At the present time diode-pumped solid-state lasers play an important role in industrial applications.  Especially for microdrilling, welding and cutting, high power lasers with good beam quality are needed.  Therefore, it is of major interest to solve problems such as thermal lensing and stress-induced fracture of rods occurring in high power solid-state lasers.  In solid-state lasers, part of the pump power is dissipated as heat, which is removed by external cooling of the active medium.  The resulting temperature gradient from the axis to the surface is responsible for the thermal effects in the active medium [1].  Basically, three optical effects contribute to the thermally induced lens:

(1) The change of the refractive index with temperature, dn/dT (thermal dispersion).

(2) Bending of the end faces due to the thermal expansion (end face effect).

(3) Stress induced birefringence. 

The influences of the thermo-optical effects on the laser performance are:

(i) Limited stability range of the resonator.

(ii) Changing beam properties with varying pump power.

(iii) Reduction of the beam quality, (i.e. increase of 
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 factor) due to phase distortions and the unfavourable ratio between laser rod and 
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 mode diameter.

(iv) The effects of depolarisation and bifocusing (leading to beam quality degradation). 

Point (i) is the most critical issue in high-power lasers; together with (iii) one has either the choice of a narrow stability range with good beam quality or bad beam quality with a large stability range [2], see theory below for more details. 

The complete compensation for the depolarisation has already been achieved [3], [4].  Solutions to compensate for the thermal lens with a convex mirror [5] or with negative lenses ground at the end of the rod [6,7] are optimised for a fixed power but do not extend the stability range.  The effect of the thermally induced lens can be reduced by using longitudinal cooling in a thin-disk shaped active medium but this technique is not suitable for materials with moderate absorption such as Nd: YAG [8], and still suffers from significant optical distortions at high powers [9].

The main problem with the compensation of the thermal lens is to maintain good compensation for the phase front distortions over a wide range of pump power.  Since the thermal lens in the laser rod changes with varying pump power, the compensating lens should adapt itself to these changes.  Recently, a self-adaptive scheme to balance the thermal lenses in laser resonators was presented in ref. [10].  An additional rod with negative temperature dependence of the refractive index is placed inside the resonator.  The heating of this compensating element through weak absorption of the intra-cavity power causes a negative thermal lens.  As the heating is from the laser itself, the lens is self-adaptive and if all the parameters are properly adjusted, it always ideally balances the positive lens in the laser rod.  As a more compact alternative, we here propose composite rods made of a transversally pumped Nd:YAG section sandwiched between two glass rods or vice versa, as shown in the figures 1 and 2.  In this situation the glass sections are heated by heat conduction through the YAG-glass interface and no absorption is required.  Therewith, the positive lens in the Nd:YAG section is balanced with the negative lens in the glass sections. Obviously, for a good compensation the compensating element should have strong negative dn/dT.  Moreover, the compensating element should have nearly the same expansion coefficient as the gain medium to overcome the problem of thermal stresses between the laser material and the compensating element.

For the investigations presented in this report, the finite element (FE) simulation was used to calculate the thermally induced optical path difference (OPD) and these results used to analyse the variation of the dioptric power of the induced thermal lens in the composite Nd:YAG – glass (PK51A) rods. Comparisons for different rod geometries and pump distributions are also presented.
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Fig. 1 shows the first design, which we denoted as YGY. The compensating glass element is sandwiched between two pumped Nd:YAG rods.  Fig. 2 shows the second design denoted as GYG, where the Nd:YAG is sandwiched between two compensating glass elements.  In both designs the Nd:YAG section is pumped transversally.  A large variety of different powers and Nd:YAG-glass geometries have been investigated
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Theory

The thermally induced lenses

In a solid-state laser, at least the energy difference between pump and laser photons is converted to heat.  A given heating distribution causes a corresponding temperature distribution 
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 as determined by the heat conduction equation.  Cooling at the surface and heating in the material will lead to a temperature gradient and therewith to a heat flow.

The optical distortions produced in the laser rod are caused by the nonuniform temperature distributions in the laser. For a homogeneously heated rod of radius 
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 this temperature difference 
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 between the rod surface and the rod centre is given by [1] 
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where 
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 is the thermal conductivity of the rod, and 
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 is the total power converted to heat.  This means, that for this special case the temperature difference between the rod surface and the rod centre does not depend on the radius but only on the heat dissipated per rod length.

The dioptric power from the thermal dispersion contribution is given by [1]:
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The nonuniform temperature distribution also influences the mechanical behaviour of the material.  The thermally induced stress will produce changes of the refractive index due to the elasto-optic variation of the index of refraction.  The contribution to the dioptric power from the elasto-optic lens is given by [1]
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where 
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 is the thermal expansion coefficient of the rod, 
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 is the elasto-optic coefficient and 
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 is the undisturbed refractive index.  The stress-induced lenses of eq. (3) depend on the local polarisation of the beam and lead to the so-called bifocussing effect.  In addition the stress-induced changes of the local refractive index leads to thermally induced depolarisation.

A further contribution to the total thermal lens is caused by the bending of the rod end faces due to its thermal expansion.  The extent of this so-called end-effect is about one rod radius with homogeneously heated rods.  This means that if the un-pumped region at the rod end is wider than one-rod radius, the rod expansion is the same for the whole cross-section.  For homogeneously pumped rods, the dioptric power of the end-effect is given by [1]
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Finally, if the resonator is long compared to the pumped laser rod, the various contributions to the thermal lens can be considered as closely spaced thin lenses and the total dioptric power of the rod is given by the sum of the individual lenses.  Neglecting the comparatively weak dioptric power of the stress-induced lens, the total dioptric power of the rod is 
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Influence of thermal lens on the laser beam properties 
The influences of the thermal lens on the laser beam have already been mentioned in the introduction.  In this section the relation of the power range and beam quality is discussed. 

We start from the results published in the refs. [2, 11-12]: with increasing pump power, the changing focal length of the thermal lens in the gain medium modifies the laser modes and the stability of the resonator.  The resonator will be stable in a certain pump power range of width 
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.  It is shown in ref. [2] that, apart of two exceptions (end-pumped and symmetrical resonators) a laser with a single thermal lens in the cavity has always two such stability ranges of equal width.  Within these two stable zones the radii of the modes at the location of the thermally induced lens vary significantly, being infinite at the edges of the stability ranges and having a minimum 
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 somewhere in between.  In order to attain good beam quality, the Gaussian beam radius in the medium should be as large as possible. A general relation between the minimum of the fundamental mode radius 
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 in the crystal rod and the range of the dioptric power 
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 of the thermal lens for which the resonator is stable is given by ref. [2]: 
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where 
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 is the wavelength of the laser mode.  In general, in a laser with one single thermal lens in the resonator, the radius of the fundamental modes reaches the minimum 
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 twice, once in each of the two equal stable ranges.  However, if the thermal lens is located exactly in the centre between two identical mirrors, the gap between the two ranges of stability disappears [2,11].  The two stable zones merge and form the largest possible range of stability [13], given by
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In a first-order approximation, according to (2), (4) and (5), the dioptric power of the total thermal lens can be expressed in the form
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where 
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 is the effective radius of the pumped region and 
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 is a constant, which we call the specific dioptric power 
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.  This specific dioptric power depends on the cooling method and on the material of the laser crystal.  With eq. (8) the two ranges 
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and inserting eq. (7), 
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 is found to be
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Supposing that all transverse modes will oscillate whose beam radii are smaller then the radius of the pumped region, the beam propagation factor 
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 can, to a good approximation, be calculated with (see the appendix)


[image: image36.wmf]2

1

2

1

2

min

2

+

÷

÷

ø

ö

ç

ç

è

æ

×

=

w

w

M

p

.                                                                                      (11)

By inserting eq. (10) into eq. (11) the beam quality factor can be expressed in the form
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The eq. (12) tells us that a large range of the pump power and a good beam quality cannot be achieved simultaneously without further measures.  In order to attain a large stability range with good beam quality the value of the total specific dioptric power 
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 should be reduced.  This can be achieved by efficient compensation of the thermal lenses and this is the goal of the present work.  In both suggested composite rod designs, we will try to obtain a minimum value of the total
[image: image39.wmf]*

D

 of composite rods.  

Processing of FE-code information

The composite rods under investigation in the present work cannot be modelled with the simple analytical method discussed in the previous section.  Due to the more complex structure of the composite rods under consideration and in order to get more detailed information about the thermal effects in these elements the numerical finite-element code SESES [14] was used.  In the first step SESES solves the three dimensional heat conduction equation (Poisson equation) in a laser rod containing a time independent heat source 
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The boundary conditions to solve the equation (13) are given by Newton’s law of heat transfer
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where 
[image: image44.wmf]c

T

 is the coolant temperature which is assumed to be constant, 
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 is the local

temperature on the rod surface 
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 is the local normal to that surface and 
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 is the heat transfer coefficient [17].  

The finite element simulation program SESES [14] calculates the temperature distribution 
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 and based on it the local displacement and the stresses in the crystal and the effect of the refractive index.

The optical path difference inside the laser rod

The optical path difference (OPD) is given by the phase shift suffered by the propagating light through the laser rod as compared to an undisturbed medium.  Due to the inhomogeneous temperature distribution, the OPD is a function of the transverse coordinates 
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 and 
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 (see fig. 3).  Following the references [18,19], the OPD for a beam passing in the z-direction (fig. 3) through a crystal of length 
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where the integral term containing the thermal dispersion (n/(T describes the contribution of the thermal part, i.e. the integrated refractive index change along a beam path parallel to the rod axis.  The term containing 
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 describes the end effect, i.e. the axial elongation of the crystal at the transverse point 
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is the undisturbed refractive index of the crystal.  In order to find the dioptric power 

of the equivalent lens, the calculated 
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where
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 is the distance to the rod axis and 
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the optical path difference at 
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Figure 3 shows cylindrical coordinates of a laser rod.
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Figure 2 Sketch of the design GYG.  LY is the length of the Nd:YAG crystal, LG is the length of the glass section and d is the diameter of the composite rod.
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Figure 1 Sketch of the design YGY.  LY is the length of the Nd:YAG crystal, LG is the length of glass and d is the diameter of composite rod.
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