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AHHOTaNMA

Beenenne. demrocexyHaHas ga3zepHas 00pabOTKa XaTbKOTEHHHBIX CTEKOJ SIBISETCS MEPCIEKTUBHBIM METOIOM
BBICOKOTOUHOH MOAM(UKAIINN UX CTPYKTYPHI U CBOMCTB JUI pa3paOOTKH ONTHYECKUX IEMEHTOB MH(paKpacHOH
(otonnkn. ORHOM U3 aKTyaIbHBIX 3a]1ad OCTASTCs OBLIIIEHHE CKOPOCTH 00pabOTKH CTEKIIA ITPU 00SCTICIEHHH BHICOKOIT
MIPOCTPAHCTBEHHOM TOYHOCTH U MHHUMAJIBHBIX TEPMUUECKUX MOBPeXAeHHMIT. [Ipn HCIob30BaHUN PEXXUMOB JIa3ePHOTO
o0JryueHHs! ¢ BBICOKOW YacTOTOH CJIeJOBaHUSI HMIYJIbCOB, 00SCIEYMBAIONINX ITOBBILICHUE TPOU3BOIUTEILHOCTH
TeXHOJ’lOFI/Il\/’I, HN3MCHSAKOTCA MCXaHU3MbI d)aSOBO—XHMI/l‘leCKl/IX l'lpeBpaLLleHI/Iﬁ 1 BO3pacTacT BKJIaJ HAKOIIUTEIbHOI'O
Harpesa. OflHaKo JUHAMUKA 3THX MPOIECCOB B 00BEMHOM MaTepHase 0CTaeTcs HeJOCTaTOYHO M3ydeHHOH. B pabore
TIPETIOKEHO ONpeeTIeHIe MEXaHN3Ma N3MEHEeHHs ()a30BOr0 U XUMHUYECKOTO COCTaBOB 00BEMHOTO XalIbKOTEHHTHOTO
CTeKJIa U3 ceJeHua Mblibsika (As,Se;) mox neiictBuem cepun (peMTOCEKYHIHBIX JIa3ePHBIX UMITYJIbCOB B PEKHMAX
MHTeHCHBHOMW abmsiimu. MeToa. B kxauecTBe 00beKTa HCClIeJOBaHNS NCIIONB3YIOTCS IIACTHHBI XaJIbKOT€HHUIHOTO CTEKIIa
As,Ses, IoABEPrHYThIE BO3ICHCTBUIO (DEMTOCEKYAHBIX JTa3epHBIX UMITYIbCOB C AJIMHOM BOIHBI 515 HM U yacTOTOM
ciieoBaHus BIUIOTH 10 1 MI'. JlnarHoctika o6pa3noB IMPOBOIUTCS METOAAMH IIU(PPOBOH ONTHYECKON MUKPOCKOTINI
Y PAMaHOBCKOM CIIEKTPOCKONUH. TeopeTHyeckuil aHann3 BKIIIOYaeT B ce0s Kak pacueTsl (POTOBO30YKACHHS M HarpeBa
IOJIyIPOBOAHUKA OAMHOYHBIM JIA3€PHBIM UMITYJIbCOM, TaK U paCu€Thbl HAKOIMUTEIILHOI'O HArpe€Ba IMOBEPXHOCTHU 06pa3ua
C y4eTOM TPEXMEpPHOTo TermnooTBoaa. OCHOBHBIE pe3yabTaThl. [Ipy yacToTe cie0BaHuUs Ta3epHBIX UMITYIbCOB
1 k' ycTaHOBIEH MOPOT OJHOMMITYTECHOH JTa3epHOH aONIAIMK U ONpeIeIeHbI TapaMeTPhl CTETICHHON 3aBUCUMOCTH
rmopora a0JsAIuy 0T KOJTMYECTBAa HMITYIBCOB («MHKYOAIMOHHBIN 3G ¢ekT»). [IpoBeneH neTaibHbIi aHATNu3 MOP(OIOTHH
00TydeHHBIX 00pa3I0B M XMMHYECKOTO COCTaBa MPOMYKTOB JIa3epPHOH a0IAINH, B XOAe KOTOPOTO YCTaHOBICHO
obpaszoBanue amopHoro cenena (a-Se) n kpuctamion apceHonura (As,O3). TeopeTnueckuit aHaIN3 O3BOIIIT OLIEHUTD
CTeneHy Harpesa u (JOTOBO30YK/ICHHS XaIbKOT€HUIHOTO CTeKIIa AS,Se; OJIMHOYHBIM JIa3ePHBIM UMITYJIbCOM M BBISBHII
CYIIECTBEHHBIH BKJIaJ d(PQeKTa HAKOIJICHUS TEIUIa B HArPeB MIOBEPXHOCTH IIPH YaCTOTE CJICAOBAHUS MMITYJILCOB
1 MI'n. Ha ocHOBE COBOKYITHOCTH IOJyYSHHBIX PEe3yJIbTAaTOB YCTAHOBIICH MapodasHblii MexaHu3M MpeoOpa3oBaHus
(ha30BOro U XMMHYECKOT0 COCTaBa B 0OBEMHOM XaJIbKOTCHHIHOM CTEKIIE As,Se; TpH J1a3epHOii abusauuu ¢ 4acToToi
creoBaHus PeMTOCEKYHIHBIX nMITynbcoB 1| MI'. Odcyxaenue. IlomydeHnble pe3ynbTaThl OTKPHIBAIOT MEPCIIEKTUBHI
JUIS pa3paboTKH BHICOKOMPOU3BOAUTEIBHBIX TEXHOIOTHH (PEeMTOCEKYHJHOTO JIa3€PHOTO MHKPOCTPYKTYPHUPOBAHNUS
XaJbKOT€HUIHBIX MaTepuaoB B (JOTOHUKE U CEHCOPHKE.
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Abstract

Femtosecond laser processing of chalcogenide glasses is a promising method for high-precision modification of their
structure and properties for the development of optical elements for infrared photonics. One of the key challenges is
to increase the processing speed while maintaining high spatial accuracy and minimal thermal damage. When using
laser irradiation modes with a high pulse repetition rate, which ensures increased productivity of technologies, the
mechanisms of phase-chemical transformations change and the contribution of accumulative heating increases. However,
the dynamics of these processes in bulk material remains insufficiently studied. This paper studies the mechanism of
phase and chemical composition transformation of As,Se; bulk chalcogenide glass under the action of femtosecond
laser pulses in the intense ablation modes. The objects of study are plates of chalcogenide glass As,Se; irradiated by
femtosecond laser pulses with a wavelength of 515 nm at repetition rates up to 1 MHz. The irradiated samples are
analyzed using digital optical microscopy and Raman spectroscopy. Theoretical analysis includes both calculations of
photoexcitation and heating of the semiconductor by a single laser pulse as well as calculations of accumulative heating
of the sample surface, taking into account three-dimensional heat removal. The single-pulse laser ablation threshold
was established at a laser pulse repetition rate of 1 kHz and the parameters of the power-law dependence of the ablation
threshold on the number of pulses (incubation effect) were determined. A detailed analysis of the morphology of the
irradiated samples and the chemical composition of the laser ablation products was carried out revealing the formation
of amorphous selenium (a-Se) and arsenolite crystals (As,0;3). Theoretical analysis allowed us to estimate the degree of
heating and photoexcitation of As,Se; chalcogenide glass by a single laser pulse and revealed a significant contribution
of the heat accumulation effect to the surface temperature rise at a pulse repetition rate of 1 MHz. Based on the combined
experimental and theoretical results obtained, a vapor-phase mechanism of phase and chemical transformation in As,Se;
bulk glass has been established during femtosecond laser ablation with a pulse repetition rate of 1 MHz. These findings
open up prospects for the development of high-performance technologies for femtosecond laser microstructuring of
chalcogenide materials in photonics and sensing applications.
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BBenenue

XanpKOTCHUIHBIE CTEKIIa, OJarogaps BO3MOXKHOCTH
peanu3aiy B HUX CBEPXOBICTPHIX (pa30BBIX IIEPEXOI0B U
BBICOKOMY ITOKA3aTeNi0 MPEIOMIICHHS, SIBIISIOTCS IPEBOC-
XOJIHBIM MaTepHasioM JUIst (JOTOHHBIX MPUIIOKEHHUH, MOTYT
CIIYXUTb OCHOBOH JJIs1 TOJIYYCHU A HOBBIX Mar€puaioB
C YHMKaJIbHBIMH ONTHYECKUMHU (PYHKIMSIMHU U IIUPOKUM
CIEKTPaJIBbHBIM JTUANIa30HOM MPO3PaYHOCTH — OT YJIBTpa-
(buoNeTOBOM 10 JUIMHHOBOJIHOBOM MH(pakpacHOU oOia-
creii [1]. DopmupoBaHue TaKUX CBOUCTB BO3MOKHO 32 CHET
(heMTOCEKYHTHOIT JTa3epHON 00PabOTKH, 00eCIICUHBAIOIICH
BBICOKOTOYHYIO MOIM(PUKAIIUIO MaTepraia Ha MHKPO- U
HAHOYPOBHSX 0€3 3HAYNTEITHHOTO TEITIOBOTO BO3ICHCTBHS.

B nocnemame rogpl MOTyYeH 3HAYUTENBHBIA SKCIICPH-
MEHTAaJIBHBII MaTepHall 1Mo Ja3epHoil 00paboTKe XambKore-
HUTHBIX cTekoin. Hampumep, ocaxkaeHne u3 mapoBoi Gasbl
MHOTOKOMIIOHEHTHBIX XaJIbKOT€HUAHBIX TOHKOIIJICHOY-
HBIX CTEKOJI C MOCJICAYIOIIEH TePMUIECKONH 00paboTKOM
MIO3BOJISIET PEATM30BATh CEIEKTHBHYIO KPHCTAJIM3AINIO
(a3 u obecreunBaeT BHICOKYIO (hOTOUYBCTBUTEIBLHOCTD
B HIMPOKOM CIIEKTpajbHOM AuanaszoHe [2]. Ontuueckue
KOMITOHEHTBI, COCTOSIIIIME M3 MMOBEPXHOCTHBIX CTPYKTYP
MHUKPOHHOTO pa3Mepa, IMOJyYeHHBIX METOJOM IPOCTpaH-
CTBEHHO KOHTPOJIUPYEMOU MPSIMOW JTa3epHOM 3aIUCH C
MTOCTIEAYIOIMINAM CEJICKTUBHBIM TPABICHUEM, MTO3BOJISIOT
YIPaBIATH PA3TUIHBIMU TTapaMeTPaMH ONTHYECKOTO BOJI-
HOBOTO (poHTa — (ha30i, aMITTUTYHOH, MOIApH3anueit 1
nucniepcueit [3]. Kpome Toro, MaccuBbl HAHOOTBEPCTHH,
chopMupoBaHHBIC Ha OOJBIION IIOIAJH TOBEPXHOCTH
XaJbKOI€HUHOTO CTEKIIa U3 CeJIEHN1a MblIIbsKa (As,Ses),
JEMOHCTPHUPYIOT MOTSHIUA JUUIsl peaju3ainuu CTPyKTyp-
Horo ueta [4]. HecMoTpsi Ha JOCTUTHYTHIN Tporpecc,
KJTIOUEBBIMHU 33/1a4aMHU OCTAIOTCS TOBBIIICHUE TIPOU3BO-
JUTEIBHOCTH TEXHOIOTHH (HeMTOCEKYHIHOM JIa3epHOM 00-
paboTKH 1 obecnedeHne YCTONINBOCTH XaIbKOT €HH/THBIX
CTEKOJI K BO3JICHCTBUIO MHTEHCHBHOTO JIA3ePHOTO H3ITyde-
Hus. VI3BeCTHO, YTO ISl METAJUIOB M MOJIYTPOBOIHUKOB
TIPH HU3KUX YaCTOTaX CIeJOBaHUSA (DEMTOCEKYHIHBIX JIa-
3epHBIX UMITYJIBECOB OIPEEIAIoNniee 3HAaYCHHE OTBOAUTCS
HAaKOIJICHHUIO CTPYKTYPHBIX U3MEHEHHUH MOBEPXHOCTH OT
uMIynbca kK ummnynscy [5]. IIpu mepexone k gactoram
CIIEZIOBAHMS JIa3€PHBIX UMITYJIbCOB mopsiaka 105—10° I,
MpeaACTaBIAIOIINX TEXHOJIOTMY€ECKUH HUHTEPECC, BaAXHYIO
poiib HaYMHAET Urparh d3PPEeKT HaKOIUICHHs Teruia [6].
MexaHu3mbl (pa3oBBIX TPEBPAIIEHUH B XaJIbKOT€HHIHOM
cTexiie As,Se; pu Bo3leiicTBUU cepun (peMTOCEeKyH]I-
HBIX JIa3EPHBIX UMITYJIbCOB B PEKUMaX aOJISAIMH HA CETO/I-
HAITHAN IeHh OCTAIOTCS MPEIMETOM aKTHBHBIX HCCIEIO0-
BaHUU.

Lenbio paOoTHI ABISIETCS OMpPENEICHNEe MEXaHn3Ma
M3MEHEeHHS (ha30BOTO U XUMHUECKOTO COCTaBa 00bEMHOTO
XaIIbKOT€HUIHOTO cTekna As,Se; 1moJ NeficTBUEM Cepuu
(I)CMTOCCKyH]lHBIX JIA3C€PHBIX UMITYJIBCOB B PEKHUMaxX HH-
TEHCUBHOH aOmsiuu. JIJist 3TOro mpoBeaeH KOMILIEKCHBIN
aHallu3, OCHOBAHHBIN Ha OKCTICPUMCHTAJIbHBIX TaHHBIX, I10-
JIYYEHHBIX TP JIa3ePHOM 00Ty4eHHH 00pa3iioB B BUIMMOM
JIMaria3oHe CHEeKTpPa IPH pa3INuHbIX YacTOTaX CIIeJOBAHUS
HMITYJILCOB, Ha Pe3yJIbTaTax AMarHOCTHKN OOTyYeHHBIX 00-
pasnoB MeToAaMH IH(POBOH ONTHIECKOI MUKPOCKOTIMU 1
PaMaHOBCKOM CIIEKTPOCKOITHH, a TAK)Ke Ha TEOPETHUCCKUX

OIIEHKaX TeMIIepaTypsl, JOCTUTaeMOll MpH BO3ACHCTBUI
OJMHOYHOTO UMITYJIbCA, MHKYOAIMOHHOTO P peKTay u
HAKOIMTENBHOIO HarpeBa MOBEPXHOCTH XaIbKOTEHUTHOTO
CTEKJIA.

Mertoabl U MaTepHaJIbl

B kadecTBe 00pa3ioB UCIOIb30BAIUCH IIACTHHBI He-
MOJIMPOBAHHOIO XaJIbKOT€HHTHOTO CTeKIa As,Ses TONIIu-
HOW OKOJIO 3 MM, MOITy4€HHBIE METOJIOM YIbTPa3BYKOBOI
PE3KH U3 MaCCUBHOTO CTEKJIA, U3TOTOBIEHHOIO MPSIMbIM
CIUIaBJIEHUEM MAaTE€pPHUajoB B COOTBETCTBUH CO CTEXHOME-
TPUYIECKHM COCTaBOM B KBapIeBHIX ammynax. O6padoTka
00pasnoB MpOBOAMIIACE B BO3AYLIHOW aTMocdepe MmpH
HOPMAJIGHOM Ta/ICHUN JIMHEIHO MOIAPU30BaHHOTO H3ITY-
yeHHs (eMTOCEKYHIHOTO BOJOKOHHOTO Ja3zepa ANTAUS-
20W-20u/1M (OOO «Agecrallpoekt», Poccust) Ha minHe
BOJIHBI U3Iy4CHUS A = 515 HM C AIUTENFHOCTHIO UMITYTIbCa
T =224 ¢c, sHeprucii ummyabcoB 10 20 Mk/[k 1 yacToTOM
ux cinenosanust f 10 1 MI'. M3inydyeHue HanpaBisuioch Ha
MOBEPXHOCTh 00pasiia JMH30M ¢ (POKYCHBIM PacCTOSIHUEM
45 MM ¢ TuaMeTpoM IsTHa u3inydeHus dy = 30 MM (110
ypoBHIO e¢1). JluameTp mATHA PacCUUTaH [0 U3BECTHOM
metonuke [7]. i3Mepenune cpeqHeil MOIMIHOCTH/SHEPTHH
Ja3€pPHOTO M3IYUYCHHs MPOBOJMIOCH C TIOMOIIBIO H3Me-
purens Gentec-EO SOLO2 (Gentec Electro-Optics, Inc.,
Kanama). Ontryeckue n3o0pakeHnss 00pa3oB ObUTH IT0-
Jy4eHBl ¢ OMOIIBIO HU(PPOBOTO ONTHIECKOTO MUKPO-
ckoria Axio Imager Alm (Carl Zeiss Microscopy GmbH,
I'epmanus).

CTpyKTypHBIE HCCIEAOBAHUS XUMUYECKOTO COCTaBa
OBLTH IPOBE/ICHBI C MCIIOJIB30BAHUEM METO/Ia CIIEKTPOCKO-
muu KoMOuHanuoHHoro paccestaust ceera (KPC), Taxke
U3BECTHOHN KaK paMaHOBCKasi CIEKTPOCKOINHUSI, B FeoMe-
TpHUU 0OPATHOTO PacCEsHUsI CBETa Ha SKCIIPECC-PaMaHOB-
ckoM cnektpomerpe SENTERRA (Bruker, I'epmanus).
Bo30yxmenne KPC ocyIiecTBIsAIOCH ¢ HCIIOTB30BaHUEM
[OJIyIPOBOJHUKOBOIO Jla3epa ¢ JJIMHOM BOJHBI 785 HM.
MormHOCTS JTa3epHOTO H3IydeHus o 10* 00beKTHBOM ¢
gucnoBoil aneptypoit 0,25 cocrasnsna 0,3 MBT, nnametp
Ja3epHOTro IATHA B (POKAIBHOH INIOCKOCTH — IPUMEPHO
10 MM (110 ypoBHIO € 2). CeKTphl PErUCTPUPOBAIKUCH B
nuanazone 80—1545 em~! ¢ ucnonb3oBanueM audpaxiu-
onHoii pemerku 1200 mr/MM. B skcnpecc-paMaHOBCKOM
cnextpomerpe SENTERRA pa3zmeps! anepTypsl cocTas-
nsnu 25 x 1000 mxM. Bpemst HakorieHus! curHajia ajist
CHEMKH MTOAOUPAIOCh MHIUBHIYAIBHO U BapHHPOBAIOCH
ot 50 o 100 c. Kaxxnoe nzmepenue noBTopsioch ABAXKAbI.
KannbpoBka criekTpomMeTpa nepes n3MEepeHnsIMA 1 B X0J1e
JKCTIepuMeHTa nposepsiiack 1o tuHun KPC kpemuust npu
520,7 cm 1.

AHanUTHYECKNE pacyeThl HAKONUTEIBHOTO JIa3€PHOTO
HarpeBa BBIOIHSIMCH B mporpamme Mathcad Prime 7.0, a
YHUCIICHHOE MOJICITUPOBAHUE TIPOIIECCOB (DOTOBO30YKICHUS
U HarpeBa 00BbEMHOTO XaJIbKOTEHHIHOTO cTekla As,Ses
OJIMHOYHBIM (DEMTOCEKYHHBIM JIa3ePHBIM UMITYJIbCOM
MPOBOJIMIIOCH B MpOTpamMMe, pa3pabOTaHHOI B paMKax
HacTosel paboTsl Ha s3bIKke porpammupoBanus C (Cn),
KOTOpasi He UMEET aHaJIOTOB B TOTOBBIX MaTreMaTH4eCKUX
MaKeTax.
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BKCﬂepI/lMeHTaHLHLle pe3yabTaThbl

[Ipu pukcupoBaHHON YACTOTE CIEIOBaHUS eMTOCe-
KYHJIHBIX JIA3€PHBIX UMIYIIECOB HA MIOBEPXHOCTH XaJIbKO-
TEHUJIHOTO cTeksa As,Se; co31aeTcsi MacCUB KpaTepoB, B
KOTOPOM I10 BEPTUKATIA U3MCHACTCA KOJTMYCCTBO JIa3€PHBIX
HUMITYJIbCOB NN, a 110 TOPU30HTAIN — IUIOTHOCTb 3HEPIUU
Q). 3aTeM yacToTa f U3MEHsAETCs, U (HOopMUPYETCs Clle-
Iy MaccuB KpaTepoB. OnTHUECKHe U300pakeHUs
THUIIMYHBIX KPaTepoB MpeJcTaBlIeHbl Ha puc. 1. BrmioTe
1o =1 k['n HabiroHaroTCsl KpaTepsl ¢ POBHBIM KpaeM C
00pazoBaHNEM BaJIMKA M C HE3HAYUTEIILHBIM OCAXKICHHEM
mpoaykToB uctapenus (puc. 1, a). [loBrImenne 9acTOTHI
cienoBaHus UMITYTbcoB 10 1 MI'm mpuBomuT K 00pa3oBa-
HUIO KpaTepoB, KOTOPOE COMPOBOKIAETCS (PaKeIoM U M3-
MEHEHHEM IIBeTa TIOBEPXHOCTH KaK BHYTPH KPaTepPOB, TaK
1 BOKPYT HUX (MHTEHCHBHBIN KpacHbIH 11BeT) (puc. 1, b).

st ompenenenus mopora abisuy Mpyu HU3KOHW ya-
crore cienoBaHus uMIyibcoB (f = 1 k['n) u 3agaHHOM
ux xonuuectse N IIpy rayCCoOBOM paclpeaAcICHU NHTCH-
CHBHOCTH TI0 CEYCHUIO ITyYKa BOCIIOJIB3YyEeMCSI METOIUKOM
[7], yuuTsiBast OTKJIOHEHUE (DOPMBI KPaT€pPOB OT OKPYIIION
[8]. Ha puc. 2, a npeacTaBiieHbl 3aBUCUMOCTH KBaJIpaToB
JMaMEeTPOB JUTUITHYECKOTO KpaTrepa BIoJIb OONbIION 1
MAJIO# oceil OT roraprdmMa TaJaroIIei YHSPTHH JIaA3ePHOTO
nmmynbea At N = 20. AHAIOTHYHBIC 3aBHCHMOCTH OBLTH
MMOCTPOCHBI U A APYyTrux 3HadeHuil N Bmioth o 200.
B pesynprare anmpokcHManuy MOIyYeHHOTO Habopa dKc-
MIEPUMEHTAJIbHBIX TOUEK CTEIICHHOM (DYHKIMEH ¢ IIOMOIIBIO
nporpammbl Microsoft Excel 2016 nonyueno cienyroriee
ypasuenue: y = 100,5 x x0.94 (puc. 2, b). ITyrem comocras-
JICHUS 3TOW 3aBUCUMOCTH C U3BECTHOM MOJIEIIbIO MHKYOa-
roHHOTo 3dhdexra NQ,,(N) = O,,(1)NS [9] onpenencHb
nopor ogHouMiyiascHoit abmsanuu Q,,(1) u xoaddunu-

eHT uHKyOauuu S. 1 XaJbKOTeHUHOTO CTeKIa As,Ses
MOPOT OAHOUMITYJIBCHOM aOJISIUU COCTABUI TPUMEPHO
0,1 x/cM2, 4TO CONMOCTABUMO € JAHHBIMH, TIOJTyY€HHBIMH
B pabote [10]. DTO 3HAYCHHUE COOTBETCTBYET IUIOTHOCTHU
MoutHocTH u3inydenus 4,5+ 1011 Br/cm? nipu jutirenbHOCTH
nMmynsca T =224 ¢c. Paccunranuplii n3 SKCIIepUMEHTANb-
HOW 3aBHCHUMOCTHU KOA(PHUIHUCHT HHKYOAIMH S IUTS XaJIbKO-
TeHUIHOTO cTekia As,Se; ipu /= | k[’ pasen 0,94. Takum
00pa3oM, ¢ pOCTOM KOJTMYECTBA JTa3€PHBIX HMITYIIECOB OT 1
110 200 HaOIIOMACTCST CHUXKEHHUE [TOPOra aOJIsIiU TPUMEp-
HO Ha 25 % (puc. 2, ¢), 4TO MOATBEPKIaeT HATMYNE BhIpa-
JKCHHOTO MHKYOaIuoHHOT0 ¢ dekTa. B ero ocHOBE JIeKHT
MPOLECC HAKOIUICHHS JIeEKTOB B MaTepuarie, NPHUBOISIINI
K CTPYKTYPHBIM M3MEHEHHUSIM Ha IIOBEPXHOCTH CTEKJIa. DTH
M3MEHEHUsI, IPOUCXO/SIINE OT UMIYJIbCa K UMITYJbCY,
MTOBBIMIAOT MOIVIOMIATENBHYIO CIIOCOOHOCTh Marepuaa u,
KaK CIIeJICTBUE, CHI)KAIOT MOPOT aOJISIHH.

J11s1 IpoBeICHHS HCCIIEIOBAHNS XMMHUYECKOTO COCTaBa
MPOAYKTOB a0JALNH, OCKICHHBIX HA TIOBEPXHOCTH XaJlb-
KOTEHHJITHOTO CTEKJIa, METOJOM CIIEKTPOCKOIIUN KOMOH-
HAIlMOHHOTO PaccesHus cBeTa c(hOPMUPOBAH Kparep MpH
wiotHoCTH 3Heprun QO ~ 0,7 Jx/cm2 (4TO COOTBETCTBYET
IUIOTHOCTU MOIIHOCTH u3iaydenus 3,1-1012 Br/cm? npu
T=224 ¢c) u N =1000. 30oHa1pOBaHUE TTPOBOIAMIOCH 10
TOYKaM Ha IIOBEPXHOCTH 00pa3ia oT nepuepun K LeHTPYy
Kparepa, BKJIIOYasi 00JIacTH BHYTPH U BOKPYT HETO.

Cnexrpsl KPC B nepBoit o6iacTu (BOKpYT Kparepa) u
COOTBETCTBYIOIINE UM ONTHYECKHE N300pakeHNs! 00nacTei
OCaK/ICHHBIX MPOIYKTOB aOJISAUH TPH IEPEMEIIECHHH OT
nepudepun (Touka /) B HAPaBICHUH K KpaTepy (TOd-
Ku 2—5) TIpe/ICTaBICHBI Ha pHC. 3.

B cniektpe / oTMedaeTcs TOIBKO BKIaL OT As,Ses, Mo-
JIOKEHHE MakcuMyMa okojio 225 cM1. B cnekrpe 2 oc-
HOBHOH BKJIaJl BHOCST As,Ses, a TaKkKe KPUCTAILT PEIKOTO

Puc. 1. Ontudeckue U300paXkeHus] THIHYHBIX KPAaTEPOB Ha MOBEPXHOCTH XaJIbKOTEHUAHOTO CTeKIa AS,Se;, chOPMUPOBAHHBIX
npu 06iyeHrH (peMTOCeKyHIHBIMU JasepHbIMU umityibcamu: Oy = 0,7 Jx/em2, f=1 kl'u (a); Oy = 5 MIlx/em2, /=1 MI'y (b)
npu A =515 uMm, T= 224 dpc, N= 1000
Fig. 1. Optical images of typical craters on the surface of As,Se; chalcogenide glass formed by irradiation with femtosecond laser
pulses at: O, = 0.7 J/em?, f=1kHz (a); Oy = 5 mJ/em?2, f=1 MHz (b) (A =515 nm, T = 224 fs, N = 1000)
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Puc. 2. DxcriepuMeHTaIbHAS 3aBUCUMOCTB KBaJPATOB JHAMETPOB JLIMITHYECKOTO KpaTepa BIOJIb OONBIION 1 MaJIOH ocel
ot jorapugma najaronieil sHeprun GpemMrocexyHHoro azepHoro ummynsca £ npu f= 1 k', N =20 (a). Annpoxcumarys
IKCIIEPHUMEHTAIIBHBIX JaHHBIX CTEHNEHHOH (YHKIIMH, TOATBEPIKAAIONIas HaIN4YNe HHKyOaoHHOTo dddexra (b). 3aBUCUMOCTh
ropora a0JIsIUK XaIbKOT€HUIHOTO cTeKsIa As,Se; OT KOJIMYEeCTBa JIa3ePHBIX HMITYJILCOB (C)

Fig. 2. Experimental dependence of the squares of the elliptical crater diameters along the major and minor axes versus the logarithm
of the incident femtosecond laser pulse energy (£) at f'= 1 kHz, N =20 (a). The power-law fit of the experimental data confirming the
incubation effect (b). Dependence of the ablation threshold of As,Se; chalcogenide glass on the number of laser pulses (c)

1 SIIOBUTOTO MHUHEpaja apCeHOINTa — OKCHAA MBIIIbS-
Ka (As,03) (muku 370, 470 u 558 cm!). PedepencHsbrit
cnektp KPC As,O5 (momep 050383 B 6aze mannbsix The
RRUFF™ Project!) npusenen na puc. 3, b. Cnexrp 3
0M30K K CIEKTpy amopdHoro ceineHa (a-Se), OCHOB-
Has IWUpoKas mnojoca okoio 250 cm~!, u mocruraer-
cs1 HauOombIas OTHOCUTEIbHAA KOHIEHTpanus As,O;.
Criextp 4 mogo0eH CHeKTpy a-Se, ¥ MPUCYTCTBYIOT He-
Oonpine nuku oT As,O;. B Touke 5 crekTp Onu3ox k
cnektpy a-Se. Takum oOpazom, 10 Mepe IBHKECHHS OT
HE0oOMy4eHHOW 00JIaCTH K Yy4acTKaM C OCaKJICHHBIMHU
npoxaykramu admsauun B cnekrpax KPC mpocnexnBaer-
csl cllefylolias 3aKOHOMEPHOCTh: As,Se; — As,Ses +

I The RRUFF™ Project database [caiit] Tucson [D1eKTpoH-
ueiit pecypc]. URL: https:/rruff.info/arsenolite/display=default/
R050383 (mata obpamenus: 07.07.2025).

+ A5203 — AS2SC3 + A5203 + a-Se — a-Se + AS203 i
a-Se.

Bo BTOpOIif 061acTu (BHYTpH KpaTepa) XapakTepHOIH
ocobenHocThI0 ciekTpoB KPC saBrsieTcs mpenMyecTBeH-
HBIH BKJIaJ OT MOAM(UIMPOBAHHOTO J1a3epoM As,Se; B
aMOp(U30BaHHOM CTEKJI000pa3HOM cocTOosiHHH. [lox Mo-
JTU(HUKAIACH ToApa3yMeBaeTCsl U3MCHEHUE COOTHOIICHUS
CTPYKTYPHBIX €IMHHI] B CTEKJIC W/WJIM MOSBICHUE HOBBIX
CBsI3€H 10 CPAaBHEHUIO C UCXOAHBIM CTEKJIOM. DTO IpO-
ABJIAETCS B CABUTE MakCMMyMa Iuka 10 232 ¢! u mo-
SIBIICHUU SIBHOTO TUIeYa 0koso 250 cM !, 4yro MoXkeT GbITh
CIIEJICTBHEM KOJIBLEBBIX CTPYKTYp Seg [11]. [msa Todek
BHYTpPHU KpaTepa 0TMEYaeTCsl OTHOCUTENILHO OOJIbIIast HH-
TEHCUBHOCTb PAaCCESIHHOTO cBera B o0actu 230-280 cm!
10 CPABHEHHIO C HEMOIU(PHUIINPOBAHHBIM CTEKIIOM.

[Tpexne yem BBIABUHYTh 00OCHOBAHHYIO THIIOTeE-
3y 0 MeXaHHu3Me HaOJII0JJaeMbIX XUMUYECKUX MPEBpa-
IICHUH, TIPOBEIEM aHAJIU3 HAKOTHUTEIbHOTO TEIIOBOTO
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Puc. 3. Ontudeckue n3o0paxeHns obacTel 0CaXkACHHBIX IIPOIYKTOB JTa3ePHOM abJSIIUU ITPU NIEPEeMEILCHUH 30H/1a OT Iepudepun
(Touxka I) k Kparepy (TOUKH 2—5) U COOTBETCTBYIOLIME UM CHIEKTPHI KOMOMHAIIMOHHOTO paccestHus cBera B quanasone 80-900 cmL,
HopmuposaHHble Ha 10 000 otH. ex. (A =515 Hm, T= 224 ¢c, Q) = 0,7 [ix/cm2, N = 1000, /=1 MI'n) (a).

CrieKTpbl KOMOMHAIIMOHHOTO paccesiiust cBera B auanasone 300-900 cv! u pedepeHCHBIH CIIEKTP KOMOMHAIIMOHHOTO PACCESHUS
CBETa MUHEpAsa apceHonmTa 1o nanubiM 6assl The RRUFF™ Project! (b)

Fig. 3. Optical images of the areas with deposited laser ablation products obtained by moving the probe from the periphery (point /)
to the crater (points 2-5), and the corresponding Raman spectra in the range of 80-900 cm~!, normalized to 10000 a.u. (A= 515 nm,
T=2241fs, 0y~ 0.7 JJem2, N= 1000, /= 1 MHz) (). Raman spectra in the range of 300-900 cm™! and the reference Raman spectrum
of the mineral arsenolite from The RRUFF™ Project database! (b)

I The RRUFF™ Project database [caiiT] Tucson [Dnexrponnsiii pecype]. URL: https://rruff.info/arsenolite/display=default/R050383
(mara obpamenus: 07.07.2025).
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Puc. 3. [Ipopomxenue
Fig. 3. Continued

a(hdexTa, KOTOPBIH MOKET CONMPOBOKIATH BO3ICHCTBHE
(heMTOCeKyHIHBIX JIA3EPHBIX UMITYJIbCOB Ha XaJIbKOT€HH]I-
HOE CTeKJI0 As,Se; IMPU Y4acTOTaxX MX CIEAOBaHUS Oomee
1 k[

MaremMaTudeckoe MOJIeJIUPOBaAHUEC

Teopernduecknii aHanu3 HarpeBa U GOTOBO3OYXkIe-
HUS XaJIBbKOTEHUIHOTO CTEKJIA ONMHOYHBIM YIBTPAKOPOT-
KHUM JIa3€pPHBIM MMITYTbCOM CTPOUTCSI HA OCHOBE MOJICIH,
paccmoTpeHHO# B [12] mns ciydas oOydeHus] TOHKOM
IUIeHKU As,Se; ylIbTPakOPOTKUM JIa3€PHBIM HMITYIbCOM
Ha juinHe BosiHBI 1030 HM, KOTOpasi B HACTOAIICH padboTe
ObuIa aanTUpoBaHa JUIsl CIIydyasi BO3JACHCTBHS Ha JJTMHE
BOJIHBI 515 HM Ha 00BeMHBIN MaTepuall. B Momens 100aB-
JICH Y4eT OIHO()OTOHHOTO MOIVIOIICHHUS ¢ KOIQPUIIEHTOM

normonienus B, = 105 em! [10]. 3nauenne kospdurmenra
JIBYX(OTOHHOTO MOTVIOMICHHSI AJIsl JUTMHBI BOJIHBI 515 HM
B, =10,14 cm/I'Bt [13]. IIpu pacuerax HCIOIB30BATIHCH
3HAYEHUS TTOKa3aTelIsl IPEJIOMIICHHS HEBO30YKICHHOTO I10-
nynpoBogHUKa 72 = 3,4 [ 14] 1 IMpUHBI 3anpeIeHHON 30HbI
E, = 1,855B [10]. OcranbHble MapaMeTpbl COOTBETCTBYIOT
WCIIOJIb30BaHHEIM B padore [12].

AHanu3 HAKONHUTEIHFHOTO HATPEBa MOBEPXHOCTH Ma-
Tepuaja Mpu MHOTOMMITYJIbCHOM JIa3epHOM OOTydeHUU
MIPOBOJUTCS C YUETOM TPEXMEPHOTO TEIIOOTBO/IA B yCIIO-
BUSIX, KOTJIA JTUTEIILHOCTh TEIIOBOTO JICUCTBUS HMITYIIbCA
OITPE/IeIISIETCS] BPEMEHEM Iepexo/ia MOMIONICHHOH SHepTrun
JIa3ePHOT0 U3JIYYCHUS B TEIUIOBYIO SHEPIHIO (MPUMEPHO
10-12-10-!! ¢) u Mana 1o CpaBHEHHMIO C IEPHOIOM CIIEI0-
BaHMs ()EMTOCEKYH/IHBIX JIA3CPHBIX UMITYIILCOB, a TIIyOHHA
(hoTOBO30Y)KICHHOM 00IaCTH CYIIECTBEHHO MEHBIIIE [N~
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HBI TemnonpoBoanocty (4a/f)l2, tne a — xosddunuent
TEMIIEpaTypOIIPOBOTHOCTH MaTepHasa.

Bocnonb3yemcsi MOZIeNIbIO TETNIOBOTO MCTOYHHKA B
¢dopme nmucka [15] (puc. 4). Torna ocrarounas remmnepa-
Typa (T. €. TemIeparypa MOBEpPXHOCTH MaTepuaa 1mocie
BO3zelcTBUSL N UMIYJIbCOB B MOMEHT npuxona N + 1-ro
UMITyIIbCa) B LIEHTPE ITydKa Ha MMOBEPXHOCTU MaTepHaja
OTIPEZIETISIETCSI COITIACHO CIEAYIOIIEMY BBIPAKCHUIO

(I-R)Qy | [ N 1
=— |/ = +1T, 1
N ¢ Ta 5 Viggi+1) O M
rae R = 0,25 — koo uipeHT oTpakeHus XaIbKOreHH/ -
Horo crekna As,Se; [16]; a =1,9-1073 cm2/c — ko3d-
(ULIHEeHT TeMIepaTypornpoBOJIHOCTH XaJIbKOTEHH]IHO-
ro crekna As,Se;, pacCYMTaHHBINA 10 JaHHBIM [17-19];

4a
= P — Oespa3Mepusblil napamerp; I, = 300 K — Ha-
o

YajibHas TeMIieparypa.

Kaxk BuzHo u3 puc. 4, a npu Q= 0,1 J[x/cm? (cootBet-
CTBYET ITOPOT'Y OTHOUMITYJIbCHO# a0JIsIinK) B TEUCHHE Jia-
3€pPHOTO MMITYJIbCA JJOCTHTAIOTCS BRICOKHE KOHIIEHTPAINU
(boToBO30YKIEHHBIX HOCHTeNEl 1, oKoio 61021 em—3, a
ux Temreparypa I, npumepHo 40 kK. lanpHelmas me-
penada SHEPrUM B KPUCTAIINYECKYIO PEIIETKY 33 CUET
3MEKTPOH-(DOHOHHOTO B3aUMOJECHCTBHS IIPUBOJMUT K BBIPAB-
HHUBAHMIO IEKTPOHHON U pemeTouHoi (7;) Temmeparyp Ha
3raueHny npumMepHo 1900 K, uro cymmecTBeHHO TIPeBOCXO-
JUT KaK TEMIIEpaTypy IUIAaBICHHUS, TaK U KUIICHUS As,Se;
(mpumepno 1120 K [20]). M3BecTHO, 9YTO OCHOBHBIMU Me-
XaHM3MaMHM aOJISUK TBEPABIX TeJ YABTPAKOPOTKUMH UM-
MYJIbCAMU SIBJISIETCS] «OTKOJIbHAS adJsiuusi, peannuzyemast
TIPH OTHOCHUTEJILHO MaJIBIX IFIOTHOCTSIX SHEPIUU UMITYJIbCa,
1 «(}azoBblil B3pBIBY, pean3yONIMNCS NpHU AajJbHEHIIEM
MOBBILIEHUU IJIOTHOCTH dHepruu [21].

B nHacrosmeit pabote abmsamus BOIH3H MOPOTOBBIX
3HAYEHUH TUIOTHOCTH SHEPTHH MOXKET OBITH aCCOILMHUPO-
BaHAa C MEPBBIM MEXaHU3MOM. [Ipy CHMKEHUHN TUIOTHOCTH
sHepruu 10 5 MJx/cM2 (4TO COOTBETCTBYET IIIOTHOCTH

a b
2
7
N DA |
=
0 ) : : 0
0 4 8
t, nc
L - - - Ty f=1MIn
2400 - —— Ty + AT, f=1MIn
- === Ty f=100 k'
o - —— Ty+AT, f=100 xI'n
-
1200

Puc. 4. TeopeTnueckne 3aBUCUMOCTH: NEKTPOHHOH T, 1 peneTouHoi 7; TeMIieparyp, a Takke KOHIIEHTPAIK (pOTOBO30YKICHHBIX
HocuTeneii 1, Ha TOBEPXHOCTH XaJIbKOTEHUIHOTO cTekia As,Ses ot Bpemenn wist QO = 0,1 Jhx/em? (a) n Oy = 5 mbx/cm? (b);
ocTaro4Hol Temneparypst Ty u Temneparypst Ty + AT, B LleHTpE JIa3ePHOTO NATHA Ha OBEPXHOCTU XaJIbKOTEHUIHOTO CTEKIA

As,Se; OT KOIMYECTBA UMITYJILCOB TIPU PAa3HBIX YAaCTOTaX MX cienoBaHus (c), mpu A = 515 HM, T = 224 dc, djy = 30 MKM,
0o = 5 m/lx/cm2. UepHast kpusast (puc. 4, a, b) — dopma nmmyisca; A7, » — TPHUPAILCHHE TEMIIEPATYPhI IIOBEPXHOCTH 33 UMITYIIbC

Fig. 4. Theoretical dependences of: the electron (7,) and lattice (7}) temperatures as well as the concentration of photoexcited carriers
(n,) on the surface of As,Se; chalcogenide glass on time for Oy = 0.1 J/cm? (a) and Oy = 5 mJ/cm? (b) (the black curve represents the
pulse shape); the residual temperature 7y and temperature 7y + AT, (where AT}, is the surface temperature increase per pulse) in the
center of the laser spot on the surface of As,Se; chalcogenide glass on the number of pulses at different repetition rates (b)

(A =515 nm, 1 =224 fs, dy = 30 um, O, = 5 mJ/cm?)
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MorHocTd uznydenus 2,2-1010 Br/em? npu 1 = 224 ¢c)
KOHLIeHTpauusi (poToBO30YXK/IEHHBIX HOCHTEJIEH COCTaB-
aser oxono 0,8-1021 cm—3, a ux Temmeparypa A0CTUraeT
npumepHo 2000 K (puc. 4, b). [locne nepenaun sHEprun
B KPHCTAJUIMYECKYIO PEIIETKY Yepe3 3JIeKTPOH-(POHOHHOE
B3aMMOJICHCTBIE TeMIIEpaTypa PEHIeTKH MOBBIIIACTCS 10
npumepHo 430 K (T. e. mpuparmieHue TeMneparypsl 3a HM-
mynsc AT, = 130 K), 4T0, 04eBHUIHO, HETOCTATOTHO JISI
abmsuu Marepuana 3a 1 ummynsc. [Ipuy MHOTOMMITYITBC-
HOM JIa3epHOM OOJIyUEHHH C TOM )K€ TNIOTHOCTBIO SHEPTUU
(f=1MTI'pu N = 1000) ocrarouHas Temieparypa rmoBepx-
HocTu Ty, onpesenseMasi COrIacHo BblpaskeH o (1), Moxer
IpEeBBIIATh TeMIepaTypy kumneHus As,Se; (puc. 4, ¢).
Takum 00pa3zom, B 3TOM cilydae 3a CUET HAKOMHUTEIHLHOTO
HarpeBa MOXKET Pean30BbIBAThCS MEXaHN3M HOPMaJIbHOTO
WCTIAPEHNS, HE XapaKTEPHBIH T BO3/IEHCTBUS OMMHOYHBIX
JIa3ePHBIX UMITYJIbCOB, YTO COOTBETCTBYET YCIOBHIM 00pa-
30BaHUs OOJIBIIOTO KOJIMYECTBA MapoB ceneHa (Se) ¢ mo-
CITeITYIOIINM OCaXkIeHneM aMopdHo# (ha3pl, HAOTIOTAEMBIM
B akcriepuMenTe (puc. 1, b). IIpu 3ToM CHIKEHHE YaCTOTHI
cnemoBaHus UMIynbcoB 10 100 kI’ MPUBOAXT K CHIDKE-
HUIO OCTaTOYHOMN TeMIepaTypsl 10 3HaueHuH okono 500 K,
a pu yactore | kI'11 3HAYEHUS 0CTATOYHON TeMIIEpaTyphI
He npeBocxoaaT 1 K (He mokaszaHo Ha puc. 4), T. €. B 3TOM
cirydae 3(phexT HaKOIJICHUs TeTyIa MPEeHEOPEIKUMO MaJl.

BaxHO OTMETHTH, UTO NPH MIOTHOCTAX DHEPTUHU
0y > 0,1 JIx/cM? B yCIOBHAX MHOTOUMITYJIBCHOTO OOITY-
yenus (f=1 MI'n, N=1000) HakonuTeIbHBIH HArpes
CIOCOOCTBYET JTIOCTHXKEHHIO BBICOKHX TEMIIEpaTyp, MpH
KOTOPBIX, KpOME a-Se, Takke HaOIogaeTcsi MHTCHCUBHOE
obpa3oBaHue KpUCTaI0B As,O5 (puc. 3).

Oobcy:xnenune

B pabote [22] ObLT MpeIOKECH MEXaHU3M PCAKITU
dotopaznoxenus As,Se; MOA IeHCTBUEM J1a3€PHOIO U3-
Jy9eHUs BUIAMOTO JIHAMa30HA, COMIACHO KOTOPOMY TTOTIIO-
mieHue (JOTOHA C SHEPTHEH, PEBBIIIAOIICH 3aMPEIICHHYIO
30HY, IPUBOINT K Pa3pbIBy CBsA3EH 1 00pa30BaHUIO aTOMOB
MBIIIBSKA (AS), KOTOPBIE MOTYT CBOOOTHO TU(PPYHAUPO-
BaTh B CTEKJIE ¥ B IPUCYTCTBUH BomsiHOrO napa (H,O) (B xa-
YeCTBE KaTallM3aTopa) y4acTBOBaTh B 00pa3oBaHny As,O;:

As,Se; V5 xAs + As,  Se;

0<x<2,4As +30, 29, 245,0,.

[Ipu aTOM mpeAnonarasock, 4To Bce XMMUYECKHe Tpe-
BpAIIEHHsI B XaJIbKOTEHUTHOM CTEKJIE PEean3yIoTCs B TBEp-
Jou dase.

B [23] npu u3ydeHnu abnasiuuu MIEHOK cynbduaa
MblIIbSIKA U AS,Se; B pexuMax cKaHUpoBaHUS (emTo-
CEKYH/IHBIX JIa3€PHBIX MUMITYJIbCOB C BHICOKOM 4acTOTOM
cinenoBanus (A = 1030 uM), oOHapy) U oOpa3oBaHme
KpHcTanioB As,O; Ha abISALMOHHBIX JIMHUAX J1a3epHOM
3amucH. [y 00bsICHEHUSI XUMHUYECKHUX TIPEBPAICHAH CO-
CTaBa IUICHKH B paboTe [23] TakKe HCIOIh30BaH TBEPHO-
(a3HbIil MexaHU3M peakuuu GoropasznoxeHus As,Ses,
MPeTIOKEHHBIN B padote [22].

BnepBrie Ha BO3MOXXHOCTb Pa3BUTHUSA OKHCIUTEIb-
HO-BOCCTAHOBUTEJIbHBIX pEaKUMii HE B TBEPAOH, a B apo-

BO (ha3e PU KOPOTKOUMITYIILCHOM JIa3ePHOM aOJIsAIHU Me-
TAJIJIOB Ha BO3/1yXe ObLIO yKa3aHo B pabdore [24]. [Tozauee
B [25] Obuia pa3zpaboTaHa XMMHUKO-THAPOAMHAMUYECKAS
MOJIENTb PA3BUTHUSI XUMHUCCKUX PEAKIHi B IJIa3MECHHOM
(haxere Kak OCHOBHOM MEXaHH3Me 00pa30BaHUsI OKCHIHBIX
CJIOEB Ha MOBEPXHOCTH THTaHa. [IpoBeeHHOE B HAcTO-
Amedl paboTe uccieoBaHne MPOIYKTOB JTa3epHON als-
IIUM ¥ PACCUNTAHHBIC 3HAYECHHS TEMIIEPATYPbI TO3BOJISTIOT
MPEANION0XKNTh, YTO OKUCINTENBbHO-BOCCTAHOBUTEIbHBIC
HpOLECCHl B 00bEMHOM XaJbKOT€HHIHOM CTeKIIe As,Ses
Pa3BUBAIOTCA B MAapoBOH (ha3e MpH YacTOTax CJIEIOBaHU
(heMTOCEKYH/IHBIX JIa3epHBIX MMIYJILCOB nopsika 1 MI'm.
B Hacrosmeil pabore B yCIOBUSX MHTEHCUBHOIO Ha-
KOIHMTEJIbHOTO HAarpeBa XaJIbKOTCHUIHOE CTEKJIO IJIaBUTCS
n ucnapsiercs. Hax moBepxHoCThIO abnsiiuu oOpasyeTcs
Tu1a3MeHHbIH (aken. [1na3ma u3HavaIbHO COCTOMT U3 Ta-
poB Se u As. ITo mepe pacmmpenust As B mapoBoit ¢asze
BCTYTIAeT BO B3aMMOJCHCTBHE C aTMOC(EPHBIM KHCIIOPO-
1om (O,) 1 Bo3BpamiaeTcst Ha HOBEPXHOCTH B BUE As,O5.
[Tapoda3Hslit MexaHN3M BKIIIOYAET: HCTIapeHne As,Se;, 00-
pasoBaHue MapoB Se u As, okuciieHne As B mapoBoit (aze
npu B3aumozeiictsun ¢ O, u ocaxaeHue As,O; 1 a-Se Ha
MOBEPXHOCTh 00pa3zua. [Tockonbky As SIBISIETCS JIETYUYUM
KOMIIOHEHTOM, OH PAacIpOCTpaHseTcst Ha OOMbIIIe PaccTo-
SHUS OT O0JTy4eHHOU 00IaCTH, YTO BBIPAKACTCS B HEPABHO-
MepHOM ocaxieHnu As,O3 Ha MOBEPXHOCTH 00pasia. a-Se
OCa)XIaeTcsi IPEUMYIIECTBEHHO OIrKe K Kparepy. B camom
&Ke Kparepe oOpasyercs MOOU(pULIUPOBAHHBINA As,Ses ¢
HOBBIILEHHOM KOHLEHTpaluel KOIbLEBBIX CTPYKTYp Seg.

3akJ/iouenne

DKCNEpUMEHTANBHO OMpeJeleH NOPOT OJHOUMITYIIb-
CHOU abnsuuu 00bEMHOTO XaJbKOI'€HHJIHOT'O CTEKJa
As,Se; Ipy HU3KOM 4acToTe CIef0BaHus (PEMTOCEKYHIHBIX
Ja3epHbIX MIyabcoB (f= 1 xI'1y) Ha JuTiHe BOHBI 515 HM,
KoTOpbI coctapu nopsaka 0,1 Jix/cm2. Paccuntan kod¢-
(urmmenT naKyOanun S = 0,94, xapakTepU3yIOIIHI CHIKE-
HHE TT0pPOTa a0JSIIUY C YBEINYECHUEM KOTMUECTBA UMITYJIb-
coB. [IpencTaBieHHbIE OIICHKM TEMIIEpaTyp Harpesa 3a
OZIMH MMITYJIEC XOPOLIO KOPPETHPYIOT C SKCIIEPUMEHTAIIBHO
OTIpE/ICNICHHBIM MOPOTOM OJJHOMMITYJIbCHOH a0siluu U
MOTYT OBITh HCIIOJIb30BAaHBI B JAIbHEHUIIIEM JUIs aHATH3a
MIPOLECCOB B3aUMOJICHCTBUS yABTPAKOPOTKUX JIA3EPHBIX
UMITYJIbCOB C XaJIbKOT€HHIHBIM CTEKIOM As,Se; Ha JUInHe
BosHBI 515 HM. [Ipu yBenu4ueHUH 4acTOTHI ClIeOBAHUS
umnyabcoB 10 1 MI' 3HaUNTETbHBIM CTAHOBUTCSI HAKOIIU-
TEJIBHBIN Teru1oBoi 3 dexT. Pe3ynbrarsl TeopeTHyeckoro
MOZIETTMPOBAHUSI TIPOJEMOHCTPHUPOBAIIN, YTO P MHOTO-
UMITYJIbCHOM (JEMTOCEKYH/IHOM JIa3€PHOM BO3ACHCTBUH C
YacTOTOM cIieToBaHU UMITYIbCOB | MI T HakOUTETEHBIH
HarpeB Ha IIOBEPXHOCTH XaJIbKOT€HHIHOTO CTEKIa As,Sey
MOXET JOCTHraTh TEMIIEPATYp, MIPEBOCXOMSIIUX TEMIIe-
parypy kuneHust As,Se;, 1 CIocOOCTBOBaThH AKTUBHOMY
Pa3BUTHIO MapO(a3HbIX OKHCIUTEIbHO-BOCCTAHOBHTEIb-
HBIX NTPOIECCOB.

Pe3ynbrars! HccieioBaHust MOTYT OBITh HCIIOJIB30BAHEI
JUISL OTITUMH3AIMH PEKUMOB (EeMTOCEKYHTHOTO MUKPO-
CTPYKTYPHPOBaHHS XaJIbKOT€HUIHBIX CTEKOM IPU BBICOKOI
4acTOTE CIEIOBAHNUS JIA3EPHBIX UMITYIbCOB.
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