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9.1
Semiconductor Lasers

A prerequisite for spectrometers and the applications described in this chapter
is diode lasers. In the past, semiconductor lasers, regardless of their operating
wavelength, relied upon direct band-to-band transitions in bulk material, where
electrons recombine at a p—n junction with positively charged ‘holes’ to release
single photons with a wavelength that is determined by the bandgap between
the conduction and the valence bands, typical of the chemical composition of the
semiconductor sandwich. A tunable diode laser (TDL) consists basically of a crystal
on which a p—n junction (homojunction) is formed. The front and rear facets
of the cleaved crystal (~0.01 mm?) form a laser cavity and do not need reflective
coatings, as the Fresnel reflection is sufficiently strong. If electrodes are connected
to the top and bottom surfaces and a suitable current (5mA up to 5 A) is injected
through the junction, lasing action takes place. The emission wavelength of diode
lasers ranges from the near infrared (NIR) for GaAs to mid-infrared (MIR) for
lead-salt diode lasers (Chapter 1), and for each material system it depends on the
crystal temperature. Homojunction laser devices have many disadvantages such
as poor mode structure and operation around liquid nitrogen temperatures in the
MIR. In order to obtain higher operating temperatures, single-mode operation
and better beam quality, several improvements have been achieved. Double and
buried heterostructure devices have been realized by molecular beam epitaxy
(MBE), which allows laser structures to grow in an ordered manner. Therefore,
these structures show a much better optical and carrier confinement in the active
region, compared to diffused homojunction lasers [3]. Lasers of this type are
available between 3050 and 900 cm™" (3.3-11.1 um), with typical power of a few
hundred microwatts. At a particular drive current, the output consists of a series of
longitudinal modes separated in wavenumber by 1/2 nL, where n is the refractive
index of the active layer (~5) and L is the cavity length (~0.03 cm). In order to
obtain higher spectral purity, lasers are either provided with an internal dispersive
element (distributed feedback (DFB) and distributed Bragg reflector (DBR)), or an
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external grating is coupled to the laser cavity, in a Littman or Littrow configuration.
DFB and DBR cavity designs use, respectively, a corrugated structure, distributed
along the entire cavity, and a sequence of dielectric layers with different refractive
indices at each end (the latter solution is used for the realization of the so-called
vertical-cavity surface-emitting laser (VCSEL) [4], see also Chapter 1). Owing to the
Bragg condition, these structures act as distributed or discreet reflectors, but only
at specific wavelengths.

Diode lasers are tuned by changing the temperature of the active region, by
varying either the temperature of the heat sink on which the diode is mounted,
or the laser drive current, which varies the ohmic heating of the active region.
Temperature changes allow a slow tuning of the laser over its entire range.
Changes in the drive current give a restricted tuning range, of the order of 2cm™1,
but allow modulation of the laser frequency. In practice, the two methods are
used in combination, as the laser modes tune through the dependence of the
refractive index, n, on both the temperature and the carrier density, which vary
with the laser drive current. At low modulation frequencies, the temperature
variation of n dominates. At high frequencies (>1MHz), thermal inertia reduces
the amplitude of the temperature modulation, and carrier-density modulation
takes over. A typical value for the current tuning rate is 1 GHzmA™! (0.03cm™!
mA~!), while temperature tuning rate is up to 30 GHzK™! (1cm~!K~!). With
these tuning rates, measurements at a reduced pressure linewidth of 0.005 cm™!
(see Table 9.1) require a stability level for temperature of about 1 mK. Therefore, a
precise temperature control is always needed.

Quantum cascade lasers (QCLs) are based on a completely different approach
than the lasers described so far (Chapter 3). Their operation is based on inter-
subband transitions, that is, transitions within the conduction band of a cascaded
multiple quantum well structure. Although the basic concept was proposed as early
as 1971, it took more than 20 years until an actual device was demonstrated in
1994 [5]. In a pictorial way, this laser is freed from the bandgap slavery, as the
emission wavelength depends only on the layer thickness and not on the bandgap
of the constituent materials. The different materials of the semiconductor in the
active region have different band gaps, which leads to the creation of quantum
wells. These quantum wells have discrete energy levels due to the thinness of the
layers comparable to the electron de Broglie wavelength. The electron motion is
restricted in a direction perpendicular to the plane of the layers. The energy levels
are determined by the thickness of the layers in the active region. The stages of the
QCL consist of an area with closely spaced layers (the injection region) followed
by more widely spaced layers (active region). In a QCL, typically 30-75 alternating
structures of active and injector/relaxation regions are stacked. Once an electron
is injected, it is forced to pass through all the periods of the active regions and
injectors sequentially (cascading). Once the device exceeds lasing threshold, it will
emit one photon per period. In this way, QCLs can provide more than a thousand
times the output power of any other semiconductor laser operating in the MIR and
can operate in a large number of modes at wavelengths around the one determined
by the energy difference between the upper and intermediate levels. Again, to
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Table 9.1 Calculated detection limits for atmospheric con-
stituents for a sampling pressure of 30 mbar and T = 296 K
based on a minimum detectable absorbance of 107> and a
100 m path length

Species A v S Y Y o DL

(km)  (em™) (101 (103 ecm™")  (MHz) (1077 (pptv)

cm/molecule) cm?/molecule)

03 9.50 1053 0.42 2.64 79.2 0.53 260
N,O 7.69 1301 1.56 2.77 83.1 1.92 70
CO 4.65 2151 1.89 3.85 115.5 1.85 73
CH4 7.56 1322 0.53 3.25 97.5 0.60 225
NO 5.33 1876 0.34 3.26 97.8 0.39 350
SO, 7.29 1372 0.49 3.86 115.8 0.41 330
NO, 6.25 1600 2.18 2.90 87.0 2.70 50
NH;3 10.74 931 5.20 2.92 87.6 6.18 23
HNO; 5.81 1722 0.72 3.75 112.5 0.25 218
HF 1.24 7856 0.76 12.09 362.7 0.27 500
HCl 3.40 2945 5.03 4.30 129.0 4.51 30
HBr 3.78 2649 0.45 2.90 87.0 0.57 240
HI 439 2278 0.02 2.21 66.3 0.03 4000
clo 11.6 860 0.08 2.73 81.9 0.09 1500
0oCs 4.87 2053 10.30 3.55 106.5 10.00 13
HCHO 356 2781 1.19 5.17 155.1 0.84 160
HCN 3.00 3337 3.69 5.97 179.1 2.33 58
CH3Cl 329 3040 0.02 4.12 123.6 0.02 7800
H,0, 7.79 1284 0.45 3.52 105.6 0.43 320
CH, 3.07 3260 2.29 5.43 162.9 1.65 83
H,S 7.33 1365 0.01 4.89 146.7 0.007 20000
HCOOH 8.98 1113 0.44 3.32 99.6 0.44 310
HO, 7.08 1411 0.12 3.63 108.9 0.11 1200

produce stable, single-mode emission from these QCLs, the DFB configuration is
adopted.

First QCLs operated in the continuous wave (CW) mode at cryogenic temper-
atures [5] and strong efforts have been made towards thermoelectrically cooled
devices. Operation at room temperature (RT) has been achieved first in pulsed
mode and used for practical applications [6, 7]. For high-resolution spectroscopy,
lasers should operate preferably in the CW mode, in which case linewidths of a
few kilohertz [8] and even a few hertz [9] can be attained. RT CW emission of
up to 17 mW at 9.1 um was reported for the first time in 2002 [10]. In any case,
the choice between pulsed and CW sources is still an open question [11]. Other
developments are in progress mainly towards broader gain and emission curves.
They are obtained by including, in the same laser, several active regions with
slightly different spacings of the layers. The selection of a particular wavelength
in such a wide range can be obtained either by multiple DFB gratings [12] or by
applying an external cavity [13].

257



Q1

258

9 Tunable Diode Laser Absorption Spectroscopy

Semiconductor laser devices emitting in the NIR and visible spectral region are
also increasingly used [14]. Currently, these lasers are available from blue, based
on GaN [15], to 2.3 um, based on InGaAlAs/InP [16], and even upto 2.8 um, based
on lateral metal Bragg grating in GaAs, InP and GaSb [17]. The latter devices have
been qualified for space applications, and will be employed by National Aeronautics
and Space Administration (NASA) in the mission to Mars in 2009 for detection
of H,O and CO, [18]. The specific features of VCSELs (low consumption, high
spectral purity, low dimensions) are opening further fields of applications [19].
Infrared radiation can also be obtained by beating a TDL with another TDL, or a
different kind of laser (e.g. Nd:YAG), in a nonlinear crystal such as lithium niobate,
for difference frequency generation (DFG) (see [20] and Chapter 7).

9.2
Principles of Diode Laser Spectroscopy

9.2.1
Line Parameters and Selection of Absorption Lines

Beer—Lambert law links the decrease in light power when passing through a
sample, to the physical characteristics and the concentration of the absorber(s), and
to the interaction length between light and the sample:

Tout (V) = Iy (v) - e(560INL) (9.1)

where Iouin is the power at the exit/entrance of the sample, S is the line
strength, g(V) is the frequency profile of the absorption, N is the density of the
absorbers and L is the interaction length. Pressure affects first of all the number
of absorbers, which rises linearly with increasing pressure. The shape of the
absorption frequency profile, with increasing pressure, changes from a Doppler
profile at low pressures to a Lorentz profile at high pressures, through a Voigt
profile at intermediate pressures [21]. A minor effect of the pressure is a shift
of the absorption frequencies. As the Voigt profile is a convolution, its use in
fitting procedures would require very powerful computing resources. For this
reason, several approximations are used, instead [22—24]. The Voigt profile does
not take into account the reduction of Doppler width due to collisional narrowing,
so sometimes further approximations are used, such as the Galatry profile or the
Speed-dependent billiard-ball profile [25]. The effects of temperature are manifold.
The density of the sample is inversely proportional to temperature, and the shape
of the absorptions depends on temperature both because of the Doppler width and
because the pressure broadening depends on temperature [26, 27]. The strengths
of the lines depend on temperature because the populations of the levels from
which the transitions take place follow the Boltzmann distribution.

The optimum sampling pressure is a compromise between sensitivity and
selectivity. As the sampling pressure is reduced, sensitivity does not fall significantly
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below the atmospheric pressure value until the point at which Lorentzian and
Doppler linewidth are equal, at typical pressures of 10-50mbar. This is the
pressure at which systems are mostly operated. Of course, a strong line is needed
to give high sensitivity. The line should be isolated from other lines of the same
species, but this is not an absolute requirement and can prove difficult to achieve
for the more complex molecules (e.g. nitric acid). The line should also be isolated
from interfering lines due either to other trace species (not normally a problem) or
to the more abundant atmospheric constituents such as H,O or CO,. The task of
choosing the operating wavelength is made easier by the availability of spectral line
databases [28, 29], of which the most popular is the HITRAN compilation [30].

9.2.2
Direct Absorption and Modulation Spectroscopy

A straightforward approach to absorption measurements is to sweep the laser
repeatedly across an absorption line to analyze the transmission signal. Direct
absorption measurements have to resolve small changes in a large signal. This poses
severe constraints on the dynamic range of the electronics for the data acquisition.
An alternative approach is based on modulation spectroscopy, which is based on the
ease with which diode lasers can be modulated [31, 32]. When the laser is modulated
through the injection current with a frequency wm, around its center frequency
wy, its spectrum is formed by a carrier, plus a series of sidebands, spaced by wy,.
According to the relationship between wy, and the absorption linewidth, we speak
of wavelength modulation spectroscopy (WMS, wm ~ 50kHz), high-frequency
wavelength modulation spectroscopy (HFWMS, wm ~ 5 MHz) [32] or frequency
modulation spectroscopy (FMS, @y, ~ 500 MHz) [33]. Besides HFWMS, another
possibility is to apply two closely spaced modulations v; and v;, both of the order
of the absorption linewidth. In this case, an absorption signal is produced at the
difference frequency v; — v,, which typically is 10 MHz. Then the technique is
termed two-tone frequency modulation spectroscopy (TTFMS) [34]. For FMS, the
absorption line is probed by only one or two of these sidebands, whereas for
WMS the line is probed by tens of thousands of closely spaced sidebands. The nth
harmonic component of the detector signal is proportional to the nth derivative of
the absorption line shape, so the technique is known as derivative. All harmonics
are proportional to species concentration and any can be used for monitoring
applications. In a WMS system the electronics is simpler than in FMS, and the
detectors are larger, which means easy and stable alignment. Most practical systems
adopt WMS with second harmonic. HFWMS technique has been recently adopted
in commercial devices [35].

In comparison to direct absorption spectroscopy, the benefits of modulation
spectroscopy are twofold. First, it produces a difference signal that is directly
proportional to the species concentration (zero baseline technique) and, second,
it allows the signal to be detected at a frequency at which the laser noise can
be significantly reduced. Despite the noise reduction and the relatively simple
experimental setup, the modulation techniques require a calibration; so direct
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absorption is often used as the detection technique. In modulation spectroscopy,
the signal is directly proportional to the laser power incident on the detector. The
noise arises from four sources: detector shot noise, detector thermal noise, laser
excess-noise and residual amplitude modulation (RAM) offset noise. Detector shot
noise corresponds to the photon noise on the laser power incident on the detector
(P). The noise power is proportional to /P and has a white noise frequency
spectrum. Detector thermal noise is the signal-independent noise of the detector
and preamplifier and depends on the type of detector used. This noise also has a
white noise spectrum. Laser excess-noise is the laser noise within the measurement
bandwidth centered on the detection frequency [36]. This noise is laser dependent
and is influenced by mode competition and by optical feedback to the laser due
to scattering from components in the optical system. The noise power spectrum
shows approximately 1/f dependence and this dependence is the reason that FMS,
using a high detection frequency, is potentially a more sensitive technique than
WMS [37]. For WMS using second-harmonic detection, laser excess-noise always
dominates. For these systems, high laser power is not important because the
signal-to-noise ratio (SNR) is not detector-noise limited. In the high-frequency
domain where frequency modulation (FM) systems operate, laser excess-noise is
negligible [38] and the noise will be dominated by detector thermal noise at low
laser powers and by shot noise at higher powers. Where shot noise dominates, the
system is said to be quantum noise limited. Such quantum-limited performance
has been demonstrated by Gehrtz et al. [39] and Werle et al. [40] in laboratory
measurements using a short absorption path. Since the signal is proportional to P
and shot noise to +/P, and detector thermal noise is constant, it is clear that for FM$S
high laser power increases the SNR. This has an impact on the design of the optical
system since any transmission losses will reduce the laser power incident on the
detector. Therefore, it can be advantageous to use a smaller number of passes of
the multipass cell in an FMS system than would be optimum for WMS [41].

9.3
System Design Criteria

9.3.1
Optical Design and Fringes

Typical line strengths are such that even for strongly absorbing species a typical
atmospheric concentration of 1 ppbv produces an absorption of only 1 part in
107 over a 10cm path length. Most TDL systems are limited in sensitivity, not
by laser or detector noise but by optical fringes superimposed on the measured
spectrum [36]. The fringes take the form of an approximately sinusoidal variation
of the background signal with a period equal to the free spectral range (FSR) of
the étalon formed by two partially reflecting surfaces across the beam. So the
most important requirement of the whole optics is to minimize optical fringes.
The absorbance variation produced by an étalon formed between two surfaces
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of reflectance R is 4R (for R « 1) [42]. Therefore, even surfaces with reflectance
as low as 107> can produce significant fringes. In order to achieve sensitivities
in the 107°-107° range methods of reducing the effect of the fringes must be
found. These techniques can be categorized as follows: mechanical modulation
of the étalon spacing, modified modulation schemes, background subtraction
and postdetection signal processing. If the étalon path difference is mechanically
modulated [42], or one component forming the étalon is vibrated by a piezoelectric
transducer [43], then the fringes will shift relative to the absorption spectrum. As
the spectrum is averaged, the fringes will average out, provided the shift amplitude
corresponds either to an integral or to a large number of fringes. Cassidy et al. [44]
have shown that in TDL systems using WMS, the fringes can be averaged to zero
by applying an additional low-frequency wavelength modulation to the diode laser,
with an amplitude equal to an integral number of periods of the étalon fringes.

For a stable system, a background spectrum obtained by supplying dry nitrogen to
the instrument inlet would display the same étalon fringes as the sample spectrum.
Subtraction of this background spectrum would then remove the fringes. Real
systems, however, are not stable, so the success of background subtraction depends
on the thermal and mechanical stability of the system and on the rapidity with which
sample and background spectra can be alternated [45]. Stark sample modulation
is an approach to modulate the absorption alone without affecting all the other
parameters of the signal so that fringes would be automatically removed [46]. In
general, the periodic nature of the optical fringes allows analog processing of the
signal (such as low-pass filtering) as well as digital processing. Taking the Fourier
transform of the averaged spectrum, and then removing the frequency component
corresponding to the étalon, before transforming back, can be beneficial in some
cases [34]. With a proper choice of the frequency sweep of the laser, the coefficient
of the first harmonic can yield the information about the absorption intensity,
without back transformation. Fringe profiles from a single étalon can be inserted
in the fitting procedure for the retrieval of the line parameters [47].

In order to increase the path length, the first solution is to use a multipass
cell. Such cells achieve long paths by using mirrors to fold the optical path,
giving typically ~100 passes for a 50 cm base length cell. Design criteria are a
good compromise among total path length, volume, transmission and quality of
the exit beam. A versatile multipass cell was designed by White [48], formed by
three spherical mirrors. The total path (L) can be expressed as 4nS, where n is
an integer and S is the mirror separation, depending on the tilt of one of the
mirrors. A typical cell of this type would have a 0.5 m mirror separation, a volume
of 101 and a usable path length of 50m. Owing to the overlap of the beams
onto the mirrors, a standing wave can arise every four passes. This will produce
a fringe system with a period of 1/4S cm™! (if S is expressed in centimeters).
For a typical cell with S = 50cm the fringe spacing is 0.005cm™!, or 150 MHz,
which is comparable to the absorption linewidth and therefore will be difficult to
discriminate against. The Herriott cell [49, 50] consists of two concave mirrors
separated by nearly their radius of curvature. The optical beam is injected through
a hole in one mirror and is reflected back and forth a number of times before
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exiting from the same hole. Unlike the White cell, the beam remains collimated
throughout its traversals of the cell. In case of spherical mirrors, the beam traces
out circular paths on the two mirrors. This does not give optimum use of the mirror
area, and therefore a modified arrangement using slightly astigmatic mirrors is
normally used. In this case, the beam traces outa Lissajous figure [51]. If a standing
wave is formed by part of the exit beam reentering the cell, the fringes produced
will have a much shorter period than the absorption linewidth and can be easily
suppressed. A further advantage of the Herriott cell over the White cell is that
it is easy to align, since the output beam direction is insensitive to changes in
the mirror alignment. A significant disadvantage is that the number of passes
is determined by the mirror separation and it is difficult to make this adjustable
in any given cell design (but not impossible [52]). The fact that for 100 passes
gold-coated mirrors would give a transmission of only 20% must also be taken into
account. Multilayer coatings can be used to give improved reflectivity at specific
wavelengths.

A different approach to increase the absorption path length is cavity ring down
spectroscopy (CRDS), see also Chapter 13. Developed by O’Keefe and Deacon [53],
it is based on the measurement of the decay time of photons in a high-finesse
cavity. If the molecules inside the cavity absorb photons, the decay time is lowered.
As the transmission of the mirrors is of the order of 107 or less, the effective
interaction length is of the order of kilometers. Moreover, the sample volume is
very small (in principle, the length of the cavity times the cross-section of the laser
beam). The drawback is that only few photons enter (and escape) the cavity, so the
power on the detector is very low. This technique underwent several modifications,
like cavity-enhanced absorption spectroscopy [54] and intracavity laser absorption
spectroscopy. Using the backscatter from the entrance mirror as a feedback forces
the laser to emit exactly at a longitudinal cavity mode [55].

The NICE-OHMS technique combines the enhancement of cavity length of
CRDS with the noise reduction of FMS [56], when the modulation applied to
the laser is set equal to the FSR of the absorption cavity. Once the laser carrier
has been locked to a cavity transmission maximum, the sidebands automati-
cally undergo the same transmission, and can be effectively exploited for FMS
detection.

Optoacoustic detection is a completely different approach (see Chapter 8). When
a sample absorbs, the power transferred to the internal rovibrational modes
degrades to kinetic energy within a timescale of 1078 s. When the laser power is
modulated (e.g. by mechanical chopping), or the absorbance is modulated (e.g. by
tuning the laser on or off the absorption line), the kinetic energy of the absorbing
molecules changes with the same frequency, generating a periodic variation of
the sample pressure. A microphone translates the acoustic wave into an electrical
signal, and a lock-in amplifier yields the final profile of the absorption. In the
past, this technique was applied to CO, lasers [57]. As more powerful diode
lasers are now available, this technique is applied in several laboratories and
applications [58-61].
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9.3.2
Calibration, Data Processing and System Performance

The application of modulation techniques does not allow a simple, straightforward
calculation of the measured concentration from the measured signal. For an
ab initio calculation of the absorption signal, a precise knowledge of the line
parameters (line strength, linewidth, pressure and temperature dependence) is
necessary. Although many molecules have been carefully investigated, some data
in the HITRAN database [30] are known with a precision of only about 10-20%.
Therefore, many field instruments encompass a calibration system that offers the
possibility to generate the necessary reference samples in the absorption cell [62].

Calibration of a gas sensor involves two steps. First the ‘zero’ must be determined
and then the ‘span’ must be set. Many analytical procedures use pure nitrogen or
pure synthetic air to establish the zero point. The next step is the span calibration,
and to achieve the best accuracy, a well-defined mixture of the target gas in the
ambient air is the best calibration gas. Premixed gas mixtures can be prepared in
the laboratory or obtained commercially in various concentrations with a certificate
based on reference methods. Polar compounds, such as H,O,, HNO3, NH3 and
HCHO, stick to surfaces and, consequently, their mixtures are not stable. For
these compounds, permeation-based systems are frequently used to calibrate gas
analyzers [63]. Permeation devices are small capsules containing a pure chemical
compound in equilibrium between its gas phase and its liquid or solid phase. At
a constant temperature, the device emits the compound through its permeable
portion at a constant rate. A calibration system for tunable-diode laser spectroscopy
(TDLS) field applications requires a source of diluent air, a source of calibration
gas, a mixing chamber and a delivery manifold from which analyzers and reference
sampling trains can sample the test gas [64]. All components should be allowed
sufficient time to stabilize before reference samples are taken and analyzer response
is determined. Calibration systems for TDLS have been described [62, 65].

The measurement sequence consists of calibration followed by a series of
alternating background and ambient measurements. A background spectrum is
then subtracted from the calibration gas spectrum and ambient air spectrum to
provide the corrected spectrum. The corrected ambient spectrum can be subjected
to various types of étalon fringe removal processing as described in the previous
section. The next stage is to determine the ratio between the corrected ambient
spectrum and the corrected calibration spectrum. Both exist as a series of digitized
values and the most straightforward method is to perform a linear regression. A
simple linear regression can be improved by adding linear and quadratic terms and
by allowing a wavelength offset between the ambient and calibration spectra [66].

Modulation spectroscopy typically allows a sensitivity of 107> for a 1 Hz band-
width. In scanning mode with background subtraction, a complete measurement
can be made typically within 1min. For a given path length and absorbance
sensitivity, the detection limit (DL) — defined here as the concentration giving
a signal-to-rms-noise ratio of 1 for a particular species — depends only on the
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strength (S) and half-width (y) of the line being used. Table 9.1 gives the spectral
parameters for the absorption lines suitable for a range of species. Also shown
is the resulting DL assuming an absorbance sensitivity of 107> and a 100m path
length. The lines shown are not necessarily the strongest for that species, nor do
the wavelengths represent the only regions in which the species can be monitored.
It is in the nature of field laser applications that optimum performance based on
predicted sensitivities, based on line strengths, is not always achieved.

DLs should improve by averaging over a long timescale, but at optical densities
near 107° the sensitivity is usually limited by fringes. Real systems are stable only
for a limited time, and therefore will have an optimum averaging time given by
temperature drifts, moving fringes, changes in background spectra, and so on.

The performance of a spectrometer can be described using the Allan variance [67].
The Allan variance as a function of the integration time, 7, is the time average
of the sample variance of two adjacent averages A(t) and Asiq(7) of time series
data x;:

1 m
(D) = 3 2 (A () = Ad(r)” (92)
s=1

where

k
1
Ag(r) = T Zx(s,l)kH, s=1...m
I=1

An ‘Allan plot’ shows o 4%(t) versus the integration time 7 on a log—log scale. At
short integration times, in the white-noise dominated region, the square root of the
Allan variance is proportional to the DL and, therefore, can be used to predict the
DL of a given system as a function of the integration time. The usually observed
minimum in the Allan variance corresponds to the optimum integration time, 7 op.
If ambient and background spectra are acquired subsequently and the integration
times are chosen to be smaller than or equal to the measurement time, system
drifts will not influence significantly the quality of the data. top is a characteristic
property for a given instrument and is increasingly being used to characterize the
performance of spectroscopic trace gas analyzers [11, 62, 68, 69].

9.4
Field Laser Applications in Atmospheric Research

9.4.1
Trace Gas Flux Measurements

A major limitation to atmospheric research on biosphere—atmosphere exchange is
the lack of sensitive, reliable and fast-response chemical species sensors. Therefore,
in the past, techniques for sensitive trace gas flux measurements based on TDLS
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have been developed and successfully applied to micrometeorological flux measure-
ment techniques based on the Eddy covariance technique [70-77]. The availability
of such sensors offers a new approach to validate local closed-chamber measure-
ments and provide information about trace gas emissions on a larger scale, which is
the basis for any upscaling effort. Ideally, the meteorological conditions controlling
the state of the turbulence should not vary over the course of the measurements,
and the surface viewed by the sensors should be horizontally uniform, both in its
physical and chemical-biological aspects. The Eddy correlation technique directly
determines the flux of an atmospheric constituent through a plane that is parallel to
the surface. The method may be considered as defining the instantaneous upward
or downward transport of the constituent and then averaging contributions to give
the net flux, and it must take into account the frequency range of the turbulence for
vertically transporting the constituents in the atmosphere. This technique requires
simultaneous fast and accurate measurements of the vertical wind velocity and
the concentration of the trace species in question. Because of its capability for
fast-response measurements, TDLS has been used for flux measurements using
the Eddy correlation method. The first step in the Eddy correlation process is to
calculate the perturbation values of the data points. For the measured time series of
concentration values, ¢, we can subtract the mean from each data point to yield the
time series of perturbations ¢’. Multiplying these values with the time series of the
vertical wind velocity perturbations w' yields a time series w'c’. The average of this
time series (W'¢'), gives the turbulent vertical flux, F. An advantage of this method
is that it is direct and simple, and fluxes can be calculated at whatever height or
location the original time series was measured.

The time resolution needed for ¢’ and w' in order to achieve an accurate
value for F depends on atmospheric conditions, and lengthens with height,
but ideally a bandwidth of about 10 Hz is required. Such a response time is
easily achieved by a sonic anemometer, which uses ultrasonic sound waves to
measure wind speed and direction. The main difficulty is in achieving this fast
response from the TDLS concentration measurements. Sachse and coworkers have
developed the DACOM instrument [78] which achieved a 70ms time constant
by pumping a 0.581 White cell with a 12001/min engine-driven venturi pump.
They have used this on an Electra aircraft to measure CO fluxes over the Amazon
basin and also for measuring simultaneous CH4/CO fluxes over the Alaskan
tundra [79]. Verma et al. [71] have measured CH, fluxes over peatland using a
land-based tunable diode laser absorption spectroscopy (TDLAS) with a 100 ms
time constant. In what is probably the first reported use of the TTFMS modulation
technique for field measurements, Wienhold et al. have measured N,O fluxes
from fertilized grassland [80]. The concentration measurements had a 200 ms time
constant limited by the cell exchange time. The fast FM spectrometer shown in
(Figure 9.1) was used to determine CH4 emissions in rice paddy fields in Italy
and to explore systematic differences between the state-of-the-art closed-chamber
method and a direct micrometeorological technique based on Eddy correlation
measurements [77]. Recently, this technique has been extended to isotope studies
in ecosystem research [81-83].
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Fig. 9.1 Field measurements of methane emissions from
rice paddy fields in Italy. A sonic anemometer and a fast
diode-laser spectrometer provide input data for the calcu-
lation of the turbulent CH4 flux [77]. The time lag between
the measurement of the vertical wind and the concentration
is due to the sampling line delay.

9.4.2
Airborne Atmospheric Measurements

An increasing number of instruments based on diode lasers have been employed
for trace gas measurements in the stratosphere and in the troposphere, using both
aircraft and balloons as platforms. The fast response time of TDL spectrometers
(of the order of 1s) is essential to observe the fine atmospheric structure of a
few kilometers, when the measurements are performed from an aircraft having
a cruising speed of hundreds of meters per second. The straightforward design
of TDL spectrometers makes possible the fulfilment of the requirements of com-
pactness, weight, portability and totally unattended operation under harsh ambient
conditions (vibrations, wide ranges of pressure and temperature, electromagnetic
interference), necessary for airborne in situ measurements. Stratospheric measure-
ments were already performed in 1983 [84, 85] with the open-path balloon-borne
BLISS instrument, based on cryogenic diode lasers and a White cell. Many other
TDL spectrometers have been developed for airborne atmospheric research and
have been employed during several field campaigns. Most of them are based on
cryogenically cooled lead-salt diode lasers in combination with White or Herriott
cells. Examples of such type of TDL spectrometers are ATLAS, a device for the
measurement of CO or N;O on board the NASA’s ER-2 aircraft [86]; ALIAS,
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an instrument with four channels for the simultaneous measurements of four
species among HCl, N,O, CH4, NO, and HNOj3, always on board the ER-2 [87];
TRISTAR, an analyzer with three channels for simultaneous measurement of CO,
N,0 and CH4 on board the two aircrafts Falcon 20 (German Aerospace Centre,
DLR) and Cessna Citation II (operated by the Technical University Delft of The
Netherlands) [88]; ARGUS, with two channels for simultaneous measurements of
N0 and CHy, which owing to its small size has been integrated on many platforms
(e.g. NASA ER-2 and WB-57, and also balloons) [89]; and TDLAS, a spectrometer
for measurement of HCHO on board NASA’s DC-8 aircraft [90].

In thelast decade QCLs and DFG sources have been used in airborne atmospheric
research, too. The first QCL measurement in the stratosphere was performed in
1999 by the ALIAS instrument, replacing one of the four lead-salt diode lasers
with a single-mode QCL-DFB, cooled by liquid nitrogen, emitting at around
7.9 um. The spectrometer measured CH, and N,O concentrations on board the
ER-2 aircraft [91]. Recent laboratory and field studies demonstrated that replacing
lead-salt lasers by CW QCLs results in sensitivity improvements of MIR TDLS
systems by a factor of 2—3 [92]. Therefore, the TRISTAR spectrometer was equipped
with three QCLs, cryogenically cooled, to measure CH4, CO and HCHO. In October
2005, the modified TRISTAR instrument was installed on a Lear Jet 35A as part
of a scientific payload to study the photochemistry over the tropical rainforest in
South America during the GABRIEL campaign. A second deployment was during
fall 2006 as part of the HOOVER campaign to study HO,, and its precursors in the
upper troposphere over Europe. The DL for HCHO was about 500 pptv for a 2s
average, while postflight signal averaging over a 2 min interval resulted in a 150 pptv
DL. RT QCLs have already been used for airborne measurements. The QCLs are
operated in pulsed mode, which allows thermoelectric cooling [93]. Besides the QCL
technology, the development of DFG spectrometers can also be useful to reduce the
weight and the size of airborne instruments by removing the cryogenic apparatus.
Recently, an airborne spectrometer measuring at 3.5 um was developed by mixing a
DFB diode laser at 1562 nm and a DFB fiber laser at 1083 nm in a periodically poled
LiNDbOj crystal [94]. The instrument was employed for ultrasensitive measurement
of HCHO in three consecutive airborne field missions: MIRAGE, IMPEX and
TEXAQS2006, utilizing the National Center for Atmospheric Research’s C-130 and
National Oceanic and Atmospheric Administration’s P-3 airborne platforms. The
in-flight performance yielded sensitivities between 3 and 20 pptv.

Despite the development of these new lasers sources, spectrometers based on
lead-salt diode lasers are still widely employed [95-97]. Also, the recently developed
cryogenic operated laser diode (COLD) instrument uses Pb-salt diodes and is
designed for airborne measurements of stratospheric trace gas concentrations [47].
It is part of the payload during scientific missions of the M55 Geophysica aircraft,
a former Russian high-altitude reconnaissance aircraft capable of operating at an
altitude up to 22 km. The COLD instrument uses direct absorption in a multipass
Herriott cell with 36 m optical path in conjunction with fast sweep integration.
This technique allows absolute concentration measurement without the need
for in-flight calibration procedures. Recently, the instrument was successfully
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Fig. 9.2 Geophysica M-55 prepared for a measurement flight
from Aracatuba (Brazil) with COLD being part of the sci-
entific instrumentation on board. The CO mixing ratio and
aircraft altitude are plotted versus universal time (UTC). A
zoom of the fine CO structure is shown enlarged to illus-
trate the high resolution of the spectrometer [47].

employed during three airborne atmospheric research missions: TROCCINOX-2
in Brazil, SCOUT-03 in Australia and AMMA in Burkina Faso.

The COLD system performance achieved during in-flight operation is a sensitivity
of few ppbv with a time resolution of 4 s. A typical COLD result for CO concentration,
recorded during a TROCCINOX-2 flight, is shown in (Figure 9.2). For an aircraft
speed of about 210ms~!, the instrument provides CO concentrations with a
horizontal resolution of about 850m, so that atmospheric fine structures can
be clearly identified. In general, airborne measurements help to understand the
chemistry and transport processes in the troposphere and the stratosphere and
provide valuable input for the validation of atmospheric models, with possible
important implications for the prediction of the global climate.

9.5
Outlook

The development of high-performance laser sources (long-wavelength DFB, VCSEL,
QCL, DFG, etc.) will allow better access to the strong fundamental molecular
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absorption bands. New measurements will be routinely possible or smaller and
simpler devices will be commercially available, with respect to the present ones, with
the same DLs and resolution. Better DLs are still required for research applications
using stable isotope ratio infrared spectroscopy [83, 98, 99]. The advent of terahertz
sources is opening the field of detection of drugs and explosives, with important
implications for security purposes [p27] . The development of fiber components,
mainly amplifiers, can lead to the realization of compact solid-state light detection
and ranging (LIDAR) systems, in spectral regions presently not covered by simple
sources (Chapter 6). The increase in performance will be hopefully coupled with
a reduction in manufacturing costs and may allow the development of sensors
networks, for the global measurements of atmospheric trace gases (e.g. Kyoto
monitoring of greenhouse gases, concentrations and fluxes) with low installation
expenses and low maintenance. For more information on diode laser applications
in the process industries the reader is referred to Chapter 10. The same concept
applies for medical, noninvasive diagnostics devices, which can become more and
more widespread.

9.6
Summary

TDLS has made the transition from a technique mainly of interest to instrument
developers to one that produces results of real value to atmospheric research.
During the last decade, it has become a technique that can be used even by
nonexpert operators. In addition, it is a general technique, as the same instrument
can easily be converted from one species to another by changing the laser and
the calibration gas. TDLS offers automated measurements at time constants of
1 min or less, and, finally, the time constant can be traded off against sensitivity.
A high-resolution spectroscopic technique, it is virtually immune to interferences
by other species — a problem that plagues most competing methods. This ability
to provide unambiguous measurements leads to the use of TDLS as a reference
technique against which other methods are often compared.
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