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We report pulsed laser diode (LD) end-pumped acoustic Q-switched Tm:YAG laser, Tm:LuAG laser, and Tm:LuYAG
laser and the physical properties and spectra of Tm:YAG, Tm:LuAG, and Tm:LuYAG are analyzed. The Tm:LuYAG laser
is pumped by 785-nm and 788-nm pulses separately, and is compared with Tm:YAG laser. Different output energy values
and output wavelengths of Tm:LuAYG lasers pumped by LDs with different wavelengths are obtained and compared with
each other. When the repetition frequency is 100 Hz, the pulsed Tm:YAG laser has single pulse energy of 15.9 mJ, pulse
width of 126.7 ns, and the center wavelength of 2013.36 nm, and the pulsed Tm:LuAG laser possesses single pulse energy
of 11.8 mJ, pulse width of 252.4 ns, and the center wavelength of 2023.65 nm, and the pulsed Tm:LuYAG laser output
energy values are 12.32 mJ and 12.25 mJ with the slope efficiencies of 12.5% and 11.85%, the center wavelengths of
2017.89 nm and 2027.11 nm, respectively, while the pump sources are 785-nm and 788-nm pulsed LDs, respectively.

Keywords: thulium-doped crystal, bonded crystal, mixed crystal, 2-pm laser

PACS: 42.55.—, 42.55.Xi, 42.60.Gd

1. Introduction

The 2-pum lasers with small absorption in the atmospheric
window and eye-safety band, which contains the absorption
peaks of CO, and water molecules, are widely used in medical
operations, laser ranging and lidar. The 2-um lasers have good
atmospheric transmission performance, which is of great sig-
nificance in developing the optical communication and optical
remote sensing, as well as lidar and laser communication.!!?]
The 2-pm lasers are useful pump sources for Mid-IR 3 pm-—
5 um optical parametric oscillators (OPOs), which are impor-
tant for expanding the 3 pm-5 pm, 8 pm—12 wm mid-and far-
infrared lasers. Therefore, high efficiency, high energy, wide
wavelength tuning range, and good stability are the main de-
velopment direction of 2-pm lasers. 3!

The radiation of 2-um wavelength is obtained practi-
cally by lasers based on the active media doped with thulium,
holmium or a mixture of thulium and holmium together or by
1-um lasers pumped OPOs or the Ho-lasers pumped by Tm-
lasers. However, the process of generating 2-pum laser by OPO
is complicated, which is not conducive to the development of
miniaturized and integrated laser light source.!®”! The Tm and
Ho co-doped media with large emission cross section, which
can meet the requirements of generating high peak power laser
pulse, but they must be cooled to lower temperature, suffering
more high up-conversion effects and energy transferring be-
tween Tm and Ho. However, it is difficult to obtain a 2-pm
laser with large energy and high repetition rate at room tem-
perature. Therefore, in this paper the 2-um laser output with
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high-energy, high-repetition-frequency can be obtained by di-
rectly pumping single-doped Tm laser crystals with a laser
diode (LD) at about 800 nm.

Tm-doped 2-um solid-state lasers are such as Tm:YAG
Tm:LuAG laser, Tm:YAP laser, Tm:YLF laser,
Tm:GdVOy laser, etc. The representative yttrium aluminum
garnet (YAG, Y3Als0i;) crystal of garnet crystal belongs

laser,

to the cubic system, and the output band is mainly around
2013 nm-2025 nm.®! The crystal of aluminum acid repre-
sented by yttrium aluminium oxide (YAP, YAIO3) is an opti-
cal negative biaxial crystal, which belongs to the orthorhombic
system, and its output band is mainly in a range of 1938 nm-
1990 nm, ! the fluoride crystal represented by yttrium lithium
fluoride (YLF, Y,LF,) belongs to the tetragonal system, and
the output band is mainly near 1900 nm.['") The vanadate
crystals represented by gadolinium vanadate (GdVOy) belong
to tetragonal positive uniaxial crystals, and the output band
is near 1910 nm.['!! In terms of material, the output wave-
length of the garnet crystal is in a range of 2013 nm-2025 nm.
Compared with other substrates, YAG crystal is close to 2 pm.
Therefore, this paper mainly studies the output characteristics
of a single thulium-doped garnet crystal system.

The solid solution (Lu,Y;_y)3Al50;, series with the
garnet-type structure has attracted much attention in laser ap-
plications, and the end member compound YAG (Y3Al5017)
is well known, the end member compound LuAG (Lu3zAl;017)
is considered to be a promising material for quasi-three-
level laser hosts. The Tm:YAG crystals’ center wavelength
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is 2014 nm, the Tm:LuAG crystals’ center wavelength is
2023 nm. The output wavelength of Tm:LuAG crystals de-
viates more from the absorption peak of water and CO;, and is
closer to the effective wavelength of lidar. One point concern-
ing the front-end part is that the small thermal conductivity
of the LuAG matrix and the thermal lens effect of Tm:LuAG
crystals are more serious than those of Tm:YAG, and it is diffi-
cult to obtain larger laser output.!'?l With the improvement of
crystal growth technology, the (Lu,Y|_,)3AG series of mixed
crystals is gradually applied to experimental research. The
main advantage of LuYAG mixed crystal is to reduce the
content of LuyO3 in the matrix, the price of crystal and the
freezing point temperature of LuAG grown in a crucible, to
overcome the shortcomings of Tm:LuAG crystals, and to in-
crease the content of Y3AlsO1, for retaining the advantages of
Tm:YAG crystals. Compared with LuAG crystals, the LuYAG
crystals have a very attractive feature. When considering the
center laser wavelength, the LuYAG crystals have another at-
tractive feature compared with YAG crystals.[1!

In recent years, the Tm:LuYAG lasers have experienced a
rapid development. For example, in 1994, Kmetec et al.[']
reported the Tm:YAG, Tm:LuAG, and Tm:LuYAG lasers.
The lasers’ operation by diode pumping, the pump source
is 785 nm. When the pump power was about 12 W, the
Tm:LuYAG laser obtained maximum output power of 3 W
and a slope efficiency of 33%. At the room temperature,
when the substitution concentration of Lu in YAG is 0%,
50%, and 100%, the central wavelength of laser is 2013.3 nm,
2022.7 nm, and 2020.3 nm respectively. In 2004, Kuwano

et al.1"d]

successfully grew Tm:Lug 5Y, 5AG crystal, and the
central wavelength was 2022.7 nm. Compared with 2020.3 nm
of Tm:LuAG and 2013.3 nm of Tm:YAG, the wavelength of
Tm:LuYAG deviates greatly from the absorption band of water
and CO3, and is very conducive to the transmission of laser in
the atmosphere. In 2012, Sun ez al. reported that a 788-nm
diode-pumped Tm:LuYAG was used to achieve 1935.3 nm-
1994.9 nm continuous wave laser, and at 1999.7 nm they
achieved 1.76-W output power, corresponding to a slope ef-
ficiency of 21.41%. In 2016, Zhao et al.!'”! reported a 785-nm
pumped Tm:LuYAG laser. Under continuous operation, the
maximum output power was 3.05 W, the ramp efficiency was
about 33%, and when the acoustic-optic Q-switched repetition
frequency was 500 Hz, the maximum single pulse energy was
1.4 mJ, and the center wavelength was 2.02 um.

It can be seen that Tm:LuYAG can be pumped by a va-
riety of pump sources, and the use of different pump sources
has a great influence on its output wavelength and character-
istics. From the point of view of laser technology, the mixed
crystal generally has a wider absorption and emission spec-
trum than the end member compound crystal. For the appli-
cation of long-distance lidar remote sensing with eye safety,
2-um coherent lidar is the best matching wavelength, and
the corresponding window wavelengths are 2065.48 nm and

2091.28 nm, respectively. And the closer to 2.1 pm the match-
ing wavelength, the smaller the absorption coefficient of at-
mospheric molecules, the weaker the signal attenuation, and
the advantageous the lidar remote sensing technology will be.
Due to the limitation of the output wavelengths of Tm:YAG
laser and Tm:LuYAG laser, the hybrid crystal Tm:LuYAG is
expected.

There are few reports on Tm:LuYAG crystal, and the
Q-switched Tm:LuYAG laser output characteristics of pulsed
pump have not been reported. In this paper, we use 785-
nm and 788-nm pulsed pump sources to pump Q-switched
Tm:LuYAG laser, and compare it with the pulsed Tm:YAG
laser and Tm:LuAG laser. We evaluate the output characteris-
tics of Tm:YAG, Tm:LuAG, and Tm:LuYAG gain media at a
wavelength of 2 yum.

2. Physical properties and spectra of Tm:YAG,
Tm:LuAG, and Tm:LuYAG

In Tm3* metal ions, the phonon broadening of 4f elec-
trons and the multiplicity of Stark energy levels provide the
tunability ability near 2 pm. The wavelength of 785 nm emit-
ted by high power GaAlAs laser diode is used to pump the
Tm3*-doped crystal. The 785-nm pumping radiation transfers
the Tm3* from the *Hy ground state to the Hy level. The ion
transits from the >Hy pump level to the upper level >Fy4 via re-
laxation oscillation. The laser interaction takes place between
the 3F4 level and the lower laser level of the *Hg ground state
multiple terahertz, and the wavelength of the output radiation
is around 2 pm. 819

When choosing the matrix doped with metal ions, it is
necessary to ensure that the lattice position of the matrix crys-
tal can accommodate the doped ions, and its local crystal field
must have symmetry and the intensity necessary for sensing
the desired spectral characteristics. The optical properties of
the crystal after doping metal ions should be considered. The
change of refractive index will lead to the uneven propagation
of light in the crystal, resulting in poor beam quality, the me-
chanical and thermal properties of the matrix will affect the
average power of the crystal, the thermal conductivity, hard-
ness and crack resistance will affect the heat dissipation of the
crystal to withstand the energy.

The refractive index of laser crystal can be calculated by
Sellmeiyer relation?"!

A2 Ar )2 Az)?
+ + ,
A2—B; A2—B, A2—B;

n(A)?—1= 1)
where n is the refractive index of the laser crystal, A is the out-
put wavelength, A, Ay, A3, By, B>, and B3 are the Sellmeiyer
constants, and the Sellmeiyer constants for YAG, LuAG, and
LuYAG are shown in Table 1.['51 The ratio of Lu atom to Y
atom in Tm:LuYAG is 1:1.
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Table 1. Sellmeiyer constants of YAG, LuAG, and LuYAG.

A] A2 A3 Bl Bz 33
YAG 1.28040 1.00244 4.57401 5.49568x 1073 1.92189% 102 3.87058 % 107
LuAG 147119 8.45642x 10! 3.82124 6.21359x1073 2.00432x 1072 3.30483x 102
LuYAG 1.77362 5.27323%107! 3.87734 7.90836x1073 2.31844x1072 3.32469 % 102

According to the Sellmeiyer relation, the peak refractive
index of Tm:YAG crystals is about 1.8 in a range of 2.0 pm-—
2.1 wm, that of Tm:LuAG crystals is about 1.81 in a range
of 2.0 pm—-2.1 pum, and that of Tm:LuYAG crystals is about
1.805 in a range of 2.0 pm-2.1 pm.

1.85F — Tm:YAG

— Tm:LuAG

1.84r Tm:LuYAG

1.83F
1.82F

1.81F

Refractive index

1.80F
1.79F

0.5 1.0 1.5 2.0 2.5

Wavelength (pm)

Fig. 1. Curves of refractive index versus wavelength of YAG, LuAG, and
LuYAG crystal.

For lasers, the gain cross section of the laser medium can
be estimated by the cross section of the laser medium, and the

gain of the laser is judged accordingly. The absorption coeffi-

cient of the crystal can be expressed as/?"]

a(d) = }~{2xln{1— (Z;ﬂ
+In[1+<Zﬂ)T—In(T)}, 2)

where [ is the length of crystal, n is the refractive index of

crystal, and T is the transmittance of crystal to pump light.
The absorption cross section expression of laser medium

is(2!]

Oubs = OL/N, 3)

where N is the number of Tm>T ions in unit volume. We
are most concerned about the number of particles that tran-
sit at Hg—H4 when the absorption peak is 785 nm. The dop-
ing concentration of the Tm:YAG, Tm:LuAG, and Tm:LuYAG
crystals used in the calculation and measurement are the same
as the concentration used in the experiment, specifically, both
are 3.5%.

The fluorescence spectra of Tm:YAG, Tm:LuAG, and
Tm:LuYAG crystal are measured under the action of pump
light source as shown in Fig. 2.

5
— Tm:YAG
. —— Tm:LuAG
£ 4 — Tm:LuYAG
=]
=]
3
0
—
=
2
=
T
g 1
g
=
0
1400 1600 1800 2000 2200 2400

Wavelength (nm)

Fig. 2. Fluorescence spectrum of Tm:YAG, Tm:LuAG, and Tm:LuYAG.

The study of the fluorescence spectrum of the single
doped Tm3™ laser medium is mainly about the transition of
the Tm3*:3F; —3Hg level.[??] The emission wavelength is in
a range of 1800 nm-2100 nm. The energy level splitting!>?! is
shown in Fig. 3.

The fluorescence spectra of Tm:YAG, Tm:LuAG, and
Tm:LuYAG crystal in the range of 1800 nm-2100 nm are
very similar to each other. The central wavelength of fluo-
rescence spectrum of Tm:YAG crystal is 2014 nm in a range
of 2006 nm—2024 nm, the central wavelength of fluorescence
spectrum of Tm:LuAG crystals is 2023 nm in a range of
2015 nm-2035 nm, and the central wavelength of fluorescence
spectrum of Tm:LuYAG crystals is 2019 nm in a range of
2000 nm-2033 nm. It can be seen that the emission wave-
length of Tm:LuAG crystals is closer to the atmospheric win-
dow, far from the absorption peaks of carbon dioxide and wa-
ter. The spectrum of Tm:LuYAG crystals is related to the mix-
ing ratio of Luy O3 to Y3Al501,. It can be seen that the chang-
ing of the mixing ratio of Lu atom to Y atom has a great in-
fluence on the fluorescence emission wavelength of the crys-
tal. There are few reports on the laser based on Tm:LuYAG
crystals as the working material, and the performance evalua-
tion is not comprehensive. However, in view of its huge po-
tential in crystal growth cost and laser output performance, in
this paper Tm:YAG and Tm:LuAG, the isomorphic crystals of
Tm:LuYAG are used as the working materials to carry out the
experimental research on them, and the output characteristics
of the three kinds of crystals in the 2-um band are compared
and analyzed.

The physical properties of Tm:YAG, Tm:LuAG, and
Tm:LuYAG are shown in Table 2.
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Fig. 3. Energy level diagram of Tm?™ lasers.
Table 2. Physical properties of Tm:YAG, Tm:LuAG, and Tm:LuYAG laser crystal.
Crystal Tm:YAG Tm:LuAG Tm:LuYAG
Chemical formula Tm:Y3Al5012 Tm:Lu3AlsOyn Tm:Lu;5Y,5A15012
Crystal system cubic system cubic system cubic system
Density (g/cm?) 4.56 6.32 5.64
Thermal conductivity 0.13 0.079 0.075
(W/(cm- K))
Thermal 1
ermal expansion 7885 79 8.0
coefficient (107 K)
Melting point (K) ~ 2220 ~ 2000 ~ 2320
Fluorescence lifetime (ms) 13.9 11.7 9~11
Absorption cross section (10721 cm?) 6.5 5.4 5.716
Stimulated emission 25 L4 14

cross section (1072! cm?)

Different matrix provides different crystal field for Tm>*
and also affects the spectral parameters of the crystal. It
is reported that the tuning range of 135 nm from 1938 nm
to 2073 nm is achieved from Tm:YAG laser, and the tun-
ing range of 95 nm from 1966 nm to 2061 nm is acquired
from Tm:LuAG laser,'*! and the tuning range of 187 nm from
1935.3 nm to 2123.2 nm is obtained from Tm:LuAG laser."!
Although the wavelength increase of Tm:LuYAG lasers is very
small, it has a very important influence on the application of
laser. The increase of wavelength greatly reduces the absorp-
tion of H,O and CO; in the atmosphere. Therefore, it is nec-
essary to comparative analysis of the Tm:YAG, Tm:LuAG,
and Tm:LuYAG lasers output characteristics, which can be se-

lected in practical applications.

3. Laser experiments

In this experiment, two kinds of pump sources are used,.
One type is NL-P4-60-0788, the fiber-coupled LD module
can provide 60-W CW power with are petition frequency of
10 Hz—1 kHz, and the pulse width adjustment range is 1 ms—
100 ms. The fiber diameter is 400 pm and a numerical aperture
is 0.22. The central wavelength of the LD is 785 nm, with the
air cooling temperature being 22 °C. The other type is WPL-
788 nm—70 W, the fiber-coupled LD module can provide 70-W
CW power with a repetition frequency of 100 Hz—1 kHz and a
pulse width adjustment range of 1 ms—10 ms. The fiber diam-
eter is 400 pm and a numerical aperture is 0.22. The central
wavelength of the LD is 788 nm with a cooling water temper-
ature of 20 °C. Two pulsed LDs double-end-pump the Tm>+
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crystals at the same time. The Tm>* crystals are in the state
of being pumped and stopped at the same time. The Tm3*
crystal laser cavity configuration is shown in Fig. 4.

Fig. 4. Schematic diagram of experimental setup.

The pump beam is shaped by a beam integration system,
and the pump waist of 800 um in diameter is positioned on
the crystal. The gain media are Tm:YAG, Tm:LuAG, and
Tm:LuYAG laser rods, respectively, with doped YAG, LuAG
and LuYAG double end caps with the same Tm3* doping
concentration of 3.5%, the same rod diameter of 3 mm and
the same doping length of 15 mm, and the same non-doped
length of 5 mm. Each end face of the Tm:YAG crystals is
of antireflection coated at the pump (785 nm) and laser wave-
length (2000 nm—2050 m). Each end face of the Tm:LuAG
crystals is of antireflection coated at the pump (788 nm) and
laser wavelength (2000 nm-2100 nm). Each end face of the
Tm:LuYAG crystals is of antireflection coated at the pump
(785 nm-810 nm) and laser wavelength (2000 nm—2100 nm).
Few researches on Tm:LuYAG crystals show that the crystals
are coated with a wide antireflection membrane. In this paper,
the output characteristics of Tm:LuYAG crystals prepared by
two pump sources will be compared and analyzed.

The water-cooled acousto-optic Q-switch produced by
British Gooch Company is selected as an acousto-optic Q-
switch system. Q-switch type is QS041-10M-HI8. The Q-
switching crystal is a quartz crystal with 2 cm in light diameter
and 46 mm in length, and its RF power is 40.68 MHz, driving
mode: MQH041-50DM-A0S.

Pulsed LD double end pumped L-shaped acoustic-optic
Q-switched Tm3* lasers are used in this experiment. The
pulsed LD duty ratios are all 50% and the repetition frequen-
cies are 100 Hz, 200 Hz, and 500 Hz. In the experiment,
pulsed LD double end pumping is used. The repetition fre-
quency of LD is 100 Hz and the duty cycle is 50%. Using one
plano-concave resonator, the cavity length is 120 mm. High
reflectivity mirror (HR) M| is broadband high reflected plane
mirror in a range from nearly 2.0 pum to 2.1 pm (R > 99.5%),
antireflection coated at 785 nm—-808 nm (R < 0.5%); M; is
45° angle-of-incidence dichroic fold mirror with high trans-
mittance (HT) coated at 785 nm-808 nm (7T > 99%) and HR

coated at 2.0 pm-2.1 pm (R > 99.5%). The output coupler
(OC) M3 is coated at 2.0 pum-2.1 um with the reflectivity
of 96%, the plane-concave lens has a radius of curvature of
150 mm.

In the experiments, the output power is measured by an
F150A-BB-26 power meter (Ophir Photonics). A high-speed
silicon photodiode (PCT-3TE-12,Vigo Inc.) is used to detecte
Q-switched laser pulse and a digital oscilloscope (DPO3054,
Tektronix Inc.) is used to record the pulse signal. The
laser spectrum is measured by an optical spectrum analyzer
(AQ6357, Yokogawa) with a resolution of 0.05 nm.

4. Experimental results and discussion

The 785-nm pulsed LD and 788-nm pulsed LD are used
as the pumping sources to pump Tm:YAG laser and Tm:LuAG
Q-switched laser, respectively. The 785-nm and 788-nm
pulsed LDs are used to pump Q-switched Tm:LuYAG laser
separately. The experimental results of the average power,
pulse width and center wavelength of the laser output are ob-
tained when the Q-switched repetition frequencies are 100 Hz,
200 Hz, and 500 Hz, respectively.

18 | ~@—Tm:LuYAG RPF 100 Hz (785 nm)
16} @ Tm:LuYAG RPF 200 Hz (785 nm)
[ @ Tm:LuYAG RPF 500 Hz (785 nm)
14k ——Tm:LuYAG RPF 100 Hz (788 nm)
— —@—Tm:LuYAG RPF 200 Hz (788 nm
E 19 [ Tm:LuYAG RPF 500 Hz (788 np
% 10
8
5 8r
- /
2 or g
] Q" —mTm:YAG RPF 100 Hz
S 4r —@—Tm:YAG RPF 200 Hz
—A—Tm:YAG RPF 500 Hz
2F —¥—Tm:LuAG RPF 100 Hz
—€—Tm:LuAG RPF 200 Hz
OF | | | | —}—ITm:Lu/}G RPFISOO Hz

0 20 40 60 80 100 120 140 160
Absorbed energy (mJ)

Fig. 5. Variations of the output energy with the pump energy of Tm:YAG,
Tm:LuAG, and Tm:LuYAG lasers at different repetition rates.

Figure 5 shows the variations of output energy with pump
energy of Tm:YAG, Tm:LuAG, and Tm:LuYAG lasers at dif-
ferent repetition rates and different pump sources. Table 3
summarizes the laser parameters of the investigated Tm:YAG,
Tm:LuAG, and Tm:LuYAG crystals.

It can be seen from Fig. 5 and Table 3 that with the
increase of repetition rate, the maximum pump energy, and
output energy of the crystal decrease gradually. When the
laser operates at the best repetition frequency, the efficiency
of the crystal will be highest, and it is possible to obtain
larger energy. The high energy level lifetime of Tm:YAG and
Tm:LuAG crystals (13.9 ms, 11.7 ms) determine that the best
repetition rate of the laser is around 100 Hz, which makes it
difficult to achieve an output with high repetition rate. The
emission cross-section of Tm:LuAG crystal is small, which
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leads to a low gain, low energy extraction efficiency, and se-
rious thermal effect. The Q-switched Tm:LuAG laser output
properties are worse than those of the Q-switched Tm:YAG
laser.

Compared with the Tm:LuAG and Tm:LuYAG crys-
tals, the Tm:YAG crystal is very suitable for high energy
laser output, which possesses a larger absorption cross-
section (6.5x1072! cm?) at pumping wavelength, a larger
gain cross section (2.5x1072! cm?) and a larger thermal

conductivity (0.13 W/(cm-K)). While, the absorption cross-
section of Tm:LuAG crystals is 5.4x1072! cm?, the gain
cross section is1.4x 102! ¢m?2, and the thermal conductiv-
ity is 0.079 W/(cm-K). And for the Tm:LuYAG crystals, the
absorption cross-section is 5.716x1072! cm?, the gain cross
section is 1.4x1072! cm?, and the thermal conductivity is
0.075 W/(cm-K). Because Tm:LuAG and Tm:LuYAG crystals
have similar optical and thermal properties, and their output
energy values and efficiencies are close.

Table 3. Laser parameters of investigated Tm:YAG, Tm:LuAG, and Tm:LuYAG crystals.

Crystals LD (nm) RPF (Hz) Threshold energy (mJ) Max. output (mJ) Slope eff. (%)
100 10.28 15.9 13.52
Tm:YAG 785 200 10.87 10.95 18.37
500 6.86 3.39 14.15
100 23.17 11.8 9.5
Tm:LuAG 788 200 18.36 5.12 8.01
500 10.13 1.464 6.22
100 8.94 12.32 12.5
Tm:LuYAG 785 200 9.46 6.05 12.39
500 5.97 1.804 9.36
100 21.3 12.25 11.85
Tm:LuYAG 788 200 16.88 5.52 8.88
500 9.31 1.606 8.07

Figure 6 shows a multiple pulse train of 788-nm LD
pumped acoustic—optic Q-switched Tm:LuYAG laser pulses
at 100 Hz. The Q-switched operation is quite stable and the
power jitter is less than 2.5%.
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Fig. 6. Pulse train of 788-nm LD pumped acoustic—optic Q-switched
Tm:LuYAG laser.

Figure 7 shows the variation of Tm:YAG, Tm:LuAG, and
Tm:LuYAG laser pulse widths with output energy at a rep-
etition rate of 100 Hz, showing that with the output energy
increasing, the pulse width becomes narrow and tends to a sta-
ble value. This approximate stable value is determined by the
lifetime of the photon in the cavity. The pulse width and peak
power at the maximum output energy are shown in Table 4.

The pulsed Tm:YAG laser obtains a maximum single
pulse energy value and the narrowest pulse width. The single
pulse energy obtained by the pulse Tm:LuYAG laser is higher
than that of the pulse Tm:LuAG laser and lower than that of

the pulse Tm:YAG laser, the pulse width is slightly larger than
that of the pulse Tm:LuYAG laser and wider than that of the
pulse Tm: YAG laser. Under the same conditions, the larger the
cross-section of gain of laser medium, the narrower the output
pulse width will be.

——785-nm pumped Tm:YAG laser
—@—785-nm pumped Tm:LuYAG laser
—A—788-nm pumped Tm:LuAG laser
—w—788-nm pumped Tm:LuYAG laser

1000
900
800
700
600
500
400
300
200
100
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0 2 4 6 8 10 12 14 16
Output energy (mJ)

Fig. 7. Variations of output pulse width with output energy of Tm:YAG,
Tm:LuAG, and Tm:LuYAG lasers.

Table 4. Parameters of pulse width and peak power of Tm:YAG,
Tm:LuAG, and Tm:LuYAG laser.

Crystals LD (nm) RPF (Hz) Pulse width (ns) Peak power (kW)

Tm:YAG 785 100 126.7 125.49
Tm:LuAG 788 100 252.4 46.75
Tm:LuYAG 785 100 182.7 67.43
Tm:LuYAG 788 100 201.7 60.73

Figure 8 shows the Tm: YAG, Tm:LuAG, and Tm:LuYAG
laser’s central wavelengths at a repetition rate of 100 Hz with
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the single pulse energy being minimum. The pulsed Tm:YAG
laser wavelength is centered at 2013.36 nm, and the pulsed
Tm: LuAG laser wavelength is centered at 2023.65 nm. The
absorption peak of Tm:LuYAG is at 785 nm, and the pulsed
laser output wavelength is centered at 2017.89 nm. For the ab-
sorption peak of Tm:LuYAG at 788 nm, the pulsed laser output
wavelength is centered at 2027.11 nm.

40

— 785-nm pumped Tm:YAG laser
central wavelength at 2013.36 nm
— 785-nm pumped Tm:LuYAG laser|
central wavelength at 2017.89 nm

— 788-nm pumped Tm:LuAG laser
30 central wavelength at 2023.65 nm
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b central wavelength at 2027.11 nm
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Fig. 8. Output spectra of Tm:YAG, Tm:LuAG, and Tm:LuYAG lasers.

From Fig. 3 it follows that the laser radiation at 2 um
takes place between the lower level of *Fy and the higher level
of 3Hg, including 610 cm~! and 730 cm~!.>3] When the cen-
tral wavelengths of the pump are 785 nm and 788 nm, the ions
transit from the lowest Stark sub-level in 3Fy4 at 5736 cm™! and
5556 cm~! to *Hg level, resulting in the possible laser emis-
sions at 2.01 um-2.02 pm and 2.02 pum, respectively. The
results show that different output central wavelengths can be
achieved under different pumping wavelengths.

5. Conclusions

In this work, we demonstrate pulsed LD end-pumped
pulsed Tm:YAG, Tm:LuAG, and Tm:LuYAG lasers. When
using the 785-nm pulsed LD with a repetition frequency of
100 Hz, the single pulse energy of 15.9 mJ is obtained for
pulsed Tm:YAG laser and 12.32 mJ is obtained for pulsed
Tm:LuYAG laser. When using the 788-nm pulsed LD with
a repetition frequency of 100 Hz, the single pulse energy

of 11.8 mJ is obtained for the pulsed Tm:LuAG laser and
12.25 mJ is obtained for the pulsed Tm:LuYAG laser. The
center wavelengths of Tm:LuYAG laser are 2017.89 nm and
2027.11 nm, when the pump sources are 785 nm and 788 nm
in wavelength, respectively. The experimental results show
that the doped Tm:LuYAG crystal has a wide absorption band,
and the output wavelength is longer than that of Tm:YAG crys-
tal, and the efficiency is equivalent to that of Tm:LuAG crys-
tal. For the end member compound crystals, the Tm:LuYAG
mixed crystals have higher research significance and practical
application value.
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