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Abstract. Fast, accurate measurement of the methane mixaetwork at the surface into the vertical, a necessary step to
ing ratio in natural air samples using a compact solid-statbetter constrain the glob&H, budget [2], would overwhelm
3.4-um difference-frequency spectrometer is reported. Thehe current analysis capacity.

spectrometer employed bulk periodically poled lithium nio-  Infrared laser spectroscopy is a uniquely effective method
bate (PPLN) pumped by a solitary diode lase8@8 nmand  for the measurement of trace gas concentrations because it
a diode-pumped monolithic rind:YAG laser at1064nm  combines high precision, remote sensing capabilities, and fast
and a300 cn? volume multi-pass absorption cell with 48  response. These features can benefit applications in which
m path length. The methane mixing ratio was determined bynany gas samples are analyzed or time-dependent changes in
comparing the direct optical absorption measured in the sangas concentration are monitored. Several instruments have
ple with that measured in a reference gas@Q torrand room been developed based on lead-salt diode lasers that of-
temperature. Relative accuracy of better tHappb (parts fer detection sensitivities down t0.05 ppb (parts in 10°,

in 10°, by mole fraction) was achieved in measurements oby mole fraction) for several trace species in air at atmo-
natural air that containetiz00-1900 ppbmethane. The typ- spheric or reduced pressure [3—5]. However, lead-salt diode
ical measurement time for each sample wWaseconds. The lasers require cooling to liquid nitrogen temperatures, have
accuracy was limited by residual interference fringes in thgroblems with mode jumps and multi-mode operation, and
multi-pass cell that resulted from scattering. Without the useften require a large monochromator for mode selection,
of reference samples, the relative accuracy 8@apph itwas  which in many applications are considerable disadvantages.
limited by the long-term reproducibility of the spectroscopicThe need for cryogenic cooling can potentially be elimi-
baseline, which was affected by drift in the optical alignmentated in infrared spectrometers based InAsSb [6] and
coupled to changes in the ambient temperature. This worknGaAsSH7] semiconductor lasers, which have recently seen
demonstrates the use of diode-pumped difference-frequencgnsiderable development. They hold the promise of poten-
generation (DFG) in PPLN in a high-precision infrared spectial single-frequency operation with output powers in excess
trometer. Compact, room-temperature solid-state gas sensasl mWat temperatures that can be reached with Peltier cool-
can be built based on this technology, for accurate real-timers. However, single-frequency, single-spatial-mode lasers
measurements of trace gases in 8 um spectroscopic are not currently available. An attractive alternative to

region. mid-infrared diode lasers is difference-frequency generation
(DFG). Difference-frequency mixing ofAr™ and dye [8],
PACS: 07.65; 33.00; 42.60; 42.65; 42.80 also dye andTi:Al,O3 [9] lasers was effectively used for

high-resolution infrared spectroscopy of stable molecules and

short-lived free radicals. Several feasibility tests have re-
Precise measurements of the global distribution of trace greerently indicated that DFG-based spectrometers pumped by
house gases such @sl4, CO,, andN,O provide some of the commercial near-infrared diode lasers can cover most of the
best-known constraints on their global budgets, i.e. sources tepectroscopic fingerprint region froétto 18um. In particu-
and removal from, the atmosphere. For example, the NOAAar, typical linewidths of less thas0 MHz and output powers
Climate Monitoring and Diagnostics Laboratory (CMDL) op- from 0.5to 30uW have been reported for diode-pumped DFG
erates a globally distributed network of surface air samplingources operating nedpm [10], 4pm [11], 5pm [12], and
sites from which more than000air samples are analyzed for 9um [13]. In these experiments, spectroscopic measurements
CHj each year [1]. The current measurement technique, gag methane and carbon monoxide in natural air have indicated
chromatography (GC), is robust and precise (with a relativéhat detector-limited sensitivity can be achieved, correspond-
precision of~ 0.1%), but it is slow, requiring approximately ing to minimum detectable column densities of less than
15 minutes for each measurement. Expansion of the samplirid ppb n(Hz)*l/Z. Waveguide DFG sources hold promise for
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higher output powers, but no practical spectroscopic systerh064 nmwhile using the largest nonlinear coefficient in lithi-
has yet been reported. um niobategdss = 27 pm V1, for mixing three extraordinarily
The purpose of this work was to design and test an all-solidsolarized waves. Quasi-phase-matched generatiBi36fim
state room-temperature IR spectrometer for fast measuremematiation (idler) was achieved by using an effective grat-
of atmospheric methane with a precision ef 1 pph and ing period of22.2um, with an external incidence angle of
to investigate the long-term stability of its calibration. We 13.2°.
report the operation of such a compact spectrometer, based The idler was collimated by an uncoatédF, lens. With
on quasi-phase-matched DFG34 um in bulk periodically 70 mW of diode power at808 nm and 500 mW NdYAG
poled lithium niobate (PPLN) pumped by a solitary diode lasepower at1064 nmincident on the uncoated mixing crystal,
and a diode-pumpeblld:YAG laser. The spectrometer was a maximum of3.4uW idler power was measured. Because
used for measurements of the methane mixing ratio in naturéthe PPLN crystal was oriented such that the incident beams
air samples with< 1 ppbrelative accuracy with signal aver- propagated at an angle with respect to the grakivgctor,
aging time of60 seconds. This is the first reported applicationa walkoff between the idler beam and the incident beams
of PPLN in a high-precision infrared spectrometer. limited the interaction length to approximateflymm This
phase-velocity walkoff [15] effect, analogous to Poynting
vector walkoff in birefringent materials, could be avoided
1 Experimental setup by using a22.2-um grating period at incidence close to
normal.
Figure 1 shows a schematic diagram of the DFG spectrom- Approximately 40% of the IR output was deflected by
eter used forCH; measurement from natural air samples.an uncoate@nSewedge and measured at a liquid-nitrogen-
It employed two compact laser sources1@ mW solitary  cooledinSbdetector. The beam transmitted through the wedge
Fabry—Perot diode laser 88 nm (pump) and a500 mW  was focused into a multi-pass absorption cell which provided
diode-pumped monolithic rindNd:YAG laser at1064nm an 18 moptical path length witf0 passes through the sam-
(signal). The single-frequency outputs of these two laserple volume of300 cn¥. The cell had a tilted3aF, window
were mode-matched, combined by a dichroic beamsplittegnd a measured optical throughput of 41% which corresponds
and focused into an uncoated PPLN crystal. Tlilemm  to a mirror reflectance of 99.1%. The cell was connected to
by-10 mm crystal was cut from a 0.5-mm-thick wafer of arotary pump and a manifold that allowed switching between
lithium niobate with a21um periodic domain grating fab- two high-pressure aluminum cylinders containing natural air
ricated by electric field poling [14]. The input facets werethat had been previously calibrated for methane at CMDL.
cut 13° relative to the grating lines, making it possible to The pressure in the cell was maintained n&@ap tor;, as
use effective grating periods betwe2bum and24um with  measured by a capacitive manometer Withl torrresolution
external incidence angles bel®%°. This configuration al- and 0.2 torr accuracy. The cell temperature was measured
lows room-temperature generation 5pum radiation by  using a mercury thermometer withl °C resolution. After
mixing near-infrared diode lasers with Md:YAG laser at the cell, the DFG beam was collected by an off-axis parabol-
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ic mirror and focused onto a second liquid-nitrogen-cooledefore the isolator. The Brewster plate was rocke8l ldr to
InSb detector with al x 1 mn? active area. The detector scramble the phase of the optical feedback. This did not re-
had a noise-equivalent power (NEP) b7 pW(Hz)~%/2 at  move the feedback, but it did ensure a reproducible baseline
3.4um. for absorption spectra which were averaged over many scans.
We observed alignment-dependent optical interference
fringes in the multi-pass absorption cell. They were caused
2 Reduction of interference and noise by scattering from beam spots in close proximity to the output
window at the center of the front mirror. The smallest magni-
In addition to the basic elements described above, several othtede of these fringes was approximatsly 10~# absorption
components were required to improve the output stability andnits. To cancel the fringes, a voice coil was attached to the
tuning characteristics of the DFG spectrometer. Initial measeell. The coil was driven by a sine-wave generator tuned to an
urements showed that the linearity of the frequency sweepcoustic resonance in the cell né&f0 Hz Vibration of the
of the pump laser was degraded by weak optical feedbaatell mirrors resulted in an excursion of fringes that was larger
from scattering in the optical isolator. This resulted in dis-than their period. This reduced the magnitude of the interfer-
tortion of the observed spectral lineshapes and an unstabémce in the averaged absorption signal by more than a factor
baseline profile. To reduce the unwanted distortion, a galvoef 10. No evidence of drift in the alignment of the cell mirrors
driven Brewster plate [16] was placed in the diode laser beawas found durindg weeks of experiment.

The commercialnSbdetector that sampled the DFG pow-
er before the multi-pass absorption cell was modified to have
a 77 K quartz filter and an aperture. The dc-coupled detector
HO output was subtracted from a precision voltage reference, and

2 the filtered error signal was used to control an acousto-optic
modulator placed in th&ld:YAG beam. This servo removed
amplitude modulation associated with frequency scans, beam
offset caused by motion of the Brewster plate, acoustic vibra-
tion, and alignment drift. However, since the servo-stabilized
1 CH, P@) output of the monitor detector includes dark voltage, the out-
put DFG power still changed as the dark voltage changed
] with temperature. Temperature stabilization of the entire sys-
tem, including the background seen by the monitor detector,
could improve the power stability. After the wedge beamsplit-
ter, the IR beam path to the first detector was nearly equal to
the beam path outside the multi-pass cell to the second detec-
2088.2 | 2988.4  2008.6  2988.8 2989.0 29892 2089.4 tor, making it possible to cancel out absorption by methane

Frequency, cm'’ in ambient air. Considering that temporal fluctuations of the
Fig. 2. Survey absorption spectrum of room air n@85um at 100 torrin _methane Concemrfit'on In room air Cfin eaS|Iy exceed 10%*
a10-m multi-pass cell. The observed transitions belong tow2@8g6 cntt  improper cancellation of stray absorption would result in sig-
and lower) and the P(3) group of metha@8§88 cmi * and higher). Thetrace  nal errors that are unacceptable in this precision application.
shown is a 1024-sweep average with baseline subtracted. The sweep rate YRitrogen-purging of the spectrometer would further reduce
100Hz stray absorption caused by spatial fluctuations of methane
concentration.

100 torr room air, 10 m path

Absorption, arb. units
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absorption signal

60 3 Control and measurement

The temperature of the Fabry—Perot diode laser was stabi-
lized for operation with a center wavelength8{i8 nm Fine
wavelength tuning and scans were performed by modulation
of the laser drive current. The maximum available fine-tuning
range of35 GHzwithout mode-hops was sufficient for simul-
taneous observation of several strong molecular transitions
of methane and water (Fig. 2). For absorption measurements,
a tuning range off GHz was adequate to capture a single
methane peak. The DFG signal detected after the multi-pass
‘ { ‘ absorption cell was low-pass filtered beld@ kHz and dig-

0 5 10 15 20 itized by a 16-bit analog-to-digital converter. The frequency

Time, ms sweep was triggered bys® Hzchopper, such that the IR beam

Fig. 3. A single period of a typical waveform seen by the signa@bdetector.  \yas blocked during retrace of the frequency sweep. This ar-

A direct-absorption spectrum of an isolated methane line was recorded duri : : : )
the first10 ms Over the nexL0 ms the beam was blocked by the chopper andr}%mgement permltted sampllng of the S|gnal detector's dark

the dark voltage was recorded. The average of the dark voltage was subtract\é@ltag_e and the absorption trace during each sweep cyc!e, as
from the entire trace seen in Fig. 3. Th&0 Hz sweep rate was chosen to combine
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at best. The sample pressure and pressure-broadening coeffi-
L30 cient, both known to better thah0.2%, are included in the
8751 above formulain the form afv,, and their combined effect on
P20 the value of the normalized Voigt function is less than 0.04%.
Initially, an attempt was made to determine the constant of
proportionality in the above formula. With the use of a single
air sample with known methane mixing ratio this should be
possible, and the result could be used to mea€tg from
other samples. We have found, however, that the day-to-day
reproducibility of the spectroscopic baseline, which depended
on alignment and was strongly coupled to changes in ambi-
L-30 ent temperature, limited the accuracy of such measurement
to about 1%. This demonstrated that measurements with 1%
8807 1 : I : 7 . o absolute accuracy would be possible, and in many cases such
Time, ms accuracy is more than adequate. However, our specific applica-
Fig. 4. A close-up of an absorption peak (thick solid line) similar to that tion required precision of better than 0.1%. We have therefore
shown in Fig. 3. The thin solid trace in the middle is the difference betweerf€sorted to using a reference sample before (or after) each un-
absorption traces acquired 5 minutes apart. Detector noise can be seen in tieown sample. This is a somewhat less attractive technique
flat part of the trace. The anti-symmetric feature is a result of frequency drifhacquse it requires an additional gas transfer and roughly dou-
bles the measurement time. In some applications, however,
this is acceptable and could be used to verify whether the in-
minimal distortion of the signal by th€0 kHzlow-pass filter ~ strument is working properly. It is important to point out that
and reasonably short measurement time. this technique does not solve the problem of baseline drift;
Each measurement consisted of 300 sweep av- it only makes the drift insignificant on the time scale of an
erage acquired ove60seconds. An example of such individual measurement.
measurement—a trace of detector voltage versus time—is
shown in Fig. 4. The thick solid trace was acquired with the use
of cancellation of interference fringes in the multi-pass cell4 Performance testing and results
The thin solid line is the difference between two such traces
acquired5 minutes apart. The preamplifier had a single-poleThe performance of the DFG spectrometer was tested by using
low-pass filter with & dB corner frequency 010 kHz The  four high-pressure aluminum cylinders filled with dry air,
equivelant noise bandwidth of the average3600sweeps as supplied by NOAA CMDL. All four cylinders had been
was 5.2 Hz. Infrared detector noise measured in this bandealibrated for methane at CMDL via gas chromatography.
width corresponds t8 x 106 rms absorption which can be The precision of the measurements was typically better than
easily observed in the thin trace because of the large dynanm-pply and methane mole fractions were assigned relative to
ic range 6+ 11 bitg available in the averaged signal. The the CMDL methane scale [1]. The testing was performed in
peak amplitude was extracted from the absorption trace biwo parts. In the first part, two cylinders (identification num-
using nonlinear least-squares fitting. Prior to fitting, the rebers 30516 and 37057) were supplied with their methane mole
trace average of the dark voltage was subtracted from the entifi@ctions. The second part was blind; the two authors perform-
trace. The parameters of the fitting included the peak positioring the spectroscopic measurements (KPP and SW) were not
pressure-and Doppler-broadened linewidihsanddvt,and  told the methane mole fractions in the two other cylinders
a linear fit to the baseline. Voigt line shape was assumed, ar($4040 and 30482).
a rational approximation [17] was used to compute the nor- The methane mole fractions assigned to the cylinders
malized absorption profile. Absorptienwas determined by used in the first test werd7753+ 0.1 ppb for cylinder
normalizing the peak amplitude to the value of the fitted base30516 and18967+ 1.3 ppb for cylinder 37057. Air sam-
line taken at the center of the peak. Values of the absorptioples from each cylinder were analyzed continuously Sor
for the various calibrated air samples used in the experimeminutes, with al5 minutepause between the samples. The
ranged between 3% and 4%. Corrected for total pressure apaduse was made to completely evacuate the multi-pass cell
temperature], of each sample, the absorption was assumednd to let the newly injected sample reach thermal equi-
to be proportional to the methane mole fraction in that samlbrium with the cell. These measurements were performed
ple [hereV(0; Avy/AvT) is the peak value of the normalized without cancellation of fringes in the cell. Figure 5 shows
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\oigt function]: the measured absorption by methane as a function of time.
The sample temperature 856.0+0.1°C though not active-

Cox—TIn(l—a)V ( %) ly stabilized, was not observed to change in this test. When

"Mvr ) corrected for differences in the sample pressure as explained

above, the ratio of methane mole fractions is found to be
Such correction was necessary because the cell temperatir8681 + 0.0015, versusl1.0684 4+ 0.0007 as calculated from
was observed to change by more tHi€ during the experi- the gas chromatograph data. As suspected, the primary source
ment, and the fill-to-fill variations in sample pressure were asf large deviations among individual measurements is inter-
large ad).5 torr. The constant of proportionality is omitted in ference fringes in the multi-pass absorption cell. Although
the above formula, since it depends on quantities such as theeak, they still produced baseline features clearly distin-
line intensity and optical path length — each knowntt#2?%s,  guishable from detector noise, and they affected the precision
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with which the fitting parameters were determined. Since na@able 1. Summary of methane mixing ratios measured usin@t#gm DFG
changes in the ambient temperature were observed during tisigectrometer. Four samples were available in the experiment, and one of them

test. the measurements were not affected by drift in opticéPOSm) was used as a reference in all measurements. The methane mixing
’ ratio in this sample was assumed to be known exactly. Standard deviation

allgnment. . . shown for the DFG data therefore only includes errors of measurement of
In the subsequent blind tests, cylinders 30482 and 64044bsorption, temperature, and pressure. Sample 37057 was measured without

were analyzed. Cancellation of interference fringes in theancellation of interference in the multi-pass cell, hence the large error bar

multi-pass cell was used this time, as the need for it had

been clearly realized. Measurements of optical absorption, SYiinder ~ CDMLCH; — standard ~ 34umDFG  standard
identification assignment  deviation measurement deviation

in cylinder 30482 relative to cylinder 30516 (reference) ™ yper 6pb) (ppb) (ppb) (opb)
gave a methane mixing ratio df7811+ 0.8 ppb after cor-
rection for pressure and temperature (Fig.6). TOEj, 64040 1753.8 0.2 1754.3 0.8
mixing ratio assigned to that cylinder by CMDL was 30516 1775.3 0.1  used as areference /a n
17819+ 0.9 pph A summary of data obtained for all sam- 30482 1781.9 0.9 1781.1 0.8
ples analyzed in the experiment is given in Table 1. Since 37057 1896.7 L3 1896.2 3.0
5.9 : . . N . . : cylinder 30516 was used as a reference in all measure-
1896.7 ppb ments, its methane mixing ratio 7753 ppbwas assumed
] b, e to be known exactly. Therefore the uncertainty in the mix-
ing ratio determined by CMDL is not included in the
381 errors given for spectroscopic measurements. The errors
c ' quoted in Table 1 represent instead the combined uncer-
2 tainties in the measured optical absorption, temperature, and
5 a7 | pressure.

5 The data suggest that the combined uncertainty of the
2 spectroscopic measurements over 1 minute is less than
s6d & o5 = o = 1ppb for a typicz_il ambient methane mixing ratio of

17753 ppb 1709—1900 ppb This is eq_uwalent to about 0.06.% rms
] relative accuracy. Taking into account the conditions of
our experiment 18 m path length,5.2 Hz bandwidth) we
3.5 ‘ ‘ * N * ' ' estimate the noise-equivalent methane column density of
0 2 4 6 18 20 22 24 71/2
Time, min 6.3 ppbm(Hz) /<.

Fig. 5.Peak absorption b§H, versus time, measured for two air samples pre-

viously calibrated for methane (indicated on the plot). The measured ratio oé

mole fractions i<.0681 -+ 0.0015, after correction for differences in pressure. © Summary
This can be compared with the ratiob0684 + 0.0007, determined from the

CH, mole fractions assigned to the samples. Cancellation of interference wag/e have demonstrated a precise spectroscopic application of

not used in this data, hence the large error bar diode-pumped difference-frequency generation. A compact
3.4-um spectrometer employed a 1-cm-long PPLN crystal
3.620 with a21-ym domain grating period, pumped by two compact
solid-state lasers: 400mW solitary laser diode a808 nm
UNKNOWN (pump), and a diode-pumped monolithic rihigl: YAG laser

38157 at10645 nm(signal). With a maximum total output power of

]L | l ’J( ; 3.4uW at 3.4um, the DFG source of the spectrometer per-
]L]HL ! l# J[ formed continuous frequency scans of more ti3&nGHz

T and could be tuned over more th&0cm! by scanning
the temperature the pump laser. The use of a galvo-driven
Brewster plate allowed compensation of feedback distortion
of the frequency sweep. Sampling and servo control of the

3.600 | ]LJ[J[JHH[ ]HLT output power allowed cancellation of the amplitude mod-

3.610

3.605

% Absorption

ulation and noise due to frequency sweep, acoustic noise,
5.595 and alignment drift. The spectrometer employed a compact
1775.3 ppb 18 m multi-pass cell which had an optical throughput of
‘ 41%.

8.590 7 T 10 15 20 % 20 The measurements were made relative to the CMDL stan-

Time, min dard methane scale. With a measurement tini0afeconds,

Fig. 6. Peak absorption b€H, versus time for air from two high-pressure direct-absorption spectroscopy of methane in natural air sam-
cylinders. The 10 measurements plotted on the lower left from cylinder 3051¢les was performed, and the methane mixing ratios were
(with a CH4 mole fraction of17753 ppbassigned b_y CMDL) were _used as determined with a precision of better tharppb The pre-
areference. The 10 measurements in the upper right were for cylinder 304

which was analyzed as an unknown. The spectroscopic result for the unknoﬁﬁsmn was limited by residual interference fringes in the

was17811+ 0.8 pph this compares well with the value 67819+09ppb ~ Multi-pass cell. Th? peak-to-peak m_agnitUde of the fringes
assigned by CMDL corresponds to a signal-to-noise ratio 5O for the meas-
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ured optical absorption of- 3.5%. Without a reference References

gas, the relative accuracy &0 ppb was limited by the

long-term stability and reproducibility of the spectroscop- 1.

ic baseline. The baseline profile depended on the optical
alignment, which drifted following changes in the ambient
temperature.
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