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Abstract. A compact open-path optical ammonia detector ishowever, is usually long and, above all, their intrusive prop-
developed. A tunable external-cavity diode laser operatingrties are unwanted for several applications. The sampling of
at 15um is used to probe absorptions of ammonia via theair prohibits contactless measurements and, due to the adhe-
cavity-enhanced absorption (CEA) technique. The detector isive properties of ammonia, long-term memory effects can
tested in a climate chamber. The sensitivity and linearity ofntroduce measurement errors.

this system are studied for ammonia and water at atmospheric These drawbacks can be circumvented by using the op-
pressure. A cluster of closely spaced rovibrational overton&cal properties of the ammonia molecule. A measurement
and combination band transitions, observed as one broad abf the molecular absorption spectrum provides information
sorption feature, is used for the detection of ammonia. Ombout the ammonia concentration in the probed volume. Over
these molecular transitions a detection limit of 100 ppb (1 sjhe years various optical detection schemes have been de
is determined. The ammonia measurements are calibrated imeloped and used with the aim to construct a highly sensi-
dependently with a chemiluminescence monitor. Comparetive ammonia monitor. High detection sensitivities have been
to other optical open-path detection methods in thedm2 achieved using opto-acoustical techniques with detection lim-
region, the present result shows an improved sensitivity foits in the low ppb range [2—6]. Nevertheless, these methods
contactless ammonia detection by over one order of magntill require the sampling of gas and thus are not suitable for
tude. Using the same set-up, a detection limit of 100 ppnopen-path monitoring of ammonia.

(1 s) is determined for the detection of water at atmospheric The use of diode lasers for trace-gas detection offers var-

pressure. ious advantages, among which are their narrow laser band-
width with the associated high frequency and species selec-
PACS: 07.57.Ty; 07.07.Df; 07.88.+y: 33.20.Ea tivity. Moreover, they are very compact, easy to use, and af-

fordable. These qualities make them well suited for the imple-
mentation in laser-based trace-gas detection systems. Diode
lasers are commercially available throughout th&e-@.0 um
Industrial emissions and intensive livestock breeding areegion, where many trace-gas species of interest have rovi-
dominant contributors to the total amount of ammonia inbrational transitions. The rovibrational line strengths in these
the atmosphere. The ambient concentration and the time&ombination and overtone bands are weak compared to the
integrated deposition of ammonia are important parametelfe strengths in the fundamental bands, and highly sensitive
in acidification and eutrophication processes. These processestection schemes are therefore needed.
can result in environmental damaging effects and in pub- For ammonia many vibrational bands have been reported
lic health hazards. It is therefore necessary to map out anid the 1-2um region [7—10]. On the basis of motives such
control the ammonia emissions and depositions. Hence, faas the line strength of the absorptions and the avoidance of
(> 1 Hz), sensitive (sub-ppb) and non-intrusive ammonia deinterference with other atmospheric gases, different combina-
tectors capable of measuring ammonia in ambient air arédon and overtone bands of ammonia have been chosen for
indispensable. the construction of an open-path ammonia sensor. This re-
Most of the commercially available ammonia monitorssulted in best detection limits of 2 ppm under atmospheric
use chemical, thermochemical, or optochemical detectiononditions in the B-um band [11-14] and of 55 ppm at
schemes and require the collection of atmospheric samplea.total pressure of 76 Torr in theGb4um region [15]. Re-
Their sensitivity ranges from 1 ppt (chemical, thermochem<ently, new diode lasers operating in th8-2m region have
ical) [1] to 1 ppm (optochemical) but their response time,been used for the detection of ammonia and a detection limit
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of 1 ppm has been demonstrated [16, 17]. These sensitivitideng, resulting in a maximum intensity that is proportional to
have been achieved by using a diode laser system in combintdae exponential decay timgv),
tion with advanced measurement schemes such as (two-tone) d
frequency modulation. W=— (1)
Recently, we have reported on the cavity-enhanced ab- c(1— R+«(v)d)
sorption (CEA) tec.hnique, a vergatile. and se_nsitive toql folyhered is the cavity lengthg is the speed of lightR the
spectroscopic studies [10, /18]- With th?!s tech;nque, rotationahjrror reflectivity, ande(v) the absorption coefficient of an
transitions of the BXy" (v =2) « XXy~ (v"=0) band  apsorhing species inside the cavity. This restriction sets the
of molecular oxygen have been me%sured around 628 nihner fimit for the scanning rate of the laser frequency. In
[18]. Additionally, a sensitivity of 10° mbar for the de- aqgition there also is a restriction to the lower limit of the
tection of ammonia under reduced background pressurgcanning rate of the laser. Apart from the periodic change of
was demonstrated in the.Skum band. The CEA tech- ihe cavity length controlled by the piezo-element, there will
nique has been successfully combined with magnetic rotagso he an additional jittering of the cavity modes due to the
tion spectroscopy to obtain cavity-enhanced magnetic rotanechanical instability of the cavity. In order to minimise the
tion spectra of the"P, (1) transition of the aforementioned, jntensity fluctuations inside the cavity, all laser frequencies
magnetic-dipole-allowed, band of molecular oxygen. Ab-myst pe in resonance with a cavity mode equally long and
sorption features narrower than 270 MHz can be recordedpe scanning rate of the laser must therefore be significantly
as was shown by measuring téPy(1) transition of the  pigher than the rate at which the cavity modes are jittering.
b*Xg" (' =0) < X°Xy~(v"=0) band of molecular oxy- \hen both of these restrictions are fulfilled, the intensity
gen in an optical cavity positioned around a slit-jet expantoypled into the cavity is linearly dependentan). Further-
sion [18]. With the same set-up, we have recorded absorRnore, when the laser is tuned out of resonance with the cavity
tion spectra of rotationally cold ammonia molecules in themqe, the intensity inside the cavity shows an exponential de-
6400-6630cm- region, enabling us to assign all of the ¢4y iy time, also proportional te(v). In a CEA experiment,
lower rotational transitions of the; +v3 band and of the  {he time-integrated intensity of the light exiting the cavity is
|l = 2 component of the, + 2v4 band of ammonia [10]. measured. This signal is proportional to the exponential decay
In this paper, we report on the design and performanc@me ¢(y), and thus contains information on the absorption co-
characteristics of our compact and open-path ammonia se@ficient i(v), which is the product of the concentration and
sor based on CEA spectroscopy. An external-cavity diodene apsorption cross-section of the absorbing species in the
laser (ECDL) is used to probe ammonia absorptions in thgayity. By plotting the inverse of the time-integrated detector
1.5-um region. The ammonia sensor is tested and callbrate_:ggnm versus the frequency of the laser, an absorption spec-

in a climate chamber [19]. A test-gas generator is used to Mim over the full scanning range of the laser is obtained.
predetermined concentrations of ammonia with air in a well-

controlled and reproducible way. The ammonia concentration
is calibrated independently using a chemiluminescence mor® Experiment
itor. It is shown that with a simple set-up involving CEA
a sub-ppm detection limit for ammonia is readily achieved. A scheme of the CEA experiment is depicted in Fig. 1.
A continuous-wave ECDL (New Focus, model 6262), oper-
ating in the 1512—1590 nm region with a 5-mW maximum
1 Theory power and a laser bandwidth narrower than 5 MHz, is used
as a light source. Temperature, current, and frequency of the
The CEA technique is already described elsewhere [18], anidser are regulated with an external controller. The frequency
only the main principles of the technique will be given here.region of interest can be attained by adjusting the end-mirror
Light of a scanning laser is coupled into a high-finesse opticabf the laser cavity with a pico-motor. During the measure-
cavity when the frequency of the light is in resonance with thement, the laser is scanned mode-hop free, and linearly in time,
frequency of one of the cavity modes. In this experiment theover 1 cnt! frequency intervals. It is important that the full
laser is continuously scanned over the same spectral regi@pectral range is covered rather fast, in this particular case at
(typically 1 cnTt), and at the same time the length of the op-a rate of 32 Hz. This is done by applying a voltage ramp to the
tical cavity is periodically changed with a piezo-element thatpiezo-electric transducer that is connected to the end-mirror
scans the mode spectrum over one free spectral range (FSRj.the laser cavity.
As aresult, different laser frequencies can be coupled into the The light of the laser is coupled into a high-finesse optical
cavity each subsequent single scan (‘interleaved sampling'§avity formed by two plano-concave mirrors with a specified
By summing over several single scans, each frequency will beeflectivity R of 0.9997, a diameter of 25 mm, and a radius of
sampled with an equal probability and spectral features nacurvaturer equal to—1 m. Optical feedback from the cavity
rower than the FSR of the cavity can be studied. back to the laser is minimized by a Faraday isolator placed in
The intensity of the light coupled into the optical cavity the beam directly behind the laser aperture. The mirrors are
is determined by the spectral overlap between the laser frenounted in two mirror-holders that can be aligned indepen-
guency and the frequency of the matching cavity mode, andently. The distancd between the two mirrors is 65 cm. The
depends on the finesse of the cavity, the spectral profile of thexact cavity length is continuously varied by a piezo-element
laser, the scanning rate of the laser frequency, and the scafixed to the end-mirror in such a way that the cavity mirror
ning rate of the cavity length by the piezo on the end-mirrorwill travel one wavelength in one full piezo-scan (scan rate
The scanning rates must be set in such a way that the laser fitgpically 0.5 Hz). This is equivalent to an ‘active destabiliza-
guency stays in resonance with the cavity mode sufficientlyion’ of the detection cavity, and enhances the efficiency with
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Fig.1. Experimental set-up for cavity-enhanced absorption spectroscopy.
Light from the scanning laser is split in two beams one of which is coupled
X X " A . . Compressor Cooler Heatless dryer
into a high-finesse optical cavity and the other is led through an 18-cm-long

reference cell containing 9-Torr ammonia used for frequency calibrationir. @ Q 4N_

The light exiting the high-finesse cavity is detected with a photodiode and
the time-integrated signal is used to extract information about the absorbi
species that are present in this cavity

%. 2. Test-gas generator used to supply a continuous flow of air with a pre-
determined concentration of ammonia gas. Air is first purified and mixed
with concentrations of water and ammonia. This gas mixture is led via

. . . . . a Teflon-lined manifold to the CEA detector enclosed in a large Perspex
which the narrow-band laser “ght 1S coupled into this CaV-pox. The ammonia and water concentration in the box are independently

ity. The light exiting the cavity at the end mirror is detectedmeasured with a chemiluminescence monitor and a relative humidity sensor,
with a photodetector (New Focus, Nirvana 2017) which isrespectively

connected to an analog input of a multiplexer (National In-

struments, BNC 2090). The data is transfered to a personal

computer via a data acquisition card (National Instrumentsa chemiluminescence monitor. The ammonia and the water
PCI-MIO-E 16) using LabView-based acquisition software.signal measured with the CEA ammonia sensor can thus be
The intensity of the light exiting the cavity is recorded andcalibrated independently.

displayed as a function of the scanning voltage of the laser

which is proportional to the laser frequency.

The absolute laser frequency is calibrated by measuring Results and discussion
a direct absorption spectrum of 9 Torr NHh a cell sim-
ultaneously with the CEA spectrum. Most of the ammoniaLundsberg-Nielsen et al. [9] have reported a total of 1810
absorption frequencies in thesium region have been accu- rovibrational ammonia lines in the3um region, originating
rately measured and reported by Lundsberg-Nielsen et al. [9ftom a multitude of combination and overtone bands [7, 8, 10]
Since the ammonia spectrum is very dense and complex, tHeom which our ECDL can reach approximately 700 lines.
different frequency regions show distinct patterns of absorpFor the present studies, we choose the closely spaced cluster
tion lines. Therefore, using the known line positions and lineof ammonia lines at 656899, 6568401, and 656863 cnT*
strengths, the absolute frequency of the diode laser can easilyith absorption coefficients of. 356x 1074, 7.602x 104,
be determined. and 0948x 10~*cm~1 Torr 1, respectively [9]. Under ambi-

In order to test the CEA-based ammonia detector in aent conditions these three lines blend into a broad absorption
open-path set-up, and to control the ammonia concentratidieature, one of the most intense ammonia features in the fre-
in the probed volume, the CEA system is enclosed in a largguency region accessible to the laser. Furthermore, this is an
Perspex box. The complete set-up is placed inside a climaisolated cluster of lines as the nearest ammonia absorption is
chamber [19], where a test-gas generator supplies a continmore than @ cm* away. Therefore, it is possible to scan the
ous flow of air with a known composition mixed with a pre- laser over 1 cm! without probing ammonia lines that will
determined concentration of ammonia gas. A scheme of thimterfere with the lines under study, as is the case in other
manifold including the CEA detector is shown in Fig. 2. In frequency regions where absorptions with comparable line
the gas generator, compressed air is cooled dowrf@and  strengths could in principle be used as well.
liquid water is separated from the gas system. The air is puri- In Fig. 3a a direct absorption spectrum of 9-Torr ammo-
fied in a heatless dryer consisting of two columns filled withnia in an 18-cm cell measured in the reference path is shown.
silica gel and charcoal. The dried air flow can be mixed uprhe three closely spaced rotational lines are clearly visible
with a known amount of water in the atomizer. The ammo-and at the red side of the first strong line a very weak, hith-
nia is added to the air and the gas composition is led vi@rto unreported, absorption feature is seen. The linewidth
a Teflon-lined manifold into the perspex box enclosing theis a result of both the Doppler-broadenirg ©.02 cnm1)

CEA detector at a flow rate of.B0 I/min. A relative humid- and pressure-broadening due to ammonia (self-broadening;
ity sensor is used to measure the water vapour concentratien 20 MHz/Torr).

in the supplied gas mixture. Additionally, air from inside the  In the CEA measurements, a low ammonia concentration
box is sampled and transferred to an oven (80Pin which  is measured in air at atmospheric pressure. The relative hu-
the ammonia is converted to NOthat in turn is detected by midity of the gas mixture is zero. In Fig. 3b the CEA absorp-
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0.15 about ten min, the concentration in the gas flow is assumed
A to be stable and the actual measurement is started. After each
session, the system is flushed with dry air in order to dispose
of the residual ammonia in the system.

The linearity of the CEA detector is studied by varying the
] ammonia concentration in the air flow. The results are shown
in Fig. 4. On the horizontal axis the ammonia concentration
measured with the chemiluminescence monitor is plotted and
on the vertical axis the integrated absorptgrwhich is the
area under the detected absorption feature, is plotted. From
Fig. 4 a linear dependence between the integrated CEA signal
and the supplied concentration is evident. The detection limit
defined as the concentration that results in a signal-to-noise
_ ratio (SNR) equal to 1, is 100 ppb (1 s). This corresponds to
a fractional absorption of 2 10~8cm~1. The noise in the
CEA spectrum is determined by the residual mode structure,
which is a result of the interaction of the cavity modes and the
variation of the bandwidth and the power of the laser in the
, _ _ _ ~wavelength scans [18].
e o o Sesees wanonsy_erferences of water and carbon dioxide can limi
transitionsgis seenb CEA measurement of .2-ppm yamFr)nonia at atmo- %the detection of ammonia. Alt_hOUQh the line strengths of
spheric pressure. The relative humidity in the gas mixture is zero. TH&1€S€ molecules are substantially weaker than for ammo-
spectrum is obtained in 8. The four separate rovibrational transitions nawia, these species are far more abundant in the atmosphere
form one broad absorption feature. The line width is predominantly gov¢a2 10 000 ppm and+ 360 ppm, respectively). For field meas-
erned by the pressure broadening by air urements, it is therefore important to choose ammonia ab-

sorptions that are free from interferences. For the frequency
range shown in Fig. 3b an interfering water absorption at

tion spectrum of 2 ppm ammonia is shown. The spectrum 6568407 cn ! with a line strength of $ x 10~¢ cm—2atm™*
is the average of 256 scans and is acquired in 8s. The frésas been reported [20]. In order to verify the line position
guency axis is linearized using the direct absorption spectruand line strength of this water absorption, we recorded the
as a reference. The absorption coefficiet) is expressed CEA spectrum of 1 mbar water in a cell. The measurements
in units of (1— R)/d. In order to make this vertical scale (not shown) are in agreement with the reported values. In the
absolute, the reflectivity of the mirrors has to be known pre-.5-um region there are several interference free ammonia
cisely. Alternatively, the vertical axis can be calibrated withabsorptions which can easily be selected. The sensitivity of
a known molecular absorptiovi@e infra). In this experi- the CEA technique scales linearly with the absorption cross-
ment, the CEA signal is calibrated independently using theection and can thus be determined for the selected transition.
ammonia concentration detected with the chemiluminescence In order to test the linearity of the CEA detector over
monitor. a larger range than depicted in Fig. 4, higher concentra-

As the ammonia concentration is very low, self-broadening
does not contribute noticeably to the spectral linewidth. The
dominant contributor to the observed linewidth is pressure
broadening by air, which is approximately 6 MArr. The
CEA spectrum can be obtained by convoluting the low-
pressure spectrum with a Lorentz profile. However, it is
readily seen that the center of the broad absorption feature. ;45
is not at the center of the two strong narrow lines in the cell’s
spectrum. This is a result of the pressure-shift of the rovibra .04
tional lines. A detailed study showed that there is a non-equ
shift for the 656899 cnT* and the 656801 cnt! absorp- L 003
tions of~ 0.8 MHz/Torr and~ 0.2 MHz/Torr, respectively. «
Therefore, their frequency separation will decrease under 0.02
atmospheric conditions, which results in a narrower CEA
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monia, part of the gas will easily stick to the system surfacesig. 4. Linearity plot of the CEA detector. For different ammonia concentra-

In addition, desorption from these surfaces will occur as welltions the CEA spectrum is measured. The integrated absorBfiaich is

The combination of these two effects will cause an additionagaual to the area under the CEA spectrum, is plotted versus the ammonia
e - PR oncentration measured with the chemiluminescence monitor. From these

Yanatlon of the am'.“o"?'a concentration in the gas flow ever)? sults a detection limit of the CEA technique for the selected ammonia

time the concentration is changed. When the read-out value @hnsitions is determined to be 100 ppb (1 s), corresponding to a fractional

the chemiluminescence monitor is constant (within 5 ppb) foabsorption of 2 1078 cm™!
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tions of ammonia are needed. These measurements, ho®EA is an absolute absorption technique provided that the
ever, are rather tedious, as they are time consuming due tirror reflectivity is known.
the strong adhesive properties of ammonia (long stabilisa- The sensitivity of the CEA technique for the detection of
tion times). Therefore, we decided to extend the linearitymolecular species (here ammonia and water) can be enhanced
curve by measuring absorptions of water. A spectral featura various ways. It can be seen from Figs. 3 and 5 #{a}
formed by two closely spaced water absorptions with lineis plotted in units of(1— R)/d. It is evident that by select-
strengths of 90x 10~° and 304x 10~°>cm~2atm ! at re-  ing a longer cavity length, a higher mirror reflectivity aod
spectively 658®15cntt and 6585377 cnt! [20] is meas- absorptions with stronger line strengths, the detection limit
ured at atmospheric pressure and the result is shown in Fig. Ban be lowered. Note that an increase of the cavity length
Even though there are no interfering ammonia absorptionwill decrease the manageability of the set-up. For ammonia,
in this frequency region, the whole system is flushed withthere are several frequency regions with more intense absorp-
dry air for 12 h in order to get rid of residual ammonia. Thetion lines. In the 2-um region, where compact diode lasers
relative humidity and the temperature are measured insidare presently available, cross sections five times stronger than
the box with a relative humidity sensor and are 60% andn the 15-um region have been reported [16]. Moreover, the
20°C, respectively. With this information the number dens-fundamental rovibrational absorption bands of ammonia are
ity of water in the gas flow can be calculated. The spectruneven more intense and by probing transitions in these regions
is acquired in 8s. The profile of the absorption contour issub-ppb detection limits should be able to be obtained [21].
fitted, assuming identical Voigt profiles for the two transi- The resulting set-up, however, will be more complicated as
tions (dashed lines in Fig. 5). The linearity of the CEA sen-there are no light sources for these rovibrational bands that
sor is tested for water and the plot is shown in the insetire as easy to use as the commercially available diode lasers.
of Fig. 5. A clear linear dependence between the integratell we choose the F—20um region, we can calculate the
CEA signal and the water concentration detected with theensitivity of the CEA technique for the detection of other
relative humidity sensor is observed. From these results th@aolecules using the measured detection limits for ammonia
detection limit of the CEA technique for the examined wa-and water, and the known absorption line strengths. For ex-
ter absorption is determined. A SNR equal to 1 is obtaineémple, a detection limit for kB in the 15-um region similar
when the water concentration in the gas flow is 100 ppm. Thiso the ammonia result is expected, as the absorption cross-
corresponds to a relative humidity of 1% at a temperatursections are of the same order of magnitude [22]. The sensi-
of 20°C. tivity of the CEA technique for HF detection in the3tum

In a CEA spectrum the absorption is expressed in unitband is estimated to be in the low ppb range [21].
of (1- R)/d (see Figs. 3 and 5). Therefore, the integrated ab-
sorption in the linearity plots (Fig. 4 and the inset of Fig. 5) is
also presented in units that depend(@r- R)/d. For water, 4 Summary
the integrated absorption cross-sections are precisely known

[20]. As a result, we can determing— R)/d from the slope |, this paper we demonstrate a highly sensitive and simple
of the linearity plot for water. This provides us with the reflec- (¢ chnigue to monitor ammonia and water at atmospheric pres-
tivity of the mirrors; R~ 0.9997X3), which is in good agree- g6 ysing cavity-enhanced absorption spectroscopy. A com-
ment with the specified value. In return, this result shows th%act diode laser operating a6um is used as a light source.
The ammonia and water measurements are calibrated inde-
pendently using a chemiluminescence monitor and a relative
3 humidity sensor, respectively. The ammonia detection limit of
04 the CEA sensor is 100 ppb (1), at least one order of mag-
nitude better than the previously reported sensitivities using
open-path detection systems. For water a detection limit of
100 ppm (1 s) is shown. A clear linear dependence between
the detected signal and the concentration is demonstrated.
The absolute absorption measured in a CEA experiment de-
00 ¢ o w m@ pends on the value of the reflectivity of the cavity mirrors.
Relative Humidity (%) From the CEA water measurements and the known water ab-
sorption cross-sections, the mirror reflectivity is calculated
(which is in good agreement with the specified value). This
indicates that the CEA technique can operate as a stand-
alone sensor from which absolute gas concentrations can be
obtained. In view of the scanning capabilities of the diode
laser and the abundant absorptions of several molecules in

o
()
T

IS)
N
T

N
T

S[(1-R)yd ~em™]
[S)

¥ [(1-R)/d]

-~

0 bl vl the 15-um region, it is in principle possible to construct
6585.7 6585.9 6586.1 65863 6586.5 a single-laser multigas sensor. The applicability of the CEA
Frequency (cm ) technique can readily be extended to other frequency regions,

Fig.5. CEA measurement of two closely spaced water lines that blend int{:)md thereby to the detection of a large variety of molecules.

one absorption feature at atmospheric pressure.déHeed line represents

the two deconvoluted water absorptions. In the inset the results of the lilkcknowledgements. Tobi Regts is acknowledged for the measurements in
earity measurement for the water absorptions are shown. A clear linetre climate chamber. This work is supported in part by the National Institute
dependence is seen and a detection limit of 100 ppm (1 s) is found of Public Health and the Environment (RIVM).
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