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Abstract: A compact KTA cascaded Raman system driven by a passively Q-switched Nd:YAG/Cr*:YAG
laser at 1064 nm was demonstrated for the first time. The output spectra with different cavity lengths
were measured. Two strong lines with similar intensity were achieved with a 9 cm length cavity.
One is the first-Stokes at 1146.8 nm with a Raman shift of 671 cm ™!, and the other is the Stokes at
1178.2 nm with mixed Raman shifts of 234 cm~! and 671 cm~!. At the shorter cavity length of 5 cm,
the output Stokes lines with high intensity were still at 1146.8 nm and 1178.2 nm, but the intensity
of 1178.2 nm was higher than that of 1146.8 nm. The maximum average output power of 540 mW
was obtained at the incident pump power of 10.5 W with the pulse repetition frequency of 14.5 kHz
and the pulse width around 1.1 ns. This compact passively Q-switched KTA cascaded Raman laser
can yield multi-Stokes waves, which enrich laser output spectra and hold potential applications for
remote sensing and terahertz generation.
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1. Introduction

Owing to its high optical damage threshold, broad transparency range, and high
nonlinear coefficient together with the low ionic conductivity, potassium titanyle arsenate
(KTA) is considered to be a promising crystal for nonlinear optics applications. For the
past few decades, KTA has been extensively used to yield efficient eye-safe laser and mid-
infrared laser via optical parametric oscillation [1-4]. Moreover, KTA has also attracted
increasing attention due to its potential application for efficient stimulated Raman laser
operation [5-7]. As an effective way to generate coherent light with new wavelengths,
stimulated Raman scattering (SRS) has merits for preparing simple, compact, and robust
laser sources [8-10]. Diverse crystals have been adopted for efficient Raman lasers, such as
vanadates [11-13], tungstates [14-17], and molybdates [18]. Different from these commonly
used Raman crystals, KTA and its isomorphs possess large Raman gain coefficient and
small Raman shifts [19-22], such that it can generate a variety of high order Stokes lasers
by cascade SRS.

In 1991, Watson first investigated the KTA Raman spectrum and identified a strong
Raman shift of 234 cm ! [5]. Based on the intracavity pumped KTA using a Nd:YAG/KTA
Raman configuration, Liu et al. studied the first and second-Stokes lasers at 1091 nm and
1120 nm, respectively [6,21]. Lan et al. also surveyed the Raman laser of 1091 nm using
a passively Q-switched Nd:YAG/KTA configuration, and a 250 mW power was realized
with the conversion efficiency of 3.3% [22]. Based on the Nd:YAP/KTA configuration,
Huang et al. reported a simultaneous dual-wavelength eye-safe Raman laser [23]. Liu et al.
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reported the second harmonic generation (SHG) laser converted from the first-Stokes in
KTA Raman with the shift of 671 cm~! [24]. Our group also studied the multi-Stokes waves
from cascade Raman conversion based on a KTA crystal [25]. From the main Raman shifts of
671 cm~! and 234 cm~! in the KTA crystal, the gains of high order Stokes waves can enrich
laser spectral lines which cannot be directly produced from the laser crystal doped with
rare earth ions [26]. In addition, via the processes of the SHG and sum frequency generation
(SFG), the Stokes waves can produce visible light which has important applications in
remote sensing, visual displays, and medical treatments [27,28]. The simultaneous multi-
order Stokes waves output has also been reported to be a prospective pumping source for
the terahertz (THz) wave generation employing the nonlinear optics method [29].

A solid-state laser based on Cr**:YAG passively Q-switching has the advantages of
compactness and low cost for high pulse repetition frequency pulse laser operation [30-32].
Therefore, a passively Q-switched cascaded Raman laser could be a compact and efficient
laser system for Stokes laser output. In this work, for the first time, multi-Stokes waves from
passively Q-switched KTA cascaded Raman lasers were studied. A Nd:YAG/Cr**:YAG
composite crystal was used as the saturable absorber. Under a pumping power of 10.5 W
and pulse repetition frequency of 14.5 kHz (for the setup with a 5 cm length cavity) the
largest average output power of 540 mW was realized with a pulse width of about 1.1 ns.
The measured spectra show various Stokes lines in the range of 1050~1200 nm, which
were converted via the Raman shifts of 234 cm ! and 671 cm !, and two strong lines were
located at 1146.8 nm and 1178.2 nm.

2. Experimental Setup

KTA is an anisotropic optical crystal of the orthotropic crystal system. According to the
polarization-dependent spontaneous Raman scattering spectra of x-axis cut KTA crystals,
strong Raman scattering with two main Raman shifts at 234 cm ! and 671 cm~! can be
realized from the Al (ZZ) geometry. Therefore, an x-axis cut KTA crystal of 4 x 4 x 20 mm?3
dimension was employed as the Raman medium to satisfy the X(ZZ)X Raman configuration,
according to Porto notations. The KTA crystal was placed in a compact plane-concave
cavity and driven by the passively Q-switched Nd:YAG laser at 1064 nm. Figure 1 shows the
diagrammatic sketch of the passively Q-switched KTA cascaded Raman laser experimental
setup. The Nd:YAG crystal composited with Cr**:YAG crystal in order to make the system
more compact and easy to dissipate heat, and these two crystals were used to serve as the
laser gain medium and the saturable absorber for passively Q-switching, respectively. The
Nd:YAG crystal with the size of 3 x 3 x 7 mm? is 1.0 at.% doped, and the Cr**:YAG crystal
with size of 3 x 3 x 3 mm? has an initial transmission of about 85%. While the optics was
closed set with each other, the total cavity length was about 50 mm.
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Figure 1. Experimental setup of the passively Q-switched KTA cascaded Raman laser.

Stokes output

The pumping source is a fiber-coupled laser diode array operating at 808 nm, which
has a fiber core diameter of 200 pm and a numerical aperture of 0.22. The pump beam was
re-imaged by two 808 nm anti-reflection (AR) coated achromatic lenses with focal lengths
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of 50 and 80 mm, obtaining a beam waist of about 320 um in the Nd:YAG crystal. Both the
Nd:YAG/Cr**:YAG composite crystal and the KTA crystal were wrapped with indium foil
and mounted in a thermoelectric-cooled copper block with the temperature kept at about
20 °C throughout the experiments. Both end-faces of the composite crystal and the KTA
crystal were AR coated for the fundamental and Stokes wavelengths from 1000 to 1200 nm,
and the pump light incident face of the Nd:YAG crystal was AR coated at 808 nm.

3. Results and Discussion

Table 1 lists Stokes wavelengths with contributed Raman shifts. It can be seen that
there are many Stokes wavelengths ranging from 1050 to 1200 nm, which were yielded via
two Raman shifts of 234 cm ! and 671 cm 1. The fundamental and Raman laser oscillation
shared the identical plane-concave linear cavity constituted by the input mirror (IM) and
the output coupler (OC) mirror. The IM was high-transmission (HT, T > 98%) coated at
808 nm and high-reflection (HR, R > 99.9%) coated from 1000 to 1200 nm. The OC mirror
with a radius curvature of 100 mm was HR coated for the range of 1050~1130 nm. The
transmittance curve of the output coupler is displayed in Figure 2. With the wavelength
larger than 1130 nm, the transmittance increased, reaching 1.5% at 1147 nm and 67% at
1182 nm.

Table 1. Stokes wavelengths with contributed Raman shifts.

Wavelength Contributed Raman Shifts
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Figure 2. Transmittance curve of the OC mirror for different wavelengths.

The KTA Raman laser output characteristics were optimized by adjusting the pump
power and cavity length. The maximum power of the output was achieved under a pump
power of 10.5 W. The data of the output power were detected using the thermal sensor
power meter (PM310D, Thorlabs INC). Figure 3 exhibits the average output power for two
cavity lengths of 5 cm and 9 cm, with respect to the incident pump power. It is shown that
the Raman threshold for a 5 cm length cavity was around 3.4 W, and for a 9 cm length cavity
it was around 4.9 W. For the two cavity length setups, the average output powers both
raised with the increase of incident pump power, provided with the slope efficiency of 7.6%
for the 5 cm length cavity and 8.0% for the 9 cm length cavity. A lower Raman threshold
for 5 cm length cavity benefited from its low cavity loss with the short and compact laser
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cavity, and the 5 cm length cavity is more suitable for high output power than the 9 cm
length cavity with an increase of pump power. Under an incident pump power of 10.5 W,
the obtained maximum output powers were 530 mW for the setup with 5 cm length cavity,
and 320 mW for the setup with 9 cm length cavity. The power instability at the maximum
output for these two length cavities were better than 5%.
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Figure 3. Average output power versus incident pump power of the Raman lasers with the cavity
lengths of 5 cm and 9 cm.

Figure 4 displays the laser spectra with the 5 cm and 9 cm cavity lengths, respectively.
The data were measured at the pump power of 10.5 W using a grating monochromator
(Omni-A500 model, ZOLIX, Beijing, China). According to the wavelengths and Raman
shifts shown in Table 1, the spectra lines can be identified. For the setup with the 9 cm
length cavity, its spectrum contains two strong lines with similar intensity, which are the
first-Stokes at 1146.8 nm with the Raman shift of 671 cm !, and the Stokes at 1178.2 nm
with mixed Raman shifts of 234 cm~! and 671 cm~!. Four low intensity lines were also
detected. They are the fundamental wave at 1064 nm, the first, second and third-Stokes
at 1092.0, 1120.7, and 1150.4 nm, respectively, with a Raman shift of 234 cm L. For the
setup with 5 cm length cavity, due to the lower loss caused by the shorter cavity length,
the low order Stokes were converted to higher order Stokes. The first-Stokes at 1092.0 nm
and the second-Stokes at 1120.7 nm became negligible, while the intensity of 1178.2 nm
was significantly enhanced, and more obvious third-Stokes (1150.4 nm) and fourth-Stokes
(1182.4 nm) waves with Raman shift of 234 cm~! were also observed. However, the output
was still dominated by the Stokes waves at 1178.2 nm and 1146.8 nm. Therefore, different
cavity lengths also resulted in the difference of output spectra, which might be mainly
attributed to the intensity distribution changing in the cavity.

The pulse width and pulse repetition frequency with different incident pump powers
were obtained using the free-space InGaAs photodetector and exhibited on the 500 MHz
oscilloscope (DPO3052B model). In view of the fact that the measured multi-Stokes wave-
lengths were very close to each other, and they cannot be segregated in our investigation,
only the whole temporal pulse profiles of the Stokes waves were provided. As shown in
Figure 5, with the incident pump power changed from 3.9 W to 10 W, the pulse repetition
frequency went up from 2.9 kHz to 14.5 kHz, and the pulse energy rose from 21 pJ to 36 uJ
except for a small decline when the incident pump changed from 4.5 W to 5.2 W. The pulse
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repetition frequency was not as stable when the instability reached about 25%, which might
be caused by the competition of multi-Stokes generation.
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Figure 4. Raman laser spectra measured under the incident pump power of 10.5 W with the cavity
lengths of 5 cm and 9 cm.
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Figure 5. Pulse repetition frequency (PRF) and pulse energy versus incident pump power.

The measured pulse trains and temporal pulse profiles at the incident pump power
of 10.5 W are displayed in Figure 6. The pulse width was around 1.1 ns, and the pulse
repetition frequency was 14.5 kHz. A smaller value of pulse width than 1.1 ns might be
more accurate, since the critical time resolution of the used 500 MHz oscilloscope was
limited. We also measured the pulse width of weak leaked fundamental laser at 1064 nm,
and the obtained value was around 11 ns. Therefore, significant pulse shortening was
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detected for this KTA Raman laser which is similar to the fact that achieved in SrtMoOy4
Raman laser [33].
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Figure 6. Temporal pulse profiles and pulse trains under the incident pump power of 10.5 W.

The spectra of the weak visible light accompanying with the Stokes wave output have
been measured using a fiber optic spectrometer (AvaSpec-3648 model). The measured
spectra are shown in Figure 7. It can be seen that the main lines are located at 573.4 nm
and 574.3 nm, and the former can be assigned to the SHG of 1146.8 nm, while the latter is
from the SFG of 1146.8 nm and 1150.4 nm with the phase matching angle 6 of 82~83° in the
x-z plane of KTA crystal. These weak visible lights possessed an output power of about a
dozen milliwatts, which should be ascribed to the fact that the phase matching directions
of SHG and SFG for the Stokes waves in the cavity were close to the x-axis. To our surprise,
the SFG light (567 nm) of 1120.7 nm and 1146.8 nm was not observed. As known from the
calculation, the SFG matching angle between these two wavelengths is closer to the x-axis
of the KTA crystal compared with those for 573.4 nm and 574.3 nm light generation. The
absence of 567 nm SFG light could be attributed to the light conversion from 1120.7 nm to
1150.4 nm due to high reflection of the resonant cavity for 1120.7 nm. Therefore, the 567 nm
SFG light was negligible in contrast to the lines of 573.4 and 574.3 nm.
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Figure 7. Spectra of weak visible light irradiated from the KTA crystal.
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4. Conclusions

In summary, a compact passively Q-switched KTA cascaded Raman laser was demon-
strated for the first time. A composite crystal of Nd:YAG/Cr#*:YAG was used for passively
Q-switched fundamental laser generation at 1064 nm. The obtained multi-Stokes laser
wavelengths range from 1090 to 1200 nm. The output spectra with two different cavity
lengths were measured. Two strong lines with similar intensity were achieved with a 9 cm
length cavity. One is the first-Stokes at 1146.8 nm with Raman shift of 671 cm !, and the
other is the Stokes at 1178.2 nm with mixed Raman shifts of 234 cm~! and 671 cm~. For
the setup with a shorter length cavity of 5 cm, some conversions from low order Stokes
to higher order Stokes occurred due to the lower loss caused by the shorter cavity length,
and the output Stokes waves with high intensity were still at 1146.8 nm and 1178.2 nm.
However, the intensity of 1178.2 nm was obviously higher than that of 1146.8 nm. Under
an incident pump power of 10.5 W, the measured maximum average output power was
540 mW. The measured pulse width was around 1.1 ns, and the pulse repetition frequency
was 14.5 kHz. This compact passively Q-switched KTA cascaded Raman laser can yield
multi-Stokes waves, which enrich laser output spectra lines and hold potential applications
for remote sensing and terahertz generation.
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