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H I G H L I G H T S

• First demonstration of a Ho:YAG/BaWO4 intracavity Raman laser at 2640 nm.

• Highest peak power of 14.4 kW is obtained at the repetition frequency of 1 kHz.

• Maximum output power of 473mW is achieved at the repetition frequency of 5 kHz.
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A B S T R A C T

We report on a mid-infrared 2640 nm intracavity Raman laser based on BaWO4 Raman conversion in a re-
sonantly pumped actively Q-switched Ho:YAG laser. At the pulse repetition frequency of 1 kHz, the threshold
pump power is as low as 2.1W at 1.91 μm. Increasing the incident pump power to 3.6W, the pulse energy and
the pulse width are 105 µJ and 7.32 ns respectively, which corresponds to a peak power as high as 14.4 kW.
When the pulse repetition frequency is increased to 5 kHz, the maximum average output power of 473mW is
achieved under a 9.8W incident pump power. The mid-infrared pulse laser has potential applications in che-
mical sensing, environmental monitoring, and laser medicine.

1. Introduction

Stimulated Raman scattering (SRS) is a very important and effective
nonlinear frequency conversion method. Solid state Raman lasers based
on the SRS effect can generate new laser wavelengths, which are
usually difficult to obtain in the direct laser oscillation [1–3]. It is
widely known that both the wavelength of fundamental laser and the
Raman frequency shift of Raman crystal decide the output wavelength
of a Raman laser [4]. With the development of high quality Raman
crystals, solid state Raman lasers have attracted increasing attention
[5–11]. Among these known Raman crystals, BaWO4 is an excellent
candidate which has been widely investigated, due to high Raman gain
coefficient, high optical damage threshold, and good mechanical and
thermal properties [12,13]. In the past few years, the research of solid
state Raman laser based on BaWO4 crystal was focused on the near-
infrared spectral region [14–22]. The mid-infrared Raman lasers based
on BaWO4 crystal were reported very little. The 2–3 μm mid-infrared
lasers have very important applications in laser medicine, chemical
sensing, and environmental monitoring [23,24]. So, it is very

meaningful to investigate the 2–3 μm mid-infrared lasers. However, it is
a challenge to realize efficient mid-infrared Raman lasers, because the
Raman gain coefficient of Raman crystal is almost inversely propor-
tional to the wavelength of pump laser [1].

Pumping the BaWO4 Raman crystal with pulse lasers, SRS in mid-
infrared spectral range 2.31–2.75–3.7 µm was observed, moreover the
external-cavity BaWO4 Raman laser at 2602 nm was also realized
[24,25]. The intracavity Raman laser has a relatively low threshold
pump power and the effect of beam clean-up, comparing with the ex-
ternal-cavity Raman laser [8]. To date, the intracavity solid state
Raman lasers have been widely investigated in the wavelength range
from 1.07 to 1.7 μm, however the 2–3 μm mid-infrared intracavity solid
Raman lasers have seldom been reported. Batay et al. first observed the
weak 2365 nm self-Raman spectrum in a 1950 nm passively Q-switched
Tm:KY(WO4)2 laser in 2002 [26]. Our research group demonstrated the
mid-infrared 2360 nm BaWO4 and 2418 nm YVO4 Raman lasers in-
tracavity-pumped by a diode-end-pumped actively Q-switched Tm:YAP
laser [27,28]. However, the Tm-doped materials were generally used in
the low output energy lasers due to the small emission cross section
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[29]. The diode-end-pumped actively Q-switched Tm,Ho:GdVO4/
BaWO4 intracavity Raman laser at 2553 nm was also reported [30,31].
While the Tm-Ho codoped crystals needed cooling with liquid nitrogen
to enhance the output efficiency [30–32]. At present, Ho-doped solid
state lasers are particularly attractive for Q-switched operation near
room temperature, because of large emission cross section and long
upper level lifetime. Moreover, resonant pumping of the Ho single
doping materials has many advantages, such as low quantum defect,
low upconversion losses, and low sensitivity of temperature [33–35].

In this paper, the intracavity Ho:YAG/BaWO4 Raman laser at
2640 nm is first demonstrated, which is resonantly pumped by a
1908 nm continuous wave Tm:YLF laser. At the incident pump power of
9.8W and the pulse repetition frequency (PRF) of 5 kHz, the Raman
laser produces an average output power of 473mW at 2640 nm. At the
PRF of 1 kHz, the threshold pump power is only 2.1W and the pulse
peak power is as high as 14.4 kW. To the best of our knowledge, this is
the first resonantly pumped intracavity BaWO4 Raman laser in the mid-
infrared spectral region.

2. Experimental setup

The schematic diagram of experimental setup for the resonantly
end-pumped actively Q-switched Ho:YAG/BaWO4 intracavity Raman
laser is shown in Fig. 1. The pump source is a home-built continuous
wave Tm:YLF laser, which has a maximum output power of 10W. The
output wavelength of the Tm:YLF laser is tuned to 1908 nm by carefully
adjusting the tilting angle of an intracavity 100 µm thick etalon.
Ho:YAG crystal has a suitable absorption peak at 1908 nm. The gain
medium used to generate the fundamental laser is a 1 at.% doped
Ho:YAG crystal with dimensions of 4mm×4mm×30mm. Both end
faces of the Ho:YAG crystal are anti-reflection coated at 1900–2150 nm.
The pump light is focused into the Ho:YAG crystal by a spherical lens
with a focal length of 75mm, and the spherical lens is anti-reflection
coated at 1908 nm. The diameter of the focused pump laser is ap-
proximately 400 μm in the Ho:YAG crystal. The a-cut BaWO4 crystal
with dimensions of 4mm×4mm×20mm is chosen as the Raman
active medium, and it is anti-reflection coated in the range of
1800–2700 nm (R < 3%). Both the Ho:YAG and BaWO4 crystals are
wrapped with indium foil and mounted on water-cooled copper heat
sinks, which are kept at a temperature of 289 K by two thermoelectric
coolers, respectively. A 36mm long fused silica Brewster-cut acousto-
optic Q-switch (The 26th Electronics Institute, Chinese Ministry of In-
formation Industry) is anti-reflection coated at 2 μm on both faces, and
driven with a radio frequency power of 50W at the ultrasonic fre-
quency of 40.68MHz.

A coupled cavity with a linear configuration is adopted for the
Ho:YAG/BaWO4 Raman laser. The fundamental resonator is composed
of the mirrors M1 and M3, and the length of the cavity is 170mm.
Mirrors M2 and M3 compose the Raman resonator, whose length is
40 mm. The flat input mirror M1 has been coated for high transmittance
(T > 99.5%) at 1908 nm and high reflection (R > 99.8%) at 2122 nm.
The mirror M3 with a curvature radius of 200mm is coated for high
reflection at 2122 nm (R > 99.5%) and partial reflection at 2640 nm
(R=90%), and it is also utilized as the output coupler of Raman laser.

One surface of the flat intracavity mirror M2 is anti-reflection coated at
2122 nm (R < 1%), and the other surface is coated for anti-reflection
(R < 1%) at 2122 nm and high reflection (R > 99.8%) at 2640 nm. A
45° flat dichroic mirror M4 is used to separate the residual fundamental
and Raman laser, which has high transmittance at 2640 nm and high
reflection at 2122 nm respectively. The output spectrum of the Raman
laser is monitored by a 300mm monochromator (Omni-λ 300, Zolix)
and an InGaAs detector. The average output power is measured by a
power meter (PM30, Coherent Inc.). The pulse energy is measured by
an energy meter (J-25MT-10 kHz, Coherent Inc.). The pulse temporal
behaviors of the fundamental and Raman lasers are recorded by a
300MHz bandwidth digital phosphor oscilloscope (TDS 3032B,
Tektronix) with an infrared detector (PVM-10.6, VIGO). The spatial
profile of Raman laser is measured by a beam analyzer (MicronViewer
7290A, Electrophysics).

3. Experimental results

The output performances of the resonantly pumped Ho:YAG/
BaWO4 intracavity Raman laser are investigated at different pump
powers and PRFs. We first measure the output spectra of the Ho:YAG/
BaWO4 intracavity Raman laser. To measure the output spectra of the
fundamental laser and the Raman laser simultaneously, the dichroic
mirror M4 should be removed. The wavelengths of the fundamental and
the first Stokes laser are 2122 nm and 2640 nm respectively, as shown
in Fig. 2. It can be observed that the value of frequency shift between
the fundamental and the first Stokes laser is approximately 925 cm−1,
which agrees very well with the optical vibration modes of tetrahedral
WO4

−2. In our experiment, only the first Stokes laser is observed, and
no higher Stokes laser appears.

Fig. 3(a) plots the average output power of the 2640 nm Raman
laser as a function of incident pump power for the PRFs of 1, 2, 3, 4, and
5 kHz. The threshold pump power of the Raman laser strongly depends
on the PRF and decreases from 5.3 to 2.1W when the PRF is changed
from 5 to 1 kHz. The threshold pump power of the Raman laser de-
creases when reducing the PRF, however, the average output power
shows severe saturation at a relatively low PRF because of the self-
focusing-induced damage to the BaWO4 Raman crystal [5,17]. At the
PRF of 1 kHz, the average output power of Raman laser almost linearly
increases with the pump power before the pump power is increased to
3.3W. Then the average output power shows obvious saturation with
the further increasing of pump power. When the PRF is increased to
5 kHz, a highest average output power of 473 mW is achieved at the
incident pump power of 9.8W, which corresponds to an optical con-
version of 4.8% from Tm:YLF laser pump power to Raman output
power. Fig. 3(b) plots the single pulse energy as a function of incident
pump power for the PRFs from 1 to 5 kHz. It can be found from Fig. 3(b)
that the single pulse energy has a maximum value of 105 µJ at the PRF
of 1 kHz and the pump power of 3.6W. The pulse width of Raman laser
as a function of incident pump power is also measured at the PRFs from
1 to 5 kHz, as shown in Fig. 3(c). The pulse width increases with the
PRF for the same pump power, and the narrowest pulse width of 7.32 ns
is achieved at the PRF of 1 kHz. According to the relation of pulse en-
ergy and pulse width, the pulse peak power of Raman laser as a function

Ho:YAG

Pump beam

M1 M2 M3
M4

Q-switch

BaWO4 2640 nm
1908 nm

2122 nm

Fig. 1. The experimental setup of the resonantly pumped actively Q-switched Ho:YAG/BaWO4 mid-infrared intracavity Raman laser.
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of incident pump power is given in Fig. 3(d). The peak power of Raman
laser increases with the increase of incident pump power and decreases
with the increase of PRF, and the highest pulse peak power of 14.4 kW
is obtained at the PRF of 1 kHz and the pump power of 3.6W as shown
in Fig. 3(d).

At the PRF of 1 kHz and the pump power of 3.6W, the typical pulse
shape and the train of output pulses for the Raman laser are shown in
Fig. 4. The pulse widths of the fundamental laser and the Raman laser
are approximately 54 and 7.32 ns respectively, as given in Fig. 4(a). The
pulse width of the Raman laser is much narrower than that of the
fundamental laser, which indicates that the SRS process indeed plays a
role in pulse compression [5].

The insets in Fig. 5 show the beam profiles of Raman laser at the
average output power of 473 mW and the PRF of 5 kHz. The spatial
profile of the Raman laser is close to a fundamental transverse elec-
tromagnetic (TEM00) mode. For evaluating the beam quality of Raman
laser, the beam radius along the beam propagation direction is

measured through a 100mm focal length lens. The beam radii are
measured at different positions by the traveling knife-edge method, as
shown in Fig. 5. The fitted beam quality factor M2 is equal to 1.2. The
spatial profiles of the Raman laser are also measured at other pump
powers and PRFs, and always show a good single transverse mode.

4. Conclusion

In summary, the resonantly pumped actively Q-switched Ho:YAG/
BaWO4 intracavity Raman laser at 2640 nm has been demonstrated. A
compact coupled cavity configuration is adopted to investigate the
output performances of the Ho:YAG/BaWO4 Raman laser, and stable
2640 nm Raman laser is achieved. At the PRF of 5 kHz and the incident
pump power of 9.8W at 1908 nm, the maximum average output power
of the 2640 nm Raman laser is 473 mW. At the PRF of 1 kHz, the BaWO4

Raman laser has a low threshold pump power of 2.1W. When the pump
power is increased to 3.6W, the maximum pulse energy is 105 µJ, the
shortest pulse width is 7.32 ns, and the corresponding pulse peak power
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Fig. 2. Optical spectra of the fundamental and Raman laser.
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Fig. 3. (a) Average output power, (b) pulse energy, (c) pulse width, and (d) peak power at the Stokes wavelength of 2640 nm as the functions of incident pump power
at different PRFs from 1 to 5 kHz.

Fig. 4. Oscilloscope traces of the single fundamental pulse and single Raman
pulse at the PRF of 1 kHz and the pump power of 3.6W.
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is 14.4 kW. The mid-infrared pulse laser with high peak power has
potential applications in high resolution molecular spectroscopy and
remote sensing.
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