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Abstract We demonstrate a continuous-wave (CW) Nd:YVOs-KGW intracavity Raman
laser with a diode-to-Stokes optical efficiency of 34.2%. By optimizing the cavity
arrangement and reducing the cavity losses, 8.47 W Stokes output at 1177 nm was obtained
under an incident 878.6 nm diode pump power of 24.8 W. The influence of cavity losses on
the power and efficiency of the CW Raman laser, as well as the potential for further
optimization, were investigated based on the numerical model. The observation of thermal-
induced output rollover was well explained by the calculation of the thermal lensing and
cavity stability, indicating that the end-face curvature played an important role when the

end-face of the crystal is highly-reflective coated to make the cavity. 10.9 W Stokes output

under 40.9 W incident pump was also demonstrated with cavity arrangement less sensitive
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to the end-face curvature, which is the highest output power of CW intracavity Raman lasers

reported.
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|. INTRODUCTION

Solid-state Raman lasers based on stimulated Raman scattering (SRS) in crystalline Raman gain
media have been established as reliable laser sources for wavelength regions difficult to be
obtained directly with population inversion lasers [1,2]. Benefiting from the automatic phase
matching and beam clean-up characteristics of the SRS process, the Raman lasers can generate
output in the whole transparent range of the gain media with good beam quality. Combined with
second harmonic generation (SHG) and/or sum-frequency generation (SFG) technique, Raman
lasers with output from ultraviolet to mid-infrared have been demonstrated with various Raman
crystals including tungstate, vanadate, nitrate, niobate, as well as recently developed diamond
which benefits very high Raman gain coefficient, damage threshold, and thermal conductivity [3-
8].

As a third-order nonlinear process, the SRS gain relies on the high fundamental laser intensity
significantly. For continuous-wave (CW) Raman lasers, tens of watts fundamental laser power are
usually required to reach the SRS threshold [8], despite the tightly focused and double-pass pump
scheme being utilized. Therefore, the intracavity pump scheme (including the self-Raman scheme)
is preferred in low-to-moderate power CW Raman lasers. Incorporating the Raman gain medium

inside the fundamental laser cavity to make use of high intracavity powers, efficient CW Raman
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conversion can be realized under watt-level laser diode (LD) pump power [10-12]. Multi-watt CW
near-infrared Stokes output and versatile visible harmonic output from intracavity Raman lasers
have been demonstrated by several research groups [10-13].

One main issue that limits the power and efficiency scaling of CW Raman lasers is the cavity
losses. Most of the CW Raman lasers have the output coupling at the level of 1-2% or lower
(including those with high-Q Stokes cavity and intracavity SHG/SFG nonlinear coupling for
visible output) because of the low gain. Therefore, even tiny passive Stokes cavity losses would
decrease the slope efficiency and increase the threshold of the laser seriously. The fundamental
cavity losses would also weaken the coupling from the fundamental field to the Stokes wave. A
comprehensive model on the efficiency of CW intracavity Raman lasers has been presented by
Spence et al. [14,15]. Based on their model, decreasing the round-trip losses of the fundamental
and Stokes fields from 1% to 0.5% may increase the optical efficiency of the Raman laser from
18% to 39%. In 2016, Fan et al. reported a self-Raman laser based on YVO4/Nd:YVO4/YVO4
crystal. With self-Raman scheme minimizing the insertion losses, they got 5.3 W CW Stokes
output at 1176 nm with an optical efficiency of 20% [10]. In 2021, Chen et al. demonstrated a
frequency-doubled CW Nd:GdVO4-KGW intracavity Raman laser. With a highly reflective (HR)
mirror being optimized to decrease the non-unity reflection losses of the fundamental and Stokes
waves, the quasi-continuous-wave (QCW) yellow output power was improved significantly from
5.7 W to 10.5 W, with conversion efficiency increased from 15% to 26.3% [13].

Another issue is the strong thermal lensing occurs in both the laser and Raman crystals at high
pump levels [13,16]. For example, the yellow Raman laser in [13] could deliver 10.5 W
instantaneous QCW output when operating with a 50% pump duty circle to alleviate the thermal

load, but the maximum output power in the CW scheme was limited to 4.5 W because of the
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thermal lensing. Therefore, determining the strength of thermal lensing and making corresponding
compensation via cavity design is essential for high-power Raman laser output.

In this work, we demonstrate an efficient CW Nd:YVO4-KGW intracavity Raman laser. To
minimize the cavity losses, we used a KGW Raman crystal with HR Stokes coating on one of its
end-faces to remove the necessity of a separated dichroic mirror usually used. With this design,
the efficiency of the Raman laser was improved a lot compared with that using a separated dichroic
mirror to make the Stokes cavity. 8.47 W CW Stokes output at 1177 nm was obtained under an
incident LD pump power of 24.8 W, with the optical efficiency being 34.2%, which is the highest
efficiency of CW intracavity Raman lasers reported. The influence of cavity losses on the power
and efficiency of the Raman laser is analyzed based on the rate equation model. Besides, we found
that the influence of thermal lensing on cavity stability differed a lot with the two Stokes cavity
arrangements because the thermal-induced end-face curvature played different roles. The detailed

calculation on the thermal lensing and cavity stability explained the experimental observation well.

[Il. EXPERIMENTAL ARRANGEMENT
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Figure. 1. Experimental setup of the Nd:YVO4-KGW intracavity Raman laser with Stokes HR

coating on one of the crystal end-faces and on a separate mirror.

Figure 1 depicts the experimental arrangement. The pump source was a fiber-coupled wavelength-

stabilized LD at 878.6 nm with a maximum power of 65 W, with a fiber core diameter of 400 um
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and a numerical aperture of 0.22. The pump light was focused onto the input face of an a-cut
Nd:YVO;4 crystal used as the gain medium of the 1064 nm fundamental laser with a spot radius of
280 pm. The 3x3x15 mm?® Nd:YVOj4 crystal (CASTECH Inc.) with a doping concentration of 0.2-
at.% absorbed ~80% of the incident random polarized pump light. The folded cavity of the 1064
nm fundamental laser was defined by a flat HR mirror M1, a concave HR mirror M2 with a radius
of curvature (RoC) of 100 mm, and a concave HR mirror M3 with a RoC of 200 mm. The M3 also
served as the Stokes output coupler, with a transmittance of Ts=0.7% at 1177 nm. The distances
M1-M2 and M2-M3 were 168 mm and 65 mm, respectively. The folding angle was set as small as
possible to be 25° (full angle) to minimize the influence of astigmatism. A 3x3x20 mm® KGW
crystal cut along its Np-axis (CASTECH Inc.) was used as the Raman gain medium. The laser and
Raman crystals were oriented to have the 1064 nm fundamental laser polarized along the Nm axis
of the KGW crystal, to make use of the strong 901 cm™ Raman gain for 1177 nm Stokes output
while suppressing the 768 cm™ Raman line and cascaded Raman conversions [17]. The Nd:YVOq
crystal and KGW crystal were wrapped in indium foil and mounted in aluminum holders water
cooled at 20°C, and located close to the mirror M1 and M3, respectively.

In the experiment, we tried two different Stokes cavity arrangements. To minimize the
fundamental and Stokes cavity losses Lr and Ls which may limit the laser efficiency seriously, we
used a KGW crystal with 1064 nm anti-reflecting (AR) coating on both faces (marked as SC1 and
SC2 in Figure 1) and 1177 nm HR coating on one face (SC1), to remove the necessity of an
additional dichroic mirror M4 (AR@1064 nm on both of its faces SM41 and SM42, and
HR@1177nm on one face SM42, from CRYSTECH Inc.) for Stokes cavity. For comparison, we
also used a KGW crystal coated for AR at both 1064 nm and 1177 nm on both faces and the

separate dichroic mirror M4 to make the Stokes cavity with the output coupler M3. The Stokes
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cavity lengths were 22 mm for the case with HR coating on crystal and 23 mm when using the
separate HR mirror M4. Table 1 gives the reflectivities of the AR coatings and transmittances of
the HR coating of each surface provided by the manufacturers, which are different for the two
cavity arrangements. The other unchanged elements, including M1, M2, M3 and the Nd:YVO4
crystal, brought a total round-trip loss of 0.2% to the fundamental laser. For the case with the
Stokes HR coating on the crystal end-face SC1, the sum of the unwanted reflectivities and
transmittances of the 1064 nm fundamental laser cavity for a round-trip was 1.94%, comparable
to that of 1.55% when using the separate HR mirror M4 to make the Stokes cavity. However, the
sum of the unwanted reflectivities and transmittances for the Stokes wave in its cavity was reduced
significantly from 0.94% to 0.27%. Considering the rather low Stokes output coupling of 0.7%,

reducing the Stokes cavity loss may help to enhance the Raman laser efficiency significantly.

Table. 1 The reflectivities of the AR coatings and transmittances of the HR coating of each

surface provided by the manufacturers.

Cavity arrangement with HR mirror M4 Cavity arrangement with HR coating on KGW
Surfaces 1064nm 1177nm Surfaces 1064nm 1177nm
SCl1 R=0.144% R=0.22% SCl1 R=0.54% 7=0.03%
SC2 R=0.36% R=0.23% SC2 R=0.33% R=0.12%
SM41 R=0.01% /
SM42 R=0.16% 7=0.037%
The sum of the The sum of the
umvanted K 1.55% 0.94% umvanted & 1.94% 0.27%
round-trip round-trip

lIl. EXPERIMENTAL RESULTS
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Figure 2 shows the output power of the 1177 nm Stokes wave (Ps_out) as a function of the incident
LD pump power (Pp), measured using a laser powermeter Ophir VEGA with sensor 30A-BB-18.
The 1064 nm leakage power recorded behind the mirror M2 was also plotted in the figure. We can
see that with the Stokes cavity losses reduced by removing the separate dichroic mirror M4, the
Raman laser with KGW crystal HR coated for Stokes wave exhibited lower SRS threshold and
enhanced conversion efficiency (black dot), compared with the case with AR coated crystal and
the dichroic mirror. With the same Ts=0.7% Stokes output coupler, the SRS threshold was
decreased from 4.3 W to 2.2 W incident LD power. The Stokes output power reached 8.47 W
under the incident pump power of 24.8 W, with optical efficiency and slope efficiency being 34.2%
and 38.6%, respectively. To the best of our knowledge, this is the first demonstration of CW
intracavity Raman laser with optical efficiency over 30%, which is mainly attributed to the cavity
design optimized for mode-matching and reduction of cavity losses. Note that the Nd:YVOs crystal
absorbed only 80% of the incident pump, the conversion efficiency with respect to absorbed pump
power reached 42.8%. However, the increase of Stokes output power became quite slow thereafter,
and finally rolled over when the pump power exceeded 29.1 W (with Stokes output power of 8.68

W).
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Figure 2. Stokes output power and fundamental laser leakage as a function of incident LD pump

power, with the two different cavity arrangements.

For comparison, when using the separate dichroic mirror M4, the Stokes output powers (black
empty circle) were much lower than those with the HR-coated KGW under the same pump power
below 27 W, due to the higher Stokes cavity losses. Nevertheless, the rollover did not occur with
this cavity arrangement even at the maximum pump power used in the experiment of 40.9 W. A
maximum Stokes output power of 10.9 W was obtained, with optical efficiency being 26.6%. This
is the highest output power of CW crystalline Raman lasers with gain media besides the newly
developed diamond crystal, including in both intracavity and extracavity schemes. We did not
further increase the pump power considering the risk of components damage given the high
circulating power in the cavity.

Figure 3 shows some typical spectra and beam profiles, recorded using an optical spectrum
analyzer Yokogawa 6370D (resolution 0.02 nm) and a CCD camera SP907, respectively. The
Stokes spectra broadened with the increasing pump power, and were multi-line with linewidths of

~0.3 nm at the maximum pump. Compared with our previous work in which a Ts=0.4% output
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coupler was used [17], neither cascaded Raman lines nor second Stokes lines were observed here,
since the higher output coupling of Ts=0.7% decreased the intracavity Stokes power. The Stokes
beam profile became elliptic when the output power was over 5 W because of the astigmatic
thermal lens in the KGW crystal and finally became multi-lobe high-order Hermite-Gaussian mode

[16].
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Figure 3. Typical Stokes spectra (a), (b) and beam profiles (c), (d) at different Stokes output
powers, with the HR-coated KGW crystal.

V. DISCUSSION

Stokes power/efficiency and cavity losses

The experimental results showed that the efficiency of the Raman laser was quite sensitive to the
cavity losses. The influence of cavity losses on the power/efficiency of the Raman laser is then
estimated based on the model presented by Spence et al. in ref [15], with backward Raman gain

taken into consideration for the CW operation scheme. With the thermal lens in the crystal
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considered, the average TEMoo mode beam radii of 1064 nm fundamental laser in the Nd:YVO4
crystal and the KGW crystal were calculated to be 270 um and 80 pm, respectively, while the
TEMoo mode beam radius of the Stokes field in the KGW crystal was 110 um. Considering the
fundamental laser usually operates in multi-transverse-mode when intracavity SRS occurs, the
fundamental beam radius at KGW used in the power/efficiency simulation was 110 pm. The
Raman gain coefficient of the KGW crystal used in the calculation was 3 cm/GW rather than the
steady-state Raman gain coefficient of 4.5 cm/GW for 1064 nm fundamental laser polarized along

Nm axis, with the influence of fundamental and Stokes spectral broadening on the effective Raman

gain considered [15].
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Figure 4. Optical efficiency Ps out/Pp Of the Raman laser as a function of the Stokes and
fundamental round-trip losses, with the incident pump power of (a) 24.8 W and (b) 40.9W,
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respectively. The calculation used a 270-um fundamental laser radius in the laser crystal, a 110-
um both of the fundamental laser radius and the Stokes beam radius in the KGW crystal, and a

0.7% output coupling for the Stokes wave.

Figure 4 plots the calculated optical efficiency Ps out/Pp Of the intracavity Raman laser as a
function of the fundamental and Stokes round-trip losses. As shown in Figure 4(a), for the case
using the KGW crystal with HR Stokes coating, the calculated optical efficiency of 32.6% under
the pump power of 24.8 W matched very well with the experimental result of 32.4%. From the
figure we can see that reducing the Stokes cavity losses is critical for optimizing the laser
efficiency, because of the low output coupling. Besides, if round-trip losses of the fundamental
laser Lr can be reduced to 0.5% or lower, the optical efficiency of the CW intracavity Raman laser
can be further improved to the level of 40-45%. For the separate dichroic mirror cavity
arrangement with round-trip losses of Lr=1.55% and Ls=0.94% for fundamental and Stokes,
respectively, the calculated optical efficiency was 20.4% under 40.9 W pump (Figure 4(b)), lower
than the experimental value of 26.6%. This reveals that the actual round-trip losses may be lower
than that calculated by adding up the unwanted reflectivities and transmittances provided by the
elements manufacturers in Table 1. For example, in this arrangement with separated dichroic
mirror M4, the calculated Stokes losses Ls mainly came from the coatings on the two faces of the
KGW crystal with quite similar reflectivities. The actual (single-pass) loss may be lower than the
sum of the two due to the weak etalon effect between the two parallel surfaces. Considering the
influence of Lr is not as significant as that of the Stokes, the deviation between the calculated and
experimental values was mainly due to the overestimated Ls. Assuming an Lr of 1.55%, the Ls

should be approximately 0.62% (including the nonnegligible absorption loss induced by the Tm**
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impurity which caused the strong blue fluorescence [18]) for the experimental optical efficiency

of 26.6% under incident pump power of 40.9 W.

The influence of KGW crystal end-face curvature

It was interesting that the maximum Stokes output powers before rollover were quite different with
the two cavity arrangements. In fact, we also tried output couplers with transmittances of 0.4%
and 1.1% in the experiment. With all these output couplers, the rollover of Stokes output power
occurred much earlier when using the HR-coated KGW crystal than that with the separate dichroic
mirror M4. We can see from Figure 2 that the 1064 nm leakage behind the folding mirror M2 (blue
solid square) kept growing after the rollover of the Stokes output occurred, revealing that the
rollover was due to the stability issue of the Stokes cavity, rather than that of the fundamental laser

cavity.

(a) (b)
SC2 SCl SC2 SCl1
M3 M4 M3
SC2 negative SCl1 - SC2 negative SCl1
curvature dn/dT curvature| curvature dn/dT curvat

Figure 5. The schematic of the influences of the end-face curvature on the cavity scheme.

The only difference between the two Stokes cavity arrangements is the dichroic mirror M4 used
to make the Stokes cavity is replaced by the HR coating on the KGW. In these two arrangements,

the influences of thermal-induced end-face curvature of the surface SC1 on the cavity stability are
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different. Different from conventional single-end-pumped inversion lasers, the SRS thermal load
in KGW crystal distributed uniformly along the crystal length. As shown in Figure 5(a), the
negative thermo-optic coefficient dn/dT of the KGW crystal induced strong negative thermal
lensing fim, which can be seen as a thin lens in the middle of the crystal. By contrast, the end-face
curvature due to the thermal-expansion introduced positive thermal lensing f at both of the two
end-faces. In this case, the ABCD matrix of SC1-M4-SC1 (go through the end-face SC1 twice) is
[1, 0; —2/ft, 1], when neglecting the small distance of ~1 mm between the crystal and the mirror
M4. The fi here is the thermal lens focal length of the single curved end-face induced by thermal
expansion. For the case with HR Stokes coating on KGW crystal, as shown in Figure 5(b), the
SC1-M4-SC1 is replaced by a concave reflecting surface SC1 with ABCD matrix of [1, 0;
—1/(Re/2), 1], where Re is the thermal-expansion-induced RoC of the end-face SC1, with its
relationship between fie being Re =2fie(n-1) [19], where n is the refractive index of the crystal
(n=1.99 for 1177 nm Stokes polarized along Nm axis of the KGW crystal). For the KGW crystal
with large negative dn/dT, it is the strong negative thermal lensing makes the Stokes cavity
unstable, while the positive end-face curvature would compensate the negative thermal lensing to
some extent [20]. When using the separate dichroic mirror M4 to make the Stokes cavity with
output coupler M3, the oscillating beam passed through the focusing surface SC1 twice, therefore
experiencing stronger positive thermal lensing compared with the case using HR coated KGW
crystal, so that compensated the negative thermal lensing more and allowed the laser to operate
with higher Stokes power.

The thermal lens focal length induced by the thermo-optic coefficient and end-face curvature of

the Raman crystal KGW can be estimated using the following equations [19,20],
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n = Th(dT j 1)
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where kc is the thermal conductivity, ws is the Stokes beam radius, « is the thermal expansion
coefficient, ro is the radius of the crystal end-face, | is the crystal length, Ph=Ps(4s/AL-1) is the heat
generated, s and A, in which are Stokes and fundamental wavelengths, respectively. Note that the
Ps in the equations is Stokes power generated rather than the output power from the output coupler
Ps_out, With the relationship Ps out=PsxTs/(TstLs). For the Stokes cavities with HR coated KGW
crystal and separated dichroic mirror M4 here, Ps are 1.39 and 1.89 times of Ps_out, respectively.

For the Np-cut KGW crystal with laser polarized along its Nm axis, we have dn/dT=-0.8 X 10° K1,

ke=3.4 W/(m-K) and ¢=1.6 X 10°® K1 [21].

2000

1000

positive £, due to thermal expansion
—— negative f;, due to dn/dT

S
T

Thermal lens focal length (mm)

_1000 " 1 n 1 " 1 " 1 " 1 " 1 n 1 " 1 Ty
2 -+ 6 8 10 12 14 16 18 20

Stokes power generated (W)
Figure 6. Thermal-optic induced negative thermal lens focal length and (single) end-face curvature

induced positive thermal lens focal length as a function of Stokes power generated in KGW crystal,
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in p[mm]p orientation. The fundamental and Stokes wavelengths are 1064 nm and 1177 nm,

respectively. The Stokes beam radius in KGW crystal used in calculation is 110 pum.

Figure 6 plots calculated negative fin and the positive fie as a function of the generated Stokes
power. Both of them became stronger with the increasing Stokes power. The fi are -343 mm, -
171.5 mm, and -114.4 mm, respectively, with 5 W, 10 W, and 15 W Stokes power generated, while
the fie are 2174 mm, 1087 mm, and 725 mm. The gradient of the lens strength with respect to the
generated Stokes power are 0.58 D/W and 0.092 D/W, respectively. With the relationship between
fin and fre determined, we can further calculate their influence on the cavity stability with the two
different Stokes cavity arrangements depicted in Figure 5, as shown in Figure 7. With the HR-
coated KGW crystal, the cavity would become unstable with the negative fin shorter than -155 mm,
while the fie is 972 mm. For the Stokes cavity with separate dichroic mirror M4, the positive fre
compensates more on the negative fin, and the cavity allows the fi as short as -135 mm (with the
corresponding fie being 856 mm). The calculation results could well explain why the rollover of
Stokes power occurred earlier when using the HR-coated KGW crystal than with the separate M4,
despite the contribution of photoelastic effect is neglected in the calculation. Moreover, the
fundamental mode beam size of the Stokes wave would expand significantly before the cavity
became unstable. The astigmatic thermal lensing in the KGW crystal also makes the Stokes field
operate in high-order transverse mode [16]. These issues may weaken the thermal lensing to some
extent. Considering the current limitation of Stokes cavity stability on output power with the HR-
coated KGW crystal, one can use output coupler M3 with a smaller RoC that allows stronger

negative thermal lensing for higher power.
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Figure 7. TEMoo mode Stokes beam size evolution with thermal-optic induced fim in KGW crystal
with the two different cavity arrangements, with the relationship between fi, and fie considered.
From Figure 4 we know that the optical efficiency of the CW intracavity Raman laser could
reach 40% or higher with proper control of cavity losses and output coupling. The KGW crystal is
capable of generating tens of watts output with very good beam quality when serving as the host
of inversion laser gain media, with cavity design well compensates the strong astigmatic thermal
lensing [22]. Therefore, we can expect 20-30 W CW output from such end-pumped intracavity
Raman lasers with conventional Raman crystals like KGW. It should be mentioned that this level
of output power is still 1-2 orders of magnitude lower than those of the state-of-the-art extracavity
diamond Raman lasers, with which 154 W CW output and 1.2 kW QCW peak power have been
demonstrated by virtue of the superior thermal properties and Raman gain of the diamond crystal
[23,24]. However, the intracavity approaches with cheap and easily accessible conventional
Raman crystals still provide a very efficient and low-threshold choice for versatile output

wavelengths with 10-W or higher power under low-to-moderate primary pump power.

V. CONCLUSION
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In conclusion, we have demonstrated an efficient CW Nd:YVOs-KGW intracavity Raman laser.
By using Raman crystal with one of its end-faces coated for HR at Stokes length to remove the
dichroic mirror and reduce the cavity losses, 8.47 W Stokes output at 1177 nm was obtained under
the incident pump power of 24.8 W, with optical efficiency being 34.2%, which is the highest
among CW intracavity Raman lasers reported. The influence of cavity losses on the power and
efficiency of the Raman laser was investigated based on the numerical model. Besides, it was
observed that the output rollover related to thermal lensing is quite different for Stokes cavities
with HR coated crystal end-face and with dichroic mirror as the total reflector. The calculation on
the thermal lensing and cavity mode revealed that the thermal-induced end-face curvature of KGW

crystal has different effects on the cavity stability with the two cavity arrangements.
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