHEHHA AATOPHUTMA
HEOOXOAMMO HMETh 3apPErHCTPUPOBAHHBIC
OTCYETHl CHTHAAA C BEIXOAA AETEKTOpPa XOTA
OBl B TEYCHHE OAHOI CEKYHABI. Peaamsarus
AATOPHUTMAa BO3MOKHA B ABYX BapHAHTAX:
B IICEBAOPEAABHOM MACIITA0E BPEMEHU W
C  ITOCT3KCIIEPUMEHTAABHOW  OOpabOTKOM

SapCFI/ICTpI/IpOBaHHOFO CHUIHaAAQ.

[TocaeaerexTopHas 00OpabOTKA CHIHAAA
pPaAMOMETpPa IPEAIIOAATACT UHTEIPUPOBAHUE
AHAAOTOBOIO CHTHAAA B TCUCHHE AOCTATOYHO
AAUTEABHOIO IIO CPaBHEHHIO C IIEPHOAOM
MOAVAALIMH  BPEMEHH HAH CYMMHPOBAHHUE
AMCKPETHBIX IH(MPOBBIX OTCYECTOB IIOCAE

Hp606p2.30BaHI/IH AHAAOI'OBOIO CHI'HaAa B

nudposyo dopmy. [lpu cymmmposanun
N He3aBUCHMBIX  OTCYETOB  AHCIIEPCHA
HOPMAABHOTO CAy4YaHOTO porecca

YMEHBIIACTCA B
N pas.

BBIUTPBIIII, HpCACTaBACHHbeI 3HAMCHATCACEM

KOPEHb KBAaAPATHBIN H3

COOCTBEHHO PAAHMOMETPUUCCKUN

dopmyarr (1) m ectrp KOpeHB KBAAPATHBIN

nu3 YHMCAQ HE3aBUCHMBIX OTCYETOB
CHUIHAAA, B COOTBETCTBUU C Teopemon B.A.
KoTeApHHKOBA, C TOYHOCTHIO AO HOCTOAHHOTO

koo durmenTa 2.

[Tocae CYMMUPOBAHHUSA OTCYETOB
HEBO3MOKHO BBIAGAUTH M3 CYMMBI OTCYETBHI,
coaepskarme nomexy. Ilostomy aaropmrm
HEOOXOAUMO IIPUMEHHTb AO HHTEIPHUPOBAHUSA
(cymmmupoBaHusd) curHasa. AAf 3TOrO HaAO
3AIIOMHHTH BCE OTCYETHI 32 BpPEeMs HAKOIIACHHS.
TemIl IIOCTYIIACHHA OTCYETOB OIIPEACAACTCH
IIOAOCOH

IIPOACTCKTHPOBAHHOTO CHUTI'HAaAAQA.
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OGprano ona me mpessimmaer 50 Kl Toraa
gacToTa Auckpermsarnmu coctasut 100 KI'm (8
coorserctBuu ¢ Teopemoii B.A. KoreapHukosa),
n meproA Auckpermsanuu 10 MHKPOCEKYHA.
MOAYAAITHOHHBIIT PAAUOMETP C MEAHAPOBOM
MOAYAALTUEN  TOABKO

IIOAOBHHY BpCMﬁHI/I

IIEPIOAA  MOAVAAIIMA ~ HIPHHUMAET  CHUTHAA
OT AHTEHHBI, a4 BTOPYIO ITIOAOBHHY CHTHAABI
OT  BHYIPEHHHX  3TAAOHOB.  3aIlOMHHATbh
HAAO TOABKO OTCYETHI CHTHAAd OT aHTCHHBI,
ITOCKOABKY CHTHAABI 3TAAOHOB HE COAEP/KAT
BHEITTHAX IIOMEX M MOIYT HAKAIIAHBATBCA ITO
U3BECTHOMY aATopaTMy. OOBYHO pas3BA3Ka
MEKAY AHTEHHBIM KAHAAOM M KaHAAAMH 3TAAOHOB
ompeaeasiercss kadectBom CBY-moayadTopa um
npesocxoauT 20 AB. Ecam xe momexa cToAb
BEAHMKA, YTO IIPOHUKAET B KAHAABI 9TaAOHOB,
To B KaHaAe aHTeHHB CBY-ycmanmreab TowHO
OYAET IEePErpyKeH, 1, KAk OTMEYIAAOChH BBIIIIE, B
5TOM CAyYae AATOPHTMBI ITOAABACHHA IIOMEX HE

3 eKTHBHEIL.

ITpeasaraeMerii aATOPUTM AMCKPUMUHAITIHI

IIOMEXU Ha IIEPBOM 3Talle  IIPEAITOAAracT
OIIPEACACHIUE TIAPAMETPOB CUIHAAA — CPEAHETO
3HAYECHUA U AHCIIEPCHH, 32 OIIPEACACHHBIN
HeOOABIIION 11epuoA Bpemeru (Ao 0.1 meproaa
MOAYASIIIAN) IIpH OTCyTCTBUM Homexu. Haamane
IIOMEXU  OIIPEACAACTCA

II0  IIPUCYTCTBHIO

OTCYCTOB, BCAMYHMHA KOTOPBIX OTKAOHSACTCH

OT  CPECAHETO  3HAYEHUA HA  BEAHYHHY
yIpoeHHOIT Aucnepcuu. Ecam 310 ycaoBue He
BBIIIOAHACTCSH, TO OEpPyICs APyrHE OTCUETHI 32
TAKOH 7K€ IIPOMEKYTOK BpemeHn. EcAan HyKxHOTO
"sTAaAOHHOrO"  IPOMEKYTKA  HE  YAAAOCH
OOHAPYKHUTH, TO AATOPHTIM HEIPUMEHHM B

AQHHOM CHUTYaIlIH.

Ha Bropom srame BBIABAAIOTCA BO BCEM
IIPOMEKYTKE HAKOIIACHHMA CHUTHAAA OTCYETHI,
BEAUYHMHA KOTOPBIX OTKAOHAETCA OT CPEAHEIO
3HAYEHHUA HA BEAUYHHY YTPOEHHOM AUCIEPCUI
n OGoAbIre (CpeAHee 3HAYEHHE W AHCIEPCHsA
OIPEACACHBI Ha IlepBoM otame). Aasee Bce
BBIABACHHBIE OTCYETHI HCKAFOYAFOTCA U3 MACCHBA
AAHHBIX.
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Ha
cyMMHpOBaHHE (YCPEAHEHHE) OCTABIIIUXCA B

TpCTbCM oTaIrre HpOI/ISBOAI/ITC}I

MaCCHBE OTCUYECTOB.

Caeayer OTMETHTb, 9TO IIOCAE
IIPUMEHEHHUA AATOPUTMA YYBCTBUTEABHOCTD
paamomeTpa (n COOTBETCTBEHHO
AMHAMHUYECKUH  AMAIIA30H)  HECKOABKO
VXYAIITATCA BCAEGACTBHE YMEHBIIICHUA
KOAMYECTBA  CYMMHPYEMBIX 32  BpeMmd
HAKOITACHUSA HE3aBUCHMBIX OTCYETOB

CHUTHAAA. YXVAIIEGHHE TEM OOABIIE, dYeM
OOABIIIE KOAUYECTBO OTCYETOB C IIOMEXAMH
(deM OOABIIE MHTEHCHBHOCTD IIOMEXH).
Ho »s10 yxXyAlnenme Bce paBHO MEHBIIIE,
YeM VXYAIIEHHE YyBCTBUTEABHOCTH IIPHU
HAAMYHH IIOMEeXH U 0e3 IpUMEHEHHA

AATOPHTMA.

baok cxema aAATOpHUTMA AHUCKPUMHHAIIAN
BHEIIIHEH HMHYABCHOIZ IIOMEXHU IIPCACTABACHA

za Puc. 9.
|

WE
Perncrpauma maccusa OTCYETOB CMTHaa3a BpemA
HaKonAeHMa

-

BblﬁDp nogmaccKea OTCUETOB CHMIHanaanAa aHanM3a

T
Al

BbluMCAEH Me CpefH ero 3H aUeHMA M JUCNepCMK

OTCYETOB NogmaccHea

|

W
BbIABAEH ME OTCUSTOE 33 NPEAENaM M YTPOEHHOM
AHCNepcumM

Aa

OTCYEThl BEIABAEHBIT

3anomMm1HaH Me CpedH ero 3H a4eHWA M QUCNEPCHK
nogmaccuea

BblABNEHME HMYyoaneH e M3 maccKsa OTCUETOB 33
npenenaMmim Tpex AUCnepckii

!

YcpenHeHwe 0cTaBLUMXCA OTCYETOB MaccKBea

J

BbIUMCAEHME M 33N0MMHAHWE 3H AUSHMA SHTEHHOR
TeMMepaTyphl

Puc. 9. Asnzopunm duckpusmunayuu sreniriux umnyavcrrx
noMex.



PAOVOSNEKTPOHNKA

B caywae wmempummeHHMMOCTH — AQHHOTO
AATOPHUTMA  TIPEAAOKEHBI ~ ABAa  METOAQ,
paboTaromue IpPH IIOCTOAHHOM  HAAHYHH
ITOMEXaMI.

[Tepsrrin METOA OCHOBaH Ha
HTEPAIIMOHHOM ITOAAaBACHHH 1IoMeX. Aasf

IpoBepKH 3P PEKTUBHOCTH AATOPUTMA OBIAA
paspaboTaHa CIenHAABHAA IPOrpamMma U
HA €e¢ OCHOBE IIPOBEACHO KOMIIBIOTEPHOE
MOAEAHPOBAHUE

mporecca  QPHUABTPAIIUH

ITOMCECX. B Ka4Y€CTBE HMCXOAHBIX AAaHHBIX

HCIIOAB30OBAaACH MaCCHuB AdHHBIX C

IrapaMeTpamMH, OAMSKHMHU K IapaMerpam
IITYyMOBOI'O CUTHAAA HA BEIXOAE KBAAPATHYHOTO
AETEKTOpa PAAHMOMETPa C IIOAOCOH HYaCTOT
okoAo 50 kl'm. IlepnoA MOAyAfIIMHI COCTOHUT
U3 9YETBIPEX HHTEPBAAOB 1O 256 OTCYETOB.
[Tepuoa aumckpermsarumum 10 mxc. Cpeanee
3HAYEHUE  CMOACAMPOBAHHOIO  CHIHAAQ
O6paaoce Ha yposHe 300 rpaaycos KeapBuna,
IPAAYCOB.

K cremepmpoBaHHOMY MacCHUBY AQHHBIX

a Aumcmepcusa Ha yposHe 10

ITOAMEIIIIBAACH AOTOAHHTEABHBIM IITYMOBOI

IIPOIIECC,  HMMUTHPYIOIIUN  HMIIYABCHYIO
IIOMEXy C IIapaMeTpaMu: CPEAHEE 3HAYCHHUE
(MmaTematuyeckoe oxmAanue) Ha yposae 300
rpaaycoB Keavsuna u aucriepeus 100 rpaaycos.
BBoamacs  mapamerp, XapaKTepHU3YIOIIHI
MHTEHCUBHOCTD IIOMEX, YHCACHHO PaBHBII
KOAMYECTBY HMIIYABCOB IIOMeXH (OTCYETOB)
Ha OAMH IEPHOA MOAyAAIHU 256 OTCYETOB.
CreHepupoBaHHBIE AAHHBIE AAA ITapameTpa 50
IMITYABCOB ITOMEXH Ha IIEPHOA MOAYAAIIIMH
npeacraBaeHer Ha rpaduke Puc. 10, kotopsre
IIOXOKHI Ha PEAAbHBIC 3aIIMCAaHHBIC AAHHEIC,

nokasaHuble Ha Puc. 7. AAA BBYHCAEHUSA

JaHHbIe C NoMEXaMH

Temnepatypa

[¥5] = o (=3}
S = =
[=} [=] (=}

=
=

o) DU NN SN IO | T SR IO S S

0 20 40 60 80 100 120 140 160 180 200 220 240
Orcyetkl

Puc. 10. Coeerepuposarnmsie Odannvie ¢ umnyavcrvimu
nomexami.
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MATEMATHUYIECCKOIO OXHAAHUA M ,A,I/ICHCpCI/II/I
HpI/IMﬁHHAI/ICb paSHbIC aAI‘OpI/ITMbI. Hauboaee
OKa3aACAa

s P eKTHBHBIM ATEePAIMOHHBIN

AATOPHUTM, IPHA KOTOPOM:
1. Beraucasercs cpeanee M u aucuepcus D
1o 256 oTcueTam.

2. BoiaBAArOTCA 3HAYEHHA CHUIHAAQ a, AAF
KOTOPBIX |‘l,'_ M| > kD zamensarorcs ma M.

3. Ilposepxa aoctmxenus [) 3apaHHOTO
3HAYCHUI.

4. Tlepexoa k mmary 1, ecam 3HadeHme He
AOCTHUTHYTO.

Pacuersl IIOKa3bIBAIOT, YTO HAMAYYIIHIT

PE3YABTAT AOCTHUTAETCA IPH £ = 3.

[Ipu AOOaBAEGHHH  HMIIYABCOB  IIIyMa
K  HCXOAHOMY  CHTHAAY  H3MCHAIOTCA
3HAYEHHUA  MATEMATUYECKOIO  OKHAAHUA

U AHCIEPCHH IIyMOBOTO mpoitecca. [lpm
BBIYHCACHUU UTEPALIHI IO IIPEACTABACHHOMY
AATOPHTMY IHOCAe 3-4 nTeparuil 3HAYECHHA
MATEMATHUYECKOTO OKHAAHHUA U AUCIIEPCHU
IIYyMOBOIO  IIPOIlECCA  BO3BPAINAIOTCA K
3aAaHHBIM 3HadeHuAM. |'padpukn 3aBucumMocTH
3HAYEHUA MATEMATUYECKOTO ONKHAAHUA U
AUCIIEPCHH IIIyMOBOTO IIPOIIECCA OT UHCAR

nreparui mpeacrasacHel Ha Puc. 11.

Kak BumanOo m3 rpadukoB Iomexa IouTH
IIOAHOCTBIO OT(PUABTPOBAHA 32 IIATH HTEPAIINIL.

[UHaMiEa CpegHere

Temnepatypa

3054 -------meoe- P SRRREECE

Wrepauum

[OuHaMiEa gUCNEpCH

Wrepaumm

Puc. 11. Aunamura wusmenenus cpedrneeo snavenus u
oucnepeu.
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THCTOrpamMma

KonuuecTso oTcueToR

300 350 400 450 500 550 600
Temnepatypa

Puc. 12. I ucmozpavima oarnwix.

Kone4uno, KoAm4ecTBO HEOOXOAUMBIX HTEPAITHIT
3ABHCHUT OT UHTEHCUBHOCTH ITOMEXM.

Apyroif aAropuT™M CTPOUTCA Ha OCHOBE

aHaAM3a I‘I/ICTOI‘paMMI)I BbI60pKI/I, 910
HpI/IBOAI/IT paSAeAeHI/IIO AAdHHBIX C IIOMEXaMM

1 6e3 ITOMEX.
1. Crpowurcs ructorpamma AauHBEX. (Prc. 12)

Kakx u CACAOBAAO OXKHAATD, HANOOABIIIEE

YUCAO AAHHBIX CKOIIUAWCH B  SYCHKE,
KOTOpas COOTBETCTBYET PEAABHBIM AAHHBIM
0e3 1momex. Bmamo, 4ro B 3TON sYelike

cKOIUAOCH 134 3uauenus us 256.

2. Or10unparorcs TH AAHHBIE U PACCIUTHIBACTCA
CpeAHEE 3HAYEHNE U AUCIIEPCHA.

3. DT1OT HAOOP AOIOAHSEM TEMH AAHHBIMU 4,

AASL KOTOPBIX |a,— M| < &D.

N3 Tabammbr 1 caeayer, 9T0 KOAHMIECTBO
3HAYEHUI ITOAE3HOTO CUTHAAA BEIPOCAO A0 190.
Ecan ygects, 910 IO ITapaMeTpaM MOAEAH OBIAO
3aMEHEHO HOMEXAMU TOABKO 50 TOUEK, TO MOKHO
CACAATH BBIBOA, 9TO 9TH TOYKH OBIAM YAAACHBL.
V1x MOKHO 3aMEHHTH CPEAHUM 3HAYCHUEM.

Bua  cumrmasa, ¢ oTPHABTPOBAHHBIMI

ImoMexaMu IpeAcTaBaeH Ha Puc. 13.

Cexynanas YyYBCTBUTEABHOCTD —
YyYBCTBUTEABHOCTh PAAMOMETPA IIPHA BPEMEHU
OAHY  CEKYHAY,

ABAAICTCA OAHHM N3 OCHOBHBIX IIApaMETPOB

HAaKOIIACHUA CHUrgaAa B

paAI/IOMCTpa OHpeACA}HOH_[I/IM TOYHOCTD
Ta6bnuua 1
MonesHbIv curHan
LWarn KonnyectBo CpepnHee [Oucnepcusa
1 256 318.8793 58.2905
2 134 297.9854 5.7277
3 190 299.5555 8.3838
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O4HIEHHbEIE AaHHBIE

Temnepatypa

T T T T T T T
o 20 40 &0 80 100 120 140 160 180 200 220 240
OTcuetsl

Puc. 13. Aannvie, ounmennvie om nomex.

U3MEPEHUN H AMHAMHUYECKHM AMAITa30H.
AASl ITapaMETPOB CHUTHAAQ B PACCMOTPEHHOM
MOAEAHM CEKYHAHAf YYBCTBHTEABHOCTD IIPH
VCAOBHH OTCYTCTBHA IIOMEX COCTaBHAA OBI
0.3 rpaayca. A IpH HAAUYNH HMIIYABCHOM
IIOMEXH C YKa3aHHBIMH BBIIIIE IIapaMeTpamMn
YyBCTBUTEABHOCTD YXVAIIHAach Ol B 10 pas
— A0 3 rpaaycos. Coorsercrsenno B 10 pas
VXVAIIIATCA U AMHAMHYIECKUN Ananas3oH. [lpn
HICITOAB30BAHUH IPEAAOKEHHBIX AATOPHTMOB
ITOAQBACHUA

IIOMEXH 9yBCTBUTCAPHOCTD

VAYYIINTCHA, HO HE AOCTUIHET 3HAYEHUS,
IIOAYYEHHOTO AAfl CHTHAaAa O3 IIOMEXH.
VXyAIlleHIE 9YBCTBUTEABHOCTH B TOM CAyYae
CBA3AHO HE C YBEAMYECHHMEM 3KBHBAACHTHOM
IITYMOBOM

TEMIIEPATYPBI ~ CHUI'HAAAZ, 4 C

YMCHBIIICHUEM KOAMYECTBaA HC3aBMCHMBIX
OTCYETOB CHUTHAAA, TAK KAK YaCTh OTCYETOB
OBIAA YAQACHA HAHU 3aMCHEHA KOHCTAHTOM
B pe3yAbTaTe HPHUMEHEHHA aATOPHTMOB. B
paccMaTpHUBAEMOM CAYYae YYBCTBUTEABHOCTD
mocae duapTparmu nomex cocrasut (.37
rpaayca. 23% m

9TO CYIIECTBEHHO AVYIIIE, ecAan Obl

VXyAllleHEe  COCTaBHT
geM,
rmomMexa He OT(PUABTPOBBEIBAAACH. [Ipm aToMm
AMHAMUYECCKHUUI
c 43 Ab a0

nmomMexu u 0Oe3 HpI/IMCHCHI/IH aAFOpI/ITMOB

AMAITa30H YMCHBIITHUTCA

42 Ab. Ilpm Basmgun

IIOAABACHUSA IIOMEXU AMHAMIYECKUN
AWAIIa30H yMeHbInuAcAd Obl A0 33 Ab.
KonewyHno, yxyAllleHHEe YyBCTBUTEABHOCTH

N AHMHAMMYCCKOIO AHAIla3OHaA 3aBHCHT OT
HMHTCHCHUBHOCTH ITIOMCX.

4. AMCKYCCHUA
[Toayguennsre 9KCIIEPUMEHTAABHBIE

CIICKTPOI'PAaMMbl 1 OCHHAAOTPAMMBI CUTHAAQ



PAOVNOIJIEKTPOHUKA

C HMIOYABCHBIMH  IIOMEXaMH, a  TaKXKe
PE3YABTATE MOACAHPOBAHUA  AATOPHUTMOB
PUABTPAIIUHI TOMEX ITO3BOAAIOT HAAEATHCA
HAa IIPAKTUYECKYIO BO3MOXKHOCTH PabOTHI
B YCAOBHAX BHEIITHITX HIMITYAbCHBIX
IIOMEX. [TpeacTaBAcHHEBIE AATOPHUTMBI

duabTparuu 1momMex TPeOyIOT IIPOBEPKH

Ha PEaAbHOH

JAVN!

1peoOpa3oBaTh B

annapaType B pﬁaAI)HbIX

3TOM
mupPOBYIO

CHUTIHaAA C BbBIXOAQ

YCAOBHMIIX. pﬁLT_ICHI/IH 3aAaYH

TpeOyerca

dbopmy

KBaApaTI/I‘IHOI‘O

AHAAOTOBBIN
ACTEKTOpa  pPAaAHOMETpa
¢ wacroToii BeIOOpOK mopsAaka 100 kIt m
COXpPaHEHHUA AAHHBIX B 9HEPTOHE3aBUCHMOMN
TaMATH. ANaApHelmasn 06paboTka
IIPOBOAUTCA B IIEPCOHAABHOM KOMIIBIOTEPE

ITOA ynpaBACHI/ICM CHCL[I/IaAI/ISI/IpOBaHHOI;'I

IIPOIPAMMEL. B HACTOSAIIEN cTarbe
PACCMATPUBAIOTCA IIOMEXH, IIPUHUMAaEMEBIE
CIICIIMAAU3IPOBAHHOMN anmapaTypoun

MEAHUITMHCKOIO paAHOTepMorpa(ba, 48 B

Hell He paCCManI/IBaIOTC}I KAQCCHYECKHE
METOABI 60pb6I)I C UMIIYABCHBIMH ITOMEXaMH

(HammpuMep, METOA MEAUAH).

B macrosmee BpemA  IIPOBEACHHEBIC
HCCACAOBAHHUSA IIOKA3AAU IIEPCIEKTUBHOCTD
OAH2KO,
Tpebyer

AOIIOAHHUTEADBHDBIX

AAdHHBIX AATOPHUTMOB.

HNCIIOAB30OBaHHCE AATOPHUTMOB
IIPOBCACHUA
TOM

I/ICCACAOBaHI/Ifl, B YU CAEC

OKCIIEPUMEHTAABHBEIX, C  ITOCACAYIOIINM
BHECAPEHHEM HX B IIPOIPaMMBI 00pabOTKH
AAHHBIX AIIIIAPATHON YaCTH paanoTepmorpda.
B caAyuae ycmemrHoro BHEAPCHHSA HOBBIX
YVCTPOMCTB U AATOPHTMOB B aIIapaTypy
MEAHIINHCKHX PAAHOTEPMOrpadOB MOABHTCA
BO3MOJKHOCTh IIPOBCACHUSA
HIPOLIEAYP B
KabuHeTe Oe3 MCIOAB3OBAHUSA CIICIIHAABHON

MEAUITHMHCKHX

AHAAMN30B 48 OOBIYHOM

SKPAHUPOBAHHOM KaMEpPHI, CTOMMOCTD
KOTOPOM CYIIECTBEHHO IIPEBBIIIAET
CTOMMOCTh ~ €aMOro  paAmoTepmorpada.

baaropsapa wemy MeTOA MHKPOBOAHOBOI

paanorepmorpadpun CTaHEeT boaee

AOCTYIIHBIM M PACIPOCTPAHEHHBIM.
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5. BAKAFOUEHMNE

B pesyAbTaTe IIPOBEAEHHBIX
SKCIIEPUMEHTAABHBIX HMCCACAOBAHUIM,
Pac4E€TOB M  MOAEAHUPOBAHHUA  ITOAYYEHBI

CAEAYIOIIME HOBBIE PE3YABTATHI:

® IIOAYYEHBI  OCIIMAAOIPAMMEI  PEAABHBIX
BHEIITHUX  HMIYAbCHBIX —1momex CBY-
paanomerpa B C-Anarra3oHe;

* mpowusBeaeH — aHaamz  padorer  CBY-
paAuoOMeTpa B YCAOBHAX  HMIIYABCHBIX

IIOMEX;

® IPOMU3BEACHA OIIEHKA BAHMAHHUA BHEIITHHIX
I/IMHYABCHI)IX IIOMECX Ha ‘IYBCTBI/ITCAI)HOCTB u
AumHAMHIIecKuil ananazon CBY-paaumomerpa;
* IPEAAOKEH AATOPHUTM BBIABACHUA, yIeTa U

AI/ICKpI/IMI/IHaL[I/II/I UMITYABCHBIX IIOMEX;

° HPOHSBCACHQ OIICHKAa YYBCTBHUTCADPHOCTH

CBY-

pa,A,I/IOMETpa C y9€TOM ITOAABACHUM A BHCIITHUX

%8 AMHAMITYECKOIO AHaIra3oHa

HMMITYABCHBIX ITOMEX.
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Amnnomayus: PaccMOTpEHBI pPa3AWYHBIE METOABI (POPMHPOBAHHA IIPOCTPAHCTBEHHO-BPEMEHHBIX
KOAOB M aAT€OpPAMYECKHX CTPYKTYP AAfA TIOBBIIIEHHUA IIOMEXO3AIUINEHHOCTA CHCTEM CBA3U
MIMO c G0oABIIMM KOAMYECTBOM HEPEAAOINMX U IIPUEMHBIX aHTeHH. IlokazaHa BO3MO>KHOCTH
dopMupOBaHHA OPTOTOHAABHOI MATPHIIEI IIPEABAPUTEABHOIO KOAUPOBaHHA B cucremax MIMO B
3aBHMCHMOCTH OT M3MEHEHUA YCAOBHI IIpPHEMA B PAAMOKAHAAE C HCIIOAB30BAHUEM OOPATHOM CBA3H
OT IepeAATUnKa K npueMHUKy. IToAyueHo, UTO AAF IIEpEAAYH TAKOI MATPHIIEI IIPEABAPUTEABHOIO
koAupoBanusa B MIMO-cucremax c konurypanuamu anteHH 4xX4, 8X8,16<X16 Tpebyercsa obparnas
CBA3b C BO3MO>KHOCTBIO IIEPEAAYH II0 O0OPATHOM AMHUH TOABKO 2 GUT IIPH BBIUTPHIIIIE IO SHEPIUH
1.5 Ab ... 2.5 Ab 110 cpaBHEHUIO K CCTEME C OTKPBITHIM KOHTYpOM. IToAydyeHHEBIE B CTaTh€ MAaTPHIIBI
NPEABAPUTEABHOIO0 KOAUPOBAHHA M AATOPUTMBI UX (POPMUPOBAHUA MOTYT OBITH MCIOAB30BAHBI
npu pa3paboTke HOBBIX CUCTeM MOOHABHOM cBA3u MIMO.

Kawuesvre  cr06a: MIMO, IIpOCTPaHCTBEHHOE MYyABTHUIIACKCHPOBAHUE, AATE€OpPaHMUECKUE KOABI,
NpeKOAupOBaHUe, KOA I'oaaeH, MakcuMaspHOE IpaBaoIoa0Oue, ML, MMSE
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Abstract: Various methods of generating of space-time codes and algebraic structures for increasing
noise immunity of MIMO communication systems with a large number of transmitting and
receiving antennas are considered. The possibility of generation of an orthogonal precoding matrix
in MIMO systems depending on changing reception conditions in a radio channel using feedback
from a transmitter to a receiver is shown. It is obtained that to transmit such a precoding matrix in
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MIMO systems with 4x4, 8<8, 16X16 antenna configurations, feedback is required with the ability
to transmit only 2 bits on the reverse link at an energy gain of 1.5 dB ... 2.5 dB compared to an open
loop system. The precoding matrices obtained in the article and their formation algorithms can be

used in the development of new MIMO mobile communication systems.

Keywords: MIMO, spatial multiplexing, algebraic codes, precoding, Golden code, maximum

likelihood, ML, MMSE
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1. BBEAEHUE

Moauduxarms [ITerrOH2 AAS

dpopMyABI
mHOroanTeHHbIX cucreM MIMO, wmcrmoAb3yemsIx
B COBPEMCHHBIX CHCTEMAaX TIOABIZKHOMI —CBSA3H,

IPEAIIOAATAET YBEAHUYICHHYIO HPOIYCKHYIO

CIIOCOOHOCTH TAKHX CHCTCM, CBA3aHHYIO C

YHCAOM  HE3ABHCHMBIX KAHAAOB  CBSI3HM  MCKAY

artenHami [1]. [Iporryckaas citocoOHOCTH CHCTEMBI

nporoprmonasbia min(N_, N ) [1, 2], rae N, N_

=’
— YUCAQ HepeAa}OH_[I/IX n HPI/ICMHI)IX AHTCHH.

MIMO,

Ha II€peAade U IIPUCME, 2 TAKKE C

CBolictBa  cucrem CBS3aHHBIE  C
pasHeceHneM
KOT€PEHTHOH OOPabOTKOH CHUTHAAOB, ITO3BOAAIOT

3HAYUTCABHO  YBCAHUYUTDH HOMCXOYCTOI;‘I‘II/IBOCTB,
3a CYCT YBCAHMHYCHHS YHMCAQd HC3ABHCHMDBIX KaHAAOB
CBA3MM C

[1,3,4].

CaeAyer OTMETHUTB, YTO YHCAO HE3ABHUCHUMBIX

HCKOPPCAI/IPOBZLHHI)IMI/I 32lMI/Ip’dHI/I}IMI/I

kaHaroB cBasu B cucreme MIMO pasno N N,
OAHAKO YHCAO IyTEH, II0 KOTOPBIM IIEPEAACTCA
OAMH CUMBOA, PaBHO N_, TO3TOMY Pa3HbIE CHMBOABI

IIPUHUMAIOTCA C PasHbIM kadecTBoM [1,5].

B crucTeMax MIMO HICIIOAB3YETCS
IIPOCTPAHCTBEHHOE MYABTHITACKCHPOBAHIE,
IIpX  KOTOPOM 32  OTCYET Yepe3  KaKAYIO

AHTCHHY IIEPEAACTCA OTACABHBIH CHMBOA. AAf
ITOBBIITIEHUA ITOMEXOYCTOMYHBOCTH ITPUMEHAIOTCA

IIPOCTPAHCTBEHHBIE KOHCTPYKIIMH —aATeOparIecKue
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KOABI, ITPEACTABAAEMBIE B MATPHYIHOM BHAE [0,7].
OAHEM U3 H3BECTHBIX AAT€OPAMYECKHX KOAOB,
apaserca T.H. Marpuia ['oasen [8,9]. Aas cucremsr
C ABYMA IIEPEAAFOIIHIMU W ABYMA ITPUEMHBIMHU
AHTEHHAMH  3HEPIETUYECKUI  BBIUIPBHINT  IIPU
HCIIOAB30BAHUU KOAA 1 'oaacH cocrasager 1.5-2 Ab
[8,10,11]. Baxueim pakropom, OrpaHHIHBAFOIIIM
IIIPOKOE HCIOAB30BAHUIE aATeOpamIecKux
koAOB B cucremax MIMO ¢ OOABIIUM YHCAOM
ITEPEAAFOIIIIX AHTEHH, ABASACTCSA BBICOKASA
CAOKHOCTb ONITHMAABHOTO Aemoayafropa [10,12].
[Ipr  HCIIOAB30BAHMN METOAA MAKCHMAaABHOTO
IIPABAOIIOAOOHA B COYETAHHUU C AATEOPANYECKUMMU

KOAAMU, BEIYUCANUTEABHAA CAOKHOCTD ACMOAYAHTOpa

ey N »
PACTET IPOITOPIIMOHAABHO 2 rae £, — GHCAO

2
OHTOB, IIEPEAABAEMBIX OAHHM MOAYAHPOBAHHBIM
CHMMBOAOM.

B paborax [13,14,15] aast peaamusarum mprema
¢ IOAHBIM pasHecenneM B kanase MIMO Owrao
IIPEAAOKEHO  HCIIOAB30BAHHE  PACIIHPEHHOTO
OPTOTOHAABHOIO IIPEKOAHMPOBAHUA C ITOMOIIBIO

CIICLITAAPHBIX OPTOTOHAABHBIX MATPHUIl pPasMCpOM

2 2
(N o X N o ) Tam  OBIAO  IIOKa32HO,  YTO

HPCAAO)KCHHI)IC ManI/ILIbI O6€CHC‘-H/IB21IOT

OIITUMAABHOCTD I10 KpI/ITCpI/IIO MHUHHMYMa

MQ.KCHMZ{AI)HOIZ AI/ICHCPCI/II/I OII€HUBaHUA CHMBOAOB
KAM  [16]

aAFOpI/ITMOB HpI/ICMa.

IPU  HCHOAB3OBAHUN  AMHEHHBIX
Apyroe HarrpaBAecHIE, IIO3BOAAIOIIEE TIOBEICH T

SHEPIeTHYECKYIO 3(P@EKTUBHOCTD, 3aKAIOYAETCH
B HCIOAB30BAHHHM IIPEKOAHPOBAHHA C YIETOM
nHMOPMAIINKI O KaHAAE HA IIEPEAAFOIEH CTOPOHE,
TaK HA3bIBAEMOE IIPEKOAMPOBAHHE C 3aKPBITON
METACH  YIIPAaBACHUS,

obparuoii caspro [1,17,18]. DddexruprOCTD 3THX

AN HPCKOAI/IPOBZIHI/IC C

METOAOB 3aBHCHUT OT TOYHOCTHU I/IH(i)OpMaL[I/H/I O
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mapamerpax kamaaa MIMO wu Tpebyer Hanmgms
OOpaTHOIrO KaHaAa C

cmocobHOoCTEIO [17,19,20].

OOABIIION  IIPOIYCKHOM

B HACTOAIIEN cTaThbe IIpEeAAATaeTCs

KOMOHHHUPOBAHIE METOAR OPTOTOHAABHOTO
IIPEKOAUPOBAHUA U HCIIOAB30BAHME HH(MOPMAIIIH
O COCTOSHHH KaHaAa AAA BEIOOPA IPEKOANPYIOIIICH
matpurbl. Kaxk Oyaer mokasano aasee, 0OOBEM
IepeAaBaeMoil  MH(OPMAIIMH B 9TOM  CAydae
cocraBafeT eamnunnsl onrt. Hampumep, aaa MIMO
kaHaAa ¢ KoHurypanumeii (8X8), aaf BIOOpa
ITIPEKOAUPYIOIIEH MATPHIIBI HEOOXOAUMO IIEPEAATH

BCero 3 oura.

2. MOAEADb CUCTEMDbI

Moaeap HaDAOAeHUA AAd cuctembl MIMO ¢

IIPOCTPAHCTBEHHBIM MYABTHIIACKCHPOBAHIEM
nmeer BUA [1,2]:

yn = Hxn +nn’ (1)

T
— 2) (M)

me y, =[p0 ¥ ) (N, x1)
-MepHBIH  BekTop HabAroaennit; H — (N XN )
-MepHadg  martpuna  koadppunmentos  MIMO-

KaHaAa /9<i,i>, SABASIIOIIIUXCS  HEKOPPEAUPOBAHHBIMU

TayCCOBCKMMM CAY‘IafIHbIMI/I BEATYMHAMI C

;7 2}: 1
NL\' ’

s Beex i=1,N_u j=1,N,, garo coorsercrsyer

HYACBBIMH CPCAHI/IMI/I u ,A,I/ICHCPCI/IHMI/I E {

HE3ABUCHMbBIM ~ PEACEBCKAM  3aAMHUPAHUAM; 1] —

(N_X1)-mMepHbIii TayCCOBCKUE BEKTOp ITyma C
rxoppeasnonnoii  marpuneii R, = E {T]nT]nH } ,
KOTOpass B OOABIIHHCTBE IIPAKTHYECKUX CAy4IaCB
ABASETCS AMArOHAABHOM [1].

B rakoit cucreme MIMO ¢ N _ nepeaarorumu

u er IIPUEMHBIMHI AHTEHHAMM IIOTOK
KOMITAEKCHBIX ~ MOAYAMPOBaHHBIX ~CHMBOAOB
7 = 1, 2, ..., AGAUTCSI Ha ITOCACAOBATEABHOCTH

pasmepom

n n

T
BEKTOPOB xn:[x(” XL xiNm)] ’

(N_X1) KaKABII, TA€ 7-BIFT SAEMEHT 7-OTO BEKTOPA

(m) _ — — o
X, =Sy ame M=LN,, n=12,.. Kazkaprit
MOAYAUPOBAHHBIH ~ CHMBOA  HMEET  HYAEBOE
MATEMATHYECKOE  OKHAAHHE U CAHHHIHYIO

MOITHOCTD, T.¢. E{s} =0, E{|sl.|2} =1.
HYCTI) 110 AaHAAOT'HH C MCTOAOM OPTOTOHAABHOTO
[13,14,15],

HCIIOAB3YETCA IICpeAada pacmnpeHHoro BCKTOpa

HPCKOAHPOBQHHH, paCCMOTpeHHbIM B

T

~ A
MOAyAI/IpOBaHHbIXCI/IMBOAOBXZI:XIT x§ xi:l ,
KOTOPBI 0ObeAnHAeT OAOK u3 L. BEKTOPOB B
OAMH BEKTOpP PasMepoM (LNtXXl). AAf AaHHOTO

PACIHIMPEHHOE OPTOI'OHAABHOE ITPEKOAVMPOBAHME C 237
OBPATHOI CBA3BLIO AAS CUCTEM C ITPOCTPAHCTBEHHBIM...

BCKTOpa MOXXHO 3aI11CaThb paCLHI/IPCHHYI-O MOACADB

HAOATOAECHUSA
§=HX+1, @
TAC
~ A T T T r
vilvi vi ooyl
~ A T
Azlnl o om,
'H O O]
52O H 0
_O O H_

— OAOYHO-AMArOHAABHAA MATPHUIIA PACIIHPEHHOIO
KaHaAa, pasmepom (LN _XLN ).

Beeaém MATPHITY OPTOrOHAABHOTO
npeobpasosarma F,  pasmepom (LN XLN ) u
HCIIOAB3YEM €€ AAf ITPEKOAMPOBAHISA PACIIIHPEHHOIO

BEKTOPa X, T.€. IMEEM CACAYIOIIICE IIPEOOPAZOBAHIE
Z = FX. Moaear mabAtoaeHns AAf 3TOTO cAydas
MOKET OBITh 3AITHCAHA CACAYIOIIIIM OOPa3OM:
§ = HFX + 7). €)
Bekrop omenmok MCKO u coorBercTByromas

KOPPEAALIMOHHAS MATPUIIA OIIHOOK OLICHUBAHISA
OYAYT OIIUCBIBATHCA CACAYFOIIIUME BBIPAKEHUAMI:

-1

i=| FRAF+ L1 | FEY
po @
- ~ o~ o~ o~ -1
V= (pFAAF+1, )
Toraa
-1
= FRHAF+ L1, | FAY-
p x
WANR & 4 & 1 B 'S TS ®)
=F|AH+=1,, | By=Fz,

V=F(pHH+1L, ) F=FVF,

-1
TAC 2= I:I'I:I+iILNIX HY — onenka MCKO Bextopa
IIpeOOPA3OBAHHBIX CUMBOAOB Z, Vz = ( pHH +1 . )71
— KoppeAHL[I/IOHHaH ManI/IL[a OL[II/I6OK OHCHHBa;IHH
BCKTOpa Hp606p330BaHHbIX CHUMBOAOB.
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B Takom cAyd9ae KOppeAAIOHHAS MaTpHILA
OIIMOOK OIIEHUBAHUA BEKTOPa IIPEOOPA3OBAHHBIX
CHUMBOAOB SIBAACTCH OAOTHONI

_VMMSE 0 o 0
\7 _ 0 VMMSE o 0 ©
i 0O (@) v VMMS i
, -1
Vimse = (pH H+I, ) ) %
rae Vo — KOPPEAAIIMOHHAA MATPHIIA OIMIMOOK

oneruannd MCKO pasmepa (N XN ) aArf BekTOpa
rx -

CHMBOAOB B CHCTEME C IIPOCTBIM IIPOCTPAHCTBCHHBIM

MYABTHIIAGKCHPOBAHIEM, COTAACHO MoAeAn (1).

3. OPTOI'OHAABHOE
ITPEKOAMMPOBAHHME AAA HEITTIOAHOI'O
PACIITMPEHHOTI'O BEKTOPA

[13],

IICPCAABACMBIX

Kak ©OblAO0 moOKazaHo B OPTOTOHAABHOC

IIpeoOpazoBaHme CHMBOAOB  HE
HM3MEHACT CACA MATPHIIBI OIINOOK OIEHUBAHUA, T.C.
CpeAHEE 3HAYCHUE OTHOILICHUS CHUTHAA/IIIYM ITIOCAE
AMHEHHOIO AEMOAYAATOPA  IIPU HCIIOAB3OBAHNUN
OPTOTOHAABHOTO IIPEKOANPOBAHUSA HE M3MEHACTCH,
HO IIPH 3TOM H3MEHACTCHA PACHPEACACHHE CaMUX
3HAYEHUM AUCIIEPCHH, YTO, COIAACHO KPHTEPHIO
MHHHMYMa MaKCHUMAABHOH ~AHCHEPCHH  OIITHOKH
orenmBaHuA [16], AOAKHO IIPHBOAUTD K YAYYITICHHEO
xapaktepuctukn. Tak e B [13] Ob1A0 1OKA3aHO,
9YTO  BEIOOPOM  CIIEIIMAABHBIX ~ OPTOTOHAABHBIX
MATPHII MOKHO YMEHBIIIUTh Pa3dpOC 3HAYCHUN
MEKAY

AUCIICPCHUAMUI OIIMOOK OIICHUBAHUSA, ITO IIPUBOAUT

MAKCHUMAABHON u MHHUMAABHOMN
K YMEHBIIICHUIO CPEAHEH BEPOATHOCTH OIITHOKH.
I[Tpm wmcroAp3oBaHHH — PACIIMPEHHOIO BEKTOPA
HOAHOH pasmepnoctu (npu . = N_) pasdpoc
3THX 3HAYCHHUII YMEHBIIIAETCA AO HYAf, H BCE
AVICIIEPCHH  CTAaHOBATCSA

PABHBIMH  CPEAHEMY

spmagennro. OAHAKO, TakOH IIOAXOA Tpedyer
omeparnii HaA BEKTOPAMH H MATPULIAMH OOABIIION
pasmeprocTH. Iloatomy mpeacraBaser uHTEpeEC
HCIIOAB30BAHME AAA  TIEPEAAYH  PACIINPEHHBIX
BEKTOPOB HEDOABIIION Pa3MEpPHOCTH, HAIIpUMEp,
HCIIOAB30BAHNE BCEIO ABYX HCXOAHBIX BEKTOPOB
pasmeproctero (N _X1), T.e. pacIInpeHHbIl BEKTOP
(2N _X1), a cama

OpPTOrOHAABHAA MaTPHIA IIPEKOAUPOBAHHA OYAET
uMeTh pasMepHOCTh (2N X2N ).

OyA€T HMETh Pa3MEPHOCTb
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Paccmorpum cucremy ¢ N = 4 u L = 2. B
KAYECTBE IIPEKOAHPYIOIIECH MATPHUIIBI HCIIOAB3YEM
MaTPHUILY CAEAYIOIIIETO BHAA:

= 1| 1, &P/

F= T j: 4 s (8)
2| -eP, 1,

TAE ( — yroA HOBOPOTa co3BesamsdA, P, - marpuria

IIEPECTAHOBKHA  pazMepoM (4X4), y KOoTOpoH B

KaKAOH CTPOKE BCE CHMBOABI PaBHBI HYAIO, KPOME

OAHOTrO, KOTOpBI paseH 1. Marpura F ssaserca

OPTOTOHAABHOM MaTPHIIEH.

AAf TIOAYYEHUSA BBIUIPHIIIA OT PASHECCHHA AAS
KaKAOI'O CHMBOAQ HA TAABHOW AHATOHAAM MATPHUIIBL
BCE 9AEGMEHTHI AOAKHBI ObITH paBHbl (. B sTOM
CAyYaE KAKABIH CHMBOA OYAET IIEPEAABATHCA ABYMA
Pa3HBIMU AHTEHHAMH.

PaccMoTprM MaTPHITYy OIINOOK OIEHUBAHIA AAS
paccmarpusaemMoro caydad. CoraacHO, BRIPAKEHUAM
(5-7), xoppeAAnMOHHAA MATPHIA OYAET HMETh
CACAYFOIIIHIT BUA

V=FVF=
l Viwse + P4’VMMSEP4 ©)
2 - Vinse + P 4,VMMSE P,

ITocKOABKY HAC HHTEPECYFOT TOABKO AMCITEPCHI
OIIMOOK OIICHUBAHUA, TO B 3TOM BBIPAKCHNUN
HE PACKPBIBAIOTCA OOKOBBIC OAOYHBIC MATPHUIIBI
(nx Mecrta OGO3HAYEHBI Kak - ,). VUHTHIBAf, UTO
marpunia P, ABAsercs marTpuileil IepecTaHOBKH,
TO BEKTOP AHATOHAABHBIX AEMEHTOB MATPHITH V
OYACT OIIPEACAATHCA CACAVIOIIIIM OOPa3OM:

~ A 4 - 1| Vause +P4VMMSE
v=diag|(V)=— ,  (10)
2 Vimse T P4VMMSE
rae diag(A) —omepaTop BHIACACHUA AHATOHAABHBIX
9AEMEHTOB MATPHUIEl A M 3aIINCH HUX B BHAC
A 1.

BEKTOPA-CTOADIIA, T dlag(VMMSE)

N _-MepHBIIT BEKTOP AMATrOHAABHBIX JAEMEHTOB
KOPPEAAITMOHHON MATPHUIIBI OITHOOK OIICHUBAHUA
aaroputma MMSE.

PﬁCCMOTpI/IM B KaYECIBE Hpm\/{epa HCIIOAB30OBAaHHE
ManI/IL[bI HCpﬁCTaHOBKI/I CACAYIOIICTO BHAQA:

0 0 0 1

P! = . (11)

0 010
01 00
1 0 0O
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B srom CAyYac AAA HCPBOﬁ ITIOAOBHHBI BCKTOpa
AUATOHAABHBIX DAEMEHTOB V MOKHO 3a1IMCATH

1
VI = E(VMMSE,I + VMMSE,4)

~

1
V = E(VMMSE,Z + VMMSE,3)
(12)

1
V3 = E(VMMSEJ + VMMSE,Z)

~

1
Vo= E(VMMSEA T Vanse, )

Bropas moaoBmHa BekTOpa AHMATOHAABHBIX
9AEMEHTOB V BYACT B TOYHOCTH MOBTOPAT IIEPBYIO
ITOAOBHHY.

Kak Buano ns Beipakenus (12), u3 4-x pasHbIx

MMSE B

IIPECKOAPOBAHISA

3HAYEHUM  AMCIIEPCHI  aATOPHIMA

pe3yAbpTaTE OPTOIOHAABHOIO
TTOAYYIHAN BEKTOP AI/ICHCPCI/IfI C ABYM# 3HAYCHUAMI,
HpI/IqéM MOXKHO IIOKa3aTh, YTO MaKCHMAABHOC

3HAYEHHE  JTUX  HOBBIX  AHCIEPCHH  OyAer
rapaHTUPOBAHO MEHBIIIE MAKCUMAABHOTO 3HAYCHHUSA
HCXOAHBIX Ancrnepcuii. Ho BbiOpammHas marpmiia
IIEPECTAHOBOK HE IaPAHTUPYET, YTO MAKCHMAABHOE
3HAYCHUEC HOBBIX AHCHCPCI/Iﬁ 6yAeT MHUHUMAABHO
BO3MOJKHBIM, TaK KaK HE BCE COYETAHHA ABYX
CHUMBOAOB 3AECHh NMEFOTCA.

MoKHO HCIIOAB30BATh W APYIHE MATPHIIBI

TICPECTAHOBOK, HAIIPpHUMCP MaTpHIbI CACAYIOIIICIO

BUAQA:
0 010 01 0 0
0 0 0 1 1 0 0 O
2 3
P = B = (13)
1 0 0 O 0 0 0 1
01 00 0 010
AAA 2THX  MATPHI] IIOAYYIHM  CACAYIOIINE
3HAYCHUA AI/ICHepCI/Iﬁ OLT_II/I6OK OLICHUBaHUA
C HNCIIOAB3OBAaHHECM OpTOFOHaAbHOFO
HpeKOAI/IpOBaHI/IH
~ ~ 1
V1(2) = E(VMMSE 1 T Vst 3 ) (3) E( s T Vanse 2 )
52 1 “(3) 1
v =5 (VMMSE 2 T Vamse, 4) E(VMMSE 2 T Vamuse 1 )
: : (1 4)
‘7;2) = E(VMMSI: 3 T Viuse 1) ~(3) ( Vamase 3 T Vamuse 4)
502) _ 1 ~03) _ 1
Yy = E(VMMSEA + Vanase 2 ) Yy = E(VMMSEA + Ve 3 )

CACAyET OTMETUTB, YTO B AAHHOM CAYYAEe TPH
O p@ p®
mabopa wmarpur P70, P,”, P,”  obecneunsaror

mepebop  BCEX  COYETAaHHH  ABYX  CHMBOAOB.
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CAeAOBaTEABHO, AAA  BBIOOpA ITPEKOAUPYFOITIEH
MaTPHUIIBI AOCTATOYHO UCIIOAB30BATH TPHU BAPHAHTA,
U BEIOPATh BAPHAHT C HAUMEHBIIICH MAKCHMAABHON
aucrepcueit. adopmarmro o BeIOpaHHOI MaTpHIle
HEOOXOAUMO IIEPEAATh HA IIEPEAAFOIIYIO CTOPOHY.
B aamnOM cayuae npu koHdurypamum c ]\Tt = 4
HEOOXOAHIMO IIEPEAATH BCEro 2 OuTa.

AAfA KOHUTYPAITHIT C OOABIIIIM YUCAOM AHTECHH
MOKHO HCIIOAB30BATH MATPHIIBI AHAAOTMYIHOIO
Bupa (cm. (11), (13)), mpm sTOM YHCAO TaKHX
MATpHIl, OOECHEYMBAIOIIUX IIOAHBIH IEpedop

BCEX BO3MOJKHBIX COYETAHUI Hap CHMBOAOB,

oyaer pasuo (N_— 1), mpu ycaosum, aro N = 27,
OO6bém 1repeaaBaeMOil Ha IEPEAAFOIYIO CTAHIIUIO
nHAOPMALINN IIPH 9TOM OYAET PaBeH m OmTaM.
Takas cucTema CBA3H C BEIOOPOM OPTOTOHAABHO
IIPEKOAUPYIOIIEH MATPHIIBI OTHOCHTCHA K CHCTEMAM
¢ mepeAaderi nHAOPMAITUN IO OOPATHOMY KAHAAY

HAH CHCTEMAM C 3aKPBITOM IETAEH YIIPABACHHA.

4. MOAEATPOBAHHME

A mposepkn 3(P@EKTUBHOCTH IIPEAAOKEHHOTO
METOAQ
BEIOOPOM

OPTOTOHAABHOTO  IIPEKOAHMPOBAHUA  C

IIPEKOAUPYIOIIEH ~ MATPUIBI  OBIAO

IIPOBEACHO MOACAMPOBAHHUE CHCTEMBI CBA3H AAA

pasHoIl KoHpuUryparum.

VcaoBus MoAeATpPOBAHUA:

* MIMO-kanaA ¢ HE3aBUCHMBIMH PEACEBCKIMI
3aMHPAHHUAMY;

e moayasmus QPSK;

* AeMoayAfTOp Ha ocHoBe asropurtma MCKO
(MMSE).
Ha Pmc. 1

BEPOATHOCTH OUTOBOH OIIHMOKH OT OTHOIICHHUS

IIPUBCACHDBL 3aBHUCHMOCTH

MIMOQ kanan; QP SK; MCKO

—o—SMx 4x4
—8—5Mx + OrtPr 4x4x2
SMx + CL-OrtPr 4x4x2

1071

BepoaTtHooTe BUTOROIA oW MBKK
=
&
T

-5 0 5 10 15 20 25 30
EbJ'Nn‘J:lB

Puc. 1. 3asucumocmu seposmmocnmu bumosod ontuoxu om
ommomenua cuenan wym wa um a2 MIMO-cucmemer ¢
KoHguzypayuen 4X4.
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curar/mym Ha 6T AAT MIMO-cucremsr ¢
KOHuUrypamuen 4 X4 AAf CAEAYIOIITUX BAPHAHTOB!
e SMx -

MyABbTHIIACKCHpOBaHIE (SMX);

e  SMx + OrtPr —

MyAI)TI/IHACKCI/IpOBaHI/IC C pacmnpeHHeM Ha ABa

OOBITHOE IIPOCTPAHCTBEHHOE

IIPOCTPAHCTBEHHOE
TaKTa (ABa BEKTOPA);

e SMx + CL-OrtPr -

MYAI)TI/IHACKCI/IPOB AHHC C

IIPOCTPAHCTBEHHOE

IIPEAAOKCHHBIM
METOAOM  OPTOTOHAABHOTO IIPEKOAHPOBAHHA
C pPACIIMpEHHEM Ha ABa TakTa (ABa BEKTOPA)
sakpbrToii 1eTAéit ynpasaenua (Close Loop

Orthogonal Precoding).
s 9THUX  3aBUCHUMOCTEH  BHAHO,  9YTO
ITPEAAOKCHHBIH METOA OPTOrOHAABHOI'O

IIPEKOAMPOBAHHA C 3aKPBITOM MHETACH yIPABACHUSA
IIO3BOAAIET IIOBBICUTH IIOMEXOYCTOMYHMBOCTH HA
2-3 Ab mpu BepoATHOCTH OIIMOKH B AHAIIA30HE
0.01-0.001 110 cpaBHEHHUIO C CHCTEMOI C OOBIYHBIM
IIPOCTPAHCTBEHHEIM MYABTHIIAEKCHpOBaHHEM. [lo
cpasuenuro ¢ MIMO-cucremoli, HCITOAB3YIOIIIEH
OPTOTOHAABHOE IIPEKOAMPOBAHHE 0Oe3 OOpaTHON
cAsn (Oe3 yIpaBAEHUA) IIPEAAOKEHHBIH METOA
obecriegnBaeT BeArphr ~ 1 Ab.

Ha Pwuc. 2 npuBeAeHBI aHAAOTHYHBIE KPHBBIC
an kordurypammn kamara MIMO 8X8.  Aas
STOfI KOH@I/IFYPQ,L[I/II/I BI)II/IrprIlI II0 CpaBHCHI/II-O
C OOBIYHBIM MYABTHIIAGKCHPOBAHUEM COCTABAACT
1.6-4.1 Ab, a 1o cpaBHEHHIO OPTOTOHAABHBIM
IIPEKOANPOBAHUEM O3 OOPATHOH CBA3M BBIUIPBILIL
cocraBaser u 0.5-1.5 Ab.

MIMO kanan; QP SK; MCKO

& ——5\x BxB
e, —e—Shx + OtPr 8xBx2

Shx + CL-OrtPr 8x8x2

BepoaTHOCTE BUTOBOIA oW MEKA

1074 | L | L
-5 0 5 10 15 20

EbINU, ab

Puc. 2. 3asucumocnu seposmmocmu 6unosod outubxu 044
MIMO-cucmemsr ¢ kongpuzypayued 8X8.
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MIMO kaHan; QP SK; MCKO

1077 - T

—e—Shx 16x16
L —&—SMx + OrtPr 16x16x2
e SMx + CL-OrtPr 16x16x2

10°F E

BepoaATHOCTE BUTOBOM oW MEK

1074 1

I L L L 1 L L I L

-4 -2 0 2 4 6 8 10 12 14 16
Eb.l'lNU”D'B

Puc. 3. 3asucumocmu seposmmocmu bumoson omubxy 014
MIMO-cucmemsr ¢ xonguzypayues 16<16.

Taxue Ke XapaKTePUCTUKH AAA KOH(HUIYPAITHH
kagara MIMO 16X16 mpuseaensr Ha Pmc. 3.
3aece mmveem Bemrpemn 0.9-3.3 Ab m 0.3-1.0
Ab 1o cpaBmeHmro ¢ cucreMaMu € OOBIMHBIM
IIPOCTPAHCTBEHHBIM ~ MYABTUIIACKCHPOBAHUEM U
CHCTEMOH C OPTOTOHAABHBIM IIPEKOAHPOBAHUEM
0e3 yIpaBAEHUA, COOTBETCTBEHHO.

CaeAyer OTMETHTD, ITO AAA BCEX KOH(UTYpaInii
BBIUIPBIII YBEAHYHUBACTCA C POCTOM OTHOIICHUS
curHaa/Iym

5. BAKAFOUEHHME

[TpearoxeHHBINT METOA OPTOTOHAABHOTO
IIPEKOANPOBAHUA, KOTOPBIH HCIIOAB3YET AAS BBIOOPA
IIPEKOAUPYIOIIEH  MATPHIIEI  3AKPBITYIO  IIETAFO
VIPaBAGHHUA IIO OOPATHOMY KaHAAY, ITO3BOAACT
VAVYIITHTD XapaKTEPUCTUKHI MHOTOAHTEHHON
cuctemsl ceasu MIMO 3a cueT yBeAmdgeHIA TOPAAKA
pa3HeceHw .

AAroputm ITPEKOATPOBAHUSA HICIIOAB3YET
CBOMICTBA KPHUTEPHA ONTHMAABHOCTH MHHHMYyMa
MAKCUMAABHBIX ~3HAYEHHUI AHMCIIEPCHH  OIITHOOK

OLICHUBAHHSA,  PACIHOAOKEHHBIX  HAa  TAABHOH
AMATOHAAH KOPPEAAMOHHON MATPHIIBI OIIHOOK
OLICHUBAHHUA B AMHEITHOM aATOPUTME ACMOAYAAITUN

MMSE.

HcroapsoBanue obpaTHOM CBA3U AAS
repeAadrn MHAOPMAIIUU O BBIOPAHHON MaTpPHIIE
IIPEKOAUPOBAHUSA IIO3BOAAET ITOAYYUTDH BBIMTPBIIII
OT Pa3HECECHHA AAKE IIPHU HEITOAHOM PACIINPEHHOM

BCKTOpe MOAyAI/IpOBaHHbIX CHMBOAOB. HPI/I 9TOM
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00bEM epeAaBaeMO HH(POPMALIHH IO OOPATHOMY
KaHAAY COCTABAfIET BCETO  ABa OwnTa.
baaroaapsa

HpI/IMCHCHI/HO OpTOFOHaAI)HOFO

IIpeoOpa3oBaHuA  C  CHABHO  PaspeKCHHOMN
MATPUIIEH M HEIOAHOMY PACHIHPEHHIO BEKTOPA
CHMBOAOB, CAOKHOCTb OOpPabOOTKH CHIHAAA Kak
HA IIEPEAAIOINIEH, TaK UM Ha IPHEMHOH CTOPOHE,
YVBEAUYHBACTCA HE3HAYUTEABHO.

P€3yAbTaTbI HMHUTAITTOHHOTIO MOACAHPOB&HHH

MIMO ¢

HPCAAO}KCHHOFO aAI‘OpI/ITMa IIPCKOAUPOBAHUA 1

CHCTEMBI  CBAA3N HCITOAB30BAHIEM
3AKPBITON IIETAH YIIPABACHHSA IO OOPATHOMY KaHAAY
AEMOHCTPHUPYIOT ~AOCTHUTHYTBIH  9HEPIETHYCCKHIT
seiarpei (1 —4) AB B 3aBucuMocTH OT pasmepHOCTH
CHCTEMBI H TPEOYEMOI BEPOATHOCTH OIIIHOKH.

HPI/I YBCAHMYCHHUN OTHOIIICHMA CI/II'HaA/LHyM
BBIUT’ pI)II_H oT

HCIIOAB3OBAHUA Hp E€AAATAEMOTO

METOAQ OpTOFOHaAbHOFO IIPCKOAUPOBAHMA C

3AKPBITOM IIETACH YITIPABACHHUA BO3PACTAET.
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dDopMupoBaHHE TPEXMEPHOIO N300pakeHNA pesbeda 3eMHOMI
IIOBEPXHOCTHU B PEJKHUME CUHTE3UPOBAHUA alIEPTYPHI IIPHU
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Annomayus: PaccMotTpeHBI 0COOEHHOCTH (POPMUPOBAHMA TPEXMEPHBIX PAAMOAOKAITMOHHBIX

n300pakeHN MPH CHUHTE3€ HCKYCCTBEHHOI amepTyphl 3a CYET BpareHusA ¢a3oBoro
HEeHTpAa NPUEMHOI AHTEHHBI U CTAIIMOHAPHOM Pa3HECEHHOM MECTOIIOAOKEHHUM IIPUEMO-
IIEPEAAFOIIIETO MOAYASA IIPH HUHTEP(PEPOMETPUYECKON HHTEPIPETANUN IOCTYHAFOIMUX
AaHHBIX. IIpuBeA€HBI OCHOBHBIE MATEMATHYECKHE COOTHONIECHHA, CBA3AaHHBIE C
OIIPEACA€HHUEM BBICOTBI peAbeda, IPEACTABACHBI AATOPUTM OOpPabOOTKH TPAEKTOPHOTO
CHTHAaAd HA OCHOBE HHTEP(EPOMETPUIECKOrO MOAXOAQ, a4 TAKXKE PE3yABTATHI OLEHKH
paboTOCIOCOOHOCTH IIPEAAOSKEHHOIO AATOPHTMA, IOAYYE€HHBIE IIyTEM KOMIIBFOTEPHOIO
MOAEAHPOBAHMA.
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Abstract: The features of 3D radar image formation during the synthesis of an artificial aperture
due to rotation of the phase center of the receiving antenna and stationary diversed transceiver
module have been considered during the interferometric interpretation of incoming data. The
main mathematical relations, associated with determination of the relief height are given, the
algorithm for processing the trajectory signal based on the interferometric approach, as well as the
results of evaluating the efficiency of the proposed algorithm, obtained by computer simulation,
are presented.

Keywords: radar system, antenna aperture synthesis, antenna phase center, interferometer base,
interferometric processing, radar image, point target, antenna phase center rotation, transceiving
module, receiving module, distributed radar system
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COAEPXXAHUE

1. BBEAEHUE (244)

2. TIOCTAHOBKA 3AAAUM (244)

3. ONPEAEAEHUE BBICOTBI OBBEKTA
PAAMOAOKALIMOHHOTO HABAFOAEHUA (245)

IIO3BOAAIET IIOAYYIUTh HHAOPMALHIO O pesbede
HAOAFOAAEMOI MECTHOCTH B AFOOBIX METEOYCAOBHAX
1 BPEMEHH CyTOK, 4TO 103BoAfeT HOcuTearo PAC
peImaTh 3aAa9M CACAOBAHNA pPeAbedy MECTHOCTH

B YCAOBHAX ITAOXOH OIITUYECKOH BUAUMOCTH.

4. YcAoBUA  OAHO3HAUHOIO  ONPEAEAEHUA Bompocer  dopmmposannsa —tpexmepubx  PAN
BBICOTBI OBbEKTA HABAFOAEHUSA (247) paHee PpPacCMATPUBAAMCH B HAYIHO-TEXHHIECKOM
5. AATOPUTM OINPEAEAEHHA BbICOTBI PEABE®A Awnrtepatype [5-6]. Tak B [5] paccmoTpeHune

HABAFOAAEMOJ 3EMHOM ITOBEPXHOCTHU (249)
6. 3AKAYOUEHME (251)
ANTEPATYPA (251)

dopMupoBaHUA TPEXMEPHBIX PAN Beaetrca opu
ITIOCTYIIATEABHOM ABIKEHHH HOCHTEAA (pa3zoBOro

neutpa aaterssl (PLIA) PAC), a B [6] moxasama

1. BBEAEHUE BO3MOKHOCTE (popmupoBanus TpexmepHerx PAI

npu  Bpammennn  PIIA  mpuemo-mepeaarorero
PasBurHe TEOPETHYECKUX OCHOB M TEXHHYECKUX
! moayas PAC.
BO3MOJKHOCTEH IT0 CO3AAHHIO PAAMOAOKAIIMOHHBIX
[leApto  craThu  ABASETCA  PACCMOTPECHHE

cucreM ¢ cuHTe3npoBanHoi aneprypoi (PCA)

HO3BOAAET IIOAYYATh PAAHOAOKAITMOHHBIC
nzoopaxenns (PAM) mabaroraembx OOBEKTOB ¢
paspeIeHneM ITOPAAKA EAMHHIT METPOB U MeHee [1-
4]. B 10 e BpemsA IIpH PEIIEHUH PAAA TIPAKTHIECKIX
sapau o1 OoproBeix PAC Tpebyrorcs OoAbInme
nH(GOPMAITIOHHEBIE BO3MOKHOCTH, KOTOPBIE
MOTYT OBITH OOECIIEYEHBI TOABKO IIPH ITOAYICHUN
tpéxmepupix  PAV. B wacrmoctn, moayuenmbie
tpexmepueie  PAM  mabaroaaemoii 1mOBepXHOCTH
ITO3BOASIFOT YMEHBIIUTH OIINOKH B OIPEACACHUN
KOOPAMHAT HAOAFOAAEMBIX HA3EMHBIX OOBEKTOB,
OOYCAOBACHHBIC WX BBICOTOH, 4, CACAOBATEABHO,

ITOBBICHUTH TOYHOCTD OHp CACACHUAMECTOIIOAOXKECHMA

HOCHUTEAS PAC OTHOCHTEABHO HA3EMHBIX
PAAMOAOKAITMOHHO-KOHTPACTHBIX OPHEHTHPOB
IIPA  HCIIOAB3OBAHHH  AAHHBIX  H300PAKEHHH.

Kpome Toro, dopmuposanue tpexmepusix PAK
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ocobenHoCTel hopmupoBanus Tpexmepusrx PAN
B PACIIPEACACHHOU PAAMOAOKAITMOHHOMN CHCTEME,
cocroseit u3 mpuemuoro (RM — receiving module)
MOAyAf, (pasossrit renTp anTeHHH (PLIA) KOTOpPOTrO
BpAIlla€TCA II0 OKPYKHOCTH, H CTaIlHOHAPHOIO
RTM -
transmitting module) Mmoayas.

IIPUEMHO-IIEPEAAFOIIIETO receiving-

2. TIOCTAHOBKA 3AAAYM

Ilycts mmveerca pacupesesennas PAC, B koropoit
dazosbie nentper anrens RM um RTM moayaeit
pasHeceHsl B mpoctpanctse. Pasoserit rentp (phase
center PC) anrennsr RTM moayaa PAC maxoanTcs
B Touke A (Puc. 1) u nmeer KOOpAHHATHI x. =0,
Jpe = 0, Zoe = H. A PC anTeHHB IPHEMHOTO MOAYAA
HAXOAHUTCA B TOUYKe B, KOTOpHBII Bparmaercs crporo
ITO OKPYAKHOCTH PAAUYCOM 7 C IOCTOAHHOH YTAOBOM
ckopocthro w_B1aockoct (M, X', Y') ormocuTeAbHO
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v

X'

18

(o]
Puc. 1. Ieomempus pacnoaoncernus PC anmernn u yeau 6

3-x meprom npocmparicmse.

nenTpa parmenusd (p.M). [Taockocts Bparmenus (M,
X', Y') mapaaAeAbHA rOPH3OHTAABHOM ITAOCKOCTH
(O, X, Y). B pesyaprare koopaunarer PC anTeHHBI
RM MOAyAAl MOKHO ITPEACTABUTD B BHAE

X, (1) =rcos(wt+@,), 1)
1) = rsin(+ ), o
erm =H+ d’ (3)

rae @, — HavaAbHan pasa pparmenus PC mpuemnoi
anTeHHb, {2 (/) = w 7+ @ — TEKYIHIT yTOA BparieHus
PC oraocureabno ocn X', d — paccrosHue MEKAY
PC mpmémo-mepeAaromero MOAyAi M IIEHTPOM
spameand PC aHTEHHB IPHEMHOTO MOAyASl B
BEPTHKAABHON MAOCKOCTH MOAYAA (Puc. 1).
Wsyaenne CHTHAAQ
ocymectBagerca RTM moayaem (p. A), a mpuem
kak RTM moayaem (p. A), tak m RM moayaem
(p. B). O6paborka TpaekTOpHOrO
OCYITIECTBAACTCA COBMECTHO B p. A m B, peaamsys

30HAHPYIOIIETO

CHUTHAAQA

naTEpPEPOMETPUUECKYIO cHCTeMy 00padoTkm. B
AAHHBIX ycAOBHAX 0aza wuHTepdepomerpa “ZE’H,
KOTOPyIO 00O3HaYnM Kak I, He MeHAeTCa mpu
u3MEHEHNH yraa £2 (/) 1 MOKET ObITh PEACTABAEHA
KaK

10 =5 (5 (O (3 )=y () 4",
1=\(reos(@, @) +(sin(e2, ()] " =N . 5

Wssectno [6], aro npu nHTEPDEPOMETPIIECKON

00pabOTKE CUTHAAOB B IIPOIIECCE CHHTE3A AlIePTYPHI
3a cuer Bpamenusa PC amrenn PCA, BO3MOXHO
dopmuposanne tpexmepusrx PAM. Omnwmpadce Ha
OIIHCAHHYIO CHTYAIIHIO, IIPOBEACM PACCMOTPEHIE
mporecca hopmuposarusa Tpexmepusx PAM mpu

OOPMMPOBAHME TPEXMEPHOI'O M30BPAKEHMA PEABEDA 3EMHOI 245
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ppamennn PC aHTEHHBI IPHEMHOTO MOAYAfl H
PAa3HECEHHOM B IIPOCTPAHCTBE, HO CTAIIHOHAPHOM
mecromorokennun PC  amrennsr RTM  moayaf.
ITepsonavaAbHO

pac CMOTpI/IM OCHOBHBIC

MATEMATHUYICCKHUEC COOTHOIIICHMA, OHPCACA}II-OU_[I/IC
BO3MOKHOCTDb MHAHMKAITHI BBICOTBI Ha6A}OAa€MOFO

obObekra Ha mpuMepe Todeunon nean (Puc. 1).

3. OITPEAEAEHME BbICOTDbI

OB BEKTA PAAMMOAOKAITMOHHOI'O
HABAFOAEHHA

Otcyer ©OyAeM BECTH  OTHOCHTEABHO — TOYKH
naxomaeHusas PLIA RTM moayas (p. A). Toraa
BBICOTY IEAH Z MOKHO TIPEACTABHTD KaK

Z = H—Rocos(a), (6)
rae H — paccrodnnme MeKAy IOPHU3OHTAABHOMN
mAockoctbr0 OXY u Toukon wHaxoxaeHus PC
AHTEHHBI IPHUEMO-TIEPEAAFOIIIETO MOAYAA (BBICOTA);
R0 — aaapHOCTE OT PC amrenast RTM moayas A0
TOUEYHON 1eAn (Touka 1); o — yroA BU3HPOBAHUA
LICAH.

Pacemorpum  ma Puc. 1 maockocts MOT,
BKAFOYAFOITYIO 0Cb OZ 1 TOYKYy HAXOKACHUSA ITEAH
(p. 1). C yueTom AaHHOTO paCCMOTPEHUS BEIPAKEHIE
(6) MOKHO 3aITHICATD B BUAC

Z,=H+Ryos(B+7), 10

rae B — yroa wmexay R wm Bextopom AC,
ompeAeAdromuM  Touky HaxomAeHua PCA RM
MOAYASl OTHOCHTEABHO Harpaaenus R, a y —
YTOA MEKAY BEKTOPOM AC u ocbro OZ. B obuem
caygae p. C ompeaeAfieT ITOAOKEHHE IIPOEKIINH
PCA RM wmoayas Ha maockocta MOT. Oba yraa
B, y(» sasasrorcas @OYHKIUAME BPEMEHH, TaK
kak mecronoroxenne PC amremner RM mMoayas
MEHSAETCA BO BPEMEHU U COOTBETCTBEHHO MEHACTCH
ero npoexrusa Ha naockocts (MOT). Ho B 1o xe
BpEM, CyMMa AAHHBIX YTAOB HE 3aBUCHT OT BPEMEHH,
11, COOTBETCTBEHHO, YTOA 0t — YTOA BUSHPOBAHUSA IIEAH
— HE HU3MEHACTCA IPH HAOAFOACHHH OAMHOYHOMN
toueunoit rean (PT).

Aas onpeaeaerns seicoter PT Z neodxoammo
3HAHHE CACAVIOIIEH HHMOpMAIINH:
dasbr nuaTepdepomeTpa
} (9, obpasosammoro RTM wm RM moayasmm;

3HAYCHUE
CHIHAAA Ha BBIXOAC
HAKAOHHON AAABHOCTH AO TeAW R ; BeAmammer
paamyca Bpamenusa r PC amrenner RM moayas;
paccrosausa d mexay PC anrerrst RTM Moayast u
IIAOCKOCTBIO BparteHus anTeHHBI RM MOAyAf; yraa
BU3UPOBAHUA I[EAU () B a3UMyTaABHON IIAOCKOCTH;

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3
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yraoBoro moaAoxennsa £2 PC nmpmemMHON aHTEHHBI
OTHOCHTEABHO OCH X.

Wcxoan m3 reomerpun na Puc. 1, dasy ¢ (1)
CHTHaAQd Ha BBIXOAE HMHTEPGEPOMETPA MOKHO
IIPEACTABUTH B BHAC:

v.(0)= (R ()-R). ®

rae R () — paccrosnme or PLA anmremnsr RM
MoAyAs A0 PC, A — AAMHA BOAHBI 30HAHPYIOIIETO
koaebanus, R — aaapnocts ot PT a0 PC npuémo-
IIEPEAAOIIEI AHTEHHBL

Ommpasice mHa AT AC (cm. Puc. 1), moxuO

3aITncaThb

(R (1)) = R +(J4C](1))" ~2R, [ 4C] (1) eos (5(2))-~ (9)
W3 ypasuenus (9), caeayer, 9aro yroa 3 MOKHO
IIPEACTABUTD KaK

R +]aCl &, (1)
28,40

p (t) = arccos (10)

Toraa us mpAmoyroabHoro Tpeyroabanka ABCM
ITOAYIHM

R(t) =R (t) =B, (1) =
(20| -y

27
rae B, = ||@|| — paccrosuaue ot PLIA RM moayas

Ao 1maockocta MOT'. Tlockoabky ||AC||2 =d* + B},
I’ =B, (t) +||AC|| (t)*, MOKHO 3aITHCATD

{5 )

(11)

p (t) arccos \/ﬁ , (12)
2R,\d* + B, (t)
6 =0°
200 - ; .
: Yron (B)
Yron ()
150 Yron ()

100 |- Y: &7.

Yron (rpagyc)
3

-50

-100 : : ;
0 0.05 01 (a) 0.15 02
t, (cex)
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rAe B, = | m‘n — IIPOEKITHA TOYKH MECTOITOAOKEHUS
OLIA MOAyAs Ha iaockocTs MOT', paHas
B|| (t) =rcos(4(1)), (13)
@(t) — yrOA MEKAY HAIIPABACHHUAMUI MB u MC,
KOTOPBIH MOKHO IIPEACTABUTD B BHAC
P(t)=w,t—0. (14)
Toraa, yaursBas Berpaxenue (14) u (13), moxkuO
3aIIICcaTh
B, =rcos(w,t—0). (15)
W3 serpaskenns (15) caeayer, 9To 3HaUEHHE yrAa
B MOKHO OIIPEACAHTH KaK

(A 4w (o)
g i | O

2Ro\/a’2 +(rcos(a)rt—6’))2

g (t) = arccos

B cBoro ouepeas, u3 Puc. 1 (cm. AVMLAC) caeayer,
YTO YTOA Y PAaBEH
B, (t) rcos(w,t—0)
d d

Ommpasace wa (16) m (17), Bopaxenue (7),

7 (t) = arctan ( =arctan (17)

OITPEAEAATOITIEE BBICOTY TOYETHOM IEAH Z , MOKHO

{5 20

2R0\/d2 +(rcos(a)yt —6‘))2

TIPCACTABUTD B BHAC!

Z, = H + R cos| arccos

[rcos(?t—a)n

Brrpaxenne (18) mospoasieT OIpeA€AHTD BHICOTY

(18)

+arctan

TOYEYHON IEAH HpI/I paSHbIX €€ IIOAOKECHUAX,
OHPGACAHCMI)IX YIAOM 0.

Ha Puc. 2

MOACAI/IpOBaHI/IH xapaKTepa HU3MCHCHUSA YI'AOB &, 5

HpI/IB C€ACHBI pCSyABTaTbI

6 =45°

200

Yron (B)
===== ¥ron (y)
e Cis Yron (o)

150

-,
o
o

Yron (rpagyc)
o
o

-50

-100
0

0.05 0.15 02

(1‘1
t, (cex) (6)
Puc. 2. Xapaxmep usmenerus yenos f (kpusas 1), y (kpusas 2) u a (kpusas 3) npu epameruu PLLA RM modyas.
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u y. MoaeAnpoBaHue IIPOBOAHAOCH B CACAYFOIINX
yeroBusx: d = 3m, r=8m, A =3 cm, D = 10 xm, H
=500 m, =10 7 pancex, p, = 0, Z =10 m, 6 = 0°
(Puc. 2a); 6 = 45°(Puc. 2b).
[IpeaocTaBACHHBIE PE3YABTATEL ITOKAa3BIBAOT,
YTO YTABI 3 MY MEHAFOTCA BO BPEMEHH ITPU BPAITICHUN
PC peaapnoit RM anrenner. B 1o ke Bpems yroa
BUSUPOBAHUA TOYECYHOH IICAH O, PAaBHBIH [7-
(B+v)], ocraerca Bo BpeMEHN HEM3MEHHBIM. TaKike
PE3YABTATHI IIOKA3BIBAIOT, YTO XaPAKTEP U3MEHEHHA
yraoB 3, y He 3aBHCHT OT MecrtonoAoxenusa PT n

mapameTpos 4, 7, 5, Hu R,

4. YCAOBHA OAHO3HAUYHOTI'O
OITPEAEAEHNIA BBICOTBI OFBEKTA
HABAOAEHUA

[Tpn
00pabOTKH AAA OIPEACACHHA BBICOTHI peAbeda

HCITOAB3OBAHHNI HHTCpCprOMCTpH‘ICCKOﬁ

BO3HHUKAET IIPOOAEMA HEOAHO3HAYHOCTH, KOTOPAS
00ycAOBAEHA TeM, YTO (pa3a BBHIXOAHOIO CHIHAAR
dazoBoro
CpaBHEHUA

AETEKTOPA,

das

U3MEHAETCA B AMAITA30HE OT —TT AO T: I/ (t) € [—72',7Z ]

OCYIIIECTBAAFOIIIETO
IPUHUMAEMBIX  CHTHAAOB,
D10 0OCTOATEABCTBO HEOOXOAUMO YUUTHIBATH IIPU
OITPEACACHII BBICOTHI LIEAU, OIIHPASACHh HA N3MECHEHIE
dpasel BBIXOAHOIO cUrHaA2 HHTEPEPOMETPA.
IIpoBeaeM OITpeAEAEHIE YCAOBHIL, ITPH KOTOPBIX
OyAeT 0DecreanBaThCA OAHO3HAYHOCTD H3MEPEHHUA
BBICOTHI PT. AAf 5TOTO paccMOTpHM, KaK M3MEHACTCH
daza () npu 3aAaHHOM MAKCHMAABHOM 3HAYEHUN
BBICOTBI () W IPU BBICOTE, COOTBETCTBYIOIIECH
HYAEBOMY YPOBHIO ) (#), 1 HAHAEM UX PA3HOCTD:

V(1) =v (1) =2(AR, (0)=R, (1),

TAC ARU@ = R1,0_R2,0(t); ARh (t) = Rl,h _RZ,hmq (t);

uniq

R,, — paccrosaue ot PT mnpuemo-riepeaarormeit
0 PT() -

aHTEeHHBI A0 PT
cUnTACTCA

(19)

TO4YCYHAA IICAb, BBICOTA

R

paccrosrue ot PC npuemnoii anrtennsr Ao PT;

KOTOPOM PaBHOM  HYAIO;

— paccrosuane or PC mpremo-mepeaarormeit
amrennsr Ao PT, . PT,

uniq uniq

BBICOTA KOTOpOI>‘I 3aAaHAa B IIPCACAAX AHAITA30HA

Rl,h

uniq

— TOYEYHAf IICAD,

OAHO3HAYHOCTH HU3MCPCHMHS, R — paccrosHuc

. Mg

or PC npuemnoit anterner oo PC,  (em. Puc. 3).
unit

Berpazkenne (19) mMoxHO mepenncars CAEAYIOIITHM

obpazom

Ay, (t)_AWO (t):

(R~ (Rol0)- R )]

(20)
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b l .
o T1iy(D,0,0)

Puc. 3. Ieomempuueckue noaomenus PC  anmenn u

PT ¢ nyaesoii ewrcomoti u 6wvicomon, coomsencrmeywmyer

MaKcuMansHoMy — Hadenuro 6 npedesax — 00HO3HAUHO20
usmeperus

VaureBas pazaoxennev1+x :1+%x—%x2... [7] &
10, wto H, d, r << D; ¢, = 0% a R, =\D*+H?,

HOAYIHM

huzni Hhuni (huzni - uni )2
R, —R,=——t——rt e — 1)
2RI,O RI,O 8Rl.0
B —2(H+d)h,
Ryy(D-Ry, (= d 4
2R, )
rcos(a)r t)[huzniq - 2(H + d)huniq]\l Rlz,O _H2
2R}, ’
B to xe Bpewmsd, yanuThIBaf, 9TO h:niq < SRZ o U

ommpasace Ha (20)-(22), Boipaxenue (19) momxHO
IIPEACTABUTD B BUAC

l//h(t)_‘//o(t) =
2z

2 o . (H +d)(,/Rf0 _ 2 )FCOS(wrf)huniq | (23)

- /1 Rl,O Rl3,0

AAf obecriedeHHA OAHO3HAYHOCTH H3MEPCHISA

a3

nHTEPPEPOMETPHIECKOH

BBICOTHI, paSHOCTI) BBIXOAHOTI'O

00paboTKI

CHUTHAAA
CHCTEMBI
AOAKHA YAOBAETBOPUTL ycaosuro [ () — () =
n]. Ilpm pemenun (23) moAydaem wH3MepeHHOE
3HAYEHHE OAHO3HAYHOM BBICOTHI HAOAIOAAEMOI
meAn. M3 Berpaskenus (23) cA€AyeT, 4TO OAHO3HAYHASA
U3MepeHHas BbICOTA CBA3aHAa C Bpamenuem PC
IpUeMHOM aHTeHHBL Ilpm aTOM OAHO3HAYHAA
BBICOTA 3aBHCHT OT HEPEMEHHBIX 4, 7, H, d, w_u R1,o

CACAYIOIIIIM OOPa3OM
AR},
2[de%0 + r(H+ d)cos(e, )[R, — H’ }

By (0 = (24)
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Xapakrep U3MEHEHHA /yumq(f) IIpY BAPbUPOBAHIH
repeMeHHBIX d, , H mpuseaen na Puc. 4-6.

M3 pe3yAbTaToB, IPEACTABACHHBIX Ha Puc.
4-6 BUAHO, YTO OAHO3HAYHAA M3MEPEHHAs BBICOTA
HU3MEHACTCA 110 IIEPHUOAMYECKOMY 3akony. [Ipmaem
HaHOOABIIIEE BAUAHUE HA PE3YABTAT OIICHUBAHUA

Beicora HeogHozHayHocTi npn H = 500m, r= 8m, D = 10km

60

w
™

w . Y o
& 1= n =)

BricoTa HeogHoaHa4HoCTH (M)

w
=]

25 i I i i I
0.08 01
t, (cek)

Puc. 4. Msmenenue o0dnosnauno usmepsemon 6wicome: 6

npoyecce paugerus npu H = 500m, r = 8m, D = 10xm

U sapsuposanuu sepmuKanviozo paccmoanus mendy PC
peanviivix anmenn: d = 3, 4, 5 m.

Bricota HeogHozHauHocTi npn H = 500m, d = 3m, D = 10km

Bricota HeoHoIHAYHOCTH (M)

i | i i i | | i i
0 0.02 0.04 0.06 0.08 01 012 014 0.16
t, (cek)

Puc. 5. HMamenerue odnosnaurno usmepsemori 6viconvr

6 npoyecce épameriug npu H = 500 m, d = 3 m, D =

10 xm u sapvuposanuu seaudure: paduyca spangerus PC
npueMHoOl aryeHHvl.

BericoTa HeogHo3HaukocT npu d = 3m, 1= 8m, D = 10km

Bricota HeopHOZHAUHOCTH (M)

i ; ; i i i i i i ;
012 0.14 0.16 0.18 0.2

t; (C-EK}
Puc. 6. smenenue oonosnauno usmepaemoti 6vicoms: 6
npoyecce spamgerus npu d = 3 my, r =8 my D =10 xm u
sapwuposanuu svicomer tocumens PAC: H = 400, 500,
600 .
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BEICOTBI ~ OKa3plBaeT 0Oasa wumHTepdepomMerpa —
BepTHKaAbHOE paccroanne MeKAy PC peaapasrx RM
u RTM anrenn. [Tpu aroM MakcnMaAbHOE 3HAYEHHE
BeAmaunsl 4 . (/) aocruraerea upu /= 0.5 T, rae
T — Bpems,, COOTBETCTBYIOIIIEE OAHOMY OOOPOTY
sparmterua PLIA RM MoAyAf, Ipu KOTOPOM yroA
MeKAy HampasAennem Ha PC m moaoxeHmem
npuéMHOIT aHTeHHBI paBeH T rad. B o101t curyarmm
paccroaane or PT ao PC RM anmrteHHB Oyaer
MaKCHMAABHO BO3MOKHBIM U, COOTBETCTBEHHO,
pasuocts [, (1) — b, ()] — MuUHEMAABHOI.

Tax »xe u3 Puc. 5 u 6 BUAHO, YTO MAKCUMAABHOE
3HAYCHUE buniq(t) aocturaerca npu 7 = 0.5 T, koraa
wt=n. Ilpn sHavennax o /= 1/2u wz=3n/2 (re.
koraa yroa mexay PT n RM amrennoit pasen m/2
u —71/2 COOTBETCTBEHHO), BBICOTA OAHO3HAYHOIO
H3MEPECHHUA OIPEACAACTCA OAHOM U TOH Ke
BEAUYHHON, YTO IIO3BOAfICT KOHCTATHPOBATH:
paamyc Bparennn 7 1 Bercora H mocureas PAC ne
OKA3BIBAIOT BAMAHMA HA /) . () ipm 7= 0.25 Twu0.75
T.

3 IIOAYYIEHHBIX PE3YABTATOB MOMKHO CACAATDH
BEIBOA, YTO AAA yCcTpaHeHHA (Pa3oBOro Habera,
obycaoBaernoro Bparnennem PC RM  anreHHSI,
neobxoanmMo BeIOpaTs 7 = 0.25 T. B atom cayuae
BEIpaKeHHE (24) MOKHO IIPEACTABHUTD B BHAE

A

huniq = ERI,O N (25)
Brrpaxenne (25) ITOKA3BIBACT, 9TO
BBICOTA ~ OAHO3HAYHOIO  HM3MEPEHHA  OOPATHO

IIPOIIOPIIMOHAABHO BEANYHHE ¢ — BEPTHKAABHOMY
paccroanuro MeKAY PC peaAbHBIX aHTEHH H IIPAMO
IIPOIIOPIIHOHAABHO AAMHE BOAHBI 30HAHPYIOIIIETO
CHTHAAQ A M AAABHOCTH AO 1iean R . B wactHoCTH,
mpu A =3 cem, d =3 M D =10 kv, H = 500 m
IIOAYYIUM /?uniq =~ 50 m.

B aAaapmeiimmem OyAeM MOAArarth, 9TO OTYET
BbICOTBI Beaercs ipu 7 = 0.25 T uanm ot = w2 paa.
B stom cayaae serpakenne (18) moxnaO nmepernmcarts
B BHAC

ﬂ’v/z(];) 2+ﬂ’l//z(7—i)R _12

2r z (26)
Z =H- ,
2d

rae T, =0.25 T. Vs Berpaxenus (26) HETOCPEACTBEHHO

cAeAyeT:  Kakoi — mHQOpMAIHel  HEOOXOAUMO

00AAAATB AASI TOTO, ITOOBI MOKHO OBIAO OIIPEACAH T
BBICOTY HA3€MHOTO OO'bEKTA HAOAIOACHUS.
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5. AATOPUTM OIIPEAEAEHHNA
BbBICOTBI PEABE®A HABAFOAAEMOW
3EMHOMU ITIOBEPXHOCTHU
3 MOAyYEHHBIX PE3YABTATOB, CACAYET, UTO AAA
onpeAaeAenus BeicoTol H peapeda HaOATOA2EMOI
IIOBEPXHOCTH HEOOXOANMO BBIITOAHHTb
CACAVIOIIIHE IITATH:
1. Ompeaeants pasnocts has 1, (7,7) TPUHATBIX
CHIHAAOB OT HAOAIOAAEMOTO 00BeKTa (peabeda)
Ha BBIXOAEC CHCTEMBI OOpabOTKH (Ha BBEIXOAEC
dazosoro aerexkropa (PD)) B kamaom asemenTe
paspelleHns IO a3UMYTy U AAABHOCTH, TAC /72,1
— TEKYII[HE HOMEPA JACMEHTOB pa3peIleHusn
II0 AAABHOCTH H a3HMYTy, COOTBETCTBEHHO.
[Mockoabky &, (mn) = ¢ * 21N sBasercs
IIEPHOAMYECKOIT, YTO HEOOXOAUMO OIIPEACAUTH
KOAHMYECTBO IIEABIX IIEPHOAOB

daser N.

2. OmnpeaeanTtsb pasHOCTb (pas § (7,7) CUTHAAOB Ha

obparreHusa

BBIXOAEC, COOTBCTCTBYIOILIYIO HyACBOfI BBICOTE
AAS KaXKAOT'O DAEMEHTA pa3pCU_I€HI/IH.

27”(R1,0 (m,n)—R,, (m,n))

B Buay Toro, wuro paccrosuue R (7,1) mHa

v, (m,n)=

HpaKTI/IKC HCHU3BCCTHO, HpOBOAI/IM cro

BBIMHCACHUA, NCIIOABSYA R, | (7,71), B pesyaprare
ITOAyYaEM

2
| I"+2dH

volmn) =27\ R )

rae I — 6asza maTepdepomerpa. Aannada asa

27)

TAKKE ABAACTCA IICPUOAHYECKON (DYHKIIHEH,
II03TOMY HEOOXOAHMMO OILIEHUTh KOAHYECTBO
IIEABIX IIEPHOAOB OOpartieHus (asul.

3. Ompeaeants BoICOTY peabedpa /(mz,n), onupasach
Ha (26) B IPEAITOAOKEHHH, UTO @ /= w2 u 6§ = 0
IPAAYCOB, TIOAYIHM

h(m,n) =z, (m,n) - Z (m,n), (28)
/12
h(m,n) = 2 lr//g(man)_l//;(ms I’l) +

+%(V/o(m’ n) =y, (m, n))Rl’h (m,n),

h(m,n) = ﬁ(l//o (m,n)—y,(m, n)) R, ,(m,n). (30)

Berpazkernne (30) cOOCTBEHHO M COAEPIKHT BCIO
HHMOPMAIIIIO, HEOOXOAUMYIO AAfl OIIPEACACHHSA
BEICOTBI peAabedpa mpu Bparmenuu PC mpuemHoON
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AHTEHHBI U PA3HECCHUN AHTCHHBI  IIPHEMO-
IIEPEAAFOIIIEIO MOAYAfA, 2 MMEHHO: AAABHOCTBH AO
uean R, | (7,7), pasnocrs ¢as §, (7,7) npuamvaemprx
CHUTHAAOB HA BBIXOAE CHCTEMBI OOpaOOTKH U
mapamerTpsr 7, d, H, A, ompeaeasrorime ycAOBHUA
HaOATOACHUS.

OmnpeaereHne OAHO3HAYHON (as3bl (PACKPHITHE

Pas)

AATOPHTMA, IIPEACTABACHHOTO B [8], CyTh KOTOPOTO

pasHOCTH BBIIIOAHAETCSA C  IIOMOIIBIO
CBOAMTCA K NHTEIPUPOBAHHUIO PA3HULIEL (D3 MEKAY
ABYMA COCCAHHMHI DACMEHTAMU PAa3pEIICHUA IIPU
YCAOBHH, 9YTO AAHHAA PAa3HOCTb HE IIPEBOCXOAHUT
3HAYCHUE T, 4 TAKKE OTCYTCTBYIOT PE3KUE IIEPEITAABL
BEICOT peAbeda. B mporuBHOM cAydae BO3HHKAET
OoABIIIOE YUCAO 000pOTOB hasbl. boaee moaApoOHO

C AAHHBIM aAFOpI/ITMOM MOHO IIO3HAKOMHTBHCA B

[9]-

IIposepka  pabOTOCIIOCOOHOCTH — AATOPHUTMA
OCYIIIECTBAAAACD Iy TeM KOMITBIOTEPHOI'O
MoAeAnpoBanus.  [lepponawaabno B cpeae

MOAECAHPOBAHMA OBIA C(POPMHUPOBAH peAbed yIacTKa
36€MHON IIOBEPXHOCTH, KOTOPBIM IPEACTABACH Ha
Puc. 7. Peaved nmeer ckauxn Bercotsr o1 0 M A0 50
M B IIPEAEAAX ITKAABI AaABHOCTH OT 10 kM A0 15 kM
c mrarom 110 AaapHOCTH 50 M. Amarmazon usmepennsa
BBICOTEL COOTBETCTBYET IIOAOBUHE OAHO3HAYHOIO €€
HU3MEPEHUSL.

[Tpu MOACAHPOBAHUI ITIOAATAAOCD, ITO d = 3 M,
H =500, r=8wm,1=3cmM, 3aTeM B COOTBETCTBUH C
OIIMCAHHBIM PAHEE AATOPUTMOM OBIAO IIPOBEACHO
dopmuposarue PAV Habaroaaemoro peabeda.

Ha mepsom mrare aAroputma IIPOBOAHAOCH
orpeaeAenne pasnoctu pas §, (7,7) IPUHUMAEMBIX
CHTHAAOB B  IIPEACAAX  KaKAOTO  IAEMEHTA
paspemrenna (Puc. 84), a 3ateM BBITOAHAAOCH

OIIpCACACHIIC OAHOSH&"IHOIZ CpaBI)I C IIOMOIIIBIO

Penced mectHocT
s j ‘ ] ! : ! j ; :

Beicota (m)

JAankHocTs (M) x 10

Puc. 7. Cymodeauposanmviil pesveh semmoti nosepxrocmi.
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Wh{m.n) Ha Brixoge ®f] [=, +7]

Y (paa)

A I S B
1 wWws 1t 15 12 125 13 135 14 45 15

Y N R

JlansHocTe (M) (a)

x10*

PAONOITOKALIA

*¥him.n) nocne packpeiTnA yacna M

| |
L

60 I i i I
1 105 dE s 32

i i
135 14 145 15

Puc. 8. Pasnocnms gpas ), (m,n) npunumaemvix cuenanos na seixode PD o (a) u nocae(6) obpatomiu.

AATOPHUTMA, IPEACTaBACHHOTO B [8]. Pesyabrarsr
0bpaboTku 1mokasansl Ha Prc 8.
Ha Bropom Immare mmpoBOAMAOCH OIIPEACACHIE

das

KAKAOM  DACMCHTC pPa3pCIicHus Ha

pasHOCTH AAfl IIAOCKOH  ITOBEPXHOCTH
3emAn B
3aAQHHOI AAABHOCTH Ha OCHOBE BbIpaxeHus (27)

Ll)o(iﬁ,ﬁ).

Pesyapratsl pabOTBI aArOpUTMa HAa BTOPOM IIIare

I OIPEACACHHE OAHO3HAYHOH  (Pasbl
rposeaensl Ha Puc. 9.

Ha Ttperpem 1mare, ommpasch Ha BEIPAKCHHIC
(18), BBIMIOAHAAOCH OIIPEACACHHE BBICOTEI peAbeda
KaK PasHOCTb BBICOT g, (7,7) W g (7,1) B IPEAEAAX
9AEMEHTOB PA3PEIICHUA IO AAABHOCTH M A3HUMYTY.
[Ipu 9TOM HOAAraAach, YTO MOMEHT BPEMCHH / =
0.25 T (ree. wz = n/2). B aTom cayuae Boipaxenme

AAAL g, (72,1) W 3 (772,11) MOZKHO TIDEACTABHTD B BUAE
Zh (m’ n) =

[;W/h(m’n)j +ﬁ,y/h(m,n) leh(m,n) _
T

. 27 31)
2d ’
. "PhO(m.n) nocne packpeiua yncna N
AR, Jie
N A B
{ T~ v
PR |

¥ (pan)
i
/

= =

ST

12— womn) (2 + f

¥0(m.n) nocne packpeimia uncna N
R 1.05 11 115 12 125 13 135 14 145 15
HansHocts (M) x10

Puc. 9. Pasnocmy gpas |, (mn) ompascennvix cuzranos,

COOIMIBECINEY 10as NAOCKOU N06EPXHOHIN SeMAU 00 (Kpusas

1) u nocae (kpusan 2) o6pabonixu.
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3 i
HansHocTe (M) (6) x 10"
z,(m,n) =
2
il//o(m,n) + ﬂ“l/lo(mﬂll) th(m’n) _12

2z T ’ (32)

- H-— .

2d

Ha Puc. 10 mnpeAcTaBACHBI  Pe3yABTATHI

BbraHcAenus z, (m,n) (kpusas 1) n g, (m,7) (xpusas 2) B
rpeAeAax (PUKCHPOBAHHOIO 9ACMEHTA Pa3PEICHU
ITO A3HMMYTY.

Ha Pumc. 11 3-x

n300pakeHHe HAOAFOAAEMOTO peAbeda MECTHOCTH,

HpI/IB €AE€HO MCpHOC

chOpMHUPOBAHHOE B PEKHUME CHHTE3HPOBAHUA
arepTypsl AHTEHHBI IIPU BPAIEHUH IIPUEMHOMN
aHTEHHBI ¥ (PUKCHPOBAHHOM ITOAOxeHHH DI
agTeHHBl RTM  MOAyAd IIpM  HCIIOAB30BAHNH
PACCMOTPEHHOIO aATOPUTMA.

AAf orenkn TogHOCTH (DOPMHUPOBAHUA peAbeda

pa3spabOTAHHEIM

AAT! OpI/ITMOM

HpOBOAI/IAOCb

1800

1600

1400

1 1.05 11 115 12 125 13 135 14 145 15
Danexocte (M) x10

Puc. 10. Pesvegh mecnmocnu 3, (myn) (1) u cocmasasionan

R,(7n) scoomsenemeyoman ny1esotl - 6vicome nosepxHocHIU

Semau (2), 60onw utkanvr danvrocnu om 10 xm do 15 xm
0417 001020 3/eMetma Paspeterius no asumyny.
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p

il

Puc. 11. Tpexmeproe usobpasrerue
peavegpa Mecnmocm.,

EMOOenUposaioeo

OIIPEAEAEHUE IIOTPEITHOCTH B BBIYHCACHIN BHICOTEL
peabeda IO OTHOIIEHUIO K HCIIOAB3YEMON €ro
MOA€AH. Pe3yAbTaTBI OIPEACACHHA IOTPEITHOCTH
dopmupoBarna peaveda mpeacraBaeHsr Ha Puc. 12,
Ha KOTOPOM IIPEACTABACH XapaKTep H3MECHEHUS
AQHHOH ITOIPEIIHOCTH II0 INKAA€ AAABHOCTU B
IIPEAEAAX BAPUAIIIHU BHICOTBI MOAEABHOIO peAbeda.

M3 Puc. 12

BOCCTAaHOBACEHUA BBICOTHI pCAbC(pa COOTBCTCIBYET

BUAHO, 910 HOFp CIITHOCTD

TBHICAYIHBIM AOASM MCTpa, 910 ITIO3BOAAET

yTBCp)KAaTbZ pa3pa60TaHHbeI aArOpI/ITM AACKBATHO

peaped

HOBCpXHOCTI/I. Broxe BpGMH H€O6XOAI/IMO OTMETHUTD,

BOCCTaHABAHUBACT Ha6A}OAaCMOI>'I

R Ye) IIOAYYCHHDBIC pCSyAbTaTbI COOTBCTCIBYIOT
CHUTyallH, HpI/I KOTOpOﬁ HC YVYIUTBIBAANCH IITYMBI
Ha6AIOACHI/IH M BO3MOKHBIE OIIIMOKH B OHpCACACHI/II/I

mapameTpos 7, d u H.

6. BAKAFOUEHHME

Takum  0Opa3soM, IIPEACTABACHHEBIC B  CTaThbe
PE3YABTATHI IIOKA3BIBAIOT, UTO IIPHU CHHTE3UPOBAHII
arepTypsI PC
AHTCHHBI IPUEMHOTO MOAYAf U PasHECCHHOM,

RTM

MOAVAA, BO3MOXKHO OPMHUPOBAHUC TPCXMCECPHDBIX
YA,

AHTCHHBI 32 CYCT BpPaIICHUA

HO CTAaIMOHAPHOM IIOAOXKCHHH AHTCHHBI

x10° TorpetIHocTE H3MEpREMOI BEICOTE!

NOrPeLUHOCTE BLICOTS (M)

: H ;
1 1.05 11 445 12 125 13 135 14 145 15
[ansHocTs (M) x10°

Puc. 12. smenenus  nocpemnocmu — gpopmuposarinsg

penvegpa 60046 uikanvr danvtiocmu om 10 kv do 15 xm.
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M300pAKEHNIT HAOAFOAAEMOM 3EMHOI ITOBEPXHOCTH.

dopmuposanue TPEXMEPHBIX H306pa>KeHm71

obecrieunBaeTcs 3a CUET HHTCp(bCpOMCTpI/I‘ICCKOI;‘I

ABYX
pa3HCC€HHI)IX OTHOCHUTCABHO Apyr Apyra TOYKaX

00paOOTKN  IIPHHHMAEMBIX CHTHAAOB B
npuema. [Ipu srom ommOKH B BOCCTAHOBACHHH
peabeda COOTBETCTBYIOT TBICAYHBIM AOAAM METPA.
MccaepoBanne BAmAnua mnapamerpos r, H wn d
Ha OAHO3HAYHOCTb H3MEPEHHA BBICOTBI, A TAKKE
PE3YABTATBI ~ MOACAMPOBAHUA  IIOKA3AAH,  9TO
HauOOABIIIEE BAUSHIE HA IIPOIIECC BOCCTAHOBACHUA
peapecba HAOAIOAAEMOIl ITOBEPXHOCTH OKAa3BIBACT
BEpTHKAABHOE paccrosaue d mexAy PC mpuemo-
IIEPEAAIOIIEH AHTEHHBI U ITAOCKOCTBIO BPAILICHUA

PC npueMHOIT aHTEHHEL
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IIpeocmasaena oeicmsumensuvim unerom PAEH A.C. Avumpuesvim

Amnnomayus:  TIpearo’keH W OIHMCAH AATOPUTM  ABTOMATHYECKOIO  AETEKTUPOBAHUA
3UHMAENTH(OPMHOIN AKTUBHOCTH B AAHHBIX MOHuUTOpuHra OJI mpm oTrcpodyeHHON HITEeMUH
II0CA€ KPOBOM3AMAHHUA B Cy0apaxHOMAAABHOE IIPOCTPAHCTBO T'OAOBHOTO MO3Ta. AATOPHTM
G6asupyercsa Ha (POPMAAM3ANUH BU3YAABHBIX XaPAKTEPUCTUK SITHUACTITH(OPMHON AKTUBHOCTH
B BHAE IATTE€PHA IIMK-BOAHOBOIO Pa3psAAa M aHAAW3E€ B3AMMHON KOPPEAAIIMH CHUTHAAOB
MHOTOKaHaAbHOU DOI' ¢ BeIOpaHHBIM mnarrepHoM. ®OparmMeHTHI 3UHAENTH(OPMHOMI
AKTUBHOCTH B KAaXKAOH mape OHIIOAAPHBIX JIAEKTPOAOB OIPEAECAAAMCH M3 TPEX YCAOBUIA
COTAACHO C OIIMCAHUEM ITUK-BOAHOBBIX PA3PAAOB IIIHAENITU(POPMHOI akTUBHOCTH: 1) 3HaYeHHE
IMOAO’KUTEABPHOM B3aMMHOI KOPPEAAIIMH B IHUKE KOPPEAAIMOHHOM (PYHKIIMH AOAYKHO OBITH
6oabmre 0.4; 2) cAeAOM 32 ITOAOIKUTEABHBIM ITUKOM B3aHMMHOM KOPPEAAIINN AOAYKEH CAEAOBATH
MK C OTPUIIATEABHOM KOppeAsanueii; 3) IMIpUHA IUKA OTPUIATEABHOM B3aUMHOM KOPPEeAAITUHN
Ha IIOAYBBICOTE AOAYKHA OBITH KAK MHHHUMYM B 2 pa3a 0OABIITIE TAKOBOM y IPEAIIECTBYOIIIETO
IIOAO’KHTEABHOI'O ITMKA ITOAOKHUTEABHONH B3aMMHOM Koppeaamuu. Kak m mpu BH3yasbHOM
OOHAPY>KEHUHM  SMUACNTU(POPMHOM  AKTHBHOCTH  HEHPO(PHU3IMOAOTOM  BBIOHMPAAUCH
OAHOBPEMEHHBIE TUK-BOAHOBBIE PA3PAABI B HECKOABKHUX OUIIOAAPHBIX 3AeKTpoAax. [IpuBeseHbI
Pe3yABTATEI TECTUPOBAHUA AATOPUTMA HA YacoBol 3anmcu DDI' manmeHTKH B OTCPOUYEHHOM
nimemuei. @parMeHTOB C 3MUACITH(POPMHOM AKTHUBHOCTBIO 34 PACCMATPUBAEMBIA YaC
6p1A0 BRIA€A€HO 17 B mpaBoM moAymapuu m 2 — B AeBOM. MeskmoAymapHaa acMMMeTpus
00yCAOBA€HA IIPABOCTOPOHHEM AaHEBPU3MOM y mamueHTa. Bpema pabGorel asropmrma Ha
COBPEMEHHOM IIEPCOHAABHOM KOMIIBIOTEPE COCTABAAET He Ooaee 5 MuHyT AAs 0Opaborku 16
OUITOAAPHBEIX CUTHAAOB, IIO3TOMY OH MOJKET OBITh MCIIOAB30BAH AASl BEIYMCAEHHUA IIOYACOBOTO
KOAMYECTBA 3IUAENTU(OPMHON AKTUBHOCTHU IIPAKTUYECKH B PEAABHOM BPEMEHU IIPOABACHUA
3TOrO II0KA3aTeAd OTCPOUYEHHOM MIIEMUH IIOCA€ AHEBPHU3MATUYECKOIO Cy0apaxHOMAAABHOIO
KPOBOMU3AUAHUA.

Kawuessze  cn06a:  anexTposHIIEPAAOTPAMMA, AAUTEABHBIM MOHUTOPHHI, OSIIHACHITH(OpPMHAA
AKTUBHOCTBD, (pyHKI_II/I}I B3aHMHOM KOppeAﬂHI/II/I, OTCqueHHa}I HUIIEMHA TOAOBHOI'O MO3Tra

YAK 519.67, 612.1, 53.083, 519.24, 004.93
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Abstract: An algorithm for automatic detection of epileptiform activity in EEG monitoring data
with delayed ischemia after hemorrhage in the subarachnoid space of the brain is proposed
and described. The algorithm is based on the formalization of the visual characteristics of
epileptiform activity in the form of a peak-wave discharge pattern and analysis of the mutual
correlation of multichannel EEG signals with the selected pattern. Fragments of epileptiform
activity in each pair of bipolar electrodes were determined from three conditions according
to the description of peak-wave discharges of epileptiform activity: 1) the value of positive
mutual correlation at the peak of the correlation function should be greater than 0.4; 2) a
positive peak of mutual correlation should be followed by a peak with a negative correlation;
3) the width of the peak of negative mutual correlation at half-altitude should be at least
2 times greater than that of the previous positive peak of positive mutual correlation. As
with the visual detection of epileptiform activity, the neurophysiologist selected simultaneous
peak-wave discharges in several bipolar electrodes. The results of testing the algorithm on an
hour-long EEG recording of a patient with delayed ischemia are presented. Fragments with
epileptiform activity during the hour under review were identified 17 in the right hemisphere
and 2 in the left. Interhemispheric asymmetry is caused by a right-sided aneurysm in patient.
The operating time of the algorithm on a modern personal computer is no more than 5 minutes
to process 16 bipolar signals, so it can be used to calculate the hourly amount of epileptiform
activity in almost real time of the manifestation of this indicator of delayed ischemia after
aneurysmal subarachnoid hemorrhage.

Keywords: electroencephalogram, long-term monitoring, epileptiform activity, mutual correlation
function, delayed cerebral ischemia
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1. BBEAEHHE

OrcpodeHnas UIIeMUs TOAOBHOTO MO3Ia OOBIYMHO
BOo3HUKaeT duepe3d 4—14 AHell Imocae HadaAa
HETPAaBMATHYECKOIO

AN TPpaBMATHYICCKOI'O

KPOBOM3AHAHUSA B CyOapaxXHOHAAABHOE
IIPOCTPAHCTBO TOAOBHOTO MO3ra. 3asadamMu

KOHCEPBATUBHOTO ACUCHUA OOABHBIX C

CyOapaxHOHMAAABHBIM KPOBOU3AUAHIEM
(CAK) sBAArOTCA CTAOHMAM3AIUA COCTOSHUA
O6oapHOrO, mpodurakruka peruana CAK,
IPOMHUAAKTHKA U ACICHIE COCYAUCTOTO CIIa3Ma
1 OTCPOYEHHON HIemun mosra. MHreHcusHOE

ACYCHHC IIPOBOAAT B YCAOBHUAX MOHHUTOPHHIA

OCHOBHBIX ITOKAa3aTEACH, XapaKTEPHU3YIOIITHX
COCTOIHUE  IIePEOPOBACKYAPHON  CHCTEMBI
n KusHeHHO BaxHbX yHKumi.  [locae

IIOCTYIIACHHS OOABHOIO C IIOAO3PCHUECM Ha

HCTPAaBMATHICCKOC AN

CAK B

HEMPOXUPYPIUIECKOTO CTAITMOHAPA, ITPOBOAAT

TPpaBMATHICCKOC
OTACACHUE peanunManmn

ACTAABHBIN HEBPOAOTHUYECKHIT OCMOTP,
OIICHKY TM/KECTH COCTOSHHA, KOMIIBFOTEPHYIO
tomorpacdpuro (KT) u MarHUTHO-pE3OHAHCHYIO
(MPT) Tomorpacduro, TPaHCKPAHHAABHYIO H
sKCTpakpaHnaAbHyIO AommAeporpaduro (TKA)
AASl  OIICHKI

BBIPAKCHHOCTH  AHTHOCIIA3Ma,

aAekTposHedarorpaduro AASL OIICHKH
BBIPAKCHHOCTH U3MECHEHHUH OHOIACKTPIYIECKOM

AKTHUBHOCTH I'OAOBHOI'O MO3ra.

Kaumamgecknit HEBPOAOTIHYECKUI
OCMOTp  ABASICTCH "30AOTBIM ~ CTaHAApPTOM"
AMATHOCTHKH OTCPOYCHHOM HIIIEMUN
TOAOBHOTO  MO3T4, OAHAKO OH TpeOyer

XOPOIIIEIO PEYEBOrO KOHTAKTA C IAITUEHTOM,
YTO HEBO3MOKHO B CAyYae TAKEAOIO TEUCHUA
CAK, compoBorkaarorerocs
AO
HEHPOBU3YaAH3AINHN, K KOTOPBIM otHOCAT KT

YIHCTCHHUECM

OOAPCTBOBAHHA KOMBI. MeTtoant

n MPT, ocrarorca "soaoreim craspaapTom”

I/IHCTPYMCHTaAbHOfI AHATHOCTHUKI
OTCpO‘ICHHOI;‘I UIIIEMHUM, HO HX TI'AABHBIM
HCAOCTATKOM ABAACTCA HCO6XOAI/IMOCTB

TPAHCIIOPTUPOBKH IIAIIMEHTa K TOMOrpady,
YTO AEAAET HEBO3MOKHBIM UX MCIIOAb30BAHHE
B MOHHUTOPHHIOBOM PEKHUME.

DaexrposuIedasorpadpus (OOI)
PETHUCTPUPYET OMOIAEKTPHIECKYIO AKTUBHOCTD
TOAOBHOI'O MO3I3, II09TOMY ArobOE
H3MEHEHHE €0 (DYHKIIMOHAABHOTO COCTOSHHSA
HEMEAACHHO  OTPAKAETCA Ha  ITOKAa3aTeAAX
kpusblX. Vsmenenna ma OOI' mpsAMo cBA3aHEI
C IIOKa3aTeAAMH OOBEMHOIO KpoBorToka |[1].
[Ipusmaku (ITOKa3saTeAM) HIIEMHH TOAOBHOTO
Mo3ra mposBafrorca Ha O B peasbHOM
BPEMEHH, YTO ACAAET STOT METOA HE3AMEHUMBIM
AASL THTPAOIIEPAITMOHHOIO MOHHTOPHPOBAHHSA
BO BpemsA olepannii Ha OpaxuoredasbHBIX
aprepuax, U B

OTACACHHHN  PEAHMMALIIN

M UHTEHCHBHOH  TEpPallUM  AAfl  PaHHEH
AMATHOCTUKH OTCPOYEHHOI HIITEMHH MO3Ta
mocae CAK. B cayuae, ecam mnoBpexaeHmE
TOAOBHOTO MO3Ta BCAEACTBHE KPOBOHU3AHAHHA
IIPUBEAO K YTHETCHUIO OOAPCTBOBAHIA AO KOMBI
1 KAMHHUYECKHUH HEBPOAOTHYECKHI OCMOTP
sarpyater, a KT Tpebyror TpancnopTHpOBKM
IMAIMEeHTa K ammapary, HempephBHBI DD’
MOHHUTOPHHI CTAHOBHATCH OCHOBHBIM CIIOCOOOM
AMArHOCTUKHA ¥ TIPOTHO3UPOBAHHA Pa3BUTHA
OTCPOYCHHON HITIEMUU MO3TA. AABTEPHATUBHBIM
IIOAXOAOM fBAfeTcsl MoHmTOpHpoBanme TKA,
DTOT METOA ITO3BOASIET TOYHO AHATHOCTHPOBATD
BA30CIa3M, OAHAKO CaM (PAKT CY/KEHHA COCYAQ
HE BCErAa HPHUBOAUT K HIINEMHH MO3ra, a
TEXHHYECKad OCOOECHHOCTb YABTPAa3BYKOBOIO
H3MEpPEHUsA CKOPOCTH KPOBOTOKA ITO3BOAAET
OIIPEACAATH €O AHIIb B OAHONH HEOOABIIOIA,
HE IIPEBBIIIAFOIIEH HECKOABKO MHAAHMETPOB,
TOYKE, B TO BpeMfA KaK CIIa3M MOKET OBITH

AOKAaAH30BaH B APYI‘OM MECTE.

BEAMHCTBEHHBIM  METOAOM, C  IIOMOIIIBIO
KOTOPOIO B OTACACHHMHU PEAHUMAIMH MOKHO
OCYIIECTBUTH HEIPEPHIBHBIN KPYTAOCYTOYHBIHI

MOHUTOPUHT (byHKLII/IOHaAbHOI‘O COCTOAHMA

CAK ¢

OCAPIO  AMATHOCTHUKHM W IIPOIHO3UPOBAHUA

TOAOBHOIO MO3ra ITarucHTa C

pasBuTUsd OTCpO‘ICHHOfI HNITICMI MO3T143,

aasgercs OO mommrTopunr. B coueranun
c HIEPHOAMYECKIMU HCCACAOBAHUAMHI

METOAAMM HeﬁpOBHSYQAHSZHHH, OH

IIO3BOASICT OCYILICCTBAATH pPAHHCEC BBIABACHUC

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3



256 OBbVXOB 10.B., KEPIIIHEP 1N.A., OKYHEBA 1.B., CUIHKIH M.B.

n HpOFHOSI/IpOBaHI/IC paSBI/ITI/IH OTCpO‘IﬁHHOﬁ

HINEMHH, YTO AA€T BO3MOMKHOCTH HAYATh
HHTEHCUBHOE AeYeHue u KyIIIPOBATH
ee paspuTHe. B mpumHmmme aAAmreAapHOE
MOHHTOPHUPOBAHHE CClh B peaAbHOM

BPEMEHHU ITPOABACHUA ITOKA3ATEACH ITO3BOAACT
AVUATHOCTHPOBATh M IIPOIHO3UPOBATH PA3BUTHE
OTCPOYEHHOM HIIIEMHH ¥ OIECHHBATH €€
AUHAMHKY €IIE AO TOIO, KaK Pa3sOBBETCH
ero mH(MAPKT, 2 B AAABHEHIIIEM OIICHUBATDH
BOCCTAaHOBAEHHE MO3TOBOH IEPQY3HH AQKE AO

KAHHIYIECKOTO YAyJIIeHus [2-4].

CCl}

obecrreunBarOT B peaApHOM

CyrecrByrorue CHCTEMBI
MOHHTOPHHIA
BPEMEHU 3aIMCh B AUCKOBYIO mamATs DO
B IIPUCYTCTBHH IPHOOPHBIX apTedaKkToB u
apredaxToB

n OAHOBPEMCHHO

KHUBHCACATCABPHOCTH  ITAITMECHTA
BBIBOAAT Ha

CIC) V|

Ha6AIOACHI/IH M aHAAN3ABPAYIOM. ,A,AH BBIACACHMA

MOHHUTOP

MHOI'OKaHAaAbHBIC BH3yaABHOTO

HHTEPBAAOB  BpPEMEHH ¢  apredakramuy,
00YCAOBACHHBIMU KU3HEACATEABHOCTBIO
A eHTa u OOCAYKHBAHIEM €ro
MEAIIEPCOHAAOM, LIEAECOOOPA3HO

AHAAN3UPOBATh CHHXpOHHBIE ¢ DI’ sammcu
BHAEO.

O6prano0 AHAAM3 PE3yABTATOB
IIPOAOAKHTEABHOTO BHACO-DIDI" MOoHHMTOpHHTA
IIPOBOAHTCH PETPOCIIEKTUBHO B PEKIME O AAITH
IlyTEM IPOCMOTPA MHOTOKAaHAABHBIX DIl n
dparmenToB BumAco. Meroarororus aHAAHN3A
OOl OTCPOYECHHON HINEMUN TPAAUIIIOHHO
CTpOHMTC HAa BH3YAABHOM aHAAHM3E KPHUBBIX,
C BBIACACHHEM 0Oe3apTedaKTHBIX — y9IaCTKOB
3aIIMCH U aHAAM30M e€ (POHOBOM CTPYKTYPHI,
CAMHHYHBIX OCOOBIX IpaddUYeCKUX IIATTEPHOB,
CIIEKTPAABHON S3HEPIUN B HEKOTOPOM HHTEPBAAE
BpeMeHHN (KaK IIpaBUAO, 1 wac) B pa3sAMYHBIX
YaCTOTHBIX AmarrazoHax aabda (8-13 I'm), Gera
(14-40 I'm), Tera (4-8 I'm), aeapra (0.5-3 I'm), n
UX OTHOIICHUE B AMAIIA30HAX ACABbTA/aAbda u
(aeabra + Tera)/(anpda + Gera), 06AAAAFOIIIHX
CHenuUYIHOCTBIO ~ IIO0  OTHOIIEHHIO K
PASAIYHBIM KAMHHIYECKIM COCTOAHHUAM. DTOT

AHAAM3 ABAAETCHA YPE3BBIYANHO TPYAOEMKOM U

3 HOMEP | TOM 15 | 2023 | POHCUT/RENSIT

MEOVLUNHCKAA PNINKA

BpEMA-3aTPATHOMN pa60T0171 HEHPOPHU3NTOAOTOB

BEICOKOM ~ KBAAM(HUKAITUU M, KPOME TOrO,

OOBEKTUBHOCTD TAKOM AHMATHOCTHUKH

CYIIIECTBEHHO Bapr/IpyCTCH MCIKAY OTACABPHBIMU

CHECIIMAAMCTAMHU.  YUUTBIBAS ~ HEOOXOAUMYIO
10-14-AHeBHYFO ITPOAOAKHTEABHOCTD
moumuTOpupoBarus y maruerop ¢ CAK,
HCIIOAB30OBAHHE  OOINEHPUHATOIO  aHAAW32

rpadposseMeHTOB BH3yaAbHO DOl B pexmme
opAafiH MPAKTHYECKH HEBO3MOKHO M HE
ITO3BOAAICT OIIEPATHBHO IIPUHUMATE BpadeOHbIE
perrreHus IpU  HEOAATOIPUATHOM Pa3BHTHH
OTCPOYEHHOM HIITEMUL.

[TosTroMy AAA IITMPOKOrO HMCIIOAB30OBAHUSA
CClh

paspaboTaTh ABTOMATU3MPOBAHHYIO CHCTEMY

KOAHMYECTBEHHOM HCO6XO,A,I/IMO

OOHAPYKEHHA  IIOKA3ATEACH  OTCPOYCHHOIM

HINIEMHH B PE3yAbTATE CyOAPAXHOHAAABHOIO
IIO3BOASET

KPOBOU3AUIHUA, KOTOpasd

AETEKTUPOBATD, KAACCHPUITTPOBATD 51
IIPOTHO3UPOBATh IIOKA3ATEAH OTCPOYECHHOM
HIIEMAH B

pceaAbHOM nx

Kpowme

BpPEMCHH
npossaeHus  [3]. n3-3a

apredaxToB

TOTO,
JKUBHEACATEAPHOCTH  ITATTUEHTA
" €ero

O6CAy)KI/IBaHI/IH MCEAUITHMHCKIM

IICPCOHAAOM aBTOMaTI/ISI/IpOBaHHbeI pacder

IV Oes

AIIPHOPHOIO BBIOOpPA CErMEHTOB AAHHBIX O€3

AMATHOCTHYECKUX  ITOKa3aTeAeH
apTedaKTOB HAU PY9IHOrO 0030pa OOYICHHBIMU
HEHPOPUINOAOrAMH  SBASCTCA HEPEIIEHHOM
3aAa9€H

ABTOMATHYCCKHX AATOPHUTMOB

OOHAPYKEHHUA OTCPOYCHHON UIIIEMHUH.

Muorouncaennsie HCCAEAOBAHUSA

20rI

KOTOpPpBIC B AHTCpATYPE HMHOTAQA HA3BIBAIOT

IIO3BOAMAIL BBIACAUTD IIaATTCPHBI,

"3A0KaYCCTBEHHBIME ', ITOCKOABKY OHH
XapPaKTEPHBI AASl HEOAATOIIPUATHOTO IIPOTHO32
BBUKHBAHUA W BOCCTAHOBACHHA CO3HAHUA [2-
4]. K HEM OTHOCAT YCTOMYHBOE ITOAABACHUE
aMIIAUTYABI  (pOHOBOIT akTuBHOCTH Hmxe 10
MKB, HapyIlieHre HEIpephIBHOCTH KOACOAHMI
kpusoit DI ¢ pasBuTrem marrepHa "BCIIBIIIIKA-
IOAABACHHE", PEIUCTPAIINIO TE€HEPAAM30BAHHbIX
HEPUOATICCKIX

Pa3pAAOB C OAMHAKOBBIM

MEKPA3PAAHBIM HHTEPBAAOM U MOHOMOP(HBIMU
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rpacquCCKHMH HATTEPHAMH U Ap. OCHOBHBIMU
AWATHOCTUYECKMMU M IIPOTHOCTHYECKHMU

ITOKa3aTEAAMMI OTCpO‘—IﬁHHOfI HNITICMI

CCl

%8 p@FI/IOHaAbHOC

P  MOHUTOPHUHTE asagrorea (1)

doxaspHOE 3aMEAACHIE,
CHIUKCHHE HMHACKCA U IIPEKPAICHHUE OBICTPON
AKTUBHOCTH; (2) YMEHBIIIEHHE BapHAOEABHOCTH
VCPEAHEHHOH IO AMAITA30HY YACTOT H IO
orBeacHHAM ODI"  oTA€ABHO B A€BOM U
IIPaBOM ITOAYIIAPUN MOIITHOCTH aAbdpa PUTMa;
(3) cHmKeHHE OTHOIIEHUA YCPEAHEHHOM
anbda/aeabra;  (4)

srmAenTHOPMHBIE rpadpUIecKue TaTTEPHHI,

MOIITHOCTH pI/ITMOB

BKArO4Yasd CHOpaAI/I‘ICCKI/IC 3HI/IA€HTI/I(pOpMHI)IC

pas pHAbI 5 AﬂTCp AAM30BAHHYIO pI/ITMI/I‘IHYIO
ACADBTA AKTHUBHOCTD, AaTCpaAM30BaHHBIC
IT epI/IOAI/I‘—I€CKI/I€ paSp}IAI)I AT

I€HCPAAM3OBAHHBIC ITEPHOAUYIECKUE PA3PAABL
AarepaAH30BAHHBIEC IIEPHOAUYCCKUE PA3PAABL
— 9TO OCTpBIE KOAEOAHMA, TAKHE KAK CITAHKN
1 OCTPBIE BOAHBI, KOTOPBIE BO3HHKAIOT OOAce
nan  MeHee mnepuoamdeckn [5]. HeaaBnwme
HCCACAOBAHUSA SIUACHTH(MOPMHBIX AHOMAAUN
IIPOAEMOHCTPUPOBAAM  UX AHMATHOCTUYECKUI
1 IIPOTHOCTHYCCKII

TIOTECHITIAA npu

MOHI/ITOPI/IHFC OTCpO‘*ICHHOﬁ HIITEMHH ITIOCAE
CAK [3,4].

B pabore [0] ObIAT OITYOANKOBAHBI PE3YABTATEI
PETPOCIEKTHBHOIO HCCACAOBAHHA 3HAYCHUI
[IOY9ACOBOIO KOAHYECTBA SIHACHTH(OPMHBIX
PaspsAAOB,
IIPOrHO32 PA3BUTHA OTCPOYCHHOH HIIEMUN

OIIPCACAAICMBIX  BH3YAABHO,  AASA

mocae CAK. C nomompro  BH3YyaABHOTO

odaafiH-aHaAM3a  IpadpUYECKUX  IIATTEPHOB
OOl ¢ HIPUMEHEHHEM CHCTEMBI IIOAACPKKHI
anaamsa OO Persyst (https://www.petsyst.
com/) ObIAO OOHAPYKEHO, YTO y MHOIUX
marmenTop ¢ CAK  mowacoBoe KOAHYECTBO
SIHUACHTH(MOPMHBIX ~ pa3pgAOB B daC
yBEAHYHBaeTcA B TedeHne nepsbix 3—10 aAment
IIOCA€ KPOBOHMBAHMAHHUA B MO3I — OCHOBHOM
IIEPHOA PHUCKA AAA OTCPOYEHHON HIeMuu. Y
IIAIIIEHTOB C PAa3sBHBAIOIICHCA OTCPOUECHHOMN
HINIEMUEH T109aCOoBas SIMAKTUBHOCTD B TEUCHHUE

3,5-6 ament spaumreabHO Bbine mocae CAK

II0 CPAaBHEHHUIO C TEMH, y KOIO HIIEMUA HE
pasBuBaercs (mmaoraAb 11oA ROC-kpusoit AUC
=0.72).

Hakomner, oTA€ AbHBIE TEHACHITUA ATHAMUKI
SIHUACITH(OPMHBIX  Pa3piAOB € TEICHUEM
BPEMEHH, OI[CHIBAEMBIE C ITOMOIIIBEO IPYIIIIOBOIO
AHAAM3A TPACKTOPHH ITOYACOBOH HATPY3KH —
PaspAAOB
3a 9YaC, TAKKE IIOMOTAIOT CTPATH(UIIMPOBATH

KOAUYECTBA  SIIHMACIITU(OPMHBIX
PHCK OTCPOYEHHON HINeMHUH. AHAAOIMYHBIC
PE3YABTATHI OBIAM IIOAYYICHBI B MCCACAOBAHUAX
KPBIC € PAPMAKOAOTHYECKIM IIPOBOLIIPOBAHIEM
HHCYABTA ACTKOM, YMEPEHHOM U TAKEAON
crerrern [7]. Makcnmanpraas AUC B Teuenne 5
anert mocae CAK cocrasaser 0.61, a B Teuenue
10 ameit — 0.68. DtH pe3yAbTATHI IIOKA32AAH, YTO
II09aCOBOE  KOAHUYECTBO  SIIHACIITU(OPMHBIX
PaspAAOB  ABAACTCA ITOAE3HBIM IIAPAMETPOM
AASl BEIABACHHUSA AHUIL C OOAEE BHICOKHMM PHUCKOM
PasBUTHA OTCPOYECHHOM HIITEMHH TOAOBHOTO
CAK. O

HeHpodu3noAOTraMu

BPYIHYIO» C
IIOKA3aTEAEH B

MO3Ta  ITOCAE HCCAEAOBAHUSA
BBIIIOAHAAOCH

PETPOCIIEKTHBHO IIOMOITIBFO
AHAAM3a AMATHOCTUYECKUX
pexuMe O AAFTH € IPUMEHEHNEM, KaK IIPABUAO,
CHUCTEMBI ITOAAEPKKH aHaAm3a DDI Persyst
(https:/ /www.petrsyst.com). AHAAH3HPOBAAUCH

@paI‘MeHTbI MHOI'OKaAaHAABHBIX AAMTEABHOCTBIO

5-15 cekyna. Taxoil amHaAm3, BO-IIEpPBBIX,
ABAACTCA ~ UPE3BBIYANIHO BPEMA  3aTPATHBIM,
BO-BTOPBIX,  3aBHCHT  OT  KBaAMUKAITIU

HEBPOAOTOB [8] 1, B-TPETbUX, IPUHIIUITHAABHO
HE MOKET IIPUMEHATHCA B PEKUME PEAABHOIO
BPEMEHHU HM3MEHEHUA I10YaCOBOIO KOAMYECTBA
sIHAEITH(OPMHBIX pa3pAAOB. B pesyabrare
B o030pe pador 2022 r. [3] mo AmarHOCTHKE
OTCPOYEHHOM HIIEMHH I'OAOBHOIO MO3Ta OBIA
CACAAH BBIBOA O HEOOXOAUMOCTH Pa3pabOTKH
AATOPHTMOB aBTOMATHYECKOIO OOHAPYKEHUA
ITOKa3aTEACH OTCPOUECHHOM HIIIEMUN TOAOBHOIO
mosra rmocae CAK.

B HACTOAIIEH craThe IIPEAAOKEH

n OoImrcCaH AATOPHUTM ABTOMATHUYCCKOIO

ACTCKTUPOBAHUSA

CIC) e

BPEMCHHBIX (bpaFMCHTOB

SIMHAEITH(MOPMHOI  aKTHBHOCTBIO,
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OCHOBAHHBIM Ha aHaAW3e (DYHKIIUN B3aUMHOIT
koppeadrnmu DDI' ¢ xapakTepHBIM HparMeHTOM
SIUAECITH(OPMHON AKTUBHOCTH M PE3YABTATEI
€T0 TECTHPOBAHUA Ha KAHMHHYECKUX AAHHBIX
DOI'-mounTopunra nanuenta mocae CAK.

2. AATOPUTM AETEKTUPOBAHUSA
DITUAEITITUDPOPMHOM
AKTHUBHOCTU

Ha Pmc. 1 npuseaeHa cxema pacmoAOKEHHA
5AEKTPOAOB B COOTBETCTBHH C MEKAYHAPOAHBIM
10-20%. Ilpm

mounropuHre DDI" ncroAp3yercs OUIIOAAPHBII

CTaHAapTOM AAHNTEABHOM

MOHTaK (AnddepeHrmasbHas CXeMa 3aIIiCH)
Fpl-F7, F7-T3, T3-T5, T5-O1, Fp1-F3, F3-C3,
C3-P3, P3-O1 - aesoe moaymapue u Fp2-F4,
F4-C4, C4-P4, T5-O1, P4-O2, Fp2-F8, F8-
T4, T4-T6, T6-O2 — mpasoe mOAyIIapHe.
bunoaspras sanmes D01 mpumvensercs ¢ IIeAbIO
YVMEHBIIICHHA TPEHAOB M APYIHX apTedaKTOB.
Curaaa 3aMcaH ¢ 9acTOTOM AuCKpeTusannn 250
I'm. ®uApTpaIuA CHTHAAOB OCYIIECTBAAAACH B
cpeae nporpammuposannsa Matlab ¢ momorero
dpuABTPOB: pexekTopHOTO (PyHKIHA lirnotch)
Ha dvactore 50 I'm, moaocosoro duapTpa
barrepsopra 8-ro mopsaka (dpymkiua butter)
B Amamazone dvactor 0.5-70 I'm, yaaseHmA
AmHeHHOTO TpeHAa (pyukiusa detrend).

Nasion

Inion

Puc. 1. Pacnosoncenue saexmpodos DII' na ckanvne
6 coomeememeuy ¢ Mexcoyrapoorod  cxemon  10—-20%.
Yemrwre snexmpodvs — Ha npasom nosymapui, revemmsie
— wa sesom, Al u A2 — pegpepenmmsie anexmpooer.
Crmpearamu yxasans: napet 1exmpodos npu 6unosqprol

sanucu DI
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Ha Puc. 2 npuseaen mpumMep 5-CEKyHAHOTO

dparmenta  Oumoaspuon  ODI'  manmenTa
c orcpouennoini mmemumeii  mocae  CAK
B AOOHOH 9YACTH IIPAaBOIO  ITOAYIIApHA,

sarmmcanned  14.10.2022 r. KpacHbM Kpyrom
BBIACACH (DPArMEHT C YETKO BHIPAKEHHBIMU
AAS

SIUAEITH(OPMHON AKTUBHOCTH  ITHK-

BOAHOBBIMM paSpﬂAaMH B BHAC OCTpOFO

HETraTHUBHOI'O ITHKAa, KOTOprfI CBA3aH C

BO3OY/KACHHEM HEHPOHOB, IIPOABAAIOIICHCA

ACTIOASIpH3AITHEI nux MEMOPAHBI C

IOCAEAYIOIIEM 32 HHUM  HOAOKHATEABHOU
BOAHOII, KOTOPasA CBA3aHA C PEHOAAPHU3AIIICH U

TUIIEPITOASAPHU3AITIEH HEHPOHOB [9)].

M3 Pwmc. 2 BHAHO, 9YTO XapaKTepPHBIMH
OCOOEHHOCTAMU rpacposremenTa

SIHACIITH(DOPMHOI AKTUBHOCTH (oM.,
HAIIpUMEp, 3amuch B Iape kaHaroB (C4-P4)
ABAACTCA ~ HAAMYIHE  BEICOKOAMIIAHTYAHOTO
(100 mxB) ocrporo orpumareApHOro IHKa
AAATEABHOCTBIO Ha IOAyBhICOTE 90 Mcek m
CACAVIOIIIEH 32 HHUM BOAHOH OOABIIICH, YeM B
2 pasa AAHTEABHOCTBIO. AAA ACTEKTHPOBAHUA
dparmenTa sIHAEIITH(ROPMHOM AKTUBHOCTH MBI
HCITOAB30BAAN AaHAAN3 B3AMMHOM KOPPEAAIINH
dyuxmun  (pyaxmua  Matlab  xcorr) sammcn
DOI' B KaKAOH mape OUIIOAAPHBIX SAECKTPOAOB
C 0OpA3IIOM OTPUIIATEABHOTO IIHKA, B KAYECTBE
KOTOPOTO
IOOI' B mape saexrpopos C4-P4 B mmreppase

BPEMEHU OKOAO 3.5 cek. 3E€ACHBIMH TOYKAMU

BBIOMPAAN  OTPHUIIATEABHBIN  IIHK

OTMEYEHBI MAKCUMAABHAsA U HYAEBBIE 3HAYCHUA
KOPPEAALIU.

Ha Puc. 3 npuseaeHa (pyHKIMA B3aMMHON
KOPPEAALTIN OUIIOAAPHOIO CUrHAAA (DPArMeHTa
DOT', mpeacraBaerHOTO Ha PHC. 2, ¢ BBIOpaHHBIM

obpasmoMm. Kpacueim  BeipeaeH  dparmeHT
SIUACITU(OPMHON  aKTUBHOCTH, KOTOPBIH
OIIPEAECAIACA M3 TPEX YCAOBHM COTAACHO
C  ONHCAHHEM  ITHK-BOAHOBHIX  Pa3pAAOB

SIUACITH(MOPMHON AKTUBHOCTH:

1) 3maueHHE ITOAOKHTEABHON B3aMMHON
KOPPEASLIIH B IIHKE KOPPEAAINMOHHON (DYHKITAN
AOANKHO OBITh OOAbIIE 0.4;
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Puc. 2. 5-cexynonsiii ppacmenm sanucu DI ¢ snunenmugopyroi axmusiocnivro, 0603Hakenon KpactsiM Kpyzom.

CAEAOM 32 IIOAOXUTEABHBIM ITHKOM

2)

B3aUMHOI KOPPEAAIINH AOAKEH CACAOBATH ITHK
C OTPHUIATEABHOM KOPPEAAIIUEIT;

05}

=)

Correlation

-0.5
Wave width =03 s

4 . L . . !
25 3 35 4 45
Time, s

0 0.5 i 15 2 5

Puc. 3. Bsaumnas xoppesayus 5-cexynornozo gpacmenma
DI ¢ ompuyamenviivim nuxom D1 6 nape saexmpodos
C4-P4 6 unmepsane spemenu oxono 3,5-cex us Puc. 2.

3) mUpHHA TUKA OTPULIATEABHOI B3aHMHOI
KOPPEAAIINN HA ITOAYBBICOTE AOAMKHA OBITH
KaK MHHHMYM B 2 pa3a OOABIIE TAKOBOHU Y
ITOAOKHUTEABHOTO

Hp CAILIECTBYIOIIIETO ITHKA

ITOAOKHTEABHOM B3aUMHOI KOPPEAAITUH.

3. PEBVABTATHI OBPABOTKU
KAMHUUYECKUX 3ATIVCEU 33T

AHaAnM3HpOBaAach vacopad 3amuchk OOI Ha
3-gacy cyrounoi 3ammucu 12.10.2023 r. oo KT
HCCACAOBAHUN y ITaueHTKH A., y KOTOPOM
OBIA Pa3pbIB aHEBPU3MBI IIPABOIl BHYTPEHHEH
counoi aprepum. Ha KT 15.10.2023 r.
OOHApyKEHA IeMaTOMa B 30HE OIICpPAllHHU B
IIPaBOM AOOHO-BHCOYHO-TEMEHHON OOAACTH.

RENSIT/POHCWUT | 2023 | TOM 15 | HOMEP 3
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Puc. 4. Qpacmenm DI nayuermxu A. 6 unmepsane
spemerin 2 waca 45 murym 38 cexynd — 2 uaca 45 murym
41 cexyrnoa.

KT or 18.10.10.2023 r.

HIIEMHUA B IPABOM BUCOYHOM M 3aTBIAOYHOU

AI/IaI‘HOCTI/IpOBaHa

AOASIX 9acTH IIpaBoro moAyrmapus. Caeayer
oTMeTUTh, uTO dparmenTt DD, B KoTOpoM
OBbIA BBIOpaH oOOpaser smHACHTH(OPMHON
AKTUBHOCTH,

2, OBIA
DOI'-MOHHUTOPHPOBAHUS.

IPEACTABACHHBIN HA

Puc. 3aIlMCAaH B APYIOH AEHb

Ha Puc. 4 B xauecTBe mprmMepa IPEACTABACH
dparment DOI' manmentku A, B mHTEpBaAe
Bpemenn 2 gaca 45 MuHYT 38 cekyHA — 2 dJaca
45 vuayT 41 CcexyHA2, KOTOPOM BH3YaABHO
OIIPEACAACTCA SIUACITU(POPMHAA AKTUBHOCTB.
Ha Puc. 5 mpuBeAeHBI (PYHKIIMH B3aHMHON
koppeasruu ODI' ¢ 00pasmoM, OIHCAHHOM
B pasaeae 2. KpacHBIM BBIAGACHBI ITHKH,
COOTBETCTBYIOIIIIE aIHAEIITH(POPMHOI

AKTHUBHOCTH OAHOBpCM@HHO B 3-X 6I/IHOA}IPHI)IX
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L 1 i 1

38 39 40 41

Time (s)

Puc. 5. Bsaumnas xoppeasyus DII, xpacreim svidesens

NUKHU, COOIIBENCIEYIouie INUNCHINUPOPMHUBIM PaspAIaM.

Ha spagpure spersa ykasaro 6 cexyroax, omecuém navunaenica
¢ 2 uacos 45 munym u 38-i cexynoo.

mapax sAektpoaos F4-C4, T4-T6 un T6-O2
npuMepHo Ha 39-cexkyHAe PparMeHTa M IIHUK B
OAHOI OHIIOAAPHOI mape 3AeKTpoAoB F4-C4 Ha

41-cexynae.
[Tpn BH3YaABHOM OOHAPYKEHUU
SIHACIITUPOPMHOMI AKTUBHOCTH

HEHPOPHUZHOAOT BBIACAACT OAHOBPEMCHHBIC
paspsABl B
aAeKTpOAaX. AAf HCKATOYEHHSA apTePAKTHOIO

MUK-BOAHOBBIC HECKOABKUX
reHesa pa3pAAOB C yIETOM ABACHUA OObEMHOIO
pacupocTpaHeHHA OMO9AEKTPHUYIECKOH
AKTUBHOCTH, I€HEPUPYEMOH IepeOpaAbHOMI
KOpOII, LIEAECOOOPA3HO BBIACAATH
BpeMeHHbIEe (DPArMEHTHl C OAHOBPEMEHHBIMU
rpacpoaremerTaMu B 2-Xx u 0OoAee OAH3KO
PACIIOAOKEHHBIX

OUIIOASIPHBIX mapax

9AEKTPOAOB. Takux dparmenTOB 32
paccMaTpuUBaeMBIH 4Yac OBIAO BBIAGACHO 17
B IIPaBOM IOAYIIApUH M 2 — B AEBOM. DTa
MEXKIIOAYIIAPHAS ACUMMETPHUA OOYCAOBACHA
IIPAaBOCTOPOHHEN aHEBPHU3MOM Y IIAIIHCHTKU
A.

Bpemsa paborer aaropur™Ma Ha COBPEMEHHOM
IIEPCOHAABHOM KOMITBIOTEPE COCTABAAET HE
ooaee 5 MUHYT AASl 0OpabOTKI 16 OUITOAAPHBIX
CHTHAAOB,  IIO3TOMy  OH  MOXKET  OBITb
HCIOAB30BAH AAS  BBIYUCACHHSA ITOYACOBOIO

KOAHYECTBA QHHACHTI/I(i)OpMHOI}‘I AKTHUBHOCTH
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IIPAKTHYICCKH B pCaAbHOM BpCMﬁHI/I TIPOABACHUSA
9TOIO IIOKA3aTEAA OTCpO‘ICHHOfI HITTEMHH IIOCAE

CAK.

4. BAKAFOUYEHMNE

TToAessOCTD

CC)N

HITICMH N

KOAHMYECTBECHHOMN
B BBISIBACHIII OTCPOYEHHOU
TOAOBHOTIO MO3Ia IOCAE AHEBPH3MATHYIECKOTO
Omna

O6€CH€"II/IB.’¢ICT HCHUHBA3HUBHYIO, HCHpCprBHYIO

CyOapaXHOHAAABHOTO  KPOBOU3AUAHUAL
OIIEHKY aKTUBHOCTH MO3Ta B PEKUME PEAABHOIO
BpPEMEHN U TPeOYeT OTHOCHUTEABHO KOPOTKOTO
BPEMEHHU AAfl OIPEACACHNA AMATHOCTHYICCKHUX
MOKA32aTEAEHM  OTCPOYEHHOM  MIIEMHH  IIO
CPAaBHEHHUIO C BPaueOHOM OIIEHKOM HCXOAHOM
DOI. C pocToM AOCTYITHOCTH IIPOTPAMMHOTO
obecrrevuenns, CIIOCOOHOTO BBIYUCAATH ST
dysxmun D01 B pexmme peasbHOTO BPEMEHH,
HMEET OOABIION KAMHHMYECKHMU IIOTEHITAAA
AAfl CBOEBPEMEHHOIO ACYEHHA OTCPOYECHHOM
unremMun. DO MOKET TaKKe MCIIOAB30BATHCA B
Ka4eCTBE MHCTPYMEHTA CKPHHHHTA IIAITIEHTOB
c ocobeHHOCTAMU KDDL AASL OLIEHKU BBICOKOIO
pPHCKa BKAIOYCHHUA B KAMHUYECKHE HCITBITAHUSA,
TECTHPYIOIINUE HOBBIE METOABI ACUYCHHUA AAA
CMATYECHHUA M IIPEAOTBPAIICHUA OTCPOYECHHOM

nremun. Pazpaborka MHOrOYHKIIHOHAABHOIO

AATOPHUTMA, OCHOBAaHHOT'O HA BCEX
VIOMAHYTEIX ~ BbIIe  QyHKIUAX KOOI,
BKAFOYAf  SIHAEHTH(OPMHYIO  aKTHBHOCTD,

ABAAETCA CAEAYIOIIMM IIIArOM B OIITUMM3AIIAN
AATOPUTMA IIPOTHO3MPOBAHUA OTCPOYEHHOU
HIIEMHUH, KOTOPBIH MOKET OBITh KAMHHUYECKU

kDI

ABAACTCA MHOI‘OO6CH_[21}OH_ICI‘/‘I MOAAABHOCTBIO,

peaamsosan. B kxomeunom cuere,

PEaAAM3yEMOM B  IIOBCEAHEBHOM  IIPAKTHKE,
HO3BOAAFOIIEN OCYIIECTBAATh HEMHBA3UBHbIN
MOHHTOPHHI B PEKIME PEAABHOTO BPEMEHH C
rAOOAABHBIM OXBATOM BCETo MO3ra. B 1o 7xe Bpems
OHA HMEET HOTECHIIMAABHOE IIPEHMYIIIECTBO
B BUAE 3(OEKTUBHOCTH 3aTPaT M BPEMCEHH,
OCODEHHO C y4Y€TOM OYAyIIEeH pa3paboTKu
ABTOMATH3MPOBAHHBIX

CHCTEM, KOTOpr (@

MOTAK OBl  CIHOCOOCTBOBATH  OIIEPATUBHOMY

OOHAPYKEHUIO U PAHHEMY BMEIIIATCABCTBY IIPH
OTCPOYEHHOM UIITEMUL.

B HACTOSAIIIEH craTbe OIIHCaH
IIPEAAOKEHHBII HaMU AATOPHTM
ABTOMATHYECKOIO ACTEKTHPOBAHUA
SIUACITH(MOPMHON AKTHBHOCTH CIC) I8

OCHOBAHHBIN Ha (POPMAANU3AINN OIMCAHUA
IINK-BOAHOBBIX Pa3pAAOB  SIHUAEHITHE(OPMHOI
AKTUBHOCTH U BHU3YaABHOTO €€ OOHapyKEHUS
HEHPOU3TOAOTAMH. Tectuposanue
AATOPHUTMA HA KAMHHUYECKMX AAHHBIX ITOKA32A0
€ro aAeKBATHOCTb HEHPOMUIHOAOTHIECKOMY
OIIHCAHUIO SITUACIITH(OPMHOMN AKTUBHOCTH IIPH
OTCPOYEHHOM HUIITEMUH IIOCAEC KPOBOU3AUAHISA B
CyOapaXHOMAAABHOE IIPOCTPAHCTBO I'OAOBHOTO

MO3r14a.

Bpewmsa paboTH Ha

COBPEMCHHOM IICPCOHAABHOM KOMIIBIOTEPC

AATOPHUTMA

coCcTaBAfIET He DoAee 5 MHHYT AAfl OOpabOTKH

16 OHIOAAPHBIX CHUTHAAOB, IIO9TOMY OH
MOJKET OBITh HCIIOAB30OBAH AAfl BBIYHCACHHA
II0YaCOBOI'O KOAHMYECTBA SIUACITH(OPMHON
AKTHBHOCTH IIPAKTHYECKH B PEAABHOM BPEMEHH
IPOABACHHA 3TOTO ITOKA3ATEAA OTCPOYECHHOM
HITTEMUN

ITIOCAC AHCBPU3MATHICCKOI'O

Cy0apaxHOUAAABHOTIO KPOBOU3AUAHUA.
[TosromMy MBI mOAAaraem, d9To IIPHUMECHEHHE
PaspabOTAHHOrO AATOPHTMA ITO3BOAUT PEIIHThH
IpOOAEMY OOHAPYKEHUS SIUACITHMDOPMHOMN
AKTUBHOCTH M OLICHKHA €€ pPasBUTHA IIpH
OTCPOYEHHOI HINEMUU B PEAABHOM BPEMEHH

IIPOABACHHUSA 3TOTO IIOKA3ATCAS.
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IIpeocmasaena oeicmsumensivim unerom PAEH CI 1. I younsim

Annomayus: IIpeAcTaBA€H KOHIIEHTPUPOBAHHBIN KPATKHAI 0030Pp BO3MOKHOCTENH SMIIUPUIECCKON U
BHPTYaABHOI aHAAUTHKH, IIPUMEHEHHUE KOTOPHIX AAAO COBEPIIIEHHO HOBOE BHAEHHE aMOP(HOro

sp® yraepoaa. HMccaeaoBaHme I0KA3aA0, UTO TBEPABIE TEAQ IIPEACTABAAIOT COGOI MHOIOypOBHEBBIE
CTPYKTYpbl, HadyuHarommeca ¢ 0a30BeIXx crpykrypHbIXx eAaumHun (BCE) mepBoro ypoBHA m
3aBEPIIAIONIAECA MAKPOCKOIIMYECKHMH ArAOMEPATAMH TAOOYAAPHBIX CTPYKTYP, COCTOAIIMMU,
B CBOIO ouepeAb, u3 cronoyHbIXx BCE. BCE mpeAcTaBAsAIOT CO00M KOABIIEOOpPA3HBIE MOAECKYABI
rpacgpeHa, pasmep 1 popMa KOTOPBIX OMPEAEAAFOTCA COOTBETCTBYIOIIMMU I'Pap€HOBBIMI AOMEHAMH, 2
XAMHAYECKHHA COCTAB B AOIIOAHEHUE K OCHOBHOMY YIA€POAY KOHTPOAHPYETCA I'e€TEPOATOMAMH
O0JKepeAbsA. DTO MCCACAOBAHUE IIOKA3BIBAET, YTO 5a30BbIE€ CTPYKTYPHBIE EAMHUIIBI M MX CTOIIKU
OIIPEACAAFOT OAMDKHUI IOPAAOK TBEPABIX TE€A U ABAAFOTCA OCHOBHBIM IPEAMETOM IPUKAAAHOM
aHaanTuku. Hacroammii o630p cocrouT M3 ABYX 4YacTed, CBA3AaHHBIX C OSMIIMPUYECKOH H
BUPTYaAbHOII aHaANTHKOM. IlepBas cocrout u3 paspeAoB, CBA3AHHBIX C OIIPEACAEHUEM CTPYKTYPHI,
OIIEHKOI OOIIEro M ATOMAPHOIO0 XMMHYECKOIO COCTaBA U BBIABACHHEM COCTAaBA KOBAACHTHOM
cBa3u. Bo BTOpOii mpeAcTaBA€HBI HOBBIE AHAAUTHUYECKHE IIOAXOABI, OCHOBAHHBIE HA KOHIIEIIIHHI
HU(POBBIX ABOIHUKOB M BHPTYaABHOU KoAeOaTeAbHOM cnekrpoMerpuu. CHHOIICHC BBIIIOAHEH
B BHAE aTAACA, COCTOAINETO M3 00OOIIEHHBIX N300paKEeHNH, COIPOBOKAAEMBIX HEOOXOAMMBIMH
IIOACHEHHUAMU, KOTOPBIE IIOAPOOHO 00CY>KAQIOTCA B PACHIMPEHHBIX CCHIAKAX.

Kurwuesvie cro6a: sp? amoppHBIE YIA€POABL, MOACKYAAPHBIN OGAMKHUI IOPAAOK, KOABLIeOGpa3HbIe
MOAEKYABI ~ rpadeHa, CIPYKTypHaA ©  KOMIIO3WIIMOHHAA  AHAAWTUKA, BHPTyaAbHAA
CIIEKTPOMETPUUECKAA AHAANTHKA

UDC 004.942, 547.022.1

Buazodaprocmu: ABrop GaaroaapeH KoAAeram, 0€3 COTPYAHHYECTBA C KOTOPBIMH CO3AAHUE AAHHOTO aTAACA
OBIAO OBI HEBO3MOKHO. Boipakaro rayookyro mpusuareabrocts V. Harkarer, H.H. Poxkosoii, E.A. T'oayOesy,
nokoraomy b.C. Pacompuny, E.H. Kabaukosy, E.FO. Mnarosoii, nmokoitnomy K. I'oabaepra-Harxanerr,
K. Apyxounkomy, FO.M. Illyasre, B.M. Meapauxosy, A.K. Heascon, A.H. Crapyxuny, B. Tkauepy, M.D.
Byasixa. S Beicoko menro maoaotBopusie aAnckyccnn ¢ M.A. Teppanosoii, C.IT. I'yGuasmv, A. Taakep. Mos
neorennmas Oaaroaapaocts H.A. ITorosoii, B.A. TToroy 3a momore B pacgerax 1 00padOTKE Pe3yABTATOB.
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Abstract: Presented is a concentrated synopsis of facilities of empirical and virtual analytics that,
once applied, have provided a fully new vision of sp? amorphous carbons. This study proved that
the solids are multilevel structures, started with the first-level basic structural units (BSUs) and
accomplished as macroscopic agglomerates of globular structures, consisting, in its turn,

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3



264 ypxa o, HAHOCUCTEMB

of stacked BSUs. BSUs present necklaced graphene molecules, size, and shape of which are
governed by the relevant graphene domains while chemical composition in addition to basic carbon
is controlled with heteroatoms of the necklaces. This study shows that BSUs and stacks of BSUs
determine the short-range order of the solids and are the main subject of the applied analytics. The
synopsis consists of two parts related to empirical and virtual analytics. The former is composed
of sections related to structural determination, total and atomic chemical content evaluation and
elicitation of the covalent bond composition. The second presents new analytic approaches based
on the Digital Twins concept and virtual vibrational spectrometry. The synopsis is configured as an
atlas composed of generalized pictures accompanied with necessary explanations to be discussed
in detail in the extended references.

Keywords: sp*> amorphous carbons; molecular short-range order; necklaced graphene molecules;
structural and compositional analytics; virtual spectrometry analytics
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1. A CONCISE HISTORICAL
INTRODUCTION

The last two decades have seen a profound
breakthrough in our understanding of sp?
amorphous carbon (aC). First, this was due to the
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epoch-making development of graphenics — a new
material science. The new scientific trend revived
a huge interest in solid carbon in general, and
gave rise to the first, and then subsequently more
convincing guesses that the history of graphenics
did not begin in 2010 but goes back centuries ago,
and that it is precisely aC that shows the way. The
second important circumstance, which stimulated
a new interest in amorphous carbon, is the highly
elevated level of research into the structure and
chemical composition of materials. In the rays of
these two illuminations, s* aC began to play with
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completely new facets. The purpose of this review
is to introduce readers to a new vision of this old
material.

My first personal encounter with s* aC was in
2005. Being engaged in fullerenes at that time, I was
puzzled by the search for evidence of the presence
of this s»” nanocarbon in nature. Having heard about
its possible observation in a natural mineral called
shungite carbon, huge deposits of which are located
within Russian Karelia, I went to sort it out on the
spot. Scholars from the Institute of Geology of the
Karelian Scientific Center of the Russian Academy
of Sciences, who worked on these deposits, told me
many interesting things about this mineral, but its
connection with fullerenes has not been confirmed.
However, fairy tale-like stories about its outstanding
properties, its belonging to the family of nanoscale
solid carbons, and the high degree of carbonization
reaching more than 98%, did not allow for forgetting
this amazing substance. Throughout the formation
and further development of the radical conceptof sp*
nanocarbons, which then included fullerenes, carbon
nanotubes, and first new graphene materials, such as
graphene oxide and reduced graphene oxide (rGO),
my attention again and again turned to shungite
carbon. After a deep analysis in collaboration with
N.N. Rozhkova it was suggested that the mineral is of
a complex multilevel structure based on molecular-
like compositions, which are nanosize graphene
domains framed along the perimeter by heteroatoms
that provide complete and/or partial termination of
dangling valence bonds of the domain edge atoms
[1]. This assumption was in line with fundamentals of
chemical processes in nanoscale systems presented
in a conceptual article by R. Hofmann, Nobel Prize
winner in chemistry [2]. Thus, the idea arose that
the basic structural unit (BSU) of shungite carbon
is a necklaced graphene molecule (NGM). Analyzing
the available chemical content data, we assumed that
hydrogen and oxygen are the main components of
this BSU’s heteroatom necklace.

At the same time, all geophysicists share common
opinion that shungite carbon belongs to amorphous
solids, i.e., is a member of the aC family. In turn, this
body belongs to covalent solids, in which the short-
range order [3] is evidently determined by a particular
configuration of covalent * C—C bonds. Chemistry
teaches us that covalent bonds are extremely
persistent, are characterized with a well-defined
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local topology, and tend to strongly resist changing
their lengths and angles to ensure a stable chemical
composition of substances. Therefore, it seems
reasonable to assume that, within the limits of the
short-range order space, sp* C—C bonds tretain their
standard topology, thereby separating the graphene
domain limited in size from the total massif of an
extended honeycomb structure. A further variation
in the domain arrangement ensures the disorder of
the solid. In this sense, shungite carbon is analogous
to covalent molecular amorphics, in which the short-
range order is determined with the basic standard
molecules [4]. Accordingly, it is natural to assume
that the NGMs, suggested to explain the structure
of shungite carbon, can be considered as BSUs of
sp* aC of any origin. Moreovert, the well-studied
multilevel structure of shungite carbon can be taken
as the basis for all aCs of this type.

The
with other s»* aCs was built when compating

first bridge, uniting shungite carbon

vibrational spectra of shungite carbon and one of
the synthetic tGOs [5]. It would seem that there
was nothing to prevent the idea of NGMs as BSUs
from being a fundamental concept for the entire
class of g* aCs. However, one day, on the desk of
one of my colleagues, I saw two flasks filled with
black powder, with manufacturer's labels pasted
on, saying "C 100%", and with CB624 and CB632
inscriptions indicating SIGMA-ALDRICH MERCK
as producers. Both products were synthetic s
aC known as black carbon [6]. The indisputable
authority of the manufacturer and the high price of
the products did not leave a shadow of doubt about
its quality, and none of my arguments based on the
quantum nature of the matter and asserting the
impossibility of the existence of C 100% nanoscale
graphene domains were heard. The only way to solve
the problem of the 100% nature of the carbons was
to conduct a thorough study of a set of §* aC using
as many available analytical methods as possible.
Seven samples listed in Table 1 were selected. All
of them were of the maximum carbonization
[7-12]. The first three are natural gp* aCs, the next
two are synthetic technical graphenes — rGOs [13]
obtained in various ways, and the last two are the
above-mentioned black carbons from the SAM. All
samples were analyzed by the same set of methods
under equal conditions. Three groups of analytic
techniques were used: 1) structural one, 2) evaluating
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Table 1
sp? Amorphous carbons selected for a joint study

| No | Samples Abbreviation Origin | References |
1 Shungite carbon ShC Shun’ga deposit of Karelia, Russia [7]
2 Anthraxolite AnthX Pavlovsk deposit of Novaya Zemlya, Russia [8]
3 Anthracite AnthC Donetsk deposit, Russia [9]
4 rGO Ak-rGO Institute of the Inorganic Chemistry, RAS, Moscow, Russia [10]
5 rGO TE-rGO Institute of the Chemical Physics, RAS, Moscow, Russia [11]
6 Black carbon CB632 Sigma-Aldririch-Merk company, USA [12]
7 Black carbon CB624 Sigma-Aldririch-Merk company, USA [12]

the overall atomic composition of the samples, and
3) determining the atomic composition of covalent
C—A bonds (A = C, H, O).

The results obtained allowed us to solve the
main problem and obtain indisputable evidence
that BSUs of s aCs have a unified nature and
are NGMs, the size of whose domains and
atomic composition of the relevant necklaces
are determined by the chemical history of the
amorphics’ origin. The next result showed that all
the studied aCs have a multilevel structure based
on zero-level BSUs with subsequent aggregation
of the units into stacks, globules, and micro- and/
or macroscopic agglomerates of higher levels.
The third result is that, due to the structural and
compositional complexity of * aCs, analytical
testing of samples cannot be single-technique
and requires the use of a set of methods. Last,
when the multi-technique analytics of * aCs is
mastered, quantum—chemical modeling of the
structure, composition, and properties of their
BSUs becomes possible. Thus obtained model
BSUs open the way to new analytics of the s*aCs
that is a virtual one and is based on the Digital
Twins concept [14].

The current review presents a consolidated
view on these multi-technique analytics applied to a
representative set of g aCs. Since discussed results
are too numerous, an atlas-like format was chosen
to facilitate the presentation. Although the results,
obtained with the participation of the author, make
the main contribution to the figures and tables
presented below, those obtained in other groups were
also taken into account when compiling the review.
Nevertheless, the author apologizes in advance for
the possible omission of other important results
unknown to her and expresses her gratitude for the
relevant indications.
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2. GENERAL CHARACTERISTICS OF THE

CARBON AMORPHICITY

As mentioned eatlier, sp* aCs present only a part of
aCs that form a large allotropic class of solids, both
natural and synthetic. Many books and reviews are
devoted to the issue, among which [15-31], but a few,
allow the reader to create his/her own idea of the
complexity and high science intensity of the touched
issue. Natural amorphics are products of nature’s
laboratory for geological billion-million-year time.
Geologists’ examinations suggest a few classification
schemes of carbon species [32—-35]. One of which,
presenting a continuous evolution of aC as increasing
carbonization rank of pristine carbonaceous masses
into ordered crystalline graphite thus exhibiting the
main stream of carbon life in nature [30], is shown in
Fig 1a. As seen in the figure, a general motion is split
into two gloves, the left of which starts with plants
and sediments, proceeds through sapropels to brown
coals, and later to convenient coals and anthracite,

(b)

Anthraxolites Shungife E
nites|

Fig. 1. General classification of amorphous carbon. (a)

Carbon life path in nature according to the Uspenskiy’s

classification. (b) Rhombic diagram of synthetic amorphous
carbon-hydrogen-oxygen system.
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finishing with graphite. As for the right glove, it
covers carbonization of pristine gas and distillate oil
and proceeds through petroleum and naphthoids,
to asphalts, and then to kerites, anthraxolites, and
shungites. As in the previous case, graphite is the
endpoint. This scheme is related to s* aC that
actually dominates in nature [36]. Natural s’ aC is
not as largely distributed, due to which diamond-like
amorphous solids have only recently become top
issues of the carbon mineralogy [37,38].

The family of synthetic aCs is quite large, covering
species different not only by the carbonization rank,
but also by a mixtute of §* and sp° components.
Analogously to natural species, synthetic amorphics
were classified as well [36,39,40] and the relevant
classification scheme is presented in Fig 14
Previously ternary, it was completed to a rhombic
one to take into account oxygen as another important
ingredient [36]. Comparing schemes presented for
natural and synthetic aCs, it becomes evident that
if natural aCs belong to s carbon family and are
carbonization-rank characterized, synthetic aCs are
mainly sp’-configured solid carbons. The sp* group
of the synthetic species, characterized by the highest
carbonization, takes only a small oval-mapped place.
Because of the small amount of s’ solid aC in
nature, special technologies to produce ta—C, ta—CH
(t means tetragonal), and sputtered sp* & sp’ mixed
a—C:H products were developed. It is necessary to
complement this part of carbon solids by graphite
oxide (GO), which corresponds to sp3 configured
carbon with up to ~ 40% of oxygen in the case
of complete oxygenation. As for s synthetic aCs,
for a long time they were presented by multi-
tonnage industrial production of glassy carbon,
covering graphitic, black, activated, and other highly
carbonized products [41]. However, the graphene
era called to life a new high-tech material—technical
graphenes, or rGOs [13], which are the final product
of either oxidation-reduction [10,42] or oxidation-
thermally-shocked exfoliation [11,43] of nanosize
graphite. Two new members of this community
are on the way—laser-induced graphene (LIG)
manufactured by multiple lasing on cloth, paper, and
food [44] and extreme quality flash graphene (FG)
[45], closest in ordering to graphite.

Despite aCs having been the object of study and
practical use for hundreds of years, only recently have
they been considered from the general concept of
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the solid-state physics [36] basing on fundamentals
of the amorphicity of solids accumulated in
monographs [3]. The first conceptual issue concerns
a considerable degree of amorphous solid ordering
that is subdivided into short-range (local) and
medium-range ones, the boundary between which
passes around a few nm. The second issue is
related to the direct interconnection of the solids’
properties and their local ordering due to which
establishing a short-range structure has always been
the main goal of study. The peak development of
this topic of solid-state physics was reached in the
third quarter of the previous century. Historically,
the most attention has been given to monoatomic
St and Ge, which, it would seem, is quite conducive
to our study, since carbon, silicon, and germanium
form a common tetrel’s family of the Mendeleev’s
table so that a similar behavior could be expected of
all the members. As was found, tetrahedrally bonded
sp” configured atoms form the short-range order of
St and Ge amorphous solids. However, in the case
of carbon, as seen in Fig. 1/, similar amorphous
compositions of carbon are concentrated only near
sp* corner and are related to the ta—C phase. This
internal protest of carbon atoms against the sp3
hybridization of their electrons in the solid state is
confirmed by extremely severe conditions for the
formation of diamonds (40 GP and 960-2000°C)
[46]. In contrast to Si and Ge, the main part of the
pute C-solids is gp*-configured. A comprehensive
discussion of this peculiarity related to the tetrel’s
family members is outside the topic of the current
review and can be found in monograph [28]. Thus,
monoatomic solid carbon has the unique ability to
form amorphous (as well as crystalline) states of
two types, characterized by fundamentally different
short-range orders presented by either tetrahedral
sp> groups of bonded atoms ot an sp* honeycomb
network of benzenoid units, graphene domains, thus
strongly differentiating sp° and sp* aCs. Throughout
this review, we will mainly talk about sp* aCs.
comparative studies [47-50],
together with a large pool of individual data,
have shown that the general architecture of both
natural and synthetic $* aCs is common and can
be characterized as a multilevel fractal structure
[36,51,52], albeit differing in detail at each level.
The structure of the first level is similar in all the
cases and is presented by necklaced graphene BSUs

Recent taken
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introduced earlier. The necklacing plays a decisive
role, ensuring the formation and stability of short-
range order, on the one hand, and preventing
graphitization, on the other [1,2], thus allowing the
attribution of the sp* aCs origination to the reaction
amorphization [3]. The second-level structure is
provided with nanometer-thick BSU stacks, which
were confidently recorded by X-ray and neutron
diffraction structural studies of s* aCs of all types
[48]. Once standard, BSU stack pattern forces
us to expand the amorphics’ short-range order,
completing individual BSUs with their stacks and
thus distinguishing sp* aCs from routine molecular
amorphics [4,53,54]. The third-level structure of
the amorphics reliably follows from the porous
structure evidently observed experimentally [52,55].
It is constructed from the BSU stacks but the final
compositions depend on the stacks’lateral dimension.
When the latter is at the first nanometers level, the
composition presents globules of ~10 nm in size,
which well correlates with pores, the size of which is
first nanometers as well [52,50]. Further aggregation
of globules leads to the formation of micro-nanosize
agglomerates with pores of tens nm and more [52].
Such a structure is typical to natural $” aCs such
as shungite carbon, anthraxolite, anthracite, as well
as black carbon coating of diamonds [57], mixed
carbon-silica spherical ‘sweets’ [58], black carbon in
meteorites [59,060] and metamorphosed polymictic
sandstones [61], biogenic carbon, originated from
anaerobic oxidation of methane [62], and none
of the exclusions have been known so far. Fig. 2
presents the evolution of the structure of this kind
of sp” aC from a single BSU to macroscopic rocks. A
schematic structure of a globule, shown in the figure,
is designed on the data related to shungite carbon.
Molecule C, O ,H, constitutes one of the possible
models of the BSUs based on the graphene domain
C,, [49]. The model is commensurate by size with
real BSU and its heteroatom necklace is composed
basing on chemical data of the species established
in [48]. Combined into four-, five-, and six-layer
stacks in accordance with empirical structural data
[47-50], the molecules create a visible picture of the
nanoscale globules, further agglomeration of which
provides the final nanostructured view of the species
presented by the 3D AFM image in the figure. In
contrast to natural bodies, synthetic amorphics are
characterized by a large dispersion of BSU size from
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BSU
(a) A

=La=

(d) 3D AFM image

500 nm

Globule

Fig. 2. Multi-level structure of sp’ amorphous
carbons, BSU size of which constitutes first
nanometers. (a) Single necklaced-graphene BSU
(C,,O,H, for shungite carbon [36]). (b) Four-
layer BSU stack. L and L_ are linear size of BSU
and BSU stack thickness of 1.2 nm and 1.4 nm,
respectively; d is interlayer distance of 0.35 nm.
(c) Planar view on a model globule composed of
different stacks, the latter consisting of BSU layers
from 4 to 7, differently oriented to each other,
with total linear dimensions of ~ 6 nm [1]. Gray,
red and blue balls depict carbon, hydrogen, and
oxygen atoms, respectively. (d) 3D AFM image of
globular structure of shungite carbon powder [36].
(e). Karelian shungite carbon deposit [63]

units to tens and/over first hundreds of nanometers.
At the low-limit end of the dispersion, their structure
is similar to that of natural species described above.
At the high-limit end, the BSU size does not prevent
from BSU packing in nanosize-thick stacks while
the latter laterally extended are further packed in a
papet-like structure. The above concept concerning
sp* aCs structure is based on planar BSUs. The latter
are indeed characteristic of real structures, evidence
of which are numerous. However, from time-to-
time images of natural solids exhibit bent fragments.
The issue will be discussed in Section 3.2.

As mentioned eatlier, $* aCs do not match
any of the known types of disorder that are
characteristic for monoatomic covalent solids [3].
Considering this, the sp* carbon amorphization can
be attributed to enforced fragmentation of graphite
[36]. Obviously, fragmented product can be obtained
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from both the top and bottom. In the first case,
it means the disintegration of pristine graphite,
while in the second case, it concerns stopping the
graphitization of pristine graphene lamellas. There
might be various reasons for fragmentation, including
mechanical impact, chemical reaction, temperature
shock, exposure to hard radiation, etc. However,
each fragmentation act is completed with a chemical
reaction providing stabilization of necklaces around
fragmented graphene domains. Thus formed BSUs,
mainly, and their stacks, additionally, ensure the short-
range order of the sp* aCs. They are characterized by
large variety with respect to not only different classes
of aCs, but to the same class as well. The variety
concerns the BSU size, shape, variation of necklace
chemical content, and, most importantly, the local
distribution of heteroatoms in the BSU necklaces
at fixed atomic percentage on average. Thus, to
complete empirical analytics of gp* aCs with a virtual
one, a large family of NGMs should be associated
with each real sample [64]. A single member of
the family, shown on the top of Figure 2, is only
‘one snapshot’ of communities related to one of
the possible permutations of hydrogen and oxygen
atoms in the framing area.

Completing the introduction, a few words should
be added about the radical nature of the s* aCs
BSUs. The latter is provided with chemical activity
of valence uncompensated sp* carbon atoms, among
which non-terminated edge atoms of graphene
domains (these atoms of the NGM C, ,OH  are
clearly seen on the top of Figure 2) are the most
active. In spite of this, the BSUs remain stable
radicals due to the spin-delocalized character of the
molecule radicalization provided by the conjugation
of unpaired sp2 electrons over the total number of
carbon atoms, nearly degenerated spin-triplet energy
gap E, incorporation of heteroatoms (O, N, S)
inside benzenoid units or outside the latter [65]. The
sleeping activity of the bodies can be stimulated by
the additional fragmentation [66], as is in the case of
the sp* aCs catalytic application [67].

3. STRUCTURE OF SP? AMORPHOUS
CARBONS

3.1. SHORT FOREWORD

Once started as classical continuous bulks, today’s
sp* aCs unhesitatingly take their place among
nanotechnological Their

materials. scientific
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perception was developing alongside the growing
material science, receiving at each turn of the
progression a stimulating pulse of a deeper
penetration into the understanding of their nature.
This development, support, and stimulation would
not have been possible without simultaneous
progress of instrumental analytical technology.
Such a coordinated movement clearly manifested
itself to be applied to the structural studies of s’
aCs. A perfect historical review on the structure
of carbon materials explored by local transmission
electron microscopy and global powder diffraction
probes [68] presents this growth in the best way.
A set of modern techniques, suitable for studies
of the structure of nanomaterials, includes atomic
force microscopy (AFM), scanning electron (SEM),
scanning transmission electron microscopy (STEM),
high-resolved transmission electron microscopy
(HRTEM), X-ray powder diffraction (XRPD), and
thermal neutron powder diffraction (NPD). All these
methods have their advantages and disadvantages,
and none of them is sufficient to completely disclose
the sp* aCs structure. The best success is achieved
with the joint use of electron microscopy (EM) and
powder diffraction (PD) [68]. It is this combination
which will be the focus of this review as well.
Structural studies of p* aCs are obviously
complicated by the multilevel structure of a real
object. Starting from the bottom, the amorphic
structure gradually becomes more complex from
individual BSUs to BSU stacks, then to globules
of aggregated stacks, and finally to micro- and/or
macro-scopic agglomerates. None of the analytical
methods described above "sees" the structure of the
matter in its entirety. Thus, individual BSUs, which
are molecular entities, are not atomically seen by any
of the methods. Only HRTEM makes it possible to
detect the presence of individual BSUs of first nm
in size as bar-like images of vertical projections of
the areas occupied by carbon atoms. Simultaneously,
HRTEM reveals the presence of BSUs’ stack
structure thus making possible to estimate the
degree of turbostraticity in the latter [69,70]. If
the corresponding microscope is equipped with a
console that provides fixation of the electron beam
diffraction on the sample, then it may determine
the interlayer distance d inside the stacks of BSUs
[13]. In the number of cases related to medium-
resolution either TEMs or STEMs, it is possible
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to reveal well-structured globules of 10-20 nm in
size. Images obtained with submicron-resolution
EM instruments, as well as with AFM, represent
the samples under study in the form of microscopic
agglomerates. It should be taken into account that all
EM methods deal with a strictly limited part of the
object under consideration. All the obtained results
are local and may change, sometimes significantly,
when passing to another place of the studied sample.

XRPD and NPD are powerful techniques related
to samples as a whole. However, they concern the
stack structure only, but allow determining not only
interlayer distance d inside the stacks, but linear
dimension I, of BSUs, that constitute the stacks, as
well as thickness of the latter I._(see the description
of the values in Fig. 2). Because of significant
variability of the sample amorphous structure, the
obtained data are statistically averaged and may differ
from local ones, obtained microscopically.

Summarizing this short foreword in terms of
amorphous state physics, we may state that the
modern structural techniques can distinguish short-
and middle-range order of solid sp* aCs, but in
different way. Thus, HRTEM sees the former quite
definitely, both as individual BSUs and as stacks of
them, but quite locally with respect to the sample
body. STEMs of high resolution may visualize the
second one as globules of stacks, also locally. Both
PD techniques visualize the short-range order
in statistically averaged values of the intetlayer
distanced d in stacks, the stack thickness I, and
linear dimension of BSUs [, composing the stacks
[69]. In what follows, a representative set of sp” aCs
will be presented in light of EM an PD techniques
applied together. This investigation concerns a set
of samples listed in Table 1.

3.2. ELECTRON MICROSCOPY

Fig. 3 presents a collection of EM results that
demonstrate the analytics ability. A comparative
view of the images presented in Fig. 3a—¢ allows
seeing that microscopic particles of the solids
have a common inner structure based on nanosize
elements. At the same time, the structures themselves
are quite different, apparently evidencing different
characteristics of aggregation that precede the
solidification. Evidently, the latter occurs differently
in nature (cf. Fig, 34,) while being similar in nature
and industry (cf. Fig. 34,), and again differently
when going from industrial production of carbon
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Fig. 3. Multilevel structure of sp? amorphous carbons in light
of electron microscopy. (a—c) STEM (top) and HRTEM
(bottom) images of SHhC (a), AnthX (b), and CB of Sigma-
Aldrich-Merk (c). (d) and (¢) SEM images of paper-like
technical graphenes Ak-rGO (d) and TE-rGO (e). Adapted
Sfrom Ref. [49]. (1) SEM image of globules’ aggregates [7)].
(¢—7) HRTEM images of the atomic structure of ShC: stacks
of flat (g-h) and bent (i) BSU layers. General view of a ShC
particle (7), for which Fourier diffraction pattern of the indicated
area (see inset) was obtained. Adapted from Ref. [13]

black to chemically synthesized Ak-rGO and TE-
rGO (cf. Fig. 3—¢). In the latter case, both GO and
rGO often present paper-like solids [42]. At the same
time, HRTEM studies of these solids reveal a picture
similar to those shown in Fig, 3a—.

When EM, used earlier to study shungite carbon
[71,72] in particular, did not allow for establishing
the multilevel structure of sp* aC unambiguously,
today the possibility of using it with different
magnifications makes it possible to reliably verify this.
This can be traced when looking at Fig. 34,/ As the
resolution increases, the structure of microparticles
(conditional fourth level of the ShC structure) in
Fig. 3a is replaced by aggregation of globules with
an average size of tens nm (third-level structure)
in Fig. 3fand then by a set of elements of the first
nanometers in size (second- and first-level structure)
in Fig, 34. Similar globular images were observed for
anthraxolites as well [73,74].

Fig. 36—/ present a detailed view of the first two-
level structure of shungite carbon [13]. Bars from
several fractions of ananometer to severalnanometers
long are clearly visible in these images. They are the
projections of carbon atom planes oriented almost
parallel to the electron beam. It is clearly visible that
these structural fragments are grouped into stacks.
The distance between fragment planes in the stacks
was estimated using a tight connection between the
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HRTEM image and diffraction of the electron beam
providing Fourier diffraction patterns of the former
[75]. Thus, the selected region in the HRTEM image
in Fig. 3/ has a Fourier diffraction spot pattern, which
corresponds to the interlayer spacing (4 = 0.34 nm)
of a disordered graphite-like material [13].

The atomic planes grouped into stacks of 4-7
layers are clearly visible in Fig. 3¢ As is seen,
flat fragments are indeed characteristic of the real
structure and are numerous. However, the images
also contain bent fragments. Since interlayer spacing
d for bent fragments is usually 0.34-0.38 nm, any
chemical modification of BSUs within their basal
planes, which might cause the bending, should be
excluded. Accordingly, it was suggested to explain
the bending of primary flat BSUs by the existence of
various mineral inclusions outside the units. In fact,
such impurities accompany ShC formation (from
silica micro- and nanoparticles to metal nanoparticles
[7]). Proving the suggestion has revealed a unique
opportunity of HREELS to study the atomic
structure and the elemental composition of the
substance under study. The latter can be disclosed
when EM is combined with point-like energy
dispersive spectral (EDS) analysis. Fig. 4 presents an
example of the ShC elemental composition mapping
with respect to C, O, Si, and Fe constituents. It is
seen that only carbon is uniformly distributed
throughout the sample, whereas other elements are
heterogeneously dispersed. The iron map attracts a

(&

Fig. 4. HRTEM element mapping of sp° amorphous
carbons. Shungite carbon in the light of C, O, Si, and Fe
elements. The circles in the iron map indicate nanoclusters.
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particular attention revealing cluster segregation of
fractions of a nanometer in size. Similar clusters,
containing other metals, are observed as well. Primary
BSUs may willingly cover metal nanoparticles and
bend, similarly to graphene sheet placed on a heap
of gold nanoparticles [76].

3.3. X-RAy AND NEUTRON POWDER DIFFRACTION

X-Ray diffraction and elastic neutron scattering
are widely applied to determine short-range order
parameters of amorphous materials [77-79]. Fig. 5
presents a typical set of data that provide such
structural data relating to ° aCs that concern
BSU stacks and BSUs themselves. As is known,
diffractogram reflexes Gr (00)) are mainly sensitive
to the interlayer distance in graphite-like bodies
while Gr (h£0) ones involve information related to
graphite-like structure in the layer plane [68]. As
seen in Figure 54,0, all the plottings are similar and
quite scarce, once expectedly concentrated around
reflexes Gr (002). The abandon richness of NPD
spectrograms is usually provided with numerous
additional reflexes caused by neutron scattering
in crystalline aluminum of a cryostat (see detailed
comments in Ref. [80]). Gr (002) reflexes are located in
the region of 3.3-3.5 A, which determines interlayer
distance d along c axis between the neighboring layers
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Fig. 5. Powder diffraction in the service of short-range
structure  determination of sp’ amorphous carbons. (a)
Panoramic views of XRPD plottings of sp” aCs and graphite.
(b) The same related to NPD. (¢) Normalized intensities of
the NPD Gr (002) reflexces. (d) The same concerning XRPD.
(¢) Normalized intensities of the XPRD Gr (110) reflexces.
(1)-(5) mark Gr, CB624, CB632, SHC, and AntX. See
the sample nomination in Table 1 and plottings details in Ref.
48. Graphite of Botogol5k deposit |81] was used as standard.
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in graphite thus pointing to undoubted graphite-like
stacking of the relevant BSUs. No less important are
reflexes Gr (770), located in the region of 1.1-1.3
A, which characterize the size of BSU stacks in
lateral directions [69,70]. As seen in the figure, for all
the studied sp* aCs Gr (002) and Gr (770), reflexes
are shifted (up and down, respectively), as well as
considerably broadened, pointing convincingly to a
considerable size restriction for the relevant BSUs in
both directions.

The broadening of diffraction reflexes is usually
attributed to the narrowing of the coherent scattering
region (CSR) of a scatterer in the relevant direction
[82—84]. According to Scherrer’s formula, the full
width at half maximum (FWHM) of diffraction peak
Band the CSR length I, are inversely connected:
L, = kA/Bcos®. 1)
where 4 and © are the neutron and/or X-ray
wavelength and scattering angle while £ is a factor
depending on the reflex under study [82]. The
factor determination is a permanent problem of a
quantitative diffraction study of nanosize objects.
However, when the study is performed for a set
of samples under the same conditions, I, can be
addressed to the reference one as [80]:

Lo = (Bre I B)(A/ lref )LrggR’ (2)

(4

where, Lg%, evidently attributed to crystalline
graphite, constitutes ~20 nm along both c and a
directions [85].

A comparative view of Gr (002) and Gr (770)
reflexes of s aCs is presented in Fig. 5¢—. As seen
in Fig. 5¢d, NPD and XRPD reflexes Gr (002) are
similar. Gr (770) reflexes are less intense and quite
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noisy due to which the usual abandon richness of
NPD seriously prevents accurate working in the place
while XRPD reflections remain accessible. Table 2
accumulates [, and I data, determined by applying
Equation (2) to the obtained data. As seen in the
Table, maximum positions, d, of Gr (002) reflexes,
provided by NPD and XRPD measurements of the
studied aCs convincingly evidence that all the samples
consist of stacks formed by graphene-like BSUs. The
average interlayer distance in the stacks constitutes
d = 3.47%0.10 A, thus remarkably exceeding 4 in
graphite crystals. This was to be expected, since the
components of the BSU stacks are not flat one-
atom-thick bare graphene domains, but NGMs. The
van der Waals thickness of the necklace heteroatoms
and their possible deviation from the domain plane
is the main reason for the increase in this standard
graphite parameter.

4. GENERAL ATOMIC CONTENT OF SP2
AMORPHOUS CARBONS

4.1. SHORT FOREWORD

Since BSUs are responsible for the short-range order
of g aCs, it is these bodies that govern the chemical
content of the whole solid. Evidently, the presence
of BSUs’ necklaces determines the unavoidable
heterogeneity of the latter. The necklace contribution
into the total atomic content is structure-sensitive. It
gradually decreases from a few at % to a negligible
amount when the BSU size grows from the first
nanometers to micrometers. As seen in Table 2,
BSUs of the selected set of sp* aCs are nanosize
to be proper for heterogeneous chemical analysis.
Modern analytic techniques are usually specified for

Table 2
Parameters of the short-range structure of sp> amorphous carbons’.
Samples d(A) L, nm Number of BSU L nm Ref
layers
ShC 3.47(n); 3.48(X) 2.5(n); 2.0(X) 7(n); 5-6(X) 2.1(X) (48]
AnthX 3.47(n); 3.47(X) 2.5(n); 1.9(X) 7(n); 5-6(X) 1.6(X) (48]
AnthC 3.50(X) 2.2(X) 5-6(X) 2.1(X) [49]
(Donetsk)

Ak-r1GO 3.50(n) 24 7(n) >20 [5]
TE-rGO 3.36(n) 29 8(n) >20 [12]
CB632 3.57(n); 3.58(X) 2.2(n); 1.6(X) 6(n); 4-5(X) 1.4(X) [48]
CB624 3.40(n); 3.45(X) 7.8(n); 4.1(X) 23(n); 12(X) 2.5(X) (48]
pncr Gr 3.35 >20 ~100 >20 (48]

'Notations (1) and (X) indicate NPD and XRPD data, respectively; *The definition “> 20 nm” marks the low limit of the
dimension pointing that it is bigger than the CSR of crystalline graphite equal to ~20 nm along both a and c directions. Actual

dimensions are of micrometer range.
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the determination of particular sets of elements.
Carbon, hydrogen, and oxygen are the main triad of
organic chemistry, so that their dominant presence
in the aCs is fully expected. Analyzing the available
assortment of analytic techniques, one can make sure
that practically all of them are able to fix carbon.
As for hydrogen and oxygen, the techniques are
distinctly divided into {C,H}, {C,0}, and {C,H,O}
groups. Following this division, we subordinate
further description to this grouping.

4.2. {CH} ANALYTICS
Analytic techniques are qualitative, quantitative, or
mixed. The first are those based on chemical or
physical properties that reveal a strong dependence
on the chemical entity under study. In the case of
sp* aCs, combustion and incoherent inelastic neutron
scattering (IINS) of hydrocarbons are widely
used for detecting hydrogen. The former lays the
foundation of differential thermal analysis (DTA)
and differential scanning calorimetry (DSC) [86],
the latter, less popular, presents inelastic incoherent
neutron scattering (IINS) vibrational spectra [87].
The DTA/DSC analysis mainly concerns the
brutto content of sample carbon, so called fixed carbon
following the equation

% Fixed Carbon = 100 — (%eAdsorbed Water + %Ash
+ %Volatile Matter) 3

The fixed carbon is definitely not carbon-
pure and must at least include hydrogen and
oxygen components, which are highly combustible
constituents in addition to catbon. As occurred,
DSC thermograms of a set of sp* aCs, obtained at
the same conditions, are quite different [48] while
the carbonization of all the samples is over 90%.
Fig. 64 presents the data collection, which evidently
reveals changes in the temperature of the process
onset T, from 370°C to 720°C. Thus, as seen in the
figure, T. of graphite is the largest. In contrast, on
the opposite side of the observed series of the DSC
thermograms, there is one related to a lab-produced
rGO [88], Tost for which constitutes 370°C. As is
known, rGOs, both natural and synthetic, usually
contain a few wt% of hydrogen. Accordingly,
the presented DSC series may evidence a gradual
depletion of hydrogen content in the s* aCs seties
from ShC to CB624 and graphite. In this case, the
T below 720°C obviously indicates the hydrogen
presence in the solid, therewith, the lower the T .
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Fig 6. Hydrogen detection in sp® amorphous carbons. (a) DSC
thermograms of as prepared solids: spectral Gr (1), ShC (2),
AntX (3), CB632 (4), and CB624 (5) [48]. DSC curve of
the lab rGO is reconstructed from experimental data presented
in Ref. [88]. (b) Time-of-flight IINS spectra of water gradually
added to CB632. 1, 2, 3 mark scattering from Al-cryostat,
dry and as prepared samples, respectively. (4—6) Spectra of
water loaded in 100g of as prepared CB632 sample in mil:
0.5 4), 1.0 (5) and 2.0 (6). (7) 2.5 ml of water loaded in
as prepared CB624 sample. (¢)—(e) Normalized TOF IINS
spectra of sp” amorphous carbons after subtracting the Al-
cryostat background: AntX (c), ShC (d), CB632 (e). Digits
mark spectra of as prepared (1) and dry (2) samples as well as
adsorbed water (3), the latter obtained as the difference between
spectra (1) and (2) (see details in [47)).

DTA/DSC are fully qualitative techniques. However,
a comparative study of a set of samples under equal
conditions allows for disclosing a solids’ comparable
series following the decrease in hydrogen content,
such as the following:
tGO > ShC > AntX > CB632 > CB624 > Gr.

In its turn, protium is a peculiar hydrogen isotope
of the largest cross-section for the IINS among
all the elements, making the relevant techniques
highly protium sensitive. The abundance of a real
hydrogen isotope family with protium readdresses
the statement to chemical hydrogen [87]. Thus,
water is willingly adsorbed with both natural and
synthetic sp* aCs, which is evidently caused by their
porous structure and hydrophilic nature of the BSUs
necklaces that cover inner walls of pores. Expectedly,
Fig. 64 presents a strong reaction of IINS spectra on
the gradual hydration of CB632. As shown in Fig. 6
¢, each as-prepared sp* aCs involves a large quantity
of adsorbed water and must be freed from it before
analysis for the hydrogen content. In their turn, dry
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samples of the latter still remarkably scatter neutrons,
thus exhibiting the hydrogen presence in the solids
related to the necklaces of their BSUs. So far, none
of IINS’ quantitative analyzes for hydrogen in s”
aCs has been developed, leaving it mainly qualitative.
However, when a study of a solids’ set under equal
conditions is possible, a comparative analysis of the
obtained IINS spectra, as is in the case presented
for dry samples in Figure 6, allows a confident
conclusion that the hydrogen content in the AntX
and ShC BSUs is comparable, while that one for
the CB632 is much lower. The relevant comparative
series of samples looks like the following:
ShC = AntX > CB632 > Gr.

This tendency is quite similar to the one followed
from the DSC data in Figure 64, while not identical.
Apparently, it may be caused by the fact that DSC
results were obtained for as-prepared samples that
could not be fully freed from the adsorbed water.

In contrast to the above techniques, a combustion-
based elemental analysis (EA) can provide a
qualitative hydrogen analysis of sp* aCs. Standard
CHNS EA involves determination of carbon and
hydrogen contents supplemented with the detection
of nitrogen and sulfur. It does not determine oxygen
content directly and the relevant data are just residual
content of 100 wt% samples mass after excluding
all other contributions. The hydrogen data related to
the solids listed in Table 1 are presented in Table 3.
The comparative sample series looks as follows:

AntC > AntX > TE-tGO =
=~ Ak-rGO > ShC > CB632 > CB624.

There is much common and different in the
triad of comparative series evidencing that obtaining
exact values of hydrogen content even in the same
samples of sp* aCs is hardly possible. None of the

HAHOCWCTEMbI
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Fig. 7. Oxygen detection in sp® amorphous carbons. (a) EDS
spectra and content diagrams of dry sp’ amorphous carbons.
Spherical diagrams visnalize the samples chemical content,
details of which are given in Ref. [48]. (b) XPS survey spectra
of as prepared amorphous carbons and graphite GSM2 at
room temperature [48]. (c)—(d) Dark-field HRTEM of
an edge fragment of ShC particle (c) and its element EDS
mapping for C (d) and O (e) elements. (f) Localization of
EDS point elemental analysis of ShC, the data of which are
listed in table below. The inset marks the region under stud.
Details are given in [13].

techniques are free from particular limitations related
to both the performance and interpretation of the
results obtained. However, all of them are highly
important and useful.

4.3. {CO} ANALYTICS

Since  CHNS EA does provide the
determination of the oxygen content, EDS and
X-Rays photoelectron spectroscopy (XPS) take on
the main role. Both techniques are qualitative and

not

quantitative, thus detecting the oxygen presence
in samples and determining its atomic percentage.

Table 3
Chemical content of BSUs of sp? amorphous carbons

Samples Elemental analysis, wt% XPS analysis, wt%
C H N o S Ref. C o Minor Ref.

Impurities
ShC 94.44 0.63 0.88 4.28 1.11 [48] 885 8.6 2.9 [48]
AnthX 94.01 1.11 0.86 2.66 1.36 [49] 89.5 7.7 2.8 [48]
AnthC 90.53 1.43 0.74 6.44 0.89 [49] 89.6 8.1 23 [49]
TE-rGO 8451 1.0 0.01 13.5 1.0 [49] 823 148 29 [49]
Ax-rGO  89.67 0.96 0.01 8.98 0.39 [49] 89.5 7.6 29 [49]
CB624 89.67 0.18 0 0.15 [48] 93.1 5.9 1.0 [48]
CB632 97.94 0.32 0.04 1.66 0.68 [48] 90.7 7.8 1.5 [48]
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Fig. 7 presents a general view on these techniques’
abilities. Qualitative EDS, known as EDS mapping,
allows for registering of the distribution of a
selected element over the sample by monitoring its
monochromatic X-ray emission [89]. Typical EDS
maps for ShC are presented in Fig. 7¢—e. As seen
in Fig. 7e, oxygen is largely presented in the solid.
The quantitative EDS analysis (Fig. 74) concerns
a comparison of the intensity of element-wave-
dependent X-ray emission with that of a standard
reference element registered at identical conditions.
A characteristic feature of EDS is the localized
character of its data. The measurements are usually
performed at inclusion-free sites controlled by
EDS maps, similar to the O-map in Fig. 7e. The
data should be averaged over those determined at
several different places for each sample. As shown
in Fig. 7/, the data related to different places of the
sample scatter quite remarkably. Fig. 7z presents a
collection of EDS spectra of a set of dry s” aCs
samples while partitioned chemical components
are presented by spherical diagrams. As seen in the
figure, the emission spectra are presented by main
signals related to carbon, the amount of which
covers the region of 95.05+97.44 wt%, and oxygen
of 1.7+3.3 wt%. In addition, a variable set of minor
impurities is usually obtained. EDS analysis confirms
that sp* aCs are not carbon-pute but involve a few
percentages of oxygen and ~1.5 wt% of minor
impurities.

In contrast to EDS, XPS data are statistically
space-averaged. A general panorama of the survey
XPS spectra of a set of s* aCs is presented in
Fig. 7b. It is usually assumed that a high degree of
vacuum provides the release of the studied samples
from the adsorbed water. Quantification of atomic
content is provided using sensitivity factors from the
elemental library of CasaXPS [90]. The XPS spectra
of the studied samples look quite similar, evidencing
the Cls and Ols spectra of the main chemical
components and allowing for the evaluation of
atomic percentage of the observed elements by
standard technique. The obtained data are given in
Table 3. As seen in the table, all the studied sp* aCs
contain a considerable amount of oxygen.

Concluding the chemical testing, is necessary to
pay attention to the following: all the methods allow
for the direct determination of carbon content.
The dispersion of the latter occurs quite largely
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and constitutes 95.2+88.5 wt% for ShC, 95.6+89.5
wt% for AntX, and 97.94+90.7 wt% and 99.67+93.1
wt% for CB632 and CB624, etc., respectively.
This feature clearly evidences the multi-elemental
character of the species, on the one hand, and the
different sensitivity of the used analytical techniques
to chemical elements that accompany carbon in
the studied samples, on the other. It is important
to note as well that all the reference carbons
unavoidably used in testing are not pure carbons
as well. Oxygen is the main impurity, which may
point to a heightened propensity of pure carbons to
oxygenation. Hydrogen is the next contributor. In
addition, the hydrogen weight content is comparable
with that of other minor impurities involving sulfur,
nitrogen, chlorine, silicon, and different metals. The
role of the latter is particularly important in the
geochemistry of carbon [91,92] or the engineering
technology of highly carbonized products [93].
Once concentrated on disclosing the BSU atomic
structure, we shall restrict ourselves in what follows
by the consideration of carbon—hydrogen—oxygen
triad that present necklaced graphene oxyhydrides.
The latter are covalent species characterized by a
large variety of covalent bonds between the triad
elements, attribution of which to particular atomic
pairs is provided with the {CHO} analytics of s’
aCs.

4.4. {CHO} ANALYTICS

There are many methods for the direct or indirect
determination of the composition of covalent
bonds. As applied to sp* aCs, the most successful
are vibrational spectroscopy in the first case and
XPS in the second. Vibrational spectroscopy
includes a wide range of different methods based
on the inelastic scattering of elementary particles
(photons,neutrons,electrons,yparticles,neutrinos,
etc.). Each of these methods is characterized by
its own way of extracting information about the
covalent bonds of a scattering substance from the
corresponding spectra. Methods for the indirect
study of the bonds are based on the reaction of
the binding energy of atoms to the presence of
other atoms bound to them, the most prominent
representative of which is XPS. This method is
widely used in the analytics of sp* aCs, and that is
why we will begin the review of {CHO} analytics
with it.
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4.4.1. XPS ANALYSIS

In contrast to IINS, which is a ‘hydrogen tool” and
which provides a reliable qualitative test of the
hydrogen presence in sp* aCs, XPS in general, and
its Ols spectra in particular, is considered as the
main ‘oxygen tool’ of the solids. The determination
of O/C content, exhibited in Figure 74, is usually
followed with a detailed analysis of covalent
bonds, formed by the element within the bodies’
BSU necklaces. Fig. 8 presents a general view on
a massive set of XPS results, for a selected set
of sp* aCs listed in Table 1. As mentioned eatlier,
XPS analysis of chemical bonding is based on two
fundamental facts: (1) the atom-dependent value
of binding energy (BE ) of electrons on internal
orbits of the /) atom, BE ; and (2) the BE
value’s dependence on the /~#) atom neighboring,
which allows disclosing the type of chemical
bonding of the atom to other ones. Both features
are clearly visible in the case of sp* aCs carbon
(C1s) and oxygen (O1s) XPS spectra shown in Fig.
8a. The tailing of Cls spectra and broad O1s ones
are commonly associated with the multi-variable
response of carbon and oxygen atoms to their
surroundings. For a long time, the relevant XPS
spectra have been analyzed in terms of the ‘four
peaks’ approximation that involves groups C-C,
C-0O, C=0, and COO of Cls spectra and C-O,
C=0,C(=0)0O,and O=C(O) groups of Ols spectra
[94-104]. In the latter case, the corresponding
the
simplest oxygen containing groups (OCGs) such
as hydroxyls, epoxides, carbonyls, and carboxyls.
The approach resulted from the extended XPS
study of numerous different polymers of known
structures, which laid the foundation for atomic

components are usually associated with

group assignment to characteristic XPS peaks
[105]. However, this approach happened to conflict
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Fig. 8. sp” Amorphous carbon chemical bonds confignration
in view of XPS. (a) Cls (top) and O1s (bottom) XPS spectra
of AnthC (1); AnthX (2); ShC (3); TE-rGO (4), Ak-
rGO (5) and CB632 (6) at room temperature. (b) Expanded
O1s XPS spectra and fraction-distributions of 1 vigt-fitting-
Sunction (VEE) peaks of O1s spectra over peaks number of
natural (left) and synthetic (right) sp’ amorphous carbons at
room temperature. (c)—(e) Distribution of the V'FF peaks
intensity over group binding energies for natural (c), synthetic
(d) and industrial (e) sp’ aCs. Details are presented in [49].

with IR absorption studies, which revealed much
more complicated OCGs, including benzenoid
heterocycles such as ketones and quinones, cyclic
ethers, lactones and acid anhydrides, furan and
pyrans, as well as hydroxypyrans and so on [106—
111]. Evident questions were raised in the case of
XPS [112], the answers to which were collected in a
profound review [113]. Thus, a ‘five peaks’ approach
was suggested to decompose Ols spectra, which
was realized with respect to spectra shown in Fig. 8«
[48,49]. The modified asymmetric Voigt functions
[114] were adopted to separate waveforms of XPS
spectra following the group binding energies listed
in Table 4. A full collection of the decomposed

Table 4

Group binding energies of Ols XPS spectra attributed to BSUs of sp? amorphous carbons (composed from the
published data [113]).

| GBEs | BE, eV | Assignments

1 5312  C=0, O=C-O-C=0, O=C-O-C (lactones and pairs of lactones)

2 5322  O=C-O-C (lactones); O=C-C=O (o-quinones); O=C-OH; C=0 in aggregated cyclic ethers with lactone

3 533.2  sp?C-OH; C-O-C in cyclic ethers; C-O-C-OH (hydroxypyrans: singles and pairs); O=C-O-C
(lactones and pairs of lactones); O=C-OH; C-O-C in aggregated cyclic ethers with lactones

4 5342  C-O-C in aggregated cyclic ethers; C-O-C-OH (hydroxypyran: singles and pairs); C-O-C in
aggregated cyclic ethers with lactones

5 536.2 0O=C-O-C-O-C-O-C-O-C=0 in aggregated cyclic ethers with lactones
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Table 5
XPS-revealed oxygen-containing groups related to BSUs of sp? aCs, based on data of Refs, 48 and 49.
Samples Assignments
ShC  carbonyls sp? C=0; acid anhydride O=C-O-C=0; o-quinone O=sp?*C-sp’C=0, carboxyls sp?’C=00H.

AntX hydroxyls sp?>-OH; C-O-C-OH (hydroxypyran-HP) and pairs of HPs; C=OOC(lactone) and pairs of
lactones; aggregated cyclic ethers with lactones.

AntC carboxyls sp?C-COOH; cyclic ethers; aggregated cyclic ethers; pyran and hydroxypyran.

Ak-rGO aggregated cyclic ethers and aggregated cyclic ethers with lactones; lactones and pairs of lactones.

TR-rGO aggregated cyclic ethers and aggregated cyclic ethers with lactones; hydroxypyrans and lactones,
both singles and pairs.

CB632  C-O-Cincyclic ether and aggregated cyclic ether; C-O-C of pairs of cyclic ether and aggregated cyclic
ether with lactone.

CB624  C-O-Cin cyclic ether, aggregated cyclic ether and aggregated cyclic ether with lactone

data is presented in Fig. 8/, while a comparative
view of them relating to natural, synthetic, and
industrial sp* aCs is shown in Fig. 8¢, respectively.
Thus, the revealed OCGs related to the BSUs of a
selected set of gp? aCs are summarized in Table 5.

4.4.2. IINS ANALYSIS

A high efficiency of IINS spectroscopy as an
H-tool is clearly seen in Fig. 6. Original IINS
spectra  depend the
peculiarities of the spectral devices in use.

on instrumentational
Accordingly, the spectra recorded either on the
NERA spectrometer of the high flux pulsed
IBR-2 reactor of the Frank Laboratory of
Neutron Physics of JINR, or on the TFXA
spectrometer at the ISIS pulsed-neutron source,
Rutherford Appleton Laboratory, and on ING
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Fig. 9. Generalized density of state of the hydrogen-involved

vibrations of sp? amorphous carbons. (a) G1"DOS spectra

of dry natural solids, derived from IINS spectra at T = 20

K. (b) The same but for industrial and synthetic solids. See
details in Ref. [49].

spectrometer of the ILL should be and, actually
are, different. However, evidently, common
information related to the vibrations
scatterer involved in the action can be provided

of a

by converting the original data to the generalized
density of vibrational states (GVDOS) by the
relevant standard programs [87]. A collection
of such GVDOS spectra, related to a set
of sp* aCs listed in Table 1 [49], is shown in
Fig 9. The spectra concern dry samples after
removing adsorbed water. They are provided
with both direct scattering from hydrogen
atoms, chemically bound with the edge atoms
of the BSUs’ graphene domains, as well as with
enhanced scattering from the carbon atoms of
the relevant graphene domains due to the ‘riding
effect’. The latter is caused by the contribution
of hydrogen atoms to the eigenvectors of
vibrations related to carbon atoms through the
BSU molecules (see detailed discussion of both
effects in [5]). The spectra are fine-structured
enough to be attributed to particular vibrations,
thus establishing the chemical bonding of
hydrogen atoms in the solids [87]. As is typical
for any vibrational spectroscopy of molecules,
group frequencies (GFs) lay the foundation of
the covalent bonds analysis [115]. Presented in
Table 6, GFs correspond to atomic bonding
inside (C,X) groups (X = C, H) [49].

The GVDOS spectra in Fig. 9 are definitely divided
into two parts. Thus, all the spectra in Fig, 92 have
much in common in the regions of 960 cm™, 800 cm™,
and 600 cm™ in spite of being recorded on different
spectrometers, namely, ShC and AnthX on NERA
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Table 6

Group frequencies of aromatic molecules required for the hydrogen-content analysis of vibrational spectra of sp’
amorphous carbons.

Spectral Group Frequencies'
Region, cm™ (C, C)? | (C, H,)? | (C,CH)* | (C, CH,)*
400-700 404 6 op C-C-C 673 é op in phase 7115 CH, 210 r CH,
606 ¢ ip C-C-C 846 ¢ op, C, libration 344 8 CH,
707 C-C-C puckering 967 §op 900 v C-CH,
700-1200 993 ring breathing 990 d op, trigonal 948 o CH2 1041 o CH,
1010 8 C-C-C 1037 8 ip
trigonal 1146 6 ip, trigonal
1178 8 ip
1200-1600 1309 v C-C Kekule 1350 & ip in phase 1409 & internal CH, 1333 5 CH3
1482 v C-C 3056 v C-H 1486 5 internal CH,
1599 v C-C 3057 v trigonal C-H
2800-3200 - 3064 v C-H 3114 v CH, 2950 v CH,

3073 v in phase C-H
!Greek symbols v, 8, g, 1, t mark stretching, bending, rocking, rotational, and torsion modes, respectively; *GFs notifications of
fundamental vibrations of benzene molecule [116]; *GFs notifications of fundamental vibrations of benzyl radical [117,118].
Hereinafter, GFs, additional to the benzene pool of vibrations, will be shown only; *GFs notifications of fundamental vibrations

of toluene [119,120].

[121]" and AnthC on TFXA [122]. Characteristic
spectral features are clearly visible in all the spectra,
thus indicating a similar involvement of hydrogen
atoms in the scattering. Table 6 accumulates group
frequencies widely used in the analysis of vibrational
spectra of hydrocarbons [116]. According to the
table, first two features are attributed to the in- and
out-of-plane bending vibrations of *C-H bonds of
methyne groups, while the third one represents ip
bendings of carbon atoms of the benzenoid units of
the BSU graphene domains enhanced by the ‘riding
effect’. Therefore, the IINS study of natural s* aCs
reveals that, in addition to the similarity in molecular
spatial structure of their BSUs, hydrogen atoms in
their necklaces predominantly form sets of methyne
sp’C—H bonds. An intense peak below 100 cm™ in
the AnthC spectrum indicates that besides p*C—H
bendings, torsions of hydroxyls take part in the

"Note [MT1]: Please note that Ref. 121 must be
mentioned after reference 120, here it is mentioned
after 115. Please remove it or mention 116-120 be-
fore it.

I am writing to you for the second time that the
citation order has been observed and does not re-
quire changes. Ref. 120 is mentioned in the Table
6, which, in its turn, is mentioned earlier than Ref.
121 in the text. What else is not clear to you?
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scattering, A further support of the latter suggestion
is given in Section 5.3.2.

In contrast to naturalamorphics, their synthetic
and industrial analogues are characterized by
significantly different GVDOS spectra, as seen in
Fig. 9b. A comprehensive analysis of the spectra
[49] showed that the formation of methylene
5p°C—CH, bonds in the BSU necklaces of the solid
was the main motive of the H/C bonding in TE-
tGO, while the formation of ’C—CH, methyls
dominates in the Ak-rGO solid. In both cases,
the chemical bonding of the BSU necklaces was
a direct consequence of chemical reactions that
accompanied the reduction of parental graphene
oxide [49]. As for the spectrum of industrial
CB632, it is very weak while that of CB624
cannot be distinguished over the background at
all. This feature points to a practical absence of
hydrogen in their BSU necklaces and is evidently
connected with the high-temperature pyrolytic
conditions of the solids production, which
does not maintain the existence of hydrogen-
containing radicals in the chemical surrounding,
The hydrogen content in CB632 is at the limit
of the technique sensitivity due to which only a
sharp feature below 100 cm™ marks the presence
of hydrogen atoms in the species BSU necklace.
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Apparently, it may be attributed to the presence
of hydroxypyran in the area.

4.4.3. IR ABSORPTION ANALYSIS

Organic chemistry is unthinkable without the
widespread use of IR spectroscopy as the main
analytical technique. The molecular nature of BSUs
of sp* aCs undoubtedly puts the latter on par with
other objects in the field. The special significance
of this type of analysis of s* aCs became apparent
after it was found that the heteroatoms of the
BSU necklaces, chemically bonded to the graphene
domain, make the main contribution to the solids
IR absorption spectra [64]. This feature will be
discussed in more detail in Section 5.3.2. FTIR and
DRIFT techniques are usually used to record the IR
absorption spectra of the solids.

DRIFT spectra of sp* aCs listed in Table 1 are
presented in the top panels of Fig. 10. They are
combined in groups related to natural, synthetic,
and industrial solids. A large variety of the spectra
shape convincingly evidence a drastic variation of
the chemical content of BSU necklaces of the solids.
Evidently, to proceed with the spectra features
assignment, alist of GFs related to the (C, O) bonding
is needed. Such a list, based on the assignment of
frequencies in the experimental spectra of graphene
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Fig. 10. Joint DRIFT-XPS spectral analysis of sp’

amorphons carbons. Top. DRIFT spectra of  amorphous

carbons at room temperature: natural (a), synthetic (b), and

industrial (c) solids. Bottom. Distribution of intensities of

VEF peaks of the Ols spectra of the solids presented in

Figure 8b over group binding energies listed in Table 4.
Adapted from [49].

oxides [106,109,113,123] and extended calculations
[64,124], is given in Table 7. As seen in the Table,
practically each spectral region of the spectra is

= osw s 7 96 S5 su sm s s
s peaks position [eV] 0 1speaks position [eV]

quite ambiguous, which complicates the assignment.
However, a combined analysis of IR and XPS
spectra greatly facilitates the job. The bottom panels
in Fig, 10 present the distribution of the intensity of
the Voigt fitting function (VFF) peaks (see Fig. 85)
over group binding energies related to oxygen Ols
state. The relevant GBEs are listed in Table 4.

Table 7

Group frequencies required for the oxygen-content analysis of BSUs of sp?> amorphous carbons', cm™.

300-1000 |1000—1200 |1200—1300 |1300—1500 |1500—1600 1600-1700 | 1800-1900 | 2600-3000 | 3000-3600

o op?,
o1ip?,
©C-OH
sp’C-O-C
and v sp*C =0
sp*C-OH , oip in acid an-
oop vsp C'Q'C v-sp?C-OH, sp*C-OH, hydride
sp’C-c-c+ cyclic in lactone, v sp’C- oip and
oip, ether, hydroxyl O-Cin sp?’C-OH, lactone, vspPC=0 Vv sp’C- vspCOH
puckering, aggt:egated yran cyclic ag- in O-Hin
ring cyclic gther and acid  ether vsp’C-C  gregated o-quinone, COOH
breathing, and a“?i anhydride and acid cyclic COOH '
0 trigonal anhydride anhydride ether with v sp’C-H
sp’C-C-C4, lactone
collective 0 ipO-C=0 pair,
vibrations in acid pairs of
of anhydride lactones
graphene
domain
atoms’

!Greek symbols 1, 8 and v mark the molecule torsions, bendings and stretchings, respectively; 2Out-of-plane
bendings; *In plane bendings; ‘Benzene molecule data [116]; *Virtual data for nanographene [125].
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A joint DRIFT-XPS analysis of the studied sp*
aCs shows that the features of these spectra can be
described by taking into account the hydrogen and
oxygen components of the BSUs’ necklaces only
[49]. As for the former, it dominates in natural aCs
(Fig. 10a), and is still significant, but is much less
intense in synthetic ones (Fig. 104) and is practically
absent in industrial carbon blacks, approaching nil for
CB624 (Fig. 10¢). This tendency is cleatly evidenced
with a considerable decrease in vertical scales in the
figures. In full agreement with the results of the
IINS analysis, the main contribution is provided
with ip and op bendings of methyne, methylene,
and methyl units. It should be noted as well that the
hydrogen contribution to DRIFT spectra of natural
solids is three—five times more than that of synthetic
ones, while the hydrogen contents of the bodies
(see Table 3) are quite comparable. This feature
evidences that hydrogen atoms, directly attached
the graphene domain edge atoms in the former case
via sp?C-H chemical bonds, are optically much more
active than those ones involved in either methylene
or methyl units via 5p°C —CH, and 5p°C —CH, bonds,
once distant from the BSU domains. This issue was
observed in virtual IR spectra of necklaced graphene
molecules as well [64,126].

As seen in Fig. 10, the oxygen component of the
studied solids varies quite drastically, while remaining
similar in the samples of each of the three types.
Thus, a joint DRIFT-XPS analysis, based on the
GBEs and GFs listed in Tables 4 and Table 7,
allowed for concluding of the following [49]: the
oxygen component of the BSU necklaces of ShC
may mainly involve carbonyls sp’C=0 and o-quinone
O=g’C-p’C=0 bonds. That one of AnthX is of
lactone character consisting of C=0OOC (lactone)
and pairs of lactones, as well as of aggregated cyclic
ether with lactone. The oxygen content of AnthC
is the richest, involving carboxyls s»*C-COOH,
cyclic ethers, aggregated cyclic ethers, pyran, and
hydroxypyran. Aggregated cyclic ethers, aggregated
cyclic ether with lactone, and lactones are common
for both Ak-rGO and TE-rGO, once completed
with lactone pairs in the former case and with
hydroxypyrans in the second. Similarly, C-O—C in

Note [MT2]: Ref 125 should be mentioned after
124 and before 126. Please revise.

The same as for Ref. 120 in Table 6. Now it con-
cerns Refs. 126 cited in Table 7.
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cyclic ether and aggregated cyclic ethers with lactone
form the ground of CB632 and CB624, completing
the former case with lactones and/or hydroxypyrans.
Obtained data led to the foundation of molecular
models suggested for BSUs of the studied sp* aCs
that are discussed in Section 5.2.

4.4.4. RAMAN SCATTERING ANALYSIS

Raman scattering analysis has become a champion
among a variety of analytic techniques applied to
graphene-like materials, not excluding s* aCs. No
articles can be published without referring to the
Raman spectra of such materials. This extraordinary
situation is caused by the evident exclusiveness of
the spectra, a general view of which for a set of s
aCs listed in Table 1 is presented in Fig. 11. As seen
in the figure, the spectra of samples, characterized by
different short-range orders and chemical contents
of the relevant BSUs, are practically identical by shape
consisting of three characteristic regions named

Gr uncr
Gr mncr

2

0 1000 1500 2000 2500 3000 3500 MO 500 1000 1500 2000 2500 3000 3500

TE-rGO

SR et

1000 1500 2000 2500 3000 3500

Ak-rGO
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Fig. 11. Raman spectra of sp? amorphous carbons at roon:

temperature: shungite carbon (ShC), anthraxolite (AnthX),

anthracite (AnthC), technical graphene TE-rGO and Afk-

1GO, carbon blacks CB632 and CB624, as well as mono-

(mner) and micronanocstructured (wncr) Botogol’sk graphites,
respectively (see details in [50]).
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D, G, and 2D [127,128]. Following the assignment
suggested for Raman spectra of crystalline graphite
[129], the doublet of D and G bands corresponds
to a one-phonon contribution, while 2D marks the
region of two-phonon events.

These one-phonon and two-phonon parts of the
Raman spectra in Fig. 11 are not exactly identical,
as shown by detailed consideration of the spectra
structure [50]. However, a characteristic doublet
D—G remains highly universal. For a long time,
there has not been a convincing explanation for
both the deep similarity of the spectra as a whole
and the exclusive character of the D-G doublet.
Starting from the spectra of crystalline graphite
and graphene, consisting of two narrow bands
G and 2D, spectroscopists looking for the band
broadening and the appearance of D were divided
into two groups. The first group members tried to
explain the features remaining in the framework of
crystal spectrum concepts. This is how the idea arose
about the defective origin of the D-band [129,130]
and about the double-resonance nature of the 2D
one [131,132]. An exclusive role to two parameters
of the spectra, namely the ratio of the intensity of
the D and G bands, I /I _, and the corresponding
bands half-widths, Aw, was given to characterize
the size and defect structures of the relevant
graphene domains. Established theoretically for
graphene crystal, this relationship was transferred
to the molecular BSUs of amorphous substances
by default [133,134]. However, as was shown lately
[50], such a transfer turned out to be incompetent,
which, nevertheless, has not stopped the efforts of
the "theoretical description of the defectiveness" of
the studied BUSs until now.

The molecular nature of sp* aCs undetlies the
position of scholars of the second group [135-141].
Information presented in previous sections of this
article convincingly proves the issue, which makes
all the crystal-based theoretical approach practically
not applicable. It was shown that the polarizability
tensor of a polyaromatic hydrocarbon, to which
BSUs evidently belong, depends on the dynamic
the multimode vibrational
spectrum. As occurred, the main contribution
to the intensity of the spectra is made by $°C-C
stretchings, due to which the observed D-G-2D
set of bands is mainly characteristic of the network
of §*C—C bonds. This is the first reason explaining

characteristics of
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the similarity of Raman spectra of different s
aCs, since similar graphene domains constitute the
main atomic part of the relevant BUSs. The second
reason concerns the sp*C—C stretching modes, which
are responsible for the bands. It was found that
the G-band is originated from the 2, vibration of
benzene, while the modes responsible for the D-band
come from the elu mode of the molecule. The
former provide simultaneous in-plane stretchings
of all »”C-C bonds, while the latter concern both
stretching and contraction of these bonds when
carbon atoms move out-of-plane. A final decision
of the problem has been obtained recently in the
framework of virtual vibrational spectrometry [64].
As occurred, D-bands are, actually, caused by out-
of-plane sp*C—C stretchings that provide formation
of a dynamically stimulated $’C-C bond between
the adjacent layers of BSUs’ stacks, thus being a
characteristic test of a particular short-range order
structure of the amorphics. Intensity of the D-band
increases when the number of layers grows up to
4-5 and then markedly slows down when the total
thickness of stacks exceeds ~15 nm [142]. As for
2D region, the same out-of-plane sp’C—C stretchings
are responsible for the features, thus revealing the
strongest anharmonicity among other vibrations.

A particular doublet pattern of the spectra
strongly depends on the linear size of the BSU and
is transformed from a broad-band-doublet one to
a narrow-band one with drastic domination of the
G-band when the size of graphene domain exceeds
the free path of graphene optical phonons L,
~15 nm [143]. Therefore, the characteristic D—-G
doublet structure of the NGMs’ Raman spectra is of
structural origin, evidencing the stacked nature of the
corresponding solid structure. Thus, the analysis of
the structural and chemical content data, particularly,
of the Raman spectra, of the cosmogenic carbon
brought to Earth by the Chelyabinsk meteorite
[60,144], leads to a confident conclusion about the
graphite-like stacked structure of this carbon with a
stack thickness of ~ 10-15 nm and more.

5. VIRTUAL ANALYTICS OF NECKLACED
GRAPHENE MOLECULES

5.1. SHORT FOREWORD

Analysis of sp* aCs, performed using the analytic
techniques described above, undoubtedly establishes
the molecular nature of these solids, determines the
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solid-forming molecular BSUs as flattened necklaced-
graphene type, estimates the average statistical linear
size of them and the parameters of their primary
stacking, and determines the atomic content of the
BSUs’ compositions. However, all these methods
taken together do not allow us to describe BSUs using
atomic structural forms such as CH O (Imp) .
so familiar for material science, beyond the general
idea that they are graphene domains in a necklace of
heteroatoms. Obviously, the numbers x, jy, g, minor
represent the realization of the chemical composition
of substances, analytically determined as weight or
atomic percentage, in atomic structural form. Taking
into account the statistically averaged nature of the
determined structural and compositional data (cf.
Tables 2 and 3), the high complexity of constructing
such a formula becomes evident. The first step
towards solving this problem is the reduction of
statistically averaged empirical data to point ones.
The second step requires determining the formula-
generating element and setting the absolute number
of its atoms. In the case of g aCs, carbon atoms
of number x evidently play the role. Further steps
depend on which part of the BSUs is covered by
this number. In the simplest case, it refers only to
the graphene domain, due to which j z and minor
numbers determine the heteroatoms located in the
BSU’s necklace. If the heteroatom necklace includes
carbon atoms such as those involved in carboxyl,
methylene and methyl groups, or domain atoms are
partially replaced by heteroatoms as in the case of, say,
aggregated ethers and lactones, these numbers are
determined by successive approximation. Naturally,
chemical formulas CHO,dmp) . constructed
in this way and related to the same set of empirical
chemical-content data, depend on the number of
carbon atoms, i.e., on the size of graphene domains.

However, the presence of chemical formula
does not allow for visualizing the BSU atomic
structure. The problem is that a huge number of
various-shaped graphene domains correspond to
a given number of carbon atoms x. In its turn,
a different number of edge atoms, subjected to
targeting with heteroatoms, characterize shape-
different domains. Moreover, the arrangement of
heteroatoms over a set of the domain edge atoms
is a difficult problem due to the large variability
of multi-targeting, which is complicated by the
high radicalization of these carbon atoms [145].
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Therefore, in view of a practically infinite number
of potential structural variations, none of the
molecular structure of the CH O (Imp) . -
chemical content, either drawn voluntarily by pen
or designed by following particular algorithms,
can take the place of an exact BSU view and is only
one of a great number of possible ‘snapshots’.
Once so restricted with respect to real structures,
the constructed BSUs are nevertheless useful,
being the only structural images that allow for
distinguishing the BSUs of different sp* aCs at the
atomic level, immersing into the solids chemistry,
exhibiting alive and silent chemical problems
associated with the BSUs, disclosing the grounds
and potentiality of different applications of s*
aCs, and so forth. Moreover, starting as molecular
models of real solids, these virtual BSUs are easily
transformed into Digital Twins [5,146] laying the
foundation for reliable virtual analytics of the
solids. Virtual vibrational spectrometry has so far
been the first technique for the latter.

5.2. MOLECULAR MODELS AND DiGITAL TWINS OF
BSUs oF sp> AMORPHOUS CARBONS
In due course of the comprehensive analysis of
the set of sp* aCs listed in Table 1 presented in the
previous sections, a sufficient amount of data were
obtained to enable the construction of BSUs models
of the studied solids. Following general instructions,
described in the previous section, rectangular
graphene domains (5,5)NGrand (9,9)NGr with linear
dimensions of 1.12X1.22 nm? and 1.97X2.20 nm?,
consisting of 66 and 190 carbon atoms, respectively,
were chosen for modeling. According to the data in
Table 2, the first domain is commensurate with the
BSUs of natural solids and CB632, while the second
is much bigger to be closer in size to the BSUs of
CB0624 and synthetic solids. Since the {CHO} triad
evidently dominates in the chemical content in
Table 8

Chemical formulas of analytically provided models of
basic structural units of sp? amorphous carbons.

No Samples Chemical formula
1 ShC C,H:0,

2 AnthX C.H.,,0,

3 AnthC C.H..0,

4 Ak-rGO C,H,,0,,

5 TE-rGO C.asH26046

6 CB632 C.H,0,

7 CB624 C,s:0,
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Fig. 12. Molecular models of basic structure units of sp’
amorphous carbons. Equilibrinm structures of {CHO}-
triad species: ShC (a), AnthX (b), AnthC (c), CB632 (d),
CB624 (¢), TE-1GO (f) and Ak-rGO (g). {CHO }-triad
species complemented with nitrogen and sulfur additives: ShC
(h), AnthX (i) and CB632 (j). Atomic content of the models
Jollows the data listed in Table 3. Gray, red, black (a—g),
completed with dark blue, yellow (h—j) balls depict carbon,
hydrogen, oxygen, nitrogen and sulfur atoms, respectively.

Table 3, we restricted ourselves with these elements
only. Associated with the two domains mentioned
above, the relevant BSU models listed in Table 8 are
presented in Fig. 122—g. We remind readers that the
structures represent only instantaneous snapshots
of numerous potential configurations of the same
composition for each of the solids. It turned out
that the analysis of numerical data on the chemical
composition of BSUs from the viewpoint of XPS
only is insufficient for a narrow choice of suitable
structures [48]. It was necessary to plug DRIFT
absorption spectra as well, which made it possible
to significantly narrow the choice of structures to
the set shown in the figure. A detailed discussion
of building these models can be found in [49]. All
structures are stable radicals [65] with temporarily
quenched chemical activity. In the same way, BSU
models can be built, which include, in addition to
the triad of main components, minor impurities of
nitrogen and sulfur [60] (see Fig. 12/—). Evidently,
these models, although not being exact imprints of
the structure, make it possible to deal with sp* aCs with
open eyes, understanding what the commonality and
difference between natural amorphics are, and how
the latter differ from synthetic and industrial ones.
The difference in their behavior in catalysis [60],
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optics [147], medicine [148], etc. has the opportunity
to become clearet.

This first attempt at building empirically based
models of NGMs opened up the possibility for a
new direction of analytical research of sp* aCs aimed
at moving from substances based on BSUs with an
empirically unattainable structure, to those built from
the NGMs of voluntary modified structure. Thus,
going from individually different while not exactly
determined empirical BSUs to a class of NGMs,
undoubtedly having properties common to the
whole class. This transition is possible within a new
modeling concept known as the Digital Twins (DTs)
[5,146]. The design of DTs is now subordinated not
to the reproduction of the structure of empirical
BSUs, but to respond to a series of questions aimed
at elucidating one or another feature of the NGM
class. In fact, when applied to a large set of NGMs
[64,124,1206], the approach has revealed many of
the molecular commonalities, which are of practical
interest, and which form the grounds of virtual
analytics of sp* aCs. First, this concerns virtual
vibrational spectrometry that happened to be highly
adaptive to a new analytic role.

5.3. VIRTUAL VIBRATIONAL ANALYTICS OF SP?
AMORPHOUS CARBON
In molecular science the DT concept can be
schematically presented as the following:
Digital twins — Virtual device — IT product.
This scheme connects three constituents of
the approach [15]. Here, DTs are the molecular
models under study, virtual device is a carrier of a
selected software, and IT product covers a large set
of computational results related to the DTs under
different actions in the light of the soft explored.
The quality of the IT product depends highly on
how broadly and deeply the designed DTs cover
all the knowledge concerning the object under
consideration and how adequate the virtual device
is to the peculiarities of this object. Applying virtual
vibrational spectrometry, the virtual device is a virtual
spectrometer. It should not contradict with the object
nature and will perform calculations providing for the
establishing of equilibrium structure of the designed
DTs and obtaining their spectra of IR absorption
and Raman scattering related to 3N—6 vibrational
modes. Virtual spectrometers differ by the software
in grounds and are of HF (Hartree—Fock), DFT
(density of functionals) or MD (molecular dynamics)
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type, since only semi-empirical programs based on
the mentioned approximations can cope with the
large volume of cumbersome calculations that are
needed. As for quantum approaches, the radical
nature of g aCs, caused by the open-shell electronic
systems of their BSUs, forced us to abandon DFT-
and MD-based softwares and pay particular attention
to programs based on the unrestricted Hartree—Fock
approximation. All the results illustrated below were
obtained by using the virtual vibrational spectrometer
HF Spectrodyn [149].

5.3.1. IINS VIRTUAL ANALYTICS

A standard model aimed at ‘reading out’ the
empirical vibrational spectra of sp* aCs started far
before the DT concept was introduced. The main
problem preventing the issue from developing
concerns the difficulty in building proper models.
The situation changed appreciably when the
first proposals to use NGMs as such models
appeared. The models were initially applied for
virtual IINS analytics of sp* aCs. Its main goal is
to reproduce the solids behavior in the relevant
empirical experiments. One-phonon GVDOS
was the subject of calculations [87]. Two virtual
experiments have been performed so far. The first
mainly concerned adsorbed water in CB632, the
empirical IINS spectrum of which is shown in
Fig. 64. A simplified BSU model, slightly different
from the more detailed model that is shown in
Fig. 12d, served as a carbon substrate immersed
in the cloud of water molecules [2]. The second
is related to a comparative analysis of empirical
IINS spectra of g aCs presented in Fig. 9 using
the first BSUs models, similar to those presented
in Fig. 12 [47].

As seen in Fig. 13, the obtained virtual GVDOS
is in line with the empirical data related to adsorbed
watet. In the second case, a set of virtual GVDOSs
presented in Fig 14 quite satisfactorily reproduced
empirical data in the part related to the dependence
of the spectra intensity on the hydrogen content
of the relevant BSUs. Nearly linear dependence
of the total spectrum intensity on the number of
hydrogen atoms in the necklaces of the model BSUs
was obtained [47], which follows the tendency of the
hydrogen content of real sp* aCs listed in Table 3. A
large width of the real IINS spectra does not allow
for performing a more refined search of the BSUs
models suitable for the spectra description [49].
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Fig. 13. Adsorbed water in sp’ amorphous carbon. (a)

NGM model of BSUs of carbon blacks. (b) IINS-spectra-

derived GV'DOS of adsorbed water in as prepared CB632.

(¢) Virtual GVDOS of four-hydrogen-bond confignred

molecules of retained water. Gray and red balls depict carbon,
and oxygen, respectively.

5.3.2. IR ABSORPTION VIRTUAL ANALYTICS

The germination of virtual IR absorption analytics
of sp* aCs has coincided with the beginning of
transition of standard modeling of their individual
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GVDOS, arb. units
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1000

Wavenumbers, cm?
Fig. 14. Virtual G1"DOS spectra of graphene oxyhydrides
related to the following BSUs’ models: (a) SHC - C O H,

68 4
(b) AnthX - C_ OH,, () CB632 - C_OH, and (d)
CB624 - C_,O,. Original bars are convoluted by Ganssian

of 80 en™" half-width. Gray, white and red balls depict
carbon, hydrogen and oxygen atoms, respectively.
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molecular BSUs to the DT concept that concerns
the class of NGMs [15,64,124,126]. A set of
relatively reliable structural BSU models made it
possible to penetrate their chemistry and begin to
understand the main features of NGMs. In turn,
the latter circumstance opened the way to recognize
which information about molecules of this class can
be obtained by asking the right questions. The latters
should be formulated in the form of particular DT
structures, whose treatment is aimed at receiving a
clear answer to a particular inquiry. Referring the
reader to the publications mentioned above for
details, we confine ourselves to a brief enumeration
of the answers received.

In terms of the DT concept, all the data
discussed below were obtained using a virtual device-
vibrational spectrometer HF Spectrodyn [149]. The
obtained I'T products present one-phonon harmonic
spectra of IR absorption and Raman scattering;
Their deviation from empirical analogues concerns
the lack of anharmonicity and a considerable blue
frequency shift. The former is highly important
empirically, leading to a remarkable change in the
optical spectra with respect to harmonic ones
[150]. Nevertheless, the main features of both IR
and Raman empirical spectra of the molecular sp2
nanocarbons are of harmonic origin. Accordingly,
harmonic IT product reproduces the latter well
enough. As for the unavoidable blue shift of virtual
harmonic frequencies [151], it is quite considerable
and constitutes ~200-500 cm™ in the 1000-3500
cm™ region. However, it is the same for all the
studied DTs and can be ignored when comparing
the virtual data of the species but should be taken
into account at the final stage of comparing virtual
and experimental data.

Digital Twins in place of real objects, and virtual
spectrometers in place of real spectrometers, are
real instruments of virtual vibrational spectrometry
that provides the realization of many different goals.
Comparative analysis, leading to the revealing of
trends, common to both virtual and experimental
spectra, is the strong point of the spectrometry. The
unavoidablediscrepancyof obtainedindividual virtual
spectra and experimental data is its vulnerability.
Obtaining the data presented below required
consideration of several tens of DTs. Their design
was carried out on the original graphene domains
(5,5NGt, (9,9NGt, and (11,11)NGt. Digital Twins
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were conditionally divided into ‘monochromic’ and
‘heterochromic’ ones with respect to the chemical
compositions of their necklaces. The former are
carriers of highly distinguished identical chemical
bonds while the latter are more adaptive to the
varied chemical compositions of, say, empirical
BSUs. Monochromic DTs with fully terminated
edge atoms of the relevant graphene domains are of
particular interest, presenting the effect of maximum
contribution of the necklace heteroatoms into both
the IR and Raman spectra of the molecules.

Fig. 15 presents a comparative view on the
spectra of monochromic DTs based on the same
graphene domain. As seen in the figure, the presence
of heteroatoms drastically violates the DTs IR
spectra while leaving the Raman spectra practically
unchanged. A thorough analysis of the data shown in

Aysuayu)

Density of vibrations

h

i) .
o 500 1000 1500 w0 | o

(e)

sp;C—OH

1
i
|

| Mol I

Fig. 15. Virtual vibrational spectra (light gray) as well as one-
Pphonon IR absorption and Raman scattering spectra (gray)
of a set of the (5,5)NGr-based monochromic digital twins
with fully terminated edge atoms of the graphene domains (a-
e) [64]. Original sticks of the spectra are convoluted with
Gaussian bandwidth of 10 cnr. Plottings of densities of
vibrations and Raman spectra are accompanied with trend
lines corresponding to 50—point linear filtration, dark blue
and red, respectively. HE Spectrodyn virtual spectrometer.
Equilibrinm DT structures supplied with chemical formulas
are presented on the right.
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the figure revealed that the following commonalities

are inherent to all the NGMs, as well as to all of the

sp* aCs BSUs.

1. Vibrational spectra of NGMs are determined
by the pool of chemical bonds, among which
sp’C—C bonds configure graphene domains
while $p”C—A ones (A = H, O, N, §, and so forth)
shape the NGMs’ necklaces.

2. One-quantum harmonic vibration spectra of the
NGMs, constituting of N atoms, cover 3N—6
vibrational modes spread over the region of
0-1800 cm™, characterized for the excitation of
sp’C—C bonds, and of 0-3400 cm™ depending
on the sp’C—A CBs configuration related to the
NGM necklaces.

3. As seen in Fig. 15, all the NGMs’ vibrational
spectra contain a well-defined region of
stretching vibrations of $’C—C bonds in the
range of 1200-1800 cm™ provided with the
presence of graphene domains. The stretchings
are slightly disturbed in Figure 156—¢ due mainly
to their reaction on the oxygen atoms presence
in the NGMs’ circumference (see detailed
discussion of the feature in [124]).

4. The two communities of the NGMs’ chemical
bonds participate in their IR and Raman spectra
quite differently. Covalent homopolar $*C-C
bonds are not IR active due to a nil static dipole
moment. Accordingly, IR absorption of graphene
domains is extremely weak (Fig. 154) while
heteropolar sp’C—A bonds show considerable
absorption and are highly individually dependent
on the chemical composition of the NGMs’
necklaces (Fig. 154—¢). In contrast, activity of
the Raman scattering is provided with $*C-C
bonds in all the cases due to which the Raman
signatures of bare graphene domains as well as
NGDMs are similar (Fig. 15a—e).

5. IR spectra, strongly dependent on the chemical
composition of NGM necklaces, depend on the
size of the latter rather weakly.

0. Analysis of virtual IR spectra of monochromic
DTs allows for suggesting a definite set of group
frequencies to be used for assignment of the
spectra features to particular chemical bonds
formed in the NGM necklaces.

In addition to exhibiting common trends
of IR virtual spectrometry of NGMs discussed
above, the first attempts were made to compare
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DTs’ virtual spectra with the experimental ones
of the relevant sp* aCs. Such a comparison related
to TE-rGO is shown in Fig. 16a. As seen in the
figure, at first glance, the DRIFT spectrum of
the object (red potting) differs drastically from
the virtual one. However, once upshifted by 500
cm™', the three-band spectrum (blue plotting)
correlates well with the similar three-band virtual
one, reliably supporting the atomic configuration
of the DT shown in the figure. Naturally, it is
impossible to speak about the complete adequacy
of the proposed model to the real BSU structure,
but the fact of reproduction of the main
components of the latter is obvious. Thus, the
evidence, provided earlier with IINS as well as
with DRIFT and XPS [49] spectra, is supported
with virtual spectrometry.

A completely different situation is presented
in Fig. 16b. In contrast to the previous case,
the experimental spectrum of Ak-rGO, which

Intensity, arb. units

0 1000 2000 3000 4000
‘Wavenumbers, cm!

Fig. 16. Digital twins’ analytics of IR spectra of reduced
and parental graphene oxides. (a,b) V irtual one-phonon (gray,
supplemented with black trend lines corresponding to 50—point
linear filtration, HE Spectrodyn) as well as original (red)
and 500 cnr”’ blue-shifted (blue) experimental IR absorption
spectra of TE-rGO and Ak-rGO, respectively [64]. (c) The
same but original and 300 e blue-shifted experimental IR
spectra of graphene oxide [124). Equilibrium structures of
rGOs D1s €, H, 0O, and C, . H, O, (see Table 8) as

well as of GOY DT C_O, H

O, H, are shown on the right.
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deviates significantly from that for TE-rGO, is
different from the virtual spectrum of DT as
well. As can be seen, a similar upshift does not
reveal any similarity between the real and virtual
spectra, except for the band at ~1700 cm™'. This
band is perhaps the only evidence of the presence
of quinones in the structure of both real Ak-
rGO BSU and DT. As for the low-frequency part
of the real spectrum in the region of 500-800
cm™, analysis of virtual spectra of monochromic
DTs in Fig. 15 as well as many others point to
its attribution to hydrogen atoms in the nearest
vicinity to edge atoms of the NGMs’ graphene
domains. Such atoms are not presented in the
DT chemical structure, which might explain the
drastic discrepancy between the empirical and
virtual IR spectra. As for reality, adsorbed water is
the first candidate to be examined. Obviously, the
presence of this water in TE-rGO may improve
the fit between the empirical and virtual spectra in
this region as well. The DT concept, worked out
by example of NGMs [64,126], has recently been
applied to the graphene oxide IR spectrum [124],
positive result of which is shown in Fig. 16¢.

5.3.3. RAMAN SCATTERING VIRTUAL ANALYTICS

The main features of NGMs’ Raman spectra are

presented in Fig. 17 in a compressed way. The

Digital Twins’ analytics of Raman scattering spectra

of NGMs [64,126] has revealed the following

commonalities:

1. As evidenced in Figs 15 and 17, the graphene
domain s”C-C stretchings determine the main
pattern of the NGMs’ Raman spectra.

2. The Raman spectra of NGMs respond to the
presence of heteroatoms in the molecules’
circumference due to the frequency difference of
the p*’C—C and sp’C—C(A) stretchings [124] (see
Fig. 15). However, the violation is not critical to
significantly disturb the general similarity of the
Raman spectra appearance of the different s
aCs presented in Fig, 11.

3. The Raman spectra of individual NGMs of any
chemical composition are not characterized with
a standard D—G doublet as seen in Figs 15.

4. The Raman spectra of individual NGMs
strongly depend on their linear dimensions
and are transformed from a broad-band
(see Fig. 17h) to narrow-band with a total
domination of G-band when the size of the
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Fig. 17. Digital twins’ analytics of Raman spectra
of individunal and layered NGMs of different size and
compositions. (a,b). Virtual densities of vibrations (light
gray) and one-phonon Raman spectra (gray) of one-layer

TE-GO (C,,,0,,H, ) and bare domain (5,5) NGr (C ),
respectively. (c) The same but two layers of hydrogenated
domain (5, 5) NGr (C  H, ). Original sticks of the spectra
are convoluted with Ganssian bandwidth of 10 cnr'. Both
densities of vibrations and Raman spectra are accompanied
with 50-points trend lines, dark blue and red, respectively.

HEF Spectrodyn. Adapted from Refs. [64,120].

latter approaches the free path of graphene
optical phonons Lph ~15 nm [143] (see Fig
17a). The etfect, which is typical size effect
of phonon spectra of molecular amorphous
solids [152], strengthens when (9,9) graphene
domain is substituted with (11,11) [64].

5. The appearance of the D-band and formation
of the D-G doublet is a particular feature
attributed to NGM layering (see Fig. 17¢).
The effect becomes more pronounced when
a double layer NGM is substituted with a
three-layer one [64]. It is provided with the
generation of dynamically stimulated sp’C—C
bonds between the carbon atoms of adjacent
NGM layers [124] due to the exact van der
Waals contact between them. A high activity
of out-of-plane stretchings of benzenoid
units [116,137] makes the ;p3C—-C stretchings
active enough to generate the D-band.

6. The D-band’s intensity increases when the
number of NGM layers grows up to 4-5 nm
and then markedly slows down when the stack
thickness exceeds ~15 nm [142].
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6. EXPRESS ANALYSIS OF S§P?
AMORPHOUS CARBONS BASED ON IR
AND RAMAN SPECTRA

Evidently, all the above concerns the Raman spectra
of real g* aCs, particulatly, the solids’ short-range
order presented with the relevant BSUs and their
stacks and can be applied for analysis of empirical
spectra of the solids, in general, and for their express
analysis, in particular. Results of the latter, applied to
a randomly selected sample [153], are demonstrated
in Fig. 18. Starting from the Raman spectrum in
Fig. 184, one has to be convinced first in dealing with
a sp” aC, but not with graphene oxide, whose Raman
spectrum looks exactly as shown in the figure [124].
Convinced by the XRPD test, we move on to read
out the Raman spectrum of the rGO solid. It tells
us that the solid has a stacked structure consisting
of 4-5 BSUs layers, BSUs linear size being its
first nanometers. A considerable width of D- and
G-bands allows for suspecting a turbostratic nature
of the layer packaging. Evidently, the presence
of the BSUs’ necklaces is one of the reasons for
both this disordering and slight increasing of the
interlayer distance, as shown in Table 2. In its turn,
the IR absorption spectrum in Fig. 18/ shows that
this tGO’ necklace is mainly oxygenated, since
none of the prominent (*C—H models, which are
concentrated below 1000 cm™, are revealed. No
traces of adsorbed water (region below 400 cm™)
are fixed as well. Following the group frequencies

@ D G

| vspic-c
v sp?C-C
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Fig. 18. Express analysis of sp” amorphous carbon. Raman
scattering (a) and IR absorption (b) spectra of a lab-fabricated
reduced graphene oxide [153] in notations of wvibrational
analytics (see text).
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listed in Table 7, it is possible to suggest the oxygen-
containing contributions indicated in the figure. A
rather scares fine structure of the IR spectrum is
in line with the attribution of marked bands below
2000 em™ to cyclic ethers, while the band at 3400
cm™' evidences traces of small amount of hydroxyls
in the sample. The presented express analysis of
the Raman and IR absorption spectra of an rGO
sample is only the beginning of the in-depth analysis
and is given as an example. Nevertheless, it provides
a reliable entry level of analysis requiring further
confirmation using all the advanced methods of
analytical chemistry and spectroscopy.

7. CONCLUSIVE REMARKS

The first atlas of empirical and virtual analytics of
sp* amorphous carbons is over. It opens the way
for further development, extension, sophistication,
routing, substitution and suggests new visions and
approaches. Both analytics are based on the molecular
nature of the solids and are aimed at the disclosure
and characterization of short-range order of the
latter. The two analytics are not perfect and there
are still questions to be raised and answered. What is
presented for the reader's judgment is only the first
attempt to summarize the currently available ideas
about sp* amorphous carbon and offer a systematic
way to check and analyze them.
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List of abbreviations

aC amorphous carbon

AFM atom-force microscopy

Ak-rGO lab rGO product

AnthC anthracite

AnthX anthraxolite

BSU basic structural unit

CB carbon black

DFT  density functional theory

DRIFT Diffused-reflection I'T Fourier determined spectrometer
DT digital ywin

DTA differential thermal analysis

DSC differential scanning calorimetry

EDS
EA

energy dispersion spectroscopy
elemental analysis
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EM

electron microscopy

FTIR Fourier determined IR spectroscopy
FWHM full width at half maximum

GBE  group bending energy
GF group frequency
GO graphene oxide

GVDOS generalized vibrational density of states

HF

Hartree-Fock approximation

HREELS high-resolution electron energy loss spectroscopy

HRTEM high-resolution transmission electron microscopy

IINS  inelastic incoherent neutron spectroscopy
IT intellectual technology

MD molecular dynamics

NGM  necklaced graphene molecule

NPD  neutron powder diffraction

PD powder diffraction

rGO  reduce graphene oxide

SEM  scanning electron microscopy

ShC shungite carbon

STEM scanning transmission electron microscopy

TE-rGO
VEFF

thermally exfoliated GO
Voigt fitting function

XRPD  X-ray powder diffraction

XPS

X-ray photoelectron spectroscopy
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Amnnomayus: IIpoBeA€HO MCCAEAOBAHHE BAUAHUA TEMIIEPATYPBI CyO(a3bl HA MPOIIeCC 00pa3oBaHUA

KAACTEPOB APaXMHATA HHUKEAA IIOA MOHOCAOEM APaXHMHOBOI KHCAOTHI. Temmeparypa cyGdaser
nsmensarack B AmamazoHe ot 10° ao 30°C c marom B 4°C. IIpoAeMOHCTPHPOBAHO BAUAHHIE
TEMIIEPATYPBI HA C)KMMAE€MOCTh MOHOCAOS M IIAOIAAb, 3aHHUMAEMYIO OAHONM MOAEKYAOH B
ACHTMIOPOBCKOM MOHOCAO€ apaxmHaTa HHUKeAd. MICCA€AOBAaHO TakoKe BAMAHUE TEMIIEPATYPHI HA
Mopd¢oaoruro rmeHok Aeurmropa-Bbaoasxert, chopmupoBanHHBIX Ha BX ocHOBe. bb1A0 00HApY>KEHO,
YTO NPU U3MEHEHUU TEMIIEPATYPhI KOAMYECTBO KAACTEPOB HUKEAA YBEAMYUBACTCH, 4 UX Pa3MepPhI
YMEHBIITAIOTCA. DTO CBA3AHO C U3MEHEHNEM CKOPOCTH IPOIIECCOB POCTA U PACTBOPEHUA KAACTEPOB
Ipy M3MEHEHHUHM TeMIieparypbl. PacnpeaseseHHe KAACTEPOB B IIOAYYEHHOM IIA€HKE ABAAAOCH
CAyYaliHBIM, OAHAKO, UX MOKHO CTPYKTYPUPOBATH IPH IOMOIIY BHEIIHUX MATHUTHBIX ITOAEI.
HcnoAp3oBaHIE MAarHUTHBIX CBOMCTB KaacTtepoB NiArch mo3BoAnT meAeHaIpaBA€HHO M3MEHATH
CTPYKTYPy HA€HKH BHEIITHMM MAarHUTHBIM I10AeM. IloAydyeHHBIE pe3yAbTATBI MMEIOT GOABIIIOE
3HAYEHHE AAA HPAKTHYECKUX IIPUMEHEHWII IIPH CO3AAHHMU MHOTOCAOMHBIX KOMIIO3UTHBIX
IIOKPBITHHA C YyIPABAAEMBIMU MATHUTHBIMU CBOMCTBAMH. AaHHBIE€ IIA€HKH MOIYT B AAABHENIIIEM
HCIIOAB30BATHCA B KAYECTBE CEHCOPHBIX IIOKPBITHI AAfl AKYCTHYECKHX U IAEKTPOHHBIX AATUUKOB.
Karuessre cr06a: apaxmHOBasg KHCAOTA, CMEIIAHHBIE IIAGHKH AEHIMIOpa, NA€HKH AeHrMropa-
BAoaXkeTT, aTOMHO-CHAOBAsA MUKPOCKOITHA
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Abstract: The effect of the subphase temperature on the formation of nickel arachinate clusters
under a monolayer of arachidic acid was studied. The subphase temperature varied in the range
from 10° to 30°C with a step of 4°C. The influence of temperature on the compressibility of the
monolayer and the area occupied by one molecule in the Langmuir monolayer of nickel araquinate
is demonstrated. The effect of temperature on the morphology of Langmuir-Blodgett films formed
on their basis was also studied. It was found that, as the temperature changes, the number of
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nickel clusters increases and their sizes decrease. This is due to a change in the rate of growth
and dissolution of clusters with a change in temperature. The distribution of clusters in the
resulting film was random, however, they can be structured using external magnetic fields. Using
the magnetic properties of NiArch clusters will make it possible to purposefully change the film
structure by an external magnetic field. The results obtained are of great importance for practical
applications in the creation of multilayer composite coatings with controlled magnetic properties.
These films can be further used as touch coatings for acoustic and electronic sensors.

Keywords: Arachidic acid, mixed Langmuir films, Langmuir-Blodgett films, atomic force microscopy
UDC 539.23, 544.032.7
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1. BBEAEHHUE
Texuoaorus Aenrmropa-baoaxkert (AB)
ABASICTCA  IIEPCICKTHBHBIM ~ METOAOM  AAA

(bOpMI/IpOBaHI/If{ TOHKUX BbICOKOOpFaHI/ISOBaHHbIX

IIACHOK Ha OCHOBE aM(PHUQUABHEIX MOAEKYA

UAH
[1,2,3].

BemecTB ([TAB) ¢ CeACKTHBHOCTBIO K Pa3ANIHBIM

CTa6I/IAI/IBI/IpOBaHHbIX MM HAHOYAaCTHIT

[Iprmvenenne  ITOBEPXHOCTHO-aKTHBHBIX
areHTaM IIO3BOAAET CO3AABATH TOHKHE ITACHKH C
ceHcopHbIMH  cBoMcTBamMu  [4-0]. Kak wmssecTHO,
pasBuras moBepxHOCTb AD IIACHOK mO3BOAfIET
UX HCHOAB30BATh, B TOM YHCAE, B Ka4ecTBe
YYBCTBUTEABHBIX AAT€3MOHHBIX ITOKpBITHH [7]. B
3TOM CAyYAE€ 3aA2a9a YBEAMICHHUA YACABHON ITAOITIAAH

HOBCpXHOCTI/I TAKOM ITACHKH HpI/IO6pCTaCT OCO6YI—O
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ADb maeHOK ¢ pasBuroil MOpdOAOrHEil ABAACTCH

dopMHpOBaHHE  CMEIIAHHBIX  ACHIMIOPOBCKHX
MOHOCAOEB € BCTPOEHHBIMH HAHOPA3MEPHBIMI
obobekramu  [8,9]. Aaa  dopmupoBaHuA TAKHX

ITA€HOK IIPHMEHSAIOT ABA ITOAXOAA. IlepBoIit ITOAXOA
HCIIOAB3yeTCA IIPU (DOPMUPOBAHHH CMEIITAHHBIX
CAOCB C HAHOYACTHIIAMH, CHHTE3HPOBAHHBIMU
B OTAGABHOM TexHOoAOormdeckoMm rukae [10,11].
Bropoit 110AXOA  3aKArOuWaeTCA B IIOAYYEHUH
HAHOYACTHI[ B Iporecce (PpOPMHPOBAHUA CAMOU
maeHka  [12]. AAf 3TOrO MOHOCAOI MOAEKYA

ITAB
PACTBOPEHHBIMU B BOAHOI cyOdaze. AAcopOrus

MOAUMHUIIPYETCA ~ MOHAMU — METAAAOB,
HOHOB METAAAOB ACHIMIOPOBCKUM MOHOCAOEM
IIPUBOAHT K ITOSBACHHIO H POCTY HAHOYACTHII ITOA
€ro IIOBEPXHOCTBIO. B 3TOM CAydYae IIPOHCXOAUT
OOMEHHAS PEAKIUA MEKAY IHOAAPHOH YaCTBIO
MOACkyABI [TAB i monamm Metasra, pacTBOPEHHBIMIT
B BOAHOI cyOdase [13,14]. Kak nssecrro, usuxo-
XUMHYECKHE CBOMCTBA (POPMUPYEMBIX MOHOCAOEB
3aBUCAT OT KHCAOTHOCTH H TEMIIEPATYPHI CyOdasbl, a
TaKKe OT KOHIIEHTPAIIMH HOHOB MeTaAAd B cyOdase
[15]. DTO XOpOIIO BHAHO IIPH AHAAHM3E H30TEPM
CKATHSA ~ CO3AABAEMBIX  MOHOCAOEB.  Bamsxwne
nonos Cu*", Ca> u Ni** na (pazoBbie 1EepexOABL
MOP(OAOTHIO MOHOCAOEB KHUPHBIX KHCAOT OBIAO
msyueno B [16,17,18]. B pabore [19] aBropamn
M3yYaAOCh BAMSAHHE aACOpOImm moHoB Ba** Ha
Mopdoaoruro u HasoBbIE IIEPEXOABI B CMEIIAHHBIX
MOHOCAOAIX OCI€HOBOH M CTEAPHHOBOH KHCAOT.
BBIAO mOKa3aHO, YTO AACOPOIMS HMOHOB METAAAQ
MOKET IIPHUBOAUTD K MCYE3HOBEHUIO KUAKOI (hasbr

mMoHOcAOA [16,17], yBeAnUeHIIO ee IPOTAKEHHOCTH
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[18],

IIOCAE KOAAarica MOHOcAof [19-22]. B pabore [23]

HN3MCHCHHIO (i)OpMI)I I/I3OTCPMI)I CKaTHUA
HN3Yy9IaAOCh BAMSAHUIC TCMHCpaTypr N KHCAOTHOCTH

Ha CTAOUABHOCTD MOHOCAOEB OAEMHOBOM
KHUCAOTBI I OBIYBErO CHIBOPOTOYHOIO aABOYMHHA B
npucyrcrsun moHoB Ca**. CAeAyeT OTMETHTb, ITO
aACOpOLIHA HMOHOB MeTaAAd H3 CyOdasbl AOAKHA
OKa3bIBATh BAHMAHHE HA MOP(OAOIHIO IIACHKH
ACHFM}Opa—BAOA){(C’IT, IIEPEHECEHHON Ha TBEPAYIO
ITOAAOKKY. B wacrmoctm, aropamm [24] Obrao
IIPOBEACHO HCCACAOBAHHE BAHUAHUA aACOPOIINN
nouos Cd*" Ha MOpdoAOTHIO mACHKH AEHIMIOPa-
baoaxerr apaxmuOBOM Kncaotsl Iloxasamo, uro
B 9TOM CAy4Yae HM3MEHACTCA IIAOIIAAb, KOTOPYIO
MOAEKYABI aPaXHHOBOH KHCAOTBI 3aHHMAIOT B

ITACHKC. Taxxe ObIAa p OACMOHCTpHpOBaHa

dopmuposanus
ITACHKHN

BO3MOXHOCTD

CTPYKTYPBI
MOHOCAOf Ha TTOBepxHOCTH cyodaser [19,21].

MYABTHCAOMHOM
IIpA  KOAAAIICHPOBAHHH

Ha mopdoarornio m 1moBepXHOCTHO-AaKTHBHBIE
CBOMCTBA MOHOCAOEB TAK/KE MOIYT OKa3bIBATb
BAMSAHME BHCIIIHMHC SACKTpI/I"ICCKI/IC U MATrHUTHBIC

Hampuwmep,

HpI/IAOH{CHHOC K MOHOCAOIO aanHHOBOfI KM CAOTBI

ITOASL. BHCIIIHEE MArHUTHOE IIOAC,
B IIPOIIECCE AACOPOIIMH MOHOB KEAE32, IIO3BOAACT
VIPAaBAATD ~ HAIIPABACHHECM POCTA  HAHOYACTHUII
KeAesza ITOA MoHocAoeM [25]. Takum oOpasom, c
IIOMOIIBIO H3MEHEHHA IAPAMETPOB  aACOPOIIHH
MOHOB METAAA2, MOKHO BAHATH Ha MOP(OAOTHIO
maeHOK Aenrmropa-baoaxerr.

®opmuposanue

HAHOYaCTHIT METAAAA

IIOA  TIOBECPXHOCTBPIO  MOHOCAOS  IIPUBOAHT K

CO3AQAHHEO HCOAHOp OAHOCTH B MOp(i)OAOI“I/II/I

IIACHOK, IIOAYYEHHBIX Ha €ro ocHose. [lopoOmBbIE
HEOAHOPOAHOCTH  (DOPMHUPYIOTCA TIPH  CHHTE3E
[15].

HaAHOYAaCTHIT B CMCIIIaHHOM MOHOCAOE€

HeobxoanMo ~— ormerwTh, YTO  HAa  OCHOBE
BBIIIICYKA3AHHBIX CMEIITAHHBIX MOHOCAOEB,
ACTUPOBAHHBIX ~HOHAMH ~ METAAAOB, BO3MOKHO
CO3AAHHNEC KOMIIO3UTHBIX HOKprTI/IfI C pa3AI/I"IHI)IMI/I
CBOWICTBAMU.

Amnaaus AHTEPATYPHI ITOKA32A, 9TO
TEMIICPATYPa  ABAACTCA  HAVMCHEEC  M3YYCHHBIM

dakTOpPOM, OKA3BIBAIOINNM BAHAHHE HA CBOHCTBA
AEHTMIOPOBCKHX MOHOCAOEB U AHMHAMHUKY POCTa
HAHOYACTHI[ ITOA HHUMH. DTO CBA3aHO C TEM, YTO
TEMITEPATYPa OKA3BIBACT BAMAHHUE KAK HA IIPOIECC
dopMHpPOBAHUA MOHOCAOf, TAK W Ha AHMHAMHKY
peaxrnu oOpazoBanud HanodacTuil. Mccaeaoanue
9THUX IPOLECCOB OTAEABHO APYT OT APYTa ABAAETCH

BAVAIHME TEMITEPATYPBI HA @OPMIMPOBAHIME AEHIMIOPOBCKITX MOHOCAOEB 297
C HAHOYACTHUILIAMM NI-APAXMHOBOI KUCAOTBI 1 KAACTEPAMU NI-APAXHAATA

cAoxkHOI 3apaaueii. CAEAYeT TakKe OTMETHTh, UTO
VIIPABACHHE KOAMYIECTBOM HAHOKAACTEPOB METAAAOB
1 UX COCAMHEHHUI B AEHIMIOPOBCKHX MOHOCAOAX
ABASCTCA BAKHOM 32A2Y€H AAA X ITPAKTHIECKOIO
IIPIMEHEHUA B KAadeCTBE  TOKOIPOBOAAIIIIX
HAM CEHCOPHBIX TOKpHITHH. OAHAKO, BAMAHHE
TEMIIEPATYPHI

IIPAKTUYICCKH HC NCCACAOBAHO.

Ha DOTOT IIapaMeTp AO CHX IIOp

Ocobwrit HHTEPEC IIPEACTABASIOT
VIIOPAAOYEHHEBIE IIACHKH C HHKOPIIOPHUPOBAHHBIMI
MATHUTHBIMH HAHOYACTULIAMH U3 TAKUX MAaTEPHAAOB,
KaK HUKEAB, ’KeAe30 U KOOaAbT. CACAYET OTMETUTH,
YTO HAHOYACTUIIBI HHUKEAS ODAAAAFOT 3AMETHBIM
AHTHOAKTEPHUAABHBIM ACHCTBHEM K PE3UCTHBHBIM
OaxrepraAbHBIM KyAbTYpam [20]. Mcrmoansya adbdpexr
BAHAHUISA TEMIIEPATyphl Ha cBoiictBa Ab maeHOK Ha
OCHOBE KHPHBIX KHCAOT, COAEPIKAIIIX ITOAOOHBIE
HAHOYACTHUIIBl, MOKHO (DOPMHPOBATH IIACHKH C
OoAaee pa3BUTON TOBEPXHOCTHIO. [ [oAOOHBIE ITACHKI
MOIYT B AAABHEHIIIEM HCIIOAB30BATHCA B KAa4ECTBE
CEHCOPHBIX IIOKPBITHH B Pa3sAHYHBIX AQTIHKAX
u  3M@EKTUBHO IPUMEHATBCA B TEXHOAOTHAX
NAIIEBON OE30IMACHOCTH.

TakuM 00pasoM, IIEABIO AAHHOH pabOTHI
ABASIAOCH ~ H3YYEHHE MEXaHH3Ma OOpa3OBaHUA
KAACTEPOB COACH HHKEASl IIOA AECHIMIOPOBCKHM
MOHOCAOEM APAXHHOBOM KHUCAOTHI IIPU PA3AHMYHBIX
TEMIIEpaTypax u MopdoAornn

Ab maenox Ha ocHOBe IIOAYYCHHBIX CMCHIAHHBIX

HMCCAEAOBAHHE

MOHOCAOEB.

2. DKCITEPUMEHTAABHAS YACTDb

2.1. MATEPHUAABI

ApaxnnoBas kucaota (AK) (99%), xaopodopm
(99%), nmopomox xaopuaa mukeas (NiClxX6H, O,
99,9%), natpusa  (Na,C H, O x2H, O)
1 AMMOHHAA (CH,O.XH,O) 6p1an
npuoOperensl y Sigma Aldrich. Aas moaydenwus
(18 MOwm-cm)

HCITOAB30BAAACH cHCTeMa OIHCTKH BOAB MilliQQ.

ouTpar
KICAOTA

AEHMOHU3UPOBAHHOMN BOABI

2.2. OBPA30BAHUE AEHTMIOPOBCKUX MOHOCAOEB

Bce AB skcrieprMeHTE IPOBOAMANCE HA YCTAHOBKE
KSV NIMA 622 (Nima KSV, ®uoadoawua) c
paboueit maommaapro 1200 ecv?. B kauectse cybdrassr
ucrioabzoBascs Boausrit pactsop NiCl, (4 mM). Aas
IIPEAOTBPAIICHUA OOPA3OBAHUA HYETBHIPEXAACPHOIO
ruapokomiiaeca va ocuose Ni(OH), smauenne pH
cyOdassr OBIAO ycTaHOBAECHO Ha yposuHe pH = 5.8
[27]. ITporiecc 0Opa3oBaHUA 3TUX COCAMHEHUI OBIA
pH-3aBrcnmbIM, IIporiecc IpoOTEKaA IIPH 3HAYCHUM
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pH Goaee 7. Aaf peryanpoBaHms KHCAOTHOCTH
OBIA mCIOAB30BaH aretaTabiil Oydep (0.1 M; 22.67
r nurpara Hatpusa u 4.402 1 AMMOHHOM KHCAOTBI
COOTHOIIICHHUE Ha 1 A BOABI).

B rexmoaormm Aenrmropa-baoaxert craomHoNn
MOHOMOAEKYAAPHBII CAOI
dopmupyerca Ha mosepxHOoCcTH CcyOdassl Aasce

C TIOMOIIBIO TIOABHZKHOIO Oapbepa MOHOCAOIT

Hp CABapI/ITﬁAI)HO

ITOAKHMAETCA AO TIOAYYECHHSA CIIAOIITHON ITACHKH C
ITAOTHOI YITAKOBKOIT MOAEKYA, B KOTOPOH YACAbHAA

MOAEKYAfIPHAA — IIAOINAAb A TIPHOAU3HTEABHO
paBHa IIAOITAAH ITOIIEPEIHOIO ceueHUA
MOAEKYABI, 2 THAPOQOOHBIE YTAEBOAOPOAHBIE

PAAMKAABl OPHCHTHPOBAHBI IIOYTH BEPTHKAABHO.
Ha sakaroumreapHOM 9Tare cOPMHUPOBAHHBII
MOHOCAOII IIEPEHOCHACSH HA ITOBEPXHOCTD ITOAAOKKI
IIPH  IIOCTOSSHHOM  ITOBEPXHOCTHOM  AABACHUM
35 wmH/Mm Aenrmropa-Illeddepa.
Koaddunment nepenoca cocrasasa 0.9.

METOAOM

B pabore [19] Op1AO H3ydeHO BAHAHIE BpEMEHU
Ha ITPOIIECC CBA3BIBAHUA HOHOB HUKEAS C MOHOCAOEM
aApaxXMHOBOM KHCAOTHL [lokaszamo, 4ro BHEeApeHHE
nonos Ni** B monocaoit AK npoucxoant ere B
rasoBoii aze AO HadaAa ABIKEHHA Oapbepos. B
HACTOAIIEH paboTe BpeMsA 0Opa30oBaHUA KAACTEPOB
apaxmpara HukeAd (NiArch) Oprao mocrosHHBIM
AAL
COCTaBAAIAO 75 MHHYT. DTO BpemsA cOCcToHT m3 15

K&KAOH M3 BBHIOPAHHBIX TEMIEPATYp U
MEHYT, OTBCACHHBIX HA HCIIAPCHHUE PACTBOPUTEAS C
ITOBEPXHOCTH BOABL, U1 60 MUHYT, B TCUCHHH KOTOPBIX
IIPOHCXOAHUAO CHKATHE MOHOCAOA AO AOCTHKCHHSA
BEAMYHMHBI IIOBEPXHOCTHOIO AaBAeHMs B 35 MH /M.

Aad dopmupoBanns pabote
HCIIOAB30BAACA PACTBOP aAPAXUHOBON  KHUCAOTEI
(1 mM) B xaopodopme. Aamksora pactopa (50

MKA) HAaHOCHAACh Ha HOBCpXHO CTb

MOHOCAOA B

cyOodassr,
BEIACP/KHBAAACH B TeUeHHE 15 MHH M CKHMaAACh
ITOABIDKHBIME OapbepPaMH € IIOCTOSHHON CKOPOCTBIO
cxatna. CKOPOCTh CxKaThsA OApPbEPOB COCTABAAAA
paBuoil 5 cm?/mMun. BaAmsiHnme Temmepartypsl Ha
CBOHCTBA MOHOCAOSl /\CHIMIOpa HCCACAOBAAOCH
B Amamrazorne ot 10° ao 30°C ¢ mrarom 4°C.
Temmepatypa cyodaser
tepmoperyasropom Brinkmann Lauda RC6 RCS ¢

KOHTPOAHPOBAAACH

Tounocteio + 0.1°C.

2.3. AHAAU3 U30TEPM COKATHSA

B rtexmorormm Aenrmropa-baoaxkerr cocrosmme
MOHOCAOS OITHCBIBACTCA H3OTEPMOU CiKaTHA 7-A,
OTPAKAFOIIEH COOTHOIIEHHUE MEXKAY BEAMYMHOMN
ITOBEPXHOCTHOTO AABAEHHUA Oapbepa 7 U YAEABHOM
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MOAEKYAAPHOHM ITAOIIAABIO 4 IIpH IOCTOAHHON
temrreparype 1. Caeayer ormernts, uTo (pazoBoe
COCTOSHUE AOKAAM3OBAHHOIO HA TPAHHUIIE PA3ACAA
"cyOpaza-ras" MOHOCAOS aMPUMHABHOIO BEILECTBA
OITPEACAAICTCH  AATE3HOHHO-KOTE3MOHHBIM  OAAAHCOM
cua B cucreme "cybdaza-MOHOCAOH" H 3aBHCHT
OT IIPUPOABI BEIECTBA H CTPOCHHA €r0 MOAEKYA,
tTemrreparypsl I m cocraBa cyOdaser. AunerHbie
VIACTKM Ha H30TEpMe CKaTHA 7-A, oTBedaroriue

dazoBpIx
ITAOIIIAABIO,

CXKATHUIO MOHOCAOA B pa3AI/I‘IHI>IX
XaAPaAKTCPHUIYIOTCA

MPUXOAAIIEHCA HA OAHY MOAEKYAY B MOHOCAOE,

COCTOSTHUSX,

ITOAYIEHHOH 9KCTPAITOAAIINEH AHMHEHHOIO yJacTKa

Ha oce A (z = 0 mH/m). Takum obpasom, Ha
M30TEPME  CHKATHA  BBIACAAIOTCA — Ta3000pasHbIE,
JKHAKHE, KHAKO-KPHUCTAAAMYECKHE W TBEPAO-

KPHUCTAAAYICCKHIC MOHOCAOM, HaAXOAAIHECA B

PA3AHMYHOM arperaTHOM COCTOSHUM [28].
JAVN:
H30TEPMBI
mapamerpsr [15,29]:

Aco u ALO -

MoAekyAOlT AK B KOHACHCHPOBAHHOM M KHAKON

OIICHKM1 BAUAHUA TCMHCpaTypI)I Ha

CKaTuA HCIIOAB3OBAAMCH CACAYIOIIIHC
CPCAHAA IIAOIIAADB, 3aHHMacMas

basax 4mCTOrO0 MOHOCAOS, COOTBETCTBEHHO, A =
20.1 A, A, =235 A upu T = 22°C;
A m ALN —

N
moaekyaoir AK B Momocaoe, cdopmMHpOBaAHHOM

CPCAHAA ITAOIMAAB, 3aHMMacMas

Ha cyOdase ¢ pacrBopeHHbIME moHamu  Ni*T,

KHAKOH — hasax,

B KOHACHCHPOBAHHON U
coorserctBenno, A4, = A — A ;

AAO — IPOTAKEHHOCTD OOAACTH KHAKOH (Da3bl
monocaoa AK mHa wm3orepme cxarudA, KOTOpas
OIIPEAEAACTCH CACAYFOIIIIM OOPa3OM: AAO = ALO —
A udA =A  —A

CN’

/éc u /éL — MOAYAB CKATHA MOHOCAOA
B KOHACHCHUPOBAHHOM M KHAKOH (pasax,
COOTBETCTBEHHO.

AASl KOAMYECTBEHHOM OIIEHKH /éc u /éL

HCIIOAB30BAACH IIOAXOA, IIPEAAOKCHHBIN
®oaaxaparom m Parimepmanom [28]. IToaxoa
OCHOBaH Ha IIPEAIIOAOKCHHH, YTO H3MCHCHIE
yrAa HAKAOHA AHHEHHBIX YYaCTKOB H30TEPMEI
CKATHSA

COOTBETCTBYET (Pa3OBBIM IIEPEXOAAM

B  MOHOCAOC. B 3TOM CAydac HM3MCHCHHC

CKUMAEMOCTH (£) MOHOCAOSl MOMKHO OI[CHUTH ITO
dopmyae:
dr
k=—4, %" 1)
dA

3aece A, A, 7z, k& — HAOIMIAAb, 3aHEMaeMas
MOAEKYAOH B COOTBETCTBYIOIIEH (pase, yACAbHAS
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IIAOIIIAAb MOHOCAOf, ITIOBEPXHOCTHOE AABACHIE,
MOAYAB C/KAaTHA, COOTBETCTBEHHO.

Anaans rpadprka H3MEHEHHA CKIMAEMOCTH (£)
OT YAGABHOM IIAOIIAAN MOHOCAOA (A) mosBoaser
dazoBrIx
rporiecce (POPMHUPOBAHNIA MOHOCAOA M 3HAYCHUA

OIIPCACAUTDH TOYKHN TIEPEXOAOB B

COOTBETCTBYIOIIIHUX IIAOIIAACH  Ha

MOAeKyAy [30].

YAEABHBIX

2.4. MOP®OAOTUYECKUE NCCAEAOBAHUS
MOHOCAOEB HA ITOBEPXHOCTH TBEPAOTI'O TEAA
Aaf msygennsa  mopdoaoruu  MoHOocAoeB  AK,

MOANMDUIIMPOBAHHBIX ~ HaHodacTurmamu  NiArch,

HCIIOAB30BAAACH ATOMHO-CHAOBAA ~MHUKPOCKOIIHA
(ACM) (3ompoBas crammus Integra  Spectra,
HT-MAT, MockBsa, Poccusi). Momnocaon,

cchopMUpPOBAHHBIE IIPH TOBEPXHOCTHOM AABACHUU
40 MH/M, IepeHOCHAHCH HA IIOBEPXHOCTD TBEPAOH
crekaaaaon moaroxku (Carls ROTH, mokposasie
crekAa 24X24 mm ¢ mepoxosaroctero ~ 0.6 HM)
Aenrmropa-Illedpdepa.
[Tepea ACM-m3mepeHHAME OOPA3IBI XPAHUAHUCH
B 9KCHKaTOpe B TedeHne 24 9 IpU KOMHATHOMN

Ipyu  IIOMOINM  MCTOAQ

TeMIrepaType AAf ucmapeHus BOABL [lpm omenke
pasmMepoB cpeAHel mmaomaaum Kaactepa NiArch
I €ro TOAIIHHBI HCHOAB30BaAnCE ACM  ckaHbr
pasmepom 40X40 MM 1 5X5 MKM, COOTBETCTBEHHO.
Anaans  msobpakenuii ACM  mpoBoamaca 1mpu
oMot uporpamm Image] v.1.53e u Gwyddion
v.2.601, TO3BOASIFOIIIMX IIPOBOAUTEH CTATHCTHYECKYIO
0OpPabOTKY H OIIPEACAATH CPEAHUE TEOMETPUYCCKIE
ITapaMEeTPHl KAACTEPA.

3. PEBYABTATBI 1 OBCY KAEHUME
3.1. BAMAHHE BCTPAMBAHHNA WOHOB NI**
HN30TEPMbI COKATHUSA

M3zorepmer

HA

CiKaTuA MOHOCAOCB

AK,

cOpPMUPOBAHHBIX Ha BOAHOM

cyodpasnr

paCTBOpCHHbIX

HOBEPXHOCTH
IpU HAAUYHH U B
Niz+
Puc. 1. Aacopbumst monos Ni*" u3 cybdassl
NiCl, me

OKa3bIBA€T BAMAHMC

OTCyTCTBHC
HNOHOB ITOKa3aHbI Ha

c KOHIIEHTPAIIIEH HOPOIITKa

MM,

n30TCPM

mpepbImaronrei 1

HAa IIOBEACHHE CKATHA, HO He
3HAYUTEABHBIM
mopdoaroruun  mouocaoe AK  mpum  AroOoi
cyodaser  [30,31]. B

9THUM B AQHHOM HMCCACAOBAHHNH KOHHCHTpaHI/IH

HpI/IBOA,I/IT K HN3MCHCHMAM

TeMITepaType CBA3H C
NiCl, B cy6dase Opiaa sadukcuposanma ma
yposae 4 MM. Bueapenme HMOHOB HHKeAsd B
MOHOCAOH IIPOUCXOAHUT CACAVIOIIUM OOPa3OM.
Boaopactsopumas coar NiCl, awmcconuupyer
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40

Water 22°C
Water+NiCl, 22 °C

w
o
|

20

Surface pressure (), mN/m

[y
o
L

0

19
Molecule mean area (4), A2
Puc. 1. Tunuuneie wusomepmer comcamus apaxurogor
KUeA0mul Ha nosepxocmy 60010l ¢)ogasel, cocmosmel u3
(1) wucmoit 600wt u (2) 600nozo pacmeopa NiCl, (4 mM),
nonyenozo npu 22°C. Touxu (1) u (1) obosiavaron gasosere
nepexodst 2a3os0tl Pasvi 6 HUOKO-KOHOCHCUPOBaIYIO U U3
HCUOKO-DACHUUDENIOIL 8 KOHOCHCUDPOBAHIL)IO COOMIBENICINEEHHO.

Ha nouer Ni*" u 2ClI". DroT mpouecc IpUBOAUT
K 0Opa3soBaHUIO BOAE
ruapokcuaa Ni(OH), mpu kucAoTHOCTH BBIIIE

HCPaACTBOPUMOTIO B

7 [32]. Ilpn MeHBIIHX 3HAYEHHAX KHUCAOTHOCTHU

obOpasyercs KOMIIAEKCHOE COeAHEHUE
Ni(OH)", 49ro HaOAIOAAAOCH B HACTOAIIEH
padore. OTPHIIATEABHO 3apPAKEHHBIE HOHBI

AK™ oOpasyrorcsi B pesyAbTaTe ITOAAPHU3AINK
ruApodUABHBIX YacTed MoaekyAa AK mpu mx

D1o

IIPUBOAUT K O6p9.3OBaHI/I}O COAM apaxXmHATA HUKCAS

B3aUMOACHCTBHH C MOAEGKYAAMH BOABL
(NiArch) 1 yBeAHYEHHUIO IAOIIAAN, 3AHUIMAEMOM
0AHOH MoAekyAoll AK B AOKOHAEHCHPOBAHHOM
dase (A) [32].

Ha Puc. 1 nokaszano Bamsame monos Ni*' na
IIOBEACHHE H30TEPMEI CxkaTHA MOHOCAOA AK mpwm
22°C. Touku (I) m (II) coorBercTBYrOT (ha3OBBIM
rrepexopam B Monocaoe AK ras-ABymepHas KUAKOCTH
(I) m AByMepHasA KHAKOCTB-KOHACHCHPOBAHHAA
naenka (II). Aacopbums nonos Ni** 8 AB-maenke
u3 cyOdasel IPUBOAUT K YBEAHYCHHIO ITAOINAAM,
saHuMaeMo moAekyAor AK, ra 7.2% (c 19.4 p0 20.9
A?, m K ymeHbIEHHIO HPOTHAKEHHOCTH 00AACTH
AKuAKOI aser Ha 32%. Takum oOpasoMm, HHKEAD
MOKHO OTHECTH K IPYIIIE METAAAOB, HCIIOAB3OBAHIE
KOTOPBIX OKa3BIBACT PACIINPSAIOIIEE ACHCTBHE IIPU
€ro aACOpOIMU  AGHIMIOPOBCKHM  MOHOCAOEM.
VMeHBIIIEHIE HPOTHKEHHOCTH OOAACTH KHAKOM
daspl HA H3OTEPME CHKATUA IIPU AACOPOIINN HOHOB
Ni*" coraacyercs ¢ pesyasratamu pador [18,30].
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Haamgme wmoma Ni?* Bamser ma CPEAHIOIO
IIAOITIAAD, AK B
KOHAEHCHPOBaHHOI base monocaon (A ). D1o

3aHHMAEMYIO  MOAEKYAOIT
HU3MEHEHHE ABAACTCA DOACE 3AMETHBIM 110 CPABHEHUIO
C U3MCHECHHEM VAEABHOHM IIAOIIAAM MOAEKYABI
B KHAKOH pase momocaon (A ). Hsmenenme
IIAOIIAACH, 3aHUMAEMbIX MOAekyAOH AK B dmcrom
MOHOCAOE
NiArch, cocrasasier Beamanunt 0.8 A% n 0.2 A2 aas

u MOHOCAOC, MOAI/I(I)I/IHI/IPOBQHHOM
KOHACHCHPOBAHHOI U KuAKOH a3 morocaon AK,
COOTBETCTBEHHO.

3.2. BAUSAHUE TEMIIEPATYPBI
H30TEPMBI CKATHUS MOHOCAOS

CYB®A3bI HA

AK
cchopmupoBaHHBEIX Ha cyOdase 6e3 PacTBOPEHHBIX
Ni** TeMITEpaTypax
cyodaser, mpeacraBaensr Pmc. 2. Buamo, 4gro
nsMmeHenue Temrepatypst cydbdaser ot 10°C a0 26°C
IIPUBOAUT K M3MEHCHHIO CTCIICHH Pa3PyILICHUA

I/ISOTCPMI)I cKaTuA MOHOCAOEB

5

HOHOB OpU  PA3SAMIHBIX

MOHOCAOA: AaBaeHHE oT 60 A0 52 MH /M, a CpeAHsAA
IIAOIIAAD MOAEKYABI (A ) ne menserca. [Tosbrmenne
temiepatypsl A0 30°C IPHBOAUT K YMEHBIIICHHIO
Ao A0 20.0 A2 u YBEAUYEHHIO AAMHBI HAKAOHHO-
KOHACHCHpOBaHHON passr mMonocros AK ¢ 1.9
A? po 4.4 A% Awmasormumeiit acbdext cHmKeHMA
AQBAEHHA KOAAAIICA MOHOCAOSl W BEAMYHHBI A
OBIA OIIMCAH paHEE AASl MOHOCAOCB KBAHTOBBIX
touek CdSe,
KHCAOTOH. DTOT 3(PdEKT OOBACHUAHN CHUKEHHEM

CTAOMAM3NPOBAHHBIX  OACHHOBOM

yCTOfI‘IHBOCTI/I MOHOCAOA n3-3a YBCAHYCHUA

TOAILIHBL IIOKOSAIIIErocs cAos [33].

HAHOCWCTEMbI

40

s & g9 g
8 & 3 8

Surface pressure, mN/m
8

Compression module , mN/m*

3

20 21 22 )23 24
Molecule mean area, A’

a b
Fig. 3. (a) Bauanue memnepanmyper cybgaser na usomepme:

CHCAMUA APaXUHOBOL KUCAONIBL 8 Mpucymemsun uoros N 6
oybgpase (4 mM). (b) I Ipoussooreie kpuswie usomepm cowcanmus,
NOAYHeHIBLE ¢ UCHOAB306aMUEM CYOPasbl ¢ meMneparypamu
10, 22 w 30°C. Touxu (1), (II), (III) coomsencmesyrm
nepexody monocnona AK us casosoil paser 6 wudkyrw pasy,
nepexody u3 wcudKorl paser 6 Kowoercuposannyr @basy, u

21 ,2
Molecule mean area, A’

Havar) Ko/j1anca MOHOC/07, c007726¢772¢7716CHHO.

AK
cchopMupoBaHHBIX Ha cyOdase B IPUCYTCTBUAN

M3 OTCprI cKaTuAa MOHOCAOEB

>

noHos Ni*', W 3aBUCHMOCTH H3MCHCHHSA HX
CKMMAEMOCTH OT IIAOITAAM, 3aHHMAEMOH OAHOM
moaexyroir AK, mpuseaenst Ha Pmc. 3. Ha Puc.
3b BUAHO TpH OCOOBIX TOYKH, COOTBETCTBYIOIIIHE
mepexoAy monocaod AK w3 rasosoit ¢asel B
#uAKyIO0 asy (I), mepexoay m3 KuAKON pasbl B
kouAeHcuposannyitodazy (II), u mHagaay koasarca
monocaos (11I).

N3 Tabaumsl YTO YBEAUYCHUE
TeMITEpPaTypsbl CyOda3bl yMEHBIIIACT IIPOTAKEHHOCTD
obAacTH KHAKOH (pashl U PasHOCTb YAEABHBIX

1 BuanoO,

maomaaei moaekya AK B monocaoe. Ilpu stom
CKIMAEMOCTD JKHAKOI M KOHACHCHPOBAHHOM a3
moHocAaos AK yBeamumsaerca. Ha Puc. 34 BuanoO,
YTO YBEAMYECHHE TEMIIEPATYPHI CYOMa3Bl IIPUBOAUT

60 K YBEATYCHUIO HAKAOHA YIaCTKA U30TECPMBI CKATUA
E - Taﬁnuu? 1
% BrnusHve Temnepatypbl Ha MOHOCION apaxMHOBOM
= kncnotbl (AK) ¢ BHeApeHHbIMU HaHOoYacTULaMu
E 40+ apaxupaarta Ni (NiArch): pasHuua cpegHen
g nnowaan AK B YNCTOM MOHOCIIOE U B MOHOCIIOE,
2 30+ moanduumposanHom NiArch (AA), anuua
= Xuakom dasbl (AA ), CKMMaeMOCTb MOHOCIION B
§ 0= KOHAEHCUpoBaHHOM (K.) 1 xuakon dasax (K, ).
E Temne- | KoHgeHcupoBaH- Kvpokas pasa
@ 10 paTypa, Hast dhasa M | M A
°C ACN,AZ X0 mN/m | A A | £X10°miNIm
018 0 22 24 26 28 10 | 202 0.4 22.3 5.5 21 | 08
7, ) N—— T 14 20.4 0.5 22,5 5.9 2.1 1.0
18 20.6 0.7 22.7 6.7 2.1 1.2
Puc. 2. somepmor cwamus morocnoes  apaxurosot 22 20.9 0.8 22.9 6.7 20 15
KUCA0mbt, 00pa3osasmuxca npu pasauurot memnepanype 26 20.9 0.6 21.6 35 07 | 16
cybpaser 6 omeymemsue pacmeoperiix uonos N7~ 30 | 210 0.4 21.5 2.5 05 | 1.6
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II-TTI. D10 CBA3aHO C M3MEHCHHUEM THUIIA KUAKOU

daszer

npu 10°C u 22°C Ha KHAKO-PACIIHPEHHYIO IIPU

MOHOCAOSl C KHAKO-KOHACHCHPOBAHHOM
30°C. TToaOOHOE TTOBEACHUE MOKET OBITH CBSI3AHO

C YBEAMYCHHEM BKAAAd OT  B3aUMOACHCTBHA
TOAOBHBIX TPYIIII MOAEKYA ITAB APYI C APyIOM B
MEKMOACKYAAPHOE B3aHMOACHCTBHE B MOHOCAOE
upu ero ckaruu. OnmcaHHBE 3PEEKT CBA3AH C
mosiBAcHIEM KAacTepoB NiArch moa moHOCAOEM
AK [32]. Cixarme wmonocaos AK mpuBoaur K
M3MEHEHUIO PACCTOAHHUA MEKAY KAACTEPAMI HIKEAS
1 OOPA30BAHUIO HX ArPEraToB IIOA ITOBEPXHOCTHIO
cyOdassl. DTO B CBOIO OYEPEAb IIPHUBOAUT K
ITOSIBAGHUIO HEOAHOPOAHOCTH B PaCIPEACACHUN
ITOBEPXHOCTHOTO AaBACHUA. B pesyabrare Harpesa
cyOdassl KOAUYECTBO HOBBIX TOYECK POCTA KAACTEPOB
NiArch yBeAmumBaercs H THUII KHAKOH (ass
MOHOCAOS MCHACTCH.

Wamenenne temmeparypsl cyOdassl OKa3bBACT
TaKKe BAUAHHE HA KOHACHCHPOBAHHYIO a3y
monocrost  AK. Takum oOpasom, yBeAmdeHHe
TemIeparypsl cyodassl IIPUBOAUT, B IIEAOM, K
M3MEHEHHUIO CBOHCTB camoro MmoHocaod —AK.
Buano, wuro Beamummbr A m k. AocTUraror
CBOMX MaKCHMaAbHbIX 3HadeHmd 1npu 30°C u
22°C, coorBerctBeHHO. AAfl KOHACHCHPOBAHHOI
U KHAKOH (pa3 BEAHYMHBI /éc " /éL IIPUHUMAIOT
MHHHMaAbHBIC 3HAYeHMA 11pu Temirepatypax 10°C
30°C (Taba.1).

DTO MOKHO OODBACHUTH CACAVIOIIUM OOPA3OM.
Xopomro HU3BECTHO, YTO CKOPOCTh XHMHUYECKON
PEAKIIMH HMEET SKCIIOHEHITHAABHYIO 3aBHCHMOCTD
ot remueparypsl [33]. B Harrem cayuae ymeHbImeHmne
TEeMIIEPATypsl CyO(a3bl IIPHUBOAUT K 3aMEAACHHIO
CKOPOCTH PEaKIINK OOPA30BAHUA APAXIHATA HUKEAS.
B cBA3H c 9THM CBOMCTBA MOHOCAOSl apaxXHHATA
HUKEAAl CAADO OTAHUYAIOTCA OT CBOMCTB MOHOCAOS
APaXHHOBOI KUCAOTBL YBEAMYCHHE TEMIIEPATYPEL
cyOdas3sl HPUBOAHT K yBEATIEHUIO 3(D(PEKTUBHOCTH
OOMEHHOI PEaKIINY U YBEAHYEHUIO OAHOPOAHOCTH
MOHOCAOS 34 CYET ITOSBACHHA HOBBIX IIEHTPOB POCTA
KAACTEpPOB apaxuHata HuKeAs [34,35].

Ha Puc. 3/ npuseaeHsr rpaduKu H3MEHEHUSA
cxuMaeMocta MOHOcAOeB AK, cdopmupopammbx
cy6assl,

COAEPIKAITICHT HOHBI Ni*". Vyacrok 3aBHCHMOCTH

P Pa3AHMYHBIX  TEMIIEPATYPax
U3MCHCHHSA MOAYAA CKHUMAEMOCTH MOHOCAOf 'I-
II" or mAoIaAM HA OAHY MOAEKYAY COOTBETCTBYET
xuAKOH (paze monocros AK. Ha Puc. 3/ Buano,
TeMIepaTypsl  cyodasst

910 C YBCATYICHHUCM
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IIPOMCXOAUT H3MEHEHHE yrAa HAKAOHA y9YaCTKa
"II-III". Dto cBA3AHO € HEAHMHEHHBIM POCTOM
daze
MoHOocAosi mpu  Temueparype Beire 30°C (Puc.
3a). IlepexoA OT AMHEHHOro K HEAMHEHHOMY

IIOBEPXHOCTHOTO AABACHIIA B H(I/IAKOfI

POCTy ITOBEPXHOCTHOTO AABACHUSA B KHUAKOH (pase
MoHOCAOS AK CBHAETEABCTBYET OO M3MECHEHHUH THIIA
KUAKOH (pa3bl MOHOCAOSl C KHAKO-PACIIHPEHHON
Ha JKHAKO-KOHACHCHPOBaHHYIO. [Ipmumuoit atoro
acpdexra ABAACTCA YBEANHYCHHE KOAHYECTBA TOYCK
pOCTa KAACTEPOB apaXHHATA HUKEAS C IIOBBIIIICHIEM
temmeparypst A0 30°C. DTO B CBOFO OUEPEAb IIPUBOAUT
K YBEATYCHHIO B3AUMOACHCTBHUA MEKAY T'OAOBHBIMU
IPYIIIAMH B AEHIMIOPOBCKOM MMOHOCAOe [35-37]
1 YMEHBIIICHUIO IPOTHKECHHOCTH OOAACTH KHAKOM
¢paser MoHOCAOs HA M30TEPME Catus (LA ) [38,39].
3.3. Morooaorusa AB-TIAEHOK HA OCHOBE
MOHOCAOEB AK ¢ KAACTEPAMU NIARCH
Nzobpaxenns naeakua AA LB u BbICOTBI AMHNI
ee npoduas moxazausl Ha Puc. 4. I1aenka umeer
OAHOPOAHYIO  MOP(QOAOTHIO €
BBICOTBHI

HM3MEHEHUAMHI
npoduad, OAMKHMH K 2 HM, 9YTO
COIIOCTABHMO C AAMHONH MOAEKYABI AA 2.25 Hwm.
AedeKTsl IACHKH OOBACHAIOTCHA CTPYKTYPHBIME
IIEPECTPONKAMHE ITACHKH B IIPOIIECCE €€ BEICHIXAHUA.

daszer

na usorepme ckarua (AA) ABaserca oAHUM H3

[IporsaeHHOCTD ~ OOAACTH  KHAKOH

AHaAus

daszer

MOHOCAOA ITO3BOASACT CYAHTDH 00 WHTEHCUBHOCTH

BAKHEHUIITNX ImapamMceTpoB MOHOCAOHA.

IPOTMKEHHOCTH ~ OOAACTH  KHAKOH
1 9 HEKTUBHOCTH PEAKITUU COACOOPA3OBAHUA B
monocAoe. M3 Tabaumer 1 BuAHO, 91O HamboAee

peskoe A4,
Temirepartype cyodaser Beime 26°C. D10 MOKeT

M3MEHEHHE IIPOUCXOAUT  IIPH
OBITH CBA3AHO KAaK C ITOABACHHEM HOBBIX IICHTPOB
pocra kaactepoB NiArch, Tak 1 ¢ M3MEHEHHEM HX
Pa3MepOB IPH YBEAUUECHUN TEMIIEPATYPHI CyOda3EL.
A msygennsa storo spdexra OBIAO IIPOBEACHO
Mopdorornu

HNCCACAOBAHMC ITOBECPXHOCTH

2.4+

2.0+

1.6

1.24

0.8+

0.4

0.0 T T T
0.0 0.2 0.4 0.6 0.8

Profile line length (um)

Puc.

cpopmuposannoni  mpu  22°C na  60dnot  cybgpase 6
omeymemsue wornos NF* (a), u aunus npogpunz naenxu (b).
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naeHok Aenrmropa-baoaxerr ma ocmose AK ¢
manogacturiamu  NiArch, cdhopMmupoBaHHbIX Ha
OCHOBE COOTBeTCTByFOInx MonocAaoes AK mpwm
PAa3AMYHBIX TEMIIEpPATypax cyOdassl.

Monocaou AK ¢ kaacTepaMu apaxuHaTa HUKEAS
[IEPEHOCHAUCH HA CTCKASHHBIC IIOAAOKKI METOAOM
[lecpdepa

AaBaeHun 35 MH/m. B arom CAyJae MOHOCAOM

HpI/I IIOCTOAHHOM HOBCpXHOCTHOM

HAXOAHUTCH B KOHACHCUPOBAHHOM hase IIpu AFOOOM
temmeparype. Ha Puc. 54 npuseaeHbl THIMYIHBIE
H300paKEHHA ITOBEPXHOCTH IIOAYYEHHBIX B pabore
ADb niaenok ma ocaoBe AK ¢ manouacruiramu NiArch,
c(hOPMUPOBAHHBIX HA OCHOBE COOTBETCTBYIOIIIUX
mMoHOCAOeB AK IIpu  pasAHYHBIX TeMIrepaTypax
cyodaser. B Bepxmeit wactm Puc 5z npuseaeHo
YVBEAHYEHHOE H300paKEHUE IPYIIIBI KAACTEPOB
NiArch. Ha BcraBke k Puc 5z nmpuseaen npoduab
ITIOBEPXHOCTH OAHOro kaacrepa. Kaacrep NiArch
IIPEACTABAAET COOOM YACTHIly IIHAMHAPHYECKON
dopMBI ¢ OOABIITHM aCIIEKTHBIM COOTHOIIICHHEM
MEKAY BEICOTOM M IITHPHUHOIM.

VBeanuenue temmepartyprl cyodassl IPUBOAUT
K YBEAMYEHHIO OOIIEro KOAHMYECTBA KAACTEPOB
NiArch (Puc. 5b). Aas mocrpoenus rucTorpaMmer
pacIpeAcACHNA KOAHYECTBA YACTUIL IIO PasMepy
OBIAH  ITOAYYECHBI

cepun u3 7 H300paKEHHUIT

MOpCpOAOFI/II/I HOBCPXHOCTI/I ITIA€HKH C pﬁBMCpaMI/I

= = VR

G ovn 5

0.10+ .
o\° | .
£ 0.084 i
g
‘s 0.06
3
£
2 0.04
<
3 0.02
0.00 e
0.01 0.1 1
(c) Particles area, mkm?

HAHOCWCTEMbI

40%x40 mxm. Cepuu OBIAM IIOAYYEHBI AAfl IIACHOK,
cchopmuposannsix npu 10°C, 14°C, 18°C, 22°C,
26°C n 30°C. Ilpm momomm MaTeMaTHIecKOM
00padOTKI KaiKAOTO U3 IOAYICHHBIX H300PaKEHUI
OblAa  ITOCTPOCHA THCTOIPAMMA, IIPHUBEACHHASA
Ha Puc. 5¢. Ha rmcrorpamme BHAHBI ABa ITHKA,
coorsercTByrorue Kaacrepam NiArche maoraapro
1 m 0.01 mxm?. KoAndecTBO 9aCcTHIT € IIAOITAABIO
ooree 1 mxm? mw memee 0.01 mxM? cocraBafina
menee 0.05%. B cBAsm ¢ oTHM aHAAM3HPOBAAMCH
KAACTEPBl € IAOMIAABIO TOABKO 1 mrm® m 0.01
MkM®.  ['mCTOrpamMmer  OBIAML  AIIIIPOKCUMUPOBAHBL
pacupeaeacuuem I'aycca (Puc. 54). Buano, aro npu
temueparype cyodassr 10°C KOAHYECTBO KAACTEPOB
NiArchc maormaapro 1 mem? 1 0.01 MEM? OAHHAKOBO.
VBeanmdenue TeMIepaTypel CyOgasbl IIPHUBOAUT
K YBEAMYECHHIO KOAmM4ecTBa KAactepoB NiArch c
maormaabro 0.01 MrM? 1 YMEHBIIIEHUIO KOAUYIECTBA
kaacrepos NiArch ¢ maomaasto 1 mxm® Tlpn
temueparype 30°C koangectso kaacrepos NiArch ¢
TAOIIAABIO 1 MKM? CTAHOBH'TCH MUHHUMAABHBIM.

Ha Puc. 6 TEMIIEPATYPHBIE

3aBHCHUMOCTH pasmMepoB
IIAOIMAACH, 3aHHUMaeMBIX KAactepamu NiArch B

IIPUBEAECHEI
TE€OMETPHUIECCKAX

cosaaBaembix AB maenxax. Heemotps Ha yBeardenue
KOAMYECTBA KAACTEPOB IIpU HarpeBe cyOdaser

(Puc. 6b), mnaormmasp, 3aHHMAaeMas KAACTEPAMH
5
.E [l
3 .
Q
g
g 2 =
5 .
£
0 T T T T T
10 15 20 25 30
(b) Temperature (°C)
0.5
B 0.01p?area i
9 ® 1p’area
S 0.4+
©
o
G 0.3
] | |
o n ] L]
2 a
3 02 °
@
A [ ]
k]
g 0.14 PS
i °
0.0 T T T
10 20 30
(d) Temperature (°C)

Puc. 5. (a) [ Ipunep ACM-usobparncersuz naernxu LB ¢ kaacmepamu apaxudama NI, ofpasosasuumuca 6 cybgase ¢ memnepantypoii

22°C; (b) eauanue memnepannper cybchassr Ha Koauuecnso dacmuy Ha 00Ky niowads 6 iely (¢) munudnan eucomopamma

pacnpedesierun wacnuy no pazvepary (d) usmererie onHocunIeA1H020 Yicaa KAaepos ¢ sanumaemol naouadso 6 0.01 ywrr’.
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Puc. 6. Buuanue memnepamyper cybgaser rna naomads naenxu, nokpuinoi kiacmepamu apaxudama Ni (a), usmerere
cpednedl monmunst Kaacmepos (b) u usmererue cpedreli naomadu Kaacmepa (c) npu pasauuroi memnepanype cyogaser.

NiArch, ymensmmaerca (Puc. 64). C yBeamdenuem
TeMIIepaTypsl CyOdassl CPEAHHI pasMep BBICOTHI
kaactepa NiArch BHAYAAE YBEAMYMBACTCA, AOCTHIACT
makcnmyma mpu 22°C u 3atem ymensrmaercsa (Puc.
0b). Cpeansaa maoraab kaacrepoB NiArch ¢ pocrom
TEMIICPATYPBI

(Puc. 6¢).

M3menenne koAmdecTBa H CPCAHCFO pasMepa

Ni

TaKK€ MOHOTOHHO  YMCHbBIIIACTCA

KAACTCPOB apaxmHaTa Ipu ITOBBIICHHU M

TEMIIEPATypel ~ CyOasel ~ MOXKHO  OOBACHUTH
OAHOBPEMEHHBIM BAUAHHEM ABYX MEXaHU3MOB!
[1py HOBBIIIICHUN TEMIIEPATYPHL YBEANTIHBACTCS
3 PEKTUBHOCTE ~ OOMEHHOM  PEAKITHH  MEKAY
nonamu Ni** B cybdase U HOAAPHON UaCTBIO
MOACKYABI aPaXHHOBOH KHCAOTHEI (KAPOOKCHABHAS

IpymIa).
IIEHTPOB POCTA KAACTEPOB yBeAmumbaerca. [lpnm

CACAOB&TCABHO, KOANYECTBO HOBBIX
9TOM CKOPOCTH pPaCTBOPCHHUA KAACTCPOB TaKIKC
YBEAYIHBACTCA HpI/I BBICOKHX TeMHCpaTyan, 91O
HpI/IBOAI/IT K YMCHBIIICHHUIO HX CpCAHCfI ITAOIITAAM.

Harpes cyodassr

pPasMepoOB  KAACTEpOB (IIAOINAAM M TOAITIMHBEI).

HpI/IB OAUT K  YMCHBIIICHHIO

VcranoBAeHO, 4TO TOPU30HTAABHASA U BEPTUKAABHASL
CKOPOCTH PACTBOPEHHUA KAACTEpa pPasAUYHBL B
IIPOIIECCE POCTa KAACTep COOHMpaercd W3  fAAEP
PasHOro pasmepa; IIOITOMY COOPAHHBIM N3 HUX
KAACTep OyAET HMEThb ACHAPHUTHYIO CTPYKTYPY C
HEOAHOPOAHOI TOAIMHON. [lo aro¥ mpuumue
IIPU PACTBOPEHHH KAACTEPA B IIEPBYIO OUYEPEAD
pacTBOpAOTCA MeAKHE (DPAKINH, PACIIOAOKCHHBIE
Ha ero neprudepun. DTUM OOBACHACTCA YMEHBIIICHHE
ITAOIIIAAM KAACTEPOB M M3MEHEHHE COOTHOIIICHHSA
KoAmdecTBa KAaactepoB 1mAomaapio 0,01 mxm2
n 1 mxm2. CkopocTb pacTBOPEHHA KAACTEPA IIO
9TO OOBACHAETCA HAAUTIHUEM

TOAIIIMHE  HUIKE,

BBICOKOIIOPHUCTOM ACHAPUTHOM CTPYKTYPHI KAACTEpPa.

sbekThI

B COOTBETCTBHH C

Aannzbre MOTYT OBITh OIIHCAHEI

TEOPHEH  I'OMOIE€HHOIO

3APOABIIIICOOPA3OBAHUA, KOTOpPasd HCIOAB3YETCHA
AAl aHAaAM3a  pocra  kaactepoB  [36,40,41].
DTOT MOAXOA  IIOAPAa3yMEBACT  CYIIECCTBOBAHIE
MHHHMAABHOTO — BPEMEHH  JKH3HH  KAACTEPOB,

B TEYCHHE KOTOPOIO OHH PACTBOPAIOTCA HAH
aTrPErupyroT C OOPA30BAHMUEM YCTOHIHBON YACTHIIBL.
B aammoOIT paboTe KOHIIEHTpAIIUA HOHOB HHUKCAA B
cyOdraze AaAeka OT HACBHIIIEHHOH KOHIICHTPAITHH.
DTO IPHUBOAUT K HE3HAYUTECABHOH BEPOATHOCTH
IIOABACHHA IIPOM3BOAHBIX HHKEAd B  OObeMe
cyOdraser. B 10 ke Bpemsa n3MeHeHEe KOHIICHTPAIIAN
MOHOB HHKEAA B MEK(AZHOM CAOE IIPOHCXOAUT B
pesyabrare cxarua MoHocAod AK ¢ apaxmmarom
Ni moABmwxHBIME Oapbepamu. AaHHBINA IIPOIIECC
IIPUBOAUT K OOpasoBaHuio arperatoB NiArch ma
rpaanre cAof. Onmcanubii >pdekT mo3BOAAET
paccMaTpuBaTh cucTemy " ACHIMFOPOBCKHIT
I'paHI/IHbI

pasaera" kak mepecoimeHssii pactsop (Puc. 7)

MOHOCAOH-IIPUIIOBEPXHOCTHBIM  CAOH

[42]. B mpumoBepxHOCTHOM cAO€ H3-32 aACOPOIIN

Puc. 7. Cxemamuueckoe  usofpancere  obsemrozo 1
Medncghasiozo 104 60010l ¢)ohasel, 20e a — Mexcgasiviil caol,
b — npedemasagem coboii obvem cyogaser, 1 — uomst ruxess,
npopeazuposasuite ¢ MOACKYAOU  APaxUHOBOU  KUCAONIL U
obpasosasuiue Kaacmep apaxudama HuKeas, 2 — ol HuKe1s,
He npopeacuposasuiie ¢ MOACK)AAMU KUIOMIBL U CHOCOOHDIE

0uppyrouposanty u3s Mexcpasoeo 104 6 yogpas).

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3



304 I'OPBAYEB M.A., CMIMPHOB A.B.,

KV3HELIOBA I.E., KOAECOB B.B.

MOHOB HHKEASl MOHOCAOEM APaXHHOBOI KHUCAOTBI
U AAABHEHIIIETO CKATHA MOHOCAOSl CO3AAFOTCA
YCAOBHA AASl YBEAMYIEHUA AOKAABHOH KOHIICHTPAITHN
HukeAd. baaroaapa stomy adpdexry ma rpanmie
pasAeAd BOAA-BO3AYX IIPOHCXOAUT (DOPMHUPOBAHHE
IIOBEPXHOCTHBIX ~ArPEraToB apaxyHaTa HHKEAd,
KOTOPBIE ABAAIOTCA 3APOABIIIIAME AAS AAABHEHIIIETO
pocTa kaacTepos. Peakrus hopMupOBaHIA MOAEKYA
apaxmHaTa HHUKEAA IIPOHUCXOAUT HEIPEPBIBHO C
MOMEHTA HaHECEHUA PACTBOPA APAXUHOBOM KHCAOTEI
Ha IIOBEPXHOCTb BOAHOM cyOdassr. [lpu srom
YBEAHYEHHUE TEMIIEPATYPhl CyOdassl IIPUBOAHUT K
YVBEAMYEHHUIO CKOPOCTH YKa3aHHOM BBIIIIE PEAKITHH.
B cBAsm ¢ 3TEM TIPOUCXOAHT YBEAHYIECHIE KOATIECTBA
TOYEK POCTA KAACTEPOB aPaXUHATA HUKEAS.
CHmxenne Temmepatypel cyOdassl IIPHUBOAHT
K YMEHBIICHHIO IIPEACABHON  PACTBOPHMOCTH
COAM XAOPHAQ HHUKEASl M CHEKEHHIO CKOPOCTH
pacTBOpeHnsA apaxmHaTa HUKeAd B cyodase. Ilpnm
9TOM CiKaTHE OAPHEPOB IIPUBOAUT K YBEAHYECHUIO
cpeaHeri maormaan  kaactepoB NiArch 3a cuer
nx arperupoBarua.  OAHOBPEMEHHOE BAUSAHHCE
YKa3aHHBIX (PAKTOPOB IIPUBOAHUT K AOCTHKEHHIO
KPUTHYECKOTO pasMepa 3apoasieir NiArch, koraa

IIpOILIECC PACTBOPCHUS OCTAHABAUBACTCA.

4. BAKAIOUEHHE

B pabore wmccaepoBaH mporrecc 0OpasOBaHUA
KAACTEPOB COACH HHKEAA IIOA ACHIMIOPOBCKHM
MOHOCAOEM APAXHHOBOM KHCAOTBL IIPH PA3AMYHBIX
TEMIIEPATYPAX U IIPOBEACH aHAAN3 MOPQOAOTHH
cootBercTByfomux AD IIAEHOK, IIepeHeceHHbIX Ha
TBEPAYIO HOAAOKKY. Ilokasamo, uro wusmeHeHue
KOAMYECTBA IIEHTPOB POCTA KAACTEPOB APAXHHATA
HUKEA — II0A  ACHIMIOPOBCKHM  MOHOCAOEM
AK  MOXHO peryAnpoBarsb
Temuepatypsl cyodassr. IToBpimenne TemrepaTypor
cyodaser B amarrazore ot 10°C a0 30°C mpusoaur

K M3MCHCHUIO THIIA }KI/IAKOfI CpaBbI MOHOCAOA

IIyreM  HM3MCHCHUA

AK ¢ BrarouennsiMu kaactepamu NiArch n x
YMEHBIIICHUIO IIPOTSIKEHHOCTH ODAACTH JKHAKON

daser  Momocaod Ha m3orepMe CxaruA. [lpm
temmeparype cybdaser 10°C  monocroit AK ¢
MHKOPIIOPUPOBAHHBIMI  KAacTepamu  NiArch

HaAXOAUTCA B }KI/IAKO—paCH_II/Ip €HHOM

dasze.
[Toseimienne  Temmeparypsl  cydbdaser a0 30°C
IIPHBOAUT K HM3MEHEHHIO THIIA KHUAKOH (paspl Ha
KHIAKO-KOHACHCUPOBAHHYIO. DTOT 3(P(PEKT MOMKET
OBITH CBf3AH C YBCAMYCHHEM KOAMYECTBA TOYCK
pocra kAactepoB NiArch moa momocaoem AK ¢

IIOBBIIIICHHEM TeMItepaTypsr cyodassr A0 30°C.
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OOHapyikeHO, d9TO
cyodaser Ha mopdoaoruro Ab maemxu AK ¢

kaactepamu  NiArch mposBafercs cAeAyIOIIIM

BAMAHHE TEMIL Cp aTypr

0bpasom: KOAHUYIECTBO KAAQCTEPOB NiArch
YVBCANYMBACTCHA, 4 HUX Pa3MEPbl YMCHDBIIAFOTCH.
VBeanuennme koamdectBa KaactepoB  NiArch

MOJKET OBITH CBSI3AHO C YBEAHYCHHEM KOAHYCCTBA
TOYEK HX POCTA IIPU YBEAHYCHHH TEMIIEPATYPbI
VMenbIenue
CpeAHEH
CBSI3aHO C YBEAWYEHHEM CKOPOCTHU PACTBOPCHHUSA

cyodassl. pasMepoB  KAacTepa,

T.C. cro ITAOIITAAMT n TOAILIUHBI,

sapoasieit NiArch B cyOdase npu ee marpese.
IIporecc m3meHEHHUA Pa3sMEPOB KAACTEPA MOKHO

OITHCaTh TeOpI/IefI SapOAbIH_IeO6pa3OBaHI/IH B

KOAAOHMAHDBIX paCTBOan. ,A,Q_HHYIO TCOpI/IIO

MOXKHO HpI/IMCHI/ITI) AAA HAIIero CAy4ad,

Y9IHUTBIBAasA, 9TO IIPOIIECC 3apOAbIH_I€O6p3.30BaHI/IH
OBIA AOKAaAM30BaH HCHOCPCACTBCHHO IIOA
MOHOCAOCM.

0OpazoBaHUA

daxropom, MHUAIIUPYIOIIAM

mporecc ABAACTCA

HM3MCHCHMC MCH{MOACKYAHPHOFO paCCTOHHI/IH HpI/I

KAQCTCPOB,

C/KATUHI MOHOCAOA OapbepaMu. DTO IPUBOAUT K
M3MECHECHHIO AOKAABHOM KOHIIEHTPAIIMH MOAEKYA
NiArch B IpHIIOBEPXHOCTHOM CAO€ U HOABACHHIO
kaactepoB NiArch ¢ pasamgHBIME  pasmepamu.
Hexoropele u3 2THX KAQCTEPOB HE IIOAHOCTBIO
pacTBOPAIOTCA, T.K. HX pasMep AOCTATOYHO
OOABIIION W OHHU CHOCOOHBI HOTAOTHTH OOAee
MEAKHE KAACTepbl. B Ieaom, 9TO HIpHBOAUT K
POCTy KOAMYECTBA M CPEAHETO Pa3zMepa KAACTEPOB.

cyodaser
IIPUBOAUT K YCKOPEHHIO IIPOIECCA PACTBOPCHMUSA

OAH2KO, yBEAHYEHHE TEMIIEPATYPHI

KaK DOABIIIHX, TAK B MAACHBKHIX KAACTEPOB.
NiArch B

cpOpMUPOBAHHON ITACHKE ABAAAOCH CAYYIANHEIM,

Pacnipeaesenne KAACTEpOB
OAHAKO, HCIIOAB3YSl MATHHUTHBIC CBOMCTBA HUKCAf,
CTPYKTYPHUPOBATDH
IIOAEH.

nux MOKHO HpI/I IIOMOIITH

BHEIITHUX MATHUTHBIX VcrmmoabpzoBaHmE
MArHUTHBIX CBOHCTB KAactepoB NiArch mossoaur
LIEACHAIIPABACHHO  VIIPaBAATH  PACIPEACACHUIEM
kAaactepoB NiArch B AEHIMIOPOBCKOM MOHOCAOE

BHCIITHMM MAarHUTHBIM IIOAEM B HpOHCCCC cro

dopmMupopanus.

[ToAydeHHBIE PE3YABTATEI HMEIOT OOABIIIOE
3HAYEHUE  AAf  IPAKTHYECCKUX  IIPUMEHEHUI
IIpA  CO3AAHHUM  MHOTOCAOMHBIX  KOMITO3UTHBIX

IIOKPBITHH C YIIPaBAAEMBIMH CBOMCTBAMHU. /\aHHbBIE
ITOKPBITHA MOTYT B AAABHEHIIIEM HCIIOAB30OBATHCHA B
Ka4eCTBE CEHCOPHBIX ITOKPBITHM AAfl AKYCTHYIECKHIX
1T 9ACKTPOHHBIX AATIHKOB.
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Amnnomayus: 11poBeA€HO M3ydeHHE CEHCOPHBIX CBOMCTB OMOIAEHKH HA OCHOBE (POC(OAMIIMAHBIX
MOAEKYyA  1,2-AmmmaapmMuTOHA-sSn-rAMNEpo-3-pocosTaHoAaMUHA € HMMMOOMAM3OBAHHBIMU
MOAEKyAaMH (PEPMEHTA AAKOTOABOKCHAA3bl K MAPaM 3THAOBOTO M H3ONPOIHMAOBOIO CIIHPTOB.
HMmMmo6man3anusa MOAEKYA PEPMEHTA AAKOTOABOKCHAA3EI IIPOBEAEHA B IIPOIIECCE AEHTMIOPOBCKOTO
MOHOCAOA (POChOAMITUAHBIX MOA€KyA. IloAyueHme CEHCOPHOrO IOKPBITHA IIPOUCXOAHAO IIO
TexHororuu Aenrmropa-Illeddepa, mpum KOTOPOIl IOAAOKKA OPHEHTHPOBAHA IIAPAAAEABHO
MOHOCAOK0. B XoAe aHaAM3a MHUKPOM300pa’keHUI ITOBEPXHOCTHU IIACHKH, IOAYYEHHBIX METOAOM
ATOMHO-CHAOBOM MHKPOCKOIHNH, OBIAO YCTAHOBA€HO HAAMYUE MOAEKyA ¢epMeHTa B HEM.
H3yueHne CeHCOPHBIX CBOMCTB C(POPMHUPOBAHHBIX MOKPBITHHA IIPOBOAMAOCH C MCIIOAB30BAHHUEM
AKyCTO3AEKTPOHHOM TexHoAormn. Haamume cdepMeHTa B CEHCOPHOM NOKPBITUHM IIPHUBOAHAO
K YBEAWYEHHUIO AMAUTYAHOTO U (Pa30BOI0 OTKAUKOB AKYCTHYECKONM AWHHUHM 3aA€PIKKU IIPHU
B3aMOAEIHCTBHH C IIAPpAMHU AETEKTHPYEMOIO BeImecTBa. MaKCHMaABHBIM aAMIAUTYAHBIM U
¢a30BBIA OTKAMKU OBIAM 3aPETHCTPHPOBAHBI IIPH B3AHMMOAEHCTBHU IA€HKH C IAPAMH 3TAHOAA
u cocraBadaau 1.5 AB u 19°, coorBercrBeHHO. B pabGore 6b1A0 mOKa3aHO, YTO CHOPMUPOBAHHOE
CEHCOpPHOE€ IIOKPBITHE OOAAAAET CEAEKTHBHOM UYyBCTBHUTEABHOCTBIO K IIAPaM 3TAHOAA. IDTO
TIO3BOAAET CAEAATH BBIBOA O BO3MO>KHOCTH MCIIOAB30BAHHA AAHHOTO CEHCOPHOTIO IIOKPBITHA AAA
CO3AQHHA AKYCTOIAEKTPOHHOIO OMOCEHCOPA 3TAHOAA. YBEAHYEHHE UyBCTBUTEABHOCTH ITOAOOHBIX
6MOCEHCOPOB MOYKHO AOCTHYL IIyTEM BAPbUPOBAHMA TAKHX TEXHOAOTMYECKHX ITAPAMETPOB, KAK
KOAMYECTBO CAOEB B IIACHKE, 4 TAK)KE€ KOAMYECTBO MMMOOHMAM30BAHHOTO (pepPMEHTA B KA’KAOM M3
CAOEB.

Karouesvie crosa: maenxkm AeHrmropa-BAoAXeTT, MOHOCAOM C HMMMOOHAM30BAHHBIM (PEPMEHTOM,
AKyCTOJAECKTPOHHBII CEHCOP, GMOCEHCOP, CEHCOP 3TAHOAA
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Abstract: The work examined the sensor properties of a biofilm based on phospholipid molecules
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine with immobilized molecules of the enzyme
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alcohol oxidase to vapors of ethyl and isopropyl alcohols. The immobilization of alcohol oxidase
enzyme molecules was carried out using a Langmuir monolayer process of phospholipid molecules.
The sensor coating was obtained using the Langmuir-Schaeffer technology, in which the substrate
is oriented parallel to the monolayer. The analysis of microimages of the film surface obtained by
atomic force microscopy, allows to present of enzyme molecules in it was established. The study of
the sensory properties of the formed coatings was carried out using acoustoelectronic technology.
The presence of the enzyme in the sensor coating led to an increase in the amplitude and phase
responses of the acoustic delay line when interacting with vapors of the detected substance. The
maximum amplitude and phase responses were recorded when the film interacted with ethanol
vapor and were 1.5 dB and 19°, respectively. The work showed that the formed sensor coating
has selective sensitivity to ethanol vapor. This allows us to conclude that it is possible to use this
sensor coating to create an acoustoelectronic ethanol biosensor. Increasing the sensitivity of such
biosensors can be achieved by varying technological parameters such as the number of layers in
the film, as well as the amount of immobilized enzyme in each layer.

Keywords: Langmuir-Blodgett films, monolayers with immobilized enzyme, acoustoelectronic sensor,
biosensor, ethanol sensor
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OKAa3bIBATh TOKCHKOAOIMYECKOE BO3ACHCTBHE HA
IIEPCOHAA HPCAIIPUATHA H OKPY/KAIOIIYIO CPEAY.
K Takum BerecTBaM MOKHO OTHECTH ITPEACABHBIE
OAHOATOMHBIC CIIHPTBL, OOAAAAFOIIHE INMHPOKOM
BAPUATHBHOCTBIO ~ BO3ACHCTBUA HA  OPTaHH3M
geroseka [1,2]. B cBA3n ¢ sTrM 0cOOYIO aKTyaABHOCTD
IIPHOOPETAET 33A29a OIIPEACACHHA KOHIICHTPAIIIH
ITAPOB CIIUPTOB B OKPY/KAIOITIEI CPEAE.

MOKHO BBIAEAUTD ABa THIIA HAUOOAEE HYACTO
HCIIOAB3YEMBEIX AATYHUKOB AAfl OIIPEACACHUSA ITAPOB
CIIIPTOB B Ta30BOMH pase. [1epBeil 510 OomTuYecKuit
THII ~AATYUKOB, OCHOBAHHBIA HA M3MEHCHUU
KO9(P(OUIINEHTOB IIOTAOINECHUA U IIPEAOMACHHSA
n3y4aeMoi IpoOkL. BTOpoIi THIr AATYNKOB OCHOBAH
HA HM3MEHECHHH JACKTPHUYECKOM ITPOBOAMMOCTH

CHCTEMBDBI. I'AaBHBIM HCEAOCTATKOM AATIHNKOB

ODOMX THUIIOB ABASETCA MAAasl CEAEKTUBHOCTH M
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CAOKHOCTD OIIPEACAEHHA JAEMEHTHOIO COCTaBa
cmecu  pasamvHbIX crpros  [3,4]. IIposeaenme
depMEHTATHBHBIX ~ PEAKIHH  HAa  CEHCOPHOM
ITOKPBITHH ABAACTCA OAHHM U3 CIIOCOOOB PEIICHUSA
yKa3aHHOH IpoOAeMEr [5].

CymectByer pfA  METOAHMK, ITO3BOAAFOIIUX
HMMOOHAM30BATE MOAEKYABI (DEPMEHTA B CEHCOPHOM
croe [6-8]. OaHmM 3 3PPEKTHBHBIX ITOAXOAOB
ABAserca MeTOA AeHrmropa-BAoAxeTT, KOTOPBIH
ITO3BOAAET C(DOPMHUPOBATH BBHICOKOYIIOPAAOYEHHYIO
ITACHKY MOAEKYA ITOBEPXHOCTHO-AKTHBHOTO
BCIIIECTBA C OAHOBPEMEHHOH HMMOOHMAHU3AITHEH
MoAekyA pepmenTa B Hell [9,10]. IToaoOHBIE TACHKN
MOZKHO HCIIOAB30BATh B KAYECTBE UYBCTBUTEABHOTIO
CEHCOPHOTO  IIOKPBITHA  IIPU  H3TOTOBACHUN
cercopos paszamgnoro rtuma [11]. [TepcrrexruabIM
HAIIPABACHHEM B CEHCOPHKE ABAACTCA
HCITIOAB30BAHIE AKYCTOIAEKTPOHHBIX TEXHOAOTHH, B
OCHOBE KOTOPBIX ACKHT H3MEHEHHE XaPaKTEPUCTUK
AKYCTUYECKOM BOAHBI IIPH  B3aHMMOAECHCTBHH  C
BHCIITHEH CPEAOI.

B axkycTosAeKTPOHHOM yCTPOMCTBE aKyCTHYIECKAS
BOAHA  pACHpPOCTPAaHAETCA B  3BYKOIIPOBOAG,
ITOBEPXHOCTh KOTOPOIO HAaXOAUTCA B KOHTAKTE
c oxpyxaromeir cpeaoil. Ilpum  ompeaeaerHOM
HM3MEHEHNHN Ia30BOIO COCTABA B OKPYAKAOIIEH CPEAE
HU3MEHAIOTCA XapaKTEPUCTHKH (AMITIAUTYAQ, (asa,
CKOPOCTB) aKyCTHYECKOH BOAHBI B 3BYKOIIPOBOAE,
KOTOPBIE dpukcupyrorca

ycrporictBoMm [12]. AocTaTouHO pacpoCTpaHEHHBIM

I/I3MCpI/ITCAI)HI)IM

ABASACTCA
(AA3), B

CEHCOPHOE

aKyCTOQACKTpOHHbIM yCTp OMICTBOM

AKYCTHYICCKAA AMTHWA SaAep)KKI/I

KOTOPOM ra3049yBCTBUTEABHOE

ITOKPBITHUC paCHOAaFaCTCH Ha II0B CpXHO CTHU

TIBC303ACKTPHICCKOTO SBYKOHPOBOAa MCIKAY

9AEKTPOAHOM  CHCTEMOM

peobpasosareaert  (BILIIT)

AKYCTHYIECKOI

BCTPEYHO
[13,14]. ITapamerpsr

3AACPIKKI

IIITBIPEBBIX
BOAHBIl B  AHHHHI
(aMIIAMTYAR, 9acTOTa, ha3a, CKOPOCTb) AOCTATOUHO
CHABHO 3aBHUCAT OT CBOMCTB CEHCOPHOI'O IOKPHITHA.
Ha srom mpuHnmme OCHOBAaHBI ITPAKTUYECKH BCE
AKYCTO9ACKTPOHHBEIC CEHCOPBL. Takum oOpasom,
M3MEHEHHE CBOMCTB CEHCOPHOIO IOKPBITHA IIpH
B3aIMOACHCTBUH C BHEIITHEH CPEAOH, HAIIpPHUMEp,
TaKHE KaK ITAOTHOCTB, VIIPYTOCTb, BA3KOCTB,
IIPOBOAMMOCTD, ABAAETCA OCHOBOH AAf pa3dpabOTOK
aKyCTO9ACKTPOHHBIX

CEHCOpPOB pasA9IHOTO

HA3HAYCHUA.
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cmoab3zoBanue 3TOU TEXHOAOIUU C

IIPUMECHEHUEM B KA4eCTBE CEHCOPHOIO
mokpoerTua AB-IIA€HOK ¢ MMMOOMAN30BAHHBIMU
OeAKaMM, KOTOPBIE OMOXHMHYECKH CEACKTHBHO
B3aHMOACHCTBYIOT C PA3AMYHBIMU OPraHUYECKUMI
U HEOPraHHYECKHMH BCIIECTBAMH, IIO3BOAfCT
CO3A2BATH CeMEeNCTBO

IIEAOCE PA3SAMYIHBIX

depMeHTATHBHBIX OHMOCEHCOPOB HOBOTO
rmokoAenus [15-18].

[leApro AaHHON pabOTBI OBIAO HCCAEAOBAHHE
CEHCOPHBEIX CBOMCTB ITACHKH (POCHOANUITHAHBIX
MOAEKYA (1,2-AMIIaABMHTOHA-SN-TAHIIEPO-3-
docdosranoramur — AITTE) ¢ mMMOOHAH30BaHHBIM
depmerTom askoroapokcmaassl (AO) k mapam

9THUAOBOIO U I/IBOHPOHI/IAOBOFO CITPTA.

2. DKCITEPUMEHTAABHAA UYACTD
2.1 ®OPMUPOBAHUE CEHCOPHOT'O ITOKPBHITUS
HA OCHOBE ITAEHOK AEHI'MIOPA-BAOAXKETT C
®EPMEHTOM AAKOTOABOKCHAA3A

JAVN:!

baoaxerr m mMMoOuAm3aruu B HUX pepMeHTa

dopmuposanua  1mAeHOK  /AeHrmMropa-
OBIA HCIIOAB30OBAH PacTBOP 1,2-AMITAABMUTOHA-
sn-rauiepo-3-gpocdosranoramuna (AITIIE,
99%, Sigma Aldrich) B xaopodopme (99%,
Sigma Aldrich) ¢ xonunenTparme 103 M/A.
®opmuposanue myabrucaonnon naeaku AIIITE
¢ umMmoOmAn30BaHHEIM depmenToM AO OBIAK
BoIIOAHEeHBI Ha ycranoske LB Trough Nima
KSV KN2001 (Nima KSV, ®uuagsang) npn
Temieparype BoAHOH cyOdassr 22°C. B kauectse
cy0daspl OBIA HCIIOAB30BAaH BOAHBIH PacTBOP
MoaekyA AO ¢ kormenrtpanueir depmenrta 0.015
MT/MA.

®opmMupoBaHHE CEHCOPHOIO ITOKPHITHA Ha
OCHOBE MYABTUCAOMHOM IIAGHKH /\eHIMIOpa-
Baoaxerr
AIIE ¢

IIPOMCXOAUAO IIO CAEGAyIomel wmetoamke. Ha

dochorunuaabIx MOAEKYA

HUMMOOHUAU3OBAHHEIM  (DEPMEHTOM

IIOBEPXHOCTh BOAHON CyOda3bl 3aKaIlbIBAAACh
aaumkBota pactsopa AIIIIE B xaopodopme
ITo 120
MUHYT, OTBOAHMBIX Ha aAcopOImio depmeHTa
cyodaser  [19],

ITOABHMKHBIMI

oobemMoM 60  MKA. IIPOIIECTBUU

Ha IOBEPXHOCTU BOAHOI

mounocaou  AIIITE

OappepaMu € IOCTOAHHON CKOPOCTBIO YOBIAU

CKHMAACH

naomaaun, pasuoit 1.5 cv?/mmu. B mpomecce
CKATUSA MOHOCAOSl ITOABMKHEIMH ~OapbepamMu

B aBTOMATHYCCKOM PCKHME IIPOMU3BOAMNAACH

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3
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[Imomans Ha OHY MOJIEKYITY (Az)

Puc. 1. Msomepmer comamun monocnon ALILIE  na
cybgpase 6 omcymemsu (a) u npu HasUuUU PacBopeHHsIX
monexya gepmenma AO (6), z0e 1, I, III u IV smo
2a306as, MUOKO-PACUUPEHHAR, HUOKO-KOHOEHCUPOSatiHan U
KoHOeHCUPOBanHas (aset MOHOAOA, COOIEENICIIBEHHD.

3aITMCh 3aBUCUMOCTH ITOBEPXHOCTHOTO AABACHUSA
OT IIAOIIAAM, 3aHHMAEMOIl OAHOH MOAEKYAOH
B MOHOCAOe (m3oTepma cxatusdA). Flsorepmur
ckatusa monocaes AIMTTE, cdpopmuposarnex Ha
IIOBEPXHOCTH BOAHOH CyOdasbl IpH HAAUMIUN
I B OTCYICTBHH PacTBOPEHHBIX MOAEKyA AO,
npusBeAeHsl Ha Puc. 1. AAf oreHKH BAMAHHA
aacopbrmu epmenta AO Ha ITOBEPXHOCTHEIC
CBOTICTBA MOHOCAOCB OBIAW MCITOAB30BAHBI TAKHC
IIApaMeTPhl KaK YAGAbHAf IIAOINAAb Ha OAHY
MOAEKYAY B KHAKO-KOHAECHCHPOBaHHOM ase
MOHOCAO# (A ) W MOAYAB CKATHS MOHOCAOS (k)
[20]. Beawanmna A 9mcAeHHO paBHA KOOPAHHATE
TOYKH IIEPECEYEHUA IIPAMOM, IIPOBEACHHOM
yepe3 KOHACHCHPOBAHHYIO (Da3y MOHOCAOS, U
ocu abcrucc. MOAYAb cCxKaTHA MOHOCAOA (k)

OHPCACAHCTCH nus3 CACAYI—OH_[CI‘O COOTHOIIICHUA:
dr

k=-4,—, ey
dA

rae A, A, T — 9TO yAeAbHAS TIAOITIAAB HA MOACKYAY B
HEHAKAOHHOH KOHACHCHPOBAHHOMN (Da3e MOHOCAO,
VACABHAS TIAOIIAAD HA MOACKYAY U IIOBEPXHOCTHOE
AABACHHE, COOTBETCTBEHHO.

[leperoc cOPMHUPOBAHHBIX MOHOCAOEB Ha
TBEPABIC ITOAAOMKKH OCYILECTBASACA II0 METOAY
Aenrvropa-Illedpdepa (ropmsonTasbHBI  AEPT)
IIPH BEAHYNHE ITOBEPXHOCTHOIO AABACHHS PAaBHOM
40 mH /M. AAsi 5TOTO TOAAOKKA, OPHUEHTUPOBAHHAA
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Puc. 2. Cxemamuyeckoe — wusobpancenue — npoyecca
poprmuposarus  ceHopHoll  NACHKU 1O IHEXHON0LUY

Aenemmpa-Illeppepa (a — nozpyscenue nodaoncku, 6 —
071616 NOOSI0INCKI 0772 NOBEPXHOCHIU 80051 € ADCOPOUPOSAHHBIM
Moroenoem), 20e 1 — Mornocaol ¢ uMMObUAUI0OEaHBIMIU
mosnexyaamu - pepmenma AO, 1 — sodnas cybgasa ¢
pacmsopentivim pepmennom AO, I1I—nodomcxa.

ITAPAAAEABHO MOHOCAOIO, OBIA2 IIPHBEACHA B
KOHTAKT C ITIOBEPXHOCTBIO BOABI, ITPH 3TOM MOHOCAOM
aACOPOHMPOBAACA HAa IIOBEPXHOCTH  ITOAAOKKH.
[Tocae BeICymIUBaHUIA CPOPMUPOBAHHOHN ITACHKU
B TedeHHH 10 MHHYT IPOMCXOAMA ITOBTOPHBIN
IIPOIIECC IIEPEHOCA MOHOCAOA. Takum oOpazom
Obira  cOPMHPOBAHA IIIECTUCAOHHAA IIACHKA C
IMMOOHAN3OBAHHBIMU ~ MOAEKYAAMH  (pepMEHTA.
B kauectBe IIOAAOKKHM OBIAM  HCIIOAB30BAHBI
IIAACTHHBI HHOOATa AHTHA M aTOMAPHO-TAAAKHE
IIAQCTHHBI  CAFOABL.  (Cxematmdeckm — mporiecc
IIEpPEHOCa ACHTMEOPOBCKOTO MOHOCAOS Ha TBEPAYIO
ITOAAOKKY ITpUBeAcH Ha Puc. 2.

Cy1ka CEHCOPHBIX ITOKPBITHI OCYIIIECTBAAAACDH
B TeUeHHH 2 YacoB B 9Kchkatope. Tak kak
YYBCTBHUTCABHAS

ITACHKA (bOpMI/IpOBaAaCI)

HAa BceH HOBCpXHOCTI/I ITIAACTHHBI, TO IIOCAE
peichixanusa ADb-maenkn 9A€KTpOAHI)IC CTPYKTYPBI

HKYCTHHCCKOﬁ AMTHHUH SaACpH{KI/I MCXAHMYCCKH

xaopodopma
(99% Sigma Aldrich) u stmaosoro crmpra (95%
Sigma Aldrich). B pesyabrare cdopmuposannoe

OYUINAACHE C HCIIOAB3OBaHHEM

I OKpI)ITI/IC AOKAAM30BAAOCH B HpOCTp AHCTBE

MCIKAY Hp€O6paSOBaTCAHMH M HE OKa3bIBAaAO
BAUAHUA HaA Hpouecc B036Y)KACHI/IH %8 pCFI/ICTpﬁHI/H/I

aKYCTHqCCKOﬁ BOAHBI.

2.2. U3YUEHHUE MOP®OAOTUU COOPMUPOBAHHBIX
CEHCOPHBIX ITOKPBITHII METOAOM ATOMHO-
CUAOBO¥ MUKPOCKOITUU

Mopdoaorus IIACHOK AIIIE c
depmenTOM AO

CATOABI,

UMMOOHUAN30BAHHBIM

bl

IICPCHECCHHBIX Ha ITOAAOXKKH Hn3

OBIAA  H3y4E€HA  METOAOM  ATOMHO-CHAOBOM

mukpockorrmu Ha ycranoske NT-MDT Solver
(Poccusd, 3eaenorpaa, NT-MDT). Ckanuposanue
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Puc. 3. Msobpasenus nosepxrocmu naenku ALIIIE, cihopmuposannoii 6 omeymemsun (a) u npu nasuuuu (6)

pacmeopenivix 6 cyopase moaexya gepmerma AQ, u aurnug npoduin nosepxHocHI NACHKIU ¢ KAIOUEHIBIMU azpecartami

MoseK)A epmerma (8).

OCYIIIECTBAAAOCDH B HpeprBI/ICTO—KOHTaKTHOM

pexnme ¢ gacroroir 1 I'm. Aad ckammpoBanmus
ObrAu mcrIoAb30BaHEL 30HABL NSG10 (NT-MDT,
Poccus) ¢ paanycom 3aKpyraeHus OCTPHA 30HAA
10 am. M300paskeHUA HOBEPXHOCTH, IIOAYICHHBIC
IIPU U3YyYEHUN IIAEHOK, IpuBeAeHBl Ha Puc. 3.
Aas

IIOBCPXHOCTH ITACHKH B pa60Te ObIA2 paccauTaHa

KOAMYECTBEHHOM  OLEHKHA  CBOMCTB
BEAHYHMHA CpeAHel Imepoxosatoctu maeHkn (Ra).
Pacger BBITOAHAACA B aBTOMATHYECKOM PEKUME
C HCIIOAB30BAHHEM IIPOTPAMMHOIO OOECIIEYCHHA
Gwyddion 2.62 [21,22].

2.3 I3y4UEHUE CEHCOPHBIX CBOVCTB
C®OPMUPOBAHHBIX ITOKPHITUI
AKYCTODAEKTPOHHBIM METOAOM

2.3.1. CO3AAHUE AKYCTHUUECKOM AUHHUN
3AAEPKKU

AKyCcTHYECKAS AMHUA 3aACPKKH (POPMUPOBAAACE
HAa IIbE303AECKTPUYECKON ITOAAOKKE U3 HHOOATa

(6\ BIIIII

antua 128YX, pasmepamu 25X 15 MM, TOAIIIHON
2 MM. DAEKTPOAHBIE CTPYKTYPBI B BHAE BCTPEUHO-
(BLLIT)

0e3MacouYHOU

IITHIPEBBIX mpeoOpasoBaTeAei

H3TOTABAUBAAKUCD MeTOAAMU
dororuTorpaduu ¥ MATHETPOHHOIO HAITBIACHISA
arromununsa. Ha Puc. 44 npeacraBAeHo onrrugeckoe
n3obpakeHne cHOPMHUPOBAHHBIX SACKTPOAHBIX
CTPYKTYp
3aACPIKKH, IIOAYICHHOE C IIOMOIIBIO AA3E€PHOIO

AKYCTOIAECKTPOHHOM AUMHIH

KOH(OKAABHOIO CKAHHPYVIOIIEIO MHUKPOCKOIIA
OlympusLext. Aneprypa npeodpasopareaeii A =
9 MM, paccTOAHHE MEXAY IpeoOpasopareAimu L
= 10 mm. Pabogas AAMHA BOAHBI OIIPEACAACTCA
PACCTOAHHEM MEKAY COCCAHHMH 3SACKTPOAAMHU
BIIIT u cocraBasaa 200 mxm. KamAbri Bcrpedno
IITBIPEBON IIpeoOpasoBaTeAb coaep:kaa 20 map
IITHIPEBEIX 9AeKTPOAOB. Ha Puc. 46 mpeacraBaeno
CXEMATHYIECKOE n3obpaKeHne oOAacTu
PACIIOAOKEHUA YYBCTBUTEABHOIO ITOKPBITHA HA

HOBCPXHOCTI/I AMHHWH SQACP)KKI/I.

BIIIII

‘-IyBCTBMTeAbHoe
IIOKPBITHE

Puc. 4. Onmuueckoe usobpaseriue 1exmpoorsx cmpykmyp co30anHol Aunu 3a0eprcku (a), cxeManiuyeckoe usobpascerise

pacnosodcers 4y6cmeumensiiozo cercoprozo nokpeimusa a nosepxocniu 3.
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-10 -

512’ ab

Yacrora, MI'n

Puc. 5. Yacmommsie sasucumocnmu S, -napamenpos
AUHUY  3a0¢pacKy 6 omeymemeun  nokpumug (1), npu
cpopmuposarrom nokpsimuu DPPE (2) u noxpeimuu

DPPE+gepmenn (3).
Ha Pwumc. 5 1peACTaBACHBI aMIIAUTYAHO-
YACTOTHBIE 3aBUCUMOCTH S ,-mapamerpos

AKYCTUYCCKOM AMHHUM 3aACP/KKH B OTCYTCTBHH
HOKPBITI/IH, HPI/I Cq)OpMI/IpOBaHHOM HOKprTI/II/I
DPPE u nokpsrruun DPPE+depment.

M3
OKa3bIBAET CYIIECTBEHHOIO BAHMAHHA HA BHA U

I‘p aCbI/IKOB BUAHO, YTO IIO KprTI/IC HC

YPOBCHB aKyCTHYCCKOI'O CUTHAAAQ.

2.3.2. I3MEPUTEABHBIN CTEHA AAS
HCCAEAOBAHUS BIOCEHCOPA

Wsyaenne ra3049yBCTBUTCABHBIX CBOMCTB
C(l)OpMI/IpOBaHHbIX HOKPI)ITHEI OCYH_ICCTBAHAOCI) C
ITOMOIIIBFO aBTOMaTI/ISI/IpOBaHHOFO I/I3M€pI/ITCAI)HOFO
CxemaTmyaeckoe

KOMIIACKCA. I/I306pa)K€HI/IC

npeaocrabAeno Ha Puc. 6. Ilotok wdmcroro

OCYIIICHHOTO BO3AYXa OT TICHEpaTOpa HYHCTOIO

D ~Zhiq

I'ys

Tektronix

E];l TTR-506A

® O

Puc. 6. Cxemamuueckoe wusofpaswerise usmepumenstiozo
cmenda: (1) cenepamop wucmozo 6030yxa, (2) pacxodomep
cyx020 6030yxa, (3) pacxodomep cyxozo 6030yxa 047 nodayu
6 baptomep (4), usmepumensviias xamepa (5), sexmopneiil
ananusamop yeneti (6) u nepcoranviiviii Komnosromep (7).
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Bosayxa (1), Mo marmcrpaAdM M3 HeEpKaBEIOIIEH
CTaAM IIOA2€TCA K pacxoaomepam (2) u  (3),
pacxoaoMep (2) peryAupyer IIOTOK CyXOro BO3AYXa,
HICIIOAB3YEMBI  AAfl IIPOAYBKH ~H3MEPUTEABHOI
KaMepBl U Pa3OABACHHA ITOTOKA TECTOBOM Ia30BON
cmecu. Pacxoaomep (3) peryampyer IOTOK CyXOro
BO3AYXa, IIOAABAEMBIH B aspaTop (pasMep IIop
20 mkm) OapOotepa (4). Ilpu OGapOortupopanun
CyXOH BO3AYX HACBHIIAETCA IAPaAMH TECTHPYEMOI
AKHAKOCTH (IIPOITAHOA M 3TAHOA) M Ha BBIXOAE
OapOoTEpa ITOAYYAIOTCA CMECh CYXOrO BO3AyXa U
ITaPOB TECTUPYEMOTO BEIECTBA IIPH KOHIICHTPAIIIH
OAHM3KOM K HACBHIIIEHHOI. Peryauposka
COOTHOIICHHA IIOTOKOB Ia32, IPOXOAAIINX dYepPe3
pacxopomepsl  (2) m (3), ITO3BOAfIAA  IIOAQBATDH
B H3MEPHTEABHYIO Kamepy (5) T1asoByro cMech
C  HYKHOM  KOHIIEHTPAITUEH  TECTHPYEMOTO
BerectBa. C ITOMOIIBIO BEKTOPHOIO aHAAM3ATOPA
memeri  Tektronix TTR-506A u mepcomaspHOrO
KOMITBIOTEPA dpurcupoBarucy M3MCHCHUS
AKYCTUYECKOTO CHTHAAA IIPH BO3ACHCTBUH Pa3HOM
KOHIICHTPAIINN TECTUPYEMBIX BEIICCTB.

[ToapoOnaa urdopMarua 110 HU3IMEPUTEABHOMY

CTEHAY IIpEACTaBACHA B padoTax [15,23].

3. PE3YABTATBHI 1 OBCY KAEHUME
3.1. BAUSIHUE AACOPBLIUU ®EPMEHTA
AAKOTOABOKCHAA3BI HA TIOBEPXHOCTHBIE
CBOMCTBA MOHOCAOEB AIIITE

Ha Pwuc. 1
monocaoes AINTTE, cpopmuposanmee Ha cyodase

IIPUBEACHBI  M30TEPMBI  CHKATHA
B OTCYICTBHE M IIPH HAAHYUU PACTBOPEHHOTO
depmerra AO. B orcyrcrBue pacTBOpEHHBIX B
cyodase moaexya dpepmerrta AO docdorunuanbe
AIITIE  dopmupyror
MOHOCAOI. Ha m3oTepme cixaTtis MOKHO BBIACAUTD
#&HAKO-pacmperHyo  (1I),

MOAEKYABI CTAOMABHBIHN

ra3soByIO, KHIAKO-
koHAeHCcHpoBanHyo (III) m KoHAeHCHpOBaHHYIO
dassr (IV). B konaencnpoBanHoii ¢raze BEeAUIHNHEL
A, n £ npurmvaror smavenns 25.2 A2 m 106.68
MH/M, coorsercrBenno. AoGasaeHue B cyOdasy
MOAEKYA pactBoperHoro gpepmenra AO okasbBaeT
BAHAHHE HA ITOBEPXHOCTHEIE CBOWMCTBA MOHOCAOS
AIIME, tak A yseamumsaerca Ao 35.7 A% a
k£ ymenermaercs Ao 68.5 mH/m. Tlponcxoant
CMEIIIEHNE H30TEPMBI CKATHA B CTOPOHY OOABIITHX

IIAOIIIAACH, 3aHHUMAEMBIX  OAHOM  MOAEKYAOM.
Aamnbiit - addekr 0ObACHAETCA BCTPAHUBAHUEM
MOAekyA  depmenta AO B AGHIMIOPOBCKUI
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mouocroii AINIE. Ilpun HaAmdmm pacTBOPEHHBIX
B cyOdaze moaekya AO a3oBBIH IIEPEXOA ra30Bas
daza-KuAKo-paciupenHas Gasza IPOUCXOAUT IIPU
OOABIIIX 3HAYCHUAX IAOIIAACH HAa OAHY MOACKYAY.
Drot acbdekr cBA3an ¢ arcopobIuert moekya AO Ha
ITIOBEPXHOCTH BOABI, 9TO IIPUBOAHUT K YBEAYCHHIO
OOIIIEro YMcAa MOAEKYA, HAXOAAITUXCA HA Helt [19)].
VMeHbIIEHNE & U YBEAMYEHHUE A ITOKA3BIBAET, YTO
aacopOrma MoAekyA AO OKa3BIBAET PACIIHPAIOIICE
BO3AeHicTBHE Ha CTPyKTypy MoHOCAOs AITITE.

3.2 MOP®OAOTHSA TIAEHOK AEHTMIOPA-BAOAXKETT
AIITTE c UMMOBHAM30BAHHBIM ®EPMEHTOM
AAKOTOABOKCHAA3BI (AO)

Ha Puc. 3 npuBeaeHbI H300pasKeHNA TOBEPXHOCTH
naeaku AITTE, copmupoBannoil B orcyrcrBue
cyodpase

IIOAYYICHHBIC HpI/I

M OpU HAAMYANA PACTBOPCHHBIX B
depmenta  AO,

HNCCACAOBAHHNI METOAOM

MOAEKYA
ee ATOMHO-CHUAOBOI

MUKPOCKOIIIH. MyabTHCAOIHBIE HAEHKHU

Aenrmropa-baoaxkerrt obAaparoT pasBUTON
Mopdoaorueii. DTo CBA3AHO ¢ (POPMHPOBAHUEM
IIOp B IIAGHKE IIPH MCIAPEHUH BOABI, 3aXBAYE€HHON
B IIpoIlecce IepeHoca MoHocAoeB [15] Ha TBepAyO
mmoaroxky. M3 Puc. 3z BuaHO, 9TOo 6-TH CAONHAA
naenka AIINE, chopmupoannas ma cyodase B
OTCYTCTBHE PacTBOPEHHBIX MOAeKyA AO, oOAasaer
Pa3BUTON IIOBEPXHOCTBIO C BEAHMYHMHON CPEAHEH
mepoxosatoctu 1mopsaska 3 Hwm. [Ilepoxosatocts
noBepxuoctu Imecrucaonnon maenkn AIIIE ¢
depmenTa

AO cocraBafer BeAmduHy IOpAAka 5 mm. Ha

HMMOOHUAU3OBAHHBIMH ~ MOACKYAQMU
IIOBEPXHOCTH IIACHKU BUAHBI OTACABHBIE AIPEraThI
moaekyA depmenta AO ¢ Boicotamu o1 15 Ao 40
HM U 3aHUMAaEMBIMU TIAOIIAAAME 1TOpsiaka 0.2 MKM?.
MuHIMaABHBIE BBICOTHI HAOAFOAAEMBIX arperatos

14
1|—=— be3 nokperrus 2
1.29| e mmE /;
1.0 | AIIIE+AO /
=l 0.8 / J
“ 0.6—. o ]
0.4- L
] b A o
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COCTaBASIFOT BEAUYHHEI, COOTHOCHMBIE C Pa3MepaMu
MoAekyAbr AO, cocraBasrorumu 10 amX 10 EMXx10.5
oM [24]. Haamgme aAcOpOHpPOBAHHBIX arperatos
MoAexyA depmerta AO IPUBOAUT K CTPYKTYPHBIM

HCpCCTpOCHI/IHM B IIACHKC, HYTO TIPUBOAUT K
YBCAHYICHHTIO LHCpOXOB ATOCTH IIOBCPXHOCTH
ITACHKMH.

3.3 CEHCOPHBIE CBOVICTBA ITAEHOK AEHTMIOPA-
BaoaxeTT AIITTE C U*MMOBUAM30BAHHBIM
®EPMEHTOM AAKOT'OABOKCUABI (AO)

CDCPMCHT AAKOTI'OABOKCHUAA3BL KaTaAI/ISI/IpyeT
OKHNCAEHHE KOTOpOTKOLICHO‘IHbIX aAI/Iq)aTI/I"IGCKI/IX
CHI/IpTOB AO COOTBGTCTBYIOH_II/IX UM AABAECTUAOB IIO
CAEAyIOIIEH cxeme [25]:

alcohol oxidase

RCH,OH + O, —————RCHO+ H,0,. (2

B xoae peaxmum (2) mpomcxoAnT m3aMeHEHHE
IIPOBOAUMOCTH B obaacT AOKAAM3AUAN
depmenta AO. B mccaeayembix oOpasiiax Bech
depment Aoxkaamsosan B Ab-caoe TOAmmMHOIL
A0 15 HM m H3MEHEHHE €ro IPOBOAUMOCTH OYAET
OKA3BIBATH BAHMAHNE HA JAEKTPUYECCKHE CBOMICTBA
30HAHMPYIOIEH ero akycTruaeckor BoAnsl. Ha Puc. 7
IIPUBEACHBI  KOHIIEHTPAI[MOHHBIE  3aBUCHUMOCTH
M3MEHEHHA AMITAUTYABI aKyCTIYECKOH BOAHBI (AS )
B aKyCTUYECKOH AMHNN 33A€pKKH Ha dactore 19.7
MI'T mpm B3aMMOAEHCTBHH BO3AYIITHOI CMeCH,
COAEpPIKAITIEH PAa3AMYHBIE KOHIIEHTPAIIMH I1aPOB
3TAHOAA HAHM IIPOIAHOAQ, CO C(POPMUPOBAHHBIMU
CEHCOPHBIMH ITOKPBITHAMU.

3aryxaHne AKYCTHYCCKOIT BOAHBI B
axkycrudaeckor A3 0e3 U ¢ HaHECEHHBIM IIOKPBITHEM,
HE COAEPIKAIIUM HMMOOHAM3OBAHHEIE MOAEKYABI
depmenta AO, Ipu B3aHMOAEHCTBHH C IIapaMu
sTaHOAA 1 rTpontaHoAa coctaBadeT 0.15 Ab. Haamame

MOAeKyA mmMMoOmAmsoBanuoro depmenta AO B

0.2
®  Be¢3 noKphITUS
e JIIIIIE A
1| ~ AMNIE+AO i o
L
7.}
]
) A
< AAAAAAAA A A A 4 =
4 ‘AA . n °
A n ®
Jt " .- °
0,0—%lnnnlnooop ° e b . . . . . :
0 20 40 60 80 100

CopepskaHHe HACHIICHHBIX NAPOB IPONAHONA B 001IEM NOTOKE, %

Puc. 7. Konyenmpayuoneie sasucumocniu usmernenus amnaumyobt akycrnuieckotl 6011 6 aKycmuteckotl AUy 3a0epicki

na wacmome 19.7 M1y daq napos smarona u nponarnosa oaa wucmoi A3, A3 ¢ nanecennoi naenxod AIITIE u A3 ¢

Harecerroti naernxon AUTTE ¢ ummobuauzosanmsim gepmerinom AO.
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Puc. 8. Konyenmpayuonvie sasucurmocnu usmenenusn (paset akycrmuyeckoli 6041l 6 aKycmuueckol AUHuY 3a0epicku na
yacmome 19.7 M1y oaq napos smarosa u nponarosa oaq wucmot A3, A3 ¢ nanecennon naenxon AIIE u A3 ¢
narecernriot naenxond AL IE ¢ ummobunusosanmsim gepmerimom AQO.

IIACHOYHOM IIOKPBITHH IIPUBOAHUT K YBEAMYCHHIO
3aTyxaHusA akycrmdeckor BoAHBI ¢ 0.2 Ab Ao 1.3
Ab mpu 100% coaepxannm mapoB 3TaHOAQ B
IIOTOKE IIPOOBI. 3aTyXaHHE aAKyCTHIECKOH BOAHBI
B akyctudeckoil A3 ¢ HaHECEHHBIM IIACHOYHBIM
IIOKPBITHEM C HMMMOOHMAM30BAHHBIM (PEepPMEHTOM
AO 1Ipu B3aUMOACHCTBHH C IIAPAMU IIPOIIAHOAQ
cocrasader taxkxe 0.15 ADb.

Ha Puc. 8 mnpuBeAeHBI KOHIICHTPAIIHOHHBIC
3aBHCHMOCTH HU3MEHEHHUA (Pa3bl aKyCTHYECKON

BOAHBI B  aKyCTHYECKOH  AWHHH  3aACPIKKH
Ha 4acrore 19.7 MIT Aad mapoB sramoAa u
npomanosa Aaf uncrorr A3, A3 ¢ mHamecenHom
naeuakon AIITIE m A3 ¢ HameceHHON IIAEHKOM

AIITIE ¢ depmerTom

AO. BosaerictBue mapos mporanosa Ha A3 ¢

HMMOOHMAM30BAHHBIM

HAHECCHHBIM CEHCOPHBIM ITOKPBITHEM Oe3 (hepmenTa
u ¢ ¢epMEeHTOM IPUBOAUT K (Pa30BOMY CABHIY
aKycTr4ecko BOAHBI B 2° 1 3°) COOTBETCTBEHHO.
Takum 06pasom, y cpOpPMUPOBAHHOIO CEHCOPHOTO
IOKPBITUA ~ IIPAKTHYECKH  OTCYTCTByeT (pasoBas
YyBCTBHTEABHOCTD K IIAPaM IIPOIIAHOAA.
BosaetictBue mapoB osranoaa mHa A3 Oe3
IIACHOYHOTO IIOKPHITHA IIPUBOAUT K HM3MCHEHHIO
daser akycrudaeckoil BoAHB Ha 3°. Haamume nHa
oBepxHOCTH /A3 IIACHOYHOIO IIOKPBHITHA O€3 u
C MMMOOHAM3OBAHHBIM (DEPMEHTOM IIPUBOAUT K
YBEANYCHUIO MAKCHMAABHOTO (ha3OBOIO CABHIA AO
14° 1 19°, coorserctBenno. [1pn aToM B Amarrazone
KOHIICHTPAIIMI ITaPOB 3TAHOAA B OOIIEM ITOTOKE
upoosr or 0 Ao 20% masmume maenxku AIIE c
HMMOOHUAU3OBAHHBIM ~ (PEPMEHTOM IIPHBOAHT K
yBeamdeHn0 (¢azoBoro orkamka A0 2°. Takum
[IOKA3aHO,  9TO

obpasom, cchopmupoBaHHOE

CEHCOPHOE IIOKPHITHE OOAAAAET  CEACKTHBHOI

3 HOMEP | TOM 15 | 2023 | POHCUT/RENSIT

YYBCTBHTEABHOCTBIO K mapam 9TAHOAA.
CeAeKTHBHOCTD  CPOPMHPOBAHHOIO CEHCOPHOIO
ITOKPBITHA OCHOBaHA HA OTAHYHAX B KATAANTHYECKON
aKTUBHOCTH wHcHoAb3yemoro depmerra AO 1o

OTHOIIIEHUIO K HCIIOAB30BAHHBIM CITHpTaM [26)].

3AKAIOUEHHE
B  pabore Opiaa m3ydena mopdpororms  u
CCHCOpHBIC ~ CBOHCTBA  IACHOK  AeHrMropa-

Baoaxerr dochornmmpnasx mMorexya AIIIIE ¢
MMMOOHAN30BAHHBIMU MOAeKkyAamu pepmerTa AO
K IIapaM 9THAOBOIO M H3OIIPOIIHAOBOIO CIIIPTOB.
Mertoaom ATOMHO-CHAOBOM MHKPOCKOIIII

AO B

HOKprTI/IHX.

OBIAO  MOKA3aHO HAAUYHE q)epMCHTa

C(bOpMI/IpOBaHHbIX ITA€HOYHBIX

B XOAC HCCACAOBAHHSA TI'a309YBCTBUTCABHOCTH

cpOpMUPOBAHHBIX CEHCOPHBIX ITOKPBITHI
ITOKA32HO, 9YTO HAUOOABIIIIM CEHCOPHBIM OTKAHKOM
ADB-nAeHKE 00A2AQFOT K ITAPaM 3THAOBOIO CIIHPTA.

Tax

pa3pr aKyCTHIECKOI BOAHBI B AKYCTUYECKON AMHUN

5

MAaKCHUMAAbPHOC H3MCHCHHC AMIIAUTYABI H

3aAEPIKKU B IIPUCYTCTBUAN ITAPOB 9TAHOAA COCTABHAO
1.5 Ab 1 19°, coorBercrBerno. [1pu aTOM B 0OAacTH
KOHIICHTPAIINI 3TaHOAA B IIOTOKe mpoObr ot 10
A0 70% aMIIAMTYAHBIH OTKAHK HMMEET XapakTep
OAHM3KHUH K AHHEHHOMY.

DTO TO3BOASIET CAEAATH BBIBOA O BO3MOKHOCTHU
HCIIOAB30BAHNA AAQHHOIO CEHCOPHOIO ITOKPBITHA
AASl CO3AQHHA aKYCTOIAEKTPOHHOIO OHOCEHCOpPa
3TAHOAA. YBEAHYCHNE HYYBCTBHTCABHOCTH ITOAOOHBIX
OHOCEHCOPOB MOKHO AOCTUYb IIyTEM BAPbUPOBAHIIA
TAKAX  TEXHOAOTHYECKHX  IIAPAMETPOB,  Kak
KOAMYECTBO CAOCB B ITACHKE, 4 TAKIKE KOAMIECTBOM
IMMOOHAN30BAHHOIO (PEpPMEHTA B KAKAOM U3

CAOCB.
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Annomayus. B paMkax yMCAEHHOTO 3KCIIEPHUMEHTA PACCMOTPEHA roaorpagpudeckasa oo6paborka
ITYMOU3AYYECHHA ABHIKYIIIETOCA ITIOABOAHOTO MCTOYHHKA 3ByKa B IPUCYTCTBUU MHTEHCHBHBIX
BHYTPEHHHUX BOAH, BBI3BIBAIOIIHNX TOPU3OHTAABHYIO pPe(@PaKIHI0 BOAH 3BYKOBOI'O IIOAA.
HNuTepdepeHnua HEBO3IMYIIEHHOIO ¥ BO3MYIIEHHOTO IIOA€H ¢opMHUpPYyeT MyapOBYIO
HHTEeP(PEPEHINOHHYI0 KapTuHy (MHTEpdeporpamMmy), MACKHPYIOIIYIO HHTepdeporpammy
IIyMOBOTO MCTOYHHKA. Perucrpanmua MyapoBoii wuHTepdeporpaMmMpl C IOMOIIBIO
AByMepHOro mnpeo0OpasoBanmua Pypre NO3BOAAET PA3ZAECAUTH CIEKTPAABHBIE IIAOTHOCTH
HEBO3MYIIIEHHOI0O M BO3MYIIEHHOI'O IIOA€H. DTO A2e€T BO3MOX>KHOCTH PEKOHCTPYHPOBATH
nHTEPEPOrpaMMy HEBO3MYIIEHHOIO IIOAA B IIPUCYTCTBUHM HMHTEHCUBHBIX BHYTPEHHHUX
BoAH. OIleHeHA OTHOCHTEABHAA IOIPEIIHOCTh €€ pekKoHCTpykimu. IIpoaHasmsmpoBaHbI
OIIMOKHA BOCCTAHOBAEHHA AAABHOCTH M PAAMAABHOM CKOPOCTH MCTOYHHMKA, 00yCAOBAEHHBIE
TOPU30HTAABHOM pedpakmueii.

Koroueswre cr0sa: meaxoe mope, ABYDKYIITAIICA UCTOYHUK 3BYKa, HHTEHCUBHbIE BHYyTPEHHHE BOAHBI,
TOPHU30HTAABHAA pedpaknma, HHTEp(PEepOorpaMmMa, roAOrpamMma
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Abstract: Within the framework of a numerical experiment, the holographic processing of noise
emission from a moving underwater sound source in the presence of intense internal waves,
which cause horizontal refraction of sound field waves, is considered. The interference of the
undisturbed and disturbed fields forms a moiré interference pattern (interferogram) that masks the
interferogram of a noise source. Registration of a moiré interferogram using a two-dimensional
Fourier transform makes it possible to separate the spectral densities of the unperturbed and
perturbed fields. This makes it possible to reconstruct the interferogram of the unperturbed field
in the presence of intense internal waves. The relative error of its reconstruction is estimated. The
errors in reconstructing the range and radial velocity of the source due to horizontal refraction are
analyzed.

Keywords: shallow sea, moving sound source, intense internal waves, horizontal refraction,
interferogram, hologram
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COAEP)KAHUE IIPUMEHEHHEM  ABYMEPHOIO  IIPEOOpPa3OBaHHA

1. BBEAEHUE (318) ®ypre (2D-FT) urrepdeporpaMmel, IT03BOAAFOIIEH

2. BDKCIIEPUMEHTAABHBIE XAPAKTEPHCTHUKU peruath Goapmof Kpyr HOBBIX 3aAa1 B obaactu

VHTEHCHUBHBIX BHYTPEHHUX BOAH B
MEAKOBOAHBIX AKBATOPUAX (319)

00pabOTKN  I'MAPOAKYCTHYECKON — mMHQOpMAIIIN
[1-3]. Tloa wmHTEpdepOorpaMmoii  ITOHHMAETCHA
KBAAPAT MOAYASl IIPUHHMACMOIO  CHTHAAA B

3. OIMCAHUE UHTEHCHUBHBIX BHYTPEHHUX
IIEpEMEHHBIX JacToTa-Bpems. FluTepdeporpamma

BOAH (319)
XaPAKTEPU3YEeTCA  BOAHOBOAHBIM — HHBAPHUAHTOM
4. @OPMHUPOBAHUE TOAOTPAMMBI (320) [4], kOoTOpPBIIT OmpeAeAsieT YTAOBOH KoaduIIeHT
5. UMCAEHHOE MOAEAUPOBAHME (321) HAKAOHA HHTEP(EPEHIIMOHHBIX IIOAOC. YTAOBOH
6. 3AKAIOUEHHE (325) KO9(P(OUIIMEHT  YCTAHABAUBAECT  CBA3H  MEIKAY
YACTOTHBIM BHIOM  HHT HITHOHHBIX
AUTEPATYPA (325) acro CAPHITO cpcpepernmmo
MAaKCHMyMOB ~ 3BYKOBOIO IIOA H  BpPEMCHEM
1. BBEAEHUE (paccrosHUEM) — IPH  COXPAaHEHHH  Pa3sHOCTH

., 3 M HHT )48 M1 M M.
B ITIOCACAHEE BpCMH Bce OOABIIMHI I/IHTCpCC Cpa CHAY ep(bep pyror OAd

T'eomerpust paCIIOAOKEHUSA AOKAAM3OBAHHBIX IIOAOC
B AKYCTHKE OKCaHa HpCACTaBA}H—OT p216OTI)I p p

oo FOAOFpﬁ(pH‘ICCKOfI I/IHTep(pCpOMCTpI/II/I c OIIPCACASACTCA ITapaMETPaMU BOAHOBOAQ, CKOPOCTBIO
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1 TpaekTOpHMel MCTOYHMKA 3Byka. Ha BrIxoae
HHTEIPAABHOTO 1IPe0Opa3oBaHusA  (TOAOTPAMMEL)
CIIEKTPAaAbHAA IIAOTHOCTH AOKAAM3YETCA B Y3KOM
rmoAoce B popme POKAABHBIX TIATEH, OTBEYAFOITTIX
naTepdepeHITIN
Ha
HHTEPEPUPYIOIINX MOA M PA3HOCTh (Pa3 MEKAY
HAMH BO

MOA paSAI/I‘-IHI)IX HOMCPOB .

TOAOT paMMC 3aIINChIBAIOTCA AMITAHUTYABI

BCEX IIPOMEIKYTOYHBIX COCTOSHUSAX,
KOTOPBIE UCTOYHHK IIOCACAOBATEABHO IIPOXOAUT 32
BpeMsA HAOATOACHMA.

B pabGorax  [1-3] 9TO
cpeaa OAHOPOAHOM,
€e XapaKTePUCTHUKH B IIPOCTPAHCTBEHHO-

[Tpu

BO3MYVIIIEHUHI

IIPUHUMAAOCH,
OKeaHHYecKasd ABASICTCHA
T.€.
o0AaCTH

BpCMCHHOﬁ HCHU3MCHHDBDI.

HAaAUTYMH FI/IAPOAI/IHZIMI/I‘{CCKI/IX
I/IHTCpq)CpOFpaMMy MOXKHO HpeACTaBI/ITb Kak
CyMMY HHTGpCbCpOFpaMM HEBO3MYIIICHHOTO H
BO3MYIIIECHHOTO

2D-FT

9T1TO

BOAHOBOAA. HpeO6paSOBaHI/IC

ABAACTCA AMHEHHBIM I'IpOLICCCOM,

IIO3BOAAECT FOAOFpaMMy paCCManI/IBaTb

KakK AI/IHCI‘/‘IHYIO CYHCPHOSI/ILII/IIO FOAOFpaMM

HCEBO3MYIIIEHHOT'O nu BO3MYIIICHHOTI'O

BOAHOBOAA. EcAM cHeKTpaAbHBIE IAOTHOCTH
HEBO3MYIIIEHHON M BO3MYIIEHHOI I'OAOIPAMM
pasaeAdrorcs, To obpaTHOe IpeodOpaszosanue 2D-
FT k BBIAGACHHBIM CHEKTPAABHBIM ITAOTHOCTAM
HaDAIOAATH

IIO3BOAAECT I/IHTep(pepOl"paMMbI

HCBO3MYIIIEHHOTIO 1 BO3MYIIICHHOTI'O IIOAEH.

Brepssie yCIIEIITHOE pasaeAeHIE
HEBO3MYVIICHHON U BO3MYIICHHOH TIOAOIPAMM
ITPOAEMOHCTPHPOBAHO pu o6paboTke
AAHHBIX HaTypHOro skcuepumenta SWARM-95
15,61,

BOAHBI

Ha CTaHI/IOHaprIX Tpaccax KOTAQ

(UBB)

I‘OpI/ISOHTaABHYI—O pCCpr_KL[I/II—O %8

MHTCHCHUBHBIC  BHYTPCHHUE
BBI3BIBAAH
B3AMMOACHCTBAE MOA  aAKYCTHYECCKOTO  ITOAS
ncrounuka [7]. B padorax [8,9] aammbrit adpdexr
OBIA TECOPETHYECKH OIMCAH K IIOATBEPKACH
pPE3yABTATAMU  YHCACHHOIO  MOACAHPOBAHHSA,
OBIAH OIICHEHBI IIOTPEIITHOCTH BOCCTAHOBACHMUA

naTEpdEPOrpaMM HEBO3MYIICHHEIX ITOACH.
B aAammoii pabGote, 0000IMas pPE3yAbBTATHI

(8],

B paMKaX HYHCACHHOTO MOACAHUPOBAHUSA

paccmoTpena  roaorpadpudeckas  obpaboTKa
ABITKyIIIErocs —~ HCTOuYHHMKa B  1oae  VIBB,
0OYCAOBAMBAFOIIIIX rOPHU30HTAABHYIO

pedpakmuro Moa. Oreneno Bamsanume VIBB ma

IIOTPEIIHOCTh BOCCTAHOBACHHSA YAAACHHOCTH,

TOAOTPA®UYECKNIT METOA AOKAAV3ALINN 319

ABVKVILETOCA TTOABOAHOI'O MCTOYHMKA 3BVKA...

PAaAMAABHOHN CKOPOCTH  (IIPOEKIIUA CKOPOCTH
IT0O HAIIPABAEGHHIO K IIPHEMHUKY) HCTOYHHUKA U

I/IHTepq)CpOFpaMMI)I HCBO3MYIIICHHOTIO ITOASL.

2. DKCIIEPUMEHTAADBHBIE
XAPAKTEPHMCTUKHN MHTEHCHUBHDBIX

BHYTPEHHUX BOAH B
MEAKOBOAHDBIX AKBATOPUAX
WurencuBHbIe BHYTPEHHIIC BOAHBI -
THAPOATHAMHIYECKOE ABACHIE, IITIPOKO

PACIIPOCTpaHEHHOE B OKEAHHYECKOH cpeae. B
MEAKOBOAHEIX ~ AKBATOPHUAX OHH  IIPEACTABAAIOT
COOOI IyI'M HMHTEHCHUBHBIX KOPOTKOIIEPHOAHBIX
KOACOAHHUIT BOAHOH IIOBEPXHOCTH ITOCTOSHHOM
IIAOTHOCTH, TPAKTyeMBIe KaK IIyTH COAHTOHOB,

KOTOpPBIC pacIIpoCTpaHATOTCA B HAIIPpaBACHUU

OeperoBoit kpomkd. Ilpmumna MX BOZHUKHOBEHHSA
[10].

Coraacuo 3KCHCPI/IMCHT3ABHI)IM AQHHBIM AAS ITYT'OB

OOYCAOBACHA ~BHYTPEHHHMHU IIPHAHBAMUI
COAUTOHOB XapaKTEPHBI HAPAMETPBL CKOPOCTD # ~
0.5-1m/ ¢, mpomesxyTku 3aruiubst 0L ~ 5-10 kv, AAnHa
L ~ 2-4 xm, mepuoa D ~ 200-400 m (paccrosmue
MEKAY ~ IPeOHAMHI  COCEAHHX  COAHTOHOB),
moAymmpusaa 1 ~ 50-150 M, ammanryaa B ~ 10-
30 m [11-13]. Llyrn cOANTOHOB XapaKTE€PHU3YIOTCA:
a)  AHM30TPOIHOCTBIO B TOPHU3OHTAABHOU
IIAOCKOCTH, PaAuyC KpuBu3HbI pponTa 7 = 15-25
KM; O) KBAa3MCHHYCOHMAAABHOCTBIO B HAITPABACHUN
pacIpoCTpaHeHusdA, T.€. IPOCTPAHCTBECHHBIM Y3KUM

B)

CMEIEHUN II0

CIICKTPOM; CI/IHXpOHHOCTI)}O BCPTHUKAADPHBIX

IAYOHMHE, YTO CBHAETEABCTBYET

O AOMHHUPOBAHHUN IIEPBOH  I'PABUTAIIMOHHON

MOABL ~ YK4a3aHHBIE ~CBOMCTBA  OOYCAOBAHBAIOT

TOPU3OHTAABHYIO pPedPaKIIHMIO 3BYKOBBIX BOAH
HUCTOYHUKA, ECAU AKYCTUYECKAA TPACCA PACIIOAOKEHA
IIOA MAABIM YIAOM K BOAHOBOMY (DPOHTY IIyra

coauToHOoB [14,15].

3. OIIMCAHHUE MHTEHCHBHDBIX
BHYTPEHHUX BOAH

[Ipumem, 9TO  CKOpPOCTH  Iyra  COAHTOHOB
HAIIPABACHA 10 HOPMAAH K TPACCE, PACITOAOKECHHOM
BAOABb TOPH30HTAABHOM ocu X. Boanosoi dppont
COAUTOHOB ITOAAracTCsi IIAOCKHM. B oTcyrcrBHE
CPEABI

I‘OpI/I3 OHTaAbHO—OAHOpOAHI)IM

BO3MYILIEHHUA OKEAHMYECKOI BOAHOBOA
CYHTACTCA
rayounoi H. HeBosmyreHHbIC 3HAYECHUA BEAHYIHH

0003HAYAIOTCA YEPTOH CBEPXY, a4 BO3MYIICHHBIE
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— THABAOIL. [1pr cAeAaHHBIX OOO3HAYEHHUAX KBAAPAT
ITOKA32TEAA IIPEAOMAECHUSA

n ()c,y,zq,t):ﬁ2 (z)+ﬁ2 (x,y,z,t), (1)
TAC 3, = rAyOMHA IIPUEMHHKA, / — BpeMdA, OCb
y IHepHIeHAHKyAApHA ocu X (IPaBOCTOPOHHAA
ACKapTOBaf cucTeMa KOOpAnHaT). [Toa mokasaresem
IIPEAOMACHUA ITOHHMAETCA OTHOIIEHHE CKOPOCTEH
3ByKa Ha IOBEPXHOCTH g = () K 3HAYEHUIO CKOPOCTHU
3ByKa Ha paccmaTpuBaeMoi rayoune. Coraacuo [10]

n (x,y,zq,t):—2QN2 (zq)(z)(y,t). )
3aecer Q = 2.4 ¢*/M — KOHCTaHTA, OIpPEACAfCMAS
dpusugeckuMu cBoicTBaMu BOABL IN(3) — 9acToTa

DR - pyrxrs

HCpBOfI rpaBI/ITaHI/IOHHOfI MOABHI, HOpMI/IpOBaHHaH

ITAQBYYECTH; coOcTBeHHAsA
Ha COOCTBEHHOE 3HAYCHHE Ha TIAYOMHE IIpHeMa;
C(/) — OTKAOHEHHE IIOBEPXHOCTH OT TAYOHMHBI,
rae @(3) = 1. B cuay BeIOpamHON reomerpun
32AQYH IIpaBas YacTb BHIpAKEHHUA (2) HE 3aBHCHT
OT KOOpAHHATEl X. OTHOAIOIIYFO Iyra COAUTOHOB
C(»/) mpum IepecedeHUN TPACCH 3AIINIINEM B BHAC
ITOCAEAOBATEABHOCTH [N PA3AMYHBIX COAHTOHOB C
AMITAMTYAAMU B, CABUHYTBIME APYT OTHOCHTEABHO
Apyra Ha 1epuoA D u pactupoCTPaHAIOIIUMHCH CO
CKOPOCTAMU #_

g(y,t)=Z—anech2 [(y—Dn —unt)/nn], 3)

TA€ 7] — HMOAYIIUPHUHA 7-TO COAUTOHA HA YPOBHE
0.42 or makcmmyma [10]. 3mak mMmHYyC Oo3HadJaer,
9TO ITOKA3aTeAS

BO3MYITICHHC HpCAOMACHI/IH

HAIIPABAEHO B CTOPOHY AHA.

VuuTeBag MaAOCTh 71> 1O OTHOIIEHUIO K 71°,
~) =2
n° KN, BEIIECTBEHHYIO YaCTh T'OPHU3OHTAABHOTO

b, (539

paCHpOCTpaHCHI/Iﬂ) 3BYKOBOI'O IIOASl MOABDBIL HOMCpa

BOAHOBOTO YHCAQ (HO CTOSTHHOM

m HpCACTaBI/IM KaK

h, (y,z,t) = l?m +i;m (y,z,t),

TAC

)

AMHEHHAS IIOIIpaBKa B  paMKaX TCEOpHUH

BosmyreHnH [14] onpeaeAdeTca BEIpaKeHIEM

N ki =2
h, (v,2,t) = ﬁj‘l’m (z)* (y,z,t)dz.

m 0

)

3Aech k02 =’/ 502 — KBaApaT BOAHOBOI'O YHCAA HA
rayoure 3 = 0, w = 27/ — HUKAHYECKAd 4aCTOTA;
¥,
[ToacraBus (2) B (5), moAaydaem

— cobOcrBenHas YHKIUA /7-i  MOABIL.
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b, (v,2.t) ==q,5 (1.1), ©)

rae dpopma
0, =L [0 (2) W (2) 0 (2) s ©

— 32aBHCHMOCTb AMHEHHOM MONIPABKUA ITOCTOAHHOM
PACIIPOCTpaHEHUA OT HOMEPAa MOABL ['panniimr
IIPUMEHUMOCTH METOAA BO3MYIIEHHUSA OIPAHHYCHBI
AMIIAHTYAAMHI ~ COAHUTOHOB  IIOPAAKA HECKOABKO
ACCATKOB METPOB, XaPaKTEPHBIX AAA MEAKOBOAHBIX

akBaropuit [14].

4. DOPMHUPOBAHUE TOAOT'PAMMBI
TToa

IIOHHUMACTCA 3BYKOBOE AaBACHHE B HCpCMﬁHHbIX

IIOAEM H_II/IpOKOHOAO CHOTIO HNCTOYHMKA

t'I.’chTOTa.—BpeM}I. I/IHTCp(pepOFP aMMy HU3AYYICHUA

ABIDKYIICIOCA MCTOYHHMKA 3aITUIIIEM B BHAC CYMMBbBI

S(a))|2 ;ZA'" (@, 1) 4, (o, t)expih,, (o)(r, +wi)]= ®
= ;;Imn (a),t), m#n.
rae 4 (w) = b (0) = b (0). 3aecs S(w) — crextp

curnana; A (w,/) — aMmAuTYyAa 71 MOABIL, 7, —

0
HaYaABHOE paccrosHue B MOMeHT Bpemenu 7 = 0,
W — paAMaAbHasg CKOPOCTb HCTOYHUKA. Bepxmmit
HMHACKC «*» 0003HAYAET KOMIIACKCHO-COIIPSAKEHHYIO
BEAUYHHY. LmAamaApIYecKoe PaCcXOKACHHE,
MOAAABHOE 32TyXaHHE W TAYOMHBI PACIIOAOKEHUS
MCTOYHMKA 3 M TIPHCMHUKA {  YIHTBIBAIOTCA B
aMIIAHTYAE MOABL Ymcao mop pasao M. Vcaosue
m F n oO3HaYaeT, 4T0 M3 HHTEP(EPOrpPaMMBIL
BEIYTEHO CpeAHee 3HaudeHwme. Ecam a1y omeparuro
HE BBITIOAHHUTH AO IIPHUMEHEHHA IIPEeOOpPa3OBaAHUSA
2D-FT, 1o Ha roAorpamme B HaYaA€ KOOPAMHAT

IMOSBUTCSA MHTEHCUBHBIIN IIHK.

[Tpumenum K

rpeobpasosanue 2D-FT

Aty

F(z,v)= ZZI J[mn (.t)exp[i(Vt - wr) |dtde =

m.on 0o

= z;an (7,v).

m

nuarepdeporpamme

(®)

©)

3Aaech T U V =27V — BpeMs U KPYroBas 9acToTa
roaorpamMmer; ©,, = o, (Aw2), Aw — moaoca, w, —
CPEAHSIA 9ACTOTA CIIEKTPa; AZ —BpeMsi HABAIOACHNA,
AWHEHHBIM

Orpanmanmcs IPUOAMKEHIEM

BOAHOBOAHOI:I AI/ICHCPCI/II/I
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dh (o
h,(®)=h, (a)o)+%(a)—a)o). (10)
[ToAarasi ~ aMIAWTYAHBIE  CHEKTP  CHIHAAQ

| S| m ammamryay A ¢ U3MEHEHHEM YACTOTBI
MEAAEHHO MEHAFOIIUMIECSA ITO CPABHEHHIO C OBICTPO
OCIIUAAUPYIOIIUM MHOKHUTEAEM explih (w)(r, +
wl)|, AAsl mTaprmaabHON roaorpammsl F, (7,V) (9)
rmoAygaeM [2]

F,, (z.V)=

= |S(a)0 )|2 A4, (0,) 4, (0,) AwAtexpl i, (z,7) |x

sin {ro A (@) _ T:|A2w} sin {[Wh (,)+ ‘;]Az’} (11)

do

Aw 5141

rAe pasa
At

@, (z,v) :(%—ra)o)+hmn (coo)(%vw roj. (12)

B (11) moaoxeno npubAmxenne 7, > WAL.

CrrexkrpaspHasg 1mAOTHOCTH (9) AOKaAH3OBaHA
B ABYX V3KHX oDaAactax B dopme (POKAABHBIX
maTeH. OHH PACIIOAOKEHBI: B IIEPBOM H TPETHEM
KBAAPAHTAX, €CAH HCTOYHUK IIPHOAMIKACTCA
K mpueMHUKy, » < (; BO BTOPOM H HYETBEPTOM
KBAAPAHTAX, €CAHM HCTOYHUK
npuemuuka, » > 0. Ob6aactp

coaepxuT (M

VYAAASACTCH oT
AOKAaAHU3AITHI

1) OCHOBHBIX MAaKCHMyMOB C

KOOPAHHATAME (T ﬂ,ﬁ”), PACITOAOKEHHBIMH ~ Ha
npsmoit V=E7. 3pece pu=1,M -1 — HOmMep
dokarpHOro mATHA. B TOUKax € KOOpAMHATAMU
(T ﬂ,ﬁﬂ) cymmupyroress (M — 1) OCHOBHBIX ITHKOB.
Vraosoit kosddurment & =27 MOKHO TaKKe
npeAcraButs B opme € =—0w/At, tae dw —
YACTOTHBIN CABHUT MaKCHMyMa HHTepdepOrpaMMEI
3a Bpema Of AwuneiliHble pasmepsl (POKAABHBIX
nareH 07, OV BAOABb OCeil T, V HE 3aBHCAT OT UX

HOMEPOB U paBHbL 07 = 47/Aw, OV =47/ At [2].

ITo epBoMy POKAABHOMY IATHY, OAMKAMIIIEMY
K HAa9aAy KOOPAHMHAT, PaAMAAbHAfA CKOPOCTb U
HAYAABHOE PACCTOAHNE OIICHHBAFOTCA KaK

W=-K,V,, T,=K,T, (13)
TAE
K =(M-1)[hy, ()] .
(14

K, =(M 1) dhy, (@) do] .
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Boccranosaenusre napaMeprI NCTOYHHKA, B
OTANYME OT HMCTHHHBIX 3H2,‘*I€HI/II>'I, 000O3HAYECHBI

TOYKOH CBEPXY.

I'ororpadpuaeckas  oOpaboTka — peasnsyercs
cAeAyroruM obpasoM. 3a Bpema HaOAroAeHuA A7 B
ITOAOCE H3AYUCHHA Aw BAOAD HHTEP(EPECHIIMOHHBIX
ITOAOC  KBa3MKOIEPEHTHO HAKAIIAUBAIOTCA |
HE3ABHCHMBIX DEAAMBAIUI AAUTEABHOCTBIO 7 C
BPEMEHHBIM HHTEPBAAOM 7, MEKAY Humm: | = Az/
(2‘1 + z‘z). PeaAusanum He3aBUCHUMBL, €CAT 1, > 27\ w.
®opmupyerca uarTepdeporpamma I(w,)) m K Hel

npuMenserca upeodbpasopanue 2D-FT.

B obmem cayuae mpeoOpasopanme 2D-
FT dyaxmun

camy CPYHKHI/IIO. Tem me MCHCC, FOAOFpaMMa

COBepLHCHHO HC ITOXOXKC Ha

ABAACTCA OAHO3HAYHBbIM Hp CACTABACHUEM

HHTep(peporpaMMH. O6pameHHe, OCYIIIECTBAAEMOE

ITOCPEACTBOM 0bparHOTO IIPUMCHCHUA
1IpeoOpa3oBaHUA 2D-FT, BOCCTAHABAMBAET
nuaTepdeporpammy.

5. UUCAEHHOE MOAEAMPOBAHUNE
Aas

roAorpaduIecKoit

BO3MOXHOCTH CpaBHCHI/IH

00paboTKH

PE3yABTATOB
AASL  CAy4acB
HEIIOABIKHOIO M ABIKYIIIETOCA HCTOYHHKA B
oae VIBB, obycAoBAMBarOIux ropu3oHTAABHYIO
pedpakiuro

MOAEAMPOBAHHA BEIOPAHEI TE 7K€, 9TO B padbore [8].

3BYKOBBIX BOAH, AQHHBIC

PacripeaeseHme CKOpOCTH 3ByKa IIO TAYOHHE
npuseaco Ha Puc. 1. PaccmarpuBasnce ABa

AMAIIA30HA YaCTOT: jq = 100-120 Tog = ]g = 300-
320 I'm. Ilapamerpel KHAKOTO ITOTAOIIAFOITIETO

c, m/s
014|80 15|00 15.20 15|40
20+ -
£ L
N 40- "
60 -

J L L) L
Puc. 1. Hesosmymenreiii npogpune cxopocmi 3gyxa.
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Tabnuua 1
Yacrota f, = 110 'u.
Howmepa mog, m 1 2 3 4
h,, M 0.4635 | 0.4557 | 0.4450 |0.4310
(dh,_/dw)-10~, c/m 6.7624 |6.8085 |6.9014 |7.0912
Tabnuua 2
Yacrora f, = 310 L.
Howmepa moa, m 1 2 3 4 5
h_, M 1.3123 | 1.3073 | 1.3006 | 1.2920 | 1.2826
(dh_/dw)-10~, c/m | 6.7511 | 6.7619 | 6.7813 | 6.7973 | 6.8080
Howmepa mog, m 6 7 8 9 10
h,, M 1.2730 | 1.2630 | 1.2525 | 1.2403 | 1.2258
(dh, /dw)-10*, c/m | 6.8150 | 6.8312 | 6.8753 | 6.9703 | 7.0574

AHA: OTHOIIEHHUE IIAOTHOCTU IPYHTA U BOABL Q =
1.8; AASl IEPBOTO AMAITA30HA YACTOT KOMITAEKCHBIH
rokasareab npeaomaerus z# = 0.84(1 + 20.03),
Ars Broporo — 7 = 0.84(1 + 70.05). B gacrornom
AMAIIa3oHe f, 1oAe (POPMUPOBAAOCH UETHIPbMA
MOAAMH, B YACTOTHOM AMAIA30HE f, — AECATHIO
mMopamu. [locTofHHBIE —pPACHpPOCTpaHEHUA MOA
h (w) w wx mpomssoAmbre 1o uacrtore dh (w,)/
dow ma cpeannx wactorax crextpa f, = 110, 310 I'm

npuseacHH B Tabanmax 1, 2.

B mavaapmeiit mMoment Bpemenu /4 = 0
PACCTOAHHIE MEXKAY MCTOYHHUKOM M OAUHOYHBIM
npueMHIKOM X, = 10 KM, HCTOYHHK TPUO ATAKAETCA
K IIPUEMHHUKY BAOAb TOPHU3OHTAABHOI OCH X.
Hcrounux pacrioaoxen ma rayoune g = 20 M,
IIPUEMHHUK — Ha rAyonHe g = 45 M. PapmaspHad
ckopocte ucrounuka w = —1 m/c. 3apaBaacs
paBHOMEPHBIH CIIeKTP. VIMITyABCBI AAITE ABHOCTBIO
t, = 4c (mar amckperusanuu 1o 4acrore .25

I'm)
C HEPUOAMYHOCTBIO 7, = 5 ¢ (£, = ¢ + 1). B

3BYKOBOI'O AaBACHUA pCFI/ICTpI/IpOBaAI/ICb

Ka4ecTBe MOAEAM Bo3myImeHud (3) BIOpaH myT,
COCTOAINUH U3 TPEX OAHMHAKOBBIX COAHUTOHOB,
ABITKYITIEHCA IO HOPMaAH K Tpacce. [lapamerpnr
COAMTOHA: aMITAUTYA2 B = 20 M, mmpuna 7 =
200 wm, ckopocts # = 0.7 m/c, nepuoa D = 250
M. [lupuaa ppoHTAa BO3MYIIEHUA IIPEBBIIIACT
AAEHY Tpaccel. Bpemsa wmabaroaenma Az = 20
MHH, 32 3TO BPEMA IIyI COAHTOHOB IIOAHOCTBIO
mmepecekaA Tpaccy. Ilpu BeIOpaHHOH MOAeAH
crekTpa wuHTEpdEpPOrpaMMa HEBO3MYIIECHHOIO
IIOAl B OTCYTCTBHE BO3MYIIEHUA C TOYHOCTHIO
AO IIOCTOAHHOTO MHOMKHTEAS BOCIPOU3BOAHUT
IIEPEAATOYHYIO (DYHKIIMIO BOAHOBOAA. 3BYKOBOE
IIOA€ B TOYKE IIPHEMA PACCIYUTHIBAAOCH B PAMKAX

3 HOMEP | TOM 15 | 2023 | POHCUT/RENSIT

0 —
300 310 320 -0.5 0 0.5
f,Hz T,s
¢ d

Puc. 2. Hopmuposannste unmepgpepocparmsr (a, ¢) u
eonozpammer (b, d) 6 omcymemeue sosmympenug: (a, b) —
wacmommviil duanason f,, (¢, d) — uacmomnviil duanason f,

ITOAXOAQ BEPTHKAABHBIE MOABI U ITApabOAHYIECKOE
ypaBHEHHE B TOPU3OHTAABHOM IAOCkocTH [14].

Pe3yApTaTBl MOACAMPOBAHNA IIPUBEACHBI Ha
Puc. 2-5. Ha ronorpaMmMax IyHKTHPOM ITOKa3aHA
II0AOCA, B KOTOPOI COCPEAOTOUECHA CIIEKTPAABHAA
IIAOTHOCTh IIPUHUMAEMOIO CHTHaAd. AMHEHHbIC
pasmepst mmoaocsr: 6t = 0.15 ¢, 6v = 0.002 I,
YTO COTAACYETCA C TEOPETHYCCKUMHU OI[CHKAMI
pasmepos ¢doxarpabeix mares 6t = 0.1 ¢, év =
0.0017 I'rg [2].

Ha Puc. 2 npeacraBaeHsl HHTEPEEPOrPAMMEI
I MOAYAH TOAOTPAMM HEBO3MYVIICHHBIX ITOACH
B OTCYTCTBHE IIEPECEYCHHUA I[YTOM COAHUTOHOB
Tpaccel. C yBEeAMYEHHMEM YACTOTHI BO3PacTaeT
U3PE3AHHOCTh WHTEP(EPEHIIHOHHON KAPTUHBI,
COCTOAINEH W3 AOKAAHM3OBAHHBIX HAKAOHHBIX
ITOAOC, T 9HCAO POKAABHBIX IIATEH HATOAOTPAMME,
YTO OOBACHACTCHA BO3PACTAHHEM UHCAA MOA.
Vraossie koappunmenTsr nHTEPEPEHITNOHHBIX
noaoc: df/ 6t = —0.015 ¢ (Amamason 4acror f)) u
df/ ot = —0.040 ¢? (Amamrazon 9acTor f).

Koopammarer mmka 1mepBoro ¢oKaAbHOIO
maraa: 7, = 1.30-107" ¢, v, = 1.79-107 T'x (Af); 7,
= 4.08107 ¢, v, = 1.54-107 I'r (Af)). Coraacno
(15) um aamabiM Tabamm 1,2 BoccTaHOBAGHHBIC
IIapaMeTpsl HCTOYHMKA:

w=—=1.0m/s, %, =11.8 km (f);
w=-1.0m/s, %,=12.0 km (f,).
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0
300 310 320 -0.5 0 0.5
f,Hz T8
¢ d

Puc. 3. Hopmuposarvie myapossie unmepgpepozparimer (a,
¢) u conocpammer (b, d) 6 npucymemesuu sosmymenus: (a, b)
— uacmomieil Ouanason f,, (6 d) — wacmomvtil duanason f,

Myaposrie nHTEPPEPOIPAMMEL M MOAYAH
TOAOT'PAMM IIPHU IIEPECEUYECHUHU IIyTOM COAHUTOHOB
Tpaccel mokazaHel Ha Puc. 3. Boswmymenwne
BOAHOM CPEABI BBI3BIBAECT M3MEHEHHUE ITOKA3ATEAS
IIPEAOMACHHA. DTO IPUBOAUT K IPEOOPA3OBAHUIO
HHTEP@EPEHIINOHHBIX ITOAOC H H3MEHEHHIO
KoHpHUrypamun
rororpamm. Ha myaposreix maTepdeporpammax
(Puc.  3a,b)

noaocer mmmmpunoit AT, = 5.6 mun (), AT, =

CIEKTPAABHBIX  ITAOTHOCTEM

ITOABAAFOTCA FOpI/I3OHTaAbeIC

5.9 MuH (f)) ¢ KBAa3UIIEPHOAMYECKOH CTPYKTYPOIt
pacmoAokeHns (HOKAABHBIX HATCH. /\MHEIHHbIC
pasmepsl (POKAABHEBIX ITATCH: §f1 ~2.41n, 5;‘1 ~1.1
muH (f) u df, = 2.8 ', 62, = 1.1 mumn (f). Macirrabur

HCPI/IOAI/ILIHOCTI/I MAaKCHMYMOB CbOKaAbeIX IIATCH:

oA, = 5.6 I'm, 6T, = 8.3 mun (f) n o1, = 6.8 I'm,

1

ol, =

2
dokaAbHBIX

8.1 mun (f)). Xora 3HAUEHUA [TAPAMETPOB

mATeH Ha uHTepdeporpammax

IIPHUMEPHO TC KE 9TO %8 B cAydac

b

HCIIOABHMKHOTO HCTOYHHKA, I/IHTCp(bepOFpaMMbI

3AMCTHO Pa3SAMIATOTCA I10 KOHTPACTHOCTH

u CHMMETPHIHOCTH pacImoAoKeHns
I‘OpI/I3OHTaAI)HbIX HHTCp(bCPCHHHOHHbIX ITIOAOC
[8]. Ha roaorpammax (Puc. 3b.g) crexrpasbHas
dopme

OPECUMYIICCTBEHHO Ha

IIAOTHOCTb B dOKAABPHBIX — HATEH

COCpPEAOTOUYCHA ocHu
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YACTOTBL, YTO AAET IIPEACTABACHUE O BAHAHNH
pedparupoBaHHOIO CHUTHAAA.

B oramune ot myapoBreix maTepdeporpamm,
KOH(UTYPAITHA PACIOAOKEHNA (POKAABHBIX ITATEH
HA FOAOIPAMMaX II03BOAAET OTAGABHO HAOAFOAATD
CIIEKTPAAbHEIE ITAOTHOCTH HEBO3MYIIIEHHOIO W
BO3MyIIeHHOro IoAeil. [loA HeBO3MyIIEeHHBIM
1 BO3MYVIIEHHBIM ITOoAfMH B npucyrcrsue VBB
IIOHUMAIOTCA IOAf, (POPMHUPYEMBIE IPAMBIM H
pedparupoBaHHBIM CHTHaAaMHA. B HaTypHBIX
YCAOBHUAX, KOIAA IYI' COCTOUT H3 COAHUTOHOB
pasHoOil OPMBI U PASAMIHBIMU IIapPaMeTPaMH,
3TO, ECTECTBEHHO, OYACT IPUBOAUTD K CHH/KEHIIO
KOHTPACTHOCTH HHTEP(MEPEHIIMOHHON KapTHHEI
obaacTu

48 paCELII/IpCHI/II-O paCHOAO)KCHI/IH

CpOKaAbHI)IX IIATEH HA rOAOFpaMMe.

PesyapraTer OYMIIEHUA CIIEKTPAABHBIX
ITAOTHOCTEH TOAOTPAMM OT BO3MYIIEHHOIO ITOAS
B OKPECTHOCTH OCH YaCTOTH V U UX 00pa3 Pypobe
npuseAensl Ha Puc. 4. Popma pacroroxeHus

CHCKTpﬁABHbIX IIAOTHOCTENH Ha I‘OAOI‘paMMQ_X

(Puc. 2b9) m

BOCCTAaHOBAEHHBIX npm Haamumu VIBB (Puc.

HEBO3MYIIICHHOIO BOAHOBOAZ
4bg), 6anskn MexkAy coOoil. Koopammarsl nmka
1epBoro OKAAbHOTO ITATHA OIIEHUBAIOTCA KaK: 7,

= 1.50-10" ¢, v, = 2.0510° Tt (f); 7, = 4.08:1072

0

Puc. 4. Hopmuposannsie ompunvmposantivie rodyau

20.102paMM (a, ¢) 1HEB0IMYUIEHHO20 NOJA U BOCCHIAH08AEH HbIE

no num unmepgpepopavimer (b, d): (a, b) — wacmommei
duanason N, (6 d) — wacmommeiil duanason Af,

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3
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¢, v, = 1.54:107 I'rx (f)). Coraacno (15) u AauHBIM
Tabawurr 1,

HNCTOYHHKA

w=-12m/s, x,=13.7 km (}));
w=-1.0m/s, x,=12.0 km (f,).

AAf 9aCTOTHOTO AMAIIA30HA f1 BO3MYILICHUE

2  BOCCTAHOBACHHEBIE HapaMCprI

IPUBOAUT K  YBEAHYECHHIO  IOTPEITHOCTH
BOCCTAHOBACHHA apaMeTpoB HCTOYHHKA,
AAS YACTOTHOTO AHMAINla30HA f, HPHCYTCTBHE
BO3MYIIICHHA HE BAHACT Ha IIOIPEIIHOCTD
BOCCTAHOBACHHA apaMeTpoB HCTOYHHKA.
Dro  oOBACHAECTCA ~ YCHACHHEM  BAHAHUA
TOPU3OHTAABHOH  pedpakiuum  BOAH  Ha

dopmMupoBaHHE 3BYKOBOIO IIOAfl MCTOYHHKA C
noumkenneM dvactoTel [14]. BoccranoBaeuubIC
naTEp@dEPOrpaMMBl  HEBO3MYIIEHHOTO IIOAfl B
IIPUCYTCTBHE I[yIda COAHMTOHOB IIPEACTABACHBEI
4b,d. k0oddHUIIEHTH
nHTEPGEPEHINOHHBIX IOAOC OLEHUBAIOTCA Of/
ot = =0.017 ¢ (Af) u of/or = —0.042 ¢ (Af),

9TO OAM3KO K WX 3HAYECHHUAM B OTCyTCTBHC

Ha Puc. VrAoBbIe

BO3MYIIICHUA CPCABI.

Crenmensp bAmsocTH ABYMEPHBIX
naTepdeporpamMmm HEBO3MYIIIEHHBIX
IIOA€H B OTCYTICTBHE H B  IIPHUCYTCTBHE
BB OyA€M  OIIEHHBATh  II0O  OAH30CTH
nux OAHOMEPHBIX naTepdeporpamm,
ABASAFOIINXCA TOPU3OHTAABHBIM CCUCHUEM AASA
dpuxkcuposannoro mMomenrta Bpemenu. [lpnm

110
f,Hz

a

NHPOPMALIMOHHBLIE TEXHOJ10I' M

BRIODAHHOI MOAEAHN PaBHOMEPHOTO CIIEKTPa

CHUTHaAQ OAHOMCPHI)IC I/IHTCquCpOI‘paMMI)I
C TOYHOCTBIO AO IIOCTOAHHOTIO MHOKHUTEAA
paBHI)I HepeAaTO‘IHbIM CPYHKLII/IHM BOAHOBOAQ
B OTCyICTBHC H HpI/I HAAUYHUM BO3MYILICHUSA.

Ha Puc. 5

HOpMI/IpOBaHHbIC

HpI/IBCACHbI OAHOMCPHBIC

CIIEKTPAABHBIE  ITAOTHOCTH
nHTEpdEpOTrpaMM HEBO3MYIIEHHBIX ITOAEH B

OTCYTCTBHE BO3MYIINEHHA (CIIAOIIHAA AMHUA)

U PEKOHCTPYHPOBAHHBIE IIPH €ro HAAHUYIUH
(roukm) AAf momeHTa Bpemenn / = 10 mmm.
Hopmuposanuas BEAMYIITHA obo3Hagena
CBEPXY 3HAYKOM «KPBIIKa». llorperrHocts

BOCCTAHOBACHMHSA HHTCpCpCpOFpaMM OII€HMBAAACDh
KakK

> (701500

d(f)= . , (15
Zj:l Il (fl’t)|

rae  ugmcao  orcueroB | = 80. 3aech

I, — OAHOMEpHAA naTepdeporpamMma

HEBO3MYIICHHOIO IOAf AASl MOMEHTA BPEMCHN /
B OTCYTCTBHC BO3MYIICHHA M BOCCTAHOBACHHAA
A
Amamazoua dactor f, ommbka d = 0.45, Aas
amarrazona 4actot f, — d = 0.60. [To cpasrenmro

opu €ro HAANTYNH COOTBCETCTBCHHO.

C HEITOABMKHBIM HCTOYHHKOM [8] ITOTPENTHOCTD
BOo3pocAa B 3.7 pa3 u B 6.2 paza AAfl AMAIIA30HOB
9acTOT f W f, COOTBETCTBEHHO. YKa3aHHOE
pa3sAMYHe BEANYHH IIOIPEIIHOCTEH OOBACHACTCH

300 310 320
f,Hz
b

Puc. 5. 3asucumocnmu nopmuposarnivix oonomepreix unmepgepozparm resosmymerivix noaed I om vacmomer | 6

O7ICY IMCIIBUE BOIMYUYEHUA (CHAOULHAR AUNUA) U PEKOHCHIPYUDOSatIbIE NPU €20 HAAUYUY (M04KU): (a) Yacmommblil duanasor
J» (b) wacmommnwrii duanason f,
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p213AI/I"IHbIM XapaKTepOM HN3MEHYHUBOCTH CPCAI)I.
HpI/I HEIIOABMXHOM HMCTOYHHKE HMMEET MECTO

BpEMEHHAA HM3MEHYHUBOCTb CPEABI, 24 IIpH
ABUZKYITIEMCS HCTOYHHKE — IIPOCTPAHCTBEHHO-
BpEMEHHAsA  HM3MEHYHUBOCTb.  3aMEeTHM,  9YTO
morperrHocTs  (16) 3aBuCcHT OT BBIOPaHHOTO

MOMCHTA BpCMCHI/I.

6. BAKAFOUEHHE

B paMKax YHCACHHOTIO MOACAI/IPOBZIHI/IH

HpOACMOHCTpHpOBaHa ycTOfI‘IHBOCTb

I‘OAOI’paq)I/I‘ICCKOI"O METOAQ AOKAAHM3AITHNI

ABYKYIIIEIOCA  IITHPOKOIIOAOCHOIO HCTOYHHKA
spyka B upucyrcrsun VBB, obOycaoBamBarorux
TOPHU30HTAABHYIO PedPAKIIUIO 3BYKOBBIX BOAH.
VeroauBocte 0OpabOTKH OCHOBaHA Ha TOM,
YTO Ha TOAOTPAMME CIIEKTPAABHBIE ITAOTHOCTH
HEBO3MYIIIEHHOIO M  BO3MYIIEHHOTO IIOACH
HE IIEPEKPBIBAIOTCHA, TaK YTO KAKAYIO M3 HUX
MOKHO HaDAOAQTH OTAEABHO. PuAbTpAIuAd 9THUX
obAacTell AaeT BO3MOKHOCTH C MHHUMAABHBIMU
HCKAKEHUAMHI

BOCCTAaHOBUTDH FOAOFpaMMy

HEBO3MYIIIEHHOTO ITOAS ABHIKYIIIETOCH
ncrounuka B upucyrcrsun VIBB, uroOwr onenmrs
ero mapamerpel. C yBeAMYEHHEM YaCTOTHOIO
AMAIIa30HA  IIOTPEITHOCTh  BOCCTAHOBAEHHSA
VAAAECHHUA M PAAHAABHOH CKOPOCTH HCTOYHHKA
ymenpraerca. Ilpumenenne K HEBO3MYIIEHHOMN
roaorpamme ooparaoro npeoopasosanusg 2D-FT
ITO3BOAAIET PEKOHCTPYUPOBATE HHTEPEpOrpaMmmy
HEBO3MYIIIEHHOIO  IOAfA B

MBB. HWurepdeporpammer

ImoAsd B oOTcyrctsue um B upucyrcrsue VBB

HpI/IcyTCTBI/II/I
HCBO3MYIIIECHHOT'O

PA3AMYAFOTCA IO KOHTPACTHOCTH, HO UX YIAOBBIE
ko3 purmenTsl HHTEPEAEPEHIIMOHHBIX TOAOC
COIIOCTABUMBI IO BEAHUYMHE.
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Amnnomayus: IIpeAro’keHO TeCTUPOBaHHE BOCCTAHOBACHHBIX ITM(PPOBBIX U300paK€HU METOAAMH
WHTEPIOAALIMUA IIOCAEAOBATEABHO BBEIUHMCAAEMOro crnekrpa Dypsbe, CHAANH-UHTEPHOAALINH,
METOAOM IIPOEKIIMII Ha BBIIYKABIE MHOKECTBAa (projections onto convex sets) U METOAOM
AMIIAUTYAHBIX HTepanuid. 3apada IIPEACTABAAET COOOM PEKOHCTPYKIIMIO CMOAEAMPOBAHHOMN IIO
CAyYaifHO-paBHOMEPHOMY 3aKOHy pa3peskeHHocTu (orcyrcrByer 90 mponeHToB mMHQOpMaAIUN).
Kpome mM3BeCTHBIX OLIEHOK KAaUeCTBA M300pPA’KEHUII BBOAATCA HOBBIE — MepPa I'MCTOIPAMMHOIO
oAOOHUsA, CPEAHEKBAAPATUYHOE OTKAOHEHHE pasHuIbl ¢a3oBeix crnekrpos. Ilokazano, uro
MPEAAOKEHHBIE KpuTepun 3((EKTUBHBI AAA OIEHKH KAaUeCTBA IOAYYEHHBIX AMCTAHITHOHHBIM
30HAUPOBAHHUEM U300paAKEHUI.

Karwuesere cr06a: AMCTaHITIOHHOE 30HAUPOBaHHE, 00paboTKa M300parkeHUIl, 00 bEKTUBHAA

oleHKa 3(P@EKTUBHOCTA METOAOB BOCCTAHOBA€HHU:A, M€pa THUCTOIPAMMHOIO II0A00UA,
CPEAHEKBAAPATUYIHOE OTKAOHEHHE PA3HUIBI (PA30BBIX CIIEKTPOB
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Abstract: Testing of digital images restoration by methods of sequentially calculated Fourier

spectrum interpolation, spline interpolation, projections onto convex sets and amplitude
iterations is proposed. The task is a reconstruction of the sparseness modeled according
to the randomly uniform law (90 percent of the information is missing). In addition to the
well-known image quality estimates, new ones are introduced - a measure of histogram
similarity, the rms deviation of the difference in phase spectra. It is shown that the proposed
criteria are effective for assessing the quality of images obtained by remote sensing.
Keywords: remote sensing, image processing, objective evaluation of the efficiency of
reconstruction methods, measure of histogram similarity, standard deviation of phase
spectrum difference
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1.BBEAEHHE
B cucremax amcrannmonnoro sonauposarus (A3),
B PA3AMYHBIX AUAITA30HAX 9ACKTPOMATHUTHBIX BOAH,
IIOAYYCHHBIE AAHHBIC 329ACTYIO IIPEACTABACHBI B
BuAe HU@POBBIX u300pakeHuii. [lpu perrennn
IIPAKTIYIECKIX

00pabaTHIBAIOTCA

3aA29 TH H300paKEHUA

TEM HAHM HHBIM  METOAOM.
3apa9u MOTYT OBITH UPE3BBIYANHO PA3HOOOPA3HBI:
BOCCTAHOBACHHE ACPOKYCHPOBAHHOIO YaCTUIHO
32TEHEHHOIO H300pakeHusA, OOppOA C IITyMamH,
YBEAUYECHNE  IIPOCTPAHCTBEHHOIO  Pa3peIieHus,
rroncK HHAOPMAITHH 00 HCKAKAIOIIEH aIllIapaTHON
pYHKINM, PEKOHCTPYKIIHA VTEPAHHBIX AAHHBIX
(rnakyH) 1 Ap. [1-5]. Takum 0OpasoM, OOBEKTUBHASL
acpdexruBHOCTH  pabOTHI

OIICHKA MECTOAOB

BOCCTAHOBACHUA qu3BquafIHO aKTyaAbHA,

IIOCKOABKY ~fIBASICTCA BWKHOM YACTBIO CHCTEM
00paboTKN N300pamKeHnH, moAydaemsrx mpu A3.

B macrosimmeir paboTte IIPEAAArarOTCs HOBBIC
KpUTEpUX  OOBEKTUBHOM  OIICHKM  Ka4eCTBa
PEKOHCTPYHMPOBAHHBIX H300PAKECHUNI OTHOCHTEABHO
HCXOAHOTO  "maeanpHOro'" — (HEHMCKaXEHHOIO).
[IprmeHeHrE M3BECTHBIX M HOBBIX OOBEKTHBHBIX
OILICHOK Ka4eCTBA N300PAKCHUI IIO3BOAACT OL[CHUTD
KOHKYPEHTOCIIOCOOHOCTb

METOAOB  0OpPabOTKU

M300pAKEHUH B CHCTEMAax  AHMCTAHIIHOHHOTO
30HAUPOBaHUA. 3ACCH AATOPUTMBI PEKOHCTPYKITII
IIPUMEHAIOTCA K PAa3PEKEHHBIM H300PaKCHUAM
(13 HEPaBHOMEPHO PACIIOAOKEHHBIX BBIOOPOK).
T.e. K TaKUM H3OOPAKEHUAM, IO BCEMY IIOAIO
KOTOPBIX HMEETCHA B HAAMYIHH TOABKO HEKOTOPOE
KOAMYECTBO HX 3JAEMEHTOB, B TO BpeMf Kak

OOABIIIMHCTBO 9AEMCHTOB OTCYTCTBYCT.

Moaeaupyercs BBICOKAas CTEIEHb Pa3PEKEHHOCTH
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(orcyrerByer 90 mpomenToB  mHAMOpPMAITUN).
A BoccTaHOBACHMA HH(POBBIX H300PAKEHIIH
HCIIOAB3YIOTCA METOABI, paspadboranusie B VPO
mm. B.A. Koreasnnkosa PAH. B paborax [6,7,8,9]
ITOAPOOHO ~ OIMCAHBI AATOPHUTMBI  AAA  METOAQ
HHTEPIIOAAIINN TOCACAOBATEABHO BBIYHUCAACMOIO
cuexrpa @ypre (MHMIIBC), meropsa mpoeximii Ha
BBIITYKABIE MHOZKECTBA (projections onto convex
sets, POCS) m meropaa aMIAMTYAHBIX HTEpaIuil

(MAI),

paSpC)KCHHI)IX AByMCprIX CHTHAAOB.

aAaHTI/IpOBaHHbIC AAA pCKOHCprKI_II/H/I
AOHOAHI/ITCAI)HO, B KAa4Y€CTBEC I/IACOAOFH"ICCKOI;‘I

AABPTCPHATHUBBL METOAAM, pa6 OTAaFOIITUM B

YACTOTHOM ODAACTH, B HAIIEM WCCACAOBAHUH

[10,11].

DusnmyecKul CMBICA 3TOTO METOAA 3AKAIOYAETCS

HpI/IMCHHCTCH CHAafIH—I/IHTCPHOAHL[I/IH
B TOM, 9TO AAA HpOI/I3BOAI)HOFO Ha6opa OHOPHI)IX

ToYeK (Y3AOB) pEIIaeTcid CHUCTEMA AMHEHHBIX
YPaBHEHUI, MOACAHPYIOIIAsA IIOBEACHHE H3OTHYTOM
VIPYTOM TAACTHHKH. B pesyaprare Ioayuaercs
COOTHOIIICHHE, OIIHCBIBAFOITIEE ABYMEPHYIO
CIIAAMH-TIOBEPXHOCTh. Tako# ITOAXOA 0DOAasaer
OIIPEACAEHHOH YHHBEPCAABHOCTBIO M MOKET OBITH

HpI/IMCHI/IM AASA CpaBHI/ITCAI)HOI‘O AHAAM3A.

2. TIPUMEHEHHWE METOAOB
BOCCTAHOBAEHNA K PA3PEKEHHBIM
N30BPAZKEHHUAM

B kauectBe mpmmepa, AAfl  HAAIOCTPALIAN
acpdexruBHOCTH padoTs METOAOB
PEKOHCTPYKIINK ~ Pa3peKEHHBIX  H300paKeHMI
HCIIOAB3YEM  a9POKOCMHUYECKOE — H300paKeHHe

IIPUIIBAPTOBAHHOIO B 1OpTy ropoaa Can-Awmero
(CIIA) aBmanocria "Midway", mpespaménnoro c
1998 roaa B xopabab-myseii (pasmep 1296 ma 558
nukceAei) Ha Pmc. 1. Aas astoro wmcroassyercs
obmmeaocTyHas SIHACKC-KapTa.

HemocpeactseHHO ~ IIpH  MOAGAHPOBAHUU
0bpaboTke

HCIIOAB3yeTCA (DPArMEHT HMCXOAHOTO H300PaKEHHSA

PaspeKEHHOCTH U ITOCACAYIOIIECH
Puc. 1 — obOaactep BOAM3H KOPMBI aBHAHOCIIA
pasmepom 256 Ha 256 mukceaent (Puc. 24). Ha Puc.
2b moxazaHO paspekeHHOE H3oOpaxenue, rae 90
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Puc. 1. Hexoonoe aspoxocrmuueckoe usobpancerue (pasmep
1296 1a 558 nuxceqei).

IIPOLIEHTOB MH(OPMAIIMHA YAAACHO IIO CAYYaHHO-
PaBHOMEPHOMY 3aKOHY (4E€pHBIHN 11BeT). B orAmame
OT IIPEABIAYIIHX PabOT 3AECH AASl MOAEAMPOBAHISA
paspesxerHocTH (B mporpamme Ha Asbike Delphi),
J10

APKOCTEM

mpuMeHsierca  'Macka'. ITO3BOASIET ~ HE

IIPOU3BOAUTH  CABHUT BBEPX, YTOOBI
pesepBUpOBaTh "HYAEBYIO' HMHTEHCHBHOCTb IIOA
"MecTa orcyreTBus nHGOPMAIAN', B TEM CAMBIM HE
BHOCHTB, XOTb I HEOOABIIIOE, HO CIKATHE AMAIIA30HA
apkocrert. Ha Puc. 2¢ mmokasano BoccranoBaeHHE

Puc. 2/ ¢ nomorsro MUIIBC (128 rapmonux, 1

Puc. 2. Opacmerm uexoornozo usobpancerus puc. 1 (pasmep
256 na 256 nukcenet) — (a); paspescerroe usobpasierine
(90 npoyenmos ungopmayuu  Puc. 2a  omeymemeyem)
— (b); soccmanosaenue Puc. 2b ¢ nomowmsro MHTIBC
— (¢); socemarosaenue Puc. 2b ¢ nomomysro cnaaiina —
(d); soccmanosnenue Puc. 2b ¢ nomomsro POCS — (e);
socermarosaerie Puc. 2b ¢ nomouysro MAL — (f).

OLIEHKA KAYECTBA M30BPAYKEHII, [TIOAVYEHHBIX 329

ANCTAHLIMOHHBIM 3OHAVIPOBAHMEM

nreparud). Puc. 2d AeMOHCTPpUPYET PEKOHCTPYKITHIO
Puc. 26 c momorpro criaaiina. Boccranosaenne Puc.
20 ¢ momorpro POCS (9acToTHOE OKHO PaAHycoM
31 rapmonuxa, 2500 ureparnii) n3oopaxeHo Ha Puc.
2e. V1, HaKOHEIl, MHTEPIOAAIHIO Pa3PEKECHHOCTH
Puc. 2/ ¢ momorero MAM  (gactorHOE OKHO
paamycom 31 rapmonmka, 2500 mreparimii) MOKHO

yBuAETh Ha Prc. 2f

3. OIIEHKM KAUECTBA
BOCCTAHOBAEHUMA PABPEXKEHHDBIX
N30BPAKEHUI
DKcrepT-HAOAIOAATEAD MOKET BU3YAABHO CPABHHUTD
sacpdexruBHOCTE  paboTel  MeToAOB.  HambGoaee
"moxoxxumu'" Ha '"maeaapubiil’! Puc. 24 sBasrorca
pexoncTpyknnn ¢ momorpro MUIIBC (Puc. 2¢) n
¢ nomompio cuaaiina (Puc. 2d). Boccranosaenne
paspe:KeHHOro n3oopaxeHusa ¢ momornpio POCS
(Puc. 2¢) u ¢ momorero MAU (Puc. 2/) mpoucxoaut
3AMETHO XYK€, UM Y ABYX ITEPBBIX KOHKYPHUPYIOIIUX
METOAOB. YacTUdHO OOBACHHUTL 3TO MOKHO
OTHOCHTEABHO MAABIM PAOOYNM YaCTOTHBIM OKHOM
paanycom 31 rapmonmku. A€AO B TOM, YTO €CAU
3aAaTh YACTOTHOE OKHO 3HAYUTEABHO IIHPE, TO
Ha PEKOHCTPYUPOBAHHBIX M300PAKEHHUAK, IIOMUMO
KQKYIIETOCA IIOBBIIICHHUA PE3KOCTH, IOABAACTCA
3HAYHTEABHO OOABIIIE MEIITAIOIINX apTedaKTOB.
YroObl aAEKBATHO OIEHHUTh IPPEKTUBHOCTD
PabOTEI METOAOB HEOOXOAUMO BEIYUCAUTH KPUTEPUN
kadectBa. Tabammia 1 1okasbiBaeT OODBEKTHUBHBIE
OILIEHKH Ka4ecTBa PEKOHCTPYHPOBAHHBIX

nzoopaxenuii [1,12]: MCIT — mepa crpykrypHOIO

rmopo6usa, OP — omnenka peskocru, CK — cpeanmii

KOHTPACT, CKO1 — CPEAHEKBAAPATHIHOE
OTKAOHEHHE OT CBOETO CPEAHEro 3HAYeHNf,
CKO2 —  cpeAHEKBAAPATHYHOE  OTKAOHEHHE
Tabnuua 1
OOGBbEKTVBHbIE OLIEHKM Ka4ecTBa PEKOHCTPYMPOBaHHbIX
n3obpaxeHui
WexopHoe | MUMNBC | CrnnanH | POCS MAU
mepa 1 0.894 0.895 0.826 0.847
CTPYKTYpPHOro
nopobusa
oLeHKa 16.337 8.149 6.264 8.23 7.207
pe3koCcTn
cpegHun 0.144 0.114 0.093 0.154 0.13
KOHTpacT
CKO1 66.709 61.19 | 62.269 | 63.522 | 61.719
CKO2 0 29.553 | 29.519 38.44 35.52
aKcuecc -0.101 -0.102 | -0.114 -0.354 -0.253
acuMmMeTpus 0.88 0.773 0.77 0.643 0.666

RENSIT/POHCUT | 2023 | TOM 15 | HOMEP 3



330 KOKOIIIKNH A.B., HOBMUMXVH E.IT.

ITOIIMKCEABHON PA3HUIIBI MEXKAY 9TAAOHHBIM U
PEKOHCTPYHPOBAHHEIM ~ H300PaKEHUEM, —3KCIIECC,
ACHMMETPHA.

Mepa CTPYKTYpPHOTO ITOAOOMA MaKCHMAaAbHA
IpH  CPaBHCHHUM  HCXOAHOIO  "HACaABHOIO"
M300paKEHHUA C CAMHM COOOM — paBHa 1. Aas Beex
YETBIPEX METOAOB PEKOHCTPYKIINN PAa3PEKEHHOCTH
MCIT poBoabnO 6AM3KH. MCIT MUTIBC n criaatina
IIPAKTUYECKH OAMHAKOBHI, B TO Bpema kak POCS
n MAWM wumeror HEMHOTO MEHBIIIHE ITOKA3ATCAN
(xyammit n3 Bcex POCS). Tem me menee POCS
[TOKa3BIBACT "AydInuii' pe3yAbTAT II0 OLCHKAM
peskocTr. [1o 9TOMy ITOKa3aTEAIO PAAOM HAXOAHTCH
ToAbkO MIUTIBC. O0bacHATS 9TO MOMKHO TEM, YTO
Ha OIICHKY PE3KOCTH CHABHO BAHAIOT IAPA3UTHBIC
apredakTbl  (II€PEITAABI

Puc. 2¢ m Puc. 2¢). Ilo aroit xe nmpuunne POCS

APKOCTE  CPaBHHTE
IIPEBOCXOAHUT II0 "CPEAHEMY KOHTPACTY' —A&Ke
ncxoAHOe "HAcaapHOE" H300paKeHHe. AHAAOTTIHO
n obe omeuku CKO aas POCS Bpmme, gem y
koHKypupyrorux meroAos. CKO2  (orkaonenme
IIOIINKCEABHON PA3HUIIBI MEXKAY 9TAAOHHBIM U
PEKOHCTPYHPOBAHHEIM n300pakeHueM) y MAM
samerno npesbinaror CKO2 npun MHUIIBC n
crAafine. DTO CBHACTEABCTBYET O HAAUYHH OOAce
CYILIECTBEHHBIX CTPYKTYPHBIX OTAHYHI C "'HA€aAOM"
n3o0pakeHu, BoccraHoBACHHBIX POCS u MA,
gyem y pekoHcrpykmuii MMWIIBC u  cmaaiin.
DKcriecc  3HaYEHHMH APKOCTEH AAA  IHQPOBOro
M300PAKEHHUA YKA3BIBACT, HACKOABKO ITAOCKO- HAW
OCTPOBEPIINHHBIM ABAfETCA PACIPEACACHUE IIPU
CPAaBHEHHN C HOPMAaABHBIM  PACIIPEACACHIEM.
To, YTo BBIYMCACHHBIC 3HAYEHUS OSKCIIECCA AASA
BCEX H300PAKEHHUI MEHBIIIC HYAA YKa3bIBACT Ha
TO, YTO BCE PACIPEACACHUA IIAOCKOBEPIIHMHHBIC
(OTHOCHTEABHO HOPMAABHOIO, IKCIIECC KOTOPOIO
paBeH HyArO). UTO KacaeTcss aOCOAIOTHBIX 3HAYCHUIN
9KCIIECCA AASl HICCACAYEMBIX METOAOB, TO HamOOAcCE
OAM3KIM ¢ NCXOAHBIM aBAgercs MUTIBC.
Acummerpus 3HAYECHUU APKOCTEN AAS
nPOBOro U300PAKEHNA H3MEPAET ACUMMETPHIO
pacpeaeAeHIA OKOAO cpeaHero. IToaoxnreapHbIe

3HAYCHHUA aCI/IMMCTpI/II/I AAA BCEX LICTI)IIZ)éX MCTOAOB

VKa3BIBAIOT HA TO, 9YTO '"XBOCT" paCIIPEACACHES
BBITAHYT B  HAIPABACHHH  ITOAOMKHUTCABHBIX
3HavyeHU. BcAm OBl ACHMMETPHUA  3HAYCHUM

APKOCTEH H300paKeHusA OBIAA paBHA HYAIO, TO
pacupeascAcHIE OBIAO OBl CHMMETPHYIHO OKOAO
CBOETO CPEAHEro (Kak B CAy4ae HOPMAABHOIO).
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[Io srOoMy IIOKAa3aTeAr0 METOA HMHTEPIIOAAINN
ITOCAEAOBATEABHO BBIYHCAfieMOro crexkrpa Pypse
IIPEBOCXOAHT KOHKYPEHTOB B 9TOM HCCACAOBAHUH —
oH Oamke K "maearpHOMY .

[IpoanaansuposaB  aamueie  TaOammsr 1
MOKHO KOHCTATHPOBATb, YTO IIO BBIYUCACHHBIM
BBIIIIE OOBEKTUBHBIM OIIEHKAM KAa4eCTBA
PEKOHCTPYHPOBAHHBIX H300PaKEHHH, HEKOTOPOE
epeA

meropamu umeer MMUIIBC. Dkcneprmas onenka

IIPEHMYIIIECTBO KOHKYPHPYFOIIIMI
TOKE CKAOHACTCA HA CTOPOHY METOAA HHTEPITOAALII
ITOCAEAOBATEABHO BerducAfsemoro crekrpa Pypee. B
[13] ObIA BBEACH €I1i€ OAMH OOBEKTHBHBIN KPUTEPUIL
kadectBa. Kak BuaHO m3 Tabammer 1 mexoropsre

MOTYT
IIpeanaraerca cpaBHHBATE  (DOPMEI

U3  OLEHOK BLIAQTE ~ IIPOTUBOPEYUUBHIE
PE3YABTATHL
PACIIPEAEACHHIT APKOCTEH PEKOHCTPYHPOBAHHBIX
H300paKEHUI C AHAAOTHYHBIM PACIIPEACACHUIEM
AASl 9TAAOHA. PeaAnmsoBaHO IpPakTHYECKH 3TO Ha
rucrorpammax. [ Ipagém rucrorpaMmsr HEOOXOANMO
HEMHOI'O

T.C. nux IIo

b

"orpyburs" He Opartp
BCEM TIpaAalluAM fApKocTer (256), a BBIYUCAATDH
yCpeAHEHO, HarrpuMep 1o 8 (moAydnm 32 cToADHKa
B KaKAOH THCTOrpaMme). DTO CBA3aHO C TEM, YTO
ITUKCEAN HEKOTOPBIX M3 IPAAAIIIN APKOCTEH MOIYT
9HCTO (PUSUYECKH OTCYICTBOBATH HA TEX HAU
nHbIX u300paxenuax [13]. Puc. 3 maarocrpupyer
HOPMI/IP OBAaHHBIC I‘I/ICTOI‘p aAMMBbI HpKO cret
ODCYIKAAEMBIX H300PAKEHHI.

Puc. 3/ cBuaAeTeABCTBYET O UPE3BBIYANHO
MaAOM KoAmdectse 3HaunmMon wmudopmarmn (10
IIPOIICHTOB), IPUCYTCTBYIOIIEM HA PAa3PEKEHHOM
I/I306pa)KCHI/II/I. HPI/I BHUMATEABHOM paCCMOTpCHI/II/I
Puc. 3 MOXHO 3aMeTHTB, YTO BHA THCTOTPAMM
CYILIECTBEHHO MEHACTCA AAfl PasHBIX METOAOB
HHTEPIIOAALINN Pa3peKeHHOCTH. V1 ecAnm KamkAyro
U3 HHUX YHCACHHO CpaBHHTH C 'sraroHom’ (Puc.
3d), TO OyAET IIOAYYEH OODBEKTHBHBIA KPHTECPHIL
OIIEHKH KadecTBa wn300paxenuii. Ilo amasornnm
C y/K€ HM3BECTHOH MEpPOH CTPYKTYPHOIO IOAOOHSA
(structural similarity index measure (SSIM)), HazoBém
ero "mepa rucrorpammuoro mopaodbus” (histogram
similarity index measure (HSIM)) [13].

BI)I"II/ICAHTb Mepy FI/ICTOFpaMMHOFO HOAO6I/IH
IPEAAATAETCA CACAVIOIIIM 0Opazom [13]:

31

HSIM = Zim:o

|nistl,, —hist2,, |
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AVICTAHIIMOHHBIM 3OHAVPOBAHVEM

Tabnuua 2
Mepa rmctorpammHoro nogobus

Wexon- | MAMBC | CrnanH | POCS MAU

Hoe
HSIM ans 0 0.094 | 0.049 | 0.153 | 0.157
HOPMMPOBAHHbIX
rmcTorpaMmm
HSIM ans 0 | 360625 | 266875 | 583689 | 545.875
HEHOPMMPOBAHHbIX
rmctorpamm

IIpu oneHKe PEKOHCTPYKIUIT Pa3PEKEHHOCTH
PA3AHMYHBIME ~METOAAMU  IIPEHMYIIECTBO  IIEPEA
KOHKypeHTamMu mmeer craaii, MWIIBC  mHa
Bropom Mecre. Hamboaee cymiecrsenno (B

TIIPOICHTHOM OTHOLHCHI/II/I) 9TO TIPOABAACTCH,
CCA  AAA BBIYMCACHHM MCIIOAB30BATH AQHHBIC

HOPMHPOBAHHBIX THCTOTPAMM.

Ha Puc. 4 moxasanbl B AOrapuMHYIECKOM
macirrabe  aMIAWTYAHBIE — IIPOCTPAHCTBEHHBIE
CHeKTpsl: HCXOAHOTO ("'HacarbHOrO") H300paKeHHA
Puc. 2a — Puc. 4a; paspexeHHOIO HM300paKEHHA

T P . Puc. 2/ — Puc. 4b; pekoHCTpyKIINA PaspeKeHHOCTH

ihl-8 ihl-8

: f
Puc. 3. [uomocpavimer  sprocmed  oaq:  ucxodrozo
usobpancerius Puc. 2a — (a); paspescerrozo usobpaocerusn Puc.
2b — (b); soccmarvenenrozo Puc. 2b ¢ nomomsro MITIBC
— (¢); 6ocemarwsaenrozo Puc. 2b ¢ nomomywro cnaaiina —
(d); socomanosnenozo Puc. 26 ¢ nomomysro POCS — (e);

socemariosaertiozo Puc. 26 ¢ nomomsro MAM — (f).

B osroit  dopmyae: histl,  — smauenus
II0  CTOADHKAM  3TAAOHHOM  HOPMHPOBAHHOMN
rucrorpammel  (Puc.  34); hist2, =~ — smavenns
II0 CTOADHKAM TECTUPYEMOH HOPMHUPOBAHHON
rucrorpammer (Puc. 3¢). Beraucasercs ycpeAHEHHBIN
MOAYABb Pa3HOCTH II0 KaKAOH IIape CTOAOHKOB
rucrorpamm. B mpeasaraemom mpumepe 32 paBHO
KOAMYECTBY CTOAOHUKOB B THCTOIPaMMax (250 ACAHTD
na 8). Taxum obpaszoM, IIpuBeAEHHAA BEIITIE POPMyAA
seraucager HSIM  aas MUIIBC. Amarormaso
BBIYHCAAFOTCA MEPBI THCTOTPAMMHOTO ITOAOOHA
AASL CITAQITHA ITPU 9TOM IIOACTAaBAAA B (POPMYAY Kak
TecTUpyemyro rucrorpammy snavenus hist3,  (Puc.
3d), ana POCS, moactasass B opmyay histd,  (Puc.
3¢), mam hist5_ (Puc. 3f) npu serancaernu HSIM
ant MA. B TabAunnie 2 mpuBOAATCA BBIYICACHHBIC

Puc. 4. Amnaumyonsie npocmparcmeenve cnexmper 6
S02aPUPMUUECKOM Mactumiabe 017: Uex001020 U300pasicerius
Puc. 2a — (a); paspencennozo usobpancernua Puc. 26 — (b);
socemarosaenrozo Puc. 26 ¢ nomomero MHUITIBC — (¢);

I10 IIPEAAATAEMON METOAMKE MEPBI THCTOTPAMMHOTO
ITIOAOOHA AASl HCCAGAYEMBIX n300paxenuii. HSIM

AAfl  HCXOAHOTO (9TAAOHHOIO) H300paKeHUsd, B
HAIIIEM CAyYde, O3HAYACT CPABHEHHE C cammm O0CMAn06.e 11020 Puc. 26 ¢ nomomppro cnaaiina — (d);

COOOM, TaKUM OOpa3sOM pa3HUIIA 3HAYCHHUH paBHa 60C//an06.161H020 Puc. 26 ¢ nomomsro POCS — (e);
nyaro [13]. soccmarios.aerinozo Puc. 26 ¢ nomomysro MAM — (f).
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¢ nomommpro MUWIIBC (Puc. 2¢ - Puc.
PaspeKEeHHOCTH — C

45
PEKOHCTPYKIIHA ITOMOITIBEO
cunsarina (Puc. 2d) — Puc. 44, pexoncrpyxmms
paspexennocTu ¢ nomorpio POCS (Puc. 2¢) — Puc.
4¢; PEKOHCTPYKIHA Pa3pPEKEHHOCTH C IIOMOIIBIO
MAWN (Puc. 2f) — Puc. 4f. Ilo Beprukasu Puc. 4
OTAOKEHBI 3HAYCHHUA AMIIAHTYA IPOCTPAHCTBEHHBIX
CHEKTPOB (B AOTAPHU(PMHUYIECKOM MACIITA0E), II0
OCTAABHBIM OCSM — 3HAYEHUS MHACKCOB ITUKCEACH
APKOCTEH B ITOAE U300PAIKEHIH.

B [1] xoHCcTatupyercs: aMIAUTYA2 ABYMEPHOTO
AHCKpeTHOTO 1peodpasoBanust Pypre ecTh Maccus,
KOMITOHCHTBL KOTOPOIO 3aAAI0T HHTEHCHBHOCTH
Ha M300pPAKEHHH, 2 COOTBETCTBYIOIINE UM (Dasbl
COCTaBAAIOT MACCHB CMEIIEHHH, KOTOPBI COACPKUT
3Ha‘II/ITCAI)HyI‘0 qaCTb HH@OpMaHI/II/I O TOM, TAC
BHAHMBIC OOBEKTHI PA3MEIIAIOTCA HA N300PAKEHIH.
Taxwm 06pazom, OCHOBHAA HH(OPMAIIHA O KOHTYPax
(AeTaAfX) OOBEKTOB HA H300PAKEHUAX COACPIKUTCA
B ha3oBOM crrekTpe. B 910l CBA3H BOSHUKAET HALHA O
CO3AAHNU HEKOETO OOBEKTUBHOIO KPUTEPUA OLICHKI
KadecTBa (PA30BOIO  CIIEKTPA BOCCTAHOBACHHBIX
n3o0pakeruii. BusyaabHo  pasoBeri - crexrp
M300PAKEHUH TPYAHO HHTEPIPETHPOBATH KAKIM-
Aub0 obpasom. Puc. 54 mokaseBaer pasoBbrit
CIIEKTP HCXOAHOTO '"HACAABHOIO" H300paKeHU,
a Puc. 5/ cmekrp paspexkeHHOro H300pa)KEeHUA.
[To Beprukasm Puc. 5 oraoxkensl 3HaveHnuA (paspl
IIPOCTPAHCTBEHHEIX CIIEKTPOB (B HHTEpBase (-,
7T|), IO OCTAABHBIM OCAM — 3HAYCHUS HHACKCOB
ITUKCEAEH APKOCTEH B ITOAE M300PAAKECHIIH.

[Ipeararaem HIOITMKCEABHO BBIYUCAHTD
pasHHIB (PA3OBBIX IIPOCTPAHCTBEHHBIX CIIEKTPOB
MEKAY HCXOAHBIM ("HACAABHBIM') M Pa3pPEKCHHBIM
n3o0pakeruamu (cm. Puc. 5). Maccus 3HageHwmit
pesyAbTaTa IIPOBEACHHON OIEPAIIMU HAXOAHTCH B

nHTepBaAe (—2m, 21|, Bce aHaAormaHbIE MACCHBBI AAA

Puc. 5. Qasosvie npocmparcmsentivie cnexmper rauerus
HaX00a71CA 6 unmepsane (-1 , 7): uexo0nozo usoGpacerius Pasosuiil

Puc. 2a — (a); paspesceriozo usobpancernug Puc. 2b — (b).
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pasHHUIBl (PA3OBBIX IIPOCTPAHCTBEHHBIX CIIEKTPOB
MeKAY  HCXOAHBIM  ("HACAABHBIM")  H  AFOOBIM
13  YETBIPEX BOCCTAHOBAEHHEIX  HCCACAYEMBIMI
3ACCH METOAAMU H300PaKEHUN AOAMKHBI HMETb
MeHbIIHI pasdpoc suagennii. Ha Puc. 6 moxasansr
paspessl MaCCHBOB 3HAYeHMH: (PA3OBBINA CIEKTP
"maeaapHOrO"  M300pakeHms MHUHYC  (DA3OBBIHA
CIEKTP Pa3pEeKEHHOro mn3oOpakenus Puc. 64, n
asoserii  crektp "HmAcaABHOrO" HEHCKAKEHHOTO
HCXOAHOTO H300paKEHUA MUHYC (DA3OBBINA CIIEKTP
BOCCTAHOBACHHA PA3PEKEHHOCTH C  IIOMOIIBIO
MMIIBC Puc. 6b. ITo Beprukasn Puc. 6 orAoxKeHDI
das

CHeKTpoB (B mHTEpBaAE (—27, 27]), IO TOPU3OHTAAN

3HAYEHUSA PA3HOCTH ITIPOCTPAHCTBEHHBIX
— 3HAYEHUA HMHACKCOB ITHKCEAECH APKOCTEH B IIOAE
HM300PAKEHHH.

M3 Puc. 6 BHAHO, 9TO BOAHM3M IIEHTPAABHOU

(COOTBETCTBYIOIIEH  CpEAHEH

das

OTHOCHUTEABHO HC6OAI)H_H/IC. Ho mmo MCpC YAAACHUA

YaCTOTBI CHCKTpa

APKOCTH M300paKEHIA) PA3HUIIBI
B O0AACTb BBICOKHX YaCTOT 3HAYCHHUA PAa3HOCTH

das B cpeamem Bospacraror. B mepsoit crpoke

5.:: I I I
3150
T .
BEhMra, , R
—.i2 u
2
-315 N
63 | | L
0 54 128 192 236
2
a
6.3 T T T
315 [
I
RMFi,,, |
—_— i w N
I
—313
—53 1 | 1
0 64 128 192 236
i
b
Puc. 6. DPaspeser  pasnuyer  noanvix — pasossix

npocniparcmsenneix cnexmpos: "udeanrsnozo” euckancérnozo
uexoorozo usobpancerius (Puc. 2a) munye gpasosviii cnexmp
paspeceriozo usobpamenua (Puc. 26) — (a); "udeanvrozo”
Heuckaocenozo  ucxoorozo usobpascerus (Puc. 2a) munye
CHEKIND  BOCCIIANOBACHUA  pa3pedcerociny ¢
nomouysro MUTIBC (Puc. 26) — (b).
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Tabnuua 3
CKO pasHuubl ha3oBbix CNeKTpoB (B pad.) Mexay

"naearnbHbIM" 1 BOCCTAHOBIIEHHbIM N300paXXeHnsaMmn

Wc- | Paspex. | MUINBC | Crnnai | POCS | MAU
xon-
Hoe
CKO ans 0 2529 | 2423 | 2.362 | 2.442 | 2438
MosiHoro
cnekTpa
CKO gnsa
LleHTpanbHou
YacT crekTpa 0 0.893 0.63 0.641 | 0.714 | 0.701
(pagnycom 31
rapMoHuKa)
Tabamsr 3  opuseaeust CKO  pasuummsr das

AASL TIOAHOIO CIICKTPA MEKAY HACAABHBIM" U

BOCCTAHOBACHHBIM ~ PACCMATPHBACMBEIMH  3AECH
METOAAMH H300PaKEHUAMI.

PesyapTaTel AAfl PaspeKEHHOIrO M300paKEHHA
ABAArOTCA  3aBeAOMO  xyArmmmu. CKO - pasuwmrsr

paa.)

N300paKEHHA C CAMUM COOOI ABAACTCA MACCUB HYACH

¢azoBbIx  crmekTpoB (B "naeanpHOTO"
(mepBprii croAberr TabAnmbr 3), T.e. HAHAYYIIHI
pesyabTar. UTOOBI IOCTABUTDH KOHKYPHPYIOIIHE
METOABI B 0OOA€E paBHBIE YCAOBHA, OIPAHHYHM
BBIYHCACHIIE PA3HOCTH MEKAY (DA30BEIMHE CIIEKTPAMI
00AACTBIO BOAU3H IIEHTPAABHOH YaCTOTHI PAAHYCOM
31 rapmoHnka. DTO COOTBETCTBYET BBIOPAHHOMY B
aTOI paboTe pasmepy dactoTHOro okHa Arfl POCS
n MAN.

Puc. 7 aAemoncrpupyer

paspessl AAfl IIEHTPAABHBIX 30H (pasmycom 31

COOTBCTCTBYIOIIIHC

FapMOHI/IKa) pa3HI/IHbI (baBOBI)IX HpOCTpaHCTBCHHI)IX
CIIEKTPOB.

B Tabaume 3, BoO BTOpOH CTpPOKE, HPHBEACHEI
smaderus CKO AAfl HEHTPaABHOI 9acTH CIIEKTpa
(paamycom 31
CIICKTPOB (B PaA.) MEKAY "HMACAABHBIM'', PA3PE/KCHHBIM

TAPMOHHKA) Pa3HHUIBI (PA30BBIX

1 BOCCTAHOBACHHBIMU n300pakeHuamu. [To stomy
IokasareAro 1eppoe mecrto 3anmmaer MUIIBC,
BTOpOE crAaH, Tperbe MAVM, a mocaearee POCS.

4.3AKAFOUEHHUE

B pabore mpeasararorcss HOBBIE OOBEKTHBHBIC
OIICHKH KAYeCTBA H300PAKEHHH, IIOAYIAEMBIX
IPH  AMCTAHIIHOHHOM 30HAHPOBAHHH — Mepa

IICTOIPAMMHOIO IIOAOOUA M CPEAHEKBAAPATHYHOE
OTKAOHEHHE Pa3HUITBI (PA3OBBIX CIIEKTPOB. B xauecrse
TECTUPYEMBIX ~ METOAOB  HCIIOAB3YFOTCA:  METOA
HHTEPHOAAIUN ITOCACAOBATEABHO BBIYHCASEMOTIO
cuekrpa Pypre (MHIIBC), ciaaiia-naTEpIIOAAIIHS,
METOA  IIPOEKIUI  Ha

BBIITYKABIC MHOKECTBA
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Puc. 7. Paspessr ona yenmpanviwix son (paduycom 31

eapmonuka) — pasnuysr  Pasosvix
"udeanviiozo"

NPOCIIPaAHCINBEHIBIX

CHEKNIPOB: HEUCKAMNCEHH020 — UCXO00H020
usobpascerius (Puc. 2a) murnye gasossiii cnexmp camoeo ceb
— (a); "udeanvrozo" neuckamcénnozo ucxoonozo usoGpasnerus
(Puc.2a)  munye
usobpaocenun (Puc. 2b) — (b); "uoeansiozo” neuckancerrozo
usobpasernus  (Puc.  2a)  smunyc  asossiii
CHEKIND  BOCCIIAHOBACHUA — DASDEHCCHHOHIU ¢ NOMOU/BH)
MUTIBC (Pue. 2¢) — (c); "udeansviozo” mneuckancerrozo
usobpaoernun  (Puc.  2a)  smunyc  asoswiii

BOCCIIAMOBACHUA  pA3PereHHOCINU ¢

Paszoswrii  cnekmp  paspesceririozo

UCX00H020

UEX00H020
cnexmp nOMOy 610
cnaatina (Puc. 2d) — (d); "udeanviozo” neuckancerozo
uexoonozo usobpancenus (Puc. 2a) munye gasoseiil cnexmp
socemarios.aerus paspesceriocni ¢ nomowysto POCS (Puc. 2e)
— (e); "udeansviozo” nenckancénmozo uexoonozo usobpaserius
(Puc.  2a) munyc  pasoswiii  cnexmp  occrmarosaerun

paspescerrocmu ¢ nomomyvio NMLAI (Puc. 2f) — ().

(projections onto convex sets, POCS) m meroa
amuAnTyAHBIX nreparuii (MAM). Konxypupyrorime
METOABI PEKOHCTPYUPOBAAU CMOAECAHPOBAHHYIO 10
CAYYAITHO-PABHOMEPHOMY 32KOHY Pa3pPEKEHHOCTD
90 nadopmanun).
Hawnaydrmme mokasaTeAn IMOYTH IIO BCEM OIIEHKAM
upoaemoncrpuposar  MHUIIBC. [TposeaernOE
HCCAEAOBAHHE IIO3BOAAET CACAATH 3AKAIOUCHHE

(oTcyrcTBYET IIPOIIEHTOB

O HpI/IHL[I/IHI/IaAbHOﬁ BO3MOKHOCTH TIPUMCHCHHSA
IIPCAAOKCHHBIX KPUTCPHUCB AAfl OIICHKH KadcCTBa
H306pa)KCHHfI, ITOAYYIAEMbIX HpI/I AHNCTAHITMOHHOM

30HAHMPOBAHHH.  DTO  IIO3BOASIET  IIPOBEPATDH
acpdexruBHOCTD METOAOB BOCCTAHOBACHHS
nuPOBBIX  H300PAKEHHUI  HCIIOAB3YEMBIX — AAS

peIIeHuA PA3AMYIHBIX IIPAKTHYIECKIX 3aAA4.
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rensit.2022.14.165.

Kokomkur  AB.  AaropurMer  meroaa
aMIIAUTYAHBIX — mreparmii  n POCS  aad
peKOHCprKHI/II/I pa3pC)KCHHbIX ABYMCPHI)IX
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CHTHAAOB 2Kypran paduosnexmporiuxi
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Arkenaset  AB.  Cuaadin-nosepxcrocmu.  Ocroser
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Msa-Bo Teepckoro roc. yu-Ta, 2003, 82 c.
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Loprozo uncmunyma, 2013, 204:127-133.
Koxommua AB, Koporkos BA, Koporkos KB,
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jun15/15/texthtml.
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28 centabOpa 2023 ropa B MockBe mHpoOIIIAO

IPa3AHOBAHUE 70-seTHsA HNucruryTa
PAAMOTEKXHHUKHA W JAEKTPOHUKH wuM. B.A.
Koreapnukosa PAH.

WMucrutyr paanorexauku u saekrponuxu (MPD)
ObIA 0OpasoBan B OTACACHHN TEXHUYECKUX HAyK
AH CCCP nocranosaeruem Cosera MwunuCTpOB
CCCP ot 29-ro aBrycra 1953 r. 1 COOTBETCTBYIOIIIIM
ITOCTAHOBACHHEM IIPE3MANYMA AKAAEMHH  HayK

) EER '4 =3 |

Wenmumym paowomexruxu u ssexmporuxu CCCP or 18-ro centabps 1953r.
um. B.A. Komenvriuxosa Poccuiickod axademuu nayx, Lleap cospanusa VIPD — paszpaborka 5-tu (B TO
Mockea, Moxosas ya., 11, k.7 BPEMs) OCHOBHBIX ITPOOAEM PAAROIACKTPOHUKH:
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° HMCCACAOBAHHE (1)1/13I/IT'ICCKI/IX HPOHCCCOB n

paspaboTka Teopuu ABACHUM, IIPOHCXOAAIIIX
B 9ACKTPOHHBIX IPUOOPAX IIPU PAANOYACTOTAX;
* Jusuyeckne

HCCACAOBAHHUA U pa3paboOTKa

HOAYHP OBOAHHKOBBIX MaTCpI/IaAOB, a

TaKKE pa3padOTKa METOAUKH IIPUMEHEHUA
ITOAYIIPOBOAHHKOB B 9ACKTPOHHKE u
PAAIOTEXHIIKE;

®  HCCAGAOBAHHE PACIPOCTPAHEHUSA, H3AYICHUA
I KAaHAAM3AIHH SACKTPOMATHUTHOH SHEPIHH
BBICOKOH YaCTOTBI B CBOOOAHOM IIPOCTPAHCTBE,
OTPAaHHYECHHBIX OOBEMAX U PA3AHYHBIX CPEAAX;
* pa3spaboTKa HOBBIX METOAOB  H3MEPCHHI
OACKTPHYECKUX M MATHHTHBIX BEAUYHH Ha
BBICOKUX U CBEPXBBICOKHX YaCTOTAX;
* W3BICKAHHE HOBBIX O00AACTed IIPUMEHEHUA
PAAHOTEXHHYECKIX METOAOB B HayKe, HAPOAHOM
XO3A1CTBE 1 OOOPOHHOI TEXHHKE.
HcroAssfomuM — OOfA3aHHOCTH  AUPEKTOPA
WPD ObiA HAa3HAYEH AKAAEMHK, HHKEHEP-aAMHUPAA
Axceap Vpamosmua bepr. B komme oxrabpa —
HagaAe HOAOPA 1953 r. samecTHTEAAMH AHPEKTOPA
PO ObiAu HAa3HAYEHBI TOABKO YTO BBIOPAHHBII
cpasy B akaAeMukn Baaanmup AAeKCaHAPOBHY
KoTeAbHHKOB 1 OAHOBPEMEHHO C HHM BBHIOPAHHBII
B uAeHb-koppecnouaeaTsl AH CCCP Amurrpuit
Baaaummposua 3épHoB.
Ans pasmertiernst FIPD GBIAO BBIAGACHO CTAPHUHHOE
sparne Pusmaeckoro mHcTHTyTa B drscpaka MLV
1906 roaa mocrporiku Ha Moxosoii, 11.

Aas

HCCACAOBAHUM,

pasBuTHA IMTIPOKOMACIITTAOHBIX

prCHACHI/I}I MaTCpI/IaAbHO—

TeXHHYECKOH 0assl  MHcTHTyra m  ycKopeHHA

BHEAPEHUA PE3YABTATOB
1955 r

Mockosckoit ooaactu 1o riocranoaeamro CM CCCP

paspaboTox B

HPOMBIIIAEHHOCTDb B B 1. Opasuxo

Obira oOpasoBana Ppasuuckas gacts VIPD (ubrme

) BT

S W

OPAZMHCKNI GMAMAA
r. ®pasuno Mock. obaacty,
mA. Beeaenckoro, 1
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CAPATOBCKHNI ®MAMAA
r. Caparos, ya. 3eaeHas, 38

XPOHUWKA

WEHOBEAMENIVIVIEOWAT]

CCCE

BEPT

Axcens

BBEJIEHCKUIA

BopucA

3EPHOB
AmMnTpnia Bnaaumuposuy

OEBATKOB
Hukonait AMuTpuesny

KOB3APEB
Opuii Bopncouy

AN

CDpHSI/IHCKI/‘Iﬁ dpuanman UPD mm. B.A.KoTeapHmkoBa
PAH). B 1979 r. pemennem I'KHT CCCP n
nocranoBAennem [Ipesmanyma AH CCCP cospan
Caparoscknii puamas PO nm. B.A . KoreapHnkosa
PAH, a 8 1990 r. mocranoBacuuenm [Ipesnamyma
AH CCCP B 1. YABAHOBCKE CO3A2H Y ABSHOBCKHIL
dpurmar PO mm. B.A.Koreaprnkosa PAH.

B meAsix yBeKOBEYEHMSA ITAMATH BBIAAFOILICTOCH
POCCHITCKOTO B.A.
Koreapnukoa — B 2006 r. Mucruryry ObIAO

YYIEHOTO AKAAEMHKA
IIPHCBOCHO €r0O MM.

C 1988 r. 1m0 2014 r. Ampexropom Mucruryra 661A
akaaemuk PAH FO.B. I'yases. Cefivac oH Hay9HBIN
pykoBoaureab Mucruryra. C 2015 1. Ampexrop
WNucruryra — akaaemuxk PAH C.A. Huxuros.

B macroamee spema Mucturyr cocront us
4-x
PO (22 aaboparopumn), PpasuHCcKHE QHAnAA

CTPYKTYpHBIX ~d¥acTeil: MOCKOBCKas —9acThb
(29 AabGoparopuii m 2 TEMATUYECKUE TIPYIIIHL),
CaparoBckuii  dumaman (9 Aaboparopmii),
Vabanosckuit puanan (2 raboparopun).

VABSHOBCKUIN ®MANAA
VABSIHOBCK, yA. [ orwapoBa, 48/2
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IRV pmi Bacuavesuy

Huxumwos Cepeeii Anonnornosuy

0.¢p.-M.1.,  mpogpeccop,  axademux  0-Gb.~M.1t., npogbeccop, axademux
PAH PAH
OcHoBHas 3apa9a HHCTHUTYTA — HpOBCACHI/IC

PyHAAMEHTAABHBIX, IIOMCKOBBIX M IIPUKAAAHBIX
HCCAEAOBAHUA B 00AACTH PAAHO(MHUIUKH, MUKPO- U
HAHO9ACKTPOHUKH, (DOTOHHKH, TEACKOMMYHHIKAIIUI,
MHAOPMAITMOHHBIX TEXHOAOTHILA, a TaKKe
paspaboTtka u pa3BuTHE (PUIHKO-MATEMATHYECKUX
U TEXHUYECKUX OCHOB HOBOM 3AEMEHTHON Oa3bl
PAAHOIAEKTPOHHUKH U (DOTOHHKH.

WMuctatyr npoBOAUT (DYHAAMEHTAABHBIE U
IIPUKAAQAHBIE HAYYHBIE HCCACAOBAHHA I10 15-TH
HAYYHBIM HAIIPABACHHAM B 00AACTH (PU3HYECKUX
HayK, HaHO- U HH(OPMAIIMOHHBIX TEXHOAOIHUIH,
K  KOTOPBIM

OTHOCATCA paAI/IOCpI/ISI/I"IGCKI/IC

nccacAoBanus  COAHEYHONW — CHCTEMBI, METOABI
AUCTAHIIHOHHOTO 30HAUPOBAHUA 3EMAN, U3YUCHHE
PACIIpOCTpaHEHU PAAHOBOAH B aTMocdepe 3eMAn,
OKOAO3EMHOM M KOCMHYECKOM IIPOCTPAHCTBAX,
paspaborka

1peoOpazoBaHmA

METOAOB FCHCpaHI/II/I, HpI/ICMa n

3AEKTPOMATHUTHBIX BOAH,
dyHAAMEHTAABHBIE ITPOOAEMBI PAAMOMDUIIUECKUX
METOAOB CBf3H, AOKALIMH U AHATHOCTHKH, AKTYAABHBIC
Hay4YHBIEC IIPOOAEMBI OIITHKUA U Aa3€PHON (DU3MKH,
HCCAECAOBAHUE HEAUHENHBIX AHMHAMHUYECKUX
CHCTEM, CO3AAHUE HOBBIX MATEPHAAOB U CTPYKIYP,
BKAIOYAs METAMATEPHAABL, HCCACAOBAHIA B OOAACTH
KBAHTOBOI MaKPO(PHU3HUKH, ME30CKOIINKH, (DU3NKK
HAHOCTPYKTYP, CIIMHTPOHUKH K CBEPIPOBOAUMOCTH,
HCCAEAOBAHUA B  00AaCTH  OHOMEAUIIMHCKOII

pador

IIYOAUKYIOTCA B BEAYIIUX POCCHICKUX M MHUPOBBIX

paAI/IOI)ACKTP OHHKH H Ap . PCSyAI)TaTbI

Hay9IHBIX HN3AAHHAX. Mucrut V1 OCYIICCTBASCT

IIOAI'OTOBKY Ka,A,pOB BBICIIICIT

(KaHAI/IAaTOB %8 ,A,OKTOPOB HayK), HNMEET TECHDBIC

KBAAHDUKAIIIH

MEKAYHAPOAHBIE HAYYIHBIE CBA3M.
930

YEAOBEK, B TOM yncAe 587 HayIHEIX pabOTHUKOB. B

OOmasa wucaenoctp Mucruryra —

nacrosiee Bpema B IPD um. B.A. KoreapHukosa
PAH rpyamrca 5 akaaemukos PAH: FO.B. I'yases,

70 AET PO mm. B.A. KOTEABHMKOBA PAH 337

C.A. Huxwuros, H.A. Kysuenos, B.A. Uepenenun
u A.C. byraes, 6 mpodeccopos PAH, 98 coxropos
HayK, 220 KAHAUAATOB HaYK.

B 1969 r. Mucrutyr HarpaxaeH OPAECHOM

TpyaoBoro 3uamenn.  Paborsrl

I/IHCTI/ITyTa OBIAT YAOCTOCHDBI BBICOKHX HarpaA: 2-x

Kpacnoro

npemuii EBporrerickoro dpusmgeckoro oOrecTsa,
2-x Aennuckux npemuii, 24-x I'ocyaapcrBeHHBIX
npemuii CCCP, 6-u T'ocyaapcTBeHHBIX mpemMuin
P®, 4-x mpemnii Cosera Mwunucrpos CCCP,

3-x  mpemmit  IlpaBureanctBa  Poccmiickoit
Depepannmy, 3-x IpeMUI AeHUHCKOrO
KOMCOMOAa, 2-x l'ocyAapcTBEHHBIX —HIpeMHN

VCCP, 1-it npemnu IIpasureancra Poccuiickoit

Pepepanmn B oOaacTH  OOpasoBamms, 1-i

I'ocyaapcrBenHOM opeMun Poccuiickoit
®epepanmu umenn Maprrasa Coserckoro Corosa
I'K. KykoBa B obOAacTH BOCHHOW HaykH, 4-X
npemuii IlpaBureabcTtBa MOCKBBI AAf MOAOABIX

YYCHBIX.

OcHoBHBIE HambOAee KPYHHBIC AOCTHIKCHUA

WMucraryra, OTMEYEHHBIE MEKAYHAPOAHBIMH I
IOCYAAPCTBEHHBIMH HATPAAAMUI:

— IlepBele B MHpe PAAHOAOKAIIMOHHEIE
nccaeaoBanus maaner Bemepa, Mepkypuit m Mapc
(Aenmncxkas mpemus, 1964)

— [Tepsas B

Mupe ITOAPOOHAS

PAAHOAOKAITHOHHAA CheMKa ITOBEPXHOCTH
maaHeTsl Bemepa ¢ KocMmYeckHX ammaparos
«Benepa-15», «Benepa-16» (Aemmuckas mpemus,
1986; rocyaapcrsennnie npemuu CCCP, mpemmus
AenuHCcKkOro KOMCOMOAa, 1985)

—  PasBurme

METOAOB %8 annapaTypr

AHUCTAHIITTOHHOTIO SOHAI/IpOBaHI/IH 3eman

paAHOU3UIECKIMEI METOAAMU (2
rocyaapctsernere npemun CCCP)

— DKCIIEPUMEHTAABHOE oOHapyKeHHue
3AEKTPOHHO-ABIPOYHBIX KAIIEAb X MHOTOYACTHYHBIX
SKCHUTOH-TIPHMECHBIX KOMIIAEKCOB B

ITOAYIIPOBOAHHKAX (Ipemms

Espomneiickoro
dusugeckoro  obrecrsa, 1975,

npemus CCCP, 1988)

— Paspaborka

I‘OCyA,Q_pCTB CHHAaA
Hay4IHBIX OCHOB
Q.KYCTOBACKTP OHUKHN 48

1IpudbOpPOB

AKyCTO3ACKTPOHHBIX
obOpaboTkn  mudopmManun  (IIpemMusn
Esporreiickoro dusugeckoro o011IECTBA,

1979; mpemua IEEE B.I.Ksam (The W.G.Cady
Award), 6 rocyaapcreennbix npemuii CCCP, 2
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rocyAapcrBenHeie npemun PO, mpemust AeHIHCKOTO
KoMcoMOAa, 1984)

— CospaaHme HaygHBIX OCHOB CIIMH-BOAHOBOM
anekTpoHukn (rocyaapcrsennas npemma CCCP,
1988, 1984,
rocyaapcrsennas npemus YCCP, 1980).

npemus  /A€HHHCKOIO KOMCOMOA2
— Paspaborka CBEPXITPOBOAHUKOBBIX

npuemaukoB TI'mm  Amamasonma ¢ KBaHTOBOM
YyBCTBUTEABHOCTBIO (Irpemust um. Ban Aysepa (the
Van Duzer Prize), npucyxaennas Cosetom 10
ceepxrposoaumoctu IEEE, 2012).

— Co3paHue YHHUKAABHON HAYIHOH YCTAaHOBKH
«KpuomnTerpar»  —  TEXHOAOIMYECKOIO W

I/I3MCpI/IT€AI)HOI‘O KOMIIAEKCA ANAA CO3AaHMA

CBEPXITIPOBOAHUKOBBIX ~HAHOCHCTEM Ha OCHOBE
HOBBIX MATEPHAAOB.

— Pa3paboTka HayIHEIX OCHOB OMOMEAUIIIHCKOH
PAAMO2AEKTPOHUKHN (rOocyAapcTBeHHAsA npemus P,
2000).

OOt

cocraBaser 1.2 mMapa pyO., u3 Hux 0.7 MAPA. pyO.

YPOBEHD dpunaHCHpOBAHHUA
BBIACAAETCA OIOAKETOM HAa BBIIIOAHeHHE 16 Tem
TOCYAAPCTBEHHOI'O 3aAAHUA.

B pamKax HAIIMOHAABHOTIO IIPOEKTA
«Hayka m yHHBepCHTETB» CO3AAHBI M YCIIEIITHO
PYHKIHOHHPYIOT 3 MOAOAEKHBEIE AADOPATOPHM,
CPEAHHII BO3PACT

npespiaer 35 aer. Kpome srtoro, B pamkax

COTPYAHHKOB KOTOPBIX HE
I/IHTCrpaL[I/II/I C BCAYL[II/IMI/I pOCCHﬁCKHMH By3aMl B
Nucruryre cosaano 8 6a3oBerx kadeap. MuctuTyT
TAKKE HMEET COOCTBEHHYIO ACIIHPAHTYPy M ABa
AMICCEPTAIIMOHHBIX coBeTa. B acrmpanrtype VPO
mMm. B.A. Koreapnnkosa PAH oOyuaerca 40
9YEAOBEK. 32 IIOCACAHHE TOABI PAA MOAOABIX YIEHBIX
WMucturyra yaoctoensr mpemumii IIpaBmreancrsa
Mockssl B o0AacTu Hayku. B 2021-2023 r.r. 6oaee
20 HayYHBIX COTPYAHHKOB FIHCTHTYTA HArpaKAEHEI
FOCYAapCTBCHHbIMI/I n BEAOMCTBCHHBIMHA
HATPAAAMIL.

Corpyanuku FHCTHTYyTa €KETOAHO IYOAHKYIOT

350

3apyOEKHBIX U

boaee cratrel B BBICOKOPEHTHHIOBBIX

POCCHIICKIX KYPHAAAX,
nuAekcupyemerx B Web of Science u Scopus; 6oaee

1000 crareit u resucos, maAekcupyembrx B PUTHII.

XPOHUWKA

Exeroano maaaerca oxoao 10 momorpadpuii n
YIEOHBIX ITIOCOOUN, PETUCTPUPYIOTCA POCCUICKIE
nu MC)KAyHapOAHbIC

ITaTeHTH.  Pe3yAbTaTHI,

IIOAYYICHHBIC COprAHI/IKaMI/I I/IHCTI/ITyTa,

ITOAYIHAHT 0e3yCcAOBHOE

B 2022

cTaTeH,

MEKAYHAPOAHOE
TOAY
OITyOAMKOBAHHBIX

IIpH3HAHUE. KOAHYECTBO
U THPOBAHIH
corpyanunkamu Mucruryra, cocraBmao 6oaee 28

TBICAY.

KOAAEKTHB PEAAKIIMHE U PEAKOAACTUS KYPHAARA
"POHCHUT: PaamossexrpoHuKa.

Hanocucremsr.
Nudopmanuonnsie texHosornn' xeaaror PO

mvm. B.A. Koreapuuxkoa PAH mpouseranus
u AAABHEHIITITX HAYYHO-IIPOU3BOACTBEHHBIX
CBEpPICHNIN, ITO3APABASIOT BCEX COTPYAHHKOB,

YYEHBIX W MHKEHEPOB C IOOMACHHON AQTOH #
KEAQIOT HOBBIX TBOPYECKHX VCIIEXOB Ha IIyTH
TEXHHYECKOI'O ITPOrPECCa HAIIIEH CTPAHEI.

KoAACKTHB peAaKIHI U PEAKOAACTHA
>xypuara POHCUT

Caaro B Habop 23.09.2023. [Toamucano B mewats 25.09.2023. Gopmar 60X88Ys.
Bymara odcernas. [leuars mudposas. [lea.a. 15,6. Tupax 100 sx3. 3ak. 531-21.

Kowmrmsrorepusiit HaOOp, BepcTka, rpaduka, (poropadborsr — Peaakiiud :xypuasra POHCIUT.
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