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OBPATHAS 3ATAYA JJI51 CTIOUCTO-HEOJHOPOIHOTI'O KPYT'OBOI'O
OUJIMHAPA B YACTOTHOHU OBJIACTH

J.0. barpakos
Xapvkoeckuil hayuonanvhwvill ynusepcumem umenu B.H. Kapazuna,
Gaxyremem paduogpuzuxu, OUOMEOUYUHCKOU INEKMPOHUKYU U KOMIBIOMEPHBIX CUCIEM.
nn. Ce0600v1 4, Xapvkos, 61077, Yxpauna
IToctynuna B pegakuuto 19 anpens 2017 r.

[ony4yeno pemenue oOpaTHOW 3agaydl AT 30HAUPOBAHHSA PAAUAIBHO CIOMCTOTO KpPYrOBOTO IMJIMHApA C
MOMOIIBI0 KOMOWHaIMu Merona Loibadapba, OTHOCsMmIErocs K MPSAMBIM METOJaM TEOPHH MapaMeTpUdecKoit
ONTUMM3ALUH, U TEHETHYECKOTO allropuTMa. Mcrnons30BaHbl IpeMMYyILECTBA IEPBOIO METO/1A, CBA3AHHBIE C U3MEHIEMOU
metpukoi. C Gpu3HIecKoil TOUKH 3peHHs MPOBEICHO MOACITUPOBAHKE PA3INYHBIX COCTOSIHUH TOJISPU3ALUH MaJAI0LIEr0
MOHOXPOMATHYECKOTO MoJis. Takke paccMOTpeHa BO3MOXKHOCTh OONYYCHUS] HCCIEIyeMOro OOBEKTa IOJEeM HHTH
JNEKTPUIECKOTO JTMOO MarHUTHOTO TOKa. Pa3paboTaH BEIYMCIMTENBHBIN alropuT™ U mnporpamma Ha s3eike @OPTPAH
JUISL TIPOBEICHUSI BBIYUCIIUTENILHBIX SKCIIEPUMEHTOB. B HTOre Ha OCHOBAaHUM IIOJIYYEHHBIX PE3yJbTaTOB pacueToB
YCTaHOBJICHA HE TOJBKO PabOTOCIOCOOHOCTh, HO U BBICOKas 3 (EKTUBHOCTD MPEATIOMKECHHOTO TTIOAX0/1a.

KJIFOUEBBIE CJIOBA: meron N'onbadap0a, MeTUIIMHCKAS THATHOCTHKA, TapaMeTpHYECKast ONTHMHU3AIINS .

OtpumaHo pimeHHs oOepHEHOi 3ajayi [UId 30HAYBaHHA pagialibHO INApyBAaTOrO KPYTOBOTO LHTIHIpa 32
JIOTIOMOTOI0 CHOMy4YeHHS MeToay [onpadapba, mo BiTHOCHTECS 0 MPSIMUX METOAIB TEOPii mapaMeTpuyHOi ONTHMI3allil,
Ta TEHETUYHOTO AITOPUTMY. BHKOpHCTaHO mepeBaru nepioro MeToay, o MoB'sI3aHi 31 3SMIHHOIO METPHKOIO. 3 (i3ndHOT
TOYKHM 30py TPOBEICHO MOJEIIOBAHHSA PI3HMX CTaHIB IOJSIPH3alil MaJalodoro MOHOXPOMAaTHYHOro mois. Takox
PO3IIISIHYTa MOXKJIMBICTH OIPOMIHEHHS TOCIIKYBaHOTO 00'€KTa MOJEM HUTKHU EIEKTPHYHOro abo MarHiTHOTO CTPyMYy.
Po3pobneHo oGumcmoBaNbHUI anroputM 1 mporpamy Ha MoBi POPTPAH mis mnpoBeleHHS OOYMCITIOBAIBHHX
eKCIIepHMEHTIB. Y MiJICYMKy Ha ITiICTaBl OTPUMAaHNX Pe3yJbTaTiB PO3paxyHKIB BCTAaHOBJIEHA HE TUIBKM Mpale3aaTHICTS,
aJie i BUCOKa e()eKTUBHICTB 3aIIPOIIOHOBAHOTO IiIXOY.

KJIFOYOBI CJIOBA: meron N'ompadapba, MenudHa qiarHOCTHKA, TapaMeTpHYHa ONTUMI3aLlis.

The solution of the inverse problem for probing a radially layered circular cylinder with the use of the combination
of Goldfarb method relating to the direct methods of the theory of parametric optimization and genetic algorithm is
obtained. The advantages of the Goldfarb method relating to the variable metric are used. From the physical point of
view, the simulation of various polarization states of the incident monochromatic field is carried out. Also the possibility
of irradiating the investigated object with a source in the form of a string of electric current is considered. A
computational algorithm and a FORTRAN software for computational experiments are developed. Based on the obtained
calculation results, the working capacity and the high efficiency of the proposed approach is established.

KEY WORDS: Goldfarb's method, medical diagnostics, parametric optimization.

BBEJIEHUE

[Ipu pemeHnn 0OpaTHBIX 3a[a4 TEOPUH PACCESTHUSA B OCHOBHOM HCIIOIB30BAJIACh MOJIEINb MIIOCKOCIOUCTOM
cpensl [1-3]. Taxke paccMaTpUBaIHCh OOpaTHBIC 3a1a4d IS CIy4aeB, KOraa KOH(GHUrypanus cpe/sl Mo3BoJisiia
BOCTIOJIB30BAaThCA METOIOM pa3zeieHNsl IEpEMEHHBIX JUIsL ocTpoeHus GyHKiu ['prHa uccnenyeMoro oosema u
CBECTH B MTOre OOpaTHYIO 337ady K OJHOMEpHOMY ciydaro [4]. B ciydae MmiockocmoucTeIX cpen BaKHBIMH
NPUKJIAJAHBIMI  TIPUJIOKEHUSAMH  OBUIM  QJTOPUTMBI  WHTEPIPETAlMM  JaHHBIX  KOHTPOJS  ITOKPBITHH
ABTOMOOWIJIBHBIX JTOPOT W CTPOUTENBHBIX KOHCTpYyKmmid [5-10]. B To ke Bpems, cymecTByeT Kiacc 3ajad,
KOTOpBIE MOTYT OBITh CBEIEHBI K OJHOMEPHBIM OOpPAaTHBIM 3ajadyaM IPH HAJIWIUH METOAOB HOCTPOCHHMS
cooTBeTcTByOmMX ¢yHKuuit I'pmHa. K TakuM 3amadyaM OTHOCATCS pajHalbHO HEOJHOPOIHBIH KPYTrOBOH
LWIMHIP U paJiMajbHO HEOJHOPOJHBIN map. HeoqHOpOIHBINM B paiuaabHOM HAIPAaBJICHUU KPYTrOBOW LIUIUHAD
MOJET OBITh HCIOJB30BAaH B KAueCTBE MOJEIH KPOBEHOCHBIX COCYAOB B OHOMEAMIIMHCKHX HCCIIETOBaHMAX.
OyHZaMEHTOM I TOCTPOeHHS A(PGEKTUBHOTO BBYUCIUTEIBHOTO QJITOPUTMA IIPH  HCIOJIB30BAHUHU
MHTETPAIBbHBIX YPAaBHEHHUH SBISIETCS Mpoleaypa nocrpoenus ¢pyHkiuu ['prHa 1 0ObeIMHEHHE 3TOI NPOLe Ty bl
C KakuM JINOO M3 METOJOB pEIIeHHs COOCTBEHHO OOpaTHOW 3ajgaun. B kadecTBe merona pemeHus oOpaTHOM
3a7a4d paHee OBUIO IPEAJIOKEHO HCIIOJIb30BaTh BapHALMOHHBIM moaxonx [1-3] ¥ mpuHIMI MakcuMyMma
Iontpsiruna [11]. OgHako B Tex cilyyasX, KOrja HUIMHIP COCTOUT U3 HECKOJIBKHX OJHOPOIHBIX CIOEB, MOTYT
OBITH MCITOJIB30BAHbBI T€HETHYECKUE anropuTMHI [12,13] u mpsiMble MeTOIBI TeopuH onTuMm3anuu. Cpeau Takux
METOZIOB CIIEyeT BBIACTUTH MeTo I onpadapba, 4acTo Ha3bpIBAEMBIM TaKXKe METOJIOM TapMOHUYECKOTO OajaHca
[14]. Meton I'omsadapba oTHOCHTCS K KIacCy METOJIOB C M3MEHSIOMICHCS METPUKOH. DTO 03HAYaeT, YTO BEIOOP
HanpaBiIeHUs yOBIBaHUS aHATM3UPYEMOH (GYHKINU Ha Ka)KJIOM Iare pealn3yeTcs ¢ y4eTOM IOJydeHHOH paHee
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uHpopmanuu. B cooTBeTCTBUU ¢ 00IIEH JTOTMKOW PEIICHHS Pa3JeiiiM B JAHHOM Cliydae MpOIIECC Ha JIBa JTara:
peleHre 6a30BOi MPSIMO¥ 3a/1auu 1 3aTeM COOCTBEHHO OOpATHOM 3a1auu.

METO/I PEHIEHUMS TPSIMOM 3AJIAYM C TIOMOIIBIO ®YHKIIAU TPUHA

[Ipexne Bcero, paccMOTpuM OOIIYI0 TOCTAHOBKY 3aJaddl. IIpenronokuM, 4TO HCCIEAYEeMBIM OOBEKTOM
ABJIsIETCS OECKOHEUHBIH KPyroBOW HIJIMHIP, COCTOSINNM M3 KOHEYHOTO YHCIIa OJHOPOAHBIX H30TPOIHBIX CIOEB
(puc.l). Crou mnpoHyMepoBaHbI, HAayWMHAsg OT BHYTPEHHEro CIJIOS, M 3HAYCHHUS HUX [AUIEKTPUUYECKOMH
MPOHUIIAEMOCTH TaKKe CHAOXKEHBI MHJIEKCAMH, COBIAJAIONIMMH C HOMEpaMH CJIOEB. T.e. BHYTPEHHUI ciOii
UMEeT paguyc R; 1 OTHOCHTENIBHYIO TUAICKTPUUECKYIO IPOHUIIAEMOCTh g, . IIpeanonaraercs, 4yTo uccieayemas
CTPYKTYpa PacIoJIoKeHa B CBOOOIHOM IPOCTPAHCTBE M 0OIy4aeTCsl HCTOYHUKOM INIOCKHMX MOHOXPOMAaTHIECKUX
BOJIH C YaCTOTaMH, IPUHUMAIOIIUMH OIIpe/IeNIeHHbIH Habop 3HadeHH — w=®,,n=1,2,3..N . B HanpaBieHun

06paTHOFO paccesaHusa n3MEPACTCA aMIIUTYla OTPAKEHHOT'O

AZ &

==

E:z - E ei(errco,, 1)
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Eln - E efi(krfmn 1)
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Puc. 1. 'eomerpus uccnenyemMomn CTpyKTypsbI.

fl
oJIs M BHIYUCIsETCs KodhduumeHt otpaxenns R, =| =%

, TI€ 71 — HOMEP COOTBETCTBYIOIIETO 3HAYEHHSI
i n

4acToThl ®,. B WTOre mONMydaeM HAaGOp YHMCIOBBIX 3HAYEHMH KOOI()QUIMEHTOB OTpaKeHWs B HANPABICHUH

00paTHOTO paccesHus. DTH 3HaYCHUs Oy/IeM MHTEPIPETUPOBATh KAK KOMIIOHEHThI HEKOTOPOH BEKTOP-()yHKIUH

at =(R1reﬂ,R£eﬂ, Eeﬂ,...R]r\?ﬂ). Kak u momasnsomiee OOJBIIMHCTBO METOJOB pEIlEHHs OOpaTHBIX 3ajad,

MpeJiaraeMblii alrOpUTM ONMUPAETCS Ha HaJW4he PEIIEeHUs MOJEIbHON mnpsmol 3amaud. WHbIMU cioBamwu,
MPEJoIaraeTcsi, 4To CYIIECTBYET aJTOPUTM M IpOrpaMMHOE obecrieueHue st 3(PQPEeKTHBHOrO pacuera
HUICHTUYHBIX KOX(Q(QHUINEHTOB OTPaXXCHUS ISl CTPYKTYPHI C TaKOW K€ BHEITHEW TeoMeTpHell M W3BECTHBIMU
pacrpeleiecHUsIMA BHYTPEHHUX TapaMeTpoB (3aJaHHbIC 3HAYCHHS TOJIIUHBI CJIOCB M WX IMAICKTPUYCCKON
MPOHHUIIAEMOCTH). B pe3yabTaTte MBI UMeeM HAJEHTUYHYIO BEKTOP-(yHKIIHIO

a®” =(R1(r’aux),R§r’ aux) ,Rgr’aux),...Rg\;’aux) ). Jns TmOoCTpoeHus anropuTMa BBIYHCICHHS KOMIIOHEHT J3TOH

BEKTOP-(QYHKIMHU IeJIecO00pa3HO MCIONb30BaTh ammapar GyHkuuu ['puHa [1,4]. B pamkax paccmarpuBaeMoid

MOCTAaHOBKH 33/1aun GyHKIMs [prHA pajnalibHO CIOMCTOrO JMAJICKTPHUYECKOTO HWJIMHIPA CTPOUTCS C YUETOM
Buza orepatopa Jlarmaca st MuiIMHApPHYEcKoit obnactu [15,16]:
10 o 18

A = e—— —

r—+— . 1
ror oOr r26¢2 M
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Jarnee, B COOTBETCTBHH C OOINCH MCONOTHEH METo/a pa3JIeliCHHs MEPEMCHHBIX PEIICHHUE UIIETCS B BUIC
Cymepro3uimu (GpyHKIUA (YaCTHBIX peUicHUN MU(QepeHIIMATBHBIX YPAaBHCHHN), KaXKIas U3 KOTOPBIX 3aBUCHUT
TONBKO OT OJHOM W3 MOJSPHBIX KoopauwHAT. II0CKONBKY paccMaTpHBaeTCs CIydail HOPMAaJbHOTO TMAaJCHHUS Ha
OCCKOHEUHBIH IMIUHIP, TO UMEET CMBICT pacCMaTpHBaTh TaK HA3bIBAEMYIO IUIOCKYIO 3al1ady, T.e. 3aJady B
TUTOCKOCTH TIOTIEPEYHOTO CEUSHHS K OCH IWIMHIpa B CHCTEME MOJIPHBIX KOOPAHWHAT B 3TOH IUIOCKOCTH). B
TAKOM CiTydae Iyl JaHHO# coctaBistromeit Gpyukmm ['pura (OI') nomydaem npencraBiieHNe BAAA:

TR ,
G:2— Mg (1) )
T =0

3areM, i paanansHoil wactu @I IIOJIy4YaeM yYpaBHEHUE:

1o o o, n? S(r—r")
-——r—+k - =—2, 3
ror Oor 2 |°n r ®)
KOTOpOE Mpeodpa3yeTcs K 3a/1aue ¢ ypaBHEHHEM beccens ¢ MOMOIIBI0 3aMeHbl X —> kr U n—>m :
2 2
d_+li+(1_m_) g, =0;
dx?  xdx x?
gm(x’x,)||x:x'+0_gm (xax')” X=x'—0 =0; (4)
1 d , d ,
_,_gm(xﬂx) x:x+0__,_gm(xnx) =1
x" dx x"dx =x'—0

[Tocne aTOrO MCMONB3YETCS CXeMa, AeTalbHO u3noxeHHast B [17]. CMBICT 3TO CXeMBI COCTOUT B TOM, YTO
BHYTPH KaXJOTO CJIOA pELICHHE HINETCS B BHJE CYMMBI YaCTHBIX pelIeHMH 3amaud (4) ¢ HEU3BECTHBIMHU
K03 HULKEHTaMH, MTOUISKAIUMH ONPE/ICICHHIO U3 TPaHUYHBIX YCIOBUIL.

VYcnoBusi HENPEPHIBHOCTH, HAKJIaJIblBacMble Ha IMapluuajbHble QYHKIMU B (2) ¥ HMX NPOU3BOIHBIE HA
TpaHUIIEe CIIOCB TPHUBOMAT K CHCTeMaM JIMHEHHBIX anreOpamdeckux ypaBHeHuit /CJIAY/ Broporo mopsiaka

OTHOCUTEJIFHO Map Ko3¢hduiueHtoB pasnoxenuit 4,;,,8,, u C

1> Dy s TOCTpOEHHsS HUTEPaliOHHOTO

npolecca MOJy4YeHHs MAaCCHBOB 3THX KOI(PQHUIUEHTOB B KakoM — JHMOO M3 CIIOEB HEOOXOAMMO 33/1aTh
cTaproBble  3HaueHWS. [I0JTOXKMM HX pPaBHBIMH AHAJOTMYHBIM Kod(duimeHTtam B pasnoxkennun D.I. mo
WJIMHAPUYECKUM (QYHKIUSM O€3rpaHHuHON OJHOPOJHOM Cpenbl ¢ mapameTpaMi BHIOPAHHOTO IEPBOTO CIOSI.
OueBuzHo, uto Ko3dduuuent B); npu ¢ynkuuu Helimana ciemyeT HOJIOKHUTb PaBHBIM HYJIO, HCXOISI U3

HEOOXOIMMOCTH YIOBJIETBOPEHHSI YCJIOBUIO OIPAaHUYEHHOCTH IOJIS B HYJIE.
Haxons kaxaplii pa3 W3 TMOJy4aeMOdW B UWTOTe NpPHUMEHEHHUs TpaHudHbXx ycioBuii CJIIAY mapy
K03bQUIUEHTOB 4, By, ... 43, By, moBomum npouecc 10 N+1 cost. AHaIOrHYHEIM 00pa3oM OIpPeeNAIoTCs

MaccHBbl KOI((UIMEHTOB IpH BTOPOM pelleHuu (ero 0003HaualoT UHAEKCOM ©) — C,

7> D, . IIponecc
MOCTPOCHHUS 3/1eCh HaumHaeTcst ¢ N+1 ciiosi U MpoJoiKaeTcs BOBHYTPb, K MIEPBOMY CIIO0. MBI HAMEPEHHO He
BBIMTUCBIBaEM 0OIITHe BBIpAKEHUS /I KO3 (DUIIMEHTOB uepe3 OnpeAeIUTENN CUCTEM, IOCKOJIBKY C TOUKH 3pEHUS
BBIYHUCITUTENLHON pealin3aliiid UMEET CMBICIT BOCIIONB30BATHCS UTEPAIMOHHBIM MPOIIECCOM, OMUCAHHBIM BBIIIIE.
B pesynprare ero peanmsanyud Mbl TOJYYMM YeThIpe Habopa MacCHMBOB KOd()(UIIMEHTOB, MO3BOJISIONIUX
MOCTPOUTH pa3iiokeHne QyHkuu [puHa Mo nuIMHApUYeckMM GyHKIUAM. Takke MOTYEpKHEM, YTO TOCTE
HaXOXICHUSA MO YyKa3aHHOH cxeme KO3(QQHIMEHTOB HEOOXOMUMO NPOBECTH HX HOPMHPOBKY, IMOCKOJBKY
Ko3(QPHUINEHT, paBHBIN aMIUIATYJe BO BHYTPEHHEM CJIO€ W3HAYAILHO OBUT BBHIOpAH PaBHBIM CAMHHUIE. OTY
HOPMHPOBKY MOJXHO BHITIOJIHUTh Ha OCHOBAHHWU 3aKOHAa COXPAaHEHUs SHEPTHH, KaK dTO CACIAHO B CiIydae C
miockocnoucTo cpenoit [17]. Ho MOXHO mocTynuTh MHauye, OTKAa3aBLIMCh OT UTEPALMOHHOIO Ipouecca U
o0wrenuanB Bce CJIAY 2 mopsnka B ogHy 6onbmryro CJIAY u pemas cpasy 3ty oomryto CJIAY. B sTom ciaydae
BCe yCIOBHs OynyT BBITIONHEHBI aBTOMATHYeCKd. TakuMm oOpa3oMm, moctpoeHrne DI MO3BOISAECT MONYyYUTH
CHHTE3UPOBAHHBIE UCXOHBIC JAHHBIE JIJIS TIOCIIEAYIOIETO pelIeHns COOCTBEHHO 00paTHOM 3a/1auH.

PEIIEHUE OGPATHOM 3AJIAYM C IIPUBJIEYEHUEM METO/IA I'OJIbJA®APBA U
TEHETHYECKOI'O AJITOPUTMA
Tenepb paccMOTpUM cXxeMy mpuMeHeHHUs MeToaa ['onbadap6a s pemeHus mocTaBieHHo# 3anadu. CyTh
MpeIaraeMoro MoAX0/la COCTOUT B MUHUMU3AINH ()YHKIIUA HEBSI3KU:

F(4)=|

ainil _ aaux “ (5)
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rae 3HaK ||...||o6o3HaqaeT HOpPMY B HEKOTOPOM TMPOCTpaHCTBE. B Hamboiee pacrmpOCTpaHCHHOM ciydae 3TO

MOJKET OBITh HOPMa B COOTBETCTBYIOIIEM BEKTOPHOM IpocTpaHcTBe [1]. Wrepannonnsrii meron [ompadapba
ABJSIETCS OJHUM M3 METOMOB C W3MEHSIOIIEICS METPUKOH, T.e. METOJOB, B KOTOPBHIX BBIOOP HAIpaBICHHS
yOBIBaHHS MHHUMHM3HPYEMOW (QYHKIMHM Ha KaXJOM TIOCICAYIOIIEM IIare OCYIIECTBISAETCA C YYETOM
MOTyYCHHOW Ha mpenslayimieM mare uH(opmanmum o xapaxrepe mnoBeaeHus ¢(ysxumu. Ilpu oTeickaHMM
MuHEMyMa QyHKIH 4 u3 (5) MEeTogaMu ¢ M3MEHSIOUICCS METPUKOM HampaBlieHHE MTePEeMEIICHUS OT TOUKH
4, x Touke A4,,,; (m — HOMep nTepalun) BbIOMPAETCA UCXOAA U3 COOTHOLICHHM:

m+1
ﬁm:_Hm'gm’ (6)

roe: g, =grad(F(4,)); H, — xBagpaTHas Marpuua pasMmepHOCTH (NxN), M3MEHsOMmascs B MpoLecce
BeryucieHnid. B merone INonpagapba usmenenne Matpuupl (T.e. METPUKH) IO pe3yJbTaTaM MpebIyLIero mara

ONPEACIIACTCA BEIPAXKCHUEM!

T -
1 T T Ym Hp Y T
B oo - S Y o o
H, ,=H,+——| 0, y,H,-H, ¥,0,~+ 1+——~T—~ G Om |- (7
Em Om Ym Om
B (7) npuHATSHI crieayoime 0003HAYCHU:
- - - o - - = . oT ST
Vm =&mil —&m> Om=Aua—A4,, 4, — pammyc Bekrop Touku 4, ; V,, O, — BEKTODEHI,
TPAaHCTIOHHPOBAHHBIE K J,,, Gb COOTBETCTBCHHO. BeTMUMHA EPEMEICHUA (L, B HATPABICHUH J,
Oy D = A1 = Ay, (3)

HAXOIUTCS UCXOS W3 YCIIOBHA HAanGOMbIIEro yOsBaHus GYHKIMH (5) B HALPABICHUH D,

CyTb reHeTHYeCKHX aJaropurmoB [12,13] 3akmrouaercs B IMUTAIlMA MEXaHN3Ma €CTECTBEHHOMN CeNeKINU
B XOJI€ DBOJIIOLMH. DTH AITOPUTMBI TAK)K€ MOT'YT OBITh MCIOJIb30BAHBI IIPU PELICHHH ONTUMHU3AIIMOHHBIX 3a1a4.
CranpaptHelii reHeTndeckuil anroput™ (CI'A) nmepeBoAUT ONTUMHU3ALMOHHBIE TApaMETPhl B CTPOKY ABOMYHBIX
KOJIOB. DTO 03HayaeT, uto reHbl B CI'A sBiusitorcst pakTHuecku ABOMYHBIMU Kojamu. Torga xpomocomsl (Chr)
MPE/ICTABISIIOT COOOH «CIIETIKY» I'C€HOB, HMEIOITYI0 (OpMY:
B X2 N

; (12)

e g} —TIeH, a L; — JUIMHA KOJOBOM CTPOKHU I j-TO IapameTpa onruMusalii. CoOTBETCTBUE MEXTY XPOMOCOMAaMH U

11 1 2 2 2 N _N N
Chr=g1 g -8, & & 8L, "8 & &L

N

rapameTpaM¥ ONITUMHU3ALIMH OTPEETIAeTCs (POPMYJIO:
max min L
o X —x; i AL—j. -
S N gh okt =N, (13)
25 —1 j=1

min _max

A€ UHTEPBAJ [xi s Xi :| SIBJISICTCS. 00JIACTHIO TIOKMCKA JIS i-TO napamMeTpa ONTUMH3aluu.

Taxum 06pa3om, B paMKax JaHHOTO BapHaHTa T€HETHYECKOTO AITOPUTMA HESBHO TIPEJIIONATaeTCs] HAINIne
MPOCTOH CBA3M MeXIy I'eHaMH (XpOMOCOMaMH) C OJHOI CTOPOHBI M MapaMeTpaMH ONTHMHU3AIUH C JPYTOM.
WNnaue, mpenmomaraercsi CyIIECTBOBAaHHE KpPHUTEpHEB OTOOpa pe3ynbTaToB MyTanuu. OOHAKO B 0OpaTHBIX
3a/ayax paccesiHHusA, HalpuMmep, NpH paboTe ¢ JaHHBIMH B YacTOTHOH 00JacTH, Takas 3aBHCUMOCTh HMEET
CIIOKHBIH XapakTep, ¥ YCTAaHOBUTH anpHOpH 3¢ (EeKTUBHOCTh OTAEIBHON MyTalMu B OOJBIIMHCTBE CIydaeB
HEBO3MOXKHO. [loaToMy Hambosiee d(PPEKTHUBHBIM SIBJISICTCS COBMECTHOE HCIIOJIL30BAHKUE MAHHBIX alrOPHUTMOB.
Takas cxema mpenmnosaraeT IpUMEHEHNEe Ha Ha9aJIbHOM 3Tare TeHEeTHYECKUX aJITOPUTMOB C IENbI0 OTBICKaHMS
HavyaJIbHOTO IPUOIIKEHNS, 00ECIIeUnBaIoIero OBICTPYIO CXOJMMOCTh MTEpallMOHHOTO Merona [ ombidapoa.
[Janee ¢ momompio uTEepanuoHHOro Merona lonbadapba NpOM3BOAWTCA, MO CYTH, YTOYHEHHE HCKOMOTO
pacnpeseneHus ANdIeKTPHIECKOH TPOHUIIAEMOCTH.

OBCYXIEHUE PE3YJIbTATOB BBIYNCJIUTEJIBHBIX OKCIIEPUMEHTOB

Jis  BBIICHEHHS BO3MOXKHOCTEH TIPAKTHYECKOTO HCIOJB30BAHHA TPEIJIOKEHHOTO TOAXO0Aa ObLI
pa3paboTaH aJanTHBHBIM BBIYMCIUTENBHBIA alTOPUTM, AaBTOMATHYECKH BBIOMpAIOMUA MeToxa, Hamboiee
COOTBETCTBYIONTNH JaHHOMY IIary WTEPAIlHOHHOTO Iporiecca. AJNTOPUTM OBUT pealn30BaH B BHAE MPOTPaMMBI
g IIOBM Ha s3sike @OPTPAH. HexoTopble pe3ynsTaThl BEIYHCICHWNA HpeAcTaBiIeHsl Ha puc. 2, 3. Ilpu
pacueTax MOJETUPOBAINCH CIy4yah 30HIUPOBAHHSA C TOMOIIBIO IUIOCKUMX BoJH E u H- nmonspuzauuii u
HCTOYHHKA B BUI€ HUTH IEKTPHUYECKOTr0 MO0 MAarHUTHOTO TOKA, PACIOI0KEHHONW HA KOHEYHOM PACCTOSHUHU OT
MOBEPXHOCTH WWIMHApA. PerucrpupyeMoil BENMYMHON CIIy)KMJIM 3HAYEHUs] KOMIUIEKCHBIX aMIUINTYA J00
3HAYEHUS] MOLIHOCTU paccessHHOro noisl. Iloaneskalumu onpeeneHuo BeTNYNHAMH ABIISUIUCH PAINYCBhI CIIOEB
W 3HAYCHUS JUAJIEKTPUYECKOW NPOHUIAEMOCTH JIMOO TOJBKO 3HAYECHUS IUAJIEKTPHYECKOW HPOHUIIAEMOCTH
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cnoeB. Hampumep, Ha puc. 2.a) HoKa3aHbl pPe3yNbTaThl BOCCTAHOBIICHHSI PaJUyCOB CJIOEB M 3HAUCHUI
JIMDJIEKTPUYECKON MPOHUIIAEMOCTH 0 HAOJII01aeMOM MOIITHOCTH, PACCESTHHOTO B OOpaTHOM HAIPaBJICHUHU IOJIS
Ha E— momsapmsammu (Bektop E mapammenen obpasyromum rmmmHApa). Ha puc. 2.0) mokasaHBl aHaJIOTHYHBIE
pe3ynbTaThl IS TPeXcIOWHOro IwinHApa. Kak BUAMM, BO BTOPOM CITydae MpPOIECC BOCCTAHOBICHHS HE
o0amaeT JOCTaTOYHON TOYHOCTHIO BO BHYTPEHHEH 00JIACTH IMIIMH/APA MIPH OTPAaHUIEHHOM BPEMEHH PACUECTOB H
KonmdecTBe HaHHBIX Mo dactoTe (10 c. m 20 orcueroB coorBercTBeHHO). IIpm 3TOM, ecinm TONBKO C
npuMeHeHneM Mertona lompadapba Ha H-momspmsammm cxommmocts 3a 10 mrepamuii ObIIa JOCTaTOYHO
MemneHHOW (puc. 2.0 — [BOWHAsS INTPUXOBas JHWHWA), TO TPH HCIONB30BAaHUH IIPENJIaracMoro
KOMOMHHUPOBAaHHOTO TO/AX0/a YK€ 332 5 urepanuii ObUIO MOJTYYSHO BHU3yaJbHOE COBIAJICHHE BOCCTAHOBICHHOTO
U MCTHHHOTO Npoduield (YToObI HE YCIOXKHATH BOCHPHUITHE PE3YNbTaTOB B ATOM Cilyyae MTOTOBBIH Tpaduk
BOCCTaHOBJICHHOT'O ITPOQHIISL HE TTOKa3aH).

3,5
k) I T I T I T I T I T I T I T I T I T I T I T
3,51 — ]
3,0 P . u -
- H 1 . 3,0 = =€ UCTUHHOE
- : b =reres € HayaJbHOE
2,5 i 2,50 7
L : . , € BOCCTAHOBJICHHOE
c\ | LR RN R RN RN Y L) i —_~ ]
= 2.0 . | 520 I _
- I —
15[ 1 1,51 “ .
L = =€ UCTHHHOE 4 | E
Lot *sss:s € HAYAIBHOE ] 1,0 IE
L £ BOCCTAHOBIIEHHOE i | I
T N WO (N T NN T N N T S [T TR (NN TN NN NN NN TN NN SO N WO NN 1

0,00 0,05
Paaunyc nununapa
a)

0,10 0,15 020 0,25 0,30

0,35

0,00 0,05

0,10 0,15 020 0,25 0,30 0,35
Pagnyc nunuaApa

6)

Puc. 2. BoccraHoBneHne npouiIs AWUDICKTPUUSCKOW NPOHUIAEMOCTH M 3HAYCHUH paJIyCoB CIIOEB IO HaOJII0JaeMOii
MOIIHOCTH OTPaKEHHOTO MOJISL: Pe3yNbTaThl i E-nonspusaruy (a); pe3yabTaThl A1 30HANpoBaHus Ha H- monspuzanunu(6).

Ha pwuc. 3.a) mnpuBemeHs! pe3ynbTaThl BOCCTAHOBIEHHWS TOJNIIMHBI CJIOEB W JUIICKTPHUUECKOH
MPOHUIIAEMOCTH U 30HAMPOBAHMS HMCTOYHUKOM B BHJE HHUTU 3JEKTPUYECKOTO TOKA, PACIOJIOKCHHON Ha
pacctosiHn R=3)( OT moBepXHOCTH LMIMHApa. I MPaKTUYECKH TOYHOTO BOCCTaHOBJICHHS MOHAJI00MIOCH
MmeHee | cex. it mpomeccopa Intel Core 17 ¢ wacroroit 3.33 I'Tw., T.e. MpakTHYECKH B PEIKUAME PEabHOTO
BpPEMEHHU.

7 T T T T T T T T ] T 3,0 T T T T T T T L T
3’5 B I | [ T I |
B T ] 2,5
300 S T | [ e —
: = =& UCTUHHOE
2,5 : N 2,0 seeres € HAYANBHOE 7]
= I ' ] = — € BOCCTaHOBJICHHOE —]
= 20 7] w L —
— :-—————J —] 195
LSL _ - |
= =& UCTUHHOE
L0 *+erer € HAUANBHOE B Lo I
I € BOCCTaHOBJICHHOE i N | ]
| T N T N WO (NN N SN T NN | T R N TR I R NN N AN T N

0,00 0,05 0,10 0,15 020 0,25 0,30 0,35 0,00 0,05 0,10 0,15 020 0,25 0,30 0,35
Pannyc uununapa Pagnyc nununapa
a) 0)
Puc. 3. BoccraHoBneHre NpoQuis AUIEKTPUUECKON MPOHUIIAEMOCTH M 3HAYEHWIH DPAJMyCOB CJIOEB 110 HAOIIOAAEMO
KOMIUIEKCHOM aMILTUTY/Ie OTPAKEHHOTO TMOJIs: pe3yibTarhl juist E-nonspusanuu (a); Pesyabrarsl 11 30H1MpoBaHus Ha H-

nossipu3anuu (0).

Puc. 3.0) nemMoOHCTpUpyeT BOCCTAaHOBIEHHUE TOJBKO 3HAYCHHH JUDJIEKTPUYECKOW MPOHUIIAEMOCTH
TpeXCJ’IOI\/'IHOFo OUInHIApa Ha H- TOJIApU3aliy 10 3HAYCHUAM KOMINUIEKCHOM aAMIUIUTY OBI. Kaxk BHUIHO, AJITOPUTM
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MO3BOJMJI OCYHIECTBUTL MNPAKTUYCCKU TOYHOC BOCCTAHOBJICHUC 3HAYCHMI Z[PIBJ'ICKTpPI‘ICCKOﬁ IPOHUIIAEMOCTH
BCEX CJIOEB UCCIEAYEMOT'O o0BeKTa.

BbIBO/IbI

CpaBHHTENBHBI aHAU3 Pa0OTHI aJITOPUTMOB, OCHOBAaHHBIX HAa NPUBJICYCHHH HEOOXOIUMBIX YCIOBHUIT
SKCTpEeMyMa MHUHUMH3HpyeMoro ¢yHknunoHama (cxema Hprorona-KanTopoBmda nmubo MpHHINIIE MaKCHMyMa
Houtpsruna [1,2,11]) 1 OpAMBIX METOHOB TEOpPHH TapaMeTpmdueckon onrtummzanuu (Merox lompadapba u
TCHETUYECKUH aNrOpUTM) TIOKAa3all, YTo:

a) JUIs CPABHHUTEIBHO TMPOCTHIX CTPYKTYP (COCTOSIIMX M3 HEOONBIIOrO YHcia cloeB (10 4) KOMOHMHAIIUU
OpsAMBIX  METOJOB  00yafaloT Oosee BBHICOKOH 3()(EKTHBHOCTBIO W IO3BOJIOT  HENOCPEICTBEHHO
BOCCTaHABIIUBATh MOMUMO JHAJICKTPHUCCKONW TMPOHUIIAEMOCTH CIIOCB TaKXKE U HMX PAIUyChl KaK Ha OCHOBE
W3MEPEHUH 3aBUCHMOCTEH KOMIDICKCHON aMIDIMTYIBl OT HWH()OPMATHBHOTO IapaMerpa (YacTOThI), TaK H
M3MEPEHUH aHaJOTHYHBIX 3aBUCHMOCTEH MOITHOCTH PacCESTHHOTO O Ha pa3inuyHbIX nomspusanuix (E —u H
— TOJIIPU3AIMH U TIPH OOIYICHUH ITOJIEM HUTH JIEKTPHYECKOTO JTNO0 MAarHUTHOTO TOKA);

06) B cimydae Ooyiee CIIOKHBIX CTPYKTYp, COCTOSAIIMX U3 OOJNBIIOTO YHCJA CIIOCB JHOO HMMEIOIINX
HETPEPHIBHBIN MPOQUIb IUINEKTPUYSCKON MPOHUIIACMOCTH, HCIOJIB30BAaHHE NPSMBIX METOJIOB TCOPUH
napaMeTpUuecKoil ONTHMHU3AIMU CTaHOBHUTCS Majod(deKkTHBHBEIM JHMOO Jake BOOOLIE HeUenecooOpa3HbIM
BCJICACTBUC YBCINYCHUA BPEMCHU PACUYCTOB,

B) B IOCJIEJHEM Cilydyae HEOOXOAUMO MPHBIICYEHUE aITOPUTMOB, UCIIOJIB3YIOUIMX HEOOXOAUMBIE YCIOBUS
skcTpemyMa [1,2,11] mim ux KOMOMHAITNH ¢ aNTOpPUTMAaMH, OCHOBaHHBIMH HA TIPSIMBIX METOIaX.

[IpemmoskeHHBIE TOAXON W TIONYyYCHHBIE pE3yAbTaThl MOTYT HAWTH TpUMEHCHWEe B 3a/Jadax
HEepa3pyIIAOIIero KOHTPOIIS MPOMBIIIICHHBIX 00BEKTOB (HAIIpUMeEp, TPYOOIPOBOAOB), a TaKXKe MEIUIIMHCKOM
JIUAaTHOCTHKY TIPH MIPOBEICHUH 00CIIeJOBaHUI KPOBEHOCHBIX COCYIOB.

B xauectBe HalpaBJICHUA ,uanl)HeﬁuJero pa3dBUTHA MNPECMJIOKCHHOTO MOAXOoAa MOXHO MNPEAJIOXKUTDH
MOJYYCHUE HCXOAHOW uWHpopManuu o0 Kod(pUIMEHTaX OTpaKeHHs U3 Pe3yJbTaToB  00padOTKH
cBepxupokononocHbix (CIHIIT) uMnynbCHBIX CHUTHAJIOB, @ TaKXKE COBMEIICHHE alTOPUTMOB, PEANTHU3YIONINX
MpsAMbIE METOABLI ONTUMHU3AIIUN C AJITOPUTMAaMH, KOTOPLIC ONHPAIOTCA Ha HeOGXOILI/IMI)Ie YCJI0BUA DKCTPEMYMa
CTIIAKUBAIOMIETO (DYHKIIMOHANA.
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HNCITOJIb30BAHHME HOJIAPU3ALIMOHHBIX ITAPAMETPOB I'EOPAJTIAPA J1JIAA
KOHTPOJIA IINIOCKOCJIOUCTBIX CPE/L

. O. BanaKOBl, K.C. Besromenko', A.I. EanaKOBaz, M.C. AHTlocl)eeBa1
1- Xapvrosckuii HayuoHanbHwill yHugepcumem umenu B. H. Kapaszuna, gpaxynemem paouogusuxu, OuoMeouyurcko
INEKMPOHUKY U KOMIBIOMEPHBIX CUCTEM
nn. Ceoboowi 4, Xapvros, 61022, Vxkpauna
2 - XapbKko8cKuil HaYuOHAIbHbI A8MOMOOUTLHO-00PONHCHBII YHUBEPCUMEN.
ya. Apocnasa Myopoeo 25, Xapwros, 61001, Yxpauna
IToctynuina B pegakuuto 19 anpens 2017 r.

PaccMOTpeHbl BO3MOKHOCTH COBMECTHOTO IIPUMEHEHUs CBEPXIIMPOKONOJOCHBIX HMIIYJIBCOB reopajapa U
anropuTMa 00pabOTKH HOJIIPU3AHOHHOTO COCTOSHUS OTPaKEHHBIX IUIOCKOCIIOMCTON Cpemod 3JIEeKTPOMAarHWTHBIX
BOJIH JAJIs1 pPEIICHH 3a/1a4ud TOJIIMHOMETPUHU IUIOCKOCIOUCTBIX cpell. Takoil MeTon oTauyaeTcst OT paHee U3BECTHBIX
MOAXOAOB B IEPBYIO OYEPeAb HPHUMEHEHHEM CBEpPXIIMPOKOMOJIOCHBIX HMITYyJIbCHBIX CHIHAJIIOB COBMECTHO CO
CTEIMANN3UPOBAHHBIMYA aHTEHHBIMU OJIOKAMU COBPEMEHHOTO Treopamapa. IIpoBeleHbl Kak BBIYHCIHTEIHHBIC
SKCIIEpUMEHTHI 110 IPOBEPKE aJEKBaTHOCTH HCIHONB3yeMbIX MoOJeNeH, TaK M SKCIEPUMEHTAIbHBIE H3MEPEHHs
BIMSIHUSL OPHUEHTAllMM aHTEHHOro OJOKa reopajapa OTHOCHTENIBHO TPAHHUI] 30HIUpyeMoil cpensl. llomydeHHble
pe3ynbTaThl MOTYT HalTH IPUMEHEHUE NIPU ONTUMU3ALMU XapaKTEPUCTUK U KOHCTPYKLUH reopaapoB, a TAKKE IJIs
MHTEPIpETalny JaHHBIX 00CIeI0BaHMS aBTOMOOMIBHBIX JIOPOT.

KJ/IIOYEBBIE CJIOBA: CIHIII umnyaschl, AUCTAHIMOHHOE 30HAUPOBAHUE, INIOCKOCIOUCTBIE CPEb

Po3rnsiHyTO MOKIHBOCTI CIIIBHOTO 3aCTOCYBaHHS HAANIMPOKOCMYTOBUX IMITYNBCIB reopajapa i alropuTMmy
00poOKH MONAPU3AIIMHOTO CTaHy BiIOMTHUX IJIOCKOUIAPYBAaTUM CEPEIOBHIIEM EIEKTPOMATrHITHUX XBWIIb JUIS
BUPILICHHS 3aBAaHHA TOBIIMHOMETPIii IUIOCKOIIAPYBATHUX CEpefOBHII. Takuil MeTOJ BiApi3HSAETbCA Bif paHile
BIIOMHUX MIAXOMIB B MEpIIy Yepry 3acTOCYBAaHHAM HAIIIMPOKOCMYTOBHX IMOYJIBbCHHX CHUTHANIB CIJIBHO 31
CIIeIliaTi30BaHUMH aHTEHHHMH OJIOKAaMH Cy4acHOTO reopanapa. IIpoBeqeHO SK OOYMCIIOBANbHI €KCIEPUMEHTH 3
MEepeBipKH  a/IeKBaTHOCTI BHKOPHCTOBYBAaHMX MOJENCH, Tak 1 J1abopaTOpHI BHUMIpPIOBAaHHS BIUIMBY OpieHTAmii
aHTEHHOTO 0JIOKY reopajapa LI0J0 IPaHHIb CEPEAOBUIIA, MO 30HAYeTbCs. OTpUMaHi pe3yabTaTH MOXKYTh 3HAHTH
3aCTOCYBaHHsI IPH ONTHMIi3alii XapaKTepUCTHK 1 KOHCTPYKWIi reopagapiB, a TakoX Ul IHTepHperTamii JaHux
00CTeXeHHS aBTOMOOUIEHHIX JOPIr.

KJIFOYOBI CJIOBA: HUIC immysbcu, qucTaHLifiHEe 30HIyBaHHA, TNIOCKOIIAPYBaTi CepeaOBHIIA

The possibilities of joint application of ultra-wideband GPR pulses and an algorithm for processing the
polarization state of electromagnetic waves reflected by a plane-layered medium for solving the problem of the
thickness measure of plane layered media are considered. This method differs from previously known approaches
primarily by using ultra-wideband pulse signals in conjunction with specialized antenna units of modern GPR.
Computational experiments of verification of the used models and experimental measurements of the influence of the
orientation of the antenna units of the GPR relative to the boundaries of the sensed medium are carried out. The
obtained results can be applied in optimizing the characteristics and design of GPR, as well as for interpreting road
survey data.

KEY WORDS: UWB pulses, remote sensing, plane-layered media

BBEJEHUE

Panee ObUTH TIPEUIOKEHBI CXEMBbI MPHUBJICYEHUs PA3IMYHBIX MHPOPMATHBHBIX MapaMeTPOB JJIsl PEIICHUS
TaK Ha3bIBAEMBIX OOpaTHBIX 3a1a4u paccesHus [1-7]. B xauecTBe MH()OPMATHUBHBIX MapamMeTPOB MPEIIaraioch
UCIIONB30BaTh Kak Mojspu3anuoHHble [1,2,7], Tak W YacTOTHbIE JHOO a3UMYyTaJbHBIE XapaKTEPUCTHUKU
paccesHHBIX mosieit [3-6]. Taxke mpeayaranuch pasindHbIE METOIB! (AITOPUTMBI) OOPaOOTKH AAHHBIX KakK Ha
OCHOBE TIPSIMBIX METOJIOB TEOPWH IapaMeTpUYecKod onTHMHu3anuu [8], Tak M Ha OCHOBe cxeMmbl HploToHa-
Kantoposuua [2.,4], a Takxe npunuuna makcumyma Ilonrpsiruna [7]. [Ipu 3ToM B pamMKax CylIeCTBOBABILEIrO Ha
TOT IIEPUOJ] YPOBHS Pa3BUTHSI TEXHUKH B OOJIBIIMHCTBE CIIyyaeB MPEAIOJArajoch OTIEJbHOE HpPOBEACHHE
Ka)XJJOro JKcrepuMeHTa. Hampumep, B cilydae 4acTOTHOTO 30HAMpOBaHUS (MH(GOPMATHBHBIA IMapamerp —
4acToTa) MpPEAIoiarajoch, 4YTO Ha KaXXKAOH YacToTe W3 BHIOPAHHOTO MHOXKECTBA MPOBOIMICS OTHACIBHBIN
SKCHEPUMEHT 10 N3MEPEHHUIO MapIHATbHOTO (COOTBETCTBYIOMIETO TAaHHOH YacToTe) KOd((HUIHEHTa OTPAKEHHS
0T HcclIeayeMoro oobsekTa. Pasymeercs, A MpoBEACHUS 3TOTO U3MEPEHHSI TPeOOBAIOCH OMPEeTICHHOE BpeMH,
YTO C Y4E€TOM CIEHU(HUKH TaKUX H3MEPEHHUH CYIIECTBEHHO YBEIMYMBAJIO 00IIee BpeMs, JaKe MPH MPOBEACHUH
n3MepeHuil ¢ nomoeio nanopamusix usmepureneit KCBH (manpumep, P2-64). K Tomy ke, B pamkax Takoro
MOAX0/Aa ObUT 3aTPy/THEH aBTOMATHYECKHI BBIOOp «pabovymx» 4acToT. B nanbHeiIeM mosiBieHne MMITYJIbCHBIX
reopasiapoB M CPEACTB KOMITBIOTEPHOI 00paOOTKM JaHHBIX MO3BOJIMUIM PEIIUThH 331a4y TOJIIMHOMETPUU HpHU

© barpakos /1.0O., benomenko K.C., barpakoBa A.T'., Aatiopeesa M.C., 2017
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UMITyJIbCHOM 30HAMpoBaHWH. CyThb peELIeHUs CBOJMJIACH K IIPOBEICHHIO IIPEIBAPUTEIBHON KalHMOPOBKH
npubopa M TOCIEeNyIOUIEeMY OINpPEEICHUIO 3aJlep)KKH CHTHAJOB, OTPAXCHHBIX BHEIIHEH M BHYTPEHHUMH
TpPaHHI[AMH CJIOE€B C OJHOBPEMECHHBIM BBIUHCICHHEM 3HAUCHHH OTHOCHUTEIBHOW AMAICKTPHUUCCKOH
MpOHHUIAeMOCTH cinoeB KoHCTpykmuu [10,11]. Kpome Toro, MHTEHCHBHBIC HCCICIOBAHUS IPOBOIATCS IS
pemieHust 3amadn OOHApYXKEHHs M IO3UIMOHUPOBAHHMA BHYTPEHHHX HEOJHOPOAHOCTEH, B TOM 4UHCIE H
MOATIOBEPXHOCTHBIX TPEIIMH C MOMOIIBIO aHAIN3a MOJIAPH3ALHOHHOTO COCTOSHUS OTPAKEHHBIX CTPYKTYpPOH (B
9AaCTHOCTH, TOPOKHON OJEXKJ0M) UMIYNbCHBIX CUrHaioB [12-14]. OmHako uccienoBaHMS IO ONpPENEICHUI0
npoduiIs TUANEKTPUYECKON MPOHUIAEMOCTH IUIOCKOCIOUCTBIX CPEl C MOMOIIBI0 aHaJIU3a IOJISIPU3AIIMOHHOTO
COCTOSIHUSL OTPaXXCHHBIX HMITYyJIbCHBIX CHUTHANOB 0 CHUX IOp He NMpoBOAMIUCH. [lo3ToMy Ienbro HacTosuiel
paboThl  ABIsIETCS OOOCHOBAaHME BO3MOXKHOCTH  PENICHUS TAaKOTO Kjacca 3adady M IIPOBEICHUC
9KCIIEPUMEHTAIBHBIX HCCIEAOBAHNH [UIS TIOCIIEIYIOIEr0 HCIOIb30BAHNS X PE3YIbTaTOB B BUAE NPAKTHIECKUX
aNrOpUTMOB 00Pa0OTKH TeOpagapHBIX JAHHBIX.

OBIIASI IOCTAHOBKA OBPATHOM 3AJIAYM PACCESIHUS B OBJIACTH 3HAYEHU M
HOJIAPU3ALIMOHHBIX TAPAMETPOB

B pamkax maHHOU CTaThu OyaeM paccMaTpHBaTh 0A30BYHO OOPATHYIO 3a7auy pacCesHUs C MOMOINBIO PaHee
BBeZicHHOTO (popmanm3ma [1,2]. Jlns pemieHus oOpaTHBIX 3a/a4 MEPBOCTCIICHHOE 3HAYCHHE HMMECT HAJIHYHUC
HEJTMHCHHOCTH M3MCHEHHs M3MEPSIEMbIX BEIMUYUH OT MH(DOPMATUBHOrO mapamerpa. [losToMy, mpexae Bcero,
HE0OX0IMMO MPOBECTH NMPUMEHUTENBHO K JaHHOH 3a/1aue aHajIu3 3aBUCUMOCTH KO3()(DUIMEHTOB OTPaXKEHHUS OT
MOJISIPU3AIHOHHOTO COCTOSIHUS 30HAMUPYIOILIETO MOJIS MPH Pa3IMYHbIX yriax naaeHus. Kak ussectHo [15], atu
k03¢ dunuents! onpeaenstores hopmynamu OpeHens, KOTOPbIE MbI 3aITHIIEM B CICAYIOIIEM BUJIE:

2-ny -cosb; 2-ny-cosb;
L )4‘; TJ_:( : Ay (1

ny - cos6; +ny - cos6,)

(cos6; -n, +ny - cos,
(cos®, - n —n, -cosH, ny - cos®; —n, - cos6,)

R = ))4 ;ng A, 2)

(ny -cos6; +cos; -n ny -cosO, +ny - cos ;)

Ecnu ncrons30BaTh UMb YIIOBBIC IEPEMEHHBIC (3aKOH IIPETOMIICHHS), TO HOJIYYUM APYry0 GOpMy ITHUX
COOTHOLIECHUH ( 7y =1y /1y ):

2-¢0s0; 2-¢0s0;
TH = L A”, TJ_ = ! 'AJ_. (13)

. 1
cos0; -n, +,/1-| sin@; —

RH = = AJJ (23.)

. 1
—| sin®; —
v

. 1
15 -€0s0; +,[1—| sin@; — —=.
M3 n

+cos6;

Takum oOpazom, B 001IeM BHJE NMPH HAKIOHHOM MaJICHUU 3aBUCHMOCTb KOA(PQPUIMEHTOB OoTpaxkeHHs (1
NpEeJIOMJICHHs) OT yIyla TaJeHUsl U OT COOTHOLICHUS! MEXAY OpPTOrOHAJIbHBIMH KOMIIOHEHTAMH (OTMEYEHBI
3Hakamu || u L) sBisiercs HennHelHoM. Kak cinexyer n3 Buaa 3THX GpopMys1 IpyH HOPMaJIbHOM IaICHHH:

2 2

Ti=—— Ay T =4 16
(l_nlz) (1_1’112)

Ry=——"-4; R =——"%-4; =n,/ny). 26

I (g +1) I L ) (mp=ny/n) (26)

HHTEpECYIollas HaC 3aBUCUMOCTD ABJIACTCSA JIMHEHHOU H, KaK CJICACTBHEC, IOCTaAHOBKA 06paTHOﬁ 3aJa4i B TaKOM
BUAC HCBO3MOJXHA.
Tenepb pacCMOTpUM TMOCTAHOBKY COOCTBEHHO O6paTHOﬁ 3a7a4yu paccesHusd B 00JIaCTH 3HAYEHUMH

MOJIAPU3ALMOHHBIX mapameTpoB. Ilycte p(R) — BEKTOp, ONPENEISIONMI MOJAPU3AINIO, HAa KOTOPOH
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perucTpupyercst moje B TOYKe HaOMIOJeHHd, a R, — paauyc-BEeKTOP TOUKH HAOJIOJEHHS BHE HCCIEAYyeMOTo
tena. Torga cormacHO pe3ynbTaTaM, IOAPOOHO M3I0XKEHHBIM B [2,4,5] momydnm:

ikyc

U(R,)=Us(R,)+ 2 [ dV'| BR,)Goo (R RNER)E, (R) ] 3)

ly[l

Ecin usektprudeckue NpOHAIIAEMOCTH HCCIIEYEMOTO . €, (R) . ¥ 9TAIOHHOTO TeNa £, (R), - CKalsApHbIC

BEJIMYNHBI, TPUXOAUM K COOTHOIIEHUIO:

URy) =U,, (R +(In)(Ryy) = U,y (Ryp) + [ dVL(Ry, R (R ) 4)
Vp

rae: (R) =, (R) — &, (R),

LRy R) = p(Ryy)Goo (R RE, (R)[”‘O‘}

HYCTB JUIA  KaXaoro wus3 N 3HadeHUM I/IHCI)OpMaTI/IBHOFO napameTpa ] H3BCCTHBI COOTBCTCTBYIOIIUC
3HAYCHUA:

UD(Ry), U (Ry), 1YV(Ry;, R, j=12..N.
B Ka4yCCTBEC 7\. MOFyT BBICTyHaTB qacToTa, pam/ch -BeKTOp TOYKH Ha6J'IIO,I[€HI/ISI, BCJIMYUHBI,

XapaKTCPU3YIOIMHNEC MOJLIPU3aUI0 WM HANPaBJICHUC PACIPOCTPAHCHUSA BOJIHBI, HCHYCKaCMOﬁ, CTOPOHHUMHA

UCTOYHUKAMHU H T. 1. CornacHo (4) moiaydaem:

UV RBy) =UL (B + [ 19 Ry, RNRYAY'; j=1,2..N. )
Vp

310 cucrema N uHTerpanbHbIX ypaBHeHuil @penaromsma l-ro  poma oTHocutensHo M(R), (ReVp).

Huem n (13) KakK (DYHKIIHIO, PEATH3YIOIIYI0 MUHUMYM CTJI)KHBAIOIIETO QyHKIHMOHANA [1-5]

2

N
Finl= Y w,; UV (Be) = U (Ryp) = [ 19 (R, R(RNAV'| +au j wRNE[ av. (©)
J=1 Ve Vp

3mech w; — BecoBble Kod(duimentsr, W(R) — BecoBas (QYHKIMs, O — mapaMeTp peryispuzanuu (Bce —

J
HOJIOXKHUTEIEHO — ONpPEICICHHBIE BEIMYUHBI). YCIOBHEM JKCTpeMyMa (yHKIMOHANa, KaK M3BECTHO, SBIISCTCS
TpeOoBaHHWe OOpalieHHs B HyJIb €ro nepBoidl Bapuauuu OF . VHBIMH clOBaMH, Ui IPOU3BOJIBHOM
KOMILUICKCHO3HAYHOW TMPOOHOH (yHKINH y(l_é) TJIaBHBIA (TUHEWHBIA TIO Y) WICH pa3HOCTH (IpUpaIIeHHUsS
dynkimonana AF ) AF = F[n+y]— F[n] A0mKeH TOXIECTBEHHO OTHOCHTENBHO ¥ 06pammaThes B Hyb. [locie
JOCTaTOYHO TPOMO3JIKHX MPeoOpa3oBaHUN MOJydaeM ypaBHEHHE Diijepa OTHOCHUTENHFHO KOMILIEKCHO3HAYHOM

dhyHKIMH n(l_é) :

N N — . — . —
2w L Ry R (R ) U (R )]+
Jj=1
N (7
+ [ ar'| Xw; " Ry, LY (Ryy, R (R +am(Rm(R) =0; (R V).

=t
Vp J

YpasHenue Jisiepa (5) MOXKHO 3anucarth B 00j1ee KOMITAKTHOM BHJIE:
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~ [ KR Rm(R)AV"+aw(R(R) = q(R), (R Vp). ®)
Vp

10 — HUHTErpaJibHOC YPAaBHCHUC d)pez[ronLMa 11 PpoJa C BBIPOXKIACHHBIM SAAPOM:

N
] N* 5 o N o o
K(R,RY=Y w, 9" (Ry,RLV Ry, R)

Jj=1
- N N = - . - . -

n npaoit wacteio: ¢(R) =Y w, LY (Ry, RNU, (R)-UY (Ry)]
j=1

W3 ypaBHeHmst Diinepa ¢ ydeToM BBIPOXKACHHOCTH €T0 fApa CIETyeT, YTO €ro pelIeHHe MOXET OBITh

MPEACTABICHO KaK:

- 1 —— A
NR) =———=[q®)+ > w; [V (Ry . R) x;], ©)
a w(R) =
e x; = const = jdV' LDRy, RM(R),  j=12..N.
Vp
TMoxcTaBuB TOA MHTErpan BhipakeHus mmi 1 (R'), mpuxomnm k  cucTeme N JIMHEHHBIX anreGpamveckix
YPaBHEHHI OTHOCUTEIBHO {X}

N
X+ %, =y (f=12..N);
n=1

dv

ajy =w, [ LRy, R)- L Ry, ) ——=—; (10)
v, o w(R")
VS D jé’ ’
v, = [ 19y R )Lf,dv
v, o w(R")

Pemast (10) orHocurensHO {x;}, MBI MOXeM 1O mpsiMoii  ¢opmyne (9) onpenemnts n(l_é) u u3

COOTHOILICHUS
g, (R) =& 4 (R) -1 (R) (11)

HAWTH UCKOMBIN TPO(UIIB.

I[anee JJId YTOYHCHUA Sp (R) MOXHO OIATb IMOBTOPUTH IPOLCAYPY BOCCTAHOBJICHHA, IMOJACTABUB

€ p(l_é) u3 (11) B (10) BMecTO € (I_é) 1 TaK BIUIOTH IO JOCTIDKEHHS TPeOyeMoi TOYHOCTH.

aux

PE3YJbTATBI YUCJIEHHOI'O MOJAEJIUPOBAHUSA U TABOPATOPHBIX
SKCHEPUMEHTOB
Jns mpoBepku aJeKBaTHOCTH MPENTI0KEHHOTO IIOAXOJa BHAauaje ObIJIO TIPOBEAEHO YHUCICHHOE
MOJICIUPOBAaHNE C LIEJbI0 BBIACHEHMS CTENEHM BIWSHUS NEHNOIPU3AIMM NPH PA3IUUHBIX yIiIaX MageHHUS |
3HAYEHHUSAX OTHOCHUTENIFHON TUAIEKTPUIECKOI MPOHUIAEMOCTH. B X0/1e YHCIeHHBIX 3KCIIEPUMEHTOB OCHOBHBIM
[apaMeTpoM BBICTYNANM KOI(PQPHUIUEHTH OTPaXKEHHsS JUIsi JIBYX OPTOIOHAJIbHBIX KOMIIOHEHT (R”,R ) B

cootBetcTBHHU C (1,2). Pesynprarel npuBenens! Ha puc. 1. OHM oTpaxkaloT (akT 3aBUCHMOCTH 3HAYE€HHH 3THX
K03 UIMEHTOB KaK OT yria nagenus 6;, Tak U OT OTHOCUTEIBbHOMU JUINIEKTPUIECKOl IPOHULIAEMOCTU BTOPOi

Cpeabl 1, IQISI . Dt JAAHHBIC TIOCITYKHUJIU OCHOBAaHUEM Ul NPOBEACHUA J'Ia60paT0pHLIX OKCIICPUMECHTOB C

reopagapom «Omsr-1» (puc. 2). B mporecce dKCIEpUMEHTOB U3MEHSJIACh YTJIOBask OPUEHTANMs aHTECHHOTO
0JI0Ka AJIs1 BBISICHEHMSI XapaKTepa U3MEHEHUS aMILIATY T OTPAKEHHBIX UMITYJIBCOB.

[TonmydenHble pe3ynbTaThl TpeACTaBieHb Ha puc.3, 4. OOmas menb MPOBEIEHHBIX JKCTIEPUMEHTOB
3aKJII0Yaach B BBISICHEHHH BIIMSHUS KaK HAMPaBJICHHS TMaJleHUs BOJHBI, TaK M OCOOEHHOCTEH, CBSA3aHHBIX C
KOHCTpYKIMEH aHTeHHOTO OJ0ka reopamapa «Omar 1». KoHcTpykumns aHTeHHOTO 0JIOKa JETaqbHO ONHCaHa B
[16]. AHTeHHBIN OJOK COCTOUT M3 OJHOW MEepeAaroneil aHTeHHBI (Tuna «0abo4kay) U ABYX MPHUEMHBIX aHTCHH
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(Takxe Tumna «6aboukay). [losToMy Ha aMIIMTYy CUrHaia OyJeT BIUATh Kak YroJjl HakJIOHa OCH aHTeHH (yrou
nafeHus 6, Tak M yroj OpPHUEHTAllMH aHTECHH B NMEPNEHAUKYISIPHOM HampapieHuu ¢ . IIpu m3meHeHHM 3TOrO

yIJla W3MEHSJIOCh PAacCTOSHHE OT IOBEPXHOCTH KOHCTPYKIMH A0 NPHEMHBIX aHTEHH. BaXHOCTB HaHHOTO
9KCIIEpUMEHTa 00YCJIOBJIEHa TEM, YTO OOJBIIMHCTBO TEOPETHYECKUX (AHAINTHYECKUX) PE3YyJIbTaTOB MOJYYEHO
JUId MaJieHus IJIOCKOW BOJIHBI, KOTOpas, Kak M3BECTHO, ABIseTcd uaeanusauueil. Ha mpakTtuke Bce aHTEHHBI
MMEIOT KOHEYHBIE pa3Mephl U, OoJjiee TOTO, B Cilydae HEpa3pyIIAIOIIero KOHTPOJS C MOMOIIBIO MMITYJIbCHBIX
reopajapoB, IOBEPXHOCTh KOHCTPYKIHMH MOXET HAaXOAWThCs B ONMKHEH 30HE aHTeHHBI. PaccuurtaTh
AQHAJMTHYECKHU BIIMSHUE 3TOH OCOOCHHOCTH NPAKTUYECKH HEPEAIbHO W MMEHHO MO3TOMY OBUTH TPOBEACHBI
COOTBETCTBYIOIIHNE IKCIIEpUMEHTHI. [1oaydeHHbIe pe3ynbTaThl IOKA3alH, YTO HapyIlIeHHe OpUCHTAI[N aHTCHHOU
CHCTeMBbI (M3MEHECHME YIia ¢ ) OKa3blBaeT 3HAYMTEIBHOE BIMSHHE HAa AMIUIUTYLy HMIIYJIBCHOTO CHTHAla,
OTPaXEHHOTO OT IIOCKON T'PaHMIBI. DTO BIMSHHE BIIOJIHE COMOCTABUMO C BIMSHHEM yIJa MaaeHus. Takum
00pa3oM, MOATBEPXKICHA HEOOXOIMMOCTH TIIATENLHOTO KOHTPOJS 3a OpHEHTAlMed aHTEHH B Ipolecce
uzmepenuil. C apyroil CTOpOHBI, AKCIEPUMEHTAIBHO MOATBEP)KICHA BO3MOXKHOCTh IMOJYYEHHS NAHHBIX IS
peuieHuss OoOpaTHBIX 3aJad pAcCesHUs IUIOCKOCIOUCTBIX cpeJ B 00NacTH 3HAYeHHWH MOJISIPU3AIMOHHBIX
napameTpoB. Takke cieqyeT OTMETHTb, YTO HEOOJIBIIOE PACKOKACHHE B aMIUIMTYJaX MMITYJIbCHBIX CHUTHAJIOB
IIpY HOPMaJbHOM MAaJECHUU Ha PUC. 3,4 CBsI3aHO C HACTPOHKaMU reopajapa.

a) 0)
-n=6; «.ioo.—n=4; ------ -n=2.

Puc. 1. Pacuernble 3HaueHus K03 duunentos orpaxenns (n; =1): a) R” ;0) R

Puc. 2. I'eopamap «Onsr 1» Bo BpeMst S5KCIIEPHMEHTOB.
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0,55

0,5

0,45

04

0,35 : . : . : : . : : ‘

0, rpax

—h=25cM; veeeee —h=30cm; ------ —h=35cm.

Puc. 3. 3aBHCHMOCTB aMILIHTY/IB OTPAKEHHOTO HMITyJbca OT yriia Hakiona 6; antenHoro Gmoka AB reopanapa «Omsir 1»

TP Pa3JIM4HbIX 3HAYEHHUAX PACCTOSHUS 10 IOBEPXHOCTH KOHCTPYKIUHUU A .

A
0,43

0,38

0,33

O, mpag
—h=25cM; eeeeee— h=30cMm; ------ —h=35cm.

Puc. 4. 3aBUCUMOCTb aMILIUTY/bI OTPAKEHHOTO MMITyJIbca OT YIiia HaKlIoHa ¢ aHTeHHoro 6ioka AB reopamapa «Onsr 1»

IIPY Pa3JIMYHBIX 3HAYEHUAX PACCTOSHHSA 10 IOBEPXHOCTH KOHCTPYKIHMH A .

BbIBOJbI

[MomyueHo pemieHue 3a7aud 1O ONpPEICICHHUIO NPOQWIA  JUAICKTPUYECKOW  IPOHHIIAEMOCTH
IUTOCKOCTIOUCTBIX CpeA C IOMOINBIO aHajM3a IOJIAPU3AIMOHHOTO COCTOSIHHS OTPa)KEHHBIX HMITYJIbCHBIX
curHaJioB. B mrore 000CHOBaHBI BO3MOXKHOCTH PEIICHHS TaKOTro Kjacca 3afady Ha 0a3e paHee pa3pabOTaHHBIX
METOZIOB TEOPHUHU TapaMeTpU4YecKONH ONTHMM3alnuHu. [l BBIACHEHMS OCOOEHHOCTEH NpPHMEHEHHS ITaHHOTO
MOJX0/a, TPEXIE BCEro, IPOBENEHO YHCICHHOE MOJENUPOBAHUE TOJIIPU3ALMOHHBIX XapaKTEePHUCTHK,
OTpaXEHHBIX IUIOCKMX MOHOXPOMAaTHUECKHX BOJIH. Takke IPOBENEHBI SKCHEPHMEHTAIBHBIE HCCIICIOBAHUS C
NpUMeHeHneM aHTeHHoro Omoka AbB reopanmapa «Omsr 1» anst u3ydeHHs 0cOOCHHOCTEH NPOCTPaHCTBEHHOU
opHueHTalu O10Kka BO BpeMs m3MmepeHuil. [lomydeHHbIe pe3ynbTaThl IOKa3alld, YTO HAPYIICHWE OPHEHTALNH
AQHTEHHOW CHCTEMBI OKa3bIBA€T 3HAUNTEIHHOE BIMSIHUE HA aMIUINTYZy UMITYyJIbCHOTO CHTHAJA, OTPAYKEHHOTO OT
TUIOCKOM TpaHuIbl. Pe3ynbTaTel paboThl MOTYT OBITH NCIIONB30BAHBI IPH Pa3padOTKe MPAKTHIECKNX aJlTOPUTMOB
00paboTKN TeopalapHbIX JaHHBIX, a TAKXKe I YCOBEPUICHCTBOBAHUS KOHCTPYKIIH I'€0pagapoB.
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INPUMEHEHMUWE I'EOPAJTAPOB JUIA WAEHTUO®UKAIIUHN
HHOAIOBEPXHOCTHbBIX JE®EKTOB B TIOPOKHBIX IIOKPBITHUAX

NI. O. Barpakos!, M. C. AnTioeeBal, A.I'. BarpakosaZ, A. B. Autiodeesn’,

®an Xaouze!
1- Xapvkosckuii Hayuonanshwili yuusepcumem umenu B. H. Kapasuna, gpaxynromem paouopuszuru, 6uomeouyuncrkoll
NEKMPOHUKU U KOMIBIOMEPHBIX CUCTEM
nn. Ce0600v1 4, Xapwvkos, 61022, Ykpauna
2 - XapbKko6cKull HAYUOHATbHBLI A8MOMOOUTLHO-00PONCHBII YHUBEPCUMENI.
ya. Apocnasa Myopoeo 25, Xapwros, 61001, Yxpauna
Iloctynuina B pegakmuto 19 anpens 2017 .

B pabore paccMOTpeHa 3amaya HO3HLHOHHPOBAHWS W HACHTH(MKALMU IOANOBEPXHOCTHHIX Je(heKTOB
(TpemMH) B HIKHHMX CJIOSIX IIOKPBITHS JIOPOXHBIX OJEXK] HEKECTKOro THIa. JlIsi peIeHHs MPeaIoKeHO
UCHOJIb30BaTh IOJAPU3ALHOHHOE COCTOSHHME 3OHAMPYIOIIMX H, COOTBETCTBCHHO, OTPAKCHHBIX CHTHAJIOB -
PETHCTPALMIO TaK Ha3bIBAEMBIX KPOCC-TTOJLIPH3AI[MOHHBIX KOMIIOHEHT CUTHANIOB. [IpemioxeHs! MoquduIpoBaHHbIE
ITOPUTMBI OIIPE/ICNICHUSI TITyOMHBI 3aJIeTaHusl ITOIIIOBEPXHOCTHOH TPEIINHEI, a TAKXKe KOMITAPalMOHHbINA alnropuT™M
JUISL OLIGHKH IIMPUHBI PACKphIBA TPEIIWHBL. [IpHBeeHBI pe3ynbTaThl KaK YHCICHHOTO MOJEIMPOBAHMS C IIOMOIIBIO
pa3paboTaHHBIX KOMITBIOTEPHBIX IIPOTPaMM, TaK M Pe3yJIbTaThl JaOOpaTOPHBIX HccienoBaHui. Takxke npencTaBiIeHbl
PEe3yNbTaThI 3KCIIEPUMEHTOB 110 00CIEIOBAHNIO aBTOMOOHIIBHBIX JOPOr XapbKOBCKOH 001acTH.

KJIFOUYEBBIE CJIOBA: reopaiapsl, IOAIIOBEPXHOCTHOE 30HUPOBAHNE, aBTOMOOIIIBHBIC JOPOTH

B po06oTi po3risHyTO 33124y MO3UIIOHYBaHHS Ta igeHTH ]Ikl M IIOBEpXHEBUX Ae(EKTIB (TPIIMH) B HIDKHIX
mapax IOKPHUTTS JOPOXKHIX OJTIB HEKOPCTKOro THIy. [l BUpIMIEHHS 3alpOIIOHOBAaHO BHUKOPHCTOBYBATH
MOJSIPU3AIIMHUA CTaH 30HAYIOUMX 1, BIAMOBIAHO, BIMOWTHUX CHUTHATIB - PEECTPAIiI0 TaK 3BaHUX KpPOC-
HOJSIPU3ALIHHAX KOMIIOHEHT CHTHAJIIB. 3alpoIIOHOBaHO MOAN(IKOBaHI alrOpUTMH BH3HAYCHHS TIIMOWHHM 3aJIAraHHs
MiINOBEPXHEBOI TPILMHHM, a TAKOK KOMIApaLiitHUi aJropuT™ JUIsl OLIHKM IIMPHHHU PO3KPHUTTS TpimmHHu. HaBeneHo
pe3yNbTaTh K YHCEIbHOTO MOJEIIOBAHHS 32 JJOMIOMOTOI0 PO3POOICHUX KOMIT'IOTEPHHX MPOrpaM, TaK i Pe3yabTaTH
mabopaTOpHHUX TOCTIHKEHb. TaKoX IMpeIcTaBlieH pe3yNbTaTH eKCIIEPHMEHTIB 3 00CTEKEHHS aBTOMOOUTEHUX JOPir
XapkiBcbKoi 007acTi.

KJIFOYOBI CJIOBA: reopanapu, miamnoBepxHeBe 30HAYBaHHS, aBTOMOOUIBHI TOPOTH

The paper deals with the problem of positioning and identification of subsurface defects (cracks) in the lower
layers of non-rigid type road pavements. Using the polarization state of probing and, respectively, reflected signals,
that is the registration of the so-called cross-polarization signal components is proposed for the problem solution.
Modified algorithms for determining the subsurface crack depth are proposed, as well as a comparative algorithm for
estimating the width of a crack. The results of numerical modeling by developed software and the laboratory studies
are presented. The experimental results of the road survey of the Kharkiv region are also presented.

KEY WORDS: GPR, subsurface sensing, public roads

BBEJEHUE

OpHuM U3 Hanboslee pacIpOCTPAHEHHBIX Ae(PEKTOB, BOSHUKAIOMIMM B MOKPHITHSIX aBTOMOOMIIBHBIX JTOPOT B
mpoIiecce IKCIUTyaTall SBJISIFOTCS TPEeIMHBI. [IpH 3TOM TpemuHbI, BBIXOIAIINE HAa ITOBEPXHOCTH, JIETKO
OOHApY)XMBAIOTCSI ~ COBPEMEHHBIMH  CPEACTBAMU  BHACOJWArHOCTHKH, UYTO  MO3BOJSIET  HPOBECTH
ABTOMATH3MPOBAHHYIO OIICHKY MX BIFSHHS Ha TEKyIIee COCTOSHUE MOKPBITHH U TIOCTPOUTH AOCTATOYHO TOYHEIE
MPOTHO3B! AajbHENIeN aerpaganuu nokpsitus [1,2]. B To e Bpems, BO3MOXKHOCTb JETaAbHOTO HM3Y4EHUS
MOZNIOBEPXHOCTHBIX Ie()EKTOB M, B YACTHOCTH, TPEIIUH, MTOSBUIIACH CPABHUTEIBHO HEJIABHO. JTa BO3MOKHOCTh
00yCIIOBJICHA TIOSIBJICHHEM M pPa3BUTHEM B IIEPBYIO OYepelb TAKUX CPEACTB JANUCTAHIMOHHOI'O MOHHMTOPHHIA
KoHCTpyKIui mopoxsbix onexn (KJAO) kak reopamapsl [3-6]. OHH 00NagarOT pSaoM HPEUMYIIECTB II0
CPaBHEHHIO C APYTUMH COBPEMEHHBIMHM TEXHHYECKHMH CPEICTBAMHM HEPa3pyIIAIOIIEr0 KOHTPOJS MOKPBITHI
aBTOMOOMIBHBIX opor [7,8]. Hampumep, Tak Ha3zpiBaeMbId fediekToMeTp magatomiero rpysa (FWD) B otnuune
OT reopajgapoB, HE TO3BOJISIET OCYUIECTBIIATH AWArHOCTHKY Ipu ABIKeHHH jabopatopuu [9]. CoBpeMeHHBIE
reopagapbl IMO3BOJSIOT OCYIIECTBIATE MOHHTOPHHI COCTOSIHHS TOKPBITHS TPH JBM)KEHHH aBTOMOOWII —
J1a00paToOpuu Ja)xe €O CKOPOCThIO TPAHCHOPTHOTO IOTOKA. AHAJM3 MOJIYyY4aeMbIX JAaHHBIX (BPEMEHHOTO
npoduis, wiu Habopa npoduield — pagaporpaMMbl) MOXKET IIPOBOJUTHCS ONIEPATOPOM, HO TOT/Ia PE3YJIbTAaThl BO
MHOTOM OyIyT 3aBHCETh OT ero ombita U kBanudukamuu [3]. [To Mepe nambHeHIero pa3BUTHs BO3MOXHOCTEH
annapaTypsl ¥ BBIYUCIUTENBHBIX CPEICTB OBUIH NPEJIOKEHBI METOJIBI M AITOPUTMBI 111 0OPaOOTKH MEPBUYHBIX
JAHHBIX U1 TIONYYEHHsS KOJIMYECTBEHHBIX XapaKTEPHUCTHK CIIOEB KOHCTPYKIUH — YHCIOBBIX 3HAUYCHUIH
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JIUDJIEKTPUYECKON MpoHuIaeMoct U Tonuuubl [8, 10-12]. IlpuMeHeHue 3THX TEXHOJOTHA U aJrOpPUTMOB
OTKPBIBAET BO3MOXKHOCTH /ISl TOCIHENYyIOUIed OIIEHKH COCTOSHHS JOPOXKHOTO TIOKPBITHSL U IOCTPOCHUS
MPOTHO30B XOJla TpoIlecca pa3pylmIeHHs IOKPHITHA. Takke OBUTH TPEANIOKCHBI CPEACTBA W alTOPUTMBI
00pabOTKM MaHHBIX [ OOHApYKEHHWs MOAINOBEPXHOCTHBIX HeomHoponmHocTed [13-15]. Dtm  mertons
TIPEIIONIaraoT PETUCTPAINIO CUTHAIOB, OTPAKEHHBIX OT MCCIEIyeMOU Cpebl ¢ BHYTPEHHEH HEOTHOPOTHOCTHIO
U JaTbHEHIIyI0 00pabOTKy 3THX CHTHAJIOB Pa3IMYHBIMHU CHENHANBHBIMA MeTomamu. OHH Jar0T BO3MOXKHOCTB
OTIpeIeTICHUsI TUAJICKTPUIECKON MTPOHUIIAEMOCTH CPeAbl (110 YIiIy pacKpbiBa TMIIEpOOIIB) U TITyOUHBI 3aJIeTaHus
HEO/IHOPOJHOCTH (110 BPEMEHHU 3aJepKKU OTPaKEHHOTo curHajia). OIHAaKO Takue alropuTMBI HE MO3BOJIIOT
OJTHOBPEMEHHO BOCCTaHABJIMBATh XapaKTEPUCTHKU IUIOCKOCIOUCTHIX CPeA (YMCIEHHbIE 3HAYCHUs TONIIMHBI U
TURJICKTPUIECKON MPOHUIIAEMOCTH CIIOEB) U MapaMeTPHI BKIIFOUCHNHN, B YaCTHOCTH ITOAMIOBEPXHOCTHBIX TPEIIUH
(rmyOuHa 3aneraHus, TEOMETPUYECKHE pa3Mephl IOIEePeYHOro cedeHwus). Jma pemeHMs 3TUX 3amad ObLIO
MPEUIO’KEHO HUCTIONB30BaTh HMH(POPMAIHIO, KOTOPYIO COACPKUT COCTOSIHHE TIOJSAPU3AIMHA  OTPaKCHHOTO
UMIyNbcHOTO curHana [14,15]. BaxHbIMH NperMymecTBaMH TAaKOTO IOJXOMAa SIBISIOTCS BO3MOJKHOCTH
OCYLIECTBIICHHSI HEpa3pyLIalOUIed JWarHOCTHKU JOPOKHBIX OJSXKA € JedeKkraMu Npud OZHOBPEMEHHOM
OTIpEJICNICHUHU TapaMeTPOB CIOEB MOKPBITHS (AMAIEKTPUUECKONH MPOHUIIAEMOCTH M TOJIIUHBI). CyIIeCTBEHHO,
YTO COBPEMEHHBIE OJJIEKTPOHHBIE KOMIIOHEHTBI, CO3JaHHbIE aJrOPUTMbl 00pabOTKM HHGpOpPMaNUU U
pa3paboTaHHOE MPOTrpaMMHOE 00ECIeYCHHE MO3BOJIAIOT OCYLIECTBIISATh MOHHTOPHUHT JIOPOXKHBIX TOKDPBITHH C
IeeKTaMu B pekKUMe HETIPEePBIBHOTO ABIDKEHHSI aBTOMOOWIIA - TAOOpaTOPHH.

B Hacrosmeit paboTe mpUBEACHBI Pe3ylIbTAaTHl PEHICHUS 3aJa4d MO3HIMOHUPOBAHUS W MICHTH()HUKAIINU
MOATIOBEPXHOCTHBIX TPEIIMH B HIDKHHUX CJOSAX JOPOKHOW ONEKABI. AKTyalbHOCTH TOCTAaBICHHOHM 3amgadu
CBsI3aHA C BHICOKOH YAEIhHOI CTOMMOCTBIO CTPOHTENBCTBA M PEMOHTA aBTOMOOWIIBHBIX IOPOT U CYIIECTBCHHBIM
yACIICBICHHEM TPOLEAYPhl MOHUTOPHHTA TEKYIIETO COCTOSHIS TOPOKHBIX OJEK.

MOCTAHOBKA 3AJJAYU JUDPPAKIIUA IJIEKTPOMATHUTHOI'O I10JIs1 HA TPELIUHE B
ACOAJIBTOBETOHHOM INIOKPBITUU

PaccmoTpuM 3aady 30HAUPOBAHUS KOHCTPYKIIMH JOPOXKHOMN OJCHKIBI, KOTOpas MMEET YETHIPEXCIOMHYIO

CTpyKTYpy (puc. 1a): nBa cnos acdanbrobeToHHOro mHoOKpeiTHs ( Ly, L,) pasaMyHOro cOCTaBa; JBa CJos

3epHUCTOro Marepuana (L; u L, ). B HIKHeM cioe MOKPHITHA Ha HEKOTOPOH IlyOMHE HaXOAMTCA TpeLiMHa
TP.
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Puc. 1. T'eomeTpus 3a1aun ¥ BU 1a0OPATOPHOI MOICITH

C anexkTpoAMHAMHUUYECKONH TOUKHU 3pEHUs CTABUTCS 3ajada aHalIu3a dJeKTPOMArHuTHOTO MOJsl, pacCeIHHOTO
TaKOW CTPYKTYPOH, MPH Pa3HBIX ITapaMeTpax IHPUHBI TPEIIUHEI (xé —X] ) , TIIyOMHBI Pactoi0oXeHHUs TPELIUHBI

( —y{) . BBICOTBI PpacCroJI0KEHUA aHTEHHOU CHCTEMBbI Hazg HMOBEPXHOCTBIO KOHCTPYKIUHN SZ 5

MPOJOJKUTEIBHOCTH H MOJISIPU3AIIMH 30HAUPYIONIET0 UMITYJIbCA.

[pu pelieHny 3a1a41 UCTIOIB3YEM CIIEAYIOLIHIE TIPEIIIOIIOKESHHUS:

a) BIMSHUEM Ha OTPaKEHHBIM CUTHA HEPOBHOCTH MOBEPXHOCTH CJIOEB JIOPOXKHOTO MOKPBITHS MOXKHO
npeHeopeyn;

0) Bapuanyell TOJIIMHBI KaXKAOTO CIIOS TaKKe MOXHO MpeHeOpedb, YTO MOATBEPAMINA Pe3yJIbTaThl
MO/ICTIMPOBAHUS U JIADOPATOPHBIX IKCIIEPHMEHTOB;

B) TPEIMHA MPECTABISCT COOOM MPSAMOYTOJIBHBIN MapasuIe/ICUIIC].
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ITycts w3 BepxHero monaympocTpancTBa Ly ={(x,y,z):y >0} (Bo3myx) (puc. 1), uMerOmEro
IHBIIEKTPUYSCKHE CBOWCTBA BaKyyMa, Ha INIOCKYIO TpaHMIy paszmena cpen y =0 nagaeT UMITyJIbCHBIH CHUTHA,
HCTOYHUK KOTOpPOTO S .

HmwxHee mONMYynpoOCTPaHCTBO —IMPEACTABIsACT  COOOH YeThlpe OJHOPOIHBIX CJIOS  AUDJICKTPHUKA
(L ={(x,y,2):=y;  Sy<—y;},i=1+4,yy=0), 33 HCKIOYEHHEM HEKOTOPOH, OrPAHHYCHHOH IO
HAlpaBJICHUAM X W y ¥ OGCKOHEYHOH B HANPABJICHUH z , IPAMOYTOJBbHOH B MONEPEYHOM CEUCHUH 00JIACTH
TP={(x,y,z): =y Sy <—y5,x] <x< x5} (Tpeumna).

Touky HaOIIOACHNS, B KOTOPBIX ONPECITIAIOTCS apaMeTphl IEKTPOMAarHUTHOTO TI0JIsL, COCPEIOTOUCHEI B
HEKOTOPOM OrpaHMYeHHOH mox067acTH R MOIyHpocTpaHcTBa L. OTa 00JacTh OTBEYAET IOJIOKEHUIO
MPUEMHON aHTEHHBI reopaaapa.

C MareMaTHM4YecKOH TOYKH 3pEHUSl CTaBUTCS 3ajJada OTHICKaHHMsS pEIHICHHH CHCTEMbl BEKTOPHBIX

muddepeHnnansHbIX ypaBHEHUH (ypaBHeHHIT MakcBenia) ¢ COOTBETCTBYIOIIMMH HadalbHBIMH M TPAaHUYHBIMHU
ycnoBusiMU. B mekapToBoii cucTeMe KOOpAMHAT ypaBHEHUsI MakcBenia UMEIOT BUA:

div-E=—L—. div.B=0;
€g

(1)
0B endE .
rotE=———; rotB= ——+ cE+j;(?)),
Y 200 1K ( i)

roe E — HaHpﬂ)KéHHOCTL SJICKTPHUYICCKOI'O MMOJIA, B — marauTHas HWHAYKIUA,

€0 — AMANIEKTpUUEcKas MPOHHUIAeMOCTh B D/M, |1y — MarHUTHasi IpOHULIAeMOCTh B ['H/M,
j=oE +j,. o—ynensHas anekTpruecKas IPoBOIUMOCTb B CM/M, j, — CTOPOHHHE HCTOYHHUKH,

€ — OTHOCHUTCIIbHAs AUBJICKTPUUCCKasd MPOHNIAEMOCTD, C — CKOPOCTH CB€Ta B BAKYyME,

Ko = 1 — oTHOCHUTEIBLHAS MarHUTHAS MMPOHUTIAEMOCTb.

HauvaneHple ycnmoBus moO CyTH 3ajgaioT  ¢opmy Bo BpemeHun 3oHmupyromiero CIHIT curxama
(Buneoumiynbca) — j;(¢) .

MnynapcHOE  3JEKTPOMAarHMTHOE IOJIE, PACCESTHHOE  IOANOBEPXHOCTHBIMH  HEOJHOPOAHOCTSAMH,
dbopmupyeTcss BOJHOW, KOTOpas BO30YXKIaeTcsi 30HIAUPYIONIMM HUMIYJIbCOM. B paccMOTpeHHOH 3amadye B
KagecTBe BO30YXKIAIONIEr0 aHTEeHHY CHUTHAJA UCIONb3YeTCsS UMITYJIbC TOKA, BpPEMEHHAsl 3aBUCHMOCTh KOTOPOTO
MMeeT BUJI TayCCOBCKOTO MMITYJIbCA!

1(0)= Aexp(-{(t=15) /1T 2)

rae tO — CABMTI 11O BpeMeHHOﬁ OCH OT Ha4aJla KOOpJAWHAT;
tC — BpeMms Clia/la UCXOAHOT'0 I'ayCCOBCKOI'O MMITYJIbCA;

A — aMIumITYiHBIH K03 huImEeHT.

Jis pemreHust 3a7ad 30HAWPOBAHUS JTOPOXKHBIX ONIEXK] C YIETOM MOTJIONICHHWS CHTHAJIOB B PEATbHBIX
MaTepHajax Iejaecoo0pa3Ho HCIOIb30BATh UMITYJIECHI C IEHTpanbHOH gactoroit 0.9-1.2 I'Tm.

[Ipu ompeneneHNH AWANEKTPHYECKUX XapaKTEPUCTHK KOHCTPYKTHBHBIX CJOEB JIOPOKHON OIEMKIbBI
CZETaHbI JOTOTHUTEIbHBIE MPEIIIOI0KEHHS:

a) ciou acdansrodeToHa (L, L,) u HuwxHuE clou (L3, Ly) cOCTOSAT U3 OAHOPOJHBIX M30TPOIMHBIX
HEMarHUTHBIX MaTepUalIOB;

6) tpemwmna TP B reoMeTpuyecKoM TPUOIMKECHUH TPEACTABISET COOOM MPSIMOYTOJBHBIN
HapaJuiesIeIIe]l, TAK)ke HEMarHUTHBIM U OHOPOAHBIHN BO BCeX TOUKaxX (yp =1, €pp = constyp ) ;

[Tpu paccmoTpeHnu 3a/1a4u B INIOCKOCTH, OPTOTOHAJIBHON HAIPaBJICHUIO JIBM)KEHHS reopaaapa ee y1o0Ho
CUNTATh IBYMEPHOM.

Jlis mpoBeieHNs BEIYUCICHUH UCTIONIb30BAINCH IPOrpaMMBl, paHee onucanHsle B [8,11,12].

Ha ocHOBaHMM pe3yJIbTaTOB TEOPETHYECKUX U IKCIICPUMEHTAJIBHBIX HCCIIEIOBAHUM, a TaKkxke 0000IeHMs
OIbITa IPUMEHEHUS AHTCHHBIX OJIOKOB C aHTeHHaMHM THHa «babouka» (puc. 2 a) 1 0J0Ka IUIaHAPHBIX IIEJIEBBIX
anTeHH BuBampau (6mox KII) mis peructpanuu Kpocc-TONSIpU3allnOHHON KOMITOHEHTHI (puc. 2 0) [14,15],
pa3paboTaH aJITOPUTM MO3UINOHUPOBAHKS U HACHTH(UKAINH ITOJIIOBEPXHOCTHBIX TPEIIUH.
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a) 0)

Puc. 2. Aarennsie 610k U1 1e(hEKTOCKOIUI JOPOKHBIX OSK: a) IUTAHAPHBEIIA; 0) IIeIeBOM.

OCHOBHBIMH 3TanaMy ajroputMa IHO3UIMOHUPOBAHUS W HMACHTH(OUKAIMU IOJIOBEPXHOCTHBIX TPEIIUH
SIBIISIIOTCSL:

a) KaJIuOpOBKa aHTEHHBIX OJOKOB C LEJbIO BBHIOOpA JTAJOHHOTO ydacTka (0e3 TpeluH M JPYrux
MOANOBEPXHOCTHBIX Ae(EKTOB) U 3aIIHCH COOTBETCTBYIONIHMX (ITAIOHHBIX) pailaporpamMm;

0) monydyeHHWE MCXOAHBIX MAHHBIX W WX INMEPBUYHON 0OpabOTKM C HENbI0 YIydLICHHS KadecTBa
MOJYYCeHHOW HHPOpMaIuH (yIaleHIe moMeX, QIIBTPaIis);

B) BBIUMTAaHWEC U3 OXO-NpOoQmiIs curHala NPSAMOTO NPOXOXKICHUS C IENbI0  IOBBIICHUS
JIOCTOBEPHOCTH PE3YNbTaTOB JabHelimel o0paboTky;

T') OIEHKa IIyOMHBI 3aeraHusl [IeHTpa HEOTHOPOIHOCTH (nedexTa). B mpolecce BHIMOIHEHHS 3TOTO
JTana WCIOJNB3YIOTCS JaHHBIE CKaHMPOBaHUS OnokoM AbB (ompenensrorcsi 3HaYCHHS JUIIEKTPUUECKOMN
MPOHUIIAEMOCTH ¥ TOJIIMHBI CJIOEB KOHCTPYKIMH). B ciywae TpemmH mmpusHoit cBeiie 0,4 cM. B ClOsIX C
JIMDJIEKTPUUECKON MPOHUIIAEMOCTBIO OoJiee 5 M TONMIMMUHON OT 4 CM BO3MOXHA OIIEHKA KOOPJIWUHAT HWXKHEH U
BEpXHEH IpaHMIl TPEIUHHI (puc. 3);

JI) OLIEHKa TeOMETPHUUYECKHUX IapaMeTpoB — IIMPHUHBI TpemuHB. OCHOBY 3TOrO 3Tama COCTaBIISET
KOMITapallMOHHbBIN aJrOPUTM, KOTOPBII 3aKIIFOUAETCsl B CPABHEHHHU IOJIYyYSHHBIX CUTHAJIOB C CHTHAJIIAMH U3 0a3bl
JaHHBIX (cHhOpMHUPOBAHHOM 1O pe3ynbTaraM JIabopaTOPHBIX HCCieoBaHuit). [Ipn 3TOM OCHOBHBIM KpHTEpUEM
ABJSIETCS  «OJM30CTh)» CUTHAJIOB, KOTOpas MOJKET OLIEHMBATHCA KaK OIEpaTOpoM, TaK M C IOMOIIBIO
MPOTPAaMMHOT'0 BHIYMCIICHUS HEBSA3KU (KBaJpaTa pa3sHOCTH BPEMEHHBIX PACIPEICICHHUN).

a) 0)

Puc. 3. Ouenka u BepuGHKaIys rTyOHHBI 3aJeraHus TPaHMI] TPEIIHHBL: a) OKHO MOHHUTOPA; 0) (hakTHYECKOe 3HaUCHHE

Pemenne 3amaum ompeneneHUs TIIyOWHBI 3ajJieTaHHs TPCIIMHBI HUXKHETO CJOs ac(albTOOCTOHHOTO
MOKPBITHUS OCYILIECTBIISIETCS B CIEAYIOLIEN TOCIeI0BAaTEIbHOCTH:
a) ompeJeieHre JUIIEKTPUUECKOM IPOHUIIAEMOCTH ( € ) BEPXHETO CJI0s HaJl TPEILUHOMH [8]:
2
_, (=R 3
o =eg ko) G)
(1+Ry)
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4

rae R, — ko3 GUIUEHT OTpaxeHHs OT BEpXHEH rpaHuLbl IOKPBITUS, ONPEeIeMbli Kak Ry = — ;
0
0) u3MepeHue 3a/lep)KKH NEPBOr0 CUTHAJA, T.€. BPEMEHM IIPOXOXJICHUS CHTHaja OT aHTEHHBI 0
HIDKHEHN TPaHMIBI BEPXHETO cIos ( £ );

B) BBIYHCIICHUEC FJIy6I/IHBI 3aJICTaHuA TPECIINHBI:

C tz tl

hl:ﬁ E—Ej (4)

B (4) t, — BpeMs 3a/lep)KKU CUTHaNa OT HU)KHEH IpaHullbl BepxHero cios. CremyeT NOoJYepKHYThb, YTO

OTIpeZIeTICHUE IMINIEKTPUUECKON TPOHUIIAEMOCTH BEPXHETO CIOSA M TIIyOMHBI 3aJE€TaHusl TPEUINHBI IPOBOIATCS
[0 pe3ysibTaTaM M3MEPEHHH C MOMOIIBIO PAa3HBIX aHTEHH. DTO CBS3aHO C TEM, YTO TaKHe CIA0OKOHTPACTHBIC
OOBEKTHI, KaK IIOJMOBEPXHOCTHBIC TPELIUHBI, HE TII03BOJIAIOT MCIIONB30BAaTh M MX OOHapyXeHus Hu
MO3UIMOHUPOBAHUSl  CTaHAApTHbIE  aHTEHHble  OJIOKM  TeopajgapoB, a  TpeOylOT  IpUBIICYEHUS
CHCIHATM3UPOBAHHBIX aHTCHHBIX 010K0B [11,14].

3ajayy ompeneseHWs IUUPUHBI TPEUIMHBl IpeAjaraercss pemarb ¢ HOMOIIBI  Mojudukanum
KOMIapaldoHHOro ainroputMa. CyTh JaHHOTO MOJX0/Ia B CPAaBHEHUU HAOIOJaeMBIX (PErHCTPUPYEMBIX) TaHHBIX
¢ HaOOPOM 3TAJIOHHBIX M BBIYMCICHUH COOTBETCTBYIOILECH HEBSI3KH:

T
N; = [(f()-F@)’ar, ()
0

rae F;(l) — pacnpeacicHuss STAaJOHHBIX CHI'HAJIOB (CI/IFHaJ'IOB, OTPAKCHHBIX OT TPCHIMH C U3BCCTHBIMHU

napamerpamu). C MOMOIIBIO ONEpaliy BIOOpa HAUMEHBIIEro U3 QYHKIMOHATIOB N; Jenaercs 3aKIFOUCHHE O

HIMpHUHE TPCUINHBI. OCHOBHBIM pe3yiibTaTtaM pa6OTBI ajropurMa ABJIAIOTCA: 3HAYCHHUC MCECTOIOJIOXKCHUS
TPCUINHBI, FJ'Iy6I/IHLI €€ 3aJICTaHus U HIUPUHBI.

a) 0)
Puc. 4. DxcnepuMeHTaNbHAs TPOBEPKa aIeKBATHOCTH MOJIENH: ) Ha JOporax oOIIero nons3oBanus; 6) Ha Teppuropun XHY
uM. B.H. Kapa3suna 61oxom TRF-1.

DKcnepyMeHTalbHasi POBEpKa MPEAI0KEHHBIX aJTOPUTMOB IPOBOJMIACE HAa aBTOMOOWIIBHBIX JOpOTrax
o61ero nons3oBanus (puc. 4 a) u Ha tepputopun XHY (puc. 4 6).
IIpu npoBeneHNnN SKCIEPUMEHTAIbHBIX UCCIEA0BaHUN BapbUPOBAJIACH:
a) AMDJICKTPUYECKasl MPOHUIAEMOCTh MaTepuaia Closl MOKPBITHS HaJ Ae()eKToM MmyTeM MPUMEHESHUs
CJIOEB M3 Pa3HbIX MAaTEPHUAIIOB;
0) riryOWHa 3aJieTaHus TPEUTUHBI ITyTeM U3MEHEHHS TOJIIIHMHBI TIOKPHITHS HaJl 1e(heKTOM;
B) BBICOTA ITOIIOBEPXHOCTHO TPEIIMHBI MyTEM U3MEHEHHS TOJIIMHBI CJI0SI, COACPIKALIETO TPEIHHY.
B pesynbrate 00pabOTKH reopagapHbIX JaHHBIX OLEHUBAIIUCH:
a) 3HAYCHUE JUAICKTPUYCCKON MPOHUIIAEMOCTH CJIOSI TIOKPBITUS HaJl TPELIMHON, Tabianua 1;
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0) riryOMHa 3aJ10)KEHUsI TPEIUHBI U €€ BBICOTA.

MakcumanbHasi OTHOCHUTENbHAsI OLIMOKAa M3MepeHuil cocraBmia 5%. AHaIM3 IMOJYYEHHBIX pPe3yJbTaToB
HO3BOJIWJI ITOATBEPAUTE BO3MOXKHOCTh OOHAPY)KSHUS ¥ MICHTH(OHUKAIMN TPEIIHH B HIDKHHUX CIOSX MOKPBITHSA C
MIOMOIIIBI0 COBMECTHOT'O HCIIOJIb30BaHUSI aHTCHHBIX 0JIOKOB ITAHAPHOTO U LIEJIEBOTO THIIOB (pHC. 2.)

PesynpTaTaMu SKCHEPHMEHTANBHBIX HCCICAOBAaHHH, NMPOBENCHHBIX Ha MOZAEISAX JOPOXKHBIX ONESKI C
npuMeHeHneM aHTeHHoro Omoka KII-1 reopamapa «Opsar-1» COBMECTHO ¢ aHTCHHBIM OJokoM Ab,
HOATBEPIKICHA aIeKBaTHOCTh MOJENHM M alropuTMa OOHAapY)KEHHMS, NMO3UIHOHHPOBAHHMSA M WACHTH()UKALH
NOANOBEPXHOCTHBIX ~TPEIIMH B CJIOAX JOPOXKHOTO IOKPHITHA. IIpoBepka aIeKBaTHOCTH METOAUKH
nedekTockonmuy Ha aBTOMOOWJIBHBIX JOpOTax OOLIero MOJNb30BaHUS IMOATBEpIMIa paboTOCHOCOOHOCTD
QITOPUTMOB TIPH  MO3MLMOHMPOBAHMUM W HWJICHTU(QHKALMM [IBOB B LEMEHTOOETOHHOM OCHOBAaHUH.
OTHOCHUTENbHAsT TOTPEUIHOCTh OINpPEAEICHUs] TIIyOWHBI 3aJI0KEHUS W BBICOTHI IOJIIOBEPXHOCTHBIX TPEIIMH
cocraBmia oT 3 % 10 8 %.

Tabmuna 1. OnieHKa reoMeTpUYECKUX APAMETPOB ITOAMOBEPXHOCTHOH TPEIIMHEI

[TapameTtp 3HaueHue napameTpa
(akTHueckoe OTIpeNIeIICHHOE METOIOM 00pabOTKH
CHT'HAJIOB
['myOuna 3a10KeHUS 5.5 6.9 5.4 7.02
TPEIINHBI, CM
BricoTa TpemuHbl, cM 7,0 6,0 7,1 6,2
BbIBO/IbI

PesynpraTaMu 3KCHEPHUMEHTAIBHBIX MCCIIEOBAaHUM, MPOBEACHHBIX HAa MOJCNAX JOPOXKHBIX OAEKI C
npuMmeHeHueM aHteHHoro Oinoka KII-1 reopagapa «Opsr-1» coBmecTHO ¢ aHTeHHBIM OnokoM Ab reopanapa
TRF-1 (puc. 4. 6), moaTBepxaeHa aJeKBATHOCTh MOJIEIM M AITOPUTMa OOHAPYXKEHHUS, IMO3UIIMOHHPOBAHUS H
WICHTU(HUKAUY TIOANIOBEPXHOCTHBIX TPEUIMH B CIIOAX IOPOKHOTO MOKpbITHS. IIpoBepka aieKBaTHOCTH
METOJIUKH  Je(EeKTOCKONMMM Ha  aBTOMOOWJIBHBIX  JOporax  OOIero  IOJb30BaHMS  IOATBEPAMIA
paboTOCTIOCOOHOCTh AJITOPUTMOB TPU TMO3WLIHOHUPOBAHWM W HICHTH(HKAIMKM IIBOB B [EMEHTOOETOHHOM
ocHoBaHWU. OTHOCHUTENBHAS TTOTPEIIHOCTh ONPEAEIICHHS TIyOHHBI 3aJI0)KEHHS M BBICOTHI TOANOBEPXHOCTHBIX
TpelyH coctaBuna ot 3 % a0 8 %.
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BOJIHOBBIE ITPOIIECCHI B BJINJKHEM 30HE AIIEPTYPHBIX AHTEHH
C PACKPBIBOM KPYT'JION ®OPMBI

H.H. I'opobeu, E.E. OBcsinnnkoBa
Xapvrosckuil HayuonanvHwill yHueepcumem umenu B. H. Kapasumna, nn. Ceob00vl, 4; Xapwvros, 61022, Yxpauna.
e-mail: Nikolay.N.Gorobets@karazin.ua
[octynuna B pegakuuto 27 utoHs 201 7.

Merogom Bekropa ['epuma pemreHa 3amada  ompefeleHHs aMIUIMTYAHBIX M (a30BBIX  XapaKTEPHCTHK
ANIEKTPUYECKUX ¥ MarHUTHBIX TIOJICH B OJIVDKHEH M IMPOMEXYTOYHON 30HAX HAOIIOJCHUS, M3Iyd4aeMbIX arepTypHOit
AQHTEHHOH C PaCKpPBIBOM KpyTJIol (hOpPMEI IpH paBHOMEPHOM cHH(pa3HOM ee Bo30OyxaeHHuu. [loka3aHo, 4TO KpyTJIbie
anepTypsl GOpMHPYIOT MPOXKEKTOPHBII JIyd B OMMKHEH 30HE NpH JHaMeTpax PacKpbIBa, OONBIINX OJHOW JUTHMHBI
BOJIHBL. XapakTep paclpeleleHus aMIUIMTYZ H (a3 dJIEKTPUYEeCKOr0o ¥ MArHUTHOTO MOJed B OMDKHEH u
MPOMEKYTOUHOH 30HaX Kaue€CTBEHHO OIM30K K TAKUM XK€ PACIPEAEICHUSIM B CIIydae KBaJPATHBIX H MPIMOYTOIBHBIX
anepTyp, OAHAKO OTIMYAETCS CYHIECTBEHHO OOJIBIIEH NTyOMHOM OCHMILIALN MOJICH.

KJIFOYEBBIE CJIOBA: sneKTpoMarduTHBIC TI0JIS, alepTYPHBIE aHTCHHBIL, OJIDKHSA, IPOMEXKYTOUHAsI, JalTbHISA 30HA
AQHTEHHBI, IPOXEKTOPHBIH JTyd

Meroznom BekTopa ['epria BupimeHa 3a1aqa BU3HAYSHHs aMIUITYJHAX i (Pa30BUX XapaKTEPUCTUK €NEKTPUIHHX 1
MardiTHUX TOJIB B OJNWKHIN 1 MPOMDKHIM 30HAX CHOCTCPESIKCHHS, BUIPOMIHIOBAHHX AalCPTYPHOIO AHTCHOI 3
PO3KpHBOM Kpyrioi ¢GopMu HpH piBHOMiIpHOMY cuH(pa3sHoMmy ii 30ymkeHHi. [lokazaHo, o Kpyrii amepTypu
(hopMyIOTh TPOKEKTOPHUI NMPOMiHb B OMIDKHIA 30HI MPH AlaMeTpax PO3KPUBY, OLTBIIMX ONHI€T HOBKHUHH XBHII.
XapakTep po3mOAiTy aMIUNTYyX i (a3 eNeKTPUYHOrO i MAarHiTHOro MOJIB B ONMKHIA 1 MPOMDKHIA 30HAX SIKICHO
ONMU3BKUIA JI0 TAKHUX K€ PO3MOILTIB Y BHMAAKY KBaIpaTHHUX 1 MPAMOKYTHHX alepTyp, OAHAK BiAPI3HAETHCS 1CTOTHO
G100 TTIMOMHOIO OCLMIISILIIH MOJMIB.

KJIFOUYOBI CJIOBA: enexkTpoMarHiTHI MOJIsA, anepTypHi aHTCHH, ONMKHSA, MPOMDKHA, NalbHS 30HA aHTCHH,
HPOXXEKTOPHUH TIPOMiHb

The problem of determining the amplitude and phase characteristics of electric and magnetic fields in the near
and intermediate observation zones emitted by an aperture antenna with a circular opening, when it is scattered in-
phase excited, is solved by the method of the Hertz vector. It is shown that round apertures form a searchlight in the
near zone with opening diameters larger than one wavelength. The nature of the distribution of the amplitudes and
phases of the electric and magnetic fields in the near and intermediate zones is qualitatively close to the same
distributions in the case of square and rectangular apertures, but differs by a much greater depth of field oscillations.
KEY WORDS: clectromagnetic fields, aperture antennas, near-, intermediate-, far zone of the antenna, searchlight
beam

BBEJEHUHE

B Hacrosimiee BpeMs XOpoOIIO U3BECTHO, YTO PACHPEICIICHHE aMIUINTYAHBIX, ()a30BBIX 1 MOJISPU3ALIMOHHBIX
XapaKTEePUCTUK AJICKTPUUECKMX WM MarHUTHBIX MOJEeH B NPOCTPAaHCTBE BOJM3M aHTEHHBI B ee OMmKHEH U
MPOMEXYTOYHOM 30HaX HAOJIOAEHHS CWIBHO 3aBHCHT HE TOJBKO OT aMIUIMTYAHO-()a30BOTO paclpeiereHHs
HCTOYHHKOB IMOJIS1 B @AHTEHHE M €€ DJICKTPUYCCKUX Pa3MEpPOB, HO U OT (POPMBI U3IyJaromero packpsisa [1-3]. B
[1, 4] moxa3aHO, YTO HaAJIEKAIINM BEIOOPOM OTHOLICHHS CTOPOH IIOCKOTO PACKPBIBA aHTEHHBI MIPSIMOYTOIBHOM
¢dbopmbl ¢ pazmepaMu, OOJBLUIMMHU OJHOW-ABYX JUIMH BOJIH, MOXXHO OO€CIeunTh OJIM3KOE K HOCTOSIHHOMY
MPOCTPAaHCTBEHHOE paclpeeieHle aMIUIUTY bl TOJIsl B ONpeJeNieHHOH (He J1r000i) 00sacTH NpocTpaHcTBa B
HEKOTOPOM 00beMe WM Ha IUIOCKOCTH B OikHel 30He aHTeHHbl. C Jpyroil CTOPOHBI, M3 PE3yIbTaTOB
pacderoB, NPHUBEAEHHBIX, B [2], clexyeT, 4TO MaKcHMajbHble OCHMULIINAN aMIUTUTYJBl 3JEKTPUYECKOTO U
MarHMTHOTO TOJIEH M, CIIe[I0BATEIbHO, MOIIHOCTH IIOJISI MMEET MECTO B IMPOKEKTOPHOM Jyde alepTypHBIX
AQHTEHH C PAcKpBIBOM Kpyrioi ¢opmsl. [Ipu 3TOM Bonpocsl (hOpMHUPOBAaHUS MPOKEKTOPHOTO Jiyda U (ha3oBbIe
XapaKTEPUCTUKU 3JEKTPUYECKOT0 M MArHUTHOTO IIOJIsi, OCOOGHHOCTH WX paclpesiesieHHs B OMMKHEH 30He
AQHTCHHBI, BJIMSHHE DJJICKTPUUECKHX pa3MepoOB pacKpblBa Ha TJIyOMHY OCHMJULILMHA IOJS OCTAINCh He
W3y4EeHHBIMH.

Lens HacTosmiell cTaThil — MCCIETOBAaHWE aMIUTUTYAHBIX M (a30BBIX XapaKTEPHCTHUK IIEKTPHUECKUX U
MarHUTHBIX TOJE€H Ha KOHEYHOM PACCTOSHUHM OT M3JIy4aroIlero pacKpbiBa Kpyrioil ¢GopMmbel B OmmxHEH M
MIPOMEKYTOYHON 30HaX HAOIIOACHNS.

© TI'opobent H.H., Oscsnrukosa E.E., 2017
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AJITOPUTM PELIEHUSA 3AJAYN
3ajaya HaXOXJICHMs TIOJICH Ha KOHEYHOM PacCTOSHUU B ONVDKHEH W MPOMEXYTOYHOW 30HAX aHTEHH IpU
3aJJaHHBIX aMIUIMTYIHBIX M (DAa30BBIX paclpeesieHUsIX HCTOYHHUKOB IOJSI OTHOCUTCS K BHELIHUM 3aJiauyam
3MEKTPOJMHAMUKU U METOABI €€ PELIeHUs] XOPOIIo U3BECTHHI. Bocmnonb3yeMces 10CTaTOYHO MPOCTHIM U XOPOILIO
pa3paboTaHHBIM METOJIOM BekTOpoB I'epra. Bynem cunraTh, 9TO pacKpbIB aHTEHHBI BO30YXKIaeTcst cCHH(A3HO, a

QJICKTPUUCCKUE W MArnuvTHBIC TI0JIA B PACKpPLIBE ES u HS H3BECTHHI. Torjga HMCKOMBIE QJICKTPUUICCKUE U

MarHUTHBIC TOJII HAa KOHEYHOM PACCTOSHHH OT PACKPHIBA BBIPAXKACTCS Yepe3 ANICKTPUUCCKHHA M MarHUTHBIH
BeKTOpHI ['epIia crexyromum o0pa3om:

E= gmddivﬁa +1211° —io)urotﬁM , (D)
H =ioerofl1’ + graddivl:[M +iTIY (2)
3neck BekTopHl ['eplia 3anuimemM depes Mmoss B pacKpbIBe B BUIE
1Y =-——[[2°E; Jw(r)ds ; 3)
4dnipo g

- 1 -

1 =——[[2°H Jw(rds )
4micm

—ikr

a pyHKuuMs chepuuecKkoil BOIHBI paBHA y(r)= 6)

CBskeM € U3NIy4YalOmMM PAaCKpPBIBOM AHTEHHBI, MOJS M BOJHBI H3Iy4EHHUS KOTOPOM HMCCIEIYIOTCS Ha
KOHEYHOM PACCTOSIHUH, JICKapTOBY CHCTEMY KOOPJIHHAT, B KOTOPOH OyleM HaXOAWTh aMIUIUTYAHBIC U (a30BbIe
XApaKTEPUCTUKU IEKTPUYECKUX UM MarHUTHbIX mojeil. IIons B packpblBe, Kak U BO BCEX KPAeBbIX 3a/adax C
0CeBOH CHUMMeTpueil, Oy/ieM ONMCBHIBaTh B IOJSIPHOI cUCTeMe KOOpIWHAT o H ¢ . EcTecTBeHHO, 4TO Hayaja

00eux cucTeM KOOpIMHAT MOMEIIAIOTCS B IIEHTP KPyra, COBIAJAIOIIEr0 C PACKPHIBOM aHTEHHBI. B BBIOpaHHBIX
TaKUM CIIOCOOOM CHCTEMax KOOPIMHAT PAacCTOSHHE F OT TOYEK PacKpblBa ¢ KOOpAWHATAMH O U @, IO

KOTOPBIM TIPOBOJUTCS HHTErpupoBaHue B (1) — (4), 1 TOUKaMu HAOIIONCHHS C TEKYIIMMH KOOpAWHATAMA X, V,

Z PaBHO
1

r=((x—pc05(p)2+(y—psin(p)2+zz)5. (6)

SHGKTPI/I‘IGCKI/IG W MAarHuMTHBIC IIOJISI B PAaCKPbIBE 6y,I[CM CUUTATh NOMNCPEHYHBIMHU U CBA3AHHBIMU MCKAY
€0001i U3BECTHBIM COOTHOIIEHHEM

H :WLS[EOES} (7)

rae VVS - BOJIHOBOC COIIPOTHUBJICHUC PACKPbIBA aHTCHHBI.
B camom oOmem ciydae moJsii B pacKpblBeé MOTYT OBITh MOJIIPU30BaHBI JIUIMNTUYECKH. VX MOXHO
MPEJCTaBUTh B OPTOTOHAIBHOM JIMHEHHONOISIPU30BAaHHOM Oasuce
- o Y '
Eg(x,y)=X"Eg (x,y)+ ) Eg (x,y);

H(x,y) :iost(x’y)"')joHsy(xsy)
U Jalblie padoTaTh OTIENIBHO ¢ KAXKA0H CKaJIPHONH KOMIOHEHTOH MOJIsl OTAEIBHO.
BrimonnuB Bce MaTemaTtuueckue omnepanmu coriacHo (1) — (4) ¢ yuerom (5) — (8) momydyum pacdeTHBIE
(hopMyIBI AT BCEX CKAIPHBIX KOMIIOHEHT BEKTOPOB HAMPSIKEHHOCTH 3JICKTPUIECKOTO M MAarHUTHOTO TOJS B
JIEKapTOBOM cHCTEME KOOPAUHAT:

®)

1 ¢ iAW,
=— | E. wfzdS+—2> + X—pcos ds+—20_[F ds , 9
Sy £ sV Snsti( Egufs +fs (x—peos@)g, ) I, I sV ©)
£ =L (E ds +- 2 das EgwdS | 10
y—gg N +W£( Eguf, +yif,(y—psing)g,) +2X Isvw (10)
E, = jwfqldS+ Jqlwfzzds (11)

8’
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. 1 . i . I .
H =—— [E wfzdS +—2— [(~yf Eo, +yfs (x—x3)q, )dS ——— [ B wds, 12
x 4TEWS:[ s W 8, _!( WhHEs, + W/ ( s)qz) 27»W0£ sV (12)
. 1 . it . i .
= [-E yfzdS+—2— —psing)g +E_yf )dS + E wds, (13
e R !(\vfz(y psin)g, + £ yf) N j R (13)
. 1 i
H=— ds+—2 [yf,zq,ds , 14
e !qzwfl S, £ vfhaq, (14)
: : . : - . ik 1
4, = Es (x—pcos @) + Eg (y—psing) , g, = Eg, (x—pcos)—Eg, (y—psing), £, =t
3 3ik k?
fi=—pt T 15
: 7‘4 7‘3 I"2 ( )

IIponenaB mMaremaTHyeckue BBIKIAJKH aHANIOTWYHO [l], JIerko MOSYyYUTH OPTOTOHANBbHBIE KOMIIOHEHTHI
3JIEKTPUYECKOTO ¥ MAarHUTHOTO TOJIEH B ChepHIecKoi CHCTEME KOOPMHAT.

Pa3zpaboTanHOe MaTreMaTHYeCKOe OOECIEYCHHE SBICTCS MaTeMaTHUeCKOH Mopenbio OmmkHed u
MPOMEXXYTOYHOH 30HBI allepTypHOH aHTEHHBI C PACKPBHIBOM KPYTioil GopMel. s KOJMYECTBEHHOTO aHAIH3a
(hu3MUECKUX 3aKOHOMEPHOCTEH BOJHOBBIX IPOIIECCOB BOJIM3M alepTypHBIX aHTEHH C KPYTJIBIM PACKPBIBOM IPH
M3MEHEHHHU HX Pa3MEPOB HEOOXOANMO MMETh U3 PEIICHNSI BHYTPEHHEH 3a/1a4 3J€KTPOINHAMUKH aMITIUTYHbIE
U (ha3oBbIe pacrpeeieHUs] OPTOrOHAIBHBIX KOMIIOHEHT JJIEKTPHYECKOTO0 M MAarHUTHOTO MOJed. DTH JaHHbIC
MO3BOJIIIOT TaK)Ke OIPEAeIUTh COCTOSHUE TOJIAPHU3AlMK BJIEKTPOMArHUTHOW BOJHBI B KaXJOM TOUKe
M3Ty4aollero packpbelBa aHTeHHbl. K HacTosiieMy BpeMEHH B CTPOTOH IIOCTAHOBKE H3BECTHO peIICHHUE
BHYTpPEHHEH M BHEMIHEH 3aJaydl TONBKO Ul OTKPHITOTO KOHILIA KPYIJIOTO BOJHOBOJA M KOHHYECKOI'O PyIopa.
Jlnst anepTypHBIX aHTEHH aKyCTHYECKOTO W ONTHYECKOTO THIA, IIUPOKO HMCIOJIB3YEMBIX Ha IPAaKTUKE, 00IIero
pemieHus BHYTPEHHEM 3afaud 3MEeKTPOAMHAMHKH HET M3-3a Pa3HooOpa3usi BO3MOXKHOCTEM BO30YXICHHS
M3JTyYarolero pacKpbiBa aHTEHHBI. TeM He MEHee aHaIu3 (GU3MUECKUX 3aKOHOMEPHOCTEH BOJIHOBBIX IPOIIECCOB
B OMIDKHEH M IIPOMEXYTOYHOH 30HaX HAOJIOACHNUS BO3MOXKEH IIPHU 33/IaHUN PA3IMIHBIX BAPHAHTOB AMIUTUTYIHO
- (a30BBIX pacmpefeNeHH WCTOYHHUKOB IIOJIEH B pacKpbiBe, Kak OOBIYHO H nenmaioT [S5]. U3 dusmueckux
coo0OpakeHHH crexyeT, YTo HauOoJiee MOJHBIE MPOSBICHHUS BIMAHUS (DOPMBI M 3IEKTPUYECKHUX Pa3MEpPOB
packpbiBa aHTEHHBI Ha OCOOCHHOCTH BOJHOBBIX MPOLECCOB B ONIMDKHEH 30HE OyAyT HMETh MECTO IIpH
MOCTOSIHHOM aMIUIUTYAHOM M ()a30BOM DAaCHpENeNICHUH IOl B PAacKphIBE M MpPU JIMHEHHON MOJIApH3aLUH

usnydenust. Jlasee paccMOTpUM MMEHHO Takol ciydail mpu Eg =0 [ KpyIJbIX pacKpbIBOB C AMaMETPOM,

MCHBUINM JJIMHBI BOJIHBI, PABHBIM HECKOJIBKHUM JIJINHAM BOJIH U 0OJIBIINM QJICKTPUYCCKUM pasMEpPOM.

BOJIHOBBIE ITPOLIECCHI B BJANKHE 30HE ATIEPTYPHBIX AHTEHH C PACKPBIBOM
KPYIJIOM ®OPMbI MAJIbIX SJIEKTPUYECKUX PASMEPOB

HerpynHo BuIeTh, 4TO IpH pa3Mepax M3IydYalollero PacKpbiBa, HE MPEBBIIAIOIINX OJHON UTMHBI BOJHBI,
mo0ast Touka HaOmofeHWs B ONMVKHEH, MPOMEXYTOUHON M JaibHEH 30HAX HAXOAWTCS B MpEAeiax OJHOH
nepBoii 30061 @penens. Crre0BaTeNIbHO, B 3TOM CIydae HET MPEIIOCHUIOK JUIsl (POPMUPOBAHUS MPOKEKTOPHOTO
Jyda, JUIi KOTOPOTO XapaKTePHBI OCHMIULIMK aMIUTUTYIBI M 3JIEKTPUYECKOr0 M MAarHUTHOTO MOJS MO Mepe
yIJICHHUs] TOUYKW HAOJIIOIEHHS OT pacKpblBa aHTEHHBI. J(narpamma HarmpaBlI€HHOCTH TaKMX aHTEHH IITUPOKas U
He uMeeT OOKOBBIX JICTIECTKOB, @ PACCTOSHUE JallbHEH 30HBI, KaK IIOKAa3aHO HaMHU B [6], paBHO MIPUMEPHO IBYM
JUTMHAM BOJIH.

J11sl KOTMYECTBEHHOTO aHaJIM3a BOJIHOBBIX IPOLECCOB B OJIMKHEI 30HE alepTypHBIX aHTEHH C PaCKPBHIBOM
Kpyrioit (opMbl coriacHO NpHBEACHHOH BhIlle Maremaruueckod monenu B cpere MathCad paspaborano
nporpaMMHOE OOecIieueHHe pelleHUs] 3a/1a4d pacueTa W aHaIn3a aMIUIMTYAHBIX U (ha30BBIX XapaKTEPHCTHK
NIEKTPUYECKUX M MarHUTHBIX TOJEH Ha KOHEYHOM PAcCTOSIHUM OT aHTCHHBI B €€ OMIKHEH M IIPOMEKyTOUHOU
30Hax. JI7s MOJTHOTHI aHalM3a pacueTsl MPOBEAEHBI U TpeX 3HaueHWi auamerpa packpsiBa: 0,5; 0,75 u 1,0
JUTMHBI BOJIHBL. Kak ObII0 0TMEUYEHO BhIIIE, aMIUIUTYAHOE U (Pa30BOE pacipe/iesieHHe T0JIsl B PaCKpPBIBE IPHHSTHI
noctosHHbIMU. [lonsipu3anus u3mydeHHs NPUHATA JIMHEMHOM W JUId ONpENeNIeHHOCTH — BepTHKanbHOU. Ha
puc.la mpencTaBieHbl pacdeThl AMIUIMTYJ] BEKTOPOB HAMPSDKEHHOCTH 3JEKTPHUUECKOr0 M MarHUTHOTO MOJeH
anepTypHBIX U3JIydaTenedl ¢ KpyribIM packpbiBoM auameTpoMm 0,5 miuebl BoaHbl, 0,75 JIMHBL BOJHBI U OJHOU
JUIMHOM BOJIHBI B 3aBHUCHMOCTH OT PAacCTOSIHUSI OT IIEHTpa PacKpblBa J0 TOUYEK HAOJIIOJCHUS B HAIPABICHUH OCH
W3Ty4arens, T.6. B pacCMaTpUBaeMOM Cllydyae B HaNpaBICHWM TJAaBHOTO MaKCHMyMa JHarpamMMbl
HarpaBieHHOCTH. 13 puCyHKa BUIHO, 9TO KaK U B CIIydasX JIMHEHHBIX M3ITydaTelied U anepTypHBIX H3JTydaTenei
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5 E/E, HH, — E/E (D=0.54)
22 B i N =S H/H,(D=0.5%)
- — E/E (D=0.752)
' H/H(D=0.754)
i 6 _— EIEO(D=_1;.)
H/H (D=14)
0,5
' ] , _zh
4 0 1 2 3
argE-argH,rpan
30+
{ \D=0.5A
z/h
1,0

2/
1.0

0

,5 T T T T
. 0,0 0,2 0,4 06 0,8
Puc.1. 3aBucuMOCTH aMITUTY/ ¥ Pa3HOCTH (a3 dIEKTPUIECKOTO
U MAar"HuTHOI'O noneﬁ, a TakKXC BOJHOBOTO COIPOTUBJICHUA
W3Ty4aTedel ¢ KpPYIJIBIM  PAacKpeIBOM OT PACCTOSIHUS B
HalpaBJIeHUN HOpMaiM K packpeiBy npu D=0,5; 0,75; 1,0

JUUIMHBI BOJIHBI

C  MNpSIMOYrOJbHBIM ¥  KBaJpaTHBIM
PacKpbIBOM MaJIbIX INEKTPUUECKUX
pazMepoB [3], HPOXXEKTOPHBI Jyd He
¢dbopmupyercs, a amuuTyaa noneit £ u H
PaBHOMEPHO YMEHBIIIAETCS C YBEIHICHUEM
koopauHaThl z. CKOpPOCTh YMEHBIICHUS
aMIUIUTYAbl TEM BBIIIE, YEM MEHBIIE
JJIEKTPUYECKUN pa3Mep packpeiBa. Ux
puc.l BumHO Takxke, uro mpu D =0.5A
aMIUTATYZAA NIEKTPU-ECKOTO TOJI,
OTHECEHa K €€ BEIMYMHE B IIEHTpE
PacKphIB, T.€. B Ha4aJIe KOOPIUHAT OOJIbIIIe
OTHOCHUTEJIHOH aMIUIUTYABl MarHHUTHOTO
monss. [lpmg  D=A  oOTHOCHTENbHas
aMIUIMTYAa MAarHUTHOTO TOJs OoJiblie
OTHOCH-EITbHOM aAMIUTATY b
AEKTpHYeCcKOro moist, a mpu D =0.75A

noJis E/E0 u H/Ho B OmDKHEH H

MIPOMEXYTOUHOM 30HAaX BechbMa OJIU3KU
ApYT K IpYyTy.

Ha  puc. 16 mpexacTaBiIeHBI
3aBUCHMOCTH OT PacCTOSIHUS pa3HOCTH (a3
3JIEKTPUYECKOTO W MAarHUTHOIO IOJIEH,
paccuMTaHHbIE AJIL TOTO K€ HalpaBJICHUSA
HOpPMaJli K pAacKpblBy H3JIydareis. Ota
XapaKTEepUCTHKA BOJIHOBOT'O IpolLecca, KakK
XOpOILO H3BECTHO, OINpPEAESeT HAIUYUE,
JIOKQIM3ALMI0 M BEIUYHMHY PEaKTUBHOM
MOIIIHOCTH B OJM>KHEW 30HE aHTEHHBI. M3
pUCYHKa BHMJHO, 4TO KaK WU CIE€I0BaJO
0)KHMJaTh, MAKCUMAIIbHBII yroj capura a3
3JIEKTPUYECKOTO Y MArHUTHOIO  IOJIA
(mocturaer  mpumepHo  35°  BONHM3HM
packpblBa) HMEET MeCTO B  clydae
HU3Nydatensi ¢ HauMEHbLIUM JAHaMETPOM

packpsbIBa. Ipn YBEITHMYECHUHN
IEKTPUUECKUX pa3MEpPOB PACKpbIBa 3Ta
pasHocTh (a3 W,  CIenOBaTEIbHO,

pEaKkTUBHAsT MOILIHOCTh B OJIMDKHEH 30HE,
yMeHblIatores. B gactHoctu, npu D =\
MaKcuMalbHast pa3HocTh (a3 £ u H noneit
He mpeBbllIaeT 12° W KMMeeT MeCTO Ha
paccrostaun okono 0,1 mmmHbl Bonuel. Ha
paccTosHUM z =A, T.6. HA PaCCTOSHUH
MOJIOBUHBI PAcCCTOSIHMSI JalbHEH 30HBI,
passocth (a3 £ u H moneit He mpeBhIIacT
OJTHOTO rpagyca. CrnenoBarenbHoO,
peakTHBHAas MOIIHOCTb OIS Ha 3TOM
paccrossaun  He mnpessimaer 0,02% ot

MOJTHOM MOIIHOCTH 3JIEKTPOMArHUTHOTO IIOJIS B 00JIACTH 3TOW TOYKH HAOIIOACHUSI.

OCOOCHHOCTBIO BOJIHOBOTO TIpollecca B ONWKHEH 30HE AaHTEHH SBISETCS OTIWYHE BOJHOBOTO
COIPOTHBIICHHS MTPOCTPAHCTBA B OJMDKHEH 30HE OT BOJIHOBOT'O COIPOTHBJICHHS CBOOOTHOTO IPOCTPAHCTBA B
nanpHeid 3oue Wy =120 Om [2, 6]. 13 puc. 1T, Ha KOTOPOM MpeACcTaBlIeHa 3aBUCUMOCTh OTHOIIICHHUST BOJTHOBOTO
CONPOTHBIIEHHS B GIMIKHEH 30HE K BOJHOBOMY COTIPOTHBIIEHUIO PAacKpbiBa W=W, OT paccTosHus z/A B TOM Ke

HalpaBJICHUU HOpMaJIN K pAaCKpbIBY, BUJHO, YTO XapaKTCp 9TOM 3aBUCHMOCTH JOBOJIBHO CITOKHEBIH. HpI/I 3TOM
MAaKCUMAJIbHOEC OTJINYHC COl'IpOTI/IBJ'IeHI/Iﬁ TEM 6OJ'IBIH€, yeM OoJIbIIe JAUaMETPp paCKpbIiBa.
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257 wgE-agH, grad D=0.75), 2=0.1875)
20
15
101
J _ _ X
a K 0375 0,000 0,375 °
15,argEargH, grad  D=0.75), 2=0.3751
10
5
" — . : X
6 3 0375 0.000 0,375 o

10 argE-argH, grad  D=0.754, 2=0.75)

5 \/
0. 375 0, 375
argE-argH, grad  D=0.755, z=1.1255

iv

r Kk 0375 0, 375 p
|angE-argH, grad D=0.75)., z=1.5)

N

0
I n -0, 375 0, 000 0, 375
0101 argE-argH, gra¢  p=0,75), z=3.75

0.00 - v
[§ M 0,375 0.000 0,375 T

Puc. 2. Ammnurynubie U (a3oBble XapaKTEPUCTHKH 3JIEKTPUYECKOT0 ¥ MArHUTHOTO TOJICH B IJIOCKOCTSX,
MapaJuIeNbHBIX PACKpPBIBY quaMeTpoM 0,75 [IMHBI BOJTHBI
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PaccMoTpuM fiaee pachpeselieHHe aMILTHTY[ U (a3 SIeKTPUYECKHX M MArHUTHBIX HOJEH Ha IUIOCKMX
IOBEPXHOCTAX, PACIIONOKEHHBIX HA PA3HBIX PACCTOSHUAX OT PacKphblBa MEPIEHANKYIIAPHO OCH M3JIy4areis, T.c.
HAa [OBEPXHOCTAX z=const. JIJs OLEHKM IOIEPEYHHIX pa3MEPOB IHPOKEKTOPHOro Jjyda (puc. 2) Ha
FOPU30HTANILHOH OCH OTMEYeHa BEelNMYMHA JMaMeTpa M3Iydalollero packphiBa aHTeHHbl. Ha puc. 2(a-e)
IpUBEICHBI Pacy€eThl 3aBUCHMOCTH aMILIUTYJ d1eKTpudeckoro E/Ey u MarautHoro H/Hy noneif Ha MIOCKOCTAX
z=D/4\; D/2N; D/\;1,5D/L; 2D/A u 5D/\ oT nomepeyHON KOOPAMHATEI X/, PACCUUTAHHBIE I KPYTIION

aneptypsl nuamerpoM 0,75 IUMHBI BOJHEL. BWAHO, YTO paccUMTaHHBIE 3aBHCHMOCTH HMEIOT IUIaBHEIN
perymsapHO yOBIBAalOIIMiI XapakTep, 4YTO TOATBEP)KAAET TIOMYYEHHBIH BBIIIE BHIBOA 00 OTCYTCTBUH
MPOKEKTOPHOTO JIyda B ONIDKHEH 30HE alepTYPHBIX M3JIydaTeneil Kpyrioi (pOopMBl, SMEKTPHUECKHE Pa3MepBI
KOTOPBIX HE IIPEBBIMIAIOT [UIMHBI BOJIHBI. DTOT )K€ BBIBOJ ITOJTBEPKAAIOT U PAacUCThl 3aBUCHMOCTH Pa3HOCTH (a3
9JIEKTPUYECKOTO U MAarHUTHOTO TOJIEH, NpUBEAEHHBIE I TEX XK€ IIOCKOCTeH z=const (puc. 2x-Mm). Tak xe
yOenInTETbHO MOATBEP)KAAIOT ITOT BBIBOJ M PAacueThl (pa30BOTO PACHPEAEICHHS NEKTPUIECKOTO U MAarHUTHOTO
TMOJIeH B TIOMIEPEYHBIX TIIOCKOCTSX (pHC.2 H-T).

BOJIHOBBIE ITPOIIECCHI B BJMKHEN 30HE ATIEPTYPHBIX AHTEHH C PACKPBIBOM
KPYTIJIOH ®OPMbI CPETHAX U BOJIBIINX SJIEKTPHYECKHAX PASMEPOB

B [3] ycraHOBIEHO, YTO amepTypHbIE aHTEHHBI C PAaCKPBIBOM KBaJIpaTHOW M NPSMOYroJbHOW (opMbl
(dhopmupyIOT B OJMKHEH 30HE MPOKEKTOPHBIH Jyd B Cllydae, €ClU 3JIEKTPUUYECKUE pa3Mepbl CTOPOH PAaCKpbIBa
OoJibllIe OJJHOM JUTMHBI BOJHBI. [loKa)keM, 4TO 3TOT BBIBOJ CIPABEUIUB ¥ JUIsl allepTYPHBIX aHTEHH C PACKPBIBOM
Kkpyrioit ¢popmel. Ha puc.3a-r npencraBieHsl pacyeThl, aHAJIOTHYHbIE TIPUBEJCHHBIM Ha pHC.1, U pacKpBHIBOB
quaMmerpoM 2; 5 u 10 muyiuH Bosl. AHTEHHBI ¢ TAKMMHU pa3MepaMi M3JIyYalollero packpblBa CUUTAIOTCS CpeIHeH
HAnpaBlIeHHOCTH. U3 cpaBHeHMs 3aBHCHMOCTel ammuutyn noned E/Eg w H/Hy ot paccrosuus z/A B
paccMarpruBacMOM Cilydae amnepTypsl Kpyriod ¢opmsl (puc.3a, 06) ¢ TaKMMH XK€ JaHHBIMH JUIS KBaJpaTHBIX
anepryp, pUBeIeHHBIMU B [3], BUIHO (JOPMHUPOBaHKE MPOKEKTOPHOTO JIy4a MPOTSHKEHHOCTHIO TAKOH XKe, KaK 1
JUISL KBaJpaTHBIX anepTyp. OHAKO aMILIUTY/bl OCHMIUISLUHA HOJIS CYIIECTBEHHO 0OJIbIIe B MAKCUMyMaXx U

E/E,, HH E/E,, HH
2.0- g ? = 2.0- 0 o
\\\
o 15
1,5- — e 5.
) ﬁﬁ“‘(ﬁ;’,’, T —— E/E(D=10%)
1,0 T E,E:(D=5,K) 1.0 H/H,(D=102)
HIH_(D=51)
0.5 0,5-
z/h ' z/\ '
0 5 10 5 6 O 10 20 30 40
a
argkE-argH, )
20- e ——D=23 14 —— D=2
L5k —— D=5,
™ A == D=104] L | =t D=107
i W 1,0
-104 | !
08
s
v 06
0 r 2/ . 2/
B 0 5 10 r 5 10

Puc.3. 3aBucumocTh AMIUIATY ] 1 PA3HOCTU (1)213 QJICKTPHUICCKOI'O U MArHUTHOI'O IOJICH ¥ BOJIHOBOTO
COMPOTUBJICHUS aANICPTYPHBIX AHTCHH C KPYIJIBIM PACKPBIBOM CPEIHHUX SBJICKTPUYCCKUX PA3MEPOB OT
PacCTOsIHUA B HAIIPABJICHUHU HOPMaAJIU K PACKPLIBY
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15 50- argEix)-argE(0). grad
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Puc. 4. AMIUIATYIHBIE W (Aa30BbIE XapaKTEPHCTHUKU AJICKTPHYCCKOTO M MArHUTHOTO TOJEHW B IUIOCKOCTIX,
NapasuIeNbHbIX PACKPBIBY JUAMETPOM 5 JUTHH BOJIHBI
CYIIECTBEHHO MEHbIIE B MHHUMyMax MOJsi B OJMKHEW 30HE 1MOJ00HBIX aHTeHH. YHCIO OCHMWUIALMNA MO B
MPOKEKTOPHOM JIyuye PaBHO WM Ha €QUHMIY MEHbILE YMCIa, PABHOTO 3JEKTPUUECKOMY pa3Mepy pacKphiBa.
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Bugno TaKK€, YTO HOPMUPOBAHBI JJICKTPUICCKUEC E/ EO 1 MarHuTHBIC H/HO TOJId OTJIUYAa0TCA APYT OT Apyra

He3HauYMTeNnbHO. 13 puc. 3B BUIHO, YTO pa3HOCTH (pa3 3JIEKTPUYECKOTO0 M MAarHUTHOTO II0JISI HEMOCPEICTBEHHO
BOJIM3HM aHTEHHBI (Ha PacCTOSHMSX, HE MPEBBIMIAIOIINX JHaMETP PAcKpbIBa aHTEHHbI) OCHMILIMPYET B Ipenesax
YIJIOB MpUMepHO OT -28 1o +22. Ha paccrosHusx, 6oapmmx D, ominuue pazHoct ha3 £ u H moneii ot Hys
NPEeHeOpPEeKUMO MaJIo, YTO CBHIETENILCTBYET 00 OTCYTCTBHUHM PEAKTHMBHOW MOIIHOCTHU 3JEKTPOMArHUTHOTO TIOJIS
Ha PaCCTOSHUAX, OOJBIINX OJHOTO pa3Mepa pacKpbiBa aHTEHHbL. OTHOILIEHHE BOJIHOBOT'O COIPOTHBICHUS W B
OmKHEH 30HE K BOTHOBOMY CONPOTHBIICHHIO CBOOOIHOTO MPOCTPAHCTBA B JaJIbHEH 30HE W) B 3aBUCHMOCTH OT
paccTosiHUS z BOJHM3M PacKphIBa TAK)KE M3MEHACTCA IO OCHMIUIHPYIOIIEH 3aKOHOMEPHOCTH JI0 PACCTOSHUHN, HE
OoNBIIMX pa3Mepa pacKphIBa.

BomHOBBIE TmpomecCHl B NIPOKEKTOPHOM JIyde AaHTEHH C KPYIJIBIM PAacKphIBOM CO  CpexHen
HaINpaBIEHHOCTBIO WILTIOCTPUPYET pHC. 4, HA KOTOPOM IPECTABICHBI PAaCUCThl PACHIPEIEIICHNS aMIUTUTYAHBIX U
(ha30BBIX XapaKTEPUCTUK AJIEKTPUUECKOTO U MAarHUTHOTO IOJIeH Ha MONEPEYHBIX IIOCKOCTSIX, PACIIONOXKEHHBIX
MapajuleIbHO PacKpbIBY AMAMETPOM 5 [UIMH BOJIH Ha pacCTOSHUAX, u3MeHseMblXx oT 0,25 nmo 5,0 nuamerpa
packpbiBa. 3 cpaBHEHMS ¢ [JaHHBIMH Ha pHC. 2 JuId cIaOOHANpaBICHHBIX AHTCHH BHIHA JWHAMHKA
(hopMHpOBaHUS TPOKEKTOPHOTO Tyda U OCOOCHHOCTH PACHPENENICHHs MOIeH B MPOCTPAHCTBE BOIU3M AHTCHHBI.
B gactHOCTH, U3 pHC. 4 a-€ ¥ pUC. 4 H-T ¥ JONOIHUTENBHBIX PACYETOB OKA3aJI0Ch, YTO JIOKAIbHAs! HEOAHOPOIHAS
KBA3WIUIOCKasl BOJHA B ONM)KHEH 30HE aHTEHH CO CpeIHEH HalpaBJICHHOCTHIO MMEET MECTO Ha PacCTOSHHSAX,
MEHBIINX ABYX 3JIEKTPUUIECKUX TUAMETPOB PACKPHIBA.

PaccMoTpuM najee BOJHOBBIE MPOLECCH B OJIM)KHEH 30HE aHTEHH C KPYIJIBIM PAacKphIBOM B CiIydae ero
GonpImIMX ANEeKTpUYeckuXx pa3MepoB. Ha puc. 5a,0 mpencTaBieHbl pacueThl OTHOCHUTENBHBIX AMILUIUTY]T
QJICKTPUYCCKUX W MAarHuTHBIX MoJicii B 3aBUCHUMOCTH OT pacCTosIHUA B HAIIPABJICHUMW HOPMAJIU K PACKPLIBY
nuameTpoMm 100 anuH BoimH. BHUHO, YTO Kak W B clyyae aHTEHH CO CPEIHEH HaMpaBJICHHOCTHIO MO Mepe
YBEJIMYCHUA PACCTOAHUA Z/?\. AMIUIATY bl MoJIeli HU3MEHSIOTCS II0 OCHWJIJIUPYIOIIUM 3aKOHOMEPHOCTAM C

PaBHOMEpPHO HApaCTAIOMMM TepenagoM ammutyd. Ha paccrosnusx, 6ompmux 1,0 -1,5 amamerpa packpsiBa
MaKCHMYMBI aMIUINTYAbl £ m H ToJnel ZOCTUraroT yIBOSHHOTO 3HAUEHMS MX aMIUIUTYA B IICHTPE PacKphIBa, a
MHHUMYMBI YMEHBILIAIOTCS 0 HyJs. Takum oOpa3om, B BOJHOBBIX SIBJICHHSX B OJIMDKHEH 30HE amepTypHBIX
aHTEHH CO cpenHeld W OOJNBIION HAIPaBICHHOCTHIO NMPH Kpyriiod (opme packpbiBa HNPUHLIUIHAAIBGHO HET
BO3MOXXKHOCTEH  oOecriedyeHHs OJM3KOrO K  MOCTOSHHOMY 3HAQUSHHUIO  aMIUTUTYIbl M MOIIHOCTH
AJIEKTPOMArHUTHOTO TI0JIs1 B HEKOTOPOM 00beMe MJIM Ha TUIOCKOCTH, IapajljielIbHOW PacKphIBY, B OJIMKHEW 30HE
AQHTEHHBI, KaK 3TO UMEET MECTO B Cllyyae alepTypPHBIX aHTEHH C PaCKPHIBOM KBaJpPaTHOMN MM MPSIMOYTOJBHOM
tdopmsr 3, 4]. Bropoit 0cOOEHHOCTBIO BOJTHOBEIX IIPOIIECCOB B OJIMKHEH 30HE HCCIIEAYEMBIX aHTECHH SBILIOTCS
CYIIECTBEHHbIC OTIMYMS ITOBEACHHS DJIJIEKTPUYECKMX M MAarHUTHBIX I0Jie B 00JIacTH, HEMOCPEACTBEHHO
NpUMBIKAIONIe K aHTEHHE, Ha DPACCTOSHUSX, HE OOJBIIMX 3JEKTPUYECKOro paszMmepa packpbiBa (puc. 50).
OTMeTHM TakXe CYIIECTBEHHOE yBEIMYEHHE NPOTSHKEHHOCTH 00JIaCTH MPOXKEKTOPHOTO JIyda MPH yBEIHICHUH
JMaMeTpa pacKpbiBa. JTO )K€ SBJICHHE MMEET MECTO, KaK I0Ka3aHo B [3], M B cilydae amepTypHBIX aHTEHH C
PacKpbIBOM KBaJPaTHOW M NPSMOYTONBEHON (GOopMBI.

W3 puc. 5B BUIHO, YTO MPOTSHKEHHOCTh 00JIACTH OMMKHUX PEAKTHBHBIX IOJIEH HE NMPEBBIIAeT TUaMeTpa
packpeiBa. Ha 3TOM e pacCTOSHMM HCYe3al0T OCIMIUIAIIMH OTHOIIEHUS BOJTHOBOTO COIIPOTHBIICHUS B ONIDKHEH
30HE K BOJIHOBOMY COIIPOTUBIIEHHIO CBOOOHOTO NIPOCTPAHCTBA B JaJIbHEH 30HE aHTCHHBI.

Ha puc.6 npencraBieHbl aMIUTUTYIHbIE U (ha30BbIe XapaKTEPUCTHKU dJIEKTPUIECKUX U MATHUTHBIX MOJICH B
3aBHCHMOCTH OT TIOTIEPEYHOM KOOPJMHATHI X/A , PACCYUTAHHBIE [Tl PACCTOSHUM OT OIHOM YETBEPTH JAMAMETPA

packpeiBa 10 5 JauaMeTpoB. 3 OMHAMHKM HM3MEHEHUS MPOCTPAHCTBEHHOTO PACHPENENCHHUsS AaMIUIATY]
(puc. 6a-e) m da3 (puc. 6H-T) B 3aBUCHMOCTH OT PACCTOSIHUSI OT AHTCHHBI BHJHO, YTO HOPMHPOBAHHBIC
JIEKTPUUYECKUE E/ E0 U MarHutHele H / H0 IIOJIsL OTJIMYAIOTCA APYT OT APYra HE3HAUYUTEIIBHO y)K€ Ha BECbMa

MalibIX — JI0 OJIHOM 4YeTBEepTH JHaMeTpa pacKpblBa PpAcCTOSHHAX OT AHTEHHbL. BUIHO Takxke, 4YTO B
MPOXKEKTOPHOM JIyde IONEepeYHble TPaJUEHThl M aMIUIMTYA W (a3 Tmoyied M, ClieloBaTelbHO, MOIIHOCTH
AJIEKTPOMArHUTHOTO TIOJISi 3HAYUTEJIBHO MEHbBIIME IPOJAOJBHBIX TpaaueHToB (puc. S5a-B). OTMeTHUM, 4YTO
KBa3WIUIOCKast JIOKajbHas HEOAHOPOJHAs BOJHA B IPOXEKTOPHOM Jyde, HaOmromaercs Ha OOJbIIMX
pacCTOSIHUAX, OTHECEHHBIX K JJIMHE BOJHBI M K JHAaMETPy PAacKpbiBa, KaK W B CJydae alepTypHbIX aHTEHH C
KBaJPaTHBIM U IPSIMOYTOIBHBIM PACKPBIBOM OOJBIINX SJIEKTPUIECKHUX pa3mMepos [3].
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Puc. 5. 3aBHCHMMOCTH aMIUIUTYI W pa3HOCTH (a3 DJIEKTPUUYECKOT0 MW MArHUTHOTO TMOJeH M BOJHOBOTO
CONPOTHUBIICHHSI aNepTYpPHOW AHTEHHBI C KPYIJIBIM PACKPBHIBOM OT PACCTOSIHUSI JI0 TOYEK HAOJIOJEHUS B
HanpaBJICHUW HOPMaJIU K packpbIBy npu D=100 aimuH BOJH.
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Puc. 6. AmMnnurtyaHbie U (a3oBble XapaKTEPUCTHKU 3JEKTPUYECKOT0 U MarHUTHOTO TIOJICH B MJIOCKOCTSX,
napasiesbHbIX packpbIBy auameTpoM 100 AauH BOJIHBI
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B 3akioueHre 0TMETUM, YTO YMEHBIINTD TPAAUEHTHI TI0JIeH B OJMKHEH 30HE B HANPaBICHUH K PACKPBIBY
AQHTEHHbI MOXKHO ITyTE€M HCIIOJIb30BaHMS CIAJAIOIIMX K Kpal aMIUIMTYAHBIX pacrpeneieHuil B cuHdazHOM
packpbiBe. B wactHOCTH, B [2] 1MOKa3aHO, 4TO B Cly4ae IMIEpOOJIMYECKOTO M TMIEepOOIMYECKOTO0 B KBajapare
aMIUIMTYJHOTO pacHpeielieHHs] ICTOYHHUKOB TOJIsl B CHH(a3HOM KPYIJIOM pacKpbiBe pa3Max OCHMIUISLIUI MO B
MPOKEKTOPHOM JIy4e YMEHBIIAETCS, 0COOCHHO B MOCIEIHEM CIydac.

BbIBOJbI

Ha ocHoBaHnM pemeHus BHEIIHEH 3a7a4y 3IEKTPOIMHAMHIKH pa3paboTaHO MaTeMaTHIeCcKoe 00ecneyeHne
JUIS pacyeTa, aHaJIM3a U UCCIIEI0BaHMS BOTHOBBIX IPOIIECCOB B OMMKHEH M MPOMEXYTOYHOH 30HaX HAOMIOICHUS
amepTypHbIX AHTEHH, T.6. aHTCHH aKyCTHYECKOTO W ONTHYECKOTO THUIIOB, C PACKPBIBOM KPYIJIOH (OPMBL
[IpoBeneHsl pacyeThl aMIUIUTYIHBIX M (PAa3OBBIX XapaKTEPHCTHK O3JEKTPUYECKUX W MarHUTHBIX IIOJICH Ha
KOHEYHBIX PACCTOSHUSIX OT AHTCHHBI IPH IMOCTOSHHBIX aMIUIUTYAHBIX WM (a30BBIX pacrpelesieHnusIX HoJeil B
U3Ty4arolleM pPacKpbiBe MPU U3MEHEHHMH €ro JuaMeTpa B IIMPOKUX IMpeaesax A aHTCHH C Mayol, cpeqHel u
BBICOKOIl HampaBJICHHOCTbIO. B pesynbTaTe aHanmm3a AaHHBIX PAacyeTOB IMOKAa3aHO, YTO BOJM3M amepTypHBIX
AQHTEHH C PacKpbIBOM KpYriod ()OpMBI BOJHOBBIE IIPOIECCHl KAYECTBEHHO OJIM3KM K TaKOBBHIM B Cllydae
amepTypHbIX AHTEHH C PAacKpPBIBOM KBaApaTHONH ()OPMBI, OFHAKO KOJMYECTBEHHBIC [AHHBIC OTINYAIOTCA
CYIIECTBEHHO. B WacTHOCTH, MOKa3aHO, YTO NP AMAMETPAX PACKpPhIBa CIA0OHANPABICHHBIX aHTEHH, MEHBIIUX
OJTHO JUTMHBI BOJIHBI, AMIUTUTY/IbI ¥ MICKTPUUECKUX ¥ MarHUTHBIX TT0JICH paBHOMEPHO yOBIBAIOT KaK U B CIIydac
KBaJIpaTHBIX W TPSIMOYTOJIBHBIX aHTEHH TakKWX pa3MepoB. PaccTosiHume nanpHEW 30HBI NMOJOOHBIX aHTCHH HE
MeHbIne 1,5 mmHbl BonHbl. [Ipy anamMeTpax M3IIydaolIero packpbiBa, OOJIBINNX OTHOW JUTMHBI BOJIHBI, BOIH3H
aHTEHHBI (POPMHUPYETCS MPOKEKTOPHBIA JIyd HMINHIPUIECKONH (POPMBI, B KOTOPOM aMILIUTYAbI 3JEKTPUIECKOTO
U MarHUTHOTO MOJA 00pa3yloT JIOKAIBHYIO KBa3HIUIOCKYIO HEOZHOPOIHYIO BOJHY CO CPEIHEH aMIUIUTYJIOMH,
6M3KOH K aMIUINTYZE TOJIA B IIGHTPE PacKpbIBa, HE3aBUCHUMO OT DJIEKTPHUUECKUX Pa3MEPOB PACKPHIBA aHTECHHHBI.
B HampaBneHHMH IJIaBHOTO MakKCHMyMa AMarpaMMbl HalpaBIEHHOCTH PAacCMAaTPUBAEMBIX AHTEHH aMILTUTYHAbI
MoJied B 3aBUCHMOCTH OT PAacCTOSHHS M3MEHSIOTCS MO OCIIUIMPYIOIIMM 3aKOHOMEPHOCTSM, NMPHUYEM OTIHYUSA
aMIUIMTYJ TOJIel MaKCHMallbHbl M3 BCEX BO3MOXHBIX BapHaHTOB (OPMBI pacKpbiBa. UHCIO IKCTPEMyMOB
aAMIUTUTYZ 3JIEKTPUYECKUX M MarHUTHBIX IOJIeHl COBMAZAaeT W paBHO YHCIY JUIMH BOJH, YKJIAJbIBAIOIIMXCS Ha
JIuameTpe packpbiBa. [Ipn yBennueHHH auaMeTpa pacKpbiBa MPOTSKEHHOCTh 00IaCTH MPOKEKTOPHOTO JTyda U B
JUIMHAX BOJIH M B JMAMETPaX PacKpbiBa yBEJIMYMBACTCS C OOJBIIEH CKOPOCTHIO, KAK M B CIIydac anepTyPHBIX
aHTEHH C KBaJPaTHBIM PacKpbIBOM. PaccTostHME AanbHEH 30HBI HCCIEIOBAHHBIX aHTEHH XOPOIIO OIHCHIBACTCS

KIIacCHYECKOH (opMyIoi R, >2D?/) . Tloka3aHo Takske, 4TO 4eM OOIbIIe pa3sMephl aHTEHHBI, TEM OOIbIIe

OTJIMYAKOTCSL OTHOCUTCJIbHBIC aAMIUIMTYJbl JJICKTPUYCCKUX W MArHUTHBIX ToJIe HCTIOCPCACTBCHHO BOIU3H
PpacKpbiBa aHTCHHBI.

CIIUCOK JIMTEPATYPbBI

1. Topoben H.H. Ammimtyznnble, ¢Ga3oBble M TOJSIPU3ALMOHHBIE TUAarpaMMbl amepTypHBIX AaHTEHH B OJIIDKHEH,
NPOMEKYTOUHOH M nanbHel 30Hax. / BectHuk XapbkoBckoro yH-ta. Ne203, Pagnodwusuka n snekrponnka. — 1980.
Brem. 9. — C. 26-34.

2. Laybros, S.; Combes, P.F.; Mametsa, H.J. The "Very-Near-Field" Region of Equiphase Radiating Apertures. / IEEE
Antennas Propag. Mag., Aug. 2005, V.47, N.4. — p.50-66,

3. Topoben H.H., OscsurmkoBa E.E. Brnmsaue pasmepoB u ¢QopMmMbl H3Ty4arlomero packpblBa Ha XapakTep
MPOCTPAHCTBEHHOTO  pacilpesefieHus] mojs BONM3M  aHTeHHBL. // BicHuk XapkiBchbK. Hall. yH-TY iMeHi
B. H. Kapasina. Ne 1094. Paniogizuka ta enexrponika. — 2013. Bun. 23. — C. 51-59.

4. Topoben H.H., OscsunukoBa E.E., IllumkoBa A.B. dopmupoBanue paBHOMEPHOTO  paclpeneneHus
JNIEKTPOMArHUTHOTO NOJIs B OnvbkHel 30He E-cekTopranbHbIX pynopHbIX aHTeHH // BicHuk XapkiBCBK. Hall. YH-TY iM.
B.H. Kapaszina. Ne 1038. Pagiodisuka ta enekrponika. 2012. Bum. 21. — C. 17-24

5. llyGapun F0.B. AHTEHHBI CBEPXBBICOKUX YaCTOT. - XapbKoB: M31. XapbKkoBCKOTO roc. yHuBepcureTa, 1960. — 285 c.

6. Topo6en H.H., Oscsuankosa E.E., IllumkoBa A.B. PaccrosiHue nanbHei 30HBI BOTHOBOJHBIX H3ITydareneil. // BicHuk
XapkiBcbk. Ham. yH-TY iM. B.H. Kapasina. Ne834, Panio¢izuka Ta enekrponika, 2008, Bum.13, — C.68-76



Bicnuk Xapxiecvrozo nayionanvroeo ynisepcumemy imeni B.H. Kapasina. 35
Cepin “Paodioghizuxa ma enexmponixa”, eunyck 26, 2017. C. 35—41.

VIIK 537.87

30HbI U3JIYYEHUA UMITYJIBCHOI'O U3JIYUYATEJIA MAJIBIX
IJIEKTPUYECKHUX PASMEPOB

A. H. ymun', B. A. IL1axtuiil, {1. C. Boabsau?, O. A. lymuna’
! Xapvrosckuii nayuonanohoui ynueepcumem um. B.H. Kapasuna, 61022, 2. Xapvros, ni. Ce0600b1,4
E-mail: dumin@karazin.ua
2 Material Science & Engineering Department, University of California, San Diego (UCSD), 9500 Gilman Drive,
La Jolla, CA 92093-0418, USA
3 K.3. Xapwvrosckuii usuxo-wamemamuyeckuti auyeii Ne27 61004, 2. Xapokos, yr. Mapvunckas, 12/14
Iocrynuna B pegaxuuto 21 mapra 2017 1.

MeTtooM BEKTOPHOTO MOTEHIMala BO BPEMEHHOM 007acTé pemieHa 3agada o0 U3Iy4eHHH TOHKOTO
UMITYJIbCHOTO H3JIydaTeNsi MalblX 3JIEKTPUYECKHX DPa3MepOB C PABHOMEPHBIM pPACIpENeTIeHHEM 3JIEKTPUIECKOTO
ToKa. CpaBHUBAETCS KJIACCUYECKOE PELICHUE UL 0N U3Iy4eHHs JUIois I'epla ¢ monydeHHbIM paHee ITyTeM ydeTa
OOJIBIIETO KOJMYECTBA CJIaraeMbIX B PAa3IOKCHUH B PsAI TOABIHTEIPAIHHOTO BBIPAKEHUS U1l BEKTOPHOTO
NOTCHLHala, ¥ C TOYHBIM pEIICHUEM, PACCUMTaHHBIM UHUCICHHO A IPOMU3BOJIBHBIX PACCTOSHUIL, BKIJIIOYas
HpeeNbHO OIM3KHE PACCTOSHUS 10 M3ITydaTelss. AHAIM3UPYIOTCS 30HBI M3JIy4EHUs Majoro MCTOYHUKA 33aJaHHOTO
HECTAI[IOHAPHOTO TOKa C TOYKH 3PEHHA KIACCHYECKHX ONPEAENCHUH 30H M ONpEeIeNeHHi, COAep KaIlux
3aBHCHUMOCTB OT BpeMeHH, chopmynupoBaHHbIX X.D. XapmyToMm. [IpemioskeH HOBBII SHEPTeTUUECKUI KPUTEPUH 30H
HMMIYJbCHOTO U3Iy4eHusl Ha ocHOBe noaxoaa X.d. Xapmyra.

KJIFOYEBBIE CJIOBA: qumons ['epua, BpeMeHHAast 00J1aCTh, HECTAIHOHAPHBIE MO, 30HBI H3ITYICHUS

MeTomoM BEKTOPHOTO MOTEHIIANY B YaCOBOMY IPOCTOpi PO3B’sA3aHa 3a/ada MpO BUIIPOMIHIOBAaHHS TOHKOTO
IMITyJIbCHOTO BHUIIPOMIHIOBaYa MaJMX EJNEKTPUYHUX PO3MIPIB 3 PIBHOMIPHHM PO3IOITIOM EJIEKTPUYHOTO CTPYMY.
TlopiBHIOETBCSL KINACHYHHUK PO3B’SI30K IS MOJSI BHIIPOMIHIOBAaHHS Aumoisl ['eplia 3 oTpUMaHHM paHille NUIIXOM
BpaxyBaHHs OUIBIIOT KUIBKOCTI JOJAHKIB B PO3KJIAJaHHI B PSAI IiJIHTETPaJbHOTO BHpa3y ISl BEKTOPHOTO
HOTEHIay, i 3 TOYHUM PO3B’SI3KOM, PO3pPaxOBaHUM YHCENIBHO JJIS JAOBUIBHHX BiACTaHeW, BKIIOYAIOYM TPAHUIHO
Onmu3bKi BiACTaHI 1O BHUIPOMiHIOBaYa. AHAJI3YIOTHCS 30HH BHIIPOMIHIOBAaHHS MAJIOTO JDKEpENa 3adaHoro
HECTAIIOHAPHOTO CTPYyMY 3 TOYKH 30py KIACHYHHUX BH3HAYCHH 30H 1 BU3HAUCHD, IO MICTATH 3aJICKHICTH BiA 4acy,
cpopmynsoBaHnx X.®. XapmyTom. 3amponoOHOBaHO HOBHI EHEPreTHYHHH KpUTEpil 30H IMITyJBCHOTO
BUIIPOMIHIOBaHHSA Ha 0CcHOBI minxoxy X.d. Xapmyra.

KJIFOYOBI CJIOBA: nunoins ['epuia, gacoBuii pocTip, HECTA[IOHAPHI OIS, 30HH BUIIPOMIHIOBAHHS

The problem of the radiation of thin impulse radiator of small electrical sizes with uniform distribution of the
electric current is solved by vector potential method in time domain. The classical solution for the Hertzian dipole
field is compared with the one obtained earlier by taking into account a larger number of terms in the expansion of
the integrand for the vector potential, and with the exact solution calculated numerically for arbitrary distances,
including the extremely close distances to radiator. The radiation zones of the small source of a given nonstationary
current are analyzed from the point of view of the classical definitions of zones and definitions containing the time
dependence, formulated by H.F. Harmuth. New energy criterion for impulse radiation zones is proposed on the basis
of H.F. Harmuth approach.

KEY WORDS: Hertzian dipole, time domain, nonstationary fields, radiation zones

BBEJIEHUE

W3znyueHne MHOTHX pEaJIbHBIX MCTOYHHKOB MMITYJIBCHOTO TOKa MAJbBIX 3JIEKTPHUECKUX PasMepOB MOXKHO
onucath (HOpMyJIaMH JUTS TIOJIS KJIACCHYECKOTO 3JIEKTpUUecKoro aumoist ['epua Bo BpeMeHHON 001acTH B cuiry
OJIM3KOTO K ITOCTOSHHOMY aMIUIMTYAHOTO pacmpeneneHus. Panee Obuto mokaszaHo [1], yTo moBeneHwe mois B
OmDKHEH 30HE IUIONS HE MOXET OBITh TOYHO OIMCAHO KJIACCHYECKHUMH BBIPAKEHUSIMH M3-32 CJIOKHOTO
mporecca 00pa3oBaHHMS CBOOOJHOW 3JICKTPOMAarHUTHOW BONHBEI [2]. Bo-mepBbIxX, kiaccuueckue (HOpMYITBI
MOJTy4eHBI B pe3yibTaTe yNPOIICHUS PEIICHNS 33Ja4d MyTeM IPEACTaBICHUS ITOABIHTETPAILHOTO BBHIPAKEHHS
JUTA BEKTOPHOT'O TIOTEHIIMAIA B BUJE Pa3loKeHus B psf Teiropa Mo CTENeHsIM Majoro napamMmeTpa — OTHOIICHHS
paccTosiHMSL OT Hayajia KOOPAMHAT A0 TOYKHM H3IydaTens K PAcCTOSHUIO OT Hadayja KOOPAWHAT JO TOYKH
HaOmromeHusi. Bo-BTOPBIX, JErKO BHAETh, YTO TIOTOK SHEPIHM HWMIYIBCHOM BOJHBI, ITOPOKACHHBIN
KOMIIOHEHTaMH TI0JISL, IPe00IaaloIiMHy B JaJbHEH 30HE, IMEET MECTO, COTJIACHO KJIACCHYECKUM BBIPAKCHUSIM
JUIA TIONSL AWIONS, HA JIIOOBIX CKOJb YTOJHO ONU3KHMX PACCTOSHUSAX OT HM3Ty4arens. DTO MPOTHBOPEUUT
OINMUCaHMIO (PU3MYECKOrO Tporecca (OPMUPOBAHUS HIIEKTPOMArHUTHOM BOJIHBI, IIPEACTaBICHHOMY paHee elle B
paborax I'. I'epua, Hanpumep B [3]. MICTOUHMKOM 31€KTPOMarHUTHOWH BOJHBI ['epll Ha3bIBaJl NMPOCTPAHCTBO,
OKpY’Kalollee U3JIydaTellb, CIeI0BATENbHO, €€ SHEPIHUs HE MOXKET IPUCYTCTBOBATh B LIEHTPE U3IydaTes.

C nenpl0 HAXOXKAEHUS MATEMAaTUYECKOro MOATBEPXKICHUs INPaBUIbHOCTH mpexacrtaBieHus I'. ['epua o
nporecce U3IydeHHs, ObUIO MOIYYeHO B aHAIMTHYECKOH (opMme Oosiee TOUHOE pelieHue 3a1a4i U3Iy4eHHs BO
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BpeMeHHOH oOmactu [4]. Jlnsg oToro OBUIM yYTEHBI JOIOJHHUTENBHBIE CJaraeéMbleé B  Pa3lIOKCHUH
MOBIHTETPAIBHOTO BEIpaKeHUs! B psix Teiiopa I BEKTOPHOTO MOTEHIMAa, B3ATHl MHTErpalbl 10 00BEMY,
OKpYXKaIOIIeMy HCTOYHHMK, M TIOJYYEHbl aHAJIUTHYECKHE BBIPDAKCHUS JUIS BCEX KOMIIOHEHT TMOJSl TIpH
COXpaHEHHMU B SIBHOM BHJE IIPOM3BOJILHON BPEMEHHOH 3aBHCHMOCTH BO30Yykaaromiero toka. I[lokasaHo, 4to
HoTydeHHBIE (OpMynbl OoJiee TOYHO OMMCHIBAIOT MOBEACHWE IOJST BONIM3M AMIois l'epiia u B mpenene, mpH
MalbIX pa3Mepax HCTOYHWKA TOKAa B MPOJONBHOM HAMPABICHWM M IONEPEYHOM CEUCHUH, IEPEXOIiIT B
Kinaccnueckue BeIpakeHus [4]. Takke mNOIydeHHOE pelieHHe (u3udeckn 0Oojee KOPPEKTHO ONHCHIBACT
COCTABJIAIONINE HJICKTPOMArHUTHOTO IIOJIS, MPEBATMPYIOIIUE B AANbHEH 30HE TIOTOMY, YTO P MPHOIMKEHAN K
WCTOYHMKY OHM YMEHBINAIOTCSA. TeM caMbIM O0BEM, OKPYXXAIOUIMH H3IIydaTellb, BBICTYMAET KaK pPEasbHbBIN
HCTOYHHUK BOJIHHI [5], 9TO MOJIHOCTHIO cOTIAacyeTcs ¢ GU3NIECKON HHTepIpeTanneii popMHUPOBaHIS CBOOOIHOTO
3JIeKTpOMarHuTHoro mouisi, nanHoi I'. I'epuem [3]. XoTst HOBBIE BBIpa)KSHUS JUIsl U3JIy4aeMOro OIS CIIOXKHEE,
YeM KJIaCCHYECKHE — COZAEpIKaT TOJIIUHY MCTOYHHWKA HECTAIIMOHAPHOTO TOKa M JIONOJHUTEJBHBIC CTEIIEHHBIC
3aBHCHMOCTH BBICIIUX IOPSIKOB OT €ro JUIMHBI [5], OHM TaKkke He SIBJIAIOTCS TOYHBIMH Ha KpaliHe OJM3KHX
PacCTOSHUAX OT M3JIydaTess, I/Ie CXOJUMOCTh psina Teiaopa B MOJBIHTErPaIbHOM BBIPRKEHHUH AJIsI BEKTOPHOTO
MOTEHIMaja CIUIIKOM MeajeHHas. B [6] ObUIO MpOBENEHO CpaBHEHHE BPEMEHHBIX (OPM Uil BEKTOPHOTO
MOTEHIMala KIACCHIECKOTO PEIICHHs, YTOYHEHHOTO M TOYHOTO, IMOJYYEHHOTO MPSIMBIM YHCICHHBIM PacuyeTOM
BO BpeMeHHOH oOnmacti. OZHAKO, OKOHYATEIFHO CYANTH O IPAaHHIaX CXOANMOCTH BCEX PEIICHUI MOKHO TOJIBKO
W3 aHaIW3a aMIUIMTYIbl KOMIIOHEHT OJJIEKTPOMAarHWTHOTO IONs. B JaHHOM cTaTbe CpaBHMM BpPEMEHHBIC
3aBUCHMOCTH aMIUINTYZ BCEX KOMIOHEHT M3IY4YE€HHOTO MOJS Ha Pa3HBIX PACCTOSHUAX M NPU PasHbIX YIiax
HAOIIOIEHN.

B cmydae BO30YXKIOEHHS BIICKTPOMArHUTHON BOJHBI B CHJIBHOTOYHBIX YCTPOWCTBAX MEICHHBIM
MEePEXOHBIM TPOLECCOM, TO €CTh TaKUM, KOTJla IPOCTPaHCTBEHHAS UIMTEIBHOCTh BO30YKAAIOIIEr0 UMITYJIbca
HaMHOTO MEHbIIE pa3Mepa U3Jlydartells, MPeCTaBIsIeT HHTEPEC aHaM3 XapaKTEePHBIX BPEMEHHBIX (OpM U 30H
n3nydyeHnus. B nanHoit pabore ncnonbs3yercs noaxo Xapmyra X.d. [9], ocHOBaHHBII Ha KPUTEPUSIX TPAHULL 30H
W3JIY4CHUs, 3aBUCAIIMX OT BPEMEHHBIX (POpPM BO30YKIAIOIIEIO TOKA.

MNOCTAHOBKA 3AJIAYHN
VICTOYHUKOM 3JIEKTPOMATHHTHOTO TIOJISI SIBJIACTCS QNEKTPHYCCKHN TOK, PABHOMEPHO PAacCIpeneeHHBII Mo
UMIMHAPY JUIMHEL / , pajiyca ONEePEeYHOro CEYEHUs 7, U C BDEMEHHOH 3aBUCUMOCTBIO [ (?)

f(t)= 1—th(5}
T

TZIe 7 —XapakTepHas JUIMTEIbHOCTh NEPEXOAHOrO Ipolecca, NpudeM f(¢) MOXeT ObITh Kak (yHKIHMEH
u3MeHeHue Toka /(¢), Tak u 3apsina Q(f) .

Bynem uckaTh pemieHue NaHHOM 3aJadydl BO BPEMEHHOM 00JIaCTM METOJOM BEKTOPHOTO IOTEHIIHAa,
KOTOpPBIN B HAIIEM CJIy4ae JaeT pelIcHUe
e
t—R/c
- 12 J T,
) e
™
v

a BCC KOMIIOHCHTBI IOJIsL, U3J1y4aeMOTo BBI6paHHLIM BBIINIC HCTOYHHUKOM, JICTKO HaWTH U3 COOTHOIIICHUMI

av’, (D

ﬁ(?, t) = irotf_»l(r, t);
H, .

> OA(r,t)
B, 1) = —grade — 2201
(7t) = —grade — —

[onarast, 94TO 3MEKTPUYECKUH pa3Mep H3IydaTelsl MaJ 10 CPAaBHEHUIO C JUIMHOW BOJIHBI HaWBBICIIEH
YacTOTHl CIEKTPa BO30YKAAIOIIEr0 TOKA, HECYIIYIO CYIIECTBEHHYIO YacTh €ro SHEPIHHM, JAHHBIH HCTOYHHUK
MOJKHO paccMaTpHBaTh Kak AUNOINL [ epria.

HECTAIIMUOHAPHOE U3JIYYEHUE B TIPOHECCE BbICTPOI'O UBMEHEHUSA TOKA

Paznoxenne moapiHTETpaNbHOH (yHKIMKH B psax Teiyiopa MO3BOIMIO TOMYyYUTH OoJiee CTPOTOE
MPEJICTaBJICHUE PEIICHUS B BUJC BEKTOPHOIO MOTEHIMAda BO BPEMEHHOW OOJIACTH B CEPUUCCKON CHUCTEME
KoopauHar [4]
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R L 0£+a1 ! +a, L,
dm T 4ric 8rc?
PP r ’
a, =1— + ——(cos? ) — - + —L (sin? §);
2472 8r? r? 8r

B Lot 0= 12 + 2 sn )
a, = —— + —(cos* @) —r —4(sin” 6);
! 6 2 2
2
ay = %(COSQ 0) + r,*(sin” 0).
BBens HOByIO TIEepeMEHHYIO Q(t):JI (t)dt, MOJKHO TOJYYHTH BBIPOKEHHS U1 BCEX KOMIIOHEHT moust [4].

HaanMep, nomnepeyHasd 3JCKTpUICCKasi KOMIIOHCHTa npnoGpeTaeT cne,uyloumi/i BU:

siné (@ 0 s, Q Q
E,=—x|ey—+e—+e,— +epm—+e, —|, 2
) dme, 60 3 01 o2 62 2 03 203 04 el ()
6r, + 1 2 157 15r,° 2
rue eeozl—rd——i- ﬁ—icosza—i- i—l—sinQG;
8r? 82 47? 82 472
3 2 2 2 7 2 7 2 2
eel—l_l_l_ &_i 20+ L_Z_ sSin 07
472 8r? 8r? 4r 8r? 4r
2 2 2 2 2 2
1 3 9
€gy = ! 0 _ o 20 4|24 ! sin? 6;
2r2 1217 (247 2r 8t 12r
B P—r? ) 57“d2 sin? 0 'f‘d2 2
€95 cos” ¢ - -
8 4 24

12 r?
e,, = —cos 0 + - sin? 6.
24 8
Jlerko BHJIETh, YTO MPHBEJICHHBIC BBIPAXKEHUS MPEOOPa3yrOTCs B KJIACCHYECKHE, KOTOa 7, W [ CTpeMsTcs K

HYJTIO.
Kak ykaspiBajoch BBIIIE, 3TH BBIPAKCHHS TaKXKe HE SBISETCS aOCOIIIOTHO TOYHBIMH, IIO3TOMY
NPE/ICTAaBIsIET MHTEPEC IOWCK TPaHUI] NPUMEHHMOCTH IIPUBEIEHHBIX BbIpakeHWH. s 3TOTO mpoBenem

YHCIICHHOE MOJCIUPOBAaHUE [UIsi BpeMeHHOW 3aBucumoctu Q) =0, (l—th(t/ r)) /2, rie t=1Hc, amuHA
msnyyarens [ pagna 0,01 m, ero paguyc ra = 0,001m, O, =1 K.

UroOBl 3aMETHTh PA3HUILy MEXAY KJIACCHUECKHUM pEIICHHEM BO BpeMEHHOW obmactu ans aumois [epra,
MPUBEJCHHBIM 3[ECh YIYYIICHHBIM pEIICHHEM M TOYHBIM pEIICHHWEM, IMOJYYEHHBIM INPSAMBIM UYHCICHHBIM
pacueToM Beipaxkenus (1), mpu BRIOpAaHHBIX MapaMeTpax BO30YKIAIOIIETr0 UMITYJhCa PACCTOSHUE HAOOACHUS,
JUISL KOTOPOTO OYyJeT 3aMeTHa pa3HUIlA MEXIY dTUMH pelIeHUsIMH, cienyeT mooxuTh 7 = (0,01 M. Pesynprarsr

pacueToB IMOMEPEYHON COCTaBIISAIONIECHI MarHUTHOTO MOJIS MPEACTaBIeHHI Ha p. | amst 6 = 7T/ 16 . BugHo, uro

yIy4IIEHHOE pelIeHUe AaeT Ooliee OJM3KOe NMPUOIMKEHHWE K TOYHOMY pPELICHHUI0, YeM Kiaccudyeckoe. Urto
KacaeTcs OOJIBIINX PACCTOSHUM HAOJIIOACHUS, TO BCE PEIISHMs] CTPEMSTCS JAPYT K JIPYry, Kak U CIeAyeT W3
AHAJIUTHYCCKUX BLIan(eHHﬁ. Ha puc. 2 TMOKa3aHbI BPEMCHHBIC 3aBUCUMOCTH aMIUIMTY bl MArHUTHOI'O MOJIA JJId

paccTosiHUsL HAOIIONeHHUs - =(0,02M U A Pa3IU4YHBIX YIIOB 6 = 7r/16,7r/4,7r/2. MoXHO 3aMETHTh, YTO

VIIydIIEeHHOE pelleHue naeT Oonee OnmM3Koe MpHUOIIDKEHHE BPEMEHHBIX (OpM K TOYHOMY IPH BCEX YIiax
HaOJIIOIEHNS 110 CPABHEHHIO C KJIACCHUECKHM.

30HBbI U3JIYYEHUS SJIEKTPUYECKHN MAJIOT'O HCTOYHUKA TOKA

Hccnenyem msnydeHue, BO3HHUKAIOIIEE B XOJ€ MEPEXOAHOTO MpPOLEcca B MOIIHON IEKTPUUYECKON LEHH.
ITycTh UCTOYHHMKOM 3JIEKTPOMArHUTHOTO MOJIS SIBJISETCS 3JIEKTPUYECKUI TOK, pPABHOMEPHO PAaCHpEEICHHBIN 110
00béMy HMIuHApa JIUHBL / = 0,2 M, onepeyHoro ceuenus r, = 0,01 M u ¢ BpeMEHHOH 3aBUCUMOCTBIO TOKa

(0 =1, 1—th(£j
T
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roe =2-10"c, 1, =1000 A.

t, HC

Puc. 1. BpemeHHBIC 3aBHCHMOCTH aMIUTUTYbI MONEPEYHON COCTABIIIOIICH MAarHUTHOTO MOJIS JUIS yrila HaOIIOJCHUS
0= 7r/ 16 Ha paccTOSTHMHM HAOMIOAEHUS r = 0,01 M, MOIyYEHHBIE MO KiaccHueckuM ¢opmynam (1), u3 ymydieHHoro (2) u

ToyHOro pemenus (3).

Jlis maHHO# 3a71auu yIOOHO TOCTPOUTH aMILTUTY/IBI KOMIIOHEHT B HOPMHUPOBAHHOM BHUJIC TAaKUM 00pa3oM,
49TOOBI X BpPEeMEHHBIC (POPMBI HE U3MCHSITUCH B CICICTBHE €CTCCTBEHHOTO YOBIBAHWS aMIUTHTYIBI B ONMVDKHEH
30He. [ 3TOro aMIUIATYIBI TOTIEPEYHON U MPOJOJIFHON KOMIIOHEHT OyJleM YMHOXaTh Ha KBAJIPaT PacCTOSTHUS
JI0 TOYKH HaOmonaeHus. HopMmupoBaHHBIE BpeMEHHBIC 3aBHUCHMOCTH aMIDIUTYIBI MOTIEPSYHON M IMPOMONBHOM
COCTABJIAIOMIUX JICKTPUIECKOTO HOJIA HA Pa3sHBIX PAacCTOSHUAX OT McTounmka (1-10° M) mokasamsl Ha Puc. 3.

BaskHO OTMETHTB, YTO 10 paccTosHus r = 10°M 06e KOMIOHEHTHI YObIBAIOT MO 3aKOHY KBa3HCTATHYECKOTO
nosst. Y Tonbko pe3koe HapacTaHUE aMIUIUTY/IbI IONEPEYHOW KOMIIOHEHTHI CBHIETENLCTBYET O (hOPMHUPOBAHUH
AJIEKTPOMArHUTHOM BOJIHBI Ha OOJBLIMX pacCcTOSHUAX. /711 TAKOTO MCTOYHHMKA MAJIBIX JIEKTPUUECKUX Pa3MEpOB

CJIElyeT MCII0JIb30BaTh KPUTCPUI BHEIITHEH IPaHUIIbI OJMIKHEH 30HBI B BUIE 7 <C )\/ 27 [7]—[8]. Kak BugHO U3

puc. 3, naHHBII KPUTEPUH YAOBIECTBOPUTEIHHO ONUCHIBAET CBOWCTBA IMOJICH B ONMOKHEH 30HE NPH YCIOBUH, UTO

Mb1, Bentent 3a JLT Comunbiv [9], Gynem ucnons3oBath ¢ = 6 - 10* BmMecto A .

Jlaxke nist caydas rapMOHHYECKOM 3aBUCHMOCTH T0JIeH OT BPEMEHH, BOIIPOC O TpaHMIIaX 30H U3Iy4eHHs He
SBIISICTCA MPOCTHIM U ofHO3HA4YHBIM [10]. X.D. XapmyT B [11] npeanoxun KpuTepun AaabHEH 30HbI, 3aBUCAIINE
OT BPEMEHHOH 3aBHCHMOCTH BO30Y>KAAIONIETO TOKA, OCHOBAHHBIE HAa CPAaBHEHHMH aMIUIMTY] CJIAraeéMbIX MOJISI
nunond 'epua ¢ pa3HsIM yObIBaHHEM B TipocTpaHcTBe. s H-KOMIOHEHTHI ITOJIS OH UMEeT CIETyIONHil BU;

I(r)/ % . 3)

Jlerko TpOBEpUTH, YTO OTO YCIOBHE MpeobpasyeTcs B Ciiydae TapMOHHYECKOTO CHTHama K

R>>c

BBILICYTIOMSHYTOMY KPUTEPUIO )\/ 27 . Jlns BHIOpaHHOM BpeMeHHOH (OpMbI BO30YKAAIOIIEro Toka (GyHKIHS B

mpaBoii 4acTu HepaBeHCTBa (3) mnpenctaBieHa Ha puc. 4. O4YeBHOHO, YTO JO MOMEHTA BBIKIIOUYEHUS
KBa3MCTaTHYECKOE II0JIe 3aloJIHAET BCE IPOCTPAHCTBO BOKPYT H3JIydaTens 10 OECKOHEYHOCTH, 3THUM U
00BsICHAETCSI OECKOHEUHOE HAadaJIbHOE 3HAUCHHE JabHEeH IrpaHuIbl OMKHEH 30HbI. [Iporiecc BRIKITIOUSHHS TOKa
npuOIIKaeT OIIDKHIO IpaHUIy AajdbHEH 30HBI K M3Ty4aTesio 10 HEKOTOPOTro 3HAYEHHs, M03TOMY (YHKIHS Ha

puc. 4 TIepecTaeT yMEHbIIAThCs, NOCTUTHYB 3HaueHus npubmmurensho 3- 10?7 M. OnHoit M3 mpuums Takoro
MOBEJICHHUS TaKXe SBISICTCS BBIOpaHHAas BpeMeHHas (opMa BO30YKHAMOMEr0 TOKa, KOTOpas JIHIIh
ACHMIITOTHYECKH TIPHOIIKAETCs K HYII0, He McYe3asl MOMHOCThI0. TakuM o0pa3oM, KpuTepuid XapMyTa IaeT
MOXO0XHH PEe3yIbTAT C JIUIINM BH3YAJILHBIM MIPECTABICHHEM TOTO, KaK IpaHUIla AIbHEH 30HBI MPHOIImKaeTCs
o Mepe MPeodpa30BaHUs JHEPTUHM KBA3HCTATHUYSCKOTO TIOJISI BOKPYT M3IIydaTells Bce ONMKe K MEHIUMAaTbHOMY
MOCTOSTHHOMY 3HAUYeHUI0, OJIM3KOMY C TOYHOCTBIO JI0 TIOpsAKAa K PacCTOSIHUIO (OPMUPOBAHUS CBOOOIHOMN
AIIEKTPOMArHUTHOM BOJIHBI — OJIVMDKHEH TpaHUIIBI NalbHEH 30HHI (CM. pHC. 3).

N3 knaccuyeckux BBIpaKEHUM Uit 1osist aumodst ['epiia BUAHO, U4TO M3JIydaeMasi BOJHA B JlajibHEH 30HE
MMeEeT BpeMeHHYI0 (OpMYy MEPBOU MPOU3BOAHON IO BPEMEHU OT aMILTUTY/IbI BO30YXKAAIOIIET0 TOKa. ITO OBIIO
MpoBepeHo 3KcniepuMeHTanbHo [12] — [14]. Ha 3To#i ocHOBe paHee mpejraramch Uaed BU3YaJIbHOTO KOHTPOJIS
BPEMEHHOU (POPMBI aMIUIMTYIBI MOJS JJIsl HAXOXKJCHHS MOMEHTA Mepexoja TOYKUA HaONIOJCHHS B JalIbHIOO
30HY W TOSBJICHHS BOJHBI M3 KBa3WCTATHYECKHX KOMIIOHEHT WO HU3dydaresss. B pabore [2] mokazaHo
MPEeUMYIIECTBO aHAJIM3a SHEPTUU UMITYJIBLCHOTO MO Mepel] APYTUMHU XapaKTEepUCTUKAMM, B TOM YHCIE JJIS
OIICHKM HAIPaBJICHHBIX CBOWCTB HMITYJILCHBIX aHTCHH. [I[prUMeHHM Wel0, 3aJI0)KEHHYI0 B BEIpakeHUH (3), K
SHEPreTUYEeCKUM MapaMeTpaM MarHuTHOro mojs. (s 3Toro, B KauyecTBE KpUTEpHUs NajbHE 30HbI UCCIEeNyeM
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OTHOIICHUE DSHEPTUHU BOJIHOBOH COCTaBJ’IS[IOHIeﬁ MAarsvuTHOI'O IIOJIA (Wwave), Hpe[[CTaBJ'IeHHOﬁ YJICHOM,
COACpIKAIUM NIEPBYIO NPOU3BOJHYIO OT TOKA, U SHEPTrUH MOJIHOI'O MAarHuTHOT'O MOJIA (W) Fpa(l)I/IK 3aBUCHUMOCTHU

JIAHHOTO OTHOILIEHUSI M300pax€H Ha puc. 5 i1 6 = 7r/ 4 B cimyuyae BO30YXIEHHS KOPOTKUM HMITYJIECOM

o =0, (l—th(t/r))/Z, rae t=1Hc. Ilpemnaraem ONMXKHIOI TpaHUIy BOJIHOBOW 30HBI OINPEAEIHTH Kak

paccTosHKe, Ha KOTOPOM JaHHOE OTHOLICHHE JOCTHIAeT HEKOTOPOTO IIOCTOSIHHOTO YpoBHs, Hanmpumep 0,5 [12],
. Takoit xpurepuil naeT NPUOIM3UTENBHYIO TpaHHIy MAalbHEH 30HBI B M Juisi BBIOPaHHOTO

16].  Taxoit kputepuii pub YIO  rpanuiy i 0,4 op

BO30Y’KIAIOIIETO TOKA U M3Iydaresnsi. IHTepecHO MpociieAnTh N3MEHEHHE TOJI0KEHHS TPAHUIIBI BOJIHOBOH 30HBI
B 3aBUCHMOCTH OT JUITMTEIHHOCTH UMITyJIbca BO30YKIAIOIIETO TOKA, T.€. OT T. Ha puc. 6 mocTpoeHO OTHOILICHHUE
SHEPTUHM BOJHOBOM KOMIIOHEHTHI MAarHUTHOTO IOJISI K CyMMapHOM 3HEPIMM MarHUTHOTO IO A Pa3HBIX

paCCTOHHI/Iﬁ Ha6J'IIO)IeHI/I$I n yrija 0= 7T/4 BI/I)IHO, YTO YBCJIMYCHHUC UIMTCJIBHOCTU HUMITYJIbCAa MPUBOAUT K

YBEJIMYCHUIO PACCTOSHHUS /10 OJIM)KHEH T'PaHUIIbl BOTHOBOW 30HBL. B 1aHHOM citydyae 3TO yKa3blBaeT Ha CXOXKECTh
C OJTHUM M3 KJIACCHUECKUX KPUTEPUEB AaldbHEH 30HbI U3 [7]: R >> )\/ 27 .
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Puc. 2. BpeMeHHLIe 3aBUCUMOCTH aMIUIUTYbL HOHepe‘{HOﬁ COCTaBJISAIONICHT MAarHUTHOTO TIOJIS IS Yrios Ha6IIIOI[eHI/I$I

0 = 7T/ 16, 7T/ 4, 7T/ 2 (cBepxy BHH3) Ha PacCTOSHUM HAOMOAeHU 7 = 0,02 M, MOJIy4eHHBIE 110 KJIACCHIECKUM (hopMynaM

(1), u3 ynyumeHsoro (2) u TogHoro pemeHus (3).
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Puc. 3. BpeMeHHBIC 3aBUCUMOCTH HOPMHPOBAHHLIX aMIUIATY/] HpO}IOJ’ILHOﬁ n HOHCpe‘{HOﬁ KOMITOHEHT 3JICKTPUYECKOT'O

TIOJISL TS PA3NIMYHBIX PACCTOSIHUI HAOMIOACHUS TS yriia § = 7r/ 2.
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Puc. 4. 3aBucuMOCTb paccTOSHHS 0 OJIVDKHEH IpaHHIBI BOJHOBOIT 30HBI OT BPEMEHH IO OmpeseneHno Xapmyta (3) st
MarHUTHOW KOMITOHEHTEL.
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Puc. 5. OrtHoueHnue OHEPrun BOJIHOBOW KOMITOHEHTbI MATHUTHOTO TOJISI K CyMMapHOﬁ OHEPIruu MarHUTHOTO I10JIA B TOUKE

HaOJI0ICHNU, YIATIEHHOM OT W3JIy4aTelist Ha pacCTosiHUE R, mpu yrie 0 = 7r/ 4.
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Puc. 6. OrtHoleHHe HEPTHUM BOJHOBOM KOMIIOHEHTHI MAarHUTHOTO IO K CyMMapHOW SHEPrHM MarHUTHOTO IOJS NpU
yrie 6 = 7r/4 B TOYKE HAOJIONCHWS, yHaJeHHOW OT M3Iydarelsl Ha PacCTOSHHE R, Ul pasMUYHBIX JUIUTEIHLHOCTEH

HEepexoAHOTO TpoLecca T.

3AK/IIOYEHUE

HccnenoBaHo 31€KTPOMAarHUTHOE TIOJIE AIIEKTPHUYECKH MAJIOTO M3JIydaTelis, BO30YKAaeMOT0 UMITYIIbCHBIM
ToKOM. M3ydeHa TpaHchopMaIys BPEMEHHBIX (OPM TOJICH Ha Pa3iIMYHBIX PACCTOSHUAX, 30HBI M3IYUCHHS H
KpuTepuid XapMmyTa TpaHHUIbl BOJHOBOM 30HBL [IpoWsunrocTpupoBaHO, YTO KpuUTepuil XapmyTa, B KOTOPOM
TpaHMIa JadbHEH 30HBI 3aBHCUT OT BPEMEHHBIX ITapaMETPOB BO30Y>K/IAIOIIET0 HCTOYHHKA, B IIEJIOM COTJIACYETCS
C KIACCHYECKMM KpUTEpHEM Ul H3IydaTedst MalbIX OJJICKTPHYECKH pa3MmepoB. [IpeanmokeH HOBBIA
SHEPreTHUECKUI KpUTepUll [ HAXO0XKIEHHS pacCTOSIHUA JajdbHEH 30HBI HMMITYJBCHOTO H3JIydaTels,
OCHOBAHHBIM Ha aHaJW3€ OTHOIIEHHsS AHEPTUU BOJHOBONH KOMIIOHEHTHI MAarHUTHOTO TOJIL K TOJIHOW ero
SHEpTHUu.
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MI’KMOJOBE HEPETBOPEHHS HECTAIIOHAPHOI'O EJIEKTPOMATHITHOI'O
MOJISI B HEJIIHIMHOMY HEOBMEKEHOMY CEPEJOBUIIII

O. M. [Aymin, P. /1. Axmenon

Xapriecvruil nayionanenutl yuigepcumem imeni B. H. Kapaszina, 61022, m. Xapkis, m. Ce0600u, 4
E-mail: dumin@karazin.ua
Hapiitina no penaxuii 14 6epesns 2017 p.

PosrnsgHyTo mepexiHi MpoLeCH TMOIIMPEHHS HECTALliOHAPHOTO €JNeKTPOMAarHiTHOrO MO Yy HeNiHIHHOMY
cepenoBumli. Ha 0CHOBI METOly €BOJIOIIHHIX PIBHSHB OTPHUMaHI BCi KOMIIOHEHTH €JIeKTPOMArHiTHOTO ITOJIS SIK SIBHI
¢yHkuii npocropy-dacy. IIpencraBneHnii aHai3 KOMIIOHEHTIB MO, @ TAKOXX 3allPOITIOHOBAHI YHCENbHI METOAN LIS
fioro po3paxyHky. Ha mpuknani 3aadi BUIpOMiHIOBaHHS INTACKOTO AWCKY 3 PIBHOMIPHO PO3IOIICHUM €JIeKTPUIHIM
CTPYMOM B OJIHOpiIHE CTallioHapHE CepeOoBHIIE PO3MIITHYTI edekTH mepexigHux mporeciB. Ha npomy mpukianmi
HPOJEMOHCTPOBAHO ITEPaTUBHUI METOZ BpaxyBaHHsS HelNiHiHHOCTI. Po3rsHyTi edextn camonii CHIBHOTO OIS y
Cepe/IOBHIILI PO3MNOBCIODKEHHS, 1110 TIOPODKCHI BTOPHHHUMU [DKEpEsIaMy €JIEKTPOMArHiTHOTO MOJISL.

KJIFOYOBI CJIOBA: HecramioHapHE €JIEKTPOMArHiTHE IoJie, eJICKTPOMArHiTHUI CHapsl, IUIaCKUil AHCK, ciadKa
HEIiHIHHICTh, HeMiHiHHICTE Keppa

Transient processes in nonstationary electromagnetic field for nonlinear medium are considered. All electric and
magnetic field components are received by evolutionary approach to transient electrodynamics as functions of space-
time domain. The analysis of field components and numerical approach for further field calculation are proposed.
Transient effects in the problem of radiation into stationary homogeneous medium of plane disk of homogeneously
distributed electric current are considered. The iterative method of nonlinearity accounting is demonstrated on this
example. Self-effects generated by secondary sources of electromagnetic field in its propagation process in the
medium are considered.

KEY WORDS: nonstationary electromagnetic field, electromagnetic missile, static magnetic field, plane disk, weak
nonlinearity, Kerr nonlinearity

PaccmoTpeHBl TepexoJHbIe TPOIECCHl PACNpPOCTPAHEHHs HECTAIMOHAPHOTO JJIEKTPOMArHUTHOTO MO B
HenuHelHoH cpenie. Ha ocHOBe MeTo1a 3BOJIFOIIMOHHBIX YPABHEHUH MOTy4€HbI BCE KOMIIOHEHTHI 3JICKTPOMarHUTHOTO
HoJsl Kak sIBHbIE (DyHKI[MM IPOCTPaHCTBa-BpeMEHH. [IpencTaBieH aHalN3 KOMIIOHEHT IO, a TaKXKe MPeIOKECHBI
YHCICHHBIE METOABl Ui WX pacdera. Ha mpumepe 3amaum W3IydeHHs IDIOCKOTO JAWNCKA C PaBHOMEPHO
pacmpeeIeHHbIM YJIEKTPUIECKUM TOKOM B OHOPOJHYIO CTAI[HOHAPHYIO CPEy PacCMOTPEHBI A(P(HEKTHI MepexoaHbIX
mpoueccoB. Ha 3ToM mpumepe NpoaeMOHCTPHUPOBAH MTEPATUBHBIA METOJA yuyeTa HelumHeHHOCTH. PaccMmoTpeHsl
3¢ QeKTsl caMOBO3/EHCTBHS CHIIBHOTO TIOJII B Cpelie PaclpOCTPaHEHHS, KOTOpbIE MOPOXKICHBI BTOPHYHBIMH
HCTOYHUKAMU 3JI€KTPOMArHUTHOTO OIS,

KJ/IIOYEBBIE CJIOBA: HeycTaHOBMBIIEECS 3JIEKTPOMAarHUTHOE IIOJI€, 3JICKTPOMArHUTHBINA CHapsl, INOCTOSHHOE
MarHuTHOE I0JIe, IUTOCKUH ANCK, cilabas HeJIMHeHHOCTh, HelnHelHocTh Keppa

BCTYII

B poboti [1] Oymo omucano miaxix a0 MOOYIOBH EIEKTPOMATHITHOTO MO B CIIA0OHETIHIHOMY
CepelIOBUINI Ta aHaji3y HOro BIACTHBOCTEW HAa NPHUKJIANI 3aJa4yi BUIPOMIHIOBAHHSA IIOJISI B JIHIHOMY
HaOJIDKEHHI ITACKUM JHCKOM 3 PIBHOMIPHO PO3IOIUICHUM EJICKTPUYHUM CTPYMOM. ICHYIOWi PO3B’SI3KH NaHOT
3ajadi He MiAXOISATh IMOCTaBJICHIH MeTi [2]: BOHM HE MOKPHBAIOTh BCiX 3HAYEHBb IPOCTOPY-Yacy Ui BCiX
KOMIIOHEHTIB ToJis ab0 OTpHMaHi METOIOM, SKHH 3acHOBaHO Ha mepeTBopeHHI ®yp’e [3]. Jlama crarrs
MPUCBSYEHA JIOCHTIPKEHHIO HECTAlliOHAPHOTO EJIEKTPOMArHiTHOrO TIOJIsi JMCKa 3a JOINOMOTOI0 METOay
EBOIIOIITHUX pPIBHAHP 1 3 BHUKOPHUCTAHHSAM ITEPaTHBHOTO IMIAXOLY A0 BpaxyBaHHS CIa0Koi HENiHIHHOCTI
CepeIoBHINa SIK JUKepelia J0JaTKOBOTO MOJI.

IMOCTAHOBKA 3AJIAUI
Brepmie ns 3amaua Oyna posrisiHyTa B [4]. B sIKOCTI JKeperna eneKTpOMAarHiTHOTO Iojisi BHOpaHO
MOCTIHHMH OJHOHANpPSIMJICHUH pIBHOMIPHO pO3NOAUICHWII 1O YSBHOMY IUIaCKOMY JHCKY pazaiyca R
CJICKTPUYHHI CTPYM i3 aMIUTITYOI0 A, IKUH BKIIFOYA€ThCS B HYJIbOBUH MOMEHT 4acy [4]. [TouaTkoBuit MOMEHT
CIIOCTEpIraHHsI OIS, 110 BUIIPOMIHIOETHCS, BIINOBIA€ MPUHIMITY IPUYUHHOCTI ClienianbHOi Teopii BiIHOCHOCTI
[5], € MoMeHTOM KON TOJE, MOPOJPKEHE HAHOIMKUYOI0 TOYKOIO JDKEpesia B MOMEHT YBIMKHEHHs (TIoxis),
JOCATAE TOUKU CIIOCTEPEKEHHS.

© dymin O. M., Axmenos P. /1., 2017
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[TocranoBka 3azmadi mepeabayvae BiACYTHICTH
IHIIMX CTOPOHHIX JDKEpeJd, a TaKoX CTalioOHapHi
SJICKTPOJAMHAMIYHI ~ BJIACTUBOCTI  OJHOPIZHOTO
CepeJloBHUIIA.

HanpsiM enexTpuaHOTO CTpyMy CYMIIIEHO 3
HampssMoM OX J1eKapTOBOi CHUCTEMH KOOPAHMHAT
(muB. puc.l). A meHTp HOUCKYy 31 CTpyMOM
CYMIIICHO 3 TOYKOIO MOYaTKy KoopawHat. Jlis
3aCTOCYBaHHS METOXy €BOJIOIMHUX PiBHAHB [6],
OKpiM  JeKapToBOi, BBEAEMO  IMIIHIPUYHY
CHCTEMY KOOPIMHAT {Pg, Po, Zg }-

Po3noBcro/KeHHST €eKTPOMArHiTHOTO TOJIs
BiZI0OyBa€eTHCS B 00ox HariBIPOCTOPax

Puc. 1. I'eomeTpist BUnpomiHioBaya CHUMETPHUYHO, TOMY PO3IITHEMO JIMIIIE
HaIiBIIPOCTIp J0JATHOTO HanpsiMy oci OZ.

MareMaTHaHO JKEpENo TOoJsi MOYKHA ONMHCAaTH 3a JOoToMororo menbra-¢yukiii Jlipaka &§(z) Ta
crymindyacToi ¢pyukii Xesicaiima H(t) TakuM YHHOM:

Jo(p.z,t) = HO)6(2){H(p) — H(p — R)Hpocose — posing}.

JaHe Jokepeno MICTHTh HEYCYBHI PO3PHBH IMEPLIOr0 pOAY IO IpaHMYHOMY Kulblo. Bimomo, mo mnoie
JIOCTAaTHBO CHJIBHOT aMILTITYAH MOPOKYe eekTr camMoii uepes cepenonuiie [7]. B HamoMy BUmaaky 30Ha, 110
oOMexeHa NPUYMHHUM 3B’SI3KOM 3 JDKEPEJIOM, BHCTYIA€ B poji HoOBoro ipkepena. [liaxix mo oTpuMaHHS
cnabkuX HenmiHiMHUX edekTiB mons Oynae NoOynoBaHMH 13 BHKOPUCTAHHSM INPHHIMITY CYNEpHO3ULIT,
pO3IIISIAIOuM OKpPEMO peanibHe JoKkepesno Ta HenmiHiiiHe [8]. ToOTO Ham HAaOMWKEHMH MiAXiA Monsirae y
3HAXOIKEHHI JIHIHHOTO PO3B’ 3Ky Ta MOOYIOB1 HENiHIHHOI OMIPAaBKH HA OTO OCHOBI.

JIn1s 3pY4HOCTI BBEIEMO HOBY 3MiHHY 4acy-TIpOCTOPY T2:

c’t?
2 =———272
Eu

BHaci1ok NpuHIMITY IPUYUHHOCTI 17151 OJTHOBUMIPHOTO BUIAAKY JlaHa 3MiHHA T OyJie 3aBXk/IH J0IaTHOIO.

Jlis mouyaTKy OTPHUMAaeMO Ta MPOAHATI3yeEMO pO3B’SI30K Ii€l 3amayi y BIACYTHOCTI HEIIHIHHHUX
BJIACTUBOCTEH y CEpEIOBHILIA.

AHAJII3 PO3B’SI3KY JITHIMHOT O HABJIWKEHHS

Jnst 3acTOCYBaHHS METOIY SBONIOLIMHHX PiBHSHB HOTPIOHO 3HANTH MOIOBHIl PO3KIIAJ POMOILTY CTPYMY
Hamroro Jpkepedna. IlijcTaBUBINN OTPHUMaHWIA PO3KiIaa B NpaBy yacTHHY piBHsAHHS KieiiHa-['oploHa, 3anmmemo
EBOITIOIIITHI KOeiIliEHTH 3a JOMOMOT0r0 MeToxy ¢yHKii Pimana [9].

[lincraHOBKa OTPHMAaHHX EBONIOMIHHUX KOCQII€HTIB O PO3KIANy EJIeKTPHUYHOTO IOl Mo Oasucy
JIO3BOJISIE OJIEPIKATH aHAJITUYHI BUPa3H JJIsl €CKTPUYHUX KOMIIOHEHT MOJIst B IHTerpaibHii (opMi. 3HAHIIOBIIN
3HAYEHHs IHTETpaJly 10 CIEKTPalbHiil 3MIHHIN, OTPUMAEMO eJNEKTPHUYHY KOMIIOHEHTY TIIOJIs, SIK (YHKIIiIO
npocropy-yacy [10]:

o |Ex ay [ I, cos? @ + (I, — I,) sin? ¢
E= ij =2 e |h1sing cos ¢ + (15 — I)sing cos ¢ | (D
z

ne I, =1, (p,R,7) ta I, = I,(p, R, T) mpeaCTaBIAIOTH CO0O0 KYCKOBO-BH3HAYEHI (DYHKINI BiJ IHIIHAPHIHIX
KoopauHart i yacy. CaMe 3 BUTIISAY IUX (QYHKINH, IO € IHTETpalaMy BiJl TOTPOEHOTO N00YyTKY QyHKIiH beccens
HEepLIOro POy, TOXOAUTh KYCKOBO-BH3HAYEHA NPHPOIA BUIIPOMIHEHOI'O HECTAlliOHAPHOTO MOJIA:

0,0<R<|p—r1| 0,0<R<|p—T1|
11(,0'R'T)= f1'|P_T|5R5P+T' Iz(P'R:T): f2’|p_T|SRSp+T
1/2,R>p+7 LR>p+r7
__ p%+R? 12-p?—R? _ J4p2RZ=(p2+R2—12)2 _ |[p2-R?| (p—R)? (p+R)?— 12
fr= 4mp? arccos 2pR 4mp? 4mp? arctg (p+R)2 12—(p—-R)?2’
1 72 4+ p% — R?

f, = —arccos
T 2pt
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3aja4a MIacKoro IUCKy HE0THOPa30BO BUKOPUCTOBYBAJIACh JJIs IEMOHCTpalii epeKTy eeKTPOMarHiTHOrO
cHapsiny [4], SKuil NPOSBISETHCS Yy HE3MIHHOCTI aMIUITYyIW BHIIPOMIHEHOTO MOJS Y HPOXKEKTOPHIA 30HI.
AHanoriyHui po3B’s30k OyB OTPUMaHUIl y 4acOBOMY IPOCTOPI 32 JOIOMOTOI0 METOJY €BONIOLIHHUX PIBHSHb
[2]. I3 po3B’sa3ky (1) BumIMBaE, mo naHuii epekT Mae Micue B obiacti R > p + 7 1 3a0e3neuye MakCHMaJbHY
aMIUTITYAy TOJIA

<18

— x—’ﬁ Holt H= y—’ﬂ
%4 |ee ’ 04"
IIpocTopoBa TpHBAJICTh SBHUINA €IEKTPOMATHITHOTO CHAPSAY B HANPSMKY HOpMAali JO TUCKY JOPiBHIOE

Veu(VR? + z2 — z) Ta Ha BenukuX BificTanAX nponopuiitna 1/z [3].

X
L f\
gg I " :’:p@‘o SIS
& L 7555 X o “
f0 |
0 31t/8
0
tho, m ; 19 0 R
ct,m
Puc.2. 3aneXHICTh  aMIUNITYOH ~ [ONEepedHoi  KOMIIOHEeHTH Puc.3. Kyrosa 3aJICXKHICTh TOTIePEeYHOT
€JIEKTPUYHOTO MOJIS BijI IIONIEPEYHOI paianbHOI KOOPAWHATH Ta acy CJISKTPUYHOI KOMIOHEHTH Uit z=2R 1a p = R/2 i

2R

Ha puc. 2 300paxeHa 3aJeXKHICTh aMIUITYyId IONEPEYHOI KOMIIOHEHTH EJIEKTPHUYHOrO MOJs Bif
MOMEPEYHOT KOOPIUHATH P Ta BiJ 4acoBOI 3MIHHOI cf. Sk BUAHO Ha pHC. 2, OJIMKYE 10 OCI BUIPOMIHIOBAHHS
MPOCTOPOBa TPHUBATICTh YaCOBOIO BIAPI3KY, J€ IIOJ€ MpUAMAE MaKCHMalbHE 3HAYCHHS, 301IBIIYETHCS,
NOYMHAIOYH 3 HYJIBOBOT TPUBAIOCTI IPH P = R i HOCATar0YM MaKCHMalbHOTO 3HaUeHHs pu p = 0.

Ha puc. 3 300pakeHi XapakTepHi 4acoBi (OpPMH aMIUITYAH EIEKTPUIHOI KOMIIOHEHTH BiJ KyTa TpH
z=2RTap=R/2 ip = 2R, sKi BinoOpaxar0Th HeCTAI[IOHAPHUI XapaKTep BUIPOMIHEHOTO TOJIs. 3ayBaXKUMO,
II0 B CHITY CUMETPii 3a/1aui 300pakeHO JIMIIe Nepuly YBepTh MONEPEYHOI POCKLIT CHCTEMH KOOPIUHAT.

st onepkaHHS MAarHiTHUX KOMIIOHEHT I10JIs, IPOBEAEMO IiJICTAHOBKY OTPUMAHHUX paHille eBOMIOLIIHNX
KOe(DII[IEHTIB JO MOJOBOI'0 PO3KJIay MarHiTHoro noss [13]

H, I3sin @ cos ¢ + (I, — I3)sin ¢ cos ¢
H=|H,|= AZ—O I3 cos? @ + (I, — I3) sin? @ : )
H, —2I5sin @

BiaMiHHICTE IUX BHPA3iB BiJl PO3B’SA3KIB JJIS IIEKTPUYHOIO OISl MOJISITAE B TOMY, M0 IHTerpajbHi GopMu
I3, I, I MICTSTh HECKIHUEHHIH psi/i HEBIIACHUX IHTETPaiB 3 TaK 3BaHUM TPUOECCENEeBUM SIAPOM. SIK BHIHO, MoJie
PO3IJITHYTOrO JKepena Mopokye H-XBWITIO, 110 NPOSBISETHCA B HASBHOCTI IMO3JOBXHBOI KOMIIOHEHTH
MarHiTHOTO TOJISL.

AHaNITUYHUHA BUTISLI MarHITHUX KOMITOHEHT IOJIS BIAJocs 3HaWTH Jymie aiust p = 0, 1o BiAmosinae oci
BUIIPOMIHIOBAaHHSI, TAKUM YMHOM iHTErpajibHi popmiu I3, I, [s MatoTh BUTJISAL:
{%, R? > 77

2R?
B 1-— ) R <7

=0 — [e9)
I31°7" = | p2 Z ct — zfep\"H!
trz ct + zJeu
m=0
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2R?
PO =

m

1,R? > 12
1,1P=0 = { 2R* O [ct — z/ep\™"!
7z Z ct + z+Jen
m=0
I5P=° = 0.
Tyt yepe3 P,Ef"” ) = Prsla‘ﬁ ) (x) nosnadeo nosinom SkoGi
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,R? < 72

(a.p) _1yn m n-m n-m m

Pn (x) — n4&m=0 Cn+aCn+/2 (x - 1) (x + 1) .
Jus BukopuctanHA naHoi Gopmu moiiHoMy mpu « = 1 Tta f = 0 B YMCeNpHUX MeTodax mpu n > 18
000B’513K0BO HEOOX1/THO 3aCTOCOBYBATH PEKYPEHTHE CITiBBIIHOIICHHS

fom) =1;
fie(m) = Ciya C7F = (fk—l((;l) (n—k+1)-(n—-k+2))+k?

a mpu n > 64, TakoXK 1 IPOTpaMHy peaTi3amil0 CHMBOJBHOTO OOYHMCICHHA Koe(]imieHTiB

HCAONYIICHHA HAKOMNMYCHHA NOMUJIOK YHUCCIIbHUX iTepauiﬁ.

Tak sIK JOKEpeno eNeKTPUYHOTO
CTpyMy HE BHUMHKA€ETBCI 1 HE
3MIHIOETBCS, B IPOCTOpPI  HABKOJIO
HbOrO Oyzne cdopMoBaHMU AESKHUiA
pO3MOAUT  CTATHYHOTO  MArHiTHOTO
monsd. HampukiHmi 1HOTO  TpoILecy
dopMyBaHHS y IEBHHX  TOYKax
HPOCTOPY aMILTITYAa YCiX KOMIOHEHT
SNIEKTPUIHOTO noJts Oyne
JOPIBHIOBAaTH HYIIO, TOMY MIO MOTIK
eHeprii  eJEeKTPOMAarHiTHOTO  IOJIs
TaKOX MOBHHEH OYyTH HYJBOBHM, IO 1
€ O3HaKoWw KiHIA  (OpMyBaHHA
PO3MOALTY CTATHYHOTO TOJIsA. Takum
YMHOM, CTaTW4HE MAarHiTHE I0Je

MOXHa OTpUMaTH IpHU
3HAYEHHAX 4acoBOil
Komm’rorepra  moOyznoBa

BEJIUKUX
3MIHHOI.
3HaYEHb
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Puc. 4. [lonepeuHe MarHiTHe MoJie MIACKOTO AMUCKY, K (PYHKIIS MO3I0BKHBOT

KOODPJMHATH Ta 4acy
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Puc. 5. AMHHiTyIIa HOHepe‘{HO.f KOMIIOHEHTH MarHiTHOTO IoJId, K beHKIIiH qacy

MIPH Pi3HIN KUTBKOCTI BpaXOBaHHUX JTOJJAaHKIB MOJIHOMY

H, = H,(ct,z), mo HaBejeHa Ha
puc. 4, rokasana Woro
CTalioHapHy npupoay. BumHo, mo
3aTyXaHHS aMIUTITYyH CTATHIHOIO
noyist mpomnopuiiine 10 R/z Ta
NOYMHAEThCSL 31 3HaueHHs A,/4
0e3MoceIHb0  TEepel  JIKePEIOM
OJISI.

CknamHuit BUI po3B’s3Ky (2)
MOSICHIOEThCSA THM, III0 0Oa3uCHI
GyHKIIiT  METOJy  eBOJIOIIHHUX
PIBHSHBb TPH3BOIATH A0 cIaOKol
CXOJIUMOCTI PO3B’SBKY ISt
CTaTMYHOTO TIOJIsA, aje, BCE XK
TaKkd, TPH JOCTATHHO BEJHUKIH
KUIBKOCTI BpaxoBaHWX JIOJAHKIB
HaBefeHU rpadix  Biamomimae
pearbHOMY MIPOCTOPOBOMY
posnoxiny. HeBenuki BimxwuieHHS
IpU MaIMX Z € MOXHOKOIo

YHCEJIFHOTO aHallizy, NMPUYMHOIO SIKOi € HAasBHICTh CHHTYJSpPHOCTI Ouns Jpkepena. Sk BHIHO Ha rpadiky,
BiTHOCHE 3HAYCHHS MOXUOKH 3MEHIIYETHCSA TPU BiJNANCHHI Bij Kepena. [1o0im3y CHHTYISIpHOCTI Tpeba
BpaxoBYBaTH O1IbIIY KUIBKICTE nosaHkiB. Ha puc. 4, Hanpukiiaza, BpaxoBaHO 263 wieHH psAy NMPH HEBEJINKHUX Z.

XBuiboBi nponecu Ha rpadiky Hy, (ct, z) MOKHA aHaIi3yBaTH MO NEBHUM iHTEpBAaM: 30Ha, JI¢ TI0JIE 1l He
JIOCATIIO TOYKU CIIOCTEPEKEHHS, 30Ha JOCATHEHHS MOJS B/l yCiX TOYOK JDKepena, A€ i CIIOCTepiraeTbes eexT
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€NIEKTPOMArHiTHOTO CHapsdy; obiacTe craruudoro mojis. Ha rpadiky E,(ct,p), W0 HaBeaeHWi Ha pHcC. 5,
BUJHO, IO CJCKTPUYHE II0JIE MAa€ TUIbKK TMepili JBi 30HH. TakoXK MOXHa MOOAYHUTH BIUIUB KUTBKOCTI
BPaxOBaHUX JIOJAHKIB Ha aMIUTITYy MOJs. 3 PUC. S5 BHIHO, IO MPH MAJUX iHTEPBalIaX CHOCTEPIraHHSI CUTHATY
JIOCTAaTHBO MaJoil KUTBKOCTI OJTaHKIB, YOTO HE CKaXXEII PO BEJIHKI MPOMIKKH 4acy CIIOCTEPEIKCHHS.

PO3B’SI30K 3AJTAYI BUITPOMIHIOBAHHS B HABJIMKEHHI CJTABKOI HEJITHIMHOCTI
IIpoBenemo iTepatwBHE BpaxyBaHHS CcJaOKOi HENIHIHOCTI cepemoBHINA, UL YOTO OTPHMAEMO
AHATITHYHIHA BUTIISA BUPa3y BTOPHHHOTO JHKEpeia IMoJisl IPH HassBHOCTI K HEMHIMHOCTI, TaK i OMiYHHX BTpAT:

5 0=, -
J'=—P'(E H) + oE,
. ot
ne P’ e neniniliHa ckiagoBa BEKTOPY €NEKTPHYHOI iHAYKIIii, SKa i € MPUYMHOK HENiHINHOT camouii moss, o €

TIPOBIAHICTE cepenoBuina. Hexall HeMiHIMHI BIACTHBOCTI CepeOBHINA BiMMOBinatoTh HemiHiitHOCTI Keppa. Toxi
BEKTOP IOJIAPH3aIii MaTIMe TaKUH BUTIIS;

P'(E) = xE .

Jnst 3acTocyBaHHS METONY CBOJIOLIIHUX PIBHAHb HEOOXIZHO NPEICTAaBHTH BTOPHUHHE IDKEPENIO CTPYMY Y
BUIJIAII PO3KITaay 1o BIacHuM QyHkiism ¥, = ¥, (v, p, @) [11]:

21
Jm(v) = r d‘PJ PdP] [V, ¥ X Zq].

BukoHaBIIM iHTErpyBaHHS MO a3UMYTAIBHOMY KYTY (0, OTPHMAEMO YOTHUPH HENapHi CUMETPHYHI KyTOBI
MoﬂHj—l:jl:j—SajS:
jo1 = 18,1 (=3Ny (m) = Ny (m) — N3(m) + 3N, (m) + Ns(m) + Ne(m));
Ji = 16m1(=3N;(m) — N,(m) — N3(m) + 3N, (m) — Ns(m) — Ne(m));
J-z = i5m,—3(_N1 (m) + N,(m) — N,(m) + Ns (m));
s = (83 (N1 () + Ny(m) — Ny (m) + Ny (m)).

B nopiBHsHHI 31 CTPYMOM IUIACKOTO JIUCKY B JIIHIHHOMY HaOJIM)KEHHS 3’ IBUIIMCh HOBI KyTOBI Monu: 3 Ta -3.
HasBHi y nux Bupasax interpanbhi dopmu {N,}>_, MaioTh napaMeTpuyHHii apryMeHT M Ta MicCTATh
mTiHApUYHI yHKIIT beccens:

N;(m) = SmM (uo,u 3/2

64 N €o€

m\/_Ao)@(AO) M 3/2 ol al, oI,
() = g L (BRY T [ 1, — 1) S =+ 2 (5250 )

ol
f dp Jm(vp)IF — Fr

A ol [©
Ny ) = ’ZCT ° 22| dp1mCvp)
3 @ al, o0l
N,(m) = m\/ﬂ_vo)(g(Ao)\/;Jo pdp (]m—1(VP) _]m+1(VP))(12 - L)? (6_152 - O_tl>'

Jat ot at

OAO\/_ o ®
() = DL P % s (09) = e O = )
0

Ha mpomy erami jis moOyJqoBH KOMIIOHEHT HENIHIHHOTO TOJNS aHANITHYHI TEPETBOPEHHS TOPEYHO
3aMIHUTH Ha YHCEIbHI po3paxyHKH. OUeBHAHO, IO HOBI KyTOBi MOAW OynyTh 3 SBISATHCH IIPH TPOBEICHHI

3 *© al, aI, al,
Ns(m) = ﬁ\/ Mvoxg(Ao)WJ pdp (]m—1(VP) _]m+1(V,0)) (11 <_ - _> +2——U; - 11)>;
0
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TOJIANTBIIKX iTepalliid. 3 orsIay Ha Te, MO X > Xk.41, MOXHA BBaXXATH, [0 BIUIMB TIOJAIBIINX WICHIB PAAY Yy
PO3KIIazi BEeKTOPY MoJisipu3aLii He OyIe CyTTEBUM.

BHUCHOBKHU

[IpoaHaizoBaHO eJIEKTPUYHE Ta MarHiTHE II0JIe IJIACKOTO JMCKY 3 3aJaHUM EJIEKTPUYHUM CTPYMOM i3
YacOBOI0 3AJICKHICTIO y BUMIAl ¢yHKUil XeBicaiiia B HaOmmkeHHI niHifiHOro cepemoBuuia. OTpUMaHHS
CTaTHYHOTO MAarHiTHOTO II0JISl MOOJU3Y JpKepelia NoTpedye BpaxyBaHHS BEJIMKOI KUIBKOCT] WIEHIB psay. AHami3
BIUIUBY TOXMOKM PO3KJIaJly CHHTYJISIPHOCTI JpKepesa II0Kas3aB, IO MM OJIM)KYE TOYKa CIIOCTEPEKSHHS JI0
BUIIPOMIHIOBaYa, TUM OUTBII HECTaO1IbHA CXOIUMICTh YaCOBOTO PSIY.

IToOymoBaHO BTOPUHHE JHKEPEIIO HENIHIHOTO OIS Y BUIJISLII OMPABOK JJIS TTOJIS JTIHIHHOTO HAOIKEHHS.
Bursig 1poro pkepena CBiqUUTH PO HOSBY HOBUX KyTOBUX MOJ] Y BUIIPOMIHEHOMY €JIEeKTPOMArHiTHOMY IIOJI.
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O®OKYCHUPOBKA MOl METAIVIMYECKOI'O PE3OHATOPA
TEPAT'EPHEBOI'O JIABEPA

A.B. lerrsipes, H.H. /lyounun, B.A. MacJioB
Xapvrosckuil HayuonanvHwill ynugepcumem umenu B.H. Kapasuna, na. Ceo6o0ul, 4, Xapvkos, 61022, Vkpauna
e-mail: a.v.degtyarev@karazin.ua
[octynuna B pegaxuuto 28 anpens 2017 1.

Teopernueckn Ha OCHOBE BeKTOpHOH Teopun Poanes-3ommepdenbia ¢ HCHONB30BAaHHEM U3IyYEHHS
BOJHOBOJHOTO TeparepreBoro nasepa (A = 0,4326 MM) HpOBENCHO HCCIIEOBaHHE (U3MYECKUX OCOOCHHOCTEH
YMEpPEHHOH U 0cTpoH (HOKYCHPOBOK IYYKOB M3IIYYEHHMS, BO3OYKAaeMBIX MOJaMH JIa3epHOTO PEe30HATOpa Ha OCHOBE
KPYTJIOTO METAJUIMYECKOrO BOJHOBOJA INPH PA3IMYHOM HMPOCTPAHCTBEHHOH mHoysipu3anuy nois. [lokaszaHo, 4To B
(dokanpHOi 00NacTH JIMH3BI B Cilydae OCTPOH (OKYCHPOBKHM ITydKa H3ITydeHHs, BO30YKZaeMOro paanaabHO
nossipu3oBanHoi TMy;, MonoH, HabmogaeTcsl 3HAYUTENBHBIN POCT €ro 0CeBOH MHTEHCUBHOCTH, OOYCIOBJIEHHBIH
CYIIECTBEHHBIM BO3PAaCTaHHEM B JTOM CiIydae HHTEHCHBHOCTH IPOJOJBEHON KOMIIOHEHTHI HOJIS JAQHHOH MOJIBL.
TlomyueHHBIe pe3ynbTaThl PACIIUPSIOT 3HAHHA 00 OCOOEHHOCTSIX (POKYCHPOBKHU JA3€PHBIX ITyIKOB TEParepreBoro
JHaTa3oHa.

KJIFOYEBBIE CJIOBA: ¢oxycupoBka, MOISPU3AINs, TEparepLeBblil Ja3ep, MeTaJUINIECKUI Pe30HATOP, MO

TeopermuHo Ha oOcHOBI BekTopHOi Teopil Pemes-3ommepdenbra 3 BHKOPHUCTaHHSIM —BHIIPOMIHIOBAHHS
XBHJIEBITHOTO TeparepioBoro nazepa (A = 0,4326 MM) MpoBeIeHO AOCTIHKEHHS (i3UIHUX 0COOIMBOCTEH MOMIPHOT 1
roctpoi (OKyCyBaHb IY4YKiB BHUIIPOMIHIOBaHHS, MO 30YIKYIOTbCS MOJAaMH JIa3epHOTO pe30HAaTopa Ha OCHOBI
KPYTJIOTO METAJICBOTO XBHJICBOJY TIPH Pi3HOI MPOCTOpOBOi mosipu3aiii moss. [lokazano, mo B (okanbHill o6iacTi
JiH3M B pa3i rocTporo GpoKyCcyBaHHs My4Ka BUIPOMIHIOBAHHS, IO 30yIKYEThCSA pafialbHO MONspu3oBaHOr0 TMyy,
MOJIOI0, CIIOCTEPIraeThCsi 3HAYHE 3POCTAHHSA HOTO OChOBOi IHTEHCHBHOCTi, 0OYMOBJICHE ICTOTHHM 3pPOCTaHHSIM B
[IbOMY BHIIJIKy IHTCHCHBHOCTI I03/10BXKHbOI KOMIIOHEHTH MOJIs JaHOoI Moau. OTpuMaHi pe3yabTaTH PO3LIMPIOIOTH
3HaHHS [P0 0COOIMBOCTI (POKYCYBaHHS JIA3EPHUX ITyYKiB TEPArepioBOro Aiarna3oHy.

KJIFOYOBI CJIOBA: dokycyBaHHS, MOJSAPU3AIisi, TEPAreploBHi 1a3ep, METAICBUIA PE30HATOP, MOAN

Theoretically, based on the Rayleigh-Sommerfeld vector theory using the radiation of a waveguide terahertz laser
(A =0.4326 mm), the physical features of the moderate and sharp focusing of radiation beams excited by the modes
of a laser cavity based on a circular metal waveguide for various spatial polarization of the field were studied. It is
shown that in the focal region of the lens, in the case of sharp focusing of the radiation beam excited by the radially
polarized TMy,, mode, a significant increase in its axial intensity is observed, due to a significant increase in the
intensity of the longitudinal component of the field of this mode in this case. The obtained results broaden the
knowledge of the focusing features of the laser beams of the terahertz range.
KEYWORDS: focusing, polarization, terahertz laser, metal resonator, modes

BBEJIEHUE

[Tonspu3anuss ABYMEPHOIO KOT€PEHTHOIO CBETOBOTO M3IY4EHHS B KaxIOM TOUYKe IPOCTPaHCTBA
MpEeACTaBIsIeT HEBUAMMOE I TJa3a, HO HH(OpPMaTHBHOE MojeBoe “H300paxkeHHe”. BeKTOpHbIE Iy4KH C
Pa3IUYHON MPOCTPAHCTBEHHOW MOJISIPU3AIlMeN OIS MPUBJIEKAIOT OOIBIION MHTEpEC B MOCIENHEe BpeMs M3-3a
WX WHTEPECHBIX (PH3MUYECKMX OCOOCHHOCTEH WM TOTCHIMANBHBIX NpUMeHeHWid [1, 2]. AKTHBHBIM HHTEpec
uccieoBaTeNiel K MmydykaM ¢ HEOJHOPOIHBIM aKCHAallbHO CHMMETPHUYHBIM paclpeeeHHeM MOJIpU3aliu cTall
NPOSIBISITECS TOCe  psiia paboT, B KOTOPBIX OBUIO TEOPETHUYECKH ITOKAa3aHO, YTO TaKHe CPOKYCHPOBAHHBIC
MYYKH MTO3BOJISIIOT YIydlaTh (GopMy GOKaIBHOTO MATHA, yMEHBIIUTH (POKYCHOE PACCTOSIHUE U TTOJYIHUTH OoJiee
JUTMHHYIO TIyOuHy o0nactu ¢poxycupoBku [3—6]. HanbGonbmuii MpakTHIECKH WHTEPEC MPEACTABIISIOT MOJIBI C
pajuanbHBIM M a3UMYTalbHBIM HampaBleHUsMHM mHoispuszanuu [7]. B onTtudeckom nuama3oHe paaualibHO
HOJSIPU30BAHHBIE JIa3€PHbIE IMYYKH HCIONB3YIOTCS MPU pe3Ke METAIOB, YCKOPEHHU YacTUL], U3TOTOBIEHUU
(DOTOHHBIX KPHUCTAIIIOB, OJMKHENONIBHOH MMKPOCKOIMM, 3aXBaTe€ YacTHL, ITIOBEPXHOCTHOM IUIa3MOH-
MOJSIPUTOHHOM  BO30YXIeHHH. JlasepHble MYYKH C a3UMYTAJIBHBIM THIIOM MOJSPU3AINHN  H3ITy4eHHS
OKa3bIBAIOTCSl BEChMa MOJE3HBIMH JJIsI TAaKUX NMPHUMEHEHHH KakK CBEpIICHHE, CBapKa, BO3OYKICHHE KONBIEBBIX
PE30HATOPOB METaMaTepHallOB, yIPaBJIEHHE JBIDKEHHEM aToMoB. B TeparepueBom (TI'm) nuamazoHe mydxu c
HEOJHOPOJHOW IPOCTPAHCTBEHHOH  MOJSApM3allMell  mpemiaraeTcs  WCIONb30BaTh IS JAHATHOCTHUKU
MOBEPXHOCTH MAaTEpHajoB, TOHKHX IUICHOK, OHMOJOTMYECKHMX OOBEKTOB, B CHCTEMax MepeAaddl M 00pabOTKH
nH(popManuy, cuCTeMax CBSI3H, JUIS IOCTH)KEHNSI CyOBOJIHOBOTO pa3pelIeHHs: B TOMOTpady  T. 1.

© Hertsipe A.B., Iyounun H.H., Macmnos B.A., 2017
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Panee B [8] Obut M3y4eHBl O0COOEHHOCTH (DOKYCHPOBKU ITYYKOB H3JIyYeHHUs, BO30YkKIAEMBIX MOJaMH
pesonatopa TI' nazepa Ha OCHOBE KpYIJOro MOJOr0 JURIEKTPUYECKOTO BoJHOBoAa. llenblo HacTosien
paboTHl SBISETCS HM3YYeHHE OCOOEHHOCTEH CTPYKTYpHI IIOJISI JIa3€PHBIX IYYKOB H3JIyYeHHUs, BO30YKIaeMBIX
MoJaMu pezoHatopa TI'1 nasepa Ha OCHOBE KPYIJIOro METALIMYECKOTO BOJHOBOJA B 00J1aCTH MX (POKYCHPOBKH
IPH Pa3INIHBIX BHJAX MPOCTPAHCTBEHHON MOIAPHU3AIMH JAHHBIX MOJI.

TEOPETUYECKHE COOTHOIIEHUSA
PacnpocTpaHeHre a3epHOTO M3IYYCHHS B CBOOOTHOM IIPOCTPAHCTBE BHONb OCH (z ONMCHIBAaeTCS
W3BECTHBIMH ~WHTerpajamu Panes-3ommepdensaa B HemapakcHampHOM —mnpubmmwkenun [9, 10]. B
[MJIMHIPUYECKON cCUCTeMe KOOPIMHAT OHU UMEIOT BHJ
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Mogpbl ncecneayemoro pesoHartopa coenagaroT ¢ MogamMu Kpyrnoro metanin4eckoro BoniHoBoaa.
ITosToMy B Ha4anbHOM IUIOCKOCTH 3aJaJUM HU3Iy4E€HUE B BHJE CHMMETPHUYHBIX a3MMYTadbHO WU PaJUaNBHO
nonapuzoBaHuelXx TE, , TM, ¥ HECUMMETPHYHON JIMHEWHO mojsgpu3oBaHHOM TE, MOA KpYIJoro
METAJUINYECKOTO BOJIHOBOAA PajgMyca «a, KOMIIOHEHTBHI JJIEKTPOMATHUTHBIX MONEH KOTOPBIX B INIOCKOCTH
ucrouyHuka z = 0 umeroT u3BecTHHIN BUJ [11]. Mcnonp3ys A omucaHUs KOMIIOHEHT BEKTOpa HANpSKEHHOCTH
ANIEKTPUUYECKOTO T0JIsI B IPOU3BOJIBHOM IIOCKOCTH z = z; B CBOOOJHOM mpocTtpaHcTBe Gopmydsl (1), moaydum
BBIPa)KEHU JUIA MOTIEPEYHBIX U MPOJOJIbHON KOMIIOHEHT MOJIsA, Hanpumep TE, Mof,:
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ITone Ha BXOZE M BBIXOJE JIMH3BI PaANyca ¢; OIMIIEM C MCHOIb30BaHHEM (QyHKINHU (Ha30BOI KOPpEKIUU

THE X1, — N-¥ KOpEHb ypaBHEHHS J| (;():0 , Ay = — HOPMUPYIOUIUI1 MHOXKUTEIIb.

[12] T (p):exp(—iﬁp2 / AF ), rae F — ¢poxycHoe paccTosHUE TMH3BL. BHOBS IPUMEHHUB K KOMIIOHEHTaM BEKTOpa
HaNpsOKEHHOCTH  DJIEKTPHYECKOTO  IM0JIsl, HaWAeHHBIM 1ocie  (a30oBOW  KOPPEKIHMH, HWHTErpajbHbIC
npeobpaszoBanus Panes-3omMMmepdenbia NONyduM aHAIMTHYECKHUE BBIPAKEHHUS JUISl TTOTIEPEYHBIX U MPOAOJILHOM
KOMIIOHEHT nojis TFE;, MoJ B CBOOOJHOM IMPOCTPAHCTBE HA PACCTOSIHUM Z; OT JIMH3bL:
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PE3YJIbTATBI PACUETA
Hcnonb3yss mosydeHHbIE BBIPKEHHS OBIIM M3YYeHBl IIONEPEYHBIC PACHpPENeICHUS CyMMapHOMH

2 2 2
HMHTCHCHUBHOCTH I10JIA I=|Ex| +|Ey| +|L£,| W €r0o OTACIBbHBIX KOMIIOHCHT UCCJICAYECMbIX PE3OHATOPHBIX MO B

o0ylacTH MHHHMAaJbHOTO pa3Mepa (OKIBHOTO NATHa CQOKYCHPOBAHHBIX NYYKOB u3imydeHus. PDoxycHoe
paccTosiHMe JMH3BI F BBHIOMPAIOCH COOTBETCTBYIOLIMM YCIIOBHSIM YMEPEHHOW (OKYCHPOBKH (YHCIIOBas
aneprypa quH3bl [13] NA=q;/F <0,7, a; — paguyc auH3bl) U ocTpoil (okycupoBku (NA = 1). [lnuHa BOJIHEI
W3Ty4YeHUs ObUTa BBIOpaHa B CpemHEH YacTH TeparepreBoro amamasoHa A = 0,4326 MM (JHHHS TEHEpanUu
nasepa ¢ ontudeckoil Hakaukoi Ha Mojyiekyine HCOOH). [luameTp BoIHOBOAA BEIOpaH paBHBIM 2a = 20 MM.

Ha puc. 1 — 3 mnpuBeaeHsl paauagbHbIC

0.08 3 pacnpeaeneHnss UHTEHCUBHOCTH IIOJIS I TPEX MOJL
0.07 27 C Ppa3IMYHOM MPOCTPAHCTBEHHOW MOJsIpU3aL e
24 pe3oHaropa TI'n nazepa c KPYTJIbIM

0.06 21 METAJUINYECKHM BOJHOBOJIOM — CHMMETPHYHBIX
0.05 1: g . a3UMYTaJIbHO MOJIIPU30BaHHOMN TEpy, u
Eo 04 1.5 E payiajgbHO TOJIIPU30BaHHOM TMOlq MOJI, a TaKXXe
Sﬁ 0.03 1.2 Sﬁ HecuMMeTpuduHOM  TEj;, MOIBl  HOJNAPU3ALU
~ 09 =~ KOTOpO# Onm3ka Kk JuHelHOoW. CIJIoNTHbIE KPUBBIC
0.02 0.6 COOTBETCTBYIOT YMEpeHHOI (oKyCHpOBKE
0.01 03 W3IydeHHus JuH30H paamycoM a;= 30 Mm c
0 dokycHpIM paccrostHueM F = 160 mm (NA = 0,2),

0
-35 25 -15 -05 05 15 25 t,MMm MMyHKTAPHBIE — OCTPO#l (DOKYCHUPOBKE JHH30H TOTrO
Puc. 1. PacueTHble paanaibHble paclupeneieHus CyMMapHOH ke paauyca ¢ =30 mm (NA=1).
MHTEHCUBHOCTH Moyt TEy, MOIbl TpU YMEPEHHOH [,
u octpoit I, hoKyCUPOBKaX.
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Puc. 2. PacyeTHble paauanbHble pacupeieNieHns CyMMapHOH MHTEHCUBHOCTH 1o TMy;, MOZIbI (a) M MHTEHCHBHOCTH MOIIs
ee MPOAOJILHON KOMIIOHEHTHI (0) Ipu yMepeHHOH [ u ocTpoii [, HOKyCHPOBKaX.

OTMeTUM  HEKOTOpBIE  XapakKTepHbIe OcoOcHHOCTH. IlomepeuHoe — pacmpenesieHHe CyMMapHOMH
MHTCHCHBHOCTH IOJIS a3UMYTAIBHO NOJSAPU30BaHHON TEqy, MOJBI METAUIMYECKOr0 PE30HATOpa B obmacT

MHHUMAaJIBHOTO pazMepa c(hOKYCHPOBAHHBIX ITYyYKOB M3JIyUYCHHUS COXpaHsIeT KoJblieoOpasHblid Bua (puc. 1) xak
IpU yYMEpPEeHHOH, Tak W mpu ocTpoil (OKycHpoBKax. OTH pe3yibTaThl COBHAJAIOT C pe3yJbTaTaMy,
MOTYYCHHBIMA JUIst MOZbl TE(j, I1a3epHOTO pe30HATOpa Ha OCHOBE KPYIJOrO MONIOr0 AMIICKTPUISCKOro

BOJIHOBOJ1a [8].
Jlnst panuanbHO MONApH30BaHHOH TM (1, MOJIBI IPH OCTPO (OKyCHPOBKE B IONIEPEUHOM PaCIpeNeICHUN

nois HaOrogaeTcst 3HAYMTENBHBIM POCT OCEBOW WHTEHCHBHOCTH (pHC. 2,a), KOTOPBIH OTCYTCTBYET IIpH
YMEpEHHO# (POKYCHPOBKE. DTO OOBSCHSICTCS TeM, YTO NPOJOJIbHAs KOMIOHEHTa TM (1, MOJBI HMEST MAKCHMYM

moJist Ha ocu mmydka (puc. 2,6). ITpu stom, ecnu ipu NA = 0,2 ee BenmnuuHa coctasisiet ~ 0,0018, To mpu NA = 1
OHa Bo3pacTaer Jo 2,2.

CywmecTBeHHBIH POCT MHTEHCUMBHOCTH MPOJOJIBHOH KOMIOHEHTHI II0JIs Il HECUMMETPUYHON TE}1, MOMBI
HaOJromaeTcst B 001acTH MUHHMAIBHOTO pa3mepa ¢okambHOoro mitea — ¢ 0,003 mpu NA = 0,19 no 4,2 npu
NA =1 (puc. 3). Onnako popma MONEPEYHOTO paCHpPEEICHUS] CYMMapHOH WHTEHCUBHOCTHU TOJISL OTOW MOJIBI
M3MEHSETCS HeCYIIeCTBEHHO M MAKCHMYM paclpe/ieNeHus Mojsl HaXOAUTCA Ha OcH Iy4ka. JIume mpu octpoit
(hOKyCHpOBKE B IOIEPEUHOM paclpeeleHnH CyMMapHOW MHTEHCHBHOCTH MOJS MOSBISETCS HE3HAUUTEIBHBIN
MPOBAJI B IIEHTpE My4Ka (puc. 3, a).

Jnst n3ydeHus BIMSHUSA YUCIOBOW arlepTyphl JIMH3bI HA OTHOCUTENIBHBIN BKJIAJ( MTPOIOJIBHON KOMIOHEHTHI
MOJIS B CYMMapHYI0 MHTEHCHBHOCTh MOJI ObUI IIPOBE/IEH pacyeT NpH pa3sIMuHbIX 3HAuUeHHAX mapamerpa NA B
(hokapHON 00IACTH JIMH3BI IO BHIPAKEHHUIO:

03 L~ B S S S 10 0.0035
0271 AN 1% 0003
0.24 | e 18
021 f I 17 00021
3018 ¢ | ‘ I 1° % B0 g
L H | _ oo i
5 01 i N >5 50 011 :
<012 f |-§2 14<<7 <
0.09 | A | - 13 0.001
0.06 | VAN :" I:\Iv \ 12
i 0.0003
0.03 I 11
oL . .

0 [ -
-35 25 -15 050 0515 25 1,MM
a)

Puc. 3. PacueTHble pajuasbHble PACIpPEeENeHUs] CyMMapHOH MHTEHCUBHOCTH 10J1s TE;, MOABI (2) M HHTEHCHBHOCTH TIOJIA
ee MPOJI0JIbHOM KOMIIOHEHTHI (0) mpu yMepeHHoM /1 u ocTpoii I, GokycupoBkax.
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Pe3ynbratsl pacueToB npexacTaBieHsl Ha puc. 4. Kak BUAHO U3 IPUBEAECHHBIX PUCYHKOB IPU YBEJINYEHUU
qucaoBO anepTypsl JuH3Bl (NA ~ 1) cylllecTBEHHO BO3pacTaeT BKJIAJ MPOJOIbHON KOMIOHEHTHI NOJIS B
CYMMAapHYyI0 MHTEHCUBHOCTb MOJ — A1 Moabl TMy;, 1o 18 % u msa moxer TM,, no 34 % (puc. 4, a). Jlanubli
pOCT MPOAOJEHONH KOMIIOHEHTHl M MPUBOJAMT K WU3MEHEHUIO paguanbHoro mpoduns IM,, MOI IpHU OCTPOiH
(dokycuposke. bojee 3HauUTENbHBIA POCT MPOJOIBLHOM KOMIIOHEHTHI HOJs Habmonaercs mia TE;,, mox. B
uacTHOCTH, 11 TE», MOZIBI ITPU OCTPOH (hOKYCHPOBKE OH focTHraet 65 % (puc. 4. 6).
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Puc. 4. 3aBUCUMOCTH OTHOCHTENLHOTO BKJIaJa MPOJONLHON KOMIOHEHTH! nons M, (a) u TE},,, (6) MO B MX CyMMapHYIO
MHTEHCHUBHOCTB MPH PA3IMYHbIX 3HAYECHHIX YUCIOBOH anepTyphl JIMH3bL.
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BO30yXJIaeMOr0 paJManbHO HOIAPU30BAHHOK 1My, MOJOH, HaOMIONAEeTCs 3HAYUTENILHBIA POCT €ro OCeBOM
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POCT HMHTEHCHBHOCTH TIPOAOJIHOM KOMIIOHEHTHI IIOJIS, OJHAKO NPO(WIb IONEPeYHOro paclpeeseHus
CYMMapHOH MHTEHCUBHOCTH JJAaHHOW MOJIBI B 3TOM CIIy4ae U3MEHSETCS HECYIIECTBEHHO.

CIIMCOK JIMTEPATYPbBI

1. Zhan Q. Cylindrical vector beams: from mathematical concepts to applications / Q. Zhan // Advances in
Optics and Photonics. — 2009. — Vol. 1, No. 1. — P.1-57.

2. Brown T.G. Unconventional polarization states: beam propagation, focusing, and imaging / T. G. Brown //
Progress in Optics. —2011. — Vol. 56. — P.§1-129.

3. Quabis S. Focusing light into a tighter spot / S. Quabis, R. Dorn, M. Eberler et al. // Opt. Commun. — 2000.
—Vol. 179. - No. 1-6. - P.1-7.

4. Kozawa Y. Sharper focal spot formed by higher-order radially polarized laser beams / Y. Kozawa, S. Sato //
JOSA A.-2007. - Vol. 24, No. 6. — P.1793-1798.

5. Zhan Q. Focus shaping using cylindrical vector beams / Q. Zhan, J. Leger // Opt. Express. —2002. — Vol 7. —
P.324-331.

6. Chen Ziyang. Tight focusing of light beams: effect of polarization, phase, and coherence / Ziyang Chen,
Limin Hua, Jixiong Pu // Progress in Optics. —2012. — Vol. 57. — P. 219-260.



10.

11.
12.

13.

A.B.Jlecmapes, H.H./[younun, B.A.Macnog / okycuposrka MoO MEMaiiuyecko2o pe3onamopa... 53

Drevinskas R. Laser material processing with tightly focused cylindrical vector beams / R. Drevinskas, J.
Zhang, M. Beresna et al. // Applied Physics Letters. — 2016. — Vol. 108, No. 22. — P.221107.

I'ypun O. B. Pacnipoctpanenue u (poKycHpOBKa MO JTUIJIEKTPUUECKOTO PE30HATOpa TeparepleBoro jJasepa
/ 0. B. I'ypun, A. B. lertsipes, B. A. Macnos u ap. / Paguodusuka u snexkrponuka. — 2014. — T. 5 (19), Ne
3.-C. 84-91.

Luneburg R. K. Mathematical theory of optics / R. K. Lunerburg. — University of California Press, Berkeley,
Calif., 1996. — 448 p.

Zhang Y. Vector propagation of radially polarized Gaussian beams diffracted by an axicon / Y. Zhang, L.
Wang,

C. Zheng // J. Opt. Soc. Am. A. —2005. — Vol. 22, No. 11. — P. 2542-2546.

CrnpaBOYHUK 110 BOJIHOBOJIaM : 1iep. ¢ anri. / mox pea. SI.H. ®enppa. — M. : Cos. Paguo, 1952. — 432 c.
I'ynmen [Ix. Beenenne B dypbe-ontuky / k. I'ynmen. Ilep. ¢ anrn. / mon pexa. I'M. Kocoyposa. — M.:
Mup, 1970. - 364 c.

Greivenkamp J. E. Field guide to geometrical optics. Vol. 1. /J. E. Greivenkamp. — Bellingham, WA : SPIE
Press, 2004. — 128 p.



54 Bicnux Xapriscvrkoeo nayionanvnoeo ynieepcumemy imeni B. H. Kapa3zina.
Cepis “Padioghizuxa ma enekmponixa”, eunyck 26, 2017. C. 54-57.

VIIK 539.1.078

JIBOYACTOTHHM JIABEP HA BAPBHUKY JIJIsI CHEKTPOCKOIIIl ATOMIB
[IUHKY B TPUIUVIETHUX PIABEPTIBCbKUX CTAHAX 7°F,,

A.L Tkaue!, M.JL. Ilorpeousik’!, B.I. Kucsienko?

Xapxiscokuii nayionanonutl ynicepcumem imeni. B.H. Kapasina, gpaxynomem paodiogizuxu,
biomeouunoi enekmponixu ma xomn romeprux cucmem, ni. Ceo6oou 4, Xapxis, 61022, Ykpaina
’Kuiscoxuii nayionanvnuii ynieepcumem imeni Tapaca Illesuenxa,eyn. Bonooumupcora 64/13, Kuis, 01601, Yxpaina

Hapnitinnta no penaxii 25 Tpasas 2017 p.

B nawiii craTTi HaBe#EHO ONMKC IMITYIBCHOTO Jlazepa Ha po3unHi OapBHUKAa Coumarin 153. Jlazep mae He3anexHe
HaJIAIITYBaHHS YacTOT 1 MPAIfoe Ha 2X YacTOTax B Jlialma3oHi JOBXKUH XBHIb A = 452-493 M. Y cTarTi pO3rIsSAaloThCs
OCHOBHI TIEpPEBaru Ta HENOJIKH JaHoro nasepa. Jlasep mpusHaueHuii 1y 30YIDKEHHS aTOMiB IUHKY 3i ctany 43P0, no
pinbeprisckux cranax n’Pos2. HaBenenuii B po60Ti METON € HETpaAUIiHUM it 30ymkenHs Zn [ B TpumeTsi nS i nP
cTaHy. Y CTaTTi HOKa3aHO, IO 3aCTOCYBAHHS JaHOTO METOMLY 3 BUKOPHUCTaHHIM JABOYACTOTHOTO JIa3epa iCTOTHO CIIPOIIye
30y KEHHS aTOMIB IIMHKY B TPUIUIETHI pinGepriBcku cranu n°Pos2.

KJIFOYOBI CJIOBA: PinOepriBchKuii aTOM, TPUILIETHI CTaHH, JIa3epHE 30yKEHHS, IIMHK

B nmaHHO# cTaThe NPUBEICHO ONHCAHHE HMITYJIBCHOTO Jlazepa Ha pactBope kpacutenss Coumarin 153. Jlazep
obJylajaeT He3aBHCHMOW HACTPOMKOI 4acToT M paboTaeT Ha 2X YacTOTax B JWana3oHe JUIMH BOJMH A = 452-493 um. B
CTaThe PACCMATPUBAIOTCA OCHOBHBIC IPEUMYILECTBA M HEJOCTaTKU JaHHOro jsasepa. Jlasep mnpeaHazHaueH MaJIst
BO30YK/ICHHS aTOMOB LIMHKA M3 cocTosnus 4°P°, B punGeprosckue coctostuus n°Porz. TlpuBeneHHbI B paboTe MeTO
SBJAETCS HETPAAUIMOHHBIM A Bo30yxaeHus Zn | B Tpumernsie nS u nP cocrosHms. B cratee mokazaHo, 4ToO
NpUMEHEHHEe AAHHOTO METOJa C HCIONb30BAaHMEM JBYXYAaCTOTHOTO Jla3epa CYIIECTBEHHO YIPONIAeT BO30YXKICHUE
aTOMOB IIMHKA B TPUILIETHBIE PUAOEPTOBCKHE COCTOSHUSL. 15 Po;2.

KJIIOUYEBBIE CJIOBA: Pun6eproBckuii aToM, TPHILIETEL, JIa3epHOE BO30YXKICHUE, IINHK

In this paper a description of a pulsed dye laser on the Coumarin 153 is given. The laser has an independent tuning
of frequencies and operates at 2 frequencies in the wavelength range A = 452-493 nm. The main advantages and
disadvantages of this laser are considered in the article. The laser is designed to excite zinc atoms from the 4°P? state, to
the Rydberg states of 7n°Po;2. The method, that is presented in this work, is not traditional for the excitation of Zn I into
triplet nS and nP states. In the paper it is shown, that application of this method using a two-frequency laser greatly
simplifies the excitation of zinc atoms into triplet Rydberg states 7°Po;2.

KEYWORDS: Rydberg atom, triplets, laser excitation, zinc

BCTYII

MiKpOXBHIIbOBa CHEKTPOCKOIISI aTOMIB IIMHKY 3 METOI BH3HAYEHHS Ta iCTOTHOTO YTOYHEHHS 3Ha4YCHb
KBaHTOBOTO JIe(heKTy poOUTH TIJIbKHU HepIi Kpoku. JoTenep omyOIikoBaHO JIAIIE OAHY poOOTY, JIe TAKOTO POIY
JIOCITIKeHHs BUKOHaHI 1 nuie juist D, F ta G cHHIJIeTHUX CTaHiB aToMiB IIMHKY [1].

KBaHTOBHI feheKT B TPUIIETHUX CTaHaX BMBYABCS PaHillle METOJaMH JIa3epHOI CIIEKTPOCKOIIT B po0oTax
[2-4], mpoTe TOYHICTh BUMIPIOBAHHS YacTOT IIEPEXO/iB TaM 3aBX/]H OyJia MOPIBHIHO HEBUCOKOI. BuMiproBaHHs
YacTOT MepexXOJiB TPUIUIETHUX aToOMIB IIMHKY B DiJ0epriBCbKUX CTaHaX METOJOM MIKpPOXBHIILOBOT
PaioCIEeKTPOCKOITIi, 3a0e3Meuy€e TOYHICTh BU3HAYCHHS YaCTOT MEPEXO/iB Ha 3-4 MOPSAKH BHIIE Ti€l, M0 Ia€
"kjacuuHa" J1a3epHa CreKTPOCKOITis.

ExcriepuMeHTanbHe yCTaTKyBaHHS JUIA TNPOBEICHHS TaKMX BUMIPIOBaHb € JIOCHTH CKJIaJHHM. Bone
BKJIIOYa€ JI0 CBOTO CKJaJly BHCOKOBAKYYMHY KaMmepy 3 JDKEpElIOM Ta IIPHUCTPOSIMH (GOPMYBaHHS ITydKa
HEUTpaTBbHUX aTOMIB, CHCTEMY JIA3EPHOTO 30YKCHHS aTOMIB 3 OCHOBHOTO B PiJOCPTiBCHKI CTaHU 3 3aJaHUMU
TOJIOBHUM Ta OpOITaJbHUM KBAaHTOBUMH YHCIIAMH, IPKEPENIO MIKPOXBHIILOBOTO BUIIPOMIHEHHS JUIsl 30yKESHHS
MePEeXo/iB MiX piIOSPTiBCHKUMH CTAHAMH IIiJ Ai€0 I[HOT0 BUIPOMIHIOBaHHS 3 BUCOKOTOYHHM BHUMIPIOBAHHSIM
YaCTOTH TIEPEXOJIiB, CUCTEMY JIETEKTYBaHHA PifOepriBCHKUX aTOMIB METOJIOM TOJIBOBOI 10HI3aIlli, KOMITIOTEPHY
CHCTEMY YTIPaBIIiHHS CKJIQJOBUMH CIEKTPOMETpPA i IEPBUHHOT 00poOKH oTprMaHOi iH(popMarrii.

Haii0inpm rpoMi3AKuM i HEHAIIHHIM €JIEMEHTOM CIIEKTPOMETpa € CHCTEeMa JIa3epHOTro 30yKEHHS aTOMiB
3 OCHOBHOTO B TPHUIUIETHI Pif0OepriBChbKi CTaHMU, 3 AKUX OYIyTh 3IIHCHIOBATHCH MIKPOXBWIBOBI mepexonn. Taka
cucreMa 30yKeHHs HaifuacTime OyxyeThcsi Ha KOMOiHAIlil BUIPOMIHIOBAaHb IBOX 200 TPHOX BY3bKOCMYTOBHX
Ja3epiB 3 MEePEeCTPOIOBAHHSAM YaCTOTH Ha PO3YMHAX OPTraHIYHWX OapBHHKIB, a0 TapMOHIK IMX Ja3zepiB. Sk
NpaBWIO, JUI HAaKadyBaHHs Ja3epiB Ha PO3UMHAX OApPBHUKIB BHKOPHUCTOBYETHCS ApYyra TapMOHIKa jiasepa Ha

© TxaueB A.L, [Torpeonsx M.JI., Kucnenko B.1., 2017
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iTpili-asitoMiHi€EBOMY TpaHaTi 3 HeonuMoM. B ymoBax oOMexeHb B BHOOpi OapBHHUKIB, ONTHYHUX EIIEMEHTIB
OynoBH J1a3epiB, MOKJIMBOCTI J1a3epiB HAKaYyBaHHS BaJKIIMBUM CTAa€ €KOHOMIisl BUIIPOMIHIOBaHHS 30y KEHHSI.

Tpamunitinuit meron orpuManHs Znl B TpuruietHux nS 1 nP craHax, monsrae B Tomy, mo Znl
30yKYETBCSl BUIIPOMIHIOBaHHSIM 3 JOBXHHOIO XBWII A= 307,5 HM, mpu sSIKOMY BiIOyBaeTbcs TEepexil B
HOPIiBHAHO TOBrOKUBY4YWi (T = 250 HC), HaliHmKIui TpuruieTHHA ctan 4°P 3 emepricro E = 32501.42 cm’!, a
MOTIM METOJIOM JIBOYACTOTHOTO JIA3EPHOTO HaKadyBaHHS 30YIKYIOTHCS B PiIOEpTiBCHKI CTAaHH 3a OAHIEIO 3i
cxem: 4°P1—53S—n’P abo 4°P;—*Dy—nF.

Hamoro METOI0 € OTpHMaHHS PindepriBCbKMX TPUILIETHUX “Po > cramis (puc. 1). B poGori [2] mi cTanu
ollepXKaHi NUIAXOM 3X CTYNCHEBOTO HAaKadyBaHHS, A€ IEPEeXOIW aTOMIB IWHKY BiOYBalOTHCS 3a CXEMOIO
41S9—4°P;—5°S;—n’Py;2. B mimomy Takmii MeTOXn BHMarac HasBHOCTI 3-X Jla3epiB Ha OapBHUKY, I
BMKOPUCTOBYIOThCS sl HakauyBaHHs Y AG : Nd*' nasep Ta excumepHuii asep.

Mu NponoHyeMo iHIIy cxeMy 306y/KEHHSI aTOMIB IIMHKY B TPMILIETHI cTaHu n°Py,, Ska MicTUTH MeHIIy
KIJIbKICTh JIa3epiB Ha OapBHHMKax. B I1ili cxeMi BUKOPHUCTOBYIOTHCS OLTBII JOCTYIIHI Jia3epu HakauyyBaHHS Ta
MPOCTIllli B HAJIAIITYBaHHI Jla3epy Ha OapBHUKAX.

Jlns 36y1KeHHs1 TIepexoly nepioro crynens 4'So—4°P; BUKOPHUCTOBYEThCS Apyra TapMOHiKa Jla3epa Ha
Gapeauky DCM 3 A =615 HM, SKuil B CBOIO 4epry HaKadyeThes Apyroro rapmonikoro YAG:Nd*' masepa
(5328M). EHepris iMIynbpCcy BHIIPOMIHIOBaHHS APYroi TapMOHIKM HEOIMMOBOTO Jia3epa CTAHOBHUTH OJHM3BKO
10 m/Ix. Lle mo3BomMIIO OTpHMATH €HEPrif0 IMIyJbCy Ja3epa Ha OapBHUKY (615 HM) Omm3pko 1,8 Mk Ta
EHEPTio IMITyIIbCY Horo mpyroi rapmoHiku (Y@ BumpoMiHIOBaHHS 3 ZoBXHHOIO XBuimi 307,5 aM) - 0,8 Mk, mo
HEOOXimHO i 30yIKCHHS TEpeXOy IEpHIoro CTYIeHS aTOMIB LWHKY Yy piaOepriBChKi cTaHd. TpHBamicTh
IMITyJIbCIB Jla3epa Ha OapBHUKY ckiaia 12-15 He

Puc.1. EnepreTruHi piBHI IIMHKY: TPHOXCTYIIEHEBA CUCTEMA 30yIKEHHS

30yIpKeHHS IEPEXOAiB IPYroro Ta TPEThOTO CTYNEHs 3[1HCHIOETHCS 32 JOIIOMOT'0I0 IBOYACTOTHOTO Jia3epa
Ha OapBHHMKY Coumarin 153. [lnsg HakauyBaHHS JBOYACTOTHOTO Jia3epa BUKOPHUCTAHO MOJIEKYJSIPHUI a30THUI
Ja3ep eHeprig IMIyJbCy sIKoro cTaHoBHTH | MJIk. 3arajpHa €HEpTis iMIyJIbCy BHIIPOMIHIOBAHHS Jlazepa Ha
GapBHUKY Ha 000X yacToTax craHoBmwiIa 6mm3bko 0,3 mJ[k. TpuBamicTs iMImynbciB 1a3epiB Ha OapBHUKY CKiaia
~5 Hc, yacoBa 3aTpuMKa Mix Jazepamu Ha DCM ta Coumarin 153 craHoBHUTE OIM3BKO 2 HC, IO HE TIEPEBHUILYE
Yac KHUTTS IPOMDKHEX piBHIB [4].
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JIBOYACTOTHHI JIA3EP, IO IIPAI[FOE€ B CUHbO-3EJEHIN OBJIACTI
BUNIPOMIHIOBAHHSI 3 HE3AJIEXKHOI IEPEBY/IOBOIO YACTOTH
B sikocTi aKTHBHOTO CepeoBHINA Jla3epa BUKOPUCTOBYEThCS po3urH OapBHUKa Coumarin 153 3i cMyroro
Qayopecuenmii 452-493  um. JIkepeaoMm HakadyBaHHS MOXKe CIykuTH 3s rapmonika YAG: Nd** masepa
(355 aM), abo N> mazep (A = 337um). Y Hamiif poOOTi MU BUKOPHUCTOBYeMO N Jazep 3 €Hepri€io B iMITyIIbCi
OMmM3pKO 1 MK Ta TPUBANICTIO IMITYIIBECY 5 HC.
Jlazep noOymoBaHMi 32 CXEMOIO 3 MONEPEYHNUM HAKAadyBAHHSIM Ta KOB3HUM ITAIiHHSIM IPOMEHIO 3 KIOBETH
Ha nudpakmiiay rpatky. HesamexxHa cemekiis 2-X XBHIb 3a0€3MEIYEThCS 3aCTOCYBAHHSAM B PI3HUX MOPSAKAX
mudpakmii TpaTKd 2-X O3epKall, BiIOWTI MpPOMeEHi SKUX MOTPAIULIIOTh HA IPATKy, CTBOPIOIOYHM TaKUM UYHHOM
MTO3UTHUBHUM 3BOPOTHHUH 3B 30K HA Pi3HUX YacTOTax (pHc.2).

Puc.2. Cxema poGoTH TBOYACTOTHOTO Jla3epa 3 HE3aJIS)KHUM NepECTPOIOBAHHSAM YaCTOTH

HesanexxHe nepecTporoBaHHS 4acTOTH A1 Ta A, B Mexax cMyru ¢uryopecuennii Coumarin 153 gocsiraerbes
NPOCTHM TOBOpOoTOM a3epkan 1 i 2. Po3B'si3ka BUXOXy 3HIHCHIOETBHCS y HYJNHOBOMY IoOpsiaky audpakuii. Lle
MPU3BOJUTH JI0 TOTO, 1110 00HM/BA Ja3epH BUIPOMIHIOIOTH B OJTHOMY HAIPSIMKY 1 HE PO3XOASAThCS IPH NepeOynoBi
9acTOTH A1 Ta Ag.

IlepeBaro IBOYACTOTHOTO Jja3epa B 3alpOIOHOBaHIN CXeMi JBOYACTOTHOIO PE30HAHCHOIO 30Yy/KEHHS
aTOMIB € Te, IO BiH 3aMIHIOE JiBa Jla3epa Ha OapBHUKAX 3 yciM HaOOPOM E€JIEMEHTIB: KIOBET 3 NPOTOUYHUM
po3unHOM (hapOHHKa, mudpakmiiHi rpaTku, a3epkaia (1 i 2), TOOTO 3MEHIIYETHCS B 2 pa3H KUIBKICTh Pi3HUX
€JIEMEHTIB JIa3epa, BiAMANar0Th BTPATH BiJl PO3MOAUTY TOTYXHOCTI HakadyBaHHA N> Jlazepa 1 eJIeMeHTIB
ONTHYHOI CHUCTEMH, 3BEICHHS NMPOMEHIB A| Ta A, Iepej BBEICHHAM iX B oOmacTb B3aemonii. besymoBHHM €
BUTPAIl y BapTOCTI MPUCTPOIO 1 MOJIMIIEHH] HOTo BIACTMBOCTEH 3a paXyHOK 3MEHIIECHHS BUTPAT Ha IPHUCTPOI
MOJUTY €Hepril Ta3epa HaKauyBaHHS 1 CHCTEM 3BEIICHHS BUX1THUX IPOMEHIB.

Oco0nuBicTIO pOOOTH TaKOro Jja3epa € OTPUMAaHHS IMIyJbCy Ha PI3HHX 4YacToTax nobnu3y OyIb-sKoi
TOYKH, JI€ YACTOTH CHJIBHO 30JMKYIOTBCS. Y IHMX TOYKAX CHOCTEPIraeThCs MepeKauka eHeprii BUIPOMIHIOBAHHS
3 A1 Ha A2 IOTY>KHOCTI IMITYJIbCY, OJTHAK, 00JIaCTh B3aEMO/Ii1 HE MEPEBUIIYE 2-3 HM.

Jl1sl TOYHOTO HACTPOIOBAHHS HA HEOOXIJHI JOBXHWHHM XBHIIb MU BUKOPHCTOBYEMO JYTOBHUIl O3PS LIMHKY,
3a JIOIIOMOTOIO SIKOTO CIIOCTEPIraroThes JIiHil roMinectieHnii (puc.3). 3a JOMOMOTO0 IUX JIiHIH MPOBOJUTHCS
MOTIepeHE HANAITYBAHHA J1a3epiB Ha OapBHUKAX Ha MOTPiOHI JOBXKWUHHU XBWJIb JIJIS 30Y/PKEHHS aTOMIB LIUHKY.
Ha puc.4 HaBeneHOo mpuKIiIaj BUIPOMIHIOBaHHS Jiazepa Ha OapBHHMKY 3 JBOMa JIOBKMHAMH XBWJb, i€ OJHA
JIOBXKMHa XBHWJII (pikcoBaHa (Ha PHCYHKY pO3MillleHa Ha BEpIIMHI T'OJKH) a iHIIAa Mae€ BEJIMKHH Jiana3oH
nepecrporoBaHHs. Ha puc. 5 HaBeaeHO NpHKIIaa HaJlalITyBaHH Jla3epiB 3a JIOIMOMOTOI0 JyTOBOTO PO3PSIY JIiHIH
LMHKY.
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Puc.3. JlromiHecueHis y AyroBoMy po3psani uuHKy (482umM.,  Puc.4. [Ipuknan BUIIpOMiHIOBaHHS Ja3epa Ha OapBHUKY 3
472,2uM, 4811M) JIBOMA JTOBKHMHAMH XBUJIb ((ikcoBaHa XBUII 472,2
3HAXOUTHCS Ha TOJIIII)

Puc.5. [Ipukian HanamTyBaHHA J1a3epiB IO JyTOBOMY PO3pAAY JiHIH IHHKY

BUCHOBKHA

[epeBaroo BUKOPHCTAaHHS IBOYACTOTHOTO Jia3epa B 3alPOIIOHOBaHIM CXeMi JBOYACTOTHOTO PE30HAHCHOTO
30y/DKEHHSI aTOMIB € Te, IO BiH 3aMiHIOE JiBa jla3epa Ha OapBHHKax 3 yciM Ha0OpOM E€JIEMEHTIB: KIOBET 3
NPOTOYHUM po3unMHOM (apOHuKa, nudpaximiiHi rpatku, azepkana (1 i 2), ToOTO 3MeHIIyeTbcs B 2 pasu
KUTBKICTh PI3HUX €JIEMEHTIB Jla3epa, BiAMAaJalTh BTPATH BiJ PO3MOIUTY MOTYXHOCTI HakauyBaHHS N, Jasepa i
€JIEMEHTIB ONTHYHOI CHCTEMHU 3BEJCHHS MPOMEHIB A| Ta A Mepej BBEICHHSIM iX B 00JacTh B3aeMOJIl Mydka
aTOMIB 3 Jla3epHHM BUIPOMiHIOBaHHSAM. TOOTO Mae MicIie BUTpaml y BapTOCTI MPHUCTPOIO 1 MOJIMIICHHI Horo
SKOCTI 32 paxXyHOK 3MEHIICHHS BTPAaTH CHEpril i3-3a BiICYTHOCTI PO3IMOMLTY €Heprii MiX JBOMA JIa3epamMH Ha
OapBHHMKAX Ta CUCTEM 3BEJCHHS BHXiIHUX IPOMEHIB.

OcoOMUBICTIO POOOTH TAKOTO Ja3epa € MOKIHUBICTh HE3AICKHOTO MEPECTPOIOBAHHS YaCTOTH 000X JiazepiB
3a BUHATKOM BY3bKOI 30HH, J€ YacTOTH 1X HaATO 30JMMKYIOThCS. B Takux 30HaX BinOyBaeThcs MepeKadyyBaHHSI
€Heprii 0 JiHil 3 HIDKYHM OporoM reHepanii. OqHak Taki 00JacTi B HAIIOMY JBOYACTOTHOMY Jia3epi 3aHaITo
Mauti (2-3 HM) B OPIBHSIHHI 3 ialla30HOM I'eHeparlii.
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3KCHEPUMEHTAJIBHBIE UCCJIEJOBAHUS IMHAMWYECKOM
CHEKTPAJIbHON ®UJIHLTPAIIUY ONITUYECKHUX U30BPAKEHUN
C UCIIOJIB3OBAHUEM AKYCTOOITHUYECKOI'O ITPOIECCOPA

JI. ®. Kynuenko, B. /[ Kapaos, O. A. I'ypun, A. C. Peiobsik, H. B. Ci1adyHnoBa
Xapvrosckuil nayuonanwvuwiil yrueepcumem Bozdywnvix Cun um. U. Koowcedyba, eyn. Cymewvra 77/79,e. Xapvros,
61023, Yxpauna
E-mail: kupch@meta.ua
[Moctynuna B pegaxuuto 09 utons 2017 r.

OKCIIEPUMEHTAJIBHO HUCCIIEAYeTCS IPOLECC YNPaBIseMOil JAMHAMHYECKOH CHEKTpadbHOH (uIbTpanuu
OITUYECKUX H300paKCHUI OTIIMYAIOIIMXCS PA3NIMYHBIMU CIIEKTPAIBHBIMU CBOMcTBaMU. AmnmaparHas (QyHKIHs
aKyCTOONTHYECKOT0 mpolieccopa (popMHUpoBanack Ha OCHOBE allpHOPHBIX CBEACHUH O CHEKTPAIbHBIX CBOICTBax
00beKTa U oHA TaKHUM 00pa3oM, YTOOBI 0OECTICUNTh NMOAABICHUE CIEKTPAIBHBIX COCTABIIOMINX U3ITydeHUS QOHA.
VcToyHnKaMH ONTHYECKOTO H3JIyYEHHsS CIY)KHJIM TPU IIOJYIPOBOJHUKOBBIX JIazepa, paboTaIONMX B AWAna3oHax
KPacHOTO, 3eJICHOTO M CHHEr0 YYacTKOB CHEKTpa. B kadecTBe 3JIeMEHTOB HMHTHPYIOIIMX TI'€OMETPUYECKHE M
CIIEKTpaJIbHBIC CBOMCTBA OTPAKAIOIIUX MOBEPXHOCTEH 00BbekTa M (poHA MCHONB30BATUCE MHUPHI M aOCOPOIMOHHEIE
cBeToGMIbTpEl. KonMdecTBeHHass OIEHKa CHEKTpaTbHOH QuuibTpamuu n3oOpakeHui o0bekTa u  (oHa
OCYIIECTBIUIOCE € HCIIOJB30BAHHEM  aMIUIUTYJHO-IIPOCTPAHCTBEHHBIX ~ XapaKTEepHCTHK  Ha  BBIXOJE
HPOCTPAHCTBEHHOTO ()OTONPUEMHHKA.

K/IFIOYEBBIE CJIOBA: guHamudeckass CHEKTpaidbHas  (QWIBTpalMs, aKyCTOONTHYEeCKas  (QHUiIbTpamus
n300paKeHUH.

ExcneprMeHTanbHO MOCTIDKYETBCS MNpPOLEC KEPOBaHOI AWHAMIYHOI CHEKTPaidbHOI QiIbTpamii ONTHYHHX
300paXkeHb, IO BIIPI3HSAIOTBCS PI3HUMH CHEKTPAIBHUMH BIACTHBOCTSAMH. AmapaTHa (YHKIiS aKyCTOONTHYHOTO
nporecopa (GpopMyBaiacs Ha OCHOBI alpiOpHHUX BiIOMOCTEll MpO CIIEKTpalbHI BIACTHBOCTI 00'€KTa i ()OHY TaKUM
9UHOM, 11100 3a0e3MmeunTr 3MEHIICHHS CIEKTPaIbHUX CKJIAJ0BHX BHUIPOMiHIOBaHHS (oHy. J[XepenaMu ONTHYHOTO
BHUIIPOMIHIOBAaHHS CIYXKWJIM TPU HAIIBIPOBITHUKOBHX Ja3epa, II0 MPAIIOIOTh B Jiala3oHax 4epBOHOI, 3eJeHOT Ta
CHHBOI YaCTHHHU CIIEKTpa. Y SKOCTI €JIEeMEHTIB, IO IMITYIOTh T€OMETPUYHI Ta CIIEKTPaIbHI BIACTHBOCTI TIOBEPXOHb
00’exTa Ta ()OHY BHKOPHCTOBYBAJIMCS MipH i BOMpHI cBiTodineTpy. KijbkicHa oIliHKa crekTpaibHOi (imbTparil
300pakeHb 00'ekTa Ta QoHY 37ifiCHIOBaNACS 3 BUKOPUCTAHHAM aMILTITYAHO-IIPOCTOPOBUX XapaKTEPHCTHK Ha BHXOI
HpPOCTOPOBOro (oTONpHiiMaya.

KJIFOYOBI CJIOBA: muramivHa cniekTpaibHa QiIbTpallis, akyCTOONTHYHA (PibTpalis 300pakeHb.

The process of controlled dynamic spectral filtration of optical images characterized by different spectral
properties is studied experimentally. The hardware function of the acousto-optic processor was formed on the basis of
a priori information about the spectral properties of object and background in a way to provide the suppression of
spectral components of optical radiation background. As the sources of optical radiation three semiconductor lasers
operating in the red, green and blue spectral regions were used. As the elements imitating the geometric and spectral
properties of the reflecting surfaces of the object and background, test pattern and absorption filters were used.
Quantitative estimation of the spectral images filtration of object and background was carried out using the
amplitude-spatial characteristics at the output of the spatial photodetector.

KEYWORDS: dynamic spectral filtration, acousto-optical filtration of images.

BBEJEHUE

CriextpanpHas ¢QuiapTpanmsa w300pakeHuil (M300paxkarommas CIIEKTPOCKONHSA) HCHOJB3YeTCs  UIs
oOHapyXeHHs M WACHTH(PHKAIWN OOBEKTOB, JUIS BU3yaJH3allMd M aHAJIM3a MX CTPYKTYpHl. OTIHYnTENbHAs
yepTa CHEKTPAIbHBIX W300paKeHHH COCTOMT B TOM, YTO CTPYKTYpHBIE OCOOCHHOCTH HAaONIOaeMOTro OOBEKTa
MOTYT MPOSABIATHCA IIyTEM W3MEHEHHs KOHTPACTa M300pakeHMH MOTYYEHHBIX B ONPEEIEHHBIX CIEKTPAIbHBIX
uHTepBanax [1]. Jlmsg  CHEeKTpanbHOW  CelNeKIUMH  W300pakeHWH  MCTOJB3YIOTCS  IepecTpanBaeMble
MIMPOKOANEPTYypPHbIE aKyCTOONTHYECKHE CBETO(QMIBTPHI, KOTOPBIE ITO3BOJSIOT (OPMUPOBATH HM300paKEHHS
00BEKTOB B ITMPOKOM CIIEKTPAIILHOM HHTEpBAJIe.

Junamudeckas (WIbTpanusi B ONTHUKO-DJIEKTPOHHBIX CHUCTEMax SIBJSIETCS JaJbHEHIINM pPa3BUTHEM
NPUHLUIIOB M300paXalole CIEKTPOCKONMM M INPEACTaBiIseT cOo0OW  yNpaBisieMyl0 CHEKTPaJbHYIO
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¢unpTpanuio. OTaudue OT BUACOCIEKTPOMETPOB COCTOMT B TOM, YTO B ONTHKO-3JIEKTPOHHBIX CHCTEMaxX C
JTUHAMUYECKOH CIIeKTpaIbHOHN (IIBTpAIied YCTPOUCTBO CENEKINH pasjiaracT MPUHATOE U3IYICHHE B CIEKTP, H
obecrieunBaeT ympasisieMoe M3MEHEHHe Kod3((uImeHTa MpOIyCKaHUs CIEKTPAIbHBIX COCTABISIOMINX, TAaKUM
00pa3oM, 4ToObI 00eCTIeYNTh MaKCUMaIbHOE MOJIaBlIeHNE H3TydeHus GoHa [2],.

CnexrpanbHol  (unbTpanu W300paXeHWH MOCBAIIEHB! padoThl [3], B KOTOPBIX IOKAa3aHO, 4YTO
MPOCTPAHCTBEHHOE Pa3pelIeHUe ONpeaeIsiTCs JMHEHHON U yITIOBOH anepTypoi akycTOONTHYECKOTO GHIIbTpa, a
TaKKe JJIMHOW BOJHBI CBETOBOrO W3iydeHus. OmnpeneneHbl MyTH YMEHBIICHUS ONTHYECKUX adeppauuii u
XPOMaTHYECKUX CMEIEHNH N300pakeHHH, 00yCIIOBICHHBIX aKyCTOONTHYECKUM B3aUMOCHCTBUEM.

OKCIIepUMEHTAIBHBIM HCCIICIOBAHUSIM AHHAMIYECKOW CIEKTpaNbHOW (MIIBTpAlliy MOCBsIIeHa padoTa [4].
[Ipennonaramock, 9YTO CIIEKTpaTbHBIE CBOWCTBA BXOAHBIX CHTHAJIOB MPHHAIISKAMHNX "00bekTy” mmbo "dony”
MIOCTOSIHHBI 110 BCEH HMCCIIETyeMON MTOBEPXHOCTH, IIO3TOMY JJISI MMUTAUHM BXOJIHBIX CUTHAJIOB HCIIOJIBH30BAINCH
abcopOIMOHHBIE CBETOQUIBTPHI C TOCTOSHHBIMH CHEKTPaJbHBIMH CBOWCTBAaMH MO Bceil ameprype.
D¢ deKTHBHOCTh Tpoliecca CHEKTPaIbHOW (GHIBTPALMK ONPEACISUIOCh 0 BEIMYMHE KOHTpAacTa CUTHAJOB
NpUHAJIeKAINX 00BeKTY U (OHY, 0 U mocie ¢uabTpanuu. OJHAKO BOMPOCH! CHEKTPAIbHOW (HIBTPALMH
U300paKeHUH He UCCIIeI0BAIUCE.

MOCTAHOBKA 3AJAYHN

B HacTosieii craTbe 9KCIIEPUMEHTANIBHO UCCIIEYeTCs MPOLECC YIPAaBIsIeMOl CHeKTpaibHOU (uibTpaimn
ONTHYECKNX M300paKEHUH C UCTIOIH30BAaHUEM aKyCTOONTHYECKOTO CIIEKTpOMeTpa. B akcneprmMenTe B kauecTBe
3JIEMEHTOB UMUTHPYIOIINX T€OMETPHUECKHE U CIICKTpaIbHbIC CBOWCTBA OTPaXKAIOIINX MOBEPXHOCTEH "00BeKTa”
1 "(hoHa" UCTIOIB30BAINCH MUPHI U TIPOCTPAHCTBEHHO COBMELIEHHbBIE ¢ HUMHU a0COPOIIMOHHBIE CBETO(MIBTPHI, a
MCTOYHHMKAMH ONITHYECKOTO M3IIYUEHHS CITY>KIIN TPH HOIYTPOBOJHUKOBBIX JIa3epa, pabOTaroNINX B THAa30HAX
KPaCHOTO, 3€JICHOTO U CHHETO YYacTKOB CIICKTpa.

Jna  paspemieHHs OZHOTO DBJIEMEHTa H300paXKeHHs C pasMepoM 4, ONTHYecKas CHCTeMa

aKyCTOOINITHYECKOrO CIIEKTPOMETpa DOJDKHA 00NajaTh yIIoBOH amepTypoir A@ > A/4,, KoTopas, B OCHOBHOM

OTIpeZIeTsIeTCs PACXOJMMOCThI0 aKyCTHUECKOTO Mydka. Ecim B OonTHYECKOH cXeme HMCIIONb3YeTCsl TEJIECKOIl
yBeianyeHneM M , To TpeGoBaHHMe K YIJIOBOH ameprype 3amuchiBaeTcs B Buige A6 > M A/ A, . YBenndeHue

TEJIECKOIIa BBIOMpaeTcss W3 YCIOBHH CONPSDKCHMS pa3MepoB H300pakeHUS C JIMHEWHOW amepTypou
aKyCTOONTHYECKOro mpoueccopa A=Ma. MakcuMaabHOE YUCIO Pa3pelIaeMBIX 3IE€MEHTOB H300pasKeHUs

onpeneinsercs oTHomenueM N = A/ A4, upaBHo N <Aba/A .

Takum o00pa3oM, MakCHMaJIbHOE YHCJIO pPa3pelIaeMbIX IO KPUTEpHIO Penest 3yeMEeHTOB H300paskeHHS
AKyCTOONTHYECKUM CIIEKTPOMETPOM ONPEAEISIIOTCA €ro YIIOBOM amepTypol B OCHOBHOM OIIpeelsieMeit
PacXoMMOCTBIO 3ByKOBOTO Tyuka A6 NHHEHHON anepTypoi a , a TakkKe [UTHHOW BOJIHBI CBETA.

Db dexkTHBHOCTh Mpollecca CHEKTPAIbHOW (UIBTPALMH HM300paKECHUI ONpPEACsUIOCh 10  BEIHYUHE
MPOCTPAHCTBEHHO-KOHTPACTHBIX XapaKTePUCTHK MpUHAIekamux "o0bekry” u  "¢Qony” a0 u mocie
(unpTpanuu.

[ToBelmeHnst KoHTpacta wm3o0pakeHmd K  oOecmeumBaercss IyTeM yMeHbIICHHS Kod(hduimenrta
MPOITYCKaHMS sl CIIEKTPAIbHBIX COCTABIIAIONIMX NMPUHAIISKAINX GoHY — B ¢ MUHUMaIbHBIM YMEHBIICHUEM
K03(dHUIMEeHTa ITPOITYCKAHUS IS CIIEKTPaJIbHBIX COCTABIISIOMMX 00bekTa — T.

_T-B (1)
T+B

[Tpouece cnekTpanbHON (QUIBTpALK OyAEM HCCIIeIOBATh C MCIIOJIb30BAaHHEM BEKTOPHOTO ITPEACTAaBICHUS

ONTUYECKOT0 H3IY4YEHHs, NPU KOTOPOM CIIEKTPAbHBIE COCTABISIOIIME CHUrHAJa IPEACTABIAIOTCS B BHJE

BEKTOPOB B MHOTOMEPHOM CIIEKTPaJbHOM TPOCTPAHCTBE, BEIMYMHA KOTOPHIX OMpPENENIeT CIEKTPAIbHYIO
SIPKOCTB ONTHYECKOTO CUTHAJIA.

MateMaTHYeCKOH OCHOBOW CHEKTPalTbHOM CENeKIUH (POHOBOH KOMIIOHEHTH SIBISICTCS OIEparis
BBIUUCIICHHUS CKAJSPHOTO TIPOW3BEACHHWS pPABHOTO HYJIIO, UYTO pealu3yeTcs NpH MNEepIeHAUKYIIPHOM
pacrioyio)keHNH BEKTOpoB (oHa M ¢mnbTpa. BexTop ¢mibTpa BBYHCIAETCS C HWCHOIH30BAHHEM ANPHUOPHBIX
CBEJICHUH O CIIEKTPAIBHBIX XapaKTEPUCTHKaX BEKTOpa OObEKTa W BEKTOpa (JOHA Ha OCHOBAHUM CIICIYIOIIETO
BbIpaXKeHus [2].
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Pl NE @
|F-~-4
7. B
rne N = ﬂ - TIPOEKITNS BEKTOpa 00BhEeKTa Ha BEKTOp (OHa.

AKyCTOONTHYECKHE MPOLECCOPhl PA3IUUalOT HAa KOTEPEHTHbIE U HEKOTepeHTHble. B KOrepeHTHBIX
npoleccopax OCYLIECTBISIIOTCS —JIMHEHHBIE IPEeoOpa3oBaHHMs OTHOCHUTEIBHO KOMIUICKCHOM —aMIUTUTY.IBI
CBETOBOTO II0JIS, @ B HEKOTE€PEHTHBIX BBITOJIHSIIOT JIMHEHHbBIE Peo0pa3oBaHKsl OTHOCUTEIBHO MHTEHCHBHOCTH
nosst. [ToaToMy curHaibl Ha BXOJl€ HEKOT€PEHTHBIX aKyCTOONTUYECKHX IPOLIECCOPOB MOJIyUCHHBIE B pe3yIbTaTe
peleHui He MOryT IPUHUMATh OTPULATEIbHBIX 3HAUEHUI.

JleficTBUTETFHO B MHOTOMEPHOM CIIEKTPaJIbHOM IPOCTPAHCTBE BEKTOp (puibTpa OyIeT MMeTh, 1o KpaiHei
Mepe, OIHY OTpPHUIATENbHYI0 KOOPAWHATY. OTO O3HAYaeT, YTO HHTCHCHBHOCTh H3JIyYCHHS B HEKOTOPOM
CIEKTPaIbHOM HHTEpBAJE MMEET OTPHUIATENIbHOE 3HaueHHe. Tak Kak MHTCHCHBHOCTb CBETOBOTO M3IIYYEHHS
MOXET UMETh TOJBKO IMOJIOKUTEIBHOE 3HAYCHHUE, TO ISl PEATU3alNH CIIEKTPaIbHON (QUIBTpaluyu HEOOXOAUMO
WCIIONIb30BaTh OIEPALMI0 BBIYMTAHUS H300paKCHMH, IONyYEHHBIX ITyTeM IPOIMYCKaHUSA dYepe3 (HIbTPEL,

XapaKTEPUCTHKM KOTOPBIX ONMCHIBAIOTCS BeKTopamMu F+ u F~ .
3HaueHHs 3THX BEKTOPOB (OPMHPYIOTCS INPH Ppa3lokKeHWH BeKTopa ¢uibTpa F Ha JIBa BEKTOpa C

TIOJIOKHUTENBHBIME KoopauHaTamu. [Ipu GpopMupoBanuu BekTopa GUIbTpa F ' MOJ0KHMM BCE OTPHIATENBHBIE
3HA4YEHHs KOOPAMHAT, OTOOpaKAIOUIMX OTPUIATEbHOE 3HAYCHUE CIEKTPAIBHBIX COCTABISIONIMX PAaBHBIMU

uymto. [Ipu dopmupoBanun Bekropa GuibTpa F~ TOJOXKHAM BCE KOOPAUHATHI, MMEIOIIHE IOJIOKUTCILHBIC
3HAYCHHS, PABHBIMH HYJIO, @ OTPHUIIATEIbHEIC 3HAUYCHHUS CO 3HAKOM IuTtoc. Hampmmep, ecnm BekTop QHMIBTpa

—_ 7 jnd i
UMeET BHJ F:[F1 -F, —F3] , To BekTopsl F' m F~ Heo0XOAMMO MpEeICTAaBUTH CIEAYIOLMM 00pa3oM:

F=[Foof, F=or RJ.

B pabore [5] moka3aHo, YTO aKyCTOONTHYECKHE CBETO(QMIBTPHI C H3MEHSIEMBIM KO3()(HUIHNEHTOM
HOPOMYCKaHWsT MOXHO paccMaTpUBaTh KaK 3JIEMEHT aKyCTOONTHYECKOrO Ipoleccopa. Ympasisemas
crieKTpaibHasi GUIbTpaLus M300paKEHHH B TAaKOM IIPOLECCOPE peallM3yeTcsi Kak MaTeMaThdeckas Olepaiust
BBIYHCIICHHS «CKAJISPHOIO YMHOXKEHHsI BeKTopa (uibTpa Ha BeKTOp (oHa», 4TO MOXKHO TaKXKe MPEICTABUTH B
BUJIE MONAPHOTO MPOM3BEICHHUS MPOCKIHUI BEKTOPOB (hOHA M (PUIBTPA M MOCIEAYIOIIEr0 UX CYMMHPOBAHHUSL.
Ouznyeckoll peanuzanuell 3TON ONepalyy sBIseTCs TUPPaKIKs ONTHYECKOr0 M3IY4YEeHHUs] HA MHOTOYaCTOTHOM
YOpaBIIeMON MO aMIUIUTYZAE yIbTPa3ByKoBOH BoiHE. ONTHYECKUH CHTHANI Ha BBIXOJE CHCTEMBI MPEACTaBIISET
co00i1 He UTO MHOE, KaK Pe3yJIbTaT IPOU3BEICHHs CUTHAJIA Ha BXOJe U KoddduirenTa npomyckanus. [Ipu atom
yIpaBJIeHUE BEIMYMHONH AN(PAKIMOHHOW 3(PPEKTUBHOCTH OCYIIECTBISIETCS ITyTEM H3MEHEHUS aMIUIUTY/IbI
3BYKOBOM BOJIHBI.

Ha puc.] B TpexmMepHOM MpPOCTPAHCTBE H300PaKEHO pACIOJIOKEHHE BEKTOPOB O0BEKTa M (HOHa,
o0ecIeuynBaOIINX CIEKTPAIbHYIO (QHIBTPALMIO CUTHAA (POHA aKyCTOONTHYECKUM HporieccopoM. [TokazaHo,

Puc. 1. BekropHoe npeacraBieHie CUTHAIOB 00beKTa, poHa 1 HUIbTPa
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YTO BEKTOpP, WUIIOCTPUPYIOIIMH CIEKTpaJbHbIE CBOWCTBA OOBEKTa 3aHUMACT IPOHM3BOJIBHOE IIOJIOXKCHHE, a
BeKkTOp (QoHa W GUIBTPa OPTOTOHAIHHEI. CKaIsIpHOE MPON3BEACHHE BEKTOPOB 00BEKTa W (IIIBTPA OTIMIHO OT

HYyJIs (T -F );t 0 u xapakTepu3yIOT BeJIMYHHY CUI'HAJIa Ha BBIXOJIE aKyCTOONTHYECKOTO MpoLeccopa.

Jnst peanu3aniy ONepandyl yMHOXKEHHS B ONTHYECKHX IIPOIECCOPAX HCIONB3YIOTCSI DIEMEHTHI C
VIOpaBIAEMOH TPO3PadyHOCTRI0. B akycToonmTmke TOHATHE ‘‘yopaBisgeMas MpPO3pavyHOCTh  CBS3aHO C
mudpakunonHoil 3 (EeKTHBHOCTBIO aKYCTOONTHYECKOTO B3aMMOJIEHCTBUS, KOTOpas IIPEACTaBIsIET COOOM
OTHOIIIEHHE KBAJPATOB aMILIUTYAbl AU(PPAKLUOHHON COCTABIIAIONIEH HAIPSDKEHHOCTH SIIEKTPUUECKOTrO oI E,

K HaIIPS’KEHHOCTHU 3JICKTPOMArHuTHOI'O U3JIYyYCHUs, TONMaAar0lICro Ha BXOJHOM 3pavyokK OIITHYECKOM CHCTEMBI F

[6]:
2
U:ﬂ U sin2(£%\[1+712} 3)

2
E|l 14y, n

rie y,=&/q — OTHOLIGHHE MapaMeTpa paccTpoiiku & =1+2ksind/k, K mapamerpy PriToBa

q=(An/n)-(k/ky)*; An/n  — OTHOCHTENBHOE H3MEHEHHE IOKA3aTeNs NPETOMIEHHS CPEbl BEI3BAHHOE

YIBTPa3BYKOM.

Bripaxenne (3) crpaBemnnBo, B Clydae BBIOJHEHUS YCIOBUS OP3TTOBCKOTO CHHXPOHM3Ma, KOT/IAa CBET

nagaetT Ha (POHT yIbTPa3BYKOBOI BOJHEI IOJ yriaoM bparra sin@g =k,/2k u obecrnednBaercs obbeMHOE
. . 2

B3aMMOJCICTBHE CBETa C YJIBTPa3ByKOM, T. €. kornma mapamerp Kieitna-Kyka O =kjl /kZl, rick n k, —

BOJIHOBBIC YHCIIa CBETA U 3BYKa, | — JAJIMHA aKyCTOONTHYECKOTO B3aUMOACHCTBUSL.
VYnpapnenue BenHMYMHOW MU(pakunOHHON 3(P(EKTUBHOCTH, NOCTHraeTcs MyTEM W3MEHEHMs aMILTHTY]IbI
3BYKOBOM BOJIHBI, CBSI3aHHOW C BEJIWYHMHON OTHOCHTEIBHOTO H3MEHEHHS KO3((GHUINEHTAa IPETOMIICHUSI

An M,P,,
o _ Mot 0
n Ib

rae M, — ko3(hdHUIMEHT aKyCTHYECKOro KayecTBa cpelbl; P, — aKyCTHuecKas MOILIHOCTb, [ u b — pasmepsl

cooTHoieHueM [1]

BO30yauUTeIIs yIbTPa3ByKa.

B onruueckux mpoueccopax MaTeMaTH4YecKas OIepalus CyMMHPOBAaHHS OCYILECTBIIETCA IIyTeM
IPOCTPAHCTBEHHOI'O CIIOXKEHUSI HECKOIBKMX CBETOBBIX Jyded. B akycToonTuueckoM Ipoleccope 3To
obecreuuBaeTcs CIOXKEHHEM AU(GPAKLUOHHBIX COCTABJIAIOIIUX 00pa30BaBLIMXCS B pe3ylbTaTe OpArTOBCKOM
JudpakLuy Ha MHOTOYaCTOTHOH YJIbTPa3ByKOBOH BOJIHE.

VrioBoe moyoKeHUE I[I/I(i)paKIlI/IOHHLIX KOMIIOHCHT CBA3aHO C MPOCKIUAMHU BOJIHOBBIX BCKTOPOB CBE€TA Ha
OCH KOOPIUHAT k; =k-cos@, k, =k-sin@ ¢ BOIHOBBIM YHCIIOM 3ByKa k; COOTHOIIECHHEM

_kytky A S
ky Vo ,

igp Q)

rae fyH v, —4acTora 1 CKOPOCTb 3ByKa, A — JJIMHA BOJIHBI CBETA.

COOTBETCTBEHHO CBETOBBIC KOMIIOHEHTHI C Pa3IMIHBIMH JIMHAMHU BOJH, AU(parupys Ha MHOTOYaCTOTHOM
yIBTpPa3BYKEe CKJIQJBIBAIOTCS Ha IPaHMIC 3BYKOBOTO IIOJISI B €IUHBIM CBETOBOHM Iy4YOK, 4TO W oOecrneyrBaeT
OIEPALUIO CIIOKEHHUS.

W3 npuBeIeHHBIX COOTHOLIEHUH CIIEAYeT, YTO KOHTPACTHOCTh M300paXkeHUs] JOPMHUPYEMOTo Ha BBIXOJIE
aKyCTOOIITHYECKOTO IIPOLIeCcopa 3aBUCUT, OT ammapaTHoil (yHKuuu (Bekropa (uibTpa) BBIYHUCICHHOW Ha
OCHOBE alpHOPHBIX CBEJICHWH O CHEKTPAIbHBIX XapaKTEPUCTHKAX M300pakeHHs oObeKTa W (oHa, a TaKKe OT
COOTBETCTBUSI alMapaTHOH (PyHKIINH CIEKTPATbHBIM CBOMCTBAM IIeIH U OHa.

Llenbio cTaThy ABISAETCS HCCIIEHOBAHHE IMPOIECCa YIPABIIEMON JHHAMUYECKOW (IIIBTPAIlMH ONTHYECKIX
N300pKEHUH, OTIMYAIOIINXCA PA3NUYHBIMH CIIEKTPAJbHBIME CBONCTBAMH W MPHU PAa3NUYHBIX 3HAYCHUAX
anmapaTHOW (QyHKIHH.
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OCHOBHOM PA3JIEJI

MertoauKa IpOBEACHNS SKCIIEPUMEHTA COCTOSIIA B CIIEIYIOIIEM:

1. B axyCTOONTHYECKOM CIIEKTpOMETpe oOecreunBaics OpIITOBCKHHA pEXHM aKyCTOONTHYECKOTO
B3aUMOJICHICTBUS MHOTOYacCTOTHOH YJIbTPa3ByKOBOI BOJHBI C JIa3€PHBIM HM3JIyY€HHEM KpPacHO, 3€JICHOTO U
CHHETO y4acTKOB CIIEKTpa NPpH (PUKCHPOBAHHOM YTIJI€ B3aUMOJCHCTBUS CBETA U 3BYKa.

2.YcraHaBiIMBaNach ~ KOJMYECTBEHHas  3aBUCUMOCTh  MEXIy  JU(PpakuuOHHOH  3(QQeKTHBHOCTHIO
aKyCTOONTHYECKOTO CIEKTPOMETpa M BEIMYHHOM BHICOKOUACTOTHO HAIPSDKEHMS Ha €ro BXOAE, A KaKAOH u3
TpeX KOMIIOHEHT MNOJMXPOMATUYECKOT0 Ja3epHOr0 M3JIyuYeHHs U COOTBETCTBYIOIIEH el BBICOKOYACTOTHOM
COCTaBIIAIOLIEH.

3. Brmuucmsnace anmapatHas (GyHKOES (BEeKTOp (IIBTpA) aKyCTOONTHYECKOTO CIIEKTPOMETpa C
UCTIONIb30BaHUEM BBIpayKeHNS (2) [UTd ABYX M300paKEHUH OTINYAIOIIMXCS 1T0 CIIEKTPAIbHBIM XapaKTEePUCTHKAM.

4. Omnpenensyiach OTHOCHUTEIBHOE 3HAUCHHWE YACTOTHBIX COCTAaBIIIOIIMX YINPABILSIIONIETO CHTHATA C
MCIIONIb30BaHUEM TIPOCTPAHCTBEHHOTO IOJOKEHHS BEKTOpa (HMIBTPA W BBIYHUCIAIACH BEIMYMHA HAIPSKCHUS
BBICOKOYaCTOTHBIX T'€HEPaTOPOB.

5. Onruyeckoe M3IY4YEHHE C BBIXOJA aKyCTOONTHUYECKOTO CHEKTPOMETpa PEerucTPUPOBATIOCh MaTPUYHBIM
(hOTONIPUEMHUKOM M OTOOpaXkanuch Ha 3kpaHe DBM, UTO MO3BOJIMIO pe3yibTaThl CHEKTPAIbHON (HUIBTPALUH
N300paKeHNH MPEICTaBUTh B BUE aMILUIUTYAHO-IIPOCTPAHCTBEHHBIX XapaKTEPHCTHK.

CTpyKTypHasi cxeMa 3KCIEepUMEHTAJIbHON YCTaHOBKHU, MPEACTaBICHHAs Ha PUC.2, BKIIOYAET CIeXyrOoIue
(yHKIIMOHAJIBHBIE YCTPOIiCTBA!

- ONTHYECKOTO KaHala (POPMHUPOBaHUS H300paKEHNS;
- aKyCTOONTHYECKOTO IPOLECcCopa;
- KaHaa 00pabOTKH M300paKCHUH.

1. JIazepHsIit 650K 11. CymmaTop HanpsoKeHUS

2. ATTeHI0aTOpEI 12. Ilornoturens CBETOBOTO U3ITyUeHUS

3. Hanpasnstomue 3epkana 13. Ionmynpo3pauHoe 3epKaio

4. CMecuTeNb ONTUYECKOTO U3ITyUCHUS 14. IIpuemHuk uznydenus ®OY

5. MatoBoe cTeKi1o 15. bnok BOoIbTMETPOB

6. Teneckomuyeckas cucTeMa 16. O6beKTHB

7. TpancnapaHt 17. MatpuunsIii mprOOD C 3apsI0BOIT CBA3BIO
8. CBeTOGHIBTPEI 18. Biiok perynmmpoBku

9. bnok nutanus POV 19. DneKTpOHHO-BBIUUCIUTENbHAS MAIITHA
10. AkycTOONTHYECKUH QUITBTP 20. bnok renepatopoB BbICOKOM 4acTOTHI

Puc.2. CTpyKkTypHasi cxema 3KCIepHUMEHTAIbHON YCTAaHOBKH 11O UCCIIEIOBAHUIO CIIEKTPAIbHOM QUIBTPAIIMU ONTHYECKHX
n300pakeHn
Ontrnuecknii KaHa (HOPMUPOBAHHMSA H300PKEHUSI COCTOSNI M3 CIEIYIOMUX 3JIEMEHTOB: HCTOYHHK H
(hopMHpOBaTENIb ONTHYECKOTO H3IYUYCHUS, BKIIOYAIOMIMI TPU MOJYHNPOBOAHHKOBBIX JIazepa, pabOTalOMUX B
JMana3oHax KpacHOro, 3eJICHOTO M CHHETo y4acTKoB ciiekTpa (1); arreHtoaTtopsl (2); 3epkana (3); cmecurens (4)
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MaTroBoe cTekno (5); ycTpoWCTBO (OPMUPOBAHUS ONTUYECKHX CHTHAJOB, BKIIOYAONIEE TEIECKOMUYECKYIO
cucremy (6); TparcmapanT (7); 1Ba CMEHHBIX aOCOpOIIMOHHBIX cBeTOGMIbTpa (8).

AKycTOONITHYECKHII Ipomeccop BKIIOYAad B Ce0s: aKyCTOONTHYECKMH MOAYIATOP Ha KPUCTAIIE
napateyutyputa (10), obecnieunBaromuii nudppakunonnyro 3ddexruBHocts 10 30-50%, TpU BHICOKOYACTOTHBIX
renepatopa (20) c IIMPOKONOJOCHBIMU JBYXKacKaJHBIMH YCHIHTEISIMU Hampspkenus: (18) ¢opmupyromunx
YIpaBIAIOLIME CUTHAIBI Ha 4acrorax f; =52MIn, f, =68MIn, f;=68MI1, a B KaueCcTBe CyMMaTopa

HanpspkeHus (11) mpuMeHsuIca TpeXKaHaIbHBIN TEIeBU3NOHHBINA CIUTATTEP.

Kananm o0Opabotkn wm300paxkenuit Bikmrodan B cebs: [13C wmarpumy (17) mms  mpeoOpasoBaHUsS
MPOCTPAHCTBEHHOTO CBETOBOTO M3Ny4eHHS B dJekTpuueckuit curaan, [IBOM (19) mma perucrtpamum
n3o0paxkerns 1 ®IY-51 (14) ansg m3MepeHHS CyMMapHOTO ONITHIECKOTO W3TYUICHUS.

B cooTBeTcTBHMHM C IIENBIO CTAaTbU MPOBEICHO YETHIPE SKCIEPHMEHTA IO CHEKTPanbHOW (uibTpammu, B
KOTOPBIX HCCJIICAOBAIUCH aAMIUIUTYJHO-IIPOCTPAHCTBECHHBIC XaPAKTCPUCTUKU 1/1306pa>1<eH1/1171 Ha BBIXOJC
aKyCTOOINTHYECKOTO CHEKTPOMETpa IIPH PAa3NMYHBIX CIHEKTPAIbHBIX XapaKTePHCTHKAaX CBETO(UIBTPOB
O0TOOpaXaloIMX CIEKTpajbHble CBOHCTBa «0OBEKTa» U  «poHa». CrekTpanbHble XapaKTepUCTUKH
ceerodunbTpoB CC-6, CC-2, OC-11 u JK3C-6, koTOpbIe OBUTH HCIOJIB30BaHbl B YETHIPEX HKCIEPUMEHTAX IS
MMHTALUH CHEKTPAJBbHBIX XapaKTEPUCTUK «00beKTa» U «(OHA» IPeNCTaBICHbI Ha pUC. 3.

1 Seon
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JAIIHHA BOTHEL
Puc. 3. 3aBucumoctb koddduimenTa nmpomyckanus abcopounoHHsix ceeropunsTpos CC-6, CC-2, OC-11 n XK3C-6 ot
JUTMHBI BOJTHBI

B mepBoM m BTOpOM 3KCIIEPUMEHTaxX HCIOIb30BAINCH CBETO(PUIBTPHI CYIIECTBEHHO OTIMYAIOMIMXCS IO
CHEKTpAIbHBIM XapaKTepHCTHKaM i1 «(hoHa» opamkeBblid cBeropmibTp OC-11 u «oObekray CHHHN
ceetopmieTp CC-2.

B mepBoM 3kcneprMeHTe MCCIEI0BAINCH CBOMCTBA IU(PPAardipOBaHHBIX HA MHOTOYACTOTHOM YIJIBTpa3BYKe
ONTHYECKUX HW300paKCHWH TIpH paBEHCTBE AaMIUINTYA YaCTOTHBIX COCTABISIONIMX YIbTpa3BykKa. OTO
COOTBETCTBOBAJIO OTCYTCTBHIO YIPABILIIONIETO CHTHajla. B 3ToM ciydae u300pakeHWS Ha BBIXOJE
AKyCTOONTHYECKOTO CIIEKTPOMETpa OTOOpakalolie SPKOCTHBIE CBOMCTBA MPOCTPAHCTBEHHBIX COCTABIIIONINE
«poHay u «0OBEKTa» MPUMEPHO OJMHAKOBBIE (CM. pHUC.4a).

Bo BTOpOM 3KCEpUMEHTE B COOTBETCTBHH CO CHEKTPAIBHBIMU XapaKTEPUCTHKAMHU «(pOHA» M «OOBEKTa»
BBIUMCIISUIACH amnmapaTHas (yHKOws, obecneymBaromas MUHUMAJIbHBIN KOI(D(MUIMEHT MPOIMYCKAaHUS ISt
CIEKTPAIBHBIX COCTaBIIOIINX NPUHAUISKAIUX  «poHY». M3 CpaBHUTENBHOTO aHalIM3a aMIUIMTYJHO-
MPOCTPAHCTBEHHBIX XapaKTEPUCTUK (pHc. 40) cieqyer, 4To B pe3yibTaTe CIEeKTPAIbHONH (QUIbTpalMK yIaJIoch
CYIIECTBEHHO YMEHBIIUTH CUT'HAJ IPHHAJISKAIINH «(POHY» M HEKOTOPHIM YMEHBIICHUEM CHTHAa «OOBEKTay.

B TperbeM BKCrepHMEHTE OCYIIECTBISIACh CHEKTpanbHas (uibTpanys H300paKeHUH CHEKTpajbHbIC
XapaKTEepPUCTUKH, KOTOPBIX OTIMYAINCh HE3HAUYMTENbHO. Jl11 OTOOpaskeHMsl CIIEKTPaJbHBIX CBOWCTB
n300pakeHNH UCTIONB30BaNnCch crHKe cBeTOGIIbTpel CC-6 u CC-2 .AHanu3 aMIUIMTYIHO-IIPOCTPAHCTBEHHBIX
XapaKTepUCTHK MOKa3aJl, YTO, BO-TIEPBHIX, HA BBIXOE aKyCTOONTHYECKOTO CIIEKTPOMeTpa chOpMUPOBAH CHUTHAI,
CpeIHss BEIMYMHA KOTOPOTO MEHBIIE 4YeM B MEPBBIX JBYX 3KCIIEPHUMEHTAX, a BO-BTOPHIX, B 3TOM CIlIydae
yaJIOCh JIMIIb YaCTUYHO MOJABUTh CHTHAT MPHHAAICKAMUX «(DoHy». [lo-BHOMMOMY, 3TO OOBSICHIETCS] MaJIbIM
YICIIOM YTIPABIIEMBIX KaHAJIOB CIICKTPAIbHOM (DMIBTpany HEOOXOANMBIM B JAHHOM CITydae.
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B deTBepTOM OKCHEpHMEHTE ammapaTHas (QYHKUUS HE COOTBETCTBOBAJAa CIICKTPAIBHOMY COCTaBY
YIPABIIMIONIEr0 CHIHAJA OOECHEYMBAIOIICTO CeNeKIMIo. B oskcrepuMenrte ammapatHas ¢(yHKIHS OblLia
paccuntaHa Uit (QUIBTPAIMH CHEKTPAIBHBIX COCTABIAIOMINX NpHHaIexKamux ceeropmistpy OC-11, a B
KauyecTBE CHI'HaNa MpHHALIexKamuX «pory» ucnonbzoBaics cBeropuibtp XK3C-6. PesynbTaThl HccienoBaHuii

MpCACTaBJICHBI Ha pI/IC.4F n3 aHaliu3a, KOTOPBIX CICAYET, UTO B INPOLIECCE CHeKTpaﬂLHOﬁ (bl/IﬂpraIlI/II/I YaajloChb
JIMIIb YaCTUYHO YMCHBIINTL BCJIMYMHA U3JTYYCHUS MMPUHALIICIKAIUX (((bOHy)).

—rp— (CC-2)
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B) Ilpyn He3HauuTenbHOM pas3HUIE CHEKTPAIbHBIX

r) Ilpm HempaBWJBHO BBHIOPAaHHOW ammapaTHOM
XapaKTePHCTUK

byHKIUH
Puc. 4. AMIIIMTYAHO-TIPOCTPAHCTBEHHBIEC XapaKTEPUCTHKN H300pakeHnit 00beKkTa 1 poHa

BbIBO/IbI

HccnenoBana nuHaMHYecKasl CIEKTpaibHast (QIIIBTPAINS ONTHYECKUX H300pakeHUI C PasTUYHBIMU

CIEKTPaJIbHBIMH CBOWCTBAMU C HCIOJNB30BAHMEM AaKyCTOONTHYECKOro mpoueccopa. K ocoOeHHOCTSIM

(hM3MYECKOTO KCIEPUMEHTA CIIelyeT OTHECTH NPHUMEHEHNE B KaueCTBE MCTOYHHKOB H3JIyYEHHUS TPEX JIa3epoB
KpPacHOro, 3€JIEHOTO U CHHEr0 YYacTKOB CHEKTpa M MHOIOYacTOTHOM YHpaBIseMOHM @O aMIUIUTYJE
yIbTPa3BYKOBOH BoiHBEL [lokazaHo, 4To 3(d¢dexTHBHas CHEKTpajbHas CeNeKIMs LBETHBIX H300paKeHUH
obecrieunBaeTcs B cilydae, KOTJa CHEKTPaJbHbIE XapaKTEPUCTUKH HM300paKEHUH CYNIECTBEHHO OTIMYAIOTCS.
Ecnu criexTpanbHble XapaKTepHCTHKH M300paXKeHNH OTIIMYAIOTCS HE3HAYMTENIBHO, TO 3(Q(GEKTUBHYIO CEJICKIHIO
n300pakeHnss 00eCTIeYuTh He yJaeTcsl, 9TO, HO-BUANMOMY, OOBSCHIETCS MaJIbIM YHCIOM YIPaBIsIeMbIX KaHAJIOB
CHEKTPaIbHON (PMIIBTPAIINH HCIIOTIB3YEMBIX B IKCIICPUMEHTE.



JI.®. Kynuenxo, B.Jl. Kapnos, O.A. I'ypun, A.C. Puibbax, H.B. Cnabynoea / Dxcnepumenmanvhvle ucciedosanus... 65

CIIMCOK JIMTEPATYPbI

1. B.M.banaxummii, B.H.Ilapeirun, JI.E.UupkoB. ®usndyeckue OCHOBBI aKycTOONTHMKH. — M.: Pagno u
cBs3b. 1985. - 285 c.

2. Kynuenko JI. @. JluHamuueckas cHekTpajbHas (WIbTpanusi ONTHYECKOTO M3JIyYCHUS B
onToanekTpoHHbIX cucrtemax / JI. @. Kymuenko, A. C. PviObsik // DneKTpoMarHUTHBIE BOJHBI M
JJIEKTPOHHBIE CUCTEMBI. — MEXAYHapOAHBIH HayYHO-TEXHMYECKHH >XypHan. — M.: Pammorexnuka,
2011.—-T.16, Beim. 4. — C. 32 — 43.

3. Akycroontudeckne mporeccopsl crnektpansHo THma // Ilox pen. B.B. Ilpoknoa, B.H. Ymaxosa.
Mownorpadus, — M.: Pagnorexnnka , 2012. — 192 c.

4. Kymuenko JL.O., I'ypur O.A., Peiopsk A.C., BooBenkos B.IO. DkcnepuMeHTanbHBIE WCCICIOBAHUS
nporecca TMHAMHYECKOH CHEKTpalbHOW (UIBTPALMH C MCHOIB30BAaHUEM B3aUMOJCHCTBUS JTa3€pHOTO
W3IY4YCHUSI ¢ MHOTOYACTOTHON aKkycTmdeckod BoiHOH // [lpuknamuas pammolsnekrponuka. — 2016. —
T. 15, Ne2, — C.100-104.

5. Kymuenko JI.®., Cnabynosa H.B., I'ypun O.A. AKyCTOONTHYECKHI MPOLECCOP B OMTOAICKTPOHHOMN
cucTteMe, O00ECHeYMBAIOIINI  JTUHAMHYECKYIO CIEKTpasibHylo  Quibrtpanuio //  Ilpukiagnas
paauosnektponuka. — 2016. — T. 15, Ned. — C.359-361.

6. Akycroontuueckue 3()(EeKThl MpHU CHIBHOM B3auMojaeWcTBHH. Teopus u 3kcmepument (Meron
HETIPEpHIBHBIX Opo0eil mpu permeHun akycrtoontudeckux 3amad) Ilog pem. JI.O. Kymduenko:
Momnorpadus. — X.:000 «3AEHA» 2009.-264.



66 Bicnux Xapxiscvkoeo nayionanvnoeo ynisepcumemy imeni B.H. Kapa3zina.
Cepis “Padioghizuxa ma enrekmponixa”, sunyck 26, 2017. C. 66-70.

VIK 621.382.001.63

3JEMEHT SHEPTOHE3ABUCUMOM IMAMSITA HA OCHOBE KBAHTOBBIX
TOYEK

K.I'. Caaowbiii, A.I'. Ilamenko
Xapvrosckuil HayuoHanbHbILL YHUSEpCUmem paouodnekmponuxu, np. Hayku 14, Xapvkoe 61166,
e-mail: Constantine-1992@yandex.ua
[Moctynuna B pegakuuto 10 mapta 2017 r.

B pabote mpemioxeH NEpCIEeKTHBHBIA 3JIeMEHT (IIAII-NIAMATH, HCHONB3YIOIUA B KadyecTBE SUCHKN XpaHEHHS
MH(OPMAIMK MacCHB CaMOOPTaHM30BAHHBIX KBAaHTOBBIX TOUEK, IPHMEHSEMBIX KaK MPOMEKYTOUHBIH CIOH B CTPYKType
MOJIEBOTO TPAH3MCTOpA C MOJYJIHPOBAHHBIM JierHpoBaHueM. OmnucaHbl (GU3MUYECKHEe OCHOBBI XpaHEHUs MH(opMarun B
npeagaracMoM ayleMeHTe namsaTH. IlpencraBieHa cxemaTudeckas CTPYKTypa H3y4aeMOro OJJIEMEHTa Ha OCHOBE
crpykrypsl GaAs/AlGaAs MODFET Ttpan3ucropa, a Takke ero (yHKIHOHHPOBAHHE B PEXHUME 3alliCH, YTCHHS,
cTupaHusi M XpaHeHHs: nH(opmamuu. CTPYKTypy cCIOs KBAaHTOBBIX TOUCK IIPEIIAracTcs BBHIpAIBAaTh HA OCHOBE
IpHUHIMIIA caMocoriacoBaHHOTO pocta Crpanckoro-Kpacranosa. Llukn mepesamucu B siuelike HaMsTH Ha OCHOBE
KBAaHTOBOU TOUYKH OCYIIECTBIISICTCS] N3MEHEHHEM HANPSDKEHHS Ha 3aTBOPE, TaK XK€, KaK U B TPAHUIIHOHHOHN (hIem-aMsaTH.
KJIIOUEBBIE CJIOBA: kBaHTOBas Touka, (Quem-mamsaTh, MexaHmsm CTpaHckoro-KpactaHoBa, TyHHETHpPOBaHHE,
HOJIYIPOBOAHUKOBBIE coenuHenus I1I-V rpynnsl.

VY po06oTi 3anpONIOHOBAHO MEPCTIEKTUBHUI el1eMEHT (iern-nam'sri, SIKUid 3aCTOCOBYE B SIKOCTiI KOMIpKH 30epiraHHs
iH(popMaILil MacHB CaMOOPTaHi30BaHWX KBAHTOBHUX TOYOK, BUKOPHUCTAHUX SK MPOMDKHHH HIap y CTPYKTYpI MOJIBOBOTO
TPAaH3UCTOPa 3 MOMAYJIbOBAaHHMM JeryBaHHAM. OmucaHo (i3uuHi ocHOBU 30epiraHHs iHdopMmauii B 3apoONOHOBAaHOMY
enmemeHTi mam'arti. [IpencraBieHa cxemaTHYHa CTPYKTypa IOCTIKYBaHOTO €IIEMEHTa Ha OCHOBI cTpykrypu GaAs /
AlGaAs MODFET Ttpan3ucropa, a TakoX HOTr0o (yHKIIOHYBaHHS B PEKUMI 3alMCy, YATAHHS, CTUpaHHS 1 30epiraHHs
iHpopmanii. CTpyKTypy MpoIIapKy KBAaHTOBHX TOYOK TPONOHYETHCS BHUPOIIYBATH Ha OCHOBI IPHHIHITY
camoy3rojpkeHoro 3pocranns Ctpanckoro-Kpacranosa. [lukn nmepe3amnucy B KOMipIli MaM'saTi Ha OCHOBI KBAHTOBOT TOUKHU
3IIICHIOETHCS 3MIHOIO HAaIIpyTH Ha 3aTBOPI, TaK caMo, SIK 1 B TPAIMIIIHHIN (Ient-mam'sri.

KJIIOYOBI CJIOBA: kBanTOoBa TOuKa, (uiem-nam’sith, MexaHisM CrpaHcbkoro-KpacraHoBa, TyHHETIOBaHHS,
HaIiBIpoBiTHUKOBI crioiyku I1I-V rpymm.

This paper proposes a perspective flash memory element which is used as a storage cell array of self-assembled
quantum dots as an intermediate layer in the structure of a field effect transistor with modulated doping. Described the
physical basis of information storage in the proposed memory cell. A schematic structure of the element and its operation
of recording, reading and erasing of information storage studied based on GaAs / AlGaAs MODFET transistor structure.
The structure of the layer of quantum dots is proposed to grow on the basis of the principle of self-consistent growth of
Stransky-Krastanov. The rewriting cycle in a memory cell based on a quantum dot is performed by changing the gate
voltage, as well as in traditional flash memory.

KEY WORDS: quantum dot, flash memory, Stranski—Krastanov growth mechanism, tunneling, binary semiconductors
compounds (III-V).

BBEJIEHUE

Texymuii mporpecc B 0671acT NOTYIPOBOJHUKOBOM MaMATH OOYCIIOBIIEH CYIIECTBEHHBIM YMEHBIICHHEM
MacmTaboB (pYHKIIMOHANBHBIX Pa3MEPOB CTPYKTYPHBIX 3JIEMEHTOB CXEeM, TAaKUX KaK JIOTHYECKUE Y3JIbl U SUYCHKH
namsiti. OTHAaKo, TaK Kak (PYyHKIMOHAJIbHBIE pa3Mephl NPUOIKAIOTCS K MacITabaM, B KOTOPBIX CYILECTBEHHOE
3HaYeHHe HUMEI0T 3((EeKThl KBAaHTOBOM MEXaHMKH, BO3MOXXHOCTh MJAJbHEHIIEr0 YBEIWYEHHS CTENEeHU
MHTETPaIiK [IPU UCIIOJIB30BAaHUHM COBPEMEHHBIX MOTYNPOBOJAHUKOBBIX TEXHOJOTHH JOCTUTHET CBOETO Ipesesna
ykxe B Oumkaiimme ronsl. PasMepbl CTPYKTYpHBIX 3JIEMEHTOB NPHONMKAIOTCS K €AMHHWIAM HaHOMETPOB HYTO
NPUBOAMUT K OOJIBIIOMY KOJMYECTBY TYHHENBHBIX TOKOB yTeukH. CIieloBaTeNbHO, JOJDKHBI OBITh HalIeHBI
HOBBIE NIEPCHEKTUBHBIE MTyTH JJIS1 JaNbHENIIEro pa3BUTHUS TEXHOJIOTUH MOJIyIPOBOAHUKOBBIX MUKPOCXEM.

CeropHAIIHUN PBIHOK MaMSITH AEIUTCS B OCHOBHOM MEXIYy ABYMS IOJIyNIPOBOJAHUKOBBIMU TE€XHOJIOTUSIMU
XpaHeHHs MHPOPMAINH, TUHAMHUYECKHMH ONEPaTUBHBIMU 3allOMUHAIOIMMHK ycrpoiictBamu (JJO3Y) u dudmr-
namsTeio [ 1], 06e mMeroT cBom mpenmymiecTBa U HepocTaTtku. JJO3Y obxamaeT BEICOKHM OBICTPOJEHCTBHEM, HO
SHEPro3aBUCHMa BBHIY HEOOXOAMMOCTH IHUKINYECKOTO OOHOBIICHHS MH(MOpMAIMK B s4ueikax mamstu. Omdm-
MaMsATh HA00OPOT — SHEPrOHE3aBUCHMa C BO3MOYKHOCTBIO XpaHEHHs] HHPOPMALUK B TEYCHUN HECKOJBKUX JIET,
HO o0iafaeT OTHOCHUTEIHHO HH3KOH CKOPOCTBIO 3allMCH W CYUTHIBaHWA HH(OpMarmu. Baumy
MPOTHBOIOIOKHOCTH TOJOXHUTEIBHBIX M OTpUHaTtensHbIX KkadecTB JO3Y u ¢(mdm-maMatu cymecTByeT
TEHJIEHINSI K pa3paboTKe TEeXHOJOTMH KOTOpas codeTana Obl B cebe KaKk M BBICOKOE OBICTPOACWUCTBHE, TaK U
JuMTenbHOe BpeMsi xpaHeHus umHpopmaumu (xk npumepy: FeRAM, MRAM wmimm PCRAM [2]). Onnako Ha
JIAaHHBIIT MOMEHT M3-3a IIpo0iieM ¢ oOecneyeHneM NMpHUEeMIIEMOH Ha/Ie)KHOCTH M CTOMMOCTH HM OJIHa M3 TaKuX
TEXHOJIOTHH He MOoIla B MaCCOBOE MPOU3BO/CTBO.

Cna6eiii K.I',, ITamenxo A.I'., 2017
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OmHMM W3 NOTCHUWAJIbHBIX KaHAWAATOB Ha pOJb TEXHOJOTHMH KOTOpas Morjia Obl 0O0beAWHHTH
MpEerMYLIECTBa OBICTPOH CKOPOCTH 3aIMCH M JJIMTEILHOTO BPEMEHU XpaHEHHs HH(POPMAIUU SBISIETCS TTaMSITh,
OCHOBaHHAs Ha caMOOpraHn30BaHHBIX KBaHTOBEIX Todkax (KT) [3]. Beumy Gonpmioro koimdecTBa pa3aHIHBIX
BO3MOXHBIX KoMOMHanuit MarepuanoB III-V rpymnmel KoTOpble HPUTOAHBI UL CO3IAHUS HAaHOPA3MEPHBIX
TeTePOCTPYKTYP BBICTYMAIOIINX B KA4eCTBE SYCHKH XpaHEeHHs HH(POpPMAru 53Ta TEXHOJOTHS WMEeT
cymiecTBeHHBIH noTeHuan [4]. [loMuMo IMTETFHOTO BpeMEHH XpaHEHs, TaMITh Ha OCHOBE KBAHTOBBIX TOYEK
MOXET OO0ecleunTh BBICOKOE ObIcTpozeiicTBHe. B maHHOIT paboTe ucciemyercs BO3MOXKHOCTH CO3/IaHUSL
3eMeHTa (hIIem-TaMsATH Ha OCHOBE TPAH3HUCTOPa ¢ MOIYIHPOBAHHBIM JICTHPOBAHUEM 32 CUET IPUMEHEHHUS B €r0
CTPYKTYpE CJI0Sl KBAaHTOBBIX TOYEK (JIN0O, B MEPCHEKTHBE, OAHON KBaHTOBOM ToukH). CTPYKTypa TpaH3UCTOpa C
MO/IyJIMPOBaHHBIM JIETHPOBAaHUEM O00ECIEYMBACT BBHICOKOE OBICTPOJCHCTBHE, @ KBAaHTOBBIE TOYKH BBITIOJIHSIOT
(YHKIHIO STYeeK XpaHEeHUs] HHPOPMAIHH.

YCTPOMCTBO ®JIENI-IIAMSATH HA CAMOOPIAHU30BAHHBIX KBAHTOBBIX TOYKAX

Jnst opraHu3anMy MaccHBa KBaHTOBBIX TOYEK, HAa JAaHHBII MOMEHT HamOojee NPUMEHHM METOJ
CaMOCOTJIACOBAaHHOTO pocTa mo MexaHm3My CtpaHckoro - KpacraHoBa, Tak Kak OH TEXHHYECKH OTpaOOTaH H
XOPOIIIO M3y4YEeH B COBPEMEHHOM MUKpOAIeKTpoHuKe [5]. IIpuanHON 00pa3oBaHMsI KBAHTOBBIX TOUYEK B IpOIIECCce
CaMOOpPTraHU3alnH SABIAETCS YMEHbIICHHE SHeprun AedopManuu. Tak, ecin Ha MMOUIOKKE W3 apceHHua TallIns
pacTUTh CIOH apceHHAA MHIWSA, TapaMeTphl PeHIeTKH KOTOPOro OOJbIIE, TO BOZHUKHYT YIpPYTHe HalpsKCHUS,
NPUBOASIINE K POCTY OCTPOBKOB (KBaHTOBBHIX To4eK) InAs Ha moBepxHocTti GaAs. [IoBEpXHOCTh HOKpBIBaeTCA
nupaMuakaMu InAs ¢ pasmMepamu B HECKOJIbKO HaHOMeTpoB. OkaspiBaeTcs 0oJiee BBHITOJHBIM (OPMHUpPOBaHHE
OCTPOBKOB 10 CPAaBHEHHUIO C OJJHOPOIHO- HaNps’KEHHON OBEPXHOCTHIO. POCT mupaMuI NpOUCXOIUT A0 HOJTHOTO
CHATHSI YIPYroro HanpspKeHUs Ha BepluuHe nupamuasl. OOpa3oBaHUE COTIacOBAaHHO-HANPSKEHHBIX OCTPOBKOB
Ha TIOBEPXHOCTH 3aBHCUT OT JBYX IIapaMeTPOB: PacCcOrIacoBaHMSA PEIICTOK M KOIWYECTBA OCAaXIECHHOIO Ha
MOBEPXHOCTh Marepuasia. MUHHUMYM 3HEPTHU COOTBETCTBYET 0Opa30BaHUIO OJMHAKOBBIX IO pasMepy U (opme
OocTpoBKOB. TakuM 00pa3oM, NpH NPUMEHEHHUs] MOJIEKYJISPHO-Ty4eBONH AMMUTAKCHU MOXKHO IOJYYUTh MAacCCUB
KBAaHTOBBIX TOYEK C MHHHMAJIBHBIX pPa3OpOCOM MapaMeTpoB W TPUTOAHBIM A INIPUMEHEHHS B
MHUKpO3JIeKTpoHuKe [3] (cM. puc. 1).

Puc. 1. KBanToBsle Touku InAs B matpuue GaAs, rae (a) — maccuB KT, (6) yBenuuennas KT

Hcnonp3oBanue MOJYNpOBOAHUKOBBIX coeauHeHud III-V  rpynmbel B OoTiMuMe OT  CHCTEMBI
KPEeMHHUI/IUOKCUT KPEeMHHUS TMO3BOJISIET MPOEKTHPOBATh HEOOXOAMMYIO ()OpMYy 30HHOH CTPYKTYpPHI 3a CYET
BBEJICHUS HEOJHOPOJHOCTEH B CTPYKTypy dyieMeHTa. CymecTByeT NIMPOKOEe pa3HooOpasue OWHApHBIX
coequaeHui III-V rpynmel MHOTHE M3 KOTOPBIX MOXKHO B Pa3iWYHBIX MPONOPHUSX KOMOMHHPOBATH APYT C
npyrom (cM. puc.2) ans moiydeHus HeoOxomuMerx mapamerpoB [4]. Kpome toro, coemmuenns III-V rpymmsr
MOTYT OBITB JIETHPOBAHBI I U3MEHEHHUS CTPYKTYPBI SJHEPTETHUECKUX 30H, UTO HEBO3MOKHO B Si0O).
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Puc. 2. 3aBUCHMOCTD MIMPUHBI 3aIIPEIIEHHON 30HBI OT MOCTOSIHHOHN PEIIETKH JUIS Pa3IHIHBIX OIYIPOBOIHHKOBBIX
coequnenuit [11-V rpynmsl. UépHble TOUKH — OMHAPHBIE COCIUHEHHS, CHHUE JTUHUH — TPOMHEIE.

Hcnonb3oBaHue KBAHTOBBIX TOUEK B 3JIEMEHTE (UIdII-NaMITH Na€T MHOTO TpeumyniecTB. Bo Bpems pocra
KBAHTOBBIX TOYEK, ITOJIHAS SHEPTHsI CBOANUTCS K MUHUMYMY (pocT KT mpoHcXoauT 10 HOTHOTO CHATHS YIPYToro
HAIpsHKCHUS Ha BEPUIMHE MUPaMUJIbI), YTO MPUBOIUT K MUHHMHU3AIMU KOJIMYECTBA IeopMaIvii ¥ AUCIOKAIHN
Ha TIOBEPXHOCTHOM CJIO€ MOJIYIPOBOIHIKA, HA KOTOPOM BBIPAIIEHBI KBAHTOBBIE TOUKH [6] (KOTOPBIN BBINOJIHSACT
POJIb MOMJIOKKHU I HUX). DTO NMPHUBOANUT K OYEHb BBHICOKMM 3HAYEHHUSAM SHEPTUHU JIOKAJIM3ALUU B KBAaHTOBBIX
TouKax, paxe ecnu cucremMa KT/moaynpoBoIHHMKOBas MOAJOXKKA BecbMa HampspkeHa (BBUAY DPAa3HUIBI B
3HAUCHMSAX ITOCTOSIHHOM pEIIETKH HEeoOXOAMMOM Al BO3MOXKHOCTH CaMOCOTJIACOBAHHOTO POCTA KBAHTOBBIX
Touek mo MexaHu3sMy CtpaHckoro - KpacrtanoBa [5]). OTo mo3BOsIeT KOMOMHAIIMIO MaTEpHAIIOB, KOTOPHIC
MMEIOT OOJIBIIIOE PAcCOTIIACOBAaHME IapaMeTpoB pemeTok. Kpome Toro, Gonbiioe cedeHue 3axBata HOCHUTEIEH
3apsiia B KBAaHTOBBIX TouKax (06bruHO, o 10™'* 10 107" cm?), KoTOpoe Ha MOPsAAOK GOIbIIE, YeM IS OOBIYHBIX
JIOBYIIEK B TIOJYIIPOBOAHMKAX [7], MPUBOJUT K OYEHb MaJIOMy BPEMEHH 3aXBaTa Ul JICKTPOHOB U IBIPOK C
BPEMEHHBIMH MaclITadaMu B iMana3oHe OT IMUKOCEeKyH] [8]. DTo MoxkeT 00ecreunTh 0UeHb BHICOKYIO CKOPOCTh
3amucu uHpopmauuu B ¢(uom-namsaty Ha KT conocraBumyro ¢ ObictposeiictBueM coBpemeHHbix JIO3Y.
KBaHTOBBIE TOUKM TaK)ke€ IO3BOJIAIOT HCIONB30BaTh JBIPKM B KauecTBE HOCHUTENIeH HH(OpMAIMM, UYTO
obecrieunBaer OoJjbliee BpeMsi XpaHEeHWH HMHpOpManuMu H3-3a Oonbliel 3()(eKTHBHOW Macchl IBIPOK IO
CPaBHEHHIO C 3JIEKTPOHAMHU M BBHIY O0Jiee HU3KOW BEPOSITHOCTH MX TYHHEITUPOBaHHUA [9].

[IpuMeHeHHe KBAaHTOBBIX TOUYEK B MOAYJIHPOBAHO JIETHPOBaHHOM mosieBoM TpaH3uctope (MODFET)
MIO3BOJISIET HCIIOIB30BaTh €r0 CTPYKTYPY B KauecTBE dJIEMEHTa IaMsATH. KBaHTOBBIC TOUKH SBISIFOTCS CIIOEM
HAHECEHHBIM BBIIIE ITOJYIIPOBOAHUKOBOTO CJIOSi B KOTOPOM 00pa3yeTcsi NBYMEPHBIH JJIEKTPOHHBIM ra3 B
MODFET. 3apsiasl BHYTpH KBAHTOBBIX TOUYEK CHIDKAIOT IMOABHXKHOCTb JIByMEPHOIO Ta3a U YMEHBIIAIOT
IUIOTHOCTb €ro HocuTened 3apsiia 3a cder s¢¢exra mons [10]. CriemoBaresbHO, JOTHYECKOE COCTOSHHE
XpaHslieecss B KBAaHTOBBIX TOYKax (HOJb WM E€JUHHIA) MOXET ObITh OOHAapy»XeHO IyTeM HM3MEpeHHs TOKa
CTOK/HCTOK.

CrpykTypa snmemenTta namsata Ha ocHoBe KT cxemaTmueckm moka3ana Ha puc. 3. OHa COCTOWT M3 CIIOS
CaMOOPTaHMW30BAHHBIX KBAaHTOBBIX B CTPYKTYpE IOJEBOTO TPAH3MCTOpPAa C MOJYJIHMPOBAHHBIM JIETHPOBAHUEM
(MODFET), c GonpImeii muprHON 3ampenieHHoi 3086 4yeM y Matepuana KT (x mpumepy, maccuB InSb KT B
ctpykrype GaAs/AlGaAs). KBaHTOBbIE TOYKM SIBISIOTCSA sSUEHKaMU XpaHSAIIUMH 3apsil, UCIOIb3YeMBbIMHU B
KadecTBe Hocurened wmH(popmarmm, B To Bpems kak cTpykrypa MODFET wucnoneiyercss aist BBITIOTHEHUS
orepanyii ¢ NaMAThIO, TAKUX KaK 3aluch, CYUThIBaHUE U cTHpaHue nHdopmanuu u3 KT.
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Puc. 3. [Ipumep sueiiku Gmm-namsatu Ha KT Ha ocHOBe cTpykTypsl GaAs/AlGaAs MODFET tpansuctopa

OYHKHMOHUPOBAHUE 3JIEMEHTA ®JISII-TIAMSITU HA OCHOBE KBAHTOBbBIX
TOYEK

Omnepanuy ¢ NaMsATbIO U yCTpoiicTBa stueiiku ¢umi-namsati Ha ocHoBe KT, mcmonb3yromero AbIpKA B
KauyecTBe HOcHTeNlell MHpOpMaIMK, CXeMaTH4YeCKH IMoKa3aHel Ha puc. 4. B pexume xpaneHus uHbopmanuu
(puc. 4 (a)), xorzma joru4eckas €JUMHMIA 3aIFCaHa B KBAaHTOBBIX To4Kax (3amoiHeHHble KT), mMOTeHIIMANBHBIN
Gapbep, (GopMupyIOMHKIicS yNep>KUBAIOIIMM IOTeHIHanoM (dHeprued nokammsanun) B KT, mpenorBparmaer
YTEUKY JBIPOK M3 KBAHTOBBIX TOYEK, a, €CIIM XPAHHUTCS JIOTHUECKHUI HOJIb, TIOTEHIIMAIBHBII Oapbep HE0OX01uM
JUISL TOTO, YTOOBI HE JOIYCTUTHh NMPOHUKHOBEHHE JBIPOK M3 OKPYXKAIOLIErO CJIOS BHYTPh KBAHTOBBIX TOUYCK. B
pexxume 3amcu nHGopMamn (puc. 4 (0)) ans Toro, 9to0sl 3apsauthk KT, mpukinansiBacTcs Takoe HapsHKEHUE
IPSIMOTO CMEIICHUsT Ha 3aTBOp, YTO PHEPreTHYECKHE YPOBHH KBAaHTOBBIX TOUECK IOJIHOCTHIO BBIIIE YPOBHS
®epmHu, U JbIPKU 3aXBaThIBAIOTCS U3 BaJIEHTHOU 30HBI OKpyxawmeid KT. DToT npouecc 3axBaTa ype3BbIYaiHO
OBICTPBIN, TOTEHIIMANIBHO JOCTUTAsl YPOBHS HECKOJIbKMX MUKOCEKYHJ MpU KOMHATHOW Ttemmepatype [11]. dus
crupanus uHbopmaiuu (puc. 4 (B)) NPHUKIAABIBAETCS HANpsDKEHHE OOpaTHOTO CMEIIEHHs 3aTBOpa.
YBenuuuBaeTcs U3ru0 30H BOKPYI KBAaHTOBBIX TOYEK, YTO JIEJaeT MOTEHIMANbHBIN Oapbep Oonee y3kuM. DTO
MOBBIIIAET BEPOSTHOCTh TYHHEIMPOBAHUS, M JbIPKM W3 KBAHTOBBIX TOYEK TYHHEIIMPYIOT 4epe3 Oapbep B
BaJIEHTHYIO 30HY. CUnTBIBaHUE HH(POPMAIUU C KBAHTOBBIX TOUEK OCYIIECTBISAETCS C TOMOIIBIO H3MEPEHHUs TOKa
CTOK-UCTOK. IIpu xpanenun norudeckoit equauIsl B KT ymMeHbImaeTcsi KOHIEHTpaIMsS HOCUTENEH 3apsjia B ClIoe
JBYXMEPHOTO 3JIEKTPOHHOTO T'a3a U MX MOABMXHOCTh BHYTPH KaHaJla, YTO HAINPSMYIO BUIHO IO 3HAYEHHIO TOKA
CTOK-HCTOK.

Puc. 4. Cxema QyHKIIMOHUPOBAHUS JIEMEHTA MAMSITH Ha OCHOBE KBAHTOBBIX TOYEK, HCIIOIb3YIONIET0 JUTsl XPAaHESHHS
nH(OPMAIIH JBIPKI
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3AKJIIOYEHUE

W3 Bcex COBpPEMEHHBIX  aJbTEPHATUBHBIX  HANPaBICHHWH MO  YIYYIICHUIO  XapaKTepUCTHK
SHEPrOHE3aBUCUMOM MaMsITH CaMOHW IEPCIEKTUBHOW SBISIETCSI TEXHOJOTHS HCIONb30BaHUA B KaueCTBE
CTPYKTYPHOTO 3JIEMEHTAa XpaHEHHUs] HHPOPMaINH SICHKN MaMsITH Ha OCHOBE KBAaHTOBBIX TOYEK, TaK KaK OHA, IIPH
00€ecIIeYeHNN 3HAYNTEIBHOTO YIYUIICHNS XapaKTEPUCTUK (MOBBIIIEHHE OBICTPOICHCTBHS, BPEMEHN XpPaHEHHA
WHPOPMALINH, YBEITMUEHUE CTCIIEHN WHTETPALliH), IIOMIMO 3TOr0, HanOoJIee MPON3BOICTBEHHO OJM3Ka K HBIHE
UCTIONB3YeMOIl TpaJuIMOHHON MOJyIPOBOAHUKOBOM TEXHOJOTHH, YTO 3HAYUTEIBHO OOJErdaeT mepexon K
MacCOBOMY HCIIOJIb30BAaHHUIO JAHHOW TEXHOJOTWH. [ OpraHm3alii MaccuBa KBaHTOBBIX TOUYEK, Ha JAHHBIA
MOMEHT HanboJiee MPUMEHUM METO/I CaMOCOTIIACOBAaHHOTO pocTa 1o Mexanu3My CrpaHckoro - Kpacranosa, Tak
KaK OH TEXHHYECKH OTpabOTaH M XOPOIIO W3y4YEeH B COBPEMEHHOI MHUKPO3JIEKTPOHUKE. Takke HCIOIb30BaHHe
KBaHTOBBIX TOYEK B KAaueCTBE CTPYKTYPHOW OCHOBBI JJISI siueeK (uem-namsaTu He TpeOyeT pa3pabdoTKH HOBOIA
CXEMOTEXHNYECKOH 0a3bl ¥ MOJHOCTHIO COBMECTUMO C PACIIPOCTPAHEHHBIMH apXUTEKTYpaMHt (IS -IIaMSITH.

PaccmoTtpenHast B JaHHOI paboTe cxemaTH4yecKash MOJIeNb MOKa3bIBaeT MPUHIMIHAIGHYI0 BO3MOXKHOCTh
CO3JaHUsl 3JEMEHTa (IIAII-NAMITH Ha OCHOBE BHECEHHS B KOHCTPYKIHIO MOAYJIHPOBAHO-JIETUPOBAHHOTO
TPaH3UCTOpa OIOJHHUTENBHOTO CIOS CaMOOPTaHM30BAaHHBIX KBAHTOBBIX TOYEK, BBINOIHSAIOMNX (YHKIHIO
sqeiiku naMsaT. [IpuMeHeHnst CTpyKTypbl MOAYJIMPOBAHO-JIETHPOBAHHOTO TPAH3UCTOPA 00ECIICUNBAET BBICOKOE
ObIcTpoEICTBIE, 32 CUET BBICOKOH IOJBI)KHOCTH HOCHUTENEH 3apsiaa, a KBAHTOBBIC TOUKH — JJIUTEILHOE BPEMS
XpaHeHHs nH(popManuu Oyaromapsi KBaHTOBBIM 3(dexTaM, CBOHCTBEHHBIM HAHOCTPYKTypaM C pa3Mepamu,
CONOCTaBUMBIMHU € pa3MepoM BoJiHbl e bpoiins.

]_[I/IKJ'I nepe3anucu B sSYelike MNaMsITH Ha OCHOBE KBAHTOBOM TOYKH OCYHICCTBIIACTCA U3MCHCHUEM
HaIpsHKEHUS Ha 3aTBOPE, TaK )K€, KaK U B TPAJAUIIMOHHON (ien-namsTy.

PaspaboTaHHasi CTpYKTypHas cXeMa IO3BOJISICT IMPOBEACHUE NAIBHCHIINX HCCIACIOBAHUN IO TaHHOMN
TeMaTHKe 3a cueT 1noabopa ONTUMaJbHBIX Map MaTepPUAIOB  KBAaHTOBOM  TOYKW/OKPYIKAIOIIETo
MOJIYIIPOBOJJHUKOBOT'O CJIOSI, 32 CYET MaTEMaTHYECKOT0 MOJICIIMPOBAHUS U 1T0J00pa SMIIMPUIECKUX JTAaHHBIX.
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PaccmarpuBaetcs pabora auonoB Ha ocHoBe coeauHeHuid AlGaN u InGaN B pexxume ¢ OrpaHHYCHHEM HaKOIUICHHS
00BeMHOTO 3apsana. AHanuzupyercs 3QQEeKTUBHOCTh I'€HEpaIllMK AMOJOB C YYETOM BO3MOXKHOCTH BO3HHKHOBEHHUS YyIapHOM
MOHU3AIMU. AHaIM3 paldOTHl IUOJOB MPOBOIWICS C HMCHOJb30BaHHEM Merona Monre-Kapio B mpuOmmkeHHH JIOKaTbHOM
3aBUCHMOCTH CKOPOCTH YAApHOW HOHHM3AaLMM OT 3JIeKTpuueckoro mois. OmnpeneneHsl MakcUMalbHble 3(QeKTHBHOCTH
TeHepaluy JUOJ0B Ha 3aJaHHOM YacTOTe M YacTOTHBIM IHana3oH MX paboTsl. IloirydeHsl sHepreTHyecKue XapaKTepHCTHKU
JIMOJIOB € Pa3JIMYHOIN JUIMHOM M cocTaBoM marepuana. MossipHas 1o amoMuHust M uaaus MeHsuiack ot 0 no 0,4. IlokasaHo,
YTO yAapHas HOHHM3alWs OKa3blBacT HaumOousbliee BiIMsHHE Ha padory InGaN — 1OMONOB M NPUBOAMT K YMCHBIICHHIO
3(h(GEKTHBHOCTH UX TCHEPAIIUH.

KIIOYEBBIE CJIOBA: ynapHas woHm3anus, O3(@QeKTHBHOCT TeHepaluy, JIuana3oH dYacToT, IIHPOKO30HHBII
MOTYTIPOBOJHUK, HANIPSKEHHOCTD AIEKTPUIECKOTO MOJIS.

Posrnsmaerses pobora mioaiB Ha ocHoBi coyk AlGaN ta InGaN B pexuMi 0OMeXeHHSI HAKOIIMYEHHS 00’ €MHOTO 3apsmy.
Amnanizyerbcs €EeKTUBHICTD TeHepamii AioAiB i3 ypaxyBaHHSAM MOXKJIMBOCTI BUHHKHCHHS YHAapHOI ioHi3amii. AHami3 poOoTH
IiOIIB TPOBOIMBCS 13 BHKOPUCTAaHHAM MeTony MonTe-Kapno y HaOmmkeHHI JIOKadbHOI 3alIeKHOCTI HIBHIKOCTI yOapHOT
10HI3allil Bil HAPYXCHOCTI €JICKTPUYHOTO MO, BU3HAaYeHI MakcUMaibHI ¢EeKTHBHOCTI TeHepallii 1i0/iB Ha 3aJlaHill 4acToTi
Ta YaCTOTHHUII Jiama3oH ix pobotn. OTpUMaHi eHepreTH4Hi XapaKTePUCTUKH JIO0/IB 3 PI3HOIO JOBXHHOIO 1 CKIIAJJOM MaTepiay.
MonsipHa yacTka amroMiHito 1 iHaito 3MiHoBanack Bif 0 1o 0,4. [TokasaHo, o ynapHa ioHi3allis HalO1IbIIe BILTHBAE HA POOOTY
InGaN — gioziB Ta MPU3BOAUTH J0 3MEHIIICHHS €(EKTUBHOCTI iX TeHeparlii.

KJIIFOYEBI CJIOBA: ymapHa ioHi3awlisi, €(QEeKTHBHICTh T'€HEepallii, Aialma30H YacTOT, LIMPOKO30HHHH HAIIBIPOBIIHHUK,
HaNpYKEHICTh EKTPHYHOTO TIOJIA.

The operation of AlGaN and InGaN — based diodes in limited space accumulation regime is considered. The generation
efficiency to obtain taking impact ionization into account is analyzed. The analysis of the diodes operation was performed using
Monte Carlo technique. The impact ionization rate is described in local electric field approximation. The maximal generation
efficiencies of diodes under specified frequency and there operation frequency ranges are determined. The energy characteristics
have been obtained for different diode’s lengths and material compositions. The Al and In fractions were changed from 0 to 0,4.
The impact ionization is showed to effect strongly to operation of InGaN — based diodes and to lead to efficiency decreasing.
KEYWORD: impact ionization, generation efficiency, frequency range, wide band semiconductor, electric field strange.

BBEJIEHUE

AHanmu3upys 3aBUCHMOCTh MOIIHOCTH OT 4YacTOThl IS COBPEMEHHBIX TBEPAOTEIbHBIX IHPHOOPOB C
WCTOJIb30BaHUEM TPAJUIIMOHHBIX TOJYIMPOBOJHUKOBBIX MAaTepUaNIOB, MOXHO OTMETHTh, YTO pabodme YacTOTHI
mpubOpoB HocTUraroT oTMeTKH 4yTh Oosiee 300 I'Tm mpu BBIXOAHON MOIIHOCTH B €QMHHMIIEI MWLIHBATT. OmHAKoO,
oOpamaer Ha ce0s BHUMaHHE TOT (PAKT, YyTO HAMOOJBIIKE MOIIHOCTH B HECKOJBKO KHJIOBATT B CM-JHANa30HE
MOJy4eHbI MMEHHO C IIOMOINBIO THOAOB, PaOOTAIOMIMX B PEKUME OTPAHWYCHUS HAKOIJICHHS OOBEMHOTO 3apsna
(OHO3), ma apcenmnme rammus [1]. Takme MONIHOCTH peanu3yIOTCS TIPH WCIONB30BAaHWU UTHHHBIX JHOIOB U
HanpspKeHUs TIUTaHUs, EHCTBYIONIET0 B TE€UCHHE KOPOTKOTo mpoMexyTka BpeMeHu (~20-30 uc). Takum oOpazom, st
HMITYJIBCHOM PaOOTHI C BRICOKMMHU YpoBHAMHU MomHOCcTH OHO3-11o 6! sIBISTIOTCS Hanboiee MepCIeKTUBHBIMA [2].

OmHUM W3 BO3MOXKHBIX PEIICHWH B HAIPAaBICHHH MOBBHIIICHHUS padodueill 4acTOTHI MPHOOPOB, Pa0OTAIOIINX B
OHO3-pexxuMe, SBISIETCS HCIIONB30BAHME ITUPOKO30HHBIX MOYTIPOBOJIHUKOB. Takne MONXYHNPOBOIHUKH B HACTOSIIEE
BpeMsI HaXOIAAT Bce 00JIee MUPOKOE MPUMEHEHHE BO MHOTHX ONTOAIEKTPOHHBIX U 3JIEKTPOHHBIX MprOOpax.

Cpenu UIMPOKO30HHBIX IOJYIPOBOIHUKOB caMbIMU MHOTOOOemaromumu  saBisitores SiC w mHurpuast  (11D).
UzBectHO, yTO mpubOps, ocHOBaHHBIe Ha SiC mam GaN, Mo XapaKTepHCTUKaM HAMHOTO IMPEBOCXOMAAT MPHOOPHL,
ocHoBaHHble Ha GaAs wmmm Si. [IpemmymectBo HuTpuzoB (III) MOXHO HCHONB30BaTH IS CO3MAHUS AKTHBHBIX
2J1IeMeHTOB Ha 4acToThl Oojee 300 I'Tm.

Henpto manuoit paboTsl sBisiercs aHam3 padboTsl OHO3-a100B HA OCHOBE TPOWHBIX HUTPHUIHBIX COCTUHEHHMA
AlGaN u InGaN ¢ y4eToM BO3MOKHOTO Pa3BUTHS B HUX yIapHOW MOHHU3AIIHH.

MOJEJIb U PE3YJIbTATBI
UzBectHO, yTo B OHO3-pekume B THOJAX C MEKIOIUHHBIM IIEPEHOCOM 3JIEKTPOHOB B 00BbEME MOIYIPOBOJHHKA
HE ycrieBaeT 00pa3oBeIBaThC 00beMHBIN 3apsa. Kak npasmio, OHO3-guox paboTaeT B pe3oHaTOpe U HANPSHKCHUE Ha
HEM B TeYeHHUE OOJbIIEH YacTW Tepuoia OOJbIIE IMOPOTOBOTO HAIPSDKEHHS, COOTBETCTBYIOMIETO HAYaly ydacTKa C
otpunarensHoi auddepennuansroir mpooaumocteio(O/II). 3a 310 Bpems B 00beMe HE JOJDKCH HAKOIHTHCS

© Boryna O.B., [Ipuxogsko K.I'., 2017.



72 O. B. Boyyna, K. I. Ilpuxooeko / Brusnue yoaproil uoHuzayuu Ha 2eHepayuio OUo008 Ha OCHO8e HUMPUOOE

00BbEMHBIN 3apsij, JaKe eCU Kakas-TO JoJIs 3apsijia HAaKONMWIach — OHAa JIOJDKHA paccocaThbesl 3a BpeMs, B TEUEHHU
KOTOPOI'0 HaIpspKEHUE MEHbIIEe oporosoro. Ycnosus peanusanun OHO3-pexxnuma u3BecTHs! B tutepatype [2].

Jlnama3oH 4acTOT, Ha KOTOphIX MoxkeT peanu3oBaTbcst OHO3 pexum, onpenensercs U3 KpUTepHs CyIIeCTBOBAHUS
TAKOTO PEXUMa, U COCTaBNAeT npu n = 10'° em” st InN [3] =26 I'Tu < f<< 3600 I'T, mis GaN [3] — 261 T < f<<
3000 I'T, st AIN [3] - 10 I'T < << 1400 I'T'm.

CrnemyeT OTMETHTb, YTO HANPSHKCHHOCTH JJIEKTPUYECKOTO IO B O0BEME HUTPHIHBIX IOIYHPOBOIHHKOB,
cootBeTcTBytomue ydactky ¢ O/III, MOryT cOCTaBIsITE COTHM M THICSIYM KB/CM M JOCTHUTaTh KPUTHYECKHX 3HAYCHHUMH,
IIPU KOTOPBIX BO3MOXHO Pa3BUTHE yAApPHON HOHM3AIMK B 00beMe. BO3HUKHOBEHNE ynapHON HOHHU3AIMH TIPH OOIBIINX
HaMpPSKEHHOCTAX IMEKTPUUECKOro MOJIsl MPUBOJUT K BO3PACTAHUIO KOHIEHTPAIMKM HOCUTENEH U Pe3KOMy pOCTy TOKa
4yepe3 AUOJI, YTO CO3JaeT AOMOIHUTENbHYIO HeIMHEHHOCTh BOJITAMIIEPHOM XapakTepUCTUKU. [3]

BpeMeHa Tepexojia 3JeKTPOHOB M3 HEHTPANbHOM JOIMHBI B GOKOBbIE B HUTPUIAX COCTABIAIOT okono 2-10 "¢,
YTO Ha MOpsSAOK MeHblle, yeM B (GaAs. B pesynbpTrare, MHEpHUOHHOCTh NEpepaclpeieieHus 3JIEKTPOHOB MEXKIY
JIOJIMHAMU 30HBI IIPOBOJUMOCTH IposiBisieTcst Ha dactorax Oonee 100 I'T'm. ITosToMy aHanmuMTHYeCKyl0 3aBHCUMOCTB
IpetihoBOI CKOPOCTH OT AIIEKTPUUIECKOTO ITOJISI MOKHO HCIIONIB30BATh TOJBKO JJIS OIEHOK Ha yactorax mo 100 [T, a
JUI1 OLEHKH pabOoThl AMOZOB Ha OoJee BBHICOKMX YAcCTOTaX HY)XHO HCIOIb30BaTh METOMABI, YYHUTHIBAOIIVE
WHEPIUOHHOCTH TIEPEepacrpesieNicHnsl HOCUTENeH 3apsana. B kadectBe Takoro merona Obul BeIOpaH Meron MoHTe-
Kapmo. [TapameTps! MaTepraia 1 IeTalli pacueTa BEIONPATINCh aHAIOTHYHO [4].

VYnapHass MOHHM3allMM paccMaTpuBajlach B TPEIIOJIOKECHUH, YTO OHAa MPOTEKaeT BO BCEM o0BeMe Anmoga M
HaXOJUTCS Ha CTaJuM 3apokaeHUA. B 3TOoM ciaydae Tok yepe3 n1uos I He HAMHOTO OTJIMYAETCS OT TOKa B OTCYTCTBHU
ynaproit nonmsaunn [ (Al =1 — I < I ). YunTbiBas Malble BpEMEHA Pa3BUTHs YIapPHOH MOHU3AIMK B HUTPH/IAX,

MOXXHO CUUTATh MPOIECC PA3BUTHUS YJAPHON MOHM3AIMH HE3aBHCAIUM OT YacTOTHI U MpU paboTe Iuoja B PEXKHME
OHO3 ucnonp30BaTh JIOKATBHYIO 3aBHCUMOCTh KOI()(GHUINEHTOB YIapHOH HOHU3ALMH OT 3JIeKTpHdecKoro momst o E)

coBMecTHO ¢ MeTo oM Monte-Kapio. Takum obpa3om, npupaiieHue Toka Al u TOK yepe3 AUO0] MOXKHO MPEACTABUTH
B Buze[S]:

Al =1, [ a(B@))dz, M

[=1,0+ [a(E@)dz). 2)

BimsiHue pe3oHaTopa yUYUTHIBAaeTCS 3aJlaHUEM Ha THOJE COOTBETCTBYIOLIETO HANPSHKEHHS B BUIE [2]

Ut)=U, +U, sinwt, 3)
rne Uy - Hanpsbkenue nutanust, U; - aMIUIMTY/la TIEPEMEHHOTO HarpshKeHUs! (OrpesessieTcs IeHCTBHEM pe30HaTopa),
J - 4acroTa, Ha KOTOPYIO HACTPOEH pe30HATOp. DPQPEKTHBHOCTH TeHepauud (77) Wik KOIQOUIMEHT IMOJIe3HOTO
JEUCTBUS ONpeiesisieTCs: B BUJIE:

le (t)J(t)dt
n=t——100%. 4)

T

U, j J(t)dt
0
Bripakennst mist «(E(z)) B npetioBoM npubimkeHun Gepercsi B BHIE:
B
() = Aexp(—2). )

[oporoBoe mone ymapHoi moHU3anuu B 0a3oBoMm Martepuane (GaN) cocraBiser BenwmduuHy mopsaka 3 MB/cwm.
Takum 3HaYeHHUSIM HanOOJIee COOTBETCTBYIOT JaHHBIC TIPUBEACHHBIC B Ta0I. [6] mmsa Al,Ga;(N:

Tabauua. 3Hauenue kodddunrentos 4 u B.

GaN Al() zGao gN Al() 4Gao 6N Al() 6Ga0 4N
A em! 1,138-107 1,5126-107 2,0647-107 1,7974-107
B, MB-cv’! 23,8933 31,6707 36,6251 37,7751

Huns 3amanabix 3HaueHuit U, , U; um 4acToThl pe3oHaropa f ompeneisuiack gopma Toka yeped amon J(t). C
HCTIONB30BaHueM (GOpPMyIHI (4), HAXOAWIACh BEITMYUHA 7] . 3aT€M M3 MOTyYEHHBIX 3HAYCHUH BBEIONPAIOCh HanOoJbIIee
1. MakcumainsHas 3G (HEeKTHBHOCTh BRIYHCISIIACH KaK C YYETOM, Tak U Oe3 ydeTa ymapHO# moHuzaruu. [lomydeHHBIC
3aBucuMocTH MakcumanbHOro KITJT ot wactoter mis AlyGa; ,N-11o/10oB moka3aHsl Ha puc. 1.
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1,2-2=0;34—2=0,2;56—- 2=04;
1,3,5 — 6e3 ynapHoii nonusanuy; 2,4,6 — ¢ yrapHOH HOHH3AIUCH.
Puc. 1. 3aBucumMocTh 3¢ (EKTHBHOCTH FeHepanun auoa Ha ocHoBe Al,Ga; N OT 4acTOTEHI.

Maxcumansroe 3Hauenue KI1Jl 6e3 ydera ynapHo# monmsamum coctasister npu ¢ =0 — 22 %, x =0,2 — 17 %,
r=04 — 14,5 %. Bnusaue ynapHOil HOHM3amMU oOciHalNseTCs C POCTOM COJCP)KAHHS ATIOMHHHS B COCTaBe
COCAMHEHUS, MPHUYEM, TOJNbKO mpH z = () 3aMETHO OTIMYME B KPHBBIX, NOJIYYEHHBIX C ydeToM u Oe3 yuyera Y.
OT1nrurie HaOJII0aeTCsl TOJBKO MIPU MaJIbIX YacTOTaxX CHrHajia. B aTom ciyuae MakcumyMm 3((EKTUBHOCTH MOJIYy4aeTCs

npu OOJIBIINX BEIUIHUHAX HepeMeHHOﬁ COCTaBJIﬂIOHICﬁ Uvl .

C npyroii CTOpOHBI, MMOJYyYCHHBIC PEe3ybTaThl MOKa3biBaloT, uTto Al,Ga; N sBisiercs 00jee BHICOKOYACTOTHBIM
MarepuasioM 1o cpaBHeHuto ¢ GaN. HauGonpiiasi pasHuna HaOxdromaercs IpH MajoM cojaepxanuu Al, Hampumep
mexny GaN u Al),GagsN u Menee 3amerHa, Hanpumep, Mexay Alg,GagsN u Aly4GageN. D10 mmmocTpupyercs
3aBUCHMOCTSIMH MaKCUMaIbHOU 3()(hDEKTUBHOCTH OT MOJIIPHOM JIOJH JIIOMHUHUS 2 (pHC. 2).

=]

104

/3

L
i

L
o

0.0 ) 02 ) 0.4 x
1,2— f=100TTw; 3,4—f =400 ITu; 5,6 — f =700 I'T;

1,3,5 — 6e3 ynapHoii noHuzanuu; 2,4,5 — ¢ yaapHoil HOHU3AIHEH.
Puc. 2. 3aBucumocTsb 3G PeKTUBHOCTH TeHepanuu quoaa Ha ocHoBe Al,Ga; N OT comepKaHus aTFOMUHHUS.

3aBucumoctu MakcuManbHoro KITJ ot yacrors! ans In,Ga; N-110/10B € pa3HbIM COCTaBOM IOKa3aHbl Ha puc. 3. B
9TOM Clly4ae BUAHO, YTO BJIMSHHE yNApHOM MOHU3ALMU YCWJIMBAETCA C POCTOM COJAEPKaHUS HHIUS B COCTaBe
COCIMHEHUs. MaKCHMaNbHOE 3HAueHHE HAONIOMacTCs Ha HU3KHX 4YacToTaX M 0e3 ydera YHapHOH HOHHW3AIUH
coctaBmsier it ¢ = 0 — 21,4 %,  =0,2 - 22,2 %, x =0,4 — 23,7 %. C yuerom ynapHOi noHH3aMH 3P PEKTUBHOCTH
redepanuu npu x =0,2 magetr g0 20 %, a mpu x =0,4 o 15,7 %. OueBugHO, YTO NANbHEWINEE YBEITUICHHUE
cojiep KaHus MHIUS TIPUBEIET K erle OonbiemMy cHmkeHuto KIT/I.
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0 100 200 300 400 500 600 700 £ TTu

1,2-2=0;34-2=0,2;5,6-2=04;
1,3,5 — 6e3 ynapHoii nonuzanuy; 2,4,6 — ¢ ynapHOH HOHU3AIHCH.
Puc. 3. 3aBucumocts 3¢ eKTHBHOCTH reHepanyn Anoaa Ha ocHoBe In,Ga;_ N oT 9acTOTHI.

W3 monyueHHBIX pe3yNbTaTOB CIEeAyeT, 4To wucnosb3oBanue In,Ga, N sBisercs Oojee MNEPCIEKTUBHBIM B
OTCYTCTBHUS yIApHOH MOHU3aIH. Bce mpuBeneHHBIC BBINIE PEe3yIbTATHl MONYYSHBI MPH JJIFMHE O0JACTH YMHOXCHUS
L = 10 mxMm. Takum 00pa3oM, MOXKHO HPEATIONIOKUTH, YTO MPH PACCMOTPEHHOM cojaepkaHnu wHaus i In,Ga, (N
(x=0...0,4) mma muonoB ¢ muHOW MeHbIIe 10 MKM BIHSHWE yOapHOW MOHHM3AaIMU MEHBIIE, YTO IO3BOJHUT TOIYyYaTh
6ouee Bricokue 3HaueHU KI1/], 9To MimmrocTpupyeTcs: 3aBUCHMOCTEIO, TIOKa3aHHOH Ha puc. 4.

n.% o

20 \

18

16

14 r T T T g T T T

0 5 10 15 20 L, MrM
Puc. 4. 3aBucumocts 3¢ HEeKTHBHOCTH reHepain aAnona Ha ocHoBe In,Ga; N 0T ero JUTMHBI IPU COACPIKAHUU WHAUS
z=0,4.
3AKIIOMEHHUE

[IpoBenenuslii aHanm3 auonoB Ha ocHoBe coenumHeHmid AlGaN m InGaN, pabortatommx B peskume OHO3,
IoKa3all, 9TO yJapHas MOHM3AlUS B HUX MOXET CYIIECTBEHHO CY3UTh AMANA30H pabOTHl JHOAA 10 HATPSHKCHHOCTH
ANEKTPHUYECKOTO TOJII M YMEHBIIUTH 3()()EeKTUBHOCTh TeHepanuu. B 0coOEHHOCTH, 3TO KacaeTcs JHWOIOB Ha OCHOBE
coeauHenus Ing,GageN, 11 KOTOPOro HpH ydeTe YAapHOW MOHHU3ALMHU IpHU AJIMHE o0lacTé ymMHOXkeHHA 10 Mk
pe3ynbTathl pacdera nmokazanu cHmwkenue KI1JI ¢ 23,7% no 15,7%. Oxumgaercs, 4To B AMOAaX C OOJBIICH JIIMHON 3TOT
a¢dexT Oymer Oosice BBIPAXKEH, YTO Cy)KaeT BHIOOP BO3MOXKHBIX MaTepHaIOB Ha OocHOBE coenuHeHuil Hutpunon (11I),
MIPUTOAHBIX s paboTs! nnogos B OHO3- pexxnme.

CIIUCOK JIMTEPATYPbI

1. Copeland J.A. LSA Oscillator diode theory. — J. Appl. Phys. / J.A. Copeland. — 1967. — Vol. 38. — P. 3096- 3103.

2. 3u C. ®usuka nosynpoBoJHUKOBBIX proopos / C.3u. — M.: Mup. — 1984. — T.2. — 456 c.

3. Bmmsane ymapHOil MoHM3anmu Ha 3((EKTUBHOCTH TeHeparuu KOpOTKHX anofoB Ha ocHoBe GaN / bomyma O. B. ,
Ipoxopos . [I. , Ceepryn . C. , Ilpuxompko K. I'. / Bicauk XapkiBchKOTO HAI[IOHAIFHOTO YHIBEPCHTETY IMeEHi
B. H. Kapasina. Cepist «Pagiodizuka ta enexrponika» . — 2014. — Ne 10. — Bum. 22. — C. 62 — 65.

4. Botsula O.V. Impact ionization is short Al,Ga; N-based diodes./ Botsula O. V. , Pryhodko K. H. , Zozulia V. A.
// Telecommunications and Radio Engineering. — 2017. —Vol. 76, No. 1. — Pp. 61-71.

5. bomyna O.B. I'eHepauusi rapMOHHK W YMHOXXCHHE YacTOTHI NMpU yaapHoil monmsammu B GaN-guonax. /boryna O. B.,
[MaBnenko JI. B., [Tpoxopoe 2. /1. / Pannodusuka u snekrponuka, PO HAHY. —2009. — T. 14. — Ne 2. — C. 212-217.

6. Bulutay C. Electron Initiated Impact Ionization in AlGaN Alloys Semicond//Sci. Technol./ C. Bulutay. — 2002. — Nel17. —
P.59-62.



Bicnux Xapxiscvkoeo nayionanvnozo yHigepcumemy imeni B.H. Kapa3zina. 75
Cepin «Paodioghizuxa ma enexmponixay, eunyck 26, 2017. C. 75-79.

VIAK 551.558,551.596,534.221,550. 388

PEI'YJIAAPU3ALUSA AJITOPUTMA PACYETA BBICOTHO-BPEMEHHBIX
XAPAKTEPUCTHUK, OIIUCBIBAIOINUX ITUHAMUKY ITAJTEHUA
YEJABUHCKOT'O METEOPOHU A
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ITocrynuna B pegaxuuto 21 anpesns 2017 r.

TpennoxeH caMOCOTIacOBaHHBIH MOAXO K aHAM3Y JaHHBIX HAOMIOCHUH METeopouioB B aTMocdepe 3emiu.
OrnpenesieHbl cTabMIM3HpYOIHe QyHKIHMOHABI U1 ajJrOpUTMa perysipu3alud. PaccunTaHa TpaeKTopHs NMaJeHus
YenssOunckoro wmereopouna. OmpeneneHbl BPEMEHHBIC 3aBHCHMOCTH MAacChl M MHUJIENS KOCMHYECKOTO Teja.
BpeMeHHbIE 3aBHCHMOCTH IapaMeTpPOB TPAEKTOPUH, MAcChl M MHAENIS CMOJCIUPOBAHBEI LIEMOYKAMU KyOHYECKHX
CIUTaiiHOB. YUTeHa anpHopHas MH(GOPMAIMs B BHJEC MOHOTOHHO YOBIBAIOIIMX BPEMEHHBIX 3aBUCHMOCTEH MacChl U
CKOPOCTH, a TaK)X€ CBETHMOCTH B aOCONIOTHBIX 3BE3IHBIX BEIMYMHAX U METCOPUTHOH HOpMHpOBKe. OmpeneneHb!
HapaMeTphl peryssipu3alym.

KJIIFOYEBBIE CJIOBA: mereopoun, (pyHKIHOHAN, PEryJspHU3alliis, CaMOCOTIacOBaHHAs 3ajada, yCTOHYUBOCTH,
CIUIAMH.

3amponoHOBaHO CaMOY3TO/KCHUH MiAXiA OO aHaJli3y JaHUX CHOCTEPEKEHb METEOpoiniB B arMocdepi 3emii.
Busnaueni crabinmisyroun (QYHKIIOHAIM UL aIrOpuTMa peryisipusanii. Po3paxoBaHO TpaekTopilo MagiHHS
YeassOMHCHKOTO MeTeopoiny. Bu3HaueHO 4acoBi 3aJIe)KHOCTI MacH Ta Mielisi KOCMIYHOro Tiia. YacoBi 3aleHOCTI
nmapaMeTpiB TpaekTopii, Macd Ta MiZens 3MOJEIbOBaHI psgaMH KyOIuHMX cIniaiiHiB. BpaxoBaHo ampiopHy
iHpopMmanito y ¢opMi MOHOTOHHO CIAJAlOYMX YACOBHX 3aJE€KHOCTEH MacH Ta IIBHUAKOCTI, a TaKOXX CBIYEHHS B
a0COJIOTHUX 30PSHUX BEIMYHHAX i METEOPUTHOMY HOpMYBaHHI. BU3HaueHO mapamMeTpu peryaspusanii.
KJIFOYOBI CJIOBA: meteopoin, GyHKIIOHAT, PETyIApH3aLisi, caMOy3Tro/pKeHa 3a1a4a, CTIHKICTb, CIUTaiH.

A self-consistent approach to analyzing observational data on meteoroids in Earth's atmosphere has been
suggested. The functionals stabilizing the regularization algorithm are determined. The Chelyabinsk meteoroid
passage path is estimated. The temporal dependences of celestial body mass and midsection are determined. Cubic
splines are used for modeling the temporal dependences of the passage path, mass, and the midsection. A priori
information on the elements of the passage path and the meteorite flare radiated energy is taken into account as
monotonically descending temporal dependences. The regularization parameters are determined.

KEY WORDS: meteoroid, functional, regularization, self-consistent task, steadiness, spline.

BBEJEHUE

Kak m3BectHO, mageHne mereopounma npousonuio B 03:20:26 UT 15 despans 2013 r. BOmm3u r. YensOuHCcK
(Poccwuiickas @enepanus) [1 — 11]. Mereoponn umen maccy okoio 11 KinoToHH u ckopocTh Oonee 18 km/c [1].
IIpn pemeHnn oOpaTHOW 3amayl YpaBHEHHUS IBIDKEHUS YeIIOMHCKOTO METEOpOHAa BCTal BOIPOC O
KOPPEKTHOCTH METO/IMKH pacyera. B kauecTBe HCXO/HBIX JaHHBIX HCHOJIb30BAINCH PE3YJIbTAThl HAOMIOICHUH 13
pabotel [1]. Meronuka pacuera BKJIOYaia B ce0s paslUYHbIE YPaBHEHHsS] U IMIHMPUYECKHE COOTHOIICHUS.
ComnocTaBieHHE PacyeTHOM M 3KCIIEPUMEHTAIBHON TPaeKTOPHIl ABMKEHHS IO3BOJUT OIPEICTUTh OCHOBHBIE
nmapameTpsl Mereoponaa. K HUM oTHOCSATCS Macca W MHZIENb. M3MepeHus: KOOpAWHAT TPAeKTOPHU MAACHUS U
BEJIMYMHBI CBETUMOCTH HMMEIOT OMNPEICICHHYI0 IOTPEIHOCTh. Majble M3MEHEHHUs TPAaeKTOpHH B Mpezenax
MOTPEIIHOCTH M3MEpeHnH Omaromapst OONBIION KHHETHYECKOM DJHEPrUH METEOpOoWa, MPEeAIoaraioT
3HAUUTENBHYI0 SHEPreTHKY (H3MYECKUX IPOIECCOB, CONPOBOMKAAIOMMX MajaeHue. VIcTuHHAs TpaeKTopHs
JBIDKEHUS Oylarojapsi BBICOKOW WHEPIMOHHOCTH OyJIeT MaKCHMalbHO INpUOIKEeHa K mnpsMod. PopMaibHO
YBEJIMYMBAETCSI MHOXECTBO BO3MOKHBIX pEIICHUH, 4TO SIBISETCS MNPU3HAKOM HEKOPpeKTHOcTH 3agaun. C
JIPYTOil CTOPOHBI, CYIIECTBYET IAOIOJHHUTENbHAs alpHOpHas WH(GOPMAIKS, TO3BOJISIONIAs 3HAYUTENBEHO CY3UTh
00J1aCTh BO3MOXHBIX PELUIEHUH U MOJIYYHUTh PAa3yMHOE PEIICHHE.

METO/bI PEHIEHUSA

PasnudaHbIe TOAXOIBI K PEUICHNIO0 HEKOPPEKTHBIX 3a7a4 JaBHO M3BECTHHI (CM., HampuMmep, [12, 13]). B
YaCTHOCTH, B OCHOBE OJIHOTO M3 TAKUX MOAXOJIOB JEKHUT (PyHIaMEHTAIBHOE MOHATHE PETYISPU3HPYIOMIETO
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orepaTopa WM alropuTMa. Perynspusupyromuii anropuT NoMoraeT BEIOpaTh pelieHue Wik, o KpaiiHel Mepe,
cy3uTh oOmactb noucka. Omucannble B [12, 13] mpumepsl NpUMEHEHHs PETYISPU3HUPYIONMX OIEPaTOpOB,
0000IIIal0T XOPOIIO W3BECTHBIC IIPaBHUIa NPAKTHUYCCKUX BhlyuciacHud. Onucanueiii B [12, 13] wmeton
peryiasipu3aliuy, OCHOBAHHBIH Ha HCIOJB30BAHUU TIOHATUS PETyJIPU3UPYIOLIETO ONEpaTropa, MOXKHO
paccMmarpuBath Kak (popmManm3anuio 1 000CHOBAHHE HCIIONb3yEeMOH PErYIpPHU3AIMH 110 3[PaBOMY CMBICTY.

YpaBHeHHUE IBIKEHUSI METEOpoua B atMmocepe nmeet BuA (CM., Harpumep, [2, 14])

2
me <, ¥ (1)
dt 2 %
rae m=m(t) — macca mereopounaa, S,=Sm(t) — mungenb, C; — kod3pUIMEHT CONMPOTHBICHUS BO3AyXa, P —
IUIOTHOCTH Bo3ayxa V(t) = dr(t)/dt, — ckopocTs.

Ecin mnoTHOCTH BO3myxa M KO3((UIMEHT COMPOTHBICHUS H3BECTHBI, TO Macca M MHJENb SBILTFOTCS
HEHW3BECTHBIMH TapameTpamMu. Pemenne ypasaeHus (1) cpaBHMBacM ¢ MCXOJHBIMU IAHHBIMH, HPHUBEICHHBIMH
Ha puc. 1. Tpaekropus mageHus SBIAECTCS CIECACTBHEM HHEPLHOHHBIX CBOWCTB METEOPOHIA U, CIEAOBATEIHHO,
coryacHo ypaBHeHHIO (1), MMeeT HenpephIBHYIO IPONU3BOIHYIO 10 BTOPOTO MOpsiAKa. Mcrnoiap3yeM 3To CBOMCTBO
U TPEACTaBUM TPACKTOPHUIO MAJCHMS KaK IIEMOYKY KyOWYeCKHX CIUIaifHOB. B 3TOoM ciyyae MBI HE TOJIBKO
MOJy4aeM aHAJIUTHYECKUE 3aBUCHUMOCTH CKOPOCTH M YCKOPEHHS OT BPEMEHH, HO TaK)Ke€ HMEeM BO3MOXKHOCTh
OLICHUTh JPyTHe MapaMeTpbl YHUKaIbHOI'O MeTeoponaa. byaem uckaTh pelieHre ypaBHEHHUs] METOI0M oa0opa.

Bpewms, ¢ (UT — 03:20:00) Bpewms, ¢ (UT — 03:20:00) Bpewms, ¢ (UT — 03:20:00)
Puc.1. Tpaexropus najeHus METeOpouia — BBICOTa, LIMPOTA U JIOIroTa 10 MaTepuanam padotsl [1]

it cyxeHHsT 00JIACTH BO3MOXKHBIX PEIICHUN BOCIOIB3YEMCS CTaOWIM3UPYIOMIMMHU (DYHKIIHOHATIAMH.
JononHuTenbHbIE CBEACHUS MTOIY4YaeM U3 SMIUPUUYECKUX COOTHOIICHUM 11 MHTEHCUBHOCTHU U3nyuyeHus [14]

— 2.72-0.4M
I =10 )
U MOJACJIBbKO HHTEHCUBHOCTHU I/I3Hy‘ICHI/I$[ I[BI/DKyH.II/IXCﬂ KOCMHUYCCKHUX TCJII B aTMOC(bCpe 3€MJ'H/I
d mv®
I =—1% 3)
2
tdt 2

rae Ti — KOI(QHIMEHT CBETHMOCTH, ompesensercs u3 pabotel [15], M(t) — cBeTHMOCTH B aOCOJIOTHBIX
3BE3JIHBIX BeMuMuHaXx [1].

CpaBHHBass HHTCHCUBHOCTH B (2) u (3), ompenenuM CTa0MIN3UpYIOMKi (HYHKIIMOHAT AJIS COTJIACOBAHUS
Macchl METEOPOHJa U HHTEHCUBHOCTH N3JTyUCHHUSI.

Ql[q]=;(ll—lz)2. 4)

Iepemennas q = {v;m,S,,} — peuenne 3amaun. Cymma BejieTCs MO BCEM pac4eTHbIM To4KaM. Jlis
OTIpeNieNIeHus 3HaYeHUSI MUAeTs ncnojin3yeM ypaBHeHue (1). [lycte ry — mpoOHas TpaeKkTopus, a I' — pe3yabTar
pacuera mo ypaBHeHmio (1). Tak kak NpoOHYIO TPaeKTOPHIO MBI BBIOMpaeM M3 JOBEPHTEIBHOW 00JacTH
HaOJIOIEHUH, 3Ty TPAaeKTOPHIO MOXXHO HAa3BaTh TakKXe AIKCHepUMeHTanbHOW. [IpenBapurensHoe TpeboBaHme
COTJIACOBBIBATH  BHIOOPD TPAGKTOPHM C  pE3Yy/IbTaTOM  PpEIICHWS  ypaBHEHWS  JBIDKCHHS  SBISIETCS
PETYISpU3NPYIONUM (HaKTOPOM.

Jns ONEeHKHM BEJNMYMHBI MUAENS BBEAEM CTAOWIM3UpYIOUMH (YHKIHOHAN, HCIOJIb3Ysl IMPOOHYIO
(3KCneprMeHTaNBHYI0) TPAEKTOPHIO M pacuyeTHyro. J[is ynoOcTBa BO3bMEM HE KOOPAMHATHL, a aOCONIOTHBIE
3HAYEHUS] CKOPOCTEH

E
, V=|=r

dt

N

, Qlql=Y(v-1,) . Q)

k=1

d
Uo =7 T
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JlBoiiHbIe BepTHUKANbHBIC JHMHUM 0003HAYAIOT HOPMY BekTopa. Eciu mepBblil (HYHKIMOHAT €T OLEHKY
MOTPENIHOCTH B MHEPLUH JBIKCHUS, T.e. Mi(t), TO BTOPOI JNaeT OLEHKY MHIeNs, S,. Bemuunna mumens S
BBIOMpAETCs B 3aBUCUMOCTH OT 3a/aud. Ecnu MeTreopoun ciabo paspyliaeTcsi [Mpu MOoJeTe B IUIOTHBIX CIOSX
aTMoc(epbl, HapUMep, COCTOUT M3 XKeJie3a U HUKEIs, TO MPH U3BECTHOM IUIOTHOCTH BEIECTBA METEOPOUAa U
Macce JIETKO PaCCYMTBIBACTCSI MUACID JJISI [Iapa MO U3BECTHBIM (hOpMyIam:

3m 1/3
)

HanpoTuB, kaMeHHBI METEOPOM/, UCIBIThIBAs MpPEAETbHBIE HAIPY3KH, HEMPEPBHIBHO Pa3pyIIACTCS, YTO
NPUBOAMT K 00Opa30oBaHUIO OONaKka OCKOJNKOB. B oTiMYMe OT jKeNe3HO-HHKEIEBOTO METEOpOHIa, MHUIETbh
YBENMYHMBACTCSA. B 3TOM ciydae MHAENb SBISETCS HEH3BECTHBIM MapaMeTPOM M Y4acTBYeT B MUHHMH3AIUU
(dhyaxunonana. YensOMHCKHA MeTeopoun ObLT KaMeHHBIM [1].

OO011ast MOTPEUTHOCTH B OTIPEIEICHUN KOOPAUHAT

_—— ;< 2
8 =) lr-%| =2 Aq-x% ],
| =

rae A — onepaTop, COOTBETCTBYIOMIHA ypaBHEeHHMIO (1).
Perrenue HaxoauM MUHUMU3AIHCH ()yHKIIMOHATA

F(q)=;||Aq—r0||2+0L1Ql[q]+(x2§22[q]. (6)

BLI60p COJIACYHOIUX IMapaMCeTPOB PEryrsipu3anui O; U Oy 3aBUCHUT OT Ka4deCTBa AlIpUOPHBIX HJAHHBIX, a
TaKXE OT paSHH‘IHOﬁ IOCHHOCTH MO,I[GJIGI;’I HMHTCHCUBHOCTHU U3JTYYCHUA U TOPMOIKCHUA. Ecmm rakux CBe,I[eHI/Iﬁ HCT,
TO MapaMeTpbl A1 U d2 CTAHOBATCA HC3aBUCHMBIMU U PACCUHUTBIBAIOTCA COBMECTHO C APYIrMMU NapaMeTpaMu,
TaKMMH KaK Macca U MUJICJIb. Cunrtaem napaMeTpbl peryjsipudaiui HE3aBUCUMBIMU U PACUCTHBIMHU.

Sy =T, Ty = (

PE3YJIBTATHBI PETYJIAPU3ALINA
Ha puc. 2-4 mpuBeneHs! pe3yabTaThl HAXOXKACHUS ONTUMAIBHBIX KOOPAMWHAT TPACKTOPHM MageHHUA. DTO
IIMPOTa, JOJAr0Ta M BHICOTA COOTBETCTBEHHO. LIITPUXOBBIMM JIMHHUAMH OTMEYEHa OO0JIaCTh MOTPEHIHOCTH
HaOmroneHuit. TOHKOW JIMHUEH ¢ OTMETKaMU Y3J0BBIX TOUYEK MOKAa3aHa HadalbHAas TPACKTOPHUS LIS Ipoiiecca
MUHHMHU3AIUH Iy. TOJICTOM JIMHUEH OTMEUYeH KOHEUHBIN pe3ynbTaT — TPAEKTOpHS I, Ha KOTOPOH OBUT JOCTUTHYT
MHHUMYM (yHKIMOHama (6).

Bpewms, ¢ (UT — 03:20:00) Bpewms, ¢ (UT — 03:20:00)
Puc.2. 3aBucuMocThb HIUPOTHI OT BpEMCHU Puc.3. 3aBucumocTs JOJTOThI OT BpEMCHU
Ha puc. 5 mnpuBeneHsl pe3ynbTaTsl MHHUMH3AIMHM (yHKIHOHANa (6) — BpEMEHHBIE 3aBUCHMOCTH

MHTEHCUBHOCTU JKCIepUMeHTalnbHOW [1 mo (2) m cormacHo monenu I» mo (3). DkcnepuMeHTanbHas KpUBas
BBIJICIISIETCS Y3JIOBBIMU TOYKAMH.

Ha puc. 6 npuBeneHa BBICOTHAas 3aBUCHMOCTb CKOPOCTH METEOpoHJa JUIsi NMPOOHOW W pacueTHOH
TpaekTopuu. llITpuxoBoil NMHMEH BbIIENEHAa NMPOOHas, SKCIEPUMEHTANIbHAs, CKOPOCTh. PacueTHas cKOpOCTb
MOKa3aHa CILUIOUTHON TUHUEH.

ITo mocTmXeHNI0 MUHIMAJIBHOTO 3HA4YEHUsS (yHKIMOHANA (6) mapaMeTpsl peryispru3aluil YCTAHOBIINCH
Ha CJIE/IYIONIMX 3HAYCHHSIX

a; ~ 1.08 km?/TBT?, a, ~ 0.056 c?.
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Bpems, ¢ (UT — 03:20:00) Bpewms, ¢ (UT — 03:20:00)
Puc.4. 3aBucUMOCTB BBICOTHI OT BPEMEHU Puc.5. 3aBucUMOCTh MHTEHCUBHOCTHU U3JYUYEHHUS OT
BpEMEHU

Puc.6. 3aBucumMocTs CKOPOCTHU OT BbICOTBI

OBCYXJIEHHUE

[IpuBeneHNe HEKOPPEKTHOW 3a7auM K KOPPEKTHOH OOBIYHO NPOUCXOIUT NPUBHECEHUEM AalpHOPHBIX
JIAaHHBIX O PEICHWU B Pa3IM4YHON (hopMe, 4acTo B BUJE Peryisipusupymomiero oneparopa. [Ipu sTom obnactsb
JIOITyCTUMBIX 3HAYEHMH JOJDKHA OCTaBaThCs JOCTATOYHO IIUPOKOH I COAEPKATENBHOrO MOMCKa HEU3BECTHOTO
pemenus. «lleperpykeHHOCTbY» almpHOPHBIMU JaHHBIMM O PELICHHH MOXET CJieNaTh MHpOoLeaypy MOHCKa
OeccMBICTIEHHOW, TaKk Kak MBI 3apaHee onwileM pe3ynbTar. [Ipm3Hakm koppekTHO# 3amaunm mo K. Amamapy
CIIEYIOIINE: PEIICHNE CYIIECTBYET, PEIICHHE €IMHCTBEHHO U 3a/1a9a MTONCKA yCTOWYHBA.

Tak Kak B HaIleM CIy4ae UCIIOJb3YeMble OTPAHUYEHHUS TOBOJBHO «MSTKHE», TO JIETKO MOXXHO MOI00paTh
napaMeTpsl ypaBHeHUs IBkeHHS (1) Takue, 4TOOBI COTIacOBaTh pEIICHHWE C HaOMIONCHUSMHU. TeM cambIM
00ecTeunTh rapaHTHPOBAHHOCTH pemeHus. C ydeToM cTaOMIM3npyoMmuX (GyHKIHOHAIOB U JOMOTHUTEIBHBIX
TpeboBaHMi B BU/Ie MOHOTOHHOCTH BPEMEHHBIX 3aBUCUMOCTEH CKOPOCTH M MacChl, IaHHAs 3aj/lada penraeTcs Kak
CaMOCOTJIACOBAaHHAs.
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OTMeTHM, YTO peLIeHHH, NoTydYaeMbIX MUHUMHU3aIMel (pyHKIHoHaNa (5), MoXeT ObITh MHOXKECTBO. 1 Bce
OHM B KakoW-TO Mepe YIOBJIETBOPSIOT NPEObABIIEMBbIM TpeOoBaHMAM. B Hamem ciiydae 3TOT (akT He
NpUHOMNHANEH. Benp Hamma 3aada cocTosia He TOJNBKO B OLIGHHMBAHUM MapaMETPOB METEOPOUIa U IIPOLIECCOB,
COIPOBOXKAAIOIINX IaJICHUE, HO U B OIIEHKE KayeCTBa Pa3IMYHBIX METOIUK. BO3MOXKHOCTH HOJIy4EHHSI HOBOTO
3HaHUS O (PU3HKE MPOLIECCOB, CONPOBOKIAIOIINX MaJCHUS KPYITHBIX KOCMHYESCKUX TeIl.

Kak wm3BecTHO, ycTOMUYMBOCTH 1O AJamapy MpenroJiaraeT, YTo CKOJb YrOJHO Maible W3MEHEHHs B
9KCIIEPHMEHTAIBHBIX JaHHBIX IIPUBOAAT KO CKOJIb YTOJHO OONBIINM M3MEHEHHMSIM B pelIeHHsIX. B Hamem cirydae
3amadya OblTa CBeIGHA K KOPPEKTHOH Omaromapss moadopy HEOOXOAWMOTO M IOCTATOYHOTO KOJIHUYECTBA
«CTaOMIIN3aTOPOBY, CY>KAFOLIUX 00JIaCTh BO3MOXKHBIX PEIICHHUI.

BbIBO/IbI

1. B pesympTare pemieHHs CaMOCOTJIACOBAaHHOW 3aJadd, ypaBHEHHs IBIDKCHHS CO CTaOMIM3aTOpaMu U
OTPaHUYEHUSAMH, PACCUUTAHA TPACKTOPHUS MAJCHHsS, a TAK)KE OMNpENEICHbl BPEMEHHBIE 3aBHCHMOCTH MAacChl H
muzens. HagansHas Macca Mereoponsa olneHeHa B 10 KUIIOTOHH.

2. OrHOcHTENBHO OOJbIIAasi MOrPEIIHOCTh B COTJIACOBAHUHM MHTEHCHUBHOCTEH W3IJIy4eHUs IpeArojaraet
JlanbHeiIee pa3BUTHE MOJICNIM MHTEHCHUBHOCTH U3JIyYSHHUS TIPH IBHKCHUH METEOPOHIOB B aTMocdepe 3eMiu.

3. Munumu3anus GpyHKIHOHAA TO3BOJINIIA OIPEICIIUTD NapaMeTPhl PETryJISPU3ALUY 0 U 0.

4. TIpenno>keHHBIN alTOPUTM pacdeTa TPAeKTOPUHU ABWKCHUS C YYETOM NMPHUBEICHHBIX allPUOPHBIX JaHHBIX
peryasapu3upyeT MOUCK PEeLIeHHS U JIeNaeT 3a/1a4y KOPPEKTHOMH.
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VIK 550. 388

CTATUCTUYECKHUE XAPAKTEPUCTHUKU METEOPONI0OB METPOBOI'O
PASMEPA B ATMOC®EPE 3EMJIM

JI. ®@. Yepnorop, H. b. llleBeJsieB

Xapvrosckuil HayuonanvHwill yHueepcumem umenu B.H. Kapaszuna, gpaxyremem paouogusuxu, dbuomeouyurcko
INEKMPOHUKU U KoMnviomepHwix cucmem, ni. Ceob6oowl 4, Xapvros, 61077, Yxpauna
[Moctynuna B pegaxuuto 23 anpens 2017 r.

PaccMoTpeHBI cTaTHCTHUECKHE TMapaMeTpbl 722 GOJIHMIOB, WCXOAHBIE NaHHBIE O KOTOPBIX B3ATHl M3 0a3bl
naaHeIXx HACA. TlocTpoeHbl KyMYIATUBHBIE 3aBUCHMOCTH YHCJIa COOBITUH OT HayalbHOM KMHETHYECKOH 3HEprHH,
SHEPrHU CBEUEHUS U pacIpe/ielicHue Yuciia COOBITHH MO0 MaccaM. YCTAHOBIEHBI COOTBETCTBYIOIIHE SMIMPUIECKHE
cooTHomeHuss. OOBSICHEHO pacXoKAe€HWe HAOMIOAATEeNbHBIX JAHHBIX W anmpokcuManuu.  IlokasaHbl
3aKOHOMEPHOCTH, ITOATBEPKJAIOIINE CTATUCTUKY ISl OOJIBIIETO YKCIIa BTOPXKEHUH KOCMHUYECKUX Tel B aTMochepy
3eMiTH.

K/IIOYEBBIE CJIOBA: naneHue KOCMMYECKMX TeJl, KyMYJIATUBHAas 3aBUCHUMOCTb, AaINPOKCHUMAIUH
CTaTHCTUYECKHX 3aBHCUMOCTEH

Hageneno craructuyni napamerpu 722 6ominiB, BUXinHi gaHi mpo axi B3ATi 3 6a3u ganux HACA. [1oOynoBani
KyMYJIATHBHI 3aJIe)KHOCTI YHCJIa BUIAJKIB BiJl MOYaTKOBOI KIHETHYHOI €Hepril, eHeprii CBIYeHHS Ta PO3IOJLI YHCIa
nmojiii 3a Macamu. BCTaHOBJEHI BINMOBIAHI EMITIPUYHI CIHIBBIJHOIICHHS. P03’SICHIOETHCS BIAMIHHICTH JTaHUX
criocTepexeHb 1 anpokcuManii. [Toka3aHo 3aKOHOMIPHOCTI, IO MiATBEPIKYIOTh CTATHCTHKY AU OLIBIIOTO YHCia
BXO/KEHb KOCMIYHUX TiJI B aTMOC]epy 3emii.

KJIIIOYOBI CJIOBA: mnanmiHHS KOCMIYHHMX TUI, KyMYJIATHBHA 3aJIeKHICTh, AampOKCHUMALii CTaTHCTHYHHX
3aJIeKHOCTEN

This paper deals with 722 celestial body parameter statistics retrieved from the NASA database. The cumulative
distributions of the yearly number of events for the initial kinetic energy, the radiated energy, and their mass are
plotted. The corresponding empirical relations are fitted. The discrepancy between the observational data and their
approximation is explained. The laws confirming the statistics for the larger number of celestial bodies intruding into
Earth's atmosphere are determined.

KEY WORDS: celestial body passage, cumulative distribution, statistical dependence approximation

BBEJIEHUE

HccnenoBanue mageHWi J0OCTAaTOYHO KPYITHBIX KOCMHYECKHX TeJll, MMEHYEeMbIX MHHHACTEpOMIaMHM, Ha
3eMiIto ABJISIETCS aKTyaJlbHOM 3a/1aueil, mpeICTaBiIsIoIIe 3HAaUNTEeNbHbBIN HayYHbIN U IPAaKTUYECKUI HHTEpEC.

Hayunslii nHTEpeC 3aKmovaeTcs B M3y4€HUH OOJBIIOTo KoJMdecTBa GU3NIecKnX 3((HEKTOB U IPOLECCOB,
COTIPOBOKIAIONINX BTOPKEHHE KOCMHUECKUX Tel B aTMochepy 3emimn. Kak n3BeCTHO, IpH 3TOM BO3MYIIAIOTCS
BCE IIOJICHCTEMBI, BXOMAIIME B CHUCTeMy 3emiisi (BHYTpeHHHE 000J0ukH) — arMmocdepa — wuoHOChepa —
marauTochepa [1]. CrnenoBaresabHO, IPU 3TOM MOSIBISCTCS BO3MOXHOCTH BBIABUTH HEIOCTATOYHO HU3YyUCHHBIC
IpsIMbIE U 0OpaTHBIE, TIOJIOKUTEJIBHBIE U OTPHLIATEIBHBIC CBSI3H MEXy MOACHCTEMAaMHU.

[IpakTHyecknii MHTEpEC 3aKJIIOYACTCS B OIEHKE YacTOTHl MAAE€HHH KOCMHUYECKHX Tel M BO3MOXHBIX
MOCJIC/ICTBUH  TakMX COOBITHH. BakHEHIIMM SBiIsAETCS CBOEBPEMEHHOE IpEACKa3aHHe CTOJIKHOBEHUI
METEOpOHIOB ¢ Hamiel rraHeToil. K coxkaneHuro, B HacTosImee BpeMs 3Ta mpobiieMa HaXOAWUTCS B COCTOSIHHM,
JanekoM oT ee pemreHus. Tak, mamenme YemsOmHckoro Mmereopomna 15 despams 2013 1. mus xureneit
UensOMHCKOW 00JIaCTH O0Ka3ajJoCh TMOJIHON HEOXWAAHHOCTBIO, B Pe3ylbTaTe 4Yero moctpagano Oonee 1600
YeJIOBEK, YaCTHYHO OBbUIM pa3pylieHbl NocTpoiku. Hanecennsldd ymep6 mpessicun 30 muH momr. CHIA.
HauanpHas KMHeTHuecKas dHeprus UensOMHCKOro MeTeopomja cocraBisuia okono 1.88-10" JIx, a smeprus
cBeuenns — 3.75-10' [k, nauanbnas Macca — okonio 11 KT, pa3smep — 0kos1o 18 M, a yron HaKJIoHa TPAeKTOPUH —
okoso 18° [2, 3]. Eciu Ob 3TOT yron Obul Gonbmie 60°, TMOCHEACTBUS MajeHHUs KOCMHYECKOTO Teja, Kak
MOKAa3aJI0 Hallle YUCIICHHOE MOJIEINPOBaHUe, OBUIH OBI KyJla cephe3Hee.

Lemnpro nmaHHON paboOTHI SABISIETCS MOCTPOCHHE KyMYISATHUBHBIX 3aBHCHMOCTEH dHCia COOBITHH OT
HayalbHOM KMHETUYECKON 3HEPTUH U SJHEPTUU CBEUEHUSI METEOPOU/IOB, @ TAKKE OT MACChl KOCMUUYECKUX Tell.

OBIIUE CBEJAEHUA
Jlis mocTpoeHus yKa3aHHBIX 3aBUCHMOCTEH HCIONB30Baiach 0a3a cHyTHHKOBHIX HaHHbIX HACA [4],
rae mHpOpMaIus O MeTeopoujax cBeneHa B Tabmumy. [IpencTaBieHBl Takue MapaMeTpsl OOIHMIOB: MECTO
MaJeHAsI, BBICOTA OOJACTH MAaKCHUMAaJbHOTO CBedeHHUs (KM), HadajdbHAas CKOPOCTh U €€ KOMIIOHEHTHI (M/c),
sHeprus cBeueHus E, (k) m HawanmpHas kuHetmueckas sHeprus E; (kv THT). Ilpu nomomu wH(pakpacHBIX
JATYUKOB CITyTHUKOBAs CUCTEMA MO3BOJICT OOHAPYKUBATh CBEUYCHUE MHUHUACTEPOUIOB C YHEPTUCH CBCUCHHUS HE
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menee 2-10'JIx u ymenbHOM MOMIHOCTBIO HCTOUYHHKA H3TydeHus He menee 10° Br/cp. Dtum mapamerpam
CBEUYCHHUSI COOTBETCTBYIOT MUHHMMAJIbHBIE Pa3Mepbl KOCMHYECKHX Tel okojio 0.3—1 M B 3aBUCHMOCTH OT HX
COCTaBa M 0OBEMHON IIIOTHOCTH.

PE3YJIbTATBHI HABJIIOJIEHU

B crarse [5] aBrop mnpoanamusupoBan 300 coOBITHH BTOPXKEHUS METEOPOMIOB B aTMocdepy 3emiH,
KOTOpBIe MMenu MecTo ¢ ¢eBpaiist 1994 r. mo ceHtssops 2002 ., 1 TOIYyYHIT KyMYJISITUBHBIE 3aBUCUMOCTH YHCIIa
CTOJIKHOBEHHMH MOIOOHBIX Ten ¢ 3emueii 3a | rox. JlaHHBIe, omMCaHHBIE B 3TOW paboTe, HE OrpaHMIUBAINCH
TOJBKO JIMIIb CIYTHUKOBBIMH PETHCTPAlMAMH, HapsiLy C HUMH aBTOp IIPUBEN M JAaHHBIE AKyCTHUECKHX U
nHPpa3ByKoBBIX HaOmoneHnii. Kpome Ttoro, B pabore [5] mpom3BeneHa ammpoOKCHMAIHS ITOJyYeHHON
3aBHCHMOCTH CTEIICHHBIM 3aKOHOM U BBIYUCIICHBI XapaKTepHble KO QUIIEHTHI.

ABTOpBI JTaHHOW PabOTHl MPEANPUHSIIM ITIONBITKY IOCTPOMTh AHAJOTHYHYIO 3aBUCHMOCTH 33 TaKOW XKe
NEepuo] U anmnpoKCUMHUPOBATh €€ IMOXOKUM 3aKOHOM. Pe3ynbraThl annpoKCHMalyi MPHBELCHB Ha PHC. 1.
Bumo, uto ams 211 coberruit Bropskerns ten B armochepy 3emmn 1 ~ E; “**** (3nech n manee B pabore n —
KyMYJISITHBHOE YHCIIO COOBITHH, T.€. 00IIEE YHNCIIO COOBITHI, OTHECEHHOE K HHTEPBAILy BPEMEHH T ).

W3 puc. 2 BUmHO, 4YTO n E; "% re. 5Ta 3aBMCHMOCTh JIMIIb HE3HAUMTEIHHO OTIMYACTCS OT
3aBUCUMOCTH, IPUBEJICHHON Ha puc. 1, rae n ~ Ek’0'8844. W3 3TOr0 pricyHka MOKHO TaKXke CAENaTh BBIBOJ, YTO 32
29.5 ner — ¢ 1988 mo 2017 rr. — u3 722 peructpauuii 60JUI0B OBLIO JIHIIb OJHO COOBITHE, y KOTOporo 1gk) =
2.64 win Ej = 440 xt THT — nposer u B3pbiB YenssOMHCKOro KocMu4eckoro tena [2, 3].

Pacnpenenenne dncna cCOOBITHI 1O 3HEPTHH CBEUYCHHUS INPUBENCHO Ha puc. 3. OUEBUAHO, YTO MEHBIINM
3HAYEHMSAM SHEPTUH CBEUCHHS COOTBETCTBYET OOJIBIIIEE YHCIIO COOBITHI MAAEHNH KOCMIYECKUX TEIl.

Puc. 4 n puc. 5 nIrOCTpUPYIOT U3MEHEHNE YUCTIa COOBITHI 0 MaccaM. Macca 60ioB ObliTa onpeieneHa
1o AaHHBIM 0 E} u v, rne E; — HavanbHas KMHETHYECKas SHEeprus Tel, U — UX CKOPOCTh NPH BXOXKICHUM B
WIOTHBIC ciion atMmochepbl 3emnu. [lockonbky mocnenHss Obula ompeneieHa juiib B 158 cioydasx (4rto
cocTaBisgeT NpuoIM3uTenbHo 22% oT olmero umcia coObITHil), OONBIIYI0 YacTh PErHCTpalldil MPHUILIOCH
UCKIIIOUNTh W3 paccMoTpenus. CiemayeTr Takke OTMETHTh, YTO BPEMEHHOM HWHTEpBal, pPaccMaTpPHBAEMBIH
aBTOpaMH Pa0OTHI, IS 3TUX 3aBUCUMOCTEH cocTaBisieT 19.75 e, a He 29.5 neT, kKak 3To OBUIO Ha MPEABIAYIINX
pucyHkax. CBA3aHO 3TO HPEXAE BCEro C TEM, UYTO CKOPOCTb BIIEPBbIC Oputa m3MepeHa 4 saBaps 1998 r., panee
M3MepeHHii CKopocTH He 65110. Buro, uto n ~ m %

g cpaBHeHUs, Ha pHUc. 6 TOKa3aHO pacnpeneﬂeHHe 4ucna cOOBITHII MO0 MaccaM, MOJlydeHHOoe B padote
[16] mo 56 cobbrTusam mageHu kKocMudeckux Teid. OHM OBUIM 3aperHCTPUPOBAHBI CETHIO HAOIIONATENBHBIX
kamep MORP, pacnonoxxennsix B 3anagHoi Kanane [6]. [IpoMexyTok BpeMEHHU perucTpauuu cocrapisut 11 et
— ¢ 1974 no 1985 r. B yka3zanHo# paboTe OBLIH MPOaHATM3UPOBAHBI Macchl ()parMeHTOB (B T') METEOPUTOB U
MIOCTPOCHBI 3aBUCUMOCTH B Jiorapudmuueckom wmacmrade. st ynoOcTBa cpaBHEHHMS Macchl ()parMeHTOB
METEOPUTOB, NpHUBEIEHHbIE B pabore [6], ObUTH NepeBeleHbl B TOHHBI. Pe3ynbTaThl pacmpenieieHus 4Jucia
cOOBITHH 110 MaccaM, ONHUPasCh Ha UCXO/HBIE TaHHBIE [6], TPHUBE/IEHBI HA pHC. 5.

U3 puc. 4, 5 BuaHo, uro mMacca YenssOMHCKOT0 KOCMHYECKOTO Tejia 0oJiee YeM Ha MOPSI0K OTIMYACTCS OT
Macchl OCTAJIBHBIX TEJI, IO3TOMY aBTOpPaMH paboThI OblIa MPEIIPHHATA MOIBITKA aHAJIN3a BCEX N3BECTHBIX Macc
KOCMHYECKHX Tell 0e3 ydera YemssOMHCKOTO MeTeopomma. Pe3ynpraTsl mpuBeneHsl Ha puc. 7, 8. U3 puc. 7
CIIEIYET, UTO 1 ~ m 5%,

b L L L L )

) -1 0 1 2 IgE

Puc. 1. Pactipenenenue gucna coObITHN IO HAaYaIbHOW  Prc. 2. 3aBUCHMOCTH YMCiIa COOBITHI OT HaYaIbHON

kuHeTHdeckoi 3ueprun (kt THT) meTeoponmos mo kuHeTH4Yeckor 3Hepruu (B kT THT) meTeoponmos.
JaHHBIM [5] B mHTEepBaie BpeMeHH ¢ ¢eBpainst 1994 o MutepBan BpeMeHH T =~ 29.5 JieT, annpOKCHMAaIUs
ceHTsi0pb 2002 1. MHTepBan BpeMeHn T =~ 8.5 Jer. CTETIICHHBIM 3aKOHOM:
AnNnpoxkcuManus CTENECHHbIM 3aKOHOM: lgn= — 0.85511gE, +0.4726, R ~0.9946,
lgn= — 0.88441gE, +0.4676, R=0.9922, c~0.04442, N~722.

c~0.05177, N=211.
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lgnT
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-2 -1 0 1 2 IgE,.
Puc. 3. 3aBucuMocTh yucaa COOBITHH OT 3HEPTHU CBEUCHUS Puc. 4. 3aBucuMOCTb yncIa COOBITUI OT HaUYANBHON
G6omanoB  (TJx). Warepsan Bpemenn T~ 29.5 er, Macchl KOCMUYecKuX Tel (B T). IHTepBan BpeMeHH
anmnpoKCUMALHsI CTENEeHHbIM 3aKOHOM: T~ 19.75 ner, annpokcuManust CTEIEHHBIM 3aKOHOM:
Ign= — 0.75781gE, +0.1588 , R=0.9%47 |, lgn= — 0.60321gm+1.1497, R =~0.9808,
o ~0.04368, N=722. o ~0.08039, N =158.
OBCYXKIEHUE

HecmoTpss Ha 10CTaTOYHO BBICOKHMI KOI(D(GUIMEHT JOCTOBEPHOCTH ammnpokcumaimu R =~ 0.9808
HaOJIoMaeTCsl 3aMETHOE OTKIIOHEHHE DKCIEPUMEHTANFHBIX JAaHHBIX OT 3aKOHA AlIPOKCHMAIINHM B HHTEpPBAIaX
lgm € [-0.3; +0.3] u lgm € [2.7; 3.0] (puc. 4). [lepBoe pacXxokaeHHE CBSI3aHO C BEICOKUMHU CKOpoCTsMH (0T 29
BIUIOTH 10 49 KM/C) U OTHOCHTENBHO Mainoi Maccoit MmeteopornioB (0.11 — 0.18 xt THT). Bropoe oTkinoHeHue,
BEPOSATHEE BCETO, CBA3AHO C TEM, YTO Macca YensOMHCKOro MeTeoporaa coctaBuia okoio 11 kr, a lgm =~ 4.03, B
CHILY Yero B Pe3yJIbTaTe MOCTPOCHHS CTENCHHON 3aBUCHMOCTH MpeHe0peraioch Maccoi MEHBIIMX METEOPOUIOB,
y koTopeIX lgm € [2.7; 3.0], u npsimas npouuta yepe3 touky [0; 4.03]. Kak u B npeplaymux ciay4dasx, 31€ch
HaOromaeTcst 00paTHas MPOMOPIIOHATBHOCTB, T.€. C POCTOM MAacChl YMEHBIIAETCS YHUCIIO COOBITHH.

W3 puc. 5, rme mokazaHO paclpelelieHHe 9Yucia COOBITHH MO MaccaM, BHIHO, YTO aIlpPOKCHMAIUSI
MOJIMHOMOM BTOPOW CTEMEHH HECKOIBKO yIydmaeT Kod()(UIIUCHT TOCTOBEPHOCTH U YMEHBIIIAET MOTPEIIHOCTb.
OTO0 BUIHO U3 YMEHBIICHUS CPEIHEKBAPATHUYHOTO OTKJIOHEHHS G puMepHO Ha 20%.

Koadduruentsr npu 1gm, a Takke cBoOoHbIC wieHbl B Hamem ciydae (—0.6032) u B [16] (—0.6803)
OTJIMYAIOTCS HE3HAUUTEJIBHO, YTO CBHUAETENLCTBYET O TECHOW B3aMMOCBSI3U JBYX IapaMeTpoB (cM. puc. 4 u 5).
I[omuepkuem, uro B pabore [6] ObLT MPOBEACH CTATHCTUYCCKUI aHATN3 UMEHHO IO METEOpUTaM, T.€. TellaM,
VIaBIINM Ha TIOBEPXHOCTH 3eMiH, a B [4] 6a3a JaHHBIX COCTaBIICHA MO OONMIaM, CBEYEHUE KOTOPHIX B MOMEHT
WX BTOPXKEHHUS B IUIOTHBIE CIIOM aTMOC(EpHl PEerHcTpUpOBaiM WH(pakpacHsle matunku. Kpome Toro, 6a3a
nmauHbIx HACA [4] conepxwut 6oibiee uyncio coowituii ( N = 722 ), no3toMmy 60ibmuii 00beM CTATUCTHKH IO
nojieraM OOJIMI0B, HECOMHEHHO, JAeT JIyUIINH pe3ynbTaT. TeM He MeHee, yroil HaKJIOHa, XapaKTepu3yeMbIi

lgn[

A0 1 2 3 4 g

Puc. 5. 3aBucuMOCTh Ynciia COOBITHI OT HaYaILHOMN Puc. 6. 3aBucUMOCTSE Ynciia COOBITHI OT Ha4YaIbHOMN

Macchl KOCMUUYECKUX Tel (B T). lHTepBan BpeMeHH Macchl KOCMHUYECKUX Tell (B T) (10 JaHHBIM U3

T = 19.75 ner, annpokcumanys MoJIMHOMOM 2 paborst [6]). MHTepBan Bpemenu Tt = 11uer,
CTETIeHU: ANMPOKCUMAITHS CTETICHHBIM 3aKOHOM:

lgn= — 0.06671g> m—0.40491gm +1.0412 , lgn= - 0.68031gm—2.1641, R~0.9795,

R~09882, c~0.06327, N~I158. 6~0.07919, N ~356.
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Puc. 7. 3aBucuMoCTh uncina coObITHH OT HadalbHOW Macchl  Puc. 8. 3aBUCHUMOCTh 4MCiIa COOBITHH OT HA4YaJIbHOM
KocMuueckux Tei1 (B T) ©0e3 yuwera UYemssOMHCKOTO — Macchl KOcMHYecKHX Tell (B T) Oe3 ydera YensOMHCKOTO

KOCMMYECKOTO Tesla. KOCMHYECKOT'O Tella.

Annpokcumanus CTENEHHBIM 3aKOHOM:  ANIpOKCUMANus HOTMHOMOM 2 CTeneHu:
Ign= — 0.6355lgm+1.1712 R=09716 , lIgn= — 0.14891g> m—0.23411gm +0.9687 ,
c~=0.09746 , N=157 ,  umrepsan Bpemenn R ~0.9921, o ~0.05178 , N ~157 , unreppan
T = 19.75 ner Bpemenn T = 19.75 ner.

kodpduuueHTom mpu lgm, B 0o0OMX CiydasX JOCTaTOYHO ONM30K. [ METeOpHUTOB CBOOOIHBEIA HICH B
anmpoKCUMAIIUU COCTaBIsIeT 0koJio (— 2.16) (cM. puc. 6), a A7l METEOPOUA0B, MPOAHATU3UPOBAHHBIX HAMH, OH
paBusiercs (+1.17), T.e. pasHMma Mexnay HUMH cocTaBiageT 3.31. DTo o3HauaeT, 4To B CPEJHEM YHCIIO
BBIBIICHHBIX METCOPHTOB Ha miomamy B 10° kM” MEHbIIE YHMCIa METCOPOHIOB, PETHCTPHPYEMbIX CITyTHHKOBOI
cuctemoi, npumepHo B 2040 pa3. IIpu mnomaau 3emMHOro mapa 5-10° km* MpUBEACHUE K IJIOLIaN 10° km?
ykazaHHOe 4uciao ymeHbmurca B 500 pas mo 4.08. IIpu 3ToM 4HMCcIO MEpBBIX TEN cOCTaBIseT OKoyo 24% OT
YHCIIa BTOPBIX TEll.

W3 puc. 7 BuaHO, 4TO KO3 PHUIUEHT TOCTOBEPHOCTH NPUOIM3NTEIBHO TAKOH JKe, KaK U B CIydae aHajlu3a ¢
BKJIroYeHneM YessiOmHckoro kocmudeckoro tena. Ilockoibky u3 rpaduka BHIHO SIBHO BBIPAKEHHYIO
mapaboNUYIecKyI0 3aBUCUMOCTb, I1€JI€CO00pa3HBIM CYUTANIOCH AlIIPOKCUMHUPOBATE €€ TaK)Ke ITOJMHOMOM BTOPOH
cTeneHu. Pe3ynbTarhl mpeacTaBileHbl Ha puc. 8. BuaHO, 4TO Takas ammpoKcHMalus yiaydmiaeT R, OJHAKO
HarIAHOTO (PM3MYECKOTO CMbICIa OHA HE UMEET.

[MomyuenHoe pacnpesneneHne 4YHCIA COOBITHI 10 KHHETHYECKMM OJHEPIHsSM XOpOIIO COrjacyercs ¢
pe3yabTaTaMu, OJYYCHHBIMU aBTOPOM padoThI [5]. B Hamem citydae Koa(pGHUIMEHT HakIoHa npH 1gE, cocTaBu
0.88+0.03, B To Bpems kak B [5] on paser 0.90+0.03. B 10 sxe Bpemst cBOOOAHBIN K03 PHUIIUEHT OTIHYACTCS
He Oomnee uwem Ha 20%. Take mo OOiplIel BBIOOpKE CTATHCTHYECKUMX AaHHBIX ( N =158 ) yTouHEeHBI
COOTHOIIECHHS MEX]ly YUCIIOM MaJICHHH KOCMHUYECKHX TeNl M MX MAaCcCaMH, paHee MOIydeHHbIE aBTOPOM PabOTHI
[6]. [TokazaHo, uyTo KO3 duUIMEHT, OTBEUAIONIHI 32 YTOJI HAKJIOHA, OTJINYaeTcst He Ooree, yeM Ha 12%.

BbIBO/IbI
Ha O6mpimieM cTaTHCTHYECKOM MaTepuasie IOATBEP)KICHAa IOCTAaTOYHO CHJIbHAs CTAaTHCTHUYECKas CBS3b
MEXAY YHCIOM COOBITMH M HAadalbHOW KHHETHYECKOH SHEpPruel, YuciIoM COOBITHI M DHEPIrUsSIMH CBEUCHUS,
YHCIIOM COOBITHI N HaYaIbHOW MAacCOH KOCMUYECKOTo Tea.
Ha 06d6spmiemM craTucTHYECKOM Marepualie yTOYHEHBI SMIMPUYECKHE 3aBHCUMOCTH YHCIa COOBITHH OT
KMHETHYECKON HEPTUH, JHEPTUU CBEUEHUSI K MAacChl METEOPOUIOB C pa3MepoM mpuMepHo 1 — 10 M.
OreHeHa 10715 YUClia METEOPUTOB B YHCIIE METEOPOUIOB, (PUKCUPYEMBIX CITyTHHUKOB CUCTeMOH (~ 24%).
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W3noxkeHBl pe3ysbTaThl CHCTEMHOTO CIIEKTPAJBHOTO aHaIW3a BPEMEHHBIX BapHaldi YPOBHS TOPH30HTAIBHBIX
KOMIIOHEHT I€OMarHUTHOIO IOJIs, COPOBOXKAABIIUX CTapThl U MoJeThl pakeT Coro3 u IIporon ¢ kocMoapomos Ilnecenk
n baiikonyp B 2014 — 2017 rr. IlomydeHsl OCHOBHBIC IIapaMETphl CUTHAJIOB, CBS3aHHBIX C BO3MYIICHUSIMHU
TEOMAarHUTHOTO Tojsl. Pa3BuTas TeopeTHyeckas MOJIENb BOJIHOBBIX BO3MYIIEHHH, TEHEPUPYEMBIX CTAPTAMU U MOJIETAMH
paKeT, HaXOUTCSI B XOPOILIEM COOTBETCTBUH C pe3yIbTaTaMH HaOIIOJCHHUH.

KJ/IFOUYEBBIE CJIOBA: cucTeMHBIil CEKTpaTbHbBIA aHATIN3, MATHUTOMETP, CTapT PaKeThl, BOSMYIICHUS.

IIpencraBieHi pe3yabTaTH CHCTEMHOTO CHEKTPAaJbHOTO aHANI3y YacOBMX Bapialiii piBHA TOPHU30HTAIBHHUX
KOMIIOHEHT TE€OMAarHiTHOTO TOJIS, IIO CYNPOBODKYBAJIH CTAapTH Ta MOonboTu pakeT Coro3 i [IpoToH 3 KocMoapomiB
IInecenx ta Baiikonyp B 2014-2017 pp. OTpuMaHO OCHOBHI IIapaMeTpH CHTHAIIB, sIKi HOB’s3aHi 31 30ypeHHSAIMH
reoMarHiTHoro 1oisl. Po3BHHyTa TeopeTndHa MOJETb XBHIBOBUX 30ypeHb, SIKi T€HEpPYIOThCS CTapTaMU Ta IOJIbOTAMU
paker, 100pe y3roKy€eTbCs 3 pe3yIbTaTaAMU CIIOCTEPEKCHb.

KJIIOYOBI CJIOBA: cucteMHUii CieKTpaibHUH aHaIIi3, MATHITOMETp, CTapT paKkeTH, 30ypeHHs.

Results from the system spectral analysis of variations in the geomagnetic field horizontal components, which are
associated with the orbital maneuvering subsystem engine burns and the firing of the booster stages of the Soyuz and
Proton rockets at the Plesetsk and the Baikonur cosmodromes, are presented for the 2014 — 2017 period. Main signal
parameters connected with geomagnetic field disturbancies were obtained. A theoretical model of wave disturbances
generated by the firing of the booster stages has been developed, and good agreement between the observations and
the model output has been found.

KEY WORDS: system spectral analysis, magnetometer, rocket launch, disturbances.

INTRODUCTION

The Fourier transform is commonly used for analyzing spectra. To localize a process in the time domain, the
short-time Fourier transform is employed. To improve the resolution in the period range under study, L. F. Chernogor
advanced a modified short-time Fourier transform termed the adaptive Fourier transform [1]. The adaptive Fourier
transform is the Fourier transform in a sliding window with a width adjusted to be equal to a fixed number of harmonic
periods. However, the short-time Fourier transform has a resolution in the time domain better than the adaptive Fourier
transform. To equalize the drawbacks of these transforms, the wavelet transform is used, which permits the space and
time resolutions attain an optimum. The capabilities of the above integral transformations complement each other by
compensating the deficiencies of one of the transforms with the merits of the others. The joint use of these integral
transformations is termed the system spectral analysis (SSA).

The aim of this study is to present the results from the SSA of the time variations in the geomagnetic field
associated with the orbital maneuvering subsystem engine burns and the firing of the booster stages of the Soyuz and
Proton rockets at the Plesetsk and the Baikonur cosmodromes.

FACILITY AND TECHNIQUES

The measurements have been acquired with the very sensitive fluxgate magnetometer located at the
V. N. Karazin Kharkiv National University Magnetic Observatory (49°39’'N geographic latitude, 36°56"E geographic
longitude; 45°20' N geomagnetic latitude and 119°20’ E geomagnetic longitude). The magnetometer digitally acquires
measurements of fluctuations with periods of 1 — 1,000 s in the geomagnetic south-north (H component) and
geomagnetic west-east (D) directions. The minimum fluctuation amplitudes are fundamentally limited by the level of
internal noise of 0.5-500 pT in 1 — 1,000 s period range, respectively. GPS is used for clock synchronization with an
error of equal to or less than £0.5 s [1 — 3].

The SSA was preceded by band-pass filtering in the period intervals of 1-10 s, 10100 s, and 100—1,000 s and a
thorough study of the state of space weather. The time intervals with increased magnetic activity (indices 2a,>3, 4,23,
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K>1, |Dst >8nT) have been excluded from the further analysis. Over these time intervals, the variations in the

horizontal components were not caused by rocket engine burns, but space sources.

12V | |BR-304
60 Ah | | (GPS)
1 1
Microcontroller | |
220V recorder
1 1 !
Magnetometer
TIM-IT USB

Fig. 1. The magnetometer

INFORMATION ABOUT THE COSMODROMES AND ROCKETS

The database that contains information about the effects of the firing of the booster stages of approximately 5,000
rockets and orbital maneuvering subsystem engine burns has been collected in V. N. KarazinKharkiv National
University [1 — 6].

The launches took place from the various cosmodromes all over the world. The nearest cosmodromes to the
V.N. Karazin Kharkiv National University Magnetic Observatories are the Plesetsk (Russian Federation) and
Baikonur (Republic of Kazakhstan) cosmodromes, which are located at a distance of 1,500 km and 2,200 km,
respectively.

In this paper, the largest space vehicles, Soyuz and Proton of 297 tons and 711 tons mass, respectively, are
chosen for study. The effects from the rocket launches that occurred over the 2014-2017 interval have been analyzed.

OBSERVATIONS

Almost all rocket launches are associated with changes in the character of variations in the geomagnetic field
(Fig. 2 — Fig. 5). In these figures verticalsolid line shows the moment of rocket launch, vertical dotted line shows the
moment of sunrise. The amplitude of the oscillations most frequently increases by a factor of 1.5-2 (up to 1-2 nT).
Sometimes, it decreases, and the wave oscillation, which exists before the arrival of the wave disturbance due to the
rocket launch, is inhibited. The time delay between the response in the geomagnetic field and the firing of the booster
stages equals to approximately 40—-80 min and 65—130 min for the Plesetsk and Baikonur cosmodromes, respectively.
The duration of the quasi-periodic disturbances (with the period spectra in 10—15 min period range) equals to 30—-60
min and weakly depends on the distance between the cosmodromes and the Magnetic Observatory.

The SSA permits the time delay of the signal, its spectral content, and the duration to be determined with an
error sufficient for many practical application [1 — 6].

MECHANISMS FOR THE GENERATION AND PROPAGATION OF THE DISTURBANCES

Propagation speed for the arrival of the disturbance can be calculated from the distance between the cosmodrome
and the Magnetic Observatory and the time delay between the response in the geomagnetic field and the orbital
maneuvering subsystem engine burns and the firing of the booster stages. It turns out to be dependent on the geospace
state, the time of day, season, and to be equal to approximately 0.3-0.6 km/s. As is well known, such a speed is
characteristic of the internal gravity waves (IGWs) in the terrestrial atmosphere. These waves are waves in the
neutral density with periods of approximately 10 — 180 min, and with gravity as a restoring force. Their phase speed,
for periods equal to or greater than 10 min, is smaller than the speed of sound in the atmosphere, which increases with
altitude in 100400 km range from 0.3 to 1 kmy/s.

The IGW amplitude attains a maximum value on a relative scale between 200 and 250 km altitude where their
phase speed usually do not exceed 0.5-0.6 km/s. Their damping depth is equal to 3,000-5,000 km, therefore such
waves propagate virtually on a global scale.

The IGWs modulate the electron density in the ionosphere as they propagate through the atmosphere, i.e., they
generate traveling ionospheric disturbances, from which periodic variations arise in ionospheric currents, causing
quasi-periodic variations in the geomagnetic field with the same period. Through modeling, we demonstrate that the
IGW relative amplitude of 2-3% causes variations in the horizontal components of the geomagnetic field of
approximately 1nT, which has been observed in the experiments [3, 5].
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Fig. 2. H- and D-component variations in the 100-1000-s period interval during Soyuz 2.1.b launch on May 25, 2017 from the
Plesetsk cosmodrome.

Fig. 3. H- and D-component variations in the 100—1000-s period interval during Soyuz U launch on February 22, 2017 from
the Baikonur cosmodrome.

CONCLUSIONS
Observations of variations with periods of 1 — 1,000 s in the geomagnetic field that were associated with the firing of
the booster stages that took place at different cosmodromes all over the world have been made over the years. The SSA
revealed the basic parameters of the wave trains caused by the firing of the booster stages. A theoretical model of wave
disturbances generated by the firing of the booster stages has been developed, and good agreement between the

observations and the model output has been found.
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Fig. 4. H- and D-component variations in the 100—1000-s period interval during Profon M launch from the Baikonur
cosmodrome on June 8, 2017.

Fig. 5. H- and D-component variations in the 100—1000-s period interval during Soyuz 2.1.a launch from the Baikonur
cosmodrome on June 14, 2017.
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Onyapa Amutpuesuu Ilpoxopos

4 Hos0Opst 2017 r. ucnonHuiIoch Obl 80 JIeT M3BECTHOMY YYCHOMY B 00JIACTH TBEPAOTEIbHOU
3JIEKTPOHUKH, TaNaHTJIMBOMY IeJarory, OBIBIIEMY HEH3MEHHOMY YJIEHY pEAKOJUIETHH XKypHala
”BecTHUK YHHBEpCUTETa* JOKTOpY (U3UKO-MaTeMaTHUYeCKUX Hayk, upodeccopy IIpoxopoBy
Onyapny AMutpueBudy.

ITocne  oxoHwaHust ¢  oriauuueMm  paguodpu3mueckoro  dakynprera  XapbKOBCKOTO
rocyaapctBeHHoro yuupepcutera B 1959 rogy 2.J[. [IpoxopoB Hayan CBOIO HAayuyHYIO JESATEJIbLHOCTb B
XapbKOBCKOM TOCY/IapCTBEHHOM YHHBEPCHUTETE, KOTOpas IpoaoJiKaiachk 55 ier.

B 1967 r. on 3amuTui KaHAUWAATCKY0, a B 1978 r. — nokTopckyio aucceprauuto. B 1980 r.
eMy OBLIO IPHUCBOCHO 3BaHME npodeccopa, a B 1995 roxy 3Banue akagemuk AH BIII YkpanHsl.

C 1979 mo 2014 r. 3. [MO. IlpoxopoB pykoBoaun mpoOieMHON mabopaTtopueit
MOJTYIPOBOJHUKOBONH TEXHUKH.

IIpexpacHbli  (GU3UK-IKCIEPUMEHTATOP C TIYyOOKMM TOHHMaHHMEM TEOpUH, OIIyapa
JAMuTpueBHY ycrmenHo paboTaa B pa3IMUHBIX HaNPaBICHUAX MOJYIPOBOIHHUKOBOM 3JeKTpoHUKHU. Ho
HauOOJBIIYI0O U3BECTHOCTh B HAYUYHBIX KpPyrax eMy IMPHHECIH eT0 MHOHEepCKHEe paboTHl O OCBOCHHIO
MHJUIUMETPOBOTO, CYOMHJIJIMMETPOBOTO AMAaNa30HOB JJIWH BOJH TBEPAOTEIbHBIMHU NPHOOpPaMHU C
MEXJOJHUHHBIM IEPEHOCOM »JIEeKTPOHOB, a Takke MpubopamMu C TYHHEIbHBIMH, DPE30HAHCHO -
TYHHEJIBHBIMH W JIaBUHHBIMU 3(Q(deKTamMu, KOTOpbie JAald BO3MOXHOCTH INPOJBUHYTHCS B 00JacTh
KOPOTKHX MHJUIMMETPOB, CO3JaTh HOBBIE MHUKPO M HAHO-CTPYKTYPHI C BBICOKOW 3¢ ()EeKTUBHOCTHIO
reHepaluy B TeparepoBOM AHana3oHe.

Hayunas  nmesarenpnocts 3. JI.  IlpoxopoBa  Bcerga  OTiIHMuYanach  COYETaHHEM
SKCIEPUMEHTANBHBIX M TEOpeTUYEeCKUX HucciegopaHuil. Ero axTuBHas HaydHas JA€ITEIbHOCTh
MOJTBEPKAeHA OOJNBIIMM KOJMYECTBOM Hay4HBIX NyOsmkanuid — Oonee 400 HayuHBIX Tpynos, 10
y4eOHBIX mocobuii, 3 MoHOTpaduu, aBTOPCKHE CBUJIETEIHCTBA U ATESHTHI.

AXTHBHYI0O HaydHylo aesarenpHocTh . Jl. IIpoxopoB coueram ¢ He MeHee aKTHBHOH
MeJarorndeckoi IesTeNbHOCThI0. Ha MpoTsSeHMH MHOTHX JeT OH YHTal Kypchl Mo (u3nke H
3JIEKTPOHUKE MOITYIPOBOIHUKOBHIX MIPUOOPOB IJIA CTYACHTOB pagnodusndeckoro hakyibTeTa.

WM moATOTOBIEHBI NECIATKH CIENUaINCTOB, OakamaBpOB, MarucTpoB, 12 KaHIuAaToB U 3
JNOKTOpa (U3NMKO-MAaTEMaTHIECKUX HAYK.

Hayunas, menarorudeckas U oOpraHusanuoHHas aestenbHocTh O. J[. IIpoxopoBa BBEICOKO
oueHeHsl. OH SABIsAETCS JlaypeaToM IIPEMUH, TUILUIOMa, Meanu «3a Kpally HaykoBy npaio» MOH Ykpaunst
3a MoHorpaduio (1985), maypearom akageMudeckoil Harpaabl — npemun uMenn Spocnasa Myaporo AH BIII
VYxpaunsl (2004), obnanateneM 3BaHUS «3aCIyKEHHBIH HaY4YHBIH cOTpyIHUK» (2006), numioma u npemun AH
BII Ykpaunst 1 XHY umenu B.H. Kapasuna 3a yueOHble 10coOHst 10 TBEPJOTEIBHOM JIEKTPOHUKE.

Bce, xomy nocyactiuBuioch paborars ¢ Dayapaom JMurpuesudem, Bcernga OyayT HOMHHUTH
€ro 4eJI0BEYHOCTH, NOOPOKEITATEIBHOCTh, CKPOMHOCTD U XH3HEI00HeE.
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