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Laser guide stars based on the mesospheric sodium layer
are becoming increasingly important for applications that
require correction of atmospheric scintillation effects.
Despite several laser approaches being investigated to date,
there remains great interest in developing lasers with the
necessary power and spectral characteristics needed for
brighter single or multiple guide stars. Here we propose and
demonstrate a novel, to the best of our knowledge, approach
based on a diamond Raman laser with intracavity Type I
second-harmonic generation pumped using a 1018.4 nm
fiber laser. A first demonstration with output power of 22 W
at 589 nm was obtained at 18.6% efficiency from the laser
diode. The laser operates in a single longitudinal mode
(SLM) with a measured linewidth of less than 8.5 MHz. The
SLM operation is a result of the strong mode competition
arising from the combination of a spatial-hole-burning-free
gain mechanism in the diamond and the role of sum fre-
quency mixing in the harmonic crystal. Continuous tuning
through the Na D line resonance is achieved by cavity length
control, and broader tuning is obtained via the tuning of the
pump wavelength. We show that the concept is well suited
to achieve much higher power and for temporal formats
of interest for advanced concepts such as time-gating and
Larmor frequency enhancement. © 2020 Optical Society of
America
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Wavefront distortions induced by atmospheric turbulence
obstruct the full-resolution imaging of large ground-based
optical telescopes. Adaptive optical systems [1] are used to sense
and compensate for these aberrations in real time. Artificial
sodium laser guide stars (LGSs) generated by 589 nm laser
induced fluorescence of sodium atoms in the mesosphere are
considered to be a critical component for state-of-the-art sys-
tems for aberration correction [2,3]. Such systems are also
of intense interest for applications in optical free-space com-
munications [4], space debris tracking [5], sodium layer lidar
[6-8], and mesospheric magnetometry [9-11]. The photon
return intensity of the sodium beacon is a key factor in deter-
mining the quality of image correction. Though early systems
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used a laser linewidth that matched the Na Doppler broad-
ened width of the Dz (32S1/2 — 32[)3/2) line (’\’1 GHz [12]),
higher photon returns are obtained by using laser linewidths
less than the natural linewidth (~8 MHz) tuned to the high
oscillator strength D,, F =2 to F = 3, hyperfine transition at
589.15908 nm [13]. Additional schemes for enhancing photon
return include “repumping,” circular polarization, Larmor
frequency pulses, and polarization switching [12—15]. A com-
bination of these techniques, along with a high average power
beam (e.g., ~100 W/m? sodium saturation intensity [13]), is
expected to significantly boost the LGS brightness. A pulsed
illumination of the 10 km thick sodium layer for microsecond
durations, coupled with time-gated imaging, is also proposed
to mitigate Rayleigh scattering noise, star elongation, and the
fratricide problem for multiple guidestar systems [14].

The specific combination of wavelength, linewidth,
diffraction-limited beam quality, and average power (>10 W)
for sodium guide star lasers is a notorious challenge. Though the
earliest systems were dye lasers [16-18], most systems now are
based on sum-frequency-generation (SFG) of solid-state lasers
[19-24] and Yb-fiber pumped Raman fiber lasers [25-27]. Two
prominent examples include a continuous-wave (cw) 50 W SEG
laser deployed at the Starfire Optical Range 3.5 m telescope [19]
and a 22 W cw Raman fiber at the Very Large Telescope UT4
[25]. Optically pumped semiconductor lasers are also being
investigated with the reported maximum output power up to
12'W[28,29].

Raman lasers based on diamond are an interesting candidate
for high-power yellow lasers owing to a high-gain Raman mode
at 39.9 THz [30], which provides a convenient way to generate
the 1178 nm fundamental laser from the Yb gain band and
outstanding potential for high average power [31-34]. Though
the gain bandwidth of the diamond Raman medium is at least
45 GHz, the lasers favor single longitudinal mode operation
(SLM) without the use of wavelength selective cavity elements
or ring cavities due to the absence of spatial hole burning in the
Raman gain medium [35-37]. Intracavity harmonic generation
provides an additional mechanism for mode competition [38],
as well as efficient wavelength conversion to the visible using
Type I phase-matching schemes. This approach has recently
led to a demonstration of 38 W of a quasi-cw SLM laser at
620 nm [39]. Therefore, with an appropriate choice of pump
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Fig. 1.  Top, schematic of the 589 nm diamond Raman laser with

intracavity SHG. Bottom, the 1018 nm pump laser. HR FBG, highly
reflective fiber Bragg grating; OC FBG, output coupling fiber Bragg
grating; LMA-YDEF, large-mode-area Yb3+—doped fiber; LD, laser
diode.

wavelength, there are promising practical strategies for achiev-
ing a high-power and narrow-linewidth laser tuned to the Na
resonance.

In this Letter, we report a cw diamond Raman laser with SLM
output tuned to the Na D, lines. With a 63 W 1018 nm Yb
pump laser, we have achieved a highly efficient 589 nm laser
with output power above 20 W. We show that the scheme is well
suited to meet the needs of future LGSs tuned to Na hyperfine
levels in either continuous- or microsecond-pulsed formats.

The experimental configuration, shown in Fig. 1, was
adapted from Ref. [39]. Cavity mirror coatings and intracavity
elements were selected to minimize losses at the pump and
Stokes wavelengths. The cavity is composed of a 50 mm radius
of curvature input mirror highly transmitting (98.0%T) at
1018 nm and highly reflective (99.9%R) at 1178 nm, and an
output coupler highly reflective (99.98%R) at the pump and
Stokes wavelengths. The pump was focused into the diamond
crystal (8 mm X 4 mm X 1.2 mm) with a waist radius of 27 tm
using a plano-convex /=50 mm lens. The second-harmonic
generation (SHG) crystal was LiB3Os (LBO) cut at 8 =90°,
¢ =0° with dimensions of 10 mm X 4 mm X 4 mm, and
heated to the phase-matching temperature of 41°C. The direc-
tion of pump polarization, diamond <111 > axis, and LBO
slow axis were aligned parallel to each other, providing the high-
est Raman gain [40] and SHG angle match. The coatings of
the input mirror and output coupler were partially transmissive
at 589 nm, 35% and 39% respectively, resulting in double-
ended output beams. The Stokes spectrum was monitored
using a VIPA spectrometer (HF-8997-2, LightMachinery;
resolution of 0.8 GHz at 1178 nm) which was capable of resolv-
ing individual modes (laser cavity free-spectral range [FSR]
0.9 GHz).

The 1018 nm Yb-doped fiber (YDF) pump laser experimen-
tal setup shown in the dashed box at the bottom of the Fig. 1 was
constructed including an oscillator with a pair of fiber Bragg
gratings (FBGs) at 1018 nm and one stage of a YDF amplifier.
A large-mode-area active fiber was used to suppress amplified
spontaneous emission at around 1030 nm [41]. An oscillator
power of 1.2 W was amplified to 75 W at the diode power of
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Fig. 2. Measured powers of SHG (black square), residual pump
(red triangle), and Stokes (blue circle), and model calculated powers of
SHG (black solid), residual pump (red solid) and Stokes (blue solid) as

afunction of incident pump power.

118 W. Due to the thermal sensitivity of the FBGs, the wave-
length was tunable over 90 GHz by varying the temperature of
the FBGs from 10°C to 40°C.

After collimation, feedback-isolation, beam expansion, and
focusing, the pump beam was inserted into the diamond Raman
and second-harmonic generation (SHG) resonator. Owing
to a high-Q cavity with extremely low round-trip cavity loss
and output coupling at Stokes wavelength, the threshold of
the Stokes-resonator was as low as 13 W. At an injection pump
power of 63 W, the double-ended SHG powers increased up to a
maximum of 22 W with a leakage Stokes power of only 0.7 W.

The optical-to-optical conversion efficiency from 1018 to
589 nm was 34.9%, a marked improvement compared to
the 11.8% from 1064 to 620 nm reported in Ref. [39]. The
higher conversion efficiency in this case is attributed to the
combination of low cavity loss and tight pump focusing. The
overall conversion efficiency from the amplifier diode pump
power at 976 to 589 nm was 18.6%, which is a record for any
diode-pumped LGS system, to the best of our knowledge. The
measured powers of SHG (black square), residual pump (red
triangle), and Stokes (blue circle) as a function of incident pump
power are plotted in Fig. 2, along with the model curves for
the system using the analytical approach for the intracavity
SHG Raman laser detailed in Ref. [42]. The model is based
on a double-pass pumped resonator with intracavity SHG,
assuming that all beams are Gaussian, and thermal effects are
neglected. In the calculation, the total round-trip cavity loss at
Stokes wavelength was 0.92%, including crystal absorption,
scattering, and surface reflection. The output coupling at the
Stokes wavelength was 0.12%, the diamond Raman gain was
10 cm/GW, the Stokes beam waist was 32 um, and the beam
diameter in LBO was 180 pm. The model results agree well with
the experimental data indicating that the power budget for the
system is well understood.

By tuning the pump wavelength, the output wavelength
was tunable from 588.97 to 589.19 nm (190 GHz), as shown
in Fig. 3(a). Output coinciding with the sodium D, line at
589.16 nm was obtained at the temperature of 37°C. The
laser was a SLM over the investigated ranges of power and
wavelength. For a fixed pump wavelength, continuous mode-
hop-free tuning over a small fraction (~7%) of the Raman
linewidth was achieved by varying the cavity length. Using a
piezoelectric translation stage on the output coupler, tuning
over 3.7 GHz was demonstrated for a cavity change of 2.3 um
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Fig. 4.  Scanning Fabry—Perot interferometer trace of the

single-frequency 589 nm laser.

[Fig. 3(b)]. This range exceeds the 1.71 GHz interval between
the main D5, line and the Dy, “repumping” line, as well as the
3 GHz D, Doppler broadened linewidth. We note some slight
departure of the output frequency from the calculated frequency
shift Av asa function of cavity length A L:

Av=c/r[1-(1£AL/D)'?], (1)

where ¢ is the speed of light, A is the Stokes wavelength, and
L is the optical length of the cavity, which we attribute to
small thermal drifts in cavity length over the 2 min period of
measurement.

The output spectrum was measured using a scanning F-
P interferometer (SA200-5B, ThorLabs) FSR of 1.5 GHz.
The output had an instrument-limited linewidth of 8.5 MHz
full-width at half-maximum, as shown in Fig. 4.

Due to the LMA active fiber (core diameter of 20 pm) in
the 1018 nm laser, some higher-order transverse modes were
excited providing an output beam quality of M? =1.23 at
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the maximum output power. Due to diamond’s capacity for
extremely rapid heat dissipation [32] and the tendency for the
Raman gain to excite the fundamental transverse mode [43], a
near-diffraction-limited beam was obtained for the full power
range (M? = 1.08at22'W).

The output polarization was linear with a polarization-
extinction ratio of 18 dB and orthogonal to the polarization of
the incident pump.

The power, frequency, linewidth, and diffraction-limited
output beam already meet the basic requirements for a sodium
LGS. We expect that the system is also well suited to power
scaling to a much higher level by using higher-power 1018 nm
pumps such as those reported in [44—46]. The main obstacles
for power scaling are thermal lensing in the diamond (due to
Raman phonon excitation and impurity absorption) and in the
LBO (impurity absorption only). For the diamond, thermal
lensing is strongly mitigated due to its high thermal conduc-
tivity and low thermal expansion coefficient such that no major
lensing is expected at power levels below 100 W [47]. Based on
the analysis for the 620 nm laser of Ref. [42], it is found that a
thermal lens in the LBO isan important factor depending on the
impurity level. A power level of approximately 100 W was pre-
dicted for a standard level of impurity absorptionor = 0.1%/cm
and higher using lower absorption LBO. We note that intracav-
ity lasers involving LBO have been demonstrated at continuous
powers up to 1.5 kW [48]; hence, powers in excess of 100 W are
likely to be possible without major design changes.

In addition to power scaling, the laser system is also promising
for enhancing the LGS signal-to-noise through temporal and
frequency modulations. Our concept may be readily adapted to
generate microsecond duration-pulsed output to enable time-
gated systems and Larmor frequency enhancement. In this case,
the necessary high average power 1018 nm microsecond-pulsed
pump laser may be realized by modulating pump diodes in the
YDF amplifier [27] or the seed laser [49]. Furthermore, the tun-
ability of output frequency via cavity length provides a method
to chirp the output frequency to compensate for the recoil of
sodium atoms that result after photon absorption and emission
[50]. The recommended chirp rate (~0.5 MHz/us [50]) may
be readily achieved using conventional piezo elements.

In summary, a 22 W cw 589 nm laser with near-diffraction-
limited beam quality generated in a standing-wave diamond
Raman resonator with intracavity SHG is demonstrated for
the first time, to the best of our knowledge. The pump was a
1018 nm YDF laser composed of a FBG oscillator and one
stage of YDF amplifier. A 34.9% conversion efficiency from the
pump to yellow and an 18.6% conversion efficiency from diode
to yellow were achieved. The spatial-hole-burning-free Raman
gain and additional gain competition provided by harmonic
mixing mediated the SLM operation at the Stokes and SHG.
The measured linewidth of SLM output at 589 nm was less
than 8.5 MHz. By tuning the pump wavelength, output from
588.97 t0 589.19 nm was demonstrated. Mode-hop-free tuning
across the Doppler broadened width of 3 GHz was achieved by
scanning the cavity length.
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