Cem;uﬂ 4. Ol’lmuKO'BﬂeKmpOHHble cucmembnl, 1a3eprHast mexHuka u mexnoaocuu

Bbutn monydeHbl aHaJIMTHYECKHUX BBIPaXKCHHUH,
MO3BOJISIIOINE PACCYMTATh Mpe/esIbHbIE 3HAUCHHS
00CyXIaeMOl aMIUIUTYZbl B 3aBUCHMOCTH OT T€0-
METPHYECKUX MapaMeTpoB JeTald W HHCTPY-
MeHTa [2]. TeopeTnueckyto OIEHKY KadecTBa IBY-
CTOpPOHHEW 00pabOTKM JIMH3 BBHITOJIHSIN CIEIYIO-
muM 00pa3oM: BEIOMpaNH AWaMETPAIIbEHOE CEUCHHE
JIMH3BI ¢ MAKCHMAIIbHOM BETMIHHOHN aOCOMIOTHOH 110-
rpeutHocTd nyTei pe3anus Al = Imax—Imin TOCTTE €€ mo-
BOPOTA Ha Yroi Wmax = 4200 pazx, npu kotopom Al mo-
CTUTAJI0 MUHUMAITbHOU BETHIHHBI (Imax ¥ Imin— co0T-
BETCTBEHHO  MaKCHMaJlbHOE W  MHHUMAIBHOE
3HAYeHUs ITyTel pe3aHus B BEIOPAaHHOM JTMaMeTpallb-
HOM CeYeHHH JUH3bI). Pasznenus 3to Al Ha Makcu-
MaJIbHOE 3HaUeHHE My Tell pe3anus | B BIOpaHHOM ce-
4geHnH, HoayduM Alyry, KOTOpOE MPOMOpPHHOHAIBHO
TIOTPEITHOCTH JICTAM B TAaHHOM ceueHHUH Alor. = Al/l.

B wrore momyuwin cienyromue TpaHULBl H3Me-
HEHUsS] OTMEUYCHHBIX HaJlaJI0YHBIX MapaMeTpoB: Ya-
CTOTa BpallleHHs JHH3H ;= 2—10 ¢} mnamerp un-
ctpymenta Oy = 70—-94 MM; BelHYHMHA aMIUTUTY/IbI
BO3BPaTHO-BPAILATEIbHOTO JBIKEHUS] HHCTPYMEHTA
L = 45-58 mM; yacToTa BpalleHUs BXOJHOTO 3BEHA
UCTIOJIHUTENIFHOTO MeXaHu3Ma CTaHka o2 = 0,5—
8,5 c; koadpunuent K =,/ w,= 0,72—0,88.

Jlanee IpoBOIUINCE TEOPETHIECKUE U IKCIICPHU-
MEHTaJbHBIE HCCIICIOBAHMS IIpolecca 00paboTKu
BBIITYKJIOH TOBEPXHOCTH JIMH3BI PAANYCOM KPHBHU3HBI
120,85 MM Ha 3Tame OCHOBHOTO HUTH(OBaHUSI U HA
CTaIuy TONMPOBaHUs. VICMONB30BaINCh MONUPO-
BaJIbHO-ZIOBOZIOYHBIC CTaHKH Mox. 6I1J]1200 (ot-
JIeNbHO s NI OBaHKs M NoNMpoBaHus). B kaue-
CTBE HMHCTPYMEHTOB CIYXWJIM YYTYHHBIH HLIH(O-
BAIBHUK W TEHONOJMYPETAHOBBIA MOJNPOBAIBHUK
(nmeHononuyperaHoBasi IJIGHKA TOJNIIMHOH | MM,
HaKJIeeHHas: Ha METAIJIMYECKUIT KOPITYC).

BoiBoasl. 1.IIpoBeneHHbIe YNCIEHHBIE HCCIIEN0-
BaHUS 00pabOTKH CPepUIeCKUX MOBEPXHOCTEH OI-
THYECKHX JIETaJIeH 110 METOIy CBOOOIHOTO NMPHUTHpa-
HUS TTO3BOJIMIIM BBISIBUTH, YTO TIPH YIIPABJICHUH MPO-
neccoM  (opMooOpazoBaHHUs IOCPEICTBOM H3Me-
HEHUS! 9YaCTOT BPAICHHS JIMH3bI O, ¥ BXOJJHOTO 3BCHA
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HCIIOJIHATEIIFHOTO MEXaHW3Ma CTaHKa 2 JTOCTUYb
BBICOKOW TOYHOCTH HMCIOJHHUTEIBHON MOBEPXHOCTH
JIETaJIH He MPECTABIACTCS BO3SMOXKHBIM, OCOOCHHO B
cIIydae = @, IpH JIFOOBIX UX 3HAYCHUSX.

2. DBrmongHeHHBIE pPacdeTHl IOKAa3ald, d|TO
HaWBBICIIAS TOYHOCTh OOPaOOTKU MOCTUTACTCS TPH
MaKCHUMAaJIbHBIX 3HAYCHUAX aMIUIUTYIBI KOJIeOaTeb-
HOTO JIBIDKCHUS WHCTPYMEHTA, €ro AuaMeTpa W da-
CTOTBI BpAIICHUS JTMH3bI U MUHUMAJBHBIX 3HAUCHHUSIX
YacTOThI BPALICHUS BXOJHOTO 3BEHA HMCIIOJHHTEIIb-
HOTO MEXaHH3Ma CTaHKa U OTHOIICHUS YaCTOTHI Bpa-
IICHUS UHCTPYMEHTA K YaCTOTE BPAIICHUS JIMH3bL. A
MOCKOJIbKY TAKUE 3HAUCHUS TAHHBIX HAJIAIOYHBIX T1a-
paMeTpoB MPUBOJIAT K YCHICHHOMY CheMY MPUITYCKa
B KpaeBOW 30HE 3arOTOBKH, TO MpH 0OpabOTKe BHI-
ITyKJIOH TIOBEPXHOCTH JIMH3HI €€ Palnyc KpUBU3HBI HA
Ka)X/T0¥ MpeIIecTBYIOMeH onepauy T0KeH ObITh
0oJIBIIIE IO CPABHEHUIO C PaINyCOM KPUBU3HBL, KOTO-
PBIii HEOOXOAMMO TMONYYIHNTh Ha MOCICTYIOIUX OIle-
pammsax. s BOTHYTOH TOBEPXHOCTH IOJDKHA CO-
OroaThest 0OpaTHas 3aKOHOMEPHOCTh 3HAYEHH pa-
JIMyca KPUBHU3HBEL.

3. B pe3ysabTare npoBeIeHHBIX YKCIIEPUMEHTANb-
HBIX UCCIJIEJOBAHUN BIUAHUS AUHAMUYECKON COCTaB-
JISTFOIIEE TIOTPEIHOCTH 0OpaOOTKH JIMH3 Ha PhIYax-
HBIX OUTH(OBAIHHO-TIONIMPOBANBHBIX CTAaHKaX YCTa-
HOBJICHO, YTO C YBEIWYCHHEM JAHMaMeTpa JAeTalld
JIOITyCTUMAsl 9aCTOTa BpAIlCHUsI IITIIH/EIS CTaHKa C
3aKpEIICHHOH Ha HEM 3arOTOBKOHM, HE3aBHCHMO OT
BEJIMYMHEI €T0 OWEHISI, yMEHBIIIACTCS.
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PACYET IIBETOBBIX XAPAKTEPUCTUK JIJIOMUHECIEHIIUN
KOxHoBckasi A.B., FOxHoBckas O.B.

FBenopycckuii HayuoHanbHulli mexHuuecKuil yHueepcumen
Munck, Pecnybauxa Benapyco

IlBeroBast koopauHatHas cuctema CIE XYZ sB-
nsercss 0a30i Uil BceX pa3pabOTaHHBIX IBETOBBIX
MoJieiel 1 HanboJee 9acTo MCIOIb3yeTCs MPH OTIpe-
JIeJIEHUH IBETOBBIX KOOPAUHAT cBeueHusl. L{BeToBbIe
KOOPJAWHATHI M3IIyYeHHs MPEICTABISIOT COOOH TpH
YHUCIIa, KOTOPBIE SIBISIOTCS KOJIMYECTBAMHU OCHOBHBIX
LBETOB B CMECH, LIBET KOTOPOI 3pUTENHLHO HEOTIIH-
9UM OT JAHHOTO ILBETA.

OKCIIepUMEHTAIIFHO OTIPEIeNIeHB (DYHKIMH IIBe-
TOBOT'O COOTBETCTBUS, JJIsl CTAHAAPTHOTO HabIrONa-
TeJs, KOTOPBIC IIOKA3BIBAIOT HYXKHOE KOJIMYECTBO
TPEX OCHOBHBIX LBETOB JJIsI YpaBHEHUs JOOOTo
MOHOXPOMAaTHUYECKOI'0 U31y4YEHHUsI MOLIHOCTHIO OJUH
BaTT. OCHOBHBIMU I[BETAMH CUCTEMBI SIBIISLIMCH M-
CTBIE CIEKTPAJIbHBbIE LIBETA, COOTBETCTBYIOLIUE MO-
HOXPOMAaTHYECKOMY M3JIY4EHHIO C JUIMHAMM BOJIH
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700,0 (kpacHblit), 546,1 (3enéusiii) n 435,8 M (cu-
Huif). st ynoOcTBa pacueToB QyHKIUM ObUTH MaTe-
MaTm4decku mnpeodpaszoBansl B cucremy CIE XYZ k
BUIY, IPEICTABIICHHOMY Ha PHUCYHKe 1.

Pucynok 1 — @yHKIIMH LIBETOBOT'O COOTBETCTBUS
B cucreme CIE XYZ

I[BeTOBBIE KOOPAMHATHI CBEUCHHS HAXOAATCS UH-
TETPUPOBAHNUEM MPOU3BEACHHUS WHTEHCHBHOCTH H3-
aydennst [(1) Ha TpH (PYHKIMH COOTBETCTBHS:

840 840
X = f IM)E()dAY = f 1Dy (Dda,

Z= f::ool (Dz(A)dA, toe X,Y,Z — IBETOBBIE KOOp-
nuHatel, ¥(4), (A1), Z(1) —yHKIHUU COOTBETCTBUS.
KpuBast y coBmajmaer ¢ KpHBOH CIEKTpajbHOMN
cBeTOBOH 3()(hEeKTHBHOCTH IHEBHOTO 3pPEHHS YeIo-
BeKa, MOJTOMY BeNWYMHA Y OMpEHeIseT CBETIOTY

LBETA.

Tabmuna 1 — L{BeToBBIC XapaKTEpUCTUKU CBEUCHHUS 00pa3-
LI0B: X, Y — IIBETOBBIC KOOPAWHATHI

O6pasen {xy}
Bo30yxnenue cTOKCOBOH JITOMHHECIIEHIUH HA UTHHE BOJIHEI
355 um
HcxomHoe cTekio 0.224,0.203

800°C/6 4. 0.16,0.048
900°C/6 u. 0.178,0.098
1000°C/6 u. 0.612,0.384
Bos0yxnenne AKJI Ha jpmHe BoiHbl 960 HM
HcxoaHoe cTekiio 0.224,0.203
720°C/6 u. 0.196,0.157

[ns  ompeneneHus 1BETOBOM COCTaBISOIIEH
y100HO HCTIONB30BaTh cucTeMy YXY. Ocu X uY — ocu
LIBETHOCTH, a OCh Y — O0Cb CBETJIOTHI. [[BeToBast Koop-
JUHaATHas1 cucrema ny BBIYUCIACTCA CJIICAYIOIUM
oOpazom:

= xtrez’Y T xevez
HE3aBUCUMOW (z=1—x—7y), U MOXET He ompe-
Jenatecs. PaccunTaHHble KOOPIMHATHI LBETHOCTH
JIOMUHECIIEHIINM  UCCIIEAYEMBIX MaTepualioB, a
TaKXke pgga KOMMEPYECKUX JIIOMUHO(DOPOB, MpHBe-
neHsl B Tabsumne 1. Ha pucyHke 2 mpexacraBieHa
XpOMaTH4YecKasi AWarpaMma IIBETHOCTH, COOTBET-
CTBYIOIIAsl 1IBETOBOM KOOPAMHATHOW cucteme YXY
CIE 1931. Obnactp orpaHu4eHa JIMHUEH CHEKTPasb-
HBIX I[BETHOCTEH MO OOKaM W JIMHUEH IypITypHBIX
LBETHOCTEH CHU3Y. UepHOU KPHUBOI COOTBETCTBYET
JIMHHSA LBETHOCTEH YEepHOro Teia NpU Pa3IUYHbIX
3HAa4YEHUSAX BETOBOM TeMIepaTypsl.

KOOpHHHaTa Z HE SBIISICTCSA
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C.I.E. 1931 Chromaticity Diagram
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Pucynok 2 — KoopinHATBI IIBETHOCTH CBEUCHUS
HCCIIETyeMBIX 00Pa3IoB CTEKOJI PU BO30OYKICHUU
CTOKCOBOM JTIOMHUHECIICHIIUY Ha JIJTHHE BOJHEI 355 HM,
ucxoaHoe crekio (Touka A), 800°C/6 u (Touka B),
900°C/6 u (Touxa C), 1000°C/6 4 (Touka D),
npu Bo3Oyxnernn AKJI Ha nuae BostHB! 960 HM,
ucxoHoe crekio (Touka A), 720°C/6 4 (touka E),

a TaKkKe KOMMepUYecKuX JTroMUHO(opoB. Kpupas
COOTBETCTBYET I[BETY CBCUCHHS a0COIFOTHO YEPHOTO
TeNa, HarpeToro J0 pa3HbIX TEMIepaTyp

Ta6muna 2 — LIBeTOBBIE XapaKTEPUCTUKHU CBEUCHHS KOM-
MEpPYECKUX JTIOMUHO(POPOB

Touka Ha Dopmyina X y et
puc. 4.2
F YAIO3:Tm?* 0.236 | 0.306 | romy6oparo-
3€JICHBII
G SiO,- 0.115 | 0.108 romy6oit
Ta,0s:Tm*/Yb*
H NaSrPO, Tm* 0.153 | 0.043 OarpsiHbIit
| KMgBOz:Tm®* | 0.146 | 0.062 | 6arpsnsrii
K CaMoO,:Tm**/ Yb®] 0.116 | 0.085 rony6oit

Pucynok 3 — Onpenenenrie JOMHHAHTHOW JJTMHBI BOJHBI U
YHUCTOTHI I[BETA

Hcnonp3ysa quarpaMmy IBETHOCTH Y XY MOXKHO
OTIPEICNIUTh TaKK€ HEKOTOPBIE XapaKTEPUCTUKH
nBeta ceeueHns. Touka E (puc. 3) ¢ koopauratamu
X=y=1/3 sBisgeTCI TOYKOH IBETHOCTH pPAaBHO-
SHepreTudeckoro oenoro mpera. Eciu depe3 Touky
E u TOuKy, COOTBETCTBYIOLIYIO0 KOOpJIAUHATAM L[BET-
HOCTH HCCIIEIYeMOTO CBedeHHUs (Todka A), mpoBe-
CTH NpPSMYIO, TO TOYKA IME€PECEUEHUs IMOJyYEHHOM
MPSIMOM W JIMHUEH CNEKTPalIbHBIX LIBETHOCTEH MO3-
BOJISICT OTIPENICITUTh JOMHUHAHTHYIO JUTHHY BOHBI A,
U3ITydeHus. 3HAYeHHUEe YUCTOTHI IBETA P, U3TYyUSHUS
3a[aeTCs OTHOIICHHWEM JJIMH OTPE3KOB: P, = a/b,
/1€ & COOTBETCTBYET PACCTOSIHHIO OT TOYKU PABHBIX
SHEPTHiA 0 TOYKKM BHIOPAHHOTO I(BETa, b — paccro-
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SIHUE OT TOYKH DPaBHBIX DHEPIHH 10 JMHUM CIICK-
TPabHBIX IIBETHOCTEH.

3HaueHHs TOMUHAHTHOM JUTMHBI BOJTHBI CBEUCHHS
M YUCTOTHI 1[BETA, OMPEICICHHBIC C TOMOIIBIO TUa-
rpaMMBbI [[BETHOCTH, IPEICTABIICHBI ISl KAXKIOTO HC-
ciexyemMoro odpasna B Tabmure 3.

Ha ocHOBe paccYMTaHHBIX [[BETOBBIX XapaKTepH-
CTHK CBEUCHHS UCCIICyeMbIX MATEPHAIOB MOXHO 3a-
KJIIOYMTBh, YTO 0OOpa3libl MCXOJHOTO CTEKIa W 00-
pasusl copepxkamue T-pasy YNbOs, coaktuBupo-
BaHHbBIE MOHaMKM TM¥*, oYeHb GJIM3KU 1O LBETOBBIM
XapaKTEepUCTUKaM JIIOMHUHECIIEHIIMM K KOMMepue-
CKHUM JIIOMUHO(OpaM.
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Tabuuia 3 — I{BeToBbIe XapaKTEPHCTUKU CBEUCHHUST 00Pa3LIOB:
/d— JOMMHAHTHAas JJIMHA BOJIHBI, Pe — YUCTOTA IIBETA

Oopasen Ad, HM Pe
Bo30yx1eHne cTOKCOBOH JIFOMUHECLIEHIIMY HA JUIMHE BOJIHBI
355 um
Hcxonnoe 473 0.50
CTEKJIO
800°C/6 4. 457 0.92
900°C/6 u. 464 0.79
1000°C/6 u. 597 0.98
Boszoyxnenne AKJI Ha paimHe BostHbl 960 HM
HcxoaHoe cTekiio 473 0.50
720°C/6 4. 471 0.65
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Alexandrite (Cr¥*:BeAl,0.) is a well-known crys-
tal for tunable lasers [1-3] which have relevant appli-
cations in medicine, space LIDAR technologies,
spectroscopy [4] and can replace Ti:Sapphire lasers in
nonlinear microscopy. However, thermo lensing
properties of alexandrite have not been studied in de-
tail to date.

In the present paper, we aimed to measure the
thermal lens in a laser alexandrite (Cr¥*:BeAl,O.) el-
ement under lasing conditions.

Alexandrite is orthorhombic (sp. gr. Pnma) and
thus optically biaxial. Its optical properties are char-
acterized in the frame of the optical indicatrix. The
optical indicatrix axes are mutually orthogonal and
they coincide with the crystallographic axes a, b, c.

Thermal lensing was studied in a c-cut 0.16 at. %
Cr¥*:BeAl,O; oriented for the E || b laser polarization
when placed at Brewster angle. The optical power of
the thermal lens D (inverse of the focal length, D =
1/f) was calculated from the measured radii of the out-
put laser mode. For this, a ray transfer matrix formal-
ism (ABCD law) was used and the M? parameter of
the laser beam was accounted for. The thermal lens
was considered as a thin astigmatic lens located in the
center of the crystal. The radii of the laser mode were
measured along the horizontal (x) and vertical (y) di-
rections using a beam profiler.

The schematic of the CW Alexandrite laser is
shown in Fig. 1(a). The slab-shaped laser crystal was
oriented at a Brewster angle (s). Its dimensions were
3x5x7 mm?3 (height x width x length). It was mounted
in an Al-holder and passively cooled from 4 sides. A
typical four-mirror laser cavity [5] was designed in
such a way that the size of the output laser mode was
sensitive to the thermal lens in the crystal. The cavity

consisted of a highly-reflective (HR, at 0.75 um)
plane mirror M1, two HR concave folding mirrors R1
and R2 (radius of curvature, Roc: 100 mm), and a
plane output coupler (OC) with a transmission of 5 %
at the laser wavelength. The mirror R1 which served
as a pump mirror was coated for high transmission
(HT) at 0.532 um. The laser crystal was pumped by a
CW green 20 Nd:YVOa laser (Finesse, Laser Quan-
tum) emitting up to 6 W at 0.532 um (a diffraction-
limited output, TEMoo mode). The pump was focused
into the Alexandrite crystal by a 150 mm lens. At the
focus the pump spot diameter 2wp was ~25 um in the
vertical direction and ~44 um in the horizontal one
(due to the Brewster-angle oriented crystal). The
crystal was pumped in a single-pass and about 85 %
of the pump was absorbed.

For the measurements of the laser beam radius, a
150 mm spherical lens placed at 34.8 cm after the OC,
a cut-off filter for the green (0.532 um) and a beam
profiler were used as shown in Fig. 1(b).

We started with characterization of the CW laser
regime. The Alexandrite laser, Fig. 1(a), operated at
0.7509 um (fractional quantum defect for the pump
and laser photons, nq=1 — Ap/AL = 29.2 %). The laser
output was linearly polarized (E || b). The maximum
output power reached 1.11 W with a slope efficiency
of 26.8 % (with respect to the absorbed pump power
Pabs). The optical-to-optical efficiency with respect to
the incident pump power (Pinc) was ~18%.

In Fig. 2, we show the spatial profiles of the
output mode from the Alexandrite laser
corresponding to various levels of output power.
Close to the laser threshold, the beam profile was
nearly circular. At higher pump powers, the beam was
distorted and became elliptic with its major semi-axis

441



