589 nm laser generation by frequency doubling of a
single-frequency Raman fiber amplifier in PPSLT
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A high-power single-frequency 1178 nm continuous-wave laser is generated in a two-stage stimulated-
Brillouin-scattering-suppressed all-polarization-maintaining Raman fiber amplifier pumped by 1120 nm
fiber lasers. A polarization-extinction-ratio of 30 dB is achieved due to the all-polarization-maintaining
configuration and the polarization dependence gain of Raman scattering. Single-pass frequency doubling
with a homemade periodically poled near-stoichiometric LiTaOj3 crystal (PPSLT) produces an up to 7 W
narrow-linewidth laser at 589 nm. The thermally induced dephasing effect is found to be the key issue for
improving second-harmonic efficiency. © 2013 Optical Society of America

OCIS codes:  140.3510, 140.3550, 190.2620.

1. Introduction

Narrow-linewidth and diffraction-limited lasers at
589 nm are required for laser-guide-star adaptive op-
tics and laser cooling of sodium. Because of the lack
of the laser gain medium which directly lases at
589 nm, frequency doubling [1] and summation [2]
of laser sources at near infrared were employed to
produce the 589 nm laser. Recently, fiber lasers emit-
ting at concerning wavelengths for the generation of
589 nm lasers have received intensive attention. Yb-
doped silica fiber has gain at 1178 nm, but lasing at
this wavelength is difficult because of amplified
spontaneous emission at shorter and higher-gain
wavelengths (around 1060 nm). Various techniques,
such as heating [3] of the gain fiber and a photonic
bandgap fiber structure for gain engineering [4—6],
have been adopted to overcome the problem. The
latter has shown great potential in 1178 nm laser
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generation [5]. Bi-doped fiber lasers at a wavelength
range of 1100-1300 nm have been demonstrated
[7,8]. But the loss of Bi-doped fibers is still too high
for efficient narrow-linewidth amplifier operation.
589 nm lasers can also be generated by frequency
summation of a 1583 nm Er-doped fiber laser and
a 938 nm Nd-doped fiber laser, but the quasi-
three-level nature of the 938 nm laser has limited its
output power so far [9].

The Raman fiber laser and amplifier are known for
their special advantage of flexibility in wavelength,
as Raman gain is available at arbitrary wavelengths
across the transparency window of silica fiber (300—
2300 nm) with the right pump source. The power
scaling has been difficult in the narrow-linewidth
Raman amplifier [10] due to the stimulated Brillouin
scattering (SBS) effect. Later, high-power narrow-
linewidth SBS-suppressed Raman fiber amplifiers
at 1178 nm were reported [11,12]. However, the
polarization state of the output was not maintained,
and had to be actively controlled.



To date, external-cavity resonant frequency
doubling is the most efficient second-harmonic
generation (SHG) technique [13,14]. An attractive
alternative is the external single-pass SHG in
quasi-phase-matched ferroelectric materials, which
does not require active cavity length stabilization.
Georgiev et al. reported a 3 W 589 nm laser by
single-pass frequency doubling of a 23 W CW source
at 1179 nm [15]. Taylor et al. demonstrated ~4.2 W
narrowband 589 nm laser by single-pass SHG in
periodically poled KTiOPO, crystal of a ~19 W
CW 1178 nm laser [16]. Shirakawa et al. reported
the generation of a 167 W laser at 1178 nm from a
Yb-doped photonic bandgap fiber amplifier and then
a 14.5 W laser at 589 nm by single-pass SHG [17].
However, the linewidth of the 1178 nm laser
(1.3 nm) is too wide, and power scaling of the
narrow-linewidth (<1 GHz) 589 nm laser is difficult.

We had previously reported a 4 W yellow light
generation by single-pass frequency doubling of a
Raman fiber amplifier in periodically poled near-
stoichiometric LiTaOj3 crystal (PPSLT) [18]. In this
paper, we report a detailed study with improved
results. An up to 40 W single-frequency laser at
1178 nm is achieved by a two-stage Raman fiber
amplifier. With a homemade PPSLT crystal, an up
to 7 W laser at 589 nm with diffraction-limited beam
quality is achieved by single-pass SHG with a conver-
sion efficiency of 20%. By investigating the temporal
behavior of SHG, the thermal dephasing effect in the
PPSLT crystal is found to be the key issue for a
further increase of the SHG efficiency.

2. Experiment Setup

The experimental configuration is shown in Fig. 1.
The seed is an 1178 nm distributed feedback laser
diode laser (Toptica Photonics AG, DL100) with a
maximum fiber pigtailed output of 10 mW and a
specified linewidth of ~1 MHz. The pump sources
used for the first- and second-stage amplifiers are
homemade 20 and 85 W CW linearly polarized Yb-
doped single-mode fiber lasers lasing at 1120 nm
[19]. At each stage, one PM 1120/1178 nm wave-
length division multiplexing (WDM) is employed to
couple the pump lasers into the Raman amplifier,
and two WDMs are used to extract the residual pump
lasers. The gain fibers used for the first and second
stages are 200 m strained PM980 fiber and 52 m
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Fig. 1. (Color online) Schematic diagram of the experimental
configuration.

strained PM980 fiber, respectively. The strain distri-
bution on the fiber to suppress the SBS effect is de-
signed according to [20]. The spectrum of 1178 and
589 nm output is analyzed by spectrometers YOKO-
GAWA AQ6370B with 0.02 nm resolution and ELIAS
III Echelle with 0.2 pm resolution at 589 nm, respec-
tively. The power of the backward-propagating light
from the amplifier is monitored from port A of the
first WDM in the second amplifier. A PM isolator
is inserted between the two stages to isolate the
backward-propagating light. The output delivery
fiber is 8° angle cleaved to avoid reflection from
the end face. An aspheric lens F1 with a focus length
of 11 mm is used to collimate the output laser, and a
focusing lens F2 with a focus length of 150 mm is
adopted to focus the light to the nonlinear crystal.
A half-wave plate is adopted to ensure that the out-
put polarization is parallel to the poling direction of
the crystal. The frequency-doubling crystal is a
homemade 39 mm long PPSLT fabricated by an im-
proved electrical poling technique, with a period of
A = 10.4 pm according to the quasi-phase-matching
condition. The crystal is housed in a homemade oven
with a temperature stability of +£0.1°C. The crystal
end faces have high transmission of T > 95% at
589 nm and low reflectivity of R <0.5% at
1178 nm. The generated yellow light and the input
fundamental light are separated by a dichroic mirror
(R >99.5% at 1178 nm and T > 94% at 589 nm).

3. Experimental Results and Discussions

After the first-stage amplifier, the 1178 nm laser is
amplified to 0.8 W. Figure 2 shows the output power
and backward-propagating light from the second
Raman amplifier as a function of pump power. At
the time of conducting the single-pass SHG experi-
ments, the maximum output power was scaled to
39.3 W, corresponding to 46.2% optical conversion
efficiency. The maximum power of the backward-
propagated light is 0.63 W, indicating that SBS is
effectively suppressed by applying variable strain
to the gain fiber. Please note that the backward
light contains not only backward light but also
Raman-amplified Rayleigh scattering and the
remaining 1120 nm pump light. An optical spectral
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Fig. 2. (Color online) Raman amplifier output power and
backward-propagating light as a function of pump power.
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(Color online) (a) Output spectrum of the laser. (b) Self-heterodyne beat spectra of the 1178 nm laser (black) and the Lorentzian fit
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Fig. 4.

(Color online) (a) Temperature tuning curves under approximately 1 W fundamental power through the crystals. (b) SH power

(circle) and conversion efficiency (square) as a function of the fundamental power at a temperature of 168.8°C.

analyzer (YOKOGAWA AQ6370) is used to check the
spectral purity of the laser output. The signal-
to-noise ratio is found to be 60 dB, as shown in
Fig. 3(a). The linewidth is measured by a self-
heterodyne method. The output of the Raman fiber
laser was divided into two paths. One path was sent
through a 1000 m PM980 delay line. The other path
was connected with a fiber pigtailed acousto-optic
modulator with a carrier frequency shift of
150 MHz. The light was recombined and detected
with a 2 GHz photodiode and analyzed with a
high-resolution rf-spectrum analyzer (Agilent
E4405B). And a Lorentzian fit of the output
radio-frequency spectrum indicates the laser has a
linewidth of 1 MHz at the maximum output power,
which is shown in Fig. 3(b). Linearly polarized output
with a polarization-extinction ratio of 30 dB is
achieved due to the all-polarization-maintaining
configuration and the polarization-dependent gain
of Raman scattering.

Temperature tuning curves are measured with
1 W of fundamental light directed through the crys-
tals. As shown in Fig. 4(a), the temperature tolerance
of the PPSLT crystal is 1.0°C and the optimum
phase-matching temperature is 167.3°C. Figure 4(b)
shows second-harmonic power and SHG efficiency
as a function of the fundamental laser power at a
temperature of 168.8°C. The maximum SHG output
power is 7 W, corresponding to a conversion efficiency
of 20%. However, an obvious rolloff in the conversion
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efficiency curve is observed after the input
fundamental power exceeds 10 W, which can be
attributed to thermal dephasing in the crystal
[21,22], which will be discussed later. Figure 5 de-
picts the fine spectrum of SHG light with a high-
precision optical spectrum (ELIAS III Echelle).
The FWHM linewidth is measured to be 0.198 pm
limited by the resolution of the spectrum. The actual
linewidth should be ~2 MHz, since the fundamental
laser has a linewidth of 1 MHz. An M? factor of 1.28
at the highest output power is measured by a laser
beam analyzer (Primes LQM-HP), which shows
slight beam quality degrading in the PPSLT crystal.
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Fig. 5. (Color online) Spectrum of the 589 nm laser at the highest

output power (7 W). Inset: far-field beam profile of the 589 nm
laser.
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Fig. 6. SH power as a function of (a) fundamental power modulated at 500 Hz with a 5.0% duty cycle and (b) different repetition rate

with a 5.0% duty cycle.

A far-field beam profile of the 589 nm laser is shown
in the inset of Fig. 5.

To investigate the thermal effect in the PPSLT
crystal on the SHG process, we study the SHG in
quasi-CW modes, in which cases thermal loading
is lower. The quasi-continuous wave 1178 nm laser
is obtained by modulating the 1120 nm pump laser
of the second amplifier. The resulting pulses have
a 0.8 W CW floor. First we modulate the fundamental
laser with a repetition rate of 500 Hz and a pulse
duration of 100 ps. Figure 6(a) shows the resulting
second-harmonic power and conversion efficiency
versus the average fundamental power, where the
power for the CW floor of the fundamental laser
has been deducted. Each data point is taken with op-
timized oven temperature. The efficiency rolloff is
largely overcome. The conversion efficiency increases
by 5.6% at 30 W peak power (23.6%) compared to the
corresponding CW case (18.1%). Figure 6(b) illus-
trates the SHG efficiency as a function of the pulse
repetition at the same average fundamental power
(1.32 W) and duty cycle (5%). The conversion effi-
ciency peaks at around 100 Hz. The SHG power
and efficiency decrease almost linearly when the
pulse repetition is greater than 200 Hz. When the
repetition rate is lower than 100 Hz, the conversion
efficiency decreases as well and approaches the CW
case. The observation proves that the thermal-
induced dephasing indeed contributes significantly
to the relatively low SH efficiency. It also indicates
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Fig. 7. (Color online) Fundamental light (dashed) and SHG light
(solid) time-domain signals at repetition rate 0.5 Hz.

that the thermal equilibrium process in the PPSLT
crystal has a time constant of around 10 ms. At a
higher repetition rate, the heat deposition from suc-
cessive pulses is cumulated. At a lower repetition
rate, the pulses are long enough for heat equilibrium
to be achieved within a single pulse.

To observe the time evolution of the SHG due to the
thermal effects, we modulate the 1178 nm amplifier at
a very low repetition rate of 0.5 Hz, 30 W peak power,
and 5% duty cycle to avoid any heat accumulation
from successive pulses. As shown in Fig. 7, the power
of second-harmonic light decreases quickly at the first
10 ms. After that, the power fluctuates slowly during
the rest of the pulse. This suggests a very long time is
needed to achieve the final temperature equilibrium,
and the instantaneous SHG efficiency is much higher
than stabilized efficiency. Therefore, there is much
room for improving the conversion efficiency if the
thermal dephasing effect is reduced.

4. Conclusion

In conclusion, we achieved a high-power linearly po-
larized 1178 nm continuous-wave laser by two-stage
PM Raman fiber amplifiers. With a homemade PPSLT
crystal and temperature oven, 7.0 W 589 nm yellow
light is obtained in a simple single-pass SHG device.
We experimentally verify that the thermal effect on
the crystal influences the SHG efficiency greatly. Fu-
ture work will concentrate on designing a better oven
to reduce the temperature inhomogeneity in the crys-
tal at high-power pumping. A shorter crystal might be
also helpful in alleviating the thermal dephasing. We
believe the SHG conversion efficiency can be improved
after all these optimizations.

The work is supported by the Hundred Talent
Program of the Chinese Academy of Sciences.
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