i

JIEAL the
cducasont e abdus salam .
crpoitason international centre for theoretical physics

&)

international atomic
energy agency

SMR: 1133/23

WINTER COLLEGE ON
SPECTROSCOPY AND APPLICATIONS

(8 - 26 February 1999)

"A Review of Recent Advances in Semiconductor
Laser Based Gas Momnitors”

presented by:

Peter WERLE
Fraunhofer Institut fiir Atmosphirische Umweltforschung
Kreuzeckbahnstr. 19
D-82467 Garmisch-Partenkirchen
Germany

These are preliminary lecture notes, intended only for distribution to participants.

strada costiera, 11 - 34014 crieste italy - tel. +39 40 22401 1 fax +39 40 224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it






SPECTROCHIMICA
ACTA

PART A

Spectrochimica Acta Part A 54 (1998) 197-236

Review article

A review of recent advances in semiconductor laser based gas
monitors

Peter Werle
Fraunhofer Institut fiir Atmosphérische Umweltforschung, Kreuzeckbahnstr. 19, D-82467 Garmisch-Partenkirchen, Germany

Received 18 July 1997, received in revised form 21 August 1997; accepted 15 September 1997

Abstract

When first tunable diode lasers were developed in the mid-1960s they found immediate application as much needed
tunable sources for high-resolution laser absorption spectroscopy commonly referred to as TDLAS (tunable diode
laser absorption spectroscopy). Substantial improvements in sensitivity and detection speed have been achieved since
then and an increasing number of laser based gas monitoring applications has been reported. Diode lasers in general
continue to find application to research areas requiring very high resolution, accuracy and sensitivity. In this article
the main features and applications of tunable diode laser absorption spectroscopy will be reviewed. The main
characteristics of the currently available semiconductor diode lasers with respect to spectroscopic applications and
sensitive detection techniques will be discussed. The focus will be on high frequency modulation schemes, which have
been developed and utilized for a series of gas monitoring applications in the past. Recent approaches in sample
modulation enhanced high frequency modulation spectroscopy developed to cope with limitations caused by signal
instability will be addressed together with the future perspectives of TDLAS. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction recently been developed which meet the require-

ments for faster, more specific and precise mea-

In the past, gases were monitored in manufac-
turing plants almost entirely for safety and pollu-
tion control purposes. As such gas monitoring
was seen as an unwelcome but unavoidable cost
item. But, over the last few years, the sophistica-
tion of these processes has increased, requiring a
growing use of gas analysis as a vital control tool
for manufacturing processes. Gas analysers have

surements. The need to meet increasingly
stringent environmental and legislative require-
ments has also led to the development of analyz-
ers to measure concentrations of a variety of
gases. Beside the non-dispersive infrared tech-
nique (NDIR), correlation spectrometers and dis-
persive systems for spectral gas analysis, laser
based analysis techniques are at the threshold of
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routine applications in environmental monitoring
and industrial process gas analysis. So far the
development of this technology has been driven
mainly by scientific questions, but increasingly
these techniques are applied to a sensitive, selec-
tive and fast analysis for industrial and monitor-
ing applications. The current instrumentation for
gas analysis is mainly characterized by a variety
of different technologies which are applied for
different gases: ozone is monitored with UV-pho-
tometers, for hydrogen peroxides and formalde-
hyde a derivatisation technique {chemical
technique with fluorometric detection) is applied,
SO, measurements are based upon fluorometric
techniques and nitrogen oxides (NO,, NO,) are
measured by chemiluminescence. This variety
makes system integration difficult, requires many
different calibration procedures and increases
maintenance costs. As the number of substances
to be measured increases continuously, multi-
component analyzers allowing the simultaneous
measurement of different gases or pollutants, are
required because such systems will be more cost
effective and flexible than systems based on indi-
vidual analyzers. For the variety of problems,
different measurement techniques can be applied,
but especially optical and spectroscopic tech-
niques attain increasing attention for fast and
selective on-line measurements. Differential opti-
cal absorption spectroscopy (DOAS) is mainly
used for integral measurements over long optical
paths in the atmosphere. Light detection and
ranging (LIDAR) is applied to remote sensing
applications. While Fourier transform infrared
spectroscopy (FTIR) is ideally suited for multi-
component analysis and for spectral analysis of
unknown gases, laser spectroscopy is a method of
choice for in-situ trace gas analysis, because of its
much higher sensitivity and specifity due to its
higher spectral resolution.

When lead-salt tunable diode lasers (TDL) were
first introduced in the mid-1960s they found im-
mediate application as much needed tunable
sources for high-resolution infrared laser absorp-
tion spectroscopy. According to Beer’s law the
most important application of TDLs to atmo-
spheric measurements has tumed out to be their
use in conjunction with a long-path cell to provide

high sensitivity local measurements. This tech-
nique is commonly referred to as TDLAS (tun-
able diode laser absorption spectroscopy) and
forms the main concern of this article. Substantial
progress in various techniques and components
has been made in the past and an increasing
number of applications has been reported. Tun-
able lasers in general continue to find applications
in research areas requiring very high resolution,
specificity, accuracy and sensitivity. In this review
article the main features and applications of TD-
LAS will be summarized. After a brief discussion
of the main characteristics of the currently avail-
able semiconductor diode lasers with respect to
spectroscopic applications, sensitive detection
schemes in TDLAS will be discussed. The focus
will be on high frequency modulation schemes
which have been developed and utilized for a
series of applications during the last few years.
Finally, recent approaches to cope with stability
problems and the future perspectives of TDLAS
will be addressed.

2. TDLAS

TDLAS usually scans over an isolated absorp-
tion line of the species under investigation using a
single narrow laser line. To achieve the highest
selectivity, analysis is made at low pressure, where
the absorption lines are not substantially broad-
ened by pressure. This type of measurement was
pioneered by Hinkley [l] and Reid et al. [2], and
has developed into a very sensitive and general
technique for monitoring most atmospheric trace
species [3 - 161 The main requirement is that the
molecule should have an infrared line-spectrum
which is resolvable at the Doppler limit, which in
practice includes most molecules with up to five
atoms together with some larger molecules. The
intensity of monochromatic laser radiation of fre-
quency @ transmitted through a sample cell con-
taining an absorbing species is given by Beer’s law

Hw) = Ifw)e =" (M

where I, is transmitted intensity in the absence of
an absorbing species, L is the optical path length
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within the cell, a(w) is the absorption coefficient
and N is the concentration of the absorbing spe-
cies in molecules per unit volume. The cell ab-
sorbance is defined by 3 = o(w)LN. A given
molecular absorption line is characterized by its
integrated line strength S, which is independent
of pressure, while the lineshape depends on sam-
ple pressure. At atmospheric pressure, in the mid
infrared collision broadening dominates giving a
Lorentzian lineshape. As the sample pressur¢ is
reduced, the pressure broadened linewidth de-
creases until, at pressures below a few millibars,
Doppler broadening dominates and the lineshape
becomes Gaussian. The optimum sampling pres-
sure for TDLAS is 2 compromise between sensi-
tivity and selectivity. As the sampling pressure is
reduced sensitivity does not fall significantly be-
low the atmospheric pressure value until the
point at which Lorentzian and Doppler
linewidths are equal at typical pressures of 10-
50 mbar. This is the pressure at which a TD-
LAS system is normally operated. In this
pressure range the lineshape can be described as
a convolution of Lorentzian and Doppler line
shapes known as the Voigt profile. The Voigt
profile tends to the Lorentzian profile at high
pressure and 10 the Doppler at low pressure and
is thus the general form of the line shape. Be-
cause TDLAS operates at reduced pressure it is
not restricted in wavelength to the so called at-
mospheric windows such as 3.4-5 ym and 8-13
pm. However operation outside these windows is
not always possible due to the absorption in the
tailing of strong H,0 or CO, lines. This is not
normally a problem because the sharp target gas
absorption line is easily distinguished from a
broad tailing of strong interfering lines. When
operating in the non-window regions one has
also to consider broad absorptions, due mainly
to water vapour, which can occur in the optical
path at ambient pressure outside of the multi-
pass cell. These can attenuate the laser power
incident on the detector and cause a drifting
background spectrum.

Conventional direct absorption measurements
have to resolve small changes in a large signal.
In comparison with direct spectroscopy., the
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benefits of modulation spectroscopy in TDLAS
are 2-fold. Firstly, it produces 2 difference signal
which is directly proportional to the species con-
centration (zero baseline technigue) and, sec-
ondly, it allows the signal to be detected at 2
frequency at which the laser noise is significantly
reduced. Wwavelength modulation spectroscopy
(WMS) has been used with tunable diode laser
sources since the early 1970s. The earliest TDL
systems used a modulation frequency in the
lower kHz range and second harmonic detection.
Today 50 kHz modulation with 100 kHz detec-
tion is quite usual and, consequently, it is conve-
nient to regard 100 -kHz as the limit of
conventional wavelength modulated TDLAS.
Modulation spectroscopy is based on the ease
with which diode lasers can be modulated. In
WMS with diode lasers, the injection current is
sinusoidally modulated as the laser wavelength is
tuned through an absorption line. When the
laser is modulated around its center frequency
@, at a frequency @Wms the instantangous fre-
quency is @ =@ + dw cos(wyt), where dw is
the modulation amplitude, typically of the order
of the absorption linewidth. The modulation fre-
quency Om is typically below 50 kHz. The inten-
sity I{w,) of the radiation transmitted through
the absorption cell can then be expressed 2as 2
cosine Fourier series:

Hon, 0 = 3, Ax(w) s ®

The individual harmonic components A (for
n> 0) can be measured with a lock-in amplifier
and are given by:

An (wL)
2 "
== L I(wy + dw cos 0
exp[ —o{w, + o cos 6) LNJ cos nfdd )

where & has been substituted by Wl Eg. (3)
can be evaluated provided I(w) and g(w) are
known. In the ideal case the absorption line can
be scanned without any change m fo and Eq. (3)
becomes:
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20, [*
=_n£ L exp] — o(wy + 6w cos &) LN] cos nfdd
4

In the limit of low absorbance, gL N « 1, which
is true for trace gas detection at the part-per-bil-
lion level, this becomes

An(wl.)
2I,NL
n

J.“ — o{w, + b cos f) cos n@dé  (5)
0

Thus each harmonic component is directly pro-
portional to the species concentration N. A spe-
cial case occurs when the modulation amplitude
Sw is much smaller than the absorption linewidth.
In this case, a Taylor series expansion of a(w)
gives:

I2'~"NL _ , d%
ow
n! dw"lm_ml

A () = ®

Here the n'® harmenic component is propor-
tional to the n™ derivative of a{w) and the tech-
nique is known as ‘derivative’ or wavelength
modulation spectroscopy [4,5). This small modu-
lation regime is never used in practice because of
its low sensitivity. In practical applications dw is
made close to the linewidth in order to maximize
the signal amplitude. It turns out that even in this
case the signal is qualitatively similar to the n™
derivative of the absorption lineshape [17}.In
general, one can monitor signals at ail harmonics
of the modulation frequency, although usually
only the first and the second-harmonic signals are
used. These signals are roughly proportional to
the first and second derivatives of the absorption
line shape. The normal mode of operating a TD-
LAS system is to scan the laser center frequency
w, through the absorption line repeatedly at
about 100 Hz and use a computer-controlled sig-
nal averager to accumulate the signal from the
lock-in amplifier which is measuring A, {(w,). This
produces a harmonic spectrum of the line, the
amplitude of which is proportional to the species
concentration. Scanning over the line gives in-
creased confidence in the measurement because
the characteristic feature of the measured species
is clearly seen and unwanted spectral features due

to interfering species or etaion fringes can easily
be identified. Advances in data-processing tech-
nology have allowed increasingly faster data ac-
quisition rates to be used. The use of higher
averaging rates allows considerable improvement
in the ultimate signal-to-noise ratio. This tech-
nique provides the advantage of the unambiguous
detection of the target gas by comparison of the
measurement with the calibration structure. Since
the amplitudes of all harmonics are proportional
to species concentration, each of them can be used
for monitoring. In practical TDLAS systems,
where a sample cell operating at reduced pressure
is used, the second harmonic is efficient to elimi-
nate linear slopes of the spectra and is the most
favourite one.

A typical mid-infrared TDLAS system for the
spectroscopic  detection of an individual atmo-
spheric species in the ppbv range is shown in Fig.
la. The whole optical setup is mounted on a
1 x 0.6 m optical breadboard and should be en-
closed in a box to improve the thermal stability. A
lead-salt diode laser is housed in a liquid-nitrogen
(LN,) cooled dewar. To accommodate a possible
deviation angle between the cone of laser emission
and the laser mount axis, the LN,-dewar is
mounted on a xyz-stage alignable within + 30°.
The beam from the TDL is first collimated by an
off-axis paraboloid (OAP) and then directed by a
sequence of mirrors through the sample cell and
onto a LN,-cooled HgCdTe (MCT) photovoltaic
detector. A visible 670 nm laser beam is combined
via a pellicle beam splitter with the invisible in-
frared beam to assist in alignment. Because of low
transmission in the infrared, the pellicle beam
splitter is kinematically mounted and can be re-
moved during the trace gas measurements. Typi-
cal line-strengths are such that an atmospheric
concentration of 1 ppbv produces an absorption
of only 1 part in 107 over a 10 ¢m path length.
Conventional absorption spectroscopy techniques
will clearly not be able to measure such small
absorptions. TDLAS overcomes this problem by
using a multi-pass cell with path lengths of 100 m
or more. Such cells achieve the long path by using
mirrors to fold the optical path, giving typically
100 passes of a 1 m base-length cell. The design
requirements for the multipass cell are long total



P. Werle /Spectrochinica Acta Part A 54 (1998) 197-236 0

REFERENCE CELL

J|  REFERENCECELL || .o % ‘.

F

T
TR LRI v

b L

=5

¥isible
ALIGHMENT  LASER

REFERENCE
DETECTCR

vy

'{ q.i”'“v,&. :%; %

@ optics
SAMPLE H
DETECTOR

Fig. 1.

Opto-mechanical layout for a typical (a) mid infrared tunable diode laser absorption spectrometer operating at cryogenic

temperatures of the laser and detectors and (b) a near infrared system based on Peltier cooled devices.

pathlength to give high sensitivity, low volume to
give a fast response time and to allow rapid
alternation between sample and background spec-
tra, Two basic designs of cells are most commonly
used in TDLAS instruments: White [18] and Her-
riott cells [19]. A commercial White cell module
(Miitek MDS 1600) developed at the Fraunhofer
Institute for Physical Measurement Technigues

(Freiburg, Germany) with base length 62.5 cm
and focusing optics is shown in Fig. la. It has a
volume of 61 and a usable pathlength of 100 m.
Zero astigmatism can be achieved by appropriate
choice of the vertical separation of the tow rows
of spots on the field mirror. A second system
using a Herriott cell and designed for near-in-
frared spectroscopy is displayed in Fig. lb. The
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principal setup is the same as for the mid-infrared
system. As no cryogenic cooling is required the
thermoelectric cooled laser mounts and detectors
are significantly smaller, In this system design a
commercial Herriott type multipass absorption
cell (New Focus 5612) developed by Aerodyne
Research (Billerica, MA) has been integrated.
This Herriott cell consists of two spherical mirrors
separated by approximately their radius of curva-
ture [20]. The optical beam is injected through a
hole in one mirror and is reflected back and forth
a number of times before exiting from the same
hole. The images normally occur in the middle
region of the cell, so the beam size at either mirror
is smaller than in the White type cell of the same
base length. In the original design the beam traces
out elliptical paths on the two mirrors, however
this does not properly use the mirror area and
thus a modified arrangement using slightly astig-
matic mirrors has been used recently [21]. In this
case the beam traces out a Lissajous figure. An
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 ad-
justable in any given cell design.

Most TDLAS systems are limited in sensitivity
by optical fringes superimposed on the measured
spectrum. These result from unwanted etalons
formed by reflections and scattering in the optical
system. The fringes take the form of an approxi-
mately sinusoidal variation of the background
signal with a period equal to the free spectral
range of the etalon. These fringes can be reduced
by careful optical design and adjustment, but it is
usually difficult to reduce the fringe amplitude to
a level much below that equivalent to an ab-
sorbance of 10 ~*. In order to achieve sensitivities
in the 10 =5- 10 — ¢ range further methods of re-
ducing the effect of the fringes have to be found.
Precautions to reduce the etalon formation in-
clude the use of reflective optics where possible,
wedging and angling of all windows and anti-
reflection coating of window and lens surfaces.
Accurate alignment of the TDLAS optical system
is important in avoiding optical fringing and is

difficult to achieve due to the invisibility of the
beam in infrared systems. As the most critical
element with respect to etalon formation, the laser
collimating lens has a difficult task since it must
cope with the divergent beam from the laser. An
/11 off-axis paraboloid mirror is commonly used
for this. '

An important function of the laser control sys-
tem is to lock the laser frequency to the absorp-
tion linecenter. This is usually achieved by
splitting off part of the beam by a BaF, window
and directing it through a line-locking cell onto a
reference detector. The reference cell is filled with
the target gas at a pressure of typically a few
millibars in order to give a strong signal at high
signal-to-noise ratio. The first harmonic signal
from this cell is usually detected with a phase
sensitive lock-in-amplifier. This signal has a zero
crossing at line center and can thus be fed back to
the laser current/temperature controller to lock
the laser to the line. This gives short term stabi-
lization of the laser wavelength but can be subject
to diurnal drifts of the control electronics. The
position of the reference signal is therefore contin-
uously monitored by the computer and any shift
is corrected by a control signal to the laser current
controller. The technique just described uses feed-
back control of the laser current. However in
most cases it is drift of the laser temperature
which is the main cause of wavelength drift. The
disadvantage of using current control to compen-
sate for temperature drift is that although the
wavelength is controlled, the laser intensity may
vary. It is therefore better to use feedback control
of the laser temperature if the design of the tem-
perature controller allows this.

TDLAS systems are usually calibrated by target
gas mixtures of known concentration and, there-
fore, it is often not necessary to know exactly
which absorption line is being monitored. When
using a laser which is specified to operate in the
selected wavelength range the normal procedure is
to vary the laser temperature and drive current
until a strong signal is seen with a reference cell
inserted in the beam. The best and most direct
calibration method is to sequentially attach cali-
brant and zero air sources to the instrument inlet.
This method has the advantage of calibrating the
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entire signal processing chain. In general, oven-
stabilized permeation sources are preferred ai-
though dilution of standard gas mixtures can be
used. ldeally zero air should be obtained by
scrubbing from the ambient air only the species
being monitored. In this way the background
spectrum will contain any interferences from
other atmospheric species, and these will then be
subtracted from the sample spectrum. Zero air
should contain levels of the monitored species
well below the required detection limit since all
measurements will be relative to this zero air level,
Because of the linearity of the TDLAS technique
at low optical densities usually a single point
calibration is sufficient. Even when measuring
very high concentrations linear response can al-
ways be achieved by either using a shorter path-
length or a weaker absorption line. In principle
TDLAS measurements can be calibrated abso-
lutely using the known absorption line strength
and line profile at a given pressure for systems
using sweep integration. Modulation techniques
complicate the use of calculated absorptions and,
consequently, the absolute optical calibration is
rarely used. However, it is used to check for
optimum operation of the instrument.

The factors involved in choosing the absorption
line suitable for trace gas monitoring are: a strong
line is needed to achieve high sensitivity. Because
the tuning range of a diode laser is not always
continuous the strongest absorption line might
not be accessible. Even where a diode is specified
to be initially capable of operating at a particular
wavelength its characteristics can easily change
over time. Therefore, it is important to choose a
wavelength with several strong lines within the
tuning range of the laser so that there is a high
probability that at least one strong line will al-
ways be accessible. The line should, if possible, be
isolated from other lines of the same species, but

this is not an absolute requirement and can prove

difficult to be achieved for larger molecules. The
line should be isolated from interfering lines due
to either other trace species or the more abundant
atmospheric constituents such as H,O. The latter
causes most of the problems because it absorbs
over a large part of the infrared region. Water
vapor content in the atmosphere has a relatively

high and variable concentration, which results in
even weak lines producing significant absorption.
The task of choosing the operating wavelength is
made easier by the existence of spectral-lines data-
bases of which the most popular is the HITRAN
compilation. This currently covers more than one
million transitions and includes for example data
on CO, COz, NIO, CH.q,Oz, SOZ, H20, NO, NOz,
NH;, HNO;, H,O,, HCHO, HF and HCl
Wavenumber, line strength and Lorentzian
halfwidth are available for each line. The database
is available on CD-ROM together with a data-
base software to plot synthetic spectra for user
specified gas mixtures at any temperature and
pressure,

In multicomponent applications a separate laser
is usually required for each species because of the
limited tuning range of individual lasers. In the
most common approach the collimated beams
from these lasers are sequentially directed along
the optical path through the instrument by either
a rotating selecting mirror on a galvanometer
drive or by individual ‘pop-up’ mirrors for each
laser. While this time multiplexing method does
not provide true simultaneous measurement, it is
possible to cycle through four species within less
than a minute, which is almost simultaneous.
Within the data-processing system the spectra of
the individual species are accumulated separately
over the required averaging period. However, be-
cause the duty cycle of each laser is reduced by
multiplexing, a longer total period is needed to
achieve a given sensitivity compared to the equiv-
alent single-species measurement. A further po-
tential disadvantage is that line-locking is not
continuously maintained for each laser so loss of
lock could occur for slow cycle times or with poer
temperature stabilisation of the lasers. When us-
ing modulation spectroscopy a possible alterna-
tive technique is to permanently combine the laser
beams and use different modulation frequencies
and lock-in amplifiers for each laser. Although
this appears attractive at first sight, the main
disadvantage is that the single detector sees the
noise of all the lasers, so the SNR is degraded.
This is particularly unfavourable, when the lasers
have widely different powers, as frequently hap-
pens. The signal from the lowest power laser is



204 P. Werle /Spectrochimica Acta Part A 34 (1998} 197-236

then likely to be overwhelmed by the noise from
the other lasers. Fried et al. have shown that
where two species have suitable lines within the
current tuning range of a single laser both can be
measured simultaneously using a technique
known as jump scanning [22). The normal low
frequency ramp through the line is replaced by a
ramp which first sweeps through the line of one
species and then jumps discontinucusly by adding
a dc current offset before sweeping through the
line of the second species. The spectra of the two
species are thus acquired quasi-simultaneously
and appear as adjacent lines on the spectrum.
These can be then analysed separately. The num-
ber of pairs of species which have suitable close
and strong line is quite limited; examples are
nitrogen dioxide and ammonia at 1625 cm ~!and
nitric acid and formaldehyde at 1720 ¢cm —'. For
this special application the laser must access both
lines within the same current scan and deliver
strong, noise-free and single-mode output at both.

Many applications of TDLAS have been pre-
sented in the literature. Most applications have
been reported in the field of atmospheric research
[23-361, where still better and faster instrumenta-
tion is required. Examples are the investigation of
the temporal development of spatially distributed
polluted air masses from airborne platforms such
as balloons or aircraft and the determination of
trace gas fluxes (deposition and emission) in ter-
restrial ecosystems by means of the eddy cotrela-
tion method {37-411. Many of these applications
require instruments with higher temporal resolu-
tion and better sensitivities. While some years ago
the use of tunable diode laser absorption spec-
troscopy for atmospheric measurements domi-
nated the application this has changed in recent
years. With the increasing complexity of chemical
processes, online gas analysis is becoming a key
issue in automated control of various industrial
applications and the application of tunable diode
lasers in industrial monitoring is becoming more
and mote important. Besides important scientific
applications in molecular spectroscopy [42-451,
low temperature studies [46-48] and plasma anal-
ysis [49-511, diode lasers gain increasing interest
in combustion diagnostics [52- 561, investigations
of aero engines and automobile exhaust measure-

ments [37-611. In the pharmaceutical industry,
accurate control of oxygen or carbon dioxide
levels is often crucial to the efficiency, or even the
viability of processes [62-65]1. There are many
interesting medical applications [66-721 as for
example time resolved gas analysis or isotopic
ratio measurements in human expiration breath.
Other challenges are the online analysis of high
purity gases [73-751, detection of explosives [76-
78] or pollutant monitoring applications in the
aluminium industry [79,80].

The major features of TDLAS rendering it such
a valuable technique for gas analysis are: (a) it is
specific and as a high resolution spectroscopic
technique it is virtvally immune to interferences
by other species-a problem that plagues most
competing methods. This ability to provide unam-
biguous measurements leads to the use of TDLAS
as a reference technique against which other
methods are often compared. (b) It is a technique
universally applicable to all smaller infrared active
molecules and the same instrument can easily be
converted from one species to another bychang-
ing the laser and calibration gases. Because of this
feature it is easy to construct an instrument which
will measure several species simultaneously by
multiplexing the outputs of several lasers through
the multi-pass cell. (¢) It is fast and sensitive. The
time-resolution of TDLAS measurements can be
traded off against sensitivity and this allows very
fast measurements with millisecond time resolu-
tion. The main disadvantages are the complexity
and the cost of TDLAS instruments as well as the
need for expert operators. Despite the success of
TDLAS in many applications there are still prob-
lems to solve. Most of them are connected with
the properties of the diode laser, which are thus
the most critical component of the TDLAS sys-
tems. The properties of these devices are consid-
ered in the next section.

3. Semiconductor lasers for spectroscopic
applications

Despite the many advantages of diode laser
absorption spectroscopy, the technigue has not
yet found widespread application in industrial
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process control. The reasons for this are found in
the relative complexity of current instrumentation
and the lack of high quality, high power diode
lasers for the spectral regions of interest. A main
drawback for industrial applications of laboratory
prototype spectrometers is the limited suitability
of the currently available lasers for continuous
operation in an industrial environment. Opera-
tional cost is frequently too high, lifetime too
short and the system might be too vibration sensi-
tive. In analogy to the historical development of
commercial radio systems from valve-sets to semi-
conductor technology we observe a similar pro-
cess in laser technology, and near infrared
semiconductor lasers are a typical example. They
are widely used in communication and consumer
electronics, which has led to a highly sophisticated
level of manufacturing technology, and availabil-
ity in high quantities at low costs meets the re-
quirements of industrial applications. However,
because of the small number of application, mid-
dle IR diode lasers are still produced in small
batches and on a much lower level of manufactur-
ing sophistication.

Common commercial diode lasers, made from
the III-V group of semiconductor materials, emit
at red and near infrared wavelengths from about
0.63-1.55 um. This includes the InGaAsP/InP
1.3- 1.55 um optical communication lasers, as well
as the GaAs/AlGaAs 0.78 and 0.83 um lasers
found for example in compact disk players. The
technology of near-IR 1.3 - 1.556 pm InGaAsP/InP
diode lasers developed for fiberoptic communica-
tion can be extended to fabricate lasers that emit
anywhere in the wavelength interval of about
1.2- 1.8 pm. The device structures are multiple-
quantum-well distributed-feedback (DFB) lasers.
Lasers operating in this spectral region are fabri-
cated at the David Sarnoff research Center
(Princeton, NJ) and have been used at SRI
{Menlo Park, CA) to detect, e.g. CO, and CO at
1.6 pm and CH, at 1.65 um [81,82]. Near-1R
diede lasers have the advantages of single-mode
outputs at milliwatt power and near-room-tem-
perature operation in addition to the availability
of fiberoptic technology and inexpensive auxiliary
equipment such as thermoelectric coolers, colli-
mating lenses, optical isolators, low noise current

drivers and detectors. Near-IR lasers are compact
and show long lifetimes and a high electro-optical
conversion efficiency. Of special interest for spec-
troscopic applications is the fast tunability of the
laser emission wavelength and the high spectral
resolution. Together with sophisticated noise sup-
pression schemes they allow highly sensitive spec-
troscopic gas analysis. The availability of
single-mode diode lasers will lead to many appli-
cations based on molecular spectroscopy. One
significant drawback of these devices is that they
are available only in very narrow spectral regions
and most vendors are either unable or unwilling
to provide wavelength-selected diode lasers for
spectroscopic applications. This situation, how-
ever, is changing. Another drawback of near-IR
diodes is that enly a limited number of molecular
species have absorption features in the spectral
region covered by these lasers. Furthermore, the
near-IR absorptions are overtone or combination
bands that are typically one to several orders of
magnitude weaker than the IR-fundamental band.
Nevertheless, many molecules of interest have
near-IR absorption bands that are strong enough
for detection at parts-per-million (ppm) and, in
some cases, even parts-per-biliion (ppb) levels.
For wavelengths longer than 1.8 pm, III-V
diode lasers can be made from antimonide con-
taining compounds such as AlGaAsSb, In-
GaAsSbh, and InAsSbP. Room temperature lasing
from 2-2.4 pm has been reported from simple
double heterostructure antimonide diode lasers.
As wavelength increases up to 3.7 pm, the maxi-
mum operating temperature decreases as a result
of increasing optical and electrical losses. Mean-
while the first devices around 2 pum are commer-
cially available from  Sensors  Unlimited
{Princeton, NJ). Recently III-V devices based on
InAsSb/InAsSbP manufactured at the loffe
PhysicO0 Technical Institute (St. Petersburg, Rus-
sia) have been investigated with respect to spec-
troscopic  applications [83]. These double
heterostructure devices were grown by liquid
phase epitaxy on InAs substrate and cover the
spectral range from 2.7-3.7 um at LN, tempera-
tures. A detailed characterization and measure-
ments at the Fraunhefer Institute IFU
{Garmisch-Partenkirchen, Germany) have shown
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that these devices are well suited for the detection
of HCHO at 3.4/3.6 pm and CH, at 3.26 pm
[84,85). Especially the single mode power of more
than 1 mW is very attractive for spectroscopic
trace gas monitoring. Nevertheless careful selec-
tion of laser devices is necessary and, therefore,
future work has to be done to improve the manu-
facturing process and the quality of this novel
devices, which look very promising for sensitive
gas analysis.

Diode lasers, made from IV-VI (lead-salt)
semiconductor materials, operate in the 3-30 pm
spectral region and, therefore, they cover the IR
fundamental band with strong absorptions for the
most atmospheric trace gases. They are used al-
most exclusively for spectroscopic applications.
Because IV-VI lasers and their associated detec-
tors operate at cryogenic temperatures, they are
more expensive and more cumbersome to use
than III-V devices. Lead-salt diode lasers have
been used to determine molecular parameters for
IR absorption spectra and for high-sensitivity
trace gas detection using molecular fundamental
band absorptions. In the trace gas monitoring
applications, lead-salt laser instruments have rou-
tinely achieved ppb detection levels of a number
of important molecular species. Such instruments
have been used for atmospheric research and for
combustion diagnostics. For many industrial ap-
plication, however, the use of lead-salt diode
lasers is limited by the need of cryogenic cooling,
frequent multimode emission and power levels
which are typically only several hundred mi-
crowatts. At present lead-salt diodes suitable for
cw operation in the mid-infrared are manufac-
tured by Laser Analytics (Andover, MA) and by
Laser Components (Olching, Germany). Both
manufacturers are actively developing new types
of diodes that will very welcome in the TDLAS
community. Unfortunately, the high quality lead-
salt laser diodes from Fujitsu in Japan are no
longer available.

Lead-salt tunable diode lasers are similar in
principle to the more familiar GaAs semiconduc-
tor lasers. The simplest form consists of a crystal
of a lead-salt semiconductor such as Pb, _ ,Sn,Se
on which a p-n junction is formed by diffusion of
a salt of different stoichiometry into the top sur-

face. The crystal is cleaved to a chip about 300
um long with front and rear faces about 100 pm
square. These front and rear facets form the laser
cavity and do not need any reflective coating as
the Fresnel reflection is sufficiently strong. If elec-
trodes are deposited on the top and bottom sur-
faces and a current of a few hundred mA passed
through the junction, lasing action takes place at
a wavelength determined by the semiconductor
energy gap. This energy gap is temperature depen-
dent and typical lasers can be temperature tuned
over about 100 cm —'. The energy gap is also
dependent on alloy composition so that lasers of
different wavelength can be obtained either by
varying the stoichiometry of the salt or, for wider
tuning, by using different constituents, e.g. Pb-
SnTe or PbSSe. The simple laser just described is
known as a diffused homojunction laser and has
many disadvantages such as poor mode structure,
low power, and the need to operate below liquid
nitrogen temperatures. Now that lasers operating
above 77 K are available at most wavelengths,
temperature-controlled liquid-nitrogen dewars are
the cooling method of choice. However where
long term unattended operation is needed, or
where LN, supplies are not available, miniature
Stirling cycle coolers, developed for space applica-
tions and capable of cooling to LN, temperatures,
can be attractive. The ultimate goal in increasing
laser operating temperatures is to allow the use of
thermoelectric coolers. Lasers in current produc-
tion have more sophisticated structure and those
intended for operation above 77 K are the first
choice for any new TDLAS system because of
their simpler cooling needs. They are of double
heterostructure (DH) or buried heterostructure
(BH) construction and are formed by molecular
beam epitaxy (MBE) with PbEuSeTe or PbSnTe
active layers. The lasers are normally specified for
operation up to about 120 K. Lasers of this type
are typically available between 3050 and 900 cm~!
with single-mode operation avaitable over much
of this range. Powers are typically 200 pW but
single-mode lasers with powers of 1 mW can be
produced at most wavelengths. For reviews of
lead-salt TDLs see Eng et al. [86), Preier et al.
(87, Wall [88), Tacke [89,90], Feit et al. [91,92]
and Shotov et al. [93]



P. Werle / Spectrochimica Acta Part A 54 (1998) 197-236 207

Compared to GaAs lasers, lead-salt semicon-
ductor lasers are at a relatively early stage in their
development due to the much smaller market.
Current development is aimed at better mode
quality, higher power and higher temperature op-
eration, Various routes are being explored includ-
ing buried quantum well (BQW) structures, and
laser cavities employing distributed feedback
(DFB) and distributed Bragg reflectors (DBR). In
the quantum well design the thickness of the
active layer is reduced to i00 nm resulting in
quantization of the valence and conduction band
energy levels, The lasers have predominantly sin-
gle-mode characteristics and higher efficiency as a
result of the quantum effects, and can have higher
power and higher operating temperature than
conventional structures. The DFB and DBR cav-
ity designs use corrugated structures, either dis-
tributed along the entire cavity (DFB) or at each
end (DBR). Due to the Bragg condition these
structures act as distributed or discrete reflectors
but only at specific wavelengths, They thus give
additional control over the laser modes and can
give predominantly single-mode operation.

TDLS are tuned by varying the temperature of
the active region. This can be done either by
varying the temperature of the cold stage on
which the dicde is mounted or by varying the
laser drive current, which varies the Ohmic heat-
ing of the active region. Varying the base temper-
ature will tune the laser over its entire range but is
slow. Varying the drive current gives a more
restricted tuning range, of maybe 20 ecm ~', but
allows faster modulation of the laser frequency. In
practice the two methods are used in combina-
tion. Fig. 2a and b show a typical mode map of a
lead-salt diode laser at fixed base temperature of
95 K and increasing drive current from 1 00- 350
mA. At a particular drive current the output
consists of a series of longitudinal modes sepa-
rated in wavenumber by 1/2nL where n is the
refractive index of the active layer (5-6) and L is
the cavity length (typically 0.03 em). Thus the
mode separation is about 3 cm ~'. It can be seen
that the modes are approximately contained
within an envelope; the maximum of which tunes
with the temperature dependent energy gap of the
semiconductor material. The modes themselves

tune at a different, slower, rate through the tem-
perature dependence of the refractive index, n,
and also through the dependence of » on carrier-
density, which varies with the laser drive current.
At low modulation frequencies, the temperature
variation of rn dominates, but at high frequencies
(> | MHz) thermal inertia reduces the amplitude
of the temperature-modulation and carrier-density
modulation takes over. A number of important
points, common to most lasers, are illustrated by
Fig. 2a and b. Laser output is single-mode at low
drive current and then becomes increasingly
multi-mode at higher currents. An individual
mode tunes over about 2 cm- ! with power in-
creasing with drive current. There are some wave-
lengths which are not accessible at all. This can
sometimes be remedied by choosing a different
combination of base temperature and drive cur-
rent but frequently the only solution is to use a
different laser. Laser mode quality has an impor-
tant influence on the performance of TDLAS
instruments. When starting to use a new laser, the
first task is to find a combination of base temper-
ature and drive current at which the laser pro-
duces a strong, preferably single mode emission,
tuned to the absorption line being monitored. It
may be found that the laser characteristics will
change with time due to thermal cycling and then
the process must be repeated. This problem of the
change of the mode structure with age has been a
major obstacle for the widespread use of TDLAS,
and the properties of the lead-salt lasers presently
available have to be substantially improved, One
of the aims of current laser development is to
achieve simpler more reproducible mode be-
haviour. A single mode operation is required to
minimize mode partition noise and to prevent
absorption signals from other modes interfering
with the desired signal from the spectral feature of
interest. Semiconductor diode lasers oscillate es-
sentially in several longitudinal modes because the

. linewidth of the gain spectrum is much broader

than the separation between adjacent longitudinal
modes. In conventional Fabry-Perot type cavities
fabricated by cleaving or chemical etching of the
crystal facets, power switching between the longi-
tudinal modes (mode hopping) occurs. Even if the
power of a specific longitudinal mode dominates,
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as in the case of a nearly single-longitudinal-mode
oscillation, transient decrease of power of the main
mode occurs together with an increase in power of
the other submodes (mode partition noise).

For sensitive spectroscopic applications the
knowledge of the characteristics of laser noise is
essential to achieve the optimum system perfor-
mance. First measurements with lead-salt diode
lasers by Eng et al. [94] showed no noise decrease
towards higher frequencies due to a limited mea-
surement range. Measurements of wideband noise
characteristics of a lead-salt diode laser by Werle
et al. in 1989 [95] showed significant 1//-type noise
contributions up to more than 100 MHz. It was
concluded that the application of modulation fre-
quencies beyond that value should lead to a noise
reduction of about two orders of magnitude com-
pared to conventional WMS techniques. Many
measurements during the past years with different
lasers in our laboratory have confirmed these
results. In 1991 Fischer and Tacke investigated high
frequency intensity noise spectra of mid-infrared
lasers with different lateral structures [96,97]. They
also found a noise reduction for FM spectrometers
at higher modulation frequencies. Such high fre-
quency noise contributions can be attributed, at
least in part, to optical feedback effects into the
laser [98). A detailed analysis of noise measure-
ments with single mode lasers, in the vicinity of
mode hops and for laser multimode operation
showed that the previously stated increase in the
noise level at certain operating points can be
attributed to mode hopping and mode competition
[99]. Fig. 2c shows measurements of the relative
intensity noise (RIN) at laser currents correspond-
ing to the mode hop position (A) and the single
mode position (B} in Fig. 2b. The complete noise
characteristics related to plot 2b is displayed in Fig.
2d. A similar behaviour has been observed with
most other lasers and 1//-type noise as it can be seen
in RIN measurements (Fig. 2c, d) has been at-
tributed to the presence of spurious side modes or
even multimode operation, Consequently, higher
modulation frequencies are necessary to achieve
near shot noise limited performance of a spectrom-
eter with commercial lead-salt diode lasers
presently available. Therefore, the use of dis-
tributed feedback or distributed Bragg reflector

structures seems to be going in a promising direc-
tion. It should be mentioned at this point that
during recent years specially designed external
cavity lasers aftained increasing attention due to
their broad tuning range {100-1035].

A convenient way to describe the sensitivity at a
given signal level is the signal-to-noise ratio (SNR).
If the noise, and not drift effects in the detection
systemn, is the limiting factor for ultimate sensitivity,
the detection limit of a spectrometer can be derived
from the signal-to-noise ratio:

<f§> gl o
= -_— P
SNR \/(f%ro + CGh + D °
o/ Npy O]

where Py is the laser power impinging upon the
detector and Np, is the corresponding number of
photons. In modulation spectroscopy the signal is
directly proportional to the laser power incident on
the detector, in the mode being absorbed. The three
main noise currents to be considered are the ther-
mal noise (TN) of the detector-preamplifier combi-
nation, the quantum (shot) noise (SN) and a
1/f-type laser excess noise. Detector shot neoise
corresponds to the photon noise on the laser power
incident on the detector (Pp). The noise power is
proportional to \/ Pp and has a white noise fre-
quency spectrum. Detector thermal (Johnson)
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’ spec-
trum. Laser excess noise is the laser noise within the
measurement bandwidth centered on the detection
frequency. This noise is laser dependent and is
influenced by mode competition and by optical
feedback to the laser due to scattering from compo-
nents in the optical system. It is found that the noise
power spectrum shows an approximate 1/f-be-
haviour. This I/f-dependence is the reason that a
high detection frequency is potentially a more
sensitive technique than the lower frequencies usu-
ally applied in spectroscopic systems. The relative
importance of these noise components depends on
the detection frequency and on the laser power.
The wideband noise measurements discussed
previously indicate, that there are regions at mod-
ulation frequencies beyond 100 MHz where the
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| [f-noise contribution can be neglected. Where
shot noise dominates the system is called quantum
noise limited. If we move the detection frequency
range into such a potential quantum limited
regime, 1 /*-noise contributions can be neglected
and the total noise can be approximated as the
sum of thermal and shot noise. Since the signal is
proportional to Pp, shot noise to \/PD, and de-
tector thermal noise is constant, it is clear that for
high frequency modulation high laser-power gives
improved SNR. If sufficient laser power is avail-
able on the detector, the power independent ther-
mal noise does not contribute significantly to the
total noise and shot noise remains the dominating
contribution. The SNR under such quantum lim-
ited conditions is proportional to the square root
of the laser power, Pp, available at the detector.
For a typical laser we obtain N ~ 3.10"* photons.
According to Poisson statistics we expect an ulti-
mate lower detection limit of about 2 10 —8 for
quantum limited conditions.

To complete the description of laser characteri-
zation, the far field pattern has been investigated
with an infrared vidicon camera. It is obvious that
the two filaments which can be observed in Fig. 2e
are far away from a Gaussian beam profile and,
therefore, it is difficult to transfer all optical
power to the detector element. Especially for high
frequency devices a small detector area is a main
requirement. In the next section high frequency
modulation schemes will be discussed and there-
fore the complex impedance of the laser measured
with a high frequency network analyzer in the
frequency range 50-200 MHz is shown in Fig. 2f.
As is expected, the impedance is far away from
the 50 Q required for optimum radio frequency
(rf)-power transfer to the laser in a 50 Q-system
and impedance has to be matched by a proper
bias-T for high frequency modulation applica-
tions.

4. Sensitive detection techniques and applications

4.1. High frequency modulation spectroscopy

In the early 1980s, a spectroscopic method re-
lated to wavelength modulated or derivative spec-

troscopy-frequency modulation spectroscopy
{FMS)-was developed [106—112]. In FMS, the
laser is modulated at much higher frequencies
than normally used in WMS, typically in the
radio frequency (rf) region. In frequency space,
the modulated laser electric field consists of a
carrier frequency, which is the natural emission
frequency of the diode laser, and sidebands dis-
placed from the carrier by integral multiples of
the modulation frequency, In the weak modula-
tion limit, the laser spectrum can be approximated
by a carrier with single upper and lower side-
bands. When light within this spectrum is detected
with a photodiode, each of the sidebands mixes
with the carrier to generate a signal at the modu-
lation frequency. In the ideal case, these two
signals are equal in amplitude and [80” out of
phase and, consequently cancel each other. If one
of the sidebands is absorbed prior to detection,
the balance condition between the sidebands is
disturbed and a signal at the modulation fre-
quency appears in the detector current propor-
tional to the absorption. As the laser sideband is
tuned through the absorption resonance, the am-
plitude of the rf signal duplicates the molecular
absorption line shape. Although detection is usu-
ally performed at the modulation frequency, it
can also be performed at various harmonics of the
modulation frequency. Generally a coupling be-
tween amplitude and frequency modulation can
be observed with semiconductor diode lasers. If
carriers are injected periodically into the pn-junc-
tion of the laser, the carrier density (amplitude
modulation) and the index of refraction (fre-
quency modulation} in the laser resonator change
with the injection current [113-117]. The degree
of coupling of both modulations depends on the
laser operating point and structure, and manifests
itself as the so called residual amplitude modula-
tion (RAM). Therefore, the theoretical descrip-
tion of FMS is conveniently expressed in terms of
an electric field representation of the frequency
and amplitude modulated laser radiation since
this retains phase information [118,119]). When the
laser drive current is modulated at w, the laser
output is both amplitude and frequency modu-
lated and can be described by
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E(1)
= Ey{ 1 + Ad sin(w,f + ')}
explie t + iff sin{ew 1)) (8)

where fand M are the frequency and amplitude
modulation indices, W is the phase shift between
FM and AM (which for TDLs is typically about
n/2), Ey the electric field of the unmodulated
laser. The term M represents the RAM of the
laser. Eq. (8) can be rewritten using Bessel func-
tions as
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Pure amplitude modulation (f = 0) with Jo(f =
=1land J(B=0=0for n==+1,42,%3,...
shows three frequency components in the laser
beam at w, and wy + w,. Pure frequency modula-
tion (A4 = 0) leads to sideband coefficients r, =
J.(f) and a 180" phase shift for upper and lower
sidebands with odd #n. In the general case the
intensities of upper and lower sidebands with
equal order n differ in magnitude due to the
superposition of AM and FM signals. The electri-
cal field after the probe is E,(t) = Eq) T{w),
where T(w) = exp{ —d(w)—i¢{w)} is the com-
plex transmission function with absorption 4,=
d{w,} and dispersion ¢, = ¢{w,) of the sample,
T(w) interacts with the individual frequency com-
ponents w,= @, + 1w, and we obtain
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The laser beam induces a photo current at the
modulation frequency w, at the square-law detec-
tor element, thus
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If we account for the detector high frequency
cut-off and apply a narrow band detection at the
modulation frequency using a double balanced
mixer, we can neglect the contributions propor-
tional to exp( + imwy ) for m> 1,2, 3,4,....
Therefore the indices n' are limited to n’ = n +_1
and we obtain

i) =ig{ Ze" "+ Ze~ "} (12)
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If we define A = 2Re(Z) and D = —2Im(Z) we
obtain for the rf-current i, the local oscillator
signal iio, and the fx signal the output of the
mixer

i) = ip {4 cos(wyt) + D sin{w,1}} (14)
io(tY . iLagsin(wd + @) (15
ip(t) = (idt)io(1)), (16)

where @ is the phase shift. By inserting Eq. (14)
and Eq. (15) into Eq. (16) we obtain after low
pass filtering of sum frequency components at
(2w, + @) with a time constant t as a detectable
signal after the post mixer preamplifier

ilF = Gfo {A(ﬂ, M, "P) Siﬂ. @ + D(ﬂ,M, l*’) cos ('(")1}7)

where ( is the overall gain. Depending on the
detection phase ©, selectively the absorption
(® = x/2) or dispersion (& = 0) of a spectral fea-
ture can be measured. With the above definitions
for A, D, and Z and using r, .7, = R, + i, we
can write for the general case for arbitrary AM-
FM phaseshifts ‘¥
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The formulas derived above are valid for all W
and M/f. There is experimental evidence that for
semiconductor lasers at modulation frequencies
around 100 MHz an AM-FM phaseshift of ¥ =
7/2 can be expected [120}. In this special case the
imaginary part I, does not contribute and we
obtain for the signal components:
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where K, describes the influence of residual ampli-
tude modulation [112). It is interesting to investi-
gate this special case of W =/2 in the limit of
jow modulation (f<« !, M« 1) and additionally
for low absorption and dispersion (3,,¢,« 1). If
we neglect higher order contributions as M B. B3
M?2, we obtain sin(¢, + ,~ @,) = @4 — $» and
co8(¢, 41— )= 1 and exp{ =, —d.} =1—
8pp1—08, We can write J(f)= 1, /. (f)i=t
B12,1.(Byx0,n]>1 for B« 1 and finally for the
components A and P in this limit:
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For a fi of unity and M/f of 8%, a typical
absorption of 10 ~° has an offset of about 0.16,
which is several orders of magnitude higher than
the desired absorption signal. In the absence of
any absorption a background signal for the ab-
sorption proportional to M remains. For M = 0
this yields the formula derived by Bjorklund [107]
for the detector current

(1) =i {# A6 cos(wd)+ fA@ sin(w, 1)} (25)

In the limit of low modulation and small ab-
sorption and dispersion, the absorption is' propor-
tional to the difference of absorption experienced
by the upper and lower sideband. The dispersion
signal D is proportional to the arithmetic mean of
the phase differences between the upper (lower)
sideband and the laser carrier. Both signals are
directly proportional to the FM index f. In order
to increase the signal amplitude one has to in-
crease the modulation index and the optimum
value for f is about 1.1. In the next section we
will see that for higher values the signal amplitude
decreases again. However, for these values of i
the approximation is no longer valid and the
explicit forms have to be applied. In the case of a
simultaneous amplitude modulation, M # 0, the
absorption signal has an offset proportional to
2M, while the dispersion signal is offset free.

A third method of diode laser modulation spec-
troscopy is closely related to FMS: two-tone fre-
quency modulation spectroscopy (TTFMS)
{121-132]. This method offers the advantage that
arbitrarily large modulation frequencies can be
applied to the laser to maximize the differential
absorption experienced by the sidebands, but de-
tection at lower beat frequency allows the use of
relatively low bandwidth detectors and demodula-
tion circuitry. TTFMS is an attractive technique
for monitoring absorptions that are pressure
broadened to several gigahertz. It requires diode-
laser modulation at two distinct radio frequencies
w, and @, with detection at the difference be-
tween the two applied frequencies. {In the litera-
ture sometimes a different definition can be found
[120,123,127]): center frequency @, and difference
frequency §, with ;= @ + Q/2, @, = w.—-Qf2.
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The formal description is analogous to the sin-
gle-tone case:

£,(1)
= Eg[1 + M,sin(w, 1 +‘¥,)]
[1 + M,sin{w,t + '¥,)]
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If we limit the discussion to slightly different
modulation frequencies (w,—w;=Q< 10 MHz),
we can assume M, = M, = M, ¥, =Y¥,= ¥,

fi= B,=F. We can rewrite the expression for
the electrical field:
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and obtain for the detector current:
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In contrast to the single-tone technique we
detect the signals at the difference frequency
(n—n'=lam—m'= -1) or {(n-n'= ~1A
m —m'=1). Therefore, the expression for the
current simplifies
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It can be shown that both sums above are
complex conjugate and finally we obtain as in
the single-tone case absorption and dispersion
elements. Only Eq. (13) has to be modified:32 +
13
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Some authors apply a further simplification
[120]: under the assumption that the difference
frequency is much smaller than the half-width at
half maximum I';; (HWHM) of the absorption
line under investigation, the contribution to the
dispersion signal disappears ( — i, ,, + i, 1, +
= ), while the absorption terms’ add, The’ ex-
pression for the detector signal is th.n:

I(£) = iy 2 cos(§dr)

15 26wy + (n + M)
—28(wy + (n + ndw,
Z Tuln—tTmim+ 1 € ¢
Am= - x
(1)

*

In this case the amplitude of the signal is no
fonger dependent on the difference frequency
and the above equation describes the maximum
possible amplitude for a minimum difference fre-
quency. Furthermore, if £ is so small that only
first-order sidebands are significant, while Q is
small compared with the absorption linewidth
and the differential absorptions do— &+ |, 89—
d _, and dispersions ¢po—¢@ + |, Po— ¢ _ | are
small compared with unity, we obtain [129]

ilt) =g [?(200-8 4, —3_)
+2MB6_,~5,,)sin ¥
+M¥(2-20,—0d,,—8_]cos(Q) (32)

where the subscripts 0, + 1 and — [ refer to
sideband groups centered at frequencies w,w +
w.+ Q2 and o, —w,— Q2. In the absence of
any sample absorption, a background signal pro-
portional to M? remains. This non-zero back-
ground carries with it the full amplitude noise
spectrum of the diode laser and consequently
limits the sensitivity of the technique. The main
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Fig. 3. Modulation/demodutation electronics, which allows to apply altematively STFMS and TTFMS.

features of single-tone and two-tone spectroscopy
will be summarized in the next section and specific
advantages and disadvantages of both techniques
will be discussed.

4.2. Spectrometer operating conditions

The principal differences between FMS and
WMS are slight and the terms are somewhat
misleading since in both cases it is the optical
frequency of the laser that is modulated. They can
be understood as the two limiting cases of the
same technique. In FMS, the modulation index of
the faser is small, but the ratio of the modulation
frequency to the absorption linewidth is large; as
a result the absorption feature of interest is
probed by a single isolated sideband. In WMS the

ratio of the modulation frequency to the absorp-
tion linewidth is small, but the modulation index
is large. As a consequence, in WMS the absorp-
tion feature is probed with a large number of
sidebands (comb structure). The experimental ar-
rangement is essentially the same for both WMS
and FMS and the optical systems based on White
and Herriott cell designs in the mid- and near-in-
frared have already been discussed in Fig. 1. The
laser frequency is modulated at wy by modulating
the drive current. In the presence of an absorption
line the frequency modulation of the’ laser radia-
tion produces an intensity modulation of the radi-
ation transmitted through the cell and this is
detected with a lock-in amplifier for WMS or a
mixer for FMS. For high frequency modulation
applications only bias-T’s next to the lasers have
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to be integrated and the detector bandwidth has
to be adapted to the operating frequencies. Fig. 3
shows the principal layout of an electronic system
designed for both single-tone and two-tone spec-
troscopy. The modulation section contains two
independent rf-sources w, and w,, which are com-
bined in order to provide a two-tone modulation
of the laser diode. If w, is turned off, a single-tone
modulation w; can be attained. In contrast to
other designs a passive combiner version has been
chosen to avoid the generation of harmonic mix-
ing products which can be encountered in designs
based on the application of rf-mixers and fre-
quency doublers. While in STFMS the single
modulation frequency w, is fed into the phase
sensitive detection circuitry, for TTFMS a differ-
ence frequency w,—~w, = Q is generated by means
of a rf-mixer. The phase sensitive detection device
allows a phase shift to be introduced in the local
oscillator (LO) branch. The sample and reference
signals from the matched detector-preamplifier
combination pass a variable attenuator and a
highpass filter to prevent the rf-amplifier and the
rf-input (RF) of a double balanced mixer from
overloading. A low noise post-mixer-preamplifier
and a lowpass filter following the intermediate
frequency (IF) output of the mixer provide the
sample and reference signals to a signal averager
and further post-detection signal processing. Fi-
nally the data will be displayed and stored in a
computer system.

For practical applications the parameters M/f
and ¥ are determined by the available laser, while
the modulation index £ can be adjusted through
the rf penerator. The ratio of M/f is found to be
approximately constant for a given laser and
modulation frequency, and between 100 and 300
MHz values of typically 8% can be derived from
the asymmetry of laser sidebands for lead-salt
lasers. Since for high signals typical systems are
operated at f = 1, the RAM offset will be one or
two orders of magnitude less for TTFMS than for
STFMS because RAM offset is proportional to M
for STFMS and M? for TTFMS. On the other
hand in STFMS an appropriate choice of the
measurement phase will suppress the RAM offset
while retaining the signal. Also the phase at which
the RAM offset is eliminated depends on the

relative phase ¥ of the amplitude and frequency
modulation of the laser. For some lasers this
phase can vary as the laser is tuned across the
absorption line so that RAM suppression is not
maintained across the line. The parameters ¢ and
o together with the linewidth can be varied
through the cell pressure. Additionally the signal
amplitude depends on the modulation frequency
wy in STFMS and w, and w; in TTFMS. The
main challenge is to optimize the signal amplitude
by proper adjustment of these operational
parameters. A detailed description of lineshapes
and their physical origin can be found in the
literature [133}; here only the main features will be
summarized. For the absorption & and dispersion
¢ in the general case of a Voigt-profile we find:

dv(w) = dpa V(X v) (33)
Pv(w) = dpeuLlx, ) (34)
with the VOIGT-function

_y [t expl =1}
Vix, y) = p J_ . }’2—'!'{;:!_)2(:1[ (35)
and

ST expl — 1)
L{x, y)-;j_w PRy T (36)

where:t;ﬂ-ﬂﬁ'—'ﬁo) \/ln_Z/yD,x = (¥ — ) \/ln_2/yD,
y = y/In2/yp. Here yp and y, represent the
Doppler and the Lorentz half width at half maxi-
mum (HWHM) of the absorption line; Jp.. 15
Doppler-peak-absorption, ¥ the frequency and ¥,
the frequency at line center. A number of tech-
niques for calculating approximate values of the
Voigt function are available [134]. The Voigt-
linewidth y, can be approximated by [133]:

Yv = 0.5346y, + \/0.2166(y)* + (yp)? 3D

Using the above expressions for ¢ and J ab-
sorption and dispersion profiles as shown in Fig.
4a and 4b for a HO, absorption line in the
v,-band at 1410.928 em —! have been calculated
based upon a concentration of 50 ppt at a pres-
sure of 30 mbar and an optical absorption path-
length of 25 m. From the calculated Doppler- and
Lorentz-width the Voigt linewidth has been est-
mated as 108.1 MHz. For simplicity we use in the
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subsequent example a value of 100 MHz. The
combination of the line-profiles for ¢ and § with
the expressions for the STFMS and TTFMS sig-
nals detailed calculations of signal amplitudes un-
der various conditions can be made. The most
important features can be derived from the plots
shown in Fig. 4. The calculations have been made
under the assumption for M/§= 0.08, ¥ = xn/2
and a peak absorption of 1% for STFMS (Fig. 4c,
d) and TTFMS (Fig. 4e,f). The quantity AR =
w/HWHM represents the ratio of the modula-
tion frequency (STFMS} or center and difference
frequency (TTFMS) to the half-width-at-half-
maximum (HWHM) of the absorption line under
investigation. The plots show the signal ampli-
tudes as a function of modulation index f and
modulation frequency w, for STFMS and as a
function of difference frequency and center fre-
quency in terms of AR for a fixed modulation
index f = 1. The single-tone (STFMS) signal has
components both in-phase and in quadrature with
the modulation. The in-phase signal is caused by
absorption in the sample while the quadrature is
due to dispersion in the sample and both can be
used to measure species concentration. The ab-
sorption signal (Fig. 4c) reaches a higher ampli-
tude than the dispersion signal (Fig. 4d) if low
modulation frequencies and a high modulation
index are applied (f> 3), which corresponds to
WMS in the previously discussed sense. Accord-
ing to the strong M dependence of the signal
offset and the associated RAM noise at low fre-
quencies the absorption signal usually is not used
for measurements, Optimum conditions can be
observed for the dispersion signal as shown in
Fig. 4d, when § = 1.05 and AR = 2.2, which cor-
responds to a modulation frequency wy=
2.2- HWHM. For a molecule with a HWHM at
reduced pressure of about 100 MHz (e.g. HO,)
this translates into an optimum modulation fre-
quency of 220 MHz. For TTFMS the dispersion
signal (Fig. 4f} requires a high difference fre-
quency for highest signal amplitudes which leads
to detection at frequencies comparable to the
single-tone case. The calculated signal amplitude,
however, is smaller by a factor of two and the
advantage of low bandwidth detectors is not
available. Therefore, only the absorption signal
(Fig. 4e) is used for practical measurements. In

contrast to single-tone the variation of the second
modulation frequency has to be considered. A
maximum signal amplitude can be found [120] for
a modulation index £ 1. For this parameter the
plot in Fig. 4f for the two-tone dispersion ampli-
tude as a function of the difference-frequency and
the center-frequency has been calculated and a
maximum signal for @, > 5 ® HWHM and for {}<
0.05 ® HWHM can be observed. As in the example
above, for HO, this translates into a center fre-
quency of 500 MHz and a difference frequency of
5 MHz; ie. w,= 505 MHz and w, = 495 MHz.
Both techniques work with modulation fre-
quencies in the white noise dominated high fre-
quency region. However, STFMS detects the
signals at the modulation frequency, w,, while the
two-tone scheme uses the difference frequency,
Q) =w,~—w, of two discrete rf-signals. If laser
noise is the limiting factor in the system, the
two-tone beat frequency has to be chosen high
enough to operate outside the l/*-noise region in
the shot noise dominated plateau. To enjoy the
theoretically predicted sensitivity improvement,
the two-tone technique has to use high frequency
detectors as well, and the advantage of the use of
cheaper detector elements is no fonger valid.
Therefore, modulation and detection at high fre-
quencies in all types of FM instruments are rec-
ommended as long as there is no significant
progress in manufacturing better single-mode
diode lasers and laser excess noise at higher fre-
quencies is significant. A lot of theoretical and
experimental work has been done to evaluate both
techniques. Each technique offers some unique
advantages yet also has its drawbacks. The advan-
tages of single-tone FMS are that simplest RF
electronics can be used and the local oscillator
phase can be adjusted to suppress the RAM sig-
nal. This technique can measure both absorption
and dispersion of spectral features and as the
signal occurs at high frequency usually above 100
MHz this technigue is least sensitive to low fre-
quency laser noise. On the other hand STFMS
requires expensive, high-bandwidth and therefore
small-area detectors. The technique is not suited
to monitor pressure-broadened absorption lines
with a HWHM in the Gigahertz range. If residual
amplitude modulation cannot be suppressed effi-
ciently, it limits the dynamic range. Two-tone
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FMS can use large area detectors of moderate
bandwidth (10 MHz), yield a flatter baseline and
can monitor broad absorption features. However,
it requires somewhat more complex RF electron-
ics and is more susceptible to laser excess noise at
the lower detection frequencies. Also there is no
RAM suppression feature with local oscillator
adjustment as in STFMS. Therefore, both modu-
lation schemes should be implemented in new
spectrometer designs as illustrated in Fig. 3 and
then the optimum modulation scheme can be
selected case by case. It seems that no definite
decision can be made and the best method has to
be selected depending upon the experimental con-
ditions. The formalism derived so far will now be
used to illustrate as an example the feasibility of
the measurement of atmospheric HO,-radicals in
the mid-infrared spectral region and it will be
shown that there are other factors like back-
ground structures and nearby interfering lines
that finally drive the decision for a special tech-
nique.

Based on this optimum parameter set for
STFMS and TTFMS we will investigate in this
section the feasibility of the measurement of HO,
radicals in the atmosphere. For a modulation
index of 8 =1.05, a M/f ratio of 0.08 and a fixed
AM-FM phase of W = /2 the spectral represen-
tations of STFMS and TTFMS are plotted in
Fig. 5. The asymmetry of the sidebands cannot be
seen on this scale. The first lower sideband in the
single-tone case (Fig. 5a) at — 220 MHz has a
phase opposite to the carrier indicated by ( —).
The amplitude of the sidebands at +_660 MHz
has a contribution of only about 0.05% and at
880 MHz below 1073 For the two-tone case
(Fig, 5b) the FM spectrum has been plotted for
w, = 600 and @, = 500 MHz in order to separate
the sidebands for the graphical representation,
while for the calculation of the two-tone signals
the previously discussed optimum values of wy,=
500 and 2 = 5 MHz have been used. The signals
for STFMS absorption (Fig. 5c), STFMS disper-
sion (Fig. 5e), TTFMS absarption (Fig. 5d) and
TTFMS dispersion (Fig. 5f} have been calculated
using the full formalism derived so far. The asym-
metry in the signal amplitudes due to the simulta-
neous FM-AM modulation can clearly be seen.

For clarity the seven orders of magnitude offset
of the ST-absorption signal has been removed.
For all line shapes as the modulation frequency is
reduced the peaks move closer together, so that
the in-phase single-tone signal resembles a first
derivative lineshape and the two-tone quadrature
signal resembles a second-derivative. From Fig.
5c—f we can understand what an ‘isolated line’ is:
minimum and maximum of the dispersion signal
lie within the HWHM of the absorption line
under investigation and there is a contribution of
maximum +_3 sidebands to the signal. That
means that the signal amplitude remains unper-
turbed if within a range of + 7 linewidths (ca.
800 MHz) no other absorption-contributes to the
signal. For strong interfering lines (water vapor)
the separation has to be chosen even higher. So
far the STFMS and TTFMS signals have been
calculated for a set of optimum parameters for an
isolated line. Now we will turn to a more realistic
environment and investigate these signals and
their interaction with background structures from
nearby interfering lines in ambient air.

The band center of the fundamental bands of
HO, are at 2.9 pm({w), 7.2 (v2) and 9.1 pm (v;),
with relative strength vpvyiy) = 3:1.8:1 [135].
There are electronic transitions at 1.25, 1.43 pm
and a vi-overtone at 1.5 pm[136,137]. However
there are a few pairs of lines in the v,-band
overlapping within their Doppler width and the
most suited can be found at 1410.928 cm ™' with
line strength $=5.9-10"% cm molec™'. A de-
tailed search in the HITRAN database [138,139]
at this preferable spectral region gives the follow-
ing picture for spectral interference effects: CH, is
the dominating interfering component near
1410.928 cm~!, 600 MHz below and 5400 MHz
above the HO, line center CH,-absorptions might
interfere, while at + 1.1 GHz a CO; line can be
found. A water vapor absorption line at + 12
GHz offset from the HO, line center will lead to
a slope superimposed to the FMS signal. The
signals have been caiculated for ambient mixing
ratios (HO,:10 ppt, H0:0.8%, CO,:330 ppm,
CH,: 1.8 ppm) for an absorption pathlength of
100 m at a pressure of 10 mbar. While the opti-
mum conditions derived in the previous section
for a pressure of 30 mbar were @, = 220 MHz in
the single-tone case and w, = 500 MHz/Q =5
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MHz in the two-tone case, it can be seen that the
modulation frequencies have to be chosen signifi-
cantly smaller due to the interfering species in
order to avoid strong mixing of signals. There-
fore, for the final analysis a pressure of 10 Torr
has been assumed giving an optimum modulation
frequency of 120 MHz for STFMS. In Fig. 6
modulation frequencies of 60 MHz (a) and 120
MHz (¢) have been used for the STFMS calcula-

tions and 100 MHz +. 5 MHz (b) or 400 MHz +.5
MHz (d) for TTFMS calculations. The upper
traces always show the pure HO, spectrum under
the given conditions. Under these specific experi-
mental conditions the more widespread two-tone
HO, signals are more severely influenced by the
CH, line nearby than the single-tone-signals are.
At 1410.928 cm ~' a modulation frequency of
about 60 MHz seems to be the best choice for
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long term signal averaging applications, where
changes in the background structure of the signals
deteriorate system performance. As a conse-
quence, it is important to determine quantitatively
interfering species or to remove them selectively
from the sample gas. According to the instability
of the HO,-radical the latter approach is not
possible in this case. However, this is only a part
of the complete discussion on HO, measurements
and it was used to illustrate that besides principal
specific advantages and disadvantages of the sin-
gle-tone and the two-tone technique, the experi-
mental conditions and requirements drive the final
decision for the best technique.

The modulation techniques described so far
have made it possible to detect absorptions below
10-6 This sensitivity, when combined with an
optical pathlength through an absorbing sample
of several tens of meters, translates into parts-per-
billion to parts-per-trillion detections for many
molecular species in the infrared. To achieve these
sensitivities, adequate for environmental manitor-
ing, absorption spectrometers require multi-reflec-
tion optical systems. In all these systems, the
sensitivity gained by lengthening the absorption
path is increasingly offset by the attenuation of
the radiation power throughput, due to the in-
creasing number of reflections and the imperfect
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reflectivity of the mirrors. Consequently, each ab-
sorption spectrometer has to be operated with an
optimal number of reflections in muiti-reflection
absorption systems to achieve the best SNR [140].
At conditions usually encountered in tunable
diode laser spectrometers, the optimal number of
passes for the FM spectrometers has been found
to be much smaller than the optimal number of
passes for the spectrometers using the conven-
tional derivative technique. This finding implies
that, if both techniques are operated with an
optimal number of passes, the introduction of FM
techniques can improve the ultimate SNR in spec-
trometers using optical multipass cells by only
about an order of magnitude. Although still
highly desir.ble,” this is substantially lower than
the two orders of magnitude potential improve-
ment derived solely from the noise analysis, with-
out considering the use of multipass cells and to
overcome this limitation higher laser power and/
or a higher cell transmission is required.

A selection of molecular species that can be
detected using near-IR and lead-salt diode lasers
is listed in Table 1. Also shown is the detection
limit in terms of volume mixing ratio [pptv] and
[ug m % assuming an absorbance sensitivity of
107% @Af=1 Hz and a 25 m optical path-
length. The absorption lines listed are not neces-
sarily the strongest for that species nor do the
wavelengths A necessarily represent the only re-
gions in which the species can be monitored. The
detection limits must be regarded as estimates
only and much depends on instrumental factors
such as the quality and availability of the laser.
By averaging over periods longer than 1 s or by
using longer path-lengths the detection limits can
be improved. While the predicted sensitivities are
based on known line strengths and the optical
performance of a typical TDLAS system, it is in
the nature of field measurements that optimum
instrumental performance is not always achieved.
In comparing the sensitivities achievable experi-
mentally with the different modulation schemes, it
is important to distinguish between carefully con-
trolled laboratory experiments using short optical
paths, and TDLAS measurements. It is also nec-
essary to precisely define the meaning of sensitiv-
ity and detection bandwidth or integration time.

A broad range of investigations and applica-
tions of FM spectroscopy has been reported
[141- 166]. Carlisle et al. {I28] have reported
quantum limited performance with a sensitivity of
5:107% using TTFMS at 1 Hz bandwidth, a 200
mm cell and a laser with a power of 640 pW.
Werle et al. [118] have demonstrated a sensitivity
of 2.5 .10 7% for STFMS at a bandwidth of 1.56
kHz using a 1450 pW lead-salt diode laser. This
translates into a sensitivity of 6 .10 ~%ata | Hz
bandwidth assuming the theoretical dependence
of noise on bandwidth. Silver has .given a theoret-
ical comparison of the various modulation tech-
niques [127] using typical values for the laser
parameters, and in a companion paper Bomse et
al. [141) compare the sensitivities achieved experi-
mentally using the same laser in different modula-
tion schemes, They used a 110 mm cell and
piezo-clectrically vibrated the beam steering mir-
rors as a means of suppressing the optical fringes.
Silver’s theoretical predictions are that the inter-
mediate frequency techniques, with modulation
between 100 kHz and 10 MHz and detection
either at the modulation frequency w,, or at 2w,
should perform as well as either STFMS or
TTFMS. This is confirmed by the experimental
findings, although these must be tempered by the
fact that a rather low-power laser (11 pW incident
on the detector) was used and that the STFMS
experiments did not achieve optimum results be-
cause of detector problems. The best sensitivity of
2.5.10 % was achieved with a detection frequency
of 10 MHz and a modulation frequency of either
10 or 3 MHz (second harmoenic). In both cases the
measurement was detector-noise limited so a more
powerful laser would have improved the sensitiv-
ity. A similar comparison of WMS, higher fre-
quency WMS and TTFMS modulation schemes
has been carried out by Pavone and Inguscio for
a GaAlAs laser at 886 nm [130]. They found
sensitivities of 4.5.1077,9.7.10 ~%, and 6.4 . 10 &,
respectively, for the three techniques, broadly in
line with the results of Bomse et al. [141] for
lead-salt lasers. A series of laboratory investiga-
tions, feasibility studies and even field applica-
tions have been performed with FM
spectrometers. Johnson et al. have applied
TTFMS for high sensitivity detection of water
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Table 1

Calculated TDLAS detection limits for sclected molecules for a detectable optical density dD-*@AS = 1 Hz, a pressure of 30

mbar {150 mbar for A< 2.7 pm) and 25 m optical pathlength

Gas Wavelength 4 Linestrength S Detection limit
(cm- ') (um) (cm mol~") (pptv) (ng m=?)
H.0 7323.945 1.365 6.599:10-% 900 0.73
1684.835 5.933 2919.10-" 23 0.02
HF 7855.643 1273 7.591-10~% H 0.064
7515.803 1331 1.34-10-% 290 0.25
C,H, 3260427 3.067 2.29-10-" 1 0.038
CH,Cl 3040.220 3.289 192-10~% 31100 7.1
CH, 3067.300 3.260 2.129.10°"* 36 0.026
6057.086 1.651 1.28 102 36 10° 26
HC! 1944.914 3.396 5033 102 12 0.02
5723.301 1747 1.179-10-20 160 0.58
H,CO 278 1.035 3.596 5.93.10-% 130 0.17
HBr 2649.092 3.778 445610~ 9% 0.35
7458.082 1341 2.073-10°% 217109 785
HI 2277.519 4391 2.08-10—% 1.6-10° 55
CO, 2270.290 4.405 3358 -10-% 160 0.31
4989.972 2.004 1.332.10-2 310 6.1
6240.105 1.603 1838102 235-10° 6.1
N,O 2236.224 4472 1.004-10-12 5 0.01
5117.472 1.954 511-107% 81-10% 159
co 2169.198 4.610 4615-10-"° ] 0.014
' 6330.167 1.580 1.59.10-% 267.10° 333
ocs 2052.716 4.872 1.03-10-18 5 0.015
NO 1875.813 5.331 3.399 -10-%° 140 0.19
HNO, 1722372 5.806 72.10-% 87 0.24
NO, 1600.413 6.248 218-10°" 0 0.042
12500 0.800 5.10~8 105.10" 215
HO, 1411.182 7.086 12,10~ 450 0.66
50, 1371.695 7.290 485510~ 130 0.38
H.S 1364.601 7.328 1.02,10-2 8.0-10° 12
H,0, 1284.205 7.787 4.464.10~%° 130 02
HCOOH 1113.068 8.984 4.4 103 130 0.26
0; 1052.848 9.498 42.107%® 100 0.22
0, 7380.637 1.269 6.229.10~2¢ 64- 108 92-10°
13142.57 0.761 77110~ 674-10% 963
NH, 930,757 10.744 52:40°1? 9 0.007
6478 1.544 37.10-% 12- 109 92

vapor and the measurement of the line-strength in
the HO, v, overtone band at 1.5 pm using an
InGaAsP laser [142-144]. A series of applications
with focus to water vapor measurements has been
reported [145-149). In the field of medical diag-
nostics Cooper et al. have reported on measure-
ment of '2CO,/"CO, ratios with a 1.6 pm
distributed feedback semiconductor diode laser
[150]. In order to investigate samples from arctic

ice cores Giilliikk et al. have successfully applied a
high frequency modulated TDLAS for measure-
ments of CO,, CH,, N,O and CO in air samples
of a few cm® based on mid-infrared lead-salt
diode lasers [151]. Miicke et al. investigated the
feasibility of HO, measurements in the mid-in-
frared near 1410 cm —! and in the near-infrared
for the v,-overtone at 1.5 pm by using single-tone
and two-tone FMS [152]. They also investigated
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in detail the calibration procedures for such sys-
tems [I153] and in a series of intercomparison
studies the application of TDLAS for QA/QC
studies with focus on the validation of formalde-
hyde measurement techniques [154,155]. In a joint
action between the Fraunhofer Institute in
Garmisch-Partenkirchen and the Max Planck In-
stitute in Mainz, two different FM spectrometers
and other chemical sensors have been applied to
an intercomparison of formaldehyde measure-
ments [I 56]. Meanwhile there is evidence on the
performance of the high frequency modulation
schemes in field-capable TDLAS instruments.
Wienhold et al. used a fast TTFMS system for
trace gas flux measurements [38,157]. Werle et al.
[35,158] have reported field measurements using a
single-tone FMS system and a modified version
has meanwhile been successfuily used for trace gas
flux measurements by the eddy correlation tech-
nique [159]. Some work has been reported on the
investigation of multicomponent TDLAS applica-
tions {160- 162]. However especially in the near
infrared an increasing number of applications is
to be found [163-1651.

To put the following discussion in context we
note that for NO, a species of average
linestrength, an absorbance of 10 —3 corresponds
to 50 pptv, assuming use of the strongest NO,
absorption line at 1600 ¢cm ~' and a path-length
of 100 m. Under controlled laboratory conditions,
absorption sensitivities of around 10 ~¢ are
achievable for WMS systems. However for TD-
LAS field measurements 10 ~3 is considered a
good performance. This sensitivity can be im-
proved to about 3 .10 —° by averaging over 60 s.
Provided that drift problems can be avoided by
taking regular background spectra, this figure can
be improved further by even longer averaging
periods. Assessing the potential performance of
the higher frequency modulation schemes is more
difficult firstly because the sensitivity is much
more dependent than with WMS on laser parame-
ters, such as the laser power, noise spectrum and
amplitude modulation index. Also the laser beam
quality is important since the radiation must be
focused onto a small-area-detector, which is
needed to give larger bandwidth. Secondly, the
sensitivity can be limited by fringes or other ex-

perimental artefacts such as thermal drifts. Be-
cause of these factors, any reported sensitivity
obtained using a particular moduiation scheme
normally applies only to the specific laser and
experimental arrangement used to produce it.
Consequently, general statements about superior-
ity of one of the modulation techniques are hardly
possible.

4.3. Optical fringes and sample modulation
enhanced FM-spectroscopy

In most sensitive instruments, the diode laser is
repetitively tuned over a molecular absorption
line and the spectra are averaged over a specified
time interval. When the wavelength of the diode
laser is tuned over an absorption line, a periodic
fringe structure is superimposed to the desired
signal from the absorption of the target gas
(*etalon-effect’). If this fringe structure is gener-
ated between the reflecting mirrors in the multi-
pass  absorption  cell, thermally  induced
mechanical drifts cause a change of the fringe
structure, which usually limit sensitivity due to
their variation with time. The uncertainty due to
these fringes is not bandwidth dependent, whereas
random noise components decrease as \/Zf At
longer integration times reduction in random
noise often results in little overall improvement
since the measurement uncertainty becomes lim-
ited by the optical fringes. For all spectroscopic
techniques the problem of fringe reduction re-
mains the main challenge in order to improve
sensitivity. In general, fringe reduction techniques
can be categorized in techniques applying me-
chanical modulation or dithering of the etalon
spacing, modified modulation schemes, back-
ground subtraction and post-detection signal pro-
cessing. If the etalon path-difference is
mechanically modulated then the fringes will shift
relative to the absorption spectrum. As the spec-
trum is averaged the fringes will then average to
zero, provided the modulation amplitude corre-
sponds either to an integral or a large number of
fringes. One method of accomplishing this modu-
lation has been demonstrated by Webster [166]
who interposed an oscillating Brewster plate into
the beam at a point between the two surfaces
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forming the etalon. Oscillating the plate by typi-
cally 17 varies the optical path-length through the
plate. Because the plate is at the Brewster angle
reflection losses are minimised. One disadvantage
of this method is that it is difficult to apply to a
multipass cell without causing significant attenua-
tion of the beam. Silver and Stanton [167] sug-
gested an alternative method using a piezoelectric
transducer to vibrate the mirror or another com-
ponent which forms one surface of the etalon.
They successfully applied this technique to a Her-
riott cell in which they vibrated one of the spheri-
cal mirrors. Both techniques are difficult to
implement in a complex TDLAS system where
many optical surfaces may cause etalons. Cassidy
and Reid [168] have shown that in TDLAS sys-
tems 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 etalon. This is similar in effect to the
modulation of the etalon pathlength described
above except that the absorption spectrum is also
shifted by the wavelength modulation. As a result
the technique is effective only at removing fringes
with a period less than the absorption linewidth
since the modulation amplitude needed to remove
longer period fringes would also smear the ab-
sorption lineshape and reduce its peak height. Sun
and Whittaker [169) have considered the applica-
tion of this technique to FMS systems and show
that in this case longer period fringes can be
effectively reduced. Post-detection signal process-
ing can take the form either of analogue process-
ing of the signal from the lock-in amplifier or
demodulator, or digital processing of the signal
acquired by the signal averager. Both take advan-

tage of the periodic nature of the optical fringes.

A simple low-pass filter following the phase sensi-
tive detection can dramatically reduce fine-pitch
fringes [ 118,128).

While many improvements in modern TDLAS
systems focus on optimizing optical components,
much less effort has been put into post detection
signal processing [ 170-174]. In operational TD-
LAS systems, a combination of background sub-
traction with some form of post detection
processing is most commonly used. Trace gas

measurements near to the detection limit are usu-
ally performed by measuring alternatively the
spectrum of the ambient air and air devoid of the
target substance, which we refer to as a back-
ground spectrum. This procedure is based on the
inherent assumption that within the time interval
needed for the acquisition of both spectra the
background structures do not change. If this as-
sumption is fulfilled, the substraction of the back-
ground spectrum from the ambient spectrum
would provide the absorption spectrum of the
target species which, to a first approximation, is
only subject to random noise. After the subtrac-
tion of background structures, the ambient spec-
trum is fitted to a calibration spectrum, obtained
when the absorption cell is filled with a stable
calibration gas mixture. From time to time such a
spectrum is recorded and stored for signal pro-
cessing. A signal processing concept for TDLAS
must provide means for correcting frequency and
amplitude fluctuations as well as having some
capability to cope with changing background
structures. Therefore, an intensity normalization
process is required to correct for amplitude varia-
tions and to determine the concentration values
from ambient spectra. In most spectroscopic mea-
surements the detected signal is proportional to
the trace gas concentration and depends on the
laser power. Intensity fluctuations of the laser or
changes in the optical system alignment can gen-
erate a variation in the reported concentration
data, which is not real. Therefore, an intensity
normalization has to be applied to measured data.
The conventional approach to measure laser in-
tensity I is to couple out a certain amount of
energy from the main beam using a beam splitter
and monitor the laser power drift with a reference
detector. A more direct method is to monitor the
average detector current, which is (after dark
current subtraction) proportional to the number
of photons incident upon the detector. The devia-
tion in the detector bias can be attributed rather
to changes in the background radiation as for
example sunset, sunrise or clouds passing by dur-
ing the measurements rather than to changes in
laser intensity or alighment, Therefore, a novel
concept for an improved intensity normalization
is based on the measurement of the average rf-
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modulation signal amplitude {172). For frequency
modulated semiconductor lasers there will always
be a residual rf-current at the modulation fre-
quency, which is proportional to the laser power
incident upon the detector and accounts for
changes in the laser intensity as well as for
changes in the optical system alignment. A frac-
tion of this current can be used for normalization
techniques, which leads to a significant improve-
ment in system stability. In contrast to the con-
ventional techniques, the rf-normalization is
insensitive to changes in the background radiation
and for high frequency modulation techniques,
the rf-power level at the detector ideally repre-
sents variations in laser power and system align-
ment changes.

The discussion of optical fringes has shown that
broad fringes can appear as a linear slope super-
imposed on the desired TDLAS signal. The linear
regression scheme conventionally used can yield
incorrect results when the signal is distorted,
which is especially critical at low ambient concen-
trations [172]. Depending on the direction of the
slope of the background, the linear regression
tends to over- or underestimate the concentration
of the ambient gas, Much maore critical is the
impact of drifts on the ambient spectra relative to
the calibration spectrum. These drift effects can
lead to a significant underestimation of the moni-
tored gas concentration, i.e. a spectrometer can
report extremely low concentration values and
possible variations in the calculated data could
refer to drift effects rather than the changes in
ambient trace gas concentrations. While the sensi-
tivity towards drift is the same for symmetric
signals (2nd derivative, TTFMS) and for asym-
metric signals {Ist derivative, STFMS), it can be
shown that symmetric signals are less susceptible
to changes in the slope of the background. Varia-
tions in the laser current due to noise and other
interfering signals have a dramatic influence on
the system performance, especially on the confi-
dence range of the measurement and therefore on
the detection limit of the system. An order of
magnitude in performance can easily be gained or
lost, depending on the stability of the laser and a
signal averager is required for a signal-to-noise
ratio improvement together with an online correc-

tion of frequency fluctuations in the ambient spec-
tra,

The application of modern signal processing is
a promising concept and might help to improve
precision and accuracy in tunable diode laser
spectroscopy. Although a potential a priori con-
trol structure and some performance criteria can
be defined, it is generally not possible to specify,
in advance, the parameters within this structure.
This situation calls for the introduction of adap-
tivity. The essential and principal property of an
adaptive system is its time-varying, self-adjusting
performance by continually seeking the optimum
within an allowed class of possibilities, which
would give superior performance compared with a
system of fixed design. A promising approach is
the use of a multiple linear regression scheme. The
muitiple linear regression (MLR) is an extension
of the conventionally used linear regression
scheme and offers more degrees of freedom for
the fit process. While the linear regression uses
only information about the background and the
structure of the calibration signal, the multiple
linear regression scheme allows more parameters
to be added. A slowly moving fringe structure
generates a time-varying background structure
which calls for adaptive signal processing in the
previously discussed sense, An adaptive control
structure which has proven to be extremely useful
is the adaptive Wiener filter. The purpose of an
optimal filter is to recover the desired signal from
the actually recorded signal. While the multiple
linear regression scheme has no time delays, the
Wiener filter is able to detect signal drifts and
therefore has a ‘shift correction option’ as an
integral part. The most exciting feature of the
adaptive filter is that, in principle, no background
spectrum is required and therefore background
spectra could probably be omitted, which also
would improve the duty cycle of the measure-
ment. Current work in TDLAS development is
focused on the implementation of online, adaptive
Wiener [172] and Kalman filters [171] to improve
system performance. The adaptive Wiener filter
uses a minimum mean square error algorithm
(MMSE) to determine the optimum set of filter
coefficients for a finite impulse response (FIR)
filter. For each ambient spectrum a calculation of
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the filter coefficients is performed and therefore
the filter is able to adapt to changing conditions
such as signal drift and changing background
structures. Averaging of these filtered spectra
should then improve the detection limit according
to a square root relationship. This has been tried
but the achieved improvement was always sub-
stantially smaller than that expected on the basis
of the square root relationship for signal averag-
ing. The observed deviations are most probably
caused by the violation of the assumption of
stationarity caused by drifts in the system such as
temperature changes, moving fringes or back-
ground changes [175,176]. Therefore, care must be
taken with appropriate averaging times when de-
termining time averages, and we have to ensure
stationarity during the averaging interval. Station-
arity implies that statistical quantities such as the
mean and variance, do not vary with time. For
example, if we find the mean concentration of a
stable calibration gas at #,, it should be identical
with the value found at f, + At. Unfortunately, we
do not have at our disposal an ensemble of identi-
cal experimental setups, which may be used for
simultaneous experiments. Usually, we have a sin-
gle function of time, say, of trace gas concentra-
tions, and we must assume ergodicity to obtain
estimates of ensemble averages. An ergodic ran-
dom process is one whose infinite time average is
equal to its ensemble average and, if we can make
this assumption, then we can substitute time aver-
ages wherever we have ensemble averages. This
leads to another problem. We cannot average
forever as required in the ergodic hypothesis, Our
only hope is that the process is sufficiently band
limited so that a reasonable averaging time will
give a stable result, For a perfectly stable system,
a background spectrum obtained by supplying
zero air to the instrument inlet, would display the
same etalon fringes as the sample spectrum. Sub-
traction of this background spectrum would then
remove the fringes. However, real systems are
subject to thermal drift, so that in the time be-
tween taking the sample spectrum and the back-
ground spectrum the fringes will have drifted and
cancellation will not be perfect. Thus the back-
ground subtraction is more successful the more
stable the system is and the more rapid sample

and background measurements can be alternated.
The instrument stability can be characterized us-
ing the Allan variance [175]. As long as white
noise dominates the system, the Allan variance is
equivalent to the conventional variance and can
be used to predict the detection limit of a given
system as a function of the integration time. A
plot of the Allan variance as a function of the
integration time usuvally shows a minimum, which
corresponds to the optimum integration time, typ-
ically on the order of 40- 100 s. This finding has
been confirmed by many other researchers work-
ing in the field of TDLAS [34]. The optimum
integration time is a characteristic property for a
given instrument as it reflects the overall stability
and, therefore, can be used to predict the system
performance.

Recently it has been shown that signal fluctua-
tions at low optical densities caused by interfero-
metric effects [99,177,178] might give an
explanation for the fact, that the expected im-
provement in system performance after the appli-
cation of high frequency modulation schemes to
spectroscopic systems designed for conventional
derivative spectroscopy has not yet been attained
on a routine bases. When measuring weak absorp-
tion and dispersions one should keep in mind that
for phase sensitive detection techniques fluctua-
tions in the optical pathlength have to be consid-
ered. Especially problems associated with the
propagation of laser beams through turbulent
flows in optical multipass cells, where very small
changes in the refractive index are present have to
be considered. These small changes in refractive
index are related primarily to the small local
variations in temperature and pressure, which are
produced by the turbulent motion of the sample
gas, when the air is expanded from atmospheric
pressure into the flow pressure regime of the
multipass cell, which is typically operated at a
reduced pressure. While the refractive index varia-
tion from the mean value is very small, in a
typical situation of practical interest a laser beam
propagates through a large number of refractive
index inhomogeneities, and hence the cumulative
effect can be very significant and produce optical
phase effects, which in turn lead to angle-of-ar-
rival fluctuations or beam wander, intensity fluc-
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tuations, and beam broadening. As an aid in
understanding the effects of the refractive index
fluctuations, a region of high or low refractive
index can be thought of as an eddy, which may
behave similar to a lens. In this model the cell-at-
mosphere may be thought of as a large number of
random lenses, having different shapes and scale
sizes, that move randomly through space. A lim-
ited system stability has been observed by many
researchers, who use quite different system de-
signs, but similar cell pressure, gas flow and me-
chanical, optical and electronical components,
with respect to temperature coefficients, for exam-
ple. While temperature effects seem to dominate
when we investigate drift effects, short term fluc-
tuations might be caused by a turbulent gas flow
in the commonly used optical multipass cells.
There are actually three ways in which pressure
fluctuations can degrade diode laser spectrometer
performance. The first one relates to the effect
that refractive index-induced phase fluctuations
affect the measurement in sensitive phase detec-
tion schemes. In this context, pressure fluctuations
are shown to cause a change in phase between the
carrier and sideband wavelengths. These fluctua-
tions then result in voltage fluctuations out of the
phase sensitive detector which is set for constant
phase. The second effect relates to the fact that
pressure changes in the cell directly result in opti-
cal changes and the third effect results from vari-
ous spatial imaging fluctuations on the detector. It
turns out that turbulence effects severely affect
FM-spectrometers, which have the potential to
reach the quantum limit. However, turbulence
effects might also be important for conventional,
derivative or direct absorption spectrometers and
we are not aware of any investigation on the
effect of turbulence in multipass cells on beam
wander, angle-of-arrival fluctuations, intensity
fluctuations and beam broadening. Modern multi-
pass cell designs already utilize an improved gas
flow, in order to obtain a laminar flow for fast
exchange times and, therefore, we expect such a
Herriott type cell to be superior for ultrasensitive
measurements at low optical densities. In conclu-
sion, similar limits of detection in optical multi-
pass systems suggest a significant contribution of
turbulent refractive index fluctuations to the de-

tection limit of state-of-the-art FM-spectrometers
using atmospheric open paths and optical multi-
pass cells and this effect has to be considered for
systems, designed for near quantum limited appli-
cations.

We will now return to the fringe problem and
slow fluctuations due to thermal drifts. All fringe
reduction techniques have the same drawback,
that they operate only for a special type of back-
ground structure and an effective suppression of
all accidental etalons could, in principle, only be
obtained by a combination of several of these
techniques. However, it has been found in most
practical applications that the combined effect of
different suppression schemes is not as efficient as
the sum of the individual effects. An effective
fringe reduction technique requires selective mod-
ulation of the sample spectral feature under inves-
tigation without affecting fringes and background
structure. This modulation has to be faster than
the optimum time constant derived from the Al-
lan variance analysis. A basic approach is the
background subtraction technique described pre-
viously. Another promising approach is the use of
an additional sample modulation to separate dis-
turbing background effects from the molecular
feature of interest. Examples for such a sample-
modulation enhanced FM-spectroscopy are pho-
tochemical modulation {179], magnetic rotation
spectroscopy (MRS} [180- 182] and Stark-modu-
lation [176]. In order to provide an additional
sample modulation available for a multitude of
molecules we applied the Stark-effect, because
important melecules as ammonia, nitric acid,
formaldehyde, hydrogen peroxide, hydrogen
fluoride and many others show a permanent elec-
tric dipole moment, which is a prerequisite for
interaction with an external electric field. The
sample modulation approach is an extension of
the high frequency modulation technique.

The basic element of the extra setup for a
double modulation includes a special sample
modulation cell, which has been designed to gen-
erate a strong electric field perpendicular to the
laser beam for Stark modulation [183]. Addition-
ally a second phase sensitive detection device,
usually a lock-in amplifier, has to follow the FM
electronics output. The laser-sample double mod-
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ulation technique has been applied to formalde-
hyde (HCHO), which is well suited due to its
strong electric dipole moment of 2.34 Debye. A
doublet (5;; —43, and 533—453) at 1757.94 cm~!
with a line strength of 4.1-10~2° cm molec !
showed a suitable Stark-splitting. For this experi-
ment a sinusoidal AC-high voltage has been ap-
plied to the electrodes of the Stark absorption
cell, whereas the same modulation signal was fed
at the same time to the reference input of the lock
in amplifier, which has been used for phase sensi-
tive detection of the Stark modulated signal pro-
vided at the post-mixer-preamplifier output. For
the purpose of an intercomparison between the
conventionai FM technique and this FM-Stark
double modulation technique, time series data
obtained from the measurement of a constant
formaldehyde concentration provided by a cali-
bration source have been recorded. The mixing
ratio of formaldehyde has been adjusted to obtain
an optical depth of 4-10~* With this constant
gas mixture, a first calibration spectrum has been
recorded, which has been assigned the relative
concentration of unity and spectra have been
recorded for about 20 min for FM spectroscopy
and for the combined FM-Stark double modula-
tion technique for about 80 min. While the drift
effects caused by moving fringe structures can be
clearly identified in the FM-signal, a significantly
higher stability has been obtained for the sample
modulation enhanced FMS signal. The stability of
the measured time series concentration values has
been characterized by means of the Allan variance
[175L. Fig. 7 (left side) shows the FM measure-
ment which indicates a significant decrease of the
recorded time series data of the relative HCHO
concentration, although a constant value would
have been expected. This strong drift has been
caused by the presence of fluctuating background
structures. The negative influence of this signal
drift finds its equivalent in the corresponding
Allan plot. Up to 24 s signal averaging leads to 2
linear decrease of the Allan variance. Beyond this
optimum integration time, the Allan variance and
with it the instrument detection limit, will deterio-
rate as a consequence of disturbing background
drifts. In contrast to this FM measurement, the
relative concentration recorded with the FM-

Stark modulation technique presented here ex-
hibits almost no deviation from the expected
constant value. Only a slight increment in the
noise of the relative concentration values can be
noticed. The Allan variance declines linearly with
the integration time reflecting a white-noise domi-
nated region. The FM-Stark double modulation
technique yields an optimum integration time of
120 s which is five times the optimum integration
time of the mere FM technique. Strongly cormre-
lated with this enhanced integration time is a
notable gain in the Allan variance by 2 factor of
more than three. For integration times beyond
120 s the Allan plot shows a horizontal level,
which indicates the presence of 1/“-type noise.
Further averaging will not help to improve the
detection limit. Probably this low frequency noise
will be caused by the turbulent gas flow through
the absorption cell which is strongly related to
refractive index fluctuations. However, it was the
purpose of these measurements to demonstrate
the advantage of sample modulation enhanced
FM spectroscopy and its ability to cope with the
fringe problem and background drift.

All spectroscopic techniques, convention WMS
and FMS, are limited by optical fringes and with-
out solving the fringe problem, the potential sensi-
tivity improvement expected from the new
techniques cannot be attained on a routine basis.
While the high frequency modulation of the laser
allows faster measurements and reduces the noise,
the sample modulation is applied to cope with the
fringe problem. Therefore, it is the combination
of both, laser and sample modulation, that is
most promising for the future of highly specific
and ultrasensitive trace gas analysis by tunable
diode lasers.

5. Summary and future perspectives

In order to improve sensitivity various types of
modulation spectroscopy have been employed in
which the diode laser wavelength is modulated
while being scanned across an absorption line.
The modulation techniques allow absorptions as
low as 1 part in 10 to be measured within a 1 Hz
bandwidth. In combination with optical multipass
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Fig. 7. Improvement of sample modulation enhanced FMS (right) vs conventional FMS (left). The increased stability is obvious in
the time series data and in tle Allan plots.

ations and experimental demonstrations, the most
efficient medulation technique depends strongly
on the circumnstances and cannot be stated gener-
ally. The performance will depend on system and

cells this is equivalent to detection limits of
around 20 pptv for the most strongly absorbing
species and better than 1 ppby for almost all
species of interest. Based on theoretical consider-
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laser parameters and the actual experimental situ-
ation and spectroscopic conditions. In controlied
laboratory experiments using short optical paths
the high frequency techniques have been shown to
be capable of quantum limited sensitivities of
around 1-10~7. However, this level of perfor-
mance has yet to be demonstrated in a TDLAS
instrument with long optical paths, suitable for
field use over extended periods. In general, the
high frequency modulation techniques appear ca-
pable of a significant improvement in TDLAS
sensitivity over the WMS systems.

TDLAS has made the transition from a tech-
nique mainly of interest to instrument developers
into one which produces results of real value to
trace gas analysis and atmospheric chemistry
studies. However, it has yet to become an instru-
ment suited to routine use by non-expert opera-
tors, mainly due to the complex and
unreproducible behavior of the lasers. Further

laser development is underway to remedy this.
The high frequency medulation techniques have
started to produce useful measurements even if
the dramatic improvements in sensitivity origi-
nally expected from these methods have not been
fully realized yet. However, significant improve-
ments in sensitivity and detection speed have been
obtained.

The effects that mostly limit the ultimate sensi-
tivity of diode laser spectrometers utilizing FM
detection are summarized in Fig. 8, where the
detection limit is plotted as a function of both,
signal integration time and the detection fre-
quency of the phase sensitive device. The depen-
dence of the detection limit on the integration
time has been discussed in the context of the
Allan variance analysis [I75] and the dependence
on the detection frequency depends on the laser
noise characteristics and interferometric effects
[99] One pre-requisite for ultrasensitive FM-TD-
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LAS spectrometers is a laser operating in a sin-
gle longitudinal mode with low noise and a high
power output. The properties of lead-salt lasers
presently available are far from these require-
ments and have to be improved substantially.
The presence of even spurious side-modes leads
to a significant increase in laser noise at frequen-
cies below about 100-200 MHz. Consequently,
higher modulation and detection frequencies are
necessary to achieve near quantum limited per-
formance of the FM spectrometer and for two-
tone modulation, a sufficiently high difference
frequency then has to be selected for detection.
A second pre-requisite is a high system stability
during signal averaging intervals. An FM spec-
trometer behaves essentially as a single beam
two-color interferometer and, therefore, it is ex-
tremely sensitive to thermal drifts in the opto-
mechanical setup. It can be shown that with
increasing modulation frequency the sensitivity
towards fluctuations in the optical path in-
creases. While this is a great advantage for inter-
ferometric  measurements, it is a great
disadvantage in analytical application. Therefore,
lower modulation frequencies are necessary to
achieve a high degree of system stability over
long averaging times. The signal instabilities at
low optical densities caused by the interferomet-
ric effect may explain the fact, that the expected
improvement in system performance after the
application of high frequency modulation
schemes to spectroscopic systems designed for
conventional derivative spectroscopy has not yet
been attained on a routine basis. The interfero-
metric effect at high modulation frequencies is
super-imposed on the ‘etalon-effect’. When the
wavelength of the diode laser is tuned over a
spectral line, parasitic absorptions of resonator
structures in the optical path generate a periodic
fringe structure, which is superimposed on the
desired signal from the absorption of the target
gas. If this fringe structure is generated, say be-
tween the reflecting mirrors in the multipass ab-
sorption cell, mechanical drifts cause a change
of the fringe structure. These time dependent
structures are usually sensitivity limiting, if they
cannot be suppressed sufficiently. But even if the
optical fringes could be completely eliminated,

say be removing all reflecting and transmissive
optics between the laser and the detector, the
‘interferometer-effect’ remains. The formation of
optical fringes requires reflection of laser light
within resonator structures, while the interfero-
metric effect remains even after the insertion of
a perfect optical isolator in the optical path. As
a conclusion, there are at least two opposing
requirements for the selection of the optimum
detection frequency in FM spectroscopy and
with ‘state of the art” FM-spectrometers, system
optimization is often a trade-off between limita-
tions due to laser excess noise and limitations
caused by interferometric effects [99]. The mini-
mum detectable absorbance can be expressed in
terms of phase fluctuations or relative intensity
noise. This has been done in Fig. 8 to illustrate
the dependence of the detection limit as a func-
tion of both, detection frequency and signal av-
eraging time. The levels of laser excess noise and
phase fluctuations determine the initial signal-to-
noise ratio for a given detection frequency prior
to any signal averaging. With increasing signal
averaging this level decreases until the detection
limit becomes influenced by thermal drift effects.
Beyond this point detection limits deteriorate
again. The optimum integration time can be de-
termined by means of the Allan variance analy-
sis for all possible modulation frequencies. As
expressed in Fig. 8, we obtain a minimum detec-
tion limit between 10 ~®and 10 ~7 for detection
frequencies around 10 MHz and integration
times of about 1 min. This resembles the current
state-of-the-art for typical frequency modulated
spectrometer performance. Fig. 8 also gives
some advice on how to improve the situation.
At high modulation frequencies, an extremely
high opto-mechanical stability is required, which
is very expensive to obtain. However, the other
direction towards lower modulation frequencies
requires single mode lasers with negligible excess
noise contributions. Therefore, further develop-
ment and availability of high power, single mode
diode lasers with distributed feedback (DFB)
structures would really help to improve spec-
trometer performance for routine applications.
Further improvement in signal stability wiil al-
low longer integration times and, therefore,
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provide better detection limits. The application
of an additional sample modulation has been
discussed and it has been shown that this is an
efficient method for the suppression of back-
ground fluctuations and that substantial im-
provement of the system = stability and of
integration times can be achieved. The FM-Stark
double modulation technique is applicable to
molecules with a permanent dipcle moment as
NH,, HNO,, HCHO, H,0,. Other approaches
are the application of the Zeeman-effect for
sample modulation, which involves magnetically
active molecules, with the very interesting group
of radicals {eg. HO,) among them and magnetic
rotation spectroscopy, which has been success-
fully applied for oxygen, NO and NO, for ex-
ample. The combination of both, low noise
lasers and sample modulation enhanced FM
spectroscopy can cope with the background
problem, at least a significant improvement of
stability and, therefore, of the detection limits is
expected.

Meanwhile a broad variety of diode lasers is
available from the visible to the mid infrared
and hopefully the spectral coverage is continu-
ously increasing, even into the blue spectral re-
gion. It is unlikely that the near infrared diodes
will ever completely replace lead-salt diodes. The
two spectral regions will rather provide comple-
mentary systems. For a certain limited number
of species, where ultrahigh sensitivity is not re-
quired, the near infrared systems will provide
advantages of size, simplicity and cost. For
other species requiring a more universal and sen-
sitive systern, the mid infrared diodes will con-
tinue to provide a superior and highly specific
measurement device. Together with improved
lasers and advanced signal processing technol-
ogy, new sophisticated modulation schemes and
optimized sample cells will allow precise and ac-
curate trace gas analysis and lead to a continu-
ing enhancement in sensitivity and reliability of
monitoring systems as well as to a further cost
reduction. However, the future development of
semiconductor laser based gas monitors will be
driven by new applications and measurement
challenges in research and industry.
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