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CALCULATION OF TEMPERATURE DISTRIBUTION
AND THERMO-OPTICAL EFFECTS IN DOUBLE-END-PUMPED
SLAB LASER

P. Elahi and S. Morshedi UDC 536.24

The temperature distribution and thermo-optical effects in a double-end-pumped slab laser are investigated
analytically. The theoretical model is given by considering heat generation on both sides of an active medium
due to pumping. With account for the pump beam divergence and the heat load, the heat conduction equation
is solved, and the temperature distribution and thermal effects, such as thermal lensing and thermal stress,
are obtained. The results are applied to a typical Nd:YVOy laser crystal slab and discussed.
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Introduction. Diode end-pumped solid-state lasers have received considerable attention due to their high effi-
ciency, compact arrangement, and good beam quality. Their outstanding properties lead to wide applications, from in-
dustrial to medical ones. The thermal effects, such as thermal lensing and thermal stress, can influence the performance
and quality of these lasers, especially in a high power regime [1, 2]. These effects arising from pump heat loading in-
fluence the optical behavior of the laser and, consequently, beam quality. In a high power regime, these thermal effects
can influence the resonator stability position on the plane of the stability curve and cannot be neglected in designing
laser resonators. Reducing and compensating the thermal effects are of significance in the high power laser regime.
Many ways have been proposed to attain this goal. Among them, using composite crystals [3], designing resonators of
variable configuration [4, 5], and double-end-pumping scheme [6] are the best known. Rectangular crystals of special
slab shape show great potential for thermal effect reduction. A large coolant surface [7-9] allows them to remove
more heat than using crystals of other shapes.

In this paper, the temperature distribution and thermal effects, such as thermal lensing, thermal induced stress,
and stress induced change in the refractive index, for the double-end-pumped slab are investigated analytically. Explicit
relations are obtained to calculate the mentioned effects, and a typical Nd:YVO, laser crystal is used to demonstrate
the results. The results are compared with those for a single-end-pumped configuration.

Temperature Distribution. The geometry of the double-end-pumped slab crystal is shown in Fig. 1. The
crystal of dimensions @ X ¢ X L (¢ < L and ¢ < a) is pumped from two end faces (z = 0, z = L) by two multi-bar
diode stacks. The optical axis of the crystal is directed along the z direction and the direction of the output laser beam
is the same as that of the pump beam.

The general steady-state heat conduction equation for an isotropic medium in the Cartesian coordinate system is

T2 T2, I T(r.2) Q0. ()
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where Q(x,y, z) is the heat generation per unit volume. The pump beam can be assumed to be of an inhomogeneous
intensity with the Gaussian profile along the y axis and of homogenous one along the x direction. Considering the
propagation along the z axis, we write the heat power density as
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Fig. 1. Schematic diagram of the double-end-pumped slab crystal and pump
region.
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where the left and right heat power densities can be calculated in the following way:
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In the above equations the heat generation efficiency is expressed as M =1 —Xp/Klaser, and the left and right pump
spot sizes can be written as

Mz | M, (L-2)]
W, (2) = @y 1+—p2—Z , W, () = o, 1+—¥ , 4)

where M? is the measure of deviation from the Gaussian beam.

Analytical Solution. Because of the strong cooling system at y = *¢/2, the cooling coefficient in the y direc-
tion is much higher than those in other directions. Then we can assume that the heat flow is directed only along the
y axis. Therefore, the general heat conduction equation (1) can be simplified to a one-dimension case:

2
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The following boundary conditions are used for the temperature:
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Fig. 2. Temperature distributions in the double-end-pumped slab with P; =
3 W, P, =7 W along the z (a) and y (b) axes.

which implies the existence of a temperature maximum at the center;

Ty |yp2=Ts, N

oT,
-3

y=b/2 y=b/2

i.e., conditions indicating that the temperature and its derivative are continuous on the region boundary;
Ty lyeern="Tc»

which is evidence that the constant surface temperature is equal to the coolant temperature. Under the above
boundary conditions, the following solutions are obtained for the temperature distribution in the pumped region
and outside:
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Fig. 4. Temperature distributions in the single-end-pumped slab with P; = 10
W along the z (a) and y (b) axes.
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Fig. 5. Isotherms for the double-end-pumped slab with Py =3 W, P, =7 W
(@) and Pj= = P, =5 W (b).

Results and Discussion. The obtained results have been illustrated by the example of a vanadate crystal.
Here, we considered a Nd:YVO, slab with L = 10 mm, ¢ = 3 mm, a = 10 mm, and b = 1.5 mm which was pumped
from both sides by diode lasers with a wavelength of 806 nm. At first, we considered the case with P; =3 W and P,
= 7 W. The minimum spot size was ®, = 0.75 mm. Figure 2 shows the 2D graphs of the temperature distributions
along the z axis for two values of y and along the y axis for three values of z. As seen from the figure, the maximum
temperature rise is about 304 and 302 K at the center of the right and left faces, respectively.

In Fig. 3, the temperature distributions in the slab are plotted versus z and y for equal pump powers P, = P,
=5 W. As shown in this figure, the maximum temperature is about 303 K, which is less than that in the previous
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Fig. 6. Isotherms for the single-end-pumped slab with P =5 W.

An T *«  An
0.00262} a .
s/ 000261
0.00261 -
0.00260} T ¥=0 s/ 0.00260
o y=>bP2 ¥ ' '
0.00259}
-/ 0.00259
00028\ "re,,, e
0.00257 b O il . coo02s8k . .o, e
0 2 4 6 8 z,mm 0 0.4 0.8 1.2 y,mm

Fig. 7. Change in the refractive index of the double-end-pumped slab with P;
=3 W, P. =7 W along the z (a) and y (b) axes.
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Fig. 8. Change in the refractive index of the single-end-pumped slab with P} =
10 W along the z (a) and y (b) axes.

configuration. Figure 4 gives the temperature distributions for the single-pumped configuration with P} = 10 W from
whence the temperature increase relative to the double pumping can be seen. Figures 5 and 6 present isotherms for the
double-end-pumped slab with different (Fig. 5a) and equal (Fig. 5b) pumping as well as for single-end-pumped one
(Fig. 6).

Thermal Effects Analysis. Thermal Lensing. The important influence of the inhomogenous temperature distri-
bution is the thermal lensing which generally signifies a variation of the refractive index with temperature. The tem-
perature-dependent change in the refractive index can be expressed according to [10] as
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For the Nd:YVOy slab laser, variations of the refractive index for a sample along both the z and y directions in the
double- and single-end-pumped slabs are shown in Figs. 7 and 8, respectively.

Thermal Stress. In the absence of the thermal loading, the slab is assumed to be stress-free, so that it is not
exposed to external forces. The induced thermal stress distributions are generated by the temperature gradients. As dis-
cussed in [11], it can be shown that the stress components can be found from

_ (0 +vo) ET (3. 2)

- - , ©)
v -1
o - (vou, +o,) ET (y, 2) (10)
= V-1 ’

where E = 1.33-10', v = 0.33, o = 11.37-10° K, o) = 443-10° K™'. As shown in [7], G, = O everywhere. The
induced thermal stress distributions along the z direction for the double- and single-end-pumped slabs are shown in
Fig. 9. We presented the figures only for G,,(z), but the dependences G,,(z) are the same, differing only by lower ab-
solute values. It is seen that the stress for the single pumping is greater. Thus, the double pumped configurations are
more stress-safe.

The stress-dependent variation of the refractive index can be calculated [11] as
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where for the Nd:YVOy crystal B| = —22107"%, B] = 0.42:107"2. The stress induced variations of the refractive index
An,, along the z axis for both double- and single-end-pump are shown in Fig. 10. The omitted dependences for An,,
are characterized by analogous behavior with higher absolute values.

Conclusions. The temperature distribution and thermo-optical effects of the actual high-power double-end-
pumped Nd:YVO, laser slab have been studied. The analytical results for such a typical slab have been compared with
those for the single-end-pumped configuration. The double-end-pumped slab laser with equal pump powers at both
faces is shown to have a lower temperature and, consequently, lesser thermo-optical effects as compared to other
pumping. Thus, a high power regime with an equal-end-pumped configuration is suggested.

NOTATION

a, ¢, L, crystal dimensions, m; b, pump region size, m; By, B, stress optical tensor components, Paﬁl; E,
Young’s modulus, Pa; I, input power intensity, W/mz; k, thermal conductivity, W/(mz»K); M2, measure of devia-
tion from the Gaussian beam; n, refractive index of crystal at pump wavelength; P, input power, W; O, heat
power density, W/m3; T, temperature, K; T, coolant temperature, K; 7| and T,, temperatures in the pumped region
and outside, respectively, K; x, y, z, coordinates, m; o, absorption coefficient, m_l; o/, thermal expansion coefficient,
Kil; 1, quantum efficiency; A, wavelength, nm; v, Poisson ratio; G, stress, Pa; ®, pump spot size, m; @, beam waist
size, m. Indices: c, coolant; 1, left; p, pumping; r, right.
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