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Abstract : We report on a singly-resonant optical parametric oscillator (OPO) based on periodically
poled MgO-doped LiNbOa. The OPO was pumped by a Q-switch pulsed 1064-nm Nd:YAG laser and

was seeded by an amplified 1571 nm DFB CW laser. The OPO is designed particularly for use as a

aser source for a Differential Absorption Lidar (DIAL) for CO,/CH, atmospheric concentration mapping.

Maximum average output pulse energy of ~2 mJ and optical-to-optical conversion efficiency of up to

~20% have been achieved. Given the performance results of our frequency-agile OPO, we demonstrated

a potential use of OPO in DIAL instruments for measurements of CO, (1571 nm) and CH4 (1645 nm).

Keywords: Nonlinear Optics, Parametric Process, Optical Parametric Oscillator, Optical Parametric

Amplifier, Differential Absorption Lidar

1. Introduction

The atmospheric concentration of carbon
dioxide (CO,) increased over 40% from 278 parts
per million (ppm) in 1750 to a present value
of over 404 ppm [1] while the atmospheric
concentration of methane (CH4) increased over
150% from 722 parts per billion (ppb) to over
1800 ppb over the same period [2]. The rate
of increase of CO,, averaged at 2.0 ppm/yr be-
tween 2002 and 2011, is the highest since direct
CO2 measurements began in 1958. In the fifth
assessment report by the Intergovernmental

Panel on Climate Change (IPCC) [3], the increases

in C02 emissions from fossil fuel burning and
land use are listed as the dominant causes
for the observed increase in atmospheric o,
concentration. The changes in the atmospheric
CH, concentration are less well understood.
From 1980 until the late 1990’s, the atmospheric
CH4 concentration grew from approximately 1570
ppb to 1760 ppb. From the late 1990’s until
about 2007, the atmospheric CH, concentration
remained relatively constant. Beginning in 2007,
the atmospheric CH, concentration began to
increase again from 1760 ppb to the current 1803
ppb [2, 4, 5]. Anthropogenic emissions of CH,
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account for between 50% and 65% of total
emissions with fossil emissions resulting from
leaks in the fossil fuel industry infrastructure
while natural leaks account for approximately
30% of total CH, emissions [3].

Recognizing the importance of these
carbon-based molecules, an initial United States
(U.S.) Carbon Cycle Science Plan was developed
in 1999 [6] and has been updated in 2011 [7].
This updated U.S. Carbon Cycle Science Plan is
aimed at oreanizing national research efforts to
address three overarching questions including:
1. How do natural processes and human actions
affect the carbon cycle, 2. How do policy and
management decisions affect the level of primary
carbon containing gases C02 and CH, in the
atmosphere, and 3. How are ecosystems, spe-
cies, and natural resources impacted by increas-
ing greenhouse gases. This U.S. Carbon Cycle
Science Plan, along with two reports from the
National Research Council [8, 9], recognize the
need to develop remote sensing tools capable
of both C02 and CH4 observations from ground,
aircraft, and space-based platforms as important
observational tools for carbon cycle science.

Differential absorption lidar (DIAL) is an
active remote sensing technique that has the
potential for spatially mapping Co, and CH,
that can address the need for remote sensing
tools stated by the U.S. Carbon Cycle Science
Plan and the National Research Council. The
DIAL technique utilizes two closely spaced
laser transmitter wavelengths, one centered on

the molecular absorption feature of interest,
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referred to as the on-line wavelength, and the
second far removed from the absorption feature
and referred to as the off-line wavelength. The
difference between the scattered light at the
on-line and off-line wavelengths can be used
to retrieve the range information of the number
density of the molecular species of interest [10].
The DIAL technique is an active remote sensing
technique and offers several advantages over
passive measurement techniques including high
spatial resolution, high measurement specificity
with minimal interference from other atmos-
pheric constituents, lack of the need for external
lishting, and relatively simple inversion methods
for retrieval of number density profiles compared
to passive sensor retrievals.

Research efforts to develop remote sensing
instrumentation to meet the challenging accuracy
and precision for co, observations of better than
1% needed for carbon cycle studies [11] require
leading researchers to consider many different
instrument architectures. Instruments being
developed for airborne deployment and future
satellite deployment are utilizing an integrated
path differential absorption (IPDA) measurement
technique that provides a column averaged
C02 number density [12, 13]. These instruments
operate at either 1.57 pm or 2.0 um and provide
coarse range measurements by using several
wavelengths across the absorption spectra and
the pressure dependence of the absorption
linewidth to retrieve profiles. Ground based
instruments also employ the IPDA technique at
both the 1.57 um and 2.0 um wavelengths. While



these instruments can provide the accuracy
needed for carbon cycle science, they typically
provide a column averaged CO,, value and do not
speak to the spatial distribution of the CO,,. Initial
work on pulsed DIAL instruments for ground-
based CO, observations has been discussed in
the literature with a handful of DIAL instruments
demonstrating Co, profile retrievals [14-22].
Uchiumi et al. [14] developed a DIAL instrument
that utilized a Ti:Sapphire laser to pump a
Raman cell. Utilizing the second Stoke’s line,
the transmitter was able to produce an output
wavelength raging between 1.6 ym and 2.3 pm.
CO, measurements between 300 m and 700 m
range were obtained with approximately a +70
ppm error at 700 m. Kock et al. [15] describe
a DIAL instrument based on a Ho:Tm:YLF laser
operating at 2.05 pm. A single CO2 concentration
measurement was retrieved over 1200 m
with an error of 9.9 ppm. Sakaizawa et al. [16]
demonstrated a DIAL instrument for profiling
atmospheric CO, based on an Nd:YAG pumped
optical parametric oscillator (OPO). This
instrument was able to measure co, profiles to
5.2 km with a 5-hour integration time. Reported
errors were less than 2%. Nagasawa et al. [17]
demonstrated a DIAL instrument based on an
Nd:YAG pumped optical parametric generator
(OPG) combined with an optical parametric
amplifier (OPA) laser transmitter. Daytime vertical
profiles were made to 6 km with a 3-km range
bin with errors of approximately 5 ppm. Johnson
et al. [18] most recently reported on a DIAL

instrument for carbon sequestration site
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monitoring based on an injection seeded fiber
amplifier. Horizontal profiles out to 2.5 km were
obtained with a 50 ppm error. While these
instruments have demonstrated CO, profiling
ability, they do not meet the needed measure-
ment accuracy for carbon cycle studies, require
long integration times, and typically have a low
range resolution.

Research efforts to develop remote
sensing tools for CH4 monitoring are in their
infancy. A methane DIAL developed by lkuta et al.
[23] utilized a Nd:YAG laser to pump a Ti:Sapphire
laser. The output from the Ti:Sapphire laser was
then shifted to 1.67 um using the nonlinear
Raman scattering technique. This DIAL can detect
6000 ppm at 130 m, well above the needed
sensitivity for atmospheric measurements. More
recent work by Fix et al. [12] has demonstrated
a potential laser source for CO2 and CH, DIAL
instruments. This laser utilizes a Nd:YAG pumped,
injection seeded OPO in combination with
an OPA. Shuman et al. [24] describe the
development of a second laser source as
another potential transmitter for CH4 instruments
based on a Nd:YAG pumped OPO. While work
is underway to develop DIAL instruments for
methane profiling, no DIAL instrument is currently
operating routinely with the needed sensitivity.

Refaat et al. [25] have modeled the
performance of DIAL instruments for monitoring
CO, at 1571 nm and CH, at 1645 nm and
conclude that 3 mJ pulses at a 1 kHz pulse
repetition rate would allow atmospheric CO, and

CH, measurements to be made beyond 3 km
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(4 km) with a 5-minute averaging time with an
error of less than 0.5% (1%). Research efforts
leading to new laser sources capable of
meeting the requirements set out by Refaat et al.
[22] are needed for DIAL instruments to be
capable of monitoring o, and CH, with the
required sensitivity to meet the remote sensing
capability as stated by both the U.S. Carbon Cycle
Science Plan and the National Research Council.
In this paper, a DIAL laser transmitter design
capable of operating at both 1571 nm and 1645
nm is presented. Our initial design, operating
at 1571 nm, uses a singly-resonant optical
parametric oscillator (OPO) pumped by a Q-switch
pulsed 1064 nm Nd:YAG laser and seeded by an
amplified 1571 nm DFB CW laser. The OPO uses
a linear cavity with a periodically poled lithium
niobate crystal (PPLN) as a nonlinear gain material
inside. The measured performance of the
singly resonant OPO laser is compared with the
SNLO model providing a prediction for further
improvement in the laser transmitter design.
This paper is organized as follows. The
experimental setup is described in section 2.
Results from the laser performance are discussed
in section 3. Finally, some brief concluding

comments are presented in section 4.

2. Experimental setup

2.1 OPO system

A schematic of the OPO is shown in Fig. 1.
A Big Sky Laser Ultra series flash-lamp-pumped
Q-switch Nd:YAG laser of 1064 nm wavelength
with 10-ns pulse duration and 20 Hz pulse
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repetition frequency (PRF) was used as a pump
laser. A Q-photonics distributed feedback
(DFB) continuous wave (CW) laser of 1571 nm
wavelength with 10 mW maximum power was
used as a seed laser. The IPG Photonics fiber
amplifier was used to amplify the seed power
to about 160 mW. By applying a half-wave-plate
and a Glan polarizer on both lasers, we could
adjust the pump energy and seed power without
changing their Gaussian beam properties and
thus making the system alignment consistent. To
maximize the system efficiency, the pump and
seed beams were fully overlapped and focused
at the same spot within the crystal. In addition to
the design, another half-wave-plate was installed
before the focusing lens in each beam path to
increase the efficiency by allowing us to rotate
and match the polarization direction of the beam
to the optical axis of the crystal. The nonlinear
crystal was a periodically poled lithium niobate
(PPLN) crystal with a 5% magnesium-oxide
doped (Mg:LINbO3) by AdvR. The crystal was
placed in a custom-built aluminum heater for
temperature control needed for adjusting the output
wavelengths in the quasi-phase-matching
process. The linear cavity used in the OPO
consisted of two mirrors—one flat and one
concave with 500 mm radius of curvature. The
flat mirror has a measured reflectivity of 99%
at the seed wavelength (1571 nm) and 24% at
the pump wavelength (1064 nm). The curved
mirror has a measured reflectivity of 48% at the
seed and 21% at the pump wavelength. The
reflectivity at the idler wavelength (3297 nm) is



estimated to be 30% for both mirrors. The cavity
length was 492 mm with the flat mirror located

near the entrance face of the crystal.
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Fig. 1. Schematic of the OPO with the locking system.
For OPG and OPA, the locking system and the
optical cavity are excluded, and the seed
laser is bypassing the AOM and is fiber coupled
directly into the optical amplifier. The seed
laser is turned on for OPA and turned off for

OPG.

As shown in Fig. 1, the flat mirror was
mounted on a piezo-electric transducer (PZT)
which was used to mechanically adjust the
cavity length relevant to the signal received by the
locking system. The locking system used a dither
locking technique to adjust the cavity length
that could maintain the cavity at resonance.
The locking system was consisted of a function

generator (Stanford Research Systems DS345)
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and an acousto-optic modulator (AOM)
(Isomet 1205C-2 modulator with 620C-80 driver)
to modulate the seed laser. This modulated
signal was then amplified and incident on the
optical cavity. An InGaAs detector (New Focus
2011) was used to detect the cavity transmission
output and convert the signal into an analog
signal. A hold circuit was used to clean unwanted
parts of this output signal before it was sent to
the lock-in amplifier (Stanford Research Systems
SR510). A ramp generator (Burleigh RC-44) was
used to control a piezo-electric transducer (PZT)
in accordance with the error signal sent from
the log-in amplifier. Through contractions and
expansions of the PZT in which the flat mirror is
mounted, the cavity length can be adjusted to
maintain the resonance. Two Pellin-Broca prisms
were used to separate the output beam by
wavelengths. The third focusing lens was
designed to focus the output beam near the
detector location, otherwise the highly-divergent
beam was impossible to detect by the detector.
An energy meter (Thorlabs model PM100D
with an ES111C power detector) was used for
the measurement of output energy. An optical
spectrum analyzer (OSA) (Agilent model 86142B)
was used for the measurement of output
spectra. For measurement accuracy, the detector
and OSA were blocked from wavelengths other
than 1571 nm by surrounding them with a black
box (not shown in the diagram) which had an
entrance only through the iris and the band

pass filter.
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2.2 PPLN crystal analysis

Four PPLN crystals with poling periods of
30.860, 31.153, 31.250, and 31.546 pm were
characterized in this project. To select a proper
crystal that will produce the output signal
wavelength near 1571 nm needed for co,
measurements, each crystal of different sizes
was placed in a custom-built aluminum heater
which was heated by a TEC and monitored by
a thermal sensor. The crystal temperature scan-
ning used the OPG setup and the output signal

wavelength was measured by the OSA.
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Fig. 2.  (a) Temperature/wavelength tuning characteristics

of the PPLN crystals with different poling
periods (30.860, 31.153, 31.250, and 31.546 um)
ina 1064 nm pumped OPG setup. (b) Quadratic
trend of the PPLN crystal poling period with

respect to the average OPG output signal

wavelength plotted in (a).
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As shown in the temperature scanning
results in Fig. 2(a), the 30.860-um poling period
crystal was selected to be used in the
experiment since it could produce the output
signal wavelength near 1571 nm needed for Co,
measurements. The trend on how the output
signal wavelength increases with respect to the
poling periods of these crystals shown in Fig. 2(b)
is used to estimate a poling period of 31.427 pm
needed for CH, measurements near 1645 nm
wavelength.

3. Results

3.1 Output spectra

OPG/OPA output spectra shown in Fig. 3 can
be used to demonstrate how well the system is
aliened by looking at two forms of overlaps—
spectral overlap and spatial overlap. Spectral
overlap is the overlap between the wavelengths
of the spontaneous emission of the crystal
and the seed laser. This may be evaluated by
looking at the OPG output spectrum and the seed
spectrum. Fig. 3(a) demonstrates a case of poor
spectral overlap since the peak of OPG spectrum
does not line up with the peak of the seed
spectrum, while Fig. 3(b) and 3(c) demonstrate a
case of good spectral overlap since the peak of
the OPG spectrum lines up well with the peak of
the seed spectrum. Spatial overlap is the overlap
between the pump and seed beams within the
crystal. This may be evaluated by comparing the
features of the OPG and OPA output spectra.
As shown in Fig. 3(b), the sidebands of the OPA
spectrum, which is nearly as broad as the OPG
spectrum, indicates a poor spatial overlap. Ideally
a good spatial overlap should provide OPA
sidebands that are narrower than the OPG
spectrum as shown in Fig. 3(c).
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(a) broad as the OPG. However, the system has

40 good spectral alignment since the peak of the

50 OPG line up with the peak of the seed laser.
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o0 laser spectrum and the sidebands of the OPA
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% jz OPA outputs, which are pulsed and the seed

% B laser, which is CW, differently. For this reason,
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100 different instrument were performed to make
1565 1570 A i 1575 1580 the energy comparisons.

Fig. 3. Output spectra. (a) Demonstration of poor
spectral overlap case. Notice how the peak of
the OPG spectrum does not line up with the
peak of the seed laser spectrum. (b) Demon-
stration of poor spatial overlap case. When
the seed beam is not collinear with the pump
beam, the output OPA spectrum becomes

very broad at the bottom which could be as
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OPO/OPG/OPA FWHM Comparisons
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Fig. 4. FWHM comparisons between OPG, OPA, and
OPO. For each plot, FWHM is the width of the
feature measured at the amplitude of -3 dBm

down from the peak.

Full width at half maximum (FWHM) for the
OPG/OPA/OPO was measured from Fig. 4. In the
plots, the OSA was set at the highest resolution
of 0.06 nm with a high sensitivity of -90 dBm.
Data in each plot are averaged between 5 to 10
pulses or until the pattern of the plot does not
appear to change. In an amplitude unit of dBm,
FWHM is measured at -3 dBm down from the
peak of the spectrum. From the figure, the FWHM
of the OPG, OPA, and OPO were measured to be
1.400, 0.2232, and 0.0941 nm, respectively. This
makes the OPO the best option for a DIAL laser
transmitter which requires a narrow linewidth.

It should be noted that the spectrum
measurements by the OSA in Fig. 4 cannot be
used for intensity comparison between the OPG/
OPA and OPO. Although the OPO is built upon the
OPA setup, adding an optical cavity will change
the output beam shape and direction. Even
with our best realignment efforts, the amount
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of output beam that is fiber coupled into the
OSA still reduces significantly. Consequently, the
OPO peak appears smaller than the OPA peak,
but this does not necessarily mean the OPA
output energy is greater than that of the OPO.
To compare output energies between the OPA
and OPO, energy measurements were conducted
separately. Nevertheless, FWHM determined from
the OSA measurements can be used for compari-
son among OPG, OPA, and OPO.

3.2 Output energy

Results of the output energy measurements
using a Thorlabs energy meter model PM100D
with ES111C power detector are shown in Fig. 5.
The plot in Fig. 5(a) is the output at the crystal
exit location in which output measurements at
the detector location have been corrected by the
transmissions of all the optical elements along
the path shown in Fig. 1. The optical-to-optical
conversion efficiency shown in Fig. 5(b) is defined
as a percentage ratio between the output signal
energy and the input pump energy. At below 8
mJ input pump energies, the output energy and
conversion efficiency from the OPO is the highest,
which was expected. However, at above 8 mJ
input pump energies, the OPO output energies
drop down and become lower than that of OPG
and OPA. This is likely due to the phase mismatch
resulting from the increase of crystal temperature
at higher input pump energies. The conversion
efficiency reaches a maximum of about 18%,
19%, and 20% for OPG, OPA, and OPO, respec-
tively. It should be noted that all experimental

measurements are limited at 12 mJ input pump



energy to prevent damaging the crystal and all

other optics.
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Fig. 5. (a) Output signal energy at 1571.406 nm
wavelength of the OPG, OPA, and OPO. (b) The
corresponding optical-to-optical conversion

efficiency of OPG, OPA, and OPO.

3.3 SNLO comparison

To estimate the values of the effective
nonlinear coefficient, deff, which acts as a cain
term and the quasi phase mismatch factor, Ak,

which acts as a loss term in the system, the
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OPA experimental data is compared with the
theoretical OPA model in SNLO developed
at Sandia National Laboratory [26]. In the
comparisons, all SNLO input parameters are
entered based on our actual experimental setup.
By varying the input values of the pump energy,
deﬂ’ and Ak, SNLO can calculate and predict
the output signal energy of the system. The
conversion efficiencies are calculated based on
the output signal energy acquired from SNLO and
plotted with the experimental data as shown in
Fig. 6(a) for comparison. The best-fit result to the
o 13 pm/V and Ak =

300 m™! as shown by the red curve in the plot.

experimental data has d

It should be noted that, in the comparison, the
experimental data at low input pump energies
of below 3 mJ and at high input pump energies
of above 7 mJ were neglected. The reason for
neglecting the low pump energies is that the
detector cannot accurately detect extremely
low output energies and thus produces large
errors. The reason for neglecting the high pump
energies is because SNLO model does not take
into account the effect of crystal saturation at
high pump energies.

The estimated value of deff from SNLO
OPA model was used along with other actual
experiment parameters as SNLO OPO model
inputs. It should be noted that the SNLO OPO
model assumes a symmetric cavity. Therefore,
the inputs for the flat mirror are modified as if
they are for another curved mirror that would
make the cavity symmetric. For SNLO OPO

model, Ak is set to zero for the case of perfect
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quasi-phase-matching. Results from the SNLO
model in comparison with the OPO measure-
ments are shown in Fig. 6(b) and 6(c). Although
with a lot of noise, the theoretical prediction
in SNLO and the experimental data show good

agreement.

(a)
OPA on SNLO Fit (Ak=300 m)

(c)
55 OPO vs SNLO (d_¢=13 pm/V, Ak=300 m)

30 ==
—
gont F2 L e R
= 2D -~ L [
E'EG. P -~ - ’J," .
> P - d
= 20 ol e
2
2 AR e
. 15 // = r ......... deff =12 pm/V
5 y A ] —— deff =13 pm/V
s i / A — — ~deff =14 pm/V
S ,’;’, ‘ deff = 15 pm/V
? l:’: : — —deff =16 pm/V
0 ‘_/J’,f,- —o— Experimental Data
0 2 4 6 8 10 12
Input Pump Energy (ml)
(b)
55 OPO Vs SNLO (d =13 pm/V, Ak=300 mt)
E v
3
€15
[N}
E
8o q
v
5
o
£0.5
= —o— Experimental Data
0

0 2 4 6 8 10 12 14 16
Input Pump Energy (ml)

152 v 4

16 (2561) VOL.16 (2018)

= 20
=
=
€ 15
b
S 10
g —o— Experimental Data
S5 5
[

O 1 1

0 2 4 6 8 10 12 14 16
Input Pump Energy (ml)

Fig. 6. (a) OPA conversion efficiency comparison

between the experimental data and SNLO
model. (b) OPO output signal energy
comparison between the experimental data
and SNLO model. (c) OPO conversion efficiency
comparison between the experimental data

and SNLO mode.

4. Conclusion

The goal of our development of the
near-infrared OPQO is to be used in the application
of atmospheric studies by implementing it in a
DIAL laser transmitter for the spatial mapping
of CO, and CH, concentrations. We presented
the first phase results of a singly-resonate OPO
using a PPLN crystal in a linear cavity with a dither
locking technique. The OPO was pumped with a
Q-switch 1064 nm Nd:YAG laser and seeded with
a 1571 nm DFB CW laser. We obtained an output
signal at the on-line wavelength for a CO, DIAL of
1571.406 nm with a narrow linewidth of 0.0941
nm FWHM and 2 mJ averaged pulsed energy. The

optical-to-optical conversion efficiency reached




about 20%. Good agreement between the
theoretical prediction in SNLO and the experi-
mental data confirms experimental success of
the OPO. Further improvements of the OPO
design based on the SNLO modeling could
potentially meet the requirement of the DIAL

transmitter.
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