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Abstract
In this paper, we present a FEM-model that can be used to investigate the effects of thermally induced natural convection 
at the thin-disk laser crystal. Based on this simulation, we calculated the distribution of the refractive index of the ambient 
gas for the case of air and helium. By evaluating the optical path difference of a beam at normal incidence, the angular tilt 
(gas wedge) in the plane of the direction of convection as well as the spherical contribution (gas lens) was calculated for a 
set of different pump spot geometries and temperatures of the pumped area on the surface of the laser disk. Equations were 
derived that allow to simply calculate the tilt angle and the focal length of the gas lens for different temperatures of the disk 
and pump spot diameters for air as ambient medium.

1 Introduction

A major limitation for power scaling of solid-state lasers 
with good beam quality (M2 < 1.3) are thermally induced 
effects within and at the surface of the laser active medium. 
While the effects inside the crystal, e.g. thermal expansion 
and dispersion, are well understood [1, 2], wavefront aber-
rations of the transmitted beam caused by thermally induced 
natural convection near the surface of the laser crystal so 
far have been investigated less extensively. This effect starts 
to play a significant role when it comes to laser oscillators 
and amplifiers with very high output powers (kW-class) and 
good beam quality. Even for thin-disk lasers, in which ther-
mal effects are significantly reduced thanks to its efficient 
and longitudinal cooling concept [3], thermally induced con-
vection can be a limiting factor that needs to be addressed 
[4].

A recent experimental investigation of the effect of the 
gas-lens introduced by convection in front of an Yb:YAG 
thin disk [5] showed that running the laser in cw and fun-
damental mode, the overall thermal lens can be reduced by 
about 33% when the system is operated in a vacuum cham-
ber or in a Helium atmosphere rather than in air or Nitrogen 
atmosphere. In addition, the paper mentions numerical simu-
lations that confirm the influence of the temperature of the 

disk and the ambient gas on the resulting gas lens. Investiga-
tions that are more detailed are, however, required to under-
stand the influence of both the surface temperature of the 
disk and the diameter of the heated area over a larger range. 
In fact, the knowledge of the influence of these parameters 
on the laser operation is of crucial importance for the design 
of advanced high-power fundamental-mode thin-disk oscil-
lators [4] and amplifier systems [6, 7]. Although a variety 
of different methods exists to estimate and compensate for 
thermally induced aberrations [4, 8–12], a complete elimina-
tion of aberrations introduced due to natural convection is 
only possible by operating the whole laser in vacuum [13], 
which, however, leads to an increased amount of complexity. 
If this effort is to be avoided, the influence of the convection 
needs to be considered in detail to be able to optimize the 
countermeasures.

In this paper, we, therefore, present an FEM-model that is 
used to investigate the effects of thermally induced natural 
convection at the thin-disk laser crystal. The FEM-model 
calculates a temperature distribution of the ambient gas 
resulting from the heat transfer at the heated boundaries and 
the transport by convection. From the resulting temperature 
distribution, one can extract the distribution of the refrac-
tive index in the ambient gas (e.g. air). By calculating the 
resulting optical path length of a beam incident on the heated 
laser crystal, we then extract the angular tilt which the beam 
suffers in the direction of convection (so-called ‘gas wedge’-
effect) as well as the spherical contribution to the wave front 
distortions for different temperatures of the laser disk and 
different pump spot geometries. The quantitative knowledge 
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on the angular and the spherical contribution to the wave 
front distortions is essential to be able to adapt the design of 
the laser cavity more precisely.

2  Thermo‑optical model

To quantitatively determine the thermally induced linear 
(‘gas wedge’) and spherical (‘gas lens’) contributions to 
the wave front distortion of a transmitted laser beam, we 
have modelled the heated laser crystal and the surround-
ing atmosphere using the finite-element method (FEM) and 
the software COMSOL [14]. Figure 1 shows the geometric 
arrangement implemented in the FEM-model and the used 
coordinate system. The origin of the coordinate system is 
located at the center of the surface of the thin-disk laser 
crystal in contact with the ambient atmosphere. An Yb:YAG 
thin-disk crystal is modelled to be mounted on a diamond 
heat sink, surrounded by a gas filled volume measuring 
40 × 40 × 40 (mm)3. The laser crystal was assumed to have a 
thickness of 110 µm and a diameter of 15 mm. The diamond 
heat sink was modeled to have a thickness of 2 mm and a 
diameter of 20 mm. The cooling temperature of the backside 
of the diamond heat sink is set to 15 °C. The heat conduc-
tivity of the Yb:YAG crystal and the diamond heatsink was 
8 W/(mK) [15] and 1800 W/(mK) [16]. A perfect thermal 
contact between disk material and heatsink is assumed in the 
model. The pumped region is modelled as a homogeneous 
area with an increased temperature at the uncooled surface 
of the crystal. The size of the heated, i.e. pumped, area and 
its temperature on the surface of the crystal can be varied 
in the simulation. The boundaries of the gas-filled volume 
are modelled as open boundaries. Other thermo-mechanical 
effects, e.g. thermal expansion of the laser crystal or the heat 

sink, are not taken into account in this model. An influence 
of the surrounding mechanical geometry, i.e. pump light 
multipass arrangement, was also not taken into account in 
the model.

For the simulation of natural convection, COMSOL’s 
heat transfer module (heat transfer equations) was coupled 
with its fluid dynamics module (Navier–Stokes-equations). 
The characteristic buoyancy force of the natural convection 
was modeled as a volume force acting on the gas volume. 
This volume force depends on the temperature-dependent 
mass density of the gas and can simply be calculated by 
f = F/V = –ρ·g, with the gravitational acceleration g = 9.81 m/
s2 and the density ρ of the gas. The direction of the force 
was oriented to act in the -y-direction (as depicted in Fig. 1).

The calculated distribution of the temperature and the 
velocity field for air as ambient gas is shown in Fig. 2. For 
this simulation, the temperature of the uncooled surface 
of the pumped area of the disk was set to 140 °C, which 
roughly corresponds to a pump power density of approx. 
5 kW/cm2 at a pump wavelength of 940 nm and approx. 
7–8 kW/cm2 at a pump wavelength of 969 nm (fluorescence 
operation). The diameter of the pumped area (pump spot 
diameter) was chosen to be 7 mm. The initial temperature 
and pressure of the ambient air were set to 20 °C and 1 atm, 
respectively. Figure 2a shows the temperature distribution 
in the YZ-plane (parallel to the direction of convection) and 
Fig. 2b shows the temperature distribution in the XZ-plane 
(perpendicular to the direction of convection). Figure 2c 
shows a cross-section of the velocity field of the heated air 
in the YZ-plane. The arrows indicate the direction of airflow, 
their color the temperature of the air. The arrow length quali-
tatively shows the velocity of the air.

The temperature dependence of the refractive index 
of air at a wavelength of 1030 nm, at a pressure of 1 atm, 
and a relative humidity of 20%, was derived from [17] and 
approximated by

where T is the temperature and T0 = 0 °C. Figure 3 shows the 
calculated distribution of the refractive index of the ambi-
ent gas in the YZ- and the XZ-plane. A clearly asymmetric 
distribution of the refractive index can be observed in the 
YZ-plane, whereas the distribution of the refractive index is 
symmetrical in the XZ-plane. The corresponding distribu-
tion of the optical path length for a beam incident along the 
Z-axis (single pass, i.e. from left to right at different posi-
tions in x- (Fig. 3a) and y-direction (Fig. 3b), respectively) 
were calculated from this. Subtracting the OPL of the same 
path but without pumping the disk (cold disk) leads the opti-
cal path difference (OPD), as shown in Fig. 4a, b.

The linear part of the wavefront aberration occurring in 
the YZ-plane shown in Fig. 4a was extracted by applying a 

(1)
nAir = 1 + 2.83707 ⋅ 10−4 − 7.88613 ⋅ 10−7

◦
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⋅
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Fig. 1  Geometric arrangement of the thin-disk laser crystal and the 
surrounding atmosphere as modelled by the FEM
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linear fit to the central area of the OPD, shown as dashed 
line. The edges of the fitted area are marked as red dotted 
lines. The angular tilt θ experienced by an incident wave-
front is determined by the slope of the fitted curve. The 
OPD in the XZ-plane exhibits no linear contribution (‘gas 
wedge’), shown in Fig. 4b. A quadratic fit to the central 
area of the OPD(x) reveals a spherical contribution (‘gas 
lens’). Subtracting the linear contribution (‘gas wedge’) of 

the OPD(y) in the YZ-plane (Fig. 4a) leads to the residual 
OPD(y) shown in Fig. 4c, which exhibits a further spherical 
contribution. Note that in Fig. 3, close to the disk surface at 
z = 0, black, triangle‐shaped artifacts occur in the color map 
plot. These artifacts are generated during data transfer of the 
non-equidistant FEM-grid to an matrix-based format with 
equidistant spacing. They have no physical meaning and are 
not influencing the fit result.

Tem
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y

z
x

z

Pum
p spot
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y
z
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x

Fig. 2  Calculated distribution of the temperature of the ambient air, (a) in the YZ-plane (parallel to the direction of convection) and (b) in the 
XZ-plane (perpendicular to the direction of convection). Calculated velocity field of the ambient air in the YZ-plane (c)

Fig. 3  Calculated distribution of the refractive index nAir (color coded) in the YZ-plane (a) and in the XZ-plane (b)
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To derive an empirical formula for the dependence of the 
air-induced tilt θ and the spherical distortions of the wave-
front on the temperature of the crystal’s surface and the 
diameter of the pump spot, simulations were performed for a 
number of different temperatures ranging from TDisk = 40 °C 
to 160 °C and assuming diameters of the pump spot of 
4 mm, 6 mm, 7 mm and 9 mm.

From these simulation results one can empirically derive 
the relation

(2)

�(T , dpump) =
(

AW - YZ,1 ⋅ d
2 + BW - YZ,1 ⋅ d + CW - YZ,1

)

⋅ T[◦C]

+
(

AW - YZ,2 ⋅ d
2 + BW - YZ,2 ⋅ d + CW - YZ,2

)

,

where fit coefficients are given in Table 1.
Figure 5 shows the calculated air-induced tilt θ as a 

function of the temperature of the uncooled side of the 
thin-disk. The air-induced tilt θ is found to also strongly 
depend on the diameter of the pump spot, decreasing with 
increasing diameter of the pump spot. The dashed lines in 
Fig. 5 were calculated using Eq. 2. The use of this equation 
for the design of thin-disk lasers is more convenient than 
having to resort to numerical simulations.

The thermally induced focal length fʹ and the correspond-
ing refractive power D of the gas lens that causes the spheri-
cal deformation of the wavefront are shown in Fig. 6 both 
for the YZ-plane (plane of convection, Fig. 6a, b) and the 
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Fig. 4  Calculated OPD in the YZ-plane (a) and XZ-plane (b). The 
slope of the linear fit (dashed line) to the curve in a determines the tilt 
that is induced to the laser beam. In b a quadratic fit curve is shown 
in the plot (blue dashed line) by which the spherical contribution to 
the wavefront distortion was calculated. The residual OPD after sub-

traction of the linear contribution in the YZ-plane (as shown in a) 
is shown in (c). A quadratic fit curve (blue dashed line) was applied 
to extract the residual spherical contribution to the distortion of the 
wavefront in the YZ-plane. The extend of the corresponding fit range 
is indicated by red dotted limits

Table 1  Fit coefficients of Eq. 2
AW-YZ,1 2.74·E − 03 [µrad/(°C·mm2)] AW-YZ,2 − 2.36·E − 01 [µrad/mm2]

BW-YZ,1 − 5.31·E − 02 [µrad /(°C·mm)] BW-YZ,2 3.77 [µrad/mm]
CW-YZ,1 3.25·E − 01 [µrad/°C] CW-YZ,2 − 15.19 [µrad]
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XZ-plane (Fig. 6c, d). It can be seen, that the dioptric power 
of the gas lens increases with increasing temperature of the 
surface of the laser crystal and with decreasing diameter 
of the pump spot. Additionally, the focal length fʹ (and the 

corresponding refractive power D) of the gas lens exhibits a 
significant difference in magnitude in the YZ and XZ-plane.

Again the simulation results obtained for the YZ- and the 
XZ-plane can be fitted by the empirical equations

Fig. 5  Calculated air-induced 
tilt θ over the temperature of the 
uncooled surface of the thin-
disk crystal for different pump 
spot diameters. The dashed lines 
correspond to Eq. 2 using the fit 
parameter given in Table 3
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Fig. 6  Calculated focal length and refractive power of the gas lens 
in the YZ-plane (a) and (b), respectively, and calculated focal length 
and refractive power of the gas lens in the XZ-plane (c) and (d), 

respectively. The dashed curves in (a) and (b) are given by Eq. 3 and 
the ones in (c) and (d) by Eq. 4
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and

where the fit parameters of Eqs. 3 and 4 are summarized in 
Tables 2 and 3, respectively. 

The quantitative knowledge on the angular and the spheri-
cal contribution to the wave-front distortions can be used 
to adapt the design of the laser cavity at an early stage of 
the design process, e.g. by implementing additional optical 
components which compensate for the presented effects.

To validate our results experimentally, a sophisticated 
setup has been developed and promising first results have 
been generated. Although a good agreement of simulated 
and experimental results was found, a clear distinction of 
the influence of mechanical and optical effects is currently 
part of ongoing investigations.

Additionally, it is important to note that a reduction of 
the air pressure significantly reduces the absolute value of 
nAir as well as dnAir/dT and consequently decreases the tilt 
induced to the laser beam as well as the dioptric power of the 
thermally induced spherical contribution to the wavefront 
distortion. The influence of the humidity on the refractive 
index of air (at a temperature of 20 °C and a pressure of 
1 atm) was found to be minor.

Finally, we have performed similar considerations also 
for thin-disk lasers operated in a helium atmosphere using 
the information published in [18] to calculate the refractive 
index. Both the tilt induced to the laser beam as well as the 
dioptric power of the thermally induced spherical contribu-
tion to the wavefront distortion were found to be about one 
order of magnitude smaller than the values obtained in ambi-
ent air. These findings confirm the results presented in [5].

(3)

1∕fYZ = DYZ

(

T , dpump

)

=
(

AL - YZ,1 ⋅ d
2 + BL - YZ,1 ⋅ d + CL - YZ,1

)

⋅ T
[

◦C
]

+
(

AL - YZ,2 ⋅ d
2 + BL - YZ,2 ⋅ d + CL - YZ,2

)

,

(4)

1∕fXZ = DXZ

(

T , dpump

)

=
(

AL - XZ,1 ⋅ d
2 + BL - XZ,1 ⋅ d + CL - XZ,1

)

⋅ T
[

◦C
]

+
(

AL - XZ,2 ⋅ d
2 + BL - XZ,2 ⋅ d + CL - XZ,2

)

,

3  Conclusion

In conclusion, we have presented numerical FEM investiga-
tions and therefrom derived empirical equations that can be 
used to investigate the tilt and the spherical contribution to the 
wavefront distortion induced to the laser beam by the effects 
of thermally induced natural convection next to the surface 
of thin-disk laser crystals. It was found that the angular tilt 
strongly increases with decreasing pump spot diameters. The 
dioptric power of the spherical contribution also increases 
with smaller pump spot sizes. These findings are considered 
very useful for the design of high-power thin-disk based laser 
architectures.
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