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We demonstrate an efficient Nd:YVO,/KGW intracavity
Raman laser in continuous-wave (CW) scheme. With a V-
shaped fundamental laser cavity and a short Stokes cavity in
it, the oscillating beam sizes are designed to alleviate the ther-
mal effect and to enhance the Raman gain for efficient CW
operation. The output power of CW Stokes wave at 1177 nm
reached 9.33 W under an incident laser diode pump power of
36.65 W, with corresponding optical efficiency being 25.5%.
To the best of our knowledge, these are the highest Stokes
output power and conversion efficiency of CW intracavity
Raman lasers. © 2023 Optica Publishing Group

https://doi.org/10.1364/0OL.503201

Crystalline Raman lasers based on stimulated Raman scatte-
ring (SRS) in nonlinear crystals have long been established
as an effective technique for wavelength-versatile output from
ultraviolet to mid-infrared [1—4]. Due to the relatively low y®
nonlinear gain, Raman lasers usually suffer a high SRS thresh-
old when operating in the continuous-wave (CW) regime. Even
when expensive novel high-gain Raman crystals like diamond
are used, the SRS would occur only when the pump power
reached 20 W level [5,6], which makes the laser inefficient for
low-to-moderate power applications. An alternative approach for
efficient CW Raman output is the intracavity pumping scheme,
in which the Raman crystal is located inside the cavity of the
fundamental laser, so that the high circulating power at fun-
damental wavelength in the cavity would produce sufficient
gain for CW SRS with watt-level primary laser diode (LD)
pump power [7-9]. Efficient intracavity Raman lasers (includ-
ing self-Raman lasers) with multi-watt CW Stokes output and/or
its second-harmonic have been demonstrated by many groups
[7,10,11].

While the circulating fundamental power makes it easy to
reach the SRS threshold, the power/efficiency of intracavity
Raman lasers are still very sensitive to cavity losses, since the
low SRS gain only allows for the output coupling of a few per-
cent or lower [12]. Another issue hindering the power scaling
of intracavity Raman lasers is the thermal effect. Both pro-
cesses of fundamental wave lasing and SRS bring heavy thermal
load; therefore, the onset of cavity instability induced by strong
thermal lenses often limits the maximum pump power allowed.

0146-9592/23/246364-04 Journal © 2023 Optica Publishing Group

Therefore, to minimize the loss and enhance the resistance to
thermal lens effect, the majority of the CW intracavity Raman
lasers reported are with short, linear cavity [7,8,11-14]. In 2010,
researchers at Macquarie University reported a 4.3 W CW yel-
low output at 586nm by intracavity frequency-doubling the
1173 nm Stokes wave of an end-pumped Nd:Gd VO, self-Raman
laser with a cavity length of only 35 mm [14]. With a double-end
pumping scheme to alleviate the thermal effect, the same group
demonstrated a 4.05 W CW Stokes output later [15]. The instan-
taneous output power when operated in quasi-continuous-wave
(QCW) pumping scheme reached 5.63 W. The highest end-
pumped CW intracavity Raman Stokes output was demonstrated
by Fan et al. in 2016, via a self-Raman scheme [7]. The laser
with a 20 mm long YVO,-Nd:YVO,-Y VO, crystal and a short
cavity length of only 23 mm generated a 5.3 W 1176 nm two-
way output under an incident LD pump power of 26 W. For the
side-pumped scheme in which a higher pump power can be used,
Savitski er al. have demonstrated a higher CW Stokes output of
6.1 W from an Nd:YLF/KGW intracavity Raman laser under
150 W LD pump [16]. More recently, Chen et al. demonstrated
a 6.8 W 579.5 nm output by intracavity frequency-doubling the
1159 nm first Stokes of a Nd:YVO,/KGW Raman laser [11].
Later, with optimized crystal coatings to minimize the loss and
cavity length of a Nd:GdVO,/KGW Raman laser, the same group
realized a 3.1 W CW output and a 10.5W QCW instantaneous
output at 578 nm [17].

Compared with self-Raman lasers, the intracavity Raman
lasers with separate laser and Raman crystals benefit from
more flexible output wavelength, as well as the potential for
greater power scaling due to the distributed thermal load between
the two crystals [13]. The scheme with separate laser and
Raman crystals also allows for separate fundamental and Stokes
cavities, which is more convenient for power and efficiency scal-
ing. For example, one can use large mode sizes in the laser
gain medium to control the thermal issues, while small mode
sizes can be used at the Raman crystal for higher nonlinear
gain [13]. The separate cavity is also preferred when addi-
tional wavelength/frequency selection elements are needed for
wavelength-tunable and narrow-linewidth output [1,10,18,19].
The narrowed fundamental and Stokes spectral linewidths could
also enhance the power and efficiency of the CW intracavity
Raman lasers significantly [10,18,19]. In this work, we report
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Fig. 1. Schematic of the Nd:YVO,/KGW intracavity Raman
laser.

the first demonstration of CW intracavity Raman laser with
10 W-level Stokes output. With a V-shaped 1064 nm Nd:YVO,
fundamental laser cavity and a short KGW Raman cavity in it,
the oscillating beam sizes were designed to alleviate the thermal
effect and to enhance the Raman gain for efficient CW oper-
ation. The CW 1177 nm Stokes output power reached 9.33 W
under an incident LD pump power of 36.65 W, with correspond-
ing optical efficiency being 25.5%, which are the highest Stokes
output power and optical efficiency of the CW intracavity Raman
laser reported. The power and spectral behavior with fundamen-
tal laser polarization along different axes of the N,-cut KGW
crystal were also investigated.

The experimental arrangement of the CW intracavity Raman
laser is depicted in Fig. 1. The pump source is a fiber-coupled
LD at 878.6 nm. The pump light was delivered from a fiber with
a core diameter of 200 um and a numerical aperture of 0.22 and
was refocused by a pair of lenses onto the front facet of the
laser crystal with a beam radius of 280 um. The laser crystal
was an a-cut Nd:YVO, crystal (CASTECH Inc.) with a low
doping concentration of 0.2 at. % and dimensions of 3 mm X 3
mm X 15 mm; both facets of which were coated for anti-reflective
(AR) at 878.6nm and 1064 nm. The crystal was measured to
absorb ~79% of the incident non-polarized pump under non-
lasing conditions. The 1064 nm fundamental laser cavity was
defined by a flat input mirror M1 and two concave mirrors M2
and M3, each having radii of curvature of 100 mm. M1 was
coated for AR at 878.6 nm (R < 0.5%) and highly reflective (HR)
at 1064 nm (R >99.9%). M2 was coated for HR at 1064 nm
(R=99.97%) to fold the cavity with a full folding angle of
~25°, while the Stokes output coupler M3 was coated for HR
at 1064 nm (R > 99.99%) and partially transmissive (7= 0.4%)
at 1177 nm. The Raman gain medium was a 20 mm-long KGW
crystal (CASTECH Inc.) cut along its N, axis. The crystal was
coated for AR at the fundamental (R < 0.2%) and the Stokes
(R <0.1%) wavelengths on both facets. A flat dichroic mirror
M4 coated for HR at 1177 nm (R > 99.96%) and AR at 1064 nm
(R <0.2%) was inserted into the fundamental cavity to make
the Stokes cavity with M3. The distances M1-M2 and M2-M3
were 168 mm and 65 mm, respectively. The distances between
the Nd:YVO, crystal and the input mirror M1 and between the
KGW crystal and the output coupler M3 were both ~3 mm.
The length of the Stokes cavity M3-M4 was ~26 mm. Both of
the two crystals were wrapped in indium foil and mounted in
aluminum holders water-cooled at 20°C.

In this cavity arrangement, the TEM, mode sizes of 1.06 um
fundamental laser were calculated (based on the ABCD matrix
using reZonator software) to be 280 x 260 um (radii) in the laser
crystal and 60-90 um in the Raman crystal for the cold cavity,
while the TEMy, mode radius of the 1.18 pm Stokes wave was
115-120 um in the KGW crystal. For intracavity Raman lasers,
the fundamental lasers usually operate in multi-transverse mode
because the coupling from fundamental field to Stokes wave
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Fig. 2. CW 1177 nm Stokes output power and a 1064 nm funda-
mental leakage versus an incident LD pump power with fundamental
polarization E//Ny,.

acts as a strong nonlinear loss on its fundamental transverse
mode. Therefore, the TEM,, mode radius of the Stokes wave was
designed to be a bit larger than that of the fundamental laser, to
make full use of the multi-transverse-mode fundamental laser.
We first oriented the crystals to have the 1064 nm fundamen-
tal laser polarized parallel to the N, axis of the KGW crystal
(perpendicular to the table), to make use of the 901 cm™' Raman
line (Raman gain coefficient gz of ~6cm/GW, over two times
stronger than the 768 cm™' line with this polarization [20]). Fig-
ure 2 plots the Stokes output power as a function of incident LD
pump power, measured using a laser powermeter Ophir NOVA
IT with sensor 30A-BB-18. The pump threshold for SRS was
below 2W incident LD power, and the Stokes output power
reached 9.33 W under the maximum incident pump power used
of 36.65 W, with an optical efficiency being 25.5%. To the best
of our knowledge, these are the highest Stokes output power and
conversion efficiency of CW intracavity Raman lasers, includ-
ing the self-Raman scheme. Considering the fractional pump
absorption of 79%, the conversion efficiency with respect to the
absorbed pump power was 32.2%. The laser output power did
not exhibit any roll over, and only the first Stokes output centered
at 1177.3 nm was observed during the whole process except for
very weak (peak intensity over 20 times lower than that of the
1177.3 nm Stokes) cascaded Stokes at 1193.2 nm and 1206.5 nm
(which corresponded to 113¢cm™ and 205 cm™ Raman lines,
respectively, from 1177.3 nm first Stokes [21]) when the output
power was beyond 9 W. According to the ABCD matrix calcu-
lation, the shortest thermal lens focal length f, in the Nd:YVO,
crystal allowed before the onset of fundamental laser cavity
instability was ~140 mm, which revealed that the f, was still
beyond this value. The thermal issues were well alleviated by
using the Nd:YVO, crystal with the low doping concentration
of 0.2 at. % here. We did not further increase the pump power to
avoid the risk of components damage considering the rather low
Stokes output coupling of 0.4% and the resultant high circulat-
ing Stokes power of over 2kW (one way) in the cavity. Given
the low SRS threshold, higher Stokes output coupling can be
used for higher slope efficiency and resultant output power, as
well as to decrease the intracavity Stokes power to avoid the
cascaded SRS processes. Figure 2 also shows the leakage of
the 1064 nm fundamental laser (blue circles) recorded behind
mirror M2 (using a laser power meter Ophir VEGA with sen-
sor 12A), which increased from 25 mW at the SRS threshold
to 115 mW at the maximum pump power. Using the measured
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Fig. 3. Typical fundamental and Stokes spectra at different
powers (E//Ny,).

transmittance of Ty, =0.03% at 1064 nm, we can estimate the
intracavity fundamental power, which was ~80 W (one way) at
the SRS threshold and increased to near 400 W at the maximum
pump power.

The fundamental and Stokes spectra under different pump
power were recorded using an optical spectrum analyzer (OSA)
Yokogawa 6370d with a resolution of 0.02nm. As shown in
Fig. 3, the spectral linewidth of the 1064.4 nm fundamental laser
was 0.06 nm at the pump of 2.6 W (just above SRS threshold)
and was broadened to over 0.3nm (2.7cm™') when operated
with the maximum Stokes output power of 9.33 W. Correspond-
ingly, the Stokes linewidth was broadened from below 0.03 nm
to ~0.35 nm (2.5 cm™). Since the spontaneous Raman linewidth
Avy of the 901 cm~' Raman line of KGW (5.4 cm™) is compara-
ble to the spontaneous emission linewidth of the a-cut Nd:YVO,
crystal (9.7cm™), such degree of the spectral broadening of
the 1064 nm fundamental laser was mainly due to the spatial
hole burning, rather than the SRS-induced spectrally varying
loss [19]. The spectral broadening would be much more seri-
ous if crystals with narrower Avy were used as Raman gain
medium. However, the broadening of fundamental and Stokes
spectra here is already significant enough to decrease the effec-
tive Raman gain coefficient gg ¢ [12,19]. Using Eq. (2) in [18]
and the spectra in Fig. 3, the gg ¢ at the maximum power was
calculated to be only ~45% of that at the SRS threshold. This
can well explain the change of laser slope efficiency shown in
Fig. 2. The slope efficiency with the pump power below 20 W
was up to 30.8% but decreased to 23.7% under pump power
beyond 20 W. Another observation related to this is the increase
of the 1064 nm leakage plotted in Fig. 2. With decreasing gg o«
the CW Raman laser requires a higher fundamental intensity to
keep the round-trip Raman gain at the threshold level; there-
fore the leakage increased with higher pump power. Therefore,
enhanced Stokes output power and conversion efficiency can be
expected if frequency-selection element like etalon is used to
control the laser linewidth [10,18,19].

Figure 4 shows some typical beam profiles of the funda-
mental leakage and the Stokes output recorded using a CCD
camera Ophir SP907. The fundamental laser was operating in
fundamental transverse mode with incident pump power below
SRS threshold [Fig. 4(a)] and started to degrade after the SRS
occurred, as shown in Figs. 4(b)-4(e). Meanwhile, the Stokes
output had a good beam quality with pump power below 15 W
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Fig. 4. Beam profile evolution with a pump power (E//Ny,).

Fig. 5. Stokes output power and a 1064 nm fundamental leakage
versus an incident LD pump power with fundamental polarization
E//N,.

(4 W output) because of the beam cleanup effect of the SRS
process and well-designed mode matching, despite the distorted
fundamental beam profiles, as shown in Figs. 4(f) and 4(g). How-
ever, the Stokes beam profile became elliptical at a higher power
[Fig. 4(h)] and finally operated in a high-order Hermit—Gaussian
mode [Fig. 4(i)], because of the astigmatic thermal lens in the
KGW [22]. It can be seen that the axes of the elliptical and Her-
mit-Gaussian modes did not overlap with the N,,/N, axes of the
crystal (which are perpendicular and parallel to the table, respec-
tively), because the thermal expansion axes are offset from the
optical axes [22].

For comparison, we also oriented the Raman crystal to have
fundamental polarization E//N,. As shown in Fig. 5, in this case,
the Stokes output power was much lower than that with E//N .
The laser had a slope efficiency of 22.8% with a pump power
below 27 W, after which the Stokes power increase became quite
slow. The maximum Stokes output power was only 6.36 W,
obtained under the incident pump power of 34.5 W. Then the roll
over occurred when further increasing the pump power, though
the fundamental leakage kept growing. Using the OSA, we found
that the Raman output contained both 1159.2 nm and 1177.3 nm
components, which corresponded to the 768 cm™ and 901 cm™
Raman lines, respectively. The two Stokes lines started oscillat-
ing simultaneously at the incident pump power of ~2.4 W and
had similar intensities on the OSA when the output power was
below 1 W. As the pump increased, the 1159.2 nm Stokes dom-
inated the Stokes output gradually, which was 3-5 times higher
than the 1177.3 nm line at the maximum power. The two Stokes
lines divided the Raman gain hence resulting in a decreased
conversion efficiency. The 1064 nm fundamental leakage at the
SRS threshold was higher than that of E//N,, case and grew faster
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compared with the curve in Fig. 2 and revealed that the conver-
sion from the fundamental field to the Stokes wave was less
efficient because of the lower Raman gain. Since the 768 cm™
Raman line has a linewidth (6.4 cm™) wider than that of the
901 cm™' Raman line, the spectral linewidth of the 1159.2 nm
Stokes was even a little broader (~0.45nm at the maximum
power) than that of the 1177.3 nm Stokes output at the maximum
output power of 9.33 W obtained with E//N,,. Because the KGW
crystal also exhibits quite strong 89 cm™ Raman gain when
E/IN,, weak Stokes lines at 1170.7nm and 1189.2 nm, which
corresponded to the cascaded Raman shift from 1159.2 nm and
1177.3 nm first Stokes lines, were also observed after the out-
put power reached 1.5 W and 2 W, respectively. The intensity of
the 1170.7 nm and 1189.2 nm lines were 5-10 times lower than
those of the 1159.2 nm and 1177.3 nm output, respectively, seen
from the OSA. Therefore, the E//N, arrangement is not suitable
for efficient single-wavelength Raman output compared with the
E//IN,, arrangement, unless the coatings are specially optimized
to suppress the Stokes lines unwanted.

In summary, we demonstrated an efficient Nd:YVO,/KGW
intracavity Raman laser in CW scheme. A coupled folded cavity
was designed to control the beam sizes in the laser crystal and
Raman crystal, to alleviate the thermal issues and enhance the
Raman gain. With the fundamental laser polarized along N,,
axis of the N,-cut KGW crystal, 9.33 W first Stokes output at
1177.3 nm was obtained under an incident LD pump power of
36.65 W, with an optical efficiency of 25.5%. Our results show
that the compact intracavity Raman laser is capable of generating
a 10 W-level CW output efficiently via an appropriate cavity
design. The influences of fundamental polarization on the power
and spectral behavior of the Raman laser were also investigated.
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