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Methane was excited in the near-infrared (NIR) region using a pulsed grazing-incidence periodically poled
lithium niobate optical parametric oscillator (OPO) and modulated diode laser radiation at 1650 nm as light
sources and detected photoacoustically employing single tube and double tube acoustic resonators coupled
with acoustic filters. The output power of the OPO wa80 mW at the acoustic resonance frequency of 2.12

kHz, and therefore much higher than that of the diode laser radiation with 2 mW. By combining the more
powerful OPO with the more sensitive differential cell with two resonator tubes (sensitiityVv = 1.2 x

10° cm™! W), an ultimate sensitivity of 2030 parts per billion (ppbV) is estimated for methane detection

with the signal beam of the OPO in the near-infrared and sub-ppbV sensitivity in the mid-infrared region
with the idler beam.

Introduction selection of a particular quasi-phasematching grating using a
translator to move the crystal. Finer tuning was possible by
monitoring and analyzing trace gases has been of primaryc:hanging the crystal temperature and/or the pump Iase.r fre-

quency. The CW OPO laser beam was modulated with a

impo_rtance in_ applications S.UCh as pollution monitoring, biQ' stabilized chopper. The sample gas, ethane, was excited in the
medical sensing, plant physiology and plant growth analysis, ¢ oo 0o e region with an idler power of 40 mW at 3.34
and atmospheric research. Photoacoustic spectroscopy (PAS)

: : : . wm. A sensitivity of 0.5 ppbV was reported in ref 10,
based on the photoacoustic effect, in which the absorption of extrapolated from a single measurement. CW OPOs offer low

modulated light by a gaseous Co.mpO‘_JT‘d results in the gener.a.tiorbackground and low power fluctuations. However, the complex
gcsr?iurlljilf\gv%ll'\;enséblr:aazoIti);-i?atgﬁnmes%u??esansuli:lgisseB?Ag\ée tuning and stabilization mechanism required limits the potential

que: . gnt ¢ ' . utility of this device in mobile field applications and the analysis
lasers (DL) and optical parametric oscillators (OPO) combined of mixtures

with photoacoustic (PA) detectors, seem to be ideal tools for . .
high-sensitivity trace-gas measurements. The compactness of Diode-laser photoacoustic (DL-PA) measurements of methane

solid-state devices offers the possibility of convenient mobile ﬁ?nsscgifr;elgot:s dniiarr;fn flrirgl?héNz;Z\)/asrﬁz(g:tera!)fr?\ﬁgn di?)t dg;Gi(s)
fle'll(']lhtran g:tseli:rt?c:rr]leor:‘?ns'ethane based on the accidental coincidenc that they work at room temperature, the dis_a_dvantage of the
between an absorption line and the 3.39% HeNe laser NIR spect_ral range is the low absorption coefficient of overtone
transition was proposed as early as 196500.itation of methane and combination bands. The modulateq laser power of the dlqde
with an OPOpaspa tunable I)i/ght source first was used in .USEd was only about 0.7 methes_e first experiments, resulting

L . e - in a minimum detectable concentration of methane of 60 ppmV.
vibrational energy transfer studies, clarifying the conditions for Later on an external cavity diode laser (ECDL) system was
efficient relaxation of the excitation energy into translational

) : . employed for measuring the PA spectrum of methane absorp-
energy, generating the P.A e_ffé@cRecent Interest in trace gas tionps ?/n the 1330 nmg rang@. DSspite the even smaller P
Zgﬁel)éz?sleaclilotvc\)/irtlhethaepipnl\llceast;?r;lt(i);ntr(])?Sseevseorglr(ﬁZtLr;\r?epﬁJsor _absorption coefficient in this spectral region, an improved
. . 9 0 9 e P sensitivity of 10 ppmV was obtained with 3.1 mW modulated
tions in the 3.3um band® Four absorption lines were resolved

. . diode laser power. For many industrial applications this may
m_the corresponding PA spectrum .Of an 18 ppmV (parts per be sufficient, but for methane detection in the atmosphere
million by volume) methanesynthetic air mixture. The sen-

sitivity of the measurement was estimated as 1 ppmV (methane is an anthropogenic greenhouse gas with a concentra-

- . . tion of 1.7 ppmV) a sensitivity of at least 100 ppbV is needed.
Recently, sensitive photoacoustic detection of trace gases was . - . .
One of the requirements of sensitive detection is the

achieved with a singly resonant continuous-wave (CW) OPO implementation of a compact photoacoustic cell that works in
based on periodically poled lithium niobate (PPLN)The P pact p

coarse tuning of the wavelength was obtained in this case b the flow mode, since polar gases such as ammonia adsorb
9 9 ystrongly at the walls. In addition, the cell design reduces external

 Part of the special issue “C. Bradley Moore Festschrift’. electromagnetic disturbancEsAnother one is the improvement

# JATE University, Department of Quantum Electronics, P. O. Box 406, Of @ compact pulsed grazing incidence optical parametric
H-6701 Szeged, Hungary. oscillator (GIOPO). This grazing-incidence cavity design has

Development of compact and yet sensitive devices for
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. L . . Figure 2. Diagram showing the design of a fully symmetric photo-
Figure 1. Schematic diagram of the photoacoustic detection setup. 5-gustic cell suitable for flow measurements.

sufficient power, high efficiency, broad and simple continuous
tuning, and a line width that matches well with pressure-
broadened gas line widths at one atmosphéites kilohertz
repetition rate matches well with modulated CW laser PA
detection. The compactness of the combined GIOPO and
differential PA detector makes such a device very attractive for
field applications in multi-gas emission monitoring and medical
sensing. In this paper we report on the photoacoustic detection
of methane using the NIR signal beam of a GIOPO and compare
these results with those obtained with a diode laser working
also near 1650 nm. The results show that a sensitivity in the
20—30 ppbV level can be achieved with the OPO and an
optimally designed PA detector even in the NIR spectral region.

additional nitrogen using mass flow controllers (Tylan, FC-260).
In both sets of experiments, the PA signal was measured by a
dual phase lock-in amplifier (Stanford SR series) and evaluated
by a PC. The background signal was measured using pure
nitrogen, while the flow and electromagnetic noise were
determined by blocking the laser beam.

The differential PA detector employed here was specifically
designed for fast time response, low acoustic and electric noise
characteristics, and high sensitivity. To reduce the flow noise
and external electromagnetic disturbances from electronic
devices a fully symmetrical design with two resonators was
developed. Two resonant acoustic cells (5.5 mm diameter
resonator tubes) were placed between two acoustic filters (Figure
2). The gas flow passes through both tubes, producing about
the same flow noise in both resonator tubes. However, the laser

A block diagram of the typical setup used in the PA |ightirradiates only one of them, thus the PA signal is generated
experiments is shown in Figure 1. Two sets of experiments werein only one tube. A microphone (Knowles 3029) was placed in
performed. In the first setup (OP&GPA), the light source was  the central section of each tube flush with the wall and the PA
a grazing-incidence periodically poled lithium niobate OPO that signal was amplified by a differential amplifier. The two
is similar to that reported in ref 14. This GIOPO was operated microphones have the same sensitivity around the acoustic
with the signal wavelength tuned to around 1650 nmin the NIR resonance frequency of the tubes at 4 kHz. Thus all noise
spectral region. The output power wa$0 mW at 2.12 kHz,  components, which are coherent in the two tubes, are effectively

corresponding to a pulse energy of 28 The line width of the  suppressed. In the present experiments flow rates between 0.3
signal was~0.2 cnt. In addition, there was not more than 7 | /min and 0.8 L/min were chosen.

mW of broadband amplified parametric emission from the
OPO: Coarse tuning of the OPO was achieved by setting the pagits
temperature of the PPLN crystal and choosing the crystal grating
period. Continuous fine scanning was accomplished by rotating 1. OPO—PA Measurements.The GIOPO was scanned for
a single mirror in the OPO cavity with a micro-stepping motor several concentrations of methane in the region of 1650 nm. A
attached to a micrometer, controlled by a PC. The full width at representative measured spectrum is shown in Figure 3. The
half-maximum (fwhm) power scanning range for a single spectral resolution was determined by the OPO line width. This
temperature and crystal grating period wa30 cntl. spectrum covering 80 cm was obtained by concatenating
In this set of OPO experiments a simple PA cell with a lower wavelength scans of the GIOPO at three adjacent temperatures
sensitivity was used, which was a predecessor of the advancedf the PPLN crystal. From the spectrum it is found that the PA
differential cell described in detail below. It had a similar design signal is strongest at the Q branch of thg @vertone vibrational
except that it had only a single resonator tube with its first mode of methane at the wavelength indicated by an arrow in
longitudinal acoustic resonance at 2.12 kHz. The cell was filled Figure 3. PA methane concentration measurements were then
with a premixed methane/nitrogen mixture, and all measure- made at this wavelength. The background signal measured for
ments were performed under static conditions. Since the methanepure nitrogen was about 1,8/ and the noise signal was 250
pressure in the closed cell was constant and the calibration plotnV (time constant: 1 s). The methane concentration was reduced
was linear, no adsorption on the walls could be detected with in several steps from 12600 to 300 ppbV. The PA signal, after
the present sensitivity. subtracting off the constant background signal, is plotted against
In the second setup (DL-PA), the light source was a 10 mW the methane concentration in Figure 4. This curve, which
CW Thomson FP diode laser radiating near 1650 nm. This lasercalibrates the trace detection of methane for this system, shows
emitted three modes, from which only the weakest coincided a linear fitting correlation of 1.0045 over more than four decades
with a methane absorption line. The modulated power of this of methane concentration. The noise signal of 250 nV deter-
diode laser emission wavelength was about 1 mW. A certified mines the limiting detectivity of the present setup+0.1 ppmV
mixture of 100 ppmV methane in nitrogen was diluted by at unity signal-to-noise ratio (SNR1).

Experimental Section
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Figure 3. Power-normalized photoacoustic spectrum obtained by Methane concentration [ppm)

scanning the GIOPO near the Q branch of thewtbrational mode of g e 6. Photoacoustic signal versus methane/nitrogen concentration
methane. The methane concentration was 880 ppmV. The arrow;,the pL-pPA experiment.

indicates the absorption peak at which concentration measurements were

made. absorption coefficient at the peak of this line is 0.147-ém
100 The calculated HITRAN spectrum agrees well with the mea-
1 sured PA spectrum given in Figure 3.
s 101 First the noise performance of the cell was checked without
E gas flow. The intrinsic noise of the miniature electret micro-
2 17 phone was very large; a value of 15V was measured for
g the broadband noise. However the correlated noise measured
£ %17 by the lock-in with the laser beam blocked was ori0 nV,
s 0.014 which corresponds to a methane concentration of 3 ppmV. The
A noise increased slightly~20%) at 1 L/min flow rate. The
< el background signal measured with the laser on for pure nitrogen
1 was about three times this (120 nV). The measured concentration
1E-4 . . — —_ —_ of 8 ppmV corresponds to a signal/background ratio of one
0.1 1 10 100 1000 10000 (SBR=1).

Methane concentration(ppmV) A calibration curve was determined by measuring the PA
Figure 4. Photoacoustic signal versus methane/nitrogen concentration signal for d'ﬁer_ent methane concentrations. The methan(_e content
in the OPG-PA experiment. Squares are measured data. The solid line Was reduced in several steps from 100 to 8 ppmV. Since the
is a linearly fitted curve to the data. A background signal of 25 background was relatively stable in these experiments, it could
has been subtracted from the raw PA signal. Note that the vertical scalebe subtracted from the measured PA signal. In this way a nearly
and the horizontal scale are both logarithmic. linear calibration curve was found in the—800 ppmV
concentration range as exhibited in Figure 6. The correlation

057 coefficient of the linear fit was better than 0.995.
0,4 . )
_ ] Discussion
§, °'33 First we discuss the sensitivity achieved in modulated diode
& ] laser photoacoustics and compare the results with absorption
8 0.27 e measurements using this light source. The limiting sensitivity
§ ] of the more sensitive differential PA detector can be character-
0.1 ” ized by the following expressiommpW = 1.2 x 1079 cm~1w,
1 " JL L J L " where omin and W are the smallest measured absorption
0.0 A b B A e e e coefficient (in cntt) and the modulated incident laser power
1645 1650 1085 1660 1685 1670 (in Watts), respectively? This value can be compared with the
Wavelength [nm] sensitivity of PA detectors used by other authors. For example,

Figure 5. Calculated absorption spectrum of methane near the Q branchthe sensitivities of the PA detectors used in intracavity photo-
of the 23 vibrationa_l mode._Th_e diode laser emission overlaps with acoustic measurements with a €@set® and an ion laser
one of the weaker lines as indicated. pumped dye lasét were 1.8x 1078 and 2 x 1078 cm 1w,

2. DL-PA Results.In these experiments the absorption of a respectively. The best extracavity single path detectors also had
selected mode of the 10 mW Thomson FP diode laser at 1650sensitivities between % 1078 and 2x 1078 cm~'W.* Thus,
nm generated the PA signal. The exact absorption peak wasthe optimized differential detector has about 1 order of
located by a temperature scan of the laser diode. Only onemagnitude higher sensitivity. It is of interest to note that
absorption line at 1656.55 nm (6036.65 ¢hnof the methane extracavity multipass schemes reach a comparable sensitivity
overtone band could be covered within the tunability range of Of aminW & 10-9 cm™*W, whereas with the present cell it would
the diode with a modulated power of 1 mW. Figure 5 shows be possible to further improve the sensitivity with a multipass
the methane absorption spectrum of this spectral region calcu-arrangement.
lated from the HITRAN database. The arrow in this figure In the following, the sensitivity of photoacoustics, using a
indicates the coinciding line. The value obtained for the small cell, will be compared with the results of single-path
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optical absorption measurements of methane. Since absorptiorpulsed OPO also has higher broadband background emission
experiments are usually performed with an extended optical pathwhich may limit the ultimate selectivity and sensitivity that can
length, we take the concentration-path-length product to comparebe reached with such a system if time-gating is not efficient.
the sensitivities. Diode-laser absorption measurements in the A pulsed continuously tunable BBO OPO previously has been
1660 nm band have been reported in ref 11, 17. The detectionapplied for recording photoacoustic absorption spectra of
limits reported at SNR= 1 were 1.15 ppmVm (parts per million  acetylene® The narrow-band radiation~0.3 GHz) was used
volume meted! and 300 ppbVni? Taking into account that  to excite rovibrational lines of a combination band in the NIR
the length of the acoustic resonator in the DL-PA measurementsspectral region with the 3 ns 865.5 nm idler pulses containing
was only 4 cm, the measured 8 ppmV methane concentration2 mJ pulse energy. However, no concentration measurement
(SBR= 1) corresponds te-0.32 ppmVm. Since the laser power was performed in this spectroscopic work.
used in ref 17 was~7 and 2 mW (unmodulated for a The idler of the pulsed GIOPO, on the other hand, radiates
conservative estimate) in the present measurements, anothein the IR with a pulse energy of 4@J and a bandwidth of 0.9
factor of 3.5 would be gained in PA measurements yielding a cm™t. Measurements are planned with this idler beam to take
sensitivity of about 90 ppbVm (SBR: 1) for the same power  advantage of the considerably higher transition dipole moments
and path length as in ref 17. It should be pointed out, however, in the mid-infrared. These experiments should reach a sensitivity
that to some extent such a comparison of the sensitivity of the comparable to those with the CW PPLN OPO, especially when
two methods is academic, since photoacoustics is better suitecthe idler bandwidth can be reduced to the 0.1 ¢revel by
for small compact cells and absorption experiments are reasonfesonating the idler instead of the signal wavelength in the
able if long optical path lengths are available. GIOPO. This change will not influence the operation, i.e., the
PA detection with NIR diode lasers will be further improved, tuning ability of the GIOPO. Yet, the pulsed GIOPO offers fast

as diodes with higher output become available, because the®"d relatively simple tuning which is crucial for detecting gas
signal is proportional to laser power below the level where MIXtUres in portable remote systems.
saturation occurs. This, however, is not the case for absorption
measurements. For industrial applications, where a sensitivity
in the parts per million range is sufficient, the most suitable A very sensitive and compact differential PA cell with two
method can be selected. A sensitivity in the parts per billion resonator tubes was tested using a room temperature operated
range, on the other hand, would require photoacoustic detectionN|R diode laser with milliwatt modulated power. The sensitivity
and a NIR diode laser power above 100 mW. of about 8 ppmV realized with this setup demonstrates the
Pulsed PA detection is of great interest because a quantitativesuitability of photoacoustics for industrial trace gas detection,
theoretical treatment of the PA signal is possible for high Q especially if a short optical path length is required. The
resonators making calibration unnecesséfy.The sensitivity sensitivity will increase proportional to the laser power as more
to be expected for the sensitive differential PA detector powerful NIR laser diodes become available. A first pulsed
combined with a pulsed laser source can be estimated byphotoacoustic study on methane detection was performed with
introducing an equivalent laser pulse energy instead of the & grazing-incidence periodically poled lithium niobate OPO
modulated laser power. The equivalent pulse energy can beémploying a less sensitive photoacoustic detector with only one
determined by the following expressi&h°E = W, Q/w, where resonator tube. The sensitivity estimated for the combination
E is the pu|se energy in j0u|eWL is the modulated power in of the more sensitive differential cell with the Signal beam of
Watts, Q is the quality factor of the acoustic resonator (in this the pulsed GIOPO in the NIR spectral range is-20 ppbV.
caseQ = 18) andw is the angular modulation frequenay & With the idler b_eam in the mid-infrared it shoul_d be roug_hly a
27x4000= 25000 s1). This means that 1 mW modulated power factor o_f 90 hlg_ht_ar according to the strong increase in the
corresponds to 0.72J pulse energy. From the detection limit ~absorption coefficient.
of the DL-PA measurements of 8 ppmV at 1 mW modulated o ] )
power, based on the background of 120 nV, it can be Acknowledgment.. Partl|al fmanc[al support of th|§ work py
extrapolated that the differential PA detector would be able to the GermarHungarian bilateral scientific cooperation project
detect~20 to 30 ppbV methane with 28 pulse energy. (No.UNG-016-97)_, the China Pgtr(_)leum Corporation, and the
The OPO results reported here were taken at the Q branChFonds der Chemischen Industrie is gratefully acknowledged.

of the 2v3 overtone band which is quite congested. In real

situations, such as the investigation of mixtures, detection of a

single rovibrational transition will be a better choice. As can (1) Sigrist, M. W. Air Monitoring by Spectroscopic Techniques

be seen in Figure 3, the improvement in selectivity can be Wiley: New York, 1994; pp 163238. , _

substantial at & 20% sacrifice to the overall sensitivity. W (2) Harren, F.. Reuss, Encyclopedia of Applied Physics/CH:
einheim, 1997; pp 413435.

Note that the detection limit usually has to be defined by the (3) Miklos, A.: Hess, PAnal. Chem200Q 72, 30A.
signal-to-background (S/B) rather than the signal-to-noise (4) Tittel, F. K., Ed.;Special Issue, Appl. Phys. 98 67, No.3&4.
(S/N) ratio (which is common practice), because the background  (5) Bohren, A, Sigrist, M. Winfrared Phys. Technoll997, 38, 423.
is always present when a light pulse hits the PA cell and may  (6) Moore, C. B.Appl. Opt 1965 4, 252.
not be constant. Since the background in pulsed photoacoustics (7) Hess, P-i_ Moore, C. BJ_. Chem. Physl976 65, 2339.
normally is larger than in the modulated cw mode, the practical 552(5?) Hess, P.; Kung, A. H.; Moore, C. Bl Chem. Phys198Q 72,
sensitivity is expected to be somewhat lower in pulsed systems.  (g) pebuisschert, T.; Bozoki, Z.; Miklos, A.; Raffy, J.; Huber, A.;
An optimally designed OPO, on the other hand, could have Pocholle, J. PProc. SPIE-Int. Soc. Opt. End995 2506 (Air Pollution
higher powet* so that a further improvement of the sensitivity ~2nd Visibility Measuremerys720. o . .
is within reach. In the pulsed mode the signal in(_:rease, howgve_r,Scﬁl?grvahﬂnﬁwsgﬁ' Jibj_cgﬂigeéiggé gﬂeérgi’l.A. A B Urban, W
may be somewhat smaller than the expected linear behavior if ;1) schaefer, S.; Mashni, M.; Sneider, J.; Mikios, A.; Hess, P.; Pitz,
optical saturation comes into play at higher pulse energies. A H.; Pleban, K.-U.; Ebert, VAppl. Phys. BL99§ 66, 511.
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