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Abstract. Design, performance characteristics, and applicaby Petrov et al. [5] proved the feasibility of fast measure-
tion of a room temperature mid-infrared laser spectrometement of methane in ambient air to better thhppb(parts

are reported. This compact instrument is based on difference 10°, by mole fraction). From this work it became clear
frequency mixing of a widely tunable external-cavity diodethat diode-pumped DFG gas sensors must meet two require-
laser and a diode-pumped monolithic Nd:YAG ring laser inments in order to become an attractive choice for use in field
periodically poled lithium niobate (PPLN). The difference- applications. First, each sensor must be versatile enough to
frequency tuning range &98um to 4.62um was sufficient  detect multiple gas species without interference from water
for detection of several atmospheric trace gases including cavapor, either in-situ or over a long open path in air. This man-
bon monoxide CO), nitrous oxide K,0), carbon dioxide dates a substantial tuning range, typically several hundred
(COy), and sulfur dioxide $O;). Real-time detection €O,  wavenumbers (Fig. 1), combined with an output power in ex-
N20O, andCO, was performed in open air over a path lengthcess ofl0pW cw. Second, the sensors must have a rugged
of 5 to 18 m The feasibility of DFG spectroscopic meas- optical construction in a small package, combined with low
urement of the*C/*?C and*®0/1’0/1%0 isotopic ratios in  power consumption for portability.

atmospheric carbon dioxide was also investigated. We report Goldberg et al. [6] used high-efficiency and wideband
what to our knowledge is the first simultaneous spectroscopiguasi-phase-matching properties of bulk periodically poled

measurement of all three isotopes of oxygen in amlii&nt lithium niobate (PPLN) for3.3—4.1um tunable cw DFG
with up to 0.5 mW output power, demonstrating coverage
PACS: 07:65 33.00- 42.60- 42.65" 42.80 of the major portion of the wavelength region in Fig. 1.

Balakrishnan et al. [7] reported the use of two high-power
tunable diode lasers as pump sources in a PPLN-based

Application of laser difference-frequency generation (DFG)
[1] to high-resolution spectroscopy of methane was first re-

ported by Pine [2]. His experiment demonstrated not only Apump (M)
the viability of a new method for generation of tunable mid-*®—28° 80 85 80 755 750
infrared light, but also its potential benefits to applications heignal =1064.5 nm m— HF
such as trace gas detection, chemical analysis, and indug- = OH-
trial process monitoring. However, the useAift and dye - gcn
lasers as DFG pump sources in the field did not appear feat e M;‘H
sible beca}use of their large size, fragility, and high power —_—_— H,CO
consumption. — S0,
Simon et al. [3] first obtained a tunable’-um difference- — CO;
frequency output by mixing room-temperature diode lasers - N0
at 690 nmand 808 nm Low output power 8nW) in their - ﬁg
experiment was not sufficient for use in high-resolutionspec-l . 1+ + + v 1 v vy s
troscopy, but it demonstrated that diode lasers were suitable 2°'°° . 25|°° 3000 | 3500 4000 cm-t
DFG pump sources. In a later experiment, Simon et al. [4] 5 2 Mmer(lum) 3 25

increased the difference-frequency output power to the mi-

. S . Fig. 1. Mid-infrared wavelength coverage by difference-frequency mixing
crowatt level with the use of cavity enhanced Slgnal Wave.of a tunable diode laser andl@645 nm Nd:YAG laser. Goldberg et al. [6]

at which point both h'igh-resolution spectroscopy and senshemonstrated coverage of tB®-5.5um range by DFG in bulk periodi-
tive trace gas detection appeared feasible. Subsequent tesiy poledLiNbO3. MMH is monomethyl-hydrazinelN,HsCHz
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difference-frequency spectrometer with up3buW output  ple, and a detector. Figure 2 shows a scaled diagram of the
power in the 3.34 tal.35um region. At the same time, sig- difference-frequency source. It is assembled 0B0&mx
nificant advances were made in the development of gratingd1 cm optical breadboard and employs two compact com-
tuned external-cavity diode lasers (ECDLSs) [8, 9]. mercial lasers as pump and signal sources. The signal laser
Reported herein are the design, performance charactés a 700 mW diode-pumped monolithic Nd:YAG ring laser
istics, and application of an all-solid-state compact mid-at 10645 nm (Lightwave Electronics, Inc., Model 126). The
infrared DFG laser spectrometer pumped by a widely tunablpump laser is &6 mW tunable external-cavity diode laser
(842-865 nm) ECDL and a diode-pumped Nd:YAG laser at (SDL, Inc., Model 8610). Tuning of the output wavelength
10645 nm The instrument employed a bulk PPLN crystalfrom 842 nmto 865 nmwas performed by rotation of its ex-
with eight domain grating periods from 22.4 g8 1um.  ternal diffraction grating. Continuous linear frequency scans
The tuning range of the spectrometer was frai@8um to  of up to 80 GHzwere performed by fine adjustment of the
4.62m, limited by the tuning range of the ECDL. The tun- grating angle with a piezoelectric actuator, driven B0eHz
ing range was sufficient for the detection of four atmospherit¢riangular wave. We found that after back-reflections into the
trace gasesCO, N,O, CO,, andSG,. Real-time measure- ECDL had been eliminated by proper optical alignment, the
ments ofCO, N,O, CO,, and the'*C/2C isotopic ratio in  remaining backscattering was insufficient to perturb single-
CO, were performed in open air. We also report the first specfrequency operation of the ECDL. The laser was therefore
troscopic simultaneous measurement of all three isotopes operated without optical isolation.
oxygen in atmospheri€0,. All of the above measurements For difference-frequency mixing of the pump and signal
were accomplished with a single compact DFG source used lasers we used 49-mm-long, 0.5-mm-thick PPLN crys-
two different sampling configurations. tal (Crystal Technology, Inc.) with domain grating periods
from 224 pm to 23.1pum in 0.1-um steps. The eight do-
main gratings were arrangedirB-mm-wide strips spaced by
0.1 mm Typical quasi-phase-matched difference-frequency
(idler) power at the output of the PPLN crystal wa$§ W,
The spectrometer described herein consists of a laser diffewith 11 mWincident pump power ang0 mWsignal power.
ence-frequency source, an optical path through a gas sarfihis amount of idler power is not sufficient for shot-noise-

1 Instrument description
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Fig. 2a,b.Scaled diagram of the compa&Q0(cmx 61 cm) diode-pumped difference-frequency spectrometer for multicomponent trace gas detection. Two air
sampling configurations were used. DetectiorC@, N,O, andCO, was performed in open aig)l with the use of a single corner cube reflector. Detection
of SO, and the'®0/170 /180 isotopic ratio measurements @0, were performed in 48.3-m multipass cell §) at reduced pressure
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limited absorption measurements which become possibl€he frequency sweep performed by a triangular waveform is
with the use of the lowest-noideAs or HgCdTeinfrared nearly a linear function of time. Thus acquiring the detector
detectors and- 10pW idler power. An increase in the opti- voltage as a function of time is equivalent to acquiring it as
cal pump power fromL1 mWto 500 mWusing for instance a function of idler frequency.
a tunable discrete master oscillator power amplifier (MOPA), The DFG output power showed weak nonlinear depen-
now commercially available, would provide an idler outputdence on the sweep signal The etalon effect in the thin
power in excess 020uW. Antireflection coating of the in- output window of the ECDL package was the primary cause
put and output faces of the PPLN crystal would improve thisof this nonlinearity. In the analysis described below it was
number by factor of- 2. modeled by a weak third-order polynomB4(x). Transmis-
The idler beam transmitted through a gas sample wasion spectra were obtained by nonlinear least-squares fitting
measured with a Peltier-cooled photoconductivgCdTe In(V(x)) to a superposition of the polynomial baseline and
detector. The size of the detector element wlasimx  \oigt profiles [10] using the Levenberg—Marquardt method,
1 mm Based on the calibrated detector response and the
dark-noise measurements in tBe25 kHz bandwidth, the In(V (x)) = B3 (x)—Z AVoigt (X — X, i, Avy) .
noise-equivalent power of the detector was calculated to be i
22 pW Hz Y2 at 4.6 um. Low-drift biasing and dc coupling _ _ _ o
of the detector allowed the direct measurement of idler powen€reAi is the peak amplitude; is the peak positiory is the
necessary to determine percent optical absorption. The idi@ressure-broadened halfwidth at half maximum of the peak,
beam at the detector is blocked by a small mechanical shutt@fd Avi is the Doppler halfwidth at /e of the peak. The
for 10 severy3 min for the measurement of the dark offset Number of peaks to be fitted, as well as peak position prior
voltage. The shutter is controlled by a laptop computer. Thé fitting, were determined in each case from the HITRAN
computer is equipped with a miniatule-bit data acquisi- database [11], based on the knowled_ge of the calibrated DFG
tion card (National Instruments, Inc., Model DAQCard-lZOO)Ce”ter wavelength. The fitted ba_seI]ne was then subtracted
which is used to digitize the signal from the detector. Data ac’om IN(V(x)) to render the transmission tratex).
quisition is triggered by the function generator that performes
linear frequency scans of the ECDL. T = exp(
Two different configurations were used for the optical
path through the gas sample. In the open path configura-
tion (Fig. 2a), a collimated DFG beam was returned to thdirect absorption spectroscopy was chosen in this appli-
source by a hollow corner cube retroreflector (PLX, Inc.) withcation because it offers adequate precision combined with
a circular aperture 06.3cm The corner cube was placed the ease of signal processing and calibration. Alternatively,
at a distance of 2 t® m from the receiving mirror. Adjust- wavelength-modulation spectroscopy [12] can be used, pro-
ment of the mirror tilt was used to point the DFG beam at thevided the modulation frequency falls within the gain band-
center of the corner cube for optimization of optical through-width of the detectgipreamplifier. This method is attractive
put, typically80%. This arrangement allowed path-integratedbecause of efficient reduction of noise bandwidth. However, it
measurements of trace gas concentration in open air. requires more sophisticated signal processing and calibration
Another sampling configuration (Fig. 2b) employed a comtechniques.
pact multipass absorption cell with an effective path length The broad continuous tuning rangg&l6-865 nnj avail-
of 18.3 m (New Focus, Inc., Model 5611). The cell was con-able with some commercial ECDLs, when used in the
nected to a pump and used for trace gas measurements in difference-frequency setup, makes it possible to cover idler
at reduced pressure. Both sampling configurations providedavelengths from3.50pum to 4.62um. This wavelength
a small free space after the turning mirror (Fig. 2), suffficientrange contains strong fundamental rovibrational absorption
to house al0-cm-long reference absorption cell. The cell bands of several important trace air contaminants, including
was filled with a low-pressure reference gas, usually nitrousarbon monoxideO), nitrous oxide N,O), carbon diox-
oxide (N20), and could be moved in and out of the beam byide (CO,), formaldehyde K,CO), monomethyl-hydrazine
a mechanical lever. Such an arrangement allowed the acqyN,H3CHz), and methanegH,). Detection and measurement
sition of absorption spectra of a sample gas overlapped withf these and other species in air should therefore be possible
a Doppler-limited spectrum of a reference gas for wavelengtlwith the use of a single DFG source such as the one described
calibration. above.
Figure 3 shows an example of the high-resolution spec-
trum of nitrous oxide iJ,0) near2169 cnt?, acquired for
2 Detection of atmospheric trace gases the purpose of wavelength calibration. The fitted baseline
was subtracted from the trace as described above. The fre-
The spectroscopic information collected consisted of the deguency axis was linearized using tNeO peak assignments
tector voltage V(x), as a function of the frequency sweep of Maki and Wells [13]. The linearized axis contains 750
signal to the diode laser controller, and the dark offset points with nearly uniform spacing & MHz The inset in
voltageVyark- A time trace of detector voltagé(x) averaged Fig. 3 shows a close-up of the L-type doubled P28 transition
over 100 to 1000 sweeps, Wik Subtracted, constituted of N,O near216933 cntt. The doublet is clearly resolved,
a spectroscopic measurement. Depending on the number siggesting that the worst-case linewidth of the DFG source
averages, the result could be updated every 2as For s less than150 MHz (0.005cnt?!). Based on analysis of
short scans, the diode frequency, and thus the idler frequendipe magnitude of absorption peaks in Fig. 3 using the HI-
can be considered to be a linear functionxp = A+ Bx.  TRAN database [11], we conclude that there is no appreciable

— Z AVoigt (X — X, ¥, Avi)) .
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Fig. 3. High-resolution spectrum oN2O in a
10-cm reference cell at260 Pa The dotted
line shows a magnified section of the trace
near 216933 cn!, featuring an L-type dou-
bled P28 transition ofN2O. The transition is
clearly resolved by the instrument, implying the
worst-case DFG linewidth ok 150 MHz The
N2O sample used in this measurement carried

2169.4 a small amount ofCO impurity, and the re-

sidual absorption by R(6) o€O is observed
near21692 cm 1

loss of signal due to convolution of the instrument lineshap@f 4.51x 10"°cm [13], and the atmospheric-pressure-
and the absorption profile. We estimate therefore that thbroadened halfwidth 08.061 cnt* [11], we compute a car-

actual linewidth of the DFG source was less tBarMHz, ap-

bon monoxide concentration df36+5 pph We found ear-

proximately 100 times smaller than the typical atmospheridier that this level of ambien€O, although higher than the

pressure-broadened linewidth of most trace gases.
Figure 4 shows a spectrum 600 near2169 cnt?! in am-

US standard ofl50 ppb[14], is typical for urban environ-

bient air. The spectrum was acquired using the open path Figure 5 shows a spectrumig§0 and*3CO, at2236 cnrt

configuration (see Fig. 2a) with8m path length. The full-
scale idler power detected in this experiment \Wakl pW.
The signal was acquired fd's in a 0—25 kHz bandwidth,

in ambient air. Signal acquisition conditions are the same
as in Fig. 4. Significant absorption by ambiéO (having
the typical abundance &20 ppb[15]) is observed here with

and represents a 100 sweep average. The fitted magmi-signal-to-rms-noise ratio of 150, demonstrating the feasi-

tude of the peak in an absorbance trage) = —InT(v)

bility of a real-time measurement of ambiddtO down to

is 4.75(5) x 102 The number in parentheses representshe 2-ppblevel. Moreover, appreciable absorption FZ0,
the uncertainty in the last significant digit. Based on thesuggests the feasibility of measurement@®, using the
magnitude of peak absorbance, the molecular line strengikotopically shifted 000)1 — 00(0)0 band, instead of the fun-
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Fig. 4. Spectrum of the R(6) transition @O in ambi-

ent air. The spectrum was acquired o2esusing18-m

open path (see Fig. 2b), and is a 100 sweep average. The
fitted magnitude of absorbance (4.75+0.05) x 102,
equivalent t0436+5ppb CObased on line strengths
from Maki and Wells [13]
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Fig. 5. Spectrum of ambient air ne@236 cntt
94 L L ! L ! ! showing absorption byN,O and 13CO,. The
2235.4 2235.6 2235.8 2236.0 2236.2 2236.4 signal-to-noise ratio of 150 indicates the fea-
o1 sibility of measurement of ambient,O with
Frequency, cm a precision of bester thahppbin 2s

damental band. Atmospheric absorption in the fundamentainits. The frequency axis was linearized based on the assign-
00(0)1 — 00(0)0 band of carbon dioxide is very high becausements of Guelachvili and Rao [16]. Fitted peak areas in the
of its relatively high abundance and large transition dipolecorresponding absorbance trace scale as

moment, restricting optical absorption measurements to path

lengths shorter thah m. At lower frequencies, however, ab- P45 : R16 : P56 : P44

sorption strength of the fundamentajid)1—oo00 branch of  0.1681(4): 0.74294): 1.0000(3) : 0.19424)

CO, decreases significantly, becoming comparable to that

of the isotopically shifted Ryo)1_oooo branch of'3CO,. It The numbers in parentheses represent the uncertainties in the
is then possible to detect both isotopes simultaneously ovéast significant digits. Using the peak areas for R16 and P56,
longer path lengths in air. Figure 6 shows a transmission speésr example, one can measure tH€/1°C isotopic ratio in
trum of ambientCO, at2296 cnt!. Signal acquisition condi- ambientCO, relative to that in a standard sample. We es-
tions are the same here as in Fig. 4, except the path length imate, given the precision of our data, that such a relative
open air wa$.5 m. The thin solid trace is a fit to a sum of six measurement will be accurate $o< 10~4. The normal iso-
\oigt profiles with overall rms error af.9 x 103 absorbance tope lines are weak enough to compare with tf@ lines
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Fig.6. Spectrum of CO, at 2296 cnt! over
5.5-m open path in air. The signal was acquired
for 2sin a 25kHz bandwidth and is a 100
0 | | . sweep averagéotted line) A thin solid lineis
2295.0 2295.5 2296.0 2296.5 229 a least-squares fit to a sum of six Voigt profiles.

o1 Fitted linear baseline Bx) was subtracted from
Frequency, cm both traces
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Fig. 7. High-resolution spectrum o080, near
2477 cnrt. The gas was kept in 40-cm ref-
0.125 L L ! L erence cell at6 kPa The trace shown is the
2476.6 2476.7 2476.8 2476.9 2477.0 2477.1 detector output averaged over 1000 sweeps with
o1 dark voltage subtracted. Data were not fitted to
Frequency, cm remove the baseline

because their lower state is of relatively high energy makingveight. Spectroscopic measurement of th@/%°0 ratio in
their populations small. This means that their absorption crosstmospheriacCO, also appeared difficult because of the re-
sections are sensitive to temperature and some care must dp@rement for high dynamic range in the measurement of the
taken to make sure that the standard sample and the unknosuam of optical absorption from both isotopes. We found, how-
are at the same temperature. This will be discussed furthewver, that the rotational band structure of carbon dioxide near
below. 4.26m allows for simultaneous measurement of all three
Figure 7 shows a high-resolution spectrum S®, in  isotopes of oxygen while meeting the requirement of compar-
a 10-cmreference cell a6 kPa The spectrum was acquired able absorption strength.
over20 sin a0-25 kHzbandwidth and is a 1000 sweep aver-  Figure 8 shows a transmission spectrum of room air at
age. The signal shown is the detector outgat) with dark 3.6 kPain an18-m multipass cell (Fig. 2b). Prior to the meas-
voltage subtracted. The baseline contains broad interferenceement, a transmission spectrum of an empty cell was ac-
fringes caused by the cell windows. The observed transitionguired to account for infrared absorption in surrounding air.
belong to the combination band 80, near2477 cnt!, and  Atmospheric transmission neaB849 cn! is very low due
there is a considerable overlap between adjacent strong traio- partial overlap of pressure-broadened strong absorption
sitions even at low pressure. Baseline absorption in this casmes P(1) and R(0) of the fundamental isotopeCdd,. How-
can be obtained (other than by removal of the sample) by turever, the overlap disappears at reduced pressure, creating an
ing the DFG source outside the absorption band. Howevemfrared-transparent spectral window suitable for the meas-
the fine-tuning range of the pump laser was limited by theurement of the'®0/1’0/1%0 isotopic ratio in atmospheric
maximum excursion of the PZT-controlled feedback gratingCO,. The thin solid trace in Fig. 8 is a least-squares fit to
to less tharBO GHzwhich is insufficient for tuning outside a sum of three Voigt peaks, with root-mean-squared devi-
the absorption band. ation of 0.0014 absorbance units. The frequency axis was
constructed by matching the fitted peak centers to their as-
signments by Guelachvili and Rao [16]. This procedure can
3 Measurement of oxygen isotopes in atmosphericO, be used to linearize the frequency axis, which is particu-
larly useful with long wavelength scans allowing correct cal-
The trace gas detection capabilities of DFG can be extendemlilation of the peak area. The fitted peak areas scale as
for the measurement of isotopic ratios. Such a measurement,958(6)1.163(6)1.300(6), versus 5.31.221.30 computed
of the 13C/12C ratio in natural methane, using mid-infrared at 296 K using the HITRAN database [11]. We estimate,
DFG was first performed by Waltman et al. [17]. Their meas-given the precision of the peak area measurement, that the
urement was based on comparison of optical absorption at t#80/170/%°0 isotopic ratio iInCO, can be determined rela-
peak of two rovibrational transitions of significantly differ- tive to that of a standard sample with a precision of better
ent strength. Here we compare frequency-integrated absorphan’ x 10-3, provided adequate precision is maintained in
tion from peaks of comparable strength, thereby improvinghe control of gas temperature. The lower state of the R37
measurement precision and reducing the effect of nonlineatransition is18855 cm ! [11], and we estimate that the tem-
ity in the response of the infrared detegimmreamplifier sys- perature of the gas must be kept the same in the comparison of
tem. Our sample target species was carbon diox@®,), the unknown sample to the reference sample to within about
and the isotopic ratio of interest wa%/*’0/1%0. Our in-  0.2°C. The uncertainty in determination of peak area (last
terest was motivated primarily by the fact tHdOCO can  significant digit given in parentheses), is limited by optical
not be measured using mass spectrometry because the miuterference fringes from scattering in the multipass cell. We
more abundant isotopomer'fO has the same molecular did not attempt to reduce the effect of interference by apply-
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ing vibration to the cell, as reported earlier [18], although it*30/170 /80 isotopic ratios in atmospher@0O,. The devel-
has been shown to reduce the interference down to or belompment of this technology for field measurement of oxygen
the detector noise level. With the use of interference cancellasotope ratios requires much more work on calibration, tem-
tion down to detector noise level the measurement precisioperature control, and measurement protocols.

should improve td0~4; however, the comparisons mustthen A promising development of this technology would in-
be made with unknown and reference samples at the samelve the use of quasi-phase-matched PPLN waveguides [19]
temperature to withi©.003°C. At this temperature control in conjunction with fiber-coupled low-power diode lasers.
level, heating through the vibration of the cell and heating byArbore et al. [20] reported DFG conversion efficiencies of
the infrared absorption may be significant. up to 3% W1 for adiabatically tapered, periodically seg-
mented PPLN waveguides. With such high conversion ef-
ficiency per device one can obtain DFG output power ap-
proaching thed.1-mW level with only 50 mW of pump and
signal power, making shot-noise-limited absorption meas-
This work describes the design and performance charachrements possible. The use of fiber-coupled pump and sig-
teristics of a compact room-temperature DFG spectrometeral lasers should allow construction of a compact, rugged,
capable of real-time measurement of four atmospheric tracalignment-free optical train.

gases:CO, N0, CO,, and SO,. The instrument employs
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