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Thermally induced GRIN effects 
in cw diode-end pumped lasers
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Poland.

The influence of thermally induced GRIN effects on the output characteristics of cw diode-end 
pumped lasers was investigated theoretically and experimentally. Several configurations of cavity 
and pump geometry were examined. The changes of the Rayleigh range, waist size and divergence 
were observed with the changes of pump power. Satisfactory agreement between theoretical 
predictions and experimental results was demonstrated. A thermally aberrated Bessel-like beam 
was observed for high intensities of a pump.

1. Introduction

Despite significantly lower heat load in diode pumped active medium in comparison 
to lamp pumped one, thermally induced gradients of refractive index (T-GRIN’s) 
play a fundamental role in laser radiation forming in this case [1] —[5]. Depending 
on the spectrum of diode, active medium properties and cavity parameters, 30% — 
70% of incident pump power changes into heat [2]. The heat source distribution 
proportional to pump intensity distribution depends on pumping scheme, diode 
beam forming optics, absorption properties of active medium and boundary 
conditions (heat contacts). The gradients of the real part [3], [4] (caused by heat 
diffusion) as well as the imaginary part [3], [5] (caused by gain distribution) of the 
refractive index affect output parameters of several diode pumped lasers, from 
microlasers [4] to high power lasers.

The scope of interest of this paper is focused on low and medium power end 
pumped solid state lasers. In this case, analytical formulae on temperature dis­
tributions are known [6], [7]. The transverse temperature gradients have Gaus- 
sian-like shape, whereas longitudinal ones have exponential decay line shape. The 
thermally induced refractive power of active medium is proportional to the incident 
pump power in the first order approximation. Thermal lensing determined the 
Rayleigh range of cavity and the fundamental mode parameters. The ratio of pump 
caustic size to fundamental mode size has a strong influence on the threshold and 
efficiency of generation. Further, in the same way, divergence and beam quality 
depend on these parameters. The second order effects are thermally induced 
aberrations observed for higher pump intensities [8], [9]. Moreover, in the case of 
asymmetry of cavity or pump parameters the elliptical beam can be generated [10], 
[11]. All above effects were observed in our practice of diode pumped lasers and the 
most interesting effects were examined in detail in the following chapters.
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2. Thermal leasing calculations

To calculate refractive power of thermal lensing, temperature distribution in the 
active medium should be determined. Assuming Gaussian-like heat source dis­
tribution, the temperature distribution in active medium can be determined in 
analytical form [7]. Knowing thermal dispersion dn/dT  of active medium, we can 
calculate the refractive index changes and resulting thermally aberrated wavefront as 
well as thermal lensing refractive power. In the first order approximation, neglecting 
non-parabolic components of aberrated wavefront, the refractive power of thermal 
lens PT is proportional to pump power Pp as follows:

Pr = P P ,  (!)

where p denotes the thermal sensitivity factor given by

P
1 dn 

kAp dT
f(D e,le,A p,..·) (2)

where k denotes the thermal conductivity of the active medium, Ap denotes the 
averaged pump area, f(De, lc, Apt...) denotes complicated function of a diameter Dc 
and length lc of the active medium, pump shape and size, etc. Let us consider 
thermo-optical parameters of three typical laser crystals (Tab. 1).

T a b le  1. Thermo-optical parameters of three laser crystals

NdrYAG Nd:YVO* Nd:YLF

Thermal conductivity 13 5 2 3 1| c 7.2 ||c
k [W /m/K] 5.101c 5.81c

Thermal expansion coefficient 6.96 11371c 8 II c
a [1 0 '6/K ] 4.431c 131c

Thermal dispersion 7.3 3.0 ||c - 4 .3  «c
dn/dT [10"6/K ] 83 ||c -2 .0 1 c

Refractive index n 1.82 2.16 ||c 1.47 ||c
for X — 1.06 pm 1.951c 1.451c

From the thermal lensing viewpoint the worst of the above three is Nd:YV04. 
However, this crystal has other properties advantageous in the case of low and 
medium power or pulse Q-switched applications. We intended to compare 
Nd:YV04 laser thermal lensing properties to those of the Nd:YAG laser for several 
cavity parameters.

We calculated the temperature distributions for three types of lasers (two for 
Nd:YAG, one for NdiYVOJ, which were examined in experiments (see Figs, la  and 
b). The resulting temperature increase for three pump levels, assuming the circular 
pump size with diameter of 250 pm, is presented in Tab. 2.

In all three cases, the crystal length was sufficient to absorb more than 95% of 
incident pump power. It was found that the ratio of crystal to pump diameter
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Fig. 1. Temperature distributions in the rear facet of active medium for two Nd:YAG (a) and for 
N d:Y V 04 (b) crystals and three pump powers

T a b le  2. Temperature increase for three values of pump power and crystals with different parameters

AT\_ K]

Pump power Nd:YAG, =  3 mm Nd:YAG, #  =  7 mm N d:Y V 04, =  5 mm

1 W 4.36 3.96 18.81
2 W 9.13 11.92 37.63
3 W 13.69 17.88 36.44
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does not considerably affect the temperature difference in our cases. The significantly 
stronger influence of thermal conductivity results in about three times stronger 
thermal sensitivity of Nd:YV04 in comparison to Nd:YAG. Thus, we decided to 
measure the thermal refractive power for these two crystals in order to experimental­
ly determine the thermal sensitivity factor and compare it with the theory.

3. Thermal leasing measurements

To determine thermal lensing we measured the parameters of output beam (see, e.g., 
[12]) generated in a cavity consisting of the given active medium with a mirror 
deposited on it and a flat output coupler located at a distance of 110 mm from the 
rear mirror of the cavity (see Fig. 2).

L D O  A M  O C  L  f  z

Fig. 2. Scheme of the experimental set LD — laser diode LDT270004, LDO — laser diode optics, AM
— active medium which is T-GRIN lens, OC — output coupler, L — lens, CCD — CCD camera, LBA
— laser beam analyser

In the case of a flat-flat cavity with a lens of refractive power PT located on the 
rear mirror, the ABCD round trip matrix is given by

VA B] =  r i - 2 P r 2 L ,( l-L rPr)l
[C D \ l - 2 P T 1 — 2PT J ’ K ’

Applying the formula of the Rayleigh range ZR for the given ABCD matrix of 
a resonator (see, e.g., [13]) after a few manipulations we obtain

z„ = jL , ( l /P T- L r). (4)

Let us notice that the upper stability limit of a resonator is determined by 
a thermal lens of the focal length P f 1 equal to the cavity length LR. To determine P r 
one should know the Rayleigh range of a laser and its cavity length. From Eq. (4) we 
derived the following formula on the thermal refractive power:

PT —Zi + L»r (5)

Formulae (4) and (5) were used to compare the results of experiments with 
theoretical calculations based on formulae (1) and (2). The Rayleigh range was 
calculated from the data of beam diameter measurements carried out in several 
sections in the vicinity of the focal plane of the lens L (see Fig. 2). After calculating
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waist locations, diameter, and caustic length in the image space of lens the same 
parameters were determined in the object space using formulae on propagation of 
multimode beam in paraxial systems (see e.g., [14]). We carried out measurements of 
the Rayleigh range in dependence on the pump power (0.9—1.8 W) for three cases 
described in Chapt. 2. As a rule, near diffraction limited, circular beam (with 
ellipticity < 1.05) was obtained in majority of experiments for low and medium pump 
levels. Applying a knife edge criterion with clip level 0.1 of beam diameter definition, 
the dependence of beam diameter on pump power and distance to the lens was 
investigated. As can be seen in Fig. 3, the image waist is shifted to the focal point of 
a lens and the resulting Rayleigh range decreases with pump power increase.

Nd:YAG ; dia 3 x 10 mm ; 110 mm cavity length

0.395
0.431
0.466
0.501
0.536
0.572
0.607
0.642
0.678
0.713
0.748
0.783
0.819
0.854
0.889
0.924

Fig. 3. Beam diameter after passing through a lens vs. the distance from the lens and pump power

0.8 1 1.2 1.4 1.6 1.8

Pump power [ W ]

Fig. 4. The Rayleigh range vs. pump power
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Let us consider (Fig. 4) typical dependence of the Rayleigh range on pump power. 
As a rule, Rayleigh range decreases with pump power [4]. The results of refractive 
power measurements are presented in Fig. 5.

Fig. 5. Thermal refractive power vs. pump power for three cases

The relation between pump power and thermal refractive power was ap­
proximately linear. Through applying linear regression we determined experimental 
values of the thermal sensitivity factor fi as the slope of the linear regression line. As 
presented in Tab. 3, the thermal sensitivity of Nd:YV04 is significantly higher than 
that of Nd:YAG.

T a b le  3. Results of thermal sensitivity calculations and measurements

P [ W 1 m " 1]

Nd:YAG Nd:YAG N d:Y V 04
tf> =  3 rnm 0  =  1 mm 0  =  5 mm

Experiment 1.17 1.38 288
Theory 1.32 1.45 3.4_________________

The satisfactory agreement between theory and experiment was achieved for all 
three cases. However, as it will be presented in the next chapter, the thermal lensing 
limited to an aberration free effect is not a satisfactory explanation of phenomena 
observed for high pump densities. Also for low value of power slightly above the 
threshold one, the laser beam is determined rather by gain guiding because the 
thermal lensing is very weak and the fundamental mode volume of flat-flat cavity is 
large compared to the pump volume.
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Fig. 6. Intensity distributions in the plane 320 mm distant from the lens, N d:YV 04 crystal, 1.6 W pump 
power (a), in the plane 360 mm distant from the lens, N d :YVOA crystal, 1.6 W pump power (b)
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4. Thermally aberrated beam

For the higher pump densities the temperature distributions cause the non-parabolic 
distortion of a beam wavefront. It was observed for Nd:YAG crystal as well as for 
Nd:YV04 crystal that outside the caustic region the intensity distributions have 
atypical shapes. In one plane (Fig. 6a) the annular intensity was registered, whereas 
a few centimetres away from it the Bessel-like shape was observed (Fig. 6b).

The non-monotonic distribution along the optical axis with maxima and minima 
of intensity was observed (Figs. 7a, 7b). Such unusual intensity distribution suggests 
that the conical as well as spherical aberration [8], [9] components should exist in 
the aberrated wavefront.

It is difficult to determine the beam quality parameter of such a beam because of 
the non-Gaussian shape of intensity distribution. The traditional criteria of beam 
definition (FWHM, 1/e2) cannot be used for such atypical beam. For beam diameter 
defined from knife edge criterion, slightly oscillated dependence of diameter on 
length along optical axis was observed (Fig. 8).

However, the caustic length defined as a distance from the waist, where the beam 
area increases twice, is much longer compared to Gaussian beam observed for low 
pump power. This property is similar to the Bessel beam behaviour. However, the 
influence of the higher order aberrations causes the occurrence of much more 
complicated ring intensity distributions.

Similar ring distributions were observed by F r a u c h i n g e r  et al [3] for near 
semi-concentric resonator, however, they did not observe the non-Gaussian dis­
tributions for flat-flat cavity. A different explanation of the non-Gaussian inten­
sity distribution has been proposed by L o n g h i  and L a p o r t a  [15] lately. They
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I---- 1 35.294
l— 1 52.941 
r ~ 1  70.588  
M B  88.235  
S B  105.882  
m m  123.529  
m m  141.176 
m s ]  158.824  
U S  176.471

194.118
211.765
229.412
247.059
264.706
282.353 Fig. 7a
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Fig. 7. 3-D plot of intensity distribution of thermally aberrated beam: N d:Y V 04 laser, pump power 
1.8 W (a); Nd:YAG laser, pump power 1.8 W (b)
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Nd:YV04 ; 5 x 5 x 1 mm ; 110 mm cavity length

Fig. 8. Beam diameter after passing through the lens vs. the distance from the lens and pump power

found that in a cavity with a high gain, the conical emission with either annular or 
Bessel shape is possible.
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In our case, the fundamental mode diameter calculated from thermal lensing data 
was larger than the pump size. There was generated the fundamental mode with 
aberrated wavefront, in contrast to the results reported in [3], where the higher order 
modes were excited. We conclude that due to high gain and refractive index 
gradients, we observed the special form of fundamental mode distribution, called the 
aberrated Gaussian beam. We suppose that it is, to our knowledge, the first 
experimental demonstration of such an effect, and it will be the subject of further 
investigations.

5. Conclusions

It was shown experimentally that performance of the cw diode-end pumped solid 
state lasers is determined by an induced T-GRIN effect. As a rule, the thermal lensing 
refractive power increases and the waist diameter decreases with pump power, but its 
magnitudes also significantly depend on thermal contacts of active medium, pump 
beam sizes and cavity parameters. The refractive power of T-GRIN was determined 
from measurements of the Rayleigh range of the output beam. The experimental 
results were compared with theoretical ones based on paraxial matrix approach and 
assumed radial temperature gradients in the rod. The satisfactory agreement between 
the theory and experiment was achieved. Near diffraction limited, circular beam was 
obtained in majority of experiments for low and medium pump power. For higher 
pump levels, thermally aberrated beam was observed with the annular Bessel shape. 
The beam quality definition could not be applied for such non-Gaussian beam.
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