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The thermal lens effects in Tm:YAP laser are analyzed by solving the Poisson equation with finite difference
method. The thermal focal lengths measured are in the range of 40 — 90 mm at the pump power of 16 — 34
W, consistent with the simulation results. The temperature contribution coefficient (the linear coefficient
between the maximum temperature in the laser crystal and the pump power) of 1.19 K/W is also obtained.
The convex lens and plano-concave mirror thermal lens compensation methods are proposed and applied

to a high power pumped Tm:YAP laser.
OCIS codes: 140.3410, 140.3580, 140.6810.
doi: 10.3788/COL20100810.0996.

Solid-state lasers in the eye-safe range of 2 puml!! are
important owing to the potential applications in atmo-
spheric sounding!?, wind lidarl®!, medicine[*=¢  and so
on. Tm3* doped YAIO3 crystal has advantages in high-
power laser operation due to its high mechanical strength
and large heat conductivity (0.11 W/(cm-K))I"| which
allows high-power operation with reduced risk of frac-
ture. The main problem that limits the power scaling
of Tm:YAP lasers is the generation of heat inside the
crystal. The generated heat causes steep temperature
gradients inside the gain medium, which in turn induce
instability of the resonator, and hence affect the laser
output. Thermal lens effects in other Tm?3t doped or
Tm?3*+, Ho?t co-doped crystals have been discussed in
Refs. [8—10]. However, the compensation of the ther-
mal lens effects has not been discussed in those papers.
Therefore, it is significant to discuss the thermal lens
effects in Tm:YAP crystal, and propose methods to com-
pensate the thermal lens effects.

In this letter, the temperature distribution in the crys-
tal is numerically simulated by solving the Poisson equa-
tion with finite difference method. The thermal focal
length is also calculated by considering the assumption
of thermally induced spherical convex lens. These results
are compared with the experimental measurement data.
Two sorts of resonators are designed to compensate the
thermal lens effects.

In the situation of heat balance, the temperature
distribution in the crystal can be described by three-
dimensional (3D) Poissonal equation as!'!]
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where z and y are the transverse coordinates, z is the
longitudinal coordinate with the value of z = 0 at the
pump end of crystal; K, K,, K. are respectively the
heat conductivity coefficients of the three axis; T is the
temperature; q(z,y,z) is the thermal density along the
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resonator axis in the crystal which can be written as
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where @ is the total heat load in the crystal, « is the ab-
sorption coefficient, wyg is the waist radius of the pump
beam, L is the length of the crystal, a and b are the trans-
verse size of the crystal, ) is the wavelength, M? is the
pump beam quality, and zg is the distance between the
focal plane of pump beam and the pumped facet of laser
medium. After knowing the temperature distribution, we
can calculate the optical path difference (OPD) for one

pass through the crystal. The OPD can be written as!'?

L
OPD(e.y) =2| [ ST,y )dz + modu(z,y)
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where the first term in the brackets is caused by the ther-
mal dispersion dn/dT, the second term results from the
change induced by z-axis expansion du/dz, and the third
term stands for the strain-induced birefringence with the
strain tensor €;;. In the pumped region, it is common
to consider the laser crystal to be a thermally induced
spherical convex lens. So, the focal length of the thermal
lens can be derived from Eq. (4) as

B 1172 + y2
1@ 9) = 35PD, 0Py (5)
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Fig. 1. Thermal focal length measurement device. fi, fo:
pump beam focusing lenses; Ms: HR at 1.94 ym, AR at 792
nm; My: 45° HR at 1.94 pm, AR at 792 nm; Ms: compen-
sation convex lens; OC;: plane output coupler; OCs: plano-
concave mirror, T' = 10% at 1.94 pm.

where OPDy is the OPD in the center.

Figure 1 shows the schematic layout of the experimen-
tal setup used for measuring the thermal focal length.
The pumping light (DILAS Diodenlaser GmbH, coupled
by LIMO fiber, numerical aperture (NA) 0.22, diame-
ter = 0.2 mm) is focused on the center of the crystal.
fi(f = 51 mm) and f> (f = 100 mm) are collimating
and focusing lenses. The focused pump beam in the
laser medium has a diameter of about 392 ym. A c-cut
Tm:YAP crystal which has a size of a X b X ¢ = 3x3x8
(mm) with the refractive index of 1.94 was used in simu-
lation and experiment!"3!. The crystal was wrapped with
indium foil and fitted into a copper heat sink which was
cooled by thermoelectric cooler (TEC) at the tempera-
ture of Ty = 288 K. The thermal conductivity of copper
is large enough to be considered as an invariable bound-
ary condition. The Tm:YAP sample has a Tm3*-doping
concentration of 4 at.-%. Both sides of the sample are
anti-refection (AR) coated at ~2 pm to decrease the
optical loss. The input mirror (Ms) was high-reflection
(HR) coated in a broad band at 1.94 ym and AR coated
at 792 nm. My is a 45° reflector (HR at 1.94 pum). The
output coupler (OC) is a plane mirror with a transmit-
tance of 10%. The OC is fixed to a translation stage,
which is used for adjusting the cavity length. Due to the
thermal lens effects, the laser output power would fall
down to zero as the pump rise up when the thermal focal
length makes the resonator unstable. The corresponding
pump power is recorded at different cavity lengths. Ac-
cording to ABCD matrix, the thermal focal length can
be calculated.

The parameters used for solving the equation by finite
difference method are shown in Table 1. Figure 2 shows
the temperature distribution in « — z section at the pump
power of 34 W (y = 0). The highest temperature in the
crystal is 328 K at the center of the pump end face, in
contrast to 288 K boundary value. The temperature de-
creases along the z-axis. The straight line in Fig. 3 shows
that the maximum temperature in the laser crystal is ap-
proximately linear with respect to the pump power P,.
The mathematical relationship can be expressed as Thax
= NmaxPp + To. The linear coefficient nmay is defined
as temperature contribution coefficient of 1.19 K/W
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Fig. 2. Temperature distribution in z-z section (y = 0) at the
pump power of 34 W.

Table 1. Parameters Used in Numerical Simulation

Parameter Value Parameter  Value
du/dz[14] 51x107 %K~ 20 1 mm
Heat Fraction 77[15] 0.22 M? 87
«a 1.5 cm ™! Wp 196 pm
dn/dT 14.6x107°K ™1 A 792 nm
K. 0.11 W/(cm-K) Poisson Ratio 0.3

obtained from the above equation.

Figure 3 shows the focal length of the thermal lens.
Compared with the experimental results (squares), our
numerical simulation (solid curve) shows good accor-
dance. In Fig. 3, the dashed line is acquired by an
analytical modell'6]:

2
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fr

where fr is the focal legth.

The analytical curve is lower than the experimental
results. In the explanation of Ref. [11], the error is
attributed to the influence from the end face curvature
(thermal expansion) which is neglected in the formula.
By considering Egs. (4) and (5), it is quite obvious that
OPDy will increase faster than OPD(z,y) (2 +y? #0) for
the temperature in the center higher than the boundary,
when the end face curvature is considered. Therefore,
the focal length fr will be lower than actual values cor-
respondingly. For not considering the thermal expansion
in Eq. (6), the theoretical data should be larger than the
experimental data. However, these results disagree with
the fact. Actually, one reason is that the pump beam
radius is considered as a constant in the derivation of
Ref. [16]. The change of beam radius along the z-axis
in the crystal cannot be neglected since the pump beam
has a M? factor of 87. The heat distribution along the
z-axis is uneven and dispersive, which means that the
thermal effect of the gain medium is weakened. There-
fore, the results of the analytical model are lower than
the numerical simulation results and experimental data.

After the focal length of thermal lens is measured, the
resonators to compensate the thermal lens effects are
designed. For keeping the cavity stable, a convex lens is
inserted inside the resonator. The lens has a focus length
(f) of 100 mm. The scheme of the device is shown in
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Fig. 3. Thermal focal length and the maximum temperature
of the crystal versus pump power.
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Fig. 4. Output laser power versus pump power with different
L; (f = 100 mm).
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Fig. 5. Output laser power versus pump power with different
OCs (R = L2 = 100, 200, 300, 400 mm).

inset (a) of Fig. 1. L; is the distance between the
center (z-direction) of the laser crystal and the convex
lens. The laser output power versus the pump power is
measured by Coherent PM30 power meter with different
L, values, as shown in Fig. 4. If L; < 100 mm, the
output power falls to zero when the pump power P >
25 W, which means that the thermal lens makes the
resonator unstable. However, the output power does not
fall when P is larger than 25 W at L; > 100 mm. With
L, increasing from 100 to 123 mm, the slope efficienciy
and the maximum output power decrease obviously. The
maximum output power and slope efficiency are ob-
tained when the lens is changed to the right position
(L1 = 100 mm). As it turns out, the lens focuses on the
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Fig. 6. Output laser spectrum.

middle of the crystal. The result shows that convex lens
focusing on the center of the crystal has the best effect
on compensating thermal focal length.

Another kind of compensation device is achieved with
a plano-concave mirror as an output coupler (OCs), as
shown in inset (b) of Fig. 1. Here, Lo indicates the
distance between the middle of laser crystal and OCs.
Four plano-concave mirrors with different radii (100, 200,
300, and 400 mm) but the same transmittance of 10% at
1.94 pm are selected in this experiment. Because plano-
concave mirror has the similar ABC'D matrix form [1, 0;
—2/R, 1] as convex lens [1, 0; —1/f, 1], Lo is equal to the
plano-concave mirror’s radius (R) for every mirrors used
in this cavity. Figure 5 shows the output laser power as a
function of the pump power. No laser power break phe-
nomenon is observed until the pump power reaches the
largest, which indicates that the resonator keeps stable,
and the plano-concave mirror can also compensate the
thermal focal length. The maximum output laser power
at R = Ly = 100 mm is 1.02 W higher than the convex
lens thermal lens compensation method (f = L; = 100
mm) (3.6 W). That is mainly due to the lower cavity
loss while no extra lens is inserted in the resonator. The
output laser spectrum is measured by EXFO WA1500
wavelength meter, as shown in Fig. 6.

In conclusion, the thermal lens effects in Tm:YAP laser
are analyzed by numerical and analytical methods. We
find that the maximum temperature in the laser crys-
tal is approximately linear with respect to the pump
power, and the temperature contribution coefficient is
1.19 K/W. The experimental results of thermal focal
length agree with the numerical model well. However,
the results of the analytical model are lower than the
experimental data because of neglecting the pump beam
distribution along the axis of the crystal. Two thermal
lens compensation methods are proposed. One method
is that the focal length of convex lens is set to the middle
of the laser crystal, and the other is that the radius of
the plano-concave mirror is also set to the middle of the
crystal. The effectiveness of these methods is experimen-
tally proved.
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