ZKOT®, 2023, Tom 163, BbIm. 4, cTp. 488-495

FEEHEPAUNA BBICOKNX OMNMTUHECKUX TAPMOHUK T1PU
B3AVMOAENCTBUN ®EMTOCEKYHAHbIX JIA3EPHbIX

© 2023

MMMNVyJIbCOB CPEOHEIO NK-OANATIA30OHA C NMOBEPXHOCTbHO

TBEPOOTEJ/IbHbIX MULLIEHEW

A. B. Mumpoganos »*%, M. B. Poocko*®, M. M. Hazapos ¢, E. E. Cepebpannuros *°,
A. B. ®edomos >, JI. A. Cudopoe-Buproxos *> %"

@ Pocculickuli K8aHMOBLT UEeHMP
143025, Cxoaxoso, Mockosckas oba., Poccus

b Mockoscruti zocydapemeennnd ynusepcumem um. M.B. Jlomonocosa, Pusuueckuli dakyiomem.
119992, Mocxkea, Poccus

¢ Unemumym npobaem Aa3ePHHLT U UHPBOPMAYUOHHLLT mernoaozul Poccutickolt axademuu nayr —
Ppusruas DPedeparvrozo 20cydapcmeennozo yupescienus «Pedepasrbruili HaYUHO-UCCAEIOBAMEALCKUT, UeHMP
«Kpucmaanozpadusn u pomonukxas Poccutickoti axademuu nayks
140700, Illamypa, Mockosckas oba., Poccus

4 Hayuonarvhod uccaedosamerveruts uenmp «Kypuamosckuti uncmumyms
123182, Mocxkea, Poccus

IToctynuna B penakiuio 29 HogOpsa 2022 r.,
nocsie nepepaborku 13 mexabpsi 2022 r.
IIpungara k nybaukanun 14 mexabps 2022 r.

DKCNepUMEHTANBHO NCCNEAOBAHbI CMEKTPbI BbICOKMX ONTUHECKUX FapMOHMK Npu BO3AENCTBUM (DEMTOCEKYHA-
HbIX UMMYNbCOB CYOPeNnsiTUBNCTKOW MHTEHCUBHOCTM HA MOBEPXHOCTb TBEPAOTENbHBIX MULLEHENR U3 NOAMCTUPO-
na, CaFa, BK7 n Al. 3apernctpuposaHsl rapmoHukn fo 51 nopsifka oT W3ny4eHust C LEHTPaNbHOW AAMHON
BosiHbl 3.85 MKM. MokasaHo, 4To Hanbonee BbICOKNE MOPSAKU FapMOHNK HabMIOAQIOTCA MpU B3aMMOLEHCTBUN
Na3epHOro N3JyHYeHUs C MOBEPXHOCTHIO MULLEHER U3 NOANCTUPONA. IKCNEPUMEHTAIBHO 3apernucTPMpPOBaHO, YTO
3aBUCUMMOCTb SHEPTUN FAPMOHUMK OT X HOMEPA MOXKET DbITb annpoKCUMMPOBaHa YObIBAOLLEA CTENEHHONR (YHK-

umeli ¢ nokasaTenem ot 4 o 8/3.
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Tenepanpst ONTHYECKMX TAPMOHMK B IIIA3Me MPO-
6051 y TOBEPXHOCTH TBEPJOTENbHBIX MHUIICHEH HCCIIe-
ayercst Gomee 30 ser [1-4]. V3ydennio onTuueckux
HeJMHEWHOCTE! TaKWX TJa3MEHHBIX CpeJl MOCBAIIMIEHO
GOTBIIOE KOMMIECTBO KAK SKCIIEPUMEHTATBHBIX, TAK W
Teoperndecknx pabor [5-13]. Morumble na3epHbe M-
MyJABCHI ¢ WHTEHCUBHOCTHIO, TO3BOJIAIOMIEH yCKOPATH
9JEKTPOHBI OOPA3yOMIEHCs TIa3Mbl J0 PETSATUBUCT-
ckux sHepruii [14], naoT BO3MOKHOCTH HABJIIOIATD 1K~
POKWMii CTIEKTP HEJIWHEHHO-ONTHIECKUX MTPOIECCOB, MTPH-
BOIAMNX K 3P PEKTUBHOMY TPEOOPAZOBAHUTO Ta3EePHO-
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ro U3Jy4YeHUs B KOPOTKOBOJIHOBYIO obJactb [15], pea-
JII3AIAA HOBBIX PEXKUMOB YIIPAB/ICHUS HapaMeTPaMK
CBEPXKOPOTKWX JIA3ePHBIX MMMYIbcoB [16,17], renepa-
UK MMILYJIbCOB 3JEKTPOMACHUTHOTO IOJIS B Teparep-
nesoM (TT'm) u CBY-auanaszone [18-21], a rakxe cuH-
TE3NPOBATH ATTOCEKYHIHBIE NMIYIIbCHI [22, 23].

JIo HeJABHEro BPEMEHH MOYTH BCE SKCIEPHUMEHTDHI
MO TEHEPAIUU TAPMOHUK BBICOKOTO MOPSAIKA MTPOBOIU-
JIUCH C WCTOJb30BAHUEM THUTAH-CAN(DUPOBOrO JIa3epa.
B mocmempue rompl aKTHBHO Pa3BHBACTCA IPHUMEHe-
HUEe MCTOYHUKOB [24,25] uHTEHCUBHBIX (HEeMTOCeKyH/I-
HBIX UMITYJIHCOB C IEHTPAJIbHON JIJTMHON BOJIHBI B JIHA~
Ha30He JI0 HECKOMBKHX MHUKPOMETPOB. Vlcnonp3oBanne
JUTHHHOBOJTHOBOTO U3TyYEHUS CPEIHEr0 HHPPAKPACHO-
ro (IK) nnamasona mo3BoOJISeT yBeININTh TTOHIEPOMO-
TOPHYIO SHEPTHUIO 3JIEKTPOHOB MPOTIOPIIMOHATBHO KBA/I-
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pary JJIMHBI BOJHBI [26-28],  yyKe MPHM WHTEHCHBHO-
crax nopaaka 1017 Br/cm? npusesenHbIi BeKTOPHbIIT
norennuan ag = eFy/mcwy (Tae e, m — 3apsig n Macca
37eKTpoHa, Fy 1 wy — aMIUIATYAa U MeHTPaIhHAT Tac-
TOTA JIA3EPHOIrO 110JIsA), OIPEIEIIAIONHIA SHEPTUIO YCKO-
DEHHBIX JTA3EPHBIM MTOJIEM JJIEKTPOHOB, CTAHOBUTCS IO~
panaka 1, 9TO TMPUBOAUT K MPOSBIEHUIO PEJISITUBUCT-
ckuxX 3P@DEKTOB B CHEKTPAX TEHEPHUPYEMOTO M3JIyte-
uust. Hamu 6bLmu BriepBbie MPOBEIEHBI IKCIIEPUMEHTHI
IO PEruCTPAINU TAPMOHWK B PEJISITUBHCTCKOM DEXKU-
Me TpU B3aUMOJEHCTBUN (HhEMTOCEKYHIHOTO JIa3epHO-
ro m3nydenns cpeanero NMK-amamasoma ¢ MOBEpXHO-
CTBIO TBEPIOTENbHOM Murent [18,29]. OcHOBHbIE CBOIi-
CTBa 3apEruCTPUPOBAHHBIX CIIEKTPOB TAPMOHUK BBICO-
KOI'O MOPSAJKA — IOJIAPU3alUOHHbIE CBOcTBa (ObLIK
3apEeruCTpUPOBAHBI TADMOHUKHU OT S-TIOJITPU30BAHHOTO
JIA3€PHOTO M3JIy9YeH s ) U CBOICTBA YIJIOBOTO PACIIPEIE-
Jienus (3aBUCUMOCTb UX UHTEHCUBHOCTU OT TEJIECHOIO
yrja) — COJACYIOTCA C U3BECTHOW KapTUHOI rexepa-
[N TAPMOHUK BBICOKOTO TIOPSIIKA B PEIATUBUCTCKOM
pexKuMe B3auMOJIEHCTBUA U3JIyUYeHUd C TBEPIOTEIbHOI
muiensio [8,10,14,22,23,30, 31].

[Mpu nanbHeiieM U3y4YeHur CIEKTPOB B KOPOTKO-
BOJTHOBO# OBGJIACTH OKA3a/i0Ch, 9TO HAPSJLy C 3aperu-
CTPUPOBAHHBIME DAaHEe CBOWCTBAME, MPUCYIIUMH Me-
XaHU3MY OCIUJLTHPYIOIIEro IIa3MEeHHOIO 3epKajia, B
CIEKTPE TEHEPUPYEMbIX TapMOHUK HADIIOIAETCS OT-
KJIOHEHWE OT TPe/ICKA3aHHON TeOPEeTHIeCKO 3aBNCHMO-
CTM WHTEHCHBHOCTH OT HOMepa rapMonuk [14]. IIInpo-
KU CHEKTP HEJUHEHHO-ONTUYECKUX ABJEHUN MPU Ta-
KX DHEPTHUSAX JIA3ePHBIX WMITYIHCOB O0YCJIOBIEH -
dexTuBHBIM (HOPMUPOBAHUEM TIIA3MEHHBIX TOKOB B
KUJIbBATEPHOI BOJIHE JIA3€PHOrO UMIysbea [19].

B namnoit paboTe MpomoizKeHo IKCIepuMeHTaIbHOe
UCCIIEIOBAHUE CIIEKTPOB TAPMOHUK BBICOKOTO MOPSJIKA
B IyIa3Me mpo0Osi ¥ MOBEPXHOCTH TBEPIOTETHHBIX MU-
menHeit, Bo30y K 1aeMoil (PeMTOCEKYHIHBIMU JTa3ePHBIMU
nvmyabcamu cpenrero NK-mnanazona cyborepaBarTHO-
IO YPOBHSI MOIITHOCTHU C MPUBEIECHHBIM BEKTOPHBIM TIO-
TEHITHAJIOM dg 1. Brepsoie coobmaercs o6 aKcre-

~
~

PUMEHTATBHOM HAOJIONEHNN FapMOHUK /10 H1 mopsaka
OT JIA3€PHOTO M3JIyYeHUd C HEeHTPAJIbHOU JJIMHOU BOJI-
bl 3.85 MKM. B aKcmepuMenTe MCIoIb30BATUCH MUTITE-
uu B dopme mnacruaok n3 CaFy, BK7, nomucruposa
7 amioMuHus ToamwHoN 1 MM. Beutn BeIOpans! nu3srex-
TPUKN C PA3HBIMU 3HAYCHUSIMHA TTUPUHBI 3ATTPEIEeHHOMN
30HBI 1 MeTaJLT. [IpoBONTCS cpaBHEHME C SKCITEPUMEH-
TaM#, B KOTOPBIX Ja3epHOE U3TydeHne HAKATKN TMeeT
MEeHTPAJIbHYIO JIUHY BOJHBI 1.03 MKM 1 mapameTp ag
MeHbIIe 1.

B kawecTBe MCTOYHNKA MOIIHBIX JTA3EPHBIX UMITY Th-
coB cpennero MK-amamazona mcrnoib30Bagach JIasep-

3 KIT®D, Bein. 4
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Mid-IR driver

Puc. 1. Cxema 3kCnepuMeHTOB MO reHepaunm n 4eTeKTUpoBa-
Huto Bl VC1-V(C3 — BakyymHble kamepbl, M1 — M4 — 3epka-
na, T — Teneckon, yBenn4nBamoLWmii pasmep nyyka B 2 pasa,
PM — napabonu4eckoe 3epkano ¢ pOKYCHbIM PacCTOSIHUEM
50 mm, ST — TBepfoTenbHasi MuLeHb Ha TpaHcnsitope, S —
perynupyemas wenb, CaFz-okHo TonwuHol 1 Mm Ha wnbepe,
Sn-cpunbstp TonwmHoin 300 HM Ha wubepe, TG — Topongans-
Has gudppakuymoHHas pewetka, MCP — pgetekTtop Ha ocHose
MUKPOKaHabHBIX NJACTUH B WEBPOHHON cbopke, W1, W2 —
BXO[HOE U BbIXO4HOE OKHA

Has CHCTEMa Ha OCHOBE OTITHYIECKOTO MaPaAMETPUIECKO-
ro yCUJICHWsI YUPIUPOBAHHBLIX uMiyabcos (OITYYUN),
HA BBIXOJIE KOTOPOU UMEJTUCH UMITYJTbCHI C EHTPATBLHOM
JUTMHON BOJHBL Ao = 3.85 MKM, JuuresnbHOCThio 90 de
u sueprueit no 15mIx [32,33]. Hacrora cienoBanus
nMirysbcoB coctasisia 20 I'm. Uzmyguenune mazepa 3a-
BoaMsIOCH B Bakyymuyio kamepy VC1 (puc.1l) u ¢o-
KyCHPOBAJIOCH TIPU TTOMOIIN TTapabOIMIeCKOr0 3epKaJIa
¢ dpokycubM paccrosauem 50 MM Ha, MUIIEHB, YCTAHOB-
JIEHHYI0 Ha Bparnamomemcs aucke. CKOPOCTb BpalieHust
nogbupasiach TaKuM 00pa30oM, 9TOOBI KasKIbIii HOBBIH
BBICTPEJT TPUXOIUIICS HA CBEXKYIO MOBEPXHOCTH. depe3
Kazkapie 100 1a3epHBIX UMITYIbCOB MUIIIEHD CABUTATIACH
Mo BBICOTE. /ImameTp Ja3epHOro MmyvKa, HAMPABIISIEMO-
ro Ha TApabOTMIECKOE 3EPKAJIO, YBEIUIUBAJICS C TOMO-
IBIO TEJIECKOTIA, [Tl Y MEHbBIIIEHUsI pa3Mepa maTHa B (ho-
kyce. [Ipu 3TOM MHTEHCHBHOCTH W3JIy9YEHWs] HA MHUIIE-
HU olleHnBaeTcsa Hamu Ha yposre 1017 Br/cm?, uro co-
OTBETCTBYET MPHUBEIEHHOMY BEKTOPHOMY MOTEHIHATY
ap =~ 1. Kourpacr na3epHbIX UMITYTbCOB COCTABIISIET HE
venee 106 [18], n 9TO OmMpeensieT HHTEHCHBHOCTH BO3-
MOYKHBIX TTPeIBIMITYThcoB Meree 1011 Br/cm?, uto oka-
3BIBAETCA DOJIee deM Ha MOPSAI0K HUZKE TMOPOora mpodost
JIMAJIEKTPUKA B JAHHOM JTWara3oHe JJIHH BOJIH [34, 35]
¥ He TPUBOJUT K OOPA30BAHUIO JIEKTPOHHON TIA3MbI
epeJt, TOBEPXHOCTHIO MUIIIEHH K MOMEHTY MPUXO0/1a OC-
HOBHOT'O UMITYJIbCA. Y PO TAJICHUS P-OJISTPU30OBAHHOTO
W3JIYUYeHUS Ha MUIIEeHbL COCTaBssta 45°. JImsa 3ammmTer
MapaboOTMIECKOTO 3epKaIa OT abIAIHOHHOIO 3arpa3He-
HUsI CPa3y 3a 3ePKAJOM YCTAHABJIUBAIACDH ILIACTHHKA
u3 CaFy rommunoii 1 MM, kKoTopast TpebOBaIa OIUCTKI
TOCJIe HECKOJILKUX [THEH MPOBEJIEHUS SKCIEPUMEHTOR.
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Perucrpanus crekrpa Bbicokux rapMmonuk (BI) mposo-
JIMJTACh B HAIMPABIECHUU 3€PKAJILHOIO OTPAYKEHUsS CIIe-
[IMAIFHO CKOHCTPYHPOBAHHBIM CIIEKTPOMETPOM HA OC-
HOBE TOPOUIAIBHON MU(PAKIIMOHHON PEIEeTKH C TLIOT-
Hocrbio mrpuxos 1200 mrpux. /My, Pemerka umesa 30-
JIOTOE TOKPBITHE W ObLTa ONTUMHU3UPOBAHA JJIs PEru-
crpammu crekTpa B auanasore ot 100 1o 40 um. Crex-
TPOMETD PA3MEIAJICd B OTAEIbHOM BaKyyMHOM OOb-
eme VC2-VC3. Perucrpaliiust CeKTPOB TPOBOIMAIACD
IpU TTOMOIIK JETEeKTOPa HA OCHOBE IIEBPOHHON COOp-
KW IBYX MUKpoKaHaabHbIX maactia (MCP) ¢ patounwm
guamverpom 40 mm u pocdopubiM 3xpanom. IlrockocTs
MCP-gerekTopa yCTaHABINBAIACH MO, OMPEIEIeHHBIM
YIJIOM K HAMPABJIEHUIO CIEKTPA, ONTUMU3UPOBAHHBIM
J7I TIONy9IeHns HANMEHLIMHX abepparuii B 00JacTh
100—40 um meromom TpaccupoBku Jsyueii. MCP-nerex-
TOp OBLT YCTAHOBJIEH HA, TPAHCIAIMOHHON TOIAYE, MO3-
BOJISIBINIEN M3MEHATH PACCTOSTHUE OT PEIIeTKH /10 € TEK-
TOPa BIIOJb CPEIHEro HampaBjenus Ha cruekTp. [lo3wm-
[UsT TeTEKTOPA OMPEIeIsIach SKCIEPUMEHTATIBHO It
MOy IeHns HanboIee 9eTKOM CIeKTPaTbHOM KAPTHUHBI.

Nwmenack Takzke BOSMOXKHOCTH U3MEHSTH YIOJI yCTa-
HOBKU JU(PPAKITUOHHON PEIIeTKH /I N3MEPEHUS CITeK-
tpa BI' B mmpokom mmamasone. M3obpaskenne ¢ ¢oc-
dopuoro skpana MCP-gerekTopa mepeHOCHIOCH HAa
[13C-kamepy (CCD), ycranoB/ieHHYIO BHE BaKyyMHOIO
obbema, Mpu TMOMOIY O00BEeKTHBA. Bee CmekTph 3armm-
CHIBAJINCH B PEXKUME OJHOTO BBICTDPEJIA, Jia3epa, MOCe
9€ero MOIJIO ObITH BBIIOJHEHO YCPEIHEHUE O HEeCKOIIb-
kM Kajgpam. Bakyymmubsie oobemsr VC1 u VO2-VC3
OTKAUUBAJINCH OTIEIBHBIMUA TYPOOHACOCAMU, UTO MO3-
BOJIANO MOAAEPKUBATL JaBienme okoio 2 - 1079 mbap.
Taxkoe mapieHne HEOOXOTUMO, ITOOBI MCKIIOYATH 00-
pa30BaHue TIa3Mbl B OCTATOYHOM Ta3e TPHU YKECTKOM
doKycupoBKe HA MOBEPXHOCTH MUIIEHU, & TAKHKE s
koppekTHOit paborsr MCP-aerekropa. lonomaurens-
HO Tiepes, TnPAKIMOHHON PEITIeTKONH MOTIN BBOINTH-
cst buabTpsl B BuAe miactuaku CaFy rommumuoit 1 M
win GUILTP u3 CBOOOMHO TMOABEIeHHONH (oabru Sn
rosmuHoN 300 HM, yCTAHOBJIEHHbIE HA BAKYYMHBIX IITH-
6epax. /lanubie (DUABTPHI TTO3BOJISIINA CIIEKTPATBHO Ce-
JIEKTUPOBATH PA3JIMYHbBIE TOPAIKH FAPMOHUK U IPOBO-
JUTH KaauOPOBKYy crekrpomerpa. Kpome Toro, CaFa-
GUIBTP BHIAEPIKUBAJ TIepenal JaBIeHnil B 1 aT™ u mo3-
BOJISIJT MEHATH MUIIEHb U IOCTUPOBATH OMTUYIECKHE JJTe-
MEHTHI 0e3 pa3repMeTu3aluud KaMepbl CIEKTPOMETPA.
[Toce murmmenn Ha, crenuaabHOW TPAHCISIIIMOHHON MO-
Jade ObLTa yCTAHOBJIEHA IIETb S s TPOCTPAHCTBEH-
HOTO ceslekTupoBanus curaasia BI' u nmoBbimenns KoH-
TPaCTa OTHOCUTEILHO HEKOTEPEHTHOTO (hOHA.

B kaxkmaoMm y3KOM Jauarna3oHe IJIWH BOJIH BBIMOJ-
HSJIACh OTIEIbHAs KAJUOPOBKA CHEKTPAJIHHBIX KapT.
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Jlnamna3oHbl BCErIa BHIOMPAINCH TAKUM OOPA30M, ITO-
ObI B HHX HADIIOJATNCH PE3KHe OTCEYKH IPOIyCKa-
Hust (DUIBTPOB JTMOO BTOPHIE MOPSIIKU TAKUX OTCE-
gek. CrnekTp rapMOHUK TTOCJE TPUBSI3KH HOMEDPOB OT-
JIEJTbHBIX TAPMOHUK 110 OTCEYKAM MPOIYyCKaHUs (Puiib-
TPOB TaKXKe€ MOI CJIyXKHTh B KAadeCTBe KaTHOPOBOU-
HOW JWHEHKN B OTAENbHBIX ciaydaax. [Ipw moctpoe-
HUU CIIEKTPOB YUYUTHIBAIACH dyBcTBUTEIHHOCTE MCP-
JIETEKTOPA IO JJIMHE BOJHBI M OTPAXKAIOIIAS CIIOCOD-
HOCTB PEITIETKHU C 30JI0THIM MOKPBITHEM.

ITporesennbe paree sKcrnepuMenTsl [18,36] mo re-
HEPAIWKM TaPMOHHWK OT JIA3ePHBIX HUMITYJIBCOB CpE/IHe-
ro NK-ananasona mokasam, 9TO W3AydeHne Ha IeH-
TPANBLHON JIMHE BOJHBI 3.85 MKM 3D (HEKTUBHO MPeod-
pa3yercss B TapMOHUKU B BUAWMON W yabTpaduosero-
Boii (Y®) obuacrsx cnekrpa. B cepun skciiepumenTos,
OTIMCHIBAEMOI B HACTOSAIIEI paboTre, perncTpupoBaInch
OTNITUYECKHE CIEeKTPBI B obsactu ot 170 1o 75 HM, 9TO
MTO3BOJIAIO HAOMIOMATH TapMOHUKH 10 51 mopsaka. Ha
puc. 2 pecraBienbl n3obpazkenus skpana MCP ana
Pa3IMYHBIX YYACTKOB CIEKTPA W PA3IUIHBIX MaTEPU-
anoBp mumrenn. HecnMMeTpuwIHOCTH M300parKeHuil 1o
BEPTUKAJIBHON OCH OOBACHSETCS MCKAKEHUSME, BHO-
CUMBIMHU TOPOUIAJIBHON M PAKIIMOHHOM perreTkoii. B
obstactu 120170 HM CITEKTD FAPMOHHUK PETHCTPUPOBAII-
Cs TPUMEPHO B KaXKJIOM BTOPOM JIA3EPHOM HMILYJIbCE.
YacrToTa perucrpaiinn rapMOHUK B 60J1€e KOPOTKOBOJI-
HOBO#1 00JTACTH YMEHBITIAIACh B 4—5 pa3, 9YTO 00YCIOB-
sleHo 0OoJjiee BBICOKON YyBCTBUTEILHOCTHIO T€HEPUpPYe-
vbix BI' kak K QaykTyanusM WHTEHCUBHOCTH U MO-
JIbI JIA3EPHBIX MMIYJIBCOB, TaK U K CTaOMIHHOCTH ITO-
JIOXKEHUsI MWINEHU TPU €e BpAaIleHuu. [apMOHWKA C
MaKCHMAaJIbHBIM HOMEPOM 51 HAOMIOMATACH OT MWIIE-
HE U3 moucTuposia (puc. 2a-6). CoekTp rapMOHUK Ha,
puc. 2a moOKa3aH MOCJe MPOXOXKIeHUd (PUabrpa B BU-
ne mrnactuaka w3 CaFg Tommmmaoi 1 MM, 9TO MO3BO-
JISIET OTCEKATHh 00Jiee BBICOKWE NH(DPAKIIMOHHBIE TTO-
PAIKU B JIAHHOM CIEKTPAJLHOM auamna3one. B nuama-
3ore 125-70um mabmiogarorcs kak BI, tak u crek-
TpaJbHBIE JINHUN YTJIEPOIA, UTO MPUBOIUT K 3aMa3bI-
BAHUIO CIEKTPa TapMOHUK. KaambpoBKa KOPOTKOBOJI-
HOBO#l 9aCTH CIIEKTPA MPOBOIMIACH 10 9aCTOTAM OTCe-
qeKk Sn-QuibTpa, a TakXKe Mo JUHuAM cBedeHus He u
Ne B BBICOKOBOJIBTHOM PA3PsJie MPU HUBKOM JTABJICHIH
(puc. 32). CuekTpbl rapMOHMK B CIydae MUIIEHe#d u3
CaFy n BK7 6b11r MOXO0KUMHA ¢ HAOTIOIEHUEM TapMO-
HUK BILIOTH 110 45 mopsiaKa.

CyiiecTBeHHOE OTINYNE OBbIJIO BBISIBIEHO MpPU
UCIIOJIH30BAHUU MUIIEHH U3 ajoMubus (puc.22—e),
rJe TapMOHWKM HAOIIONAINCHh TOJBKO B JIHAMNA30HE
170-110uMm (mo 35 mopszaka), KOTOpble gajee Te-
PEKPBIBAINCH HEMPEPBIBHBIM KOHTHHYYyMOM. Takke
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Puc. 2. Cnektpsl BI' gnst muwenn ns nonuctupona (a—s) n antomnnuns (2—e) B pasHbiX CNEKTPabHbIX fUana3oHax npu obnyqe-

HUM Na3epHbIMU UMMybcamu ¢ Ao = 3.85 MkM 1 aHeprueii 15 mpk. BepTukanbHbiMy WTPUXOBBIMU NMHNAMMN MOKA3AHbI OXMUAA-

€MbI€ NO3NUNN NOPALKOB rapMOHNK, HOMEPAaMN OTMEHEHbI TONIbKO HEHETHbBIE NOPALKN ON1A yp'O6CTBa yTeHus. Pososas Kpueasa —

cnekTp nponyckanusa cgpunstpa ns CaFa Tonwunoii 1 mm. [na antoMuHnesoli MuLlieHn NOAMAMCAHbI HEKOTOPbLIE CAEKTPasibHbIE

aunny (d, e) MHOroKpaTHO MOHM3MpOBaHHOrO antomuHns (Hanpumep, Al IV — tpuxabl nonnsnposannbiii). KnunosugHas crpyk-
Typa cnekTpoB obycnosneHa abeppayusimu ToponaanbHol audpakuynorHHoii pewetkn. CnekTpbl rapMOHUK MOMYHEHbI B peXXuMe
OLHOrO BLICTPENA Na3epa, KapTbl CNEKTPAsbHbIX JIMHNIA MOKa3aHbl C YCPEAHEHNEM MO HECKOJSIbKUM BbICTPENaM

OTYETINBO HAOIIOIAINCE InHUKA Al B KOPOTKOBOTHOBOI
00JTACTH CITEKTPA, BIIOTH 0 25 HM.

s ompesesieHnsi CIEKTPATbHBIX JIMHUN W3JIyde-
HUST MATEpUaJjiOB MHUIIEHEeH B CIEKTpe TapMOHUK Obl-
JIA TIPOBEJICHBI CXOXKHE IKCIIEPUMEHTDI C UCITOTH30BAHM-
€M JIa3ePHbIX UMITYJIbCOB C IEHTPAJbHON JIJIUHONH BOJI-
HBI \g = 1.03 MKM. DHEpTus JIa3epHBIX UMITYJIBCOB CO-
crapisana 1wk npu manreanbrocTu 250 dc, 9TO CO-
orBercTByeT ag ~ 0.2. B Bumumom m Ommxmem Y O-
JMAMA30HAX TTPU 3TOM HAOJIIOJAJCS CIEKTD YETHBIX U
HEYETHBIX TAPMOHUK. MaKCHMATLHBIN MTOPSITOK TapMO-
HUK, PErucrpupyembiii B Bakyymuaom Y @-auamasone,
pasusiica 10 (puc.3a) mnga mumieneit uz CaFa, mosu-
ctupona n BKY7. ITommmo sToro, B Bakyymmom Y ®-
JHATA30He HAOIIOZACA ITOJTOCOBOM CIEKTP, CXOXKHI
s m3aydeHus ¢ Ag = 1.03 MM 1 Ag = 3.85 MKM.

CoBnajienne mo3unuii Juauii B criekrpax (puc. 36,
6) JUis OMHAKOBOI'O MaTepUaJia FOBOPUT O TOM, 4TO Pe-
TUCTPUPYIOTCS JIMHUY U3y 9eHUS MATEPUAJIA MUAIIECHH.
Ha pwuc. 3 mpuBeneHbl CIEKTPHI JJIsT MUIIEHH U3 TOJIU-
CTUPOJTA.

B #abi0qaeMbIX CIIeKTpaX CBEUEHUS MPUCYTCTBYET
JINHUS YeTHIPEXKPATHO MOHU3NPOBAHHOIO aTOMa, yTJIe-
pona (munus 24.9um mus C V), sHeprus uoHusanuu
KOTOPOTO coctapygeT 653B. BripuiBanus cieayionero
9JIEKTPOHA, HE TIPOUCXOJINT, TaK KAk 9TO TpedyeT 3Haun-
TesbHO Oostbireit suepruu 392 3B. [Tonaras, aro masep-
HOE M3JIYYEHNE YeTHIPEXKPATHO HOHU3UPYET BCE ATOMBI
yTJIEPOIA B MOJIEKYJIAX MOJUCTUPOJIA, U C YIETOM HOHU-
3allUU ATOMOB BOJIOPOA MOYKHO OIEHUTH MAaKCHMAJTh-
HYyTO ITOTHOCTH IaasMbl B 2.5 - 1023 em 3. B cmexTpax
CBEUEHHUs C TIOBEPXHOCTU AJIOMWHUEBON MUITICEHN Ha-
6monatorca muann Bitoth 10 Al VII ma nnmne BomHBI
24.1 um (3HEPrUs MIECTUKPATHON MOHU3ALUK COCTABIISI-
er 1913B). IIoTHOCTH MIA3MEHHOTO CIIOST B 9TOM CIIy-
Jae cleayeT oXKHIATL Ha ypoBHe 3.6 - 1023 em ™3, uTo
OKAa3bIBAETCsI BBIIIE, YeM B CJIYIae MUIIEHH U3 MOJTUCTH-
pouta. Boijee BbICOKast MIOTHOCTE MJIA3MBI JIOJIYKHA MTPHU-
BOINTH K HADIIOAEHNIO 60JIee BHICOKUX TOPSAIKOB rap-
MOHUK B PEXKUME MeHePalul KUabBaTepHOil BoJHbI [37].
Onanako adpdexrupaocts rereparnuu Bl rakske cyie-
CTBEHHBIM 00PA30M 3aBUCUT OT BEJIMUUHBI TPAUEHTA,
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Puc. 3. CI'IeKTpaJ'IbeIe NNHNUK  yrnepogda B Cnyd4ae MUWEHU N3 NOAUCTUPOaa npu O6J'IyquVII/| MULWEHNn wMmnynbCamun C

Ao 1.03MkmM npu ag =~ 0.2 (a, 6) n umnynbcamm ¢ Ao

3

.85MKkM mipn ag & 1 (8) B pasHbIXx Y4aCTOTHbIX ANANA30HAX.

LLITpnxoBbIMN KpMBBIMU MOKa3aHbl oxkugaemble nosuuun Bl gna Ao = 1.03 MkM n3ny4dennsa. YkasaHbl HEKOTOPbIe CMEKTPasib-
voie nuHum C (Hanpumep, C Il — gBaxkAbl MOHW3MPOBaHHLIA yriepoa u T.4.). 2) CnekTpanbHble NMHAYM, 3aperncTpupoBaHHbIe

npu ceeveHun paspsigos B He (3eneHas kpusas) n Ne (cuHss kpusasi) HU3koro gasnienusi. JIMHUM UCNoONb30Bannch Aas rpagym-
POBKM CMEKTPOMETpa MO ASIMHAM BOJIH. 3a/IMBKOI MOKa3aHbl CnekTpbl nponyckaHus Al-ponbru tonwuuoi 250 HM u Sn-donbru
TonwmHoit 300 HM, MO rpaHULAM KOTOPbLIX TaKXKe NPOBOAUIACH FPafynpoBKa

€O3/1aBaeMOro maasMeHHoro cios [38]. B mamem skcme-
pumenTe Hanboabimee uncyio BI' mabmomamocs 1isa Mu-
MMeHu U3 MoJucTHposa — H1 mopsaok. lapMonnku 10 45
OpsA/IKa HAOIONAINCH [IPU UCIIOIb30BAHUU MUIITEHEH
u3 CaFy u BK7, mis monuzanum KOoToOpbIx Tpedyercs
JIOCTUIKEHHE 00J1ee BBICOKOW WHTEHCUBHOCTHU, YTO BBI-
TOTHAETCs OJIMKe K IEeHTPATHHON JaCTh JTa3€PHOTO UM-
My/IbCa W TMPUBOAAT K (POPMHUPOBAHUIO DOEe KPYyTOro
mra3mersoro ¢dponta. C Apyroit CTOPOHBI, B CIydae
METAJIIMYECKOH MUIIEeHN, HAnbOIee Jerkoi JjIsd NOHU-
3amun, MIPOUCXOIUT PACILIBIBAHIE (DPOHTA ILJIA3MBI, ITO
OKa3bIBAETCS HEOMTUMAILHBIM s reHepamun Bl

Ha pwc.4 mokazam cmexktp BI' B amamasome
70-170 mM, 9TO cooTBeTcTBYeT 23—-51 mopsakam rap-
MOHUK JIQ3€PHOTO M3JIYUYEHUS Ha MEHTPAJTLHON ITUHE

BOJTHBI A\g = 3.85 MKM, F€HEPUPYEMBIX HA MWIIEHW W3
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moucTUpoIa. it mosrydenns: HanIy gimero KOHTPacTa
CMeKTp OBLT TOCTPOEH HA OCHOBE TOPH3OHTAIHLHOTO
IEHTPAIHLHOTO CeYeHUsT KapT W HOPMHUPOBAH Ha TyB-
creurenbaocth MCP-gmerekTopa u  orpaxKaTeabHYo
crmocobHOCTh  3070Ta.  [lepecekarompecss rpaHuIHbIE
JINAITa30HbI BCEX TpeX KapT (puc.2a—6) MO3BOJSIOT
[IPOBECTU HENPEPHIBHOE CITUBAHUE CIIEKTPOB IS KaXK-
Joit m3 KapT. Takmm oOpa3oM, CTAHOBUTCS BO3MOXKHOIT
OTIEHKA CKOPOCTH YMEHbBITeHUsT WHTEHCUBHOCTH W3JTy-
YeHWsT TApMOHWK C POCTOM WX Topsaka. Kak MOKHO
BUIETH u3 puc. 4, marencuBHocTh BI' OBICTPO yOBIBAET
B HU3KOYACTOTHOH obnacru (24-34 mopsamku), 3arem
TIPU YBEJINYIEHUN HOMEpa TapMOHWK TPAJWeHT yObIBa-
HHUsS MHTEHCHBHOCTH yMeHblaercs (40-51 mopsiakm).
Cremennoii xapakrep yObiBanus waTeHcuBHOCTH BI
SIBJISIETCST  OJTHUM W3 OCHOBHBIX WHINKATOPOB ISt
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Puc. 4. DkcnepumenTansHblii cnektp BI, nonydeHubiii npu
B3aUMOAENCTBMN CBEPXKOPOTKUX NA3EPHBIX MMMYNbCOB Cybpe-
NATUBNCTCKON MHTEHCUMBHOCTU HA LEHTPASIbHOW AJIMHE BOJHbI
Ao = 3.85MKM C MOBEPXHOCTHK MULIEHW W3 MOJUCTUPONA.
KpacHoil WwTpuxoBoii KpMBOW NOKasaHa CTEMEeHHasl anmnpok-
cumauus ana guanasona 40-51 nopsigkoe rapmotuk. 3ene-
HOIl KPUBOI MpeACTaBNEHA OXKUJAEMAsl TEOPETNYECKas 3aBuU-
CMMOCTb WHTEHCUBHOCTN FapMOHUK OT UX MOPSIAKOBOro HOMe-
pa n~ %3 [41]

PEKHUMOB JIA3ePHO-IIA3MEHHOA TeHepalul TapMOHHUK
OT TOBEPXHOCTH TBEPAOTeIbHON Mutienun [39]. Boura
MTPOBEICHA CTEMEeHHAs AaNMpOKCAMAIA N~ %  BBICO-
KOYACTOTHOH OOJACTH CIOEKTpa TapMOHHK, TIe 1 —
OPANIOK TaAPMOHHMKH, (v — IIOKa3aTelb CTemeHu. s
rapMoOHUK 40—51 MOPSAIKOB TOTYUYEHO 3HAUEHUE v ~2 4
(puc. 4, kpacHas IITPUXOBasl KPUBas), IIPU STOM HA
rPaHUIE SKCIEPUMEHTAILHOIO CIEKTPa OOHAPYKEHO
CTPEMJICHUE 3aBUCUMOCTH K TEOPETHUIECKONW OICHKE
n~8/3 s pexkmMa PeSITUBUCTCKOTO OCIAIIINPY OIIe-
ro 3epkasa [31].

B skcnepumenTax [40] HAGIIOAATOCH PACXOXK ICHAE
¢ aToit omenkoit. HemaBume pacdersl, BLIMTOTHEHHBIE
B IMAPOKOM JWANA30HE JIA3ePHBIX WHTEHCUBHOCTEH W
JUTMH [1a3MeHHOro rpajuenta [41,42], noarsepxxia-
IOT BO3MOXKHOCTD PACXOXKJIEHH, TeMOHCTPUPY OICHKY
1.1 < a < 5.8. Takum 06pa3om, XapakTep 3aBUCUMOCTH
n~%, MONyYeHHEI B HANIMX SKCIEPHMEHTAX, COTIACY-
€TCA C SKCIEPUMEHTANBHBIMA JAHHBIME, IOy IeHHLIMEA
JIIs J1a3epHOro u3nydenus oOmkaero NK-anamasomna.

OJIEKTPOHHBIE TOKH B ILTa3Me, (POPMUPYEMBIE IIPA
OOJIy9eHN TBEPIOTEIHLHBIX MUIIEHEH JTa3ePHBIMA M-
IyJIbCAME CyOPETATUBACTCKON U PENATUBACTCKON HH-
TEHCHUBHOCTH, MOTYT HE TOJLKO IIPUBOIUTL K TEHe-
pammn BT, HO W ABIATHCA MCTOYHUKOM W3JIyTCHUS
TTi-auanasona [43, 44]. Bo3MOXKHOCTH CHHXPOHHO-
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ro wm3aydenns BI' w Tlm-umnynancoB npm mazepHo-
ILUTA3MEHHOM B3aWMOEHCTBUU TO3BOJISET MPUMEHSTD
METOIVKY HAKAYKU —30HIUPOBAHUS B WCCIEIOBAHUSIX
CBEPXOBICTPHIX MPOIECCOB HA ATTOCEKYHIHOM MaCIIITa-
Ge [45]. IIpu 9TOM OCHOBHBIME MEXaHH3MAMH TeHepa-
MM HU3KOYACTOTHBIX JIEKTPOMATHUTHBIX WMITYIHCOB
OT TIepeJIHel MOBEPXHOCTU MUIIEHU SIBJISTFOTCS TTPOIIEC-
CBhI KOT€PEHTHOTO [TEPEXOTHOTO M3JIy Y€HUS PEJISITUBUCT-
CKUX 3JIEKTPOHOB MPU TEPECeUCeHUN TDAHUIBI MEXKILY
MIa3Moit n BakyyMoM [46,47] n Bo30Y K IeHNsT TPOI0JIh-
HBIX MOBEPXHOCTHBIX TOKOB [48]. lyist reHepammy HW3-
KOYaCTOTHOTO W3JIyI€HUS HCIOIb30BATACH Y2KE UMEIO-
mascs dKCrnepuMenTatbuas cxema (puc. 1). Tenepupy-
emoe Ha mwutiern TTHm-usmydenwe BBHIBOIMIOCH M3 Ba-
kyymuaoro obbema VC1 B armocdepy depe3 OKHO u3
nosmmveruinentena (PMP, TPX) rosmumHoit 6 MM, Tipo-
3paunoe B anamnazone < 6 T, n gasee 3aBOANIOCH HA
saeiiky Toses. Curnan ¢ saeiiku [omes mocie ycue-
HUSA TOAABAJICA Ha UG POBOI OCHIITOrPad, ITO MO3BO-
JISIJIO PECUCTPUPOBATH HEMPEPBIBHYO CEPUIO JIA3EPHBIX
BoictpesioB. Curnan Tlu-uznydenus cobupacs JaByx-
JIIOMOBBIME TTIAPAOOTUIECKUME 3€PKAJIAMU U3 TeJec-
moro yria 0.1cp. ma mpeaoTBpaliennst 3arpsa3HeHmns
TPX-okHa, BOIM3M KOTOPOTO PACIOIAraIaCh MUIIEHD,
HCIIOJIb30BAJIACEH ILIEHKA TOJIMUHONA 25 MKM M3 IIOJIH-
9TUJIEHA HU3KOI TIJIOTHOCTH, TTPO3pAYHAS B Teparepiie-
BoMm guamnasone. Marepuas okana TPX obmamaer cuib-
HBIM Tormornernem B cpeanem UK-nmamazone, aro mos-
BOJISIET SKPAHUPOBATH AETEKTOP OT OTPAYKEHHON JacTh
JTA3epHOTO M3AyUIeHnsd \g = 3.85 MkM. [I1g momaBieHms
curuajia BTOPOi rapMonuku (A9, &~ 1.9MkM) mepen
JIETEKTOPOM JOITOTHUTEILHO YCTAHABINBAIACH YePHA
TJIOTHAS TTIOUITUICHOBAA TIIeHKA TOoamuHoi 100 MKM.
Hawm ynamoch mabmiomars ciaaderit curaan Ti-usiry-
geHus OT mwuieHeii u3 mosmumcruposa, CaFo um asmo-
MUHUSI TIPU SHEPTUU JIA3EPHBIX WMITYJIHCOB HAKATKH
e wmenee Wy

~
~

15 Mm/Ix. Dueprust HAOIIOIAEMBIX
TTu-ummysnbcoB cocrasisia okono 3—5u/lx. Haubo-
smee crabuiabubiil curaan TIn-usaydenus: HaAOIIOIA-
Csl TIPU WCTOJIB30BAHUYM MWINEHH W3 MOJUCTUPOJIA, C
perucrpammeii TT-uMIyabcoB IpHM KaskKJIOM BBICTpe-
e masepa. [Ipm obaydeHnn amfOMUHAEBOW MUIIEHN S-
MTOIAPU30BAHHBIMU JIA3ePHBIMY uMITyIbcamu T 1-cur-
HaJI CTAHOBUJICS ITOPSA/IKA YPOBHS IIyMa U HAJIEKHO HE
perucrpupoBaJics. Ycaopus Habmogenns T n-curaana
OTHOCHUTEILHO HAYAJIHLHOTO UUPIIA JIA3EPHOTO WMITYIh-
ca, ero YHEPrur W MOJOKEHUST MUIIEHU OTHOCHTETHHO
doKyca COBIATANN C YCIOBUAMA HADTIOICHNS HANBDIC-
ITUX TTOPSIIKOB TAPMOHUK.

Takum 00pa30M, BBIMOTHEHHBIE YKCIEPUMEHTAh-
HbIE UCCTIEIOBAHNS TIO3BOIIIHN 3aperucTpupoBath T -
W3JIydeHre W TapMOHUKH BIJIOTH A0 51 TOpAIKa B
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mra3me, 00pa3yemMoii Ha MOBEPXHOCTH TBEepPIOTETbHBIX
MuUtIeHeil (PeMTOCEKYHIHBIMU JTA3€PHBIMUA UMITYTHCAMA
cpeqaero NK-nmamasoHa cyOpeasiTHBHUCTCKON WHTEH-
CUBHOCTHU. BBIJIO MOKA3aHO, 9TO HAMOOJIBIIII MTOPSIIOK
rapmMoHuK u TTm-uMmynbesl ¢ 6ombIneit sneprueit Ha-
OJIFOIATOTCS TPU UCTIOIH30BAHUN MUIIEHH W3 MOJUCTH-
poa.

Buiarogapuoctu. ABTOpPBI BBIPAYKAIOT HUCKPEH-
HIOI0 MPU3HATEIHHOCTh HAYIHOMY PyKOBOAUTETO Jla-
6oparopun (POTOHUKH W HETHHEHHON CIIEKTPOCKOINN
A. M. ZKenrukosy, moj pyKOBOICTBOM KOTOPOTO BhI-
MTOTHSATUCH UCCIIEOBAHUSA.

dunaHcupoBaHre. PaboTa BBIMOTHEHA TP TTOI-
nepxkke Poccuiickoro nayunoro domza  (rpaHTb
NeNe 22-22-00955 — renmeparus TTn-uzmyvenus, 22-22-
00964 — renepanus BHICOKUX TAPMOHUK).
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