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YK 621.373.826

ITPOBJIEMBI U3BBITOYHOI'O HIYMA I AIEKBATHBIE
MOAEJIN JTIASEPOB

A M. Xanun]!

PaccmarpuBaercst mpobiieMa n36bITOMHOIO IIyMa B Jla3epaxX PasjMmIHbIX JUHAMUYIECKUX KJIACCOB M MOJIe-
JIi, HeOOXOIMMBIE JJTsT aIeKBATHOTO OMHUCAHUS TAKOro Iryma. 1lokazamo, 910 n30bITOYHBIN IIyM 00YCIOBIEH
CBSI3BIO MOJI, IIPX 9TOM JINHEHHAS CBSI3b MO/, IPUBOJUT K SIBJIEHUIO M3OBITOYHOIO IIIyMa B Y3KOM CMBICJIE CJIO-
Ba (no I[Iurepmany), a HeJlMHEHASI CBSI3b MOJL SIBJISIETCs] Y HUBEPCAJILHBIM MEXaHU3MOM M30BITOYHOIO LIyMa,
MMEIOIUM JMHAMIYECKYI0 npupoay. Teopusi n30bITOYHOIO HIyMa B Jiadepax KJacca B MOXKeT cTponTbCs
Ha 6aze Mozesn ¢ aguabaTHYecKu NCKIIIOYEHHOM IO pu3alyeil, oIy Y€HHOM CTaHapTHBIM 00pa3oM, U He
TpebyeT IMPHUBJICYEHNs] HOBBIX 10/[X0O/I0B.

BBEJEHUNE

Kejrasg 0603Ha9UTHL 0c000€ MECTO JIA3€POB CPEIM APYTUX yCTPOICTB, O HUX YACTO FOBOPAT KaK 00
HUCTOYHUKAX KOTEPEHTHOr'0 CBeTa. B JeHCTBUTEILHOCTH, OJHAKO, STOT ujeas HemocTmxkuM. [Ipunim-
[MUAJIBHO HEYCTPAHUMBIH ITPOIECC CIIOHTAHHOI'O MCIIYCKAHUSI B JIA3EPHBIE MOJbI 0DECIIEUNBACT HAJIUINE
B BBIXOJIHOM U3JIy9YeHuu (DIIyKTYaIlMOHHON KOMIIOHEHTBI. MuHUMAaIbHBIN ypoBeHb (]hyH1aMeHTaIbHbIH
npejien) myMa JOCTUTAeTCs, KOrJa HeJMHEHHbIe TPOIECChl B jla3epe He 3aTParduBaroT MIyMOBYIO KOM-
noHeHTy. Tax ObIBaeT B OMHOMOIOBBIX Jia3epax Oeryimeil BOJIHDI.

EcrecrBennas mupuHa JUHAM B TaKUX Jiasepax jaércest dhopmysioii [lasiosa—Taynca [1]:

hv K2

Av=" 2
v 47Tpout

KOTOpasl CIpaBe/InBa Jjis MOJEJN JIa3epa C
— OJTHOPOJHBIM YIIUPEHHUEM,
— OJTHOPOJHBIM pacIipe/iejIeHIeM II0JIsl B pe30HATOpe Jia3epa,
— aJmabaTuvecKu UCK/IIOUEHHON TOoJIIpu3aliieil ak TUBHON CPeJIbl,
— TOJIHOIT WHBepCUeil HaceJEHHOCTEN,
— OTCYTCTBUEM HACBIIIEHUS MHBEPCUU.
Boisee obmmum siBiisieTcst ciieayroIiee BhIPpaXKeHne i MIUPUHBL JIMHUU U3JIyYeHUs Ja3epa [2]:

2
hv K2 L
Av = — NS(S) i K + Ay. (2)
A Pout yL+ 5/2
0
31ech NS( ) (baKTOp CIOHTAHNOTO H3IYHEHHs B OTCYTCTBHE JA3CPHOTO TOJIS Pyut — MOIIHOCTD BbI-
P y Yy )
XOJIHOTO HM3J/IyIeHHsI Jia3epa, Y| — CKOPOCThb PACIaja HOJsAPU3AINU, K — YACTOTHAS II0JIOCA MOJIbI

pesonaropa, K — dakrop [Iurepmana, Avg — He 3aBUCATINI OT MOITHOCTH Jia3epa BKJIAJ B NIHPUHY
JHUK (OH paBeH HyJIIO B UJI€AaJIbHOI YeThIDEXYPOBHEBON CXeMe U B HACTOsIIIell paboTe HE paccMaTpH-
BAETCs ).
0
[Teppoe orimume (2) or dopmysst [Ilasnmosa—Taynca 3akiodaercss B Hajmmauu akTopa Ns(p) =
= N3/(Ny — Ny), tie Ny u Ni — HaCeJIEHHOCTH BEPXHEro M HUYKHErO JIa3ePHBIX yPOBHE COOTBeT-

CTBEHHO. DTOT (DAKTOp yUUTHIBAET HEIOJIHYI0 WHBEPCUIO HaceJIéHHOCTel. Bropoe ommane B TOM, 9TO

! Crarest mogrorossrena x myGmuxamnmu V. B. Koprokuabiv 1 IT. A. XasmoXuHEIM.
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BKJI&JI MOJIAPU3AINN AKTUBHOW CPEIbl YIUTHIBAETCS COMHOXKHATEIEM B KPYIJIBIX CKOOKax. Popwmysra
[MTaBmoBa—TayHca, CKOPPEKTUPOBAHHAS ITUMHU JIByMsI (DaKTOpPaMU, OIpeesseT (yHIaAMeHTATbHBII
IpeJiesl MUPUHBI JUHAN W3JIy9eHUs JIa3epa, OOYCIOBJICHHBI KBAHTOBBIMU (DIYKTYAIMSIMU. Y POBEHBb
Iy Ma, [PEBBIMIAININN KBAHTOBBIN ITPEJIES, OOBIMHO HA3BIBAIOT U30BITOUHBIM.

N36brrounniit mym yunteiBaerca pakrTopom [urepmana. HeobxommmMo oTMeTHTDb, ITO MOBBIIIEHHBIIHI
ypoBeHb IIyKTyaluil u3JiydeHus Ha BBIXOJE JIa3epa MMeeT MECTO BO BCEX MHOI'OMOJIOBBIX JIA3€pax U
00yCJIOBJIEH B3aUMO/IEHICTBIEM MO,

1. U3BBITOYHBIN IIIYM I10 IINTEPMAHY. TE3UCHI CUTMEHA

Ecnu He roBopuTh 0 HEOOJBIUX OTKJIOHEHUSX YPOBHS (DIIYKTYAIMT BBIXOJIHOTO W3J/IyUEHUs] U IITH-
PUHBI JIUHUM JIa3epa OT PYHIAMEHTAJIBLHOIO IIpeena, npeackasbiaeMoro gpopmyiioit [lasrosa—Tayn-
ca [1], To BuepBble 0 HaMMIMU U3OBITOYHOIO INyMa 3aroBOPWJIM B CBsi3u ¢ paboroii [lurepmana [3].
B sroit u nocnenosasimux 3a Heil paborax japyrux aBropos [4-10] 6buI0 MOKa3aHO, YTO B Ja3epax ¢
HEOPTOroHAaJIbLHBIMM MOJJIaMMN MUHUMAaJIbHBINA YPOBEHDL €CTECTBEHHOI'O IIIyMa MOXKET 6bITI) IIPEBLIIICH B
JIECSITKU U COTHU pas!

ITonagany kazajgochb, 9TO OObSICHEHHE CTOJb CHUJIBHOrO 3 deKTa moTpedyeT paJInKaJbHOTO Iepe-
cMoTpa Beeil KBaHTOBOW Teopuu usiydenusi. CurmeHn B pabore [4] BbICKazas 1mo 3TOMY MOBOJY pPsif
O4Y€Hb CUJIbHBIX HpeILHO.HO}KeHI/Iﬁl

1) adbderT n36bITOIHOrO NMIyMa UMeeT KBAHTOBYIO IPUPOJLY;

2) adekT 00yCIOBIIEH HEOPTOrOHAIBLHOCTHIO MOJ U HAMbOOJIee CHUJIBHO IIPOSIBIISIETCS B JIa3epax C
HEYCTOWYUBBIMU PE30HATOPAMU;

3) Jytst ero OObSICHEHNUST, BO3MOXKHO, IPUIETCS OTKA3aThCsS OT MOCTYJIATa O PABEHCTBE Kodbdurm-
eHTOB DiiHIITeliHa J1jIst WHYImpoBaHHOro (A) u ciiontantoro (B) u3iydeHust;

4) najguane u30LITOYHOIO IIyMa B Jla3epax CTABUT II0J] COMHEHHE CaMy KOHIEIIHUIO (OTOHA.

Ho obwbsicaenune sToro, Ha mepBbIi B3I/, IPAHINO3HOIO SIBJICHUS OKA3aJ0Ch YIUBUTE/IHHO IMIPO-
cTbiM. HeopToroHaibHOCTE MOJT O3HAYMAET HAJIMYNE CUJILHON JIMHEHHOM CBSI3U MEXKJy HUMU, OJIarojaps
geMy BMECTO IapluaJIbHBIX MO/ BOSHUKaAIOT HOBLIE O6pa3OBaHI/I${, KOTOpbI€ MOX>KHO Ha3bIBAaThb KBa3H-
mozamu [11]. B obsiacth nputsizkeHust Ja3epHON KBA3MMOJbI MOYKET MONAJATh 3HAYUTENHLHO OOJIbIIe
CIIOHTaHHBIX CbOTOHOB, 9eM B OJ/IMHOYHYIO MOy pe€30HaTOpa. q)a.KTI/ILIeCKI/I7 CcUuTyalyd HEe OT/IMIaeTCdAd OT
ormmcanHoit B Teopun [lasmosa u TayHca HuYeM, KpoOMe 9aCTOTHI AKTOB CIIOHTAHHOI'O U3JIyYCHUS B KBa-
3UMOJLY. DTO HAXOJUT IIOJTBEPIKJIEHNUE B [I0CI€0BATEIbHOI KBAaHTOBOI Teopun nanuoro sdgdekra [11],
KOTOpasi CBUJIETEJILCTBYET O HAJUIUU JIUIIh HE3HAYUTE/bHBIX IIOIPABOK K Pe3yJbTaraM (HeHOMEHOJI0-
THYIECKOTO PACCMOTPEHMSI.

2. HEJIMHEHA 4 CBSA3b MO/ I NU3BBITOYHLIN IIIYM JUHAMUYECKOT'O
ITPONCXO2KJAEHW A

SHaunTeIbHO OOJIBIINI HWHTEpPEC IPEJCTAB/ISeT BJIUSHUE HEJMHEHHONO B3aMMOJIEHCTBHUS MOJ HA
QIIyKTyaIllMOHHBIE XapaKTePUCTUKHU Jiazepa. OMHUM K3 MEPBBIX 3TOT 3(P@PEKT IKCIEPUMEHTAJIBHO U
reoperndeckn uccaenosan 0. U. 3aiines [12, 13|, KoTopslil paccMoTpes1 ABYXMOJOBBIN PEXKUM reJinii-
HEOHOBOTr'O ra30Boro Jjasepa. HemumHeiinoe BzammomeiicTBrE, KOTOPBIM B JTAHHOM CIyIae sIBIASETCS -
bekT HaCBIIIEHNsT HEOIHOPOJHO YIIUPEHHONW aKTUBHOI Cpejibl (BBIXKUIAHNE CIHEKTPAJIbHBIX [TPOBAJIOB
HOJISIMU T€HEPUPYEMBIX MO/L), IIPUBOUT K CJIEJLYIOIIUM OCHOBHBIM IIOCJIE/ICTBUSIM:

1) daykryanun cyMMapHOil HHTEHCUBHOCTHU JIA3€PHOIO M3JIyYeHUs He TPETEPIeBAIOT U3MEHEHUsI 110
CPaBHEHUIO C COIOCTABUMBIM OJITHOMOOBBIM PEYKHMOM;
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2) 0YeHb CUIIBHO BO3PACTAIOT (hIIyKTYAI[Md UHTEHCUBHOCTU OTJEIbHBIX MOJ (IIPUMEPHO Ha JIBA 110-
psijiKa), OJIHAKO 9TH (DIIYKTYallnl AaHTUKOPPEJINPOBAHBI.

[TockonbKy pedsb uaeT 0 QPIyKTyaAIUsIX NUHTEHCUBHOCTH, SBJIEHNAE HE CBSI3AHO C YITUPEHUEM COOTBET-
CTBYIOIIUX CHEKTPAJBHBIX KOMIOHEHT. [IpoBenéHuble 3aillieBbIM 9KCIIEPUMEHTAJIBHBIE UCCIEIOBAHUS
O4YeHb XOPOIIO COIVIACYIOTCH C PE3YJIbTATaMHU €ro K€ TEOPEeTUYECKOro paccMOoTpeHus Ha 6ase OaJiamnc-
HOI MOJIeJIN, [IPEJJIOKEHHON B CBOE BpeMst JIamGom [14].

OnHaKO 3aKOHOMEPHOCTH, BBISIBJIEHHBIE HA I[pUMepe KOHKPETHON MOJE/NN ¢ KOHKPETHBIM TUIIOM
HEJINHEMHOTO0 B3aUMOJENCTBUS MO/, ITOJIYYU/IN MOATBEPXKICHIE U B APYTUX CIyYasdx, KOTJa Ha MePBBIi
ILUIAH BBIXOJAT WHbIE HeanHelnble 3¢ddeKTol. Tak o0cTONT 110 B Cliydae TBEPIAOTEIbHBIX JIA3€POB.
3J1eCh, B IEPBYIO 0YEPE/ib, BBRKUTAIOTCS [IPOCTPAHCTBEHHBIE, a HE CIEKTPAJIbHBIE IIPOBAJIBI B AKTUBHOI
cpene. BzamMopeiicTBre MOI Ha STHX IIPOBAJaX MPUBOSUT K M3BECTHON MPOTHBOMA3HON INHAMUKE
peJIaKCaIMOHHbIX Kostebanuii [15—17|, uro siBjisieTcst, B CyNHOCTH, TEM Ke, YTO U AHTUKOPPEIMPOBAHHbIE
GUIyKTyarun HHTEHCUBHOCTH MO/I.

Yucno Takux MNpUMEpOB MOXKHO yBeIUYUTb. U He 00s3aTe/IbHO OrpAHMYUBATHCH HEJIMHEHHOCTS-
My Tuma 3G@eKTa HACLIIEHNUST U YUCIOM MO, PABHLIM ABYyM. V30BITOYHBIN ITyM HAOJIIOIAETCS U B
pesyJIbTaTe YeThIPEXBOTHOBOIO (KOMOMHAIIMOHHOIO) B3auMoeiicTBust Moz [18, 19).

DddekTnl, HOJO0HbIE TEM, YTO HabJ0Aal 3aillleB, UMEIOT MECTO W B Jla3epax C IHOJIsIPUBAIUOH-
ubeiMu Mozamu [9]. B ocHoBe siBjIeHMsI JIEXKUT HEOJHOPOIHOE HACHIIIEHHE YTTIOBOrO (OPHEHTAIHIOHHOIO)
pacupeseeHnst aTOMOB.

Takum 00pazom, M3OBITOYHBIN IIIYM BO3HHUKAET BO BCEX TUIIAX JIA3€POB, IMOCKOJIBKY MOJIBI HEIpe-
MEHHO CBSI3aHBI Yepe3 Te UJIU WHble HeJnHEeHHbIe 3(PMEKTHI. ITO 0OCTOSATEIBECTBO SIBJISIETCS PeabHOMN
OPUYMHON OrpaHUYeHUsl TyBCTBUTEILHOCTH B yCTPOMCTBAX BHYTPHUPE30HATOPHON JIA3€PHOIM CIEKTPO-
ckormu (M. [19] u npuBenénHyI0 B 9T0M 0630pe siureparypy ). Meros BHYTpUPE30HATOPHOI J1a3epHOii
CHEKTPOCKOIINU SIBJISIETCs, C JPYTOMl CTOPOHBI, aJeKBATHBIM CIIOCOOOM IKCIIEPUMEHTAJIBHOIO UCCIE0-
BaHUs sIBJIEHUS U30BITOYHOIO IIyMa.

XapaKTepoM HEJIMHEHHOTO B3aUMOJEHCTBUST MO/ IIPEIOIPEIEIISIETCS U BBIOOD MOJIE/IEH, CIIO/Ib3ye-
MBIX B TeopuH Jjiazepa. CKaxkeM, IUCTO SHEPreTHIeCKOMY B3aMMOIECTBIIO OTBEYaIOT Oa/IaHCHBIE yPaB-
HeHust. Kazajsock Obl, 3TOT BOIIPOC UCUYEPIIAH, OJHAKO HUCCJIEIOBATE/N IIPOSIBJISIOT UHTEPEC K Jia3epaM,
XapaKTEPU3YIOMUMCS HE COBCEM TUIUIHBIMU COOTHOIIEHUSIMHU MEXKIY PEeIAKCAIIMOHHBIMUA KOHCTAHTA-
MU IMUPUHA JIMHUU YCUJIEHUS Y| MEHBIIIE IMOJIOCHI MOl PE30HATOPA K. YCIOBHUE K 3> 7Y OIpeIesisierT
[IPUHA/JIEZKHOCTh TAKUX JIA3€POB K TOMY M3 YETHIPEX BO3MOXKHBIX IUHAMUYIECKUX KJIACCOB WJIA T'PYIIII,
KOTODBIii MHOIIa Ha3biBaoT Kiaccom D [18].

3. MOAEJIN JIASBEPA, ITPUMEHSAEMBIE B TEOPVIN N3BBITOYHOI'O IITYMA

Paziesienne Beex Jia3epoB Ha YeThIpe IPYIIIBI [0 UX JUHAMUYIECKOMY HoBejeHnio [18, 20-22] ocuo-
BBIBAETCs HA PA3HOM COOTHOIICHUH MEXKJy 3HAYEHHSIMH PeTaKCAIMOHHBIX KOHCTAHT: 7| — CKOPOCTH
peJlaKCallii PAa3sHOCTH HaCeJEHHOCTel (MHBEpCUM), 77| — CKOPOCTU DACIaJia IIOJIsIPU3AIUNA ATOMHOM
cucTeMbl (IUPUHBI OTHOPOJIHON JIMHUM YCUJIEHWs) U K — CKOPOCTH 3aTyXaHUsl [OJIsi B PE30HATODE.

Hamomuum cytmecTBo zesta, 00paTuBIINCh K ABYXYPOBHEBON MOJEIN OJHOPOIHO YITHPEHHOTO JIa3e-
pa Geryiieii BOJIHBI, U3BECTHOI Kak Mojiesb Jlopenna—Xakena [23]:

dE/dt =k (P — E), (3a)
dP/dt =~ (nE — P), (36)
dn/dt =y (W —n — EP). (3B)
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BILGCB HCIIOJIB30BaHbl HOPMHPOBaHHbBIEC IIEPEMEHHDBIC! E — AMILJIATYJa JIEKTPUICCKOT'O I10JId, P — aM-
IUINTY 18 aTOMHOI IOJIsIpU3allui, . — UHBEpCUs HaceJaénnocreil, W — mapamMeTp HaKadKM; peJlaKkcalli-
OHHBIE€ KOHCTAHTBI 7Y, 7|, K U BpeMsl ¢ OCTaBJICHbl B €CTECTBEHHON Pa3MEpPHOCTH.

Apexku [20] npesioxkui oTHOCHTD K Kiaccy A jasepbl (aroMapHbIe ra3oBble, JIa3epbl Ha KpacuTe-
JISIX), YJIOBJIETBOPSIONINE YCIOBUIM Y| > K, 7y > k. Knace B cocraBnsiior Jiasepbl (TBepIOTeNIbHBIE,
HOJIY IPOBOJIHUKOBBIE, MOJIEKYJISIDHBIE Ta30BbIe), JJIsi KOTOPBIX Y| > K >> - K wmaccy C orHecenbr
JIa3ephbl C 7| ~ K, KOTOPBIMHU SIBJISIFOTCSI HEKOTODPBIE MOJIEKYJISSPHBIE TA30BbIE JIa3epbl JIAJEKOr0 WH-
dpakpacHOro Auara3oHa, HAIIPUMED aMMHUAIHBIN J1a3ep ¢ ONTUIeCKOoil Hakadkoil. Ho K srum rpymmam
HeoOXoMMO J106aBuTh emé onny (kiaace D [18]), xapakTepusyoILyocs COOTHOIIEHUSIME MEXKIY pPe-
JAKCAIMOHHBIMU KOHCTAHTAMU K > Y| U K > 7). K knaccy D orTHOCATCS IIy9YKOBBIE MOJIEKYJISIPHBIE
PEeHEPATOPDI, & TAKZKe HEKOTOPbIE ra30BbIe JIA3ePhl ¢ 0YeHb CUJIBHOM U Y3KOI JIMHUEH yCUIeH!sT, KOTOpasi
MOXKeT OBITH JIOCTUTHYTa B akTUBHOI cpeie HeXe-mazepa.

[TpakTuyeckast EHHOCTHh TAKON KJIACCUDUKAIINY 3aKJI0YAETCsI B TOM, YTO PA3HbIe KJIACCHI (KPOMe
kstacca C') JIOIYCKAIOT CHIZKEHUE TOPSIJIKA CHUCTEMbl yPABHEHUIT 38 CUET a/[MabaTuIecKoro UCKIIIOYeHUsI
TeX WM WHBIX IePEeMEHHBIX, UTO CYIIEeCTBEHHO O0JIerdaer IOC/IeLyIOmMil aHan3. B ciydae Kiacca
A K qJuciy <<6I)ICprIX>> MOZXKHO OTHECTU 06e MaTepuaJibHbIE€ II€pEMEHHbBIE, ITOJAPU3aInI0 U MHBEPCHUIO;
ux uCKJoUeHne coguT cucremy (1)—(3) K ypaBHEHUIO Jyisi LOJIsi, YTO SIBJISIETCS TIPEJMETOM TEOPUN
ra3oBBIX JIa3epoB, pasuToii JIsmbom [14] 2. Jins nazepos Kiacca B «GBICTPOIi» TlepeMeHHOf sBIsteTcs
TOJIBKO mosistpu3anysd. [Ipornenypa aanabaTudecKoro MCKJ/IIOYEHUsT IOJISIPU3AIMN [I03BOJISIET CUUTATH
dP/dt = 0, uro cBopuT (36) K mpocToMy ajirebpandeckoMy COOTHOIICHUIO

P=nkFE. (4)

9T0 O3HAYAET, YTO B IPUHATHIX 0OO3HAYEHUSIX IIEPEMEHHAsI 7 HIPAET POJIb PE3OHAHCHON BOCIPUUMYU-
BoctH aroMHoii cucremsl. ITogcranoska (4) B (3a) u (3B) epeBoAUT yKa3aHHbIE YDABHEHUS B H3BECTHYIO
cucremy ypasaenuii 6asanca Crarma—ue Mapca fyist qucia ¢hOTOHOB B PE30HATOPE U PA3HOCTH HACE-
JéHHOCTell pabounx ypoBHell akTHBHOII cpesbl [24]:

dI/dt =2k (n — 1), (5)

dn/dt = v (W —n —nl), (6)

riae I = E? — UHTEHCHBHOCTD MOJIS M3JTyeHNUsI.

Heckonbko mo-unoMy obcTOMT mHej0 ¢ jaszepamu Kjacca D, jisi KOTOPBIX COOTHOIIEHUE MEXKITy
PeJIaKCAIIMOHHBIME TIADAMETPAMU BbIPazKaeTcsl HepaBeHCTBaMU K 3> ) U k > 7. Tenepnb «6bicTpoii»
MePEMEHHOM STBJISIETCST aMILTUTY/I& MOJIsl, KOTOPYIO U CIeyeT aanabaTuIecKu UCKIIOYUTh U3 YPaBHEHUH
(3). Honarast dE/dt = 0, u3 (3a) naxomum

E=P (7)

PesonancHast BOCHPUIMYMBOCTH ATOMHOI CHCTEMBI B JJAHHOM cilydae pasHa ejunure. [logcranoska (7)
B (30) u (3B) npuBOAUT K GATTAHCHBIM yDPABHEHUSIM:

dI/dt =2y, 1 (n—1), (8)

dn/dt =y (W —n —1I). 9)

2 ®akTHUECKY, K YUCIy HEPABEHCTB, BBHIIOJHEHHE KOTOPBIX JEJAeT BOSMOMKHBIM aINabaTHIeCKOe HCKIIIOUYEHIE TEX
WM WHBIX IEPEMEHHBIX, CJIeIyeT M00ABUTH eIé OfHO. Ero cMbICT 3aKJII09aeTCs B TOM, YTO CKOPOCTH CAMOTO OBICTPOro
peJlaKCallmOHHOIO IIPOIlecca JI0IKHA 3aMEeTHO IIPEBBIIIATh BEPOATHOCTh NHAYIIMPOBAHHOTO IIepexoJa MexK/1y KBaHTOBBIMUI
COCTOSIHUSIME. DTO YCJIOBUE OIPAHUYUBAET CBEPXY MWHTEHCHUBHOCTD ITOJISI U3JTYYEHUSI.
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Conocrasiienne cucrem ypasrenuii (8), (9) u (5), (6), onucsiBaromux jasepsl Kiaacco B u D, 1o-
KasblBaeT, 4To ypapHeHus (8) u (5) oTam9aloTcs JMIIb BesnunHOM KoaddunuenTa B npaBoii dacTu:
B () 910 2k, Torga kak B (8) durypupyer 27, . Pusnuecku rakoe pazimune (UM CXOACTBO!) J€rko
00bsicHIMO. AKTHBHAsi Cpejla M PE30HATOD Jia3epa MOIYT PACCMATPUBATHCS KAK JIBA CBSI3AHHBIX OC-
nuuisTopa. B npesere y) 3> K IOMUHADYIOT PE30HAHCHBIE CBOHCTBA SJIEKTPOAUHAMIIECKON CHCTEMBI,
9T0 U OObsICHsIeT HAJMMYIMe B ypaBHeHHH Oasanca (5) CKOPOCTH 1OTEPb K B pe3oHarope. B ofparHoM
IPEJEIbHOM CIyYae, £ > 7y, ONPEIEJISIONIYIO POIb UIPAIOT PE30HAHCHBIE CBOHCTBA aATOMHON CHCTe-
MBI, U K YCTYIIA€T MeCTO 7, . YpasHeHue (9) KauecTBEHHO oTiidyaercs or (6) TeM, 4To OHO JIMHEHHO 1O
MHTEHCUBHOCTH TIOJISI.

4. HECOCTOATEJIbBHOCTHb «MOJEJIN»> BOPIMAHA (J.P. WOERDMAN)

CobcerBenno, BbIBOJ cucTeMbl (8), (9) siBiistercs OiHO# 3 Nesieit panHoil 3amerku. MoTuBanust e eé
HaIMCAHUsI CBsi3aHa ¢ paboramu [25-27|, B KOTOPBIX [PeJIaraeTcsi nHasi BEPCHsi CKOPOCTHBIX yPaBHEHUIA
JUIsl J1a3epoB Kjacca [ KoTopble MMEHYIOTCS B 9THX paboTax JiazepaMyu ¢ HU3KOJOOPOTHBIM PE30HATO-
pom 3. Ec/Ii conoCTaBUThL CHCTEMBI yPaBHeHMil, IpUBeISHHbIE Bhie, ¢ cuctemoii (1) us paborst [26], To
obnapyxusaercs cosuagenne (la) ¢ (8) u (1b) ¢ (6). Ham TpyiHO KOMMEHTHPOBATE IIOAXOJ, IIPUBE/-
it K ypasHenusiM (1) u3 paborsl [26], MOCKOIbKY HU B OJHON U3 IUTUPYEMbIX pAbOT OH He M3JI0KEH
oJIHOCTBIO0. MOXKHO JIUIIb HOHATH, YTO OH HE CBSA3aH C a/InabaTUYeCKUM HCKJIIOYEHUEM KaKO#-J1nbo
u3 nepeMeHHbIX. [Ipumenenne mpeobpaszoBanus Jlamraca K ypaBHEHHIO JJIsl TOJISTPU3AIUT U3 CUCTEMbI
Jlopenra—XakeHa ¢ BBeJIEHUEM IIOHATUS «OJETOr0» PE30HATODPA IIPEICTABIISETCA HEJOCTATOYHO 000C-
HOBAHHBIM, & [TOJIYUYE€HHBI PEe3y/IbTaT BbI3bIBACT IPUHITUITHAJBHBINA BOIIPOC: HA OCHOBAHUH Yero YIa8TCs
[MOHU3UTH MOPSIIOK CUCTEMBI U HEPEHITNAIbHBIX YPABHEHUIT, €C/T OTCYTCTBYET MaJIblii KOI(DDUITUEHT
nepeJi COOTBETCTBYIOMIEH pousBoaHOii? Buu ypaBuenust mist uasepcun (1b) B mmrupyeMbix paborax
BooOIIe He KoMMeHTHpyercst. Tor ke daxt, uro cucrema (1) u3 [26] KaYeCTBEHHO OTIMYAECTCS OT CH-
crembl ypasHeruii (8), (9), Hoy4eHHON B paMKax cTporo 000CHOBAHHOM MIPOLELY DBl 8/ (1adaTuIecKoro
UCKJIIOUEHUST COOTBETCTBYIOIIEH «OBICTPOil» IepeMeHHO u He TpeOyIomeil npuBiedeHns] KAKUX-JIu00
JTOTIOJTHATETLHBIX UCKYCCTBEHHBIX MPETONIOKEHNI BPOJe KOHIEIINN <«OJETOTO» PE30HATOPA, CBHJIE-
TEJILCTBYET O €€ HECOCTOSITE/IbHOCTH.

5. MOJEJIA C ®A30YYBCTBUTEJIbHBIM B3AVNMOJAENCTBUEM MO/,

Emé omro 3amevanne KacaeTcss MHOTOMOJIOBBIX MOJIEIEH, KOTOPbIE TOJIBKO U MOT'YT HCIIOIb30BATHC
B T€OPUHU M3OBITOYHOIO IIYMa, KOIJIa MPUHIUIINAJIbHYIO POJIb UI'PaeT HeopToroHajabHocTh Mo [3]. Cre-
nuduka Jra3epoB Kjacca D, 3aK/II09AONIasICad B TOM, ITO JUHUS YCUJICHUSI 3HAIUTEILHO YK€ MOJIOCHI
pe3oHaTopa, ¢ HeN30eXKHOCTHIO IPUBOIUT K TOMY, YTO YACTOTHBIA MHTEPBAJ MEXK/Y MeHEPUPYEMbIMU
MOJaMM MOZKeT 6bITb TOJILKO MEHbIIIEe IIOJIOChI MOJBI. B 9TUX YCJ/IOBUAX ypPaBHEHNA 6aJIaHCHOI‘O TUIIA,
CTPOr0 TOBOPsI, HEIPUMEHUMBI. 3€Ch CJIEIyeT ITOJIb30BATHCS MOJECSIMU, YIUTHIBAOIMMMI (Pa30dyB-
crBuTENIbHOE B3auMo/eiictre Moz [28-30], KOTOpoe OCyIIeCTBIISIETCsI Yepe3 HABEJEHHYIO UX COBMECT-
HBIM JIefiICTBHEM OCIMJLIMPYIONLYIO pemérKy mHBepcun. Hanumdanme (hazodyBCTBUTEIHLHOIO B3AMMOIE-
CTBUs 3HAYUTEILHO MEHseT (PU3NIECKYIO KAPTUHY MMPOUCXOMIANINX B Jla3epe MporeccoB. B gacrHoCTH,
BO3HUKAIOT I/I36bITOquI€ CbﬂyKTyaHI/II/I TaCTOTHI U, KaK CJI€JCTBUE, aHOMaJIbHOE YIIINPEHNE COOTBETCTBY-
IOIUX CHEKTPAJIbHBIX KOMIIOHEHT JIA3€PHOI'O W31y YE€HUS.

3 9o YCTAHOBHUBIIASICS TEDMUHOJIOT U], KOTOPAsi HE COBCEM TOYHO OTPAXKAET CyIIecTBO Jesia. OCHOBHOE OT/IMYNE TAKUX
JIa3epOB OT OOBIMHBLIX 3aKJIIOYAEeTCs He B OOJIBIIAX IIOTEPSIX PE30HATOPA, & B OYE€Hb MAaJIOi NINDUHE JIMHUN YCUJIEHUSI,
GJraroapsi KOTOPOI U BBIIOJIHSIETCS YCIOBUE K S>> Y| .
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B kadecTBe npumMepa MpUBEAEM CHEKTDP (uIyKTyaluii By XMOIOBOIO J1a3epa Kiacca B ¢ pe3oHaro-
pom @abpu—Ilepo, paccunranHblit o cieyoueil cucreme ypasHeHuit ¢ yuéroM (a3oBoro BanMoeii-
crBust mog, [30]:

G _
dE;/dr = B [—E1 + Eq (ng +n1) + B2 (ngy +ni)]

G . _
dEy/dr = 3 [—(14 B+ iAc) B2 + Bz (ng + n2) + By (ngy + nf)]

dno/dr = W —ng —ng (| E1|* + |Bo|*) 4+ n1 | E1|* + na | Ea|? + (B B2 + E1E3) (ngy +1y),
dny/dr = —ny —ny (|B1|* + |B2f?) 4+ 10 | E1[* /2 + (Ef B2 + E1E3) (n1y + niy) /2,
dng/dr = —ng —ny (|E1|* + |B2f*) 4+ no | E2|* /2 + (E{ Ea + E1E3) (n1y + niy) /2,
dnfy/dr = —nify —nfy (|E1|* + |Eal?) + ny (| E1f* + | E2f*) /2 + (E{ Es + E1E3) (no + 11 + n2) /2,
dnyy/dT = —njy =1y, (|B1* + |Bof*) + ndy (|EL[* + | Ea|?) /2 + (Ef By + ELE3) (ng +n1 +n2)/2. (10)

3nech F1, Fo — HOpMUPOBAHHBIE AMILIATY/IbI [TOJIEI

1077 @) mox. Oypbe-KOMIIOHEHTbI HHEEPCUH HACe/ISHHOCTe]l
Sy OIPEJIEIEHDI CJIEIYIOMMMU COOTHOIIEHUSIMU:
\ ! L
! 1
10—21 | nO:E/N(z,t)dz
l 0
| L
1
? —/Nztcos2kz)dz
| | L
10 |
‘ 0
|
! ! !
0 50 100 Q ni =F T /N(z,t) cos[(k1 + ko) 2] dz,

riae N(z,t) — uHBepCUsl HACEJEHHOCTE, HOPMUPO-
BaHHAs HA YNCIO AKTUBHBIX ICHTPOB B CIUHUIE
00béMa, kj = mm;/L — BoaHOBBIE uncIa Mox, L —
auHa pesonaropa, j = 1;2. Kpome Toro, 7 = Nt
G = 2k/v|, B — oTHOCHTeNbHAS PA3HOCTD MOTEPDH
MO, A; — PasHOCTb COOCTBEHHBIX YaCTOT MOJI.
Mogesb (10) anekBaTHa Jga3epy ¢ GIU3KUMU 110
JacToTe MOJAME, KOIZa MEeXKMOIOBLI HHTEpBaJ

: : 1 MEHBIIIEe TIOJI0CHI OTIAEIbHON MOIBI. B 3TOM ciydae

| ‘ .. . .. .

‘ L | TpedyeTcst CKPYIIYJIE3HbI yIET MEKMOJIOBBIX Oue
0 Q, 50 Qp 100 ( Ui, 1 aMIUIATYJIBI IyIbCUPYIONIUX PEIEeTOK NHBep-

Puc. 1. CHG‘KprI CbﬂyKTyaﬂ;Hﬁ MHTEHCUBHOCTH (a) u Cun C pa3/IMYHbIMUA IIPOCTPAHCTBEHHBIMU MacCHITa-

qacrorsl (6) nasepa Kaacca B B 01HOMOIOBOM (Kpu- OAMH OKA3BIBAIOTCS B 'IAC/IE IIEPEMEHHbBIX CHCTe-
Boie 1, 3 = 0,5) u aByxmozosoM (kpmsbie 2, 3 = Mol [18]. B ommtme or 6aiaHCHBIX MOJI€eI€eil IPUHITH-
= 0,05) pexxumax remepanuu. OcTajbHbIe TADAMET-  [IHAJLHYIO POJIb UTPAIOT HE TOJIBLKO aMILUIUTYIbI, HO
per: W =3, G=2000, Ac =0 u hasbl 1moJieit MOJ| U TIEPEMEHHBIX Cpefibl. 3a dhaso-
BOE B3aMMO/ICHCTBIE OTBEYAIOT MOCIe[HIe CIATAEMbIe B IIPABBIX YacTAX (DeméTK HHBEPCHH 1y U ny,).
Crenyer oTMeTUTH, 9TO K (ha30BOMY B3aUMOJIEHCTBUIO HEIPEMEHHO IPUBOJIUT JIMHEHHAS CBSI3b MOJ.
CrenoBaTeIbHO, HAJUYNE TAKON CBA3W O3HAYAET HEBO3MOXKHOCTD HCIIOJIB30BaHUS OAJIAHCHBIX ypaBHE-
HUIl Jaxke IJIsT Ta3epoB Kjacca B.
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I[Tpu ucnosb3yembix B pacuére napamerpax cucrema (10) umeer ycToiianBoe cOCTOSIHIE PABHOBECHSI,
COOTBETCTBYIOITEE CTAIMOHAPHON JIBYXMOJOBOI reHepaiuu. Pejrakcariust K 9TOMY COCTOSTHUIO ITPOUCXO-
JUT IyTEM 3aTyXaOMNX KOJebaHul, KOTOPBIE MPOSIBJISIOTCS B CIIEKTpax (QIYKTyalnii HHTEHCUBHOCTHU
B BHJI€ IIUKOB HA PEJIAKCAIIMOHHBIX YACTOTaX. B paccMaTpuBaeMOM CjIydae JIBYXMOJIOBOI IeHepalun
umMeroTest JBe takue dactorbl, g u Qp (Qr > 1), U, COOTBETCTBEHHO, /Ba TUIIA PEJAKCAIIMOHHBIX
kojiebanuii. [lepBoiii, Oojiee BBICOKOUACTOTHBIA TUII COOTBETCTBYET CHH(MA3HBIM KOJIEOAHUSIM WHTEH-
cuBHOCTell Mox. OH CyIIeCcTBYeT W B OJHOMOJOBOM Jia3epe, MOCKOIBKY O0YCIOBJIEH B3aWMOJEHCTBHEM
reHepUpyeMOTO U3JTyUeHUsl KaK IEeJI0ro ¢ MeJUIeHHO pejakcupyiomeit (k 3> 7| ) aKTHBHOIl CpeJIoil.
Bropoit Tun penakcarmonsix Kosiebanuii — 310 nporuBodaszHbie KojaedaHus WHTEHCUBHOCTEH MO C
qacToToil {11,, 00yC/IOBJIEHHBIE MEXKMOJIOBOI KOHKYPEHIINEl U OTCYTCTBYIOIIUE B CJIyUIae OJIHOMOIOBOI
reHeparun.

Pesynbprar pacuéra cuekTpoB (pIyKTyaruil OTAEIbHON MOJBI B JBYXMOIOBOM PEXKUME IIPUBEICH
Ha puc. 1. /g cpaBHeHUsT Ha 9TOM Ke PUCYHKe IMPEICTABIECHBI CIEKTPHI (DIYKTYaIUil OIHOMOIOBOIO
Jla3epa IpH TeX Ke rmapamerpax. B criekrpe uiyKTyanuit "HTEHCUBHOCTU U30BITOYHBIN IIIyM, KaK 3TO
U CJIEJIOBAJIO OXKUIATH JIjIsi MHOIOMOJOBOIO Jia3epa KJjacca B, IposiBjsgeTcs B BUIE PE30OHAHCHOTO KA,
HA YaCTOTe IMPOTUBOMA3HBIX PEJIAKCAIIMOHHBIX Kojiebanmii )1, U MOBBINIEHHOIO YPOBHS Ha dacTtore (IR
(puc. 1a). ITomumo durykTyanuii HHTEHCUBHOCTH M30BITOYHOCTD HPOSIBJISIETCS. U B ClIEKTPax (IIyKTya-
it gacTorel (puc. 16). Drum obbsicHsiercst nosisiaenne dakropa [Iurepmana B 0600mEéHHOI hopmysie
[MIAPUHBI CIIEKTPA U3/IyU€HUs J1a3epa, PeUb O IEM IIJIa BBIIIE.

6. SAKJIFOYEHUE

B pabore nokazano, 1To

1) u36BITOUHBI IIyM B J1a3epax 00yCIIOBJIEH CBSI3BIO MOJL;

2) sinHejiHasl CBSA3b MOJ [IPUBOJUT K SIBJIEHUIO U3OBITOYHOrO IIyMa B Y3KOM CMbICJe CJI0Ba (IO
[Turepmany);

3) HesimHEHAsI CBsI3b MOJI sIBJISIETCs YHUBEPCAJIbHBIM MEXaHU3MOM U30BITOYHOIO IIIyMa, UMEOIIIM
JIUHAMIIECKYTIO TTPUPOLY;

4) acbdekT nMeeT YUCTO KIIACCUYECKOE MPOMCXOXKJIEHNE; OH HAXOJUT CBOE OObsICHEHHE B PaMKax
CYIIECTBYOIINUX IIPEJICTABICHNIT 1 He TpebyeT mepecMoTpa 6a30BbIX IIOJIOXKEHUN TEOPUH U3JTy YCHUST;

5) Teopusi M30BITOYHOIO IIIyMa B jla3epax Kjacca B MOXKeT CTPOUThCsl Ha 6aze Mojesu ¢ ajunabaTu-
YeCKU UCKJIIOYEHHON HOJIspU3aIueil, Moy YeHHOl CTaHIaPTHBIM 00pPa30M, 1 He TPeOyeT IMPUBJICICHUS
«HOBBIX» IIOJIXO/IOB, HE UMEIOIINX JOKHOIO OOOCHOBAHMS;

6) cTporo roBopsi, GaJlAHCHBIE MOJIEJIN HEIPUTO/HBI JJisi IOCTPOEHUs] TeOPUH U30BITOYHOIO IIIyMa,;
AIeKBATHBIME SIBJISIIOTCA MOJEIN ¢ (PA30TyBCTBUTEILHBIM B3aUMOJICHCTBIEM MO/I.

Aprop npusHaTeseH (oHaM, IPU MO/JIEPXKKE KOTOPBIX ObLIa BBIIIOJIHEHA HACTOsAIIas paboTa: (poH-
ny Anekcanyipa don ['ymbonbara, PODU u IIpesusentckoit mporpaMMe MOAJIEPKKIA BEIYIIUX HAyd-
HBIX IITKOJL.
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PROBLEMS OF EXCESS NOISE AND ADEQUATE LASER MODELS

Ya. I. Khanin

We discuss the problem of excess noise in lasers of different dynamical classes, as well as adequate
models for the description of such noise. It is shown that the excess noise in lasers is caused by
mode-mode coupling. The linear coupling leads to the phenomenon of excess noise in the narrow sense
(Petermann’s excess noise), while the nonlinear mode coupling is the universal mechanism for excess
noise of dynamical nature. It is shown that the theory of excess noise in class-B lasers does not require
new approaches and can be developed on the basis of models with adiabatically eliminated polarization
obtained in a standard way.
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POLARIZATION DYNAMICS OF INTRACAVITY FREQUENCY-DOUBLED
Nd:YAG LASER

C. Czeranowsky *, V. M. Baev !, G. Huber *, P. A. Khandokhin 2, | Ya. I. Khanin| 2,
L V. Koryukin %, and E. Yu. Shirokov *

Experimental study of low-frequency dynamics of intracavity frequency-doubled Nd:YAG laser demon-
strates the influence of the interaction of orthogonally polarized modes, participating in frequency doubling
(type II phase matching), on the stability of the laser output. At sufficiently low pump rate and low con-
version efficiency the laser shows a stable operation with low noise level at the frequencies of relaxation
oscillations. At a high pump power and/or a high conversion efficiency, the laser emission becomes unstable
as a result of Hopf bifurcation at frequencies of relaxation oscillations, that are responsible for anti-phase
polarization dynamics of the laser.

INTRODUCTION

Improvement of the output stability of multimode lasers requires the identification and control of
nonlinear mode coupling dominating the laser dynamics. One of the very important practical problems
is the stability of the output of multimode solid-state lasers with intracavity frequency doubling. It has
been shown experimentally by using a multimode Nd:YAG laser with an intracavity KTP crystal [1],
that the mode coupling due to intracavity frequency doubling is sufficient to generate instability of laser
emission. The analysis of the developed rate equations used to model the laser dynamics confirmed
the existence of dynamical instabilities within a certain parameter range of the laser [1-4|. It has
been pointed out that the laser instability is caused by the sum frequency generation, that usually
accompanies the second harmonic generation in intracavity frequency doubling multimode lasers, and
that the stationary solution loses its stability through Hopf bifurcations.

In spite of many theoretical papers considering dynamical instabilities in multimode lasers due to
intracavity frequency doubling, experimental investigations in this field are insufficient and mostly con-
centrated on the development of practical solutions for the stabilization of the laser output. Two types
of phase-matching of light waves in nonlinear crystals are used for intracavity frequency doubling: type
I includes frequency mixing of laser modes of one polarization, whereas type II mixes the laser modes
of the orthogonal polarizations. In intracavity frequency doubling lasers with type II phase matching
stabilization is performed, e. g., by adding a quarter-wave plate [5] or two crossed nonlinear crystals [6]
to the laser cavity. With type I phase matching the laser usually oscillates in only one polarization
mode, and the instability of the output appears due to the coupling of longitudinal modes [7]. In this
case it has been suggested to place the doubling crystal in specific locations inside the laser cavity with
respect to the gain medium such that the spatial overlap of different oscillating laser modes in the gain
medium and in the doubling crystal is minimized [8]. In this way, the efficiency of generation of the
sum frequency in contrast to the second harmonic is reduced, and the laser output is stabilized.

In this paper we investigate experimentally the low-frequency dynamics of type II intracavity
frequency doubling lasers at the transition from the stable to chaotic emission. These results are
important for understanding the physical processes governing the dynamics of multimode intracavity
frequency doubling lasers, for the development of the most accurate theoretical model and for the
stabilization of the laser emission.
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Fig. 1. Experimental setup

1. EXPERIMENT

Investigations are performed using a Nd:YAG laser with a weakly anisotropic 50-mm-long cavity
ensuring simultaneous excitation of both orthogonal linear polarizations at the fundamental wavelength
1064 nm [9]. The optical axis of the nonlinear, temperature controlled KTP crystal is oriented precisely
along one of these polarizations so that the ordinary and extraordinary waves of the nonlinear crystal
coincide with eigenpolarizations of the cavity. In this case the frequency doubling is generated only by
the longitudinal modes of different polarizations through sum frequency generation.

The experimental setup is shown in Fig.1. A Nd:YAG laser crystal is longitudinally pumped
through the back mirror M; by a broad area (100 pm) diode laser (DL) with up to 1,6 W output
at wavelength 808 nm. The atomic concentration of Nd is 1,1 %, and the length of the crystal is 3 mm.
The pump beam is collimated and focused into the laser crystal by two achromatic lenses. One side of
the laser crystal is coated with the dielectric mirror M (reflection coefficient R ~ 100 % at wavelength
1064 nm, R ~ 0 at 532 and 808 nm). The output concave mirror My with 50-mm radius of curvature
has similar reflectivity as M. The opposite side of the laser crystal and both sides of the KTP crystal
are antireflection coated at 532 and at 1064 nm. The optical length of the cavity L = 58 mm provides
intermode spacing Avy = ¢/(2L) of 2,6 GHz, where ¢ is velocity of light. The threshold pump power is
about 250 mW. The laser output is monitored by a high-speed photodiode and registered by a digital
oscilloscope «LeCroy» with bandwidth 500 MHz. Additionally, this oscilloscope performs a Fourier
transformation of the input signal. The time window of recording is set by a chopper. The optical
emission spectrum of the laser is recorded by a grating polychromator equipped with a 1024-channels
CCD and is stored in the same digital oscilloscope. The resolution of spectral recording at A = 1064 nm
is 0.43 GHz. That is sufficient to resolve individual laser modes. The polychromator bandwidth at A\ =
= 1064 nm is 347 GHz. Polarizer (Pol) and color glass filter transmitting in green or in IR are used
to select the polarization and wavelength of recording.

A typical optical spectrum of the laser output is shown in Fig. 2. In this example the laser oscillates
at 1064 nm in 3 longitudinal modes (v1, v2, v3) of one polarization (Fig.2a) and in 1 longitudinal mode
(v4) of the orthogonal polarization (Fig.2b). The wavelengths of all these four oscillating modes are
different; their frequency separations are: vy — vy = 22 Ay, v3 — v1 = 36 Ay, and vy — 11 = 2 Auy.
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Tom XLVII, Ne 10-11 Hszeecmuasa sysos. Paduogusura 2004

1,0+ V3 a)
’ vy A =1064nm a)
polarization 1 1,0
0,5
0,5 n=1,65
0,0
b 0,0 | | |
1,0F A =1064nm N
< polarization 2 1,0f ‘ T TS
0,51
0,5
1 1 1
0,0 100 300 300 | n=23
Frequency difference, GHz 0.0 | | |
1.0+ vituy vyt c) 10F c)
A=532nm T
il I
0,51 0,50
Vot y !
0,0 o s il i s el ! 1=325
! 100 200 300 400 500 600 0,0 0,5 1,0 1,5
Frequency difference, GHz Time, ms
Fig. 2. Optical spectrum (in arbitrary units) of the Fig. 3. Temporal behavior of the laser output (in
laser emission in two orthogonal polarizations at arbitrary units) in one linear polarization at A =
A =1064 nm (a, b) and at A = 532 nm (¢). Pump = 1064 nm at three different pump rates n = 1,65
rate n = 1,65, conversion efficiency ¢ = 44 W1 (a), n=2,3 (b), n = 3,25 (¢), and at the constant

efficiency of the frequency doubling e = 80 W1,
The second polarization shows similar behavior

Other laser modes are suppressed by etalon effects on various optical surfaces in the laser cavity and
by the partial filling of the cavity with the active medium [10, 11]. The frequency doubled emission
(Fig.2¢) shows three contributions vy + vy, v9 + v4 and v3 + vy provided only by sum frequency
generation. That proves no generation of second harmonic components. Since the laser parameters,
such as pump power, doubling efficiency and the cavity adjustment in our experiment were variable,
the spectral and polarization compositions of the laser emission were modified slightly depending on
the particular cavity configuration. However, no specific modifications of the laser emission spectrum
associated with the transition from the stable to chaotic laser dynamics were observed.

At sufficiently low pump rate and low efficiency of frequency doubling the laser shows a stable
operation with a low level noise. Figure 3a demonstrates an example of a stable emission in one
polarization of the laser at the fundamental wavelength, 1064 nm. In this figure the pump rate of
the laser is 1,65 times above the threshold (n = 1,65), and the efficiency of frequency doubling ¢ =
= 80 WL, The efficiency of the frequency doubling is defined here as the ratio of the output power at
A =532 nm, Py, to the product of the output powers P; and P, at A = 1064 nm in both polarization
modes: € = Py /(P1P,). The efficiency of the frequency doubling is controlled in this experiment by
the temperature of the KTP crystal.

Figures 3b and c show the laser output at A = 1064 nm in the same polarization mode with the same
efficiency of the frequency doubling, but at higher pump rates. At the relative pump rate n = 2,3 the
laser shows strong regular oscillations at one particular frequency, whereas at n = 3,2 the oscillations
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of laser emission become irregular. The laser emission at the second polarization of the fundamental
frequency and at the doubled frequency are not presented here since their behavior is similar to records
shown in Fig. 3.
Figure 4 displays the low frequency spectrum of
the laser output in one linear polarization at A =
—40F _1 a) = 1064 nm. The pump rate is kept constant here,
e=4W n = 3,25, but the efficiencies of the frequency dou-
bling are different: ¢ = 4; 50 and 80 W~!. With the
_8OM low conversion efficiency the laser emission is stable
100 | [ -~ and shows only a low-level noise. The frequencies
- of this noise corresponds to the relaxation oscilla-
tions typical for solid state class B lasers |9, 12-15|.
The low-frequency spectrum of the laser emission
shown in Fig. 4a reveals one high-frequency peak at
200 kHz and two peaks at lower frequencies. The
high-frequency peak corresponds to fast in-phase os-
—100 : : : : cillations in all laser modes, whereas low-frequency
peaks correspond to slow antiphase oscillations in
individual polarization [9, 12, 13] and longitudi-
nal [14, 15| modes. The total number of peaks can
be as large as the number of oscillating modes. All
these oscillations are especially pronounced in the
—1000 50 550 360 150 =0 transiel.lt regim§ of the l'as.er [12] ) however, the quan-
Frequency, kHz tum noise provides sufficient drive force for perma-
nent excitation of these oscillations even if the pump
Fig. 4. Fourier transformations of the laser output ~ power is kept constant [14].
(in dB) in one linear polarization at A = 1064 nm At higher conversion efficiencies the laser be-
at different conversion efficiencies: ¢ = 4 W™+ havior becomes unstable. Fig. 4b shows the low-fre-
(a), & = 50 W (b), and & = 80 W™ (¢). The quency spectrum of the laser emission at the dou-
pump rate 7 = 3,25 bling efficiency of ¢ = 50 W~! ensuring strong os-
cillations of the output. The output fluctuations at
the frequency of the polarization relaxation oscillations grow due to the increase of sum frequency gen-
eration in the laser cavity. As a result the frequency peak corresponding to the polarization oscillations
is getting narrower and stronger and it’s multiple harmonics appear in the power spectrum. With the
doubling efficiency of ¢ = 80 W! fluctuations of the laser emission become irregular and the power
spectrum is getting broad and unstructured (Fig.4c) indicating the transition to chaotic dynamics.

—60

—60

—80

2. DISCUSSION

Solid-state lasers belonging to class B are characterized by smaller decay rates of the upper laser
level than the decay rate of the light in the cavity [16]. Therefore, the inversion does not adiabatically
follow the light power, and the transient laser dynamics shows relaxation oscillations of the output.
The low-frequency dynamics of standing-wave bipolarized multimode solid-state lasers is additionally
modified by the spatial inhomogeneity of the saturated laser gain in the longitudinal and azimuthal
directions. The interaction of the orthogonally polarized modes with the laser medium leads to po-
larization (angular) hole burning and, consequently, to the appearance of low-frequency relaxation
oscillations of a new type (in addition to the well known relaxation oscillations in longitudinally multi-
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mode lasers [16, 17]), which are responsible for antiphase behaviour of orthogonally polarized modes [9,
13]. All these relaxation oscillations are easily excited by any perturbation including quantum noise
that is naturally present in all lasers. Therefore the fluctuations of the laser output at the frequencies
of the relaxation oscillations are always present even if the laser operates continuously [15].

In our experiment the nonlinear doubling crystal in the cavity mixes only the laser modes with
different orthogonal polarizations. This mixing by the sum frequency generation was suggested to be
the main reason for the instability of the laser output [1], but the previous experimental and theoretical
investigations included frequency doubled lasers with both the second harmonic and the sum frequency
contributions. However, the investigation of the specific influence of the sum frequency contribution
is indeed important, since it is known, that the second harmonic generation in contrast to the sum
frequency generation increases the damping of the relaxation oscillations [18| and, therefore, improves
the stability of the laser output.

Indeed, we have observed that the sum frequency generation reduces the damping of the polarization
relaxation oscillations. At sufficiently high doubling efficiency and pump rate the fluctuations of the
polarization modes are transformed into undamped oscillations and the so- called Hopf bifurcation takes
place. The presence of the Hopf bifurcation has already been predicted by model calculations [3, 4],
however, it has not yet been observed experimentally. Our results show that the Hopf bifurcation takes
place at the frequency of the polarization relaxation oscillations and it is the result of the interaction of
the polarization laser modes. The Hopf bifurcation appears in the experiment not as a sharp transition
from stable emission to oscillatory regime, but as a continuous increase of the oscillation’s amplitude.
Further increase of the doubling efficiency and/or of the pump rate generates chaotic dynamics.

The bifurcation takes place only if the doubling efficiency and/or the pump rate are strong enough
and the threshold of the instability is reached. Since the instability is caused by the mode interaction,
a new comprehensive model of the multimode laser with intracavity frequency doubling should more
accurately take into account such important properties of the laser, as the spatial [8, 10, 11] and
angular 9, 13, 19| inhomogeneity of the gain.

CONCLUSIONS

In this paper we present the experimental study of the influence of the interaction of polarization
laser modes on the stability of intracavity frequency doubling. Increased efficiency of the frequency
doubling and/or increased pump power lead to stronger oscillations of the laser output at the frequency
of the polarization relaxation oscillations and eventually to regular undamped oscillations followed by
chaotic dynamics. The first experimental observation of Hopf bifurcation at the frequency of the
polarization relaxation oscillations is presented.

The results of the experiment can help to develop simple and efficient ways for the stabilization
of the output of intracavity frequency doubling lasers. Since the observed instability is the Hopf
bifurcation at the frequency of the polarization relaxation oscillations, the following stabilization ways,
which modify the relaxation properties of the solid-state lasers, are possible:

1. Selection of an active medium with larger decay rates of the upper laser level, since it increases
the damping of the relaxation oscillations [17].

2. Reduction of the cavity loss rate and increase of the relative pump rate, since it can modify the
transient relaxation oscillations into the aperiodic regime [20], which is typical for class A lasers.

3. Application of an opto-electronic feedback, since it increases the damping of relaxation oscilla-
tions [21, 22].

4. Reduction of the spatial inhomogeneities of the gain, e. g. by using a quarter-wave plate [5], or
ring lasers, since it reduces the amplitude of the low-frequency relaxation oscillations.

C. Czeranowsky, V. M. Baev, G. Huber, et al. 811
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5. Application of cavity configurations with reduced efficiency of sum frequency generation as
compared to second harmonic generation, since it increases the instability threshold [§].
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POLARIZATION DYNAMICS OF LONGITUDINALLY MONOMODE
BIPOLARIZED MICROCHIP SOLID-STATE LASERS

G. Bovwmans', B. Ségard®, P. Glorieux!, P. A. Khandokhin'?, N. D. Milovsky?,
and E. Yu. Shirokov?

This paper is devoted to the polarization dynamics of a longitudinally monomode bipolarized Nd:YAG
laser: the low-frequency polarization dynamics of a microchip laser is investigated experimentally and theo-
retically. The intensities and the relaxation oscillation spectrum of orthogonally polarized modes versus the
direction of pump polarization is observed. A phase-sensitive model of a longitudinally monomode bipolar-
ized solid-state laser with linear polarized diode laser pump is developed to account for the experimental
observations.

INTRODUCTION

In most lasers, the polarization of the laser electric field is fixed, due to polarization selective ele-
ments inside the laser cavity. This is not the case for the recently developed microchip lasers since these
monolithic structures are quasi isotropic. In such devices, the freedom is restored for the polarization
variables and these lasers may develop some polarization dynamics, i.e. the laser field may not be
described by its intensity or the field amplitude only but the vectorial character of this quantity must
be accounted for.

In fact an enormous amount of work already exists on such dynamics in a variety of lasers, including
microchips similar to those considered here [1-12]. Since the early days of lasers, it has been recognized
that the state of laser emission could depend on the properties of both the active medium and the
passive components of the laser cavity. Most of these works dealt with stationary states, in many
cases continuous-wave (cw) or periodic states. In the present work we aim at interpreting dynamic
characteristics of these lasers such as their polarization resolved relaxation oscillation (RO) spectrum
and we introduce a new theoretical description of such dynamics in terms of polarization modes.

The simultaneous interaction of several modes with the active medium may be treated at different
orders. To first order, the modes are coupled because they both share the same population inversion, in
an energetic coupling. To the next order, population saturates. This gives rise to population gratings of
two types because of the standing waves inside the laser cavity. The gratings of the first type are small-
scale gratings with period of half wavelength A/2 due to the effect of spatial hole burning — also pure
energetic coupling. In presence of two and more longitudinal modes, long period modulation gratings
of second type appear at a scale fixed by the frequency difference between each pair of the interacting
modes. Such «phase-sensitive» gratings were introduced (for example [13]) to obtain a better relation
between theory and experiments in dual longitudinal mode lasers. In this paper we show that a similar
approach may be developed to account for the experimental observations of the laser polarization
dynamics. When two polarization modes coexist in the laser, similar coupling mechanisms rule the
dynamics of the system. To lowest order both polarization components share the same population
inversion. To next order, they burn holes in the population distribution because of saturation and to
the following order, these «polarization holess alter the laser dynamics.

Microchip YAG lasers are particularly well suited for many reasons: (i) they are so short that single
longitudinal mode is the most common regime, (ii) they are efficiently pumped by linear polarized diode
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lasers, making it possible to change the direction of the pump induced anisotropy. However as these
devices are monolithic, it is difficult to control the loss and phase anisotropies inside the cavity.

Generally, the polarization state of laser emission depends on properties of the active medium and
of the laser cavity. In the active medium, gain and refractive index anisotropies may be induced by
pumping with polarized light or by an external magnetic or electric field. The laser cavity anisotropies
depend on the characteristics of the intracavity optical elements. Just like for the active medium
they can induce polarization-dependent changes in the loss and/or refractive index. As the optical
axes of all these components generally do not coincide, treating the general situation of arbitrary
anisotropies strengths and orientations is an enormous and useless task. Practically the polarization of
a YAG microchip laser depends on the interplay of residual stress-induced birefringence and the gain
anisotropy introduced in the active medium by polarized pumping as provided by a diode laser [2-4]. As
all these effects are small, the lasers with Fabry—Perot cavities are quasi-isotropic and orthogonally
polarized modes with the same longitudinal index have equal lasing thresholds and similar lasing
frequencies, and under these conditions unstable lasing is possible [5, 11].

Similar problems were already considered in a variety of situations, mostly for He-Ne [14-20] and
then YAG |21, 22| and diode [23, 24] lasers and more recently Vertical Cavity Surface Emitting Lasers
(VCSEL) [12]. As far as microchip lasers are concerned, there have been few systematic studies of
their polarization dynamics. The experimental conditions are not always specified or not relevant to
the present work because some use non-polarized pumping. However the following conclusions may be
deduced [5, 11, 21, 22]:

1) The residual birefringence causes a mode splitting of the order of MHz to hundreds of MHz.
The laser remains in single mode operation because this is much smaller than the longitudinal mode
spacing.

2) The loss anisotropies are extremely small by construction and neglected.

3) The polarized pump introduces gain anisotropy as seen e.g. on the evolution of the threshold
with the pump azimuth.

4) Single or double mode operation depends on the relative values of the gain anisotropy and of the
birefringence. Instabilities and self-pulsing may result from double mode operation at low birefringence.

The original point of the present work is to include the RO (or noise) spectrum as a key feature of
the laser behavior in addition to the intensity and polarization states. Relaxation oscillations provide
an additional diagnostic of the laser dynamics that helps, and should be considered, in the comparison
between models and experiments. For instance, in VCSELs, the question of the presence of a second
relaxation oscillation is a key check for the existence of spin relaxation processes and is still a subject
of controversy [12].

The bipolarized laser theory has been already considered by many authors [2-4, 5, 10|, but in
a context different from the present work. For instance, a spatial structure of orthogonally polarized
modes that is identical along the entire cavity axis (longitudinally single-mode laser) is considered
in [5, 10], but the effect of spatial hole burning is neglected there. A bipolarized laser model taking into
account longitudinal hole burning of inversion, but in presence of different longitudinal modes of the
cavity, is developed in [2-4]. In addition, these papers include a phenomenological description of gain
anisotropy due to linearly polarized laser pumping. In the present paper we actually suggest a model
that embraces the ideas of all these papers. Also, based on the ideas suggested by Casperson [7], we
present in the appendix and use in the calculation a quantum-mechanical derivation of the modification
of angular distribution of active centers under linearly polarized pumping.
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Fig. 1. Schematic of the experimental setup used in this study: LD — pump laser, wavelength 810 nm;
L — collimating lenses; A\/2 (810 nm) — half-wave plate at A = 810 nm; Nd:YAG laser — microchip laser
with 0,5 mm length; F — cut off filter at A = 810 nm; A/2 (1064 nm) — half-wave plate at A\ = 1064 nm;
P — Glan prism; PD — the photo diodes; PC — personal computer

1. EXPERIMENTAL RESULTS
1.1. Experimental setup

The laser behavior has been characterized by three kinds of physical variables, namely (i) the
output intensity in each polarization component, (ii) the ellipticity of the emitted fields and (iii) the
relaxation and beat frequencies as coming from the radiofrequency noise spectrum of the laser emission.
All these quantities have been measured versus the azimuth and the intensity of the pump in two limit
cases corresponding to a large and a small difference between the resonance frequencies of the cavity
polarization eigenmodes. The frequency difference between orthogonally polarized modes is fixed by
the residual birefringence of the crystal matrix, and acts as a crucial parameter ruling the interaction
between the two polarization modes, with frequency pushing/pulling making the laser oscillate on
«modes of hot cavity» with frequencies different from those of the «cold cavity» and possibly locking
of two modes resulting in a single mode operation.

The experimental setup is schematically presented in Fig. 1. The emission from a pigtailed laser
diode LD passes through a polarizer (extinction ratio 10%) associated with a zero-order half-wave plate
which controls the azimuth of the pump field. It is focused by a telescope onto the surface of an active
element (a plane-parallel plate about 25 mm diameter and 0,5 mm thickness made of Nd3*-doped YAG
crystal which has been cut perpendicularly to the [111] crystallographic axis, the atomic concentration
of Nd is 1,1%), whose dielectrically coated surfaces serve as mirrors at a wavelength of 1064 nm. The
output surface has additionally an antireflection coating at the pump wavelength. A filter F is placed
at the output of the Nd:YAG laser to cut off residual pump radiation. Next, the laser light is split
with a polarization cube P into two beams. A half-wave plate at a wavelength of 1064 nm matches
the orientations of the eigenpolarizations of the laser with the eigenaxes of the polarization cube in the
detection arm.
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I, mW I, n?\gv Such a laser oscillates on orthogonal linearly
14 —~ 1,2 polarized modes (we have made checks through
12 | . 1 the spectral and geometrical analysis of the laser
10 L a" output that the laser operates in the single longi-

8 L g ® 1°%° tudinal and transverse mode regime). In typical
n - gime). In typica
6 I . " l conditions, there is only one longitudinal mode
4 L . ~4 04 in each polarization mode and the same longi-
2F o™ Ly |} tudinal index. Therefore the description of the
*

olppee e **,° Lo 0,0 laser emission in the model used for interpreta-
tion is limited to these two (z- and y-) compo-

Ily/Ilz oy
0,020 b) nents. The mode composition was checked by
. .o monitoring through the power spectra in these
0,015} @ o . ¢ orthogonal polarizations. In the following, we

[ L4 e o .

® compare the cases of single and double orthog-
0,010 |- onal linear polarizations. They are obtained by
0005 L adjusting the parameters which are experimen-

tally accessible, i.e. (i) continuous variation of

the pump polarization direction and (ii) discrete

0,000 ! I ! | |
changes of the cavity (stress-induced) birefrin-

FHFv MHz .. .
16— ¢) gence. More specifically we explore the influence
’ . of the pump characteristics under the small and
12 oo ** large birefringence. This quantity may be select-
« *° ed because the large transverse dimensions of
0,8 - - the crystal plate allowed pumping at different
o points of the plate and this way to select the
041 o value of the birefringence at the active point.
0.0 ¢ | | | | | We have used exclusively the center of the rod
’ 10 15 20 25 30 35 A since the periphery is polluted by additional ge-

ometrical effect and is a region of stress leading
to inhomogeneous birefringence. Only the center
is relatively homogeneous and suitable for clean

Fig. 2. Dependencies of the output intensity (a), el-
lipticity (b) and relaxation frequency (c¢) on the
pump parameter for the case of only one elliptic mode
(due to choosing the orientation of the pump polar- experiments.
ization) for a large value of the beat frequency (about

60 MHz, see Fig. 3)

1.2. Single mode results

First we deal with a single polarization mode and check the laser characteristics for further reference.
In this case, the intensities I'1, = I, and I, = I, are the intensities of orthogonal components of a single
polarization mode, for definiteness we say I. Figure 2 displays the evolution of the output intensity /1,
the ellipticity of the laser output I1,/l1,, and relaxation frequency Fyp with the pumping rate A, i.e.
the pump power in units of its threshold value. Single mode behavior exists up to a pump rate A = 4 and
the ellipticity of the laser output remains smaller than 2-1072, i.e. we can consider that the fields are
quasi-linearly polarized. Figure 3 displays a typical power spectrum of intensity fluctuations in single
mode operation. The radiofrequency spectrum of the laser intensity obtained in these conditions shows
only one high-frequency relaxation peak at the frequency Fyr in the standard RO of class B lasers and
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Fig. 3. Power spectra of output intensity when one of the polarization modes is oscillating at pump
parameter of about 4: (@) in the z-direction for I;, component, and (b) in the y-direction for I;, component

of the strong polarization mode I3

no additional peak at larger or lower frequency. This will be considered later as a signature of single

mode lasing.

1.3. Results for two polarization modes

At larger pump power or for a suitable pump polarization azimuth, a second (orthogonally polar-
ized) mode may contribute to the lasing process. In these conditions, two additional peaks appear in

the noise RF spectrum:
I,, dB
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0,8 1,2 1,6 2,0
Frequency, MHz

Fig. 4. Power spectra of output intensity I, for two-
mode behavior: (a) and (b) for a large value of the
beat frequency, (¢) example of a small value of the
beat frequency
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(i) A low frequency resonance (see Fig.4a) at typically tens to hundreds of kilohertz, i.e. at fre-
quency Frp always lower than the standard RO frequency Fyp (typically 1+-2 MHz). Oscillations at
F1r are visible only on the polarization resolved components, and they do not appear in the spectrum
of the total intensity. They are associated with polarization dynamics and responsible for antiphase
motion between the two orthogonal components. Such dynamics is called hereafter «low-frequency
relaxation oscillations» or «polarization relaxation oscillationss.

(ii) A beat signal at a frequency Fpeas typically of tens of MHz (see Fig. 4b, ¢). This signal reflects
the fact that the two polarization modes have independent frequencies. This signal is accompanied by
sidebands shifted by Fir. Due to technical frequency instabilities in the laser, it has not been possible
to reach an RF spectrum resolution sufficient to observe sidebands at Fip. In Fig.4b and ¢, beat
frequencies almost correspond to the two limit cases of maximum and minimum difference between
the frequencies of the cavity eigenpolarization modes.

1.4. Transition between one- and two-mode operation

The evolution of the polarization mode intensities (11, I2), RO frequencies (Fur, FLr), beat frequen-
cy Fheat, and ellipticity versus the azimuth W, of the pump polarization has been recorded for maxi-
mum (Fig.5) and minimum (Fig.6) values of birefringence in the cavity. On the one hand, it should
be stressed that the RO frequency Fyr and the total intensity are almost constant as W, varies. This
is a strong indication of pure polarization dynamics. On the other hand, domains of single and double
mode operation may appear depending on the value of ¥,. In the domain of the two-mode

a) b)
. _m(;:g?iﬁc;de blI;zl;l;lzeed m()rlég?rféie - _m(;:gi)iic;de bipolz}rize d m?:gzﬁzde
(mode I;) ! Il ’ (mode I,) | (mode 1) i reglme I (mode I)
mW | total z | I
12 b Tz Loy 0,15 | ! :
I .
8 L 0,10 |- | I=1, :
Ily/le | IQEIy | I‘M/IQ?J
4 0,05 : :
I
Ty & |2f. oloe : ] ] | : \/I/"
0 20 40 60 80 100 0,00 20 40 60 80 100
\I/p, deg. \ija deg
1,6 c) d)
MHz o—6—g—o0—6—"9 - © —eP Fbeata MHz
12 F Fye 70 -

o5 T \v-/_——'/'
04 50
FLV"‘/._’\‘\.

1 1 1 1 1 40 ] ] | ] |
0,0 20 40 60 80 100 0 20 40 60 80 100
U, deg. U, deg.

Fig. 5. Dependencies of the polarization mode intensities (a), ellipticities (b), relaxation frequencies (c)
and beat frequency (d) on orientation of pump polarization, for maximum value of birefringence in the
cavity
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Fig. 6. Dependencies of the polarization mode intensities (a), ellipticities (b), relaxation frequencies (c)
and beat frequency (d) on orientation of pump polarization, for minimum value of birefringence in the
cavity

lasing we refer (for definiteness) the intensity I, (1) at z- (y-) direction of the polarizer to the intensity
of the first (second) polarization mode, i.e. I} = I, (I = I,)).

Single mode lasing (with orthogonal components, I, 1, or Ia,, Iz,) is observed if the pump
polarization orientation is close to one of the cavity eigenaxes. As the pump polarization orientation is
rotated from these directions, the ellipticity (11, /15 or Io;/I5,) increases and another mode orthogonal
to the former one starts lasing at a given value depending on birefringence.

Bimodal operation is accompanied by the presence of a beat frequency in the RF spectrum of
the intensity. The beat frequency is minimal when pump orientation is such that the intensities in
the two-polarization mode are equal. The degree of ellipticity of each polarization modes has not been
measured in case of two-mode operation. However we could observe that the polarization of these modes
tends to be linear as their frequency difference increases. At small values of the frequency difference of
orthogonal modes, bistability has been observed as the pump azimuth ¥, is varied (Fig.6).

2. MODEL OF THE LONGITUDINALLY MONOMODE BIPOLARIZED
SOLID-STATE LASERS

To adequately describe the key features of bipolarized laser dynamics, we consider the interaction
of two elliptically polarized orthogonal modes. The total field inside the laser E is projected on the
two eigenmodes of the cavity in the absence of pumping:

E = (F1U; 4+ E5Us) exp(iwt) + c. c. (1)
Here U4, Us are the orthogonal eigenmodes of the laser cavity, E1, Ey are the slowly varying amplitudes

of fields with orthogonal polarizations, and w is the carrier optical frequency. In our microchip laser,
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single longitudinal mode operation is ensured for pump parameters used in our experiments, i.e. up
to 4 times above threshold typically. Therefore we may extract the longitudinal dependence of these
eigenmodes U, Uy as

U,, = V2 €% cos(kz), (2)
where m = 1,2, €Y are unit vectors such as
e = x%cos ¥ + iy’ sin 0, e = ix"sin® + y° cos 9, (3)

xo and yq are the Cartesian unit vectors aligned with the orientation of principal axes of the ellipses
of eigenmode polarizations, ¥ determines the degree of the ellipticity €15 of the eigenmodes:

e1r = |tgV]?. (4)

Since active Nd3* ions may take three equally likely positions inside the yttrium aluminum garnet
cell, one may expect that dipole moments of the active ions are oriented along three selected directions
in the space [25], ensuring quasi-isotropic properties of the crystal in general. Therefore, we can, without
distortion of generality, consider a case where all dipole moments are linearly polarized, lie in the plane
perpendicular to the cavity axis, and are randomly oriented in this plane:

d9; = doy/|da1| = xg cos ¥ + yo sin ¥ (5)

with 0 < ¥ < 7. In presence of a linearly polarized pump light oriented at an angle ¥, the angular
distribution of active centers fo (V) is [2—4, 7]

fOr(\Ij) = or(\I])(I)(\II N4 ) (6>
where fO(¥) = 1/7, and (see appendix)

™

O - 0y) = a+beos? (U — U,) o-1 & :l/a—I—bcosQ(\I!—\I/p) dT = 1— l1—a 7)
14+ bcos?(¥ —Ww,) 97 0 14 becos?(¥ — ¥y) 1+0
0

Here b = EI:2)7—2 | ,up|2 /h? is the pump saturation parameter of the laser medium, Eg the pump field
intensity, pp is the dipole moment of the absorption line, 75 is the nonradiative decay time of the
absorption line, and a scales the possible diffusion of excitation to neighboring ions (see appendix).

The interaction of the laser field (1) with the dipoles that have an azimuth distribution fo, (6) is
described by a set of equations [2, 3, 8]

=i (=1)" 6, Qﬂ_L//d (dY,E) NU* dzd¥,
ON
S = Ag®(V — W) = N (1+[d}, E[?). ®)

Here m =1,2, G = 2/{/7”, T =1, (’y” and r are the inversion and the field decay rates, respectively),
20 = (we1 — we2)/vL and ) is the gain line half width, Ay is a pumping rate parameter defined as
a ratio of pump power to threshold pump power, w.; and weo are eigenfrequencies of the polarization
modes.

The interaction of elliptically polarized radiation with an ensemble of randomly oriented dipoles
results in an azimuth-inhomogeneous distribution of inversion (the effect of angular hole burning):

N(z,¥,7) = N%z,7) + 2N(2,7) cos(2¥) + 2N*(z, 1) sin(2¥) ... . 9)
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In presence of laser oscillation, the electric field changes the population due to saturation. In a
single mode laser, this generates a longitudinal (i. e. along the z-direction) modulation of the population
difference N. The corresponding population grating has a wavelength equal to half the field wavelength
because it is proportional to the square of the electric field. As this wavelength is very small, the effect
of this population grating averages out and globally vanishes. This is not the case if the laser operates
on two different longitudinal modes of neighboring frequencies. Then saturation produces a population
grating whose wavenumber is the difference of the two wavenumbers associated with either angular
harmonic of the inversion N’ (i = 0,c,s) consisting of a spatially uniform component and of spatial
harmonics which are scaled by the wave number corresponding to the difference between the frequencies
of the two modes. For the microchip laser in a bimodal regime, the situation is different because this
laser is almost always operating on a single longitudinal mode (but possibly on two polarization modes),
and the resonance condition for the cavity implies that the two modes have the same wavenumber in
spite of their wavelength difference. In other words, the birefringence compensates for the frequency
difference. Introducing the time dependent space modulated population differences

Ni(z,7) = Ni(1) + 2N} (1) cos(2kz) (10)

into equations (8), we obtain the following set of 10 equations for real variables describing the inter-
action of two orthogonally polarized modes of a microchip solid-state laser:

dE,, .
= (~1)" OB, + % { B ING + NP + (=1 (NG + Ng) cos(20) — 1]+
+ By [Ng + Nj 4 (=1)™+1 3 (NS + Nf) sin(20)]},
ng 0 0 c c s s C C\ o
T = Ag— (2 + 1) Ny — NJY — (N§ + Ni) Acos(29) — 2114 (N§ + Nj) — 211 (Ng + N§) sin(29),
leS 0 1 1 C C S s c C\ o
I = —(Z+1) N, — 5 NG — 3 N§ 4+ N ) Acos(29) — I (N5 +2Ng) — I (Ng + 2N} sin(29),
dJVOC c C c 1 0 0 0 0y o3
> = A = N§(E+1) - N X — 3 (Ng + Ni) Acos(29) —I1_ (Ny + N) sin(29),
dNy 1 1 1
di =-Ni(Z+1) -5 Ng¥ - <§ N +N,S> (5 A cos(209) 4+ 11 sin(219)> :

dNg
d—o =A°—N§(Z+1) - N3% — (N + NI,
-
AN} 1 1
dk:—Ng(z+1)—§N,§z—<§ N00+N,S> I, (11)
-

where we have introduced the intermediate variables
Y =B + | Bl A= B - |Ef,
H+:R6E1R6E2—|—IH1E11H1E2, II_ :ImElReEQ—ReEllmEg.

Angular harmonics of the pump parameter are given by the following expressions:

A

™
0

AC Q(¥ — ¥,) cos(2¥) d¥ = Agf(a,b) cos(2¥,,),
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/q)(\l' — W, sin(2¥) dV¥ = Ap f(a,b) sin(2V,),
0

a =2

20
T

where

WVT+0b—1)2
b(V1+b—14a)

fla.b) = (1~ a)

If, as assumed in many of our simulations, a = 0, this simplifies as f(0,b) = (v/1+b—1)/b.

3. NUMERICAL SIMULATIONS

Numerical simulations are required to check the
predictions of the equations (11). They have been
carried out using a set of parameters corresponding

\ to the experiments reported above except for the
parameter G which has been reduced from the ex-
pected value of 40000 to 5000 for saving computer
time. A first series of simulations has been carried
out with no excitation diffusion (e = 0). The oth-
er parameters are: G = 5000, A9 = 4, b = 0,540,
6 = 10000, ¥ = 15°. The parameters a = agAg
0,0 0,5 1,0 1,5 by 2,0 and b = bpAp change the threshold A}} of the weak
polarization mode and can be selected to fit the ex-
of the weak polarization mode on the parameter by at perimental data. Figure7 demonstrates the depen-
different ag and parameter of ellipticity ¢ = 0 (solid dencies of the weak mode threshold on the parame-
lines), ¥ = 15° (dashed lines); G = 5000, Ay = 4, ter by for different values of ag. If according to the
§ =10000, ¥, =0 experimental observation A} ~ 4, then by should
be chosen in the interval 0,2 < by < 1,5. These cal-
culations also reveal that increasing the ellipticity of the eigenstates decreases the threshold value of
pumping for the weak polarization mode Ajj. This shows that the ellipticity tends to increase the
cooperation between modes rather than the competition as is likely to occur between orthogonal linear
modes. As the influence of a does not seem to be crucial and may be mainly accounted for by selecting
the adequate value for b, all the following simulations have been carried out with a = 0.

15—
A‘t\h \

Fig. 7. Theoretical dependencies of the threshold A},

In a second step, equations (11) with additional Langevin sources in equations for the field have
been integrated numerically to study the low frequency dynamics of the laser as visible through the
noise spectra for the laser intensity in the main mode. Figure 8 shows the power spectrum of intensity
fluctuations for single-mode (¥, = 0) and bipolarized (¥, = 35°) regimes. In single mode operation,
only one resonance peak at high relaxation frequency Fyp is observed, in accordance with the ex-
perimental observations while two peaks at frequencies Fyp and Fip are obtained in the two-mode
regime.

The static properties of the bimodal laser are also well described by this model. These simulations
have been carried out taking into account the full phase-sensitive mode interaction. It is important to
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Fig. 8. Calculated power spectra of the polarization Fig. 9. Theoretical dependencies of the RO frequen-
mode intensities (a) for single-mode (¥, = 0) and cies (a) and intensities of polarization modes (b) in
(b) for bipolarized (¥, = 35°) regimes; G = 5000, arbitrary units on the direction of pump polariza-
Ap=4,b=054p,a=0,6=10000, ¢ = 15° tion ¥,. The dashed lines represent the maximum

and minimum values of the mode intensities in the
bi-mode regime. Solid lines are the time averaged val-
ues; G =5000, Ag =4,b=0,540, a = 0,6 = 10000,
¥ = 15°

note that in this case purely single-mode regimes are excluded even when there are no additional noise
sources (Langevin sources). When the weak mode intensity is very small but non-zero, there is in fact
a quasi-single-mode regime. In experiments the corresponding fields in the weak mode are too weak to
be observed. The influence of (i) the orientation of pump polarization and (ii) the frequency difference
between eigenfrequencies of the cavity has also been investigated. The laser presents regions of single
and bi-mode operation with one and two relaxation frequencies respectively as shown in Fig.9. The
intensities of the modes evolve in the same smooth way as what was observed experimentally (see
Fig.5), and Fpr presents the same quadratic dependence with a maximum at the point where the two
modes have equal intensities as observed.

Figure 10 summarizes the results of numerical computations of the low-frequency dynamics of the
laser investigated here. It displays the evolution of different frequencies appearing in the spectrum of
the intensity in the main lasing mode versus the frequency difference 0 between orthogonally polarized
modes at ¥, = 0 for single-mode regime (Fig. 10a) and at ¥,, = 35° for bipolarized behavior (Fig. 100).
The quasi-single-mode regime at degenerated optical spectrum of the orthogonally polarized modes
(6 = 0), three resonance peaks at frequencies Fyp, F1r, and Fieat are observed in the power spectrum
of each polarization mode. At small frequency splitting 6 < Fypr/2 in the locking region, it becomes
meaningless to separate two optical frequencies which differ by less than their spectral width. Then
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Fig. 10. Theoretical dependencies of the relaxation frequencies versus the frequency difference § between
orthogonally polarized modes (a) at ¥, = 0 for single-mode regime and (b) at ¥, = 35° for bipolarized
behavior; G = 5000, Ag =4, b=0,549, a =0, ¥ = 15°

all the dynamics become coupled as seen for instance on the anticrossings of the resonance which
affect Fyrp and Fieny near § = 250 kHz. This region of very small detunings was not accessible in
our experiments because of the residual technical frequency fluctuations of our laser cavity. At large
splitting of cavity modes, oscillation frequencies of the polarization modes become different, giving
rise to a beat signal Fpeat. In case of single mode operation, only the high frequency RO is obtained
(Fig. 10a). Figure 10b confirms that in the two-mode regime two relaxation peaks at frequencies Fpp
and Fyr are observed in the power spectrum of each polarization mode, whereas in the total intensity
there is no low-frequency relaxation peak.

4. CONCLUSION AND RESULT SUMMARY

All our experimental results are well described within the model that includes the phase sensitive
nature of the interaction of polarization modes. The experimentally observed influence of orientation of
pump polarization on gain anisotropy of the active medium is well described by the developed model.
Below we enumerate basic results of the present work.

1) A strong dependence of the intensities of polarization modes of the microchip longitudinally
monomode Nd:YAG laser on the direction of pump polarization is observed.

2) Two relaxation peaks are observed in the power spectrum of each polarization mode of the
bipolarized laser at frequencies Fyr, F1r, in addition to a beat signal at Flea.

3) The relaxation oscillations at Fip and oscillations at Fye,y appear as antiphase oscillations of
intensities of the two orthogonally polarized modes I, and I,,.

4) Experiments show that decreasing the frequency difference between orthogonally polarized modes
leads to increasing the ellipticity of the polarization mode.

5) The coefficients characterizing the pump induced anisotropy can be deduced from the fit between
theory and experiments.

This research was supported by INTAS (grant 99-00794), by Russian Foundation for Basic Re-
search (grants 02-02-17046 and 03-02-17243), and by the grant 1622.2003.2 of the President of the RF
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to this work, helpful discussions and comments.
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APPENDIX

We introduce here the calculation of the influ-
ence of pump polarization on the angular distribu- A
tion of the active dipoles in the standard 4-level
model for the Nd:YAG laser (see Fig.11). In this Pump L
model ions are pumped from the ground state I to (A= 810nm) 6 is %64 nm)

excited state 2, from which they relax to level 3
which is the upper level of the lasing transition. The ¥§ 4

3

transfer from level 2 to level 3 is supposed to be very
fast with respect to the other times involved in the 1

process and to preserve the dipole orientation. In Fig. 11. The scheme of the working levels of the Nd3+

general, the latter assumption is not valid to the jgops: absorption transition 1=-2, laser transition 3=
same extent for various active ions. However, this =/

assumption is reasonable because in a real Nd:YAG

crystal the matrix elements of the electric dipole transitions, both absorbing and lasing, have certain
polarization dependences associated with selection rules. The preferred orientations that are fixed for
a given ion are determined by the geometry of the local field in which the ion is placed. Transfer
non-preserving the magnetic quantum state (in the transfer from level 2 to level 8) will be considered
later in the text. The azimuthal dependence of the pumped dipoles is obtained using equations (22),
(23), (26a) of |7]. These equations describe the interaction of the pump field E,, with the energy levels
1=-2 of the laser medium levels. We calculate the population of level 3, which is set equal to that of
level 2 because of the fast transfer 2= 3. The pumping parameter is proportional to population of this
level. We assume that population of level /4 is zero in the absence of lasing. Using the equations (22),

(23), (26a) of |7]:

dp11 1 . dpe 1 w P22
e Im(nE 22 _ ~ Im(n E
& 5 m(npEp), 3 = 7 mmpEp)

dn ) n i 2
d—tp =i (wp — wpo) Np — TI; + BT Dy |p1p|” (epEp),

by adiabatically eliminating the polarization of the pump transition 7, and introducing the population
difference Dy, = p11 — p22 we obtain the equation for the pump population difference:

dD, 2 Dy,  pn
P _ _~q Ef) — =2 4 == Al
Do =~ 2 I, By) - 22 4 21 (A1)
)
Ny = % Dy, |,up|2 (epEp) Lpep, (A2)

where L, = [1/T;, — i (wp — wpo)] L. Substituting equation (A2) into (A1) and putting the derivative
equal to zero, we find for the population difference

Dy = P : (A3)

o | ’2
h2p Re[L;, ‘(Epep)m +1

where (Epe,) = Ej, cos(V — ¥,), and finally

pr1beos? (U — U))
= A A4
2= beos? (VU — ¥,,) o (A4)

G. Bouwmans, B. Ségard, P. Glorieuz, et al. 825



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

where b = 75 |up|* Eg /h2. As the population ps3 of the level & is proportional to the population pos of
the level 2, the angular distribution of the active dipoles is

beos?(¥ — V)

d .
1 + beos?(V — )

(AD)
The possible migration of excitation to neighbor active centers is phenomenologically introduced
via the parameter a, which accounts for the small part of active centers with random orientations:

beos?(W — W) a+b(l+a)cos?(¥ —VU,) a+bcos?(V— V)
a= =
1+ bcos?(¥ — ¥y) 14 bcos?(¥ — Up,) 1+bcos? (¥ —¥,)

d a < {1,b}, (A6)

a and b are both proportional to the pump power. Normalizing ® to unity, we obtain

a+beos? (U —V,)
P = P A
1+bcos2(¥ —W,) 07 (A7)

where @9 =1—(1—a)/v1+0.

REFERENCES

1. Bielawski S., Derozier D., Glorieux P. // Phys. Rev. A. 1992. V. 46. P. 2811.

2. Khandokhin P. A., Khanin Ya. I., Milovsky N. D., et al. // J. Opt. B: Quantum and Semiclassical
Optics. 1998. V. 10. P. 97.

3. Khandokhin P. A., Khanin Ya. I., Mamaev Yu. A., et al. // Quantum Electronics. 1998. V. 28.

P. 502.

Khandokhin P. A.; Milovsky N. D., Mamaev Yu. A., et al. // Proc. SPIE. 1998. V. 3682. P. 53.

Brunel M., Emile O., Alouini M., et al. // Phys. Rev. A. 1999. V. 59. P. 831.

Bouwmans G., Ségard B., Glorieux P. // Opt. Comm. 2001. V. 196. P. 257.

Casperson L. W., Reyzer K. C. // J. Appl. Phys. 1980. V. 51. P. 6083.

Khanin Ya. I. Principles of laser dynamics. Amsterdam, 1995.

Khanin Ya. I. Fundamentals of laser dynamics. M.: Nauka, 1999.

10. Zeghlache H., Boulnois A. // Phys. Rev. A. 1995. V. 52. P. 4229.

11. Dekker P., Dawes J. M. // J. Opt. Soc. Am. B. 1998. V. 15. P. 247.

12. Boiko D. L., LeCren E., Stephan G., Besnard P. // J. Opt. B: Quantum and Semiclassical Optics.

2001. V. 3. P. S166.

13. Khandokhin P. A., Koryukin I. V., Khanin Ya. I., Mandel P. // IEEE J. Quant. Electron. 1995.
V. 31. P. 647.

14. Culshaw W., Kannelaud J. // Phys. Rev. 1966. V. 141. P. 228.

15. Van Haeringen W. // Phys. Rev. 1967. V. 158. P. 256.

16. Sargent M. III, Lamb W. E. Jr, Fork R. L. // Phys. Rev. 1967. V. 164. P. 450.

17. Lenstra D. // Phys. Rep. 1980. V. 59. P. 299.

18. LeFloch A., Ropars G., Lenormand J., LeNaour R. // Phys. Rev. Lett. 1984. V. 52. P. 918.

19. May A. D., Stephan G. // J. Opt. Soc. Am. B. 1989. V. 6. P. 2355.

20. Kozin G. I., Konovalov I. P., Petrov V. V., Protsenko E. D. // Sov. J. Quant. Electron. 1990.
V. 20. P. 1206.

21. Czarske J. W., Mueller H. // Opt. Comm. 1995. V. 114. P. 223.

22. Esherick P., Owyoung A. // Proc. SPIE. 1988. V. 912. P. 2.

23. Vallet M., Brunel M., Bretenaker F., et al. // Appl. Phys. Lett. 1999. V. 74. P. 3 266.

© 0N O

826 G. Bouwmans, B. Ségard, P. Glorieuz, et al.



Tom XLVII, M 10-11 Hszeecmuasa sysos. Paduogusura 2004

24. Agrawal G. P., Dutta N. K. Long-wavelength semiconductor lasers. New York: Van Nostrand

Reinhold Company, 1993.
25. Dagliesh R., May A. D., Stephan G. // IEEE. J. Quant. Electron. 1998. V. 34. P. 1485.

ITocrynmia B pemakiuio

I Laboratoire de Physique des Lasers, Atomes et Molécules,
18 mas 2004 1.

Université de Lille, France;
2 Institute of Applied Physics RAS, Nizhny Novgorod, Russia

G. Bouwmans, B. Ségard, P. Glorieuz, et al. 827



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

YK 621.373.826

JUHAMUKA HEITPEPBIBHOI'O OZJTHOYACTOTHOI'O Nd:YAG-JIASEPA
C Y3KOIIOJIOCHBIM HACHIIITAIOIINMCHA ITOT'JIOTUTEJIEM
HA OCHOBE MOJIEKVYJ/IAPHOI'O HE3UNA

A. A. Max, E. A. Buxmopos, O. A. Opaos, B. U. Yemiozos

IIpuBeeHb! pe3yibTaThl SKCIIEPUMEHTOB C HEPEPBhIBHBIM 01HOYacTOTHBIM Nd:Y A G-1a3epom, nepecrpa-
WBaeMbIM BOIU3HU JIuHBI BOJIHBI 1 064 HM IpU TOMEITEHNN BHYTPH PE30HATOPA Y3KOIOJIOCHOTO HACHIIIAIO-
II[Eerocst IOIJIOTUTEIIST — I1aPOB MOJIEKYJIsApHOrO Ie3us. [lokazaHo, 94To JuHAMUKa FeHepaluy Ja3epa Olpe/ie-
JISIETCsI KAK YPOBHEM HAaKAa4YKM, TAK U PACCTPOMKON YaCTOTHI U3JIyUYE€HUs] OTHOCUTEHHO JIMHUY TTOTVIONIEHUS .

BBEAEHUNE

[IpenmyriecTBa BHY TPUPE30OHATOPHOIO PACIIOIOXKEHHUsT MOTJIOMAONMIEN TIeHKN JJIsi CTAOUIU3aIlun
YaCTOTHI Jiazepa XopoIno u3secTHb! [1]. CooTBeTcTBYOIIAs TEXHUKA, OCHOBAHHAS HA «IIPUBSA3KE» IaCTO-
ThI U3JIyJYeHHsT JIa3epa K Y3KOU JIMHUU PE30HAHCHOIO IOTJIONIEHUSI B Ta3e ObLIa JeTaJbHO paspaboTaHa
JIIsE BUJIMMOTO U CPEIHEro MH(MPAKPACHOIO JUAIA30HA U JAET BO3MOXKHOCTD CYIIECTBEHHOIO YJIydIlle-
HUsI COOTHOIIEHUs] CUIHAJI/IIIyM B IIET/Ie OOPATHON CBA3HM CEPBOCUCTEMBI ABTOIOJICTPORKH. DTOT CrIocob
SIBJISIETCS TPAJMIIMOHHBIM TIPU CO3/IAHUH BBICOKOCTAOMIN3UPOBAHHBIX UCTOYHUKOB CBETA.

Heobxommumo orMeTuTh 1Ba BayKHBIX (pakTOpa. BO-MepBbIX, MOYUTH BCE UCCIEIOBAHUS TPOBOIUINCD
JIUISE TA30BBIX JIa3epOB (MBI HE 3aTPArMBaeM 3/1eCh PAOOTHI IO MIMPOKOIOIOCHBIM HACHIIAIOIIIMCS 10~
IJIOTHTENSIM U MHOTOYAaCTOTHBIM TBEPIOTEIBLHBIM JIa3epaM B TEXHUKE BHYTPUPE3OHATOPHON JIa3epHOi
crieKTpockonun ). Bo-BTOpbIX, jist J1a3epoB Kiacca B, K KOTOPBIM OTHOCSATCs KAK OOJIBIINHCTBO TBEP/IO-
TeJIBHBIX JIa3epoB, Tak u jazepbl Ha COq, He mpoBoaMIcsH aHaINu3 3PPEKTOB, CBAZAHHBIX C PACCTPOUKON
JaCTOTHI U3JIyYeHUsT OTHOCUTEIBHO OIOPHO JIMHUN MOTJIONIEH ST, JIa3ephl 9TOr0 Kiacca MMEIT HHEePIH-
OHHYIO aKTUBHYIO CPEJIy M MaJioe BpeMsi PeJIaKcalluu rnoyisipusanun. Takoe COOTHOIIEHNE PeIaKCAIUOH-
HBIX [IAPAMETPOB OIlpeJieJisieT OCHOBHbIe ocobenHocTu ux auHamuku [2]. Uccienosanus COo-nazepos
C BHYTPUPE30HATOPHBIM moryioruresieM |3, 4] mokazaiam BO3MOXKHOCTH CyIECTBOBAHUSI MHOrOOOpas3-
HBIX JuHaMu4IecKux pexkumMoB. Vccnemosannst Nd:Y AG-1a3epoB ¢ BHYTPUPE30HATOPHON IOTJIOIIA0-
meil staefikoil Ha, OCHOBE MOJIEKYJISIPHOTO Ie3usl ObLIN OIyOJIMKOBaHBI paHee B CBS3U C IIPOOJIEMOit
CTAOMJIMBAIMKE JaCTOThI ¥ BO3MOXKHOCTBIO CO3JIaHUSI JIA3€PHOIO CTaHIAPTa JJIMHBI BOJHBI B 00JIACTH
1,06 mxm [5]. ITernsi o6paTHOli CBsi3u Ha OCHOBE BHEPE3OHATODHOI I€3MEBON sIYEHKU TIO3BOJISIET JI0-
CTHYBL YPOBHSA CTAOMIIBHOCTH 9acToThl mamydenust nopsyka 10~ 1071 orrnocurenbapx emummt [6].
BrayTpupesoHaropHasi TEeXHUKa [PEJICTABJISAETCS EPCIEKTUBHON, T. K. JAET BO3MOXKHOCTD YJIYUIIATH
YPOBEHb CTAOUIBLHOCTH HA JIBA—TPU MOPsiKa BeTMIUHbI [5].

Tax ke, kKak u B ciydae yxke ynomuHasimuxcs COs-nasepos, jasepbl Ha Kpuctauiax Nd:YAG
C BHYTPHUPE30HATOPHON IE3UEBON SUEHKON JIEMOHCTPUPYIOT MHOrooOpasue JUHAMUYECKUX PEKUMOB.
B ciay4aae HacTpoiiku Jia3epa Ha [EHTP JIMHUK HOTJIOIEHUST HAOJII0[aeMast IMHAMUKS, 3Ty I€HUST IIOX0XKA
Ha [peJICKasaHuyto B |7]. B manHOi paboTe Mbl 9KCIIEPUMEHTAJIBHO UCCIE/LyeM JTUHAMUKY TBEPIOTE b
HOTO JIa3epa ¢ BHYTPUPE30HATOPHBIM Y3KOIIOJOCHBIM HACBIIIAIOIIMMCS [TOTJIOTUTEIEM, IPUHUMAST BO
BHUMaHUE (DAKTOP TOHKOI 9aCTOTHON HACTPOIKU, SIBJISIOIIAICS KJIIOYEBBIM C TOUYKU 3PEHUsT HEJTMHEel-
HO# IMHAMUKHU U CIIEKTPOCKOIMIECKUX TPUJIOKEHUI.
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Puc. 1. Cxema 3KcIIEpUMEHTAJIBHON YCTAHOBKU: | — JIa3epHBIN JUO0J, 2 — ONTHYECKasl CUCTeMa HaKaJIKH,
8 — axkTuBHBII s1eMeHT u3 Kpuctaiia Nd:YAG, / — ne3uesas sideiika [OTJIOIIEHUsI, § — 3TajioH Padbpu—
ITepo, 6 — 3epkaso pe3oHATOPA HA MbE30KEPAMHUYECKON MOABMKKE, 7 — doToamom, 8 — 3IeKTPOHHAS
cuCTeMa yIpaBJIEHUS MEPECTPONKON 4acTOThl, 9 — crucrema 0OpabOTKN HAHHBIX

1. HACBIIIAIOIIIUICS ITOTJIOTUTEJIb HA OCHOBE MOJIEKYJIAPHOI'O
OE3MNA

Cy6101171€pOBCK UL CIIEKTP IOIVIOMIEHUST IAPOB MOJIEKYJISIPHOIO 11€3Ms Cs%?’3 B JIMAIIa30HE TIEPECTPOii-
ku gactorel manydernss Nd:YAG-jazepa Ha mepexojie MOHOB HEOMMMa C JJIMHOW BOJIHBI H3JIyI€HUSI
1,06 MM mpejcraisier coboii Gorarblii HAGOP OJHOPOJIHO YIIMPEHHBIX JUHUI (J19MOOBCKUX MPOBa-
JI0B) [8]. DU JIMHUK COOTBETCTBYIOT Pa3/IMYHBIM KOJIeOATeIbHO-BPAIATEbHBIM KOMIIOHEHTAM [IEPEX0-
a XQ); — Alzi [9]

Taxwue mapamMeTpbl, KaK €CTECTBEHHAS MTUPUHA JJUHAN OTIEILHON OJIHOPOIHO YITHPEHHON KOMIIOHEH-
Tl (Avy,), CEYeHUsT CTOJIKHOBUTEIHLHOTO YIIUPEHNs U CABUIA, MHTEHCUBHOCTH HACBIIIEHUS [TOTVIOMIEHUST
(I5), 6B M3MepeHbl JIst Haubosee CHIbHBIX JuHui [8]. EcrecrBenHast mupuHa JIMHUM BApbUPYeTCsI
ot 20 g0 50 MI'n. Eciau Temiieparypa HachImaomux napos me3ust Merbine 150 °C, cToJIKHOBUTEIHLHBIM
yIIUpEHneM MOXKHO mpeHeOpedn. K coxkasiennio, n3-3a HEIOCTATKA MIPEIBAPUTEILHON CIIEKTPOCKOIIIe-
CKO mH(pOPMAaIU HEBO3MOXKHO JIETAIU3UPOBATD CXEMY SHEPTreTUIeCKuX 1mepexooB. 11o sToit npuaune
B pabore [8] Oblia UCIOIB30BaHA IPOCTAst JIBYXYPOBHEBAsI MOJIE/Ib HACBHIIAIONIErOCsT HOTTIOTUTE IS JJIsi
OIleHKU 3HaveHUs I5, KOTOpPOe IIpU TeMITepaType HachImeHHbIX mapos mne3ust ot 200 10 260 °C okazaioch
B JIMAIa30He OT JIOJel J10 HeCKOJIIbKUX BT/ eM2.

Bpewmst penakcaruu BepxHero ypoBHsi MosieKysa CsSy MoyKeT ObITH OIEHEHO depe3 m3mepeHue Av,.
Ouenka 1o dopmyine 7 = 27 Av,, Jaér 3HaYeHre B JUalla30HE OT 3 M0 8 HC JJI PAsIUYHLIX JIMHUI
norsiomenusi. HeobXoanuMo OTMETHTh, UTO JaHHOE 3HAYUEHMe OTJIMYAETCS OT PAHHUX TEOPETUIECKUX
oreHok (25 uc), npusBeAEHHEBIX B [10].

2. 9QKCIIEPMMEHTAJIBHBIE PE3YJIBTATHI

CxeMa 9KCIIEpUMEHTAJIBHON YCTAHOBKHU IpejcTaBiieHa Ha puc. 1. Henpepwieabiit Nd: Y AG-azep Ha
More TEMyg ¢ mosylpoBOIHUKOBOI HaKadKOil paboTaj B OZHOYACTOTHOM pexkume. lliraBHas mepe-
CTPOIKa 9aCTOThI reHepanyuu BOJM3KH JIuHbl BOJHBL 1 064 HM OCYIIECTBIISIIACH IIPHU ITOMOIIY BHYTPU-
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Puc. 2. [Tunamuaeckue pexkumbl pabOThHI j1a3epa
C BHYTPUPE30HATOPHON Y3KOIIOJIOCHOM IIOIJIOIIa-
oeil a49efKoil Ha OCHOBE I1apOB MOJICKYJISAPHO-
ro 1e3us. BpeMeHHBIe 3aBUCHMOCTH HOPMUPOBAH-
HON WHTEHCUBHOCTH W3JIyUeHUs Jla3epa MpU TOU-
HOHM HaCTpOUKe JacTOTHI U3JIyUYCeHUd Ha OJHY U3
JIMHU TIOTJIOIIEHNST U PA3HBIX MPEBBIIICHUIX Ha-
Kauky HaJl moporoM resepanui: (a) — 50 %, (6) —
70 %, (6) — 80 %, (2) — pesysbTaT OTCTPOIKY Ya-
CTOTBHI M3JIyUeHUs Jia3epa OT IEeHTPa JIMHUHU IO0-
riomenus ne3ns ma 100 k['11 mpr Hakagke, coOT-
BETCTBYIOIIEN caydato (6)

PE30HATOPHOTO HAKJIOHHOTO CEJIEKTOPA AKCUAJTBHBIX
Mot — srasiona Padpu—Ilepo — u uameHennem -
Hbl PE30HATOPA IIbE30KEPaAMUYCCKON IIOJBUYKKOM.
Nziyyuenne j1a3epHOro Jnojia MOIHOCTBIO 10 2 BT
Ha jjuHe BoyiHbl 808 HM (POKYyCHPOBAJIOCH B aKTHUB-
HoM semente (kpucramie Nd:YAG) mo npomoss-
HOI cxeme Hakadku. [le3meBast staefika MOTJIONTEHMST
JymHOH okoyto 10 cM umesia carupoBbie OKHA, pac-
MTOJIO’KEHHBIE TTOJT YoM Bprocrepa, n momernaaach
B TepMocTaT. JInHAMUKA TeHEpaI PEruCTPUPOBAa-
Jlach (POTONPUEMHUKOM € MOCTEAyoIel mudpoBoit
obpaborkoii B nojoce yacror g0 10 MI'n. Oxanouga-
CTOTHOCTH T'€HEPAIMHM ¥ I[EPECTPONKA JaCTOThI W3-
JIy9IeHnsi KOHTPOJMPOBAJIUCH TTPU TIOMOIITH CKAHUPY-
ommero uarepdepomerpa Pabpu—Ilepo (Ha cxeme
He [OKA3aH).

[Ipu orcyrcrBum MOTJIONIEHUS ITapaMU [E3Us
(npu HEU3KOIT TeMIepaType KioBeThl) Jasep paboral
B CTAIIMOHAPHOM PEYKUME C HU3KUM YPOBHEM aMILIU-
Ty aHbIX uiykTyanuii (menee 1 % B nosoce sacror o
10 ' o 10 MTI'm).

[Ipu nmarpese sueiiku Bbime 100°C nabioja-
JINCh XapaKTepHble auHaMudecKne 3pEeKThl, CBsi-
3aHHBIE C HACHIIAIOIINMCS TIOIVIOIIEHUEM JIA3EPHOTO
U3JIyYeHns] apaMy MOJIEKYJISIPDHOIO 1e3ust (puc. 2).
[Ipu TouHO# HACTpOiiKe Ha IEHTP JIMHUU [OTJIONIE-
HUsl JIUHAMHUKA TEHEPAINd KAaJeCTBEHHO COOTBET-
CTBYET TEOPETUYECKOMY AaHAJN3Y, IPEII0KEHHOMY
B pabore [7|. [Ipu He3HAYUTEJILHBIX NPEBBIIIEHUSIX
HAKaYKUd HAJ[ TOPOTOM HADJIIOJIAINCH [IePUOIAYIe-
ckue UIYKTyallud WHTEHCUBHOCTU BOJIU3U CTAIMO-
HAPHOTO pexkuMa ¢ rrydunoit durykryanuit 1o 20 %.
[Ipu npeBbIlIeHNN HAKAYKU HAJ| TOPOIOM DoJjiee deM
na 50 % auHAMMYECKHI peKUM CTAHOBHUTCS XAOTH-
YECKUM C XapaKTEPHBIM 3aTyXaHHEeM aMILIATYbI
daykTyanuit 10 ypoBHS TEPUOIIMIECKOTO PEIKIMA,
(puc. 2a, 6). Hanublit acbdekr usBecren B Jurepa-
Type KaK TOMOKJIMHUYIECKOe KACAHUE K PEIeThHO-
MY IUKJIY W ObLI TEOPETUUECKH ITPOAHATU3UPOBAH
B 7], o/iHAKO He MCCIIeOBAJICS YKCIEPUMEHTAJBHO.
C pocroMm HakadKy BO3pacTaeT riybmHa (uyKTya-
Ui UHTEHCUBHOCTU U3JIyYeHUsi, U JTUHAMUKA U3JIy-
YeHUsI MTEPEXOJIUT B PEXKUM THIIA MOLYJIAPOBAHHOI
nobporroctu (Q-switch, em. puc. 26).

OTcrpoiika 9acTOTHI U3y UEHUsT JTa3epa OT TIeH-

Tpa JUHUU IIOIJIOMIEHWA IIPUBOJAUT K CYIIECTBEHHOMY H3MEHEHUIO XapaKTepa HyJIbCE%LIHfI NHTEHCUB-
HOCTH JIA3€PHOI'O U3JIy4IeHNd U BO3ZHUKHOBEHUIO BpeMeHHb’IX KJIACTEPOB B CTPYKTYPE IIYyJIbCUPYIOMINX
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dbaykryanuit (M. puc. 22). Pexxum mysibcanuii ¢raHOBUTCST IPOMOJLYTMPOBAHHBIM, MPUYEM JJTATEIIb-
HOCTh KJIACTEPOB HE $BJISIETCsl MMOCTOSHHOW W Bapbupyercs B mumanasone 30—+ 200 mkc. Crpykrypa
BPEMEHHBIX KJIACTEPOB TAaK2Ke HEOIHOPOHA U MOXKET BKJIIOYATL B CeOsi PA3IMIHBIN HAOOD IIyJIbCAIIHIL
C XapaKTePHbIM U3MEeHEHHEeM aMILIUTYIbI.

3. SAKJIFOYEHUE

DKCIIEPUMEHTAJIBHO 3apPErUCTPUPOBAHBI CeNU(UIECKHE JIUHAMUIECKAE DPEXKUMBI HEIPEPBIBHOTO
onHouyacrorHoro nepecrpauBaeMoro Nd:YAG-yazepa, paboratomero Ha jjmHe BojaHbl 1,06 MKM, mpu
[IOMEIEHNN BHYTPb €0 Pe30HATOpPa Y3KOIIOJOCHOTO HACBIMIAIOIIEr0Cs MOMJIOTUTEIS — IHAapOB MOJIe-
KYJISIPHOTO E3Usl. DTU UCCIEIOBAHUS SIBJIAIOTCH BAXKHBIMU C TOYKHU 3PEHUS UCIIOJIB30BAHUS TEXHUKHU
MOJLYJISIIIMOHHON BHY TPUPE30HATOPHOM criekTpockonun [11] st crabuinsanyuu 9acToThl HEOJAUMOBBIX
JIa3epOB U MPEIIOIATAIOT B OY/YIEM, B YACTHOCTH, JIETAJIbHBIN CTATUCTUIECKUAN aHAJINS JIAHHBIX JTUHA-
MudecKux 3hpdexTos. B 3T0i cBA3M HAM TPUITHO OTMETUTH, UYTO HA CAMOM HAYAJIHLHOM dTare padoT 110
cTabUIM3aIui IapaMeTPOB M3JIyYeHHsi TBEPJIOTEJbHBIX JIa3epoB (IpobjieMa «IIMYKOB» ) MbI YCIIEIITHO
corpyaunyanu ¢ f. 1. Xanunpim (cm., Hanpumep, [12]).
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DYNAMICS OF A CW SINGLE-LONGITUDINAL-MODE Nd:YAG LASER
WITH Cs; NARROW-BAND SATURABLE ABSORBER

A. A. Mak, E. A. Viktorov, O. A. Orlov, and V. I. Ustyugov

We present the results of experiments with a CW single-longitudinal-mode Nd:YAG laser, tunable
in the vicinity of 1064 nm, with an intracavity narrow-band Css vapor saturable absorber. It is shown
that the laser dynamics is determined by both the pump level and detuning of the laser frequency from
the absorption-line center.
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OTOBPA2KEHN A ITYAHKAPE JIJ14 NCCJIEJOBAHU A
PEJIAKCAILIMOHHBIX KOJIEBAHIN B TBEPJTOTEJ/IBHBIX JIASEPAX
C IIEPUOINYECKON MOAVJIAIINEN HAKAYKN

E. B. I'puzopvesa

IIpecraBiien acuMITOTHYECKUH aHAIN3 KOJIEOAHUI PEJIAKCAIIMOHHON CTPYKTYPbI B OJIHOMOIOBBIX U MHO-
TOMOJIOBBIX Jiazepax KJjacca B ¢ nmepuoguyeckoit Moy el Hakadku. [1oydeHsl JUCKpeTHbIE 0TOOpazKe-
HUsl, HA OCHOBE KOTOPBIX OIMCAHA MUePapXusi COCYIIECTBYIOIMMX MEPUOJAMIECKUX aTTPAKTOPOB, AHAJIUTHIE-
CKU U3y4YeHbl ux OudypKaluu, IPUBOIAIIUE K PEXKUMaM yIBOCHUs MEPUOA, KBA3UIIEPUOJANIECKUM U Xa-
oTudeckuM KojebanusiM. J[si cucTeM CBSI3aHHBIX MPOJOJIBHBIX MOJ], OTODPaXKEHUsI OMPEIESIOT YCIOBUS
anTuda3HON JTUHAMUKH.

BBEJAEHUWE

[Tepuonuaeckast MOIYJISIUS APAMETPOB SBJISETCH MPAKTUYECKU BAXKHBIM CIIOCOOOM peasu3aliun
MMITYJIbCHBIX PE;KAMOB T'€HepaIiy U3JIyYeHHsI B Jla3epax Kiacca B, Kk koropbim orHOCcsiTCst CO 9-J1a3€ephl,
HEKOTOPBIE TBEPIOTEbHBIE U TIOIYIIPOBOJHUKOBBIE Jiazepbl. O630D 9KCIIEPUMEHTAIBHBIX U TEOPEeTUYe-
CKHX Pe3yJIbTATOB 10 HeJIMHEHHO JUHAMUKE TAKUX CHCTEeM IIPUBOUTCSI, HApuMep, B [1-4], rie o6cyx-
JAI0TCsl BOSHMKHOBEHUE HEJIMHENHBIX PE30HAHCOB B 3aBUCHUMOCTHU OT aMIIJIUTYJ/bI U 4acTOThI yIIpaBJs-
IOIIEr0 CUTHAJIA, CYIIECTBOBAHIE 00JIACTEN IIePEKPLITHS PA3INIHBIX OCIUJUISITOPHBIX PEXKUMOB (0000-
NIEHHAST MYJIBTHCTAOMILHOCTD) U IIEPEXOJ] K XA0Cy Yepe3 MOC/Ie[0BATEIbHOCTL OGudypKaIuil yiBoeH st
1epuo/ia.

Ilenpro manHoit pabOTHI SBJIAETCA HOaydeHne oTobparkerus llyankape /s aHajan3a CyIieCTBEHHO
HEJIMHENHBIX PEKUMOB PEJIAKCAIIMOHHOI'O THUIIA B OJHOMOJIOBOM M MHOI'OMOJIOBOM Jia3epax IIpU Iepu-
OJIMIECKON MOJIYJISIIIUN HAKAYKU. Takue OTOOpasKeHusl MO3BOJISIOT OIPEISUTh JIOKAIA3AIUIO ITUKJIOB
B (ha30BOM MPOCTPAHCTBE COOTBETCTBYIOIINX CUCTEM, AHAJIUTUIECKHU OIMCATh UX OudypKaIluu, a Tak-
2Ke YCTAHOBUTH KOHEYHOE COCTOSIHWE CUCTEMBI II0C/Ie BO3AEHCTBUAS UMITYJILCHOTO BOSMYIIIEHUS, YTO MO-
JKeT OBITh WCIIOJIB30BAHO IIPH Pa3pabOTKe METOI0B OBICTPOTO MEPEK/IIOUEHHs MEXKY YCTONIMBBIMU
U HEYCTONYUBBIMU IIeproudecKkuMu opoutamu |5, 6]. st cucreM CBsi3aHHBIX MOJI OTOOPAsKEHUS OlIpe-
JICJISIIOT YCJIOBUS PEryJIsipHON aHTHMA3HON JIMHAMUKH.

1. OTOBPAKEHUWE B CJIVHAE O/THOMOIJOBOTI'O PE2KVIMA

CranyaprHas JUHAMUYECKAs MOJIEJb OJHOMOJIOBOTO Jjia3epa KJjacca B ¢ mepuommdeckoit MojryJisi-
nueil Hakauku GhopMysmpyercs ciaepyomum obpasom [1]:

du/dt = vu(y — 1), (1)

dy/dt = q + k cos(wt) — y — yu, (2)

IJe % U Y IPOIOPIIMOHAIBHBI COOTBETCTBEHHO MHTEHCUBHOCTH H3JIyU€HUs] U MHBEPCUHU HACEJIEHHOCTE
AKTHUBHOI CPEJIbl B ABYXYPOBHEBOM IIPUOJIMKEHUHN, BpeMsi t HODMHUPOBAHO Ha BpeMs peJlaKkCallil HHBEP-
CUU HACEJEHHOCTEMH, ¥ — OTHOIIEHNE CKOPOCTEl 3aTyXaHUsl MOJIsT B PE30HATOPE U PEJIAKCAINN HACEIEH-
HocTell, BHYTPUPE30HATOPHLIE IIOTEPU HOPMUPOBAHDBL K €IUHULE, ¢ XaPAKTEPU3YeT CKOPOCTbL HAKAIKHU,
k n w — royOuHA U YACTOTA MOIYJISIIUN HAKATKH.
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Js1 azepoB Kiacca B HOpMHUPOBAHHBIH mapaMerp v sIBiIsieTcss «bobmmMy: v ~ 102+10%, a ma-
paMeTpbl HAKAYKHU W MIYOMHDBI MOJYJISIIIUNA MOPSIIKA equHuIb: ¢ = 1, k < ¢. JomomnurensHo mpesno-
JlaraeM, 9TO 9aCcTOTa MOIYJISAIMHA W MOXKET ObITH JOCTATOYHO OOMBINON, HO w <& v. OTMETHM, UTO 3TO
YCJIOBUE CIPABEJJIMBO, TIOKA YaCTOTA W MEHBIIE WJIM CPABHUMA C YACTOTON COOCTBEHHBIX PEIAKCAIIUOH-
HbIX Konebanuii wr = /v (¢ — 1) < v. Ilpu Takux napamerpax u CpaBHUTEIHHO IIyOOKOH MOJyJIsIIium
HAKAYKHU KCIIEPUMEHTATBHO HAOJIIOJAIOTCS PEXKUMBI PEJIAKCAIIMOHHOIO THUIIA, KOTOPBIE JIETKO BOCIIPO-
U3BOJATCS IUCIIEHHO Ha ocHOBe cucreMbl (1), (2). OHE MMEIOT BHJL OC/IEIOBATEILHOCTH (PEryJIsipHOi
WJIA XA0TUIECKOH ) PE3KUX MMILYJIbCOB (MMUYKOB) GOJIBIION aMILIUTYIbI, Pa3/IeJIEHHBIX BPEMEHHBIMU UH-
TepBaJIaMy, 3HAUUTE/IHLHO MIPEBBIMAIONIIMI JJINTEIbHOCTh TUIKOB. Komebanus KBA3UTapMOHUIECKOM
dOPMBI CO CPABHUTEILHO MAJIOW AMILIATY/ION TAKXKe MOTYT COCYIIECTBOBATDL C MUIKOBLIMU U JOMUHU-
PYIOT IIPU MAJIOH aMILTUTYIe MOJYJISIUN, HO B JJAHHOU CTaThe HE PACCMATPUBAIOTCS.

C MaTeMaTHIecKol TOYKYM 3PEHUs CYMIECTBOBAHNE PETAKCAIIMOHHBIX PEIEHUit 00YCIOBICHO HAJN-
4peM GOJIBIIOro mapaMerpa v (MM MaJIoro HapaMerpa v ' HpH MPOM3BOIHOIM). DTO MOXKHO IOHSATD,
paccmarpuBast dbopmasbHoe perenne ypasaenus (1): u(t) = wu(0)explva(t)], tue a(t) = fg [y(s) —
— 1] ds. OueBugHo, 9TO JaxKe MaJible Kosebanust y(t) BCIeJACTBUE, HAIPUMED, MOJYJISIIIAN HAKAYKI MO-
IyT IPUBECTH K PE3KUM U3MEHEHUsIM MHTEHCHUBHOCTH u3sydeHust u(t), T.e. u(t) siBisiercst «OblCcTpOii»
nepemerHoi. OJHAKO CTAHJIAPTHBIE METO/bl UCC/IEJOBAHUS CHHIYJISPHO BO3MYINEHHBIX CHCTEM HEIO-
CPEJICTBEHHO HE IPUMEHUMBI, T. K. He yIa6TCs IOJIYUInTh HyJeBOoe IPUOJIMKeHne PeleHns Ip v 1 =
= 0. B mannoii pabore crpourcst orobpazkenne [Tyankape Ha OCHOBE METO/a ACHMIITOTUIECKOTO (IIpH
¥ — 00) MHTETrPUPOBAHNISA, TPHIEM MBI OTPAHMYHMCS TIEPBBIM TTPUO/TIZKEHIeM ¢ TOTHOCTLIO 0 v L.

B kadectBe cekyitmeil TOBEPXHOCTH Jjisi TOCTPOeHUs oTobpaxkenus: lyankape yao0HO BbIOpaTh I10-
BepxHOCTH S, Ha Koropoil ulg = 1 u du/dt|s > 0. Toukn nepecedyenus: HazoBBIX TPAEKTOPUil CH-
crembl (1), (2) ¢ 910l OBEPXHOCTHIO XapaKTEPU3YIOTCs JABYMsi KOODAMHATAMU: 3HAYEHUSIMH HHBED-
cun HaceséHHOCTel Y(t;) u dasel Mogyupyomero curtana P(t;) = wt; B MOMEHT Hadaja KazKIoro
CJIEJIYIOIIEro UMILYJIbca usiydenus t;, i = 0,2,4, ... (MOMEHTBI ¢ HEYETHBIMU HOMepaMmu ti,ts, s, ...
COOTBETCTBYIOT OKOHYAHUIO UMILYJIbCOB u3irydenusi, korma du/dt < 0).

Bribepem nagasibuble ycaoBust Ha roBepxuocTu Ilyamkape:

w@0) =1,  y0)=c,  2(0)=¢, (3)

rie ¢ > 1+ O0(v=12), arobsr obeceunts BoimonHenne yenosus 1(0) > 0, Te TouKa 0603HAYACT IPOM3-
BOJHYIO 110 BpeMeHu. IIpn Taknx yClIoBUSAX HaOMIOJAeM PE3KUil MMILYJIbC M3JIy9eHUsT ¢ MAKCHUMAJIbLHON
AMIUIATYIOH Umax ~ ¥ 3> 1, KOTOPBIA 3akaHunBaeTcss B MOMeHT t1, korga u(ty) = 1. JmurensrocThb
AMILYJIbCA {1 ~ vl =0 pu v — 00. BBeném Bemauny p = fot ! u(t) dt, KoTopast UMeeT CMBIC/T SHEPTUHI
UMILYJIbCA U MMEET, O4EBUIHO, KOHEYHOE 3HAYCHIE.

Pasnesum ypasrenne (1) Ha v, ciokum ¢ ypasHeHueM (2) u cymmy npounTerpupyem ot 0 1o t1.
B pesynbraTe moaydnm

y(t1) —c=—p+0(™), (4)

e Mbr BKiounn B O(v™1) craraemoe fgl [q + kcos(wt) — y]dt, T.x. t; ~ v7!

v — oo. [Hasee, u3z ypaBuenus (2) nmeem

, KoTopoe MaJid IIpu

y(t1) = cexp(—p) + O(v ™). ()

Tem cambiv u3 (4) u (5) ompenesseM SHEPruo0 UMILYJIbca p(€) € TOYHOCTBIO JIO BEJMYUHBI HODSI-
ka O(v~!) Kak MONOKUTETLHBI KOPEHDb ypaBHeHHsT

c—p=cexp(—p). (6)
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Ha cnenyromem yuactke Bpemenu t € (t1,t2) IPOMCXOJUT BOCCTAHOBJIEHHE WHBEPCHU O] J€iiCTBHEM
HAKAYKU B OTCyTCTBHE reHepaiuu. [losromy, marerpupysi cucremy (1), (2) ¢ yuérom u < 1 Berogy,
KPOMe MaJIOi OKPECTHOCTH KOHIIOB MHTepBaJIa, rje u(t;) = 1, nosydaem

y(t) =q+ (c —p—q) exp(—t) + K [cos(wl + ) — exp(—t) cos Y], (7)
O(t) = wt + ¢, (8)
u(t) = explval(t, ¢, p)], a(t,c,p) < 0, 9)

e K =k (1+w?) Y2 ¢ = ¢ — arctg w,
a(t,e,o) = (q— 1Dt + (c—p—q— Kcost) [l —exp(—t)] + K [sin(wt + 7)) — sin )] /w. (10)

C TedyenneM BpeMmeHH t PyHKIUSI a(t,c, (p), 0OCTaBasiCh OTPUIATELHON, BospacTaeT. CiieoBare/ibHO,
UHTEHCUBHOCTb u3JiyueHust u(t), ocraBasich MaJioii, TaK»Ke BO3pacTaeT J0 MOMeHTa to = T, Kora

a(T,c,p) =0, (11)

nosromy u(T) = 1, 4(T) > 0. D10 o3Hauaer, uro (as3oBasi TPAEKTOPHsI BHOBb I[IEPECEKAECTCS C IO-
BepxHOCTBIO IlyaHkape S u HaumHaeTcst caeayronuit uMiyJibc u3aydenusi. Moment T omnpesessiercs
KaK [EepPBbIil MOJIOKUTEJbHBIN KOpeHb ypaBHeHust (11), a HOBble KOODJMHATHI TOYKH I€PECEYCHUST —
OTOOparKeHneM

c=q+(c—p—q+ Kcosp)exp(—T) — K cos(wT + 1), (12)
@ = mod(p + wT;27), (13)

rae p = ple, @), T = T(c,p). Cucrema (12), (13) Bmecre ¢ (6) n (11) siBiIsteTcst 3aMKHYTO ¥ aHAJIH-
THYeCKH onpejesiser hyHKIMO TocieoBanus B cedennn Ilyankape ¢ Tounocrsio g0 O(v™Y2), ecim
JUTST KaXKJIOi UTepalliy BBIMIOIHSIETCS yeaoBue ¢ > 1+ O(vil/ 2). Dro ycnosue obecrieunBaeT BBITIONTHE-
uue Hepasencrsa u(t;) > 0,7 = 0,2,4,..., u NOsIBJIEHHE B 9T MOMEHTHI PE3KHUX IINYKOB H3JIyICHUS.
Ormernm, uTo mpu ¢ — 1 MOryT HaOJIIOAATHCS PEryJIsSpPHBIC U HEPEryJIsiPHBIE DEXKUMBI C IVIAKIM
BPEMEHHBIM HPOdUIEM HHTEHCUBHOCTH W3JIy9I€HUsI, JJisl UCCAEJOBAHUS KOTOPBIX IPEANOUTHTEIbHEE
rapMOHHYIECKUIT aHAII3.

Kaxxnas nreparnus orobpazkennst (12), (13) maér Touku (c, ), 10 KOTOPHIM BOCCTAHABIIMBAIOTCS
ACHMITOTHYECKIE XapPaKTEPUCTUKY UMILYJIbCHBIX PEKUMOB TE€HEDAIUH: MHTEPBAI MeXK1y mudaxkamu T
no dopmyse (11), sueprust ummysnbca p mo dopmyre (6), MakCHMaIbHas aMILIATY/a [0 (opMyJie
Umax = U (c—1—Inc)+ 1. 3aBECEMOCTD Upayx OT W BOCHPOU3BOAUT TUIUIHYIO aMIUIATYIHO-IACTOTHYIO
XapaKTEePUCTHKY HeJIUHEHHbIX pesonancoB. C yBeIMYeHNEM YaCTOTHI BHEIIHEIO BO3ZEHCTBUS MAaKCU-
MaJibHasl aMIUIUTY 14 OTKJIMKA CHCTEMBl yMeHbInaercss. OTMETHM TakiKe, 9TO U3 M0C/Ie[0BATEIbHOCTH
(Umax, ) TOTydaeM OTOOparkeHne, KOTOPOe MOXKHO IIPSIMO COHOCTABUTDL C SKCIEPHMEHTATLHBIMA JIAH-
HBIMU.

Henoapmxuste Toukn orobpazkenust (12), (13) coOTBETCTBYIOT HEPUOJMYECKHM DEILICHUSAM C IIe-
pHOZIaMU, KPATHBIMU II€pHojy BozOyxkgaomei cuibl: 1), = 27n/w, rje UHIEKCOM N 37€eCh U Jajiee
Oyzem 0003HAYATH KPATHOCTH IIEPUOJA, M C SHEPIUsAMU [€HEPUPYEMBIX UMILYJILCOB pp = (¢ — 1) Th,.
KoopauHarsl TakKnx HENOABUKHBIX TOUEK (Cp, @n = ¥y, + arctgw) moyvaem 1o dopmysam

Cn = Pn [1 - eXp<_pn)]71 (14)
K cos % =4 —Ch —DPn [exp(Tn) - 1]71' (15)
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[MockonbKy dasa @, OlpenesseTcs u3 Cos Y, TO CYIMIEeCTBYIOT JIBa [UKJIA PaBHOI (6OJIbIION) amILm-
TYIbI, YCTONYUBBIA U CEIJIOBOI, KOTOPBIE IOSIBJIAIOTCS B pe3y/brare OUypPKAIUU CeII0—Yy3€eJ IIPU
IIOPOroBoM ypOBHe I\JO,I[y.HHLH/H/I

kn=+v1 + w? {q —Cn — Ggn [exp(Tn) - 1]71}'

[Ipu nasibHeiieM yBeIMIeHnr aMILIUTY/IBl U 9aCTOThI MOJLYJIAIINNA HAOJIOMAITCS Ipyrue oudypKra-
[N YCTONYIUBBIX IUKJIOB. Bompoc 06 yCTONYINBOCTH EPUOINIECKAX PEIIeHI MOXKeT ObITh UCCIeI0BAH
CTaHJIAPTHBIMU METOJaMU JIOKAJBbHOI'O aHAJIN3a: IIOCTPOEHUEM JIMTHEAPU30BAHHON! CUCTEMBI B OKPECTHO-
CTU HEMOJBUKHONH TOYKM W BBIYUCIEHUEM €€ MYJIBTHIIMKATOPOB A1, Ag. llpu riybuue momyssiym
HaKaIKQ

VIt w? T\ >
kpd = % (g—1)|1+2n (q% ) +O(T (16)

¢ Tounoctbio 1o O(T),) naxomum

2K 2K -1 2K 2K -1
o1 2w 2K [t 2Ke 2K [T
qg—1 q-—1 Kw qg—1 q-—1 Kw

(17)

OTKY/Ia CJIEJIyeT, 9TO 3HAUEHUE \] IEePEeXOIuT depe3 —1, a 3HAYUT, nMeeT MecTo budypKalus yIBOCHUs
nepuoja. B otimdue ot cirydast MOLYJISAIME BHY TPUPE3OHATOPHBIX MTOTEPDH, AMILIATY/I MOJYJISIUN Ha-
KA4YKHU B TOUKe OudypKaIliK CyIeCTBEHHO Bhiile (IIPUMEPHO B w Pa3) M CPABHUMA C [IOCTOSTHHON 4aCThIO
Hakauku. OTMeruM, 910 OudypKaIMOHHBIE 3HAYEHUsT TJIyOUHBI MOLYJISIIIAN JJIs PEIIeHN ¢ KPATHBIMEI
nepuogamu T, T3, . .. CABHHYTHI OTHOCHTEILHO APYT JAPYTa Ha HeOOMbIIyIo Bemauny nopsaaka O(nT?).

OcobeHHOCTY TIOCTIEIY IOIINX IEPECTPOEK U HEJIMHEHHON TUHAMUKH B 00JIACTH XAOTUIECKOTO PEXKIMA,
MOTYT ObITh HMCCJIEJIOBAHBI YMCJIEHHO Ha OCHOBe orobpakenusi (12), (13), uro cyliecTBeHHO IpoIie
u obecrieunBaeT 60siee BBICOKYIO TOYHOCTH 110 CPABHEHUIO C JJIUTEIbHBIM MHTETPUPOBAHUEM HCXOTHOMN
muddepennmansuoit cucremst (1), (2).

Awnanurnaeckoe orobpazkenue (12), (13) mosposisier onpee/uTh PACHOIOKEHNE H30JUPOBAHHBIX
peleHnii U PacCInTaTh IPAHUIBI O0ACCEHOB MPUTSKEHUS PA3JUIHBIX ATTPAKTOPOB U YCTOWUMBBIX
MHOT000pa3uil Ce/yIOBbIX IUKJIOB. [IpuMep cjioxKHO#M CTPYKTYPhI (ha30BOr0 MIPOCTPAHCTBA MMOKA3aH HA
puc. 1, rae cepbIM IIBETOM OTMedYeH OacCeiiH muKJja €1 ¢ mepuojaoMm 17, OeJibiM — MUKJIA Cy C MEPUO-
noM 15, 9€PHBIM — CJIO?KHOTO TPEXUMITYILCHOTO ITUKJIIA c(k), k= 1,2,3, ¢ nepuonom 67. Bumno, uro
TPAHUIBI DACCEHHOB SABJSIOTCS (DPAKTAJIBHBIMU. TaKoe sB/IEHNE TUIINIHO I HEeJIUHEHHBIX MYJILTUCTA-
6ubHBIX cucteM |7, 8] ¥ NPUBOJUT K HEONPEJIEJIEHHOCTH B IIPEJICKA3AHUN KOHEYHOTO COCTOSIHUSI TIPU
HAJIMYHH IIIYMOB U BHEIITHET'O BO3/eiicTBus. B TO 2Ke BpeMsi 3HaHNME HEJIOKAJIBHON Opranu3amnun (hpa3oBo-
0 TPOCTPAHCTBA M PEIYAbTaTa KPATKOBPEMEHHOI'O BO3MYIIEHUS TAPAMETPOB MO3BOJISET MPEIOKATH
ONTUMAJIBHYIO CTPATErnI0 NMHAMIYIECKOTO YIIPABJIEHHUS CUCTEMOIA.

2. OTOBPAKEHU A B CJIVHAE JOITIOJIHUTEJIBHOTI'O
KPATKOBPEMEHHOI'O UMITYJIbHOT'O BO3JIENCTBUYI

B srom ciyuae ypasuenue (2) umeer Buj
dy/dt = q + kcos(wt) + f(t) —y — yu,

rae f(t) > 0upu t € (tg,tx, +0) u f(t) =0 upn t & (tx, tx +9).
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Puc. 1. Baccefinbl ukios ¢ (cepsiii nser), co (Gesblit 1BeT), c(")7 n =1,2,3 (uépusii nper). Ha npaBom
PUCYHKE JIOMIOTHUTE/ILHO K YCTOMIUBBIM ITUKJIAM CUMBOJIAMEU X 0003HAYEHBI CEJIIOBBIE TTUKJIBI S, S2; CUM-
BOJIAMH + — CABUT (HA30BOI TPACKTOPHUH U3 TOUYKHU €] HOCJE OJHOKPATHOIO IIPUMEHEHUS YIIPABJIAIONIETO
UMITYyJIbCA HAKAYKN BO BpeMs MMIIYJIbCA F'eHepaIid U CUMBOJAMU O — MeEXKJy MMIIYJIbCAaMH IeHepalliu.

[Tapamerpsr ucxommoit cucremsr (1), (2): v =104 ¢ =19, k=09, w = 71,6

PaCCMOTpI/II\J ILGI‘/’ICTBI/IG KOpOTKOI‘O ILOHOJIHI/ITG.HBHOFO I/IMHyHbCa HaKa4YKM1 B MOMEHT Bpel\/[eHI/I, COBIIa-
,ZLaIOIU,I/II';I C I/IIVIHyJH)COIVI I/I3J1y‘IeHI/IH. O‘IGBI/I,ZLHO, 9qTO MaJible IHyMbI HNJIN MaJlasgl CHhJIa Ha dTalle I/IMHyJII)C&
HpaKTI/ILIQCKI/I HE USMEHAIOT ILI/IHal\H/IKy. HO BHENIHAA CHJIa C al\/IHHI/ITyILOﬁ f1 " ,ZLHI/ITGJIBHOCTBIO (51, MEHb-
e nJIn CpaBHI/IMOfI C JJIUTEJIbHOCTBIO I/IIVIHyJH)C&, MOZKET CyIlLeCTBeHHO HNU3MEHUTDH ,H,I/IHEMVH/IKY Hpouecca,
ecn fi ~ u > 1. Torma, mocjie 0IHOKPATHOTO IIPUMEHEHIST KOPOTKOI'O BHEIITHEI'O UMITYJIbCA HAKAIKH,
KOOp/IMHATHI (ha30BOil TPAEKTOPUM MOXKHO HaiiTu 1o orobpaxkenuto (12), (13), B koropoM dyHKIHUS D
€eCTb KOpeHb ypaBHeHI/IH

c—p = exp(—p) [c + Py [exp(P1) — 1]/p],
rne Pp = fi61 — SHeprusi JIOMOJIHUTEIHLHONO HMIIYJibca Hakadku. [Ipu 3ToM Touka B (HaszoBOM IIpo-
CTpa.HCTBe Ha pI/IC. 1 C,Z[BI/II‘aeTCH B OCHOBHOM IIO FOpI/I3OHTa.HI/I (OTI\/queHO CHUMBOJIOM +), T. €. UIBMEHAETCA
¢a30BBIl CIBUT MEXKJLy UMITYJIBCOM U MOIYJIUPYIOIIUM CUTHAJIOM.

Eciu KoppekTupyrouii IMIIyJIbC HAKAUKU C aMIIATYI0H fo U JIJIUTEIBHOCTBIO 0o IIPUMEHSIETCSI
MEXK/Ty UMILYJIbCAME, TO KOOPAUHATHI (ha30BOil TPAEKTOPUN HAXOIATCS 10 OTOOPAYKEHUIO

c=q+ (c—p—q— Kcosy)exp(—T) — K cos(wT + ¢) + Ps, (18)

¢ = mod(yp + wT’;27), (19)

rje Py = fy09 — 9Heprus J0NOJHUTENLHOTO UMILYJIbCa HAKAUKH, P HAX0AuTcst 1o dbopmysie (6), a ub-
repBas Mexky umiyiabcamu 1T = T'(e, p) Haxoqurcs kak kopenb ypasuenust a(T, ¢, p) = T Ps. Iocie
[IPUMEHEHUsT KOPPEKTUPYIONIEro UMITYJIbCA TOYKA HA PUC. | CIBUTAETCSI B OCHOBHOM TI0 BepPTHKAJH (OT-
MEYEHO CHMBOJIOM O), T.e. M3MEHsieTCsl WHBEPCHsI HACEJIEHHOCTel K MOMEHTY Hadajia HOBOIO IIMYKA.
Casur Touku B (Hha30BOM IIPOCTPAHCTBE 3aBUCHT OT SHEPTUU KOHTPOJIUPYIOMIETO UMITYIbCa f;0;.
Taknum 006pa3oM, UMITYILCHOE BHEIIHEE BO3/EHCTBHE B Pa3Hble MOMEHTHI (pas3bl) MUKJIA, TPHBOIUT
K Pa3JITYHOMY CMEIIECHUIO TPAEKTOPUHU B (HazoBoM mpocTpaHcTBe. [[osToMy ¢ OMOIIBIO KOMOMHAIIIN
JBYX UMILYJIbCOB HAKAIKN MOYKHO HAIPABUTH (PA30BYIO TPAEKTOPHIO MPSIMO K KEJIAEMOMY ATTPAKTOPY
WM HA YCTOWYIMBOE MHOrOOOpasme CeJJIOBOrO IUKJIA M PEATH30BaTh ObICTpoe (IpakTHuecKu Ge3 re-
PEXOJIHOIO IIPOIECCa) MEePEKJIIUeHNne MeXKJly PeXKMMaMK IeHepalii, B TOM YUC/Ie U HEeYCTONIUBBIMH.
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ITocne mepeksroueHust Ha CEJIOBbIE IUKJIBI B JaJbHEHIIIEM MOTYT OBITH HCIIOJIB30BAHBI CTAHIAPTHBIE
MEeTO/Ibl MaJIbIX BO3MYIIEHUI JIJIsi OTCJICXKUBAHUS HEYCTORIMBBIX opouT |8, 9].

3. OTOBPAZKEHU A ITP HAJINMYNN HACBIIITAIOIITETI'OCH ITOTJIOTUTEJIA
1 BBICOKOTI'O YPOBHA CITOHTAHHOI'O N3JIVUEHN A

B pamkax HIpejyIozKeHHONH METOIMKH PeJyKIuu K oTobparkeHuto IlyaHKape MOXKHO TAK:Ke y9ecTb
JIOTIOJIHUTE bHBIE busndeckre (BHaKTOPbl, YaCTO BCTPEYUAIONINECS] B SKCIEPUMEHTe U OCOOEHHO CyIIie-
CTBEHHBIE JJIs [OJIyIIPOBOIHUKOBBIX J1a3epoB [10-14|: najmtme mpumeceil ¢ HACHIIAIOMIMAMCS IIONIO-
IEHUeM, BBICOKUIl yPOBEHb CIIOHTAHHOTO M3JIyYeHHsl B JIA3EPHYIO MOJLY, MHOIOMOJIOBOCTH I'€HEDAIUH,
MHEPIMOHHOCTH (KOHEYHOCTD IIOJIOCHI TIPOILYCKAHUSI) MOJLYJISITOPOB, & TAKXKe PA3JIndHble KOMOUHAIIUK
[EePEINCICHHBIX JIONOIHATENBHBIX yeioBuii. Hurke KpaTko npuBeséM pesy/IbraTbl TAKOIO aHAJIN3A.

J71s1 1Oy IPOBOJIHUKOBBIX JIA3€POB € MOJYJIsIIIneil HAKAYKYU [IPH HAJIMYIUN O€3bIHEPIMOHHO HACHIIIA~
IOIIErocst MOrIOTHTe st (MeJICHHBII IIOIIOTUTE b MOYKET ObITh PACCMOTPEH OT/e/IbHO) BMecTo (1), (2)
umeeM cucremy [13]

du/dt = vu (y—l— H%) + €, dy/dt = q + kcos(wt + ¢) — y — yu, (20)

rjie b — HeHaCBIIEHHbIE [TOTEPH, (v — IapaMeTp HeJUHEHHOCTH (PUIBTPA, € YINTHIBAET YPOBEHD CIIOH-
TAHHOT'O M3JIyUEHUS WJIM MAJION BHEITHEH MOJCBETKH TOrO YKe HAIPABJIEHUS W YACTOThI, UTO U M€HEPU-
pyemoe uzJjiyvueHue.

B npeneGpekeHnu CIIOHTaHHbIM u3iydeHueM (€ = () pesakcaliOHHbIe aBTOKOJIE€OAHUST OlPe/IeIsi-
I0TCs UTePAIlUsMU TOIO Ke JByMepHOro orobpazkenusi (12), (13), B KOTOpOM SHEpPrusi UMILYJIbCA P
onpeesisiercst u3 ypasHenusi (6), a uarepsas T mexy umnysibcamu u3 ypasuenus (T, ¢, ) = bT.

Eciu ypoBeHb CIIOHTAHHOTO W3JIy9eHUsI WJIM MaJiasi BHEIHsiS IIOJICBETKA TOI'O YK€ HAIIPABJIEHUsI
U YaCTOTLI, ITO U I'€HEepUpPyeMoe U3JIyUeHUE, BO3PACTAIOT 10 YPOBHA exp(—v) < € € 1, To HEOOXOIN-
MO YUUTBIBATH MAaJIbIil aJ[JIATUBHbBINA UIEH B YPABHEHUU JIjisi HHTEHCUBHOCTU U3JIyUEHUs, T. €. [0JIATaTh
€ # 0. B sToM ciryvae mHBepcHas HACEIEHHOCTH Ha II0cKocTh Ilyankape (B MOMEHT Hadasia MMITYJIb-
ca u3JlydeHusi) onpejieseHa: ¢ = 1 + b, u BMECTO JIByMEPHOIO IMOJy4YaeM OJHOMEDHOE OTODpayKeHUe
OKPY?KHOCTHU B CeDsi:

» = mod(p + wT; 27), (21)
re Te(p) — 1epBblil HOJIOKUTENBHBI KOPEHb yPaBHEHMUSI
g—1-b—(q—1=b+p)exp(—T¢) — K [cos(wT, + ¥) — exp(—T¢) cos ] = 0,

a p oupesnesnsiercss u3 ypasaenus p = (14 b)[1 — exp(—p)].

N3BecTHO, UTO B HEJTMHEHHBIX OTOOPAXKEHUAX OKPYKHOCTHA B cebsi HabJromaoTcs: cepun oudypka-
Ui, CBABAHHBIX ¢ YrcaoM Bparennii [Iyankape. OTciofa ciieyeT, 9To B JMHAMUKE UCXOTHON JIa3epHOi
CHCTEeMBI Oy/IyT HAO/IIOMATHCH KBA3UIIEPUOINIECKNE PEXKUMBI T€HEPAIUU C 00/TACTIMU CUHXPOHU3AIIAN
IpU PaAIMOHAJILHOM 3HAYeHHH uncia Bpamenus [lyankape Q = wTy, tae Ty — mepuos co6CTBEHHBIX
KOJIeOaHMIT J1a3epa ¢ TPOCBETISIIONMMCS (DUIBTPOM, OIIPEIEIIeMbIi 13 ypaBHEHUsI

g—1—-b—(¢g—1—=0b+p)exp(—Tp) =0.

OTH IIPEACTABIEHUs XOPOIIO COVIACYIOTCS ¢ IKCIEPHMEHTAIbBHBIMI (hAaKTaMU U JAHHBIMI YHUCIEHHOTO
MozesmpoBanust cucremsl (20) [10-14].
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4. OTOBPA>KEHUWE B CJIVHAE MHOT'OMOZOBOT'O JIASEPA

JmHamMuKa 0JJHOPOJIHO YIIMPEHHOrO MHOI'OMOJIOBOIO Jla3epa Kiacca B ¢ adpdekrom mpocrpancrsen-
HOT'O BBIXKMIAHHsI JIBIPOK OIUCHIBAETCs ypaBHeHUsiME Jisi N TJI00aJIbHO CBSI3AHHBIX IIPOJIOJIBHBIX
Moz [1, 15]:

N
du;/dt = vu; [ng —n;/2 — 1], dn;/dt = nou; —n; [ 14+ > u, |,
oy
N
dng/dt = q + k cos(wt + ¢) —ng — > ur (ng —n./2), (22)
r=1,
r#
rae u; — WHTEHCUBHOCTD -1 Mogbl, ¢ = 1,2,..., N, ng — IMOCTOSHHBLIA B IIPOCTPAHCTBE WieH Qpypbe-

pa3I0KeHnsI KHBEPCUH HACeJEHHOCTEH, 1; — KOMIIOHEHTHI IIEPBOr'0 HOPSIIKA IIPOCTPAHCTBEHHOIO Py phe-
pazjoxkeHus: nHBepcuu HaceaeHHOoCcTell. Pu3naecKuit CMbICT U BEJIMIUHBI OCTAJIBHBIX IAPAMETPOB aHa-
normansl cucreme (1), (2).

Beibepem HavasibHBblE YCIOBHsI Jjisi cucTeMbl (22) TakuM obpasoM, 4Tobbl npu ¢t = 0 HaunHAJICS
HAMILYJIBC MOJIBI C HOMEPOM 1, 8 MHTEHCHUBHOCTDL JAPYTHUX MOJ OCTABAJIACH SKCIOHEHITUAJIHLHO MAJION:

®(0) = o, no(0) = co, u;(0) = exp(vd;), n;(0) = ¢, i=1,...,N, (23)
MTPUIEM
01<Co—1<62<63<...<CN, dy < ... <dg <d; =0.

Wurerpupysi jgasee cucremy (22) 10 ONUCAHHOMY BBIIIE METOJY, IIOJy9aeM, YTO B MOMEHT BpeMe-
au t = T(cp,co,do, ) cucreMa NPUXOAUT B aHAJIOrMYHOE (23) COCTOSIHUME C 3aMEHON WHJIEKCOB MOJ
(1,2,...,N —1,N) na (2,3,...,N, 1) u napamerpos ¢, ¢;, d;, © Ha

co=q+ (c—p—q— Kcos)exp(—T) + K cos(wT + ), ¢ = mod(p + wT;27),
¢ = cippexp(=p=T),  en = [er(1=p)+ cop|exp(=T),

- cy — ¢ - cy—¢
di=dij1 —dj + 2—1 exp(—p—1T), dy = —dy_1 + = 2 ! exp(—p —T), (24)

2

rie i =1,2,...,N — 1, p = p(co,c1) — dHeprus nntka, ompeessieMasi Kak IOJI0KUTEIbHBII KOPEHb
ypaBHEHUS

2(co —p) — {exp[-p (1 +1/V2)] (co — 1/ V2) +exp[-p (1 — 1/V2)] (e + e1/V2) } =0,

T = T(co,c2,d2,p) — UHTEPBAT MEXKJy IUIKAME, KOTOPBI HAXOJUM KaK IOJOXKHUTEIbHBI KOPEHb
YpaBHEHUS

do+(q—1)T+[c—p—q— K —coexp(—p/2)] [1 —exp(—=T)] + [K; sin(wT') + K2 — K3 cos(wT)]/w = 0,

rae

K, (cos ¢ + wsin @), Ko (wcos ¢ — sin @).

1+ w? 1+ w?
ArrpakTopbl 2N-MepHOro oTobpaskenust (24) olpesIesiioT MHYKOBbIe PesKUMbI cucTeMbl (22). B wact-
HOCTH, (DUKCUPOBAHHAs TOYKA OTOOparKeHusl CyIecTByer npu 1 = 27 /w 1 BBIIOJIHEHUH HEPABEHCTBA

dy < (1 —exp(=T))[(c2 — c1) (1 = p) = co] /2
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I KaXK ol ureparuu. /lannoe ycioBue BbliesieT
B (hasoBOM IPOCTPAHCTBE 00JIACTD, TJI€ MOI'YT pea-
JIM30BAThCA YIIOPSI0UE€HHbIE TPOTUBOMA3HBIE KOJIE-
Ganus oTyesibHBIX MOJ ¢ repuogom NT. Ouu co-
CYIIECTBYIOT C XaOTHYECKUMU ITyjIbcarusamMu. B ka-
YeCTBE UJIJTIOCTPAIMK HA PUC. 2 MOKA3aHBI TPUMEPDI
XAOTUIECKON TUHAMUKN JBYX MO IIPU ITPOU3BOJIb-
HBIX HAYAJIbHBIX YCIOBUSIX (@) U yIIOPSIOYEHHbBIX CO-
CTOSHHUI JBYyX U TPEX MOJ IPU HAYAJLHBIX YCIOBHU-
X, OIM3KUX K (DUKCUPOBAHHBIM TOYKAM OTOOpazKe-
nusi (6, 6). B nocieauem ciydae Bce MOJIBI UMEIOT
OJIMHAKOBYIO BOJTHOBYIO opmy, HO ¢aza KarxKIoi
MOJIBI cMelnieHa Ha IN-yi0 9acTb Hmepuojia oT (hasbl
COCEJIHEr0 OCIU/LIATOpA. BejencTBue dKBUBAJIEHT-
HOCTH OCIIMJLISITOPOB TAKUE PEXKUMBI IOSBJISIOTCS
¢ kparaoctoio (N —1)! [16]. Ilpu yBesmaennn qucia
Mozt N BOJIBIIIOE YUCIO COCYIIECTBYOMNX aTTPAKTO-
POB IIpEAIIOIaraeT CJIOXKHYIO IUHAMUKY ITePEKJTI0Ie-
HUsi MexK1y Humu. [lepexsrodenusi MOTYT ObITH WH-
IyIUPOBAHDBI IIIyMOM, & TaKXK€ PeaJIM30BaHbI C II0-
MOIIBIO CIIEUAJIBHON BHEITHENH WHXKEKIINN CUTHAJIA
[15, 16].

Taxwmm 0Opa3oM, oIy deHHbIE IUCKPETHBIE 0TO0-
paXKeHus aJeKBATHO OIUCBHIBAIOT JIMHAMUKY peJjia-
KCAIMOHHBIX ITyJIbcaluil B jasepax kjacca B. Hemo-
JIBIDKHBIE TOYKU OTOOPAXKEHUN ONPEeIsioT yCJI0-
BHSI CYIIECTBOBAHUsI U yCTONYIUBOCTU IUKJIOB C II€-
pUOJIaMu, KPATHBIMU IE€PUOJLy BO30YKaromieil cu-
JIBI, B TOM YHCJIE TPOTUBOMA3HBIX KOJIEOAHU B MHO-
TOMOJIOBBIX Jia3epax. Pa3BuTasi Teopusi sIBJISETCS
[EPCIIEKTUBHOM J1J1s1 006CY YK JICHUST [IPOIIE Ly PbI YIIPAB-
JIIEMOTO  TEPEKJIIOUEHU MEXKJY  Pa3JIUIHBIMEI
(yCTORYMBBIMU ¥ HEYCTOWYIMBBIMU) HEPUOIUIECKH-
MU COCTOSTHHUSIMU C TIOMOIIBIO JTOTIOTHATETLHOIO UM-
yJibca HaKadKu. Kpome Toro, mpeijioxKeHHass MeTO-
KA MOXKeT ObITh pacnpocTpaHeHa Ha Oojee CI0xK-
HbIE 3aJIa9d JIa3ePHON JIMHAMUKH, PACCMaTpPUBAIO-

10

’I,Ll, U2 6)

T R T T R

sk i ]
ol JU A JLs JUA LR
80 85 t/ T, 90

10
6)
Uy, U9, U3

Puc. 2. TIporusodasubie pernennsi ypabHeHuit (22)
c nByma momamu mpu N = 2, v = 10%, ¢ = 1,9,
k=09 w=2811u(a) p = 2,561, cg = 1,147,
c1 = 0,24, co = 0,241, (6) ¢ = 2,561, ¢o = 1,156,
c1 = 0,226, co = 0,2587, a TakxKe C TpeMsa MOJAMH
mpu N =3, v =10% ¢ =3, k =23, w = 171,54,
p = 1,83, co = 1,1529, ¢; = 0,2256, c5 = 0,2386,
cs = 0,2625 (6). Cruromnasi, IyHKTUPHAS U IITPU-
XOBasi KPUBBIE COOTBETCTBYIOT HHTEHCUBHOCTSIM MO,
Uy, U2, U3

e KaK aKTUBHYIO, TAK W HACCUBHYIO MOJLYJISAINIO ITAPAMETPOB C IOMOIIBIO TPOCBETIISAIONIErOCs (PUTh-

Tpa ¥ 3ala3/plBatonieil obparHoit cBszu [17].
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POINCARE MAPS FOR STUDYING RELAXATION OSCILLATIONS
IN PERIODICALLY PUMPED SOLID-STATE LASERS

E. V. Grigorieva

We present an asymptotic analysis of relaxation oscillations in periodically pumped single- and
multi-mode class-B lasers. Discrete maps which allow one to describe the hierarchy of coexisting peri-
odic attractors are obtained and their bifurcations leading to period-doubling regimes and quasi-periodic
and chaotic oscillations are studied analytically. For systems of coupled longitudinal modes, the maps
determine conditions for antiphase dynamics.
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MOAEJ/INPOBAHUE JUHAMUIKI PEMTOCEKYH/THOI'O JIASEPA
C KEPPOBCKOU CMHXPOHU3AIIMEN MO/ ITP1 ITOMOIIIU
MOAOJOBOI'O PABJIO2ZKEHVA BHYTPUPE3OHATOPHOTO IITYUYKA

A. U. Kowwoxos, JI. A. Meavrnuros

Ha ocnoBe npocTpancTBeHHO-BpeMeHHGH MOJIENIHN IPOAHAIN3NPOBAHBI OCOOEHHOCTH TeHeparnu heMToce-
KYHIHBIX UMITyJIbCOB B JIa3epe C KEPPOBCKOI cMHXpoHM3aueil Moa. PaspaboTaHHbBIN airOPUTM HUCIIOIB3YeT
paznoxkenue nojst o QyHKiusaM Jlareppa—I'aycca, KoTopble SIBISIFOTCS MOJAMHU IIyCTOTO ITPOCTPAHCTBA.
Ilonsipuzamus cpenpr paccumTbiBaeTcsa n3 ypaBHeHuit bioxa mas aByxyposHeBoro mnepexoma. IIpm yuaére
9aCTOTHOM 3aBUCUMOCTH JUMPAKIINA TAKOW OXO ITO3BOJISIET ONMMCHIBATH T'€HEPAIIUI0 UMITYJIbCOB C JJIU-
TEJILHOCTBIO HECKOIBKO peMTOCEeKYH/I. [loKazaHo, 4To Jjisi UMITYJIbCOB C JJIUTETHLHOCTBIO MeHbIre 10 demTo-
CeKyH/JT UG PAKINS BHI3BIBAET CIBUT HECYIIEN YaCTOTHI UMITYJIbCOB B KOPOTKOBOJHOBYIO OOJIACTH CIIEKTPA.
Bosmzn mysns gucnepcuu rpynIioBoil CKOPOCTH B PE30HATOPE BO3MOXKHA PEATH3AINSA PEKUMa T'eHepaIlnui,
BKJIFOYAIONIEr0 HECKOIBKO OJIM3KO PACIOJIOXKEHHBIX UMITYJILCOB. 1loKazaHo, YTO TaKOil pEeXKUM MOXKET pea-
JIN30BBIBATHCSA B OTCYTCTBHE JWCIIEPCHU BBICIINX MTOPSAKOB. [T MMITyIbCOB C AJIUTEIBHOCTHIO HECKOIBKO
bEMTOCEKYH/ CYIECTBYET CHUJIbHASI CBI3b MEXKJIy MPOCTPAHCTBEHHBIMHM W BPEMEHHBIMU XapaKTEPUCTHUKA-
MU T0JIsl. DTO TPUBOIUT K CJIOXKHON 3aBHCUMOCTH pa3Mepa IydYKa OT €ro MOIIHOCTH M, COOTBETCTBEHHO,
K CJIOKHOMY M3MEHEHUIO ITOTEPb BO BPEMs ITPOXOXKJIEHUS UMITYJIBCOM aneprypbl. V3-3a 910l 0cobeHHOCTH
PEXKUMBI T€HEPAINU CBEPXKOPOTKNAX MMILYJILCOB HE MOT'YT OBITH KOPPEKTHO OIMMCAHBI IIPU TTOMOIIH MOJIEJIEeH,
B KOTOPBIX 3aBHUCHUMOCTH IIOTEPH OT MOIIHOCTH IIyYKa BBOJIUTCS MCCKYCTBEHHO.

BBEJEHUNE

Co BpeMeHH IE€pBOIi JIeMOHCTpAIUK Jla3epa € CaMOCHHXpoHU3anueil Moz [1] xkeppoBckasi cuHxpo-
auzarust Moz, (KLM) crana cranmapTHOii MeToauKoil /it reHepanun (heMTOCeKYHIHBIX UMILYJIbCOB.
Tenepariust yIbTpaKOPOTKHX MMILYJILCOB BO3MOXKHA BCJIEICTBIE CUHXPOHU3AIUN OOJIBIIION0 KOJIUIECTBA
POJIOJIBHBIX MOJ,. [jist 3TOM 1esin HeoOXOMMO 06eCIIeTnTh OBICTPYIO MOIYJISIIUIO aMIUIUTY/ bl BHY TPH-
PE30HATOPHOIO 1ToJIsA. B crenuaabHo pa3paboTaHHBIX PE30HATOPAX CAMO(OKYCHPOBKA Iy IKa COBMECTHO
C aleprypoil WM IIPOCTPAHCTBEHHO-OIPAHUYEHHBIM YCUJIEHHEM (<«MsirKasi» aleprypa) obeciednBaer
BHYTPHUPE30HATOPHBIE TIOTEPU, KOTOPBIE MOYTH MI'HOBEHHO YMEHBIIMAIOTCS C POCTOM WHTEHCUBHOCTH.
JLjist BBIYUCIEHUS 3aBUCUMOCTH [IOT€Ph OT MOIHOCTH IIYYKA IACTO UCIOJIB3YeTCs MOIX0, OCHOBAHHBIN
na ABCD-marpuunom dopmasmsme [2-4]. ABCD-merTos ¢ ycrexoM HpUMEHsICS MPH ONTUMUAAIUH
[apaMeTpoB Pe30HATOpa JIJIsi 00eCIIedeH s CAMOCTAPTYIOIIEH CHHXpOHU3auu Mo [5], Juist onTuMu3a-
[[MU JIByHAIIPABJIEHHOl I'€HEepAIU JIa3ePOB € KOJIBIEBBIM pe30HATOpOM |6, 7|, [isi M3ydeHust BIMsIHUS
[OIIEPEYHOr0 paclpe/ieieHnst ycuaenus (8, 9.

Bo BpeMeHHOM TIpejicTABIIEHIN KEPPOBCKAsi HEJUHEHHOCTh B COUYETAHUU C OTPUIATEIBHON JuCIep-
cueil TPYIIOBOil CKOPOCTH HPUBOIUT K (POPMUPOBAHUIO COJIUTOHHBIX UMIYJIbCOB [3]. B npubimxenun
IJIOCKOTO BOJIHOBOTO (DPOHTA JTMHAMUKA UMITYJIbCA OIMCHIBACTCH HeJMHEeHHbIM ypaBueHueM [IIpémun-
repa. B sToMm citydae MOy A aMILIATYIbI UMITY/IbCA BCIEICTBHE COBMECTHOTO BJIUSIHUST CAMOMOKY-
CHPOBKHU U allePTyPbl MOXKET OBITH BBEJIEHA UCKYCCTBEHHO U PACCMATPHUBATHLCA KaK JIECTBHE OBICTPOro
HacbIaeMoro norioruresis. Hemmuelinoe ypasuenue [IIpénuarepa MoxKeT ObITH JOMOJIHEHO YJIEHAMH,
OLIMCHIBAIOIIUMHY YCUJIEHHE, JTUCIIEPCHIO BBICIIero nopsiaka [10-15], korepenTHbiit norsiorurens [16], Bbi-
HY2KJIEHHOE KOMOMHAITMOHHOe paccesinue 17|, a 3arem pereno 60 ducierHo [18], mbo anaginTuaecku
[8, 19, 20]. Jyist JOCTATOYHO JUIMHHBIX MMILYJILCOB IIPUOJINZKEHNE [JIOCKUX BOJIH JIAET XOPOIIHE OIeHKH
KaK JIJIsl JIa3epOB € KEPPOBCKOI cuHXpoHu3armeii Mo, [21], Tak u /st j1a3epoB ¢ aJIUTUBHON CHHXPO-
ausanueil Mo [3]. OHAKO JUIsi UMITYJIBCOB C BBICOKOW MHTEHCUBHOCTBIO U JIINTEJIHHOCTHIO HECKOJIBKO
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demTOCeKyH cuTyarus u3Mensiercs. [[pocTpancTBeHHbIE 1 BpeMEHHBIE XapaKTEPUCTUKU OINITUIECKOrO
I10JIsi CTAHOBSITCS CUJIBHO CBSI3AHHBIMU ITOCPEICTBOM JUDPAKINU U HeJuHeiHOCTH. ['eHepaliust cBepXKo-
POTKHMX HUMILYJIbCOB, KAK MMPABUJIO, JOCTUTACTCS BOIU3U HyJIsT TUCIEPCUN TPYIIOBO# ckopocTu. B sToM
cJlyuae BJIMsIHUE HEJIMHEHHOW (DUIbTpPAIUUA AlepTYPOil conmocTtaBuMo ¢ 3(hHEKTOM COMUTOHHOTO (hop-
MHUPOBaHUsST UMITYJIbCOB. COKpalleHre JIUTEIbHOCTH UMITYJIbCa 38 CYET COBMECTHOIO JeMCTBHUs arep-
TYPBI U KEPPOBCKOI caMO(POKYCUPOBKH MIPUBOJUT K TOMY, UTO Jia3ep C KEPPOBCKOW CHHXPOHU3AIIUEH
mox (KLM-sazep) MoKeT reHepupoBaTh MMILYJIBCHI JIA’Ke [PH IIOJIO0KUTEJLHON [IUCIIEPCHU TPYIIIO-
Boil ckopoctu [22]. TIpocTpancTBeHHBIE U BPEMEHHEIE XapaKTEePUCTHKU MMILYJIbCA CBSI3aHBI HE TOJIBKO
caMoOKYCUPOBKOH, HO U Audpakiimeil B CBOOOTHOM IIPOCTPAHCTBE. acTu UMITyJIbCHOTO IIydKa C Pa3-
JIMIHBIMU Pa3MEPaAMU ISITHA UCHBITHIBAIOT PA3IUYHbIN Haber ¢a3bl IPU OJHOM U TOM K€ PACCTOSHUN
pacrpocrpanenus [23], 9To IPUBOJUT K MOJYJISIIIUU €ro 4acToThl. Kpome Toro, audpaknust demroce-
KYHJIHBIX MMILYJIbCOB B CBOOOJIHOM IIPOCTPAHCTBE SIBJISIETCSI YaCcTOTHO-3aBUCHMON [24, 25]. Vuér Tako-
IO THIIA IPOCTPAHCTBEHHO-BPEMEHHGH CBsA3U HEOOXOIUM IIPU BBISICHEHUH MUHUMAJIbHBIX JOCTUXKUMBIX
guresnbHocTeil My abcoB B KLM-1azepe ¢ 3amamHoit kouduryparueii.

IIpu ompenen€HHBIX yCIOBUSAX JIa3ePhl ¢ KEPPOBCKON CHHXPOHU3AINEN MO, JTEMOHCTPUPYIOT HEYC-
TONYUBOCTD BBIXOJHON I0C/IE0BATEIBHOCTH UMILYJIbCOB |26, 27|. VI3MepeHne sHeprum MMILyJIbCa Ha
KpAaro IIyvKa [IpU HOMOIIH (POTOIMOA C MAJION PErUCTPUPYIOIIEH TOBEPXHOCTHIO TIOKA3BIBAET HAJIMINE
CYIIECTBEHHON MOJLYJISIIIUE Pa3MEPOB IyUKa B KBA3UIIEPHOAMIECKUX U XaOTHUECKUX pexxumMax (22, 27].
OnHO#l M3 UPUYMH JUHAMUYECKONH HEYCTONYMBOCTH TE€HEPAIUUd MOXKET OBbITh BO30YXKJIEHUE BBICIIAX
nonepednsix Moz [28-30]. Iosirenne HecTAOMILHOCTH B BBIXOJHOI IIOCIEL0BATEILHOCTI UMILYJILCOB
MOXKHO OOBSICHUTH KaK HA OCHOBE MOJIEIN, KOTOPAsl yUUTBIBAET TOJHKO BPEMEHHOE M3MEHEHUE IIOJIs
[19, 20, 31, 32|, Tak U HA OCHOBE MOJIEJIH, YIUTHIBAIOIIEH TOJBLKO M3MeHeHne (DOPMBI Iy YKa B HEJUHETH-
HOoM pesonarope [33, 34]. [TonHas Momesb Ja3epa J0O/KHA IPUHUMATH BO BHUMAaHUE U3MEHEHHEe IIPO-
CTPAHCTBEHHLIX M BPEMEHHBIX XapaKTEPHUCTUK IIOJIsI OJIHOBpeMeHHO. B mpocTpaHcTBeHHO-BpeMeHHOH
MOJIEJIN JIa3epa pasHoobpasne HeJIMHEHHBIX 3(D@PEKTOB yBeIUINBaeTCs. ITH 3(PPEKTH HHTEPECHBI KaK
C TEOPETHYECKOil, TaK U C MPAKTUIECKON TOYEK 3peHUs JJIsl YIIPABJIEHUS XapaKTEePUCTUKAMH YIbTPa-
KOPOTKHX UMITYJILCOB.

IIpocrast mpocTpaHCTBEHHO-BPEMEHHAST MOJIENb JIa3epa ¢ KEPPOBCKOM CHHXPOHU3AIUEN MOJ, OCHO-
BaHa Ha aNIIPOKCUMAIINK KaK IydKa, TAK W UMITYJILCA TayCCOBOi (PyHKIMEH ¢ mapamMerpaMu, KOTOPbIe
paccuurbiBatorcst Ha ocHoBe ABCD-marpur |21, 35-37]. pyroit noaxox [38] tak:ke ocHOBaH Ha arm-
IPOKCUMAIIMY BHYTPUPE30HATOPHOIO 1oJist hyHKImeit [aycca, oqHako BpeMeHHGE U3MEHEHHE TIOJIs Pac-
CUUATBHIBACTCH HAIIPAMYIO U3 YPaBHEHUI PACIPOCTPAHEHUsI U yYPaBHEHUN Ui HEJIMHEUHON cpenbl, IIpU
910M (hOpMa UMITYJIHCA MOXKET ObITH IIPOU3BOJILHOI. B paborax [39-41] ajist mpsiMOro YucjIeHHOro Mojie-
JINPOBAHUS JTUHAMUKE (PEeMTOCEKYHIHBIX JIa3€POB ObLIO ITPEJIO?KEHO PACCINTHIBATL PACIIPOCTPAHEHUE
U3JIyYeHns TTOCPEICTBOM BLIYUCIEHUS TPEXMEPHBIX naTerpaioB Ppenens. [IpenmyriecTBo Takoro mo-
XOJ[a 3aKJII0UAETCsT B TOM, YTO UMITYJIbCHBIN IIy9I0K He OrpaHIeH allpHOPHO 3aMaHHoi popmoii. OHaKko
pacdér TPEXMEPHBIX MHTEIPAJIOB MOXKET IMOTPEDOOBATH JOCTATOYHO MHOI'O BBIYUC/IATEIHHOIO BPEMEHU
[P UCCIEIOBAHUN JUHAMUKNA UMITYJILCA HA IMPOTIXKEHUN JIECSITKOB THICSY OOXOI0B PE30HATOPA.

Jannasi paboTa IOCBSIIEHA WCCIEIOBAHUIO TPOCTPAHCTBEHHO-BPEMEHHOW JUHAMHUKH WMITYJIbCA
B Jla3epe C KEePPOBCKOH cuHxpoHm3armeir mox. llpemcraBiennasi Moje/lb OCHOBAHA HA PA3JIOKEHUH
BHYTPHPE30HATOPHOIO ToJIst 110 MofaM Jlareppa—Iaycca. 9T0 O3BOJISIET MOJEJIUPOBATE PEKUMBI TeHe-
paluy Ipu pas3iaudHoil hopMe UMITyJIbca U mydka. [IpocTpaHcTBEHHO-BpEMEHHOE pacipeiesieHue yCu-
JIeHHsI PACCYUTHIBAJIOCH U3 ypaBHeHHil Bioxa mist aByxypoBHeBoil cpenbl [42]. OzHoBpemenHOe pac-
CMOTpEeHNEe MPOCTPAHCTBEHHOTO W BPEMEHHOTO pacIpeseseHus I0JIs MTO3BOJIIeT MOJIEJIMPOBATE Ilepe-
XOJIHBIE TIPOIECCHI BO BPEMSI YCTAHOBJIEHUS T€HEPAIINN, UTO ABJISAETCS BAaXKHBIM B CJIy4ae UMITYJIbCHOMN
Hakauku [43]. B pabore paccMoTpeHo JiBa THIIA CBSI3U IPOCTPAHCTBEHHBIX M BDEMEHHBIX XapaKTEPUCTUK
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M, M, L M D M,
V M /\
L1 L2 L3

Puc. 1. Koudurypanus pesonaropa: My u My — nnockue 3epkaja; Mo n M3 — TOHKHE JIMH3BL; TayCCOBA
areprypa MOMeIeHa OKOJIo 3epkasia Mip; D — IuCIepCHOHHBIN 37eMEHT; IJIMHA JAa3€PHOTO KPUCTAJLIA
obo3HaveHa OyKBOU d

MMITYJIbCA: MEPBBIA ACCOIUUPYETCA C BO30YKIEHUEM BBICIIIUX IIOIMEPEYHBIX MO, BTOPOW 0O0YC/IOB/ICH
9aCTOTHO-3aBUCUMON Iy paKIueii.

1. MOJIEJIb

Pacemorpum  uHaMuKy KomiuiekcHoit orubaromeit F(z,r,t) smekrpudeckoro nons FE(z,r, t)X
x exp(—iwpt + tknz) + K.c., Tae z — paccTosiHue, NPOWJIEHHOE BOJIHOM, r — IOIEPeYHbI pajmyc,
wo = 2,36 (bc_l — HecyIasl 9acToTa, k — BOJHOBOE YHUC/IO, N — JUHEHHDBINH MOKA3ATEeIb IPEIOMICHUS
Ha HecyIeil yactore. st IpOCTOTHI MBI PACCMATPUBAEM CTUTMATHIECKHUI aHAJIOr Z-00pasHoro pe3oHa-
topa (puc. 1). Cdepuueckue 3epkasa B Z-00pa3Hoil cxeMe pe3oHaTopa 3aMeHeHbI JIMH3aMu. V3Menenne
orubaromieil JIeKTPUIECKOro I0JIsi 38 OAUH 0OXO0 PE30HATOPA OIUCHLIBAETCA IIYTEM IIPUMEHEHUsI Olle-
PATOpPOB OTJIEJbHBIX 3JIEMEHTOB B IOPSIIKE UX PACIOIOXKeHnsT B pe3oHarope. OuH 00X0/ pe3oHaTOpa
COOTBETCTBYET PaCIPOCTPAHEHHUIO UMIIYJIbCa OT ILJIOCKOro 3epKasa M1 K 3epkaiay My m obpaTHO.

1.1. HpeoGpasoBaHI/Ie HNMITYJIbBCHOTI'O ITyYKa Ha IMIaCCUBHBIX 3JIEeMEeHTax

B nanHOM paszesnie onmchIBaeTcs Npeobpa3oBaHUE MMITYJIbCA B CBOOOJHOM NMPOCTPAHCTBE, Ha JIMH-
3e (cepuueckom 3epkajie), Ha amneprype, a TakxKe Ipeodpa30oBaHhe MUMITYJIbCA BCIEJACTBUE JUCIEPCUN
pesoHaTopa. PacnpocTpaHeHne UMIy/IbCa C JTATETHHOCTHIO HECKOJIBKO (DEMTOCEKYHJ B CBOOOIHOM
POCTPAHCTBE MOXKHO PacCMaTpUBATh B PAMKaX IapakKCHaJbHOTNO ypaBHEHHUsI, KOTOPOE OIUCHIBAET 3a-
BUCAIILYIO OT 4acToThl Judpakimo [24, 25]:

OE(z,m,7) 2 0°E

2ik 0z w0201

+V2 E=0, (1)

rie T — Bpems B Gerymeii cucreme koopaunar (z,T—z/u), u — rpynnosas cKopoctb. Y pasuenue (1) pe-
+o0 ;

MAaI0Ch ¢ UCHOMb30BaHIeM peobpasosanus Dypve £(zo,7,Q) = [~ E(z,r,7) exp(iQ27) d7. B mpes-

HOJIO?KEeHUH aKCUAJIBHON CUMMETPHU PE30HATOPA BbIParkKeHue ISt Orubaromieil mosist B 3aJaHHOM Mole-

PEUHOIt IJIOCKOCTH Z = Z( MOXKeT OBbITh IIOIy4eHO ¢ UCHOJIb30BaHueM aMILIUTY1 Moj, Jlareppa—Iaycca:

E(20,m,Q) = > A;(20,9) Lj[n(z0, 0)r?] exp[—P(z0, Q)r?/2], (2)
J

rjie j — uHjeKc Mojpl, L — nommuom Jlareppa, P(z,Q) = n(z, Q) +1i£(z,2) — KOMILIEKCHBIT mapameTp
IIydKa IIyCcTOro pesonaropa. Ammmryasl Mog Aj(zo, ) B mI0cKoCTH 2z = Z( OIpeIe/IeHbl HHTErPAJIb-
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HBIM IIPEOOPaA3OBAHIEM

[e.9]

Aj(20,2) = %/rdrg(zo,r, ) Lj(777“2)exp(—P*r2/2). (3)

AMIIATYIBI MOJT M KOMILIEKCHBII ITapaMeTp Iy IKa B IPOU3BOILHOMN IIJIOCKOCTH 2 IIPU PACIIPOCTPAHEHIT
B CBODOJIHOM IIPOCTPAHCTBE HAXOJSTCH U3 YPaBHEHUI

-1
Aj(z, Q) = Aj(Zo, Q) [1 +1 Z?”L_;O P(ZQ, Q):| exp(iwj), (4)
-1
P(2,0) = P(,) [1 il P(zo,m] , (5)
;= —2j arg[l +i Zn_kso P(z0,Q)], (6)

rie ko = k(14 Q/wp). [IpeobpazoBanue KOMILUIEKCHOIO mapamMerpa Irydka Ha JIMH3e:
P(2,Q)=P(1,9Q) +iFkq, (7)

rje 1,2 0603Ha9a0T BXOJHYIO U BBIXOJHYIO ILJIOCKOCTU COOTBETCTBEHHO, F' — ONTHYecKasl CHJIa JITH3bI.
B 1omiepedHOil II0CKOCTH 3a/1epKKa UMILYJIbCa, IIPOIIEIIIero JuH3y (0TpazkEéHHOro oT c¢hepuIecKoro
3epKaJjia) 3aBHCUT OT [OIEPEeYHOl KoopauHaThl [24]. D1or adderT onuchBaeTcst 9acTOTHON 3aBUCHMO-
creio ko B (7).

st yupomenust pacdéTHbix (GopMyT NPoUIb BBIXOAHONW alNepTypbl CYUTACTCH TayCCOBBIM:
T (r?) =T exp(—nar2/2), tne T — xosbdburment mporycKanms BHIXOIHOT0 3epraia My (cu. puc. 1),
Na = 2w; 2, wy — pammyc aneprypbl. C HCIOIB30BAHMEM AMILIATYJ MOJ IpeobpasoBaHue MyuKa Ha
anepType ONUCHLIBAETCS YPABHEHUSIMU

P(2) = P(1) + na, (8)
k
(G R _abd

L, = /Lj(x/)Lk(m) exp(—az')da’ =< jl(—j— k)i (14 a)F’
0 0, j>k,

< ke
=5 (10)

e = nr2, o’ = (n+n,) r?, n — BemecTBeHHAs YACTH KOMILIEKCHOTO TlapaMeTpa mydka P () mepes
aneprypoit, « = n,/n, (—j — k)r — cumbon Iloxrammepa. Bee koaddunmenTsr st npeobpazoBaHust
AMILITUTY/] MOJL 1 1107151 B ypaBHeHusX (2)—(6), (9) paccauTbIBatoTCst 3apaHee U COXPAHSIIOTCS B MACCUBAX.

Jucniepcusi pe3oHaTopa yYUTBHIBAIACH IIPU HOMOIIM djeMeHTa [, TOMENEHHOrO Hepej TLIOCKUM
sepkasiom My (cm. puc. 1). dudpaknueil nmyuka Ha 9TOM 3j1eMeHTe MbI IpeHebpersiu. B uyacrorHOM
[IPEJICTABJIEHIH TIPeoOpa3oBaHue aMILIUTY)[ MO, Ha JIMCIIEPCUOHHOM 3JIEMEHTE CBOJMTCA K OTOOparKe-
HUIO

Aj(?,Q):AJ(I,Q)eXp<i%QQ—|—i%QB>, (11)

e Ko U K3 — KO(M@UIMEHTHI JAUCIEPCUU BTOPOI'O U TPETHErO MOPsijiKa. 3JECh HCIIOJb30BAHA, CTAH-
JlapTHAs METOJIUKA pa3JiozKeHus jJucrepenn B psj Teiiopa [24].

st Berancsiennit ucnosb3osasuck 15 Mo Jlareppa—Iaycca. [yist Toro, arobbl yoeuThes B gocTa-
TOYHOCTH YHUC/Ia MOJI, PACCMOTPEHHBIE PEXKMMBI reHepaniuu TectupoBauch npu 30 u 60 momax.
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1.2. YpaBHeHUus /Jisi aKTUBHOI CpeJIibl

Pacrmpocrpanenne mmmyabca B Ja3€pPHOM KPUCTAJIE PACCUUTHIBAIOCL C HUCIIOIB30BAHUEM METOJIA
pacienienust [44]. Pacupocrpatenue cBeTOBOIo UMILyJIbCa OT IIJIOCKOCTH 2 JI0 Z + h ONUCBIBATIOCH B J1Ba
ocJe0BaTeIbHBIX Iara. Ha mepBom 1are jgeiicrByer Toibko nudpakius. Ha BropoMm miare jefictByer
TOJIBKO HEJMHEHHOCTh. {715t Toro, 4Tobbl yuecTs BIUsAHEE HeJInHeiHOCTH amiuiutyga E(r;, ) paccan-
THIBAJIACH B 3aJIAHHBIX TOYKAX IIOIEPEYHON CEeTKU T; U 3aTeM MOJUMUIMPOBAIACh B COOTBETCTBUU
C peIeHneM ypaBHEHUS

OE(z,r,T) G 9
—2 1 = —iP(z,r,7) +iB|E|*E 12
= o iP(z7,7) +iB|EP B, (12)
e G = gd — 6e3pa3mepHblili KOXMDUIUEHT YCUJIEHUs AKTUBHOTO 3JIEMEHTa, § — HEHACHIIEHHOE

CHJIEHHE 10 MOIIHOCTH, 3aJanHoe s eaquHuipl aymibl, 0 < 2 < d, d — jjmHa akTUBHOMN cpenpl, (3 =
) ) ) )
= knnols — nOCTOsIHHAS, CBsI3aHHAsI ¢ KEPPOBCKO HEJMHEHHOCTHIO, [y — MHTEHCUBHOCTH HACHIINEHUSI
24s ) s Is
(st Turan-candupa Iy = 2,9 - 103 Br/av?, ng = 3,2 - 107 am? - Br!); avmmryma nons E(z, 7, 7)

Hopmuposana Ha semuuuny /Is, P(z,7,7) — noispusalus cpejibl, pacCuUTbIBaeMas U3 ypaBHeHuil
Bioxa [42]:

OP/or = —(T +i6) P + iET (N, — Ny), (13)

ONy(z,7,7)/0T = — Ny + Im(E*P) y1va (71 4+ 7)1, (14)

ONu(2,7,7) /0T = —yu (Nu = NY) = Im(E*P) myu (m + )~ (15)

riae [, vy M 9 — CKOPOCTH peJIakCalui MOJISPU3AIMU CPEJIbl, a TaKyKe 3aceJéHHOCTel BepxHero (u)

u Hukuero (1) yposreii coorBercrBenno, Ni(z,7,7) u Ny(z,7,7) — 3aceJl€HHOCTH YPOBHEH, HOPMUPO-
BaHHBIE HA HEHACHIMEHHOE 3HaYeHne Ny, § — OTCTPOiiKa HecyIell 4acTOThl UMITYIbCA OT PE3OHAHCHOMN
YaCTOTHI JIA3EPHOIO mepexona. s MOAeMpOBanus CIIOHTAHHOTO IIYMa B KAXKIOH M3 TOYEK CETKH
K aMIUIATY/E TOJIsT TOOABIISIIUCH KOPOTKHUE UMITYJIBCHI ¢ MaJIOil MHTEHCUBHOCTBHIO. B pacdyérax nCmosb-
soBasch 3uaderns v = 2 - 1074 el 4y = 2102 be !, T = 0,31 et Kak npasuio, st uM-
IIyJIECOB C JUITEILHOCTBIO T > I' ™! MOXKHO HCIOIB30BATE 8/ [1A0ATHIECKOe NCK/TIOUCHIE TI0/IAPH3aIIN
cpept Tak, uto P = iET (Ny — Np) (T +i6) 1. OfHako B TAKOM TIPE/IIOTOMKEHNN TOMAPU3AIIS CPEIbI
HE 3aBHCUT OT MIHOBEHHOTO C/IBUTA YacToThl O¢ /0T, tie ¢ = arg E. Ilpu perenun 1moHoii cucrembl
ypaBuennit Bjioxa stor adpdekr yunTthiBaerca aBromarudecku. Kpome toro, ypasuenus biioxa mpa-
BUJILHO OTMCHIBAIOT JUCIEPCUOHHBIE CBOMCTBA DPE3OHAHCHOTO TEPEXOJA, UTO SIBJISIETCS] BaXKHBIM IPH
MO/JICJTUPOBAHUY PEKUMOB T€HEPAIIUN B YCJIOBUSIX OJM3KON K HYJIIO JIUCIEPCUN TPYIIIOBONW CKOPOCTH
B pesonatope. Ilomnepeanoe pacrpesesenne npodus nakaukn NO(r) B ypasuennu (15) urpaer pornb
«MsATKO» aneprypsl [8]. B manHoit paboTe Mbl He CTABIIIN TEIBIO UCCIE0BATD BIIUSHAE COIJIACOBAHUSI
[y YKa HAKAYKH U BHY TPUPE3OHATOPHOTO IIyYKa HA XaPAKTEPUCTUKH UMILYJIHCA. [103TOMY IIPeICTaBICHBI
PACYSTBI TOIBKO JIJTsi PABHOMEPHOTO pacrpejiesiennst nakadkm: N0 = 1.

1.3. Koudurypamnusi pesonaropa

Pacuérsl npopommanch st cuMMeTpudHOro pesonaropa: Ly = Lo = 850mMm. JlnnHa akTUBHOI
cpenbl d = 20 MM, TIOKa3aTesb IpeoMIeHust Kpuctamia n = 1,76, koadduiumenT mpomyckanus amnep-
Typbl pubu3uTebHo 75 %, KoadduimenT npomyckanus BbxogaHoro 3epkaia T = 0,95, onrudeckast
cuna sma3 F = 0,02 M. CranuoHapHbIH apaMeTp Iydka (cM. puC.2) pacCUUTHIBAJICI DU TIOMO-
mu Meroga ABCD-marpun,. Ipu orcyrersum aneprypst kpusasi 1 = n(Lg) (puc.2a) cuMMerpudna
orHOCHTEIbHO TOUKH Lo = 111,8 mm. B 370ii ToUKke pe3onaTop skBuBasieHTeH KOH(MOKaJIbLHOMY [5].
B kondurypanuu, 6m3koil kK KoHDOKAILHOI, Koadbdumment ammuryaaoil Mouyssiiuun dL /AW, rie
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O = N W ke ot O N

112 114 —-1,0 —0,5 0,0 0,5 1,0
L27 MM Q/wo
Puc. 2. [Tapamerp mydka B IycTOM pe3oHaTOpE Hepe juu30it Mo: o6parHbiii pasmep natha 11 = Re(P)a—o
B 3aBHCHMOCTH OT paccrosiius Lo (a), mapamerp n = n(Q) mst Le = 112,2 MM (6). Henpepbisaast Kpuast
paccunTaHa JIA IapaMeTpa allepTyPEL 1, = 3,64 MM ™2, IITPUXOBast KPHBAasl PACCUNTAHA JJIS PE30HATOPA,

6e3 anepTypsl (1, = 0)

110

L — norepu, W — MommHoCTb mydka, uMeeT Hanbosblee 3Hadenue |[5]. Hamuaue aneprypsl Hapymiaer
CUMMeTpHIO pe3oHaropa; npu Lo = 111,8 MM pe3oHATOp CTAHOBUTCsI HEYCTOWYIMBBIM (pHC. 2a).

B marmmeit mojiesin oTKI0HEHTE Pa3MEPOB IIYYKA OT COOTBETCTBYIOIINX 3HAUEHUN B IIyCTOM PE30HATO-
D€ BO3HUKAET BCJIEACTBUE BO30YKICHUS MOMIEPEIHBIX MOJ, 60siee BBICOKOTO Hopsijka. B kouduryparmn,
O6m3Kol K KOH(OKAJIBHOM, Haber ¢as3bl 3a OAUH IIPOXOJ, IO PE30HATOPY s PA3IUIHBIX MO OJIM30K
K 27. 3a cuéT HEeJIMHEHHOCTU IPOUCXO/IUT CHHXPOHU3AIUS TIOMIEPETHBIX MOJI. B pexkuMe cCHHXpOHU3AINN
Jla3ep TeHEepUPYEeT UMITYJIHLCHI, KOTOPbIE BOCIIPOU3BOISTCS OT OJHOTO IIPOXOJA [0 PE30HATOPY K JIPyro-
my. Eciu dazoBrerii Haber 1j1st pa3andHbIx MO, OJIM30K, HO HE paBeH 27, nHTepdepeniius MO/I IPUBOIAT
K MOJYJISIIIUYA BBIXOJHOU ITOCJIE/IOBATEILHOCTH UMITYJILCOB. JlomomHuTebHas HEYCTOWYNBOCTDL MOYKET
BOBHUKHYTDH BCJIEJCTBUE YaCTOTHON 3aBUCHMOCTH Iapamerpa Iydka. Kax BumHo u3 puc. 26, 310T 3d-
deKT CyIIecTBEHEH TOJIBKO JIJIsi UMITYJIbCOB, KOTOPbIE UMEIOT MHUPOKUil crieKTp. PakTudecKu, BJIUTHUIE
9aCTOTHON 3aBUCHMOCTH AU(PPAKIIUA CTAHOBATCH 3aMETHBIM I UMITY/IECOB C JJINTEILHOCTHIO MEHb-

nte 10 de [45].

2. PE3VYJIBTATEI PACUETOB

Wsmenenne pasMepoB Iydka B 3aBUCUMOCTH OT €0 MOIIHOCTHU JAET WHMOPMAIUI O HEJTUHEHHBIX
oTepsix B pe3onarope. B mportecce BbIMUCIEHUN OTKJIOHEHUE ILIOMIAIN IIyYKa OT €€ CTAIMOHAPHOTO
3HAYEHUS B IIyCTOM PE30HATOPE PACCUUTBIBAJIOCH 110 (hopMyJie

o0 o0 71
o =g / P |E(r) 2 dr / PEEPd| (16)
0 0

rae 7o = Re(P)a—o. J/UTesbHOCTh UMILYJIbCA PACCUUTHIBAIACH U3 BPEMEHHOH 3aBHCUMOCTH MHTEH-
CHBHOCTH, TIPOMHTErPUPOBAHHOl 110 monepeunoit koopauuare: W (1) = [|E(r,7)[* 7 dr. Kpome cueny-
AJIbHO OTOBOPEHHBIX CJIyYaeB, JJIUTEIbHOCTD T( OIPEIEIsiIach Ha yPOBHE, COOTBETCTBYIOIIEM II0JIOBUHE
makcumyma Gyukipn W(r).
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Puc. 3. Bpemenndsi hopma MMITyJibca (CIJIONTHASI JIMHAS) U IUIOAb IyIKa o (IyHKTHUDP) B IIOCKOCTH
sepkaiia M (a) u 3aBucuMocTb Ko duiuenTa mporyckanus aneprypbl © oT MIHOBEHHOH MOIIHOCTH
nyuka (6). s Bcex KpuBbIxX Ko = —100 bc?, kg = 0, yenenne G = 0,38. Puc. 3a coorsercryer Loy =
= 112 mm, z = 47 mm. KpuBas 1 na puc. 36 moctpoeHna, Jijist IMITyJIbCa, ITOKa3aHHOTO Ha puc. 3a, 7o = 85 dc,
kpuBas 2 — jaas Lo = 1122 MM, x = 47,2 MM, 79 = 77 dc, kpuBasg 3 — s Lo = 1125 MM, x = 51,5 M,
70 = 188 e

KoaddunmenT nponyckanus aneprypsl, paBabiii 0,75, 1 K03hDOUIIUEHT TPOIYCKAHNS BBIXOIHOTO 36PKa-
ga T = 0,95 nator nopor reneparuu G = 0,354. Ha puc. 3 mokasas uMITy/IbC [IPU YCUJIEHUHN, OJIU3KOM K
noporoomy: G = 0,38. B aToM pexkumMe UMITYJIbC BOCIIPOU3BOIUTCS OT OJIHOTO MPOXOJIa 110 PE30HATOPY
K Jipyromy. BpemeHHAst 3aBUCUMOCTD ILIOIA/M [IydKa o (7) uMeeT caabyro aCUMMETPHIO OTHOCUTEHHO
nuKa uUMIyJabca (eM. puc. 3a). Dror 3hdeKT BOZHUKAET BC/IEJICTBUE HACHINEHUS YCUIEHUS B XBOCTE
AMITYJIbCa. ACHMMeTpHs BO BpeMEHHOM paciIpejie/IeHIN pa3Mepa IIydKa OTPaykaeTcsl B THCTEPE3UCHOM
3aBUCUMOCTH KO3(DDUIMEeHTa TPOIyCKaHust anepTypbl (puc.36). s uMIyIbcoB ¢ JIMTEIbHOCTHIO
70 > 100 e 10T 3hdEeKT TPaKTUIECKH OTCYTCTBYET, TOIJA KAK JJIsi UMIYJIBCOB C JJINTEJIBHOCTHIO
HECKOJIBKO (beMTOCEeKyH/I 3TOT 3 PeKT MOXKET NCKAZUTH COTUTOHHYIO (DOPMY HMILYJIHCA.

Ha puc. 36 kpusbie 1, 2, 3 COOTBETCTBYIOT PAa3IUIHBIM KOHMUIYPAIUAM PE30HATOPA. JHAs 3aBH-
cumocThb KoadduImenTa nmporyckanus aneprypbl or MontHocT © = O(W), MOXKHO BBIYUCIUTL KOID-
dbunuenT aMIIMTYIHOI caMOMOy iU uMItyJibca myrém auddepennupoanust: dO© /AW |yw—g. dus
KpuBoii 1 Ha puc. 36 370T KO3hDUIIMEHT nMeeT MaKCUMAJJIbHOEe 3HAYEHUE, /I KPUBOH § — MUHUMAJIb-
HOE.

2.1. Buenusa BbicInx IIornepevIHbIX MO/

Nzmenenne pa3mMepoB Mydka MOXKHO PacCMaTPUBATh KAK BO30YKJICHUE aKCUAJIBHO-CHUMMETPUIHBIX
MoJ1, 60J1ee BBICOKOTO TMOpsiika. llomepedrbie MOIBI BBIPOXK/IEHBI IO YACTOTE TOJBKO JIjIs PE30HATOPA,
KOTODBIii $IBJISIeTCsl SKBUBaJIEHTHBIM KOHMoKaIbHOMY (Lo = 111,8 MMm). Takast koudurypanust pesona-
TOpa siBjIsgeTca HeycroianBoil. [Ipu ycroitunBoit KoHUrypaIun pe30oHaTOPa YaCTOTHOE BLIPOXKICHUE
[IOTIEPETHBIX MOJI SIBJIsIeTCsl HelmoHbIM. OJIHAKO 3a CUYET [TACCUBHON CUHXPOHM3AIMKM BCE IMOIEPETHbIe
MOJIBI MOTYT OBITH C(hasupoBaHbl, (GOPMUPYS IIPU ITOM TayCCOB IIYUOK C 3aBUCSIIUM OT BPEMEHH pa3-
MepoM HATHa. [Ipy crmHXpoHm3anuu monepevHbIX MoJ, n3MeHenne (aspl aMIuTya A; 3a oquH 06X01
PE30HATOpA JIOJIZKHO ObITH KPATHO 27.

[Tpu moCTATOYIHO BBICOKOM YCHJIEHUH PACCOTJIACOBAHUE MEXKIY (pa3aMu IOMEPEIHDBIX MOJ, IPUBO-
JIAT K EPHOJINYECKOl MOJLYJISIIMU BBIXOIHOI 110C/IeI0BaTeIbHOCTU UMITYJILCOB (puc. 4). B ynporménnoit
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Puc. 4. Moaynsiust BBIXOTHON TOCIEI0BATEILHOCTH UMITYTHCOB BCJIEJICTBUE OUEHUS IMOMEPETHBIX MO,
Usmenenne pOPMBI UMITYJIBCA OT OJJHOTO IIPOXOJIA TI0 PE30HATOPY K JAPYroMy (@) W IeproudecKue KoJe-
GaHusl YHEPIUM UMILYJIbCA U ero jymmrenasuoctu (6); W — mompocts myuka, G = 0,43, ko = —100 chQ,
ks =0, Ly = 112MM, x = 47 MM
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Puc. 5. IlapamMerps! UMITyJIbCa JIJIsSI pEXKIMA, T€HEPAIUi, moKa3annoro Ha puc. 4. Puc.5a n 6 coorBeTcTBy-
0T UMIIYJIbCY C MUHUMAJBHON dHeprueit, puc. 56 u 2 — UMITYJIbCY ¢ MaKCHUMaJbHOI sHeprueit. [lokazanbr
HMHTEHCHBHOCTD M MTHOBEHHDIN CABUT 9acTOTLI Ow/0T Ha ocu mydka (a, 6) u cuekTp Moz |A;(7)] (s, 2).
AMIIMTY 16l MOJ HOPMUPOBAHBI HA MAKCUMAJIbHYIO Besuauny |Ag|. Jus Toro, 91066l HOKa3aTh MOJIBI C Ma~
JIBIMA aMILIUTYJaMu, BeiGpan nuanason 0 < |A4,| < 0,45. Samrpuxosannas obiacts coorsercrsyer 0,45 <
< |AJ| <1
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Moges Jiazepa [30], Koropasi BKJIIOYAET TOJIBKO U3MEHEHHE IIONEePEYHOrO II0JIsl, MOJLYJISIHs BBIXO/I-
HOIl MOIIHOCTH TIOSIBJISIETCS TOYHO HA YacToTe OMEHUil MOIEepevHBbIX MOJI IIyCTOro pe3oHaropa. llpm
Lo = 112Mm, x = 47 MM a30BeIil Haber OCHOBHOI TayCCOBOI MOJIBI 38 OIUH O0OXOM PEe30HATOpa pPa-
BeH 1,8667, 4TO COOTBETCTBYeT IepHOJy OMEHUI MOIEPEeYHBbIX MOJ, paBHOMY 15 0bxomaM pe3oHaTo-
pa. st mostHO# TpOCTPaHCTBEHHO-BpeMeHHOH Moesn epuos buenuii pasen 20 obxomaM pe3oHaTOpa
(puc. 4). Kak 1mokaza/iy BbIYUCIEHNsI, IEPUOJ] MOLYJISIIIUU [OCIEI0BATEIbBHOCTH UMITYJILCOB 3aBUCUT OT
JIACIIEPCUH U YCUJIEHUS. DTOT 3P (MEKT BOSHUKAET U3-3a HAJUUUS PEJIAKCAIMOHHBIX KOJeOaHUl U OC-
[AJUISIIAG COJTMTOHHOIO pernenus [24].

Ha puc.5 meMoHCTpUPYIOTCS XapaKTEPUCTUKH HMITYJILCOB B PEYKMME IeHepaIui, MOKA3aHHOM Ha
puc. 4. Vmiysbe ¢ MuHUMasIbHOMN sHeprueii (puc.46) umeer (Gopmy, GJIM3KYI0 K IHIEPOOJITIECKOMY
cekancy. Kak MOXKHO 3aMeTUTh U3 puc. 56, popMa IyduKa OIpee/seTcs TJIABHBIM 00Pa30M JIBYMs aM-
wiaryaamu Mo, |Ag| u | A |. Unrepdepennumst 51X Mo IPUBOAUT K (GOPMUPOBAHKIO TayCCOBOIO 1Ly IKa
€ 3aBUCHIIUM OT BPEMEHU HOIEPEYHBIM pa3MepoM. VmMirysibe ¢ 6osiee BBICOKOI aHeprueii nmeer hopmy
HCKaKEHHOTO MUIepboInieckoro cekanca (puc. 56), Ha Kpasix MMILYJIbCa HOsIBJISIETCsI HI3KOMHTEHCUBHOE
uzJydeHne. BbICOKast 9HEPIUusi UMITYJIbCA COMPOBOXKIAETCsT BO3OYK/IEHUEM ITOTIEPEUHBIX MO/ BBICIIIETO
nopsijka (puc. 52), pu 31oM (hbOPMHUPYETCsl IIyUOK C PACIPE/eJIeHIeM UHTEHCUBHOCTU, KOTOPOE IIJI0X0
AIIPOKCUMUPYeETCsi rayccoBoit dbyuknueit. JlanbHeiiee yBesndenue ycuiennsi G IPUBOJIUT K YCHUJIe-
HUAIO MOJYJISAIMY ITOC/IEI0OBATEILHOCTH UMITYJILCOB. B KOHEYHOM HWTOTe PEXKUM CHHXPOHUIAIMH MOJ
pa3pyIraeTcs.

Pezonaropbl j1st j1a3epoB ¢ KEPPOBCKOM CHHXPO-
HU3aIMeil MOJI, KaK MPABUJIO, IPOEKTUPYIOTCA C le-  ©
JIBIO 00ecIieueHnsi MaKCUMAJbHON CAMOMOJLYJISIINN
aMImTy el umiryssca |5, 46]. Bonee Bbicokast am- 0,85 -
IJINTY/THAST CAMOMO/LYJISATIAST COIIPOBOXK,1aeTCst Dostee
CHJIBHBIM OTKJIOHEHHEM pPa3Mepa IIydKa OT €ro CTa-
nuoHapHOU BesimunHbl. COOTBETCTBEHHO, JIJIsi CHJIb-

HOM aMILIUTY/THOW CAMOMOJIYJISAIMY BO30YKIAeTCs 0,80
OoJIbIIIee KOJIMIECTBO MOMEPEYHBIX MO/ B CDABHEHUN
co ciaydaeM ciiaboit camomogyiisinuu. Jls cuibHO
camomoysisituu (Lo = 112 MM, = 47 mm) Guenue
Mot osiBJisiercst nipu yeunerann G = 0,41. s cira-

6oit ammmTyaHol camomomysanuu (Lo = 112,5Mm, 0.75 0 360 6(I)0 9.00 12b0

x = 51,5MmM, cM. puc. 36) GueHHsi MOJ HOsIBJISIIOT- MOIILHOCTb MyYKa, KBT
Ce IIPU YCUJIEHUH, HPEBBIIIAIONIEM JIAHHYIO BEJUH-  Pyc 6. KoadHUIIMEHT IPOIYCKAHHS AlepTypbl st
ny G 6ojee 4eM B TpHU pasa. JIBYX HUMITYyJIbCOB, TIOKA3aHHBIX Ha puc. 5. Kpusas 1
B mocnenoBaTebHOCTH UMITYJIBCOB, M€HEPUPY- COOTBETCTBYET MMILYJIbCY C MUHUMAJIBHOM SHeprueit,
eMoil J1azepoM, xapakrep KodddummenTa mporyc- —KPUBag 2 — UMITyJIbCY ¢ MAKCUMAJIBLHON SHeprueit
KaHUs allepTypbl U3MEHACTCH OT OJHOI'0 MMILYJIbCa
K gpyromy (puc.6). WsBecrHo, 4To jijist KOH(MUIYypaIuu Pe30HATOPA, KOTOpasi COOTBETCTBYET CHJIb-
HOI CaMOMOJIYJISIIIUN UMITYJIbCa, KOIDDUIUEHT MPOIYCKAHUS allePTyPhl HACBIIMIAETCS C yBEJIUICHUEM

MomHOCTH Iiy4Ka [38]. B mosHoll npocrpaHcTBeHHO-BPEMEHHOI MOJIeI B JIOIOJIHEHNE K HACBIIEHUIO
KO DUITUEHT IIPOIYCKAHUS AllEPTYPbl UMEET T'MCTEPE3UCHO-TION0OHYI0 3aBUCUMOCTH OT MIHOBEHHOI
momHoCcTH Iiy4ka (puc. 6, kpusas 1). Kpusast 1 na puc.6 mocrpoeHa Jyis UMIIYJIbCA ¢ MUHUMAJbHO
SHeprueil U3 MOC/IeI0BATEIbHOCTH, TIOKa3aHHOM Ha puc. 4. VMiyibe ¢ Gojiee BBICOKO# aHEprueil mmeer
COBEPIIIEHHO JIPYTYI0 XapaKTePUCTUKY HPOILYyCKaHusl aiepTypoii (puc. 6, kpusasi 2). C pocToM MOIIHO-
cTr Ty9dKa KO(MDUIMEHT IPOIYCKAHUS YMEHbBIIAETC. ITOT IPPEKT MOKET ObITH CBs3aH ¢ OudypKa-
nuedi dbyHIaMeHTaIbHO MOJIBI B HeJIMHeiHOM pe3onarope [34].
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Puc. 7. Vckaxkerne GhOPMBI NMITYJIbCA BCIEACTBHE HHTEPGMEPEHIUNA TIOTIEPETHbBIX MO (@) WHTEHCUBHOCTH
UMITy/Ibca B 3aBUCHMOCTH OT BpeMmenm (Kpubble 1—4): Kpusas 1 coorercTByet 1 = 0, 2 — nor? = 0,49,
83— mor? = 1,22, 4 — nor? = 2,27; IyHKTUPHAas KPUBast MOKA3bIBAET MTHOBEHHBIH CIBUT 9acTOTH Op/OT
ua ocu nydka (r = 0), /07 > 0 cooTBETCTBYET CABUTY B JJIMHHOBOJHOBYIO 00JIACTH CIIEKTDA; (6) pac-
[peJieJieHre NHTEHCUBHOCTH 110 ITOTIEPEYHOIl KOOpAMHATE B PA3/JIUIHbIE MOMEHTHI BPDEMEHU. 3aBUCUMOCTHU
coorBercTByOT G = 0,36, Ko = —4 b2, k3 =0, Ly = 1122Mm, & = 47,2 MM

B paccMoTpeHHOM pexkuMe reHepaluu ClieKTpaJbHas IITUPUHA UMITYJIbCa HE JOCTATOYHA JIJIsi TOTO,
9TOOBI YACTOTHAs 3aBUCUMOCTD JU(PPAKIUMA OKa3aja 3aMETHOE BIIMAHME HA XaPaKTEPUCTUKH HMITYJIb-
ca. B ciaemxyromem pasmesie MbI PACCMOTPHUM PEXKUMbBI T€HEPAITMU C MEHBINEH JUCIIepCreil IPyIIoBOii
CKOPOCTHU K9, 9TO ITO3BOJIAET IOJYyYUTDH 00jIee KOPOTKUE UMITYJIbChI.

2.2. Bausinune 4acTOTHOI 3aBUCUMOCTU ,Z[‘I/Id)paKI_[I/II/I Ha redepanunio mMIlyJIbCOB
C OJINTEJIbHOCTBIO HECKOJIBKO CbEMTOCQKyH,H

[Monaras B ypasuenusix (4), (5) u (7) ko &~ k, MOXKHO 1peHeOpeYb YaCTOTHON 3aBUCUMOCTBIO JIU-
dpakIuu u 33/IePKKOI UMITYJIbCA BCIEICTBUE KPUBU3HBI 3epKaJja. [Ipu TakoM 1ojxo/ie mapaMerp myd-
ka P He 3aBucHT OT 4acTOTHI §) W paBeH mapaMerpy Iydka Ha Hecyleil dacrore: P = Po_g. s
CpPaBHEHUsI MbI [IPOTECTUPOBAJU pexKuM reHeparuu nupu Lo = 1122wvm, o = 47,2 mm, G = 0,36
u Ky = —4 (1)02 KaK € YI96TOM YaCTOTHON 3aBHUCHMOCTH IIapaMerpa Iydka, Tak u 0e3 meé. be3 yuéra
YaCTOTHON 3aBUCUMOCTHU TIapaMeTpa IyvKa, JJIMTEbHOCTh BBIXOIHOIO UMITyJIbca paBHa 2,17 dc. [Ipu-
HUMasi BO BHuMaHue 3bdexr vacrorHoil 3asucumoctu P = P() (puc.26), Mbl notyunin yBeande-
HUE JIUTeIbHOCTH uMityjibca J0 4,1 ¢dc. V3BecTHO, 9TO JIMCIIEPCHOHHBIE CaraeMble TPeTbero u bosee
BBICOKUX TIOPsiZKOB (11) OorpaHnYmMBAIOT MUHUMAJIBHYIO JUIMTEILHOCTb UMILYJIbCOB B Jla3epax C Kep-
poBckoit cunxponuszarpeii Moy (12, 14|. OueBugHo, 9TO 3aBHUCHAIIAS OT YACTOTHI JUMPAKIT BHOCAT
JIONIOJTHUTEJIbHBIN BKJI&JI B JIUCIIEPCUIO PE3OHATOPA, U €€ JIeficCTBIe B HEKOTOPOI CTEIleHH SKBUBAJIEHT-
HO BJISTHUIO JUCIIEpCHU OoJiee BBICOKOTO TOpsiika. OMHAKO yUET BIUSHUS TUMPAKIUA Ha TUCIIEPCUIO
UMITYJIbCA B PE3OHATOPE IIPH TIOMOIIH (DOPMYJIbI, aHajorudHoil (11), npakTuiecKu HEBO3MOXKEH. DTOT
3 deKT TPOosIBIAETCA TOJBKO JJIs TOIEPEIHO-OTPAHNIEHHBIX UMITYJIbCOB U B MPHUOJIMXKEHUN IIJIOCKOTO
BOJTHOBOI'O (PPOHTA OTCYTCTBYET.

[Tpr Hamw«ny 9acTOTHON 3aBHCHMOCTH Hapamerpa Iydka P = P() mmMiyabsc nprobperaer cira-
6y10 AaCUMMETPHIO OTHOCUTEJILHO CBOEro Makcumyma (puc. 7a). Pasa MMITY/IbCa UCIBITHIBACT CHJIbHYIO
BPEMEHHYIO MOJLYJISIIIUIO. DTO OTPA’KaeTCsl B OTHOCHTEJHHO OOJIBIIOM CIABUI'e MIHOBEHHOI YaCTOTHI.
B ochoBHoit wactu umnysibca (—0,3de < 7 < 0,3 dc) caBur MraoBeHHON 4YacTOThl (puC. 7d, MyHK-
TUpPHAs JIMHUS) JIOCTUTAeT BEJMYMHBI, COIIOCTABUMON C IIMPUHON JIOPEHIIEBCKOI MOJIOCHI YCUJIEHHUST
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Puc. 8.(a) ®opma nmMiysbca B naiabHedl audpakimoHHo 30He. BoixogHo# nMmiryabe (eM. puc. 7) mpomésn
B CBOOOJIHOM TTPOCTPAHCTBE paccTosuue 1 812,2 MM, paBHOe juHe pe3oHaropa. KpuBas I cOOTBETCTByeT
r=20,2—nr? =049, 83— nr? =122, 4 — nor? = 2,27, 5 — nor? = 3,67, rme 1o = Re(P)a=o;
[YHKTUPHAs JIMHUS [I0KA3bIBaeT MIHOBEHHBIH CABUT 9acToThl Ha ocu nydka (r = 0). (6) Pacupenenenue
WHTEHCUBHOCTHU IO TTONIEPETHON KOOPAMHATE B PA3JIMIHbIE MOMEHTHI BpeMEHN

I' = 0,31dbc™!. [lust oneHKn cpeHero capura HeCylneil YacTOThI HMITYJIbCA HCIOIL30BAJICS MOMEHT
MEPBOTO TOPSIIKA:

+o0 +oo
| orcopa [ epeapa

Aw = *Ojoo =— *Oioo . (17)
| e [ EeoPa

Ha ocm mydka cpejiHsiss 9acTOTa UMIIYJIbCa CJIABUHYTA OT IEHTPA JIMHUKA YCUJEHUS B KOPOTKOBOJIHO-
ByI0 objiacTh crekrpa: Aw = 0,15 cbc_l, 9To cocTasiger 53 uM. BeencrBue yxyaimeHust mepeKphITHsT

KOHTYPa YCHJIEHUS U CHEKTPa UMITYIbCA STOT CABUT OTPAHUYUBAET CIIEKTPATBHYIO ITUPUHY UMITYJIbCA.
CraBur HecylImeil 9aCTOTBI UMITYJIbCA C JUIATETHBHOCTBIO HECKOJIBKO (DEMTOCEKYHJ HAOJIIOIAJICS B pas-
smanbix KLM-cucremax (10, 11, 17, 47]. Inst o6bsichenusi 3roro sddekTa MCHoIb30BATUCH PA3JINY-
Hble 1OAX0AbI. CIBUT 9aCTOTHI MOXKET BOSHUKHYTDH BCJIEJICTBUE BJIMSIHUS JIUCIEPCHH TPETHEro u 6oJiee
BBICOKUX NOPsiyIKOB [13, 47|, BbiHyK1eHHOr0 KoMbunanunonuoro paccesinus |10, 11, 17|, Beaeacrsue mne-
peussydenust B ycuiusaoreii cpeje [48]. [TpuBe@Hublii Bblllle IpUMEp IIOKA3BIBAET, YTO YaCTOTHbII
CIBUAT MOXKeT OBbITh BBI3BAH AUMpaAKIHEL.

Jlns pexkuma, MOKA3aHHOI'O HA PUC. 7, UMIIYJIbC CTADMIBHO BOCIIPOU3BOJUTCS OT OJIHOTO IIPOXOJIA
[0 PE30HATOPY K JPYroMy. DTO O3Ha4YaeT, UTOo (ra3bl BCEX IOIMEPEUHBbIX MOJ corjacoBaHbl. OIHAKO
HaJIMYUe BBICIIUX IIOIEPEYHbIX MOJ[ IIPUBOJUT K MCKAXKEHUIO rayccoBoii popMbl myuka (puc. 76). Ozgno-
BPEMEHHO JIJTHTETLHOCTD UMITY/IhCA, PACCYNTAHHAS U3 BPEMEHHGro npoduis uurencusnoctn |E(r, 7)|?,
CTAHOBHUTCSI 3aBUCHMOIi OT roriepednoii koopauuats! . Ha ocn mytuka (r = 0) JymTes bHOCTD UMITYJIBCA
cocrapyser 5,3 dc. nTesbHOCTD UMITYJIbCa Ha ITepudepun mydKa (7707“2 = 1,22, kpusas 3 Ha puc. 7a)
paBra 3,6 dc. 3necs 19 = Re(P)a—o.

B pesonarope wacrorHasi 3aBucuMocThb gudpaxiuu (4)—(6) 9acTHUHO KOMIIEHCHPYETCs HPOILyC-
KaHMeM HMITYJIbCHOIO Iy4Ka JIMH30i (oTpazkeHuem or chepuaeckoro 3epkasa) (7). Ilpu qudpakinuu
B CBOOO/THOM IIPOCTPAHCTBE TaKasl KOMIIEHCAINS OTCYTCTBYET, U B JlajibHell 30He qudpaKIiiny BHIXOIHOM
UMITYJIBC CTAHOBUTCS CHJILHO acCUMMeTPpUYIHbIM (puc. 8a). OHAKO JUINTEILHOCTD UMITYJIbLCA [IPAKTHYe-
CKU He 3aBUCUT OT PAINaIbHON KOOpaAnHATHI. MakcuMabHas BeIUINHA MIHOBEHHOI'O CABUTA YACTOTHI
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Puc.9. (a) Cuekrp ummysibca Ha OCH IMydKa: XKUPHasi KpuBasg cooTsercrByer k3 = 0, P = Po_q, IyHK-
TupHas KpuBasi — k3 = 12dc®, P = Pg_g, Toukas kpusas — kg = 0, P = P(Q). (6) Koaddumuenr
TIPOITYCKAHUS allePTyPhl B 3aBUCUMOCTU OT MIHOBEHHO! MOIIHOCTH IyYKa: KPUBasi I COOTBETCTBYET k3 =
=0,P=P(Q); 2— r3=0, P= Po—o. Jnsa k3 =12 b, P = Po—g xo3ddurment IIPOITYCKAHUS allep-
TYpbl, (PAKTUIECKHU, OIUCHIBAETCS KPUBOM 2. 3aBUCUMOCTH oydeHbl it Lo = 1125 MM, z = 51,5 MM,
G = 0,36, kg = —7 dc?; UIMHA BOJIHBI Ja3€PHOTO MEPEXOIa Ao = 27rcw0_1 = 800 am

B I[IpejieJlaX OCHOBHOI YacTu UMILy/Ibca yMeHbinaercs (puc. 8a). CpejiHee 3HaYE€HHE YACTOTHOIO CI[BUIA
B IIEHTpe IydKa JUls IMIIY/IbCa, MOKA3AHHOIO Ha puc. 8a, coctasiser Aw = 0,13 be L. dudpaxmms
MIPUBOJIUT K CIVIAYKUBAHUIO IIOIEPEdIHOro mpoduis mydka. B pesyibrare MHTEHCHBHOCTH MOHOTOHHO
YMEHBIIIAETCsI ¢ POCTOM KOOPJAMHATHI 1 (puc. 86).

Bosmm3u mysis aucriepcru rpynmoBoil CKOPOCTH PEXKMM CAMOCHHXPOHU3AINKI MOJI CTAHOBUTCS HEYC-
rToituuBbIM [22]. Pacuérbl nokasasin, 9To Takasi HEYCTOWIMBOCTb MOYKET MPOSIBISATHCS KaK pasOneHue
UMIIYJIbCA Ha HECKOJIBKO HUMILYJILCOB C MEHBINeHl JIUTe/bHOCThIO. [Ipyu Cru/ibHOM aMILIUTYTHOW Camo-
MOJLYJISIIUY UMITyJibca (cM. puc. 36, Kpusble 1, 2) BBIXOJHAsI MOCIEI0BATEIBHOCTH MMITYJIbCOB CTAHO-
BUTCsI HEYCTOIYMBOM [IPU JUCIIEPCHE IPYIIIOBOil CKOpocTH ko = —2 dc?. Ilpu caboii caMoMOLyJIsiImn
(puc. 36, KpuBas 3) HOCIEIOBATEILHOCTD UMIIYJILCOB CTAHOBUTCH HEYCTONYMHBON yiKe Ipu Ky = —6 e,
B oboux ciyuasix ycunenune G = 0,36, nucrepcust TpeTbero mopsiaka x3 = 0.

CoBmecTHOE JeficTBrE JUCIIEPCUN TPETHErO MOPSIKA M 9aCTOTHON 3aBHCUMOCTHU HMApaMETPa IIydKa
P = P(Q)) MoxKeT HECKOJILKO yBEJIMYUTDH [OPOI BO3HUKHOBEHUsI HEYCTONYMBOCTU. TOOBI yMEHBIIHUTH
BJIMsIHME OMEHUI BBICHINX IOIEPEYHBIX MOJ, MBI PACCMOTPEJN PEXKUM T€HEPAIUU IIPU OTHOCUTEJIHLHO
Hu3koM ycuieHnu G = 0,36 u KoHpUTypauy pe3oHaTOPa, COOTBETCTBYIOIEH CIab0il cCaMOMOTYJISIIIIT
AMILUIATYIBI UMITy/Ibca (puc. 36, kpusas 3). IIpu ko = —7 bc? UMIYILC BOCIPOM3BOMUTCS OT OJHOIO
[POXOJIa 110 PE30HATOPY K JIPYIOMY Il BCeX Tpéx ciaydaen: a) kg = 0, P = Po_o; 6) k3 = 12 dbe?,
P = Pqo_o; B) k3 =0, P = P(Q). Ilonaras, 4ro napamerp Iy4ka He 3aBUCUT OT dacToThl P = Po_g,
MBI TIpeHebperaeM JacTOTHON 3aBUCUMOCTBIO JMUMPAKINA U 3aIePXKKOI nMITy/Ibca Ha JimH3e. CHIekTp
UMITYJIbCA TIPU OTCYTCTBUU 3aBUCHUMOCTU IIapaMeTpa IIydKa OT YACTOTHI U IPU HYJIEBOU IUCIIEPCUU
TPETHEro MopsiJIKa MoKa3aH Ha puc. 9a. Beenenne yacToTHOil 3aBucHMOCTH Tapamerpa mydka P = P()
HIPUBOJUT K CIBHUI'Y CIIEKTPa MMILYJIbCA B KOPOTKOBOJIHOBYIO obsacTb (puc.9a, ToHKasi Kpusasi). IIpu
OTJIMIHON OT HYJISl JJUCIIEPCUU TPETHErO MTOPsiJIKA ¥ IIPU OTCYTCTBUU 9aCTOTHON 3aBUCUMOCTH IIapaMeTpa
[yYKa CIIEKTD MMIIYJIbCA CABUHYT B IIPOTHBOLOJIOKHYIO 00aacTh (puc.9a, nmyHKrupHas kpusas). s
KaYXKJIOT0 U3 TPEX CIIEKTPOB, MOKA3AHHBIX HA PUC. 94, JUINTEIBHOCTD UMITYJIbCA TPAKTUIECKU OJHA U Ta
ke (okoso 9 dc). Hacrornas 3aBucumocts P = P(§2) Biusier He TOJIBKO HA CIHEKTD UMILYJIbCa, HO U
Ha XapakKTep BPeMeHHGI MOIyIsanuy pazMepa mydxa (puc. 96). Ilpu ko = —7 dbc? coBmecTHOe feiicTBIE
JIICIIEPCUU TPEThero IOpsiiKa U YacTOTHON 3aBUCHMOCTH Iapamerpa nydka P = P()) npuomur K
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pPasbUEHMIO MCXOTHOTO UMITYJIbCA Ha, HECKOJBKO OT- T, ¢c a)
JeJbHBIX uMIyabcoB (puc. 10a). HoBble uMirysibebt 800 |-
MEPUOJINIECKN TOSIBJISTIOTCST Ha TepeiHeM (DPOHTe I
UMITYJIbCa 1 UCHE3aI0T B CbOHOBOM U3JIy9Y€HUn B €10 400 |-
XBOCTE. I p
C

DHeprust MOJHON MOCTIEI0BATETLHOCTA WMITYJTh- ok o
COB HCIIBITBIBAET MEJIJIEHHBIE HEIEPUOIMIECKIE W3- /
MEeHeHHsl B 3aBUCHMOCTH OT 9HCTa OOXOJOB PE30- 400 F
naropa (puc.10a). Beregcrsue Huskoro ycuseHmust i
7 Caaboil CaMOMOYJISIINA HUMITYJIbCA, JTaHHBIA pe- s00 F

JKUM OIIPEJIEJIAeTCs] JIMHAMUKON TOJIBKO JIBYX Allld-
Tty mox, Ag u Aj. B MHOrOMMITYJIbCHOM pexKuMe
renepanuu Ko3(hMUIMEHT IPOIYCKAHUS AlepTypbl
UMeeT JIOBOJIBHO CJIOXKHBIH xapakrep (puc. 106).
YMeHbIleHne JUCIEePCU IPYIIIOBON CKOPOCTH |K3
IPHUBOIUT K YBEJUYCHUIO UHCIA IIMKOB, IPH TOM
OTJIE/IbHbIE UMITYJIbCHI PACIIPOCTPAHSIOTCS C PA3JINY-
HBIMU TPYIIIOBBLIME CKOPOCTSIMHU.

Hecmorpst Ha To, uro npu P = P(2) nopor
BO3ZHUKHOBEHUS MHOTOMMITYJILCHOI TeHeparyun Io-
BBIIIAETCs, OCHOBHYIO POJIb B BOBHUKHOBEHUM TAKO-
ro pekKuMa HMIpaeT JNCIEPCHs aKTUBHOIO IIePeXo-
na. Ilpu ucnonb3oBanun aaguabaTuIeckoro UCKJIIO-
YeHwusI HoJsipu3anun B ypasaenuu (13) rak, aro P =
=BT (Ny — N) (T +46) ™!, peskum MHOTOEMITY IHC-
HOI reHepaluyi BO3HUKAET TOJIbKO IIPU HYJIeBOU J1yc-
[epCUK I'PYIIIOBOI CKOPOCTH B PE30HATOPE U SIBJIsi-
€TCsl HEYCTONYUBDIM.

MHOrouMITyJIbCHAsI PeHEPAIUs IKCIIEPUMEHTAJb-
HO HabJI/Ias1ach B paborax [47, 49]. OcuoBHbIM dhak-
TOPOM B BO3HMKHOBEHHH MHOTOMMILYJILCHOM TIeHe-
palyy CYUTACTCA HAJUYHE JUCIEPCUU IeTBEPTOrO
u 6Gostee BbICOKUX NOPsiikoB [38]. Oxmako, Kax 1o-
Ka3aJ BBIUUCICHUSI, PACHICIICHUE MMILY/IbCA IPU
OJIMBKOI K HyJIIO JIUCIIEPCHU T'PYIIOBONH CKOPOCTH
MOZKET IPOMCXOJUTD 3a CYET COBMECTHOTO JeHCTBISA
JUdPaKIUU U AUCIEPCUN AaKTUBHON CPeJIbl.

3. BAKJIIOYEHUWE

B pabore mpemiokeH MeTOI MOMEINPOBAHUS
[IPOCTPAHCTBEHHO-BPEMEHHON JIMHAMUKH Jla3epa C
KEPPOBCKOI cMHXpoHu3aeit Mo, IIpu moctpoennn

0,752

0,750

sneprus, HJIx

30,5

30,0

29,5

0,751

0 5000 10 000 15000
uyucs0 06X040B pe3oHaTopa

6)

0 50 100 150

MOUIIHOCTb My4YKa, KBT

Puc. 10. Muoroumitysibcublit pexkum renepanuu: (a)
sposttonus umityJibea 3a 19 000 mpoxo/10B 110 pe3oHa-
TOPY U SHEPrusi UMIIYJIbCa B 3aBUCUMOCTU OT UHCJIA,
IIPOXOJIOB TI0 PE30HATOPY; UEPHBIH I[BET HA BEPXHEM
PUCYHKE COOTBETCTBYET MAKCUMYMy WHTEHCUBHOCTH;
(6) KO3 uUIUEHT UPOIYCKAHUST AIIEPTYPBI JJIsl UM-
IyJIbCa, COOTBETCTBYIOIIErO MOCIETHEMY ITPOXO/Ty Ha,
puc. 10a. ITapamerpsr pesonaropa Lo =
x = 51,5, MM, ycuienne 3a npoxox G = 0,36, ko =
—7dc?, kg = T2dc?, adpdexr yacToTHOIM 3aBHUCH-
MOCTH IapaMmerpa mydka yarén: P = P(Q)

112,5 MM,

MOJIEJIN JIJIsi CTUT'MATUIECKOIO PEe30HATOPa HUCIO/Ib30Baauch Mojbl Jlareppa—Ilaycca. [lomobubrit mos-
XOJT MOYKET IPUMEHATHCS U JJIsT aCTUTMATHIECKOrO pe3oHaropa. B aToMm cirydae cireyeT UCIOIb30BaATD
Mozibl dpmuta—laycca. B mpescTaBieHHON MOIE/N MOISPU3AINS CPEJIbl PACCIUTHIBATIACD U3 yPaBHEe-
Huit Bioxa. C yuéroMm audpakiiun, 3aBUCAIIEH OT 9aCTOThI, TAKON OAXO/ JAET IPABUIBHOE OIIUCAHUE

A. U. Kowwozxos, JI. A. Meavruxos

853



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

reHepanuu UMITyJIbCOB, JJIMTEJIbHOCTH KOTOPLIX CpaBHUMa C II€PpUOJI0OM OCHI/IJIJIHL[I/II?I OIITUYIECKOI'O IIOJIA.
B To :xe Bpems paszsioKeHnue Iydka MO MOJIaM PE30HATOPA MO3BOJIAET CYIECTBEHHO YCKOPUTH BBIYUUC-
JIeHUsI B CDABHEHHU C METOJIOM, UCIOJIL3YIOIIUM [POCTPAHCTBeHHOe npeobpasosanue Dypbe [39-41].
CKOpOCTh BBIYUC/IEHUN BayKHA [IPU UCCACIOBAHUU JUHAMUKU UMITYJIbCA HA IPOTS2KEHUU JECITKOB Thi-
CsIY IIPOXOJIOB 110 PE3OHATOPY.

B manHoit paboTe paccMOTPEHO BIIMSIHUAE CBsI3U TPOCTPAHCTBEHHBIX U BPEMEHHBIX XapaAKTEPUCTUK
BHYTPUPE30OHATOPHOIO IO/ HA JUHAMUKY TIOC/IEIOBATETHHOCTH UMITY/IHCOB C JIJTUTETBHOCTHIO HECKOIb-
KO (pemToCcekyH . B pesoHaropax ¢ BBICOKUM KOIMDMUIIMEHTOM MOJIYJISAINNA HEJIMHEHHBIX IOTEPh U MIPU
JIOCTATOYHO BBICOKOM YCUJICHUHM OMEHUs TOMEPEIHBIX MO/ IIPUBOST K MOJLYJISIIMA BBIXOIHON ITOCIIE/I0-
BATEJILHOCTHA MMITYJIbCOB U UCKAYKEHWIO UX COJTUTOHHOW (POPMBL.

st yaIbTpaKOPOTKUX UMITYJICOB HAJIMYHE BLICITUX IMOMEPEYHBIX MOJI MPUBOAUT K 3aBUCUMOCTH
GOpPMBI U JJIUTEILHOCTH MMITYJIECA OT IMOIEPEeIHON KOOPAUHATHI. [ MMITy/JIbCOB C JTUTE/IHHOCTHIO
menbirie 10 heMTOCeKyH | CTAHOBUTCS CYIIECTBEHHBIM BJIMSTHUE YACTOTHOM 3aBUCUMOCTHU JHU(DPAKIIUU.
DT0T 3(pPeKT TPUBOIUT K CIABUTY HECYIIEH YACTOTHI B KOPOTKOBOJIHOBYIO 06J1acTh clieKTpa. B maigbHeit
30HE JTUQPAKITUN BBIXOJHOW UMITYJIbC CTAHOBUTCH CUJIBHO aCHMMETPUIHBIM.

YMeHblIlleHne JUCIEPCUN TPYIIIOBONM CKOPOCTH IIPUBOJUT, KAK MPABIJIO, K PA3PYIIEHUIO UMITYIbC-
HOTrO pexkmMma TeHeparuu. Ilpu 3TOM 3aBucsdmias OT 9acTOTbI AUMPAKIUS MOXKET HECKOJBKO yBEJIN-
YUTH MMOPOT BO3HUKHOBEHUS HEYCTOWYMBOCTU B BBIXOIHOM IOCIEIOBATEILHOCTH UMITYJIbCOB. lannast
HEYCTOMYNBOCTD IIPOSIBJIAETCA B PA30MEHUN HCXOIHOTO HMITYJIbCA HA HECKOJBLKO HMITYJIbCOB, Pa3Jie-
JIEHHBIX KOPOTKUM BPEMEHHBIM MHTEPBAJIOM. MHOTOMMITYIbCHBIM PEYXKUM MeHEPAITUN COTPOBOXKIAETCS
HU3KOYACTOTHBIMU KOJIEOAHUSIMU SHEPTUH UMITyJibca. KoadduimenT mporyckanus amnepTypbl UMeeT
YE€TKO BBIPAXKEHHYIO M'MCTEPE3UCHYIO 3aBUCUMOCTDH OT MOIIHOCTHU IIy4Ka.

Hpe,ZLCTaB.HeHHbIe paC‘{éTI)I ITOKa3bIBaIOT, YTO CBA3b ME2KAY ITPOCTPAHCTBEHHBIMU U BpeMeHHE;IMI/I Xa-
PaKTEePUCTUKAMHE YJILTPAKOPOTKOIO MMIIYJILCA MOXKET OKa3bIBAThH CYIIECTBEHHOE BJIMSHUE Ha, JUHAMUKY
Jrazepa.

Jannast pabora 4aCTUYHO TI0/IepKaHa IPAHTOM st MOJIOAbIX yuéHbIX (Y1-P-06-13) mo nporpam-
me BRHE (REC-006). Asropsr Giaromapsar Asekcanapa Amnosonckoro (Photonics Institute, Vienna
University of Technology) 3a psiji 1os1e3HBIX 3aMeYaHuii.
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MODELING OF DYNAMICS OF A FEMTOSECOND KERR-LENS MODE-LOCKED
LASER BY THE MODE DECOMPOSITION OF THE INTRACAVITY BEAM

A. I. Konyukhov and L. A. Melnikov

Based on a full spatio-temporal model, we analyze the features of generation of femtosecond pulses
in a Kerr-lens mode-locked laser. The developed algorithm involves the field decomposition in terms
of Laguerre-Gaussian functions which are the modes of empty space. Polarization of the medium is
calculated from the Bloch equations for the two-level transition. With allowance for the frequency-
dependent diffraction, such a method makes it possible to describe generation of pulses with a duration
of several femtoseconds. It is shown that diffraction results in a shift of the carrier frequency of sub-
10-fs pulses to the short-wavelength region of the spectrum. A multiple-pulse operating regime can
be observed near zero group-velocity dispersion in the cavity. It is shown that such a regime can
be realized in the absence of higher-order dispersion. There is strong coupling between spatial and
temporal characteristics of the field for pulses with a duration of several femtoseconds. This leads to
the complicated dependence of the beam size on its power and, therefore, to the complicated variation
in power-dependent losses. Due to this feature, regimes of generation of ultrashort pulses cannot be
correctly described by models in which power-dependent losses are introduced artificially.
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YK 621.373.8:535.374

HOBAAd MOJEJIb JJId OIINCAHUYA CUHXPOHUSAIIUU MO/,
B ITIOJIVIIPOBOAJHVKOBOM JIASEPE

A. I Baadumupos V2, JI. B. Typaes 3

Paccmorpena HoBast MOziesIb 15t ONIMCAHUS TACCUBHON CUHXPOHU3AINN MOJ, B IIOJIyIPOBOJHUKOBOM JIa-
3epe — cucreMa JuddepeHInaIbHBIX YPABHEHUI ¢ 3aepKKoii. YncaeHHo uccienoBanbl budypKarum, mpu-
BOJIAIIME K POXKJIEHUIO U YHUUYTOXKEHUIO PEXKUMa CUHXPOHUIBAIUU.

[TaccuBHAsT CHHXPOHU3AINST MO SIBJISIETCS OTHUM U3 Hambosee 3pPEeKTUBHBIX METOI0B T'e€HePAIun
KOPOTKHUX OITHYECKUX UMITYJIHCOB. B 9acTHOCTH, MOHOJTMTHBIE TIOJTYITPOBOJIHUKOBBIE JIa3€Phl, PabOTa0-
7€ B PEKUME CHHXPOHU3AIINN MO/, SBJISTIOTCS JIENEBBIMHU, KOMIIAKTHBIMU U HAJIEXKHBIMU UCTOIHUKAMM
MMITYJIBCOB C BBICOKON YacTOTOHN IMOBTOPEHUS, UIEAJTHHBIMA JIJIsl IPUMEHEHUs B TeJIEKOMMYHUKAIIMOH-
HbIX TexHosorusx [1]. Baaromapsi 6osibmiomy koddbdunmenTy ycuaeHus MOy TPOBOJAHUKOBON CPeibl
JJTHHA PE30HATOPA ITUX JIA3EPOB MOXKET OBITH CIAEJaHA JOCTATOYHO MAJION, ITO B COUETAHUM C MaJIbIM
BpeMeHeM OTKJINKA YCUJIUBAIOINIEH U MOIVIONIAIONIEN cpe/I TO3BOJIsIeT TeHEPUPOBATDL UMIIYJILCHI C YaCTO-
TOM IIOBTOPEHUs!, PABHOI HECKOJILKUM JlecsiTKaM rurarepil. OCHOBHOI (pU3MYECKHi MEXaHU3M, JIEXKAIIMA
B OCHOBE MACCHBHOM CHHXPOHU3AIMHM MO, XOPOIIOo u3BecTeH. Iyt ciydas, KOrja BpeMsl pesIaKCalliun
HOIJIOTUTE/IS MHOTO GOJIbIIe JINTESHHOCTH MMILYJIbCA («MeJJIeHHBI» [OIJIOTHTEIb), YKA3aHHBIH Me-
XaHU3M cocrouT B cieytomeM |2]. Tlornomarommast cpejia HaChIaeTcs: ¢ MPUXOJ0M UMITYJIbCa OblcTpee
YCUJIUBAIONIEH M TE€M CaMbIM OTKPBIBAET KOPOTKOE OKHO YCHUJIEHUs, HEOOXOIUMOE I KOMITEHCAIIN
[OTEPh U, CJIEJIOBATENILHO, TOJJIepKAHUS pexKuMa cuHxpoHuzanuu. OCHOBBI aHAJUTHUIECKON Teopuu
[TACCUBHON CMHXPOHU3AIUN MO/ B JIaA3€pe C MEJJICHHBIM IIOTJIOTUTEIEM OBbLIN 3aJI02KEHbI Hojiee deTBep-
TH BeKa Ha3aJ B paborax Hbro u Xayca [2-4]. O6a sTu aBropa HCIOIB30BAIN TPUOIMZKEHHE MAJIBIX
[OTEPh W YCUJIEHWsS 3a IMPOXOJ pe3oHaropa. B pabore Hbio He yumThIBasach CleKTpajbHas (Duiib-
Tpalnusa uMILyJibca. PaKTUIeCKn 3TO O3HAYAET, 9TO B CHHXPOHHU3AINK YIaCTBYeT OECKOHEUTHOE HHCI/IO
[IPOJIOJIBHBIX MOJI PE30HATOPA U, CJIEIOBATEILHO, T€HEPUPYETCS OECKOHEYHO Y3KUN UMITYJIhC. DHEPIUs
HAMITYJIBCA IIPU STOM OCTAETCsI KOHEIHOM U MOXKET OBITh BhIPasKeHa uepe3 IapaMeTpsl jiazepa. B pabore
Xayca HCIOJIB30BaJIOCh MTapabosimdeckoe TpubJimkerue i Tpoduis KodhdUIMEHTa CIeKTPaJIbHON
duabrpanuu. Xayc mokazaJj, 9To JakKe B CIydae, KOT/Ia IMUPUHA ITOTO MPOoduisa cTpeMuTcs K 6ecko-
HEYHOCTH, FPAHUIIBI 00/IACTU CHHXPOHU3AIUU He COBIAJIAIOT C IPAHUIIAME, TOIy4YeHHbIMU Hbio B mpu-
O/IMKeHUU OTCYTCTBHUSI B MOJEJIN CIEKTPaabHOi (uibrparun. B npubimkennn caboro HaCHIIIEHUS
HOTJIOTUTENISE XayCcoM OBbLIO TOJIYyYeHO AHAJUTUYIECKOE BbIpaXKeHUe i (pOPMbI UMITY/IHCA CUHXPOHU-
3aIUy MOJ, B BHjie T'HUIEepOOInIecKoro cekatca. COTNIACHO 3TOMY BBIPAXKEHUIO aMILIUTYIa HMITYJIbCA
[IACCUBHON CHHXPOHM3AIUHU MOJ| YOBIBAET MPU yIAJCHUU OT HMEHTPA MMIIYJIbCA IKCIIOHEHITUAJIBHO, & He
10 TAYCCOBY 3aKOHY, KAK 9TO UMEET MECTO JJIst CJIydasi aKTUBHON CUHXPOHUBAIUNA MOJ[. DTOT PE3yJIBTAT
ObLJI IPOBEPEH B 9KCIIEPUMEHTAX C Ja3epoM Ha kpacuresie [5]. B nociegnosapime nocie paborsr Xayca
JIECATUIETUS €TI0 MOJIe/Ib U Pa3IudHble €€ MOoAuMUKAIUN OBLIN TOJBEPIHYTHI JETATbHOMY HCCIEI0BA-
auio (cMm., Hanpumep, [6-11]).

Hecmorpst Ha ompenenéHnble yCIexu, CBI3aHHbIE ¢ MOJIEJIBIO Xayca, BO3MOYKHOCTL €€ MPUMEHEHUsT
JIJIsT KOPPEKTHOI'O OMUCAHUS CHHXPOHU3AINNA MOJ B ITOIYIIPOBOIHUKOBOM Jia3epe BbI3LIBAET COMHEHUE.
B nepByo ouepejib, 9TO CBSI3aHO € TE€M, UTO HPUOJIUYKEHUS, UCIIOJIB30BAHHBIE IIPU BBIBOJIE ITOM MOJIE-
JIM, TAKWe, HAIIPUMED, KAK MAaJIOCTh IIOTEPb W YCHUJICHUS 38 IPOXOJ, B IOJIYyIIPOBOJIHUKOBOM Jia3epe He
BbITIOJTHSAIOTCs. [1oaTOMy Hanbosiee pacipocTpaHEHHBIE B HACTOSIIEE BPEMST [TOJIXObI K AHAJIM3Y CUHXPO-
HU3AIUKU MOJ B [OJIYIIPOBOJHUKOBBIX JIa3epaX OCHOBAHBI Ha MPSIMOM YHCJIEHHOM MOJEJUpPOBaHUU [7).
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OHu, XOTsI U HO3BOJISIIOT JOCTATOYHO TOYHO YUMTHIBATH pPa3/IMIHbIE (pU3NIECKHe (DAKTOPBI, BJIASIO-
mue Ha paboTy KOHKPETHOI'O YCTPOMCTBA, Mal0T HEIOCTATOYHOE IOHMMaHMe (PU3MIECKUX IIPOIECCOB,
JIe2KallluX B OCHOBE IIPOIeCcCa CUHXPOHU3AINAN.

B Hacrosiiiei ctaTbe MBI IpejijraraeM HOBYIO MO-

JleJIb J1J1sl OIIMCAHUS TTAaCCUBHONM CUHXPOHU3AIUU MO HOIVIOTHTENb AKTHBHAS CEKIIHS

B IHOJIyIPOBOJHUKOBOM Ja3epe. C OJHOII CTOPOHBI,
HaIla MO/IeJIb SIBJISIETCS ropas3io Oosiee obInell, yeM
yroMmsinyTbie Bbiie Mojenu Hoio u Xayca. B otm-
Ype OT ITHX MOJIesIell, OHa He UCIOJIb3yeT IIPHOJIH-
JKEHUMI MaJIbIX yCHJIEHUSI U IIOTEPH 3a IIPOXOJI, CJia-
00ro HacbllleHust, OECKOHEYHON IIUPUHLI KOHTYDA
CHeKTpaJIbHON duibTpanuu. EnuncrBeHHble npuHs-
Thle HaMH HPUOJUKEHUsI OCHOBAHBLI HA YACTO HUC-
[IOJIB3YEMbIX B TEOPHUU JIA3€PHOIl I'eHepaiuu IIpeji-
IIOJIO?KEHUSAX O KOJIBIIEBON TI'€OMETPHH Pe30HaTOpa
U JIOPEHIIEBCKOI DOpMe KOHTYpa CIIEKTPaJIbHOMI ',
dunprpanuun. C Apyroit CTOPOHBI, MpeIaracMast
HAMH MOJIeJib — cucreMa JuddepeHaabHbIX

%1 Z9 Z3

CMEeKTpaJbHbIH (HUABTD

Puc.1. Cxemarmyeckoe wuszobpazkeHne KOJbIEBOIO

YPaBHEHUN ¢ 3a/1eprKKO — 3HAYUTEJIbHO IIPOLIE UC-
HOJIL3YEMbIX B HACTOLAIIEE BPEMs JIjId OITUCAHUS I1ac-
CUBHOW CHMHXPOHU3AIUN MOJ YUCJICHHBIX MOJEJICH.
Oma JommycKaeT MPO3padHyio (bU3MIEeCKyI0 HHTEp-
IIPETAINIO TIOJIYUEHHBIX C €€ IIOMOIBIO PE3YIbTaTOB

nazepa. Koopannara z m3MepsieTcss BIOJIb OCH pe-
30HaTOpA. HHTepBaJ'H)I 21 < 2 < 22 M 29 < 2 <
< 23 3allOJIHEHbl HACBIIMAIOIIUMCS IIOTJIOTUTEJIEM U
aKTUBHOI cpemoii cooTBeTcTBeHHO. CIEKTpaabHBII
GUIBTP PacIoyioXKeH B UHTepBaJe 24 < z < 25. VIH-

TEPBAJIbI 23 < 2 < 24 U 25 < 2z < 21 + L 3aImo/iHeHbI

B paMKaX II€epEMEHHBIX, KOTOPbIE HNCIIO/JIb30BAJIUCh B . .
IIaCCUBHOU Cpeaon

mozensx Xayca u Horo. Moxno mokasars, 910 9Tu
JIBE MOJIEJIM MOI'YT OBITH IOJIy9IeHBbI M3 HAIlell Kak
eé vacrHble ciydan [12|. IpyruM mpeuMyInecTBOM Halllell MOJEJH SIBJISIeTCsl BO3MOXKHOCTD [IPUMeHe-
HU 71 €€ UCCIeI0OBAHNST METOI0B, Pa3pabOTaHHBIX s aHaIm3a Oudypraruil auddepeHuabHbIX
YPaBHEHUIl C 3a/1€PKKOIl.

PaccMorpum KosblieBoii j1a3ep ¢ HACBIIAOIMMCs TToryiotuTeseM (cM. puc. 1). Byjgem canrars, 4ro
OJIHA U3 BCTPEYHBIX BOJIH IIOJIABJICHA, T. €. T'€HEpaIus Jia3epa siBJIsieTCs OfHOHarpas/eHHOU. [lycTsb
Z — KOOpJMHATa BJIOJIb Ocu Jiadepa. Jlazep cocrour usz usitu cexiumii. [lepsas (21 < z < z2) u BTOpasi
(22 < z < z3) CEKIUU COMEPKAT TIOIVIOMIAIONLYIO U YCUIMBAIOILY IO CPEJIbI COOTBETCTBEHHO. T'perbst (23 <
<z < zg) musras (z5 < z < 21+ L) cexiun siBysiorcst naccuBHbIME. erséprast cexuus (24 < 2 < 25)
paboTaeT Kak CHEKTPATbHBIN (PUILTD. DBOTIONNS AMILUTATYIBI OETYINel 3JeKTPOMATHUTHON BOJTHBI B
YCHJIMBAIOIIEN U TOIVIOMIAIONIEN CEKIMAX MOXKET OBbITh OIHUCAHA CJIEIAYIOIIEN CHCTEeMOI ypaBHEHUIl B
YaCTHBIX [TPOU3BOIHBIX:

aE(t’Z) 1 aE(tv'Z) grrr . "
— — 1 — r Nr , _Nrr E , , 1
5o to o = g (i) [Nl ) - N B 2) o
N (t,
% = Jr =% Ne(t, 2) = vg:Tx [Ne(t,2) = NY'] | (2, 2)|%. (2)

Baech uHIeke T = g (r = () OTHOCHTCs K ycuiauBaroleil (morsomaromeit) cexnuu, E(z,t) — mej-
JIEHHO MEHSIIOIASICs KOMIUIEKCHAsT aMIUIATY/1a JIEKTPHIECKOro mouist, nepemennsle Ng(z,t) 1 Ny(z,1)
OIMCKLIBAIOT IJIOTHOCTH HOCUTENIEH B yCHIMBAIONIEH M IIOIVIOMIAIOMIEH CeKImsx Jasepa, IV, gr n Nér —

IJIOTHOCTHA HOCUTEJEN Ha YpPOBHE IIPO3PAYHOCTU, UV — T'PYIIIIOBad CKOPOCTL CBE€Ta, KOTOPpad CIHUTACTCA
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OJIMHAKOBO{I BO BCEX UETBHIPEX CEKIHUSIX, HAPAMETPDL (g U O, Jg U Jq, Vg = 1/Ty 1 7q = 1/Tq onmceiBa-
10T aibda-dakTopsl, auddepeHaibable YCUIeH!s /IOTEePU U CKOPOCTH PEJIAKCAIUU JIJIsT YCUTHBATO-
mei 1 norviomaromeii ceknuii coorsercrsenno. Muoxuremu I'y u I' BBesieHbI 171 y4éTa HOIIEPEIHOro
pacupejie/ieHust 1ojis B cooTBercTBylomeil ceknun. Hakonen, mapaverp Jy 3aaéT TOK MHXKEKIUU B
yeunmBatonieit cexiun. s nornomaromeit ceknuu Jq = 0.

AMILTy1a JIEKTPUIECKOro T0JIsl B IACCUBHBIX CEKIUsIX yJIOBJIETBOpsieT ypaBHeHuto (1) ¢ HyseBoit
IIPaBO#l 4acCTbIO:

OE(t,z) 10E(, =)

0z v ot

[Tocsesist ceKIust, OTBETCTBEHHAsI 38 CIHEKTPAIbHYIO dbuabrpanuio (z4 < z < z5) cuuTaercs 6ec-

~0. (3)

KOHEYHO TOHKOM, T. e. 24 = z5. [IpeobpazoBanne aMILIATYIbl JEKTPUICCKOrO IIO/sT B ITOH CEKIUU
OlpeIeJIeTcsl COOTHOIIIEHNEM

A~ A~ ~

E(w725) - f(w)E(wv 24)7 (4>

rie F(w, z4) 1 E(w, z5) — dypbe-npeobpazopanus ammmuty E(t, z4) u E(t, z5) coorBercrBento. OyHK-
s f(w) 3a1aéT crexTpanbayio bopMy auHEE GHILTPYIONErO SIEMEHTA.

B KOIBIEBOM J1a3epe aMILTHTY/Ia 3JIEKTPUIECKOTO TI0JIA Y I0BIETEOPSET EPUOIMIECKAM IPAHIIHBIM
YCJIOBUSIM

Btz + L) = E(t, 2), (5)

rae L — jymHa pesoHaTopa.
[Tocsie 3amensl Koopaunar (t,z) — (7, z), tne 7 =t — z/v, ypasaenust (1) u (2) s yeunusaromeii
U IIOVIOMAIONIEll CeKIuii IprobpeTaT BI/

% _ %(1 ~icg) ng(r, 2) AT, 2), (6)
W = Jig — Ygng(7, 2) — ng(7,2) |A(7, 2)[%; (7)

OA(T, 2) 1 .

=5 (1 —iog) ng(T, 2)A(T, 2), (8)
an%(: 2 = —Jjq — Yqnq(T, 2) — snq(T, 2) |A(T, Z)|2’ 9)

rie A(T,2) = E(t,2) \/vgel's, ng(T,2) = ggl'g [Ng(T,2) — Nér], ng(T,2) = gql'q [Ng(T, 2) — Nér], Jo =
= ggl'gJy — ygNgr ujq = qu(;r. [Tapamerp s = gqI'q/(9,'s) npesacTaBisier coboit OTHOIIEHNE UHTEH-
CUBHOCTEH HACBIICHUA B YCUJIMBAIOIIEH U IOIVIOIIAONIEH CeKIUAX.

AHaJIOrUTIHBIM 00pa30M JIJIsI TIACCUBHBIX CEKITHl IOJIydaeM

9A(1,2) _ (10)
0z

Teneps, ucnonssys ypasaenus (6)—(10) u (4), onuiem npeobpasoBatue MOJIst B 3y IbTATE IPOXO/A
Uepes KaxKIylo U3 [SATU CeKIHil Pe30HATOPA.

1. Haceimarouuiics nmoriorurenb (z1 < z < zg). CBA3b MeXK/Iy aMILIUTYJION TIOJIsT Ha BXOJIE
U BBIXOJIE€ 9TON CEKINU 331a€TCs COOTHOIIIEHUEM

1—

A(r, 29) = exp [— % Q(T)] A(r, 21), (11)
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rie Q(7) — 6Ge3pasMepHasi MHTErpaJbHasl ITIOTHOCTh HOCUTEJIEHl B HOITIOMIAONIEH CeKIUN:

z2

Q1) = /nq(T, z)dz. (12)

21

Unrerpupysi ypasaenue (9) 1o z OT 21 JI0 2o U UCIOJb3Ysi COOTHOIIECHUE

/nq(z,T) A(r, )2 dz = —|A(z0, 7% + | A1, 72, (13)

21

KOTOpOE ClieayeT U3 (6), MBI TToJIy4daeM JaudpepeHnaabHOe ypaBHEHNE JIsl KHTerPAIbHON IIJIOTHOCTH
HOCUTEJIEN:

dQ(7)/dr = —qo — 1qQ(7) + s |A(T, 22)|2 — s |A(T, zl)|2, (14)

— (72
rje qo = le Jqdz.
2. VemnmmBaromas cekuus (z2 < z < zg). YpaBHeHus Jyisi 9TOH CEKIMU aHAJIOTUYHBI ypaBHe-
HUSIM, IIOJIy9€HHBIM J1JIsl HOIVIOMIAIONEeil CeKINH, U UMEIOT BUJ

Alr, 23) = exp[l o G(T)] A7, 29), (15)
dG(7)/dT = go — G(7) — |A(7, 23)* + |A(7, 22)|*. (16)

31ech
G(r) = /ng(T,z) dz, go = /jg dz. (17)

3. ITaccuBHble cexkumu (23 < z < z4 U 25 < z < 21 + L). IlpeobpasoBanue 1osist 3TuMU
CeKIUAMHU 3aJ]a6TCA COOTHOIIECHUAMEI

A(zg,7) =Kk A(z3,T), A(z1 + L, 7) = A(2s5, 7). (18)

B1ech MHOKHUTETH /K < 1 onmcbIBaeT cyMMapHbIE JIMHEHHbIEe HEPe3OHAHCHbIE IOTepH. Bes orpanmde-
HUsT OOIITHOCTH MOYKHO TIPEJIIONIOKUTH, 9TO BCE OHU COCPEJIOTOUYEHBI B NEPBOil ACCUBHON CEKINU.

4. CuekrpanbHbiili dpuiabtp (24 < z < 2z5). Bo BpemenHOM npejcrasieHun ypasHeHue (4)
prodpeTaeT BU

Alr, 25) = / F(r— 0)A(0, ) do), (19)

rae f(7) crpemuTess K HYJIO IIpH T — 0O JIOCTATOYHO OBICTPO JyIsi TOro, 4robbl uHTerpas B (19)
CXOJTHICSL.

HMoncrasusis (11), (15), (18) B (19) n ucHonb3yst HepHOANIECKHE IPAHIIHbIe yCIoBUs (5), KOTOPBIE
B [IEPEMEHHBIX (Zz, T) IPHOOPETAIOT BH/

A(r,z+ L) = AT+ T, 2), (20)
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MBI TTOJIy9aeM IIpeodpa30BaHne aMILTUTYIbI JJIEKTPUIECKOrO IO/ Ha BXOE B IIOTJIOIIAONLYIO CEKITHIO

3a ITOJIHBIA 00X0/I pe3oHaTopa:

1 —iag 1—iaq
2

(6) - Q(6)| A(6) do. (21)

A(T+T)=\/E/Tf(7_e)exp[

Baeck BBeieHo obosHauenue A(7) = A(T,21), T = L/v — Bpemsi 06x0/1a pe30HATODA.

YpaBHeHUsI, 3a/ai01ie BPEMEHHYIO 3Bosonuio nepemenubix G(7) u Q(7), nomyuatorcss us (16)
u (14). Beipaxasi ¢ nomorupio coorrommennii (11) u (15) A(r,2z2) u A(T, z3) wepes A(T,z1) = A(7),
IOJTy 9aeM

dG(r)/dT = go — 5 G(7) — exp[~Q(7)] (exp[G(7)] — 1) |A(7) ?, (22)
dQ(r)/dT = g0 — % Q(7) — 5 (1 — exp[-Q(r)]) [A(7)[*. (23)

Cucrema unrerpo-auddepeniaibabix ypasaenuii (21)—(23) onucsiBaeT NACCUBHYIO CHHXPOHU3a~
U0 MOJT B KOJIBIIEBOM Jia3epe ¢ IPOU3BOJILHON (POPMOIL JIMHUU CHEKTPAJIBHOIO (DUILTPA, 33/aBAEMOI
dbyuxiwmeii f(7). Pacemorpum ciryuait jopeniieBoit ¢hopMbl JMHAN:

f(r=0) = yexp[—y (7 - 0)]. (24)

B arom ciyuae ypasaenust (21)—(23) moryT 6bITh 3aMeHeHbI cucTeMoil uddepeHuaibHbIX ypaBHEHNU
C 3a/IePzKKO:

dA(r) fdr = — [A(T) — Vrexp F — 8 Gl Ty - Y g - T)] Alr - T)} . ()
dG(r)/d7 = go — 1 G(7) — exp[-Q(7)] (exp[G(7)] — 1) |A(7)|%, (26)
dQ(r)/d7 = —qo — Q1) — 5 (1 — exp[-Q(7)]) |A(T)[*. (27)
B camowm neste, pemenue (25) nmeer Bu
A(7) = exp(=77)A(0) +
+WE/eXp[y(9_T) 1% g oy - L% Q(H—T)] A0 —T)do (28)
0
u cosnazaer ¢ (21), (24), ecn
0 . .
A(0) = vk / exp [’y@ 2 —L GO -T) - L= 0% g0 - T)] A(6—T)db. (29)

BameTnM, 9TO jJaxke B ciydae, Korja ycaosue (29) He BBIIOJIHEHO, IIepBoe ciaraeMoe B (28) crpeMurcst
K HyJIIO Ipu T — 00. [losTomy permenne (25) B 9ToM mpejiesie coBuaaer ¢ (21), (24).

Ypasaenust (25)—(27) sIBJISIFOTCSI OCHOBHOM MOJIEJIbIO, [IPEJJIOKEHHON B jaHHOi crarbe. OHU Obl-
JIM TIOJIyYeHBbl sl CJIydasi, KOrJa IeHTD JIMHUU [POILYCKAHUS CHEKTPAIbHOrO (bUIbTPa B TOYHOCTH
COBIIAJIA€T C YACTOTON OJIHOf M3 MOJ pe3oHaropa. Eciu 3T0 ycjaoBHe HE BBILIOIHEHO, yPABHEHUsI JIJIsI
OIMCAHUS TTACCUBHON CHHXPOHHU3AIMU MOTYT ObITH IOJTyueHbl u3 (25)—(27) ¢ nomompio 3aMeHsl /K —
— K exp(i¢) B (25), rue dasza ¢ oupejensiercss 4acTOTHONH PaCCTPONKOI MKy I€HTPOM JIMHUK
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criekTpaJibHOro huUAbTpa u OJimKaiiiieit K Heit Moot pesonaTopa. Huxke Mbl paccMaTpUBaEeM TOJBKO
ciyaait, korma ¢ = 0.

Cretyer 3aMeTUTh, ITO MOJIXOT, AHAJOTUIHBIM MCIIOTBL30BAHHOMY B HAIEH CTATHE, TPUMEHSIIICS Pa-
nee ['ypeBuuem n XanunbiM [13-16] y1st onucanusi TaCCUBHON CHHXPOHU3AIUU MOJ| B TBEPIOTEILHOM
nazepe. Cucrema qudpepeHnnanbHbIX YPaBHEHNH ¢ 3aepKKOif, MoydenHas B paboTax 3THX aBTOPOB,
BMECTO HACBIIIAOIIErocs yeuseHus G U HACBIIIAIOIIErOCs MOMJIONIeHUs () CONEPXKUT JIBe JIpyTHe mepe-
MEHHbIE, 33/IAI0II1e AMIIJTUTY LYy SJIEKTPOMArHUTHOT'O 110JIsl B Pa3JIMYHbIX CeYeHusIX Jiazepa. [Ipenmyiie-
crBoM Mogiesin (25)—(27), Ha HaI B3IJIsiI, SBJSIETCSI TO, YTO B oTjimaue or mojesan ['ypesnya—Xanuua
OHA HE COJIEPKUT CUHIYJISIPDHOCTH IIPU OOPAIIEHUN aMILIUTY bl SJIEKTPOMATrHUTHOIO TI0JI B HYJIb. Biia-
rofaps 9TOMY JJIsI UCCJIEIOBAHUS HAIENl MOJEIN MPUMEHUMbI aHAJTUTUYECKHEe METObI, AaHAJIOTHIHDLIE
TeM, KOTopbie ObLIn paszpaboranbl Heio u Xaycom /i ONUCAHUS PEXKUMa [TACCUBHON CHHXPOHU3AINN
MOJI B JIa3epax C MeJJIEHHBIM moryiorureseM. K 9Toil Kareropuu OTHOCATCS Jia3epbl, Y KOTOPBIX Bpe-
Ml PEJIAKCAIINY HACBIMAIOIIEr0CS TOINJIOTHTES 3HAYUTEILHO OOJIbINNE JJINTEJIBHOCTA T€HEPUPYEMOTO
UMIIYJIbCA, U, B YACTHOCTHU, IOJIYIIPOBOJHUKOBbBIE U TBEP/OTEbHbIE JIA3€PHI, pabOTAIOIIe B PeKUMe
cuaxpoHuzaiuu Mof. B ocuoBe meronoB Heio u Xayca Jiexkur pa3bueHune perieHusi ¢ MepuouIecKoin
II0 BPEMEHN MHTEHCHBHOCTBIO JIA3€PHOTO IIOJISI HA JIBE CTAWH, OJHA M3 KOTOPBIX, TaK HA3bIBA€MOe
MeJIJIeHHOe JBU2KEHNEe, COOTBETCTBYET BPEMEHHOMY WHTEPBAJLY MEXKJIy HUMITyJIbCaMU, KOTJa aMILIUTY-
Jla JIEKTPOMArHUTHOI'O I10JIsl IPAKTUYECKU OOpAIaeTcsi B Hy/lb, & yCUJIEHUE U IIOIVIOIIEHUE MEJIJIEHHO
PEJIAKCUPYIOT K HEHACBINEHHBIM 3HadeHusM. [1o1pobHOe orncanne aHAJMTUIECCKIX METOJO0B UCCIIE/I0-
BaHusl ypasHeHuii (25)—(27) B ciydyae MeJIEHHOrO MOIIOTHTEJIsI IPUBEEHO B padore [12].

Chyu4aii jiopennieBoit hbOpMbI JIMHUK CIIEKTPAJIBHOTO (DWIBTPA HE SIBJSETCH €IUHCTBEHHBIM, JIJIsi
KOTOpOro ypasHenue (21) moxer ObITh 3aMeHeHO Ha JuddepeHnnaabHoe YpaBHEHUE C 3aJePIKKOI.
Hpyroit takoii ciy4aii umeer mecto, korja dyHkuus f(7) umeer Bu

F(r) = 3 lsen(r) = sgn(r =7 7). (30)

[Tpeo6pazosanne Pypne or (30) umeer Bu

. -1
A 1 w w w
flw) = —exp(—) (—) Sin<—> 31
) V2r 2v) \2v 2v)’ (31)
YTO COOTBETCTBYET OTPAYKEHUIO OT OPIITOBCKOI PEIETKu Majioii aMimTyIel. B arom ciyuae (21)
MOXKHO 3aMEHUTH Ha YpaBHEHUE, COJEPXKAIIee JIBE 33 1epyKKU:

dA(T)/dT = vk [exp [71 _;ag G(r-T) - 1-iaq _;aq QT — T)} At —=T)—
~exp| S G - 1) - S5 QU - T A - 1) (32
rie Ty = T + v~ L. Pemenue (32) umeer Bu
T-T 1 . 1 .
A(r) = c+ v/ / exp [% G(6) - % Q(H)} A(6) d, (33)

T4

rjie ¢ — NpoM3BOJIbHAs KoHCTaHTa. Ecim ¢ = 0, Beipazkenue (33) cosnayaer ¢ (21) ¢ dynkuuneit f(7),
sagannoil coornomenuem (30). Ioxcrasnss B (33) 7 = 0 u ¢ = 0, noydaem ciejyiomiee HadajlbHOE
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ycioBue ajid aMIIUTY/IbI ITOJIA:

1—

A0 =1v7 [ e [1‘7‘“ a0) - 2 )| A0 s, (34)

-7y

BameTnM, OJ[HAKO, UTO, KaK cjeayer u3 (33), B oramdue or ypasHenuii (25)—(27), HadaiabHOoe yciIoBue
Jutst cucreMsl (32), (26) u (27) He 3aTyxaeT SKCIOHEHIMAILHO €O BpeMeneM. Ilosromy mpu umciien-
HOM DEIIeHUN ITOfl CUCTEMBI JIJIs TIOJIyYeHnsT KOPPEKTHOTO PE3yJIbTaTa BCerja HeoOXOMMMO BbIOMPAThH
[paBH/IbHOE HAYAIBHOE YCJIOBUE, YAOBJIETBOpsifolnee cooTHOIIeHmo (34). CMBICI 9TOro ycioBus 3a-
KJIIOYAETCSL B CJIe/IyIoleM. 3aMeHa HHTerpaibHoro ypasHenus (21) Ha nuddepenimanbaoe ypaBHeHne
¢ 3aJIepKKOil (32) 9KBUBaJICHTHA 3aMeHe MHTErPajbHOro coorHolrenus (19), onpejessiomero mpeob-
pasoBaHue IEeKTPOMATHUTHOIO II0JIsi CIEKTPaJbHBIM (uabTpoM, Ha JuddepeHnuanbHoe ypaBHEHHe,
KOTOpO€ OIIpeJIeJIsSIeT 1oJIe Ha BBIXOJIE crieKTpasbHoro dbuiabrpa A(T, z5) depes mose Ha Bxoje A(T, z4)
HE OJIHOZHAYHO, & C TOYHOCTBIO JI0 HEKOTOPOIl POU3BOJILHON KOHCTAHTHI. [ljisi yeTpaHeHus 1omo0HoM
HEO/IHO3HAYHOCTU HEOOXOMMO UCIIONB30BATh HadaslbHoe yciosue (34).

B sak/iioueHne NpUBEIEM PE3yJIbTaThl PacyeTa

obJracTell MacCCUBHON CMHXPOHU3AINN MO, JIJIs Y PaB-
Hennii (25)—(27), HOIyYeHHbIE C IIOMOIIBIO MAKETA
nporpamm DDE-BIFTOOL, npenaaznadeHHOro Jjist
YHUCIEHHOTO aHa/m3a Oudypramuii cucrem audde-
PEHIMAJIbHBIX ypaBHeHuil ¢ 3azepxkkoit [17]. Dru
PEe3yJIbTAThI MPEICTABJICHBI HA PUC. 2 I CIIydasd,
Koria ayibda~-paKkToOpbl YCUIUBAIOIIEH U MOIJIONA-
Iomeil cpesi paBHBEI HYJIIO: (g = g = 0. Chydait,

4,0
|A|/fyé/2

3,0F

T e

2,0F QP

Q
=

Kora ajibda-pakTophl HE PABHBI HYJIIO, SIBJISETCS
bojiee CIIOKHBIM M OyIeT PaCCMOTPEH B OTIEJIHHOM
nybsimkanuu. [Ipu HeryseBbix ajibda-pakropax mo-
. . ‘ cjie 00xXoa pe3oHaTOpa UMILYJILC IIpuobpeTaeT ¢a-
e \\“""-U 30BBIf CJIBUT, BEJIMYNHA KOTOPOT'O 3aBUCUT OT WH-

1 TEHCUBHOCTHU 3JIEKTPOMArHUTHOI'O IIOJIA WU IIO9TOMY
0,0 05 10 15 20 25

-~
.
.\

P T T Y

MEHSIeTCA BIOJIb uMitysbca. [Ipeqsapurenbube pac-
90/ 9€THI MOKA3BIBAIOT, UTO HAJUYIUE TAKOIro (ha30BOTO

CIABUTA OTPUIATEHLHO CKA3BIBAETCS HA PEXKUME CHH-
Puc. 2. Pemenns cucremsr (25)—(27) ¢ mocrosi-

XpoHU3alnuu MO/ 1 TP JJOCTATOIHO OOJILIINX 3HAYE-
HOII U HepI/IO‘ZLI/I‘IeCKOﬁ BO BpeéM€HUu HWHTEHCHUBHO-

HUSAX aJib(ha-(PaKTOPOB MOXKET IPUBECTH K €ro Pas-

CTBIO JIA3EPHOTO TIOJIfA; o = 274, I = 25 1,

1 - _ - —1 _  pymenno. OpHako B CHly TOro, 9T0 BesmauHbl (G
7 =04 e ap = aqg = 0,8 =95, 7, =
— 1 mc, 77! = 10 me, & = 0,5. Tepuommueckue 1 () BXOIAT B ypaBHEHHE JJIs SJEKTPOMarHUTHO-
pemenns Pi, Py u Py 6udbypmmpyior or crampo- IO IO (25) ¢ IPOTHBONOIOXKHBIME 3HAKAMMU, DM
HApPHOTO pelnenusi, 06o3nadennoro CW, B Toukax — OJMHAKOBBIX 3HAKaX (g U (g PA30BbIE CJIBUTH, BHO-
oucdypranuit Xomnda. Yeroitunsble n HEyCTORIA-  cuMble yCUJIMBAIONIEH U IIOIVIOMIAIONICH CeKIUsaMHU,
BBIC Perrenis 0G03HATeHDI CILIOMINBIMI 1 Ty HK- UMeIOT TPOTUBOTOJIOKHBIE 3HAKHU U, CJIEJIOBATEILHO,

THPHBIMI JTIHIAMI COOTBETCTBCRHO YaCTUYHO KOMIIEHCUDYIOT APYT Jipyra. Kak 1mokasbi-

BalOT YHUCJEHHBbIE PACUYETHI, JJIT KAXKJIOT0 3HAUEHUSI
(g CyIIECTBYeT OIpeJeNEHHOe 3HAYeHUe (lq, IPH KOTOPOM TaKas KOMIICHCAIIUsS ITPOMCXOIUT Hamubosee
nostHo. IlomobHast curyarust Hanbosee 6JIArONPHUSITHA, M1 PEXKUMa, CHHXPOHUBAIMHI MO/, U KAIeCTBEHHO
HAIIOMHUHAET CUTYAINIO, KOria ajibda-GpaKkTopbl PaBHBI HYJIIO.

A. I'. Baadumupos, /1. Typaes 863



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

B kagectBe OudypkrarmonHoro mapaMerpa Ha puc. 2 BEIOpAH ITapaMeTp HAKAYKU yCUIUBAIONIE cpe-
OBl go. YCTOMYMBLIE peleHnsi 0003HaYeHbI CILIOMIHBIMU, & HEYCTONYNBbIE — IIyHKTHPHBIMU JIMHUSIMI.
Kpusast, obosnauennass CW, coOTBETCTBYeT CTAIMOHAPHOI IeHepaluu Jia3epa, T. €. PEIIeHUI0 C He
3aBUCSINEl OT BpeMeHN MHTEHCHUBHOCTBIO 3JIEKTPOMArHUTHOIO IIOJIsl. DTO PEIleHHe YCTOMYNBO B Ma-
JIOf OKpecTHOCTH BOJIM3H JIMHEHHOIO II0pora reHepanud, go/Ys = ¢o/Vq — Ink, 1 B obractu Gosbimx
go, TI€e BKJaJ YCHJIMBAIOIIEH Cpeibl IpeBajupyeT Hall BKJAJIOM IOrjomalomneil. B mpome:kyrodnoit
obJracTy 3HAYEHUN ¢, [Jle CTAIMOHAPHAS IeHepalus HeyCTONYInBa, HAOJIIOIAIOTCS PEIeHus C IePUo-
JUYECKON U KBa3UIIEPUOANIECKON 3aBUCUMOCTHIO MHTEHCHMBHOCTH IO/ OT Bpemenu. [lepumoandeckue
petrerust Ha puc. 2 obosnauensl Py, Py u P3. Pemenne P; mMmeer mepuos, OJu3Kuit K BpeMeHN 00X01a
pesonaropa 1. CiieroBaTeIbHO, OHO COOTBETCTBYET (DYHIAMEHTAJIBHOMY PEXKUMY ITACCHBHONW CHUHXPO-
nusanuu Mo, Pemenns Po 1 Py MMEIOT IIepHOJ, TOBTOPEHUsT UMITYIbCOB, IIPUOJIU3UTEIHHO B 2 1 3 pa3a
MeHbIIUA T COOTBETCTBEHHO. DTH PEIIEHUs OINUCHIBAIOT PEXKUMbI IIACCUBHON CUHXPOHUBAIMHU MO C
OJIHOBPEMEHHO CYIIECTBYIOIIUMHI JIBYMsl M TPeMs HUMITyJIbcaMu B pe3oHarope. O01acThb yCTORINBOCTI
byHIAMEHTAIBHOIO PEKUMa CHHXPOHU3AIMH MOJ OFpAHUYEHA ABYyMs OM(YPKAITMOHHBIMU TOYKAMH,
obozHaveHHbiMEu Ha puc. 2 SN u QP. IlepBast u3 3Tux TO9eK COOTBETCTBYET CEIJIO-Y3JIOBOI OHdypKa-
WX, TJ€e JBa MePUOINIECKUX PEIEHUsI, YCTONINBOE U HEYCTONYINBOE, CIMBAIOTCS U HCYe3ai0oT. Bropast
TOYKa ABJISIETCS TOYKON OM(ypKaluyd MEePUOIUIECKOr0 PEIIEHUs] B PelleHre ¢ KBa3UIIEPUOINIeCKOM
MHTEHCUBHOCTBIO 3JIeKTpUIecKoro mojs. [locieqHee pererne COOTBETCTBYET PEXKUMY CHUHXPOHUBAITN
MOJ, IIPOMOJIY/JIMPOBAHHOMY YaCTOTOH pelaKCAIMOHHBIX KOJaebaHuil, KOTopas sl II0JIYIIPOBOLHUKO-
BBIX JIa3ePOB OOBIYHO B HECKOJBKO Pa3 MEHBINE YaCTOThI IOBTOPEHUS UMITYJILCOB CUHXPOHUBAIIMN MO/,
[ybuna Moy sl Bo3pacTaeT Ipu cMelleHnn Bjepo oT Touku QP. Budypkammonnast guarpamma,
n300parkEHHasT Ha PHC. 2, HAXOIUTCA B KAYECTBEHHOM COOTBETCTBUU C SKCIIEPUMEHTAJIbHBIMU JAHHBIMH,
HOJIy YeHHBIMU JIJIsl MOHOJIUTHOTO TIOJIYIIPOBOJIHUKOBOIO Jjiasepa [18].

Wrak, B Hameil pabore mpeio:KeHa HOBas MOJIEJb JJisl OIMMCAHUsI IACCUBHON CHHXPOHUBAINN MO,
B TIOJIYIIPOBOJIHUKOBOM Jiazepe — cucrema uddepeHiuaibHbIX ypaBHeHuii ¢ 3ajep:kkoil (25)—(27).
DTa MOJEJb sIBJsieTcss Oojiee yIOOHOM JIIsT aHAJATHIECKOIO HCCAEJOBAHUsI, UeM IpeJJIO’KEeHHAasI pa-
Hee aHasiormydHast Mojiesib ['ypesnua—Xanuna [13-16]. O606menne Mojien Ha Ciydail ak THBHON MJIn
rUOPUIHON CHHXPOHU3AIUU MOJI, He IpejcTaBisier Tpyaa. OCHOBHBIMU IMPUOJIMKEHUSIMU, Ha KOTOPBIX
Oa3upyeTcsl HAIla, MOIEDb, ABJISIIOTCA IIPEIIIOIOXKEHNsT O KOJIBIIEBOI NeOMETPHH JIa3epa 1 JIOPEHIIEBCKO
dopme smHUN CcrieKTpaabHOro duabrpa. [Ipu 5ToM He UCHOIB3YIOTCH TPUOJIMKEHU MAJIBIX yYCUICHUS
1 IOTEPD 38 IIPOXOJI, CIaDOr0 HACBIIIEHHS IIOTJIOTUTESI, 8 TAKXKe KaKUX-JIH00 IIPEIIIOI0KEeHII OTHOCH-
TEJIbHO COOTHOIIECHUS JITUTETHHOCTU UMITYJIbCA U BPEMEH peJIAKCAIlUN YCUIUBAIONIEN U MOTJIOMIAIONIEei
cpen. Takum obpaszom, 061aCTh TPUMEHMMOCTH HAIIIE MOIEIH CYIIeCTBEHHO IIUPEe, YeM y XOPOIIO U3-
BecTHbIx Mogeseit Hoto u Xayca. [l ciygast, Korma aabda-pakTopbl paBHBI HYJIIO, HAMU IIPOBEIEHO
qHCIEHHOE HCCIeoBanne OndypKalyii, OTBETCTBEHHBIX 38 BO3SHUKHOBEHHE M MCYE3HOBEHHE PEXKUMAa
CUHXPOHHU3AINHI MO/,

ABTOpBI BBIpazkatoT UCKpeHHIoK Oaromaprocts 1. Koseipeddy n E. A. BukTopoBy 3a I1010TBOP-
Hble JUCKYCCHH U II0JI€3HbIE PEKOMEHIAIIN.
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A NEW MODEL FOR A MODE-LOCKED SEMICONDUCTOR LASER

A. G. Viadimirov and D. Turaev

A new model describing passive mode locking in a semiconductor laser, namely, a set of delay

differential equations, is studied. Bifurcations leading to the appearance and break-up of mode-locking
regime is analyzed numerically.
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YK 621.373

LOCKED LOCALIZED STATES IN A MULTIMODE SEMICONDUCTOR
LASER SUBJECT TO OPTICAL INJECTION

E. A. Viktorov ' and P. Mandel ?

We study a multimode semiconductor laser subject to a multimode injection. Multimode output exhibits
antiphase dynamics and coexisting attractors. When the output of the laser is only partially locked to the
multimode optical injection, the multimode locking can be complete or localized.

A semiconductor laser subject to optical injection has been studied extensively last years in order
to improve the performance of the laser output [1]. Most publications are limited to a single-mode
rate equation model, which is enough to describe a rich set of phenomena such as steady state locking,
intensity oscillations and chaos [2-6]. First specific multimode phenomena featuring mode hopping have
been reported experimentally and confirmed by PDE’s modeling [7] for a laser with a narrow band
injection. In this paper we consider a multimode semiconductor laser subject to a multimode injection,
being motivated by potential applications. The need for multiplexed secure information transmission
suggests using a multimode laser and the first successful experiment for multimode synchronization
has been recently published [8, 9]. In this configuration, the multimode output of the transmitter
(which is a semiconductor laser with external feedback) is unidirectionally injected into the receiver
semiconductor laser. This provides a robust system stable against external perturbations, when the
optical spectra of the transmitter and the receiver are multimode and locked.

We report on the specific locking phenomena of two unidirectionally coupled multimode semicon-
ductor lasers, when the transmitting laser operates in a steady state regime. We show that due to
antiphase dynamics the output of the receiving laser can be partially locked to the injected signal and
demonstrate a locked localization.

Laser rate equations describing a multimode laser with optical injection can be derived for the
modal fields E,,(t) x [ E(x,t)¢pm(x) dz where the {¢,,(z)} are the cavity eigenmodes, coupled to the
carrier moments or nonlinear gains Ny, o [ N(z,t) |¢m (z)|* dz, proportional to the grating created by
the lasing cavity eigenmode ¢y, (z). After a suitable normalization, the equations become [10, 11]:

dA,, , .
d = (1 + ZOé) FmAm - Z914771 + Aexta (1)
-
N
dF,
T—2=P_F,—(1+2F, o | Anl? 2
T (1+ )Zn:B |Anl®, (2)

where Ay, =1\/75/2 Epy, Fry = 0/ (27p), P = (J—=Jin)/(2Jtn), with Jin = 7p/7s, T = T57p. The gain at
threshold is Ny, = 7y and ny,, = Ny — Ny The mode index m varies from 1 to N, the number of lasing
modes. In the field equations, v, denotes the modal field losses and « is the linewidth enhancement
factor. The injection is characterized by the external electrical field amplitude Aexy = /7Ts/2 Eext and
the frequency detuning 2. Both A and 2 are supposed to be mode independent. In the nonlinear
gain equations, J is the pumping current and 7g is the carrier lifetime. The cross-saturation parameters
0 < Bnm < 1 measure the free carrier grating; (.., are assumed to be mode-independent, the same for
the two lasers, and B,,, = 8 with m # n and Gy = 1.
After conventional transformation [4-6| the equations are given by

da,,

5 = Lm (Lt am) +ncos(tm), (3)
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18 (¢m) 16

d¢—m:Q—|—aFm— , (4)

dr 1+ an,

AP _ 1,2
dr
N
=P —Fpn—P(142F,)Y Bum (1+an)? () 08

where we used A,, = VP (1 + a,)exp(ityy,) and 04

n= Aext/\/ﬁ- ’
The parameters and the injection are mode-

independent and the system is highly degenerate.

We limit the analysis by considering only the mode- 0,0

independent steady state F' = Fj,, a = am, ¥ =

= mod(¢m,,2m). The linearized equations for the Fig.1. Bifurcation diagram representing the

deviations from this steady state yield the solution ~ modal intensities extrema as a function of

am(t) = aexp(M) and F,,(t) = Fexp(\t). The the injection parameter. The labels A-F in-
e : . dicate the bifurcation points. The curves
characteristic equation for A is

for different modal intensities follow: [; =

B D,
B\~ FE

0,002 0004 0,006

0,008 4

N1 = (1 + a1)? — ABCC;D;EF(max) and
Dg (Dr)" " =0 (6)  ABEF(min); I = (1 + as)? — ABDEF(max)
and ABQBlDQEF(miH); 13 = (1 + a3)2 -

where Dg = \3 + C?)\Q + Czs)\ + C’§, for S =R,L

. - . ABCDEF(max) and AB;CyD2EF (min). The
with coefficients defined as

parameters for the numerical simulations are N =
142P =3, P=10"3T = 10% 4, = 1 THz, a = 5,

S
Cy +e T2 (7) B =0,666, 0,0028
1+ 2P
S S 2 2
= —2F 26(P—-F)H®> + F°+ (Q+ aF
Cs £ 1+2F+ e ( )H® + F* + (Q + oF')7, (8)
1+42P
5’:61121?[F2+(Q+aF)2]—25(P—F)HS[Q+a(Q+aF)], (9)

and HR =1, H = (1 -3)[1+B(N - 1)],e =T %

A stable steady state looses stability either through a limit point (C?? =0,07 >0,C0C5 — C§ > 0)
or through a Hopf bifurcation point (C$C5 — C5 = 0,C > 0,C§ > 0). The main difference from the
single mode consideration (where either S = R only) is the degeneracy of the equation for Dy,. We do
not provide detailed considerations of the possible bifurcation curves arising from the characteristic
equation, referring to [4-6] where a similar analysis has been done. It is worth to mention that the
additional set of degenerate bifurcations arising from (Dp)V~! = 0 can lead to very complicated
bifurcation phenomena, especially for P sufficiently small where multiple crossings of the bifurcation
curves occur and the level of degeneracy can be extremely high. These Hopf-saddle-node codimension
two bifurcations lead to a very complicated behavior first reported in [12].

We now describe an essentially multimode effect choosing a small negative detuning ) = —0,0028.
The control parameter is the strength of the injection 7. The other parameters for the numerical
simulations are N =3, P =1073, T'= 103, 4, = 1 THz, a = 5, 3 = 0,666.

The bifurcation diagram is shown in Fig. 1. The lines represent the extrema of the lasing modal
intensities as a function of the injection parameter 7. The labels A—F indicate bifurcation points.
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b
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0,00
12
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1
72-10°
1,5 J
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0 7 2-10°
Fig.2. Typical examples of antiphase dynamics Fig.3. Evolution of quasi-periodic behavior of
of laser output: periodic (a), quasi-periodic (b), laser output. The change of 7 leads to the in-
and asymmetric (c). Injections are: n = 10~ (a), termittency between quasi-periodic and chaotic
n=235-10"%(b),n=8-10"* (¢ behavior: = 1072 (a), n = 1,2- 1072 (b), n =

=1,3-1073 (¢), n = 1,4- 1073 (d). The range of

the vertical axis for all four figures is the same as

in Fig. 2¢

For small injection, the response of the laser is linear and the multimode output exhibits small

amplitude inphase oscillations with a frequency equal to the detuning 2. On resonance (2 = 0),
the modes are in steady state. The modal phases are equal, nearly linear and unbounded. This limit
cycle splits after a saddle-node bifurcation into a pair of cycles with the amplitude oscillations shifted
in phase by 27/N (Fig.2a) indicating the occurrence of antiphase dynamics [13|. The modal phases
remain unbounded.
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Antiphase states have been found in various laser systems and studied extensively in recent years
due to (i) the so-called "green problem” in a solid-state laser with intracavity second harmonic genera-
tion and (ii) potential applications for data transmission and storage. In general, the antiphase states
reflect the coherence property of the degenerate system. A N-mode laser can bifurcate in two ways: a
(N — 1)-degenerate saddle-node [14, 15] and a (N — 1)-degenerate Hopf bifurcation [16]. These bifurca-
tions can generate coexisting periodic and quasi-periodic attractors which display antiphase dynamics.
The total number of coexisting attractors can be greater than N! and the complexity of the laser
dynamics can be very high.

At a finite distance of this first bifurcation, the periodic solution becomes unstable via a Hopf
bifurcation (A in Fig.1) that results in the quasi-periodic state displayed in Fig.2b. In Fig.2b the
carrier wave has the temporal pattern {1,3,2} and the envelope modulation has the temporal pattern
{1,2,3}, where the numbers 1, 2, 3 indicate the relative phase shift between the modal solutions [16]. By
symmetry, exchanging {1, 3,2} and {1, 2,3} generates a new solution. Such quasi-periodic solutions was
proved to result from the interaction between two antiphase periodic states [16]. The frequency of the
envelope corresponds to the low relaxation oscillation frequency of the laser. Similar effects have been
reported for a single-mode laser subject to injection operating in a multi-wave mixing regime [17].

Further increase of the injection leads to a stronger interaction between antiphase states and the
loss of symmetry in the multimode output (B in Fig.1). The envelope of one mode differs in shape
and in amplitude from the other two modes (Fig.2¢). The modal phases still remain unbounded.

A change in the phase behavior occurs slightly
above n = 0,001 (label C' in Fig.1), when one (or 0
two, by index permutation) phase becomes bound- ~ ¥3
ed. The temporal bounding of the phase leads to
bursts (which eventually become chaotic) in the
phase bounded mode, while the other modes appear
unaffected and quasi-periodic (Fig.3b). The system 207
demonstrates spontaneous symmetry breaking and
dynamical independence. The duration of the bound-
ed phase increases with increasing injection (Fig. 4b,
¢) and the mode finally becomes bounded for n >
> 0,0014. At that point, the multimode output dem- 4076 0 ' ' ' ' ' ' "
onstrates a kind of localized quasi-periodic behav- ’ 7 3,5:10

ior (Fig.3d). The mode with bounded phase has a Fig. 4. Evolution of the modal phases. Changing the
injection 7 leads to temporally bounded phase be-

havior. Parameters for the curves a)—d) are the same
as in Fig. 3

307

smaller amplitude, and the bounded phase is fea-
tured by two frequencies — fast frequency which is
determined by the detuning and slow frequency de-
termined by the relaxations (Fig.4d). The modes with unbounded phases are still slightly phase shifted.

The low frequency envelope vanishes above but close to a Hopf bifurcation at n = 0,0015 (label D in
Fig.1). The mode with bounded phase is shifted with respect to the other modes, which are amplitude
inphased and phase unbounded (Fig. 5a, b). The bounded phase indicates that one mode is locked to
the injection while the others remain unlocked. This localized locking is similar to the phenomenon
of localized synchronization of two coupled lasers [18] and is a kind of parametric resonance in the
system. The amplitudes of the phase unbounded modes are large and do not depend significantly on
the injection (D — F in Fig. 1), which influences the phase only. The amplitude of the locked mode
depends strongly on the injection and grows rapidly with it (D;-F in Fig.1). The localized locking
coexists with an unbounded inphased solution. This specific multimode phenomena can be important
for information data transmission. Particularly, the PDE’s modelling of the unidirectionally coupled
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I,1, I, U, 0, U, b)
I, 1,1, - ¢) U, 0, U, d)
B \A/\/\/\/ I | B \J\ |
1
0 104 0 7 10*

Fig. 5. The multimode output is intensity antiphased and phase locked (a, b), intensity inphase and phase
unbounded (¢, d), intensity inphased and phase bounded (e, f). Injections are: n = 1,6 - 1073 (a, b), n =
=22-1073 (¢, d), n = 3,4- 1073 (e, f). Other parameters are the same as in Fig. 1. The range of the
vertical axis for (a), (¢), (e) is the same as in Fig. 2. The range of the vertical axis for (b), (d), (f) is 27

semiconductor lasers has demonstrated the existence of quasi-synchronous states when the transmitter
and the receiver are only partially synchronized [19].

Growing with the injection, the amplitude of the locked mode becomes equal to the amplitude
of the unlocked modes and the partially locked antiphase state bifurcates (E in Fig.1) to inphased
unbounded periodic modulation (Fig.5¢, d) via modal phase jumps of 7, similar to that described
in [20]. Further increase of the injection leads to the reverse bifurcation (label F' in Fig. 1) leading back
to steady states.

This research has been supported by the Fonds National de la Recherche Scientifique and the
Inter-University Attraction Pole program of the Belgian government.
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VIIK 539.184

NONLINEAR DYNAMICS IN LASING WITHOUT INVERSION

J. Mompart*, R. Corbaldn', and R. Vilaseca?

We review lasing in homogeneously broadened coherently driven three-level systems in the framework
of semiclassical density matrix formalism and using a nonlinear dynamics point of view. We discuss the
following features of these systems: (i) self-pulsing lasing without inversion near the first lasing threshold, (ii)
giant pulse lasing based on the population inversion without lasing phenomenon, and (iii) the enlargement
of the cavity detuning range where lasing without inversion occurs by using broad-area cavities.

This paper is dedicated to the memory of our colleague and friend Y. I. Khanin. Among the various
research areas he explored, he was a world-leader in the fields of nonlinear laser dynamics and lasing
without inversion. Therefore, we have decided to review here some of our contributions that deal with
both of these fields at once, namely, (i) self-pulsing lasing without inversion in three-level systems [1],
(ii) giant-pulse lasing [2], and (iii) enlargement of the inversionless lasing domain by using broad-area
cavities [3].

1. SELF-PULSING LASING WITHOUT INVERSION

In this section, lasing without inversion (LWI) in specific models of homogeneously broadened
closed three-level systems is analyzed from a nonlinear dynamics point of view. Through a linear
stability analysis of the trivial non-lasing solution with on-resonance driving and generated laser fields,
we will show that, near lasing threshold, resonant closed A- and V-schemes yield continuous wave LWI
while resonant cascade schemes can give rise to self-pulsing LWI. The origin of this different behavior
will be discussed.

For simplicity, we consider a ring laser cavity with the active medium consisting of closed three-
level atoms. We investigate the four closed three-level atomic configurations shown in Fig. 1. In all
these schemes, an external coherent driving field E 3 interacts with transition |3) —|2) and prepares the
medium in order to generate a laser field E,, in the other transition. The strength of the interaction
is given by the Rabi frequencies 20 and 2« of driving and generated fields, respectively. In addition,
the upper level of the lasing transition is populated by an incoherent pump process interacting with
this transition and represented by a rate A. This pumping process is taken bidirectional to assure that
there is no population inversion in the transition where the E,, field will be generated.

From the nonlinear dynamics point of view, a lasing solution corresponds to the destabilization of
the trivial solution of the Maxwell—Schrédinger equations with the electric field E,, (or «) equal to
zero. Thus, we will calculate this solution and perform a linear stability analysis (LSA).

1.1. Cascade schemes

We start by discussing explicitly the cascade configuration of Fig. 1a with both the driving field and
the laser cavity on-resonance with the corresponding transition. In the framework of the semiclassical
laser theory and using the standard density matrix formalism with the rotating wave and slowly vary-
ing envelope approximation, the Maxwell —Schrodinger equations of the system under investigation can
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Fig. 1. The considered level schemes: (a) cascade scheme with the driving field in the lower transition,
(b) cascade scheme with the driving field in the upper transition, (¢) V-scheme, and (d) A-scheme

be written as

P11= —y12p11 + A (paz2 — p11) + i [apiy — c.c], (la
Paa= —23p22 + Y1211 + A (p11 — p22) + i [Bp3s + @ pra — c.c, (1b
P33=Y23p22 — 1 [Bpsz — c.c], (L

Pra= —T12p12 + i [ (p22 — p11) — B pas), (

(

Paz= —Ta3pa3 + 1 [B (p33 — p22) + & p13], le

)
)
)
1d)
)
P13= —T13p13 + i [apas — Bp1al, (1f)

o= —Ka +igp1a (1g)

with p11 + p22 + p33 = 1. Here points present time derivatives, x designates the damping rate of the
lasing field E,, due to cavity losses and g = v, Nu2/ (heg) the unsaturated gain of the lasing transition,
where v, is the corresponding transition frequency, p, is the dipole matrix element, N is the density
of atoms, A is Planck’s constant, and ¢g is the dielectric permittivity. The decay rates 12 and o3
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describe phenomenologically the spontaneous relaxation of driving and lasing transitions. Depletion of
the driving field is neglected. In the radiative limit, the decay rates of the coherences are given by
T2 = (712 + 723 + 2A)/2, Ta3 = (y23 + A)/2, and T'13 = (712 + A)/2. In resonance, it is possible to
take a = o*, § = B* and then the coherences can be written as pis = iy12, p2s = yo3, and p13 = x13
with the real variables y12, y23 and x13. In our notation, ay;z > 0 (< 0) and Byz3 > 0 (< 0) lead to
absorption (amplification) of the corresponding field.

Taking o = 0 (and thus p12 = p13 = 0) and all time derivatives in (1) equal to zero, the non-lasing
solution reads

p11 = 4AG? /A, (2a)

pa22 =4 (712 + A) /A, (2b)

p33 = (12 + A) [y23 (23 + A) + 458%] /A, (2c)
Yo3 = 2723 (712 + A) B/A (2d)

with A = 23 (712 + A) (723 + A) + 4 (2712 + 3A) 52, Clearly, neither of both transitions is inverted,
and, since Bys3 > 0, the driving field is absorbed.

The stability of the non-lasing solution is governed by a 7x7-matrix which splits into two inde-
pendent submatrices. One of them governs the stability of the variables «, y12 and x13 and therefore
the generation of the lasing field. The characteristic polynomium of this submatrix is

N+ N +eA+e3=0 (3)
with the coefficients
g =T'12 + T3+ K, (4a)
¢o =k (T2 + T13) + Tiol1s + 8% + gnoa, (4b)
c3 = & (T'12T13 + 8%) + g (T13na1 + Byas) , (4c)

where ng; = poo — p11. We apply the Hurwitz criteria for determining the instabilities associated with
the above polynomium: ¢; > 0, ¢c3 > 0, ¢c3 > 0, and Hy = ¢yc9 — ¢35 > 0 mean negative real parts of all
eigenvalues which corresponds to stability of the non-lasing solution. The destabilization of the trivial
solution occurs through a pitchfork bifurcation (static instability) if cs < 0 or, alternatively, through
a Hopf bifurcation (self-pulsing instability) if Ho < 0. In this case, \/c3 gives the angular pulsation
frequency of E, at the destabilization point. For the cascade scheme under investigation, H is

Hy = (T12 4+ I'13) [k (6 + 1o + T13) 4+ Dialis + 8% + g [(T12 + &) no1 — Byas) . (5)

As no1 > 0, the only term that can contribute to the destabilization of the non-lasing solution is Bya3.
It follows from (3) that the driving field is absorbed (8y23 > 0) and, consequently, the destabilization
of the non-lasing solution can occur only via a Hopf bifurcation which gives rise to self-pulsing laser
emission. For 3 = 0 as well as for very large values of 32, Hy is positive and the non-lasing solu-
tion is stable. Varying the driving field intensity (32, there are consequently two ways to obtain the
destabilization of the non-lasing solution: increasing $2 starting with a very small value or, alterna-
tively, decreasing 32 from a very large value. It should be emphasized that a direct calculation of the
probe field amplification without cavity leads to steady state probe field absorption when probe and
driving fields are taken on-resonance. This demonstrates the difference between amplification without
inversion (AWI) and LWI in the cascade schemes.
Substituting the non-lasing stationary solution (2) into (5), it is easily seen that the inequality

Y23 > 2712 (6)
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is a necessary condition for LWI. This means that
the spontaneous decay rate of the driving field tran-
sition has to be at least twice that of the lasing
transition. The threshold values of all parameters
can be obtained analytically from condition Hy < 0.
For example, the threshold value of the incoherent
pump rate A is given by

Y12 + 2K

A > 9
Y23 — 2712

+o(1/g). (7)

Figure 2 shows the curve Ho = 0 as a func-
tion of the parameters 8 and A for different values
of the gain parameter g (all frequencies given here
are angular frequencies). For a given gain, LWI is
obtained within a closed curve in the S—A-plane
(Hz < 0). Outside these curves the non-lasing solu-
tion is stable. The cross marks the values of 5 and
A to be used in Fig. 3. Note that we choose a A
value just above threshold since the realization of
an efficient incoherent pump represents one of the
main difficulties in LWI experiments.

A, MHz

9=20000

20

T

10

0 5 10 15 20 25 30

6, MHz
Fig. 2. LWI-regions in the plane of parameters 3 and
A for various values of the gain parameter g. The

values of ¢ are given in MHz2. The other parameters
are y12 = 3,5, 23 = 19, and £ = 0,5 (all in MHz)

Figures 3a and b represent the results of a numerical integration of the equations (1) using a
seventh- to eighth-order Runge—Kutta—Fehlberg routine. The parameters are § = 10 MHz, A =
=2 MHz, and g = 15000 MHz? with 72, 723, and & as in Fig. 2. After a transient which is shown in
the insets, the laser field E, amplitude oscillates symmetrically around zero with an angular frequency
2w 8,75 =~ 55 MHz, while the populations oscillate with very small amplitudes, and neither of the

25 T T T T T T T T
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Fig. 3. (a) Evolution of the laser field amplitude and (b) corresponding evolution of the atomic populations.

The rest of parameters are given in the text
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transitions is inverted. A numerical study of AWI for the parameters of Fig. 3, shows that the maxima
in amplification of the additional sidebands appear for probe field detunings A, = +55 MHz. This
shows that the self-pulsing emission at line center is due to the simultaneous amplification of these two
additional sidebands. Since we have considered thus far a resonant laser field, the equations (1) do not
admit solutions with time-independent intensity, corresponding to the amplification of only one of the
(detuned) sidebands. Therefore, these equations do not allow us to investigate whether the self-pulsing
state emerging from the Hopf bifurcation is stable or unstable. We have checked numerically that, for
the parameters under investigation, this self-pulsing state is stable. For this purpose we considered a
full set of equations analogous to (1), but including both cavity and driving field detunings [1].

For the cascade scheme of Fig. 1b the results are quite similar. Again, the only way to destabilize
the non-lasing solution is through a Hopf bifurcation giving rise to self-pulsing LWI emission with the
necessary condition g3 > 2v31. In the same way as for the other cascade scheme, we have checked
numerically that there is also a broad domain of parameters where the self-pulsing solution is stable.

It is well known that a conventional incoherently pumped laser without driving field can show
self-pulsing and even chaotic emission if the gain of the lasing transition and the cavity losses are
sufficiently large [4, 5]. This dynamical behavior corresponds to a destabilization of a continuous wave
lasing solution while the destabilization of the non-lasing solution occurs always through a pitchfork
bifurcation leading primarily to continuous wave output. In contrast, the self-pulsing output of the
cascade schemes is obtained directly through a destabilization of the non-lasing solution. Furthermore,
the self-pulsing appears even without cavity losses.

1.2. Folded schemes

For the folded schemes the procedure is analogous, and the destabilization of the trivial solution is
again governed by a 3 x 3-matrix. For the V-type system of Fig. 1¢, the coefficients of the characteristic
polynomium are

cp =K+ T2+ T3, (8a)

¢ = k(T2 + Ty3) + Ti2lis + B2 + gnaa, (8b)

c3 =k (T12l13 + B%) + g (T1ang1 — Byos) (8c)

Hy; = (T2 +Ty3) [Ii (k+T124+T13) +Tiol's + BZ] + g [(T'13 + k) n31 + Byas] (8d)

with ng; = ps3 — p11, and for the A-type system of Fig. 1d

c1 =K +T12+T73, (9a)

o =kK(T12+T13) + T2l + ﬁQ + gnia, (9b)

c3 =k (F2T13 + B*) + g (T13n12 — Byas) , (9c)

Hy = (T2 +T'13) [k (5 + T1z + T1g) + T1olis + 82 + g [(T12 + K) naz + Byas] (9d)

with nio = p11 — p22. As expected, in the limit 3 — 0 the stability condition is fulfilled. From the
Maxwell—Schrodinger equations it is easy to verify that in both cases the lasing transition is not
inverted, i.e. ng; > 0 for the V-type system and nis > 0 for the A-type system. Furthermore, the
driving field is again absorbed, i.e. By > 0. Consequently, the only way to destabilize the non-
lasing solution is now via a pitchfork bifurcation which gives rise to continuous wave LWI. Necessary
conditions for ¢3 < 0 are now

Y23 > 713 (V-scheme) and 793 > 712 (A-scheme). (10)
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In the high gain limit, this bifurcation occurs in the V-type system for

Byas/T12 > na. (11)

The usual discussion of continuous wave AWI in the V-scheme leads to the amplification condi-
tion [6]
anig + Brig
73+ 2A

which involves directly the real part of the two-photon coherence x5, and AWI is explained as due to
the contribution of this coherence. In contrast, the lasing condition (11) for LWI does not involve z 3.
At the destabilization point of the non-lasing solution we have x5 ~ 0. Consequently, following (12)
one can think naively that, at least at the destabilization point, population inversion is required to
achieve amplification. It is important to remark that at the bifurcation point (12) does not hold and
instead the condition (11) should be considered. On the other hand, in the limit I"j9 — oo, where the
two-photon coherence could not be generated, the condition (11) indicates that LWI is not possible.
This shows that this coherence is essential for LWI.

Summarizing this section, we have shown that a convenient way to obtain the LWI conditions is to
apply the techniques of nonlinear dynamics. For this purpose, one performs a linear stability analysis of
the trivial solution, corresponding to a = 0 in our notation, of the Maxwell—Schrédinger equations. For
the continuous wave emission regime, this approach is equivalent to the standard search for stationary
solutions with the electric field amplitude « different from zero. However, the dynamical point of view
allows one to find conditions when LWI takes place in a self-pulsing regime. From the analysis of
resonant closed three-level systems, it has been shown that the folded schemes yield continuous wave
LWI, while cascade systems can give rise to self-pulsing LWI. These results are easily interpreted in
view of the well known inversionless gain spectra for three-level systems |7]. Thus, for the V-system
with the laser cavity tuned to resonance, i.e., A, = 0, the cavity mode experiences gain at line centre.
When this gain overcomes cavity losses one has continuous wave lasing. On the other hand, the cascade
system of Fig. 1a does not exhibit gain at A, = 0 but at two sidebands symmetrically located about
line centre, i.e., at A, = £(A,)s. Thus, the resonant cavity mode can be amplified in a self-pulsing
regime, with its intensity modulated at the angular beating frequency 2 (A, ).

LWI in the double-A-scheme has been also investigated from a nonlinear dynamics perspective
[8, 9]. This system, being more flexible, can exhibit both continuous wave and self-pulsing regimes in
different domains of parameter space. Thus, for a bad cavity, the system can reach either continuous
wave and self-pulsing regimes by only changing the driving field intensity.

—Y13 > 2 (12)

2. GIANT PULSE LASING

As we have shown previously, the presence of an external coherent field acting on one transition of
a three-level medium modifies substantially the conditions for laser oscillation in the other transition,
which can even occur in the absence of population inversion. The reverse phenomenon, known as
population inversion without lasing (IWL) can also occur. We show here the application of the IWL
phenomenon for generating giant pulses of laser light [2]. The proposed method is an alternative to
the standard Q-switching technique for generating pulses of short duration, e.g. 1077+107% s, and
relatively high peak power, e.g. 105+107 W, the so-called giant pulses.

Consider a cascade-scheme (Fig. 1a) within a ring laser cavity prepared to generate a laser field,
the giant pulse, in the upper transition |1)—|2). At variance with the rest of the paper, in this section
we consider an incoherent continuous pump mechanism A acting only from level |2) to level |1) and,
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Fig. 4. Time evolution of the (@) driving field inten- Fig.5. Enlarged part of the time evolution of Fig. 4
sity, (b) population difference in the laser transition,

and (c¢) intensity of the generated laser pulses. The

parameters are as in Fig.2 with k = 5 MHz, g =

=900 MHz?, j11o = 1073 C-cm and g3 = 10728 C-

-cm. The dotted line in (b) represents the threshold

population inversion for laser oscillation in the ab-

sence of the driving field, i.e. ny, (8 = 0)

therefore, allowing to invert the population of the upper transition. In what follows, for simplicity,
we consider the completely resonant case, i.e. A, = Ag = 0. For appropriate parameter values
(712 = 10 kHz, ~23 = 50 MHz, Ay_; = 50 kHz, 8 = 25 MHz, x = 5 MHz, g = 900 MHz?, p1o =
=1073! C-cm, and 93 = 1072® C-cm), a linear stability analysis shows that in the presence of the
driving field the nonlasing solution is stable, although the steady-state population inversion, n3% = 0,5,
is well above the threshold inversion for lasing without the driving field, n¢, (8 = 0) = 0,14. For the
above parameters, the threshold inversion needed to destabilize the a = 0 solution through a pitchfork
or a Hopf bifurcation read nfh = 1193 and nﬁl = 0,61, respectively. This clearly shows that, as stated
above, in the presence of the driving field the system will not lase. Thus, as shown in figs. 4 and 5,
during the first 225 us the presence of the driving field (Fig. 4a) with an intensity of 3,7 W - cm ~2 which
corresponds to # = 25 MHz, prevents laser oscillation and a large population inversion accumulates
(Fig. 4b). The dotted line in this figure represents the threshold population inversion in the absence
of the external laser field, i.e. ny, (8 = 0). After the population inversion saturates the driving field is
switched off for 25 us and a giant laser pulse develops (Fig. 4¢) since then the population inversion is
well above the threshold population inversion (dotted line). For the parameters used, the peak intensity
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of the laser pulse gives (Ioé)pe‘?‘k = 1,33 MW -cm™?2 with a pulse width at half maximum about 210 ns
and an integrated pulse energy of 0,33 mJ-cm™2. Note that the pulse duration is similar to that of
the longest pulses from traditional Q-switched systems. The time delay between the instantaneous
switching off and the pulse generation is 1,1 us for an initial laser field a(®) = 10~3 MHz (this delay
strongly depends on a(o)). It should be remarked that a laser field with a power of a few watts is able
to control the generation of laser pulses of a few megawatts of peak power (Fig. 4¢). Different time
profiles for the switching off of the external field have been investigated (see [2] for details).

3. ENLARGEMENT OF THE INVERSIONLESS LASING DOMAIN BY USING
BROAD-AREA CAVITIES

As a last example of the use of nonlinear dynamics in three-level systems, we investigate analytically
and numerically the role of diffraction in the operation of a broad-area laser in the cascade three-level
configuration of Fig. 1la. Through a linear stability analysis of the trivial non-lasing solution and
numerical integration of the corresponding Maxwell—Schrédinger equations, we will show that off-
axis emission allows stationary inversionless lasing over a cavity detuning range much larger than in
small-aspect-ratio cavities and in conventionally inverted three-level lasers. We again consider a laser
system operating with the three-level scheme shown in Fig. 1a. The inclusion of diffraction leads to
the addition of a new term in the right hand side of the equation (1g). This new term is —ia V2 a,
where a = ¢2/(2w) is the diffraction coefficient, ¢ is the velocity of light in vacuum, w is the angular
frequency of the a-field, and V2 is the transverse Laplacian.

In the absence of diffraction, i.e. @ = 0 in the equation (1g), a LSA of the trivial non-lasing
solution of this cascade scheme [1, 10, 11] shows that, depending on the cavity detuning, the non-
lasing solution can be destabilized either through a pitchfork or a Hopf bifurcation (see also section 1).
A general feature of this Hopf bifurcation is that it occurs for values of the unsaturated gain parameter g
above a threshold value and, therefore, this parameter can be used to control the appearance of the
Hopf bifurcation. A typical stability domain where both types of bifurcations occur is shown in Fig. 6.
Outside the domain given by the solid curve the trivial non-lasing solution is stable. The instability
domain corresponds to the superposition of two «boomerangs-like regions each one associated to a
pitchfork bifurcation of the non-lasing solution. The crossing points are codimension-two bifurcation
points and correspond to the Hopf bifurcation or self-pulsing instability. While the driving field 3 is
on resonance, note that we consider here the possibility of a detuned cavity, characterized by a cavity
detuning A, = w. — w12, where wys is the upper transition frequency and w. is the longitudinal cavity
mode closer to wyo. Notice that in section 1 we have discussed only the self-pulsing LWI associated
with the two codimension-two bifurcation points located at A. = 0 in Fig. 6.

In fact, we have checked numerically that inside the superposition domain limited by the dashed
lines in Fig. 6 the system reaches a stable self-pulsing lasing emission. This self-pulsing lasing can be
easily understood as the simultaneous excitation of the two amplifying sidebands discussed previously,
which leads the lasing intensity to be modulated at the sidebands splitting frequency [1]|. To illustrate
this phenomenon, Fig. 7 shows the steady-state intensity of field a as a function of the cavity detuning
resulting from the integration of the equations (1) for three different values of the incoherent pumping
rate. As expected from Fig. 6, figure 7b exhibits steady-state self-pulsing laser emission around the line
center. In what follows, we will investigate whether these results still hold in the presence of diffraction.

The trivial steady-state non-lasing solution of the density-matrix equations (1) can be written as
follows:

a=0, (13a)

p12 = p13 =0, (13b)
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Fig. 6. Stability domain of the trivial non-lasing solution (solid curve) in the parameter plane A—A, for
a =0, k=13, g= 100073, v12 = 0,1923, 3 = 523, Ag = 0. Outside the domain given by the solid
curve the non-lasing solution is stable. The grey coding indicates the maximum of the intensity of field «,
ie, (a/fygg)rznax, once the transients have died out

p23 = pIs, (13c)
pii = Py (13d)

where ¢ = 1,2,3; the superscript 0 indicates zero-order in the generated field. In the presence of
diffraction, the system can develop a lasing solution with a small wavevector component transverse to
the cavity-axis (which is taken in the z-direction). Therefore, let us consider now a perturbation of the
trivial solution given above in the form of a transverse wave with wavevector k | = (kg, ky), i.e.

alt) = Savexpli (ko r — wt)] exp(M), (14a)
p12(t) = dp12 expli (k1T — wi)] exp(At), (14b)
p13(t) = dpr1zexpli (kT — wt)] exp(At), (14c)
pa3(t) = p + 6pas expli (kir — wt)] exp(At), (14d)
pii(t) = pfi + Opii expli (kv — wit)] exp(At), (14e)
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where i = 1,2, 3, r is the position vector. We now perform a LSA of the equations (1) versus perturba-
tions of the form given above. As usual, the non-lasing solution becomes unstable when the real part
of A changes from a negative to a positive value. Note that two different frequencies appear in (14):
w is the frequency associated to the transverse perturbation, and Im A is the one related to the Hopf
bifurcation (or self-pulsing instability). Taking into account the dependence of the perturbations (14)
on the transverse coordinate, we can make the substitution Vi - —ki in the equation (1g), with

k:i = k2 + kz The stability of the non-lasing solution is then governed by a 8x8-matrix M:
(ﬁ - Ai) sv =0, (15)
where 0v = (dp11,0p22,0p33,0p23, 0p53,0p13, 0p12,0c) , T is the unit matrix. From the LSA it is easy

to show that this matrix splits into two independent blocks fq <) ig. The second block, which governs
the stability of the variables pi3, p12, and «, and, therefore, the generation of the laser field, reads

R _F13 + Z'Ac _iﬁ 0
L, = —if —T9 + iA. +ing, , (16)
0 —1ig —K — iakﬁ_

where nYy = p0; — p9,. Note that diffraction plays the role of a detuning or energy shift and, in
accordance, we can define A| = ak? as an effective detuning associated to diffraction effects. This
detuning has the particularity that it can only be positive. We now have to solve the secular equation
det(ig — )\f) = 0 and then determine for which parameter values Re A = 0 is satisfied. After some
algebra, this condition reduces to solving the following two equations:

0 = &% + 1@ + co, (17a)

0=+ dow® + di® + do, (17b)

where w = w + Im A\ and
co=kK+T112 4T3,

(
c1=—-Ac(26+T12+T13) + Ay (T2 +T3), (

co =k (A2 = B2 —T1al'13) — AL Ac (D12 + T13) 4+ g (nf5T13 + Byas) (18¢c
dy = —2Ac + AL, (
di = (A2 — * =T12l13) — K (12 4+ Dig) — 2A 1 A + gndy, (

dy = kAc (T12 +Tig) + Ay (A2 — 52 —T'1oT13) — gAcnd,. (18f

It is not possible to give a simple analytical solution to the equations (17) in terms of, for instance,
the incoherent pumping process A or the Rabi frequency 3 of the driving field, since I';;, n%y and yo3
depend explicitly on these parameters. Therefore, the destabilization of the trivial non-lasing solution
must be investigated by numerical solving of the equations (17). We refer the reader to [1] for the
results of such a study.

Next we present numerical simulations of the full nonlinear model given by the equations (1) by
means of a spectral split-step method. To model the spatiotemporal dynamics, the transverse plane has
been discretized in a square two-dimensional grid of 256 x 256 cells with periodic boundary conditions.
The steady-state spatially averaged intensity and the corresponding transverse wavevector values are
shown in Fig. 8 as a function of the cavity detuning for A = 3723 and the rest of the parameters

J. Mompart, R. Corbaldn, and R. Vilaseca 881



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

(ar/793)? (a/723)?
0,5 T T T T T T OaSOE""|""|""|""|""|"'E
04 F 91 oast Y
] L o0 ]
03 0,20F N e ee I ]
r r 1 Iy .
02 F 0,15F I . 3
L [ 1 [ h
- C 1 [ ]
0,1 - 0,10:_ - I e E
0,0 -' 005: [ : \ ]
3 C I | 7
(/723)? . I '
8 __l LN L L L L L L L L B Y III))I__ 0700-_|-|-||-|-|-|‘| L |-|-|-||-|-|-||-| ) I"I-I-II-I-I-I__
6 5 :
4 b ] k1 /23
: : IIII|IIII|IIII|IIII|IIII|III|_
o b A b)
F ] 50 )_-
(IO o oo - SN PP e o SR BOPU v v o i ]
40 h
(a/723)? :
0’255_ T T T T T C)_E 30 . _;
0,20 £ E 20 ]
0,152— — ]
0,10;— - 10 3
0,05 £ E ]
O’()()EI I N S T S T Y T T T S T N A IE 0 IIIIIIIIIIIIIIIIIIIII L
—~15 =10 _5 0 5 10 15 —-15 -10 ) 0 5 10 15
Ac/v03 Ac/723

Fig. 7. Intensity of the generated field as a function Fig.8. (a) Steady-state spatially averaged intensity

of the cavity detuning for (a) A = 0,3v23, (b)) A = for A = 325 and the rest of parameters as in Fig. 6.

= 0,85723, and (¢) A = 1,17y23. The rest of parameter  (b) Wavenumber values of the corresponding trans-

sare the same as in Fig. 6 verse wave solution. The dashed line in (a) corre-
sponds to the spatially uniform case (a = 0)

as in Fig. 6. The broken curve in Fig.8a corresponds to the spatially uniform case, i.e., a = 0 in the
equation (1g). Clearly, diffraction allows the generated field « to develop a transverse wave component
which brings it on resonance with the positively-detuned inversionless sideband. This occurs for any
|Ac] < (An)f. For Ac < (An), the transverse wave component can have two different wavenumbers,
which correspond to resonance of the « field with either the positively- or the negatively-detuned
inversionless sidebands.

For the parameters chosen, one has A, (a = 0) = A, i.e., frequency pulling or pushing effects are
almost negligible, and thus A.+ A is either equal to (A,)! or (A,). Therefore, for A. < (A,)} the
maximum achievable gain from the active medium is always reached and consequently the intensity of
the generated field is constant. Fluctuations on the laser field intensity are a numerical artifact due to
the finite size of the transverse lattice in our simulations, which allows only a discrete set of transverse
wavenumber values to be generated.

Figure 8a shows that indeed off-axis emission substantially increases the cavity detuning domain
for which there is inversionless lasing. This domain is controlled by (Aa):;, whose value depends, as
discussed above, on the population difference in the |1)—|2) transition, which in turns depends on the
incoherent pumping rate A. In fact, in a largely non-inverted situation the positive detuned amplifying
sideband lies far away from the closest Autler—Townes resonance, i. e. (Aoé):f1 > 3, which means that
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inversionless laser emission can be extended to a cavity detuning domain much larger than in the
inverted case, where A. < 8 holds.

3. CONCLUSIONS

We have reviewed lasing in homogeneously broadened coherently driven three-level systems in the
framework of the semiclassical density matrix formalism and using a nonlinear dynamics point of view.
This analysis underlines the central role played by atomic coherences in these systems, and allows
one to find conditions for both continuous wave and self-pulsing laser emission regimes. In particular,
we have discussed the following features of these systems: (i) self-pulsing LWI near the first lasing
threshold, (ii) giant pulse lasing with inversion, and (iii) the possibility to greatly enlarge the cavity
detuning range for LWI by using broad-area cavities.

The authors wish to thank useful discussions with V. Ahufinger, E. Arimondo, K. Eckert, R. Garcia,
J. Garcia-Ojalvo, C. Peters, and M. C. Torrent. We acknowledge support from the MCyT (Spanish
Government) and by the DGR (Catalan Government) under contracts BFM2002-04369-C04-02 and
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ELECTROMAGNETICALLY INDUCED TRANSPARENCY AND LASING
WITHOUT INVERSION IN THREE-LEVEL ATOMS IMBEDDED
IN A FREQUENCY-DEPENDENT ENVIRONMENT

Y. V. Radeonychev!, M. A. Erukhimova', O. A. Kocharovskaya 2, and R. Vilaseca®

The response of a three-level atomic system driven by a resonant coherent field acting on a transition
near the photonic band-edge of a photonic band-gap material as well as the general case of a frequency-
dependent reservoir is studied. The strong frequency dependence of the radiation mode spectral density
at the scale of the driving field Rabi frequency is shown to lead to essential and controllable changes in
the refractive index, as well as to effects of electromagnetically induced transparency and lasing without
inversion. Such an effective dynamic control of the atomic response enables for applications in nonlinear
optics, optical computing and communications.

INTRODUCTION

It is well known that the atom—field interaction can strongly depend on the environment, and
therefore such environment can have a strong influence on the optical properties of atoms as well as
on the propagation of the electromagnetic field. Recently a novel special form of dielectric medium,
called photonic crystal, is being intensively investigated. The most important property of a photonic
crystal is an essential modification of the density of the electromagnetic-field spectral modes inside the
material. Over the past decade, photonic crystal physics has become one of the most significant and
exciting concepts in science and technology, resulting in important breakthroughs in many areas of
fundamental and applied research.

One of the directions of study of photonic crys-
a) b) _ ¢) _ tals is connected with the possibilities of modify-
1) 1) — 1) ing, enhancing or generating new quantum-optical
phenomena when the atom—light interaction occurs
within photonic band-gap (PBG) materials, which
could lead to technological applications in optoelec-
/|2) L |2) tronics, photochemistry, laser engineering, and op-
| tical computing and communication. Most of the
13) 13) /3 quantum-optical effects in PBG materials are based
on the ability to control or modify spontaneous emis-
giilctlfal[l‘hié?gi)eleiigﬁ;esiiiZilnzng:fhsi};if%l irtlhz sion of two-level or three-level atoms embedded in
1§ser fiel(}i, with tl%e Rabi frequency Qgthat is nea}; the the photonlc cryst.al, al.though the pOSSIblhty, of pro-
photonic band edge and probed by the laser field « ducing or modifying light—atom coherent interac-
and 3 at the higher optical transitions tion phenomena (including collective switching, in-
version without fluctuation and all-optical transis-
tor effects, electromagnetically induced transparency (EIT), enhancement of refraction index and lasing
without population inversion (LWI)) was also pointed out (see [1-3] and references therein).

In the present paper we study three different schemes of a three-level atomic system placed with-
in a specific environment. We consider two types of environment, namely a photonic crystal and a
concentric or confocal cavity. The atomic system is driven by a resonant coherent field at one of the
transitions and probed by one or two weak fields at the adjacent transitions (Fig.1). The density of

— 12)
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the electromagnetic modes of the environment essentially differs from that of free space and has steep
frequency dependence at the scale of the Rabi frequency of the driving field. At some frequency range
it can exceed the free-space density or be essentially smaller. The frequency of the driven transition is
assumed to be near the band-edge frequency of a cavity or of a PBG. We show that the strong frequen-
cy dependence of the radiation mode spectral density at the scale of the driving-field Rabi frequency
near the spectral band-edge of the environment leads to a strong dependence of the populations of
the dressed-atom levels on the intensity and detuning of the driving field. In particular, population
trapping at one of the dressed states can occur if one of the dressed frequencies falls into a range with
high mode spectral density in the case of a concentric cavity or into a band gap of the PBG structure.
This leads to excitation of the maximal atomic coherence between the corresponding atomic levels and
significant changes in the refractive index as well as to electromagnetically induced transparency (EIT)
and lasing without inversion (LWI) effects. Such a dynamic control of the atomic response enables for
applications in nonlinear-optics, optical computing and communications.

1. MODEL AND APPROACH

It is well known that interaction of light with atoms embedded in a PBG material or other spectrally
heterogeneous surroundings can be essentially modified in comparison with free space. This is due to

A v

&— i)
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. y 12,n—1)

Fig.2. The model of three-level atomic system in a PBG structure driven by the laser field 2 at the
transition near the photonic band edge and probed by the laser field a at the higher optical transition.
Outside the photonic crystal only the spontaneous relaxation with rates Aj;3 and Ass at the optical
transitions is essential whereas both downward (rate wi2) and upward (rate we;) relaxation at the
low-frequency transition should be taken into account. The frequency of the dressed transition |2,n) <
— [3,n — 1) falls into the dielectric photonic band (1 & 1) whereas at the other dressed frequencies n < 1
due to PBG. This leads to redistribution of populations of the dressed states and alteration of the atomic
response
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modification of the atomic relaxation if the frequency of some atomic transition belongs to a PBG
or some frequency range of the host material having spectral mode density essentially different from
free space. We consider such a situation for the case of a three-level atomic system. For the case of
Fig. 1a it is assumed that the frequencies of both the driven optical transition |3) < |2) and probed
transition |3) < |1) belong to the PBG, and the frequency of the low frequency transition |2) «
— |1) belongs to the allowed «dielectric band» (Fig.2). It should be noted that the driven transition
frequency could also belong to the dielectric band. In such case all the discussed effects are shown to be
qualitatively the same. The principal point is that the driven transition |3) < |2) is near the photonic
band edge. In this case one can effectively control the relaxation rate of the driven transition by means
of variations in the intensity and detuning of the driving field. The mechanism of such control has
the clearest interpretation in the dressed-state approach [4, 5]. The driving field causes a dynamic
Stark splitting of the atomic levels (Fig.3), which is equivalent to appearance of the dressed states
(quantum dressed states). Atomic relaxation at the transitions between the corresponding dressed
states is the origin of the Mollow and Autler—Townes spectra. In the case of appropriate intensity or
detuning of the driving field one of the dressed transitions (the transition |2,n) < |3,n — 1) in Figs. 2
and 3) falls into the dielectric photonic band, and the relaxation rate at this transition essentially
increases compared to the rest of dressed transitions. This results in redistribution of the dressed-level
populations and alteration of the atomic response. Such a dynamic control of the atomic spontaneous
decay in a frequency dependent (tailored) reservoir was used to modify the fluorescence spectrum of
two-level atoms confined within a frequency-selective cavity [6-13]. Also, a slight modification of the
fluorescence spectrum was demonstrated experimentally in a gas of Rydberg atoms inside a confocal
cavity [9, 10]. PBG materials are thus able to provide conditions for practical control of the atomic
optical properties by means of external laser radiation via control of the atomic relaxation.

Similarly, for the case of Fig.1b, ¢ the driven transition |3) < |2) is supposed to be near the
photonic band edge of concentric or confocal cavity such, that the transition |3,n) < [2,n — 1) (Fig. 4)
falls into the photonic band n > 1. Therefore the relaxation rate at this transition increases compared
to the rest transitions where n & 1. This results in redistribution of the dressed-level populations and
alteration of the atomic response.

The main obstacle in the analysis of the atomic response in a frequency dependent environment,
even in the case of a two-level atom, is the derivation of the relaxation rates in the dressed-state basis,
taking into account the dependence on the driving field and surrounding environment. It is necessary
to establish a relation between the relaxation rates of the dressed states and energy atomic states (bare
states) and to derive the corresponding master equations.

Recently an approach based on the so-called semiclassical dressed states was developed to solve
the problem of the field-dependent atomic relaxation. The correspondence between the semiclassical
and quantum dressed states as well as their relation to the bare atomic states was established. The
generalized master equations taking into account the dependence of the atomic relaxation rates on
the driving field and surrounding environment were derived in the dressed-state and bare-state ba-
ses [13, 14]. In particular, it was shown that in the case of a monochromatic driving field resonant with
an atomic transition the downard (W;;) and upward (@U) relaxation rates at the dressed transitions
li,n) < |7,m) (Fig.3) have the form

Wi = 3};% |1jn—15im

2 W nijin—11Wingjn—1) [N (Wingjn—1) + 1],
Qij = 3hc3 |11 03 i 11 (g msin—1) N (Wnsin—1), (1)

where £ is the Plank constant, c is the light velocity, 7 ,—1.:,» is the dipole moment of the corresponding
dressed transition, w; ;1 is the frequency of the dressed transition, n(wj n:jn—1) is a dimensionless
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Fig.3. The driven atomic transition in the quantum dressed-state representation [j,n), j = 2,3 and
relaxation rates at the dressed transitions according to (1). The semiclassical dressed states |j) are also
shown
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Fig. 4. The model of three-level atomic system driven by the laser field 2 at the transition near the
photonic band edge of a confocal cavity and probed by the laser field a or § at the optical transitions.
The frequency of the dressed transition [3,n) < |2,n — 1) falls into the photonic band n > 1 whereas
n =~ 1 at the other dressed frequencies. This leads to redistribution of populations of the dressed states
and alteration of the atomic response
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parameter characterizing the ratio between the reservoir spectral mode density at the corresponding
frequency and the mode density in vacuum (in vacuum n(w) = 1; note that it will be through this
parameter that the photonic-crystal influence will be introduced in the model, below), N(w; njn—1) is
a mean number of the reservoir photons, indexes i, j denote the atomic states and index n denotes
the number of coherent photons in the driving field. As follows from (1), the relaxation rates have the
well-known form of Einstein relaxation rates. But for the case of the driven atomic system the Einstein
constants become functions of the intensity and frequency of the driving field via their dependence on
the dressed frequencies. Indeed, as follows from [15, 16|, one has

Winjn—1 = w £/ wiz —w+4]|Q2, (2)

where Q0 = uo3F/(2h) is the Rabi frequency of the driving field with amplitude E and frequency w; 23
and weg are the dipole moment and frequency of the atomic transition respectively. Below we apply
the formalism developed in [13-16] to the atomic ensemble in the PBG structure and cavity.

2. DRESSED STATE ANALYSIS

As pointed out above, the dressed state basis is the most appropriate for analysis of the laser
control of atomic relaxation [13-16]. It provides both clear physical interpretation and quite simple
mathematics, which is not more complicated than that in the bare-state basis. The complete physical
understanding is achievable in the basis of the quantum dressed states, which includes the driving field
in quantized form. But the necessity to take into account the infinite number of driving-field states
makes this basis difficult for mathematical analysis. The semiclassical dressed-state basis is not able to
provide the straightforward interpretation of the results obtained within this approach. Nevertheless,
using of the semiclassical dressed states allows to deal with only an atomic density matrix due to the
quasi-classical character of the driving laser field, significantly simplifying calculations. There exists
correspondence between the two bases that was established in [15, 16]. It was shown that all the
solutions obtained within the semiclassical dressed-state approach have clear physical interpretation
in the quantum dressed-state basis.

Our analysis is based on the master equations for the elements of the density matrix of the atomic
ensemble p,,., in the semiclassical dressed-state representation. In general form they can be written
as [15, 16|

dﬁm’m
dt

+ Z.‘Dm’mﬁm’m = Z Rm’mn’nﬁn’na (3)
n’,n

where w;; = (E;— Ej) /I is the transition frequency between the semiclassical dressed states. Relaxation
rates R,/mn'n have the form

Rm’mn’n - fwnmm/n/ + fWn/m’mn - Z(énmfm’kkn’ + 5n’m’f*mkkn) (4>
k

and can be expressed via the relaxation rates F,g(g,ll,(w) of the bare atomic system:

~ % / A 0 -
o = > GG G (G TNy @y — s101 + spwp), (5)
kk'1

where ()" = (m | n) are the elements of the unitary transformation matrix from the bare-state basis |n)

to the dressed-state basis |m). For the case of the photonic reservoir the relaxation rates Fé%),ll,(w) can
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be expressed via the common relaxation rates w;; from the bare state |j) to the state |¢) [17, 18]:

N(w;i), E; < E;
wye = Ay d ) o (6)
N(wji) +1, Ej > E;,
where Aj; = 4 |pj|* |wij|?/(3hc?) is the Einstein coefficient of the spontaneous relaxation.
We consider the dressed states formed by the resonant laser radiation
E = Eq cos(wt — kz). (7)

The frequency w is assumed to be equal to the frequency of the driven atomic transition w3 (w = wa3),
and we also assume that the rotating wave approximation (RWA) is valid:

Q) < wos. (8)

Then the semiclassical dressed states |i) and their energies E; can be expressed via the bare atomic
states |7) (with i = 1,2,3) in the form

1) =11), E, = E,
) = % 12) + 13) expliwt)], By = By — e,
3) = — [13) expliwt) — [2)],  Ey=Ey+he, (9)

V2

where F; is the energy of the bare atomic state |i) (Figs.2-4). For the schemes of Fig.1 the master
equations (3) can be converted to the form

dpi; I N
dtu =- Z WikpPii + Z WkiPkks
k#i ki

dpi;

dt
Here w;; and 7;; are the relaxation rates of populations and coherences at the corresponding dressed
transition |i,n) — |j,m) (see Fig.4). The system (10) is written under the secular approximation. This
means that the Rabi frequency €2 of the driving field is much larger than all the relaxation rates:

= —iWijpij — VijPij, L FJ- (10)

wi; K Q. (11)

Under conditions (8) and (11) the dressed relaxation rates w;; and 7;;, modified by the environment,
can be expressed via the common relaxation constants (6) in free space and the spectral mode density
parameter 7; . m at the quantum dressed-state transition |¢,n) — |7, m). According to the schemes in
Fig. 1, we take into account only the spontaneous relaxation with rates A;; for all optical transitions
and for a high-frequency transition |3) < |2) (Fig.1b, ¢). We assume both downward (rate wi2) and
upward (rate wo;) relaxation for the low-frequency transition in Fig. 1a. Tedious but straightforward
calculation of (4) and (5) allows one to obtain the following relations:

1 Byg = &

W12 = 5 (Wienmzn + A1), 013 = 5 (WNesn + A30es0-1),
1 -1
W21 = 5 W217M,n32,n5 w31 = 5 W21ln3n,
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- 1 5 1
Wa2 = 7 A23n3 n2.n—1, Wy = 7 A2312.n:3.n—1;
B 1 _ 1 B B B B 1 _ 1 B B B
M2 =g Wt g (W21 + Wag + W12 + W13), T3 = g W3 +3 (W31 + W32 + Wiz + W12),
- . 1, . - . -
Y32 = 2wWa3 + 2 (W21 + Wa3 + W32 + W31). (12)

For the atomic system in a PBG structure, according to Fig. 2, we assume
M,n;2,n = Mn;3n ~ 1,
Mun2n—1 =~ Mp:3n—1 X N3p2n-1=1 <1,
* ~
mmn;3n—1 =1 ~ 1. (13&)
For the case of a confocal or concentric cavity, according to Fig. 4, we have a reverse situation when
Mn2n ~ Mn3n = Mn2n—1~ Nn3n—1~ N2n;3n—-1~ 1,

N3,n2,n—1 =1 > 1. (13b)
We simplify expressions (12) to the form that describes both cases:

- - 1 1
W12 = W13 = 5 (w12 + A13M n2n—1) = 5 w,
N - 1 ~ 1 B 1
W1 = W31 = 5 wai, W3z = Aoz, W23 = Aas,

- 1 B 1 +1
M2 =y (Ags + woy + 2w™), T3 = <A23 i 5 Twn + 2w+> ,

. 1 +1
2= g [21021 + Ags <2 + 1T 5 )] . (14)

The steady-state solution of (10), (14) has the form
pij =0,  iF#J;
wa1 w (w1 + Agzn)

P22 = ,
+1
(wa1 + 2wt) <w21 + Aos d )

U= T g

2

wh (wa1 + Agg)

+1\ °
(w1 + 2w™) <w21 + Aos 1 2 >

P33 = (15)

It is seen from (15) that if 1 # 1, there is a population redistribution among the dressed states.

Let us consider photonic crystal (see Fig. la and Fig.2) in the case of perfect PBG (n = 0) and
Agz > woy. Then population trapping at the dressed level |3) takes place. In particular, if wa; = wio
then p1; = 1/3, pog = 2w91 /(3A23) < 1, and p33 = 2/3. Population inversion at the dressed transition
[1,n) < |2,n — 1) can lead to amplification of the probe field o at the frequency wiz + Q. If the
frequency of the transition |2) < [1) is high such that ws; ~ 0 then we have full population trapping:
p11 = p22 = 0, and p33 = 1. This leads to transparency of the resonant transitions |2) < |1) and
I3) < |1) at the frequencies wis + 2 and wi3 + Q.
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In the case of a cavity, according to (13a) and (15), we have p1; = 0, po2 = n/(n+1), psz =1/(n+
+1). If p > 1 then we have population trapping at the level |2): oo = 1, p33 =~ 0, and transparency
of the resonant transitions |2) < |1) and |3) < |1) at the frequencies wiy — 2 and wy3 — Q.

Redistribution of populations among the dressed states |2) and |3) (fia3 # 0) corresponds to exci-
tation of the real part of the atomic coherence o3y (which characterizes the refractive index) at the
driven transition |2) < |3). It follows from (9) that

032 = (P22 — P33) /2. (16)

In the case of population trapping (p22 = 0 or pz3 = 0) the resonant coherence reaches its maximum
absolute value, |032| = 1/2. This is a rather rare example wherein atomic relaxation helps to prepare
atoms in an almost pure quantum state with the maximal possible coherence, 32 ~ /p22033.

Interaction of the probe fields o = p113E,/(2h) and § = pi12E3/(2h) with atoms at the transitions
|1) < |3) and |1) < |2) can be described by the equations

dos; 06 ) N 7 N o d&oy 05 7 N ) N o
— = —log31 — —= an3g1 — —= « — 031, —— =wlogg — —= ang] — — « — 021,
a 31 \/5 31 \/5 P32 — 7Y31031 a 21 \/5 21 \/5 P23 — V21021
Oa 1 O« CSa . . o 108 . S5 . ~
22 "¢ ot NG (G214 001), 22 "¢ ot ) (021 = 031) (17)

Here o and (3 are the Rabi frequencies of the probe fields, which are slowly varying functions of ¢ and z,
G31 = p31 exp(—iwiat) and a1 = po1 exp(—iwiat) are the optical coherences, slowly varying in the scale
of the bare frequencies. The low-frequency coherence pss and population differences n3; = p33—p11 and
Tio1 = pog — p11 satisfy the steady-state solution (15). The coupling constant s, = 27wi3 |i13]? No/(ch),
where Ny is the density of active atoms.

3. ATOMIC SYSTEM IN A PBG STRUCTURE

We first consider solution of equations (17) for the case of photonic crystal (Fig.1a and Fig. 3).
Seeking for a plane-wave solution of (17) in the form

{031(t, 2), Ga1(t, 2), at, 2) } ~ exp[—i (wt — k2)],

one can obtain the dispersion relation for the probe field a:

Ro = ﬂ - E Sa < s + et ) ) (18>

c 2 Y31 + 12+ 100 o1 — 12 + 004

where 0, = wq — wi3. The real and imaginary parts of (18), responsible for the probe field dispersion
and absorption respectively, are plotted in Fig.5. Figureba corresponds to the case of insufficient
intensity of the driving field, so that the transition |2, n) « [3,n — 1) (Fig. 2) still belongs to the PBG.
As a result, the atomic response is an Autler—Townes spectrum with two peaks of absorption at the
frequencies w3y + . When the Rabi splitting is such that the transition |2,n) < |3,n — 1) falls into
the dielectric photonic band (Fig. 5b), a qualitative alteration of the atomic response at the probe field
transition takes place: 1) within the range of the resonant transparency there is a refractive index
enhancement, and 2) the probe field can be amplified at the frequency w3z + 2 due to population
inversion at the dressed-state transition |1,n) < |2,n — 1) (but without inversion at the bare-state
basis). Slowing of the amplified pulse occurs due to steep normal dispersion. These results imply that
a novel method of controllable modification of the absorptive and dispersive optical properties of an
atomic system in a PBG structure could be implemented.
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Fig. 5. Dependence of dispersion (solid line) and absorption (dashed line) of the probe field o on detuning
0q = Wa — wig according to (18). All the parameters are normalized to the spontaneous relaxation rate.
The common values of the parameters are wis = wa; = 0,01, A1z = Asg = 1, n = 0,01; (a): Q© = 0,5,
all the dressed transitions belong to the PBG; (b): Q = 2, the transition |2,n) < |3,n — 1) falls into the
dielectric photonic band n ~ 1

4. ATOMIC SYSTEM IN A CAVITY

For the case of a confocal or concentric cavity we analyze amplification conditions for the probe
field 8 under the conditions of Fig. 16 and Fig. 4a. In equations (17) we assume s, = 0 and o = 0, and
seek for the plane-wave solution for 731 (t, 2), 21 (¢, z), and 3(t, z). The gain of the probe field 3 versus
detuning dg = wg — w12 has the following form:

53 31713 Y21712
kg = — | = . , + — . - . 19
T2 <|731+ZQ+256|2 Y21 —ZQ+Z56|2> (19)

This spectrum is a superposition of two Lorentz contours with extrema at the detuning 65 = £, i.e.
at the dressed transition frequencies wg = w12 = w12 + Q and wg = Wiz = wiz — 2 (Fig.4b). The
sign of population differences 13 and 712 between the dressed states defines whether amplification or
absorption takes place at the corresponding dressed frequencies.

The same procedure can be performed for investigation of amplification of two probe fields o and
(G under the conditions of Fig. 1¢ and Fig. 4b. Probe fields a and 8 have parametrical interaction via
the low-frequency coherence o3o. Since we are interested in the gain condition at the frequencies close
to one of two dressed transitions, the equations (17) can be simplified. Let us seek for the normal
waves in the vicinity of the frequencies wijy — Q and wiz — . We can deal with slowly varying (in
scale of ) quantities & = aexp(iQt — iQz/c), 3 = Bexp(i — iQz/c), 531 = G531 exp(iQt — iz /c),
091 = 091 exp(—iQt — iQz/c). In resonant approximation, assuming € > 4, the equations (17) take
the form

doogn . dogi @ (G- )i -

a V21021, a \/5 « n31 — V31031,

oa 1 da . Sa _ o 103 . sz _

- - —— = 9 R —_—_— = e . 20
8z+c ot Z\/5031’ 3z+c ot 2\/5031 (20)

The probe fields a and (3 resonant to the dressed transitions |1,n) < [3,n — 1) and |1,n) < |3,n)
(Fig. 4b) do not interact with the transitions |1,n) < |2,n — 1) and |1,n) < |2,n). They do not excite
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the corresponding coherence G2;. For normal waves
a31(t, z) = 031 exp(iwt — ikz), a(t,z) = aexp(iwt — ikz), B(t,z) = Bexp(iwt —ikz) (21)

one can obtain from equations (20) the following gain for two normal bichromatic waves with compo-
nents resonant to the transitions |1,n) < |3,n — 1) and [1,n) < |3,n):

n13 ni3
kK1(0 = Q) =84 — + 85 ——, 22a
i ) 251 0 2s1 (222)
Ka(6 = —Q) = 0. (22b)

The ratios between the components v and 8 in these two normal waves are
(a/B)1(0 = —Q) = —s4/53, (23a)

(a/B)a(6 = —) = 1. (23b)

At the frequencies of the other dressed transitions |1,n) < |2,n — 1) and |1,n) < |2,n) we have
respectively

gy, i, e a
10 =) = 4 o1 21 (242)
k(6 = —Q) = 0, (24b)
(/B)1(0 = Q) = 50 /55, (25a)
(@/B)2(6 = Q) = —1. (25b)

It follows from (22)—(25) that parametric interaction between the components o and (3 of the
bichromatic probe field can result in enhancement of absorption or amplification (if 713 > 0 or 199 >
> 0) in comparison with partial absorption or amplification of each component if an appropriate ratio
(23a) or (25a) between « and (3 is fulfilled. In this case the total gain of the bichromatic normal wave
is equal to sum of the partial gains of each component.

It should be noted that the condition 713 > 0 of amplification of the bichromatic optical field
could be met without population inversion at the atomic transitions resonant to the fields a and (
(p11 < pa2, p11 < ps3) if a few atoms are at the upper atomic level due to some incoherent pumping
process (Fig. 4b).

In the case when the ratio between the components « and [ corresponds to the second normal
wave meeting the conditions (23b) or (25b), the parametric interaction leads to suppression of absorp-
tion of the bichromatic probe field that corresponds to a novel type of electromagnetically induced
transparency.

The discussed effects of amplification without population inversion and electromagnetically induced
transparency occur due to parametric interaction between the components « and ( via induced coher-
ence at the low-frequency transition |2) < |3). In the dressed-state basis they have clear interpretation.
For instance, let us consider the normal waves defined by the conditions (23). The transitions |1,n) <
— |3,n —1) and |1,n) < |3,n) (Fig.4b) induced by the bichromatic normal wave are equivalent to
transition |1) « |3) (see [14-16]). The state |3) is a coherent superposition of bare states |2) and |3) (see
equations (9)) and the transition |1) < [3) causes interference of the corresponding bare transitions
|1) < |3) and |1) < |2). The probability of this transition, according to (9), is proportional to

2
(L713)7 = |5 {117]8) expliwonst) — (17]2)] = 7 | AP (26)
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If & = 3 the result is suppression of the transition |1) < |3) that means electromagnetically induced
transparency. If, according to (23b), s = s, and o = —f3, then the result of the interference of the
atomic transitions |1) < |2) and |1) < |3) is the enhancement of the probability of the transition
|1) < |3) and the enhancement of the gain of the normal wave.

5. CONCLUSION

We have shown the possibility of effective coherent control of the optical properties of atoms
embedded in a frequency-dependent environment such as a PBG material or a concentric or confocal
cavity. A rather «non-ideals PBG structure is shown to be able to provide strong dependence of the
absorption and dispersion of the probe field on the intensity and frequency of the driving field. This
is promising for the development of logic elements for optical computers and optical commutators,
etc. The probe-field amplification can be used for compensation of radiation attenuation in PBG-
based optical waveguides. We demonstrated a novel method of creation of electromagnetically induced
transparency and lasing without inversion in three-level atomic systems due to spectral modification
of environment.
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VIIK 539.184

ELECTROMAGNETICALLY INDUCED TRANSPARENCY WITH A TRAIN
OF SHORT PULSES IN Rb VAPOR

V. A. Sautenkov'?, Yu. V. Rostovtsev!, C. Y. Yel, M. O. Scully'3, and O. A. Kocharovskaya'*

We observe a transmission of radiation of diode laser in the mode-locked regime through the cell
containing optically dense Rb vapor under the condition when the hyperfine splitting of Rb is a multiple
to the modulation frequency.

INTRODUCTION

Coherent effects such as electromagnetically induced transparency (EIT) and coherent population
trapping (CPT) [1-5] attract a lot of attention because of their ability to suppress a linear absorption
of a resonant medium. Quantum coherence and interference phenomena have been shown to play an
important role in coherently driven media, yielding new techniques of high precision spectroscopy (6, 7],
metrology [8], nonlinear interaction with weak light fields at the single photon level [9-13], greatly
reduced phase matching requirements [14], large Kerr nonlinearities [15], etc.

CPT was discovered by Oriols et al. [16] who observed elimination of resonant fluoresence of
sodium atoms under the action of multi-mode dye laser when the frequency between modes becomes
a multiple of the hyperfine splitting. Later EIT was predicted in [17, 18]. The first theoretical works
were dealing with quasistationary regime (pulse train under the condition w., = m) and steady-state
regime (CW regime). EIT was first discovered in pulsed regime when difference of optical frequencies
was equal to wep, wo — w1 = wep. EIT has been successfully demonstrated under different experimental
conditions: in continuous wave and pulsed, regimes [17, 18|; with atomic and molecular gases (at room
temperature [19, 20| or at low temperature [21], with solids doped by rare-earth ions [22, 23] and
semiconductor quantum wells [24, 25]; for different wavelengths ranging from gamma-rays, optics to
microwaves [17-19, 26, 27].

Recently the frequency chain based on femtosecond lasers were developed [28-30]. One of new
approaches of realization of frequency chain is stabilization of pulse repetition rate by microwave Cs or
Rb standards [31]. By using the approach developed by Kocharovskaya and Khanin [1], it is possible
to create all optical reference frequency chain.

As was predicted in [1], a train of ultra-short optical pulses interacting with a three-level atom can
effectively excite coherence in lower frequency transition b—c (see Fig. 1) when the splitting between
lower levels b and ¢, is a multiple of the pulse repetition frequency, 1/T, namely, T = 27wpw o, where
p is number. Now if intensity of laser radiation is sufficiently high, the coherence is excited, and the
medium becomes transparent to the laser field.

In this paper, we experimentally show a possibility of EIT by using a mode-locked diode laser
generating train of picosecond pulses.

1. EXPERIMENTAL SETUP
The experimental setup is shown schematically in fig 1. We use a home-made actively mode locked

external cavity diode laser tuned to the vicinity of the 551/, — 5P;,; (D2) transition of 8TRb to
produce the train of short optical pulses. Spectral distribution of laser emission coveres hyperfine
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Laser diode MW generator

Ramp Scope
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~ P A4 L Rb cell L
7
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Fig. 1. Schematic of the experimental setup: P is the polarizer, A/4 notes a A/4-plate, L is the focusing
lens, SA is the amplifier, PD is a photo diode

components of Rb ground state, 55/, (wavelength 780 nm, ground state hyperfine (HF) splitting
3035,7 MHz).

The assembly is similar to the Littman—Metcalf configuration [32, 33]. It is a three-mirror cavity
that consists of the antireflection coated diode laser, a collimation lens, a diffraction grating and
external mirror. Spectral width of optical feedback is chosen as broad as 15 GHz which is consistent
with the HF splitting of 8®Rb. Mode separation is tuned by variation of the cavity length to 506 MHz
which is close to one sixth of the HF splitting (6th sub-harmonic). Mode-locked operation is achieved
by modulating the diode laser current near this frequency. When we changed the modulation frequency,
the repetition rate also changed. Typical pulses are shown in Fig. 2. The laser pulses are measured by
optical sampling oscilloscope. Time resolution of the oscilloscope is about 200 ps. One can see that the
duration of the observed pulses is defined by resolution of the oscilloscope. It is clear that the duration
of observed pulses is less than 100 ps.

The laser beam is sent into a glass cell (I = 2,5 cm) with natural abundance of 8"Rb and *Rb.
To increase the density of rubidium atoms the cell is heated to 60 °C. The cell is installed in a three-
layer magnetic shield. The transmission of the cell at frequencies close to ground state HF splitting
we recorded a beat-note signal. Signal from fast photodiode is send to spectro-analizer which worked
as narrow-band micro-wave amplifier, and signal from spectroanalizer was recorded by digital scope.
When modulation frequency is scanned around 506 MHz EIT resonance is observed (Fig. 3). The
average power is 200 pW, the EIT width is 1 MHz.

The amplitude of pulses propagating through the cell depends on the time duration between pulses
in the train. In Fig. 3, it is shown the intensity of the radiation passing through the cell vs the time
duration between pulses. One can see that when the time between pulses correpsonds to the HF

splitting, namely,
12
T="" M
Web

transparency of the cell is maximum, i.e. we observed EIT for the train of pulses.

This result can be easily understood by means of so-called “dark state”, a linear conbination between
sublevels of ground states which is decoupled from the external field. Indeed, the Hamiltonian of system
in the interaction picture is given by

V = Q1 (t) [b)(a] + exp(ipwest)Q2(t) c)(al +h.c., (2)
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Fig. 2. Train of pulses generated by diode laser is
shown. Duration of pulses is 200 ps (determined by
resolution of oscilloscope). Period between pulses is
about 2 ns which is six times larger than a period of

frequency, MHz

Fig. 3. Transmission (in arbitrary units) of laser radi-
ation vs frequency of repetition rate for short pulses.
Repetition rate changes around 506 MHz, which is
one sixth of the HF splitting (6th sub-harmonic)

oscillation of the coherence between sublevels of the
ground state

where Q1 (t) = papE(t)/h and Qa(t) = pacE(t)/h are the Rabi frequencies of ; pqp and g4 are dipole
moments of corresponding transitions; A is the HF splitting; E(t) is the laser field. The field is periodic,
so Fourier transformation can be made. The Hamiltonian can be rewritten as

= 3" explipQt)Quy [ al + Qap explipwant) ) (a] + h.c., (3)
p

where (2 is the frequency corresponing to the time between pulses Q = 27 /T'; Q1,, and g, are the Rabi
frequency corresponing to pth and qth Fourier component of the field.
Let us assume that repetition rate of pulses is a multiple to the HF splitting as

Wep = QQ, (4)

then the Hamiltonian can be rewritten in the form

V=> exp(ipQt) ,/Q2 + 93, |Bp)al +hc, (5)
p

where we introduce states

Q)+ Do)

2 2
0, + Q50,10

| Bp)

If the pulses are short, then the states are the same,

|Bp) ~ |B), (7)
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and it is a bright state which is driven by a train of pulses with effective Rabi frequency

— /02 2
Qeff - le + QQ(p+Q) ) (8)

the orthogonal states to the bright one are the excited state |a) and the dark state given by

Q by — Q
’D) _ 2(p+Q) ’ > 1p ‘C) 7 (9)

2 2
le - Q2(p+Q)
the former is decoupled from the electromagnetic field. And the system interacting with field ends up
into this state and does not absorb radiation.

2. DISCUSSION

We have shown that a train of short pulses induces atomic coherence in a dense medium, and this
coherence leads to electromagnetically induced transparency. The width of EIT resonance is determined
by the relaxation rate of coherence between states |b) and |¢), and it would be dramatically reduced
if an appropriate Rb cell with a buffer gas would be used. In literature the observation EIT width
below 40 Hz is reported in [7]. It confirms that mode locked lasers can be used to induce narrow EIT
resonances, and on the next step the repetition rate should be locked to the EIT resonance.

Narrow transparency resonances obtained here with a train of short pulses can be used for the
most applications where EIT has advantages, for example, magnetometry [34, 35|, atomic clock [36],
development of a miniature vapor-cell atomic-frequency reference [37], etc.

3. SUMMARY

In summary, a new technique based on mode locked laser was applied to observe narrow EIT
resonance in Rb vapor. This technique can be used for realization of all optical reference frequency
chains by using femtosecond lasers. Another application can be realization of compact atomic clock.
In this case a fiber may be used as external cavity.

This paper is dedicated to Yakov I. Khanin, our teacher, colleague and friend. His ideas and insights
will remain a source of inspiration for us and for many scientists working in the fields of research he
initiated and pioneered.

We thank George R. Welch for useful and stimulating discussions. This work was supported by
the Office of Naval Research, the Air Force Research Laboratory (Rome, NY), Defense Advanced
Research Projects Agency-QulST, Texas A&M University Telecommunication and Information Task
Force (TITF) Initiative, and the Welch Foundation.
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VIIK 535.2

SAIMNCH N1 CHUTBIBAHNE UHTEHCUBHBIX OIITUYECKUX
NMITYVJIbBCOB HA OCHOBE MHAYIIMPOBAHHOU ITPO3PAYHOCTN

B. I Apzunwun *, B. II. Tumogpees ?, U. B. Tumogpees >

Vcenenyercst 3dbdeKT npocTpaHCTBEHHON JIOKAIN3aIMKA ATOMHON (paMaHOBCKON) KOMepEHTHOCTH Ha 3a-
MPEIEHHOM TIepexojle TPEXYPOBHEBOI'O ATOMA JJIs JIBYX WHTEHCUBHBIX ONTHYECKHUX UMILYJILCOB, KOIJA Ya-
crorel Pabm B3amMOIefCTBYIONUX UMITYJIBCOB CPABHUMBI 1O BeamdnHe. [Ipenaraercss ncmonb3oBaTh 3d-
dEKT JIJIsT KOPEPEHTHOM 3aIllMCh WHTEHCUBHBIX CBETOBBIX UMITYJIbCOB. OOGCYXKIAIOTCS Pa3IUIHbIE BAPUAHTHI
CUNTHIBaHUs (BOCCTAHOBJIEHWS) 3AMMCAHHOTO MMILYJIbCA.

BBEJEHWNE

Konremnmust aroMHO# KONePEHTHOCTH M KBAHTOBON MHTep(EPEHINY 10Ty Ynjia PA3BUTHE BO MHOIMX
06J1aCTAX KBAHTOBOW M HEJIMHEHHOM ONTHKHY, JIa3epHOil bu3nKn, KBAHTOBOH XUMUK U JIp. DbQEKTH,
00yC/IOBIIeHHBIE KBAHTOBOMN MHTep(dEpeHIneil, MPOsIBIISIIOTCsE OCOGEHHO sIPKO, KOTJIa ATOMbBI HAXO/ISITCS B
KBAHTOBOI CyIIEPIO3NINY JABYX SHEPreTHIECKUX COCTOSIHUN. BemecTBo B TAKOM COCTOSIHHN HA3bIBAIOT
dazonmem [1]. Cpeja, cocrosimasi U3 TAKAX aTOMOB, CTAHOBUTCSI KOTEPEHTHON ¥ 00Ja/1aeT HeoObItu-
HBIMU CBOWCTBAMU, MHOIUE U3 KOTODPBIX HPOTUBOPEYAT MHTYMTUBHBIM IIPEJICTABJIEHUsIM. Beriectso B
KOI'€PEHTHOM COCTOSTHUM MOYKHO IOJIYYIHTb, WCHOJIB3Ysl TAKHe SIBJICHUs, KAK KOIN€PEHTHOE IICHEHUEe
HACEJIEHHOCTEN Wi auabaTuiecKuil IepeHoC HACEJIEHHOCTH, KOTOPbIe NMEIOT MECTO IIPH B3auMoJIeii-
CTBHU JIBYX KOTEPEHTHBIX ONTHIECKUX MMILYJIbCOB C TPEXYPOBHEBOII KBAHTOBOM cucremoil (puc. 1). Du
5 dEKTl IPUBOISAT K JIEKTPOMAIHUTHO-UHJLY IMPOBAHHON IIPO3PAYHOCTH.

flBitenne 1€KTPOMArHUTHO- MH Ly IMPOBAHHON IIPO3PAYHOCTH ¥ €r0 IIPOsIBJICHHST Ha MaKPOCKOIHIe-
CKOM yPOBHE aKTUBHO UCCJIEIYIOTCs (CM., Hanpumep, 0630psl [1-6]). [Tpu s1ekrpoMarHuTHO-UHY IIPO-
BAHHOI [PO3PAYHOCTH M3HAYAJILHO ONTHYECKH IUIOTHASI CPEJla CTAHOBHUTCS [IPO3PATHON B 00JIACTH OJI-
HOOTOHHOI'O PE30HAHCA, IIPH FTOM JUCIIEPCHsI IOKA3ATe sl IPEJIOMIIEHNS] CUIIBHO yBeJIMIMBaeTcst. B pe-
3yJIbTATE 3aKOHbI PACIPOCTPAHEHHsI CBETOBLIX MMITYJILCOB Kap/MHAIBLHO H3MeHsiorcst [7-16] (cormaco-
BAHHBIE MMILYJIbChI; UMILYJIbCBI, «OJleThiey 1ojieM; ajnabaronsl). OqauM u3 Haubosiee sipKUX IIPUMEPOB
ABJIETCSA BOBHUKHOBEHIE THTAHTCKOro yMenbinenus (10 107 pas u 6osee) rpymioBoil CKopocTH ITpobHO-
ro umiryJsisca [4, 5]. Takoe cBepxMme/jIeHHOE pacIpocTpaHeHne cBeTa («MeJJIeHHbIH cBeT» ) yKe HabJIo-
Jlam B aroMapHoM raze [17, 18], Tépmom rete [19] u 603e-kongencare [20]. IIpn rpynmoBeix CKOpoCTsiX
1+100 M/c HpOUCXOAUT CUJIbHOE IIPOCTPAHCTBEHHOE CKaTue MPOOHOIO UMILYJIbCA, B PE3yJIbraTe dero
OH JIoKasu3yercs B cpejie [5]. VI3MeHsisi MHTEHCUBHOCTD yIPABJISIIOIIETO MMILYJIbCA, MOKHO YIPABJISATH
IPYIIIOBON CKOPOCTBIO IIPOOHOIO MMILYJIbCA BIUIOTH JIO €r0 «OCTaHOBKH». Ha ocHoBe sroro siBienust
[PeJIJIOZKEH HOBBIN MEXaHU3M KBAHTOBON IIAMSITH, OCHOBAHHBIN Ha KOI€PEHTHO 3allMCH U CUUTHIBAHUK
cgeta |5, 21-23|. B mamux paborax [14, 24| 6b1710 HOKA3aHO, YTO B AHAJOTMYHBIX YCIOBUSX HMEET Me-
CTO IIPOCTPAHCTBEHHASI JIOKAJIN3AIHsI B CPeJie ATOMHOM (PaMaHOBCKOMN) KOMePEHTHOCTH, KOTOpasi HeCeT
HHQOPMAIIIO O B3aNMO/EHCTBYIOIIX UMITY/IbCax. TakKe IPOJIEMOHCTPHPOBAHA BO3MOKHOCTD DEBEp-
CHUBHO 3aIIMCU U CYUTBIBAHUSI IPOOHOIO (CUTHAJILHOTO) MMILYJIBCA.

B nurupoBaHHBIX paboTax Ipe/IOIarajoch, YTO HIPOOHBIH (CHIHAIBHBIN) MMILYJIBC 3HAUATEIHHO
cinabee, yeM yupasisiioruii. Ero MHTEHCHBHOCTH TAKOBa, YTO HACEJEHHOCTH YPOBHEl, ¢ KOTOPBIMU OH
B3aNMOJICHCTBYET, CIMTAETCS MPAKTUIECKH HEM3MEHHOM, TO9TOMY 3a/iada PacCMaTpUBAJIACh B JIMHEH-
HOM HPUOJINKEHUHU 110 IIPOGHOMY IIOJIIO, & yIPABJISIFONIUI UMITYJIHC CUUTAJICS 3a/IaHHBIM (HEN3MEHHbBIM )
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6) 8)

|0)

Puc. 1. TpéxypoBHeBBbIe ATOMBI PE3OHAHCHO B3aUMOAEHCTBYIOT C ABYMsI OHTHYECKHMU UMITyIbcaMut; G —
vacrora Pabu npoGHOro nmiryibea, Ge — yIpaBJIsiOIEero uMiyiabea; |0) u |2) — 0oCHOBHOe U MeTacTabuIb-
HOE COCTOsIHUsI COOTBETCTBEHHO, |1) — mpomeskyTouaHOe (BO30YKIEHHOE) COCTOSTHHE

IIp¥ pacrpocTpaHeHun B cpene. B mammoit pabore obcykiaercs ciydail, KOrja MHTEHCUBHOCTH B3a-
UMOJIEHCTBYIOIINX UMITYJIbCOB CPABHUMBI, & UX JJIATEILHOCTA MEHDIIE BCEX BPEMEH PEIAKCAIIUU Cpe-
JIbl. 371eCh HEJIMHEHHOCTD CPEJbl 110 OTHOIIEHUIO K ITPOOHOMY MMITYJIbCY CTAHOBUTCSI BayKHOW, U 3TO
MOXKET IMPUBOJIUTH B U3MEHEHUIO O0OMX WMMITYJILCOB B IIPOIECCE PACIpPOCTpaHeHus. PaccMaTpuBaoT-
cst e BoaMoxkHOCTU. IlepBasi ocHOBana Ha 3ddeKTe KOrepeHTHOro IieHeHus: HacesjéHuoctu |1, 2],
KOTOPBII MMeeT MeCTO JJjIsl ITOC/Ie0BATEIbHOCTA UMITYJIbCOB, M300parkEéHHOI Ha, puc. 16. 31ech -
TEJIBHOCTH YIIPABJISAIONIEr0 UMITYJIbCa O0JIbIle IPOOHOT0, & UX MAaKCUMAJIbHbIE 3HAUCHUS JOCTUTAIOTCS B
OJIMH ¥ TOT K€ MOMEHT BpeMeHu. Bo BTOpoM citydae UCIOIb3yeTcs siBjeHne aanadaTuaecKoro nepeHo-
ca HACEJEHHOCTH, KOTJIA UMITYJIbChI UMEIOT OJIMHAKOBYIO JJINTEIHLHOCTh, HO YaCTUIHO EPEKPHIBAIOTCS,
IPUYEM YIPABJISIONMA UMIIYJIbC BKJIIOYAETCS M BBIKJIIOUAETCS paHblile, yeM HpobHbiil (puc. 16). Ta-
KYIO [TOCJIEJI0BATE/IbHOCTD UMITY/ThCOB HA3BIBAIOT KOHTPUHTYUTUBHOM, a sIBJIEHUE — CTUMYJIUPOBAHHBIM
paMaHOBCKMM ajuabarudeckum 1poxoxkjenneM [6]. C maremarndeckoit Touku 3penust oba sbdexra
ONHUCBHIBAIOTCS OJIMHAKOBO, T. K. OHU UMEIOT OJIHY U Ty 2Ke NpUpoiy. Pazjmane MexKy HUMU COCTOUT B
TOM, UTO TOCJIe OKOHUYAHUS JIEHCTBUS UMITYJILCOB B IIEPBOM CJIyYae aTOMHAs IMOJICUCTEMa BO3BPAIIAETCS
B UCXO/iHOE (OCHOBHOE) COCTOSIHKE, TOTJIa KAK BO BTOPOM CJIydae GOJIbIIasi 4acTh aTOMOB OKA3bIBAETCSI
B COCTOSIHUU |2), HO B 000UX CJIy9asix BOSHUKAET 3JIEKTPOMArHUTHO-UHIYIIMPOBAHHAS TIPO3PAIHOCTD —
HUMIIYJIBCHI He MOIJIOMIAIOTCS Ha PE30HAHCHBIX MIEPEX0IaX, ¢ KOTOPBIMUA B3aUMOIEHCTBYIOT.

B apmabaruueckom npub/IMKEeHUU MPOCTPAHCTBEHHO-BPEMEHHAST IBOJIIONUS KOPOTKUX UMITY/IHCOB B
YCJIOBUSX KOT'€PEHTHOI'O IIJIEHEHUsI HACEJIEHHOCTU U a1nabaTUIecKOro IMePeHOCa HACETEHHOCTA U3y da-
Jach B paborax [14-16]. B mannoit pabore Mbl obpaiaeM BHIMaHUE HA 93DDEKT TPOCTPAHCTBEHHOI J10-
KaJIM3allii ATOMHON (PaMAHOBCKOI) KOrepEeHTHOCTH ¥ [PEeJIJIaraeM ero UCHOJIb30BaTh JJIsi KOPePEeHTHOT
3aIlCUA UHTEHCUBHBIX CBETOBBIX UMITY/IbCcOB. OCHOBHAsI UJies 3aK/I049aeTcs B caeayomeM. [Ipu pacipo-
CTPAHEHUU UMIIYJIbCOB B CPEJIe, COCTOAIIEN U3 TPEXYPOBHEBLIX ATOMOB, B YCIOBHUSIX JIEKTPOMATHUTHO-
WHIYIIIPOBAHHON ITPO3PATHOCTH OJHOBPEMEHHO C IEPEKATIKON SHEPIUN MPOOHOT0 UMITYIbCA B YIIPAB/Is-
IONIUI B Cpejie MHIYIIUPYETCsi ¥ TPOCTPAHCTBEHHO JIOKAJIU3YETCS ATOMHAsI KOTEPEHTHOCTh, HABEJIEHHAS
Ha JIUIOJIBHO 3ampentéHHoM repexose |0)—|2). Eé upocrpancreeHublil npoduib coaepKuT nHGopMa-
[0 O B3aUMOJIEHCTBYOIINX UMITYJIbCaX. MCIn MOC/aTh MPOMIEIITHil yIIPABISIONINI UMITYJIEC 0OPATHO
B cpedy, OH OyJeT paccemBaThCd HA ATOMHONW KOTePEHTHOCTH, W B Pe3yJbTaTe BO3HUKHET HMMITYJIbC,
HO/IOOHBIN (TIPU ONPEJIC/IEHHBIX YCJIOBUSIX — WJIEHTUYHBI) TPOOHOMY uMIlyJibCy. B omimume ot |21,
24| 31€Cch MBI CUUTAEM, YTO YaCTOThl Pabu B3anMOIEHCTBYIONMX UMIIYJIHCOB CDABHUMBI 110 BEJIUIHHE.
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Taxxke O6Cy)KILaIOTC${ HEKOTOpPbI€e BapuaHTbhl CINTLIBaAHM A (BOCCT&HOBJIGHI/ISI) 3allMCAHHOI'O UMITYJILCA.

1. BAIIVNCH 1 CHUTBIBAHUE JIABEPHOI'O NMIIVJIBCA HA OCHOBE
JMHAMMNYECKOT'O KOTEPEHTHOT'O IIJIEHEHUS HACEJIEHHOCTH

Cuavajia paccMOTpUM CiIydaii, n300pazkKeHHbIil Ha puC. 16, KOrja UMILY/IbChl TIOJIHOCTHIO TI€PEKPbI-
BAIOTCS M MX MAKCUMYMbI COBIQJAIOT. VIMIIy/IbChI PACIPOCTPAHSIIOTCS B OJHOM HAIIPABJIEHUU BJOJIb
ocu z. Yposuu |0),|1) u [1),|2) cBasbiBatoTcss TpoOHBIM (cHrHAIBHBIM) nMiyibcoM G, = [Gp(t)/2] x
X exp|—i (wpt — kpz)| + K.c. u ynpassmonum nmiryabcoMm G = [Ge(t)/2] exp[—i (wet — kez)] + x.c.
coorBercTBeHHO. IIpe/nonaraercst, 4To AIUTEILHOCTH UMILYIbCOB T, 1 T MHOIO MeHbIIe BCEX BPEMEH
penakcanun aroma u T, < T¢. Ilepexorn |0)—|1) aumombro 3ampernén (Hepa HaIliOHHbII).

VYpasuenusi Maxcsesia—IIIpéuarepa B cucreMe KOOPAMHAT C JIOKAJIBHBIM BpeMeHeM T = t — z/c
HMEIOT BH/L

Odag da

9
5o = iGha, —aa: = iGlay, —871 = iGpaq + iGeas, (1)
oG . . 0G. . «
—azp — ZKpa’la’O? az = ZKCa1a2. (2)

YpaBHEHHU: 3alUCAHDL B IIPE/IIOIOKEHNH HYJIEBBIX OMHO(DOTOHHBIX OTCTPOEK: we—wig = 0, wp—wi2 = 0,
rJie wip U wiz — YaCTOTHI IIE€PeX00B Mezk Ly yposusimu [1), |0) u [1), |2) coorBercrBento; ag, a; u ag —
aMILINTY bl BEPOSITHOCTEH COOTBETCTBYIONUX cocrosiuuil; Gy, = digEp(t)/(2h) u G = do1 Ec(t)/(2h) —
gacToThl Pabu, 3asucsamue or spemenu, Ey, 1 E. — aMIumTy/ibl TPOOHOIO M yIPABJIAIOIIETO UMITY/Ih-
coB; K, = mwp [dio|> N/(he) n K. = 1w |d12|? N/(he) — xosdbdunments! cBsasu (j1j1s IpoCTOTH 1ajiee
Oynem paccMarpuBaTh cirydait K, = K. = K); N — aromnasi koHIleHTpaimst, dig u di2 — MaTpUIHbIe
97IEMEHTBI JIEKTPUYECKOTO JIUIOJIBHOIO MOMEHTA, Wy, We U kp, ko — HeCyIipe 4acTOTbI U BOJIHOBBIE
uncia (B BaKyyMe), ¢ — CKOPOCThb CBeTa B BakyyMe. Bce aToMbl M3HAYAILHO HAXOJSTCH B OCHOBHOM
cocrostun |0): ag(—00,2) = 1, a1(—00, 2) = ag(—00,z) = 0. s 9NCI€HHBIX JIEMOHCTPAINIT HCIONb-
3yeTcst rayccoBa (hopMa HMILYJIbCOB Ha BXOJe B cpey (mpu z = 0).

B ajguabarndeckoM Hpub/IMKeHUH ¢ yYETOM HeanabdaTudecKol moupaBku perieHue cucreMbl (1)
MMeeT BUJL

ap ~ G.(1)/G(T), ay; ~ G;l (G./G)/or ~ -G 9(G,/G) /o, as = Gp(1)/G(71), (3)

roe G =,/ G% + G? — o6ob6meénnas uacrora Pabu. B obmem cirydae Gp n G 3aBUCAT OT KOODJMHATEI

z. Kpurepuem npumeHnmocTy auabaTndeckoro mpubsinKeHus sBJseTcs HepaBeHCTBo [9-11]

‘Gp IG. /01 — G 0G, /0T

o <1 (4)
C yuéroM pacupocTpaHeHHsl UMILYJIbCOB KpUTepuil ajmabaTuaHOCTH IpoaHaau3upoBad B [14], rue, B
JACTHOCTH, 1OKa3aHO, 4TO B ciaydae K. = K, yciaosue (4) B mporecce pacpOCTpaHEHHs HMILYJIbCOB
COXpaHdAeTCsl, €CIU OHO BBIIIOJIHEHO Ha BXOJe B CPey.

Pertenust iyt aMIinTy 1, BEPOSTHOCTH YA00HO IIPEJICTABUTD B BHUJIE

ag = cos[0(1)], ay = —sin[6(7)], a1 = (G.Gp — GpGe)/G® = 0/G, (5)

rie yron emerrennst 0(7) onpenensiercs coornontenuem tg[0(7)] = G (7)/Ge(7), § = 90/07.

s (4) u (5) crenyer, uro B ajuabarudyeckoM npexene |ai| = |§/G| < 1, T. e. macenénmocTs
[POMEZKYTOYHOTO COCTOSIHUsL OJIM3Ka K HYJII0 Ha [POTSKEHUU BCEIO B3aMMOJEHCTBHsI. DTO O3HAUAET,
410 morvomenue Ha nepexogax |0)—|1) u |1)—|2) npakTHYeCKH OTCYTCTBYET.
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Ucnonwsyst (5), ypasHenust (2) ya1o6HO 3aimcarTh B ciiejyoreii dhopme:
0G0z = —K,cos0(G) /0,  0G./dz = K.sin0(G)/6. (6)

Ilpn K, = K, = K obobménnas qacrora Pabu G(7,z) ne 3aBucut or koopausarsl z: G(7,2) =
= G(7,0) = Go(7) [14]. D10 ycnoBue coBnaaer ¢ onpeiesieHueM UMITYJILCOB, «0eThix» noseM (dressed
field pulses) [8]. B arom ciyuae 6(7, z) yuoBiaeTBopsieT CIeyiONeMy yPaBHEHHIO:

90/97 + (G2(1)/K)80/0z = 0. (7)
Pemenne ypasuenns (7) umeer Buj
0(r,2) = 00[27" (Z(r) - 2)), (8)

rne Z(t) =K' [T G?*(0,7/)dr’, Z7'(r) — obparnas x Z(1) dynkuus, g = 6(t,z = 0).
3nas 0, moxkno Haiitn G, G 1 aTOMHYIO KOT€PEHTHOCTD P20 = (20"

Ge = G cos¥, Gp = Gsin, 9)
p20 = —sin[26(r, 2)]/2. (10)

Ha puc. 2 nokazana mpocTpaHCTBEHHO-BPEMEHHAsT SBOJIIONIS HOPMUPOBaHHO# YacToThl Pabu mpob-
HOTO mMITyJbca g, = Gp1, U aTOMHON KOTePEeHTHOCTH p2p IO Mepe PACIpPOCTPaHEHUs HMITYJILCOB B
cpene. [Ipu pacupocrpaneHnn IPOOHOIO UMITYJIBCA €10 AMILIUTY/ A TOCTEIIEHHO YMEHbINaeTcs, a hopma
orubaroIeil M3MEHSIETCST U CTAHOBUTCSI HECUMMeTPHYHOH. [Ipn 3ToM 4YacTh ero sHepruu IepekadnBa-
eTCsl B YIPABJISIONUI UMITYJIbC, & YaCTh 3allacaeTCs B aTOMHON KOT'€PEHTHOCTU pop, KOTOPAas HUMeeT
XapaKTepHOe ITPOCTPAHCTBEHHOE PacIpeiesIeHue.

Takum obpazoMm, 1O Mepe PacupoCTpaHeHHs BPEeMEeHHAs Orubarorias TPOOHOI0 UMITYJIbCA TPAHC-
dopMupyercs B IPOCTPAHCTBEHHOE PACIIPeIeIeHIne KOTePEHTHOCTH B cpejie. [109ToMy MOXKHO MOBOPUTH
O MPOCTPAHCTBEHHON JIOKAJIU3AIUN ATOMHOIW KOT€PEHTHOCTU B Cpefie, IPUIEM e€ IPOCTPAHCTBEHHBII
poPUIb COAEPXKUT MH(POPMAIMIO O B3aUMOJAEHCTBYIONUX UMITY/IbCAX. AMIIIUTYAa U 00JIaCTh JIOKA-
JIN3AIUN 3aBUCAT OT COOTHOIIEHUST aAMILTUTY T, Gg u GO ummynabcos Ha BXoze B cpey. MaxkcuMaiibHast
AMILUIATY/Ia P9y JOCTUTAETCsI, KOIJIa Gg = GY. Tlpn Gg < GY obnacTb TPOCTPAHCTBEHHOI JTOKATI3a-
I MUHUMAJIBHA U BO3PACTAET C yBEJIUIEHHEM Gg, IpUIEM 3aMETHOE yBeJIUIeHNe TPOMCXOUT, KOTIa
AMILIATY 1A, Gg cTaHOBHTCs cpaBHEMOi ¢ GY.

DTO sIBJIEHHE IIPEJJIAraeTCsl UCIOJIB30BaTh JJIs 3alllCA W XPAHEHUsI IIPOOHOI0 UMITYJIbCA B CPeJie
HOCJIE LY IOIIUM CYUTBhIBaHueM (BoccraHoBjieHneM ). 1oy 3anmchbio moHnMaT npeobpasoBaHue IPOOHOIO
(CHIHAJIBHOIO) UMILYJIbCA B ATOMHYIO KO'€PEHTHOCTH (HeMAarOHAJIbHbIN 3IeMEeHT MAaTPUILbI ILJIOTHOCTH
020), BPEMsI JKU3HU KOTOPOIi OIpEJIesIsieTCsl BpEMEHEeM €€ PeJIaKCAIUU U MOXKeT COCTABJISITh HA HEPaJIi-
AIMOHHBIX (JMIOJILHO 3allPEIIEHHbBIX) [Iepexoax OT MUKDPO- J0 MUJUIMCEKYH/| U GoJiee.

CunrbiBanre (BOCCTAHOBJIEHHE) 3AlMCAHHOIO IPOOHOIO MMITYJIbCA MOXKHO OCYIIECTBHUTD, I10JIaBasI
Ha BXOJ[ CpeJbl PO YIIPABJISIONIANA UMITYJIbC, KOTOPBIA Oy/eM Ha3bBaTh cuuThiBaromumM. OH
paccenBaeTcsi Ha aTOMHOU KOT'€PEHTHOCTH, (pOPMUPYsI HA BBIXOJE UMITYJIbC, [TOJIOOHBII CUTHAJIBHOMY.
Takum obpasom, nMeeT MeCTO OOpaTHOEe MpeodpasOBaHWe aTOMHOII KorepeHTHOCTH B cBeT. Ha pmc. 3
n300parkeHbl 3aBUCUMOCTHU 9acTOT Padu poOHOro 1 BOCCTAHOBJ/IEHHOI'O UMITYIbCOB OT HOPMUPOBAHHDBIX
BPEMEHU 1 KOOPJMHATHI (pHC. 3a), a TaKKe [OBEJIeHNe HeIMarOHAIBLHOIO SJIEMEHTa MATPUIIBI IJIOTHOCTH
(puc. 36) npu 3amucu u cunTbiBanuu. CUUTAHHBIA UMILYJIbC 11000eH pobHOMY. OTMETHM, YTO BpeMst
3aJIEPKKHU CUUTBHIBAIOIIET0 UMITYJIbCA JOKHO OBITH MEHBIIIE BPEMEHU KU3HU KOI'€PEHTHOCTH.

I[Tporiece cunThIBaHMS OLUCHIBACTCS ypABHEHUsIMU, aHAJOrnIHbIME (1) 1 (2), HO HaYaJIbHBIE U I'Da-
HUYHBIE ycaoBust 3agatorcs B Buge Gp = 0, G. = G¢(7) Ha rpanurne cpeast z = 0, a yrosn cMelrnenus
0o = 6p(z) B MOMEHT BpeMeHH, COOTBETCTBYIONIMI HAYATY CUUTHIBAHMUSL.
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Puc. 2. IIpocTpaHCTBEHHO-BPEMEHHAST 3aBUCUMOCTh HOPMUPOBAHHOMN dacToTsl Pabu g, = Gp1}, npobHO-
ro uMmnysbca (@) U aTOMHOM KOTE€PEHTHOCTH pag (6) IIPU PACIPOCTPAHEHUM MMITYJIbCOB B cpene. IIpo-
CTPAHCTBEHHBIN TPOMUIHL pog HEeCET mHpOopManmio 00 nMmmyabcax. Ha rpanunie cpenpt z = 0 aMIuinTyIst

, 0 _ 0 _ P _
UMILYJIBCOB g, = ¢, = 10, a orHOIIeHMe JymTesbHOCTEN HMILYIbCOB T </Tp = 3. 3mecy u masee Bpe-
MsI M3MEpSeTCS B €IUHUIAX IJTUTEILHOCTH MPOOHOTO MMITYJIbCA, & KOODAWHATA — B IJIMHAX JIMHEHHOTO
TTOTJIOTITEHU S
a) 6)
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Puc. 3. IIpocTpancTBeHHO-BpeMeHHAS SBOIONUA HOPMHPOBaHHON wacToTsl Pabu g, = G,1,, mpobnoro
uMIyJbca (a) 1 aTOMHOM KOrepeHTHOCTU poo (6) upu 3anmcu u caurbiBadud. CUUTHIBAIOIAH UMILYJIbC
HOJIAETCs B TOM 2Ke HAIPABJIEHUH, YTO U yIPABJILIOMUil (3aIMChIBaIONInii )

a) 0)
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Puc. 4. IIpocTpancTBeHHO-BPEMEHHAS 3aBUCHMOCTS HOPMIPOBAHHON JacToTEl Pabn g, = Gp1}, mpobnoro
umMIyJbca (a) 1 aTOMHOM KOrepeHTHOCTU poo (6) upu 3anmcu u cauTbiBadud. CUUTHIBAIOIAA UMILYJIbC
I0/Ia€TCsl B HAIIPABJIEHUH, IIPOTHBOIIOJIOXKHOM HAIIPABJIEHUIO P 3AIUCH

C‘II/ITBIB&IOH.IHP’I I/H\’IHyJ_H:)C MO2KHO IIOCBLJIaATb W B HallpaBJICHUM, IIPOTHUBOIIOJIO?KHOM TOI\Iy7 KOTOpoOe
610 TIpH 3ammch. [l 9TOro Ha BBIXOJE CPeIbl JOCTATOYHO IIOCTABUTHL 3€PKAJIO, OTpazkalollee Ipo-
HIeIHN YIPABJIAIONNE UMITY/Ibce Haza . OTpaykKéHHbIH UMIYJILC U OyjleT UI'PaTh Pojib CYUTLIBAIOLIe-
o I/IMHyHbca. EFO paccedgHne Ha aTOMHOII KOT€PEHTHOCTU TaK2Ke BeﬂéT K perenepanumn CUI'HaJIbLHOI'O
umiyabea. OjHako B 9ToM cirydae 3¢bdeKTUBHOe BOCCTaHOBJIeHne TpebyeT, 9ToObl HecyIe JacTOThI
I/H\’IHyJ_H:)COB OTJINHAJINCh HESHAYUTEJIBHO. B TaKOM BapuaHTe ITPOIEeCC CUYUTbIBaHHA TaK>Ke OIIMCBhbIBaeT-
cst cucremoit ypasuenuii (1) u (2), onnako renepsb nog G u G, clejyer HOHUMATH CUMTHIBAIOIHI 1
BOCCTAHOBJIEHHBIII MMITYJIbCBI, & 1I0J 2 U T noapasymesaior z' = L — z, 7/ =t — 2’ /¢ coorBercTBeHHO,
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Puc. 5. IIpocTpaHcTBeHHO-BpEMEHHAsT 3aBICHMOCTb HOPMHUPOBAHHOI dacToTel Pabu g, = G, npobHo-
ro uMmIysbca (a) W ATOMHON KOTEPEHTHOCTH pag (6) IIPM PACIPOCTPAHEHHH WMILYJILCOB B cpene; T —
JJIATEJIbHOCTb UMILYJIbCA, gg =g2=20
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Puc. 6. IIpocTpancTBEeHHO-BpEMEHHES 3aBUCHMOCT HODMHUPOBaHHO# YacToTsl Pabu g, = G,1 npobrOro
UMITyJIbca (@) M ATOMHON KOTEPEHTHOCTH pog (0) IIPH 3aIlCH U CUATHIBAHUU. B KadeCcTBe CYMTHIBAOIIE-
'O UMITYJIbCA UCIOIB3YeTCs MPOIIEANTNN Yepe3 CPely YIPABJISIONINl UMITYIbC, OTPaKEHHBIH 0OPATHO C
TIOMOTIBHIO 3epKaJIa

rae L — mimHa cpenpl. I'paHudHbIe YCIOBHSA I TI0JIeH 3aJal0TC B BBIXOIHOM ILIOCKOCTH CPEIbI 2 =
= L: cuuTbiBaeMoe IoJjie PaBHO HYJ/IIO, & B KAYeCTBE CYMTBIBAIOIIErO IOJs BLICTYIIAET OTPasKEHHOE B
00paTHOM HAIPABJIEHUN YIIPABJISIONIEE TIOJIE.

[TpocTpancTBEHHO-BpEeMeHHAasl SBOJIIOIUS ATOMHON KOMePEHTHOCTH U 9aCTOThl Pabu mpobHOro u cuu-
TAHHOTO MMILYJILCOB B IIPOIECC 3allUCH U CYUTBHIBAHMSA B JIAHHOM BapuaHTe NoKasaHa Ha puc. 4. Orme-
TUM, YTO PE3yJIbTAThl YUCJIEHHBIX PAcuéToB Ha ocHOBe ypasHenwii (1), (2) u mo dopmysnam (7)—(9)
XOPOIIIO COBIIAJIAIOT.

2. BAIIVICH I CHUTBIBAHUNE JIASEPHOI'O UMIIVJIBCA HA OCHOBE
AIMABATNYECKOI'O IEPEHOCA HACEJEHHOCTU

B a,[H/Ia.6a.TI/ILIeCKOI\l HpI/I6.HI/I}KeHI/II/I XapakKTep B3aH1\lOﬂeﬁCTBHH UMITYJIbCOB HE 3aBUCUT (KaquTBeH—
HO) OT (DOPMBI MMIIYJIbCOB, OJHAKO 3ABHCHT OT IIOCIE0BATELHOCTU UX BKJIIOYEHUS U BBIKJIIOUEHHUS.
[TosTOMY PACCMOTPUM Tenepb CUTYauIo ¢ KOH(MUTYpanueil IMITyIbCOB Ha BXOJIE B CPEJLy, N300pazKeH-
HOIl Ha puc.le. B sToM ciayuae mmeer MecTO aJuabaTHYECKUHl IIEPEeHOC HACEJEHHOCTH, KOTODbIH, B
OTJIMNYINEe OT KOI'€PEHTHOI'O IIJICHCHMA Ha(}e.}‘[éHHOCTI/I7 OPpUBOAUT K TOMY, YTO IPAKTHUYIECCKHU BCE aTOMbBI
nepenocsTest B cocrosinue |2). IIpu 9T70M B HEKOTOPBIH MOMEHT BpEeMEHH HABOAUTCS GOJIBINAS KOIE€PEHT-
HoCThb Ha 1nepexojie |0)—|2). OcobeHHOCTH pACIPOCTPAHEHNsI UMILYJILCOB B YCJIOBHSIX a/uadaTudecKoro
[IepeHOCa HACEJIEHHOCTH aHAJIM3MPOBaIUCh B paborax [15, 16].

DddexT azuabarnueckoro nepeHoca HaCeJIEHHOCTH TaKKe MOXKHO UCIHOIb30BATD JIJIsi KOT€PEHTHOI
3aIUCu MPOOHOIO MMITYJ/IbCA C HOCAEAYIONIUM CUUTHIBAHUEM Yepe3 HEKOTOPLIN IIPOMEXKYTOK BPEMEHH,
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KOTODBIH He JIOJIZKEH MPEBLIIIAThL BPEMsT 2KI3HU ATOMHOM KOT€PEHTHOCTH, OIIHUCHIBAEMON COOTBETCTBYIO-
UM HEJIMArOHAJIBHBIM 3JIEMEHTOM MATPHIII INIOTHOCTH. B JJaHHOM CjIydae MpOIece 3alucu mpobHOTO
MMITYJIbCA HA ATOMHOI KOT€PEHTHOCTHU IIPOU3BOJMTCS TaK 2Ke, Kak omumcano Boimie. Ha puc. 5 nmokazana
[IPOCTPAHCTBEHHO-BPEMEHHAS SBOJIIOINMS 9acTOThl Pabu mpoOHOro MMITYJIbCa U ATOMHOM KOP€PEHTHOCTH
B IIPOIECCE PACIIPOCTPaHEHUsI UMITYJIbCOB B cpegne. [lo Mepe pacripocTpanenusi B cpeje TpOOHDBIN M-
IyJIbC IEPEKAYUBACTCSL B YIIPABJISIIOIIIIA, KOTOPBI CTAHOBUTCSE «IBYrOpObIM» 15| (0H 3716Ch He TOKa3aH,
cM. [15, 16]), a aroMHasi KOrepeHTHOCTD IIPOCTPAHCTBEHHO JIOKAJIU3YETCsl B 9aCTH CPEJIbL.

Hawubosiee mpocTo BOCCTAHOBUTH MPOOHBIN UMITYJIEC MOXKHO, €CJIU IIPOIIE/ NN YIPAB/ISIOIIAA M-
IIyJIbC OTPA3UTh OT 3epKaJjia U HAIIPABUTL 00paTHO B cpemy. [Iporecc canThiBaHUs OMUCHIBAETCS aHAJIO-
CUYHO CJIYYa0 KONEPEHTHOTrO IIeHeHusi HacejaéHHocTu. Ha puc. 6 mokazaHna mpocTpaHCTBEHHO-BPEMEH-
Hasl 3aBECHMOCTDb 9aCTOThI Pabu mpoOHOIro ¥ CIUTAHHOIO UMITYJ/ILCOB, & TAKZKE ATOMHOM KOI€PEHTHOCTH
[IPU 3aIlUCH U CIYUTHIBAHUH.

OrMmeTnM, 9TO, B IPHUHIUIE, MOXKHO CUUTHIBATDH, IT0/IaBas CYMTHIBAIOIINI UMITyJIbC B TOM XK€ Ha-
IPABJICHNH, YTO ¥ 3aIIUCHIBAIONINIL, HO IIPU 3TOM OH JIOJIZKEH MMeThb JacTOTy Wp U POPMY IPOIIE/IIIEro
VIIPABJISIIOIIEr0 UMITYJIbCa. CUYUTAaHHBIA UMITYJIBC OYJIEeT UMETHh YacTOTy Wc.

Pabora nomiaepxkana PODU (rpant Ne 02-02-16325a) u nporpammoit «Yuusepcurersl Poccun»
(mpoexr YP.01.01.003).
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RECORDING AND READING OF INTENSIVE OPTICAL PULSES
BASED ON THE INDUCED TRANSPARENCY

V. G. Arhipkin, V. P. Timofeev, and I. V. Timofeev

The effect of spatial localization of atomic (Raman) coherence at the prohibited transition of a three-
level atom is studied for two intense optical pulses with comparable Rabi frequencies. We propose to
use this effect for coherent recording of intense optical pulses. Various schemes of reading of a recorded
pulse are considered.
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YK 539.19

O BOSMO2KHOCTAX YIIPABJIEHU A ITPOITECCOM I'EHEPAIIUM
ATTOCEKVYH/IHBIX PEHTTEHOBCKUMX NMIIYJIBCOB ITPU
NOHM3AIINN MOJIEKYJI PEMTOCEKYH/ITHBIM JIASEPHBIM
N3JIYYEHNUEM

M. IO. Emeaun?, M. FO. Pabuxun', A. M. Cepeees?

O6cy>k1aeTcst posib pasian4HbIX (HaKTOPOB (pasMepbl U KOH(MUIYpALUsl MOJIEKYJIbl, OPHEHTAIUS MOJIe-
KYJIIPHOIl OCH IIO OTHOLIEHHUIO K BEKTOPY JIEKTPUYIECKOrO II0JI Ja3ePHOIO UMILYJIbCA, TUII MOJIEKYJIAPHONR
opbuTanu u JIp.), XapaKTepU3yIOIUX MOJIEKYJIbl U UX COCTOsIHUE, B (DOPMUDPOBAHUM HEJIMHEHHOIO OTKJIMKA
MOJIEKYJIbI, HOHU3YEMOU MOIIHBIM (DeMTOCEKYH IHBIM JIa3ePHBIM UMILyJbcoM. Ha ocHOBe |umcieHHBIX IKCITe-
PUMEHTOB B pPaMKax JIByMEPHOH MOJeJIM MOJIEKYJIAPHOIO NOHA H;r HCCJIEAYIOTCA BO3MOXKHOCTHU yIIPABJIECHUAA
MIPOIIECCOM HEJIMHEHHOro 11peobpa30BaHMsl 9acTOT (PEMTOCEKYHHOIO OITHUYECKOIO HM3JIyU€HHsI B PEHTIe-
HOBCKO€ H3JIy9eHHe aTTOCEKYH/HOI'O JIMAla30Ha JUINTEJLHOCTEH 3a CUET IIpeJBapUTE/ILHOrO Kosiebaresb-
HOT'O MJIU 3JIEKTPOHHOIO BO30YKIEHUs MOJIEKYJI. JJeMOHCTpUpYIOTCsST BOSMOXKHOCTH UCIOIB30BAHUS I'eHepa-
IIUY ATTOCEKYH/THBIX UMILYJIbCOB KaK JUArHOCTUYECKOI'O CPEJICTBA ISl SKCIIEPUMEHTAJIBHOIO UCCIIEJOBAHMS
KOJIe6ATEeIbHO-BPAIIIATEJIbHON JMHAMUAKA MOJIEKYJI.

BBEJEHWNE

OHUM W3 OCHOBHBIX IIyTeHl CO3/[aHUsI MUCTOYHUKOB JIEKTPOMATHUTHBIX HUMITYJIHLCOB CyOdeMToce-
KYHJHOHM [JIUTEIbHOCTU $BJISIE€TCS WCIIOJIb30BAHUE I'€HEPAIUM BBICOKUX I'apPMOHUK JIA3€PHOIO U3JIyde-
HUS [P NOHU3AINN Ta3a MOITHBIMU (PeMTOCEKYHTHBIMU OITUIeCKUME UMITyIbcamu. B ocHoBe addexta
reHepalliy BbICOKUX MAPMOHUK WHTEHCUBHOI'O JIMHEMHO IOJIIPU30BAHHOI'O OITUYECKOI'O U3JIyUeHUsd JIie-
2KUT CHHXPOHU30BAHHOE JIA3EPHBIM TOJIEM TOPMO3HOE M3JIyYeHHE JIEKTPOHOB, BHIPHIBAEMBIX U3 ATOMOB,
YCKOPSIEMBIX OIITUYECKUM IIOJIEM U COYJAAPSAIOIINXCsS BHOBbL ¢ poauresbckumu wonamu |1, 2|. Tenepu-
pyeMoe 3a CUYET TaKOT'O MeXaHW3Ma PEHTTEeHOBCKOE M3JIydeHNe HOCUT XapaKTep II0CIeI0BaTeIbHOCTU
ATTOCEKYHTHBIX BCIUIECKOB (3, 4]. OMHOYHBINH ATTOCEKYH/IHBII UMITYJILC MOYKET ObITh TIOJIYUEH 38 CUET
OBICTPON MOJLYJISAIMA TIOJISIPU3AIMN TIAJIAIOIIEro M3JIydeHus [5—8| Wiu npu UCHIOIB30BAHUM IIPeJIeib-
HO KOPOTKHUX HMMIIyJibcOB Hakauku [9-12|. B psizme dusnueckux jaboparopuii Mupa CO3/aHbI [EPBbIE
[IPOTOTHIIBI TAKUX UCTOYHUKOB. AKTyasbHOM MPoOJIeMOi B HACTOSIIIEE BPEMSI SIBJISIETCSI ITOBBIIIEHNE UX
SPKOCTH JI0 yPOBHS, TPEOYyEMOro Jijisi IPAKTUIECKUX TPUJIOXKEHUN, 1 Pa3pabOTKa METOJIOB yIIPABJICHUsT
XapaKTEePUCTUKAMU I'€HEPUPYEMOI'O U3JIyYeHUS.

[TockobKy MOJIEKYJIBI SIBJIAIOTCS OOJiee CIOXKHBIMU CHCTEMAMH, €M aTOMBI, UCIIOJIb30BAHUE MO-
JIEKYJISIPHBIX T'a30B IIPEJIOCTABIIAET JIONOJIHUTEIbHbIE BO3MOXKHOCTH JIJIsl ONTUMU3AIUMNA U yIPaBJIEHU
IIPOIIECCOM IIPEOOPA30BAHUS YACTOT 110 CPABHEHUIO C ATOMAPHBIMU Ta3aMU. TaKUMU JOMOTHUTEIbHBIMA
cTereHsIMu CBOOO/IbI, 00ECIIEYNBAIOIIUMU BO3MOYXKHOCTh KOHTPOJIS, SIBJSIIOTCS Pa3Mepbl U KOHGUrypa-
ST MOJIEKYJIbI, OPUEHTAIINs MOJIEKYJISIPHOI OCH 110 OTHOIIIEHUIO K BEKTOPY JIEKTPUIECKOT0 TI0JIsI JIa3ep-
HOIT BosTHBI U Jip. B HacTosieit pabore 0b6Cy)KIaeTcst POib PA3JIUIHBIX (DAKTOPOB, XapaKTEPU3YIOIINX
MOJIEKYJIBI U UX COCTOsIHHE, B (POPMUPOBAHUU MOJIEKYJISIDHOI'O HEJUHEHHOTO OTKJINKA U UCCJIELYIOTCS
BO3MOKHOCTH YIIPaBJIEHUSI IIPOIECCOM I'€HEPAIlUU aTTOCEKYH/IHBIX PEHTI€HOBCKUX MMIIYJIbCOB 3& CUET
[IPEIBAPUTEIHHOTO KOI0ATEIHLHOIO WJIU JIEKTPOHHOTO BO30YKIEHUST MOJIEKY.I.
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1. PAKTOPBHBI, BJIINAIOINIVE HA 90PEKTNUBHOCTDb I'EHEPAIIVIN
TAPMOHUK B MOJIEKVJIFAPHBIX I'A3AX

1.1. BeicTpanBaHuE MOJIEKYJT

B 00brunbIX yeaoBusx m3-3a CBOOOIHOTO BPAIEHUsT MOJIEKYJI B ra3e X pacipeieseHne 0 Halpas-
JIeHUSIM oceit m30TporHo. OJHAKO B CHJIBHOM CBETOBOM IIOJIE€ MPU OMPEIEIEHHBIX YCJIOBUSX MOXKET
IIPOUCXO/IUTDH IIEPECTPONKA BPAIIATE/IHLHOTO IBUXKEHUsT MOJIEKYJI, IPUBOIAIIAA K BHICTPAMBAHUIO MOJIE-
KYJISIDHBIX OcCeil BJOJIb HallpaBjieHus nossipusaruu nosis [13]. K macrosimeMmy Bpemenun paspaboTaHo
HECKOJILKO CIIOCODOB BBICTPaMBaHUsI MOJIEKYJ (cM., Hampumep, 0030p [14]). BeicrpanBanue mosekyit
UCIIOJIb3YETCsl JIJIsl YIIPABJICHUS JIMHAMUKON XUMUYECKNX U (DOTOXUMUIECKUX PEAKIUil, UCCIeOBAHUS
JUHAMHUKN CTPYKTYPHBIX U3MEHEHUI U Oe3BbI3/IydIaTeIbHBIX IEPEXOJ0B B MOJIEKY/IaX, N€HEPAIUN Y/Iib-
TPAKOPOTKUX ONTUYECKUX UMITYJIHLCOB U Ap. ¥ BejmdeHne 3HPEeKTUBHOCTA TeHepaIlluu TapMOHUK IIPU
BBICTPAMBAHUU MOJIEKYJI 10 CPABHEHHUIO CO C/IyIaeM, KOIJIa MOJIEKYJIbl OPUEHTUPOBAHBI XaOTUIECKH,
ObLIO KCIIEPUMEHTAIbHO OOHApYKeHO B pabore [15], riue mcnosnb3oBajgach TEXHHUKA auabaTHIecKo-
ro BeicTpanBanus [16] ¢ momonpio JUIMHHBIX (tpyise ~ 300 HC > tor, THE trot — NEPUOJ] BPAIICHUs
MOJIEKYJTb) JIA3EPHBIX UMITY/ThcoB Hu3Koi nnrencusnoctr (I ~ 101+1012 Br/cm?).

Pezynbrarhel HEZaBHUX TEOPETUYUECKUX U IKCIIEPUMEHTAJLHBIX UCCJIEIOBAHUN TeHEPAIIMI TAPMOHIK
B aHcaMbJie BBICTPOEHHBIX MOJsIeKyJ1 [17-20] meMOHCTPUPYIOT IMPOKHE BO3MOXKHOCTH HCIOJIBb30BAHUS
OPHEHTAIINY MOJIEKYJI JIjIsl YIIPABJIEHUS [IPOIECCOM HEJIMHEHHOTO MIPe0OPA30BaAHUs JaCTOT, & TAKXKE JIJIs
Jarsoctudeckux testeii. Tak, B pabore [17] nmokazano, 4ro 3bGEKTUBHOCTH TeHEePAIMN FAPMOHKK [IPU
B3aUMOJEHCTBUN OITUIECKOTO U3JIyI€HUsI ¢ MOJIEKYISTPHBIMUA HOHAMUI H; u H§+, HaXOJAIIMMUCS B PAB-
HOBECHOM 3JIEKTPOHHO-KOJIEDATEIBHOM COCTOSIHUU, OCH KOTOPBIX OPUEHTUPOBAHBI IEPIIEHIUKYJISIPHO
JIMHEWHO MOJITPU30BAHHOMY JIEKTPUIECKOMY IIOJIIO JIA3€PHON BOJIHBI, CYIIECTBEHHO BBIIIE, 9€M B CIIy-
yae TapasilebHoN opuenTanuu oceil. B pabore [18|, rie mpemncraBieHbl pe3ysbTraThl IKCIEPUMEHTOB
[0 PeHepaluy TapMOHUK DU Hea nabaTuvdeckoM BbicTpanBaHuu [21]| mosekys uarencuHbiMu (I ~
~ 10" Br/cm?) koporkumm (tpulse ~ 30 dc K trot) JA3EPHBIMU UMILYJILCAMH, TPOJIEMOHCTPHPOBAHO
3HaYUTEIbHOE yBemieHune 3(PEeKTUBHOCTH IPEOOPA30BAHUS YACTOT IIPU OpUEHTAITN oceil MOyIeKyJT N o
1 O3 110 OTHOIIEHUIO K HAIIPABJICHUIO JIEKTPUIECKOTO MOJIsI B JIA3€PHOM UMITyJibce 1o yriamu = 0 u
0 = /4, 3w /4 coorercrBerHo. B paborax [19, 20| npuBeseHbl pe3ysbTaThl YUCIEHHBIX PACUETOB, Jie-
MOHCTPHUPYIOIINX BO3HUKHOBEHUE 3aBUCAIINX OT OPUEHTAIMN MOJIEKYJIsIPHOM OCU MHTEP(EPEHITHOHHBIX
CTPYKTYP B CIEKTPAX TAPMOHUK, U3JIyIAEMbIX MOJIEKYJIAPHBIM HOHOM H;r u mosekysoir Ho. TTokaza-
HO, 9TO JjIs KaKJIOH 3aJaHHON TApMOHUKM CyIIECTBYeT OPHUEHTAIlUsl OCH, IPH KOTOPOH aMILIATYIa
TApMOHUKN 3HAYMUTE/BHO YMEHbBIAETC s, a €€ (pa3a MCHIBITHIBACT PE3KMil CKAYOK.

OpueHTannoHHas 3aBUCUMOCTD HEJIMHEHHOTO OTKJIMKA MOJIEKYJIbI B CHJIBHOM JIA3€PHOM II0JIEe MOYKET
OBITH 00YCJIOBJIEHA BIUSHIEM (DAKTOPOB, AEHCTBYIOIINX HA KAXKJIOW U3 CTAJIMil OIIMCAHHOI'O BO BBE/IEHUU
TPEXCTYIEHIATOrO IIPOIECCA TEHEPAIUN BBICOKUX TapPMOHUK.

ITockonbKy mmepBoii cTajmeii mporecca reHepalil TAPMOHUK SBJISIETCST aKT MOHU3AINNA aTOMA TN
MOJIEKYJIBI, CKOPOCTb MOHU3AITUN SIBJISIETCH BayKHON XapaKTEPUCTUKON, B 3HAYUTEILHON Mepe Olpejie-
nsttonieit 3(bdeKTUBHOCTH pacCMaTPUBAEMOro Iporecca. Pe3ysbrarsbl sKkcriepuMenTos [18] o renepanuu
TapMOHUK B MOJIEKYJISIPHOM a30T€ YIOBJIETBOPUTEIBHO OObICHSIOTCH OOHADYKEHHON B HETABHEM DKC-
nepuMenTe [22| CHIBHON 3aBUCHMOCTBIO CKOPOCTH MOHU3AIMK MOJIEKYJIbl No OT yIula MKy €€ OCBhIO 1
HAIIPABJIEHUEM 3JIEKTPUIECKOIO TI0JIsl JIA3ePHOil BOJIHBI (M3MepeHHast B pabore [22] BepositTHOCTH MOHY-
3aIUu MOJIEKYJIbI a30Ta JIA3EPHBIM HMITYJILCOM C JIATEIbHOCTHIO 40 hC M MUKOBON MHTEHCHBHOCTHIO
2 - 10" Br/cm? okazanach mpumepno B 4 pasa Bbille Ui HapasLIeJbHONl OPHEHTAIMN OCH MOJIEKY.JIbI
U BEKTODA TOJIst, YeM JIJIsl TIePIeH IUKYJISIPHOI ).

Baxkapim paxkTopom, orpanndauBaioniuM 3pOEeKTHBHOCTD BO3BPATHO-CTOJIKHOBUTE/ILHOTO MEXaHU3-
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Ma F€HEPAITMHN BBICOKUX TAPMOHUK, sIBJISIETCS PACILIBIBAHUE BOJTHOBOTO IIAKETA JIEKTPOHOB IIPU JBUZKE-
HUU BHE aToMa (MojieKysibl). OueBHIHO, 9YTO CKOPOCTh Juddy3un BOTHOBOIO IaKeTa B 3HAYUTEJLHOI
Mepe OIIpee/IseTCs MACIITAbOM ero HadaIbHOHN JIOKAJIM3aIun. Bobimuit MacmTabd JTIOKAJTH3AINN JIeK-
TPOHHOI BOJIHOBOW (DYHKIIUU BIIOJIb OIIPEIEJIEHHONO HAIIPaBJIEHHS COOTBETCTBYET 0ojiee Y3KOMY pac-
[IPEJIEJIEHUIO JIEKTPOHOB 110 MPOEKIUIM HMITY/IbCA HA 9TO HAaIpaBjieHne. B TepMuHAX KJIACCUIECKOrO
OIMCAHMSI HAJMYUE OIMEPEYHON (110 OTHOIIEHUIO K HAIPABJIEHUIO MOHU3YIOIIEro IMOJisi) KOMIIOHEHTHI
AMITYJIbCA Y JEKTPOHA, OCBOOOXKIAEMOI0 U3 aTOMa WU MOJIEKYJIbI, IIPUBOIUT K OTKJIOHEHUIO TPAEK-
TOPUN €r0 ABUYKEHUsI B CTOPOHY OT paccenBaromero mnearpa. Od4eBrUIHO, YTO PACILILIBAHIE BOJIHOBOIO
[aKeTa JIOJ’KHO OBITh OoJjilee MEJJIEHHBIM JIjIsi HAaYAJLHBIX COCTOSHUI, XapaKTePU3YIOIuXcs OoJbImei
J1o71efl 9JIEKTPOHOB € MaJIbIM IIOIEPEYHBIM HMITYJILCOM. VIMEHHO Takas CHUTyaIllds XapakTepHa, B OT-
JITIHE OT aTOMa, JJI MOJIEKYJISPHBIX CHCTEM, CaMO CYIIECTBOBAHNE KOTOPBLIX OOYCIOBJIECHO HAJIMIUEM
JIeJIOKAJIN30BAHHON KOMIIOHEHTHI B W-(DYHKIINN 9JIEKTPOHOB, PACIIOIOXKEHHON B MEXKLSIIEPHON 00/1acTh
1 obecriednBaloIeil B3auMHOe MPUTsIXKeHne sep. birarogapst sToMy 00CTOATEILCTBY yBEJINIMBAETCS
9UCI0 dacTull, 3HPEKTUBHO yIACTBYIOIMINX B T'€HEPAIliy TOPMO3HOTO U3JIyU€HUsl B IIPOIECCe BO3BPAT-
HBIX COYIapeHUil YCKOPEHHBIX JIa3€PHBIM II0JIEM 9JIEKTPOHOB C MOJIEKYJISIPHBIM OCTOBOM. B pesyibrare,
KaK II0Ka3aHo B pabore [23] Ha npumepe noHa H; U aToMa BOIOPOAa, 3P(MEKTUBHOCTh MeHEPAIMN aT-
TOCEKYHIHBIX UMIIYJIbCOB M BBICOKMX FAPMOHUK HM3JIyYeHHsI IPU MOHU3AINKM MOJIEKYJISIPHBIX CTPYKTYP
PEMTOCEKYHTHBIM OINTHIECKAM HUMITYJIBCOM MOYKET 3HAUUTENBHO MPEBOCXOAUTH 3(P(PEKTUBHOCTL aHa-
JIOTUYHBIX IIPOIECCOB B aTOMHBIX CHCTEMaX. Pa3Hblil mmonmepedHblil MaciiTad JIOKAJIU3alUH MUCXOIHOMN
WU-byHKIUK TIpU PA3HON OPHUEHTAIINM MOJIEKYJISIPHON OCH IO OTHOIIEHUIO K BEKTOPY IEKTPUIECKO-
IO TOJIsl SBJISIETCS] OMHOW M3 MPUYWH BO3HUKHOBEHUSI OPUEHTAIIMOHHON 3aBUCUMOCTH 3PPEKTUBHOCTH
reHepaIii TAPMOHMK B MOJIEKYJ/ISIDHBIX Ia3ax.

Ha szakjoumTe/ibHOM CTAIUU IIPOIECCa NeHEPAIMH BBICOKMX TapMOHHUK, COCTOSIIEHl B MCIIyCKaHUN
9JIEKTPOHOM (POTOHA IIPU CTOJKHOBEHHH C MOHOM, CYIIECTBEHHYIO POJIb UI'PaeT KOH(MUIYpAIlUs MUIIe-
HU, Ha KOTOPOii paccemBaeTcss 31eKTpoH. Kak ormeuasnocs B [17], apdekrusHoe ceuenue paccesiHust
9JIEKTPOHOB Ha MOJIEKYJIIPHOM OCTOBE, OPHEHTUPOBAHHOM IEPIEHIUKYISPHO BEKTOPY JIEKTPUIECKOrO
[IOJISA JIA3ePHOTO MMITYJIbCA, BBIIIE, YeM IIPU KaKOW-JIn0O JPYyroil OPUEHTAITMN OCH MOJIEKYJIbI WJIA TI0
CPaBHEHUIO CO C/IyYaeM pacCesdHus Ha aTOMaX 3a CYET JOMOJIHUTEIHFHOTO BKJIaIa, 00YCIOBIEHHOTO Pac-
cesTHUEM 3JIEKTPOHOB HE HA POIUTE/THCKOM, & Ha COCEIHUX MOHAX B MOJEKyse. Kpome Toro, Hajmane
B MOJIEKYJIE HECKOJIbKIX PACCEUBAIONINX IIEHTPOB MOXKET IIPUBOAUTH K HHTEP(EPEHITHOHHBIM 3P DeKTaM
[19, 20], 06ycIOBJIEHHBIM KOI€PEHTHBIM CJIOXKEHHEM BKJIAJIOB B M3JIyUeHHe OT PACCEesiHUs PA3JIMIHBIX
YYaCcTKOB 3/IEKTPOHHOI'O BOJIHOBOT'O IIaKeTa Ha Pa3/IMYHBIX IIeHTpax. B mpocreiiieM ciaydae JIBYXaTOM-
HOI MOJIEKYJIBI JIECTPYKTUBHAS HHTEP(EPEHIs BOZHUKACT IIPU yCJIOBUAU, 9TO (pa3a BOIHBI 1e Bpoitis
HAJIETAIOMINX 3JIEKTPOHOB B TOYKAX PACIIOJIOXKEHUS PACCEHBAIOIINX IEHTPOB oTImdaercs Ha . JIjs
CBODO/IHOTO JIEKTPOHA, OIMCBIBAEMOIO IIJIOCKO BosiHOI Je Bpoiins ¢ (r,t) = exp(ikr — iEyt/h), tae
k — BonHOBOI BekTOp, Ej = h?k?/2 — sHeprus 31eKTpoHA, 9TO YCIOBHUE 3aIlMCHIBACTCA KaK

Dcosf = (2n+1)\/2, (1)

rje D — MexXbsijIepHOe pacCTOsTHHE, ) — yrojl MeXK 1y HallpaBJIEHHEM 3JIEKTPUIECKOTO IOJIsl JIa3epHOI
BOJIHBI U OCBIO MOJIEKYJIbI, A = 27 /k — myuna BostHbl Je Bpoiuist, n = 0,1, ... . Ius KoHCTpyKTUBHOI
“HTEP(EPEHINH, COOTBETCTBEHHO, UMEEM yC/IOBUE

D cos =m), (2)

rnem = 0,1,... . U3 coornomenuii (1) u (2) ciemyer, uro u3 HabioneHus: nHTEPhEPEHIMOHHBIX KADTUH
B CIIEKTPE U3JIyYEHUs] BHICTPOEHHBIX MOJIEKYJI MOXKHO TOJIy4YaTbh UHMOPMAIUIO O CTPYKTYPE MOIEKYJI.
Wcnonb3oBanne KOHCTPYKTUBHOM HHTEP(MEPEHITNN [TO3BOJISIET IOBBICUTDH 3 PEKTUBHOCTD BO30Y 2K ICHIUST
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OIPEIEIEHHBIX TAPMOHUK OINTHIECKOTO U3/IydeHus B aHcamb/ie BBICTPOEHHBIX MojieKy1. Hammane ckata-
ka dasbl BO30yKIaeMoro usiydenus [19] npu kpurudeckom yriie, onpejessieMoM coorHomenueM (1),
MIPUBOIUAT K UHTEPMEPEHITNOHHOMY TOIABICHUIO U3JIYIeHNs TAPMOHUK B ra3e XaOTUIEeCKU OPUEHTHUPO-
BAHHBIX MOJIEKYJI 38 CYET B3aMMHOII KOMIIEHCAIIUU BKJIQJIOB B U3JIyUeHUE OT MOJIEKYJI, ODUEHTUPOBAH-
HBIX IOJI YIJIAME, MEHBIITUMHU U OOJIBITUMU KPUTUIECKOTO.

1.2. Paszmepsl n KoHUrypamnuss MOJIEKYJT

leomerpusi MOJIEKYJT OKA3BIBAETCS JIPYTMM BarKHBIM (DaKTOPOM, BJIHUSIONUM Ha 3(DPEKTUBHOCTH
reHepaIui rapMOHUK M XapaKTEPUCTUKUA T'eHepupyeMoro uaiayderus. Kak u B mpeabiayiieM pasierie,
PAaCCMOTPUM BJIMSTHHE TOTO (DAKTOPA HA KAXKIOW CTAJIUU IIPOIECCa T'eHEPAINHA BBICOKIX MAPMOHUK.

3aBUCHMOCTH CKOPOCTU MOHUBAIMKA HEHTPAJIHLHONW MOJIEKYJIBI B JIA3EPHOM II0JI€ OT MEXK'bsIIEPHOIO
PacCTOSHUS B OCHOBHOM OIIPEENISIETCS COOTBETCTBYIONMIEN 3aBUCUMOCTBIO SHEPTUU WCXOTHOTO CTAIIH-
oHapHOro cocrostaust. OJHAKO I MOJIEKYJISIPHOTO MOHA, OPUEHTHPOBAHHOI'O BJIOJIb JIEKTPUIECKOTO
ITOJIT BOJIHBI, CYIIECTBYET KPUTHIECKOE MEXKbIJIEPHOE PACCTOSIHIE, IPU KOTOPOM CKOPOCTb MOHU3BAIII
MOKET 3HAYUTE/HHO IPEBBINIATH €€ 3HAYEHNE KAK JJIsi MAJIbIX, TaK U I OOJIBIITAX PACCTOSTHAN MEXK LY
sipamu [24, 25|. YBenuuenne CKOpOCTH HOHU3AIMU B 9TOM CIydae 00bsCHAETCs HeanabaTuIecKoil J1o-
KaJim3arueil 971eKTPOHHOM BOJIHOBOI (DYHKINU BOJIU3U sIIED, IPUBOISIIEH K BO3MOKHOCTA MOHUBAIUI
IIyTEM TYHHEJTUPOBAHUS JEKTPOHA Yepe3 BHyTpeHHuil 6apbep. MexbsijiepHoe pacCTosiHIEe, IIPU KOTO-
POM 3TOT KaHAJ NOHUBAINNA OKA3bIBAETCS JIOMUHUPYIONINM, KaK IIPABUJIO, B HECKOJIBKO Pa3 MPEBBIIIAET
paBHOBecHOe 3HaveHue. JlaHHBIN 3 deKT MOXKET OKa3bIBATH CYIIECTBEHHOE BJIMSIHUE IIPU IEeHEPaIuu
TapMOHUK Ha KOJIe0ATEIbHO BO30YKICHHBIX WU JUCCOIMUUPYIOMIINX MOJIEKYIAPHBIX HOHAX.

Pazmepbl MoeKyJIbl MOTYT OKa3bIBATD CYIIECTBEHHOE BJIMSHHIE W Ha BTOPYIO CTAJUIO IIPOIIECCA Te-
HepaIuy rapMOHUK, CBI3aHHYIO C IBU2KEHUEM 3JIEKTPOHOB IIOC/Ie MOHU3AINN.

JList MOJIeKyJI, OpUEHTUPOBAHHBIX BIOJIb JIEKTPUIECKOTO IO, 9TO BIUSIHUE MOXKET OBITh BBIPa-
JKEHO B CYIIECTBEHHOM YBEJMYEHUHU IIUPUHBI [JIATO B CIIEKTPE T'€HEPUpPYeMOro usjydenus [26-29].
JleiicTBuTE/IBHO, MAaKCUMaJjbHAsT dHEPTUs (POTOHA, U3JIYIaeMOTO B Pe3yjIbTaTe PEKOMOWHAIINUA yCKO-
PEHHOI'O JIa3€PHBIM II0JIeM 3JIeKTPOHA C MOHOM, OIpeJie/iseTcss CyMMOii IIoTeHIaa nonusanun I, u
MaKCHUMAJILHON 9HEPruu, KOTOPYIO 3JEKTPOH MOXKET MMETh B MOMEHT CTOJIKHOBeHHUs. B ciiydae aroma,
MOHU3YeMOI'0 JIMHENHO I10JIsIPU30BAHHBIM JIa3ePHBIM I10JIeM HOCTOsAHHON aMiuuTy bl F(t) = Fqsin(wot),
MaKCUMaJIbHas BO3MOYKHASI JHEPIUsl JJIEKTPOHA K MOMEHTY COYJApEeHUs C POIUTETHCKUM MOHOM pPaBHA
BEmax ~ 3,170, [1, 2], tiie Up, = Ep/(4wd) — cpejsist oCIMILIATOPHAS SHEPIHst /1eKTpoHa B 1osie E(t).
B ciydae MOIeKyJIbI YCKOPEHHBIH JIa3€pPHBIM ITOJIEM 3JIEKTPOH MOXKET YJIAPUTHCS HE O POIUTETHCKHUIA,
a 0 «Iy2KOii» MOH, IIPH TOM, eCJIN PACcCTOsTHIe MeXK 1y siipamu pasHo D = (2n+1) mag, tnen = 0,1,.. .,
ag = Ey /wg — paJuyc OCHWLIANNI JIEKTPOHA, SHEPTUs JIEKTPOHA MOXKET JIOCTUTATh MaKCHMAJIbHO-
ro 3HavYeHus, paBHOTO Eax = 8U, [26, 27|. B smHeiiHBIX MOIEKYJISPHBIX IENOYKAX, KPOME TOrO,
9JIEKTPOH MOXKET MPUOOPETaTh JIONOJHUTEIBHYIO SHEPIUIO B PE3yJ/IbTaTe B3AUMOACHCTBUS C IIPOMEXKY-
TOYHBIMU MOHAMH B IMIPOIECCE JIBUKEHUs BIOJIb IEIOYKH, & HAJUINE OOJIBIITOTO YNCIa PACCEUBAIONINX
[EHTPOB TOBbIMAET 3MMEKTUBHOCT IMeHEPAIlE TOPMO3HOrO usiyderus [28]. B MHOrosmekTpoHHBIX
MOJIEKYJIAPHBIX CHCTEMAaX BO3MOYKEH [OIOJHUTEIbHBI MEXaHU3M PACIIMPEHHUs ILJIATO B CIHEKTPE M3-
JIVIEHUs, CBSI3AHHBIN C BIUSHAEM MEXKIJIEKTPOHHBIX KOPPEJIANUil, IPUBOIAIINX K OOMEHY SHeprueit
MEXK/Iy JIEKTPOHAMHU. 3a CUET TAKOTO MEXaHU3Ma SHEPTHsl U3jIydaeMoro (hboTOHA MOYKET, HAIPUMED,
B CIy4ae JIByX3JEKTPOHHOTO MOJIEKYJISIDHOTO HMOHA Hg‘ JocTurate BenmdauHbl fw ~ I, + 12U, [29)].
DoTOHBI ¢ TAKOH dHEPrueil MOryT M3/IYyYaThCS TEKTPOHOM, JBIKYIIUMCI MEXKIy KPalHUMU dIpa-
MH 1 TpHOOPETAIOININM JOMOIHUTEHbHYIO SHEPIUIO IPU CTOJKHOBEHUM C JAPYTHUM 3JIEKTPOHOM BOJIU3U
[EHTPAJIBHOTO sI/Ipa; ONTUMAJIbLHOE PACCTOSHUE MEXKTy COCEIHUMU sIIPAMU B 3TOM CIydae paBHO D =
= map/2. OTMeTHM, 9TO ONUCAHHBIE 3/1eCh (P MEKTHI MOTYT HAGIIONATHCS JIUIIL [PU MEXK'bslIePHBIX
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PACCTOSIHUSAX MOPSIKA OCIMJLIATOPHOIO PAINYCa JIEKTPOHA, T. €. PACIIHPEHue ILJIATO B 00JIACTH SHEP-
ruit fw > I, 3a caér 3THX 3P PEKTOB MOKET OBITH MOy YeHO JINMIb [T CUCTEM C pa3MepaMu, BO MHOT'O
Pa3 MPEeBBIMIAOIINMEI aTOMHbBIe MaciITabbl. [IpuMepoM Takoi CHCTEMBI MOXKET OBITH JIMCCOIUUPYIONIAS
Mostekysta. OuruMusaius pa3MepPoOB CUCTEMBI B 9TOM CJIydae MOYXKET OCYIIECTBJISThCS 38 CUET UCIOJb-
30BaHUS JIBYX JIA3€PHBIX UMIIYJIbCOB C KOHTPOJIIMPYEMOil BpeMeHHO! 3a1ep:kKoii Mexky Humu [30].

JLJ1st MOJIEKYJT, OPUEHTUPOBAHHLIX TEPIEHINKYJISPHO IEKTPUIECKOMY IOJIIO, pPa3MepaMU CACTEMBI
OIIPeeISIeTC s TOIEPEYHBIN MACIITad JIOKATU3AIUN UCXOIHOM 9JIeKTPOHHOM BOJIHOBOM (DYHKINU, OT KO-
TOPOI'0, B CBOIO OY€PEIb, 3aBUCUT CKOPOCTh PACILJIBIBAHUS 3JIEKTPOHHOI'O BOJIHOBOI'O ITaKETa IIPU JIBUKE-
HUU BHE MOJIEKYJIbl. B pabore (23] Ha npumepe MOJIEKYJISIPHOIO HOHA H;r, HOHU3YEMOI'0 U3 OCHOBHOI'O
9JIEKTPOHHOI'O COCTOsIHUsI (DEMTOCEKYH/IHBIM M3JIyYeHHeM THTaH-CalbUPOBOro Jiasepa (JJIMHA BOJIHBI
uzaydennss A = 800 HM), HAMU ObLIO MOKA3aHO HAJIMYHE OINTUMAJILHOIO MEXKbsIEPHOIO PACCTOSHMUS,
[IPU KOTOPOM IIOIIEPEYHBbIE Pa3MePhl JJIEKTPOHHOIO BOJIHOBOT'O ITAKETa K MOMEHTY BO3BPATHOI'O COY/Ia-
PEHUS ¢ MOJIEKYJISIPHBIM OCTOBOM MUHUMAJIBHBL. [Ipy 9THX ONTUMAIBHBIX YCIOBUSX (PDEKTUBHOCTH
reHepaliyi TapMOHUK U aTTOCEKYHIHBIX PEHTTE€HOBCKMX BCILIECKOB HA TOPSJIOK IPEBBINTAET COOTBET-
CTBYIOIIlEE 3HAYEHUE JIJIsi PABHOBECHON KOH(MUryparun MoJeKyJibl. MexXbsijIepHoe pacCTOsHHUE, PU
KOTOPOM JIOCTUTaeTCd MakCUMyM 3(PHEeKTUBHOCTH T'€Hepalnd KOPOTKOBO/JHOBBIX KBAHTOB C JITHHAME
BoIH A < 40 HM, B HECKOJIBKO Pa3 IPEBBIIIAET PABHOBECHOE [IJIsi OCHOBHOI'O 3JIEKTPOHHOTO COCTOSIHUS.
JList ocyIecTBIeHUsT B 9KCIEPUMEHTE ONTUMAJILHOIO PEXKUMa B3AMMOIEHCTBUS JIA3€PHOTO U3JTy I€HUsT
C MOJIEKYJIAMHU MOYKET OBITh HMCIOJb30BaHa aHAJOIMYHAs IIPeJIIoKeHHOoi B pabore [30] maByxcrymnenya-
Tasg CXeMa, COCTOSINAs B IIPEIBAPUTEILHOM BO30YKIEHUN WM MOHM3AIUU MOJIEKYJ CBEPXKOPOTKUM
ONTUYECKAM HUMIIYJIBCOM C HEDOJIBINON MHTEHCUBHOCTHIO U IOC/IEIYIOIMIEM BO3JIEHCTBUU Ha T3 MOIII-
HBIM UMITYJIBCOM U3JIy9YeHHs C BPEMEHHOH 3aJIepyKKOM, COOTBETCTBYIOIIEH ONTHUMAJBHOMY <«pa3byxa-
HUIO» MOJIEKYJIBI B IpoItecce eé Kojebannii min HadaBIineica aucconuanuu. Bo3melicrBue Ha MOJIEKY-
JISPHYIO CHCTEMY TIOC/IEI0BATE/ILHOCTBIO JIBYX MMITYJIbCOB: HAKAYKU (J1JIs1 JIEKTPOHHO-KOIE0aTeIbHOTO
BO30Y2K/IeHHsI MOJIEKYJIbI) U 30HJUPYIOIIEro ¢ BapbUpPyeMoil BpeMeHHOH 3aJIepKKOi (JJIsi reHepalnuu
rapMOHUK ), MOYKET ObITh HCIIOJIb30BAHO KAaK JIMATHOCTHYECKOE CPEICTBO Jisi HAOJIOJEHUST JMHAMUKI
HEJIMHETHOrO OTKJINKA, CBSI3AHHON C BHYTPUMOJIEKYJISIPHBIME CTPYKTYDPHBIMU n3MeHeHusivu [31].

Kak ormeuasiock Bbile, jielicTBue (hakTOPOB, CHUXKAIOIUX BEPOSATHOCTH CTOJKHOBEHHS YCKOPEH-
HOT'O JIa3€pHBIM IOJIEM JIEKTPOHA C POIUTETHLCKUM HOHOM WM3-33 HAJWYHUS y JIEKTPOHA IOIEPEdHON
CKOPOCTH, MOXKET B CJIydae IPOTSKEHHBIX CUCTEM, KOTOPBIMH SBJISIOTCH MOJEKYJIbI, YaCTUYHO KOM-
IIEHCUPOBATBHCS 38 CYET BO3MOYKHOCTH CTOJIKHOBEHHS JIEKTPOHA C «YyKUMHU» MOHAMU, CMEIIEHHBIMU
B IIOIEPEYHOM HAIIPABJIEHUH OTHOCHUTEBHO POIUTEIBCKOIO HOHA. DTO SIBJSIETCS OTHUM M3 0OCTOSI-
TEeJbCTB, IPUHIIUIINAAIBHO OTVIMYAIONIAX MOJIEKYJIbl OT aTOMOB IIPU UX B3aUMOJEHCTBUM C CHUJIBHBIM
JIA3EPHBIM TI0JIEM U OOYC/IaBJIMBAIONIUX 3aBUCAMOCTEL d(MPEKTUBHOCTH T€HEPAIINN BLICOKUX TapPMOHUK
B MOJIEKYJIAPHBIX ra3aX OT I'eOMeTPUU MOJIEKYJI. DoJbIeil mMpOoTsKEHHOCTHIO MOJIEKYJISIPDHBIX CHCTEM
[0 CPABHEHUIO C ATOMAMM MOXKET ObITh OObsICHEHA, B YACTHOCTH, HAOJIIOMABINASICA B IKCIEPUMEHTAX
[32, 33| Gonee cinabast 3aBucuMocTb 3DMEKTUBHOCTH TeHEPAIUI BBICOKUX TAPMOHUK OT JLIUIITUIHOCTH
[AJIAIOIEro U3JIyYeHusl B MoKy IsipHbIX rasax (Ng) 1mo cpaBHenuio ¢ aromapubiMu (Ar).

OTMmeTuM TakzKe, 9TO U3MEHEHHNE COCTABa WU KOH(MUI'YPAIMH MOJEKYJ MOYXKET IIPUBOJUTH K Kade-
CTBEHHBIM U3MEHEHUSIM B CTPYKTYPE CIIEKTPOB U3JIyIaeMbIX HMU FAPMOHUK. TaK, M30TOINYIECKOe 3aMe-
IIEHNE sIJIEP MOYKET MMPUBOJINTDH K IMOABJIEHUIO, KPOMe HEYETHBIX, TAKXKE W YETHBIX TAPMOHUK B CIIEKTPE
U3JIyYeHUsT aHCaMOJIsi BBICTPOEHHBIX MOJIEKYJI, KAK 9TO [IPOJIEMOHCTPUPOBAHO B pabore [34] Ha nmpumepe
moutekyst Ho m HD. Criekrp nsiydennst ancamO/ist MOJIEKYJI, 00JIAIAI0IINX JUCKPETHON BpallaTelbHON
cuMmMeTpueil N-T0 IOpsI/IKa U OPUEHTUPOBAHHBIX B IIJIOCKOCTH, TIEPIEHINKYJISIPHON HAIIPABJIEHUIO PaC-
[IPOCTPaHEHUS TUPKYJAIPHO TOJSAPU30BAHHOTO JIA3EPHOT'O UBJIYYEHUsI, COJEPKHUT TOJbKO TApMOHUKHU
c nomepamu nN + 1, tne n = 1,2,..., [35] u gyBcTBUTE/IEH K M3MEHEHUsIM, IIPUBOJSIIUM K HapyIIle-
HUIO YKa3aHHON CUMMETpUU.
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1.3. Tun mMosieKyJasipHOiT opOuTa N

Kaxk nokasblBaioT HeJlaBHHE TeOPETHYeCKHe U KCIIepUMEeHTaJIbHbe HcciegoBanus [36-43], crpyk-
Typa U CUMMETPHUSI JIEKTPOHHOI BOJTHOBOI (DYHKIINK OKA3BIBAIOT CYIIECTBEHHOE BJIUSHUE HA IIPOIECCHI
B3aMMOJIENCTBUS CUJIBHOTO JIA3EPHOTO TOJIA C MOJIEKYJIaMH, B TOM YUCJI€ W HA MPOIECC TeHEPAINH BbI-
COKHMX TapMOHUK.

B psime sxcnepuMenToB OBLIO OOHAPYXKEHO, UTO HEKOTOPBIE MOJIEKYJIbI HOHU3YIOTCA TOpa3io Mel-
JIEHHEE TI0 CPABHEHHUIO C ATOMaMU, O0/IAJAIOMUMK OJIM3KUM 110 BEJIMYUHE MOTEHITMAJIOM HOHU3AIUU.
Tak, usmepenHas B paborax [36, 37| cKOpOCTb MOHM3AIMU MOJIEKYJIbI KUCIOPOJA U3JIyYeHHeM THUTAH-
carupPOBOTO Jia3epa OKa3ajiach Ha MOPSIOK BEJIUYUHBI MEHBIE, YeM JJIsi aTOMa KCEHOHA, HECMOTPS
Ha II0YTH OJMHAKOBbIE NoTeHInasbl nonnsanuu st O u Xe (12,06 u 12,13 5B coorsercrBenHo). B To
JKe BpeMsi JIJIs Psijia APYTUX MOJIEKYJT Takoit addekT ne Habsomaercs. Hampumep, y mosekysibr No u
aroma Ar, Takyke 00Jaa0IUX OJIN3KUME 110 BeJIMYMHEe IoTeHIuagamu nonnsamun (15,58 u 15,76 2B
COOTBETCTBEHHO ), CKODOCTH MOHU3AIUY IPAKTUIECKU COBIAaoT. st 00bsicHeHUsI pa3/indiuii B 1oBe/ie-
uun mosiekyst Qg u No mpeyrarajinch pa3indaHbie MOJIENN, B OOJIBIMUHCTBE U3 KOTOPBIX MOTIEPKUBACTCS
pasJIIdne UX BaJ€HTHBIX opbuTaeii (my 1 04 coorBercTBeHHO) [38-40|. CyiiecTBeHHY 0 POJIb B IIPOIECCe
MOHU3AIMU [IPU STOM MOIYT UIPATh KAK CUMMETPHsI MOJIEKYJIsipHOI opbuTasu [39], Tak u reomerpude-
ckue daxropsl [40]. Tlockonbky Jyist cucreM, 00JIaA0MUX MEHbIIIE CKOPOCTHIO MOHU3AIMHI, [IPOIIECC
reHepaIui FapMOHUK MOXKET MPOTEKATH IPHU OGJIBIINX MHTEHCUBHOCTSX IIOJIS, BAXKHBIM CJIEJICTBUEM
apdexrTa mogaBIeHns HOHU3AMKH MOJIeKyabl Qo SIBJISIETCST BO3MOXKHOCTH IIOJIyUeHUsT HoJiee IIHMPOKO-
ro IJIaTO B CIIEKTPE TAPMOHHK. DTO IOJATBEPXK/ACTCS pPe3y/IbTaTaMy HeJaBHUX dKcrepuMeHToB [40),
B KOTOPBIX IIpU BO3IeiCcTBIM Ha MOJIeKYJIbl Q9 M3JIydIeHneM THTAH-CAII(PUPOBOIO JIa3epa HADJIOIAI0Ch
U3JIyYeHne TADMOHUK € MAKCUMAJIbHBIM HOMEPOM (Npax = 53), mouTH B jiBa pa3a G6OIbIINM, YeM JIist
atoMoB Xe (Npax = 29).

CummMmeTpusi MOJIEKYJISIPHON OpOUTAJIN MOXKET OKA3bIBATH CYIIECTBEHHOE BJIMSHIAE U HA 3aBUCUMOCTH
CKOPOCTHU MOHUBAIMU MOJIEKYJIbI OT OPUEHTAITMN MOJIEKYJ/ISIPHBIX Oceil. Tak, Iy MOJIEKYISIPHBIX OpOu-
TaJieil, AHTUCUMMETPHYHBIX 110 OTHOIIEHUIO K OTPAarKEHUI0 OTHOCHTEIHHO OJHOW WJIM HECKOJBKUX (y3-
JIOBBIX) IJIOCKOCTEl, HaboaeTcss nHTepdepPeHIIMOHHOe [OJ[ABIeHNe HOHU3AIMN B 9TUX IIOCKOCTSIX
[39, 41, 42]. Drum MoryT GbITh 00bsiCHEHBI HAOJIIOAABIINECH B dKcrnepumente [18]| pasnuausi B opu-
EHTAIIMOHHON 3aBUCUMOCTH 3(P(DEKTUBHOCTH T'eHepalmi rapMOHUK Jjist MojieKyal Oo u No, mMerommx
COOTBETCTBEHHO AHTHUCUMMETPUUYHYIO U CUMMETPUUYHYIO BajieHTHbIe opbutasu. Hajmaune Gosee ciiox-
HBIX (HEIJIOCKMX) Y3JIOBBIX [IOBEPXHOCTEll Tak»Ke, I10-BUMMOMY, JIOJI?KHO OKA3bIBAThH BJIUSHHUE HA OPU-
€HTAITNOHHBbIE 3aBUCUMOCTU HOHM3AIMOHHBIX IIPOIECCOB IIPH B3aUMOJEUCTBUH MOJEKYJ C JIA3€PHBIM
nosieMm [42].

CummMeTpusi MCXOIHOIN BOJTHOBOIN (DYHKIMY OKA3BIBAET BJIMSIHUE U HA JIMHAMUKY JIEKTPOHHOT'O BOJI-
HOBOT'O TTaKeTa rmocjie noHu3anuu. [IpocThiM IpUMepoOM SIBJISIETCST MOJIEKYJIa ¢ AaHTUCUMMETPUIHON Ba-
JIEHTHO#1 opbuTasibio. Eciu BosHOBast (DYHKIMS BaJEHTHOIO 37eKTpoHa (1) 0bs1aiaer IpoCcTpaHCTBEH-
HOI aHTHCHUMMETPHEl OTHOCHUTE/HbHO IIJIOCKOCTHU, IPOXOISINeil depe3 MEeHTP MOJEKYJIbl HePIeHINKY-
JISIDHO €€ OCH, TO B UMIIYJIbCHOM IIPEICTABICHUU BOJHOBasi (PYHKITUS @(p) obparaercsi B HyJIb [1pA
pep = 0, r11e ep — eIMHUYHBIA BEKTOP B/IOJIb OCH MOJIEKYJIBI, T.€. HapaJljiesibHasi OCH MOJIEKYJIbI
COCTABJISIIONIAST UMITYJIbCA JIEKTPOHA BCErJa OTAWYHA OT HyJ/isd. [Ipw moHmM3ammm MOJIEKYJIbl JIHHEHHO
MTOJITPU30BAHHBIM JIA3€PHBIM U3J/IYyYeHUEM C IUIOCKOCTBIO MOISTPU3AINN, TePIEHIUKYITPHON OCH MOJIe-
KYJIbI, 3epPKaJjibHas CAMMETPHUsI CUCTEMbBI He HapyIIaeTcs. BerencTBre 9Toro nomepevdnast o OTHOIIIEHIIO
K 3JIEKTPUIECKOMY ITOJII0 KOMITIOHEHTa UMITYJILCA BCEX JIEKTPOHOB OCTAETCA HEHYJIEBOI, UTO e/IaeT BO3-
BPaTHOE CTOJIKHOBEHUE SJIEKTPOHOB € POJUTEJILCKUMI MOHAMU MaJIOBepOsATHBIM [43]. 3ameTuMm, oHaKO,
9TO BJUSTHEE 3TOrO (haKTOpa MOXKET OBITh YaCTUYHO CKOMIIEHCHPOBAHO 38 CUET CTOJKHOBEHMIl SJIeK-
TPOHOB C JPYIUMHU HOHAMH B MojeKyJe. OnruMmalibHbIe YCIOBHSI JIJIsS DeHepaIlud TapMOHUK B TaKOM

914 M. IO. Emeaun, M. FO. Pabuxun, A. M. Cepeees



Tom XLVII, M 10-11 Hszeecmuasa sysos. Paduogusura 2004

KOH(UTYPAITUU OIMPEIE/IAIOTCA MEXKbsIIEPHBIM PACCTOSHUEM, IIPU KOTOPOM BEPOSITHOCTD PaCCEsTHUS
HA «9IyKHUX» MOHAX MaKCUMaJjbHA (CM. cieayroruit paszen). OTMeTrM TakzKe, 9TO BEPOSITHOCTh Pac-
cestHUs Ha POJIUTEHCKOM HMOHE B PACCMATPUBAEMOM 3/IECh CIIydae MOMKET ObITh YBEJUTeHa 3a CUET
OIITUMAJILHOIO TOA00Pa CTENEHN SJLIUITHIHOCTH HOJSIPU3AIUE TI0JIsl JIJIsi KOMIIEHCAIIUU HOIEPETHOrO
npeiida amexrponos [41, 43, 44].

2. TEHEPAIINA ATTOCEKYH/HBIX MMIIVJIbBCOB ITPU NMOHU3AIINN
BO3BY2KJIEHHBIX MOJIEKY/JI

2.1. Posb 3/1eKTPOHHOIO BO30Y K/ IeHUS

Kak mokasbIBaIOT IpOBEJIEHHBIE HAME TeOpeTHYecKue ucciaeoBanus (45|, adbdexruBHocTh renepa-
IIUU OJMHOYHOTO aTTOCEKYHHOI'O MMIIYJIbCA IIPU MOHU3AIMNA aTOMOB MOIIHBIM ONTHIECKUM HMITYJIb-
COM C MaJIbIM YHCJIOM IIEPUOJIOB OIS MOXKET CYIIECTBEHHO yBEJIUYUTHCS IIPU UCIIOIb30BAHUN HUCXOJHO
BO30YXKJIEHHBIX IEKTPOHHBIX COCTOsIHMIL. B WacTHOCTH, B pe3yJibTaTe ITPOBEIEHHBIX AHAJIUTHIECKUX
U YHUCJIEHHBIX PACYETOB HAMU YCTAHOBJIEHO, UTO ITPU MOHUBAIUNA aTOMa BOJIOPO/A U3 25-COCTOSTHUS W3-
JIyU€HUEM TUTAH-CarpUupOBOro Jia3epa B HECKOJIBKO JECSITKOB pa3 yBEJUUNBACTCA SHEPIUs TeHepupye-
MOT'O aTTOCEKYH/IHOI'O UMILYyJIbCA U yMEHBIIAETCS ero IJUTeJbHOCTh, & CIIeKTPaJjbHas MHTeHCUBHOCTD
UBJIy9YeHUs] B BAKYYMHOM YJIbTPAMUOJETOBOM M MSIIKOM PEHTTE€HOBCKOM JIHAIIA30HAX YBEJIUIUBACTCS
Ha, HECKOJIBKO IIOPSIIKOB [0 CPABHEHHIO CO CIyYIaeM MOHUBAIMU W3 OCHOBHOIO coctosiuus. [lomydenmbre
pPe3yJIbTaThl OObICHAIOTCSH TeM, 9TO U3-3a OOJIbINEN CTEIeHN JeJI0OKATU3AIUN BOJTHOBON (DYyHKIIUU BO3-
Oy 2KIEHHBIX ATOMHBIX COCTOSTHUI 110 CPABHEHUIO ¢ OCHOBHBIM COCTOSIHUEM MOHU3AINS U3 HUX IIPUBOIUT
K (DOPMUPOBAHUIO BOJTHOBBIX ITAKETOB, B MEHBIIEH CTEIEHN OJBEPKEHHBIX KBAHTOBOMEXAHUIECKOMY
PACILIBIBAHUIO [IPU JIBUKEHUHU BHE aToma. Hirke MBI ITOKA3bIBAEM, ITO aHAJOTUYIHBIN 3MDEKT ToIKeH
UMEeTh MECTO DU MOHU3AIUU MOJIEKYJI ¢ BO3OYKIEHHBIMU JIEKTPOHHBIMU COCTOSITHUSIMU.

[Tpu gnciieHHBIX pacyéTax HAMH HCHOJIL30BAJIACH IINPOKO MIPUHATAS MOJEb (CM., Haupumep, [17,
19, 26|) mpocreiiieii MOJIEKYJISIPHOIl CHCTEMBI — JIByMEPHBIHi AHAJIOI HOHA H; CO CIVIA2KEHHBIM KY-
JIOHOBCKHM moTeHImasoM V (x,y), oOpa3soBaHHBIM JBYMs OJMHAKOBBIME OJHO3APSIIHBIMI IIEHTPAMH,
YJIEPKUABAIOIIMI € INHCTBEHHBIN 3JIEKTPOH:

Viz,y) = —[(x —D/2)? + 1> +a®|71 /2 — [(x + D/2)® + 4> + a®] 7} /2. (3)

Baecs D — paccrosHue MEXKIy sIpaMu, @ — IapaMeTp CIJIa’KHBaHH: KYJOHOBCKON CHHIYJISIPHOCTH,
BBIOMpaeMBbIil OOBITHO U3 YC/IOBUSI COBIIAJIeHNS SHEPI'UH NOHU3AIIUN MOEJIbHOTO HOHA U3 HUXKHEI'O JIEeK-
TPOHHOI'O COCTOSIHHSA C €€ BEeJMYMHON JIJI PeajbHOro MOJIEKYJISPHOrO noHa. Mosekysbl cuntaeM Bbl-
CTPOEHHBIMHI BJOJIb OCH X, HAIIPDABJIEHHON IEPIIEHIUKYJ/ISIPHO JINHEIHO IIOJISIPU30BAHHOMY 3JIeKTpHUe-
ckomy noutio E(t). 3ech 1 HuxKe ucnonb3yeM aToMHble ejuauipl (e = m = i = 1). Jlunamuka nporecca
MOHU3AIINN MOJIEKYJIBl JIA3€PHBIM UMIIYJILCOM B JUIIOJBLHOM IPUOJIMZKEHUH ONUCHIBAETCH yPaBHEHUEM
HIpémuurepa
0 1/ 02 0?

i % =5 (g + 37 ) 0+ Vi@ +uB@O @
(simpa cauTaeM HENOJBMZKHBIMU, UTO Jlsi MHTEPECYIONIEro HAC 3/1eCh PEeKUMa HOHU3AIMU MOJIEKYJIbI
ONTHYECKUM HMILYJIbCOM C MaJIBIM UYHCJIOM IIEPHOMIOB II0JIsI BIIOJIHE OIIPABIAHO JarKe IJIT MOJIEKYJI
c érkumu siipamn). Y pasrenne IIpémunrepa (4) HHTErprpOBaIOCH YNCIEHHO METOIOM OLIEPATOPHOIO
paciensienust [46] ¢ ucnonbzoBanuem GbicTporo npeobpazoBanust Pypwre. CranmoHAPHBIE COCTOSIHUS
9J€KTPOHA B HOTeHInase (3) HAXOIMJINCH METOIOM YUNCIEHHOIO MHTEIPHPOBAHUS B MHUMOM BPEMEHH
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Puc. 1. 3aBucumocTu OTEHIMAILHOM SHEPIUK OT MEXK'bsIJIEPHOIO PACCTOAHUS (CI€BA) U BOJIHOBbIE (DYHK-
nuu (CrpaBa) 9eThIPEX HUBIIUX JIEKTPOHHBIX COCTOSHUN ABYMEPHOTO MOJIEKYJISPHOTO MOHA H;r . Bosro-
Bble (DYHKITUU TPUBEIEHBI JJIsT MEXKbsiIEPHOTO paccrosuus D = 7.5

ypaBuenust (4) ¢ HyJeBbIM BHeITHUM nosieM. HaiijieHnbie TakumM 06pa3oM KpUBBIE TIOTEHIUATLHOl SHEP-
IUU 9eTHIPEX HUBIIUX JEKTPOHHDBIX COCTOAHUN C yIETOM OTTAJKUBAHUS SIIED IPEJACTABICHBI Ha puC. 1
JUIst TIapaMerpa criaaxkupanus a = 1/+/2. JIjisi OCHOBHOTO JIEKTPOHHOIO COCTOSIHHS B HCIOJIB3YeMOi
HaM{ MOJIEJIM PABHOBECHOMY PACCTOSIHUIO MeXKIy sinpamMu DD = 2,4 cOOTBETCTBYeT HMOTEHIINAJ HOHU-
samun [, = 28,5 sB; sneprua nucconmamyum 4 pasna 2,9 sB. Ykasanuble BeJImauHbl OMU3KH K UX
SKCIIEPUMEHTAJIBHBIM 3HAYEHUSIM JIjI PEeaJIbHOTO MOJIEKYJISIPHOTO WOHA H; (D =2, I, = 29,9 5B
u Eg = 2,8 5B).

Huke npuBeieHbr pe3yibTaTsbl TUCIEHHBIX PACIETOB FEHEPAITMH ATTOCEKYHTHOTO UMITYJIbCA B PEXKU-
Me HajbapbepHoil nonnsaiuu [47]| nona H;L B OBICTPO HApAaCTAIOIIEM Jia3epHOM Tiojie. B aToM pexume
MOHUBAIMS TPAKTHIECKH BCEX YACTHUIl M BO3BPATHBIE COYIAPEHUS JEKTPOHOB C MOHAME ITPOUCXO/IAT
B TEUYEHUE OJHOTO IIEPUOJA JIA3EPHOIO IOJid. B Io/Isapu3aiinoHHOM OTKJINKE CHCTEMbBI B 9TOM CJIydae
BO3HUKAET KOMIIOHEHTA, COOTBETCTBYIOMIAs BO30YKICHUIO OJUHOYHOTO IEKTPOMATHUTHOIO HMILYJIb-
ca aTTOCEKYHIHON JJTUTE/HHOCTH C ITUPOKUM CILIONIHBIM CIEKTPOM, TAHYIIAMCI 10 PEHTTEHOBCKOTO
JIMana30Ha, YaCTOT.

MoutekyisipHBI OTKJINK BBIYUCISJICA KaK BTOPasl IIPOU3BOIHAS 10 BPEMEHHU OT JIUIIOJILHOIO MOMEH-
Ta MOJIEKYJIbI <dy> B HAIPABJICHUN 3IEKTPUYeCKOro mos. [is serauciaenus senmaunnt (d(t)) yuo6Ho
UCIOJIB30BaTh TeopeMy dpendecta [48], coryiacHo KOTOpOii cpejiHne 3HaYeHUs (DU3MIECKUX BEJINIUH
U3MEHSIOTCS 110 3aKOHAM KJIACCUYIECKON MEXaHUKU:

2
(d(t)) = — 4 (r) = ( U(r,t) gvir) + Eg sin(wot) \I/(r,t)>. (5)
de? Or

Bropoe ciaraemoe JiMHEHHO 110 TIOJIIO, IIO3TOMY /JIJIsl ICCIE0BAHUS IIPOIecca HeJIMHERHOTo 11peobpa3oBa-
HUsl 9aCTOT IIPEJICTABJISET UHTEPEC JIUIITH [IEPBOE CJIATAEMOE, COJIEPKAIIEE HEJTUHEINHYIO 9acTh OTKJINKA,
CBSI3AHHYIO C BJIMAHUEM IOTEHIINAJIA MOHA:

R(t) = / W (r, )2 38—‘; dz dy. (6)
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Puc. 2. TlofspusamonHbIii OTKINK MOJeKy/IspHoro mona Hj (cieBa) W S/eKTPOHHBIH BOTHOBOMH MaKeT
Tlepe] BO3BPATHBIM COYJIAPEHWEM C MOHHBIM OCTOBOM (CIIpaBa; Apa M300paskKeHbl IEPHBIMU TOTKAMU;
Gosiee TEéMHBIE 00JIACTU COOTBETCTBYIOT OOJIbIIE IUIOTHOCTU BEPOATHOCTH). Pe3ysibTaTsl IPUBEIEHBI J1JIs
HAYAJBbHBIX JIEKTPOHHBIX cocTossHuil 1 (@), 3 (6) u 4 (8) IpH ONTUMATBHBIX MEXK'bsIIEPHBIX PACCTOSIHASIX
(D = 7,2; 15 u 9 coorBercrBerHO). MoseKyssipHasi 0Cb OPHEHTUPOBAHA MEPIEHNKYJISIPHO JI€KTPHe-
CKOMY IIOJIIO JIA3ePHOr0 UMIyJIbca (7)

Ha puc. 2-5 npeacraBiieHbl pe3yabTaThl PACIETOB I C/IyYas HOHU3AINNA MOJIEKYJ/ISIPHOTO HOHA, H;’

Ha HepegHeM (OPOHTE JIA3EPHOIO MMITYJIbCA

rne Fy = 0,36, wg = 0,114.

M. FO. Emenrun, M. IO. Pabuxun, A. M. Cepzees

E(t) = Ep [exp(2wot/m) — 1] sin(wgt),

(7)
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Ha puc. 2 nmpuBeiennl BpeMeHHBIE 3aBUCUMOCTH MOJIEKYJISIPDHOI'O HEJTMHEHHOTO OTK/INKA U « MI'HOBEH-
Hble CHUMKHI» JIEKTPOHHOT'O BOJTHOBOT'O ITAKeTa ITePe]T CTOJIKHOBEHNEM C MOHHBIM OCTOBOM JIJIsSl CJIyaeB
MOHU3AIMI U3 COCTOSIHUN 1, 31 4 (CBsI3bIBAIOIIE OPOUTAIIM) IIPU OLTUMAJIBHBIX 3HAYEHUSIX MEXK'bslJIeD-
Horo paccrosinusi (D = 7,2; 15 u 9 coorBercTBenHo). Ha Becex NpUBEIEHHBIX 3aBUCUMOCTSX OTYETINBO
BHUJIEH aTTOCEKYHIHBIN BCILIECK, OOYCIOBJIECHHBIN COYIapEHNEM JIEKTPOHHOTO BOJHOBOTO ITAKETA C MOH-
HBIM OCTOBOM. lIpm moHmsarumy m3 OCHOBHOI'O COCTOSIHUS JJINTETBHOCTDL aTTOCEKYHIHOTO UMITYJILCA
cocrasjisier 9yTh Menee 200 arrocekymua. [Ipu nonuzarum n3 Bo30yKAEHHBIX JIEKTPOHHBIX COCTOSTHUIA
JUTHTEIHHOCTD BCILIECKA CYIIECTBEHHO cokpataercs (j10 40--50 ac), a ero aMIuTyia yBeIndnBaeTcs,
9TO comacyercs ¢ HabuogaeMoil Ha puc. 2 (cupaBa) TeHJEHIUeNl K yMEHbIIEHHIO MaciiTaboB JIOKa-
JIM3AITUN BOJIHOBOT'O ITaKETa BO3BPAIAIONINXCS K POIUTETHCKON MOJIEKYJE JIEKTPOHOB C yBeJINYEHUEM
CTENEHU HAYAJbHOTO JIEKTPOHHOI'O BO30YKJICHUS CUCTEMBI.

CrekTpbl HEJIMHEHHOTO MOJIEKYJISIPHOTO OTKJIH-
Ka JJIs pa3/JM9IHbIX HAYAJbHBIX SJEKTPOHHBIX CO-
CTOSTHUI WOHA H; IpU ONTUMAJILHBIX MEXKbAIep-
HBIX PACCTOSHUSX IPHUBEACHBI Ha puc.3. U3 mpu-
BEJIEHHBIX 3aBUCUMOCTEN CJIEJIYeT, YUTO CHEKTPAJIb-
Has WHTEHCUBHOCTH W3J/IyYeHHUS B OOJIACTU TaCTOT
w > 30w Tpu MOHU3AIUU U3 BO3OYKIEHHBIX CO-
CTOSHUM yBEIMYNBAETCI HA HECKOIBKO TTOPSJIKOB TI0
CPABHEHUIO CO CJIYYaeM HOHU3AINU U3 OCHOBHOTO
37eKTpoHHOTO cocrosuus 1. Vckiodyenme cocras-
nsier cocrosiuue 2 (pacuajHasi opbuTasn), obsaia-
IoIIee MPOCTPAHCTBEHHON aHTHUCHMMETPHUEl OTHOCH-
TeJIbHO TIJIOCKOCTH, TEPIEHIUKYJIAPHON och MoJe-

. 0 100 200 300 400 500
KyJibl. BeescrBie anTucuMMeTpUE BOJIHOBOR (DyH- N

KU1 IIJIOTHOCTHL BEPOATHOCTU B II€eHTPE BOJHOBO-

Puc. 3. CekTpbl TOISPU3AIMMOHHOTO OTKIMKA MOJIE-
KyJaspHOro moHa Hy i HAYATLHBIX 9MEeKTPOHHBIX

cocTogHUi 1, 8 ¥ 4 IPU ONTHUMAJBHBIX MEXKbsJIED-
Ijla paBHa HyJIO, YTO NPUBOJUT K HU3KOH 3ddex-  pyx paccrostHusX (CM. puc. 2)
TABHOCTH TIE€HEpalldM aTTOCEKYHJIHOI'O BCILJIECKA.

Bwmecte ¢ TeM oTMeTHM, 9TO TP JOCTATOTHO OOJIb-

IIUX MEXK'bSJIEPHBIX PACCTOSHUSAX BOZHUKAET IOIepedHas HHTePMEPEHIINOHHAS MOIYJISIUS BOJTHOBOI'O
naKera, U IIpY OHTHMAJIbHOM DACCTOSIHUU (B PACCMOTPEHHOM Hamu ciydae — npu D ~ 15) nauGosee
MHTEHCUBHBIE HHTEP(EPEHITMOHHBIE MAKCUMYMbI B BO3BPAIIAOIIEMCs K HOHHOMY OCTOBY 3JIEKTPOHHOM
BOJTHOBOM ITaKeTe COOTBETCTBYIOT TOYHOMY <IIPUIIEIMBAHUIO» 3IJIEKTPOHOB HA SIJIPa, YTO IIOBBINIAET
9 bEKTUBHOCTL BO30YXK/ICHUST ATTOCEKYH/IHOIO BCIiecKa (puc. 4).

ro IaKeTa, dBOJIOIUOHUPYIONIEN0 U3 ITOI'0 COCTOS-
HUS, IPA PacCMaTpPUBAEMON 3JI1eCh T€OMETPUU BCe-

2.2. Ucnionb3oBanue mHTEPp@EPEHITNOHHON MOIYJISINN JIEKTPOHHOTO BOJTHOBOTO MaKeTa

XapaKTepHBIM CBOMCTBOM MOJIEKYJIAPHBIX CUCTEM SBJIAETCS HAJUYUNe HECKOJILKUX aTOMOB, sIBJISIO-
MUXCS. UCTOYHUKAMU BOJIH Jie Bpoiijisi, HCIycKaeMbIX [IpU HOHU3AIMH. DTU BOJIHBI MOTYT HHTepdEepu-
poBaTh, 00pa3ysl KBa3UIIEPUOAMIECKHE CTPYKTYPbI, MOM00HBIE IPUBEAEHHBIM Ha puc. 4. B mzBectHOM
CMBICJIE CUTYallUsi 3JIeCh AHAJOIUYIHA WHTEP(EPEHITUH BOJHOBBIX IIYYKOB Ipu JudpaKIud CBeTa Ha
AByX miensx. Huke npuBeieHbl mpuMephl, MOKA3LIBAIONINE BO3MOXKHOCTHU UCIIOIBL30BAHUS HHTEP(hEPEH-
IIMOHHONM MOJLYJIAIINN 3JIEKTPOHHBIX BOJHOBBIX IAKETOB IS YIPABJIEHUS CIIEKTPAJIbHBIMU CBOMCTBaMH
U3JIy9eHns], TeHEPUPYEMOTO TIPU JIEKTPOH-MOHHBIX CTOJKHOBEHUSIX B IIPOIECCE MOHU3AINHN MOJIEKYJI.

Ha puc. 5 npuBeeHbl CIEKTPBI MOISPU3AIMOHHOTO OTKJIMKA MOJIEKYJIIPHOTO HOHA, H; Il CITydast
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Puc.4. CieBa — 3/IeKTPOHHBIH BOJIHOBO# I1aKeT Iepesi BO3BPATHBIM COYJAPEHHEM C MOHHBIM OCTOBOM
B CJIydae HOHM3AIMN MOJIEKY/ISIPHOTO HoHa Hy M3 aHTHCHMMETPHYHOTO COCTOSHUS 2 TIPH MEK'bAIePHOM
paccrosianu D =5 (a) u D = 15 (6). CupaBa — aTTOCEKYH/(HBIH BCIUIECK B MOJISIPU3AIMOHHOM OTKJINKE
MOJIEKYJISIPHOT'O MOHA H;r , MIOHU3yeMoro u3 cocrosuus 2 nupu D = 5 (myskrupras kpusasd) u D = 15
(citommHast KpuBas)

HMOHU3AIUHA U3 OCHOBHOT'O SJIEKTPOHHOI'O COCTOSIHUS NIPU MEKbAJIEPHOM paccrosanu D = 20 n pasand-
HBIX yIyiaxX 6 opHeHTaIuy MOJIEKYJISPHONH OCH MO0 OTHOIIEHWIO K HAIPABJIEHUIO JIEKTPUYECKOTO OIS
JIA3EPHOIO UMITYJIbCa. KaK MOKa3bIBAIOT PACYETHI, IIPU MEPEXOJIE OT MOMEPEIHON OPUEHTAIIMN MOJIEKYJIbI
(0 = 90°) x mpomosbhoil (f = 0°) B clEKTpe BOSHUKAET SIPKO BBIPAYKEHHBIN MaKCUMyM, yBEJIMYNBA-
IOIUICS 110 AMILIATY/AE M CMEIIAIONIMICA B 60JIee KOPOTKOBOJHOBYIO 9aCTh CHEKTPA ¢ yMEHBIIEHUEM
yruia 6. HabiogaemMblie 3aKOHOMEPHOCTH HETPY/IHO OObSICHUTE UCXOs U3 (haKTa HAJTMIUsT HHTEPdEPeH-
[UOHHON CTPYKTYPBI B JIEKTPOHHOM BOJIHOBOM IIAKETE, «MIHOBEHHDBIE CHUMKH» KOTOPOTO B MOMEHT
Hauasa CoyJapeHnsi ¢ MOJIEKYJIIPHBIM OCTOBOM IIPEJICTAB/IeHbl Ha puc. 5 (crnpasa).

XapakTepHas 9aCTOTa TOPMOZHOI'O M3JIy9eHUsl SJEKTPOHOB IIPU PACCESTHUN HA MOHAX OIPEIEIIAET-
¢S OTHOIIEHNEM CKOPOCTH JIBUZKEHHS 3JIEKTPOHOB OTHOCHTEIHLHO MOHOB K XaPaKTEPHOMY IIPOIOJILHOMY
pasMepy JIeKTPOHHBIX crycTKOB. [Ipu § = 90° unrepdepeHInonHble CTPYKTYPbI B BOJTHOBOM TTaKeTe
napaJiie/ibHbl HAIPABJIEHUIO SJIEKTPUYECKOTO IOJIs JIA3EPHON BOJIHBI, TO9TOMY TOPMO3HOE H3JIydeHue
9JIEKTPOHOB HOCUT XapaKTep OJMHOYHOTO BCIIECKA C JIIHTETHLHOCTHIO, OMPEIesieMOil MPOTKEHHO-
CTHIO BOJIHOBOT'O ITAKETA B HAIIPABJIEHNU BJOJIb IO/ B CEYEHUN, COOTBETCTBYIOMIEM IIOJIO?KEHUIO OJIHOTO
u3 siyep. llpu onpenenénnom 3nadennn yria § < 90°, 3aBucsiineM OT OTHOIIEHUs Hepuoja uHTepde-
PEHIMOHHOM MOJLYJIAIUN 3JIEKTPOHHOI'O IAKETa K ero MpOJAoILHOMY Pa3Mepy, U3JIyd9eHue IpunodperaeT
XapakTep KBa3UITEPHOAMIECKON MOCIEI0BATEIBHOCTH HECKOJBKUX BCILIECKOB, JTUTEIHLHOCTD KarKI0TO
U3 KOTOPBIX ompejessercs Beanaunoii A/(vcosf), rae A — nepuoj, nHTepdEPEHIIMOHHO PEIIETKH,
U — CKOPOCTH JBUKeHusl akera. C yMeHbIeHeM yTiia § ¢ HOHAMU B3aUMOJIEHCTBYIOT 0DJIACTH SJIEK-
TPOHHOI'O BOJIHOBOI'O TIAKeTa, BCE DoJiee OJIM3KO PACIIOIOKEHHBIE B TIOTIEPEYHOM HAIIPABJIEHUHN K IEHTPY
naKera, COOTBETCTBYIOIEMY MaKCUMyMy €ro orubarorieii (cM. puc. 5).

Takum obpasom, mpu 3aaHHON GopMe JIA3ePHOTO MMITYJIhCa TOJOXKEHNE MaKCUMyMa B CIIEKTPE
TOPMO3HOT'O M3JIy9e€HUsI MOXKHO BAPbUPOBATH B IMUPOKUX MPEIEIax, MEHss C IIOMOIIbIO BHICTPAMBA-
OIEr0 MMITYJIbCa OPUEHTAIMIO MOJIEKYJISIPHBIX OCel. YIIUpEeHne NeHepUPYEMON JIMHUU OTPEIe/IAeTCs
yBeIm4IeHneM MacmTabos nHTepdEPEHIMOHHON PEIIETKN N3-38 KBAHTOBOMEXAHUIECKOTO PACILILIBAHUS
BOJIHOBOT'O TIAKETA B TIPOIECCE €r0 JBUKEHUS Yepe3 00/1acTh, 3aHATYI0 HOHAMU, U U3MEHEHUEM CKOPOCTH
JIBUZKEHMS TIAKETa, U3-38 €r0 YCKOPEHUS JIA3EPHBIM IOJIEM.

M. FO. Emenrun, M. IO. Pabuxun, A. M. Cepzees 919
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Puc. 5. CnekTp NOJSIPU3AIIMOHHOTO OTKJINKA (CJIeBa) U 3JIEKTPOHHBIN BOJHOBOMN NAKET Iepe T BOSBPATHBIM
COy/IapeHNeM C MOHHBIM OCTOBOM (CIpaBa) B CIy9ae MOHU3AIMN MOJIEKYJISPHOrO MOHA H;‘ U3 OCHOBHOT'O
9JIEKTPOHHOTO COCTOSHUS TP MEXKbAIEPHOM paccTosHIN [ = 20 1 pa3IUIHbIX yIJIaX OPUEHTAIINN MOJIe-
KYJISIPHO} OCH 110 OTHOIIEHUIO K HAIPABJIEHUIO IEKTPUIECKOTO MOJId JIa3epHoro umiyibca: § = 90° (a),

0 =60° (6) md=0° (s

IIpu 3ajannoii opueHTAIME MOJIEKYJISIPHBIX OCEell yIIpaBJIEHNE CIIEKTPOM IeHEPUPYEMOTO M3JLy IeHUSI
MOZKET OCYIIECTBJISATBCS 38 CUYET BAPbUPOBAHUSA MEXK'bsJIEPHOIO PACCTOSHUSA, a TaKXKe 3a CUET U3Me-
Henust (POPMBI JIA3ePHOr0 UMIyJibca. Ha puc. 6 mpeacTaBieHbl CIEKTPhI HOMsIPU3AIMOHHOIO OTKINKA,
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Puc. 6. CnekTp HOJISIPU3AIIMOHHOTO OTKJINKA (CJIeBa) U 3JIEKTPOHHBIA BOJHOBOMN NAKET IIEPEJT BOSBPATHBIM
CcOyJTapeHreM ¢ MOHHBIM OCTOBOM (CIpaBa) B Cllydae HOHH3AIMH MOJEKYJSpHOro moma Hi saseprbim
UMITYJILCOM (8) M3 OCHOBHOI'O 3JIEKTPOHHOI'O COCTOSHUSA MPH HAPAJUICJILHON JIEKTPUIECKOMY IIOJIIO0 OPH-
EHTAIMU MOJIEKYJIIPHOIl OCH M Pa3JIMUHBIX MEXKbsJepHbIX paccrognusax: D = 14 (a), D = 20 (6) u
D =28 (s)

HNOHa H;—, I/IOHI/IByeMOI‘O 3 OCHOBHOI'O SHeKTpOHHOI‘O COCTOAHUA .HHBQprIM I/IMHy.HbCOM
E(t) = Eyexp|—5 (wot/(2m) — 1)*] sin(wot), (8)

M. FO. Emenrun, M. IO. Pabuxun, A. M. Cepzees 921
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rne Fy = 1,5, wyp = 0,114, upu napasiebHOl 3JIEKTPUIECKOMY OO0 OPUEHTAIINA MOJIEKYJISIPHON OCH
U pa3/ITYHbIX 3HAYEHUAX MEXKbsJIEPHOI'O PACCTOSHUS.

Ha6umonaemoe Ha npuBegéHHBIX rpadukax (puc.6, cieBa) JMHEHHOe CMeIEHHE KA B CIEKTPE
[TOJITPU3AIMOHHOIO OTKJINKA B KOPOTKOBOJIHOBYIO 00JIACTD C YBEJIHYEHUEM MEK'bSIIEPHOTO PACCTOSTHUS
OO'BSICHSIETCST TE€M, UTO MACIITAd HHTEP(EPEHITNOHHON MOLYJISIN 3/IEKTPOHHOI'O BOJHOBOI'O ITAKeTa W3-
MeHsieTcsi 06paTHO npornopimonaabHo D (puc. 6, cupasa). CuiibHast 3aBUCHMOCTD HOJIOKeHUsT U (POPMbI
JINHUU B CIIEKTPE BO30YKIAEMOT0 U3JIyUeHUsI OT aMILIATYIbI U IPOQMUIIS BO3OYKIAIOIIErO [TOJIsT BUJI-
Ha U3 CpaBHEHHMS I'PaPUKOB Ha puc.He u 66, HMOMyIeHHLIX NPHU OJMHAKOBBIX 3HadeHuax 6 m D, HO
pa3Hoil bopMe JIa3epHOro UMILyJibca. B rmose jazepHoro uMmirysibca, 3ajiaBaeMoro dpopmysioii (8), cko-
POCTBb W YCKOPEHHE 3JIEKTPOHHOI'O BOJTHOBOI'O ITAKETa P CTOJKHOBEHHHM C MOHHBIM OCTOBOM MEHBIIIE,
geM B niosie (7), yem obbsicHsieTcst 6osiee cyiaboe CMeIleHre [IKa B CIEKTPe TeHEPUPYEMOro U3JLy YeHHst
B 00/1aCTh KOPOTKUX BOJIH U MEHbIIIAs €0 IIHPUHA.

Hasnmune HeCKOJIBKUX PACCEMBAIOIINX IIEHTPOB B MOJIEKYJIE MOXKET ITPUBOJIUTH TAKKE K IOSTBJICHUIO
0ojiee TOHKUX OCODEHHOCTEl B CIIEKTPE BO30YKIA€MOIr0 aTTOCEKYHIHOTO UMITY/Ibca. TaK, ecjin paccTo-
sTHUE MEXKJIY S/IPaMU B JIBYXaTOMHOI MOJIEKYJIE OKA3bIBAETCSI PABHBIM HEUETHOMY YUCILY ITOJIYIIEPUOJIOB
peLHéTKI/I B 9JIEKTPOHHOM BOJIHOBOM ITaKeTe IIepe/l CTOJIKHOBEHHEM, TO B IEHTPE IINKa B CIIEKTPE B036y}K—
JIAEMOTr0 U3JIydeHUs HADJIIOIAeTCs OYeHb y3Kuil u riyGokuili Mmunumym (cM. puc. 66), 06yCIOBJICHHBII
JEeCTPYKTUBHON nnTepdepeniyeil BKIaI0B B U3JIyI€HNE OT PACCETHIS JJIEKTPOHOB HA COCETHUX NOHAX.
HerpymHo Bumersh, 910 MEXaHN3M BOSHUKHOBEHHUS 9TOI0 MUHUMYMA MOI00€H 00Cy K 1aBIIeMycsa B pabo-
Tax 19, 20] mexanusMmy nosiBjaeHusi HHTEPGMEPEHIIMOHHBIX CTPYKTYP B CIIEKTPAX MEHEPAIUH FAPMOHUK
B MOJIEKYJISIDHBIX ra3ax (cm. dopmysist (1) u (2)).

3. BAKJIFOYEHUE

Taxum 00pa3oM, HEJTMHEWHBIH OTKJIUK MOJIEKYJIbI, HOHH3YEeMON MOIIHBIM (DEMTOCEKYHIHBIM JIa3€p-
HBIM MMILYJIbCOM, CUJIBHO 3aBUCHUT OT €€ Ha9aJbHOTO COCTOsiHNS. KOHCTpYUpOBaHUe JIEKTPOHHBIX BOJI-
HOBBIX IIAKETOB IIyTEM OIITUMAJILHOMN IIOATOTOBKU MOJIEKYJISIDHON CPeJibl B 9KCIIEpUMEHTE (BbICTpanBa-
HEE MOJIEKYJI, BO30YZK/IEHIE JIEKTPOHHBIX MM KOJIeOATeIbHBIX CTerneHeii cBoOO/IbI) MOKET 06eCIeunTh
3HAYUTE/IbHOE yBesimdeHune 3(hMOEKTUBHOCTU TeHEPAIMN ATTOCEKYHIHBIX HUMITYJIbCOB. Hasmdue sipko
BBIPaXKEHHOI'0 MAaKCUMyMa B CIEKTPE MOJIEKYJISPHOI'O HEJIMHEHHOIO OTKJIMKA B YCIOBUAX Ha0apbep-
HO¥l MOHU3AIUU U CUJIbHAsSI 3aBHCHUMOCTb €r0 IOJIOZKEHUSI OT OPHUEHTAIMH OCU MOJIEKYJIBI U OT BeJIH-
YUHBI MEXK'bSIJIEPHOIO PACCTOSHUS II03BOJILIOT IOJIYYUTDH IIEPECTPAMBAEMOE IO PEHTIEHOBCKOI'O A~
[1a30Ha KOI'ePEHTHOE U3JIyueHne cyddeMTOCeKyHHON JTUTEIbHOCTU C YIPABJISEMbIMI XapPaKTEPUCTH-
kamu. JlorosHuTeIbHbIE BO3MOYXKHOCTH JIJIsi KOHTPOJIS 0DECIIEYNBAIOTCS COOTBETCTBYIONIUM I10100pOM
BPEMEHHOTO MTPOMUIIsi HOHU3UPYIOIIETO JIA3EPHOTO UMITYJIbCa. 1yBCTBUTEIHLHOCTH CIEKTPA BO30Y XK 1ae-
MOI'O M3JIy4YeHHUs K B3AUMHOMY PACIIOJIOKEHUIO $JIep B MOJIEKYJle U K OPUEHTAIINU MOJIEKYJISIPHBIX Oceil
OTKPBIBAET BO3MOXKHOCTH JIJIsI UCIIOJIb30BAHUS T€HEPAIINH ATTOCEKYH/IHBIX UMITYJIbCOB KAK JTUATHOCTH-
YECKOI'0 CPEJCTBa JJIs SKCIEPUMEHTAIBLHOIO HCCIIE0OBAHUs KoJiebaTeIbHO-BPAIaTe/bHON [IMHAMUKHI
MostekyJ1 [49].

Hanuas pabora BblONHEeHA 1pu YacTuaHoi nojuepkke [Ipesummyma PAH (nporpammbr «Ksan-
ToBast Makpodusukay u «PeMTocekyHHasl ONTUKA U (DU3MKA CBEPXCUJIbHBIX JIa3epHbIX 10s1eiis ), Or-
nentennst pusnaecknx Hayk PAH (mporpamma «Hesmuelinast onTrka yHUKAJIBHBIX JIA3EPHBIX CHCTEM» )
u IIpe3uieHTCKOI TIporpaMMbl MOJIEPXKKY Be Ly X HayIHbIX KO P® (mkossl « Hesnueitubie mpeot-
pa30BaHUs JIA3EPHOTO U3Jy4deHusi» u «HejuHeliHas quHAMUKA ONTHYECKUX CUCTEM U BBICOKOUYBCTBHU-
TeJIbHBIE ONITHYECKUE U3MEPEHUST» ).
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I Mncruryr npuxnaanoi dusnkun PAH; [Tocrynmia B pemakiuio
2 Huxxeroposckuii rocyrusepcurer uM. H. 1. Jlobauesckoro, 11 mapra 2004 r.
r. Hmxanit Hosropon, Poccust

POSSIBILITIES FOR CONTROLING
ATTOSECOND X-RAY PULSE GENERATION
DURING MOLECULAR IONIZATION BY FEMTOSECOND LASER RADIATION

M. Yu. Emelin, M. Yu. Ryabikin, and A. M. Sergeev

We discuss the role of different factors (molecular sizes and configuration, orientation of the
molecular axis with respect to the electric field of a laser pulse, the type of the molecular orbital, etc.),
which characterize molecules and their state, in the formation of the nonlinear response of a molecule
ionized by a high-power femtosecond laser pulse. In numerical experiments within the framework of a
two-dimensional model for the H;r molecular ion, we study possibilities for controlling the process of
the nonlinear frequency conversion of femtosecond optical radiation into X-ray radiation of attosecond
duration by means of the preliminary vibrational or electronic excitation of molecules. We demonstrate
the possibilities of using the attosecond pulse generation as a diagnostic tool for probing vibration-
rotational dynamics of molecules.
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O IMPUPOJE S9HEPTMINI OCHOBHOTI'O COCTOAHN A YACTUIBI
B IIOTEHIINAJIBHOUN AME

JI. A. Pusaun

B macrosimeit pabore obpaiiieHo BHUMaHUE HA, I0-BUIUMOMY, YHUBEPCAJIBHOE CBOWCTBO YHEPIUU OCHOB-
HOI'O COCTOSTHMSI YACTHUIBI B IOTEHIINAIBHOI siMe. VIMeHHO, Ha TpuMepe GECKOHEYHO TUIyOOKOM MPSIMOYTO/Thb-
HOI MOTEHIMAILHON SIMBI HAIVISHO NPOJEMOHCTPUPOBAHO, UTO 9TA SHEPrusd (PABHO KAK W IHEPIrHsl JIO-
KaJIN3aIuu JaCTHIbI, ONPeesaeMas U3 COOTHOIIEeHHs | eiizenbepra) akKKyMyJIMPyeTCs BHEIMHEN CUJIONH, COo-
BepIIaroneil paboTy MPOTUB CUJIBI ABJIEHNST YACTHUIBI HA CTEHKHU SIMbI IIPU KOMIIPECCUU BEITECTBA YACTHIIHI
¥, COOTBETCTBEHHO, €€ 1)-DYHKIINY U3 HEOIPAHNIEHHOTO CBOOOHOTO ITPOCTPAHCTBA B KOHEYHBIN OOBEM SIMBI.
Ota paboTa B TOYHOCTU PABHA SHEPTUUA OCHOBHOTO COCTOSHUS YACTHUIIHI.

DHeprusi YaCTUIIBl, HAXOJSINENHCS B OJJHOM U3 COCTOSIHWIA, JIEYKAIIMX BBIIIE OCHOBHOTO COCTOSIHUS
HOTEHIMAJBHOI sIMbI, TIOCTABJISIETCSI U3BHE NPU BO30YZKJIEHUH YaCTUILI (HAIIPUMED, [IPH HOTVIOIEHUH
dborona). B 10 ke BpeMsi 3HEPIUsi OCHOBHOI'O COCTOSIHUS, SIBJISISICH COOCTBEHHBIM 3HAYEHUEM KDaeBOii
3aJ1a491, BHJIMMBIM 0Opa30M HUKAK He CBsA3aHa C KAKUM-JIUOO CTAHIAPTHBIM IIPOIECCOM BO30YXKIEHUS,
a B IIOJIHOM COOTBETCTBHUU C COOTHOIIeHEM |elizenbepra eCTh JIUIIb HEIIPEMEHHOE CJIe/ICTBUE IPOCTPAH-
CTBEHHOM JIOKajm3aruu Y-(QyHKIUU. Y MECTEH BOIIPOC: UTO K€ SBJISETCH UCTOYHUKOM ITOU SHEPTUN?!

st oTBeTa Ha HETro pa3yMHO MocienoBarh m3BectnoMy coery JI. V. Manpgenbinrama, BbICKa3aH-
HOMY HIPU U3YYCHUU CJIOZKHDBIX JJICKTPOMArHUTHBIX ABJICHUN, HO MMEIOIIEMY BIIOJIHE YHUBEPCAJIbLHBINA
xapakTep: «4 cuuTao IpPaBUILHBIM TaKOW IIYyTh: B3dATh KAKOH-HUOYIL IIPOCTOM CIydail ..., KOTOPBII
NEeACTBUTEIIBHO MOJIAETCI HACTOAIIEMY, XOPOIIIEMY, CTPOI'OMY HUCCJIEJOBAHUIO, UCCJIE/IOBATh €r0 U yCTa-
HOBUTB, YTO TaM jejaercsy [1].

B myxe 3Toro coBeta 0TBETOM Ha IOCTABJIEHHBIN BLIIE BOIIPOC MOXKET TOCTYXKUTH PE3YIbTAT CIeIy-
IOIIEr0 MBICJIEHHOT'O MOJIEJILHOIO 9KCIIEPUMEHTA, COCTOAIIEr0 B HAOJIIONEHUN 38 SBOJIIOIUEN OCHOBHOT'O
COCTOSIHUST YACTHIIBI B MOTEHITMAJIBHON sIMe ¢ aJuadaTuIecKu MeJJIEHHO U3MEHSIOIUMUCS IapaMeTpa-
mu. [Tomo6HbIi 10/1X0s1, BOCXO/sIuil emé K KaccukaMm, B 00IIeM BHJIe IIPUHST, Halpumep, B [2, 3|.

Nrak, nmycTs gacTuia ¢ MAcCoil m JIOKAJIM30BaHA B OTHOMEPHONW OECKOHEYHO IIyOOKOW MOTEHIIH-
aJbHON siMe mymmHOUW L ¢ HysjeBOil HOPMHUPOBKOW IOTEHIIMAja Ha JHE. B ogHOMepHON reoMerpun eé
OCHOBHOE COCTOsIHUE OIUCBHIBACTCS )-PyHKIHEH

2 E
P = ZCOS(%Z)GXP —i%t =Yy +_ =

7 [eo(-i o) rew(i f o) eo(-1 7 0) @
= —F——— |&X —1 - Z ex 1 - Z exX —1 —
CO CIeAYIOIIUMU SHEPIrueil 1 KOMIIOHEHTAMU UMILYJIbCA!
232
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IS4Ve) O3HaYaeT, 9TO KaxK/Jasd U3 CTEHOK AMDBI UCIIBIThIBAET CO CTOPOHBI JIOKAJIN30BAHHO JaCTUIbl CUJTY

JdaBJICHN A
2 232
P U m°h
Fr=2pJy=++—=4+"— =+ —. 4
TP =0T L N (%)
[Tycrs nasiee IPOMCXOIUT IIEPEMEIEHIe CTEHOK sIMbI (J0CTATOYHO Me/JIeHHOe, YTOOBI B COOTBET-
CTBUU € ajinabaTnvaecKuM IpuHIUIoM Dperdecta [4, 5| cOXpaHUTh UCXOAHYIO CTPYKTYDPY Y-byHKIMN),

[P KOTOPOM H3MEHSIETCsT €€ MUpUHa L U IPOU3BOANTCS paboTa A IPOTUB CHJIBL JaBjieHus F':

v a2 Far R 1 1
w 77
A:_/‘Fi‘dL:_ m 32~ 2m Lg_L% ' (5)
L1 Ly

CHG;LyIOLLLI/II'/’I orar COCTOUT B IPUHATHHN B KadeCTBE MCXOJHOI'O COCTOAHUSA IBOJJIIONUN ITapaMeTpOB
HOTEHIMAJILHON AMBI IpeObIBaHMe YACTHUIILI B HEOIPAHMYEHHOM CBOOOJHOM IPOCTPAHCTBE, T. €. B SIMe
HeckoHeIHON mupuHbl L1 = 00, KOIjia coriacHo (2)

£ =0, p =0, (6)
a JJIMHA& BOJIHBI J1€ BpOfLHH OECKOHEYHO BeJINKA:
)\dB = Q. (7)

Ha camom jienie 1osio0Hasi KBAaHTOBasi «HUPBAaHA», BBIIVISJIAIIAS HE CJUIIKOM PEAJUCTUYIHON, O3HATAET
JIWIIB JIOCTATOYHO OOJIBINOE yAaJleHne KAaKUX-JIU00 CTOPOHHUX MaTepPUaJIbHBIX TeJI, CIIOCOOHBIX BO3/IEl-
CTBOBATDb Ha U3YYAEMYIO YaCTHILY.

[Tpu TakoMm BBIGOPE HUCXOIHOIO cOoCTOsiHMs dacTunpbl u3 (5) ciemyer, 4ro pabora A OKasbIBAETCsI
B TOYHOCTU paBHOil sHeprun E (2) OCHOBHOrO COCTOSIHUSI YACTHIIBI B M€ C KOHEYHOIl mupuHoii L =
= LQZ

72h?
-T2 _& (8)
2mLs;

Taxum 0O6pa3oM, OKA3BIBAETCS, UTO UCTOYHUKOM SHEPIUM YACTHUIIHI, HAXOSIIEHCsT B OCHOBHOM CO-
CTOSTHUU MOTEHIAJIBHON sIMbl KOHEYHON MIUPUHBI (UJIM, YTO OJHO U TO ¥Ke, IPOCTPAHCTBEHHO JIOKAJIH-
30BAHHON B COOTBETCTBHH C COOTHOIIEHHeM leiizeHbepra), siBIsieTCsl JIeHCTBHE HEKOil BHEIIHEH CHJIBI,
IIePEMEIAIONeil CTEHKN SIMBI U IIPOU3BOISINEl KOMIIPECCUIO BEIeCTBA IaCTUIIbI U, COOTBETCTBEHHO, €6
1-PYHKIUK U3 MCXOJHO HEOIPAHUYEHHOIO CBOOOJHOIO IPOCTPAHCTBA B KOHEUHBIN OOBEM SIMBI C JUC-
KpeTHbIM HabOpOM cocTostHuil. B m3BecTHOM CMBICTE TOMOOHYIO KOMIIPECCUIO )-(DYHKIME MOXKHO Pac-
CMATPUBATh KaK CHEIUAJbHBIA TUI BO30YXKJIEHUsI YaCTUIBI U3 KOHTUHYYMa B OCHOBHOE COCTOSIHUE
TTOTEHIINAJIbHON SIMBI.

OueBnjieH 1 OOpATHBINA MIPOIECC TPHU TIEPEMEHE HAIPABJIECHUS IIEPEMEIEHUs CTEHOK C Iepeadeit
SHEPIUM YACTHIIBI, aKKyMYJHPOBAHHON B siMe, K MCTOYHUKY BHemrHeill cuiibl. Cjieayer 3aMeTUTh, 9TO
MOJIETTLHBIN XapaKTep BHEIIHEH CUJILI B 3TOM MBICJIEHHOM SKCIIEPUMEHTE OCTaBJISAET OTKPBITHIM BOIIPOC
0 eé (puBMIeCKOM BOILIOIIEHNN, KOTOPOE B PAa3HBIX CUTYAIUSIX MOXKET UMETh PA3JIUIHOE KOHKPETHOE
coJlepKaHue.

B zaksmouenne yMecTHO BCIIOMHUTD, UTO IIPUMEHEHHE aHAJOTUIHOIO TOIX0Aa K MOJEIN OECKOHETHO
r1yGOKO TOTEeHIMAIBHON sIMbIL J17isi (DOTOHOB (H/IAJBLHOIO METAJINIECKOIO BOJIHOBOJIA) IIO3BOJIUIIO
YCTAHOBUTD, IMO-CYIIECTBY, TAKYIO K€ IMPUPOJY SHEPIHHU, aKKyMYJIUPYEMOl B CTOSAYENl COCTaBIAIONIEN
9JIEKTPOMArHUTHOTO II0JIsl. DTON SHEPIUH MOXKET OBITH IPHUIIMCaHA SKBUBAJIEHTHAsI eif TaK Ha3blBaeMasl
KOHEUHas «HabJIro/IaeMast Macca MOKosi» (POTOHA, HEOTIMINMAsT B KAKOM-JIIO0 IKCIIEPUMEHTE OT MaCChI
HOKOs OOBIMHOf YaCTHIbl B CTAHIAPTHOM HOHUMaHuu |6, 7|.

Hacrositiiast pabora Beinosinena npu dactuvnoit nojgep:xkke CRDF u Munucrepcrsa obpasosa-
uust PO (rpanr VZ-010-0).
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SJIEKTPOHUKY U ABTOMATUKY (TEeXHUYECKUN YHUBEPCHUTET), 18 mag 2004 r.
r. Mocksa, Poccus

ORIGIN OF THE GROUND-STATE ENERGY
OF A PARTICLE IN A POTENTIAL WELL

L. A. Rivlin

In this paper, an apparently universal feature of the ground-state energy of a particle in a potential
well is pointed out. Namely, by the example of an infinitely deep rectangular potential well, we clearly
demonstrate that this energy, as well as the localization energy of a particle ensuing from the Heisenberg
relation, is accumulated by the work of an external force against the particle pressure force on the well
walls during compression of the particle substance and, correspondingly, its wave function 1 from
unbounded free space to the finite volume of the well. This work is exactly equal to the particle
ground-state energy.
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JECSATH JIET OIITUYECKOI KOTEPEHTHOI TOMOI'PA®UN
B POCCHUMN. OT 9KCIIEPMMEHTA K K/IIMHNYECKOU ITPAKTUKE

B. M. I'eauxonos ', H. JI. ['nadxosa

Jlas peTpoCIeKTUBHBIM 0030p paboT, MPOBOJAMMBIX OObEIUHEHHBIM KOJIJIEKTHBOM MCCJIeJoBaTe/ el u3
Mucruryra npuxmaguoit dusuku PAH u Hukeroposckoil rocy1apCTBEHHON MeIMIIMHCKONW aKaJeMUU I10
MIPAKTUYECKON pean3aIii ONTHIECKON KOPePEHTHON TOMOTrpadu 1 €€ UCIIOIb30BAHUIO KAK HOBOI'O METOJIa
OGUOMEUITUHCKON JUArHOCTUKHU.

1. Haburosienne BHy TpEHHEH CTPYKTYPbI )KUBBIX OMOTKAHEN BCer/ia ObLIO 3aMaHYUBBIM J1JIsl HCCIIE/I0-
Baresist u Bpada. C OTKPBITHEM PEHTTE€HOBCKUX JIydeil BIIEPBBIE MTOsIBIJIACH BO3MOYXKHOCTH BU3YaTU3AIIUN
BHYTPEHHNX OPraHOB 0e3 HapyIIeHus IEeJOCTHOCTH opraHu3Ma. Mcrmomb3oBaHne HU3KOMHTEHCUBHOTO
cBeTa OJIMYKHEr0 MH(MPAKPACHOTO JUAIA30HA B KAYECTBE 30HIMPYIONIErO M3JIyUE€HUs UMeeT JOIOJIHU-
TEeJIbHYIO MPUBJIEKATEILHOCTDL BBUY €r0 HEMHBA3UBHOCTH, ODYCIOBJIEHHON MaJjIoil SHeprueii CBeTOBOTO
KBAaHTA U CPABHUTEJIHHO CJIAOBIM HOTJIOIIEHUEM CBeTa, OMOTKAHSIMU B fuanal3one JauH BojH 0,7+1,3 MKM.
o mocteinero BpeMeHu, OJHAKO, CIIOCOOHOCTD ONMTUYECKAX METOIOB /[aBaTh MHMOPMAIUIO O BHYTPEH-
Hell CTPpYKType OHOIOrndecKnx 0ObeKTOB Ha MPAKTUIECKH MHTEPECHBIX IVIYOMHAX HE PACCMATPUBAJIACH
BCEPBE3. DTO CBSA3aHO C CUJIbHBIM PAaCCEesTHUEM CBeTa OJIMyKHEro MH(pPaKpacHOro JUala30Ha B OHOTKA-
HX, KOTOPOE XapaKTepu3yercs: IJINHON CBODOAHOTO mpobera (hOTOHOB OT HECKOJBKHUX JIECSITKOB 0
HECKOJIBKUX COTE€H MUKPOH. Ha miyObmHax, CpaBHUMBIX C JJIMHON CBODOIHOIO Mpodera WU MEHBIITIX
€8, OIITUIEeCKOMY BHJIEHUIO BHYTPEHHUX CTPYKTYP HPEHSITCTBYET TOJBKO CBET, PACCESTHHBIN ITOBEPXHO-
cTbio. Ero Mackupyrolee BIUSHIE MOXKHO IIPEOJIONIETh 3a CUET UMMEpPCUHU JTUO0 OCTPOil (POKYCUPOBKHI
B IyOUHY OObEKTa U «I€OMETPUIECKON» TUCKPUMUHAIMU (DOTOHOB, OTParKEHHBIX OT MOBEpXHOCTH |1,
2]. Opnako Ha rrybuHAX, OOJIBIIMX JJIMHBI CBOOOAHOIO Tpobera, 3hbdeKTUBHOCTL HPSMOro HabJIro1e-
HUS PE3KO CHUXKAETCS M3-3a HAPACTAIOIIErO BKJIA/a MHOTNOKPATHO PACCESHHBIX (DOTOHOB, CO3/IAIONINX
HENH(POPMATHUBHYIO 3aCBETKY U300parKeHUM.

Curyanusi u3MeHHJIaCh C HOsiBJIeHreM B KoHIle 80-X I'0JI0B IIMPOKOIIOIOCHBIX (<«(heMTOKOppeInpo-
BaHHBIX» ) M3JIydaresieil — (PeMTOCeKYH IHbIX JIA3ePOB U CyNEePIIOMUHECIEHTHBIX II0JIYIIPOBOJIHUKOBBIX
JuosioB. JlmnHa 1myra Ja3epHbIX U JIMOJIHBIX «(PEeMTOKOPPEIUPOBAHHBIX> UCTOYHIUKOB CBETA B JECSITKU U
COTHH Pa3 MeHbIIIe JJIMHBI CBOOOIHOTO mpobera (pboToHa B OMOTKAHN U COCTABJIsIET HOPsiaka 1-+15 MKM.
NuTepdepeHnmonHbIi TPUEM TAKOTO MIUPOKOIIOJIOCHOIO U3JIYUEHUs, PACCESTHHOIO B OMOTKAHMU, IT03BO-
JISIET TIOJIABJISITh 3aCBETKY, BBI3BAHHYIO0 MHOINOKPATHBIM PaCCESTHUEM. DTO O0OCTOSTETHCTBO OTKPBIBAJIO
TOTEHIUAJBHY IO BO3MOXKHOCTD IIOCTPOEHMsT M300parKeHUl BHY TPEHHE! CTPYKTYPhI pacCenBaloIeil cpe-
JIBI C TIPOCTPAHCTBEHHBIM Pa3peIleHneM B HECKOJIBKO MUKDPOH Ha IIyOMHAX, MHOTO OOJBINMNAX JJTHHBI
cBobOIHOTO TIpobera (poToHoB. CTaJO MOHATHO, YTO B CJIydae MHCTPYMEHTAJILHONU PEAJIM3AINI JAHHO-
o MeToJa BHJIEHHUsI B MYTHBIX Cpelax OTKPOIOTCS YHHKAJbHBIE BO3MOYKHOCTH JJIsI €0 ITPUMEHEHU
B Omosiorum u meguimHe. BosiHa MHTEpeca K HOBBIM IIPUJIOXKEHUSIM OKA3aJ/1ach HACTOJBKO CHUJIBLHO,
9TO OBICTPBIM U KOHKPETHBIM OTBETOM Ha Heé CTajIo IOSIBJIEHHE OINTHYECKON KOIepeHTHOI TOMOrpa-
dbun (OKT).

Tepmun onTuyeckasi KorepeHTHasi ToMorpadus mnosisusicss B 1991 rogy B pabore KOJUIEKTHUBA aMe-
PUKAHCKHUX YYEHBIX 110/ pyKoBojcrBom Dypkumoro (J. G.Fujimoto) [3], mocesmgnHoii pacimpenuto
BO3MOYKHOCTEIl HU3KOKOTE€PEHTHOH pedJIeKTOMETPUH JIJIsi IIOCTPOEHUsT N300pakeHnii MUKPOOOHLEKTOB,
CKPBITBIX B PaCCEMBAOIIMX U3/IydeHre (MyTHBIX) cpejax. DTOT TEPMUH, HECMOTPsI Ha HE COBCEM TOY-
HOE COOTBETCTBHE MPHUHSTOMY MOHSATHIO ToMorpadun (HOCI0iiHOe BOCCTAHOBJIEHHE U300parKeHUi IIy-
TEM pelrennst 0OpaTHON 3a/1a4n), IPU3HAH ceifdac BO BCEM MEpe. PeaslbHbIM TOTIKOM ISl PA3BUTHS
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OKT crana omybsimkoBanHast TOi ke rpynnoit B 1993 romy paborta, B KOTOpPOil BIepBbIe IIPUBEIEHBI
npukusaernbie OKT-uzobparkenus: ceruarku riasa [4]. Heckonbko uccieoBaTeibCKux KOJIJIEKTHBOB,
npexkjie Beero u3 Benckoro yHusepcurera [5-7|, MaccadyceTckoro TeXHOIOrMYeCKOro HHCTUTYTa B Bo-
crone [8-14], Kamudopuuiickoro yuusepcurera B Upsaiine [15-18], Mucruryra npukiagHoil dusnkun
PAH, paseepHy/in akTHBHBIE HCCIEJIOBAHES 110 IKCIepuMeHTabHOMY Boromeruto Meromga OKT. Bee-
IO 3a JIECATH JIET ONTUYIECKAs KOP€PEHTHAs TOMOIpadusi Kak METOJ, BUJEHUS B MyTHBIX CPeJIaX IPOIILIa
3HAYUTE/LHBIA IIyTh PA3BUTHS OT MEPBBIX SKCIEPUMEHTOB 10 MPUIOKEHUI B KJIMHUIECKON ITPAKTUKE.
CerosiHsi B MUpe CyIIECTBYIOT JIECATKU HAydIHBbIX Tpyiii, passuBatoriux meron OKT u, kak npasuiio,
COTPYHUYAIONUX C OMOJIOTMICCKUMA U MEIUIMHCKAME [IEHTPAMU C IEJIbI0 €r0 BHEAPEHUS B TY WU
unyto obyiacte Memuruabl. Texaonorus OKT peanmmsoBana B kKomMmepdeckoMm mpubope dupmbl «Carl
Zeiss» U BHeJIpeHA B 0PTATBMOJIOTHIECKYIO MPAKTUKY. K HACTOSIIEMY MOMEHTY CO3J/IAHO YK€ TPEThE
nokosienne pubopos («Stratus OCT3»), u B odragbMOIOrnIeckux KJINHUKAX BCEro Mupa paboraer
HECKOJIBKO COTEH TaKUX YCTPOUCTB.

B nmammoit crarne mnpencrasiien 0030p paboT, MIPOBOIUMBIX CHIAMEI O0BEINHEHHOTO KOJLIEKTUBA, UC-
crnenoBareseit n3 Vucruryra npuknagHoin ¢usuku PAH u Hmkeropojckoit rocymapcTBeHHON Meu-
muHckoit akagemun (HI'MA) no pasButnio pusmueckux OCHOB, TEXHUYECKON pean3allii U PAKTH-
YeCKOMY HCIIO/IH30BAHUIO OIITHYIECKON KOTePEeHTHOI ToMOrpaduu Kak HOBOIO METO/1a, OMOMEeTUITNHCKOM
JIMArHOCTUKU. DTOT KOJUIEKTUB BHEC OCHOBHOH BKJaJ B pazsutrue OK'T B Hameit crpane, XoTs HEOO-
XOJIUMO OTMETHUTH M pabOThI B 9TOM HAIPABJIEHUU JIPYIUX HAYIHBIX KOJJIEKTUBOB, IIPEXKJE BCErO U3
Caparosckoro rocynusepcurera [19, 20].

ITo psimy npuumna B Hagasne 90-x rogos OGiaro-
IPUATHBIE YCJIOBUS JJIsI PA3BUTHUS UCCIEIOBAHUI T10
OKT B mameii crpane ciokuauch nmMeHHo B Huxk-
wem Hosropoge.

Bo-tiepBeix, wnaumnas emé c¢  60-x rom0B,
B Hayuno-uccienoBarebckoM  pajnodu3nIeCKOM
uuactutyte, a 3arem B UII® PAH B cBsasu c 3a-
JladaMu [O/IBOJTHON JIOKAINK pa3pabaThiBaIach Te0-
pusl MHCTPYMEHTAJILHOTO BUJIEHUS B MYTHBIX Cpe-

Puc. 1. [Ipmxusnennoe OKT-n300parkenust Koxxu
nasbia pyku (roscras koxka; OKT-uzobpaxkenue
3/1eCh U J1aJiee MIPEeJICTABIICHDI B YEPHO-0eJI0it Hera~

JIaX ¢ UCIOJIb30BAHUEM KOPOTKOUMITYJIBCHOT'O OITTH- .. i .. ..

tuHON mnasmtpe): PCY — porosoi cioii snu-
YeCKOI'0 U3JIyYeHNsI, KOTOPas KOHIENTYaIbHO OUeHb nepmuca, KCD — KieTovHbIe CJI0U SMHIEPMUCA,
6mska K uaesm OKT. B pesysibrare nmesrach npod- CCJI — COCOUKOBBIH CIIOit TepMBbI

Hasl TeopeTwdeckas Oas3a yid pa3BuTUs padoT.
Bo-Bropnix, ¢ cepemuubt 80-x rogos B UII® PAH 6picTppiMu TemiiaMu Hadaja Pa3BUBATHCS IKCIIE-
puMeHTaIbHAsT 06232 BOJOKOHHO-OITUYECKON MHTEP(EPOMETPUN KaK METOA JeTEKTUPOBAHUS CIA0BIX
ONTUYECKUX CUTHAJIOB B YCJIOBUSX CHUJIBLHON IIyMOBOW Imomexu. Pa3paboTaHHBbIE 31eCh IMOIXOMIbI U CO-
3JlaHHAs] YHUKAJbHAs 3JeMeHTHas Oa3a Hanum npsmoe npumenenue B 3agadax OKT. B-rpersux, B
Hadasie 90-X T0O0B, B CBsi3u ¢ paspurueM gemrocekyHaHoN ontuku, B IO PAH mnosiBuimch ucrod-
HUKH CBEPXKOPOTKOUMITYJILCHOTO W3J/IyUeHUs W TEXHWKA JIeTEKTHPOBAHUS IMPOIECCOB HA CBEPXKOPOT-
KAX BPEMEHHBIX MHTEPBaJaX, YTO MPUHIUITHAILHO BAXKHO JJIsT KOTEPEHTHOW TOMOIpaduu ¢ BHICOKUM
npocTpaHcTBeHHBIM paspernenueM. Hakoner, B Huzxknem Hosropome mMmenuch TpaJMIMOHHO CHJIBHBIE
«MeTuKO-(pusnaeckues HaydHbIE CBsi3u, 3asiokennbie emnté M. T. 'pexoBoit u ocHOBaHHBIE IPEXKIE BCE-
ro Ha corpygaudecrBe ¢ Hukeropojckoit rocymapcTBeHHON MeauiuHCKON akamemueit u OOJacTHOR
KJmHIYecKoil 6onbuuneii um. H. A. Cemarko.

[TepBeie pesysbraThl sKcriepuMenToB Ha Jaboparopuoit OKT-ycranoeke B8 UIIO PAH ¢ gemon-
cTpalueil CJIOMCTHIX N300payKeHUil KOYKHBIX [TOKPOBOB dYesioBeKa moaydenbl B 1994 romy (puc. 1) [21].
BareM Ha OCHOBE BOJIOKOHHO-OITHYIECKO MHTEepdEepOMETPUN OBLIN CO3JaHBI KOMIIAKTHBIE ONTHIECKHUE
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Puc. 2. Cxema urTepdepomMeTpa Jjisi UCCiej0BaHusl paccessHHOro Ha3a | ceera Merojgom OKT

romorpadsbl [22-26]. PazBurne Merosa Takyke MPUBEIO K PEATH3AIMU «IIBETHOW» — JIBYXBOJHOBOH —
OKT |27, 28|, nonspusaimonnoit OKT [28, 29| u, HakoHell, OTHYECKONl KOI€PEHTHON MHUKDPOCKO-
v [30-32]. KoHKpeTHbIe cXeMbl yCTPOICTB NPUBEIEHBI B IATUPYEMBIX 3/I€Ch U jlajiee paborax Haleil
rpyuibl. Co3JaHHbIE YCTAHOBKU OBIIM BHEJIPEHBI B KJIMHUIECKYIO MPAKTUKY U ITO3BOJIUJIN ITPOIEMOH-
crpupoBarh mupokuit kKpyr npuioxkennit OKT B pazindyubix 001aCTIX MeUIUHBL.

2. Kak y»xke 0b110 ckazano Bbirne, metos; OKT ocHoBan Ha MHTep(EPEHIIMOHHOM IIPUEME U H3Me-
PEHUU PACCESTHHOT'O HA3a/l IMTUPOKOIIOJIOCHOI'O CBETA B 3aBUCUMOCTU OT BPEMEHH €r0 PACIPOCTPAHEHUS
B cpegie. B oTimtine oT yaIbTPa3ByKOBOTO METO/A, B KOTOPOM IIPUHUMAETCS 00yC/IOBJIEHHBIN ITPOCTPaH-
CTBEHHBIM PACIIPEJICJIEHIEM aKyCTHIECKOrO MMIIEJAHCA OTPAKEHHBIN curaas («axo» ), B Meroge OKT
IIPUHUMAETCS CBET, PACCESHHBIN HA3a/l HA HEOTHOPOTHOCTSAX I(PPEKTUBHOIO ONTHIECKOTO IMOKABATEIS
upesiomsierust. I1poyosbroe (B riiybuHy ) pasperienne n300pazkenuii 06ycaI0BIeHO IIUPUHOIL ClieKTpa ue-
TOYHUKA CBETA U MOYKET JIOCTUTATH HECKOJbKUX MUKPOH, YTO Ha, OJMH—BA TOPSIIKA BEJIMINHBI MEHbIIIE,
9eM B OOBIYHBIX VJIBTPA3BYKOBBIX MeTomax. [lomepednoe paspelienne onpeeisercss OCTPOTol (poKycu-
POBKU IITUPOKOIIOJIOCHOT'O CBETA OIITHIECKON CUCTEMOM U TAKYKEe MOXKET JOCTUTATh HECKOJbKUX MUKPOH.
N3zo0b6pazkenne MoxKkeT OBITH IIOJIYYIEHO JjIs 2KUBOT'O 00HLEKTA B PeabHOM BPEMEHMN.

[Ipuanunuanbhas onTuveckasi cxema uHTepdepoMerpa Maiike/ibcoHa, KOTOpas Hambojee dacTo
ucnonbzyercst B Merose OKT npu npuéme paccestHHOTO Ha3a, [ HU3KOKONePEHTHOTO (IITHPOKOIIOIOCHOTO)
cBeTa, IpejcTaBieHa B 0000IIEHHOM BHUJIE HA, PUC. 2.

V3syaenne oT HCTOYHUKA IPU OMOIIU CBETOEIUTEST PACIIEINISETC B CUTHAIBHOE (M3MEPUTEb-
HOE) U OIOpHOE Iiedn uHTepdepoMerpa. B m3MepuTes ibHOM MJlede CBET HAlPaBJIsAeTCss Ha OObEKTUB
ONTUYECKOTO CKaHEepa, KOTOPBIi (pOKycHpyeT Jiyd Ha HCCAeIyeMOM O0OBEKTe, a TaKKe OCYIIECTBJISIeT
0OpaTHBIN BBOJ, PACCETHHOTO MCCIEIyeMbIM OObEKTOM U3/IydeHus. B omopHOM Ijiete BOJIHA IIPoderaeT
SKBUBAJIEHTHBIIl ONTUYECKUIl MyTh 110 HAIPABJIEHUIO K 3€PKAJy M B OOPATHOM HAIIPABJIEHUU K CBe-
TOEJINTENIO. DJIEKTPOMArHUTHBIE BOJIHBI — PaCCesTHHasI UCCIeIYyeMbIM OOBEKTOM M OTParKEHHAS OT
pedepenTHOTO 3€pKaja — mnojatTcs Ha doroauon. JlerekTupyeMpiii curaag UHTEpEPEHIINA MOYXKET
OTJINYIATLCS OT HYJIS TOJIBKO B TOM CIydae, CJIU ONTUIECKUE IIYTU BOJIH B CUTHAJILHOM KM OIIOPHOM ILIe-
qax uHTepdEPOMETPA COBIAIAIOT ¢ TOYHOCTHIO JI0 JJIMHBI KOT€PEHTHOCTH 30HIUPYIONIEro U3JIy YeHUS.
ITpu 1posoabHOM CKAHUPOBAHUM 3épKajia OLOPHOrO Ijieva (Tak Ha3blBaeMblii A-CKaH) IPUHUMAETCS

930 B. M. I'eauxonos, H. /. I'nadkosa



Tom XLVII, Ne 10-11 Hszeecmuasa sysos. Paduogusura 2004

[TOCJIEIOBATE/IbHOCTD 3HAYMEHUN CUTHAJIA, PACCEAHUS U3 PA3IUIHLIX IIyOuH ucciemyeMoro obbekra. Ko-
s durimeHT paccessHust 0TOOparKaeTcsi B BUJe rpaaruii spkoctu. JIBymMepHOe n300parkeHrne CUrHAJIA
paccestHus CTPOUTCST B BUJIE CEPUM COCEIHUX IMPOJIOJIBHBIX A-CKAHOB IIPHU IepeMeIeHrnn 06/1acTu (PoKyca
B [IOIIEPEYHBIX K JIydy HAllpaBjIeHHUsX (Tak HasbiBaeMblil B-ckan). Kapruna onrudeckux HEOIHOPOIHO-
creil BOCIIPOU3BOMUTCSI IPH 9TOM JI0 HEKOTOPBIX IIyOuH (12 MM), HaUMHAS C KOTOPBIX OTPAKEHHBbII
nH(MOPMATUBHBIN CUTHAJ TepsieTcs Ha (OHE MIYMOB BBUJLY paccessHUs cBeTa B Ouorkanu. st merekTu-
poBaHus MHGMOPMATUBHOIO CUTHAJA C PA3yMHBIM JIUHAMUYECKAM JMAIA30HOM MOTPEOOBAIUCH HOBBLIE
UJIEN, SKCIEPUMEHTAIbHBIE PA3PA0OTKN U TEXHUYIECKUE PEIIeHUS.

3. K mobomy merony mosydenusi n3oOpakeHuili 6GuoTkaHeil mpebsBisiercs psij TpebOBaHMIl 110
rrybune n300parkenusi, ero pe3KOCTH, KOHTPACTHOCTH, CKOPOCTHU 3AIMCH U T. 1., KOTOPbIe 0a3UpyIOTCs
Ha IUIAHUPYEMbBIX TPWIOKEHUAX B MeJUInHe. B 9acTHOCTH, /I H3YYeHUsT CTPYKTYPBI TOBEPXHOCTHBIX
CJI06B OMOTKAHU MTPAKTUIECKH BAXKHBIMU sIBJISIOTCS TPeOOBaHUs 00ECIIEINTDh IIPOCTPAHCTBEHHOE Pa3pe-
merue Ha yposHe 10-+15 MM (HABJIIOJIEHHE IPYIIBI KJIETOK) U IyOMHY 30HJAUPOBAHUSI B HECKOJIBKO
MHJUIUMETPOB (IUIyOUHA TPAMIIMOHHON OHOIICUY) [IPU MOIIHOCTH UCTOYHUKA, HE BBI3BIBAIONIErO IOBPEe-
KICHUN TKAHU YI€/I0BEKA, U IIPU BPEMEHU ITOJIyIeHUs M300PaKeHUsl C 9UCIOM JIEMEHTOB HA YPOBHE
TEJIEBU3MOHHOIO CTaHJapTa, He mpesbimatieM 13 ¢. Masoe BpeMsi cKaHUPOBaHUS HEOOXOIMMO JIJIsi
[IPEIOTBPAIIeHNs apTedaKTOB, CBA3AHHBIX C IOJBUXKHOCTHIO KUBBIX OOBEKTOB. BarKHBIM sIBJISIETCS
Tak>Ke TpeboBaHMe ya00CTBA UCIIOIb30BAHUS TOMOIDAGOB B YCJIOBUSIX MPAKTHUIECKON MEIUIIUHBI, UTO
[IPE/INIOIAraeT CO3JaHNe KOMIAKTHBIX YCTPOMCTB, OCHAIIEHHBIX THOKUMU BBIHOCHBIME 30HIAMMU.

[TockonbKy u3mepurTenbroit 6azoit st OK'T siBjistercst onTuveckast HHTEPGMEPOMETPHSI, JJIS Y/I0-
BJIETBOpEHUsI TPEOOBAHUN K Ka4eCTBY M300parKeHUsi HEOOXOIUMO OIPEJIETUTh €€ Hanbosiee aJIeKBaTHYIO
CXEMY U CO3/IaTh JIEMEHTHYIO 0a3y [JIsl BOILIONeHus. B Haeit rpytie BIOOD OBLI Clie/IaH B IOIb3Y UH-
TepdepOMETPUN HA OCHOBE OJHOMOJIOBBIX aHU30TPOITHBIX OINTUIECKIX BOJIOKOH. DTO MMO3BOJIUIIO obectie-
YUTH HOJIyYeHHNe yCTOW4YnBOil nnrepdepennnm 6e3 ciydaiiHbIX M3MEHEHUN CUI'HAJIA IIPU U3rnbax BOJIOK-
HA CUTHAJIBHOTO IIeda mHTepPGEpPOMeTpa, a TaKyKe BBICOKHUI YyPOBEHb IOMEPETHON MPOCTPAHCTBEHHO
CeJIEKIINN TIpU ToJIydeHnn n3obparkenus. Boin pazpaboran meromn ObICTPOro CKaHUPOBAHUS B IIyOu-
Hy 00beKTa, MO3BOJIUBIINN CO31aTh KOMITAKTHYIO ONTUYECKYIO CHCTEMY, VIOOHYIO JIJIs HPUMEHEHUH ¢
Pa3IMIHBIMEA UCTOYHUKAME 30HIMPOBAaHUs B TOMOTpadax PasHoro HasHadeHus. | mOKOCTh BOJIOKOHHO-
OLTHYECKOro Kabesisi 30H1a 00JIerdunsia JIOCTYI K Pa3IudHbIM BHYTpeHHUM opranam [26, 33-35|. Bouia
pa3paboTaHa BBICOKOIYBCTBHUTE/IbHA MPUEMHAS CUCTEMA C OOJIBIIAM JUHAMUIECKUM JIHAIA30HOM.

[TapamerpaMu UCTOYHUKA U3JIy9YEHUsI, OIPEIEISIONINMI KAIeCTBO M300PAKEHNUsI, SIBJIAIOTCS MOII-
HOCTh, BJIUSIONIAsi Ha IyOMHY 30HIMPOBAaHWS, IMIUPUHA CIIEKTPA, 3aJal0Mas MPOCTPAHCTBEHHOE pa3-
pererne 1O TUIyOWMHE, a TaKKe M3PEe3aHHOCTH CIEKTPA, aMILIUTYIHbIE (DIyKTYAIluu W U30BITOTHBIE
IIyMBl, KOTOPbIE OIPAHUYUBAIOT JUHAMUYECKUI nuana3oH. B pa3sjamdyHbIX IKCIEPUMEHTaX B KauecTBe
HCTOYHUKOB U3JIyY€HUsI HAMU UCIIOJIb30BAJIUCEH TI0JIyIPOBOHUKOBBIE CYIIEPIIOMUHECIIEHTHBIE JTHObI (C
[eHTpAJIbHON JymmHO#N BoHBI n3rydenus 830, 980 waun 1 280 M, MUpUHOHN TT0I0CH! OT 25 10 50 HM, MOIII-
HOCTBIO M3JIy4YeHUs B OJIHOMOJIOBOM BOJIOKOHHOM Bbixozie oT 1 10 10 MBT) nim j1azepbr beMToceKyHiHO-
ro JuarasoHa JymrenabHocTeil (Turan-candupodslii Jgasep ¢ JJIMHON BOIHBI reHepanun oKosio 830 HM,
MUpUHON 110710¢hl 10 70 HM, MomHOCTHIO 710 200 MBT 1 XpoM-dopcTepuToBbIil j1a3ep ¢ JIJIMHON BOJHBI
reneparnuu okoj1o 1300 uM, mmpuHOii 1os10chl 10 50 HM 1 MorHOCTHO 710 100 MBT). D11 mupokomnooc-
HbIe UCTOYHUKU ODECIIEYNBAIOT pa3pelieHne 1o riiydbune Ha ypoBHe H-+25 MKM. JlazepHble HCTOUHUKEI
Gs1aromapst BHICOKOM MOIHOCTU U3JIydYeHHUsI 00ecredamBaioT OOJIBINYIO TIyOMHY BUIEHUS B C/Iydae, ec-
JIN OPPAHUYEHUs MOCJIEHEl He CBS3aHbl ¢ MHOIOKPATHBIM paccesinueM cBeTa. CylepiIiioMIHECIIEHTHBIE
HCTOYHUKH, B CBOIO OUepejib, Oosiee YJ00HBI JIjIsl IIPUMEHEeHNsI B KOMIIAKTHBIX yCTaHOBKax [22, 23].

[nybuna BujgeHust onpeessiercss He TOJbKO CBONCTBAMHU UCTOYHUKA W3JIyIeHUs, HO U IPEIeIbHON
YyBCTBUTEJIBHOCTBIO caMOrd MHTepdEepoMeTpa U, CJIeJIOBATEILHO, 3aBUCUT OT IOJABJICHUS IIIyMOB U
[IOMeX Pa3/JIUIHON MPUPOMBI IPU JeTEeKTUpOBaHUK curHaya. OCHOBHasI IPUIMHA YMEHbBIIEHUS JHHA-
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MHUYECKOI'O JTUAIA30HA CBI3aHa C KOTEPEHTHLIMU apTedaKkTaMu, 00YCIOBJICHHBIMU MAPA3UTHBIM B3aU-
MOJEfICTBIEM OPTOTOHAIBLHO TMOJISIPU30BAHHBIX MO IIPU PACIPOCTPAHEHUN B AHU30TPOITHOM BOJIOKHE C
HEOIHOPOIHBIMU 10 JIJIMHE [IAPAMETPAMU, OCTATOTHBIMU IMAPA3UTHBLIMY CBA3SIME MEYKJIY MOJIAME B JIAC-
KPETHBIX JIeMeHTaxX (OTBETBUTEJISIX, [OJISIPU3ATOPAX M T. JI.) WM B MeCTaX CBapKu BOJIOKOH [36]. st
OOpBHOBI C BO3BHUKAIOMIMMU IIPH 9TOM IIOMEXaMHU Mbl Pa3paboTaIl PA3JIHIHbIE MPUEMBI KOMIIEHCAITII
UCKayKEeHWIA, TI0O3BOJIUBIINE CYIIECTBEHHO (B HEKOTOPBIX CIydasx 10 25 AB) yBeJUUuTh JUHAMUICCKUI
Jmarnason [22, 23|.

Baxkneiimmmm o6cTosATEILCTBOM U1 peaau3aluy npeaeabubix Bosmoxkaocreit OKT sapisiercs Tak:ke
BBICOKOE KAYECTBO UCIOIb3YEMBIX B MHTEPdEpOMeTpax BOJIOKOHHO-OIITHIECKUX 3JIeMeHTOB. B mporecce
UCCTIOBAHMI HAIel IPyIIoi ObLIN pa3paboTaHbl U CO3MAHDBI ONTUYIECKUE DJIEMEHTHI ¢ YHUKAILHBIMI
rnapaMeTrpamMu. TO OTBETBUTE/Ib U MOJSPU3ATOP HA OJHOMOJIOBOM U30TPOITHOM MJIA aHU30TPOITHOM BO-
JIOKHE, OTBETBUTEJIb OJHOBPEMEHHO JIJIsl ABYX CYIIECTBEHHO Pa3HBIX JJINH BOJIH. OTBETBUTEN XapaK-
TEPU3YIOTCs PEKOP/HO BBICOKOI pa3Bsi3Koil cobCTBEHHBIX MOJL BOIOKHa (Ha yposHe 40 1B) u ypoBHEM
BHOCUMBIX mToTepb Meree 0,1 1B. [lomspu3aTopbl Ha AHU30TPOITHOM BOJIOKHE UMEIOT PEKOPIHBIN KO-
urent skeruakiuy (nopsiiaka 35+40 1B) u ypoBenb BHOCHMBIX 110Teph Meree 0,2 nB. Vcnonb3oBanue
9THUX JIEMEHTOB B HHTEPGEPOMETPE TIO3BOJIMJIO PEAN30BaTh CXEMY JI€TEKTUPOBAHUS C OOIIUM JTHHAMIU-
9eCKUM Juara3oHoM Ha yposBHe 40 1B 110 MHTEHCHBHOCTU MPUHUMAEMOTO ONTHYECKOrO CUTHAJA. BbLt
pa3paboTaH CKOPOCTHOH ITbe30BOJOKOHHBIN MOJYJISITOP ONTUYECKON PA3HOCTH XOJa IIjIed UMHTEPGEpPO-
MeTpa, KOTOPBIN OCYIIECTBJISII CKAHUPOBAHUE IO IVIyOnHe Ha HECKOJbKO MUJIJINMETPOB CO CKOPOCTHIO
JIO MEeTpa B CEeKYHJy. DTO IMO3BOJMWIO ToaydaTh n3obpaxkenus c¢ pasmepom 200 x 200 ssieMeHTOB 3a
1 cekynmy. C UCIONB30BAaHUEM TAKOI'O MOJLYJIATOPA JIEPKO 0DECIIEYNBAETCST BBICOKAsI TOYHOCTD IOIEP-
JKAHUSI CKOPOCTH CKAHUPOBAHUS [0 TVIyOWHE, UTO SIBJISETCS BaXKHBIM YCJIOBHEM JIJIst Y3KOIOJOCHOTO
reTepoJIMHHOIO IPUEMa CUIHAJIA Ha 9acToTe JOIIEPOBCKOro ciasura [33-35].

B 1997 roxy 8 UII® PAH cosmana nepsast ycranoeka st «iperHoii» OKT ¢ omHOBpeMeHHBIM
oJIyIeHueM u300parkeHuit Ha jymmHax BojH B okpecrHOocTH 830 m 1250 HM mpw TOYHOM TPOCTPAH-
CTBEHHOM COBMEIIIEHNN O0OMX JIEMEHTOB pasperenus. st 9Toro ontudeckas: cxema ObLiTa, BBITIOIHEHA
€ UCIOJIb30BAHUEM €JIMHOI'O OITOBOJIOKOHHOI'O HHTEPGEPOMETPA C TOCJIELYIOIUM Pa3/e/IeHUEM TPUHSI-
TOI'0 PACCESIHHOI'O CHUTHAJIA [0 OTAEJIbHBIM IIPUEMHBIM KAHAJJIAM I KaXKI0# JJIMHBI BOJIHBEL. PaboThl,
BBITIOJIHEHHBIE C IIOMOIIBIO 9TOI0 MPUOOpa, MOKA3AJN BO3MOXKHOCTb CIEKTPOCKOIIMIECKUX HCCIEI0BA-
Huit 6uorkaneii ¢ nomonipro OKT npu ucnonb30Banun CBEpXIIUPOKOIIONIOCHOIO u3irydenust [27, 28].

4. Cuermanbroii 3agadeii OK'T sipjstercst co3anne onTUMAIBHBIX KOHCTPYKIIAN OINTHIECKIX 30H-
JIOB, 0DECIIeYnBAIONINX JOCTYII MTUPOKOIIOJIOCHOTO OINTHYECKOIO0 MU3JIyUYeHHUs K Pa3/IUIHBIM OpPraHaM u
TKaHAIM. BOJIOKOHHO-OIITHYECKUI 30H/ IPEIHA3HAYEH IS [I€PEHOCA U3/TyIeHUsT 30HIUPYIONIeil BOTHbBI
1 POKYCUPOBKU €ro Ha OOBEKT, a TAKKe JIJisi TPUEMA U3JIyUeHUs], PACCESTHHOIO 00bEKTOM B 0OPATHOM
HaIpaB/JeHUN. Y BEJUIEHNE ONTUIECKOW CHUCTEMBI 30HIA OIPEIE/IAeTCAd B COOTBETCTBAU C HHC/IOBOI
arepTypoil OTHOMOIOBOTO BOJIOKHA U OCTPOTON (POKYCHPOBKHU, 0OECIIEUNBAIONIEH HEOOXOIUMYIO IIUHY
P3JIeEeBCKOIT 30HBI B TuiyOnHe 00bekTa. [lonepednoe cMmererre TpoOHOTO JIyda BIIOJIb MOBEPXHOCTH 00b-
€KTa OCYIIECTBJISIETCST B Pa3pabOTAHHBIX 30HIAX 38 CUET IepeMEeIeHus BBIXOIHOIO KOHIA BOJIOKHA B
POKAITBHON IJIOCKOCTH OOBEKTUBA IIPY ITOMOIIU JIEKTPOMATHUTHON CHCTEMBI.

IlepBbiM pe3ysbTaTOM HAINEH TPYIILI B 9TOM HAIIPABICHUU CTAJIO CO3JAHUE JBYXKOOPIMHATHOIO
MAaKPO30H/1a C JIUHON Mexanndeckoil yactu 70 MM u quamerpom 28 mMm. [Ipu TpéxKpaTHOM yBeTMICHUN
OITUYIECKOM CUCTEMBI OH TTO3BOJIMII [IOJIy YaTh N300ParKEeHUsI C ITOTIEPEUHBIM Pa3MepoM 10 6 MM 1 OBLIT UC-
HOJIb30BaH, IIPEKJIe BCEro, JUIsl UCCIe0BaHNU KOKI B COBMECTHBIX paborax ¢ poccuiickumu [22, 37, 38|
u eBponeiickumu |27, 39, 40| meaukamu. B yacTHOCTH, ¢ TOMOIIBIO TAKOIO MAKPO30H/Ia OBLIH MOy 9€HbI
nepsble OKT-u300parkenusi MIUIMEHTHBIX HsTeH KoxKK in vivo [41]. B nocrenyromem OKT-ycranoska ¢
MaKpPO30HJIOM, COBMEIIEHHAsT ¢ 0O(DTATbMOJIOITIECKUMIA UHCTPYMEHTAMU — (DYHIyC-KaMepoit u KoHdO-
kaabHBIM J1a3epHbiM Mukpockonom HRT (Heidelberg Retina Tomograph), npumensiiiach B COBMECTHBIX
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0 TATEMOIOTNIECKUX UCCICTOBAHUIX C aMEPUKAHCKUMU yIE€HBIME JIjIs MOHUTOPHUHIA PA3BUTUS [JIAY-
KOMBI [IOCPEJICTBOM HaOJIIOJIEHUsI CTPYKTYPBI CETYATKH BOKPYT JMCKa T1a3Horo Hepsa [42]. Kpowme Toro,
OKT-ycranoBKa ¢ MAaKpO30HIOM OBLIa UCIIOIB30BAHA B SKCIEPUMEHTAIBHBIX HCCIEIOBAHUSAX 110 MOHU-
TOPHUHI'Y JIA3ePHOI XUPYPIUU [IPU KATAPAKTE [JIa3a, TO3BOJUBIINX BEIPAOOTATH ONTUMAJIBHBIE PEKUMBI
JIA3EPHOTO BO3/EHCTBUS Ha XpycTaiuuk [43-46].

Texaudeckue MOIMMUKAIIIT MAKPO3OHIA CAETIAJN BO3MOXKHBIMY UCCJIEIOBAHUS in Vivo B CTOMATO-
sioruu. Baromapst xoporreit «Ipo3padHocTuy 3yO00B B OmKHEM MHMPAKPACHOM IHAIA30HE, OTIETIIN-
BO BHU3yaJIU3YIOTCs TPAHUIIA SMAJM U JEHTUHA, TUIUIHbIE TPU3HAKU KAPUO3HBIX OpaXkKeHuil 3y0oB u
nedexTos mwiombuposanus (puc. 3) [28, 47]. Makpo3oH1 6bL1 HCIIOIB30BAH TAKXKE B UCCIEOBAHUSIX 110-
BEPXHOCTHBIX 11€PEOPAIBHBIX CTPYKTYD Ha OTKPBITOM MO3T€ 9KCIIEPHMEHTAJIbHBIX KUBOTHBIX [40, 48|,
a TaKKe PAKOBBIX OITyXOJIell CJU3UCTON ODOJIOUKM KHUIIKH €X ViVO, UTO 3aJI0KMJIO OCHOBY HHTEpeca K
sutockonmdeckoMy ucnonbzosannio OKT [49)].

B 1997 roay mareit rpynmnoii 6601 pa3paboTaH SHIOCKOIUIECKU BOJIOKOHHBI MHUKPOCKAHED C I10-
[IEPEYHBIM Pa3MepoM 2,7 MM, pa3MeIaeMblil B THOKOM CHTHAJIbHOM Ijiede narepdepomerpa. [lomeped-
HOE OTKJIOHEHME Jiyda B CKaHepe TaKKe OCYIIECTBJISJIOCh IPHU ITOMOIIHU JIEKTPOMATHUTHON CHUCTEMBI,
obecrieunBaroIeil mepeMerienre chOKyCUPOBAHHOTO JIy4a B IVIyOnHe 00bekTa B IMOIMePEeTHOM K JIy Iy Ha-
[paBJICHUN Ha paccrosiaue 710 2 MM. MaJibie rabapuTbl MUKPOCKAHEPa, TI03BOJISLIN UCIIOIB30BATh HHCTPY-
MEHTAJIbHBIN (6HOHCHﬁHbIﬁ) KaHaJI 9HJOCKOIIOB, YTO J€eJ1aJI0 BO3MOXKHBIM HEIOCPEACTBEHHBII JOCTYII
K CJIM3UCTBIM 00OJIOUKAM TIOJIBIX OpraHos uesioBeka [33-35|. Cosjanne cOBMECTHMOrO CO CTAHJIAPTHbBI-
MU HJIOCKOIIAMUA MUKPO30HJA, CTABIIEe MPUOPUTETOM HHUKEIOPOJICKUX YUEHBIX, MO3BOJIMIIO BIEPBHIE
B Mupe ncnoib3oBarh OKT B 9HA0CKOIMYECKOM BapHaHTe U IOJYYUTh MPUKU3HEHHbIE M300ParKeHMUsI
CJIMBUCTBIX 00OJIOUEK BHYTPEHHHUX OPraHOB U CEPO3HBIX IMOKPOBOB MOJIOCTEl Testa yenoseka [25, 26).

5. Ournueckue n300parkeHusl IOKPOBHBIX TKAHEH, MMEIOIIIX PAa3/JINTHOE CTPOEHHE, XapaKTePU3y0T-
sl IPU3HAKAMHU, OTPAXKAOIIMMU pa3indust ux onrudeckux ceoicrs [50, 51|. [Tpu srom obreit yeproit
3/I0POBBIX TKAHEH SBJISIETCS WX OPraHU30BAHHAS CJIOUCTAsl CTPYKTypa — SMUTEJNAIbHAST TKAHb XOPO-
10 KOHTpacTUpyeT Ha (HOHE IMOJJIEXKAINEN COeTMHITETbHO-TKAHHOM cTpoMbl. [lorepst cTpykTypHOCTH
OITUYECKNX 0OPA30B B COUETAHWUM C MOBBINIEHHEM KOd(hdUInenTa paccessHus C IMOBEPXHOCTHBIX CJIOEB
SIBJISIETCSI KPUTEPHEM HEOIIACTHIeCKUX u3MeneHuil (puc.4). Penomen o6pbiBa CJIOUCTOI CTPYKTYPbI
Ha OKT-u306parkeHnsix COOTBETCTBYET MTEPEXOJLY 3/I0POBOIl TKAHU B IATOJOIMYECKHA U3MEHEHHYIO, T. €.
IpaHuIle oryxoseBoro pocra (puc.b) [52, 53|.

Beicokasi npocTpancTBertasi paspemaoinas crocoonoctb OKT siBisieTcsi ocHOBaHUEM J1J1sI HCIOJb-
30BaHUs METO/a B CUTYalldsiX, KOI/la 3HAHUE 00 M3MEHEHHUSX CTPYKTYyPbl OMOTKAHU HA yPOBHE CJIOEB
SIBJISIETCSI TIOJIE3HBIM JIJIsi IOCTAHOBKU jinaruo3a. B omybiukoBanaeix B 1999-2000 romgax paborax ompe-
nestedbl OKT-kpurepun 3/10poBOil KOXKHM PA3IUIHON JIOKAIH3AIUN, OIMMCAHBI OINTHIECKUE MPU3HAKN
XapaKTEePHBIX MATOJOTHIECKUX TPOIECCOB, cHOPMYTMPOBAHBI IPU3HAKHU 3a00/1eBanmii KoxKu. [lomyden-
HbI€ PE3YJIbTAThI MO3BOJILIN HE TOJHKO KOHCTATHUPOBATH BO3MOXKHOCTH HADJIIONATH 3a CTPYKTYPOIl KO-
Ku u eé narojorundeckumu mameneHusmu ¢ nomoinpio OKT, HO u mporHo3upoBaTh HEPCIEKTHUBHOE
HCIIOJIb30BAHME TAKOW MH(MOPMAIUU B MEIIX IAATHOCTUKH, IPOBOIUTH yI/IyOJEHHDIA aHAJIN3 OINTUYIE-
CKUX 00pa30B C 1e/bi0 0ObsiCHeHnsT HaboaeMbix dernomenos [54, 55].

K stomy Bpemenu Oblia mpoBesieHa cepus pabOT B PA3IHIHBIX KJIAUNHIIECKUX OOJIACTIX MEIUIIMHBI
(PMHEKOJIOTHH, JIADUHIOJIONMU, XUPYPIUU KNIy JOUHO-KHUIIIETHOIO TPaKTa, YPOJIOTUH), KOTOpasl JIOKa-
3bIBaJIa, BOBMOXKHOCTE ucnoinb3oBanus OKT st quarHocTuku HeomiacTuueckux cocrostuuii |56, 57,
MOHUTOPUHTA PA3BUTHS ATOJOTTIECKIX U3MEHEHHUH, NX 0OPATHOrO Pa3BUTHUsI B XO€ PA3JINIHBIX BUIOB
JIeYEHUs, a TaKyKe JMHAMUYECKOro HMHTpaoneparuontoro uadmojgenus [58]. B cromaromorun OKT
Oblila IpUMeHeHa JJIsi MOHUTOPHUHIAa KOHTDOJIsI KadecTBa IioMbupoBanus 3y6os (puc. 6) [59], B opro-
eI — JIJIss MOHUTOPUHTA, PEreHepaIi XPAeil KPYIHbIX CYCTABOB U IMO3BOHOYHBIX JIMCKOB B XOJIE
pas3IMYIHbIX BUJIOB JiedeHust [60).
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Puc. 3. OKT-uzob6pazxkenus: (a) 3mopoBas TKaub 3y6a: 9M — smanb, | — aenrun; (6) mpedekT HUKHETO
upujieranus mioMObl (IOKA3aH CTPEJIKOil)

Puc. 4. OKT-u306pazkeHns cau3UCTOil 000I0UKY IUIEBOAA: 30POBOii (a) U B cilydae TsKEIO CTeleHn
muciuiasun (npejpak) mmiesoia (6): D — snuresnit, BM — 6asanpnas membpana, CIIC — cobersenHast
IIacTuHa cau3ucToii obosouku, MIIC — Mmblmeunas maacTHHKA cau3ucToi obomouku, [1IC — noxcmmsn-
CTBIA CJIOM

a)

Puc. 5. OKT-uzobpaxkenne (a) u rucrosorust (6) cam3ucToit 060JOUKH TOPTAHU: TIEPEXOJ] 370POBOH CIIn-
3UCTOH (CIpaBa) B IUIOCKOKJIETOUHBIH pak: D — smuresnii, C — cTpoMa; MMCTOJOTNIECKOe N300pakeHne
[IPEJICTABJIEHO B YEPHO-0EJI0N TTO3UTUBHON TAJIATPE
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Puc. 6. OKT-uzobparkenust craauii iioMoupoBaHus 3y6a

B 2000 rony corpymuukamu UI1® PAH B Uuacruryre nazepuoit pusukn CO PAH 6bu1 BhITONHEH
IUKJI 9KCIIEDUMEHTOB 110 in situ MOHMTOpPMHIY abJISIMM POrOBUILLI 1107, BO3/EWCTBHEM SKCHUMEDPHOI'O
Jlazepa, B X0Jie KOTOPBIX [TPOBOJIUJIMCH U3MEPEHUs TOJIIMHBI POTOBUIIBI ¢ MUKPOHHON TOYHOCTBIO [61—
63].

HokazaresbcTBa guarHocrudeckoit sdpdexrusnoctu Meroma OKT 6buin moarBep:k/ieHbI Haleit
IPYIIION B COBMECTHBIX HMCCJIEJIOBAHUSAX C YUEHBIMH BEJYIINX 3aPYOEKHBIX MEJIUIMHCKUX IEHTPOB, B
ToM uncsie KauHuku lamOyprekoro yausepcutera (Iepmanust) [64—66], Kinpienackoro KIMHIIECKOTro
nenrpa (CHIA) [67-69], kuauku Yuusepcurera /Ixxop/pka Bammurrona (CIHIA) [70]. B wactaOCTH,
TaM BIIEPBbIe ObLIN MIPOBEICHBI CPABHUTEIbHBIE UCCAEI0BaHUS Pe3yabTaToB sug0ckonndeckoit OKT u
YJBTPA3BYKOBOI'O 30HUPOBAHUS B raCTPOIHTEPOJIOTHH, TToKa3asine besyciosHoe rpenmytinecrBo OKT
[pu OOHAPY?KEHUU TOBEPXHOCTHBIX PAKOB CJIU3UCTON 0DOJIOUKHU.

OmpIT B pazpaboTKe KOMIIAKTHBIX BOJOKOHHO-ONITHIECKIX TOMOTPadOB, a TaKKe KJINHUIECKUE Da-
60Tbl B 00JIACTH TMHEKOJIOIMU U JIADUHTOJIOTUU JIELVIM B OCHOBY TpEx miraB cbopauka «Handbook of
Optical Coherence Tomography», ysuzesmiero cser B 2002 roxy B uznaresnscrse Marcel Dekker [71-
73].

K 2004 romy c ucmompzoBanmeMm poccuiickux ycranoBok OKT Bo BcéM mupe 6bL10 00CTE0BAHO
6osiee 2 500 mAIMEHTOB B PA3IUYHBIX ODJIACTIX MEIUITMHBL: JEPMATOJIOIUH, CTOMATOJIOTUN, OTOPUHOJIA-
PUHIOJIOTUN, XUPYPIUU YKeJIyJOUHO-KUIIIEYHOI'O TPaKTa, I'MHEKOJIOTUH, yPOIoruu, o TaaIbMOIOIIH.

[To pesyabraram paboOThl HUKETOPOJICKUM KOJIJIEKTUBOM HCCIEIOBATECH MOTYT OBITh CPOPMYJIU-
poBanbl nokaszanusi K npumenennio OKT B kimanveckoii npakruke: 1) HaBejeHHe GHOICUY C IEJIBIO
paHHEro oOHApyKeHUsI PaKa U MPeIPAKOBbIX cocTosiHuil [74-81]; 2) mpemorniepaliionHoe IaHuPpOBAHUE
JIMHUU Pe3eKIIUK U WHTPAOIePAIMOHHbI MoHuTOpuHT 73, 75, 82, 83|; 3) muddepennuasnbhas auarao-
cTKa 3a00JIeBaHUil CO CXOIHBIMU KJIMHUYECKUMU TposiBjieHusivu [84, 85|; 4) HabioeHne nporeccon
00paTHOro Pa3BUTHS IIATOJIOTMYECKUX [IPOIECCOB B XOJI€ JIeYeHUs U paHHee BbISBJICHUE PEIUIMBOB IIPU
HaOJIIOIEHNN 32 OTJIAJIEHHBIME pe3yJibraTaMu Jjiedenust [82, 85].

6. OTcyTcTBHE CyOKJIETOMHOTO Pa3pelienns He Mo3BojsgeT moaHonpasno HazeiBath OKT omrmde-
ckoit 6uoncueit. [loaroMy ycuimst MHOTHUX HCCIeOBAaTe/ €l HAIIPABJIEHBI HA IOBBIINIEHUE PA3PEIIAo-
meil cocoOHOCTH ONTUYECKOH KorepeHTHOU Tomorpaduu. CyIiecTByeT HECKOIBKO CIIOCODOB IOJIyde-
Husi cBepxBbicoKoro pasperierust B OKT. Ucnosb3oBanue J1a3epoB ¢ JJIMTETbHOCTHIO UMITYJIBCOB MEHEe
10 demTocekyns — Hambosiee MPsIMOI, XOTS W HAUOOJEE JTOPOrOCTOSAIINN IIYyTh PEIIeHUs TOJ00HBIX
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Puc. 7. Uzobpazkenue 370pOBOii CU3UCTON 000J0YKN HIZKHEH IyObl, TIOJYYEHHOE METOIAMU ONTUIECKON
KOrepeHTHOl TomMorpadun (a) U OITUIeCKOl KOrepeHTHONH MuKpockouuu (6)

zasiad. Jlpyrasi BOSMOXKHOCTb CBsi3aHa C [Ipeodpa3oBaHUEM U3JIydeHHsi 060jiee TPOCTBIX U JIOCTYITHBIX
UCTOYHUKOB, I'€HEPUPYIOIIUX UMIIYJIbChI JJIUTENbHOCTHIO 1opsijika 100 demrocexyn. Paciupenue 1o-
JIOCBI UBJIy9YeHUs] MOXKET OBITh JIOCTUTHYTO IyTEM T'€HEPAINH CYHNEPKOHTUHYYMA B CIIEIUAJBHBIX MHUK-
POCTPYKTYPHUPOBAHHBIX BOJIOKHAX, YTO IIO3BOJIMJIO IIOJIYYUTH M300parKeHust OMOJIOTMYECKNX TKaHel ¢
pasperiieHreM 10 rryouse Ha ypoBHe 2-+-3 MrM. Onnako OKT-ycranoBku Ha 0CHOBE (heMTOCEKYHTHBIX
JIA3ePOB B CHJIy CBOEil CJIOKHOCTH, I'DOMO3JIKOCTH U BBICOKOW CTOMMOCTH HE MOT'YT OBITH HUCIIOJIb30Ba-
HBbI B KJIMHUYECKOW npakTuke. Hareil rpymmoii peajinzoBan MHON €1ocoO MOBBIIMIEHUsT Pa3PENIAONIeit
criocobHocTH. B ycraHoBKe st ONITHYECKOH KOM€PEHTHOW MHUKPOCKOIIMHU CO3/@HUE IIMPOKON IOJIOCHI
SOH/IUPYIOIIETO U3JIyYEHUS JIOCTUTAETCS Iy TEM MYJIbTUILIEKCUPOBAHUS U3JIyY€HUS CyIEPIIOMITHECIIEHT-
HBIX JIHOJIOB. DTO MO3BOJISAET J00UTHCs pasperterust 3-+5 MKM (puc. 7). IIpenmymiecTsa sroro merosa
COCTOSIT B IIOPTATUBHOCTUA ¥ OTHOCHTEILHOI JeleBu3ne obopynosanus. [lo MHeHnIo uccieosarelei,
ucnoyibzoBanre OK'T cBepxBbICOKOTO pa3peleHus MO3BOJIUT 3HATUTEIBHO TTOBBICUTh JUATHOCTHUIECKY O
sddexruBroCTh MeTOzA [32].

Junarnocruaeckue BozmozkHOCTH OK'T MOryT OBITH IMOBBIIIEHBI HE TOJIBKO 38 CUET yBEJIUUEHUS Pa3-
pemaorieii criocobHocTr, HO U myTéM momudukanuu rpaguimonnoit OKT. Tak, nmpuMmeneHue csera
C pasmyHOll AyuHOM BoiHbl B auarazone oT 650 mo 1300 HM OTKpLIBAET BO3MOYKHOCTDL IOJTYYIEHUS
«MHOTI'OI[BETHBIX» M300parkKeHuil ¢ y4ETOM CIEKTPOCKOIIMYECKUX XapPAKTEPUCTUK OMOJOTMYECKOil TKa-
Hu. V3aydeHne pasjinydHbIX JJIMH BOJIH TI0-PA3HOMY IIOTJIOIIAETCS U PACCEUBAETCH B OMOTKAHU, 9TO
[IO3BOJISIET IIPOBECTU TaK Ha3bIBAEMOEe CIIeKTpocKonumdyeckoe okpainubanne eé OKT-uzobpazkenuii, B
HEKOTOPO! CTENEHN AHAJOIUYIHOE TMCTOJOTHYECKOMY OKPAIUBAHUIO B OOBIYHOI CBETOBOI MUKPOCKO-
nun |27, 28]. B wacrHOCTH, OnMCaHHAsi ClIeKTpasibHas O0JIACTh 3axBaThiBaeT cleludUuuecKue JJInHbL
BOJIH TIOIVIOIIIEHUsI OKCHU- U JI€30KCUTEMOIJIOONHA, U TIO3BOJISIET IPOBOJUTH OMOXUMUUIECKIE U (PYHKIIUO-
HaJIbHbIE HCCJIEI0BAHMSI.

Hpyrast BoamoxkaocTh noBbimenus crenudunanoctu OKT ocHoBbIBaeTcsi Ha BBISBJIEHUU JIETIOJIS-
pPUBYIOIIUX CBOHCTB OMOTKAHEN IIyTEM HCIIOIHB30BAHUS IOJISPU3AIMOHHO-1YBCTBUTEIBHON ONTUYECKOMN
KoreperTHOI ToMorpaduun. Opanm u3 BapuanToB Takoil pasnoBugnoctu OK'T sBisiercss kpoccronsipu-
sannonnas OKT, peanusosannas B UII® PAH [24, 28, 29]. Emgé B 1998 roxy nameii rpynnoii 6uuiu

936 B. M. I'eauxonos, H. /. I'nadxosa



Tom XLVII, M 10-11 Hszeecmuasa sysos. Paduogusura 200

Q‘. ‘," L |
AU

1 MM 1 MM

rr—

Puc. 8. OKT-u306pazkenust 3/J0pOBOil CJIU3UCTOI 0DOJIOUKN TOJCTON KUINKHU IIPH PA3JIUTHON CTEIIEHN CoKa-
THs TKAHU (KOHTPACT M300parKeHUsl YBEJIUIUBACTCS 110 Mepe YBeJIMIeHUs JIABJICHU )

[IPOBE/IEHBI IIepBble dKcIepuMeHThl 1m0 ocHammernio OKT-ycraHoBKU yCTpPONRCTBOM [IJIsi PErHCTPAIIAN
u300pazkeHnil B NOJISIPU3AIN, OPTONOHAJILHON HOJISIPU3AIUY [1A/IAI0IIEro Ha 00beKT u3iyuenus [28|.
9T0 HOBBIH KaHa TOMOI'padUIecKOil NHMOPMAIHH, IIOCKOJIbKY BKJIaJ B HHTep(MEPEHIINOHHBIA CUIHAJ
B JAHHOM CJIyYae HAI0T YIaCTKU CPEIbl, KOTOPBIE JIEMOJIAPU3YIOT CBET, WU U3MEHSIOT COCTOSIHUE ero
[OJIAPU3AIINAN, IIPA €I0 0OpaTHOM OTparkKeHuu. V3BeCTHO, YTO HEKOTOPhIe OMOOOHLEKTHI, HAIIPUMED KOJI-
JIAT€HBI COIMHUTEILHON TKAHM, COCTABJIAIONIE CTPOMY 3/I0POBO# CIU3UCTON ODOTOUKY, JEIOISIPUIYIOT
cBeT B GOJIbINElH CTEIeHH, YeM TKAHM, He COJIEPIKAIINE BOJOKOHHBIX CTPYKTYD (K IPUMEpY, SIMUTEIHI).
CyTb HEOILJIACTHIECKOI'O MIPOIIECCa, KaK M3BECTHO, COCTOUT B CHIXKEHUH IIPOCTPAHCTBEHHO-CTPYKTY PHOM
muddepeHIuan TKaHEH, IYTO OTPaYKaeTCs He TOJbKO Ha SMUTEINAILHOM, HO U HA COEIMHUTEIHHO-
TKAHHOM KOMITOHeHTe omyxosm. CjiesoBare/ibHO, CPABHUTEIHLHOE U3YYeHHe JIEIOISIPU3YIONINX CBONCTE
OHOIOTUIECKIX OOBEKTOB MOXKET OBITH HOJIOKEHO B OCHOBY JudPepeHnnaIbHON TUATHOCTHKY Pa3InI-
HBIX II0 IPUPOJE HATOJOTMIECKHUX IIPOIECCOB.

O6prunble OKT-ycTaHOBKH SABJISIIOTCA HEIOCTATOYHO UYBCTBUTEJbHBIMA K U3MEHEHUIO COCTOSTHHS
MOJIAPU3AINANA PACCESTHHOTO HA3aJl U3JIYIE€HUs 110 OTHOIIEHHUIO K MCXOJHOMY, W 9TO BJIUSHHUE HA CUTHAJ
TPYJIHO BBLIEIUTH. B ycraHoBKax st kKpoccuossipusarmonnoit OKT mpoBomuTest merekTupoBanne u
aHaAJIN3 CBETA, OTPaKEHHOIO B 00X IOJIPHU3aIUsIX — COBIAIAIONIEH ¢ HOJsIpUu3alieil 30HI1pPYIOIMEero
CBeTa U OPTOroHaILHOI eii. Paspemenne merona kpoccnonsipusamuontoin OKT omnpenensiercst remu ke
mapamerpamu, 9ro U B ciaydae obbranoiit OKT. Ilpumenenune kpoccnonstpuzamuonnoii OKT mossosster
B PsJIe CIy9aeB MOIYyYNTh BAXKHYIO HH(MOPMAIIUIO O BHYTPEHHEH CTPYKTypPe OMOJIOrTIecKuX 0ObEeKTOB,
KoTopyio ¢ nomoribio obbraroir OKT momydnTh mpakTUdecKn HEBO3MOXKHO. KpoccronspusannonHast
OKT rak:ke nmpruMeHeHa JJisi KOHTPACTHPOBAHUS OIPEIEIEHHBIX CTPYKTYP, KOTOpbIE B CJIydae CTaH-
mapraoir OKT ensa 3aMeTHDBI.

C 1mesnpio TOBBINIEHUsT IIyOWHBI 30HIupoBaHust 1 KoHTpacTHocTH OKT-m3obpaskeHust B HOCIE]-
Hee BpeMsl HUCIIOJIL30BAJIMCH IIPUEMBI OITUYECKOTO IIPOCBETJIEHUSI 1 KOHTPACTUPOBaHUsI. B HEKOTOPBHIX
crydasx OKT-uzobpaxkenne craHoBUTCS 60jlee KOHTPACTHBIM IIPU CXKATUU SJIACTUYIHBIX OUOJIOTHYIe-
ckux TKaHeil. [Ipym MaxcuMaJIbHOM CXKATUM MOXKHO ITOJIYYHTh M300parkKeHue 3JIEMEHTOB, HaXOIAIIMXCS
B HEC2KATOM COCTOSTHUHU M3Yy9aeMOro 00beKTa Ha riybuHe Oojiee 2 MM, 9TO SIBJISETCS MPEIe/ oM HHGOP-
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MaTuBHOIO 30HupoBanus npu crangapraoil OKT (puc. 8). MuKpPO30H]| ¢ TOPIEBBIM OKHOM, pa3pabo-
TAHHBIN B HAIIEW TPYIIEe, HAMIYYIIUM 00pa30M 0DECIIeUNBACT CXKATUE U KOHTPACTUPOBAHNE ODMOTKAHU.

Wcnonb3oBanue [jisi ONTUYECKOTO ITPOCBET/IEHNsST OMOCOBMECTUMBIX XUMHUIECKUX areHTOB OCHOBAHO
HA CIOCOOHOCTH TAKUX XUMHYECKHX COEJMHEHUI, KaK IJIMIEepUH, (II0JIH) HPOIUJICHIVINKOIb, KOHIIEH-
TPUPOBAHHBIE PACTBOPLI TVIIOKO3bI, MPUBOJINTH K HU30OMPATEIHHOMY COIVIACOBAHUIO IMOKA3aTeseil Ipe-
JIOMJIEHHST (DOHOBBIX CTPYKTYD U PACCEHUBAIONINX OOBEKTOB, CHU2KAasi TeM CaMbIM KO3(hMUITUEHT UHTe-
IPaJIbHOrO PacCesiHusl KOMIIOHEHTOB TKaHU. [IpruMeneHne 3Tux BEIecTB MO3BOJISIeT YBEJIMIUTD IJIyOuny
OKT-zonupoBanusi 1 KOHTpacT u3o6pazkenuii [86].

Ornpeie/IEHHBIM IIArOM B OObEKTHBU3AIUN METOA SIBJISEeTCsT CO3/IaHNe ajlOPUTMOB KOMIIBIOTEPHOI
00paboTKy n300pakeHust, 0a3UPYIOIIUXCA HA TEOPETUIECKUX MOJIEISIX PACIPOCTPAHEHUs CBeTa B OMo-
TKAHSAX, C IE/IbI0 U3BJICUCHUS INCIOBBIX IMIIUPUIECKAX KOIPDUINEHTOB, CHEIUPUIHBIX I OIIPEIe-
JIEHHBIX ITATOJIOTMYECKUX IPOIECCOB. B KadecTBe YMCIOBBIX KPUTEPUEB COCTOSTHUSI TKAHU MOTYT OBITH
B3ATHI €€ IapaMeTphbl paccesinus. B OOJMbIIMHCTBE C/IydaeB MOPQOIOTUIECKas CTPYKTYPa UCCIeILye-
MO TKaHU JIOIYCKAET €€ IPEJICTABJIEHNE B BHUEe HADOPA OIHOPOIHO PACCEUBAIOIINX JIOKAJTHHO-TIJIOCKUX
CJI0EB, KaK/IbIIl M3 KOTOPBIX MOXKET OBITH OIUCAH HEOOJIBIITUM JIHC/IOM MapamMeTpoB. [lpu aTom coBokyTi-
HOCTB [1aPAMETPOB PACCEsIHUsI BCEX CIIOEB JIOCTATOYHO OObEeKTUBHO XapAKTEPU3yeT COCTOsSIHIE TKaHu |24,
83, 87].

7. B macrosiimee Bpemst B KinHuKax u jgaboparopusix Poccun, CIITA u Esponbr pa6orator 6osee 15
9KCIIEPUMEHTATBLHBIX TTPUOOPOB, paspaboranubix u npousseaéHubix B UII® PAH, a onun u3 Bapuan-
TOB npubopa cepTUMUINPOBAH U PA3PENIEH K IPOU3BOJACTBY B Poccnu n mpuMeHEHWIO B MEIUTIMHCKO
npakTuke. TexHuueckue perreHus, mojoxkernubie B ocHoBy OKT-tipubopos, MeIuInHCKIE TUATHOCTH-
YecKre MeTOJIbl 3amuiienbl 5 narenramu PO u 8 3apybexkubiMu areHTamu B 6 crpaHax Mupa (cM., B
gacrHocTH, [33, 35, 53, 63, 88-92|. Pesysbrarer 10-1erHel paboThl HUKETOPOJICKON MIKOJIBI OIITUYECKOI
KOTepeHTHOM ToMorpadun ObLIn 1o102KeHbl Ha 40 MeXKIyHAPOTHBIX U BCEPOCCHICKUX KOHMEPEHIUIX
u upejcTaBieHbl B Oojiee ueM 180 HAyUHBIX IyOJTUKAIISIX.

Bricokue puarnocruyeckue nokazarean OKT 1mos3BossgioT HajgesThbes Ha TO, 9YTO METOM, B OJuzKaii-
mmee BpeMsi 3afiMET JIOCTOWHOE MECTO CPEJId COBPEMEHHBIX JIUATHOCTHYECKUX TEXHOJIOTUH U MO3BOJIAT
NpUOIU3UTHCS K PEAIM3aIluy UJIed ONTUIECKON Omorcuu.

B szakisrouenne aBTOPBI CTATHU BBIPAXKAKOT IVIYOOKYIO HPU3HATE/BHOCTH CBOUM MHOTOYHUC/IEHHBIM
kojteram B IIT® PAH, HI'MA u npyrux kiauHndeckux nearpax Huxaero HoBropoaa 3a corpyaanyde-
CTBO B Da3BUTUH U BHEJPEHUU B HPAKTUKY ONTUYeCKOi KorepenTHoii Tomorpadun (I'. B. Tesmkonony,
A.H. Jleancenko, E. H. Ilepnasiok, JI. C. lomuny, E. B. [lonuenko, B. E. 3araiinoBy, E. B. 3araiiroBoii,
P.P.Ukcanoy, B.A.Kamenckomy, C.IO.Kcenodonrory, U.A.Kysuenosoit, P.B.Kypanosy,
M. H. Kyuesoit, M. A. Menexunoii, A. H. MoposzoBy, A.B. Mskosy, M. B. Hukymusoii, I'. A. Ilerposoii,
C. A.Ilerporoii, FO.II. IToranoBy, B.B. Canoxuukosoii, A. M. Cepreesy, E. A. Cepreesoii, JI. B. Cro-
mogoit, O.C. Crpensbriosoii, A.B.Tepenrneroit, A.A.Typkuny, U.B.Typuuny, M.H.¥Ypyrunoii,
@. 1. Denpamreitny, FO. B. ®omunoii, A. B. [Ilaxosy, H. M. IITaxosoii).

C ocoboit 6s1aroapHOCTBI0 MBI BCIIOMUHAEM yYacTHe B 3TOH paboTe HEJABHO YIIEJIIero OT Hac
A. . Xanuna. B mocteianit mepuom cBoeit TBopUeckoil nesitenbaoctu ko Mzpamnesua yuesist 60/b-
110€ BHUMAHNE PA3BUTHIO OMOMEUIIMHCKON ONTUKU U, HPEXKJE BCEro, IIPUMEHEHUIO JIA3€POB JIJIsi CO-
3JaHUsT HOBBIX BHJIOB JuarHocTuku. OH OB OJHUM W3 BIOXHOBHUTEJEH WMCCIeI0BaHUIl JIa3epHO TO-
Morpadun GHOTKaHelH M KaK pYKOBOJIUTEhL OTJE/NeHUsT HequHelnoi nuanamukn u ontuku VIO PAH
ITPOSIBJIST IIPUCTAJIbHOE BHUMAaHUE K e€ craHoBjieHHI0. CTaB COABTOPOM IIEPBOW W3 HAIUX CTaTel 10
OKT, on BHoc/ieJIcTBUM CO CBOWCTBEHHON €My JEJIMKATHOCTBIO OTKA3aJICsi OT COABTOPCTBA, HO C 0OJIb-
IIIAM UHTEPECOM OTHOCHJICS KO BCeM HammuM myosukarusM. HaMm kaxkeTcs, 9T0 U 9TOT KOPOTKUH OTIET
0 HaIllell JeTeJIbHOCTH OH IIPOYUTAJ OBl C MHTEPECOM U YJIOBJIETBOPEHUEM.

Pa6ora 6bl1a yacruano nojuepxkana PODU (rpant Ne 03-02-17253), Ipesuentckoii nporpammoit
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HOJJIEPKKY Beymux Hay4IHbIX mKoa PP (rpant HIIT-1622.2003.2), a takxke CRDF (rpanter Ne RB2
542 u RB2-2389-NN-02).
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I Mncruryr npuxnaamoit dusuxn PAH; [Tocrynmia B pemakiuio
2 Huzkeropojickast rocy/IapCTBEHHASA MEJIUITUHCKAS aKaJIeMUS, 26 mapTta 2004 1.
r. Hmxanit Hosropon, Poccus

A DECADE OF OPTICAL COHERENCE TOMOGRAPHY IN RUSSIA:
FROM EXPERIMENTS TO CLINICAL PRACTICE

V. M. Gelikonov and N. D. Gladkova

We give a retrospective review of studies performed by the united team of researchers from the
Institute of Applied Physics of the Russian Academy of Sciences and the Nizhny Novgorod State
Medical Academy and related to practical realization of optical coherence tomography and its use as
a novel method for biomedical diagnostics.
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JABYXBOJIHOBA{ OIITUYECKAYA KOTEPEHTHAA TOMOI'PA®U A

B. M. I'eauxonos, I'. B. I'eauxonos, @. H. Deavdwmetin

B pabore npencraBiieHbl pe3yIbTaThl UCCIEIOBAHNST IPUHIUIIOB U ONMUCAHNE HU3KOKOTE€PEHTHOIO JIBYX-
BOJIHOBOI'O MHTEpP(EpPOMETPa Ha COXPAHAIONEM ITOJSIPU3AINIO U3JIyYeHNsI BOJIOKHE JIJIsi ONTUYECKON Kore-
PpeHTHOI ToMOorpadum, CO3JTAaHHOIO C IEJIBIO MOy YeHNsT N300paskeHnil BHY TPEHHEH CTPYKTYPbI XKUBOM 61O~
TKaHU OTHOBPEeMeHHO Ha BoiHax ¢ ajuuoi 830 n 1284 mm. [lpuBomsarcs um aHaIM3UPYIOTCA M300paYKEHUST
HEKOTOPBIX yYACTKOB YKUBOW OMOTKAHM.

BBEJEHWE

Onruueckast koreperrrasi tomorpadusi (OKT) kak HOBBIN MeTOJI CC/IeI0BAHNSI BHY TDEHHEI CTPYK-
TYPBI IOBEPXHOCTHBIX CJI06B 6uoTKanu passusaercs ¢ 1991 roga [1]. OcHOBHBIME HAIIPABIEHUSIMU Pa3-
Butusg OKT ¢ MoMeHTa €€ MosiBjieHnsT SIBJISIOTCS TOBBINIEHUE TVIYOMHBI BUJIECHUS, TPOCTPAHCTBEHHOTO
paspelenns, ObICTPOAEHCTBUI, METOAbI U3MEPEHUsI CKOPOCTEHl M HAIPaBJIEHUS MUKPOKAIMLITPHBIX
[IOTOKOB B OMOTKAHM 3a CYET M3MEPEHHsI JOILIEPOBCKOTO CIABHUIA YaCTOTHI, IPUEM PACCESIHHOIO O0bEK-
TOM CBETa B OPTOIOHAJILHBIX HOJSPU3AIUSX JJIst ONPEIEJCHIs ATOJOIMIECKUX COCTOSTHUI OUOTKAHU
KaK 10 HAPYIIEHUSIM B KAPTUHE €€ IBY/IyYEIPEIOMJICHUs, TaAK U 10 M3MEHEHHUSIM JEIOJITPU3YIOIIX
cBoiicT [2-7| u T. 1.

PacceuBaromue u morsorarorue cpoiicTea 30HaupyeMbix nocpeactBoM OKT o6bekToB B 06IIEM
cIydyae 3aBUCAT OT JIMHBI BOJIHBI u3Jydenus |8, 9]. Emé co BpeMenn mepBbIX SKCIEPUMEHTOB MO Me-
rony OKT BosHEKIIa Wjesi CO3MaHUsI «IIBETHONO» HU3KOKOIE€PEHTHOI'O BHUJEHHSI B MYTHBIX CpeJax,
corsiacHo kotopoit OKT-uzobparkennsi paccenBaronux CBET ONTUYECKUX HEOJHOPOJHOCTEH OIHOIO U
TOI'0 K€ yJacTKa CPeJIbl MOXKHO 3aIlMCaTh OJHOBPEMEHHO Ha JBYX WM HECKOJBKUX JJIUHAX BOJH. DTH
COIIPSIPKEHHBIE M300paKeHUsl, MPEJICTABJIEHHBIE PA3IMIHBIME [IBETAMHU U HAJIOKEHHbBIE JIPYT Ha JIpyra
C OIpeIeEHHBIM COOTHOIIEHNEM WHTEHCHBHOCTEN KarKIOTO M3 00pa30B, MOTI'YT CO3JABATDL <I[BETHOE»
n3obpaxkenue. B mamHoM cirydae nadopmalius 00 MHTEHCUBHOCTH PACCeTHUS HA KaXKI0M U3 JIJIMH BOJIH
0TOOpAaYKAETCs SIPKOCTHIO COOTBETCTBYOMIEro 1iBeta. CyInecTBeHHBIM TPEOOBAHUEM 3/1€Ch SBJISETCS TOYU-
HOCTb B3AMMHOTO MIPOCTPAHCTBEHHOIO COBMEIEHNsI 30H KOT€PEHTHOrO IpuéMa Ha 00enx JJIMHAX BOJIH
npu ckanumpoBanuu. llpu mcciienoBanny KUBOUW TKAHW BayKHA TAKXKe U OJHOBPEMEHHOCTDL ITOJIYIEHUS
n300parkeHuil Ha Pa3HBbIX JJIMHAX BOJIH.

B nepBoii pabote, MoCBSIEHHON JBYXIBETHON ToMOrpaduu [2|, onucsiBanach sKcrepuMeHTaIbHAST
YCTAHOBKA, B KOTOPOI MCIIOIL30BaH €anHbIi narepdepomerp Maitkesbcona Ha IUCKPETHBIX JIEMEHTAX
C IBYMSI UCTOYHUKAMHU U3JIyUEHUs] — CYNEPIIOMUHECIIEHTHBIMU JTUOMAMU C JIJTMHOM BOJIHBI M3JIYIEHUS
830 u 1300 mM. 3ammrch TOMOIPaMM OCYIIECTBJISIIIACH [TOCIEI0BATE/IBHO IIPHU MEPEKJTIOUEHUSIX MEXKLY UC-
TOYHUKAMU. BbUIN HCCIIeIOBAHBI CPABHUTEIbHBIE XAPAKTEPUCTUKN KOIDDUIINEHTa PACCESHUS CBETA B
CTeHKaxX aprepuil Ha AByX jjmHax BoyiH. OCHOBHasI IpobJieMa Ipu paboTe Ha 9TOH IKCIEepUMEHTAIBHOM
YCTAHOBKE, Ha HAIl B3IVIAM, 3aKJ0YaJaCh B HEOOXOAMMOCTH TOYHOI'O B3aUMHOIO MPOCTPAHCTBEHHOTO
coBMelrieHus objiacteil mpuéma Ha obenx JymmHax BoiH. Kpome Toro, BbICOKHE TPeOOBAHUS P bsiBIIs-
IOTCA K CTaOM/IBHOCTU PAbOTHI CUCTEM MPOIOILHOIO U HOIMEPETHOr0 CKAHUPOBAHUSI, ITOOBI C TOCTATOY-
HOIl TOYHOCTBHIO COBIIAJIAJIN JIEMEHTDLI Pa3pelleHus ITPU COBMEIEHUN IOCIeI0BATENLHO MOy YEHHBIX
n300parkeHuii, COOTBETCTBYIONNX PA3HBIM JJIMHAM BOJIH.

B wameit rpynme B UTI® PAH 6b11 cozman mepBblil EpeHOCHON MBYXIBETHBIH ONTHYECKUN TO-
morpad, paboraronuii Ha jurHax BosH 830 m 1284 Hm [3-5, 7|, B KOTOpPOM JijIsi OJIHOBPEMEHHOI'O
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MO/ YeHusT N300PaKeHnil UCIOIb3yeTcsd eaunbiii narepgdepomerp. [Iposenera onTumMu3anms Mo OUTH-
YeCKUM TIapaMeTpaM HU3KOKOTEPEHTHOTO U3JIyUeHHs C yKAa3aHHBIMU CYIIECTBEHHO PAa3HBIMU JIJTMHAMU
Bosta. aTepdepomerp ObLIT BBIITOJIHEH Ha, COXPAHSIONIEM IOJISPU3AINIO0 U3/TyI€HNUsT BOJIOKHE, TTO3BOJIs-
IOIIEM UMEeTh M'MOKOe CUI'HAJILHOE ILJIeY0, YTO UI'PAET BayKHYIO POJIb IIPH IPAKTUIECKOM HCIIOIHL30BAHIHI
ToMorpacda. 3oHAUPYOIIee U3/IydeHrne Ha 00enx JJIMHAX BOJH BBIBOIMJIOCH W3 €IUHOI0 BOJIOKHA CHUI-
HaJIbHOIO ILIeYa U II0JaBaJIOCh Ha 00beKT depe3 obmuil (hoKycupyrommii o0beKTus. Vcmoabp3oBaiach
o0111ast ITbe30BOJIOKOHHASI CKAHUPYIONIAasi CUCTEMa B HAIPABJIEHWH, HOPMAJJIBHOM K ILIOCKOCTH ODpa3-
na (ocb z), u obIIast IEKTPOMEXaHUYecKasl CHCTeMa B IJIOCKOCTH obpasia (ocu x u y), obecredn-
BAIOIIMEe TPEXMEPHOE CKAHUPOBAHUE HA 00emX JInHax BOJH. [Ipw 5TOM mpOBOMMIICS OIHOBPEMEHHBII
IMapaJuIeIbHBII TIPUEM CUTHAJ A HA COOTBETCTBYIONIUX JOIJIEDOBCKUX YAaCTOTAX M3 OJHOTO W TOT'O 2Ke
s7eMeHTa 00pa3ia. DTO MO3BOJISAIO C BBICOKOW TOYHOCTHIO CPaBHUBATL M300parkKeHHsI PACCEHMBAIONINX
CBET HEOIHOPOIHOCTEH Ha 0DemX JIMHAX BOJIH, 9TO OTKPBLIO BO3MOXKHOCTH ITOJIYIEHUS JOIIOTHUTE b
HOI1 crieKTpockonmyeckoil madopmariun. OCHOBHOI IpobeMoii B 3T0il paboTe sIBUIaCh HEOOXOAUMOCTD
OJITHOBPEMEHHOTO BBITIOTHEHUSI JIBYX YCJIOBUIM — KOMIIEHCAIIUU B €IMHOM HHTEP(EpOMeTpe pa3HOCTei
IPYIIIOBBIX 33I€pKeK B ILIeYax HHTepdepoMerpa U KOMIIEHCAIIMU JUCIEPCUN I'PYIIIOBOM CKOPOCTH Ha,
obenx mymHax BOJH. Kpome TOro, JOMoJIHITE/THHOM TPYAHOCTHIO OKA3a/IaCh PeATU3allid MAJIOr0 yPOBHSI
1orepb B uHTEpdepoMerpe Ha OOIbIIEH JINHE BOTHDI.

[Tozauee B pabore [6] Obuta ommcana JBYXBOIHOBasi ycraHOBKa (Ha jumHax BosH 830 u 1284 M)
JJIsI OIITUYECKOM KOT€PEHTHOM TOMOrpaduu, B KOTOPOil OBLIN UCIIOIB30BAHBI OTAEIbHBIE OIITOBOJIOKOH-
Hble HHTEephEepOMEeTPhI JIJIsI KayKI0i U3 ABYX JJIMH BOJIH 30HIUPYIONIEr0 U3/IyIeHUs. DTa SKCIePUMEH-
TaJIbHAsl yCTAHOBKA, Kak U B [3-5, 7|, mo3Bosisizia mostyyars ToMorpaduieckie n3006paXKeHus: Ha 00enx
pabounx JIMHAX BOJH OTHOBpeMeHHO. HeobxoammMo oTMeTHTh, UTO MCIOIB30BaHHAST B paboTe eanHast
MeXaHHIeCKasl CUCTEMa, JIJIsl IIPOJOJILHOIO CKAHMPOBAHUSA B 060X MHTEpEEPOMETPaxX MOIJIA OBITH IOJI-
Bep2KeHa BJIUSHUIO MAPA3UTHBIX MEXaHMIeCKuX BuOpamuii. BBugy TOro, 9TO JIydm B OIMOPHBIX ILIEYax
HHTEP(EPOMETPOB IIPOCTPAHCTBEHHO HE COBMEINEHBI, 3TO MOIVIO BBI3BIBATH HEKOPPEJINPOBAHHLIE OT-
KJIOHEHUsI B CKOPOCTSIX M3MEHEHUs Pa3HOCTHU JIUH 1jied narepdepomerpoB. Kpome Toro, copmerenune
B0HIUPYIONIUX U3Jly9IeHUI ¢ Pa3HOI JIJIMHON BOJIHBI B IIPEJIMETHOM IjIede, KaKk U B pabore |2|, mpoBo-
JHUJI0CH B OTKPBITOM IPOCTPAHCTBE, UTO BBI3LIBAJIO HEOOXOAMMOCTH WX TOYHON B3AMMHOI IIPOCTPAH-
crBeHHOI toctupoBku. Ha wam B3, nsyxsosnnosblii BapuanT OKT, onucannsiii B paborax [3-5, 7],
OoJtee TIEPCIIEKTUBEH, HECMOTPSI Ha, O0JIee CJTOXKHBIN B UCIIOTHEHNN W HACTPOIKe BOJTOKOHHO-OIMTHIECKUIT
narepdepomerp. OTMETHM, YTO BO BCEX TPEX METOJaX HEOOJbIINE OTKJIOHEHUsI B JIOKAJIU3AINH (DO-
KaJIbHOI'O IIITHA 1M OOJIACTH KOIePEHTHOI'O IpHEMa Ha ODEHX JJIMHAX BOJH BO3MOXKHBI 10 IIPUYHHE
HEJIOCTATOYHO BBICOKUX M30XPOMHBIX KAMECTB OOBEKTHUBA U JUCIIEPCUU CPEIIDI.

OcHoBHasI 11eJ1b JJAHHOM PabOThI 3aKJII0YUAETCS B UCC/IEOBAHNN TPUHIIAIIOB €IMHOI0 HHTEp(EpOMET-
pa ISl ONTHYECKOTO KOIE€PEeHTHOI'o ToMorpada, mpegHasHa9eHHOrO I OJHOBPEMEHHON IBYXBOJIHO-
BOIl HU3KOKOT'€PEHTHON JIOKAIUN C IPOIOJILHBIM Pa3pelenneM, OJU3KUM K IIpeesy Ha KaxkI0il pabo-
el JJIMHE BOJIHBI, IIPU TOYHOM ITPOCTPAHCTBEHHOM COBMEIEHUH YIACTKOB 30HAupoBanus. [Iposeiena
SKCIEPUMEHTAIbHAS AIIPOOAIINs [TOJIyIeHHBIX Pe3y/IbTAaTOB. [IpUBeIeHbI «ABYXIIBETHBIE» TOMOIDAMMBI
HEKOTOPBIX OHOIOTMYECKHX OOHEKTOB.

1. IPUHIIAII IBYXBOJIHOBO OKT C PABOUYMMMU JJIMHAMMN BOJIH 830 U
1284 HM HA OCHOBE E/IVMHOTI'O OIITUYECKOT'OMHTEP®EPOMETPA
HA AHU30TPOIIHOM BOJIOKHE

Onrudeckasi cxema pa3pabOTAHHON YCTAHOBKY JJIsI ONITHYECKON KOIepeHTHON ToMorpaduu ¢ pabo-

quMu JyimHaMu BoaH A1 = 830 HM 1 Ao = 1284 HM PYHKIINOHAJIBHO COCTOUT U3 CHCTEMBI MYJILTUILIEK-
CAPOBaHUs W3/IyIeHHUs C IMOJAPU3ANUOHHON duabrpamnueil, cobcTBeHHO uHTEpdepoMeTrpa U CUCTEe-
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Puc. 1. Onruyeckast cxema uHTEPdEpOMETPA ABYXBOJIHOBOTO ToMOrpada: CJIJ — cynep/iroMuHeCIeH THBIH
oIy poBOAHUKOBEIN mquoj, OJI — dortoamosn, z — ckamep — MbE30BOJOKOHHAS PEryupyeMas JIMHUS
3a/1epKKHN

MBI JIEMYJIBTUILJIEKCUPOBAHUS JIJIs PA3JIEICHNs 110 JJIMHAM BOJIH ITOTIAPHO UHTEPQEPUPYIOITUX JIyIeil.
Taxum 0b6pa3zoM, MOXKHO TOBOPUTH O «IByxkKaHajgbHOCTH» B OKT mpum mcnosp3oBaHuu €IuHOTO ONTH-
geckoro naTepdepoMeTpa Ha ABYX 3HAUUTE/HHO OTINYIAIONINXC JJInHaX BOIH. [Ipu aTOM mpenebHoe
paspelieHne KaxKJI0ro KaHaJa, OIPEJIEIsieTcsl MMPUHON KPOCCKOPPEISIIMOHHBIX (DYHKIIUN Ha COOTBET-
crByIomeit paboueit mymae BosHbl. OyHKITMOHAIBHAST CX€Ma, YCTAHOBKU IIPEJCTaB/IeHa Ha puc. 1.

B kadecTBe MCTOYHHMKOB 30HAUPYIOIIETO M3/IYUYEHUS HUCIOIB30BAIUCEH JBa CYNEPIIOMIHECIIEHTHBIX
MTOIy ITPOBOJTHUKOBBIX JIMOJIa € TEHTPAJbHBIMU JJIUHAMEU BOJH u3aydenus 830 m 1284 Hwm, mmpuHoit
criekrpa 23,4 u 42 uM (IpoJIoJIbHBIE JIMHBL KoreperTHocTH 13 u 17 MrM) u MornocThio 1,5 u 0,5 MBT
COOTBETCTBEHHO. V3/1ydueHne 000nX NCTOTHUKOB IIPOIYCKAJIOCH Ye€pe3 MOIAPU3aTOPhI HA aHU30TPOITHOM
BoJIOKHe (¢ Koaddunmentamu skcTuHKIMU nopsiaka 20 1B), npu momorm paspaboTaHHOTO BOJOKOH-
HOT'O MYJIBTUILIEKCOPa OODLEeIUHSIOCh U II0/IaBajIoCh Ha Bxoi nHTepdepomerpa Maiikenrbcona. lasee
u3jIydeHne Ha 00enx JJINHAX BOJH PACIIEIISIOCh IIOPOBHY MEXKIYy MPEJIMETHBIM U OIOPHBIM ILJICIAMEI
[IpU TIOMOIIIM OTBETBUTEJISI, UMEIOIIEr0 YPOBEHD 3 AD JJIsl KaXKJ0i U3 JJINH BOJIH. Bo3Bpariénabie BOJI-
HBI B [IPEIMETHOM U OIIOPHOM ILje9aX CKJIAIbIBAJIUCH B OTBETBUTE/IE, U CYMMAapHOE I0JIe ITOABO/INIOCH
K OTJEJbHBIM (POTONPUEMHUKAM II0CJIE CIIEKTPAJIBHOIO PAa3JIeJeHus 3a CYET JAEeMYJIbTUILIEKCUPOBAHUS.
[Tpr n3MeHeHNN PA3HOCTH JUINH ILTed HHTEpGEPOMEeTpa C MOCTOSHHONW CKOPOCTBHIO HOpsiika 6,2 cM/c
Ha Harpy3kax GpOoToINO0JI0B IPUHUMAJIICH [IEPEMEHHbBIE HAIIPSKEHUS HA PA3HOCTHBIX 9aCTOTAX, PABHBIX
JorepoBcKuM casuraM dactoThbl: 150 kI gy ammasl BoaHb 830 HM 1 97 K[t — mmst 1284 mHu.
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OrmeruM, 9TO B nHTEpdEpOMETPe HCIOIb30BAIOCh aHU30TPOIIHOe BOIOKHO Tuna «[lanmas (1163
npoussozicTBa Komnannu «Paiibeprek», r. Apzamac, Poccust) ¢ 60JbIIoi 9ucioBoii aneprypoii (mopsiji-
ka 0,15) u orceukoil Ha jymmHe BosHbL 750 HM. Buiarogapst TakuM ONTHYECKUM HapaMeTpaM BOJIOKHA
pabodee m3jiyueHne Ha 0OEMX JJIMHAX BOJIH YIEPXKUBAJOCH B Ipocreiimeii mojge H E11 npu Bcex BO3-
MOXKHBIX U3rubax BOJIOKHA, BOSHUKIIUX IIPU co3manuu narepdepomerpa. EcrecrBento, uyro moma H F1,
Ha JjiuHe BOIHBI 1284 HM B 9TOM BOJIOKHE YIE€pXKHUBAETCsl caabee, 9eM MOJa ¢ JIUHON BoHBI 830 HM.
[Tpu mocraToIHO KPYyTHIX HM3rMOAX BOJJOKOH IIPU YKJIAJKE €ro B JIMHUAX 3aJEPKEK IOTePH CBETa Ha
JUTHe BOJIHBL 1284 HM uUMen BCE JKe 3HAYUTEJIbHBINA yPOBEHb (OKOJIO HECKOJIbKHUX JEIUOes MU J[ra-
Merpe u3rudba 30 mm). Beregacrere 3m0ro BOMpOC ONTUMU3AIME BOJOKOHHO-OIITHYECKUX SJIEMEHTOB C
IEJIBIO CHI2KEHUS IIOTEPb CBETa CTOsiI 0coOeHHO ocTpo. Tak, B pe3y/braTe MPOBEIEHHBIX PaspabOTOK
ObLIM CO3JIAHbI MYJILTUILIEKCOD U JIEMYJILTUILIEKCOP ¢ 3 hEKTUBHOCTHIO 0KOoIo 98 % Ha Kaxkoil u3
JIJTAH BOJIH.

C 11e/1bI0 JIOTIOJIHATETLHOTO TOBBIIIEHUsT 9(hPEKTUBHOCTH UCIOIB30BAHUST MOIITHOCTHA OITHIECKOTO
u3JlydeHust B uHTepdepoMerpe OJHOBPEMEHHO B 000MX KaHasax (Ha 0benx paboumx JJIMHAX BOJIH)
Takyke ObLIa MCCIeI0BaHa BO3MOXKHOCTH CIIEKTPAJbHON HACTPOWKHM KO3(hpUIMeHTa OTBETBJICHUS HA
ypoeerb 3 ab myst Bosin ¢ gymeOi 830 m 1284 mm omHOBpemeHHO. B pesysipraTe ObLI pazpaboTaH
CIIEIUAIbHBIN BOJIOKOHHBII OTBETBHUTE/Ib C KPATHOCTHIO PA3/IE/IEHUsT OTOKA ONTHIECKIO W3JLyIeHUS
0,51 : 0,49 st juuae! Bostabl 830 HM 1 0ko0s10 0,6 : 0,4 myist syinabn Bostabl 1284 HM [10]. Takas 6iuzocTsb
pasjiesieHusi MOITHOCTH OITHYECKOI0 M3JIydYeHHs K IOJIOBUHHOM B 0DOMX KaHajax ObLia IOJIydeHa 3a
CUIET UCIOJb30BAHUS PA3JIMIHUS 3ABUCUMOCTEN KOI(PDUIIMEHT, JIMHEHHONW CBI3U BOJHOBOIHBIX MOJ, OT
JUIMHBL 00JIACTH B3aUMOJICHCTBUS HA JIBYX PabOYUX JJIMHAX BOJIH.

Motysisiniusi pa3sHOCTH JJIUH 1Ied HHTepGhEpOMETPa IIPOBOIMIIACH IIPU IIOMOIIN [THE30BOJIOKOHHOTO
upeobpasosaresisi [11], KOTOpbIii 1103BOJIsI CKAHUPOBATH OObEKT Ha IIyOuHy J10 35 MM (Ipu Haupsi-
JKEHUU, IPUJIOXKEHHOM K IJIACTUHAM IIbe303jieMenTa okosio 250 B). Mznyuenne na obenx JymmHax BOJIH
HAIIPABJISLJIOCh Ha OOBEKT, a pacCessHHOE Ha3a/| U3JIydeHre COOUPAIoCh B BOJOKHE IIPU ITOMOIIU OJIHOTO
u TOro ke obbekTuBa. llpumenHsicsa crenuaabHBI IJIAHAXPOMATUIECKUN OOBEKTUB JJisi CBEIEHUs K
MHUHUMYMY IPOCTPAHCTBEHHBIX HCKAXKEHUN M MAKCHUMAJBbHO OJIM3KOIO MPOJOJIBHOIO COBMEIeHus (Ho-
KaJIbHBIX TepeTsiKeK. JJist oy deHnst AByX- 1 TPEXMEePHBIX n300parkeHnil NCI0Ib30BaIOCh YCTPOICTBO,
CKaHUPYIOIIEee BJIOJb OCell - 1 Y (B IJIOCKOCTH 00pasIa).

Baxknoit pobsiemoil okazajiach OJHOBPEMEHHAsi KOMIICHCAIMST HEPABEHCTBA BJIUSTHUS UCIIEPCUN
PYIIIIOBOIl CKOPOCTHU B ILIeYax MHTepdepoMeTpa Ha ABYX Pa3HbIX IanHAaX BOJH. [l €€ pereHust Mbl
MPEJJIOYKUIIN U PEAJTM30BAIM METOJIUKY, B COOTBETCTBUU ¢ KOTOPOH JJIsi yKA3aHHOUW KOMIIEHCAITMH OBLIN
JI06ABJIEHBI JIOTIOJIHUTE/IbHBIE «CcTereHn ¢BOOObI». C 3TO0il 1e/Ibi0 B OJHOM U3 IjIed HHTEepdEpoMeTpa
B HEOOuIbINOI ero dacTu (nopsizika 20 %) ucnonb3oBaH OTPE30K BOJOKHA C OTJIMYAIOIIUMUC OT OCHOB-
HOT'O BOJIOKHA, JIUCIIEPCUOHHBIMU CBOHCTBaMU. 3a CUET 1oi00pa JJIMH OCHOBHOT'O U KOMIIEHCUPYIOIIETO
BOJIOKOH [IsT 00enX [IJIMH BOJIH ObLIM MUHUMHU3UPOBAHBI IMUPUHBI KPOCCKOPPEJISIIIUOHHBIX (DYHKIUN 1
ux BpeMeHHOH ciBur. B ciemyromem pazzese 3Ta MeTonnKa Oyjier onmcaHa Ha MPUMEPE KOHKPETHOM
peasmM3anum JAByXBOJIHOBOIO uHTEpdepomerpa [3-5, 7|.

2. KOMIIEHCAIINA HEPABEHCTBA JVICITIEPCVN B NTHTEP®EPOMETPE
OJHOBPEMEHHO HA JBYX 3HAYVUTEJIBHO OTJIMYAIOIIINUXCS
JJINMHAX BOJIH

IIpu mcnonb3oBaHUM CBeTa HA JABYX JJIMHAX BOJH HEPABEHCTBO IIOJTHONW MUCIEPCHU B IjIedYaX WH-
TepdepomMerpa, BKIIIOYAIOIIEH BOJIHOBOAHYIO U MATEPUAJILHYIO KOMIIOHEHTHI, IPUBOJUT K B3aUMHOMY
[IPOCTPAHCTBEHHOMY CIBULY IIEHTPOB KPOCCKOPPEIAIMOHHBIX (PYHKIUI Ha JIBYX pabounX JIjIMHAX BOJIH
U yBEJUYEHUIO MX MUHUMAJILHON BO3MOXKHOW mupuHbl. V3rorosienue maTepdepoOMeTpa Ha aHU30-
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TPOITHOM BOJIOKHE€ C IIPDOCTBIM BbIpaBHUBaAHHUEM TI'€OMETPUYICCKUX JIJINH IIJIEY HE IIO3BOJINJIO IIOJIYYIUTH
ONTHMAJIbHOE IIPOCTPAHCTBEHHOE Pa3pEIleHNe OJHOBPEMEHHO HA JIBYX JUIMHAX BOJIH, & TAKYKE PABHBIE
CPYIIOBLIE 3aiepKKu. [Ipranaa 3TOro 3ak/ovasach B HEPABEHCTBE IIOJTHON JUCIIEPCUN B ILJIeYaxX WH-
TepdepoMerpa, UMEBIIEM MECTO Ha KaXKIOi U3 JIJIMH BOJIH BBHLY HEIIOCTOSHCTBA JIOKAJILHBIX [apaMeT-
POB BOJIOKOH 110 Jyinne. HepaBeHcTBO MaTepraIbHOI IUCIIEPCAN B HAIIIEM CJIydae, [0 BCeil BEPOSITHOCTH,
HEJIb3s1 OO'bSICHUTD JIOKAJIBHO PACIPE/IeIEHHBIME BJIOJIb BOJIOKHA (MIYKTyalusiMU KOHIICHTPAI[UH JIETH-
pyroireii 1obaBku win eé cocraa. IIpu OTHOCHTENHHO HEOOJIBINX JVIMHAX BOJIOKOHHBIX I171€Y (IIODSIJIKA
10 M) BkJIaJ UIyKTyamun BOJIHOBOAHON JAMCIEPCHN, BBI3BAHHBIA HECTAOHILHOCTBIO J(MAMETDPA BOJIOK-
Ha 1[I0 JUIMHE, [IPeJICTaBIsierTcst Oolee cyIecTBeHHbIM. Kak 110ka3aiu u3MepeHnsi, HeIOCTOSIHCTBOM 118~
PaMeTpPOB TaKOro Maciiraba o0JIaJaroT 1 KOMMEPUECKHe OJHOMOJOBbIE U AHU30TDPOIHBIE OITHIECKHE
BOJIOKHA JIDyIHX IIpOU3BOJHTE/eil. B IaHHOM paccMOTpeHHH BCe JIOKAJIbHBbIE OTKJIOHEHHsI HapaMer-
POB BOJIOKOH OYJIyT CBEJEHBI K OTKJIOHEHUIO UX CPeIHUX 3HadeHuil. OTMETHM, UTO OIMCAHHBIE HUXKE
pe3yJIbTaThl COOTBETCTBYIOT KOHKPETHOH peasn3anuu HHTEpdEpOMeTpa, OUTUYECKHE ILIeYd KOTOPO-
To 6BIHI/I N3TOTOBJICHLI U3 ITOCJ/ICIOBATECJILHO BbI6paHHLIX OTPE3KOB OTHOT'O KYCKa 9KCIIEPDUMEHTAJIbHOI'O
AHU30TPOIIHOIO BOJIOKHA.

Tupuna KPOCCKOPPEIANNOHHOM (DyHKIME J1JIst
Jume BostH 1284 u 830 M (0L, u dL),) u paccro-
sIHHE MEXKJly MaKCHMyMaMU KPOCCKOPPEJISIIUOHHbIX
dbyHKIWUi 151 00enx JIMH BOJIH 110 IPYIIIIOBOMY OII-

CHFHANLHOE LU0 traeckoMy 1yTa (ALy,_ ), ) UCCIEA0BAINCEH IPU U3~

MEHEHUN COOTHOINIEHUdA MEXKJy JAJINHaMU CUT'HaJlb-

iy S—
A \ > HOI'O W OIIOPHOIO ILIed nHTepdepoMerpa. YCIOBHA
OMOPHOE ILJIEYO I~ —3epkaJa CcXeMa BOJOKOHHO-OIITUYECKOrO HWHTepdepoMeTpa

peJicTaBjieHa Ha puc. 2.
Puc. 2. Onrmaeckas cxema, Jj1st NCCIETOBAHMIS A~

paMeTpoB BOJIOKOHHO-OITHYECKOTO HHTEpPdEpO-
MeTpa IIPU NITPOKOIIOJIOCHOM UCTOTHUKE

JluimHa BO3JIyIIHOIO ONTUYECKOrO ITYTH B CHUI-
HaJbHOM ILJI€YTe MEK/Iy BOJJOKHOM M 3€PKaJiOM, 000-
3HaYeHHAas Ha puC. 2 KaK LR _g, BbIOpaHa Tak, 9To0bI
BBITIOJIHSIJIOCh PABEHCTBO I'PYIIIIOBBIX 33/I€PXKEK, T. €. HyJIeBasl PA3HOCTh I'PYIIOBBIX ONTHIECKUX JIJTIH
(nanee — omruyeckux JymH) mied uarepdepomerpa, Ha Boiade 830 um. [Tpu srom Gosee jymmHHOMY
BOJIOKHY B OIIOPHOM ILJIEY€ M BO3IYIIHOMY IIPOMEXKYTKY B CHTHAJIBLHOM ILIEYe COOTBETCTBOBAJIU IIO-
JloyKuTesbHble 3HavdeHnst Lr_g. Bemuanust 0Ly, , 6Ly, u ALy, ), 10OC/I€I0BaTEIHLHO U3MEPSIIACH LIPH
HOIIArOBOM YKOpO4YeHur (IIyTéM CKAJIbIBAHUsI) BHAYaJe BOJIOKHA OMOPHOro mieda (npu srom Ly_g >
> (), a 3aTeM — CHIHAJLHOrO. B mocseanem ciayvae npu 6osiee JUIMHHOM BOJIOKHE B CHTHAJILHOM ILI€Te
BO3JIyIITHAST KOMIIEHCAIIUS PA3HOCTHU XOJ/Ia OCYIIECTBJIsIIACh B OIIOPHOM ILiede. B aToit curyarnun JmmHbI
BOB/IYIITHOTO IIPOMEXKYTKA B OOpHOM 1iede Lg g 0003HAYANCH KAK LR_g CO 3HAKOM MUHYC.

Ha puc. 3 upe/icraBiieHbl pe3y/IbTaTbl U3MEPEHH MUPUHBI KPOCCKOPPEIAIMOHHbIX pyHKIWit 0L ), ,
0L, 1 UX B3aMMHOIO IIPOCTPAHCTBEHHOrO caura ALy, ), OT Pa3sHOCTH JJINH IUled HHTepdepoMeTpa
(3HAYEHUS TTOKA3AHBI CBETIILIMU KBaIPATAMHI, CBETJIBIMU KPYKKAMU U 9E€PHBIMU KBAPATAMI COOTBET-
CTBEHHO).

Kak BuiHO u3 puc. 3, npocTpancTBeHHbI ¢iBur ALy, )\, MeXK/y IEHTPaMU KPOCCKOPPEJISIITHOHHBIX
dyuknnii Ha jgiauHax BosH 830 n 1284 HM paBeH HYJIIO IPH JJIMHE BO3/IYIIHOIO IPOMEXKYTKA MEXKJLY
TOPIIOM BOJIOKHA& M OTPAarKalolINM 3€pPKaJOM B CUTHAJIBLHOM ILI€Ye MHTEP(PEPOMETpPa L%_S = 214 mwm.
IIpu sTOoM pmomOIHUTENILHOE yBEJIUYCHHE MUPUHBI KPOCCKOPPEIANUMOHHON (DYHKIUU HA JINHE BOJIHBI
A1 = 830 HM paBHsSLIOCH 53 MKM, a Ha JjIuHe BOJIHBI Ao = 1284 oM — 21 MKM. DTO JONOJHATEIHLHOE
yBeJIMUeHne MUPUHBLI, BLI3BAHHOE HECUMMeTpuei et mHTepdepoMeTpa, J00aB/ILI0Ch K HCXOIHON
[IHPUHE KPOCCKOPPEIAIMOHHON (PYHKIINN, OIPeaesieMOil TOJIbKO IMUPUHON OINTHIECKOIO CIIEKTPa CY-
HepJIIOMUHECIeHTHOrO Juoja (eMm. dopmyay (5)).
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IIpu ykopodeHun IjiMHBI BOJTOKHA OIMOPHOrO IIJIEYA W COOTBETCTBEHHOM yMeHblnenuu Lyg_g mpo-
CTPAHCTBEHHBIH CABUT MEXK/y EHTPAMHU KPOCCKOPPEJSIUOHHOM (DYHKIIMU OBICTPO HAPACTAJ CO CKOPO-
croio 5,9 mrM/MuM. [Tpu Ly_g = 0 myseBble paznocTu xona Ha jpnHax BotH 830 u 1284 HMm okasasmch
Pa3HECEHHBIMU 110 ONITUYECKO JJINHE HA BEJIMIUHY OKOJIO 1,2 MM, YTO CPABHUMO C TVIyOUHOM MIPOJIOJIb-
HOTO CKAHHPOBAaHUSI. DTO JEJIAeT MPAKTUIECKH HEBO3MOXKHBIM JIBYXKAHAJbHOE IOIyUYeHHe OTHOMAC-
mrabubix OKT-nz00pakeHuit 0JlHOrO U TOTO XKe ucciempyemMoro yaacrka. Kpome toro, mpu Ly_g = 0
IMIAPUHBI KaXKI0H M3 KPOCCKOPPEISITUOHHBIX (DYHKIUN CYIIECTBEHHO MPEBBIIIAIN IITUPUHY KPOCCKOD-
PEJISIUOHHBIX (DYHKIUH UCTOYHUKOB U paBHsMCh 80 MKM Ipu JiyinHe BOJIHBL 1284 HM u 55 MKM 1pu
auae Boanbl 830 uM. V3mepenus: TakzKe MOKa3aJjd, ITO M€OMETPUIECKHE JJTMHBI BOJIOKHA OIOPHOIO
IIeva, Ipu KOTOPBIX UMEIOT MECTO MUHUMAJIbHBIE 3HAYEHUS IITUPUHBI KPOCCKOPPEIAIINOHHON dDyHKITNN
Ha jymnHax BoH 830 u 1284 uM, pasimunbl (6onee yem Ha 200 MM) U OTJIMYAIOTCS TAKZXKe OT pa3Mepa
Iieda, Ipyu KOTOPOM COBIIQJAIOT IEHTPHI KPOCCKOPPEIANMOHHBIX (DYHKITUIA.

PaccemorpuM npuauHbl pa3inyns rPyIIOBLIX 3a-

JepKeK Ha paboumx manHax BOH. IIpemmomoskmm, 0Ly, 0Ly, MKM ALy,_x,, MM
4TO IPUYMHA, KaK OTMEYaJIOCh BBIIIE, 3aK/II0YaeT- 190 2,0
csl B KPYIIHOMACIITAOHBIX 110 CDABHEHWIO C JIJIMHOI

BOJIOKHA (DIIyKTYaIusiX IPYIIIOBON CKOPOCTH, UMe- 100F 115
IONIUX MECTO BCJIEJCTBHE HEOONMbIIUX (QIIyKTyaruit 80+ ’
auaMmeTpa BojokHa. lIpesmnonokum Takke, dTO

duyKTyaluu mIOTHOCTH JIETUPYIONUX J00aBOK $IB- 60 150
JISIIOTCS BEJIMYMHON BTOPOT'O IIOPSJIKA MAaJIOCTH, U a0k

UX BJIMsIHHEM IpenebperkéM. st oreHKu IpeInosio- 10,5
KM, 9TO IjIe9u nHTepdEepOoMeTpa OTIUIAIOTCS 110 201 5L,

JUIMHE, TIPUYEM OIIOPHOE IIJIeYO JJIMHHEE CHUTHAJIb- L

oL~ 0,0
HOI'O Ha BEJIMYUHY T, & PAJIUYC €ro CBETOBEIyIIEl —100—50 0 50 100 150 200 250

JKWIBL B cpejiHeM Ooibiiie Ha 3MQMEKTUBHYIO BeJIH- Ly-s, Mmm
quny y. s BOJIHOBOMA ¢ T€OMETPUIECKON JITUHOM Puc. 3. Ilupuna KpoCCKOPPETATMOHHON (hYyHK-
z 3pdexTrBHAA 3aIepKKa, ITHPOKOIIOJIOCHOIO U3JIY- IUM U BOJHOBOW CIABUI HYJIEBOH DPa3HOCTH XOIa

AL),_», B 3aBUCHMOCTU OT DPa3HOCTH OITHYE-
CKUX JJIAH BOJIOKOH B OIIOPHOM ¥ CUTHAJHLHOM
z dg A2 dg wredax narepdepomerpa Ly_g. Jluausvu uzo0-

li=—=2z = —2z— . 1 “
J ,Ug dw 27TC d)\ ( ) PazKeHbl paCcieTHbIEe 3aBUCUMOCTU

YEeHHUA OIIpeae/IdeTCd BEJIMYHUHOI

3nech [ — BOJIHOBOE YHCIO MOJBI, ¢ — CKOPOCTH CBETa B CBODOMHOM IpocTpaHcTBe. OYeBHIHO, YTO
IPYIIIOBasT CKOPOCTb Vg = Vg(@, A\, n, An,z) siBuseTcst dyHKIHUeil paluyca CBETOBeLyIlel KHUJIbL a,
JUIMHBL BOJIHBL A, IIOKA3aTessl IPEJOMJIEHMS 7, CKaUKa [IOKa3aTejs MIpeJoMIeHHs An U IIPOJOJILHON
KOOPIMHATHI Z.

B onpegenenun (1) sadpdexruBaas 3aj1epxKKa tj yIuThBAET KAK MATEPUAIBHYIO, TAK U BHYTPHMO-
JIOBYIO JUCIIEPCUIO. YUET BKJIaIa KaXKJI0TO BUIA AUCIepcru B 3(PDEKTUBHYIO 38JI€PKKY U B yBeJIHIe-
HH€e MHAPUHBI KPOCCKOPPEISIIMOHHON (DYHKIIMK TIOJI€3€H JIJIsl OIEHOYHBIX PAcYETOB, OJHAKO MX TOYHOE
BJIMsIHUE TO-OTJ/IEJIbHOCTH TPY/HO BbiaeauThb [12, 13|. BeregcrBue 310oro Mbl GyieM HOJIB30BATHCS Bbl-
paxkenueM (1) u orpaHHYMMCsT YHUCAEHHBIM pacdéroM. Kpome Toro, JuciepcroHHbIe CBOHCTBA BOJIHO-
Bojla coracHo [14] cymecrBernbiM 06pa3oM 3aBucsT or podusis mokasaress npeaomierus. 1o sroit
[IpUYNHE JJjIs UX TOYHOIO pacdéra HeoOXOMMMO OIpEeIesisiTh mapaMerp § W3 BOJHOBOI'O YpPaBHEHUs C
Y4IETOM pacipeiesieHns IoKa3aTe sl IPeJIOMJICHUsI B CEUeHNN CBeTOBe Ly el »Kuibl. OIHAKO B 9KCIIEPU-
MEHTAJIbHBIX BOJOKHAX, UCIIOJIHF30BAHHBIX B JAHHON paboTe, HAM OBLIN M3BECTHBI TOJIBKO ODODIIEHHBIE
ImapaMeTphl, MOy YeHHbIE 110 H3MEPEHUSIM NeOMETPUIECKUX Pa3MePOB 3ar0TOBKHU U JIJIMHBI BOJTHBI OTCEY-
Ku. IMEHHO 1109TOMY B UNC/IEHHOW OIEHKE BJIMSHUS JUCIIEPCAN MBI UCIOJIb30BaIN MOJIEIHHOE BOJIOKHO
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CO CTYIEHYATBIM IPOMUIEM TOKA3ATE/Id MMPEJIOMJIEHIS B CBETOBeIyIeil kuie. [yt Takoro BOJIOKHA

corutacHo [14]
1 /2
=S —U2. P
< a V2A u @)

Baecy V = (27/\) (a + y) V2n An — BOJIHOBOJIHBII, WM BOJIOKOHHBII, TTApAMETD, @ — PaJuyCc CBETO-
BemyIell xKumibl, U — MOIepedHblil mapaMeTp MOJBI B CEPIIEBUHE, KOTOPBIA OIpPEIesIsIeTCsl U3 XapaK-
tepucrudeckoro ypasuenust UJ1(U)/Jo(U) = WK (W)/Ko(W), W — nonepednslii nmapamMerp MOZbI
B obomouke, pasueii W2 = V2 — U2, Ko u K; — monudunuposannbie (hyHKIHN Becceass BTOporo
po/la HyJIEBOT'O U IE€pBOro mopsiaka, Jog u J; — dpyukmun Beccess mepBoro pojia HyeBOTO U IEPBOIO
nopsiyika, A ~ An/n.

st pacuéra MaTepuaIbHON JUCIEPCHU HEOOXOINMO OBLIO yUIeCTh, 9TO B IjIeYax HHTEPdEpPOMeTpa
OCHOBHOE U KOMIIEHCUPYIOII[E BOJIOKHA MMeJn PO b HoKazaTe s npeaomienus tuia W (1ieHTpasib-
Hasl CBETOBeNYIasi KWUJIa, JIETMPOBaHHAsI PePMAaHUeM, OKpYy2KeHa 0DOJIOUKOM, JIernpoBaHHON GOpoM, a
B KOMIIEHCUDYIOIIEM BOJIOKHE — (PTOPOM).

CrekTpasbHble 3aBUCUMOCTH TIOKa3aTesell [PeJIOMIIeHNs] CBeToBe Ly Ieil Kuibl (ngg) 1 0060109eK
(nsB, MSF) ONPEJIEJISINCH TIPU TOMOIIM TPEXUIEHHOI nuctiepcronHoii opmysibl Cesmeiiepa ipu cooT-
BETCTBYIOIIUX OTHOCUTEJIBHBIX KOHIIEHTPAIUSX JIETUPYIOMMX 100aBOK X U Y':

nse =v1+gi+g2+gs, nsp=+1+b+by+bs, (3)
rjue

[SAi+ X (GA; — SA)| N2 b
9 N TSLi+ X (GL; —SLy)2~ '~

[SAi +Y (BA; — SA;)| \?
A2 — [SLZ + X (BLZ — SLZ)]Z ’

i=1,2,3.

AHajlornuHble BBIYUC/IEHUSI OBLIA MPOBEJEHBI U JJIsi KOMIEHCHPYIOIIErO BOJOKHA. IJisi MaTepuaJion
Si0s, GeOs2, B2Og3, a Takke juisi JerupoBaHHOTO (ropoMm crekia Koddpdunmentsr Cenmeiiepa SA;,
SL;; GA;, GL;; BA;, BL; u FA;, FL; 6bun Bbiunciensl Ha ocHoBe pabor [15-17]. OrHocuresbHble
kouneHTparuu GeOs, BoOs u dpropa nopbupasincs TakuMu, 9T00bI PACIETHBIE 32BUCUMOCTU OT JIJIMHBI
BOJIOKH& JIJIsI IIMPUHBI KPOCCKOPPEJAIINOHHON (DYyHKIMN HA 00enX JUIMHAX BOJIH M B3AWMHOI'O CIBUTA
MaKCHUMYMOB KPOCCKOPPEJISIITUOHHBIX (DYHKIHI ObLIM MAaKCHMAJbHO OJIU3KHM K ITOJIYIE€HHBIM IKCIIEPHU-
MeHTasIbHO (puc. 3). Jljisi OCHOBHOIO BOJIOKHA ONTUMYM IOJIYY€H MPH OTHOCUTEIbHBIX KOHIIEHTPAIIUSIX
GeOs u B2Og, paBubix 0,068 u 0,04, a misi KOMIIEHCHPYIOIIETO BOJIOKHA — IIPU OTHOCUTEIBHON KOH-
nentparuun GeOq, paBuoit 0,054 u kounentparun gropa 0,0043.

[Ipr Takux mapamerpax COBIQJIEHHE PACUYETHBIX 3HAUEHUI C 9KCIIEPUMEHTAJbHBIMA MMEET MeCTO
[IPU CKAYKe MOKAa3aTeJs MPeJIOMJIeHNs Ha JyinHe BOJHBI 830 HM B CBETOBEYINEN KM€ OTHOCUTEIHHO
yncToro Kpapra nopsaka 1072, B oKpy»Kaiomieil 0600UKe TaKyKe OTHOCHTEIHLHO KBAPIA — HOPSIKA
—8,9 - 1074, Kax mokaszan pacuér, JUCIEPCHOHHBIC CBOMCTBA YIOBIETBOPUTEIBHO OMHUCHIBAIOTCS IIPH
CKadKe IOKa3aTess mpeaoMienns mopsaka 1,1 - 1072, D1a BesmunHa SBHO 3aBbIIIEHA, IIOCKOJIBKY CO-
OTBETCTBYIOIIAS JIJINHA, BOJHBI OTcedkn Osmm3ka K 880 uM. OJIHAKO ITPUMEM 3TO 3HAYEHUE JIJIst IPUOJIH-
JKEHHOTO omnucaHust aucrepcun. Kak oTMedeHo BbIIe, J1jist 00jiee TOTHOIO pacdéra HeOOXOMMMO PeriaTh
BOJIHOBOE ypaBHEHWE C YIETOM PeasibHOTO PacIIpeie/IeHusI IIoKa3aTe sl IPEJIOMJIEHUS] B CEUeHUN CBETO-
BeAylIeill KUJIbI.

st onipejiesieHnsT BeJIMYWH T W Y PEIIUM CUCTEMY YPaBHEHUI [PU UCXOIHOW JIJINHE BOJIOKOH L A
~ 13,86 M, nuamerpe cBeTOBemyINeil Kbl 3,77 MKM, HAYaJIbHON BEJIMIMHE BO3/IYIITHOTO ITPOMEXKYTKA
CUTHAJIBHOTO TIJIeYa, L%fs = 0,214 M npu HYJIEBOM CABUTE MAKCAMYMOB KPOCCKOPPEJIAIMOHHBIX (DYHK-
HIA:

Lr[M,p1 +y, 2(L 4 2)] — Ls[A1, p1, 2L] — 2L g =0,
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Lr[A2, p1 +y, 2(L + )] — Ls[ho, p1, 2L] — 2Ly g =0, (4)

rne Ly = ctg u Lg = ctg — onTuveckue JJINHBI OMOPHOIO M CUTHAJIBHOTO ILIEYa COOTBETCTBEHHO,
p1 — DAJUyC CBETOBeJyIeil KUJIbl OCHOBHOIO BOJIOKHA MHTepdepoMeTpa. YpasHeHus (4) OLUCHIBAIOT
Pa3HOCTDb ONTUYECKUX IIyTell B OMOPHOM M CUTHAJIBHOM ILjIedax MHTepdepoMeTpa, IPUIEM IepBoe U3
HUX IS JJIMHBL BOJIHBI A1, & BTOPOE — JJIsl JJIMHBI BOJTHBI Ao.

Pertenne (4) 66110 HAiiIEHO IPU FEOMETPUYECKON PA3HUIIE JJINH BOJIOKOH T = 144,6 MM u 1ipu 3¢-
(EKTUBHOM YBEJIMYEHUN PAJINYCa CBETOBEIYIEi KU/Ibl BOJIOKHA OMOPHOro 1wieda Ha yg = 0,016 MrM.
Orkionenue 2yg — cpeanero 3hGEeKTUBHOTO AuaMeTpa — He npesbinaer 1 % 1 HaXo[uTes B Ipejeiax
JIOIIYCTUMOTO pa30bpoca Jijist OOJIbINUHCTBA UCIIOJIb3YeMbIX BOJOKOH. HecMoTpsi Ha 9TO, BIUSHEUE TaXKe
TAKOTr0 HEDOJIBITOTO OTKJIOHEHUSI TUAMeTPa CBETOBEIYIEH KUJIbl OKA3aJI0Ch CyIecTBeHHbIM. Pernenne
9TOil cucTeMbl ypaBHEHU, (DAKTUIECKH, TIO3BOJIUIO OIPEIEUTh 3DMEKTUBHYIO T€OMETPUUECKYIO Pas3-
HOCTD JITUH BOJIOKOH B IIjIeYax HMHTepdepoMeTpa IpU PaBEHCTBE ONTHYEeCKuX Iuied. VMeHHO 3a CUET
9TOr0 OTpPe3Ka BOJIOKHA JIUHON 145 MM M KOMIIEHCUPYeTCs JOMOJIHUTEIbHAs PAa3HOCTh ONTUYECKOTO
Xoa, JJIsI JUIMH BOJTH A1 W Ao, HabexkaBIlas B Iiedax mHTepdepomerpa amnHoi 13,8 M. Takum obpa-
30M, BepOsiTHee BCEro, HADJIIOIABIIeeCs B KOHKPETHOM HHTEPGEPOMETPE OTJINIUE IPYIIIOBBIX CKOPOCTEN
00yCJIOBJIEHO KPYITHOMACIITAOHBIMU (DIYKTYAIUSIMA PAINyCca CBETOBEIYIINEH XKUJIbI.

[Tonmyuum Terepb 3aBUCUMOCTH HMIUPUHBI KPOCCKOPPEJISITUOHHON (DyHKIUN J1j1st 00euX JIJINH BOJIH
(0Ly, ndL),) 1 B3AaUMHOIO IPOCTPAHCTBEHHOTO CJBUIA MAKCUMYMOB KPOCCKOPPEJISIIMOHHBIX (DyHKITHi
ALy,_», OT pa3HOCTHU JJINH IUIeY HHTepdEepPOMeTpa IIPHU MOIIATOBOM YKOPOYEHUH JIJTHHBI OLOPHOL'O I1jIe-
4a U IPU YCJIOBUH MCXOJHOTO TeOMETPHYECKOro HepaBeHCTBa BOJIOKOH (zg = 0,145 M, yg ~ 0,016 MkMm).

TTonmyto mmpuHy KPOCCKOPPEJISIIIUOHHON (DYHKITNN, BLIPAXKEHHYIO 9€pe3 JJIMHY OINTUIEeCKOrO IIyTH,
Ha yposHe 0,5 B 3aBUCUMOCTH OT T ONPEJIEJUM [ KaXKJI0 U3 JIJIMH BOJIH KakK

TIOJTH 5L1 Z 2 TIOJTH 5L2 Z 2

3nech ng — MOKa3aTesIb IPEJIOMJIEHNsT CBETOHECYINeil >KMJIbl, BeJudanHbl L1 u d Lo OlpenesdioT yBe-
JITYEHUE MMUPUHBI KPOCCKOPPEIAIUOHHON (DYHKIUU IIPU PACIPOCTPAHEHUN Y€PEe3 OITUIECKHe BOJIOKHA
wied uHTrepdepomMerpa Ha Kaxk1oil n3 aauH BoaH. Kosddumumenr (\/E)—l ~ 1,2 B 3HaMeHaTese
IIOJIKOPEHHOI'O BBIPDAXKEHNST BBEJEH JIJIsI II€PECUETa JIOIOIHUTETbHON MUPUHBI KPOCCKOPPESIITMOHHON
dyukImu K yposHio 0,5. YBejaudeHnne IMIUPUHBI KPOCCKOPPEIAIMOHHON (DYHKIMEI OIPEIeIsieTCsI IIPOU3-
BeJeHrueM pPa3HOCTU ,Z[O6aBJ'[eHHbIX HpOILOJ'I}KI/ITeJIbHOCTeﬁ IIyroB B CUTHaAJIbHOM M OIIOPDHOM ILJIEYaX WH-
TepdepoMerpa Ha CPEJHIO IPYIIIOBYIO CKOPOCTh: 0L; = (6tr — dts) vg. Kak nssecrno [18], Besmaunmns
0L1 m 0Lo (bakTHUECKM COBIIQJAIOT C Y IMHEHHEM KOPOTKOI'O HMMITYJIbCa — Iyra — IPU PacIpOCTPa-
HEHHM Yepe3 ONTUYECKOE BOJIOKHO. YBeJWYEeHHE JINTEIbHOCTA UMITYJIbca 0t B ODOIIEM BHIE C yYIETOM
MaTepUAJIbHON W BHYTPUMOJIOBOM JIMCIIEPCUM B BOJIOKHE JIJTUHON Z OIPENessieTCd COOTHOIIEHUEM

z , d23 dg
= — _— 2 _—
5t 5 </\ o+ A o oA, (6)

rje d\ — MuUpUHA OLNTUYECKOro crekTpa Ha yposHe 1/e. Ilonoxkus v &~ ¢/ng, umeem
c c
0Ly, (z) = . Str(Nis 0Nis p + 90,2 (L + x0)) — s 6ts(Niy 0Ais p,2L). (7)

3aBUCUMOCTL B3aUMHOI'O IPOCTPaHCTBEHHOI'O CJBUT'a AL)\2_)\1 OT YKOpPO4Y€eHU:d FeOMeTpI/I‘JeCKOfI
JJIMHBI OITIOPHOI'O IlJIeda T MO2KHO OIIpEeJIC/INTH BbIparKeHUEeM

ALy,—x, = Lr(A2, p1+y0,2 (L+x0)) — Ls(A2, p1,2L) — Lr (A1, p1+y0,2 (L+20))+ Ls(A1, p1,2L), (8)
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rJe T U Yo — PeIIeHus] CUCTeMbl ypaBHeHuit (4).

Ha puc. 3 crjomubpIMi KPUBBIMU IIPUBEJIEHBI pacuéTHble 3aBucuMocT 0Ly, 6Ly, u ALy, ), or
Pa3HOCTH ONTUYECKUX JJIMH BOJOKOH LR_g B OIMOPHOM WM CHTHAJBHOM ILIedax mHTepdepomerpa. Ilo-
JIyIeHHbBIE U3 PAcdéTa CyMMapHbIE MUPUHBI KPOCCKOPPESIIMOHHBIX (DYHKINN Ha ymHax BoaH 830 u
1284 um npu ALy, », = 0, paBuble 66 u 38 MKM COOTBETCTBEHHO, OKA3a/IMCh OJIM3KUMH K IKCIIe-
pUMEHTaJIbHBIM 3HaueHusIM 67 1 39 MkM. OTMETHM, UTO BBIYUCJIEHHBIH OTIEIBHO JJIs U3JIyUYeHUs C
JUTIHOM BOIHBI 830 HM BKJIAJ MaTepPHAJLHON IUCIIEPCUN B IMUPUHY KPOCCKOPPESIINOHHON (DyHKITUN
0L/(1,2ng), paBublii —93 MKM, BJBOE 110 MOJLYJIIO IIPEBBINIAET OTJEJbHbI BKJIAJ BOJHOBOIHON IHC-
nepcun (42 MKM) 1 orTam4aercs 1o 3Haky. s qymHbl BostHbl 1284 HM JIONOJIHATELHOE YBEJINIEeHIe
[MIUPUHBI KPOCCKOPPESITNOHHON (DYHKIINN TPAKTUIECKH 00YCIOBIEHO TOJBKO BOJTHOBOIHON IUCIIEPCHU-
eii (19,5 MKM); BKJIaJ[ MATEPUATBHOl JINCIIEPCUM UMEET TOT Ke 3HAK, HO Ha MOPSIJIOK MEHbIIe (2 MKM).

PaccmorpuMm Terepb pe3yJibTaTbl KOMIIEHCAIIMM B3aUMHOI'O ITPOCTPAHCTBEHHOTO CJIBHUIA IEHTPOB
KPOCCKOPPEIAINOHHbIX dyHKINI nnrepdepomerpa Ha gimunax BosH 830 u 1284 uM u npub/IMKeHnIo
[IpEe/IeJIbHOM MUPUHBI (DYHKIINIA K YPOBHIO, OIIPEIe/IsseMOMY IMUPUHON ONTUYECKHX CIeKTpoB. Koned-
HBIM WUTOIOM 3TOM KOMIIEHCAITUN JOJKEH OBITH TOT (pakT, UTO MPU U3MEHEHUN PA3HOCTHU IINH ILIeT
uHTepdEepoMeTpa MMPU MUHUMAJILHON ITHPUHE KPOCCKOPPEISIIHOHHBIX (PYHKIUN JTOJKHBI COBIAIATH
[TOJIOXKEHUS X MAKCUMyMOB Ha 00EWX JJIMHAX BOJIH.

OTMeTHM, 9TO OJHOBPEMEHHYIO ONTHUMUBAIIAIO 8Ly, 6L x,, MKM ALy, 5, MM
9TUX TpEX MApaMeTPOB TPU HUCIOJb30BAHUY JIJIsT i
KOMITEHCAIIUA TOJBKO MAaTEPUAJIBHON JIUCIIEPCUHI 70 1 05
MIPOBECTHU HE YJAETCSA. ITO MPOBEPSLIOCH MPU TIOMO- 60 ,
I IJIOCKUX CTEKOJI C PAa3JUIHBIMA TUIAMU JIHAC- 30
MEPCUU, MOMEIAEMBIX B BO3JYITHBIA MPOMEKYTOK 40 7 0,0
omopHoro Mmiaeva wuHTepdepomerpa. Heobxommmo 30k
BBECTH JIOIOJTHUTE/IbHBIE TIApAMETPHI, BJIUSIOIIIE HA a0k {-05
JINCTIEPCUOHHBIE XapaKTepUCTUKU. Bblia mpeanpu-
HSITa TOIBITKA KOMIIEHCAIIUU IIPU TIOMOIIN JBYX OT- 101 oLy,
PE3KOB Pa3/JUIHbIX BOJOKOH, PE3yJIbTaThbl KOTOPOM 0 (') 5'0 160 1'50 2(')0 —1,0
npuBeieHbl Ha puc. 4. Bradasie ObLn ypaBHEHBI OII- Lon. mu

-R-

THUYeCKHUe J[INHBI CHI'HAJIBHOI'O W OIIOPHOI'O I1jIeY HH-
TepdepoMeTpa 3a CIET yKOPOUEHUs OINOPHOTO ILIe-
Ya Ha HailJlenHylo BesnmdnHy 145 mMm. 3aTeMm B cur-
HAJILHOE I1JIEY0 OBLIO JI06aB/ICHO (METOJOM ONTHYe-

Puc. 4. lupura KpOCCKOPPESITUOHHON DyHK-
UM W BOJIHOBOW CJBUT HYJIEBOI DPA3HOCTU XOJa
ALy,_, B 3aBHCHUMOCTH OT DPa3HOCTU OITUIE-

CKHUX /JIJIMH BOJIOKOH B OIIOPDHOM M CHI'HAQJIbHOM
CKOHn CBapKI/I) BOJIOKHO THII& H63, a B OIIOpHOE — mwiegax I/IHTep(bepOMeTpa LS*R opU KOMIICHCA-
BOIOKHO THIIa 1137 (TOFO Ke HpOI/I3BO,I[I/IT€J'I${) O~ A BCHOMOTATEJIbHBIMA BOJIOKHAMM

HakoBoit jmuHbl L. Bonokuo I137 (tak:ke W-rnna)
“MeJIo 000JIOUKY BOKPYT CBETOBEYIEr0 BOJIOKHA, JIETHPOBaHHYyIo (pbropoM. Pajuyc cBeroBempyimeit »Ku-
JIbI cocTapisti 1,823 MKM mpu gjuHe BOTHBI oTcedkn A. = 690 uaMm. IIpu ogHOBpeMEHHOM 1 OIMHAKOBOM
yKOpOYeHnHn 0DOMX J100aBJIEHHBIX BOJIOKOH U COOTBETCTBYIOIIEH HACTPOMKE Pa3HOCTH JJIMH ILIed 33
CUIET BO3JYIIHOTO ITPOMEXKYTKA, IS MOSB/IEHAST MAKCUMAJIbHOIO MHTEPMEPEHIIMOHHOTO CUTHAJIA ObLIO
oOHapy?KEHO M3MEHEHUE BCEX MHTEPECYIOIMX HAC B JAHHOM C/Iydae IIapaMeTPOB B CTOPOHY HY?KHBIX
sHaueHnnii. Hambomee onTtumanbHOM oKazasach aianHa L,gq ~ 2,25 M. Ha puc. 4 mokaszaHbI 3aBICIMOCTH
Besimantt ALy, »,, 0Ly, u L), upu JajbHeiinieM yKOpPaIHMBAHUE BOJIOKHA TOJBKO OLIOPHOIO ILIeYa 1
KOMIIEHCAIINY BO3HUKAIOIIEH PA3HOCTH XOJA BOZIYIIMHLIM ITPOMEKYTKOM B CUTHAJBLHOM ILIede.
Namepernst mmoKa3an, ITO HACTPOMKN pPa3HOCTH JJINH ILIed WHTepdepoMerpa, MpPH KOTOPBIX Ha-
OJII0JAI0TCS MUHUMAJIbHbIE 3Hadenus Besudaud ALy, y,, 6Ly, u Ly, cymecrBenno comusmiuck. Puc. 4
JIEMOHCTPHUPYET, ITO B IpeJesax 79 MM IOMIaroBoro yKOpOUYEHUsI BOJIOKHA OIIOPHOTO ILjIeda BCE TPHU Be-
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JIMIUHBI TIPOXOJISIT CBOE MUHUMAJIbHOE 3HadeHue. HamomMHUM, YTO MCXOMHO 3Ta 00JIACTH COCTABJISIA
HOPSJIKA 325 MM.

Jliist cpaBHEHMS € 9KCIEPUMEHTOM OIPEIEsISINCh TAKZKe 3aBUCUMOCTH IMUPUHBI KPOCCKOPPEISIII-
OHHOM PYHKIUH I 00enX JIUH BOJIH IIPU TOM K€ YKOPAINBAHUK BOJIOKHA OIOPHOIO Inteda. Tax, Jis
BOJIHBI C JJinHON 830 HM BBIYUC/ISIJIACH BEJIMINHA,

6Ly, = (0L, )0 + (5L)\1)add’ 9)

rie
C C
(6Ly,)° = - Str(A1, 01, p1 +v0,2 (L + 20)) — - dtg(A1, 01, p1,2L),

C C
(6Ly, )4 = s St (N, 0N, pa, 2 (L2 — 2)) — s Stg(A1, Oy, p1, 20344

31ech UHIEKCOM <add» OTMEeUYeHBbI BEJIMYHHBI, OTHOCAIIHECS K KOMICHCUPYIOIEMY BOJIOKHY. AHaso-
UYHBIA Byt uMeroT (hopmysibl u st 0Ly, (aymHa Bostabl 1284 HM), KOTOpPBIE MOXKHO MOJIy4duTh 13 (9)
3aMeHOil A\j Ha Ag. Besmmumna ALy, _ ), onpejessiiach Kak

ALAQ*AI = (ALAQ*)\I )0 + (ALAQ*M)add? (10)
rie
(ALAQ—)q)O = LR()‘Q’ p1 + Yo, 2L) - LS()‘25 P1, 2L) - LR()‘I’ p1 + Yo, 2L) + LS()‘la 1, 2L)7

(ALx,—x,)* = LE (N2, p2, 2(Lo — 1)) — L& (A, p1, 2L0) — LE (A1, p2, 2(Lo — ) + LE (A1, p1, 2L0).

Ha puc. 4 3aBucumocru (9) u (10) npusenens! cruombivu arausMu. Kak BuaHo u3 rpadukos, umeer
MECTO XOpOIlee COOTBETCTBHE PAcuéTa SKCIEePHMEHTAIbHBIM 3HadeHHAM. OTMeTHM, 4TO IIpH pacdére
HapaMeTPhbl JIONOTHATEIHLHOIO BOJIOKHA ITOJ0ONPAINCE 110 COBIAAEHUIO SKCIIEPIMEHTAILHBIX 1 TeOPeTH-
YeCKUX 3HadeHuit. BplLao nomydeno sHadenue CKadka HOKasaTessl IPEJOMIICHUSA CBETOBEIYIIel Kbl
oTHOCHTeTbHO KBapra (topsaxa 8,1 - 1073) u obomoukn, mernposannoii dropom (mopsaka —2 - 1073).
OnrumanpHblil pajuyc cBeToBemyteil »kubl g [137 B pacuére 6b11 npuHAT paBHBIM 1,84 MKM, 9TO
OTJIMYaeTCsl OT NACHOPTHOrO 3Hadenusi Bcero Ha 1%. Ilpudmia, mo3BosiuBiIas IpOBECTH OINTHMU3a-
IO, 3aKJ/IIOYAeTCd B OTVIMYUM 3aBUCHMOCTeHl IMPOduIsa MOKa3aTe s HPEJOMJICHUS OT JIJTHHBI BOJIHBI
nyig BoaokoH Tuiros 1163 u 1137.

3. PE3YJIBTATHI HABJIIOJIEHUI METO/JIOM JABYXBOJIHOBOI OKT

[TepBble n300parkeHusi, IOJIyUeHHbIE HA ycTaHOBKe [2] mocsegoBaresbHo Ha JjymHax BosH 830 u
1300 HM, TIO3BOJIMJIM TIPOBECTH CPABHUTE/IBHBIN aHAJIN3 MapaMeTpPOB paccesHus O6workanu. Kak rmpa-
BuJio, mpu AiuHe BoaHbL 1 300 HM paccestHre MeHbIIe 0CIab/IsIeT CBeT, YeM IpHu AjIrHe BoJaHbI 830 HM, 1
OKT-uzobpazkennst mMerOT 6GJIBINYO TWIyOUHY, YTO COBIAJIO C Pe3yJibTaTaMu epBbIX HabromneHuit. O -
HaKO JI0 CUX IIOp eIIé He CYIIECTBYeT Pe3yJIbTATOB JIETAJILHOIO CPABHUTEILHOIO AHAJIN3A IAPaMETPOB
paccesiHUsl JJIsl OT/IEIbHBIX YYACTKOB YKUBOI KOXKH (& TakyKe CIU3UCTON 06OI0UKN) YesIOBEKA.

Opnuopemennoe nosyuenne OKT-uzo0pakeHuil 1mpu TOYHOM COBMEIIEHUN JIEMEHTA Pa3perieHust
Ha JIBYX JJIMHAX BOJIH, KOTOpPOE BIIEPBBIE IOSIBUJIOCH B paborax [3-5, 7|, a nosuuee u B [6], naér Bo3-
MOXKHOCTb CPaBHEHHUSI IAPAMETPOB, XapaKTEPU3YIONIUX ITPOIECC PACCESHUSI CBETA B KUBOU OMOTKAHU.
Hampumep, m3o6pazkenust Koxku OOJIBIIIOTO HAJIBIA PYKHA HA PUC. G U O, KOTOPBIE MTOJIyYEeHbI Ha, HaIeil
YCTAHOBKE, JIEMOHCTPUPYIOT MEHBINYI) CKOPOCTh OCJIa0JeHus C TVIyOMHOW PACCessHHOIO Ha3aJ| U3JIy-
JeHusl ¢ JUIMHON BoHBI 1284 HM. DTO CBSA3AHO C YMEHBIIEHHEM PACCesiHUsI ¢ POCTOM JJIMHBI BOJIHBI.
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Puc. 5. OKT-uzobpazkeHusi, I0ayIeHHbIE Ha JuiHe BOJHBI 830 HM (ceBa) w Ha JyimHe BOMHBI 1 284 HM
(cupaBa): @) u 6) — M306paKEeHNsT KOXKH OOJIBIIOTO MAJBIA; 8) U 2) — KOXKa IPEJIIeTbsl

BenencrBue sToro mpegenbrnas riryOnHa BuIeHUsI B HaIleM IpuOOpe Takzke OOJIbINE IPU JJINHE BOJTHBI
1284 mM, HECMOTPS Ha TO, YTO MOIITHOCTH M3JIYUEHHUS CYNEPTIOMUHECIIEHTHOTO JMOJA HAa 3TOH JJInHe
BOJIHBI OBbLIa BTPOE MEHbIIE, 8 ONTUYIECKUN TPAKT HHTepdEepoOMeTpa UMeJI CyIIeCTBEHHO OOJIbINE MoTe-
pu ceta. Ha puc. 56 u 2 npusenensl OKT-n300paskeHust KOXKU MPEILIEUbsT Yepe3 Iac MOCae KPaTKo-
BpeMeHHOro (okosio 5+10 ¢) HaJaABIMBaHUS HA HEE YKECTKUM IIpeMeToM. B n300pazkeHnu, moJIy YeHHOM
Ha, JiyuHe BOJHBL 1 284 HM, 6ojiee OTIET/INBO BUJIEH BHYTPEHHUI OTEK.

Jlamabie m300pakeHusi MPeICTaB/ICHBI OTMIEJILHO JJis KaKIOH JINHBI BOJHBI B OTTEHKAX CEPOTO,
OJIHAKO BO3MOYKHO W I[BETHOE IpejicTaBjieHne. [Ipu ncrosmb30BaHum JIONOJIHUTENBHBIX IIBETOB (KOTOPBIE
[IPU CJIO2KEHUN C COOTBETCTBYIOMINME SIPDKOCTSIMU JTAI0T OEJIbIi NI HENTPAIbHBIN cepbn‘/’l) MOZKHO IIOJIY-
9aTh JBYXBOJHOBbIE n300parkeHus . M300parkennst IpeacTaBIsSIOTCs B 3€JIEHO-ITYPIYPHOI HAJIATPE, T
KAKJIblil [TUKCEIb COAEPXKUT MHGOPMAIUIO 00 MHTEHCUBHOCTH PaccesiHusl Ha jyinHe BosHbL 830 HM (B
3€JI6HOM I[BETE) U O PAcCesiHuy Ha JyInHe BOJIHBL 1284 uM (B myprypHoM 1Bete). CyliecTByer BO3MOXK-
HOCTbB IIPEJICTABJIEHUS] JIBYXBOJTHOBBIX N300PaYKeHUl U B IPUBBITHON JIJIsi Y€JIOBEYECKOIO T7Ia3a KPACHO-
CUHEe-3e/IEHON TAJUTPE, T OIWH U3 IBETOB He COAEPXKUT WHMOPMAIUIO O PACCESIHUN, 8 CIYKUT JIUIIh
donom. Kak BujiHO u3 puc. 5, nzobpakenust Ha jiyiHe BOJHBI 830 HM UMEIOT OOIBIIYI0 96TKOCTh, M
Ha, fjuHe BOJIHBI 1284 HM, U 9TO 0OYCIOBJEHO MEHBINIEH JIJIUHON KOIepPEeHTHOCTH UCTOYHUKA. B To ke
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Puc. 6. Iucranius, Ha KOTOPOH MHTEHCHMBHOCTH TOMOIPadUIECKOro CUrHAJA CHAZAeT B € pa3 Ha JJInHe
sostHbl 830 HM (@) u Ha jymHe BosHBI 1284 HM (6)

BpeMsI, HECMOTPsI Ha CYIIECTBEHHO MEHBIIYI0 MOITHOCTh nctounnka, OKT-u300parkeHust Ha JJIMHE BOJI-
Hbl 1284 HM, KaK MPaBUJIO, CTPOATCS J0 OOJIBIINEN TJIYOUHBI.

B kauecTBe npumepa npumenerus AByxBoiHoBo OKT-ycTraHOBKE NpHUBENEM pe3yJIbTaThl U3MEpPe-
HUSI CKOPOCTHU OCJA0JIEHUsT PACCESTHHOTO HAa3a/l 30HIUPYIOIIEro M3/IyIeHUs B MY2KCKOU KOXKE€ B CJIOSAX
IIOJT, AMUJIEPMUCOM LIS JIIOJEHl pa3InydHbIX Bo3pacToB. Ha puc. 6 mpencraBieH onTHYECKUi IyTh B ITPO-
JOJBHOM HAIPABJIEHUH, Ha, KOTOPOM MHTEHCHBHOCTH TOMOTPa(pUIECKOTO CUTHAJIA YMEHBIIIAETCS B € Pa3
Ha JjyimHax BOJH 830 u 1284 HM i pa3jnvIHbIX yIACTKOB »KUBOW KOxKu. V3MepeHusi, KoTopbie ObI-
JIM TIPOBEJIEHBI Ha MY2KCKON KOYKe, ITPU BO3PACTEe UCIBITYeMOTO 24 roja IPeJICTABIEHBI CBETI0-CEPHIM
IIBETOM, & IIPU Bo3pacTe 53 rojla — TEMHO-CEPBIM.

AHajusupyst pe3yJbTaThl, MpeACTaBIeHHbIE PUC. 6, MOXKHO CIEeJIaTh PsiJl [IPEIBAPUTEIbHBIX BBIBO-
J10B. Bo-11epBbIX, IJIMHBI OCJIab/IeHUsT CBETA C JJIUHON BOJHBI 1284 HM NPAKTUYIECKH COBIAJAIOT ISt
000uX BO3PACTOB HA BCEX IOIBEPIIINXCS UCCICIOBAHUSAM YyYacTKaxX KOXKH. B TO Ke BpeMsl Ha JJInHe
BostHbl 830 HM HaOJIIOIAIOTCSI CYIIeCTBEHHbIEe oTIn4usi. B Bo3pacTe 53 roja cBer ¢ AauHoil BosiHbl 830 HM
IIPOHUKAET B HEKOTOPBIX yIACTKAX KOXKU ITyOXKe, YeM Ha aHAJOTHMIHBIX yIacTKax B Bo3pacTe 24 roja.
Bo-BTopbix, m3 puc.6, o4eBuIHO, CIeAyeT, 9TO (PaKTOPHI, OIPeIessIONne paccesinne Ha KayKI0H u3
JJIMH BOJIH, Pacpe/iesIeHbl 110 YYacTKaM KOXKU He OJIMHAKOBO, U 9TO HE CBA3aHO C BO3PACTOM.

IIpencraBisst pe3yabTaTbl STHX U3MEPEHUI, ABTOPHI HE MIPETEHIYIOT Ha OTKPBLITHE KAKUX-Tu00 00-
mux 3akoHoMepHocTeii. Oauako oueBniHO, uTo cpaBHuTeabHble OKT-n300pazkeHus oJfHOBpEMEHHO Ha
JBYX JJIMHAX BOJH MOTYT COJE€PKATh HH(MOPMAIINIO, XaPAKTEPUIYIOIIYIO (PU3NOJIOTTIECKIE OCOOEHHO-
¢ty 06beKTa, HAIIPUMEDP BO3PACTHBIE n3MeHeHust. K TaKuM M3MEHEHUsIM B CETYATOM CJI0€ KOXKHU MOXKHO
OTHECTH yBeJUYEHUE C BO3PACTOM IUIOTHOCTH <«YIAKOBKH» PACCEMBAIONINX IEHTPOB M3-33 YMEHbITIEHUS
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COMlep2KaHUs BOJbI, YMEHBIIEHNE KOJTNIECTBA CUJIBHO PACCENBAIONINX KJIETOYHBIX 9JIEMEHTOB, yMEHbIITe-
HUe JiItaMeTpa W YHUC/Ia COCYJ/I0B, YTO IMPUBOJIUT K MEHBINEMY KPOBEHAIIOTHEHUIO, a TaKKe yIPOIeHne
CTPYKTYpbI BOJIOKOH. [locKo/ibKy HamOOJbIIEe BO3PACTHBIE OT/INYNsS B CKOPOCTH 3aTyXaHUsl CUTHAJIA
HabJrroaoTCs Ha JjinHe BoaHbl 830 HM, OJIM3KOI K CIEKTPaJIbHON I'DAHUIIE IIOIVIONIEH!sI CBeTa B KPO-
BU, BOBMOXKHO, OHU CBI3aHBI ¢ U3MEHEHUEM KPOBEHAIIOJTHEHHUSI.

4. SAKJIFOYEHUNE

B pesyibrare mpoBeaEéHHOrO UCCIeI0BAHNS METOIA KOMIIEHCAIIUN OBLIM CYIIIECTBEHHO yJIy YIlIeHbI Xa-
PaKTEepUCTUKN UHTEP(hEPOMETPA U CO3IAHBI YCIOBUS JIjisi pAOOTHI OITUYECKOTO KOT€PEHTHOTO TOMOI'Pa-
da omgaoBpeMenHo Ha jymHaX BoaH 830 n 1284 uM. B urore MakcuMabHO ONTHMAJIBHON KOMIIEHCAIIAN
ObLIa peajn30BaHa MUPUHA KPOCCKOPPEIANUMOHHON dyukiuu Ha jayuHax BoH 830 u 1284 um, paBHas
coorBercTBeHHO 14 m 29 MKM. Paccrosiime Mexkay MaKCEMyMaMi KPOCCKOPPEIAIUMOHHBIX (OyHKITII
IpY 3TOM OKa3aj0ch paBHBIM 230 MKM, 4To cocraBmio MeHee 10% oT mmanasoHa IpoOIBHOIO CKa-
HupoBanusi. st okoruarenbroro copmentenust OKT-uzobpaxkenuit #Ha mmaax BosH 830 u 1284 HM
JIOTIOJTHATEIFHO TIPOrPAMMHO BBOJIMJIACH KOMITEHCUPYIOIIAs 3a/IePKKa.

Taxum obpazom, st CO3MaHus eqUHOTO nHTepdepoMerpa, PabOTAIONIEro Ha JIBYX 3aMETHO OTJIH-
qaroruxcs ammHax BoiaH 830 u 1284 HM, HeoOXOAUMO HCIIOIB30BATH BOJIOKHO ¢ MAKCHMAJIBLHO OOJIBIIAM
CKaIKOM K03 DuiinenTa mpesoMaIeHns 1 ¢ JIUHON BOJIHBI OTCEIKU, MAKCHMAJIBLHO OJIU3KON K HANMEHb-
meit u3 pabounx JaauH BojH. Kpome TOro, Kak moKasaja MPAKTUKA, HEOIMHAKOBOCTD IUCIIEPCUOHHBIX
[IapaMeTpOB BOJIOKHA MOXKET OOHAPYYKHUThCsI JIazKe JJIsl JIBYX OTPE3KOB BOJIOKHA, IIOCIEI0BATEIHHO B3si-
TBIX W3 OIHOIO KYCKA, IIPU UCXOIHO BBICOKOM TOYHOCTU M3rOTOBJIeHUs. J[Jisi KOMIIEHCAIIUU [HUCIIEPCUN
HEeOOXOIUMO HCIIOIb30BaTh BOJIOKHO C APYTHMU JIEIHPYIOMIUME JT0OaBKAMMU.

[Tomywen psii CONPs2KEHHBIX N300PAXKEHUIT Ha, CYIIECTBEHHO PA3JIUIHBIX JJIUHAX BOJIH U IPOBEIEHO
X KadecTBeHHOe cpaBHeHHe. B dgacTHOCTH, IIpOCTOe CpaBHEHME CKOPOCTell yObIBAHWSI MHTEHCHBHOCTH
IPUHIMAEMbBIX CUTHAJIOB IIPU 30HINPOBAHUN OMOJIOTMIECKOro 00bEeKTa Ha ABYX JIMHAX BOJIH, IOKA3bI-
BAaET, UTO B UX HECOBIIQJIEHUN COMNEPKUTCA JIOMOJHUTE/IbHAT WH(MOPMAIUs, JIsi BBISBICHUS CyITHOCTU
KOTOPO#l IOTpedyeTcsl IpoBeeHne JOIOIHATEIbHBIX OMOMEUIINHCKIX UCCIIeJOBAHMIA.

ApTops! BeIpazkaroT Ostarogapraocts A. M. Cepreesy, I'. A. Ilerposoit u H. M. [1laxoBoii 3a nojiesHbie
obcyxaennst, A. A. Typkuny 3a u3roroB/jieHue psija ONTHIeCKUX 3jeMenTos, P. B. Kypanosy 3a momors
B nostyaenun n3obparkeruii u V. B. Typuuny 3a ux obpaborky. Pabora ObLta 9acTuvHO TOJIeprKaHA
POOU (rpant Ne 03-02-17253), Cosera nipu [Tpesugenre PD 1o momiepkke BeLyIUX HAYIHBIX IITKOJI
(rpant HIII-1622.2003.2), a takxke CRDF (rpant No. RB2 542).
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TWO-WAVELENGTH OPTICAL COHERENCE TOMOGRAPHY

V. M. Gelikonov, G. V. Gelikonov, and F. I. Feldchtein

We report on the results of studies of the basic principles and development of a low-coherence

two-wavelength interferometer based on polarization-maintaining fiber for optical coherence tomogra-
phy (OCT) imaging of the internal structure of living biotissue simultaneously at two wavelengths,

830

956

and 1300 nm. Images of several sites of living biotissue are presented and analyzed.
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IMOJIAPU3ATIMOHHA A OTPAKATEJIBHA 4 CITEKTPOCKOIIUA
BUNOTKAHEN: JIMATHOCTUYECKHE IIPNJIOKEHU A

. A. Bumnaros, FO. II. Cunuurun, B. B. Tywun

B pabore paccmorpensl dbuzmtueckne TPUHIMIBI BU3YAIU3ANNH M JUATHOCTUKH MOPMDOTOTHIECKOTO
¥ (PYHKIMOHAIBHOIO COCTOSIHUSI OUOJIOTMYECKUX TKAHEH Ha OCHOBE CIIEKTPAJILHOTO aHAJN3a MOJISIPU3aIli-
OHHBIX XapPaKTEPUCTUK 30HIUPYIONMIEr0 U3JydeHusi, Tud@y3HO OTPArKEHHOTO UCC/IEAYEMBIMUA OObEKTAMU.
O6CyKIAI0TCsl pa3/IMIHble MOAUMUKAIIMA METOA TOIAPU3AIMOHHON OTPAXKATEIbHOM CIIEKTPOCKOIUU OHO-
TKaHeil, B TOM YUCJIE U C UCIIOJIb30BAHUEM YACTUYHO KOT€PEHTHOIO 30HIUPYIOIIErO U3JIyYeHNsl C TepecTpa-
MBAEeMOI JIIMHOM KorepeHTHOCTH. [IpescraBiieHbl Pe3yJibTaThbl MPUMEHEHUsST OOCYKIAEMBbIX METOJOB JIJIst
MOP}OJIOrnYIecKOi U (PYHKITMOHAJIBHON JIUATHOCTUKY in Vivo KOXKM 9eJI0BeKa.

BBEJEHNE

[Tocnennue nBa mecaTHIETHsT XapaKTEPU3YIOTCS MHTEHCUBHLIM PA3BUTHEM U IMUPOKUM BHEIPEHU-
eM B JIaOOpaTOPHYI0 U KJIMHUIECKYIO MPAKTUKY PA3IUYHBIX MeTOJ0B MOPGMOMYHKIIMOHAIBHON Jina-
THOCTUKN OMOJIOTTYECKUX TKAHEH, OCHOBAHHBIX HA NMPUMEHEHUU 30HIUPYIONIEro 3JeKTPOMArHUTHOIO
UBJIy9YeHUs] BUJIMMOTO U OJIMXKHEr0 MH(MPAKPACHOTO JIUAIA30HOB. SHAYUTEJbHBIH MHTEPEC K ONTHIe-
CKAM METOJIAM JUATHOCTUKM, B TOM YHC/IE W C KCIOJIB30BAHUEM JIA3€PHOTO U3JIyUeHUsi, 00YCIOB/ICH
[PEXKJIE BCEr0 COBOKYITHOCTBIO MPUCYIIUX UM OCOOEHHOCTEN 10 CPABHEHUIO C JPYTMMEU METOIAMU 30H-
JIMPOBAHUSI, [IIMPOKO IPUMEHSIEMBIME B KJIMHUYECKON [IPAKTUKE (DEHTIeHOBCKUMH, YJIbTPA3BYKOBBIMH,
OCHOBAHHBIMU HA METOJIE siJIEPHO-MArHUTHOIO PE30HaHCca, TepMorpadudeckumu u ap.) [1-3]:

1) 6e30nacHOCTBIO € TOYKM 3PEHUsT BO3JEHCTBUS 30HIUPYIONIEro U3JIyUeHns Ha OGUOTKAHD;

2) IOTEHIMAJILHBIMU BO3MOXKHOCTSIME JIOCTHKEHUSI CYOMUKPOHHOIO pa3pelleHns] [PU aHaJIn3e
CTPYKTYPbI OMOTKAHM;

3) mepcreKkTHBaMU CO3JaHUsT MHOMO(YHKIIMOHAIBHBIX JMAIHOCTUUYECKUX CHUCTEM, MO3BOJISIIOIIUX
AHAJIM3UPOBATEH KaK CTPYKTYPY, TaK U (PYHKIMOHAJIBLHOE COCTOSHUE 30HIUPYEMONl OMOTKAHMY;

4) OTHOCHUTEJIbHOI JIENEBU3HO U JOCTYIIHOCTBIO HEOOXOAMMOro 00opyoBaHus (B YaCTHOCTH, WC-
TOYHUKOB U NPUEMHUKOB U3JIy4YEHUs, & TaKKe BOJOKOHHO-OITHUYECKUX 3JIEMEHTOB JJIs JOCTABKHU 30H-
JIIPYIOIIEro U3JIy9YeHUsl OT UCTOYHUKA K OOBbEKTY U OT OObEKTa K IPUEMHHUKY ).

[Tpu wucmosb30BaHUE ONTHIECKUX METOJOB JIUATHOCTUKNA U BU3YAJU3AIMH B KAYECTBE HCXOIHBIX
JIAHHBIX JIJIsI PEIIeHust 00paTHOH 3a/1aun onpejesieHns MOPGOJIOIrHIeCKUX U (DYHKIMOHAJIBHBIX Iapa-
METPOB 00DBEKTa PACCMATPUBAIOTCH PA3JINIHBbIE XaPAKTEPUCTUKU PACCESHHOTO O0OBLEKTOM 30HIUPYIO-
IEro u3JiyueHust (HAIPUMED, CIIEKTPAJIbHBIE 3aBUCHMMOCTH WHTEHCUBHOCTH JIETEKTUPYEMBIX OITHYe-
CKUX CHUTHAJIOB, WX (DA309YACTOTHBLIE XaPAKTEPUCTUKHM WU 3HAYEHUs] MOMEHTOB OrmOaroIieil mgeTek-
TUPYEMBIX MMIIYJIbCHBIX CHUI'HAJIOB IIPU MCIIOJIb30BAHUN YACTOTHO-MOJYJIAIMOHHBIX WA UMILYJIbCHO-
MOJIYJIATIMOHHBIX METO/IOB 30HINPOBAHUS, CIIEKTPAJIbHBIE U KOPPE/IAINOHHBIE XaPAKTEPUCTUKHN (PIIyK-
Tyaluii THTEHCUBHOCTHU IIPU PacCesTHUN 30HIUPYIONIETO N3IyUYeHN Ha JIBUXKYIINXCST KJIETKaX MCCIIeTy-
eMoii cpejibl (B YaCTHOCTH, [IPH PACCESHUM aHCAMOJIEM SPUTPOIUTOB, JABHKYIIUXCs 10 MUKPOKAIIHIJLIIS-
paM B 30HIUPYeMOM 0ObEMe)). AHAIN3 IOIAPU3AIMOHHBIX XaPAKTEPUCTUK M3JIyUeHNUs], [POIIEJIIIero
uepe3 30H/UpyeMble OMOTKAHU, B psjle CAydaeB MO3BOJISET IOIYYUTh KAIeCTBEHHO HOBBIE DE3YJIbTa-
TBI IIPU UCCIETOBAHUIX MOPQOJOTUIECKOr0 U (PYHKITUOHAIBHOIO COCTOSHUST OMOTKAHU, SIBJISTOIITIXCS
OJIHIM W3 BaKHENINX HAIPaBJIEHUI COBPEMEHHON MeIUIMHCKON nuarnoctuku. [Ipumepamu, noarsep-
KIAIOMMMEI JTAHHBIA (DAKT, ABJIAIOTCA PE3YJIbTaThl PAbOT 0 MCCIEIOBAHUIO BO3MOXKHOCTEH paHHei
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JIMArHOCTUKY KaTapaKThl XpycTaiauka [1, 3-5|, OleHKN KOHIEHTPAIUK I[VIIOKO3bl B TKAHSX OOJBHBIX
nuaberom [6-10] Ha ocHOBe TOJMSIpUMETPHU NPO3PAYHBIX TKaHEH Iyla3a, a TaKyKe MOJSPU3AIMOHHON
BU3yaIM3anun CcrpyKrypbl 6norkaneit [11-16]. TonspusannoHHblil aHAIN3 PACCESTHHOTO 30H/IUPYEMbIM
00'bEKTOM U3JIyYEHUsI TAKYKE YCIIEITHO TPUMEHSIETCsI JIjIst PACIIUPEHUS BO3MOYKHOCTEH JIPYTUX ONTHIe-
CKUX METO/IOB 30HIMPOBAHUs OMOTKAHEN; B 1aCTHOCTH, HOJISIPU3AIMOHHAS TUCKpUMUHAIIASA 1udPy3HO
OTPaXKEHHOIO0 OMOTKAHBIO M3JIyUEHUS IMyTEM Pa3J/e/IbHOIO JIETEKTUPOBAHUS JIBYX OPTOTNOHAJBHO II0-
JISIPU30BAHHBIX COCTABJISIONINX, HAIPABIEHHUE HOJSIPU3AIUMI OJIHOM U3 KOTOPBIX (KO-IIOJSPU30BAHHO
COCTABJISIIONIEH) COOTBETCTBYET HAIPABJIEHUIO TIOJISPU3AIN JINHEHHO TIOJISIPU30BAHHOIO 30HIUPYOIIe-
IO UBJIyYI€HUsI, TO3BOJISIET BBIJICIUTDL COCTABJIAIONINE PACCESHHOTO M3JIydeHus, 00yC/IOB/IEHHBIE pacce-
sSIHUEM ITOBEPXHOCTHBIX JIMOO TJIYOMHHBIX CJI0EB TKAHHU. B IOC/IemaHeM Clydae JEeTeKTUPYeTCs KPOCC-
MTOJITPU30BAHHAs COCTABJISAIONIAS PACCETHHOIO CBEeTa C BEKTOPOM IOJISPU3AINY, HATPABIEHHLIM OPTO-
TOHAJIBHO II0 OTHOINEHUIO K BEKTOPY IMOJSPU3AIME 30HIAPYIOMIEr0 U3JIyUIeHUsI. DTa COCTABJISIIOIIAS
o0ycioBjieHa B OCHOBHOM jiubpy3HBIM paccessHuEeM CBETa B 30HIUPYEMOM 00bEéMe n HecéT mHpOpMa-
U0 O TIIyOMHHBIX CJIOAX 30HIUPYEMOTO O0bekTa. 110M00HbBIM OIX0 ] YCIEITHO UCIIOIb3yeTCsd, B 9acT-
HOCTH, JIJIs BU3YAJIM3AIMH CUCTEMbl KPDOBEHOCHBIX COCY/IOB, PACIIOJIOKEHHBIX Ha riiybuHe 1+2 MM 1o
koxeit |11, 17].

B nacrosiiiee BpeMsi OJIHUM U3 TIEPCIIEKTUBHBIX HAIPABJIEHUN B 00/1aCTH paHHel JUarHOCTUKE PAKO-
BBIX 3a00JIEBaHUIT C UCHOIB30BAHIEM ONTHYECKUX METOJOB SBJIACTCS aHAIU3 MAJOKPATHO PACCETHHBIX
COCTABJISIIONINX M3JIy9eHusT BUANMOrO U OzKHero nHgpakpacHOro JUala3oHOB, PACCESHHOIO 30HIU-
pyeMmbiMu GuoTKaHsiMu. B uactHOCTH, B padore [18| GbLIa MPOIEMOHCTPHUPOBAHA BBICOKAS IyBCTBU-
TEJBLHOCTD CIIEKTPOB YIIPYTOTO PACCEeSTHUs NCCIELyeMbIX OMOTKaHeil K MOp(OIOrIIeCKIM N3MEHEHUSIM,
TUIMYIHBIM JIJIs1 PAKOBBIX KJIETOK (yBeJnYeHrne pa3MepoB sjep, mieomopdusm u T. 1. [19]). B pabore [20]
BIIEPBBIE IIPOJIEMOHCTPUPOBAHO CyINECTBOBAHNE TOHKON MePUOAMIECKO CTPYKTYPBI B CIIEKTpax obpar-
HOIO pPACCesiHHsl SMUTEIUANbHBIX TKaHeil, 00yCIOBJIeHHON OJHOKPATHBIM PacCesiHUeM 30HIUPYIOIIEro
U3JIy9eHus Ha ApaxX KJIeTOK ITOBEPXHOCTHBIX CIOEB TKAHM. BBLIO MOKa3aHO, UTO JaHHAS OCOOCHHOCTD
CIIEKTPOB 06PATHOIO PACCesiHis TOHKUX KJIETOYHBIX CJIOEB JIOIyCKAeT HHTEPIPETAINIO B PAMKAX TeOPUH
Mu, a aHaIM3 aMILIATYIHO-4YACTOTHBIX XapaKTEPCTUK OCIUJLIANNNI B CIEKTpe, B IPUHIUIIE, TO3BOJISET
HOJIyYUTh CTATUCTHIECKHIE XaPAKTEPUCTUKU aHCAMOJIsl KJIeTOUHBIX sijiep (B 9aCTHOCTH, UX pacipe/ieie-
Hue 110 pasmepy ). Ciiejyer OTMeTUTh, YTO CYIIeCTBEHHOl IIPOBIeMOii IIPH UCIOJIB30BAHUI JIAHHOTO M0JI-
XOJIa SIBJISIETCS BBIIEJIEHUE OJJHOKPATHO PACCESHHOI COCTABJISIIONIEH U3 €CTECTBEHHO IIPUCY TCTBYOIIErO
MHOT'OKPATHO paccessnHoro goua. Kpome Toro, nororienue 300y IOMIEro W31y YeHnsl HIKe IeKallli-
MU TKaHsIMHU (B 4ACTHOCTH, F€MOIJIOONHOM, IPUCYTCTBYOIIUM B CTPOME) TAKZKe IPUBOJUT K UCKAYKEHUIO
CIIEKTPOB OJJHOKPATHOT'O PACCEsIHUsI IOBEPXHOCTHBIX CJIOEB SMUTEIMAILHBIX TKaHeil. B paborax (21, 22|
IPOJIEMOHCTPUPOBAaHA BOZMOXKHOCTD CYIIECTBEHHOTO IIOJIABJICHNS HeraTUBHBIX 3((EKTOB MHOIMOKpPAT-
HOI'O PACCesiHUsI U MOIJIOIIEHUsI B PE3Y/IbTATe MCHOIb30BAHMsI TIOJISIPUBAIMOHHON JUCKPUMUHAIIMN Pac-
CEeSTHHOTO CBETA, Iy TEM 30HIMPOBAHNSA KJIETOYHBIX CTPYKTYP JIMHEHHO MOIAPU30BAHHBIM U3JTyYeHUEM K
PasIeabHOro JEeTEeKTUPOBAHUS KPOCC-TIOJIIPU30BAHHOlN 1 KO-TIOJISIPU30BAHHON COCTABJIAIONINX PACCesTH-
HOT'O M3JIyueHusi ([IOC/Ie/HsIsl B 3HAUUTEJHHON CTeleHn 00yCJIOBJIEHa [POIeCCaMi OJHOKPATHOIO U Ma-
JIOKPATHOrO paccesitust). [1og06HBIA MOIX0/, ONpejessieMblii Kak IO/ PU3AIOHHO-1Y BCTBUTE/IbHAST
CIIEKTPOCKOIHSA YIPYTOr0 PACCEsTHUSA, WA OTParKaTeIbHAas IOASPU3AIMOHHAs CIIEKTPOCKOINUS, B IIPUH-
IUIIe, MTO3BOJISET He TOJIBKO OCYIIECTBIIATH KOJMUECTBEHHbINH aHaJIu3 paclpeIeeHuil KJIeTOYHbIX Saep
[0 pa3MepaM, HO TaKzKe U ONpPeJIeIATh OTHOCUTE/ILHDI [OKa3aTe/ b IPeJIOMICHHs Aep. B yacTHOCTH,
JIAHHBIE BO3MOXKHOCTH OBLIHM IIPOJEMOHCTPUPOBAHBI B CEPUH SKCIEPUMEHTOB C MOJIEILHBIMU CPEIaMu
u obpasnamu 6uorkaneii [18, 20-22|. BecbMa nepcrieKTHBHBIM B 9aCTU BHEJPEHUs METOJIA TTOJIsPH3AI-
OHHOI OTpazKaTeIbHOM CIEKTPOCKOINU B KJIMHIYECKYIO IPAKTUKY ABJIACTCS PA3BUTHE HHCTPYMEHTAb-
HOIt 6a3bI JJAHHOIO METOJIa Ha OCHOBE BOJIOKOHHO-OIITUYECKUX YCTPOWCTB /ISl JIOCTABKYU 30HIUPYIOIIErO
u3JIyUYeHnst K 00beKTy 1 cbopa paccessHHOro usirydenus [23].

958 . A. Bumnaxos, 0. 1. Cunuvkun, B. B. Tyuun
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Cremyer OTMETHTb, YTO MHOTOKPATHO PAaCCEsIHHAS COCTABJISIIONIAST 30HIUPYIOIIEr0 W3JIyIeHUs,
B PACCMOTPEHHOM BBIIIIE IIOIXOJE ABJISIONIASICS HETATUBHBIM (DAKTOPOM, TEM He MeHee HecET MHQOpP-
MAaIUIO O CTPYKTYPE U CBOMCTBAX IIyOMHHBIX KJIETOUHDLIX CJIOEB, B CBSA3U C UYEM aHAJIM3 €€ MOJIspU3alli-
OHHBIX XapaKTEPUCTUK TaKyKe MOXKET OBITH MCIIOIB30BaH I MOP(POMYHKINOHAJIBHON TUArHOCTUKM
u Bugyasunsaruu onorkaneii. [lesbio qannoit paboThI sIBIsSIeTCS pacCMOTpeHne (pu3nvecKux IPUHIIAIIOB
1 0CODEHHOCTEl peaju3alyi HEKOTOPBIX METOIOB ITOJIAPU3AINOHHON JIMArHOCTUKNA W BU3YAIU3AIIAN
CIIy 9aiHO-HEOTHOPOIHBIX CPEeJ, B TOM 9UHC/Ie U OMOTKaHel, 0a3upyIOMMXCs Ha aHAIN3e B3AUMOCBI3U
MOJIAPU3AINMOHHBIX U CIIEKTPAJIbHBIX XapaKTEepUCTHK IrM@PYy3HO OTParKEHHOI'O 30HIMPYEMOI Cperoit
cBeta. Mcxonsa n3 ocobeHHOCTEH MCIIOIB3yeMOro MOAX0/A, JAHHBIE METOJIbI MOT'YT ObITh YCJIOBHO O0b-
eIMHEHBI TT0/ OOIINM HA3BAHUEM <«IIOJISIPU3AIIMOHHAST OTParKATEIbHAST CIIEKTPOCKOIIISI.

1. ®PIBNYECKUNE OCHOBBI ITOJIIPU3AIIMMOHHON JNMATHOCTUKN
BUOTKAHEN

AHaJIM3 ONTUYECKHX XapaKTEPHUCTUK ITOJABJISIONIETO OOJIBIIMHCTBA OMOJIOIMYECKHX TKaHEHd B BU-
auMoit n OyirKHeil mHppaKpacHOi 00JIacTIX MMO3BOJISET BBIIEJIUTD CASAYIONne 0COOEHHOCTH, OKA3bI-
BaOIIe OCHOBHOE BJIMSTHUE HA IIPOIECC PACIPOCTPAHEHUS 30HJIUPYIONIEr0 U3/IyYEeHUS B HCCIIETYEMOM
00bEME TKAHMU:

1) mcxozst 3 creneHu yHopsiIOYEHHOCTH U IJIOTHOCTU YIIAKOBKU DPACCEMBAIOINIMX IIEHTPOB, POJIb
KOTOPBIX UI'PAIOT JIOKAJIHHBIE HEOJHOPOJHOCTH TKAHEBOH CTPYKTYPBI HA KJIETOYHOM U CyOKJIETOTHOM
YPOBHE, in vivo Omosiornveckne TKaHU MOI'YT OBITh PACCMOTPEHBI KaK C/1ab0yIIOpSI0UeHHbIE MHOIO-
KPaTHO PACCENBAIOIINE CPEJIbI;

2) OCHOBHBIE CTPYKTYPOOOPA3yIOIIUe 7eMEeHThl OUOJIOIMIeCKUX TKaHel, KaK [PABUIIO, XapaKTePU-
3YIOTCS JIOCTATOYHO CHJIBHO BBIPAYKEHHON aHU30TPOIINEH PACCesSHUS, TIPU STOM IapaMeTp aHU30TPOITHI
paccesinusi g [24, 25| 115 pa3INYHBIX TKaHeH, 30HAUPYeMbIX B BUMMOM J(HANa30He, MOXKET IIPUHUMATD
suadenusi or 0,35+0,45 (mentun [26]) 10 0,98-+-0,99 (KjaeTKn KpoBH, B 4aCTHOCTU SpUTPOIUTHI [3, 27]);

3) HEKOTOpbIE TKAHU, HAIPUMED KOXKa, 00JIaJAI0T BBIPAYKEHHOW CJIOUCTON CTPYKTYPOil, MpPUIEM
OITHYECKIE XaPAKTEePUCTUKK (B 9aCTHOCTH, KO(DMUIMEHT MOTJIONEHNsI) PA3JINIHBIX CIOEB B OIIpe/Ie-
JIBHHBIX CHEKTPAJIbHBIX HHTEPBAJIAX MOTYT CYIIECTBEHHO OTJIMIATHCS APYT OT APYTa, ITO 00yC/IOBJIEHO
HaJIMIUEM WU OTCYTCTBHEM B OTJIEJIbHBIX CJIOSX COCTABJISIONINX, XaPAKTEPU3yEeMbIX CEJIEKTUBHBIM T10-
ronieHreM (XpoModOpoB); IUIsi KOXKH YeJIOBEKA OCHOBHBIMU XPOMOMOpaMU SIBJISIOTCS T€MOIJIOOUH,
cojlepzkaruiicst B jgepme, 1 MesaHuH [28].

MHorokpaTHoe paccessHue 30HIUPYIONIErO IOJISPU30BAHHOIO HU3JIyUYEHUs, PACIPOCTPAHSIOIIEI0Cs
B OMOTKaHM KaK B CJIyJIaifHO-HEOIHOPOIHON Cpese, IPUBOJIUT K CYIIECTBEHHBIM U3MEHEHUSIM €r0 COCTO-
STHUSI TIOJITPUBAIINN, BBIPAYKAIOIIAMCS, B YaCTHOCTH, B YMEHBIIIEHUH CTEIleHU Toyistpusainuu P, onpee-
JIsieMoit 3HaveHusIMu dieMeHToB BekTopa Crokca (29, 30| paccesiHHOro 30HMpyeMoil cpeoil cBeta:

2 2 2
P:\/Q +U?+V .

; (1)

B psge ciaydaes, Korja MHOIOKPATHO DACCEMBAIONIAs CILydaifHO-HEOJHOPOJHAS 30HUpyeMasi Cpeia
He 00J1a/1a€T BBIPAYKEHHOH MaKPOCKOIIMYECKOI ONTHYECKON aHU30TPOIINEll, OlIpe/ieJIeHIe BCeX DIeMeH-
ToB BekTOpa CTOKCA 3a4aCTyIO sIBJIS€TCS M30BITOYHBIM, U IIOISAPU3AIMOHHAS JHAIHOCTHKA 110/I00HBIX
0OBEKTOB MOXKET OBbITh OCYIIECTBJIEHA [IyTEM 30H/IMPOBAHMS U3JIyYeHUEM C UCXOJHON JINHEeHHOl 110151~
pusaIyeil 1 u3Mepenus crenenu uHelnof nonapusarmn P, = Q/I = (I —I)/(I) + I ) paccesnoro
00beKTOM m3/lydennst (B NPHBEJEHHOM BBIDaxKeHHH [| U [| — WHTEHCUBHOCTH KO-TIOJIAPH30BAHHON
U KPOCC-HOJISIPH30BAHHOI COCTABJISIIOIINX PACCESIHHOIO M3JLy9€HNsI COOTBETCTBEHHO). D deKTUuBHOCTD
JAHHOTO IIO/IXO/A, He TPeOYIONero Jyist Peai3alii CJIOXKHOIO MOJISIPIMETPHIECKOro 060py/J0BAHHUS,
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CYIIECTBEHHO YIPOIIAIOIIEr0 HHTEPIPETAIIIO IOy YeHHBIX PE3Y/IBTATOB U HOTOMY JIOIYCKAIOIIErO IPU-
MEHUMOCTb HE TOJIBKO B JIAOOPATOPHBIX, HO U B KIMHUYECKUX YCJIOBUSIX, IIPOJEMOHCTPUPOBAHA B Psijie
pa6or [11-16].

HoﬂyqaeMbIe IIPU TIIOJIAPUIAIUOHHBIX N3MEPEHUAX 3HATCHU A PL OIIpeIeJIAI0OTCA ILHI/IHOf/i BOJIHBI 30H-
JIPYIOIIErO U3JIyYeHHsl, YCIOBUAMU €0 BBOJA B HCCIIE/LYyeMYyIO CPey U JA€TEKTUPOBAHUS PACCESIHHOIO
U3JIyIeHns, 8 TaKkKe MOPQOJOTHIECKUMHU XapPAKTEPUCTUKAMU 30HIUPYEMON OHMOTKAHU, HOITOMY CTe-
IeHDb JIMHEIHO HOIAPU3AINI PACCESHHOIO MU3JIydIeHUs] MOXKeT ObITh PACCMOTpeHa B KadecTBe [IHa-
THOCTHYECKOrO IapamMerpa. B paMKax COBPEMEHHBIX IIPEJICTABJICHUN O MOJIAPU3ANNOHHBIX ddderTax
IPU MHOTOKDATHOM DACCEsIHUU CBETa CJIy9aifHO-HEOIHOPOIHBIME CPEJaMU H3MEHEHHe COCTOSHHS II0-
JISIPU3AIAN PACIIPOCTPAHSIONIETOC B CPeJie U3JLy I€HHsI PACCMATPUBAETCS KaK PE3YJIHTAT KOrePEHTHOIO
NJIN HEKOTE€PEHTHOI'O CJIO?KEHUA IMapIUaJJIbHBIX BOJIH, UCIIBITABIINX Pa3JIMYHOE YHC/JIO aKTOB pacCCedHUAg
1 GOPMUPYIOMIUX PErUCTPUPyeMOe paccesiHHoe cBeToBoe noste [31-34]. B kadecrse 06061mEnHOI Xapak-
TEPUCTUKH, OIMUCHIBAIONIEH YCPEIHEHHYIO 110 AHCAMOJIIO MAPIIUAIBLHBIX COCTABJISIONINX CKOPOCTh yObIBA-
HUSI CTEIlleHN [OJISPU3AIlIN, BBOIUTCS JJINHA JEIOIAPU3AINE JJIs JITHEHO MOJISIPU30BAHHOIO H3JLyde-
Hust £7,, COOTBETCTBYIOIIAsT PACCTOSIHIIO B PACCENBAIOLIEl CpeJie, Ha KOTOPOM CTEIeHD HOJISAPU3AI[IH ITap-
[UAJILHBIX COCTABJISIONINX YMEHDIIAETC B € Pa3 [0 OTHOLIEHUIO K HCXonHoMy 3Hadenuio [34]. Cremnennb
HOJIAPU3AIMAE MOHOXPOMATHYECKOTO U3JIy9€HUsI, MHOTOKPATHO PACCESHHOIO CJIyIailHO-HEOIHOPOIHOMN
cpeZioit, MOXKeT ObITH IIpejicTaBieHa B (DOpMe HHTErPAIBLHOIO Ipeodpa3oBaHust (DYyHKIUN IIOTHOCTH
BeposATHOCTH p(S) 3HAYEHUIT ONTUYECKUX IIyTell HapIMAIbHBIX COCTABJIAIONMX PErUCTPUPYEMOrO pac-
CESTHHOT'O TIOJISI:

P, = /fL(Sva)P(S)dS, (2)
0

Ie 3aBUCHMOCTB p(S), yAOBIETBOPSIOMAsL yCI0BUIO HOPMUPOBKY [ p(s) ds = 1, MoxeT GbIThb 1OILY-
YeHa B PE3yJIbTaTe PelleHns HeCTAIIMOHAPHOTO CKAISPHOIO YPABHEHH MEPEeHOCa U3/IyYeHNs, OIUChIBA-
IOIIEro PacIpoCTPaHeHne B 30HIUPYEMOi CpeJie yJILTPAKOPOTKOIO CBETOBOIO UMILYJIbCA IS 38 JaHHBIX
YCJIOBHI 30H/IMPOBAHUSI U J€TEKTUPOBaHUsI paccessHHOro usiydenusi [33-35]. Teoperuueckoe pacemor-
peHne pacupoCTpaHeHMsl TOJISIPU30BAHHOIO U3JIyUIeHHS B CIyYailHO-HEOIHOPOJAHBIX Cpelax, MPOBeIcH-
HOE ¢ UCIIOIL30BaHueM JuarpaMMHoil Texuuku u Metojga Monre-Kapiio, a Takyke aHa/m3 SKCIIePUMEH-
TAJIbHBIX JIAHHBIX I PA3IMIHBIX MOJIEJIbHBIX paccenBaoIux cpes [31-35| mo3BOISIOT HpeIIoKuTh
9KCIIOHEHIMAJIbHYIO (DOPMY sijipa MHTEerpaJbHOro mpeobpaszoBanust (2): f1,(s,£r) o exp(—s/&L).

JIJ1st MHOTOKPATHO PaCCeUBAIOIINX CPeJ] 6€3 JABY/IY YelPeIOMIICHIs JJINHA JICTOJSIPU3AIAN 3aBUCHT
OT COOTHOIIEHHS MEXK/Ly CPEJHUM PasMEepPOM PaCCEMBAIOMINX IEHTPOB W JJIMHON BOJIHBLI 30HIUPYIOMIErO
u3Jrydenus, aucrepcun bIyKTyanuil moka3are isi PeJJOM/ICHUsI CPeJIbl, TUIIA HOJISIPU3AIUN 30HIUPYIO-
1iero u3Jydenust (JuHeiHAsT WK UPKYJISPHAsI ), a TaK¥Ke PeKUMa paccesiHust (paccesiHue BIEPE] Wil
obparHoe paccesinue). B kauecrBe yHIaMEHTATBHON XaPAKTEPUCTUKU 3aTyXaHUs! TOJSPU3AINEA 30H-
JIUPYIOIEro U3JIyYeHnsl B MHOTOKPATHO PACCEMBAIOIINX CPEIax TAKyKe MOXKET MCIOIb30BATHLCA OTHOIIE-
HU€ JJINHBI JIENOJISPU3AIMN K TPAHCIOPTHON JITMHE paccenBaromieil cpebl my, = &1, /1" (Tpancnoprhast
JIJIMHA BBOJIUTCA KAaK XapaKTepHOE PACCTOSHIE B CPeJIe, Ha KOTOPOM HHMOpMAaIsa 0 Ha4aIbHOM HAIIPaB-
JIEHUU PaCIPOCTPAHEHUsI 30HAUPYIOIIEro MydKa (70 ero BBeJeHHsI B CPEJLy) MOJHOCTBIO Tepsiercst [25]).

B wacrrOCTH, IPU NCIIOJIL30BAHUY JIMHEHHO TIOJSIPU30BAHHOIO CBETA, JIJIS 30HIMPOBAHUS MHOTOKPAT-
HO PACCEUMBAIOIIMX CPeJl, COCTOANIMX M3 ONTHYECKU MSITKUX C(HEPUIECKUX JIUIIEKTPUIECKUX YaCTHUIL,
B PEKMME JeTEeKTUPOBAHUS PACCESHHOIO BIEPE M3JIy9eHUsT IIapaMeTp My, YBEIUINBACTCA ¢ POCTOM
JPAKIIMOHHOTO [apaMeTpa PAaCCenBAOIIUX IEHTPOB ka (k — BOJIHOBOE YUC/IO 30HJUPYIONIETO U3JLY-
YeHHs B PAcCenBalolieil cpejie, a — pajiuyC PacCenBaroUX YaCTUIL), JOCTUrasi MAKCUMyMa JIJIs 3Ha-
yeHust ka, COOTBETCTBYIONIErO MEPBOMY pe30HAHCY MU Jijisi 3aBUCUMOCTH CEYEHUsI PACCesIHUS JaCTHUIL
oT audpaknuoHHOro napamerpa. Hamporus, mjs mogo0HBIX PACCEMBAIOIIUX CUCTEM B CIydae IeTEK-
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THPOBAHUS PACCESTHHOTO HA3aJl M3JIy9YeHUs, IPEICTABJISIONEM HAMOO/BINNI HHTEPEC C TOUKU 3PEHUS

JMArHOCTUYIECKUX PUJIOKEHUI, apaMeTp my, yOblBaeT ¢ pocToM ka, JocTuras 3HaYeHus my, /& 1 Jiist

paccenBaloIUX Cpe/Jl ¢ BbIPAaXKeHHOl aHuzorponmeii paccesuus (g > 0,85, em. puc. 1) [36]. Uurepupe-
Talusl JAHHOTO sIBJIEHHsI paccMoTpeHa B paborax [33, 36].

Cremyer OTMETUTD, 9TO JJIsI MAKPOCKOIIMIECKU

&1 ° OJIHOPOJHBIX U U30TPOIHBIX ODUOTKAaHEH, XapaKTepu-

3yEeMbIX BBIPAXKEHHBIMEU (PIyKTYAITUSIMU JIOKAJIHHO-

4 =
ro JIBYJIyYelpPeOMIIEHUs] Ha MUKPOCKOIIMYECKOM
i (KJIeTOYHOM) YDOBHE, JaHHOE CBOMCTBO JIOJIZKHO
3 F OPpUBOAUTH K JTOIIOJIHUTEJIbHOMY IOJaBJICHUIO I1OJIA-

5 o puU3alluil  PaCIpPOCTPAHAIONIETOCAd U3JAyUYEHUs 110

2 | $o
0{

t AMU TPAHCIOPTHOM JIJIMHBI U aHU3OTPOIIMUA PacCesi-

0o Husi. Bupmumo, naHHoe 00CTOSATENBCTBO U SIBJISIETCS
- MIPUIUHON SKCIIEPUMEHTAILHO HAOJIIOIaeMOTO B OT-

CPaBHEHHIO C <«MHUKPOCKOIINYECCKU HU30TPOIITHLBIMU»
paccenBaroiyMu cpeJgaMn C O/IMHaAKOBbIMUA 3HaAYCHN-

1 1 L 1 L 1 I 1 L | JEJIbHBIX C/IyYasdAX CYHIECTBEHHOI'O pa3/Indud Idel1o-

0,0 0,2 0,4 0,6 0,8 9 JIIPUBYIOMIUX CBOMCTB in vitro GMOIOrnIecKnx TKa-

Puc. 1. 3aBHCHMOCTD HOPMUPOBAHHO# jmHHEl gemo- oW 1 MOJEJIBHBIX PACCEUBAIONINX CPE/L [37-39).

JIIPU3ANAN B PEeXKMMe O0OPATHOTO PACCesTHUs JIMHEH- Cpenusist ryGuHa NPOHUKHOBEHUS CBETA B 30H-
HO TIOJIIPU30BAHHOIO M3JIy4YeHUsI ONTHYECKH ILUIOT- JUPYEMbIe CITyIaiiHO-HEOTHOPOIHBIE CPEIbl B DEXKU-
HBIMH CJIy4aifHO-HEOJTHOPOJHBIMI CPeJaMU OT I1apa- Me JIeTEKTHPOBAHUSA OOPATHO PACCESIHHOIO H3JIyde-
MeTpa aHU30TPOTIIN PACCeAHU 30HTUPYEMOil CPe-  ppg comocTaBUMa C TPAHCHOPTHON JIMHON M J1/1st
Zer [36]: © — Pe3yJsIbTATHI IKCIIEPUMEHTOB C MOJIEIh-
HBIMH PACCEMBAIONTUMHA CPETAMH — CYCIEH3USIMU TI0-
JINCTUPOJIOBBIX YaCTHIL B BOJIE, IIOJIUMEPHBIMU M KOM-

OOJIBIIINHCTBA, OITUYECKU IIJIOTHLIX OMOJIOIMYECKHUX
TKaHEN Ipu UCIOJIb3OBaAHUU UIJIYyYE€HUA C JTJINHAMU

BOJIH, COOTBETCTBYIOIIMMHU TaK Ha3bIBa€MOMY Te€pa-
INO3UTHBIMU MaTepuaJjiaMu; ® — PE3YyJibTaTbl CTaTU-

CTHYECKOTO MOJIE/IPOBAHNST nesrudeckomy okuy (or 0,7 mo 1,2 mxm [1-3]),

He IPEBBINIAeT HECKOIBKAX MIJIIUMETPOB. 1Ipu aTom
MIOJISIPU3AIMOHHBIE XaPAKTEPUCTUKN PETUCTPUPYEMOTO OITHUYECKOI'O IOJI B 3HAUYUTEJbHONH CTEIeHn
OIIPEIEJISIIOTCS BKJIAJIOM B ero (bOPMUPOBAHUE MAPIMATIBHBIX COCTABJISIIONINX, PACIIPOCTPAHSAIOIIAXCS
B 30HIUPYEMOIl Cpejie Ha, PACCTOSHUS IOPsIKa TPAHCIIOPTHON JInHBI. JaHHAs 0COOEHHOCTD TPOSBJISI-
€TCsl, B 9aCTHOCTHU, B CYIIIECTBOBAHUE OCTATOYHON MMOIApU3ainy 00PaTHO PACCESTHHOTO U3JIyIEHUs ; IIPHU
B0H/IMPOBAHUN PACCEMBAIONINX CPEJl ¢ TPEHEOPEKUMO MAJIBIM IIOIVIOIEHUEM IMUPOKUM KOJIJTUMUPOBAH-
HBIM IIy9YKOM JIMHEWHO IMOJISIPU30BAHHOIO MU3JIYYEHUsS CTEIEHDL OCTATOYHON IMOISIPU3AIMI MOXKET OBITh
npubIMZKEHHO OIIPEJIe/IeHA C MCIIOIB30BAHUEM CJIE/IYOINero Bbipaykenusi [36]:

PE ~ ].,56Xp(—’)/ 3l*/€L)a (3)

rie v — Ko PUIMEHT, 3aBUCAIINN OT OTPAXKATEILHON CIIOCOOHOCTH TPAHUIILI Pa3iesia 30HIUPYEeMOi
Cpelibl 1 CBOOOIHOIO IIPOCTPAHCTBA. B 4acTHOCTH, ISl paCCenBAIOIIei cpebl ¢ 9 (MEKTUBHBIM IT0KA3a-
TesieM mpesomienus mopsiaka 1,35 v & 2,0. st 30HAupyeMbIX CPel, COCTOSIIUX U3 OINTUIECKHA MSITKUAX
JIIJIEKTPUIECKUX vacTull ¢ ka < 1 («pasieeBckue paccemBaresn» ), JUIMHA JeNOasgpu3anuy 1, Besn-
K& [0 CDABHEHWIO C TPAHCIOPTHOM JIJIMHON (110 pa3imIHbIM oneHkam &1, cocrtasisier ot 2,70 no 4,00*
[34, 36]), u crenenb ocTaTOUHOl MOISIPU3AIMN 0OOPATHO PACCESTHHOTO JINHEHHO TIOJISPU30BAHHOTO U3JIy-
qenns MoxkeT gocturarh 0,3+0,4, B TO BpeMsI Kak JIjIsI CPEJI C BhIPAsKEHHON aHM30TPOIINEN PaCCesTHHsI
(pexxum paccesinnst Mu) &, &~ I*, u crenieHb ocTarovHOl notaApusanun P HeBesnKa.

CyIecTBeHHOE BJIMSIHHE Ha CTelleHb OCTATOYHON Iojsipu3anun oO0paTHO PACCEesIHHOIO W3JIydeHUS
OKa3bIBAET IIOIJIONIEHNE 30HINPYIOIIEro U3JIydenus B ucciemyeMoii cpeme. lanmoe siBienue o0ycioB-
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JIEHO 3aTyXaHUEM IapIUAJIbHBIX COCTABJISIONINX, PACIIPOCTPAHSIONINXCA B Cpejie Ha DOJIbINe PacCTOos-
HHS U, COOTBETCTBEHHO, YMEHBIIEHNEM UX BIUSHAA Ha (POPMHUPOBAHME PETHCTPUPYEMOIO PACCESTHHOTO
OIITUYIECKOTO TIoJist. Teoperwuecknii aHAIN3 3aBUCHMOCTH CTEIIEHM OCTATOYHON JMHENHON mosipu3a-
U 0OpaTHO PACCESIHHOIO M3JIyYeHUsI OT ONTHYECKUX IIapaMeTPOB PaCCEUBAIONIEl CpeIbl ¢ KOHETHBIM
MIOTJIOIIeHNEM, TTPOBENEHHBIN Ha OCHOBE KOHIIEIIINN IOT00MNST CTATUCTHUIECKNX MOMEHTOB MHOTOKPAT-
HO PAaCCeAHHBIX CBETOBBIX IOJEi [40], [IO3BOJIAET IOIYYUTL CJeayloliee IpUOINKEHHOE BbIparkKeHHe

ans P
I ~

P~ 15exp | = (VBE (1 + pabe) /€ — V3| (4)
e [ty — KOIPPUIMEHT TOTJIONEHNsT PACCENBAIO-

.
Py Imeit cpesibl Ha JJINHE BOJHBI 30HAUPYIOMIErO U3JIy-
0.6 1 yenus. Ha puc. 2 mpuBeieHbl TEOPETUIECKUE 3aBU-
’ ' CHMOCTH CTEMEeHN OCTATOYHON MOISTPU3AIINN 00paT-
I HO PACCESTHHOTO W3JIy4YeHUsI OT He3pa3MepHOro ma-
) pamerpa [* i, 115 cydast 30HTUPOBAHMIS ONTHIECKH
04F .~ IJIOTHOM pacCemBAaIOIell CpeJibl MUPOKUM KOJLITUMU-

POBaHHBIM IIY9YKOM JIMHEITHO TIOJIAPU30BAHHOT'O CBeE-
Ta. KpuBas I cCOOTBETCTBYET CITy9ai0 30HIMPOBAHUS
02l CpeIbl, COCTOsINell n3 pajieeBCKuX dacTull ¢ ka <
)
2 < 1, xpuBag 2 — ciIy4aio 30HJUPOBAHUS HEYIOPsI-
-/// JIOYECHHON CHCTEMBbI PACCEUBAIONINX IIEHTPOB C BbI-
parkeHHOIl aHM30TpoINell paccestHust (PEXKUM pac-
1 1 1 M 1

0,0 0,05 0,10 015 g+ cesmma Mu).
Taxkum obpazoMm, Jjist 30HAUPYEMBIX CPEJ C BbI-
PaKEeHHBIM CEJIEKTUBHBLIM IIOIVIOIIEHUEM B Olpeje-

Puc. 2. 3aBucmmocTn cremeHnm OCTATOYHON MOJISI-
pu3anuy JUHEHHO IOJSIPU30BAHHOTO CBeTa, Tud-
dY3HO OTpParKEHHOI'O IIOIVIOMIAIONINMHA  CJIydaiiHO-
HEOJTHOPOJIHBIMU CpeJlaMu, OT 6e3pa3MepHOro napa-
Mmerpa pal* [40]. Kpusasg 1 (yHKTUpHAS JUHUSA) CO- OyJIeT XapaKTepU30BaAThCA HAJIMYNEM MAaKCHUMYMOB,
OTBETCTBYET CpeJie, COCTOAMIEIl M3 PIIEEBCKAX Ya- COOTBETCTBYIOIIUX II0JI0CAM CEJICKTUBHOI'O IIOIIOIIEe-
cTutl, KpuBas 2 (CIVIOIIHAA JMHUA) — cPeJie C Bbl-  Hus cpejibl. Kak 6y/er nokazano HIzKe, B CIydae I10-
PazKEHHBIM aHUSOTPOIHBIM PACCESTHIEM JITPU3AINOHHON JTUATHOCTUKY U BU3yaJ U3l O1o-

JIEHHBIX MHTEepBaJax JIJINH BOJIH 30HJIUPYIOIIETO U3-
JIyYEHUS CIIEKTP CTEelleHU OCTATOYHOI MOJIIpU3alun

JIOTUYECKUX TKAHEH POJib MOJIOOHBIX CEJIEKTUBHBIX
MOIVIOTUTEIEE — XPOMO(OPOB — €CTECTBEHHBIM 00PA30M BBIMIOJHAIOT MEJAHWH U FeMOTJIOONH KPOBH.
Kpome Toro, moxker ObITH MPE/IJIOKEHA METOMMKA MMOJISPUBAIMOHHON JIMATHOCTUKHU C UCIIOJIB30BaAaHUEM
KOHTPOJIIPYEMOI'0 U3MEHEHUSI ONTHIECKUX XAPAKTEPUCTUK OMOTKAHU B PE3y/IbTATE BBEICHUS B 30HIIU-
pyeMblii 06b6éM (HarpuMep, myTém auddysun) 6uoaornyecku 6€30MacHbIX CeJIEKTUBHBIX HOTTIOTHTEei
WM UMMEDPCUOHHBIX areHTOB.

2. CIIEKTPAJIBHO-ITIOJIAPN3AIINMOHHBIE METOAbI JINATHOCTUKUN
" BU3VAJIN3AIIN BUOTKAHE C UCIIOJIb30BAHUEM Py KAK
JANATHOCTNYECKOI'O ITAPAMETPA

YcTaHOBJIEHHBIE B PE3YJILTATE TEOPETUUECKMX U IKCIEPUMEHTAJBbHBIX HCCIEIOBAHUN 3aKOHOMED-
HOCTH, XapaKTepU3YIOIINe BINSIHAE ONTUYECKUX MapaMeTPOB 30HJIUPYEMOU Cpe/Ibl Ha MOISPUA3AITMOH-
HblE XAPAKTEPUCTUKU PACCESTHHOIO 30HJMPYEMOil cpeJioil cBeTa (B 4aCTHOCTH, HA CTEIEeHb OCTATOYHOMN
HOJISIPU3AIUE 0OPATHO PACCESTHHOTO M3JIyYeHUs), HO3BOJINIIN [IPEJIOKUTD Psijl JIOCTATOYHO MIPOCTHIX
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7 3P HEKTUBHBIX METOIOB UCC/IEN0BaHUsT MOPGMODYHKIINOHAILHOTO COCTOSHUST OMOIOTNIeCKUX TKAHe
C UCIIOIb30BAHUEM HEMOHOXPOMATHYECKOTO MJIM KBA3UMOHOXPOMATUIECKOTO JTUHENHO MMOISTPU30BAHHO-
ro 30HIUPYIONIEro U3JIydeHns. B dactu pa3pabOTaHHBIX METOIUK IPUMEHSIETCS aHaIn3 N300ParKeHuit
YUACTKA [TOBEPXHOCTH 30HIUPYEMOi OUOJIOTMIEeCKON TKAHU, IOy YeHHBIX C UCIIOIb30BAHUEM CIIEKTPAJIb-
HOHN ¥ moyisipu3aIimoHHoi duabrpanuu auddy3HO OTPAXKEHHOIO TKAHBIO 30HAUPYIOIIErO U3/IyIeHUs,
B CBSI3U C Y€M JIAHHBIE METOJIUKHU MOT'YT OBITH YCJIOBHO OIPEJIEIEHBI KAK CIEKTPAJIBHO-TIOISTPU3AIHOHHAS
BugeopediekTomMeTpus audPy3HO OTPAXKEHHOTO M3AydeHus. [lepcreKTuBbl MpUMEeHeHUs aHAJIOIUY-
HBIX TIOJXOJOB B KJIMHUYECKON IUArHOCTHKE /I BU3YAJU3AINHM ATOJOTMYECKHX W3MEHEHUH IOJIIo-
BEPXHOCTHBIX CJIOEB Pa3/INYIHBIX OMOJOTHYECKUX TKAHEHl HEeOMHOKPATHO O0CYKIAJINCh B Psje padboT
[11-15], osHako HaMU BliepBbIE PACCMOTPEHBI BO3MOXKHOCTH KOJIMYECTBEHHON JMArHOCTUKH MOPQOIIO-
TUYECKOTO U (DYHKITHOHAJIBHOIO COCTOsIHUSI OMOJIOTMYECKUX TKaHEdl Ha OCHOBE pa3paboTaHHBIX (PEeHO-
MEHOJIOTUYIECKUX IIPEJICTABICHUN O JEIOIsPU3YIONINX CBOMCTBaX OMOTKAaHEel KaK MHOTOKPATHO Pacce-
UBAIOIINX CJIyYailHO-HEOJHOPOIHBIX cpex [16, 41].

2.1. IlonsipusalinoHHasi OTPAXKATeJIbHAsI CIIEKTPOCKONUS OUOTKaHEn

Hecymorpst Ha TO, 9TO pasBUTHE METOma OTpa-
KATEJIbHON CIEKTPOCKOINE OMOTKAHEH ITO3BOJINIIO
pa3paboTaTh MEdbIil Pl INArHOCTUIECKAX METOIOB 7
U YCTPOWCTB, HaIEJIIUX I[IUPOKOEe MIpUMEHEeHUe 1
B 9KCHEPUMEHTAJIBHON M KJIMHUYECKOU MeEIUInHE,
BO3MOX>KHOCTH 3TOI'O METOJla PEan30BaHbl JIAJIEKO
HE IIOJIHOCTHIO. 30HIMpPOBaHUE OMOTKAHM JIMHEHAHO

HNOJIAPU30BaHHBIM HU3JIy49Y€HUEM C IIOC/ICIYIOIIUM U3~

MepeHUeM CHEeKTPaJbHOI'0 COCTaBa KO- U KPOCC-1I0-
JIIPU30BAHHBIX KOMIIOHEHT OOPaTHO PAaCCesaHHOrO  Prc.3. CxeMa SKCIEPHMEHTATBHOH YCTAHOBKH JIJIsT
OMOTKAHDBIO M3JIy4YeHHUsI ITO3BOJISIET HE TOJBKO KOJIM- W3MEPEHHUs [OJIAPU3AIMOHHBIX CIIEKTPOB OTPAYKEHHUSI
YeCTBEHHO OLEHUTH XPOMOQOPHBIIA COCTaB Cpellbl, in vivo 6moTkaneii: I — MCTOYHUK HEMOHOXPOMATU-
YeCKOTO M3JIydeHusl (raJoreHoBasi jamma), 2 u 3 —
BOJIOKOHHO-OIITUYIECKHE KIYTHI, 4 U J — TOJIPU3a-
MOHHBIE (DUIBTPBI, 6 — UCCIIEIyeMblil 00bEKT, 7 —
ONTHYECKII MHOTOKaHAJBbHBIN aHaIn3aTop, 8 — mep-
JIEMOHCTPUPYIOIIUE [EPCIHEKTUBHOCTD HUCIOJIb30BA~  coHasbHBIA KOMIIBIOTED

HUS METOJ1a HOJIAPU3AIMOHHON OTpazKaTe/IbHON Clie-

KTPOCKOITUH JJIsi TUATHOCTUKYU COCTOSHUS KOXKHOM TKAHU, B YACTHOCTH JJIs ONEHKN IJTyOUHbBI 3a/IeTaHIsT

1 KPOBEHAIIOJIHEHHOCTU J€PMaJIbHBIX KPOBEHOCHLIX COCY/I0B.

HO U OIIEHUTDH IJIyOMHY 3aJieraHus TONO WJIM HHOIO
xpomodopa.

B nmammom pa3zgesie mpescTaB/ieHbI PE3yJIbTATHI,

st KOYKHOM TKAHW B BHIMMOM JIMAIIA30HE CIIEKTPA CPeHU KOIMMUIUEHT PACCESTHUS [tg COCTAB-
I napamerp anmzorpormu g = 0,85. T0 HO3BOJILAET OIEHUTH TPAHCIOPTHYIO JIJIN-
Hy [* kak Besmanay nopsiaka 100 MkM. JJOMUHUPYIOIMMI B PACCESTHUH SIBJIAIOTCS CTPYKTYPbI, XapaKTe-
pu3yomuecs 3HaMeHusAME U PAKIIMOHHOro mapamerpa ka > 1, B pe3ysbrare JIInHA Jenoasipusanun &

JsieT mopsijika 60 MM~

OKa3bIBAETCH CPABHUMA, C TPAHCIIOPTHON IINHON paccesinus [*, ITO MPEBBIIIAeT TOIIIIHY SIUIEPMEICA.
C npyroii cTOpoHbI, HATMYNE B KOXKHOI TKaHU 3D deKTUBHBIX XpoModOpoB (MeIaHuHA B SMUJIEPMUCE
U TeMOIIOOMHA JIepMAaJIbHOI KPOBH) JIOJZKHO IPUBOJIUTH K BO3PACTAHUIO CTENEHU OCTATOYHO I10JIsi-
pusauu 00paTHO PACCESIHHOIO M3JIYYEeHHS B CIEKTPaJbHBIX MHTEpPBaJIaX, COOTBETCTBYIONINX IIOJIOCAM
[IOTJIOIEHUsT XPOMOGOpOoB. Bojtee Toro, 3mu XpoModOPLI TPEUMYIIIECTBEHHO PACIIOIATAIOTCS HA Pa3INI-
HOIl rybuHe, KOTopasi MOXKeT ObITh OIEHEHa, 110 HAJMIHUIO B PA3HOCTHBIX ITOJIAPU3AIMOHHBIX CIEKTPax
XapaKTEPHBIX ITOJIOC TOTJIOMIEHNS OTMEIEHHBIX XPOMOQOPOB.
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Puc.4. (a) — CueKTpbI CTeleHn OCTATOYHON IOJSPU3ANUYN 30HAUDPYIOIIEr0 JUHEHHO HOJISIPU30BAHHOIO

uzaydennst, nuddysHo oTpazkéHHOrO Koxkeil wyenoseka (tun I mo @urnnaTpuky) ¢ 3puUTEMON pa3HOI
CTeleHu: KpuBas 1 COOTBETCTBYeET UHJEKCY sputembl K1 = 157; 2 — E1 =223; 3 — EI =249; 4 — FI =
= 275; 5 — EIT = 290. (6) — cruexTpsl 3 dEKTUBHON ONTUIECKON TUIOTHOCTH KOXKH U€JIOBEKA € IPUTEMON
pa3Hoil cTeneHn: KpuBasd I COOTBETCTBYeET MHJIEKCY 3puTepmbl K1 = 137; 2 — EI = 157; 3 — EI = 213;
4— EI=249; 5 — EI = 288

Ha puc. 3 npuBesena cxema yCTAHOBKHU JijIsi peajid3alluu JIAHHOTO MeToia. V3jiydeHue mumpokoro-
JIOCHOTO MCTOYHMKa cBeTa ! (rasioreHoBasi jiamiia MontHocThio 200 Br) ocrapisiercs: K uccieyeMomy
OOBEKTY C IOMOIIBIO BOJOKOHHO-OITUYECKOTO KI'yTa 2, HA BBIXOJHOM KOHIIE KOTOPOTO OBLJT 3aKperi-
JIEH MIUPOKOIIOJIOCHBIN TOJISIPUBAITUOHHBIN (DUIBTD 4, IMOC/TIE IPOXOKICHUST KOTOPOI'O CBET CTAHOBUJICS
JINHEIHO TOJIsipU30BaHHBIM. J(maMeTp ocBemaeMoro y4acTka HOBEpXHOCTH COCTABJISET TPUOIU3UTE b
HO 8 MM. COOp OTPaskEHHOI'O KOXKEH M3JIyIeHUsI OCYIIECTBIISIETCSI C TIOMOIIBIO BOJIOKOHHO-OIITHIECKOTO
JKryTa &, HA BXOIHOM KOHIIE KOTOPOT'O PAaCIIO/IATaJICs HOJISIPUBAIMOHHLIN (DUILTP J ¢ BO3SMOXKHOCTHIO
U3MEHEHUsI ero OpueHTAIK (TapaJlIeJbHOM UM OPTOTOHAIBHON) OTHOCUTENBHO TOJISPU3AIIMOHHOIO
duIbTpa, pacIoIoKEeHHOTO Ha 00/IydaionieM cBeToBoie. Vcrnonmb30Bane BOTOKOHHO-OIITUIECKOTO KTy~
Ta Jjs ¢bopa OTPaXKEHHOTO OOBEKTOM U3JIyYeHUs] OOYCJIOBJIEHO HAJIMYUEM OCTATOYHOU IOJISTPU3AIINN
IIPOITIEIIEr0 9epe3 CBETOBO/ M3JIYIEeHUS B CIydae MCIIOJIH30BAHUSI MOHOBOJIOKHA, ITO OTPAXKAETCS Ha
dbopme perucrpupyemoro criekrpa (AudpaKkIioHHbIE CIIEKTPOMOTOMETPBI 1y BCTBUTEIBHBI K COCTOSTHUIO
HOJISIPU3AIUYE PErUCTpUpPyeMoro usiydernus ). C 1ebio UCKIIOYeH sl [OIA[aHNusT B IPUEMHYIO CUCTEMY
3ePKAJILHO OTPA2KEHHOTO OT 0OBEKTa 6 CBETA, BOJOKOHHO-OIITUYECKUN YKI'YT PACHOIATAJICS [IOJ YIVIOM
npubnsnTesbHo 20° MO OTHOIIEHUIO K HOPMAJIA K IMOBEPXHOCTH O0beKTa. JlucTa/ibHBIN KOHeI KIyTa
pacriojiaraeTcsi mepe;i BXOJHOM MIeJIbI0 ONTHYeCKOro MHOMOKaHa ibHoro anajausaropa (OMA) ciiekrpos 7
JI9CA-6.

YcTaHOBKA MO3BOJISIET OCYIIECTB/IATL M3MEPEHHs CIEKTPOB MuMdY3HO OTPAKEHHOTO W3JLYICHUS
B c1yvae napautenbao (R)(A)) u nepnenmuxyapuo (R (A)) opueHTHPOBAHHBIX TOJIAPH3AIMOHHBIX
duabTpoB. I3 n3MepeHHbIX CIIEKTPOB R”()\) u R, (\) dopMupyorcst pasHOCTHBIE TIOJISPU3AIIMOHHBIE
ciekTpsl AR(A) H CIEKTPBI CTEleHH OCTATOYHOM mossipusaiuu Pl (A) oTpakéHHOro oT 00beKTa U3JLy-
YeHUsI B COOTBETCTBUH CO CJIEAYIOIMNMH BbIPAXKEHUSIMU:

AR(N) = Rj(A) — R (M), (5)
o B ) = Ri(A)
PE(A) = ROV L) (6)
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B kadecTBe mpmmepa UCHOMB30BAHUS JAHHOIO METOJA MOTLYT OBITh MPHUBEIEHLI PE3YJIHTATHI UC-
CJIe0BaHMsA CIIEKTPOB AudDy3HOr0 OTPaKeHusl YyIaCTKOB KOXKHOI IOBEPXHOCTH BHYTPEHHEH CTOPOHBI
[IPE/IIJIEThbs B IIPOIIECCE MOCTONHOTO yIAJEHNS IOBEPXHOCTHDBIX CJI0EB SMUIEPMUCA C UCIOIb30BAHIEM
TEXHOJIOIUN KOXKHBIX OTPBIBOB, & TaKKe KOXKH C HHIYIIUPOBAHHON YJILTPA(UOIETOBBIM 00JIyIeHHEM
SPUTEMOI, KOJIMIECTBEHHASI OIEHKA CTEIEeHH MIPOSB/ICHNST KOTOPOi IIPOBOIMIACH C IIOMOIIBIO SPUTEMA~
mesnannaoMerpa EMM-01 [42].

Ha puc. 4a npusesensl CIeKTpaJbHbIE DACIpPeie/ieHnsl CTEIeHH OCTaTodHol mosspusamun Pf ()
U3JIyIeHns], 0OPATHO PACCETHHOIO KOXKel ¢ IpuTeMoil pa3Hoii crenenu. Heobxomumo oTMeTHTH, ITO
CIIEKTPAJIbHBIE 3aBUCUMOCTH CTEIIeHH OCTATOYHON IOJISIPU3AIMI aHAJIOTMIHBI IPUBEAEHHBIM Ha puc. 46
criekTpaM 3P HEeKTUBHON ONITUIecKoil mIoTHoCTH [ KOXKI 1 OTParkKaioT PAaKT HAJIMINS B KOKHOM TKAHU
MeJlaHMHA (yBeJMYeHne CTelleHH MOJIsiPU3aIid B KOPOTKOBOJIHOBON O0JIACTH CIIEKTPa) U KpoBu (yBeJsu-
YeHMe CTEIeHHU TIOJISIPU3AIIN B CIIEKTPAJIbHBIX [OJIOCAX HOIJIONIEHNsI FeMOIVIOONHA). Y BeJINYeHne CTere-
HU 3PHUTEMBI, OTpaskalolee (pakT yBeJIUIEHUsI IOIVIOMIAIOIINX CBOMCTB KOXKHON TKaHU, 00YCIOBJIEHHOIO
BO3pacCTaHUEM KOHIIEHTPAIMH KPOBU B IMAIULISPHON AepMe, IPUBOAUT K YBEIUIEHUIO OCTATOTHON CTe-
[IEHU TIOJISIPU3AIUIY B II0JI0CAX IOTJIOMIEHHS reMoryiobnHa. Pucynok b mumoctpupyer 3pdeKT BIMTHIST
coJiep2KaHnusl KPOBU B KOXKHOI TKaHW Ha CTEIEHb OCTATOYHON ITOJSpU3allny, U3MEPEHHON Ha JIJIMHAX
BotH 545 m 575 M. Takum oOpasoM, U3MEpPEHUsT CIEKTPOB CTEIEHW OCTATOYHON MOISIPU3AIMH OTPa-
2KEHHOTO KOXKell M3/IydYeHUs JAl0T BO3MOXKHOCTb CEJIEKTUBHO OTC/IEXKUBATH U3MEHEHUE KOHIIEHTPAITUN
XpoMohOPOB B KOXKHOI TKaHU (B 4aCTHOCTH, MeMOITIOONHA.).

Heobxomnmo oTMeTuTh, 9TO CTEeHb OCTATOU-

HOI1 TIOJISTPU3AIUU Iy BCTBUTEJIbHA K U3MEHEHUSIM CO- 0,54 1 %
nepxkannsg xpomodopa B 30HIUPYEeMOl OMOTKaHU Pt ® 3d5um 8 ce
HE3ABUCUMO OT IPUYUHBI, BHI3BABIIEH TaKOe HU3Me- 0.50 | © ST5mm ;

HEHMEe. DTO WITIOCTPUPYET puc. 6a, T/ie TPUBEIEHDI s

CHEKTPBI CTENEHW OCTATOYHON MOJISIPU3AINU U3JTY- i L d ©

qeHNsI, OTPAKEHHOI'O KOXKeil C IpUTEMOI, TPUIEM 0,46 o

BO3HUKHOBEHUE SPUTEMBI SABJISAJIOCH CJI€JICTBUEM JIN- i

60 ysibTpadroseToOBOro 00 Ty IeHnsT KOKHOMN ITOBEPX- ° 4

HOCTH, JIUOO TOCJONHOIO YJIAJIeHUsI SIUIEPMUCA. 0,42 - .O o

PasnocTHbIe TOMSIPU3AITMOHHDBIE CIIEKTPBI TSI pac- - o

CMATPUBAEMBIX CIydaeB, MPUBEIEHHBIE HA puc. 66, 0,38 e
OTYETIIMBO ITOKA3bIBAIOT IIPUCYTCTBUE KPOBU BO BTO- 120 160 200 240 280 g

poM ciry4ae (Ha UPUBEEHHOM CHEKTDPE HPOABJIAIOT-  pye 5 3appcuMoCTh CTEEHH OCTATOYHOL OJIAPHU-

Csl TIOJIOCHI TIOTJIOMIEHUsT OKCUT'€HUPOBAHHON (DOPMBI  sarmm wsmywenmst, mirbdy3H0 OTPAIKEHIOrO KoKeit
remoryiobuna (uHbl BOJH 545 1 575 HM)), UTO $IB-  we0BeKa, OT MHIEKCA IPUTEMBI

JISIETCS CJIEJICTBUEM YMEHBIIIEHUS] TOJIIIUHBI SIIUIEP-
muca. Bojee Toro, xapakTep moBeieHNsT CIIEKTPOB B KOPOTKOBOJIHOBOW OOJIACTH YKA3BIBAET HA YMEHb-
IIEHUE COJIEPKAHUSl MeJIAaHUHA B CJIydae IOCIOMHOIO Y lajleHusl S1UIePMUCA.

B pasnocTHOM MOSIAPU3AIIMOHHOM CIIEKTPE HOPMAJILHONW KOXKU KPOBb HAIUJIISPHON JTEPMBI TTPaK-
THYIECKU HE IPOSBJISIETCS. Y MEHDLIIIEHHE TOJIIUHBI SMUIEPMUACA B PE3YJIbTATe €ro MOCJIORHOIO yIasie-
HUSI TPUBOAUT K TOMY, YTO 30HJUPYIOIIEe U3JIyYeHUe B 3HAUUTEIbHON CTEIEeHU COXPAHSET COCTOSHHUE
MOJIAPU3ANNANA B O0JIACTH HAITUIISPHON AEPMBbI, ITO IPOSIBJISIETCS B MOsIBJICHUU II0JIOC TIOTJIONIEHUS Ie-
MOIVIOOMHA B PA3HOCTHOM MOJISIPU3AIIMOHHOM crieKTpe (puc. 66).

[To nposiBieHNIO B pa3HOCTHOM TOISPU3AIMOHHOM CIIEKTPE II0JIOC MOTJIONIEHUST TeMOTJIOONHA MOXKHO
CYUTDH O TOJIIIAHE SMUACPMAIBLHOIO CJIOA KOXKH, a TOUHee, O TUIyOuHe 3ajeranms KPOBEHOCHBIX COCYI0B
B KokHOH TKanu. Ha puc. 66 mpuBeneHsl pa3HOCTHLIE TOJISIPU3AIIMOHHBIE CIIEKTPHI OTPAaXKEHUsT KOYXKU C
SIUIEPMICOM PA3HON TOJIIMHBL (TOJIMHA YIAJIEHHOIO CJI0sI SIUIEPMICA OlEHUBAJIACD
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Puc. 6 a. CruekTpbl cTemienn OCTATOYHON HOJISIPU3a-
nuu u3irydeHust, 1uddy3HO 0TPaKEHHOTO KOXKeil Je-
goseka (tun II no @urnnarpuky) ¢ spuTeMoil: Kpu-
Bag I coorBercTByeT I = 294, spurema BO3OyK-
JieHa yJIbTpadHUOIeTOBBIM 00/IydyeHneM, Kpupas 2 —
ET =299, spurema BO3HUKJIA B PE3yabTaTe IaCTUI-
HOTO yIAJICHUS SIHIEPMICa
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Puc.6 6. Vzmenenune pasHOCTHBIX MMOJSPUIAIITOH-
HBIX CIIEKTPOB KOXKH IIO Mepe IIOCJIOITHOrO yraJie-
HUST TOBEPXHOCTHBIX CJIOEB SMUJEepMICa: KpuBas 1 —
HOpMaJIbHAs KO¥XKa, 2 — TOJIMUHA YIAJEHHOTO CJIOS
40 mxmM; 3 — 50 MrM; 4 — 60 MM; & — 70 MKM

Puc.6 6. PasnocTHble mospu3annoHHbIE CIEKTPHI
n3iayderus, Tud@dY3HO OTPAKEHHOTO IPUTEMATO3-
noit koxkeit. Kpusast 1 coorBerctByer E1 = 294, spu-
TeMa BO30YKJIeHA YIHTPadUOJIETOBBIM 00Ty IeHUEM,
kpuBasg 2 — FEI = 299, spurema BO3HUKIIA B PE3YIb-
TaTe JYACTUIHOTO YIAJCHUS SIHUICPMUCA,

110 YUCJIY IIOCTEJI0BATEIbHBIX OTPBIBOB C TOJITAHON
OKOJIO 4 MKM).

C 1mespo KOJIMYEeCTBEHHOI'O AHAJIM3a BJIUSTHIS
TOJIIUHBI CJIOST SMUJIEPMUCA U UBMEHEHUH 00bEMHO-
o coJlep:KaHus KpPOBU B JlepMe Ha CTelleHb OCTa-
TOYHOW JIMHEHHON monsgpusauu uddy3HO OTpa-
JKEHHOTO CBeTa ObLa PacCMOTPEHA TEOPEeTHIECKAs
MOJIeJIb KOXKU KaK JIeNOJIApU3yIolieil ciydaiHo-
HEOJTHOPO/THOI CPeJibl, COCTOSIIEN U3 JBYX CJIOEB C
CYIIECTBEHHO Pa3/InYaloNUMUCA ONTHYECKUMU IIa-
pamerpavu. MakcumasibHas TOJIUAHA, IIEPBOrO
(BepxHero) ciosi L, MOJEIMPYIOIIEro SIuIEePMUC,
npuHdaTa paBHoit 100 MKM, B TO BpeMs KaK TOJIIIIHU-
Ha HUKEJIEXKAIIEro Cj10si (JepMbl) IIpe/IIoarajach
paBuoit 2 mM. [Ipennosaraioch, YTO 30HIUPOBAHIE
OCYTIECTBJIAETCS TTUPOKAM KOJIJTUMUPOBAHHBIM 1Ty 9-
KOM JIMHEHTHO IHOJIIpU30BAHHOI'O MOHOXPOMATHYEC-
KOI'0 CBETa C JJIMHON BOJIHBI, COOTBETCTBYIOIIEH O/I-
HOMY W3 MAaKCAMYMOB IOTJIONIEHUS T'€MOIVIOOUHA
KpoBu B Bujumoil obuactu (575 Hwm). B coorser-
CTBUU C JaHHBbIME pabor (28, 43, 44|, nis momesn-
POBaHUS HCHOJB30BAHBI CJIEAYIONIE 3HAYEHUS OIl-

TUYECKUX [apaMeTpOB CI0EB (Ko duimenTa MOIOMEeHust [i,, KodbduImenra paccesiHusi (g U apa-
MeTpa aHU30TPOINK PACCEesTHUS §): ugl) = 1,0 mm !, ,ugl) = 20,0 mu— !, g = 0,79; ug) = ,ug (1-—
— )+ ulf, M£2) =pud (1 —f)+pbf, rne pd u pd — onruueckne mapamerpsr 06eCKPOBICHHO JIEPMBI
(pd = 0,28 mm~ u pd = 21,5 MM~ ts uaEBL BostHBL 30mMpPYIONTero u3tydenns 575 M), u u pd —
aHAJIOTUYHbIE HapaMeTphl JJI KPOBHU (,u'aD =028 vm~ ! 1 NE =215 MM’l). st IepBOTO CJ10sT 00B-
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éMHOe cojlep:KaHue KPOBH [ IOJIarajioch PaBHBIM HYJIIO, B TO BpeMsl KakK KO3(D@UIMEHTHI TOTJIOIIEHNUSI
U paccesHusI BTOPOIO CJIOZ IIPEIIIOIaraJiCh JTHHEHHO 3aBUCIIIUME OT OOBEMHOIO COIIEpKaHUsT KPOBHU
B JiepMe. Bprauciienne crernenu OCTaTOIHON JTNHEHHON mosisipu3arun 1uddy3HO OTParKEHHOTO 30HIUDY-
IOIIEro M3JLyYeHrsi OCYIIECTBISIOCh C UCIIOIb30BAHUEM BbIPDayKeHUsI (2) ¢ 9KCIIOHEHIMABHBIM SIJIPOM,
[IpU 9TOM JJIMHA Jenoysgpu3anun {1, mMoJarajach paBHON TPAHCIOPTHON JjInHE JJisi 30HAMPYEMOI pac-
cenBaroIIeil cpejibl (Kak B Clydae PACCeMBAIOIIMX CUCTEM, XapAKTEPU3YeMbIX PEXKUMOM paccesiaust Mu
[36]). Pacnpenenennst mioTHOCTH BEPOSITHOCTH p(s) OITUYECKUX IIyTell ITapluaJIbHBIX COCTABJIAIONINX
PaCCEHHOIO II0JIsA JJIs 33 JaHHBIX YCIOBHI OCBEIEHUsI 30HINPYEMOI Cpelbl M JeTeKTUPOBAHUS JIH(D-
dY3HO OTPaAKEHHOTO WM3/IyUEHHS [PU PASJIUIHBIX 3HATEHUSX TOJIIUHBLI [IEPBOIO CJIOS U OOBHEMHOIO
comepzKaHnd KPOBU B HU2KEJIEXKalIlleM CJIOe€ T'€eHEepHUPOBaJINCh HyTéM CTATUCTUICCKOI'O MOJCJINPOBAHNSA
IepeHoca U3JIydeHus B MOJIEJbHOM cpejie ¢ ucnojib3opanueM Merosa Moute-Kapio. B xone craTtucTu-
9IEeCKOTO0 MOJe/JIMPOBaHUsA YYITEHbI KOHKPETHDLIE OCO6€HHOCTI/I BBO/Ia 3O0HMPYIOIIEro M3JIydY€HUd U JIe-
TEKTUPOBAHUSA PACCEAHHOI'O M3JIyYeHUsdA, COOTBETCTBYIOIINE YyCJIOBUAM HPOBEJIEHUA OIMCAHHOI'O BbIIIE
CIEKTPAJIbHO-TIOJISIPU3AIMOHHOTO IKCIIEPUMEHTA.

Ha puc. 7 npejacTaBJI€Hbl TECOPETUYIECKNE 3aBUCH-

0,%6 r MOCTU CTEIIeHU OCTATOYHOM JIMHENHON oI pu3anuu
Pyt JubPy3HO OTPAKEHHOTO UBJIYUEHHUST OT TOJIIUHBI
0,32 . CJI0ST SMUIEPMECA U OOBEMHOTO COJAEPKAHUSA KPOBU
B JiepMe Jjisi pa3paboTanHoil moxean koxku. [lomy-

0,28 YeHHbIe 3HAUYEHUs CTelleHU OCTATOYHON HOoIApu3a-
UM I BBIOPAHHBIX B XOJE MOJEIUPOBAHUS WH-

0,24 TepBAJIOB U3MEeHEHUsi HapamMeTpoB mozen L u f, co-
OTBETCTBYIOIINX BO3MOXKHBIM 3HAYEHUAM PeaJIbHBIX

0,20 Mopdostorndeckux u PyHKIUOHATBHBIX XapaKTEePHU-
| CTUK KOXKH 4eJIOBEeKa (TOJIIIHA SMHUIEPMUCA U CPE/I-

0.16 o Hee 00BEMHOE COJIEPYKAHIE KPDOBU B JIEPMe) COOTBET-
’ . . . . . . . . . CTBYIOT 3HaYeHUSM P , Oy Y€HHBIM B 9KCIIEPUMEH-

0,00 0,01 0,02 0,03 0,04 f Tax ¢ in vivo KoxKell yesioBeKa, IoJIBepriieiics Mmexa-

HITIECKOM AJICHUIO SMUAEPMUCA WM €ro Jia3ep-
Puc. 7. Teoperndeckne 3aBUCUMOCTH CTEIEHU OCTa- Y YA AP p

TOYHOU ToJsgpu3anuu Juddy3HO OTPAKEHHOTO U3-
JIy9eHHs OT OOBEMHOTO COIEPXKAHUA KpoBH B gepme O TOM, 9TO HECMOTDP:A Ha IPOCTOTY, pazpaboTanHas
f m TommuHbI cmos smmaepmuca L: KpuBast I coor- TEOPETMYIECKas MOAEJb JOCTATOYHO aJIeKBATHO OIIN-
BercrByer L = 100 MM, 2 — L = 60 mrM, 3 — cbIiBaeT HabJIIOfaeMble B 9KCIEPUMEHTE U3MEHEHUsI

HOli abusiuu [45]. D10 103BOJISIET ClIeIaTh BBIBOJL,

L =20 mxm MOpGODYHKITNMOHAJIBHOTO COCTOSHUS i Vivo KOXKH

YEJIOBEKA U TIO9TOMY MOXKET OBITh HPUMEHEHA JIJIsi
KOJIMIECTBEHHON HHTEPIIPETAIUN Pe3yJIbTaTOB CIIEKTPAIbHO-IIONSIPU3AINOHHON guarnoctuku. Cremry-
€T OTMEeTHTb, YTO Fj KakK JMarHOCTHYECKHil ITapaMeTp XapaKTepu3yeTcs CyIIeCTBEHHO 0ojiee BBICOKOI
9yBCTBUTELHOCTHIO K M3MEHEHUSIM OO BEMHOIO COMEPXKAHMS KPOBU B JepMe, YeM K M3MEHEHHUSM TOJI-
IUHBI STUAepMuca. B To 2Ke BpeMsi aHaJM3 Pe3yJIbTaTOB MOJEIUPOBAHUS U JAHHBIX, HOJIYJIEHHBIX
B 9KCIIEPUMEHTAX C MOJIE/JbHBIMUA PACCEUBAIOIIMMEI CPEJaMU U in Vivo KOXKeil dejioBeKa B IIPOIECCe
[TOCJIONHOTO MEXaHUIECKOr0 YAAJIEHHUS SIUJIEPMUCA, TOKA3BIBAECT, UYTO HU3MEPsEMbIe B I10J0CAX ITOIJIO-
eHnsI TeMoriobrHa 3HadeHnst A R XapakTepu3yoTcst JOCTATOYHO BBICOKOH UyBCTBUTEIBLHOCTHIO K U3~
MEHEHUSIM TOJIIUHBI BEPXHEr0, HE COIEPXKAIIEr0 reMOrI00nHa CI0sd TKaHu. Takum 00pa3oM, METOIIKA
JIMarHOCTUKU MOP(MOJIOrTIecKoro u (pyHKIIMOHAJIBLHOIO COCTOSIHUST KOYXKHU YEJIOBEKA B IIPOIIECCE Jia3ep-
HOIi ab/IaAIuy SIuAepMuca MOXKeT OBITh HocTpoeHa Ha m3Mepennsx Pf m AR B mosocax NOTJIONIeHIs
reMOrJIOONMHA W BHE TI0JI0C CEJIEKTHBHOIO MOIVIONIEHUsT (M3MepeHNsi BHE TI0JI0C TIOMJIOIIEHNsI MOI'YT ObITh
HCIIOJIB30BAHbl B KAUECTBE KAJIUOPOBOUHBIX).

. A. Bumnaros, FO. II. Cunuvukun, B. B. Tyuun 967
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Puc.8. M3menenne KoHTpacTa IOJOC MOTJIOMICHUS Puc.9. Cxema skcmepuMeHTATBHON YCTAHOBKU JIJIst
remoryiobnaa V' B PA3HOCTHBIX IIOJISPU3AITNOHHBIX MTOJIAPU3AIMOHHON BU3YAJIU3AINH in Vivo OnoTKaHei:
CIIEKTPAX KOXKU YEJIOBEKA B 3aBUCUMOCTHU OT TOJIIIHU- 1 — oOBbeKT ucciieIoBaHust, 2 U 4 — IMOJIAPU3AIUOH-
Hbl AL yIaJIEHHOTO CJIOs SIIUIEPMUCA Hble (DUIBTPBI, § — UCTOYHUKU CBETA, § — BUJIEOKA-

Mepa, 6 — IepCOHAJIbHBIN KOMIIBIOTED

B kadecTBe KOMMYECTBEHHON XapaKTEPUCTUKH TOJIIUHBI SIHIepMUca (IVIyOUHBI 3aJeranns KpoBe-
HOCHBIX COCYZIOB) BO3MOKHO HCHOJIb30BaHKE apaMerpa V, KOTODBIH MOKA3bIBAET KOHTPACT IPOSIBJIE-
HUS TTOJIOC TOTJIONIEHNS IeMOIVIOONHA B PA3HOCTHOM CIIEKTPE:

ARgs0 — ARsy5

-‘7. p—
ARg50 + ARs45

(7a)
nJjimn
7 ARgs0 — ARs575
ARgs0 + ARs75
B COOTHOIIIEHUAX (7) MHIEKChI 0603HaanOT JJIMHBI BOJIH (B HaHOMeTan), COOTBETCTBYIOIIHE I10JI0OCaM

norviomenust okeuremoryiobuna (545 u 575 HM), u 06Js1acTH, TJIe TOMIOIIEHIe NFeMOIIOONHA MaJIo (JJInHA
BostHbl 650 HM).

(76)

Pucynok 8 miamocrpupyer m3mMeHeHHnE KOHTPACTa IIOJIOC MTOIVIOMIEHUsI TeMOIJIOONHA B PAa3HOCTHOM
MMOJIIPU3AIMOHHOM CIIEKTPE ¢ YMEHBIIIEHNEM TOJIIUHBI SIMUIEPMUCA.

2.2. Ilonsipu3annoHHas BU3yajn3alud OMoTKaHe

OrMmeueHnHble 0COOEHHOCTU (POPMHUPOBAHKS IIOJISIPUSAIIMOHHBIX XaPaKTEPUCTHK 0OPATHO PACCESTHHO-
0 U3JIy4YeHUs C UCXOLHOU JIMHEHHON IIOJIpU3allieil II03BOJIAI0T OCYIIECTBUTL BU3YaJIU3aIUI0 PacCeu-
BAIOIIMX CPeJ, B TOM YHC/Ie 1 OMOTKAHEH, IIyTEM aHaIM3a IIPOCTPAHCTBEHHBIX paCIpele/eHuil IOoIsIpu-
3aIMOHHBIX XAPAKTEPUCTUK (MHTEHCHBHOCTEH KO- U KPOCC-IIOJISIPU30BAHHBIX COCTABJISIIONINX M CTEIIEHH
OCTATOYHOI MoJsipu3aIyu) o6paTHO PACCESIHHOTO u3JiydeHns. HeCOMHEHHBIM sIBJISIETCS MEPCIIEKTHB-
HOCTD HCITOJIb30BAHUS METO/Ia MOJIAPU3AINOHHON BU3YaIU3AIIHI, KOTJA JIJIsI OIEHKNA ITPOCTPAHCTBEHHO-
r'0 pacrpee/ieHnst XpoMoOPHOro cocTaBa OOTKaHu (HGOPMUPYETCs M300pakeHne 00beKTa, I/e B Ka-
9ecTBe IapaMeTPOB BU3YAJIU3AINK UCIIOIL3YIOTCs OIS PU3AIIMOHHbIE XapaKTePUCTUKI 0OpaTHO pacce-
STHHOTO WM3JTyYEHUS.

OfHUM M3 IPENMYIIECTB JaHHOIO METOa SABJISIETCS IPOCTOTa €r0 TEXHUIECKOH peasim3allun, pu-
Mep KOTOpoit mpuBenéH Ha puc. 9. MonoxpoMubie n300pazkeHusi KOYKHOHN TOBEPXHOCTH PETUCTPUPYIOTCS
¢ nomornpio Bugeocucrembl VS-CTT-60-075 (npoussogurens — npeanpusitue «Buneockany, Poccust).

968 . A. Bumnaxos, 0. 1. Cunuvwkun, B. B. Tyuun
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a)

Puc. 10. TlonstpusalinonHble n306parkeHusl TIOPAXKEHHOTO 0XKOT'OM yIACTKa MOBEPXHOCTH KOXKU: (@) — pe-
PECTPAIUsl KO-IIOJIAPU30BAHHOM cocraBisioneii 1uddy3Ho 0TparKEHHOro usiydenus, (6) — perucTparus
KPOCC-HOJIIPU30BAHHON COCTABJISIONIEH, (6) — n300pakeHne, BOCCTAHOBJIEHHOE ¢ UCIIOJIb30BAHUEM CTelle-
HU OCTATOYHOW Tosisipu3ariui Juddy3HO OTPayKEHHOTO CBeTa KaK HapaMeTpa BU3ya Ir3aliin

C 1e/IbI0 TOIyYeHUsl PABHOMEPHON OCBEIEHHOCTH H3yYaeMOro OObeKTa [ W WCKJIFOUEHUsT BJIUASIHUS
3epPKaJIbHOr0 KOMIIOHEHTa B KAYECTBE MCTOUHUKA OCBEINEeHUs 3 HUCIOIL30BAJIACH YETLIPE IajIOreHOBLIE
JramMibl MOIHOCTBIO 50 BT Kaxkiasi, npu 3TOM H3JIydeHHe KaxKJIOH M3 HUX HAIIPABJISIIOCH IOJ YIVIOM
0K0J10 30° OTHOCUTEIBHO HOpMAaJIH K 00beKTY. Ilepes mCTOUHUKaMU OCBEIeHUsI YCTAHABIUBAJINCH UIEH-
TUYHO OPMEHTUPOBAHHLIE LOJISIPU3alUOHHbIe PUILTPLL 2, a IIepell BUIeOKAMEPOl yCTaHABINBAETCS 1I0-
JISIPUBAIMOHHBIN (PUIBTP-aHAJIU3ATOD 4 C BO3MOYXKHOCTBIO M3MEHEHUsI er0 OPUEHTAIIMA OTHOCUTE/HHO
HOJIAPU3ALUY 30HIUPYIOIIEro CBETA.

Nz06pakeHne KOyKHOI ITOBEPXHOCTH, I/l TapaMeTPOM BU3YAJIM3AINE SIBJISETCsI CTEIIeHb OCTATOTHOMI
nosgpuzanuu 1@ y3HO OTParKEHHOr0 KOXKel JIMHEHHO IOJISPU30BAHHOIO CBETa, II03BOJISET OLEHUTh
IIPOCTPAHCTBEHHOE PACIpPEIe/IeHIe B KOXKe Pa3InIHbIX XpoModopoB. 3obpaskeHnne oObeKkTa B IIKaJIE
3HAUEHHIl CTEIeHM OCTATOYHON Iojgpu3anuy P B CIeKTpaJbHOM HHTEpBaJle, COOTBETCTBYIOIIEM II0-
[JIOIIIEHUIO OIIPEEJIEHHBIX XPOMOMOPOB OMOTKAHU, ITO3BOJISIET JIOKAJU30BATh ODJIACTH ITOBBIIIEHHOTO
colepxKaHus XpoModopa, COOTBETCTBYIOMUE (pparMenTaM U300parkKeHusl ¢ HOBBIIIEHHON APKOCTDIO.

Ha puc. 10 npecraBieHbl MOHOXPOMHBIE M300parKeHUsI KOXKHOIM TTOBEPXHOCTH € OXKOTOM, IIOJIyIeH-
HbIE B CIIEKTPAJIbHOII 06JIACTH TOIJIOIEeHHsI reMOoryIobuHa (B 9TOM cilydae Iepes 00beKTUBOM BUIIEO-
KaMepbl yCTAHABJINBAETCsI MHTEPMOEPEHIINOHHbBI CBeTOGUILTD ¢ JUIMHON BOMHBI OKOJI0 550 HM) 1pH
napaJsuiesibHo (puc. 10a) u oproronasnbho (puc. 106) OpueHTHPOBAHHBIX TIOJISPU3ATOPAX, & TAKXKe U300~
paKeHue, Tjie ITapaMeTPOM BU3YAJIM3AIMN SIBJISIeTCs CTelleHb 0CTaTOuHOM nossipusarmu (puc. 106). Coie-
JlyeT OTMETHUTb, YTO B HOCJIE/IHEM CIIydae KOHTpacT u3obpazkenus (npubsmsuresnsro 0,49) 3sHaunTebHO
[PEBBIIIAET KOHTPACT MOHOXPOMHBIX u306pazkenuii (0,08-+-0,13), 9To mo3Bosisier ¢liesiarh BBIBOJL O JIO-
CcTaTOIHON 3(PHEKTUBHOCTA JTAHHOTO METOJA BUIYaJUBAIIH.

2.3. HOJ’IﬂpI/ISaI_H/IOHHaﬂ oTpaxXKaTeJibHad CIIEKTPOCKOIINA C UCIIOJIb30BaHUEM YYaCTUYIHO
KOT'€pEeHTHOIro n3Jjiy4YeHusd

OnuH U3 BO3MOXKHBIX IOJIXOJIOB K CIEKTPAJBHO-TIOSIPH3AIMOHHON NUATrHOCTUKE W BU3Yya U3aIlun
CITy9aiiHO-HEOJHOPOIHBIX CpeJ] OCHOBAH Ha NPUMEHEHWH B KavdeCcTBe 30HIUPYIONIEro U3JIyUeHUs dva-
CTUYHO KOTE€PEHTHOTO CBETa C IEPECTPAWBAEMON JITMHON KOTEPEHTHOCTH W aHAJIU3€e 3aBUCUMOCTEN
[OJIAPU3AINOHHO- 1Y BCTBUTEIbHBIX CTATHCTUIECKUX MOMEHTOB IPOCTPAHCTBEHHBIX (IYKTYAIUil WH-
TEHCUBHOCTHU PACCESHHOI'O CBETa OT JJIMHBI KOTEPEHTHOCTU. B KadecTBe JMATHOCTUIECKOTO MapaMeTrpa
B JAHHOM CJIy4ae MOKeT OBbITh HCIOJIb30BAHO 3HAYEHUE IIOJISIPU3AIMOHHO-IYBCTBUTEIHLHOIO KOHTPA-
CTa CIEKJI-MO/IyTUPOBAHHBIX M300paKeHUl IMTOBEPXHOCTH 30HINPYEMOr0 00beKTa, (POPMUPYEMBIX B pe-

. A. Bumnaxos, FO. 1. Cunuuxun, B. B. Tywun 969
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Puc.11. Cxema yCTaHOBKH [UIsi IIOJISIDU3AIMOHHONW OTPaXKaTeJbHOW CIEKTPOCKOINK  CJIydYaifHO-
HEOHOPO/IHBIX CPEJT C UCIIOIb30BAHIEM 30HIUPYIONIETO YACTUIHO KOT€PEHTHOTO MOJIPU30BAHHOTO U3JTY-
YeHUs ¢ IepecTPpanBaeMOi JIUIMHOM KOT€PEHTHOCTH: I — MCTOYHHUK MUTAHUS ITOTyITPOBOTHUKOBOTO JIa3epa
C PEryJIupyeMbIM TOKOM HAKAYKH, 2 — IIOJYIIPOBOJIHUKOBBII J1a3ep, & — KOJLUIMMATOD (pPaclIupuTe/h Iy Y-
K& 30H/IUPYIOIIEro N3JIYIeHNs]), 4 — CBETONEJNUTENb, 5 — ONTUIECKUI KIUH (PeryanpyeMblii aTTEeHI0ATOD ),
6 u 8 — nosIpu3aIMoOHHbIE (PUIBTPBI, 7 — uccieayemsiii obpasen, 9 — I13C-kamepa, 10 u 12 — JiuH3HI,
11 — cBeTOBOMHBIHN KIyT, 13 — creKTpodoToMeTp, 14 — MEPCOHAIBHBIN KOMITBIOTED

3yJIbTaTE €r'0 OCBEIEHUs IMIUPOKUM KOJJIMMUPOBAHHBIM IIyYKOM JIMHEWHO IOJISIPH30BAHHOTO YACTUIHO
KOTE€PEHTHOT'O CBeTa. 1eopeTnydecKkuii aHau3 mporecca (POPMUPOBAHUS CIIEK/I-MOLYJIMPOBAHHBIX N300~
PasKeHU#l B YCIOBUSX IOJSPUAIMOHHON JTUCKPUMUHAIMU JTETEKTUPYEMOTO PACCESTHHOI'O W3JIYUYEHUS
IIyTEM BBIJIEJIEHUS KO-TIOJITPU30BAHHON M KPOCC-TIOJITPU30BAHHON COCTABJIAIONINX IIPUBOJIUT K CJIEIYIO-
IIIEMY BBIPAYKEHUIO JJIT KOHTPACTA KO-TIO/ISIPU30BAHHBIX UJIN KPOCC-IIOJIAPU30BAHHBIX CIIEKJIOB:

0o 1/2
IH B L@ 2
. = VA ; § )?) _ // 19(AS) pu(s + As) pe(s)d(As)ds | (8)
" 0
rjie MHJEKC K npuHuMaeT 3uadenns || wim L, |g(As)| — Momysas GyHKIUE KOrepeHTHOCTH MCTOTHHUKA

SOH/IUPYIOIIErO U3JLy UeHUsd, P|| (s) u p1(s) — dyHKIUM IIOTHOCTU BEPOSITHOCTU 3HAYEHUIT ONTUIECKUX
ImyTell apiuaabHbIX BOJH, (POPMUPYIONIUX KO-TIOJISIPU30BAHHYIO U KPOCC-TIOJSIPU30BAHHYIO COCTABJIS-
IOIIKe JEeTeKTUPYEMOr0 PACCesTHHOIO M3/IydeHus. Paciupeaesenus mIOTHOCTH BEPOSITHOCTHA OIMTUIECKUAX
myTeit pH(s) u p)(s) MOryT OBITH TIOJMYYEHBI IyTEM HaXOxKieHusi (byHKIMU ['prHA HECTAIMOHAPHOIO
CKQJITPHOTO YpaBHEHUS TEPEHOCA M3JIyUeHUsT B 30HIUPYEMOU cpejie ¢ €€ TOCIeMyIoNell HOpMaTu3aIii-
eil SKCIIOHEHIINAJILHO 3aTyXAIOMUMHA BECOBBIMU (DPYHKIUAMU. TakKe «CKaJisipHAsi» IJIOTHOCTH BEPOSIT-
HOCTH ONTHUYECKHX ITyTeill MOKeT OBbITh IOJIydYeHa IIyTEM CTATUCTHIECKOI'O MOISTUPOBAHUS IIEPEHOCA
U3JIy9eHnus B PaccemBalonieil cpese Ha ocHoBe meToma Monte-Kapiio.

OpauM u3 Hambosiee yI00HBIX CIIOCOOOB MOJIYUYeHMsT 30HIUPYIOIIEr0 CBETOBOIO IIyYKa C MEpPecTpa-
WBaEeMON JIJTMHON KOT€PEHTHOCTHU SIBJISETCS MCIIOJIb30BAHUE IOTyITPOBOJHIUKOBBIX JIA3EPOB C TOKOM Ha-
Ka4KM, PEryJinpyeMbiM BOJM3U 1mopora reHeparuu. Cxema 3KCIEPUMEHTAJIBHON YCTAHOBKH, HCIIOJIb-
3yeMOi Il CHEKTPAJIbHO-TIOISTPU3AIMOHHON JTUArHOCTUKN MHOTOKPATHO PACCEMBAIONINX CJIYYaifHO-
HEOJTHOPOJIHBIX CPeJl, BK/IoUasi ONOTKaHM, MpuBesicHa Ha puc. 11. B kadecTBe nCTOYHUKA 30HIUPYIONIETO

970 . A. Bumnaxos, 0. 1. Cunuvwkun, B. B. Tyuun



Tom XLVII, M 10-11 Hszeecmuasa sysos. Paduogusura 2004

I(\), OTH. e1. l9(As/e)l
1,0 | o) 1,0 5
03 | 08 [y ----- exp[-(As/c)/(1,42:1077)]
06 F 06 [
q
04 b 04 F
I S
02 02t
070 L L L 1 h 1 AN 070 n QCIAE\@Q@“‘UQ" Qoancnneadncnnnnnnreenon. 1
651,0 651,5 652,0 652,5 0,5 15

A, HM 1’OAs/c, nc

Puc. 12. (a) MosioBasi cTpyKTypa U3JIydeHHsl HCIIOIB3YEMOTO IOy IIPOBOJIHUKOBOTO JIa3epa BOIU3HU [0pora
rerepanun (Tok Hakadku 12,3 MA). (6) ITuk KOrepeHTHOCTH 30HUPYIOIIEro U3JIyYeHHsI BO BPEMEHHOI
obJacTu, oIy YeHHbIH B pe3ysbraTe Dypbe-peobpasoBaHust OrubaroIieil ClieKTpa U3y IeHus (KPy>KKH );

[YHKTHPOM IIOKA3aHA AlllIPOKCUMUPYIONIAs YKCIIOHEHIMAbHAS 3aBUCUMOCTD (TOK Hakadku 9,8 MA); ¢ —
CKOPOCTH CBETa B BaKyyMe

uzyuenus ucrnonb3osad GaAlAs-yazep ¢ aymHO BOSHBI reHeparuy BOm3n 650 HM, CIIEKTD U3JTy Y€HUSsT
KOTOPOI'0 HUZKE MOPOTa T'eHePaINy MMeeT BBIPAXKEHHYIO MOIOBYIO CTPYKTYDPY, & ITHPUHA OTruOaroIiei
CIEKTPa CYyIIECTBEHHBIM 00OpPa30M 3aBUCUT OT TOKA HAKAYKHU. B JaHHOM cilydae (PyHKIUS KOTE€PEHT-
HOCTH | 30HAMPYIONIEro M3JIydYeHusI NMeeT OCIIINPYIOmuil xapakrep (puc. 12a), a mupuHa Kazk10ro
[IIKa, KOT€PEHTHOCTU BO BpeMeHHOH 00JiIacTh 0OpaTHO MPONOPIIMOHAJIbHA MIUPUHE OIMOAONIEN CIIeK-
Tpa KorepertHocTu (puc. 126). KoHTposb ClIeKTpaIbHBIX XapaKTePUCTHK 30HUPYIONIEro U3JlyYeHus
OCYIIIECTBJISLJICA C HUCIOJb30BAHUEM KOMIILIOTEPU3NPOBAHHOIO CIEKTPAJLHOTO KOMILIEKCA Ha OCHOBE
MojiepHu3upoBanHoro crekrpodoromerpa Tuia KCBY (KoMIuleke crieKTpaJsibHbIi BbIYUCIUTENbHbIIH
yHuBepcasbhblii, mpoussogcrso JIOMO, Poccust).

JlJ1st MCTIOIB3yeMOro IOIY IIPOBOIHUKOBOTO JIa3€Pa BOZMOXKHO OCYIIECTBJISATH KOHTPOJIUPYEMOE M3-
MeHeHMe JUIMHBI KOPePEHTHOCTU U3JIyUYeHUsl B nuanasone or 25 HM (Tok Hakadku 9,6 MA; ClOHTAHHbII
PEXKUM U3JIydeHust BJajm or nopora rerepanun) j10 700 M (Tok Hakauku 13,1 MA; uziydenue B6M31
nopora rexepanun). JlajbHeilee yBemaeHne TOKa HAKAIKH IPUBOIUT K PE3KOMY CYKEHHIO OrnOaro-
el CmeKTpa ¢ MOCJEIYIONINM IIePEeX0/IOM Jia3epa B OIHOMOJIOBLI PEXKMM TeHepallud, IIPU ITOM H3-
MEpEeHHe IMUPUHBI CIIEKTPA M, COOTBETCTBEHHO, HAXOXKJ/ICHWUE JJINHBI KOT€PEHTHOCTU II0 HMCIIOIb3yeMOii
METOJ/IMKE HEBO3MOXKHO BCJIEJICTBUE HEJIOCTATOYHON pas3perniamolieil criocobHOCTH CeKTPOOoTOMEeTpA.

CrexJI-MOLy TUPOBaHHbIE N300PaYKEeHUsI OCBEIAEMbIX YIACTKOB MIOBEPXHOCTU 30HIUPYEMBIX O0beK-
TOB peructTpupoBaymch ¢ nomoripio 113C-kamepst B quddys3Ho orpaxkénnom ceere. lossipuzannonnas
dburbTpanus JeTeEKTHPYEMOro U3y YeHus (BbIIeIeHIe KO-IOISIPU30BAHHON HJIH KPOCC-TIOJISIPH30BAHHOI
COCTABJIAIONINX ) OCYIIECTBIISIACH C HOMOIIBIO BPAIAEMOr0 BPYUHYIO HOJISIPU3ATOPA, YCTAHOBJIEHHOIO
HEITOCPEICTBEHHO Iepei OObEKTUBOM KaMepbl. B yCTaHOBKE MCIIOIB30BAHA COMPSZKEHHAS C KOMIIHIO-
repoM Monoxpomuast 113C-kamepa tuna VS-CTT-075-60 ¢ obbekrusom «Nikon-LMZ13A5M». [erek-
TupoBanue Muddy3HO OTPAKEHHOTO UBJIYyUeHHsT OCYIIECTBIISIIOCH 1O/, YIVIOM npubsm3nTesibHo 20° mo
OTHOIIIEHUIO K HOPMAJIM K IIOBEPXHOCTU HCCIEIyeMOro obpasiia M, COOTBETCTBEHHO, K OCU KOJLJIUMUPO-
BaHHOTI'O 30H/IUPYIOIIETO Yy YKA. JTO JIEJIAJIOCH C TEeJIBI0 UCKIIOUEHIS BJIUSHIS 3€PKAJILHOTO OTPAXKEHU ST
OT TTOBEPXHOCTH ¥ 3D PEKTa KOrePeHTHOI0 00PATHOIO paCCesTHus Ha PE3YJIbTATHI M3MEPEHUs KOHTPACTA.

Onrumanbable yaiaoBud perucTrpanuyd CIEKJI-MOAYJINPOBaHHBIX I/I306pa)KeHI/Ii71 OIIpEJICJIAINCE CIIe1Y IO~
OIMMHN KPUTEPUAMU:
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1) cpenumii pasMep CIIEKJIOB B IIJIOCKOCTH N300pakKeHMsi He MeHee deM B 3-+-4 pasa JI0zKeH [IPEBbI-
marh pasMep (HOTOUYBCTBUTENBHBIX 371eMeHTOB [13C-kaMephr;

2) obsracTh M300parKeHNsT TOBEPXHOCTH 00BHEKTA, UCIOIb3yeMast JIJIs aHAIN3a, JOJKHA COIEPIKATD
He MeHee 4050 CIIeKI0B;

3) cpe/iHsist ”HTEHCUBHOCTD PEMMCTPUPYEMOrO H300parKeHusT JOJIKHA TIPUOIU3UTEIHHO COOTBETCTBO-
BaTh cepennne pabodero nuanasona I13C-kamepsr (400600 equnur npu ucnonb3oBanun 10-6urHOrO
PeKIMa aHAJIOrO-IUdPOBOro MpeobpasoBaTess KaMephl).

B skcmepumMenTe onTuMasbHBIE YCIOBUSI PECUCTPAIMM JIOCTUTAINCH MTyTEM IuadparMiupOBaHUsT
obbeKTHBa KaMmepbl 10 3HadeHuil nopsaka f/12+f/16, rne f — dokycHoe paccrosinne 0ObeKTHBA;
BBIOOD ONTUMAJIBHBIX 3HAYEHUH SIPKOCTH PETMCTPUPYEMBIX U300pasKeHuil P N3MEHEHNH TOKA HAKAY-
KU1 OCyHIeCTBJIAJICHA HyTéM N3MEHEHNd BpEeMEHN HAaKOIIJICHU A HSC—K&I\JGPI}I 1 USMEHEHU A NMHTEHCUBHOCTN
B0HUPYIONIETO TMYYKa C MOMOIIBIO ONTUYECKOTO KJIUHA C JTMHEHHO U3MEHSIIONIEeNCcs OMTUIeCKOH TIoT-
HOCTBIO.

st wcrosib3yeMoro Jjiazepa MeKMOJIOBBI uHTepBaa AN, paeH npubiausureabao 0,18 HM, UTO
NAéT IpH CpejHell JUIMHe BOJIHBI M3JIydeHus \ A 650 HM [epHOJ OCIMLIANMI B IPOCTPAHCTBEHHOIL
obmacta A ~ A\2/ANy ~ 2,36 MM Il CBOGOHOTO TIPOCTPAHCTBA. AHAJNS MOMYYeHHbIX OTHOAIONIHX
CIIEKTDPa IIPU Pa3J/IMYHbIX 3HAYEHUAX TOKa Hakadku I, nokasas, 4ro npu 9 MA < I, < 15 MA momym
YHKINI KOrepeHTHOCTH MCTOYHUKA, BOCCTAHABIMBAEMbBIE C UCIIOIB30BAHUEM (DYpPbe-IIPpeodbpa30BaHUsI
orubaromux crekTpa, B uareppasie 0 < As < A ¢ npuemieMoii TOYHOCTBHIO JIOMYCKAIOT SKCIIOHEHITHA b
HyIo anmpokcumanuio (puc. 126). lus «oxHocToponHeit» dyHKIumn KorepeHTHOCTH ncTodHuKa g(As),
OTIpEJIENISIEMON TOJIHKO JIJIsT HEOTPUIIATEIBHBIX PA3HOCTEH ONTHIECKUX MyTel MapluaJbHBIX COCTABIIS-
IONUX B pacceusaroleil cpejie, JUIMHA KONEPEHTHOCTH [q, COOTBETCTBYIOMIas yMeHbinenuo |g(As)| or
eJIMHUYHOIO 3HAYEHMUsI JI0 YPOBHsI 1/e, CBsI3aHA C MOJIYIIMPHHOM OrubatoIell crieKTpa u3J1y deHust Ao s
creyromuM cootromenneM: . & v/3 A2/(m AXg 5).

C yuéroM OCIUIIUPYIOIIEr0 XapaKTepa CIEKTpa ObLIO IPEIJIOXKEHO CIEIYIOIIee AlMPOKCUMUPYIO-
Imee BbIPayKeHUe JJIsi MOJLYJist (DYHKIIUH KOT€PEHTHOCTH:

|9(A8)|as>0 = D Ciexp(—|As —iA|/l), (9)
=0

rje Habop BecoBbix Koadhduimenros {C;} onpeesiercsi ClieKTPAJILHON MUPUHON HPOIOIBHON MOJIbI
JlazepHoro maiaydenusi. [IocKoJIbKy cHeKTpajbHasl IMUPUHA IPOIOJILHON MOJBI CYIIECTBEHHO MEHBIIIEe
MEXKMOJIOBOTO MHTEPBAJIA, & UCCIeyeMble B pexKuMe M @y3HOr0 OTpaskeHust 06pas3Iibl PACCEMBAIOIIIX
cpel, XapaKTepU3yIoTCs MHTePBAJaMi BO3MOXKHBIX 3HadYeHnl AS, IepeKpbIBAeMbIMI BCEI'O HECKOJIbLKU-
MU [IePHOJIAMU OCIMILIAIMI (DYyHKIME KOPePEeHTHOCTH MCTOYHKMKA (KaK IIpaBHJIO, He Oosee 3-+5), Jyis
COIIOCTABJICHUST SKCIIEPUMEHTAIBHBIX JAHHBIX C PE3yJIbTaTaMI TEOPETUIECKOro aHam3a Bbipazkenue (9)
ObLI0 Tpeobpa30BaHo K cieayromeil hopme:

M<Asmax/A

g(As)| = > Ciexp(—|As —iAl/l), (9)
i=0

ryie M — 49uciio MUKOB KOTEPEHTHOCTH B MHTEPBAJIE BO3MOXKHBIX 3HaueHut As mj1s1 uccieayeMoit pacce-
uBaoleii cucTeMbl, a 3HaUeHus BeCOBbIX Ko durmentos {C;} BEIOUPAIOTCS U3 yCJIOBUsI HOPMUPOBKH,
006€eCIIeunBAIOIIEr0 PABEHCTBO eJIMHUIE MAKCUMAaJIbHBIX 3HadeHuil |g(As)| npu As = 0, A, 2A, ..., MA.
Jlas ucnonb3yeMbIX B JAHHON paboTe yeIOBHH IPOBEAECHUS SKCIEPUMEHTA, JJINHA KOMEPEHTHOCTH HC-
TOYHUKA, [, ONpeseisieMast Mo OrubaroIIell CIIeKTpa U3JIyUYeHusl, CYIIECTBEHHO MEHbIIE MEKMOJOBOTO
nHTepBaja AS, 9TO MO3BOJISIET YCTAHOBUTH 3HadYeHust Ko duimentos Co ~ Cy ~ ... ~ Cyy ~ 1.
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Ko-nonsipuzoBanibie 1 KPOCC-TIOISIPU30BAHHBIE CITEKJI-MOJLY/IMPOBAHHDIE N300PaKEHMS TOBEPXHO-
cTeil MCCIelyeMbIX OObEKTOB PErucTpupoBaJiich B 10-6mTHOM pacTpoBoM opMaTe IpU Pas3IHIHBIX
TOKAX HAKAYKN OJIHOBPEMEHHO C PErHUCTpAIMell CIIeKTpa U3/IydeHusi ncrouruka. Ob6paboTka Moy deH-
HBIX H300parKeHUii OCYIIEeCTB/ISAIACh C HCIIOIBL30BAHIEM CIEIUAILHO Pa3spabOTAHHOIO IIPOrPaMMHOIO
obecrieueHnst Ha OCHOBE CHCTeMBI Imporpammupobanust «MatLab 6.0». B xome 06paboTKu BBIMUCISIINCH
cpejiHeKBaJIpaTHyIHble 3HadeHus (uiykryanuii narencusroctu 01 /(I), 3HaueHus: cpejiHeil MHTEHCUBHO-
ctu (I) m, cooTsercTBenHo, 3Hadenns kourpacra C| = 8 /(L)) m C = 01, /(1) nna dparmenTos
n300parkeHuil OCBeIaeMoil IIOBEPXHOCTH, XapaKTEePU3yEeMbIX OJHOPOJHBLIM pacipeaeeHueM HHTEHCHB-
HOCTH.

Ha puc. 13 npeacraBjieHbl 3aBUCUMOCTH KOHTPA-
¢y Cy CTa CIEKJI-MOJIYINPOBaHHBIX M300parkKeHuil ToBEpX-
0,6 F =-———- 1 HOCTH in vitro cBUHON >KUPOBOi TKaHU, (popMupye-

............ 2 MBIX B Pe3yJIbTare MOJSIPU3AIUOHHON (DUIBTpAIIH
1 Py3HO OTPAKEHHOIO U3JIyIeHUsI, OT JJIMHBI KO-

5 PEPEHTHOCTH 30HIUPYIOIIEro M3JIyIeHusI. 3/1eCh JKe

el IIPUBEIEHBI AIIIIPOKCUMUPYIOIIIE TEOPETUIECKUE 3a-

T BUCHUMOCTH, IIOJIy9YeHHbIE C HUCIIOJIH30BAHUEM BbIpa-
xkernust (8) u meroma Monre-Kapio jyist Haxox e-

0,2 - _@,"’ HUSI <«CKQJIFPHONW» IIJIOTHOCTH OITUYECKUX IIyTel
0 IMapIuaJIbHBIX COCTABJIAIONNX. B mporecce anmpok-
CUMAIMU TPAHCIOPTHAA IINHA [* U JJIUHA Jeros-
[ . . . . . . . pusaruu £, Uit 30HANPYEMOIl Cpelbl paccMarpH-
0,0 100 200 300 400 BaJHUCh B KA4YECTBE IOJIOHOYHBIX IIaPAMETPOB; IIO-
Ie, MKM  jygenmast B X0z allIPOKCHMAIINN SKCIEPIMEHTAIb-

Puc. 13. 3aBucumocTn KOHTpacTa CIEKJIOB, MOAY/IN- HBIX JAHHBIX BeJIUYMHA [* XOPOIIO COIIacyercs

0,4 | o 4

pylomux m300pakeHHe IOBEPXHOCTH 30HANPYEMOH ¢ JAHHLIMU, MOJIYYE€HHBIMU APYTUMU aBTOPaMU IIy-
JKAPOBO#l TKaH! B TUMDDY3HO OTPaKEHHOM CBETE, OT

JUIMHBI KOT€PEHTHOCTH 30HIUPYIOIIErO U3JIydeHust: |
u 8§ — KO-TIOJIIPU30BaHHBIE CIIEKJIBI, 2 U 4 — KPOCC-
[TOJIAPU30BAHHbBIE CIIEKJIbI, [ 1 2 — 9KCIePUMEHTAIb-
Hble Pe3YIbTATDHI, 3 U 4 — ANIPOKCUMUPYIONINE TEO-
PETHYECKIEe 3aBUCHMOCTH racyercsi ¢ pesysbraramu pabor [37-39|, rae or-

MeYaloTCsl BECbMa BBICOKHE JIETIONIPU3YIOINE CBOM-

CTBa CBUHOU KUPOBOW TKAaHU.

TéM u3Mepenusi uddy3HOro OTPaYKEHUsI U IPOILYC-
KaHus CJIOEB KMpOBOil Tkauu. llosyuenHoe namu
AHOMAJILHO MaJioe 3HaueHue £, (CyIecTBeHHO MeHb-
1ree, 9eM TPAHCIOPTHAs JIIMHA) TAKXKe XOPOIIO CO-

3. BAKJIIOYEHUE

Takum o6pa3oM, HAMH IIPOJEMOHCTPUPOBAHA BBICOKasi 9P (MEKTUBHOCTD PA3JIMIHBIX METOIOB MOP-
bodYHKITMOHAIBHOM INArHOCTUKN OMOJIOIMIECKUX TKAHEH Ha OCHOBE MOJISIPU3AIMOHHON CIEKTPOCKO-
nnn JudPy3HO OTPaKEHHOrO U3/1y YeHUsI, B TOM YUC/IE U C UCIIOIL30BAHINEM YaCTUIHO KOI'e€PEHTHOI'O U3~
JIYIEHUSI C TlepecTpanBaeMoil JauHol KorepeHnTHOCTH. OMHON U3 IEPCIEKTUBHBIX 06J1acTell MpUMeHEHHU ST
JAHHBIX METOIOB SBJISIETCSI MOHUTOPUHI COCTOSIHUS IIOBEPXHOCTHBIX CJIOEB OHMOTKaHel, Momudunupye-
MBIX C HOMOIILI0 HH(MPAKPACHOTO JIA3€PHOIO U3JIydeHusl (HAIPUMED, COCTOSIHUS KOXKH YeJIOBeKa, MOJI-
BepraeMoit abJIsaIun SMUAECPMUCA C TIOMOIIBIO UMITYJILCHOTO U3JIydeHus SPOUEBOro Jjia3epa, Kak 3T0 Obl-
JIO TIPOJIEMOHCTPUPOBAHO B pabore [45]). BecbMa akTyaslbHBIM [IPEJICTABIISIETCS TATbHEIIee pa3BUTHE
PacCMOTPEHHBIX B JAHHOM paboTe METOIOB MOMSIPU3AIIMOHHON OTparkaTeIbHOM CIIEKTPOCKOINN B YaCTH
UCIOJIb30BAHNS! JIOKAJM30BAHHBIX MCTOYHUKOB 30H/IUPYIONIErO HOJISIPU30BAHHOIO u3iydenust (coky-
CUPOBaHHBIX JIA3E€PHBIX IIyYKOB) M aHAJIN3a [IPOCTPAHCTBEHHBIX PACIPE/IeJIeHUli CTeleHr OCTaTOYHO

. A. Bumnaxos, FO. II. Cunuvwkun, B. B. Tyuun 973



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

nosigpu3anuy 1 Hy3HO OTPAKEHHOTO U3JIYyUEHUs 110 ISITHY PACCESHUsT HA OBEPXHOCTH OOBHEKTA JIJTst
PA3JIMYHBIX JIJINH BOJIH 30HIUpPYIOIIero usiaydenus. [1omoOubIil monxom mpeacrasiisieTcs 3(hpheKTUBHBIM
JJIsSI aHAJIN3a PACIpee/IeHuil eCTeCTBEHHBIX XPOMO(MOPOB B PA3INIHBIX CIOSIX 30HINPYEMOI TKAHM.

Hanuasi pabora sbinonrena mpu mnouepkke PODU (rpanr Ne 04-02-16533) u AOTUP (rpanr
REC-006), a makxke nporpammbl IIpesumenta P® 1o nojjepkke Beiylmux HaydHBIX IIKOJI (TpaHT
HII1-25.2003.2).
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POLARIZATION REFLECTANCE SPECTROSCOPY OF BIOLOGICAL TISSUES:
DIAGNOSTIC APPLICATIONS

D. A. Zimnyakov, Yu. P. Sinichkin, and V. V. Tuchin

In this paper, we consider physical principles of visualization and diagnostics of the morphological
and functional state of biological tissues on the basis of spectral analysis of polarization properties of
a probe light diffuse reflected by probed objects. Various modifications of the polarization reflectance
technique (including the use of partially coherent probe light with the changeable coherence length)
are discussed. The results of application of the discussed techniques for morphological and functional
diagnostics of in vivo human skin are presented.
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VIIK 517.9+537

SELF-CONTROL OF CHAOS IN NEURAL CIRCUITS WITH PLASTIC
ELECTRICAL SYNAPSES

V. P. Zhigulin¥? and M. I. Rabinovich'3

Two kinds of connections are known to exist in neural circuits: electrical (also called gap junctions)
and chemical. Whereas chemical synapses are known to be plastic (i.e. modifiable) but slow, electrical
transmission through gap junctions is not modifiable but is very fast. We suggest the new artificial synapse
that combines the best properties of both: the fast reaction of a gap junction and plasticity of a chemical
synapse. Such plastic electrical synapse can be used in hybrid neural circuits and for the development of
neural prosthetics — implanted devices that can interact with real nervous system. Based on the computer
modelling we show that such plastic electrical synapse regularizes chaos in the minimal neural circuit
consisting of two chaotic bursting neurons.

INRODUCTION

Traditional for neurophysiology intracellular recordings of membrane potentials have produced long
stationary time series which unambiguously demonstrated presence of chaotic dynamics at the level
of individual cell. In particular, inferior olivary neurons [1], some pacemaker neurons [2| and neurons
from central pattern generators 3] were found to be chaotic. Reconstruction of the phase portrait and
analysis of the bifurcations indicate that neuronal chaos can be described by deterministic models with
weak noise [3]. Functional role of the neural chaos is not absolutely clear. Reasonable hypothesis is
the following: chaotic neural dynamics can be easily transformed into regular oscillations with wide
frequency range due to the existence of saddle cycles with different periods in the strange attractor
of the dynamics. Thus chaotic neural systems are potentially very flexible [4]. The regularization or
control of neural chaos in cells with irregular dynamics can occur as a result of their coupling through
chemical or electrical synapses [5-10]. However, such regularization is not robust and adaptive. In
this paper we suggest to use electrical plastic synapse in order to improve robustness of regularization
and make its range much wider. Such synapse can be important for creation of the electronic neural
networks and for the development of neural prosthetics.

The paper is organized in the following way. We start by presenting the dynamical equations that
describe chaotic spiking-bursting neurons, then we formulate the dynamical model of the electrical
plastic synapse and after that we present the results of computer simulations of chaos regularization
in the system. Finally, we compare our approach with the well known methods of chaos control.

1. CHAOTIC NEURONS WITH PLASTIC ELECTRICAL COUPLING

Let us consider two diffusively coupled chaotic Hindmarsh—Rose (HR) [11] neurons:

d.%'i
dt

du:
:yi—amf—kbx?—zi—{—l—kl? %:c—d:v?—yi,

dz
dt

=r[S(@i—x)—=l (1)

where ¢ = 1,2 and x;, y;, z; represent scaled membrane potential, recovery variable and slow adapta-
tion current of each neuron respectively. We use standard set of parameters: a =1,0=3,c=1,d =5,
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Fig. 1. Largest Lyapunov exponent \ for different values of coupling strength g. Letters A, B, C, D and
E indicate windows with different periodic dynamics

S =4, r =0,006, x = —1,56 and constant stimulating current I = 3,07 that puts each neuron into
chaotic spiking-bursting regime. Each neuron also receives diffusive current

IP =29 (Tmod(i2)+1 — Ti) (2)

with g being its time-dependent conductance. We consider g to be a slow dynamical variable with
dependence on activities Py, P> of both neurons according to the dynamical model of spike-timing
dependent plasticity [12]:

dg

i
Here v = 71075 is the small parameter that provides separation of the time scales between dynamics
of the neurons and dynamics of the coupling, exponent N equals 8, activities P; and P, satisfy the
following dynamical equation:

v (PP — PVPy). (3)

O P~ BoP ()
where Bp = 0,2, F(z) = (1 + exp[—40 (z — 0,5)])~! is a sigmoid function. We note here that the
exact values of parameters v, N, Sp and the shape of the function F'(x) are not crucial to obtain the
results presented in our study. Different, but properly chosen values of these parameters would lead to
very similar results and identical conclusions, meaning that this type of coupling induces «structurally
robust» phenomenon of chaos suppression.

Let us first consider the dynamics of the system (1) under the assumption of constant coupling
strength g. This system is chaotic for most values of ¢ from the interval [0,0.18|. In fig. 1 we show
its largest Lyapunov exponent A for different values of g from the interval. As one can see, there
are several narrow windows (A-E) in which largest Lyapunov exponent is zero within the limits of
numerical accuracy. These windows correspond to the situations when neurons interact in such a way
that unstable periodic orbits that are present in chaotic dynamics become stable due to so-called mutual
resonant interactions [13]. In fig. 2 we illustrate corresponding periodic regimes, which are analogous
to the generalized splay states [13, 14].

Since the dynamical time scales of the system (1) and coupling (3) are vastly different, let us now
consider the evolution of g under the assumption that it does not influence the dynamics of (1) on
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short times. These considerations are of qualitative nature and will be put on the rigorous mathematical
footing in our future works. There are two possible dynamical regimes of the coupled system: period-
ic and chaotic (see fig. 3a, b). As fig. 3¢ illustrates, in the case of periodic dynamics inside the window A
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Fig. 3. Dynamics of (top) the variables x; and x2 and (bottom) coupling g in the cases of periodic (a, ¢)
and chaotic (b, d) dynamics of the coupled system

the dynamics of g is slaved and is also periodic. To the contrary, g exhibits random walk-like dynamics
when the system is in chaotic state (fig. 3d). In fig. 4 we show typical evolution of the slow variable g
over an extended period of time. During the initial stage coupling strength demonstrates random-
like variations until it gets on the limit cycle close to g = 0,022 which corresponds to the boundary
of periodic window B in fig. 1. As soon as this periodic state is reached g stays on the limit cycle
indefinitely. In such a way the system with plastic coupling (1)—(3) reaches periodic state by means
of its own dynamics. Hence the system exhibits self-control and suppression of chaotic dynamics. One
can also interpret this process as a self-adaptation of the system to the edge of chaotic region in its
state space.

By performing extensive simulations we tested the described above mechanism of chaos regular-
ization for different initial values of coupling strength gg. After running several rounds of simulations for
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each gyo we have found that this mechanism is robust and the system consistently and independently
of the initial conditions and initial coupling strength go reaches one of the stable periodic states.
Interestingly, states A, B and D are stable and states C and E are unstable, meaning that we have
never observed a limit cycle behaviour of ¢ in windows C and E. The identity of the periodic stable
state that is reached by the system depends on gg and can vary from trial to trial. Periodic state A is
usually reached for gg < 0,02, either A or B can be reached for 0,02 < go < 0,08 and either B or D can
be reached for 0,08 < go < 0,18. We confirmed the observation of robust adaptation to periodic states
by calculating the largest Lyapunov exponent A of the system (1)—(3) as a function of g¢ (fig.5). The
calculation was done at uniformly distributed points on gg axis with a fixed step size of 0,002. Within
the numerical accuracy we found A to be zero regardless of the initial conditions and the value of gg
from the interval (0, 0,18]. Hence, regularization of chaos by plastic electrical coupling is robust in the
considered region of parameter space.

2. DISCUSSION

As we illustrated above, the system adapts to periodic states on the boundary of chaotic region or so-
called edge of chaos. Systems that are able to adapt its state to the edge of chaos have recently attracted
a lot of interest because this state is believed to be optimal for the system to exhibit deterministic, but
at the same time flexible dynamics. For example, it was found that edge of chaos state is beneficial
for information transmission in neural networks [15]. Also, at the point of order—chaos transition
«statistical complexity» of chaotic systems reaches its maximum [16].

In the recent work [17] a phenomenon similar to the one that is described here was observed. They
have studied the dynamics of the logistic map with its parameter being controlled by feedback mech-
anism involving low-path filtered dynamics of the map. One can argue that a similar mechanism is at
work here since the variables P; and P» are close to being low-path filtered membrane potentials of the
neurons (4) and coupling strength g is a slow function of P; and P,. Aside from these intuitive insights,
mathematically rigorous explanation and analysis of the observed phenomenon are still pending and
are a focus of our future work.

In conclusion, we would like to emphasise the differences between the traditional methods of chaos
control and the methods discussed above. The traditional approaches are based on two ideas. The first
one is the algorithm of Ott, Grebogi and Yorke [18], i. e. suppression of chaos by occasional application
of small, well calculated perturbations to parameters of the system and thus stabilization of one of
the embedded unstable periodic orbits. The second one is the method of continuous-time control [19]
that uses recovering of the unstable periodic behaviour by delay coordinated method. Our method
also achieves control by continuously perturbing an intrinsic parameter of the system, e.g. strength
of synaptic coupling, but in a different way. In our case strength of the coupling between chaotic
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subsystems depends nonlinearly on the distance between their output signals. Periodic activity is then
generated by chaotic subsystems themselves due to their control of coupling strength through nonlinear
filtering of their signals. We suggest that such mechanism can be used in other coupled chaotic systems
as well.

We thank Alfred Hubler for pointing out reference [17]. This work was partially supported by DOE
grant DE-FG03-96ER 14592 and NSF Grant EIA-0130708.
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VIIK 535.2

BJINAHNE KOTEPEHTHOCTHN U3JIVIEHN A HA 9PPEKTDBI
IMTOJIAPN3AIIMOHHOV HEBZANMHOCTU BOJIOKOHHBIX
KOJIBIHEBBIX NTHTEP®EPOMETPOB

. A. Andponosa

B pabore paccmorpensr 3 deKThI TOISIPU3AIMOHHON HEB3AMMHOCTH C YIETOM KOT€PEHTHOCTH WJIU Ya-
CTHUYHOM KOTePEeHTHOCTU M3JIyUEeHUsI Ha, BBIXOJIE BOJIOKOHHOI'O KOJIBIIEBOrO MHTEpdepoMerpa. Paccmorpena
BO3MOXKHOCTD IOSIBJIEHUSI HA BBIXOJE BOJIOKOHHOI'O KOJIBIIEBOIO MHTEpdEpOMeTpa C IMUPOKOIOJIOCHBIM HC-
TOYHUKOM U3JIyYEHUsI JIOMOTHUTEIbHBIX 3(DPEKTOB MOJIAPU3AIMOHHON HEB3AUMHOCTH 33 CUY6T KOIePEeHTHOM
COCTaBJISIIONIIEH M3/TyYeHNsI, BOSHUKAIOIIEH U3-3a CBSI3U OPTOrOHAJIBHBIX MOJ] Ha BBIXOJIHBIX OTPE3KAX BOJIOK-
Ha. Y4I€T KOT€PEHTHOCTH MTO3BOJISIET OIEHUBATDH TEMIIEPATYPHYIO HECTAOMILHOCTH CUTHAJIA HHTEPHEPOMET-
pa, CBA3AHHYIO C MOJIAPU3AIMOHHON HEB3ANMHOCTBIO.

Paccmorpensr ocobernocTr nposiBiaeHus 3pdeKTOB MoISIPU3aIlMOHHON HEB3AUMHOCTH JIJIS BOJIOKOHHOTO
KOJIBIIEBOTO MHTEP(MEPOMETPA € MOJSPU3ATOPOM HJIH JIUXPOU3MOM. [loKazaHOo, YTO NMpU BBIMOJTHEHUU JIJIsI
nHTEpdEPOMETPA YCIOBUI TPAIUAIOHHON TeOPEMBI B3AUMHOCTH (OTCYTCTBHUE BpauieHust ) 3 DEeKTH MoIsApu-
3alMOHHON HEB3AUMHOCTH OKA3bIBAIOTCS CKPBITHIMU M HE MOI'YT ObITh OOHAPY?KEHBbI B MHTeP(MEPEHIITNOHHOM
curHaJje 6e3 anpuopHO HH(POPMAIUK O XapaKTepe JIBYJLYYelPeJOMIEHNsT B 00 OPUEHTAIINA aHU30TPOITHBIX
3JIEMEHTOB BOJIOKOHHOI'O KOHTYDa MHTepdEPOMETPa U [TOJIIPU3ATOPA.

TepMun monsipu3aloHHasl HEB3aUMHOCTh BCTPEYHBIX BOJIH B BOJIOKOHHOM KOJIBIIEBOM HHTEPQEpPO-
merpe (BKW) mmpoko uciosb3yercst B BOJIOKOHHOM I'MPOCKOIMHU, XOTsl TOYHee ObLI0 Obl TOBOPUTH O
MTOJITPU3AIMOHHON (ha30BOil HEB3AMMHOCTH. D(MAEKT MOIIPU3AIMOHHON HEB3AMMHOCTH COCTOUT B TOM,
9T0 Ha BBhIXoe mnokosimerocss BKIY Bo3sMo:KHO TOsiBIeHNE JOMOJTHUTEILHON HEB3ANMHOM pasHoCcTH das,
He cBs3aHHO ¢ 3ddekrom CaHbsika, T. €. ¢ PA3HOCTBIO (a3 (g, BO3HUKAIOIIEH [IpU BPAIIEHUN UHTEP-
depomerpa. Dror 3ddekT HabmomaICT emE B HepBbIxX dkcuepuMenTax ¢ BKIU u ObL1 HEOXKHIaHHBIM
JJIsI KICCIIeJIoBaTeNIell, MOCKOIbKY BO3HUKAJI JIaXke B TOM CIydae, Korma xapakrepuctuku BKU ymosie-
TBOPSLIM TPAJMIMOHHOI Kiaccu4yeckoit Teopeme B3auMHoctu |1, 2]. K Hacrosiimemy BpeMenu Bompocam
HOJISIPU3AIMOHHON HEB3aUMHOCTH HOCBSIIIEHO GOJIbIoe 9ucyio paboT [3-18], HocKonbKy 310 siBJIeHHe Ha
OIPEJIEJIEHHOM 3Talle PAa3BUTUsI BOJIOKOHHON I'MPOCKOIUHU ObLIO CYIIECTBEHHBIM IIPEISITCTBHEM Ha, IIyTH
JOCTYKEHNS CTAOMIBHBIX MTOKA3aHUN FHPOCKOINIECKUX TPUOOPOB.

OzHa U3 IPUYMH [OJISIPUBAIMOHHON HEB3aUMHOCTH CBsI3aHA C HECOBNaJeHHeM (pa3BOpPOTOM) oceil
AHM30TPOIIUU BOJIOKHA Ha JIBYX KOHIAX (BBIXOJAX) BOJOKOHHOI'O KOHTYDA, IPHU KOTOPOM BO3MOXKHO
pazautune (a3bl Mojs, TOCTYIAONIEr0 Ha, OMHY U Ty K€ OCh aHM30TPOIINUA BO BCTPEYHBLIX HAIPaBJIe-
HHUAX Ha BXOJE U PErUCTPUPYEMBIX B CHTHAJE€ MHTEP(EPEHINH Ha BLIXOAE. JTOT 3PMEKT MOsIBICHUS
JOIIOJTHUTE/THLHON PA3HOCTH (PA3 Ha BBIXOJE MOXKHO HADJIIOAATEH B OJHOIOJISIPU3AIMOHHOM BOJIOKHE KaK C
KOTE€PEHTHBIM, TaK M C HI3KOKOI'€PEHTHBIM HUCTOYHUKOM. KpoMe Toro, Ipu yC/JIOBUN KOM€PEHTHOCTH WJIH
FaCTUIHON KOT€PEHTHOCTH BOJIH, IPOIIEAIINX IO OPTOTOHAJIBHBIM OCSIM AHU30TPOIINH, HECOBIIAJICHUE
oceil Ha JIByX BXOJlaX (BbIXOJ[aX) IPUBOJUT K IOSIBJIEHHIO B MHTEPMEPEHIIMOHHOM CUIHAJIE JIOOJIHUTE b
HOIl pasnocTu a3, CBA3aHHON ¢ mHTepdepeHIneil BOIH, IPOIIEAIINX 0 OCSIM C Pa3HBIM ITOKa3aTeIeM
IIPEJIOMJICHHUS.

ITesp mamHOrO COODIIEHNS — PACCMOTPETH HEKOTOPLIE PAaHee He 3aTPOHYThIe aCIeKThI TPOOJIEMBI 10~
JIIPU3AIMOHHON HEB3aUMHOCTH, B TOM YHC/I€ BJUSHUE KOI'€PEeHTHOCTH UCTOYHUKa M3/1ydeHus. Hecmor-
psi Ha TO, 9TO BJIUSHUE KOM€PEHTHOCTH HA d(DDEKTHI HOMIPU3AINOHHON HEB3AUMHOCTH YIIOMUHAETCS B
HEKOTOPBIX paboTax, KOHKPETHbIE PacYEThl HAM M3BECTHBI TOJIHKO IS CIydasl UIeaJILHOIO MOJIIPU3a-
Topa [16]. DddexTh noIsIpU3AIMOHHON HEB3ANMHOCTH, O0YCIOBJIEHHbIE KOI€PEeHTHOCTBIO U3JIyIeHMUsI
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Puc. 1. Cxema BKU ¢ nonstpuzaropom: I — UCTOYHUK U3JIydeHUs], 2 — (POTOUPUEMHUK, 3 — BOJIOKOHHBIN
KOHTYD, 4 — CBETOJIEJINTENH, § — IIbE30MOJIYIATOD, 6 — IOJIAPU3ATOD

I OCTATOYHON KOTN€PEHTHOCTBHIO M3JIYIEHHS B OPTOTOHAJIBHBIX MOJAX Ha BBIXOJE IIPU IITHPOKOIIO-
JIOCHOM WMCTOYHHUKE U3JIy9I€HUsI, IPEJICTABJISIIOT UHTEPEC i MOHUMAHUS W OIEHKHU OIHOW U3 MPUINH
TEMIIEPATYPHOTO JIpeiicha BOJIOKOHHBIX TMPOCKOIIOB Ha CJ1a00aHN30TPOIHBIX BOJOKHAX M HA CHJILHOAHU-
30TPOITHBIX BOJIOKHAX IPU HAJUYIUHU CBSI3M OPTOIOHAJIBHBIX MO/, OlpejiessieMoit mapamerpom h. CBsi3b
MOXKET IPUBOIUTH K ITOABJIEHUIO JOIMOJHUTEILHON OCTATOYHON KOT'€PEHTHOCTH 38 CUET IEePEeKaAYKU U3-
JIVIEHUsSI MEXKJy OPTOTOHAJLHBIMEA MOJAMU Ha BBIXOJE HHTepdepoMeTpa U BHOCUTD JIOMOJHUTEIHHBII
BKJI&JI, B IIOJISIPU3AIMOHHYI0 HEB3AMMHOCTD.

Kpowme Toro, B pabore OymyT paccMOTPEHBI OCOOEHHOCTH IIPOSB/ICHUS IOISIPU3AIMOHHON HEB3a-
AMHOCTH JIJIsl CXEM C IIOJISIPU3aTOPOM, 9TO AHAJOTMIHO HAJWYHIO JUXPOU3Ma B BOJOKOHHOM KOHTYPE.
IIpoBenénnoe paccMOTpEHHE IPEICTABIISIET WHTEPEC i MOHUMAHUS BJIUSHUS MOJSPU3ATOPA U JIU-
Xpou3Ma BOJOKOHHOIO KOHTYpa Ha 3(M@EKTHI MOISPU3AMUOHHON HEB3aMMHOCTH W BO3MOXKHOCTD HX
obHapy KeHus IPU OTCYTCTBUU BpallleHus nHTepdepoMeTpa.

Dddekrnl nossipuzanuonnoit Hepzanmuoctu st BKU B obiem ciiyuae pacemorpensl B padore [12].
B nanmoit pabore OyayT paccMOTpeHbl 0COOeHHOCTH 3(M@PEKTOB MOJIAPU3AINOHHON HEB3AUMHOCTH JIJIsI
BKU ¢ monspusaropom. Tak ke, kKak u st 00mIero ciydas, anaan3 3G@eKToB MoIspu3aiinoHHOM
HEB3aMMHOCTH B OTCYyTCTBHE BpallleHus OyIeT IPOBeIEH C UCIOIb30BaHneM Marpull JIxkoHca, KOTOpbIe
st BKU ¢ nonsipusaropom (puc. 1) ¢ KoadpdDuImenToM SKCTHHKIMN € UMEIOT BUJL

Mk MK Mk Mk
+ 11 12 - _ 11 21
M= <5M§1 52M§2> ’ M= <5M¥2 52M5{2> . M

Kak Buyno us (1), Buecenue nonsipuzaropa B cxemy BKIU He Hapymaer ycioBusi obIeil TeopeMbl B3a-
nvuocTH M1 = (M’)T7 rae naaekc T obo3HawaeT omepalnio TpaHcIoHIpoBaunusa. Kak ObLI0 MOKA3aHO
B [4], HeOGXOMMBIM U JOCTATOYHBIM yCJIOBUEM HOJIsipu3anuontoil B3anmuoctu B8 BK siBiisiercst Bbiosi-
HeHne 0ojiee KECTKOIO YCJIOBUS — PAaBEHCTBA HEIUATOHAJIBHBIX KOd(ddurmenTon: M %‘2 = Mé‘l, OTKY/Ia
CJIEJIYET, 9TO MePOil HEB3AaUMHOCTHU SBJISIETCs pa3HOoCTb M {‘2 - Mé‘l = 2 AMK. JTanee takxke 0603Ha4IM
M%‘Q + Mé‘l = QM(I)‘. KoMIoHenTsI 1ojieii BCTpeuHbIX BOJIH Ha Bbixojie uarepdepomerpa E 7, E u E;L ,

E, B obmem Bujie ONpPEJENSAIOTCS U3 MATPUIHBIX yDABHEHNMH Eft=MtAuE =M “A e A —

BEKTOD I10JIs1 Ha BXOJle ¢ KomnonenTamn A, u Ay exp(iV):

Ef = MNA, +eM5A,, By = MNA, +eME A,

xT

Ef =eMy Ay + 2 Mpd,,  E; =eMbA, +e2MyyA,. (2)

Unrepdepentmonnpiii curnan na suixoge BKU 6e3 pamenus npejcrasum B Bujie Uy = EFE;* +
+ E;Ey_* = Re U+ iIm Uy = |Up| exp(ipp), rae pp — HeB3auMHBIH (a30Bblil casur Ha Bbxoge BKU,
onpeaeIaeMblil KaK
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Im Uy
3
ReU0>’ 3)

MHJIEKC 3BE3/1049Ka 0003Ha4YaeT KOMILIeKcHoe conpsizkerne. Obiue Boipaxkenus ijst Re Ug u Im Uy no-

Yp = arctg(

JIyUI¥IM, TOJCTAB/IsIsi PelleHne cucreMbl (2) B BbIpaxkeHue Jyisi uHTepdepenimontnoro curnaina Ug, B
pe3yabTaTe

ReUp = A7 My |* + Ajet M3y |* + (AT + A7) &2 (IMg|* — [AM*?) +
+ Ay Ay {cos(¥) | (M5 + 2M5) 26 M + (MY + £ MgF) 2 Mg +
+sin(y) | (M5 — c2M5) 26 My + (2My — M) 26 M| }
Im Uy = (A2 — A2)e® (My* AM"™ — M AM"™) +
+ A A, {cos(w) {(M{'lk — 2 MyY) 26 AM™® + (M5 — M) 2¢ AM”I‘} —

—sin(w) | (M + 2 Mg5) 22 AM™ + (M{F + 2 MgE) 22 AMS[ | (1)

rme MY w M5 (m u n npunuMaor 3Hadenns 1,2) — MHEMBIE U JICACTBHTEIbHbIC TACTH SIEMEH-
ToB MaTpull KoHTypa M™, M ™. IIpu oTCyTCTBHI IUXpOnN3Ma B BOJIOKOHHOM KoHType BKIU amemenTo:
MAaTPUIL KOHTYPA YIOBJIETBOPSIIOT CJIEIYIONINM YCIOBUIM:

k k k k k k k k k k
My = (—M3y)", My = (M3y)", My + Mgy = 2Mg", My — My =2AM™. (5)
Torma Boipaxkenust st Re Uy u Im Uy 3anumnyrest B 60jiee TpocTOM BUJIE:

Re U = [Myy[* (A + A7) + &% (A7 + A7) [|MGE[* + [AM" ] -
— (e — M (2M cos b + 2M{F sinyp) A, A,

Im Uy = > AM"™ Mk (Az — A2) — (e + &) AM"™ (2M % cos ip + M7 sinep) A, A, (6)

Awnanus Beipakenuit (6) mokaseiBaer, uro BeauunHa ImUj, onpeje/sionias HEeB3aUMHbIH (Ha30Bblii
CJIBHT, TPOTIOPIMOHAJILHA PA3HOCTH HEMArOHATLHBIX 3MeMEHTOB MaTpuibl narepdepomerpa: Mf, —
— Mé‘l = AMX u obpamaercs B Hynb mpir AM”¥ = 0 1 Ipu HOTHOCTBIO EONSPU30BAHHOM H3/Ty Y€HINI
Ha Bxoge BKU (<A1AZ> =0mu A2 = Ag) Curnan Re Uy, nabmonaembiii Ha soixoge BKU, comepxxut
anen €2 |[AM"™|? (A2 + |A,|?), KoTOpBIT He 3aBUCAT OT 3HAKA HEB3AMMHON (basbl, CBAZAHHOTO C
n3menenneM 3uaka AMX. Bxogamue B Re Uy wirenbl, 3aBUCSIINE OT 1), IPOIOPIMOHAIBHBI CYMMe
He/IMAroHaIbHBIX 1eMenToB: MY, + My, oc {2M A, A, cos; 2MEK A, A, sintp}. Dt wsienst MoryT us-
MEHATH BeJIMYMHY MHTeP(EPEeHIOHHOI0 CHI'HAJIA IIPH U3MEeHeHun ) u Ay, A, 1 IPUBOIAT K Jpeiidy
pasHocTn a3, HO B obmeM ciaydae He mecyT muadopmarmu o AM™ u ImUy. Uckimodenne cocras-
aster cirydait, korma AM” mpornopnuoHaibHO Mék. B sTom ciiydae nsmenenue mHTEpdOEPEHIIMOHHOTIO
curtaja Re Uy 1ipu u3MeHeHUN 1 CBUIETEILCTBYET O HAJUYIUHU TOISPU3AIMOHHON HEB3aUMHOCTH.

B kawecte mpumepa paccmorpum BKU ¢ kKoHTYypOM 13 aHU30TPOIHOTO BOJIOKHA C SJIIANITAIECKUAM
(nmm muselinbiM npu X = 0) AByIpEIOMIEHHEM. DJIEMEHTHI MATPHIIBI BOJIOKOHHOTO KOHTYpa (1) B 3T0M
cirydae 0e3 yuéra IuXpou3Ma UMeOT BUJT

Mﬁ = cos <#> cos(a + 3) + sin(y) sin<#> sin(a + ) + i cos(x) sin <#> cos(a — f3),

M%‘Q = cos(#) sin(a + 3) — sin(y) sin(#) cos(a + ) + icos(x) sin(#) sin(a — f3),
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MY = cos(#) sin(a + ) — sinxsin(#) cos(a + f3),

AM¥ = icos(x)sin <#>

sin(a — ), (7)
riae L — jymiHa BOJIOKOHHOIO KOHTYpa, Aks = 2w Any /A = 27 \/An2 4+ An2 /X, X — jymHA BOJIHBI
uzaydennsi, Any, Any, Ang — napaMeTpbl /UIAITHIECKOTO, JUHEHHOTO U IUPKYJISIPHOTO JBYIIPEIOM-
JIEHUsT COOTBETCTBenHo, sin Y = 2a/(1+a?), cosx = (1—a?)/(1+a?), a — smmmTuanocTs cobCTBEHHbIX
MOJISIPU3AIIMOHHBIX MOJI, KOTOPAasi MOXKET OBITH CBSI3aHA C YIVIOM CKPYTKU BOJIOKHA, v U 3 — YIUIbI MEXK-
JIy OCBIO MOJIIPU3ATOPA M OCSIMU aHU30TPOIIMK BOJIOKOHHOI'O KOHTYpa Ha JIByX Bxojax (Bbrxogax) [12].
IIpn a < 1 umeem sin x = 2a, cos xy =~ 1. B caydae nuneitnoro asympesomienus BOIOKHA An, = 0 u
siny = 0. 3 (7) cnenyer, uro Bemmunna AM K x sin(a — 3), oupejiensitoniasi HeB3anMHbIH Haber (as3bl
(3), mpsivo me cesizama ¢ M§ o sin(a+ 3), onpeensionieil 3aBHCIMOCTH HHTEPHEPEHITHOHHOTO CHTHAA
Re Uy ot pasnoctn ¢a3 1) OpToroHaIbHEIX KOMIIOHEHT Ha BXoje, u npu AMK = 0 Bo3MoxKHO Mé‘ £ 0,
u Haobopot. TosbKO Jyisi BOJIOKHA € JIMHEHHBIM JBynpesomienueM (y = 0) Opu yeJIoBUE COBIAJIEHUSI
OJIHO#T U3 Oceil AHM30TPOIIMU BOJIOKOHHOI'O KOHTYDa Ha BXOJIe UJIU BBIXOJIE C OCBIO HOJISIpU3aTopa (v 1iiu
3 obpamaercss B HyJb) 0be Besmanub, AMX u Mé‘, [IPOTIOPITMOHAJIBHBI Sin 3 WK Sin ¢ U 3aHYJIAI0TCS
onHOBpeMeHHO. JIjist BOJIOKHA C SJUTUNITUYIECKUM IBYIIPEIOM/IEHUEM IIPU OTCYTCTBUU PACCOTJIACOBAHUS
oCeil AaHM30TPOIMU BOJIOKOHHOI'O KOHTYDa Ha BBIXOJIE C OCBIO IPOIyCKaHusl mnojsipusaropa (o = [ = 0)
AMK =0, a Mé‘ x cos(a+ (3) # 0. [Tosromy 3aBucumocts Re Uy or pasHoctu a3 1) He siBJIsleTCst OJi-
HO3HAYHBIM KPHUTEPUEM HAJIMUUsi WJIA OTCYTCTBUS TOJISAPU3AIMOHHON HeB3auMHOCTH. [ljist mosryueHust
undopmaruu o HepzauMHoM Habere dasbl (Im Up) mo 3aBucuMocT BeIMIMHBI HHTEP(EPEHIIMOHHOIO
curnasia (Re Upy) or pasnoctu a3 oproroHaJbHbIX KOMIIOHEHT BXOJHOTO M3JIyYeHHs] HEOOXOAUMO UMETh
JIOTIOJIHUTEIBHY O AlPUOPHYIO HH(MOPMAIIUIO O XapaKTepe JBYHPeJOMIIeHUsT (JTMHEHHOe MM SJITAITH-
9eCcKoe) U O FOCTHPOBKE aHU30TPONHBIX 31emenToB BKU, coorBercrBytommeii yciosuo AM K x M(l]‘. [Tpu
OTCYTCTBUU TaKON MH(MOPMAIMYU BEJIMIUHA IOJISIPU3AIMOHHON HEB3aUMHOCTH OKA3bIBAETCsl HEOIpee-
snénnoit. [Tosromy rst mostydenust u3 narepdepenrmonnoro curaasia BKU ¢ norspusaropom nndopma-
uu o daze MoyIsipU3AINOHHON HEB3AUMHOCTHU 0€3 MPEeIBAPUTEILHBIX YCJIOBUN HEOOXOIMMO BBEJIEHUE B
BOJIOKOHHBIi KOHTYD JIOIOJHATENBHON pasHocTu (a3 3a cuér b0 TpauioHHOl HeB3anMHocTH (3¢-
dekros Canbsika, Papajesi, Ppenensi—®Puz0), smbo paccoryiacoBarusi GPOHTOB UHTEPHEPUPYIOTIX
BOJIH, JTUOO HECUMMETPUYIHON JIJIsT BCTPEUHBIX BOJIH CHHYCOUIAJILHON (Pa30BON MOy IAIIAN.

Takum 0OpazoMm, NPy HAJMYHUH MTOJIIPU3ATOPA, KAK U IIPH €r0 OTCYTCTBUHU, I(DDEKTHI MTOJIsiPU3AIIT-
OHHOW HEB3AMMHOCTHU OCTAIOTCs CKPBITBIMU B TOM ciydae, Koryga BKU sBiserca BzamMmHOM cHCTEMOI,
T. €. MATPUIIBI JIJIsi BOJIH BCTPEUHBIX HAIIPABJICHUI YIOBJIETBOPSIOT TPAIUIIMOHHON TeOpeMe B3auMHO-
CTH, U HET IIPeIBAPUTEIHLHON NH(MOPMAIIUN O COOTBETCTBYIOINIEH IOCTUPOBKE aHU30TPOIHBIX 3JIEMEHTOB
BKMN.

[Ipu Ha/mauu BpaleHus: KaxXKasi U3 BCTPEUIHBIX BOJIH [IPUOOPETAET JOMOJHUTE/bHBIN Haber (ha3bl
©s/2 u —pg/2, u uHTEepdQEPEHIMOHHBIN CUrHAJ IPUOOpeTaeT BUJ

Us = EfE;" 4+ Ej E;* = Ul exp(ipp + igs).

W3 sroit popMysibl BUIHO, 9YTO pe3yabrupyiomas dhasza curnasa na Boixoge BKU npencrasiser coboit
cymMy Gasbl ¢, HOISAPU3ANUOHHON HeB3anmMHOCTH 1 (basbl CaHbdAKa s, IPUIEM (O, HE 3aBUCHT OT
dazpr Canbsika.

Hanuuune quxpounsma B BOJIOKHE KOHTYPA, KAK U YCTAHOBKA IMOJISIPU3ATOPA, HEe IPUBOIUT K HAPYIIe-
HUIO TPAIUIIMOHHON TEOpeMbl B3AMMHOCTH, U, CJIEIOBATE/IHLHO, B 3TOM ciydae 3(hdeKThl mo/Isapu3alii-
OHHOI HEB3AMMHOCTU OKa3bIBAIOTCHA CKPBIThIMEU. MaTpuiisi BKU ¢ quxponyHbIM BOJIOKHOM ITPUBEIEHBI
B IpuioxkeHun 1.
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Jlnss BKU ¢ koHTypOM U3 BOJIOKHA C SJUIUITUYIECKUM JBYIIpeIoMIeHrneM Bbipazkenus st Re Ug u
Im Uy ¢ y46TOM KOre€peHTHOCTH UCTOYHWKA W3JIyUYEeHUs MOJIy9IuM, HOjCTaBisisd B (6) BbIpayKeHUsl Jisi
971eMeHTOB MaTpuIlbl KOHTYpa (7). [TosryuenHble BbIpazkeHust BBUJLY IPOMO3/KOCTHU IIPUBEEHBI B IIPIIIO-
xeunn 2. VI3 9Tux BbIparKeHHil ciieyer, 910 3(P@eKThl MOIAPU3AINOHHON HEB3aUMHOCTH, OIIpe/Ie/Isie-
mbie Im Uy, ¢ yI€TOM KOT€PEeHTHOCTH U S/IUIITUIHOCTA COOCTBEHHBIX OPTOTOHAIBLHBIX MOJI, BOJIOKOHHOTO
KOHTYDa IPOIOPIUOHAJIBHBL sin(a — [3), T. €. 3aBUCIT OT PACCOIVIACOBAHMs OCEHl aHU30TPOIINH KOHTYDa
U [OJISIPU3aTOPa Ha JBYX BXoJax (BbIXojax) uHrepdepomerpa.

st BoslokHa ¢ JimHEHHBIM jiByTipesioMmienreM (siny = () BbIpaykeHus JJisi JEHCTBUTEIHHON U
MHIMOl gacTeii uaTepdepenmmonnoro curnana Uy = EfE,* + EFE;* = |Up|exp(ipp) ¢ yuérom
KOTE€PEHTHOCTU UCTOYHUKA W3JIYIeHUS UMEIOT BHU]L

ReUy = (|A;,3|2 + ¢ |Ay|2) {0082(a — B)[1 — K cos(Ak L)] 4 cos®(a + 8) [1 + K cos(Ak L)} +
+ 22 (\Ax]2 + ]Aylz) {sin2(a + 0)[1 + K cos(Ak L)] — sin2(a — B)[1 — K cos(Ak L)]} —
- % (e — &%) cos(t) sin[2 (@ + B)] [1 + K cos(Ak L) A, A, —
— (e — %) sin(¢) K sin(Ak L) sin(a + 3) cos(a — B) A Ay,

ImUy = —(e + &%) sin(a — B) A, Ay {sin(y)) cos(a — B) [1 — K cos(Ak L)]/2+
+ K cos(y) sin(Ak L) cos(a + 8) } + e? (|4, — |As|?) K sin(Ak L) sin(a — B)sin(a + ), (8)

riae L — nymmaa kouTypa, Ak = 2w (nq — ng)/A, N1 U ng — IOKa3aTe N IIPEJOMIIEHUsS] OPTOIOHAIBHBIX
Mozt Crporo rosopst, Beipazkenust (I12) u (8) crpaBeyiuBbl [ MOHOXPOMATHIECKOIO U3JIyY€HUsI, T. €.
npu K = 1. OHako Jyisi IIHPOKOIIOIOCHOTO MCTOUHUKA, JiJIsi KOTOporo AA/A < 1, usiydeHne MOXKHO
paccMaTpuBaTh KaK KBA3UMOHOXPOMATHYECKOE C IEHTPAJIbHON JIJIMHOM BOIHBI CIIEKTPA C XA0TUIECKON
aMILIUTYTHON U hasoBoii MOy Isiiiueil Ha YacToTaX B JAUAIa30HE MOy IUPUHBI CLIEKTPA UCTOUYHKKA [19)].
B cBsizu ¢ aruMm B coorHomenust (8) BBeJEH Koadduiment K, XapaKTepu3yoIuil crereHb KOrepeHTHO-
cru (KoauImenT KOppessn) U3/IyYeHns] B OPTOOHAIBHBIX IIOJISIPU3AIMOHHBIX MOJAX HA BBIXOJIE
uHTepdepoMeTpa, B HPEINOIoKeH!H, 9o 3HadeHust Ak = 27 An/\ OTHOCSTCS K EHTPAJIbHON JIJINHE
BOJIHBI CIIEKTpa MCTOYHWKA W3aydenus. [las mupoxononochoro ucrounnka K = exp(—L2/L3), rie
L — ymmHa BOJOKOHHOTO KOHTypa, Lp = A2/(AXAn) — aymma jenospusanuy, Ha KOTOPOil CTereHb
KOIE€PEHTHOCTH BOJIH, MPOIIEJIINX 110 OCSIM OPTOIOHAJIBHBIX MOJ, YMEHbIIaeTcsd B € pa3. M3 nosyden-
HbIX BbIpazkenuii (8) ciemyer, uro Im Uy u Re Uy comep:kar wieHbl, He 3aBUCSIIUE W 3aBUCSIIUE OT
qumabl L n kospdurmenta apynpesomienust An Bosokna koutypa BKU. Ilpu orcyTcTBun korepent-
HOCTH W3JIy9YeHHs] B OPTOrOHAJIBHBIX MOJIAX BOJOKOHHOTO KOHTypa curaas narepdepenin Re Uy (6e3
Bpaitenust) Ha Boixoje BKU e comeprkutr dienos, 3apucsiux ot L u An, u npejcraBjsier CyMMy He3a-
BUCHUMBIX OJIHOIO/ISIPU3AIMOHHBIX CUTHAJIOB HHTEP(EPEHITNN I KAXKI0H U3 JBYX OPTOTOHAJIBHBIX MOJ
(p u q), 9TO HETPY/HO MOJIYYUTH U3 CPABHEHUsI C PE3YJIBTATOM sl OJHOMOJSIPU3AIIMOHHOIO BOJIOKHA
(em. [12] u npusoxenns 1 u 3). Ynenst, 3aBucsine or L u An u nponopruonaibabie cos(AkL) 6o
sin(Ak L), cBsi3aHbl ¢ KOI€PEHTHOCTBIO M3JIyU€HUsI B OPTOIOHAJBHBIX MOJAX Ha BBIXOJE. DTH UJICHbBI
MOTI'YT IPUBOJUTH K CYIIECTBEHHOI 3aBuCHMOCTH Hossipu3anuonHoil Hepzaumuoctu (Im Ug) u curnasa
unrepdepennuu (Re Upy) or Temieparypbl 3a CY4ET TeMIIEPATYPHBIX U3MeHeHUil JyimHbl KOHTYpa L u An.
B ciyuae npeasnbraoro nossipusaropa (npu € = 0) Im Uy = 0, B Beipaxkerun Re Uy ocraéres ciaraemoe,
uporoprponaabaoe cos(Ak L) u cBs3aHHOE ¢ KOI€PEHTHOCTHIO MCTOYHUKA, KOTOPOE 3aHYJIAETCS IIPU
a=0wm =0, 1. e. BaIyuae, KOIjia OJHA U3 OCEHl BOJOKHA COBIAJAET C OChIO mojstpu3aTopa. Cie-
JIyeT OTMETUTH, 9TO IIPU MOJLYJISIIINOHHOM METOJIe PErUCTPAINY CKOPOCTH BPAIeHHs {1y X (g BEJTUINHA
Re Uy ompenesisier MacimTabublii KOIMOUIMEHT — aMIIUTYIy CUTHAJA HA [IEPBOH rapMOHUKE YacTO-
THI MOJLYJISAIMU, HECyILyto uHpopManuo o ckopocru Bparienus [12]. Takum o6pa3oMm, KOrepeHTHOCTb

986 . A. Andponosa



Tom XLVII, Ne 10-11 Hszeecmuasa sysos. Paduogusura 2004

HCTOYHUKA JlaKe [PU HAJIMYIUU UJEaJIbHOIO MOJISIPU3aTOpa MoxKeT IpuBouTh (npu o # 0 u § # 0)
3aBUCUMOCTH Macirrabuoro koadgdunuenta BKIM or L u An u, cienosBareibHO, OT TEMIIEPATYPLI, UTO
IIPUBOIUT K HEOOXOIMMOCTH CTAOMIN3AINA MACIITAOHOTO KO3(MPUIINEHTA.

Beipaxkenust (I12) u (8) st Im Uy oTHOCATCS K €Iy 9ato, KOTa IapaMeTpbl aHU30TPOIMI BJIOJIb KOH-
Typa HEM3MEHHBI. B ToM ciiydae, Korja mapaMeTpbl AaHH30TPOINH H3MEHSIIOTCsT BIAOIb KOHTYPa, I KOH-
TYP COCTOUT U3 OTPE3KOB BOJIOKHA C PA3HON aHH30TPOIHEi, 3(PEKTHI MO PU3AITMOHHON HEB3aUMHOCTH
MOT'YT IOsIBUTHCA 0€3 PaszBopoOTa OCeil aHM3O0TPOINU BOJIOKHA HA KOHIAX KOHTYPA, 38 CUET PA3THIHON
OPHEHTAINN OCell OTPE3KOB BOJIOKOH, cocTaBJistiorux KoHTyp [12]. Crabas ciydaiinasi HEOIHOPOTHOCTD
mapaMeTpoB aHU3O0TPOIUHU BIOJIb KOHTYPAa, BO3HUKAIONIAS B IIPOIECCE M3TOTOBJIEHUST BOJIOKHA, IIPUBO-
JMT K IOSIBJIEHWIO CBSI3M MOJI, KOTOpasl XapaKTepU3yeTcsa IapaMeTpoM h, OIPeIe/sioNuM MOIIHOCTD,
[IEPEKAYAHHYIO B OPTOTOHAJIBHYIO MOy HA €IWHUILY JIUHBI BOJIOKHA. [Ipu MCIOIb30BaHUN MCTOIHUKA
C JUIMHON KOT'€PEHTHOCTH, CYIIECTBEHHO MEHbBINEH [JIMHBI KOHTYPa, U3/1ydeHHe, [IPOIIeIIiee BCIO IIUHY
KOHTYDa 110 OPTOIOHAJIBHBIM OCSIM, IIPH OTCYTCTBUH CBsI3U MOYKHO CUMTATh HeKorepeHTHbIM (K < 1). B
9TOM CJIy4ae KOrepEeHTHBIE COCTABJISIONINE B OPTOrOHAJIBHBIX MOJIAX Ha BBIXOJE HHTepdEpOMETpa MOT'YT
MTOSIBUTHCA TOJIBKO M3-33 CBSI3U HA, BHIXOJHBIX KOHIAX BOJOKOHHOTO KOHTYPa HA JJTMHAX, COU3MEPUMBIX
¢ umHON nenonsipusaruu Lp. Vsiydenne, Bo3HUKalOlee B OPTOIOHAJbHBIX MOJAX M3-3a CBSI3U HE
Ha KOHI[AX KOHTYPA, Ha BBIXOJIE OKA3bIBAETCsI HEKOI€PEHTHBbIM. B cuity Teopembl skBuBajeHTHOCTH [20]
HabOP OTPE3KOB CO CIyYaAHON aHU30TPOINEN MOYKHO 3aMEHUTD OJHUM OTPE3KOM BOJIOKHA, SKBUBAJICHT-
Hoit nymebl Ly < Lp. HiwmHa nenonspusanuun Lp = A2 /(AXNAn) B ormame or Ly onpejesieHa st
BOJIOKHA 0e3 caydaiinoit anmzorpornuu. Bemwauna Ly [M0KHA 3aBUCETH KAK OT JIMTHEWHOTO, TAK U OT
[UPKYJISIPHOIO JIBYTIPEJIOMJIEHUSI, CBSI3AHHOIO CO CJIydaitHbiMu Kpydenusivu. Jlisi cirydasi, korma B (8)
CpejHIe 3HAUYEHUsI YIJIOB (v U 3 paBHBI HYJIIO, YIUTBIBAsI, 9TO aMILJIUTYIA [TOJIsl, TEPEKATAHHOIO 38 CUET
CBA3M Ha JjuHe Ly, cocraBisieT mopsiaka \/hLy, MOXKHO IPUHATDH, 9TO /I SKBUBAJIEHTHBIX OTPE3KOB
Ly, na konnax kourypa (ag — fOg) ~ hLg. B srom npemnosnoxennn, ncnonb3yst (8) u nonaras A, # 0,
Ay =0,9% =0wue < 1, uro nossosster B Im Uy yuurhiBaTh TOIBLKO 4jI€HBI IOpsjka €, a B Re Uy
OTOPOCHTD WIeHbI ¢ €, nomydaem EpP™ =~ /hLg Ay, sin(ag — Bg) — (ag — Bg) = VhLg, 9o maér
CJIe Iy IOIIIe IPUOIMKEHHBIE BHIPAYKEHUSA:

RelUp = |A,]?,  ImUy = ehlp|A.|*sin(AkLg),  tg@ps = ¢ps = ehlpsin(AkLg),  (9)

IIe Pps — HeB3anMmHas ¢asa, ompejedeMas CBA3BIO MOJ. 3aBUCHMOCTDL Ppg OT TEMIIEPATYPLI MOMXKET
BO3HUKATD 38 CYET TEMIEpaTypHOTO n3MeneHus ¢gasbl Ak Ly UL IPU YCJIOBUU, 9TO TEMIIEPATYPHBIE
zapucumoctu Ak u Ly He KoMmueHcupyor apyr apyra. Ilpu Ly = Lp, kak npussTo B padore [21],
apryment sin(AkLp) = 2w A\/AN He 3aBUCHT OT TeMIIEPATyPbl, U MOITOMY OObsiCHEHHUe, JaHHoe B [21]
TeMIePaTyPHOII 3aBUCUMOCTH (s , HOJIYIeHHOH B Pe3y/IbTaTe MaTeMaTHIeCKOT0 MOJIC/IIPOBAHNS, depe3
TeMIepaTypHyo 3aBucuMocTb AkLp, ommubovHo.

OcCHOBHBIE BBIBOJIBI pabOTHI COCTOSIT B CJIELYIOIIEM.

1) Dddexrbl nonspusanunonnoii dazosoit Hepsanmuoctn BKI Kak ¢ nossipysaropoM, tak u 6e3
HOJISIpU3ATOpa JIEJIsiTCd Ha JiBe rpyiibl. K mepBoit oTHOCsATCsH 3¢ dEKTHI, HE 3aBUCHIINE OT JABYIIPe-
JIOMJIEHHST U JIJIAHBI BOJIOKOHHOTO KOHTYypa BKI, KOTOpBIe IIpu MOCTOSTHHBIX ITapaMeTpaxX aHu30TPOIINN
KOHTYpPa IPEJICTABIAIOT OO0 CyMMy HE3aBUCHUMBIX OJHOIOJISPU3AIUOHHBIX 3(MD@MEKTOB U Olpeeis-
FOTCsI TIOJISIPU3AIlAeil ¥ CTeleHbI0 KONePEeHTHOCTH U3JIyYeHUsI C OPTOTOHAJIBHON MTOJIsIpU3alieil Ha, BXOJIE
BKN.

Ko Bropoii rpytire oTHOCATCST 3(DPEKTHI MOJISIPU3AINOHHON HEB3aUMHOCTH, 3aBUCSIIIE OT JBYIIPe-
JIOMJICHUSI U JIJIMHBI KOHTYpa. DTU 3D@PEKThl ONPEEISIOTCS CTEIeHbI0 KOTePEHTHOCTU U3JIyUeHUs! B
OPTOIOHAJIBHBIX IMOJIIPU3AIMOHHBIX MOJaX HA BBIXOJE U 3aBUCAT OT TEMIIEPATYPHI 38 CUET TeMIlepa-
TYPHBIX U3MEHEHUHl JJIMHBI KOHTYypa U ABynpesomiieHus. Obe rpymbl 3hPeKTOB MOIsIPU3AIUOHHON
HEB3AMMHOCTH IIPU IIOCTOSIHHBIX ITapaMeTrpax aHU30TPOIUH KOHTYPa IABHUCSIT OT YIVIa MEXKJy OCSIMU
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AHU30TPOINK HA JBYX BBIXOJAX MHTEP(EPOMETpA.

2) Beegenne B cxemy BKIU nonsippszaropa (mim agxpousMa) HPUBOJUT K 3aBHCHMOCTH CUTHAJA
naTepdepentun npu orcyrcrBun Bpamenus Re Uy or pazmoctu a3 1) OpTOrOHATBHBIX KOMIIOHEHT
o Ha Bxome BKI, HO 9Ta 3aBHCMMOCTH HE MOXKET CIYKHUTH JIOCTOBEPHBIM KPHUTEPUEM HAJIUYIMsT
wm orcyrcrBust B BKU nezanmuoil nonsipusanuonnoii ¢a3zwl, ompeaenasemoit Beqmaunoit Im Uy, 6e3
AIIPUOPHOIT MH(MOPMAIMKE O XapaKTepe JIBYIPEJIOMJICHNsT BOJOKOHHOIO KOHTYpa M 006 OPHUEHTAINH OCei
AHU30TPOINH /IEMEHTOB BOJIOKOHHOI'O KOHTYPa U IOJISIPU3ATOPA.

3) Hepzanmuas nonsipusaimontast dasa e 3apucut ot addekra Canbsika. Pesysnbrupyrormas dasza
Ha Beixoge BKU mpencrapisier coboit cymMMy mospu3aiuoHHoi (a3bl 1 ¢da3bl CaHbSIKA.

4) CBsi3b MOJi AaHH30TPOIIHOTO BOJIOKHA, XapaKTepudyeMasl ITapaMeTpoM A, HIPH IIHPOKOIIOIOCHOM
HMCTOYHMKE M3JIyYeHHsS IIPUBOJUT K ITOABJIEHUIO Ha BBIXOIHBIX KOHIAX KoHTypa BKU, com3amepumbix c
JJTHHOM JTeTTOJIAPU3AIINY, KOTEPEHTHBIX KOMIIOHEHT B OPTOTOHAJIBHBIX MOJAX U, KaK CIEJICTBUE, KOre-
PEHTHBIX 9P @PEKTOB MOASIPU3AIUMOHHON HEB3AUMHOCTH, 3aBUCAIINX OT TEMIIEPATYPbhI BHIXOAHBIX OTPE3-
KOB KOHTYDA.

Pabora Boinonnena npu gactuaHoi nmomgepkke Copera npu npesugenTe PO 1o moiaepKke Bery-
mux Hay4HbIX mKoa PP (rpant Ne HIII-1622.2003.2).

ITPNJIO2KEHUE 1

Marpurier it BOJIH BCTpedHbIX Hampasiennit B koutype BKU ma aHM30TpOIHOM BOJIOKHE C JIH-
HEHHBIM JIBYIIPEJIOMJIEHUEM U JUXPOU3MOM B CHCTEME KOODJUHAT, CBSI3AHHOW C OCSIMHU AHU30TPOIUU
BOJIOKHA (P U @) JMaroHaJbHBI U UMEIOT BH/L

_ My, 0 . .
M;rq =M,, = ( 0 M22,> ) M1 = exp(ikyL), May = exp(ikyL),

rie ky = ky,+iky,, kg = ki +iky, a pasmuans ki, ky u k), ky onpejesisior aBynpesiomieHue n JIMXpOu3M.
B cnyuae, xorma morepu B OFHONW U3 MO/ BEJIMKH (k:gL AN k;’L MHOI'O GOJIBIIIE €J[MHUIbI), BOJIOKHO
CTAHOBUTCS OAHONONApU3annOHHbIM (M71 mim Mas obpamaercs B Hysib). Ilpu nepexose B cucremy
KOODJMHAT, Pa3BEPHYTYIO OTHOCUTEILHO OCeil aHM30TPOIMU BOJIOKHA Ha JIBYX BXOJaX Ha yIIbl o 1 [3,
1uist anemenTos mMaTpun, M u M™ B HOBOII cHCTeMe HosrydaeM

M, = My, = exp(ik,L) cos a cos 3 — exp(ik, L) sin a sin j3,

M, = My, = exp(ik,L) sin o cos 3 + exp(ik, L) sin 3 cos ,
M, = My, = exp(ik, L) sin 3 cos a + exp(ik, L) sin a cos f3,
M, = M, = exp(ik, L) sin asin 3 — exp(iky L) cos a cos f3. (I11)

Marpunet MT u M™ B OTCyTCTBHE BpalleHHsl YJOBJIETBOPSIOT YCIOBUSIM TPAJIUIMOHHON TeopeMbl
psamvuocta 1 MT = (M~)T.

ITPMNJIOZKEHUE 2

Kowmmonentsr uarepdepenrmonnoro curnana Uy = Re Uy + 1Im Uy ma Boixone BKU mna cioygast,
KOTJIa TIOJITPU3aIius COOCTBEHHBIX MOJI BOJIOKHA SJLIAIITHIECKAS:

Im Uy = —(¢ + €*) sin(a — B) Az 4y {sint cos(a — 3) [1 — cos(Ak L)] cos? x +
+ cos 1) [cos x cos(a + 3) sin(Ak L) + sin(2x) sin(a + ) sin? (Ak L/2)]} +
+ &% (JAy|* — |Az|?) sin(a — B) [cos x sin(a + B) sin(Ak L) — sin(2x) cos(a + B) sin®(Ak L/2)] ,
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ReUy = —(c — ) Ay Ay {cos ¢ [sin[2 (a + B)] cos?(Ak L/2) — sin® y sin[2(a + B)] sin®(Ak L/2)+
+ sin x cos[2 (o + ()] sin(Ak L)] + sin ¢ [cos x cos(a — B) sin(a + B) sin(Ak L) —
— sin(2y) cos(a + B) cos(a — B) sin*(Ak L/2)] } +
g? (|Am|2 +14,%) [0082(Ak L/2)sin?(a 4 ) + sin? x cos?(a + 3) sin®(Ak L/2) —

— cos? ysin?(a — () sin?(Ak L/2) — % sin x sin[2 (o + )] sin(Ak L)] +

f)
+ (JAz* + e*|Ay %) [cos®(a + B) cos*(Ak L/2) + sin® y sin®(a + 3) sin®(Ak L/2) +

+ cos? x cos? (o — B) sin®(Ak L/2) + %sinxsin[Q (a + B)] sin(Ak L)} .

ITPNJIO2KEHUE 3

Curnan uarepdepentuu 6e3 Bparienusi Re Uy pu OTCYy TCTBUYM KOT€PEHTHOCTH U3JIyICHUS B OPTOTO-
HaJIbHBIX MoiaxX Ha Bbixoje BKU npejcrasisier cyMMy HE3aBUCUMBIX OHOIOISAPU3AIMOHHBIX CUI'HAJIOB
uHTepdEepEHIINT JJIsd KAaXKJI0i U3 JByX OPTOrOHAJBHBIX MO p u ¢: Uy = Ug + Ug , TIie Ug u Ug — CHUr-
HaJIbl UHTEPMEPEHIUH B IIPEJIIIONIOYKEHUH, YTO U3JIyYE€HUE PACIIPOCTPAHSETCS B OJIHOIOISAPUIAIMOHHOM
BOJIOKHE B OJIHOM (p WK ¢) MO/Je.

U§ = EVFEL™ + ENTEP™,

Re U} = |Ay|? cos® accos® B + e* |A,|* sin® asin® B + % sin(2a) sin(26) (|Az|* + |4, )] -

- % cos ) Ay Ayle(cos® asin(28) + cos® Bsin(2a)) + €3 (sin? Bsin(2a) + sin® asin(28))),

1
ImUJ = — 5 sin A, Ay[e(— cos® asin(28) + cos? Bsin(2a)) + £3(— sin? Fsin(2a)+
+sin? asin(20))];  (I13a)
Uj = EI"ES™ + BIYEI™,
ReU{ = |A[*sin? asin? B + & |4, | cos? acos? B + £ sin(2a) sin(23) (| Az + [Ay )]+
% cosp A, Ay[e(sin? asin(23) + sin? Bsin(2a)) + £*(cos? Bsin(2a) + cos? asin(23))],

ImU{ = % siny A, Ay[e(— sin? asin(28)+sin? Bsin(2a))+e®(— cos? Bsin(2a)+cos? asin(20))], (I1136)

rae Ay m Ayexp(iy)) — oproroHasbHbIe KOMIOHEHTHI Hojeii Ha Bxoge BKU, ) E§+, E,
Bt BT, BT ElT — xommomenTs moseii Ha Bpixoge BKI, mpormesiie BOIOKOHHBIH KOHTYD BO
BCTPEYHBIX HAIIPABJICHUSX B OPTONOHAJBHBIX MOJAX P U (.
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WucruryT npukiaanoit ¢pusukun PAH, [Toctynmuna B pemakiuio
r. Hmwxkuuit Hosropon, Poccus 9 mapta 2004 r.

INFLUENCE OF RADIATION COHERENCE ON THE EFFECTS OF
POLARIZATION NONRECIPROCITY OF THE FIBER RING INTERFEROMETERS

1. A. Andronova

In this paper, we consider the effects of polarization nonreciprocity taking into account coherence
or partial coherence of radiation at the output of a fiber ring interferometer (FRI) and discuss the
possibility of occurrence of additional effects of polarization nonreciprocity at the output of an FRI
with a broadband radiation source due to coherent component of radiation resulting from the coupling
of orthogonal modes at the output segments of the fiber. Allowing for the coherence, we estimate the
temperature instability of the interferometer signal related to the polarization nonreciprocity.

The features of the polarization nonreciprocity effects for a fiber ring interferometer with polarizer
or dichroism are considered. It is shown that if the conditions of conventional reciprocity theorem
(no rotation) are satisfied for the interferometer, then the polarization nonreciprocity effects become
hidden and cannot be detected in the interference signal without a priori information on the character
of birefringence and on the orientation of anisotropic elements of the fiber loop of the interferometer
and polarizer.
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YK 535.2-44-535.854

BJINAHUE HEPETYJIIPHOCTU KPYYEHUS OCEMN
ABYJIVHEIIPEJIOMJIEHN A OJJHOMO/J0BbIX BOJIOKOHHBIX
CBETOBOJOB HA IIOJIAPN3AIIMOHHYIO HEB3AVMHOCTDb

BOJIOKOHHBIX KOJIBIIEBBIX NTHTEP®EPOMETPOB

I B. Maavixun

Ha gacTHOM mpmMepe BOJIOKOHHOTO KOJIBIIEBOIO HMHTEPpMEPOMETPA C TAK HA3BIBAEMON MUHUMAJIbHON
KOH(Uryparmeil, KOHTYp KOTOPOro COCTOUT U3 JBYX yIACTKOB OJIHOMOJIOBOTO BOJIOKOHHOI'O CBETOBO/IA Pa3-
JIMYHOI JJIMHBI C OAWHAKOBBIM JIMHEHHBIM JIBYJIydelIpeJIOMJIEHHEM, HO PAa3JIMYHBIM Kpy4deHHeM, IIOKa3aHo,
9TO Jlake B TOM CJIydae, KOrJa Ha BXOJle KOHTypa MHTeP(EpOMEeTpa OCH JIBYJIYIeIPEIOMIICHIS CBETOBOIA
COBIIAQJIAIOT C HAIIpaBJIEHHEM IIPOIYCKAHUdA IIOJIAPU3ATOPA, MOXKET BO3HUKHYTH SIBJICHUE IIOJISIPU3AIMOHHOMN
HEB3aUMHOCTH BOJIOKOHHOI'O KOJIBIIEBOrO nHTEpdepoMerpa. [lokazaHno, 4To, B IPUHIIKIE, C IOMOIIBIO COOT-
BETCTBYIOIIEH HACTPONKH Ocell OJHOMO/IOBOT'O BOJTHOBOI'O CBETOBO/Ia MOXKHO UCKJIIOYUTD IIOJIAPU3AIIOHHYIO
HEB3aUMHOCTb, OJIHAKO IIPU U3MEHEHUH TEeMIIEPATypPhl CBETOBO/IA PACCMAaTPUBAEMYIO HAaCTPOUKY Tpedyercs
U3MEHATh.

Ilokazano Takke, 9TO BEIUYNHA MOJISPU3AIMOHHON HEB3aMMHOCTH 3aBHCHUT OT JJINHBI BOJIHBI CBETA U
YTO IIPU U3MEHEHUHU TeMIlepaTypbl CBETOBOJA CO CIyYalHBIMH HEOJHOPONHOCTAMHN H3MEHEHHE BeJIUYNHBI
MOJISTPU3AIMOHHON HEB3AMMHOCTH B BOJIOKOHHOM KOJIBIIEBOM MHTEpdEepoMeTpe Oy1eT NMETh KBA3UIIEPUOIU-
YEeCKUil XapakTep.

B pabore [1| Hamu ObLia IpeIoKeHa MOJIENb CIyYaiiHbIX HEOJHOPOJIHOCTENH B OJIHOMOJIOBBIX BOJIO-
koHHbIx ceroBogax (OBC), koropasi mpe/onaraeT BOSHUKHOBEHUE CIIydailHbIX KpydeHuii oceil cob-
CTBEHHOI'O JinHelHOTO nByJiydernpesiomieHus OBC B mporecce BBITSKKE CBETOBOJIA U3 3aroTOBKU. Tu-
IUYHAST JJIMHA KOPPEJISIMU HeoHOpoIHOCTel (1) cocTaBisier 0Koso 2,5 ¢M, a MOJLy/Ib MAKCUMAJIbHOTO
HOrOHHOTO Kpy4eHusi oceil Opmax ~ 2 paj/m. Ilpu srom asumyTsl oceil aByiydenpenomierus OBC
He UCIBITBIBAIOT pa3pbiBoB. Mojeis [1], B yacTHOCTH, [IO3BOJISIET TIOIYYUTh JIOCTATOYHO XOPOIIee COB-
[aJieHre C pe3yJIbTaTaMU M3MEPEHUl 3aBUCUMOCTH h-TIapaMeTpa, XapaKTepPU3YIOIIEro CBs3b MOJIsipU3a-
UOHHBIX MoJL [1], or pasHocTn An nokasaresieii pejoMiIeHHsI B MeJjIeHHO u 6bicTpoit ocsix OBC, a
TaKKe PACCUUTHIBATH PsiJi IAPAMETPOB BOJIOKOHHBIX KOJIbIEBbIX nHTepdepomerpos (BKI) pasimanbix
TUIIOB METOJIOM MATeMaTHYECKOrO MOJIEJIMPOBAHUSI CIIydailHbIX HeoJHOpojaHoCTel [2, 3].

Ecmu veBosmymiénnoe npyiydenpesomierane B OBC sipjsieTcst JIMHEHHBIM, TO IIPU HAJUYIUH JIAXKE
peryJisipHoro (paBHOMEPHOI'O) KPy4eHUsi COOCTBEHHbBIE MOJISIPU3AIIMOHHBIE MOJIbI CTAHOBSITCSI JLIUIITH-
YeCKUMHE, IPUIEM Hambojiee PaAlMOHAJILHBIM SBJISIETCS PACCMOTPEHUE STUX MOJ, B COIPOBOXKIAIOIIECH
KpydYeHre, TaK Ha3blBaeMOil BUHTOBOI, cucreme koopauHat [4-6]. B arom ciayuae, kak GbLIO BIEpBbIE
nokazano B.JI. Tuus6yprom [4], s/umnTudHOCT MOJ He 3aBHCAT OT ONTHYECKOI TOMIMHBL (a30Boil
IJIACTUHKY, B JIAHHOM CJIy4Yae — JIJIMHBI CBETOBO/IA.

B npunnumne, B OBC moxker uMeTb MeCTO COOCTBEHHOE 3JITUITUYIECKOE JBYJLYIelIPEOMIEHNE, KO-
TOPOE HE CBSA3aHO C KpydeHHeM, a 00yCJIOBJIEHO, HAIIPUMED, HEKOTOPOU ONTUYECKON aKTHBHOCTHIO Be-
IIECTBA CBETOHECYINEH Kbl (KOpa) CBETOBOJIA L st takoro OBC s/uIHITHIHOCTD COOCTBEHHBIX MO~
JISPUBAIMOHHBIX MOJ[ HE 3aBUCUT OT JIJIMHBI CBETOBOJA B JiabopaTopHoit cucreme koopauuat. BKU c

! Kax nokaszamo B pabore [6], Ipu 0{HOBPEMEHHOM HAJMYHME ONTHYECKOH AKTHBHOCTH M KPYHYEHHsT BOSHUKAET OCOGBII
THII OJISIPUBAIMOHHOI HEB3AMMHOCTH CPEJIbI, KOTOPBI 0OYCIOBJIEH T€M, YTO B PACCMATPUBAEMOM CJIydae COOCTBEHHBIE
nonsipusarmonase Mogel OBC yxke He sIBISIOTCS B3aWMHO OPTOrOHAJbHBIMH. OTMETHM, YTO B ONTHYECKH AKTHBHBIX
Cpesiax ¢ oTepsiMU HOJISIPU3AIMOHHbIE MO/IbI TaKk ke HeopToroHasbHb! [7]. B OBC 6e3 onrrueckoit ak THBHOCTH HEOPTOIO-
HAJIbHOCTD ITOJISIPI3AIMOHHBIX MO, MOXKET UMETh MECTO TOJIKO IPU HAJIMYHUH JIUXPOM3Ma, OCH KOTOPOI'O HE COBIAJIAIOT C
OCsAIMU JIMHEHHOrO ABy.rydenpenomienus [8]. Huxke mbr Gy/ieM paccMaTpuBaTh TOIBKO CIIydaif, KOTJA MOISPU3AIUOHHbIE
mozsl OBC B3anMHO OpTOrOHAJIBHEL.
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2 1

Puc. 1. (a) Cxema BKU ¢ mMunumasnbhoii Kouduryparmeit: 1 — CynepaOMUHUCIEHTHBIR auomd, 2, § —
CBETOJIEIUTEIN, & — MOJIpU3aTop, 4 — orpe3ok OBC Mex 1y mo/sipu3aTOpoOM U BTOPBIM CBETOIETUTEIEM,
6 — xouryp BKU, 7 — doromunox. (6) Opuentarmst ocell cOOCTBEHHOTO JINHEHHOTO JIBYILy U€TIPEIOMIIEHHS]
Ha Bxojie Koutypa BKU: z, y u x’, y' — nanpasienus «MeJjIeHHO» U «OBICTPOii» Oceil COOTBETCTBEHHO
Ha BXOo/axX KoHTypa I m 2, II — mampaBjeHne TpOITyCKaHUs MOJIAPU3ATOPA

KOHTYPOM U3 PACCMATPUBAEMOI'O OJHOMOJIOBOTO BOJIOKOHHOT'O CBETOBOJIA PACCMOTPEHBI B HAIUX pabo-
tax [9, 10]. B wactrocTn, B [9, 10] MOKa3aHO, YTO, €CM OCH SITUITHICCKOTO JBY/TYIelPeTOMICHES 2
OBC Ha 0boux KOHIIAX KOHTYpa HHTepdEpOMeTpa Mapajuie/ibHbl HAIIPABIECHUIO ITPOIYCKAHUS TTOJISPU-
3aTopa (CM. puC. 1), deMy COOTBETCTBYeT ycjoBue o = ap = 0, TO 0OyCJIOBICHHAST HOISIPUBAINOHHON
nepsanmuocTeio (ITH) [11, 12| meBzammuasi pasuocTsb a3 BeTpedHbiX BosiH Ha Bbixoge BKU orcyt-
CTBYET.

OrmernM, 9TO HEB3aMMHAsT PA3HOCTb (Da3 BCTPEYHBIX BOJIH SBJISIETCS MPOsiBJICHUEM TaK HA3bIBae-
MOl reOMeTPHUYECKOi, min Tornoaorndeckoii, daser [10, 13-15], unorga umenyemoii dasoit beppu, u B

OOJILIIIUHCTBE ClIyd9aeB OIrpaHUYIUBaeT TOYHOCTb U3MEPEHUA yI‘JIOBOfI CKOPOCTHU BpallleHusd C IIOMOIIBIO

2 DTu ocu cOBHATAIOT ¢ GOJIBIION M MAJIOH OCBIO JIOGOrO U3 ABYX JIMIICOB, COOTBETCTBYIOIUX COOCTBEHHBIM ITOJISI-
pusanmoHHbIM MojaM paccMmarpusaemoro OBC.
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BKMN. Ionstpuzarmontast HEB3AaNMHOCTD BOJIOKOHHOT'O KOJBIIEBOIO MHTEPEPOMETPA — 3TO BO3SHUKHO-
BEeHUE HeB3aUMHOI pasHocTu (a3 BCTpedHbIX BoyiH Ha Bbixoge BKIU npu orcyrcTBun BparieHusi.

B neitctBuresibHOCTH TapasuiesbHOCTh oceit OBC Ha 060MX BX0JaxX KOHTYpPa BOJIOKOHHOI'O KOJIbIIe-
BOro mHTEpPGEpPOMETPa HAIIPABJIEHUIO MPOIYCKAHUS IOJISIPU3ATOPA SBJISETCs U30BITOYHBIM YCJIOBUEM
OTCYTCTBUS HOJSIpU3aIMOHHOI HeB3anmuocTu. Kak nokasaso B [8, 11, 12|, suist 9Toro gocrarodHo, 4ro-
661 ocu Ha 0O60OUX KOHIIAX KOHTYpa ObLIM HapasuieJbHbl Apyr apyry (a1 + as = 0), 0HAKO B 9TOM
CIydae MHTEHCUBHOCTD IT0JIE3HOrO curHaja Ha Bbixome BKIU Oymer menbime, weM Ipu yCIOBUU (v =
= aig = 0. [losToMy HEU)KE MBI OyIeM pacCMaTPUBATD HOCIEIHEE YCIOBUE OTCY TCTBUS MOJISIPU3AINOHHOM
HEB3AMMHOCTU.

Canenyer umers B Buiay, 910 OBC ¢ 00yC/IOB/IEHHBIM ONTHYIECKON AKTHBHOCTBIO SJITUITHIECKIM
JIBYJIy 9eIIPEJIOMJIEHIEM PEAJIbHO He CYIIECTBYIOT — 3TO JIAIIb [IPOCTast U yI00HAs JJIs PACCMOTPEHUsI
MOJIEJIb. DJUINIITHIHOCTb COOCTBEHHBIX ITOJISIPU3AIMOHHBIX MOJ, B peasibHbix OBC Bcerma cesizana ¢
KpydeHueM. B ciydae, eciiu KpydeHue U, CI€I0BATEILHO, JUIAITHIHOCTD Hoastpu3anuonubix Mo OBC
IOCTOsTHHA, 110 Beel jymmHe koutypa BKU, To ocu 3munTudeckoro ABy Iy Ielpe/IOM/IEHNsT TIOBEPHYTCS
B COIPOBOXKIAIOIIEN KPyUeHHe CUCTeMe KOODJIMHAT Ha BCell jimHe BOJIOKHA Ha yrou & = OL, rne © —
noronHoe kpyuenue oceii OBC, L — jymHa KoHTypa. B mrTore Ha OJHOM U3 KOHIIOB KOHTYpa (CM.
puc. 16) ocu OBC 6yuyT noBépHyTHl Ha yroia «q, a Ha JApyroM — Ha ag + &. OJHAKO, KaK HETPYIHO
[IOKA3aTh, U B 9TOM cjiaydae 1pu yciaosuu, aro ocu OBC He napaJsuie/ibHbI HAIPABJICHUIO TPOITYCKAHUS
nossipuzaTopa (a1 = ag + & = 0), nossipu3aionHasi HeB3aUMHOCTb TAKXKe OTCYTCTBYeT.

B upunnume, 6e3 norepu OOITHOCTH MOXKHO BKJIIOYATH yroi & B yrojl (g, JJIsi KOTOPOI'O MOXKHO
BBeCTH ObO3HATeHHEe (5% = g™ P + & e af°"°° — 310 yros MexKJly HAIPABJIEHHEM HPOILYCKAHUS
noJisipuzaropa u MeyienHoi ocbio OBC. Ormernm, 9T0, €Cjin CBETOBOJ, PACIPSIMUATH U OCBOOOIUTD, TO
Pa3HOCTH A3UMYTOB OCEH JIBYJIyUYeIPEJIOMJIEHNS HA €r0 BXOJ€ U BLIXOJE COCTABUT &.

Hesb gamHO paboThl — HOKA3aTh, UYTO IIPU HAJIMIHUH CIydaiiHoro Kpydenus: oceit OBC maxe B ToM
ciIydae, KOTJia OCH sJumnTudeckoro jsyydernpenomiennss OBC na Bxoge u Boixone BKU ¢ Mmunumaib-
HOIl KOoH(UTypaIyeil mapaJuie/ibHbI OCH IIPOITYCKAHUS [MOJIIPU3aTOPa, MOXKET MUMETbh MECTO IOJIAPU3a-
IIOHHAs HeB3auMHOCTh. Kax mokasamo B mammx paborax [11, 12] 3, nomspusanponnas HeB3anMHOCTD
OTCYTCTBYeT B C/Iydae PaBEHCTBa HEIMAroHaJbHBIX 3yeMeHTOB Mmarpuiibl Jlxkomca Bcero BKIU. Ilpu
STOM HeB3aMMHAsI PA3HOCTDH (a3 BCTPEUHBIX BOJIH TOXKICCTBEHHO PaBHA HYJIO 4.

Takum obpazom, eciim HAM YIACTCS MOKA3aTh, 9TO IPHU ycaoBuu a1 + g = (0 HegmaroHa/bHbIE
snemenThl MaTpuiibl Jxkonca BKU we pasubl B ciiydae, korja koutyp BKU cocrour xoTst 661 u3 JIByx
orpeskoB OBC pasHOIl JUIMHBI ¢ OJMHAKOBBIM HEBO3MYIIEHHBIM JIMHEHHBIM JIBYJ/IyYelpe/IOMIEHIEM U

Pa3/IMIHbIM KPYY€HUEM 5

, TO 9TO OyIeT CIyKHUTH J0KA3aTEILCTBOM HAJIUYNS TIOJISIPUBAIMOHHON HEB3a~
umuocTu 8. Takoit 1m01x0 U36aBUT HAC OT HEOOXOAMMOCTHU JIOBOJIBHO CIOKHOIO PACUSTA HEB3AMMHON
pasHocTu (ha3 BCTPEUYHBLIX BOJIH, OJHAKO HE IMO3BOJIAT IIOJYYUTH B SIBHOM BHJIE 3aBUCHMOCTEH HEB3a-
UMHOI pasHocTu (a3 BCTPEYHBIX BOJIH U MHTEHCHBHOCTH MHTEPQEPEHIIMOHHOrO (IO0JIE3HOI0) CUrHAJa
OT COCTOsIHWS TOJIgpu3anuu n3jirydenus. /lannas pabora mMeer n Apyrue Iejd: PACCMOTPETH CIIOCO0
KOMITeHcanuu noJisipudannonnoit Heszanmuoctu B BKU ¢ kontypom n3 OBC co cayuaiiabivMu Heos1-
HOPOJIHOCTSIMHU, OCHOBAHHBII Ha PEryJMpOBKEe OpHeHTanuu oceii jpyJydenpenomienus OBC Ha Bxome

KOHTYDpPa, a TaKzKe II0Ka3aTb, 9YTO ITOJIFAPpU3allMOHHad HEB3AUMHOCTDL 3aBUCUT OT JJIMHBI BOJIHBI CBE€Ta U

3 B paborax [11, 12] mo npennoxkenmio . A. AHapoHOBO# GBLIIO PACCMOTPEHO BJIMSAHHUE PA3HOCTHU AEHCTBATEBHBIX U
MHUMBIX JacTeil semeHToB MaTpulibl /xxornca BKU Ha HeB3anMHYIO pa3sHOCTH (a3 BCTPEYHBIX BOJIH.

4 B To ke Bpems, ecu HeIMArOHATIbHBIE 3TeMeHTHl Marpunsl Jxxonca BKI me paBHBI Mexky coBoif, TO U3 9TOTO
ermé He CIeIyeT, 9TO HEB3aMMHAsl PA3HOCTb (a3 BCTPEUHBIX BOJH He paBHA HYJO. /18 €€ BOBHUKHOBEHU:, KaK ITOKA3aHO
B [9], HEOOXOAMMO HaJIMYNE COOTBETCTBYIOMIEr0 COCTOSIHUSI IIOJISPU3alN U3Jly YeHns Ha Bxoje BKIU.

5 Hanuume qByX TAKMX OTPE3KOB SKBHBAJEHTHO HAJMYHIO OJHOM CIIy<ailHOH HEOMXHOPOZHOCTH B CBETOBOIE KOHTYDA
nHTEPEPOMETPA, KOTOPAs HAXOAUTCS Ha CTHIKE PACCMATPUBAEMBIX OTPE3KOB.

6 Mast ynporménnoii cxembr BKU, B KOTOpPOii OTCYTCTBYET HOISPH3ATOP, 9TO GBUIO MOKA3AHO ABTOPOM EINE B [11].
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temneparypsl OBC.

SanuiieM BbIpaykKeHHe Jjisi MaTPUIlbl J[>KOHCA BOJIOKOHHOTO KOJIBIIEBOTO MHTEP(EPOMETPa IIPU I10-
JIOKUTETFHOM HAIpaBieHnn o6xoma - MT 01HOMOIOBOrO BOJOKOHHOTO CBETOBOJA C IIPOM3BOIBHBIM
qucsioM N OTPE3KOB €O CIydaiiHbIM KpydeHuem [2|:

MT =TI (A/2) T(—a2)K"T(ay)II, (1)

1 0 cosa sino -1 0
H_<O 5)’ T(a)_<—sina cosa)’ }‘/2_<0 1>

— wmarpunpl JxkoHca nossipuzaropa (¢ < 1 — KoadDuIeHT SKCTUHKIMU HOJISPU3aTOPa), [OBOPOTA
OJIHOTO M3 KOHIIOB KOHTYPa Ha YIroJl (v U MOJyBOJIHOBOMH IIACTUHKHM COOTBETCTBEeHHO. ITociennss mar-

rae

pHUIIa OIMCHIBAET MEPEXOJ] OT IPABON CHCTEMbI KOODIMHAT (X,Yy) Ha KoHIe KoHTypa I K sieBoit (x',y’)
Ha KOHIIEe KOHTypa 2 (cM. puc. 16) u, TakuM 06pa3oM, MO3BOJISIET TIPOBOJUTH BCE BBIYUCICHUs B OJIHOM
cucreMe KoopauHar (x,y).

3aMeTuM 3/1eCh, YTO U3JIyUE€HHUE, IIPOIIIEIIIEE 10 OCU T, UCIIBITHIBAET JOTOJTHUTEIbHBIN Haber dha3 Ha
T IO CPABHEHUIO C U3JIyICHUEM, IIPOIIEIIINM 10 OCH ¥, UTO U YIUTHIBAETCS BBEJICHUEM ITOJIYBOJIHOBOI
wiacruaku. Marpuna Txxonca kourypa BKU npu namunann crydaiineix kpydennit OBC umeer Bug [2]:

N N N N
K+:T —Z@klk Hak:T —ng Hak,
k=1 k=1 k=1

k=1

rie { = Ol (§0 = 0), ap — marpuna Ixxonca k-ro ciayuaiinoro orpeska OBC konrTypa nnrepdepo-
MeTpa, UMEIOIIEro CJiydaifHoe KpyJueHue, B COIPOBOXKIatoNIell (BUHTOBOI) cucreme KoopuHar |1]:

cos<%> —i—iﬁsin(%) 2(1-9)On sin(ﬁklk>
ay = 2 Bk 2 O 2

—2<1_g)9k sin<ﬂklk> 0s<%> —iﬁsin<%> 7
ﬂk 2 2 ﬂk 2

I — mmHa ciay4vaiinoro orpeska, O = d/dl — ciyuaiinast BemarHa KPyUYeHUs! a3UMyTa Ha KaXK[OM
U3 OTPe3KOB, O = \/ B2+ [2(1 — g) ©k]? — sumunTHyuecKoe JByILyYenpeoMIeHne COOCTBEHHBIX MOJIsI-
pusannonHbix (HopMauabHbix) Mo OBC B BuHTOBOI cucreme koopaunart, 3 = 2w An/\ — cobcrBeHHOE
(meBo3MyIEHHOE) JuHeliHOe nBYJryuenpesomienrne OBC, An — pasHocTb HoOKa3aTeseil mpeoMIeHus
B MejjIeHHOI u ObicTpoii ocssx OBC mpu orcyTcTBUN KpydeHHsi, A — JJIMHA BOJIHBI CBETa B BaKyyMe,
g — K03 duimeHT HOTOYIPYroCTH MaTepHalsia, U3 KOTOPOro M3TOTOBJIEH CBETOBO/I.

Ha Bceit mymrne OBC BeencTBre crydaiiHbIX KPyUeHnit CBETOBOA HADEraeT Yyroia KPYdeHus: oceit
Z]kvz1 &. B paccmarpusaemom ciiygae N =2 u Zszl & =& + &

OrmernM, 9TO, KaK U JIst IOCTOsTHHOTO KpyueHus oceit OBC, 6e3 morepu OOITHOCTH MOYKHO BKJIFO-
quTb yroi &1 + 2 B yroi ap, IS 4ero BBeJAEM obo3HadeHme: oy = oz;Tapoe + & + &, tae ayC —
YIOJI MEXKJIy HallpaBJIEHHEM IIPOITYCKaHUs rmojstpu3aTopa u MemienHoi ocbio OBC. Takoe mepeobosna-
JeHue CyIIeCTBEHHO YIIPOCTHJIO OBl JaJIbHEHIne pacaéThl, OJHAKO, IOCKOIBKY JTaHHas paboTa HMeeT

METOJINYECKUI XapaKTep, Mbl COXPAHUM CTapble OOO3HAYEHUs JJIsI HAIVISIHOCTU M SICHOCTH OTJIMYUSI
MTPOUCXOXKICHUST PA3JINIHBIX yIIoB ToBOpoTa oceii OBC ma BXome KOHTypa: yIiabl £ U £ BOZHUKIIN

7 Marpura JI>KOHCa BOJIOKOHHOTO KOJIBIEBOr0 HHTepdepOMETpPa IIPH OTPUIATEILHOM HAIIPABICHAN 06X0/1a NMEET BHL
M~ = M*7T. Tlocremnee coornomenne o6bsacHseT TpeboBaHIE K PABCHCTBY HEIHATOHAIBHBIX 3meMenToB MT: B aTOM
cayuae MT = M™, BreqcTBHE 9ero yCIOBHS PACIPOCTPAHEHHS M3TydYEeHHs AJIS BCTPEUHDLIX BOIH GYIyT OIMHAKOBLIMU
", CJIEJOBATE/ILHO, MMOJISIPU3AIMOHHAs] HEB3AUMHOCTD He OyIeT UMETh MECTA.
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B mporiecce BITsKKE OBC u3 3aroToBKM U «BMOPOXKEHBI» B CTPYKTYPY CBETOBOJA, & ('] M (g — YT-
JIBL TIPUHYINTEJILHOTO PAa3BOPOTa OCell Ha BXoJie KOHTypa. Takum obpas3oMm, Ha pUC. 16 BMECTO yIyia ao
MEXKTy HAMIPABJIEHUEM MPOIYCKAHUS MOAsIpu3aTopa u MeaienHoit ocbio OBC Ha BTOpoM BXO/e KOHTYpa
BKMU 6yaer yroim ag + &1 + £2. OTmeTnmM, 9TO, €CJIM CBETOBO/L PACHPSAMUTD U OCBOOOUTH, TO PA3HOCTH
a3UMYyTOB OCeil NBYJIyYelpeOMIeHIs Ha ero BXO/e U Bbixoje cocTaBuT &1 + Eo.

B cnyuae, xorma koutyp BKU cocrouT m3 jByX CaydaiiHbIX OTPE3KOB, BOODIE TOBOps, 1 # lo n
©1 # Oq. IIpearonokuM, 9TO BBIIOIHSIETCsT yeaoBre O111+09ls = 0. D10 o3Hauaer, uro {1+ = 0, T. €.
[pU OTCYTCTBUU HPUHYAUTEIbHOrO paszsopota oceit OBC (g = ag = 0) a3uMyThl 0Ceil 3UIUITHIECKOrO
neyydenpesomienns OBC na obonx xonnax kouTypa BKU coBmamaroT ¢ nampaBienneM TpoIyCKAHUST
nosistpuzaropa. [Isa nocienaux npeanonoxenus (£ + & = 0; a3 = ag = 0) CYIIECTBEHHO YIPOIIAIOT
JlaJIbHENIIIe BBIYUCIEHNS, B PE3YJIbTaTe KOTOPBIX HOJIYYHM CJIEJyIOIIe BbIpaXKeHus Jjis peabHbIX 1
MHUMBIX 9acTeil snemenTos Marpuiisl Ixkonca BKM M™ (cm. Boipaenue (1)):

ot () () EE O () ),
Im My, = — ﬁ n<@> cos<@> — ﬁ cos<@> sin(@) .
YT 2 B2 2 2 )’
Re M1y = —2¢ (1 — )|:E sin <ﬁ1l1> Cos<ﬁ2l2> I ?22 <ﬁ12l1> sin(%)] ’

ImM12:_€2(1—g)ﬁﬁléS)1—@2)si (ﬂll) <ﬁ7>’

w3 ()] S () ()]

2(1-9)B (01— 69) Sin(ﬂlh) ‘ <ﬁ2lz>
B152 2

Re Myy = &2 cos(%) cos<ﬁ22ZQ> + B+ 4(21_621)2 ©10, Sin(ﬁ;h) Sin(%) 7

p Pl Pals ﬁ Pl g Bala
it = =2 Fan(5 ) (57) = (55 (%)) ?

U3 (2) cuenyer, uyro Re M2 = Re My, a Im Myy = —Im My, . Kak nokaszano B [11, 12|, mepaBencTso
Mo u My (nim xorst 661 UX JIEHCTBUTENBHBIX MM MHUMBIX YacTeii) O3HAUaeT, 4TO B BOJIOKOHHOM KOJIb-

Im M21 =£

[IEBOM HMHTEePdEPOMETPE UMEET MECTO HOJISIPU3AIMOHHAS HEB3aUMHOCTH M BO3MOYXKHO BO3HUKHOBEHUE
HEB3aUMHON pasHocTu (a3 BCTPEYHBIX BOJMH (IPU HAJIUYIUU COOTBETCTBYIONIEIO COCTOSIHUSI IIOJISIPU-
sanun uzsydenusi Ha Bxoge BKI). Takum o6pasom, B BOJOKOHHOM KOJIBbIIEBOM HHTEPGhEpPOMETPE €
KOHTYpoM u3 JByX orpe3kos OBC pasjmaHO#l JIUHBI ¢ Pa3JnIHbIM KPYyUIEeHHEM Jayke B TOM CJIydae,
korya ocu gByJydenpesnomiienus OBC ua Bxome BKU He pa3BépHyTbI OTHOCHTEBHO HAIIPABJIEHUSI
[IPOITYCKAHUS MTOJIAPU3ATOPA, MOYXKET BO3HUKHYTH HEB3aUMHAsI PA3HOCTL (Pa3 BCTPEIHBIX BOJIH — TakK
Ha3bIBaeMblil capur myJiss BKU.

IIycts kouTyp BKW marorossen m3z OBC ¢ cujibHBIM JIMHEHHBIM JIBYJIyYelIPEIOMIEHIEM THIIA
PANDA umn BOW-TIE («rajcryk-6a6oukas), B KOTOPOM UMEIOTCsI PACIOJIOXKEHHBIE Ha OJMHAKOBOM
pPacCTodAHUU OT CBETOHECYIell »KUJIbl — KOpa U JIeKallle Ha OJHOU HpAMOI HallpAralolue BCTaBKU,
obecrieunBaroIue CUJIbHOE JIMHEHHOE JBYJIyYelPEJIOMJIEHAE U 33JIal0IUe HAIIPABJIEHUE €ro Oceil. YT-
JIOBOE IIOJIO’KEHIE 3TUX BCTABOK ITO3BOJISIET C BBICOKO# TOYHOCTBHIO opueHTHpoBaTh ocu OBC Ha BxXOmE
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BKU oTHOCHTEIBHO HAIIpaB/I€HUsT IIPOITYCKAHUS IOJISIPU3aTOPA, OIHAKO, KaK OBLIO ITOKA3aHO BLIIIIE,
npu Hajgwmauu ciaydaitaeix kpydennit OBC Takast opueHTanns He rapaHTHPYET OTCYTCTBHUE ITOJISIPHU3a-
IIMOHHOI HEB3aWMMHOCTH.

ITockobKy camMa BO3MOXKHOCTH CYIIIECTBOBAHUS IOJISIPU3AIMOHHON HEB3aMMHOCTHU IIPU COBIIAIEHUN
oceit OBC na Bxone kouTypa BKU ¢ Hampas/ieHneM MpOIyCKaHUS HOJISIpU3aTOpa paHee He paccMar-
pUBAJIACH O, TOJIE3HO JAaTh (PU3UUECKYIO HHTEPIIPETALIIIO STOTO sBJIeHNs. || pHYInHa BOSHIKHOBEHHS 110-
JISPU3AINOHHON HEB3aMMHOCTH 3aKJ/II0YAETCd B HEKOMMYTATHUBHOCTH MaTpull /[2KOHCa ABYX OTPE3KOB
OBC ¢ pazau4HOil AjIMHOM 1 Pas/IMIHbIM KpydeHueM. Takum oOpa3oM, Jjisl BCTPEYHBIX BOJIH 9TO IIPU-
BOJUT K PA3JINYIUIO yCIOBUY BO30OYKIeHUs U pacupocTpanenus. Jlannoe sipjienne 00ycC/IOBJIEHO HETrOJI0-
HOMHOM CBSI3bIO MEXKJLy COCTOsTHHEM mojisipusarun n3iayderns 8 OBC u 3aBucumoctbio kpydennst OBC
or jyinHbI cBeToBosa [16]. B Hameii pabore [16] 6b110 10Ka3aHO, 4TO B IAHHOM CJIy4ae IPUMEHUTETHHO K
OBC HEroJIoHOMHOCTb MOYKHO pacCMaTpUBATh KaK HEKOMMYTATUBHOCTD JjIsl OECKOHETHO MAJIBIX OTPE3-
KOB CBeTOBOJa. MOXKHO JaTh U JAPyroe, SKBUBAJEHTHOE IPEIbILIyIeMy, HO Dojiee IpocToe 00bsICHEHNE
BOBHUKHOBEHUSI MTOJIAPU3ANNOHHON HEB3AaNMHOCTH B PACCMaTPUBAEMOM CJIydae, OCHOBaHHOE Ha 3¢ dek-
Te JIMHETHOrO B3aMMOJIEHCTBUsI BUHTOBBIX MOJ U uxX uHTepdepennuu [6]. Ecau sanucars cymmapHyio
marpuity Jlxomnca kontypa BKU, pasayo npoussenenuio marpuil J:koHca 1BYyX OTPE3KOB ITPOU3BOJIb-
HOIl JIUIMHBI C IPOM3BOJILHBIM KPYYEHUEM, JIJIsI KOTOPBIX OCH SJIIHIICOB COOCTBEHHBIX IOJIAPU3AIINOHHBIX
MOJI Ha BXOJIE IIEPBOr0 OTPE3KA M BLIXOJE BTOPOr0 OTPE3KA COBIIAIAIOT, MOXKHO ITOKA3aTh, ITO 3TO Oy1eT
Marpuia J>KoHCa IUITHIECKON (Pa3s0BOI IJIACTUHKH, OCH KOTOPOI, BO BCSIKOM CIydae, XOTs Obl Ha
OJIHOM W3 BXOJIOB KOHTYPa YK€ He COBIQJIAIOT C HAIPABJIEHHEM IIPOILYCKAHUS IOJISIPU3ATOpPa, UTO U
IIPUBOJIAT K IOSIBJICHUIO IOJISIPU3AIINOHHON HEB3AMMHOCTH.

BanmieM BBIpasKeHHe JjIs PA3HOCTH HeMaroHAIBHBIX 3JIeMEHTOB MaTpHILl M T :

2(1-9)B(©1—=02) . (Bl . (Bl
S1n sm| ——

B152 2 2
Uz (3) crnenyer, aro Bemauna Mis — My obpamaercss B Hysib npu ycaosun 01 = 0. Ousnveckuit

CMBICJT 3TOr0 cjenyronmit: mpu ©1 = Oy Kpyuenue Ha obomx orpeskax OBC coBmamaer u, ciienoBa-
TEJIbHO, UX MOXKHO PacCMATPHUBATL KAK OJUH OTPE30K IJIMHOM [ + [y ¢ IOCTOSHHBIM KpydeHueMm O1,

M12 — M21 = —2ie (3)

T. €. HEOIHOPOJIHOCTHL OTCYTCTByeT. B sTOM ciiydae npu «p = Qo MOJISPUBAIMOHHAS HEB3ANMHOCTDL HE
HMeeT MecTa, ITO ObLIo HoKasaHo emé B [8-10].

ITockosibKy BesmunHBL 31 U (3o 3aBUCST OT JJIMHBI BOJIHBI CBeTa, TO Besuunna Mio — Msy u, cie-
JIOBATE/IbHO, HEB3aMMHAs PA3HOCTH (ha3 BCTPEUHBIX BOJIH TaKXKe OyyT 3aBUCETH OT JJIUNHBI BOJIHDBI
cBera. [Ipu nCIIONB30BAHIN HCTOYHIKA HEMOHOXPOMATHYECKOrO M3J/IyYeHHsI CO CJIOXKHOM CIEKTPaJIbLHOM
dopMoit BoIYucIeHne HEB3aUMHON pasHocTh (a3 BCTPEIHBIX BOJH B OOIIEM CIyUae MOXKHO IPOBOIUTD
METOJIOM MaTEeMaTHIECKOTO MOJIEJIMPOBAHNS CIyYaliHBIX HEOJHOPOIHOCTEN JIJIsi KarKI0M JJIMHBI BOJIHBI
C TOCTIEIYIONUM UHTEIPUPOBAHUEM IO CIIEKTPY.

Boipazkenue (3) mosBosisier TakzKe MOJYYUTH IIPOCTOE U HAIVISJIHOE IIPEJICTABIEHHE O XapaKTepe
3aBICHMOCTH HEB3aMMHOI pasHOCTH (a3 BCTPEUHBIX BOJH OT TeMIepaTypbl cseroBosa . U3 (3) cne-
jyer, uro BeqmunHa Mis — Moy nponopiponaibHa npoussenenuto sin(dq/2) sin(ds/2), rue 01 = Pi1ly /2
u 9y = foly/2 — pasHocTu Qa3 usirydeHus!, MPOIIEIIIErO 10 MeJJIEHHON 1 OGbICTPON OCSIM [IEPBOTO U
sroporo orpe3koB OBC. IIpu nsmenenun remueparypsl OBC 10 jimHeiHOMY 3aKOHY IO TAKOMY K€ 3a-
KOHY Oy/IyT U3MEHSIThCsl apIYMEHTBI CUHYCoB — (3111 /2 u [fala /2, a usmenenue sesmuannsl Mo — Moy 1,

8 Hamomunm, aTo B Hameii pabore [11] paccMarpuBaiach BOSMOXKHOCTD HOSBJICHHS HOTAPA3AIIMOHHOI HEB3aMMHOCTH
npu cosuagenun opuenTaruu oceit OBC na Bxome BKU 6e3 nosisipuzaropa, HO u B 9Toi paboTe aHAIU3 JAHHOTO SBJICHUS
HE IIPOBOJIMJICS.

9 Brech MbI mosaraem, uTo Temieparypa scero OBC m3aMensiercs oMHAKOBO, U TaK HasbiBaeMmbiii addext Ilyme [17],
CBSI3aHHBIN C PA3/IMYNEM TEMIIEPATYPHBIX U3MEHEHUN PACIIOJIOXKEHHBIX CUMMETPUIHO OTHOCUTEIHHO CEPEIMHBI KOHTY DA
371eMeHTOB cBeToBOZa KOHTypa BKU, orcyrcrsyer.
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CJIeIOBATEIFHO, HEB3AUMHON pa3sHOCTHU (pa3 BCTPEUHBIX BOJIH OYIEeT IPOUCXOAUTH 110 3aKOHY, OJIU3KOMY
K IIEPUOMIECKOMY, HO C HEKOTOPBIME OMEHUSIMU, OCKOJIbKY BemauHbl (111 /2 u (2le/2 He coBnajaor.
YKa3aHHBIN [EPHOJ| OIPeIesIsAeTcss B OCHOBHOM mpousBognoit d3/dt, rne ¢ — Temuneparypa OBC, mo-
ckosibKy TipousBojHasi dl/dt, Kak mokasbIBaeT MPOBeJIEHHBIN B [18] aHa/n3 pasjindHbIX S9KCIEPUMEHTOB
[I0 U3MEPEHUIO 3TUX BEJIMYWH, PUMEPHO Ha IOPSIAOK MeHbIIe. PaccmarpuBaeMoe KBA3HUIIEPUOIUYE-
CKOEe M3MEHEHUEe HEB3aUMHOI pasHocTH (a3 BCTPEUHLIX BOJIH MMEHYETCS TeMIepaTypHLIM apeiidom
nysst BKU.

MozkeT BOBHHKHYTB BOIIPOC: BO3MOXKHO JIU C ITOMOIIBIO TIOA00pa a3UMYTOB OCeil JBYIIYyIellpesIoMIIe-
uusgs OBC Ha BXoJe KOHTYpa BOJIOKOHHOI'O KOJILLIEBOIO HHTEP(EpOMeTpa UCKJIIOUUTD IIOJISIPH3aIiOH-
HYyI0 HeB3amMHOCTH? IIpesmookum, 9To JauHa KOHTypa L moctarodHo Beauka, a noakpyTtka OBC Ha
KOHIIAX KOHTYpPa IPOU3BOINTCS TAKUM 00pa30M, 9TOOBI KpyUeHHe PaclpeIesnioch 0 BCeMY KOHTYPY.
Torna maMeHeHus 3HaveHuil (v, g B Ipeeax 27 He MPUBEIET K CKOILKO-HUOY AL 3aMETHOMY U3MEHEe-
"o Kpydenuit ©1 n O (1, cooTseTcTBeHHO, YTI0B {1 = O1l1 U &5 = Ogls) Ha KazkO0M U3 0Tpeskos U,
B camom obiem ciygae, ipu ©1l1+0sls # 0 (§1+E&2 # 0), ¢ TOMOIIBIO HECTOKHBIX, HO JIOCTATOYHO I'PO-
MO3JIKUX BBIYUCIEHUI MOYKHO I[IOKA3aTh, YTO BLIPAXKEHUE JJIsl PA3HOCTU HEJIMArOHAJbLHBLIX 3JI€MEHTOB
maTpuibl Ixonca Bcero BKII MT nmeer Bu

Mg — Mgy = =24 |:€ 2(1- g)ﬁﬁléfl ~ ) sin<B12h> sin(ﬁzl2> cos(og —ap — & — &) +

[ () o ()3 -]

ITpu oy = ag + &1 + &2 = 0 Boipaxkenue (4) nepexomur B (3). U3 (4) HETPYIHO TOMYUIUTH YCIOBHE OT-
CYTCTBHS TOJIIPU3AIMOHHON HEB3AUMHOCTH, KOTOPOE JIAET OIPEJIETEHHOE COOTHOIIEHNE MEXKLY YITIAMI
a1, Qg, & 1 &9, TIPU KOTOPOM TOJISIPU3AIMOHHAST HEB3aMMHOCTb He OyJIeT UMETh MECTa:

B ctg(Bil1/2) + Ba ctg(Balz/2)
(1-9)(©1—62)

(5)

ap —ag — & — § = —arcctg

Takum 06pasoM, moaAOOPOM 3HAUEHHUI (1, (ko MOXKHO HCKJIIOUNTD SIBJIEHNE TTOJISIPU3AIMOHHON HEB3aM-
HoCcTH B paccMmarpuBaeMoii cxeme BKI. Onaako 3/1€ch BO3HUKAIOT JIBE IIPOOJIEMbI:

1) Opuenrarusi oceii yuneiinoro ayiydenpenomieruss OBC na Bxone konrypa BKU ne naér un-
dopmanuo 06 ux opuenTanuu, TpedyeMoil st UCKJIIOUEHUS OIsIPU3aInOHHON HeB3anMHuoCcTh. Hyxk-
HYIO OPUEHTAIIAIO OCEeil MOXKHO OCYIIIECTBUTDH TOJIBKO IIyTEM IOJCTPONKU, TIPUYEM OTCYTCTBUE PA3HOCTHU
da3 Berpeunbix BoH 1pu orcyTcrBun Bpamenns BKU me MoxkeT CiiyKATb KPUTEPUEM OTCYTCTBUS
MTOJIIPU3AIIMOHHON HEB3AMMHOCTHU IIPU HEKOTOPOM HACTPOMKE, T. K. IOMUMO TOJISPU3AIIMOHHON HEB3a-
MMHOCTH CYIIECTBYET Pl APYTux 3PDHEKTOB, IPUBOISIIINX K HECBI3AHHOMY C BPAIEHUEM CIBUTY HYJIS
BKU [12].

2) axke eciin OCyIIECTBUTH TpeOyeMyto HACTPONKY oceil jmHelHoro jByJydenpenomienuss OBC,
TO HE3HAYUTE/bHbIE M3MEHEHHSI TeMIIepaTypbl CBETOBOJIA WJIW JIIMHBI BOJHBI MCTOYHUKA W3JTyUEHUS
(a B cirydyae UCIOIB30BAHUS HEMOHOXPOMATHYECKOIO MCTOUYHUKA M3JIyYeHUs] — CPEeJIHel JJIMHbI BOJIHbI)
PUBEJYT K HEKOHTPOJIUPYEMOMY U3MeHeHUIo BejudauH (1, f2, 11, lo, yciosue (5) Gyaer HapyIIeHo, u,
CIeTOBATEIbHO, BHOBb BOSHUKHET IOJISIPU3AIIMOHHAST HEB3ANMHOCTb.

[TomBeéM ocHOBHBIE PE3y/ILTATHI PAOOTHI.

10 B ciyaae, ecmn OBC KoHTypa 3aKperuiéH Ha KATYIIKe, TO IPH IIOICTPORKE YIJIOB (1, z OyIyT CYIIECTBEHHO Me-
HSITBCsI KPYUI€HHsI CBETOBO/Ia TOJIBKO Ha KOHIIAX KOHTypa. B aToMm ciiydae ciieiyeT pacCMaTpUBaThL YeThIpEe HE3ABUCUMbIX
OTpEe3Ka C pa3/ITYHbIMU KPYUYEeHUAMH, JIBa U3 KOTOPBIX HAXO/ATCA HAa KOHIIAX KOHTYpA.
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1) IMokazano, 9TO HOISIPU3ANNOHHAST HEB3AUMHOCTD U HEB3aMMHAs PA3HOCTH (ha3 BCTPEUHBIX BOJIH
moryT umerb Mecto B BKU ¢ muamMasibHON KoHDUryparueir ¢ KOHTypoM u3 jiByXx orpeskoB OBC
Pa3IUYIHON JJIMHBI C PA3JUIHBIM KPYUE€HUEM Ja’Ke B TOM CIydae, KOTJA OCH JIBYJLYIelPeOMICHUS
OBC na Bxome BKU He pa3BEépHYTHI OTHOCUTEILHO HAIIPABJIEHUS [IPOIYCKAHUS TOJISTPU3ATOPA.

2) TlokazaHo, 4TO MOJISIPU3AIMOHHAS] HEB3ANMHOCTh U HEB3aUMHAsi PA3HOCTDb (Da3 BCTPEUHBIX BOJIH
3aBUCST OT JJIMHBI BOJIHBI cBeTa u Temieparypsl OBC.

3) Ilokazamo, 9TO COOTBETCTBYIONMM IIOOOPOM OPHEHTAIMH OCEil JIMHEHHOTO JBYJIyIeIPeIOMIIe-
Husi OBC MOXXHO HUCKJIIOUUTD MOJIPU3ANMOHHY IO HEB3AUMHOCTD, HO TAKYI0 OPUEHTAIMIO OCEH CJI02KHO
OCYIIIECTBUTH, W OHA HE OYJET COXPAHATHCS IIPU U3MEHEHWH JJTMHBI BOJHBI ¢cBeTa 1 TeMieparypsl OBC.

4) Tlokazano, uro npu usmeHennu remieparypbl OBC mo jmHeiiHOMY 3aKOHY COOTBETCTBYIOIIEE
U3MEHEHNe BeJIMYUHBI HEeB3aUMHOH pa3HocTu (a3 BCTPEUYHBIX BOJH B paccMmarpuBaemom BKU Gyrer
UMeTb KBa3WIIEPUOINIECKNN XapaKTep, MOCKOJIbKY PasHocTh a3 U3JIyUeHUsi, [IPOIIEIIIero MeIIeH-
Hyio u ObicTpy0 ock OBC kaxX70ro u3 ciiydailHbIX OTPE3KOB, BXOJST B apryMEHTBI TApMOHUYIECKUX
dyHKIWH, KOTOPBIE OIPEAEISIIOT HEB3AUMHYIO PA3HOCTh (a3 BCTPEIHBIX BOJIH.

B zakutouenue aBTop BeIpaxkaer OsiaromaprocTs B B. KouapoBckomy 3a psiji MOJIE3HBIX 3aMeva-
uuii, B. U. [TosausikoBoit 3a nomomnis B pabore. Pabora wactuuno nomnepxkana PODU (rpant Ne 03—
02-17253) u Cosera no rpantam [Ipesunenra PO 1o nosuepxkke Bepynmx HaydHbx mKosa PO (rpant
Ne HITI-1622.2003.2).
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INFLUENCE OF IRREGULARITY OF TWISTING OF BIREFRINGENCE AXES OF
SINGLE-MODE OPTICAL FIBERS ON THE POLARIZATION NONRECIPROCITY
OF FIBER RING INTERFEROMETERS

G. B. Malykin

A particular example of the so-called minimum-configuration fiber ring interferometer whose loop
comprises two different-length segments of a single-mode optical fiber with the same linear birefringence
but different twisting is used to show that even in the case where the birefringence axes at the loop input
coincide with the polarizer transmission direction, the phenomenon of polarization nonreciprocity of
the fiber ring interferometer can emerge. It is shown that polarization nonreciprocity can be eliminated
by the proper adjustment of the axes of single-mode optical fiber, but the above adjustment should be
changed if the waveguide temperature is changed.

It is also shown that polarization nonreciprocity is a function of the light wavelength and the
polarization nonreciprocity value in a fiber ring interferometer varies quasiperiodically in response to
the temperature change in a optical fiber with random irregularities.
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BO3BY2KJIEHNE JIOKAJIM3OBAHHBIX ITPOCTPAHCTBEHHBIX
CTPYKTYP PABHON CUMMETPUN B CUCTEME /IBYX TOHKNX
IIJIEHOK

II. B. Ilasnost, U. B. Babywwxun', H. A. Jlotiko', H. H. Pozanos?, C. B. ®édopos?

PaCCMOTpeHbI OPOCTPAaHCTBEHHBIEC NUCCUIIATUBHBIE COJIMTOHBI, BOSHUKAIOIE B CUCTEME IBYX HeJIUHEH-
HBIX TOHKHUX HJIéHOK, PE30HaHCHO B3aI/IMO,I[eI7ICTBy}OHJ‘I/IX CO CBETOBBIM IIOJIEM. I/I3y'—IeHbI KaK CUMMeTPpUYIHbIEe,
TaK 1 HECUMMETPUYIHDbIE COJIMTOHDBI, a TaK?Ke METOIbl X B036y)K,D;€HI/IH U IIEPEKJIIOIYCHUA.

BBEAEHUNE

W3y4enne momnepevaHbIX JUCCUIATUBHBIX COJIUTOHOB SIBJISIETCS BECbMA aKTYaJIbHBIM BCICJICTBUE BO3-
MOKHOCTHU HCIIOJIb30BaHUsI UX JIJIA CUCTEM OITHYECKOH Iepenadn u oOpabOTKU HHPOPMAIUA. DTOMY
CII0cOOCTBYET HECKOJIBKO OCODEHHOCTEH TAKUX CTPYKTYp. B dacTHOCTH, MUCCUIIATHBHBIE COJTUTOHBI 00-
JIAJIAIOT, B OTJIMYHE OT JIOKAJM30BAHHLIX CTPYKTYD B KOHCEPBATHUBHBIX CHCTEMAX, JUCKPETHBIM CIIEK-
TPOM COCTOSIHUH, YTO II03BOJISIET HOJABIISTH BiusHue duiykryarnuii [1]. Kpome Toro, onu uyscTBrTE/1H-
HbI K HEOJHOPOJHOCTSIM HMHTEHCHBHOCTH W (pa3bl IAJIAIONIEr0 U3JIydYeHUs] ¥ MOI'YT JBUTATHCA B Ha-
npasjieHun uxX rpajueHTos (2, 3|. Takue jlokaaM30BaHHBIE B IPOCTPAHCTBE CTPYKTYPbI BO30Y 2K IAI0TCSI
2KECTKO, T. €. C MOMOIIBIO HHKEKIUN B CUCTEMY ITPOOHOIO UMITYJIbCA, JTOCTATOIHO OOJIBIION aMILIUTYIbI.
Bcé a10 mo3Boisier uCIoab30BaTh AUCCUIIATUBHBIE COJTUTOHOIOMO0HBIE CTPYKTYPDI JJIsl apa/lIe/IbHOM
o6paborkn nHMbOPMAIUKE, B TOM YHCJIE sl CO3JaHUSI OUTHYECKOIO PErucTpa CABUra [4] u mosHoro
cymmaropa [5]. HemaBHue sKCepuMEHTBHI ¢ MOJIYyIIPOBOJHUKOBBIMU MUKpOpe3oHaTopamu |6, 7| mos-
TBEPXKIAIOT MEPCIEKTUBHOCTh MH(POPMAITMOHHBIX MTPUIOXKEHUN TUCCUTATUBHBIX COJUTOHOB.

Kak uzBecTHO, HCITOIBL30BAHIE MHOTOKOMIIOHEHTHBIX CHCTEM ITO3BOJISIET Y1y UIIUThH XaPAKTEPUCTUKH
TPUITEPOB U JIOTMYECKUX OITUYECKUX ycTpoiicTs [8]. B mannoil pabore paccMarpuBaercst JiBYXKOMIIO-
HEHTHAsl CUCTEeMa, COCTOSIIIAsT U3 JIByX HEJIMHEHHbIX (C PE30HAHCHOI HETMHEHHOCTHIO) TOHKUX ILIEHOK,
00JIy9IaeMbIX ¢ 00erX CTOPOH MOHOXPOMATUIECKUM CBETOBBIM IT0JieM. Panee HaMu OBLIO OKA3aHO, TO
[IPY OJMHAKOBBIX aMILIATYJIaX HaJIAOMNX Ha CHCTEMY BOJH B Heifl MOXKET CyIIecTBOBaThb OHdYpKa-
yisi HapyIIeHust cumMerpuu |9], npuBojsiias K HEOMHAKOBBIM HOJISIM, BBIXOJISIIUM U3 CHCTEMbI B 00€
croponbl. Kak 6b10 mokazano B [10, 11], B okpectHOCTH Takoii 6udypkaiuu MoryT hopMUPOBATHCS
KaK CHMMeTpUYHbIe (OJMHAKOBbIE B 0OEHMX IUIEHKAX), TaK ¥ HECUMMETDHYHBIE JUCCHIIATUBHBIE COJIU-
ToHbl. B HacTodIeii pabore mccieyeTcs BO3HUKHOBEHHE TAKMX CTPYKTYP B 3aBHCHMOCTHU OT (POPMBI
BO30YKIAIOIIEr0 UMITYJIbCa U BO3MOXKHOCTD MX IT€PEKJIIOYEHUSI.

Pabora mocTpoena cienyromum obpazom. B pasmesne 1 BBogATCS ypaBHEHMS, OIUCHIBAIONINAE CUCTE-
My. B cirenyromem pasiese aHaIu3upyOTCs OIHOPOIHDBIE COCTOSIHUAST PABHOBECHSI U UX YCTONYUBOCTD.
B paznene 3 ucciaemnyrorcs BO3MOXKHBIE THUIBI JIOKAJIM30BAHHBIX CTPYKTYD, BOZHUKAIONINE U3 CHMMET-
PHUYHOIO ¥ HECUMMETPUYIHOI'O COCTOSIHUN paBHOBECHUsI, M UX (POPMa B 3aBUCUMOCTH OT B8 BO30YKIa-
IOIIEro UMITYJIbCA.

1. YPABHEHU A MOJEJIN

PacemorpuMm cuctemy, COCTOSINYIO U3 ABYX HEJTMHEHHBIX TOHKUX IIJIEHOK, PACIIOIOXKEHHBIX Ha Pac-
CTOsIHUU d JPYT OT JAPYTa U Pa3AesIEHHBIX JIMHEHHOW TOIIOMIAIONIEN Cpeoil ¢ KOMILJIEKCHBIM TTOKa3aTe-
nem npesnomiennst n—in’ (puc. 1). C 1eBoil n mpaBoii CTOPOH Ha CHCTEMY MAJAI0T MOHOXPOMATHIECKHE
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(=)

+ +
[IPOCTPAHCTBEHHO OJIHOPOJIHBIE CBETOBBIE IIOJISI C AMILJIATYIaMU Eé ) u Ey ' cooTBeTCTBEHHO, E% ) u
— . .. + —
E§ - aMILIUTY/IbI [IOJIEl, IIPOIIEIINX Yepe3 NIEPBYIO U BTOPYIO IJIEHKH, Eé ) i Eé - aMILTUTY/IbI
IoJIei, JTOCTUTTIINX TPOTUBOIOIOXKHDBIX IUIEHOK. HallpaBiienue pacipoCTpaHEHUs U3/IyI€HUsT TOKA3AHO
Ha puc. 1 crpenkamu. Huke Oyjer paccMarpuBaThes BO30YKIEHUE HEOJHOPOTHOTO TPOMUIIS U3y de-
HUS B IJIOCKOCTH, IEPIEHUKYJISAPHON IIJIOCKOCTU PHUCYHKA.

Pemmenne ypaBuenusi pacupocTpaneHns: U3JIy<e- 7 0 in/ 7
HHsI B TOHKOIl IUIEHKe nMeer Ipocroit Bu, [12]:
S — B _iap,  BO —EO —iapy, 1) By . B, . By l B .
rae P; — nosnspusanus aToOMOB B j-ii ILIEHKe, o —
rmapaMeTp HEeJIMHEHHOCTH TLJIEHKH. E( ) E; ) El( ) Eé )
Pacrpocrpanenne n3rydenus B InHeiHol cpege  ® < < <
MEXK/Iy IJIEHKAMU OIHUCHIBACTCS JUPPAKITHOHHBIMU
YPaBHEHUSIMU:
< d >
By =TE (1 — 7). )
(=) < (9) Puc. 1. Cucrema, cocrositiiasi u3 IByX IJIEHOK, pac-
By, " =TE; '(t — 1), (2)  crosmme MEXK/Iy KOTOPBIMHU PaBHO d; E(()Jr) u E(() )
~ . . AMILJIUTY IbI l'IO.J'IeI‘/'I7 TaTaI0IUX Ha IIE€PBYIO 1 BTOPYIO
tae oneparop T = pexp(is — id Ay /k), semrm- IJIEHKY COOTBETCTBEHHO, E§+) u E§_) — aMIIATY/IbI
HBI 0 U S OIACHIBAIOT HOTJIONIeHe u Haber (pa3wl pu TOJTeH, TPOMIEITHY Yepes3 TePBYIo i BTOPYIO TUISH-
MIPOXOYKIEHNN U3JIYUIEHUsT MEXKJIy TI6HKamu, A | = K, Eéf) - E£+) — AMIUTHTYIBI HOJefi, TOCTHIIIIX

= 9? /8x2 + 0?2 / O0y? — omneparop Jlamiaca 1o Ko- IPOTHBOIOIOMKHOI TLISHKH
opAuHaTaM T YU Y B IJIOCKOCTH, II€PHEHJINKYJIAPHONI
IJIOCKOCTH puc. 1, k — BOJHOBOE YHCIO PACIPOCTPAHAIOINIETOCA U3JTYIEHUs, T — BPEMs PACIPOCTPaHE-
HUSI U3/IyIeHUs] MEXKTy TJIEHKAMU.

BzanmozeiicTtBue MOHOXPOMATHIECKOTO CBETA C PE3OHAHCHON HEJTMHEHHON CPeoil B IBYXYPOBHEBOM
IpUOJIM>KEHUN MOXKET OBITH OIIMCAHO ypaBHEHUsIMU bBJioxa:

. ) 1 i . wj+1 ip
Pj:—[l(w—wo)JrE]PjJrgijw wj:—TJrﬁ(Eij—Pij)’ (3)
riae Tl — BpeMd DpeJjlaKCalluu HaCQﬂéHHOCTeﬁ, T2 — BpeMd peJlaKCalluu II0oJIdpusalnun aToOMOB, W —

— wWg — OTCTPOMKA YACTOTHI IAJAOMIEr0 IIOJIsI OT PE30HAHCHON YacTOThI HEJIMHEHHOW Cpeipl, w; —
Pa3HOCTH HACEJIEHHOCTEH B j-il IUIEHKE, (4 — JUMOJIBHLIN MOMEHT Iepexo/ia JIBYXYPOBHEBOU cpelbl, Iy
u Fo — aMIInTyIbl 37eKTPUIeCKUX OJeil B IJIEHKAX, TOYKA HAJ| BEJIUINHON O3HAYAET ITPOU3BOIHYIO
o Bpemenu, j = 1;2. s Gostee ym06HONO paccMOTpPEHNs BBEIEM HOPMHPOBAHHbBIE BEJIUINHDI

_ wITh _Jh T
BJ_T ‘B rj = ?2 J 7_?1’

Torja ypasHeHus (3) UPUMYT CJIeyIONMi BUJIL:

*

. _ . . . ?
;=7 (=1 4+ iA) r; + iy tejw;, wj = —(w; + 1) + 5 (e rj —riej), (4)

2
rje r; — HOPMUPOBaHHasl IOJApHU3alUd B j-il IIEHKe, €; — MEIJIeHHO MEeHAIOIINEeCss HOPMUPOBAHHBIE
aMILIUTY/ bl T1071eii B 1wiéHkax (j = 1;2), 7 — OTHOIIeHHe BPEMEH pesIaKCaluy MOJISIPU3AIMN U Ha-
cesiéHHOCTEH, A —HOPMUpOBaHHAsI OTCTPOMKA YACTOTHI MAJAIOIIEr0 IMOJsi OT PE30OHAHCHON YaCTOTHI
HeJIMHEeHO! cpelbl.
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4 . : 4 I r I —7
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lel le,|
3t 1 3t |
x X
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10,6 10,8 lei?| 11,0 0 5 10k,

Puc. 2. 3BaBucuMocTb aMIUIUTYIBI OJHOPOJHBIX CTAIMOHAPHBIX COCTOSIHUN OT AMILIMTYJbl BHEIIHUX
BOJH (@) ¥ TPAHUIBI CTATUIECKOH YCTOWIMBOCTH CHUMMETPUUHBIX conuTOHOB (6). ToscToli crtomHoid
JUHAEH 0003HaYEHDBI YCTONINBBIE CUMMETPUIHBIE COCTOSHUS, KPYKKAMIA — CAMMETPUIHBIE COCTOSTHUS,
HEYCTONYIMBBIE TI0 OTHOIIEHHUIO K TOMEPETHBIM BO3ZMYIIEHUSIM, KPECTUKAMI — CAMMETPUIHBIC COCTOSHUS,
HEYCTOWYMBBIE TI0 OTHOIIIEHHIO K Bo3MyIeHusiM ¢ k; = 0. 3aBucumoctu nosrydensr mpu A = 2,0; p = 0,5;
a=15;,s=m

C yuérom ypasuennii (1), (2) u BBeIEHHOI HOPMHUDOBKH CBSI3b IMOJISIPU3AIMU, TOJEH B IJIEHKAX
U [AJIAIOIINX OJIell OIMCBhIBAeTCs ypaBHeHUusAME |9

e1(t) = el (1) —iar () + Tel ) (1) — Tiary (t — 7),
eo(t) = e((f)(t) —dary(t) + Te((;r) (t) — Tiar (t—1). (5)

2. CTAIIMUOHAPHBIE COCTOSIHIUS U YCTOMYNBOCTH

Jlnst mecie1oBanust NPOCTPAHCTBEHHBIX JIOKAJIU30BAHHBIX CTPYKTYD Ba?KHO OIIPEJIEIEHNE COCTOSTHUI
PABHOBECHUS] U UX YCTONUUBOCTH.

CranuoHapHbIe OJIHOPOJHBIE B IIONEPEUHON MIJIOCKOCTU Ty COCTOstHUsE cucTeMbl (4), (5) onuchBaloTCst
asrebpanyeckumu ypasaenusimu (Ty = pexp(is)):

aBe; aBey
L+ Bler? 14 Bleaf

e = e(()+) + Toe(_)

RN aBeqy B aBeq
€9 60 + 060 1—|—ﬁ‘62‘2 0 1+ﬁ’61‘2 9 (6>

e © = (1 +iA)/(1+ A2), 3 =1/(1 + A?) — Bcriomorarenbhble Tiepementbie. [lonist, maiafomue Ha
CHCTEMY C IPOTUBOIOJIOKHBIX CTOPOH, TAK¥Ke IIPEIIONAraloTCs CTAIMOHAPHBIME, OJIHOPOAHBIME U PaB-
HBIMH 110 aMIUIATY/IE (e((;r) = egf)).

[Tpumep perenus cucrembl (6) B okpecTHOCTH GudypKaiuu HapyIieHus: cuMMmerpun [9] npezcras-
JileH Ha puc. 2a. CIJIONIHON TOHKOMW KPHUBOIl MOKa3aHa HECHMMETPUUYHAS BETBb PEIIeHUsI, HA KOTOPOl
€1 # €2, B TO BpeMsl KaK OCTajIbHasi YaCTh KPUBOil IPeJICTaBIsieT COO0N CUMMETPUIHY IO BETBb (€1 = €3).
Touka nepecedeHns CAMMETPUIHON BETBU PEIEHUsT ¢ HECUMMETPUIHON SIBJISIETCs TOUKOi GudbypKrarmu,
B KOTOPOii CUMMETPUIHOE COCTOSIHIE PABHOBECUSI CTAHOBUTCS HEYCTOWUYMBBIM. Pe3yJibTaThbl JTUHERHOTO
aHa/IN3a yCTONIMBOCTH CUMMETPUIHBIX COCTOSIHUII PABHOBECHUS 110 OTHOIIEHWIO K BO3MYIIEHUSIM BUIA
exp (ik, r| ), npejcraisiomum coboil oepevYHbIe MJIOCKHE BOJIHBL ¢ epuogiom A\ | = 2w /k, , npuseie-
HbI Ha puc. 2. Ha puc. 26 upejcraBienbl rpasulipl ycroiiuupoctu B 3asucumoctu ot |k |. B obmacrsix
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C 9Y€THLIMU HOMEpaMH CTallTMOHapPHBIE COCTOSHUA HeyCTOfIqI/IBbI JIMIIB 110 OTHOMIEHWIO K CUMMETPHUIHBIM
BoaMyIeHusiM (¢ de; = dey), PA3BUBAIOIIUMCS ¢ COOTBETCTBYIONIMM BOJHOBBIM BEKTOPOM, B TO BpPEMsi
KaK B O6JIaCTHX C HEUYETHBIMU HOMEpaMnu OHH HeyCTOﬁQHBbI 110 OTHOIIIEHWIO K HECUMMETPUIHBIM BO3MY-
merusiM (¢ deq # deg) U yCTOWIMBBI 110 OTHOIIEHUIO K CUMMeTPUYHBIM. OBJIACTH € PA3IUYHBIM THIIOM
HEyCTOMYMBOCTU MOI'YT YaCTUYHO II€PEKPbLIBATHCH.

Kak Buano us puc. 26, cikMMeTpUYHAsT BETBb CTAIMOHAPHBIX COCTOSIHUI pa30uBaeTcsi Ha HECKOJIBKO
YYaCTKOB C Pa3HBbIMHU TUlaMu Heycroiumpocreii. Ha puc. 2a ToscToil critomHol JuHUEl OTMEYEHbI
YCTOIYMBBIE CTAIIMOHAPHBIE COCTOSTHUS, KPYYKKAMU — COCTOSTHUS, HEYCTONYMBBIE TOJILKO 110 OTHOITEHUTO
K BO3MYIIEHUSIM C HEHYJIEBBIM IOIEPETHBIM BOJHOBBIM YUCJIOM k| # 0, KpeCTUKAMH — COCTOSTHHSI,
HEYCTONYMBBIE TAKXKE 110 OTHOIIEHUIO K Bo3MyIeHusMm ¢ k| = 0.

[Ipr mapameTrpax, OTBEYAIONINX HEYCTOWINBOCTH IO OTHOIIEHUIO K BO3MYyIIeHusiM ¢ k| # 0, MOryT
opMEUpOBATHCsT pACIIPeIe/IEHHbIE TIPOCTPAHCTBEHHbBIE CTPYKTYPHI [9]. Dra 06s1acTh napaMeTpoB siBJisi-
eTcsi 9acThbio Oojiee ITUPOKOI 0DJIaCTU 3HAYEHWI I10jisi, B KOTOPOH peasu3dyercsi 0000ménnast 6ucra-
OMJILHOCTH M MOT'YT CYIIECTBOBATH HECKOJIHKO CTAIIMOHAPHBIX PEIIeHil: HECUMMETPUIHOE OJHOPOIHOE
CTaIMOHAPHOE DEIeHNe, PACIPE/IEIEHHbIE U JIOKAJIU30BaHHbIE CTPYKTYPBl PA3indHbIX TUioB [9-11].
VeiioBust BO30yKIEHNsT U IIEPEK/IIOYEHNsT Pa3IUIHbIX BUIOB JIOKAJU30BAHHBIX CTPYKTYpP OyayT pac-
CMOTPEHBI B CJIeYIONIEM pa3JeJie.

3. PASJIMYHBIE BN/IbI JIOKAJIN30OBAHHBIX ITPOCTPAHCTBEHHDBIX
CTPYKTVYP, X BO3BY2KJIEHVE U ITEPEKJITFOYEHUE

Kax 6bu10 110Ka3ano B 9], nonepednble HEYCTOHYMBOCTH MOI'YT IPUBOJUTH K CIIOHTAHHOMY (hOpMHU-
POBaHUIO KAK CUMMETPUYHbBIX, TAK 1 HECUMMETPUIHBIX PACIIPEJIeJIEHHBIX TPOCTPAHCTBEHHBIX CTPYKTYD,
HAIIPUMep MeKCaroHbl U PoMObl. CHMMETPHST MPOCTPAHCTBEHHBIX CTPYKTYP TECHO CBSI3aHA C XapaK-
TEPHBIM MACIITA0OM A | HEYCTONYMBBIX IIPOCTPAHCTBEHHBIX I'APMOHHUK, NTI'PAIOIINX OCHOBHYIO POJIb IIPU
dopMupoBaHNE CTPYKTYPHI. ECIu mMpocTpaHCcTBEeHHAS CTPYKTYPa Pa3BUBAETCI U3 MOJ, [PUHAIEKA-
muX 00JIaCTH HEYCTOWYMBOCTH C HEYETHBIM HOMEpPOM (cM. puc. 26), dopMupyercss HeCUMMeTPUIHAST
(e1 # ey) pacmpejesnénnas CTpyKTypa. B ciydae »Ke, Korjia pa3sBHBAIOTCS BO3MYIIEHHs C IOIEPEd-
HBIM BOJIHOBBIM YHUCJIOM K |, JIEXKAIIMM B 0OJIACTH C YETHBIM HOMEPOM, (POPMHUPYETCsI CUMMETPUIHAST
pacipejiesiIeHHasi CTPYKTYypa.

[Tomumo pacrpeesIéHHbIX TTPOCTPAHCTBEHHBIX CTPYKTYP CYIIECTBYIOT TAaKKe U JIOKAJIM30BAHHBIE
COJINTOHOIIOIOOHBIE CTPYKTYPBI, KAK CAMMETPUYIHDBIE, TAK U HECUMMETPUYIHbIE. B oT/in4dne OT pacipeie-
JIEHHBIX CTPYKTYP, OHU HE MOI'YyT BO3SHMKATH CIOHTAHHO U JIOJIZKHBI OBITH XKECTKO BO30YKIEHBI MMITYJIb-
COM OIIPe/Ie/IEHHON aMILIUTYAbI U mupuabl. Ha puc. 3, 5 u 7 npuBeeHbl mONepevIHble PACIIPEIC/ICHIS
AMIUJIATY/IbI JIBYMEPHBIX COJIUMTOHOB B CEYEHUM IJIOCKOCTU IIEHOK ITPSIMOI, MTPOXOJISIIEN depe3 TOUKY,
COOTBETCTBYIOILYIO IIEHTPY coauToHa. Tak, Ha puc. 3 m3o0parkeHa HeCUMMETPUYHAs JOKAJIM30BaHHAS
CTPYKTypa Ha CUMMETPUIHOM OJHOPOIHOM (hoHe (61 = ey). B nepBoit 1éHKe 9TO «CBETIBIH» COH-
TOH, aMILIATYa KOTOPOI'o IpeBbiaer ¢oH Oojiee 4yeM B 1Ba pasa. Bo BTopoil mi€Hke HaOJII0IaeTcs
«TEMHBINY» COJIUTOH MEHDLIIIEH AMILIATY AbI. HeCI/IMl\leTpI/IqHI)IMI/I ABJIAIOTCA TaK>Ke OCHUJIJIAIINNI B XBOCTE
coyiToHa. VX mpocrpaHcTBeHHasT 9aCTOTa k| COOTBETCTBYET HEYCTOMYMBBLIM YacToTaM B objactu I Ha
puc. 26.

B 1n1poruBomoa0:KkHOCTh HECUMMETPUIHOMY, CAMMETPUYHBINA COJIMTOH UMEET OJUHAKOBBIE I10JIs1 B 00e-
X MJIEHKAX (CM. puc. 5), ¥ 9aCTOTa IIPOCTPAHCTBEHHBIX OCIIAJLIAIMI TOJIst K | B XBOCTE TAKOT'O COJTUTOHA
COOTBETCTBYET 00JIaCTH HeycToiYnBoCcTH, 0603HaYeHHO# mudpoit 2 Ha puc. 26. OTMeTnM, 9TO HEYCTOM-
YUBOCTHU U3 objacTeil 3, 4, ... NPAKTUYECKH HE BIUAIOT HA (DOPMY U YCTORYUBOCTD JIOKAJTU30BAHHBIX
CcTpyKTyp. PazmMep caMux JIOKAJIN30BaHHBIX CTPYKTYP, KAK U IIPOCTPAHCTBEHHAS YaCTOTA OCIIAJIISIIII
B UX XBOCTE, HEITOCPEICTBEHHO CBI3aH C MUHUMAJILHBIM 3HAYEHHEM Kk | HEYCTONYIUBBIX (Dypbe-rapMOHUK
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Puc. 3. Tlonepeunoe pacipejiejieHre aMILIATYIbI HECUMMETPUIHOI'O COJIUTOHA, BO30YKIEHHOI'O BHEITHIM
UMILYJIbCOM, IPECTABIEHHOM Ha DUC. 4: pacrpejiejieHue [oJisi B HOIEPEYHOM CeYeHUH JIeBO IIEHKY (a)
u npasoii wiénku (6). [lapamerpsl Te xKe, 4To0 i puc. 2, BeJuduHa (DOHOBOTO MOJIsl B3ATa BOJIU3U 00JIACTH,
rae HAOJIOIAeTCsT HEYCTONINBOCTD OJHOPOTHOTO COCTOSIHUSI PABHOBECHS 110 OTHOIIEHUIO K MOIEPETHBIM

BO3MYIIEHUAM: eéﬂ =10,54;e1 =ex =24

oyt w3jaydenus. [y mapameTpoB puc. 2 HecHM-

\6(07) f a) N
METPUIHBIN COJTUTOH OIPEIEIISETCsT BO3MY IIEHISIME
15 J\ ¢ k|, MEHBIIUMH COOTBETCTBYIOIIUX k| JJIsi CHM-
10 ' ' ' METPUIHOIO COJTUTOHA, BCJIEICTBHE 9TOI0 HECUMMET-
\e(o+)i 6) PUYHBII COJIMTOH HIMPE IIPH MPOYMX OJINHAKOBBIX
15 | /\ yeiousix. OHAKO 06/IaCcTH HEYCTONIMBOCTH MOI'YT
10 OBITH CABUHYTHI IO OCH k| C IOMOIIBIO M3MEHEHUS
nabera as3bl MO § HPU ITPOXOXKJEHUU MEXKILY
15 ¢ 6)  IJEHKamu. B pesyibraTe COOTHOIIEHHE ITHPUH CHM-
el METPUIHOIO ¥ HECUMMETPUIHOI'O COJTMTOHOB MOYKET
S| . . N\ OBITH M3MEHEHO.
OcHoBHYO poJib B (hOPMUPOBAHUU KOHKPETHOI'O
| 612‘5 e) THUIIA COJIUTOHA B CHCTEME UrpaeT popma Bo30y K 1a-
51 ’ \ FOIIEro UMITYJibca. HecuMMeTpuaHbIi COTUTOH MOXK-
— : HO BO3OYIUTH UMITYJIbCOM, TIOAAHHBIM JIUIIIh C OJIHOI
0 5 10 15 20 t

Puc.4. N3menenne aMIauTy bl TOJIA, IaJAIOIIETO
cJleBa Ha JIEBYIO IUIEHKY, C TeUeHneM BpeMeHHu (a);
U3MEeHEHUe aMILTATYIbI TI0JIs, TTaIAI0IEro CIIpaBa Ha
PaByIO IJIEHKY, C TeYeHneM BpeMenu (6); n3MeHeHue
AMILTUTY/IBI TIOJIA B IIEHTPE JIEBOI TIJIEHKU C TEYEHUEM
BpeMeHHU (6); U3MeHEeHNe aMILIUTY (bl [IOJIsl B IEHTPE
npaBoil IEHKK ¢ TedeHneM Bpemenn (2). ITapamer-
PBI CHCTEMBI Te YKe, 9TO U JJI PUC. 3

leql

W =~ ot O

9 ‘ ‘ ‘ ‘ ‘
0,0 0,2 0,4 0,6 08 41,0

CTOPOHBI, KaK MMOKa3aHo Ha puc.4a, 6 npu t < 10.
Bozbyxknafomumii mMIyJibc UMeeT TayccoBy (opmy
KaK BO BPEMEHH, TaK U B IIPOCTPAHCTBE U 00JIa1a€T
MIUPUHON, OJIN3KON K pa3MepaM CaMoro COJIMTOHA,
B TO BpeMs KaK T0JIe, MHXKEKTUPYEMOE B CUCTEMY C
JIPYTOif CTOPOHBI, OcTaércst oHOpoHbIM. CooTBeT-
CTBYIOIIAs JUHAMUKA, U3MEHEHUS TIOJIA B KaXKJION 13
IUIEHOK B IIEHTPE COJIUTOHA IMOKA3aHa Ha pUC. 46, 2.

I

0,0 0,2 0,4 0,6 08 41,0

1004

Puc. 5. Tlonepeunoe pacupejenenne aMILIATYAbl CAMMETPUYHOTO COJINTOHA, BO30Y?KJICHHOTO BHEIIHUM
UMILYJIbCOM, IIPEJICTABJIECHHBIM HA PUC. 6: paclpeiesieHue oJisl B IIONEPEeYHOM CEYeHUN JIeBOH IIEHKU (a)
u upasoii wiénku (6). [lapamerps! Te ke, 94TO NS puUC. 3
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BameTnm, YTO ONUCAHHBIIN 3/1€Ch Iy Th BO30Y K- 15 )

) . - a
JeHNs HEeCUMMETPUYHON JIOKAJIN30BaHHON CTPYK- ie(o )i
TYDBI HE €JMHCTBEHHbI, HapaMeTpbl BO30Y K110 10

IIIET0 UMITYJIBCA MOTYT MEHATHCS B JIOCTATOYHO ITH-
pokux mnpenenax. Kpome Toro, Bo30OyKiIeHue Ta-
KOT'O COJINTOHA BO3MOYKHO C ITOMOIIIHIO UMITYJIHCOB,

OJJMHAKOBBIX C obenx CTOPOH CHUCTEMBI II0 aMIIJIN-

TyJe W OTIMYalomuxcs Jminb ¢azoit. [Ipn sToM 8

geMm crnabee ormane (as IIaJAIOMIX UMITYJIbLCOB, el 6)
TeM GOJIbIIAs JJTHTEILHOCTh UMITY/IbCa, HeOOXO0II- 3 , , ,
Ma I BO3OyXKiueHusa. AMIUITYa MMIIyJIbca B

STOM CJIydae, KakK IIPABHJIO, Maja [0 CPaBHEHHUIO ‘62'8 e)

5 10 T

Puc. 6. amenenne aMImnTyIbl OIS, IATAIOIIETO

C AMIUIATY/IOi MMILYJIbCa, BO30YXKJIAIONIEr0 CHM- 4
METPUYHBIN COJIUTOH, T. K. 3HaYEHHUE I10JIs1 B MaKCH- 2

NS

MyMe UMITYJIbCa JOJIZKHO COOTBETCTBOBATDH obacTu

CyIIIECTBOBAHUS YCTONINBOIO OJIHOPOIHOIO HECHM- .
CJleBa, HA JIEBYIO ILUIEHKY, C TedYeHneM BpeMeHu (a);

METPUIHOT'O PEIIEHU. M3MeHeHre aMIITATY IbI IO, T IaI0Iero CIipaBa Ha

CuMMETPUYHBII COJTUTOH MOYXKHO TIOJIYYUTh 0~
Jadeil OMMHAKOBBIX UMILYJILCOB C 00EMX CTOPOH CH-
creMbl. J[71s1 MaHHBIX TapaMeTPOB MOMEPEYTHLIN pa3-
Mep 3TUX HUMILYJIbCOB 110 CPABHEHUIO C IIPEJbIILy-
UM CJIYy9IaeM JIOJI2KEeH OBITH CYIIECTBEHHO MEHBIIIE,
TOIIAa KAK JJINTEIbHOCTh UMITYJIbCOB MOYKET OBITh

PAaByIo IUIEHKY, ¢ Te€IeHNeM BpeMeHH (6); n3MeHeHne
AMILTUTY/IBI TIOJIST B TIEHTPE JIEBOH IIEHKHU C TeUeHNeM
BpeMeHH (6); U3MEHEHHE aMILIUTY (bl TOJIs B IEHTPE
[PaBoit IIJIEHKY ¢ TedeHneM BpeMerH (2). OcTaibHble
YCJIOBHS T€ JKe, 9TO U B CJIydae BO30YKCHNS HECHM-
METPUIHOTO COJMUTOHA (puc. 4)

TaKoii Ke, KaK U [IpU BO30YKJIEHNN HECUMMETPUIHOro coiuTona (cM. puc. 6). Takoe pemieHune Moxer
OBITH IIOJyYEeHO W IPU HEKOTOPOM PAa3/JIMYUU B aMILIUTyIe WMWiK (pa3e 3aTpaBOYHBIX HMIIYJIbLCOB, €C-
JII UX MaKCHUMAJIbHBIE TI0JI BBIMIE KPUTUYIECKOTO 3HAYEHUS, IIPU KOTOPOM HAOJIIOIAEeTCS HAPYIIEeHUEe
CUMMETPHUH OJHOPOIHOIO COCTOSHHUSI PABHOBECHSI.

Kpowme jokamm30BaHHBIX CTPYKTY]P, OTBEYAIONINX CUMMETPUTIHON BETBU PEIEHUsI, B CHCTEME TAKKE
MOT'YT CYIIECTBOBATH JIOKAJU30BaHHBIE CTPYKTYPhI, CBsI3aHHbIE C HECUMMETPUYIHON BETBBIO pEIIeHUsI
(puc. 7). Takue cTpyKTypbl OOYCIOBJIEHBI CTATHYECKUMU [IOIEPEIHBIMI HEYCTONIUBOCTSIMU HECHMMET-
pUYHOIl BeTBH perneHusi. [I0CKOIbKY HeCHMMETPUYHASA BETBb MOXKET ObITh HEYCTOWYMBA W II0 OTHO-
IIEHUIO K JMHAMUYIECKUM BO3MyIIeHusAM Bujia exp (ik  r| + iwt), T0O BOBMOXKHBI TaKKe JIMHAMUYECKHe
(ImyIbCUpPYIOIIHE) JIOKAJIN30BaAHHBIE CTPYKTY DB

B HEKOTOPBIX CiIydasix COJIMTOHBI MOTYT OBITH BO30Y2KIEHBI MIPOOHBIM UMITYJILCOM HE U3 OJHOPOJI-
HOT'O COCTOSIHUSI PABHOBECHS, & U3 Y2Ke CYIIECTBYIOIIEro COJIUMTOHHOIO COCTOsiHUSA. TakK, O9eBUHO, YTO

‘61' '62'
1,30 a) g 6)
6
1,25 4
2
1,20 | | | | | . . . . .
0,0 02 04 06 08 = 1,0 00 0,2 04 06 0.8 z 1,0

Puc. 7. Ilontepeunoe pacipeeseHne aMILIUTYIbI COTUTOHA, BO30OYKIEHHOTO HA OJTHOPOTHOM (DOHE, COOT-
BETCTBYIOIIEM HECUMMETPHUIHON BETBU PEICHUs: PACIpPEIeIeHNe aMILIUTYIbI IO/ B MOTIEPEIHOM Cete-
HUU JieBol 1IHKY (a) u npasoil wiéaku (6). 3aBucumoctu noaydenst npu A = 2,0; p = 0,5; o = 20,0;
§=T; eéﬂ =13,59;e1 =1,25;e2=7,0
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TS KazKJI0T0 HECUMMETPUYIHOI'O COJIUTOHA CYIIECTBYET TOYHO TAKOI K€ COJTMTOH C MHBEPTUPOBAHHBIMUI
COOTHOIIIEHUSAMU TI0JIel B 1IéHKaX. Ha puc. 4 nokazan npuMep NEPEeKTIOUYeHUsT MEXKJIy JIBYMsI TaKUMU
comuToHaMu. Takoe MEePeKJIIOYEHNE OCYIIECTBIISIETCS I0/Iadeil COOTBETCTBYIOIEr0 UMITYJIbCA Ha TOH-
KOILUIEHOYHYIO CUCTEMY CO CTOPOHBI, TPOTUBOMOJIOKHON 110 OTHOIIEHUIO K TIJIEHKE, B KOTOPOU COJTMTOH
ObLT BO30YXKIEH mepBoHadabHO. Kak ciemyer u3 puc.4 u JOMOJHUTEIBHBIX PACIETOB, BPEMsI Iepe-
KJIIOYEHUsI OIPAHMYEHO IJINTEJHbHOCTBIO BO30YXKIAIOMIEro MMILyJibca. OIHAKO HAIO yYUTHIBATD, UTO
BKJIIOUEHNE COJIUTOHA, OIPE/IE/ISIeTCs SHeprueil B30y KIAIO0IIEro UMITYJIbCca. deM MEeHBIIe ero JIJINTeIb-
HOCTB H, CJIEJIOBATEIbHO, BPEMS IEPEKIIOUYEeHN, TeM OOJIbIIE JT02KHA OBbITh aMILIUTYda. |lepekounTs
CHACTEMY U3 COCTOSIHUSI C HECUMMETPUIHBIMI COJIMTOHAMHU B COCTOSTHUE C CUMMETPUYHBIMHU COJTUTOHAMUA
CYIIIECTBEHHO CJIOYKHEM, T. K. aCUMMETPUs, yKe IPUCYTCTBYIONMAsl B 3TOM CJIydae B HaYaJIbHBIX YCIIO-
BHSIX, IIPUBOIUT CHUCTEMY OISITh B HECHMMeTpU4IHOe cocrosaue. OIHAKO TaKoe IEPEKJIIOYeHNe MOXKHO
IIPOBECTH B JIBA JTAIIA, [TOIABUB CHAYAJIA YK€ CYIIECTBYIOMNI HECUMMETPUIHbIN conTOH. B npuHIuie,
00a 3Tana MOXKHO COBMECTUTH BO BPEMEHH IIOAOOPOM COOTBETCTBYIOIIEH POPMBI ITAJAIOIINX ITOJIeH.

4. SAKJIFOYEHUNE

Takum obpazom, B paboTe pacCMOTpEeHa MMHAMHUKA BO30YKIEHUSA MPOCTPAHCTBEHHBIX JIOKAJIM30-
BAHHBIX CTPYKTYD B CHCTEME, COCTOMAIIEH U3 JBYyX HEJIMHEWHBIX TOHKHUX IUIEHOK, 00JIydaeMoil ¢ obemx
CTOPOH MOHOXPOMATHUIECKUM OIHOPOIHBIM ITojieM. Jljist BO30OYyKIeHUsT COTMTOHOIIONO0HON CTPYKTYPhI
HeoOXo/M 3aTpaBouHbLil umity/be (puc. 4, 6). [Tpu sroMm mosydatommasicss crpykTypa obJiaiaer 3apaHee
3aJIAHHON U HE 3aBUCHIIEN OT PA3MEPOB U JJIUTEIBHOCTU BO30YKJIAIONIEro uMiryjibca dpopmoit. Tem e
MeHee IIPU 10/Iade UMILYJIbCA CJUIIKOM GOMIBIION (MM CUIIKOM MAaJIOi) aMILIUTY/ bl COJIUTOH Pa3pyIla-
ercst. Bo3byKieHne CUMMETPUYIHBIX (OMHAKOBBIX B 00€UX IJIEHKAX) UJIM HECUMMETPUIHBIX COJIUTOHOB
00YCJIOBJIEHO CTEIIEHBIO CUMMETPHH ITaJIAI0IINX ¢ 00eNX CTOPOH 3aTPaBOYHBIX UMITY/IbCOB. T peboBanus
K CHMMETPUU TOCIEIHUX 3aBUCAT OT UX aMILINTY/Ibl. [loKkazana BO3MOXKHOCTE MEPEKTIOUEHUS U3 OJTHOTO
HECHUMMETPUYIHOTO COJIMTOHA B JIPYTOM, MOJyUYEHHBIN U3 II€PBOIO 3€PKAJbHBIM OTPaKEHUEM JIBYX ILJIE-
HOK. Takoe IepeKJIFoYeHrne COOTBETCTBYET CMEHE HAIIPABJICHHS U3JIyYCHUS COJIMTOHA PACCMATPUBAEMOiT
CUCTEMOI1.

Pa6ora semonnena npu nojgepxkke BPODU (rpant Ne @-02P-011) u PODU (rpant Ne 02-02—
81045).
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EXCITATION OF LOCALIZED SPATIAL STRUCTURES OF DIFFERENT
SYMMETRY IN A SYSTEM OF TWO THIN FILMS

P. V. Pavlov, 1. V. Babushkin, N. A. Loiko, N. N. Rozanov, and S. V. Fedorov

We consider spatial dissipative solitons arising in a system of two thin films resonantly interacting
with light. Symmetric and nonsymmetric localized structures and the methods for their excitation and
switching are studied.
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VIIK 530.182

O HEKOTOPBLIX OCOBEHHOCTSX OJJHOCOJIMTOHHBIX PEIIIEHUI
YPABHEHUSA KOPTEBET'A—/IE ®PU3A

C. H. Baacos, E. B. Konocosa

Metromom obparHoil 3ajaun Teopun paccestHus |1, 2] nmpoBoauMTCs MCCIe0BaHNE DElleHuH ypaBHEHMUsI
Kopresera—ne ®pusa npu HadaJ bHBIX YCIOBUAX B BHJE IBYX OT/EJbHBIX UMIIYJILCOB HE CIHIIKOM OOJIb-
IOW aMIUIATY/bI, HE SIBJISIOINXCS cojuToHaMu. [TokazaHo, 9TO 3TH MMIIyJIbCHI IPU HEBGOJIBIIIOM PAaCCTO-
SHAW MEXKJ[y HUMU 1pu ¢t — 00 TPaHCHOPMUPYIOTCA B €JUHCTBEHHBIN COJIMTOH M OCIUJIIMPYIOMHA (DOH.
IIpu yBenudyennn pacCTOSHHS MEXKIY HUMIIYJILCAMHI WA UX aMILINTYAbl 00pa3yloTCs [Ba COJIMTOHA U OC-
nriuApyonwit poH. AHaJIOrMYHOE IIOBEJIEHNE MMEIOT pellleHns HejimHeiiHoro ypasHenust LlIpémnunrepa c
TEeM OTJINYMEM, UTO [IPY YBEJIMUYEHUN PACCTOSIHUS MEXK/Iy JIBYMsi CHH(A3HBIMU UMILYJIbCAMH (DOPMUPYIOTCS
He JIBa, a TPU COJIUTOHA. Pe3yIbTaTbl aHAJINTHIECKOrO UCCIIEI0BAHNS UILIIOCTPUPYIOTCS IUCIEHHBIM Dele-

HHeM ypaBHeHus Kopresera—ae Ppusa.

Hesmueiinoie BoHb! B ¢1a60 JUCHHEPIUPYIIUX CPpeAaxX 9aCTO OIIUCBhIBAIOTCA YPaBHECHHUEM KopTeBera—

ne @puza [1], koTopoe MoxKeT ObITH PEIeHO MEeTOOM 0OpaTHOl 3a1aun paccesinust [2]. DTuM MeTomIoM

IIOKa3aHO, YTO Jiroboe ero penienue C JIOKaJIM30BaHHBIMU HavYaJIbHbBIMU YCIIOBUAMU aCUMIITOTUICCKU

npu t — 00 MOXKeT ObLIThH IpeacTaB/JIEHO B BHU/E IIOJIsA COJIMTOHOB C aNIHJIHTy,ZLOfI, He Y6bIBaIOIH6fI npu

t — 00, U TOJIsI U3JIy9eHns, yObIBAIOIIEro pu ¢t — 00. B 3TOM coolIiennn mpuBoOAATCS PE3yIbTATHI MC-

cjie JOBaHM A peHleHI/Iﬁ 9TOI'0 YpaBHEHUA IIPU HaYaJIbHBIX YC/JIOBUAX B BHUJIE JIBYX OTAEJIbHBIX UMITYJIbLCOB

He CJIMIIKOM OOJIbIIOit AMIIIATYAbI, HE ABJIAIOINIUXCA COJIUTOHAMMU. Ml IIOKazKeM, 9ITO 3TU HUMILYJIHChI

1pu HEOOJIBIIOM PACCTOSTHUU MEXKJIy HUMU TIPHU t — 00 TPAHC(HOPMUPYIOTCS B €IMHCTBEHHBIN COJIUTOH

1 caabOHEeTNHEHHBINA ITaKeT. HpI/I yBEJINYIEHUN PACCTOAHUA MEXKAY UMIIYyJIbCaMU WJIN UX aMILJINTYAbI

O6paSyIOTCH JBa COJIMTOHa M c1aboOHeIMHERHBIA IIaKeT.

U(z,0)

i 2%,

Puc. 1. Crpykrypa Ha9aJbHOIO paciupeie/ieHust

Banumem ypasaenue Kopresera—ue Opusa s
dyurnun U u cpeibl ¢ OTPUIATETBHON aucnepcueit
B BH/IE [2]

e HUXKHUNA MHJIEKC 00O3HaYaeT YaCTHYIO ITPOU3-
BOJIHYTO TI0 COOTBETCTBYIOMIEH mepementoii. Cormac-
HO MeToiy OoOpaTHOH 3alady pacCesaHus] TUCJIO CO-
JINTOHOB, (DOPMUPYIOMIUXCS IPHU ¢t — 00 U3 IePBOHA-
vasbHOrO pacupesesenus U(x,0), paBHO 4uciLy JIo-
KAJIM30BAHHBIX PEICHUl JIMHEHHOTO CTAIIMOHAPHOI'O
ypasuenus [IIpénunrepa ajs QyHKIAX ):

rie k2 > 0 — cobeTBeHHOE 3HAYEHNE.

Bosbmém nagasabnoe pacirpeieJiIeHne B BUae IByX CHH(baSHbIX IPAMOYTOJIbHBIX IIYYKOB C aMILJIATY-

Joit A v mupuHOil d, paclioNoXKeHHbIX HA PACCTOsHUU 2x1 APYT oT jpyra (puc. 1):

U(z,0) = 0

A, oz <|z| <21+ d;

|z| < z1, |z > 21 +d.

(3)
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OupejiesiiM yCI0BUsI CYIIECTBOBAHMSI JIOKAJIM30BAHHBIX MOJL B HoTeHnuase (3). 3amerum, 4To 1o-
CJIeIHAE MOTYT OBITh CUMMETPUIHBIMU U HECUMMETPUIHBIMH.
CuMmMeTprdHBIe MOJIBI OyJ/IEM HCKATH B BHUJIE

A ch(kx), 0 < |z| < x5
Y =< Bsin(VA—k?z) + Ccos(VA—k?z), x1 <|z|<mz +d; (4)
D exp(—k|z]), 1 +d < |z| < o0,

XapakTepucTHiecKoe ypaBHEHNe HAXOAUTCs IIPH 1ojCTaHOBKe (4) B (2) U3 yCJIOBHUi HENPEPBIBHOCTH
dyHKIUN 1) 1 €€ IPOU3BOIHON 1 MMEEeT BHJL

 kVA—R (cth(kar) + 1)
(VA=) = = ) et ) = 12 )

BBG,H,'éM HOBbBIE€ IIEPpEMEHHDbIC

E:%, A=vVAd 7 =VAux, (6)

HCKJIIOUYMB € UX MOMOIIbI0 mapamerp A u3 ypasaenusi (5):

(VI T2 A) = k1 — k2 (cth(kzy) +1) . )

(1 —%2) cth (k1) — 2

Mojia ¢ HAMHUBIIUM YPOBHEM SHEPIUU siBJIsieTCs cuMMeTpuaHoil. OHa CyIecTByeT P CKOJIb YTOJI-
HO Majioit Besmuune A = d v/ A. Jljis HeCHUMMETPUIHBIX MOJI BHJIA

A sh(kz), 0<|z| <3
= Bsin(VA—k?z)+ Ccos(VA—k%z), = <|z|<z1+d;
D exp(—k|z]), z1+d<|z|<oo

XapaKTepUCTUYeCKoe ypaBHeHNe B repeMeHHbIX (6) mMeer Buj,

oV T2 A) = FVI-R(t ; )+1) (8)

(1 — k2) th(kz) — k2

HerpysHo BujieThb, 9T0 KOpeHb ypaBHeHHsl (8) HOsIBIIsIeTCsI [IPU BBIIOJIHEHUN YCIIOBUSI

tg A > 1/7q,
IPUYEM TIPU CJMBIIAXCS B II€PBOHAYAIBHOM paclpejiesieHnn umiyiabcax (Z1 = 0) mHecuMMmerpudHasi
JIOKaJIN30BaHHadA MOJ/Ja OTCYyTCTBYET, €CJIN
A< 7/2.

Ha puc. 2 n3006pazkeHbl KpUBbIE 3aBUCUMOCTH KOPHsI ypaBHeHusl (7) OT IIOJIOBUHbBI PACCTOSTHUST MEK-
JIy UMITYyJIbCAMU T1 MPU Pa3JIMIHBIX 3HAUEHHUSIX mapaMerpa A. DTy 3HavdeHUsT k HEOOXOIUMBI JJIs 10-
CTPOEHHUsI €JIMHCTBEHHOIO COJIMTOHA — pernenus (1), uMeronero Buy

_ 2k?
o’k (x — 4k2t)]
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Ha npaBbIx KOHI[AX KPUBBIX BBINOJIHSETCs yeaoBue tg A = 1/Z 1, Tak 9T0 Ha NPOJIOIKEHUN KPUBBIX [IPU
GOJIBINNX T1 MOSIBJISIETCS PellleHne y ypaBHeHus (8). 9T0 COOTBETCTBYET MOSIBJICHUIO B PEIICHUN yDaB-
Henust Kopresera—je @pusa npu HavaJbHbIX yea0BusiX (4) Broporo cosmurona. Kpusasi, coeuHsiomast
IpaBble KOHIbI KPUBLIX, IOKa3aHa IIyHKTHPoM. [Ipu mocrarounoii MaJioil Beauuune A CyIIeCTBYeT 3Ha-
quTesIbHAsT 00JIaCTh PACCTOSIHUH X1, JJIsT KOTOPBIX IIPU { — 0O UMEET MECTO OIWH COJINTOH. DTy 00JIacTh
MOXKHO CUHTATL O0JIACTBIO CUJILHOIO B3auMoueicTsus. [Ipy npeBLIIeHnn KPUTHIECKOIO PACCTOSHUS
pu t — 00 POPMUPYIOTCS J(Ba COJTUTOHA, PACIIPOCTPAHSIONINECST ¢ HEMHOI'O PA3IMIHBIME CKOPOCTSIMU.
D1y 006/1aCTh MOYKHO CUMTATH 0DJIACTHIO CJIAOOI0 B3auMOJIEHCTBHS.

JJ1st MiunocTpanuy JJAHHOTO SIBJIEHUsI IPUBEIEM PE3yJIbTaThl YUCJAEHHOIO pelneHust ypasHerus (1)
[IpU CJIEYIOIIEM HAYabHOM YCJIOBUM:

(x —m1)2 (x+a:1)2

U(z,0) = Ap < exp Y +exp|— ¥ ,

[peJicTaBIIsonieM coboil JBa rayccoBa, MydKa ¢ aM-
1,0r IWIATYI0i Ay ¥ HOXYMUPUHON d, PaCIOIOKEHHBIE
Ha PACCTOSHUE 221 JIPYT OT Apyra. PesyabraTo npu-
Besennl Jig d = 2, 1 = 8 u ammumryn Ag = 0,005
08 A=15 u Ay = 0,06. Ilpy BHIOpAHHOM BHJE MTOTEHIIUAJIA

x|

OJIMH COJIUTOH CYIIIECTBYET IIPU CKOJIb YI'OJHO Ma-
\ A=12 Jioit amrmuTyne Ag. Bropoii comuToH mosiBiisieTcst
npu Ag > 0,029. Ha puc. 3 mokazana cTpyKkTypa mo-

A=009 a1 juist nepsoro crydast (Ag = 0,005, cymiecryer
N ofuH conuTon) u npu t &~ 0,72 u t ~ 359, 1 ~ 5,2.
0,4- Ny ’ Ha puc. 3a ucmons3oBaH cxKAThI MacmTad o mpo-
S OA=05 CTPAHCTBEHHOU KOOp/JuHATE, Ha puc.36 bosee 10-
- JPOOHO TIOKa3aHa CTPYKTYPa COJIMTOHA 33 CIET yBe-

e

0,6

0,2F A =03 JuUeHna Macmraba 1o koopiaunate x. IIpm mambix
BpeMeHaX CYyIIeCTBYIOT JiBa UMIIYJIbCa, U3 KOTOPBIX
pu OOJIBIIUX BPEMEHAX 00pa3yeTcs OIWH COJIUTOH
U JOBOJILHO JJIMHHBIN cilaboHenHeidHbiil maker. Ha
puc. 4 moKasaHbl aHAJIOTMYHBIE KPUBBIE 1Jisi Ay =
= 0,06 (cymecrBytor nBa coiaurona) mnpu t ~ 1,44
ut~ 718, 1 ~ 11,2. Ilpu masbix BpeMeHax CyIie-
CTBYIOT JB& HUMIIYJIbCA, M3 KOTOPBIX IIPHU OOJIBIIUX
BpeMeHax 00pa3yloTCs [Ba COJUTOHA U JTOBOJIBHO
JUIMHHBIN cy1aboHemHeRHbI nakeT. OTMeTnM, 910
B 00OUX Caydasx BpeMsi TPAHCHOPMAIMH TEPBOHAYAIBHON CTPYKTYPHI HOJIs B CIaOOHETNHERHDIN T1a-

|
0,0 1,0 2,0 30 - 40

Puc. 2. 3aBucumoctsb KopHeit ypasHenus (7) or pac-
CTOSTHUSI MEXKJy WUMITyJibcamu. [lyHKTUpoM 0603HA-
YeHa IPaHUIA [OABJIEHUS KOpHell ypaBHeHus (8)

KET U COJIMTOHBI JIOCTATOYHO BEJIUKO.

CaoiictBa pernenuit Hesinneitnoro ypasuenusi [IIpénunarepa paszmeproctu 141, Kak U3BECTHO, OTJIH-
9al0TCs OT CBOCTB pertenuii ypaBuennus Kopresera—me @pusa, HO B HEKOTOPOM CMBIC/IE, TTOSICHEHHOM
HUKe, 5TU penteHus omsku. B ciiydae Hesmmueitnoro ypasaenus [Ipéquarepa HeoOX0UMO BMECTO JIH-
netinoro ypasuenus: [IIpéauarepa Ha 1mepBoM dTame MCCIeIOBAHUN METOIOM OOPATHON 334U PeIlaTh
zasiady paccestaust 3axapoBa—Illabara. TpaHciieeHTHOE ypaBHEHUE IJIs OIPEIEIeHUsT COOCTBEHHBIX
SHAUEHNUIl JIOKAJIM30BAHHBIX pelleHuii pusejieHo B [3| u umeer Bu

tg(d VAT ) = VAT (9)

i¢ + Aexp(2iCx)
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0,61 a) 1,2 6)
U U
t=0,72
0,4+
0,8 /
0,2F
0,4+
t =~ 359
0,0 \
0,0r
—0,2r
-0,4 I I I | | -0,4 I | | |
—1440 -1080 —720 —360 0 - 360 —72 —36 0 36 " 72
Puc. 3. ®opmupoBaHue 0HOrO COJIUTOHA U3 JABYX UMILYJibcoB mpu Ag = 0,005
1.2r a) 1.2r 5)
U U
t~1,44
0,8 0,81
t =~ T18
0.4r t~ 718 0.4
«
0,0 0,0r /A\j/o L
_0,4 | | | | | _0,4 | | | |
—2880 —2160 —1440 —T720 0 z 720 —144 —72 0 2, 14

Puc. 4. ®opmupoBanue IByX COTUTOHOB U3 JBYX UMITYJIbCOB ipu Ay = 0,06

rae ¢ = & 4 in — coberBennoe 3uadenue. B omimane or (7), (8) ypasaenue (9) KOMIIEKCHO, MPUYEM
OTJINYKE BEIIECTBEHHON YacTu £ OT HyJIsl O3HAYAET, YTO COJIMTOH UMEET CKOPOCTh (110 TepMmuHosorui [3)]),
MHHMAasl 9aCTh 1) XapaKTePU3yeT aMILIUTYIy COJINTOHA.

Jl 7151 IosTBIEHUST TIEPBOTO JIOKAJIM30BAHHOTO PEIIEHUsT B 9TOM CJTy9Yae HeoOXOMMa, KOHEYHAs TITyOnHa
[OTEeHIMAIa. DTUM HejuHeiiHoe ypapHenue IlIpémnunrepa oryimuaercst oT ypaBHeHust KopreBera—ie
®puza. B namewm ciyuae nepsoe coGCTBEHHOE 3HAUEHHE IOSBIISIETCs, KaK ciejiyeT u3 ypasHenus (9)
pH BBIOOPE 3HAKA IUIIOC B 3HAMEHATEJIE, TP BBITOTHEHUN YCIOBUSI

tg(Ad) > /4, (10)

C. H. Baacos, E. B. Konocosa 1011



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

KOTOPOE HE 3aBUCUT OT PACCTOSTHUA MEXK/ly HAYAJLHBIME UMITYJIbCAMA 1. JjIst onpeesiennst yeaoBuii
HOsIBJIEHUS] CJIEJIYIOIIEro COOCTBEHHOIO 3HAYEHUSsI, KOTOPOE, COIIACHO [3|, Ha mopore CBOEro MosiBjIeHMsI
sIBJIsSIETCsT 9HUCTO JefictBuresbHbIM (( = &), neperumem (9) B Buje

sin<Ad \/1+§2/A2) =+ w#, sin<2x1A %) - i% . (11)

U3 Broporo ypasrenus (11) ciejyer, 9To jist HOsIBJIEHHsI BTOPOTO U TPEThEro COOCTBEHHBIX 3HAUEHUI
(9), ormuaronuxest 3aakoM { = Re ¢, Heobxopumo Beinoinenne yenosust 2Az; > 1. Takum obpaszowm,
U3 JABYX UMILYJILCOB C HEOOJIBINON aMILIUTY 101 BO3HUKAET HECKOJBKO COJIUMTOHOB, €CJIM UMITYJIHCHI Pac-
HOJIOYKEHBI JIOCTATOYHO JIAJIEKO JIPYT oT Apyra (ciaboe B3ammojeiicTeue). Tak ke, Kak U B ypaBHEHUN
Kopresera—me ®Ppusa, B3auMomeiicTBHe MEXKIy HMITyJIbCAMHU IIPU MAajOM PACCTOSHUU MEXKJy HUMHI
OPUBOJMUT K TOMY, YTO U3 JIByX HMMIIYJIbCOB BO3HUKAET TOJIBKO OJIMH COJIMTOH (CHUJIbHOE B3auMOjIeii-
CTBUE).

OrmeTnM, 9TO B paCCMATPUBAEMOM IIPUMEPE YUCJIO0 00PA3YIOIMIUXCsT COIUTOHOB 3aBUCHUT OT JIeTasIeit
[IePBOHAYAJIGHON CTPYKTYPHI MOJs, HAIIPUMED OT PACCTOSHUS MEXKJY UMITYJIBCAMH, UTO 3aTPY/IHIET
MTOCTPOEHNE KPUTEPUEB CYIECTBOBAHUST OMPEAETEHHOTO TUCIa COMUTOHOB. OUEBUIHO, ITO MOy ICHHBIH
pe3yJIbTAT MOXKET OBbITb ODODIIEH HA HECKOJBKO HMMILYJIbCOB Pa3HON aMIIUTYIbl B MEPBOHAYAIBHON
CTPYKTYyPEe TOJIsI.

Pa6ora Beimosnena npu nojepxkke CoBeTa 110 TOJJIEP:KKE BeAyIIUX HaydHbIX MKoa PO (rpaHt
HIII-1637.2003.2) u uporpammer IIpesumanyma PAH «Maremarudeckue MeTo/ibl B HEJIMHEHON JMHA~
MUKE».
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SOME FEATURES OF ONE-SOLITON SOLUTIONS OF THE
KORTEWEG —-DE VRIES EQUATION

S. N. Vlasov and E. V. Koposova

Using the method of inverse scattering problem [1, 2|, we study solutions of the Korteweg—de Vries
equation under initial conditions in the form of two nonsoliton pulses with not very large amplitudes.
It is shown that if the distance between these pulses is not large, then they evolve to one soliton and an
oscillating nonlinear tail for ¢ — oco. As the distance between the pulses or the pulse amplitudes increase,
two solitons and an oscillating nonlinear tail are formed. Similar behavior is observed for solutions of
the nonlinear Schrédinger equation. The only difference is that three, but not two, solitons are formed
if the distance between two initial inphase pulses increases. The results of analytical consideration are
illustrated by the numerical solution of the Korteweg—de Vries equation.
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VIIK 537.86:519.2

O CUHXPOHU3AIINU INEPNOINYECKIX ABTOKOJIEBAHUI
OBILIIM IITYMOM

JI. C. I'ondobun 2, A. C. lurxoscrudi 2

Wccmenyercss n3amenenne yCTOWIMBOCTH aBTOKOJIEOAHMIA 110/ IefICTBMEM BHEIIHEro mnrymMa. B mpubimke-
HUM MaJyIoro (B Hy?KHOM CMBICJIE) NIyMa BBIBOJUTCS CTOXACTUIECKOE ypaBHEHUE Jist (a3l aBTOKOIEOAHUIA.
CranmoHapHOe pacipejiesieHne sl IJIOTHOCTH BEPOSTHOCTH UCIIOJIb3YETCH JIJIsl aHAJIMTHYECKOTO BBIYUCIIE-
HUsI MaKCUMAaJIbHOro nokasaress JIsmynosa. Ilokazamno, 4To nmpu MajoM IIyMe IIOKa3aTesb BCEra OTPUIA-
TEeJIEH, YTO COOTBETCTBYET CHHXPOHHM3AIMU aBTOKOJIEOAHUII.

BBEJEHUNE

OcHOBHBIM 3((PEKTOM IIPHU BO3AEHCTBUN IIyMa Ha MEPUOJINIECKHe aBTOKOJIeOAHUsT SIBJISIETCS 1TOSIB-
senne quddysnn Gasbl: aBTOKOIEOaHNsT CTAHOBITCs Hewtea bHbiMu [1]. OHaKO MIyM MOXKeT UrpaTh u
VIIOPSIIOYUBAIOINIYIO POJIb, B 9aCTHOCTA CHHXPOHU3OBBLIBATHL aBTOKOIeOanus. Ecan Ha 1Be onuHAKOBLIE
(nmm c1abo OTIMYAOIIHeCs ) aBTOKOIe0aTe/IbHBIE CHCTEMbI JeHCTBYeT OOINUii 1IyM, TO UX COCTOSHUS
MOTYT IIOJI JefICTBAEM 9TOTO MIyMa CHHXPOHU30BATHCSI. DTOT 3(P@PEKT ONPEIesIsieTcss 3HAKOM MaKCH-
MaJIbHOIO IIOKa3arTessd JIdmyHoBa, IMPHU MEPUOAMIECKHX ABTOKOIEOAHUSIX OH OTBEYAET HAIPABJICHUIO
BJIIOJIb IIPEIEILHOrO IUKJIa. J[isi aBTOHOMHBIX CHCTEM OH HYJIEBOW, U CUHXPOHUBAIMH B OIIUCAHHOM BbI-
e cMbiciie Het. [lojr geficTBreM myma nmokasaresb JISmyHOBa MOXKET CTATh OTPUIATETBHBIM, 9TO O3HA-
JaeT CHHXPOHM3aIuo. Buepsble noobHast 3a/iaua Oblia n3iokeHa B pabore [2], rjae paccMarpuBascs
CIabOHEIMHEHBI KBAa3UTAPMOHUYIECKUN aBTOT€HEPATOP C IIyMOM B BUJE CIyJalHON ITOC/IeI0BATE /b
HOCTH HMIIYJILCOB. B HacTosieil crarbe Mbl obpalmaeMcs K JUHAMHYIECKHIM CHCTeMaM Oojiee oOImero
BHJIa C OEJIBIM T'ayCCOBCKHUM IIIyMOM.

Hamr monxon ocHOBaH Ha CBEeIGHMH JUHAMHUKU aBTOKOJIe0ATENbHOU CHCTEMbI K YPaBHEHUIO JIJIsI
daszbl. D1o ompapnaHo npu MajaoM (B HY’KHOM CMBICJIE) BHeIIHeM BO3zeiicTBuu. Mbl BBIBOIUM CTO-
XaCTHIECKOe ypaBHeHHe s (pas3bl aBTOKOJIeOaHMI W HAXOAUM CTAIlMOHApHOE paclpeeenne (as3bl.
ITokazarenn JlsmmyHoBa BbIparkaeTcs B BHAE WHTEIPAJIa IO TOMY PACIPEe/IeHII0. B 1acTHOCTH, MBI
ITOKA3bIBAEM, YTO IPU MAJIOM WHTEHCUBHOCTH IIyMa IIOKa3aTe/Ib BCEIJia OTPHUIlATE]eH, YTO OTBEYaeT
CHHXPOHU3AITA.

1. OCHOBHA4Ad MOJEJIb

Mps1 OysieM UCXOUTHh U3 OOMIUX CTOXACTUYECKUX yPABHEHWIA, OMUCHIBAIOIINX JUHAMUKY N-MepHOI

KojiebaTeIbHOl cucTeMel X, rje j = 1, ... , N, Ipu HaJIM4IUKM HEKOPPEJTUPOBAHHBIX MeXKJy cOoOOl Be-
TOPHBIX IIyMOBBIX BozjeiicTuil {i(t) ¢ ammmrynamu Qjp, tne k=1, ... .M < N:
dx; M
J
o = i)+ > Qk(x)&k(t). (1)
k=1

Eciu B aumammdeckoii cucreMe Ge3 myma cymecrsyer muka X© = x9(t + 2w /wg), cocrosuus na
HEM MOTYT GBITH TIapaMeTpm3oBaHbl TlocpescTsoM dasbl o(x°) [3], mumeitno pacTymeit co Bpemenem:
dy/dt = wp. s upenenbroro mukia ¢gasza ¢ MOXKeET ObITh BBejeHa 6e3 HeOIHOPOJHON MepeHOPMI-
POBKH BpeMeHH (KOTOpasi HeXKeJlaTeslbHa B CJIydae, eCid He OMPDAHMYMBATHCH 0-KOPPEJINPOBAHHBIMU
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HIyMaMU) U B KOHEYHOl ero OKpecTHOCTH, Ijie Takxke Oyjer crpaseinBo coorHomenne dp/dt = wy.
C yuérom 1mryma ypaBHEHHE SBOONHUK (ha3bl B MaJIOW OKPECTHOCTHU IUKJIA TPUMET BUI,

N M
D) DE o NC% | I AC) @)

dt j=1k=1 J x=x"(¢)

SBOHIOLLI/IH CHUCTEMBbBI 6yﬂeT HpOI/ICXOILI/ITb B Maﬂoﬁ OerCTHOCTI/I L[I/IKJIa B )IByX Cﬂy‘{aHXI .HI/I6O HpI/I Maﬂoﬁ
MHTEHCHUBHOCTHU IIIyMa, JII/I6O npu 6OJII)HIOM IO MOJYJ/IIO OTpHUIIaTE/JIbHOM BEAyIIEM JIAITYHOBCKOM IIOKa-
3aTeJsie L[I/IKJIa N KOHEYHBIX MHTEHCHUBHOCTAX H_IyMa. He N3MEHAA xapaKTepa H_IyMa (a JINIITb HepeHOpMI/I—
Pyl €ro KOJMYEeCTBEHHBbIE XapaKTEPUCTUKMU), OJHOPOJHAS HOPMUPOBKa BpeMeHu [t| = wqy ! nossonsier
CIeJIaTh YACTOTY IUKJIA PABHON equHuile. By CTOXaCTUIECKOrO ypaBHEHUs JJisi (DA3bl CYIIECTBEHHO
3aBUCHUT OT TOI'O, KaK ,H,eﬁCTByeT IIyM B I/ICXO,HHOfI cucreme (1) ECJII/I B cucreMe mmMeeTrcd e,ZLI/IHCTBeHHbeI
HE3aBUCHMBII IIIyMOBOM CHTHAJI, T. €. TOJIBKO JJjIsi OIHOTO k IrymMoBoe Bosgeiictue &y # 0, mosrydaem
dp

L 11 ef(p)e0), 3)

rae £(t) Gymer monaraTbesi 0-KOPPEIMPOBAHHBIM TayCCOBCKUM IIYMOM CO cpegHnM 3uadenneM (€(t)) =
= 0, HopMupoBaHHBIM TakK, 4T0 (£(1)E(t' + t)) = 24(t'), napamerp € onuChIBA€T MHTEHCUBHOCTD IIIyMa,
HPUIEM B Pe3yJsibraTe HOPMHPOBKH BPEMEHH € ~ W V2 a f (¢) — HOPMHpPOBAHHASI IEPUOIICCKAST
dbyuxmus daser: f() = f(e + 2m), 027T f?(p)dy = 27. Bonee cioykHOe ypaBHEHHE TOyHAeTCs, ec-
JIM TIIYMOBOIl CHI'HAJI B MCXOJHON CHCTEME COJIEPXKHUT HECKOJIbKO HEe3aBUCHMBIX KOMIIOHEHT (MbI Oy/ieM
HA3BIBATH 9TO CJIydaeM MHOTOKOMIIOHEHTHOIO IIIyMa):

M
LY e, (G0 & 1) = 2005, (4)
k=1

rae d;, — cuMBoil Kponekepa.

[es1bIo HAIIEro UCCIeI0BAHUSI SIBJIAETC AHATUTHYECKUH aHAIU3 yCTORIUBOCTY PEIIEHUI CTOXaCTH-
vyeckux ypasuenuii (3), (4). st 9T0i e/ paccMOTPUM JIMHEAPU30BAHHOE ypaBHEHHUE (3) Jisi MaJIoro
orkJionenust dhasbl o

do

_ !
— =eaf'(p)&(t), (5)
dt
IJle ITPUX 0O03HAYAET MPOU3BOAHYIO 10 APTYMEHTY. JIAIyHOBCKHH MOKA3ATEb, 3a0AI0INNA CPEIHIOI
CKOPOCTb 3KCIIOHEHIIMAJBLHOIO POCTa OTKJIOHEHMS (v, OIPEIEJIeTCs yCPEIHEHHEM COOTBETCTBYIOLIEH

MI'HOBEHHOI CKOPOCTHU:

A— <d$0‘> — e/ ()W) (6)

,HJIH MHOT'OKOMIIOHEHTHOTI'O IIIyMa BbIPpazK€HUe JIJId ITOKa3aTeJIsd HHHYHOBEL nMeeT BHU]L

A=) (enfh(@)Ek(t)). (7)
k=1

OrmernmM, 9T0 mOKazaTesb JISImyHOBa Opese/aser acCUMITOTAUYECKOE MOBEJICHNE MAaJIbIX BO3MYIIE-
HUl pelrrenns U B HAIel 3a/1ade Oy/IeT ONUCHIBATE, COTUKAIOTCI UJIM PACXOIATCS OJTU3KNE COCTOSTHUS
CUCTEMBI CO BpeMeHeM B Xojie e€ sBosionuu. 1Ipu aToM, KOHEYHO 2Ke, B OT/IeJIbHbIE MOMEHTHI BpEMEHH!
OJIM3KMEe COCTOSTHUS MOTYT APYT OT JPyra VIAJISATbCs [IPU OTPUIATEILHOM IOKasaTe e JIsamyHoBa, ITo
HE MPEISITCTBYET WX UTOTOBOMY COJIM2KEHUIO, a MIPHU MOJOKUTEJBHOM TToKa3aresie JIsmyHoBa, Hao00poT,
9acTh BPEMEHU COCTOAHUA MOTYT PACXOAUATHCH.
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2. YPABHEHVE ®OKKEPA—IIJTAHKA N EI'O CTAIIMOHAPHOE PEINTEHUE

Ypasuenne Pokkepa—Ilianka jyisi croxacrudeckoro ypasaenus (3), monumaemoro B cmbiciie Crpa-
TOHOBHYA, 3AIIMCHIBAETCs CTAHIAPTHBIM 06pasom [4, 5]:

% +% W(p.t) —ng(@% 1 (2) W(p,t)]| = 0. ®)

B cranumonapHoM pexkume IOTOK BEPOSATHOCTH S IOCTOSTHEH:

d

W(p) —€*f(p) I [f(@)W(p)] = S. 9)

DTO MO3BOJIIET HANTU PelleHne B KBaJIpaTypax, KOTOPOe IPHU MEPUOJNIECCKUX IPDAHUIHBIX YCJIOBUIX

st W (p) umeer Buj
T w 17 de
Wip)=¢C / Flonf@) “*\ "2 ) 7)) ()

riae C OIIpeJIieJIdeTCd U3 YCIIOBUA HOPMUPOBKHU DaCIpeEIe/ICHUA:

2w p+2m

1 Ay L
¢ ‘O/ d‘”Z fofw) P\~ =

a IIOTOK BEPOATHOCTU 3a,ZLaéTCH BbIpazK€HUueM

; dé
! 720) | =

27
S=|1—exp “a ff—(%) c. (12)
JIy1st MHOFOKOMIIOHEHTHOTO Iy Ma AHATOTHTHO HMEeM
Wpt) , 0 (W«o,t) S ) L e Wi t)]) 0. (13)
ot dy = Oy

NurepecHo, 9T0 5TO0 ypaBHEHNE SKBUBAJIEHTHO €0 OJJHOKOMIIOHEHTHOMY BapuaHty (8), eciu MoI0KHUTh

M M M
fz(w)=;€if§(<p)/ Sow o 2=Xe (14)

Taxum oOpasoM, MPpUBEIEHHOE BBIIIE CTAIMOHAPHOE PEIIeHNe CIIPABEINBO U B 9TOM CJIydae.

3. IIOKASATEJIb JIAIIVHOBA

st Boramcienns nokasaress Jlsmmynosa (6), (7) rpebyercst maiitu cpenmue Buga (F(p)€(t)). Ta-
KUE CPEeJIHME JJIsS CTOXaCTHYeCKUX ypasHeHHR (3), (4) ¢ 0-KOPPEJIMPOBAHHBIM IIYMOM BBIMHC/ISIOTCHA

CTaHJIAPTHBIM CIIOCOO0M [5]:

(F()E(t)) = e (F'(0)f(9))- (15)
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3amuceiBasi ycpeHeHne KaK HHTerpaJl 10 paBHOBECHON IJIOTHOCTH pacIpeesieHust pasbl, IjIsl TOKa3a-
Tesisd JIamyHoBa moydaemM

2r pt2m P
! 1
A= (1) f () = £2C / dp / dy J;(Ej)) exp - / (16)
0 © ©
ﬂﬂ?{ MHOTOKOMIIOHEHTHOI'O H_Iyl\,la AHAJIOTUYIHO HOHyLIael\/[
M 21
A=Y / F@) fil) W () do. (17)
k=1 0

IIpex e gem mepeiiTu K aHAJIM3Y HOMYyIEHHBIX (POPMYJI B KOHKPETHBIX CUTYAIIUAX, OTMETUM, UTO B
npejiesie caaboro Iiyma mokasaresib JISImyHoBa Bcerjia OTpHUIATEEH: B BEIYIIEM MOPSJIKE 110 €

M- 9
Mo~k / (fi(2))” de, (18)
0

e M moxer OpUHUMAaTbL 1 3HAYEeHUe 1, 9TO COOTBETCTBYET OAHOKOMIIOHECHTHOMY IIYyMY.

4.1. Ilpumep: JUHEITHO-TIOJISIPU30BAaHHBIA OJHOPOIHBIN Iy M

Ecnmn B ucxommoit cucreme ImiyM ajIuTUBHLIA W AefCTBYeT TOJBLKO HA OJHY KOMIIOHEHTY, a IIpe-
JIEJIBHBIN [IUKJT OJIN30K K OKPYKHOCTHU, TO MOJIyIAETCS OJHOKOMIIOHEHTHOE CTOXaCTUYIECKOE YDABHEHUE
¢ f(p) = V2 sin . Biech MBI TaKsKe IPEIONOMKIIN, YTO CKOPOCTh (DA30BOr0 MOTOKA HA IIPEIeTHHOM
[AKJIE TPUMEPHO TOCTOsIHHA. B 9TOM Ciiydae

o+2m ) 4o/
dy o 1 d6’ / (ctgw - ctgcp)
@) P f2 \/5 sin v P 22 ’

rJle KBaJIpaTHbIe CKOOKY 0003HAYAIOT MEIYI0 YaCTh 3aK/TI0UEHHOIO B HUX BbIpakerust. J[ist BBIOpaHHOTO
Bugia dyukun f(p) pacupejesenue OyjeT uMerb nepuoi 7 u upu ¢ € [0, )

W(p) = 9/%@@(%),

2 J sintysing 22
%)
+oo y q -1
x r—y
S=C= / d / exp( > ,
Y V1+22 \/1+9y2 2¢2
—00 —0o0
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200

Y

“+o00o
N e2C / d / dx "
- 2 Y (14 22)1/2 (1 + y2)3/2

xexp(xi;y>. (19)

JList mepexo/ia K Moc/ieHuM (pOPMYJIaM BBEJICHbI 16~
peMeHHble T = ctg1 u y = ctg (mepexon HyKeH
JJIST TOTO, YTOOBI CHE/IaTh OYEBUIHON CXOTUMOCTD
unrerpaios). Jdanbreiinee ynpomenue dhopMmys He
IIPEJICTABIIAETCST BO3MOXKHBIM, OJHAKO OHHU YKe JI0-

CTATOYHO YIOOHDI JIjIs TIOCTPOEHUS IUCIEHHOTO pe-
menus. ['paduk 3aBUCHMOCTH MCKOMOT'O ITOKa3aTe-
Jist JIA1myHOBa OT MHTEHCUBHOCTH Ty Ma, IIPEICTAB/ICH
Ha puc. 1.

AJe?
0,0 T T T T 1

—0,2F
—0,4f
—0,6f

—0,8¢F

-1,0

Puc. 1. Jluneitno moaspu30BaHHBIN OIHODPOIHBIM
mryM. 3aBICHMOCTL HOPMEPOBAHHOIO Ha €2 HOKa-
zarens Jlgmynosa or ammmTyabl myma €. [lpnm

CAabbIX ¥ CUJIBHBIX IIyMaX JJIsi 3aBUCUMOCTH I10-
KazaTess A\g OT aMILIUTY/bI IIIyMa UMEIT MECTO
KBaJ[paTUYIHbIE ACUMIITOTUKU C Pa3HBIMU KOI(D-
dunmenTamu

4.2. Ilpumep: cymneprio3ulivsi JIByX He3aBUCUMbIX JUHENHO IMOJISTPU30BAHHBIX
OLHOPOJHBIX IIIYMOB

B rex ke IpeIIONIOZKEHUsX, 9TO U Bbllle (IPeJesbHbIA UK B JUHAMIYECKON cucreMe OIM30K K
OKDY>KHOCTH U JIBHKEHIE Ha HEM DaBHOMEPHO), 3(deKT reficTBus IIyMa Ha J[Be KOMIIOHEHTBI, CJBU-
HyThie 110 daze Ha /2, €CTECTBEHHO MOJEMPOBATH MHOTOKOMIIOHEHTHBIM 1ryMoM ¢ f1(p) = /2 sin ¢
u fo(p) = V2 cos @. JIyist ycpetHéHnoil II0THOCTH BEPOATHOCTH HMEIOT MecTO 3bdeKTHBHbIe By HKIIA
f(@) =+/1+ Acos(2¢) u unrencupnocTh myMa 2 = £7 + 2, rie A = (e3 — £2)/(e3 + £2); ouennmo,
A € [—1, 1]. U3 Buga dyuxmuu f(@) MOXKHO ¢/ieJaTh BBIBOJ O CYIIECTBOBAHUN B CHCTEME CHMMETDHN
oTHOcuTeNIbHO 3aMeHbl (A, ) <« (—=A, ¢ + 7/2). B sTroMm ciryuae

do 1 0 1+A
f2(0):m<ﬂ[;]_amtg< 1_Actg0>>,

U Jyisi yCpeHEHHOrO pacupejesenust W (y) u noToka S BepOSTHOCTH MOXKHO MOJIYIUTh

P
exp S T g — arctg \/1+Actg9
e 21— A2 7T 1-A
%)

Wip)=C ! dy V14 Acos(2p) /1 + Acos(2¢)

1
exp| — 71 T —9 — arct 1 ctg 0 '

o P e2v1— A2 T S\W1—a“®
©

! dw V14 Acos(2p) /1 + A cos(2¢)

C= 2/dg0
0
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s=-ew(- =) ] ©

OKoHYaTeIbHOE BhIpayKeHue JJIst IoKa3aresist JIsmy-
HOB& UMEET B/

T e+

V1T Acos(2
A= —2520/ dy / qp YL+ Acos)
0 ®

B 1+ Acos(2v)

Vv 1 [ 9 ]

Xexp| ———F—\|7|—| —

Puc. 2. Cynepniosurius 1ByX HE3aBUCUMBIX JITHE- e2 V1 - A? ™

HO TIOJIIPU30BAHHBIX OJTHOPOJIHBIX IIYMOB. 3aBU- )

CHMOCTH HOPMUPOBAHHOIO Ha €2 mokazaress Jls- — arctg L+ ctg 0 . (20)
IyHOBa OT € 1 A 1-A

©

3aBUCHMOCTb UCKOMOTO TOKazaTess JIsimyHoBa oT
WHTEHCUBHOCTHU TITyMa € U CYyIECTBEHHOI'O ITapaMeT-
pa A mpejcraBiieHa Ha puC. 2.

5. SBAKJIFOYEHUE

B macrositieit pabore ucciiejoBaHa BO3MOXKHOCTb CUHXPOHUBAINNA OJIMHAKOBBIX JTUHAMHYECKUX CH-
cTeM, JIOMYCKAMUX (HazoBoe OIMMCAHUe, TOCPEICTBOM BO3JEHCTBUsT ODIIMM BHEITHUM OeJIBIM IayCCOB-
ckuM 1myMoM. KosmvyecTBeHHON XapaKTePUCTUKON CIOCOOHOCTH CHUCTEM CHHXPOHH30BATHCS SBJISETCS
okKazaresib JIAImyHoBa, COOTBETCTBYIONIUN BO3MYIIEHUSIM BJIOJIb (DA30BOI TPAEKTOPUH TUHAMUAIECKOI
cucreMbl. 3ajiada ero OTHICKAHUs DellleHa aHAJIMTUYECKU B KBaJpaTypax IUis caydaes ojgHoro (10),
(11), (16) u meckompKux (17) HE3aBHCHMBIX IIYMOBBIX CUTHAJIOB. B KauecTBe IPUMEPOB CHCTEM, COOT-
BETCTBYIOIIUX [IEDBOMY M BTOPOMY CJIy4asiM, PAaCCMOTPEHBI 3aJ[a4il O BIUSHUM OJHOIO M JIBYX He3a-
BUCHMBbIX JIMHEHHO MOJISIPU30BAHHBIX OJIHOPOJIHBIX IIMIYMOB Ha CHHXPOHU3AIUIO CUCTEM C HPEJEIbHBIM
IMKJIOM, UMEIOIUM OJIN3KYIO K OKPY2KHOCTU (POPMY, U IIPUMEPHO MOCTOSHHBINA HA TOM IUKJIE MOJLYJIb
ckopoctu dhazoBoro moroka (cm. puc. 1, 2).

st 060uxX pacCMOTPEHHBIX [IPUMEPOB IIIyM MOXKET IIPUBOIUTH TOJBKO K CHHXPOHU3AIUHU, TOCKOJIb-
Ky TIOKa3aTes b JIAmyHoBa OTpUIaTeeH. AHATIOTUIHBIN BBIBOJT CIEIYET U U3 ODIIEr0 ACHMIITOTHIECKOTO
BBIPAXKEHUsl, CIIPABE/JINBOIO JJIst JIIOOBIX CHUCTEM B Ipejiesie Majoro ryma. OTMeTHM, 9TO B 3TOM IIpe-
JieJie TIPEJIIONIOYKEHNE O TayCCOBOCTH IIyMa sIBJISE€TCS U3JIUIITHUM, TTOCKOJIbKY BKJIAJ] CTAPIIUX KyMYJIsSH-
TOB IIyMOBOI'O CHI'HaJIa (TayCCOBOCTH HCIIOIB3YEeTCsl JJisi UX YCTPAHEHUsI) B 3HAYEHHsI MHTEPECYIOINX
HAC BEJIMYUH MPOIOPIUOHAJIEH CTAPIIUM CTEIeHsIM HHTEHCUBHOCTH IiyMa. CaMu »Ke aCUMIITOTHIECKUE
3HAYEHUS [TOKa3aTes s JIAyHoBa B 9TOM IIpejiesie JIMHEHO IPOIOPINOHAIbLHBI MHTEHCUBHOCTH IIyMa U
00paTHO MPOMOPIMOHAIBLHBI YacTOTe aBTOKOIeOanuit. HecoMHEHHBII MHTEpEC MPEeJICTABISET BOIPOC O
3HAKe [oKazaTess JIsamyHoBa [Ipu CUIIBHOM IIIyMe; 3/1eCh HEOOXOIMMO YHCIEHHOE UCCIIE/I0BAHNE TIOTHOM
CUCTEMBI.

. C.Tonnobun Giraromaput Tpéxcroponuuii npoekt lepmanus—®Ppannus—Poccust, doun «/Iuna-
ctusty u MexayHapomubiil eaTp dyHIaMeHTaabHol du3uku B MockBe 3a MOIIEPXKKY.
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SYNCHRONIZATION OF SELF-OSCILLATIONS BY COMMON NOISE

D. S. Goldobin and A. S. Pikovsky

We consider the effect of external noise on the stability properties of self-oscillations. A stochastic
equation for the phase is derived at the limit of small noise. Its stationary solution is used for an
analytic calculation of the Lyapunov exponent. We show that the exponent is always negative for
small noise level, which corresponds to synchronization of self-oscillations.

/. C. T'oadobun, A. C. IMuxoscrud 1019



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

VIIK 53.083.2

MEASUREMENT OF THE POWER DENSITY OF ELECTROMAGNETIC
RADIATION BY THE METHOD OF MICROWAVE NONSTATIONARY
SPECTROSCOPY

A. B. Brailovsky, V. V. Khodos, and V. L. Vaks

We present a new method for measurement of the microwave power based on the analysis of transient
signals of gas molecules. These signals arise due to the phase switch of microwave radiation, which interacts
with molecular rotational transition with frequency equal to that of the radiation. The method allows one
to measure the amplitude of radiation via determination of the Rabi frequency. This approach is especially
preferable in the submillimeter wavelength range.

INTRODUCTION

The conventional methods of power measurement based on quantitative determination of the de-
tector (bolometer, thermocouple, Schottky-diode, etc.) response to the microwave radiation appear to
be of little use in the short-wavelength part of the millimeter and in the submillimeter ranges. If the
radiation wavelength becomes comparable with the geometrical sizes of detector, then the sensitivity
decreases, the uniformity of frequency characteristics worsens, and the calculation of transformation
characteristics becomes difficult. Besides, the problems of absolute calibration of measurers appear.

Due to these circumstances, an opportunity to apply the methods of microwave nonstationary
spectroscopy for measurement of electromagnetic fields is of great interest. A distinctive feature of
the given methods is essentially in that information on the radiation level is contained not in the
quantitative, but in the qualitative parameters of a signal, i.e., in its form, because the value of the
Rabi frequency Qr = 2dE/h, where E is the amplitude of the electromagnetic wave, is determined by
the value of microwave radiation intensity. The transition matrix elements d of the dipole moment are
calculated with high accuracy for a great variety of gases. Therefore, we can use the noncalibrated parts
of the microwave channel (antenna, detector, splitter, etc.) for the measurements, as well as place the
receiver in an arbitrary manner at a long distance from the absorption cell. Another important feature
of the method is that the gas molecules are carriers of the primary standard which is not sensitive to
changes of the environment.

It is also important that the method is intended for measurements of the passed, rather than
absorbed, power, which is important for a variety of practical applications. Besides, only a small part
of microwave power is lost when passing the absorption cell, which allows one to practically eliminate
the measurer influence on the field distribution (i.e., the measurement is noninvasive).

The studies of nonlinear phenomena of microwave radiation absorption, including the observations
of Rabi oscillations, were reported in [1, 2|. The calculations performed in those papers on the basis of
the Bloch equations yielded the value and the form of transient signals for various amplitudes of an
electromagnetic field. The experimental studies illustrating these processes were performed by using a
Stark spectrometer. However, we have not seen papers where the inverse problem, i.e., determination
of spectroscopic parameters such as absorption coefficient, relaxation times, and Rabi frequency from
the form of the transient signal, is solved. Besides, the great number of disadvantages of the Stark
spectroscopy |[3| considerably restricts the field of its application. Another method for forming the
transient signals which contain information on the Rabi frequency is based on switching of the radiation

1020 A. B. Brailovsky, V. V. Khodos, and V. L. Vaks
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frequency. However, this method involves strong influence of interference [3] in the phase of transient
absorption and is not applicable for high-sensitivity and high-accuracy measurements.

The method of microwave spectroscopy based on phase switching (PS) of microwave radiation was
proposed in [3]. The calculations show that the spectrometer realizing this method provides the best
approach to the theoretical sensitivity limit. Besides, as is shown below, the transient signal, i.e., a
response of the gas under study to switching of the radiation phase (for phase shift equal to ), contains
information on the Rabi frequency when measured under saturation conditions. This fact makes the
PS spectrometer quite applicable for nonlinear measurements. In this paper, we perform a detailed
analysis of nonlinear interaction of a two-level system with PS radiation within the framework of Bloch
equations. We also describe the measurement techniques and the algorithms for signal processing that
allow one to obtain comprehensive spectroscopic information.

In the experimental part of the paper, we also describe the design of a microwave PS spectrometer
and some results of its application.

1. THEORY

To determine spectroscopic parameters from the form of a transient signal, it is necessary to obtain
an analytical expression for the time dependence of the absorption coefficient for the case where the
phase-switched radiation of arbitrary amplitude interacts with a gas under study. The frequency w of
microwave radiation is not necessarily equal to the frequency wg of molecular resonance. To solve this
problem, we write the Bloch equations describing the interaction of an electromagnetic wave with a
two-level system in the electric-dipole approximation [2]:

av 1% AU o (RANY U
d (hAN h(AN — ANp)
dt ( 4 ) —EU+ AT, =0. (1)

Here, Aw = w — wp, V and U are, respectively, the real and imaginary parts of induced macroscopic
polarization, F is the amplitude of the electromagnetic wave in the plane-wave approximation, k =
= 2|d|/h, where d is the matrix element of the transition dipole moment, AN is the level population
difference, and ANy is its equilibrium value. The quantities 75 and 17 are the relaxation times for the
polarization and population difference, respectively. They are determined by collision dynamics. We
assume that T = T, = I'"!, which considerably simplifies the calculations. Moreover, we have not
seen papers in which a noticeable difference between these times is reported (see, e.g., [2]). We now
rewrite equations (1) in terms of the new variables:

dV/dt + AwU +TV =0, dU/dt — AwV + k*En +TU = 0,
dn/dt — EU + T (n —ng) =0, (2)

where n = h AN/4 and ny = h ANy/4. Let the radiation be switched on at ¢ = 0 and phase switching
(PS) occur at t = 7. For solving the problem we assume that the period of PS is much greater than I' 1.
This is the case for the model of a spectrometer whose design is described below. Then the function
U(t) for 7 < t < 27 is the desired solution due to I'r > 1. We solve equations (2) using the operator
method. Let Vi, Uy, and n; be the initial values of the corresponding variables. Their Laplace images
are denoted by overbars. Introducing the Rabi frequency Qg = kF, we obtain, after simple algebra,
the equations B
V1 —AwU

‘7:
s+ T

: (3)
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2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

s (BEU 4 ny) + I'ng

po HECE I D (1)
0 — (S + F) U+ AwV — /<:2En1 B k2EFno (5)
B (s+T1)2+02 s[(s+1)24+Q2)”°

where Q2 = QQR + (Aw)? and s is the variable of the Laplace transform. To solve the problem, it is
necessary to substitute the values V1, Uy and nj for t = 7 into Eq. (5). In principle, they are determined
by U(t), V(t), and n(t). However, if the condition I'7 > 1 is met, then the situation is considerably
simplified since Vi, Uy, and ny are the stationary solution of equations (2). Hence,

k2ETng _ K?’E Awng no [[2 + (Aw)?]

N="fmra T Tr2r0z 0 MT T TITior ©)

The phase switching at ¢ = 7 corresponds to replacement E — —FE in Eq. (5). Then we substitute
Eq. (6) into Eq. (5) to obtain, upon the inverse Laplace transform,

2 )2
Ut) = — AN;dh FQQ_TFQQ [1 — 2exp(—T) [cos(Qt) — (AQI‘) Sin(Qt)” . (7)

The power absorption coefficient « is determined from the following expression [2]:

4w g

c
where ¢ is the speed of light. Now we introduce the absorption line intensity v which is equal to the
absorption coefficient v defined by Eq. (8) in the linear regime, i.e., when Qg < I'. Then, taking into
account that only the alternate part of U(t) can be regarded as a useful signal [3], we write down the
expression for the absorption coefficient as follows:

2y Aw)?
v(t) = % exp(—TI't) |cos(Qt) — ( QL;) sin(Qt)] , 9)
where 7y = 87 Nod?wh/(Tc).

To account for the Doppler broadening of the absorption line, it is necessary to convolve the Eq. (9)
with the Gaussian function of frequency deviation. Then,

+o0

2 cos — 1 (Aw — z)? sin x?
() = QJ%F(; exp(_T) /[ (Qpt) (mDP)2 +($]2) )? sin(Qpt)] exp<_ 5_2> o, (10)

—00
where Q2 = Q0% + (Aw — z)%, § = wy (20/M)'/2 /¢, © is the energy temperature of gas, and M is the

molecular mass. It is evident that Eq. (10) can be applied to determine the parameters of both the
absorption line and the radiation when analyzing the transient signal obtained in the experiment.

2. EXPERIMENT

The block diagram of the spectrometer with phase switching of microwave radiation is presented
in Fig. 1.

1022 A. B. Brailovsky, V. V. Khodos, and V. L. Vaks



Tom XLVII, M 10-11 Hszeecmuasa sysos. Paduogusura 2004

absorption cell
awo e[ e =i

A I :
|
harmonical reference : :
mixer & frequency | |
synthesizer - [ _:
power 1 | I
(_
supply | ADC 1 ADC 2 :
| I
isit |
- clock ! digital daga acqu1§1t~|
generator | g anc averagmgl
averager System
has I T J|
short pulse phase [ & R
lock /switch U
former
control @
PC

Fig. 1. Block diagram of the switching spectrometer

The backward wave oscillator («OW-79», Russia) served as a microwave source with a total operat-
ing frequency range of 115 — 185 GHz. The radiation frequency is stabilized with the use of a frequency
lock-in circuit which involves a harmonic mixer, a frequency detector, and a reference synthesizer
of centimeter wavelength range. Switching of the radiation phase is realized by applying short-term
(about 10 ns) voltage pulses to the slow-wave structure of the backward wave oscillator (BWO). Here
we use the BWO ability to almost instantly change the radiation frequency when the supply voltage
changes. The delay is determined by the time of electron transit through the slow-wave structure,
which is approximately equal to 1 ns. To obtain the phase shift equal to 7, the BWO frequency w(t)
as a function of time should obey the condition

t+At

/ [w(t) —wg]dt’ = %, (11)

t

where wqg is the BWO radiation frequency in the absence of the pulse impact and At is the pulse
duration. The phase shift is adjusted by varying the pulse magnitude. We use a specially designed
phase shift control unit to automatically adjust the phase shift.

The phase switched microwave radiation is input to the detector based on the Schottky diode
via the calibrated attenuator and the absorption cell. The detector output signal is amplified and
digitized by the 8-bit analog-to-digital converter (ADC). To extract weak spectroscopic signals from
the noise background, we use a digital averager which makes on-line summation of the signals. The
ADC sampling rate is 16 MHz. The phase-switching repetition frequency of 250 kHz is produced by
division of the sampling rate. Thus, every transient signal is characterized by 64 samples. As an example
of transient signal, we present in Fig. 2 the experimentally obtained signal F'(t) of the OCS molecule for
resonance frequency 133785.9 MHz and pressure 60 mTorr. After summation of 256 signals, information
from the digital averager is input to the computer via the IEEE-488 bus. Then the averaging process
can be continued in the computer.

A. B. Brailovsky, V. V. Khodos, and V. L. Vaks 1023
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Fig.2. The experimental transient signal F of
the OCS molecule. The resonance frequency is
133785.9 MHz and the pressure is 60 mTorr

6 -
PR’
mW 3

4

4 6 P, mW 8

0

Fig.4. The power calculated using the measured
values of Rabi frequency via the output microwave
power

-1 | | 1 | 1 | | |

0 10 20 30 40 50 60 70 80
time reference point, us

Fig. 3. The calculated transient signal « of the OCS
molecule. The resonance frequency is 133785.9 MHz
and the pressure is 0.1 Torr

To determine the detector DC voltage, we use an
additional registration channel involving a low-pass
filter and ADC. All the basic blocks of the spectrom-
eter are controlled by the computer via the IEEE-
488 bus.

As an object under study, we use an approxi-
mately 10% mixture of OCS with air for pressure
0.1 Torr. The absorption cell is a quartz tube with
a length of 10 cm and internal diameter of 2.7 cm.
The measurements were carried out for OCS ab-
sorption line with frequency 133785.9 MHz, inten-
sity 8.97 - 1073 cm™!, and matrix element 0.51 D
of the dipole moment. The relaxation parameter I
is about 0.5 MHz. Since § ~ 0.1 MHz, the Doppler
broadening is negligible in this case. Therefore, for

the approximation we apply Eq. (9). In Fig. 3, we present the shape of the function v(¢) for the OCS
molecule with parameters g and T" given above, Aw = 0, and Qg = 0.73 MHz.
The values of Qr, measured for different values of the output power, can be used to determine the

microwave power Pgr passed through the absorption cell (for microwave power in the range 2 — 8 mW,
the Rabi frequency lies in the range 0.3 — 1 MHz). To calculate the output power, one should use the

following expression:
ch?S

cE%S _ 02

27 8mrd?
where S is the cross section of an absorption cell. The dependence of the microwave power, determined
in such a way, on the power Py measured by the conventional method using the power measurer M3-75
(Russia) is presented in Fig. 4 (circles). The closeness of the obtained dependence to the linear one (solid
line) indicates that the given method is good for measuring the microwave power in a wide dynamic
range. The approximately 30% difference of the absolute values (the line slope is equal to 0.76) might
be a consequence of both the intrinsic error of M3-75, and the losses, as well as reflections in the horns

Pr = (12)
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and in the absorption cell. Presumably, a more thorough match of the microwave channel elements
would provide more accurate results. Taking into account the additional difficulties when measuring
the microwave power in the submillimeter wavelength range we can consider the given method as an
alternative to the conventional metrological ones.

This work was supported by the Russian Foundation for Basic Research (project No. 03-02—
16338) and the Ministry of Education and Science of the Russian Federation (project «Physics of
Microwaves» ).
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KOPPEJIAIIMOHHEBIN CIIEKTPAJIBHBIN AHAJIN3 CMECU T'AJIOTEHOB
C IIOMOILIBIO JIASEPHOI'O N3JIVUHEHUA C CUHTE3UPYEMBIM
CIIEKTPOM

B. U. Kpasuerxo, B. A. Coxonos

Jlazep ¢ cuHTE3UPyEMbIM CIIEKTPOM U3JIyIE€HUST UCIIOIB3YETCs JIJIsi CO3/IAHUSI CIEKTPAJIbHBIX MACOK, KO-
TOpBbIE MPUMEHSIIOTCH JJIs KOPPEJAIMOHHOIO aHAJIM3a CMECH, COIEPXKAIel MOJEKYISpHbIE Homx u OGpoM.
OB6OCHOBBIBAETCsI BLIOOD [IJIMH BOJIH CIIEKTPAJIBHBIX MACOK, MCCJIE/YETCs TOYHOCTb U IyBCTBUTEJIHHOCTb K
HAJIMIUIO MEIIAOIIEro BEIEeCTBA, PACCMATPUBAECTCS BJIMsHUE HECTAOUJIBHOCTA MACKHU.

CHeKTPOCKOTIIMIECKIE METOIbI MCCIEOBAHNS Ha OCHOBE MEPECTPANBAEMBIX JIA3EPOB IMTHPOKO HC-
MIOJIB3YIOTCsT NTPAKTUYIECKH BO BCeX O0JIACTSAX HayKu U TexHuKH. OJHUM M3 CYIIECTBEHHBIX TOJTIKOB
K UX Pa3BUTHUIO SIBUJIOCH CO3JIaHME HOBOIO THUIIA II€PECTPAMBAEMbIX JIa3epOB — CBHII-Ia3epos |1, 2],
B UCCJIEJIOBAHUU JIMHAMUKI KOTOPBIX KJt04eByto posib cbirpas ¢. V. Xanun [3-5]. IIporpecc srux mc-
TOYHUKOB ¥ CBSI32aHHOI'O C HUMH MeTojia GecIesieBoii jiazepHoil criekrpomerpun [6] Bo MHOrOM 06s13aH
peleHnio mpob/IeMbl TIEPECTPONRKN JIUCIIEPCUOHHBIX PE30HATOPOB UUCTO 3JEKTPOHHBIMU CPEJICTBaMHU,
9T0 00ECIIeYMJIO TPOTPAMMUPYEMOCTD 3aKOHA MEPECTPONKHU, IMOBBICUIO €€ CKOPOCTh, TOYHOCTb U BOC-
[POU3BOJIUMOCTb HACTPONKU HA 3a/IaHHYTO JIMHY BOJHBI [7, 8].

[IpuanunMa IbHO HOBBIN IIONXOJ, CBS3aH C OCYIIECTBJICHHEM 3JIEKTPOHHOM MEPECTPOUKU CIIEKTpa
MHOT'OYaCTOTHOH I'€HEPAaIlUU, YTO OTKPBUIO IIYyTh K UCKYCCTBEHHOMY CHUHTE3Yy CIIEKTPOB MU3JIy4YeHHs 3a-
JIAHHOW CTPYKTYPBI. DTO, B CBOIO 0YEpE/ib, 0OECIIEUMIIO BOZMOXKHOCTD JAJbHENIIEro PA3BUTHS METO-
Jla, KOPPEJIAIMOHHON YaCTOTHOM CIIEKTPOCKOIIMH, B OCHOBE KOTOPOI'O JIE?KUT OIIPEJIEJIEHUE KOPPEJIAINn
MEXKJIy CTPYKTYPOIl ClIeKTpa 30HIUPYIOIIEro U3JIydYeHHusi U CTPYKTYPOii CleKTpa HOrJomeHust (oTpa-
JKeHUsl, yCUJIeHWsI) UCCIIe/yeMoro Bemectsa (8, 9.

[TonesnocTh 3MepeHUs TMOIVIOIIEHNS CPA3y HA HECKOJIbKUX JJTNHAX BOJIH ObLita yOeuTeIbHO IPoJie-
MOHCTPUPOBaHa B MeTOJle KOPPeJsIUOHHON Mack-crekrpomerpun [10]. OzHa Macka 1polryckaer cBer
B MaKCHMyMaX CIIEKTpa IOIJIOIIEHUs, & JIpyras — B €ro MUHMMyMax. Pas3Huiia noxkazaHuii npubopa
B 9THUX CJIydasdX sIBJISETCs MepOil KOJUYECTBa HCCJIEJyEMOI'O BEIIECTBA, KOTOPas CJIYKUT I OIIpe-
JieJieHusi ero KoHIeHTpanun. [lo cpaBHEHUIO ¢ APYIUMH METOIAMHU Ta30BOI0 aHAJIM3a JIAHHBIN METOJ
MO3BOJISIET CYIIECTBEHHO YJIy4IIUTh OTHOIIEHNE CUTHAJ /Iy M JIJIS CMECeH ¢ IePEKPBIBAIOIIUMUCS CIIEK-
TPaMU MOTJIONIEHUS.

B pazBuBaemoM HaMu I0OJXOJi€ CHEKTPAJIbHbIE MACKH M MX CMEHA PEAJIU3YIOTCS C MOMOIIBIO Jia-
3epa € JEKTPOHHBIM CHHTE30M U II€PECTPONKON MHOrodacroruoro crekrpa [11-13]. Mccnenosanusi,
BBIIIOJIHEHHBIE JIJIsl JIA3€POB Ha KPACUTEJISAX, 1I0KA3aJd BO3MOXKHOCTH YCTOHYMBOI reHepaIuu HECKOJIb-
KHUX CIEKTPAJbHBIX KOMIIOHEHT C HE3aBUCUMOIl IepecTpoiikoil jymHbl BoaHbI Ha 8-+ 10 aM. Macku c
[IPOM3BOJILHO OOJIBINIUM YHCIOM KOMIIOHEHT MOI'YT OBITH PeajM30BaHbI B PEXKHMME IIPOIPAMMHON Hepe-
CTPOMKHM, KOIJIa KOMIOHEHTHl HAYMHAIOT I€HEPUPOBATHCH II0CJIE[0BATENHHO. TaKime MacKu IO3BOJIAIOT
KOHTPOJIMPOBATH HECKOJIBKO BEIECTB MPAKTUIECKU OJHOBPEMEHHO, UTO SBJISETCH OCOOEHHO ITPUBJIEKA-
TeJIbHBIM JIJIsI aHAJIN3a CMeCeil ¢ N3MEHSIONMMCS BO BPEMEHH COCTABOM.

B macrosimeit pabore ucciemyercss BOSMOXKHOCTb UCIIOIb30BaAHUS KOPPEISIIUOHHON METOJIUKHU JIJIst
aHa/IN3a ra3000pa3HBIX CMeCeil, COIepKaInX MOJIEKYIIpHbIe iom u 6pom. IIpakTudeckast morpebHOCTD
B TAKOM IIOJIXOJ[e CBSI3aHA C T€M, UTO CIIEKTPBI IOIVIOMIEHUS 3TUX BEIIECTB, YACTO COITYTCTBYIOIIIX
JIPYT JIPYTY B PA3JIMUHBIX IIPUPOJIHBIX U TEXHOJIOTMYECKHUX CpeJlaX, B3aUMHO nepekpbiBatorcs [14]. Dr1o
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OCJIO2KHSIET MCIIOIb30BAHUE TPAIUIIMOHHON METOINKH JABY X IJIMHHOBOJTHOBOTO M depeHIInabHOTO 0~
ryomenust. [lomyTHO BBISICHSIETCSI BJIMAHEE Ha TOYHOCTH M3MEPEHUi crienupuieckux (QIyKTyaluii ja-
3€pHOI MaCKM, KOTOPBIE IIPOSABIAIOTCA B CIIyYallHBIX U3MEHEHUAX COOTHOIIECHUN MEK 1y THTEHCUBHOCTS-
MM OTIEIbHBIX KOMIIOHEHT W O0YCJIOBJIEHBI TJIABHBIM 00Pa30M (DIyKTyallMaMi HAKAIKNA U KOHKYPEHIIHe
CIIEKTPAJIbHBIX KOMIIOHEHT JIA3€PHOI I'eHepalluu.

1. YCTAHOBKA N1 METOJIMNKA

B criekTpe moryiorenust MOJIEKYJISIPHOrO OpoMa OTYETINBAsT Kojie0aTe/ibHast CTPYKTYPA OXBATHIBAET
JaIa3oH JinH BoH npumepHo 520600 M [14]. YV monekysbt I 10T muanason emé mupe. Takum
00pa3oM, Il TeHEPAINU CIEeKTPAJLHBIX MACOK B JAHHOM C/Iy4ae IMOIXOMAT JIa3ephbl Ha KPACUTEJISIX
POIAMHUHOBOTO PsiJia.

B ycranoske (puc. 1) ucnosbzosasicst jiazep Ha pojamute 62K, cobpanHblii 10 TpaJUIMOHHOl cxeMe
(1 — staeiika ¢ pacTBOPOM KpacuTesist, 2 — HPU3MEHHBIH PACIIUPUATENDb [Iy9Ka, 3 — aKyCTO-OITHICCKUI
nedrekTop, 4 — audpakInoHHas PEIeTKa, 5 — Moaynpo3padHoe 3epkaiio). Hakauka ocyinecTsiisiach
BTOPOI FAPMOHUKOI n3/Tyuenns jazepa 6 na AUT:NA3T ¢ Momystsiueit 106pOTHOCTH, KOTOPbIH ObLI Ha-
CTPOEH Ha TeHePaInio KaK OTIEeIbHBIX UMITYIbCOB, TAK U I[yT'OB UMITYJIbCOB. B mpeenax 1yra HHTepBaJ
MEeXK /Iy UMITYJIbCAME COCTABJISLI OKOJIO 1 MC.

CrekTpaJibHble MACKU CO3/IABaJUCh C IOMOIIBIO aKyCTO-OINTUYIECKOTO aediieKTopa 3 Ha Iapareli-
aypure [7]. 3ByKoBasi BOJIHA B AKyCTO-ONTHYECKOM JledhieKTope Bo30YK/1a1ach CUIHAJIOM CHHTE3aTOPa
BBICOKOI 4acToThl 7. KOHCTPYKIMST aKyCTO-ONTHIeCKOro 1eIeKTOpa U CHHTE3aTOpa O3BOJISLIA BO3-
Oy2KIaTh OTHOBPEMEHHO JIBe BOJIHBI HA PA3HBIX YACTOTaX, obecredmBasi TAKUM OOpa30M T'e€HEPAIIUIO
JIBYyXKOMITOHEHTHBIX CHEKTPOB. (COIVIacOBaHHBIN 3allyCK CHHTE3ATOPA U Jia3epa HAKAYKHU OCYIIECTB-
JISJICST CUTHAJIAME IIE€PCOHAJIBbHOrO0 KoMmiibiorepa 8. IllupumHa crieKTpaibHOil KOMIIOHEHTBI COCTAB/ISLIA
0,04 uM, TMana30H MepecTPOUKH JJIMHBLI BOTHBI — 572594 mm. [losnnasa sHeprus cnekTpaabHOW MacKu
nocrurasia b mJIxk.

BrixoHol 1IydoK J1azepa Ha KpacuTese PACIIEIJISICS Ha HPOOHBIA U OMOPHBIH. DHEPTus IIyIKOB
1peobpa3oBbIBaIach (POTOIIEKTPOHHBIMI YMHOXKUTEIAMU 9, CUTHAJIBI KOTOPBIX HMOCTYIAJIHA HA BXOJ
aHaJIoro-1udpoBoro mnpeobpazosaress 10, a 3areM 06pabATHIBAIUCH EPCOHAIBHBIM KOMIIBIOTEPOM 8.
Perucrpanust crieKTpaJibHBIX MacoK ocyiecTBisuiach 113C-GoTonpuéMHIKOM, PACIIOIOKEHHBIM B (ho-
KaJbHO# T1ockocTu mudpakmnuonHoro crekrporpada 11. Curnan [13C-dboronpuémunka Takxke Io-
CTyIIaJl B KOMIILIOTED, KOTOPBII PACCIUTHIBAJ OTHOIIEHUS MEXKY WHTEHCUBHOCTSIMUA KOMITOHEHT CITE€K-
TPAJILHOM MACKU U CPETHEKBAIPATUYECKOEe OTKJIOHEHHE STUX BEJIUYINH.

Hacprmmennnie mapsl #o1a 1 OpoMa 3aIoIHIIA CIEKTPOCKOIIMIECKHE sTIelKy 12 Pas3ImIHON JIJIMHBI.
Konnenrparnus nmapa perympoBaJjach IIyTeM U3MEeHEHUs] TEMIIEPATYPhI U PACCIUTHIBAJIACH 110 (hOpMYJIe

B

lOglOP:A—“—C,

rae P — nmasnenue B Gapax, 1T — Temueparypa B KeJIbBHHaX, a napaMerpbl A, B u C uMeioT cooTBer-
CcTBeHHO 3HaueHns 2,94529; 638,258 u 115,114 ngast Bro u 3,36429; 1039,159 u 146,589 mst Is.
Otkauk R, XapaKTepHu3yoIuil cojepKaHne KOHTPOJIUPYEMOTO BEIECTBA, PACCINTHIBAJICA KaK

E E
R=Inl= —Inl =
n n E )

'/ min max

rjae ES n Er — BBIXOJAHbIE€ CHUI'HaJIbI d)OTOSJIeKTpOHHI)IX yMHO)KHTeJIefI HpO6HOFO 1 OIIOPpHOTI'O KaHaJIOB
COOTBETCTBEHHO. I/IHILGKCBI min 1 max YKa3bIBalOT Ha BU/L cneKTpaanoﬁ MaCKHt (MI/IHI/IM&.HBHOFO nJjm

B. . Kpasuenxo, B. A. Cokonos 1027



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

| I
%] g
6
| - 12
!

L1

fla f27

7
D—D .

Puc. 1

=

MaKCHMAJILHOTO MOIVIOIIEHNS ), IIPH KOTOPOit ObLn mostydens! curaansl Fg n E,. Io Besmanunam oTKIIn-
Ka, OINpEJIeJIEHHBIM MIPU PAa3JINYHbIX 3HAUEHUSX MPOu3Bellenus cL, rne ¢ — KoHlleHTpanus napa, L —
JUIAHA sT9efiKy, CTPOUJINCH KaaubpoBouHble 3aBucuMocTd R(cL). DTu 3aBuCHMOCTH, & Tak¥Ke CpejiHe-
KBa/J[pATUYECKNE OTKJIOHEHUS BEJIMIMHBI R MUCIOJIB30BAJIUCH JIJIsi ONEHKHU BKJaa (DIIyKTYyalluil CIeK-
TPAJIbHBIX MACOK B ITOI'PEITHOCTD OIPeIeeHUs KOHIIEHTPAIIHH.

Hocruzkenre BBICOKOH TOYHOCTH HPENoIaraeT ONTUMU3AIUIO OTHOIIEHHs] CUTHAJ/TIIYyM Iy TEM pe-
TYJIUPOBAHUST COOTHOIIEHIS MEXK Ty SHEPTUSIMU OIIOPHOIO U MIPOOHOIO Iy YKOB JJIs CIIEKTPAJIbHON MaCKU
MUHUMAJIBHOIO TIONJIONIeH st pu KazkoM 3uadennu cL [10]. [TockoibKy B peajibHBbIX yCJIOBUSIX TaKast
IIpoItelypa He BCEryia BOBMOXKHA, KAJTUOPOBOUHDBIE 3aBUCAMOCTH ObLIN OCTPOEHDbI TAKKe JjIs CJIydas,
KOIJIa SHEPTUU y9IKOB OBLIN OTPEryIMPOBaHbI JIMIIb JJisi OJHOrO 3HavdeHus cL. Kak nokazasu crerm-
aJIbHbIe U3MEPEHNsI, MAKCUMAJIbHOE OTHOIIEHNE YPOBHEI cUTHaJIa U mryMa cocTaBiisiio 250. OCHOBHBIM
HUCTOYHUKOM TIyMa ObLja IapasuTHasi 3acBeTKa (hOTOKATONA (POTOIEKTPOHHOI'O YMHOXKUTEIS.

JITMHBI BOJIH CIIEKTPAJIBHBIX MaCOK IMOAOUPAJINCH UCXOJIS M3 YCIOBUS JOCTUYKEHUS MaKCHMAJIbLHOMN
YyBCTBUTEJILHOCTH K COJIEPYKAHUIO KOHTPOJUPYEMOT'O ITapa U OJHOBPEMEHHO MUHWMAJILHON TYBCTBU-
TEJBHOCTA K COEPXKAHWIO MEMIaloniero mapa. st 9Toro JjimHbI BOJIH BBIOMPAJIUCH ITOMAPHO TAKUM
00pa3oM, 4ToOBI 15t KaxXK 0l napbl JuddepeHnajibHoe MOTJIONEeHNe ObIII0 MAKCUMAJIBHBIM JIJIs KOH-
TPOJUPYEMOTO TTapa U HyJIeBbIM I MeIIaionero mapa. [IpuMepsr Takoro BrIOOpa MpUBEIEHbI HA PUC. 2,
rjie CILIOMHBIME JimHusiMu 1 (1y1st napa ioga) u 2 (jyist napa 6poma) MOKa3aHbl 3aBUCUMOCTU CEIEHMUsI
TIOTVIOIIEHUST OT JIJTUHBI BOJIHBI, & BEPTUKAJIBHBIMI ITYHKTUPHBIME JIMTHUSIMA OTMEYEHBI TPHU Mapbl JJINH
Bosta. s map 574,82 u 577,28 um, a Takxke 585,04 u 587,22 uMm jauddepeHnuaabHOe MOTJIOMEHNE
MaKCUMAJILHO i lo U paBHO HYyJIIO /ist Bro, ¥TO OTMEYEHO ABYMsi TOPU3OHTAJILHBIMUA ITYHKTHUPHbBI-
MU JIMHASIMEA. AHAJIOTMYHBIM 006pa30M Jijist napbl e BoH 579,50 u 585,94 uMm muddepeHimaibHoe
MIOTVIOITIEHNE MaKCUMAJIBHO 71 Bro u paBHO Hysio ajd lo.

AHanu3 crekTpoB MOIVIONIEHUsT BBISIBUJI B MpeJe/iaX JINANa30Ha MEePeCTPORKU CIEKTPa TeHEePAIUN
IIATh [1ap JJIUH BOJIH JjIs KOHTPOJIS IapoB HOJa U JABE Maphl JAIUH BOJIH JJjis KOHTPOJIS TapoB OpoMma.
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YkazaHHbIe TAPbI JINH BOJIH U COOTBETCTBYIOIINE PA3HOCTH CcedeHuil moriomenus (Ao) IpuBe/eHbl B
Tabs1. 1. JJJIMHBI BOJIH MAKCHMAJIbHOIO HOIVIOMEHNS (Amax), KAK IIPABHUJIO, COBIAIAIOT C IIOJOKEHNSIMI
JIOKAJIbHBIX MAKCUMyMOB KPHUBBIX I u 2 Ha puc.2. JJJIMHBI BOJH MHHMMYMOB IIOMVIOIIEHUS! (Amin) B
obreM cirydae OTJIMYAIOTCS OT IOJIOYKEHMIT JIOKAJIbHBIX MUHAMYMOB. llpm omnpenesienun cojepkanust
Iy IPUMEHSUINCH CHEKTPbI U3 YeTBIPEX KOMIOHEeHT (édpbl 1—4). B ciyuae Bro crekrpbr umesn 1o jge
KOMIIOHEHTB! (&psl 6 u 7).

Tabmumna 1

BemecrBo | Ne mapbr | Amax, HM | Amin, HM Ao, M?
nap Iy 1 574,82 577,28 | 8,8-10%
577,90 580,68 | 8,7-10"23
581,74 583,64 |6,9-10723
585,04 587,22 | 6,8-107%3
588,44 591,34 | 7,1-107%3
576,43 582,66 | 2,5-10"%*
579,50 585,94 |2,1-1072%*

mmap Brg

[ O] O = | W N

2. PE3VJIBTATHI 1 BHIBO/IbI

Kak mokazanu msmepenwusi, OTK/JIOHEHHE OTHOIIEHUN WHTEHCHUBHOCTEH KOMIIOHEHT CIEKTPaJIbHON
Mmacku cocraisiao 18-+20% or cpeanero snavenusi. Kanmubposounbie 3aBucumoctu R(cL) npusese-
ubl Ha puc. 3. CruromHbiMu JimHusSIME (KpuBasi 1 — Jyist 1IapoB foja, 2 — jist 1apoB 6poMa) MOKA3aHbI
3aBHCUMOCTH, IOJIyY€HHbIE IIPU OINTUMU3AIMU OTHOIIEHWsI CUTHAJ /IIYM Jijisi KayKJI0ro 3HadeHusi cL.
3aBUCHMOCTH TPAKTUIECKH JIMHEHHBI, ¥ HAJUINE MEIIAOIEro apa Ha X MOBEJIeHIN 3aMeTHBIM 00pa-
30M He cKasbiBaercsi. CpejlHeKBaJpaTHiecKue OTKJIOHEHUsI BeJuduHbl R ([IOKAa3aHbl BEPTUKAJIbLHBIMU
IITPUXaMK) COCTABIISIIOT 23 % OTHOCHTEIBHO CPEJIHErO 3HAYEHMUSI.

B. 1. Kpasuenxo, B. A. Cokonos 1029
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[TyHKTUPHBIME JIMHUSAME (M COOTBETCTBYOIIMMU TOYKAMHU) MOKA3aHBI KAJIUOPOBOUHbBIE 3aBUCHMO-
CTH, MOJIyY€HHbIE [IPU ONTUMHU3AIMU OTHOIIEHUsI CUTHAJ/IIyM JIMIIb Jijist 3HadeHus cL ~ 0. 3aBucu-
MOCTB JIJIsl apoB fiofa (KpuBas 1) HOJIydeHa 1P COJEPXKAHUU MEIIarouX 1apos opoma cp L = 1,0 -
-10%3 M2, a 3aBUCHMOCTD /151 TAPOB GPOMA, (kpuBasi 2) — npu cjoqL = 0,84 10%2 M2, IIpu Takux 3Haue-
HUSIX MEIIaIoNuii map obecrieunBaj IPUMEPHO JIBYKPATHOE yMEHBIIIEHHe SHepruu IpobHoro mydka. Obe
3aBUCUMOCTH 00JIa/Ia0T ¢j1aboil, HO 3aMETHOI HEJIMHEHHOCTHIO, & CPEJIHEKBAIPATHIECKAE OTKJIOHEHUS
BesinunHbl R (BepTuKasbHBbIE IITPUXU) ¢ pocToM cL yBesmuuBatorcs 10 5% OTHOCHTENLHO CpPeIHero
3HAYEHUS.

23 9o HOJIy‘IeHHI)Ie JaHHbI€ ITIOKa3bIBalOT, 9YTO IIPHU I10JI-
CbrL, 10 m

05 1,0 15 20
Riod T T T 1| 2

HOIl ONTUMM3AIMU OTHOIIEHUS] CUTHAJ/IIIyM KOppe-

Ry, JIAIMOHHAS METOJMKA IIO3BOJIAET MPAKTHIECKH
‘ ‘ YCTPAHUTh BJIUsIHAE MEIIAIOIIEro Mapa Ha TOIYHOCTD
0,81 F ompeiesieHust KoHreHTpanun. OTHOCHTEbHAsT 0T~
i ‘ 10,4 perHocTh u3Mepenuit 23 % obycyioBieHa B OCHOB-
HOM QIIYKTyaIlusiMy JIA3€PHBIX MacOK. Kak mOKa3bI-
0.4 BAIOT OIEHKW, JIJIsI CHU2KEHUs ITOTPEITHOCTU JI0 MU-

1 10,2 numasbHOro snadenus 0,4 %, necrabuabHOCTH OTHO-
IIeHNs] THTEHCUBHOCTEH CIIEKTPAIbHBIX KOMIIOHEHT

HEeoOXOIUMO yMEHBIIUTL 110 34 %.

HpI/I HEIIOJIHOM OIITUMH3aIlUM OTHOIIICHMNA CHI-

1
015 110 99 Haﬂ/]l[yM BJIMdHUE MeEHIalollero Iiapa IIPpOABJIACT-
CiOdL, 10 M_2

¢ B HEJIMHEHHOCTU KaJMOPOBOYHON 3aBUCUMOCTU U

Puc. 3 BO3PACTAHUU OTHOCHUTEILHOU MOTPENTHOCTH U3Mepe-

Huit ¢ poctom cL. JIjist yMEHbBIIeHUST 9TOr0 BJIMSTHIS

HEOOXO/IMMO MOBBIIIATH MAKCHMAJIbLHOE OTHOIIeHNEe curHal /1yM. Hanpumep, Kak MOKa3bIBAIOT OIEHKH,

B HCCIe0BaBInXCs auanasoHax 0 < ciogL < 1,2-10%2 M2 n 0 < e, L < 2,3 - 10?3 M2 B3anMHOe Bitus-

HEE T1apoB Ho/a u 6poMa MOXKeT ObITh CIEIAHO MPEHEOPEKUMO MAJIBIM [PU OTHOIIEHUH CUIHAJL/IITYM

nopsizika 1 000. [yist jocTurkennst TaKOro OTHOIIIEHUsT YPOBHEH CUT'HAJIA U IIIyMa HEOOXOIUMO HE TOJIBKO

YMEHBINUTH (PIIYKTYAIUN CIIEKTPAJILHON MacKU, HO U 00ECIeunTh (PUILTPAINIO MAPA3UTHOIO U3JIyHe-
HUS.
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CORRELATION SPECTRAL ANALYSIS OF HALOGEN MIXTURE BY LASER
RADIATION WITH SYNTHESIZED SPECTRUM

V. 1. Kravchenko and V. A. Sokolov

A laser with synthesized radiation spectrum is used to form spectral masks for correlation analysis

of a mixture containing molecular iodine and bromine. The choice of the wavelengths of spectral masks
is substantiated, the accuracy and sensitivity to the presence of interfering substance are studied, and
the effect of the mask instability is discussed.
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OHINPOKOVYIJIOBAYA JTNPPAKIINA JIABEPHOTI'O ITYUKA
HA OCTPOM KPAE

C.II. Anoxos *, P. A. Jlumapenro ', A. H. Xuorcnsar

C wucnosb30BaHWEM CTPOroil Teopuu Audpaknny OObSICHEHO IPOUCXOXK/IEHUE W IIPOAHAIM3NPOBAHA
CTPYKTYpa HMIMPOKOYTJIOBOIO CBEYEHMsI, HADIIOMAEMOro Ipu AudPaKIuil OrPAHUIEHHOrO yYKa HA OCTPOM
Kpae Helpo3padvHoro skpaHa. IlokazaHo, uro obpasyromuiics muieiid uMeer CTPYKTYPY IUJIHHIPHIECKON
BOJIHbBI, UCXOJAIIEH M3 KPOMKHM KPaHa, a ero aMIUIUTY/ia [IPOMNOPIUOHAIbLHA aMILIATYE Iy4YKa Ha ITOR
kpomke. Habmomaembrit muteiid mnpeacrasisier coboit rpanmyHyio Boany HOHra, mopoxmaemyto mudpakiim-
el OrpaHUYEHHOI'O IIyYKa.

BBEAEHUNE

Jlanmast paboTa CTUMYIUPOBAHA HEOPAMHAPHBIM IKCIIEPUMEHTAILHBIM HAOJIIOIEHUEM: 10JIe, BO3HU-
Karoiee mpu nudpakiiui THTEHCUBHOTO JIA3€PHOTO IIyYKa Ha KPA0 TOHKOI'O dKpaHa, IMOMUMO siPKOM
[EHTPAJBHON KOMIIOHEHTBI, CPDABHUMO 110 MacIITaby ¢ MCXOIHBIM IIYYKOM, COJIEPXKUT OOIIUPHBIH, HO
MeHee 3aMeTHBIH Imeiid, mpocTuparonuiics ¢ yObIBaioeii NHTEHCUBHOCTBHIO B 00€ CTOPOHBI OT OCHU
b ParupoBaHHOIO Iy4YKa BJIOJb MI0cKocTh judpakinuu (puc. 1). YrioBoii pazmep sroro nuieiida Bo
MHOT'O pa3 MPEBBIIIAET PACXOINMOCTh U HAYAJIBLHOTO IIyUKa, U YIIOMSIHYTON IEHTPAIbHON KOMIIOHEHTHI
nosisi. [eomeTpudeckuil 1eHTp HAOJIIOIAEMOrO CBEUEHUSI COBIIAJIACT C KpaeM dKpaHa, ITO HATAJIKUBAET
Ha, MBICJIb O €I'0 POJCTBE C TaK HA3bIBAEMOH «I'paHu4HON BoaHOM» FOmra [1, 2], peanbHOe CYIIEeCTBOBA-
HUE KOTOPOW JI0 CUX TOp OCTaéTcsi mpejMeroM juckyccuit. [lebio HacTosImelr paboThl sIBUJIOCH yCTa-
HOBJIEHME HCTUHHOI'O IIPOUCXOXKIEHUS yKA3AHHOIO Iiefipa m BO3ZMOXKHOCTA CTPOTOrO OIUCAHUS €ro
MIPOCTPAHCTBEHHON CTPYKTYPHI.

PaccmarpuBaemast 3amada ecTecTBEHHBIM 00pa30M CBOIUTCS K KPAeBOM MUMPAKIINU rayCccoBa IIyt-
Ka, U3JIy9aeMOro OOJIBITUHCTBOM CEPUIHO BBITYCKAEMBIX OJHOMOJIOBBIX Jia3epoB. Boobiie roBops, wH-
Tepec K JAHHOI TeMe He HOB: MCCJIEIOBAHUIO KPAEeBOl JM(MPAKIINU IayCCOBBIX IIYUKOB ITOCBSIIEHBI Pa-
6orel [3-6|, onHako Kakasi-u60 nHbOpPMaIus 00 ONUCAHHON BBIIIE MUPOKOYTJIOBONH KOMIIOHEHTE B HUX
orcyrcTByeT. ObIast crpyKTypa 1mosisi, GopMUPYeMOro npu Judpakiiun TPEXMEPHOI'O TayCccoBa IIyd-
Ka, MCCIIe0Baach NPUOIMKEHHBIME MeToJaMu B paborax |7, 8], a ¢ nmpus/iedeHueM CTpOroii reopuu
nudpakiun — B padorax |9, 10|. OxHako uHTEpecyolye HaC 37€Ch aCIeKThl SIBJICHUSI, B YaCTHOCTU
dazoBas cTpyKTypa IO U, emé dosee, ero gerajgbHas CTPYKTypa B JajbHEl 30He, OCTAJNUCh B ITUX
paboTax 3a paMKaM# PacCMOTPEHUS.

1. INOPAKIIN A TAYCCOBOTI'O IIYUYKA HA ITOJIVIIJIOCKOCTN

IIpexre, gem chopmympoBaTh caMmy 3aady, IPUBEIEM KPATKYIO CBOJAKY HEOOXOIUMBIX JIJIsI 9TOTO
cBeJleHuil u3 crporoii Teopun judpakiuu. B eé 0CHOBe JIeXKUT TOYHOE PelleHne 3a1a4u 0 T PaKIn
IUIOCKO} BOJIHBI Ha WJIEAJIBbHO NPOBOJsIIeil (1, ClleJ0BaTeIbHO, UJIeANbHO OTPAZKAIOIIEH) Oy ILIoc-
kocru (puc.2), nosyderHoe 3ommepdenbaom B 1896 1. u crapiiee OCHOBHBIM OPHEHTHPOM IIPH pac-
CMOTpeHHH JIHOOBIX BapHaHTOB Judpakiuu Ha JBYMepHBbIX aneprypax [1, 2]. B coorBercrBum ¢ srum
pelleHreM [oJIe 3a MOJLYIIOCKOCTBIO, oOpasyeMoe npu judpakIui IpOu3BOIbLHO OPHEHTUPOBAHHON F-
wmn H-nonsipsoBanmoit mwiockoii sommer EPD = Agexp[—ikr cos(f — a)], mourn Besme 3a sKpaHoM
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Puc. 1. Tudpakuus J1a3epHoro mydka Ha OCTPOM Kpae 9KpaHa: ONTHYECKAs CXeMa JKCIepUMeHTa (a) u
HaburoaeMoe pactpesienenne nous (6). B ¢Ba3M €O 3HAYUTETIBHBIM I€PENajioM MOIIHOCTH W3JIYIeHUST
IEHTPAJIbHAST 9aCTh PACIpPeIeJIeHNs IPUBEJICHa OTIEIbHO, OCIA0IeHA 10 HHTEHCUBHOCTH U YBEJINYIEHA, [0
MacITady

1

(cM. HEZKe) MOXKeT OBITH IIPEJICTABIEHO COBOKYIHOCTBIO JIBYX YCTOHUMBBIX & BoH [11]:

E(P)=E® /2 4 E@) (1)

! He ciemyer myTars 9TH BOIHBI ¢ TPAHNYHOMN 1 FeOMETPO-ONTHUecKoM KommonenTamu FOmra. B 3amaue Sommepdernnaa
YKa3aHHbIE KOMIIOHEHTHI 00JI1a/IAI0T HEYCTPAHUMBIM Pa3PbIBOM aMILIUTY/Ibl HA FPAHUIIE T€OMETPUYIECKON TEHU, B CHILY Yero
HECIIOCOOHBI K CAMOCTOSITEJILHOMY CYIIECTBOBAHHUIO B CBOOO/HOM ITPOCTPAHCTBE.

C. II. Anoxos, P. A. Jlumapenko, A. . Xuocrax 1033



2004 Hszeecmus 6ysos. Paduopusuxa Tom XLVII, N 10-11

rae B = Ag [(1—i)/v/27] exp[—ikr cos(§—a)|F(U), Ag — ammmmrya majaommeii Bosast, k = 27 /A —
BOJIHOBOE 9HCJIO, CMBIC/I BEJIMYUH T, § U (v JIETKO YSICHUTB U3 PUC. 2, & QyHKIUs
U
F(U) = [ expin?) du 2)
0

siBJIsieTcsl uHTerpasioM PpeHesist ¢ BEPXHUM PeJEsIOM
a—10
U = V2kr sin 5 (3)

OrmeruMm, yro B rpadudeckoii popme dynkuus (2) npejcrapisier coboil HE YTO UHOE, KAK XOPOIIO
u3Becrnyio crnupasb Kopaio [1, 2.

Pemenne (1) cupaseyiuBo BO BCEM BEPXHEM I10-
JIy[IPOCTPAHCTBE HaJl HOJIyIIOCKOCTBIO (puc.2), 3a
HCKJIIOYEHHEM MaJloil 0G/IaCTH C PaJUycoM B HeC-
KOJIBKO JIECSITKOB JIJIMH BOJIH OKOJIO CAMOI'O Kpasi U
yIJI0B JuPAKIUH, MPEBLIMIAIONIINX HECKOIbKO 16~
CSITKOB I'PAJLyCOB, IJle HEOOXOMHUMO yIUTHIBATD [IPH-
CYTCTBHE II0JIsI, CBSI3AHHOTO C OTPAXKEHHON OT 9Kpa-
na kommnonenToii [11]. Ilepsoe craraemoe B (1) mpes-
CTABJIsIeT [JIOCKYIO BOJIHY, MOJOOHYIO IAIAIOMIel, HO

BJIBOE MeHbIIeH aMIIuTyibl. BTopoe ciraraemoe B ()

x OIHUCHIBAET OJIM3KYIO €if 110 aMILUIUTY/I€ BOJIHY, He-
Or'PAaHUYIEHHBIN BOJTHOBOI (PPOHT KOTOPOI COIEPIKUT
KPaeBYIO AUCIOKAIUIO, HPUXOAAIYIOCA Ha I'DaHu-
1y reomerpudveckoii Tenu (puc.3) [12|. Nmenno c
9TON CUHIYJIAPHOI BOMHOW U CBA3aHLI BCE XapakK-

TepHble 0cobeHHOCTH KpaeBoil audpakuuu [11]. By-
JIeM Ha3bIBaTh €6 Jasbiine d-BoHON (0T aHrIUiCKO-
Puc. 2. Cxema qudpakiuy ILJIOCKOH BOJIHBI JIHOO ro diffraction u dislocation).
FayccoBa IIydKa Ha Kpalo IIOJIyIIJIOCKOCTH Kak m3BecTHO, MPOU3BOILHBIN BOJTHOBON ITyYOK
MOKHO TIPEJICTABUTD COBOKYITHOCTBIO IIJIOCKUX BOJIH
C PA3JIMIHON YTJIOBOI OpUEeHTaIlnell BOJIHOBOrO BekTopa. Jludpakiinontoe mose, mopoxk aeMoe Kaxk 10t
u3 HUX, onucbiBaeTcs pentenneM (1). B urore obimee qudpakiimoHHOe TI0JIe Iy IKa MOYKET ObITH BbIpazKe-
HO COBOKYITHOCTBIO UCXOJHOTO ITYUKa MOJIOBUHHON aMILIUTY/IbI U TI0/IsI, O6Pa30BAHHOTO CyTIEPIO3UIIUei
d-BostH, KOTOpOE JIJIst KPATKOCTH OyJ1eM Ha3bIBaTh D-BOTHOIA.
B nanbheiiniem nepeiiiém k 60J1ee HAISIHBIM JeKAPTOBBIM KOOPIMHATAM, UCIIOIb3Yysi COOTHOIIEHUSI
r =+va? + 22, a = arccos|k; /k], tie k; — upoexius BoHOBOrO BeKTOpa k Ha och x, § = arccos[z/r] =
= arccos[z/Vz? + 22]. B atux obosnavennsx GespasMepHbIii NPOCTPAHCTBEHHDIN apaMerp U mpuob-

peTaer BUJ
U=olkr —kex —\/k2 — k2 2]'/2, (4)
o = sign [arccos(ky /k) — arccos(z/ v/ a? + 22)]. (5)

O61iee perienue st OJIS Iy IKa 3a SKPAHOM IIPEJICTABIsET co00il CBEPTKY (ypbe-ClIeKTpa Ia 1a-
tomero nydka fg(k;) ¢ peneHuem jyisi OJMHOYHON 110CKOH BostHbL (1):

+o0
_ @)
E®) = A, / fa(kz) E L F(U)] expli(kyx + 2 VK2 — k2)] dk, = ET +E® . (6)

V2r
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ITycrs Ha Kpaii 9KpaHa 1ajaer JIByMepHbI (B COOTBETCTBUN C leOMeTpHeli 3a/1a1) rayCcCoB 11y O0K.
JJIst TpOCTOTHI PACCMOTPUM HOPMAJIBHOE ITaJIeHHe IIyYKa HA SKPaH U HEPETAXKKY ITyIKa COBMECTHUM C
camMuM SKpaHOM. KoMILIeKCHAsT aMILIATY/ I8 TAKOTO IIy9IKa OIMUCHIBAETCS BBIPAYKEHUEM

| AW/ 4, a) )
1,0 —
’ Bg(w,2) = exp <— M) exp(ikz) =
w

= b(z) exp(ikz), (7)

rJie £ OIIMChIBAET CMEIIEHNE OCHU IIyYKa OTHOCUTE b
HO KPOMKHU 3SKpaHa, pacrojoxkeHHoi npu z = 0,
a b(z) — pacrpejiejieHne IO/ MyYKa B IJIOCKOCTH
9KpaHa. YTIJIOBOI CIIEKTP TAKOTO IIy9IKa B KOOPIU-
HATaX MPOEKIMU BOJHOBOIO BeKTOpa Ha ocb (k)
3allAIIeTCd B BUJIE

2,2

w w
k) = —exp| — +— —ikyxo | . 8
A falkn) = oxp( =55 ik ). )
Yucennblii  pacuér pernenusi (6) 3aTpyIHEH
IIPUCYTCTBUEM B €TI0 s/Ipe KOMILIEKCHOIO WHTerpaJia

Puc. 3. Pactipenesenne Momyist KOMILIEKCHON am-
wmTyabl (a) u dassl (6) d-BOSTHBI OKOJIO TDAHAIIBI Openenst F'(U), sBistolnerocs ObICTPO OCHHILIIPY-
reoMeTPHUYECKON TeHH omeil  PYHKIHMEHl KOOPAWHATHI UHTETPUPOBAHMUS.
Jlng ycTpaHeHUsi 9TOTO OCIOXKHEHUs] KOMILIEKCHAs

aMITUTY 18 d-BOJTHBI ObLIa AIIIPOKCUMUPOBAHA HAMU 3aBUCUMOCTBIO

1—34 o (14 14) exp(iU?)
AY = FU)~ =~ {1 - 9
T Vo ) U| /27 + exp(—|U[194) + i [1 4 0,4U2)-06 ©)

C SIBHO BBIPaXKeHHBIM OCIMJUIMPYIOIUM cOMHOXKHUTesieM. Ormiindne anmpokcumupyonieit dyuximu (9)

or camoro unrerpasia ®penesist Bo Beeit obsiactu ero onpegesernst (—oo < U < +00), He IPEBBIIAET
no moxymo 0,1 %, a mo dase 0,6 %. B urore mis npocTpaHCTBEHHOIO pacipeneaenns D-BoaHbI ObLIO
ITOJIy Y€HO BBIPAXKEHUE

+k

1+1
E(D)zﬂex ikr /g{l— }x
V2 p(ikr) A 2 |U| v2m + exp(—|U|104) + 4 [1 4+ 0,4U2] 706

2,2
X exp (— kx:) - z'k:mxo> dk, (10)

6e3 OLICTPO OCHUJIUPYIOIIErO COMHOXKUTES, YTO CYIIECTBEHHO YIIPOCTUJIO BBIIOJIHEHHE PACUETOB C
COXpaHeHHeM MX TOYHOCTU. PaccMOTpPUM pe3ysibraThl YHCIEHHOro ucciegobanust pemtennii (6) u (10).

2. PE3YJIBTATHI YNCJIEHHOT'O PACUYETA

[TpocrpancrBennas cTpyKTypa AudparupoOBaHHOTO IIOJIs U ABYX COCTABJISIONIAX €0 BOJTHOBBIX KOM-
HOHEHT, (DUIYpPUPYOMUX B Bbipaxkenuu (10), /yisi pa3aiudHbIX PACCTOSTHUIN OT 9KpaHa IpejicTaBjieHa Ha
puc. 4 u 5. Pacupenesnenne aMInTy I o€l MOKa3aHO HA puC. 4, a pacupeieeHue ux ¢gpa3 — Ha puc. H.

C. II. Anoxos, P. A. Jlumapenko, A. . Xuocnax 1035
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Puc. 4. Pactipenesenne Momysisi KOMILIEKCHON aM-
IJIATY 1Bl WHTErPAJILHOTO TOJIsT U €r0 OCHOBHBIX
KOMITOHEHT Ha PA3JIMIHOM Y/IAJIEHHHM OT IKPAHA:
z = Lg/25 (a), z = Lr/2 (6), z = Lr (8), z =
= 10LR (2)

Puc. 5. Pacupenenenne dbasbr nHTErpaIbHOTO MMO-

Jsi M €r0 OCHOBHBIX KOMIIOHEHT Ha Da3IndHOM
yJaJeHun or skpana: z = Ly /25 (a), z = Lg/2
(6), z= Ly (8), z = 10Lg (2). CrauxooGpa3HbIii
XapaKTep IIPEJICTABJICHHBIX MOHOTOHHBIX 3aBHCH-

MocTeit 00yC/TOBJIEH OrPAHNIEHNEM BePTUKATIBLHO-
ro Macmraba n300parkeHns INATA30HOM 27
B xaxknom ciydae XKupHOit JinHuel n300parkeHa HHTerpaibHas KAPTUHA [T0JIA, TOHKOH CILJIONTHON JTHHU-
eit — moste D-BoJtHBL, yHKTUPOM — T0JI€ OCIADJIEHHOTO BJIBOE TayCccoBa IydKa. B KadecTBe MaciiTada
TIPOJIONLHO KOOPIMHATHI 2z MCTOAb3yeTcs jymHa Pages Lr = mw?/)\, TpaJUIMOHHO pasIessontast
obsactu mudpakiuu Ppenesss u Opaynrodepa.

Kak Bumnm, B obmmactu gudpaxiwm Ppenenst (z < Ly) HHTErpagbHOE MOJIE COXPAHSIET y3HABACMbIE
JIeTaJIi KJIACCHIECKOTO PACIIPeJIeJIeHNUs], CO31aBaeMOro IudparupyoIieil I0CKOi BOJIHOMW, HO CPeIHMI
YPOBEHb aMIUIUTYIHBIX OCIIMJUISIIUIL Terepsb coBragaer ¢ npoduieM nydka (puc.4a, 6). ITo mepe yua-
JIEHUSI OT 9KPaHA YACTOTA U KOJTUIECTBO ITUX OCIULIAINMUI yMEHBIIAIOTCH, B CHIY Yero ¢ IepexoioM
B obutacTh Judpakimn OpayHrodepa pe3yjbTUPYIONIee Mojie OT HUX IMOJIHOCTBIO O0CcBODOXKIaeTcst. 11o-
CKOJIbKY O0CY2KJaeMasi dBOJIIONHS IEHTPAJIBLHON 9acTh PACIpee/ieHusl TOAPOOHO OMMCAaHA U M3ydeHa
B Apyrux paborax [3-8|, omycrum eé Gosee jeranbHOE PACCMOTPEHUE U MEPeiiiéM K OCHOBHOI Teme —
IIIAPOKOYTJIOBON KOMIIOHEHTE JTupPArnPOBAHHOTO U3/TyI€HUS.

O €€ mpucyTCTBUU CBUJIETE/ILCTBYET HAJIMYINE y HADJIIOIAEMOIO IOJIsi TPOTSKEHHBIX OECCTPYKTYP-
HBIX (DJIAHTOB, XOPOIIO PA3IUINMBIX HA BCEX IPEJICTABJICHHBIX AMILIUTYIHBIX pacipenenrennsx. Kak
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JIETKO MPOCTEIUTh TI0 XOJy CAMHUX 3aBUCHMOCTel, 06a dJiaHra IpuHaIeskaT D-BOJIHE, eTMHOIIMTHO
[IPE/ICTABJIAIONIEH peajbHO HabJIIomaeMoe TIoJIe 3a IpeeaMu IeHTPaJIbHOM obaacTu JudparupoBaBIie-
ro nyuka. OporT D-BostHBl IpHOOpeTaeT OTYETIMBO BBIPAYKEHHBIIH TUJINHIPUIECKI XapaKTep paHbIIle
(zstart &= LR /2), geM e€ mosie ocBOOOXKIAeTCs OT HaYa IbHbIX KojiebaHuil amminTyapl. Bo Beex curyarm-
sIX HHBAPUAHTHBIM OCTAETCS JIUIIB IOy BOJTHOBBIN CKaI0K (pasbl D-BOJIHBI Ha I'PAHUIE T€OMETPUIECKOI
TCHHU.

Jist oObsiCHEHNsI MeXaHU3Ma O0pa30BaHHUs IIMPOKOYIJIOBOM KOMIIOHEHTBI IIOJI BOCIIOJIb3YEMCsI
ACUMIITOTHIECKAM IIpeJICTaBieHrneM wHTerpaja OpeHesist, ONMUCHIBAIOIIEI0 KOMILUIEKCHYIO aMILIATYILY
d-BO/IHBL:

A@ () = 1/_;7: FU) — + <% - 2;}% exp(iU2)> , (11)

r7e 3HaK MUHYC COOTBETCTBYET €€ KPBLIy B 00JIACTH T€OMETPUIECKON TEeHH, a 3HAK ILJIIOC — OTKPBITO
obstacru. Ormernm, 4ro yzke nupu |U| &~ 3 HOrpentHocTs JaHHOrO HpejcTaBieHus He mpesbimaer 1%,
EbICTPO yOBIBasI C JIATBHEIINM OTCTYIJIEHHEM OT I'PaHuilbl TeHu. B coorsercriuu ¢ (11) B ykasaHHOI
obsiacTu npocTpancTBa d-BojiHA paciajaercs Ha jse Gosiee MPOCThble BOJHBI — IUIOCKYIO (C aMIUIATY-
noit 1/2) u mummnapuyeckyio (¢ ammmarynoit (14 4) exp(iU?)/(2U +/2)). Hocenee o6cToATeILETBO
[O3BOJISIET [I0-HOBOMY B3IJISIHYTh Ha CTPYKTYDPY MHTErpajbHOro 1osist (6), BeIpazkeHue Jist KOTOpOro B
9TOM C/Iydae mpuodperaeT BUJ

Eg  Ao(1+19)

EG 2 2 V 2

+o00
k. .
exp(ikr) / %exp(—zkxxo) dk,, U < =3;
E(E)(x,z) ~ 7 + e

(12)
Eg A (1+1)

2 22w

+oo
ks
exp(ikr) / %exp(—ikxazo) dkg, U >3.

Ob6paruM BHUMaHHUE H& TO, 9TO B 00JIACTH TEHU IEPBBIE BA CJIATAEMBIX KOMIIEHCUPYIOT JAPYT JAPY-
ra, T. €. 3/1eCb UI'PAIOT POJIb JIUIIb UJIHHIPUIECKHe cocTaB/isionue d-BojHbl. B oTKpBITOIT 2Ke obsracTu
9TU J[Ba CJIATAEMBIX CKJIAJBIBAIOTCs, 00pa3yst MCXOJHBIN IyYOK, PACIPOCTPAHSIONIUNCH B CBODOIHOM
[IPOCTPAHCTBE B OTCYTCTBUE 9KpaHa. [[0CKOIbKY 9TOT IIy40K MMeeT KOHEUIHBIN IMOMePevIHbIN pa3Mep, TO
[0 Mepe OTXOJIa OT €ro OCHU TI0JIe IyUYKa CIIAJIAeT, ¥ C HEKOTOPOI'O PACCTOSIHUSI UM MOXKHO IIPEHeOpEeUb.
B pesysbrare B 3T0i 006/1aCTH IIPOCTPAHCTBA 3a IIPeJIe/IaMy Ty UKa MIJIeii) ONUChIBAETCSI TEM Ke BbIpa-
JKEeHUeM, 9TO U B 0OJIACTU TEHU, HO C IPOTHBOIIOJIOZKHBIM 3HAKOM, UTO CBUJETEILCTBYET O €0 CIIBUIe
o dasze Ha 7.

[TockonbKy MbI paccmaTpuBaeM Ijeiid BHe 00/1acTH CBOOOIHO PACIPOCTPAHSIONIErOCS TayCCOBA
[Iy4YKa, BBIIOJHEHNE UHTEIPUPOBaHUs B BbipaykeHuu (12) He mpejcraBisier 3aTPYyHEHUN W IPUBOIUT
K BeCbMa IIPOCTOMY IPEJCTABIEHUIO TI0JIsI MIeiidba B 3TON YacTh MPOCTPAHCTBA!

exp(ikr)  b(0) U< _3.

r cosl@/2] "’
N o

VEkr cos[0/2]

rie b(0) — aMIuIMTYy 18 KCXOIHOIO IIyUYKa HA KPOMKE 9KpaHa, § — yros HabioaeHus (puc. 2).

Kak Bugum, D-BosiHa 3a npejiesiaMu HeudparupoBaBIlieil COCTABISIONIEHN 110 KaXK/Iy0 CTOPOHY OT
CPAHUIBI TEHU MIPEJICTABJISACTCS UJINHIPUIECKON BOJIHOMN, NCXOAMAIIE 13 KPOMKH 9KpaHa. Becbma cy-
IIECTBEHHBIM SIBJISI€TCsT TOT (PaKT, ITO aMILINTYa HADJIIOIaeMOoro Iieiida onpeeisiercs aMILTUTY 10
[y4YKa Ha KPOMKE 3KpaHa. DTO O3HAYaeT, 4TO B cjiydae JNUMPAKINN IIydKa, UMEIOIIEro Ha KPOMKE
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HYJIEBYIO aMILIMTY.LY, IIXPOKOYTJIOBOM Ijeiid, cBA3aHHDbIN ¢ AudparupoOBaHHLIM IIyIKOM, OyIeT OT-
CYTCTBOBATD. 2

Taxum 06pa3oM, 110 BCeil COBOKYITHOCTH IIPU3HAKOB HAOJIIOMAeMOe IITHPOKOYT/IOBOE CBEYEHUE MOYKHO
KJIACCUPUIMPOBATH KaK rpaHn4nyio BosHy FOHra, mopoxgaeMyro audpakiueii orpaHnIeHHoro Iy JKa.
OnHako, B OTJIMYKME OT OJHOMMEHHON KOMIIOHEHTHI U3 3aJadu 30MMepde/iblia, 9Ta BOJIHA HE HUMEeT
AMILIATY/IHOI'O Pa3pbiBa, BMECTO KOTOPOI'O €€ BOJHOBOM (DPOHT Teleph COAEPXKUT KPaeBYIO IUCIOKa-
nuio. IHTeHCUBHOCTHL 00CY K 1aeMOi BOJTHBI ITPSIMO IIPOTIOPIIMOHAIBLHA, KBAIPATY aMILIATY/ bl KCXOTHOTO
IIy4YKa Ha KPOMKE SKpaHa.

3. AOITIOJIHUTEJIBHBIE SKCITEPUMEHTAJIBHBIE JTAHHBIE

Kak Herpy/HO 3aK/1049uTh U3 Bbhipakenus (6),
I7st Habmromerust D-BOJHBI B UMCTOM BHJE JTOCTA-

a)

TOYHO YJIAJIUTh U3 UHTEIPAJBLHOTO I10JIsi BTOPYIO KOM-
[IOHEHTY — OCJIAOJICHHBI BJIBOE TayCCOB Iy4OoK. Ta-
KO 9KCIIEPUMEHT ObLII HAMU BBITIOJIHEH. YCTPAHEHHE
[IOJIsi YKA3aHHOI'O IIYYKa JOCTUTAJI0Ch €ro HHTepde-
DEHIMOHHBIM TAIlIEHUEM C HOMOIIBHIO aHAJOTUYHOI'O
mnmyJka, caBuHyTOro 1o daze ua 7. [Ipocrpancrsen-
HYIO CTPYKTYPY OCBOOOXKIEHHOI Takum oopazom D-
BOJIHBI JieMOHCTpupyer puc. 6a. Jlns Buzyaausanun
[IOJIyBOJIHOBOT'O (DA30BOI'O CBUTA OJIHOM ITOJIOBUHBI
9TOI BOJIHBI OTHOCHUTEJILHO JIPYTON UCIIOIB30BAJIACD
JIOLIOJIHUTEIbHAS TIJIOCKas BOJIHA, PACIIPOCTPAHSAIO-
MIASICS T10JT, HEDOJIBIINM YTJIOM K UCXOJHOMY IIyUKY.
Kaxk Bugum (puc. 66), obpasyoriuecs nuHTephEPEHIMOHHbIE [TOJIOCI IPU TIepecevYeHnn 06/1acTi KPaeBoit
JIMCJIOKAIUU CMEINA0TCs Ha [OJOBUHY CBOEI'O IIEPUO/IA, UTO OJJHO3HAYHO YKA3bIBAET HA [10JIYBOJIHOBBII
CKaIOK (ha3bl MCCIIEYEMOrO ITOJIS.

Puc. 6. IlpocrpancrBennoe pacupeseseHne WH-
TeHCUBHOCTH D-BOJIHBI (@) M KApTHHA €6 MHTEep-
epennny ¢ HAKJIOHEHHO IIIOCKOH BOJHOM (6)

4. SAKJITOYEHUE

[Ipetokerroe B paboTe KOJIMYECTBEHHOE OIMUCAHUE IMTUPOKOYIVIOBOTO CBEYEHUsl, HADJIIOAEMOI0
Ipu KpaeBoil audpakIiuy JIA3ePHOTO IIYYUKa, SIBJISIETCsI CTPOTUM. B COOTBETCTBUHU C HUM II0JI€, PACXOIs-
meecst OT Kpasi 9KpaHa, IpeIcTaBiiseT cob0il CyHnepIo3uuio MUINHIPUIECKUX COCTABJISIONUX d-BOJIH,
00beIUHEHHBIX B D-BOJIHY ¢ mmmHIpUTIecKoi dopmoit obimero ¢gponta. Apkuii meHTpaJbHbI KepH
U3JIyYeHns, TPUXOIAIIUNCS Ha TPAHUILY TeOMETPUYIECKO TeHH, CO3/IaéTCs HaoyKeHneM D-BOTHBI U UC-
XOJTHOTO TayCCOBOI'O ITydKa, OCJAAa0IEHHOIO BIBOE, a Iielid obpasyercs IMUPOKUMU OECCTPYKTYPHBIMHI
duranramMu D-BOJTHBI, 3aIOTHSIOIMMEI TPAKTHIECKN BCE ITPOCTPAHCTBO 3a 9KPAHOM U MOHOTOHHO CIIa-
JAIOMIMNMY 110 UHTEHCUBHOCTU C yJAAJIEHUEM OT TPAHUIIBI T€OMETPUYIECKON TEHU, T. €. C YBeJIUICHUEM
yria HaOJoieHnsi. VIHTeHCUBHOCTD HAOJIIOIAEMOr0 CBEUEHUs IIPOIIOPIINOHAJIbHA KBAJIPATY aMILIATYIbI
JudparupyroIeil BOJIHbI Ha OCTPON KPOMKE IKPaHa.
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WIDE-ANGLE DIFFRACTION OF THE LASER BEAM BY A SHARP EDGE

S. P. Anokhov, R. A. Lymarenko, and A. I. Khizhnyak

Using a rigorous theory of diffraction, we explain the origin and analyze the structure of a wide-angle
illuminated area observed when a limited beam is diffracted by the sharp edge of an opaque screen.
It is shown that the formed plume has the structure of a cylindrical wave traveling from the screen
edge and its amplitude is proportional to the beam amplitude at this edge. The observed structure is
Young’s boundary wave produced by diffraction of the limited beam.
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