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Abstract. We report extra-cavity photoacoustic trace-gas detevels up t0140 W with the CO, laser [5],25 W with the
tection of ethane@,Hg) at 3.34pum using a widely tunable CO laser [9], and5 W with the CO overtone laser [10] are
cw single-frequency optical parametric oscillator. The highavailable for photoacoustic detection. As an example, with
frequency and power stability and the continuous tunabilthe CO, laser system ethylene concentrations of sa@ppt

ity of the parametric oscillator make it ideally suited for can be detected corresponding to absorption coefficients of
this application. Detection sensitivities @6 ppbfor ethane  aboutl0~1°cmtin a cell volume of onlyl0 cn? [5, 6]. This

are obtained, which is comparable to the best results prevsensitivity makes PAS a powerful tool, for example in plant
ously obtained with intracavity detection using line-tunablephysiological studies, where the available sample volume is
CO overtone lasers. The flexibility and compact size of cwlimited and time resolution is an issue. Very low emission
single-frequency parametric oscillators can lead to portableates of volatile organic compounds such as ethylene, ethane,
photoacoustic trace-gas detection systems for environmentahd acetaldehyde can deliver important information on the

monitoring and process control. metabolic state of plants or fruits [11], and PAS has demon-
strated its great potential in this field in a number of applica-
PACS: 42.65; 82.80K tions (e.g.[12, 13]). Ethane, an indicator of plant cell damage,

can now be detected down to abd4 pptby using theCO
Infrared spectroscopic methods are known to be very serpvertone laser PA spectroscopy [10].
sitive tools for trace-gas detection. The infrared fingerprint The CO and CO overtone lasers operate, however, on
spectra of the molecules allow the detection of these gases dfiscrete laser lines with separationsl cm™2. Thus the de-
concentrations at thgpblevel and below. For this, absorption tection of a given molecule depends on accidental coinci-
coefficients ofw = 102 cm™! have to be detected. Besides dences between the laser lines and the absorption features of
absorption techniques, which usually use long paths (up tthe molecules. The PA detection at atmospheric pressure not
a kilometer in multi-pass cells), photoacoustic spectroscopynly ensures an effective vibrational-translational relaxation
(PAS) has proven to be a very powerful technique [1-3]. Th@ut also improves to some extent the chances for accidental
amount of infrared radiation, absorbed by the molecules, igoincidences due to the collisional broadening of the absorp-
measured indirectly through its subsequent conversion intgon lines to between 0.1 an@5cmt. Selectivity of the
heat. When the exciting laser beam is interrupted (choppedace-gas detection, however, is reduced in comparison with
at an acoustic frequency, this results in the formation of amoppler-broadened spectra due to the spectral overlap of the
acoustic wave with an amplitude proportional to the concenapsorption features of different gases.
tration. Operation at a resonance frequency of the cell (‘res- These facts strongly motivate the search for new radiation
onant PA cell’) increases the sensitivity. Since the magnitudgources that allow the free selection of any desired wave-
of the PA signal scales with the incident infrared power, lasefength within a broad spectral range together with a continu-
power greater thad00 mW is required for high-sensitivity ous tuning over a range on the order of a pressure broadened
detection. That is why up to now mainly gas lasers are used @igiewidth (severaGHz). Moreover, these sources should pro-
photoacoustic laser sources. TD®; laser [4—6] @-11um),  vide a power level comparable to the gas lasers. With such
the CO laser [7] @.8-8.4um), and theCO-overtone laser g source the strongest absorption features of a given trace gas
(2.8-4.1um) [8-10] together cover a considerable fractioncould be used for the detection without the limitation of ac-
of the infrared fingerprint region and allow the detection ofcidental coincidences. This in turn would allow systematic
a large number of environmentally or biologically relevantstudies of detection at reduced pressure with the chance of
gases [3]. If the PA cell is placed in the laser cavity, powelimproved selectivity. In addition, the development of more
compact and efficient broadly tunable light sources that ful-
* Fax: +49-228733-474, E-mail: kuehne@iap.uni-bonn.de fill the requirements for PA detection are highly desirable for
** deceased mobile trace-gas detection systems.
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In the last few years several new sources based on solid- Transtator
state systems have been developed. Difference-frequency Dichroic (I) _
generation (in part pumped by tunable diode lasers) now d€- \jipiamre | = "% | Hiezo  Detector
livers radiation up tol5um [14] and compact solid-state [Nd:YAG laser| I H’j
systems have been applied to trace gas detection. A& v PPLN-Multigrating |._

of infrared power are sufficient for long-path absorption Si chroi
c gnal Dichroic
measurements, as has been demonstrated with methane detec—‘_ Mirror

tion around3.4 um with ppb level accuracy [15]. Such power IdierY | [phowacoustc Detector

levels are, however, too low for sensitive photoacoustic detec- | o D
tion. Tunable diode Iasers ir_n the near infrar®®B{1.6 um) ' Chopper comtic Sigaal |

allow trace-gas detection using overtones of molecular vibra- &é Normalocd
tions [16], but the advantage of higher power and simple oper- Photoacoustic Signal

ation cannot compensate the small transition dipole moments
of the overtone vibrations, which result in comparatively poonF'g
detection limits.

Pulsed narrow-band optical parametric oscillators havegrating” lithium niobate crystal on which several sections
been used for PA spectroscopic demonstrations in the neaf different periodicity were patterned. Coarse tuning of the
infrared [17], and, in combination with difference-frequencyoutput wavelengths is achieved by selection of a particu-
generation, also in the mid-infrared [18]. Studies with pulsedar quasi-phasematching grating. Finer tuning is obtained by
CO;, laser PA systems [19] applied f@,H, detection have changing the crystal temperature. Finally, tuning of the pump
shown, however, that the sensitivity of pulsed systems rdaser frequency allows tuning with the highest resolution, the
mains inferior to cw resonant systems. continuous tuning range being a fe@Hz The frequency

In contrast to that, completely new opportunities ariseinstability of the parametrically generated waves is below
from the development of cw OPO systems that fulfill the fol-30 MHz/h with linewidths better tha® MHz. The minimum
lowing requirements: single-frequency emission over a broaexternal threshold i435 mWat 2.4 um and a maximum to-
spectral range, mode-hop-free operation with high frequenagl conversion efficiency 0% is achieved at a pump power
stability (better thanl00 MH2) over typical measurement of 780 mW. The SRO reliably operates over many hours
times, free selection of any frequency within the emissiorwith power fluctuations less thal% and without mode hops
range, and sufficiently high powés 100 mW). In principle,  thanks to the frequency stability of the pump laser and the
both doubly resonant [20, 21] and singly resonant OPO [22€hosen SRO configuration, in which the OPO cavity length
24] configurations could be used for this purpose. Howeveis stable because it is servo-controlled to resonate the pump
the single-frequency SRO with its demonstrated capability ofvave. Since the pump source is a miniatiig YAG ring
a broad tuning range [25] makes it the candidate of choicdaser and the semimonolithic SRO cavitydsm long, the
The development of quasi-phasematched materials, such esmplete system is rather compact. The parametrically gener-
periodically poled lithium niobate [26], has lead to cw OPOsated light is extracted with a dichroic mirror. The signal wave
with output powers at the watt level in tBe4-umrange with  is separated from the idler wave with another dichroic mir-
multimode output [27]. The operation of a cw singly resonantor and injected into a wavemeter to monitor its wavelength.
OPO with single-frequency output, as well as high frequencyrom its value, the corresponding idler wavelength could be
and power stability, as is required for PA and most other spednferred after calibration of the pump wavelength.
troscopy techniques, has been demonstrated recently [25]. The photoacoustic cell is of the resonant type operated

The purpose of the present paper is to demonstrate thet its first longitudinal mode at abo@tkHz. The resonator
applicability of the cw parametric oscillator for photoacous-is a stainless steel tube with a length&Jfmmand an in-
tic trace-gas detection and to determine the present detectioer diameter ofl4 mm An electret microphone (Knowles
limit. For this purpose the new cw OPO [25] was combinedEK3027) is mounted flush into the wall at the anti-node of
with a photoacoustic system as used for high sensitivity dethe acoustic wave. The resonator tube is placed in a massive
tection of C;H4 using aCO, laser [6]. Ethane@;Hgs) was  aluminum body (the PA cell) for acoustic shielding against
chosen as the model gas, since it is important in plant physab noise. For further acoustic shielding the complete cell is
iological studies [11] and its spectrum in tBe4-pum range  placed in a massive fiber board box, coated with foam on the
is well suited to demonstrate the advantages of the pumipside.

.1. Scheme of the experimental setup

source. The laser beam enters and leaves the cell thrairigbe
windows mounted at the Brewster angle to avoid back reflec-
1 Experimental setup tions into the cell. Large buffer volumes with a diameter of

10cmand a lengths oft cm (= 1/4) act as acoustic filters
A schematic of the experimental setup is shown in Fig. 1between the windows and the resonator and isolate the latter
Our tunable laser source is a singly resonant optical paramdtom coherent background signals originating from the win-
ric oscillator (SRO) pumped by H064nm single-frequency dows or molecular layers adsorbed on the windows.
laser [25]. The pump wave is resonated in the SRO cavity The beam is focused into the PA cell with a waist of
in order to reduce the threshold to an accessible level. Thapproximately0.5 mm by using a gold-coated mirror with
SRO delivers radiation at almost any frequency in the spedoc=1m. At the Brewster windows the beam radius was
tral range of 1.45-2 (signal) ar&d3—4 pm (idler) with output  about1.5 mm Due to the sufficiently large diameter of the
powers at thelOO-mW level in the idler branch. The broad resonator 14 mm) no special care has been necessary dur-
spectral coverage is achieved by using a so-called “multiing the alignment to avoid wall signals. After exiting the PA
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cell the idler wave is focused onto a pyroelectric detecto 0.7 - 1.2
for power monitoring. Average power levels 40 mW (un- T 'Q, 1
chopped) were measured behind the PA cell. To generate a f 0.6 i 24P12 —1.0
signal the beam is chopped by a phase-locked chopper. M 5 L 'Q,24P10 1 g
crophone and detector signals (amplitude and phase) are bc s 08 -
processed with two-channel lock-in amplifiers and recordei 2 0.4 | 1 £
with a 10-stime constant. I 24P8 o6
The chopper frequency is controlled by the internal ref- § 03 1 @
erence of the microphone lock-in amplifier. Its stability of < 02 L 04 5
< 1Hz at 2 kHz is sufficient to match the resonance of the j
PA cell, which has a halfwidth of abo@5 Hz In the air- 0.1 02
conditioned lab the temperature is stable withitC, which 00 [ 0.0

results in a maximum drift of the resonance frequency o
about4 Hzwithin 24 h Thus all drifts in resonance frequency
could be corrected manually.

The gas flow (up t®1/h) is injected into the resonator Fig. 2. Portion of the ethane absorption spectrum aro0 cntt. The
through a central inlef)(8 mm diameter), and the gas leaves S S s e e ey inesir
the C(.a”.throth the b“ﬁ‘?r volumes. Thus a fast eXChange icatge the positions (and the relative power available) ofG@eovertone
the air in the resonator is ensured which allows us to detegiser lines [g] in this region to show the coincidences between laser lines
changes in trace-gas concentration as fast as a minute. A cognd absorption structures
mercially available mixture of ethan®.08 ppm) in nitrogen
(99.99%%) has been used for the PA measurements. To deter-
mine the background signal (i.e. no absorbing gas present) tla the center of théQ, sub-branch 29867 cnrt). With
cell is flushed with nitrogen90.99%%). TheN; is addition- the 0.98-ppm ethane mixture the normalized PA signal
ally purified by using &N, cooling trap. For ultimate purity (= NPAS, permW idler power) increased frorB5uV,/mwW
of the PA cell a flushing for 24 hours or longer is necessary t@o 64 LV /mW, giving an increase in sensitivity by a factor of
remove any possible impurities. Gas flow is maintained andbout 2.5. This makes the strong Q sub-branches well suited
monitored with two flow controllers and the pressure in thefor the detection of ethane.

—— T

2985 2990 2995 3000 3005 3010 3015
-1

Wavenumber [cm ]

cell is monitored with a capacitance manometer. To determine the detection limit for ethane the PA back-
ground signal was measured after the PA cell was flushed
2 Results with N2 for several hours. Comparing the background of

35 nV/mW with the mentioned ethane signal at ti&, sub-
One of the aims of the OPO application is to improve thebranch yields a sensitivity limit (background equivalent con-
sensitivity of the trace gas detection by using the strongest aloentration) of aboub40 pptat a power level in the cell of
sorption features available in the respective wavelength rangdout40 mW. In Fig. 3 the increase of the PA signal is shown
which becomes possible with the OPO. In the range of thevhen the gas flow is switched from pufé, to the gas
COovertone laser ethan€{Hs) shows a very strong absorp- mixture.
tion due to the degenerate ro-vibrational band, centered In order to understand the present sensitivity limitations,
at 29854 cnt L. The central part of the band is shown in several sources have been considered: broadband noise from
Fig. 2. Here a FTIR spectrum of ethane in nitrogen is showrthe laboratory, narrowband noise from the chopper, back-
at a cell temperature di00°C as was available from the liter- ground caused by coherent wall and window signals, and
ature [28]. (The increased temperature only sligthly changeshotoacoustic signals due to parasitic absorptions by impuri-
the relative intensities of the absorption peaks in comparisoties in theN,. These sources were evaluated by successively
to the room-temperature spectrum.) The strongest absorpti@uding the chopper and infrared beam contributions to the
features are formed by Q sub-branches: The small differencésboratory noise. The microphone signal was measured with
between the rotational B constants in the lower and uppea lock-in amplifier at a time constant @0 5 and the mean
states result in narrow subbranches; the overlap of the lineslue and standard deviation were determined for the in-
at atmospheric pressure results in an enhanced intensity aptlase and out-of-phase components, referring to the phase
makes them well suited for the quantification of ethane, foof an ethane signal. The results are given in Table 1. As ex-
example in atmospheric spectra. With t8© overtone laser, pected, the laboratory noise contributes mostly randomly to
the best concidence between laser line and absorption featutee signal, whereas the chopper gives a signal with a well-
of the C;Hg spectrum is at the 24P6 laser line (i.e., transitiondefined phase (and no additional noise). When the idler beam
vV =26—1"=24,) =5— J'=6)at301362cnT1[10]. is sentthrough the cell (with abod® mWinside the PA cell),

The experiments showed that desired OPO idler wavewall, window, and parasitic gas signals may contribute to the
lengths could be set without complications. For the subsesoherent background. Depending on the source and the mag-
quent sensitivity tests, measurements were performed at timtude of these three contributions, the resulting background
'Q, and 'Q; sub-branches which have comparable intensitysignal may have a phase which is different from the phase of
(see Fig. 2). an ethane signal. (In an extra-cavity experiment witBGp

To first demonstrate the gain in detection sensitivity postaser, for example, a window signal phase-df20° was ob-
sible with the OPO thanks to its unrestricted tunability, weserved [29]). In the present case the superposition of chopper
compared the PA signals &01362cnt?! (the best coin- and coherent background signal results in a reduction of the
cidence between th€O overtone laser and ethane) andin-phase component of the background.
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Fig. 5. Decay of the normalised photoacoustic signal (NPAS) with removal

Fig. 3. Comparison of background and ethane signal. Before the MeAasUrey the C,Hg from the resonator. A first time constant & 32 § describes

ment the cell was flushed witN, for 48 hto ensure minimum background
signal. The PA signal was measured28969 cm ! ('Q; sub-branch). To

demonstrate the low noise level the background signal has been enlarged
times. After abouf700 sthe gas flow was changed from pure nitrogen to the

mixture 0f 0.98 ppm GHe in N2. The reason for the shoulder in the signal
slope has not been identified yet

Table 1. Signal contributions withN, in the cell. In-phaserefers to the
phase of an ethane signal

lab noise/pwV lab noise lab noise + chopper
+ chopper/pV + idler /pV
in-phase M+2.0 33+13 07+12
out-of-phase a5+1.2 17+14 21+15

the gas exchange in the resonator (volutdecn®, flow 33 cn®/min). The

cond, much slower decay,(= 2319 is due to back-diffusion o€zHg
m the much larger buffer volumes

influence of the background, on the other hand, was indicated
by a small, but significant, change in the PA phase, although
the gas component still dominated the amplitude of the signal.
As a final point, the cell loading time response was stud-
ied. As can be seen from Fig. 4 the exchange of the gas
in the resonator takes place very quickly. The PA signal
shows a decay with a time constant of ab8dt— this com-
pares very well with the gas exchange rate at a flo® lgh
(33 cn?/min) and a resonator volume of abdut cn?. A log-
arithmic plot (Fig. 5) reveals, however, that this first decay
goes over in a second one with a much higher time constant
of about230 s While the gas flow exchanges the gas in the

The different phase of trace-gas absorption signal andesonator very rapidly, the much larger buffer volumes are re-
background signal could be observed, for example, when thfdled more slowly. Thus as soon as the bulk amountgifis

gas flow through the PA cell was switched betweenGhidg

mixture is removed from the resonator back diffusioCeiflg

mixture and pure nitrogen (see Fig. 4). Here the amplitudérom the buffers into the resonator can be observed result-

and the phase of the PA signal are plotted against time fang in a higher time constant. This is, however, an effect with

two consecutive cycles. Removing the ethane from the resmall practical impact; it becomes obvious only when a sud-

onator reduced the gas signal as expected. The increasidgn switch to low or zero concentrations occurs after a long
period of high trace-gas concentrations which are necessary
to establish a high stationary concentration in the buffers.

0.08
3 Discussion
0.06 With the present combination of OPO and photoacoustic cell
) __adetection limit for ethaneX;Hs) of 0.54 ppbwas achieved
E = atanidler power of aboutO mWand with a lock-in time con-
Z 0.047 § stant of10 s This is a very good result compared to the best
7y £ data for theCO overtone laser. There a background equiv-
g alent ethane concentration of abdui4 ppbwas reached
Zz 0.02+ with an intracavity power of more thahwatt [10]. A ma-
jor contribution to this impressive result comes from the more
than twofold gain in the photoacoustic signal when the best
00 t+——T— T 71 1 1T T 1115 overtone coincidence (laser line 24P6) and the strongest ab-

T

0 200 400 600 800 1000 1200 1400 1600 sorption feature of ethane (due to tf@, sub-branch) are
Time [s] compared. These data compare well with the FTIR literature

Fig.4. Phase shift of the normalised photoacoustic signal (NPAS) withdata presented in Fig. 2.

tchangin%szeq%%ncentratiﬁn)in tge PA Cf?t"- The 9%%593;")\/ is S,V‘QFChtedd be- Due to the lower power of the OPO in comparison with

ween ethane min Ny) and pure nitrogen99.999%) as indicated.

Since the gas andptﬁle bacligrounc? signal hgve a different phase relative ‘:'Be CO overtone Iase“(o. mWvs > 1W) the bro.adbfanq .

the incident infrared beam, the resulting superposition signal changes i30iS€ shows a stronger influence on the detection limit in

phase when the contribution from the gas signal is reduced the present experiment than in the case of@i@overtone
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laser. Thus, for measurements in the low-ppb range a timelaus Schneider died on March 30, 1998, following a tragic mountaneering
constant ofl0sis at present necessary to suppress the inaccident. He was an excellent scientist, colleague, and friend. His enthusi-
coherent background noise below the level of the coheref™ and ideas will remain with us.

contributions (chopper and photoacoustic background). The

CO overtone laser experiments showed a different situatioryqte added

because of the high laser power levels the detection limit is
given by coherent photoacoustic background signals whic
scale with the laser power. A time constanB60 msis thus
sufficient to suppress the incoherent noise level below the ¢
herent one.

At higher trace gas concentrations, however, when lab-
oratory noise becomes insignificant in comparison with the

PA detection of methane has been studied by using a setup
similar to the one described above. A detection limit of about
%00 pptwas achieved, measuring on the absorption peak lo-
cated aB067.28 cnt L.

photoacoustic signal, the very good amplitude stability of theReferences

OPO vyielded photoacoustic signals with a very low noise
level and thus allowed the changes in gas concentration in thel.
cell to be followed with high accuracy. Switching between
the C;Hg mixture and purél, removes the bulk gas from the
resonator very rapidly, as can be expected from the gas flow
rate and the volume to be exchanged. This first decay is fol- 3.
lowed by a second much slower one due to the time which is
necessary to remove tii2Hg from the buffers. 4
In further OPO experiments improved acoustic damping 5
and shielding of the cell will be necessary in order to suppress
the incoherent noise and to reduce the coherent chopper backé.
ground. These measures, together with an increased OPQ
power and an optimized PA cell will allow a reduction of the
measurement time constant and a further improvement of the
detection limit. 9.

4 Conclusion

Experiments on trace gas detection using a cw singled0-

frequency broadly tunable OPO are presented. The new sys

tem offers continuously tunable radiation with high frequency 1.

and power stability at th&00-mW power level in the?.3—4-

wm range. The combination of this new radiation source with 13.

a sophisticated photoacoustic detection system results in an,
ethane detection sensitivity belovpphhy which is already
close to the best values achieved with conventidrid-
cooledCO overtone lasers and intracavity configuration. The

free wavelength selection will result in improved sensitivity 16-

especially for those molecules where the fixed frequencies of ,

the gas lasers offered weak coincidences with the absorptiofg’
19.

spectrum, as it is the case with methane [30].
The new, compact system opens a great perspective for

the development of small mobile trace gas detection SyStem§(1): R. Al-Tahtamouni, K. Bencheikh, R. Storz, K. Schneider, M. Lang

which can be applied in environmental monitoring as well

as in process control (chemistry or biology) where high time ;.

resolution and small sample volume are important require-

ments. Future work will be directed to PA measurements a?i-

reduced pressure to allow the simultaneous, selective deteé
tion of different species. An essential step for the application

of OPO systems for trace gas detection will be the developog.

ment of mechanisms for the fast wavelength change of the

OPO which is at present limited by the necessary temperaturé’-
28.

changes.
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