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HMccnenoBan ogHOYACTOTHBIN HpoliecC B3aMMOACHCTBHS M3IydeHHs 3kcuMepHoro ArF-imasepa ¢ maposoit (asoit
HuTpoOen3ona. [Momydena duryopecreHims kosie6aTesbHO-BO30YKICHHBIX MOJIEKYJI OKCHIa a30Ta, 0Opa3oBaHHBIX
npu dorodparmenTany HUTpoOeH3os1a. [lokaszano Bimsinne mHepTHHIX ra3oB He, Ne m Ny Ha duryopecuenio
Bo36yxenHbx cocroarmii NO C?I1 u NO A’Y, D*Z. B cpefie a30Ta IIPOMCXONMT YCHieHHE (JIyopecleHIHT
NO A%Y (v =0) 3a cYeT MEKMOJICKY/IAPHOMN GE3BI3TyUaTENbHON MepeNadl SHCPIHH C METACTABHIILHOIO YPOBHS

N? A’Y ua anexTpounsii yposers NO A%,

KmoueBbie cnoBa: HUTpocoennHeHue, GporodparMeHTaIms, OKCul a3oTa, (GiryopecreHIus.
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BeepeHue

[Ipr m3ydeHHn nporeccoB (pOTOAUCCOLMAIMN CIIOKHBIX
OpPraHMYEeCKUX COCIMHEHWI, M3MEPEHUSIX BPEMEHH JKU3HU
BO30Y)KIEHHBIX COCTOSHMII MOJIEKYJ M KOJMYECTBEHHOI'O
COOTHOILIEHUS IPORYKTOB PEaKLUy, KaK MIPaBUJIO, UCIIOJIb3Y-
I0TCS HECKOJIBKO JIa3€PHBIX UCTOYHUKOB B U3BECTHBIX JKCIIe-
PUMEHTAJIBHBIX METOIMKAX ,,pump-probe. JlaHHbI ciocod
UMEeT HEKOTOPOE CXONCTBO C ONTHYECKAM METOIOM HC-
CJIeIOBaHMA BelllecTB Yepe3 (oTopparMeHTaluIo OCHOBHON
MOJIEKYJIBl € MOCJIeAYIONIel JIa3epHO-UHAYLIPOBaHHOM (uIy-
OpecCIeHIIell ee XapakTepucTuieckux (parmeHros (PO-
JIN®) [1]. Tporecc j1a3epHOro B3aUMOMCHCTBUSI C Belle-
CTBOM MO)KET OCYLICCTBJISITbCS KaK Ha OIHOW, TaK W HA
HECKOJIbKUX JIMHAX BOJH u3imydeHusd. Ilpu aByxuacToT-
HBIX B3aMMOICUCTBUAX Oocoboe BHMMaHHE yneyseTca 3¢-
(eKTUBHOMY BHIOOPY (parMEHTHUPYIOLIEro U IOCJeRyIole-
ro Pe30HAHCHO-BO30YKIAIONIEro JIa3epHOr0 MCTOYHHKA 10
MaKCHMaJIbHOMY CCUYCHHIO IMOTJIONICHUs. B ciyyae mpume-
HeHMs ofgHodacToTHOro Merona OP-JIM®P cobsmonaor psan
YCJIOBHIL: HCCIIEyeMble MOJICKYJIBI 00JIafaloT [OCTaTOYHO
BBICOKHMM CEYEHHEM IOTJIOLICHHUS [JIS UCTIOTIb3YeMOIl IJIMHBL
BOJIHBI M3JTyYEeHUs], IOTJIONICHHE MTPUBOIUT K (DOTOMMCCOIH-
aIyy MOJICKYJIB, 0Opa3oBaHHBIE MPOCTHIE (OTOPPArMEHTHI
HOOXOOAT VI IOCJICAYIOLIEro JIa3epHO-UHIYLIUPOBAHHOTO
npolecca, IIUTEIBHOCTh UMITYJIbCA M3JIyUYEHUS] AOCTaToY-
Ha [UId NPOOOJDKUTETIBHOCTU BCEX IIOCIIENOBATEIBHO IIPO-
TEKaOIINX TpoleccoB. Ecm sHepreTHvecKkne paccTOSHUS
MEXIY YPOBHSIMH OCHOBHOTO M BO30YXICHHOTO COCTOSTHHI
MOJIEKYJT OOJIbIIIKE, TO MCIIOJIb3YIOTCS MHOTO(OTOHHBIE ITPO-
11ecChbl B3aUMOMICICTBHSA C YJIbTPAKOPOTKOM JJIUTEIbHOCTBIO
HMITYJIbCA JIA3EPHOTO M3JTydeHusi [2-5).

HerexkTupoBanne 10 (JIyopecleHIMN  KoJiebaTebHo-
BO30Y)KICHHBIX (DpParMCHTOB OKCHJIOB a30Ta W3 OpraHuye-
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CKHX U HeopraHmdeckux HuTpocoenuHeHuil R-NOy sBiser-
csl aKTyaJIbHOH 3afja4eil Hay4HbIX UcciienoBaHuil. [TockosbKy
BEIIeCTBa AHHOIO Kjlacca 0OpasyloTCs U 3arpsisHAIOT MpU-
3eMHBIIl aTMOC(EpPHBIl CJIOH B OCHOBHOM U3 aHTPOIOTEH-
HBIX HCTOYHUKOB: METAJUTYPrusi IPH BBICOKOTEMIIEPATypPHOM
CTOPaHHU HCKOMAEMOro TOIUINBA, BHIOPOCH aBTOMOOUIIBLHO-
rO TPaHCHOPTA, TEIUIOBBIC JICKTPOCTAHINM, a TaKXKe Kak
COIYTCTBYIOIIUI NPONYKT XMMHUYECKOHA a30THOKUCIIOTHOH
IpoMbluleHHOCTH. Oco0yl0 3HaYMMOCTb B Hay4HOH 00Jia-
cTu obecredeHus 6e30IMaCHOCTH MPUNAIOT UCCIICIOBAHMS 110
JWCTaHIMOHHOMY IETEKTHPOBAHMIO (hIyopecmeHImn ¢par-
MEHTOB OKCHJA a30Ta, MOJy9acMbIX U3 HUTPOCONCPKAIINX
BBICOKO3HEpreTHieckux Marepuanos (BOM) mpu nasep-
HOM BoszfedcTBun [6-9]. DiyopecueHims KoebaTesbHO-
BO30YXKICHHBIX ()ParMEHTOB OKCHAA a30Ta TaKkKe Ipel-
CTaBJIICT MHTEPEC U MPH M3YyYCHUH XCMHIIOMUHECHEHTHBIX
peaxuuit NOy, IPOUCXOASAIINX B BEPXHUX CIOSIX aTMOChephl
B Pe3yJIbTaTe COJHEYHOro pajranuoHHoro Gporomusa [10].

OddexTnBHOE MOrNIOMEHNEe OOJBIIMHCTBA HUTPOCOEP-
alllUX BELIECTB HAXOMUTCA B JaJbHEM YIIbTPaguoieTo-
BoM nuanasone crektpa (Y®-C) [11]. Opranuueckoe co-
enuHeHue HuTpobeHzon CgHsNO, obmamaer mpocreitmeit
3JIEKTPOHHON CTPYKTYpOIl cpeay apoMaTH4eCKUX HUTPOCO-
CIMHEHUII M TMPEACTaBIAET CO0O0I0 MOJIE3HYI0 MOAEb AT
U3YYCHHUS AMHAMUKA (OTOXUMHIYCCKHX PEAKIIN HHUTPOCO-
JepKalUX BEIIeCTB.

DJIeKTPOHHO-BO30Y:K/ICHHbIC CHHIJICTHBIE COCTOSTHUS apo-
MaTHYeCKUX HUTPOCOCANHEHUH YaCTO CUUTAIOTCS IPaKTHIe-
cku He ¢uryopecuentabiMu. Hutpobenson (HB) He ume-
€T SIPKO BBIPOXICHHOH 3MHICCHOHHOH CIOCOOHOCTU IpH
KOMHATHOH TeMIlepaType, MOCKOJIbKY €ro CIEeKTpajibHble
Hepexosl PasHeCeHH Ha OoJbInye paccTosHMs. Jle3aKTiBa-
st (PIyOpECHEHTHOTO COCTOSIHUSI OOBSICHAETCS OBICTPOTOM
IPOTEKAHUS WHTCPKOMOMWHAINIOHHON KOHBEPCHH CHHIJICT-
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Puc. 1. Onruyeckas cxema Jjasepa: | — mpsiMOyrosibHast Ipusma
¢ ko3¢ ¢umenrtom orpaxenuss 10%, 2 — mmadparma 6 X 3 mm,
3 — akrtuBHadg cpema, 4 — IpPU3MAaTHYECKUi Tesieckom, 5 —
madpaknuonHas pemerka 2400 Groove/mm, 6 —- npodmiomerp
SP620U, 7 — m3mepuresb AuHB BoHE WS6, 8 — nenmresbHast
IUIACTHHA.

Ta6nuua 1. INapamerps ArF-nasepa

IMapamerp 3HaveHue
IlenTpanbHas 1MHA BOJIHBL, Nm 1933
Junana3oH mepecTpoiiku, nm 193.05-193.7
JImMTEbHOCTE MMITYJIbCa 10
(FWHM), ns
upuna ymHMK, pm 20

MaxkcumabHas SHeprus, mJ 10 (y3komosocHslit) wm g0
200 (IMMPOKOIIOIOCHBINA )

Yacrora noBropenus, Hz 20

Pacxomumocts, mrad < 0.8

Pasmeps! myuka a x bmm 5x10

TPHUIUICTHOTO TePexofid Sy« — T+ 32 HAHOCEKYHIHOE Bpe-
mst. BeicTpast witn cBepxObicTpast Oe3bI3iTydaresibHasi KOHBep-
cust BO30YKICHHBIX CHHIJICTHBIX COCTOSTHHI apOMATIIECKIX
HUTPOCOCAMHCHUI yKa3blBaeT Ha oOIHe OCOGEHHOCTH HX
cTpoenus, rae Hutporpyima NO; NposiBIIsieT CHIIbHBIC JICK-
TPOHOAKIIETITOPHEIC CBOMCTBA, YTO MPUBOAWT K YMEHbIIE-
HUIO KBaHTOBOTO BBIXOfa (ryopecueHuuy. VI3BecTHa JIHIIb
BO3MOJKHOCTb MOJTydeHUs c1aboit ocopeciieHInn y HUT-
poOeH30/1a B ONMTUYECKAX B3aMMOICHCTBHSIX TIPH KPUOTCH-
Hoit Temmnepatype 77K [12].

N3-3a cnoxxHOCTH TOMTy4YeHnsT (PIIyOpecleHIINH OT apoMa-
TUYECKUX HUTpocoenuHeHuit ontuyeckuil meron PO-JIND
MO3BOJIAET ONPEACTIUTh HCXOJHOE BEIIECTBO KOCBEHHBIM
00pa3oM MO Y3KOIOJIOCHOH (JTyopeclieHIIMM OCHOBHBIX Xa-
pakTepuCcTHIeCKuX (parMeHToB mociie cramuu (oTodpar-
MeHTaluu. B Hactosimeil pabote mpHUBOAATCS PE3YJIbTATHI
UCCJICAOBaHUsl BPEMEHHBIX U CHEKTPAJIbHBIX XapaKTEPUCTHK
(yopecreHIn Kose0aTeIbHO-BO30YKICHHBIX (pparMeHTOB
OKCHJa a30Ta, IOJyYCHHBIX IpPH B3aMMOACHCTBUU MapoB
HUTpPOOEH30JIa C u3IydeHHeM skcuMepHoro ArF-nmasepa.
Uccnenytorca JIN®-nporieccer NO B cMecn mapoB HUTPO-
6ensona ¢ rasamu He, Ne, N, u atmocdeproro Bosmyxa.

1. 3kcnepumMmeHTanbHas annaparypa u
MeTOANKN N3MepeHuin

B skcniepuMeHTe 10 B3aNMOIEHCTBHIO JIa3epHOro U3Tyde-
HHUSA C HUTPOOEH30JIOM HCIOJIb30BAJICS 3JIEKTPOPA3PAIHBIHA
ArF-nazep (Coherent, COMPex 102). OcHOBHbBIC TeXHHYE-
CKHe TapaMeTpHl J1a3epa MPUBEICHBI B TaOJIHIIC.

JJ1s1 TIOJTyYeHUsT Y3KOIIOJIOCHOTO M3JTyYCHHUS B 33/Ial0MIeM
reHepatope (3[') WCIOSIB30BAJICST ONTHUYECKHI PE30HATOP,
cxemaTHdeckn wn3o0paxeHHbt Ha puc. 1. {udpaxnmon-
Has pemeTka 2400 groove/mm ycTaHaB/IMBajlach B peXuMe
aBTOKOJUIUMAIIMM CO BTOPBIM IIOPSANKOM OTpaxkeHus. [l
YBEJIMUEHUs] pa3Mepa IMafaiolero Iydka Iepel pewieT-
KOU HCIIOJIb30BaJICS MPU3MEHHBI Tesieckon ¢ 10-KpaTHbIM
yBEJIMYEHUEM M0 ONHOI KoopauHaTe. V3mydenme Jasepa
BEIBOOHMJIOCH Yepe3 MPSMOYTOJIbHYIO IPH3MY C IOJHBIM
BHYTPEHHHM OTpakeHHeM. YacTb MOBEPXHOCTU IPU3MBI,
obOpamenHasg k 3I, umena oTpakaTelIbHYIO CHOCOOHOCTh
10%, Ha Opyroil yacTH MOBEPXHOCTH HAHOCHUJIOCH HEOTpa-
*Karomee MmokpbiTue. Tak kKak MIMpHHA CIIEKTPATBbHOM JIMHAH
TCHepalyd HENOCPEICTBCHHO CBsi3aHa C PaCXOIMMOCTBIO
W3JIyYeHUs, TO pa3Mep OuadparM BBIOHPAJCA C y4ETOM
IUIMHBI pe3oHaTopa. JlJ1d mosTydeHns n3jIyueHus ¢ IMPHHOM
cnekTpajipHOi JmHUM 20 pm HEeoOXoouMo, 4TOoOBl pacxo-
AMMOCTb IIyuKa M3JTydeHus: Obula He Oosiee © = 0.3 mrad
TOJIBKO IO ONHOI KoopamHaTe. B ceJleKTHBHOM pe3oHa-
TOpe pasMelIaINCh JBe IIeJieBble auadparMel pasMepoM
6 x 3mm BAoOAb JMHUN IUGPAKLIUOHHON pEIIeTKH, 4YTO
MI03BOJISNIO CPOPMUPOBATH Y3KOMOJIOCHBIH ITyYOK U3JTy4eHHS
C YMCHBIICHHBIMH IIOTEPSMH B BEPTHUKAJIBbHOI IJIOCKOCTH
cedeHus mydka. J1J1s IoTyYeHns TMHEHHO NOJIIPA30BaHHOTO
W3JIyYCHUS] OKHA JIa3ePHOM KaMephl pacIojarajinch oM
yriioM Bprocrepa k onTudeckoit ocu pesoHaropa. CTeneHb
HOJIAPHU3ALIMHI BBIXOIHOTO Iy4YKa MPH MaKCUMAJIbHOI MHTEH-
CHBHOCTH cocTaBJisiia He 6osee 0.9.

Onrtuyeckas cxemMa 3KCIePUMEHTAIbHON YCTaHOBKH IIpe-
CTaBJIeHa Ha puc. 2. B3anmMoneiicTBre 1a3€pHOTO U3JTy4eHUs]
C HACHIIIEHHBIME mapamu HuTpober3oma (~ 0.21 Torr) mpo-
WCXOIMJIO B Ta30BOi KIOBETE M3 HEPIKaBCIOIIEH CTaJM MpU
KoMmHaTHOI Temmeparype T = 298 K. Ha Topmax kioBeTHl
yCTaHaBJIMBAJIUCh KBapLeBble okHa Mapku KVY-1, mpomycka-
IOIe ¢ MUHAMAJIbHBIMU IIOTEPAMU (HITyOPECLEHIIMIO OKCHAIA
azota B obsactu 200—250nm. KioBeTa mnpenBapUTEsIbHO
OTKaunMBajach TypOoMosekymsipaeiM Hacocom (ILMVAC,
Turbo-V 81-AG) no 1075 Pa. Hamyck uccnemyemoii cme-
CH Tapbl HUTPOOEH3OJI/MHEPTHBHIN a3 WM aTMOC(epHBIl
BO3IYX B KIOBETY OCYIIECTBJISUICS PETYJIATOPOM MacCOBOTO
pacxoma (MKS, GE50A013500RMV020). [Tyist BpeMeHHBIX
MapaMeTpoB CHHXPOHM3AIUH W 3a0CPIKEK PETHCTPHPYIO-
mieil CIeKTpabHOM aImapaTypbl M JIa3¢pPHOIO MCTOYHHKA
UCIIOJIb30BAJICS YIIPABJISIEMbIil IBYXKaHAJIBHBIA T'€HepaTop
nvmysbscoB (Digit-EL, PG-872).

Perucrpanus ¢uryopectieHIMN ¢ BO30YXICHHBIX YPOBHEH
NO A’%, D?Z, C?I1 npousBoguiaach TepHeHIHKYIAPHO
nafamomeMy wusinydeHnto. KsapreBas mmu3za L cobuparna
paccesiHHOE M3JIyueHHE W (opMHpoBasia n3o0paxkeHne 00-
JIACTH B3aMMOJICHCTBUSI HA BXOIHOM IS MOHOXPOMATopa.
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Puc. 2. DkcnepumenrasnbHasi ycraHoBka: LS — ArF-nasep, PG — ummysibeHblil reHepaTop 3aaepikek, GC — rasosas kioBera, BD —
TIOIJIOTUTENb Iydka, L — cobuparomas ymmH3a F = 150 mm, monoxpomarop ¢ ¢okamprol mmmHOH 500 mm, ICCD — wuHTeHCHBHas
CCD-kamepa, MFC — xoHTposiep Hamycka, V1—V3 — anexrpudeckue kianaHa, VP — BakyyMHBII Hacoc.

CrekTpasibHasl CeJIeKLUs PacCesHHOIO CBeTa OCYIIECTBJIS-
Jiacb MoHOxpomaropoM (Shamrock, SR-500i) ¢ ¢dokycHbIM
paccrostaeM 500 mm. BpemeHHbIe 1 aMIUIATY/IHBIE Xapak-
TEPUCTHUKH (ITyOpECeHIINN CHIMaHCch kamepoit iStar[CCD
(AndorTechnology, DH720-18F-03) ¢ paspeuieHneM MeHee
Sns mpu KBaHTOBOH 3(dekTuBHoCcTH (hoToKaroma ~ 10%
B obiactn 200—250nm. IlosydeHHBIE SKCIIEpPUMEHTAIb-
Hble CHEKTpHl (JIyopecLeHIMM OKCHIa a30Ta COIOCTAaBJIf-
JIICh B TIPOrPaMMHBIX IIPOIYKTaX MOICINPOBAHUS CIIEKTPOB
LIFBase, LIFSim [13,14]. DHeprust ja3epHOro H3JIy4eHHsS
mMepsiiachk kasopumerpom (Gentec-EO).

2. Pesynbratbl n obcyxpaeHune

2.1. Cragusa dotocparmeHTaunm HuUTpob6eH3ona

Hnsa dpoTodparmMeHTay HUTPOOEH30J1a HCIOJIb30BAJIOCH
n3mydeHne ArF-masepa ¢ HEHTPaJbHOM UIMHOM BOJTHBI
193.3 nm. Ceduenne norsomeHnst HITPOOEH30J1a I BO3ACH-
CTBYIOIIIETO M3JTyICHIS MOKa3aHo Ha puc. 3. PoToKnHETHIC-
CKHMe peakiuu (GoTodparMeHTaluy AuMepa HUTPoOeH30I1a
Ha OKCHJIBI a30Ta 1 MOHOMEpP HHUTPOOEH30J1a IPEeCTaBIICHBI
cienyrommm obpasom [16]:

C¢HsNO, + hv — C¢H50 + NO,

OnTnka u cnektpockonusi, 2025, Tom 133, Bbin. 8

Egiss = 0.79¢V, (1)
C¢H5NO, + hv — CgHs + NO»,
Egiss = 3.15€V, )

Nitrobenzene

o_ 0

8. gﬁ O
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10717 cm?. molec™!
N

ArF
193.3 nm

Absorption cross section,

160 180 200 220 240 260 280
Wavelength, nm

Puc. 3. BsaumopeiictBue masepHoro msiaydeHus 1933nm c
HuTpoOeH3osoM: I — wm3iydeHne ArF-masepa, 2 — aKclieprMeH-
TaJIbHOE CEYCHHUE IOIVIOMECHUsT HUTpoGeHsoma [15].
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Puc. 4. (a) Kpusbie noTermmarbroit sreprum NO. (b) Pacuertnriit ciextp mormomenus LIFBase ms NO A’Y, D%, BI1.

C¢HsNO, + hv — C¢HsNO + O,
Ediss = 3.96€V. (3)

Jnsa mocnenyromero JIM®-npouecca B Moesn paccMar-
puBatotcst peakiwn (1) u (2) ¢ Henblo monydeHus: Koseba-
TeJbHO-BO30YKIeHHbIX cocTosmit NO X1 (v” > 0). O6-
pasyomascs npu GpoTodparMeHTaluy KojaedaTesbHas Hace-
siearocts NO X211 oTiH9aeTes: COOTHOMEHHEM KOHIIEHTpa-
IIUY MOJIEKYJ1 OT pacipeneieHus bosbliMaHa ecTeCTBEHHOTO
atmocdeproro NO X211 (v” = 0/1/2) — 1/1074/108 npu
T = 300K [17]. B TeueHre IJIMTEIBHOCTH MMITYJIbCA JIa3ep-
HOT'O B3aUMOJICHCTBHS OCTABIIAsICS SHEPTUS IOCTIC TUCCOLH-
aluy HUTPOOEH30J1a MOJKET PAacXoNoBaThCs Ha BO30OYKIeHNE
NO X2I1 u Ha Bropuunyio mucconuarmio NO,. ITo dpoToku-
HeTH4ecKoMy KaHaiy (1) mpomcxomut oOpa3oBaHHE OKCHA
a3oTa yepe3 HATPO-HUTpaTHYIo neperpynmupoky ONO, o
KaHaTy (2) OCyIIeCTBIIsIeTCS HEMOCPEICTBEHHBI TOMOIUTH-
4yecKuil paspbiB cBsizu. O6pasoBaHHbIe 110 KaHaTy (1) moste-
kymsl NO X2TTv" obnamalorT pacnpeneieHHEM HACETEHHO-
cti no ypoeusim NO X*TTv”’(0/1/2)—(1/0.3/0.1) [18,19).

Bpemst ¢pparmeHTanMu HUTPOOEH30Ia [T JUIMHBI BOJIHBI
193nm paccuurano B pabore [20] ¢ HCHOTIB30BaHHEM
KBAaHTOBO-XHMHYECKOTO pacdyeTa BO30YKIAIOIIEH SHEepriu
METONOM 3aBHCSIIEH OT BpPeMEeHU Teopud (YHKLHOHAIA
wiotaocTu (time-dependent density functiona ltheory,TD-
DFT). Hns peakumm (1) Bpems cocraBisier 900ps, a
peakuust (2) MPOUCXOMUT CYIIECTBEHHO OBICTpee — 3a 48 ps.
B Tewenne mmrenmpHOcTH (10ns) mMMIysbca JIa3epHOro
BO3MCHUCTBUA Ha JJIMHE BONMHBI 193 nm oTMedaeTcss BeTB-
JICHUE KaHAJIOB AMCCOLMAIMM C COOTHOIIEHHUEM IPOIYKTOB
NO,/NO= 3.125(+37.5%). Bropuunasi ¢poromucconuarms
XapakTepucTHieckux ¢parmeHToB NO, Ha JJIMHE BOJIHBI
193 nm 3a Bpems 41.8 ps MoxeT 0Opa3oBaTh KoyrebaTEIIbHO-
B036YyxkaeHHbIe MosleKys bl NO X2I1, v/ ¢ MHBepTHpPOBAHHOI
HacesieHHOCThI0 [21-25]. BumonasbHas Gpopma pacmpenerie-
HUS KoJjieOaTebHOM HaceJIeHHOCTH oOJiagaeT ABYMSl Mak-
cumymamn — NO X*I1 (v =5) u (v’ =14) — wu3-3a

MPOTEKaHUsA pPas3/IMYHBbIX IO l'IOpOl"OBOfI SHEpPruun (I)OTOKI/IHG-
THYCCKUX peaxuuﬁ:

NO,X?A; + hv(193 nm) — NO,A’B,

— NOX™I, v”(14) + O°P, 1 <398nm, (4)

NO,X?A; 4 hv(193nm) — NO,B’B;

— NOX’II, v”(5)+0'D, A <244nm, (5)

3. JlazepHo-mHAayuupoBaHHas
cdonyopecueHuusa monekynol NO X2

Omneprus GpoToHOB m3mydeHuss ArF-nmazepa 6.41eV coot-
BETCTBYET IIOIJIOIICHUIO Ha BBICOKUX BpAIaTEJIbHBIX YPOB-
wax NO B2 — X’I1 (7,0), A’ — X2I1 (3,0) u
D?’S — X,II (0,1), KoTOpble MOKa3aHbl Ha MOMEJTHPO-
BaHHBIX cnektpax LIFBase na puc. 4,b. Ilpn unnynmmpo-
BaHHOM B030yxkmeHnn NO X,II mpm masmenmn 0.11 Torr
B pabore [26] momydena ¢uyopecuenmus NO B2IT—X2I1
(7,v"”). Hajnume B CIEKTpe IOMOJHUTENBHON (iryopec-
nenimu nepexomoB NO A?X—X2? TI(3, v”) u CoII —
X211 (0,1) oObsCHSETCA CTOJNKHOBUTEILHBIM Tepepacipe-
IeJIeHreM BpamaTesbHoi sHeprud. O cj1aboM IMOTJIOeHUH
Ha mepexomre NO D?(v' =0)-X* (v =1, J'=26.5)
coobmaiocs B [27] mpu Bo3OyxkaeHuH wusnydcHueM ArF-
nasepa Mosteky;asl NO X211 ¢ nasnenuem 2 Torr B siueiike.
Perucrpupyemasi uryopeclieHIMs] CpaBHMBAIACh C AMUCCH-
oHHBIM criekTpoM NO, mosyyaeMbIM NpH B3aUMOICHCTBUAX
W3JIyYeHUs Jia3epa B IDUIAMEHH TOpeHHs mpomana. B mpo-
necce ropenus npu temmneparype T = 1750 K okcupx asora
oOpasyeTcsi mo MexaHu3My 3enbmoBuda. PocT duryopec-
nemiu ¢ NO D?T (v/ = 0) oObsicHsETCS YBeIMYEHHEM
HACEJIEHHOCTH Bpamarebhbix cocrosamit NO X211 (v” = 1,
J’ =26.5) B pesyapraTe MorJoumieHns wusiaydeHus ArF-
nasepa.

Ontrka n cnekTpockonus, 2025, Tom 133, Bbin. 8
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Puc. 5. (a¢) DxcrepumenTanbubiii sMuccnonsbii cuektp NO mporecca PP-JIP HuTpoOeH301a, HAa BCTaBKE B PEKHME HAKOIUICHHUS
TIOKa3aHa CENMEKTHBHOCTH Tiepexonios. (b) Pacuernwiit cmextp smmccum LIFBase mna NO A2Z—X211 v'v” (0-1,0”), NO D*T X1

v'v” (1,v") 1 NO CHII-XT1 v'v” (0, v").

Ilorsomenne momcucremoit 2 = 3/2  3JIEKTPOHHO-
KonebaTenbHbIX  Mepexoqos NO  D?T—-X’IT (1,2) wu
A’E—X?I1 (5,2) HaxomuTcsi B IEHTPE CHEKTPAIbHOTO
KOHTYpa JIa3ePHOT0 M3JIy4eHUs.. BeposiTHOCTD MOTJIOMICHNUS
NO A’Y na mmmue BomHel ArFoiasepa Bbime, dem
y NO D?Y, cyns mo KodhpUIMEHTaM MOTJIOMEHH s,
KOTOpblE CyIIECTBEHHO pasamdaiorcs: NO  A2X—X2I1
(52) Ay =1751-10°, NO D?’Z-XI1 (1,2)
Ay = 1.275 - 104

OJIeKTPOHHO-KOJIe0aTeIIbHBIC YPOBHH COCTOSTHHIA
NO D?’T (v =1) u NO AT (v =5) naxomdrcs
Bpe mpegena guccommammn NO X2 6.496eV wu
63k Mo sHeprmm ~ 60cm”!. Bpemsi KH3HH IaHHBIX
MPEIUCCONMAaTUBHBIX ~ ypOBHEH paBHO 16+ 1ns s
NO D?T (v'=1) u 136+ 8ns ma NO A?Z (v =35).
OJIEeKTPOHHO-KOIE0aTeIIbHBIC IIePeXOnbl Ha 3TH YPOBHU
M3yYaIHCh C MCTIOTb30BaHueM (poToBo36yxaerns NO X211
OT sMHCCHOHHON JmHMU 179.9 nm ionHO# rasopa3psmHoOn
gammel.  Coobmanoch 00 00pa3oBaHMM BO30Y)KIEHHBIX
MOJIEKYI C 3aCEeHHOCThIO Ha ypoBHAX NO A%
(v'=35) wm NO D?T (v'=1) u perucrpuposaiach
(uryopecieHIMsI ¢ KoJieOaTebHO-BpalIaTesIbHOTO  YPOBHS
NO A%Z (v' =5, K’ =9). Takke He UCKITIOUAJICH BKJIAN
B UHTEHCHBHOCTb  ()IyOpPECLEHLMH SHEePreTU4ecKkoro
oomena VET wmexmy NO A?Y (v =5) wm NO D’
(v =1) [28-31]. Tlyrem naBYX()OTOHHOTO BO30YKICHHS
OpYd  HUCCJICNOBAaHUAX  (PIyopecLeHLMH  HUKeJIeXallux
KonebarenbHbx cocrosamit NO A’Y (v =4), NO D’Z
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(v' = 0) TakKe MOATBEPKAAIACH BO3MOXKHOCTb II€peHavn
sueprun NO A?Y — DX [32].

Ipu B3aumonieiicTBuy u3Tyyenus ArF-nazepa 20 mJ/cm?
B KIOBETE€ C KOHIICHTpalWed HACBHIIICHHOTO IIapa HUTPO-
OeH3osla TOJTydeHHBIH Hamu crekTp ¢uyopecnennmm NO
CpaBHUBAaeTCs C MofeiaupoBaHHbIMH crekTpamu LIFBase
Ha puc. 5. CHeKTp perucTpupoBajcsi B PEKUME CKaHU-
pOBaHHA HpH IOBOPOTE AU(PPAKIMOHHON PEIIETKH MO-
HOXpoMaTopa ¢ maroM 10nm ¥ HakOIUIGHHEM CHTHa-
ma mo 10 wmMmmysnbcoB. Bpemsi mHTErpupoBaHMsl yCTaHAB-
JuBajioch Ha Kamepe paBHeIM 200 ns ¢ MoMeHTa IoO-
SIBJICHUSI CHTHAJla JIa3epPHOTO PACCEsHHsS HA HECMENICH-
HOW coOcTBeHHON dacTtoTe. Ilpu OoJsblieM HaKOIJICHUU
curiania po 100 uMmynbcoB Ha puC. 5,a KadecTBEH-
HO TIOKa3bIBAIOTCS pas/iesIeHHbIe Iepexofs! (ryopecueHmn
NO C2M-X2I (0,2) u NO D*X—X’II (1,4). Hammune
nepexonoB NO C2I1—XIT (0, v"’) MokeT GBITh OOBACHEHO
reTeporeHHbIM B3aumonieiicteueM mexty NO D?Z (3po)
u NO C’I1 (3pnm) u3-3a CXOKecTH MepBOil OpOMTaId H
paccMaTpuBaeTCsi KaKk OCHOBHOM MEXaHH3M IeaKTHBAIUH
NO D% [31,33].

CrenyrommM (GakTopoM YMEHBLICHHs] 3IMUCCHOHHOI CIIO-
cobrocTr coctosina NO D?Y sBnisieTcss paccesieHue co-
crosmuit NO D?T (v =1) u NO C (v =0) 3a
CUeT ONTHYECKHUX M3JIydaTesIbHbIX IepexonoB. V3BecTHo,
YTO B KCIHEPUMEHTAaX C HCIOJIb30BAHHEM CHHXPOTPOHHO-
ro M3JIy9eHUS] W HMMIIYJIbCHOrO JiasepHoro ¢orosimsa Ha
165nm 3apeructpuposan nepexoqsl NO D?XZ—A%% (1,1)
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Puc. 7. (a) Cnexrp norsomenus Oz B’E (v' = 4) — X*Z(v” = 0) [42]. (b) Crextp (yopecleHIME BO3LyXa aTMOCHEPHOTro AaBJICHNs,

B030Y:K1aemMoro u3imydenueM ArF-yasepa.

Ha jumHe BoHbl 1.069 um u NO C2I1-A2%, v'v” (0, 0) —
1.22 um [34-36]. Cwibl OCHWUIATOPOB KacKagHOIO MeXa-
HHU3Ma DAaCCEJICHHUsI HKCICPUMCHTAJIBHO OINPEICsICHbl JUIs
nepexonoB NO C2IT—A2S mpu f o = 0.7 1 NO D?Z—A%%
mpu fos = 0.18, 9ro coriacyercss ¢ MHTEHCHBHOCTBIO Ha-
6momaemoit amuccuun NO  A?EZ—X2IT (0-—1, v") [37].
Ha mnpakTuke MeXaHU3M KackamgHOro (hoToBO30Y:KieHus
NO A’Y —D?Y B muamasone 1.06—1.15um mo3somua
meTontoM 1Byx(poTorHoi JIN® 3¢hdeKTuBHO CeleKTHPOBaTh
IETCKTHPYEMBIil CHI'HAJT [P B3aUMOJICHCTBHIH TAJIbHET0 Y-
C nazepHOro W3IydYeHHs] ¢ aTMOC(EPHBIM OKCHUIOM a30-
Ta [38].

Ha puc. 6,a nokasaHa KMHETHYECKasi CEpUsi YaCTH CIEK-
Tpa ¢iyopecuenm NO D?Y u A%Y 8 nponecce OD-IUD
HUTpoOeH3oma B koBere mpu T = 298 K. Perucrpupyemoe

Bpemst smuccuu B obsactu 208 nm cocTaBisieT HOpsiaKa
35ns, 94TO MPEBHIIACT BEJIMYMHY PAZANANMOHHOTO BPEMEHU
xman NO D2X, paBHOrO 18nS, M MIMTEILHOCTh BO3ACHU-
CTBYIOILIETO MMILyJIbca M3JIyueHus jtasepa 10ns. Dxcrepu-
MEHTaJIbHAS IVTNTEIIBHOCTD (PITyOpECIICHIINH, ITPEBHIIAIONIAST
Bpems xku3Hi NO D?X, MoskeT CBHAETeIbCTBOBATh 06 SHEp-
retuaeckoM oomene NO A?Y, —D?Y. PanuanmoHnHbIii nepe-
xon NO D*Z—X°II (1,4) npu Kep = 4.927 - 10%s~! npo-
FCXOIAT 3HAYUTEJIbHO OpicTpee mepexoma NO AZZ X711
(0,2) nput Kem = 6.774 - 103 s~ 1.

Ha puc. 6,b wu300pakeHO TyIIECHHE BO3HUKAOUICH
¢uryopeclieHIIUM  OKCH[a a30Ta B CMECH [apoB HUT-
poOeH30Jla W pa3IMYHBIX Ta30B C OOMMM aBJICHU-
eM latm. Ha mnomydeHHbIX crmekTpax Haubojiee CHJTb-
HOE TyIIeHWE HaOJromaeTcs MpU B3aUMONCHUCTBHSAX B aT-
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MocdepHOoM Bo3myxe. Ha mpumepe ¥WCCIIeIOBaHMA HH-
KETIOKAIUX ~ BO3OYKICHHBIX ~ KOJICOATCSIbHBIX  yPOBHEH
KHUCJIOPOX  OOJIafaeT BBICOKMMU KOHCTAaHTaMH  CKOPO-
creit Tymenus: Ko = 5.4 4+0.22- 107 cm®mol~!s™! mna
NO D?T (v =0) u kg =1.64+0.2- 1071 cm*mol ~'s~!
s NO A2S (v’ = 0—4) [30,32,39].

B ciydae ucmosb30BaHUST B KIOBETE A30THOM Cpefbl
HAOJTIONACTCs] 3HAYMTENBHBIA POCT (BIIyOPECLCHIMH COCTO-
sans NO A’Y  (v/ = 0), 0Oyc/OBIEHHBIH MpoLeccamu
anekrporHoit (EET) u komeGartensroit (VET) mepenauu
sHepruu [40,41]:

NO XTI(v" = 2) + hv — NO A? (v’ = 5),
D’E (v = 1) — C’1 (v' = 0), (6)
NO A’E (v =5), D’Z(v' =0,1),

NO C*II (v’ = 0) + N; X!z
— N, A’S (v =0,1)+NO XII,  (7)
N, A’S(v' =0, 1) + NO X*TI(v” = 0)
— N XIZ(0"=0-2)+NO ATV =0-2). (8)

ITockonpKy mpsMoe ONTHYEeCKoe BO30Y)KIEHHE OCHOBHOTO
cocrostamst N X'Y ma 37IeKTPOHHBIA ypoBeHb Ny A3Y

3alpelIeHo COUH-OPONTAILHBIM — B3aMMONCHCTBAEM, TO
CYIIECTBYET BO3MOKHOCTb TOJIBKO  CTOJIKHOBUTEJIBHOM
JCaKTUBALlMM  BBICOKOBO3OYMeHHBIX  ypoBHeil  NO.

IIpoucxogur mpouecc TymeHHs MoJIeKyaaMa Nj X'z
BO30yXKMIeHHBIX cocTosiHMiA NO A%y, D’ u Ci1I
mpu kg (7)) =2.6£0.2-10"%cm’molls7! ¢
obpazopaneM N, A’Y  (v'=0,1). B pesyabrare
HPOMCXOIUT Oe3bI3ITyYaTeNIbHasK HICKTPOHHO-KOJIe0aTebHas
nepenadya sHeprum Ha yposenb NO A?Y (v/ =0-2)
npu KET (8) =15+3-10"1°cm*mol~!s~! c
OTHOLICHUEM  3aCEJICHHOCTH KOJIeOAaTeNIbHBIX — YPOBHEIl
1.0:0.15:0.014 [32,42].

W3BecTHO, YTO HpU B3aUMONEUCTBUM H3IydeHus: ArF-
Jlasepa B aTMOC(epHOM BO3IyXe BO3HUKACT COMYTCTBYIOIIAsT
dnyopecuenmuss  monmockl  Illymama—Pynare O, B’Z
v'(4) — X3Zv"(0) [26,27,43,44]. Jna nepexoma NO
A’Z-X°T, v'v”(0—3,0) OKCIEPHUMEHTATLHO —TOYHO
U3MEPEHBl CEYCHUsI TMOIJIOMEHWSI B HMHTEPBAJC  OT
(1-3)-10"8cm?mol~! ¢ wmcmonb3oBaHMeM pazTHYHBIX
Mmetonuk [45,46]. CorsiacHO pacyeTHBIM 3HAYCHMSIM IO KO-
apdrmentam LIFBase mis xonebarenbHO-BO30YKICHHOTO
nepexona NO A2y —X2TIv'v” (5,2) ceuenue mOrJIOMEHUS
nopsanka 10718 cm®mol~!. Ha puc. 7,a ceuenue moromie-
HHE KHCJIOpOAa VISl LICHTPAJIbHOHM JJIMHBI BOJIHBI Jla3epa
193.34nm npu cnexrpanpHoil nmpuae 300 pm HaxomuTcd
B wmHTeppate 4.5-1072-7.01 10722 cm’mol~!, uro
CYLIECTBEHHO MCHBIIC CCYCHHs IIOIJIOIICHHsI OKCHa a30Ta.
Yro6bl TOMy4MTh (IyopecieHimio Kuciopoga O, B3X,
B OKCIIEPHMEHTE ObUIa IIOBBHIIIEHA IUIOTHOCTH JHEPTHU
nazeproro manydenuss 1o 100mJ/em? (puc. 7,b). Ilpu
TaKOW IUIOTHOCTH JHEPTMU B CIIEKTPE PErUCTPHPYETCs
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CONYTCTBYIOIEE CIIOHTAHHO-KOMOWHAIIMOHHOE pAacCesiHUC
KUCJIOpoa W as3oTa. TakkKe CTOMT OTMETUTH HaJlIdne
B crnektpe (¢uryopecneHimn aromapHoro yriepoma Cl,
KoTopass oOpasyercda mnpu B3aummopneiictBuax ¢ CO, B
arMocdepHoM Bo3myxe. B pabore [26] omperneneHo Bpemst
xusHa duyopectienimn O, B3 (v/ = 4), pasnoe 107125,
TEM CaMBIM MPEICTaBJISICTCS BO3MOXKHOCTb CEICKTHPOBATh
(GuIyopeclieHIIMI0O  OKCHIa a30Ta [0 BPEMEHH HpH
UCIIOJIb30BaHMH 00JIee CKOPOCTHBIX CHCTEM PETUCTPALN.

BbiBOAbI

PaccMmoTpeHB! mpolecchl B3aMMOICHCTBUSA JIA3€PHOTO U3-
sgydeHus nainbHero Y®-C nuamasoHa ¢ mapoBoil dasoit
HUTpoOeH301a npu ucnosb3oBanuu Merona PO-JINO. Ilo-
ciie porodparMeHTaE OCHOBHOM MOJICKYJIBI TIPOUCXOIUT
JIa3epHO-MHAYLIMPOBAaHHOE BO30Y)XIeHHe He Toibko NO
D?Z — X?11 (1,2), vo m NO A?Z — X°II (5,2). O6uapy-
KEHO, YTO MOJICKYJIAPHBIA a30T CIIOCOOCTBYET YCHJICHHIO
dayopecuentuu coctosaust NO A2% (v/ = 0) 3a cuer VET-
Tnepeaun SHEPrud Ha MeTacTabuIIbHBIA ypoBeHb Ny A3Y
npu tymennn NO D?T u A%X.

®duHaHcupoBaHue pa6orhbl

Pabota BbIIOJIHEHA B paMKaX TOCYIapCTBEHHOTO 3aJaHust
MuHICTepCTBa HAYKH U BBICIIEro oOpasoBanus Poccuiickoit
Deneparmn (FWRM-2021-0014) u npu nomaepxke IIpo-
rpaMMbl pa3BuUTUs TOMCKOTrO rocygapcTBEHHOTO YHUBEPCHU-
tera (IIpuopurer-2030).
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