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Abstract. The influence of displacement of the pump source with respect to the crystal
center on the thermal behavior of the laser crystal is studied analytically. We consider
the pump energy to be deposited into the pump region which has been slightly displaced
with respect to the crystal center. An analytical expression for temperature distribution
for such off-central diode-pumped laser is investigated. The results are then applied to the
Nd: YAG and Nd: YVOq laser crystals and compared with the conventional diode-pumped
lasers. We showed that in this special case, the temperature distribution equation in the
off-central pumping convert to the conventional central pump scheme.
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1. Introduction

Diode-pumped solid-state lasers have many advantages and have now replaced other
traditional flash-lamped-pumped lasers. End-pumped solid-state lasers can operate
with high efficiency (>50%), high output power, good spatial beam profile, and good
stability. This form of pumping allows the diode pump energy to be deposited into
the central region of the rod [1-8].

End-pumping has more advantages with respect to side pumping, but thermal
effects will appear more in the end-pumped configuration specially in high power
regime. The thermal effects influence the optical behavior of the laser crystal.
Therefore, the usual way of neglecting thermal effects can no longer be justified. All
previous works for deriving the analytical expression for temperature distribution
in high power regime diode-pumped lasers was based on the concentric of the pump
region and crystal surface [9-12].

In this paper we consider the heat to be deposited in the pump region which has
been displaced with respect to the crystal center. The heat equation was solved
analytically and temperature distribution has been derived. The expressions are
applied to Nd: YAG and Nd:YVO, laser crystals.
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Figure 1. O is the center of the pump region and coordinate axis, C' is the
center of the crystal.

2. The analytical model

In our model we consider a laser crystal of radius b and length L. Heat is deposited
in the pump region with radius a. The center of the pump region has been displaced
by ¢ with respect to the center of the crystal, C. For derivation and then solving
the heat conducting equation, we consider the center of the coordinate, O, on the
center of the pump region (figure 1).

In the cylindrical coordinate the heat conduction equation in the pump and
unpump regions can be written as
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where T1(r, ) and Ta(r, ¢) are temperature distributions in the pump region and
outside respectively, @ is the heat power density and K is the thermal conductivity
of the medium. R(y) is the boundary equation of the surface of the crystal with
respect to O and is

2
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The solution of eqs (1) and (2) can be written as [13]
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for the pumped region and
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for the outside region. We consider the case in which the displacement of the pump
center with respect to crystal center is small, and so in our calculation we neglect
the terms of 0% and higher orders. So we have
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Equations (6) and (7) describe the analytic function of temperature distribution in
the pump region and outside respectively.

3. Boundary conditions

The temperature at the center is finite. So, C1 2 = D12 = By = 0. By considering
Ag =Ty, eq. (6) will be
T1(r, @) = [Ay sin(g) + By cos(ng)|rd + [As sin(2¢) + By cos(2¢)]r252
Q

—ET2 +TO (8)

By using the continuity of the temperature and derivatives at the boundary [4],
means

T1|7‘:a = T2‘r:a7 6T‘1|r:a = ﬁT‘Z‘r:aa (9)
and using the Newtonian boundary conditions [4] as

_KﬁTl : ﬁ|r=R = H(Tc - Tout)|r=Ra (10)
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and by using the following approximation relations
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and
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after some calculations, we find the following relations for the coefficients:
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So by inserting the coefficients which we obtained in eq. (13), into eqs (6) and (7)
we have
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Figure 2. Temperature distribution in Figure 3. Temperature distribution in
Nd: YAG crystal for 1 mm pump radius, Nd:YVOy crystal for 1 mm pump radius,

5 mm crystal radius and § = 0.5 mm. 5 mm crystal radius and § = 0.5 mm.
Ta(r,p) = s (HbK) r cos(p) + 82 Qa”
22K \ Hb+ K ABK
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4. Results

In this section we used the expressions (14) and (15) for typical Nd: YAG and
Nd:YVOy, laser crystals. The following parameters are used for calculations. The
length of the crystal L = 1 cm. The ambient temperature 7, = 300 K. The
heat transfer coefficient is considered as h = 0.1 W cm~2 K~!. Typically we take
Nd:YAG and Nd:YVO, laser crystals with the thermal conductivity K = 0.13
W em™! K7! and K = 0.052 W ecm~! K~! respectively. Figure 2 shows the
temperature distribution in the Nd: YAG crystal for ¢ = 1 mm pump radius and
b = 5 mm crystal radius. In this figure we consider § = 0.5 mm. As shown, the
effect of off-central pumping is more pronounced near the surface of the crystal.
Figure 3 shows the same graph for Nd: YVOy, laser crystal.

Figures 4 and 5 show the temperature distribution on the surface of the crystal
mean at r = b for Nd: YAG and Nd: YVOy laser crystals. As we can see from these
figures, the temperature on the surface of the crystal is maximum at ¢ = 7 and the
variations of temperature with respect to ¢ are more pronounced with increasing
0. The maximum temperature difference on the surface of Nd:YVOy, crystal is
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Figure 4. Temperature of the surface vs. Figure 5. Temperature of the surface vs.
o for Nd: YAG crystal for 1 mm pump ra- ¢ for Nd:YVOy crystal for 1 mm pump

dius, 5 mm crystal radius for 6 = 0.5 mm radius, 5 mm crystal radius for 6 = 0.5
(solid) and ¢ = 1 mm (points). mm (solid) and 6 = 1 mm (points).
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Figure 6. The average temperature of Figure 7. The average temperature of
the crystal for 187 W pump power for the crystal for 187 W pump power for
Nd: YAG laser crystal. Nd:YVOy laser crystal.

noticeable while it can be neglected for Nd: YAG crystal. So, for Nd: YAG with
higher thermal conductivity, the influence of off-central pumping will be more.
Figures 6 and 7 show the average temperature of the crystal vs. §. As we can
see from these figures, the average temperature increases with respect to §. The
average temperature varies from 469.88 to 471.2 K when § varies from zero to 1
mm for YAG, while this variation is from 510.24 to 510.38 K for vanadate. So for
vanadate with poor thermal conductivity the average temperature is greater and
the variation with respect to § is less than YAG. An important result of these figures
is the small variation of average temperature with respect to ¢ for both crystals.
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By considering the approximations that have been used in our calculation, we can
remove the off-central pumping effect in a special case. An important result from
eqs (6) and (7) is that for K = bH the temperature distribution is independent of
0 and will be

Qa*[ (b K 11 Q

Tl(T’) = TC + ﬁ |:11’l <a) + m + 2:| - E"g; (16)
Qa? b K 10Q r

TQ(T) = Tc + ﬁ |:1I1 (a) + Z;Ib:| - §?a2 In (5) . (17)

So for such condition, the effect of off-central pumping can be removed.

5. Discussions

In this paper the effect of off-central pumping on the temperature distribution of
laser crystal has been investigated analytically. Firstly we consider that the center
of pump region has been displaced by d with respect to the crystal center. The effect
of displacement appears in the azimuthal dependence of temperature distribution.
We show that this effect is more pronounced near the surface of the rod and average
temperature of the crystal will be greater rather than concentric pumping. So it is
necessary to have a heavy coolant in such pumping scheme. In spite of dependency
of temperature with respect to ¢, we show that in a special case for which K = bH,
the temperature distributions in the crystal are the same as in concentric pumping.
It shows that we can remove the azimuthal dependence of temperature in off-central
pumping by considering such conditions.
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