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Abstract

We demonstrated a wavelength discretely tunable laser with outputs at 572.6 nm, 589.1 nm, 603.8 nm, and 611.8 nm using
external cavity Ng-cut KGW Raman conversion and intracavity frequency mixing. The multiple visible wavelengths were
generated by utilizing this specially cut KGW crystal and the g[mm]g Raman configuration, as well as the temperature-
dependent phase-matching characteristic of the LBO crystal. The maximum output powers at 572.6 nm, 589.1 nm, 603.8 nm,
and 611.8 nm were measured to be 227 mW, 175 mW, 258 mW, and 103 mW respectively, with nearly fundamental Gaussian
beam profiles. This work provides a monolithic setup capable of producing tunable yellow-red laser outputs through Raman
and y? frequency conversions for various applications such as air detection, optogenetics, biomedicine, and chemical analysis.

1 Introduction

Visible lasers play a crucial role in various fields includ-
ing illumination and biological tissue imaging. Apart from
the specific wavelength requirements, numerous applica-
tions necessitate wavelength-tunable capabilities for opti-
mal performance, such as air detection, optogenetics, bio-
medicine, and chemical analysis [1-4]. Raman conversion,
combined with a wavelength-tunable pump source (like a
titanium-sapphire laser [5] or an optical fiber amplifier with
a tunable filter [6]), is an effective technique to access these
special lasers and can typically provide a tuning range of
tens of nanometers. An alternative and affordable approach
to emit diverse visible lasers within a single resonator is to
exploit the multiple Raman frequency shifts [7] of anisot-
ropy Raman crystals or adjust the phase matching conditions
(temperature [8] or angle [9-11] of the nonlinear crystals)
for various optical nonlinearities.
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YVO, and KGW have been widely studied for efficient
Raman conversion and abundant wavelength emission due
to their mature growth technology and low processing
cost. A lot of work regarding multiple visible wavelengths
generation has been reported utilizing the YVO, crystal
[7, 8, 12—15] cut at certain angles with the combination
of temperature or angle tuning of the frequency-doubling
crystals. Despite the rich emission bands of the aforemen-
tioned frequency-doubled YVO, Raman laser, the generated
wavelengths are still relatively fixed as these lasers usually
used an intracavity structure with a fixed pump wavelength
stimulated by the rare-earth-doped gain media. KGW is also
a good Raman crystal with favorable characteristics like
notable gain, thermal conductivity, and damage threshold.
To the best of our knowledge, the output power records of
crystalline Raman lasers (except for the diamond) have all
been generated in the KGW lasers [16, 17]. KGW is also one
of the few reported crystals that can generate Stokes wave-
length in an external-cavity architecture[ 18, 19], which pro-
vides a more flexible wavelength converge based on numer-
ous pump selection. So far, the KGW crystals adopted in
Raman lasers are usually Np-cut with the pump laser propa-
gating along the Np-axis and polarization of the pump ori-
ented at the Ng or Nm axes of the crystals. A prominent
merit for such architectures is the simple and pure Raman
frequency shift peak in Raman conversion, corresponding to
901 cm~!in p[mm]p notion and 768 cm~' in p[gg]p notion,
respectively. Recently, a highly efficient yellow-orange
KGW Raman laser was realized by aligning the polarization
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of the pump source along the Ng- or Nm-axis of the crystal
combining with intracavity frequency-doubling [9, 10]. As
the KGW crystal is an anisotropic medium with promising
Raman characteristics, it is anticipated that it could be uti-
lized for versatile visible wavelength emissions when cut at
specific orientations.

In this paper, a Ng-cut KGW crystal was used as the
Raman medium in an external resonator. A 205 cm™!
Raman shift was observed in the spontaneous Raman spec-
trum along the Nm-axis. Consequently, in the g[mm]g
configuration, multi-wavelength Stokes laser at 205 cm™
shift was generated besides the primary shift of 901 cm~".
When inserting a LBO crystal in the resonator and tuning
its temperature for frequency-mixing of the fundamental and
Stokes fields, a continuous-wave tunable yellow-red laser
was realized with an output power at the level of hundred
milliwatts.

2 Experimental setup

The schematic configuration is shown in Fig. la. A home-
made linearly-polarized continuous-wave fiber amplifier
centered at 1065.2 nm is utilized as the pump, providing
a maximum power of 57 W. The full width at half maxima
(FWHM) of the pump spectrum is approximately 16.3 GHz,
which is significantly narrower than the Raman linewidth of
KGW and thus offers a considerable gain coefficient [20].
A space isolator (SteadiBeam, AFR Ltd.) is placed after the
pump to protect it against the backward beam. The pump
polarization is adjusted using a half-wave plate (HWP).
After being focused by a plano-convex lens (f = 75 mm),
the pump beam enters the Raman resonator and converges at

Fig.1 a Schematic diagram of (a)
the intracavity frequency-dou-

bling wavelength-tunable KGW

Raman laser. b Ng-cut KGW Leo
crystal structure in the Cartesian

coordinate system. ¢ Spontane-

ous Raman spectra of KGW

oc

crystals along the Nm axis (b) ¢

the center of the KGW crystal with a waist radius of 47 pm.
The size of the pump waist is slightly larger than our previ-
ous work [21], aiming to match the Rayleigh range with the
crystal length for the optimal utilization of pump power. The
external Raman cavity is composed of two plano-concave
mirrors with radius of curvature 50 mm (IC) and 100 mm
(OC), respectively. To enhance the intracavity doubling effi-
ciency, IC and OC are both coated highly reflective at 1178
nm (>99.9% R), and partially transmissive at 572 nm, 589
nm, 603 nm and 611 nm (78% T and 99.5% T for IC and
OC, respectively). Besides, the OC is highly reflective at
1065 nm, which allows a pump double pass architecture.
The reflectivity of the IC and OC at 1207 nm and 1238 nm
is 99.85% and 99.8%, respectively. A 15x4x2 mm? Ng-cut
KGW (manufactured by Castech Ltd.) is used as the Raman
medium. The crystal structure is depicted in Fig. 1b, with
the pump beam propagating along the Ng axis. This irregu-
larly angle-cut KGW crystal exhibits more complex Raman
scattering properties compared to the Np-cut crystals. To
achieve a more diverse range of Raman peaks, we adjust the
pump polarization along the Nm axis, and the spontaneous
Raman spectrum (measured by HR Evolution & FLS980,
Horiba Inc.) of the crystal in this direction is shown in
Fig. 1c. The intensities have been normalized based on the
main peak at 901 cm~!. It can be observed that the 205 cm™!
peak reaches half the intensity of the main peak, indicating
a significant gain coefficient. Thermal dissipation in KGW
crystal is achieved by establishing contact with water-cooled
copper at the bottom. A 10x4x4 mm>LBO crystal cut at =
90°, ¢ = 0° (manufactured by Castech Ltd.) is inserted in the
KGW cavity. The temperature of LBO is stabilized using a
precise digital temperature control module (TCB-NE, Xiafan
Tech Ltd.) with an adjustment accuracy of 0.1° C.
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3 Results and discussions

The resonator is first analyzed without the insertion of
LBO and the double-ended output Stokes power is illus-
trated in Fig. 2. The output Stokes power increases lin-
early above the resonator threshold of 13.3 W until the
pump power reaches 32.2 W, and the slope efficiency is
0.041%. Subsequently, the Stokes power elevated accel-
eratingly to 30.0 mW at the pump power of 40.2 W, fol-
lowed by a 0.12% linear growth. An output power of 52
mW is obtained at the maximum pump power of 57 W.
This low-efficiency output is not surprising since we use
an extremely high-Q resonator at the Stokes wavelengths.
The difference in the slope, however, suggests that the res-
onator underwent certain alterations as the pump power
increased, which will be covered later.

To obtain a thorough knowledge of the scattering pro-
cess caused by the pump laser inside the resonator, the
Stokes spectrums (measured by AQ6370D, Yokogawa
Inc.) are briefly characterized with output power elevat-
ing, shown in Fig. 3. The Stokes laser at 1178.3 nm is
predominantly generated near the threshold, followed by
the emergence of parasitic oscillation at 1207.5 nm. The
frequency shift of these two wavelengths is consistent with
205 cm™! peak shown in Fig. 1c. It is noteworthy that the
power transfer of the pump to the 1178.3 nm laser is hin-
dered at the emergence of the 1207.5 nm peak, with a mar-
ginal increase of 15 dB. A similar pattern is also observed
in the progression of 1207.5 nm Stokes intensity following
the appearance of the peak at 1238.2 nm, as shown in the
third and subsidiary graphs at the bottom of Fig. 3. At out-
put powers of 12.3 mW and 30.9 mW, the parasitic oscil-
lations at 1238.2 nm and 1236.0 nm are observed in the
spectrum, respectively, corresponding to the two inflection
points (indicated by the black and blue circles in Fig. 2.)
in the slope efficiency of output Stokes laser. This power
clapping of Stokes laser induced by parasitic oscillations
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Fig.2 Double-ended Stokes power without the insertion of LBO

45T T T T T
-60 - 52.1mW
-754

AT ke IINYSraT " " il aalal L o
45T T T T T
-60 4 44.7mW
751 " L Ll el | "
45T T T T T
-60 4 35.7mW
-75 4

— 45T T T T T

m

T -60 - A 1236 orm 30.9mW

> 751 - R l . .

=

» 45" T T T T

S -604

2 17.8mW

E -75-L e AN | 2ol ), el g Ll L U L L el
-45 4 T T T T
-60 1 1238.2nm 12.3mW
75 |

T TCPRRE T TTT) ooy by RN TR T PTTRA T T TN WYY FPAR N PTRTINPOR T Lddha "y Lot
A45{7 " 1207.5nm ) )
-60 4 10.1mwW
-75 b Ly AT L gLl i I warmi " "

451 1178.3nm

-60 4 4.4mW-Threshold

C J T o —
1155 1190 1225 1260 1295

Wavelength (nm)

Fig.3 Stokes spectra at different pump power without the insertion
of LBO

resembles that in the cascaded Raman resonator, which
has been analytically modeled in our previous work [22].

The precise power changing of each Stokes wavelength is
shown in Fig. 4. 1238 nm is the second Stokes wavelength
of 1178 nm at 205 cm™! peak, and similar to power clamp-
ing in higher-order Stokes, when third Stokes is appearance,
the power of first Stokes and third Stokes will rise. This also
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Fig.4 Different stokes power at different pump power without the
insertion of LBO
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explains why the overall power slope efficiency rises when
1238 nm appears.

It is intriguing and practical to achieve multi-wavelength
laser output by adjusting the phase-matching conditions of
the frequency-doubling crystal LBO to facilitate interactions
between different longitudinal modes in this KGW Raman
cavity. As a consequence, the features of high signal-to-noise
ratio visible laser output under LBO temperature tuning at
maximum pump power, including the double-ended output
power (S425C, Thorlabs Inc.) and spectrums (resolution of
1.5 nm, USB2000+, OceanOptics Inc.) are shown in Fig. 5.
When the LBO temperature is reduced, the output wave-
length of the resonator shifts progressively from yellow-
green towards red, as depicted by the top photographs in
Fig. 5. At temperatures of 55° C, 40.5° C, 22° C, and 24.5°
C, the output laser wavelengths are primarily located at
572.6 nm, 589.1 nm, 603.8 nm, and 611.8 nm, respectively,
with corresponding powers of 227 mW, 175 mW, 258 mW,
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Fig.5 Visible lasers in the yellow-red range obtained by LBO tem-
perature tuning at maximum pump power. The photographs above
show the KGW Raman resonator operating at various wavelengths in
the laboratory. The error measured by the spectrometer (+1.5 nm) is
corrected using the theoretical wavelength calculation

and 103 mW. According to the integration calculations,
the energy proportions of the center wavelengths in each
spectral band are denoted as 95.99%, 94.19%, 77.76%, and
81.88%, respectively. The LBO temperature is maintained
above 20° C to prevent condensation of water vapor.

The phase-matching conditions in second-harmonic gen-
eration (SHG) and sum-frequency generation (SFG) is rep-
resented as:

Akgyg = ks — 2kp = 27 (ngye — nr) / Asug (1

Akgpe = kgpe — kF1 - sz =2r (”SFG/ Askg — ng, / j’F, - ”F2/ AFZ)
@)

where ngy, ngpg, and npare the refractive indices of the
SHG, SFG, and fundamental waves. The Agy;, Agrg and
Ap are the wavelengths of the SHG, SFG, and fundamen-
tal waves, respectively. The subscripts 1 and 2 in Eq. (2)
corresponds to the two fundamental lasers in SFG. Based
on Egs. (1)—(2) and the Sellmeier equations [23] of LBO
crystal, the temperature-dependent phase-matching condi-
tions required for SHG/SFG for certain wavelengths can be
calculated analytically by setting Akgy; = 0. The results
are shown in Table 1, where the colored data are the vis-
ible wavelengths obtained in Fig. 5. Theoretically, a 596.4
nm laser can be generated by the sum frequency between
1178.3 nm and 1207.5 nm lasers when the LBO tempera-
ture is set to 31.0° C. However, this particular wavelength
is not observed in Fig. 5. We attribute this to the coexist-
ence relationship between these two lasers, as well as the
significant difference in the gain coefficients between 901
cm™! and 205 cm~! peaks in the Ng-cut KGW crystal. The
SFG between 1178.3 nm and 1236.0/1238.2 nm is expected
to involve a similar mechanism, thus the observed 603.8 nm
laser is anticipated to be generated through the doubling
of the 1207.5 nm laser, as shown in Table 1. Based on the
preceding analysis, it is reasonable to conclude that the four
visible wavelengths obtained in Fig. 5. are produced by the
SFG between the pump and 1236.0/1238.2 nm Stokes lasers,

Table 1 Phase-matched

. Physics Fundamental Stokes Generation Theoretical Actual
te.rnper atures required for process  wavelength(nm) wavelength(nm)  wavelength(nm) temperature temperature
different wavelengths SHG/SFG of LBO(°C) of LBO(°C)
in the LBO crystal

1178.3 559.5 91.7
. 1207.5 570.0 78.0
1065.2 1236.0
1238.2
SFG 1207.5 596.4 31.0
1178.3 1236.0 603.2 23.3
1238.2 603.8 22.8
1236.0 610.8 16.2
12075 1238.2 611.3 15.8 24.5
1178.3
SHG 1207.5
1236.0 618.0 10.6
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SHG of the 1178.3 nm laser, SHG of the 1207.5 nm laser,
and SFG between the 1207.5 nm and 1236.0/1238.2 nm
lasers, respectively. Despite the good agreement between the
experimental and theoretical LBO temperatures regarding
the 589.2 nm and 603.8 nm outputs, there is a discrepancy
of approximately 10° C at the wavelengths of 611.3(610.8)
nm and 572.6(572.1) nm. The gap results from the limited
temperature adjustment range of the LBO crystal, which is
confined between 20.0° C and 55.0° C. The value of 10° C
is consistent with the secondary bumps in the Sinc function
curve of phase-mismatching.

Output powers of the visible lasers at 572.6 nm, 589.1
nm, 603.8 nm, and 611.8 nm (measured after OC and calcu-
lated by the considering transmittance of both IC and OC) is
shown in Fig. 6. with an inset illustrating the far-field beam
profile at 57 W pump. Only the beam profile of the 589.1
nm laser emission is presented here as there is little differ-
ence when the resonator operating at different wavelengths.
The beam profiles at different wavelengths show negligible
variation and exhibit a nearly TEM,,, Gaussian mode with-
out pronounced distortions that have been observed in [19],
suggesting little thermal effects in the KGW crystal. The
threshold of the resonator is primarily determined by cavity
loss, as demonstrated by Eq. (15) in [24]. In the genera-
tion of 572.6 nm and 589.1 nm lasers, the pump and 1178.3
nm Stokes lasers are employed as the fundamental waves,
leading to an increase in intracavity loss. Consequently, the
thresholds (35 W) show a noticeable elevation compared to
the configuration before the insertion of LBO, as illustrated
by the yellow and orange curves in Fig. 6. The threshold
variations for the 603.8 nm and 611.8 nm are not significant,
identified as 20 W and 16.4 W in the brown and red curves.
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Fig.6 Output power at wavelengths at 572.6 nm, 589.1 nm, 603.8
nm, and 611.8 nm, respectively. Inset: far-field beam profile of the
589.1 nm emission with a pump power of 57 W

Maximum powers for the visible lasers at 572.6 nm, 589.1
nm, 603.8 nm, and 611.8 nm are 227 mW, 175 mW, 258
mW, and 103 mW, respectively. Surprisingly, the LBO tem-
perature at 572.6 nm falls on the second bump of the Sinc
function, yet it still maintains a relatively high output power.
This can be explained by the high power of the pump laser
and the presence of the highest-order parasitic oscillation
at 1236.0/1238.2 nm which enables a continuous provision
of the fundamental wave power for efficient SFG. In the
case of power scaling for the SHG/SFG originating from the
fundamental waves being the first-order Stokes or low-order
parasitic oscillations, the process of power enhancement is
susceptible to generating higher-order parasitic oscillations,
thereby resulting in the slope clamp. This is illustrated in the
power curves of 603.8 nm and 589.1 nm, at pump powers of
31.7 W and 46.3 W, respectively. The consistently low slope
of the 611.8 nm laser is mainly caused by the interdepend-
ence between the powers of the two fundamental waves and
temperature-induced phase mismatching.

In this experiment, we believe that the reason for the low
slope efficiency is the nonlinear intracavity losses induced
by the cascade Raman process and the intracavity frequency
mixing process. The cascade process and the intracavity fre-
quency mixing will increase the resonator losses, decrease
the intracavity intensity to the first Stokes laser, and thus
limit the subsequent frequency conversions to the cascaded
Stokes and the visible lasers. In addition, due to the low con-
version efficiency, the pump power is rarely depleted and the
back-reflected residual pump is emitted from the isolator. At
the highest pump power of 57 W, the leaked residual pump
power is about 46.6 W.

This work indicates that the Ng-cut KGW crystal is suit-
able for the generation of multi-wavelength visible lasers
at the hundred-milliwatt level, despite the high-order para-
sitic oscillations resulting from limitations in cavity mirror
coatings pose challenges for further power scaling. The next
steps for this work include achieving higher output pow-
ers of the dual-wavelength lasers at 570 nm and 603.8 nm
by adopting specific cavity mirror coatings, such as highly
transmissive in the visible and 1220-1400 nm, and highly
reflective in the 1000-1220 nm. Another noteworthy future
of our work is realizing the watt-level single-frequency laser
at 589 nm using intracavity doubling induced nonlinear loss
and Raman conversion in the KGW crystal, which shows
significant potential for biomedical applications with the
added advantage of low cost [25-27].

4 Conclusion
To conclude, a continuous-wave wavelength-tunable laser

at 572.6 nm, 589.1 nm, 603.8 nm, and 611.8 nm was dem-
onstrated utilizing external-cavity Raman conversion in the
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Ng-cut KGW crystal, combining with temperature tuning
of the intracavity LBO crystal. The output powers at these
four wavelengths were denoted as 227 mW, 175 mW, 258
mW, and 103 mW, respectively. Further power scaling can
be achieved through the optimization of cavity mirror coat-
ings. This concept paves the way for the development of
visible wavelength tunable lasers based on a cost-effective
Raman medium and provides a flexible and practical tech-
nique for air detection, optogenetics, biomedicine, and
chemical analysis.
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