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[ToxazaHa BO3MOKHOCTh HCIIOJIb30BaHUS MPOJOJIBHOIO EMKOCTHOTO paspsiia A 3¢GeKTUBHON
HAKau4KM JIa3epOB Ha Mapax YUCTHIX METAIOB MO aHAJIOTUM C Ja3epaMu Ha mapax rajlor€HH]I0B
meTayioB. Ha mpumepe nazepa Ha mapax MeAu B ra3opa3psAgHbIX TPYOKax ¢ MajbiM 00bEMOM
paboueii 30HbI — 8,3 u 20 oM’ peann30oBaHbl MOIIHOCTH reHepauuu 1,5 u 2,6 Br Ha yacroTax
caenoBanusi uMmyiabcoB 55 u 35 kl'm, cooTrBerctBeHHO. OTMeHaeTcs, 4YTO MPOCTOTA
KOHCTPYKIIUU aKTUBHBIX 3JIEMEHTOB M YIPOIICHHAS CXeMa HaKa4Kd C BO3MOXXKHOCTBIO paboTaTh
Ha Oosee Bhicokux YCH nmenarot Takue Jia3epbl MPUBJICKATESILHBIMHU.

Knroueswvie crosa: JIa3€p Ha mmapax MeEau, E€MKOCTHas HakKadka, 4aCToTa CJICAOBaHUA NMITYJIbCOB,
MOIIIHOCTHh HAKa4YKH.

BBenenue

Bricokouactotnbiii éMkocTHOU (BUE) paspsin mmpoko mpumMeHseTcs s TPaBICHUs, HAaHECEHUS
NOKPBHITUH, TIa3MOXHMMUYECKOH OOpabOTKM TMOBEPXHOCTEH MpH MPOM3BOJACTBE H3JACIHNA
AJICKTPOHUKA W MHKPO3JIeKTpoHUKH [1-3] u T. 1. Kpome 3TOro, mepcnekTHBHONW 00JaCThIO
NpUMEHEHHUS SBIsIeTCs BO30YKIeHne pabounx cpex sxcunamil [4], CO,-nazepoB [1, 2] u HOHHBIX
JIa3€pOB Ha Mapax MeTajioB |35, 6].

BbIcOKOUacCTOTHBIM cuMTaeTcs paspsa B auanazoHe npumepHo ot 1 mo 100 MI'm[1]. B
HACTOALEE BpeMs [UId HAKaykyd J1a3epoB HAa Iapax TaJOT€HUJOB METAJIOB  YCIEHIHO
ucnonb3yercs pasHoBuAHOCTH BUE paspsia — npomonbHblii EMKOCTHON OapbepHBI paspsn ¢
gactoramu cienoBanus 10...50 k' [7-12]. Untepec x mosbeimeHuto YCHU o0ycnoBieH kak
dyHaaMeHTaNIbHBIMU  HcciefoBaHusAMHE [13, 14], Tak W NPaKTUYECKUMH BO3MOXKHOCTSMU
HCIIOJIb30BaHUs BBICOKOYAaCTOTHBIX cpen B 3a1a4ax BU3YaJIbHO-ONTHYECKOU
JIuarHoctuku [15, 16].

HecMoTpst Ha TO, 4TO W3-3a HamWuusi Oapbepa Takue Jiazepbl yCcTymaroT 1o 3(QekTuBHOCTH
CBOMM aHAJIOTaM CO CTaHJAPTHOW HAKAayKOW C BHYTPEHHHUMH O3JIEKTPOJAaMH, TaKOW CIOCcO0
BO30Y)XIEHHs HMMEET CBOM IIPEUMYIIECTBA. 3HAYMTENBHO YIPOLIAETCS KOHCTPYKLHUSA
razopaspsaHoii Tpyoku (I'PT) m cxema Hakauku, a Takke OONErdaroTcsi YCIOBHS PabOTHI
KOMMYTaTopa — TUPAaTpoHa. M30inus 3eKTpONOB OT aKTUBHOM CPENbl CHHKAET CTENEHb HMX
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pa3pylieHus 3a CYET OTCYTCTBHUSI KOHTAKTa C XMMHUYECKMMHU peareHTaMu IJia3Mmbl. TeM caMbiM
YBEITUIMBACTCS CPOK Ciry)Ob1 ['PT.

B cBsi3u ¢ 3THM, TIPECTABIISIET HHTEPEC AANBHEHIIINX UCCIICIOBAHUI JAaHHOTO CII0co0a HaKauKu
JIa3€pOB Ha Mapax METAJJIOB, B YACTHOCTH Ha Mapax YUCThIX METAJIOB.

BriepBbie BO3MOKHOCTH PUMEHEHUSI TAKOTO pa3psiia Ajs Bo30OYKICHHUs Jia3epa Ha Mmapax Meau
nokasaHa Hamu B [17]. B mpeacraBneHHoil paboTe MPOMOIKEHBI HCCICIOBAHMS YaCTOTHO-
HHEPreTUYECKUX XapaKTEPUCTHUK JIa36pOB Ha Napax Meau ¢ EMKOCTHON HAKayKOM.

TexHHKa IKCIIEPUMEHTA

B pabote uccnenoBanus nposenensl ¢ 1Byms ['PT ¢ nuamerpom kanana 6, 8 MM 1 IHOM 295 1
400 MM, COOTBETCTBEHHO (C 00BEMOM aKTUBHOM 30HBI V = 8,3 u 20 cM’). KoHCTpyKIust 9THX
I'PT TunuuHa 115 caMOpa3OrpeBHBIX JIa3epoB Ha mapax MmetauioB. Ha puc. | nmpuBeneHsl kak
KOHCTpyKIusa uccneayembix ['PT, Tak u cxema Hakauku. PaGounii kaHan u3 okucu Oepwaus |
pasmernancs B IEHTpe KBapleBoil TpyOku 2. Mexay KepaMHMYeCKOW M KBapLEBOM TpyOKamu
pacnosaraiucs Teron3oaaTop 3. OTanuuTenbHast 0COOEHHOCTb ITOM KOHCTPYKIMH 3aKJII0YaIach
B TOM, YTO DJIEKTPOJBI 4, BBIOJHEHHBIE U3 (HOJIBIU HUOOUS, pa3MeIIaIiCh MMOBEPX KBApPLEBOI
o6omouku Ha Topmax ['PT. Mx coOGcTBeHHass EMKOCTh SBIsUIach pabovei HakomuTenbHOU. J1is
nepBoif I'PT u3MeHsuicss nuamerp BHEIIHEH KBapleBOH OOOJOYKH, YTO TMO3BOJISIIO HApSIy C
U3MEHEHHEM JUIMHBl 3JIEKTpoJa U3MEHATh BenuuuHy pabouelt émkoctu. B kauectse
KOMMYTaTOpOB B CXEME HAKauyKU C PE30HAHCHBIM 3apsAoM MCHojib30Banuch tuparpon TI'MI1-
1000/25 u Tacurpon TI'Y1-1000/25.
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Puc. 1. Kouctpykuus I'PT u cxema Hakauku. 1 — kBapueBas oboiodka, 2 —
pabounii kaHan w3z  BeO,, TemmomsonAanuoHHBI TOpomok w3 ZrO,, 4 —
ANEKTPONbI, 5 — BBIXOJHBIE OKHa, 6 — Kycouku wmenu, L, D — 3apsnanbie
WHIYKTUBHOCTh M AuoA, T — TupaTpoH, BB — BBICOKOBOJIBTHBINA BBINPSIMUTEND,
B3T — 6ok 3amycka THpaTpoHa

Pe3zonarop nazepa cocTosul M3 TIYXOro 3€pKajla ¢ aTIOMMHUEBBIM NOKPBHITHEM U BBIXOJHOTO
3epKaja, IPeACTaBIAIOMIEro co00il KBapIeBylo MIacTHHKY. CyMMapHasi MOIIHOCTh T'€Hepaluu
peructpupoBanacs usmeputesem momnoctd Ophir 20C-SH. C nomomisio ¢unetpoB C3C-23 u
OC-16 BbpgeNsANINCH 3€JIeHass M JKeNTass KOMIIOHEHTBI CIHeKTpa u3iaydeHus. C MOMOIIbIO
¢dorosnementoB PK-19 peructpupoBanacs popma UMIyIbca TeHEPALIUH.

N3mepeHne 3IEKTPHUYECKUX XapaKTEPUCTHK paspsga OCYIIECTBISUIOCH C IOMOINBIO JaT4nKa
toka Pearson Current Monitor 8450, natumnka Hanpspkenust Tektronics P6015A u ociuiorpaga
LeCroy WJ-324.
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Pe3yabTaThl 3KCIIEpUMEHTA

UccnenoBanust reHEpalMOHHBIX XapaKTEePUCTUK onucaHHbIX ['PT nmpoBeneHsl B 3aBUCUMOCTH OT
nasieHust OyQepHOro rasa HEOHa, 4acToThl cienoBaHus umnyinbcoB (UCU) m momHOCTH
HaKadku. Pe3ynbTaThl MOKa3anu, 4To pabodee 3HAUYCHHUE NaBlieHHs Oy(QEepHOro rasa COCTaBIsCT
TUIIUYHYIO JJIS1 3TOTo Kiacca jga3zepoB BenuuuHy 20...30 Topp. CTOUT OTMETUTH, YTO TUIMYHBIE
YCH, xorga nocturaercss MakCMMaibHas MOIIHOCTh M3Iy4eHUs JJI Ja3epoB Ha Mapax Meau C
BHYTPEHHUMHU 3JIEKTPOJaMU M MajibiM o0beMoM He mpeBbimaer 20 kI'n [18-20]. Bmecte ¢ Tem
MOKHO C(OPMHUPOBATH PEXUM BO30OYXKICHHS, HANpUMEpP, MPH TOHWKEHHBIX JABICHHSIX
OydepHoro rasza, Koraa onTUMaIbHbIE YaCTOTHI MOTYT NpeBbICUTh S0 kI'1y [21]. Jns mamux I'PT
ONTUMAJIFHOE 3HAYEHHE YaCTOTHI (II0 MAaKCHUMYMY BBIXOJHOM MOIIHOCTH U3Iy4YEHHs) COCTAaBUIIO
55kl (V=283 CM3) u 35kl (V=20 CM3). DT0 MOXKET OBITh CBSI3aHO C TEM, YTO B OaphepHOM
paspsiie, HeoOXOAUMBIN MO HaKauyke AHEpProBKia] (mpu paboTe ¢ MajbIMU HAKOIUTEIbHBIMU
€MKOCTSIMH) JOCTUTaeTCsl Ha 0osiee BBICOKUX yacToTax. [Ipy onTHManbHbIX 3HAYEHUSIX JaBIICHUS
Ne u YCHU yBemmuenue momntHocTH Hakadku 10 1,39 kBt mns I'PT ¢ o6némom 8,3 oM’
MO3BOJIMJIO IIOJIYYUTh MOIIHOCTh u3nyueHus 1,5 Br. Ha puc.2 mnokasana 3aBUCUMOCTB
BBIXOJHOM MOIIHOCTHU Jiazepa npu yBenmueHun YCH, compoBokaaroieecs: MOBBIIIEHHEM TOKa
Y, CJIEZI0BATENbHO, MOIIHOCTH HAKAUKH.

1,6 T T T T T T T T 2,8 | . ; ; r ; | . , ;
264 . ]
@ 1.4 1 &5 p4] ™ 30T0pp 354 ; 1
< . “%7 e 40Topp, 40Ky ]
S 1.21 1 | § 221 ]
g & 20 -
@ 1,04 1 | & 181 ]
s 1 > 164 ]
— [l e | 7
2 0.8 i 2 1,44 -
8 o] 3 121 ]
% 0,6— . T = ]
= 3 107 ]
2 04+ 1 | = 08{ = 1
] MolLLHoCTb Hakadkn, kBT ] 061 i 1
02. 076 088 098 1.07 1.13 1.26 1.39 151 ’ =Tt}
20 25 30 35 40 45 50 55 60 65 L T L R R
YacroTta crneaosaHvst uMnynbcos, Ky w :
Puc. 2. 3aBucumocts MomHocTH u3nyuyeHus | Puc. 3. Mommuocts renepanuu st I'PT
I'PT pmmamerpomMm 6 MM 0OpH HANPSHKEHUH | TUAMETPOM 8 MM B 3aBUCHUMOCTH  OT
HCTOYHHKA InTanus 6,3 kB ot UCHU MOINHOCTH HaKa4yKW JJIS AaBlIcHUH HeoHa 30,
40 Topp u yactotax 35 u 40 xl'g

Hna T'PT ¢ o6wémom 20 oM’ NP MOIIHOCTH BO30YyXaeHus 1,7 kBT BhIXOAgHash MOIITHOCTH
nocturaa 2,6 Br. Ilpu 3ToM ¢ yBelMYe€HHEM MOUIHOCTH HAKaYKd POCT MOIIHOCTHU T€HEepaluu
MPOUCXOAMIT IMHEIHO. 3aBUCUMOCTH JIJIS 3TOTO CJIy4as NPUBEIEHBI HA PUC. 3.

BenuunHy KaXmod 3JIEKTPOJHOM EMKOCTH MOXKHO OLICHMTb, PacCMaTpHUBasi JJIEKTPOABI Kak
HUIUHIPUYECKHE KOHAEHCATOPHI:

2re  eh

o in( %37 )

rae D, — BHEIHUM nuamerp 3iekTpona, Dy = D, — 2d — BHYTpeHHUN AMaMeTp 3MeKTpoaa, d —
TOJIIIMHA CTEHKU KBapLUEeBOM TpyOkH, /s — IIMpPUHA OJJIEKTPOAA, & — JUDJIEKTpUUYECKas

C
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npoHHIaeMocTh kBapua (¢~4). IlockonbKy B UCIONb3yeMON KOHPHUryparuu EMKOCTH KaTola M
aHOZa PaBHBI, U OHU COEIMHEHBI IOCIENOBATENbHO, TO paboyasd EMKOCTh C,is = C/2. Hdua
Hamux ['PT pabGoune émxoctu mornu BapsupoBatbest oT 100 o 300 nd.

Peructpamust snektpudeckux ummyiabcoB Ha ['PT mokasana, 4ro, Kak M B Jla3epax Ha mapax
raJloTeHUI0B METaNIOB C EMKOCTHOM HAKauyKoH, mociie MmpoOos pa3psaHOro MPOMEXYTKa
HAQUYMHACTCSA 3aps] DIEKTPOAHBIX EMKOCTEM, W B OTO BpEeMs IPOUCXOAUT TEHEPALHs.
JlnTensHOCTh UMITYJIbCA TEHEpALMK, KaK U B CTaHJApTHBIX Jlazepax cocrasisuia 15...20 ve. Ha
puc. 43 MIPUBEICHBI THUITMYHBIC UMITYJIBChI TOKa, HanpspKeHus u reneparuu st ['PT ¢ o0pémMom
20 cm”.

U, kB I ; ; ; I A

20

Puc. 4. OcuninmorpammMa UMITYJIbCOB HanpsbkeHust — 1, Toka — 2 Ha ['PT nuameTrpom
8 MM M reHepanuu — 3 Ipy HAIpsDKEHUU MCTOYHMKA MUTaHus 7 KB

OnTtumanbHble 3HaueHHs pabounx €mxoctedt C, IUIsI UCCIENYyEeMbIX AaKTHUBHBIX 3JIEMEHTOB
coctaBuiy 120 n® nns ['PT quamerpom 6 MM u 250 n® must I['PT auamerpom 8 mm. Ilpu sTom
KIIJI nammx mazepoB pocturan 0.1-0.15%, uro ycrymaer aHamoram ¢ BHYTPEHHUMH
anekTpoaamMu. OJHAKO CTOUT OTMETUTh, 4YTO i cTaHgapTHeIx JIIIM ¢ BHyTpeHHHUMH
MEKTPOLAMH C MaJIbIM 0GBEMOM aKTHBHOIT 30HHI (0T 4 10 30 cM’) xapakrepeH HeBbicokuii KITJ]
~0.3% [14, 15]. Hecmotps Ha 3T0 npocTtoTa KOHCTpYKIMH ['PT 1 ynporieHHast cxema HakaukH C
BO3MOXKHOCTBIO paboTath Ha 6osee Boicoknx UCH nenaroT Takue nazepbl MPUBIEKATEIbHBIMH.

3akjaro4yeHue

B I'PT camopa3orpeBHbIX J1a3epoB Ha IMapax MEIu C MalbiM 00bEMOM pabodeil 30HBI 8,3 u
20 cM’ B MKOCTHBIM CIIOCOOGOM BO3GYKICHHS Pean30BaHbl MOIHOCTH u3nydenus 1,5 u 2,6 Br,
COOTBETCTBEHHO, Ha u4acTtoTax ciueaoBaHusa 55 wu 35 kl'u. IlponmenanHbie wucCcaeqOBaHUS
MO3BOJISIIOT C/AENaTh BBIBOJA, YTO JUISl TMOJYYEHHUS TMPAKTHUYECKH 3HAYMMBIX MOUIHOCTEH
reHepaluy J1a3epoB Ha Mapax YUCTHIX METAIOB C HEOOIBIIUM 00BEMOM aKTUBHOM 30HBI MOKHO
MCIIOJIb30BATh MPOIOJIbHBIN EMKOCTHOM pa3psl.

Kondauxkrt uarepecon
ABTOpBI CTaThH 3aSBJISIOT, YTO Y HUX HET KOH(DIMKTa HHTEPECOB IO MaTepuaiaM JaHHON CTaThu

C TpETbUMHU JIMIIaMH, Ha MOMCHT IIOJAa4YM CTaTbM B PCAAKIUIO XYypHalla, © UM HHYCTO HE
HN3BCCTHO O BO3MOXXHBIX KOH(bJII/IKTaX HHTCPCCOB B HACTOAIICM CO CTOPOHBI TPCTHUX JIUII.
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Copper vapor laser with capacitive excitation
" Shiyanov D. V., > Evtushenko G. S.

Y V.E. Zuev Institute of Atmospheric Optics SB RAS
634055, Russia, Tomsk, 1, Academician Zuev square

? Federal research center for projects evaluation and consulting services
127055, Russia, Moscow, Obraztsova St. 12, Bldg. 2

The possibility of using a longitudinal capacitive discharge for efficient pumping of pure metal
vapor lasers by analogy with metal halide vapor lasers is shown. By the example of a copper
vapor laser in gas-discharge tubes with a small active volume of 8.3 and 20 cm’, generation
powers of 1.5 and 2.6 W were realized at pulse repetition rates of 55 and 35 kHz, respectively. It
is noted that the simplicity of the design of active elements and a simplified pumping scheme
with the ability to operate at higher PRRs make such lasers attractive.

Key words: copper vapor laser, capacitive pumping, pulse repetition rate, pump power.
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Metoauka yuéra 6Mopu3NIeCKNX ACNIEKTOB 3aNUCH MH(pOpMAaIUK B MO3Ty y4allerocsi npu
H3Y4YeHMHU (PU3UKH, a TAKKe NIPUHLIUIOB PadoThI Jiazepa

Epmaxos JI. K.

Canxm-Ilemepoypeckuii nonumexnuyeckuil ynueepcumem Ilempa Benuxoeo
195251, Poccus, e. Cankm-Ilemepbype

e-mail: editor-laser@nb-bstu.ru

ABTOp paccMaTpuBaeT COBPEMEHHBIE 3HAaHUSA O CTPYKTYpe MoO3ra II03BOJSIOT IIOHATH
MaTepHaJIbHbIE OCHOBBI 3alIOMUHAHNS UHMOPMALIUH.

Knrouesvie cnosa: 3anoMrHanue MHPOpPMAIMHN, HAPOCTHI HA TEJIe CUHATICOB, HEHPOHBI.

@®wusnka paboTHl J1azepa — 3TO CUMOMO3 KBAHTOBOM MEXaHUKH, ONTUKUA U (HU3UKU TBEPIOTO
tena [1, 2]. [ToaToMy OHa YacTo BBI3BIBAET OOJIBIIME TPYIHOCTH y CTYJAEHTOB JaKE€ CTAPIIUX
KypcoB. BBUIly 3TOro cienyer yaensaTh CyIIECTBEHHOE BHUMAHUE METOAMKE €€ MpenojaBaHusl.
Hago ckazaTh, 4TO TO, Kak, 3allMCHIBAIOTCS 3HAHMS B TOJIOBE 4YeJOBEKa, C JIAaBHUX IIOp
UHTPUTOBAJIO JIIOJCH. DTO HWHTEpecoBalo OHMOJOrOB W3 YUCTO HAYYHOTO HHTEpeca, a
npenojaBatenieit Juisl yaydlieHus] BOCTIPUATHS U 3alIOMUHAHUS TeX 3HAHHUM, KOTOpPbIE OHU XOTAT
3aJI0KUTh B TOJIOBY ydaiierocs. B cepennHe mpoIuioro Beka BO3HUKIIO MOHHUMAHUE TOTO, YTO
3HaHHWS B MO3TY 3allCBIBAlOTCA B BHUIE KaKUX-TO MOJeKyd. B mociemnue necsaTuierus
O6uno¢u3nKkaMu OBUIO YCTAHOBIJICHO, YTO 3HAHUS KaK-TO CBS3aHBI C HAPOCTAMHU HA TEJIe CHHAIICOB
1 HelpoHOB [3, 4]. buodu3uku Ha3bIBaOT WX «IUNUKHY). OHU OBIBAIOT TPEX THIIOB, UX pa3Mep
npuMmepHo 10...20 mponeHToOB OT pazMepa HeiipoHa. CaMOe MHTEPECHOE, 3aKJIIOYAETCS B TOM,
YyTO y OONBHBIX 00J€3HBIO AJblreiiMepa TaKUX I[IUNUKOB HeT. [IOHATHO, 4YTO IIUIUKU
dopmupyroTCs M3 00O0JOYKM CHHAICA M HEWpOHA M aTaka HAa HETrO0 HU K YeMy XOpoIleMy He
npuBoauT. [lonTBepikIeHUEM S3TOrO CIYKUT 3KCHEPUMEHT (PAKTUUYECKH MOCTaBICHHBIA HaJ
HapoaoM CIIIA: tam okono 40 jeT akTUBHO PEKIAMHUPOBANIACh UAES, YTO BO BCEX COCYAUCTBIX
00JIe3HsAX BHHOBAT XOJieCTEpUH. AMepuka OyKBaJIbHO IOMEIIajach Ha 3TON HJee U pa3Hble
KOMITAHUU aKTHUBHO MPOJABHUIaId HA PHIHOK MPOAYKTHI 0€3 XOJeCcTepHHa, a TAKXKE JIEKapCTBa
MOIABIISIIONITME €r0 BhIpaObOTKy B opranm3me. B pesynapraTte CIIA cranm dYeMnuoHOM MO
Oone3nn AmnbureiiMepa (moteps mamsATH). TakuM 00pa3oM, HCKYCCTBEHHOE TOJaBIICHHE
BBIPAOOTKHM XOJIECTEpPUHA MPHUBOAUT K MpodiieMaM ¢ (OpMHpPOBaHHEM OOOJIOYKH CHUHAIICOB U
HEHPOHOB M YBETMUEHUIO BEPOSITHOCTH BO3HUKHOBEHHsI 00JIe3HN AJbIIreiimepa.

CoBepIlieHHO OYEBUIHO, YTO HEHPOH HE «XOYEeT» CO3/1aBaTh U3 CBOCH KOXM (0OOJOYKH) 3TH
UMUK, Bece MBI IOMHUM, Kak MPH MOJATOTOBKE K 9K3aMEHY ( 3TO K€ MHTCHCHBHAs HaKauka
Mo3ra uHpopmaImein) Bcé BpeMs X04eTCs TO TOCMOTPETh B OKHO, TO JIUIITHUHN pa3 MOMUTh YalKYy,
TO Ha TSITh MUHYTOK BKJIIOUUTH TEJIEBH30P- MOCMOTPETH IMOCIEIHUE M3BECTUS M T. . U T. L
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[Ipeononers HeXXeNaHWE HEHpPOHA JeNaTh UIMIIMKKA MOXKET TOJBKO CTpecc: CTpax ocTaThes 0e3
CTUMNEH/INU, CTpax ObIThb OTYMCICHHBIM, >KEJIaHUE MOHPABUTHCS JIFOOMMOM IEBYILIKE, YKEIaHUe
NOJIyYUTh TPU3HAHME CPEOU COKYPCHHUKOB, JKEJIAHWE MOHPABUTHCS IPENOJABAaTENI0O MU T. I.
CrpeccoM Takxke SIBISETCS JKI'ydee KEIaHUe y3HaThb, YTO-TO HOBOE B HAyKE, TO €CTh MOJHATHCA
Ha HOBYIO, O0Jiee BBICOKYIO CTYIIEHb JIECTHULBI To3HaHus. [locne peBomonnn 1917 roga MEHOTHX
MOJIOJIBIX JIFO/IEN M3 MPOCTHIX CIOEB 0OIECTBA JBUTANIO CUIIBHOE JKEJIaHUE OBJIAJICTh 3HAHUSMU,
KOTOPBIMH O0JIaZialii TpEeACTaBUTENM 0ojee BBICOKHX IO COIHAIBHOMY ITOJOXKEHHUIO CIOEB
oOmiecTBa 10 peBOIIONMH. B pe3ynbrare mosiBuiach 1esas miesa TalaHTIMBBIX KOHCTPYKTOPOB
caMoJIETOB, paKeT, TAaHKOB, aBTOMOOWJICH M OpYXXUS Pa3HOTO THIA, a TAKXKE AIIEKTPOHHBIX
ycTpoicTB. KcraTtu roBops, B cpeHHE BeKa IIKOJIBHUKOB M CTYJEHTOB IOPOJIU 3a OTCYTCTBHE
ycrexoB B yu€be. ITo ObUIO HAZ0, YTOOBI BOrHATh HEHPOHBI MX MO3ra B CTpecC, Kak 3TO He
rpyctHo. [lorom mnosBunuce B nureparype — llekcnup, Ilerpapka, Ilymkun, JlepmoHTOB,
I'orons, Toscroi, B Mmy3sike — bax, Mounapr, berxoBeH, YalkoBCKMH U [pyrue TE€HUU
uckyccrpa. Jlyma mMojonoro 4yemoBeka craja 0ojee TOHKOW M HEOOXOJUMOCTh MOPKHU OTMaa:
JIOCTaTOYHO OBIJIO CKa3aTh YYHUCh M 3TO UMEINIO JOJDKHBIA AP DEKT.

OueBnHO, 4TO IPOLECC CO3[aHUs MINIUKOB 3TO MEUIEHHBIN nponecc. X Tpu tuna, BO3MOXHO,
3TO COOTBETCTBYET Pa3HOM CTENEHU 3allOMHUHAHMS: OBICTpasi, HO HE MOJTras MamsTbh, CPEAHSS U
Joyrass naMsTb. BO3MOXHO, 4TO 3T HIMOUKH — 3TO HAYaJ0 HOBBIX CHHAICOB, KOTOpPHIE
oOpa3yroTcs B mporecce yué€Obpl. Bce MBI OMHHMM, YTO MOBTOPEHbE — MaTh y4eHbs. Temnephb
MOHSTHO, TMOYEMY 3HaHMs YycBaumBaloTca Ooisiee 3(P(GEKTUBHO, KOTJa JIEKTOP OTHOCHTEIHHO
MEIJIEHHO IMIIET Ha JOCKE, a HE IPOCTO II0Ka3blBAET  KAapTUHKU THUIIA HOBOMOJHBIX
npe3eHTanuid. JIekTop TakuM o0pa3om paboTaeT B COTJIACHM C PUTMOM DPabOThI HEHPOHOB
CIIylIaTesneu Mo opraHu3auuy MUNUKoB. M 310 onpezensercs Npupoaor Mo3ra, KapAuHaIbHOE
W3MEHEHUE KOTOPOM HaM IOKa He Moj cuily. UTo TaM JEeTalnbHO MPOMCXOAUT MOKA HEMOHSTHO,
HO CKOpPE€E BCETO ATOT BBIPOCT M3 KOXKM CHHAIICA 3AII0JHEH KAKUMHU-TO MOJIEKYJIaMH, KOTOPbIE
BCTYMAIOT B HEKUW PE30HAHC C MPOXOASIIMMU MUMO UX HEPBHBIMH UMITYJIbCAMU, MOAU(PHUKALIUS
KOTOPBIX U €CTh 3HAHUE.

BrnonHe BO3MOXKHO, 4TO €CTh TIpyIIa HEWPOHOB, KOTOPHIE MOJABIAIOT HEKEIAHUE JPYTHUX
«JICHMBBIX» HEHPOHOB CO3/1aBaTh IIWIHKU 3HAHWH M YIpaBIsSeT NPU 3TOM BbIPAOOTKON
TOPMOHOB yJIOBOJIbCTBUA. Bce MBI 3HaeM Kakoe€ yIOBOJBCTBHE MBI MOJy4aeM, KOrJa BAPYT
HOHSJIM KaK YCTPOEHO TO, HaJl YeM JIONTO JIOMAJIH TOJO0BYy. JTa Irpymma HEHPOHOB 00s3aTeNbHO
JIOJDKHA UMEThCS y JII000TO JKMBOTO CYIIECTBA, TaK Kak JIHOOO3HATEIHHOCTH MaéT OOJbIIe
[IaHCOB BBDKUTH B MHpE, I/I€ CHIbHBIH XOueT checTh cnaboro. W KoHedHO ke
J10003HATENFHOCTh UMEET OTPaHMUYEHUS CBA3aHHBIE C OMOJIOTHE MO3ra — BCEM M3BECTHO, YTO
yke uepe3 20 MUHYT ydaluiics nepecTaeT HOHUMATh, YTO TOBOPUT MPENOJABATENb — BOZHUKAET
YCTaJOCTh HEMPOHA — ATO MPUPOJIA, C STUM HHUYETO HEBO3MOXKHO MNojenathk. [loatomy 45 MunyT
3aHATHUS 3TO yXKe HaCHIIUe HaJ y4eHHKOM, a 90 MUHYT JIeKUuHU Oe3 mepephiBa, YTO MPAKTUKYIOT
HEKOTOPBIC JIGKTOpa — 3TO BOOOIIE 3a TpaHpio. JKenarenpHo yxe depe3 20 MUHYT Toclie Havasia
3aHATHUS W JIGKLIUH JIBE — TP MUHYTHI TOOOJITaTh HA KaKue-HUOYIb TEMBI, CIIeTKa OTAAJIEHHbIE
OT TEMBI 3aHATHS — ATO 3arpy3Ka JIpyrux HEHpOHOB, KOTOPbIE HE YYacTBYIOT B 00pabOTKe TeMbI
3aHSTHSL, TO €CTh OTJBIX HEMPOHOB MPUBJICUEHHBIX K OCHOBHOMY 3aHSTHIO.

B cBsizu ¢ BblleckazaHHbIM OCOOYIO TPEBOTY BBI3BIBAET TO, YTO BBIMYCKHHUKAM IIKOJ
IpeJIaraeTcsi CaMMM ONpeeNsiTh, Halo cnaBaTh UM EI'D mo ¢usuke nim Her. B aTom Bo3pacrte
YUEHUK HE MOXKET CaM ONpPEeNIUTh, YTO eMy IOHaTO00UTCS B )KU3HU. Beab «ieHnBbIe HEUPOHBI»
TOBOPAT €My, YTO HE HAJI0 U3y4aTh TO, YTO ThI HE OyACIIb CAaBaTh B BUAE 3k3ameHa. [Ipu aTom
nejanupyeTcs uaes 0 HeKUx rnpaBax peOEHka. [IpaBa yenoBek nmpruoOpeTaeT JUIIb MOCIe TOro
KaK JOCTAT 4Yero TO. PeOEHOK MODKEH OCO3HABATh, YTO IIOKA OH JKHUBET HAa WKIUBEHUU
pOAMTENIEH, JIydllle CIYIIaTbCs HMX COBETOB, a TAaKKE YYUTHIBATh HMHTEPECHl TOCYIapCTBa,
KOTOPOE €ro 3aLUIIACT C CAMOTO POXKACHHUS U ISl KOTOPOTO TaKoe OOJIBIIOE KOJIUYECTBO JIFOJICH
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HE CBEAYIIMX B OCHOBAaX TEXHUKM OIACHO. YKe ceiyac oOpas3oBanach KaTacTpopuyeckas
HEXBaTKa TEXHUYECKUX CHEIHaIMCTOB — 3aBOJbI €CTh, a paboTarh HekoMmy. KTo Oyner nenarts
TEXHUKY, KoTopas Oyzaer Hac 3amuuiath. [lo manHbM nponuisix et Ha EI'D mo ¢usuke uner
12...16 % BoimyckHuKoOB [5]. [IpakTnueckun peOEHKa MPOBOLMPYIOT Ha Oojee JNErkyro, Ooiee
OTPAaHUYEHHYIO «TPACKTOPHIO pPa3BUTHA» (3TO IJIOOUMBIA TEPMHH COBPEMEHHBIX ToOpe-
pedopmaTopoB oOpazoBaHms) — OTKa3 OT CAa4M, OATOTOBKH, @, CJIEA0BATEIBLHO, OT MOJYICHUS
3HaHuil B oOmactu ¢usuku. Takum 0Opazom, MPOBOLMPOBAHUE y4yaIlMXCs Ha OTKa3 OT CAAYH
9K3aMeHa 1o ¢u3uke B 000K (opme (BhIMyckHOW 5k3ameH B mkose win EID) — arto
CO3HATEJIbHOE BPEAUTENBCTBO TOCYJApCTBEHHOIO MacmTada cO CTOPOHBI ISTOH KOJIOHHBI B
cucTeMe Hamrero oopasoBanus. YenoBeka, KOTOPHIH ABa roaa B 9 u 10 knacce He yuui QU3HKY,
HEBO3MOXXHO 1MOTOM B BY3e kauecTBEHHO 00YYHUTh TEXHUYECKHUM HaykaM. FIMEHHO B 3TH roJibl
MPOUCXOJUT KAayeCTBEHHBI POCT MHTEJUIEKTYalIbHBIX BO3MOXKHOCTEH Mo3ra peOeHka u
HaBS3bIBAHWE €My HM3Y4YCHHE HCKIIOYHMTEIbHO T'YMAHHUTApHBIX HAYyK, KOTOpPBIE B MPOCTOpPEYbE
Ha3bIBAIOT «OOJITOJIOTHEN», MPUBOAUT K TSKENBIM IOCIEICTBUSM U JJIs 4YelloBeKa U s
rocynapcrBa. Kak Obl KpacHMBO Thl HE HAay4WJICS TOBOPUTH, OTCYTCTBUE TEXHHUUECKUX 3HAHUI H
yMEHUW BBIAIET OOKOM W 1jIsi TeOS W Jyia Hapoaa B menoM. dusmka 3T0 HE (GopMmyIbl, a
UCKYCCTBO IOCTPOCHHSI HAIVIAJHBIX KAPTHH SBJICHMSA, HAa OCHOBE KOTOPHIX U TOSBIISIOTCA
dopmynbel. 1 3TUM HCKYyCCTBOM HEBO3MOXHO OBIIAJIETh MPH JBYXJETHEM OTKa3e OT M3y4YEHHS
OCHOB 3TOl Hayku. Hamo 00s3arenbHO mpoCTynaTh JIGKIMU YYUTENs, TOpemaTh 3a1a4l BMECTe
C HHMM, a IOTOM IIOpeIIaTh HX CaMOCTOSITENIbHO, MpoJenarh JjadopaTopHble padOTHl U
HOJATOTOBUTHECS K 3K3aMeHy B mo0oit popme (EI'D wmnm BeimyckHOM B 1mkone). I[loatomy
cBOoOOIHBIN BBIOOp m3uku s EI'D momwkeH ObITh OTMEHEH, a dK3aMeH 1Mo (HU3UKe B JTFOOOM
dopme ToKEeH CTaTh 00s3aTeIbHBIM. B HACTOSAIINIT MOMEHT 3TO BOMCTHUHY 33ja4a YKpEIUICHUs
rocyznapctBa. O TOM ke TOBOpUT penieHue Haimiero Ilpesunenra oObsIBUTH JeCATHIIETHE HAYKU
U TEXHUKU B CTPaHe M HAJIO0 MOATBEPAUTH €ro He OOJNTOBHEH, a BBEACHUEM O0S3aTEIBHOTO
9K3aMeHa 1o (pU3MKe MPH BBIITYCKE J€Tel U3 CTapllIero Kiacca.

Kondaukr unrepecon

ABTOD CTaThH 3asBJISIET, YTO Y HETO HET KOHGINKTa MHTEPECOB M0 MaTepraiaM JaHHOW CTaThU C
TPETHUMH JIUIIAMH, HA MOMEHT I10/IaY¥ CTaThU B PENAKIIUIO KYpHAJa, U eMy HUUYEro He H3BECTHO
0 BO3MOXHBIX KOH(QJIMKTaX HHTEPECOB B HACTOSAIIEM CO CTOPOHBI TPETHUX JIHUII.
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Methodology for taking into account biophysical aspects of recording information in the
student's brain in studying physics, as well as the principles of laser operation

Ermakov L. K.
Peter the Great St. Petersburg Polytechnic University, 195251, Russia, St. Petersburg

The author discusses how modern knowledge about the structure of the brain makes it possible to
understand the material basis for remembering information

Key words: memorization of information, outgrowths on the body of synapses, neurons.
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B paGote coolrmiaercs o psifie HOBBIX (PU3UUYECKUX SIBICHUI, OOHAPY>KEHHBIX MPHU UCCIICTIOBAHUH
BO3/ICHCTBUS JIa3€pHOTO M3TyYEHHUs] Ha MOPUCTHIE po3pauHble MaTepuaisl. [loka3piBaeTcs, 4To
MpU PACTIPOCTPAHCHUH M3TYUYEHUSI B Cpelie U3 MJIOTHOYMAKOBAHHBIX YaCTUIl HEKOTOPbIE M3 HHUX
UTPAIOT POJIb BHICOKOJOOPOTHOTO PE30HATOPA, CYIIECTBEHHO YBEIMUYMBas €€ HHTEHCUBHOCTh. B
JanpHemeM WHTepepeHIrs NaJalomiero, NPeIOMIEHHOTO M OTPaXEHHOTO H3IIyUeHHH
OPUBOJUT K TOMY, YTO B HEKOTOPBIX JIOKAJIBHBIX Y4YaCTKaX HHTEHCHUBHOCTH PAaCCESIHHOTO
U3ITy4eHUs] B JIECATKUA pa3 MPEBBINIACT WHTCHCHBHOCThH MAJAIONIETO HM3Iy4eHHUS, oOecrieunBas
pa3BUTHE ONTHYECKOTO MPOoOOs MO OJHOMY M3 H3BECTHBIX MEXaHM3MOB. YCTaHOBIJIEHO, YTO
WHTEHCUBHOCTh B TaKUX JIOKAJbHBIX MAaKCHMyMaX 3aBUCUT OT IIOKa3aTessl MPEeIOMJICHUS,
pa3MepoB YacTUI[ W JJIMHBI BOJIHBI u3nydeHus. [lokas3piBaeTcs, 4YTO MpH AJIUTEIBHOM
BO3JICHCTBUM W3Iy4eHUS Ha JBIDKYIIYIOCS TOBEPXHOCTh MHUIICHH OHa mpuoOpeTaer
UTJIONIOAOOHBIN XapakTep ¢ auaMeTpoMm uria ~1 MM u BbicoTod 10 8 MM. CBeueHue dakena,
BO3ZHMKAIOIIETO TOJ| JACUCTBUEM OJWHOYHOTO HUMITYJIbCA, B MOJYNPO3PAYHON MHIIEHH HMEET
UPPETYJISApHBI TUYKOBBIM Xapaktep. Halimeno, urto rnyOmHa Kparepa, 00pa3oBaHHOTO
U3JTYy4eHUEM HUTTEpOMEBOro Jiazepa, A KOTOPOro MaTepuall MHILIEHH Ipo3paueH, B 6...8 pa3
rryoke Kpartepa, oopazoBanHoro usnydeHnem CO,-nazepa ¢ TaKOW K€ SHEpPruei B UMITYIIbCE,
JUI KOTOPOT'O 3TOT MaTepHall He po3paueH. DTO CBSI3BIBACTCS C EPEX0A0M OT MMapoBoii k Oojee
3 PEeKTUBHON € TOUKH 3pCHHS YIAJICHHS MaTepuajia mapokamnenbHou abmsuu. EE Hamudme
ObUI0 OOHApPYKEHO NMPH CKOPOCTHOU (hoTochEMKe cBeueHMs JiazepHoro ¢akena. [IpuBogsarcs
MaTeMaTUYeCKUe MOJIEIIH, MOSCHSIONINE MPUUNHBI peaTn3allii BbIIICYTOMSIHYTBIX MIPOLIECCOB U
(axToB.

Kniouesvie cnosa: CO,-nazep, BOTOKOHHBIA UTTEPOMEBBIN J1a3ep, METO/ MOTy4YE€HUS] HAHOYACTHIL,
Ja3epHbIi (hakel, BO3ACHCTBHE Ta3epHOT0 H3ITyYCHUS Ha IPO3PavHbIe OKCHIBI.

BBenenue

B 70...80 roapl mpouuioro CTOJETHs 3HAUUTENBHOE BHUMAaHHUE YAEISIIOCH BO3ACHCTBHIO HA
MaTepuaibl JJA3ePHOTO U3IyYEHHUS! Pa3IUYHON MOIIHOCTH U JUIMTENbHOCTU. BBUIN BBINOTHEHBI
OOIIMpPHBIE UCCIICOBAHMS, aHAIN3 KOTOPBIX MPHUBEAEH B MHOTOYUCICHHBIX 0030pax M KHUTax
(mampumep, B [1]), TeM caMbIM OBLIH CO37IaHBI OCHOBBI Ja3epHOU (u3uKku. B mocnegHee Bpems
HANPaBJIEHUE WCCIEAOBAHUN B 3HAYMTEITHLHOW MEpEe CMECTHJIOCh B O0JIaCTh BO3ACHCTBHS Ha
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MaTepuaibl YIbTPAKOPOTKUX HMMITYJIBCOB JIA3PHOTO M3JIydeHHUs. B TO ke BpeMs, B CBS3U C
pacmMpeHreM Kpyra MpPUMEHEHHUH J1a3epoB MJs pEUIeHHS TEXHOJOTMYECKUX Mpodiem,
MCIIOJIb30BaHNE HETPEPHIBHBIX WU C JUIUTEIHHBIMU UMITYJIbCAMH U3ITYUEHUS JIA3€POB SIBIISCTCS
cymecTBeHHO Oosiee A((PEeKTUBHBIM, HO B psAJie CIIy4aeB HATAJIKHWBACTCS Ha CHEUpUYECKUE
TPYAHOCTU. DTO BEAET K BO3HMKHOBEHHIO HOBBIX HANpPaBICHUI HMCCIIEIOBAHUN, CBS3aHHBIX C
HEOOXOAMMOCTBIO PEIICHUS TTOSBUBIIUXCS MPOOJIEM.

OnHuM H3 TaKUX HAMpPaBICHUH SBISETCS BO3JICHUCTBUE JIA3€PHOTO HM3JIYYCHHS Ha TOPHUCTHIC
npo3padHble Marepuainbl. VccrnenoBanus B 3Tol 00jacTh BaKHBI JJIsl TTOHMMaHUS MPOIECCOB,
MMEIOUIMX MECTO IPH JIa3€pPHOM pE3KEe TYrOIUIABKUX KEpaMuK, co3faHust 3D-TexHosorui ams
JURJIEKTPUKOB U MOIYIPOBOJAHUKOB, JTa3€PHOI0 CHHTE3a HAaHOMOPOIIKOB C MaJbIMU pa3MepaMu
gactull ¥ T.A. IlocnenHee OCOOEHHO B@KHO JUIsI TPUTOTOBJICHUS KEPAMUK C BBICOKOM
MEXaHUYECKOM TMPOYHOCThIO M OECHOPHUCTHIX BBICOKOMPO3PAYHBIX KEPAMHK, HAIMpUMep s
TBEPJOOKCUAHBIX TOIUIMBHBIX anemMeHToB (TOTD)[2], a Takke KepaMUK, SBIISIOIIUXCS
AKTUBHBIMHM 3JIEMEHTAMH TBEPJOTEIbHBIX J1a3epoB [3]. Jlemo B TOM, YTO Takhue HAHOMOPOIIKH
oOnamaroT ManbiMH  cpegHuMH  pasMepamu  (~ 10 HM) U, CcIeIOBaTENbHO, OOJBIION
MOBEPXHOCTHOM DJHEpPruel, MO3TOMY CHUHTE3 KEpPaMHUK MOXKHO MPOBOAUTH IPU MEHBIINX
TEMIIEPATypax, peau3ysi MCHbIINE pa3Mephbl KPUCTAIUTUTOB U, CIEOBATENILHO, 00JIee BHICOKYIO
MEXaHUYECKYI0 IPOYHOCTh. [Ipu cuHTE3e KepaMUK U3 KOMIIAKTOB C OTHOCUTEIBHOMN MIIOTHOCTHIO
~ 50 % pa3mepsl MOp B HUX COM3MEPUMBI C pa3MepaMH HAaHOYACTHI], TO3TOMY Ha HUX OyJeT
neiicTBoBaTh  Ooybllloe  KamWUIPHOE ~ JaBJIGHHE,  CTUMYJIUPYSd  I[OBAaKaHCHOHHOE
«HCTIapeHHEe» TopP.

[lepeunciuM, Kakue ke TPOOIEeMBI TpPeOYIOT OOBSCHEHHUS TPH aHAJIM3€ IPOIECCOB,
MPOSIBIISIONIUXCST TPH  BO3JACHCTBUU JIA3€PHOTO U3IyYEHUS HA MUIICHH U3 TOPUCTOTO
MPO3payHOro MaTepuasa, U Kakiue 0COOEHHOCTU MIPU STOM MPOSIBIISIOTCS.

- Ilopor na3zepHOro paspylieHus MPO3payHbIX MOHOKPUCTAJJIOB OKAa3bIBAETCS CYLIECTBEHHO
BBIIIIE, YEM B MMOPUCTHIX MUILIECHIX U3 3TOTO K€ Marepuana [4, 5].

- DTOT IOpOT 3aBUCUT OT MTOKA3aTesl MPeIoMiIeHUs [6].

- Ilocne BO3AEHCTBUS JIa3epHOTO M3IY4YEHHUs] Ha MHUIIEHM W3 IPO3PAYHOrOo Marepuana
(HampuMep, W3NMy4YyeHHs HTTepOMeBoro mnasepa Ha MumeHb u3 Nd:Y,0s3) e€ moBepxHOCTh
npruoOpeTaeT UriIonoI00HbINH XapakTep [7].

- I'myOmna na3zepHOro Kparepa, BO3HHKIIETO TIOA JEHCTBHEM HWMITYJIbCa HW3IIY4CHUS
UTTEpOMEBOro Jaszepa B MHUIICHH, MaTepuaid KOTOPOH sl 3TOTO M3JIy4YEHHs IPO3padyeH,
OKa3bIBaeTcs B 6...8 pa3 Oobine, ueM noj aericteueM usnydeHus CO,-mazepa movtu ¢ TOH ke
SHEpPruen B UMITYJIbCE, ISl KOTOPOTO MUILIEHb HE TTpo3payHa [ 8]

Pe3ynpTaThl TEOPETHYECKUX U OSKCICPUMEHTAIBHBIX HCCIEAOBAaHUM, HAIPABJICHHBIX Ha
YCTaHOBJIEHHE BO3MOXKHBIX MPUYHUH MPOSBICHUS 3THX 0COOEHHOCTEH, N3NIaraloTcsl B HacTOsIIen
pabore.

1 OxcnepuMeHTaNbHbIE YCTAHOBKH

Jng  uccrnenoBaHMsl  IIPOLIECCOB  BO3JEHCTBUS  M3JIYYEHHMS Ha IOPHUCTBIE  MaTepHaIbl
HCIIOJIb30BAJINCh YCTAHOBKH, OJIOK-CXEMbl KOTOPBIX HpHBeneHbl Ha puc. 1. B oboux ciydasx
npuMeHsuicss 00 BOJMOKOHHBIM urTepOueBbii nazep JIC-07H (HTO «MPO-Ilomrocy,
r. ®pszuno, Poccus) ¢ HOMUHAIBHOW MOIIHOCTBIO HempepbiBHOTO u3nmydeHus 700 Bt, mubo
umnynscHo-niepuogndecknii CO,-ma3zep COOCTBEHHON pa3pa0dOTKH C DHEPrHEe B HMITYIIbCE
1 JI’k, IIUTENbHOCThIO UMITYJIbca Ha MmoiyBbicoTe 350 MKC U yactoTou cienoBanus no 600 ['m.
Jns ckopocTHON (oTOCKEMKHM Ja3epHOro ¢akena B COOCTBEHHOM CBETE HCIOJIb30BaIach
YCTAHOBKA, TMpUBEJACHHAs Ha puc. l,a. BoJOKOHHBIA Ja3ep TEHEPUPOBAT OJUHOYHBIE
IPSIMOYTOJIBHBIE MMITYJIbCHl U3MydeHHs AnuTenbHocThio  200...1400 MKC ¢  MrHOBEHHOM
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mourHocThio 720 BT. KBapueoit nun30ii (1) ¢ ¢poxycHsiM paccrosiauem F 200 mm niun 400 MM
u3nydeHre (OKyCHpOBAJIIOCh Ha MHIICHb (2) B KPyrjoe ISITHO auaMeTpoM 250 MKM WiIn
430 mxM. [171OTHOCTH MOIIHOCTH W3IYYCHHs] HA MHUIICHH JUIS BBIMICYIIOMSHYTHIX JIMH3 ObLIa
1,4 MBr/em® win 0,46 MBr/cM?. J{iisi m3Meperust (hOpMbI J1a3ePHOTO HMITYIbca HAa IIYTH
CIIEIOBaHMs JIa3€pPHOTO Jyda YCTaHABIWBAlach HEMPOCBETICHHAS IJIOCKO-TIapauiebHas
KBapIieBas riactuHa (3), oT KOTOpOH OTpakajiach YacTh U3JIYUCHHS U CKBO3b CBETOMUILTPHI (4)
nomanana Ha pin-¢poroauon SF2500FA (5). C yu€toMm moTeph Ha OTpa)keHHe IUTacTUHOM (3)
MOIIHOCTb JIA3€PHBIX UMITYJILCOB Ha MuUlIeHU cocTaBisiia 670 Bt. [{ng cbEMKHM HCTIOJIB30BAIUCH
ckopocTHas ¢poroycranoBka BOY-1 (8) (BHUU ODU, Mocksa) u ob6wektuB «Mumycrap-61J1/3-
MC» (7). Cprémka Benach Ha uépHo-0emnyto ¢otomnénky ILFORDDELTA ¢ 9yBCTBUTEIBLHOCTBIO
400 equaun; ISO B cnekrpansHoM nuanasone 400...665 um. CBeuenue (akena HU3MeEpsIIOCH
dotoanekTpoHHbIM dneMeHTOM DOOK-22CITY-M (6). B psine onwsiToB Ja3epHbI  daken
dororpaduposancs ¢poroanmaparom Canon 350D (9). Bee anexrpudeckne cUurHalIbl H3MEPSUTUCH
ocrmutorpadom Textronix TDS-520.

Bbrok-cxeMa ycTaHOBKH ISl CHHTE3a HAaHOIIOPOIIIKOB, TPUBEICHA Ha puc. 1, 6.

Wznyuenune mnazepa (1) ¢okycupoBanoch ontuueckoir rosoBkoi IPG (2) Ha wmumiens (4),
pacIoIOKEHHYIO B UcnapuTenbHOu kamepe (3). DOoKycHOE pacCTOSHUE JIMH3BI B ONTHYECKOM
rosoBke morio OeiTh 200 MM, 400 MM wiu 600 MMm. COOTBETCTBEHHO, AMAMETpP IISITHA HA
mutneHn Obu1 paBeH 250 MM, 430 MkMm i 700 MKM, a MJIOTHOCTH MOUIHOCTH H3Ty4YECHHUS B
nsaTae — 1,2 MBT/CM2, 0,46 MBt/cm® win 0,16 MBt/cm’. Mumienn Bpaliaiach 1 nepeMenianach
B paJualbHOM HampapiieHWu. [lepBoHaYabHO MHUINEHH YCTaHABIMBAJIach TOYHO B CEPEAUHY
NEePeTsHKKU COKYCHPOBAHHOIO IMyYKa M [0 MEpEe HCHApeHHs BPYYHYIO IOJHUMANach BBEPX
TakuM 00pa3oM, 4TOObl €€ TOBEPXHOCTh OcTaBaiach B (hokyce. MeMOpaHHBIM HacocoM (5)
aTMoc(epHBIM BO3IyX MpOKayMBaeTcs depe3 cucreMmy. Ero oObEMHBIA pacxod peryaupoBajICs
uroipuateiM BeHTWeM (13) u m3mepsuics poramerpom (11). Ha Bxome B cuctemy BO3IyX
ounmiancs oT nbUIM B puibTpe (12). [IpoaykThl ucriapeHusi MUIIEHH BMECTE C MOTOKOM BO3lyXa
nonajajii CHayajlla B IUKJIOHBI (6), B KOTOPBIX OCA&XIAJIUCh TOYTHM BCE KAIJIM M OCKOJKHU
mumeHn kpymnHee 10 mkm. [ cOopa HaAHOYACTHI[ MCHOJIB30BATUCH 3IEKTPOGUIbTPHI (7) U
pykaBHbIii Oymaxsbiii Guibstp (9). Ilepen BbIOpocom B aTmocdepy BO3IYyX OKOHYATEIBHO
ounimaics B ¢uiabTpe TOHKOW ouucTtku (10). [laBneHue Bo3ayxa B HCIAPUTEIBHOM Kamepe
cocraBmsno 0,65...0,75 atM. Ilpn 0OGBEMHOM pacxoje Bo3ayxa 4,5 M/d4ac ero CKOpOCTh Haf
MUIIIEHBIO cocTaBiisia 45 m/c. TlomydeHHbIE HAHOMOPOIIKHA MOABEPTAIUCH PEHTTEHO(DA30BOMY
ananmu3y Ha nugpaxromerpe D8 DISCOVERGADDS. Xumudeckuil cocTaB HaHOMOPOIIKA H
MUIIIEHEH OMpEeesICS aTOMHO-OYMHUCCHOHHBIM MeTofoM Ha crektporpadge OPTIMA 2100 c
WHJYKTUBHO-CBA3AHHON IUIa3MoOi. M3MmMepeHue yHenbHOM IIOBEPXHOCTH HAHOIOPOLIKOB
npoBoauiock bOT-meronom Ha mpubope TriStar 3000. Jlns onmpeneneHus MacCOBOro BBIXO0J1A
HAHOTOPOIIOK U MUIIICHD B3BEIIHBAIHCE.

Puc.1. Biok-cxeMbl SKCHEpPUMEHTAIBHBIX CTEHIOB JJIsi CKOPOCTHOM CBEMKH JIA3€pHOTO
(dakena (a) v 7151 TOJTyYeHUsT HaHOYacTHII (0)
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DKCIepUMEHTBl TPOBOJAUIUCH C UCIOJIH30BAHUEM MHIICHEH, MPHUTOTOBICHHBIE H3 CMeceil
rpyosix nmopomkoB Nd,O3+Y,03, Y,05+Zr0O,, CaF,, BaF,, Si0,, YbF;, Al,O3, Tb,Os, YSZ. s
MPUTOTOBJICHUS MPO3PAYHBIX MUIICHEH yKa3aHHBIC TOPOIIKH CMEITUBAINCH B T€YCHHE 48 4acoB,
npeccoBasiiuch npu AaBiaeHun 20 MIla u noncnexkanuch npu temnepatype 1300 °C, nocie yero
WX OTHOCUTEJIbHAs IUIOTHOCTh cocTaBisuia ~ 50 %. Kpome TOro, MCHoiab30BaliuCh TaKXKe
MUIIIEHW W3 TOPOIIKOB TOTO K€ cocTaBa, HO cmeuéHHblie mpu Oombimeir (1600...1700 °C)
TeMIepaType B BakyyMme (mpo3padnble MumeHn). OHU UMeNH IUIOTHOCTb, Omn3kyto kK 100 %, HO
o0Jyajany MOPHUCTOCThIO, KOTOpasi 00yCIaBiIMBaia pa3Iuyue B CIEKTPAIbHBIX KO3 dummeHTax
roraonienus: 21,8 M u 30,1 em’! npu A = 1,07 Mxm.

2 Pe3yabTaThl 3KCIIEPHUMEHTOB

B xome paboT OCHOBHOE€ BHHMMAaHHE YJEISUIOCH HCCICJOBAHMIO OCHOBHBIX MPOIECCOB U
MapaMeTpoB, XapaKTepU3YIOUIUX abJsAIUIO: TMHAMHUKE pa3BUTHA JiazepHOro ¢akesna, BpeMeHaM
3arma3ApIBaHus MOSBICHIS JIa3epHOTO (hakena, MHTCHCHBHOCTU CBEUCHHS U CJIeIaM BO3JIEHCTBUS
U3Ty4eHUS HAa MHUILEHH, TOJIYYEHHIO HAHOMOPOIIKOB C UCIHOJIb30BaHUEM MaTepHalloB C
Pa3JIMYHBIM MIOKA3aTesIeM MPEIOMIICHHUS.

2.1 Imnamuka ¢popmMupoBaHus Ja3epHOro gakesaa

Ha puc.2 mnpuBeneHbl NONXy4YeHHBIE C TIOMOIIBIO CKOPOCTHOM (OTOKaMepbl HETaTHBHBIC
M300paxkeHusl Ja3epHbIX (aKkeIoB, BO3HUKIINX B IMPOIIECCE BO3AECUCTBUSA JIa3€pPHOTO HMMITYIbCA
Ha MUIICHU U3 Pa3IMYHBIX MaTEPUAJIOB.

Bpemsi Ha 3THX KuMHOTpamMmax ajisi yZOOCTBAa OTCUMTHIBAETCSI OT MOMEHTa BO3HHKHOBEHHS
nazepHoro (akena [9]. B wactHOCTH, Ha puc. 2, a MoKa3aHbl (poTorpaduu JazepHoro (akena JIs
ciydas Henpo3pauHoit mumeHu 3 Nd:Y,0s3. DTOT cinyuaid peanusyercs, KOTia MUIICHb e He
ycIiesia NOKPBITHCS OIJIaBIEHHBIM CIIOEM. 3€Ch pa3pylIeHUe MUILIEHU HauuHaeTcs yepe3 36 MKc
MocJie Havaja JIa3epHOTO0 UMITYJIbCa, B TEUYEHHE KOTOPOTO M3TyYeHHUE TUIAaBUT BEIIECTBO MUILIEHU
U TOBOAMT ero n1o kuneHus (st Y,0s; temnepatypa kunenus 7= 4300 °C) [10]. [Tocne navana
UCIIApEHHUs HaJl TOBEPXHOCTHIO MUILIICHH MOSBIISETCS CBETSIIMICS CTONO Mapa, BICOTa KOTOPOTO
yepe3 178 MKC OCTUraeT MaKCUMaIbHOW BEJIMYMHBL, paBHOU ~ 12 MMm.

B Ttedenme mnocneayrommx 72 MKC, HECMOTPSA Ha HEU3MEHHYIO MIHOBEHHYIO MOIIHOCTb
Ja3epHOT0 M3JIy4eHMs], BbICOTa cTtosba ymeHsbinaercss a0 10 mm. B mepBbie =~ 200 mMkc mocie
obOpaszoBaHusi JnazepHoro dakemna ero ¢opma (B BuAe cTON0A) M JAUHAMHUKA KadeCTBEHHO
COBMafaOT ¢ HabOmonaBmMMucs panee B [11-13] npu ucnapenuu B Bo3nyxe mumeHei uz YSZ u
Nd:YAG umnynscom usnydenuss CO, nmazepa mauTenbHOCThIO 330 MKC M WHTEHCHBHOCTHIO
I=1...1,3 MBrt/cm?. Boree TOr0, Kak IIOKa3ajlu CHEKTPAJIbHBIE MCCIEAOBAHUSA JIA3€PHOIO
dakena, coznannoro kak CO;-mazepom [11, 12], Tak u urrepoueBsiM azepom [13], ucmapenue
MUILEHH TpoucxoauTr B ¢opme paaukanoB YO, ZrO, NdO, xoropeie U 00yCIIaBIMBAIOT
cBeueHue. MIMEHHO mpu KOHJEHCAIMM 3TOro mnapa (GpopMHpyHOTCS HAHOYACTHULBI C pa3MepaMu
2...40 am. Opgnaxo yepe3 200 MKC abisIMs MUIICHU, MPOU3BOAMMAS UTTEPOUEBBIM Ja3epoM,
HAuYMHAET OTINYAThCA OT a0msuu, npousBoanuMoit CO,-nazepom, rie B hakesie IpUCYTCTBYET, B
OCHOBHOM, mapoBas ¢aza. OTIuuus CBA3aHbI ¢ MOsIBICHHEM Ha (oTorpadusx ja3epHoro pakena
MHOKECTBAa TPEKOB, OOYCIOBIEHHBIX pa3zI€ToOM KpYMHBIX 00bekToB. llpoxenanHblii paHee
AQHAJIN3 COJAEP>KMMOI0 MCIIApUTENIbHOM KaMmephl IPU CHUHTE3€ HaHOoMopouika [9] mokasain, 4To
TaKUMHU OOBEKTaMHU B 3HAUYUTEIHLHON Mepe SBJISIFOTCS MMEHHO Karutu paciuiaBa. Yepes = 500 mkc
rocjie Havaja MCIapeHUss MUILIEHU JIa3epHblil (akea COCTOUT MPEMMYIECTBEHHO U3 Karelb, a
JI0JIs1 CBETSIIMXCS TAPOB CYLIECTBEHHO CHM)KAETCSL.
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t—% MKC =178 mxc =214 MK t—ZSI} MKC t= 535 mEc =892 mkc =964 MKe t=1392 mkc
=670 Br P =670 Br P =670 Br 070 Br P =670 Br P_ =670 Br P_=0Br P_=0Br
a)

=71 mKec =214 mic =286 mKe t=357 Mkc t=535 mic £,=714 mrc =857 mkc t=1047 mrc
P_ =670 Br P =670 Br P =670 Bt P_ =670 Br P =670 Bt P =670 Br P ~0Br P _~0Br

rad

6)

=35 mKc t=106 Mre =212 mre =248 mre =423 mrc =830 mrc t=1027 mxc t=1381 mrc
P_ =670 Br P_,=670 Br P, =670 Br P =670 Br P =670 Br P =670 Br P 0Bt P _~0Br

B)

=20 mre =91 mrc t=197 mrc =374 MKc =480 mKe =905 mrc t=1047 mrc t=1082 mic
P_~670Br  P_~670Br  P_=670Br  P_=670Br P ~670Bt  P_=670Br P_~0Br P_~0Br

r)

Puc. 2. ®ororpaduu nazepHoro ¢akeisa B COOCTBEHHOM CBETe, 0OpA30BABILETOCS IPH
VICTIAPCHAN HENpo3padHoii (a) W momympospaunoit (o0=21,8 cm') (6) Mmumeneii u3
Nd:Y,0s3, a Taxke wmumeHed u3 YSZ (B) u rpaduta (I) HMIIYJIBCOM HU3IyYCHHUS
JUIMTENBHOCThIO 1 Mc. Bpems foTcunThIBacTCSl OT MOMEHTa MosiBIeHUs (akena. 3agepixka
MOsIBJICHUS (paKkea OTHOCUTENFHO Hayalla JIa3epHOTO UMIYIbCa fz,; = 38 MKC (a), 285 MKC
(0), 28 mxc (B) u 8 Mkc (T); Plos — MrHOBEHHasi MOITHOCTD M3JTy4YEHHs BOJIOKOHHOTO Jla3epa

[IpencraBnser mHTEpeC BBIACHUTH, KOTZA M3 OOpa3yloIlerocs Kparepa HAdyMHAIOT BBUICTATh
nepBble KpymnHble Karmmi. OTHaKo BBICOKas SPKOCTh CBEUEHHS MApOBOT0 cToI0A (pHC. 2) MelaeT
3t0 caenats. llosTomy Heckonbko ¢oTorpaduii OBLIM TMOABEPTrHYTHI TOMOJHUTEIHHOM
uudpoBoii 00paboTKe W TpeACTaBICHbl HAa puc. 4,a B yBEIMYEHHOM BHJIE Ha Bpe3kax. Ha
(doTorpadun, cOOTBETCTBYIOIIEH MOMEHTY BpeMeHHU 214 MKC, XOpOoIlIo BUACH TPEK OT Mposéra
KpYITHOM KaIlIi, KOTOpast BbUIETENIAa U3 KpaTepa U HaXOAUTCS HEJAJIEKO OT ero ycThi. OaHaKko Ha
npensiayniei  ¢ororpaduu, COOTBETCTBYyIOmeH MomeHTy 178 Mkc, e€ emé Her. Karum
pa3OpBI3TUBAIOTCS M3 pacIijiaBa IOJ JCHCTBUEM PEaKTHUBHOTO JAABICHHUSA IMapa, MX pa3Mep
cocraBisger 10 MkMm u Oosee [9]. C TeueHHeM BpeMEHHM KOJIMYECTBO BBUIETEBLIMX M3 Kparepa
Kalellb TOJIBKO YBEJIMYMBAeTCs, a mocie 535 Mkc Oosblias 4acTh BELIECTBA YAAISETCS W3
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Kparepa myTéM pazOpbI3ruBaHus Kanenb. CBeTsIuecs Kariu BUIHbI Ha oTorpadusx B TeUeHHE
emé ~ 400 MKC rmocie OKOHYAHHS J1a3epHOr0 UMITyJbca (puc. 3), YTO OOBSACHAET IIUTEIHHOE
nociecBedeHue ¢akena (puc. 3, a). Pa3nér MHOXKeCTBa JKUAKUX Karelb MPOUCXOAUT M IpH
BO3/ICHICTBUM HMITyJIbCA M3JIY4YE€HHS BOJIOKOHHOTO Jia3epa Ha TMOJYMPO3payHyl0 MHUIIEHb U3
Nd:Y,0; ¢ mnokasarenem moriomenns Ha mikHe Boaubl 1,07 MkM a=21,8 cm™ (puc. 2, 0), a
TaKke Ha MUIIeHb U3 YSZ (puc. 2, B). B To e Bpems pa3néT KpyIHBIX YaCTHUI] HE HAOIOIaICs
IpU MCIIAPEHUU B TEX )K€ CaMbIX YCJIOBUSAX rpaduToBOil MumieHu (puc.2,r). B sTom ciydae
Ja3epHBIN (haKesl COCTOMT TOJIBKO U3 CTOJI0a mapa, KoTopbii crycTs 480 MKc mocie oOpa3oBaHUs
JIOCTUTAET CBOEH MAaKCUMAaIbHON BBICOTHI 32 MM. OTCYTCTBHE B 3TOM CIIydae pasJIeTaroLINXCs
Kareyib MbI CBSI3BIBAEM C TeM, 4TO rpadut npu atMochepHoM nasieHuu u temmeparype 4200 °C
BO3rOHseTCs 0e3 oOpa3oBaHus kuakoro pacmiasa [10]. DrTo moaTBepxkmaeT Haiie
MpEACTaBICHHE O TOM, 4TO Habmomaemple mpu ucnapennn mumieHed n3 Nd:Y,03 m YSZ
KPYIHBIC YaCTHUIIBI SIBJIAIOTCS UMEHHO KaIUIIMH )KUJIKOTO PacIuiaBa, KOTOPbIE pa30pbI3rHBAOTCA
U3 KpaTepa Mmoj AecTBHEM JaBJIeHUs mapa.

YcTaHoBIeHHE MOMEHTa MOSABICHHUS KPYHHBIX YAaCTHI[ U KUJIKHX Kareib A JaHHOH paloThI
ABIIIETCS NPUHLHUMUAIBHBIM (akToM. OJHAKO M3-3a CIMILIKOM SPKOTO CBEYEHMs Mapa U3
paauKaiIoB TPeKU OT Mpoiéra Ooyiee XONOIAHBIX M MEHee SpPKUX Kamenb Ha (oTorpadusx B
coOCTBEHHOM CBeTe HaOIIOJAI0TCS TOJIBKO 3a IMpelielaMH MapoBOro cToida, a Takke Mocje ero
MCUE3HOBEHHUA. B 3THUX YCIIOBHSIX HEBO3MOKHO TOYHO ONPEICTUTh MOMEHT 00pa30BaHMsI MEPBBIX
Karesb U, TeM 0oJiee, OOHAPYKUTh OTPBIB U PA3JIET OCKOJIKOB MUILIEHU B MOMEHT 00pa30BaHuUs
nazepHoro ¢akena. OTHO3HAYHO OOHAPYXKHUTH PA3NET TBEPIABIX YACTUI[ HA HAYAJIBHOW CTaIUH
MO’KHO, IMOJAaBHB CHUJIBHYIO 3aCBETKY OT Mmapa M cpororpagupoBaB UX TEHH C IOMOIIBIO
MOHOXPaMaTU4YHOI'O0 U MHTEHCUBHOI'O M3JIy4EHMsI JAPYroro Ja3epa. ITO 0Ka3ajaoch BO3ZMOXKHBIM
MIPY UCIOJB30BaHUK HAMU JIA3€pPHOr0 MOHHUTOpPA [14] 17151 CKOPOCTHOM BUIEOCHEMKHU JIA3€PHOTO
¢axena [9].9Tu naHHbIE MO3BONMIN MOATBEPANTH, UTO BPEMs MOSABICHHS MEPBON KAl B YCThE
Kparepa JeHCTBHUTENbHO cocTaBisieT ~ 200 MKc, a ckopocTh uXx paznéra 12...60 m/c, dTO
coryiacyercs ¢ puc. 2, a (BcraBka). [loguepkaéM Hanbosee BaKHbIE PE3yNIbTaThl, TOJyYCHHbIE B
9TUX 3KCIEpUMEHTaxX. AOJSAIUs MUILIEHU MMPOUCXOTUT BHAyajle B BHJE Mapa, a 3aTeM B Mapo-
KanenbHoi ¢opme. IIpu OTCYTCTBMM paciuiaBa B JIa3epHOM KpaTepe aOJsaiusl HMpOHCXOIUT
TOJIKO B BUJIE Mapa.

2.2 CBeueHue Ja3epHOTo (pakesia

CBeueHue ma3epHOro (Qaxesna BaKHOE SIBICHHME, XapaKTEpU3YIOIlee BO3JEHCTBUE Ja3epHOrO
U3JTy4YeHUs Ha BemecTBo. [loaToMy paccMOTpUM ero rnoBeieHHE MpU OOITYUYEHUH MOJABHKHON H
HENOABIKHONW MHUIIICHEH.

Ha puc. 3. nmoka3aHbl THIIWYHBIE OCHMJIOTPAMMBI MHTEIPaJIbHOTO CBEUCHHMS Jla3epHOro (akena,
BO3HHUKAMOMIET0 Tpu (OKyCHpOBaHUM JHH30M ¢ (okycom 400 MM UMIYJIBCOB H3IY4YCHUS
BOJIOKOHHOTO J1azepa ¢ 3Heprueii 0,8...0,9 [k Ha HenoABMXKHYIO MOJTYIIPO3pauHyto (oo = 23 )
(a) unu Henposzpaunyto (0) mumenu u3 1 % mol Nd:Y,0s3 [8]. HecMoTps Ha TO, 4TO MOIIIHOCTH
Ja3epHOTO M3JIY4YEHHUsT B TEUEHHME UMIIyJbca IIOCTOSHHA, BO BCEX Cllydasx IIOCIe
[IEPBOHAYAJILHOTO  BCIJIECKA WHTEHCUBHOCTh CBEYEHHUS Ja3epHOro (akema HauyuMHAeT
yMeHbIIatecs. Kpome 3TOro, Ha CTaguM chajga CBEUEHHS 4YacTO  HaOIOJaroTCs
KpPaTKOBPEMEHHBIE HMPPETYJISIpHbIE BCHBIIKK. BUAHO, 4TO 3aaepikka MOSABICHHS JA3€pHOTO
daxena (fz) pe3KO YMEHBILIACTCS MPHU HMCIIOIB30BAaHUM NPECCOBAHHBIX MHUIICHEH. JTH JaHHBIC
CYIIECTBEHHO OTIMYAIOTCS OT PE3yJIbTAaTOB, HAOIIOJAEMbIX IPU HMCIIOJIB30BAaHUM IJIS 3TUX XKe
nenei uMiynbcoB u3nydeHus CO,-naszepa ¢ npuMepHo Toil ke 3Hepruei [11, 12]. B nocnennem
cllyuae HMHTEHCHUBHOCTb CBEUCHMs JIa3€pHOro (pakejla HapacTajga M CHajaja CHHXPOHHO C
IUIOTHOCTBIO MOIIIHOCTH JIA3€PHOTO U3JIYYEHHUS, @ OCIIHIIIOPAaMMbI CBEUCHHSI OBUIH TJIQAKHMH.
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Puc. 3. OcmmmorpaMMbl MHTETPAJbHOTO CBEUYEHHUsS Ja3epHOro ¢akesia, BO3HHKAIOIIETO
o -1
IPU HUCHAPEHUU BOJOKOHHBIM JIa3epoM  Iosymnpo3padyHoil (ap=23cM ) (a) wu
Henpo3pauHoit (0) mumened u3 1 mol % Nd:Y,0;3: 1 — dopma umnynbsca u3mydeHHS
Pis(1), 2 — cBeuenue dakena Lyyme(t)

Jlannele, npuBenEHHbIE Ha puC.3, OBUIM KCIOJNB30BAaHBl JUIS TOCTPOEHUS 3aBUCHUMOCTEH
BPEMEHH 3ara3bIBaHus TMOSBICHUS Ja3epHOro (akemna(ts;) OT MHKOBOM MOIIHOCTH JIa3€PHOTO
U3y4eHus, nmpuBenEHHBIX Ha puc.4. Kak u criemoBamo 0XuaaTh, BO BCEX MCCIEIOBAHHBIX
YCIIOBUSIX 4, YMEHBIIAIOCh MO MEpEe YBEIMUYEHHs MOUIHOCTH u3NlydeHus. OIHAKo OOJbIIMiA
MHTEPEC 3/1€Ch IPEACTABIAIOT IpYyrHe JaHHble. B mepByro odepenb, 3TO KacaeTcsi Pe3KOro
YBEJIMYEHUS BPEMEHMU  3a/ep)KKH  TOSABIIEHUS  J1azepHOro ¢akena Mpu  HCHApPEHUU
MONYNPO3pauHbIX (0p=23 CM'I) MumieHe (kpuBble 1, 2) MO CpaBHEHHIO C aHAIOTUYHBIMU
JMAHHBIMHU, TOJYYEHHBIMA TIPH HCIOJIB30BaHUM Henpo3padyHbix (op=1700 CM'I) MHUILICHEN
(xpuBbie 3,4). B cpenHem 3aneprkka NOSBICHUSA Ja3epHOro (hakeaa Ha MOITYIpO3pavyHOi MHUILICHH
1%molINd:Y,Osmnpu HEM3MEHHOW MOIIHOCTH JIa3epHOTO MMIyJbca okasbiBaeTcst B 5...10 pa3
OosblIIe, YeM JJIsl HEeTIPO3pAauHOM MUIIEHU M3 TaKOTO K€ MaTepuaa.

4
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Puc. 4. 3aBHCHMOCTH 3aJepXKKU TOSBICHHUS Ja3epHOro (akena f,; NPU HUCHAPCHUU
HEIIOIBIDKHOI MONTyIpo3padHoii (ap=23 cM™) (1, 2) mwim Henpospauroii (3, 4) mumeneit
u3 1 mol % Nd:Y,0; BOJOKOHHBIM Jla3epOM OT MHUKOBOW MOITHOCTU Py, UMIyIbCOB
JUTUTEIBHOCTHIO 3 Mc 1ipu hokycHOM paccrosiauu auH3b1 400 MM (1, 3) 1 200 MM (2, 4)
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Ipu wcnaperun Gomee mpospadroil (cp=13 cM ' ) mumenn u3 1 mol % Nd:Y,0; TommmHoi
3 MM 3azep)KKa Hadaja HCIApeHMs IMpeBblaja UIMUTEIbHOCTh MMIYJIbcoB (1,9 MKkM), u
Ja3epHbld (akea He MOSIBISUICA BOBCE. Takue «OCEUKH» CIy4alluCh U MpU HCIAPEHUH MEHee
MPO3pavHON MHILIEHHU C 0 = 23 cM . MlHOT/1a BCIIBIIIKY CBEUCHHUS HAOIIEOJATICH TOIBKO BHYTpPH
MUIIIEHH, a €€ TOBEPXHOCTh OCTaBajach HETMOBPEKIAEHHON. DTO CBUACTENBCTBYET 00 00BEMHOM
XapakTepe MOTJIOLIEHUS SHEPTUH U3TyYEHHUs B MOIYIPO3PAYHbIX MaTEpHAIIax.

Crnenyromnieil BAXKHOW OTIWYUTEIHBHOM OCOOEHHOCTBIO BO3JICUCTBHS HM3IYYCHHUS HTTEPOHUEBOTO
na3epa Ha muteHu U3 1 mol % Nd:Y,0;, mo-BuauMomy, Tak ke, Kak U IS APYTUX MUILICHEH U3
MOJYTIPO3PAYHBIX MaTepHaloB C OOJBIION TEIIONPOBOJHOCTHIO, SIBISIETCS OIPOMHBIN
CTAaTHCTUYECKUN pa30poCc BPEeMEHHU 3ama3bIBaHUS MOSBICHUS Ja3epHOTO (hakena Mmpu OJHOU U
TOM € MOIIHOCTH JIA3€PHOTr0 U3aydeHus, KoTopslid focturai 50...160 % ot cpegHero 3HaueHust
3aiepKki. B aOCONMIOTHOM BBIPRKCHHHM OH OKA3bIBACTCS HAWMEHBIIINM JUISI HEMPO3PAYHBIX
muineHei. Hampumep, npu MourHoct m3nydeHust 650 Bt u ucnonb3zoBanuu juH3bl 200 MM
pazbpoc 3anepxkek coctaBiser 10 mkc (puc. 4, kpusble 3, 4) ipu cpeHEN BEIHMUMHE 3aEPKKH
11 mxc. Jlms momympo3pavHbIX MHUIIEHEH CpemHsisi BeTWYMHA 3aJepKeK W UX pa3dpoc
OKa3bIBAIOTCA B 5...8 pa3 Oousblile, U MPH TEX K€ CaMbIX YCIOBUSAX OHU COCTAaBISAIOT 48 MKC U
50 Mmkc cooTBeTcTBeHHO (puc.4, kpuBbie 1,2). C yMEHBIICHHEM MOITHOCTH JIA3€pHOTO
UMITyJIbCa M YBEJIMYEHHUEM pa3MEpOB IMSATHA, T.€. C YMEHBIIEHHWEM IUIOTHOCTH MOIIHOCTHU
u3IydyeHus: Ha mumieHu g0 0,2 MBT/cM%, BeTHIHHbL 3aJIepKEK U UX Pa30dpoC YBEIMUHBAIHCH
COOTBETCTBEHHO B 8 M 4 pa3 [y NPECCOBAaHHON MMILIEHM, a JJIs MOJIYNpOo3payHoOd — B 26 u
18 pa3 cooTBeTcTBEHHO. DTH (HhaKThl MHOTOKPATHO TMOATBEPXACHBI, U UX OOBACHEHUE OyneT
JTAHO HIKE.

O4eBUIHO, 4YTO /4 OyAET CYIIECTBEHHO 3aBHCETh TaKXE OT ONTHYECKUX XapaKTEPUCTHK
MaTepuaia MUIICHH, OCOOGHHO C Y4€TOoM OOBEMHOTO XapakTepa IMOTJOMEHUS Ja3epHOro
U3Ty4yeHHus, 10 KpaliHel Mepe, Ha CTaJuM 3ama3[blBaHus (OPMUPOBaHUS Ja3zepHOro (axena.
UccnenoBanus ¢, BHIMOTHUIUCH C UCTIONB30BAHUEM IITMPOKOTO HAOOpa MOPOIIKOB MPO3PAYHBIX
MaTepuasoB, U3 KOTOPHIX U3rOTABIMBAINCH MUILIEHH. Pe3ynbTaTsl U3MEpeHHUs £ ,; B 3aBUCUMOCTHU
OT TOKa3aTelsd MPeTOMIICHHs MPUBEAEHBI Ha puC. 5. BuaHO, 4TO MpU yBEIMYEHUH MOKa3aTels
NPENOMIICHUS 14, YMEHbIIAETCs] B COTHH pa3. OCOOEHHO CYHIECTBEHHO YMEHBIICHHUE Iz, B
nuanaszone n = 1,4...1,75. HesicHpIMU OCTalOTCsl NPUUKHBI YBEJIIUYEHUS t4; TIpU 1 > 1,9. Ckropee
BCEr0, 3TO CBSI3aHO C OCOOCHHOCTSMM BO3JICUCTBHS Ja3€pHOTO M3JIydeHUus Ha YSZ, nis
KOTOPOTO HAOITIOAANIOCh ATO YBEIUYCHHE.

Beiie npuBenéHHblE JaHHbIE TOJYY4EHBl MPU BO3JACUCTBUM JIa3€PHOTO H3IY4YEHHS Ha
HEMOABMKHYIO MHUIIEHb. PaccMOTpuM, Kakoe BIUSHHE HA MCHApPEHHE MUIICHH OKa3bIBAET
JIBUKEHHE MHUIIEHU. J[aHHble, XapaKTepu3YIOLIUEe BO3ICHCTBHE JIA3€pHOTO H3IYYEHHsS] Ha
JIBIDKYIIYIO MHUIIEHb, MpPEACTaBlIeHbl Ha puc. 6. BuaHO, 4TO HMHTEHCHUBHOCTh CBEUCHUS
Ja3epHoro (akena /Ui BceX MUIICHEH MOcJie MePBOHAYAILHOTO BCIUIECKAa CHAaYala CHUKAETCS, a
3aTe€M XAOTHYECKH HU3MEHSETCS OTHOCHUTEIIbHO HEKOTOPOro CpEeAHero YpoBHsA. Bpewms
YMEHbILIEHUsI CBe4YeHUs (hakela [0 KBA3UCTAIMOHAPHOTO YPOBHS HEIJIOXO COOTBETCTBYET
BPEMCHH YBEJIHUYCHUS TIYOMHBI TpEeKa 10 CTAllMOHAPHOTO 3HAYEHHUS. JTO XOPOIIO BHIHO Ha
puc. 6, tne mias ckopoctei 50 cm/c m 107 cM/C COOTBETCTBEHHO NPHBEACHBI 3aBUCHMOCTH
WHTCHCUBHOCTH CBEUYCHMs JIa3epHOTO (hakena OT BpeMeHHU (KpuBas 2) M TIyOuHBI Kpatepa h(t)
(xpuBas 3).
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Puc. 5. 3aBucMMOCTb BpEeMEHHM 3a/JC€P)KKHU TOSBICHUS Ja3epHOro dakena fg A

pa3IMYHBIX MATEPHAJIOB OT WX IOKA3aTells MPEIOMIICHHS TPU WHTCHCUBHOCTH W3JTYYCHUS
2
BOJIOKOHHOTO na3epa I = 0,46 MBt/cm
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Puc. 6. Jlunamuka cBe4eHUs Jla3epHOTO (hakesa Ha IBIDKYIICHCS MHUIIICHU TIPU PA3THYHbBIX
CKOPOCTSIX mepemenieHust nazepHoro nyda (V): a — V=50cm/c, 6 — V=107 cm/c. 1 —

dbopma mMIysbca JIa3epHOTO HM3Iy4deHus, 2 — cBeTUMOCTh (akema miast Nd:Y,0s3, 3 —
W3MEHEHUs TIIyOuHBI Tpeka /(f)

HHuTepecHO OTMETUTh, YTO BpeMsl BbIXO/la YpOBHsI cBeueHHs (akena W TIIyOMHBI KpaTepa Ha
KBa3HMCTAI[IOHAP YMEHBILIAETCS C POCTOM CKOPOCTH IepeMEelIeHHs Jyya 1o MUIIeHu. Tak, s
ckopoctu 50 cM/c BpeMsi BBIXOJa Ha KBa3HMCTAIlMOHAPHBIA pexuM cooTBeTcTBYyeT ~ 1000 Mkc
(puc. 6, a), Torma kak s ckopoctu 107 em/c (puc. 6, 6) cumwkaercs a0 500 ps. CHuxeHue
APKOCTH (pakena, CKopee BCEro, CBS3aHO C YBEIMYEHHEM TIIyOMHBI JIa3€pHOTO TpeKa U TEeM
CaMbIM yMEHBIICHHEM BUAMUMON dYacTH (akena. OTH COOOpaKeHHsS TMOATBEPIKIAOTCS
pe3ynbTaTaMu SKCIIEPUMEHTOB, T[IOKa3aHHBIX Ha pHC.7, TOE MPUBEAEHbI 3aBHCUMOCTH
WHTCHCUBHOCTH CBEUCHHS M TIIYOMHBI TpeKa Ha KBAa3UCTAIIMOHAPHOW CTaIuM HCIAPCHHUS,
ycpeaHeHHbie 1o 10 ummynbcaMm, OT CKOPOCTH NepeMmenieHus no Hei nyda. Kak u cimemoBano
0KU/IaTh, 3T 3aBHCUMOCTH KOPPEIUPYIOT IPYT C JAPYrOM: C YBEIUYEHHUEM CKOPOCTH TIyOHHA
KpaTepa CHIDKAETCS, a MHTEHCUBHOCTh CBeYeHHsS pacTéT. [Ipm wucmonb3oBaHMM JMH3BL C
dokycHbIM paccrosiuueM f=400 MM oOpasyeTcss Oojiee MIUPOKHUA KpaTep ¢ HAMMEHbIIEH

rIyOMHOM, uTO JA€T 0oJiee BBICOKYIO CBETUMOCTD (pakesia Ha «CTallMOHApPHOM» Y4acTKe, YeM Mpu
UCTIOJIb30BaHUU JIMH3HI C = 200 MM.
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Puc.7. 3aBucumoctu rimyounsl Tpeka 4 (1,2) u uaTeHcuBHOCTH cBeueHus daxena / (3, 4) ot
CKOPOCTH TepemelieHusi no nosepxHoctu muieHu 1 mol % Nd:Y,0Os nazepHoro myuxa,
c(OKyCHUpOBaHHOTO JHH3aMH ¢ GoKycHBIM pacctosiHreM f = 200 mm (1, 3) u 400 MM (2, 4)

Cpenu TNOJMYYEHHBIX B 3TOM SKCHEPUMEHTAIBHOM IUKJIE PE3yJbTaTOB OTMETHM CIEAYIOIIEE.
Ceuenue ¢akena NPOUCXOIUT HPPETYISPHO, €r0 HMHTEHCHUBHOCTh YMEHBIIAETCA IO Mepe
yrayOleHus JIa3epHOTO KpaTepa. 3aliep’KKa TOSBICHUS CBEUCHHUS Ha MPO3PAYyHONW MHUIIEHU B
5...10 pa3 GombIne, YeM Ha HEMPO3PAvYHON MHIICHH W3 TOTO K€ MaTepHalia M 3aBUCHUT OT €ro
IMMOKa3aTeiid MPEJIOMIICHUA.

2.3 Cnenpbl BO31eiicTBHA JIa3ePHOTO U3JIy4eHHS] HA MUILLICHU

HccnenoBanucey ciefpl BO3AECHCTBUS J1a3€pHOTO M3IYy4EHHMs Ha HENOJBWXKHYIO (KpaTepbl) U
JBIDKYILYIOCS (Mrojipuatele Tpeku) muineHu. Ha puc.8,a npusenena ¢otorpadus MumieHun us3
Nd:Y,03; mocne Bo3meHcTBHs Ha HEe U3IYYCHHUs HMTTEpPOMEBOrO0 BOJOKOHHOTO Jasepa
momHOCcThI0 600 BT B Teuenue 1 uaca, a taxke mpodwuis ee moBepxHoctu (puc. 8,0). BumgHo,
YTO TOCJIE€ BO3JAECUCTBUS M3JIy4EHHUs] OBEPXHOCTh MMUILIEHHM CTAHOBUJIACH PE3KO HEOTHOPOAHOM.
Ona comepHUT B cebe MHOXKECTBO HIJIOMOAOOHBIX O0Opa3oBaHHMl BHICOTOM 10 6...8 MM ¢
OTBECHBIMU OOKOBBIMM CTEHKaMM, MEXKAY KOTOPbIMHM HaOJIIOAAIOTCA MNPOBAIbl Pa3IMYHOU
rIIyOuHBL. JTa MOBEPXHOCTh OblIAa MOKPBITA OIUIABICHHBIM ciioeM ToimuHoi 150...400 MxMm,
KOTOPBIHN SABJISIETCS MOTYIPO3PAYHBIM 111 u3nydeHus 1,07 Mxm.

10 mm

6)

Puc.8. O6mwmii Bux (a) u mpodwmis (6) mumenu 0,8 mol % Nd:Y,0; nmocne Bo3aelicTBus Ha
Hee M3JIy4eHHUs BOJIOKOHHOTO Jazepa (imH3a f=200 MM, CKOpPOCTh TEepeMelIeHus JIyda
35 cM/c, IETEHCHBHOCTB M3ITydeHns B mstHe 1,2 MBt/cM®

HNHTepecHBIMU Tak k€ OKa3anuch (DakThl BO3ACHCTBHSI M3IIYYCHHS WTTEpOMEBOro Jazepa Ha
HenoABWXKHBIE mopucteie MuiieHr u3 1 % mol Nd:Y,0s3;. BrnepBrie ObUIO yCTaHOBIJICHO, YTO
KpoMe 00pa3oBaHWs TUIUYHBIX KPAaTePOB BCTPEYAIOTCS KpaTepbl, y KOTOPBIX Meped WX
0o0pa3oBaHMEM OTKAJIIBACTCS IMOBEPXHOCTh. OO0 3TOM CBHJETEIBCTBYET OIUIaB Ha OTKOJIE,
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KOTOPBI MOXKET MOSBUTHCS TOJIBKO W3 JKUIKOTO BEIIECTBA B KpaTepe MOCje ero 0Opa30BaHUS.
JlaHHbIC, CBUACTENBCTBYIONINE 00 3TOM B BHIE GoTorpaduii KpaTrepoB ¢ OTKOJIOM MOBEPXHOCTH,
MpUBEJICHHI Ha puc. 9, a, a 6e3 Hero — Ha puc. 9, B. Psanom npuBeneHsl X NpoQHIN MO JIMHUSM
«A-A», uMerolue ciaeayromme otanuns. BOmu3u kpatepa ¢ 0TKOJIOM BUIHO MHOXKECTBO CKOJIOB
M0 TPaHUIIAM KPUCTAIIUTOB, KOTOPHIE MOTJIHM MPOSBUTHCS TOJBKO B PE3yJIbTaTe MEXaHUIECKOTO
paspylieHusl MOBEPXHOCTH MUIleHH. Kpome Toro, B 3TOM cilydae Ha MOBEPXHOCTH MHILIEHHU
OTCYTCTBYET OpYCTBED, a KpaTep COACPKHUT YCThe, KOTOpOe HauMHaeTcs: Ha rayouHe 30 MKM U
pacmupsiercs: kK moBepxHocTH. Kparep 6e3 oTkona comepXuT OpycTBep, €ro MOBEPXHOCTb
omnaBineHa. Ha mpoduns 3TOro Kkparepa HaJIOXKEH MNPOPWIb aHATOTUYHOTO Kparepa,
00pa3oBaBIIeTOCs MPHU BO3JICUCTBUM Ha TaKylO K€ MUIIEHb uMIysbca usnydeHus CO,-azepa
«JIADPT» mnurensHocThiO 370 MKC, NMHUKOBOM MOIIHOCTHIO 5,8 KBT M mpuMepHO TOH Ke
sueprueit 0,93 JIx [15]. BugHo, 4To B pe3ynbTaTe JEHCTBUS UMITYJIbCa BOJIOKOHHOTO JIazepa Ipu
MOYTH OJIMHAKOBOM DJHEPTMHM U CYIIECTBEHHO MEHBIIEH IUIOTHOCTH MOIIHOCTH H3IIy4EHUS
obpasyercs kparep, B 8 pa3 Oosiee rirybokuid, yem B ciydae COp-mazepa. COOTBETCTBEHHO,
Macca yAaN€HHOTO W3 MHILIEHHU BOJOKOHHBIM Jla3epoM BeliecTBa (67 MKI) Takke OKa3ajaach
ropazno 6ombiie, uem st COz-nazepa (12 Mxr).

T T T T T T T T T T N 1
0 200 400 600 800 1000 1200
X, MKM

Puc.9. ®otorpaduu u npodunu kparepoB ¢ OTKOIOM (a, 0) U 6e3 oTkoina (B, T'), BOBHUKIINX B
mumeHn 1mol%Nd:Y,0; npu BO3AEHCTBUH HMMITYJIbCa BOJOKOHHOIO Jia3epa MOLIHOCTHIO
700 Bt u nmurensHOCTRIO 1,9 Mc (a) m 1,36 mc (B), a Takxke CO, nazepa «JIADPT» nukoBoi
mouHocThio 5,8 kBT 1 sneprueit 0,93 k. (6). 1 — npoduns kpaTepa s BOJTOKOHHOTO
Jasepa, 2 — ypoBeHb MMOBEPXHOCTH MUIIeHH, 3 — podwib kparepa aiis CO, nazepa
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C npyroii cTOpOHBI, HaIllM SKCIIEPUMEHTHI [10Ka3aJIM, YTO MaKCUMaJlbHAasl POU3BOAUTEIBLHOCTD
nosydyeHus: HaHomopoimika 1 % mol Nd:Y,O;  HempepbIBHBIM BOJOKOHHBIM Ja3epoM IpHU
MoiHocTH u3nydeHus: 600 Bt u ucnonp3oBanuu kBapueBoi JuH3bI ¢ Gokycom 400 MM paBHa
27 r/yac. DTa BEIMYMHA MAJIO OTIWYAETCS OT TMPOU3BOJAUTEIBLHOCTH TOJYYCHHS] 3TOTO JKE
Ha"onopomka (~ 31 r/guac) umnynscHo-nepuognueckum COs-nazepom «JIADPT» Toil ke
CpelIHEW MOIMHOCTH wW3MydeHus. Kak W3BECTHO, HAHOYACTHIBI ChEeprUIecKorl  (HOpMBI
00pa3yloTcsl MpH KOHJEHCAIlMM TapoBOil (pa3bl, cleqoBaTeNIbHO, KOJUYECTBO MapooOpa3zHOTO
MaTepuaia MHUIIEHHd B TOM U B APYrOM CIIy4asiX JOJDKHO OBITh MPUMEPHO OJMHAKOBBIM, YTO U
HaOJII0/1aeTCsl B SKCIICPUMEHTAX.

VYuutbiBas paHHee MOSBICHHE CQPEpUUYECKUX Kameiab W TIyOMHY Kparepa, CYIIECTBEHHO
NPEBBIMIAIONIYIO TITYOMHY KpaTepa mocie Bo3neicTBus COj-nazepa MmpH OJMHAKOBOM BBIXOE
HAHOIOPOIIKA, MOXHO 3aKJIIOYUTh, YTO OCHOBHAsl Macca MaTepuaja MUILIEHU MpPU BO3AECHCTBUU
U3JTY4YEeHHUS] BOJIOKOHHOTO Jia3epa yjaisercss B opMe Kareiab. ITO MOXKET MPUBOAMUTH K TOMY,
YTO, HAUMHAsg C KaKOro-TO MOMEHTa Karuid OyayT SKpaHUpPOBATh M3IydyeHHUE, MpeKpalas ero
JOCTYI KO JHY Kparepa. [[ns BIACHEHHS 3TOro (hakTa MCCIIECAOBANIACH 3aBUCUMOCTH TITYOUHBI
Ja3epHOr0 KpaTepa OT [UIMTEIbHOCTH HMITYJIbCa W3NydyeHUs. OTH JaHHbIE JUIsl MULICHEH u3
Nd:Y,03 ¢ paznuuHOi NMpo3padyHOCThIO MpuBeneHbl Ha puc. 10. Jlnsg yuéra cTaTMCTHYECKOTro
pazbpoca ObUTM W3MEpPEHBl M YCPEAHEHBI TIyOWHBI ACCATH KpPaTepoB, OOPa30BaBIIUXCS TPH
OHUX M TEX Xe YCJIOBUAX oOmydeHus. /[ MOBBIMIEHUS JOCTOBEPHOCTH HCCIEIO0BAHUA
BBIMOJHSUIMCh Ha MULICHSX C Pa3IMYHOM MPO3PAavyHOCTHIO, a TAKXKE MPH Pa3HbIX IJIOTHOCTSIX
MOIIHOCTH H3JIy4EHHS, YTO PEATN30BBIBAIOCH 3a CUET MCIOJIb30BAHUSA JIMH3 C Pa3INYHBIMU
(OKYCHBIMU PACCTOSHUSIMH.
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Puc. 10. 3aBUCHMOCTh OT JUIMTEIBHOCTA HMITYJIbCOB H3JIyYECHHS BOJIOKOHHOIO Jazepa
cpenHed TIyOWMHBI KpaTepoB 0Opasylomuxcs B Hempo3pauHoil (KpuBbie 3 u 4) wWin
nonynpospaunoit (kpuseie 1 u 2, op=21,8cm’ ) mummenn u3 1 % mol Nd:Y,0s.
MrHoBeHHass MOITHOCTh UMIYJAbCOB Ha MumieHu 670 Bt. DokycHOE paccTosTHUE JHMH3bI
200 mm (xpuBbie 2 u 3, I = 1,4 MBr/cm® ) i 400 MM (kpussie 1 u 4, I = 0,46 MBt/cM?)

BornuenpuBeaéHHble  pe3ynbTaThl  YOEIUTENBHO  IOKAa3bIBalOT, YTO  HE3aBHCHUMO  OT
MHTCHCUBHOCTU W3JyY€HUS U IUIOTHOCTH MOIIHOCTH BO BCEM MCCIEIOBAHHOM JMAIa30HE
3aBHCUMOCTh TJIYOMHBI KpaTepa OT AJUTEIbHOCTH HMITYJIbCa M3JIYYEHHUS HMEET JIMHEHHBIN
xapakrep. OTCYTCTBYIOT Kakue-IMOO TmeperuObl, YKa3blBaIOIIMEe HAa M3MEHEHHE BBIXOJa
MaTepuaiga M3 MHUIIEHH B pe3ylbTaTe CMEHbl MeXaHu3Ma abnsuuu. OTO O3HayaeT, 4YTo
TeMIlepaTypa paciijlaBa B KpaTrepe B TEUECHHUE JCUCTBUS HMITYJbCa HE YMEHbILAETCsd, a
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pa30phI3rUBalONIMECs M3 KpaTepa Kalld He MPEMsTCTBYIOT MOCTYIUICHHUIO SHEPIUHU JIa3ePHOTO
U3TTy4YEHUS] B MUILICHb.

Kpome toro, moguepkném emi€ pas cienyromue Haubonee BaxHbIe oOHapyKeHHbIE (akThl. [Ipu
BO3/JICHICTBUM OJUHOYHOTO MMITYJIbCa W3JIYYeHHs] HMTTepOMEBOro Jja3epa Ha MHUIIEHb U3
IpO3payHOro Ui HEro Marepuana IiIyOuHa KpaTepa okasbpiBaeTcsi B 6...8 pa3 Oonblie 1o
CPaBHEHUIO C MMIYJIbCHBIM H3nydyeHneM (CO,-l1azepa C TOW K€ SHEPrue B UMITYJbCE, IS
KOTOpOr0 Marepuajl MUIIEHHM He mpo3padeH. llpu junMTenbHOM BO3AEHCTBUM M3JIyd4eHHUs Ha
MUIIEHb €€ MOBEPXHOCTh MPHOOpPETaeT UIJIONOAOOHBINH XapaKTep C TUAMETPOM Wbl | MM U
BBICOTOM JI0 8 MM.

2.4 IlonyyeHne HAHONOPOLIKA

OpHUM U3 pe3yNnbTaToOB BO3ICHCTBUS JIA3ePHOTO M3IYYCHHUS HA MPO3PAYHBIC MOPUCTHIC MUIIICHU
ABIIIETCS TOJIy4eHHE HaHOmopoIka. [lopomiku, CUHTE3UpyeMble TaKUM METOJIOM, Cllabo
arJIOMepUpPOBAHbI, MMEIOT YHUCTOTY, COBIAJAIONIYI0 C YHCTOTOW WCXOIHOTO CHIPBS, Y3KOe
pacnpenesieHle Mo pa3MepaM M Majblil cpeaHud pasmep 4vacTull. VX CHHTE3 M3 MCXOAHBIX
MOPOIIIKOB TPOUCXOINT B JiazepHOM (pakene, T.e. MpU BBICOKOHM Temmeparype (Oau3kon K
TeMIiepaType KureHus) u ObicTpoM octhiBaHuM (~ 100 mkc). [ToaToMy KOHEUHas HAHOYACTHIIA
o0JasaeT BHICOKOW OJHOPOJHOCTHIO, & KOHIIEHTPAIMS HOHOB JOMUPYEMBIX KOMIIOHEHT MOXKET
OBITH OueHb OONBIIONW. AHANK3 PAbOT IO TMOJYYCHUIO HAHOMOPOIIKOB TaKUM K€ METOJIOM C
nomouipto COs-nazepa BbimoiaHEeH paHee [16—18]. 3aecy mnpuBoadrcs KpaTKue OaHHBIE O
MOJTyY€HUU HAHOMOPOILKOB C MOMOIILI0 UTTEPOUEBOIO Jia3epa C UCMOJIb30BAHUEM MaTEepUANIOB,
NPO3payHbIX Ui €ro W3JIy4eHHs. bIoK-cxemMa Ja3epHOro KOMIUIEKCa [UIsl TOJIy4eHUs
HaHomopouika (puc. 1 6) U NpUHIMN ero AeHCTBUS M3JI0XKEeHBI Bbllle. OTMETUM CYIIECTBEHHbBIE
(dakTOphl, KOTOpBIE HEOOXOAMMO HMETh B BHIY NpPU BBHIOOpPE MapaMeTpOB YCTAHOBKU IS
MOJTyYEHUSI HAHOTIOPOIIKOB.

[ToydyeHHbIE C TIOMONIBIO Jla3epa HAHOYACTHIIBI OKCHIOB CIAa00ariioMepUpOBAHBI U HUMEIOT
npaBUIbHYIO cheprueckyto Gopmy Wi HEOONbITYI0 orpanky. CHHUKEeHHE aBieHus 0ydepHoro
ra3a B UCIIApUTETHHOW KaMepe M 3aMeHa raza Ha OoJiee NETKUI U TETJIONPOBOHBIN a3 BEAET K
YBEIUYCHUIO 00BbEéMa JazepHOTo (akena W yMEHBIIECHUIO pasMmepa HaHodactuil. Ha puc. 11, a
MPUBEICHBI PaCHpe/eNICHNUsT HAHOYACTHI[ M3 PA3IUYHBIX OKCHIOB, MOJYYEHHBIX C MOMOIIBIO
uMIysbcHo-tiepuoandeckoro CO, masepa [17, 18]. Bo Bcex ciydasx ¢opma pacmpenencHus
HAHOYACTUI] 10 pa3MepaM HMMeeT JorHopManbHblii Bui. Hanoudactuuer 10,7 monbH. % ScSZ,
CUHTE3UPOBAHHBIE B BO3J1yXe aTMOC(HEPHOrOo [aBJICHHUS HMENIH CpeIHUMl apudmeTnyecKuit
pa3mep 13 HM. YMeHblIeHue aaBiaenus 0ygepnoro raza 1o 20 klla n yactuyHast 3aMeHa Bo3yxa
Ha TeNuil NpUBENU K CHUXKEHHIO CpPEJHEro pa3Mepa HAHOYACTHI A0 7 HM U (yHKUIUS
pacmpeneneHus 1Mo pa3MepaM 3aMeTHO CIABMHYJACh B CTOPOHY MEHBIINX pa3MepoB. B Toxe
BpeMsl COpPT MaTepuaja, T.€. U3MEHEHHE ero TeIIo(pU3NYeCKNX CBOWCTB, MajoO BIIMSAET Ha
pasmepsl HaHodacTull. CKOpPOCTh Tpokauku OydepHOro raza HaJ MOBEPXHOCTHIO MHIIECHU
CYIIECTBEHHO YCTYMAeT CKOPOCTH JIBW)KEHUS YacTHUIl B Ja3epHOM (akesie U MOITOMY TaKXKe He
BIMSET HA XapaKTEPUCTUKU TOIYyJaeMbIX HAHOYACTHIl. AHAJIOTMYHBIC 3aBHCUMOCTH HMEIOT
MeCTO OBITh W TIPH HWCIIOJIb30BAaHWU BOJIOKOHHOTO HTTpeOueBoro yazepa. Kpome toro, Obu1o
oOHapyxeHo, u4ro mpu wucrmapeHnr wmumeHn w3 Nd:Y,0O3; ¢ TOMOIIBIO MEePUOIUIECKHX
MMITYJbCOB BOJIOKOHHOTO Jiazepa IIUTENbHOCThIO 120 MKC M THMKOBOM MomHOCThIO 600 BT
cpenHuii pasmep HaHouactull (8,5 HM) okazancs B 1,5 paza MeHblle, 4eM B Clydae
HETMPEPBIBHOTO W3JIy4YeHHs: ToW ke MomHocth 600 Br w mnpum Toil ke ¢dOKycHpOBKe
(puc. 11, 6) [45].
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Puc. 11 ®ynkiuu pacnpeneseHus MO pa3MepaM HAHOYACTHUI[ U3 Pa3JIMYHBIX OKCHJIOB,
MOJyYEHHBIX C TMOMOIIBI0 HMIYJIbcHO mepuoandeckoro CO, mazepa B arMochepHOM
BO3Jyxe M B cMmecu He:BO3IyX MOHIKEHHOTO JaBieHHs (a), a TakkKe pacrpeiesieHue
HaHouactury Nd:Y;0; (0), momydeHHBIX MPH HCHAPEHUH B aTMOCHEPHOM BO3IyXE
UMITYJIbCHO-TIEPUONYECKUM (KpuBasi 1) WM HENpepwhIBHBIM (KpHuBas 2) H3ITy4deHHUEM
BOJIOKOHHOT'O UTTEPOMEBOTO Jlazepa

JUTMTenbHOCTh BO3JEHCTBHS JIa3epHOTO HM3JIY4YEHUS HAa MUILEHb NPH BBHIOPAHHON IJIOTHOCTH
MOIITHOCTH JIOJKHA OBITH MEHBIIIE BPEMEHH IMepexoja K mapo-KameiabHO# abmsaiuu. J[as Toro
I-ITO6I:.I I/IFJIOHO,Z[O6HI:IG HeOI[HOpOI[HOCTI/I Ha HOBerHOCTI/I MUIIICHU HEC OKa3bIBaJIN
CYIIIECTBEHHOTO BJIMSHUSA HA MPOH3BOJUTEIBLHOCTH IMOJYUYEHHS HAHOMOPOIIKA MX BBICOTA HE
JOJI’)KHaA HpeBLIH_IaTB 2 MM. 3TO MOXET 6BITI> OGCCHC‘ICHHO BLI60pOM IINIOTHOCTU MOIIIHOCTHU
U3JIYYEHUS W CKOPOCTH MEPEMEINEHHS JIa3ePHOro Jiyda IO TMOBEPXHOCTH MHIICHH. AHAIN3
JAHHBIX II0 HOHY‘ICHI/IIO HaHOHOpOH_IKa IIOKa3bIBA€T, 4YTO Ha HpOI/I3BO,Z[I/ITeJ'H>HOCTB €ro
MOJYYEHHS U3 MaTepHaja MPO3pauHoro IS JaHHOW UTHHBI BOJHBI CYIIIECTBEHHYIO POJIb UTPAeT
nokasarenb mpenomiieHus. B dactHocth, ans Nd:Y,0;, obnamaromero ©6osee BBICOKOMH
TEMIIEpaTypOil IIaBICHUS M KHUIIEHUS 10 cpaBHeHHMIO ¢ CaF, mpoM3BOIUTEILHOCTh COCTABIISCT
28...30 r/uac, a B CaF, ona paBHa HyIIIO.
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Puc. 12 Pacnpenenenue o pazmepam (a) u maccam (0) Kamesb, COASPIKAIMMUXCS B IIOPOIIIKE
U3 UCTIAPUTEILHON KaMephl TOCIie UCTIAPEHUS MUIIICHH BOJIOKOHHBIM J1a3€pPOM C TTIOMOIIBHIO
auH3bl ¢ pokycom 400 MM (kpuBast 1) m 200 MM (kpuBas 2), a Tak)Ke pacrupeneicHue Mo
pasMepaMm Karellb, 0Opa3yloIIUXCcs MpPU UCTAPEHUU MUIIEHH C MOMOIIBI0 UMITYJIbCHO-
nepuoanueckoro CO, nazepa (a, kpuas 3)
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CenuMEHTAIIMOHHBIM aHAIN3 B CIOUPTE COACPIKAHMS Kalellb B HAHOMOPOIIKE, COOpaHHOM B
AMeKTpoUIbTPaX U pyKaBHOM (GUIBTpPE MOKa3al, yTo Ux Hanuuue He npesbimmaer 0,4 % ot Beca
HaHonopomika. OcHOBHast foJig Kamenb 85...93 Bec. % ocepaeT B MCHApUTENbHOW Kamepe, U
MMEHHO 37ech ObUIM B3SATHI MPOOBI AJIS aHalIM3a Kameib M0 pa3MepaMm M macce. PesynbTaTsl
Mo/ICU€TOB MpUBEACHBI Ha puc. 12. BuaHo, 4To pacnpeaeneHre Kamesib 1Mo pa3MepaM UMEET BH/]L
IUTABHO crajaromux KpuBbiX. [logaBnsiomas 4yacTe Kamneib, 00pa30BaBIIMUXCS MPH HUCIAPEHUU
MUIleHeH, umeer pasmepbl MeHee 10 MmkM. OmHako uMX cymMMapHash mMacca BO BCEX CIydasx
coctaBisier He Oomee 0,8 % or obOmeld Macchl Kamenb. bosbllylo 4acTh Beca BCeX Karelb
COCTaBIAIOT Kamu ¢ pasMmepamu oT 10 Mxm 10 125 M. Ilpy MHTEHCHMBHOCTH J1a3€pHOIO
u3NydeHus Ha muuenu /=0,4 MBT/cM” 101151 TAKHX Karielb paBHa 91 % oT Beca Bcex Karens, a
npu [=1,2 MB1/cm? — 82 Bec. %. HeobX0MMO TaKKe 3aMETHTb, 49TO 00pa3yroTCs ¥ €TUHUIHBIE
karu  Oonpmiero aumamerpa (mo 200 mMxwm). BcenencTtBue MacCHMBHOCTH O3THX  Kameilb HX
CyMMapHasi Macca JOBOJIBHO 3aMETHA M OKa3ajlach paBHOM ~ 8 Bec.% npu [=1,2 MBt/cm” mn
18 Bec. % npu 1= 0,4 MBr/cm?. Emé pa3 nOAYEPKHEM, UTO pacIpeesieHue Kalelb 10 pa3Mmepam
[IPU YBEIMUYEHUH TUIOTHOCTH MOIIHOCTH M3TYYCHHS CMEIIaeTcs B 00JIaCTh OONBIINX Pa3MEPOB.

3 Moaean, pe3yJbTaThbl pac4€éToB, 00CyKIeHHE

BeimeynoMsiHyThIe pe3yabTaThl TPEOYIOT 00BsSCHEHUSI MyTEM CO3/aHUs (PU3NIECKOM KapPTHHBI,
e€  MaTeMaTWyecKoro  MOJIEJIMPOBAaHUS U  CpaBHEHHE  Pe3yJlbTaTOB  pacyéToB ¢
OKCMIEPUMEHTATbHBIMA JaHHBIMU. [Ipy STOM HYXHO Yy4YecTh CYIIECTBEHHYIO OCOOEHHOCTH
MOJTyYeHUs! JAHHBIX HAHOMOPOUIKOB BOJIOKOHHBIM JlazepoM. OHa 3aKII0YaeTcs B TOM, YTO Ha
JuHE BOJIHBI 1,07 MKM MHOTHE OKCHIBI IPO3PAYHBI, TO €CTh UMEIOT OYCHb MaJIblii TTOKa3aTeNb
nornouienus. Hanpumep, g Al,Os (netikocandup) [19], Nd:YAG [20] u 1%Nd:Y,03 [21] onun
paBHBI 2,7-10'3 CM'I, 1,5-10'3 ev!' w3107 CM'I, cootBeTcTBeHHO. Ecim Ha 31H
MOHOKPHUCTAIJINYECKHE MaTepuasbl BO3JAEHCTBOBATh MMIYJIbCAMH H3TYyYEHHS UIUTEIbHOCTHIO
6onee 10 mMkc, momagaromieM B O0JIACTh WX MPO3PAYHOCTH, TO TMPHU IJIOTHOCTH MOIIHOCTU
1...10 MBr/cMm? M3JIYYCHHS] Pa3pylIaeTCs TOJbKO IMOBEPXHOCTh MOHOKPHUCTAIIJIOB, & HE HX
00BEM [22].

Tem He MeHee, Kak TOKa3ald BBILICHPUBEIECHHbBIE SKCIEPUMEHTAIbHbIE HCCIIEOBAHMUS,
MOPUCThIC MUIICHH U3 OJTHX MaTepUalOB JOBOJBHO XOPOIIO WCHAPSIOTCS JaXKe TpHU
WHTEHCUBHOCTH U3JTy4€HUS BOJIOKOHHOTO Jla3epa Ha MUIIIEHU MEHee U mopsiaka 1 MBTt/cm’.

C npyroit CTOPOHBI, MBI HE CMOTJIM HCIIAPUTH HETPEPHIBHBIM U3JIy4€HHEM BOJIOKOHHOTO Jla3epa ¢
urTeHcnBHOCTBIO 0,16...1,2 MB1/cM® cripeccoBarnyro MumteHs u3 CaF, (duooputa). B atom
ciiydae Ja3epHbId (hakesl Ha MOBEPXHOCTU MHUIICHH OTCYTCTBOBAN, a MPOIYKTOB aOMSAIMU ITOU
MUIIEHHU TIOce 5 MUHYT BO3JEHCTBUS Ha HE€ M3ITY4YEHHs] Mbl HE HAILIM HU B HUCHAPUTEITHHOU
KaMmepe, HU B JPYTHX MECTaX yCTaHOBKU. JTO YAMBHUTEIBHO, €CIH Y4eCcThb, YTO TeMIepaTrypa
ucnapenusi ¢mooputa (7,=1360°C) B 1,86 paza MeHbIe, 4YeM [JIsi OKCHUAA WTTPHUSA
(T,=2530°C ). Ilpu >ToM BenmuumHa mokasarens mornomenus CaF, (2:10* em™) Gmmska K
tomy, uto peamu3yercs B 1 % Nd:Y,0; [21, 23]. Ha amune Bomael CO, nazepa mokaszaTenb
nornomenns CaF, HaMHOro Bbimme (7,2 M) M MPOM3BOAUTEILHOCTD TIOTYIEHHs HAHOIIOPOIIKA
MPU UHTEHCUBHOCTHU u3iaydeHus /= 1,3 MBrt/cM” 1 ero cpenner momHocty 500 BT cocraBuna
15 r/gac. [ToapITOKMBAs BBITIIECKA3aHHOE, MOKHO CPOPMYITHPOBATH CICAYIOIINE BOIPOCHL.

1) [ToyeMy 1Py 3TUX MHTEHCHBHOCTH H3JIY4CHHS BOJOKOHHOTO sasepa 0,4...1 MBt/cM” BooGe
BO3MOXKHO HcTapsATh mopuctsie Mutienu u3 Nd:Y,0s3, Nd:YAG, ZrO,:Y,0; (YSZ), Al,05?

2) IMouemy Takas >xe mumieHb u3 CaF,, uMeromero NpuMepHO TOT K€ TIOKa3aTelb MOTJIOMCHNUS,
HE TOJBKO HE UCTIAPSIETCS, HO U C TPYJIOM TLIABUTCS?

CoBepIlIeHHO  OYEBHUIHO, UTO NPHUHLIUIHAIBHBIM MOMEHTOM JIY4€BOIO  pa3pylIeHUus
JIURJIEKTPUKOB € [IOKAa3aTelieM  IOIVIOLICHUS O = 10°...10° cm™"  sBustercss  MexaHH3M
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MHULMMPOBAHUS [EPBOHAYAIBHOTO MOTJIOLIEHUS M3JIY4E€HHs, KOIZa B KaKOH-TO JIOKaJIbHOM
o0JacT MHUIIEHH OHU TEPSIOT MPO3PAYHOCTh. XapaKTep STOro IMpolecca CHIBHO 3aBUCHUT OT
JUINTEIBHOCTH JIA3€pPHOTO BO3JEHCTBUSA, & TOUYHEE OT MHTEHCUBHOCTH W3JIyYEHUS Ha MUILIECHHU.
JI1st OMHOPOAHBIX U MOYTH HMJICATbHO MPO3PAUYHBIX ONTUYECKUX MaTepHaioB (MOHOKpPUCTAIIOB,
CTEKOJ), MCIOJB3YeMbIX JJISI M3TOTOBJICHUS ONTHUYECKUX AJIEMEHTOB, TAKUE MEXAaHU3MbI ObUIH
npemiokeHsl 1 u3ydeHsl emé 70-e u 80-¢ roga mponuioro Beka. B 1970 r. Opu1 mpenioxeH
TETUIOBOM MEXaHU3M pa3pyIICHUs] KPUCTAINIOB pyOHMHA UMITyIbcaMu M3IydeHus ¢ A = 0,694 Mxm
JUIATENbHOCTEIO 3-107...4-10% ¢ MpY WMHTEHCUBHOCTM Ha MumeHu po [=10 MBTt/cMm? [22].
CornacHo ey, Ja3epHOE W3JIydeHHE BHAyaje TIOTJIOMIACTCS JIOKAJIbHBIMH Jie(eKTaMH
CTPYKTYpbl ~ ONTHYECKHUX  JJIEMEHTOB  (IopamMu,  AMCIOKAIUSMH,  MHUKPOTpPEIIMHAMH,
JTBOMHUKOBBIMHU T'PaHHUIIAMHU, MUKPOBKJIIOUEHUSIMH), KOTOPbIE BCETIa UMEIOTCS B UX 00BbEME MITH
Ha TOBEPXHOCTH Ja)ke€ TNPHU BBICOKOM ONTHYECKOM KauecTBe HX Mmarepuana. llpu Oounee
UMITYJIbCAX MEHBIIEH UIMTEIBHOCTU (107...10 "% ¢), T.e. IIPU MHTEHCUBHOCTHU 10° Br/em® u
Oosee, pazpylleHUE IUAJIEKTPUKA MOXKET MPOM30UTH 3a CYET MHOTO(POTOHHOTO IMOTJIOIIECHUS
U3JTY4YEHHUs, 4TO He TpeOyeT Haluuus Kakux-Iubo nedexkToB B KpucTtauie. B stom ciyuae
9JIEKTPOH U3 30HBI BAJEHTHOCTH MOMAJaeT B 30HY NMPOBOJUMOCTU U OOpazyeT 3JIEKTPOHHYIO
JaBuHY [24], YTO B WUTOre MNPHUBOAMT WIM K aOJALUU TOBEPXHOCTH [HUAJIEKTPHUKA, WIH K
BO3HMKHOBEHHUIO TPEIIUHBI B €ro o0béMe. [IpuyueM st UMITyIbCOB KOpoUe 10%¢ paspylieHue
MPOUCXOAUT YK€ MOC]E OKOHYAHHUS JIA3€pHOT0 UMITyJbca [25]. DTU ucclieqoBaHUs MO3BOIHIN
BBISIBUTh OCHOBHBIE MEXaHU3Mbl JIY4EBOI'O pa3pylIEHUS MPO3PAYHBIX JIUIJIEKTPUKOB.
Heo06xoauMo 3aMeTuTh, 4TO 3TH U JApPYrHe MOJ00HBIE HCCICIOBAHUSA MNPOBOIMINCH JUIS
ONTHUYECKU OCTaTOYHO COBEPIIECHHBIX MaTepuanoB. Hamnune nedekToB B X 00bEME WM HA UX
MOBEPXHOCTU PACCMATPUBAIOCh, KAaK OTKIOHEHHWE OT HACAIBHOCTH KpUCTAlIa M 4acTo
YUYUTBHIBAJIOCh YHUCTO CTAaTUCTUYECKU [26]. VckitoueHue, moxkanyil, COCTAaBISUIM MCCIEIOBAHUS
HNOJMKPUCTAINIMYECKUX ONTHYECKUX MaTepuanoB. Hanpumep, B [27] caenaH BBIBOA O TOM, YTO B
noymkpuctaimdeckoM CVDZnSe ¢ goctatouHo HH3KUM  3(G(EKTUBHBIM — TIOKa3aTelieM
normomtenust 3...7,5-10° cm™ mornomenne m3mydennst 10,6 MKM OCYIIECTBISETCS HE 3a CU&T
MHOTO(OTOHHOTO MEXaHW3Ma, a 3a CYET TMOIJIOMIEHUs Ne(EeKTHBIMH MEKKPUCTAIITUTHBIMU
IpaHHUIIAMHU.

Takum oOpazom, Hpexkae YeM paccMaTpuBaTh TEPMOJMHAMHUYECKHE MPOIECCHl B MUIICHH U3
IPECCOBAHHOTO MOPOIIKAa HEOOXOAUMO JAETAIBHO HCCIEOBATh CTPYKTYPY 3JIEKTPOMArHUTHOTO
MOJIsl, CO3JaBaeMOro Ja3epHbIM H3JIyY€HHEM B TakoW MHIIEHH. B yacTHOCTH, HEOOXOAMMO
ydecTb Au(pakiuoHHble U HHTepdepeHInoHHble 3()(EKThI, KOTOpble MOTYT BO3HHKHYTH B
MOJIOOHBIX Cpeslax Ha MUKPOYPOBHE.

3.1 UccaenoBaHue CTPYKTYPbI 3JIEeKTPOMATHUTHOIO MOJIS IPH B3aUMOIECTBUM JIA3€PHOI0
H3JIy4YeHHUsI C MPEeCCOBAHHOI MHUIIIEHbIO.

BaxxHocTh yuéra pacceuBaHMs U3JIYy4EHHUS ONTUYECKH HEOJHOPOIHOM CpEeloU IOIUYEPKUBACTCS
COoBceM HenaBHUMH pabotamu [28—30], rae mpuUBENEeHBI PE3yJIbTaThl aHATUTUYECKOTO pacuéra
10 Teopuu Mu paccestHUsI CBeTa MPO3PauHBbIMU JUAICKTPUUECKUMU CyOMUKPOHHBIM YacTUIIAMH
kodddurmentom mnpenomsienuss n (n=4...7). ABTOpaMH TIOKa3aHO, 4YTO YacTHIA TpHU
ONpeAeIEHHOM COYETaHWM JUIMHBI BOJIHBI NAJAIOIIETO CBETa, €€ MOKa3aTess NPEJOMIIEHUS U
IUaMeTpa MOKET BBICTyHaTh B POJIM BBICOKOJOOPOTHOIO pE30HaTOpa. IJTO MPUBOAUT K
PE30HAHCHOMY  YBEJIIMYECHUIO  aMIUIUTYObl  TeX  C(EpUYecKHX  MOJ  PAaCCESHHOTO
3JIEKTPOMArHUTHOTO MOJIsA, Y KOTOPHIX COOCTBEHHAsI YaCTOTA COBIAJIAeT C YAaCTOTOM MaJarolliero
ceeta. Ilpu ompenenéHHbIX YCIOBMSIX, 3TO MOXKET IPHUBECTH K POCTY MHTEHCHBHOCTH CBETa
BHYTPHM MUKPOYACTHIIbI Ha JABa nopsiaka. C Apyroil cTOpoHBI, MpU UHTEPPEPEHIIUU CHAPYKU
YaCTHUIIBl ATUX PE30HAHCHBIX MOJ CO CBETOM, PACCESIHHBIM €€ TTOBEPXHOCTHIO (eciu Obl OHa ObLIa
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MOJIHOCTBIO OTpaXKarolleil) MOXET BO3HUKHYTHh pe3oHaHc PaHo. DTO MPUBOIUT K MOAYISALUU
paccesiHHOTO M3Ty4YeHHs, KaK M0 YIJy pacceuBaHMs, TaK U MO CYMMAapHOM WHTEHCHBHOCTH.
AHaJOTUYHBIE WCCIEAOBAHUS MPOBOJAT U B ciaydyae (POTOHHBIX KPUCTAILIOB, MPEACTABISIONINX
c000M CTPYKTYpHI C MEPUOTUICCKON Momysiiuen koddduimenta nperomiaeHus. B vactHocTH,
B [31] moka3aHo, 4TO pe3oHaHchl PaHO BO3HUKAKOT IPHU pACCEMBAHMM BUAMMOIO CBETa
miotHoynakoBanHeiMUA B ['TIK pemérky chepamu u3 SiO, ¢ muamerpom 320 HM. MexaHu3m
pezoHanca @aHO B CHUCTEME JBYX CBS3aHHBIX OCHWUIATOPOB HMMEET OOIIUN XapakTep u
peanu3yeTcsi B caMbIX pa3HbIX oOyacTax Hayku. [loatomy pabora [32], Tie oH BIepBbIE OBLIT
OMHCaH, TPOLUTUPOBaHA Yyke Ooyiee ceMU ThICSY pa3. B 3TOoM ke pycie NpoBOIATCS
uccienoBanusi GOTOHHBIX CTpyH. [log 3TUM TepMUHOM MOHUMAIOT y3KHE JIOKAIbHBIE 00JIaCTH C
BBICOKOM MHTEHCUBHOCTBIO M3JyUYEHHUS, PACIIOI0KEHHBIE B TEOMETPUUYECKONM TEHU OCBEILIEHHOMN
Ja3epoM TMPO3pavyHOM MHUKpOYacTHIbl (T.e. B OmmkHed mudpakmuonHou 3o0He) [33]. Ux
BO3HUKHOBEHHE TAK)KE CBS3BIBAIOT C MHTEPPEPEHIIMEH pAaCCEsTHHOTO YacTUIICH CBETa U CBETA,
MPOMIEIIIEr0 CKBO3b 4YacTUIly. B 3TOoM cwmbiciae (oToHHAst cTpys MOXKeT ObITh CBs3aHa C
oOpa3oBaHueM onTrueckoro pezoHanca ®@ano. B [34] mokazaHo, uTo KoHGUTYpaus HOTOHHBIX
cTpyi oT 2D kiacrepa W3 OJWHAKOBBIX CHEPUYECKUX YACTHUIl 3aBUCUT OT CIOCO0a YMaKOBKH
YaCTHUII, Pa3Mepa YaCTUIl U PACCTOSIHHS MEKIY HUMHU.

Muiienb A5 Ja3epHOro UCMapeHHsi UMEeT BBICOKYIO mopuctocTh (= 50 %). Conepxkamuecs B
HEll KPUCTAUTUTHI U3 MPO3PAYHOTO TUAIEKTPUKA UMEIOT pa3iIUdHbIe pa3Mepsl u (opmy, a ux
pacnojiokeHue ciydaiHo. PaccemBanme B TakOM MHIIEHW U3JIYYEHHUS BOJIOKOHHOIO
UTTEepOnEeBOro nasepa umeer JUQPQPY3HbIA, CITydaliHBIA XapakTep U, B 3TOM CMBICIIE, OHO JOJKHO
OTIMYAThCA OT onTHueckoro pezoHanca ®dano. IlosTomMy ISl KaxAbIX KOHKPETHBIX YCIOBUMN
JMaHHBIC pacdEThl pacCEMBAHMS H3Iy4eHUS HEOOXOAMMO MPOU3BOAUTH 3aHOBO. [lomoOHBIE
pacy€Thl OBUTH TTPOBEACHBI U B [29], T1Ie U3ydanoch MPOXOXKICHHUE JIA3EPHOTO U3JTyUYCHUS CKBO3b
CJION METaJUTMYECKOT0 TOPOIIKA, COAEPKAIMEro CPEpUISCKUMU METALTUICCKUMHU YacTULAMU
nuamerpoMm 1...12 Mkm. Kak mnokazanu pe3yiabTaTbl YHCJICHHOTO PEIICHUS YpaBHEHHUS
lenbMromneiia, paccerBaHue CBETa B TAKOM MOPOIIKE MPHUBOIUT K 0Opa30BaHUIO MHOXKECTBA
JIOKQJIbHBIX MAaKCUMYMOB MHTEHCUBHOCTH U3JIyUE€HUS MEXIY YaCTUIIAMU.

3mech TakKe MPOBENEHBI MOAOOHOTO poOJa HCCIECIOBAaHUS MNPUMEHUTEIBHO K HAIIUM
9KCIIEPUMEHTAIBHBIM YCIOBUSAM. {7151 5TOr0 HaMM YHCIEHHOTO PEIIajgoch BOJHOBOE YpaBHEHUE
lenbmronbua uist 3I€KTPOMArHUTHOM BOJHBI (1), pacrpocTpaHsmonieiicss yepe3 Mpo3pavyHylo
HOPOIIKOBYIO AUIIEKTPUYECKYIO CPely, COCTOSIIYIO U3 YaCTHI] C ITOKAa3aTeNeM IPEIOMIICHUs 1,
Y BO31lyXa C Mg = 1:

AE +k?-¢,.-E =0, (1)
rae E — ammumryaa HanpsokKEHHOCTH DJIEKTPUUYECKOTO ToJist;, kK = 2-7/A — BOJIHOBOE YHCIIO; & —
TUDJIEKTPUYECKasl MPOHUIIAEMOCTh MarepHalia. B kadecTBe HCCIEIyeMbIX MaTepHalioB ObUIH
BeIOpanbl MgF» (n,= 1,38), CaF, (n,= 1,43), BaF; (n,= 1,47), Si0, (n,= 1,54), BeO (n,= 1,71),
MgAL Oy (n,=1,70), ALLO3 (n,=1,75), Y203 (n,=1,90) u YSZ (n,= 2,12), ucnapsemslie panee
B DKCIIEPUMEHTax MO HapaOoTKe HaHoMmopolka. VX mokazaTenu MOTJIOLIEHUS Ha JIIMHE BOJIHBI
A=1,07 MKM HMEIOT JocTaTouHO Manbie 3Hauenns (1072...10% em™), 1. e. XapakTepHas TiyonHa
MPOHUKHOBEHUSI M3IYYCHHS B WACATbHBIE MOHOKPUCTAIUIBI M3 3TUX MAaTEPHAIOB COCTABIISET
10%...10* cm. TIpu pasmepax pacuérHoil obmact ~ 200 MKM COOCTBEHHOE IOIJIOLICHHE
Ja3ePHOTO M3TYYCHHUS HE OKA3hIBAET OOJBIIIOTO BIMSHUS Ha OOIIYI0 KapTUHY PacIpOCTpaHEHUS
U3Ty4YeHHUs] B MUIICHU, [T0O3TOMY B JaHHOU paboTe ero BKiIaaoM mpeHeOperanochk. Kpome Toro,
HAa JaHHOM »JTame pacuyéToB HE YYHTHIBAJCS HArpeB YAaCTHI[ Ja3e€pPHBIM H3IyU€HUEM U
TEMIIEpaTypHas 3aBUCUMOCTb MX IOKa3aTess MPelOMIICHUs 7,. Bce pacuéTsl NpOBOIMINCH IS
U3JTY4YCHUSI BOJOKOHHOTO uTTepOueBoro mnazepa (4= 1,07 mxm). Ha puc. 13 uzoOpaxena
reoMeTpusi 00JacTH, UCIONb3yeMasi [Uisi pacd€ToB paccesHUs JIa3epHOr0 H3JIyYeHUs
MIPECCOBAHHBIMU MOPOILIKAMU M SIBISIOMIASACA KAUECTBEHHOM aHAJIOTMEN pEallbHbIX MHILECHEH,
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UCIIOJIb3YEMBIX B 3KCIIEPUMEHTAX 110 MOJIYYEHHIO HAaHOMOpOIlIKa. B a3ToM ciyuae npsMoyroiapHas
obmacte ¢ pasmepamu  24x200 MKM 3aMoNHsUIaCh KPYIJIBIMH ~ YacTHI[AMH, HMEIOIUMHA
OJIMHAKOBBII MOKa3aTesb NPeJIOMIIEHUs 7, DYHKIUA paclpeieeHHs YacTHIL 110 pa3Mepy Oblia
B35Ta Ha OCHOBaHUM HCCIIEOBAHMSI HCXOJHOTO TMOPOIIKA OKCHAA HUTTPUS C IOMOIIBIO
ontuueckoro mukpockona OLYMPUS BXS51TRF-5.

220+ TN
X, MKM
200
¥, MEM
180 r

1604 E(x,0)~E,

140-

I s

120-

100+

80-

60-

Laser

40 beam

204

0b—0 i i
0 20 40 60 80 100
Puc. 13. I'eomeTpus pacu€THOM 007aCcTH A7 CIydast IPECCOBAHHOTO MOPOIIKA

Ha puc. 14 npuBeneHo pacnpeneneHUe MHTEHCUBHOCTH HM3JIYYEHHsI B TOPOIIKOBOHM cpeae u3
CaF, n Y,03; mis Toro ydactka pacy€éTHOW 00JacTH, Ky/a MEPBOHAYAILHO IMaaeT M3TydyeHUe
BoJIOKOHHOTO Jazepa (4 =1,07 mxm). B obOoux cimywasx oOpamaer Ha ce0si BHUMaHUE, YTO B
HEKOTOPBIX JIOKAJIbHBIX Y4acTKaX pacu€THOW 0OJAaCTH MHTEHCHUBHOCTb PACCESIHHOTO M3ITy4eHUs
S3HAYUTCIIBHO TMPCBLINIACT HWHTCHCUBHOCTL HU3JIYYCHHA, MMAAAOICIO0O HA MMUIICHb. Yci1oBHO
Ha30BEM Takue OO0JIaCTH C TOBBILEHHOW MHTEHCUBHOCTBIO  «00JIacCTh  MaKcHUMyMa
MHTCHCUBHOCTH». VX BO3HHMKHOBEHHE OOYCIOBIEHO HMHTEp(EepeHLrel IBYX COCTaBIISIOIIUX
JIA3€pPHOT0 M3JIYYEHHUs TIPU €ro B3aUMOJEHCTBUU C YacTullamu nopoiika. [losBienue ogHon u3
HUX BbI3BAHO PaCCCUBAHUCM U3JTYUCHUA Hﬁpy)KHOﬁ NOBCPXHOCTHIO YaCTHUIL, a ITOABJICHUC l[pyl“OfI
BBI3BAHO MPEIOMIICHHEM MPOXOJISALIETO CKBO3b YaCTULIBI U3ITYUCHHUS.
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Puc. 14. Pacnpenenenue MHTEHCUBHOCTU W3JIYY€HHUS BOJIOKOHHOTO Jia3epa, PacCestHHOTO
npu mpeccoBaHHoMm mnopomke wu3z CaF, (a, n,=1,43) mmm u3 Y03 (6, n,=1,90),
HurencuBnocTs nagaroniero uznyuenus lp= 0,46 MB1/cm>

3,0%10" -

2.5x10°

2,0x10°

1,5x10"

f, Br/em’

1,0x10°

5 0x10°

00

V., MEM

Puc. 15. Ycpennénnoe mo ciosM pacu€THOM 00JacTH pacmpenesieHne WHTCHCUBHOCTH
paccessHHOrO M3Iy4eHMs IO TIyOMHE Ui MOPOIIKOB M3 Pa3in4HbIX MaTepuanoB (YSZ
(xpuBas 1), Al,Os (kpuBas 2) u CaF, (kpuBas 3)) u ero anmpokcuManus 3akoHoMm byrepa
(A= 1,07 mxm, Ip= 0,46 MBr/cm?)
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Jis Oonee HATISAHOTO WCCIECNOBAaHHUS XapakTepa W3MEHCHHsS HHTCHCHUBHOCTH JIa3€pHOTO
U3ITyYeHHUs, MBI pa3JeNuid pacu€THYI0 o00JacTb C IPECCOBAHHBIM MOPOIIKOM Ha CIIOH,
NEPICHIUKYISAPHbIC  HANpPAaBICHUIO  PACIPOCTPAHCHHS  MAJAIONIeT0  JA3epHOro  IydKa.
VYcpenHenue BeIMYMHBI MHTEHCHBHOCTH PACCESTHHOTO M3JIYYEHHS B KaXKJIOM CJIOE€ TO3BOJIMIO
HAM YHCIICHHO OXapaKTepH30BaTh 3aTyXaHWE WHTEHCUBHOCTH W3JIYYCHUS 10 MEpe ero
pacnpoctpanenusi B muiieHb. Ha puc. 15 npuBeaensl 3aBucuMocTH, nosydeHHbie mist CaFs,
ALO;, Y03 umw YSZ. BumgHo, 49TO B paccesHHOE W3IYYCHHE KOHIIEHTPUPYETCS B
MPUIIOBEPXHOCTHOM CJIO€ MHUIIEHW TOMIHUHOW 110 40MKM, Trae yCpeAHEHHas MO CIIOAM
WHTCHCUBHOCTh M3JIYYCHHUs TMPEBBINIACT WHTECHCHUBHOCTh Majaromiero usnmydeHus. [lo mepe
IMPOHUKHOBEHUS BIIyOb MMHILIEHM WHTEHCUBHOCTb PACCESHHOTO W3IyYEHUS HCIBITHIBAET
CWIbHBIE (IYKTyallud, OJHAKO B IIEJIOM CHAaJaeT C TIIYOMHOW. JTO 3aTyXaHuWe OKa3aioch
BO3MOXXHBIM OLEHUTh KOJMYECTBEHHO MYTEM ammpoKCUMalud OoOpabOTaHHBIX TakuM 00pa3oM
JIAHHBIX pacyéTa ¢ MOMOIIbIO 3aKoHa byrepa (2).

I =1, exp(—a-z), (2)

rae [ [Br/cM’] — HHTCHCHBHOCTD M3IIydeHHs, PACIPOCTPAHSIOMIErocst B cpee ¢ d((heKTHBHBIM
[0KA3aTelIeM 3aTyXaHWs ¢ [CM '], YIMTHIBAIOIINM TOIBKO PACCCHBAHHUE M3IIYUCHHS YACTHIIAMIL,
Iy [BT/CM2] — UWHTEHCHUBHOCTb majamomiero wusnydeHus. OOpaboTka IaHHBIX pacuéra
BBIIIICONMCAHHBIM CIIOCOOOM TO3BOJIMJIA YHCIEHHO OIICHUTHh XapaKTepHYI TIYOHHY €ro
MIPOHUKHOBEHUS B IPECCOBAaHHBIE IOPOILIKH Y, U3 BCEX HCCIIENYEMbIX HAMH MaTE€pPHAJIOB.
Ha puc. 16 mokazana 3aBUCHIMOCTB IJaHHOTO TTapameTpa OT Ko QHIIMEHTa MPETOMIICHUS MaTepraia
YaCTHII JUIsl TMHBI BOJIHBI Naaaroniero u3nydenus 1,07 Mkm. C pocToM MoKasaress NpeoMIIeHUs
Matepuana dactay ¢ n,= 1,38 (MgF,) no n,=2,12 (YSZ) xapakrtepHas riayOMHa ociaaOneHus
JIA3epHOTO IMyYKa B TAKOW CPeie BCIICICTBUE O0JIee CHIIBHOTO PAaCCEMBAHUs YMEHbBIIACTCS ¢ 19 MKM
no 11 mxm. OcoOeHHO pe3kuii crajl HaOIMrogaeTcs B JAuamna3oHe KOI(D(OUIIMEHTOB MPEIOMIICHHS
n,=1,38...1,75. CoorBeTcTBeHHO, A1 nopoiuka ¢moopura (CaF,) BenuuuHa 3TOro mnapamerpa
cocrapisier 17 mxMm, uto B 1,5 paza Oombine, yem it okcuaa urtpus. COBMECTHBIN aHAIN3 3TUX
TAHHBIX W Pe3yJbTaToOB, MPUBEACHHBIX Ha puc. 10, MO3BONSET CAENaTh BBIBOJ: YEM MEHBIIE
MoKazaTenb MpeIoMIIEHHsS Marepualia M, COOTBETCTBEHHO, OoJblie TITTyOMHAa NPOHUKHOBEHUS
U3JTy4EeHHsI B MUILICHb, TeM OOJIbIIe BpeMsI 3amma3bIBaHusl (POPMUPOBAHHMS JIA3EPHOTO (akena.

7
205 MgF, - 3,5%10
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Puc.16. 3aBucumMOCTh XapakTepHOH TIyOWHBI OCHAONEHUS JIA3ePHOTO H3IIYUCHHS Vg,
(kpuBasg 1) ¥ MakCMMaJlbHOW WHTEHCHUBHOCTH H3Jy4eHHUs B OOJACTH CamMOro CHUIIBHOTO
JOKAJIBHOTO MakKcUMyMa [, (KpuBas 2) OT BEJIMYUHBI TOKAa3aTeNs MPETOMIICHUS
mateprana dactur ( Jy= 0,46 MBt/cM?).(CIuIONIHAs KpUBast)
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C napyroél CTOpPOHBI, ONTHYECKHH MPOOOIH B TMOPOIIKOBOM Cpele B MEPBYIO OYEpPEIb JIOJDKCH
BO3HUKATh B TEX MECTaX, I MHTEHCUBHOCTh PACCESHHOTO M3Iy4YEHHs IPEBBILIIAET IOPOrOBOE
3HaueHue. [lo3ToMy BaXHO HCCIEAOBATH HE YCPEAHEHHYI0 IO TOPHU3OHTAIBHBIM CIIOSM
BEJIMUYMHY UHTEHCUBHOCTH JIA3€PHOTO U3IyYEHUs, a €€ 3HaUCHHE B JIOKAJIbHBIX MakcuMymax. Ha
puc.15  mpexacraBieHa — 3aBUCHUMOCTh ~ MAKCUMaJbHOM  HMHTEHCHUBHOCTH  M3JIyYEHMS,
peanmu3yromieiics B HamOolee CHWIBHOM JIOKaIbHOM MAaKCUMyMe pacyéTHOM oO0sacTH
(myHKTHpHAs KpUBasi) OT MOKazaTessl MpeJoMIIeHHs MaTepuana yactuil. Kak BugHO, o Mepe ero
YMEHBIICHHUS ¢ Bennuunsl 7,=2,12 (YSZ) no n,=1,38 (MgF,) H"HT€HCUBHOCTB /,4x YMEHBIIACTCS
¢ ~31 MBr/em® (YSZ) mo ~4,8 MBr/cm® (MgF,). JUis QuroopuTa M OKCHAA HTTPHS 3TH
BEJIMUYMHA 3TOr0 IapaMeTpa COCTABIIAET ~6 MBrt/cm” 1 23 MBT/cM?, COOTBETCTBEHHO.

Takum o0Opa3om, Mpu paccesHUU U3ITYYEHHs] BOJJOKOHHOTO UTTEpOMEBOro jlazepa B MUILEHU U3
MOPOILIKOB 3TUX MAaT€pUalOB IMPUBOAUT K TOMY, UYTO €r0 MHTEHCHUBHOCTb B HEKOTOPBIX €€
JIOKQJIbHBIX O0JIaCTAX B 3aBHUCHUMOCTH OT MX KO3(QUIMEHTa MPEeIOMIICHUS MOXET MpPEBbIIIATh
MHTEHCUBHOCTh Majaromiero uanydeHus B 10+67 pa3. IIpeBbllieHne MHTEHCUBHOCTU B TaKHX
y4acTKax HaJ TOpPOrOBbIM 3HAUYEHHUEM CIHOCOOHO 3HAYUTENIBHO YBEIWYUTh BEPOSTHOCTH
Pa3BUTHS ONTHYECKOTO MPOOOSI BHYTPU WIM HA IOBEPXHOCTH MUKPOYACTHIIBI (B 00IIEM cirydae -
B TOPOLIKOBOW cpeae). Mbl mojaraeM, 4TO MMEHHO B JTHX JIOKQJIbHBIX MaKCUMyMax H
WHULUUPYETCS EPBOHAYANBHBIN HAIPEB MUILICHU.

3.2 Moaejnb TenJioBoi BOJHBI

[Ipn nazepHOM MOJIyYEHHUH HAHOIOPOIIKAa MMIIEHb M3 NPUIIEYEHHBIX APYr K JPYry 4YacTHUIl
[OpOUIKAa IOCJIE€ MHOTOKPAaTHOIO HCHApeHHsl MOKPBIBAETCs MOIYNPO3PAYHBIM CIIOEM OIUIaBa
tommuuHoN 150...400 Mxm. M3 31X cooOpaxkeHHi HaMU OblIa PEJIOKEHa CISAYIOIas MOJIENb
Ja3epHOTrO pa3pylIeHUs] TAKOTo OIjIaBa, MI0X0XKas Ha MOJIENb TEMJIOBOr0 B3pbiBa. OIUIaBICHHBIH
CJION COAEpPKUT B cebe HEKOTOPBIH Ae(EeKT, pacroioKEHHBI Ha HEKOTOPOM YIAJIEHUU OT €ro
NOBEpXHOCTU. BHavane oH HauMHAeT MOIVIOWATh U3JIY4YEHHUE, YTO MPHUBOAMUT K €ro HArpeBy U
HarpeBy ero okpectHoctedd. [Ipu 3Tom oOpa3yrorcss HOBbIE Ne(EKThl, U MPO3PAYHOCTh B ITOU
001aCTH OIUIaBa CHUXKAETCS, UTO YCKOPSIET €€ Harpes.

v

' -
Laser beam i
S > b

L -
L3

\
Inhomo-
geneity

Puc. 17. I'eometpust 3amaun. BBepXy Ha BCTaBKE — pacnpelesieHHe MHTEHCHUBHOCTHU
Ja3epHOTO U3ITy4YEeHUs B MATHE (POKYCUPOBKH, IPUHSITOE B pacuérax
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['eomeTtpust 3amaun npeacTaBieHa Ha puc. 17. HeomHopoaHOCTh pacmosaraiack Ha TIyOuHe zg, U
Ha PACCTOSIHHH 7 OT IeHTpa (OKAIBHOTO TsATHA. [Ipy COBMEIIEHUH JIOKaTbHOTO MaKCUMyMa C
OIHUM M3 JAe(PEeKTOB MUIICHH NAIbHEUIIMM aHaNu3 KUHETHKU aOJsIUU MOXKHO IIPOBECTH,
UCTIONB3YST pa3paboTaHHyl paHee [§] UYHCIEHHYIO MOJENb, BKIIOYAIIYI0 TPEXMEPHOE

ypaBHEHHUE TEIIONMPOBOAHOCTH (3).
aT

5= x(T) AT + =, 3)
rae y(7) — xoddpdummerT temrepaTyponpoBogHocTH, ¢(7T) — TemioéMkocTh, O — OOBEMHBIN
UCTOYHUK TEIUIOTHI, CO3/IaHHBIH JIa3€PHBIM U3ITyYCHHUEM:
Q=a-I(xy,zt),
r1e o — TIO0Ka3aTedb TOTJIOMIEHHUS JIa3epHOro wu3nydeHus, I(x,y,z,f) — pacmpeneieHue
MHTEHCUBHOCTH JIA3€pPHOT0 U3JIYYCHUS B Cpelie, KOTOPOE OMpPEeIisIeTcs ClIeyIomuM 00pa3om:
I(X',y,Z, t) = (1 - R) ) Io(x:}’) ) exp(_a ' Z):
rne lo(x,y) — pacrupeneneHne HHTEHCUBHOCTU U3IY4YeHHUs B (DOKYCHOM IATHE, R — K03 duueHt
OTpa)XeHUsl, PaBHBII
2 al\?
(n—-1%+(75)
al\*
n+1)2+ (E)
IJie 71 — NoKa3aTelb MPEJIOMIICHUS CPEIbl, A — JUTHHA BOJHBI.
3aBUCHUMOCTH Ol OT TeMIeparypsl 1 1Mo aHamoruu ¢ padoTol [35] OblIa onpeseeHa CieayoIuM
obpa3zom:

R =

T — 300

a(T) = g exp (—55—+¢),
IIe O —3HAYCHWE ToKa3aTels NOTrJomeHus npu KoMmHaTtHOW Temmeparype (300 K), & —
KOHCTaHTa, 3aBUCAIIAs OT copTa MaTepuana. B Hammx pacyérax oHa BbIOMpanach Takoi, 4TOOBI
npu temreparype tuiaBnenus (7,,) 3Haduenue o(7,) paBHAIOCH OBl BEJIUYWHE O, O KOTOPOH
OyZIeT cka3aHO HUKE.
B cnydae Hayana MHTEHCHMBHOTO HCIApeHHs MaTepualla MUIIEHH B MOJENb BKIIOYAINCH
ypaBHEHUS IBWKEHUS paciuiasa (4, 5):

div(V) = 0, (4)

T+ vy = —%VP + VWV, (5)

I/ie p — INIOTHOCTh, P — aBjieHue, v — KHHeMaTu4eckas BI3KOCTb.

3aBHUCHMOCTH JaBJICHUS TIapa OT TEMIIEPaTyphbl YUUTBHIBAIACH C TIOMOIIIBIO ypaBHeHus: Kianeiipona—
Knaysuca [35]. 3nauenns Temmopu3nuecKkux KOHCTaHT ObLTH B3STHI M3 KHHT [36—39].

JIJist BBISIBIICHHS TIPOLIECCOB, OTBETCTBEHHBIX 32 MOSIBICHUE OTIMYUN B MEXaHU3ME pa3pyIICHUs
JURJIEKTPUKA, HAMU ObUIO MPOBENIEHO MOJEIMPOBAHUE TUHAMHUKU HAarpeBa B MOJIYIPO3payHOU
KepaMHUYeCKOH MUIICHH, UMEIONICH BHYTPH HEOAHOPOIHOCTH C 00Jiee BBICOKMM IOKa3aTelieM
norsiouieHus. B xoae pacy€roB BappUpOBAJIOCHh PACIIONIOKEHNE HEOJAHOPOAHOCTH, €€ pa3Mep U
COOTHOIIIEHUE 0,o/0lg, T.€. OTHOIICHHWE IOKAa3aTeJiell MOTJIOMICHUs HEOJHOPOTHOCTH (Oip) M
MaTepuaa MUIIEHHU (0ip) P KOMHATHOW TemrepaType. 3aBUCUMOCTh IOKa3aTess MOTJOMEHUs
HEOJTHOPOJHOCTH OT TEMIEpPaTyphl TAKKE MOAYUHSIACH 3aBUCUMOCTH (5), TOIBKO CO CBOUMU
napamMeTpamMH Ojp M &. 3HaueHWe & BBIOMPAIOCh TaKUM 00pa3oM, YTOOBI MpU TeMIlepaType
TUTABJICHUS 0 PABHSJICS 0.

XapakTepHbI IpUMEp JUHAMHUKHA TEMIEPaTypHOTro MOJis MpeacTaBieH Ha puc. 18, a. B nanHOM
cimydae a0 =20, rmyouHa zo= 100 MKM, OTKIIOHEHHE OT IIEHTpa rp= 25 MKM. BugHo, 4To Ha
HavdaJIbHOM dTane (mpumepHo a0 350 MKC) OCHOBHOM HarpeB MPOUCXOIUT Ha OJIMKHEH TpaHUIIe
obnmactu HeomHopoaHocTH (puc. 18 a, kpuBbie 1,2). OnmHako pgamee KapTHHA HAYHHAET
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U3MEHATHCS. B pesysibrare TemIonpoBOIHOCTH HArpeBaIOTCS O0JIACTH MHUIICHU, TPaHUYAILUe C
HEOJHOPOJHOCTHIO, U B HHUX ,coriacHo (5), yBemuuuBaercs o. B oOiactu, pacmosioKeHHOU
OnMKe K MOBEPXHOCTH MHILIEHH (10 OCH Z), HHTEHCUBHOCTh JIa3€pHOTO M3JIyYCHHs BBIIIE, U
MO3TOMY CO3JAIOTCA YCJIOBHUSA JJIsi Pa3BUTUA TOJOXKUTENbHON OOpaTHOM CBSI3U MEXAY
napamerpamu T ¥ o. B pe3ynbraTe yka3aHHas oOJacTh IepexBaThIBaeT Ha cebs Ja3epHoe
U3Ty4YeHUE, DOKPAHUPYS HEOJHOPOJHOCTb. ITO MPUBOAMT K CMEHICHHIO MaKCUMyMa
TEMIEPATypbl K TNoBepxHOocTM MumeHu (puc. 18,a, kpusag3). K MomMeHTYy BpeMeHu
npUOJM3UTENBHO 625 MKC B MaKCHMyME€ TEIIOBOM BOJIHBI YK€ Ha IOBEPXHOCTH MHIICHU
TEMIIEpaTypa AOCTUTAET TEMIEPATyphl MaBieHus (puc. 18, a, kpussle 4, 5).

4000 - 3000
2800
3600 2600
3000} 2400
v Temneparypa nnasnenns Y,0, 2200

E 2000

. 1800
", 1600
1400
1200
1000
800
600
400

L L L L 200 L
0 100 200 300 400 1]

£, MEM Z, MKM

a) 0)

Puc. 18. 3aBHCHMMOCTH TeMIEepaTypbl OT pacCTOSHHUS BIIyOb MHIIEHH B pPa3IMYHBIC
MOMEHTBI BpeMEHM ITpU MOIIHOCTH u3inydeHus 700 W. I'opusoHTanpHON JIMHUEN OTMEUeHa
temneparypa miasieHust Y,0s. a) ai/ap = 20, b) /o = 100. a): 1 — 250 mkc, 2 — 350 mxkc,
3 —500 mkc, 4 — 625MKc, 5 — 50 Mkc; b): 1 — 50 mkc, 2 — 100 mkc, 3 — 150 mkc, 4 — 200 Mkc,
5 —256 MKkc, 6 — 325 mic, 7 — 350 mkc

Temneparypa nnasnenus Y,0,

2500 "\ i
s A

=4 v

& 2000

1500

1000 |

L B L B B B B CL B B B i v ol

500

VYBenuueHue CTerneHu HEOJAHOPOIHOCTH, T. €. COOTHOUIEHHE o0y, MTPUBOJUT K Oojee YETKO
BBIPQXCHHOMY pPaclpOCTPAHEHUIO TEIJIOBOM BOJIHBL Jlig ciydast aipop= 100 guHamuka eé
pacrpocTpaHeHus MpeAcTaBieHa Ha puc. 18, 6. 3HaueHus ry u zp T€ Ke, 94To U s puc. 18, a. B
TOM cllydae €€ IBMW)KEHHME YCKOpSETCS, a MaKCUMyM TEMIEPATypbl B BOJIHE JOCTUIAET
TEeMIIepaTyphl TUTaBJICHUS K MOMEHTY BpeMmeH:n 250 Mxc BHyTpH oOpasma Ha riayoune 60 mkc
(puc. 18, 6, kpuBast 5). B mecre, rae NMpoUCXOOUT IUIABJICHUWE MaTepualia MUIICHHU, JTaBICHUE
CKauyKoOOpa3HO BO3pAaCTaeT, UYTO BbI3BIBACT paspyuieHue MuieHH. [lockoibKy moriomaroomui
Ja3epHOE HU3IydeHHe Ae(EeKT pacloyiokeH BOJIM3M MepeHel MOBEpXHOCTH MHUILEHH, TO
paspymierre Moriio Obl  mpou3zoWTH B (opme orkoma (puc.9,a). OpgHako HET
HKCIIEPUMEHTAIBHBIX CBUJIETEIBCTB TOTO, UTO HaOIMI0naeMbli Ha (hoTorpaduu OTKOJI MaTepuana
B yCTh€ KpaTepa MPOHU30IIe] B MOMEHT BO3HHUKHOBEHHMs JlazepHOro (hakena, a He B Ipoliecce
UCTIApeHHs MUIICHU yXKe Tocie 00pa3oBaHUsl KpaTepa MU Jaxe MOCJie OKOHYAHHUS J1a3epHOro
uMmiynbea [9]. Ecim  Takoil nmedexT JOoKamM30BaH JOCTATOYHO TIYOOKO B MHUIICHH, TO
TEMIIepaTypHasi BOJIHA HarpeBa MOKET NPEBPATUTHCS B BOJHY IUIABICHHS, KoTopas Oyaer
pacnpocTpaHAThCA K MOBEpXHOCTU MulleHH. Korga BojHa IIaBlI€HUs WU HarpeBa JOCTUTHET
MOBEPXHOCTH MHILIEHH, TO MOBEPXHOCTh HAYHET HMCHAPSATHCA M O0paszyeTcs Ja3epHbINd (hakedn.
Ecnu 3Ta BoiHa He ycneBaeT 3a BpeMsi UMITYJIbca U31y4eHHsI IOCTUTHYTh MOBEPXHOCTH MUIICHH,
TO OHA HAOJIIOAETCsl HAMU B BHJIE BCIIBIIIKYA BHYTPH MOJIYIIPO3pAvYHON MUILIEHH [9].

JlorndueckuMm  CIEACTBHEM IMOJYYEHHBIX pe3ynbTaToB (puc. 18) sBiseTcss 0ObsICHEHUE
3HAYUTEIBHOTO pa3dpoca 3aJepKKH BO3HUKHOBEHHS JIa3epHOTO (hakena Npu HCHapeHUH
MOJYNIPO3PAYHOM MUIIEHH C Pa3IMYHBIMH KOX(QOUIUEHTAMH TOTJIOUICHUS y Ae(PEKTOB U
IJIyOMHBI WX pacloyiOKeHUs. OTO BeAET K MOABICHUIO OTIMYMM B CKOPOCTSX JBHIKEHHS



37

Jlazepol. UamepeHus. UHgopmayus. 2023. Tom Ne 03. Ne 02 (10)
https://lasers-measurement-information.ru

TEIUIOBBIX BOJIH OT DPAa3HbIX Je(PEKTOB M BpPEMEHM IOSBICHHS Mapo-KamneIbHOW CMecHu Ha
IIOBEPXHOCTU MHUILIEHH, T.€. MOSBIEHUSA Ja3epHOro ¢akena. B To jxe BpeMs NaHHAs YUCIICHHAsS
MOJIEJIb HE B COCTOSIHUU OOBSICHUTH 3aBUCUMOCTh BPEMEHH 33/I€P)KKU 00pa30BaHUs Ja3epHOTO
dakena ot kodhduIeHTa TpeTOMICHUS MaTepraia MHUIIICHH, a TAKXXe CYIIECTBEHHO OoJiblee
no cpaBHeHMto ¢ CO;-1a3epoM yJajleHue Macchl U3 MHILEHHU (10 5 pa3 ) 3a OJUH MMIIYJBC C
OJIMHAKOBOM SHEPIUeH, 4To COIPOBOKIAAECTCS MUYKOBBIM XapAKTEPOM MHTEHCUBHOCTH CBEUCHMS
¢akena u e€¢ yMeHbLICHHEM B TedueHUE uMIynbca. /s oObsicHeHus 3THX (akToB HEOOXOauMa
MOJIeJIb, KOTOpasi Obl yUnTHIBajIa abJAUI0O MUIIICHH B (hOpME Kareb.

3.3 lIpuunHbl a0assuuu B popme Kamneiab

AOGnstus B (Qopme Kamenb MOXET OBITh CJIEACTBHEM pPa3BUTHS B JIa3€pHOM KpaTepe
TUAPOJUHAMUYECKUX  HeycToWuumBocrerd  Pames—Ilnato, kanwwuispHol, Panes—Teitopa,
KenbBuna—I enpMmromnbia. PazButue Tpex mociaeaHux paccMarpuBaiioch B padote [40, 41]. Tlpu
3ToM HeyctonuuBocTh KenbBuHa—I'enbMronbiia paccMaTpuBaliach Kak — JOMOJHUTEIbHBIN
(hakTOp K KamWUIAPHON HEYCTOMYMBOCTH M HEYCTOMYMBOCTH Panes—Telinopa.

PasButre ruapoIMHAMMYECKUX HEYCTOMYMBOCTEH B JIA3€PHOM KpaTepe WM UX OTCYTCTBHE
ABIIIETCS TPUHLUUIHUAIBHO BaXXHBIM KaK JUIsl MMOHUMAaHHs MPOLECCOB abisluu, TaKk U Ui
MOJIyYeHHUs] HAHOMPOUIKOB. B 3TOM CBSI3U BBIMIOJIHEHBI 3KCIIEPUMEHTHI M PaCUeThl, YTOUHSIOLINE
9Ty cuTyanuio. B uacTHOCTH, OBLIO PacCMOTPEHO pa3BUTHE HeycToWunBocTH KenbBuHa-
l'enbmronpia Ha CTEHKax KpaTepa MOKPBHITHIX CIIOEM pacIliaBa, MOJAHUMAIOIIETOCS BBEPX MO
NEICTBHEM pEaKTUBHOIO JaBJCHUS [MApOB MaTepuaja MHIIEHHU, (GOPMUPYIOLIUX JIa3epHBIH
daken. IlogoOuelii ananu3 He ObL1 mpoBeneH B [40,41], x0T, Ha HAml B3TJISLA, MOJAOOHBIN
MEXaHHU3M MOKET UIPaTh CYIIECTBEHHYIO poJib B 00pa30BaHUU Karemb. J[s BBISICHEHHS ATOTO
HEOOXOIMMO MPOBECTU IKCIIEPUMEHTATBHBIA U TCOPETUUSCKUN aHAIU3 XapaKTEPHBIX pa3MepoB
KareJylb U CONOCTaBUTh C UMEIOIIMMHUCS aHAIIOTMYHBIMU SKCIIEPUMEHTAIBHBIMU JAHHBIMHU.

z
JHo Yerse
Kparepa [lorok napa Kparepa
A— — p —
J ¥ 2
z=n(x, 1

. P
h JKunkuii paciuias 1

HEALALHEA LTS LS

Teepaas crenka

Puc. 19. Unmoctpanms moaenu. M300paxeH yyacTok O0KOBOW CTEHKH KpaTepa

[Ipouecc dhopmupoBaHus Kameiab SBISETCS CIOKHBIM HEJIUHEHHBIM (PU3UYECKUM SIBJICHHEM,
npoucxoasmmM B 3D-reoMeTpun, €ro ONMCAHUE HEBO3MOXHO C HMCIIOJIb30BAHUEM MOJEINEH,
npuBea€HHbIX B[S, 17,38, 39,42, 43,]. [loaToMy HMEET CMBICI PAacCMOTPETh pPa3BUTHE
MPOIIECCOB, KA4eCTBEHHO OIHUCHIBAIONICH TMporiecc (GOPMHPOBAHUE HEYCTOMYMBOCTH, U
MO3BOJISIOIICH TTOYYUTh OIICHKH JIJIsl XapaKTEPHBIX MacITaboB, T.e. pa3MEPOB Kareilb U BPeMEH
ux (opmupoBanus. Ilockonbky amameTp W TayOMHAa KpaTepa CYIIECTBEHHO OOJIbIe
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(~ 100...1000 Mkc) yeM OCHOBHAasi JOJS MUKPOHHBIX 4acTull (~ 10 Mkc), Mbl OyneM cuuTaTh
3aJa4y IUIOCKO-CUMMETPUYHOH, T.€. paccMaTpuBaemasi reoMeTpus OyleT SKBHUBAJICHTHA CXEME,
n300pakeHHOH Ha puc. 18. Kak oTMmeyanock panee, U30BITOYHOE JaBJICHHUE MApOB IMPUBOAUT K
CHWJIBHOMY J1e(pOpMHpOBaHUIO MOBEPXHOCTU paciuiaBa. [loa neficTBUEM peakTUBHOTO AaBIICHUS
paciuiaB mepemMeniaeTcs M3 o0JacTh WCMAapeHUs K CTEHKaM Kparepa. Takum o0pa3oMm, MbI
HCCJIEyEeM YCTOMYMBOCTh PACIIaBIEHHON BEPTUKAILHON CTEHKH KpaTepa. O0JacTh ¢ MHIEKCOM
«1» 3aHMMaeT pacmiaB, a 00JacTh C MHACKCOM «2» 3aHUMAeT BOCXOMSIIUN MOTOK IUIa3MBI.
Takxe 1UIsi POCTOTHI PaCCMOTPEHMsI OyJeM CUUTaTh, BO-IIEPBBIX, UTO CTEHKU Kparepa MOYTU
BEPTUKAIBHBI U MOTOK Tapa JABIKETCS MapaJjieIbHO UM U, BO BTOPBIX, YTO JIBIXKEHUE pacIljiaBa
U IJIa3Mbl SIBIISIETCSl HECO)KMMaeMbIM U TMOTEHUMaNbHBIM (Oe3auccunatuBHbIM). Torma ams
MOTEHIINAJIOB CKOPOCTHU OYAYT BBIONHATHCS ypaBHeHUs Jlaruiaca:

Ad, =0,z >n(xt); AP, =0,z>n(xt), (6)
rae GyHkus z=17(x,) 3a0a€T npoduiIb TPaHMIIBI pa3zena (B HEBO3MYIIEHHOM COCTOSIHUY z = ().
Ha nmoBepxHocTH pa3zena OynyT BBINOJHATHCS KHHEMAaTHUYECKOE M JUHAMHUYECKOE TPaHUYHbBIE

YCIIOBHS:

L0t T oz dx 9x ’2 , (7
0P; | (ADq) ) (6CI>2 (Ady) ) _ 0%y
p1(6t+ 2 P2\%r T3 —aax2+P0, ()
rae: p; W P, — IUIOTHOCTH paciulaBa H IUIa3Mbl, COOTBETCTBEHHO, G — KOIPPHUIUEHT

IIOBEPXHOCTHOIO HaTsDKEHHsA, Py — IOCTOsHHas bepHymnu, ompenenseMas M3 TPaHUYHBIX
yciosuii. Ha rpanune paszaena cripaBeUIMBO YCIOBUE «HE POTEKAHUS KUIKOCTEH:
0, P1 = 0,92, (9)

oo = (5~ e/

— OpOU3BOJHAA, HOpMaAJIbHAsS K MOBCPXHOCTH.
3anunieM rpaHUYHbBIC YCIIOBUS HA yIAICHUH OT TPAaHUIIBL:

&, =0npuz=—-h; &, =v-xnpuz - +o, (10)
rae h — rayOMHa pacIUIaBICHHOTO CJIOS (ISl MPOCTOTHI PAacCMOTpPEHHUs OyJeM CUUTaTh €e
KOHCTAHTOH), V — CKOPOCTh MOTOKA IUIAa3MbI, 3HAYCHHE KOTOPOM ONM3KO K CKOPOCTH 3BYKA.
3aKIIIOYUTEIHHBIM YPaBHEHHEM OYCT SBIATHCS TPAHUYHOE YCIOBUE HA JTHE KUIKOCTH:

6¢'1_ —
E—Onpnz- h. (11)

OTa cucTeMa ypaBHEHUU OINMCHIBAECT JABUKEHUE JBYX HICAIbHBIX HEC)KMMAEMbIX JKHUIKOCTEU
(pacriaBieHHON CTEHKHM KpaTepa M BOCXOMSIIETO MOTOKA IUIa3Mbl) ¢ TPaHHIEH pasjena IMmoj
NeiCTBHEM JeCTaOMIM3UPYIOUIET0 CABUIOBOTO JIaBJICHUS M TOBEPXHOCTHOTO HATSHKEHMUS,
CTpEMSIILErocsi 00ECreYnTh YCTOWYMBOCTh TpaHMIbl. Kak HETpyaHO 3aMeTHTh, 3Ta CHUCTEMa
BKJIFOYAET B ce0sl HeNMHEeWHble nuddepeHaibabie ypapHeHus (2) u (3), MO3TOMY €€ MOJHOE
ONucaHue 3aTpyAHeHo. B Hactosmield paboTe Mbl OTpaHUYMMCS PACCMOTPEHHMEM JIMHEHHBIX
CTaaAuil pPa3BUTHS HEYCTOWYMBOCTH, T.€. OyJeM CUUTaThb BO3MYILEHHUS TIPaHUIBI OECKOHEYHO
ManbsiMu. HenuneitHas sBomonus HeyctoiunBoct KenbBuna—I enbMronbiia paccMaTpuBaiach,
HarpuMmep, B padotax [41, 43].
Cuctema ypaBHeHuil nBwxkeHust (1)—(6) MMeeT TOYHOE HEBO3MYIIEHHOE pEIIEHUE B BHJE:
n=0&; =0, &, =v-x, U3 KOTOPOr0 MOKHO HAWTU MOCTOSIHHYIO BepHyinu B ypaBHEeHHUHU
(8) Py = —p,v?% /2. BBeaéM BO3MYIIEHHUS IOTEHIMATIOB CKOPOCTH:

b1 =@y, p=P;—v x (12)
u mepenumieM ypaBHeHHs (7)—(9) B TepMHUHAX HOBBIX IEPEMEHHBIX, OTPAHUYUBIIUCH
JUHEUHBIMU CJIaraeMbIMU,

rac:
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2
W3 naHHO# cHCTeMBI HECIOKHBIM 00pa3oM [42] HaXoAWM IUCTIEPCHOHHOE COOTHOIICHUE IS
JMHEHHBIX BOJH Ha TPaHUIIE:
n~exp(ikx — iwt),
prw? = tanh(kh)(ok® — p,(w — vk?)), (14)
IJie: @ — 49acToTa, kK — BOJIHOBOE YMCJIO0, OTMETHUM, YTO NPH BIBOJE (14) MBI ywin, 9T0 0, << p.
CootHomrenue (14) MOXXKHO pa3peniuTh OTHOCUTEIHHO @ [43]:

w = pzvk-t;m (hk) + tan;l(hk) \/O'kg — pszkz . (15)
1 \/ 1

Takum 00pa3oM, YCTOWYMBOCTH TIDAaHMIIBI pa3jeNa 3aBUCHT OT 3Haka Bepaxenus (ok3 —
pov2k?). TIpu OTpULATENBHBIX 3HAUEHMSAX OyAeT HaOMI0AaThCi HEYCTOMUYMBOCT M MHUMAs
yacTh @ OyneT UMeTb CMbIcT HHKpeMeHTa o= Im(w). IloBepxHOCTh pa3zzmena >XUAKOCTEH
ycToitunBa, eciu 0 = 0. Kak HETpyAHO 3aMETUTh, 3TO YCJIOBHUE BBITIOJIHSICTCS I BO3MYIIICHHUMA
CJIETYIONIEro MaciTada:

= :v"z . (16)
Mo>kHO Tak e 3amucarh BbIpaX€HHE JUIsl JOMMHAHTHON MOJBI KOJIeOaHHM, TO €CTh MO, JJIs
KOTOPOU MHKPEMEHT pa3BUTHUSI HEYCTOWYMBOCTU MAaKCUMAJICH.
2

ka =22 > Ag =21 (17)
[To mpuunMHE TOTO, YTO BEIUYUHBI, BXOJAIIME B MPABYIO YacTh cooTHomeHu# (16, 17), cnoxxHO
OTIPEACIIUTh IKCIIEPUMEHTATBHO C BBICOKOW TOYHOCTHIO, MBI B3SUTM MX 3HAYCHUS B JOCTATOYHO
IIMPOKOM  Jrarna3oHe (cM. Tabi. 1), a i TUIOTHOCTH TUIa3Mbl M €€ CKOPOCTH W3
IKCMIEPUMEHTATBHBIX JaHHBIX, B 4acTHOCTH [5, 17]). Kak BuOHO W3 TaOMUIBI XapaKTepHBIN
MacmTad pa3BUTHS HEYCTOMYMBOCTH (pa3zmep (GOPMHUPYIONMIUXCS Karleib), OMPEISsSIOMUnCS
MPEUMYILECTBEHHO JTOMUHAHTHOM MOJOM HaxoauTcs B auamnazone oT 30 Mkm g0 135 MxM, 4TO
HEIUIOXO COTJIACYeTCsI C AKCIIEPUMEHTATbHBIMH JaHHBIMHU.

C

Tabnumna 1
XapakrepHble 3HaYeHNs IApAMETPOB 3aa4H.
o, Hm D2, KT/MC v, M/C Aoy 10°0M A, 10°m
0,5...1,5 1,8...2,2 220...300 20...90 30...135

N3 nucniepcnoHHOTO cOOTHOMmICHUS (15) MBI Takke MOXKEM HAWTH MaKCHUMAJIbHBIH WHKPEMEHT
paSBI/ITI/IH HGyCTOﬁ‘-IPIBOCTH T, T.C. BpeMH B TCUCHUC KOTOpOFO aMHJII/ITy,[Ia BO3MYHlCHHI>’I
TPAHMIIBI JOCTUTAET 3HAYCHUM MOPSIKA JUTHHBI BOJTHBI TOMUHAHTHON MOIbI (18).

2T 3\/§7T0'
T = ~— p—i : (18)
Smax p2v 1Y

3mech MBI YWIHM, YTO TUIyOMHA TPOIUIABIEHHOTO CJOS TOpSIKa pa3zmepa (OpPMUPYIOMIHXCS
yactu, T.¢. (2mh/A.) < 1. Ouenka s BpeMeHu (hopMupoBaHus Karumd u3 (Gopmyis (18)
maer 7=20...50 Mkc (ITOTHOCTH pacruiaBa pr~ 4-10° kr/m’). Takum 06pasom, Bpems
dbopMHupoBaHMs Karuid MeEHbIne, yeM Bpems ummyiabca CO,-mazepa (370 MKC) ¥ HaMHOTO
MEHBIIIE BPEMEHU MMITyJbca BOJIOKOHHOTO Jsasepa (1360 mkc). D10 03Havaer, 4yTo B Ipolecce
00JTydeHHs U3TydYeHrne UTTEpONeBOro yazepa GopMupyeTcs 3HAUYUTEIBHO OOJIbIIIEe KOJTHIECTBO
YaCTHUIl MUKPOHHOTO MacIiTada, 3a C4€T 4ero M BO3HUKAIOT TITyOOKHE KpaTephl Ha MOBEPXHOCTH
mumereii Nd° *Y,0;.

BeiBogbl  MOIENM  KauyeCTBEHHO IOATBEPXKAAIOTCS TMOMYYCHHBIMH HaMd  (DYHKIHUSAMH
pacripeiesieHust Karesnb 1mo pazmepam (puc. 11, 6) ans nun3 ¢ hokycHbIM pacctosiaueM 200 MM 1
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400 mM. ITockonbky pa3mepsl (POKAIBHOTO MATHA MPOMOPLUOHATIBHBI (POKYCHOMY PacCTOSHHIO
JUH3bI, TO TpPU OJUHAKOBOW MOIIHOCTH HU3Iy4YeHHUS OYIyT OTJIMYAThCSi MHTEHCHUBHOCTH B
¢dokanpHOM TsiTHE. B wactHOCTH, A1 MoutHOCTH M3nydeHust 600 BT MHTEHCUBHOCTH B Cilydae
JTuH3BI ¢ GOKYCHBIM paccTossHreM 200 MM COCTaBUT BeTUYHHY 1,2 MBr/cM, a B ciy4dae JIMH3bI ¢
doxycHbM pacctosiaueM 400 mm — 0,4 MBt/cM?. Takum 0o0pa3oM, TUIOTHOCTh TOTOKA Tapa B
Clly4ae JIMH3bl C MEHbIIUM (OKYCHBIM paccTOSHUEM OyJeT BbIIIe, KaK 3TO CJIEeAyeT U3
cootHoenus I'epra—Kuynacena, naBienue mapa Toxke OyneT Bbllie. DTO 3HAYMT, YTO paszMmep
npeoOaaaronieil MoAbl B CiIydae JUH3bI ¢ PoKyCcHBIM pacctosinueM 200 MM OyJeT MEHbIIE, YeM
B cirydae juH3bI ¢ £ =400 mm. Ha pucynxke 11 6 mbl Bugum, yto B cirydae f= 200 MM MakcuMyM
GYHKIMM pacnpenesieHus NMPUXOIUTCS Ha Kariu pasmepoMm 45 MM, a B ciydae f=400 mm
MaKCHUMYM CJIIBUTAETCSI B CTOPOHY Kareib OOJBIIEro pa3Mepa U COCTABIISET 85 MKM.

Crnenyer 3aMeTHTh, YTO, CTPOrO TOBOPS, PACCMOTPEHHAass HaMH HEYyCTOMYMBOCTH KenbpBuHA—
I'enpmromneia 6yzner paboTaTh TOJIBKO B JOCTATOYHO IIYOOKUX KpaTepax, T.e. IIyOnHa KOTOPBIX
paBHa WJIH MPEBBILIAECT €ro nuaMeTp. BeiHOC MaTepuana Ha MEHbIINUX TITyOuHAX 00ecrednBaeTCs
JPYTUMU MEXaHU3MaMH.

JleificTBUTENBbHO, SKCIIEPUMEHTAILHO M3MEPEHHbIE BPEMEHA IepexoAa K KalelbHOMY pPexUMY
abmamun 1, (~ 100 Mkc mmu ~200 MKC) HpPEBOCXOIAT PACUETHYIO BEJIMYUHY HMHKPEMEHTA
pasButusa HeyctorunBoctH T (30...50 MKC), mo kpaitHei mepe, Ha 70 mxc. IMeHHO 3a Takoe
Bpemsl JOJKeH Cc(OpMUPOBAaThCA Kparep, INyOMHa KOTOPOro [OCTaTOYHa [UIsl pa3BUTHUS
HeycroiunBoct KenbBuna-I'enbmroneiia.  Jlnst  pacuéra HadanpbHOW CcTaauu — adNAIUd
HCIIOJIb30Bajach MOJIENb, OMUCaHHAsl B MyHKTE 3.2 B KOTOPOW JOMOJHUTENBHO MPEANoaraioch
napooOpa3Hoe yJajlieHue MaTepuana. B 0omonHeHu K ypaBHEHHIO TEIUIONPOBOJHOCTH MOJIENb
BKJIfOYasa B ceOsl ypaBHEHMs IBMKEHHS KUAKOTO paciulaBa MoJ ACWCTBUEM JaBJICHUS MapoB
MUILEHH, OJHAKO OHAa HE Yy4HThIBaJa (POPMHPOBAHME M BBUIET Kamelb BO BpeMs Ipolecca
a0y, Pacd€r mpoBoamiIics NIt MUIIIEHEH C OTHOCHUTEIBHOM MIIOTHOCTHIO Onm3koi k 100 %.
B cayuae BosmelictBus mznyuenuss COp-nmazepa «JIADPT» pe3ynpTaTel pacuéToB HEIUIOXO
COBMAJIM C SKCIEPUMEHTAIbHBIMH JaHHBIMH, Kak 1o (opMme Kparepa, Tak U IO O0BEMY
BBIHECEHHOT'O MaTepuajna. B ciyyae BOJOKOHHOIO ja3epa TaKOE COBIAJEHHE OTCYTCTBOBAJIO.
beino HalimeHo, 4To gaxke 3a BCE BpeMs JUIMTENILHOCTH ja3zepHoro ummyibca (1400 Mxc),
riyOuHa KpaTtepa He mpeBocxoauT 60 MxMm mpu moutHocTH 0,46 MBrt/cM”. B 10 BpeMs Kak B
AKCTIEPUMEHTaX MPU TaKOW MOIIHOCTH TIyOMHa Kparepa gocturaer 60 Mxm 3a Bpems ~ 500 MKc.
OueBUAHO, YTO KpOoMe a0JALMU B BUJAE Mapa MapajlieNbHO JeHCTByeT Oosee 3((heKTUBHBIE U
Oosee ObICTpble MeXaHM3MBI AOIAMM MaTepuaia. BO3MOXXKHO, YTO TaKUM MEXaHH3MOM Ha
HayaJIbHOM 3Tarne (OpMUPOBAHUS KpaTepa SBISeTCA pa3BUTHE HeycToiunBocTH Panes—IInaro.
Crnenyer m00aBHUTh, YTO TEPEXOJ] K KameJbHOW aOisAIuu OOBSICHSAET HE TOJBKO OOpa3oBaHWE
rIIyOOKMX KpaTepoB, HO M, B KaKO-TO Mepe, yMEHbIIIEHHE UHTEHCUBHOCTU CBeueHHs (pakerna B
TEUEHHUE OJTHOTO MUMITysbca (pasaen 2.2). [lo-Hamemy MHEHHIO, 3TO 00YCIIOBIEHO YIIyOJIeHHEM
Kparepa, paccesHHEeM Ha KaIlljisiX M TMOIJIOIICHHEM W3JIYyYEHUS! BEPTUKAJIbHBIMU CTEHKAMHU
KpaTepa.

3akiaroyeHue

B pabore u3naraiorcs TEOpPETUYECKHE M IKCHEPUMEHTAIbHBIE PE3YJbTaThl 10 BO3JECHCTBUIO
Ja3€pHOT0 U3JYyYEHUs] HAa NOPUCTBHIE MaTepuaibl (KOMIIAKTBI, KEPAMUKHU Pa3IU4YHOMN INIOTHOCTH)
U 00HApYXKEH PsiJl 0COOEHHOCTEH, Cper KOTOPBIX BBIJIENAEM CIIEAYIOIINE.

[Toka3zaHo, 4TO MpU pacIpOCTPaHEHUH JIA3EPHOIO M3JIyYEHHUS] C MHTEHCUBHOCTBIO HMXKE IOpora
NOBPEXKACHUA B CpeAe M3 IUIOTHOYNAKOBAHHBIX YacTHMIl IIPO3pa4yHOrO  Marepuala
UHTEepEpeHIMS MAAAIONIET0, OTPAKEHHOTO U MPEIOMIEHHOTO W3TYYCHUS MPUBOAUT K TOMY,
YTO B HEKOTOPBIX JIOKAJIBHBIX YYaCTKaX MHTEHCUBHOCTb IIPEBBIMIAET B JECATKH pa3
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MHTCHCUBHOCTh MAJAIONIET0 H3IyYeHUsS. JTO O00ECIEYMBAET PAa3BUTHE ONTHYECKOTO MPOo0Os
COTJIACHO OJJHOMY M3 M3BECTHBIX MEXaHU3MOB. Y CTAHOBIJIEHO, YTO MHTEHCUBHOCThH U3JIy4YEHHUS B
TaKOW cpelle Pe30HAHCHO 3aBUCHT OT pa3Mepa 4acTHll, KOI(P(UIMEHTA MPEIOMICHHS U JUTUHBI
BOJIHBI U3JTy4YEHHUS.

OOHapy)XeHO, UYTO B pe3yJbTaTe HENPEPHIBHOTO BO3ACHUCTBHUS JIa3€pHOTO H3Iy4YeHHs Ha
MOPUCThIE MUIIEHH M3 MPO3PAvyHOro MaTepuana, €€ MOBepXHOCTh MPHOOpPETaeT UIIONnoA00HBIN
Xapakrep. JTOT (akT CBS3BIBACTCS C Pa3BUTHEM TEIUIOBOM BOJHBI B MOPHCTOM BEIECTBE OT
nedekra 1Mo Jy4dy K MOBEPXHOCTH MaTepuana. Paznas riyOuHa ¥ HEpaBHOMEPHOE pajuaibHOE
pacrmosiokeHue JeeKToB BelET K 0OoJbIIOMY pa3dpocy BpeMEHH 3amas3/blBaHus 00pa30BaHUS
nazepHoro ¢akema. IlokaspiBaeTcsi, 4TO TPH OCTPOH (POKYCHPOBKE (TUIOTHOCTH MOITHOCTH
1,2 MBT/CMZ) U JUIATEIHPHOM BO3JCHCTBHUM HAa TOBEPXHOCTH MHUIICHH (OPMUPYIOTCS
UTJIONIOA00HBIC 00pa30BaHUs C JUAMETPOM UTJIBI | MM M BBICOTOH /10 8 MM.

Haiineno, uyro rmyOumHa Kparepa, oOpa30BaHHOTO M3JIyUYCHHMEM HTTEpOHMEBOTO Jasepa, Ul
KOTOpPOT0 MaTepuas MHUILEHHU MPO3payeH, OKa3blBaeTcs B 6...8 pa3 rirydxe KpaTepa, CO3JaHHOTO
nznyuenueM COj-na3epa TOH Ke 3HEPIHM, s KOTOPOrO ATOT MarepHual HENpo3padeH. ITO
CBSI3BIBAETCSl C TIEPEXOJOM OT TapoBoi K Oosee 3¢h(HEKTUBHONW C TOUKH 3pEHUS yIaJCHUS
MaTepHuaia napokaneiabHoH abmsammu. EE Hammume ObUIO SKCIIEPHUMEHTAIBHO YCTAHOBIICHO
nyTéM CcKopocTHOTrOo (QoTtorpadupoBanus maszepHoro dakena. [Ipm 3ToM mNoOKazaHo, YTO TNpHU
IUIOTHOCTH MOIIHOCTH U3Jy4YeHusi utrepoueBoro mnazepa 0,46 MBt/cM®  Takoii IIepexo.
npoucxoauT coycts 200 MKC, a MpU IJIOTHOCTA MOIIHOCTH 1,2 MBr/cm”> — mocie 100 Mkc.
BrinonHeHHbIE TEOpETHYECKHE OILEHKH IOKa3bIBAIOT, YTO (OPMHPOBAHUE MapO-KaIeIbHOM
a0 00YCIIOBIIGHO pa3BUTHEM HeycToWunBocTH KenpBuna-I'enmbmromnbia.  Ocrtaéres
HESICHBIM, KaKWe MEXaHU3MbI Pa3OpBI3THBAHUS KaleIbMOTYT eHI¢ pealn30BaThCsl 10 3TOTO
MoMmeHTa BpeMeHu. [IpeamnonaraeTcs, 9To 3TO MOXKET OBITh CBSI3aHO C Pa3BUTHEM OoJjiee OBICTPOi
HeycTronuuBoctH Panes-Ilnaro.

DuHAHCOBaA NMOAJACPKKA

Hacrosimass paGorta BwimonmHeHa 3a cu€r cpeactB  Poccuiickoro HayyHoro Qonaa
npaBuTenbcTBa CBepmiioBckoil oOmactu (rpaHT Ne22-29-20039, https://rscf.ru/project/22-29-
20039/).

Kon¢dauxkr uarepecon

ABTOpBI CTaThU 3asBISIIOT, YTO Y HUX HET KOH(IIMKTA MHTEPECOB 110 MaTepHuajIaM JaHHOM CTaTbH
C TPETBPUMHU JIMLAMH, Ha MOMEHT IIOJa4yd CTaTbU B PENAKLUIO KypHAJa, U UM HUYETO HE
U3BECTHO O BO3MOXHBIX KOH(IIMKTAaX HHTEPECOB B HACTOSIIIEM CO CTOPOHBI TPETHUX JIHII.
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The effect of laser radiation on porous targets made of transparent materials
Osipov V. V., Platonov V. V., Lisenkov V. V., Tikhonov E. V.

Institute of Electrophysics, Ural Branch of the Russian Academy of Sciences.
106 Amundsen Str., Yekaterinburg, 620016, Russia

The paper reports on a number of new physical phenomena discovered during the study of the
effect of laser radiation on porous transparent materials. It is shown that when radiation
propagates in a medium of densely packed particles, some of them play the role of a high-quality
resonator, significantly increasing its intensity. In the future, the interference of incident,
refracted and scattered radiation leads to the fact that in some local areas the intensity is tens of
times higher than the intensity of incident radiation, ensuring the development of optical
breakdown by one of the known mechanisms. It is established that the intensity in such local
maxima depends on the refractive index, particle sizes and wavelength of radiation. It is shown
that with prolonged exposure to radiation on the moving surface of the target, it acquires a
needle-like character with a needle diameter of ~ 1 mm and a height of up to 8 mm. The glow of
the torch, which occurs under the action of a single pulse, in a translucent target has an irregular
peak character. It is found that the depth of the crater formed by the radiation of the ytterbium
laser, for which the target material is transparent, is 6-8 times deeper than the crater formed by
the radiation of a CO, laser with the same pulse energy, for which this material is not
transparent. This is associated with the transition from steam to steam-drop ablation, which is
more effective in terms of material removal. Its presence was detected during high-speed
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photography of the glow of a laser torch. Mathematical models explaining the reasons for the
implementation of the above-mentioned processes and facts are given.

Key words: laser, laser torch, nanoparticle, distribution, delay time, instability, crater, flow,
vapor, composition.



46

Jlazepol. UamepeHus. UHgopmayus. 2023. Tom Ne 03. Ne 02 (10)
https://lasers-measurement-information.ru

JIABEPHAS CIIEKTPOCKOIIMA

doi: 10.51639/2713-0568 2023 3 2 46
VIK 535.621(075.8)

TPHTU 29.31.29

BAK 1.3.19

JlucTaHIMOHHOE 30HIMPOBAHHE MOJIEKY]] aMMHAaKa B aTMOC(epPHOM NMOrPAHUYHOM cJI0e
%] 23
IIpuBanos B. E., ” lllemanun B. T

! Canxm-Ilemepoypeckuii norumexnuueckuil ynueepcumem Ilempa Benukoeo, Cankm-
Ilemepbype, Poccus
* @unuan Benzopodckozo 20cy0apcmeento2o mexHonosuiecko2o YHUsepcumend
umenu B .I'. Illyxoea ¢ Hosopoccuiicke, Hosopoccuiick, Poccus
3 Hosopoccuiickuii nonumexnuueckuti unemumym (Quauan) Kybanckozo 2ocydapemeentio2o
mexHonocuyeckoeo ynusepcumema, Hoeopoccuiick, Poccus

. * .
e-mail: vaevpriv@yandex.ru

B nocnennee Bpemst aMMuak paccMaTrpuBaeTcsi Kak 3QQeKTHBHOE 0e3yriepoJHOe TOIUIUBO IS
camosI€ToB U pakeT. [loaToMy HEOOXOqUM AMCTAaHIIMOHHBIII MOHUTOPHHT YTE€UYEK UM BHIOPOCOB
aMMMaka M3 TpyOOmpoBOJOB M EMKOCTEW XpaHeHHs. B pabore BbINONHEHA TeopeTHdecKas
OLIEHKa BO3MOXXHOCTHM IPUMEHEHHUS JMJapa KOMOMHALMOHHOIO paccesHus cBera Juis
JUCTAaHIIMOHHOTO M3MEPEHUs YpOBHEH KOHUEHTpauud ammuaka nopsaka [IJIK u Bblime.
Pe3ynbraThl KOMIBIOTEPHOTO MOJCIMPOBAHMS MOKA3bIBAIOT, YTO 30HAUPOBAHUE HMCCIEAYEMBIX
MOJIEKYJI C KOHIEHTpauusMu N(z) = 10" M Ha mimHE BOMHSBI Ja3epHOro u3nydeHus: 355 HM B
nuana3zone 3oHaupoBanus 10 1500 M qoctaTouHo BpeMeHu uamepenus ot 0,3 ¢ 1o 238,5 muH.

Knroueswvie cloea. I[I/ICTaHI_[I/IOHHblf/'I MOHHUTOPHHT, aMMUaKk, KOHICHTpalus:, Jquaap
KOM6I/IHaLII/IOHHOFO pacceiannd CBETa, BPEMA U3MCPCHUS.

BBenenue

AMMHAaK OTHOCUTCS K 4YHCIy BaXKHEHIIMX IPOAYKTOB XHUMHUYECKOW ITPOMBIIIJICHHOCTH,
€XKErolHOE €ro MHpPOBOE Mpou3BoACTBO ImpeBblmaeT 180 mMiH. ToHH. Ilpu HOpMambHBIX
YCIOBHAX, aMMHMAK — 3TO OECHBETHBI TIa3 ¢ PE3KUM XapaKTepHbIM 3amaxoM. TOKCHYEH,
TpeebHO-10MycTHMAast KonuenTpamus B armocdepe (ITJIK) cocrapmsier 0,04 mMr/m® — 4-ii kimace
onacHoctu B cootBerctBuU ¢ ['OCT 12.1.007-76 [1, 2]. B nemoM, XUMUYECKOE 3arpsA3HEHUE
aTMocdepbl OTHOCUTCS K HanOoJiee onacHbIM (pakTopam /sl )KU3HU desioBeka. M cpeau riaBHbBIX
UCTOYHUKOB XMMHUYECKOTO 3arpsi3HEHUs SIBISIOTCS. OTXO0Jbl, 00pa3yroluecs Npu 3KCILTyaTalluu
TPaHCIOPTA, NPU CKUTAHUU TOIUIMBA, a TAKXKE MPOMBIIIJIEHHBIE U IPYTUE OTXOAbI, B TOM YHUCIIE
ammuak (NHj3). OgHako B mocnemHee BpeMsi aMMHaK paccMarpuBaercs Kak 3¢ (eKkTHBHOE
0e3yrineposHoe TOIUIMBO sl caMoyi€TroB M pakeT. IloaToMy HEOOXOOUM IMCTaHIIMOHHBIN
MOHUTOPHHTI YT€UEK WJIN BBIOPOCOB aMMMaKa U3 TpyOOIIPOBOIOB U EMKOCTEN XpaHEHUSI.

Henbto paboOThl SBISETCS TEOpETUYECKas OIEHKAa BO3MOXKHOCTH NPUMEHEHHs JUaapa
KOMOMHAIIMOHHOI'O pacCesHUs CBETa AJIS AUCTAHLIMOHHOTO M3MEPEHUsl YPOBHEH KOHLEHTpaIi
ammuaka nopsaka [1JIK u Beime. [l 3Toro ObUTI0 BEIOJHEHO KOMIBIOTEPHOE MOJCIMPOBAHNE
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JHUJAPHOTO YpaBHEHUS Jii KOMOMHAIMOHHOTO pacCesHHsl CBeTa MOJIEKyJaMH aMMHaKa B
aTMOC(EpHOM TOIPAaHMYHOM CJIO€ Ha 33JaHHOM YpOBHE M Ha PACCTOSIHUAX 30HAMPOBAHUSA IO
1500 M B pexuMe CHHXPOHHOTO c4éra (hOTOHOB /7151 BEIOOpA ONTUMANIBHBIX MTAPAMETPOB TAKOTO
aunapa. PesynabTaTel MOJIEIMPOBaHUS MO3BOJIAT HAMTH ONTHUMAJIbHOE PEIIEHUE TaKOH 3a1auH.

I[TapamMeTpbl TuAapa KOMOUHAIIMOHHOTO PACCeSIHUS CBETA M MOJIEKYJIbl aMMHAKA

JIns. AMCTaHIIMOHHOTO M3MEPEHUs YpOBHEM KOHIEHTpauuid ammuaka nopsnka I[IJIK u Bbime
MPCIJIOKCH JIMAap KOM6I/IHaI_[I/IOHHOFO paccedaHud CBETa HCCICAYCMbIMU MOJICKYJIaMHU B
aTMoCc(hepHOM MOTPAHUYHOM CJIO€ Ha 3TOM YPOBHE M Ha PAacCTOSHUSIX 30HANpoBaHMs 10 1500 M
B pPEXKUME CHHXPOHHOTO cuéra QoroHOB. OnTHYeckas cxema Iuaapa KOMOWHAIMOHHOTO
paccesiHHs cBeTa ¢ OMaKcUambHOM cXxemol Kak B [1, 3—6] 1 mpuBeieHa Ha pucyHKe 1.

-2 3

PC

Puc. 1 OnTuyeckas cxema jauaapa KOMOWHAIIMOHHOTO paccesiHus cBeta: 1 — yasep,
2 — ¢otonpuémMHUK, 3 — UHTEPPEPEHIIMOHHBII CBETOPUIBTD, 4 — IIIyXoe 3epKajo,
5 — CTekJIsHHas TUIaCTUHA, 6 — BOJIOKOHHBIM BBOJ, 7 — MHUKPOCHEKTPOMETP, & —
JIMH30BBIN 00BEKTHUB. 9 — cheprueckoe 3epKano NPUEMHOTO TeIecKona

B xauectBe 30HAMPYIOLIETO U3TYUECHHS UCIIONB3YETCS U3IyYEeHUE TPEThEH U BTOPOI TapMOHUKHU
YAG Nd-na3zepa ¢ Haka4KO¥ MOJYITPOBOJHHUKOBBIM JIa3€pOM C JUTMHAMHU BOJH 355 u 532 HM U
MOJIYIPOBOJTHUKOBOTO Ja3epa ¢ JIMHOM BoyiHBI 405 U 675 HM C JUIUTETBHOCTHIO MUMIIYJIHCOB
10 HC W SHEpTUsIMU B UMITYJIbCE 10 1 MK TIpU YacToTe CJeTOBAaHMS JIA3EPHBIX UMITYJIHCOB f 10
100 xI'y [4, 6]. U3nyuenue nazepa / HaNpaBiIsUIOCh NAapaJJIEIbHO OCU IPUEMHOIO TEJIECKOIa Ha
paccrositaun 150 MM, kak u B[4, 7], a u3nydyeHHEe KOMOWMHAIIMOHHOTO PACCESHUSI MOJIEKYJIaMHU
BOJIOpOJIa B arMoc(epe B HampaBlICHMM Ha3ad COOMPAIOCh MPUEMHBIM TEJIECKOIIOM THIIA
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Heiorona co cdepuueckum 3epkaiom 9 muamerpom 200 MM U (HOKYCHPOBAIOCH JIMH30BBIM
00BEKTUBOM & B BOJIOKOHHBIN BBOJ 6 MUKPO crieKTpomeTpa 7, paboTaromero Ha quHuu ¢ [1K.
YacTp 51a36pHOTO M3JIy4YEHHUs HAIPABIUIOCH CTEKISHHOM IIACTUHOM 5 M TIIYXMM 3€pKaJoM 4
yepe3 nHTepdepeHIIMOHHbIN cBeToGuIbTp 3 Ha doTonpuéMHHK 2, Hanpspkerue Uy ¢ KOTOPOro
3aMuChIBAJIOCH TaToi cOopa maHHbIX B IIK, M1 KOHTpONS 3HEPruu JIa3epHOTO HMITYJbCa H
dbopMupoBaHUA Hayana OTCYETAa BPEMEHU U3MEpEeHUsl. DTU JJaHHbIE U BHIOpaHHAS 4acTh CIIEKTpa
KOMOMHAIIMOHHOTO pAaccestHUsl CBeTa MOJeKylaMu aMMuaka 3amuchiBaiotcss B IIK s
nanpHEen e o0paboTKH.

JlupapHoe ypaBHeHHe 1JI1 KOMOMHAIMOHHOTO PacCcesiHUs CBeTa

B pabore [5, 8] ObUTO MpeIokKEHO JTUAAPHOE YpaBHEHHE JUIsi KOMOMHAIIMOHHOTO PacCEsHUs
CBETa ra30BBIMH MOJIEKYJaMHU B aTMocdepe ¢ y4eTOM KOHEYHOH IIMPHUHBI JIMHUU TEHEPAIUH.
OOBIYHO HHEprusi WIM MOIIHOCTh HMMIYJIbca KOMOWHAIIMOHHOTO paccesHusi CBeTa
UCCJIETyeMBIMU MOJICKYJIAMU PErHCTpUpyeMas TUAAPOM Maja U TIOITOMY HCIOIBb3YETCS PEKUM
cyera (oronoB [1, 5, 6]. B sTom cnydae mazep numapa ymoOHee XapaKTepHU30BaTh YHUCIOM
(OTOHOB 7y B UMIYJIbCE TOCHIIIAEMOTO B aTMOC(EPY Ja3epHOT0 U3IYUYCHHUS JAITUTEIBHOCTBIO To.
Torma nmns uymcna ¢GOTOHOB n(V,z) UWBIYYCHHS KOMOWHAITMOHHOTO pacCesHUs CBeTa
UCCIIEyeMbIMH MOJIEKYJIaMH BOJOpOJa C KOHIeHTpauued N(z) Ha (OTONMPUEMHHUKE JHIApa
MO>KHO TIEpenHcaTh JUAApHOE ypaBHEHUE B HampaBieHuU Hazax (1) B pexxume cuéta (POTOHOB B
Buje [5, 9]:

n(,z) = nO%G(z)ft SoN(2) (Z—;) sz_JrFZR To(vo, 2) - T(Vg, 2) - P(V)A(W)dv, (1)
rae n(v,z) — 4ucio (OTOHOB, 3apPETUCTPUPOBAHHOE (HOTONMPHUEMHHUKOM JIHAAapa Ha 4acTOTe Vg
KOMOWHAIIMOHHOTO pacCcesiHUsl CBETa C PACCTOSHUS 30HAMPOBAHUSA Z; My — YUCIO (POTOHOB Ha
YacTOTE Vo JIA3EpHOTO M3IyYEHUs U ¢ — BpeMsl U3MEpPEHUs WK HaKoIJieHUs curHana. OyHKiuio
pacnpenenenuss (OTOHOB Na3epHOTO M3JIYYCHUsS B JIMHUU TeHeparud [5, 10] &(v) B Hamem
ciydae Oynem cuutaTh ['ayccoBoil 1 OHa MOXKET OBITH 3amMcaHa Kak

2
D) = = exp[— S @)
Kpome Toro, Oynem cuutarh, 4TO anmaparHas (QYHKIUS HIM CIEKTpaJbHBIA K03(dduiumeHt
npoIryckanus mpuéMHOM cuctembl aumapa A(v) [1, 6, 8] umeer JlopenueBckyio ¢dopMmy u
HACTpOEHa TOYHO Ha YacTOTY Vg IMOJOCHI KOMOMHAIIMOHHOTO PACCEesIHUS CBETa MOJEKYJIaMu

BOJI0po/Ia ¢ moytmupuHoi I, kotopas 6ombiie uem [z u Iy
I'q

Ki¢(v
AQy) = 0 : 3)
m (V=VR)%+Il, 2
rie K; — nupmapHas KOHCTaHTa Ha 4YacTOT€ Vg JIa3epHOTO U3JIY4EHUs, H3MEpEeHHas
JKCIepUMeHTaNbHO B[7], a &(VR) — OTHOCHTENbHAs CIEKTpalbHas YyBCTBUTEIBHOCTD

dboTopUeMHHKAa HAa YacTOTE€ Vg U3JIy4eHHS KOMOWHAIIMOHHOTO paccesHus cBera [11].
[Tepenumem ypaBaenue (1) ¢ yuérom (2) u (3) B Buae
cTo do (VRHIR z
n(v,z) = n, pyer G(2)ft SoN(2) P va—I‘o exp[— fo {a (vg, 1) + a(vg,r)}dr] X
Y 4
1 (v -vo)" | K1§R) Ia :
exp |— - dv'.
V21l 2@y 2 Vi (V —VR)2+['a 2
Hanee, mnonaras ko3p¢uUIMEHTH ocnableHruss Ha 4YacToTax Ja3epHOro M3JIYYEeHUS H
KOMOWHAIIMOHHOTO PacCesHUs CBETa MOJICKYJIaMH BOAOpOaa a(Vo,”) U 0(VR,7") MAJIO 3aBUCAIIUMHU
OT 4acTOThI, MOYKEM MEPENNCaTh ypaBHEHUE (4) B BUJE:

n(v,z) = nO%G(z)ft SON(Z)Z—gexp[— foz{a (vo,7) - +a(vg,r)}dr] X

X

; 5)
VR+IR 1 _ (V' -v)? Ki§(VR) Ta 1 (
fvo—l"o V2nr exp| 2l 2 ] T (VI-vR)2+Iy 2 dv
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rac HOCJIGI[HI/If/’I HUHTCIrpal MOXKHO MPCACTABUTL B BUAC!:

ar _ ratomre_3 T wlve? cvmer,
rRHIR 1§ (VR)Ia 2r2 @V
Joger, @ODAG)AY T venh e f (V' —vR)2+T2
VR—Tqa (6)
vO_FO
_2nr0erf( )@2’; 2R 0,2611 = 0,821K € (vp),

y‘-II/ITBIBaSI, YTO AHaIla30HbI I/IHTerI/IpOBaHI/HI HC HeperBIBaIOTCSI B CI/IJIy TOro, 4Tro paCCTOﬂHI/IC
MEXIY Vo U VR MHOTO OoJbie, ueMm I',. Torma BHpameHne (5) nepennmeM B BHUJIE

n(v,z) = 0,82ny 3 G(2)ft SON(Z) FOKlf(vR)

X exp[— fo {a (vo,7) - +a(vR,r)}dr].
Taxke cunraem, yTo TudPepeHIraTbHOE CEYCHIE KOMOMHAITMOHHOTO PACCESHUS CBETa MOYKHO
CUHMTATh MOCTOSTHHBIM BHYTPU HHTEpBAIa MHTETPUPOBAHUS IO YACTOTE, Kak M KOA(D(UIIUEHTHI
ocnabjieHuss Ha YacTOTax JIa3epHOro M3Iy4YeHUS] U KOMOWHAIIMOHHOTO pacCcesiHUsl CBeTa
ucciaeayeMbiMu Mosiekynamu [12]. Beipasum u3 ypaBHeHus (7) BpeMsi UBMEPEHUS [ KaK Mepy
3O PEKTUBHOCTH JIUJAPHOM CHUCTEMBI C TeMH ke oOo3HaueHusiMu (4) u (5) U paccMOTpUM
CHEKTPAILHYIO ¥ KOHIICHTPAIIMOHHYIO 3aBUCUMOCTH PEIIEHUS TOTO YpaBHEHUS

(7)

n(v,z)z>?
" BY(W,2)N(2)’ (8)
rac
€T,
B = 0,82 TfSO
n

do
Y(v,2) = noG(Z) FOKlf(VR) Xexp[ ]{“(VOJT) +a(vg,r)}dr].

Takxke NpeanoysokuM, 4TO MOJYIIMPUHA alNapaTHON q)yHKuHH Ha TOpsOK Oonble, 4Yem
HOJIYIIMPUHA JUHUU T€HEPalUK JIa3epa, YTO BIIOJIHE JIOMYCTUMO Ul IPOMBIIUICHHBIX Ja3€pOB U
UHTEpEPEHIIMOHHBIX CBETO(UIBTPOB B KaUecTBa CIIEKTpoaHannu3aropa auaapa [1, 6].

Pe3yJII>TaTLI KOMIIBIOTCPHOT0 MOACJIUPOBAHUA

Hcnonb3ys 3T0 ypaBHeHUs (8), OlEHUM BO3MOKHOCTh M3MEPEHUH JIHIapoM KOMOMHAIIMOHHOTO
paccesiHUS cBeTa KOHIEHTpalUi UCCIeyeMbIX MOJIEKYN B aTMOC(epHOM MOTPAaHUYHOM CJIO€ Ha
3alaHHOM YpOBHE B HAaNpaBICHUM Ha3aJl M Ha PACCTOSHUAX 30HAUpoBaHus 10 1500 m.
BbImomHUM  KOMIBIOTEPHOE MOJAETUPOBAHUE JUAAPHOTO ypaBHEHHS (8) KOMOMHAIMOHHOTO
paccesHusI CBeTa B HANpaBICHUH Haszajg B pexume cuéra (HoToHOB. Bo3pMEM Hccnemyemble
MOJIEKYJIbI aMMHaKka ¢ KoHreHTpauueit pasaoi [1JIK u nmo pesynbratam MOaeIMpOBaHus OLEHUM
HanMeHbIIee Bpems u3MmepeHus. JuddepennumansHoe ceueHne KOMOMHAIIMOHHOTO PACCESTHUS
(do/dQ) monexynamu NH3 ripu Bo30y>KI€eHUHN JTa3€pHBIM U3JTYYCHUEM C IJTHHOM BOJIHBI 337 HM U
paBHO 11,0107 CMZ/Cp u3 [6, 13]. Jlns 30HAMPYIOIIErO H3JIy4E€HUS TPEThE M BTOpOU
rapmoHukd YAG Nd-nazepa ¢ HakauKoi MOJyMPOBOJHUKOBBIM JIA3€POM C JITTMHAMHU BOJIH 355 U
532 HM W MOJYNPOBOJHMKOBBIX Ja3epoB ¢ JuiMHamMu BOJIH 405 u 675 HM C IIUTEIBHOCTHIO
uMnyiabcoB 10 HC U sHeprusmMu B ummynbce 10 1 MK Mpu 4acToTe CIEIOBAHMS JIA3€PHBIX
umnynbcoB f go 100 kI’ [6, 14]. M3nyueHue mna3epa HampaBsUIOCh MMapajuIeIbHO OCH
MPUEMHOTO Teseckona Ha paccrossuuu 150 MM, kak u B [1, 6], a u31ydyeHne KOMOMHAIIMOHHOTO
paccesHUSL MOJIEKYJIaMU BOJIOpoJa B aTMoc(epe B HalpaBICHUH HazaJ coOMpaoch MPUEMHBIM
TeneckonoM tuma HeroToHa co chepudeckum 3epkanom auamerpom 400 MM 1 poKycHpoBaIoch
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JMH30BbIM OOBEKTUBOM B BOJIOKOHHBII BBOJ MHUKpO criekTpoMeTpa FSD-8, xoTopslil paboTan Ha
nuHuu c [1K.

Bynem paccMarpuBaTh OJHOKpPaTHOE KOMOMHAIIMOHHOE pACCESHHE CBETa U OJHOPOIHYIO
atMocdepy [1, 6, 12]. OcHOBHBIE TapaMeTpbl HCCIEAYEMBIX MOJIEKYJd, aTtMochepbl U
doronpueMHUKOB B3ATHI w3 [1, 5, 6, 15]. 3HaueHus MakcuMyma TOJIOCHI BaleHTHbIX N-H
KoJieOaHuil MOJIEKyYN Bojopoaa paBHo 3334 em’! o Ja"ubM [1, 6, 7, 13] 1 a1 Bcex AIMH BOJIH
Ja3epHOTO  W3NMy4YeHHWs ObUIM  paccuuTaHbl JAIWHBI BOJH  MOJOC  KoOJebaTeahbHOro
KOMOHMHAIIMOHHOTO PacCcestHUs CBeTa MOJIEKYJIaMH BOJOPO/Ia, MPUBECHHbIE B Ta0muIe 1.
3naueHus qudPepeHInaTbHbIX CCUeHNH KOMOMHAIIMOHHOTO pacCestHrs cBeTa My MoJiekys NHj

(do'/ dQ) =11,0x10"" cM® u3 [6, 13] u st Bcex BBIOPAHHBIX JJMH BOJIH JIA3EPHOTO U3ITyUEHUS
OBLTH OMpEAENICHbI IO ATHUM JaHHBIM, SKCIIEPUMEHTAIBLHO M3MEpPEHHBIM B [13] nmpu KoMHaTHOU
TEMIEpaType W HOPMAJIbHOM JaBICHHUH HA [UIMHE BOJNHBI u3MydeHHs 337 HM U Juid
MHTEPECYIONIUX HAC JUIMH BOJIH PACCYUTAHBI C YUETOM 3aBUCUMOCTH 1/A* [7]. Bee ot 3HaueHus
npuBeiieHbl B Tabmuie 1. 3HadeHust KOdPPUIMEHTOB OCIA0JICHUs ISl 3TUX 4YacToT oVo,z) U
o(Vr,z) u3[16] Takxke coOpanel B Tabmmime 1. IlomepedHoe cedeHuwe 3epkana MPUEMHOTO
Teneckomna Juaapa Owio 0,1256 M’. a mar mo paccTosgHul0 — 7,5 M JJIsi BPEMEHH OJHOTO
u3Mmepenus 50 He.
Tabnuna 1
JUTMHBI BOJTH M YaCTOTHI JIA3€PHOTO U3TYUYEHHSI M ITOJIOC KOMOMHAIIMOHHOTO PACcCesIHUS CBETa
MOJICKYJI aMMHaKa, Jud depeHInanbHble CEUeHHs K0ie0aTeTbHOT0 KOMOMHAIIMOHHOTO
paccesiHUs CBeTa JJIs 3TUX M0JI0C, K03 (HUIIMEHTHI ocnabiaeHus B aTMocdepe Ha ITUX JUTHHAX
BOJIH M OTHOCHUTEJIbHAS CIIEKTPaJIbHAsl YyBCTBUTENBHOCTh GOTONPUEMHHUKA

Huddepen- Koappumment | Koapduument | OtHOCHTENBHAS
JmmHa [MHAJILHOE ociadeHus ocia0eHus CIIeKTpaJbHas
BOJIHBI, ceuenue  KPC | a(vo,r), KM a(Vr,F), KM YyBCTBUTEIBHOCTh
A, HM (do/dQY) dboTonpuémunka (V)
10°° em?/cp
NH; 4161 cm™ [IJIK=1.42x10" m"
355 8,93 0.31
402.7 0.18 0.9
532 1.77 0.16
646.7 0.14 0.95
405 5.27 0.24
468.2 0.13 0.82
675 0.68 0,14
891,0 0,12 0.25
377 11.0

C >TMMH JaHHBIMHM PAcCMOTPHUM YHCICHHOE pelieHue ypaBHeHus (8), monaras, yto G(z) B
HallleM cioy4ae paBHO 1, W KOHLEHTpanMs MOJIEKyJ BOAOpoJa — B JAMaIa30He
N(z) =10"...10* m™. Jins mamreit JKCIIEPUMEHTAIILHON CUTYallu! 3@ BpeMsl U3MEPEHUS { MOKET
OwITH 3apeructpuponano 200 ¢hoTonHoB [14].

Jlig aTOTO Ciy4as BHIIIOJIHUM pEIICHUE ypaBHEHU (§) UIsl BCEX 3HAYEHMH JUIMH BOJIH JIa3€PHOI0O
m3nydenust 355, 532, 405 u 675 HM ¢ 4yacTOTOM clemoBaHus JazepHbIX ummynabcoB 100 kI,
sHepruu B umnynbce | MJ[k M nmamasoHa paccTostHMs 30HAuMpoBaHud oT 10mM mo 1500 m.
PesynbpTathl pemieHus ypaBHeHMs (8) A1 3TOro ciydas NpEACTaBIEHbl HAa PUCYHKE 2 Kak
3aBUCUMOCTb BPEMEHHM M3MEPEHUS ¢ JJI Hallel SKCIIEPUMEHTAIBHOM CUTyallUd OT PAaCCTOSHUSA
30H/IUPOBAHMS Z.
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Puc.2. TI'padukm paccumtanHod 1o ypaBHeHHIO (8) morapudpMHUUECcKOn
3aBUCUMOCTH BPEMEHU H3MEPEHMs ! Ul MOJIEKYJ] aMMMAKa C KOHLIEHTpalueu
Niz) =10"M> (B ¢) or paccrosHus 30HmMpOBaHWS z (B M) IS [UIHH BOJH
nazepHoro umanmyudeHust 532(3), 405(2), 355(1) u 675(4) HM mpu 30HAMPOBAHHUH
aTMOC(EpHOT0 OTPAHUIHOTO CJIOS JIMAAPOM KOMOWHAIIMOHHOTO PACCESTHUS CBETA

Ha rpadukax puc. 2 BHIHO yBEIMYCHHE BPEMEHH M3MEPEHUs ! B psiiy IJIMH BOJIH JIA3€PHOTO
m3nydeHus: 355-405-532-675 3a Cy€T CHEKTpaJIbHOM 3aBUCUMOCTH BEIWYMH, BXOISAIIUX B
ypaBHeHue (8), IpyU 3TOM BEJIMYMHA BPEMEHHM HM3MEPEHUsl pe3Ko HapacTaeT 3a mnepBblie 100 M
INPUMEPHO Ha MOPSJIOK, 4 HAaUMEHbLIEE 3HAYCHHE / MOJIYy4YaeM JJs JUIMHBI BOJIHBI JIA3€PHOTO
u3nydeHus 355 HM. B 3ToM cilydae Ha pucyHke 2 Bce KPUBBIE yaeTCsl Pa3jIMuUUTh U YTOYHMTD,
yTo g Oonpmmx paccrosiHuid mopsaka 1000 M HamMmeHbIlee BpeMs H3MEPEHHsI TakK JKe
MOJIy4aeTCsl AJIs JUTMHBI BOJHBI 355 HM.

bonee HarmsgHO 3aBUCHMMOCTH KOHIEHTPALMUM MOJEKYN Bogopona N(z) OT paccTosHuUs
30HUPOBAHUSA z JUIsl OAHOIO U TOro k€ BpeMeHM u3MmepeHus ¢ = 100 ¢ mig Bcex AJUH BOJIH

JIA3€pHOTO U3IIYYCHUsI MOKHO TIPE/ICTaBUTh, BHIPA3HB U3 ypaBHEHU (8), BenmuunHy N(z) B BUIE
nw,z)z?
N(z) = ——. 9
( ) BY (v,z)t ( )
PaccmorpuMm uuncnenHoe pemieHue ypaBHeHUs (9) 11 Iuana3oHa KOHUEHTPALUMU MOJEKYI
Boziopoaa N(z) ot 10" em™ mo 102 m™. Jlj1st 3TOro BBIIOIHEM pEILIEHHE ATOTO YpaBHEHUS ISt
JUIMH BOJIH JIa3€pHOT0 M3NMy4eHHs 355 HM Kak HaWiIydlIdid BapuUaHT MO JaHHBIM PHCYHKa 2.

PesynbTaTel pemenus ypaBHeHus (9) nmpeacTaBieHbl Ha PUCYHKE 3.
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Puc.3 TI'paduku paccuutaHHoi 10 ypaBHeHHUIo (9)  ynorapupMUYECKOM
3aBUCUMOCTH BPEMEHHU HM3MEPEHHS ¢ (B C) OT PacCTOSHUS 30HIUPOBAHUSA z (B M)
JUTSl KOHLEHTpAUU MOJIEKYJ Bojgopoaa N(z) (B M'3) 10'8 (1), 10% 2)mu 10% (3) nns
JUIMHBI ~ BOJIHBI ~ JIa3€PHOTO  M3JydyeHHss 355 HM 111 TOM Ke  caMou
AKCIIEPUMEHTAILHOM CUTYaIlUN

Kak BumHo w3 rpadukoB pucyHKa 3 KpuBble sl BBHIOPAaHHOM MJIMHBI BOJIHBI JIa3€PHOTO
U3Ty4eHus 355 HM ¢ yBeTMUEHUEM KOHLIEHTPAIMH Pe3KO yObIBAE€T MPUMEPHO Ha T€ K€ MOPSAKH
Ha paccTosiHUIX 30HaAupoBanus A0 1500 m. Ilpuuém, Ha paccTtosiHuu 30HaAUpoBaHusA 10 M BpeMst
n3Mepenus ymenbiuaercs ¢ 307 mc 1o 43,5 Mkc, a Ha pacctostHuM 30HAMpoBaHus 1000 M Bpems
n3mMepenust ymenpinaercs ¢ noutu 5000 ¢ go 2,03 c.

Kak BugHO U3 rpadukoB pucyHKa 3 HAMITYUIIHA PE3yNIbTaT AaeT 30HAUPOBAHKE C JUTMHON BOJIHBI
JIA3€pPHOT0 U3JIy4YeHUs 355 HM U MO3BOJISET U3MEPUTh 3HaUYCHHE KOHIIEHTparuu MeHbIe [T/1K.

3akiaroyeHue

[Tonmy4yeHHble pe3ynabTaThl MOJAEIMPOBAHUS O3HAYAKOT, YTO B 3aBUCHUMOCTH OT O0XXHMIaeMOU
pearbHON KOHIIGHTpAlMU Ha 3aJJaHHOM PACCTOSHUM 30HIUPOBAHUS MOXKHO OyZIeT MO BpeMEHH
U3MEepeHHsl BhIOpaTh MapaMeTphl Jlazepa, Tejeckona U (oTonpuéMHUKA Ui CO3/aHUs TaKou
JHUJIAPHOM CHCTEeMbl KOMOMHAIIMOHHOTO PAcCEsHUsl CBETa MOJIEKyJaMH aMMuaka. Takoil BeIOOp
ompezenseTcss CHEKTPalIbHOM  3aBUCHUMOCTBIO I epeHIuanbHbIX  CEUEeHUH  MOJIOCHI
K0JIeOATEIbHOTO KOMOWHAIIMOHHOTO paccesHUsl CBETa MOJEKyJaMH aMMHaKa, KOA(PQPHUIIMEHTOB
ocrnabimeHuss B arMocdepe Ha OTHUX JJIMHAX BOJIH M OTHOCHUTEIBHOM CIEKTpaibHON
YYBCTBUTENBHOCTH (oTonpuéMHuKa. Bcrony B pacuérax dacToTa CIIEIOBAaHHS JIa3epHBIX
uMnynabcoB coctaBisuia 100 k' 1 Bpemst ogHOTO M3MepeHust 50 HC WK 11ara 1mo pacCcTOsTHUIO
Az =7,5 M. OueBHUIHO, YTO JaJbHENIIEEC YMEHBIIEHUE BEINYMHBI KOHIIEHTPALMU HCCIEAYEMBIX
MOJIEKYJI BO3MOXKHO 3a CYET yBEJIWYEHHs] YacTOTHI CJIEIOBAHMS Ja3€pHBIX HUMITYJIBCOB f WU
YBEJIMUYEHUS UX SHEPTUH Ej.

Takum oOpa3om, MOJIyY€HHBIE PE3yJbTaThl IMO3BOJISIIOT BBIOpAaTh ONTUMAaJbHBIE MapaMeTphbl
Ja3epa M Juaapa KOMOMHAIIMOHHOTO paccesHUs CBETa JJIsi 30HIMPOBAHMS MOJICKYJI aMMHaKa B
aTMOC(hepHOM TOTPAHMYHOM CJIO€ Ha paccTOsHUSIX 30HaupoBaHus g0 1500 m. Ilpuuém onu
XOpOIIIO COTJIACYIOTCSI C pe3yibTaTaMy HaMIMX MpeXHUX pador [17, 18]. UToOsl 30HIMPOBATH
yiccielyeMble MOJEKYIsl ¢ KoHueHTpamusaMu N(z)=10"M~ Ha mimHe BOHBI 1a3epHOrO
n3nydeHus 355 HM B 1uana3zoHe 30HAupoBaHus 10 1500 M gO0CTaTOYHO BpEMEHU U3MEPEHUS OT
0,3 ¢ mo 238,5 MHH, YTO CIIO)KHO peau30BaTh B OJHOM JUJape KOMOWHAIIMOHHOTO PaCCEsTHUS



53

Jlazepol. UamepeHus. UHgopmayus. 2023. Tom Ne 03. Ne 02 (10)
https://lasers-measurement-information.ru

CBETa B KOHKPETHBIX 3KCIIEPUMEHTAIBHBIX YCIOBUAX [6, 7, 19, 20]. Ecnu orpaHMunTh AMana3oH
souaupoBanus 500 M, To 1ocTaToOuHO OyAET BpeMeHu u3mepenus 15,8 muH. [losTomy, mogdupas
BpEMsI U3MEPEHMSI 3a CUET MapaMEeTPOB JUAApa, MOKHO YBEIUYUTH PACCTOSHUE 30HIUPOBAHUS
JUIsE HeOOXOUMBIX KOHIIGHTPALMi MOJIEKYJI aMMHUaka B aTMOC(GEpHOM MOrpaHuYHOM ciioe. Jliis
KoHIeHTpauuu pasHoi ITJIK u no pe3ynpTaTam MOJEINPOBAHUS HAUMEHBIIEE BPEMS U3MEPEHUS
MOJYYUISIOCh Ha JUIMHE BOJHBI JlazepHOro usiydeHus 355 oM. OHo Bospactaer ¢ 0,3 ¢ Ha
paccrostaun 10 M 10 32,03 ¢ — va 100 M. A HauOomnblee Bpemsi U3MEpeHHs TpedyeTcs Ui
JUTMHBI BOJIHBI JlazepHOTO m3iydeHus 675 um — 30,9 ¢ Ha paccrossauu 10 m u 3167,4 ¢ (wm
noutu 53 muH) — Ha 100 M.

CrnenoBarenbHO, €CTh BO3MOXKHOCTH BHIOOPA ONTUMANIBHBIX JITMHBI BOJIHBI JIJA3€PHOTO U3JIy4EHUs
U TapaMeTpoB TAaKOro Jujapa MJias 30HAUpOBaHHS B aTMmocdepe wmonekyn NHj;. Bceé
OTpe/ieNiIeTCsl YPOBHEM KOHIEHTPALMU HCCIEIYyEMbIX MOJEKYl U TpeOyeMbIM pacCTOSHUEM
30HJUPOBaHUS.

Kon¢dauxkrt uarepecon

ABTOpBI CTaThU 3asBIIIOT, YTO Y HUX HET KOH(IIMKTA MHTEPECOB 110 MaTepHuajIaM JaHHOM CTaTbH
C TPETBPUMHU JIMLAMH, Ha MOMEHT IOJayd CTaTbU B PENAKIUIO KypHAJa, U UM HUYETO HE
U3BECTHO O BO3MOXHBIX KOH(IIMKTAaX HHTEPECOB B HACTOSIIEM CO CTOPOHBI TPETHUX JIHII.
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Remote sensing of ammonia molecules in the atmospheric boundary layer
Privalov V. E., Shemanin V. G.

! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia
2 V.G. Shukhov Belgorod State Technological University branch in Novorossiysk, Novorossiysk,
Russia
3 Novorossiyskiy Polytechnic Institute (branch) Kuban State Technological University,
Novorossiysk, Russia

Recently, ammonia has been considered as an effective carbon-free fuel for airplanes and
rockets. Therefore, remote monitoring of the ammonia leaks or emissions from pipelines and
storage tanks is necessary. The paper presents a theoretical assessment of the possibility of using
the Raman lidar for remote measurement of ammonia concentration levels of the order of MPC
and higher. The computer simulation results show that the lidar remote sensing of the studied
molecules with concentrations N(z) = 10'® m™ at the 355 nm wavelength of laser radiation in the
ranging range up to 1500 m is sufficient for measuring time from 0.3 s to 238.5 min.

Key words: remote monitoring, ammonia, concentration, Raman lidar, measurement time.
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JlazepHoe 30HIUpOBaHNEe aATMOC(EPHOTo a3P030Jisl U ONpe/eIeHHe ero THCIEPCHOT0
cocTraBa
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B pabote BhIONHEHA OIlEHKAa BO3MOXKHOCTEH Metona nuddepeHInanb-HOro ociadaeHus s
JTUCTAHIIMOHHOTO HM3MEPEHUS MapaMeTPOB IUCIEPCHOTO COCTaBa a’dpPO30JHHOTO 3arps3HEHUS
aTMoc(epHOro TMOTPAaHWYHOTO CJIOS HaJ MPOMBINUICHHBIM TpeanpustieM. [1o u3MepeHHBIM
CHUTHAJIaM OCJIa0JICHUS JIA3€PHOTO M3JIy4eHHs OBLIM PAacCUMTAHBl 3HAUECHUS CPEIHEro 00bEMHO-
MOBEPXHOCTHOTO JHaMeTpa a’pO30JIbHBIX YaCTHI[ I[EMEHTa, IO KOTOPBIM MOXET OBITh
BOCCTAHOBJICHA (DYHKIIHS pacTpeieNieHUs] YacTUIl IO pa3Mepam.

Kniouesvie cnosa: meton nuddepeHmantsHoro ocnabiaeHus, AUCIEPCHBIA COCTaB, a’3pO30JIbHOE
3arpsi3HEHUE, aTMOCGHEPHBIM MOTPAHUYHBIA CJIOW, CPEeTHUN O00BEMHO-TIOBEPXHOCTHBIA JTUAMETP
AdPO30JIbHBIX YaCTHII.

MHTEeHCUBHOCTh, KOHLEHTpALUS M KOJIMYECTBO (DaKTOPOB AHTPOIOICHHOTO BO3JECHCTBUS Ha
OKPY’KAIOILYIO CpeNy IOCTOSIHHO yBenuuuBaroTcsa. Heokn1aHHOCTh BOSHUKHOBEHHSI, CJI0XKHOCTD
OBICTPOro OOHAPYKEHUSI HUCTOUHHKA 3arps3HEHUs aTMOc(epbl U HEMpeaCcKa3yeMOCTh Pa3BUTHUS
3TUX COOBITUH MOPOXKIAIOT TSHKETIBIE MOCEICTBUS MHOTOUNCIICHHBIX YPE3BbIUAiHBIX CUTyalui
MPUPOTHOTO W TEXHOTEHHOTO xapakrepa. Jla m macmraldbl (OHOBOW, pPEryJspHON IMHUCCHUU
3arpsA3HSIOMMX BEIIECTB B aTMOC(epy JTOCTaTOYHO ONACHBI, a CBEJACHHUS O HUX OMHPAIOTCS Ha
0000111eHe CTaTUCTHUUECKUX MAaTepHalioB, MPEIOCTABIEHHBIX CAMHUMH MPEINPHUITHIMH U
onpeAeNEHHBIX pacYETHRIM IMyTeM. Bcé 3TO BBI3BIBaET HEOOXOAMMOCTE OMPENEICHHS PeaTbHBIX
00BeMOB 3arpsi3sHEHHUs] aTMoc(ephl, €€ COCTOSIHUSI HaJ KOHKPETHBIMU OOBEKTaMU U pallOHAMH,
U3y4eHHs] TEOXMMHUH M MacuTaboB MaccolepeHoca B aTMOC(HEpPHOM MOTPaHUYHOM CIIOe,
pa3paboOTKK MEpelOBhIX HHTEIUIEKTYaIbHBIX TEXHOJIOTUH U JIa3epHBIX POOOTHU3HPOBAHHBIX
CUCTEM, II03BOJISIIOIIMX BECTU HENPEPBIBHBIH MOHHUTOPHHI TEXHOJIOTMUYECKHX IIPOLIECCOB U
cocTosiHUs oKpyxaromiei cpensl [1]. Ha 3To Hanpasneno Pacnopsikenue I[IpaBurensctBa PO ot
13.03.2019 006 ocHaleHUH OPEINPHUITHII-OOBEKTOB HEOIArOMPUSATHOTO BO3ACHCTBHS Ha
OKPYKAOIIYI0 Cpely NEpBOM KaTeropuu AaBTOMATHYECKUMHU CHCTEMAMHM HENPEPBIBHOTIO
KOHTPOJIS BHIOPOCOB U mepenayn nHpopmarmu o Hux B ['ocpeectp [2].

Jlis MOHUTOpUHIA 3arpsi3HEeHusi aTMocepbl BaKHOE 3HAYCHHE HMEIOT KOHLIEHTpalUs H
JUCIIEPCHBIM cOCTaB B3BELIEHHBIX 4acTull [3]. OTpakeHHMEM Ba)KHOCTH 3TUX IapaMETpPOB AJIs
3arpsi3HEHMS SIBJISIETCSI CPABHUTENIBHO HE/IABHEE BBEICHHME HOBBIX HKOJIOTMYECKMX HOPMATHUBOB
[0 KOHLEHTPALMU B BO3JyX€ YacTHUIl pa3au4Horo pasmepa — PM10, PM2,5. TlosTomy Lenbro



56

Jlazepol. UamepeHus. UHgopmayus. 2023. Tom Ne 03. Ne 02 (10)
https://lasers-measurement-information.ru

HACTOSIIEH PaboOThl SIBISETCS OLEHKA MapaMeTpoB MeToaa MuQQepeHINaTbHOr0 OcIabIeHus
JUISL TUCTAHIIMOHHOTO U3MEPEHHUS MMapaMeTpoB AUCIIEPCHOIO COCTaBa a3pO30JIbHOTO 3arpsA3HEHUS
aTMoc(epHOTro MOTPAHUIHOTO CJIOS Ha/l TPOMBIIIIICHHBIM IPEIIPUITHEM.

JlucniepcHBI COCTaB a’po30Jield BBIpaKaeTcs uepe3 (YHKIUIO pachpeiesieHdus YacTHIl TI0
pasmepam. MuTerpanbHas (QYHKIUS paclpeleieHuss YacTUI[ IO pa3MepaM MpeNCTaBiseT
GYHKIHMIO pacmpelielieHdss Macchl MaTepuaia Mo AuamMeTpaM 4YacTHIl U paBHA pacIpeieseHUI0
BBIPQXCHHOTO B MPOIICHTAX OTHOIICHHS] MAacChl BCEX YACTHUIl, TUAMETP KOTOPBIX MEHbIIE d, K
obmeld macce a’po3oipHOTO MaTtepuana. CeromHs HauOoyiee 1EIeCOO0Pa3HBIM SIBISETCS
pa3paboTka CHCTEMBI JIA3€PHOTO 30HAMPOBAHUS adPO30JBHBIX MOTOKOB WM a’3pO30JILHOTO
mugapa  auddepeHanbHOT0  OCiHabMieHuss W pacCcesHUs, KOTopas TO3BOJHMT TOJIy4aTh
pacmpeneneHne a’po30JbHBIX YacTHI] MO pa3MepaMm B aTMmocdepe Mo BBICOTE Haa 3eMIiei B
peXHUMe pealibHOTO BpeMeHU. OnThYecKasl cxema Takoro Jinjapa nocrpoeHa Ha ocHoBe [1, 4] u
IIPUBE/ICHA HA PUCYHKE 1.

Jlupap muddepeHnmanibHOrO0 OCIabIeHUS W PACCESHHS TOJAPAa3yMEBAaeT MCIIOJIb30BAHHUE TPEX
BOJIHOBOTO H3JIy4aTesis, MEPEeKpPhIBAIOIIETO BECh AMANa3OH pa3MepoB uactuil [S]. B kauecTBe
BO3MO)XHOTO BapHaHTa PacCMOTPUM HCIOJB30BAHUE JIA3€PHOTO HM3ITY4YEHHs] Ha TpeX IJIMHAX
BOJIH - JIBYX IOJIYITPOBOIHUKOBBIX JIa3epoB ¢ AnuHamMu BOJH 405 u 655 um 1 YAG:Nd- nazepa ¢
JIuHOM BOJIHBI 1064 HM ¢ IMTENBRHOCTBIO UMITYJILCOB 100 HC U cpeaHeld MmontHocTH 10 10 MBT
OpU YacTOTe cJeloBaHMsA JiazepHbIX uMiyabcoB f no 100 kI'1[4]. Dto wu3myueHue TpEX
nazepoB 20, 21 u 22 HanpasiIsI0Ch BAOJIL OCH MPUEMHOTO Teeckona 24 B atMmocdepy.
[Ipomenmee cnoit atMocdepsl 30HAUPYIOIIEe U3TyYEeHUE Ha KaXKIOU TMHE BOJTHBI 0CIA0IISI0Ch
3a cuer paccestHusd MM Ha a’po30JIbHBIX YacTullax [4, 6], a pacCesHHOE a’p030JE€M U Ta30BbIMHU
MOJIeKyJIaMH aTtMocepbl HaszaJl H3JIy4eHHE COOMpANoCh TelecKornoM Tuma HplOTOHA cO
chepudeckum 3epkaiiom 24 nmuametrpoMm 0,4 M U HOKYCHPOBAIOCH JTUH30BBIM OOBEKTUBOM 23 B
ceeToBo 9. Ha BeIxoze cBeroBona 9 ceeronenurensimu 7 U 8 cO3laBaUCh TPH Jy4a, IPUUEM
KQKJIbII HaIpaBJIsJICS 4Yepe3 COOTBETCTBYIOIIMI WHTEphEepeHIIMOHHBIN GuiabTp 2, 3 win 6 Ha
cBoil dotonmpuémuuk 1, 4 wnm 5, HanpspkeHue ¢ KOTopsix Uz, Uy m Us 3alUCHIBAIKCH TUIATOU
coopa nanHbiX B [IK. Yacts mazepHoro m3mydeHus kaxaoro yazepa 20, 21 u 22 HampaBisioch
cTeJIsiHHBIMU TiacTuHamu 11, 12 u 13 u Ha ¢oronpuémuuku 15, 17 u 19 (manpsoxenus Uy, U,
u U,) UTst KOHTPOJISE MOIIHOCTH JIa3€pHOTO M3TYYEHUsI WJIM MHTEHCUBHOCTH [ KaXI0TO J1a3epa u
dbopMupoOBaHUS Havyalla OTCYETa BpEMEHHU U3MEPEHHUS.

Meton nuddepeHnranbHOro ocaabieHnus U pacCesTHUS OCHOBAH Ha M3MEPEHUHU CIIEKTPATLHOTO
KO3 UIlMEeHTa MPOIMYCKAHUS a’3pPO30JBHOTO0 MOTOKAa B HEKOTOpPOM nauamnazoHe BoJH [5]. Ilpu
MPOXOXKICHUH 30HIUPYIOMIETO H3IYyYeHUs C JJIMHOW BOJHBI A 4Yepe3 CJIOW TOJIIUHON [,
COCTOSIIIEH W3 PABHOMEPHO PACHPEICICHHBIX B HM3MEPUTEIHHOM OOBEME MOHOIUCTICPCHBIX
YACTHI[ C TUAMETPOM a CO CUETHOW KoHueHTparuel C, , MPOUCXOIUT ero ocjaabiieHne 3a CUYET
paccesHuss W noryionieHus [6]. MHTEHCHMBHOCTb MPOILIEAIIET0 CBETa B HATOM  CiIydae
OTIpeIeTIsIeTCsI B COOTBETCTBUU ¢ 3aKkOHOM byrepa—JlambGepra—bepa [4]

I(D) = I(A) exp(=72) = Io(Dexp (K1), (D
rae lp — WMHTEHCHBHOCTh MNAJAlOIIETO HW3JIyYeHHUs, T, — ONTHYEcKas ToaiuHa cios, K; —
nokasarenb ociabneHust cios ¢ kKoHneHtpanueid wactuiy C,. [lokaszarenp ocnmabimeHUs cios
BBbIpaXKaeTcsl yepe3 mapaMeTphbl a3po30J1s

na?
Ky == Q(@ A m)C, )

rae O(a,m) — daktop 3phHEeKTUBHOCTH OCTA0ICHHSI OTIEIHHON YaCTHIICH.
B CIyd4ac MOJUAUCHICPCHOrO aspo30Jid HHTCHCHUBHOCTHL IMPOIICAIICTO CBCTA MOKCT 6I:ITI>
npeacTaBieHa B BUjae [6]

1) = I,(Lexp [— e

= J, 0(a, 4, m)a*f(a)da| (3)
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Puc. 1. OnTrueckas cxema naunapHoi cuctemsl: 1, 4, 5, 15, 17, 19 — dporonpuémuuku;
2, 3,6, 14, 16, 18 — uaTtepdepeHInOHHBIE CBETODUIBTPHI;, 7, 8 — CBETOACIUTENH; 9 —
ceeroBoA; 10 — moBopoTHas npusma; 11, 12, 13 — mnockonapaiiebHble CTEKISHHbBIE
mactuHsl; 20, 21, 22 — na3epsr; 23 — 00beKTUB U 24 — chepruIecKoe 3epKajo

Meton muddepeHIMaIbHOTO OcnabieHus NPUMEHHM B O0JIACTH, TJE 3aBHCUMOCThH (pakTopa
s dexTuBHOCTH OCNabieHuss OT A HamOoyiee CHIBHO BBIpakeHa (B 00JIacTH O TEPBOTO
makcumyma QyHkuuu (). TexHudeckas peanuszanus MeTojga TpeOyeT MpUMEHEHHs HEe MeHee
Tpex naszepoB. [IpenmyiiecTBoM Meroda SIBISETCS BO3MOXHOCTb MOJy4YeHHs HH(opmanuu o
MaJbIX YacTHLax (Juamna3oH U3MEpPAEMbIX paguycoB HaxoauTcs B mpezenax ot 0,05 mxm 1o 5
MKM) [7]. DTOT METOXI WCIONB3YEeTCs ISl OnpeaeneHuss QYHKIHH PaCTIpEAeICHUs] YacTHIl 110
pasmepam [5, 7]. OH ocHOBaH Ha U3MEPEHHH CIEKTPAIBHOTO KOA(p(dUIIMEHTa MponycKaHus T
JUIs IBYX (PMKCUPOBAHHBIX JUIMH BOJH A4 U A, M3JIyueHUs 30HIUPYIOILETO JIa3epa, a OTHOIICHUE
9KCIIEPUMEHTAIILHO M3MEPEHHBIX ONTHYECKUX TOJI] Ha ABYX JJIMHAX BOJIH PaBHO OTHOILIEHUIO
ycpenHeHHBIX (HaKTOpoB JPPEKTUBHOCTH OCIAONEHUS M MPEICTaBIsIeT CO00M (YHKIUIO
CpelHero 00beMHO-IIOBEPXHOCTHOTO TMaMETPa YacTHUIL:

Thi _ Q(az2 Aym) _ »
12 QaszAjm) Fij(as) (4)
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Yepenuéuusiii  pakrop 3PGEKTUBHOCTH OCTA0NCHUS U OO0BEMHO-TIOBEPXHOCTHBIA JHUAMETP
OTIPENIETSIOTCS IO (hopMyTIaM:

A _ Iy @(arm)a®f(a)da
Q(a; /1; m) - f0°° aZf(a)da (5)
_ ¥ f(a)da
52 = Iy’ a?f(a)da’ (6)

T/Ie @ — AUaMeTp YacTull, f(a) — QyHKIMs pacupeesieHrs YacTUIl o pazMepam

[To skcnepuMeHTaIbHO U3MEPEHHBIM T;; Ha TPEX [IMHAX BOJIH MOXHO OMNPENEIUTh CpeaHee
3HAQUYCHHE d3p. A 1O 3TOMY 3HAYEHHUIO d3; COIVIACHO MIPOLENype, Pa3BUTOW B [§] MOXKHO
BOCCTaHOBUTH (DYHKITUIO pacIipeieJICHHs a3pO30IbHBIX YaCTHI] IO Pa3MeEpaM.
DKcIepuMeHTalbHas IPOBEPKa 3TOr0 METO/a U COOTBETCTBHUS PAaCCUUTAHHBIX OTHOIIEHUH Qi/Q;
C DKCIIEPUMEHTAIbHO M3MEPEHHBIM OTHOLICHUEM Ti/T; ObUla BBHINOJHEHA Ha MpHUMEpe
LIEMEHTHOI'0 a3p030Ji U PE3yJIbTAT MPUBEICH Ha PUCYHKE 2.

U3 rpadukoB pucyHka 2 BUIHO, 4TO paccYMTaHHOE oTHomeHue Qi/Q; U dKCIepUMEHTAIbHOE
OTHOILEHUE Ti/Tj COBMNAAAIOT B IpeJenax IHorpemHocTd. Ilo3ToMy BO3MOXKHO, H3MEpHB
OTHOUICHHE Ti/Tj, HalTH 10 oTHomeHuwo Q;/Q; BemuuuHy az. IlomydeHHas BpeMeHHas
3aBHCUMOCTb COOTBETCTBYET 3aBUCHMOCTH OTHOIIEHUS BeanduH Qi/Q; OT a3 B AMama3oHe OT
0,21 mo 1 mkm. ITo >TUM maHHBIM TSI 0Opasiia IEMEHTHOTO a’p030Js Ha BBIXOJIE PYKAaBHOTO
¢unbTpa BenMuuHa a3 cocraBimsier (.43 MKM B XOpOIIEM COMJIACHM C  JIPYTUMHU
pe3yibTaTtamu [9].

tau(650)/tau(405)

Q(650)/Q(405) ¢ tau(650)/tau(405)
§ 1 — Q(650)/Q(405)

*

081

0,6 -

0.4

0,2 1

0 . . - : - : - : ; ' 1,8
300 500 700 900 1100 1300 1500 1700 1900 2100 2300

Puc. 2. T'paduxu BpemeHHON 3aBHCUMOCTH OTHomieHHs Qi/Q; OT Ti/tj U1 AJAMH BOJH
nazepHoro uznydeHus 650 u 405 HM yacTUI] HEMEHTHOTO a’3pO30JIs

Jns kakmoW cepur M3MEpeHUH OBLIIO PAacCUMTaHO CpeHee 3HAYCHHE @3 IO Pe3ysbTaTam
U3MEpeHuil Ha TPEX JUIMHAX BOJH. JlJis Hamlel SKCIepUMEHTAIbHONW CUTyaluu ObLTH M3MEPEHBI
ONTHUYECKUE TUIOTHOCTHM HAa TpEX [JIMHAX BOJIH JIA3€PHOTO M3JIYyYCHUST MW  HaWJEHBI
OTHOIICHHUS Tgs50/T40s U paccuumTaHo 3HaueHue az = 0,44 +0,03 mxm. Takas >xe mporenypa
MO3BOJIMJIA TIOJNYYUTh JIJIi  OTHOIICHHUSA Tio64/Ts0s 3HaueHue asz =0,60=+0,02 Mkm u mis
OTHOUICHHUS Tj64/Teso 3HaUeHUE a3 = 0,80+ 0,04 Mmkm. B wmTore ObUIO paccuyuTaHO CcpenHee
3Ha4YeHHue, KoTopoe coctaBmiio a3 = 0,61 + 0,04 MKkM U OTHOCHUTENIBHOM norpemHocTd € = 11 %.
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B urore ObuTH M3MEpEHBI CUTHAJIBI OCTA0IEHUS JTa3€PHOTO M3IY4YEeHHUS Ha TPEX JUIMHAX BOJH Ha
pa3paboTaHHOW Ja3epHOl cucTeMe M [0 M3MEPEHHBIM CHUTHajaM ocJabieHHus JIa3epHOro
U3Ty4eHUs. OBUIM pPACCUMTAHbl 3HAUYEHHUS CPEAHETO0 OOBEMHO-TIOBEPXHOCTHOIO THAMETpPA
a’pO30JIbHBIX YaCTUI[ IIEMEHTa, [0 KOTOPbIM MOKET OBbITh BOCCTaHOBJEHa (YHKIUs
pacnpeneseHus a’po30JIbHBIX YaCTHIL 110 pa3Mepam [§].

Takum 00pa3oMm, Ha TPEANPUATHIX C MEXAaHUYCCKON AaKTHUBAIMECH BEIIECTBA M TOTYYEHUS
JHUCIIEPCHBIX ~ MaTepHuajoB, HampuUMep, TMpH MPOU3BOJACTBE IIEMEHTa, HCIOJIb30BaHUE
MPEIOKEHHOTO  adpO30JIbHOTO Jinjapa AuddepeHnanbHoro  OociaablieHuss W paccesTHUs
MO3BOJIIET PEIIUTH Cpazy HeCKoNIbKo mpobiem [10, 11].

- CO3/1aHHME€ AaBTOMATHYECKOW CHCTEMbl HENPEpPBHIBHOIO KOHTPOJS BHIOPOCOB M Ieperaadu
uH(opmanuu o HUX B ['ocpeectp.

- aBTOMaTU3UPOBAHHASI KOPPEKTHUPOBKA MapaMeTpoB pabOThl TEXHOIOTHUECKOr0 000pya0BaHuUs
B CJIy4yae MPEBBIIICHUS HOPMATUBHBIX BHIOPOCOB MPEATIPHUSITHSI.

- HETPEepbIBHBIA KOHTPOJIb U KOPPEKTUPOBKA TUCIEPCHOTO COCTaBa MPOIYKIMH, 3a CUET eé
HACBHIILIEHUS ONpelNeNEHHBIMU  (PAaKUMIMU MaTepHaia, yJIaBJIMBAaEMOTO Ha pa3IMYHBIX
TEXHOJOTMYECKHX JTamax (Hampumep, pa3nuuHbIX O(uiabTpax) ans noxaaepxkanus OPY nHa
ONPEAECIEHHOM YPOBHE.

- MOHHUTOPHHI YCTAaHOBOK I10 OOECTBUIMBAHUIO TEXHOT€HHBIX a’pOAMCIEPCHBIX IOTOKOB
(HampuMep, pPYKaBHBIX (WIBTPOB), [UIA MPEJOTBPAICHUS WM PaHHET0 OOHApY)KEHUs
CBEPXHOPMATUBHBIX BEIOPOCOB IIPH BBIXOJIE U3 CTPOSL.

- U1 KOHTPOJISl COCTOSTHUS aTMOC(EPHOTO BO3yXa Ha paboyeM MECTe WU B IIEXY B IIEJIOM.

Kon¢dauxkr uarepecon

ABTOpBI CTaThU 3asBISIIOT, YTO Y HUX HET KOH(IIMKTA MHTEPECOB 110 MaTepHuajIaM JaHHOH CTaThbH
C TPETBPUMHU JIMLAMH, Ha MOMEHT IIOJayd CTaTbU B PENAKLUIO KypHAJa, U UM HUYETO HE
U3BECTHO O BO3MOXHBIX KOH(IIMKTAaX HHTEPECOB B HACTOSIIEM CO CTOPOHBI TPETHUX JIHII.
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Laser remote sensing of atmospheric aerosol and its dispersed composition determination
Avdonkin A. S., Vedenin E. 1., Dyachenko V. V., Charty P. V.

Novorossiysk Polytechnic Institute (branch) of the Kuban State Technological University,
353900, Novorossiysk, str. K. Marx, 20, Russian Federation

In the work, the possibilities of the differential attenuation method for remote measurement of
the parameters of the dispersed composition of aerosol contamination of the atmospheric
boundary layer over an industrial enterprise were evaluated. The measured laser attenuation
signals were used to calculate the average volume-surface diameter of the aerosol particles of
cement, from which the particle size distribution function can be restored.

Key words: differential attenuation method, dispersed composition, aerosol contamination,
atmospheric boundary layer, aerosol particles average volume-surface diameter.
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