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Abstract: We have numerically analyzed the thermal effects in Nd: YLF laser rod. The calculations
of temperature and stress distributions in the Nd: YLF laser rod was performed with finite element
(FE) simulations. The calculations showed that the laser rod could be pumped up to a power of 40 W
without fracture caused by thermal stress. The calculated thermal lens power of thermally induced
lens in Nd: YLF (o-polarization) laser rod was analyzed and validated experimentally with two
independent techniques. A Shack-Hartmann wavefront sensor and a Mach-Zehnder interferometer
were used for direct measurements of focal thermal lens at different pump powers. The obtained

measurements were coinciding with the FE simulations.
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1. Introduction

All diode pumped solid state (DPSS) lasers are
of great interest for a number of industrial
applications and high-power with good quality laser
beams is needed for many purposes. Neodymium
(Nd) doped different hosts
aluminum garnet (YAG), glass, and yttrium lithium
fluoride (YLF) emitting around (1.047 um—1.053 pm)

have been used for such applications. In DPSS lasers

such as yttrium

with end-pumped geometry, excellent efficiencies
can be obtained along with a good modal selection,
due to the optimal spatial matching of the pumping
beam with the fundamental mode of the laser
[1-2]. In
extraction is ultimately limited by consistent thermal

resonator such geometries, power

distortions arising in the active medium even for
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relatively low pumping powers [3]. Thermal
distortions of the active medium produce deleterious
effects such as thermal lensing, depolarization, and
bifocusing effects. Nd: YLF exhibits a strong natural
birefringence, which overwhelms the thermally
induced birefringence and thus eliminates thermal
depolarization problems commonly encountered
with isotropic media such as Nd: YAG [4]. Also, Nd:
YLF has a negative dn/dT which can over-power
the positive thermal lensing from crystal end bulging
resulting in a weak negative thermal lens [5].
However, Nd: YLF suffers a low thermally-induced
limit  [6],
power-scalability. Thermal effects in end and side
pumped solid state lasers have been widely
investigated since 1970 by Kochner to date [7-10],

however, for our materials of interest Nd: YLF only

stress  fracture restricting  its
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few works have been reported [11-14]. This paper
focuses on the analysis of thermal effect in Nd: YLF
laser rods and its lasing characteristics at 1053 nm
o-polarization (electric field E//c-axis) rather than
1074nm 7z-polarization (electric field E L c-axis). In
this work, the temperature distributions as well as
stress distributions were calculated with finite
element (FE) simulations by using LASCAD
software [15] in end pumped Nd: YLF laser rod. The
and the
resonator design was carried out considering the
value-change of thermal focal length of Nd: YLF
crystal versus the pump powers. In experiment,
thermal focal lengths of Nd: YLF laser rod at
different pump powers were measured by using the

thermal focal length was calculated,

Mach-Zehnder interferometer and Shack-Hartmann

wavefront sensor. The obtained experimental

measurements were agreed with the FE simulations.

2. Finite element simulation results and
discussion

2.1 Temperature and stress distributions in
end-pumped Nd: YLF laser rod

According to laboratory availability, we have
simulated the Nd: YLF laser rod with lengths of
10mm and 4mm in diameter doped with 0.7% (at.)
Nd*. This low dopant concentration helped reduce
the fracture risk of Nd: YLF laser rod and possible
upconversion processes instead of the typical
1%—-1.2% [13]. The rod was pumped from one end
at the wavelength of 805nm. The Nd: YLF rod was
water-cooled (Teoolant = 291 K), the front and back
faces were in contact with air, and the heat transfer
coefficients for water and air cooling were set to be
h=2.0 W-em®K' and £=0.005 W-cm™K",
respectively [15]. The temperature dependence of
the heat conductivity was taken into account. An
additional concern in reducing pump intensity while
maintaining diffraction limited fundamental mode
oscillation was that the Nd: YLF radius was much
larger (~3 times [16—17]) than the pump radius. The
Nd: YLF parameters used in the model were given

in Table 1. We assumed a uniform pump
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configuration with pump radius of 300 um to avoid
asymmetry.

Table 1 Nd: YLF parameters used in the finite-element
analysis [18].

Refractive index o 1.448
Thermo-optical coefficient dn/dT (10°%K) o -2
Heat conductivity (W/mK) 6.3
Thermal expansion coefficient (107%/K) z-axis 8.3
Young's modulus (GPa) 85
Poisson's ratio 0.33
Percent of absorbed pump power 85%

Fraction of absorbed power which is converted to

0,
heat under lasing condition [14] 32%

2.2 Temperature and stress distributions in
end-pumped Nd: YLF laser rod

Figure 1 shows the calculated temperature
distribution for a cross-section through the Nd: YLF
laser rod, which was pumped at 30 W from on end.
The pump beam was focused at a 3mm from the rod
end to avoid bulging from the end face of the rod.
The end bugling was complex for crystals which had
different expansion coefficients for a (or y) and ¢ (or
x) axis in Nd: YLF rod. The detailed analysis of
temperature distributions were indicated by different
colors. The highest temperature was found where the
pump beam entered the Nd: YLF rod, which also
indicated where most of the pump photons were
absorbed. It also decreased in the propagation
absorbed. The

nonuniform temperature distribution resulted in

direction as the pump was

mechanical stress and strain.

Fig. 1 Simulated temperature distribution in end pumped Nd:
YLF rod of 4 mm diameter and 10 mm in length, pumped at
30 W.
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Figure 2 shows the FE simulation results of
stress intensity for Nd: YLF laser rod for the same
The real
distribution of the stress intensity depended on the

conditions. amount and the spatial
temperature distribution as well as on the material
constants. The highest stress intensity was clear on
the central top and bottom positions of the crystal.
We could therefore expect thermally induced crack
formation to start from these positions where the

stress was shown to be high.

Fig.2 Simulated stress intensity (MPa) in end pumped Nd:
YLF rod of 4 mm diameter and 10 mm in length, pumped at

30W.
Figure 3 of the

temperature increase in the center of the Nd: YLF

shows plots maximum

rod and the maximum stress intensity with different
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Fig. 3 Calculated maximum temperature and maximum
stress intensity in the Nd: YLF laser rod for pump power ranged
2.5W—40W.

pump powers. As can be seen in Fig. 3, a linear
increase in the central temperature as well as
maximum stress intensity as a function of pump
power was evident. The fracture limit of Nd: YLF
laser rod was in the range of 32 MPa—40MPa [19].
The Nd: YLF laser rod with above geometries could
pump up to (~40 W) before fracture occurred.

2.3 Thermally induced lens and resonator

stability

The resulted temperature gradient from the axis
to the surface was responsible also for the creation
of thermally induced lens in the Nd: YLF laser rod.
As mentioned above YLF crystal was a naturally
birefringent crystal and had negative contribution to
the thermally induced lens due to negative dng yar
for both polarization directions. The thermal lens in
the o-polarisation for laser transition at 1053 nm was
about 2.3 weaker than s-polarisation for laser
transition at 1047 nm [14]. It was concluded that
1053nm Nd: YLF exhibited a netto positive thermal
lens at high pump powers, which were attributed to
the positive lensing from end-face bulging being
slightly more pronounced than the negative one [13,
15]. However, the presence of stronger negative lens
in the (7polarization) direction in addition to other
polarization direction leaded to thermally astigmatic
induced lens. This thermal lens affected deficiently
on the laser performance by limiting the stability
range of the resonator and degradation of the beam
quality. Therefore, we have chosen the pump beam
focused at 3 mm from the rod end as mentioned
above to avoid bulging from the end face of the rod.
Based on this principle, a long-length laser resonator
was chosen in the experiment to force the laser to
operate at 1053 nm (o-polarization) and terminate
1074nm (7=polarisation). Also, the resonator should
be flat-flat mirrors for quenching the unfavourable
transition at 1047 nm. The simplest quenching
method using one of the flat mirrors was located
close to the pumped side of the laser rod and formed
the short arm L; of the resonator. The thermal lens
was approximated by a thin lens close to the pumped
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side of the Nd: YLF. The distance to the other output
coupling laser mirror M, (L,) was varied but must be
always longer than L, bearing in mind that the
optical crystal length Ly;¢/n, had to be added to the
arm length that did not contain the pumped side.
These resonators were distinctive in that they were
only stable when the focal length of the thermal lens
f>L,. Figure 4 shows the dependence of the negative
dioptric power of thermally induced lens
(o-polarization) in Nd: YLF laser rod with pump
power. The obtained value in Fig.4 allowed us to
build a flat-flat resonator and predict its stability
over the wide range of pump powers before the

fracture point.
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Fig. 4 Calculations of dioptric power of thermally induced
lens (o-polarization) in Nd: YLF laser rod versus pump power.

To examine the effect of negative dioptric power
of thermally induced lens on the resonator stability,
we analyzed the laser operation performance by
using the ABCD matrix formalism based on the
standard Gaussian propagation theory after the
consideration of thermal lens effect [20]. The
equivalent round trip matrix is given as follows:

A B
Mmundtrip = C D =

1 L
1 01 L Ol L
-1 no_
0 10 1|— 1
f 0 1
1 L1 o1 L
0 10 1]0 1

L 1 0
1 = 1 L
n, || -1 .
— 10 1
0 1| f
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We have used for calculations, two flat mirrors
M,, M,, Li=10mm, L,=10mm, L;=130mm and
variable focal length of thermally induced lens (f), as
sketched in the left bottom of Fig. 4.

Figure 5 shows the stability of the resonator
versus the Nd: YLF thermal focal length is
expressed by (4+D)/2, where —1<(4+D)/2<1. We
could see that the laser resonator was stable before
the predicted fracture limit.

0.8
0.6
04
02
0.0

-02 |
—04 |
~06

08

10 —— — —
0 =200 -400 —600 -800  —-1000
Thermal focal legth (mm)
Fig.5 Resonator stability verses thermal focal length in Nd:
YLF rod.
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3. Experimental validation of EF
simulations and discussion

3.1 Experimental setup

The experimental setup is shown in Fig. 6. A
fiber coupled laser diode (LD) was employed as a
pump source. The focusing optics was configured to
produce a circular beam spot of radius ~300 um on
the Nd: YLF laser rod. The Nd: YLF rod 10 mm
long (0.7% atom dopant) with 4 mm diameter was
oriented with its c-axis parallel to the resonator
plane. The diode wavelength was temperature
detuned from the absorption peak, at 797 nm, to
longer wavelengths 805 nm of lower absorption to
reduce the risk of rod fracture. The rod was wrapped
with indium foil and mounted in a copper holder.
The mounted Nd: YLF rod was water cooled at
293K, and the two end faces were in contact with air.
The resonator geometry used was plane-plane. The
input coupling mirror was with a high reflective (HR)
at the wavelength near 1053 nm (R >99.5%) and
high antireflective at the wavelength about 805nm
(R<0.5%). The plane output coupling mirror had
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5% transmittance at 1053nm. The physical length of
the cavity was 150 mm, which allowed unstable
oscillation for 1047 nm. The thermal focal length
was measured by means of a Mach-Zehnder
interferometer and a Shack-Hartmann sensor with a
He-Ne laser beam [21-23]. The He-Ne laser beam
was enlarged by a telescope to cover 4 mm of rod
diameter and split by a beam splitter. The two arms
of the Mach-Zehnder
superimposed at 45° reflecting mirror of laser at

interferometer ~ were
1053 nm. The produced interference fringes which
were recorded by a charge coupled device (CCD)
camera. For wavefront measurements, the CCD
camera was replaced by Shack-Hartmann wavefront
Sensor.
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Fig. 6 Experimental setup, the dashed lines represents the
He-Ne laser beams and solid lines for laser at 1053 nm.

3.2 Experimental results

At pump power of 5W, the output coupler was
kept away from the laser crystal by adjusting the
position of the output mirror. When the cavity length
was 150 mm, we obtained the laser oscillating at
1053 nm and suppression of laser at 1047 mn. The
wavelength of the Nd: YLF laser at 1053 nm was
measured with a half meter monochrometer
1200 groves/mm and detected by silicon photodiode
connected with a phase-lock amplifier and chopper
wheel not shown in Fig. 6.

Figure 7 shows the laser output power of
Nd: YLF versus pump power. The threshold was
achieved 2 W of incident pump power. The emitted

laser spectrum centered at 1052.8 nm with full width
at half maximum (FWHM) of ~ 3.5 nm. The
maximum obtained output power was 6.8 W under a
pump power of 30 W from the laser diode. The
optical-to-optical

conversion efficiency at the

maximum power level was approximately 24.8%.
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Fig.7 Laser output at 1052.8 nm versus pump power, the top
left if the laser spectrum measurement.

Figure 8 shows the deformation of the phase
front that occurred when the He-Ne laser beam
propagated the Nd: YLF laser rod pumped at 15W
of pump powers. Since most of the pump power is
concentrated in the center of the rod, the lens near
the center of the rod is stronger as compared with
the lens in the outer region. The dashed lines of Fig.
8(b) represent the fitting of the parabola presented in
the following equation:

z(x,y)=a-x+b-y+c-x-y+d-x+e-y+f.

The dioptric power of the thermal lens is
proportional to the curvature of parabola and is
proportional to coefficients @ and b . Depending
on the pump power distribution in the laser rod, the
thermal lens may not be radically symmetric, which
leads to an asymmetric thermal lens with two
thermal powers D, and D,

Comparison between the calculated negative
thermal lens power and the experimental
measurements for Nd: YLF laser rod is presented in
Fig. 9. The deviation between measured and
calculated data refers to the accuracy of the FE
analysis which is given by two points, namely the
numerical resolution of the algorithm and the values
of the input parameters.
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Fig. 8 Deformation in wavefront of He-Ne laser beam after
passing through pumped Nd: YLF laser rod at 15W measured
with (a) Mach-Zehnder interferometer and (b) Shack-Hartmann
sensor (solid lines), the fitting is represented by he dashed
lines.

0.0

pI [

&

: s

;

5 20 ¢ FE

E B Mack-Zehnde, D, i

5§ 25

= A Shack-Hartmann, D, +
-3.0 @ Shack-Hartmann, Dy I
-35 =

0 5 10 15 20 25 30 35

Pump power (W)

Fig.9 Comparison between FE simulations and experimental
measurements.

4. Conclusions

In conclusion, we have presented an analysis of
thermal effect in diode pumped Nd: YLF laser rod
and its lasing characteristics at 1053 nm under
continuous-wave operation. The temperature and
stress intensity distributions in the Nd: YLF laser
rod were shown by using LASCAD software. The
central temperature and stress intensity of Nd: YLF
laser rod verses pump powers was presented with
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the clear linear dependence. The thermal focal
length was calculated for the laser emission at
1053 nm o-polarisation and utilized to design the
laser resonator. The direct measurement of thermal
lens powers using the Mach-Zehnder interferometer
and Shack-Hartmann wavefront sensor at different
pump powers was introduced. The experimental
measurements were coinciding with the numerical
simulations. The maximum output power of 6.8 W
was obtained.
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