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1 1. INTRODUCTION

2 µm lasers operating in the eye�safe spectral region
are acknowledged for many applications, such as
medicine, the pumping source of OPO, especially as
the source of LIDAR systems. In recent years, diode�
pumped solid�state 2 µm lasers have rapid develop�
ment for their efficient, compact and stable perfor�
mance. There’re mainly four methods to achieve 2 µm
laser output. Firstly, the 1.06 µm laser pumped OPO
crystals to realize 2 µm laser output. Secondly, Tm, Ho
codoped crystals are pumped by laser diode at around
800 nm, such as Tm, Ho:YLF and Tm, Ho:YAG.
Thirdly, some Tm doped crystals are pumped by
800nm laser diode to achieve 1.9 µm laser output and
then pumped Ho doped crystals to realize 2 µm laser
output. Fourthly, some Tm doped crystals can realize
2 µm laser output directly pumped by laser diode at
around 790 nm. In this paper, four ways to realize 2 µm
laser output are generalized and discussed.

2. 1 µm LASER PUMPED OPO CRYSTAL

The schematic of 1 µm laser pumping OPO crystal
to realize 2 µm laser output is shown in Fig. 1. The
1 µm lasers were mainly obtained by Q�switched
Nd:YAG laser. Table 1 lists the various research results,
including laser parameters and laser properties, about
2 µm laser using method of 1 µm laser pumping OPO
crystal.

From the research results mentioned above,
there’re mainly two OPO crystals were used to be
pumped by 1 µm laser source, KTP and MgO:PPLN
whose damage threshold was high. By using this
method, high average power, high energy 2 µm laser
can be obtained. And the output wavelength can be
turned in the 2 µm band. However, the linewidth of
2 µm lasers was too wide (about 5 nm) which would
lower the mid�infrared OPO conversion efficiency,

1 The article is published in the original.

when the 2 µm lasers were used as the pumping source
of mid�infrared OPO.

3. Tm, Ho CODOPED 2 µm LASERS

2 µm laser output can be realized by Tm, Ho
codoped crystals pumped with 800 nm laser diode, as
shown in Fig. 2.

Table 2 lists the various researches on the Tm, Ho
codoped crystal as the laser materials to achieve 2 µm
laser output. The results show that at low temperature,
Tm, Ho codoped crystals had good laser characteris�
tics, such as high output power and high slope effi�
ciency. However, at room temperature, because of the
seriously up�conversion of Ho ions, the output power
was limited, especially for Tm, Ho codoped oxide.
While because of the negative lens effect of Tm, Ho
doped fluoride, it own the advantage on working at
room temperature.

4. Tm DOPED LASER PUMPING Ho
DOPED LASER

Tm�doped laser was pumped by laser diode at
around 800 nm to achieve 1.9 µm lasers, and then
make use of it pumping Ho doped crystal to realize
2 µm laser output. Tm�pumped Ho lasers mainly
include two ways, Tm laser pump Ho laser in and out�
side cavity, as shown in Fig. 3. Various research groups
take attention on this method to realize high power
2 µm outputs at room temperature, as listed in Table 3.
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Due to the absence of sensitization ions, the up�
conversion loss and the re�absorption loss of Tm laser
pumped Ho laser structure reduce greatly. The quan�
tum loss from 1.9 to 2.0 µm is quite small. Then the
accumulation of heat inside the laser crystal was sig�
nificantly reduced, which ensured the high efficiency
operation of 2 laser. The research results show that Tm
laser pumped Ho laser was one excellent method of
achieving 2 µm laser output at room temperature,
especially for short pulse width of 2 µm Q�switched
laser output, although the laser system was complexity.

5. Tm DOPED 2 µm LASERS

Some Tm�doped crystals can realize 2 µm laser
output directly pumped by laser diode at around
790 nm, as shown in Fig. 4. Table 4 summarizes the
research on making Tm doped crystal to realize 2 µm
laser output.

There’re mainly two Tm doped crystals could real�
ize 2 µm laser output, Tm:YAG and Tm:LuAG. Under
continue wave operation, the laser characteristics were
good and achieve high power output easily. However,

Table 1.  2 μm laser output by 1 μm laser pumped OPO crystal

Researcher year Nation Pumping source OPO crystals Cavity parameters Wavelength Power
Slope efficiency

R. Burnham, 1989, USA [1] Nd:YAG
1.06 μm
50 mJ, 30 ns

KTP 6 mm in length Plane�plane
L = 2.5 cm, T = 5%

2.12 μm

E. Cheung, 2000, USA [2] Nd:YAG
1.06 μm
MOPA

KTP (6 pieces) 3 × 3 × 6 mm3

Concave�plane, T = 70%
2.13 μm

53 W
48%

Y. Hirano, 2001, Japan [3] Nd:YAG
1.06 μm
Pave = 160 W

MgO:PPLN
1 × 1.5 × 30 mm3

L = 60 mm, T = 70%

2 μm
57 W

82.2%

S. Haidar, 2004, Japan [4] Nd:YAG
1.06 μm
640 mJ, 8 ns

KTP
10 × 10 × 20 mm3

L = 27 mm, T = 20%

2.02 μm
43 mJ

22% (slope)

H. Ishizuki, 2006, Japan [5] Nd:YAG
1.06 μm
30 Hz, 12 ns

MgO:PPLN
5 × 5 × 38 mm3

L = 80 mm, T = 60%

1.94–2.30 μm (turning)
100 mJ

75%

R. Bhushan, 2008, Japan [6] Nd:YAG
1.06 μm
5 J, 10 ns, 10 Hz

MgO:PPLN
5 × 5 × 36 mm3

L = 75 mm, T = 60%

1.90–2.36 μm (turning)
186 mJ

58%

Laser diode
Pumping

Tm, Ho codoped crystals
2 μm laser

Tm, Ho: YAG; Tm, Ho: LuAG
Tm, Ho: YAP

Tm, Ho: YLF
Tm, Ho: LuLF

Tm, Ho: GdVO4
Tm, Ho: YVO4

Fig. 2. Tm, Ho codoped crystals as the 2 µm laser materials.

Diode
laser

Ho laser system

Including Tm laser

Diode
laser

Tm laser Ho laser
system

(a) (b)

Fig. 3. Tm laser pumped Ho laser (a) Tm laser pumped Ho laser in the cavity (b) Tm laser pumped Ho laser out the cavity.
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Table 2.  2 μm laser output by Tm,Ho codoped crystals as laser materials

Researcher,
Year,

Nation

Laser Material,
Dimensions, mm3, 

Doped, at %,
Temperature, K

Cavity structure Laser characteristics Special introduction

T.Y. Fan, 1988,
USA [7]

Cr, Tm, Ho:YAG
Cr: 2.5 × 1020 cm–3

Tm: 8 × 1020 cm–3

Ho: 5 × 1019 cm–3

Concave�concave
R = 250, 500 mm
T = 0.5%

19% (slope) Spectrum at RT was 
measured. Threshold 
was calculated

B.T. Mcguckin, 1991, 
USA [8]

Tm, Ho:YLF
Tm:6%, Ho:0.4%
275 K

– 84 mW (CW)
220 μJ
150 Hz
22 ns

–

P. A. Budni, 1992,
USA [9]

Tm, Ho:YLF
5 × 5 × 7
Tm: 5.7%, Ho: 1.25%
77 K

Plane�concave
R = 300 mm
T = 40%

1.75 mJ
1 kHz
10 ns

The cavity loss was 7%

M.G. Jani, 1995,
USA [10]

Tm, Ho:YLF
Tm:  4%, Ho: 0.5%
4 × 4 × (11 + 20 + 11) 
289 K

Concave�plane
L = 500 mm
T = 2, 6, 10, 18%

130 mJ
5.2% (slope)

Pulse pumping

V. Kushawaha, 1996, 
USA [11]

Tm, Ho:LuAG
Tm: 6%, Ho: 0.36% 
Φ6.35 × 7.5
77 K

Plane–plane
L = 80 mm
T = 5%

1.38 W
2.1 μm
35.6% (o–o)

The spectrum of LuAG 
is wider than YLF and 
YAG at RT

P. A. Budni, 1998,
USA [12]

Tm, Ho:YLF – Pave = 23 W
10 kHz

–

V. Sudesh, 2001,
Japan [13]

Tm, Ho:LuLF4
Tm: 5%, Ho: 0.5%
4 × 3 × 4.8

Plane�concave
R = 300 mm
T = 5%

11.3 mJ (20 Hz)
5.6% (slope)
24.5 mJ (10Hz)
10.7% (slope)

A novel quasi�end 
pumping source

V. Sudesh, 2003,
Japan [14]

Tm, Ho:LuLF
Tm: 5%, Ho: 0.5%
4 × 3 × 2.8
273 K

Plane�concave
R = 300 mm
T = 5%

24.4 mJ (10 Hz)
11.6% (slope)

A novel quasi�end 
pumping source

M. Petros, 2003,
USA [15]

Tm, Ho:LuLF
Tm: 6%, Ho: 0.5%
3 × 3 × (15 + 20 + 15) 
288 K

Ring laser
R = 3.5 m
T = 28%
L = 3 m

100 mJ 
150 ns
2053 nm
10 Hz

The σemi at 2053 nm 
was larger than
2067 nm

V. Sudesh, 2004,
Japan [16]

Tm, Ho:LuLF
Tm: 5%, Ho: 0.5%
4 × 3 × 2.7

Plane�concave
R = 100 mm
T = 0.5%

285 mW
32% (slope)

The crystal was
Brewster cut

A. Sato, 2004,
Japan [17]

Tm, Ho:GdVO4
Tm: 3%, Ho: 0.3%
1.5 × 2.7 × 4 (c × a × a)

Plane�concave
R = 100 mm
T = 1.5,3%
L = 93 mm

31.2 mJ
14.5% (slope)

The crystal was Brew�
ster cut

B.Q. Yao, 2004,
China [18]

Tm, Ho:GdVO4
Tm: 5%, Ho: 0.5%
5 × 5 × 10
77 K

Plane�concave
R = 300 mm
T = 20, 30, 40%
L = 150 mm

3.5 W
25% (o–o)
2048 nm

One end of the crystal 
was a reflected mirror

Y. Urata, 2005,
Japan [19]

Tm, Ho:GdVO4
Tm:3%, Ho:0.5%
3 × 3 × 1.5

Concave�plane
T = 1~2%

7.1% (slope)
2046 nm

Pulse pumping

M.W. Phillips, 2005,
USA [20]

Tm, Ho:YLF
200 K

Folded cavity 400 mJ
8% (o–o)
900 ns
2051 nm

Pulse pumping; 
Side pumping

S. S. Chen, 2005,
USA [21]

Tm, Ho:LuLF
Tm: 6%, Ho: 0.5%
4 × 4 × (15 + 20 + 15) 
286 K

Ring laser
R1 = R2 = 0.5 m
L = 2.7 m

0.63 J
4.1% (o–o)
1.05 J
6.9% (o–o)

Injection�seede d 
and MOPA
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Table 2.  (Contd.)

Researcher,
Year

Nation

Laser Material,
Dimensions, mm3, 

Doped, at %,
Temperature, K

Cavity structure Laser characteristics Special introduction

X. L. Zhang, 2005,
China [22]

Tm, Ho:LuLF
Tm: 6%, Ho: 0.4%
5 × 5 × 2.5 293 K

Plane�concave
R = 100 mm
T = 2%

393 mW
14% (o–o)
45 μJ
142 ns

113 mW SLM laser 
output

B.Q. Yao, 2005,
China [23]

 Tm, Ho:GdVO4
Tm:5%, Ho:0.5%
4 × 4 × 7 77 K

Concave�plane
R = 400 mm
T = 40%
L = 110 mm

Pave = 3.9 W
29% (o–o)
35% (slope)
1.1 mJ (3 kHz)
23 ns (3 kHz)

The wavelength of the 
pumping source was 
794 nm

W.J. He, 2006,
China [24]

Tm, Ho:GdVO4
Tm:5%, Ho:0.5%
4 × 4 × 7 77 K

L�cavity
R = 400 mm
T = 60%
L = 172 mm

Pave = 10.1 W
10 kHz
50% (slope)
M2 < 1.1

Double ends pumping

X.B. Zhang, 2007,
China [25]

Tm, Ho:GdVO4
Tm: 5%, Ho: 0.5%
5 × 5 × 10
77 K

Concave�plane 25 ns (10 kHz)
3 W
2048 nm

195 mW laser output at 
3.88 μm

A. Sato, 2008,
Japan [26]

Tm, Ho:GdVO4
Tm: 7%, Ho: 0.4%
0.7 mm in length

Plane–plane
L = 0.7 mm

550 mW
23.7% (o–o)

 The crystal was side 
cooled

Y. X. Bai, 2008,
USA [27]

Tm, Ho:LuLiF
Tm: 6%, Ho: 0.5%
288 K

Concave�plane
R = 1 m
T = 40%
L = 0.56 m

10 Hz
1.6 J
30% (slope)
20% (o–o)

Making use of He–Ne 
laser at 543.5 nm to 
measure Ho ions pop�
ulate�inversion

Z.G. Wang, 2009,
China [28]

Tm, Ho:GdVO4
Tm: 5%, Ho: 0.5%
4 × 4 × 7
77 K

Ring laser
R = 1 m
T = 18%
L = 1 m

20 Hz
2 mJ
170 ns

Injection seeded laser

X.M. Duan, 2008,
China [29]

Tm, Ho:YAP
Tm: 5%, Ho: 0.3%
4 × 4 × 2
274 K

Plane�concave
R = 50 mm
T = 2%
L = 17 mm

163 mW
7.1% (o–o)
11.1% (slope)
2102 nm

–

B.Q. Yao, 2008,
China [30]

Tm, Ho:YAP
Tm: 5%, Ho: 0.3%
4 × 4 × 8
77 K

L�cavity
R = 0.4 m
T = 30%
L = 55 mm (CW)
L = 125 mm (Q)

5 W
2.13 μm
29% (slope)
1–10 kHz
3.3 mJ
40 ns

Double ends pumping. 
160 mW output was 
obtained at RT with 
slope efficiency of 11%

L.J. Li, 2009,
China [31]

Tm, Ho:YAP
Tm: 5%, Ho: 0.3%
4 × 4 × 8
77 K

L�cavity
R = 0.3 m
T = 30%

2.28 W
2.044 μm
15.7% (o–o)
19.3% (slope)

Double ends pumping. 
c�cut Tm, Ho:YAP 
crystal

L.J. Li, 2009,
China [32]

Tm, Ho:YAP
Tm: 5%, Ho: 0.3%
4 × 4 × 8
77 K

L�cavity
R = 0.3 m
T = 30%

Pave = 2.17 W
2.044 μm
15.0% (o–o)
10 kHz

Double ends pumping. 
c�cut Tm, Ho:YAP 
crystal

L.J. Li, 2009,
China [33]

Tm, Ho:YAP
Tm: 5%, Ho: 0.3%
4 × 4 × 8
77 K

L�cavity
T = 30%
L = 150 mm

4.45 W
2.13 μm
Pave = 4.21 W
15 kHz

Double ends pumping 
and laser diode
is 798 nm

B.Q. Yao, 2010,
China [34]

Tm, Ho:YVO4
Tm: 4%, Ho: 0.4%
3 × 3 × 8
77 K

Folding�cavity
R = 0.5 m
T = 40%
L = 255 mm

20.2 W (CW)
2054.7 nm
Pave = 19.4 W
24 ns (15 kHz)

Double ends pumping 
double crystals
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Table 2.  (Contd.)

Researcher,
Year,

Nation

Laser Material,
Dimensions, mm3,

Doped, at %,
Temperature, K

Cavity structure Laser characteristics Special introduction

F. G. Yang, 2010,
China [35]

Tm, Ho, Ce:NaY�(WO4)2 
Tm: 5%, Ho: 1%, Ce: 30%
3 × 3 × 8
77 K

Plane�concave
R = 0.1 m
T = 7%
L = 30 mm

0.2 W
2.07 μm

–

X.L. Zhang, 2010,
China [36]

Tm, Ho:YLF
Tm: 6%, Ho: 0.4%
5 × 5 × 2.5
293 K

Plane�concave
R = 51.88 mm
T = 2%
L = 45 mm

118 mW
Single frequency

792 nm LD pumping

B. Richards, 2010, 
UK [37]

Tm3+/Ho3+/Yb3+�
codoped telluride fiber

T = 50, 30, 10%
Fiber length 24.7 cm

67 mW Pumping with 1.088 
μm and 1.61 μm silica 
fiber laser

X.L. Zhang, 2010, 
China [38]

Tm, Ho:YLF
Tm: 6%, Ho: 0.4%
5 × 5 × 2.5
293 K

Plane�concave
R = 51.88 mm
T = 2%
L = 45 mm

106 mW
Single frequency

792 nm LD pumping

G. Li, 2011,
China [39]

Tm, Ho:YVO4
Tm: 4%, Ho: 0.4%
8 mm�long
77 K

Folding�cavity
R = 400 mm
T = 3.5%
L = 1.97 m

210 mW
2.05 μm
16.32 kHz

Double ends pumping 
and laser diode is 798–
802 nm.

X.L. Zhang, 2011, 
China [40]

Tm, Ho:YLF
Tm: 6%, Ho: 0.4%
5 × 5 × 2.5
293 K

Plane�concave
R = 51.88 mm
T = 2%
L = 45 mm

2053 nm
4 μJ
1.3–2.6 kHz

792 nm LD pumping

V. Jambunathan, 
2011, Spain [41]

Ho, Tm:KLuW
Tm: 5.0%, Ho: 0.5%
3 × 3 × 3
289 K

Z�type cavity
R = 100 mm
T = 9%

1919 and 2061 nm
244 mW

Ti:sapphire 802 nm 
pumping

B.Q. Yao, 2011, 
China [42]

Tm, Ho:YVO4
Tm, Ho:GdVO4
Tm: 5.0%, Ho: 0.5%
4 × 4 × 0.25
283 K

Plane cavity
T = 1%

2052.3 nm
16.5 mW
2048.5 nm
8 mW

802 nm LD pumping

P.B. Meng, 2011, 
China [43]

Tm, Ho:GdVO4
Tm: 5.0%, Ho: 0.5%
4 × 4 × 7
77 K

L�shape cavity
T = 40%
L = 195 mm

10 kHz
85 ns
2.6 kW

802 nm LD pumping, 
pump waist 800 μm

B.Q. Yao, 2011, 
China [44]

Tm, Ho:YVO4
Tm: 5.0%, Ho: 0.5%
4 × 4 × 0.25
283 K

Plane cavity
T = 1%

2052.3 nm
16.5 mW
Single frequency

802 nm LD pumping

P.B. Meng, 2011, 
China [45]

Tm, Ho:YLF
Tm: 6.0%, Ho: 0.4%
3 × 3 × 0.5
291 K

Plane cavity
T = 2%

2050.5 nm
17 mW
Single frequency

–

L.J. Li, 2011,
China [46]

c�cut Tm, Ho:YAlO3
Tm: 5.0%, Ho: 0.3%
3 × 3 × 8
77 K

Plane cavity
T = 30%

2044 nm
3.45 mJ
47 ns
2.5 kHz

794.8 nm LD double 
ends pumping

Y.L. Ju, 2011,
China [47]

Tm, Ho:YAP
Tm: 5.0%, Ho: 0.3%
4 × 4 × 0.8
Room temperature

Plano–plano
T = 2%

2012.6 nm
42 mW
Single frequency

791.7 nm LD pumping



640

LASER PHYSICS  Vol. 22  No. 4  2012

WU et al.

there’re less reports on Q�switched operation. The
main problem is the serious thermal effect of Tm
doped laser, which would take in difficulties about res�
onator design. And because of the limit of the coating,
the output energy of Q�switched laser could not be too
high.

5. CONCLUSIONS

In summary, four methods of realizing 2 µm laser
output were summarized and discussed. To achieve
high power, high energy 2 µm laser output, and many
innovative and interesting ways were used, such as new
quasi�end�pumping source, pulse pumping source
and so on. The crystal length and doping concentra�
tion were optimized. To relieve the heat of the laser
crystal, thin�disk and composite structure was used.
Side cooling, water cooling, thermoelectric cooling
and other ways were used to enhance laser output
power. In resonator design, the thermal lens focal

length was fully estimated which was helpful to obtain
high energy Q�switched laser output. The advantages
and disadvantages of four methods have been
described clearly above. Due to low conversion effi�
ciency, 1 µm laser pumped OPO to obtain 2 µm laser
output has not been widely adopted. Because of the
intense up�conversion and re�absorption loss in Tm,
Ho codoped laser, it is difficult to achieve high output
power at room temperature. Laser diode�pumped Tm�
doped laser, and then pumped Ho crystal was mainly
used to obtain short pulse width of 2 µm laser output.
And the laser system was quite complexity. Tm doped
crystals pumped by laser diode to produce laser output
wavelength of 2 µm can ensure the high power, high
efficiency and high beam quality output. Especially,
the small emission cross section of the laser materials
meets the requirement of the radar system for param�
eter of long pulse laser source.

Table 2.  (Contd.)

Researcher,
Year,

Nation

Laser Material,
Dimensions, mm3,

Doped, at %,
Temperature, K

Cavity structure Laser characteristics Special introduction

F. Chen, 2011,
China [48]

Tm, Ho:YAP
Tm: 5.0%, Ho: 0.3%
4 × 4 × 3
285 K

Plano–plano
T = 2%

2030.8 nm
31 mW
Single frequency

792 nm LD pumping

X.L. Zhang, 2011, 
China [49]

Tm, Ho:YLF
Tm: 6%, Ho: 0.4%
5 × 5 × 2.5
293 K

Plane�concave
R = 51.88 mm
T = 2%
L = 48 mm

2053 nm
0.8–4.0 kHz
1.7 μs
3.7 μJ

792 nm LD pumping

L.J. Li, 2011,
China [50]

b�cut Tm, Ho:YAlO3
Tm: 5.0%, Ho: 0.3%
4 × 4 × 10
77 K

Plane cavity
T = 30%

2120 nm
8.14 W
10 kHz

794.2 nm LD double 
ends pumping

P.B. Meng, 2011, 
China [51]

Tm, Ho:GdVO4
Tm: 5.0%, Ho: 0.5%
4 × 4 × 7
77 K

Plane cavity
R = 500 mm
T = 40%
L = 195 mm

1.7 mJ
28 ns
300 kHz

802 nm LD pumping

Laser diode
Pumping

Tm:YAG

Tm dope crystal

Tm:LuAG

2 μm laser

Fig. 4. Tm codoped crystals as the 2 µm laser materials.
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Table 3.  Tm laser pumped Ho laser to realize 2 μm laser output

Researcher,
Year,

Nation
Cavity structure Tm laser Ho laser Laser characteristics

R.C. Stoneman,
1992,
USA [52]

Plane�concave
T = 1.5%
Ti sapphire laser 
pumping source

Tm:YAG
2.5 mm in length
Tm: 12%
RT

Ho:YAG
2.5 mm in length
Ho: 0.6%
RT

>120 mW
2.1 μm

–
48% (785–2000)

C. Bolling,
1998,
England [53]

Convex�concave
R1 = –100 mm
R2 = 50, T = 10%
L = 45 mm

Tm:YAG
5 mm in length
Tm: 7%
283 K

Ho:YAG
10 mm in length
Ho: 0.6%
283 K

2.1 W
2.097 μm
M2 = 1.6

75%

P.A. Budni,
2003,
USA [54]

Plane�concave
R = 5 m, T = 70%
L = 330 mm

Tm:YLF
M2 = 3
Outside pumping source 
(outside)

Ho:YAG
2.5 mm in length
Ho: 0.5%
258–293 K

>50 mJ (60 Hz)
14 ns

2.09 μm
M2 = 1.2

64%

A. Dergachev,
2003,
USA [55]

U�cavity Tm:YLF slab
Tm: 3.5%
1940 nm
Outside

Ho:YLF
20 mm in length

21 W (CW)
37 mJ (Q)

77%

D. Y. Shen,
2004,
USA [56]

Plane�concave
R = 100 mm
T = 10%
L = 23 mm

Tm fiber laser
1907 nm
9.6 W
Outside

Ho:YAG
20 mm in length
Ho: 1%

6.4 W
2.1 μm

80%

D. Y. Shen,
2004,
USA [57]

Plane�concave
R = 25 mm
T = 3%
L = 18 mm

Tm fiber laser
1942 nm
9.4 W
Outside

Ho:YLF
15 mm in length
Ho: 1.5%

4.8 W
51% (o–o)

A. Dergachev,
2005,
USA [58]

Double�Z�type cavity Tm fiber laser
1940 nm
100 W
Outside

Ho:YLF 43 W (CW)
42%

45 mJ (Q)

C. Kieleck,
2005,
France [59]

Plane�concave
L = 70 mm

 Tm:YLF
20 W
Outside

Ho:YAG
Ho: 0.5%
40 mm in length

11.5 W
2.09 μm

53.8% (o–o)

M. Schellhorn,
2006,
France [60]

Thin�disk laser
T = 2.1%

Tm:YLF
1906.5–1908.3
Outside

Ho:YAG
0.4 mm in length
Ho: 2%

9.4 W
40%

E. Lippert,
2006,
Norway [61]

L�cavity Tm fiber laser
1907.5 nm
Outside

Ho:YAG
20 mm in length
Ho: 1%

9.6 W
2096 nm
20 kHz

74%

S. So,
2006,
U.K. [62]

Plane�concave
R = 50 mm
T = 5%
L = 23 mm

Tm:YLF slab
2 × 9 × 20 mm3

L = 67 mm

Ho:YAG
2 × 4 × 10 mm3

Ho: 1%

13 W
2.09 μm

16%

I. Elder,
2007,
[63]

L�cavity Tm fiber laser
41.6 W
Outside

Ho:YAG
(5 + 20 + 5) mm
Ho: 1%

27.3 W
2.09 μm

69%

Y.X. Bai,
2007,
USA [64]

Z�type cavity Tm fiber laser
1941 nm
30 W
Outside

Ho:YLF 30 mJ
2051 nm



642

LASER PHYSICS  Vol. 22  No. 4  2012

WU et al.

Table 3.  (Contd.)

Researcher,
Year,

Nation
Cavity structure Tm laser Ho laser Laser characteristics

G. Renz,
2007,
Germany [65]

Concave�plane
R = 5 m
T = 60%
L = 400 mm

Tm fiber laser
1908 nm
Outside

Ho:YAG 90 mJ
2.09 μm

20 ns
100 Hz

S. So,
2008,
U.K. [66]

Plane�concave
R = 100 mm
T = 11%
L = 100 mm

Tm:YLF slab
73 W
Outside

Ho:YAG
80 mm in length
Ho: 0.25%

38 W
2.09 μm

73%

X.M. Duan,
2008,
China [67]

Plane�concave
R = 100 mm
T = 51%
L = 93 mm

Tm:YLF
18.1 W
1.91 μm
Outside

Ho:YAG
Φ4 × 25 mm3

Ho: 0.8%

10.5 W
2090 nm

65.7%
1 mJ/25 ns/10 kHz

J. Kwiatkowski,
2009,
Poland [68]

Plane�concave
R = 150 mm
T = 5%
L = 115 mm

Tm fiber laser
1908 nm
Outside

Ho:YAG
Φ4 × 10 mm3

Ho: 1%

2132.8 nm 1130 mW 
53%

B.Q. Yao,
2009,
China [69]

Plane�concave
R = 150 mm
T = 30%
L = 80 mm

Tm fiber laser
10.6 W
Outside

Ho:YAP
4 × 4 × 20 mm3

Ho: 1%

2.54 W
2117.9 nm

49%

X.N. Duan,
2009,
China [70]

Plane�concave
R = 100 mm
T = 7%
L = 57 mm

Tm:YLF
1.91 μm
7.26 W
Outside

Ho:YAP
4 × 4 × 20 mm3

Ho: 1%

2105 nm
3.5 W
46.9%

X.N. Duan,
2009,
China [71]

Plane�concave
R = 120 mm
T = 52%
L = 70 mm

Tm:YLF
1.91 μm
7.26 W
Outside

Ho:YAP
Φ5 × 35 mm3

Ho: 0.5%

2118 nm
10.2 W

64%

X.N. Duan,
2009,
China [72]

Plane�concave
R = 120 mm 
T = 29%
L = 80 mm

 Tm:YLF
1.91 μm
18.4 W
Outside

Ho:LuAG
Φ5 × 25 mm3

Ho: 0.8%

2100 nm
18.4 W
51.3%

X.J. Cheng,
2010,
China [73]

Plane�concave
 T = 5%

Tm:YLF
1.91 μm
7.26 W
Outside

Ho:YAG
(ceramic slab)
1.5 × 10 × 18 mm3

Ho: 1%

1.2 W
2.09 μm
42.6%

A.S. Kurkov,
2010,
Russia [74]

Self�pulsing in an all�
fiber laser

GTW Yb�fiber
1.125 μm
10 W

Ho fiber laser
Ho: 1.9 × 1020/cm3

Ho fiber: 0.8 m

Pave = 2.8 W
30%

Ppeak = 25 W

A.S. Kurkov,
2010,
Russia [75]

All fiber laser GTW Yb�fiber
1.125 μm
13 W

Ho fiber laser
Ho: ~1019/cm3

4.2 W
2.1 μm

34%

Y.L. Tang,
2011,
China [76]

Plano–plano
T = 8%
L = 20 mm

Tm:YLF
1.91 μm
18.5 W

Ho:LuAG
3 × 3 × 20
Ho: 1%
289 K

2130 and 2101 nm
4 mJ

2 kHz
20 ns
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Table 4.  Tm codoped 2 μm lasers

Researcher,
Year,

Nation

Laser Material,
Size, mm3,

Doped, at %,
Temperature, K

Cavity structure Laser characteristics Special introduction

R.C. Stoneman,
1990,
USA [77]

Tm:YAG/YSGG
2.6 mm in length,
3.2 mm in length
Tm: 12%

Plane�concave
R = 100 mm
T = 0.5, 1.0, 2.5, 5%

YAG: 870 mW
1.87–2.16 μm
YSGG: 740 mW
1.85–2.14 μm

Birefringent filter in the 
cavity

P.J.M. Sun,
 1991,
USA [78]

Tm:YAG
6 mm in length
Tm: 4%

Plane�concave
R = 100 mm
T = 2%, 5%
L = 800 mm

0.5 W CW
49%
1 mJ (100 Hz)
330 ns

Electro�optic Q�switch

J.F. Pinto,
1992,
USA [79]

Tm:YAG
Φ3.15 × 3
Tm: 12%
Brewster cut

Plane�plane
T = 1.5%

300 MHz (Ref)
35 ps
Pave = 70 mW

Mode�locking laser, 
double bire�fringent fil�
ter in the cavity

J.M. Fukumoto,
1992,
USA [80]

Tm:YAG
10 mm in length
Tm: 2.6%
308–313 K

Plane�concave
R = 150 mm
T = 2%

6 W
15%

Side�pumping source

D.C. Shannon,
1993,
Poland [81]

Tm:YAG
5 mm in length
Tm: 4%
248–298 K

Plane�concave
R = 100 mm
T = 2.6, 4.5%
L = 50 mm

5.5 W
28.312%
(273 K)

Suddenly no laser out�
put when pump power 
reached to 22 W

N.P. Barnes,
1995,
USA [82]

Tm:LuAG
Φ4 × 7
Tm: 2%, 4%, 7%

Concave�plane
R = 800 mm
T = 2%
L = 500 mm

<80 mJ
23.6%
2.0238 μm

Pulse pumping source 
with Ref of 1 Hz and 
width of 1 ms

D.D. Lowenthal, 
1995,
USA [83]

Tm:YAG
5 × 5 × ?
Tm: 4%, 6%
258–293 K

Plane�plane
L = 50–70 mm
T = 2%

2.9 W
28.1% (258 K)

Low gain and high 
saturation intensity 
(50 J/cm2)

C. Borel,
1995,
England [84]

Tm:YAG
waveguide 4 mm in length,
thickness 14.6 μm
Tm: 6.6%

T = 2%, 12% 102 mW
48% (T = 12%)
Six oscillating modes.

Threshold is lower for Ti 
sapphire laser as pump�
ing source

R. Beach,
1996,
USA [85]

Tm:YAG
Tm: 4%
Φ5 × (3 + 5 + 3)

Plane�concave 51 W
24% (o–o)

A special wing pumping 
structure at 805 nm

T. Yokozawa,
1996,
Japan [86]

Tm:YAG
Tm: 3%, 4 mm
Tm: 6%, 1.8 mm
Tm: 12%, 1 mm

Plane�concave
R = 100 mm
L = 100 mm
T = 3%, 1%, 0.7%

124 mW
36%
Threshold of 77 mW

The temperature of the 
crystal infects laser char�
acteristics obviously

G. Rustad,
1997,
Norway [87]

Tm:YAG Tm: 2, 3.3% 
Side�pumping

Plane�concave
R = 150~1000 mm
T = 0.9%, 2.5%

Ref: 0~10 Hz
2 mJ

The Ref infects the heat 
of laser crystal

E.C. Honea,
1997,
The USA [88]

Tm:YAG
Φ3 × (5 + 45 + 5)
Tm: 2%

Plane�plane
Plane�concave
L = 60 mm

115 W
M2 ~ 23
η = 1.99

Complex coupling sys�
tem of pumping source

C. Bollig,
1998,
England [89]

Tm:YAG
8 mm in length
Tm: 7%

Convex�concave
R1 = –150 mm
R2 = 50 mm
T = 3%
L = 32 mm

4.1 W (293 K
 2.013 μm
M2 ~ 1.4, 1.2

–

Cheng Li,
1999,
Japan [90]

Tm:YAG
3 mm in length
Tm: 5.2%
248~293 K

V�cavity
R = 200 mm
T = 3%
L = 300 mm

760 mW
44%
1.2 mJ (120 Hz)
380 ns

Double passes pumping

M. Tsunekane, 
1999,
Japan [91]

Tm:YAG
Φ3 × (1 + 2 + 1)
Tm: 6%, 297 K

Plane�concave
R = 100 mm
T = 2%

Composite crystal was 
used
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Table 4.  (Contd.)

Researcher
year

Nation

Laser Material
Size, mm3

Doped, at %
Temperature, K

Cavity structure Laser characteristics Special introduction

K. S. Lai,
2000,
Singapore [92]

Tm:YAG
Φ3 × (20 + 65 + 20)
Tm: 3%

Plane�plane
L = 180 mm
T = 25%, 30%

120 W
31.2%
25.2% (o–o)
M2 ~ 21, 14

Side pumping

V. Sudesh,
2000,
Australia [93]

 Tm:LuAG
Tm: 2%

Plane�concave
R = 150 mm
T = 2%

1 mJ
13%
2.3 μm

Ti sapphire laser as the 
pumping source

S.W. Henderson,
2001,
USA [94]

Tm:LuAG Plane�concave 50 mW (SLM)
2020–2030 nm
1–5 kHz/ms

F–P etalons and birefrin�
gent filter were inserted 

S. Goidring,
2002,
Israeli [95]

 Tm:YAG
Tm: 6%
(5 + 10 + 5)
RT

U�cavity
L = 95 mm
T = 15%

Ref 20 Hz
2.4 mJ
57 ns

Electric�optic Q�switch

K. Scholle,
2004,
German [96]

Tm:LuAG
435 μm in length
Tm: 10%

Plane�concave
L = 50 mm

51 mW (SLM)
7.3% (Slope)

Four passes pumping, 
125 μm F–P in the cavity 

S.W. Henderson, 
2005,
USA [97]

Tm:LuAG – 2022.5 nm
500 Hz
400 ns
Pave = 1 W

No parameter was men�
tioned in the paper.

H. Kalaycioglu, 
2007, Turkey [98]

Tm:LuAG
Tm: 5/0.5%

No mention about laser 
characteristics.

17.7 ± 3.4 ms
1.2 ± 0.2 × 
10⎯21 cm2

(at 2023 nm)

Introduce some spectrum 
of Tm:LuAG crystal

M. Eichhorn,
2008,
France [99]

Tm:YAG
15 mm in length
Tm: 2%

Convex�concave
R1 = –200 mm
R2 = 200 mm
T = 20%

4 mJ
80 ns
12% TEM00

Pulse pumping,
Ref of 100 Hz,
width of 4 ms, electric�
optic Q�switch

M. Eichhorn,
2009,
France [100]

Tm:YAG
Φ3 × (5 + 80 + 5)
Tm: 2%

 Planc�concave
L = 810 mm
R = 50 mm
T = 20%

5.6 mJ
100 Hz
216 ns
25.9 kW (Peak)

Double ends pumping
at 804 nm, electric�optic 
Q�switch

M. Eichhorn,
2009,
France [101]

Tm:YAG
Φ1.5 × (5 + 70 + 5)
Tm: 2%

Covex�concave
L = 180 mm
R = –300 mm
T = 20%

2.53 mJ (bad)
100 Hz
170 ns
14.9 kW (Peak)

Double ends pumping
at 804 nm, acousto�optic 
Q�switch

J. Li,
2010,
China [102]

Tm:YAP
3 × 3 × 5
Tm: 5%

Planc�concave
L = 30 mm
R = 50, 100, 200 mm

1988 nm
344 mW
Single frequency

793 nm LD pumping

M.S. Gaponenko,
2010,
Belarus [103]

 Tm:KYW
2.5 mm�thick
Tm: 5%

Z�fold cavity
T = 1%
L = 80 cm

1936 nm
20 mW

802 nm LD pumping, 
mode�locking operation

F. Chen,
2011,
China [104]

Tm:YAG
Φ3.0 × 2.5
Tm: 3.5%

Plane�concave
R = 100 mm
T = 2%
L = 40 mm

2013.91 nm
60 mW
Single frequency

792 nm LD pumping

C.Q. Gao,
2011,
China [105]

Diffusion�bonded
Tm:YAG
Φ4.0 × (16.5 + 12 + 16.5)
Tm: 3.5%

Plane�concave
R = 1000 mm
T = 1.6%, 3.6% 6.4%, 
8.0%
L = 450 mm

Free�running:
102.5 mJ@1 Hz 
94.6 mJ@10 Hz 
Q�switched:
21.2 mJ, 330 ns

785 nm pulsed LD
side�pumping

Z. Zhang,
2011,
China [106]

Tm:YAP
3 × 3 × 8
Tm: 3%

L�shape cavity
R = 200 mm
T = 15%
L = 30 mm

1936 nm
FWHM = 3.8 nm 
12.3 W

795 nm LD double ends 
pumping
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