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Abstract. An all-diode-laser-based spectrometer is used fohave been used in spectroscopic investigations in the in-
the simultaneous detection of methane, oxygen and watdrared [1-3], but continuous-wave operation requires cryo-
vapour. This is accomplished using a 760-nm diode lasegenic cooling and rather high supply voltages. In the near-
and a 980-nm diode laser in conjunction with difference-infrared region, on the other hand, diode-laser technology
frequency generation to.8um in a periodically poled offers several hundred milliwatts of narrow-band tuneable
lithium niobate crystal. Each of the output wavelengths isradiation at room temperature from small and low-cost de-
resonant with one of the molecular species. Simultaneougces. Using these near-infrared diode lasersandompact
recordings over a 15-m open path of laboratory air are demorhigh-power diode-pumped solid-state lasers, great efforts
strated. The recording scheme shows the wide applicabilithave been made during the last few years in developing
of a diode-laser-based difference-frequency spectrometer falifference-frequency generation (DFG) in non-linear materi-
the detection of molecular species in different wavelengttals for trace-gas detection using the mid-infrared absorption
ranges. By increasing the frequency of the 760-nm diodéands [4—13].

laser and decreasing the frequency of the 980-nm diode laser, All DFG implementations have so far only focused on
a maximum continuous tuning range in the mid infrared ofthe spectroscopic use of the generated mid-infrared radia-
3.6 cn ! is achieved. This enables the recording of severafion, disregarding the possibility of also using the generating
methane lines at atmospheric pressure. Pressure-dependelaser wavelengths for probing the absorption bands in the
studies of methane lineshapes are also performed in an abear-infrared region. In the present study we explore simul-
sorption cell. An indoor-air methane background level oftaneous detection of atmospheric oxygen at 760 nm, water
3 ppm is measured. The signal-to-noise ratio in the recordedapour at 980 nm and methane a4 @m using near-infrared
methane spectra indicates that sub-ppm detection of methatasers in conjunction with difference-frequency mixing in

at atmospheric pressure is feasible. a periodically poled lithium niobate (PPLN) crystal. Such
simultaneous detection of interacting species is frequently
PACS: 42.55.Px; 42.62.Fi; 42.65.Ky of great interest, e.g. in connection with combustion. Cer-

tain important molecules, such as oxygen, can be detected in

the near-infrared region but do not have strong mid-infrared
Laser absorption spectroscopy is a powerful technique foabsorption.
fast and sensitive detection of many gases in e.g. atmo- Actually, a similar use of coincidences of excitation spec-
spheric monitoring, process control and combustion diagtra occurring in sum-frequency mixing of pulsed dye laser ra-
nostics. The technique has been widely employed in thdiation has been used to simultaneously induce fluorescence
mid-infrared spectral region (2—18n), where numerous in the important flame species OH, NO and O (two-photon
species of interest have strong fundamental vibrational akexcitation) [14] and in HY, OH and NO [15]. More cumber-
sorption bands, and in the near-infrared regio{@um),  some, simultaneousQH,0O and temperature measurements
where weaker overtone and combination bands occur. Avaikave been performed by individually scanning three different
able laser sources in the mid-infrared region, e.g. lead-saftear-infrared diode lasers [16], just as simultaneous flame-
diode lasers, colour-centre lasers and CO or,Q&>ers, fluorescence imaging of Land OH could be achieved with
each suffer from various practical drawbacks such as thadependent laser systems [17]. Alternatively, simultaneous
need for cryogenic cooling, limited tuning range, poor am-fluorescence detection of flame species can be achieved when
plitude and frequency stability, large size, high cost or highabsorption lines are inter-mingled in a certain spectral region,
power consumption. The promising and newly developeduch as for OH, NH, CH and CN around 322m [18]. Sim-
but not yet commercially available quantum-cascade lasetitarly, in the mid-infrared region, where difference-frequency
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mixing has been used for absorption measurements,@@d  PDI-2TE-5) with an active area of 1 nfnand an immersed
H>0 could be detected aroundi3um [8, 11], CH, and HCO  focusing lens. Combining an external focusing lens and a de-
around 35 um [10], CO, and NO around 44 um [9], or CO  tector with an immersed lens simplifies the positioning of the
and HO around 48 um [12]. small-area detector. A glass prism separates the two near-
infrared wavelengths, and the intensities are detected by
two pin photodiodes (Hamamatsu S-5821). The mid-infrared
1 Experimental set-up beam is in some of the experiments directed through a 10-cm
long absorption cell with wedged Cakvindows for high-
Our experimental set-up is schematically illustrated in Fig. 1resolution measurements at low pressures and studies of
The two Fabry—Perot-type diode lasers (Laser Componenfwessure broadening.
Specdilas F760 and Power Technology LD1313), operating The detected signals are amplified and low-pass filtered
around 760 nm and 980 nm and having a maximum outpuat 30 kHz in low-noise preamplifiers (Stanford SRS560) and
power of 55 mW and 200 mW, respectively, are placed irnviewed in real-time on two-channel digitising oscilloscopes
thermoelectrically cooled mounts. Temperature and currer(fTektronix TDS520B). The data are then transferred to a com-
are controlled by low-noise diode-laser drivers (Melles Griotputer for processing and evaluation. A germanium etalon
06DLD103). Coarse wavelength tuning of the diode lasers isvith a free spectral range of @5 cnT! can be inserted in
accomplished by changing the temperature around the diodéhe mid-infrared beam for relative frequency calibration, and
laser capsules between 40 and 40°C, resulting in a tuning a glass etalon with a free spectral range @8xnt?! can
range of about 5 nm for the 760-nm diode laser and of 8 nniikewise be used for the near-infrared beams. A flip-in mirror
for the 980-nm diode laser. Fine tuning is accomplished bys used to redirect the two diode-laser beams to a waveme-
changing the diode-laser currents. Wavelength scanning ter (Burleigh WA-4500) for precise measurements of the
made by adding a 110-Hz current ramp (Hewlett-Packardliode-laser wavelengths at different temperature and current
33120A) to the operating current of one or both of the twosettings.
diode lasers. No optical isolators are used in the experiments. Instead,
The vertically polarised diode-laser outputs are first col-all optics are placed with a small angle to the laser beams
limated by anti-reflection-coated moulded-glass asphericdb avoid optical feedback. Especially important is to angle (1
lenses (Geltech C230TM-B), and the elliptical beam pro+to 2° is sufficient) the PPLN crystal, since placing it exactly
files are then made circular by two anamorphic prism pairperpendicular to the input beams resulted in severe optical
(Melles Griot 06GPA004). The two collimated and circu- feedback to both diode lasers. Another important factor is
lar beams are spatially overlapped in a dichroic beamsplitthe immersed lens on the mid-infrared detector. Tests using
ter (Melles Griot 88NPDC875) and focused by a®-8m  a detector without an immersed lens also showed significant
focal length achromatic lens into the PPLN crystal (Crys-instabilities in the output spectra of the two diode lasers. The
tal Technologies 97-02355-01). The focusing into the crystatilting scheme probably means that we have a somewhat less
was simulated with a ray-tracing program (Sinclair Opticsthan optimum conversion efficiency in the PPLN crystal due
OSLO) to choose an optimal lens. The 19-mm long ando a slight beam walk-off, but it also has the added benefit of
0.5-mm thick PPLN crystal without antireflection coating hasreducing etalon effects, often encountered in infrared absorp-
10 grating periods, each 1-mm wide, betweer6l8n and tion experiments, to a minimum.
20.4pmin 0.2 um increments. A crystal oven (Super Optron-  The simplest and most often used tuning method in
ics OTC-PPLN-20) ensures stable temperature of the PPLMe mid infrared utilising difference-frequency generation is
crystal and fine tuning of the grating period for proper phaseachieved by changing the wavelength of one laser, while the
matching. wavelength of the other laser is fixed. The tuning range in the
After the PPLN crystal, the two near-infrared beams andnid infrared is then limited by the maximum tuning range
the generated mid-infrared beam are collimated by a 10-crof only one laser. Alternatively, both lasers can be tuned
focal length Cak lens, and then transmitted through approxi-synchronously, resulting in a very large tuning range in the
mately 15 m of laboratory air in a common open path. Anmid infrared. By temperature tuning of the two near-infrared
anti-reflection-coated germanium filter is used as a beandiode lasers a theoretical mid-infrared tuning range of about
splitter, to reflect the near-infrared radiation and transmitL70cnt? is possible (from 2895 cmt to 3065 cntt). Due
the mid-infrared radiation. A CaHens with a focal length to the mode-jump behaviour of all Fabry—Perot-type diode
of 10cm focuses the mid-infrared beam onto a thermolasers, some regions will not be accessible. We have inves-
electrically cooled HgCdzZnTe detector (Boston Electronicgigated some regions in this range, and once a region of
interest was established by temperature tuning, we applied
the finer and much faster current tuning. In the experiments

T:F‘ Water we use both of the near-infrared diode lasers for molecu-
DL 5 [\ 15m detector lar spectroscopy and thereforg they are drl\{en by current
780 nm wave- ] || oPen _@E’WHE" ramps. Depending on the relative scan directions, a long or
T R/ 4 g hort mid-infrared scan can be achieved. By increasing th
PPLN  meter [} - a short mi ared scan can be achieved. By increasing the
| ooystal ] pism  Mehae  frequency of the high-frequency diode laser (760 nm) with
; —m—_—#_d__,} 5 . s | =R a negative current ramp and decreasing the frequency of the
DL Dichroic Oven  Flipn Ge Absorption low-frequency diode laser (980 nm) with a positive current
980 nm beamsplitter mirror filter  cel ramp, a maximum continuous tuning range in the mid in-

1 . .
Fig. 1. Experimental set-up for simultaneous ambient-air monitoringeof O frared qf 36cm hQS been a_Ch|eved- A recordmg of thg
H20 and CH germanium-etalon fringes during such a scan is shown in
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Fig. 2. Ge etalon fringes around8um corresponding to a continuous tun- Wavenumber (cm-)

ing range of 36 cnT! (72 fringes
g rang ( ges) Fig. 3. Methane spectrum as a function of pressure.42 3m. The record-

ings are 500-scan averages, corresponding to a total sampling timgé of 4
. . . ) for each curve
Fig. 2. By changing scan directions, very short frequency

scans are possible and, in principle, it is also possible to fix
the mid-infrared frequency. 760-nm diode laser was scanned. We observe a line broaden-
With near-infrared input powers & =45 mW andP, =  ing from 390 MHz to 24 GHz, corresponding to a pressure-
195mW at 760 nm and 980 nm, respectively, a maximunbroadening coefficient of.8 MHz/mbar, in good agreement
mid-infrared power of about @W at 34 um was generated. with previous results [20]. The laser-system linewidth was
From the theory of difference-frequency mixing of focusedestimated to be 280 MHz with a GHDoppler linewidth of
Gaussian beams, the mid-infrared power can be express@d0 MHz and the observed lowest linewidth of 390 MHz.
by [19] We note that a very good signal-to-noise ratio is achievable,
allowing sensitive trace-gas detection at low pressures. At at-

4w3d§ﬁl ko | mospheric pressure the lines broaden and overlap, and it is
Ps= TeoCnNNa(k L+ K ) <k_1 E) PP, (1) impossible to distinguish the weak transitions. In particular,
! 2 at low pressures it is possible to observe the minor isotopic
where speciest3CH, in the presence of the most abundaf@H,
isotope (mixing ratio 1:100), as illustrated in Fig. 4. The
£ £ , mixing ratio is not given directly by the observed intensity re-
h(u, &) = 1 / d‘c/ dr’ 1t ) lation, since the studied lines do not originate from the same
2& A+ 102+ (%)2 (r—1')2 energy levels, but in principle, knowing the relative oscillator
—§ 0 1-p? strength it is possible to deduce the exact mixing ratio.
2) After this demonstration of DFG spectroscopy we want to

o focus on the main theme of this work, namely the simultan-
Here the subscripts =1, 2 and 3 refer to the beams at gqys detection of § H,O and CH. Simultaneous recordings
760nm, 980 nm and.8um, respectivelyn; are the refrac-  of the three species are shown in Fig. 5 for the 15-m open-air
tive indices of the PPLN crystaR are the powerss; are the  path |ength in the laboratory, together with computed spec-
wave vectorse; are the angular frequencieds = (2/7) X tra from the HITRAN molecular spectroscopic database [20].
27 pmyV is the effective non-linear coefficieritjs the crys-  The figure shows the single;0A-band line, R7Q8, the sin-

tal length,b = 10 mm is the confocal parameter of the two gle H,0 533 < 65, line in the vy + 2v, + v3 water band and
mode-matched input beams = 65% accounts for the reflec- 3 portion of the CH P-branch of the fundamentat me-

tion losses at the crystal input and output facetis the ratio

of the input wave vectorgk,/ky), & is the ratio of the crystal
length and the confocal parameters the speed of light and
o is the permittivity of free space. Inserting our experimen- 1.0
tal values, we calculate a theoretical mid-infrared power o

P; =118 pW. The deviation between measured and calcu-
lated mid-infrared powers can most likely be ascribed to ou
inclination of the PPLN crystal.

i

Transmitta

2 Spectroscopic studies

?

Studies of the absorption spectrum of methane were pe *CH,

formed with the generated mid-infrared beam passing throug

the 10-cm absorption cell. Recordings of a methane line fron 0.9 . . ‘

the P-branch of thevs band at 292075cnt?! are shown 2927.3 2927.4 2927.5 2927.6 2927.7

in Fig. 3 for 35 mbar of pure methane in a total pressure Wavenumber (cm')
O_f 5 mbar; t_h|s methane concentration is ther! successivelyig 4. Low-pressure recording of methane gas exhibiting the low-
diluted by air up to 800 mbar. In these recordings only theabundance speci#dCH, in the presence of the norm&(CH; isotope
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Fig.5. Simultaneous recordings of oxygen, water vapour
and methane in a 15-m atmospheric path and corres-

ponding spectral simulations based on HITRAN. Record-
Vi—V, ; ; - o A o
0.95 . . : 0.95 . . ing time is 45s. Scan directions in the individual laser

20263 29268  2927.3  2927.8  2028.3 20263  2926.8  2027.3 29278  2028.3 sweeps and for the difference-frequency recording are

W b 1 indicated. Low-pressure, high-resolution spectra are in-
avenumber (cm-) cluded in the methane data

thane band. By recording the whole oxygen and water proexpected, this @concentration value does not change at
files, and by scanning the frequency of the two diode laserall from one day to another. The SNR in the, @ecord-

in opposite directions, a total frequency scan &@ntis ing was approximately 1300, indicating a detection limit
obtained in the mid infrared. We choose to sha®dm=1 of  of 170 ppm.

the scanned region where methane has prominent absorption As an example of recordings relevant to, e.g., the work-
lines. One can observe that the atmospheric-pressure methang environment, a 15-min sequence of concentration deter-
experimental and theoretical curves show some deviations natinations is shown in Fig. 6, exhibiting the response to the
present in the low-pressure short-path-length data. We comelease of methane from a gas tank. The close-lying, CH
clude that the deviations can then not be due to some spuriotimnsitions at 2928 crt shown to the right in the spectral
laser mode running. The residual non-methane spectrum recordings of Fig. 5 were used. Raw data from recordings of
most likely due to a low concentration of some interferingthe pressure-broadened single-peak feature are shown as in-
non-identified indoor-environment hydrocarbon. We do notsets in the figure (@-s integration time). We note that the
believe that the deviations are due to etalon fringes, sincmethane concentration is reduced to its background level after
the structure is insensitive to small adjustments of the optiapproximately 15 min. The structure occurring at 2 min was
cal components, and fringes were ascertained to be absent in
independent measurements.

CH4 has an outdoor background atmospheric abundanc  so —— —
of 1.7ppm, and a somewhat higher concentration in the | 10— ‘
indoor air is expected. By fitting non-interfering experi- _ 40 '
mental methane lines with Lorentzian lineshapes, we hav §
deduced that the typical methane background concentraticS |
in our laboratory is 3 ppm. With an observed signal-to—é
noise ratio (SNR) of about 20 in our recorded spectra a8
atmospheric pressure, we conclude that sensitivity in th §
150-ppb range is achievable. The SNR was calculated &g
the ratio of the absorption-peak value and the peak-to-pes©
value of the noise. During our measurements the relativ
humidity of the air was fairly constant, ranging from 35% 0 2 4 5 8 10 12 14
to 45%. On the day of the recording in Fig. 5, the rela-
tive humidity was measured to be 40% with a hygrometer

- _ . Fig. 6. Monitoring of indoor-methane concentration following the release of
(equwalent to 11 300-ppm 7—*@) Accordmg to the observed a small amount of gas from a tank. The measurement was performed over

SNR of 40, the deteqtion limit for $O is 280 ppm. The 3 15.m path length. Raw-data spectral recordings are showrsasin the
normal @ concentration of 21% was measured and, asigure
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due to one of the authors walking around in the room, inducReferences

ing turbulent mixing.

1.

3 Conclusions

2.

We have used two near-infrared diode lasers and difference-

frequency generation in a periodically pooled lithium niobate 3.

crystal for simultaneous detection of oxygen at 760 nm, water

vapour at 980 nm and methane a#t@m. This is accom- 4.

plished by probing each molecular species by the two near-
infrared wavelengths and the generated mid-infrared wave-
length,
broadened lines over a 15-m open path of laboratory air are

demonstrated, and show the potential of the new measure-'-

ment scheme for multispecies detection. Especially interest-
ing is the possibility to simultaneously probe mid-infrared-

absorbing molecular species and near-infrared-absorbingo.
molecules without strong mid-infrared absorption. A con- 10.

tinuous tuning range in the mid infrared of6Zm™" is

achieved by synchronously scannlng the frequency of both: T Kelz,

near-infrared lasers. Isotopic-species detection and pressure-

dependence studies of methane lineshapes were performed.

in an absorption cell. A typical indoor-air methane back-

ground level of 3 ppm was reported, which as expected ist
higher than the typical outdoor level of7lppm. The signal-
to-noise ratio in the recorded methane spectra indicates that

sub-ppm detection of methane at atmospheric pressure is7.
feasible over a measurement path of 10 m, and that practical8-

multispecies detection can be performed over longer outdoor
absorption paths.
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