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This paper  focused  on the  analysis  of  thermal  effect  of  Tm:LuAG  crystal  and  its  lasing  characteristics
under continuous-wave  (CW)  operation  at room  temperature.  The  temperature-distribution  of  Tm:LuAG
rod was  shown  intuitively  by using  a software  of COMSOL.  The  thermal  focal  length  was calculated
which  was  useful  to design  the  resonator.  In  experiment,  thermal  focal  length  of  Tm:LuAG  crystal  was
iode-pumped lasers
m:LuAG
hermal lensing

measured,  firstly.  The  experimental  results  were  coinciding  with  the  theoretical  calculations.  Then,  laser
characteristics  of  CW  Tm:LuAG  crystal  were  measured.  Maximum  output  power  of 6.34  W  was  obtained
when  the  pump  power  was  25.7  W.  To  our  best  knowledge,  it was  the  highest  output  power  of  CW
Tm:LuAG  laser.  The  output  wavelength  was  2023  nm  and  the  beam  quality  factor  was  M2 = 3.8  at  the
maximum  power  level.

©  2015  Published  by  Elsevier  GmbH.
. Introduction

All solid-state lasers operating at 2 �m are useful for the appli-
ations as coherent Doppler LIDAR, differential absorption LIDAR,
nd so on [1,2]. Thulium-doped Lu3Al5O12 (Tm:LuAG) crystal is
somorphic to YAG [3]. It is one of the attractive materials for
t owns the advantages of high heat conductivity and the lower
opulation density of the lower laser level. Compared with the
avelength of Tm:YAG (2.015 �m),  the emission wavelength of

m:LuAG (2.023 �m)  is more closer to the optical transmission
indow.

In the past 10 years, many researchers reported their work on
m:LuAG laser. For example, in 1995, an optical-to-optical differ-
ntial efficiency of 23.6% was achieved by diode-pumped Tm:LuAG
aser [4]. In 2000, the maximal output 0.92 W was obtained from
iode-pumped Tm:LuAG laser under the pump power of 10 W [5].
nd in 2008, the maximum output power of 4.91 W and the slope

fficiency of 25.39% was obtained by diode-end-pumped Tm:LuAG
aser [6]. Although there are many reports on the laser character-
stics of Tm:LuAG laser, it was rarely seen the analysis of thermal

∗ Corresponding author at: Jilin key Laboratory of Solid-State Laser Technol-
gy  and Application, Changchun University of Science and Technology, Changchun,
30022, China. Tel.: +86 431 85582819; fax: +86 431 85582465.

E-mail address: bigsnow1@126.com (C. Wu).

ttp://dx.doi.org/10.1016/j.ijleo.2015.12.011
030-4026/© 2015 Published by Elsevier GmbH.
effect about Tm:LuAG crystal. In 2014, we reported the analysis of
thermal effect about pulse LD pumped Tm:LuAG crystal and the
lasing characteristics of pulsed Tm:LuAG at room temperature [7].

This paper focused on the analysis of thermal effect about
Tm:LuAG crystal and the lasing characteristics of end-pumped
continuous-wave Tm:LuAG laser at room temperature. The thermal
model of Tm:LuAG crystal was built up. The temperature-
distribution of Tm:LuAG rod was  shown intuitively by using a
software of COMSOL. The thermal focal length was  calculated and
the resonator design was carried out considering the value-change
of thermal focal length of Tm:LuAG crystal versus the pump power.
In experiment, thermal focal length of Tm:LuAG crystal at different
pump power were measured, which were coincide with the theo-
retical calculations. Finally, maximum output power of 6.34 W was
obtained, with optical-to-optical conversion efficiency of 24.8% at
the maximum power level. The output wavelength was 2023 nm.
And the beam quality factor is M2 = 3.8.

2. Analysis of thermal effect about Tm:LuAG crystal
2.1. Thermal model of Tm:LuAG crystal

The model of continuous-wave end-pumped Tm:LuAG rod was
shown in Fig. 1.

dx.doi.org/10.1016/j.ijleo.2015.12.011
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2015.12.011&domain=pdf
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Table 1
Parameters of end-pumped Tm:LuAG laser.

Parameters Value

Temperature of cooling liquid/K 291
Initial temperature/K 295
Heat transfer coefficient of air/(W cm−2 K−1) 8 × 10−4

Heat conductivity of Tm:LuAG/(W cm−1 K−1) [8] 0.079
Pump beam waist/cm 0.8
Pump power/W 1 – 30
Heat fraction 0.6
Crystal radius/mm 1.5
The length of Tm:LuAG rod/mm 8
Density of Tm:LuAG/(g/cm3) [9] 6.32
Specific heat capacity of Tm:LuAG/(J Kg−1 K−1)
(similar to Tm:YAG)

590

Absorption coefficient of 3.5 at% Tm:LuAG/cm−1 3
Thermo-optical coefficient (dn/dT)/(K−1) [9] 8.9 × 10−6

Refractive index of Tm:LuAG rod 1.81
Poisson’s ratio 0.3
Thermal expansion coefficient/(K−1) [9] 7.9 × 10−6

Fig. 2. Central temperature of Tm:LuAG crystal at different pump power.
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Fig. 1. The model of continuous-wave end-pumped Tm:LuAG rod.

r is the radial coordinate and z is the axial coordinate. b is the
adius of rod and L is the length of rod. Pump light propagated in
he z direction.

The heat source function in Tm:LuAG crystal could be described
s formula (1) [8].

(r, z) = 2˛�hPine−˛z

�w2
p

e−2r2/w2
p (1)

Here, ωp is the waist radius of the pump beam, �h is the heat
raction, Pin is the pump power, and  ̨ is the absorption coefficient
f Tm:LuAG rod.

The boundary condition is shown as formula (2), (3), (4) and (5).

∂T

∂r

∣∣∣∣
r=0

= 0 (2)

T
∣∣
r=R0

= Tb (3)

Kc (T − T∞) − h
∂T

∂n

∣∣∣∣
z=0

= 0 (4)

Kc (T − T∞) + h
∂T

∂n

∣∣∣∣
z=L

= 0 (5)

where, h is the heat transfer coefficient of the air. Kc is the heat
onductivity. Tb is the temperature of cooling water. T∞ is the room
emperature.

The formula (2) could be simply to formula (6). And consid-
ring the formula (6), the temperature distribution within the
nd-pumped Tm:LuAG rod could be expressed as formula (7).

1
r

∂

∂r

(
r

∂T(r, z)
∂r

)
= − 1

Kc
q(r, z) (6)

(r, z) = Tb + ˛�hPin

4�Kc
e−˛z

∞∑
m=1

(−1)m

mm!
(

2

w2
p

)
m ((

r2/R2
0

)m − 1
)

(7)

.2. Central temperature in Tm:LuAG crystal

The parameters of end-pumped Tm:LuAG laser would be used
n simulation was shown in Table 1.

By using software of COMSOL, we could see the temperature-
istribution of Tm:LuAG rod intuitively, as shown in Fig. 2. When
he scale of pump power was adjusted, the central tempera-
ure of Tm:LuAG rod changed correspondingly. At pump power
f 5 W,  the central temperature of Tm:LuAG rod was 303 K. And
hen the pump power was 30 W,  the central temperature of

m:LuAG rod increased to 361 K. The slope efficiency was  about

.3 K/W.

Central temperature of Tm:LuAG rod with different diameter
ersus pump power is shown in Fig. 3. The slope efficiency was
bout 1.1 K/W, 1.9 K/W, 2.3 K/W, 2.6 K/W and 2.8 K/W of Tm:LuAG
Fig. 3. Central temperature of Tm:LuAG rod versus pump power with different
diameter.

rod with diameter of 1 mm,  2 mm,  3 mm,  4 mm and 5 mm,  respec-
tively. Small cross section of laser rod was conducive to cooling.
However, due to the limitations of mechanical dimensions and
the gain extraction, the cross section of laser rod should be
proper.

2.3. Thermal focal length Tm:LuAG crystal
In Tm:LuAG rod, thermally induced optical path difference
caused by the change of refractive index with temperature. The
thermally induced optical path difference (OPD) [10] in the slice z
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Fig. 4. Thermal focal length versus pump power.
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Fig. 6. The stability of the cavity versus the thermal focal length.

keep constant temperature which was set as 291 K, and the two
end faces exchange heat with the air.
Fig. 5. Resonator design.

o dz is written by the expression (8).

PD (r) = 2

L∫
0

⎡
⎣∂n

∂t
�T (r, z) + (n0 − 1) (1 + �) ˛T �T (r, z)

+
3∑

i,j=1

∂n

∂εi,j (r)
εi,j

⎤
⎦dz (8)

The time-varying thermal focal length is written as the expres-
ion (9) [8].

th = �Kcω2
p

˛�hPin∂n/∂t

1
1 − exp (−˛L)

(9)

As shown in Fig. 4, the thermal focal length became shorter when
he pump power increased. During the power range of 1 – 30 W,  the
hermal focal length was in the range of 21 – 613 mm.  When the
ump power was high, the thermal focal length was shorter than
0 mm.  It meant that the thermal effect of Tm:LuAG crystal was
uite seriously. The data were very useful to design the cavity.

.4. Resonator design

To lower the threshold of the low gain transition quasi-three-
evel laser and increase the output power, the cavity length was
esigned as short as possible. The value-change of the thermal focal

ength should be considered as designing the resonator, as shown
n Fig. 5. Plane mirror M1  and concave mirror M2 were set on the
ides of the laser crystal. The thermal lens of the crystal was  seen
s a parabolic thin lens which was convenient for resonator design
sing ABCD matrices, as shown in formula (9). Considering the ther-

al  focal lens in the gain medium, the stability of the cavity versus

he thermal focal length is expressed by A+D
2 in Fig. 6. We  could
Fig. 7. Experimental setup.

see that the laser cavity was  insensitive to the thermal lens and the
cavity was stable even operated at high pump level.
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−1 <
A + D

2
< 1 (11)

3. Experimental setup

Fig. 7 showed the experimental setup of diode-end-pumped
Tm:LuAG laser.

In experiment, a fiber-coupled laser diode (LD) was  employed
as the pump source. The central wavelength of the LD could be
matched the absorption of Tm:LuAG laser at 788 nm by changing
the temperature of the LD. The core diameter and numerical aper-
ture (NA) of the fiber was 400 and 0.22 �m.  The output beam of the
pump laser was  shaped and focused by two  simple lenses. The mode
matching between pump mode and laser mode was optimized by
changing the pump beam waist radius and its location.

The dimension of 3.5% Tm-doped LuAG was  	3 × 8 mm2. In
fact, optimizing the doping concentration was quite necessary
to improve the output power of Tm:LuAG laser. The faces were
polished planes, parallel and coated with antireflection at the wave-
length near 790 nm (R < 0.5%) and 2023 nm (R < 0.5%). The side face
of Tm:LuAG crystal was packed by indium foil and placed in the cop-
per heat sink. The copper heat sink was  contacted with the cooling
system. The outer cylindrical surface of the crystal rod assumed to
The resonator geometry used was plane-concave. The plane mir-
ror was  high reflective at the wavelength near 2023 nm (R > 99.5%)
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Fig. 9. Output power versus pump power.
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nd high antireflective at the wavelength about 788 nm (R < 0.5%).
he radius of curvature and the transmissivity at 2023 nm of
he output coupler were 100 mm and 3.5%, respectively. The
hysical length of the cavity was 23 mm.  Another plane mirror
ith transmissivity of 3.5% near 2023 nm was used as out-
ut mirror to measure the thermal focal length of Tm:LuAG
rystal.

. Experimental results and discussion

Firstly, the experiment of measuring thermal focal length of
m:LuAG crystal was carried out. A plane-plane resonator was
sed. The Tm:LuAG crystal was placed closely to the high reflec-
ive plane mirror. Another plane mirror with transmissivity of 3.5%
as placed on the other side of the crystal. The cavity length was

3 mm.  The laser oscillation began after carefully adjustment and
he threshold was 2.6 W.  At pump power of 5 W,  the output cou-
ler was kept away from the laser crystal by adjust the position
f the output mirror. When the cavity length was 126 mm,  the
aser oscillating termination happened suddenly. In other words,
he thermal focal length of Tm:LuAG crystal was 126 mm at pump
ower of 5 W.  By this method, the thermal focal length of Tm:LuAG
rystal at pump power of 10 W,  15 W,  20 W and 25 W were
easured.
Fig. 8 gave the calculated results and experimental results about

hermal focal length of Tm:LuAG crystal versus pump power. The
xperimental results were coinciding with the theoretical calcula-
ions. At pump power of 25 W,  the thermal focal length of Tm:LuAG
rystal was 25 mm experimentally. At pump power of 30 W,  no out-
ut power at all. However, if we keep the pump power out firstly,
hen let the pump power act on the crystal suddenly, the output
ower data would be displayed on the power meter instantly but
isappeared at once, which meant that the thermal focal length was
oo short to keep the stability of the cavity.

Then a plane-concave resonator was used as designed to achieve
table laser output. Fig. 9 showed the output power of Tm:LuAG
aser versus pump power. The lasing threshold was  2.1 W.  Under

 pump power of 25.7 W from the laser diode, the maximum
ower of 6.34 W was achieved. The slope efficiency was 45.2%.
he optical-to-optical conversion efficiency at the maximum power
evel was approximately 24.8%. Because of the power saturation
rend, higher pump power was not used for protecting Tm:LuAG
rystal.

The wavelength of the Tm:LuAG laser was measured with

 monochrometer (300-mm focal length, 300 lines/mm, grating
lazed at 2000 nm). The chopped-input laser was  detected by an

nGaAs detector connected with a phase-lock amplifier. Fig. 10
howed the measured laser spectrum of the Tm:LuAG laser.

Fig. 8. Thermal focal length versus pump power.
Fig. 10. Output wavelength of Tm:LuAG laser.

At the maximum output power, the beam quality factor (M2) of
Tm:LuAG laser was measured by the traveling knife-edge method.
The M2 was  equal to 3.8. It is because the cavity was too short to
restrain multimode oscillation. The severe thermal effects would
also reduce the beam quality.

5. Conclusion

In summary, we reported an analysis of thermal effect about
Tm:LuAG crystal and its lasing characteristics under continuous-
wave operation at room temperature. The thermal model of
Tm:LuAG crystal was  built up. The temperature-distribution of
Tm:LuAG rod was shown intuitively by using software of COMSOL.
Central temperature of Tm:LuAG rod with different diameter versus
pump power had also been obtained, result in that small cross sec-
tion of laser rod was conducive to cooling. The thermal focal length
was calculated which was  useful to design the resonator. In exper-
iment, thermal focal length of Tm:LuAG crystal at different pump
power were measured, which were coincide with the theoretical
calculations. Maximum output power of 6.34 W was  obtained. The
output wavelength was  2023 nm and the beam quality factor was
M2 = 3.8 at the maximum power level. Compared with the experi-
mental result before (M2 = 1.17), it proved that the pulse LD pumped
technology is a good method to relieve thermal effect and improve
the beam quality of Tm:LuAG laser.
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