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Abstract: Thermal lensing is studied in monoclinic Yb:Ca4 YO(BO3 ) 3  (Yb: YCOB) oxobo- 
rate crystals cut along the optical indicatrix axes. For all orientations, the thermal lens is 
positive. In the Z-cut crystal, the sensitivity factors of the thermal lens are MZ_X = 2.4 
and MZ- Y = 2.8 m^1/W  (for EkX), and the astigmatism degree is as low as S/M = 14%.
The positive thermal lens in Yb:YCOB is related to the large thermal expansion and 
strong photoelastic effect. Microchip lasers are realized with 3-mm-long X , Y, and Z-cut 
15 at.% Yb:YCOB crystals. With a Z-cut crystal, maximum output power of 8.35 W is 
achieved at -1040 nm with slope efficiency of 70%. Using various crystal cuts and out
put coupler transmissions, multiwatt emission in the spectral range of 1033-1091 nm is 
demonstrated.

Index Terms: Diode-pumped lasers, microchip, thermal lensing, oxoborates.

1. Introduction
The monoclinic oxoborates Ca4REO(BO3)3, where RE = Y or Gd (shortly denoted as YCOB and 
GdCOB, respectively), are promising laser host materials for doping with Yb3+ ions [1]. Yb-doped 
oxoborates combine the advantages of the Yb3+ ion arising from its simple energy scheme, i.e., 
relatively low thermal load, absence of parasitic excited-sate absorption and up-conversion pro
cesses and high achievable laser efficiency, with broad and intense absorption and emission 
bands exhibiting strong polarization-anisotropy, as well as relatively long lifetime of the upper la
ser level (-2.6 ms) [2], [3]. Yb:YCOB and GdCOB can be efficiently pumped into the zero-line of 
Yb3+ with maximum absorption cross-section, CTabs ^  1 x 10^2° cm2 at 976 nm [6] by commercial 
InGaAs laser diodes [4], [5]. The oxoborate hosts and YCOB in particular can also incorporate
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Fig. 1. (a) Orientation of the optical indicatrix axes (X , Y , Z) with respect to the crystallographic 
frame (a , b, c) of YCOB. (b) Scheme of the Yb:YCOB microchip laser setup: LD—laser diode, PM 
— pump mirror, and OC—output coupler. (c) Double-pass absorption of the different Yb:YCOB laser 
samples versus incident power (unpolarized pump).

high Yb3+ concentrations (up to 27 at.% for GdCOB and ~50 at.% for YCOB [5], [7]), thus provid
ing laser compactness. YCOB and GdCOB melt congruently so they can be pulled directly from 
the melt which enables the growth of large-volume crystals with good optical quality [8], [9]. This 
is not the case for the isostructural passive hosts ScCOB, LaCOB and LuCOB or for the stoi
chiometric YbCOB crystal [7]. As a result, efficient continuous-wave (CW) [10], [11], passively 
Q-switched [12], [13] and mode-locked [14], [15] Yb oxoborate lasers have been realized to 
date. The thin-disk geometry has also been exploited for Yb:YCOB crystals [16].

The non-centrosymmetric YCOB and GdCOB crystals show good nonlinear properties [9], 
[17], [18] and are of practical interest for second-harmonic generation including self- frequency 
doubling [1], [13], [19] and chirped pulse optical parametric amplification [20].

A microchip laser contains a gain material placed in a plano-plano cavity without air gaps 
[21]. This laser design provides low losses and high efficiency in a robust, compact set-up and 
is insensitive to misalignment. The active material for a microchip laser should have high ab
sorption and emission cross-sections and/or high available doping levels together with good 
thermal and thermo-mechanical properties. The key parameter that determines the feasibility of 
the material for microchip operation is the sign of the thermal lens. Positive (focusing) lens can 
provide stabilization of the laser mode in a plane-parallel resonator [22]. Positive thermal lens 
was measured for oxoborates for some particular crystal cuts [23]. From this point of view, Yb: 
YCOB and Yb:GdCOB seems to be good candidates for microchip lasers. However, to date, 
their potential in microlasers has not been fully exploited. We are aware of only one report on 
such microchip lasers [5] where both crystals generated a maximum output power of -300 mW 
in the CW regime with a slope efficiency of 79%.

In the present work, our goal was to perform a comparative study of the parameters of the 
thermal lens in Yb:YCOB crystals cut along the principal optical directions and to realize Yb: 
YCOB microchip lasers delivering multi-watt-level output.

2. Experimental
The Yb:YCOB crystal was grown by the Czochralski method. It was doped with 15 at.% Yb 
(Nyb = 6.9 X 1020 at/cm3). YCOB is a monoclinic crystal with structure belonging to the non- 
centrosymmetric space group Cm (the lattice parameters are a = 8.046 A, b =  15.959 A, c =  
3.517 A and p =  101.2°) [1]. Each Y3+ ion is surrounded by six O2- anions forming a distorted 
octahedron. Due to the relatively large y 3+-Y3+ ion separation (the shortest distance is 3.517 A) 
and closeness of ionic radii of the Vl-fold oxygen-coordinated Y3+ (0.90 A) and Yb3+ (0.868 A), 
high doping levels are easily achievable in Yb:YCOB. YCOB is an optically biaxial host crystal. 
Its optical properties are described in the frame of the optical indicatrix [18], with the three mutu
ally orthogonal principal axes X , Y, and Z  (the corresponding refractive indices follow the rela
tion nX < nY < nZ). The Y-axis is parallel to the b axis, while the X  and Z  axes are located in 
the a -  c plane (a^Z =  24.6° and c^X =  13.4°) [18], Fig. 1(a).

For the study of thermal lensing and microchip laser properties of Yb:YCOB, three crystals 
with identical dimensions 3 x 3 x 3 mm3 were cut for light propagation along the X , Y, and Z
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Fig. 2. Absorption ^abs (a) and stimulated emission ^se (b) cross-sectional spectra for the 15-at.%
Yb:YCOB crystal for the principal light polarizations, E k X , Y, and Z .

axes. Their input and output faces were polished to laser quality and remained uncoated. The 
crystals, wrapped with Indium foil to improve the thermal contact, were mounted in a copper 
holder and water-cooled at 12 °C.

The laser cavity for microchip experiments consisted of a flat pump mirror (PM) that was AR 
coated for 0.9-1.0 ^m and HR coated for 1.02-1.20 ^m, and a flat output coupler (OC) with 
transmission TOC = 1%, 5% or 10% at the laser wavelength, Fig. 1(b). Both PM and OC were in 
contact with the crystal faces, so that the geometrical cavity length was 3.0 mm. The pump 
source was a fiber-coupled InGaAs laser diode (N.A. =  0.22, fiber core diameter: 200 ^m) emit
ting up to 25 W at ^  975,..., 977 nm depending on the diode current level. A lens assembly 
with imaging ratio 1:1 and focal length of 30 mm provided a pump spot radius of wp =  100 ^m 
in the crystal. The confocal parameter for the pump beam 2zR was 3.0 mm (M2 ^  20). The 
pump radiation was unpolarized. The crystal was pumped in a double pass configuration due to 
the partial reflection of the OC at the pump wavelength.

The spectroscopic properties of the 15 at.% Yb:YCOB crystal were characterized in order 
to assist the interpretation of the absorption and emission characteristics of the lasers. The 
absorption spectra were measured with polarized light (using a Glan-Taylor polarizer) with a 
Varian CARY-5000 spectrophotometer in the 850-1100 nm spectral range with a spectral 
bandwidth (sBW) of 0.05 nm. The absorption cross-sections were determined from the absorp
tion coefficient, CTabs =  a/NYb, Fig. 2(a). The total absorption of the Yb:YCOB crystals amounted 
to 20 ,..., 70% depending on the diode current level due to a shift of its wavelength, Fig. 1(c). 
A relatively narrow zero-phonon-line absorption peak of Yb3+ ions is found in YCOB. In partic
ular, Azl is 976.2 nm and the full width at half maximum (FWHM) of this peak is only 2.1 nm, 
Fig. 2(a).

Stimulated-emission (SE) cross-sections ^SE for Yb:YCOB were derived using the reciprocity 
method, which requires the knowledge of the absorption spectrum ^abs(A) and the Stark splitting 
of the two multiplets {Е[Рg [24]

^Se(A) =  ^abs(A^  ex^
hc/A -  Ezl 

~kf (1)

where i stands for the light polarization; i =  X, Y, or Z ; EZL is the energy difference between 
the lowest Stark sub-levels of the two multiplets (zero-phonon line); k is the Boltzmann con
stant; f  is the crystal temperature (room temperature); and Zm are the partition functions lower 
(m =  1 ) and upper (m =  2) manifolds

exK -E m /k f) . (2)

Here, gm is the degeneration of the sub-level with the number k and energy Em measured from 
the lower sublevel of the multiplet. The energies of the Stark sub-levels for the 2F7/2 and 2F5/2 
multiplets of Yb3+ in YCOB can be found elsewhere [4]. The results on SE cross-sections for
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TABLE 1

Anisotropy of thermal coefficients of the optical path for YCOB crystals at ~1 ^m  [27]

Crystal Orientation TCOP *, 10-® ic’
E\\ E\\ £ ||
X Y z

YCOB X-cut - +4.5 +5.9
Y-cut +0.6 - -0 .8
Z-cut +2.9 +0.5 -

*TCOP = dn/dr+ (n-1)a

15 at.% Yb:YCOB are shown in Fig. 2(b). They will be used for the calculation of the gain 
cross-sections.

For the thermal lens characterization, a hemispherical cavity was used having an OC with a 
radius of curvature R =  50 mm and TOC = 5%. The laser mode was TEM00 in this case, with 
M2 < 1.05. The radius of the output beam from this laser was determined along the directions of 
the optical indicatrix axes at different pump levels by the ISO-standard moving knife-edge 
method [25]. The optical (refractive) power of the lens (D = 1/ f , f denotes focal length) was de
rived from the ABCD-modeling [26]. This method has larger errors to determine the optical 
power (-10-15%) as compared with the approach based on Shack-Hartmann sensor, which 
was used previously for the study of the thermal lens in Yb-doped oxoborates [23]. However, its 
realization is much easier. The main assumptions for our model are the following: i) thermal 
lens described as an ideal thin astigmatic lens located in the center of the laser crystal; ii) high- 
order thermo-optic aberrations are neglected; iii) the laser beams are considered as elliptic 
Gaussian ones with M2 approaching unity; iv) the polarization of the laser beam is linear.

3. Results and Discussion
In a recent study of the thermo-optic properties of YCOB crystal, it was shown that its thermo
optic coefficients (TOC), dn/dT , are negative, dnX/dT  =  -1.2, dnY/dT  =  -3 .7 and dnZ/dT  =  
-2.5 X 10-6 K-1 (at ^1 ^m) [27]. On the other hand, the thermal expansion coefficients (a) for 
this crystal are relatively large and exhibit strong anisotropy, aX =  12.0, aY =  2.6, aZ =  
6.2 X 10-6 K-1 [27]. This determines the possibility of both positive and negative overall thermal 
variation of the optical path length for this material, depending on the crystal cut and light polari
zation, see Table 1, where the values of the thermal coefficient of the optical path (TCOP) are 
listed. TCOP represents the variation of the optical path length (OPL) for light rays passing 
through an uniformly heated stress-free optical material [28]. Although TCOP includes the con
tributions of dn=dT and thermal expansion, it cannot be directly used for the description of ther
mal lens as it does not account for the thermal stresses and the non-uniform temperature field 
in the diode-pumped crystal. However, TCOP is useful for the prediction of the sign of the ther
mal lens and its mean refraction.

In the present work, direct measurements of the parameters of the thermal lens were per
formed for the X , Y, and Z -cut Yb:YCOB crystals for the polarization state naturally selected by 
the anisotropy of the gain [2], [6], i.e., E k Z  for the X -cut and Y-cut crystals and E k X  for the 
Z -cut one. The laser wavelength was -1050 nm for the X -cut and Y-cut crystals and 1038 nm 
for the Z -cut one.

The measured radii of the output laser mode for the X -, Y-, and Z -cut Yb:YCOB lasers are 
shown in Fig. 3(a)-(c). According to the ABCD-modelling, Fig. 3(d), positive (focusing, with 
D > 0) thermal lens in such a laser results in the beam compression in the far-field while nega
tive (diverging, with D < 0) thermal lens will lead to the beam expansion. This allows one to de
termine unambiguously the sign of the lens. For all three crystal cut, the laser beam is 
compressed along the two principal directions. As a result, the beam becomes elliptic with the 
minor semiaxis corresponding to the stronger lens (larger D). Larger beam ellipticity is observed 
for Y-cut crystal, while for X - and Z -cut ones, it is much weaker. This indicates that the thermal
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Fig. 3. Radii of the output laser beam versus the absorbed pump power for (a) X-cut, (b) Y-cut, and
(c) Z-cut Yb:YCOB crystals: hemispherical cavity (ROc =  50 mm). The symbols are the experimen
tal data, the curves are their fitting with the ABCD method, and the distance from the OC is 10 cm. 
(Insets) Scheme of the beam distortion (light-gray circle— beam close to the laser threshold; grey el
lipse—at high pump power; E—laser polarization; red and blue lines— principal meridional planes).
(d) Calculated dependence of the beam radius on the optical power D of positive and negative ther
mal lenses for Yb:YCOB hemispherical laser [(Inset)—scheme of the experiment].

Fig. 4. Optical power of the thermal lens versus absorbed diode power for (a) X -cut, (b) Y-cut, and 
(c) Z-cut Yb:YCOB crystals. Symbols are the experimental data, and lines are their fitting for the 
calculation of the sensitivity factors (M  =  dD/dPabs).

lens is positive in all X -, Y-, and Z-cut Yb:YCOB crystals. In Fig. 3(a)-(c), the curves are from 
the modelling of the beam distortion with the ABCD-method. One can see that they fit accurately 
the experimental data.

The dependence of the optical power of the thermal lens D on the absorbed diode power Pabs 
is shown in Fig. 4 for the three crystal cuts. Its slope is expressed by a sensitivity factor, M = 
dD/dPabs [28]. The error in its determination was ±0.3 m^1/W. The thermal lens is found to be 
positive for X, Y, and Z-cut Yb:YCOB crystals. The X-cut crystal exhibits the strongest lens, 
MX_Z = 4.1 and MX_Y = 3.8 m^1/W (for E k Z). Here the notations X  -  Z  and X  -  Y refer to 
the meridional planes of the lens. This is in agreement with the maximum TCOP value (5.9 x 
10-6 K-1) observed for the X-cut crystal and E k Z , cf. Table 1. For the Y- and Z-cut crystals, 
the thermal lens is weaker, with the following M-factors: MY-X = 1.0 and MY-Z = 1.9 m-1/W 
(Y-cut, for E k Z) and MZ-X = 2.4 and MZ-Y = 2.8 m-1/W  (Z-cut, for E k X). This is in
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TABLE 2

Parameters of the thermal lens for Yb:YCOB crystals

Parameter Crystal cut‘
X-cut Y-cut Z-cut

Laser polarization E \ \ Z £ | | Z £ | | X
Wavelength, nm 
Sensitivity factor M,  m'^/W

1052 1050 1038
3.8 (X-Y) 
4.1 (X-Z)

1.0 (Y-X) 
1.9 (Y-Z)

2.4 (Z-X) 
2.8 (Z-Y)

Astigmatism degree S, m‘ /̂W 0.3 0.9 0.4
Astigmatism, S I M 7% 47% 14%
“Generalized" TOC x, 10"® K"̂  

dn/dT, 10"® K'̂

6.4 (X-Y) 
6.9 (X-Z)

1.7 (Y-X) 
3.2 (Y-Z)

4.8 (Z-X) 
5.6 (Z-Y)

-2 .5 -2 .5 -1 .2
Photoelastic term“  Ppe, 10'® -1 .7  (X-Y) 

-1 .2  (X-Z)
1.9 (Y-X) 
3.4 (Y-Z)

1.1 (Z-X) 
1.9 (Z-Y)

End-bulging term Qdist, 10'® K"̂ 10.6 2.3 4.9
*Meridional planes of the lens are 
‘ ‘ Estimated as Pp^ = x -  dn/dT -

denoted ih brackets, if applicable.
®dist

agreement with the lower TCOP value for the Z-cut crystal (2.9 x 10 6 K 1). For the Y-cut 
crystal, however, slightly negative TCOP was deduced (-0.8 x 10^6 K^1). The reason for this 
discrepancy between the signs of the thermal lens and the TCOP will be explained below.

For all the three crystals, the M-factors in the two meridional planes (A and B =  X , Y or Z) 
are different indicating that the thermal lens is astigmatic. The astigmatism degree, defined as 
S =  |MA -  MBI is 0.3, 0.9, and 0.4 m-1/W for X , Y, and Z-cut crystals, respectively. The astig
matism in laser crystals is often expressed with respect to the maximum refraction (maximum M 
value) in the form of S /M , which is useful to understand the laser beam ellipticity [28]. In the 
present case, the maximum astigmatism corresponds to the Y-cut (b-cut) crystal (as 
S/M = 47%) and it is substantially lower for the X-cut (S/M = 7%) and Z-cut (S/M = 14%) 
crystals. This situation is similar to the one observed previously in monoclinic Yb:KLu(WO4)2 
crystals for which the larger astigmatism of the thermal lens also corresponded to the crystal cut 
along the b-axis [26]. Consequently, stronger ellipticity of the laser beam is expected to occur 
for Y-cut Yb:YCOB. The parameters of the thermal lens for Yb:YCOB crystals are summarized 
in Table 2.

The thermal lens in a diode-pumped solid-state material is determined by three main factors 
[29]: (i) temperature dependence of the refractive index (expressed by dn/dT), photo-elastic ef
fect (expressed by the PPE term) and macroscopic bulging of the crystal end faces due to non
uniform thermal expansion (expressed by the Qdist term, Qdist =  (1 + v*)(n -  1)a where v* is the 
parameter showing the contribution of thermal expansion to the total axial strain [30], v* «  v 
and v is the Poisson ratio). The direction-averaged Poisson ratio of YCOB (v) =  0.29 is deter
mined in the present study from the previously reported compliances tensor [31]. The sum of 
these terms composes the “generalized” thermo-optic coefficient x = dn/dT + PPE + Qdist. The 
“Generalized” TOC represents the total variation of the OPL for light rays passing through the 
real pumped laser element, and it determines the M-factor of the thermal lens [29]

M Vh
2жШ‘2к

[dn/dT +  Ppe +  Q('distj (3)

where vh is the fractional heat loading that can be estimated from the quantum defect, 
Vh = 1 -  (Ap/Al ), к is the thermal conductivity (ка = 1.83, кь =  1.72, and = 2.17 W/mK [32]) 
and the factor of “2” accounts for the top-hat profile of the pump beam. From (3) and the mea
sured M-factors, one can derive the x values; see Table 1. Then, as the dn/dT coefficients of 
YCOB have been directly measured [27] and the Qdist term can be directly calculated from the 
known material parameters, the photo-elastic term can be estimated as PPE = x -  dn/dT -  Qdist; 
see Table 2. For Yb:YCOB, PPE can be either negative (for X-cut crystal) or positive (for Y and
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Fig. 5. Input-output dependences for (a) X-cut, (b) Y-cut, and (c) Z-cut Yb:YCOB microchip lasers.
The symbols are the experimental data, and the lines are their fitting for the extraction of the slope 
efficiency (^). (d) Optical-to-optical efficiency ^opt for Yb:YCOB microchip lasers, TOc =  5%.

Z-cut crystals). Although Its absolute value Is relatively small, < 2 x 10^6 K^1, It Is comparable to 
the dn/dT and Qdist terms, thus playing an important role in the formation of the positive lens for 
the Y-cut crystal. For the X - and Z-cut Yb:YCOB crystals, the positive sign of the thermal 
lens is mainly determined by the large thermal expansion (i.e., through the Qdist term). The 
photo-elastic effect is responsible for the astigmatism of the thermal lens.

Previously, the thermal lens was measured for 15 at.% Yb-doped YCOB and GdCOB crystals 
using a Shack-Hartmann sensor [23], however, without consideration of its astigmatism. For the 
X-cut Yb:YCOB crystal, the M-factor was determined to be 5.6 m-1/W and for Y-cut Yb:GdCOB, 
M =  2.5 m^1/W  which is in agreement with our results.

As a consequence, although Yb:YCOB possesses negative thermo-optic coefficients, the 
combination of large thermal expansion and a strong photo-elastic effect determines the positive 
sign of the thermal lens for crystals cut along the principal optical directions. Therefore, X , Y, 
and Z-cut Yb:YCOB crystals are suitable for microchip laser operation because the positive 
thermal lens will provide stabilization of the laser mode in the plano-plano microchip cavity. Our 
calculations indicate that the radius of the laser mode in the Yb:YCOB microchips will be wi =  
60 ±  10 ^m for Pabs up to at least 15 W (see below).

Microchip laser operation was achieved with the X , Y, and Z-cut crystals. For all OCs, the 
laser output was linearly polarized and the polarization was naturally selected by the anisot
ropy of the gain. As already mentioned, for the X - and Y-cut crystals, it was E k Z  and for 
the Z-cut crystal, it was E k X . Only for the Y-cut Yb:YCOB crystal with specific loss adapta
tion (TOC = 1%), a coexistence of both possible polarization states E k X  and E k Z  was 
observed.

In the first microchip experiment, all three crystals were pumped up to ~8 W of absorbed 
diode power to avoid risk of thermal fracture. Within this pump range, the input-output depen
dences were clearly linear (see Fig. 5), indicating no detrimental influence of thermal effects. 
The Y- and Z-cut Yb:YCOB crystals showed very similar performance. For the Z-cut crystal, a 
maximum output power of 4.65 W was extracted at 1035,..., 1045 nm (multi-peak spectrum) 
with a slope efficiency ^ of 79% for TOC = 5%. The laser threshold was at Pabs =  0.9 W. The 
optical-to-optical efficiency was 64%. At almost the same (q =  77%) slope efficiency, with the 
10% OC the laser oscillated at 1033,..., 1039 nm. For 1% OC, the slope efficiency was lower, 
67%, and the laser emission was in the 1084-1090 nm range. The inferior performance of the
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TABLE 3

Output characteristics* of the Yb:YCOB microchip lasers

Crystal
cut

Polariz. Tbc.
%

Pth.
W

P out»
w

n.
%

Oopt.
%

4l, nm

X-cut E \ \ Z 1 0.6 3.39 54 46 1055-1070, 1085-1091
5 0.8 4.16 68 57 1043-1058
10 1.0 3.37 65 50 1033-1042

Y-cut E \ \ Z •j ** 0.6 4.37 70 58 1056-1061, 1082-1090
5 0.9 5.02 76 64 1042-1054
10 1.1 4.94 78 61 1038-1050

Z-cut Е Ц Х 1 0.7 4.47 67 60 1084-1090
5 0.9 4.65 79 64 1035-1045
10 1.1 4.14 77 56 1033-1039

*Pth -  laser threshold, Pout -  output power, r] -  slope efficiency, 
■ optical-to-optical efficiency, laser wavelength.

th -  
Порі

"Coexistence of two polarizations, E  || X  (don^lnant) and E  || Y.

Fig. 6. Laser emission spectra for (a) X -cut, (b) Y-cut, and (c) Z-cut Yb:YCOB microchip lasers. 
The absorbed pump power is 7 W.

Fig. 7. Calculated gain cross sections =  ^aSE -  (1 -  ^)aabs for the 15 at.% Yb:YCOB crystal for 
the principal light polarizations (a) E k X , (b) E k Y, and (c) E k Z  at different inversion ratios Д.

X-cut crystal is attributed to the stronger thermal lens, see Fig. 4(a). The output characteristics 
of the X , Y, and Z-cut Yb:YCOB microchip lasers are summarized in Table 3.

The laser emission spectra of the Yb:YCOB microchip lasers are presented in Fig. 6. All of 
them show multi-peak behavior typical for low-loss CW microchip lasers. With the increase of 
TOC, the spectra experience a blue-shift in accordance with the gain spectral dependence [2], 
[6]. In order to explain the spectral properties of the laser emission from the Yb:YCOB lasers, 
we have plotted the gain cross-sections spectra (ag = paSE -  (1 -  ^)^abs) for the three principal 
light polarizations, E k X , Y, and Z ; see Fig. 7. Here, p is the inversion ratio, p = N2/N 0 where 
N2 and N0 are the number of ions excited in the upper laser level (2F5/2) and the overall number 
of ions, respectively. For very low p < 0.05, the gain cross-sections follow the relation 

(Z ) « ^ g  (X ) > ag(Y). This explains the possibility of the coexistence of E k X  and Z  oscilla
tion states for Y-cut crystal at very low output coupling, as well as the generation of linearly po
larized output for X-cut and Z-cut ones (at low TOC). For p > 0.05 (larger TOC), the following
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Fig. 8. Coexistence of E k X  and E k Z  polarization states for the Y-cut Yb:YCOB microchip laser 
with TOc =  1%: (a) output power versus absorbed pump power and (b) laser emission spectra at 
several absorbed power levels.

relation holds: (Z) > (X) > ag(Y ); therefore, so no conditions for coexistence of different
polarization states is observed and thus Z-polarized light is generated in X -, and Y-cut Yb: 
YCOB lasers, and X-polarized light is generated in the Y-cut one.

With the increase of ^, which corresponds to an increase of TOC, the maxima in the gain 
spectra are shifted to shorter wavelengths. This is in agreement with the spectra of the laser 
emission, Fig. 6. In particular, for E k Z  at low p < 0.05, the gain spectrum contains two broad 
bands centered at -1.06 and 1.09 ^m. Indeed, for TOC = 1%, X-cut Yb:YCOB laser generates 
multi-peak emission at 1055-1070 and 1085-1091 nm corresponding to a nearly equal gain 
within these two local bands. For E k Z , at higher p, one broad peak is formed in the gain spec
trum, which is shifted from -1.05 to 1.04 ^m with the increase of the inversion ratio. Indeed, for 
TOC = 5%, the X-cut Yb:YCOB laser generates at 1043-1058 nm and for TOC = 10%, it oper
ates at 1033-1042 nm.

The potential for further power scaling of the Yb:YCOB microchips was studied with the 
Z-cut crystal and TOC = 5%. In this case, a saturation of the output dependence was observed, 
Fig. 5(c). The maximum output power reached 8.35 W at Pabs = 13.9 W with ^ = 70% 
(calculated for the entire pump range) and an optical-to-optical efficiency of 59%. At higher Pabs, 
an abrupt drop of the laser output was observed.

By analyzing the data on laser thresholds and slope efficiencies (cf. Table 3) with the simple 
model of CW Yb laser (see details in [33]) and using the spectroscopic parameters presented in 
Fig. 2, we have estimated the round-trip internal losses for 3 mm-long 15 at.% Yb:YCOB as 
L =  0.041 ±  0.005 (when averaged over the three crystal cuts, which were made from the same 
part of the grown bulk). This value is obtained by subtracting the contribution of Fresnel losses. 
The loss coefficient is then S =  0.0068 ±  0.0008 cm^1 which is reasonably low and is deter
mined mainly by the high doping level.

For the Y-cut Yb:YCOB crystal and TOC = 1%, the laser emission was polarized along the 
X - and Z-axes as mentioned above, Fig. 8. This behavior is due to i) low cavity loss of the mi
crochip including low TOC, ii) similar gain cross-sections in Yb: YCOB for these two polariza
tions, ag(Z) «  ag(X), at low inversion rates p < 0.05; see Fig. 7. No redistribution of the laser 
power between the two polarization states with the pump level (polarization-switching) was ob
served. The fraction of the output power for E k X  was -80%. Such a coexistence is attributed 
typically to the anisotropy of the thermal lens properties for the two polarizations [34] which is 
not expected in the case of Yb:YCOB. Indeed, the thermal lens for E k Z  is weak and positive 
(x =  1.7;...; 3.2 X 10^6 K^1) and for E k X  it will be very similar (TCOP = 0.6 x 10^6 K^1, 
Table 1). The coexistence of the two orthogonal polarization states resulted in laser emission in 
two spectral ranges, 1056-1061 and 1082-1090 nm. This correlates well with the gain spectra 
for E k X  and Z  at low p < 0.05, Fig. 7. Both of them contain two broad local bands centered at 
-1.06 and 1.09 ^m corresponding to an almost equal gain.

The output beams for the X - and Z-cut Yb:YCOB microchip lasers corresponded to TEM00 
mode with excellent circular profile and M2 < 1.05 (measured at Pabs = 7 W), Fig. 9. This is at
tributed to the low astigmatism of the thermal lens for these crystal cuts. For the Y-cut crystal,
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O l o l o
Fig. 9. Profiles of the output laser beam for X-cut, Y-cut, and Z-cut Yb:YCOB microchip lasers
(Pabs =  7 W).

TABLE 4

CW oxoborate microchip lasers reported so far

Crystal Output Pump Pout.
mW

4l, nm n.
%

t7opt,
%

Ref.

Nd:GdCOB SHG diode** 20 530 - >2.5* [35]
SHG Ti:Sa 43 530 - >5*

Nd:GdCOB Fundamental diode** 150 1060,1091 32 15 [36]
SHG diode** 22 545 - 2.2

Er,Yb:YCOB Fundamental diode 100 1550 23 9 [37]
Yb:YCOB Fundamental diode 300 1050 67 27 [5]
Yb:GdCOB Fundamental diode 270 1050 79 25 [5]
Yb:YCOB Fundamental diode 8350 1035-1045 70 60 This work

4650 1035-1045 79 64 This work
*Determined with respect to incident power. 
**Poiarized diode-pumping (£  || Z).

the output beam was slightly elliptic (as S is as high as 47%), and M2 < 1.1. The M2 factors 
were determined by an ISO-standard method fitting the beam divergence of a laser beam fo
cused by a spherical lens [25]. The procedure was repeated in two orthogonal planes containing 
the optical indicatrix axes.

Previously, CW microchip laser operation was studied for Yb-doped YCOB and GdCOB crys
tals, Nd:GdCOB, and Er,Yb:YCOB. These results are listed in Table 4. The Nd-doped GdCOB 
was cut to satisfy the oo -  e type-I phase-matching condition for self-frequency doubling in the 
X -  Y plane (в =  90°, '  =  46° at 1064.2 nm) [35], [36]. The maximum fundamental output power 
in [36] amounted to 150 mW at 1060 + 1091 nm (E k Z), while 42 mW of green output power at 
530 nm was measured. The slope efficiency for the fundamental output reached 32%. For the de
scribed crystal orientation in the X  -  Y plane, the TCOP can be calculated as dnZ/dT  +  (nZ -  
1)aX+46° where aX+46° «  aXcos2'  +  a Ysin2' ,  resulting in 3.9 x 10-6 K-1. Thus, positive thermal 
lens is expected for this crystal cut.

The 15 at.% Yb:GdCOB and 35 at.%Yb:YCOB microchips studied in [5] generated output 
powers as high as 300 mW (Yb:YCOB) while the slope efficiency with Yb: GdCOB reached 
^ = 79%. However, in [5], the orientation of the sample as well as the laser polarization were 
not specified. The present work represents the first study of microchip operation particularly with 
an oriented Yb:YCOB, which is relevant for this strongly anisotropic material. We present a sub
stantial improvement of the previous results in terms of output power (> 8 W) keeping the very 
high slope efficiency (79% for output < 5 W and -70% for the entire pump range). This is attrib
uted to the selection of the optimal crystal orientation (Z-cut) with a weak and low-astigmatic 
thermal lens.

Monoclinic Yb:YCOB crystals provide better opportunities for power scaling as compared with 
monoclinic Yb:KLuW double tungstates which have been recently employed for microchip lasers 
[37] although the thermal conductivity of double tungstates is higher (к «  3 W/mK). Indeed, in 
[37], Yb:KLuW crystals of the same size and quality were studied in a similar set-up, and high 
risk of thermal fracture was detected for Pabs > 10 W. For Yb:YCOB, we have not observed 
fracture up to at least Pabs ^  15 W. We refer this to the several degrees of anisotropy of the 
elastic properties of these materials.
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4. Conclusion
We presented a detailed study of thermal lensing in Yb:YCOB crystals cut along the optical indi- 
catrix axes under lasing conditions. For X , Y-cut (light polarization E k X) Z -cut (E k X) crys
tals, the thermal lens is positive due to the large thermal expansion coefficient of the YCOB 
host and the strong photo-elastic effect. The latter enables efficient microchip laser operation 
with X -, Y-, and Z-cut Yb:YCOB crystals. The Z-cut is considered to be optimum for power 
scaling of Yb:YCOB microchips as it possesses a relatively weak thermal lens (sensitivity factor: 
MZ_X = 2.4 and MZ_Y = 2.8 m^1/W) with a low astigmatism degree (S/M = 14%) and coexis
tence of two polarization states is not expected. With a 3-mm-long Z-cut Yb:YCOB microchip, 
5.02 W of linearly polarized output (E k X) is generated at 1035,..., 1045 nm with a slope effi
ciency Ц of 79%.

A preliminary power scaling experiment exceeding 8 W of output power confirms the potential 
of Yb:YCOB microchip lasers. However, for the Z-cut crystal, the laser performance at high 
pump levels (Pabs > 15 W) was limited by the thermo-optic effects with the optical-to-optical effi
ciency clamped to ^opt < 64%. Further power scaling of Yb:YCOB microchips is possible when 
using the so-called athermal crystal orientations with a weak, positive and nearly spherical ther
mal lens. This has been recently predicted for oxoborate crystals [24]. For YCOB in particular, 
the athermal directions lie in the X  -  Y plane (X ±  62.6°) providing access to the high-gain 
E k Z  polarization. Yb:YCOB microchips cut along the phase-matching directions in the X  -  Y- 
plane (X ±  46°) for self-frequency doubling are also promising for the development of CW green 
lasers.
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