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IIpencraBneH OmbIT pa3pabOTKU U TIPUMEHEHUS METOAUK BBITTOJTHEHUS U3MEPEHUN KO3(hPUIIMEHTOB
MPEIOMJICHUST KPYCTAJIJIOB BBICIIICH U CPEIHE KaTeropuii, OCHOBaHHBIX HA MHOTOYIJIOBBIX CIIEKTPOGhO-
TOMETPUIECCKHUX METONAX OTPAXKEHMSI: IO CIIEKTPY OTPaKeHUs OT OAHOM IpaHM MPH YIJIe TIaleHKS CBETa,
OGJIM3KOM K HOpMaJIbHOMY, M METOJIOM OTpaXkeHUs MpH NafeHUu cBeTa rpu yrie bproctepa. OnmcaHbl
TpEeUMyIIecTBa U OTpaHWYEHUs] METOIOB, TpeboBaHMS K obpasiiam. [TokazaHo, 4YTO METOI OTPaKEHUS
TIpU yIJie TafeHusl, OJIM3KOM K HOPMaJIbHOMY, TIPUMEHUM IS ONITUYECKU U30TPOITHBIX cpel. MeTton
yria bpiocrepa mpuMeHUM ISl KpUCTAIIOB BHICHIEN M cpeaHelt KaTteropuii. OmnpeneneHa TOUHOCTh
U3MepeHust 000ux MeTonoB. [IpUMEeHNMOCTh JaHHBIX METOMOB MOKa3aHa /it 00pa3l0B KPUCTAJLIIOB
BhIcIIel 1 cpenHeit kateropuii Gd;Al,Ga;0,:Ce u La;Ga, ;Ta, ;0,, COOTBETCTBEHHO.
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BBEJIEHHME

[IpenomyieHre xapakTepusyeTcsl BEIMYMHOM, pac-
cuMThIBalollIelicsa Kak 0e3pa3sMepHOe COOTHOILIEHUE
CKOPOCTH PaclpoCTpaHEeHUs CBeTa B TIEPBO Cpere ¢,
K CKOPOCTH PacIpOCTpaHEHUS CBeTa BO BTOPOIi cpene
¢, U1 OTHOLLEHWEM CHMHYCOB yIja naaeHus 0, K cu-
HyCy yIIa peJIoMJIeHUs1 0, Ha TpaHuLe pasaena 3TUX
cpen — 3akoH CHemnuyca [1]:

¢,  sinb,
=—+=—_—". (1)
¢, sin®,

Heo6xonuMo omnpenenuTb, BASETCS JU 3Ta BEJIU-
YrHa MoKa3aTejieM MU Ko3(PPUIIMEeHTOM IIpeIoMie-
Hus. B coorBerctBum ¢ TOCT [2] Kk Koo puimeHTaM
OTHOCSITCS Ge3pa3MepHbIe BEIMUMHBI, PACCUUTHIBAIO-
1IMecsl Kak OTHOILIEHUE BEJIMUMH, a K MOKa3aTe/IsIM —
pa3MepHbIe BEIUUYMHBI, 0OpaTHBIC PACCTOSIHUIO, Ha
KOTOpPOM BeJIMYMHA yMeHblIaeTcd B e uiau 10 pa3. B
CBSI3U C 3TUM CUUTAEM BEPHBIM UCIIOJIb30BaTh TEPMUH
“Koa(p puLmeHT IpeioMIeHus .

IIpu 5TOM B 4acTH MCHOIB30BaHUS TEPMHUHOJIO-
run — “ko3¢pduumeHT” uim “rmokasareab”’ mpeioM-
JICHUSI — IO CUX TIOP CYIIEeCTBYET HEOMHO3HAYHOCTD:
B OMHUX pabOTax MCITOIb3yeTCI TEPMUH “TIOKa3aTellb
npenomienus” [1, 3—5], B apyrux — “ko3a¢buumueHT
npenomienust” [6—9]. B [10] BenuunHa 3agaeTca Kak
“noxkaszatelib (KO3 OULMEHT) MpeJoMIeHUs .

B cootBerctBuu ¢ T'OCT 28869-90 [11] mist uzme-
peHusa Ko3(POUILMEHTOB MPETOMIIEHUS KCITOIB3YIOTCST

TOHUOMETPUYECKUE U pedpakTOMETpUUECKUE METO-
nbl. TOHMOMETpUYECKUl METOJ TPU3MBbI — BaXKHEH -
Wi MeTon n3MepeHus Ko3(pPUIIMEeHTOB TIpeIomIIe-
Hus. JaHHBIN MEeTOM 3aKJTI0YaeTcsl B U3MEPEHUH yIJia
HauMMEHBIIIer0 OTKJIOHEHUS JTyda MOHOXPOMAaTUUECKO-
ro cBeTa, MPOXOJSIIEro yepe3 Npru3My, U IO3BOJISIET
ITOJTy4aTh BEJIMUMHBI KO3(DGUIIMEHTOB IIPETOMIICHUS
¢ TouHocTbo 10 1073 [11]. /inanasoH u3sMepeHus Ko-
3 GULMEHTOB MpeToOMIeHUSI HEOTPaHUUYEH, OJHAKO
TpeOyeTCsT U3TOTOBJICHNE TIPU3MBI C KECTKUMU Tpe-
OOBaHUSIMU IO TaOapUTHBIM pa3MepaM M KadyeCTBY:
pasMepbl pabounx rpaHeit He Menee 30 X 50 MM2, z10-
MMyCK MJIOCKOCTHOCTU pabouyux rpaHeit odbpasua Kpu-
crajuia — He 6omee 0.5 mHTEp(pepeHIMOHHON MO-
JIOCBI; YTOJ MEXAy paOdOYMMU TPaHIMU U ONOPHON
ILUIOCKOCTHIO, MapaylJIeIbHOM INTABHOMY CEUCHUIO MPU-
3Mbl — 90° £ 1’; mapaMeTp LIepOXOBATOCTU He OoJiee
0.050 MxM; onTrYecKasi OMHOPOMHOCTh MaTeprana 00-
pasua — rnepBoii Kateropuu u ap. [11—13].

K ocHOBHBIM 0COGEHHOCTSIM pedpaKToOMeTpUUIEC-
CKHUX METOIOB MOXXHO OTHECTH OTpaHUYCHHBII THrara-
30H oIpeaeaeHUsT Kood@UUMEHTOB MpeIoMJIeHUS, Ha-
npumep st pecpaktomerpa [yabdpuxan=1.33—1.78.
7151 HOBBIX MaTepHAJIOB C HEM3BECTHBIMU CBOMCTBAMM
TaKye OTpaHNYEeHUs HETTPUEMIIEMBI.

Ha IIPaKTUKE MpU UCCIIEA0OBaAHUN KO3(1)(1)I/IL[I/ICHTOB
IPEIOMICHNA HCU3BCCTHBIX OIITUYCCKUX MAaTCPpHUAJIOB
HauboJee OpEaAnoOYTUTCIbHBIM ABJIACTCA TOHUOMETPH -
YECKUM METOI IIPU3MBI. OaHakKo B X0 MOMCKOBBIX
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HWCCIIEAOBAHUN MOJYyYal0T HEOOJbIIOE KOJIUUECTBO
MaTtepuajia, U3rOTOBJIeHUE U3 KOTOPOTO 00pas3loB
TpebyeMoro pa3Mepa M KayecTBa MOXET 0Ka3aTbCs
HEBO3MOXHBIM. B TakoMm ciiyyae roHMOMETpUYECKUE
METOMIBI OKa3bIBAIOTCSI HEMTPUMEHUMBbI, TTO3TOMY MC-
MOJIB3YIOTCSI CEKTPO(POTOMETPUUECKHIE METOABI OT-
paxkeHHs1, B TOM YUCJIE C UCITOJIb30BaHUEM OpUEH-
THUPOBAHHBIX 00pa3uoB [14, 15]. MeTomonorust Takux
U3MepeHuit 0OBIYHO B IUTEpaType He MpuBoauTcs [15]
WJIM OTKMcaHa B caMoM o011ieM Buje [14], B yacTHOCTU
He MpeacTaBieHbl TpeboBaHUS K oOpasiiaM, He SICHO,
KaK YYUTHIBAETCS MOIVIOIIEHUE U aHU3OTPOITHSI 00-
pa3uoB. BeanunHbl K03 GUIIMEHTOB MpeIoMISHMS,
MOJy4YeHHBIe pa3HbIMU aBTOpPaMU, MOTYT HE COBIIa-
natb. Hanpumep, g kpucramios Gd;Al,Ga;0,,:Ce
(GAGG:Ce) K023(pULIMEHT MpETOMICHUS HA JJIUHE
BostHBI 520 HM cocTaisteT 1.87 mo ganueM [15] 1 1.90
Mo JaHHBIM [16].

ToHnomeTpuyeckuit METo 1aeT BO3MOXKHOCTD IT0-
JydeHUus1 KodDOULMEHTOB MPEeJIOMIECHUS TOJbKO ISt
JUCKPETHOro Habopa B BUAMMOM JUala3oHe IJIMH
BOJIH, TOTJIA KaK JIJI1 COBPEMEHHBIX MPUMEHEHU Tpe-
OyIOTCA SKCIIepUMEHTAIBHBIE TUCTICPCUOHHBIEC 3aBUCH -
MOCTH, B ToM uuciie B YP- u MK-o6nacTax criekrpa.

IIpu ncciaenoBaHUM ONTUYECKUX CBOMCTB KpU-
CTaJIJIOB HEOOXOOUMO TapaHTUPOBATh TOYHOCTh ITO-
JlydaeMbIX TaHHBIX. [[J1s1 3TOro Hy>KHO pa3paboTaTh
METOIUKY BBHITTOTHEHUS U3MEPEHHNI 1 CTaHIAPTHBIC
00pa3upl C MOJTHOI METPOJIOTUYECKOI MPOpabOTKOIA.
ATTecTOBaHHBIC 3HAYEHMS ONTUYECKUX MMapaMeTpOB
CTaHJAPTHBIX 00Pa3lIOB UCMOJb3YIOTCSI, B TOM YUCJIE,
IUIST HETIPEPBIBHOTO KOHTPOJIST TOCTOBEPHOCTH, CTa-
OMILHOCTH W BOCTIPOM3BOAUMOCTH TTOTYIaeMBIX 3KC-
TIepUMEHTAIbHBIX TaHHBIX.

TakuM oOpa3oM, CylIeCTBYET ITOTPEOHOCTh B pas3-
BUTUU HOBBIX METONOB M3MepeHUs] Kod(ppuineH-
TOB IipesoMieHud. Llenbs manHoit paboThl — Ipe-
CTaBJIeHUE OIBITA pa3pabOTKM METOAMK U M3MeE-
peHusa Ko3¢GGUuIMEeHTOB NpeIoMIeHns o0pa3loB
MHOTOYIJIOBBIMU CIIEKTPO(POTOMETPUUESCKUMU METO-
JaMU B aKKpeIUTOBaHHOI MCITBITAaTEIbHOI JJabopaTo-
pun “MOHOKpUCTAJIBI U 3aTOTOBKU Ha MX OCHOBe”
(MJIM3, MUCHUC).

TEOPETUYECKAS YACTb

ITycTh Iy cBeTa pacIipoCTpaHsIeTCsI U3 BO3IyXa
(1,05, = 1) B Oosee TIIOTHYIO cpeny ¢ Koo buumeH-
TOM IIpejoMiieHust n. Eciau BTopast cpeaa Hemnorsio-
HIaromasi, HepaccemBalolast U ISl Hee BBIMOIHSIET-
cs 3akoH CHemmyca (1), sBIeHUs oTpaXXeHUsI cBeTa
OT TPaHULLI ABYX CPeNl OMMMCHIBAIOTCS YpPaBHEHUSMU
®penens [3]:

tg(8, —6,))
tg(0, +6,)] ’

> (sin®, —6,))
_[sin(e, +et)] - @
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ncos0, — coso,

? | ncos®, + cos8,

R =

s

cos0, — ncoso,
cosB, + ncosH,

3ABEJIMHA u np.

Ha yrnosbix 3aBucuMocTsIX K03 puuneHToB Dpe-
HeJisl UMEIOTCS IBa OCOOBIX IOJIOKEHHUS, TI0O3BOJISIIO-
LIMX OTIpeAeauTh Ko3hULUUEHT npeoMiieHus [3].

Bo-nepBBIX, 3TO ciiyyail HOpMaJIbHOTO TafeHUS
(R,). Torma 6, = 6, = 0 u ypaBHeHuUs (2) npeoOpasy-
JOTCSI B BUJE

n—1Y
&—&—L+J- 3)

Takum o6pazom, KOa(PPUIIMEHT MPETOMICHUST MOXET
OBITH OMpeneieH no hopMmye

_1+JR
1-JR'

Bo-BTOpBIX, 3TO Ciyyail, KOorma yroj Mexmy Ia-
TIAfOIIM M TIPEIOMIICHHBIM JIYIOM COCTAaBJISIET 7t/2.
ITo 3akony Cuemnuyca (1) sin®; = nsin®,. [Tockonb-
Ky 0, + 6, = m/2, Toraa sinB, = sin(m/2 — 6,) = cosb; .
To ectb ypaBHeHUe (1) OyaeT nmepernucaHo B hopMme
sin®; = ncosO; u KoahPULKEHT MPETOMIEHUS MOXET
OBITh BBIPaxKEH CJEMyIOlIeM 00pa3oM:

C))

n = tgo,. 5)

VYrou 0, B Takoil cutyaunn Ha3biBaeTcs yriioM bprocre-
pa 6, =65,

Hna aHanm3a BUIA CITEKTPABbHBIX 3aBUCUMOCTEM
ko3 dunrenToB oTpaxxeHus npu 0, + 0, = 1/2 Boc-
nojb3yeMcs ypaBHeHUsIMU DPpeHesst B TaHTeHIUATb-
Hoil ¢popme (2). Torna nipu 6, + 6, = 71/2 BenMUMHA
tg(6, + 0,) = ©© U B COOTBETCTBUHU C YpaBHEHUEM (2)
R, =0 — T.e. cBeT, OTPAXEHHBI TPU MANECHUU TIO]
TaKUM YIJIOM, HE UMEET COCTABIISIONIEH B INIOCKOCTH
najeHust. DTO MO3BOJISIET ONpPeneauTh Ko3(hOULIUEHT
MPEeJOMIICHUS MO YIJIOBBIM 3aBUCUMOCTSIM OTPaKeHUsI.

OBOPYIOBAHME 1 OBPA3IIbI

st m3MepeHus CIEKTPalIbHO-YIIIOBBIX 3aBU-
CUMOCTEei OoTpaxkeHUs TOJSIPU30BAHHOTO U HEIO-
JISIpU30BaHHOTO cBeTa B jJaboparopuu MJIM3 uc-
MMOJIb30BAIM KaTMOPOBAHHBINA CIIEKTPO(GOTOMET]
Cary-5000 ¢ yHuUBepcaJlbHOM U3MEPUTEIbHOM TP -
craBkoit UMA (Universal Measurement Accessory)
dupmbr Agilent Technologies. B nmpucraBke UMA
peaiu3oBaHa cxeMa, COCTOosIIas U3 HEeMOABUXKHO-
ro UCTOYHMKA CBETa, MPEAMETHOTO CTOJIMKA, KOTO-
phlii Bpamaerca Ha 360°, ¥ HE3aBUCUMOTO JETEKTO-
pa, nepeMelamierocss BOKpYr mpeaMeTHOro CTOIMU-
Ka B TOPU30HTAJIbHOM MJIOCKOCTH B JHana30He yIiioB
0 = 5°—355°. Takas cxema IO3BOJISIET U3MEPSITH OI-
THYECKUE XapaKTePUCTUKU 0Opas3IoB IMPU Pa3HOM
noJsipu3allvy MaAaollero CBeTa U pa3HoM yIjie ero
nageHus] Ha MOBEPXHOCTh B OJHOM M TOH XXe 00iacTu
oOpasua. Bo3aMOXHBIIT IIaT 110 yIjIaM BpallleHHus 00-
pasua — go 0.02°, monsipuzatopsl — npu3Mbl [lTaHa—
Teitnopa, TOUHOCTh U3MEPEHMS CIIEKTPATBbHBIX KO-
bummeHToB oTpaxkeHus He xXyxe 1% oT usmMepsieMoi
BEJTMYMHBI.
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Puc. 1. ®otorpacduu npusm Gd;Al,Ga,0,,:Ce (a) u La;Ga,Ta; 0, (6).

B kauecTtBe uccienyemMoro Mmarepuasa JIjisi oTpadbor-
KU CIIEKTPODOTOMETPUUECKUX METOIUK UCIIOJIb30BA-
JIX MOJIeJIbHbIE 00pa3Lbl U3 MOHOKPHUCTAJIJIOB, IIPEIO-
craBiieHHbIe AO “Domoc-Marepuanst”:

— 00pa3ubl KpUCTAJJIOB BBICIIEH KaTeropuu
GAGG:Ce — onTUYeCKU U30TPOITHBIE KPUCTAJIJIBI TO-
YEeYHOI TPYIIITBI CAMMETPUM m3m, XapaKTepU3yIoIre-
CS1 OTHUM IJIAaBHBIM KO3(pDUIIMEHTOM MpetoMiaeHus N,

— 00pasupl KPUCTALIOB CPeAHENH KaTeropuu
La,Ga; Ta, ;0,, (LGT) — onTMYecK aHU30TPOITHBIE
OIHOOCHBI€ KPUCTAJUIbl TOYEYHOH IPYINITbl CUMMETPUU
32, xapakTepusyloluecs: AByMsl INIaBHBIMU Ko3ddu-
LMeHTaMy npenoMiaeHusa N, u N,.

®doTtorpaduu 06pas3oB MPeACTaBIeHbI Ha puc. 1.

B cuiy cymecTBeHHOM aHU30TPOIMM MeXaHUYe-
ckux cBoiicTB GAGG:Ce u3rotoBUTh IpU3My TpeOy-
€MOT0 KaJyecTBa IS TOHMOMETPUUYECKOTO METOIa He
YIAI0Ch.

Koadbdpuuuents! npeaomnenus kpucramia LGT,
BKJTIOYAs X HEOTHOPOMHOCTD, TMOAPOOHO M3YYCHBI
Ha TIpU3Max BBICOKOTO Ka4eCTBa TOHMOMETPUIECKUM
METOJ0M Ha MOBEPEHHOM FTOHUOMETPE-CITEKTPOMETPE
I'C-2 c ucnonb3oBaHUEM aTTECTOBAHHON METOOUKU
BBITIOJIHEHUS u3MepeHnuii [17, 18].

TouyHOCTh U3MEPEHUIT OLIEeHUBAIN HA OCHOBAaHUU
TpeboBanwmii [19—23] u B cooTBeTCTBUU C [24—26].

PE3VIIBTATBI U UX OBCYXIEHUE

IIpu ncnonb30BaHMU MHOT'OYIJIOBBIX CIIEKTPOOTO-
METPUUYECKHX METOIOB B IEPBYIO OUePenb BU3YATU3HUPY-
I0TCS1 00JIaCTH, COOTBETCTBYIOIINE OMpPeaeIeHUIO KO-
(uieHTOB NIpesioMIeHUs A T10 3aKOHY bproctepa u no
R,. 1ng aTOrO0 HEOOXOAMMO MOCTPOUTH CIIEKTPAIBHO-
YIJIOBBIE 3aBUCUMOCTH KO3(D(HULIMEHTOB OTPAXKEHUS p- U
S-TIOJIIPU30BAHHOTO U HEIOJISIPU30BaHHOTIO cBeTa [27].
IIpumep Ttakux uzmepenuii ajas oopasua GAGG:Ce
mnpencTaBjieH Ha puc. 2. B jaHHOM ciiyyae MUHUMAaJIb-
Has BeIMYMHA MHTEHCUBHOCTHU p-TIOJISIPU30BAHHOTO
CBETa HAXOMUTCS B MHTEpBaJie yrioB 60°—70°.
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Memoo bprocmepa. Ilpn ncnoab30BaHUN JaHHO-
ro MeToaa HeoOXOIUMMO BbIOPATh KOHKPETHYIO IJIMHY
BOJIHBI Y IPOBECTU U3MEPEHUE CIEKTPaJbHO-YIJIO-
BBIX 3aBUCHUMOCTEH OTPaXeHUS p-TIOJISIPU30BAHHOTO
CBeTa MO pa3HbIMU YIJIAMU MAAeHUSI C ONpeneacH-
HBIM OOJIBIIMM IlIaroM I1o ymiaM. ITocKoyibKy 3Haue-
HHUe KoddduimeHTa npeaoMIeHUsT MaTeprajioB He
MOXET OBbITh MEHBIIIE SIMHULIbI, HAUMHATH YIJIOBBIE
M3MEPEHUs OTPaKEHUS ¢ LIENbIO onpenecHus Koad-
(GULIMEeHTOB MpeloMIeHUs ClIeayeT ¢ yria B 45°, Tak
Kak tg45° = 1.

H3MepeHurst IpOBOAUIN Ha KIMHOOOPAa3HOM yJyacT-
ke oopasua GGAG:Ce m1s1 AMCKpeTHOTO Habopa JUIMH
BostH 420, 440, 460, 500, 589 u 650 um. JlaHHBIE JUTH-
HbI BOJIH BBIOpPaHbI, TOCKOJILKY pabOYMM J1ana30HOM
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Puc. 2. YrioBble 3aBUCUMOCTH CIIEKTpaIbHOTro Koadduum-
€HTa OTpaxXeHUs1 R 1Sl p- U S-NOJISIPU30BAHHOTO cBeTa: [ —
006J1aCTh IPUMEHEHMSI METONIA OTPAXKEHUSI OT OIHOM TpaHu
TP yTJIe TIaJeHus, 6JM3KOM K HOpMaJlbHOMY, 2 — 00J1acTh
npuMeHeHus MeTona yria bprocrepa.
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STUX KPUCTAJLIIOB SIBIISIETCS BUAMMAS YacTh CIIEKTPA.
B miepBy10 ouepens U3Mepsiv YIJIOBEIE 3aBUCUMOCTH
OTpaXeHUs B nuana3oHe ymioB oT 50° o 70° ¢ mrarom
5°. BBIJIO YyCTaHOBJIEHO, YTO MHTEHCUBHOCTHU CIIEK-
TpaJIbHBIX 3aBUCUMOCTEI OTpaXKeHMST YMEHbBIIAIOTCS C
yBeJIMUeHUEM yIiIa nafgeHust ceera g0 60°, a ¢ manb-
HEHIIMM MOBBLIIIEHWEM yIJla MaJeHWsI CBeTa MHTEH-
CUBHOCTb yBeanuuBaercs. CiaenoBaTenbHO, TIpU YIJeE,
paBHOM 60°, HaGIIOHaETCA MUHUMAILHOE 3HAYEHNE
Ko3(puIIMeHTa OTpaKEHUS p-TIOJISIPU30BAHHOIO CBE-
Ta Rp ~ 0%. JlanpHe NI MOUCK TOYHBIX 3HAUECHUA
Op, OCYILLECTBIISIN B HHTEPBAJIC YIIIOB 60° £ 5° ¢ uc-
MOJIb30BAHWEM METOoHa UTepaluii (ITOCTeTIEHHOTO CY-
KEHUS Iuaria30Ha yIIoB), ¢ U3MEHEHHMEM IIlara yria
najgamllero ¢cBeToBoro moroka ot 1° mo 0.05° u co
CTaTUCTUYECKMM HaKOIUIEHUEM JaHHBIX. YeM OoJibliie
3HauyeHue yria bprocrepa, TemM OoJibllle yroj maaeHus
CBeTa M TeM OOJIBbIIIE PACTITUBACTCS CBETOBOE MSITHO
Ha M3MepsieMOi ITOBEPXHOCTH o0pa3ia. DTo HaKja-
IBIBACT OrpaHWUYECHUE Ha UcCleayeMble 00pa3lbl: ¢
yBeJIMUEHUEM YIJIa MafeHUs YBEIMYUBAETCS TUIOLIAIb
MOBEPXHOCTH, Ha KOTOPYIO I1agaeT CBETOBOM JIy4, Clie-
JIOBATEILHO, JIJISI 9KCIIEPMMEHTOB TPeOYIOTCS 00pa31ibl
¢ OOJIBIIIOH MOBEPXHOCTHIO.

ITpeumyiiectBa Merona bprocrepa:

— TIOCKOJIbKY BaXKHO ITOJIOXEHME 9KCTpeMyMa Ha
VIJIOBBIX 3aBUCMMOCTSIX OTPaXKEHUS, a HE €T0 MHTEH-
CHBHOCTB, TO MOXHO MCITOJIb30BaTh JII0001 0Opa3selr, B
TOM YMCJIe TIOJTUPOBAHHYIO C IBYX CTOPOH IIJIACTUHKY;

— TOYHOCTb: TPETUII 3HAK MOCJE 3aIsITOi.
Orpannuenus merona bprocrepa:
— TPYOOEMKWIi M 3aTpaTHHIIA MO0 BPEMEHU;

— JNHWCKpEeTHBIe 3HadYeHUs KO3(PGUIIMEHTOB
MpeIOMIIEHNS.

Memod R,4pe3BbIYaiiHO YyBCTBUTEIEH K OMHOPOI-
HOCTH, KaueCTBY IOATOTOBKM MOBEPXHOCTU U hopme
o0pas3Iia, MoCKOJIbKY OCHOBBIBAETCS HA U3MEPEHNH UH-
TEHCUBHOCTH cBeTa. JItoObIe HEOMHOPOTHOCTH, 0OBEM-
HbIe Ae(eKTHI, TPAHUIIEI OJIOKOB, JOMEHBI, BKITIOYCHMS,
LIapanuHbl, BEIKOJKU U T.I1. Ha paboyeil MOBepXHOCTU
o0Opa3iia MpUBEIyT K pacCesTHUIO CBETa, YTO CHU3UT UH-
TEHCUBHOCTb 3¢ PKAJIbHOM COCTABIISIIONIE OTpaKeHUST
¥ TIpUBEAeT K HealeKBAaTHBIM BelIMIMHaM Ko3hhu-
LIMEHTOB MpejoMIeHUs. MHOTOKpaTHOE OTpaXkeHue,
HaNpOTUB, TPUBOAUT K YCUJICHUIO OOIICi T MHTCHCUB-
HOCTH CBETa OT o0OpasIa, YTo TaKKe JaeT OIINOKY ITpH
onpeneneHu Ko3(hGUIIMEHTOB MpeIoMIICHUS.

ITpu ucroap30BaHMM 3TOTO METOAA B TIEPBYIO OUe-
penb OIeHNBAIOT KO3(PPUIIMEHT SKCTUHKIINN MaTepH-
aja, Tak Kak TOIJIOlIeHUe CBETa BHOCUT BKJIAJ B BEIU-
yuHy KoadduumreHTa oTpaxeHus [28]:

_(n+ 1)+ 6

(-1 ©
oA

rme X — Ko3@UUUEeHT 3KCTUHKIUN;, K = —— ; 0L —
Int 41tn

[oKasarelib MOIOMIEHUS, CM ™'} oL = ——— ; [ — TOJI-

/
IMHaA 00pasiia, CM; T — IPOIyCKaHWe, OTH. e1l.

3ABEJIMHA u np.

IIpu npoBeneHnu udMepeHuit K03¢GpOUINEHTOB
MpeJIOMJIEHMS 110 MeTony R, B IIepByIO ouepenb Ha Ia-
pajeIbHOI YacTh oOpasia ObUIM M3MEpPEeHBI CIIeK-
TpaJbHbIe 3aBUCUMOCTH MPOMYCKAHUS C IMepecyeToM
B Ko pumueHT 3KcTuHKIMK. [Tokasano [27], yTo B
nuanaszoHe JiuH BojiH 220—720 uM nng GGAG:Ce ko-
3O PULMEHT 3KCTUHKIIMK cocTaBsgeT K = 107°—104,
DTa BeMMIMHA IMPeHeOpeKMO MaJia TIo CpaBHEHUIO C
MePBBIMU CJlaraeMbIMK B ypaBHeHUU (6), 1 Ko3bhu-
LIMEHT MpeJIOMJICHUSI MOXXHO ONpPeaeauThb 1o (hopmyie
(4). Ha x1uHoBUaHOI YacTu oOpas3ua (ISl UCKITIoYe-
HUSI MHOTOKPATHOIO OTPaXXeHUsI) U3MEPEeHbI UHTEH-
CHBHOCTH OTpaxkeHUs HETTOISIPU30BAaHHOTO CBETA TIPU
MaJioM yIiie mageHust O = 6° B mnamna3oHe IJIUH BOJTH
220—720 HM, a 3aTeM IPOBENEHBI PaCYETHI 110 (POpMYy-
Jie (4). BeiOpaHHbIii Arana3oH IJIMH BOJIH 00YCIIOBICH
BO3MOXHOCTSIMU CIIeKTpodoTOMeTpa C MPUCTaBKOM
UMA u pabouyuM auaria3oHOM KpHCTajuia — BUAMMAs
YyacTh CIEKTpa.

IIpeuMyiiecTBa JaHHOTIO METOMA:

— MOAXOIUT JJISl UBOTPOIHBIX 00PA31I0B C OMHOM
MNOJUPOBAHHOU I'PaHblO, OTPAXEHUE OT BTOPOI TpaHU
TIOJKHO OBITh UCKITIOYEHO;

— MoJiydeHHe HEINpepbIBHON 3KCIIEPpUMEHTAb-
HOI TUCIIEPCUOHHON 3aBUCUMOCTU KO3 pulmeHTa
MIpeIOMIIEHHSI, B TOM UHCJIe B CIIEKTPaJbHBIX Y- 1
HMK-nunamna3zoHax;

— JaHHBIM METOH ABJSIETCS TaK Ha3bIBA€MBIM
“IKCIpecc-MeTomoM”, T.e. U3BMePEeHNEe CIeKTPaTbHOMN
3aBHCUMOCTH OTPaXXEHUS OCYILECTBIISAETCS B KparJaii-
LII€ CPOKU.

OI‘paHI/I‘{CHI/IH JAaHHOT'O ME€TOodAa:

— METOJ Ype3BbIYaiiHO YYBCTBUTEIEH K U3Mepsie-
MO MHTEHCUBHOCTH CBETA, YTO OOYCIIOBIMBAET JKECT-
K1e TpeOOBaHUS K OMHOPOIHOCTH U ONTUYECKOMY Ka-
yecTBY oOpasla, ero (popMe M KadyecTBy 0OpaboTKe
TTOBEPXHOCTH.

Ha puc. 3 nipeacraBieHbl TUCIIEPCUOHHBIC 3aBU-
cumocTtu Koadpuuuenrta nperomieHuss GAGG:Ce,
MOJIydeHHbIE IBYMSI CIIEKTPOMOTOMETPUUECKUMHU Me-
TomaMmu: MeTonoM R, u metonom bproctepa mist p-mo-
JIIpU30BaHHOTIO cBeTa [27].

Ha mmmne BoaHbL 520 HM K03 QUIIMEHT IIpeIoM-
JIEHUs, TIOJIydeHHBIi B HACTOsIIe! paboTe, COCTaBIsIET
1.894. D10 3HaUYEHME HAXOOUTCS MEXIY BeIMIMHAMU,
MOoJIy4eHHBIMU B [16] u [17].

ITpoBenu anmnmpoKcUMalIMIO TTOJYYEHHBIX BEJTUUNH
K03 UILIMEHTOB IIPEJIOMJIEHUS C MCITOJb30BaHU-
€M M3BeCTHBIX ypaBHeHui Koy u 3enbmeiipa [17],
OIHAKO pacCUUTaHHbIE MO 3TUM ypaBHEHUSM 3aBU-
CUMOCTH TIJIOXO COOTBETCTBOBAIN 3KCIEPUMEHTAJb-
HBIM JaHHBIM. 719 annpoxcuMauum Ko3gduimeH-
ToB npeyiomiieHus kpuctaainoB GAGG:Ce nauboJiee

KPUCTAJIJIOTPA®U A Ne 5
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N (a) N ©)

225 225

220 220 F

2.15 F 2.15F

2.10 - 2.10 b
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2.00 F 2.00 |

1.95 1.95

190+ 0 Tt 1.90 +

1'85200 300 400 500 600 700 1'85200 300 400 500 600 700
A, HM A, HM

Puc. 3. Koapduuuments npenomaenus oopasua Gd;Al,Ga;0,,:Ce, nonydyeHHble MeTonaMu R, (TpeyroiabHUKM) U 1o yriay bpro-
crepa (Kpyru). ANpoKCUMAaIlus pe3ybTaToB C UCIIOIb30BaHUEM MOAUMDUIIMPOBAHHOTO ypaBHeHUSs 3ebMeiiepa (a) U ypaBHe-
Hus CkoTTa (0): 111 pe3y/IbTaToB, MOJyYeHHbIX METOAOM R — CIUIOLIHBIE TUHUY, 110 YIly bplocTepa — IITpUXOBBIE.

Ta0auuma 1. KoHcTaHTHI anpoOKCMMAalMOHHBIX YpaBHEHU I 111 KoadduureHnTos npenroMieHuss N oopasia GAGG:Ce

KoaddpunuenTts! ypaBHeHuss CKOTTa

MeTtonsr
A B, um2 C, um? D, um* E, um®
Merton R, 1.83 5.5%x107° 26000 —2.43 x 10° 1.01 x 10
MeTton Bproctepa 1.84 1.30 x 108 19387 —1.58 x 10? 7.20 x 108

KoadbbunreHTs MoaudUIIMPpOBaHHOTO YpaBHEHUs 3ebMeliepa

Metonsr
M, M, M, Ao, HM Ay, HM
Merton R, —19.3 22.6 0.218 26.73 200.7
Merton bproctepa —16.5 19.77 0.22 29.88 198.6

MOIXOASIIMMU OKa3aauch ypaBHeHe CKOTTa M MOAM -
duiLpoBaHHOE ypaBHeHUe 3enbMeiiepa [17]:

C D E
N:A+BK2+P+F+F, (7)
M\? M\?

N= M+ 24", (8)
\/' A=A A=A

rne A, B, C, D, F — xoHcTtaHTHl ypaBHeHUs1 CKOTTA;
M,, M,, M, — KOHCTaHTBI, Ay, Ay, — XapaKTepUCTUYE-
CKMe JJIMHBI BOJTH MOAUGULIMPOBAHHOTO ypaBHEHUS
3enbMeiiepa.

I[TocTpoeHHbBIE OUCTIEPCUOHHBIE 3aBUCUMOCTH
MpeacTaBieHbl HA pUC. 3, a KOHCTAHTHI alllpoOKCHUMa-
UOHHEIX ypaBHeHUid (7), (8) — B Tadma. 1. ITo pesynb-
TaTaM TOJYYEHHBIX anMmpOKCUMAllMi HaMJIY4YIIUM
ypaBHEHUEM s KO3(DPUIIMEHTOB MpeJoOMIEeHUS
GAGG:Ce gBnsaerca ypaBHeHue Ckorra. Habmonaercs

KPUCTAJIJIOTPA®USA TomM 69 Ne5 2024

VIOBIIETBOPHUTEIBHOE COBIANeHNE TUCIIEPCHOHHBIX 3a-
BUCUMOCTeN K03¢hULIMEHTOB npenomMieHus (puc. 3),
PacCUMTAHHBIX ABYMS pa3HBIMU METOIAMM.

OlieHKa TOYHOCTU ompeaesieHUus KoadpuimeHToB
npejoMiIeHus MeTonaMu bprocrepa u R, 6bpl1a mpose-
JleHa Ha CTaHJapTHOM oOpa3slie 13 MIaBJIeHOro KBapla
" 111 060omx MeTomoB cocTaBmiia A = £0.001 mpu mo-
BepUTEIbHOM BeposgTHocTu P = (0.95.

B pesyibraTe mpoBeneHHBIX MCCAEIOBAHUN B
MNJIM3 pa3paboTaHbl METOIMKU BBITTOJIHEHUS U3MEpe-
Huii [29, 30] ¢ TOJIHOM METPOJIOTMYECKOM ITpopadoT-
Koii u ocpopmiieHbl B Busie CTaHAapTOB MPEANPUSTUS
¥ HOY-Xay.

Ocobennocmu uzmepenus Koagpuyuenmos ompa-
JceHus Kpucmannos cpedueil kameeopuu. ®opmyna (5)
crpaBeliuBa IS ONTUYECKU U3OTPOMHBIX cped. B
clyyae ONTUYECKU aHU30TPOMHBIX OMHOOCHBIX Cpel
IaBHbIE KOA(MGULIMEHTHI MPETOMIEHNST MOTYT ObITh
oIpenesIeHB IO 3aKOHY bpioctepa mpm oTpakeHUH
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Pp-TIOJISIPU30BAaHHOTO CBETa OT MOBEPXHOCTEM 3amaH-
HBIX M3BECTHBIX OpueHTanuii [5, 31, 32].

i1t onpenelieHUs IJIaBHBIX KO3 (MUIIMEHTOB 1Ipe-
JIOMJIEHUS OOBIKHOBEHHOW BOJHBI N, pabouad mo-
BEPXHOCTh 00pa3lia J0KHa ObITh Iapalie/ibHa ONTH-
yeckoit ocu (ocu Z). Eciau mipu 3TOM onTrUYecKasi 0Ch
MepIeHIUKYAIpHa TUIOCKOCTH TTafieHUsI CBeTa, OTpa-
>XKeHUE p-TIOJISIPU30BAHHOTO CBETA OIPeNesieTCs TOJIb-
KO OOBIKHOBEHHOM BOJIHOI, a yron bprocrepa paccuu-
TBIBaeTCS clieayolmuM odpaszom [32]:

tgby, = N,. )

Ecnu ontnyeckast och NeprieHAUKYJISIpHA TTOBEPX-
HOCTH pasfena AByX cpel (pabodast MOBEPXHOCTh 00-
pasiua neprneHAUKYIsIpHA ONITUYECKOM ocu, Z-cpes),
yroJ bprocrepa onpenensiercst mo popmyite [5, 31, 32]:

NZ(N:-1)
(N2 -1

I'maBHBIN KO3 DULMEHT TpenomiieHua N, MOXET
OBITH TTOJTy4eH U3 hopMyJsl (10) cnenyromyum o6pazom:

g0y, = (10)

tgzeé"z 11

¢ 2’0, — N, +1° (1

H3mepenunst koadpuumerntoB npeaomiaeHuss LGT
MHOTOYIJIOBBIM CHEKTPOGOTOMETPUIECKUM METOIOM
OTpakKeHUsl TTPOBOAWIM Ha TeX XKe IJIMHAX BOJIH, UTO U
TOHMOMETPUYICCKAM METOIOM ITpu3Mbl [ 17, 18]. Pe3ynb-
TaThl UBMEPEHUM MpeacTaBIeHbI Ha puc. 4 1 B Tab1. 2.

TouHOCTb M3MepeHUSsT KOI(PPUIIMEHTOB MpesioMJie-
HUSI CIIEKTPO(MOTOMETPUIECKUM METOIOM OTPaKeHMUSI
B MOJISIPU30BAHHOM CBETE CYILIECTBEHHO MEHbIIIE TOY-
HOCTH TOHHOMETPUIeCcKOro Merona u coctanisieT 0.5%
OT U3MEePSEMOil BETMINHEL.

Hns annpokcuMauuu Koa¢h UIIMEHTOB MPeIoM-
JneHnus kpuctauioB LGT ucnonab3oBaiu ypaBHEHUE
3enbmetiepa [17, 33]:

M, \
A2 — 2

0,e

N} —1=

0,e

(12)

3ABEJIMHA u np.

I[TocTpoeHHBIE TUCITEPCUOHHBIE 3aBUCUMOCTH
MpeacTaBieHbl Ha puc. 4, a TapaMeTPbl YpaBHEHUS
3enbMmeiiepa — B TaOuI. 3.

HucriepcuoHHbIe 3aBUCUMOCTU (puc. 4), paccuyu-
TaHHbIE HAa OCHOBE BEJIMUYMH KO3 (PUIIMEHTOB IIpe-
JIOMJICHUS, TIOJTY4eHHBIX Pa3HBIMU MEeTOAAMU, HEO U -
HAKOBBI. DTO CBSI3aHO C MEHbIIIeil TOUHOCThIO MeToaa
yria bprocrepa. M3 aHaiu3a Moay4eHHbIX pe3yJibTa-
TOB (puc. 4, Tabu. 2, 3) cienyeTr 3aKJIIOYSHUE — €CIIU
€CTh BO3MOXHOCTb IOJYUYUThb AUCTIEPCUOHHYIO 3aBU-
CUMOCTb Ha OCHOBE PE3YJIbTATOB, ITOJIYyYEeHHBIX TI'0-
HUOMETPUYECKUM METOAOM, TO HEOOXOIUMO IOIb-
30BaThCs MMEHHO Takoi mucriepcueii. Ilpu HeBO3-
MOXHOCTHU MCIIONB3YEeTCS AUCIIEPCHSI, MOJydeHHas
CHEeKTPO(POTOMETPUUECCKIUM METOIOM OTPAXKEHHUS TI0
yrity bpiocTtepa, omHaKO TOYHOCTh TaKOM TUCHEPCUU
OyIeT HUKe: TOYHOCTh TUCTIEPCUH 10 TOHMOMETpuYe-
ckuM gaHHBIM £0.0003 1151 OOBIKHOBEHHOI BOJHBI U
10.0004 019 HeOOBIKHOBEHHOI, TOUHOCTh JUCTIEPCUM

N
2.08 -

2.04

2.00

1.96

1.92

1.88

600

]

700
A, HM
Puc. 4. Koapuuumenrsl npenomienus obpasua La,Gas sTa s0,,,
[IOJIy4eHHBIE TOHUOMETPUIECKIM METOIOM IIPU3MBI (KPYTH) U
crnekTpodoToMeTpUUeCKMM MeToaoM bproctepa (3Be3n0ouku),
3aKpallleHHble Mapkepbl — N, He3aKpallleHHble MapKepbl — N,.
AIIPOKCUMALIVS 3HAYEHUH, ITOTyYEHHBIX TOHMOMETPUYECKIM
METOIOM — CILIOIIHBIC JIMHUM, MeTOIOM bploctepa — mrpu-
XOBBIE.

450 500 550 650

Ta6mmua 2. BennunHer koadduureHToB npenomiaeHus odpasuos La,Ga, sTa, 0,4, monyyeHHbIE TOHUOMETPUYECKUM

METOIOM U METOIOM yriia Bprocrepa

KoaddunueHT nmpemromireHus
J11HAa BOJIHBI, -
HM T'oHnomerpuyeckuii MeTo Meton yrna bpioctepa
N,£0.01% N, £0.02% N, £0.5% N, +0.5%

447.1 1.9772 2.0062 1.976 2.013
471.3 1.9696 1.9986

492.2 1.9643 1.9927 1.965 2.000
501.5 1.9621 1.9903 1.963 1.998
587.5 1.9470 1.9743 1.952 1.972
667.8 1.9381

KPUCTAJIJIOTPA®U A ToM69 Nes5 2024
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Ta6mmua 3. KoHcTaHThI anmpoOKCHMaLMOHHOTO ypaBHeHUs! 3enbMeiiepa ast koadduirieHToB npenomieHus N, u N,

obpasuos La;Ga;sTa; 0,

[TapameTphl 0 N,
allMpOKCUMallMOHHOI'O YpaBHCHMUA rc-2 Cary—SOOO rc-2 Cary—SOOO
M,, 2.6433 2.6886 2.7392 2.6989
A, ., HM 135.06 121.38 137.44 154.07

no criekTpogoromerpuueckuM gaHHbIM 10.01 a5
00€eurX BOJIH.

SAKJIIIOYEHUE

IIpencraBiaeHBl MaTeMaTHIECKEe OCHOBBI MHOTO-
YIJIOBBIX CITIEKTPO(POTOMETPUIYECKMX METOIOB OTpa-
>KEHUST OT OJHOM I'paHU sl onpeaeaeHust Koaphu-
LIMEHTOB TIPEJIOMJIEHUSI ONITUYECKUX MAaTePUAJIOB: Me-
TOI, OCHOBAHHBIN Ha U3MepeHUM yria bprocrepa, u
METOJl, OCHOBaHHbI1 HAa U3BMEPEHUN UHTEHCUBHOCTU
CBeTa MpH yrje MaaeHus, 6JU3KOM K HOpMaJIbHOMY
(meton R)).

Ha ocHoBaHuM oIbITa UBMEPEHUI B JlabopaTopuun
MJIM3 no onmcaHHBIM METOIAM YCTAHOBJICHEI UX IIpe-
MMYIIECTBA U 0COOEHHOCTH, TpeOOBaHUS K 0Opa3liaM.
IToxazaHo, 4YTO METOI OTPaXXEHMUSI TIPU yIJIe TaACHUS,
OJIMBKOM K HOpMaJIbHOMY, IPUMEHUM 711 ONTUYECKU
M30TPOITHBIX cpen. Meton yrmia bproctepa nmpuMeHUM
JUTSL KPUCTAJUIOB BBICIIEH U CPENHEN KAaTEeTOPUMA.

IIpoBeneHsl n3amepeHuss K03 GUIMEHTOB Mpe-
JOMJIEHUSI MOJENbHBIX 00pPa3lo0B KPUCTAJIOB
Gd;Al,Ga;0,,:Ce u La;Ga; Ta;,O,, BbICIIEH U1
CpenHell KaTeropuu COOTBETCTBEHHO. [l obpasua
Gd;Al,Ga;0,,:Ce aKCIEpUMEHTATIBHO MOJIYYEHBI AUC-
KpPETHbIE BETUYUHBI KO3(PDULIMEHTOB MPeIoMIeHUS
IJIs1 LIECTU UIMH BOJH BUAMMOIO JUaNa3oHa METO-
oM bproctepa u nucnepcuoHHas 3aBUCUMOCTD KO-
3(pdULMEHTOB MTpeOMIIEHUS B AMANa30HE [UIMH BOJIH
220-720 M MeTonoM R,. I obpasua La,Ga, ;Ta) ;0 ,
MOJIy4EHBbI JUCKPETHbIE BEIUYMHBI KOO(DOULMEHTOB
MPEJOMJIEHHUS B BUIMMOM JMAaNa30He JJIUH BOJIH ro-
HUOMETPUYECKUM METOJOM MPU3MBI U METOIOM YIJIa
Bbpiocrepa. s anmpokcuManuy 3KCIIEpUMEHTaJIb-
HBIX PE3yJIBTATOB UCIIOJIb30BANINCh ypaBHEHUE 3€lIb-
Meliepa B ciaydae obpasua La,Ga, ;Ta, ;O,,, Monudu-
LUPOBAHHOE ypaBHeHUe 3elbMeliepa U ypaBHEHUE
Ckorra B ciryvyae obpasua Gd;Al,Ga;0,,:Ce.

ITokazaHo, 4To pe3yabTaThl U3MEPEHUI KO3 hu-
IIMEHTOB MPEJIOMJICHHUS, TIOJTYYSHHBIX pa3HBIMA METO-
JaMy U Ha pa3HOM 000PYIOBAHUU, COITOCTABUMBI IPYT
C ApYyroMm.

ABTOpBI BhIpaxawT OysarogapHocTh AO “@o-
moc-Marepuans” 1 tuuHo O.A. by3aHoBy 3a mnpe-
IJocTtaBiaeHHBIe 00pa3nbl, a Takke T.I. I'onoBuHOI 3a
MOMOILb C TEOPETUIECKUMU OCHOBAMMU OIpEeICHUS
KO3(pULIMEHTOB TIPEIOMIISHUST KPUCTA/IOB CpemHeit
KaTeropuu 1 o0cyxXaeHue pe3ybTaToB.
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Pa6ota Bemomxnena 8 MYUII IIIIMu/l “Mono-
KPUCTAJUTBI U 3aTOTOBKY Ha MX OCHOBe” IpU (PUHAH-
coBoii monaepxke MuHoO6pHayku Poccun B paMKkax
rocymapcTBeHHoro 3agaHus By3aM FSME-2023-0003.
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MULTI-ANGLE SPECTROPHOTOMETRIC REFLECTANCE
METHODS FOR DETERMINING REFRACTIVE INDICES

© 2024 E.V. Zabelina*, V. M. Kasimova, N. S. Kozlova

University of Science and Technology MISIS, 119049 Moscow, Russia
*e-mail: zabelina.ev@misis.ru

Abstract. The experience of developing and applying methods for measuring the refractive coefficients
of crystals of the highest and middle categories based on multi-angle spectrophotometric reflection
methods is presented: by the reflection spectrum from one face at an angle of incidence of light close to
normal, and by the reflection method when light falls at Brewster angle. The advantages and limitations
of the methods and the requirements for the samples are described. It is shown that the reflection method
at an angle of incidence close to normal is applicable for optically isotropic media. The Brewster angle
method is applicable for crystals of the highest and middle categories. The measurement accuracy of
both methods has been determined. The applicability of these methods is shown for samples of crystals
of the highest and middle categories Gd;Al,Ga;0,,:Ce and La,Ga, ;Ta, ;O,, respectively.
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