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crystal, using the 3D temperature distribution obtained from the FEA code.
Finally, LASCAD was used to calculate the stress profile inside the crystal from the
thermal displacement data.

Figure 4.2 shows the results of the LASCAD simulation for the von Mises
stress in an Nd:YVOy, crystal (Nd doping of 3%), subject to an optical power of 10.5
W being coupled into the crystal, which corresponds to a laser drive current of 30
Amps. The top and bottom surfaces of the crystal (y axis) were set to a

temperature of 298 K, to simulate the cooling system in the experimental setup. It

Figure 4.2: LASCAD generated von Mises stress profile of 3% Nd doped crystal,
subject to a optical power loading of 10.45 W (corresponds to a laser drive current of
30 Amps).

can be seen from Figure 4.2 that for a laser drive current of 30 Amps, the maximum
von Mises stress exceeds the fracture stress limit for Nd:YVOy (53 N/mm?) in the
region where the pump laser light was incident. The region of maximum von Mises
stress was the same for simulations over the entire optical power loading range,

which corresponded to a laser drive current range from 30 to 80 Amps.
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Figure 4.3 shows a photograph of the crystal (same as Figure 3.7) used in the
experimental measurements of laser induced thermal stress. This crystal was
analogous to the Nd:YVO, crystal that was simulated in the Zemax and LASCAD
environments (Figure 4.2). In addition, the crystal shown in Figure 4.3 was also
used in the experiment that was conducted to study the laser induced heat damage

in Nd:YVO, crystals (experimental setup shown in Figure 3.4). It can be seen that

3mm/l‘ 2 mm

Side of crystal
on which the
pump laser
was incident

Heat damage
Thermal 2

stress fracture

Figure 4.3: Laser induced thermal stress damage in an Nd:YVO, crystal with 3% Nd
doping.

the fracture line seen in the crystal in Figure 4.3 corresponds to the region of
maximum stress in the LASCAD simulation shown in Figure 4.2. In addition, the
location of the fracture in the experiment stayed the same over the laser drive
current range from 30 to 48 Amps (the crystal started to melt at a laser drive

current of 48 Amps). This experimental observation was again consistent with the
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simulation results.

Figure 4.4 summarizes the simulation and experimental results for the
investigation of laser induced thermal stress fracture in the Nd:YVO, crystal (Nd
doping of 3%) modeled in Figure 4.2 and shown in Figure 4.3. It can be seen that

Investigation of laser induced thermal stress fracture in an Nd:YVO4
crystal with 3% Nd doping
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Figure 4.4: Comparison of simulations vs. experimental result for investigation of
laser induced heating in an Nd:YVO, crystal with 3% Nd doping.

the thermal stress fracture limit has already been exceeded for a laser drive current
of 30 Amps, which also happened to be the lowest laser drive current that results in
a consistent laser output beam shape. In addition, it is also evident that the laser
drive current at which the thermal stress fracture threshold is exceeded (< 30
Amps) is lower than the laser drive current at which the crystal started to melt due
to laser induced heating (48 Amps). These results are consistent with experimental
studies that have shown that the maximum laser output power of end-pumped solid

state lasers is limited by the thermal stress fracture of laser crystals [27].
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4.3.1 Generalization of simulations - crystal geometry

It was seen in chapter 3 that the crystal geometry influences the temperature
distribution inside the crystal, for given optical power loading and crystal cooling
conditions. The temperature distribution is a cause of thermal displacements, which
in turn results in stress inside the crystal. Thus, the thermal stress inside of a laser
crystal is a function of the crystal geometry. Since the crystal used in the
experiments in this thesis had a thickness of 3 mm (crystal length along y axis in
Figure 4.3), simulations were carried out to study the effect of reducing the
thickness on the laser induced thermal stress fracture, for the same crystal cooling
system shown in Figure 3.4. A thickness of 1 mm was chosen, which ensured that
there were no additional optical power coupling losses, compared to the crystal with
a thickness of 3 mm. Table 3.3 shows the Zemax parameters for modeling the

crystal with the Nd doping of 3%.

152.5 N/mm?2

122.1 N/mm?

91.75 N/mm?

Side of crystal on which the
pump laser is incident

61.39 N/mm?

31.02 N/mm?

0.66 N/mm?

Figure 4.5: LASCAD generated von Mises stress profile of 3% Nd doped crystal,
subject to the same optical power loading and crystal cooling conditions as that of
the crystal modeled in figure 4.2.
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Figure 4.5 shows the LASCAD generated von Mises stress profile of a 1 mm
thick Nd:YVO, crystal with a Nd doping of 3%, subject to the same optical power
loading (10.5 W) and crystal cooling as that of the 3 mm thick crystal modeled in
Figure 4.2. It can be seen that the maximum von Mises stress reached inside the 1
mm thick crystal is less than that for the crystal with a thickness of 3 mm, even
though both crystals were subjected to the same optical power loading and crystal
cooling conditions. The region of maximum von Mises stress was the same for
simulations over the entire optical power loading range, which corresponded to a
laser drive current range from 30 to 80 Amps.

Figure 4.6 summarizes the simulation results for the Nd:YVOQO, crystals with a
thickness of 1 and 3 mm, subject to the same optical power loading by the pump

Investigation of laser induced thermal stress fracture in Nd:YVO,
crystals with 3% Nd doping and different thicknesses
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Figure 4.6: Comparison of simulations for laser induced thermal stress fracture in
Nd:YVO, crystals with different thicknesses, subject to the same optical power load-
ing, Nd doping (3%), and thermal cooling conditions.



54

laser diode. In addition, both crystals in the simulations were cooled from top and
bottom surfaces, with the temperatures of these surfaces being set to 298 K. It can
be seen that the 1 mm thick crystal has lower values of the maximum von Mises
stress over the entire range of laser drive currents, than compared to the 3 mm thick
crystal, even though the optical power absorbed by the crystals for a given laser
drive current, as well as the cooling conditions, were exactly the same. Thus,
reducing the thickness of the laser crystal decreases the thermal stress inside the
crystal, thus increasing the pump power at which thermal stress fracture occurs.
This in turn enables the crystal to be pumped with higher optical powers, thus
enabling the crystal to be used for high power Nd:YVO, based Diode Pumped Solid
State (DPSS) lasers [22].

4.3.2 Generalization of simulations - neodymium doping level

Since the crystal used in the experiments in this thesis had a 3% Nd doping,
which is on the high end of the doping scale for commercially available crystals,
simulations were carried out to study the effect of reducing the Nd doping
percentage on the laser induced thermal stress fracture in the crystal. A Nd doping
of 0.4% was chosen for the simulations, as it was a lower doping concentration that
could still absorb all of the incident pump power for a crystal length of 2 mm, over
the temperature range from 300 K (room temperature) to 2098 K (melting
temperature of Nd:YVQOy,). Table 3.6 shows the Zemax parameters for modeling the
crystal with the Nd doping of 0.4%.

This crystal with a 0.4% Nd doping was then used in place of the 3% Nd
doped crystal in the Zemax setup shown in Figure 3.2, and the simulations for the
absorbed flux density were obtained. These Zemax simulations were then imported

into LASCAD for thermal stress analysis. Figure 4.7 shows the LASCAD generated
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von Mises stress profile for an Nd:YVO, crystal with the same parameters as those
listed in table 3.5, except for the Nd doping concentration and fractional heat load.
The Nd doping was 0.4%, and published literature states that the fractional heat
load for Nd:YVO, with a Nd doping of 0.4%, in the absence of stimulated emission,
is 28% [20]. The crystal modeled in Figure 4.7 was subject to the same optical
loading (10.5 W absorbed pump power, corresponds to a laser drive current of 30
Amps) and crystal cooling conditions as that of the 3% Nd doped crystal modeled
in Figure 4.2. It can be seen that the maximum von Mises stress reached inside the
crystal is lower than the thermal stress fracture threshold of Nd:YVQy,, in contrast
to the fact that the maximum von Mises stress in the 3% Nd doped crystal

(modeled in Figure 4.2) exceeded the fracture limit, even though the 3% Nd doped

51.39 N/mm?Z

41.16 N/mm?

30.92 N/mm?Z

20.69 N/mm?2

10.46 N/mm? Side of cry!v al on

which the pump
laser is incident

0.22 N/mm?2

Figure 4.7: LASCAD generated temperature profile of 0.4% Nd doped crystal, subject
to the same optical power loading and crystal cooling conditions as those for the
crystal with 3% Nd doping modeled in figure 4.2.

crystal was subject to the same optical power loading and crystal cooling conditions

as that of the 0.4% Nd doped crystal. In addition, the region of maximum von
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Mises stress was the same for simulations over the entire optical power loading
range, which corresponded to a laser drive current range from 30 to 80 Amps.
Figure 4.8 shows the LASCAD generated von Mises stress profile of a 1 mm
thick Nd:YVO, crystal with a Nd doping of 0.4%, subject to the same optical power
loading (10.5 W) as that of the 3 mm thick crystal modeled in Figure 4.2. However,
in addition to the thin disk architecture, the crystal was also cooled from the left
and right surfaces (x axis), as well as at the surface opposite to that on which the
pump laser light was incident (along z axis). It can be seen that the maximum von
Mises stress reached inside the 1 mm thick crystal is less than that for the crystals
modeled in Figures 4.2, 4.5 and 4.7. This is in spite of the fact that all crystal were
absorbed the same incident optical power. In addition, the region of maximum von
Mises stress was the same for simulations over the entire optical power loading

range, which corresponded to a laser drive current range from 30 to 80 Amps.
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28.89 N/mm?

21.67 N/mm?

Side of crystal on which the
14.46 N/mm? pump laser is incident

7.26 N/mm?

0.02 N/mm?

Figure 4.8: LASCAD generated von Mises stress profile of 0.4% Nd doped crystal,
subject to the same optical power condition as that of the crystal modeled in figure
4.2.
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Figure 4.9 summarizes the simulation results for the Nd:YVQO, crystals

modeled in Figures 4.2, 4.5 and 4.7. These crystals were subject to the same optical

power loading by the pump laser diode. The crystals in the simulations in Figures

4.2, 4.5 and 4.7 were cooled from top and bottom surfaces, with the crystal in

Figure 4.7 being also cooled from the left, right, and back faces. It can be seen that

the maximum von Mises stress of the 0.4% Nd doped [23]. crystals never exceeds
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Figure 4.9: Comparison of simulations for laser induced thermal stress in crystals
with different Nd doping concentrations, subject to the same optical power loading
and thermal cooling conditions.

that of the 3% Nd doped crystal, for the entire range of the laser drive current (30

to 80 Amps). This happened in spite of the fact that all three crystals were subject
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to the same optical power loading (for a given laser drive current). In addition, it is
also evident that the crystal with a Nd doping of 0.4% and a thin disk architecture
has the lowest laser induced thermal stress for the entire range of laser drive current
(30 to 80 Amps). These simulation results agree with published literature on
experimental studies of the effect of doping on the fractional heating load, and thus

thermal stress, in Nd:YVOy
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CHAPTER 5

CONCLUDING REMARKS

5.1 Summary

In this thesis, the thermal damage characteristics (melting and stress fracture)
were investigated for a Nd:YVO, crystal, with a Nd doping of 3%, subject to optical
power loading from the pump laser in the absence of lasing action. The simulation
for the laser induced heating and stress in the crystal were compared to the
experimental results, and were found to be in agreement. These results were then
generalized to Nd:YVOQO, crystals with lower Nd doping concentrations and different
geometries. Thus, the effects of the Nd doping and crystal geometry on the laser
induced melting and thermal stress fracture of Nd:YVO, crystals in the absence of
lasing action were also examined.

It was observed in the simulations that in the absence of stimulated emission,
reducing the thickness of the crystal (without affecting the efficiency of the optics
for coupling the laser light into the crystal) increases the optical power that can be
absorbed by the crystal, before the crystal starts to melt due to heat. In addition,
the simulations also show that in the absence of stimulated emission, reducing the
Nd doping concentration also increases the optical power that can be absorbed by
the crystal, before the crystal starts to melt due to heat. Both these simulations
were verified by experiments from published literature.

Similarly, it was also found in the simulations that in the absence of
stimulated emission, reducing the thickness of the crystal (without affecting the

efficiency of the optics for coupling the laser light into the crystal) increases the
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optical power that can be absorbed by the crystal, before the crystal fractures due
to thermal stress. In addition, the simulations also show that in the absence of
stimulated emission, reducing the Nd doping concentration also increases the optical
power that can be absorbed by the crystal, before the crystal starts to fracture due
to thermal stress. As in the case of the crystal melting, both these simulations were
verified by experiments from published literature.

Finally, it was also observed in all the simulations in this thesis that the
fracture of the crystal due to thermal stress preceded the melting of the crystal due
to heat. This trend was consistent with the experiments carried out in this thesis, as

well as published literature.

5.2 Applications

One area where the work in this thesis could be applied is for the thermal
tolerancing of high power laser systems operating in rugged environmental
conditions. For instance, under extreme vibrations, some of the laser cavity optics
could get dislodged, which could reduce the stimulated emission in the crystal. This
could sharply increase the fractional heat load in a short duration of time, and cause
thermal stress fracture and heat damage in the crystal before the temperature
monitoring systems can take corrective action. This could result in more
maintenance downtime, as the crystals will have to now be replaced, in addition to
realigning the optics. In many cases, the lead times for custom crystal designs can
take several weeks, which can lead to financial losses and work shutdowns. Thus,
knowledge of the crystal melting and thermal stress failure thresholds in the absence
of lasing action can enable better design and engineering practices to thermally

tolerance high power lasers. In addition, the results of the simulations can also be
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applied to situations where there is stimulated emission in the crystal, provided the
absorbed pump power is replaced with the net absorption (absorbed pump power
minus power radiated via stimulated emission). Hence, these results are of potential

value for the design of high power Nd:YVO, lasers.
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APPENDIX A

ZEMAX PRESCRIPTIONS FOR LASER DIODE AND
ACYLINDRICAL LENS

The lens editor in Zemax allows optical components such as LED’s, lasers,

lenses, detectors, gratings etc. to be defined in the simulation environment. The

following is a list of the Zemax lens editor parameters for the laser and acylindrical

lens.

GENERAL LENS DATA:

Glass Catalogs : SCHOTT OHARA NDYVO4
Temperature (C) : 2.00000E+001

Pressure (ATM) : 1.00000E+000

Adjust Index Data To Environment : Off
Primary Wavelength : 0.808 pm

Lens Units : Millimeters

Wavelengths : 1

Units: pm
OBJECT DATA DETAIL:

Object 1

Object Type : Source Diode (NSC-SDIO)
Reference Object : 0
Inside Of : 0

Layout Rays : 100



Analysis Rays : 200000
Power(Watts) : 73.5
Wavenumber : 0
Color : 0
Astigmatism : 0.05
X-Divergence : 9
X-SuperGauss : 1
Y-Divergence : 0.5
Y-SuperGauss : 1
Number X : 47
Number Y : 1

Delta X : 0.212765
Delta Y : 0
X-Width : 0
X-Sigma : 0
X-Width Hx : 0.01
Y-Width : 0
Y-Sigma : 0
Y-Width Hy : 0.01

Object 2

Object Type : Toroidal Lens (NSC-TLEN)
Face 0 : Side Faces

Face Is : Object Default

Coating : AR



66

Scattering : None

Face 1 : Front Face

Face Is : Object Default
Coating : (none)
Scattering : None

Face 2 : Back Face

Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0

XYZ Position : 0,0, 15
Tilt About XYZ : 0,0, 90
Material : S-LAH64 Index at 0.808000 pum = 1.77583782 Radial Height : 9
X Half-Width : 9
Thickness : 6

Rotation R1 : 0

Radiusl : 11.653

Conicl : -0.541

Coeffl 72 : 0

Coeffl 7t : -8e-006
Coeffl ¢ : -7.20658e-008
Coeffl 78 : -2.70409¢-010
Coeffl 719 : -5.50023e-013
Coeffl r12: 0

Rotation R2 : 0



Radius2 : 0
Conic2 : 0
Coeff2 r? :
Coeff2 r* :
Coeff2 r° :
Coeff2 18 :
Coeff2 110 :
Coeff2 112 :

0
0
0
0
0
0
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