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Abstract

Trace gases and their isotopic ratios in planetary atmospheres offer important but sub-
tle clues as to the origins of a planet’s atmosphere, hydrology, geology, and potential for
biology. Calculations show that an orbiting laser remote sensing instrument is capable
of measuring trace gases on a global scale with unprecedented accuracy, and higher5

spatial resolution that can be obtained by passive instruments. Our proposed lidar uses
Integrated Path Differential Absorption technique, Optical Parametric Amplifiers, and a
receiver with high sensitivity detector at 1.65 µm to map methane concentrations, a
strong greenhouse gas. For Mars we can use the same technique in the 3–4 µm spec-
tral range to map various biogenic gas concentrations and search for the existence of10

life. Preliminary results demonstrating methane and water vapour detection using a
laboratory prototype illustrate the viability of the technique.

1 Introduction

Methane is the second most important anthropogenically produced greenhouse gas.
Though its atmospheric abundance is lower than that of CO2 (1.78 ppm vs. 380 ppm) it15

has a 23 times larger (see IPCC report 2007) greenhouse heating potential. Methane
also contributes to pollution in the lower atmosphere through chemical reactions lead-
ing to ozone production. Atmospheric methane concentrations are highly variable and
have been increasing as a result of increased fossil fuel production, rice farming, live-
stock and landfills. Natural sources of methane include wetlands, wild fires, and ter-20

mites and perhaps other unknown but significant sources (Keppler et al., 2006). Vast
amounts of methane are contained in the continental shelf in the form of methane
hydrates. Important sinks for methane include non-saturated soils and oxidation by
hydroxyl radicals in the atmosphere. Trends in atmospheric methane concentrations
have been highly variable over the last two decades and the reasons are still poorly25
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understood. Better knowledge of atmospheric methane distribution and fluxes are
needed for a correct assessment of its impact on global change (Houghton et al., 2001).
NASA’s Decadal Survey for the Active Sensing of CO2 Emissions Over Nights, Days,
and Seasons (ASCENDS) mission recognized the importance of methane and stated
that: “Ideally, to close the carbon budget, methane should also be addressed, but the5

required technology is not now obvious. If appropriate and cost-effective methane tech-
nology becomes available, methane capability should be added” (National Research
Council Decadal Survey, 2007).

Our observations of greenhouse gases have been previously limited to in-situ (sur-
face and tower sites) and sparse airborne measurements. Since 2009 space mea-10

surements have become available from the JAXA GOSAT mission (see for example
Hamazaki et al., 2007 and Yokota et al., 2009). More global observations are urgently
needed in order to better understand climate forcings and to reduce the uncertainty in
the carbon budget. Several greenhouse gases must be measured in order to under-
stand the complete carbon budget. Methane levels have remained relatively constant15

over the last decade around 1.78 parts per million (ppm) (Dlugokencky et al., 2003)
but recent observations have indicated that levels may be on the rise. The underlying
causes for these trends are still uncertain. One hypothesis is that vast reservoirs of
methane are trapped in the permafrost regions of North America, Europe, and Siberia
and as global temperatures rise large amounts of methane will be released into the20

atmosphere (Christensen, 2004). Another hypothesis points to increased production
of methane by methanogenic microbes as the permafrost warms up and temperatures
rise.

Methanogenic microbes or other extremophiles may be present below the surface on
other planets. Habitable environments are believed to have existed in the past on Mars25

and could potentially persist today. Thus, the ability to make well-resolved measure-
ments of CH4, and its isotopes in planetary atmospheres is important. However, inor-
ganic processes can also produce trace gases, such as CH4, that may be mistaken for
biogenic markers. These processes involve the out-gassing of primordial components,
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comet impacts, and reactions with volcanic rock in hydrothermal systems. To distin-
guish organic from inorganic sources will require quantitative regional and temporal
concentration estimates of traces gases.

Trace gases have been measured in the Mars atmosphere from Earth, Mars or-
bit, and in-situ on the Martian surface. Recent planetary missions and ground based5

observations (Smith, 2008; Mumma, 2004, 2009) have provided strong evidence of
reservoirs of methane and water on Mars (Smith, 2009) which could potentially har-
bor life. The observations suggested large seasonal and spatial variations of methane
concentrations in the Martian atmosphere.

The atmosphere of Mars is surprisingly dynamic with various processes driving10

changes in the distribution of CO2, dust, haze, clouds and water vapor on global scales
(Kahn, 1992). The Mars atmosphere exchanges nearly 30% of its mass with the solid
surface annually. This process consists of precipitation and sublimation of solid CO2.
To fully resolve its components and activity, requires high spatial resolution. Some pro-
cesses, such as polar cloud formation, also occur at night, and which are invisible to15

most passive sensors. A lidar that can accurately quantify trace gases in planetary
atmospheres, localize their sources and variability, and determine their lifetime can
observe these processes and help answer questions about planetary evolution, and
potential for life.

2 Measurement approach and technology20

In order to measure remotely trace gases, two primary components are needed: a
tunable transmitter with sufficient energy, whose spectral emission will overlap the gas
absorption lines; a receiver with a sensitive detector to detect the reflected laser energy.
Many trace gas molecules of interest have their fundamental absorption bands in the
3–4 µm region, thus using a transmitter in this region will significantly enhance the25

sensitivity of the measurement. The molecular overtone bands in the near infrared
region may be more suitable in cases where multiple species interfere with each other
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or if the lines are so strong they completely absorb the laser radiation.
Methane has absorptions in most of the near and mid-IR spectral range. The

strongest bands are at 1.65, 2.2., 3.3 and 7.8 µm. The band at 3.3 µm is the strongest
and is ideal for making high sensitivity measurements of methane in low-pressure
planetary atmospheres, such as Mars. The average surface pressure is ∼6–7 mbar,5

which minimizes pressure broadening and results in narrow absorption lines. For ex-
ample, the Doppler width of a CH4 line at 3057.726 cm−1 (3270.404 nm) is 0.0079 cm−1

(237 MHz). A very high resolution FTIR spectrometer with a resolution of ∼0.03 cm−1

(900 MHz), is more than three times the width of the CH4 line. By comparison a laser
spectrometer could have 0.000033 cm−1 (1 MHz) resolution and therefore sensitivity.10

Measurements from passive spectrometers in the mid-infrared are also restricted to
the sunlit side of a planet, generally in the mid latitudes. To map the global distribution
of these gases, requires an instrument with high sensitivity and spatial and spectral
resolution that also has global coverage measuring during both day and night.

Figure 1 shows the expected atmospheric transmission from 3.0 to 4.0 µm and Fig. 215

the shows the expected methane absorption at 3.270 µm through the Martian atmo-
sphere from an orbit of 400 km. A uniform 10 parts per billion (ppb) volume mixing ratio
was assumed for methane in Fig. 2.

In contrast, the 3.3 µm spectral region is not well suited for methane measurements
in the Earth’s atmosphere. The CH4 lines in this wavelength region are too strong and20

will completely absorb the laser radiation in a few hundreds of meters. There is also
significant interference from water vapor thus making any accurate measurements of
methane extremely difficult. The near infrared overtones of CH4 at 1.65 µm are almost
two orders of magnitude weaker than those at 3.3 µm, but they are relatively free of
interference from other atmospheric species and are well suited for remote sensing25

of methane on Earth. Figure 3 shows the calculated one way transmittance from an
altitude of 450 km through the earth’s atmosphere at 1.651 µm. The candidate methane
lines are strong enough to be used for lidar observations with very little interference
from other species, including water.
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Both of these spectral regions (3–4 µm and 1.65 µm) are accessible with a laser
using Optical Parametric Generation (OPG). In OPG, a photon of an incident laser
pulse (pump) is divided into two photons by a nonlinear optical crystal. When the
pump power is high enough any photons that satisfy the energy and phase matching
conditions are converted. Optical Parametric Amplifiers (OPA) are a seeded version of5

OPG. Laser light from a signal beam propagates through a nonlinear crystal together
with a pump beam of shorter wavelength and the seed signal is amplified and an idler
is generated. The wavelength of the idler photons is the difference between the seed
and the pump. Finally an Optical Parametric Oscillator (OPO) can be regarded as an
OPA with optical feedback. The nonlinear crystal is placed inside a cavity just like a10

laser crystal in a laser resonator cavity. The differences between these methods are
illustrated in Fig. 4.

Our current breadboard experiment uses the OPA approach and is shown in Fig. 5.
A nonlinear periodically poled Lithium Niobate (PPLN) crystal is pumped by a pulsed
1064 nm Nd:YAG 1064 nm and seeded by a continuous-wave (CW) ∼1.6 µm diode15

laser. The pump source is a passively Q-switched, Nd:YAG non-planar ring oscillator
(NPRO) made by Innolight Inc. that emits a single-frequency output at 1064.5 nm. It
has a 3.3-ns pulse width and maximum energy of 60-µJ per pulse at a 6-kHz repetition
rate. The typical energy coupled into the crystal for conversion is ∼42 µJ. The laser is
operating in single mode and its optical linewidth is transform limited (∼133 MHz). The20

seed source is a CW, fiber-coupled, distributed-feedback (DFB) laser diode. The wave-
length of the laser diode is selected to be between 1530 nm and 1660 nm depending
on target trace gas. The laser diode is smoothly tuned across the absorption peak of
the target gas. The linewidth of the diode is less than 1 MHz. The OPA crystal is 50-mm
long, 1-mm thick, MgO-doped PPLN with 4 grating channels (30.0–31.5 µm). The end25

surfaces of the crystal were angled at 5◦ and AR coated at the pump, the signal and
the idler wavelengths, in order to minimize optical feedback and etalon fringes. The
temperature of the crystal is tuned between 70 ◦C and 170 ◦C to optimize the phase
matching at the target wavelength. The output beam is separated into three paths
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depending on wavelengths using dichroic mirrors. The signal and the idler are used
for gas detection through a gas cell or through an open-path. The signal and the idler
are detected by InGaAs and HgCdZnTe detectors, respectively and the signals are
averaged by a boxcar averager and digitzed for processing and display.

3 OPA performance and signal to noise ratio5

3.1 OPA tuning range, output energy, and efficiency

A very important parameter for a lidar is its tuning range. Figure 6 shows the present
tuning range of our system which we can achieve by changing the crystal’s grating
period and temperature. The center wavelength of the unseeded OPG spectra was
tuned from 1520 nm to 1770 nm. The corresponding tuning range of the idler output10

was 2670 nm ∼3550 nm. The full-width half-maximum of the unseeded OPG spectra
was about 2 nm at 1578.2 nm. Once seeded within the gain bandwidth, the output
spectrum followed the seed wavelength linewidth with >20 dB suppression.

The maximum energy we have achieved with the present setup is ∼10.0 µJ and it
was limited by the pump laser. Increasing the pump should increase the signal and idler15

pulse energies and it will also improve the detection sensitivity of the lidar instrument.
Figure 7 shows the relationship between signal and pump energy, and Fig. 8 shows
the signal energy vs. seed power for a fixed pump power. The maximum power we
obtained with a 42-µJ pump and a 393-mW seed at 1578.2 nm, was ∼10.8-µJ signal
energy and ∼5.2 µJ of idler energy. Thus, the total optical conversion efficiency was20

(10.8 µJ+5.2 µJ)/42 µJ∼38%. When there was no back conversion, the relationship
agreed well with theory (blue curve in Fig. 7). With a more efficient pump source the
overall efficiency of the laser transmitter can be as high as 10%.
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4 Experimental results

4.1 Detection of methane, water vapor, and carbon dioxide at 3.3 µm

After optimizing our system for 3.3 µm we demonstrated methane detection in a cell.
Figure 9 shows the results of the scans with the optimized system at two different en-
ergy levels for the OPA and comparison with the theoretical spectrum as calculated5

from the HITRAN data base. Even at high power (∼6.95 µJ/pulse) the agreement be-
tween theory and experiment is excellent. Figure 10 shows water vapor spectra at
∼2.996 µm at various pressures through the cell.

In our setup (Fig. 5) we get both the idler and the amplified seed wavelengths. Our
seed wavelength is 1.578 µm which is coincident with a near CO2 absorption. In fact,10

both methane and CO2 absorptions can be scanned simultaneously (Fig. 11). This is a
clear demonstration of the use of the OPA at two different wavelength ranges and also
illustrates the the capability of the instrument to measure more than one trace gas line
with a single laser. This feature could be especially useful for Mars where simultaneous
measurements of methane and carbon dioxide could be very beneficial. Even though15

this is not the optimum (strongest) CO2 line it can still be easily used on Mars, since
95% of the Martian atmosphere is composed of CO2.

Detection of methane on Mars requires high sensitivities on the order of 1 ppb. In
most spectrometers the limiting noise source is usually not random noise but other
instrumental effects, such as etalon fringes (see for example Werle et.al. 1993). We20

performed a series of experiments to establish the minimum detectable absorption of
our spectrometer. Figure 12 shows methane measurements in a cell at two different
pressures (0.072 and 0.065 Torr) in a 310 mm cell. The methane concentration was
2.91%. Even though there is a baseline structure, probably due to etalon fringes from
the PPLN crystal, we can clearly discern the absorption. Etalon fringes are basically25

interference effects from multiple optical surfaces in the optical path and can be the
limiting factor in laser diode spectrometers. Various techniques have been suggested
for reducing their impact (Werle, 2004; Bomse, 2006; Riris, 1994). At these pressures
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(0.072 and 0.065 Torr) the equivalent methane concentration in ppm was ∼2.8 ppm in a
310 mm cell. This translates to a sensitivity of 0.87 ppm/m. By comparison for remote
sensing measurements on Mars, where the atmospheric scalenegth is ∼11 km for a
total pathlength of 22 km, if we want to detect 1 ppb on Mars we must have a sensitivity
that exceeds ∼22 ppm/m. We obviously meet the detection sensitivity criterion and5

we are confident with a well engineered instrument we can increase the detection
sensitivity limit even further.

These results were repeated and verified with a methane mixture with lower concen-
tration (1000 ppm). Figure 13 shows methane measurements in a cell at two different
pressures (2.2 and 1.1 Torr) in a 310 mm (31 cm) cell. The methane concentration was10

1000 ppm or 0.1%. Even though there is still a baseline structure we can clearly dis-
cern the absorption at 2.0 Torr. Following the same calculations as above, we get a
sensitivity of 0.90 ppm/m, which is in close agreement with the earlier result.

For the open path measurements at this wavelength we used a cooperative target
overlooking the GSFC parking lot about 200 m away from our lab. The infrared beam15

was coupled into an infrared fiber, collimated by a 20 cm diameter transmit telescope
and sent to a reflective target 200 m away. The reflected beam was collected by a
20 cm diameter telescope and onto an infrared detector made by Boston Electronics
(PVMI 10.6).

Figure 14 shows the methane spectra from a 200 m (one way) open path measure-20

ment using a reflective target and comparison with HITRAN using 2.5 and 3.0% water
vapor concentration. The methane absorption is atmospherically broadened and there
is a strong water vapor absorption to the right of the methane line that completely
extinguishes the laser. However, it is clear from these results that this technique is
applicable to methane monitoring and is capable of achieveing high sensitivities.25

4.2 Detection of methane at 1.65 µm

The band at 3.3 µm is the strongest and is ideal for making high sensitivity measure-
ments of methane in low-pressure planetary atmospheres, e.g. Mars. However, this
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wavelength region is not well suited for methane earth monitoring. The CH4 lines in
this wavelength region are too strong and will completely absorb the laser radiation in a
few hundreds of meters. There is also significant interference from water which is highly
variable, thus making any accurate measurements of methane extremely difficult. The
near infrared overtones of CH4 at 1.65 µm are two orders of magnitude weaker than5

those at 3.3 µm, but they are relatively free of interference from other atmospheric
species and are perfectly suited for remote sensing of methane on Earth since they
are mostly not completely absorbed. The candidate methane lines are strong enough
to be used for laser remote sensing observations with very little interference from other
species, including water.10

By changing the seed laser we were successful in generating 1.65 µm and measuring
methane in a cell and an open path. Figure 15 shows the methane absorption cell at
various OPA power levels and a comparison with the expected absorption as calculated
from HITRAN in our cell. The agreement between the theory and experiment was
excellent and there was no significant degradation as the laser energy was increased.15

Ultimately a remote sensing instrument would have to operate from orbit or an air-
borne platform to make observations of the metahne in the atmosphere. We performed
open path measurements at 1650 nm to demonstrate the applicability of this technique.
The near-IR beam was coupled into an infrared fiber, collimated by a small transmit
beam expander telescope and sent to a reflective target 1.5 km away. The reflected20

beam was collected by a 20 cm diameter telescope and onto a near infrared detector.
Using the hard target we obtained very good agreement with theory. Figure 16 shows
a scan of the methane line at 1650.96 nm from a 1.5 km (one way) open path and
comparison with theory assuming a 1.745 ppm methane concentration.

We also demonstrated sensitive lidar measurements using a commercial photon25

counting detector (Hamamatsu H10330A-75). Although the quantum efficiency of the
PMT is very low (<1%) at this wavelength, it is still usable. The laser was aimed off
the hard target and pointed at the side of a microwave cell phone tower. One of the
wavelengths was chosen to be coincident with the absorption peak (as illustrated in
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Fig. 16) and the other wavelength was off the absorption. Figure 17 shows the return
from two closely spaced wavelengths (Online and Offline) and it clearly shows that the
online wavelength experiences significant absorption whereas the offline wavelength
does not.

5 Conclusions5

The goal of this work was to advance the technology readiness of a breadboard instru-
ment for future trace gas space missions. Specifically, our work is trying to address
the problem of detecting methane in planetary atmospheres (including Earth) and to
advance the technology readiness level (TRL) of a compact, active sensing instrument
to measure trace gases.10

We have generated amplifier laser radiation in the near and mid-infrared spectral re-
gions using optical parametric amplification and demonstrated detection of CH4, H2O,
and CO2 in absorption cells and in an open path. We hope to demonstrate the tech-
nique from an airborne platform next year.

This work should enable a future space LIDAR instrument to map various biogenic15

gases from orbit on Mars. For earth, we can use the same measurement technique at
1.65 µm to map global methane levels, in order to understand climate change and the
carbon cycle.
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by the Internal Research and Development Program at GSFC.

4685

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4675/2010/amtd-3-4675-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4675/2010/amtd-3-4675-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 4675–4705, 2010

LIDAR technology for
measuring trace

gases on Mars and
Earth

H. Riris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

References

Beck, J., Wan, C., Kinch, M., Robinson, J., Mitra, P., Scritchfield, R., Ma, F., and Cambell,
J.: The HgCdTe electron avalanche photodiode, IEEE LEOS Newsletter, 8–12 pp., October,
2006.

Bomse, D. S. and Kane, D. J.: An adaptive singular value decomposition (SVD) algorithm for5

analysis of wavelength modulation spectra, Appl. Phys. B, 85, 461–466, 2006.
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Table 1. LIDAR parameters used in the signal to noise ratio calculations for Mars orbit.

Parameter Value

Peak power 5 W (nominal)
Repetition rate 5 KHz
Pulsewidth 10 ns
Orbit altitude 400 km
Ground speed 3 km/s
Laser spot diameter 100 m
Detector quantum efficiency 70%
Telescope diameter 0.5 m
Off line transmission 70%
Surface reflectivity 0.26

4688

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4675/2010/amtd-3-4675-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4675/2010/amtd-3-4675-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 4675–4705, 2010

LIDAR technology for
measuring trace

gases on Mars and
Earth

H. Riris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 15

 1 

3000 3200 3400 3600 3800 4000
0.95

0.96

0.97

0.98

0.99

1.00
T

ra
ns

m
is

si
on

Wavelength (nm)

 CO2
 H2O
 H2CO
 HCl
 HCN
 N2O
 OCS
 CH4

 2 

Figure 1 One way atmospheric transmission from Mars orbit 3.0 to 4.0 m assuming 10 ppb 3 

mixing ratio for HO and 1 ppb for all other trace gases). 4 
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Fig. 1. One way atmospheric transmission from Mars orbit 3.0 to 4.0 µm (assuming 10 ppb
mixing ratio for H2O and 1 ppb for all other trace gases).
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Figure 1 One way atmospheric transmission from Mars orbit 3.0 to 4.0 m assuming 10 ppb 3 

mixing ratio for HO and 1 ppb for all other trace gases). 4 

3.2702 3.2703 3.2704 3.2705 3.2706
0.80

0.82

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02
T

ra
ns

m
is

si
on

Wavelength (um)

 CH4

 5 
Fig. 2. Two way methane transmission spectrum from orbit in the Martian atmosphere assum-
ing a uniform 10 ppb mixing ratio.
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Figure 2. Two way methane transmission spectrum from orbit in the Martian atmosphere 1 

assuming a uniform 10 ppb mixing ratio. 2 
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Figure 3. One way atmospheric transmission spectrum from orbit in Earth's atmosphere 4 

showing the methane absorption line at 1.651 nm 5 

Fig. 3. One way atmospheric transmission spectrum from orbit in Earth’s atmosphere showing
the methane absorption line at 1.651 µm.
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 1 

Figure 4. Optical Parametric Generation schematic showing the differences between optical 2 

parametric amplification and optical parametric oscillator.  3 

 4 

Figure 5. Optical Parametric Amplifier (OPA) Setup at GSFC used for this work. 5 

Fig. 4. Optical Parametric Generation schematic showing the differences between optical para-
metric amplification and optical parametric oscillator.
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Fig. 5. Optical Parametric Amplifier (OPA) Setup at GSFC used for this work.
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Figure 6. Signal tuning by changing period and temperature of MgO:PPLN crystal. Unseeded 2 

OPG spectra and seeded OPG spectrum at 1578.2nm are shown. 3 

10

8

6

4

2

0

S
ig

n
al

 e
n

er
g

y 
[µ

J]

50403020100

Pump energy [µJ]

 393.6mW seed
 37.2mW seed
 8.7mW seed (  fit)

 4 

Figure 7. Relationship between signal and pump energies at different seed power levels 5 

Fig. 6. Signal tuning by changing period and temperature of MgO:PPLN crystal. Unseeded
OPG spectra and seeded OPG spectrum at 1578.2 nm are shown.
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Figure 7. Relationship between signal and pump energies at different seed power levels 5 Fig. 7. Relationship between signal and pump energies at different seed power levels.
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Figure 8. Relationship between seed power vs. signal power at 42-J pump energy 2 

 3 

Figure 9 Functional Block Diagram of the Methane Instrument 4 

Fig. 8. Relationship between seed power vs. signal power at 42- µJ pump energy.
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Figure 10. Calculated Relative Measurement Error for a methane lidar as a function of laser 2 

energy.  A Relative Measurement Error of 0.01 means a 1% error in nominal the volume 3 

mixing ratio. 4 
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Figure 11. Methane Spectra through an absorption cell at 3.3 m 6 Fig. 9. Methane Spectra through an absorption cell at 3.3 µm.
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Figure 12. Water Vapor Spectra at various pressures through an absorption cell at ~ 3.0 m 2 

 3 

Figure 13. Simultaneous detection of CH4 at 3.270 µm (red) and CO2 absorption at 1.578 µm 4 

(blue) with our OPA. 5 

Fig. 10. Water Vapor Spectra at various pressures through an absorption cell at ∼3.0 µm.
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Figure 12. Water Vapor Spectra at various pressures through an absorption cell at ~ 3.0 m 2 

 3 

Figure 13. Simultaneous detection of CH4 at 3.270 µm (red) and CO2 absorption at 1.578 µm 4 

(blue) with our OPA. 5 

Fig. 11. Simultaneous detection of CH4 at 3.270 µm (red) and CO2 absorption at 1.578 µm
(blue) with our OPA.
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 1 

Figure 14. Methane measurements in a cell showing the minimum detectable absorption using 2 

2.91% methane mixture. 3 

 4 

Figure 15. Methane measurements in a cell showing the minimum detectable absorption using 5 

1000 ppm methane mixture. 6 

Fig. 12. Methane measurements in a cell showing the minimum detectable absorption using
2.91% methane mixture.
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 1 

Figure 14. Methane measurements in a cell showing the minimum detectable absorption using 2 

2.91% methane mixture. 3 

 4 

Figure 15. Methane measurements in a cell showing the minimum detectable absorption using 5 

1000 ppm methane mixture. 6 

Fig. 13. Methane measurements in a cell showing the minimum detectable absorption using
1000 ppm methane mixture.
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Figure 16.  Methane Spectra in a 200 m open path at 3.270 m. 2 

 3 

Figure 17.  Methane measurements at 1651 nm in a cell at various OPA power levels 4 

 5 

Fig. 14. Methane Spectra in a 200 m open path at 3.270 µm.
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Fig. 15. Methane measurements at 1651 nm in a cell at various OPA power levels.
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Figure 16.  Methane Spectra in a 200 m open path at 3.270 m. 2 

 3 

Figure 17.  Methane measurements at 1651 nm in a cell at various OPA power levels 4 

 5 
Fig. 16. Open path methane measurement at 1651 nm.
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Figure 18.  Open path methane measurement at 1651 nm. 1 

 2 

Figure 19.  Open path methane photon counting LIDAR measurements at 1651 nm. 3 Fig. 17. Open path methane photon counting LIDAR measurements at 1651 nm.
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