
Abstract. Thermooptic distortions of the active element of an
axially diode-pumped Nd : YVO4 solid-state laser are studied
at different methods of its mounting. The study was perfor-
med by the Hartmann method. A mathematical model for
calculating the optical power of a thermal lens produced in
the crystal upon pumping is developed and veriéed exper-
imentally. It is shown that the optical power of a thermal lens
produced upon axial pumping of the convectively cooled
active element sealed off in a copper heat sink is half the
optical power observed upon convective cooling of the active
element without heat sink. The experimental and theoretical
results are in good agreement.
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1. Introduction

The active elements of solid-state lasers are heated during
laser operation due to conversion of a part of absorbed
pump energy to heat [1, 2]. At present one of the most
popular active elements of compact lasers is a Nd : YVO4

crystal. Because of a low heat conductivity of this crystal,
cw pumping produces a large temperature gradient in its
cross section perpendicular to the pumping direction,
resulting in the appearance of large temperature stresses
in the crystal. The stresses change the position of the system
of optical axes and the principal values of the refractive
index. The optical properties of the crystal change both due
to the temperature variation in the refractive index (dn=dT)
and the dependence of the refractive index on thermal
stresses (dn=dsx;y).

Thermal distortions produce a thermal lens and induced
birefringence. In addition, thermal deformations of the ele-
ment surface appear in the pump region, which lead to the
distortion of the wave front of radiation, excitation of high-
order angular oscillations, and the increase in the diver-
gence, and also affect the polarisation characteristics of laser
radiation. Thermal stresses can result in the crystal damage
[1]. Thus, the heating of the active element strongly affects

the properties of laser radiation and is one of the factors
determining laser operation.

Diode pumping provides an increase in the lasing
eféciency but it does not eliminate the problem of ther-
mooptic inêuence of pumping on the parameters of laser
radiation. Upon diode-end pumping, the beam cross section
in the active element is a few hundreds of micrometers for a
typical average power of several watts. Because the energy
density in the beam waist is high, a thermal lens is produced
in the crystal, which is comparable with thermooptic
distortions produced in active elements upon êashlamp
pumping.

In this paper, we present the results of theoretical and
experimental studies of a thermal lens in the Nd : YVO4

active element in the form of a 3 mm� 3 mm� 1 mm plate
éxed by two different methods: by two end faces, which
makes the cooling conditions close to convective ones
(Fig. 1), and inside copper plates through an indium layer
covering the entire surface of the crystal (except its central
part of diameter 1.2 mm), which improves the cooling
conditions (Fig. 2).

2. Theoretical model

The problem of heating the active element by pump
radiation is reduced in the general case to the solution
of the heat conduction equation describing the spatiotem-
poral variation of temperature in the active medium. The
differential heat conduction equation for isotropic bodies
has the form [1, 3]
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Figure 1. Mounting of the Nd : YVO4 active element providing con-
vective cooling of the crystal without a heat sink.
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where T (x, y, z, t) is the spatiotemporal temperature dis-
tribution; Q (x, y, z, t) is the thermal êow, which is a part of
the pump power; c (T ) is the speciéc heat; rm(T ) is the
material density; and K (T ) is the heat conductivity.
Consider the solution of equation (1) under the following
conditions:

(i) The time interval between the current instant of time
and the pumping onset is suféciently large, i.e., the initial
conditions have no effect on the temperature distribution in
a medium;

(ii) the heat conduction and speciéc heat, as well as
density are independent of temperature: K (T ) � K � const,
c (T ) � c � const, rm(T ) � r � const.

We will solve the heat conduction equation by using
several simpliécations:

(i) Due to the smallness of the cross section of the pump
region (0.3 ë 0.5 mm) (with respect to the transverse size of
the crystal), we can use cylindrical coordinates in Eqn (1) in
which the reduced radius of the crystal is r0 � (x 2

0 � y 2
0 )

1=2

[where 2x0 and 2y0 are crystal dimensions in the Cartesian
coordinates (Figs 1 and 2)].

(ii) The pump region in the active medium is close to
cylindrical.

(iii) The Nd : YVO4 active element is isotropic in the
heat conduction K. We assume that K � 5:23 W mÿ1Kÿ1

[4 ë 6].
After passing to the cylindrical coordinates, Eqn (1)

takes the form [2]
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We will consider the stationary temperature distribution in
the active element by representing a thermal êow in the
form of the reduced Gaussian spatial function [4, 5]

Q�r; z� � Pabs p�r; z�
ap0

1ÿ exp�ÿap0L�
exp�ÿap0L�, (3)
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�
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where ap0 is the absorption coefécient of the medium at the
pump wavelength; Pabs � Pp�1ÿ exp (ÿ ap0L)� is the absor-
bed pump power; Pp is pump radiation power; L is the
crystal length; wp(z) is the transverse size of the pump
region in the active medium, which in our case is
determined by the expression [5, 6]
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�
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�
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� w 2

p0 , (5)

where wp0 is the minimal radius of the pump region in the
active element; lp is the pump wavelength; n0 is the
refractive index of the active medium; and M 2 is the quality
parameter of pump radiation [7].

The solution of the differential heat conduction equation
(2) was obtained for the following boundary conditions:

(i) Convective cooling of the active element (Fig. 1). In
this case, the interaction between the crystal surface and
environment can be written in the form of the boundary
condition of the third kind

ÿ qT�r; z�
qr

����
r�r0
� h

K
�T�r0; z� ÿ Tm�, (6)

where Tm is the environment temperature and h is the
coefécient of heat exchange with the environment.

(ii) Convective cooling of the active element with a copper
heat sink (Fig. 2). Because the crystal ë heat sink system has
a perfect thermal contact in this case, the temperatures of
the crystal contact and heat sink are equal:

Tcr�r; z�jr�r0 � TCu�r; z�jr�r0 , (7)

and the speciéc thermal êows at each point are also equal
(in the absence of heat release at these points) [8]:
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�����
r�r0

, (8)

where Tcr(r, z) and TCu(r, z) are the temperatures of the
crystal and copper heat sink on the contact surface,
respectively; and KCu is the heat conduction of copper.

The solution of the heat conduction equation in the érst
case has the form
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Pabs
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where E1(2r
2
0 =w

2
p0) [9] is the second order of smallness,

which can be neglected. Then, we obtain

DT1�r; z� �
Pabs

4pK
ap0 exp�ÿap0z�
1ÿ exp�ÿap0L�

�
�
2 exp

�
ÿ 2r 20
w 2

p0

�
ln

�
r0
r

�
ÿ E1

�
2r 2

w 2
p0

��
. (9)

The solution of the differential equation in the second case
has the form
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Figure 2. Mounting of the Nd : YVO4 active element providing con-
vective cooling of the crystal ë heat sink system.
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where rb is the radius of the copper heat sink. By excluding
the functions of the second order of smallness E1(2r

2
0 =w

2
p0)

and E1(2r
2
b=w

2
p0), we obtain
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The term E1(2r
2=w 2

p0) in (9) and (10) can be represented in
the form of a quadratic power series in r and written as
2r 2=w 2

p0 [9]. In this case, Eqns (9) and (10) can be written in
the form
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The reduced focal distance f of a thermal lens produced
in the active medium upon pumping depends on the phase
shift DF of a wave in the crystal and is described by the
expression [3]

f � kr 2

2DF
, (13)

where k is the wave number. The total phase shift DF
depending on the refractive index n, which in turn depends
on the gradient dn=dT produced upon pumping, is
described by the equation

DF �
� L

0

kDn�r; z�dz, (14)

where Dn (r, z) � DT (r, z)(dn=dT ). The average distribu-
tion of the temperature éeld over the crystal cross section
can be found by the root-mean-square approximation of
the temperature éeld distribution DT (r, z) by a parabola
over the entire cross section of the active element [1]. In the
érst approximation, we can rest ourselves to the local
component of the curvature of the temperature éeld at the
central point.

Therefore, the reduced focal distance of the thermal lens
produced in the crystal upon pumping is described by the
equation

f � r 2

2
� L
0 DT�r; z��dn=dT �dz

. (15)

By substituting (11) and (12) into (15), we obtain the
dependences of the reduced focal distance of the thermal
lens for the two methods of crystal mounting shown in
Figs 1 and 2, respectively:

f �Pp� �
pKw 2

p0

Pp�1ÿ exp�ÿap0L���dn=dT �
, (16)
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. (17)

We will calculate the focal distance of a thermal lens
produced in the active element by using the parameters of a
Nd : YVO4 crystal presented in [10]: K � 5:23 W mÿ1 Kÿ1,
ap0 � 19:3 cmÿ1, Pp � 0:5ÿ 2:5 W; wp0 � 0:2� 10ÿ3 m,
dn=dT � 3� 10ÿ6 Kÿ1, x0 � y0 � 1:5 � 10ÿ3 m, 2rb � 24�
10ÿ3 m.

The dependences of the focal distance of the thermal lens
on the pump power calculated for the two cases of active
element mounting are presented in Fig. 3 (solid curves). One
can see that upon convective cooling the crystal with the
heat sink, the optical power of the thermal lens is half that
upon convective cooling without the heat sink.

3. Experimental results

Thermooptic distortions were studied on the experimental
setup shown in Fig. 4 by the Hartmann method [11, 12].
The setup contains an ATC-2550 laser diode with a
focusing optics, its LDD-9A power supply, a Nd : YVO4

active element under study, a collimating objective, a set of
IKS1, 5, 6 and NS1, 8 optical élters, a Hartmann
diaphragm, an LCL 902HS video camera with a power
supply, and a PC. The 808-nm laser diode was used both
for pumping and as a reference radiation source. The
Nd : YVO active element was placed in the pump-beam
waist. The Hartmann diaphragm represented a set of holes
located in the nodes of the éfth-order hexagonal grid. The
diameter of holes was 0.2 mm and the hexagonal grid
diameter was 3.5 mm. The diaphragm was placed at the
distance d � 15:8 mm from the video camera at the exit
pupil of the optical system.

Measurements were performed in the following way. For
each value of the pump radiation power, the video camera
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Figure 3. Theoretical (curves) and experimental (points) dependences of
the focal distance of the thermal lens on the pump power for two
different mounting (cooling) methods.
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recorded two images of the Hartmann diaphragm (Fig. 4):
one for the laser diode wavelength corresponding to the
maximum of absorption of the pump radiation in the active
element, and the other for the radiation wavelength corre-
sponding to the absorption minimum. The radiation
wavelength of the laser diode was temperature tunable.
A preliminary calibration showed that the shape of the wave
front of laser diode radiation was almost independent of the
diode temperature. The root-mean-square variations in this
shape in the absence of the active element did not exceed
3% upon the change in temperature by 15 8C.

Then, we determined the coordinates of the `centres of
gravity' of light spots on the images of the Hartmann
diaphragm and the displacements of the `centres of gravity'
of the wave front distorted by the thermal lens (correspond-
ing to the absorption maximum for pump radiation) with
respect to the reference wave front (corresponding to the
absorption minimum). The local slopes of the wave front
calculated from the displacements of the `centres of gravity'
of light spots were used to reconstruct the wave-front shape
described by the weight coefécients of the expansion in the
érst ten Zernicke polynomials. The reduced focal distance
was determined from the radius of curvature of the reference
sphere closest to the reconstructed wave front, which was
calculated by the method of least squares.

The experimental values of the focal distance of the
thermal lens obtained at different pump powers are shown
by points in Fig. 3. One can see that the experimental data
and theoretical curves are in good agreement.

Because the Hartmann method allows one to reconstruct
the wave-front shape almost completely, we studied exper-
imentally higher-order aberrations, which substantially
affect the diffraction-limited divergence of the output
radiation of a solid-state laser. The quality of the induced
thermal lens was numerically estimated by calculating the
root-mean-square deviation of the wave front distorted by
the thermal lens from the reference wave front obtained for
a minimal thermal lens in the crystal.

The experimental dependences of root-mean-square
deviations (in units of the laser wavelength) on the pump
power are presented in Fig. 5. One can see that for the pump
power above 1.7 W, the root-mean-square deviations of the
wave front from the reference wave front in the case of
convective cooling the crystal without the heat sink are twice
as large as those upon convective cooling the crystal with the
copper heat sink.

4. Conclusions

Our study of thermooptic distortions in the Nd : YVO4

active element at two different methods of its mounting
providing two types of its cooling have shown that the
mounting of the crystal inside a convectively cooled copper
heat sink reduces the optical power of the induced thermal
lens by half. In this case, not only the increase in the focal
distance of the thermal lens is observed but also the fraction
of higher-order aberrations decreases. Therefore, by cooling
convectively the active element ë copper heat sink system,
one can expect an increase in the lasing eféciency and an
improvement in the output radiation quality compared to
the convective cooling of the crystal without the heat sink,
all other factors being the same.
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