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Abstract: Sub-nanosecond high-peak-power passively Q-switched yellow and orange lasers are
compactly developed using a near-concentric resonator with intracavity-stimulated Raman scattering
(SRS) as well as second harmonic generation (SHG). The fundamental wave is generated from an
a-cut Nd:YVOy crystal. The Stokes wave for an SHG yellow (579 nm) or orange (589 nm) laser is
generated from a Np-cut potassium gadolinium tungstate (KGW) with the N¢ or Ny, axis parallel
to the c-axis of Nd:YVOjy crystal. The optimal cavity length is systematically explored in a near-
concentric configuration to achieve sub-nanosecond high-peak-power pulses. The shortest pulse
widths for the yellow and orange output pulses are down to 0.67 ns and 0.70 ns, respectively. The
highest peak powers for the yellow and orange output pulses are up to 176 and 138 kW, respectively.
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1. Introduction

Sub-nanosecond passively Q-switched laser pulses with high peak power (>10 kW) are
greatly appropriate for many applications including nonlinear wavelength, high-precision
measurements, laser-induced plasma ignition, and free-space communications [1-4]. High-
peak-power pulsed lasers with wavelengths between 550 and 600 nanometers (nm) are
particularly useful in biomedical applications such as dermatology [5], ophthalmology [6],
biological analysis [7], flow cytometry [8], and photoacoustic microscopy [9]. Yellow
pulsed lasers with wavelengths between 572 and 582 nm can be well absorbed by oxy-
genated hemoglobin. As a result, yellow lasers have been widely adopted in medical
treatments [10,11]. Furthermore, high-peak-power orange lasers near 589 nm are almost in-
dispensable in the applications of atmospheric lidar [12] and sodium guide stars [13,14]. So
far, the technologies for developing yellow—orange lasers consist of solid-state lasers [15,16],
fiber lasers [17], semiconductor lasers [18], and optically pumped semiconductor lasers [19].
Among these technologies, solid-state lasers are especially prospective for generating
high-peak-power pulses due to their long lifetime of the upper-level state and the flexible
combination with nonlinear optics.

The method for generating high-power Nd-doped crystal lasers in the yellow—orange
region usually comprises two stages of intracavity nonlinear wavelength conversions,
which are stimulated Raman scattering (SRS) and second harmonic generation (SHG).
Raman scattering is a process of inelastic scattering in which incident photons interact
with molecules, gaining or losing energy, leading to a change in the frequency of scattered
photons. The growing applications in various fields create a great demand for developing
reliable all-solid-state lasers in previously uncovered spectral regions. In comparison with
gaseous and liquid Raman cells, the advantages of SRS in solid-state crystals include higher
conversion efficiency, no need for phase matching, and easier handling. The potassium
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gadolinium tungstate KGd(WOQOy), or KGW single crystal has been confirmed to be a very
promising Raman material due to its low structure symmetry and high x3-nonlinearity.
Furthermore, the KGW crystal possesses a powerful Raman spectrum extending from
ultraviolet to near-infrared, so it can be used as a reference material for the Raman spectrum
as well as samples to study solid Raman scattering.

Not only the continuous-wave and quasi-continuous-wave operation [20-22] but also
the actively and passively Q-switched yellow—orange lasers have been widely investi-
gated [23,24]. Compared with active Q-switched operation, passive Q-switched solid-state
lasers have the advantages of compactness, simplicity, and robustness [25,26]. Furthermore,
the timing jitter due to the fluctuation in the pump and emission is the common critical
issue of passively Q-switched lasers [27], which has been substantially improved with
pulse pumping using a shorter pump duration and a higher pump power [28,29]. As a
consequence, passively Q-switched lasers can be greatly applicable to various fields, such
as micromachining, medical treatment, lidar, and ranging. Nevertheless, sub-nanosecond
high-peak-power Q-switched yellow and orange lasers have never been demonstrated
so far.

Previously, we used a near-concentric cavity to realize an efficient passively Q-switched
Nd:YVO, Raman laser at 589 nm with a KGW as an intracavity Raman gain medium at the
shift of 901 cm~! [23]. For achieving a passive Q-switching efficiency [30], we employed
a near-concentric resonator to generate a large value of « via the beam focusing on the
saturable absorber. The parameter « can be given by a = Acgs /(7As0), where A and A
are the mode areas for the fundamental wave in the gain medium and saturable absorber,
respectively; 0gs and ¢ are the cross sections for the ground-state absorption of the sat-
urable absorber and the stimulated emission of the gain medium, respectively; and 7 is the
inversion reduction factor. Furthermore, the near-concentric resonator is combined with an
internal cavity to yield the SRS and SHG. In this exploration, we extend this approach to
achieve sub-nanosecond high-peak-power passively Q-switched yellow and orange lasers
with intracavity SRS and SHG processes. By using the KGW Raman gain medium, the
Stokes emissions for generating yellow (579 nm) and orange (589 nm) lasers using SHG can
be selectively accomplished by orienting the KGW crystal. We use lithium triborate crystals,
known as LBO (LiB30Os), to perform the intracavity SHG. The LBO crystal, belonging
to an orthorhombic system with a point group symmetry of mm?, is a negative biaxial
crystal that is very promising in the fabrication of nonlinear optical components such as
harmonic generators and optical parametric oscillators due to its excellent nonlinear optical
properties [31]. Compared with lithium niobate (LiNbO3), one of the most widely used
nonlinear optical crystals in photonic applications [32,33], LBO has a higher damage thresh-
old (~10 GW/cm?), thus being applied to operations with ultra-high intensity regimes. In
addition, compared with many other nonlinear optical crystals (such as DKDP and YCOB),
LBO also has broadband transparency from 160 to 2600 nm, a larger temperature and angle
acceptance bandwidth, and a higher nonlinear optical frequency conversion efficiency. The
LBO-based SHG process was first demonstrated by Chen et al. in 1989 [31]. One year later,
Zhao et al. realized high-efficiency SHG based on LBO with a conversion efficiency of 60%
at a 1064 nm wavelength [34]. By 2021, the efficiency had increased to approximately 80%
with a light intensity of 10'81 W/cm? [35], demonstrating LBO’s great potential in high en-
ergy density applications. In this work, the optimal cavity length is systematically explored
to generate a sub-nanosecond pulse duration to surpass previous works [14-16,23]. Under
the optimal circumstance, the highest pulse energy and shortest pulse width for the yellow
output are found to be 118 uJ and 0.67 ns, respectively. On the other hand, the highest
pulse energy and shortest pulse width are 97 puJ and 0.70 ns for the orange output. The
peak powers for the yellow and orange outputs are up to approximately 176 and 138 kW,
respectively. In previous results, the obtained peak powers for yellow—orange lasers were
approximately 81.4 W [14], 16 kW [15], and 118 kW [23]. To the best of our knowledge,
these peak powers are the highest values obtained in sub-nanosecond passively Q-switched
yellow and orange lasers.
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2. Theoretical Model and Experimental Setup

Since passively Q-switched lasers eliminate a potential hazard of failure in high-
voltage switching electronics of actively Q-switched lasers, the NASA space systems em-
ployed passive Q-switching technology instead of active Q-switching to increase reliability.
Recently, we developed a pedagogically fast model for accurately analyzing PQS lasers in
a full scope of output coupling [30]. We considered the spatial overlap effect in deriving
the characteristic equation for the photon density from the coupled rate equations for
the four-level PQS laser. The derived transcendental equation can be numerically solved
to obtain an analytical form for the residual fraction of the inversion density after the
Q-switched pulse is complete. The developed model and equations were systematically
validated with experimental explorations. The rate equations were used to analyze the
operation of a four-level passively Q-switched laser [30]. From the analyzed result, the
output efficiency can be characterized by the transcendental equation

A=pw) = [C-1DA=p*)/a] =In(1/u) =0, (1)

where § = N;/Nt, p = N¢/N;, N; is the initial inversion population for reaching the pulse
generation, N is the transition population relevant to the pulse peak, and Ny is the final
population when the pulse ends. In the limit of « — oo, Equation (1) can be simplified as
¢(1—u) —In(1/p) = 0, which is the characteristic equation for an ideal active Q-switching.
It can be numerically confirmed that the larger the value of the parameter « is, the higher the
output efficiency becomes [30]. Even so, the output efficiency obviously tends to saturate
for « > 5. Figure 1 depicts the setup of the laser resonator. A fiber-coupled semiconductor
laser with a central wavelength of 808 nm was used as the pump source. The specification
of the coupled fiber was 200 um for the core diameter and 0.22 for the numerical aperture.
The maximum instantaneous pump power could be up to 40 W. To reduce the timing
jitter, the pump source was precisely modulated with a square duration of 40 ps at a fixed
frequency of 10 kHz. The laser material was an a-cut 0.2 at.% Nd:YVOy crystal with the
dimension of 3 x 3 x 20 mm?3. The coatings on both end surfaces of the laser crystal were
anti-reflective (AR) at 808 and 1064 nm (reflectance < 0.2%). The Nd:YVOy crystal was
placed close to the input mirror at a distance of 1.0 mm. Both the input mirror and the
output coupler were plano-concave mirrors with the same radius of curvature of 50 mm.
The radius of curvature was chosen to allow the cavity length to be as short as possible,
which is the critical factor for generating a sub-nanosecond pulse width. The coating on
the plano side of the input mirror was AR at 808 nm (reflectance < 0.2%). The coating
on the concave side of the input mirror was highly reflective (HR) in the region of 1000
to 1200 nm (reflectance > 99.9%) and highly transmissive (HT) at 808 nm (transmittance
> 95%). The coating on the concave side of the output coupler was HR at 1050-1180 nm
(reflectance > 99.9%) and HT at 570-590 nm (transmittance > 95%). The coating on the
plano side of the output coupler was AR at 570-590 nm (reflectance < 0.2%).

The saturable absorber was a Cr**:YAG crystal with the initial transmission of T, = 50%
and the dimension of 3 x 3 x 2 mm3. The coatings on both sides of the saturable absorber
were AR in the range of 1060 to 1180 nm (reflectance < 0.2%). The saturable absorber
was located near the center of the resonator. The Raman gain material for the intracavity
SRS was a Np-cut KGW crystal with the dimension of 3 x 3 x 20 mm?. The spontaneous
Raman spectrum of the KGW crystal [25,26] revealed that the highest Raman shifts were
768 and 901 cm~! for the polarization of the excited wave to be along the Ng and Ny,
axes, respectively. As a consequence, the 579 nm yellow and 589 nm orange outputs could
be individually generated by setting the c-axis of the Nd:YVO;, crystal to be along the
N¢ and N, axes, respectively. Note that the polarization of the fundamental wave was
usually along the c-axis of the Nd:YVOQOj crystal. The coating on the first side of the KGW
crystal toward the input mirror was HR at 1150-1180 nm (reflectance > 99.9%) and HT at
1064 nm (transmittance > 99%). The second side of the KGW crystal toward the output
coupler was coated to be HT (transmittance > 99%) for 1064 nm and 1150-1180 nm and
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HR for 570-590 nm (reflectance > 99%) to avoid the backward yellow—orange generation
being absorbed by the Nd:YVOy crystal. The Nd:YVOy, Cr**:YAG, and KGW crystals were
enclosed with indium foils and were packaged in copper holders with active cooling at
20 °C. The intracavity frequency doubling of the Stokes wave was generated by using an
LBO with the cut angles of 8 = 90° and ¢ = 3.9°. The dimension of the LBO crystal was
3 x 3 x 8 mm?3. The coatings on both sides of the LBO crystal were AR at the wavelengths
covering 570-590, 1064, and 1150-1180 nm (reflectance < 0.2%). The LBO crystal was
placed into a copper holder. The temperature of the LBO crystal was precisely controlled to
achieve the critical phase matching. The separations among the Cr**:YAG, KGW, and LBO
crystals were all within 1.0 mm. The emission wavelength spectra were measured with
an optical spectrum analyzer with a resolution of 0.1 nm (Advantest Q8381A, Japan). A
high-speed GaAs photodetector (Electro-optics Technology Inc. ET-4000, rise time 30 ps,
Warwick, UK) was used to measure the temporal properties of the Q-switched laser, and a
digital oscilloscope (Teledyne LeCroy, Wave Master 820Zi-A, Ramapo, NY, USA) was used
to record its output signal.

Fundamental wave cavity

A
v

Stokes wave cavity

A
v

Output

N,y for 579 nm coupler

N, for589 nm  n_-axis

c-axis
Cré:YAG 4 4
Nd:YVO, KGW (N,-cut) | LBO
(a-cut) (6=90°, $=3.9°)

HR at 1150-1180 nm

HT at 1064 nm HR at 570-590 nm g 4+ 1060-1180 nm

HT at 808 nm
HR at 1060-1180 nm

Figure 1. Cavity setup for generating sub-nanosecond passively Q-switched Nd:YVO,/KGW yellow
and orange lasers with intracavity SHG.

3. Cavity Design

From the cavity configuration depicted in Figure 1, the optical length L}, of the laser

resonator can be expressed as

j=1

4
L?,w = Lcuv - Z (1 - 1'> ij/ (2)

1j

where Lg, represents the geometric length of the cavity for the fundamental wave; J1, 12,
13, and {4 are the lengths of the Nd:YVO,, Cr**:YAG, KGW, and LBO crystals, respectively;
and ny, ny, n3, and ny are the refractive indices of their counterparts. The transverse modes
can then be obtained from the ABCD matrix components for one complete round trip in a
resonator. Since the Nd:YVOy crystal was placed quite close to the input mirror, the mode
size in the laser gain medium can be reasonably computed with the cavity mode radius on
the input mirror, which is given by

el T\ 2R-Lz @)

cav

1/2
AR L}
) 4

where R is the radius of curvature of the cavity mirrors and A is the wavelength of the
fundamental wave. On the other hand, the Cr**:YAG crystal was placed near the beam
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waist of the laser cavity. Accordingly, the mode size in the saturable absorber can be
computed with the cavity mode radius at the beam waist, which is given by

A 1/2
Ws = |:27_[ L?av(ZR - L?av):| ’ (4)

From Equations (3) and (4), the mode area ratio can be simplified as A/ As = 2R/ (2R —
L},,). With the values of o and ogs, the parameter « = Acys/(As0) can be conveniently
calculated as a function of L},,,. Figure 2 shows the calculated results for the parameter «
as a function of L7,, in the region near the concentric configuration. Note that the cavity
length L7, for the concentric configuration is 100 mm. The value of the parameter « can
be seen to increase significantly from 5 to 20 with increasing the cavity length from 88 to
97 mm. In the following, experimental results for exploring the dependence of the output
performance on the cavity length near the concentric cavity are systematically presented.

25

20

15

10

0 1 1 1 1 1
86 88 90 92 94 96 98

Optical cavity length L™ (mm)

cav

Figure 2. Calculated results for the parameter « as a function of L},, in the region near the concen-

tric configuration.

4. Analysis of Second Harmonic Generation

We used an LBO crystal with the type-I phase matching angle in the XY plane to
achieve an SHG of 1159 nm for the yellow output and an SHG of 1176 nm for the orange
output. The unit cell dimension of LBO is given by a = 8.4473 A, b = 7.3788 A, and
¢ =5.1395 A. The principal axes X, Y, and Z (1, > ny > ny) of the LBO crystal are parallel to
the crystallographic axes a, ¢, and b, respectively. The temperature-dependent Sellmeier
equations of ny, ny, and n;, for the LBO crystal can be given by [36]

3 0.01125 \VE L dny
B 0.01277 N\ dny,
ny(A,T) = (2.5390 + 7 0o1igg ~ 0018487 ) + 2 (T = To), (6)
(A, T) = (2.5865 + _ 001810 ) 1186122 1/2 4 dnz (T—T,) @)
b )= A~ 2001223 a7 o)s
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where the units of wavelength A are micrometers, the units of temperature T are degrees
Celsius, and T, = 20 °C. From the work by Velsko et al. [37], the three thermo-optical
coefficients are given by

dny

7 = —18x 107°, 8)

d

% — 136 x 1075, )
% — (634+2.14) x 1075, (10)

From the work by Tang et al. [38], the three thermo-optical coefficients are given by

dny

7 = 20342 x 1077 —1.9697 x 107°T — 14415 x 10~ 1'T?, (11)

d

% = —1.0748 x 107> — 7.1034 x 1075T — 5.7387 x 101 T?, (12)
% — —85998 x 107 — 1.5476 x 10~7T + 9.4675 x 101072 — 22375 x 101273, (13

The type-I phase matching in the XY plane of the LBO crystal is similar to that in the
negative uniaxial crystal. The phase-matching condition for the SHG of the wavelength A
can be expressed as

nz(A, T) = n%,(A/2, T, ). (14)

The effective refractive index n%, (1/2, T, ¢) is given by

. -1/2
sin? ¢ cos? ¢

R(A2,T) (A2, (15)

ny(A/2,T,9) =

We used Equations (5)-(15) to calculate the relationship between the phase-matching
temperature and the SHG wavelength for the LBO crystal with 6 = 90° and ¢ = 3.9°. Figure 3
shows the calculated results. It can be seen that the phase-matching temperatures calculated
with the model by Tang et al. are generally lower than those calculated with the model
by Velsko et al. From the experimental results, the phase-matching temperatures for SHG
wavelengths of 589 nm and 579 nm were found to be approximately 24 °C and 34 °C,
respectively. The values obtained with the model by Tang et al. were found to be more
consistent with the experimental results.

595

— Velsko et al.
Tang et al.

SHG wavelength (nm)
[6)]
&

575

Temperature (°C)

Figure 3. Calculated results for the relationship between the phase-matching temperature and the
SHG wavelength for the LBO crystal with 8 = 90° and ¢ = 3.9° [37,38].
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5. Results and Discussion

Under the condition of pulse pumping, the timing jitter was experimentally found to
be in the range of £3 ps. The experimental results revealed that there was a threshold pump
power at which the output pulse rate could catch up with the pump rate of 10 kHz. From
the threshold pump power, the threshold pump energy can be experimentally determined.
Figure 4 illustrates the experimental results for the threshold pump energy at 808 nm versus
the cavity length L, for the output pulse rate up to 10 kHz. On the whole, the threshold
pump energy for the yellow output at 579 nm is approximately 10% higher than that for
the orange output at 589 nm for the cavity length L7, in the range of 90 and 96 mm. The
reason why the threshold pump energy for generating the 579 nm output is higher than
that for 589 nm is mainly because of the smaller gain in the Raman shift at 768 cm ! than
that at 901 cm~!. Furthermore, it can be seen that the dependence of the threshold pump
energy on the cavity length L}, is rather insignificant for the scheme of the near-concentric
cavity. Even so, the output pulse energy considerably depends on the cavity length L7, , as
shown in Figure 5. The pulse energy of the yellow output at 579 nm can be seen to increase
from 70 to 118 pJ as the cavity length L7, increases from 87 to 96 mm. On the other hand,
the pulse energy of the orange output at 589 nm increases from 63 to 97 yJ as the cavity
length L7, increases from 87 to 96 mm. Although the threshold pump energies for the
yellow emission are higher than those for the orange output, the higher output energies can
be generated for revenues. It is worthwhile to mention that the Cr**:YAG crystal probably
will be damaged for a cavity length within 98 and 100 mm. Therefore, the optimal cavity
length should be controlled in the range of 96 £ 1 mm.

1.2
2 11F
é 579
5 10F nm
c
=)
_— 09 L
£ 589 nm
D
g 08 F
o
E o7t
[a
0.6 L L L L L
86 88 90 92 94 96
Optical cavity length L™_ (mm)

Figure 4. Experimental results for the threshold pump energy at 808 nm versus the cavity length L},
for the output pulse rate up to 10 kHz.

Under the circumstance of pulse pumping, the average output power versus the
average pump power can be seen to display the characteristics of the staircase due to the
mechanism of passive Q-switching. Figure 6 shows the experimental results for the average
power of the yellow output at 579 nm versus the average power of the diode input at
808 nm. Several plateaus can be clearly seen in the input-output. Each plateau before
the final one displays an output pulse rate corresponding to a fraction of the pump rate,
as indicated in Figure 6. The final plateau shown in Figure 6 represents the output rate
required to catch up with the pump rate of 10 kHz. A similar input-output feature can be
obtained for the orange output, as shown in Figure 7.
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= 80 589 nm
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Optical cavity length L*C&lv (mm)

Figure 5. Experimental results for the output pulse energies of yellow and orange lasers versus the
cavity length L},

1.4

10 fF

2/3
08 |

1/2
0.6 |

1/3
04 F

0.2 F

Average output power at 579 nm (W)

00 1 | 1 1 1 1
5 6 7 8 9 10 11 12

Average input power at 808 nm (W)

Figure 6. Experimental results for the average power of the yellow output at 579 nm versus the
average power of the diode input at 808 nm.

Figure 8 depicts the experimental data for the temporal duration of the output pulses
at 579 and 589 nm versus the cavity length L7,,. It can be seen that the pulse widths for both

cav:
outputs significantly decrease with an increase in the cavity length L7, within 87-93 mm
and then approach approximately 0.70 ns in the range of 96 £ 1 mm. The effect of the
pulse shortening is mainly due to intracavity-stimulated Raman scattering and efficient
passive Q-switching. In addition to the beam waist in the saturable absorber, since the
KGW crystal is also very close to the beam waist, the higher output power with increasing
cavity length is simultaneously attributed to the smaller beam waist in the KGW crystal

leading to a much higher gain. Figure 9a,b shows the typical pulse trains obtained with
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the cavity length L}, = 96 mm for the yellow and orange outputs, respectively. The
peak-to-peak fluctuations for the yellow and orange outputs are found to be nearly the
same as £10.0%. The temporal profiles are shown in Figure 9¢,d for the yellow and orange
outputs, respectively. It was confirmed that there were no satellite pulses in either the
yellow or orange outputs. From the output pulse energy and pulse duration, the maximal
output peak powers for the yellow and orange outputs were calculated to be approximately
176 and 138 kW, respectively. Furthermore, the beam quality M? factor was measured from
the beam diameter and divergence angle. The measured M? factors for both the yellow and
orange outputs were found to be approximately 1.5-2.0.

1.2

1/1

=
o
T

o
0o
T

2/3

1/2

o
~
I

1/3

Average output power at 589 nm (W)
o o
N (e}

5 6 7 8 9 10 11
Average input power at 808 nm (W)

o
o

Figure 7. Experimental results for the average power of the yellow output at 589 nm versus the
average power of the diode input at 808 nm.

1.8
16 F
579 nm
o 14 F
S
s 12}
2
=
2 10 F
g 08k 589 nm
06 F
0.4 L L L L L
86 88 90 92 94 96
Optical cavity length L™ (mm)

Figure 8. Experimental data for the temporal duration of the output pulses at 579 and 589 nm versus
the cavity length L},
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Figure 9. (a,b): Typical pulse trains obtained with the cavity length L, mm for the yellow and orange
outputs, respectively, and (c¢,d) the temporal profiles for the yellow and orange outputs, respectively.

6. Conclusions

In summary, we have demonstrated sub-nanosecond high-peak-power passively Q-
switched Nd:YVO, yellow and orange lasers. We have used an Ny-cut KGW as the Raman
gain medium to generate the Stokes wave for the yellow or orange SHG by orienting
its Ng or Ny, axis to be parallel to the polarization of the fundamental wave. We have
systematically explored the optimal cavity length in a near-concentric cavity to achieve
sub-nanosecond pulse duration. Under the circumstance of the optimal cavity length, the
shortest pulse width for both yellow and orange emissions can be down to less than 0.70 ns.
The maximum peak powers for both yellow and orange outputs can be up to greater than
130 kW. To the best of our knowledge, these peak powers are the highest values obtained in
sub-nanosecond passively Q-switched yellow and orange lasers.
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