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Abstract. A novel tunable diode laser absorption spectrom-absorption line is reduced and overlap with other absorp-
eter (TDLAS) called TRISTAR (tracer in situ TDLAS for tions in air is minimized, resulting in excellent specificity.
atmospheric research) has been developed for airborne trada-addition, the sensitivity is enhanced by passing the laser
gas measurements in the upper troposphere and lower stratieam through a multi-pass reflection cell, yielding sub-ppbv
sphere. Up to three different species can be measured simuetection limits for many small molecules of atmospheric rel-
taneously with high temporal resolutigr: 19 using up to  evance, for exampléJCHO, H,0,, NO,, HNO3, NH3, OCS
three individual lead-salt diode lasers. The lasers are operatétCl, C;H,, CO, CH,4, andN2O. TDLAS systems have been

in a time-multiplexed mode using a novel modulation schemsuccessfully applied for trace-gas detection throughout the
that combines laser operation in a pulsed-current mode wittroposphere and lower stratosphere on ground-based [2, 3],
a combination of rapid scanning and two-tone frequencyghipboard [4], and airborne platforms [2,5-8]. Specialized
modulation. The latter improves the signal-to-noise ratio ofnstruments have been adapted for measurement of trace-gas
phase-sensitive detection when compared to standard lockuxes using micrometeorological techniques [9, 10] and for
in techniques because of the reduction of instrument noise #te measurement of the stable isotopomers in methane [11].
higher detection frequencies. TRISTAR has been used in two- Here we report on a newly developed computer-controlled,
channel mode to measu@O andN,O during two airborne multi-laser tracer in situ TDLAS for atmospheric research
polar stratospheric campaigns in January and March 1997TRISTAR) which is optimized for high-precision (% range)
These species were detected using integration periodls of air-borne trace-gas measurements with high temporal reso-
with a precision 0f+-2%(30) and a calibration accuracy of lution (1 Hz) in the tropopause region. In Sect. 1 the optical-
+2.8% during a total of 11 measurement flights up to a maximechanical setup of the instrument is described, and the elec-
imum altitude of12.5 km. More recently all three channels tronic components (high-frequency modulation and detection
have been operated simultaneously @®, CH4, andN,O  scheme, instrument control, data acquisition) are described in

with comparable results. Sect. 2. An inlet configuration which allows in situ calibra-
tions during the flights is described in Sect. 3. Examples of
PACS: 39.90.+w; 93.85.+(; 94.10.Fa trace-gas measurements obtained during three Arctic winter

campaignsin 1997 and 1998 are presented in Sect. 4, together
with a description of the data evaluation and quality control

In recent years the technique of tunable diode laser absorptig¥iocedures.

spectroscopy (TDLAS) has found widespread application in

the field of atmospheric research [1]. The technique is based ) )

on recording of individual rovibrational absorption lines of 1 Optical and mechanical setup

the target molecules in the mid-infrared spectral region and ) _ _

exploits the high spectral brightness and narrow tunable emi§peration of a TDLAS system, especially on an airborne plat-

sion bandwidth of lead-salt diode lasers. By pumping thdorm, requires careful design to meet the stringent demands

atmospheric sample rapidly through a low-pressure cell (agf vibration isolation, shock resistance, and weight minimiza-

proximately50 mba}, the width of the pressure-broadenedtion. This affects in particular the optical and mechanical
setup of the system. For TRISTAR a very rigid optical lay-

e N . . . outwas developed at the Fraunhofer Institut fir Physikalische

dep,:ﬁi?;‘ra"’};’;‘ g‘fsigrf‘l“onE?L?gu'rg?‘g“;f#;n@“ys'ka"SC“e Meftechnik, Hel- \etechnik (IPM). It consists of@0 cmx 45 cmx 3 cmalu-
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mainz.mpg.de nitrogen (N2) cryostat, housing three lasers and two detec-
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tors, a multi-pass cell based on White’s design [12], and a sébrm a mirror objective which is adjustable in three orthog-
of ellipsoidal, parabolic, and plane mirrors for collimation, onal axes. Next, 26> off-axis parabolic mirror (OAP) col-
steering, and re-focussing of the optical beam (Fig. 1). limates the beam into &4-mm-diameter parallel beam. The
The newly developed liquid-nitrogen cryostat relies onintermediate focus serves as a fixed point in the laser spec-
a novel evaporation principle which provides adjustable cooltrometer for alignment purposes. Starting from this point the
ing power, essentially independent of the operating temperaomplete optical setup can be aligned by locating a point light
ture [13]. Cooling of the individual cold stations is accom-source (for example, a pinhole illuminated by a visible diode
plished via small tubes to a heat exchanger inside the coldser coupled to an optical fiber) at the focal point. The mag-
fingers, where th&N, evaporates, with the gaseoNs re-  nified laser image available at the intermediate focal point
turning via tubes to th&N, reservoir through a critical ori- allows for pre-alignment of the diode laser by visual inspec-
fice. TheLN; flow is driven by the pressure difference be-tion of the junction, by viewing the focal point under further
tween the height of the orifice and thé&l, level inside the magnification through an eyepiece equipped with crosshairs.
heat exchanger. The diameter of the orifice limits the mask addition, a special compact monochromator can be located
flow of N2 and thus allows coarse adjustment of the coolingat the focal point for wavelength determination and investiga-
power by variation of the diameter. Typical cooling rates ardion of the mode structure of the laser. A detailed description
in the order ofl.5 W. The temperature of the cold fingers is of the mirror objective, alignment tools and the monochroma-
measured by a PT1000 sensor and regulated to the desirext is given in [14].
operation temperature via ohmic heating (maximum heating Optical multiplexing of the three lasers is achieved by
power10 W). The stability of the temperature control loop is CaF, or dichroic beam splitters. The beam is coupled into
~ 0.003 K. Three individual temperature-controlled cold sta-a 0.5-m base length White cell by a combination of2&
tions, for operation in the range between 80 5@ K, are  OAP followed by a23° OAE, reversing the combination used
available for up to three lead-salt diode lasers. An additiondbr laser collimation, and again providing an intermediate
cold station, operated nedi K, houses two mercury cad- focus for alignment purposes. The cell itself is a specially
mium telluride (MCT) photovoltaic detectors. designed double-corner-cube White cell [5,12] with a vol-
Each divergentlaser beam is collected t&6aoff-axisel-  ume of approximatel\2.7 I, providing a maximum optical
lipsoid (OAE) with40-mm and140-mmfocal distances. The path length of64 mat 128 passes (gold-coated mirrors, re-
laser is located at the nearer focal position providinfya flectivity > 99%). After exiting the White cell the beam is
aperture and is magnified by a factor 3.5 at the second focad-collimated by a OAFOAP mirror combination similar to
point. The OAE is mounted together with two flat mirrors to the one used at the cell entrance. After the cell, the beam is
split at aCaF, beam splitter into a reference and a signal part.
While the signal beam is focussed onto the signal detector
via a23 OAP the reference beam is first transmitted through
% a short 6 cm) single-pass cell before it is focussed onto the
reference detector. The cell contains the target gases in high
concentrations for line identification and accurate line lock-
ing. For reactive gases, more than one cell, placed in series, is
MY necessary.

250

1

2 Electronic setup and data acquisition
A desirable feature for airborne trace-gas detection is the
) ability to perform measurements with high temporal reso-

:E ]
lution, since the aircraft travels at speeds of the order of
50-200 nys. As for most TDLAS systems, the ultimate time
resolution of TRISTAR is limited by the gas exchange time

of the White cell, which is in turn limited by the weight and
power available for a pump aboard the aircraft. For our cell
the resolution time isv 1 s at a pumping speed @ |/min
(STP). In order to allow high-precision measurements on
a 1 Hz frequency base special measures have to be taken to
Ly gain a high signal-to-noise ratio. Significant improvements
< in sensitivity, in particular for TDLAS applications demand-
ing high temporal resolution, have been achieved by the in-
troduction of high-frequency modulation schemes [15, 16].

oo,

NRIH HD In general, modulation of the laser emission frequency and
subsequent phase-sensitive detection promises higher sensi-
== tivity than direct measurement of changes in transmitted laser

power because the detection frequency is shifted to a regime
with reduced laser noise. Because there is a strgrigcbm-
Fig. 1. Schematic of the optical setup of the TRISTAR TDLAS ponent in the laser noise [17,18], high-frequency modula-
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tion and detection schemes offer higher sensitivity than conA current pulse of approximatel® ms duration causes the
ventional wavelength modulation schemes which operate a&mission of one of the three lasers to sweep across the absorp-
kHz-modulation frequencies [16]. Therefore a two-tone fre-tion feature of the target molecule. After a delayl@0us,
quency modulation (TTFM) scheme [19] has been selectetthe next laser is pulsed while the spectra obtained during the
for TRISTAR. The electronic setup for TRISTAR, which is previous pulse are processed. A simple rectangular waveform
shown in Fig. 2, is similar to the one described in detail byof the laser pulse drive current has some serious drawbacks,
Wienhold et al. [15] for an earlier version of a two-laser TD-in particular relating to multi-mode operation and nonlinear
LAS. It consists of a laser modulation module that provideguning characteristics of the laser during the pulse. We have
rf-current components at 102 atéd2 MHz which are added found that these effects can be minimized by modifying the
to the laser dc-currents via bias-Ts, and two demodulatioshape of the current pulse as illustrated in Fig. 3. The pulse
modules for phase-sensitive detection at the difference frés set to initially overshoot the desired operating point and is
quency R0 MH2) for the signal and the reference channelsthen reduced after approximat@y ms at which time an ad-
These compact modules are integrated into the laser contrditional current ramp is applied to linearize the tuning of the
unit (Profile). Preset values of modulation frequency and inlaser across the absorption featurelirb ms As described

dex, signal attenuation, and local oscillator phase for up t@above a rf-current componentis added to allow increased sen-
four lasers can be programmed via a fast synchronous serigitivity via TTFM detection. The TTFM signals are used for
communication link. A microcomputer based on the AT&T the data analysis, whereas the laser power in the signal and
DSP 32C digital signal processor (DSP) controls the instrureference channels are evaluated using the direct-mode sig-
ment and performs real-time data analysis. Four analog inpuials. After a software correction for any shifts of the line
signals — signal and reference channel in direct and two-toreenter position, calculated from the reference channel, the
frequency modulation mode — are readl@0 kHzrate by  spectra are averaged until the DSP receives a request from the
the DSP. Figure 3 illustrates the data acquisition timing sehost computer to start a new measurement sequence, usually
quence used for TRISTAR. Whereas the time multiplexingat 1-s intervals. The signal TTFM spectrum is smoothed by
for the two laser instrument described by Wienhold et al. [15h simplified least-squares procedure [20], then a prerecorded
relied on consecutive blocking of the individual laser beam$ackground spectrum may be subtracted and a prerecorded
by a mechanical chopper, time multiplexing for TRISTAR calibration spectrum together with a second-order polynomial
is achieved by pulsed-current operation of the three laserss fitted to the signal spectrum to yield the trace-gas concen-
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tration and its error estimate. A subsequent interrupt from th¢ o FC
DSP to the PC initiates transfer of the processed data. ‘

For each measurement, the trace-gas concentration, i g pumP
error estimate, the laser power, and the current pulse param R €0,
ters are written to the hard disk of the host computer togethe 6l @ 3000ar
with diagnostic data such as cell pressure, cell flow, calibra

tion flow, and intake gas temperature. To reduce hard-disl| |

access during flight and to reduce storage requirements, only —

the calibration, background, and average of ten smoothed arﬁ\'/g

bient spectra are stored in full, with only the results of the

fitting procedure and the diagnostics being stored for the re-

maining ambient spectra. complete system and accounts for first-order losses of reac-
tive or sticky species in the system.

.4. Schematic of the inlet system, gas flow, and calibration devices

3 Gas flow and calibration concept

4 Post-flight data processing
Ambient air is sampled with an inlet system designed by the
University of Bonn. In Fig. 4 a schematic representation offo assess data quality after the flight, each calibration spec-
the inlet system and the gas flow concept is shown. The sysum is fitted to its successor and instrumental drift in respon-
tem is designed to allow future measurements of polar gasesity is quantified by the deviation of the fit result from unity.
such adHCl, H,0O,, andHNO3;. Ambient air is sampled out- Correlating this deviation with the corresponding deviation in
side the aircraft at a distance of approximatécmabove the measured laser power reveals if power changes caused the
the fuselage in a rearward direction to avoid aerosol sandrift. Power changes may arise from minute alterations in the
pling. The gas is pumped through2Zl PFA tubing and the optical alignment, due for example to temperature changes in
White cell by a rotary pump (Busch R5 0016 B m/h).  the cabin, or, in certain cases, to changes in the composition
The cell pressure is regulated to approximat&hhPausing  of cabin air, which changes broad-band absorptions outside
a feedback loop to adjust a critical orifice (ASCO propor-the White cell. A clear correlation between sensitivity and
tional solenoid valve) in front of the White cell. Mass flow measured laser power will only arise if the laser operates
is approximatelyé I/min (STP), resulting in a gas exchange on a single mode, which is desirable but not always achiev-
time of ~ 1 sfor the White cell 2.71). In-flight calibrations able with available lasers. In the case of single-mode laser
are performed every 10 @20 mindepending on flight condi- operation, the data quality can be improved by appropriate
tions, by replacing ambient air at the tip of the inlet systennormalization of the raw data to the laser power. For multi-
with a surplus flow of a known calibration gas standard. Caliimode operation a drift in sensitivity between two successive
bration gas standards are taken either from tanks (for exampbalibrations is not necessarily correlated with the power sig-
for CO, N,O, CH,) or permeation devices (for example for nal. In the mode competition case the drift appears to be of
H.0,, HNOs, HCI). For reactive species, and species thastochastic origin, and a linear time interpolation for the instru-
exhibit high wall losses, the calibration line made of PFA tub-ment response between two successive calibrations is carried
ing can be preconditioned by a permanent purge gas flow viaut. Typically these corrections are smaller 1286, which is
a calibration by-pass. For calibration purposes, a valve in thtéhe precision that can be quoted for the measurement data.
by-pass is closed and the calibration gas is added to the sam- During the POLSTAR Il campaign, which took place
pling line. This procedure permits in-flight calibrations of the from Kiruna in Sweden in January 1998, additional correc-
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tions were made based on the intensity of the reference spec- POLSTAR Flight 970130: N,O
tral signal. Under the assumptions that the optical density
in the reference cell is much larger than the optical density
in the White cell and that the reference cell concentration

is constant, fluctuations in the reference signal will corres- | L 10000
pond to changes in the single-mode power of the laser. Since
the beamsplitter separating signal and reference channel are

L Il L Il L Il L Il L Il L Il L

placed after the White cell, changes in alignment or in modes0 T—— r
competition should affect both channels equally. {b: raw data / ppbv

300 .

————7——— 11— 11— 20000
a Altitude / m

5 Field deployment

250 +——A——+—+—+—+——+—7 350
So far TRISTAR has been used during three airborne meas- |c: revised data/ ppbv
urement campaigns in the Arctic lower stratosphere in 1997

and 1998. During the POLSTAR | (Polar stratospheric i - 300
aerosol experiment) mission in January 1997 and during '
the POLSTAR Il campaign one year later, the instrument g T TS S 250

was operated on board the research aircraft Falcon 20 from  |d: fit error
Kiruna airport, Sweden. In March 1997 an additional cam-
paign was performed from the same location using the Dutch 4 ] 7
Cessna Citation Il as part of the STREAM (stratosphere tro-

posphere experiments by aircraft measurements) project. In g TR TIRTRPTIIN NS ORRDY I R SO SO 1200
1997 TRISTAR was operated in a two-channel modedor e: power signal / mV /
andN,O. A third channel devoted t6H, was added in 1998. I e o I
COandN,O measurements were performed using severalab- | - 1100
sorption lines in the 2150 t3200 cnT! spectral region, and ,

n Il n Il n
T T
f: laser current / mA

for CH, a feature a95473cnt! was selected. The indi- 256
vidual absorption lines were selected from the HITRAN data
base [21] to avoid cross-sensitivities to other gaseous species
in ambient air. In addition, checks for cross-sensitivities werezss - s e R .
performed by inserting single-pass absorption cells contain-
ing high concentrations of potentially interfering gases into
the optical path. 25 T T T T T 1
Figure 5 shows the time series O (b: raw and c: re- 35000 37500 40000 42500 45000 47500 50000 52500
vised data) and diagnostic data (a: flight altitude, d: error of time / sec
the least-square fit, e,: laser pF’WGV on the signal detector anﬁg. 5a—f. Time series ofN,O (b: raw andc: revised data) and diagnos-
f: laser current) obtained during a POLSTAR measuremenc data @: flight altitude, d: error of the least-square fig laser power
flight on 30/01/97. The objective of this flight was to study on the signal detector, arfd laser current) obtained during a POLSTAR
the large-scale distribution of trace gases in the lower Arctigeasurement flight on 301/97
stratosphere between Kiruna, Swedéi.& N, 20.3°E) and
Spitsbergen, Norway80.5°N, 21.3°E). During the first half
of the flight the aircraft cruised at1.8 kmin the lower strato-  erational conditions of the laser, in particular changes of its
sphere, followed by a descending profile into the tropospheri@jection current due to the line-locking procedure (Fig. 5f).
(< 6.3km) over Spitsbergen. The return flight to Kiruna fol- These drifts determine the stability of the instrument. As
lowed the outward route but at a slightly higher altitude ina measure for the instrument stability the error of the least-
the stratospherd .5 km) (Fig. 5a). Nitrous oxide was meas- square line fit can be used, which is mainly determined by
ured using an absorption line 2103749 cnT?!, at a pressure changes in the line shape due to instrument drifts or opti-
of 425 hPain the White cell and a flow of approximately cal interferences (etalons). During this particular flight the fit
6 1/min (STP). Figure 5c shows the post-procedde® data.  error varies between 2 addppbv(Fig. 5d).
As one might expectN,O mixing ratios are constant in An example demonstrating the usefulness of the diag-
the tropospherg3118+ 4.3 ppby and decrease above the nostics in identifying problematic data is given in the first
tropopause to a minimum value @773 ppbvat the highest part of this flight between 35000 ar&6 000 s Large fit er-
flight level in the lower stratosphere. The revised data haveors in combination with strong variations of the laser power
been deduced from the raw data, which are shown in Fig. 5land a jump in the scan current occurred in the first part
The main feature of this revision is the de-trending of theof the flight after take-off from Kiruna before the aircraft
data by interpolation between the regular in-flight calibrationgeached its cruise level. This leads to a structure in the ap-
(19 calibrations were performed on this flight), which can beparentN,O in the troposphere during the ascent, even after
identified in Fig. 5b as spikes due to standard addit8irl+  post-processing of the data (Fig. 5¢). The diagnostic data, in
6 ppbv. Drifts of the instrument between two calibrations canparticular the scan laser current, indicate that the cold-station
be due to a change of the laser power (Fig. 5e), for exampléemperature was drifting, so that the data should be consid-
due to changes in the optical alignment, or changes of the ogred as unreliable.

——f——+——+—— 1000
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The precision of the measurement is further limited by
noise. From Fig. 5¢c one can estimate a noise band in the order
of ~ 6 ppbv (peak to peak) for the revised data recorded at
1-s time resolution. Whereas improvements in the precision
can be gained from longer integration times, de-trending of
instrument drifts is accomplished by interpolation between
in-flight calibrations. Figure 6 shows a contour plot of the 19

STREAM Flight 970325: N,O

calibration spectra versus spectrum channel number obtaineti’
during the flight (upper panel), indicating that the position

(channel number) of the line and its shape do not change veryog -
much during the flight, which is expected for an accurate line-
locking procedure. On the other hand, the amplitude of the

calibration signal and the power of the laser for the calibration
spectrum varied significantly during the fliglit-/ — 5%).

The lower panel of Fig. 6 shows the relative changes of the
calibration signal amplitude (open circles), the laser power
during calibration (open squares), and the calibration signal

normalized to the calibration power (filled circles). Clearly, 20
in this case, the calibration signal amplitude (system sensitiv-
ity) and measured laser power are not correlated. Thereforey |
normalization of the signals to the power cannot be used for
de-trending the data. Instead, a linear interpolation between
two calibrations was used for post-flight analysis. 01
A contrary case of a power-correlated drift of the cal-
ibration signal is shown in Figs. 7 and 8 for data obtained
on a measurement flight during the STREAM campaign on
25/03/97. The purpose of this flight was to obtain a latitu-

dinal cross section during the transfer flight from Kiruna to 237
Amsterdam (The Netherlands) at a constant altitude of ap-
proximately11.8 km (Fig. 7a). Most of the flight took place

in the tropopause region, so that only small variations of
N2O are expected. The raw data (Fig. 7b) exhibit significant

7 e — T T 20000
|a: Altitude / m
- / - 10000
B B E— f f 0
|b: raw data/ ppbv
250 —t—t———F—— f f 350
|c: revised data/ ppbv
H - 300
—t 1 f f 250
|d: fiterror
| + 700
|e: power signal / mV
- 650
B A e E— f f 600
f: laser current / mA
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POLSTAR Flight 970130: N;O
e

Spectrum Channel

time/ sec

Fig. 7a—f. Time series ofN,O (b: raw andc: revised data) and diagnos-
tic data @& flight altitude, d: error of the least-square fie: laser power

50 on the signal detector, and laser current) obtained during a STREAM
measurement flight on 283/97

deviations in thé\,O mixing ratios just before and after a cal-
ibration. The corresponding drifts are correlated with strong
variations in the laser power (Fig. 7€). Therefore normaliza-
tion of the calibration signal to the signal power reduces the
inter-calibration variability significantly (Fig. 8, lower panel),
allowing a de-trending of the data using a power normaliza-
tion. The results of this post-processing are shown in Fig. 7c.
The different behavior during these two flights is due to
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the emission characteristics of the laser. A strong correlation
between laser power and signal size can be expected only
for single-mode operation of the laser, which was achieved
for the flight on 2503/97. If the laser is not single mode
(30/01/97), mode competition can mask the power depen-
dency of the signal strength. Unfortunately, single-mode per-
formance is not always available, nor can it be guaranteed that
the mode characteristics of individual lasers will remain con-
stant over periods spanning measurement campaigns, espe-
cially if it is not possible to continuously maintain a cryogenic

Fig. 6. Contour plot of the 19 calibration spectra versus spectrum channglyser environment.

number obtained during the flight on AIL/97 (upper panél. The lower
panel shows the relative changes of the calibration signal amplityaken(
circles), the laser power during calibratiomgen squares and the calibra-
tion signal normalized to the calibration powdili¢d circleg

On average, the reproducibility of the calibrations during
all three campaigns fa€O, N,O andCH;y is of the order of
+2% (30) and the calibration accuracy i#82.8%. The pre-
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STREAM Flight 970325: N,O time-multiplexed operation of three individual lasers with
high sensitivity. TRISTAR allows fastl{s time resolution),
60 === —— precise (low percent range and low ppbv range), and accurate
— 50 ——— — (low percent range) measurements of the above species. The
o Se——— = = overall performance of the system and its ability to perform
E 40 in-flight calibrations of the inlet system and sensor will allow
O us to extend our measurement capabilities further to more re-
E %0 active species (for examptNOs, H,O,, or HCI) in the near
5 — — future.
8 20| e =
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