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ABSTRACT This paper reports the laboratory spectroscopic cal-
ibration of near- and mid- infrared tunable laser spectrometers
used to determine in situ trace gases in the middle atmosphere
of the Earth or in development for the investigation of the Mar-
tian atmosphere. The use of infrared absorption spectroscopy
to measure gas concentrations requires a proper knowledge of
the rotation—vibration spectra of the targeted molecules as well
as a proper investigation of the tunable laser spectral emis-
sion properties. This last point is of particular importance for
the use of new-generation lasers like quantum-cascade lasers
or room-temperature multi-quantum wells laser diodes emitting
between 2 and 3 wm. Purposely, we have developed various lab-
oratory tunable laser set-ups to obtain accurate line strengths
and pressure-broadening coefficients of atmospheric molecules
and to test the performances of cutting-edge laser technology
for trace gas sensing. In this paper, the spectroscopic calibration
work is described. Several atmospheric applications of tunable
laser are reported to stress the impact on concentration retrieval
of a proper spectroscopic calibration work.

PACS 07.57.T; 93.85; 07.87

1 Introduction

Distributed-feedback continuous wave laser diodes
emitting in the near infrared have demonstrated their capa-
bilities for atmospheric sounding [1,2]. Indeed, from 1 to
2 pwm a large number of molecular species of interest in at-
mospheric science, for example methane at 1.65 pum, water
vapor at 1.39 yum, carbon dioxide at 1.60 pm, hydrogen chlo-
ride at 1.74 wm, and hydrogen fluoride at 1.27 pm, exhibit
rotation—vibration absorption lines that are suitable for in situ
monitoring. Nowadays laser diodes in pigtailed packages with
emission wavelengths that range from 1 to 2 wm are avail-
able from various suppliers. The spectral-emission properties
of laser diodes make them particularly well suited for gas
monitoring by infrared absorption spectroscopy. Unlike cryo-
genically cooled mid-infrared lead-salt laser diodes that are
usually used for atmospheric sensing [3,4], laser diode de-
vices can be operated at room temperature. These properties
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have been used for field operation form several airborne or
balloon operations [1,5]. However, even if telecommunica-
tion lasers are highly efficient sources for atmospheric mon-
itoring, a precise knowledge of the molecular parameters for
the selected single transition that is scanned over by the laser is
of high importance to achieve a high accuracy in the measure-
ments. For example a variation in the line intensity of 5% leads
to adirect variation of 5% on the concentration retrieval. Other
parameters such as self-broadening and air-broadening coeffi-
cients may strongly influence the concentration retrieval. We
will make use of H,O data at 1.39 um yielded in the middle
atmosphere by the SDLA (Spectrometre & Diode Lasers Ac-
cordables) balloon-borne near-infrared diode laser spectrom-
eter [1,6] to illustrate the impact of a proper spectroscopic
calibration work on the concentration retrieval.

New laser technologies are now emerging which seem
quite appropriate for in-situ laser sensing. Multi-quantum
wells laser diodes emitting between 2 and 3 um are now com-
mercially available, for instance from Nanoplus , with a stable
laser emission at room temperature. We intend to use this
laser technology for TDLAS (Tunable Diode Laser Absorp-
tion Spectrometer), a highly compact TDL spectrometer de-
voted to the in situ monitoring of the water vapor and carbon
dioxide isotopes in the lower Martian atmospheres [7]. Quan-
tum cascade lasers (QCL) are another promising source for
atmospheric applications [8]. These lasers are unipolar lasers
and the emitted wavelength is entirely determined by quantum
confinement. The same material can be used from the mid-
infrared to the THz region without having to rely on small
band gap semiconductors. This type of laser is in constant evo-
Iution and its emission in the mid-infrared region where strong
fundamental rovibrational transitions take place seems highly
suitable for such field measurements.

In this paper we will present laboratory techniques for
the precise determination of spectroscopic parameters, line
strengths, self-broadening and air-broadening coefficients as
well as the determination of the laser capability for gas mon-
itoring. The studied lines are those used in the concentration
retrieval by the balloon-borne instruments or space projects.
These parameters are mainly compared with those of the HI-
TRAN database [9]. In principle, the TDL spectrometer scans
one selected rovibrational transition and hence the achieved
inaccuracy is depending upon a proper knowledge of the mo-
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lecular parameters, i.e. line-strength, the pressure broadening
effect and its temperature-dependence on the specific transi-
tion. We have often observed during our calibration work that
the HITRAN database does not provide a sufficient inaccu-
racy for a single selected line, particularly in the near-infrared.
The major part of HITRAN values are calculated ones usually
based on measurements. Thus the parameters for a particu-
lar ro-vibrational line may be quite false: for example up to
a 20% difference for line strengths, and up to a 50% dif-
ference for broadening coefficients, were observed for water
vapor in the near-infrared spectral range. This database is in
constant evolution but the user must be careful. The best so-
lution to precisely know the individual parameters for a single
line is to re-measure them with a high-resolution tunable laser
spectrometer. We will show in this paper various examples of
laboratory tunable laser measurements that drastically influ-
ence the concentration retrieval in the Earths atmosphere. We
will also show that new instruments that are currently being
developed on tunable laser technology must take into account
the necessity of carefully knowing the spectroscopic param-
eters. Finally we will present the possibility of using a new
generation of lasers, the quantum cascade lasers, to develop
anew generation of instruments.

2 Laboratory measurements of spectroscopic
parameters

The experimental spectra are recorded at high reso-
lution in the laboratory with tunable diode laser (TDL) spec-
trometers. The experimental set-up is shown in Fig. 1. The
laser sources are identical to those mounted on the instru-
ments. The usual average output power is ~ 1 mW, and the
laser linewidth is usually less than 10 MHz. We checked that
the apparatus function of the spectrometer is negligible by
recording low-pressure spectra. In these conditions the line-
shape could be fitted by a simple Gaussian curve having
a Doppler width in good agreement with the theoretical value.
Moreover there are no mode-hops over the tunability range.
The continuous tuning range (at constant temperature) is usu-
ally within 3 cm~".

The laser wavelength is temperature-stabilized by means
of a Peltier thermo-element and is driven by a low noise cur-
rent supply. Nevertheless liquid nitrogen cooling is required
for the QCL used in this study. A low-frequency triangular
ramp at 100 Hz is used to scan the laser over the selected ab-
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FIGURE 1 Schematic laboratory experimental set-up

sorption lines by modulation of the driving current. The laser
beam (channel A) is usually collected by a lens and is sep-
arated into two parts via a beam splitter. The reflected beam
(channel B) is coupled with a spherical Fabry—Pérot (SFP)
etalon used for relative frequency calibration with a free spec-
tral range of 0.01 cm~'. The SFP gives good insight into the
linearity of the tuning of the laser emission frequency; the sig-
nal from the SFP further permits detection of mode jumps
over the laser spectral tunability range. The second beam
(channel C) is passed through a gas cell filled with high pu-
rity of the gas under study. When using pigtailed laser diodes,
the fiber is junctioned to a 50/50 fused coupler. The main
beam is coupled with the SFP and the remaining part of the
beam passes through the absorption cell. Both beams are fo-
cused on photodetectors adapted to the laser wavelength. The
data acquisition is made with a digital oscilloscope (10 ms per
spectrum, 11 bit resolution). The spectra are usually averaged
10 times in order to enhance the signal to noise ratio. We use
a computer to collect all the data. The whole set-up may take
place in a closed box, filled with dry nitrogen at atmospheric
pressure in order to minimize the absorption by ambient water
vapor when necessary.

Various cells have been laboratory-designed to fulfill all
requirements in order to adapt the cell length to the gas ab-
sorption. The laboratory is equipped with single pass cells
10 cm or 20 cm long, a White type multipass cell that provides
from 1 m to 10 m path lengths and another White type multi-
pass cell designed to obtain a 48 m length cell. The first White
type cell can be used for measurements between room tem-
perature and —60°C. The second White type cell permits ob-
taining of a path length which can be adjusted between 10 and
70 m. The gas samples are usually supplied by Air Liquide
with a stated purity of more than 99.99%.The gas pressure is
measured with an uncertainty of 0.5% using an MKS baratron
manometer with a full scale of 10 Torr or 1000 Torr. Several
spectra at various pressures are usually recorded. An example
of a high resolution recorded spectra of H>O in the 1.39 pm
region is presented in Fig. 2 with the etalon fringes.

To retrieve the absolute intensity of the line we apply
a nonlinear least-squares fit to the molecular transmission
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FIGURE 2 Example of recorded transmission spectrum for the 659 < 661
transition of the v; + vz band of H>O at 7185.596 cm™!. Pressure is 1.5 mbar,
temperature is 293K and absorption path length is 10 m. The Fabry—Pérot
interferometer fringes are shown at the bottom
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using a Voigt-profile for the modeling of the line shape. The
molecular transmission 7(o) is obtained from the two signals
in two steps. First, the Fabry—Pérot signal is used to perform
the frequency scaling with a polynomial interpolation on the
interference fringes. In a second step, we retrieve the molecu-
lar transmission from the direct spectrum A using the relation:

A= A¢T(0). ey

Ao 1s what would be the laser flux in the absence of absorber
in the cell. Ay is obtained from A with a polynomial interpola-
tion over the full transmission region. The line intensity S(7)
is related to the molecular transmission through the Beer—
Lambert law:

I(0) = I1(0)/Io(0) = exp [—k(o, T, p)nl] , 2

where n is the density of absorbing molecules on the optical
path of length /, and the absorption coefficient k(o, T, p) at
temperature T and for a gas pressure p is modeled using the
Voigt profile:

+00

k(o, T, p) = S(DB— /

—00

_ YCol 4 _ o—0p
with B = o f,y «/1n2 ,X = «/IHZVDOP where S(T')

is the line intensity at temperature T, oy is the line center
wavenumber at pressure p, ypop is the Doppler halfwidth,
and yco is the collisional halfwidth ycol = Yseir X p X ¢+
YGas X P X (1 —c) where ysr is the self-broadening coeffi-
cient and c the concentration when air-broadening coefficients
are measured.

The Voigt profile cannot be expressed in analytical form
but may be expressed as the real part of the complex probabil-
ity function W(x, y) defined by:

exp (1)

Y24+ (x—1? ®)

+00
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L f Mdt, 4)
T
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which can be evaluated using the Humlicek algorithm [10].
The line intensity at temperature 7 is related to the inten-
sity So at the reference temperature 7y = 296 K by:

. QV(TO) Qr(TO) hcE 1
SO =560 our) & { k (? - F())} O

where Ej is the lower level energy expressed in cm™!, Q,
and Q; are respectively the vibrational and rotational parti-
tion functions and are calculated using the expressions given
by Gamache et al. [11]. The line intensities are measured
in units of cm~!/(molecule/cm?) at the temperature of each
spectrum, using the total measured pressure without correc-
tion for isotopic abundance. This line intensity for each spec-
trum is then standardized to 7' = 296 K using (5) so that the
measurements from the spectra of each transition could be
averaged. The corresponding intensities are compared with
the HITRAN database values [9]. Line intensity appropriate
for a gas of the pure isotopomer can be obtained by dividing

the HITRAN value by the isotopic fraction. Our uncertainty
is usually approximately 2%. This error corresponds to one
standard deviation obtained by averaging the measurements
at 296 K for each line. The half-widths of the lines are is-
sued from the fitting procedure and plotted vs. pressure. The
slope of the linear straight regression line gives the broadening
coefficient.

For numerous spectra, we observe that the Voigt profile is
not sufficient to correctly describe the line profile. In order to
obtain a better residual we usually fit our measurements with
other line profile models. The model developed by Rautian
and Sobel’man [12] that take into account Dicke narrowing
leads to the expression:

(6)

kR(o,T,p):S(T)BRe[ W y+2) }

1—/mzW(x, y+2)

where z = +/In Zy%p where g is related to the collisional nar-

rowing coefficient Sy by 8 = By x p and B, x and y have their
previous meaning. The other model developed by Galatry [13]
leads to the expression:

kg(o, T, p) = S(T)BRe [m

1 y—ix 1
1;1+— P — , 7
( e zzz)} )

where M( ... ; . ) is a hypergeometric function and
B, x, y and z have their previous meaning. These models give
a better agreement between the fitted profile and the experi-
mental profile. The observed-minus-calculated residuals are
usually notably reduced with these profiles, which indicates
that Dicke narrowing effects are not negligible.

An example of a high resolution recorded absorption spec-
trum of CO» in the 1.88 pum region is presented in Fig. 3 with
a new generation Nanoplus Laser. The experimental profile
and the fitted Voigt profile are presented. The lower pan-
els show residuals of the observed spectrum and the calcu-
lated values described by the Voigt profile (V), the Rautian—
Sobel’man model (R) and the Galatry model (G). The re-
sidual between the Voigt profile and the experimental profile
shows a characteristic M form. The residual using Rautian—
Sobel’man or Galatry profiles is smaller. Usually, as in Fig. 3,
there is no difference between the residuals obtained with
Rautian—Sobel’man and Galatry models. The influence on the
retrieved intensity is usually less than one percent whatever
the profile. That is why atmospheric spectra are usually re-
trieved with a Voigt profile.

3 Application to the in situ sensing of the Earth’s
atmosphere

The SDLA, a near infrared tunable diode laser
spectrometer operated from stratospheric balloons, was orig-
inally dedicated to the in situ measurements of H,O and
CH, concentrations in the upper troposphere and the lower
stratosphere [1, 6]. A second instrument wuSDLA [14], a com-
pact version of SDLA, was more recently designed in order
to record H,O, CH4 and CO, concentrations with balloons
of the smallest size in tropical regions. The science objec-
tive consists of studying with high resolution in situ H,O
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FIGURE 3 Example of recorded
transmission spectrum for the R16
transition of the (01!2); < (000)
band of CO; at 5327.242 cm™!. The
experimental profile, the fitted Voigt
profile and residuals of the observed
spectrum and the calculated values
described by the Voigt profile (V),
the Rautian model (R) and the Gala-
try model (G) are presented. Pressure
is 23.8 mbar, temperature is 293 K
and absorption path length is 69.6 m
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data, the transport processes that inject and mix tropospheric
H,0 in the lower tropical stratosphere which are indeed
largely unknown. The WSDLA uses three telecommunication
distributed-feedback InGaAs diode lasers emitting, respec-
tively, at 1.393 um (Thales-LCR), 1.602 wum (Anritsu) and
1.653 wm (Sensors unlimited) to record in situ atmospheric
spectra of H,O, CO, and CHy4. The capability of DFB laser
diodes to monitor trace gas in the middle atmosphere was
demonstrated during the numerous stratospheric flights made
with these sensors.

In order to meet the scientific objectives, a precision in the
concentration retrieval of less than 5% for a measurement time
of 1 sisrequired. Hence, a precise knowledge (better than 2%)
of the molecular parameters for particular ro-vibrational lines
is of high importance. Scientists usually use the HITRAN
database to find the spectroscopic parameters of a particu-
lar ro-vibrational line. However, the database may contain

5327.27 532‘7.28 5327.29

inaccurate values particularly in the near-infrared region be-
cause the lines belong to harmonic bands. This effect has been
demonstrated in [15—17] where spectroscopic line strength
and air-broadening coefficients were measured in the labora-
tory. With the SDLA and pSDLA sensors, in order to compen-
sate the decreasing of water vapor concentration with altitude,
the laser wavelength is swept on four water vapor lines with
increasing linestrengths belonging to the v 4 v3 band of H,O.
The CO; line belongs to the (30°1)<(000) band. The lines
used by the SDLA are presented in Table 1.

Our laboratory results are in bad agreement with the HI-
TRAN 2000 database: up to a 40% difference for the strength
of one line of H,O and up to 20% for some air-broadening co-
efficients. The influence on the atmospheric concentration re-
trieval can be seen in Fig. 4. Ataround 8 km during the descent
the laser line is swept from 7182.9cm~! to 7185.5cm™".
The blue profile is obtained using HITRAN 2000 parame-

Line strengths
(10722 cm~!/(molecule cm™2))

Air-broadening
coefficients (cm~! /atm)

Molecule Transition 00 Altitude range Our work  HITRAN  HITRAN  Ourwork HITRAN  HITRAN
(JKakc) upper <— (cm™1) (km) 2000 2004 2000 2004
(Jkakc) lower

H,O 660 < 061 7185.59600 5-8 7.85 7.11 7.95 0.0417 0.0505 0.0421
H,O 212 <313 7182.94955 8-14 36.9 53.0 37.5 0.0980 0.0980 0.0974
H,O 202 < 303 7181.15570 > 14 142 180 150.5 0.1034 0.1031 0.1008
H,O 303 <32 7175.98675 <5 2.59 2.27 2.71 0.1032 0.0919 0.0958
CO, R16 6240.10492 all 0.1771 0.1839 0.1839 0.0669 0.0734 0.0734
TABLE 1 List of the lines used by the SDLA instrument



ZENINARI et al. Laser spectrometers for the in situ sensing of the Earth and Martian atmospheres

269

12 'y FIGURE 4 A vertical in situ con-
- centration profile of H,O yielded by
o o the SDLA in southern France on 16
11 October 2001. The retrieval has been
made with different spectroscopic pa-
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ters. One can notice that the profiles do not overlap in the
transition of the line sweeping. The retrieved concentration
roughly changes from 70ppm up to more than 120ppm for
the same altitude. This change is not so brutal using our line
strength parameters and HITRAN 2000 air broadening coeffi-
cients (upper brown profile and lower orange profile). For the
line at 7182.9 cm™! our broadening coefficient was the same
as the HITRAN one. In this case the correspondence between
the SDLA retrieved profile is in good agreement with those
obtained from a balloon-borne P, T-humidity meteorologi-
cal sonde. The overlapping of the profiles remains not good in
this case. It becomes quite perfect using our broadening co-
efficients (whole brown profile). It is interesting to note that
the HITRAN 2004 database has been amended for H,O lines.
The maximum difference for strength and air-broadening co-
efficients is lower than 6% for the studied lines.

On the contrary the CO, parameters used for the retrieval
of the CO, concentration with the SDLA instrument are the
same in HITRAN 2000 and 2004. The difference in line
strength of 4% remains between our experimental value and
the database (see Table 1) value. Hence the absolute error
causes by using HITRAN parameters may be 4%. This is too
large to correctly reach the scientific objectives of the sensor.
This experimental laser diode result has been confirmed re-
cently by Fourier Transform measurements [18]. So the use
of precisely laboratory determined parameters is of first im-
portance for the retrieval of in situ concentrations with laser
instruments.

4 Application to the in situ sensing of the Martian

atmosphere

The amounts of H,O and CO; in the atmosphere
of Mars are much higher than in the Earths lower strato-
sphere. The atmosphere of Mars contains 95% carbon dioxide
(360 ppmv on Earth), and its water vapor content is roughly
200 ppmv, (5 ppmv in the Earths lower stratosphere). The
Martian pressure is approximately 7 hPa, and (10 hPa on
Earth at 30 km). Hence, the developed laser probing technique
should be also efficient for studying in-situ the lower Martian

atmosphere. We have explored, with the support of the French
space agency, the capability for gas sensing of a new gen-
eration of multi-quantum well GalnAsSb/GaAlAsSb laser
diodes from Nanoplus emitting at room temperature in the
2-3 um region, which cannot be reached with the standard
telecommunication laser technology used with the SDLA and
WSDLA instruments. This spectral region offers many oppor-
tunities: a reduced path length making it possible to construct
compact spectrometers or an additional isotopic measurement
of isotopologues in the lower atmosphere of Mars to address
exobiology issues.

The schematic representation of the TDLAS instrument
is presented in Fig. 5. The absorption path length of 1.2m
in the open atmosphere is achieved by combining a spher-
ical mirror (focal length of 30 cm) with a flat mirror. The
amount of absorbed laser energy is related to the molecular
concentrations with the Beer—Lambert law. At the low Mar-
tian pressures, the collisional pressure broadening effect is al-
most negligible. The molecular profiles are essentially driven
by the Doppler effect and the concentration is directly related
to the absorption depth and to the line strength parameter. The
TDLAS may use two distributed-feedback diode lasers emit-
ting, respectively, at 1.88 pm (H,O and CO;) and 2.04 pm
(CO, isotopologues) to record in situ atmospheric spectra of
H;0 and CO,. In the selected spectral regions, molecules
are detected simultaneously with a single laser scan. Table 2
presents the chosen lines for the instrument with their respec-
tive linestrengths [7, 19].

Our laboratory results are in quite good agreement with
the HITRAN database even if the 2004 value for H,O is
worse than the 2000 value: the difference around 6% influ-
ences the retrieval by the same factor. The '>C'°0, value has
been amended between the two versions of the database. The
2004 value is in very good agreement with our experimen-
tal data. On the opposite, the CO, isotopologues parameters
have not been corrected between HITRAN 2000 and 2004.
Surprisingly the values for the two carbon dioxide isotopo-
logues are in very good agreement with the experimental ones
(around 1% difference). Numerous '2C'¢0, bands in the 1.6
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FIGURE 5 Schematic illustration of the

TDLAS

To the detector

Line strengths
1072 cm™! /(molecule cm™2))

Molecule Band Transition 00 Absorption depth Our work HITRAN HITRAN

(JKake) Upper<— (em™h) (%) 2000 2004
(Jkakc) lower

H,0 Vs + 13 11 < 1o 5327.39035 1.2 171 177 182

12¢l6Q, (01'2)1 < (000) R16 5327.24239 0.4 101.3 105.6 102.5

1B3¢leQ, (2091 < (000) R16 4899.61327 4 0.1038 0.1042 0.1042

18pi2¢loQ (2091 < (000) P7 4899.56529 0.7 0.0151 0.0147 0.0147

TABLE 2  List of the lines used by the TDLAS instrument. Absorption depths are given for an absorption path length of 1.2 m under Martian pressure and

temperature conditions (210 K). Terrestrial isotopic ratios are used for isotopic species

and 2.0 pm regions have demonstrated quite large differences
between experimental Fourier Transform measurements and
HITRAN data [18]. For example the (20°1); <(000) band
of 12C'°0, centered around 4850 cm™! shows a mean differ-
ence of about 10% for the line strength. On the contrary the
(20°1)y;1 <—(000) band of '>C'°0, centered around 4980 cm ™!
shows a mean difference of about 1% for the line strength.
Hence the calculation of this band for '2C1°0, seems correct
and the values for the 3C'°0, and 80'2C!®Q isotopologues
are in good agreement with our experimental values.

The next step for this instrument will be the implemen-
tation of new diode lasers emitting in the 2.6 um region
in order to measure water vapor isotopologues. This future
work is a challenge because absorption depths may be only
around 0.02% with an absorption path length of 10 m. Fig-
ure 6 presents an example of recorded spectra at 2.67 pum with
this kind of new generation laser purchased from Nanoplus.
These spectra show the possibility of detecting CO, on Earth.
The SFP signal is used for frequency calibration. The absorp-
tion spectrum is the sum of 10 individual spectra recorded in
5 ms. These results permit obtaining a gas concentration every
0.1 s demonstrating the capabilities of this type of laser for in
situ measurements.

5 On the use of a new generation of lasers: the
quantum cascade lasers
In the stratosphere, the region of the Earth’s atmo-
sphere where the ozone layer is found, a constant increase

in the amount of water vapor is observed. Even if the strato-
sphere appears to be strongly dehydrated, a change in the
weak content of HyO could have a strong effect on the radia-
tive and chemical equilibrium of the stratosphere and further
alter ozone recovery. The coupling processes that transport
and mix humid tropospheric air masses into the stratosphere,
essentially in tropical regions where strong convective events
occur, are largely unknown. The in situ measurement of H,O
isotopologues (HDO, H,'80 and H,!”0) can be helpful in ad-
dressing this issue, as water—vapor fractionation can be used
for diagnosing the transport of an air mass through the upper
troposphere and the lower stratosphere, and associated dehy-
dration mechanisms.

The tunable laser probing technique could be a powerful
technique for making in situ H, O isotopologue measurements
in the middle atmosphere. The use of tunable diode lasers
has demonstrated the possibility of realizing instruments for
atmospheric measurements of the main isotopologues. Unfor-
tunately these lasers are limited to the near-infrared region
where weak fundamental rovibrational transitions take place.
Pb-salt lasers emitting in the mid-IR region need cryogenic
cooling. Currently, the most promising tunable mid-infrared
sources are quantum-cascade (QC) lasers [8]. We have tested
a QC laser from Alpes Lasers emitting in the 6.7 um spec-
tral region which is available for simultaneous monitoring of
all water vapor isotopologues. Spectroscopic measurements
of line strengths have been performed [20]. Figure 7 demon-
strates the possibility of simultaneously detecting in one scan
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FIGURE 6 Example of recorded
spectra with a 2.67 um Nanoplus
laser
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FIGURE 7 Example of a recorded transmission spectrum of air around
1485 cm™! obtained with the quantum cascade laser spectrometer. Pressure
is 138 mbar, temperature is 291 K and absorption path length is 48 m

all water vapor isotopologues in air with the same laser. The
absorptions can be clearly seen. The water vapor isotopo-
logues concentrations obtained in air were compared [21]
with the concentrations obtained with a hygrometer from
Honeywell, demonstrating the good reliability of the quan-
tum cascade spectrometer. We now plan to implement, on-
board the SDLA, the QC laser to prepare European campaigns
devoted to tropical chemistry and dynamics planned for the
years 2007 and 2008.

6 Conclusion

We have reported in this paper on the laboratory
spectroscopic calibration work required for in-situ TDL sen-
sors to achieve accurate trace gases measurements. A labo-
ratory technique for the precise determination of the spec-
troscopic parameters of single ro-vibrational lines was de-
scribed. The lines are those used in the concentration re-
trieval by high resolution laser based instruments. We have

| |
1400 1600

shown that a better knowledge of the spectroscopic param-
eters directly influences the retrieved concentration, for ex-
ample for the SDLA balloon-borne instrument which is de-
voted to the in situ sensing of the middle atmosphere. We
have presented the possibility of developing a new gener-
ation of instruments based on multi-quantum well laser diodes
emitting at room temperature in the 2—3 pum region which
cannot be reached with the standard telecommunication laser
technology used with the SDLA and wWSDLA instruments.
The next step will be to use mid-IR quantum cascade lasers
to develop more accurate instruments with a smaller path
length thanks to their emission in strong fundamental rovi-
brational transitions. These lasers are the most promising
sources. At the moment the need for nitrogen cooling is cer-
tainly a drawback for in-situ sensors. However, the develop-
ment of room-temperature continuous wave quantum cascade
lasers is very promising and these lasers are becoming avail-
able now.
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