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Abstract: A novel scheme was developed for a diode-pumped passively Q-switched Nd:YVO,/KGW
Raman laser at 589 nm with a diode-to-orange conversion efficiency reaching 11.4%. The compact
near-concentric cavity was designed to achieve the criterion of good passive Q-switching and to
contain a coupled resonator for intracavity stimulated Raman scattering (SRS) and second harmonic
generation (SHG). The dependence of the output performance on the initial transmission of the
saturable absorber was explored in detail. Furthermore, the output performance was studied by
considering the influence of the pump-to-mode size ratio. By using an initial transmission of 50%, the
highest pulse energy and peak power were 110 uJ and 118 kW, respectively, at a pump duration of
40 ps and a pump frequency of 10 kHz.

Keywords: stimulated Raman scattering; passively Q-switched laser; KGW crystal

1. Introduction

High-peak-power pulsed lasers at 550-600 nm are very useful in applications such as
medical skin treatments [1], biological detection [2], optical-resolution photoacoustic mi-
croscopy [3], and stimulated emission depletion microscopy [4]. Light sources at 589 nm are
particularly important for applications such as atmospheric lidar measurement [5,6], adap-
tive optics [7], and sodium guide stars [8,9]. The technologies for developing orange light
sources at 589 nm involve dye lasers, diode-pumped solid-state lasers, optically pumped
semiconductor lasers, and fiber lasers [10]. The combination of intracavity stimulated Ra-
man scattering (SRS) and second harmonic generation (SHG) in a diode-pumped solid-state
Q-switched laser is nowadays the most efficient method for achieving a high-peak-power
output [11-18]. In addition to Q-switched operation, the concept of using the intracavity
Raman and SHG conversion in a diode-pumped neodymium laser to obtain yellow-orange
radiation has been efficiently realized in continuous-wave and quasi-continuous-wave
regimes [19-27].

Compared with active Q-switching, the benefits of passive Q-switching consist in its
simplicity, compactness, and light weight [28-31]. However, due to the fluctuations of
the pump and emission, passively diode-pumped Q-switched lasers usually suffer from a
timing jitter in the output pulses [32]. Nevertheless, the timing jitter can be significantly
improved using a pulse pumping scheme based on short pump duration and a high pump
power [33]. In addition to reducing the timing jitter, pulse pumping can also significantly
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decrease the thermal lensing effect. So far, the diode-to-orange conversion efficiency
achieved by passive Q-switching is between 1.2 and 7.3%, never exceeding 10% [34,35].
In this work, we originally exploited a near-concentric resonator to achieve an effi-
cient passively Q-switched Nd:YVO,4 Raman laser at 589 nm with potassium gadolinium
tungstate (KGW) as an intracavity Raman gain medium at the shift of 901 cm~!. The
near-concentric resonator was used to provide a beam focusing on the saturable absorber
to accomplish good passive Q-switching and to include a coupled cavity for performing
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the SRS and SHG. Three different saturable absorbers were utilized to thoroughly explore
the dependence of the output performance on the initial transmission. Furthermore, we
also investigated in detail the influence of the pump-to-mode size ratio on the output
characterization. By using the pulse pumping scheme at a pump frequency of 10 kHz, the
highest pulse energy and peak power were 110 uJ and 70 kW, respectively. The optimal
diode-to-orange conversion efficiency reached 11.4%, which is, to the best of our knowl-
edge, the highest efficiency ever reported for a diode-end-pumped passively Q-switched
Raman laser.

2. Cavity Design and Experimental Setup

Figure 1 shows the experimental configuration for generating the orange laser at
589 nm in a passively Q-switched Nd:YVO,/KGW Raman laser with intracavity SRS
and SHG. We designed the resonator to be a concave-concave symmetrical cavity for
the fundamental wave and to include a coupled plano-concave cavity for the Raman
Stokes wave. For the pump source, we exploited a fiber-coupled semiconductor laser at
808 nm with a maximum output power of 40 W. The coupling fiber had the specifications
of a 100 um core radius and a 0.22 numerical aperture. For the laser gain medium, we
utilized an a-cut Nd:YVOy crystal with a Nd** concentration of 0.2 at.% and dimensions of
3 x 3 x 20 mm?. Both end facets of the gain medium had an anti-reflective (AR) coating in
the spectral region of 1060-1180 nm (reflectance < 0.2%). The radius of curvature of the rear
concave mirror was 85 mm. On the facet toward the pump side, the rear mirror was coated
to be AR at 808 nm (reflectance < 0.2%). On the concave facet, the rear mirror was coated to
be highly reflective (HR) in the spectral range of 1000-1200 nm (reflectance > 99.9%) and
highly transmissive (HT) at 808 nm (transmittance > 95%). For the saturable absorber, we
employed three different Cr**:YAG crystals with initial transmissions of T, = 50%, 60%, and
70% to investigate the output performance. All Cr**:YAG crystals had the same dimensions
of 3 x 3 x 2 mm?3. Both end facets of the Cr**:YAG crystal were coated to be AR in the
spectral region of 1060-1180 nm (reflectance < 0.2%). For the Raman gain medium, we used
a Np-cut KGW crystal with dimensions of 3 x 3 x 20 mm?3. In the experiment, we arranged
the polarization of the fundamental wave to be along the N, axis of the KGW crystal in
order to favor the Raman shift of 901 cm~!. On the facet toward the Nd:YVOj crystal,
the KGW crystal had a HR coating at 1178 nm (reflectance > 99.9%) and a HT coating at
1064 nm (transmittance > 99%). On the other facet, the KGW crystal had a HT coating at
1064 nm and 1178 nm (transmittance > 99%) and a HR coating at 589 nm (reflectance > 99%)
to reflect the orange light that was generated in the backward direction. We exploited
indium foils to wrap the Nd:YVOy, Cr**:YAG, and KGW crystals and then mounted these
crystals in the copper holders with active cooling at 20 °C. For the nonlinear crystal, we
used an LBO crystal with a length of 8§ mm and cut angles of 6 = 90° and ¢ = 3.9° for the
critical phase matching to produce the orange laser at 589 nm via the intracavity SHG of the
Stokes wave at 1178 nm. Both end facets of the LBO crystal had AR coatings at 1064, 1178,
and 589 nm. We utilized a thermoelectric cooler to precisely control the temperature of the
LBO crystal in order to achieve the optimal phase matching. A concave mirror with a radius
of curvature of 85 mm was used as the output coupler. The concave side of the output
coupler was coated to be HR at 1060-1180 nm (reflectance > 99.9%) and HT at 589 nm
(transmittance > 95%). The other side was coated to be AR at 589 nm (reflectance < 0.2%).
The Nd:YVOy crystal was positioned very close to the rear mirror with a separation of
approximately 1.0 mm. The Cr**:YAG crystal was placed in the center of the cavity, i.e.,
the location of the beam waist. The crystals of Cr**:YAG, KGW, and LBO were positioned
very close to each other with separations of approximately 1.0 mm. The geometric length
for the fundamental wave cavity was approximately 188 mm to form a near-concentric
configuration. Three different pairs of coupling lenses were employed to focus the pump
light into the laser crystal, resulting in three different pump radii of wp = 210, 320, and
430 um for investigating the output performance.
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Figure 1. Experimental configuration for generating the orange laser at 589 nm in a passively
Q-switched Nd:YVO4/KGW Raman laser with intracavity SRS and SHG.

Let L¢gp be the geometric length for the fundamental wave cavity. The optical length
L}, for the laser cavity is then given by:

4
Ligy = Leav — Z (1 B T:ll> 6] 1
j=1 ]

where {1, {3, {3, and /4 are the lengths of the Nd:YVOy, Cr**:YAG, KGW, and LBO crystals,
respectively, and 11, np, n3, and ny are the refractive indices of their counterparts. According
to the experimental setup with L.y = 188 mm, Equation (1) could be used to find that
the value of L},, was approximately 160 mm. Note that the refractive indices used in the
calculation were the data without considering the influences of the doping concentration
and temperature. For the present concave-concave symmetric resonator, the cavity mode
radius on the rear mirror is given by:

AR L¥ 12
cav
w _ 2

! [ T (2R L?ﬂv)‘| @

where A is the wavelength of the fundamental wave, and R is the radius of curvature
for both concave mirrors of the laser cavity. The cavity mode radius at the beam waist is

given by:
A 1/2
Wo = [27_[ \/ L?av(zR - L?av)} 3)

Since the Nd:YVOy crystal was positioned very close to the rear mirror, the cavity mode
radius in the gain medium could be approximated as w, ~ w;. Substituting L}, = 160 mm
and R = 85 mm into Equation (2), the value of w, could be found to be around 340 pm. On
the other hand, since the Cr**:YAG crystal was placed at the location of the beam waist,
the mode radius in the saturable absorber could be approximated as ws ~ w,. Substituting
L}, =160 mm and R = 85 mm into Equation (3), the value of ws could be found to be
around 80 pum. Consequently, the mode area ratio A/ As = wg / wsz could be found to reach
16, where A and A are the mode areas in laser crystal and saturable absorber, respectively.

From the rate equations for a four-level passively Q-switched operation [36], the
performance of the passive Q-switching could be shown to be mainly determined by the
following parameter:

o= AU’gs/('YAs(T) 4)

where ¢ is the stimulated emission cross-section of the gain medium, v is the inversion
reduction factor, and Ugs is the absorption cross-sections of the ground state of the saturable
absorber. A theoretical analysis was performed to verify that the higher the parameter
«, the better the possible output performance [36]. Nevertheless, when the value of «
was greater than 5.0, there was not much room for boosting the efficiency of the passive
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Q-switching. By using the following parameters for the present experiment, A/ A; =18,
o =15.6 x 10719 cm?, Ogs = 8.7 X 10~ cm?, and v =1, we could calculate the value of
the parameter « to be nearly 10.0. In other words, the present cavity design could lead to
high-quality passive Q-switching.

The coupled cavity for the SRS process was formed by the coated KGW crystal and
the output coupler. The geometric length of the coupled cavity for the Stokes wave was
approximately Lsgs = 95 mm. The optical length for the SRS cavity is given by:

x 1 1
Lgrs = Lsrs — <1 — ) U3 — (1 - n) 4y (5)

n3 4

Accordingly, the optical length L¢ ¢ was found to be approximately 80 mm. To be brief,
the SRS cavity had a near-hemispherical configuration. With L, = 160 mm, the optical
length for the SRS cavity was confirmed to be close to half of that for the fundamental wave.
The cavity mode radius for the Stokes wave on the facet with the dichroic coating of the

KGW crystal is given by:

Ax 1/2
WR = {71: \/ Ligs(R— LgRS):| (6)

where Ay is the wavelength of the Stokes wave. Since L7, = 2L, we could confirm the
mode matching between the fundamental and Raman Stokes waves from Equations (3)
and (6).

3. Experimental Results and Discussion

The polarization states for the fundamental and Raman Stokes waves were self-
controlled to be linearly polarized due to the gain anisotropies in the a-cut Nd:YVO4
and Np-cut KGW crystals, respectively. The pump power of the laser diode was electron-
ically operated at a pump duration of 40 pus with a pump frequency of 10 kHz. Figure 2
shows the experimental results for the pump threshold energy at 808 nm versus the initial
transmission T, of the saturable absorber under three different pump-to-mode size ratios
wp /w, for the output pulse rate to reach the pump rate of 10 kHz. The pump threshold
energy was found to increase with a decrease in the initial transmission T,, because a lower
initial transmission T, led to a larger stored energy in the laser crystal. On the other hand,
the pump threshold energy increased with an increase in the ratio wy /w.. The increasing
trend was confirmed to be proportional to the effective mode area 7 (wlz, + w?), consistent
with the theoretical analysis [36]. For the case of wp/w. =1.34, the pump threshold energy was
seen to increase from 0.58 to 0.94 mJ as the initial transmission T, lowered from 70% to 50%.

Although the pump threshold energy increased with a decrease in the initial transmis-
sion T, and an increase in the ratio wp / w¢, the output pulse energy at 589 nm was found
to increase with a similar tendency. Figure 3 depicts the experimental results for the output
pulse energy at 589 nm versus the initial transmission T, of the saturable absorber for three
different pump-to-mode size ratios wy, /wc. For the case of wy,/wc = 1.34, the output pulse
energy at 589 nm increased from 0.06 to 0.11 m] as the initial transmission T, lowered from
70% to 50%. On the other hand, the output pulse energy increased from 0.068 to 0.11 m]
as the ratio wp /w. increased from 0.66 to 1.34 for the case of T, = 50%. On the whole, the
diode-to-orange conversion efficiencies for three different ratios wp /w. and three initial
transmissions T, were all higher than 10%. The highest efficiency reached 11.4%, obtained
with wp/we =1.34 and T, = 50%. The conversion efficiency from 808 nm to 1064 nm was
approximately 50~60%. Therefore, we roughly estimated that both conversion efficiencies
from 1064 nm to 1178 nm and from 1178 nm to 589 nm were approximately 20~30%.
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Figure 2. Experimental results for the pump threshold energy at 808 nm versus the initial transmission
T, of the saturable absorber under three different pump-to-mode size ratios wp /w, for the output
pulse rate to reach the pump rate of 10 kHz.
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Figure 3. Experimental results for the output pulse energy at 589 nm versus the initial transmission
T, of the saturable absorber for three different pump-to-mode size ratios wp /we.

Figure 4 shows the experimental results for the average output power at 589 nm
versus the average input power at 808 nm for three different initial transmissions T, of
the saturable absorbers when wy, /w. = 1.34. It was obvious that there were steps for the
different passive Q-switchers. The final step for each saturable absorber shown in Figure 4
represented an output pulse rate equal to the pump rate of 10 kHz. The steps before the
final step revealed the output pulse rate to be a fraction of the pump rate. Nevertheless, it
is easier to estimate the real efficiency of the laser from Figure 4.

Figure 5 shows the experimental results for the pulse width at 589 nm versus the initial
transmission T, of the saturable absorber for three different pump-to-mode size ratios
wp/wc. The pulse width was seen to shorten with a decrease in the initial transmission T
for a given ratio wp/w.. The overall pulse width was seen to be as short as 0.91 to 2.1 ns for
the three different ratios wyp /wc and three initial transmissions T,. The pulse shortening
effect can be clearly seen due to the intracavity stimulated Raman scattering in passive
Q-switched lasers [37—-40]. As shown in Figure 3, the enlargement in the pump-to-mode
size ratio wp/w. could lead to an increase in the output pulse energy. Similarly, the pulse
width could be narrowed by increasing the pump-to-mode size ratio. Using wp /w. = 1.34



Crystals 2023, 13, 334

6 of 10

for the saturable absorber with T, = 50%, the pulse width was experimentally found to be
as short as 0.91 ns.
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Figure 4. Experimental results for the average output power at 589 nm versus the average input power
at 808 nm for three different initial transmissions T, of the saturable absorbers when wp /w. =1.34.
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Figure 5. Experimental results for the pulse width at 589 nm versus the initial transmission T, of the
saturable absorber for three different pump-to-mode size ratios wp /we.

The peak-to-peak fluctuation in the pulse train could be optimized to be approxi-
mately £5.5%. The typical pulse train and temporal profile for the orange output at 589 nm
obtained with wp/w. =1.34 and T, = 50% are shown in Figure 6. The temporal profile
revealed the output pulse to be a pure single pulse without a satellite pulse. Furthermore,
no significant modulation was observed in the temporal profile of the output pulse. Accord-
ingly, the number of longitudinal modes seemed to be close to the number of single modes.
The selection of the longitudinal modes may be attributed to the shortness of the coupled
cavity and the several etalon effects caused by the small separations among the Cr**:YAG,
KGW, and LBO crystals. On the other hand, the spatial quality of the output beam was also
examined. The beam quality factor M? was measured by the traveling knife-edge method.
The overall beam quality was found to be within 1.5~2.0 at an output rate of up to 10 kHz
for the three different saturable absorbers.
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Figure 6. Typical pulse train and temporal profile for the orange output at 589 nm obtained with
wp/we=134and T, = 50%.

The output peak power was evaluated using the experimental data of the output pulse
energy and pulse width. Figure 7 shows the calculated results for the output peak power
at 589 nm versus the initial transmission T, of the saturable absorber for three different
pump-to-mode size ratios wp/w.. The output peak power was seen to increase with a
decrease in the initial transmission T,. Similar to the output energy, the output peak power
increased with an increase in the pump-to-mode size ratio wp/w.. Using wp/w. = 1.34,
the output peak power obtained with T, = 50% was found to reach 118 kW. To the best of
our knowledge, this is the highest peak power obtained in a diode-end-pumped passively
Q-switched solid-state Raman laser at 589 nm. We used an optical spectrum analyzer
(Advantest Q8381A) with a resolution of 0.1 nm to measure the optical spectrum of the
output beam. Figure 8 shows the typical optical spectrum observed for the output beam.
The lasing wavelength can be seen to be around 589 nm.

Finally, it is worthwhile to discuss the thermal effect in the present work. The thermal
properties of KGW crystals have been confirmed to be strongly anisotropic [41]. As shown
in Figure 1 for the resonator configuration, the coupled cavity for the intracavity SRS was
formed by a coated KGW crystal and an output coupler. Due to the anisotropy of the
thermal properties of KGW crystals, the output coupler for the SRS cavity needed to be
a concave mirror to achieve cavity stability. When the output coupler was replaced by
a flat mirror, the laser output at 589 nm was experimentally found to exhibit significant
fluctuation and a low conversion efficiency. The thermal effects for the comparison be-
tween self-Raman Nd: YVOy lasers and Nd:YVO,;/KGW Raman lasers at lime and orange
wavelengths can be found in ref. [24].
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Figure 7. Calculated results for the output peak power at 589 nm versus the initial transmission T, of
the saturable absorber for three different pump-to-mode size ratios wp /we.
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4. Conclusions

In summary, we developed a near-concentric resonator for a passively Q-switched
Nd:YVOy laser at 589 nm with a Raman KGW crystal to achieve a diode-to-orange conver-
sion efficiency of up to 11.4%. We designed a compact near-concentric cavity to focus on
the saturable absorber in order to satisfy the criterion of good passive Q-switching and to
include a coupled resonator for SRS together with SHG. We also systematically explored the
influence of the pump size on the output performance. By using a pump duration of 40 ps
and a pump frequency of 10 kHz, the optimal pulse energy and peak power generated
with T, = 50% reached 110 pJ and 118 kW, respectively.
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