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Abstract. The developmentand application of a mobile laserdimits [3, 4], however at the cost of a smaller dynamic range
photoacoustic spectrometer for in situ multicomponent monand higher sensitivity to beam pointing instabilities.
itoring of trace gases in different environments is reported.
Sub-ppbV & 10~° per volume)-concentrations can be meas- ]
ured with a novel resonant multipass photoacoustic cell. Thé Experimental arrangement
cell is designed for flow mode operation in order to reduce ad-
sorption effects. For ethen€4Ha) buffered in synthetic air 1-1 General set-up
a minimum detection limit of70 ppt V (70x 10~12 per vol- : L
Figure 1 shows a schematic diagram of our current ex-

ume) is achieved corresponding to a minimum measurable ¥. | hich | dified
absorption coefficientymn = 2 x 10~ cm~L for a signal-to- perimental set-up which represents a strongly modified ver-

noise ratio of 3. The multicomponent capability of the systen?'on of an arrangement described in detail previously [5]

is demonstrated with continuous sequential measurements g I'ane\'})uvr\'/ﬁﬁb;ﬁ Zec?il\?ed;)%ﬁ\/;\%r I;Z%ri”(;{ggnl‘g;ggg%m 218%?0
ethene, methanol, ethan@0,, andH,O of air from a fruit - 3 . . : .
storage chamber. driven out-coupling mirror is used as light source. An output

power up to6 W in the 10P and 10R branches and ug@ &/

in the 9P and 9R branches is available on 74 different transi-

tions. The diffraction grating is mounted in a Littrow arrange-

ment. The grating angle is set to the desired laser transition

ith a computer-controlled step motor unit. After passing the

opper, the wavelength of the emission line can be checked
a spectrometer. Additionally a power meter records the

aser power to normalise the photoacoustic (PA) sighdhe

aser beam is coupled into the PA cell via a telescope. A novel

gﬁsonant PA cell has been developed as described below. For
e determination of the gas concentrations we measure the

PACS: 82.Ch

In comparison to more conventional gas detection schem
such as gas chromatography [1] photoacoustic (PA) spec-
troscopy [2] offers some distinct advantages such as th
possibility of in situ measurements in flow mode operatio
(up to 2litres/min) without any pre-concentration or pre-
treatment of the gas sample. Excellent detection sensitivit
(down to sub-ppbV concentrations for intracavity arrange- ;
ments) and a large dynamic range (up to 7 orders of magﬁj’? anr11plltude and phas'e, the geu prr]essyég, tge gasd'qampera-
nitude) are achievable. The employed microphones represetf e ¢ e:ICOz_ concr:antratlon, anﬁ t ehurﬁl '.%’:I. €pending on
simple room-temperature detectors that make costly detect e application, the system offers the flexibility to measure

. : ; ther data such as th@O, NO, and CO, concentrations
cooling systems dispensable. The wavelength-mdepender"ﬁr . . ' P X '
responsivity of the PA detector implies that the same detecr'e%Oa?f?grg:igigtémtegrﬁgg?;ttu?;%n;?(rj((al\giacltgzkiangilgtlorl610)

n
tor can be used for the whole wavelength range offered by thd Possible gas temperature fluctuations occurring while op-

ump laser, i.e. for all gases absorbing in its spectral region. .. . ;
P PFr)evious PA Systen‘%’ls needed Iase?sourceg with mirﬂmuﬁ{at'ng the system in flow mode influence the speed of sound

output powers on the order of tens i to W. By the im- which results in a variation of the resonance frequency of the

plementation of a highly sensitive resonant multipass photol?A cell. The valid resonance frequentqT ) at a given tem-

acoustic cell as described below, this disadvantage becomggratureT is determined from an initial resonance frequency
less important because pump-laser sources at lower powg}easurementTo at temperatur@o by

levels can be employed. In combination with new Iow—powerf(-r) — fr, (T/To)¥2. 1)
lasers the PA technique may open up additional application 0

areas with all advantages of the PA technique. Other PA seln order to reduce the influence of such fluctuations we im-
ups such as intracavity regimes also yield excellent detectioplemented an active computer-controlled stabilisation of the
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contro. spectrum ambient air)
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L humidity meter =
pressure gauge Fig. 1. Experimental set-up of the laser
meteorological data data collector - photoacoustic spectrometer (BS — beam
N CO, CO,-, NO-monitor _ .
ger (PC-controlled) )y splitter, M — mirror)

chopper frequency onto the cell resonance frequency. Thixhibits 36 passes resulting in a total path lengtR®7 m.

is a crucial point for a completely automated operation ofThe number of passes can even be extended to 80 by a mirror

the system. The computer control of all system componentdjustment. A He-Ne laser beam can be directed collinearly

ensures unattended continuous measurements over sevewith the CO, laser beam over a flipper mirror for adjustment

days [5, 6]. The analysis of the measured PA amplitude andf the Herriott cell mirrors. The resonant PA cell which con-

phase data to calculate the gas concentrations has been dists of cylinder, the actual resonator, and two adjacent buffer

scribed in detail previously [6]. volumes with larger diameters, is placed inside the multipass
The wholeCO,-laser-based PA spectrometer is installedarrangement. As a result more laser powef is available

in a trailer and thus offers the possibility of field studies. Forinside the cell for the generation of the PA sigisdhan in

this purpose meteorological data (wind direction and velocitya usual one-pass arrangement. Figure 3 shows the calculated

and solar radiation) can be recorded in addition. power enhancement factgrversus the numbers of passes

in consideration of the transmission and reflection losses. The
1.2 The multipass photoacoustic cell effective powerP. is calculated as follows:
We constructed a novel resonant multipass PA cell to recor = Pon, (2)

the PA signal, caused by the absorbed laser radiation, with
a maximised signal-to-noise rati8 NR. Figure 2 illustrates  with
the set-up of the cell that basically consists of a Herriott-
multipass arrangement [7] and a resonant PA cell [8—11]. - Z T e ()
In analogy to absorption spectroscopy, the PA signal ang o
the SNR depend on the available laser power. To obtain
a preferably large PA signal at a given incident laser poweThe measured transmission coefficient per pas§igs=
Po we use a Herriott-multipass arrangement around the a®.961 (1 mirror and two windows). We are currently operat-
tual PA cell. With a mirror spacing af0 cm our Herriott cell  ing the cell with 36 passes because more passes render the

temperature temperature
sensor sensor
buffer volume buffer volume )
. gas outlet . gas inlet
spherical radial
concave microphone
mirro% array g
ER= S —— | \% E
E | flat mirror / \ 3
laser Brewster Brewster spherical
beam window window concave
mirror
dimensions:
length: diameter:
cell overall 700 mm 140 mm number of microphones: 16
PA resonator 120 mm 50 mm number of beam passes: 36 ; . . .
buffer volume 60 mm 120 mm curvature radius of the mirrors: 1000 mm Fig. 2. Multipass photoacoustic cell with

Herriott cell, photoacoustic resonator, and

tical path length 23680 A R
optica’ p 18 i cylindrical microphone array
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adjustment of the cell more difficult and only yield an addi- The measured frequency spectrum for our cell geometry is
tional improvement; of 26%. The cell dimensions, particu- shown in Fig. 4. Apart from the first longitudinal resonance
larly its diameter, are adapted to the number of passes and the1250 Hzother less pronounced resonances appear at higher
beam diameter of th€O, laser. As Fig. 3 implies we achieve frequencies. They are due to higher longitudinal, radial, or
a power enhancement factpof 19 with 36 passes. azimuthal resonances but have not been assigned so far. The
The actual PA cell is sealed with Brewster windows onoperation of the cell at the resonance frequency250 Hzis
both ends. The inner cylindrical part enables the excitatiomdvantageous, particularly in noisy environments, because the
of a pronounced longitudinal acoustic resonance whereas tlanbient noise is generally rather low at frequeneieskHz
buffer volumes with half of the resonator length reduce acousthe rather large cell diameter required for the multipass ar-
tic noise caused by the gas flow and by heating ofzh8e  rangement limits the attainable quality factor. However, this
Brewster windows. The cell design was thus optimised tds not a drawback for the system performance because the
operate the cell on the first longitudinal resonance aroundecreasing resonance width with increasing quality factor im-
1250 Hzwhere the resonator length equals half the acougsedes the stabilisation of the chopper frequency on the reson-
tic wavelength. At this resonance frequency we achieved thance frequency. The signal fluctuation owing to the jitter of
highest quality factoQ ~ 70 with this arrangement. In com- the chopper frequency results in a practical limi@f 100.

parison to a non-resonant cell, the PA sig&al is thus en- At the first longitudinal resonance the pressure amplitude
larged by the facto® according to reaches its maximum in the center of the resonator in a plane
perpendicular to the optical axis. We implemented a radial
Stes = ShonreQ - (4) microphone array with 16 electret microphones (Sennheiser
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KE 4-211-2) at this position of the resonator for the detection The rather large cell volume ¢&.31 and the maximum
of the PA signal. The numben of microphonesis limited by gas flow of 1.51/min, which is limited by increasing am-
the dimension of the cell. The summation of the signals fronbient acoustic noise and onset of turbulence, yield a time
the single microphones results in amtimes higher effective  resolution in flow mode of¢ 5 min. This is still smaller than

PA signalSq, i.e. the time required to measure a complete spectrum with the
line-tuneableCO, laser which takes30 s per laser transi-
Sot = Sm. (5) tion. The limiting factor for the minimum time resolution of

_ _ _ _the system is thus rather the tuning procedure in the case
On the other hand the (incoherent) noise only increases witdf multicomponent mixtures whereas it is the large cell vol-
m'/2. One thus obtains ume for recording concentration fluctuations of single trace

ases.
SNRot = SNRn¥?2 . (6) g

The final result of all three measures discussed above can be Measurements and results
summarised as
2.1 Individual trace gases
Sot = GnQM Sonres. (7
o , In order to verify the expected excellent detection limits of
The factorG is introduced to account for the off-axis propa- oy system, we measured ether@H,) buffered in syn-
gation of the Iaser-_beam passes through the ce}l. The expectgktic air 80% N, 20% O,) at atmospheric pressure in flow
increase of the microphone signal has experimentally beefoge at the 10P(14) laser transition where the absorption
determined a& = 3. Withn =19, Q =70, andn=16the  ¢ross sectiomaps is Maximum 6aps= 170x 10~2°cn? [6]).
total PA signalSq: is enhanced by a factor &4 000com- A computer-controlled gas mixing unit generates a cascade
pared to the signal amplitudgonres Of & single-pass Non- change of the concentration downtd5 ppbV. The result of
resonant cell operated at the same frequency. The signal effiis measurement is shown in Fig. 5. The inset implies a min-
hancement also involves an increase of the background aRglum detection limit 0f0.07 ppbV after subtraction of the
the noise level. Theonstanbackground, for example caused constant background signal caused by window heating. This
by window heating and residual absorption by the mirrors, i$)ackground signal is shown in the last sequence of Fig. 5. It is
subtracted from the signal as discussed below. The noise jgcorded by measurements in a flow of synthetic air. The de-
composed of microphone noise (see (6)) and the noise origiaction sensitivity achieved is comparable to data reported for
nating from the jitter of the chopper frequency in connectionptracavity arrangements [3, 4], however, without exhibiting
to the resonance enhancement. The multipass arrangementifeir typical disadvantages such as sensitive signal behaviour
creases the power by a factorip{2). The power fluctuation re|ated to the pointing stability of the laser beam or smaller
of the laser thus also increases by the fagtdrowever, the  gynamic range because the increasing intracavity absorption
multipass arrangement itself does not enhance the noise levgf ences the laser performance.
any further but improves the detection limit considerably. |n our former measurements [6,13] performed with
A further aspect concerns the possibility to perform measurey single-pass resonant PA cell, 29 different gases were meas-
ments at lower incident laser powers than would be feasiblgred with 12C160, and 13C%0, laser tubes. The corres-
with single-pass cells. , , _ponding minimum detection limits (foENR= 1) for the
The concentratioty,s of a single gas or a gas in a mix- {iferent individual gases buffered in synthetic air, i.e. under
a non-absorbing buffer gas, is now given by Table 1. In comparison to these former data the measurements
S onCyHy, CO,, H20, methanol CH3sOH), ethanol C,HsOH),
ot (8) and benzeneGgHs) yielded 30 times lower detection lim-
C NootoabsPo its (for SNR= 3) with our new cell. The present levels for
ethene 70 pptV), methanol .2 ppbV), ethanol 0.5 ppbV),

Cgas=

whereNiy; denotes the total molecule density,sthe absorp-
tion cross section of the gas at the selected laser transitio enzene§ ppbV), CO, (770 ppbV, andH0 (5 ppmV) are

and C the cell constant. The cell constant is derived l‘romiéteqI in italic in.the.up_pe'r part of Table 1. We expect that all
(8) using a known gas concentration (in a certified gas mixP'€VIous detection limits in the lower part of Table 1 are now
ture) and absorption cross secti@fs resulting in a value of reduced by a factor of 30, or, when assum8f§R= 1 in both

C = 260V cm WL, The minimum detectable absorption co- C25€S: by two orders of magnitude. However, this needs to be
eﬁi_cientamm is givén by verified in further measurements.

Stot,min (9) 2.2 Multicomponent gas monitoring in a fruit storage

Amin = .
™7 Ch chamber

Under the assumption of a minimum measura®lemin/Po~ Besides low detection limits, multicomponent capability and
of 0.4 WV W1 based on the (conservative) estimation of a dea large dynamic range are important features of a gas sen-
tection limit that equals three times the standard deviatiosor. The performance of our spectrometer regarding these
+0, i.e. for SNR= 3, we obtainumi, =2x 102cm . This  two requirements has been evaluated with measurements on
result is about an order of magnitude better than previous dedr samples from a fruit storage chamber, in collaboration
tection limits reported for extracavity PA gas monitoring [12]. with the Swiss Federal Research Station for Fruit-Growing,
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Table 1. Investigated compounds, max- )
imum absorption cross sectiamay with Substance Formula Omax/ Laser line A/ Crmin/ Ref.
corresponding!2C80, laser transition, 1020 en? 12C1%0,- emt ppbV
and detection limits for interference-free Isotope
conditions withSNR= 1 for the former
data in the lower part of the table, and ethene CoHy 170 10P(14) 94948 007 a
SNR=3 (equivalent to the (conserva- methanol CH3OH 104 9P(34) 103348 02 a
tive) estimation of a detection limit that ethanol CoHsOH 318 9P(08) 105730 05 a
equals three times the standard deviation benzene CsHs 111 9P(30) 103743 5 a
+o0) for the data from this study in the carbon dioxide CO, 0.023 9R(20) 107859 770 a
upper part of the table water H,O 0.0038 10R(20) 97593 5000 a
ammonia NH3 319 9R(30) 108463 2 6
ozone O3 417 9P(14) 105219 13 6
1,3 butadiene C4H1002 27.8 10P(46) 91871 19 13
vinyl chloride C,H3Cl 27.1 10P(22) 94238 20 13
1,2 o-dichlorobenzene CgH4Cl» 211 9P(28) 103936 25 13
chlorobenzene CeHsCl 129 9R(30) 108463 41 13
m-dichlorobenzene CsH4Cl2 115 9R(20) 107859 46 13
propylene CsHs 8.23 10P(36) 92901 65 13
acrolein C3H40 771 10R(18) 974.62 69 13
y-terpinen CioH16 55 10P(36) 92902 97 13
p-chlorobenzene CsHsCl 5.46 9R(34) 108686 98 13
toluene C7Hsg 3.99 9P(36) 103147 134 6
isoprene CsHg 31 10P(40) 92997 172 6
ethyl benzene CgH1o 2.25 9P(36) 103147 237 13
o-xylene CgH1o 1.93 9P(12) 105392 277 13
isopentane CsH1o 1.72 10R(22) 97721 310 6
acetone C3HsO 126 10P(44) 92083 424 13
p-xylene CgH1o 1.26 9P(38) 102944 424 13
m-xylene CgH1o 1.24 9P(24) 104316 430 13
()-a-pinene CioH16 0.97 10P(08) 95455 550 6
(1S)-(-)B-pinene CioH16 0.74 9P(12) 105044 721 6
ethyl bromide CoHsBr 0.515 10P(20) 94419 1040 13
methyl chloride CH3ClI 0.167 10P(44) 92083 3200 13
a: This study
Viticulture and Horticulture (FAW) in WadenswiZurich. We performed automated, unattended in situ measure-

Species of interest emitted by the fruits are ethene, methanahents by placing our mobile trailer near a storage cham-
ethanol,H,O vapour, acetaldehyde, ethyl aceta®®),, and ber containing Idared apples with a volume 4301. The
others [14—17]. Depending on storage conditions these gaselkamber air was pumped continuously through our PA cell
represent key substances for fermentation processes and fraita flow rate ofl [/min without any pre-concentration or
quality in general. Within the frame of an extended FAWpre-treatment. The air was at atmospheric pressure and at
project on dynamically controlled atmospheres, the aim o& temperature ofi°C. The pumping process, however, in-
our research was to record the concentrations of some of theseeased the air temperature 20°C in the PA cell. Dur-
gases as a function of time and to correlate the results with tHag the measurement the laser is tuned consecutively to dif-
ageing process of the fruits with the final goal to optimise thderent laser transitions. The determination of the concen-
storage conditions. tration of each component of the mixture with our algo-



900

rithm [6] requires the measurement on at least one transthe different compounds. The highest rates are observed for
tion per compound. However, to improve the precision, weethanol, the lowest for methanol. The exact rates, however,
recorded the PA signal on two transitions for each comédepend strongly on the previous storage conditions. There-
pound, carefully selected for maximum absorption, minimunfore, further comprehensive studies are needed to establish
absorption interference, and good laser performance. In add- firm correlation between the composition of the storage
ition, we measured the PA signal on two laser transitiongir and the fermentation and ageing processes of the apples.
(10P(12), 10P(40)) for which all of the investigated gases exOur measurements demonstrated that the simultaneous mon-
hibit negligible absorption to verify the constant backgroundtoring of four of the relevant gas compounds mentioned
signal. Therefore, the spectra to monitor ethene (laser transtbove is feasible even under the given conditions of strong
tions: 10P(14), 10P(16)), ethanol (9P(08), 9P(32)), methanadhterferences.
(9P(34), 9P(36)), an€O, (10P(20), 9R(20)) comprise ten
different laser transitions. For the analysis of our PA data
we use measured calibration spectra of certified gas mixturés Conclusions and outlook
of the individual components buffered in synthetic air at at-
mospheric pressure. The absolttgO vapour concentration The outstanding performance of our mobile automated laser
used for fitting our PA data is derived from the measured relaspectrometer with respect to trace-gas monitoring has been
tive humidity and temperature. The high humidity (arounddemonstrated with measurements on individual trace gases
0.7% abs. corresponding 1®5% relative humidity a4°C)  and multicomponent gas mixtures. The implementation of
and elevatedCO, concentration (aroundi%) posed a chal- a novel multipass resonant PA cell yields an improvement of
lenge to the mathematical analysis of the data. However, odhe detection limits of two orders of magnitude for identical
Levenberg—Marquardt fitting algorithm [6] enabled us to de-SNRcompared to the previously used single-pass cell. Hence
termine reliable data for the four components with a precisiosub-ppbV concentration levels are now accessible with an ex-
of better than20% even under these conditions. Unfortu- tracavity arrangement which offers distinct advantages com-
nately, theCO, concentrations of 1% present in the cham- pared to intracavity set-ups such as the retention of the large
ber air exceed the measurement rarigel 000 ppm VY of the  dynamic range. In practice, a further reduction of minimum
NO/CO/CO, monitor so that our photoacoustically derived detectable concentrations is currently limited by fluctuations
CO, data could not be compared with independe® data.  of system parameters, notably of the laser power and reson-
The daily measurements started after the chamber hahce frequency.
been rinsed with pure nitrogen. In order to derive gas- The possibility of in situ measurements in flow mode
emission rates per hour we recorded the temporal increageoves advantageous in several respects. The often important
of the gas concentrations with a reduced time resolution adispect, namely the falsification of derived trace-gas concen-
one spectrunhour. Herewith we collected sufficient data for trations by adsorption of gas molecules on the walls of a sam-
reliable results and saved needless laser operation time. Figle bag or a measurement cell can thus be avoided or at least
ure 6 presents the temporal development of the concentratiobs drastically reduced.
of the four components for a measurement period of three The considerably improved detection limits open up
consecutive days. The apples were intentionally kept underew application areas for ultrasensitive gas sensing. On
anaerobic conditions wittD, concentrations belovd.1%  the other hand, tunable mid-IR lasers with lower power
andCO, concentrations arounts. In this case one expects than the presently use@€O, laser, such as diode-laser-
a linear increase of the gas concentrations with time [18]based difference-frequency sources [19] or quantum cascade
i.e. constant emission rates. This behaviour is confirmed blasers [20, 21], can be employed. Thanks to their continuous
our measurements. The emission rates obviously differ faiunability, these sources also reduce absorption interferences

200

x Methanol 8 Ethanol & Ethene ° Cozl T24

180

gas concentrations (except CO,) [ppm]
CO, concentration [%]

Fig. 6. Example of a three-day analytical
study of air from a fruit storage chamber.
The concentrations of four compounds are
plotted versus time




in multicomponent mixtures that sometimes limit the detec- s.
tion selectivity achievable with the discretely tunal@e®, 9.
laser.

10.
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