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We report a low noise continuous-wave (CW) single-frequency 1.5-pm laser source obtained by a singly resonant

optical parametric oscillator (SRO) based on periodically poled lithium niobate (PPLN). The SRO was pumped by

a CW single-frequency Nd:YVOy4 laser at 1.06 pum. The 1.02 W of CW single-frequency signal laser at 1.5 pm was
obtained at pump power of 6 W. At the output power of around 0.75 W, the power stability was better than +1.5%

and no mode-hopping was observed in 30 min and frequency stability was better than 8.5 MHz in 1 min. The signal
wavelength could be tuned from 1.57 to 1.59 um by varying the PPLN temperature. The 1.5-pum laser exhibits low noise
characteristics, the intensity noise of the laser reaches the shot noise limit (SNL) at an analysis frequency of 4 MHz and

the phase noise is less than 1 dB above the SNL at analysis frequencies above 10 MHz.

Keywords: singly resonant optical parametric oscillator, 1.5-um laser, single-frequency operation,
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1. Introduction

High power, low noise, continuous-wave (CW)
laser sources at 1.5 um with single-frequency opera-
tion are attractive owing to their applications, such
as telecommunication, high-resolution spectroscopy,
laser radar and environmental monitoring, especially
in the scientific researches of quantum information
and quantum optics. Up to now, various methods
The

diode-pumped all-solid-state CW 1.5-pum lasers with

have been employed to obtain a 1.5-pm laser.

multi-longitudinal-mode had been demonstrated in
Er, Yb-codoped crystals, 250 mW of output power
with 26.8% efficiency for YCasO(BO3)s,[!l and out-
put power of 1 W with slope efficiency of 35% for
YAl3(BO3)4. Owing to the poor optical quality
and serious thermal lensing effect of the Er doped
laser medium, it is difficult to obtain high power
and robust CW single-frequency 1.5-um lasers. High
power and single-frequency operated lasers around
1.5 um had been obtained by master oscillator fi-
bre power amplifier.#! Unfortunately, this kind of
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lasers showed excess noises far beyond the shot noise
limit (SNL)P®! which were undesirable for generation
of bright squeezed state and quantum entangled state
in quantum optics experiments.[®7 Compact and tun-
able all-solid-state mid-infrared laser can be obtained
based on an optical parametric oscillator.[®?! More-
over, CW singly resonant optical parametric oscilla-
tors (SROs) are the stable sources of tunable single-
frequency radiation. Samanta and Zadeh'® gener-
ated more than 2 W of CW single-frequency idler
with signal over 856-1404 nm using an SRO based on
MgO:sPPLT pumped by an optical pumped semicon-
ductor laser. Melkonian et al.l'Y obtained 100 mW
CW single-frequency red laser from 619 to 640 nm
using an SRO based on MgO: periodically poled stoi-
chiometric lithium tantalate (PPSLT) pumped by an
all-solid-state green laser. Lin et al.l'?l obtained 5.3 W
output at 1.58 pm using an SRO based on MgO:PPLN
pumped by a Yb-fibre laser. In Ref. [12], the idler at
about 3.2 um was resonant in the CW SRO cavity and
the output of signal at 1.58 pm was multi-longitudinal-
mode operated. However, SRO is the most efficient
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way to generate low noise CW laser around 1.5 pm of
single-frequency operation.

In this study, we report a low noise CW single-
frequency 1.5 pum laser generated by an SRO based
on PPLN pumped by an all-solid-state CW single-
frequency Nd:YVO, laser at 1.06 um. The signal
around 1.5 pm was resonant in the SRO cavity and
1.02-W output of signal was extracted from an output
coupler with the transmission of 1.8%.

2. Experimental setup

The experimental setup is schematically depicted
in Fig. 1. The SRO was pumped by a home-made
CW single-frequency diode-pumped Nd:YVO, laser

at 1.06 um, delivering up to the output of 8 W with

1.06 pm laser
= HWP

C PBS =

the measured linewidth of 2 MHz (the measure time
was 1 min). The stability of the laser power was
better than + 0.5% in the given three hours. Af-
ter a half-wave plat (HWP) and an optical isolator,
the pump beam was injected into the SRO. By ro-
tating the second HWP we can control the pump po-
larization for phase-matching in the nonlinear crystal.
The nonlinear crystal is a periodically poled lithium
niobate (PPLN) (Deltronic Inc) with the dimension
of 30 mm(length)x10 mm(width)x1 mm(thickness).
The poled period used in our experiment is 29.8 pm.
Both end faces of the PPLN are triple-band antire-
flective coated at pump, signal and idler wavelength
(R1.06 pm,1.5 um,3.3 um < 0.25%). The PPLN was
temperature controlled by using a temperature con-
troller with the accuracy of +0.005 °C (Model YG-
2009B).
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Fig. 1. (colour online) Experimental setup of the 1.5 pm laser generated by an SRO. HWP: half-wave plate;

OI: optical isolator; L1-L4: lens; M1-M4: mirrors; PBS: polarizing beam splitter; PM: power meter; D1-D3:

detector; F—P: confocal Fabry—Perot cavity; SA: spectrum analyser; Pp: pump beam; P;: reflecting pump beam.

The SRO cavity was a linear cavity constructed
by two curvature mirrors (M1 and M2) with radius of
26 mm. The M1 is the input coupler with high reflec-
tion for signal wavelength (R15-1.6 um > 99.8%) and
high transmission for pump wavelength (7106 um >
99%). The M2 is the output coupler with partial re-
flection for signal wavelength (T1.5-1.6 yum ~ 1.8%)
and high reflection for pump wavelength (Ri.06 ym >
99.8%). Both mirrors are high transmission for idler
around 3.3 pum. Because the host material of mirrors
we used is K7 glass which is not transparent for the
light at the wavelength around 3 pm, the idler gener-
ated from SRO was ignored in our experiment. To ob-
tain high signal output power, we optimized the length
of SRO cavity which was 63.5 mm. Using this cav-
ity configuration, we find that the signal beam waist

is 60 pm at 1.5 pm. The L1 is mode-matching lens
used to match the 1.06 pm pump beam mode to the
SRO cavity mode and a 98% mode-matching efficiency
was achieved. Adjusting lens L1, the pump beam
is focused on the centre of the PPLN with a beam
waist of about 50 pum, resulting in optimum spatial
overlap with signal beam. The L2 is collimating lens
which made the SRO output to be a collimated laser
beam. The M3 and M4 are high reflecting for signal
wavelength. The HWP and polarizing beam splitter
(PBS) were used as a variable beam splitter which
divided the signal beam into two parts. The major
part of the signal beam was measured by power meter
(LabMax-TOP, Coherent) that is going to be used as
a laser source in the future quantum optical experi-
ment (for example, to generate a quantum entangled
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state at a telecommunication wavelength). The other
part (about 30 mW) of signal beam was used to mon-
itor the longitudinal-mode and measure the noises of
1.5-um laser from SRO.

3. Experimental results and dis-

cussion

For long-term stable operation, the SRO was
mounted on an invar plate and covered to isolate the
air flow and the environmental vibration. When the
PPLN was temperature controlled at 160 °C and the
measured signal wavelength was 1.58 um, the output
power and pump depletion of SRO was measured as
a function of pump power as shown in Fig. 2. The
squares and circles are the measured signal output
power and pump depletion, respectively. The solid
line is the theoretical prediction.['3] Due to a transmis-
sion loss of about 25% between the pump laser and the
SRO, a maximum pump power of 6 W was available
at the input to the crystal. The CW SRO reached the
oscillation threshold at 1.95 W of input pump power.
The measured signal power increased steadily to the
maximum value of 1.02 W at the pump power of 6 W,
while the measured reflected pump power was 1.7 W
and the pump depletion was 72%. We can see the
pump depletion clamped at the value of 67%-80% over
the entire pump range.
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Fig. 2. Measured output power and pump depletion of
SRO as a function of pump power.

When the SRO operated under the condition
that the output power was the maximum, the signal
output was kept on single-frequency operation but
longitudinal-mode-hopping happened randomly every
several minutes. Such mode-hopping are probably
induced by absorption of the signal and idler in the
9,10]

crystal.l This absorption leads to thermally in-

duced changes in the crystal’s refractive index and

to spectral clustering. However, we could adjust the
SRO’s condition to control the longitudinal-mode of
signal that could operate stably for a long time. In the
experiment, we controlled the length of SRO cavity by
adjusting the offset voltage loaded on the piezoelectric
transducer mounted on M2 to obtain a longitudinal-
mode of signal that could operate stably without
mode-hopping observed for a relative long time. In
this condition, the pump threshold of CW SRO was
2.25 W. At pump power of 6 W, the measured sta-
ble single-frequency signal output power was 0.75 W
and the measured reflected pump power was 2.45 W.
The power stability of the signal output at the aver-
age output power around 0.75 W was measured by a
power meter (LabMax-TOP, Coherent) and recorded
by a computer as shown in Fig. 3. The stability of
output power was better than +1.5% and no mode
hopping was observed in the given 30 min. The longi-
tudinal mode of the signal was monitored by a scanned
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Fig. 3. Stability of the signal output at power around
0.75 W in 30 min.
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Fig. 4. Transmission intensity of the scanning Fabry—
Perot interferometer.

confocal Fabry—Perot (F-P) cavity (with free spectral
ranges of 750 MHz and fineness of 500) recorded by
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a digital storage oscilloscope (Tektronix DPO 7245).
Figure 4 shows that the 1.5-um laser is in single-
frequency operation (Fig. 4(a)) and the frequency drift
is better than 8.5 MHz in 1 min (Fig. 4(b)). The
measured linewidth of 1.5-um laser is 8.5 MHz (the
measure time is 1 min).

The wavelength of the signal was measured using
a monochromator with a resolution of 0.2 nm. The
signal and idler wavelength as a function of PPLN
temperature is shown in Fig. 5. The squares are the
measured signal wavelength and the circles are the
calculated corresponding idler wavelength at pump
wavelength of 1.06 um. The solid line is the theoreti-
cal prediction calculated by the Sellmeier equation. 4
The signal wavelength could be tuned from 1.57 pm
to 1.59 um when the temperature of the PPLN was
tuned from 130 °C to 170 °C. The signal output power
was about 0.75 W over the entire wavelength tuning
range. The shorter signal wavelength is limited by
the PPLN photorefractive effect. The PPLN should
operate at high temperature for the efficient anneal-
ing of the crystal from its photorefractive effect. The
longer signal wavelength is limited by the temperature
controller (the efficient temperature control range is
120 °C-170 °C).
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Fig. 5. Wavelength tuning range of the SRO as a func-
tion of PPLN temperature for a poled period of 29.8 pum.
The diamonds are the experimental results and the solid
curves represent the theoretical results according to the
system.

In the quantum optical experiment, it has been
shown that excess noise of pump laser source can re-
duce or even eliminate completely the quantum char-
acteristics of the generated nonclassical states of light.
It is important to measure and analyses the noise char-
acteristics of the signal output at 1.5 wm emitted by
the SRO. The intensity noise of the 1.5-um laser was
measured by using a balanced homodyne detection
system.'®) A HWP and PBS were used to split the

laser beam into two parts with equal power and de-
tected by ETX-300 (Epitaxx) photodiodes. The noise
power of detected signals were recorded by a spectrum
analyser (N9010A, Agilent), as shown in Fig. 6. The
sum signal gives the intensity noise of the 1.5-um laser
(the red line in Fig. 6) and the difference signal gives
the SNL (the black line in Fig. 6) that was calibrated
by a thermal white light source. It can be seen that the
intensity noise of the 1.5-um laser reaches SNL at the
analysis frequency of 4 MHz. The phase noise of 1.5-
um laser was measured using an empty detuned ring
cavity (the analysis cavity in Fig. 1) acted as a phase-
to-amplitude converter.!*®] The analysis cavity here we
used has a finesse of 220 and bandwidth of 1.4 MHz, al-
lowing for a complete conversion of phase to amplitude
noise for analysis frequencies higher than 2 MHz.['7]
We record the phase noise power at each analysis fre-
quency by scanning the analysis cavity with triangu-
lar wave of 2 Hz. As shown in Fig. 6, the squares are
the measured phase noise power of 1.5-um laser. The
phase noise is 5 dB above the SNL at the analysis fre-
quency of 4 MHz and decreases with the increase of
the analysis frequency. It is less than 1 dB above the
SNL from 10 MHz to 20 MHz.

—m— phase noise
—— intensity noise
l\. —— shot noise limit
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Noise power/dB
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Fig. 6.
noise power of 1.5-um laser as functions of analysis fre-

(colour online) Measured intensity and phase

quency. The parameters of the spectrum analyser include:
the resolution bandwidth is 100 kHz, the video bandwidth
is 100 Hz and the sweep time is 1.4 s.

4. Conclusion

We have demonstrated a stable, low noise, CW
single-frequency 1.5-pm laser source obtained by op-
tical parametric process. By using a PPLN SRO that
the signal around 1.5 pm was resonant in the cavity
and output coupler transmission was 1.8% at 1.5 pm,
1.02 W output power of 1.5 pm signal laser was ob-
tained with the maximum pump depletion of 80%.
Thanks to the accuracy control of PPLN temperature
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and good vibration isolation performance of the SRO
cavity, the SRO can be operated stably. At the output
power of around 0.75 W, the power stability was bet-
ter than +1.5% and no mode-hopping was observed
in 30 min, and the frequency stability was better than
8.5 MHz in 1 min. The signal wavelength could be
tuned from 1.57 pm to 1.59 um by tuning the PPLN
temperature only. We also investigated the intensity
noise and phase noise of the 1.5-um laser. The inten-
sity noise reaches the SNL at the analysis frequency
of 4 MHz and the phase noise is less than 1 dB above
the SNL at analysis frequencies above 10 MHz. This
high quality 1.5-pm laser source is going to be used
to generate bright squeezed state and quantum entan-
gled state at the telecommunication wavelength which
is useful for developing practical quantum telecommu-

nication.
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