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OPTICS AND SPECTROSCOPY
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POCT KPUCTAAAA 1 AHAAUS
MHTEHCUBHOCTEM f — f-IIEPEXOAOB NOHOB
ITPABEOAVUIMA B UTTPUN-AAIOMUWHUEBOM OPTOBOPATE

M. IT. JEMELI", K. H. TOPEAYEHA", B. 3. KHCEJIb",
E. A. BOJIKOBA®, B. B. MAJIBI[EB®, E. B. KOIIOPY/IHHA®,
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np. Hezasucumocmu, 65, 220013, 2. Munck, benapycw
D Mockosckuii eocyoapcmeennwlil yuusepcumem um. M. B. Jlomonocosa,
Jlenunckue eopwi, 1, 119991, 2. Mockea, Poccus
) Bumebckuii 20cydapemeennblii mexnono2uueckuil yuusepcumen,
np. Mockosckuii, 72, 210038, 2. Bumebck, benapyce

Kpucrann urrpuit-amomunuesoro 6opara YAl (BO,),, akTHBUpOBaHHBII HOHAMU Pr’*, BhIpalIieH METOIOM KPHCTAIIIH-
3allMu M3 pacTBOpa B paciuiase. Pazmep momyuenHoro odpasua cocrasmi 20 x 10 x 10 mM. Kosddunment pacnpenenenus
MOHa-aKTHBATOPa M3MeHsiercs ot 0,6 10 0,8, 4TO IPHBOANT K CpejiHeit konmenTpamun noros Pro™ 1,1-10%° em . Crexrps
TMIOIVIOIICHUST U3 OCHOBHOTO COCTOSTHHS 3H4 3apernCTPUPOBaHbI B MOJSIPU30BaHHOM cBeTe. Kpucramia obnanaer Bblpa-
KEHHOH aHm3orponueil nonmonienus. C ucronabp3oBaHneM MonuduIupoBaHHOH Teopun [xanna — Odensra onpesene-
HBI MHTEHCHBHOCTH TIEPEXO/IOB C MOIVIOMEHUEM M MCITyCKaHUEM, a TakKe KO3((HUINEHTH BETBICHUS JIIOMHHECIICHIINN
1 BpeMs )KU3HH METacTaOMIbHBIX YPOBHEH 3P0 u 1Dz.

Knrwuesvie cnosa: KpucTtaJuin3anus u3 pacTBopa B pacijyiaBe; pE€AKO3CMCIIbHBIC aTIOMUHUECBBIC 60paTI>I; npaseoanm;
TMOITIOCHUEC; MTHTCHCUBHOCTHU IIEPEXOA0B.
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CRYSTAL GROWTH AND f - f TRANSITION
INTENSITIES ANALYSIS OF PRASEODYMIUM IONS
IN YITRIUM-ALUMINUM ORTHOBORATES
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Corresponding author: M. P. Demesh (maxim.demesh@bntu.by)

AP YAL(BOs), crystal with sizes of 20 x 10 x 10 mm was grown from high-temperature solution and its structural
and spectroscopic properties were investigated. The distribution coefficient of praseodymium ranged from 0.6 to 0.8, that
yleld to the Pr’* jon concentration of 1.1-10%° cm . Visible and 1nfrared groundstate absorption (* H,) was measurement
in dependence on the polarisation. The absorption spectra of the Pr’" : YAL(BO,), exhibit pronounced polarrsatron ani-
sotropy. The modified Judd — Offelt theory was applied to evaluate the transrtlons intensities in absorption and emission,
branching ratios and radiative lifetimes of the metastable levels *P, and 'D,.

Keywords: flux growth; rare-earth aluminum borates; praseodymium; absorption; transition intensities.
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BBenenune

J1s TBEpAOTENBHBIX J1a3€POB BUIAMMOM 00IaCTH CIIEKTPA UCIONB3YIOT KPUCTAIUIBI, aKTUBHPOBAHHBIE HOHAMU

penkozemensHbIx amementos (Pr’, Th*, Dy*", Sm**, Eu®"), kotopsle m03BOISIOT MOTydaTh BHAMMYIO TeHEpa-
MO TIPY HETIOCPEICTBEHHON HaKavKe JTa3ePHBIMH JIFOIAMH BHIMIMOTO CTIEKTPAILHOTO AHAMNa3oHa [1]. Ha nan-
HBIii MOMEHT MOJKHO YTBEp)KIaTh, UTO HOH npaseomuma (Pr’") sBisiercss HanGomee MepCreKTHBHBIM, TTOCKOIb-
Ky Ha Tpa3eouMCcoiepKaluX KpucTamiax noirydeHa 3(h(GekTuBHas TeHepanns Ha MHOTHX TIepeXxo/jaX 3TOro
VMOHA B BUJIIMOM CIIEKTPAIBHOM JHAITa30He U JOCTUTHYTHI BEICOKHE MOITHOCTH JIa3€PHOTO M3Iy4eHus [2—6].
dTopconeprkalre KpUCTaIbl, 00IaaloNie Majaol SHepruel POHOHOB, MEHBIIIMM BO3/IEHCTBHEM KpHCTAI-
JIMYECKOTO TIONS Ha MOH-aKTHBATOP W OOJNBIIEH MIMPUHON 3alpenieHHON 30HBI 10 CPABHEHHUIO C OKCHTHBIMU
KpUCTAIJIAMH, HAWTYYIIUM 00pa30M MOAXOAST JUIsl aKTHBAIMK UX HOHAMH Tpa3eoauma. TeM He MeHee Oblia
MOJIyYeHa reHepanys U B OKCUIHBIX MaTpuLax Pt YAIO; [5], Prit: SrAl,,0,, [6]. Pabota uccnenosareneii no
MIOHUCKY MPa3e0oAUMCOAEPIKAIINX CPE aKTUBHO MPOJOKAETCS B HAILIN JTHH, YTO TOAKPEIIISETCS TIOCTYITHOCTBIO
Ja3epHbIX AM0A0B Ha ocHoBe InGaN, n3nyvarommx B CHHe-(HONIETOBOH 00J1aCTH CIIEKTPA.

Cpeny OKCUIHBIX KPUCTAJIOB OCOOBIH MHTEPEC NPE/ICTABIAIOT KPUCTAIIIBI ATIOMHHHEBBIX opTo6opaT0B
KOTOpbIE 00JIaJal0T OTHOCUTEIIBHO HU3KOH cuiior kKpuctamummdeckoro mosst (18 000 = 1000 cm™ 17D, KOTOpas
CpaBHUMa C TakOBOH (TOpHIHBIX KpucTauioB. K HacTosiieMy BpeMeHH UMEETCs sl padoT, MOCBALICHHBIX
JIFOMUHECLEHTHBIM CBOMCTBAaM MPa3eoaUMCOIEPIKAIX KPUCTAIIIOB opToOopaToB [8; 9], a Taroke aHAIM3y KpH-
crayumueckoro noiis [10]. TIpu atom pazmepst HCCIIElyeMbIX B HHX 00pa3LoB HE IIPEBLITIAIK 3 x3 x5 wmM. B nan-
HOl paboTe ObUTH PacCMOTPEHBI POCT U ONTHYECKUE CBOMCTBA KpHCTaslIa prt : YAL(BOs), (nanee — Pr : YAB)
JUISL OLIGHKH MIEPCTIEKTUBHOCTH €T0 HCIIOB30BaHUs B Ka9€CTBE aKTUBHOM Cpelibl TBEPAOTEIILHBIX JIa3ePOB BHIM-
Mol 001acTH ceKTpa.

MarepuaJibl 1 MeTOAbI HCCJIETOBAHUS

Kpucrann Pr : YAB BbIpanmBacs Ha 3aTpaBKy U3 pacTBOpa-paciiaBa B uHTepsaie Temneparyp 1000-1050 °C.
B kadecTBe pacTBOpUTEISI HCIIOIB30BAJICS XOPOLIO 3aPEKOMEH/I0BABILINI ce0sl pacIiyiaB Ha OCHOBE TPUMOJINOa-
ta kanus K,Mo;0,,. CooTHOmenne kpucramioobdpasyromux okeuios R,0; — Al,O; — B,0; (R =Y, Pr) u pac-
TBOpuTens (2 mac. % Y,0;, 90 mac. % K,Mo,0,,, 8 mac. % B,0;) B cucreme cocrapnsano 17 u 83 mac. %
COOTBETCTBEHHO. [Ip1 3TOM OTHOIIEHHE KPUCTAIIOO00PA3YIOLINX KOMIIOHEHTOB COOTBETCTBOBAJIO CTEXHOMET-
pHUYECKOMY COOTHOLIEHHIO B popmyie, T. €. R,O5 : A,O5 : B,O3=1:3 : 4 (B MOJIBHBIX 10/14X),  KOHLIEHTpPa-
LU Ipa3eoanuMa B IUXTe — 2,5 Mol % OT IO3UIUK UTTpUs B KpucTaiuie. Mcxonnsle pearentsl Pr,04, Y,0;,
Al,0O;, B,0;3, K,;M00, 1 H,M0O; TiarensHo n3Menbdanich, CMEMINBAIKCE U B TNIATHHOBOM TUIIIE EMKOCTBIO
250 mu1 mOMeLaIuCh B POCTOBYIO YCTAaHOBKY. BOPHBIN aHTHApUA HAMIABISUICS HEMOCPEACTBEHHO B TUTETb
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B [IpOIIeCCe MOITOTOBKY OIBITa BO M30€KaHue MOIOMIEHHS UM [TapoB BOJII U3 Bo3ayxa. K,Mo,0,, npencras-
Jsu1 co0oit ctexuomerpuueckyro cmecb MoO; u K,MoO,,. Ilpu Beipamusanun kpuctauia Pr : YAB ucnons-
30BaJIUCh OKCHUIBI MPa3eoarMa M UTTpust 9ucToToi 99,996 %, Bce ocTanmbHBIE PEaKTUBBI COOTBETCTBOBAIHU
crangapty OCUY. IIpenBapuTensHO IO U3MEHEHHIO Beca U XapakTepa MOBEpXHOCTH TPOOHOH 3aTpaBKH OTpe-
Aensaack TeMneparypa HacelmeHus (7)) pacTBopa-paciuiaBa. 3aTeM KpUCTAJUIOAEPKATENb C 3aKPEIIICHHBIM
Ha HEM KPHCTAIUIOM-3aTPaBKOHM MOTPYXKaJCsl B pacTBOp-paciijiaB IpH Temrieparype, Ha 2 °C npeBblnaromei
T, v TeMIeparypa B KpUCTAIITM3AI[OHHON KaMepe B MPOLiecce pOCTa IMOHMKAIACh C HEPEMEHHON CKOPOCTBIO
0,04—0,06 °C/u. 3arpaBku ObUIM TIPEABAPUTEIILHO MOJYUSHBI METOIOM CIIOHTAHHON KPUCTA/UIM3AINN U3 aHa-
JIOTHYHOTO T10 COCTaBy PacTBOpa-pacriiasa.

Cocrag BbIpaleHHOro MoHOKpHcTauia Pr : YAB Obu1 3ydueH Ha aHaTUTHYECKOM CKaHUPYFOIIEM 3JIeKTPOH-
HoM Mmukpockornie LEO 1420VP (Zeiss, I'epmanus) ¢ mukpoananuszatopom INCA 350 (Oxford Instruments,
BenukoOpuTanus). AHaiau3 MpoBOAWICS Oe3 MpeBapUTEIbHON MOArOTOBKM 00pa3I[0B Ha XOPOIIO Pa3BUTHIX
€CTECTBEHHBIX POCTOBBIX MOBEPXHOCTIX TpaHeil pomGospa. Koshduuuent pacnpenenenns KaTnoHos Pro”

C
paccuunTsBaics o gopmyine K, P

pacp — , TC CKp — UBMEPEHHOEC COACPKAHUE ITpa3cogrMa B KPUCTAJLIC,

pacTB.-pacIu1
Cpaers -pacnn — HCXOJIHOE COZICPIKAHHE TIPA3COIMMA B LIKXTE.

Penrtrenorpaduyueckue nccnenoanusi Pr : YAB BbINOIHEHB! IPH KOMHATHOW TeMIeparype Ha TOpPOIIKO-
BoM nudpaxromerpe AJII1-2 (CoK -uznyuenue (A = 1,7903 A), HenpepbIBHBIH PeKUM CHEMKH, MHTEPBAI
yrioB 20 — ot 6 1o 110°). Jlns uaeHTHUKAIMA UCTIONB30BATUCH IPOrPaMMHBIN TTakeT Match n 0a3a qaHHBIX
PCPDFWIN PDF-2 (International Centre for Diffraction Data, ICDD). [TapameTpsl 3JIeMEHTapHOM siUCHKN
pacCUHUTHIBAINCH ¢ TOMONIBIO TiporpaMmbl DICVOLO6 st 29 nudpaknuonHbix peduexcos [11].

CrieKTphl MOTIIOIIEHUS NCCIIEAYEeMOT0 KPHUCTalIa, COOTBETCTBYIONINE MTEPEX0/IaM U3 OCHOBHOTO COCTOSTHUS
3 H, Ha BbIIIENEXKAIINE, PETUCTPUPOBAIUCH B IOJISIPU30BAHHOM CBETE € IIOMOLIBIO JABYXJIy4€BOIO CIIEKTPO(OTO-
metpa Cary 5000 (VARIAN, CHIA). CniektpanbHas mupuHa menu cocrasisuia 1,0 u 0,09 uM aiis uadpakpac-
HOTO ¥ BUJINMOTO CIIEKTPaJIbHBIX IHANla30HOB COOTBETCTBEHHO.

[Ipu perucTparnyy KMHETHK 3aTyXaHHS JIIOMUHECLIEHIINN B Ka9€CTBE NCTOYHHUKA BO3OYKIAIOIIETO U3TyYeHUS
WCTIOJIB30BAJICS MapameTpudeckuii reaeparop ceeta LT-2214 (LOTIS TII, benapycs — SIlnonus), HakaunBaeMbIi
Tperbeit rapmonnkoit Nd : YAG-nazepa LS-2137 (LOTIS TII). Vzny4yeHne TFOMUHECHEHIMH (POKYCHPOBAIOCH
Ha BXOAHOH mienu MoHoxpomatopa MJIP-12 u peructpupoBanock ObICTPOASHCTBYIOMNM (POTOTPHEMHUKOM
G5460 (Hamamatsu Photonics, SInonust), coequaeHHbM ¢ ocumniorpadgom TDS3052B (Tektronix, CILIA).

Pe3y.]'IBTaTI>I H UX oﬁcyme}me

CrpykTypHbIe cBolicTBa kKpuctaia Pr : YAB. [Ipo3paunslii, 10CTaTO4HO OJHOPOAHBIN MOHOKPHUCTAIIT
Pr : YAB (puc. 1) BeIpamen Ha 3aTpaBKy U3 pacTBOpa-paciuiaBa cieayromero cocrara: 17 mac. % Pr : YAB,
83 mac. % pactBoputens (2 mac. % Y,0;, 90 mac. % K,Mo0,0,,, 8 mac. % B,0,). Iloxyuennsii o6pasen
pazmepom 20 x 10 x 10 MM HE COAEPIKUT BUIUMBIX BKIIOUEHUH W NMEET TUIIMYHYIO JJisi 60paToB CO CTPYK-
TypOH XaHTHUTA OTPaHKY, MPEICTABISIONIYI0 COOOH KOMOMHAIIMIO JBYX TPUTOHAIBHBIX MPH3M U poMOOdIpa
(cm. puc. 1).

Cocras kpucraiwia Pr : YAB npusenen B ta0n. 1. Kak cnenyer u3 npeacraBieHHBIX JaHHBIX, KOOPQHUITHEHT
pacmpeneneHusI HOHA Mpa3eoruMa MEHbINE SAMHUIIBI U u3MeHseTcst B peaenax ot 0,6 mo 0,8. OueBuaHO, 3TO
CBSI3HO C OTIIHYHMEM HOHHBIX PajguycoB KatioHoB Pr'” m ' (0,99 u 0,90 A coorsercrsenno [12]). Taxim 06-
pazom, cpefHss o0 00beMy KOHILIEHTpALUs HOHOB Ipa3eoauma N, MOKeT ObITh IIPUHATA paBHOM 1,1 - 107 em 2,
YTO COOTBETCTBYET cofepxkanuto 1,67 at. %.

- -

Puc. 1. Monokpucrasmi Pr: YAB
Fig. 1. Pr : YAB monocrystal
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Tabnuna 1
Cocras kpucramna (Pr.Y, _ )AL(BO,),
(x= 10,025 B HCXOAHOIT IUXTE)
Table 1

Chemical composition of (Pr,Y, _ )AlL;(BO;), crystal
(x=10.025 in the melt)

Touka aHanm3a CocraB kpucraa K aenp
1 (Pro,015Y 0,085)Al3(BO3), 0,60
2 (Pro,02Y ,08)Al3(BO3), 0,80
3 (Prog16Y 0,984)Al3(BO3), 0,64
4 (Pro15Y 0,085)Al3(BO3), 0,60
5 (Pro,018Y 0,082)Al3(BO3), 0,72

ITomy4ueHHBINH peHTreHOAUPPAKITHOHHBIN CIIEKTp (prc. 2) Xoporro coracyercs ¢ manasivu ICDD 1o ut-
Tpuii-amomuHueBomMy 6opary YAl (BO,), (ICDD # 72-1978). Ilo pe3yasraraM MHAMLMPOBaHUS AUPPAKTO-
TpaMMBI ¢ TTOMoIIEI0 TporpaMMbl DICVOL06 1o 29 pa3pemeHHbpIM MTHKaM I TeKCaroHAIbHOW CHHTOHUN
YCTaHOBJIEHO, YTO BBHIPAIIIEHHOE COENMHEHNE AEMOHCTPUPYET CIEAYIONIE MapaMeTphl AIEMEHTAPHON TUCHKH:
a=b=9,3002(7) A, c =7,2434(4) A, V'=542,57 A°.

ala

N TV

WHTEHCUBHOCTD, HMIL./C

o/b

40

il

Puc. 2. ConocraBneHne SKCepuMeHTanbHOH qudpaxrorpammsl Pr : YAB (a)
1 Teoperuueckoro crnekrpa YAl (BO,), (ICDD # 72-1978) (6)

Fig. 2. XRPD patterns of Pr : YAB crystal (a)
and calculated from YAL;(BO,), CIF-file (ICDD # 72-1978) (b)

|‘ “ “ d I| I,Ij.ljl: J bl ||
60 80

0 100

20, rpan

OnTnyeckue cpoiicTBa kpucrawia Pr : YAB. Ha puc. 3 npencrasneH cekTp NOMIOIMIEHNsT KpUCTalIa
Pr : YAB B Hemomsipu30BaHHOM CBETE B 001acTH Ipo3paqHocTy MaTpuiibl 170-2200 M. B uccnemyemom criek-
TPaJIbHOM JTMAIa30He HAOIFOIA0TCS HECKOIBKO NosIoc nontonieHus. [1lupokast HHTEHCUBHAS 110JIOCA C ITHKOM,
TIPUXOASIIIUMCS Ha UTHHY BOJHBI OKOJIO 233 HM, MOXKET OBITh OTHECEHA K MEXKOH(PUTYPAIMOHHOMY TIepexo-
1y 4f% — 4f5d. TTpu 5TOM HabIIOIaEMOE TIOTOKEHHE JAHHOMN MOIOCH XOPOIIO COMIACYETCS C SHEPTHeil BO3-
OyxaeHHOM koHurypauu A, =43 321 £ 750 CMil, MOJIyYEeHHOM Ha OCHOBE MOAX0AA, OMUCAHHOTO B [7]. Psipg
Y3KUX WHTEHCUBHBIX JTUHUI OTHOCSTCS K MEpexofaM HOHA Ipa3eouMa MEKITy OCHOBHBIM COCTOSTHHEM 3H4
1 BO30YX/ICHHBIMH COCTOSHHSIMH ’F PR 3F 3 ’F 4 1G4, 1D2, 3 Py, 3P1, 3P2 u 1Ié. IIpu >TOM BBICOKORHEPTETHUECKUN
YPOBEHb lS0 ANIEKTPOHHOU KOoH(puryparwu 4f 2 pacrnonokeH BHYTPH BO30YKIESHHON 3JIEKTPOHHON KOH(UTY-
pannu 415d. JIBe c1abOMHTCHCUBHBIC ITUPOKHE ITOJIOCH! B 00acTh MTiH BOJIH 420 11 650 HM OTHOCSTCS K TI0-
IIOMIEHHIO prMecHoro noa Cr™.
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4f5d-Ilepexon nona pr’

N

w
T

3 3
- 3d -Ilepexoxns! nona Cr "

[\e]
T

2 3
4f"-Ilepexonsl noHa Pr "

Onrnyeckas INIOTHOCTH, OTH. €.

—_
T

L 4 . I
400 800 1200 1600 2000

JlmHa BOJIHBI, HM

Puc. 3. Cnexrp nornomienus kpucraaia Pr: YAB B Henomnsipu3oBaHHOM CBETE
Fig. 3. Unpolarised absorption spectrum of Pr : YAB crystal

CnexTpsl cedueHns NONIoNIeHNA O, HOoHa npaseonuma B kpuctasmie Pr : YAB nokasansl Ha puc. 4. B xpu-
cTajyie HaOJIIONAeTCsl aHW30TPONUS NONIOLICHUS ¢ MpeoliafaHneM G-COCTOSHMS Monspu3zauuu. B Buaumom
CIEKTPAIHOM JHANa30He THKOBOE 3HAYCHHE CedeHus mormomenus 4,9 - 1020 cm? mpyXouTest Ha JHHY BOTHEL
472,3 uM ¢ umpuHoi noaockl 0,66 uM. OAHAKO 11 HAKAYKHU CYIIECTBYIOIIMMU Ja3€PHBIMU JUOAaMU HA OCHOBE
InGaN nenecooOpa3HO HCHOIB30BATH MOJIOCY 3H4 - P,, o0Gnagarolityro 3Ha4eHUAMU CEYEHUH MOMIOILEHUSI OKOJIO
3. 10 cm?, HO GombIIIeit IHPHHOH (0KOJIO 1,6 HM) IS IBYX COCTOSHMIT MTOJISPU3ALIIN.

ala 6/b
7 7
3 —— o-llonsipuzanus 3 ——o-Ilonsapuzanus
6 3H4 N 3131 + 1, n-Tonsapusaius 6 n-Tlonsapusarus
Wl 4723 s
S Sh 150 M s SF *H, - °F, + F,
) F3 3 5 L
5 4 HoR 54
S L = ot L 3 3 3
X 3b ot B H, P, < 5l H, - F, + H,
S o2l
o 2F “||F o 2
~ 3 1
) H,— D, |
0 0
440 450 460 470 480 490 580 600 900 1050 1500 1650 1800 1950 2100
JlmmHa BOJTHBI, HM JlommHA BOJTHBI, HM

Puc. 4. Cniektpsl cedeHus noriaouieHus kpucramwia Pr: YAB
B TIOJIIPU30BAaHHOM CBETE B BUAMMOI (a) 1 uHppakpacHOi (6) 0b1acTax CrekTpa

Fig. 4. Polarised ground state absorption cross sections
of Pr: YAB in the visible (@) and infrared (b) spectral regions

Jist ompeeieHrst U3ITy4aTeIbHBIX CBOUCTB KpucTauia Pr: YAB Obuta ncnons30BaHa MOAU(PUITUPOBAHHAS
teopust Jxxanma — Odensra (M/I-O) [13], koTopas, o cpaBHEHUIO ¢ KiaccudeckuM noaxoaoM (/-O), yauTsi-
BaeT HU3KOIHEPIreTHUCCKOE MOJIOKeHHE BO30yxneHHo f — d-koHurypaliu, BIUsIONICH HA HHTEHCUBHOCTh
BHYTpUKOH(purypannonusix f — f-nepexonos. Cna ocuuIsSTOpa 3MEKTPOAUIIONBHOTO TIEPEX0aa [, Onpene-
JISIETCS BBIPAXKCHUEM

2
_ 8n’me (”2 + 2)
3MA(2J +1)|  9n

2
ol '1se)

b

Y Q [1 +20(E, + E, +2E] )}KM” [SL]JHU(»

1=2,4,6

rae €, — mapaMeTpbl UHTEHCHUBHOCTY; O — TapaMeTp, 00yCIOBIECHHbINH KOH(PUTypPALIOHHBIM B3aUMOJEHCTBHEM;
E;n E,;, — d>HEpruu Ha4anbHOTO ¥ KOHEYHOT'O MYJIBTHILIETOB; E}) — cpeaHee 3HadeHue (LIeHTP TSHKECTH) SHEPTUn
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4f-xoHurypaunu. 3HaUCHHUSI MATPUYHBIX HIIEMEHTOB HU (’)H (Tabmn. 2) onpeneneHsl B IPUOIKEHUN TPOMEKY-

TOYHOM CBSI3M JIJIsi CBOOOAHOTO MOoHa Pr°" Ha ocHOBe HaHHBIX paboTs [10].
Tabnuma 2

KBapaTs IPHBeIeHHBIX MATPHYHDIX 2IeMEHTOB ||U (’)"
nst mepexonos J — J' nona Pr*

Table 2
Squared matrix-elements "U (t)" for the J — J' transitions of Pr’" ion

st | sy o] o] o]

*Hy 0,1094 0,203 4 0,6095

*H, 0,0002 0,0322 0,1408

°F, 0,5084 0,4037 0,1188

’F, 0,0658 0,3483 0,699 4

- °F, 0,0658 0,3483 0,6994

4 'G, 0,001 4 0,0063 0,0221

'D, 0,0020 0,0177 0,0527

°P, 0,0000 0,1719 0,0000

°P, 0,0000 0,1721 0,0000

T 0,008 4 0,0468 0,0214

*H 0,0020 0,0177 0,0527

*H, 0,0000 0,0023 0,0003

*H, 0,0000 0,070 1 0,006 8

'D, °F, 0,0140 0,0874 0,0000

°F, 0,0327 0,0186 0,0000

°F, 0,5845 0,000 1 0,0186

'G, 03173 0,0513 0,0784

*H 0,0000 0,1719 0,0000

*H, 0,0000 0,0000 0,0000

*H, 0,0000 0,0000 0,0726

°P, °F, 0,2953 0,0000 0,0000

°F, 0,0000 0,0000 0,0000

°F, 0,0000 0,1136 0,0000

'D, 0,0158 0,0000 0,0000

OKCIePUMEHTAIBHbIC 3HAYCHHS CHII OCLUILISITOPOB. f, ,
HBIX CHIEKTPOB MOIIOWIEHHS 110 (hopmyJIe

T (o)
’ mc? kJJ'(}“)+ 2kJJ'(7")
Jexp (JJ ) T2
e Nyh 3
T (g o
rae k;; v k), — k03(QGHULUUEHT NOMIOIEHHs 11 TT- U G-COCTOsHUN nossipusanuu. [lapamerpsr 2, u o ompe-
JETISUTACH HA OCHOBE DKCIICPUMCHTANBHBIX (foy,) U TEOPETHICCKUX (ffp U f)yp) 3HAYCHHUI CHII OCLHILIATOPOB
(Tabm. 3) mo MeToy HaMMEHbBININX KBaApaTroB. Bxian marantoaunonsHoro (MD) MexaHu3Ma B OOIIYHO BEpO-
SITHOCTH NIEPEX00B OB YUTEH NPH ONPEAEICHUH CHII OCIMIIISITOPOB B MOIIOIIECHUH M UCITyCKaHWH. VIckoMBble
20 2 20 2 20 2
BEJIMYMHBI UMEIOT cleayromue 3HaueHust: Q, = 11,42 - 10 O oM ,€Q,=193-10 O om , Q=896 - 10 O om
1 0,= 0,233 cm . CpeaHeKBapaTHIHOE OTKIOHeHHe cocTaBmio 0,19 - 10°°,
IMony4ennsle 3Ha4eHus 2, ¥ OL TO3BOJIMIIM ONPEETUTH 3HAYCHNUS BEPOSITHOCTEH CIIOHTAHHBIX NIEPEXOIOB A,
K03((GUILINEHTOB BETBIICHHS TIIOMUHECIEHIHH [3 (Tabi1. 4) U H3/Ty4aTeIbHOTO BPEMEHH KHU3HH T, yPOBHEii °P,
1
u D
2-

(JJ”) BBIMHCISUINCH HA OCHOBE 3aPETHCTPUPOBAH-

dAh,
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Tabnuma 3

Teoperuueckue (f,,) 1 sxcepumenTanbubie (fgp 1 fyp)
3HAYEHHUS CHJI OCHMJLIATOPOB LISt Kpuctawia Pr : YAB

Table 3
Experimental (/,,,) and calculated (f¢p and f,)
oscillator strength in Pr : YAB crystal
SLJ S’ E,cm Fosp Jep Sup
H, +°F, 5000 3,643 3,639 -
°F; +°F, 6677 7,517 7,530 0,0008
'G, 9869 0,352 0,274 0,0005
*H, 'D, 16 742 1,958 1,651 -
°P, 20 432 1,557 1,497 -
P+ 21321 3,468 3,516 -
’P, 22219 6,713 6,761 -
Tabnuua 4
BepositHocTH nepexo10B (4) 1 k03¢ PUIHEHTHI BeTBJIeHUS
momuHecuenuuu () B kpucramie Pr : YAB
Table 4
The calculated radiative probabilities (4) and
fluorescence branching ratios (f) in Pr : YAB crystal
SLJ | S A, HM B 4,¢’!
'D, 2710,0 0,001 55,79
'G, 946,7 0,007 623,88
°F, 746,2 0,032 2681,29
b, 2F3 708,8 0,000 0,00
F, 652,9 0,679 57 350,12
H, 632,6 0,145 12 242,13
*Hy 555,9 0,000 0,00
*H, 4894 0,136 11 456,35
'G, 1455,0 0,142 1382,38
°F, 1029,6 0,570 5557,99
°F, 959,9 0,042 401,14"P + 4,66""
'D, ’F, 860,1 0,043 419,60 +3,37VP
*H 825,2 0,029 286,31
’H 699,3 0,002 16,34
*H, 597.3 0,172 1681,26

[IpuBe/ICHHbII PAacUeT MOKA3BIBACT, YTO OCHOBHAS OIS HCITYCKAEMOit C YPOBHS P, snepruu (oxozno 68 %)
TIPUXOUTCS HA TIEPEXO]T Py— } F, B kpacHol1 o6nactu criekTpa. M3mydarensHoe BpeMs KU3HU BO30YKIEHHO-
IO COCTOSHHUS P,, paBHOE 12 MKc, IPEBOCXOAUT TAKOBOE Y OOJIBIIMHCTBA NPA3EOAUMCOIEPIKAIUX OKCHIHBIX
kpuctayioB [1]. OqHako BeICOKoe 3HadeHHE dHepruu (GoHoHa (~1400 CM_I) B kpuctamie YAlL,(BO,), [10]
U MaJIbI SHEPreTUYECKUN 3a30p MEXKAY YPOBHIMU 3P0 u lD2 (3463 cM ' [14]) mPHBOAAT K CUILHOMY TyIIle-
HUIO JIIOMHHECICHIIMN C TaHHOTO ypoBHs. OLEHOUHOE 3HAYCHUE CKOPOCTH OE3BbI3MydaTeNbHON perakcanuu
cocrasisier okoio 1 - 107 ¢ [15]. Kpome Toro, OmycToIeHre BEPXHEro 1a3epHOro YPOBHS YCKOPSETCS TIPO-
neccamu kpocc-pestaxcaruu “Py — 'D, : °H, = *Hgu °P, — 'G, : "H, — 'G, [14]. 3apeructpnpoBarh KHHETHKY
3aTyXaHHs JTTOMHUHECIICHIIAN C YPOBHS P, He ynanocs.

10
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WznygarensHOe BpeMst )KU3HU YPOBHS 1D2, omnpenenennoe mo teopun M-O, cocrasuno 102 mxc. bonbiie
TTOJIOBUHBI HICITyCKAaeMOH € YPOBHS dHEpTruu (0KoJ0 57 %) MpUXOAUTCS Ha CIIEKTPAITLHYIO 00acTh OKOJIO 1 MKM
(mepexon 1D2 —°F 4)- BeIcOKO2HEpreTHyeckuii hoHOHHBIH criekTp kpucTamia YAl,(BO;), He mpuBoauT kK MHOTO-
(hOHOHHOI peNaKcaly ¢ YpoBHs 'D, BBHIY OTHOCHTENHHO GONBIIOr0 YHEPreTHUecKoro 3asopa (6500 cm ')
Mex Ty MyIsTHIIIeTamMu ' D, i °F . OHaKo pe30HaHCHbII mporecc kpocc-penakcamun ' D, — 'G, 1 *H, — *F, [16]
MIPUBOIUT K O3BI3TydaTeIbHON peTaKcaIiii BO30YKICHISI C YPOBHS IDZ. HeskcnoneHnaibHbIN XapaxkTep 3a-
TyXaHMsl JTFOMUHECLEHIIMY CBUAETEIbCTBYET O HAJIMYUU KPOCC-PEIaKCAIlMOHHOIO TYIIEHUs JTIOMHHECLIEH-
nuu. J{1s HasAHOCTH Ha pUC. 5 MOKa3aHa KMHETHKA 3aTyXaHUs JIOMHHECLEHIUH C JaHHOTO ypoBH:. 13-
MEPEHHOE BPEeMs )KM3HH YPOBHS COCTaBIIsIET 14 MKC, 4TO IPUBOIUT K KBAHTOBOMY BBIXOAY JIFOMHUHECLICHLIUU
oxoio 14 %.

4 Ay = 590 HM
Aoy = 1030 HM

JIIOM

Tow = 14 MKC

fi

)
%
T

)
5

MOIIHOCTD JIOMUHECLICHIIMH, OTH. €/I.

L I L I . A Brdnt A L i
10 20 30 40 50 60
Bpewms, mxc

S

Puc. 5. Kpusas 3aTyxaHust JIOMUHECHEHIITH
C YPOBHS 1D2 B kpuctamuie Pr : YAB

Fig. 5. Fluorescence decay curve
of the 'D, level of Pr : YAB crystal

Iepexomsi ¢ ypoBHs 'G, B KpHCTAIIAX Mpa3eoMMCONIEpKALLIIX OopTOOOPaTOB HE MPECTABISIOT HHTEpeca
BBHJLy €ILE MEHBIIETO, 110 CPABHEHUIO C yPOBHAMH P0 u D2, SHEPreTHYecKoro 3asopa (okomo 2700 cm )
Mesky Mymbtaiieramu |G, 1 °F,, 9T0 B COBOKYITHOCTH MPUBOIUT K S((GEKTHBHOMY TYLICHHIO TIOMHHECIICH-
[IUH C JIAHHOTO YPOBHSI.

3akJaroueHue

B nannoit pabote mpencTaBieHb PESY/LTaTLl pocTa 1 WCCIIEZIOBAaHUN ONTHYECKUX CBOWMCTB KpHCTAJLIA
YAL(BO,),, akTUBUPOBAaHHOIO HOHAMHU Pr’’. O6paser; pasmepom 20 x 10 x 10 MM Ge3 BHANMBIX BKIIOUCHHIT
Y TPEIVH OBLI BBIPAIIEH METOJIOM PAaCTBOP-pPACILIaBHONW KPHUCTAUIM3ANU. YCpeIHEHHOE 110 00BheMy cozep-
JKaHWe MOHOB Tpazeonuma coctaBmuiio 1,67 ar. %, yduTeIBas cpefHee 3HadeHne KOdPPHUIMEeHTa pacipenene-
HUS HOHA-aKTUBaTopa, paBHoe 0,67. Ha ocHOBe MOJspHU30BaHHBIX CIIEKTPOB MOMJIOIIECHUS ONPEEIeHbI CIIEK-
TPBI CEUCHH TTOTJIOMICHHSI B BUTUMON 1 HHPPaKpacHOH 00acTsax criekrpa. Habop mpuBeneHHBIX MaTPUYHBIX
2JIEMEHTOB OB BRIUKCIICH B L — S-ipubmmkennn. MoguduimpoBanHbEIM MeTonoM JIxamma — Odensra omnpe-
JIeTIeHbI TTapaMeTpbl HHTEHCUBHOCTU MOHA npazeonuma B kpuctamie Pr : YAB. Ha ux ocHoBe paccunutaHsbl
BEPOSATHOCTH IEPEXOIOB, KOAPPHUITMEHTHI BETBICHHS JIIOMUHECIISHITNH, 8 TAK)KE U3TydaTeIbHOE BPEMs JKU3-
HU YpOBHEU 3P0 u 1D2, paBHoe 12 u 102 MKC COOTBETCTBEHHO. MHOFO(I)OHOHHa;I penakcarus B KpUCTasie
YAIL;(BO;), npuBoauT K 3p(heKTHBHOMY OITyCTOLIEHUIO YPOBHS PO B cBoto ouepens, ypoBeHb D2 ¢ BpeMe-
HEM KU3HU JIIOMUHECUEHIUHU 14 MKC XapaKTepU3yeTCsl KBAaHTOBBIM BBIXOJIOM JIFOMUHECLICHIIMH 0KoJo 14 %
1 KpOCC-peNakCarliOHHBIM MEXaHN3MOM TYIICHHUS JTFOMHHECIICHITIH.
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3ATINCb AUHAMUWYECKUX TTOASIPU3AIIMOHHBIX PEIIETOK
B YNCTOM HEMATHUYECKOM JXNAKOM KPUCTAAAE

C. C. CIDCAPEHKOV, E. A. MEJIbHUKOBA", A. JI. TOJICTUK"

1)Ee/zopycclcuﬁ eocyoapcemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco

[Nocesena dKCHEpPUMEHTAIBHON pealu3allu 3aliCH MOJIPU3ALUOHHBIX JUHAMHUYECKUX PEIIETOK B YHCTOM HEMa-
THUYECKOM KHIKOM KpHcTauie. MexaHu3M perncTpanni OcHOBaH Ha (hotopedpakTuBHOM >(pdexTe B sueiike, 3armoaHeH-
HOHM YHMCTHIM KPHCTAJUIOM HEMAaTHKAa, MO/ ACHCTBHEM NPHIIOKEHHOTO TIOCTOSIHHOTO 3IEKTPHYECKOTO TI0JIsL. DTO SIBIICHHUE HE
TpeOyeT Hanmmuus (GoTOBO30OYKICHHBIX HOCHTENIEH 3apsia B )KUIKOM KpUCTaJIe M OOBSACHIETCS HKCTPEMAIBHO BBICOKOH
aHM30TpONHMeH KuUaKoro kpuctania. [IpuBeneHa snemMeHTapHas TeopeTHdecKas MoJeNb JaHHOro mpouecca. Mccaemno-
BaHbI 3aBUCHMOCTH ITpOIlecca 3alllCh PelIeTKA OT MPOCTPAHCTBEHHOH 4acTOThl MHTEP(EPESHIIMOHHOTO TIOJISl U UHTEH-
CHUBHOCTH 3aIMCHIBAIOIINX My4KoB. OOHApYKEHO, YTO NPOCTPAHCTBEHHO PEIISTKA HE COBNAJACT ¢ MHTEP(HEPEHIIMOHHBIM
TIOJIEM, T. €. OTKJIMK CpeJibl HeNOKaJIbHBINA. OHAKO MBI HE CBS3bIBAEM ITOJJOOHOE CBOMCTBO C QHAIOTMYHBIM B (hoToped-
PaKTHBHBIX KpHCTa/UIax. B Hamem cirydqae Gonee BEpOATEH MEXaHM3M YHCTO TEOMETPHUYECKOTO PACCOTIIACOBAHUS B CHITY
0co0eHHOCTH MexaHu3Ma 3anucu. OnHUM 13 QyHIAMEHTAIBHBIX CBOMCTB ONMCHIBAEMBIX MIPOLIECCOB SBISIETCS MX HE3aBH-
CHUMOCTD OT JUTMHBI BOJIHBI 3aIIMCHIBAIOIETO M3JTyYeHNUS, YTO MTOATBEP>KAAeT BEIOPAHHYIO HAMU MOJIETTh MEXaHHU3Ma 3aIHCH.

Knrouesuie cnosa: xxunkue KpucTamisl;, GoTopedpakTUBHBIN 3(h(HeKT; romorpadus.

RECORDING THE DYNAMIC POLARISATION GRATINGS
IN PURE NEMATIC LIQUID CRYSTAL
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We report on experimental realisation of polarisation dynamic gratings recording in pure nematic liquid crystal. This
work is devoted to the experimental implementation of writing polarisation dynamic gratings in a pure nematic liquid
crystal. The registration mechanism is based on the photorefractive effect in a cell filled with a pure nematic crystal under
the action of an applied constant electric field. This phenomenon does not require the presence of photoexcited charge
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carriers in the liquid crystal and is explained by the extremely high anisotropy of the liquid crystal. The article provides an
elementary theoretical model of this process. The dependences of the grating writing process on the spatial frequency of the
interference field and the intensity of the recording beams are investigated. It was found that the spatial grating does not coin-
cide with the interference field — the response of the medium is non-local. However, we do not associate this property with
that in photorefractive crystals. In our case, a mechanism of purely geometric mismatch is more likely due to the peculiarity
of the recording mechanism. One of the fundamental properties of the described processes is their independence from the
wavelength of the recording radiation, which confirms the model of the recording mechanism we have chosen.

Keywords: liquid crystals; photorefractivety; holography.

Introduction

Liquid crystals (LC) with their unique ability to be reoriented by small electrical fields are promising photo-
refractive media. It should be noted that the formation of permanent diffraction structures in the LC layer can
be realised by different methods [1; 2].

First experimental observations of molecules orientation changes in a spatially inhomogeneous electri-
cal field under applied light wave were reported in works [3; 4]. These experiments were performed using
dye-doped LCs. In [3] it was observed, that in LC doped with laser dyes the joint influence of photoexcited
charge carriers and direct current (DC) electric field applied parallel to the director resulted in a reorienta-
tion of LC. I. Khoo and S. Slussarenko have found that a similar phenomenon is possible in LC doped with
azo-dye without the applied external DC field (diffusion spatial charge formation mechanism [5]). In this
case, the field of spatial charge created due to diffusion of photoexcited charge carriers in the inhomoge-
neous light field was enough for effective reorientation of LC. In work [6], a dynamic grating was recorded
for the first time in a cell with a pure nematic when a constant electric field was applied. It should be noted
that in the case of applying a constant field, all processes develop in the region of the formation of a double
charge layer.

Model

It was shown in [5] that he mechanism of space charge field formation could be due to the Helfrich — Carr
effect. Let us imagine that in a nematic LC the orientation was locally changed under the influence of DC
electric field (fig. 1).
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Fig. 1. Transversal field formation
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Inhomogeneous light field, for example, could cause this change in the case of sinusoidal grating writing.
The orientation disruption results in the local change of the conductivity of LC and the formation of a transver-
sal field component. The magnitude of this component can be defined as

(G”—GL)cos(asin
E .=- > ——E.. (1
| G cos” O + G, sin” ©

The local change in the dielectric permittivity results in similar input

(£H - Gel)cose)sin
Ex,e == 2 .2 Eza (2)
€,c0s"O + €, sin" O

where ¢ is the conductivity and € is the permittivity (along and perpendicular to the long molecular axis); E,
is the external DC field; E, ., E, . are the transversal components of the electric field formed due to change of
conductivity and permittivity, respectively; © is the director reorientation angle.

The transverse field formation, in turn, results in further LC molecules deflection and, as a result, leads to
its further increase.

In [6] similar mechanism was demonstrated experimentally and high-efficiency dynamic holography gra-
tings recording were realised. Here we propose to use the orientational non-linearity as a starting reorientation

mechanism [7]. The initial director orientation, caused by this non-linearity can be described as

0. Ea |E Lsin(201)

) 3
32nK 3

where O is the director reorientation angle; E is the light field intensity; o is the angle between light polarisa-
tion and director; € is the dielectric permittivity; K is the Frank constant.

We can see from (3) that in case if the light field is a result of interference of two coherent beams then the
director reorientation is modulated a similar way. However, such modulation can also be realised in case not
only with light intensity change but also its polarisation. Such modulation is a result of an interference of two
beams with perpendicular polarisations.

This work describes the experimental realisation of such grating recording using the described above mecha-
nism. It should be mentioned here that for this polarisation recording the intensity of the light field remains
homogeneous and all other possible mechanisms of grating recording are not considered.

Experiment

The cell used consisted of two glass surfaces covered by conductive ITO layers and nematic LC 5CB (Merck,
Great Britain), oriented homeotropically. Homeotropic orientation was induced by applying a layer of chlorosi-
lane on a surface of ITO and the consequent heating up to 160 °C. The cell thickness was determined by a 20 um
polymer spacer.

Additionally, the cell was placed into the interference field of two wave YAG : Nd laser beams (A = 0.53 um,
intensity of beam about 10 mW), laser beams and director of LC were in the beam incidence plane (fig. 2). The
second beam was polarised perpendicular to the first one.

The DC electric field in a range from 0 to 6 V has been applied to the cell. The conductance of LC was about
10~'2 cm/Ohm and has not been changing under the light applied.

Despite the absence of photoexcited charge carriers, light intensity modulation, and absorption at the wave-
length of 0.53 um, we were able to register the self-diffraction, which appeared only under application of the
external field of a certain value. These conditions were similar to the ones described in [4]. It is also important
to mention that only one writing beam was taking part in process of self-diffraction as for o-wave there is no

2 (AN

_ T _T T — o
6=0 0<6<2 o 2 2<8<1r d=m n<8<2

N

Fig. 2. Polarisation of optical field
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modulation of €. It could be noted, € is modulated only for e-wave and thus the diffraction is observed only
for e-wave. The polarisation corresponds to the extraordinary wave in the geometry of the experiment (fig. 3),
i. e. has an asymmetrical form.

To analyse the conditions of self-diffraction appearance the intensity of the first non-Bragg order was regis-
tered. The self-diffraction was appearing at voltages >2.2 V. This complies well with the results of [5]. The dif-
fraction efficiency (maximum is about 1.5 %) showed a linear dependence on writing beams intensity (fig. 4).

The dependence of diffraction efficiency on spatial frequencies is shown in fig. 5. The maximum diffraction
efficiency corresponds to a cell with a period of about 20 pm. The decrease of the diffraction efficiency at high
frequencies is due, as in most cases of grating formation in LC cells, to elastic forces of LC that counterforce the
grating formation. The decrease at low frequencies is possibly explained by the limited size of the writing beams,
on the one hand, and by a reduction of the voltage of the induced space pseudo-charge field, on the other hand.

The fact that orientation non-linearity is not connected to absorption in LC leads to the fact that the de-
scribed phenomena can be observed not only for the light of He — Cd laser but also for almost any wavelength.
We also have observed it using He — Ne laser (0.632 8 um) and all generation lines of Ar" laser.

It is worth mentioning that for long (about 1-2 h) exposure under conditions of self-diffraction, the phenome-
na of permanent grating formation were observed: if applied electrical field remained the same it was possible to
observe diffraction of the probe beam of He — Ne laser in the absence of writing beams. When the applied voltage
was switched off the diffraction disappeared, but with repeated application of the voltage to the cell, the diffrac-
tion appeared again. It is possible, that long exposition under applied voltage leads to structural changes in the
polymer at the cell surfaces. These changes have the character of the modulation, reflecting the interference field.
This modulation itself is too weak to cause substantial diffraction, but due to the processes described above the
grating amplification under the applied field appears.
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Fig. 4. Linear dependence of diffraction
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Non-locality of the effect

The usual way to check for the signature of photorefractivity, i. e. to find the non-locality of the medium
response, is by performing a two-beam coupling experiment. However, in the case of Raman — Nath grating,
the presence of higher diffraction orders may confuse and even hide the expected results. Thus, we decided to
perform the non-locality check with the method of moving grating.

As it was shown in reference [8], the position of a stationary grating with respect to the interference pat-
tern of the writing beams can be found through a relative displacement analysis. The displacement should be
induced by any method along the grating vector and measured in a short time scale with respect to the grating
formation time.

We induced a grating displacement corresponding to two spatial periods by phase modulation of one wri-
ting beam using a Pockel’s cell. We then recorded the light intensity of the zero-order diffracted beams. This
intensity behaviour versus time is dependent on the relative initial position of the grating and the writing inter-
ference pattern, thus allowing the required test of non-locality. The theoretical details of the method are beyond
the scope this article and can be found elsewhere [8; 9].

The schematic of the experiment is shown in fig. 6.
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Fig. 6. Experimental set-up for moving grating measurement
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Fig. 7. Temporal behaviour of the writing beam in the moving grating experiment
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Our results are shown in fig. 7 and demonstrate that in a steady state the phase shift between the grating
o . b . .
and writing interference pattern is exactly 3 (see fig. 7). Moreover, the sign of the phase shift depends on the

voltage polarity.
The figure shows the intensities of the zero-order diffraction. Oscillograms (see fig. 7) correspond to dif-
ferent polarities of the voltage applied to the bounding surfaces of the cell. It can be seen that, in one case, the

intensity increases to a certain value (the initial shift of the grating relative to the interference field (_Ej) and,
with an increase in the shift, again returns to the original intensity. When changing the polarity, we have the

opposite picture — a drop in intensity (the initial shift of the grating relative to the field (+g)).

Conclusions

The experiments described above suggest that the main mechanism responsible for the effects is the am-
plification of the light-induced distortion of the LC anisotropy. The diffraction efficiency (DE) dependence on
the spatial period, shows a non-monotonic behaviour. The maximum DE is correlated with the cell thickness.
The DE decrease at smaller periods is due, as in most cases of grating formation in LC cells, to the action of
elastic forces that counteract the grating formation. The DE decrease at higher periods can be explained, on one
hand, by the limited number of fringes in the illuminated spot and, on the other hand, by the reduction of the
induced electric field. This is because a larger grating pitch induces a smaller local distortion, hence a smaller
local anisotropy change, which in turn produces a lower transverse electric field.

The non-locality of the effect needs to be discussed, too. Equations (1), (2) give no evidence of this attribute.
The well-studied orientation non-linearity is local, too. It can be assumed that the non-locality in our case is
associated with a misadjustment of the interference field (tilted by 45 degrees) and formed perpendicular to the
cell surface grating. This mismatch is the result of the fact that the grating is formed near the bounding surface,
where, due to the formation of a double charge layer, the applied field is localised. Finally, we notice that the
light field in all experiments presented here has only the role to induce an initial director distortion that gives
rise to the photorefractive effect. Furthermore, in one case, where a memory effect maintains the previously
generated pre-distortion, there is no need for an inducing light field.
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OITPEAEAEHME ITAPAMETPA KOHYCHOCTUM BECCEAEBA
CBETOBOTIO ITYUYKA ITOCPEACTBOM ®OYPBE-AHAAW3A
ANAMETPAABHOI'O PACITPEAEAEHUSI NTHTEHCUBHOCTU

A. A. PBDKEBHY ">, H. B. BAJIBIKUH"

1)thcmumym Guszuxu HAH Benapycu, np. Hezasucumocmu, 68-2, 220072, . Munck, Berapyco
2)Eeﬂopyccmtﬁ 2ocyoapcmeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

[Momy4ens! BEIpakeHNS, ONUCHIBAIOIINE CIIEKTPAIBHYIO TIIOTHOCTH MotHOCTH (CITM) pactipeneneHust THTEHCHBHOCTH
naeansHoro deccenena ceeroBoro myuka (BCII). [Tokxazano, uro CIIM pacnpenenenust ”HTeHCHBHOCTH HaeanbHoro bCIT
orpaHuyeHa cBepxy u BepxHsisi rpanuna CIIM paBHa ynBOeHHOMY HapaMeTpy KOHYCHOCTH (ITPOM3BEICHUIO BOJIHOBOTO
yycla Ha CUHYC MTOJIOBUHHOTO yTJIa pacTBOpa KOHyca BOJHOBBIX BEKTOpOB), a uucio Hynell B CIIM uneansuoro bCII,
PACIIOJIOKEHHBIX HAa HHTEpBaJe OT HYJIEBOM 4acTOTHI 10 BEPXHEN IPaHUIIbI CIIEKTPa, PaBHO MOPAAKY mydka. [Ipennoxena
MeToJIKa olleHKH napameTrpa konycHoctr BCII mocpenctBom ananuza orieHok CIIM auaMeTpanbHbBIX pacpeaeaeHui —
OJHOMEPHBIX paclpeae’IeHN HHTEHCUBHOCTH, MTOTY4YEHHBIX B MOMEPEYHOH MIOCKOCTH ITyYKa BIOJb JIUHUH, TIPOXOAAIIEH
Yepes3 oChb MydKa, U3 IBYMEPHBIX MONEPEuHbIX pactpenenennii nareHcuBHoctH bCII, 3agukcupoBaHHBIX B BUIE HU(PPOBBIX
KOMITBIOTEPHBIX H300paxkeHnil. MccaenoBaHo BiusiHUE 00pe3Kn (OKOHYAHHS PACIPEEICHNs Ha TPAHUIIE YyBCTBUTEILHOTO
CEHCOpa), TayCCOBOM M KOCHHYCHOM MOJYIISIINI ANaMEeTPaIbHOTO PacTIpeiesieHns Ha (JOpMy CTIEKTpa, a B CiTydae 00pe3Kn
1 Ha OIINOKY OIEHKH MapaMeTpa KOHYCHOCTH C UCIIOb30BaHUEM INTPEUIOKEHHON MeToanKu. OIicaHHast METOMKA ITPOTe-
CTUpOBaHa Ha IIpuMepe aHaau3a sxcrepuMenTanbbix BCII paznuunbix nopsaakos (bCIL,, m =0, 1, 2). Ona MoxeT pume-
HATBCS JUIs OIIeHKH ITapameTpoB kadectBa bCII. Pe3ynbrare! anann3a BIUsSHUS KOCHHYCHON Moayssinny Ha ¢popmy CIIM
MOTYT OBITH HCIIOJIb30BAHbI JUIsl OLEHKH BEIMYUHBI CKPYIJICHUS! BEPXYIIKH akcukoHa, Gpopmupytomero bCII, B memsax
KOHTPOJISL KaueCTBa U3TOTOBJIEHUS AKCUKOHA.

Kniouesvie cnosa: GecceneB cBeTOBOU IMYYOK; YTOJI KOHYCHOCTH; MapaMEeTp KOHYCHOCTH; CIICKTpaJibHasA MJIOTHOCTb
MOIIHOCTH.

bnazooapuocms. Pabora BrimonHeHa B pamkax 3amaans 1.1.01 «Pa3pabotka Gpu3nmuecKkux 0CHOB pacIpOCTpaHCHHUS
1 peoOpa3oBaHus KBa3NOE3IM(PPAKIIMOHHBIX BUXPEBBIX CBETOBBIX MYyYKOB HOBOTO THITA B aHM30TPOITHBIX, HEOJHOPOA-
HBIX M PACCEUBAIOIIUX CPEJax M CO3JaHHE HAa DTOH OCHOBE MHHOBAI[MOHHBIX JUATHOCTUYECKHUX ONTHKO-3JIEKTPOHHBIX
ycrporcTB» (Ne roc. peructparuu 20160091) rocynapcTBeHHOM POrpaMMbl HAyYHBIX UCcienoBaHui «DOTOHMKA, OTITO-
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MIPOIIECCOB U M3JENUI B ONTHYECKOM U TeparepleBOM JHaNa3oHax CHEeKTpa U UX MPUMEHEHHe JUIl ONTHUYECKOH CBA3H,
MHUKPOCKOITUH U OTPE/IeNICHNS] XapaKTePUCTUK Pa3InYHbIX 00beKToB» (Ne roc. peructpanuu 20210300 ot 23.03.2021 r)
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DETERMINATION OF THE BESSEL LIGHT BEAM CONE PARAMETER
BY FOURIER ANALYSIS OF THE DIAMETRAL
DISTRIBUTION OF THE INTENSITY
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Corresponding author: 1. V. Balykin (b97@dragon.bas-net.by)

Power spectral density (PSD) of the intensity distribution of an ideal Bessel light beam (BLB) expressions are ob-
tained. It is shown that the PSD of the intensity distribution of an ideal BLB is limited and the upper boundary of the PSD
is equal to the doubled cone parameter (the product of the wave number and the sine of the half angle of the cone of wave
vectors), and the number of zeros in the PSD of an ideal BLB located in the interval from zero frequency to the upper
boundary of the spectrum, is equal to the order of the beam. A technique is proposed for estimating the cone parameter
of BLBs by analysing the PSD estimates of diametral distributions — one-dimensional intensity distributions obtained in the
transverse plane of the beam along a line passing through the beam axis from transverse two-dimensional BLB intensity
distributions recorded in the form of digital computer images. The influence of clipping (the end of the distribution at the
boundary of the sensitive sensor), Gaussian and cosine modulations of the diametral distribution on the shape of the spectrum
and, in case of clipping, the error in the cone parameter estimation using the proposed method is investigated. The technique
is tested on the example of the analysis of experimental BLBs of different orders (BLB,,, m = 0, 1, 2). The proposed
technique can be used to assess the quality parameters of the BLB. The results of the analysis of the influence of cosine
modulation on the shape of the PSD can be used to assess the magnitude of the rounding of the apex of the axicon forming
the BLB for control the quality of the axicon manufacturing.

Keywords: Bessel light beam; cone angle; cone parameter; power spectral density.
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BBenenune

Kak n3BectHo, OecceneBsl cBetoBble myuku (BCIT) mpeacTaBisioT coboii akcHaabHO-CHMMETPHYHBIE CBE-
TOBBIE TOJISA, ONUChIBaeMble (yHKImsMu beccens [1]. Haubosee mpocThiM pUMEPOM 3TOTO Kilacca My4YKOB
apisietcst ckansapHbiil BCII ¢ monepeuHoi KOMIOHEHTON MO

U, (p, 0, z) = AJm(k sin(y)p)exp(i(kzz + m(p)),
e P, ¢ ¥ z — paJuaibHas, a3UMyTaJbHas U 0CeBasi KOOPIMHATHI COOTBETCTBEHHO; A — CKaIISIpHAsT aMIUIUATY/I;

27
J,, — Gynkuus beccens 1-ro pona m-ro nopsiaka; k = n (A — nTMHA BOJIHBI CBETOBOTO M3JIYYEHHS); Y — YTOJl

xoHycHoctu BCII; k, = k cosvy. lanee B paOote mpe/onaraeTcs UCIoIb30BaHUE MOHOXPOMAaTHUECKOI0 JIa3ep-
HOTO MCTOYHUKA W3Iy4eHus it popmuposanus bCIT.

Ha npaktuke n3mepsieMoil BeTMYUHON OOBIYHO BBICTYTIA€T HHTEHCUBHOCTH CBETOBOTO ITyYKa, TPOIIOPIIHO-
HaJbHAas KBaJAPaTy aMIUTUTYAbl HAIPSYKEHHOCTH 1MoJIs1. TakuMm 006pa3oM, BUJI TIONIEPEYHOTO paCIIpeIeIeHNs HH-
teHcuBHOCTH BCII m-ro nopsiyika onuckiBaeTcst QyHKIUEH

2 72 :
1(p)=AJ,, (ksin(y)p)-
IMepexoast K OTHOCHTENLHBIM €IUHUIIAM (HOPMHUPYS MAKCUMYM MHTEHCUBHOCTH Ha €JUHUILY U BBOISA 000-

3HaueHue Juis mapamerpa konycHoctu BCII g, = ksin (y) = k7y ipu Y <10°, 4T0 YacTO BCTpeyaeTcs Ha MpakK-
THKE), TTOTydaeM

_ 72
I(x)_‘]m (q()x)a (1)
TIC X — JuaMeTpajibHasd KOOpJAWHara, 0603Haqa}0maﬂ TIOJIOXKCHHE BAOJIb IMHHUH, HpOXOI[HHICﬁ 4gepe3 O0Ch ITyUKa
B HOHGpC‘-IHOﬁ IIJIOCKOCTH ITy4Ka (HpI/I sToM x =0 COOTBETCTBYCT ITOJIOKCHUIO HA OCH nyqKa).
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®opmyna (1) 3amaet uaeadbHBIA BUA AHaMETpaIbHOTO pactpenenenus narencuBaoctu bCII, B To Bpems
kak [13C-marpureit, muHeikoi 1u60 ApyrumM mprubopoM MOXKET OBITh 3apETrHCTPUPOBAHO BHEIIHE MOJ00HOE,
HO HeHieaJbHOe 3KCIIepuMeHTalbHoe pacnpeaenenne narencuBHocT bCII. Onenka mapamerpa KOHYyCHOCTH
BCII g, 6p1BaeT HEOOXOAUMA B KaUECTBE HAYAIbHOIO IIPUOIMKEHUS TIPU allIPOKCUMALIUU SKCIIEPUMEHTAIbHBIX
TIOTIEPEYHBIX pacTpe/ieNIeHH TOYHBIMIA MaTeMaTHUECKUMHE BBIPAKEHUSIMH, a TaKoKe JJIs ONPEIEICHUs yIa Ko-
nycHoctu bCII Ha ocHOBE 3aperncTPUPOBAHHOTO SKCIIEPHUMEHTAIFHOTO paclpeesieHnss HHTEHCUBHOCTH B TIO-

nepeunoM ceueHuu bCII. B Takom cityuae yron konycHoctu bCII onpenensercs kak y = %. ITapamerp g, ipu

AHAJIN3C MOINCPCYHBIX pacnpeneneﬂnﬁ HWHTCHCUBHOCTU UMECT PA3MCPHOCTD, O6paTHy10 I/ICHOJ'ILByCMOI\/'I pas-
MCPHOCTU HOHCpC‘lHOfI KOOPAWHATHI. I[J'I}l KOPPCEKTHOT'O BBIPAXKCHUS yITIa KOHYCHOCTH IAPAMCETP ¢ CICAYCT
paCcCUUTLIBATL B (I)I/I3I/I‘IGCKI/IX CANHULIAX NJIMHBI, 3HAS JJIMHY BOJIHBI U3JTYYCHUA A HCIIOJIB3yEMOI'0 UCTOYHHMKA,
TOYHBIC PA3MEPhI ITUKCCIIOB U KOS(l)(i)I/ILII/ICHT YBEIIMYCHUA an60pa, C IIOMOLIBIO KOTOPOT'O PETUCTPUPYHOTCSA IKC-
NEPUMCHTAJILHBIC PACTIPCACIICHNA NHTCHCUBHOCTHU. I[J'ISI JIAKOHUYHOCTH IMOBECTBOBAHMSA U YIPOILCHUS q)OpMLI
MAaTEMaTH4YCCKHUX BBIpa)KeHI/Iﬁ Jajiee pacCMaTpruBaCTCs TOIBKO IIapaMeTp ¢,,.

MarepuaJbl 1 METOAbI UCCJIETOBAHUS

B paGore u3yueHsl naeanbHbIe (TEOpEeTHUECKUE) AUaMeTpaibHble pacnpeaenenust unreHcusHoct bCIT pas-
JIMYHBIX TOPS/IKOB B YMCTOM BHJIE M MPU HAIMYUN KOCHHYCHOW MOJYJISILIMU C UCIIOIBb30BaHUEM HENPEPBIBHOTO
npeodpazoBanusg Oypbe U APYrHX METOIOB MATEMaTHUECKOTO aHaIM3a. DKCIIepUMEHTaJIbHBIC (B BUJIE LU(POBBIX
CHT'HAJIOB) IMaMeTpalibHble pactpeaeneHus natencuBHoctd BCII, momyuenHble aBTOpaMu paHee, HCCieioBa-
HBI C IPUMEHEHUEM AUCKPETHOTO IpeobpazoBanus Pypbe. BrnusiHue oOpeskH, a Takke KOCHHYCHON U Taycco-
BOI MOIYIISIMI HA POpMY CIIEKTpa PACCMOTPEHO € TIOMOIBIO CPEICTB YHCICHHOTO MozienpoBanus. KauecTBo
MIPEIOKEHHBIX AJITOPUTMOB OLIEHKH ITapaMeTpa KOHYCHOCTH TaKXke MCCIE0BAaHO B YMCIEHHOM SKCIIEPUMEHTE.

Pe3yibTaThl 1 UX 00CY:KIEeHHE

Jnst paccMOTpeHHs CIIEKTpa AuaMeTpaibHoro pacnpeneneHus nateHcuBHocTH bCII Ob110 nenonb30BaHo
o01ee BIpakeHHE 1115 MpeodpazoBanus Pypbe NPOU3BOILHON (YHKIHU:

rae F { } o0o3HavaeT omneparop npeodpazosanusi Pypbe; ¢ €CTh BpeMEHHas WK MPOCTPAHCTBEHHAast KOOPNHATA;

j — KOMIUIEKCHAsI SIUHUIIA; () — IIUKIIMYECKas 4acToTa.
B kauectBe ncciemyemoit pyraknnn Beictymaert (1). PaccmorpuM peodpazoanue Oypbe kBaaparta GyHK-

unu Beccens J (qot) LeJIoTo nopsiika (m € 7)), nepexos 0T KOOPAUHATHOTO MPOCTPAHCTBA X B IPOCTPAHCTBO
MOTIEPEYHBIX BOJIHOBBIX YHCEIN §:

F(q) F{JZ(CIOX)} \/— chri (%x)ejqxdx=ﬁ__[],ﬁ(qox)(cosqx+jsinqx)dx=

meZ —J, (-x)= (—l)mJ (x),

Joo
g7 (—gyx)sin(—gx) = (-1)*"J2 (gox)(—singx)=—J7 (gox)singx — j I (gox)singxdx =0,

g (—gyx)cos(—gx) :(—1)2 I (gox)cos gx = J, (gyx)cos gx — I J2%(gox)cos gxdt = 2J I (gox)cos gxdx

\/7J‘ I (gox)cos gxdx = [m eZ - J_,(qyx)=(-1)"J, (qox \/7.[ J_ (o) T, (qox) cos gxdx.

B [2, c. 200] mpuBoauTCS cheayromnee TOXASCTBO ISl HHTETPaia, BXOASIIETO B MOJTYYCHHOES BEIPAKEHUE:

+o0 2

1
J cosaxJ_,(cx)J,(cx)dx=8—P,_,, a_2 ~1|,
0 2C 2C
rmmed=1npu0<a<2cud=0npu0<2c<a;P,_,,— byakuus Jlexanapa (V — 1/2)-r0 nopsika [2].
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B cuity Toro, uro cos((—a)x) =cosS (ax), BECh MHTETPAJ IOJUKEH OBITh UeTHOH (PyHKIHUEH 1Mo a, TakuM 00-
pasoM, & MOKHO 3aMeHUTH Ha QyHKIMIO XeBHcaiifa Bua 9((20)2 —ad? )
IMoncrasmsist BMecTo O GyHKIMIO XeBUCaiiia U BBEICHHbIEC paHee 0003HAYECHHS, [TOTyIaeM
m 1 q2 2
F(g)=F{I2(qp)} = (-1)" —=E, ., (—2 - 1)9((2%) - ¢) 2)
qoN 2T 24,

B cootBerctBuu ¢ [3, p. 3] pynxumio Jlesxxanapa MOKHO MPEICTaBUTH B BUE 0000IIEHHOTO THIIEPreoMe-
TPUYECKOTO psiia CIEAYIOIUM 00pa3oM:

P(x)=,H (—n, n+1;1; I_ij,

q 1 1 7
mel/Z 2_1 ZQE __m,_+m;1;1——2.
24, 2 2 44,

Taxum 06pazom, AJisi BEIpakeHUs (2) TakKe IOMyCTHMa Ciieayromas ¢popma:

_ _ m 1 1 1 1. ‘]2 2
F(q)_J-“{J,i(qu)}_(—l) mzﬂ(z—m,Eer, 1,1—@]9((2%) —qz), 3)

TOTla B HAIIEM CJiydac

I7ie ¢ — BOIIHOBOE YHCIIO; , ] (a, b; c; z) — THTIEPTeOMETPUICCKUN psi ¢ Kodddurmentamu 2 u 1.

KBaapar moaysst BeipaxkeHuii (2) u (3) onuchIBaeT CeKTPpaIbHyIO MIOTHOCTH MotHocTH (CIIM) P(q) Jua-
MeTpajbHOrO pacnpenencnus uaeansHoro bCII u npuBoanTcs B Buae popmyn

= - 2 S R A 2_ 2
P =lr(a =2t = 22 -1 ey - ), @
1 o[ 1 | 2
P(q)——ZTng K (5 —-m, E +m; 11— —4q§j6((2q0) q ) (5)

BaxHo oTMeTHTB, uTO B hopmyity (4) Bxoaut QyHKIms XeBucaiiia Buia 9(( 29, )2 e ), KOTOpasi paBHa €11-

HULE, KOI1a ¢ € (—Zqo, 2q, ), U HYJIIO B OCTaJIbHBIX CiIydasx. Takum oOpa3oM, BeMuuHa 2¢, sIBISIETCS BEPXHEH

TpaHUIe WHTepBaia 3HadYeHNH ¢, Ha KoTopoM CIIM (4) oTinyHa OT HyJIsl, 9YTO MOXKHO BHJIETh Ha CIIEKTpax
U/IeabHBIX IUaMETPaJIbHbIX pacupeaeneHuil nnteHcuBHocTH BCII pa3nuyHbIX NOPAIKOB, IPUBEICHHBIX J1a-
nee (cM. Tabn. 2). C mpyroil CTOpPOHBI, HMesl CIEKTP JAUAMETPALHOTO pactpeneneHus nHTeHcuBHOCTH bCIT
U ONpelesvB B HEM MAaKCUMAaJbHOE BOJIHOBOE YHUCIIO (.., A KOTOPOTO CIEKTP OTIAMYEH OT HYJNS, MOXKHO

JIETKO HNOJIyYHUTh NapaMeTp KOHYCHOCTH Iy4Ka KaK ¢, = qu‘"

W3 mpencraBieHHBIX HUKE CIEKTPOB TUAMETPATBHBIX paclpenesieHui (CM. Tabi. 2) BHIHO, YTO YHCIIO
uynei B CIIM Ha uHTEpBasie OT HYJIeBOM YaCTOTHI JO BEPXHEH I'PaHMIIbI CIIEKTpa PaBHO MOPSIKY MydKa. DTO
MOYKHO OOBSCHUTH CIeAyomuM oOpa3oM. M3BecTHo, uTo GyHkmmm Jlexanapa ﬂ(x) MIPEICTABIIAIOT COOOM
ciyvail npucoeauHeHnbix Gynkuuii Jlexanapa P (x) npu L = 0. B [4, Teopema V] mokazaHo, 4To QyHKIHSI
Jlesxxanapa Px”(x) TSI ISWCTBUTEIBHBIX |1, A HA HHTEpBAJle X € (—1, 1) nMeer £ (7\, - |u| + 1) -F (—7» - |p|) KOp-
Hel, ecni L < 0 WM ecii |l — TIOJIOKHTENBHOE TIEJI0e YNCIIO0, T/e £ — ornepalnus OKpyIIIeHUs K OKaniemMy
MEeHbIIEMY LIEJOMY YHCITy Juls X > 1 1160 K Hymo 114 x < 1. Takum o6pa3zom, coMHOKUTEND P, _ /5 (x), BXOJISI-

1 1 1
i B (4), as nenoro m 2 0 Ha otpeske x € (—1, 1) Gyner nmets E(m + 5] - E[—m + 5] = E(m + E) =m

Hyneit. C 1pyroii CTOpOHBI, CIIEKTP, OMUCHIBAEMBIN (GOpMYItoii (4), OyZieT OTIIHYEeH OT HyJIsI TOJIBKO Ha HHTEPBAaJie

2

. _ 9
(—2q0, 2q0) 3a CYET COMHOKUTEIS B BHC DyHKUMN XeBUCAN A, IPU STOM QYHKLHS B ADIYMEHTE X = —— —

‘)
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B3aMMHO OJHO3HA4YHO 0T06pa>1<aeT HHTCPBAIl ¢ € (0, 2(]0) Ha UMHTCPBAII X € (—1, 1) CJ'IGZ[OBaTCJ'IBHO, CIICKTP

UJIealIbHOTO AUAMETPAIbHOIO pacnpeneneHus nateHcuBHoctd BCII, Oyner uMeTs m Hyneill Ha UHTepBale OT
HYJIEBOW YaCTOTHI /IO BEPXHEH rpaHUIIbI CIIEKTpa.

[ToydeHHBIC CITEKTPHI MPEICTABIISAIOT COO0H NEHCTBUTEIPHO3HAYHBIC (PYHKIMH. DTO OOYCIIOBICHO YET-
HocThio pyHKuni beccens. [lpu ananuse peanbHBIX CHTHANOB (pacmpezeseHnil MHTEHCUBHOCTH) BBIOOPKH
He 001aJafoT TaKMM CBOMCTBOM, IIO3TOMY COOTBETCTBYIOIIME UM CIHEKTPHI (peodpazoBanus Dypbe) OyayT
coziepKaTh KOMIUIEKCHYIO 4acThb. Takke CleayeT OTMETUTD, YTO PealibHbIe CUTHAIIBI SIBISIOTCS AUCKPETHBIMH,
3TO HE MO3BOJISAET IPUMEHHUTH PACCMOTPEHHOE HEMpephIBHOE MpeodpasoBanne yphe, BBULY YEro B pacueTax
HEOOXOAMMO HCITOIB30BATh IPYTYIO XapaKTEPUCTHKY PEaTbHBIX CUTHAIOB B CIIEKTPAIEHOM 00IACTH — OIICHKY
CIIM. [Tepuomorpammuyto oneHky CIIM miist TMCKPETHOTO CUTHAJIA MOYKHO BBECTH CIICTYIOITIM 00pa3oM:

om P

N-1 In
S(k)= %2[(11)6 &

n=1

e Ax — MHTepBan AUCKpeTH3anny; N — 00beM BbIGOpKH; [ (77) — MHTEHCHBHOCTD B /1-M ITHKCEIE.
IMockonbKy npeobpasosanue auckpetHoe, S (k) — nepnoanueckas Gpynkuus ¢ nepuonom N, rae N — 06bem
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ncxXomHOH BEIOOpKHU. MHTEpBan Mexay orcueramu CIIM B TakoM cirydae cocTaBiseT BendnHy Ag = N pan

Ha TKcen (anee — pans/mk). MOKHO TakkKe OTMETHTB, 9YTO YHCIIO OTCUETOB CIIEKTpa /, JIeKaIuX B 00JIacTH
q < 2q,, Oyner 3aBUCETh OT COOTHOILIEHUsS JJIUHBI CUTHAJIA, T. €. (PU3MYECKOro pa3Mepa MaTpULbl CBETOUYB-
CTBUTEJIBHOTO IEMEHTA U ITapaMeTpa KOHYCHOCTH ¢

/= 2q, 2qAxN 1 d

Aq 2TC an H
rae d — Gusndeckas AJIMHA CEHCOopa.

[TpousBenenue q,d MponopLUOHAIBEHO YUCITY BUIMMBIX HAa CBETOUYBCTBUTEIBHOM CEHCOpE Kojel. Takum
o0pazoM, yeM OoJIbllie KoJel] MOoMNaacT Ha CEHCOpP, TeM OOJbLIe YUCIO OTCYETOB crieKkTpa / 1 TeM Oojee ne-
TaJIbHBIM SIBIIIETCS CIEKTP B 00nacTH g < 2¢,,. Takoil BbIBOA BEPEH JUILB B Cllydyae, €CIM BEPXHsA 4acToTa
CIIEKTpa HE MPEBBIIIACT [TOJIOBUHBI YACTOThI JUCKPETU3ALUH I IPeA0oTBpalieHus dpdekra annacunra (uian

T
HanoxeHus ) [5]. inade roBopsi, TOKHO BBIMOIHATHCS YCIOBUE 2¢, < _A . C y4eToM TOro 4TO B CHUTHAJIE MO-
X
T
I'yT IPUCYTCTBOBATH BLICOKOYACTOTHBIE IIYMBI, 9TO YCIOBHE MOYKHO YCHUIIUTh: 2¢, <K A_
X

CymectByeT cnioco0 nosbicuTh uncio orcueros CIIM B obnactu g < 2¢, U1l TOro, YTOObI PacCMOTPETh
CHEKTp OoJee IeTaabHO ¢ TIOMOIIBIO IOTIOTHEHUST HCXOAHOTO pactpe/ielieHHss ”HTEHCHBHOCTU HY/ISIMH. Takast
METOJIUKa MOXET OBITh MoJie3Ha Jisi 0oJiee TOYHOTO ONpe/esieHHs TPaHUIBI CIIeKTpa. TeM He MEeHee Ba)KHO
OTMETHUTb, YTO MPH €€ MCIIOIb30BAHUH B CHEKTPE BOSHUKAIOT OCUMJIISIIMN, KOTOPbIE MOXKHO OOBSCHHUTH KaK

S
PE3YIBbTAT UHTCPIOJIANN UCXOAHOTO CIICKTPa € IMOMOIIBIO SgJpa BUAA q, SABJIAIOIICTOCA (I)ypbe—o6pa30M

MIPSIMOYTOJIBHOTO OKHA, UMUTHPYIOIIETO OTIOHEHNE HYISIMHA. JKCIIEPUMEHTAIBHO YCTAHOBJICHO, YTO JIOTIOIN-
HEHUE BEIOOPKH HYJISIME 10 00beMa K = 10N TT03BOJISIET TIOTYYIHTh YIOBIETBOPUTEIHLHBIC PE3yIBTAThI P OTIPe-
nenennn BepxHei rpanuisr CIIM.

B tabm. 1 mpuBozsiTCS CMOEIMPOBAHHBIC TuaMeTpalibHbIe pactpeneneHus bCI pa3nuyHbIX TOPSIKOB U OLICH-
ku CIIM st d = 10 mm, Ax = 0,01 MM, 9TO COOTBETCTBYET CEHCOPY C MOIEpeUHbIM pazMepoM 10 MM 1 paccTos-
HueM Mexay rmukcenamu 10 mxm. Toukamu o603HaueHb! oTcueTsl CIIM, momydeHHBIE Ha OCHOBE MCXOTHON
BBIOOpKH, MTHUAMHA — CIIM 1y1st BBIOOpKH, momoiHeHHOW HysiMu 10 K = 10/, BepTUKAIBHBIMU MPSIMBIMHU —
rpanuna crekrpa naeansaoro bCII.

[To amameTpanbHBIM paclpeaeICHUSIM HHTEHCUBHOCTH, TIPUBEICHHBIM B Ta0J. 1, MOXKHO TIOHSTH BIIUSHHE
napaMmeTpa ¢, Ha BHJ| [IONIEPEYHOr0 paclpeieNeHus HHTeHCUBHOCTH. Tak, Ipu yBEIHYEHUH g, U (PUKCHPO-
BaHHOM ¢ YHCJIO BUTUMBIX MAKCHMYMOB WHTEHCHBHOCTH (FUTH KOJICI[ B CITydae ABYMEPHOTO PacIpe/ICICHHUS)
YBEIMYUBACTCS, a IIMPUHA MAKCHMYMOB (KOJIEI) YMEHBIIIaeTCsl.

OrpaHn4eHHOCTh CTIeKTpa KBaapaTa GpyHKImn beccerns, BRITeKaromas u3 HaTMgrs B BRIPQKEHHH JUTS CTIEKTpa

o 2
MHOKUTENIS B BHJIE QyHKIMH XeBHUcaii — g~ |, MO3BOJISIET MOCTPOUTH METOJ OBICTPOTO ONpesieNe-
COMHOXHTE e Xesucaina 0((2q, ?), mosBonsteT mocTpo €ToJ1 OBICTPOrO OIpEIEIie

HUs [TapaMeTpa ¢, Ha ocHoBe oueHoK CIIM skcnepuMeHTanbHbIX pacnpeaenenuil uarencusHoctu bCII. Unes
METOZA COCTOMT B CIIEIYIOIIEM: I10 OKCIIEPHUMEHTAIBHOMY INaMETPAIbHOMY PACIPEICIICHUI0 HHTEHCUBHOCTH
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BCII crpoutcs onenka CIIM ¢ mpumeHenneM auckpetHoro npeodpaszoBanust dypee, 3atem CIIM HOpMHE-
pyercsl Ha MAKCUMAaJIbHOE 3Ha4€HHUE U IIPOU3BOIUTCS OLIEHKA BEPXHEN YaCTOThI CIIEKTPA ¢, C UCIIONb30BaHUEM

TIOPOTOBOIO KPUTEPUS ¢, = max{qi : P(q,.) > O max P(q)}, T. €. 3T0 MAaKCUMaJbHOE 3HaYEHUE 4aCTOThI OT-

i

cuera CIIM g¢,, nns xotoporo 3Hadenne CIIM B maHHOM oTcyeTte P(qi) 00JIBIIIe MAKCHMAIHHOTO 3HAYCHHUS
CIIM max P (q), YMHOX@EHHOT'0 Ha ropor 0 < 1.

[TomuMo prMeHeHHs TOPOroBoro Kputepus HenocpencTBeHHo kK CIIM, MOXKHO HCTIoNIb30BaTh KpUTEpUN
Ha ocHoBe aHayn3a npoussonHol CIIM mo BoinHOBOMY 4HCITy (YacToTe), COIIaCHO KOTOPOMY T'paHMIa CIeK-
Tpa OmMpeAeNsieTCs Kak MeCTO Iepexo/ia rpaduka Ha OJIH3Koe K HyJII0 TOPU30HTANBHOE 111aTo. J{Jis momy4eHus
KOOpPAMHATBI 3TOr0 MECTA CIEAYET MPOAHAIU3UPOBATh NPOU3BOAHYIO critaxkeHHOM CIIM: BoiaHOBOE umcCIO,
JUTSE KOTOPOTO TIPOU3BOAHAS CTAOMIIHLHO CTAHET PABHOW HYITIO, MOYKHO CYMTATh HAYAJIOM TIJIATO, 0003HAYUB €TO
KaK ¢,,,,- 1aKUM 00pa3oM, aJrOpuTM OIPENENEHUs ¢, ,, UMEET CIEAYIOMMN BUL!

1) nonyuenue onenku CIIM Ha ocHOBeE AMCKpETHOTO npeodpa3oBanust Dypbe TuaMeTpaIbHOTro pacipese-
JIEHWsI NTHTEHCUBHOCTH;

2) conaxxkuBanue oteHkr CIIM ¢ momomipto ¢punsTpa (Hanpumep, Gpunsrpa CaBuikoro — ['onest ninn GpuisTpa
l"aycca);

3) mpuMeHeHHe Pa3HOCTHOTO OIepaTopa sl OTyUeHHs olleHKH mpon3BogHoit CIIM, B pocTeiiimem ciydae

d_P(q):P(Qi+1)_P(‘Ii)_
dg Qo=
dP

4) IIOUCK 3HA4YCHUI ¢, ., [JIs1 KOTOPOIro BCC ,I[aﬂbHeﬁH.IHe 3HAa4YCHUA HpOH3B0,I[HOﬁ dq 6YZ[yT MCHBIIC 3a-

JAHHOT'O MAaJIOTO YHCHA K.
Ha ocHOBaHMM HalZICHHOTO 3HAYEHUS ¢, JIETKO IOJIyYUTh OLIEHKY IapaMeTpa ¢, UCXOs U3 YPABHEHUS

(260 )2 - qr%lax =0,

~ — qmax

90 5

(6)

b
re g, — OLEHKA MapamMeTpa ¢,

IIpuMeHeHne ONMUCAHHOIO METOAA MO3BOJIET AOCTATOYHO OBICTPO MOTYYUTh OLEHKY MapameTpa ¢, Mo-
CKOJIBKY HauOosiee TpyJoeMKas mpouenypa — Beluncienue oueHkd CIIM — moxer ObITh peann3oBaHa C UC-
MOJIb30BAHUEM AJITOPUTMOB OBICTPOTO MpeodpazoBanus Dypre, 001a1AI0NIIX BHICOKOH BRIYUCIUTEIHHON (h-
(dexTrBHOCTBIO. TeM He MEHee CMEIIEHHE, MOIIHOCTh M COCTOSITEIIbHOCTD TAKOH OLIEHKH TPEOYIOT YTOUHEHHSI
JUTSL HEU1€ATTbHBIX ITy4KOB.

[onyuennoe Beipaxkenue (4) ans CIIM nuaMeTpanbHOTO pacipenesieHusi HHTCHCUBHOCTH CIIPABEAIHBO
b A5 uaeanbHoro bCII, mockonbKy npeaessl HHTErPUPOBAaHUS OECKOHEUHBI, a CaMO AnaMeTpaibHOE pac-
IIpeieJIeHe MHTEHCUBHOCTH OIMCBIBAETCS KBaaparoM (GyHKIMK beccens, koTopas He sBIIeTCs] KBaIpaTUIHO
WHTETPHUPYEMOii B 0ECKOHEUHBIX Tpeeax, uTo NpuBoauT K ctpemienuio CIIM k 6eckoneqnoctu pu g — 0.

O‘ICBI/IZ[HO, YTO PEruCTprupyeMoC 4yBCTBUTCIbHBIM CEHCOPOM paclpeacICHUE MHTCHCUBHOCTU 6yI[CT HUMCETH
KOHEYHYIO JJIMHY ¥ B COOTBETCTBUH C Teopuei mpeoOpazoBanust Dypbe OCCKOHEUHBIH CIIEKTP.

[IpumeuarenbHO, YTO y IMYYKOB BBICIIMX IOPSIKOB HA FPAaHMLIE CIIEKTpa HaOMI0NaeTcss MAKCUMYM, KOTOPBIT
TaKKe BO3MOYKHO MCIIOJIB30BaTh JJIsl OLIEHKH IapaMeTpa KOHYCHOCTH ¢,. Takas OLEHKa MOXKET OKa3aThbCs 00-
Jiee TOYHOM, OJHAKO OHAa MMEET /1Ba IOTCHIUAIBHBIX HEO0CTaTKa. Bo-nepBeIx, M0go0Has OLICHKA HeyMeCcTHa
st BCII ), mockonbKy B HeM MakCUMyM Ha TPaHULle OTCYTCTBYeT. Bo-BTOpBIX, IOMCK MakcuMyMa Tpedyer 60-
Jiee CIIOKHOM CTaTHCTHYECKOM MPOIIeTyphl, YeM IMPOCTO OTCEYSHHE TPAHMIIbI CIIEKTPa MO 33JJaHHOMY YPOBHIO,
YTO MOXET CKa3aTbCsl Ha CKOPOCTHU IOJTyUEHHs OLIEHKH NP aHAJIU3€ CBETOBBIX IMyYKOB B PEKHUME PEAILHOTO
BpPEMEHHU.

[Ipumepsl SKCIEPUMEHTAIIBHBIX MTONIEPEYHbIX U AUaMETPaIbHBIX pacnpeneieHnii narencusHoctd bCII pas-
JIMYHBIX MOPSIIKOB, SKcTIepuMeHTaIbHble oleHkrn CIIM nmpuBeneHHBIX AUaMeTPalbHbIX PAacpeeIeHUH, TOTy-
YeHHBIE Ha OCHOBE JMCKPETHOTO mpeodpasoBanus Pypbe, a Taxke Teoperndeckne CIIM, 3amaBaeMblie BeIpa-
xeHusiMu (4) u (5), npencrasieHsl B Tabm. 2. [yt Toro 4ro0bl IPOHOPMHUPOBATH BOJTHOBOE YHCIIO ¢ B CTONIOLE
¢ skcriepuMenTanbHbiME CIIM, sKcneprMeHTanbHOe JHaMeTpaibHOE paclpeelieHne WHTEHCUBHOCTH OBLIO

anmpoOKCUMHUPOBaHO (yHKIMeH Buaa (r) = an ((x - c)b) +d (rpaduk anmpoKCHMaIMU TPUBEACH B Ta0I. 2

BMECTE C HKCIIEPUMEHTAILHBIMA THAMETPAJIHHBIMU pacIIpe/leIeHnsIMI). B pe3ynbrare moirydeHa OIeHKa ma-
pamerpa b, UMeroILEero cMbici g, Ha 3Hauenue b HopmupoBaHa 4acTOTHAS 1IKaja SKcrepuMeHTanpHoro CITM.
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Kypnaa Besopycckoro rocyrapcrseHHOro yuusepcurera. ®usuxa. 2022;1:20-34
Journal of the Belarusian State University. Physics. 2022;1:20-34

OueHk# ¢,,,,, NOTy4YeHHbIE HA OCHOBE Hoporosoro kpurepust ¢ 6 = 0,01, 0603HaUEHB! BEpTUKAIBHBIMU
nuHAsMU Ha rpadukax CIIM skcniepuMeHTaIbHOTO TUaMeTpaibHOTO pacnpenencHus B Tadn. 2. Buano, uto

o q
OHH JICKAT B OKPECTHOCTU 3HAYCHHNHU 110 OCH a6CLII/ICC q =2. 910 COOTBCTCTBYCT BbBIPAKCHUIO (6), YKa3bIBaro-
0

IIeMY, 4TO IPaHMIA CIIEKTPA 3aaeTCs KaK ¢, = 2¢,. 110 rpadukam B TalI1. 2 Takke BUIHO, YTO IKCIIEPUMEH-
tajbHble CIIM 1o CTpyKType MOXOKM Ha TEOpeTHYecKHe, HO 00JIafaloT OCHMWUIILUSAMHE, MPEarnoiaracMoin
[IPUYMHON BO3SHUKHOBEHHS KOTOPBIX SIBIISIOTCSI OTKJIOHEHHE (OPMBI IKCIIEPUMEHTAIBHOTO AUAMETPAIbHOTO
pacripeneneHus oT GOpMbl HIEATBHOTO U €r0 OTPaHNYEHHOCTD B IPOCTPAHCTBE.

AHaJIn3 BJIMSIHUSA TaycCOBOM
MOAYyJIsAMH my4yka Ha popmy CIIM

I[J'ISI pacCMOTpPCHUS BIIMAHUA T aYCCOBOﬁ MOAYJISALAU IMMONCPEUYHOI0 paCpCaACICHUS HHTCHCUBHOCTHU ITyYKa,
06yCJ]OBJ'I€HHOﬁ OrpaHUYCHHOCTBIO €0 MOIIHOCTH, ObLIN NOCTPOCHLBI OLICHKH CIIM AJIs CITy4aceB MOAYJIALIUA
AUaAMETPAJIbHOTI'O PACIIPCACIICHUA NHTCHCUBHOCTHU (bYHKLII/ICﬁ Faycca, WK TaK Ha3bIBAEMOI'0O 6€CCCHB—FaYCCOBa

nyuka [6]. )
(x—x,)
2

B Tabn. 3 npuBeneHs mpuMepsl BHIOOPOK, B3BeNIeHHBIX (yHKInel ["aycca [ = exp = ¢ pasnnu-
HBIMU 3HAYEHUSIMHU CPEAHEKBAIPaTUYHOIO OTKIOHEHHS O, a TaKkKe cooTBeTcTRyomue um oneHku CIIM. Ue-
Ka)KeHUsI TOJOOHOTO POJia YacTO BCTPEUAIOTCS Ha MIPAKTHKE.

Bunano, 9ro MogynsiMs AMaMETPaIbHOTO pacipeeeHnsi MHTEHCHUBHOCTH IayCCOBBIM OKHOM ITPU pa3yMHON
JUIMHE OKHA HE OKa3bIBAET CYLIECTBEHHOT'O BIMSHUS HAa OTPaHUUYEHHOCTD CIIEKTPa, a CJIEI0BATENBHO, HE CO3aeT
MPETSITCTBUH 715l TIPUMEHEHHS MTPEATI0KEHHON METOIMKH, 9TO CBUACTENLCTBYET 00 YMECTHOCTH €€ UCIIONb30Ba-
HUSL 7151 Oeccelb-rayCCOBBIX MyYkoB. PopMa CrieKkTpa MMpy YMEHBILCHUH MapaMeTpa G CIIaKUBAETCSI, HO YHCIIO

JIOKAJIbHBIX MUHHUMYMOB IIpH G > 0,5 MM COXPAHSCTCA, YTO MO3BOJIACT OUCHUTD MOPAIOK ITyYKa 110 CIIM.

AHa/u3 BJIMAHUA KOCHHYCHOM
MOAYyJIsAUM mMy4yka Ha popmy CIIM

B [7; 8] 6bu10 oKa3zano, uto npu Gpopmupoannu bCII HenieaibHbIM aKCHKOHOM, UMEFOIIUM CKPYTIICHHYHO
Bepxylky, B popmupyemoM BCII npucyTcTByeT niepronuueckas MOAYJSIHS KaK 0CEBOr0, TaK U MOMEPEYHOTO
pacnperneneHns KHTEHCUBHOCTH. TakuM 00pa3oM, MHTepeC MPEeACTaBIsieT BONPOC BIMSHUS 0003HAYEHHOH MO-
IyJSUK Ha (DOpMY CIIEKTpa TMaMeTpalibHOTO pacnpeeneHus narencuBHoct B bCIT.

[IpeanonoxumM, 4To Ha pachpenenacHue nois B uneansHoM BCII HanoXeHa KOCHHYCHAs! MOIYJISIIHSI, OTpe-
nelisieMasi BBIpakKeHUEM

g(x)=Bcos(qy,x),

rae B — aMiunTyna MOIyJIsILHUY; ¢,, — HPOCTPAHCTBEHHAS YaCTOTA MOAYJ/ISILIUH.
[Mone nneansHoro bCII Bnob 3a1aHHOM TUaMeTpaIbHON JIMHUU 0003HAYMM Kak U (x) Torma mogynupo-

BAaHHOE TIOJIE
UM(x) = g(x)U(x).
JI71s1 ”HTEHCUBHOCTH TIONYYaeM BBIPAKEHHE
Iy (x)=g*(x)U*(x) =g (x) (x).
[IpeobpazoBanne Pypre UMEET BUJ
Fy(q)= ]—"{gz(x)](x)} = [TeopeMa CBEpTKH] = ]-'{gz(x)} * f{](x)} = f{gz(x)} «F(q),

IJ€ 3HaK * 0003HaUaeT CBCPTKY.

Takum O6p8,30M, CIICKTP (I)ypbe JJTIA MOAYJIMPOBAHHOTO paCclIipCAC/ICHUA MHTCHCUBHOCTHU 6y,£[€T PpaBCH CBEPTKE
CIICKTpa pacrpeacjacHuss UHTCHCUBHOCTH 0e3 MOAYJIAIUU U CIICKTPa camou MOAYJIALUHN.

Bmpa)erHe JJIA CIICKTpPa 0e3 MOIYJISALAU IMMOJIYUYCHO BBIIIC. PaCCMOTpI/IM CIICKTP camon MOOYJIALN.

f{gz(x)} = .7:{32 cos’ (qm x)} = .7-"{% 32(1 + cos(2qm x))} =

2+ feosanl) = {5 0002+ 3(a200)])
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rie 8(¢) o6o3nauaer nenbra-hyHKumio. VCHomb3ys H3BECTHOE TOKIECTRO

S(x—xo)*f(x)zf(x—xo),

IIoJIy4aceM CIICKTP MOAYIUPOBAHHOI'O MMONECPEUHOI0 paCcupeaACICHUA NHTCHCUBHOCTH

=250 380020+ 804+ 201)] (o) =

FM(‘])
B? 1
=7(F(q)+ E[F(q - 2qM)+F(q+2qM)]).

Kak BUJHO, CIICKTP MOAYJIMPOBAHHOI'O JUAMETPAIBHOI'O PACIPCACIICHUA UHTCHCUBHOCTU C TOYHOCTHIO 10

MHOXKHTENISt OyIeT IPeJCTaBIsTh COOO0H CyMMy HCXOTHOTO CIEKTpa F(g) ¢ IOIyCyMMOi HCXOAHOTO CIIeKTPa,
CIBUHYTOI'O BIIPaBO U BJIEBO HA 2¢,,.

Tockombky npu ¢ = 0 ucxoHbIi criekTp F (g) UMeeT MakcuMyM, CIEKTP MOYIMPOBAHHOTO PACTIPEIeICHUS
MHTEHCHBHOCTH F),(q) Gyner umeTs mik mpu g = 0, a Takke KK TpH ¢ = +2¢,,, COOTBETCTBYIOLINE CBHHY-
THIM KOMITOHEHTAM, HO MEHBLIICH aMILTHTY/IbI, TOCKOMBKY CIBUHYTHIC YaCTH CIIEKTPOB BXOIST B /(¢ ) ¢ MHOXH-

1
TEJEM 5 Crenyer OTMETUTD, YTO U BEPXHsS [PAHUIIA CIIEKTPa [IPU STOM JI0JKHA YBEJIUUUTELCS Ha 2¢),.

MO’KHO BBIICIUTD HECKOJIBKO XapaKTEPHBIX CUTYallUH B 3aBUCUMOCTH OT COOTHOILUEHUS ¢, U ¢, IPUBEICH-
HbIX B Ta01. 4. IIpy pa3yMHBIX 3HAYEHUSIX YACTOTI MOYIISILIUM, KOTJA g, <K ¢, CABUT BEPXHEH UaCTOThI CIIEKTPa,
1

YUYUThIBasA MHOXUTEIIb 5, MOXXHO HUBCJIMPOBATH 3a CUYET IIPABUIIBHO HO}IO6paHHOFO 3Ha4YCHUA 11opora, 1o KoTo-

pPOMY ONpeNensaercs g, 1IpH q,, = g, CUTyallls yXy[IIaeTcs, [I0CKOIbKY CYIIECTBEHHBIM CTAHOBHUTCS BIUSHHE
JOIOJIHUTENIBHOTO MAaKCUMyMa Ha 4acToTe 2¢,,, a TalKe CIECAYIOLIEro 3a HUM ONAJaloLEero «XBOCTa» CIIEK-
Tpa, B TAKOM CIIy4ae TOYHOE OINpeIe/ICHUE BEPXHEN I'PaHUIIbI CIIEKTPA, COOTBETCTBYIOLIEH HEMOIYIUPOBAHHOMY
MYy4KY, ABJSIETCS 3aTpyAHUTENbHBIM. Kpome Toro, OymyT BO3SHHKATh JOTOJHUTEIbHBIE OCHMIIISINN B CIIEKTpe

B OKpecTHOCTH ¢ =0 3a cueT 00pbIBa CABHHYTBIX CIIEKTPOB B TOYKAX J_r(q Ve qo). Cayuail g,,> g, COOTBET-

CTBYET CUTYaLllH, KOTZIa PACTIpeACICHIE HHTEHCUBHOCTH ONUCHIBACTCS OBICTPO OCLIUIMPYIOMINM KOCHHYCOM,
MOAYJIMPOBaHHBIM MEIJICHHO MEHsIIoIIecs: pyHKIen beccens, n He peacTaBseT HHTEpeca.

ITockonpKy MOIYIISLMS TUAMETPAIBHOIO PACHIPEAEICHUSI HHTEHCHBHOCTH CBSI3aHa ¢ OKPYIIOCTBIO BEPXYIII-
K{ aKCUKOHA, aHAJIN3 CTPYKTYPBI CIIEKTPa JUAMETPAIBHOTO paclpeeeHHsl HHTEHCHBHOCTH MOTEHIINAIBHO MO-
JKET UCIIOJIB30BAaThCA IJII OUCHKU CTCIICHU OKPYITIOCTU BEPXYIIKU aKCUKOHA.

Omnpenesnenue kayecTBa OLeHKH napamerpa konycHoctu BCII
U OBICTPOAEHCTBUSA AJITOPUTMA €€ BbIYMCIEHHSI

Jlg nccnenoBaHys KauecTBa BBEJIEHHON OIIEHKH pacCMOTPEHA 3aBUCUMOCTh BPEMEHHU BBITIOJIHEHUS U OT-
HOCHUTEJIbHOH OLIMOKH € OLIEHKHU [1apaMeTpa g, 0T IapaMeTpa g d, XapaKTepU3yIOLIero BUANMOE YUCIIO KoJIell,
JUISL QJITOPUTMOB C Pa0OYNMH Ha3BAaHUAMU «CIEKTP», «KKOMOMHUPOBAHHBII, «aIIPOKCUMALIH».

1. Aroput™m «CIeKTp» — OIpeAEIeHUe apaMeTpa g, 1o ciuekrpy (¢ noporom 0,1 u 10-kparHbIM JOIIOIHE-
HUEM BBIOOPKH HYIISIMU).

2. Anroput™ «KOMOMHUPOBAHHBIID — BBINOIHEHNE aJITOPUTMA «CIEKTP», HCIOIb30BaHUE €TI0 PE3YJIbTaTOB
B KQUECTBE HAYaJIbHOTO MPUOIMKEHUS B allIPOKCUMAIIMK METOIOM HauMeHbIUX KBajaparos (MHK).

3. AnroputMm «arnmpokcuManus» — MHK B uncrom Buje (HadyaipbHOE PUOIMIKEHUE ISl IEHTpa pacipe-
JeJICHUS OIIPEeIIsieTCs METOJJOM MOMEHTOB, [UISl BBICOTBHI PACHPEACICHUS — 110 MAKCUMAJIbHOMY 3HAYEHHUIO
MHTEHCUBHOCTH, Ha4aJbHOE NPHOMIKEHNE apaMeTpa g, (GUKCHPOBAaHO, IPEAIONAraeTcs, YTO0 OHO MOXKET OBbITh
M3BECTHO Ha OCHOBE MHBIX 3BPHCTHUK).

B xauecTBe MCXOAHBIX JAHHBIX Ul TECTUPOBAHUS AJITOPUTMOB HCIIOIb30BAINCH UACATIbHBIE CTCHEPHPO-
BaHHbIE YHCICHHO pacnpenenenus nateHcuBHocTd B bCII, nmMuTHpyromue u3MepeHue CEHCOpOM ¢ AJIMHOM
d =10 MM 1 pacctosiareM Mexny nukcenamu Ax = 0,01 mm. Takum 00pazoM, 00beM BBIOOPKH COCTaBIISLI

i =1000 nk. ITapamerp KOHYCHOCTH ¢, BappupoBajcs B npeaenax or 1 go 30 paxy/mm ¢ marom 0,1 pag/mMm.

Ax
Bri0opku (popMHPOBATUCH CHMMETPHUUYHBIM 00pa3oM Tak, YTOOBI IIEHTP PACIPEICIICHUs COBMAJAN C HYyJIeM
aprymenTa QyHkimu beccens.
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Ha pucyHke a npuBe/ieHa 3aBUCUMOCTb OTHOCUTEIILHOM OIIMOKH € OLIEHKHU MapaMeTpa ¢, OT BEIUUUHBI ¢ d,
xapaKTepI/I:;onmef/'I YHXCJI0 BUAMMBIX HA AUaMETPAJIbHOM PACIIPCACICHUN MHTCHCUBHOCTHU KOJICH, JIJIA aJilrlOpUTMa
«criektp». Kak BHIHO, OmMOKa OIEHKH MPH MAaJIOM YHCIIE KOJIEI] MOXKET MPeBBImMaTh 5 %, OMHAKO C YBEIH-
YEeHHEM YMCJIa BUAUMBIX KOJEL CTPEMUTCS K HyII0, JocTHras BeauduH <1,5 % npu g,d > 50 (Bux quamer-
panbHOTO pacnpeneneHus npu g,d = 50 nokasas B Tabn. 1). Pa3dpoc otHOCUTENbHON OmMOKN 00yCIIOBIEH
IucKpeTHOCThI0 oueHKU CIIM, mockomnbKy ¢, onpenensercs: KoHKpeTHbIM orcueToMm CIIM, nmostomy npu
HEMpPEepPbIBHOM H3MEHEHHH allPHOPHOTO ¢, OLICHKA ¢, OyneT npoderars Habop AUCKPETHBIX 3HAYCHHUI C IIArOM

27
Ag= v Ipy 3TOM OJIM3KUM 3HAYEHUSIM ¢, MOTYT COOTBETCTBOBATH CTPOTO OAMHAKOBBIC 3HAYECHUS OLICHKU
§o> @ OTO NPUBOIHT K TOMY, 4TO rpaduK abCOMOTHON OMOKK HMEET MUI000Pa3HBINH BUJ, TIOCKOIBKY pas-

HOCTB ¢, — ¢, OyZeT JTMHEHO 3aBHCETH OT ¢, MOKa g, = const, a 3aTeM CKaYKOOOPa3HO M3MEHUTCS, KOT/ia yBe-
JIMYEHHUE ¢, BHI3OBET MEPEXOJl K HOBOMY OTCUETY ¢, C YBEIMYECHUEM ¢, Ha Ag. DTOT MUI000pasHblii rpaduk

UMeeT OYeHb MaJIbli MEepHOI, paBHbIA Ag, TOITOMY Ha rpadyiKe OTHOCUTENFHON OMIMOKH OH MPECTaBISIeTCs
PaBHOMEPHBIM HarpOMOXKJIEHHEM TOYeK. ITOTO MOXKHO M30ekKaTh, yMEHBIINB Ag uepe3 yBennueHne N myTem
JIOTIOJTHEHUSI BBIOOPKH HYIAMU. [IpH 3TOM ciieyeT yuuThIBaTh, YTO yBeIUdeHUe N MIPUBOIAUT K YBEJIMUYCHHIO
BPEMEHU BBIIIOJHEHUS AITOPUTMA U HE BCETAA YMECTHO HA IIPAKTHUKE.

ala o/b

OTHOCHUTEIbHAS
omMoKa € OLEHKH ¢, %o

Bpewms Beinonuenus, ¢

50 100 150 200 250 300 0 1000 2000 3000 4000
q,d OO6beM BBIOOPKH, MK

O AJITOPUTM «CHIEKTP» 2 ANTOPHUTM «KOMOMHUPOBAHHBIN» 0 AJITOPUTM «aIllpPOKCUMALIHSD)

3aBUCHMOCTH, XapaKTEPU3YIOIHe Ka9eCTBO MPEUIOKCHHBIX aJlTOPUTMOB:
@ — 3aBUCHUMOCTb BEJIMYMHBI OTHOCHTEIbHON OIIMOKH € OLIGHKH IIapaMeTpa ¢ OT IPOU3BEACHUs ¢y d
IIPY aHAIH3E UJICATFHOTO JHAMETPAIFHOTO PACIPEACICHUS anropuTMoM «criekTpy (d = 10 MM, Ax = 0,01 Mm);
6 — 3aBHCUMOCTb BPEMEHH BBITIOJIHEHH S AJITOPUTMOB OLIEHKH MTApaMeTpa g,
oT 00beMa BEIOOPKH B JorapudMUIeckoM MacmTabe

Dependencies, characterising quality of proposed algorithms:
a — dependency of relative error € of g, parameter estimate on g,d product in case of analysis
of ideal diametral distribution with «spectrumy algorithm (¢ = 10 mm, Ax = 0.01 mm);
b — dependency of execution time of algorithms of ¢, parameter estimation
on volume of sample in logarithmic scale

J171st aJITOpUTMOB «KOMOMHUPOBAHHBINY U «aNIPOKCUMAIIUS OTHOCHTEINIbHAsI OIMOKa OblTa ONM3Ka K Hy-
10 (<1077 %) nipu TF060M 3HAYCHHH qod, 9TO COOTBETCTBYET OXKUIAHMUSIM, IOCKOJIBKY HCXOJHBIE paclpeieICHUs
MHTEHCUBHOCTHU CT€HEPHPOBAHBI HCKYCCTBEHHO U TOYHO COOTBETCTBYIOT alllIPOKCUMHUPYIOLICH (yHKLUH.

Jnist mpakTUYECKOro MPUMEHEHHs alrTOpUTMa OONbIIOe 3HAYSHHE MMEET BpeMsl ero BblmosHeHus. Ode-
BHJHO, YTO B HAIlIeM CJy4ae BpeMs BBITIOJTHEHHUS OyJeT 3aBUCETh OT 00beMa BEIOOPKH AHaMeTPaIbHOTO pac-
TIpeJIeIIeHNs] MHTEHCUBHOCTH (M HAYaIBHOTO MPHOMIMKEHHS B CIIy4ae alrOpPUTMa «arpOKCUMAINs»). 3aBH-
CHUMOCTb BPEMEHH BBINIOJIHEHUS OT 00beMa BEIOOPKHM NpUBelicHa Ha pUcyHke 6. [lapameTpbl pacnpeneneHus:
q,=0,1 pa/nk, Ax = 1 1K, d BapsupoBanocs B npenenax ot 201 1o 4095 nk ¢ marom 50 nk. HavyansHoe npu-
OKeHue A7l MapaMeTpa ¢, B aJrOPUTME «allpOKCUMALs» ObUIO ycTaHOBIIEHO paBHbIM 0,15 pan/mk. Bel-
guciaeHus npoussoauwinchk Ha [I19BM c¢ uetbipexbsaepasM nporeccopoM Intel® Core™ i5-4460 ¢ TakToBOI
gactoto# 3,2 [T u oneparuBHON naMsThio 16 I'0 mox ynpasienueM 64-pa3psiiHOil OnepalliOHHOW CHCTEMBI
Windows 7 B cpene MATLAB R2016a.

Kak BunHO U3 prcyHKa 6, 1a)ke HeOOIbIII0e OTKIOHEHHE HAauaIbHOTO TIPUOIIKEHUS OT MICTHHHOTO 3HAYe-
HUS TTapaMeTpa MPUBOAUT K OJMU3KOW K JTMHEWHOM 3aBHCHMOCTH BPEMEHH BBITIOJIHEHUS OT 00heMa BBIOOPKH
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B QJITOPUTME «AIMPOKCUMAIIHs». BpeMsl BBIMOJIHEHUS aJITOPUTMOB «CIIEKTP» U «KOMOWHUPOBAHHBIN» Mayo
3aBUCHUT 0T 0ObeMa BeiOopku mpu N < 4000 nk. Hanbonee ObICTPBIM SBISETCS alTOPUTM «CIIEKTPY», TPpeOyto-
A JI71ST BBITIOTHEHHSI KaK MUHUMYM B 10 pa3 MEHBIIE BPEMEHH, YeM aITOPUTMBI «AIITPOKCUMAITUSD) U «KOM-
OMHMPOBAHHBII».

W3 pucyHka a cieyer, 4To ajJrOpUTM «CIEKTP» IPU MaJIOM ¢,d HE IO3BOJISET JOCTATOUYHO KauyeCTBEHHO
OLIEHUTH IapameTp ¢,. Takum o0pa3oM, KOMIIPOMHCCHBIM BapUaHTOM, 0OECIIEUHBAIOIUM KaK BBICOKYIO CKO-
POCTb MONTy4eHHs], TaK U YIOBJIETBOPUTENFHOE Ka4eCTBO OIEHKH, SIBIISETCS aJlTOPUTM «KOMOMHHPOBAHHBIIN.

3akaueHmne

PaccmoTpens! quameTpalibHbIE pacnpeaeneHus nareHcuBHocTy naeansHoro bCIL. [TokazaHo, 9TO CIEKTp
Dypbe UICATBHOTO pacHpe/IeNIEHUs] HHTEHCUBHOCTA OTPaHUYEH CBEPXY M €ro rpaHulia paBHA YIIBOCHHOMY

napameTpy KOHYCHOCTH g, = ksin(Y), a uncio Hyseil B cieKTpe Ha HHTEpBAlE (O, 2q0) PaBHO MOPSIAKY ITyUKa.

[IponemoHCTpUpPOBaHO, UTO HAa OCHOBE aHanu3a oleHkn CIIM, nmomyueHHol ¢ UCITOIBb30BaHUEM JUCKPETHOTO
npeoOpazoBanusi Oypre SKCIEPUMEHTAIFHOTO paclpeesieHHs HHTEHCUBHOCTH, MOJKHO OLIGHHTBH HapameTp
koHycHoctu BCII. Taxke moka3aHo, 4To Takas OlleHKa yCTOWYHMBA K MOAYJISLMH ITy4YKa MPSIMOYTOJIBHBIM U Tayc-
COBBIM OKHOM, a 00ECIEeUYMBAIOIINE €€ BBIYHUCIUTEIbHBIE MPOLEIYPhl MO3BOJISIOT IOCTUYb PEalbHOrO Mac-
mraba BpeMenu (He Oojee 107 ¢ Ha KaJp npu pactpenenaeHuu anuHoi 10 2000 nK) npu aHanuse CBETOBBIX
My4YKOB, HAIIPUMeED, PH OlleHKe UX KauecTsa [9; 10]. PaccmoTpeno BiaustHre kKocuHycHOM Moayssiun Ha CIIM
JMaMeTpaNbHOTO PaCHpeesIeHUs] NHTEHCUBHOCTH, OTMEUEHO, YTO IPaHUIA CIEKTPa MPU KOCUHYCHON MOJY-
JISIIUY TIOBBIIIAETCS HA BEJIMYHHY, PaBHYIO YIBOEHHOI 4acTOTE MOAYJSALUN aMIUTUTYIBI 2¢,, Y YUTbIBas, 4TO
KOCHHYCHAsi MOILYJISILIUSI MOXKET OBITH 00YCIIOBIIEHA CKPYIJIEHHEM BEPXYIIKH akcukoHa, popmupyromero bCII,
anaim3 CIIM auamerpanbHoro pacnpezaeneHust ”HTeHCUBHOCTH BCII MoxeT Mcroib30BaThCs AJis OLEHKH
KauecTBa M3TOTOBJICHUS] aKCUKOHOB. IIpeyioskeH anropuT™ OLIEHKH MapaMeTpoB JUaMETPaIbHBIX paclpese-
nenni nateHcuBHocTH BCII, nmpumenstomumii onvcanuelii MeToA. [lokazaHo, 4TO MCTIONB30BaHKE OLIEHKH T1a-
pameTpa g, noryuerHoro u3 CIIM, B kadecTBe HauaJIbHOTO MPUOIMKEHUS O3BOJSIET YCKOPUTD MIPOLIEAYPY
anMpOKCUMAIH AUaMETPAIbHOTO paclpeaesieHHss HHTEHCUBHOCTH 0€3 MOTepH TOYHOCTH.
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OITPEAEAEHUE ITAPAMETPOB ABYXAYUYEBOI'O AA3EPHOTO
PACKAABIBAHUS CUANKATHBIX CTEKOA C NCITOAB3OBAHWEM
PETPECCMOHHBIX 1 HEMPOCETEBbIX MOAEAEN

10. B. HHKHTIOK", A. H. CEPJIOKOB", H. I0. AYILIEB®

DTomenvcruii 2ocyoapemeennwiii ynusepcumem um. @. Cropuni,
ya. Cogemckas, 104, 246019, e. T'omens, benapyco
D Vuusepcumem 2pajicoancori 3auyumol
Munucmepemea no upeszgvruatinoim cumyayusm Pecnyonuxu Benapyce,
ya. Mawunocmpoumeneii, 25, 220118, e. Munck, Berapyco

Jlnis co3maHus HEMPOCETEBBIX U PETPECCHOHHBIX MOJIENIEH JABYXITyHYEBOTO JIA3€PHOTO pacKaIbIBAHUS CHIIMKATHBIX CTe-
KOJI OBUTH HCTIONB30BaHbI PE3Y/BTaThl YUCICHHOTO SKCTIEPUMEHTA, PEAIM30BAaHHOIO B IIPOTpaMMe KOHEYHO-3JIEMEHTHOTO
ananusa Ansys. B monyne DesignXplorer niporpammbl Ansys Workbench ¢ npuMeHeHHEM TpaHeEHTPHUPOBAHHOIO BApHAHTa
HEHTPATBHOTO KOMIO3UIIMOHHOTO IIJIaHa SKCTIEPUMEHTa OBLIN TOMYyYEHB] PErPECCHOHHBIE MOCIHN ABYXJTY4EBOH J1a3epHOI
pe3ku crekiia. B kauecTBe BapbUpyeMbIX (haKTOPOB HCIIOIb30BAHBI CKOPOCTh 00PAOOTKH, MapaMeTpbl JIa3epHbIX Myd-
KOB, TOJIIMHA CTEKJITHHON IUIACTHHBI M PACCTOSTHUE MEXTy 30HAaMH BO3JEHCTBUSA JTa3€PHOTO U3MYUYCHHS M XJIaJareHra,
a B Ka4eCTBE OTKIMKOB — MaKCUMAaJIbHbIE TEMIEpaTypsl U TEPMOYNPYTHE HANPSDKEHUS PACTSDKEHUS B 30HE Ja3epHOM
obpabotku. C npumeHneHueM nakera TensorFlow peann3oBaHbl MOCTPOCHHE U 00y4YE€HHE UCKYCCTBEHHBIX HEHPOHHBIX
ceTeil. BeImonHeHO cpaBHEHHME Pe3yNbTAaTOB ONPENENEeHUs] MAKCHUMAIBHBIX TEMIIEpaTyp W TePMOYIPYTUX HaNPsKSHUI
B 30HE JIa3epHOi 00pabOTKH C MCIIOIb30BAHUEM HEHPOCETEBBIX U PETPECCHOHHBIX MOJIEIICH.

Knrwuesoie cnosa: JIa3€pHOC pacCKaJbIBaHUEC; CTCKIIAHHAA IJIaCTUHA, HeﬁpOHHaH CCTh, Ansys.

O0pa3en LUTHPOBAHUMA:

Huxwuriox OB, Ceparoxos AH, Aymes UIO. Onpenenenue na-
PpaMeTpoB ABYXJIy4EBOTO JIA3€PHOTO PACKAIBIBAHNS CUITUKATHBIX
CTEKOJI C UCTIONB30BAHUEM PErPECCUOHHBIX U HEHPOCETEBBIX MO-
neneit. JKypuan Benopycckozo eocyoapcmseenno2o ynueepcume-
ma. @uzuxa. 2022;1:35-43 (ua aHn.).
https://doi.org/10.33581/2520-2243-2022-1-35-43

For citation:

Nikitjuk YV, Serdyukov AN, Aushev IY. Determination of the
parameters of two-beam laser splitting of silicate glasses using
regression and neural network models. Journal of the Belaru-
sian State University. Physics. 2022;1:35-43.
https://doi.org/10.33581/2520-2243-2022-1-35-43

ABTOpBI:

FOpuii Banepvesuu Hukumroxk — kauquaat GuU3nKo-MaTeMarH-
YEeCKHUX HayK, JIOIEHT; JOUSHT Kadeapsl paguopU3NKN 1 deK-
TPOHUKH (aKyibreTa GU3MKU 1 HHPOPMALIMOHHBIX TEXHOIOT M.
Anamonun Huxonaesuu Ceporokog — NOKTOp GH3UKO-MaTeMa-
THYECKHX HayK, rmpodeccop; mpodeccop kadeapsl onTuku ¢a-
KynbTeTa (GU3UKH 1 MHQOPMALMOHHBIX TEXHOJIOTHH.

Hzopv IOpvesuy Aywie¢ — xannuiaT TeXHUYECKUX HayK, J10-
[IEHT; HaYaJIbHUK (haKyIbTeTa MOIrOTOBKH HAYYHBIX KaJPOB.

Authors:

Yuri V. Nikitjiuk, PhD (physics and mathematics), docent; as-
sociate professor at the department of radiophysics and electro-
nics, faculty of physics and information technology.
nikitjuk@gsu.by

Anatoly N. Serdyukov, doctor of science (physics and mathe-
matics), full professor; professor at the department of optics, fa-
culty of physics and information technology.

serdyukov@gsu.by

Igor Y. Aushev, PhD (engineering), docent; head of the faculty
of researchers training.

ai@ucp.by

35



Kypnaa Besopycckoro rocyiapcrseHHOro yuusepcurera. ®usuxa. 2022;1:35-43
Journal of the Belarusian State University. Physics. 2022;1:35-43

DETERMINATION OF THE PARAMETERS OF TWO-BEAM LASER
SPLITTING OF SILICATE GLASSES USING REGRESSION
AND NEURAL NETWORK MODELS

Y. V. NIKITJUK® A. N. SERDYUKOV", I. Y. AUSHEV®

*Francisk Skorina Gomel State University, 104 Saveckaja Street, Homiel 246019, Belarus
®University of Civil Protection, Ministry for Emergency Situations
of the Republic of Belarus, 25 Masynabudaztinikoti Street, Minsk 220118, Belarus

Corresponding author: Y. V. Nikitjuk (nikitjuk@gsu.by)

The current work takes the results of the numerical experiment implemented in the Ansys finite element analysis pro-
gram to create the neural network and regression models of two-beam laser splitting of silicate glasses. The regression
models of two-beam laser glass cutting have been obtained in the DesignXplorer module of Ansys Workbench using
a face-centered version of the central composite design. The processing speed, the parameters of laser beams, the glass
plate thickness, and the distance between the laser radiation and the refrigerant affected zones were used as variable fac-
tors. The maximum temperatures and thermoelastic tensile stresses in the laser processing areca were used as responses.
The artificial neural networks have been constructed and trained using the TensorFlow package. The results of deter-
mining the maximum temperatures and thermoelastic stresses in the laser treatment area using the neural network and
regression models have been compared.

Keywords: laser splitting; glass plate; neural network; Ansys.

Introduction

Laser splitting is one of the methods for cutting silicate glasses, which is carried out as a result of the
laser-induced crack formation during consecutive laser heating and action of the refrigerant on the treated
surface [1-5]. At the same time, the use of two-beam schemes provides an increase in the efficiency of this
technology [6—8].

Artificial neural networks (ANN) provide good results when modelling complex connections between in-
puts and outputs of the system. The wide application of neural networks is due to their capabilities in finding
non-linear dependencies in multidimensional data sets [9—11]. Currently, ANN are successfully used in various
fields [9—13]. The combination of ANN and the finite element method turns out to be effective in modelling
laser treatment processes [14; 15], including modelling of laser glass splitting [16; 17]. Regression models
of laser processing of materials [18; 19] are also successfully used, and a comparison of neural network and
regression models of laser cutting of materials was carried out in [20].

This research uses the results of the numerical experiment implemented in the Ansys finite element analysis
program to create neural network and regression models for two-beam laser splitting of silicate glasses with
subsequent comparison of their efficiency.

Finite element analysis

To determine temperatures and thermoelastic stresses in silicate glass during two-beam laser splitting (fig. 1),
a calculation program was prepared in the APDL programming language (4nsys parametric design language).

Calculations were performed for the plate with geometric dimensions of 30 x 10 x 4 mm. The resulting
model consisted of 44 160 solid 70 elements for thermal analysis and solid 185 elements for strength analysis.
The processing speed for the calculations was V' = 0.02 m/s. The following values of the parameters of laser
beams were used: semi-major axis 4 = 0.003 m, semi-minor axis B = 0.001 m for an elliptical beam with
a radiation wavelength A = 10.6 um and a radiation power P = 10 W; the radius of the beam radiation spot is
R =0.001 m for a beam with a radiation wavelength A = 1.06 um and a radiation power P, = 50 W. The distance
between the action zones on the glass plate of the YAG laser and the refrigerant is 4 = 0.002 m. The refrigerant ef-
fect was believed to provide cooling of the glass surface with a heat transfer coefficient equal to 8000 W/(m? - K).
The following properties of silicate glasses were used for the calculations: density 2450 kg/m?®, thermal con-
ductivity 0.88 W/(m - K), specific heat capacity 860 J/(kg - K), Poisson’s ratio 0.22, Young’s modulus 70 GPa,
linear thermal expansion coefficient 89 - 10”7 °C™' [2].

Figures 2 and 3 show the distribution of temperature fields and fields of thermoelastic stresses, characteris-
tic of a two-beam laser splitting schemes of glass plates.
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Fig. 1. Schematic of the mutual arrangement
of the laser beams and refrigerant affected zones:
position / corresponds to an elliptical laser beam with a wavelength of 10.6 pm,
position 2 — to a round laser beam with a wavelength of 1.06 pum,
position 3 — to the refrigerant, position 4 — to the laser beam section with a wavelength of 10.6 um,
position 5 — to the laser beam section with a wavelength of 1.06 um,
position 6 — to the refrigerant affected zone

600
400

300

Fig. 2. Temperature distribution in the volume of the processed plate, K

0

Fig. 3. Distribution of stresses 6, in the volume of the processed plate, MPa

For the selected calculation parameters, the values of the maximum tensile stresses in the treatment zone G
and the maximum design temperatures 7 are 79 MPa and 689 K, respectively, with acceptable temperature
values not exceeding the glass transition temperature equal to 789 K [2].

Regression model

In the DesignXplorer module of the Ansys Workbench software, a face-centered version of the central compo-
site plan of the experiment was generated for eight factors (P1—P8) [21; 22]: P1 is the processing speed V, P2 is the
glass plate thickness H, P3 and P4 are the semi-major axis 4 and semi-minor axis B of an elliptical beam with
the radiation wavelength A = 10.6 um, P5 is the radius of the radiation spot R of the beam with the radiation wave-
length A = 1.06 pum, P6 is the power P of the laser with the radiation wavelength A = 10.6 pum, P7 is the power P,
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of the laser with radiation wavelength A = 1.06 um, P8 is the distance / between the action zones of the laser with
the radiation wavelength A = 1.06 um and the refrigerant. According to the experimental plan, the calculations
were performed for 81 combinations of input parameters (see version 1 in table 1), while the following output
parameters were determined: the maximum temperature in the laser treatment zone 7" and the maximum tensile
stresses G, in the treatment zone.

Table 1
Parameters of two-beam laser glass splitting
Parameters Values
Version 1 (81 combinations) Version 2 (72 combinations)
P1 (V, m/s) 0.01; 0.025; 0.04 0.025; 0.035; 0.04
P2 (H, m) 0.003; 0.004; 0.005 0.003; 0.035
P3 (4, m) 0.002; 0.003; 0.004; 0.005 0.0025; 0.0035; 0.005
P4 (B, m) 0.0005; 0.001; 0.0015 0.001; 0.0015
P5 (R, m) 0.0005; 0.001; 0.0015 0.001; 0.0015
P6 (P, W) 5;10; 15 7;9; 15
P7 (Py, W) 40; 50; 60 45; 55; 60
P8 (h, m) 0.001; 0.002; 0.003 0.001; 0.002

The regression equations obtained using the DesignXplorer module connecting the output parameters (7, 6,,)
with the factors (V, H, 4, B, R, P, P, h) have the following form:

Y,=73-27-10>-4-7.6-10- B +
+16-10"-P+28-10>-V-V+17-10°-B-B—19-10°-P-P+
+23-10°-V-4-60-10"-V-P+72-10*-4-B-52-4-P—

~24-10-B-P-46-10°-R-h,

T=(0.02-Y,+1)" - 1;

Y,=23-10"-42-10°-V+8.6-10*- B+88-10*- R+
+56-P+41-10*-V-V-37-10"-B-B-3.7-10"-R-R -
~57-10°-V-B-25-10-V-P+7.8-V-Py+9.7-10*- V- h—
~84-10-H-P+3.6-10°-4-B+39-10°-B-R-7.7-10°-B-P—
~83-10"-B-h—4.6-10°-R-P—40-10°-R-h+22-10%-P- P,

1/0.236 6
6,,=(02366-Y,+1) - 1.

Neural network application

Figure 4 shows a block diagram of the ANN simulation procedure. The training and test sets were generated
when solving the corresponding problems by the finite element method in the Ansys program. Here, 81 com-
binations of the central composite design were supplemented with another 72 combinations of calculations (see
version 2 in table 1). Thus, neural networks training was carried out using two data sets consisting of 81 com-
binations of the central composite design (version A) and 135 combinations (version B) of the values of the
two-beam laser splitting parameters formed by supplementing 81 combinations of version A with another
54 combinations (see 2 versions of table 1). At the same time, a test set of 18 combinations of parameters was
used to test neural network and regression models (see table 2).

Table 2
Test set of parameters
No| s | | dm | am | @m | @w o W) Gy | DK | owMPa
0.035 0.0035 0.0025 0.001 0.001 9 55 0.002 577 47.5
2 0.035 0.003 0.0025 0.0015 0.0015 9 55 0.001 486 35.3
0.025 0.003 0.0035 0.0015 0.0015 7 45 0.001 454 40.0
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Ending table 2

Noo| rwg | dm | dm | am | @m | e.w | eow | o | BK | oM
4 0.035 0.003 0.0025 0.001 0.001 7 45 0.002 514 37.9
5 0.035 0.0035 0.0025 0.001 0.001 7 55 0.002 514 41.5
6 0.025 0.003 0.0035 0.001 0.001 7 55 0.002 526 57.1
7 0.035 0.003 0.0025 0.001 0.001 9 55 0.002 577 47.8
8 0.035 0.003 0.0025 0.001 0.001 9 45 0.001 577 44.0
9 0.035 0.003 0.0025 0.0015 0.0015 9 45 0.001 486 32.6
10 0.025 0.0035 0.0025 0.001 0.001 7 55 0.002 560 56.2
11 0.035 0.0035 0.0025 0.001 0.001 9 60 0.002 577 49.3
12 0.035 0.003 0.0025 0.0015 0.0015 15 55 0.001 615 48.9
13 0.04 0.003 0.0035 0.0015 0.0015 7 45 0.001 417 25.2
14 0.035 0.0035 0.005 0.001 0.001 7 55 0.002 460 424
15 0.04 0.003 0.0035 0.001 0.001 7 60 0.002 476 393
16 0.035 0.003 0.005 0.001 0.001 9 45 0.001 508 458
17 0.035 0.003 0.0025 0.0015 0.0015 9 60 0.001 486 36.7
18 0.04 0.0035 0.0025 0.001 0.001 7 55 0.002 497 36.7

Determining input
and output parameters

-

\i
ANN architecture definition
Yes >
Y
ANN training
No
> ANN testing
Y N
ANN is ready ° °

Fig. 4. Block diagram of the simulation
procedure using the neural network

Fully connected neural networks with architecture [8—50—-30—10—2] were used to determine the values of
temperatures and thermoelastic stresses during two-beam laser splitting. The networks were formed using the
TensorFlow machine learning library [10]. The networks used the ReL U (rectified linear unit) activation func-
tion, the Adam optimiser, which is a version of the stochastic gradient descent algorithm, and the MSE (mean
squared error) loss function, which calculates the square of the difference between the predicted and target
values. The number of epochs during network training was 500.
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Results and discussion

The following criteria were used to evaluate the resulting regression and neural network models:

determination coefficient

n

Z(d,. —y,-)2

i=1

RP=1-

i=1
mean absolute error

1 n
MAE=-3%'|d, -,

i=1

root mean square error
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mean absolute percentage error

1 n
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i=1

d;, -y

1
;Zl(dl _yi)z,

-100,

where d, is the finite element values; y, is the values determined using regression and neural network models.
The criteria values used to assess regression and neural network models are presented in tables 3-5.
Accordingly, the obtained data lead to a conclusion that the regression and neural network models have the
necessary consistency with the results of finite-element analysis.

Table 3
Results of evaluating regression models
Test st Central compos@te plan dataset
Criterion (81 combinations)
T c,, T Gy
RMSE 1.71 - 10° 13 4.55-10°
MAE 1.20 - 10° 9 3.31-10°
MAPE 1.3 2.7 1.3 5.3
R’ 0.9768 0.9649 0.9983 0.9849
Table 4
Results of evaluating the neural network model (version A)
Training set
Criterion Test set (81 combinations)
T Oy T Sy
RMSE 14 2.82-10° 5 0.72 - 10°
MAE 11 2.36 - 10° 4 0.50 - 10°
MAPE 2.1 5.4 0.6 0.9
R? 0.9284 0.9039 0.9997 0.9996
Table 5

Results of evaluating the neural network model (version B)

Training set
Criterion Test set (135 combinations)
r Oyy T Gy
RMSE 8 1.15-10° 5 0.76 - 10°
MAE 6 0.84 - 10° 3 0.49 - 10°
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Ending table 5

Criterion Test set (135T Ezcl)lrllllll?i%l:figns)

T G, T o,
MAPE 1.2 2.0 0.4 0.8
R 0.9777 0.9839 0.9996 0.9994

At the same time, for the datasets used to create regression models and train neural network models, the
values of the average absolute percentage errors of MAPE when determining the maximum temperatures and
tensile stresses in the laser processing zone turned out to be the highest for regression models. They amounted
to 1.3 % for temperatures and 5.3 % for tensile stresses. Furthermore, for this dataset, the RMSE, MAE and R?
values of the regression models exceeded the values of the corresponding criteria of neural network models.
The results of the neural network trained on a set of parameters of the central composite plan turned out to
be worse than the results of the regression models. In this case, for the test dataset, the results of the neural
network model trained with 135 combinations of parameter values of the two-beam laser splitting (version B)
proved to be the best.

The suggested architecture of the neural network model, trained with a small dataset, proved to be better
at predicting the parameters of two-beam laser splitting compared to the suggested regression models. Thus,
as in [20], it follows that the use of neural network models is preferable for predicting laser cutting parameters,
including two-beam laser splitting.

Conclusions

The research performed by us shows the possibility of determining the modes of two-beam laser splitting
of silicate glasses based on a combination of the finite element method, regression and neural network models.
The numerical experiment brought about identifying the architecture of neural networks, which gives an ac-
ceptable result when determining the values of thermoelastic stresses and temperatures in the laser processing
zone. A higher efficiency of neural network models in predicting the parameters of two-beam laser glass split-
ting compared to regression models has been shown.
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AHAANTUYECKAS AUATOHAANBALIUA TAMUABTOHHUAHA
KBAHTOBOUMN MOAEAU PAB B KYAOHOBCKOUMN KAAUBPOBKE

A. B.IEOHOB", H. . DEPAHYYK"

1)Ee/zopycacuzl 2ocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

PaccmarpuBaetcst BOIpoc 0 NpuONMKeHHOH aHaIMTHYECKOH JMaroHaan3alyy oneparopa ['aMuiibToHa KBAaHTOBOM MO-
nenu Pabu, moxy4eHHOTo B KYJIOHOBCKOHM KaJIMOPOBKE NP y4eTe KalnOpOBOYHOW MHBAapHaHTHOCTH Mozenu. [TokaszaHo,
YTO TaMHJIBTOHHAH MOJICIH C BBICOKOH TOYHOCTBIO AMArOHAINU3YETCs ¢ MOMOIIBIO YHUTAPHOTO Oleparopa KaJuOpoBOU-
HOTO TIpeoOpa30BaHuUs MPH UCIIOIB30BAHUN MIPOCTOT0 0a3MCHOTO Habopa BEKTOPOB cocTosHMA. CyIIecTBEHHO, YTO TO-
Jy4eHHas alnpOKCHMALMs He 3aBHCHT OT BapHALIMOHHBIX [1apaMeTPOB U IIPUMEHHMa BO BCEM JIHANA30HE M3MEHEHUS
napaMeTpoOB raMUJIbTOHHMAHA U KBAHTOBBIX YHUCEJI CUCTCMBI. HOCTpoeHLI HYJICBOC 1 paBHOMEPHO IMPUT'OHOC HpI/I6J'II/I)Ke-
HUSI ONIEpaTOPHOTO METOAA JUIsl COOCTBEHHBIX COCTOSIHUI CHCTEMBI, a TAK)Ke MPOBEICHO UX CPaBHEHHE C pe3yiibTaTaMu
YHCIIEHHOTO pacyera. [lomydeHo BeIpakeHHe JUIsl ITOIPaBKKH BTOPOT'O TOPsAKA K HYJICBOMY ITPUOIMKEHHUIO B paMKax OIe-
paTopHOro METOAA M OLICHEH e¢ BKJIAJl B UTOTOBOE 3HAYCHHE SHEPIHU CUCTeMBIL. [IpUBeIeHHBIC pe3ybTaThl MOTYT IPE/-
CTaBJIAITh HHTEPEC MPU ONHCAHUH JBOJIIOLMU KBAHTOBOW Monenu Padu, a Takike IPU MCCISIOBAHUN COCTOSHHI CHCTEM
JIByXyPOBHEBBIX aTOMOB B PE30HAHCHOM KBAaHTOBOM II0JIE.

Knrouegwie cnosa: xanToBas Mozenb Pabu; orepatopHbIil METOI; IByXypOBHEBAsI CHCTEMa; KBAHTOBOE I10JIE; PE30-
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ANALYTICAL DIAGONALISATION OF THE HAMILTONIAN
OF THE QUANTUM RABI MODEL IN THE COULOMB GAUGE

A. U. LEONAU? I. D. FERANCHUK"

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
Corresponding author: A. U. Leonau (leonov.bsu@gmail.com)

In the present paper we investigate the approximate analytical diagonalisation of the Hamiltonian of the quantum Rabi
model written in the Coulomb gauge and taking into account the gauge invariance of the system. It is shown that the Ha-
miltonian of the model can be diagonalised with high accuracy on the basis of a unitary operator of the gauge transforma-
tion utilising a simple basis set of state vectors. It is essential that the obtained approximate expressions do not depend on
the variational parameters and are valid within the whole range of the parameter values. The zeroth-order approximation
and uniformly available approximation are derived for the eigenstates of the system, and their comparison with the results
of the numerical simulation is elaborated. The second-order correction to the zeroth-order approximation is deduced and
its contribution to the energy of the system is estimated. The obtained results could be useful for description of the evolu-
tion of the quantum Rabi model as well as for investigation of systems of two-level atoms in the resonant quantum field.

Keywords: quantum Rabi model; operator method; two-level system; quantum field; resonance; gauge invariance.

BBenenune

KsanToBast mogens Pabu (KMP) omuckiBaeT B3amMoaeiicTBie nByXypoBHEBo# cuctemsl (Y C) ¢ omHo-
MOZIOBBIM KBaHTOBBIM TI0JIEM B pe3oHatope [1; 2]. OHa siBisieTcst OAHOM M3 0a30BBIX MOJENEH, KOTOpbIE HC-
TIOJTB3YIOTCS JIJISl OTIMCAHUSI B3aWUMOJICHCTBHS M3IIYYCHHUS C BEIIECTBOM, M MMeeT (DyHJaMEeHTaIbHOE 3Hade-
HHE JJIsl MHOTHX 3a/1ad KBAaHTOBOH onTHKH [3], kBaHTOBOW MH(OpManuu [4] 1 GU3NKK KOHJECHCUPOBAHHBIX
cpen [5]. PaznuuHble MpUIOKEHUs JAHHOW MOJIENH U ee 000OIIEHHI U B HACTOSIIEE BPEMSI OCTAIOTCS BEChbMa
aKkTyaJdbHBIMH (CM. [6—10] 1 IUTHPOBAHHYIO B HUX JINTEPATYPY).

s ahdexkruBHOrO Mcnons3oBanuss KMP nipu ucciieqoBaHum yKa3aHHBIX MPOOJIeM BOZHUKAET HEOOXOH-
MOCTPH BBIYHCIICHHSI COOCTBEHHBIX (DYHKIIMH U COOCTBEHHBIX 3HaueHul rammibsronnada KMP. HexaBao 6pu10
nokaszaHo [11], yto KMP sBnsieTcss TOUHO HHTETpUpYEeMON CHCTEMOH, U 3a/ja4a O CIIEKTPE €€ CTallMOHAPHBIX
COCTOSTHHI BBIPA)KAaeTCsl Uepe3 PelIeHUss MHOTOWICHHBIX PEKYPPEHTHBIX COOTHOIICHUH. DTOT pe3ynbTaT UMeeT
NPUHIMITHAILHOE 3HAYCHUE, OJHAKO COOCTBEHHBIC (DYHKIMH M COOCTBEHHbBIC 3HAUCHHS HE MPEICTaBIISIOTCS
B 3aMKHYTOW aHAJIMTUYECKOU (popMe, 4To KpaliHe 3aTpyIHSIET UX UCIIOIB30BaHUE JIJISl KOHKPETHBIX TPUIIOKE-
HUM TIpU onucanuM 3aj1a4 sBosoiiuu KMP, koTopble cBsi3aHbl C CyMMUPOBAHUEM 110 BCEMY CIIEKTPY CTallMO-
HAapHBIX COCTOSIHUH cHcTeMbl. Pa3paboTke pa3iMyHbIX METOOB MPUOIMKEHHOTO aHATUTHYECKOTO MPEICTaB-
JICHWsI TaHHBIX COCTOSSHUW B ITUPOKOM JHMAIa30HEe M3MEHEHHUs MapaMeTpPOB CHCTEMBI MOCBSIICHO OOINBIIOe
KOJIMUeCcTBO padoT (cM. [12—15] 1 HUTUPOBAHHYIO B HUX JUTEPaTypy). CyleCTBEeHHBIM HEIOCTATKOM HU3BECT-
HBIX B HACTOSIIEE BPEMsI METOJIOB SIBJSIETCS TO, YTO IMOJIy9aeMblii Ha UX OCHOBE 0a3MCHBIN HAOOp QyHKIUH
MMEET OCTATOYHO CIIOKHYIO (OPMY, M 3TO HE MO3BOJIAET aHAIMTHYECKH OIEHUTh TOYHOCTH TOCTPOEHHBIX
npubmmwkeHnil. Kak npaBuiio, 53pQeKTHBHOCTD MOTYYEHHOTO MPHOIMKEHHS OLEHUBAETCS Iy TEM €r0 BU3yallb-
HOTO CPaBHEHUS C PE3yJIbTaTaAMH MTPSIMOTO YUCICHHOTO PEIICHHS 3a1auu.

Eite oana mpobnema ucnonb3oBanuss KMP B pexxume cuIbHOM CBSI3U aTOMHOM CUCTEMBI ¢ KBAHTOBBIM T10-
JIeM 3aKJII0YaeTcsi B KOPPEKTHOM 000OIIEHUHN 3TOM MOAEHN TIPH yYeTe B TaMUJIBTOHHAHE HETMHEHHBIX O TTOJTI0
oreparopoB. HeoOXomuMBIM yCITOBHEM TSI TAKOTO 0OOOIIEHUS SBIISACTCS KaTHOPOBOUHAS MHBAPUAHTHOCTH TI0-
Jy4eHHOTO raMUJIbTOHHaHa. B psiie paboT HecoOMoIeHNE 3TOT0 YCIOBHUS NPUBOIMIO K IPOTHBOPEYUBBIM MTPE/-
CKa3aHMsM U mapajokcam. [lanHas mpobieMa perieHa B HefaBHel pabore [16], Tae HaliieH yHUTapHBINA orepa-
TOP, KOTOPBIH OCYIIECTBISIECT IpeoOpa3oBanre ramuiibronnada KMP U3 crangapTHON AUITONBHOM KaTMOPOBKU
K KyJIOHOBCKOH KaJTHOPOBKE MPU KOPPEKTHOM y4eTe KBaPaTUIHOTO TI0 TTOJT0 OTieparopa.

I'amunsrornan KMP B KylIOHOBCKO# KaTHOPOBKE UMEET JTOCTATOUHO CIIOKHYIO (DOpMY, ¥ YHCIICHHBIN pacueT
CIIEKTpa ero COOCTBEHHBIX COCTOSHUI TpeOyeT UCIONb30BaHus MaTpul] 0oJbiol pazmepHocTH [16]. Ha nep-
BBIH B3IUISIIT KQYKETCS, UTO ATO 3aTPYAHSET MMOCTPOSHUE aHATUTHYECKOTO pUOIIKkeHus. OQHAKO B HACTOSIIEH
paboTe mokazaHo, 4TO MOKHO HAlTH BeCbMa IPOCTON HAOOp Oa3MCHBIX BEKTOPOB COCTOSHUIL, B KOTOPOM raMHJIb-
toHnad KMP B Ky/OHOBCKOW KaTHOPOBKE C BHICOKOI TOYHOCTHIO TMArOHAIM3YETCs. DTO JTAeT aHATUTHYECKYIO
AMMPOKCUMAITUIO ISl SHEPTETHYECKIX YPOBHEH CHCTEMBI U MPOCTHIE BBIPAKEHHS ISl COOCTBEHHBIX (DyHKIMI
BO BCEM JIMala3oHe U3MEHEHNs ee napameTpoB. [IpeanaraeMplii moaxoa K peeHnto 3aJa4l OCHOBaH Ha MCIIOJb-
30BaHUM orepaTopHoro Mmerona (OM) perrenus ypasuenus [lpénuarepa [17], 9To 1MO3BOAET HE TOIHKO HAWNTH
HYJIEBOE TIPUOIMKEHHUE ISl SHEPTETUUECKUX YPOBHEH, HO M OLIEHUTh TOYHOCTH MTOJTYYEHHBIX PE3YJIbTaTOB.
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KMP B Kky/10HOBCKO# Ka1u0poBKe

Xopol110 U3BECTHO, YTO B3aUMOJIEUCTBHE OJJHOMOIOBOIO KBAHTOBOI'O MOJISI C aTOMHOW CUCTEMOW UMEET pe-
30HAHCHBIN XapakTep, KOrja yacToTa Moist ONM3Ka K OJHOW M3 YacTOT Mepexofia MEX/ITy aTOMHBIMH YPOBHSIMH.
Brinenenue 31oi napel COCTOSHUM U JieskUT B ocHOBe KMP, B KOTOpO# Takke UCIOJIb3yeTCs JUIOJIbHOE MPHU-

OnvKeHue, Korjna B3aMMOJICHCTBUE aToMa C MOJIEM ONPE/eNsIeTCsl OepaTopoM (d : E), riae d — IUMOJbHBIN

MOMEHT IIepexo/1a, a £ — BEKTOp HAMPSHKEHHOCTH IEKTPUIECKOTO MO, DTH MPEATIONI0KEHHS TPUBOIAT K TaK
Ha3bIBaeMOU TUNONBHON KamndpoBke KMP, koTopoi COOTBETCTBYET Clleyronuii oneparop I aMmisToHa B Ha-
TypanbHOU cucteme equnwuil (i =c = 1):

A~

npn A A " At A
H:a+a+502+f(a+a+)0x, (1)

riae d" U 4 — onepaTopsl POXKASHNS U YHHUTOKEHUS KBAHTOB II0JIS C YACTOTOH (0, KOTOPAs BHIOPAHA B KAYECTRE

€IMHUIBI U3MEPEHMSI DHEPTHN, T. €. 0 = |; A —4acToTa pe30HAHCHOTO MEPEXo/ia aToma; f ~ |c7 | — Oe3pa3mepHas

KOHCTAHTA CBSI3H aToMa ¢ mosieM; 6, 6, — Marpuiibl [ayau. OtMeTum, uto oneparop (1) omimyaercs oT onpe-

JleJIeHusl, NCTI0JIb30BAaHHOTO B pabote [16], kaHOHUYECKMM MpeobpasoBaHueM d < —id, 4 < id ™.
Kynonosckast kannbpoBka KMP Bo3HHKaeT npu 3aMeHe B OriepaTope KWHETHYECKOM SHEPTHX aroMa orieparopa

UMIyabsca p — ( D— eA), TJI€ e — 3apsi]l ANEKTPOHA, a A — BEKTOPHBII MOTEHIMA OIS, [IPU ATOM OIIEpaTop I0-
TeHUMAIBHON sHepruu V (F) octaercs HensMeHHbIM. [Ipy Takoi 3aMeHe B3aMMOICHCTBHE aTOMa C II0JIEM HIPO-

- o v 2
NMOPpUHUOHAJIIBHO BCJIIMYNHE ( P A), 1 B raMWJIBTOHHMAHC BO3HHUKACT TAaK Ha3bIBACMbIM JHAMAIrHUTHBIM YJICH A .

YTO MPUBOANT K Momudukarmu ormeparopa KMP. OqHako MOCKONBEKY 2IEKTPOMarHUTHOE B3aUMOICHCTBHE HHBA-
PHUAHTHO OTHOCHUTEIHHO KAIMOPOBOYHOTO IMPEoOpa3oBaHus, TO 00a TaMUIFTOHHAHA JTOJIKHBI OBITh SKBHUBAJICHT-
HBI. B paMKkax Teopun BO3MYIIIEHHUH TI0 TTOJTIO ATO MTOKa3aHo B KHUTE [ 18], HO cTporoe J0Ka3aTelbCTBO SKBHUBA-
JIEHTHOCTH 00OWX TPEACTABICHUN TOydeHo B padote [16]. OcHOBHAS HWes 3TOTO TOKa3aTelIhCTBA CBsI3aHa

C TEM, YTO BBIIENEHNE B CHCTEME TOJIBKO ABYX COCTOSHMI NMPHBOIMT K HEJOKaIbHOCTH moTeHumana V (7),
B Pe3yJbTaTe Yero OH He KOMMYTHPYET C OIEepaTopoM KaaruOpOBOYHOIO NpeoOpa3oBaHus, KOTOPbIH B paMKax
JAUITIOJIBHOTO HpI/I6J'H/I)KCHI/I$I OMpeACIACTCA CICAYIOUM YHUTAPHBIM OIICPATOPOM:
0= efﬁx(c?*—ﬁ)'
[Ipumensist naHHOE TpeoOpazoBanue K oneparopy (1), MOXKHO MOTYYHUTh BBIpaKEHHE JUIsl FaMUJIBTOHHAHA
KMP B KyTOHOBCKO# KannOpOBKe:

A~

A.=a"a+ %{GZcosh[Zf(a - a*)} -8, sinh[zf(a - a*)} } Q)

IJIe 110 aHAIOTHH ¢ paGoToii [16] omymieHo ciaraemoe f2, KOTOPOE BOSHHKAET B PE3y/IbTaTe MPOeIHpOBaHIs
oreparopa x¥* Ha JByMepHOE IHiIbOEPTOBO IPOCTPAHCTRO.
Kax n ramunsronuan (1), raMuisToHHAH (2) KOMMYTHPYET € OTIEpaTOpOM KOMOMHUPOBAHHOW YETHOCTH
5_ ~ ina*a
P=0,e , 3)

YTO JOJDKHO YUYUTBIBATHCS IIPU IMMOCTPOCHUHN PA3JINYHBIX HpH6J'IPI)I(CHHﬁ.

Hynaesoe npubaunxenue OM R
AJIs1 COOCTBEHHBIX COCTOSIHUIA onepaTopa H -

Kax y»e orMeuanocs Bbllie, BO MHOTUX padoTax (cM., Hartpumep, [12—15] u quTHPOBaHHYIO B HUX JIUTEpaTy-
PY) OBLIM PEATIOKEHBI METO/IbI IPUOIMKEHHOTO aHAJIMTHYECKOTO pelieHus ypasHenus L péaunrepa c ramMusib-
ToHMaHOM (1) B IIMPOKOM AMara3oHe W3MEHEHUS! KOHCTAHTHI CBS3U. B OONBIIMHCTBE CiIydaeB 3TO COIPSIKEHO
C MCIIOJIb30BaHUEM JIOBOJILHO CIIOKHBIX BEKTOPOB COCTOSIHUS M IIpeoOpa3oBaHuid. JlocTaTrouHO MPUBECTH B Ka-
YecTBe NpHMepa HeJaBHIO paboTy [15], B KOTOpoil omucaHne MeToa MOMydeH!s TPHOIMKEHHOTO PeIeHHUs
3aHuMaet 10 cTpanul xxypHaia. CylecTBeHHO, 4TO ClIokHas (hopMa 6a3uCHOro Habopa COOCTBEHHBIX BEKTOPOB
COCTOSIHUSI B HYJIEBOM IIPUOIMKEHUHN HE MTO3BOJISIET BHIYUCIISITE MTONPABKU K JAHHBIM PELICHUSM.

Ha sTom ¢one mpencraisercst yIuBUTEIbHBIM TO 00CTOSTEIBCTBO, UTO 00JI€€ CIOKHBIN 110 (hopMe, HO K-
BUBAJICHTHBIM raMuiibToHHaHy (1) raMuinbToHHaH (2) ¢ BBICOKOH CTENEHbIO TOUHOCTH TUaroHaJIn3yeTcst ¢ Mo-
MOIIBIO MPOCTeHIIero 0a3ucHOro Habopa COCTOSIHUI

|1|fns>=|n>xs,n=0, L...,s=T,1, 4)
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e |n> — (hoKOBCKHE COCTOSHMS TTOJIA; ), — COOCTBEHHBIE BEKTOPBI O1IepaTopa O, IPH STOM CIIMHOBBIE U ITOJIEBBIE

TiepeMeHHbIe pa3aersiFoTcs. Kpome Toro, coctostHust (4) sIBISFOTCS COOCTBEHHBIMH | JIJISE OTlepaTopa 4eTHOCTH (3).
IIpocTotii 6a3ucHbI HaOO0p (4) TTO3BOJIIET UCTIOIL30BATh s penieHus ypaBHenus Ll pémuarepa OM, omnu-
caHHbIi B KHuUTe [17]. B paMKkax JaHHOTO 1MO/X0/1a pelIeHne YpaBHEHHS

ﬁc|\PV>:EV|\PV>’ (5)

e UHJEKC V = (i’l, S) 03HaA4aCT COBOKYIMHOCTb KBAHTOBBIX YUCCJI COCTOAHU S, BBIYHUCIISICTCA C IOMOIIBIO UTCPA-

OHHOH CXeMBbI, KOTopast 00eCIIeYnBaET CXOAUMOCTD MOCIIEAOBATEILHBIX MPUOIIKEHNH.
[IpuBenem opmyny HyneBOro NpUOIMKEHUS U1 SHEPreTHUECKUX YPOBHEH, OTYIaeMyI0 B PAMKaX 3TOrO

MOX0/1a ITPH PA3JI0KEHUN COOCTBEHHOTO BEKTOPA 1O 0a3UCHBIM (YHKIHAM |1|1V> MIOJTHOTO Ha0Opa, B KaYeCTBE
KOTOPBIX HCIOIB3YIOTCS hyHKUIUH (4):

~ A
En(,))s:<Wns|HC|Wns>:n+s5Snn(f)’ (6)

Sial S )=(—1)”\/% (@) L (4r?)e ™ k=0, S, =S,

rie L’; (x) ecTh 0000I1ICHHBIC ITOJMHOMBI Jlareppa, a CIMHOBBIM MHICKCAM T, 1 comocrapsenn! uncIeHHbIE 3HA-

yeHust +1 1 —1 COOTBETCTBEHHO.

Ha puc. 1 nmpuBeneHsl pe3ysibTarhl BRIYUCICHUH 10 hopMysie (6) Mpu pa3InYHBIX 3HAYCHHUIX MApaMETPOB
cuctembl. CpaBHEHHE HYJIEBOTO TPUOIMKEHUS C pe3yabTaTaMH YHCICHHBIX PACYETOB MOKA3bIBACT, YTO MPO-
ctas ¢popmyna (6) obecriednBaeT TOYHOCTH He Xyxke 5 % BO BceM Jana3oHe H3MEHEHHUs mapaMeTpoB. Takke
OTMETHUM, YTO paCCTOAHUC MCKIY YPOBHAMU YMCHbBIIACTCA IMPU YBEINYCHUN KOHCTAHTBI CBA3U ()Z[I/IHOJ'IBHOFO
MOMEHTA) 3a CYET BO3pACTaHUs DHEPTUHU CBSI3U JIByXYPOBHEBOTO aToOMa C MOJIEM.

2 ala N 6/b
10,6 10,3
10,4 10,2
102 F 10,1
10,0 10,0
9,8 F

9,6

94C

Puc. 1. Dueprerndeckue ypoBHu KMP mpu n = 10, s = 1 B 3aBUCHIMOCTH OT KOHCTaHTHI CBSI3H:
a—A=1,0;6—-A=0,5. CrutoniHoi JTMHUK COOTBETCTBYET perienue 1o Gopmyie (6),
TOYKaMH 0003HAYEHBI Pe3yIbTAaThl YUCICHHOTO pacuera

Fig. 1. Energy levels of QRM for n = 10, s = £1 depending on the coupling constant:
a—A=1.0; b—A=0.5. The solid line corresponds to the solution by formula (6),
the dotted line shows the results of numerical calculation

PaBHoMepHO npurognoe npudam:xenune OM

Hecmortps Ha To uTO TpocTeiimmii 6a3uc (4) obecrieunBaeT JOCTaTOYHO BBICOKYIO TOYHOCTH BBIYHCIICHUS
JHEPreTHYECKUX YPOBHEH CUCTEMBI, UMEET MECTO 3aMETHOE OTKJIOHEHHE OT TOYHOTO PEIIeHHS B 00JIaCTH MaJlon
KOHCTaHTHI CBsI3U TIpH pe3oHance (A = 1,0). OmHako MOJKHO YIyUIITUTE HYJIEBOE MPUOTIKEHHIE C TIOMOIITHIO HEe-
3HAUYUTEIHLHOTO YCIOKHEHHUS 0a3iucHOr0 Habopa. J{Jist 3Toro cineayeT yuecTb, YTo B 001acTH cliaboii CBsI3H, Kak
Y B NIpHOMKSHUH Bpalnaromieiicst BOHbI [19; 20], mMeeT MecTo BBIPOKICHHE YPOBHEH OIMHAKOBOM YETHOC-
tu. Kak u3BecTHO, B TaHHOM ciy4ae HEOOXOIMMO HCIOIB30BaTh MPABIIBHYIO JTHHEHHYI) KOMOMHAIIAIO BBI-
POXKICHHBIX COCTOSHUI, KoTopas B cxeMe OM Ha3pIBaeTcs paBHOMEPHO MPUTOMHEIM TipuOmmkenneM (PIIIT).
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B paccMarpuBaeMotii 3a1aue Takue MOJU(PHUIIMPOBAHHBIC BOTHOBbIC (DYHKIIUU CTPOSTCS U3 IBYX COCTOSIHUH (4)
C OIMHAKOBOM YETHOCTBHIO U UMEIOT CIEAYIOINI BU:

W, )= Aln)xy + Bl +1)x,. @

KoaddunmenTst 4 u B, a Takke SHEPTUN YPOBHEH ONPENEISIOTCS U3 CHCTEMBI JIMHEHHBIX alTreOpandecKix

YpaBHEHUH, MOTyJAIOIIUXCS TP TOJCTAaHOBKE pa3ioxeHus (7) B ypaBHEHHE (5) U €ro MOCISAYIONEM IIPoe-

UPOBAHUH HA BEKTOPHI COCTOSHHUS |n> X1 U |n + 1)y | COOTBETCTBEHHO U MCIOJIB30BAHUH YCIIOBHS HOPMHPOB-
ku Juid Bektopa (7). IlpuBesiemM nxX UTOTOBbIE BHIPAYKEHUS:

)£ = ®)

1/2
A, 2
M= [1_5(_1) (Snn_Sn+1,n+1)j| +A2Sin+1 >

4, .

I SRS B
+ = ’ n,t 2 - :
Vi+ 72 V72 n+ %(—1)"5,1,” —E,.,

Ha puc. 2 npencraBieHsl pe3yapTaTbl CpaBHEHUS SHEPruu, BeiunciaeHHoU B pamkax PIIII, ¢ ynciaeHHbiM
peLICHUEM, KOTOPBIE JEMOHCTPUPYIOT BBICOKYIO TOUHOCTb TOIO IIPUOIMKEHUS BO BCEM JIMANa30HE U3MEHe-
Hus napameTpoB KMP.

Puc. 2. Dueprernueckue ypopuu KMP nipu n = 10, s = =1 B 3aBUCUMOCTH OT KOHCTAHTBI CBSI3U:
a—A=1,0; 6 —A=0,5 CrutonrHoit JTMHAHM COOTBETCTBYET pemenue o Gopmyie (8),
TOYKaMH 0003HAYEHBI Pe3yIbTaThl YUCICHHOTO pacyeTa

Fig. 2. Energy levels of QRM for n = 10, s = =1 depending on the coupling constant:
a—A=1.0; b—A=0.5. The solid line corresponds to the solution by formula (8),
the dotted line shows the results of numerical calculation

Bbruncienue nonpasku BToporo nopsitka OM

IIpocras popma GazucHoro Habopa (4) MO3BOISIET BHIIOIHUTE CYMMUPOBAHKE 10 POMEXKYTOYHBIM COCTOSI-
HUAM IIPU BBIYUCICHUHU TIOIIPAaBKHU BTOPOTO IMOpAAKA K SOHEPTECTUYCCKHUM YPOBHAM, T-1'1‘06131 OLICHUTHL TOYHOCTH
OM (mompaBKa MepBoro mopsiaka B paMKax JaHHOTO METOJIa TOKICCTBEHHO PaBHa HYIH0). B cuity n3MeHeHust
(GyHKIHMIT HyJIEBOro NPHOIMKEHNS TIPU YUETE BBIPOKICHHUS B 00JIACTH MAJION KOHCTAHTBI CBA3H [IPH PE3OHAHCE
BBIPKEHHUE JUIS OTOM MONPABKU NPUHUMAET BH]I

| F |2 ‘ ]:'[sr 2
E@ = _wl 3 B
Enr - En, - o

r ks#vy, v, Enr_ kk

e v, = (n, T), v, = (n +1, i) Y MaTPUYHBIC JIEMEHTHI BEIYHCIISIOTCS B COOTBETCTBUH CO CIICAYIOIIMMHE BbI-
paKEHUSIMU:
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RS )

, ~ A
SS — H )= , - ,
kn <k’ Xs| C |n’ Xs > nsknsss + 2Skn 2 ss 2 s,—s" |»

[:[\C|Wnr>:An,—rAnrHrTnT+A B HTl +Bn,—rAnrHjII,n+B B Hiil,nJrl’

n,—r=nrt n,n+1 n,—r=nr

F,= (v,

~I~:’V1=<k’ Xs|ﬁC|Wnr>:AnrHlirT+BnrHli,in+l' (9)

P C3YyJIbTAaThl BBIYUCIICHUA I[aHHOﬁ TOIIPaBKH MMOKAa3aHbI HA PUC. 3. Kak BUAUM, €€ BCJIMYMHA HC MMPCBLIIIACT 4 %,
YTO ACMOHCTPUPYET 6BICprIO CXOAUMOCTH pacCMarpruBacMoro MeToaa. OTMCTI/IM, 4TO, B OTJIMYHC OT CTaHdapT-
HOU TCOpUN BO3MyH1€HI/II\/'I, MAaTpUYHBIC 3JICMCHTHLI B (9) BBIYHUCIISIIOTCA C IIOJTHBIM IaMUWJIBTOHHAHOM CHUCTEMBEI,
a HE TOJIBKO C OII€paTopoOM BO3MYIIICHUS.

E(Z)
0,06 --------- ammmm - pommmeee-  REEEEEEEE |
: o : : :
0,04 - - rAgsoooeeeees poooooes Ha !
- [ : : :
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004 oo . e e s
006
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Puc. 3. BennunHa MonpaBKu BTOPOTO TMOPSIIKA B 3aBUCUMOCTH OT KOHCTAHTBI CBS3H.
ITpuxoBoil TMHUM COOTBETCTBYET MOMpaBKa K ypoBHIO 7 = 10, s =+1,
CIUIOIIHO} JIMHUY — MONpaBKa K ypoBHIO 72 = 10, s =—1

Fig. 3. Second order correction value depending on the coupling constant.
The dashed line shows the correction for the level n =10, s = +1,
the solid line — the correction for the level n =10, s =—1

3akaoueHmne

Takum 00pa3oM, B HACTOsIIIEH pabOTE MOCTPOCHO MPUOJIMKEHUE JIJIsi COOCTBEHHBIX ()YHKIIMH U COOCTBEH-
HBIX 3HaYeHui ramuisTonnaHa KMP B kynoHnoBckoii kanmnOpoBke. OTMETHM, YTO aHAJIOTHYHBIC PE3YJIbTAThI
OBUIM TIOJTyYEHBI paHee JUIs caydas JUIMOIbHON KannopoBku [12; 13; 21]. OqHako B ykazaHHBIX padoTax Hc-
I10JIb30BaHBI IOCTATOYHO CJIOKHBIC BAPUALIMOHHbBIE BOIHOBbIEC (DYHKILIUH HYJIEBOTO NPUOIMKECHUS, 3aBUCSIINE
OT BapHalMOHHOTO MapaMeTpa, BBIOOP KOTOPOro HeopHo3HaueH. Hamu mokaszano, urto ramunsTroHnadn KMP
JTMArOHAJIM3YETCs ¢ BEICOKOH TOYHOCTHIO € IIOMOIIBI0 YHUTAPHOTO OIlepaTopa KaTuOpOBOYHOTO peodpa3oBa-
HUSI IPY MCIOJIB30BaHMHU MIPOCTOr0 0Aa3MCHOrO HAbopa BEKTOPOB COCTOSIHUS, KOTOPbIC MO3BOJISIIOT HAXOIUTD
MOTPaBKK K HYJIEBOMY MPHOIMKEHHIO U MOTYT UCIIOIB30BaThCs JJIsl OMMCAHMS IBONIOLUHU cUCTeMBL. [Ipen-
CTaBJICHHBIH B padoTe MOIXO0J MOKHO OOOOIINTH AJsl MCCIEAOBAHUS COCTOSHUM CHCTEMBI JBYXYPOBHEBBIX
aTOMOB B KBaHTOBOM IoJie (Moaenb [luke).
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VIIK 533.7

TPAHCITOPTHBIE CBOMCTBA ABYXKOMITOHEHTHBIX
PAANEBO-TAAOTEHHBIX PA3PEXEHHBIX I'A3OBBIX CPEA

JI. H. MEHAHJIOBA", M. B. IIYH/IAJIOB"?, I0.-4. XAHB>"”

l)Eefzopyccmul 2ocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyce
Coemecmubiti unHcmumym JanaHbcKo20 NOTUMEXHUYeCK020 YHUBEPCUmema
u benopycckoeo cocyoapcmeennozo ynusepcumema, 116024, 2. anaus, Kumaii
Jlananvckutl norumexuuyeckuu ynugepcumem, 116024, . lanans, Kumat

Vcnonp30BaHbl HEOMIUPUIECKIE (PYHKIIMA MTOTEHIIMAIBHON SHEPTUH M KIACCHUECKON KHHETHYEeCKoi Teopuu. B 3a-
BHCHUMOCTH OT TeMIIepaTyphl ra3oBoii cmecu (Bmiothk 10 3000 K) paccuntanbl HEKOTOpBIE TPAHCIOPTHBIE CBOWCTBA (KO-
s duienTs! AupGy3un, BI3KOCTH U TETUIOPOBOAHOCTH) IBYXKOMITOHEHTHBIX Pa3peKEHHBIX I'a30BBIX CPEl, COCTOSIINX
n3 aromoB paaust u aromos rajorena (F, Cl, Br, I). PacueTs! BBIIONHEHBI HA OCHOBE MOCIIEA0BATEIBHOTO aHAINTHYC-
CKOTO ¥ (WIJIM) YUCIICHHOTO BBIYMCIICHUS MHTETPAJIOB UIS yIIa PACCESHUS, CEYCHUS PACCCSIHUS U CTOJIKHOBEHHi. Pasz-
pabotaHa opoOHas METOIMKA pacueTa TPAHCIIOPTHBIX CBOWCTB C MCIONBh30BaHMEM MoTeHIata Mop3e. PaccmoTpeHsr
HEKOTOpPbIC YHCICHHBIC TPYIHOCTH, BO3HUKAIONINE U3-32 OCOOCHHOCTEH MOABIHTETPATIBHBIX BBIPAKCHUN U Pa3pBIBHOTO
XapakTepa nHepeMeHHOM HHTerpupoBanus. [lokazaHa 3aBUCMMOCTH TPAHCIIOPTHBIX CBOMCTB OT Macchl H30Tona. OmeHeHs!
BO3MOYKHBIE OIIMOKH, BHOCHMBIE MPUMEHEHHEM MOJISNIbHOM MOTeHIManbHOH (QyHKIMKr Mop3e BMECTO peasbHOro Io-
TEHIMaJIa B3aUMOJCHCTBUSI MEX /Ly aToMaMH. [1orydeHHbIe pe3yabTaTbl MOTYT OBITh HCIOJIB30BAaHbI IIPH IJIAHUPOBAHUN
AKCTIIEPUMEHTOB TI0 IPSIMOMY JIa3€PHOMY OXJIAXKICHUIO MOHOTAJIOTCHUIOB IIET0YHO3EMETbHBIX METAJLIOB.

Kniouesvie cnosa: TPAHCIIOPTHBIC CBOﬁCTBa; HUHTETPpAJIbI CTOHKHOBGHHﬁ; MOHOTAJOTCHU bl paaus; Ja3€pHOC OXJIaX-
JCHUC.

FBnazooapnocms. Pabota BEINIONHEHA IPH TOJICPIKKE TOCYIAPCTBEHHOM IPOTrpaMMBbl HayYHBIX UccienoBanuii « KoH-
BepreHuua-2025», a Takxke MexIyHapoqHoro ()oHIa COBMECTHBIX HAyYHBIX HCCIIENOBaHUH JlalsIHBCKOTO HOIUTEXHU-
yeckoro yHuBepcuteTa u BI'Y (mpoext Ne ICR2105). ABrops! Takke BeIpakatoT omarogapHocts FOmmu Ocuka (BI'Y) 3a

TEXHUYCCKYIO ITOMOIIb.
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Based on state-of-the-art ab initio potential energy functions and classical kinetic theory, some transport properties (dif-
fusion, viscosity and thermal conductivity coefficients) of two-component dilute gas media of radium and halogen (F, Cl, Br, I)
atoms were predicted as functions of the translation temperature up to 3000 K. Calculations were performed by sequen-
tial analytical and (or) numerical computations of deflection angle, cross-section and collision integrals. A detailed
methodology for the calculation of the transport properties using the Morse potential was developed. Some numerical
difficulties arising due to the singularity of the integrands and discontinuous character of the variable of integration
are considered. The dependence of transport properties on isotope mass is also shown. Possible errors introduced by
using the model Morse potential function instead of the real potential for the interaction between atoms are estimated.
These data can be useful for the planning of the experiments on the direct laser cooling of the monohalides of alkaline
earth metals.
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Introduction

Laser cooling is one of the effective techniques to obtain ultracold molecules [1; 2]. Among possible appli-
cations of ultracold molecules, such as the creation of a Bose — Einstein condensate, quantum information pro-
cessing, controlled chemical reactions, a new promising application of ultracold molecules containing heavy
nuclei, namely, research for electron’s electric dipole moment, was recently proposed [3].

The monohalides of alkaline earth metals are promising diatomic molecules for the direct laser cooling due
to the coincidence of the equilibrium internuclear distances of potential energy curves (PECs) involved in the
cooling scheme states and, as a consequence, highly diagonal Franck — Condon factors. Other essential fea-
tures required for effective direct laser cooling are strong transition dipole moment between the states involved
in the cooling scheme and the absence of intervening electronic states between them in order to avoid leaks in
the cooling cycle [2]. Generally, the monohalides of alkaline earth metals possess the mentioned key factors.
Recently, the strontium monofluoride (SrF) [4—6] and calcium monofluoride (CaF) [7-9] molecules were suc-
cessfully cooled and caught into a magneto-optical trap.

Among all monohalides of alkaline earth metals, the radium ones are least studied, possibly due to the high
radioactivity of the radium. Nevertheless, the radium monofluoride (RaF) molecule is considered the most pro-
mising candidate for direct laser cooling in order to use it for measuring molecular parity violation [10]. In the
recent experimental studies [11; 12] numerous molecular spectroscopic parameters for the lowest states of the
RaF molecule with different radium isotopes were obtained for the first time. The method used in [11; 12] pro-
vides breakthrough possibilities for the high-precision studying short-lived radioactive molecules, including
the development of laser cooling schemes. The latter task has different sides. On the one hand, it is necessary to
calculate at the high level of theory the PECs involved in the cooling scheme states, spectroscopic and radiative
characteristics of the vibronic states, etc. Another aspect of the problem under consideration is the calculation
of the transport properties of alkaline earth metal atoms and halogen atoms under conditions of dilute gaseous
media at various particle concentrations and temperatures. These data can be useful for the planning of the
experiments. The most important transport properties that determine the dynamics of pair collisions in a gas
medium are the coefficients of viscosity (pure gases and mixtures), thermal conductivity, diffusion, and effec-
tive collision cross-sections [13].

Lately, we performed the state-of-the-art FS-RCCSD (Fock-space relativistic coupled cluster singles and
doubles) [14] calculations for the RaF [15], RaBr [16], and Ral [17] molecules. The results of these studies
show that radium monohalides can be used for direct laser cooling. In this study, we use the classical Chap-
man — Enskog kinetic theory [13] in order to predict the transport properties of the dilute radium — halogen gas
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media. The transport properties are evaluated in the terms of reduced collision integrals, and some numerical
difficulties arise due to the singularity of the integrands and discontinuous character of the variable of integra-
tion [18; 19].

The main goals of the work are to develop a consistent scheme for the calculation of transport properties
of the dilute gas media based on the classical kinetic theory [13] and Taylor’s algorithm [18] and to evaluate
some transport properties of the dilute radium — halogen media based on the Morse potential function for the
interaction between atoms and modern possibilities of the numerical methods.

Theoretical details

It is convenient to consider the problem of two colliding particles with masses m, and m, in the center-of-
mass system. In other words, the above-mentioned three-dimension problem turns into the two-dimension one

i the spherically symmetric potential field

for the motion of only one particle with reduced mass | =
m; + m,

<I)(r). In this case, the collision process can be characterised by the following parameters: the total energy of
1
particles £, which is equal to their relative initial kinetic energy E = Euvi; the deflection angle ; the impact

parameter b (fig. 1). According to definition of the deflection angle, its value varies from 0 to 1, excluding the
orbiting case (see below). The value of © corresponds to the situation of head-on collision with zero impact
parameter, and the value of 0 corresponds to the situation with avoiding collision at very large values of 5.

Reduced mass

Deflection
angle

Distance of closest Impact
approach 7, parameter b

Fig. 1. The two particles collision in the center-of-mass system

Moreover, the two-dimension colliding problem can be reduced to the one-dimension one for the motion

of the particle with reduced mass L in some effective potential field ® eff(r), which is given by the following
equation: ‘

2
q>eﬁ,(r)=q>(r)+E’;—2. (1)

According to the classical kinetic theory of gases [13], the diffusion coefficient D, the viscosity coeffi-
cient 1 and the thermal conductivity coefficient A for low-density atomic gases at the first approximation are

373
5| kT

: 2

e i LI ()
(
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wkyT
2u
32m6” Q> (1)
where kj is the Boltzmann constant; ¢ is the collision diameter, its value is equal to the distance between parti-
cles, for which @ (r)=0; Q® l)(T *) and Q% 2)(T *) are reduced collision integrals as functions of the reduced

25

A=

“4)

« kgT . . . . . . L
temperature 7" = BT; € is a parameter having the dimension of energy, its value is chosen as dissociation
energy D, for the potential energy function ® (r) of interacting particles.

The collision integrals o) (T *) are expressed in the terms of cross-section integrals Q(l)(E ):

o E

(Z,8) () _ T s +1 (1)
Q(r )_—(s+1)!T”1 Je E** 0" (E)dE. (5)
In its turn, the cross-section integrals Q(l)(E ) are
O(E)=——2[(1= cos'y)belb. (6
0" () _1+(—1)’0( x) )
2(1+1)
The integral for the deflection angle X(E , b) is determined as follows:
¢ ar

E,b)=nn-2b| ——, 7
X(E, b)=m irzm) (M)

where r,, is the distance of closest approach, the function ¥ (r) is

) 2
0z

The distances b, r and r,, are expressed in the units of the collision diameter 6, while the energies £ and
®(r) are expressed in the units of the parameter €.
For the given energy the impact parameter b and the distance of the closest approach r,, are related accor-

F(r)= 1-

ding to formula (8), where F (rm) =0,or
Ery —®(r, ), —b’E=0. )
The last equation should be solved numerically. As a result, the dependence of the distance of closest ap-
proach r,, on relative kinetic energy £ and impact parameter b can be obtained. The function 7, (E , b) allows to

calculate integral (7) and to find the dependence of the deflection angle % on the same parameters.
From the other hand, the equation (9) provides the relationship between b and r,, for a fixed energy:

E - CI)(rm)
b=r,\|————. (10)
E
The minimal 7, value can be found using the condition b = 0, which corresponds to the head-on collision.
In this case the equation (9) is reduced to

E=®(r,), (11

and the solution of the equation (11) is denoted as 7.
Generally, the dependence of the distance of closest approach 7, on b and E has non-trivial character. Fi-
gure 2 shows the effective potential energy function @ (r), evaluated by formula (1), for a fixed energy and

for three different values of the impact parameter. The difference between £ and @, results in the relative
kinetic energy for a given point:

1
E-®(r, b):Ekzzuvz, (12)
where Vv is relative radial velocity.
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Energy

~
=
=3

2 r

Distance

Fig. 2. Effective potential energy function:
the oblique collision (/), the orbiting effect (2), the head-on collision (3)

If the left side of the equation (12) is equal to zero:
E-®,,(r,b)=0, (13)

it corresponds to the turning point (v = 0) or to the distance of closest approach 7,,.

One can see that for some impact parameter b = b, the condition (13) is satisfied at the point r =7, (see fig. 2,
curve 2). The second solution of the equation (13) for the case b = b, lies in the region r < 7, and is denoted
as 7. For the case b > b, (see fig. 2, curve /) there are also two values for the distance of closest approach 7,

namely r,ﬁll) <rand r,ff) < 1,. The only last one has physical meaning since a particle cannot penetrate to the re-
gion 7 <7,. For the case b < b, (see fig. 2, curve 3) the equation (13) has only one solution, and its value 7,, < 7.

To find the 7, value, it is necessary to consider the joint solution of the equation (13) and the extremum
condition (14): JD

off
—=0. 14
dr (19
Elimination of the impact parameter b for the system (13), (14) gives equation
do
2(E-D)—r—=0, 15
(E-@)-r— (15)

which can be solved numerically for 7,. The 7; is a smaller root of the equation (13).

So, for b > b, the distance of closest approach is greater than 7, and for b < b, the distance of closest ap-
proach is less than 7. It means that the distance of closest approach as a function of the impact parameter is
discontinuous for b = b,, and distances of closest approach in the interval 7; < r,, < 7, are physically impossible.

From the physical point of view, values b > b, correspond to rather oblique collisions, for which deflection
of particles occurs with fairly small angles, and attractive forces between particles dominate over repulsive ones.
Case b < b, corresponds to almost head-on collisions, deflection occurs with large angles, and repulsive forces
play main role. Case b = b, is characterised by the orbiting effect, or the formation of quasi-bound state of two
particles. In this case particles long time orbit each other at a distance 7,.

The critical energy E,, for which the orbiting occurs and below which r,, has discontinuous character, can
be found according to following. Based on equation (15) one can obtain the expression for energy:

Ezlrod—q)+¢)(r0). (16)
2 7 dy

Extremum of the energy corresponds to the critical energy E:
dE _1(.d®  d'®
dry, 2
So, the solution of the equation (17) gives value of the critical distance of closest approach r,. Substitution
of the 7, into the equation (16) gives the critical energy E...
Thus, for the calculation of the deflection angle ) for energies E < E, the integral (7) should be divided

into two parts: the integral over r;(E) to rj(E) and the integral over 7,(E) to infinity. For energies E > E, the
integral (7) is over rE(E ) to infinity.

— +1,— |=0. 17
dr, "’ dry (a7
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Since the orbiting effect corresponds to the formation of a quasi-bound state of interacting particles, they
orbit each other like a bound system. Therefore, the deflection angle increases continuously, and its value tends
to infinity (fig. 3).

Fig. 3. The two particles collision in the orbiting case at energies less
than £, where the deflection angle y varies from zero to infinity

Figure 4 represents the dependence of the (1 — cos ) function on the impact parameter b for several values

of reduced energy E. Figure 4, a, corresponds to relative energy £ = 0.014, which is less than the critical ener-
gy (E. = 0.284), and, therefore, it demonstrates the orbiting effect. In addition, figure 4, b, represents energy

E =0.324 near-critical one, and (1 — cos x) function rapidly oscillates between values zero and two. Figure 4, ¢
and d, correspond to energy values, which are greater (£ = 0.490) or much greater (£ = 42.0) than critical ener-
gy. The latter one demonstrates monotonic dependence of the (1 —cos x) function on the impact parameter b.

The exact empirical potentials for interaction between radium atom and halogen atoms (F, Cl, Br and I)
are unknown. In order to calculate the required transport properties, we have used the ab initio PECs for the
ground state of the RaF [15], RaCl [20], RaBr [16] and Ral [17] molecules. These PECs have been calculated
at the FS-RCCSD [14] level of theory, which is one of the most successful tools for predicting the electronic
structure and properties of molecular compounds containing heavy atoms. It provides the most accurate data
on PECs and other characteristics of complex molecular systems [15; 20].

The ground state PECs were calculated near their minima and were extrapolated to the larger internuclear
distance via the Morse potential [21]:

@(;»):De(l—e‘“("re))z—/)e, (18)

where D, is the dissociation energy; 7, is the equilibrium internuclear distance; a depends on PEC’s parameters:

0
a=—"% B ,
2n \} 2D,
where ®, is a harmonic frequency.

Besides, the ground state PECs, obtained by formula (18), for the radium monohalides are shown in fig. 5.
Since the real PEC can significantly differ on the Morse potential function, for comparison we have also cal-
culated the transport properties for the potassium — rubidium medium. In contrast to radium monohalides,
the ground state PEC for the KRb molecule has been obtained through both experimental [22] and theoreti-
cal [23; 24] methods. We have performed the calculations of the transport properties for the K — Rb medium
using exact empirical potential [22] and the model Morse potential. It allows us to estimate possible errors
introduced by using the model potential function instead of the real one.

The transport properties as well as the Morse potential, depend on the reduced mass of interacting parti-
cles. The radium does not have stable isotopes. The longest-lived isotope of radium is *°Ra with a half-life
of about 1600 years. The fluorine has only one stable isotope, namely '°F. The chlorine has two stable isotopes
(**Cl and *’Cl) with abundances of 75.77 and 24.23 %, respectively. The bromine also has two stable isotopes ("Br
and *'Br) with abundances of 50.69 and 49.31 %, respectively. The iodine has only one stable isotope, namely
127]The potassium has two stable isotopes (*’K and *'K) with abundances of 93.26 and 6.73 %, respectively.
The rubidium has only one stable isotope (*’Rb) and one long-lived isotope (*’Rb) with abundances of 72.17
and 27.83 %, respectively. We calculated the transport properties for the *Ra — '°F, *°Ra — *°Cl, ***Ra —*'Cl,
2°Ra — PBr, *°Ra — '*"I and *’K — *Rb dilute gas media.
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Fig. 4. The dependence of the (1 — cos x) function on the impact parameter b
for £=0.014 (a), 0.324 (), 0.490 (c) and 42.0 (d)
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Fig. 5. Potential energy curves of the ground state
of the RaF (7), RaCl (2), RaBr (3), Ral (4) and KRb (5) molecules

Calculation details

All calculations were performed in relative units described in the previous section using the package Wol-
fram Mathematica [25]. At the first stage of calculations, a critical distance 7. and critical energy E, were
determined according to formulas (16) and (17). Optimal steps in selected ranges for energies £ and impact
parameter b were defined.

In the energy range E < E, the values of 7, and b, were evaluated by using formulas (15) and (10), respec-
tively. The angle % was calculated for the given energies for the values of b belonging to five different intervals:

58



Teoperuueckast puznka
Theoretical Physics

I, 11, 1L, IV and V (fig. 6). To calculate the deflection angles using (7) in the intervals I and IV one needs the
distances of closest approach r,, to be numerically evaluated using (13) according to the approach described

previously. For b < b, the smallest positive root lying near distance where (I)(r) =0 was chosen as a solution.

For b > b, the largest positive solution of equation (13), being usually located to the right of the potential in-
flection point, was taken as 7,,. In intervals II and III near the point b = b, where the orbiting occurs, the angle ¥
tends to negative infinity. Taking into account this asymptotic behaviour, the angle ) was found as a function

b*— by

b =b,, where c and ¢’ are positive coefficients determined for each value of £. In the interval V the angle x takes
negative values, slowly increasing tending to zero as b approaches infinity. Considering this tendency, a func-

in interval II to the left of the critical point and as a function szc—bz in interval III to the right of
— b

tion of the form C—g + %8 + % was used as function ¥ (b), where C,, Cy and C), are coefficients determined
b b b
for each value of E.
For energies E > E, the integrals for deflection angles x were calculated numerically exactly by using for-

mula (7) after evaluating r,, according to (13). As for each value of £ deflection angles x(b) — 5= 0and

are negative in the asymptotic region, so for curve-fitting was used the same function as for interval V (E < E).
For energies £ slightly larger than £, in the vicinity of the minimum of the angle , where the function changes
very rapidly, a more frequent step of b was used to obtain more points for the further interpolation. For the
interpolation of the calculated % points Hermite polynomials of third order were used.

11 111 v A%

\

T TN N T N N TN TN T NN TN T T AT N T TN N T TN S SN I S S NN
by
Impact parameter b

:

/

Deflection angle .

Fig. 6. The dependence of deflection angle y
on impact parameter b: [-V are intervals

The integrals Q(l)(E ) for the scattering cross-sections were calculated according to (6) for /=1 and / = 2.
For energies E < E, the values of Q(l)(E ) were calculated as Q(l) = QI(I) + QI(II) + QI(III) + QI(\Z,) + Qg), where Qi(l),
i=1,5,are integrals over b belonging to intervals [-V. Integrals QI(I), QI(\I,) and Qg) were calculated numerically,
integrals Ql(ll ) and QI(III) were evaluated analytically. For energies £ > E, the values of Q(l)(E ) were obtained as
sum of two integrals over b in the intervals of numerically and analytically defined  data.

Besides, the Q(l)(E ) function values for all energies were interpolated by Hermite 3" order interpolation
method. To describe the scattering cross sections Q(l)(E ) in the regions £ — 0 and £ — +oo the curve-fitting

functions of the form of A/E p(l)e_k(l)E were applied with the coefficients A(l), p(l) ( p(l) > 0) and ) being de-
fined separately for the discussing regions for different values of /.

The collision integrals Q%) were calculated by substituting the obtained integrals for the scattering cross-sec-
tions Q(l)(E ) into (5) for / = 1, 2. The range of relative temperatures 7" for these integrals was chosen to cor-

respond to the real temperatures 7 from 5 to 3000 K for each of the gaseous media under study. As Q(l)(E )
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and Q(z) (E ) were obtained for three ranges of energy: £ — 0, values £, selected for the numerical calculation and

E — +oo, than Q%) were evaluated as sum of three integrals over E. The integrals over second range were
obtained numerically. The rest integrals in the sum were calculated analytically as integrals of gamma func-
tions.

The described calculation technique was tested on the Lennard-Jones potential. The integrals calculated by

us occurred to be in full agreement with the already known Q") collision integrals [13], being widely used
for predicting transport properties of gases.
All calculations were performed at a pressure of 1 atm.

Results and discussion

The calculated transport properties for the two-component radium — halogen dilute gas media as functions
of the translation temperature in the range 5-3000 K are shown in fig. 7, a, 8, a, and 9, a. The dependencies of the
transport properties on chlorine isotope mass are presented in fig. 7, b, 8, b, and 9, b, where inserts demonstrate
mentioned functions for high temperatures. Figures 7, ¢, 8, ¢, and 9, ¢, show calculated transport properties for
the K — Rb medium using exact empirical (curve §) and model Morse (curve 7) PECs.

The difference in behaviour of the diffusion D and thermal conductivity A functions and viscosity 1 function
is due to the following reasons. The dependencies of the D, A and 1 coefficients on medium’s characteristics are

(see also equations (2)—(4))
f
p- Yt (19)

f
O Ll (20)

e2y)

Since the dependencies of the collision integrals QY and 0?2 on temperature have the same character,
namely, they monotonically decrease when temperature increases, the reduced mass and the PEC’s parameters
are crucial in differences of the coefficients for different media. For the diffusion coefficient D (see fig. 7, a) and
thermal conductivity coefficient A (see fig. 8, @) for the Ra — Cl and Ra — Br media mentioned dependencies
partly compensate each other (see also fig. 5). As a result, D and A functions for the Ra — Cl and Ra — Br media
are similar. The diffusion coefficient D (19), in fact, differs from the thermal conductivity coefficient A (20)
only by a factor of temperature, which results in a faster rise of corresponding dependencies for high tempe-
rature. Wherein, a character of rising of the functions remains the same.

Generally, the transport properties are weakly dependent on isotope mass (see fig. 7, b, 8, b, and 9, b). For
low temperatures, this dependence almost vanishes at all.

The viscosity coefficient 1 (21), in fact, is the thermal conductivity coefficient A (20), which is multiplied
by the reduced mass [. As a result, a character of rising of the n function drastically differs on A function
(comp. fig. 8, a, and 9, a). It is reflected in dependencies of the thermal conductivity coefficient A and visco-
sity coefficient 1 for the Ra — Cl medium for different chlorine isotopes (see fig. 8, b, and 9, b). The thermal
conductivity coefficient A function for the chlorine-35 isotope lies above the chlorine-37 one, wherein for the
viscosity coefficient 1| the dependencies are reversed.

However, the analysis of dependencies of the transport properties on temperature for the K — Rb medium
(see fig. 7, ¢, 8, ¢, and 9, ¢) shows that the model Morse potential energy function underestimates the D, A and
7 coefficients compared with exact empirical one [22]. Our results are in agreement with calculations of [26]
on the alkali metal (Rb, Cs) —rare gas (He, Ne, Ar, Kr, Xe) media, for which calculated transport properties using
the Morse potential are also underestimated relatively experimental values. It should be taken into account
when comparing theoretical results with future experimental data.

60



Teopernueckas ¢puzuka

Theoretical Physics

Diffusion coefficient D - 104, mYs

a

—_
W
T

—
(==}
T

o
n
T

0.0

LI e B e

4

[ N N

Temperature 7, K

Diffusion coefficient D - 104, m’s

[
(9}

—
[

o
W

0.0

500 1000 1500 2000 2500 3000

4

0.85
0.80
0815

0.70

0.65

<
=)
T

2500 2600 2700 2800 2900 3000

Diffusion coefficient D - 104, m%/s
=)
S

=
\S]
T

0.0

[ N =

0

= e I B

[ N N

0 500 1000 1500 2000 2500 3000

Temperature 7, K

Temperature 7, K

Fig. 7. Predicted diffusion coefficient for the dilute gas media:

illustration ¢ demonstrates *°Ra — '°F (1), *°Ra — **Cl (2), ***Ra — "Br (3), ***Ra — '*"I (4);
illustration b presents ***Ra — *°Cl (5), *Ra — *’Cl (6); illustration ¢ shows **K — ¥*Rb (7, 8)
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Fig. 8. Predicted thermal conductivity coefficient for the dilute gas media:

illustration a demonstrates **°Ra — '°F (1), **Ra — **Cl (2), ***Ra — "Br (3), ***Ra - '?"I (4);
illustration b presents *°Ra — *°Cl (5), ?Ra — *'Cl (6); illustration ¢ shows *’K — ¥Rb (7, 8)

62



Teopernueckas ¢puzuka
Theoretical Physics

35

- 1 1o w
W (e W (e

Viscosity coefficient 1 - 105, kg/(m - s)

—
o

0.5

a

2.10F
20 _2.05;
2.00F
1.95F
1.90F
1.85F

1.5F

1.0

Viscosity coefficient - 105, kg/(m - s)

1.8
2500 2600 2700 2800 2900 3000

0.5

TN T T T A A I A = TN T W O W B A M |

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Temperature 7, K Temperature 7, K

c

3.0

- » N
W o W

—_
(e

Viscosity coefficient 1 - 105, kg/(m - s)

0.5

=)

00 TN T T T T 0 I B A B B 1
0 500 1000 1500 2000 2500 3000

Temperature 7, K

Fig. 9. Predicted viscosity coefficient for the dilute gas media:
illustration a demonstrates “*Ra — '°F (1), **Ra — **C1 (2), ***Ra — "Br (3), **Ra — '7'I (4);
illustration b presents “**Ra — 3CI (5), **Ra — *'Cl (6); illustration ¢ shows *’K — **Rb (7, 8)
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Conclusions

Based on the classical kinetic theory of gaseous media, a detailed methodology for the calculation of the
transport properties using the Morse potential has been developed. The diffusion, thermal conductivity and vis-
cosity coefficients as functions of the translation temperature in the range 53000 K for the two-component ra-
dium — halogen (F, CI, Br, I) dilute gas media are calculated for the first time. The influence of an isotope mass
on the transport properties is defined. Possible errors introduced by using the model Morse potential function
instead of the real potential for the interaction between atoms are estimated. Calculated data can be useful for
the planning of the experiments on the direct laser cooling of the monohalides of alkaline earth metals.
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KOHAEHCHUPOBAHHOI'O COCTOAHUA

CONDENSED STATE PHYSICS
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BOAOPOAO®MPA3OBBIN HAKAEII B PE3YABTATE .
OAHOKPATHBIX NU3OTEPMUYECKUX TUAPUAHBIX IIPEBPAIIIEHNN

I 1. KHPOB", M. B. TOJIBI]OBA"

1 o . .
)Eeﬂopyccwu HAYUOHANbHYIL MEXHUYEeCKULL YHUGepcumen,
np. Hesasucumocmu, 65, 220013, 2. Munck, benapycw

Bonoponuas 06paboTka METAIITMYECKUX MaTepHasIoB, 3aKII0YAOIIAsCS B YIPABISIEMOM BOJOPOTHOM BO3ICHCTBHU
Ha METa/UIbl U CIIIaBBI B LENSAX HMPUAAHHUS UM OCOOBIX CBOWMCTB, SIBISETCS MEPCIEKTHBHBIM HampaBieHHeM. B pabote
SKCIIEPUMEHTAIBHO U3yUCHBI N3MEHECHUS MEXaHMUECKUX CBOWCTB MayIagusl MPHU OJHOKPATHBIX THIPHIHBIX MpEBpalie-
HUSIX, UHUIIMMPOBAHHBIX B MCXOJHO HEHAKJECMAaHHOM THAPHJE Majiaaus. MaTepuaaoMm JUIsl UCCIASIOBAHUS BBICTYIIHIN
MPOBOJIOYHBIE MaIajeBble 00pa3ibl unctoror 99,98 %, auamerpom 0,5 MM, umHoi 165 MM. [IpeaBapurensHo uccie-
Jyemble 00pasIbl MOABEPTraii BOJOPOIHOIM 00paboTKe, a 3aTeM MPOBOAMIN MeXaHHUeCKue ncnbiTanus. [IpencraBiens
MEXaHNYECKHE CBOWCTBA HEHAKIICIAHHOTO THapuaa namuiaaus. VizydeHn Bogoponoda3oBslii HAKIeN majia s Ipr BOI0-
ponHoit obpaboTke. [TokazaHo, 4TO TUAPH MAIUTAANS SBIACTCS TUIACTHYHBIM MaTEPHAIOM ¢ HEBBICOKMMU TPOYHOCTHBI-
MH XapaktepuctukaMu. [Ipu oOpaTHOM THAPHIHOM NPEBPAICHUH Pa3BHBACTCS BOAOPOAO]A30BBIH HAKIICT MaJLIAINs.
OOCyXIeHBI SKCTIEPUMEHTANIbHBIC (DaKThl BOBHUKHOBEHHS BOIOPO10()a30BOT0 HAKIIENa MPU B3aMMOACHCTBUU BOIOPO/IA
C IpyT'MMHU MeTaJlsIaMH U CIJIaBaMH.
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HYDROGEN-PHASE NAKLEP AS A RESULT
OF SINGLE ISOTHERMAL HYDRIDE TRANSFORMATIONS

G.I. ZHIROV®, M. V. GOLTSOVA®
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Hydrogen treatment of metallic materials is a promising area of controlled hydrogen action on metals and alloys in
order to impart special properties to them. In this work, the changes in the mechanical properties of palladium during
single hydride transformations, which are initiated in the initially non-nakleped palladium hydride, have been experimen-
tally studied. Were investigated wire palladium samples with a purity of 99.98 %, a diameter of 0.5 mm and a length of
165 mm. Samples for research were preliminarily subjected to hydrogen treatment, and then mechanical tests were car-
ried out. The mechanical properties of non-nakleped palladium hydride are presented. Hydrogen-phase naklep of palladium
during hydrogen treatment has been studied. It is shown that palladium hydride is a plastic material with low strength
characteristics. During the reverse hydride transformation, the hydrogen phase naklep of palladium develops. Experimen-
tal facts of the appearance of hydrogen-phase naklep during the interaction of hydrogen with other metals and alloys are
discussed.

Keywords: hydride transformation; palladium — hydrogen system; palladium hydride; mechanical properties; hydro-
gen treatment; hydrogen-phase naklep.

BBenenune

[Ipobnema B3anMomecTBHSI BOAOPOA ¢ METAIlZIaMH HE TePSAET CBOCH aKTyaaIbHOCTH IJIs MCCIIeOBATENICH,
Y Ha 9TO €CTh BECKHE TPUIHHBI:

1) mocnencTBUs B3aUMOACHCTBHUS BOAOPO/IA C KOHCTPYKIIMOHHBIMHU MaTepraiaMy aTOMHBIX peakTopos [1],
YTO CTAHOBUTCSI 0COOCHHO aKkTyalibHbIM JUtst PecriyOnuku benapych B cBsi3u ¢ 3amyckom B 2020 . benopycckoit
aTOMHOM AJEKTPOCTAHLINY;

2) KOMMEpIHAII3aIIUs IPOSKTOB BOJIOPOIHOM SHEPTeTUKH, HAOUparoiasi 000pOThI Kak B CTpaHax 3amnaja [2],
Tak u B Poccuiickoit deneparuu, rje yxe MpoIes Bce CTaJHK COTIACOBAaHUS TUIaH Meponpustuii «Pa3sutue
BopopoaHou sHepreTuku B Poccuiickoit ®deaepanuu g0 2024 roL[a»l.

OmHAM U3 TIEPCIIEKTUBHBIX HAIPaBIIEHUH B 00OJACTH B3aMMOJACHCTBUS BOJOPOAA C METAIJIAMH SIBIISIETCS
00paboTKa METaUIMYECKUX MaTepPHaoB C TIOMOIILI0 OOPATHMOTO BOJOPOAHOTO BO3/ICHCTBUS B IEISAX YIIyd-
IIeHHUS CTPYKTYPHI U TIOYYCHHUS 3aJJaHHBIX CBOMCTB. B HacTosIIel cTaThe MpHUBEACH CPAaBHUTEIHHBIN aHAIN3
(hazoBoro Hakyemna u BomopomodazoBoro Hakiena (BOH), cyMMupoBaHbI pe3ylIbTaThl SKCIIEPUMEHTATBHBIX
uccnenosanuii BOH B nHenaxnenanHom ruapune namwtagus PAH , naHbl olleHKH NEPCIEKTUB [IPAKTUUECKOIO
HUCIIOJIb30BAHUA JAHHOI'O ABJICHUA.

KpaTKne TEOPETUIECCKUE CBEACHUS, IIOCTAHOBKA 3a1a41U

da3oBbIi HAKIJIET, KaK (U3MUYECKOE SBICHUE U KaK METOJ YIPOYHEHHUS CTaJledl U CIUIaBOB, OBbLJ yCTAaHOB-
JIieH 1 pa3paboTaH B Havase nponuioro croierus. Eme B 1930-x rr. akanemuk AH CCCP A. A. Bougap [3]
chopMynHMpoBa HAyYHOE MOJIOKEHNE O TOM, YTO B Tporiecce (a3oBbIX MPEeBpaIleHUi JODKEH UMETh MECTO
BHyTpeHHUH ((pa30BbIil) Hakiien cTalieil, 00yCIIOBIEHHBIH Pa3HOCTHIO YACIBbHBIX 00hEMOB MTPEBPAIIAFOIINXCS
¢ba3 o <> v. B mocnenyromem akanemuk AH CCCP B. JI. CanoBckuii u ero yueHUKH pa3zpadoTrany Gu3ndecKue
OCHOBBI H TEXHOJIOTHIO YIIPOUHEHHS ayCTCHUTHBIX CTallell MeTooM (ha30Boro Hakierna’ [4—9].

Hampumep, $ha3oBblil HakiIen B ABOMHBIX (WJIH JONOJIHUTEIHHO JIETHPOBAHHBIX ) KEJIC30HUKEIIEBBIX ayCTe-
HUTHBIX CTAJISIX JIOCTUTACTCSI CICAYIOMINM 00pa3oM. XUMHUYECKUI COCTaB MOI0UPAETCs TaK, YTOOBI TIPH KOM-
HaTHOH TeMIlepaType cTajb Haxo[niIach B ayCTEHUTHOM COCTOSIHMM U TIPY 3TOM HMeJa MapTEHCUTHYIO TOUKY
[P TEMIIEPATYpe HECKOJIBKO HMXe KOMHATHOM. Torja npu oxJya)/IeHUuH B )KMJIKOM a30T€ B TaKOM cTajM paz-
BHBaeTCs MapTEHCUTHOE IMpeBpaileHne u oopasyercs 70-95 % maprencura. Ilocne storo sramna o0paboTKH
CIJIaB HAaXOJMUTCS B IBYX(Aa3HOM COCTOSIHUM: MAPTEHCHUT IIIFOC OCTATOUHBIN ayCTEHHUT.

Ha BTOpom aTare 06paboTKH CILIaB HArpeBaeTCs BBIIIE TEMIIEPATYPHOTO HHTEPBAJIa Pa3BUTUS 00PATHOTO
MapTEeHCUTHOTO IPEBPAILIECHUS 0L — ¥, T. €. 00bIYHO 10 Temueparyp 550—650 °C. B pesynsrare crajib nepexo-
TUT B OTHO(a3HOE ayCTEHUTHOE COCTOSHUE, KOTOPOE OTIINYAETCA OT UCXOHOTO TeM, YTO CTallb OKa3bIBACTCS

'Tasnpom i PocaTom HAYHYT MPOM3BOINTE «UHCTHI Bomopox B 2024 roxy [DmexkTporusiii pecype]. URL: https:/www.rbe.ru/
business/22/07/2020/5f1565589a794712b40faedf (nara obpamenus: 24.10.2020).

Iop6au B. I'. ViccnenoBanue mpoueccos (hpasoBOro Hak/Iena B CIUIABAX Ha OCHOBE JKeJie3a : aBToped. IHC. ... J-pa TeXH. HAYK :
05.16.01. Kues, 1968. 38 c.
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CYILIECTBEHHO yIpouHeHHOH. EcTecTBeHHO, 4TO 3T0 (ha3oHaKIeTaHHOE ayCTEHUTHOE COCTOSIHHE CTAlId COXpa-
HSETCs MpH 0oJiee HU3KUX TeMIepaTypax BIUIOTH 0 KOMHATHOM.

Konmnernust o BOH 6b11a BRIIBHHYTA, 000CHOBaHA U AKCIIEPUMEHTAIBHO TIOATBEPKAeHA B 1972 T. Ha mai-
JAJIHH TIPH €TI0 TePMHUYECKOil 06paBoTKe B ra3000pa3HOM BOIOPOJC’, @ B MOCICAYIONINE TOI BCCCTOPOHHE
pa3pabotana u 0000IIIeHa Ha MaJUIauy, CIlaBaxX naiaaus u Huoowu [10—17].

CyIlIHOCTh 3TOTO HEM3BECTHOTO paHee sBJICHUs B Haubosee oomiei Gpopme chopmynupoana [10] criemyro-
M o6pazom. BOH — 310 siBneHue yrnpapisieMoro rnepexo/ia METalioB B BRICOKOIIPOYHBIE CTPYKTYPHBIE COCTOSI-
HUSI ¢ 0COOBIMH (DU3MYECKMMHU CBOMCTBaMH, 00YCIIOBJICHHOE BO3/ICHCTBUEM Ha METAJLT BOAOPOAA U MHIYLIUPO-
BaHHBIX UM (Da30BBIX MPEBPALICHUH, TPOTEKAIONINX C Pa3BUTUEM BHYTPEHHEH IIaCTHUECKOH JedopMaluu
(u3-3a Pa3HOCTH YyIEIbHBIX 00EMOB MpeBpamarommxcs Gpas (o <> B (oL — TBepAbIil pacTBOpP BHEAPEHHS Me-
Tal — BOIOPO., B — ruppuaHas ¢asa)).

KoHkpeTHbIE CXeMBI U PEKUMBI BOIOPOTHONW 00pabOTKH THAPUA000Pa3yIOINX METAIIOB U CIUIABOB Ha
B®H 6b1m11 06061mens! B [10]. OHu 3aKi1r09atoTCsl B HACBHIIIIEHUN METalIa BOAOPOAOM (DIEKTPOXUMHYECKUM
METOJIOM M3 I'a30BOM (ha3bl) U pa3BUTHHU B TOJYYCHHBIX CIUIABAX BHEAPCHUs (DA30BBIX MpeBpalieHuit o <> B
3aJlaHHOW TOJNHOTHI U T. 4. Ha 3aBepmraromiem stamne MeTamt Ju00 Jera3upyercs MOoJHOCThI0 (MOHOGAa30HA-
KJICTTAHHOE COCTOSTHUE), TNOO0 HE JeTa3upyeTCsl COBCEM N JeTa3upyeTcs 9acTUIHO (monrda3oHaKIeTaHHOe
COCTOSIHUEC).

Taxum oOpazom, maymtaanii, HHOOWH U APyTHE THAPUA000pA3YIONTNE METAIUTBI U CIIABEI, He obradaioujue
npUPOOHBLIM NOAUMOPU3MOM (KITACCHYECKHI BapUaHT (a30BOro HaKJIena HEBO3MOXKEH), ITPH OIPEJICIICHHBIX
YCIIOBHSIX MOTYT OBITh yIpouHeHbsl BAOH B CTONG e CHIIBHOU CTETCHH, KaK M MPH IUTACTHUECKO# nedopma-
uH, 6e3 H3MeHeHHs pazMepoB 1 (GopMbl. Heo0xoanmMo o4epKkHyTh, 4TO (PeHOMEHOJIOTHIECKHEe 0COOEHHOCTH
ynpouHenus npu BOH nake namiaaus BO MHOTOM OCTAFOTCS IIOKa HETOCTATOYHO UCCIIEN0BaHHBIMU. B aTOM
IJJaHEe MOXKHO TIOCTABHUTH 3aKOHOMEPHBIHN Borpoc: «Kakyto pons B senennn BOH ruapuaooOpasyrommx me-
TaJUIOB M CIUIABOB MUTPAIOT MPSMbIE TIPEBPAILCHUS 0L — [3, a KaKyro — 0OpaTHbie TpeBpateHust f — o?»

CoOTBETCTBEHHO, 3ajlada HACTOAIIEH PabOTHI — IMyTEM 3KCIIEPHUMEHTOB CHCTEMAaTHYeCKH MCCIE0BaTh U3-
MEHEHHE MEXaHWYECKUX CBOMCTB MaIaAHs B PE3yNbTaTe OJHOKPATHBIX M30TEPMHUYECKUX THAPUAHBIX Tpe-
BpaIleHuii 3 — O, HHUIIMUPOBAHHBIX B HCXOIHO HEHAKIeNnaHHoM THAPHJIE Tajuiaus. JlanHast 3a1a4a tem Oosee
HHTEPECHA, UTO B CITydae THAPUIHBIX TPEBpalleHuii B — o obpasyromiascs o-pasza UMeeT MCHBIIHUN Y/IeTTb-
HBIIT 00beM, ueM Marpuiia (B-hasa).

ITocraBneHHas 3aja4a IpeICTaBIsET CAMOCTOATENbHBINA HayUHbI HHTEpeC. Ee pereHne no3BoauT nposic-
HUTh, KaKH€ MEXaHHMYECKHE CBOWCTBA UMEET HeHAKIeNnaHHblll TUAPHU Tayutaaus. JleficTBuTenbHO, B (hH3HKe
TBEPJIOTO TeJla U XUMHUH HIMPOKO PACTIpOCTPAHEHO OTHO3HAYHOE MHEHHE, YTO JIF00BIE THAPUABI TT0 CBOEH MpH-
poze — 3To Bceraa TBep/ble U XpPYIIKKE BemecTa. Tak o ato?

MaTepua.m)I U METOAbI UCCJICA0BAHUSA

Marepuanom It UCCIEIOBAHUHN CITY>KUJ Majiaanii auctoTor 99,98 %, KoTophIil comepkall CIeayIOIIre
mukpornpumecu: Pt — 0,009 %; Rh, Fe — o 0,002 %; Ir, Au, Ni, In, Si — He 6osee 0,000 1 %. B HaraproBaHHOM
coCTOsIHMM TOoCTaBKu (nedopmaru ~95 %) mamuiaauii UMen CAeIyrolne MEXaHUUEeCKHE XapaKTEePUCTHKU:
npezen npouHoctu (6,) — 297 H/mm?%; YCIIOBHBIN Npesiesl TeKy4ecTH (G, ,) — 224 H/MM?; oTHOCHTEIBHOE
ynmunenune (8) — 1,1 %.

Bribop Marepuana Juis ucclieIoBaHWE Hecly4daeH. Bo-nepBbix, mamuiaanid, KaK eJIMHCTBEHHBINH MeTalll,
no3BoIsTIONIHN AU (HY3HOHHYIO OYMCTKY BOJOPOJIA IO YIBTPABBICOKOH YUCTOTHI 99,9999 %, urpaer onny u3
KJTFOYEBBIX POJICH B TEXHOJIOTHUSX BOJOPOAHON DHEPTreTUKU. BO-BTOPBIX, BCieACTBUE clielM(DUKN AUarpaMMEbI
cocrosiaust cucteMbl Pd — H oH siBIIsieTCst MOJIETBHBIM MaTepHAaioM JIJIsl H3y4EHHsI OCHOBHBIX 3aKOHOMEPHOC-
Tel B3auMozeiicTBrs Bojopoa ¢ metaiiami (a cuctema Pd — H, cooTBeTCcTBEeHHO, MOZIEIBHOI cHCTEMOH).

JUitst M3ydeHnst MeXaHWYECKUX CBOMCTB MaJUIa usl ¥ €ro TUIpHI0B ([3-(ha3sl) HCIIOIB30BaIH IIPOBOIOYHBIC 00~
pasusl namtagus auamerpom 0,5 MM u mmuHON 165 MM. O6pasisl oTxuraiu B Bakyyme npu 750 °C B TeueHue
0,5 u. [Nanmanuii, OTOXKEHHBIA NPU YKa3aHHBIX YCIOBUSX, UMEIN CIEAYIONINE MEXaHHUECKIE XapaKTepHUCTHUKH:
o, =188 H/vim?; G, =38 H/vm?; 8 = 33 %. Jlastee OTO/OKEHHBIE 06PasIibl HACBIIIAIN BOJOPOIOM B pa3paboTaH-
HOU BOJOPOIHO-BakyyMHOU ycTanoBke (BBY-3). Dra ycTtaHOBKa 1MO3BOJISIET OCYILECTBIISTH BOJOPOAHYIO 00pa-
0OTKy MPOBOJIOYHBIX MaJIaJUeBBIX 00pasioB uHOM 150-200 MM nipu Temmeparype no 1000 °C u naBineHun
ra3zoo0pasHoro Bogoposa 10 4 Mlla ¢ oqHOBpeMeHHO# (pruKcanuel K3MEHEHUH 3JIEKTPUIESCKOTO COPOTHBIIC-
HUS 00pa3ia-CBUAETEN.

MexaHnnuecKkue UCTIbITaHNs 00pa3ioB MOCIe UX BOMOPOAHON oOpaboTku B BBY-3 mpoBommmm mpu kom-
HATHOHW TeMreparype Ha pa3pbiBHON MamuHe PMY-0,05-1 B coorBercTBrHu ¢ TpedoBanusimu [OCT 7855—-68

3Croco6 ympouHeH s rHAPHI000Pa3yIONMX MATEPHAIOB H CIUIABOB : a. ¢. 510529 CCCP : MK C 22 F 1/00 / B. A. Tonb1os,
H. 1. Tumodees (CCCP). Ne 1936144/01 ; 3asBin. 11.06.73 ; ony6a. 06.07.76, Bron. Ne 14.
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JUTsI TIPOBOJIOYHBIX 00pasnoB. JmuHa pabodeit yactu oOpasuoB cocrarisuia 100 MM, Y4TO COOTBETCTBYET
I'OCT 10446—80. [lepen npoBeaeHNEM MEXaHUYECKUX UCIBITAHUN Ha pabouyro 4acTh 00pa3lloB HAHOCHIIU
METKH C TraroM 5 MM. PacTskeHue 00pasioB OCYIIECTBIISUIH MPH TTOCTOSHHOW CKOPOCTH TTePEMEeHHS TTO/I-
BIO)KHOTO 32KMMa pa3pbiBHOM Mamuakl (10 Mm/MuH). 3amuch JMarpamMMBbl HarpysKa — nedopmarys mpoBOIHIH
B JIECATHUKPATHO yBeImdeHHOM MacmTabe. [lo pesymbratam ucnbITaHWN, HCIIONB3YS CTaHAapTHBIC METOMKH,
OmpeIeNsUIi MEXaHNECKHE XapaKTEPHCTHKH NajUIajiis M THAPHIA NAIAS: MPEJIEN NPOYHOCTH (o, H/vm?);
YCIIOBHBIN TIPEIEN TEKYUECTH (O ,, H/mm?); otHOCHTeIbHOE yamuHeHHe (8, %). Kaxoe mpencTaBieHHoe
nanee B paboTe 3HaYCHNE MEXaHWYECKUX CBOICTB SIBIISETCS CPETHUM 3HAYCHHEM HE MEHEe TPeX MCIIBITAaHuN
(Tpex obpazuos). [IpubopHas oTHOCUTEIbHAS OIIUOKA N3MEPEHHSI MEXaHUUECKUX CBOMCTB cocTaBisiia 1-2 %.

Crnemyer MOAYEPKHYTh, YTO MOCKOJIBKY HCTIBITAHHUSI MEXaHWYECKUX CBOMCTB MPOBOIWINA MPH KOMHATHOM
TeMIIepaType Ha BO3YX€e, TO JOTOIHUTENHFHO OCYIIECTBISITH U3MEPEHUS YAETbHOTO AEKTPOCONPOTHBICHUS
HACBIIIEHHBIX BOJJOPOAOM OOpa3IIOB JI0 U TOCIIe MEXaHNYECKUX UCTIBITAaHUH. MI3MepeHus ynenpbHOTo AIeKTpo-
COTIPOTHUBIIEHUS TIOKA3aJH, YTO 80 8peMs UCHbIMAHUL COIep )KaHue BOAOPOa B 00pa3iax He N3MEHSIOCh.

Ha puc. 1 npencrasnena auarpamma cocrostaus cuctembl Pd — H [18, ¢. 91-189], u3 kotopoit BUIHO, YTO
npu 7> T\, =292 °C 512 cuctema sBISCTCs OQHO(DA3HOI U IIPE/ICTaBIIsACT CO00 HEPEPBIBHBIN Psi/l TBEPIBIX
pPacTBOPOB BOJIOPOJIa B MaJUIA M.

350

300

250

T, °C
200
TIpesparuenue B — o (7= const = 170 °C)
6 > 4150
o+p
- 100
1 1 1 1 1 1 1 8 1
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
H/Pd

Puc. 1. Tnarpamma cocrosiaust cucteMsl Pd — H 1 cxeMbl BoZopoiHBIX 00paboToK:
I — m306apa 0,99 Mlla; II — u3obapa 2,3 Mlla

Fig. 1. Diagram of Pd — H system and schemes of hydrogen treatments:
1-0.99 MPa isobar; II — 2.3 MPa isobar

[pu remneparypax wuxke 7., (cM. puc. 1) cuctema Pd —H nmeer Tpu obnacti: 0-0011acTh TBEpABIX pAaCcTBO-
POB BHEAPEHU NaIIaanii — BO,Z[OpOI[, B-o6macte runpunos namnagus PAH, u nByxdasnyio (o + 3)-o6macts
(oTneneHa OMHONATIBIO).

Ipyn Hacklenny najanus Boaopoxom npu 7'= const < 7,, CHavasa 00pasyercst 0-00/1acTb TBEPAOIO pac-
TBOpa BHenpeHusa PdH,, roe H, < H , OTIPEIEIISIONIETOCS COOTBETCTBYIOIICH TOUKON Ha JIEBOM BETBU OMHOIAIH.
JlanbHeli1iee HaChIILICHUE BOI[OpO,Z[OM U TIEPEXO0] CUCTEMBI U3 O- B [3-001aCTh, KaK TEMEph XOPOILO U3BECTHO [16],
OCYIIECTBIISIETCS (ha30BBIM MPEBpAIeHHEM 0. — [3 M0 MeXaHU3My 3apokaeHust U pocta. ClieoBaTenbHO, MOy-
YaeMbIl B 3THX YCJIOBHSIX THJIPH/T MAJIAIUS HEU30€KHO OKa3bIBACTCs BOIOPOI0(a30HAKIICTIAHHBIM.,

B cooTBeTcTBHM ¢ IOCTaBIEHHOM 331a4eli B HacTOsIIEH paboTe NCIIONB30BAId METOIMKY TIOTyYeHHS PaBHO-
BECHOTO (HEHAKJICTIAHHOTO) TUApHUAa Taymaans. st pa3paboTaHHONH METOAMKHN XapaKTEPHBI ABE MTPUHITATTHATb-
HbIE 0COOCHHOCTH.

Bo-miepBbIX, HACHIIIICHNE MAIIA IS BOIOPOIOM OCYIIECTBISCTCS «B 00X0M» Kymnosa aByxdaszuoii (o + [3)-
oOmactu auarpammsl coctosiaust cuctembl Pd — H. [Tpu Takom HachIieHUU Majuiaiusi BOAOPOIOM JI0 THAPHUJI-
HOT'O COCTOSIHUS yj1aeTcsi u30exarh (ha3oBoro mpespaieHus o0 — B, a 3Hauut, 1 BOH rumpuaa maniaus.

Bo-BTOpHBIX, B TAHHON METOAMKE YITCHO, UTO ATOMBI BHEAPEHUS BOIOPOIA PACIIUPSIOT KPUCTATUTMUECKYIO
pemeTky Meraia. COOTBETCTBEHHO, JIFOObIE HEOTHOPOIHOCTH pacIipeieNIieHNs] pACTBOPEHHOTO BOJIOPO/IA B Me-
Tajule Hen30€KHO MPHUBOAAT K TOSIBICHUIO BOJOPOIHBIX KOHIEHTpannoHHBIX (BK) mHampsokenunii, koTopsie
MOTYT Kak He MPEeBbIIaTh Npe/eia ynpyrocTy nauiaaus (sBieHue Bogoponoynpyroctu [14]), Tak u npeBoc-
XOJIIUTH €T0 U B PE3yJIbTaTe BBI3BIBATh Pa3BUTHE BHYTPEHHEH TutacTuieckoit aegopmannu. [locnenanii cayqait,
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K COXaJIEHUIO, TT0Ka MaJio n3yueH. COOTBETCTBEHHO, 3Ty YacTh METOIMYECKOH 3a/1a4i MBI peIIaid YUCTO IKC-
MIEPUMEHTAIbHBIM IIyTEM.

Cxema MPOBOAMBIIMXCS BOAOPOAHBIX 00paboTOK mpeacTaBieHa Ha puc. | (mytb 1 -2 — 3 — 4 — ).
[lepBoHauaIbHO OTOXKEHHBIE TAJITaIMEBbIE 00pa3Ibl TOMEMIAIOT B ycTaHOBKY BBY-3, Bakyymupyror u Ha-
rpesarot 10 temneparypbl 350 °C (Touka 2) co ckopocTbio 5—7 °C/MUH. 3aTeM OCYLIECTBISIIOT BBIACPKKY 00-
Pas31oB A1 MEJIEHHOTO Hallycka BOJIOpOJia B YCTaHOBKY IPH MOCTOSIHHON TeMIiepatype 1o fasinenus 2,3 Mlla
(Touka 3), KOTOpOE MPEBHIMIACT JABJICHUE B KpUTHICCKOM Touke cucTeMsl Pd — H, mipu 3TOM cKOpoCTh mogadu
Bozoposa B kamepy cocrasiser 0,1-0,2 MIla/mun. [lanee npousBOASIT HOTOTHUTEIBHYIO BBIACPKKY 00pa3-
OB B arMocdepe Bopopoza mpu Aapnennu 2,3 MIla 1o crabunmzanuu uX 3JIEKTPOCONPOTUBIICHHS, TOCTE
Yero yke IpH 3TOM MOCTOSIHHOM JaBICHUU PHz = 2,3 Mlla ocymecTBISIOT OXJIaXKACHUE 00pa3IoB CO CKO-
pocteio 2-3 °C/MuH, 4TO 0OecIieuuBaeT IBMKEHHE (PUTYPaTHBHOM TOUKU cucTeMsl o nzobape II (cm. puc. 1).
[Ipu 5TOM 00pa3IBI TOMOIHUTENHHO MOTIIOMIAIOT BOJOPOA U IEPEXOAT B THAPUAHYIO 00JIaCTb.

Wrak, rmaBHas 0COOCHHOCTh METOANKH TOMYyYEHUs] HEHAKJICaHHBIX («OTOXOKEHHBIX)) THAPHUIOB Haslia-
ISl COCTOMT B TOM, YTO OTOXKCHHBIN MajulaJinii HACKIIAETCsl BOAOPOJIOM «B 00X0m» Kyroia AByX(azHOH
(o + B)-obmactu. B pesynbrare ymaercst u30exkarh MpsIMOTO IpeBpaiieHus o — [ u, coorBercTBeHHo, BOH
TajIaaus.

Jpyroii BaxxHOI 0COOEHHOCTHIO METOAMUKH SABJISIETCS TO, YTO HACBIIIEHHUE MAJJIaANs BOJOPOIOM «B 00XOM»
KynoJsia AByX(a3Hoil 00JacTu OCYIIECTBISACTCS B CTOIb MIATKUX YCIOBUAX (MEAJICHHOE U3MEHEHHE TeMIlepa-
TYpBI U JaBJICHUS BOAOPO/A), YTO HEM30eKHO Bo3HUKatomue BK-HampspkeHns: He mpeBOCXOIAT Ipeiena yupy-
TOCTH OTOX’KEHHOTO MaJUIa s, a CIe0BaTeNbHO, HE BHI3BIBAIOT N3MEHEHHUI €T0 OTOMNCGKEHHOTO COCTOSHUS.

CoXpaHHOCTb OTOXOKEHHOTO COCTOSIHUSI METajlla M MOJIYYEeHUE 3alaHHOTO «OTOXKEHHOT0» THApUAA Mal-
Ja]iisl IEpBOHAYAIBHO OLEHUBAIIN TTOJIOKHUTEIBHO, €CITH TIOIMPOBAHHBIN UG KOHTPOJILHOTO 00pasia nocie
00pabOTKH COXpaHsI CBOE MTOJIMPOBAHHOE COCTOSTHHE.

PesyabTarhl 1 HX 00Cy:KIeHUE

YcIioBus HCXOTHBIX 00pa00TOK 00PA3IIOB MALIAHS U PE3Y/IbTaThl MX MEXaHUYECKUX UCTIBITAaHUI 0000111e-
HbI B Ta01. 1. B HarapTOBAaHHOM COCTOSIHUU MOCTABKH MaJliaJni 001a1aeT BeChbMa BEICOKMMHU MPOYHOCTHBIMU
CBOMCTBaMHU M UCKJIFOUUTEILHO HU3KOW TUIACTUYHOCTHIO (cM. Tadiu. 1, Ne 1). [locne oTkura B Bakyyme mpu
750 °C 0oH UMeeT PEeKPUCTAIUTM30BAHHYIO CTPYKTYPY C pazMepoM 3epHa ~50 MKM H MpHOOpeTaeT CBOMCTBA,
XapaKTePHBIC ISl OTOXIKEHHOTO MeTasuia (cM. Tabm. 1, Ne 2), T. €. HU3KHe MPOYHOCTHBIE MOKA3ATEIH U UCKITIO-
YHUTETBHO BBICOKYIO IIIACTHYHOCTD (O = 33 %).

JomomauTensHas BogopoaHas 00padotka oroxokenHoro naymtaaus mpu 310 u 350 °C (cm. Tadm. 1, Ne 3 m 4)
MIPH MEJIJICHHOM HACBIIIIEHUH €r0 BOJIOPOJIOM U MOCIEYOIIEH ME/UICHHOM Jiera3allui B 1IEJIOM 00eCIieYrBaeT
COXpaHCHUEC MEXaHUYCCKUX CBOI71CTB, XapaKTCPHBIX I UCXOAHOI'O OTOXKIKECHHOTO COCTOSIHUA MaJlJIaans. Tem
He MeHee ToCTIe/YIoNIas BOJ0PoIHas 00padoTKa OTOXOKEHHOTO MAaJLIa v, ONTUCAHHAS HUXKe, Obla JIOMOIHH-
TEJIBHO CMSIT'YCHA B OTHOIIICHUH CKOPOCTEH U3MEHEHHS TEMIICPATyPhl U JaBICHUS BOAOPO/IA.

Tabnuna 1
MexaHu4ecKHe CBOMCTBA MAJJIA/IHS 0CJIe PA3JIMYHBIX HCXOAHBIX 00PadoTOK
Table 1
Mechanical properties of palladium after various initial treatments
IIpenen Yca0oBHBIH mpenen OTHOCUTENIBHOE
Nen/m Obpadorka MPOYHOCTH (G,), H/mm? TEKY4eCTH (G ,), H/vm? ymHeHwe (8), %
| HaraproBannoe coctosinue , 297 204 1.1
nocTtaBkH (nedopmanus 95 %)
[e]
5 OTmxur B BakyyMme nipu 750 °C 188 38 33
B Teuenue 0,5 4
3 Omxur nipu 750 °C, HacleHNE . 182 40 30
BOZIOpOJIOM U ferazanus mpu 310 °C
0,
4 Omxur nipu 750 °C, HackIIeHNE ) 216 41 27
BOAOPOJIOM U Aerazanus mpu 350 °C

Y CcTaHOBIIEHO, UTO «OTOXOKEHHBIN THIPH] HAJUTaAMs, TOTYUSHHBIN 110 Halled MeTOAMKe (CM. puc. 1, myTh
1 =2 — 3 —4—8), umeer ciieyrole MeEXaHUIeCKHe CBOMCTBA IIpU KOMHATHOH TemIiieparype: 6, =216 H/mv?;
Gy, =41 Hmm?’; § =27 %.
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HamomunmM, 4yT0 MexaHH4eCcKre CBOICTBA OTOXKIKEHHOTO MaJlIa/ins, UCIOJIb30BAaHHOTO B HACTOAIIEH paboTe,
6bUTH crienytouMu: 6, = 188 H/Mm?; Gy, =38 H/mm?; 8 =33 %.

CormocrapneHre NPUBEICHHON BbITIE HHPOPMAIMY HATIISIHO CBHJIETEIBCTBYET, YTO TOyUYSHHBIC 110 pa3-
paboTaHHOI METOMKE HEHAKIIETTaHHBIE THAPUIBI TAJUTATUS SIBISIOTCS 8bICOKONIACMUYHBIMU MEMALIUYeCKU-
mu mamepuanamu. IIpy 3ToM UX TPOYHOCTHBIE CBOMCTBA HEBBICOKH M BIIOJIHE COTIOCTAaBUMBI CO CBOWCTBAMHU
MCXOJHOTO MeTajuia (B JAHHOM CIIy4ae — OTOXCKEHHOTO Majutaausi). DTOT 9KCIIEPUMEHTANbHbIN (DaKT nMeeT
o0IIeHayYHOe 3HAYCHHUE, TOCKOJIBKY, KaK y)KEe OTMEUaNIOCh IPH MMOCTAHOBKE 3aJla4r, B (PU3UKE TBEPJIOTO Tela
1 0COOEHHO B XMMHH HIMPOKO PACTIPOCTPAHEHO MHEHHE, YTO THIPHUJIBI — 3TO BCETa BHICOKOTIPOYHBIE U XPYTI-
KM€ MaTepHabl.

PaccmoTpum manee sKCIepUMEHTAIBHBIE PE3YNBTAThl 0 U3Y4YeHHIO Borpoca: «VMeeT 1 MecTo sSiBjIeHne
B®H npu 00paTHOM THAPHIHOM MIPEBPALICHUHN, HHBIMU CJIOBAMH, TPOUCXOJIHT JIM YITPOUHEHUE ML sl TIPU
ero oopadorke mo cxeme 1 >2 -3 >4 —>5—->6—->7 — 1 (cMm. puc. 1)?»

Heobxoammo oguepKHyTh, 9TO TIPU CHIDKEHUH TaBJICHUS BOIOPOA Ha ydacTke 4 — 5 (cM. puc. 1) cHagana
MBI [IOJTy4aeM TUPUIL C KPUTHHECKH HU3KMM COTIEPKaHUEM BOJIOPOJia pH nanHoi Temmneparype (B-PdH, ).
3areM BOIOPO] OTKaYMBaeTCs U3 ycTaHOBKH BBY-3 monHoCTEIO, U Mepexos CUCTEMBI 5 — 6 COMPOBOXKIaeTCS
€CTECTBEHHBIM 00€3ra)KHBAHUEM TTaJLTaINs U pa3BUTHEM 00paTHOro (hazoBoro npesparieHus [ — o. Ha mytu
5 — 6 — 7 MBI IOJy4aeM TMOJTHOCTHIO 00e3ra)XKeHHBIN Maliaiuil Mpyu TeMIiepaType, COOTBETCTBYIONIEH TOU-
ke 7 Ha puc. 1. [Ipu 5ToM OKOHYaTeNbHAs Jera3anus 00pa3lioB KOHTPOIUPYETCS IyTeM U3MEPEHHs IEKTPO-
COIPOTHBJICHUS 00pa3ua-ceuerens. Janee Ha yyactke 7 — 1 0Opasiibl majuiains OXJIaKIatoTCs 10 KOMHAT-
HOH TeMIepaTyphl, U3BICKAIOTCS U3 ycTaHOBKK BBY-3 1 moaBepraroTcst MEXaHUIECKUM UCTTBITAHSIM.

1o pa3paboranHoii MeToAMKE ObLIa BHITIOIHEHA ceprs U3 15 9KCIepHUMEHTOB, B KOTOPBIX 00paTHbIE N30TEp-
MHYECKUE THAPUIHBIE (Pa30BbIC PEBPALICHUS [3 — O OCYIIECTBISUIHCH TPy T = cONst B HHTEpBAJIe TEMIIEpaTyp
ot 170 1o 285 °C. Pe3ynbraThl 3THX SKCIEPUMEHTOB 0000IICHBI B Ta0JI. 2, T/1€ /ISl CPAaBHEHHS TAK)KE MPEICTaB-
JICHbI MEXaHHYECKHE CBOMCTBA OTOXKKEHHOTO M HArapTOBAHHOTO (CHIILHO JIE)OPMHUPOBAHHOTO) MAIITAIHS.

Tabnuma 2

Mexanuyeckue cBOiicTBa BOAOPOA0(a30HAKIENAHHOT0 NaJIaausl,
npeTepIeBIIero BOJIOPOIHYI0 00padoTKy ¢ pa3BUTHEM TOJbKO 00PATHOr0 I'HIPHIHOTO NpeBpaleHus § — o

Table 2

Mechanical properties of hydrogen-phase-nakleped palladium subjected
to hydrogen treatment with the development of only the reverse  — o hydride transformation

Temnepatypa It o
No /i H30TEpMATECKOro penen , YcoBHBIH npenen , OTHOCHUTENBHOE
npespamenms B — o (T), °C npouHOcTH (G,), H/MM™ | Tekyuectn (G ,), H/mm yamasenue (9), %
1 170 285 188 1,0
2 180 268 218 1,7
3 190 235 184 1,3
4 200 251 201 1,5
5 210 223 192 2,2
6 220 222 178 2,0
7 230 220 184 2,0
8 240 227 192 2,7
9 250 201 182 1,2
10 260 241 178 13,0
11 265 204 142 10,0
12 270 180 152 15,0
13 275 186 132 12,0
14 280 201 119 17,0
15 285 252 157 26,0
16 Omoorcorcennvwiii Pd 188 38 33,0
Hazcapmosannwiii Pd
17 (Oepopmarusn 95 %) 297 224 1,1
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Kak BuHO U3 pUBEACHHBIX B Ta0J. 2 SKCTIEPUMEHTAJIBHBIX JJAHHBIX, 00paTHOe TUAPUAHOE (a30oBoe Mpe-
BpateHue [3 — o BbI3bIBaeT yrpouHeHue nawiaans BOH, HHTEHCHBHOCTH KOTOPOTO CHIIBHO 3aBHCHT OT TEM-
nepaTypsl pa3BUTHA 3TOro (a3oBOro mpespaiieHus. Tak, npu Temreparype U30TepMUYECKOr0 MPEBPALCHUS
B — oot 170 10 200 °C (cm. Tabm. 2, Ne 1-4) nmamiaauii BecbMa 3HAYUTEIBHO YIPOUHSACTCS: €r0 MPOYHOCTHBIC
CBOFCTBA BO3PACTAIOT /0 3HAUeHHH G, = 285 H/mM” 1 G, = 251 H/mv?, Gy, = 188 H/vm® 1 Gy, = 201 H/inv?,
a OTHOCHUTENIbHOE yTHeHHE O yMeHbiaeTes 10 1,0 u 1,5 % cooTBeTCTBEHHO.

Taxum o6pazom, ynpouHeHue namiaans B pedynsrare BOH npu ykazaHHBIX yCIOBHSAX 00pabOTKH OKa3bl-
BAETCsl BIIOJIHE COMOCTABUMBIM C YIIPOUYHEHUEM MaJlIa us IPU CHIIBHOW BHELIHEH MiacTUYecKor aedopma-
nuu (cM. Tadm. 2, Ne 17).

ITo Mepe MOBBILICHHST TEMIIEPATYPhl Pa3BUTHSI H30TEPMHUYECKUX THAPUAHBIX MpeBpalieHuii 3 — o o0y-
cioyeHHbIM nmu BOH nannaaus nOCTENEHHO YMEHbBIIAETCS.

OTOT BKCTIEPUMEHTATIBHBIN (DAKT TOIKEH yUUTHIBAThCS Ha MpakTHKe ipu BOH-06paboTke manmaans u ero
CIUTaBOB, a TAK)KE PYTHUX METAIIJIOB M CIUIABOB, UMEIOIINX CXOHBIE C TTAJIJIa/IeM JrUarpaMMbl COCTOSTHUS (Ha-
npuMep, HHOOHSI U €TO CIIJIABOB).

Kpome Toro, oueBHHO, 4TO MOTyYEHHBIE IKCIIEPUMEHTAIbHBIE PE3yJIbTaThl, HECOMHEHHO, UIMEIOT UHTE-
pecHble Hay4YHbIEe acIeKThl. Y UNTHIBas 3a/1a4M HACTOSIIEH PabOThI, IOCTABUM BONPOC CIEAYIOMINM 00pa3oM:
«KaxoB r1aBHBIN SKCTIEPUMEHTAITFHO 3HAYMMBIHA (DaKkTOp, 3aBUCSINNIT OT TEMIEPaTyphl M CTOIb CHIIBHO BIIHSIO-
M Ha cTeNeHb ynpouHeHus naanus npu BOH, 006ycnoBneHHOM 00paTHBIMY THAPUIHBIMU ITPEBPAIICHHS-
mu 3 — o?» [To HareMy MHEHHUIO, 3THM (PaKTOpOM, Kak ykassiBai eme A. A. bousap [3], ssBisieTcst pa3HOCTb
yIeIbHBIX 00BbEMOB MpeBpataronmxcs has (B paccMarpuBaeMom ciydae — [3- u o-¢assr cucremsr Pd — H).

Wudbopmanus o nuarpamme cocrostaust cucteMbl Pd— H [18, ¢. 91-189] naeT BO3MOXXHOCTB PacCYUTATh ATY
OTHOCHUTEIIbHYIO Pa3HOCTb YAEIbHBIX 00bEMOB NpeBpalatoiuxcs ¢a3s. Pesyabrarsl pacueToB npencTaBiIeHb
Ha puc. 2. Ha 3TOM e pHCyHKe NpUBEICHBI TEMIEpaTypHbIE 3aBUCUMOCTH YCIOBHOTO IPE/EiIa TeKy4eCTH
Y OTHOCHUTEJIHHOTO YUTMHEHHUS Nayiaaus, npetepneniiero BOH npu pa3BuTnn N30TepMUYECKAX THAPUIHBIX
HpeBpalleHuit B — O, COTacHO JaHHBIM Ta0I. 2.

Ha puc. 2 BecbMa HamIsJHO BUIHA KOPPEISALUS TEMIEpaTypHOIl 3aBUCHMOCTH OTHOCHUTENBHON pa3HOCTH
yAETbHBIX 00BEMOB MpeBpallaomuxcs (a3 u TeMneparypHbIX 3aBUCUMOCTEH MEXaHMYECKUX CBOMCTB Haslia-
JWs, YIIPOUHEHHOTO TP 3THX NPEBPAILCHHSIX.

Kax cremyer u3 puc. 2, ynmpodHeHHE IPOUCXOIUT J0 OmpeaesieHHo# Temmepatypsl (250 °C) mpu pazHOCTH
yAelnbHBIX 00beMOB (a3 4,47 %. W3 puc. 2 BUIHO, Y4TO IIPU POCTE Pa3HOCTHU YIEIbHBIX 00beMOB Bhile 4,47 %
IUTACTUYHOCTH PE3KO MaJaeT, a MPOYHOCTh pacteT. Kak mokasain BUACOHAONIONCHUST TPUTIOBEPXHOCTHBIX
cioes [19], B 5TOM HHTEpBaje TeMieparyp o0paTHOE THAPUAHOE PEBPAILIEHIE Pa3BUBACTCS MO KIACCHYECKO-
My MEXAaHU3MY 3apOKIEHHS U pOCTa 3apOJIbIIIEH.

AVIV, % | Gy,» HMM? 4 8, %
8 —— ATV 400 1 40
7F 350+ 35
6 300430
5F 25025
4t 200 120
3 150 +15
AR 100+ 10
1+ 505
. . . . ! ! ! !

160 180 200 220 240 260 280 300

Puc. 2. 3aBUCUMOCTH MEXaHHMYECKUX CBOWCTB
OT TeMIIepaTypbl 00PaTHOTO MpPEBPAICHHS

Fig. 2. Dependences of mechanical properties
on the temperature of the reverse hydride transformation
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Ecnu pacemotpets TemneparypHblid naTepBai ot 250 1o 290 °C B cpaBHEHHUHU ¢ WHTEPBAJIOM TeMIIeparyp
ke 250 °C, to Bpie Temneparypsl 250 °C MporCcXoaUT pe3Koe CHIKEHHE MPOYHOCTHBIX XapaKTePUCTUK TIPU
3HAYUTENBHOM YBEIMUCHUH IU1ACTHYHOCTH [20]: mperien TeKyuecTn G, ymenbiuaerest ot 182 o 119 H/mm?, a ot-
HOCHTEIbHOE yuTHHEHHe & Bo3pacTaet ot 1,2 10 26,0 %, 9TO COOTBETCTBYET M3MEHCHHUIO PA3HOCTH Y/ETbHBIX
00beMoB ¢a3 ot 4,47 10 0 %. Kak mokazaiu pe3ysibTaThl BUICOHAOIIONCHUI IPUIIOBEPXHOCTHBIX ciioeB [19],
o0paTHOE THAPHUIHOE TIpeBpalleHue B 3Toi obnactu Temieparyp (ot 250 mo 290 °C) pa3BuBaeTcst 6€3 BUIH-
MbIX B ONTHYSCKUI MUKPOCKOIT 3apojibiiieii o-(a3bl. [TogpodHoe n3yueHne MexaHn3ma rnpeBpaiieHus Tpeoyer
MIPOBECHUS UCCIIEAOBAHUI TOHKOHM CTPYKTYPBI IIPH ITHX YCIOBUAX.

B 3axmrouenue moguepkHeM, 4TO B HACTOSIIEH paboTe BIEPBBIE SKCTIEPIMEHTAIBHO YCTaHOBIIEHA BaykKHAS
ocobeHHOCTH siBieHnss BOH, cocrosiiias B crenyromem: oOparHbie (a3oBbie MPEBPALICHUS THIPUAA Majlia-
nust (B-hasa) B TBepBIi pacTBOp BOAOPOJA B Maiuiaanu (0-(ha3a) BHOCAT CYIICCTBCHHbINH BKJIAJ B YIPOYHE-
HUE MaJUTausl MPU OCYIICCTBICHUH BOAOPOIHON 00pabOTKH, HECMOTPS Ha TO YTO YIAC/IbHBIH 00beM HOBOMH
(hazbl, 00pazyromiecs B pe3ysbTare 3TOro MpeBpalleHus, CyIeCTBEHHO MEHbBIIIE YASIbHOTO 00beMa MaTPHUIIHL.

31ech yMECTHO BHOBb HAIIOMHUTH, YTO NMPH 00pabOTKe ayCTEHUTHBIX CTasiel Ha (pa30BBIN HAKJIEN MyTeM
OCYIIECTBIICHHS IPEBPALICHUH Y — (L — Y 00paTHOE MapTEHCUTHOE MPEBpPAIeHNe L — Y He IPUBOAMT K Cy-
IIECTBEHHOMY JIOIMOJHUTEIFHOMY YIIPOYHEHHIO CcTaimu. B HacTosmieit pabore Ha mpumepe BOH mammamus
MOKa3aHO, YTO POJIb 0OPATHBIX MpEBpalieHUuil B (OPMUPOBAHUK CBOMCTB METANTMUYECKUX MATepPHATIOB TPU
peanu3anuu $Ha3oBOTr0 HakIIena (Kak o0mero (PM3MIeCcKOro SIBICHUS) HE CTOJb OMHO3HAYHA U TIOMJICHKHUT J0-
MTOJTHUTEITLHOMY HCCIIEIOBAHUIO U OCMBICIICHHIO.

3aKjaoueHne

1. B paboTte sKkcriepuMeHTaTbHO U3YyYeHO U3MEHEHHE MEXaHUIECKUX CBOMCTB MAaJUIa NSl B pe3yabTaTe OIHO-
KPATHBIX H30TEPMHUYECCKUX THAPU/IHBIX MPEBPAIICHHUH 3 — O, HHULIMMPOBAHHBIX B HCXOIHO HEHAKLENAHHOM TH]I-
puze namiagus. s 3Toro UCTIoab30BaHa METOANKA MOTyYSHHUS] HEHAKJICTIAHHOTO («(OTOXIKEHHOTO0») THAPUIA
HayuI1aius, KOTopasi COCTOUT B CIIEAYIOLIEM: BO-TIEPBBIX, OTOXCKEHHBIH Majiaguii HAchIIAETCS BOJOPOIOM
«B 00X01» Kymoia aByxdasHoit obnactu u He mperepreBaect BOH npu rumpumHoM mpespamieHun o — f3;
BO-BTOPbIX, CKOPOCTHU U3MCHCHUSA TEMIICPATYPhI 1 HACBIMICHHWA ITaJlIaAnusd BOAOPOAOM BBI6I/IpaIOTCH HaACTOJIBKO
MaJIBIMH, YTO yIIAaeTCsl M30ekKaTh Pa3BUTHS aKTOB BHYTPEHHEH IIaCTHYECKOH JieopManun B (GOPMUPYIOIIHXCS
CIUIaBax Iajulafuii — BOIOPO/I, 00yCIOBIEHHBIX BOSHUKHOBeHHeM BK-HampsokeHuil.

2. «OTOXKEHHBIE) TUAPUIBI TaJUIagus ABJIAOTCA HU3KONIPOYHBIMU BBICOKOINIACTUYHBIMU MCTAJUINYCCKU-
MM MaTepHajaMi, UX MeXaHHdeckue cBoiictsa (G, = 216 H/mm’; G, =41 H/Mm?; 8 = 27 %) comocTaBiMbl

C MEXaHMUYECKUMH CBONWCTBAMH OTOXOKEHHOTO naytagus (6, = 180 H/vm?; Gy, =40 H/mm?; 8 =30 %) [17].

3. BriepBrie nzyden BOH namnanus mpu BomopoHoii 00paboTKe, BKIIFOYAOIIEH OJHOKPATHOE H30TEPMHU-
yeckoe oOparHoe (a3oBoe MpeBpaiieHue 3 — O HeHAKJICTIaHHOTO THAPHIA MAJUIAANS B TOJHOCTHIO 00€3B0-
JOPOKEHHBIN MaJUTaanii. YCTaHOBIIEHO, U4TO NpeBpaiieHue 3 — o Bei3biBaetT pa3putie BOH u 00ycioBnuBaeT
BEChbMa CHIIbHOE YIIPOYHEHHUE MaTaIusl IPU HU3KUX TeMIieparypax npespaiienus 3 — o (170-250 °C).

4. Tlpu Temrieparypax THIPUAHOTO npeBpaiieHus 3 — o Boime 250 °C ynpounenue namwiaaus npu BOH
COOTBETCTBYIOIIAM 00Pa30M YMEHBIIIAETCSI.

5. 3aperucTpupoBaHHbIE SKCIIEPUMEHTAIbHBIE (DAaKThI TOJKHBI YIUTHIBATHCS Ha TpakTrke npu BOH-o0pa-
0OTKe MaJuTast ¥ ero CIUIABOB, a TAKKe APYTUX METAIJIOB U CIJIAaBOB, UMEIOIINX CXOTHBIE C MaJIaNeM Ara-
TpaMMBI COCTOSTHUS (HampuMep, HIOOHUS M €T0 CILIABOB).
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CTPYKTYPA BBICTPO3ATBEPAEBIINX
®OADBI' CTIAABOB Al — Bi

B. I HIEIIEJIEBUY"

DBenopyccruii 2ocyoapcmeennbwill ynusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco

[IpencraBneHsl pe3ynbraThl HCCIEAOBAHUSI MUKPOCTPYKTYPBI U TEKCTYPBI (DOJIBT CINIABOB aJFOMUHMS C COJIEpIKaHHEM
BucmyTa 0,12 u 0,25 ar. %, U3roTOBIEHHBIX BBICOKOCKOPOCTHBIM 3aTBEPIEBAHUEM (CKOPOCTh OXJIAXKACHHS paciljiaBa — He
menee 10° K/c). B GbicTpo3aTBepaeBIIMX (obrax MCCIEIyeMbIX CIIaBOB dopmupyercs TekcTypa (111) anomunus, Ko-
TOpast coxpansiercst npu oTkure Goisr mpu 523 K B Teuenune 2 4. CpeaHsis XopJa ceueHHUH MapooOpasHbIX BbIACICHUN
BucMyTa He mpesbimaet 0,05 mxm. [Tpn nepemeniennu GppoHTa KPUCTAIUIN3AMN OT TIOBEPXHOCTH A, KOHTaKTHUPYIOIIEH
C KPHCTAJUIN3aTOPOM, K IPOTHBOIIONIOKHON MTOBEPXHOCTU B CpelHM pa3Mep JacTHIl BUCMYTa MOHOTOHHO BO3PAcCTaeT.
@DONbrH CIIJIABOB PACTBOPSIOTCS B BOJIE NMPH KOMHATHOM TeMIiepaType, 00pasys Imy3bIpbKH BOAOPO/A M OBl MOpOIIoK
amMop(HOTo OKCH/Ia aIIFOMUHHS, COICPIKAIMI BbIJIeNIeHNs] BUCMYTa. M30TepMuueckuii oTxur ¢ossr npu 573 K B reuenne
5 4 BBI3BIBACT U3MEHEHHE PaCIpe/IeIeHUs YaCTHIl BUCMYTa [0 pa3MEPHBIM IpyIaM U YBEIUUYHBAET UX CpeJHEE 3HAUe-
Hue. [locne oTkura 4acTHIBl BUCMYTA JIOKAJIM30BaHbl HA Majo- M BBICOKOYINIOBBIX I'pPaHUIAX. beIcTpo3aTBepaeBIIne
(onpru cruraBos cucteMsl Al — Bi MOTYT MpUMEHSTBCS JUTs TOTY4YEHHS BOIOPO/IA, @ TAKIKE CHHTE3a ITOPOIIKa aMop(HOTro
OKCHJIa AJTFOMUHHMS M CO3JJaHUS TEXHUYIECKHUX YCTPONUCTB, UCIIOIB3YIONIIX BOIOPOI.

Knrwuesoie cnosa: TeHepalursd BoOAOpoaa; AJTFOMUHHUEBBII CIlJIaB; BOJa; TCKCTypa; BLICOKOCKOPOCTHOC 3aTBEPACBAHNC,
JAUCIICPCHBIC YaCTULIBI BUCMYTaA.

THE STRUCTURE OF RAPIDLY
SOLIDIFIED FOIL OF Al — Bi ALLOYS

V. G. SHEPELEVICH"

*Belarusian State University, 4 NiezalieZnasci Avenue, Minsk 220030, Belarus

The results of study of the microstructure and texture of aluminum alloys, containing 0.12 and 0.25 at. % Bi, ob-
tained with high-speed solidification, are presented (melt cooling rate liquid — not less 10° K/s). Texture (111) aluminum
is formed in the rapidly solidified foils of investigated alloys and it is conserved under annealing at 523 K during 2 h.
The average chord of bismuth sections does not exceed 0.05 um. As the crystallisation front moves from surface 4 con-
tacted with crystalliser to the surface B, the average size of dispersed bismuth particles increases. Foils of the alloys dis-
solve in water at room temperature actively forming hydrogen bubbles in vessel with water, white powder of aluminum
oxide in an amorphous state and bismuth precipitations. Isotermical annealing of foils at 573 K for 5 h causes a change in
distribution of chords in size groups and increases their average value. After the annealing bismuth particles are localised
on low- and high-angle boundaries. The rapidly solidified foils of Al — Bi system can be used to produced hydrogen, alu-
minum oxide powder and create technical devices using hydrogen.

Keywords: generation of hydrogen; aluminum alloy; water; texture; high-speed solidification; dispersive particles of
bismuth.
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BBenenue

B nacrosiiee BpemMst BOTOpoA paccMaTpruBaeTcs Kak BHICOKOA((EKTHBHBINA U SKOIOTHIECKU YHUCTHIN YHEPTo-
Hocutenb. [Ipu aToM Harbosee PUBIIEKATENbHON SBISETCSI 0COOEHHOCTh €T0 M3BICUSHHS U3 BOJIBI, 3aIachl KO-
TOpOM Ha 3eMJie HeoTpaHWYeHHBI. TakKe BOIOPOl HAXOAWT IMIMPOKHE BOZMOKHOCTH TPUMEHEHHS U B IPYTHX
oOmacTsax (HampuMep, B aBTOMOOMIICCTPOCHHH, 3IPABOOXPAHEHUH U TIp.). B mociieqnne necaTuineTrs akTHBHO
BEJYTCS HCCIIEIOBAHMS 110 BO3/ICWCTBUIO BOJOPOIa HA OPTaHU3M YeJIOBeKa, pa3padaThIBAIOTCS CXEMBI JISUSHUS
BOJIOPOJIOM JTFOZIEH € pasigHBIME 3a00neBaHrAMU. OHAKO XpaHEeHHEe M TPAHCTIOPTUPOBKA BOAOPO/IA SABISFOTCS
OTMacHBIMHU. B cBs3M ¢ 3THM pazpabaThIBalOTCS HEMTPEPHIBHBIE CIIOCOOBI €0 MOTyYeHHs U UCITOIB30BAHMS, KOT-
7la TIOJTyYEHHBIH BOOPOJ TYT K€ M MCIIONb3yeTcs. V3BecTeH SKOHOMUYECKH BBITOJHBINA CTIOCO0 M3BIICUECHUS
Bomopozaa u3 BoAb! [ 1-3], OCHOBaHHBIN Ha B3aMMOJICHCTBHN aKTUBUPOBAHHOTO ATFOMHUHHUS ¢ BOIOH. OUNCTUTH
METaJT OT 3aIUTHON OKCHIHOM TUICHKH yJaeTCs IyTeM MPUMEHEHUS aTlOMUHHS, JIETHPOBAHHOTO TaJlIIEM,
WHMEM 1 0JIOBOM C 001I1eil X KOHIeHTparmen 10 5 %. CanTtaeTcs, 9To JAHHBIHA CTIIIAB SIBIISIETCS TEPCTIEKTHB-
HBIM IIJIS1 TEHEPUPOBaHUs Bogopona [4]. Yka3zaHHBIC JETUPYIOMNE JO0aBKH B aTIOMUHUN MPEMSATCTBYIOT 00-
Pa30BaHMIO €TO OKCUIOB, HO HE IPUHUMAIOT YYACTHS B PEAKITNH H MOTYT UCTIOIBb30BaTHCSI MHOTOKpaTHO. OIHAKO
MHUPOBBIE 3alachl TAUIHS ¥ MHMS OTPAaHWYCHHBI, a CAMHM KOMITOHEHTHI HeJIelIeBbl. B mocnennue necaTuneTns
00Hapy’KEHO, UTO TMOJyYEeHHE aTFOMHUHUS C ITUCTIEPCHBIMHU (ha3aM¥ JIETKOIUIABKAX METAJIOB BOSMOYKHO C HC-
I10JTb30BaHIEM OBICTPOIl KPUCTAIUTH3ALIII CO CKOPOCTSIME OXJIaxIeHms paciuiasa 10°—10* K/c i Gonee neeBoro
JIETKOTUTAaBKOTO KOMIIOHEHTa — BHCMYTa [5]. B cBS3M ¢ 3TUM 1ienbio JaHHOH padoThI SBISIOTCS MCCIIEIOBaHUE
CTPYKTYpPBI OBICTpO3aTBEPAEBIINX CIIaBOB cucTeMbl Al — Bi, comeprkamux 0,12-0,25 at. % BucmyTa, ipu 60ee
BBICOKHX CKOPOCTSIX OXJIaXKICHHS paciuiaBa (He MeHee 10° K/c), aHA/N3 BIHSIHIS OT/KUTA IIPH TEPMOOOPAGOTKE
Ha CTPYKTYpY (OJBI ¥ U3ydeHHE BO3MOKHOCTH MX IMTPUMEHEHUS TS TIOITy9EHHSI BOJOPO/IA U3 BOIBI.

MeTtoauka IKCIIEPUMEHTA

Crmnasser amomunaus, conepskarnue 0,12—0,25 at. % BruCMyTa, W3rOTaBIMBAIKCH CIDIABICHUEM KOMIIOHEHTOB
B KBapIIeBOM aMITysie. 3aTeM HeOONbIION KyCOK MONUKpUCTaiIa Maccoid =(0,2 T paciuIaBisiIcs U HHKEKTHPO-
BaJICsl HA BHYTPEHHIOIO MOJIMPOBAHHYIO TOBEPXHOCTH OBICTPOBPAIIAIONIETOCS MEIHOTO IHuH Ipa. Karus pac-
TJIaBa pacTeKajach 10 TTOBEPXHOCTH KPUCTAIIM3ATOpa U 3aTBep/ieBaja B BUIE (DOIBIH TOIIMNHONW HECKOIBKO
eCSTKOB MEKPOH. CKOPOCTh OXJIAXKICHHS PaciLIaBa cocTasisiia He Meree 10° Kc. PenTrenocrpykrypHsle uc-
clleioBaHusT OBICTpO3aTBepAeBIINX (HoIbI TpoBoAmIUCh Ha audpakromerpe J(POH-3. Ilpu n3ydyennn tek-
CTYpBI (DOIJIBT CITABOB AMFOMUHUS METOAOM OOPATHBIX MOJOCHBIX (PUTYP MCHOIH30BAIUCH AUPPAKIINOHHBIE
muand 111, 200, 220, 311, 331 u 420 [6]. MccnemoBanue MOp¢OIOTHHA BHEUTHEH MOBEPXHOCTH (DOJIBT M HX
[IONEPEYHOTO CEUYEHUS OCYLIECTBISIOCH C MOMOILBIO PACTPOBOIO 3IEKTPOHHOTrO Mukpockona LEO 1455VP.
Omxur poBowiics B cynmmisHOM mikady SNOL. s pacdeTa mapaMeTpoB CTPYKTYPBI HCITOIB30BAIICS METOT
ciyqaiHbeIx cexynux [7]. [lorpemrnocts n3mepenns cocrapmina =10—-15 %.

Pe3yabTarhl U MX 00CyKIeHUE

Tommuaa OpIcTpo3aTBepaeBIUX (HONBr Haxoawmaack B mpenenax 30—80 mkm. [ToBepxHOCTH A, KOHTAKTH-
pyromas ¢ KpUCTauI3aTopoM, Oblia OJIeCTSIIeN U coaeprKaa pakOBHHBI MUKPOHHBIX pasMepoB. [IpoTnBo-
TIOJIOKHASI TIOBEPXHOCTh B nMena OyrpucTyi0 CTPYKTYpY, Ha Hell HaONOmamich BIIAIUHBI M BBICTYNHL. M30-
OpakeHHe yJacTka monepeqHoro cedeHus Gonpru criasa Al — 0,25 ar. % Bi nmpencrasneno Ha puc. 1. Ha Hem
BHIHBI CBETJIBIE IHUCIIEPCHBIE MIapO00pa3HbIe BIJICICHNSI BUCMYTa HA TEMHOM (POHE, CO3/1aBa€MOM aTFOMHU-
uueMm. [1o Mmepe nepemenienus ppoHTa KPUCTAIITHU3AINH OT MTOBEPXHOCTH A K TIOBEPXHOCTH B THaMeTp YacTHUIT
BHCMYTa yBEITMIUBACTCS, YTO OOYCIIOBICHO YMEHBIIIEHHEM TIEPEOXIXKICHUS )KUIKON (ha3bl N3-3a BBIJICICHUS
TeruTa MPH KPUCTAIUTH3AIINH TIPEANIECTBYIONINX CI0eB (DONBIH, a CIeI0BAaTeIbHO, YMEHBIIICHHUSI CKOPOCTH 3a-
POXIEHUS TIEHTPOB KPUCTAITUIECKOH (pas3pl B MOCTIETYIOMNX CIOAX.

Pacmipenenenue xopa ciydaifHBIX CEKYIIMX Ha CEYSHHSIX YaCTHI] BUCMYTa IMOCIIE M3TOTOBICHHUS H MTOCIe
omxura npu 573 K B TeueHue 5 4 npejcTaBieHo Ha puc. 2.

MaxcumanbHas o5 (=80 %) Xop/ Ha CeueHHIX YacTHIl BUCMYTa ObICTPO3aTBEP/IEBIINX (OITBT TPUXOIUTCS
Ha nepByto pazmepHyro rpymy (oT 0 1o 0,01 mxm). C yBenmndeHneM HOMeEpa pa3MEpHOU TPYIITBI A0S XOPI
ymenbmaetcs. Cpeganii auametp dactur BucMyTa paBeH 0,011 mxm. Omxur ¢onsr npu 573 K B Teuenne
5 4 U3MEHSET paclpeaesieHue X0op 0 pasMEPHBIM TpynnaM. Tak, 10y XOpa B NEPBOUA pa3MEpHOU Ipymie
YMEHBIIINIIACH, & B OCTALHBIX TPYNIAX YBEIHMIWIACh. Hapsay ¢ THM yBeNWUHIICS U CPEIHHA pa3Mep YaCTHII
1o 0,016 mxm. Habiromaemoe n3mMeHeHrne mapaMeTpoB CTPYKTYPhI 00YCIIOBICHO pacIUIaBICHHEM YaCTHI] BHC-
MyTa ¥ TIpOoTeKaHneM Iu(Py3HOHHBIX POIIECCOB B CIUIABE, BHI3BIBAIOIINX KOAJIECIEHIIHIO YaCTUI] BUCMYTa,
a TaK)Ke pacIiaoM MEePECHIIEHHOTO TBEPIOTO PacTBOPA BUCMYTa B allfOMUHUH. OT)KHUT OBICTPO3aTBEPIEBIINX
(hOITBT MPUBOINUT K MTPEVMYIIIECTBEHHOW JIOKAIM3AINN YaCTHIl BHCMYTa Ha MaJlO- M BEICOKOYIJIOBBIX IPaHUIIaX.
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Puc. 1. I300paxeHne MUKPOCTPYKTYPBI
nonepevyHoro ceueHus ¢onpru crasa Al — 0,25 ar. % Bi

Fig. 1. Image of the microstructure

of the Al — 0.25 at. % Bi alloy foil cross section
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Fig. 2. Chord distribution
of random lines on cross sections of bismuth particles

DoNbru XapaKTePU3yIOTCs MPEUMYIIIECTBEHHOW OpUEHTAITUEH 3epeH amoMuHMs. B Tabnwie npeacrasie-
HBI 3HAUCHHS MOJIOCHBIX IIOTHOCTEH JAU(GPAKIIMOHHBIX JTMHUN aFOMHIHUS JIJISI CJI0SI, MIPUJIETAIONIETro K Mo-
BepXHOCTH A. HanOonbIiM 3HaueHUEM MOJFOCHOMN IJIOTHOCTH XapaKTepu3yeTcs TudpakiuonHast tuaus 111,
YTO yKa3biBaeT Ha GopmupoBanue TekcTypsl (111). Takast TexcTypa HabOIrOMaMaCh B QOIBraXx YMCTOrO alto-
MUHUS U Ipyrux ero ciaiax [8]. Ee ¢popmupoBanue 00ycaoBiIeHO TeM, YTO KpUcTauiorpaduyueckas mioc-
kocTh (111) amromMuHus ABIAETCS HAMOOJIEE TUIOTHOYITAKOBAHHOM, 3TO CIOCOOCTBYET MPEUMYIIECTBEHHOMY
POCTY 3€epeH ¢ TakoW OPHEHTHPOBKOW B HAIpaBJICHHH TeIioBoro moroka [7; 10]. Omxkur domer npu 523 K
B TeUEHHE 2 4 HE OKA3bIBACT BIMSIHUASA HA TEKCTYPY.

IMostocHbIe MIOTHOCTH AM(PPAKIMOHHBIX JJUHHUI (POIbT
AJIOMUHMS U CIUIAaBOB, cofep:xkauux 0,12 u 0,25 at. % Bi

Pole densities of diffraction lines of aluminum
and its alloy foils, containing 0.12 and 0.25 at. % Bi

JubpakiuoHHble KonnenTpanus BucmyTa, at. %

JIMHUH aJIFOMUHUS 0 0.12 025
111 2,8 3,0 2,7
200 0,7 0,7 0,6
220 0,8 0,7 0,8
311 0,6 0,6 0,8
331 0,5 0,4 0,4
420 0,6 0,6 0,7
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Briaepkka ObICTpo3aTBepACBIINX (OIBI HCCIEAYEMBIX CIUIABOB MPH KOMHATHOM TeMIieparype MpUBOIUT
K TIOSIBIICHHIO MUKPOTpeUInH. B pesynbrare koppo3un Qoiibra pazpymaercs U npeBpaiaeTcs B YepHbIi Mo-
pourok. Pa3mep wacTtui nocie paspyuieHust (oabru U3MEHSETCs OT HECKOJIBKUX MUKPOH 10 20 MkM. PeHt-
TeHOCTPYKTYPHBIH aHANW3 MOKa3aJl, YTO YEPHBIA MOPOLIOK MMEET KPUCTAJUIMYECKYIo CTpykTypy. Ha and-
paxkTorpaMme Hopolka HabmoaaTes AN(PAKLUNOHHBIE OTPAKeHNs, KOTOPbIE COOTBETCTBYIOT COSIMHEHUSIM
Al,O5 - SH,0 u AIO(OH) (puc. 3).
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Puc. 3. Tudpaxrorpammsl uepHoro (/) u 6emoro (2) HOpoIkoB
Fig. 3. Diffractogramms of black (/) and white (2) powders

[Ipu morpysxerun (oiabru B BOAY IPU KOMHATHOH TeMIIEpaType IPOMCXOOUT 0Opa3oBaHHE aMOpP(HOro
OKCHJIa aTIOMUHHUS B pesynbrare peakiuu 2Al + 3H,0; — Al,O, + 3H,, npu KoTopoii BeIAEIIETCS BOJOPO.
JlucriepcHble 4acTHIBI BUCMYTa B OBICTpO3aTBEpIEBILICH (OIIbIe UTPAIOT POJb KaTalinu3aropa B MPOTEKaomeh
peakuun. Beinenenne Bogopoaa Npyu B3aMMOACHCTBUM BOABI M ObIcTpo3arBepreBmnx (oibr craBoB Al — Bi
TIPOMCXOIUT MPH HOpManbHbIX yenoBusx (7= 293 K, P = 1-10° 1a) 6e3 npuMeHEHHS AOMONHATEIBHBIX Pe-
areHToB, YTO UMEET IIPAKTUYECKOE 3HAUCHHE B PA3BUTHH BOAOPOIHOM 3HEPreTUKU U JaeT BO3MOKHOCTh HC-
[10J1b30BaTh I1OJyYEHHBIE UCCIICAOBAHUSA Ul CO3IaHMS 3HEPrOaKKyMYIHUPYIOIIUX BELIECTB M TEXHUYECKHUX
YCTPOUCTB HA UX OCHOBE.

3aKjaoueHune

Takum ob6pa3om, B ObICTpO3aTBEpAEBIINX (ONbrax aTIOMUHHEBBIX CIUIABOB C KOHIIEHTpAlHeld BHCMYTa
0,12—0,25 ar. % 00pa3yroTcs HAaHOKPUCTAJUINYECKHE YaCTHLIBI BUCMyTa. OHM UMEIOT 1apoodpa3Hyto Ghopmy,
a CpeIHsisl ITMHA XOPJl cedeHuit yacTul] Bucmyra He npesbimaet 0,05 mxm. B domprax ¢popmupyercs cimabo-
BeIpakeHHas Tekctypa (111) amomunus. [lpun HanmU4IMM AUCTIEPCHBIX YacTHI] BUCMYTa B OBICTpO3aTBEp/EB-
mux QoNbrax CryjiaBoB aJIOMUHUSI MPH KOMHATHOW TEMIIEpaType W HOPMaJIbHOM JaBIICHUH MPOUCXOIMT pac-
HICTUICHUE MOJICKYI BOJBI ¢ 00pa3oBaHKEM BOAOPO/a, OKCHIA alIOMUHUS U BBIACICHUN BUCMYTa, YTO HMEET
MIPAKTHUYECKOE 3HAYECHHE JUIS CO3JJaHHsl TEXHUUECKHUX YCTPONCTB, UCTIONB3YIOLINX BOIOPO, a TAaKXkKe CHUHTE3a
amMop(HOro OKCHIA ATIOMHUHUSL.
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3APSIAOBBLIE CBOMCTBA TOHKUX TTOA3ATBOPHBIX
AUIAEKTPUKOB, IIOAYYHEHHBIX METOAOM
BBICTPOU TEPMOOBPABOTKU

H. C. KOBAJIBYYK?", 10. A. MAPY/[O", A. A. OMEJIBYEHKO",
B. A. THJTHITEHKO", B. A. COJIOAYXA", C. A. JEMHJJOBHY", 3
B. B. KOJIOC", B. M. AHUII[HUK?, B. A. ®UJIMITEHA", ]I. B. LIECTOBCKHH"

D« Unmezpany — ynpasisiowas komnanus xondunea «Mnmezpany,
yn. Kasunya, 1214, 220108, . Munck, berapyco
2)Eelzopyccmn7 eocyoapcemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

HccnenoBaHbl 3aps/J0BbIE CBOMCTBA MOMYUSHHBIX METOJIOM ObICTpOil TepMooOpadoTku (BTO) ToHKMX clioeB 1uaiek-
TPHUKOB M UX TPAaHUIIBI pa3jena ¢ KpemaueM aiast MOII-Tpansucropos. @opMupoBaHHE CI0EB TPON3BOAMIOCH IBYX- THOO
TpexcTaauiHbeM nporieccoM bTO ¢ aHaIOTHUHBIME ISt KaXKI0HW CTaqun peKUMaMu (pOTOHHOH 0OpabOTKH (IIHUTEIh-
HOCTh — 12 ¢, MmakcumanpHas Temmeparypa — 1250 °C). YcraHOBIEHO, YTO y OKCHIOB 3aTBOPA, TONYUYEHHBIX ABYyXCTa-
nuitHbIM riporieccoM BTO B armocdepe kucaopoa, mocie MPOBEACHUS TPEThel cTaann 00paboTKu B arMocdepe a3ora
MIPOUCXOAAT YaCTUYHAA JTUKBUIAIWA I[e(beKTOB, OTBCTCTBCHHBIX 3a JIOKAJIBHBIC 3apAA0BbIC HEHTPbI, U POCT OTHOCUTCIIb-
HOTO 3Ha4€HHs MOBEPXHOCTHOTO NOTeHIMana B cpeaneM Ha 100 otH. ex. JInkBupanus neQeKToB sBISIETCS CIEACTBHEM
TIEPECTPOHKH CTPYKTYPHI AMAICKTPUKA U €0 TPAHUIIBI C KPEMHHUEM, a Takoke TU(Qy3un aToMOB KHCIOPOa U KPEMHHUS
BIOJIb TPAHMI] pa3ziena ciosi uzoinsropa. st o0pasios, MoaydeHHbIX ABYXCTaauiHbIM nporeccom BTO B armocdepe
KHCIIOPO/a, MOCIe MPOBEICHUS TPEeThell cTaanu 06paboTku B POPMOBOYHOM Taze HAOMIONAIOTCS MPAKTHICCKH TIONTHAS
JIMKBU AN JTIOKAJIBHBIX 3apAa0BbIX IIEHTPOB U POCT OTHOCHUTEIBHOU BEIIMUHHBI IMOBEPXHOCTHOTO MOTECHIHMAJIa B CPEA-
HeM Ha 300 oTH. e1. B nanHOM citydyae, HOMUMO IPOLECCOB, IPOUCXOAAIINX pH 00padoTke SiO, merogom BTO B armo-
cdepe azora, IMKBUAALUIO 3apsJOBBIX IEHTPOB 00YCJIOBIMBACT NacCHBaIMs Ae()EKTOB aTOMaMH BOIOPO/A.

Knroueswvie cnosa: on3aTBOPHBIN JHIIEKTPHK; OBICTpas TepMOOOPabOTKa; TPEXCTaIUIHBIA MPOIIecC; ITOBEPXHOCT-
HBINA MTOTEHIIUAI.
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CHARGING PROPERTIES OF THIN GATE DIELECTRICS, OBTAINED
BY THE METHOD OF RAPID THERMAL PROCESSING
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The charge properties of thin dielectrics, obtained by rapid thermal processing (RTP), and their interfaces with silicon for
MOS transistors are investigated. The production of insulator layers was carried out by a two- or three-stage RTP with photon
processing regimes similar for each stage (duration — 12 s, maximum temperature — 1250 °C). After the third stage of RTP
in a nitrogen atmosphere of the gate oxides, obtained by a two-stage process in oxygen atmosphere, the defects responsible
for local charge centers are partially eliminated. There is also an increase in the relative value of the surface potential by an
average of 100 relative units. The elimination of defects is a consequence of the rearrangement of the structure of the dielec-
tric, its interface with silicon, and the diffusion of oxygen and silicon atoms along the interface of the insulator layer. For
samples obtained by a two-stage RTP in an oxygen atmosphere and subjected to the third stage of processing in a forming
gas, there is an almost complete elimination of local charge centers and an increase in the relative value of the surface
potential by an average of 300 relative units. In this case, in addition to the processes occurring during the treatment of
SiO, by the RTP method in an nitrogen atmosphere, the liquidation of charge centers is a consequence of the passivation
of defects by hydrogen atoms.

Keywords: gate diclectric; rapid thermal processing; three-stage process; surface potential.

BBenenune

B cBs31 ¢ HenpepbIBHBIM COBEPILIEHCTBOBAHHEM HOMEHKJIATY PbI U3/1€IUI HHTETPaIbHON AIEKTPOHUKH K KC-
IUTyaTalMOHHBIM MapaMeTpaM KpeMHHUEBBIX U(poBbIX HHTerpasibHBIX cxeM (MC) [1; 2], ocHOBOI TOTHYECKHX
AIIEMEHTOB KOTOPBIX BhICTymaloT MOII-TpaH3ucTopsl, NpenbsBIsSIOTCS Bce Oonee Bbicokue TpeboBanus. Ha-
JAUYMe CTPYKTYPHBIX Ie(eKTOB Kak Ha rpaHuiie paszena Si— SiO,, Tak ¥ B OKCUIe KPEMHHUs IPUBOAUT K 00pa-
30BaHUIO COOTBETCTBYIOIIMX MM JIOKAIU3UPOBAHHBIX 3apSA0BBIX LIEHTPOB, YTO OKA3bIBAET HETATHBHOE BIIMS-
HHE Ha QyHKIMOHAIBHBIC TTApAMETPhI TPAH3UCTOPOB C U30JIMPOBAHHBIM 3aTBOPOM [3; 4].

CornacHo [5] 3apsi1oBble CBOWCTBA TOHKUX IIEHOK Si0,, MOIY4YE€HHBIX METOJOM ObICTPOH TepMOOOPabOoT-
ku (BTO), mpeBocXoIsT 3apsiIOBbIE CBOMCTBA TEPMUUECKUX OKCUAOB KPEMHHUsI, IOITY4YEHHBIX B TEpMOTUP Y-
3UOHHBIX Tedax. OqHako cTaHAapTHas AnuTenbHOCTh mpouecca BTO cocrasnser ot 60 no 170 c, mpu sToM
OTCYTCTBYET BO3MOKHOCTh MPOBEJIEHUS TPYIIOBBIX OMepaluil cpa3y /uid HECKOJIbKUX IMJIacTuH [5; 6]. Otu
(hakTOphI JeNaroT 3aTPYIHUTEIBHBIM TPUMEHEHHE MPEAaraeMoro npoecca Ha BICOKOTIPOU3BOAUTEIBHBIX
y4acTKax KpyNMHOCEPHUHHOTO POU3BO/ICTBA.

OnHMME U3 CIOCOOO0B YIy4IIeHHs MEKTPOPHU3UIECKUX XapaKTePUCTUK TOHKHX IIeHoK SiO, 3aTBOpa sB-
JISIOTCS a30TUPOBaHKME UX METOI0M HOHHOM MMITJIAaHTALMK U HUTPUPOBaHUE B a3oTcoAepxkanux cpemax (NO,
N,O unu NHy) [7]. BBuny HeBbICOKOH CTOMMOCTU M HIMPOKOIO IIPAKTUYECKOrO MIPUMEHEHUS a30Ta B 2JIEK-
TPOHHOH NMPOMBIIIJIEHHOCTH HHTEPEC NpeCTaBIsAeT npouecce asoTuposanus SiO, B atmocdepe a3ora.

B HacTosmeit crarbe ObUIH UCCIIENOBaHBI 3apsI0BbIE CBOMCTBA TOHKUX JUAJIEKTPUKOB 3aTBOPA, MMOIYYCH-
HbIX MeTosIoM bTO B X0/1€ hOTOHHOM 00PaOOTKM CEKYHIHOW JTUTEIBHOCTH, U UX TPAHUI] pa3/iesia C KpEMHUEM
st MATT-ctpyxryp UC.

MaTepna.m,l U METOAbI UCCJICAOBAHUSA

B kauecTBe HCXOMHBIX 00PA3IOB MIPUMEHSUTUCH TUIACTHHBI 71-THIIA MOHOKPHCTAJUTMIECKOTO KPEMHUS OpPUEH-
tarueid <100> ¢ ynenbHbIM conpoTuBieHneM p =4,5 OM - cm, erupoBannbie pochopom. [epen popmupona-
HHEM JIMDIICKTPUKOB 3aTBOpa MPOBOAMIIOCH ITpeABapuTenbHoe okucinenue ractu npu 1000 °C B armocdepe
BJIQXKHOTO KHCJIopozia (TonmuHa d nomydeHHoro SiO, paHa 100 HM) B IeJsIX JIMKBU ALY IPUIIOBEPXHOCT-
HOTOo JieeKTHOTO ciiost. OOpa3oBaHne HAHOMETPOBOTO JIe(HEKTHOTO CII0s TPOUCXOIUT MOCTE ONepanuii Mexa-
HUYECKOH 00paboTKu (pe3KH, MUIM(OBKH H MOIUPOBKH), OCYIIECTBISIEMbIX MTPU U3TOTOBICHUN KPEMHHUEBBIX
miacTaH [8; 9]. 3aTemM okcua KPEeMHUS TOTHOCTBIO CTPABIMBAJNICS B PACTBOPE TUTABUKOBOW KHUCIIOTHI, MTOCTIE
YEro IJIACTHUHBI MOJIBEPTaIUCh XUMUYCCKON OUUCTKE TI0 TEXHOJIOruK KoMmiianuu Radio Corporation of Ameri-
ca (RCA) cormacno metoauke, npuseneHHoi B [10]. O6paboTka no rexnonornn RCA npuMeHsanach BBUy ee
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BBICOKOH 2)(peKTUBHOCTH U aKTHBHOTO MPUMEHEHHS B ITpou3BoacTBe VIC 11 O4MCTKY TOBEPXHOCTH TIACTHH
OT OPTaHUYECKUX COCAMHEHUH, MEXaHUYECKNX YaCTHIl, aTOMOB IEJIOYHBIX U IEPEXOJHBIX METAJIOB, a TAKKe
JUTSI CHSITHSI CJTOSI €CTECTBEHHOTO oKcuaa kpemaus [10; 11].

[Tomyuenue mudnekTpukoB 3arBopa MeTonoM bTO ocymiecTBIsIIIOCH ¢ HCTIOIB30BaHNEM CHCTEMBI As-Master
B CTAllMOHAPHOH armocdepe kucnopona, azora aubo ¢popmosounoro rasza (97 % N,, 3 % H,). Hennanap-
Has CTOpOHA IIACTHH OOJIydasiach HEKOTEPEHTHBIM H3IYyUCHUEM MOTOKaMu (POTOHOB 20 TalOTEHHBIX JIAMIT
C JUTUTEIBHOCTBI0 HMIYIILCOB 12 ¢ B peXuMe TEIUIOBOTO OajlaHca Mpu aTMOC(hEepHOM JaBJIeHUH. MOIIHOCTb
W3JTYYCHUSI TAIOTCHHBIX JIAMIT TIOI0Mpaiach MPeABAPUTENBHO, HCXO/S U3 JOCTIbKeHHs TeMieparypsl 1250 °C
Ha aHAJIOTHYHBIX pa0OYMM TECTOBBIX IUIACTHHAX B TEUCHUE (POTOHHOM 00pabOTKK TPeOyeMOii JJINTEIIbHOCTH.
KonTpois Temmeparypsl 0CyIIeCTBISUICA MHPOMETPOM, PACTIONOKEHHBIM HaJ| IEHTPOM TJIAHAPHOW CTOPOHBI
macTuHbL. 1lo okonuanuu xkaxmoi craanu bTO o6pasmbl oximaxaaiuch 10 KOMHATHOHN TeMITepaTyphl, TIOCIe-
JYIOIIasi CTaJus IPOBOIUIACH C UCIIOJIb30BAHUEM aHAJIOTHYHBIX PEXKUMOB 0€3 TpeBapUTEIILHOTO U3BJICYe-
HUS TUTACTHH U3 PEaKTOpa yCTaHOBKHU.

[Tomyuenue Tomorpamm pacrpeneseHus TOBEPXHOCTHOTO MOTEHITHAIA IPOBOANIOCH METOAOM CKaHHUPYIO-
mero 30H1a KenpBrHA ¢ ipocTpancTBeHHBIM paspemeHrneM 1 MM B cucteme CKAH-2019 B ckanupyromem
peXUME COTTIAaCHO METOMINKE, OMMCaHHou B [12].

Pe3y.]'ll>TaTl>I H UX oﬁcym)le}me

Panee 6bu10 Mokaszano [13], 4To A7 OKCHIIOB 3aTBOPA, MOMYUEHHBIX IBYXCTaaniHbIM rporieccoM bTO B ar-
Mocdepe Kuciopoa, XapakTepHa MEHbIIasi HEPABHOMEPHOCTh TONIIMHBI TUIECKTPHUKA (26 %), yeM JUIsd TepMHU-
YEeCKHX OKCHIOB KpeMHUS (32 %). DTO CBUIETENBCTBYET O CHIDKEHUH TPaJIMeHTa TEMITEpaTyphl 10 IOBEPXHOCTH
TUTACTHHBI B X0fie TipoBeeHus mporieccoB bTO 1o cpaBHEHUIO ¢ TAKOBBIM MPH TEPMHUUECKOM OKUCTICHUU (puc. 1).
[Mocne npoBeneHUs TpEeThEH cTaguK GOTOHHOH 00padOTKH B YOPMOBOYHOM Ta3e HEPABHOMEPHOCTh TOJIIIUHEI
ciosi chOPMUPOBAHHOTO AMANIEKTPUKA cocTaBmiia 22 %, Takke HaOMI0NAI0Ch CHUKCHUE CPEIHET0 3HAUCHUS
TOJIIUHEI TTOJTy9eHHOTO ciosi ¢ 10,5 10 9,7 M.

B [10] ycranoBieHo, 4ToO Ui TUAIEKTPUKOB, TOTYYCHHBIX TpexcTaauitHbM mporeccoM bTO ¢ 3akmoun-
TeNbHON 00paboTKOH B arMocdepe azora JInbo GOPMOBOYHOTO Ta3a, 3HAYCHUS ITOKa3aTes MPEJIOMIICHHS CO-
ctaBisioT 1,51 u 1,48 cooTBeTcTBeHHO. JlaHHbBIE 3HAUCHUS TTOKA3aTEIsI MPETIOMIICHHS COOTBETCTBYIOT 8 1 4 %
MacCcoBOM J0JIM a30Ta B TOIy4EeHHBIX ci10sX. [1o mpasuny Morra [14] nst Si,0,N,, copmuposannsix 5TO
C TpeTheii CTameli 00paboTku B arMocdepe a3ora, pacyeTHbIe 3Ha4eHust MHIEKCOB — Si0) 5,N; 5. B nmonexrpu-
Kax, mojay4eHHbIX MeTogioM BTO ¢ 3aknrounTtenbHol 00paboTKON B (HOPMOBOYHOM ra3e, COOTHOIIIEHHE aTOMOB
coctaBwio SiO; 47N 3s.

Ha puic. 2 npHBEICHBI TOMOrPAMMBI PACIPEICICHIs TOTEHIUAIIA IO TTOBEPXHOCTH IIACTHH. MeTO CKaHH-
pyromiero 30H1a KenbBrHa KadeCTBEHHO XapaKTEpU3yeT 3apsiioBble CBOWCTBA M30JIATOpa (M3MEHEHHS TUIOT-
HOCTH MOBEPXHOCTHBIX COCTOSIHUH Ha TpaHMIE pasjiena, 00beMHBIH 3apsy). s paccMarpuBaeMoro cirydast
pacronokeHne HEOAHOPOJHOCTEH MOBEPXHOCTHOTO MTOTEHIMANA M TOJIIUH JTUJICKTPUKOB, TIOTyYSHHBIX Me-
tonoMm bBTO, He coBmamaeT (cMm. puc. 1 u 2), mpudemM HEPaBHOMEPHOCTH TONIIUH 3THX CIIOCB HE MPEBBINIACT
22-26 %. B cBsi3u ¢ 3TEM OCHOBHOE€ BJIMSIHHE Ha pacHpeeICHHE MOTEHITMana OyayT OKa3bIBaTh KaueCTBO
TpaHHMIIBI pa3jena TUIEKTPHUK — IMOTYIPOBOJAHUK M HAIWYHE KYJIOHOBCKHX IIEHTPOB B H30JISITOPE.

Ha romorpammax o6pasuos ¢ SiO,, moimyueHHbIM ABYXCTaguiHbIM nponeccom BTO B armocdepe kucio-
pona, HaOIOAITCS HEOAHOPOAHOCTH PACIpe/ICIeHUs IIOTEHIMANIA 110 KPasM IIACTHUHBI, & TAK)Ke HECKOJIBKO
KPYITHBIX BKJIFOYCHUH OKOJIO IIeHTpa. Hanboiiee BeposTHBIM MEXaHU3MOM 00pa3oBaHus AeeKkTHbIX oOnacTei
SIBIIICTCST (JOPMHUPOBAHUE TUAIICKTPHUKA HA eCTeCTBeHHOM okcuie. CormacHo [15] yxe mociie HECKOJIBKUX MH-
HYT B arMoc(epe Bo3/lyxa Ha UeallbHO YHCTOH TTOBEPXHOCTH KPEMHHEBBIX TUIACTHH Oy/IeT 00pa30BbIBATHCS
CJION HEYMOPSAOYCHHOTO €CTECTBEHHOTO OKcuaa Kpemuus tommmHou 0,5-0,7 uM. Tak, mocie mpoBeACHIS
OYUCTKH MTOBEPXHOCTH IUIACTHH (B TOM YHCIIE )KUAKOCTHBIMU MeToAaMu TpasiieHus SiO, u 00paboTku mo Tex-
Hosnorun RCA) Ha He#t OyyT aficopOrpoBaThCsi MOJICKYJIbI KMCIOpO/a U BOZbI U3 Bo3ayxa [16; 17]. B pe3yasrare
(DU3UKO-XUMHUYECKOTO B3aWMOJICHCTBHS 3THX KOMIIOHEHTOB C BEPXHHUMH CIIOSIMH KPEMHHUEBOW IIaCTHHBI (op-
MHUPYETCsl CJI0 HEyNOpAJ0YEHHOT0 €CTECTBEHHOTo oKcuaa KpeMHus [16]. Ha moBepXHOCTH IUTaCTHHBI TaKke
MOTYT JIOKQJIM3UPOBATHCS JIETYUHE OPraHUYECKUE COCAMHEHHUS, BBIICISIIONINECS U3 TIPUCYTCTBYIONIMX B TIPO-
W3BOJICTBEHHBIX TIOMEIICHHSIX MTOJMMEPHBIX MaTEPHAIIOB U a/ICOPOMpYIOIIUecs Oiaroaapst MOISsIpHBIM IpyIIam
aTOMOB.

IIpucyTcTBUE Ha KPEMHUEBOW IJIIACTUHE OKCHJIA KPEMHHUS C HEYNOPSAOUYEHHON CTPYKTYpOU, a TaKKe pas-
JUYHOTO POJia 3arpsi3HEHUI MTPUBEIET K JIOKAILHOMY W3MEHEHHUIO SHEPIHH aKTHBAILIUH MPOIECCa OKUCIICHHS,
a 3HAUUT, ¥ CKOPOCTH €Tro MPOTEKaHUs. B CBSA3M ¢ HaM4YreM rpaJueHTa CKOpOCTH POCTa 10 TOBEPXHOCTH TIIa-
CTHHBI OyZIeT IPOUCXOIUTH 00pa30BaHKe HEPAaBHOMEPHOCTEH TONIIMHBL, YTO BIIOCIEICTBUU PUBENET K (op-
MHPOBAHUIO 001acTell ¢ HEYNOPSI0YEHHOM CTPYKTYPOi B OKCHJIE KpEMHUSI U Ha rpanulie paszaena Si— SiO,.
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Cornacuo [18] B mporiecce moxy4eHusl MOI3aTBOPHOTO OKCHJIA KPEMHHS ¢ IPUMEHEHHUEM TepMOTU(PPy3u0H-
HBIX I1eYel HaIu4ue 3arps3HeHni, pa3Horo pona Ae(eKToB, MOBBIIIEHHOH MEpOXOBAaTOCTH HA MOBEPXHOCTH
KPEMHUS MPHUBEAET K 00Pa30BaHUIO CTPYKTYPHBIX HECOBEPLICHCTB MOIy4eHHOH cucteMsbl Si— SiO, B coot-
BETCTBYIOLIUX UM 00JIACTAX.

ala 0/b
d, aM d, HM
B 12.50-13,20 W 13.40-13.90
Bl 11.90-12,49 B 12,90-13,39
[]11,30-11,89 []12.40-12,89
[ 10,70-11,29 B 11,90-12,39
B 10,00-10,69 B 11,40-11,89
H 9.42-9,99 B 10.90-11,39
M 5.79-9.41 B 10,30-10,89
W s.17-8.78 B 9521029
B 7.54-8.16 Wosiosi
B 692753 W 579930
6/c
d, HM

Il 20.30-22,50

B 18,1020,29

[]15.90-18,09

[ 13.70-15,89

B 11,50-13,69

W o.29-11,49

B 7.09-9.28

B 4.89-7,08

270438

M o.50-2,69

Puc. 1. TomorpaMmsl pacipesieieHus TONIMH: a — Tepmudeckoro Si0,, momydentnoro mpu 900 °C
B TeueHue 30 MuH (<d>= 9,7 HM); 6, 6 — OKCUIIOB, IOTyueHHBIX MeTooM BTO B x071¢ (hOTOHHBIX 00pabOTOK
JUTITENFHOCTEIO 12 ¢ Ipu MakcumanbHoli Temmeparype 1250 °C (6 — aByxcraauiinslii nmporecce B atmochepe O, (<d>= 10,5 am);
6 — TpexcTaJuiHbIN mporiecc ¢ AByMs 00paboTkamu B atMochepe O, u TpeThbeit 06paboTKoii B hopMoBodUHOM raze (<d>= 9,7 Hm))

Fig. 1. Topograms of the thickness distribution: a — thermal SiO, obtained at 900 °C for 30 min
(<d>=9.7 nm); b, c — oxides obtained by the RTP method by photonic treatments for 12 s
and a maximum temperature of 1250 °C (b — two-stage process in O, atmosphere (<d>= 10.5 nm);
¢ — three-stage process with two treatments in an O, atmosphere, the third treatment in a forming gas (<d>=9.7 nm))

[Ipumenenne nomomHUTeNpHOM (hoTOHHOU 00padoTKH MeTonoM BTO B armocdepe a3oTa K OKCHILy 3aTBOpA,
MOTyYSHHOMY JIBYXCTaMHHBIM IPOLIECCOM, CIOCOOCTBYET JIMKBU ALK OOJIBIIMHCTBA BKIIOYEHUH HA TOIIOTpaM-
Max, TMOBBIIIEHUIO PABHOMEPHOCTH U POCTY 3HAYEHUsI TOBEPXHOCTHOTO MOTEHIMaa B cpeaneM Ha 100 oTH. ex.
(cM. puc. 2, 0). IlonyueHHbIe pe3ynbTaThl SABJISIOTCS CIEACTBUEM CHI)KEHHS KOHLIEHTPALIMH TOBEPXHOCTHBIX
COCTOSIHMI Ha IpaHMLE pa3ziena AUAICKTPUK — IMOIYyNPOBOJHUK U, MPEATONOKUTEIBHO, TUKBUAANHA YaCTH
KyJIOHOBCKUX IIEHTPOB B M30JITOPE M3-3a mepecTpoiiku cucremsl Si— Si0,, auddy3un aToMoB KpeMHHUS
¥ KUCIIOPOJia BJIOJIb TPAHUIL pasziesia TudJIeKTpruKa B mporecce Tperberd craguu bTO. [Ipyrum mexannsmom
JMKBHUIALMHN 3apsI0BbIX LIEHTPOB SIBJISIETCS YaCTUUHAs TaccuBaLuy e(eKToB Ha rpanuLe pasaena Si— SiO,
aroMamu a3oTa. il TOHKUX OKCHIOB, OABEPTHYTHIX (OTOHHOM 00pabOTKe IMPH BBICOKOH TeMIeparype, Be-
pOsITHA JOKaIU3aLus aTOMOB a30Ta Ha rpanuue pasaena Si— SiO,. IIpu Hanmuuuu aToMOB a30Ta B CHCTEME
Si — SiO, OyneT npoxoanuTh UX JIOKaIM3aLus BOJIKM3U TpaHulsl paszaena Si— Si0,. ATOMBI a30Ta, BCTpauBasich
B J€(EKThl CTPYKTYphl Ha IPaHUIE paszfena, HaXoAaT ceOe HUIIM B COOTBETCTBHU CO CBOMM KOBAJICHTHBIM
paznycoM, 4TO NPUBOAMT K YACTHYHOH [TACCHBALMHU 3apSA0BBIX LIECHTPOB MOBEPXHOCTHBIX COCTOSHUM (B YacT-
HOCTH, TapaMarHuTHHIX Py -nienTpos) [19].
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Puc. 2. TomorpaMmBbl pactpe/ielIeH s TTOTEHINAaNa (B OTHOCUTENBHBIX €ANHNIAX) IT0 HOBEPXHOCTH IIACTHH
C IMIIIEKTPUKOM, rostydeHHbIM MeToioM BTO B xoze GpoToHHBIX 00paboTOK JTHTENBHOCTBIO 12 ¢
pHu MakcuMaibHoit Temmeparype 1250 °C: a — aByxcraauitnslii npouecc B armocdepe O,;
0, 6 — TPEXCTAANIHEIN Mporecc ¢ AByMst oOpaborkamu B armocdepe O,
u TpeThbeit 00padboTkoii B armocdepe N, (6) 1ubo B popMOBOUHOM raze (8)

Fig. 2. Topograms of the potential distribution (in relative units) over the surface of plates with a dielectric obtained
by the RTP method by photonic treatments with a duration of 12 s and a maximum temperature of 1250 °C:
a — two-stage process in an O, atmosphere; b, ¢ — three-stage process with two treatments
in an O, atmosphere, the third treatment in N, atmosphere (b) or in forming gas (c)

J1st AMBIEKTPUKOB, MOMY4YEHHBIX TpexcTaauiHeiM npoueccoM bTO ¢ npuMeHeHneM 3aKiIouuTensHoi o-
TOHHOW 00Pa0OOTKH B ()OPMOBOYHOM T'a3e, OTMEUYCHBI POCT BEJIMYUHBI TOBEPXHOCTHOTO MOTEHIMAJIA B CPETHEM
Ha 300 OTH. ef., MMKBUAALMS BKIIOYEHHWH Ha TOTOTpaMMaXx W TOBBIIIEHHE PaBHOMEPHOCTH PaCIpe/leIeHuUs
HoTeHIMana (CM. puc. 2, 6). 3a UCKIIIOUEHUEM IepecTpoiiku cuctemsl Si — SiO, U NpsIMOro a30TUPOBAHHS,
B 00pasiiax, MoJy4YeHHBIX C TPUMEHEHHEM 00paboTKH B (POPMOBOYHOM rase, OyIyT MPOTEKaTh MPOIECCH 00-
pa30BaHMs THIPOKCUIIBHBIX TPYIII B CHCTEME JIUAISKTPHUK — TIOIYIIPOBOIHUK U, KaK CICICTBUE, MHAKTHUBAIIHS
ANIEKTPUYECKH aKTUBHBIX IIEHTPOB aTOMaMHU BOJIOPOJIA.

B paGore [20] noka3aHo, 4TO naccUBalMsl IOBEPXHOCTHBIX 2JIEKTPUUECKU aKTHUBHBIX Py -LIeHTPOB MO-
JICKYJISIDHBIM BOJIOPOJIOM CTaHOBHUTCS 3 PekTuBHOM npu Temneparypax >250 °C. Takxe ycTaHOBICHO,
YTO TMOCNIe OTX)Kura B atmocdepe ¢ mobdasneHuem Bogopoaa npu 900 °C mracTuH KpeMHHUS OpHEHTAIU-
et (100) co cnoem oxcuzaa OyneT NPOUCXOJUTH MaccUBaLUs Kak Ie(deKkToB kiaacca Py, Tak u apyrux He-
kinaccuuurpoBaHubix gedextoB B cucteme Si— Si0, [21]. Bo3moxHo oOpazoBanue B SiO, MOCTHKOBOTO
Bozopozaa Si— H— Si u ruapokcnnsHoro E’-nienTpa kak Ha rpanuie paszgena Si— SiO, [21], Tak u B ok-
cune [22].
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3akjaueHmne

YCTaHOBIIEHO, YTO U OKCHJIOB 3aTBOpA, Moidy4deHHBIX MeTonoM bTO ¢ nByms ctannsMu (OTOHHBIX 00-
paboTOK MJIACTHH KPEMHHUS JIUTENFHOCTRIO 12 ¢ B aTMocdepe Knucioposaa mpu MakCUMaJIbHON TeMIepaTrype
1250 °C, mocne mpoBeneHus TpeThel cTamuu 0OpaboTKH B arMocdepe a3oTa MpH aHAJOTHIHBIX PEeKAMax
Ha TOTIOTpaMMax pachpeAeNeHHs HEKTPHIECKOTO MMOBEPXHOCTHOTO TIOTEHIINAaa HaOII0AI0TCs MOBBIIIICHHE
€ro paBHOMEPHOCTH 1 JINKBUIAIUS BKITIOUEHHH. Takke oTMedaeTcs poCT CpeTHEro 3Ha4eHHUs TOBEPXHOCTHO-
ro norentmana Ha 100 oTH. em. DTo 00yCIOBICHO CHHKCHHEM KOHIICHTPAIIUN 3apsHKCHHBIX IIEHTPOB B CJIOE
TUDJIEKTPUKA W TUIOTHOCTH MOBEPXHOCTHBIX COCTOSHUIN Ha TPAaHUIE C KPEMHHEM BCIIEICTBHE TIEPECTPONHKU
CTPYKTYpPBI INAJIEKTPHUKA U TpaHullbl pasznena Si— Si0,, a Taxoke 1ud@y3un BIOIb I'PAaHUL] pa3ziena cllos U 110
€ro MOBEPXHOCTH aTOMOB KHCIIOPOJIa M KPEMHHUSI.

Jst okcuaa, OTyYeHHOTO OBYXCTaAMHHBIM mporieccoM bTO (kakmas cramus IpoBOANUIACEH ¢ UCTIOIB30-
BaHHEM aHAJOTHMYHBIX YKa3aHHBIM BBIIIE PEKUMOB), TIOCTIE TTPOBEICHHUS TPEThel CTann 00pabOTKN METOIOM
BTO B opmMoBOoUHOM ra3e Ha TOmorpaMMax pPacIpeeseHNs] TTOBEPXHOCTHOTO MOTEHIHAla HaOMIOMat0TCs
3HAYUTEIHHOE IMOBBIIICHNE PAaBHOMEPHOCTH W TPAKTUYECKH TOJHAS JIMKBUIAIUS BKIoYeHHH. BospacTaer
cpenHee 3HaueHNe MOBEpXHOCTHOTO noteHiana Ha 300 oTH. ex. BmecTe ¢ aHaIOTMYHBIMA TIPOTIECCAMH, TIPO-
Tekatroumu 1ipu nposeaeann bTO B atMocdepe a3ora, MPOUCXOMUT WHAKTUBAIMS aTOMaMH BOOPOna Kak
KYJIOHOBCKHX IIEHTPOB B TUAJIEKTPUKE, TaK M TIOBEPXHOCTHBIX COCTOSHUI Ha TPAHUIIE pas/ena TUdJIeKTprUKa
C KpEeMHHEM.
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METOAUKA NCCAEAOBAHUA OOTOCTABUABHOCTHU
COAHEYHbBIX 9AEMEHTOB HA OCHOBE OPTAHO-HEOPTAHNYECKUNX
ITEPOBCKUTOB C ITOMOIIIbIO KOH®OKAABHOI'O CITEKTPOMETPA
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Ha MMpUMEPE U3YUCHUA (l)OTOI[era)IaHI/II/I U TEMHOBOT'O BOCCTAHOBJICHUS OPTaHO-HCOPIraHUYCCKUX TMEPOBCKUTHBIX
COJIHCYHBIX 3JICMCHTOB IMPCACTABJICHA METOAMKA HCCICIOBAHUA (bOTquBCTBI/ITGJILHBIX CTPYKTYpP, OCHOBAaHHAsI Ha HC-
I10JIb30BaHUH KOH(I)OKaJ'IBHOFO CIHEKTpOMETPA I U3MEPCHUS CIICKTPOB KOM6I/IHaLII/IOHHOI‘O paccessHus CBETa, CIICKTPOB
1 KHHCTUK (1)0'1‘0- 1 DJICKTPOJIOMHUHECHECHIINHN, KHHETUK TOKAa KOPOTKOTO 3aMBIKAHUS W HAIIPSHKEHUSA XOJIOCTOr0 Xo4a Impr
JIOKaJIbHOM BO3JICUCTBUH MOHOXPOMAaTUYCCKUM HU3ITYyYCHUEM. CHCKTpH KOM6I/IH3LII/IOHHOFO paccesaHua CBETa IMOMOrarT
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YCTAHOBUTH HAJIMYKE W OTCYTCTBHE BTOPUYHBIX (Da3, 00pa3oBaHHe KOTOPHIX BOZMOKHO B (DOTOUYBCTBUTENBHBIX CIOSX
MOJ/1 BO3/ICUCTBHEM CBETA, & CHEKTPbI (DOTOIIOMHUHECLICHIIMH Jal0T BO3MOXKHOCTH BBISIBUTH OAHO(A3HOCTh M3y4aeMoro
o0bekTa. KapTipoBaHne HHTEHCHBHOCTH M TIOJIOKEHUSI IIEHTPa Mace M0J0CH! (POTOIFOMUHECIIEHIINH B TNIOCKOCTH HCCIIe-
JIyeMOTo 00BEKTa MO3BOJISICT CYUTH O MPOCTPAHCTBEHHOM PACIIONIOKECHHUH IIEHTPOB Oe3bI3TydaTeIbHON PEKOMONHAIINN
HOCHTENIeH 3apsijia, paclpe/iesIeHNH yJacTKOB ¢ HanOOJbIIeH W HauMeHbIIeH 3((EeKTHBHOCTBIO IKCTPAKIIUH HOCHUTE-
Je 3apsaa TPaHCHOPTHO-AKLENTOPHBIMHU CIIOSIMU M TPOCTPAHCTBEHHOH OTHOPOJHOCTH XUMHYECKOTO cocTaBa. CpaBHe-
HHUE CIIEKTPOB UIEKTPOIFOMUHECIICHITUH 10 M TIOCJIE CBETOBOTO BO3ZCHCTBUS JAaeT BO3MOKHOCTD BBIIBUTH 00pa30BaHUE
LEHTPOB OE3bI3ITyuaresibHOM peKOMONHALMK B (POTOMONIOLIAIOIIEM CJI0€ U Ha ero TpaHuax ¢ TPAHCIIOPTHBIMU CIIOSIMH.
AHanu3 KMHETHK U3MEHEHUsI TapaMeTPOB MOJIOCH! (DOTONIOMUHECICHIMH, ITOJTYYEHHBIX TP U3MEPEHHU TOKa KOPOTKOTO
3aMBIKAHHS ¥ HAITPSDKEHUSI XOJIOCTOTO X071, MO3BOJISIET YCTAHOBUTH JOMUHHPYIOIINE (DOTOMH TYITUPOBAHHBIE TIPOIECCHI,
MIPUBOASAIINE K N3MEHEHHIO HHTEHCUBHOCTH TOJIOCHI (DOTOIIOMUHECIICHIIHH.

Knroueswle cnosa: koHOOKATBHBIH CIICKTPOMETD; TFOMHHECICHITHST; KOMOWHAIIMOHHOE PACCEsTHIE CBETA; OPraHO-HEOP-
raHUYECKUE MIEPOBCKUTHI; IEPOBCKUTHBIE COTHEUHBIE HIEMEHTBI; METOMKA UCCIIEN0BAHUS (HOTOCTAOUITILHOCTH.

Brazooapnocme. Pabora BhinoNHeHA pU NOjAEpKKe benopycckoro pecrnyonikanckoro honaa GyHaaMeHTalbHBIX
uccienoBanuii (mpoekt Ne ®20I1TTU-019).

METHOD FOR STUDYING THE PHOTOSTABILITY
OF SOLAR CELLS BASED ON ORGANIC-INORGANIC
PEROVSKITES USING A CONFOCAL SPECTROMETER
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Corresponding author: N. S. Mahon (natalimahon@gmail.com)

A method for studying photosensitive structures using the example of studying the photodegradation and dark reco-
very of organic-inorganic perovskite solar cells is present. The method is based on the use of a confocal spectrometer
to measure Raman spectra, photo- and electroluminescence spectra and kinetics, the kinetics of the short-circuit current
and the open-circuit voltage under local exposure to monochromatic radiation. Raman spectra make it possible to establish
the presence or absence of secondary phases, the formation of which is possible in photosensitive layers under the influence
of light. The photoluminescence spectra enable to reveal the single-phase nature of the object under study. Mapping the
intensity and position of the center of mass of the photoluminescence band in the plane of the object makes it possible to
judge the spatial arrangement of the centers of non-radiative recombination of charge carriers, the distribution of the re-
gions with the highest and lowest efficiency of the extraction of charge carriers by transport-acceptor layers and the spatial
homogeneity of the chemical composition. Comparison of the electroluminescence spectra before and after light exposure
allows revealing the formation of non-radiative recombination centers in the photoabsorbing layer and at interfaces with
the transport layers. Analysis of the kinetics of changes in the parameters of the photoluminescence band obtained by
measuring the short-circuit current and the open-circuit voltage makes it possible to establish the dominant photoinduced
processes leading to a change in the intensity of the photoluminescence band.

Keywords: confocal spectrometer; luminescence; Raman scattering; organic-inorganic perovskites; perovskite solar
cells; method for studying photostability.
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BBenenune

I'uOpuHbIe OpraHO-HEOPraHMUYECKUE IEPOBCKUTHBIC coHeuHbIe 31eMeHThI ([1CD) nossumuck B 2009 1. [1]
U cpasy MPUBIIEKIN K ce0e MOBbIIIEHHOE BHUMaHKHEe. OHH XapaKTepPH3YIOTCs BRICOKMM KO3 dUIMEHTOM Morio-
ICHHS CBETA B COYETAHNH C OJIM3KOH K ONTHMAJIbHOMY 3HaYE€HHIO ITMPUHOM 3alpelieHHOM 30HbI, O0JIbIINM Bpe-
MEHEM >KU3HU HOCHUTENel 3apsza (10 eIMHUL MUKPOCEKYH]T), @ TaK)Ke BO3ZMOKHOCTBIO MAIOCTaJUAHOTO U HU3KO-
temneparypuoro (ue 6osxee 100 °C) cuntesa U3 pacTBopoB [2—6]. 3a kopoTkuii mpomexyTok Bpemenu KIIJ]
JAHHBIX COJTHEYHBIX IEMEHTOB YIAJIOCh MOBBICUTH OoJiee yeM 110 25 % 3a cueT BapbUPOBAaHHS apXUTEKTYPHI,
a TaKKe XUMUYECKOTO COCTaBa MEPOBCKUTHOTO ((hOTOMOMIONIAIOIETO) M TPAHCIIOPTHBIX cioeB [7-9]. OgHako
cepbesHoil mpobiemoii Ha myTH KomMmepuuanuzauun [1CO sBnsiercst ObIcTpast aerpajanys, 00ycIOBIeHHAs
MHOTHMH (paKTOpaMH, B YACTHOCTH CBETOM, HOBBILICHHOW TEMIIEpaTypoil, aTMOC(hepHON BIaroil U KUCIOpo-
oM [10—14]. [Togbop u 3aMeHa XUMHYECKHX 3JIEMEHTOB B CTPYKTYpE MEPOBCKHUTA M aKLENTOPHBIX CIOMX,

89



Kypnaa Besopycckoro rocyiapcrseHHOro ynusepcurera. ®usuxa. 2022;1:88-97
Journal of the Belarusian State University. Physics. 2022;1:88-97

a Tak)Ke MCIOJIH30BAHNE MHKAICYIIALNHN MTO3BOJIMIN JTOOUTHCS 3HAYUTEIHHON YCTOHYUBOCTH K BO3/IEHCTBHUIO
BJIATH, KUCJIOPOA M TOBBIIIICHHON Temmepatypsl [15]. KpoMe Toro, Oblta 00HapyskeHa CrTOCOOHOCTh BOCCTa-
HOBIIeHUS (0 KpaifHel mepe, yactuyHoro) [1CD mpu ux HaXOKJIEHUH B TEMHOBBIX ycioBusx [16]. Oxnako
tdotomerpamanus [1CD mo-npekHeMy OCTaeTCsl HEPEIICHHOUW TTPOOIeMOil, MMOCKOIBEKY TEMHOBOE BOCCTAHOB-
JICHWE TIPOTEKAaeT HEJOCTATOYHO OBICTPO JJIsl TOTO, YTOOBI ITOJHOCTHIO BOCCTAHOBHUTH PaboOuue MapaMeTpsl,
YXYIIICHHBIE TIOCJIe CBETOBOTO BO3MICHCTBHUS B PEATbHBIX YCIOBHUIX dKcIuTyaranuu [15-17].

Taxum 06pa3om, B HaCTOsIIIIEe BpeMsI 3HAYNTETbHOE BHUMaHHUE HCCIIEI0BaTeNeil CKOHIIEHTPHPOBAHO Ha BISAB-
JICHUH 3aKOHOMEPHOCTEH (hoToaerpanauu u BoccranoBieHus [1CD, yCTaHOBICHUN MEXaHU3MOB, OTBEUAIOIIIHIX
3a 9TH MPOLIECCHI, @ TAKXKE TIOMCKE CTTIOCO0OB CHMKEHHUS CKOPOCTH Aerpafanuu [5; 17; 18]. DxcnepumeHTanb-
Hoe nuccienosanne [1CO cymecTBeHHO 3aTpyAHEHO TE€M, YTO aKTHBHAS 00JIACTh (IEPOBCKUTHBINA U aKIENTOP-
HBIE CJIOW) TPYAHOMOCTYITHA M3-3a HAJIWYMS MHKAINCYJISIIUN, BCIEACTBUE YEro IMPUMEHEHHE TPaJUIIMOHHBIX
METO/IOB aHaju3a (PeHTreHOAN(PPAKIIMOHHBIN aHAJIN3, CKAHUPYIOIIAst SJIEKTPOHHAS ¥ 30H10Bast MUKPOCKOTINS,
(hOTOREKTPOHHAST CIIEKTPOCKOIINSA) SIBISIETCS HEBO3MOXKHBIM. DTO TIPUBOIUT K HEOOXOTUMOCTH Pa3pabOTKH
METOAMK Ha OCHOBE MHBIX OECKOHTAKTHBIX HEPa3pyIIAIONIUX METOIOB UCCIIEIOBAHNS, OTHUM U3 KOTOPBIX MO-
KeT ObITh KOHPOKAIBbHAS ONTUYECKAsT CIIEKTPOCKOITHSL.

Lenbro paboThI SBISIIOCH Pa3BUTHE METOTUKH UCCIIEOBaHUST (POTOUYBCTBUTEIHHBIX MOIYIIPOBOIHUKO-
BBIX CTPYKTYP C ITOMOIIBIO KOHPOKAIHHOTO crieKTpoMeTpa. OObEeKTOM UCCIIeTOBAHIS BHICTYIIAINA COTHEYHBIE
3JIEMEHTHI Ha OCHOBE OPraHO-HEOPTaHMYECKUX MIEPOBCKUTOB CIOKHOTO cocTaBa. [IpennokeHHas MeToauka mo-
3BOJISIET MCTIOJIB30BAThH JIa3€PHBIH Jyd CIIEKTPOMETpa HE TOIBKO JJIst BO30YKACHUS CIIEKTPOB KOMOWHAIIMOHHOTO
paccesiaust ceeta (KPC) u poronmomunecteniuu (DJI), HO U 115t TIOKAIbHOTO U3MEPEHHS (POTOIICKTPUICCKUX
MapaMeTPOB COTHEYHBIX IEMEHTOB (TOKa KOPOTKOTO 3aMBIKAHUS, HAIPSKEHHS XOJIOCTOTO X0/1a), a TAKXKE B Ka-
YeCTBE NCTOYHHMKA CBETOBOTO BO3JIEHCTBHA B LIENSIX YCTAHOBIEHHS TuHAMHUKHU cBOHCTB [1CD mpu mux ocserie-
Huu. Kpome TOTO, CHCTEMa perucTpanuy CIeKTpOMeTpa MOXKET OBITh MCIOJIB30BaHA IS 3alUCH CHEKTPOB
anekTporroMuHecteHuu (3J]) mpu mpomycKkaHny WHKEKIIMOHHOTO TOKa OT BHEITHETO NCTOYHHMKA. Hamndane
3D-mpe3ockaHepa Mo3BOJISIET BBITOIHATH KAPTHPOBAHNUE CIIEKTPAIBHBIX U (DOTOAIEKTPHUECKHUX MapaMeTpoB,
YTO BaYKHO JIJIS OTIPE/IETICHHSI CTETIEH! MPOCTPAHCTBEHHOM OJJHOPOHOCTH HCCIIeAyeMbIX 00beKTOB. Kak Oyner
MOKa3aHO HIDKE, KOMOWHAIIMSA TTEPEUHCIEHHBIX BBIIIE B3aNMOOMONHSIONINX METOJIOB HCCIIEIOBAHNUS, KOTOPBIS
MOTYT OBITh PEATM30BAHBI C IMTOMOIIHIO KOH(POKAIEHOTO CIIEKTPOMETpa, 00ECIIeunBaeT MOyIeHNUE OOIUPHON
nHpOpMAIH O Tporieccax (poroaerpaganii ¥ BOCCTAHOBIEHUS (POTOUYBCTBUTEIBHBIX MaTepHalioB (TIOCpea-
CTBOM aHaim3a (ha30BOTO COCTABa M CIEKTPa AEKTPOHHBIX cocTossHui (10 ciektpam KPC, ®J1, DJ1)), a Taxke
0 TeHepaIyy, TPAaHCIIOpTE U PEeKOMOWHAIN HOCUTENeH 3apsaaa. B wactHocTH, peructparus criekrpos OJI, Toka
KOpPOTKOTO 3aMBIKaHHs M HATIPSHKEHUS XOJIOCTOTO X0[a MPH JITUTEIFHOM OCBEIEHHUH JIa3ePHBIM JIy9OM TT03BO-
JIieT HaOIIOIaTh SBOJTIONINIO CUCTEMBI B PEXKMME PEaTbHOTO BPEMEHH, UTO AaeT NMPEACTaBICHHE O Mpoleccax,
MIPOUCXOSAIINX B COTHEYHBIX IIEMEHTAX MPH UX OCBEIICHUH.

MeToauka IKCIIEPUMEHTA

B pabote Obi1 ncnonszoBan koHpokaneHbIH cnekrpomerp Nanofinder HE (LOTIS TII, benapycs — Sno-
HUS), IpeaHa3HaueHHbIH 111 n3Mepenus crektpoB KPC u @JI.

Cnexrpsl @JI, npeacrapneHHble B padoTe, ObUIH ITOTYYEHBI MIPU CIICIYIONINX YCIOBUSIX U3MEPCHUS: JUTHHA
BOJTHBI BO30Y K/IAI0IIEro cBeTa — 532 HM, CIIEKTpaJIbHOE pa3pelieHue — He Xyxke 0,1 HM, MOIIIHOCTh BO30Y K1ar0-
miero n3nydenus — 0,6 MkBT, quameTp cBeToBOTO MATHA Ha 0Opaslie — 2 MKM, BpeMsi HAKOTUIEHHsI CUTHaiIa — 5 C.
CkanupoBaHie 00pa3ioB ¢ OMOIIbI0 3D-mbe3ockaHepa oCyIecTBISUIOCh TyTeM cHsTUs criekTpoB DJI (pu
TeX e yCIOBHIX U3MEpPEHUs) Ha ydyacTkax pazmepoM 20 x 20 MkM. MOIITHOCTh JTa3€PHOTO MU3TYUYCHHSI DKCIIe-
PUMEHTAIBHO ObLTa TOI00paHa TakuM 00pa3oM, YTOOBI OHA HE OKa3bIBalla Pa3pyLIAIOIIETO BO3ICHCTBHS Ha 00-
paserl, HO MpH 3ToM oOecreurBaia MUHUMAIFHOE BO3ICHCTBHE, ITO3BOJISIONIEE JETEKTHPOBATh JUHAMUKY H3-
MCHCHU MMapaMETPOB 00BEKTOB HCCIICIOBAHUA IIPU JIOKAJIBHOM OCBCIICHUU.

Yenosust mamepenus criektpoB KPC: mymmnaa BOTHBI BO30YKIA0IIEro cBeTa — 532 HM, CIIEKTpajIbHOE pas-
perieHue — He Xyxe 2,5 CMfl, MOIIHOCTh BO30Y K/IarOIIero u3JiyueHus: — 6 MKBT, TuamMeTp CBETOBOIO MATHA Ha
oOpasiie — 2 MKM, BpeMsl HakorieHus: curHana — 120 c¢. B kauecTBe KOHTPOIBHOTO 00pa3iia NCToIb30Baiach
wieHka auitonuna ceuHna (Pbl,) kak Hanbosnee pacipocTpaHEHHOTO NMPOIYKTa AeTPaJallii CBUHELCOIepKa-
[IUX OpPraHO-HEOPTaHMUYECKUX MEPOBCKUTOB. TOJNIIMHA IJICHKH, ONpeeNIeHHAas: METOJIOM HHTep(hepoMeTpuH,
cocrapisuia 4,1 MKM.

Nsmepenus criiekrpor DJI mpoBoauiuck B CleAyromei nocienoBareiabHocTu. [ odecnedenus: Goxycu-
poBku DJI u3iIydeHus Ha BXOJHOH IIENM CIIEKTPOMETPa Ha TOBEPXHOCTH 00pa3iia ¢ MOMOIILI0 00bEKTHBA
criekTpomeTpa (GOKyCHpOBacs Jla3epHbId ny4. Jlanee BeIoNHIIOCH n3Mepenue criektpa DJI (Bo3OyxaeHue —
532 um, 0,6 MxBT; Bpemst HakorieHUs! curHana — 5 c). Ilocie »Toro 1a3epHbIil Tyd IEpeKphIBajCs, a depes
oOpa3sell MPOIyCKaJICs MPSIMOM IMOCTOSHHBIA TOK OT BHEIIHET0 MCTOYHHKA, 00CCIICUMBAIONIUN MHIKCKIUIO
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HOCHUTEJIEH 3apsiia B IIEPOBCKUTHBIN CIOW. BelnunHa TOKa yCTaHaBIMBAajIach PABHOW IO MOJYJIO TOKY KO-
POTKOTO 3aMblKaHHs oOpasiia mpu OCBELIEHUH cBeToM ctaHjuapra AMI1,5 u cocrapisiia 2 MA (TUIOTHOCTh
ToKa — 22 MA/cm?). TIocie OCTIKEHHS TOCTOSHHOTO 3HAYCHUS HATIPSDKSHHS Ha 00PasIie, 4TO COOTBETCTBO-
BJIO 3aBEPUICHUIO 3apsIKA EMKOCTEH M MCUE3HOBEHMIO TOKA CMEIICHUs], HAUMHAJIACh PEIUCTPALMsl CUTHAJIa
OJI (Bpems nHaxomieHust — 300 ¢). 3areM TOK OTKIIFOUaICS U MOBTOPHO 3anuchbiBaiics ciektp DJI mpu takmx xe
YCIIOBHUSIX, KaK M 10 u3MepeHus crekrpa DJI. DTo nenanock Asis OLEHKH BO3MOXKHBIX U3MEHEHHI B 00pasiie
IIPU TPOITYCKAHUH MIPSIMOTO TOKA.

st uccnenoBanus GOTOMHIYLMPOBAHHBIX MIPOLIECCOB U M3MEPEHUS CBETOBBIX BOJIBT-aMIIEPHBIX XapaKTe-
puctuk (BAX) (puc. 1) B kauecTBe ncTodHMKa 6€J10T0 cBeTa ucnonb3oBad ceetoanon PABB-100FWL-NAAN
(ProLight Opto Technology Corporation, TaiiBanb) (11BetoBast Temrieparypa — 5700 K). [y mutanus cBetonauoa
NpUMEeHsIICS cTaduau3upoBaHHblil uctounuk 1T6333B ({tech, TaliBanb), oOecrieunBaromuii HeCTAOUIBHOCTD
Toka He xyxe 0,1 %. Tok cBeTognona 3agaBaics TakKUM 00pa3oM, YTOOBI 00ECIICYUTh TAKOE XKE SHaueHHE TOKa
KOPOTKOTO 3aMBIKAHFIS, KAK U TIPU HCIIONB30BAHMI MMHTATOpa COHIa Kimacca AAA (AML,5; 1000 Br/v?). Tlpu
MCCIIEI0BAaHUH TIPOIIeCccOB oToAErpajalluy IPHUMEHSIACH MacKa, IO3BOJISIONIAs OCYILIECTBISATh 3aCBETKY JIMIIb
OIpaHWYEHHOTO y4acTka oOpasua pasmepoM 15 X 15 mm. CeroBeie BAX m3mepsuinch kaxzapie 20 MUH TIpH
psiMOM (OT pekMMa KOPOTKOTO 3aMBIKaHHUS K PEKHUMY XOJIOCTOTO XO/a) B 00paTHOM (OT pekrMa XOJIOCTOTO
X0Jla K peKUMY KOPOTKOTO 3aMbIKaHWs1) CKaHMpoBaHnH B auanasone —0,2 B — +1,2 B — —0,2 B ¢ nomomisio
ucrounnka-mmepurest Keithley 2400 (Keithley, CILIA). [TorpeniHOCTb H3MEPEHUSI CHITBI TOKA U HATIPSHKEHHSI
He npebimana 0,01 %. 3Hak «MHUHYC» COOTBETCTBYET OOpaTHOMY CMEICHHIO, 3HAK «IUTIOCY — MpsiMomy. Hc-
10JIb30BAJIOCH TIPOTPAMMHOE OTpaHWYEHHE IPSIMOTO TOKa /10 BETMYHUHBI, paBHON IO MOJYIIO TOKY KOPOTKOTO
3aMbIKaHus. B uHTepBanax mexay uzmepeHussmMu BAX coHeuHbIE 3/IEMEHTHI TTOABEPTAIIUCH CBETOBOMY BO3-
JEHCTBHIO B pEXKUME XOJIOCTOTO XO/a.
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Puc. 1. CeroBsie BAX I1CD, u3MepeHHble pH IpsiMoM ()
1 0OpaTHOM (6) HalpaBIEHHUSX CKAHUPOBAHMS, a TAK)XKE ITOCIIE TEMHOBOTO
BOCCTAHOBIICHUS U TTOCTIEAYIOIEr0 CBETOBOTO BO3IEHCTBH (6)
Fig. 1. Light current-voltage curves of perovskite solar cell measured at forward («) and reverse (b)
scanning, as well as after recovery in the dark and subsequent light exposure (c)
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B pabore 6bimu nccnenosanbl 06pasiupl [ICD Ha 0cHOBE mepoBCKUTOB cocTaBoB Cs) 15 FA g5 Pbl, ;Brj 5
1 Csos(MA 15FA| g5)0.0sPbl, 55 Br 45 (FA — dopmamumnn (HC(NH,),), MA — metunammonnit (CH;NHy)),
MOABEPTHYTHIE Pa3IMYHBIM CBETOBBIM Harpy3kaMm, a TaK)K€ BOCCTAHOBJICHHBIE B TEMHOBBIX YCJIOBHSIX ITOCIIE
cBeToBoro Bo3aeicTust. O0pasis! [ICO nsrorosnensl B Holst Centre (Hunepnanapl) o TEXHOIOTHH, TIOAPOO-
Ho onucaHHOM B [16]. Crpykrypa IICD npusenena B ctarse [19]. IlepBuunas xapakTepusanus U3roTOBICH-
HbIx [ICD (HemerpaanpoBaHHBIX) BBHITTOTHEHA MPOU3BOAMUTEIEM ITOCPECTBOM M3Mepenns BAX npu ocerrie-
HuM cBeToM cranapra AM1,5G ¢ momompro nmutatopa kiacca AAA u ucrounnka-mmepurens Keithley 2400.
Cpennee 3nayenne KII/] HCXOMHBIX COIHEUHBIX 3JIEMEHTOB COCTaBUIO 16 %.

[onygennsie BAX (cwm. puc. 1, a, 6) nemorcTpupytoT aerpanammro [ICD mpu cBetoBoM Bo3neiictBuu. Ha-
IpUMED, MOCJIE OCBEIICHUS B TEUCHUE 3 Y HANPSKEHUE XOJIOCTOTO xoz[a cam3mitock ¢ 1,03 mo 0,97 B, a mot-
HOCTb TOKa KOPOTKOTO 3aMbIKaHUsl yMeHbLunach ¢ 21,2 no 18,7 MA/cM. Takoke IpU 00paTHOM CKaHUPOBAHUH
HaOromaeTcst TucTepesuc. B pesynmbrare mociie cBeToBoro Bo3neicTus paccuntanabiid KITJ[ st mpsimoii BeTBr
cHu3wics Ha 7,5 %, a aist oOparHoit — Ha 30 %. [locienyromiee HaxoXICHUE B TEMHOBBIX YCJIOBUSX Ha MIPOTS-
JKEHUM HOYU NPUBEIIO K HE3HATHTENBHOMY NOBBILICHHIO HAIPSIKEHIA XOMOCTOTO X0z (mo 0,98 B) u 3ameTHOMY
YBEIMYEHUIO IDIOTHOCTH TOKa KOPOTKOTO 3ambikaHus (10 20,3 MA/cM?), 4To TOKasaHo Ha puc. 1, 6 (BAX-1).
OnHako CBETOBOE BO3JECHCTBUE MOCIE BOCCTAHOBJICHHUSI HE BBI3BAJIO CYLIECTBEHHOTO CHMKEHHS HANPsHKEHHS
XOJIOCTOTO X013, T. €. HocJIe (POTONETPaJALIMU U BOCCTAHOBIICHHS ITPOM30IIUIA «CTAOMIM3aLsDy 3HAYCHHS Hapsi-
xeHns xonoctoro xona (0,98 B) anms mpsimoro u oOparHOTO cKaHUpOBaHUs. bojee Toro, HeCMOTpst HA TO YTO
B nponecce (orogerpagaunu BAX o0paTHOr0 cKaHMPOBAaHUS OKa3ajJach «UyBCTBUTEIbHEE) K AJIUTEIBHOMY
OCBELICHUIO, JanbHelIas GoTonerpaiays Nocie BOCCTAHOBICHHUS B TEMHOBBIX YCIOBUSIX B MHEPTHOH aT-
Mocdepe mpoaeMOHCTpUpoBaia yctoiunBocts BAX obparHoro ckanuposanust. I1pu stom nocne doronerpa-
JalliU ¥ BOCCTAHOBJICHUSI B TEMHOBBIX YCJIOBHSX B TEUCHHE HOUHM MPOU30IIIA «AECTAONIN3aLUsD INIOTHOCTH
TOKa KOPOTKOTO 3aMbIKaHHS.

Pe3yabTaThl M X 00Cy:KIeHHE

Ilepeuynast xapakTepu3anus: aHAJIN3 (Pa30BOro COCTaBa 00pa3LoOB ¢ MOMOIIbI0 cieKTpoB KPC u dJI,
KapTUpPOBaHus napameTpoB nosuocbl MJI. M3mepenue BAX He mo3BOJsIET OAHO3HAUYHO OMPENESIUTD MPOLEC-
Cbl, OTBETCTBCHHBIE 32 YXY/IICHHE U BOCCTaHOBJIEHUE pabounx napamerpoB [ICO. Bo3sMOKHBIMU IPUYMHAMU
YXYILICHUS TapaMETPOB MOTYT ObITh HAKOIJICHUE 3apsia Ha IPaHUIAX IEPOBCKUTHOTO CJIOS C TPAHCIIOPTHO-
aKLENTOPHBIMU CIOSIMH (IPEISITCTBYET SKCTPAKLUK HOCHUTENEH 3apsija), (GOTOMHAYLIHPOBAHHAS T'eHEepaLHs
LEHTPOB Oe3bI3TyuaTebHON PEeKOMONHAIIMK HEPAaBHOBECHBIX HOCHUTEINEH 3apsiza, a Takxke (POTOXUMHUUYECKas!
Jerpaganusl OpraHo-HEOPraHudecKoro MepoBCKuTa. B CBsI3M ¢ 3TUM HE0OX0ANMO MPHOETHYTh K JOMOIHU-
TEJNBHBIM METOJaM HIACHTU(HUKALUH MPOLECCOB, MPOTEKAIOLINX PU OCBELICHUH U MOCIEIYIONIeM XpaHCHUH
B TeMHOTe. Kak yrnmoMunanocs Bbie, B criry nHKancymsinuu [ICD qudpaknuoHHbIe METOABI OKa3bIBAIOTCS He-
MIPUMEHHUMBI, TI03TOMY CJMHCTBEHHBIM JIOCTYITHBIM METOIOM aHaiu3a (pa3oBOro cocraBa SIBISETCS CIEKTPO-
ckonnst KPC. YeraHoBneHnue Haau4uus WM OTCYTCTBHS BTOPHUUHBIX (a3, 00pa3oBaHHE KOTOPBIX BOSMOYKHO MO
BO3/ICHCTBHEM CBETA, — OJIMH M3 BAXKHEUIIINX 3TAINOB M3Y4YeHUs (DOTOUYBCTBUTENBHBIX CTPYKTYP [15]. [lepos-
CKUTBI HE IPOSIBIISIOT akTUBHOCTH B criekTpax KPC [20], onHako NaHHBIN METO/ O3BOJISIET BHISIBUTH HATMYUE
BO3MOJKHBIX HEOPraHMYECKUX MPOAYKTOB UX (oTomerpananmu, B yactHoctu Pbl,. Ilapamerpsr u3mepenus
cnekrpoB KPC, yka3annsle B paszene «MeToanka SKCIIepIMEHTa», MOAOUPATUCH TAKUM 00pa3oM, 4TOObI OHH
HE OKa3bIBaJM pa3pyLIAlOIEro BO3ACHCTBHS Ha OOBEKTHI MCCICIOBAHMS, HO MPU 3TOM ITO3BOJISIIM M3BICYb
HEoOXoauMyto HHpOpMaHio 0 HUX. JJIs1 KOHTPOJIsI Hepa3pyLIaloero Xxapakrepa BO3ACHCTBH nociie QoKy-
CHPOBKH JIA3€PHOTO ITy4YKa B OHON MO3ULUH ObUTH 3aperucTpUpOBaHbl ocaenosareibuble criekTpsl KPC npu
3aJaHHBIX ycaoBusax. Kpome toro, 1o u nocie skcnepumenTa 3anucanbl ciekTpsl OJI. UnenTnanocTs hopmbl
U nojoxeHus nonydeHHbIx cnekTpoB KPC u ®@JI no3Bonuna caenares BBIBOJ O TOM, YTO JIa3epHBIH JIy4d HE OKa-
3bIBAET pa3pyllaloIIero BO31eHCTBUS B polecce perucrpanun cnekrpa KPC.

B kauectBe npumepa Ha puc. 2 conoctasiensl ciekTpbl KPC xonTponsnoit menku Pbl, n IICO Ha ocHOBe
Csp05(MA 15FA g5)0.95Pbl, 55BT 45, KOTOPBIA penBapUTENTLHO ObLT IETPAIUPOBAH €CTECTBEHHBIM COJTHEYHBIM
CBETOM B TE€UEHHE HECKOJIbKUX JHEW mpu Temneparype 60—70 °C. Anmpokcumarnys J'II/IHI/Ief/i Jlopenua cnexr-
poB KPC ¢oronerpagupoBannbix [1CD neMoHCTpHpyeT Hanuuue cnaGon 110710ChI 98,7 CM ', KOTOPYEO MOAKHO
COOTHECTH ¢ HanboJiee MHTEHCUBHOM nostocoit ¢asel Pbl, (95,5 cm™ [20]) Bwmecre ¢ TeM HHTEHCUBHOCTD IaHHON
nonocel B ciiektpe [ICD na ocHose Cs os(MA 1sFA g5) 95 Pbl, 5sBr 45 Ha 1Ba mOpsizika MeHblIIE, 4€M B CIEKTPE
KOHTpOJIbHOI meHkH Pbl,, uTo yka3biBaeT Ha He3HauMTenbHOE 0Opa3oBaHue (a3bl Pbl, B 3TOM sKciepuMeHTe.

CosmectHO co cnekrpockonueil KPC 6buto mpemnoxkeno usmepenue crnekrpoB DJI aisi kauecTBEeHHOTO
aHayiu3a ¢Ga3zoBoro cocraBa o0pas3noB. Ha cerogHsmHmil AeHb YCTAaHOBICHO, YTO OpPraHO-HEOPraHUYECKHE
TIEPOBCKUTHI CIIOKHOTO cOCTaBa (comepskar 0ojee OJHOTO BHIAa MOHOB B KAaTHOHHOW W (WUIM) aHHOHHOM
MoJIpenIeTkax) o0IagaroT JyYIIIMHE (HOTOBONBTANYECKIMH CBOMCTBAMHU M cTabmibHOCTHIO [15]. OmHako
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IIPU TIOMBITKE TIOYYEHHSI TBEPJIBIX PACTBOPOB B IMEPOBCKUTAX 3a4acTyio (POPMHUPYIOTCS MHOTO(a3HbIC reTe-
poreHHble cucteMbl. O4€BUAHO, UTO B 3TOM ciiydae B cnekrpe @JI Oynet npucyTcTBOBaTh HE OAMH, @ HECKOJIb-
KO NMUKOB, COOTBETCTBYIOIIUX OTJCIBHBIM (hazaMm, HaXOsIIUMCS B KOH(POKaIbHOM o0beMe. TakuM oOpaszom,
peructpanus cnekrpoB OJI — mpocToit MeToA, MO3BOJSIOMINI BEISIBUTH OAHO(PA3HOCTh N3y4aeMOro 00bEKTa.

ala o/b
A A
150 | Monens Jlopenua n Moznens Jlopenua
. TTuk Ientp macc . 3000 - I'I Tux Ientp macc

5 - . 1 98,7 ) 1 72,7

E. 100 “ p" E - ] 2 95,5

© o " 3 110,7

ﬁ“ E 2000 F . til 4 165,9

g 50 3 ' 5 21655

I =

= i o

= | =

Q Q

z 0 X

4 L 1000

< <

50+
L Il L Il L Il L Il L Il > 0 -
100 200 300 400 500 100 200 300 400 500
CIBHT 4aCTOTHI, CM ™! CIBHT YaCTOTHI, CM ™!

Puc. 2. Cuexrpet KPC doroperpanuposansoro [1CD
Ha ocHOBe Cs; os(MA |sFA g5).95Pbl, 55B1g 45 (@) 1 KoHTpONBHO# rtenku Pbl, (6)
Fig. 2. Raman spectra of the photodegraded perovskite solar cell
based on Cs os(MA sFA g5)9.0sPbL, 5sBr 45 (@) and the reference Pbl, film (b)

Xapaxrepusiii ciekrp @JI TICD Ha ocHose poronomiomaromero cnost Cs ;5 FA ¢sPbl, ;Br, 3 npencrasien
Ha puc. 3. OnUHOYHBINH THUK (TIOJIOKEHUE IEHTpa Macc — 774 HM), COOTBETCTBYIOIINI MEX30HHON M3ITyda-
TEJIbHON peKOMOMHALMU B NIEPOBCKUTHOM CJIO€, YKa3bIBae€T HA IPUCYTCTBUE B HUccienoBanHoM 1ICD enun-
ctBeHHOH (ha3pl. [lomyuennsie criekTpbl @JI HE TONBKO XapaKTEPU3YIOT Ka9eCTBO TEPOBCKUTHOTO CJIOS, HO
" IIOMOTI'arOT OTCJIC)KNBATh BO3MOXHOC O6pa3OBaHI/Ie BTOPUYHBIX (1)213 Ha Ppa3HBIX CTAAWAX XKU3HCHHOI'O ITUKJIa
COJIHEUHOTO 3JieMeHTa. BrisiBenne pazopoca Takux napameTpos criekTpoB DJI, kak ”HTEHCUBHOCTD U TI0JIO-
JKEHHE IIEHTpa Macc (CM. BCTaBKY Ha pHC. 3), OT TOUYKH K TOYKE B INTIOCKOCTH UCCIIEAYEMOT0 00BEKTa MO3BOJISIET
CYIUTB O IPOCTPAHCTBEHHOM PACIIOJIOKEHHHN LIEHTPOB OE3bI3TydaTeIbHON pEeKOMOMHALIMY HOCHUTEIEH 3apsia,
pacmpeneneHuy y4acTKOB ¢ HaMOOIbLIeH U HauMEHbIIEH 3(PEeKTUBHOCTHIO SKCTPAKLIMU HOCHTENICH 3apsiia
TPaHCIIOPTHO-aKLENTOPHBIMH CJIOSIMU U IIPOCTPAHCTBEHHON OJHOPOJHOCTH XHUMUYECKOTO COCTaBa COOTBET-
cTBeHHO. OmnpeneneHne CTENeHN MPOCTPAHCTBEHHON OJHOPOAHOCTH SIBIISIETCS BaKHBIM 3TarloM MEpBUYHON
XapaxkTepHu3aluu 00pasloB, MOCKOJIbKY (oTogerpaganusi OCyIEecTBIsCTCS MyTeM OCBELICHUsI padodeil mo-
BepxHoCTH [ICD, nuHelHbIe pa3Mepbl KOTOPOH Ha TPH MOPSIKA BEITUYNHBI IPEBBIIAIOT AHAMETP JIAa3€PHOTO
my4Ka, ucnoib3yemoro mpu 3amucu criekrpoB KPC u ®JI. [TosTomy 6e3 ananm3a mpocTpaHCTBEHHOW OAHOPOI-
HOCTH TIOJIyYECHHBIE PE3y/IbTaThl MOT'YT OBbITh IPOTHUBOPEUUBBIMH, & CICJIAHHBIE BBIBOIBI — HEKOPPEKTHBIMH.

YeraHoBiieHHe JOMUHHPYIOLIHX MPOLECCOB, OTBETCTBEHHBIX 32 (hoTOAErpaganuio 1 TEMHOBOE BOC-
CTaHOBJIEHH e 00pa31oB, MyTeM cpaBHeHUs crnieKTpoB IJI u ®JI. atencuBHoCTh THKa PJI, COOTBETCTBYIO-
IIETO MEK30HHOW M3TydaTeIbHON PeKOMONHAIINH, 3aBUCUT OT MHOTHX ITapaMeTpoB (HarpuMep, CKOPOCTH Te-
Hepaluy 1 peKOMOWHAIIY HOCHUTEIIEH 3apsia), a Takke oT 3 HEeKTUBHOCTH pa3zieNieHns IEKTPOHOB | JBIPOK
TPAHCIIOPTHO-AKUCIITOPHBIMHA CJIOAMMU. B cBs3u ¢ atuMm JUHaAaMHWKa MHTCHCUBHOCTHU ®JT He mo3BoOJISIET OJHO-
3HAYHO OMPCACIIUTD MTPOUCCChI, OTBETCTBCHHLIC 3a Q)OTOHGFpaILaLII/IIO 1 BOCCTAHOBJICHUEC NIEPOBCKUTHOTO CJIOA.
Tak, yBenuuenre nHTeHCUBHOCTH DJI 0THOBPEMEHHO MOXKET OBITH CBS3aHO Kak ¢ ()OTOACAaKTUBALUEH IIEHT-
POB 0e3bI3Ty4aTeNIbHON PEKOMOMHAILIMK B IEPOBCKUTHOM CJIO€, TaK U ¢ 00pa30BaHMEM 3apsKEHHBIX CIIOEB Ha
uHTEpdeiicax MexK1y NEPOBCKUTHBIM U TPAHCIIOPTHO-AKIEITOPHBIMU CJIOSIMH, YTO NPEISITCTBYET SKCTPAKLIUT
HOCHUTENCH 3apsaa U3 MEPOBCKUTHOTO CJI0S1 M YBEIMYMBACT BEPOSATHOCTh UX M3Ty4aTeIbHON PEeKOMOWHALNY.
[lo 3Toif npuunHe 1711 OXHO3HAYHON MICHTU(HUKALNH IIPOLECCOB, OTBETCTBEHHBIX 3a JUHAMHUKY MHTCHCHB-
Hoctu DJI, Heobxomumo cpaBHeHHE criekTpoB DJI co criekrpamu DJI.

B pabore ciekrpst JJ1 66T M3MEPEHBI MPH MPOTEKAHUH MTOCTOSIHHOTO TOKa Yepe3 o0pasel], uTo odecrie-
YUJIO MHXKEKLUIO HOCUTENEH 3apsiaa B IEPOBCKUTHBIN CIOK U TEM CaMbIM MO3BOJMIO YCTPAHUTH BO3MOKHBIN
BKJIaJ] COCTOSTHHSI MHTEP(ENCOB C TPAHCTIOPTHO-aKIIENTOPHBIMU CIIOSIMH. TakuM 00pa3zom, HHTEHCUBHOCTD JJ],
HM3MEPEHHON MPHU OJMHAKOBBIX 3HAYEHUSAX WHKEKIIMOHHOTO TOKA, 3aBUCHUT JIMIIb OT KOHLEHTPALUU LIEHTPOB
0e3bI3TyvaTeIbHON peKOMOMHAIMH B (DOTOMOMIONIAONIEM CIIO€ U Ha €ro TPaHHUIAX ¢ TPAHCIIOPTHBIMHU CIIOSIMH.
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Puc. 3. Cnexrp ®JITICO na ocnose Csy sFA( ¢5Pbl, ;Br 5.
Ha BcraBke npezcTaBieHo pacnpesenenue neHrpa mace rnosnocsl GJI mo noepxuoctr obpasua
Fig. 3. The photoluminescence (PL) spectrum of the Cs, ;sFA 4sPbl, ;Br, ; based perovskite solar cell.
The inset presents the distribution of PL mass center over the surface of the sample

[IpencrasneHHble B KauecTBE pUMepa crieKTps! JJ1 mexomHoro, AerpaIipoBaHHOTO U BOCCTAHOBJICHHOTO 00-
pasios (puc. 4, a), a Taxke crextpsl OJI 1o n mocie mmepenus DJI (puc. 4, 6) TO3BOISIOT ClIENATH CIISTYOIIHIE
BBIBOZIBL: (hOTOAErpaalusl MPUBOANT K BOSHUKHOBEHHIO LIEHTPOB O€3bI3IydaTeIbHOH peKOMOMHALIMY B IIe-
POBCKUTHOM CJIO€, O YEM CBHUACTENILCTBYET MOHMKEHHAS J10 OPOra 4YyBCTBUTEIILHOCTH UHTEHCUBHOCTD DJI,
a BOCCTAaHOBJICHHE B TEMHOBBIX YCJIOBHUSX 00€CIEUMBACT JIMIIb HEMOJIHYIO I€aKTUBALMIO JaHHBIX Ne(EKTOB,
YTO COIVIACyeTCs ¢ pe3yabrataMu u3MepeHus cBetoBbix BAX (cm. puc. 1).
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Puc. 4. Cnexrpsl DJI ucxonHoro, AerpajipoOBaHHOTO U BOCCTAHOBIIEHHOIO B TEMHOBBIX ycioBusx [1CD
Ha ocHoie Cs,, ;sFA ¢sPbl, ;Bry 5 (a); cmextprr OJI TICD na ocHose Cs sFA ¢5PbI, ;Bry 5
10 M TIOCIIe MHXKEKIH HocuTene 3apsaaa u cnekrp DJ1 ucxomauoro I1CD (6)
Fig. 4. Electroluminescence spectra of the fresh, degraded and recovered in the dark Cs,, ;5FA 4sPbl, ;Br

based perovskite solar cell (a); PL spectra of the Cs,, ;sFA 4sPbl, ;Br ; based perovskite solar cell
before and after injection of charge carriers and its electroluminescence spectrum in the fresh state (b)

IHony4yenne npeacrasieHus 0 npoueccax, npoucxoasimux B [ICD npu ocBemiennu B pexxuMe peajibHOIO
Bpemenu. Otaenbhble criekTpbl KPC, ®JI u 2J1, a takke BAX He ar0T NONHOTO MPEACTABIECHUS O TpoLeccax,
IIPOUCXOISIINX B COTHEYHOM JIEMEHTE ITPH €r0 OCBEIICHHH, IIOCKOIBKY H3MEHEHHSI HA MUKPOYpPOBHE HEBO3MO)KHO
OIHO3HAYHO onpenenuth n3 BAX, a criekTpsI AaroT HHPOPMAIIUIO JIUIIH 00 ompeneneHHoM coctossaun [1CD (uc-
XOJTHOM, TIOCJIE CBETOBOTO BO3JCHUCTBHUS JIMOO TEMHOBOTO BOCCTAHOBJICHHS) M HE TIO3BOJISIOT YCTAHOBUTD €r0 JTH-
HamuKy. Kpome Toro, Ha pa3HbIX cTausx xu3HeHHoro 1ukia [ICD HekoTtopbie mapaMeTpbl, HapuMep HHTEHCHB-
HOCTh U TIOJIOKEHHE 1IeHTpa Macc ruka OJI, MOryT ObITh MISHTUYHBIMH, B TO BPEMSI KAK CKOPOCTH MX U3MEHEHHUS
OyIlyT pa3iyarhesi, OCKOIIBKY 32 M3MEHEHHE IAHHBIX ITAPAMETPOB OTBEUAFOT Pa3HbIC MPOIIECCHI.
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NHTeHCHUBHOCTD

Takum 00pa3zom, ObLIO MPEITI0KEHO TocenoBareibHoe u3Mepenue crekrpo KPC, dJI, DJI, Toka kopot-
KOT'O 3aMbIKaHUS U HAIIPSDKEHUS XOJIOCTOrO X0/ia B TEUCHUE BPEMEHH, COOTBETCTBYIOIIETO CBETOBOM YHEPIHH,
MOCTYTIAIOIIEH Ha COTHEYHBIH AJIEMEHT Ha MIPOTSHKEHUH JTHSI B YCIIOBHSIX PeaibHOM SKCILTyaTalnH, 4TO JOCTHT -
HYTO ITyTeM BBIOOpa OTpeAeIIEHHBIX MOIIHOCTH JTazepHoro mydka (0,6 MxBT) u Bpemenu 3acsetku (250 c).
MOIIHOCTB JIa3epHOTO M3ITyUYeHHUs TTOI0Npaiach Tak, 9TOObI M30eKaTh pa3pyIIaroiero BO3IeiHCTBUS Ha oOpa-
3el1, HO TIPU 3TOM 00ECIICUUTh JICTCKTUPOBAHKE MOBE/ICHUST 00BEKTA HCCIICIOBAHMS TIPH JIOKAJTHHOM OCBEIIICHHH.
B kadecTBe nmpuMepa Ha pUcC. 5 TPEICTABICHbI KWHETHKH U3MEHEHHS TTapaMeTpoB nosiockl DJI, mosyueHHbIe pu
WU3MEPEHHUN HAITPSHKSHHUS XOIOCTOTO Xofa (CM. puc. 5, a, 8, 0) ¥ TOKa KOPOTKOTO 3aMBIKaHus (CM. pHC. 5, 0, 2, e).
YenoBust m3mepenus criekTpoB DJI aHaIOTHYHBI BBITIICYKa3aHHBIM.
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Puc. 5. ANNpoKCUMHUPOBAaHHbIE KHHETUKHY U3MEHEHHSI HHTEHCHBHOCTH
u nentpa mMacc nonocsl PJITICD na ocHose Cs, sFA ¢sPbl, ;Br 5
HpU U3MEPEHUHU HATIPSHKEHUS XOJI0CTOro X0/1a (, 6, 0) ¥ TOKa KOPOTKOT'0 3aMblKaHus (0, 2, €)

Fig. 5. Approximated kinetics of PL band intensity and mass center variation for a Cs, ;sFA ¢sPbl, ;Br,;
based perovskite solar cell when measuring the open-circuit voltage (a, ¢, e) and short-circuit current (b, d, f)
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Kak BumHO U3 puc. 5, 3a BpeMs UCTIOIB30BAHHOTO CBETOBOTO BO3CHCTBUS MPOUCXOIUT HEOOIBINON (MEHEE
yeM Ha 1 HM) KpacHbIii caBur nojocskl @JI. B paborte [19] O6pu10 TTOKa3aHO, YTO B OPraHO-HEOPTAHMUECKUX
MIEPOBCKUTAX CIIOKHOTO COCTaBa MPH aHAIOTHYHBIX BO3ACHCTBUSIX MOTYT HAOMIOMATHCS M3MEHEHUS TTOT0XKE-
uus nuka OJI Ha 2—6 HM B 001aCTh JUIMHHBIX BOJIH B CBSI3U C (DOTOMHIYIIMPOBAHHBIM BO3HHUKHOBEHUEM HE-
OJTHOPOJIHOCTH XMMHUYECKOTO COCTaBa. AMMPOKCHUMAIIUS TOTYYCHHBIX KHHETHUK SKCIIOHCHIIMAIBHON (DYHKIIUCH
JIEMOHCTPHPYET PAaBEHCTBO XapaKTEPUCTUUECKUX BpeMeH (~16 ¢) mpoieccoB, OTBETCTBEHHBIX 32 HAYaJIbHOE
yMmeHbIeHne nHTeHcHBHOCTH DJI B peskriMe TOKa KOPOTKOTO 3aMBIKaHUS M BO3pAaCTaHUE HAMIPSHKCHUS XOJI0C-
TOTO X07Aa. [IOCTOSHCTBO TOKAa KOPOTKOTO 3aMBIKAHUS CBUICTEIBCTBYET O TOM, UYTO MPOIIECCHI, TIPUBOISIIINE
K yMeHbIIeHII0 nHTeHCHBHOCTH DJI, He CBsA3aHbBI ¢ 00pa3oBaHueM ne(eKTOB Ha HHTEpdeiicax.

Jakiouenune

ITepBuunas xapakrepuzanus [1CD mocpenctsom m3mepenns criekTpoB KPC n @JI, a Takke KapTHpOBaHUS
napameTpoB monockl DJI mo3BoiMIa 3aKIIOYATE, YTO OOBEKTHI UCCIEAOBAHMS MPEACTABISIOT COO0W OIHO-
(ha3HBIE TOMOTEHHBIE CHCTEMBI. B TO jke BpeMs CBETOBOE BO3JEHCTBHE MPUBOANT K YXYAIIEHUIO padOvnX ma-
pamMeTpoB 00pa3loB, TAKUX KaK TOK KOPOTKOTO 3aMBIKaHWS W HANPsHKEHHE XOJIIOCTOTO XOAa, a HaXOXKIEHUE
B TEMHOTE B T€UCHHE HOYM 00ECTIeYMBAET JIUIIb YaCTHYHOE BOCCTaHOBIEHHE. [[iIst ompemenenus mporeccos,
OTBETCTBEHHBIX 32 HAOIOMaeMble HM3MEHEHHS, OB IPEUIOKEH aHAIIN3 TTapaMeTpoB criekTpoB DJI B cpaBHe-
HuM ¢ mapamerpamu criekTpoB DJI. [lomydeHHble faHHBIE YKa3bIBAIOT HA BOSHUKHOBEHHE IIEHTPOB OE3BI3ITY-
YyaTeIbHON PEeKOMOMHAIINY B TIEPOBCKATHOM CJIO€ TIPY OCBEIIEHUH M MX HETIONHYIO JeaKTHBAIINIO B TEMHOTE.
AnmpokcuManus KHHETHK N3MEHEHHUSI HHTEHCUBHOCTH U IIEHTpa Macc monockl DJI, momydeHHBIX TpH H3Mepe-
HUU HATPSHKSHHAS XOJIOCTOTO XO/a M TOKa KOPOTKOTO 3aMBIKAHMSI, TIO3BOJIMJIA TIOATBEPANTH BBIBOI O TOM, YTO
(dhoTomerpamanms mapamMeTpoB o0pas3IoB HEe CBA3aHa ¢ oOpa3zoBaHueM nedekToB Ha mHTEpdelicax (TpaHuIIax
MIEPOBCKUTHOTO W aKI[EMTOPHBIX CIIOEB).

TakuMm 00pa3oM, paspaboTaHHAs M alpOONpPOBaHHAS METOIHNKA JIOKAJIEHOTO UCCIIeTOBAaHUS (POTOIYBCTBH-
TENBHBIX CTPYKTYpP, OCHOBAHHAs Ha MCIOIBb30BaHUN KOH(OKAJIHHOTO CIIEKTPOMETPA M TIO3BOJISIONIAs N3MEPSThH
crieKTpbl 1 kuHeTnkn JJ1, a Takxke ciekTpsl KPC 1 @J1, KWHETHKY HANPSHKSHUST XOJI0CTOTO X012 B TOKA KOPOTKO-
TO 3aMBIKaHUSI TIPH BO3ZACHCTBIHA MOHOXPOMATHIECKIM H3IYIEHHEM, MOXKET OBITh MCITONIh30BaHA [T HEpa3py-
IIAFOIIETO aHaN3a (POTOTYBCTBUTEIHHBIX W CBETOM3IYHAIONINX CTPYKTYP pa3IMIHBIX THIOB. [IpencraBiennas
METONKa 0COOCHHO aKTyallbHA MIPH MCCICTOBAHUNA OOBEKTOB, 001 IaIONTINX HU3KOH CTaOMIBHOCTBIO IO OTHO-
IIEHUIO K aTMOC(hEepHOMY BO3/IEHCTBUIO M TPEOYIOIINX MHKATICYIISIIHH.
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OIEHKA BKAAAA PACCEIHHOTO NOHU3UPYIOMIETO U3AYUEHUSA
B ITIOKA3AHUA AOSUMETPA ITPU U3BMEPEHUAX
B HU3KO®OHOBOU KAMEPE

A. A. 3BATOPOJHIOK", P. B. I1YKALIEBHUY"

1)Amommex, ya. Tuxano, 5, 220005, e. Munck, berapyco

C nmomompio MoaenupoBanuss MoHTe-Kapio orieHeH BKJaJ HOHU3UPYIOMIETO TaMMa-U3IyueHUs, PAaCCESTHHOTO Ha
KOHCTPYKITHOHHBIX MaTeprajax, B CyMMapHYH MOIIHOCTb JI03bI PH U3MEPEHUAX B HU3KO(OHOBOM Kamepe. B komribio-
TepHOil porpamMme Fluka co3nana MoJelib HU3KO(OHOBOM KaMephl M Pa3MEIICHHBIX B HEH CIIMHTHIUISIIIUOHHOTO JTO3U-
MeTpudeckoro Ooka gerektupoBanus bJIKI-05K u ToueyHOro MCTOYHMKA TaMMa-U3IY9YCHUS C PAIHOHYKIAIOM B37¢s.
Jlomst paccesTHHOTO M3ITyYeHUS pacCUnTaHa ITyTeM CPaBHEHHUS MOJICITBHBIX TIOKa3aHUH IPpUO0Opa IIPH H3MEPEHIH MOIITHOC-
TH 036l BHYTPU HU3KO(OHOBOW KaMephl ¢ MOICITHHBIMH ITOKa3aHISIMA TTPHOOpa MPH H3MEPEHUH MOIIHOCTH JI03HI B Ba-
KyyMme (B TIOCIIEIHEM CITydae PacCcestHHOE M3JIyYeHHEe OTCYTCTBYET). MoIenpOBaHKE BBIMTOJIHEHO IS IBYX MOJIOKEHUI
pubopa OTHOCUTENBHO HcTouHNKA (Ha paccTosHuu 30 n 100 cM). YeTaHOBIEHO, UTO MAaKCUMAJIBHBIN BKJIa/l pACCEIHHOTO
M3IIyYEHHUs] B MOUTHOCTD J103bI focTuraetr 38 %. J{ist MUHUMH3AIUH BKJIaJa PACCESHHOTO U3JIyYEHUS B MOILHOCTD J103bI
KCIIOJIb30BaHA KOHCTPYKIMSI B BUJIE KOJUIUMATOPA, BHYTPH KOTOPOTO PACIONaraeTcsi UCTOYHUK. J(OMOJHUTENBHO HCchie-
JTOBaHa 3aBHCHMOCTH MOIIHOCTH JI03BI, (POPMHUPYEMOH pacCesHHBIM H3ITy4CHHEM, OT KOHCTPYKTHUBHBIX OCOOCHHOCTEH
xoyutmMmaropa. [TokasaHo, 94To HCIIOIB30BaHUE KOJUITMMATOpa TTO3BOJISIET CHU3UTH BKJIAJ] PACCESIHHOTO M3IydeHH 110 3 %.
Iens paGOThI — OIIEHKA JJOTU PACCETHHOTO U3IYYEHHS U PacdeT ONTUMAaIbHOM KOHCTPYKIIMH KOJUTUMATOPa, IPH KOTOPOI
BKJIAJl PACCESTHHOTO M3JIYYCHUS B CyMMAapHYIO MOIIHOCTh J03bI OyeT MUHUMATbHBIM.

Knrwouegwie cnoea: monennposanue Monte-Kapno; Fluka; nu3kodoHOBast kKaMepa; HOHU3HUPYIOIEe U3ITydeHHUE; 10-
3UMETPHS; PACCETHHOE N3ITydCHHE.
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ESTIMATION OF THE CONTRIBUTION
OF SCATTERED IONISING RADIATION TO THE DOSIMETER
READINGS DURING MEASUREMENTS INSIDE
A LOW-BACKGROUND CHAMBER
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"Atomtex, 5 Hikala Street, Minsk 220005, Belarus
Corresponding author: A. A. Zaharadniuk (fiz.zagorodnaa@gmail.com)

The article evaluates the contribution of ionising gamma radiation scattered by structural materials when measuring
the dose rate in a low-background chamber. The contribution of scattered radiation to the total dose rate was estimated
using Monte Carlo simulations. A model of a low-background camera and a BDKG-05K dosimeter was created in the
computer program Fluka. In addition, a model of a point source of '*’Cs gamma radiation was placed in the low-back-
ground chamber. The fraction of scattered radiation was calculated by comparing the dosimeter readings when measuring
the dose rate inside the low-background chamber with the reference model (the dosimeter model is placed together with the
source in a vacuum, as a result, scattered radiation is completely absent). The calculation was carried out for two positions
of the dosimeter relative to the source (30 and 100 cm). It was found that the contribution of scattered radiation to the dose
rate reaches 38 % (distance from the source to the detector is 100 cm). To minimise the contribution of scattered radiation
to the readings of the dosimeter, a design in the form of a collimator, inside which the source is located, was considered.
Additionally, the work investigated the dependence of the dose rate formed by the scattered radiation on the design fea-
tures of the collimator. It was found that the use of a collimator makes it possible to reduce the contribution of scattered
radiation to 3 %. The aim of the work was to calculate the optimal design of the collimator, in which the contribution
of scattered radiation to the total dose rate will be minimal. The results of the work will be used to create a prototype of
a low-background camera and an optimised collimator.

Keywords: Monte Carlo modelling; Fluka; low-background chamber; ionising radiation; dosimetry; scattering radiation.

BBenenune

B nacrosimee BpeMsi n3MepeHHe MoJiel MOHM3HMPYIOMIETO U3IydeHHs, (GOpMHUPYIOUIMX HU3KHE U CBEpPX-
HHU3KHE MOLIHOCTH 11036l (M/]), siBnsieTcst akTyaabHOM M BOCTPEOOBAaHHOM 3ajauyell B TaKUX OOJIACTAX HayKH
Y TEXHUKH, KaK paJualiOHHBI MOHUTOPHHI, sIEpHAs U pajlallMOHHasi 0e3011aCHOCTb, MeTpoJsiorust u ap. [1].
st m3mepenust M/l B moioGHBIX OKOJIO(OHOBBIX PAAMALMOHHBIX HOISIX HEOOXOAMMO HCIOIb30BaTh BBICOKO-
YYBCTBHUTEJBHBIC T03UMETPHI (HAPUMEp, C IETEKTOPAMU Ha OCHOBE HEOPTaHWYECKHX CLUHTUILISITOPOB).

VY nozumeTpa HIKHISI Tpannia u3mepenns M/l B 3ajaHHO# Touke B OCHOBHOM onpeaensiercst M/, dopmu-
pyemoii poHOBEIM u3IydeHHeM. 1o GOHOBBIM HM3TydeHHEM MOAPa3yMEBaCTCs U3TYUCHUE, CO3AaBAEMOE JII0-
ObIMHM MCTOYHMKAaMHU HOHU3UPYIOILETO M3Iy4YeHHs], OTIIMYHBIMU OT U3MEpsieMOro oo0pasua (MM UCTOYHHKA).
TUNUYHBIMU HCTOYHUKAMHU (POHOBOT'O M3TYUCHUS SBISIIOTCS:

1) ecTecTBeHHBIE PAAMOHYKIIUIBI, pACIIPEICTICHHBIE B [IOYBE U CTpOMMarepraliax (*K, #°Ra, #*Th) [2];

2) KOCMHYECKOE M3JTy4YeHHE, IPEACTABICHHOE Ha IIOBEPXHOCTHU [IAHETHI IIOTOKOM ITPOTOHOB, HEUTPOHOB,
MIOOHOB, 3JIEKTPOHOB, TIO3UTPOHOB U (POTOHOB [3];

3) MpOMBILIJICHHBIE ¥ TEXHOTCHHBIE PaJJMOHYKIIHIbI, IONABIINE B aTMOC(hepy B pe3yIbTaTe UCIIBITaHUS siiep-
HOTO OpY’KHs TG0 aBapuit Ha sytepHbIx oobekrax (*'Cs, 2'Am, “Co).

st obecrieueHnss U3MEPEHUH HU3KOAKTUBHBIX 00PA3LOB, a TaKKe KaJHMOPOBKH TO3MMETPOB B JHAaIa3o-
Hax M/] Hrke (POHOBBIX 3HAYCHUH HCIIOIB3YIOTCS MTOJI3EMHBIC HU3KO(OHOBBIE TA00PAaTOPUH, PACIIOIOKEHHbIE
B consiHbIX 1maxrax (adoparopuss UDO II PTB (Physikalisch-Technische Bundesanstalt) B I'epmanuu u na-
6opatopust IFIN-HH (Institutul National de Cercetare-Dezvoltare pentru Fizica si Inginerie Nucleara «Horia
Hulubei») B Pympinun) [4]. Ognaxo usmepenus u kanuOpoBku no M/ B 0ko10()oHOBBIX NONAX (POTOHHOTO
U3JTy4CHUsI B TAKUX JIAOOPATOPHUSIX OTPAaHUUYCHBI X PACIIOIOKEHUEM, YTO CO3/1ACT ONpPEAeSICHHbIEC CIIOKHOCTH
IIPY TIPOBEJICHUH NEPUOANYCCKUX U3MEPEHHUH. AJIBTEPHATUBHBIM PELICHUEM JAHHOW 33/1a4l MOXET OBITh MpH-
MEHEHHE HU3KO()OHOBBIX 3aIIMTHBIX Kamep. TunuuHas HU3KO(OHOBAsE KaMepa, Kak MPaBuilo, MPEACTaBIIsET
c000H MOJIOCTh, OKPY)KEHHYIO CJI0OEM KOHCTPYKLIHMOHHOI'O Marepuaia, OCHOBHOE IIpEeJHa3HauCHHE KOTOPOro —
CHIYKEHHE MHTCHCUBHOCTH BHEILTHEIO MOHM3HUPYIOLIETO M3TYUYCHHS B LIEJSIX MUHUMH3ALUY €T0 BIMSHHUS Ha J0-
3UMETp, HAXOSIIMICS BHYTpY JaHHOH Kamepbl. [lyrem nmonbopa KOHCTPYKIMOHHBIX MaTepHajioB U TOJIIUHBI
CTEHKH MOXKHO JOOUTHCS TOro, 4To0sl M/ (pOHOBOTO M3iTyueHHs BHYTPH KaMephl He MpeBbllana 2 H3B/4.

B npouecce npoBeneHust u3MepeHuil B HU3KO(OHOBOHM KaMepe, TOMUMO U3IIy4eHHsI, IPUXO/SILETO HeHo-
CPEACTBEHHO OT MCTOYHMKA (M3JyYeHHE B MPSIMOM ITy4yKe), Ha AETEKTOpP HOMajaeT U3Iy4YeHHE, PACCESTHHOE
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Ha KOHCTPYKIIMOHHBIX Marepraiax cTeHOK. IHTEHCHBHOCTD M CHEKTpP PACCESIHHOTO M3TY4CHHS MPU 33/IaHHBIX
XapaKTePUCTHKAX UCTOUYHHMKA CHIIBHO 3aBUCAT KaK OT MaTepHaoB CTEHOK, TaK H OT TEOMETPHH CaMOil KaMephl.
PaccessHHOE M3iTydeHUE SIBISETCS HEKENATENbHBIM BBUAY TOTO, YTO OHO MCKa)KaeT IMOKa3aHus T03UMETPa,
BHOCSI CYIIIECTBEHHYIO TIOTPEITHOCTh B pe3ynbTar naMepeHust. OJJHIM M3 BO3MOXKHBIX CITOCOOOB MUHMMH3a-
[IUH BIMSIHUSL PACCESTHHOTO M3JTy4EHUsI Ha MOoKa3aHus nprbopa npu u3MepeHusix M/ B Hu3ko(hoHOBOI KaMe-
pe BBICTYIAET UCIIOJIb30BAHUE JIOTIOHUTEIBHOTO YCTPOHCTBA — KOJUTMMATOPA, IMO3BOJISIFOIIETO CYIIECTBEHHO
CHHM3HUTh HHTEHCUBHOCTb M3ITyUCHHUSI BHE MIPSIMOTO TTy4Ka.

OCHOBHO# 1IeJbI0 TaHHOW pabOTHI SIBJISUIMCH OIICHKA BKJIaJa PACCESTHHOTO M3Iy4YeHHs IpH u3mMepeHusx M/J,
CO371aBAEMOi TOUCUHBIM HCTOUHHKOM "~ Cs, B HU3KO(OHOBOI Kamepe GOIBIIOro pasmepa (BHYTPEHHHIA 00beM
kamepst — 0,83 M’) U pacueT ONMTHMATBHOR KOHCTPYKIIHH KOJUTHMATOPA, TIO3BONSIONICH MUHHMU3HPOBATH 3TOT
BKJIa. Pesynbrars! paboThl Oy/lyT HCIIOIB30BAHbI ITPY CO3/IaHMH OMBITHOTO 00pasiia pabodero aTajgoHa 3-ro pas-
psijia, MpeHa3HaueHHOTO /IS TOBEPKH, KATMOPOBKH U HCCIICIOBAHNHN IO3UMETPUUYECKHUX CPEACTB M3MEPCHUHI
1o MJI B smarasone 0,03—0,30 MK3B/d B COOTBETCTBHH C TIOBEPOYHOM CXEMOI .

MeToauka uccjaea10BaHud

OrieHKa BKJIa/1a pacCesTHHOTO U3JTy4YeHUs OblIa MpoBe/ieHa ¢ MOMOIIbI0 MozienipoBanust Monrte-Kapio my-
TeM CO3IAHHS KOMITBIOTEPHOI MOJIEIIH HI3Ko(OHOBOH KaMepsl B iporpamme Fluka® (Bepeus 4.1.1) [5]. Jlan-
Has iporpamma sipisieTcst kogoM MonTe-Kapio mmpokoro npoduiist, mo3BOJISIFOIIM MOJICIIMPOBATH B3aUMO-
JIefiCTBHE MOHN3HUPYIOIIETO N3TyUeHHs ¢ BeIIecTBOM. B 001iem Bujie anropuT™ pacuera BKJaia pacCcesHHOTO
W3JTy4eHus B 3HaueHne M /] MokeT ObITh NIpe/ICTaBIIeH CIEAYIONICH MOCIIeI0BATEILHOCTHIO ICHCTBUI:

1) co3nanvie 1 BepuUKanys KOMIBIOTEPHON MOEIH JIETEKTOPA, T. €. IOCTPOSHHE KOMITBIOTEPHOI MOeIH
MonTe-Kapio u ee cpaBHeHHe ¢ peaTbHBIM IPUOOPOM;

2) pacuet pedepeHcHbIX 3HaueHuit M1, hopMHupyeMoil TOYEUHBIM HCTOUHIMKOM MOHU3UPYIOIIETO U3ITy4e-
HUS, pACTIONIOKEHHBIM Ha 3a/IaHHOM PAaCCTOSHUHM OTHOCUTENFHO MEePETHEero Kpasi MOJIeH Jo3uMeTpa (pudop
U UCTOYHMK Pa3MEILEHbI B BAKyyMe, CJIEJOBATEIbHO, B TAKOM MOJIEIH MOIHOCTBEO OTCYTCTBYET PACCESHHOE
W3ITy4YeHHe);

3) coznanue Mojien HU3KO(OHOBOM KaMephl U pacueT 3HaueHnid M /1, hopMupyeMoii TOUeUHBIM UCTOYHH-
KOM BHYTpH KaMephl B TOW K€ T€OMETPHH, KOTOpasi HCII0JIb30Banach B 1I. 2;

4) co3manue MoJieNy KoltumMaropa 1 pacuer M/ BHYTpH HU3KO(POHOBOW KaMephl MTPH pa3MeIeHUH NCTOY-
HUKa U3Ty4YeHUs] BHYTPHU KOJJTUMATOpa B T€OMETPUH, UCTIONB3YeMOH B I1. 2, a TaK)Ke ONpe/ieIeHUEe ONTUMAIIb-
HOH KOHCTPYKIMH KOJUIMMATOpa IIyTEM BapbUPOBAHUS €r0 apaAMETPOB.

C03L[3HI/Ie Hu Bepl/l(l)l/ll(alll/lﬂ KOMHL]OTepHOﬁ MOJeJIN N€ETEKTOPa

B kauecTBe OCHOBBI JUIsl IOCTPOCHHUSI KOMITBIOTEPHON MOJIENN IETEKTOPA UCTIONB30BAaJICS OJIOK AETEKTHPO-
Banus bJIKI'-05K, pa3zpaGoranHblii U MpOU3BENEHHBIA NPEANPUATHEM «ATOMTEX» (IETEKTOp — CIUHTUILIA-
uroHHbl kpuctait Nal(Tl) pazmepom 40 x 40 mm; konmuuectBo kananoB AL — 1024, nuanason sHepruii —
ot 40 k3B 110 3 M»aB, auanazon usmepenus M1 — ot 100 u3B/4 10 50 MK3B/4, IIpe/iesl OCHOBHON OTHOCHUTEIILHOM
norpentHoctu u3Mmepenus M1 — 7 %).

Co3nanue u BepuduKanus Moaenu (puc. 1) MpOUCXOAMIN COMTACHO alTOPUTMY, OMMMCAaHHOMY B pado-
Tax [6; 7].

Ilar 1. PeanbHblil ipudop, paboTaONUI B CIICKTPOMETPUUESCKOM PEKUME, TIOCIISI0BATEIBHO 00JIydacs
W3JTy4YeHUuEeM Ha0Opa paJIMOHYKIINIOB C H3BECTHBIM CIIEKTPOM. B KadecTBe OMOpHBIX PaJHOHYKIHIOB B YKCIIe-
PUMEHTE WCIOIBE30BAIIUCEH CICMYIONTNE UCTOTHUKH TaMMa-H3TyICHUS: 241Am, 139Ce, 3 7Co, 137Cs, 54Mn, 22Na,

13gn, 8y, “Zn. B pe3yibTaTe u3MepeHnd ObLT MOTydeH Ha0op armapaTypHbBIX CIIEKTPOB MpuOopa.

Ilar 2. [Iyrem anain3a napamMeTpoB MHMKOB IOJHOIO MOIIOLICHUS anlapaTypHbIX CHEKTPOB CTPOMJIACDH
KpHBas 3aBUCUMOCTH IOJIHOW IIMPHUHBI IMKA HA MOIYBBICOTE OT MOJIOKEHHSI IECHTPOUbI 3TOTO MTHKA Ha dHEp-
reTuueckoy mkane. Jlajgee kpuBasi anmnpoKCUMHUPOBAJIACH CieAyomeill GopMyol B LENsX ONpeaeeHus He-
00XoaMMBIX KOHCTaHT [7; 8; 9, p. 2-106]:

FWHM, = a + b\|E, + cE?, (1)

rae FWHM, — nonHas IIMpUHA Ha [OTYBBICOTE I-I'0 ITMKA [10JHOI'O MOIVIOIIEHUS; d, b, ¢ — onpenensieMble KOH-
CTaHThI; £, — SHEPrus UEHTPOU B! i-I'O MHKA IIOJIHOTO MOIIOLICHUS.

'TocymapcTBenHas moBepoUHas cXeMa JUIs CPEICTB H3MEPEHHiT KepMbI B BO3LYXE, MOIHOCTH KEPMEI B BO3yXe, SKCIIO3HIHOHHOI
JI03bI, MOIITHOCTH 3KCIO3ULHOHHON JT03bI, aMOMEHTHOTO, HAMIPABICHHOTO U MHIMBUIYalbHOTO SKBHBAJICHTOB JH03bI, MOIIHOCTEN aM-
OHMEHTHOTO, HAIPABJICHHOTO M WHMBU/yaIbHOTO SKBHBAJICHTOB JI03bI M IIOTOKA YHEPTUH PEHTTEHOBCKOTO M FaMMa-N3JTy4eHHUH © yTB.
®dejiep. areHTCTBOM 110 TEXH. PEryIMpoBaHuio U Merpoioruu. M. : Poccranaapt, 2020. 13 c.

*Fluka-4 manual [Electronic resource]. URL: https:/flukafiles.web.cern.ch/manual/fluka.html (date of access: 03.08.2021).
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Hlar 3. KommbroTepHas Mones mproopa, pa3padboTrannas B mporpamme Fluka, mocienoBaTebHO 00Tyda-
JIach MPH TEX JKE YCIOBUSIX, TPU KOTOPBIX IIPOUCXOINI HA0OD anmaparypHbIX CIIeKTpoB B mare 1. Pesynbrarom
JAHHOTO pacyeTa SBJsieTCss HA0Op MOJENIBHBIX CIIEKTPOB. Jlanee MoienbHbIE CIIEKTPhI CBOPaYNBAIIUCH C (DYHK-
1uei, onuceiBaeMoil ypaBHeHueM [9, p. 2-106]:

F(E) - Ce_[a +byE + cE*

rae a, b, c — KOHCTaHTBI, opeaenseMble U3 ypaBHeHus (1); £, — 3Heprus HeHTPOUIbI MHUKa MOJIHOIO MOIIo-
mieHus; £ — sHeprus (3Ha4eHUe U3 331aHHOTO SHEPTeTHYECKOTo Auana3oHa); C — HOpMHUPOBOUHAsI KOHCTAHTA.
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Puc. 1. Mopens nerexropa BJIKI'-05K ¢ yka3anueMm 0CHOBHBIX KOHCTPYKIMOHHBIX MaTepHaioB
Fig. 1. Model of the BDKG-05K detector with main construction materials

Bepudukamust monesnn O6bu1a IpoU3BeCHA IyTEM COMOCTABICHHUS allapaTyPHOrO CHEKTPa, MOTYyYCHHOTO
TIPH U3MEPEHHH U3y UeHHS PaIHOHYKIHAA 1~ CS, C MOJICTBHBIM CIIEKTPOM (pHC. 2). Pe3yIsTar conocTapIeH s
II0Ka3aJj1, YTO MOZIEJIb a/IEKBAaTHO OIMCHIBAET IIOBEICHUE PEaJIbHOIO IPUO0pa U MOXKET ObITh HCIIOIb30BaHA IS
JaJIbHENIIINX PACYETOB.
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Puc. 2. CpaBHEHHE aNmapaTypHOTO H MOJICIBHOTO CIIEKTPOB JUTst panHonyKmiaa ° Cs
Fig. 2. Comparison of measured and modelled spectra of '*’Cs radionuclide

Pacuer pedepencubix 3Hauennid M/I

Pedepencubie 3radeHms MJ], co31aBaeMOii IIOJIeM H3IyYeHHs TOYCIHOTO HCTOUHNKA ' CS, ONpe/IesIIuCh
IMyTeM pacdyeTa KOMIBIOTEPHOW MOJIENTH, B KOTOPOU IPHOOpP PacToNokeH B BaKyyMe Ha 3aJJaHHOM PacCTOSTHUN
OTHOCHUTEIHFHO UCTOYHHKA. [[pr TaKMX HAaYaJIbHBIX YCIOBHUSIX B MOJIEIIH MOJTHOCTHIO OTCYTCTBYET PaCCEIHHOE
U3YUYCHHE, YTO MTO3BOJISIET UCIIONB30BATh PE3YJbTaThl pacyeTa B KaueCTBE UCTUHHOTO 3HaueHust M /1, popmu-
pyeMoi TUM UCTOYHHUKOM.
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Meton MonTe-Kapiio mo3BosisieT pacCUuThIBATh XapaKTEPUCTHKH TTOJISI HOHU3UPYOIIETO U3TYUCHUS U Pe-
3yJBTAT €r0 B3aWMOJICHCTBHS C BEIIECTBOM. B JaHHOW paboTe mporpamMma BBIYHMCIISIIA CIIEKTP H3JTY4YCHUS,
MOTJIONICHHOTO B aKTUBHOM 00beMe Tiprubopa. J{j1st Toro 4To0bl CMOJICIUPOBATh PEKUM n3MepeHus M/ peasb-
HOTO JIO3MMETPa, HaJl MOJICJIbHBIM CIIEKTPOM OBLIT IPOBEJICH Psi/T MATEMAaTHYECKUX IPeo0pa30oBaHuUi:

1) MOJICIIbHBIN CIEKTP HOPMHUPOBAJICS HA AKTUBHOCTh PEAIbHOTO NCTOYHUKA U3JTYUCHHUS,

2) HOPMHUPOBAHHBIN MOJICJIbHBIA CIIEKTP Pa30MBajICSI HA SHEPIETUUCCKUE WHTEPBAJIbI, COOTBETCTBYOIINE
SHEPreTUYCCKUM OKHAM PealibHOro Iprubopa, padoTarolero B pexxumMe uzmepenuns MJI;

3) ANs KaKAO0TO DHEPreTHYECKOTO MHTEpBalia ONpPEIesuIoch CyMMapHOE KOJIMYECTBO IMOMABIIMX B HETO
UMIybCcoB. Pesynbrupyromas M/ (D) Beruucisiack mo gpopmysie [10]

D=%n, - a,

e n; — CyMMapHO€E KOJIMYECTBO UMITYJILCOB B i-M DHEPreTHUECKOM HHTEpBale; a; — KodduiueHT nepesoaa
KOJIM4€CTBA UMITYJIbCOB B M/I.

Hononuutensno M/ paccunTeiBanzach aHAIUTHYECKHU VIS CIydas TOYEYHOTO MCTOYHMKA C 3aJaHHOM ak-
TUBHOCTbBIO IIPU OTCYTCTBHHM paccessHHOro uzinydyenus [11, p. 25, 69]:

Hen

D=%,®,
p

b
i
e q)i — IJIOTHOCTb MOTOKA B i-M OHEPTECTHUYCCKOM MHTCPBAJIC, Ei — CpCaHAA SHEPIruia (I)OTOHOB B i-M OHEPIreTHU-

Hen

YECKOM MHTEPBAJIE; — MaccOBBIN KOA((DUITMEHT Mepead SHEPTHH B i-M YHEPTETHUYECKOM WHTEpBaJe.

i

Co3nanne moaenu HU3K0(OHOBOI KaMepbl

PaccmarpuBaemast B laHHO#M paboTe HU3K0()OHOBAsI Kamepa MPENICTaBIseT COOOM MapaslIeIICITUIIE Pa3MepOM
1476 x 765 x 750 MM, OKpY>KE€HHBIH HECKOJIBKUMH CIOSIMA KOHCTPYKIIMOHHBIX MarepuaioB (puc. 3). Buemmnuit
CJIOH TOMIIMHON 3 CM BBITIOTHEH U3 MOMUATUIICHA U TIPEAHA3HAYCH [T OTVIOICHHS BHEIITHETO HEUTPOHHOTO 13-
myuenust. [IpoMexyTouHbIi c0i ToamuHOoM 10 M N3rOTOBICH U3 CBUHIIA U CITYKUT IS MTOTJIOIICHHUST BHEIITHETO
raMma-u3nydeHus.. BHyTpeHHUi coi TOMMHON | ¢M BBITIOTHEH U3 CTaIHM U MpeIHA3HAYCH IS MTOTIIOIMICHUS
XapaKTEPUCTHUECKOTO U3TYUCHHS CBUHIIA U PACCESHHOTO U3TYUCHUS U3 TIPOMEKYTOUHOTO CIIOSL.

. CBuHel|

. Cranb

- TTonuatunex

Hcrounnk Jlerexrop

o
. L

Puc. 3. Monenb HU3KO(OHOBOH KaMephbl € yKa3aHHEM KOHCTPYKIMOHHBIX MaTepHaIOB
JUIS Ctydast, KOIZla pacCTOSHUE MEXly HCTOYHUKOM U IeTeKTopoM paBHO 100 cm

Fig. 3. Low-background chamber model with construction materials
for the case when the distance between the source and the detector is 100 cm

BHyTpH HU3KO(OHOBOI KaMepbl BO3JIE OJJHOH U3 CTEHOK PACIoNaraeTcsi TOUeUHbI HCTOYHUK Cs. Ha 3a-
JTAHHOM PacCTOSIHUM OT UCTOYHHKA (B paboTe paccMaTpuBalOTCs ABa cTaHAapTHBIX pacctosHust — 30 u 100 cm)
HAXOJUTCSI IeTEKTOP. PacnosnokeHne HCTOUHUKA BO3JIE CTEHKU CBSI3aHO C YCIOBUSMU AKCILTyaTal[uy, & UMEHHO
C HEOOXOJMMOCTBIO pa3MeIeHHUs JICTEKTOPOB PA3IMYHOIO pa3Mepa U COCAMHUTEBHBIX Kadesel it mpubo-
POB BHYTpH Kamepbl. Mozeinb paccuntsiBaeT M/I, reHEpUpyeMy0 HCTOUHUKOM B TOYKE PACIIOJNIOKEHUSI IIPH-
6opa. dons M/I, hbopmupyemasi pacCessHHBIM M3ITyYeHHEM, ONPEeNsieTcs KaK MPeBbIeHHe TTOKa3aHui J10-
3UMeTpa Haj peepeHCHBIM 3HAYCHUEM.

102



®Du3uka 103MMeTPUHU 00, 1ydeHusI
Physics of Radiation Dosimetry

BBuay OTCYyTCTBUS JOMONMHUTEIBHBIX Y3JI0B, OTPAHMYHUBAIOIINX IT0JIC U3ITYUCHHUS UCTOYHUKA, KOTUICCTBO
PAaCCesIHHOTO M3JIy4YCHUsI, PUXOSIIEeCs Ha MPUOOp MPHU 3aJaHHOW T€OMETPUH €r0 PACIIONIOKEHUS, OyIeT
MaKCUMaJTbHBIM.

Co3nanue Moaean KoJJuMaTtopa

Brenenre B KOHCTPYKIMIO HU3KO(POHOBOH KaMephl JOTIOTHATEIHLHOTO Y3J1a — KOJTUMATopa — HEOOXOIUMO
JUTSL OTPAaHWYEHISI BKJIAJa U3ITy9EHUS, PACCESTHHOTO OT KOHCTPYKIIMOHHBIX MaT€pPHaIOB CTEHOK KaMEpHI.

KoHCTPYKTHBHO KOJUTMMATOP MPEACTABISAET COOOH MOIIOCTH, OKPYKEHHYIO CBUHIIOM TONIIHHON 6 CM, BHY-
TPHU KOTOPOH PACIIOIOKECH TOUCUHBIN HCTOYHUK (DOTOHHOTO M3MydeHus. [IpenBapuTenbHBIN aHATUTHYC CKUT
pacyeT MOKa3al, 4To JAHHO# TOJIIMHEI JOCTATOYHO, YTO6BI 0CTA0HTh H3TydeHHe paguonykmmaa > Cs o M|
B 1000 pa3 (c yuerom (hakTopa HaKOIICHHS). B OMHOM W3 CTEHOK KOJUITMMATOpa UMEETCs OTBEPCTHE, GOPMHU-
pyroItee MpoCTPAHCTBCHHBIN TPOMHITH TIOJIS TIpsiMOTo TTydKa (puc. 4). B paboTte ncciemoBatach 3aBUCHMOCTh
KOJTMYECTBA BTOPUYHOTO M3ITyYEHUS, IPUXO/AIIETO Ha AETEKTOP, OT KOHCTPYKTUBHBIX OCOOCHHOCTEH KOJIITH-
MaTopa, a UIMEHHO yTyIa MOJypacTBopa auadparMbl O U PacCTOSHUS OT TOYSYHOTO MCTOYHHKA JIO0 TIepeaHen
CTEHKH KoJtuMaropa L. KonuecTBO pa3birpaHHbIX UCTOPUM JJ1s Kaxkaou moaenu Monte-Kapiio cocrasiisiio
5 mupa. BapeupyeMbie XapaKTepUCTHKH KOJTIMATOPa TS KAXKAOH MOJIEIH MPEICTaBIeHBI B Ta0M. 1.

ala o/b

=30

Puc. 4. KoHCTpYKTHBHas CXeMa KOJUIUMATopa ¢ Pa3MEICHHBIM BHYTPH HEro
TOYEYHBIM MCTOUHHUKOM (OyKBaMH 0003HAYEHBI BAPLUPYEMbIE B MO apaMEeTPhI:
0L — yTOII oJTypacTBopa JuadparMel; L — pacCTOsIHUE MEXy HCTOYHUKOM M auadparmoit) (a)
U TPEXMEpHast MOJIEJIb KOJUTUMATOPa, IPHKPEIICHHAs K CTCHKE HU3KO(OHOBOIT Kamepsl (6)
Fig. 4. Collimator principle scheme with point source inside (the letters on the figure stands
for variable parameters: o — diaphragm half-angle; L — distance between source
and diaphragm) (@) and three-dimentional model of the collimator, placed on the wall of the chamber (b)

Tabnuna 1
ITapamMeTpbl KOJLINMATOPa, BApbUPYeMbie B MOJIEJISIX
Table 1
Collimator variable parameters
Paccrosnue
Mogers MENCITY HCTOHHHKOM Tonmuna VYrona nonypactsopa
W adparmoii (L), oM muadparmel (D), cm | muadparmsl (o)*, rpan

Mogens 1 1,9 6 11,76
Mopens 2 1,9 6 18,43
Mopens 3 0,6 6 13,89
Mopnens 4 2,6 6 13,89
Mopens 5 4,6 6 13,89
Mopens 6 1,9 6 13,89

*Vron nomypactBopa 11,76° coorBerctByeT muamerpy moist 12,5 cm (41,0 cm) Ha paccrosuun 30 cm
(100 cm), yron mosypacteopa 13,89° — nuametpy moist 14,8 cm (49,0 cm) Ha pacctosiauu 30 cm (100 cm),
yrou oxrypactBopa 18,43° — muametpy nons 20,0 cMm (66,6 cm) Ha paccrossaun 30 cMm (100 cwm).
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JIONOTHUTENHHO OBIITH PACCMOTPEHBI JIBE MOJICIIH:

® MOJIEIh TOUEYHOTO UCTOUHHKA 0e3 KoJutuMaTtopa (Mozaeisb A) (momaraercs, 4To MpU JaHHON TeOMeTpUH
KOJIMYECTBO BTOPUYHOTO PACCESTHHOTO M3ITyueHUs Oy/ieT MaKCHMaJIbHbBIM);

® MOJIe/Ib TOUEYHOTO UCTOUYHHKA B BaKyyMe BHE HH3KO()OHOBOM Kamephl (pedepeHcHas Moenb P) (mona-
raercs, 4To MpH JaHHOH T€OMETPHH PACCETHHOE U3ITy4YeHUE OTCYTCTBYET).

Ha ocHoBanmnm pacuera Mozenei u mOCIenyIOIero aHaIn3a Pe3yJIbTaToOB JI€IaeTCsl BEIBOA O 3aBUCUMOCTH
WHTEHCUBHOCTH PACCEIHHOTO U3ITy4EHHs OT MapaMeTPOB KOJJTIMATOPa, a TAKKE OMPEEIISeTCs €ro ONTHMAaIIb-
Hasi KOHCTPYKIIHSI.

Ouenka M/I ponoBoro usryyenus

[Ipensapurenbhas onenka MJ1 BHyTpH HHU3KO(POHOBOM KaMepbl, 00yCIOBIEHHON BHEITHUM (DOHOBBIM U3-
Jy4eHUEM, CO3/IaBacMbIM B OCHOBHOM MIOOHHOH KOMITOHEHTOH, Oblila IPOU3BE/ICHA MTyTEM PSMBIX H3Mepe-
Hul [4] coriacHO CIIeAYIONIEeH METOTUKE:

® JIsl OLIEHKH COOCTBEHHOTO (hoHA MpHUOOpa AeTeKTop Ha ocHOBe Onoka nerexktrposanust BAKI-05K pas-
Meraics B Hu3ko(ponoBoit nadoparopun I[FIN-HH B Pymbiann. Pacnionoxxenue nanHoi mabopatopuu B co-
JITHOM IIaXxTe U JOTONHUTEIbHAsI CBUHIIOBAs 3aIllMTa BOKPYT AETEKTOpa MO3BOJIAIOT peHeOpedb BKJIA0M BHEIII-
Hero (JOHOBOTO M3IyYEHUs B NIOKazaHUs pubopa. B oTcyTcTBHE APYrvX UCTOYHUKOB M3ITyYCHHUS MTPU TAKOH
KOoH(HTypauu dKCriepruMeHTa MPUOOp U3MEPSIET UCKITIOYUTEIHLHO COOCTBEHHBIN (OH, 00YCIOBICHHBIH CO-
JiepKaHIeM paguoHyKIHaa UK B cTekIe (OTOIIEKTPOHHOTO YMHOKHUTEIIS AETEKTOPA;

e najnee nMpuOOp pa3Meralcsi BHyTpH HU3KO(OHOBOW KaMephl, TI0 COCTABY H TOJIIMHE 3aIIUTHI aHATIOTHYHOM
KaMmepe, paccMaTprBaeMoi B JIaHHOM paboTe, HO MEHBIIIEro pa3Mepa (BHyTpeHHUI 00beM kamepsl — 0,125 M3).
MoHOCTh J103bl, H3MEpsieMasi JCTEKTOPOM BHYTPH 3TOW HU3KO(POHOBOH KaMepbl, COCTOUT U3 JIBYX KOMIIO-
HEHT — KOMIIOHEHTBI, 00YCIIOBIICHHO! BHEITHUM (POHOBBIM M3ITyYCHHUEM, B KOMIIOHEHTBI, 00yCIIOBJICHHOU c00-
CTBEHHBIM ()OHOBBIM U3JTy4eHHEM NIPUOOPA;

e M/I BHYTpH HU3KO(OHOBOI KaMephbl, co3/iaBaeMasi BHEIIHUM (DOHOBBIM H3ITydeHHEM, OTIpeiesyiach Imy-
TeM BeruuTaHus MJI, 00ycClIOBIIEHHOW COOCTBEHHBIM (DOHOBBIM HM3JIydeHHEM npubdopa, u3 M/, uamepeHHo
BHYTPH HU3KO()OHOBOH KaMephbl.

CornacHo pe3synbrataM usmepeHuss M/I, oOycioBieHHasi COOCTBEHHBIM (HOHOM MpUOOpa, COCTABISAET
1,36 + 0,11 u3B/4; M/I, usmepeHHasi BHyTpH HU3KO(HOHOBOM Kamepsl, — 3,64 + 0,51 u3s/4; M1, co3naBaemas
BHEITHUM (DOHOBBIM HM3JlyueHuem, — 2,28 + 0,62 u3B/4.

Pe3y.]'II>TaTI>I H UX oﬁcyﬂmeﬂne

Pesynwrars! pacuera npuBeneHs! B Ta0n. 2—5. B 1a0n. 2 u 3 mpeacTaBieHbl pe3yibTaThl I BCEX MOMAEICH
C YKa3aHHEM IOIPELIHOCTEH, BHIPAXKCHHBIX B ITPOLICHTHOM OTHOILICHUHU K PACYCTHBIM 3Ha4YeHUsIM. B Tabm. 4 u 5
MIPUBEACHBI PE3yJbTaThl pacueTa OTHOCUTEIBHOIO OTKIOHEeHUs M/ oT pedhepeHcHOro 3HaUCHHSI B 3aBUCH-
MOCTH OT BapbHUPyEMbIX MapameTpoB. J[Jis HAISIHOCTU JaHHbIC Ta0. 4 U 5 npeCcTaBicHbl rpadUyecKy Ha
puc. S u 6.

TabGauma 2
Pe3yabTaThl pacuera 17151 pacCTOSTHHS
MesK1Y MCTOYHHKOM U eTekTopoM 100 cm
Table 2
Calculation results for distance between source and detector 100 cm
Moren | Mo | P | WA | pccnmars | ST
n3iaydeHus, %
100 kBx "*’Cs

Mopnens A 1,095E—-08 7,926E—-09 3,041E-09 38,111 0,701
Mogens 1 8,153E-09 7,926E—09 2,313E-10 2,861 0,521
Mopnens 2 8,380E—-09 7,926E—09 4,605E-10 5,721 0,541
Mopnens 3 8,427E-09 7,926E—09 5,083E-10 6,316 0,533
Mopnens 4 8,160E-09 7,926E—09 2,461E-10 2,945 0,525
Mogensb 5 8,120E-09 7,926E—09 2,088E—10 2,448 0,526
Mogpens 6 8,205E—-09 7,926E—09 2,842E-10 3,516 0,525
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Tabnuna 3
Pe3yabTaThl pacyera JJisi pacCTOSIHUSL MEKAY HCTOYHUKOM H JeTeKTopoM 30 cm
Table 3
Calculation results for distance between source and detector 30 cm
Moren | Toman 3w | b I | Ml | oy | e
n3nydenus, %
100 xBx "*'Cs
Monens A 9,022E-08 7,946E—08 1,087E—08 13,547 0,192
Mopens 1 8,180E-08 7,946E—08 2,341E-09 2,947 0,162
Mogpens 2 8,265E—-08 7,946E—08 3,207E-09 4,018 0,164
Monens 3 8,434E-08 7,946E—08 4,877E—09 6,138 0,165
Monens 4 8,178E—-08 7,946E—08 2,323E-09 2,923 0,162
Mopensb 5 8,149E-08 7,946E—08 2,030E-09 2,555 0,163
Mopens 6 8,213E-08 7,946E—-08 2,673E-09 3,363 0,163
Tabnuma 4
3aBHCHMOCTDH KOJIMYECTBA PACCESTHHOT0 U3JIy4YeHHs 0T pa3Mepa noJis (mapamerp o)
NPH PACCTOSIHMM MEXKAY HCTOYHMKOM M auadparmoii L =1,9 cm
Table 4
Scattering radiation versus field size dependence (parameter o)
at a distance between source and diaphragm L =1.9 cm
KommiaecTBo paccesHHOTO H3MydeHus, %
Monens
a=11,76° o =13,89° o =18,43°
Paccrosinue mexny uctouHUKOM U gerekropoM 100 cm
Mopens 1 2,861 - -
Mogens 2 - - 5,721
Monens 6 - 3,516 -
PaccrosHue Mexay HCTOUHUKOM H JeTeKTopoM 30 cMm
Mopens 1 2,947 — —
Monens 2 — — 4,018
Mopens 6 - 3,363 -
Tabnuma 5
3aBHCHMOCTH KOJUY€CTBA PACCESTHHOTO H3TyYeHHsI
OT PacCTOSTHUSI Me:KIy MCTOYHUKOM M Auadparmoii (mapametp L)
NpH yrije nojaypacrsopa guagparmel o = 13,89°
Table 5
Scattering radiation versus distance between source
and diaphragm (parameter L) at half angle of the diaphragm o = 13.89°
Mozers KommyecTBo paccesHHOTO H3TydeHus, %
L=0,6cm L=19cm L=2,6cm L=4,6cm
Paccrosinue mexay uctouyHukoM u rerekropom 100 cm
Mogens 3 6,316 - - -
Mogens 4 - - 2,945 -
Mogens 5 - - - 2,448
Monens 6 — 3,516 — —
Paccrosinue mexry nctouHukoM u erekropom 30 cm
Mogens 3 6,138 — - -
Mopens 4 - - 2,923 -
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Jlonst paccestHHOTO U3ITyueHus, %

Okonuanue Tabn. 5

Ending table 5

KommuectBo paccessHHOrO M3mydeHus, %
Mognens
L=0,6cm L=19cm L=26cm L=46cm
Monens 5 - - - 2,555
Mozens 6 - 3,363 - -
A
6,5
e PaccrosiHue MEeXy UCTOUHUKOM U AeTekTopoM 100 cm
6,01 o PaccTostHue MesKIy HCTOYHHKOM U ieTeKTopoM 30 cM
55F T
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VYron nomypactBopa Juadparmsl, rpaj
Puc. 5. 3aBUCUMOCTb KOJIMUECTBA PACCESHHOTO U3ITyYCHUS OT yIIa IIOJIypacTBOpa JuadparmMbl
Fig. 5. Scattering radiation versus field size dependence
A
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Puc. 6. 3aBUCHMOCTb KOTMYECTBA PACCESTHHOTO U3ITydeHHs
OT PACCTOSHUS MEXK/y HCTOYHHKOM M AuadparMoit

Fig. 6. Scattering radiation versus distance between source and diaphragm



®Du3uka 103MMeTPUHU 00, 1ydeHusI
Physics of Radiation Dosimetry

Wcxons U3 pe3yabpTaToB pacueTa, MOKHO CIeNIaTh BHIBOJ, YTO KOJMUYECTBO PACCESTHHOTO M3ITyUSHHST BHYTPH
HU3KO(OHOBOI KaMepbl CUIIBHO 3aBHCUT OT PACCTOSHHS MEX,Ty UCTOYHHKOM H JIETEKTOPOM TIPH YCIOBHHU U3-
MepeHus M/] 6e3 TOMOTHUTENBHBIX Y3II0B, OTPAaHHYMBAIONINX I0JIE U3TydeHHsI ucTouyHnka. OnaHako 100aB-
JICHWE KOJUTMMAaTopa B KOHCTPYKIHIO HU3KO(POHOBOH KamMepsl MO3BOJISET CYNIECTBEHHO CHU3HUTH KOJHUYECTBO
paccessHHOTO U3Ty4eHHUsI, TPUXOJSIIETo Ha JeTeKTop. Tak, B ciiydae OTCYTCTBHUS KOJUIMMATOPa MaKCUMAalIbHOE
KOJIMYECTBO PACCEIHHOTO M3ITy4eHus cocTaisieT 38 % (Momensb A Tpy pacCTOSTHUM MEKy UICTOUHUKOM U Jie-
texktopoM 100 cm) u 13,5 % (Mozens A mpH pacCTOSHUHM MEXKIY UCTOYHUKOM H eTeKTopoM 30 cM) OTHOCH-
TeNLHO pedepercHoro 3HaueHus. CoriacHO pe3ysbraraM MOJACTMPOBAHHS TPH MCIIOIb30BAHHUHM HCTOYHUKA
¢ aktuBHOCTBIO 100 KBK BKIIa paccesTHHOTO M3ITyueHHs BHYTPU HU3KO(OHOBOM KaMephl CONIOCTABUM C BKJIa-
JIOM BHEIIHEro ()OHOBOTO M3IYYEHHUS (JUIsI pACCTOSIHUA MEXLy UCTOYHHKOM M nerektopoMm 30 cm) nubo xe
MIPEBOCXOJUT €T0 (IS PACCTOSHUS MEX]Ty HCTOYHUKOM U ieTekTopoM 100 cm).

[IpumeHenue Komumaropa npu u3MepeHusx M/ Mmo3BoisieT CHU3UTh BKJIAJ[ PACCESTHHOTO H3ITyYeHUs
10 2,5 % nuist 00enx reoMeTpHid K3MEPEHUS U TEM CaMbIM YMEHBIIUTh 3aBUCIMOCTh OTHOCUTEIILHOTO KOJINYe-
CTBa PACCESTHHOTO M3ITyUYCHUSs, TIOTAJIAIOIIETO B JIETEKTOP, OT PACCTOSHUSI MEXIy HCTOUHUKOM H JIETEKTOPOM
(cm. Tabm. 2 u 3, mogensb 5).

CornacHo pe3ynbTaraM pacdeTa MpH UCTIOIB30BaHUN KOJTIMATOpa M UCTOYHHKA ¢ akTUBHOCTHIO 100 kbk
BKJIQJl PACCESTHHOTO M3ITYUYCHHUS] MEHBIIE BKJIaJa BHEIIHEr0 (POHOBOTO M3IMYUCHUS (JUIS PACCTOSHHS MEXITY
HMCTOYHHUKOM U JieTeKTOpoM 30 cM) Wi IPUMEPHO paBeH eMy (ISl PACCTOSIHHS MEKAY UCTOYHHUKOM U JETEK-
TopoMm 100 cm).

[Tpu McoNBE30BaHNU KOJUTMMATOpa BKIIA]] PACCESTHHOTO U3IydeHust B M1 CHIIBHO 3aBHCHUT OT PACCTOSHUS
MEX/Ty TOY€YHBIM NCTOYHUKOM M BHYTPEHHEW MOBEPXHOCTHIO Tuadparmsl (cM. Tabm. 5). Mcxons u3 ananmza
3aBUCUMOCTH, MPEJICTABICHHON Ha pUC. 6, MOXKHO CJIENaTh BBIBOJ, YTO C POCTOM 3TOTO PACCTOSHUS HHTEHCHB-
HOCTb PACCESIHHOTO M3ITyUeHHS TaJIaeT MO IKCIIOHEHTE.

[Ipu yBenmveHun yria moirypactsopa OTBEpCTHsI AuadparMbl BKJIa][ paccessHHOTo n3nyueHus B MJ] Bo3-
pactaet (cM. Tabi. 4). OTo MOKHO OOBSICHUTH POCTOM IIIOMIAAN BHYTPCHHEH MOBEPXHOCTH 3aAIUTHON KaMme-
PBI, Ha KOTOPYO IPUXOJAMT U3IYYCHUE PSIMOTO ITyuka. Kak cieficTBue, yBeINnIHBaeTCs TEICCHBIN YTOJl, 3aHH-
MaeMBbIi JAHHOW TUIOIA/IbI0 OTHOCUTENHFHO JIETEKTOpa. DTO MPEIOIoKEHUE MOTBEPKIaeTCs Oonee KpyToi
3aBHCUMOCTBIO BKIIQJIa pACCESTHHOTO M3Ty4eHust B M/] oT yriia pacTBopa JUtst pACCTOSIHUSI MEXK]Ty UCTOYHUKOM
U JeTeKTOpoM, paBHOTO 100 cM, TIO CpPaBHEHHIO C TAKOBOH JJISl PACCTOSIHUSL MEXK/Ty HICTOYHUKOM H JIETEKTOPOM,
pasnoro 30 cM. [Tpy HEKOTOPOM 3HAYEHHH YIJIa PACTBOPA ITUadparMbl U3TyUYCHUE TPSMOTO IyYKa HaunHAET
a/iaTh Ha OOKOBBIE CTEHKH KaMephl, YTO TIPUBOJIUT K ellle OOJbIEMY YBETHYCHUIO KOJINYECTBA PACCESTHHOTO
W3IYYeHUs], TIPUXOJISIIETO Ha JIETEKTOP, TIOATOMY TIPU MPOBEJCHUU U3MEPEHNUH B HU3KO(DOHOBON Kamepe pe-
KOMEHJTyeTCsl BEIOUpaTh qradparMy ¢ MUHIMAIBHO BO3MOXKHBIM YIJIOM PacTBOPA.

PesynpraThl MOJIETHPOBAHUS TOKA3bIBAIOT, YTO HAN0OJIEe ONTUMAIILHOW KOHCTPYKIIMEH ¢ TOYKU 3pEHUS
MUHMMU3ALUH KOJIMYECTBA PACCESIHHOIO M3JIyUeHHs 00J1a1aeT KOJUIMMATOP € YUIMHEHHBIM IPOGHIEM U TOJI-
ITUHON CTEHOK 6 cM (Mozieb 5). JlanpHeliiee yBeTnIeHNE JTHHBI KOJUTUMAToOpa (71 yBEITUICHUS PACCTOSHUS
MEKIY MCTOUHUKOM U Auadparmoii L) siBIsieTcst CI0KHOMCIIOIHUMbIM BBU/Y 3HAUMTEIIBHOTO POCTA MACChI TAKOH
KOHCTpYKIMHU. OrpaHnueHNe, HAK/IaAbIBAEMOE Ha MUHUMAJIbHBIN YIoJI I0JIypacTBopa Anadparmpl, 00yCIOBIECHO
TpeOOBaHNEM K MUHUMAJIbHOMY pa3Mepy 10715 U3/Iy4€HHs B [IONIEPEUHUKE: IIPU KaITUOPOBKE NPUOOPOB aKTUB-
Hasl 4acTh JI€TEKTOpa J0JDKHA IIOJHOCTBIO Pacliojararbesl BHYTPHU 0SS IPSIMOTO Iydka (IIpU PacIoyIOKEHUN
JETEKTOPa KaK TOPLEBOH, TaK 1 OOKOBOM [IOBEPXHOCTHIO MEPIEHANKYIISIPHO OCH MPSIMOIO ITyUKa).
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