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Design and performance of a composite Tm:YAG laser pumped by
VBG-stabilized narrow-band laser diode*
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A 2-pm composite Tm:YAG laser pumped with a narrow-band laser diode was presented. The temperature distribution
and thermal lens in the Tm:YAG were numerically simulated by a finite element method and the results were used to design
the special cavity, in order to achieve a high efficiency and stable output. With a 25-W incident pump power, we obtained
a maximum output power of 11 W at 2018.5 nm, corresponding to a slope efficiency of 51.3% and an optical-to-optical
efficiency of 44.5%, respectively. The beam quality was measured to be Mf = 1.8 and M)z, =1.6.
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1. Introduction

Diode-end-pumped solid-state eye-safe 2-um lasers are
of great interest due to their potential applications in coherent
Doppler wind lidar and remote sensing,!'~3! and 2-pm lasers
are also an ideal pumping laser source for optical parametric
oscillators (OPO) and optical parametric amplifiers (OPA) in
the mid-infrared wavelength region. [+

Among the laser materials used to generate 2-pm laser
emissions, Tm-doped lasers have the ability to use AlGaAs
diodes around 800 nm as the pump source while maintaining
a high efficiency and low thermal loading.[®! Thus, substantial
studies have been dedicated to these laser systems in recent
years.[7-10]

Howeyver, the characteristics of the small stimulated emis-
sion cross sections (~ 5 x 1072! cm?) and quasi-three-level
energy levels of the Tm:laser at room temperature require a
high pumping intensity for efficient laser operation. The in-
tense pumping power plus the large quantum defect (from
785 nm to 2 um) will highly deplete the population inversion
and generate more heat, and finally results in an increase in the
threshold and a decrease in the slope efficiency.!'!!

In 2008, Wu et al. reported a 6.97 W diode-end-pumped
composite Tm:YAG laser at room temperature with a slope ef-
ficiency of 41.45%.12! In 2009, Cheng et al. introduced the
Tm:YAG ceramic as a gain medium.[!'3 They obtained a 4.5 W
output power with a sloping efficiency of 20.5%. In addition,
in 2012, Gao et al. increased the slope efficiency to 65% with
a maximum output power of 6.05 W.['4] However, the operat-
ing temperature was maintained at 281 K, and we could see an
obvious saturation at the maximum output. In 2015, Li et al.
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investigated the output characteristics of the Tm:YAG laser in
the wide temperature range of 25-300 K.!">! The laser crystal
was cooled with a liquid helium cooling system. At the tem-
perature of 88 K, a maximum output power of 4.68 W was
achieved with a slope efficiency of 56.1%. However, at the
room temperature of 300 K, the output power was decreased
to 1.2 W.

In this letter, we developed a high efficiency laser diode
(LD) end-pumped composite Tm:YAG laser at room temper-
ature. The LD was wavelength-locked by VBGs at 784.9 nm
with a 0.1 nm linewidth. First, the temperature distribution in
the laser crystal was numerically simulated using a finite ele-
ment method. Then we obtained the thermal focal length by
calculating the optical path difference of the crystal. Based on
the above theoretical calculations, a simple two-mirror com-
pact thermal stability cavity was designed and experimentally
tested. Finally, we obtained a maximum output power of
11 W at 2018 nm under the incident pump power of 25 W
corresponding to a slope efficiency of 51.3% and an optical-
to-optical efficiency of 44.5%, respectively. In addition, the
output power is scalable to a considerably higher value with a
higher pumping power.

2. Experiment design and setup

The geometry of the composite crystal is shown in Fig. 1.
The gain medium was a 3.5 at.% Tm:YAG with dimensions

of 3x3x17 mm?3.

An undoped YAG with dimensions of
3x3x2 mm?> was diffusion bonded to one end-face of the ac-

tive crystal. The composite Tm:YAG was wrapped with in-
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dium foil and mounted in a water cooled copper sink, which
was maintained at 288 K. The pump beam waist was colli-
mated on the facet of the doped portions with two convex
lens pairs. The Tm:YAG was one end-pumped by fiber cou-
pled laser diode (LD). The excitation spectrum peak of the
laser medium was located at around 785 nm, measured by a
fluorescence spectrometer (FSP920, Edinburgh Instruments).
Thus, the LD was chosen with a center emission wavelength of
784.9 nm (293 K). A Volume Bragg Grating (VBG) was used
to lock its wavelength with a linewidth of 0.1 nm (MIF4S522-
785.0, DILAS). The LD had a maximum 24 W output power
with a core diameter of 400 um and numerical aperture (NA)
of 0.22.
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Fig. 1.  (color online) Schematic diagram of the end-pumped
Tm:YAG/YAG composite crystal.

The thermal effect of the laser medium depends mainly
on the heat flux induced by the pump power. In this case, the
heat conduction equation describing the temperature distribu-

tion in the laser crystal is shown as follows:[16:17]

82T(x,y,z) + 82T(x,y,z)
X 02 Y ayZ

9T (x,y,2)
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where K, K,, K are the heat conductivity coefficients along

+4q(x,y,2) =0, (1)

x, v, and z directions respectively; T is the temperature. The
heat flux g(x,y,z) can be written as
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where P, is the incident pump power; « is the absorption coef-
ficient; 7] is the heat generating coefficient due to the quantum
defect; d/ is the undoped YAG crystal length; @ is the radius
of the pump light in the laser crystal; Ag is the pumping area.
Here, we supposed the LD intensity has a fourth-order super-
Gaussian profile along the x, y-direction.

Considering that the thermal conductivity of the heat sink
is much greater than that of the laser crystal, the temperature
at the surrounding surfaces of the laser crystal is supposed to
be the same as cooling water temperature at 288 K, and the
end surfaces are supposed to be adiabatic.

Then, we numerically solve Eq. (1) using a finite ele-
ment method. Figure 2 shows the simulated two-dimensional

temperature distribution along the optical axis at a pump-
ing power of 25 W. The values of the simulation parameters
used are Ky =K, =K, = 0.5x 107* W-em 1.K"1, n = 0.6,
and @ =2.43 cm™! (at 3.5 at.% Tm:YAG). Figure 3 shows
the thermal distribution of the composite crystal compared
with a conventional crystal. The highest temperatures in the
Tm:YAG/YAG composite crystal and Tm:YAG are 368 and
388 K, respectively. The highest temperature appeared in the
interior for the composite crystal while at the pump facet for
the conventional crystal. The Tm:YAG/YAG composite crys-
tal restrained the thermal deformation remarkably. Thus, un-
doped YAG bonded to Tm:YAG is obviously shown to be an
effective method to relieve the thermal effect.
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Fig. 2. (color online) The temperature distribution along the crystal z
axis at pump power of 25 W.

The gradient distribution of the temperature in crystal
results in the temperature-dependent variation of the refrac-
tive index and the stress-dependent variation of the refractive
index. '8! Therefore, the optical path difference (OPD) for one
pass can be expressed as

Ird
OPD(x7y):/0 [(i;+”0(1+ﬂ)06T AT (x,y,z)dz, (3)

where n and ng are the refractive indices of the crystal at the
temperature 7 and at room temperature, respectively; ot is
the thermal expansion coefficient; u is the Poisson’s ratio. The
values of these parameters are o = 8.2 X 10-%°C-1, u=0.6,
and dn/dT =7.3 x 1076 °C~ 1.
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Fig. 3. (color online) The thermal distribution of the composite crystal
and conventional crystal.
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Figure 4 shows the OPD distribution in the
Tm:YAG/YAG crystal at the incident pump powers of 10 W,
20 W, and 25 W. The maximum OPDs at the center of the
crystal are 5.9 um, 9.8 um, and 13.8 um, respectively.
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Fig. 4. (color online) The OPD in Tm:YAG/YAG crystal at different
pump power.

In the pumped region, it is common to consider the laser
crystal to be a thermally induced thin lens. Then, the OPD
can be approximated by a quadratic polynomial, and the focal
length of the thermally induced lens can be derived by fitting
the OPD distribution curve. Figure 5 shows the results of the
calculations.
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Fig. 5. (color online) The focal length of thermal lens versus pump
power.

The experiment setup was shown in Fig. 6. The laser sys-
tem was similar to that developed by Huang et al.!'”! The cav-
ity parameters were specifically designed for thermal stability
based on the ABCD matrix simulation.”’! M1 was the 45°
dichroic mirror that had a high transmission at 785 nm and
high reflectivity at 2 um. M2 was a rear-coated mirror with
a high reflectivity at 2 pum and high transmission at 785 nm.
M3 was an output coupler with a transmission of 3% at 2 pm.
The L-shape cavity was adopted to suppress back reflection of
the pump light and to eliminate the influence of residual pump
light on the experiment.

Considering the thermal lens effect, we calculate the
TEMjq cavity mode waist in the crystal center and in the out-
put coupler as a function of the pump power with different
cavity lengths, as shown in Fig. 7. Thus, for a plane—plane

cavity, the shorter the cavity is, the larger the pump power that
can be achieved. The whole resonator length was chosen to be
as short as 40 mm, which was limited by mechanical mounts.
If the cavity length was much longer or pumping power was
much higher, other thermal lens compensation methods should
be taken into account.
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Fig. 6. (color online) The experiment setup.
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Fig. 7. (color online) Radius of the TEMO0O spot versus pump power.

3. Results and discussion

The average 2 um output power versus the total incident
pump power is shown in Fig. 8. The output power increased
linearly with the increasing pump power and no saturation ef-
fect was observed. A maximum output power of 11.1 W was
obtained with an incident pump power of 25 W (with an ab-
sorbed pump power of 24.6 W).
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Fig. 8. (color online) Output power versus pump power.

As with the results shown in Fig. 7, when the pump
power rises even to 50 W, the TEMyy mode radius remains
at about 160-180 um, mode-matched to the pump spot waist
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of 200 um. That is to say, for a pump power between 10 and
50 W, the resonator will be stable and the laser will be in the
TEMgp mode. We can predict a higher output power main-
taining the same slope efficiency with a much higher pump
power. Meanwhile, the slope efficiency and optical-to-optical
efficiency relative to the absorbed pump power were 52.2%
and 45.1%, respectively, and relative to incident pump power
were 51.3% and 44.5%, respectively.

The absorbed power was 98.4% of the total incident
pump power corresponding to the absorption coefficient of
2.43 cm™! in a 3 at.% doped Tm:YAG crystal at a tempera-
ture of 288 K. This high absorption was probably due to the
wavelength-locked 784.9 nm LD with a linewidth of 0.1 nm,
which matched the excitation band of the Tm:YAG at about
785 nm. Comparing this work with Ju’s work,?!! he pre-
sented a composite Tm:YAG laser which matched well with
our experiment setup. A 42.8% slope efficiency and 33.7%
optical conversion efficiency were achieved. The conversion
efficiency when pumped with a VBG-stabilized narrow-band
LD was much higher than when pumped with a conventional
broad-band LD.

At an output power of 11 W, the beam quality factors
measured by the beam analyser (NanoModeScan) were M? =
1.8 and M)z, = 1.6. The laser spectrum at the same output
power was centred at 2018.5 nm with a FWHM linewidth of
2.7 nm, measured by an infrared spectrum analyzer (721-IR,
Bristol).
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Fig. 9. (color online) Output spectrum at output power of 11.12 W.

4. Conclusion

In summary, we have demonstrated a high-efficiency end-
The thermal effects in the
Tm:YAG/YAG composite crystal are comprehensively inves-

pumped 2-um Tm:YAG laser.

tigated, and the analysed results are used to design the cav-
ity of the laser. Finally, a maximum output power of 11.1 W
was obtained with an incident pump power of 25 W. The
slope efficiency and optical-to-optical efficiency were 52.2%
and 45.1%, respectively, relative to the absorbed pump power,
and were 51.3% and 44.5%, respectively, relative to incident
pump power. The conversion efficiency, when pumped with
a VBG-stabilized narrow-band LD, was significantly higher
than when pumped with a conventional broad-band LD. The
beam quality factors were M = 1.8 and M; = 1.6. A higher
output power maintaining the high efficiency can be achieved
with a higher LD power.
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