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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
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being parallel to the horizontal direction x. This
indicated the action of an astigmatic thermal lens. To
proceed with the ABCD modeling of thermal lens, the
M? parameters of the laser beam were measured along
the x and y directions using a standard I1SO procedure
(with a focusing lens, see Fig. 1(b)).
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(a)

Fig. 1. (@) Schematic of the CW Alexandrite laser:
M1 - HR plane mirror, R1 and R2 — HR concave folding
mirrors (Roc = 100 mm), OC - output coupler,
L1 =53 mm, L2 =485 mm, L3 =802 mm, L4 = 702 mm,
61 = 062 = 9°; (b) set-up for the thermal lens measurement:
F —filter, L — lens

(a)n(b)a(a)a (d)ﬂ(e)a

Fig. 2. Spatial profiles of the laser mode from the
Alexandrite laser corresponding to the various output
power levels: (a) 0.18 W; (b) 0.40 W; (c) 0.65 W;
(d) 0.87 W; (e) 1.11 W. The laser polarization, E || b,
is horizontal, the a-axis is vertical

An example of evaluation of the beam quality fac-
tors, M2y, for the Alexandrite laser operating at max-
imum output power is shown in Fig. 3(a). The beam
quality factors were M= 1.85 and M? = 1.47. The
measured M?y parameters plotted vs. Pabs are pre-
sented in Fig. 3(b). The beam quality was lower (M?
is higher) in the horizontal direction. With the in-
crease of the pump power, both M2y parameters tend
to increase.
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Fig. 3. (a) Evaluation of the beam quality factor M? for the
Alexandrite laser (Pabs = 5.1 W) in horizontal and vertical
directions, x and y, respectively; (b) measured My
parameters for the Alexandrite laser; (c) determined
optical power of the thermal lens Dx,y: symbols —
experimental data, lines — their linear fits for the
calculation of the sensitivity factors Mxy.

The results on the calculated optical power of the
thermal lens Dxy are shown in Fig. 3(c). The thermal
lens is positive for both directions (also referred as
principal meridional planes). The optical power in-
creases linearly with the absorbed pump power. This
dependence is typically expressed by the so-called
sensitivity factors, Mxy = dDxy/dPas. In our case,
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Mx = 1.74 and My = 2.38 mY/W. The error in the de-
termination of M-factors was 0.05 m™%/W. The differ-
ence in the M-factors is expressed by the astigmatism
degree, SIM = |My— Mx/My = 27% (S/M = 0% for a
spherical lens and 100% for a cylindrical one). Note
that the difference of M-factors can be partially at-
tributed to the different radii of the pump beam in the
Brewster-angle oriented laser crystal. The radius of the
pump beam is larger in the horizontal direction, so
weaker thermo-optic aberrations are expected. How-
ever, one cannot describe the two directions separately,
as the temperature field is formed in a bulk crystal.

For a longitudinally laser-pumped active element,
the sensitivity factor of the thermal lens can be theo-
retically calculated as Mxy = 7.Axy/(2Spx) [6], where #,
~ 1, 1S the fractional heat loading approximated as a
quantum defect in the case of Alexandrite, Axy is the
“generalized” thermo-optic coefficient (representing
a joint action of the thermo-optic, photo-elastic and
thermal expansion effects), Sp = wlwpl1“/cos(de) is
the effective pump spot area accounting for the Brew-
ster-angle orientation of the laser crystal and the di-
vergence of the pump beam, Twp[17~70 um is the
root-mean square radius of the pump beam averaged
through the whole length of the laser crystal. Accord-
ing to this formula, we estimated Axy = 2SpxMxy/nn,
resulting in Ax=10.1 and Ay= 13.8 x 10K values.

To conclude, we experimentally studied measure
the thermal lens in a laser alexandrite (Cr3*:BeAl,0y)
element using a green-laser-pumped c-cut Alexan-
drite crystal emitting at 0.7509 um with the E || b po-
larization. The sensitivity factors of the thermal lens
under highly focused pump were as weak as Mx=1.74
and My = 2.38 m™/W and the astigmatism degree for
a Brewster-oriented laser element was only 27%. The
optical power of the thermal lens was varying linearly
with the absorbed pump power. Positive thermal lens
in Alexandrite makes it suitable for microchip-type
lasers.

We believe that a detailed knowledge of the
thermal lensing properties of Alexandrite crystal will
help in designing laser cavities of high-power CW
and ML oscillators based on the Kerr lensing, SES-
AMs, graphene or their combination [7, 8].
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OIIPEAEJEHUE MTAPAMETPOB KPOCC-PEJJAKCAIIUA
B OKCU®TOPUIHBIX TYJUEBBIX CTEKJIAX
Scroxesny A.C.1, lemem M.IL, I'ycakosa H.B.}, Kyaemos H.B.}, Paukosckas I'.E.2, 3axapesuu I'.B.?

YHUI] Onmuueckux mamepuanoé u mexuonozuii BHTY
Mumnck, Pecnybauxa Benapyce
2Benopycckuii 20cy0apcmeenblil mexHON02UYeCKULl UHCHIUNLYI,
Mumnck, Pecnybnuka benapyce

TynueBble MaTepraIbl — KPUCTAILIBI M CTEKJIA, aK-
TUBHPOBAaHHBIE HWOHAMHU TPEXBAJIEHTHOT'O TYJIHs
(Tm**) — WHMpOKO HMCHOJB3YIOTCS Kak aKTUBHBIE
Cpelsl Ul CO3AaHUs Ja3epHBIX HCTOYHHKOB CBETa B
MIPaKTUYECKH BaXKHOU 00acTH crekTpa 1.8—2 MKM.

Hakauka Takux J1a3epoB 4acTO OCYIIECTBIISIETCS
MO CIEIyIomeil cxeme: BO30YKAECHHE HOHOB TYIHUS
Ha ypOBeHb °Hs M3JTydeHWEM IMOIHBIX Ja3€pOB HA
JumrHe BotHBI ~800 HM; TIepeHOC SHEPTHH BO30YKIe-
HUs HA BEPXHUIA Ja3epHblil ypoBeHb SFq. DbdexTus-
HBIM MEXaHM3MOM TaKO#l Iepeiadyd SHEpIuM SBIs-
eTcsl Kpoce pelaKcaliys o cXeMe:

SHe+3Hs—F4+%F4

NPU 3TOM KBaHTOBasi 3((EKTUBHOCTh HAaKA4KH IIPH-
6mkaercs K 2.

Cxema HWKHUX ypoBHe# Tm®* ¢ ykazanumem oc-
HOBHBIX IIEPEXOJIOB MPEACTABIICHa Ha pHC. |
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Pucynok 1. — Huskaue yposHu nona Tm3* u ocHOBHbIE
Nepexo.Ibl:
A — BHYTPHLICHTPOBAsI penaKcarysi; B — Bo30yXIeHue,
C — kpocc-penakcanusi; /J — TeHepanus

HccnenoBanne KWHETHKH 3aTyXaHUs JIIOMHHEC-
eHumH ¢ ypoeHs SHa (Hanpumep, nepexo 3Ha—3F4)
MO3BOJISIET YCTAHOBHUTH JIOMUHMPYIOIIUH XapakTep
J-A B3auMoaeicTBUs M ONpeAeTUuTh KOHUEHTpaLu-
OHHYIO 3aBHCHMOCTH IapaMETPOB, ONPEIEIISIOIINX
3¢ GEKTHBHOCTD MEPEHOCA SHEPTUH B TYJIHEBBIX Cpe-
Jlax 3a CUYET KPOCC-PENaKCal[MIOHHOTO MeXaHH3Ma.
3zecs, noHop (J1) — MOH Tynus Ha ypoBHE SHy, akien-
TOp (A) — HOH Tyyus Ha ypoBHE *He.

B kauecTBe 00beKTa UCCIIC0OBAHKS B JAHHOU pa-
60Te BBIOpaHBI 00pa3Ibl OKCU(PTOPUIHBIX CTEKOIN C
MOHAaMU TYJIHS CJIETYIOLIEr0 COCTaBa:

30 SiOz+10 GeO2+X PbO+(50-X) PbFo+
+10 CdF2+Y Tm0s3,

3mech X=5 (o0Opasupt A), 25 (obpasisr B), 45 (00-
pasusl C). lns kaxmoro u3 oopasnos A, B u C Benu-
ypHa Y=0.01,0.1,0.5u 1.

Crnemyst METoAMKe, HCIIOIB30BaHHOH B [1], ObLTO
YCTaHOBIICHO, YTO JJISI HOHOB TYJIHA B CTEKIIaX, U3Y-
YaeMBIX B JAaHHOW paboTe, JOMUHHPYIOIINM SIBIIS-
€TCsl KBaJlpyIoJib-KBaapynonbHoe J[-A B3aumonei-
CTBHE, U OBIJIO OIICHEHO BpeMs BHYTPHUIIEHTPOBOH pe-
JaKcalMu 74 YpOBHA °Hi, KOTOpoe COCTaBiseT
~ 300 mxkec.

3HayeHUE 74 OBUIO MCIIOJIH30BAHO TPH AMIPOKCHU-
Malliu KPUBBIX 3aTyXaHUsI JIIOMUHECIICHIIMY Ha Mepe-
xoze 3Hs—3F4 hopmysoii, npennoxenHoii B [2]:

1(¢)=1(t =0)exp(—t/z, — y5t%*)- @

Kos¢pdunueHt ys oTBedaeT 3a craTH4eCKUi HEYopsi-
JIOYSHHBIH Tieperoc sHepruu ot [ x A, S=10 (kxBaj-
PYIOJIB-KBaIPYTIOIbHBIA MEXaHN3M IIepeHoca SHep-
THH). ys HAPSAMYIO CBA3aH ¢ MUKponapaMeTpoM Cpa,
KOTOPBII OmpesaeseT BEPOSTHOCTh MPSIMOW Iepe-
Jlauy SHEPTrUUU NpH apHOM B3aumozencTeuu [ u A.
%
s ; 2

(2]

rae I — ramma-¢GyHKimsa. B nuteparype mapamerp
Coa 9aCTO HCIOJB3YIOT, JISI OLECHKUA BEPOSTHOCTU
MepeHoca SHEPTUH B KOJUIEKTHBE JIOHOPOB U aKIIEl-
TOpOB. MOXHO MMOKa3aTh, YTO JUISi TAKOTrO CIlydas
BEPOATHOCTh J€3aKTHBAallMM YpoBHA °Hs 3a cuer
Kpocc-penakcarin - Wcr  MOXKHO — OLEHHTH IO
dbopmye:

Con =

LA ®
WCR:CDA( 3 j NTn:j
u pu S=10
10/3
W, =0.419y (4)

Bemnunay Wer Takxke MOXXHO HaTH HETOCpET-
CTBEHHO M3 CHUCTEMBbl CKOpPOCTHBIX YpPaBHEHH,
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