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Abstract

Sensitivity, specificity, high time resolution, cost effective simultaneous measurements of several species and
operational systems are the main requirements for in situ trace gas analysis in atmospheric research and process
monitoring applications. Tunable diode laser absorption spectroscopy is increasingly being used to measure
atmospheric trace gas concentrations down to low ppb-levels and the technique fulfills the requirements for trace gas
analysis in the atmosphere for most of the smaller molecules with resolved absorption spectra. Semiconductor
lead-salt diode-lasers give access to the mid infrared spectral region, where the most important atmospheric
constituents have strong rotational vibrational absorption bands. The application of high frequency modulation (FM)
schemes further improves sensitivity and detection speed of modern instrumentation. In this paper the FM technique
will be reviewed with emphasis to the work, which has been done in our laboratory and findings from recent
investigations, as well as novel approaches will be discussed. Some applications related to quality control and ISO
calibration in addition to measurement challenges for fast and high sensitivity applications will be addressed.
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1. Introduction

Trace gas analysis at sub-ppb levels imposes
high demands on analytic instrumentation. Since
the development of lasers with high spectral
brightness and tunability over broad wavelength
ranges, laser based schemes are of growing inter-
est. They are mostly based on absorption mea-
surements. Since the absorption spectrum is
characteristic for each molecule, spectroscopic
methods allow highly specific detection of many
substances. It is obvious that the mid infrared
from 3 to 20 um, the so-called “‘fingerprint re-

gion”, with strong rotational—vibrational absorp-
tion bands is the preferable wavelength range.
Fast, accurate, rugged and operational instru-
ments are needed for atmospheric research [1-6],
environmental and process monitoring [7,8], med-
ical diagnostics [9,10], plasma analysis [11] and
many other applications [12-14].

Tunable diode laser absorption spectroscopy
(TDLAS) usually applies multipass absorption
cells to achieve high sensitivity. To alleviate prob-
lems by absorption line overlap, these absorption
cells are usually operated at low pressure, where
the linewidth is Doppler limited [15]. In most
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Fig. 1. (a) Wideband noise characteristics of a lead-salt diode-laser showing 1/f-type excess noise contributions up to 150 MHz. A
signal-to-noise ratio improvement of about 40 dB can be expected when applying modulation frequencies in the quantum limited
regime instead of low frequency modulation. (b) Laser excess noise contribution can be attributed to the presence of spurious side

modes as indicated in the mode map near 200 and 300 mA.

sensitive instruments the diode laser is repetitively
tuned over an absorption line of a target molecule
and the absorption spectra are averaged over a
specified time interval. Additional modulation
techniques are used to reduce the 1/f-laser noise.
With derivative spectroscopy using lock-in-detec-
tion at kHz modulation frequencies, typically,
detection limits below 1 ppbv (1 ppbv=10"°
volume mixing ratio) were achieved for many
smaller molecules in the air with spectra averaging
times of a few minutes [1-5]. Although these
detection limits are sufficient for many applica-
tions, still better detection limits are required by
modern atmospheric research [16].

Substantial improvements of TDLAS detection
speed and detection limits were obtained by intro-
ducing the high frequency modulation (FM) tech-
nique [17-24]). However, to achieve the sensitivity
improvement using the FM technique and to
build instruments for routine high sensitivity mea-
surements and even sensitive field applications,
many practical problems still have to be solved
[25,26]. In this paper, the principles of the FM-
technique will be summarized and some limita-
tions of the current instrumentation will be
discussed.

2. FM-spectroscopy

High frequency modulation (FM) applied to
tunable diode laser absorption spectroscopy has

the potential to satisfy most of the requirements
for sensitivity, specificity, detection speed and ap-
plicability for many smaller molecules [17-24].
The FM technique, which was invented in 1979
by Bjorklund [17], determines the absorption or
dispersion of a narrow spectral feature by detect-
ing the heterodyne beat signal that appears when
the FM optical spectrum of the probe wave is
distorted by the spectral feature of interest. A
modified two-tone modulation scheme has been
introduced by Cooper and Gallagher [18] in 1984.
A potential sensitivity improvement of up to two
orders of magnitude in comparison to conven-
tional derivative (2f) spectroscopy can be derived
from wideband noise characteristics of lead-salt
diode-lasers [26-30] for both FM-techniques.
This sensitivity improvement can be achieved by
increasing the modulation frequency from the 1/f-
noise dominated region (10 kHz) into a shot noise
limited domain of beyond 100 MHz [28]. A typi-
cal spectrum from a wideband noise measurement
of a lead-salt diode-laser is shown in Fig. 1, where
1/f-type noise contribution can be identified up to
frequencies between 100 and 200 MHz. The laser
excess noise contributions can be attributed to the
presence of spurious side modes shown in the
laser mode map of Fig. 1 [26]. A signal-to-noise
ratio improvement of about two orders of magni-
tude (40 dB) can be expected, when moving in
detection frequency space to a quantum limited
regime. Since the detection limit in FM-spec-
troscopy is then proportional to the square root
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Fig. 2. Principle setup of a FM-spectrometer. To optimize the optical absorption pathlength mostly White or Herriott cells are used.
The laser is repetitively tuned over an absorption line and after a phase sensitive detection the signal is further analyzed in a signal

processing unit.

of the laser power on the detector, the laser
output power should be as high as possible. This
requirement is further stressed by the use of long
absorption paths using multipass cells which
strongly attenuate the incoming radiation [31].
The theoretical square root dependence of the
detection limit on detector incoming power is only
valid under quantum limited conditions, i.e. shot
noise has to be the dominating noise source in the
system. While the shot noise level depends on the
incident photon flux, the thermal noise is indepen-
dent of the laser power. Therefore, the laser
power available after passing through the absorp-
tion cell should be high enough to generate a shot
noise current, which is well above the thermal
noise level.

The basic setup of a FM-spectrometer is shown
in Fig. 2, where a rf-current (typically 100 MHz)
is superimposed to a current ramp (typically kHz)
and a DC current offset via a bias-tee to decouple
the different current sources. The diode-laser is
tuned by this injection current i, (¢) and the elec-
tromagnetic field E,(¢) of the laser interacts reso-
nant with the rotational—vibrational absorptions
of the molecules in the absorption cell. The inter-
action can be described by a complex transmis-
sion function T'(w) which accounts for absorption
and dispersion. The electrical field after the probe
E,(1) induces a detector current /,(t), which is fed
into the rf input of a double balanced mixer for

phase sensitive detection at the modulation fre-
quency ®,, The time dependent demodulated sig-
nal i,(¢) at the IF port of the mixer is
proportional to the concentration of the trace
components in the absorption cell. The number of
emitted photons depends upon the electron den-
sity in the conduction band and, therefore, from
the injection current in the pn-junction of the
diode laser. The higher the current, the higher the
number of photons available and, therefore, the
amplitude of the electromagnetic field depends on
the photon density, i.e. changes in the laser cur-
rent i, (¢) will lead to an amplitude modulation of
the laser light. The index of refraction in the
pn-junction depends upon the carrier density as
well. Due to this fact there is always a coupling
between amplitude and frequency modulation for
the electric field [32]. The formalism described
here refers to the so-called single tone FM-tech-
nique [21]. In this case we can write for
the complex phase modulated electrical field
of the laser E,(t) with residual amplitude modula-
tion

E(1) = EJ1 + M sin(w,t + ¥)]
x expii(Qr + f sin(w, 1))}

where w,, is the modulation frequency, Q is the
laser frequency, f is the FM- and M the AM-in-
dex, and ¥ is the FM-AM-phaseshift or
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E\(1) = Eye™ [1 + Msin(w, 1 +¥)] 3 J,(8)

=By 5 (f M)
w @€+ 1 x
(B M) = J,(8)
S B e g (Bre ™)

Pure amplitude modulation (f =0) with J,(f =
0)=1 and J,(f=0)=0 for n=+1, +2, +
3,... shows three frequency components in the
laser beam at Q and Q+ w,. Pure frequency
modulation (M = 0) leads to sideband coefficients
r,=J,(f) and a 180° phase shift for upper and
lower sidebands with odd #. 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 com-
plex electrical field after the probe is Ey(7) =
E\(1)T(w), where T(w)=exp{—d(w)—
ip(w)} is the complex transmission function with
absorption d(w) and dispersion ¢ (w) of the sam-
ple. T(w) interacts with the individual frequency
components «, and we obtain
+

EXt)y=Ey Y 1B, M, W) @t omieonit,

With 611 = 5((‘0)1)’ ¢)l = ¢((U,]),
1=V - f'()//}"D)(\/ In2), x= (" —7V/7p)

x (/In2) and y = (7./70)(y/ In 2) we obtain for
a Voigt profile [15]

w,=Q+n o,

Using

S In2
op(w)==— [—cV(x,p)

2y, T
toexpl — 17}

V == ——F——d
(x,y) J e t
In2
cby(w)—E— *—CL(X’ ¥)
J) n

_ [T pexp{ =17
L(x,y)—nji R d¢

where 7, is the Doppler width and y, is the

pressure broadened Lorentzian linewidth. S is the
line strength, v, the frequency at line center and /
the absorption pathlength. The absorption at line
center ¢, pmk(x =0) is

/'S [In2

O) peak = ()(Vo) c= 3 Vo, y)c
Yp

The laser beam induces a photo current at the
modulation frequency @, at the square law detec-
tor element, thus

i/(t) = const |Ex(1)] = const |E,|’
+ x

x Y

na'= - L

FF. ei(n — 'y le — 3, O, e py— pp)
'

If we account for the detector high frequency
rolloff and apply a narrow band detection at the
modulation frequency using a double balanced
mixer, we can neglect the contributions propor-
tional to exp( timw, t) for m=2, 3, 4, ....
Therefore the indices »n’ are limited to n'=n +1
and we obtain

i;'/(t) = IO{Z et + Z e ir.u,./r}

- 2

7= ¥

n= — i

¥ 4 lr_ ef‘jrr+lf‘sne*"(‘/’n+l*‘/5u)
" n

If we define 4 =2 Re(Z) and D= —2Im(Z) we
obtain for the rf-current i, the local oscillator
signal i, ,,, and i, signal at the output of the mixer

i, (1) =iy{4 cos(w,,t) + D sin(w,, 1)}
iro(t) =10, sin(w, i + O)

i) = (L, A0io(1)),

where © is the phase shift. 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

1
= Ei() {A(B, M, W) sin © + D(f, M, V) cos @}

Depending on the detection phase ©, selectively
the absorption (® = 7/2) or dispersion (® = 0) of
a spectral feature can be measured. With the
above definitions for A4, D, and Z and using
F,.1F, =R,+il, we can write for the general
case for arbitrary AM-FM phaseshifts ¥
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Fig. 3. Calculated absorption and dispersion signals in the absorption cell for pressures ranging from | to 100 mbar. Note the strong
DC-offset for the absorption signal, while the dispersion signal has zero offset. The optimum dispersion signal is obtained at about
30 mbar pressure in the multipass cell. The calculated peak-to-peak FM-signals for absorption A, and dispersion signals D, are
shown in the lower part of the figure as a function of the FM modulation index § and the ratio AR of the modulation frequency
to the half width at half maximum (HWHM) of the absorption feature.

+ %
A=2 {Rn COS(¢N+] - ¢r7) kl :(Jn)2+(‘]n+l)2
"= —‘-r. ) . k2= n—l‘[n—+—1 +Jn‘]n+2
+]n Sln(¢)n+1_¢u)}e_n”+!_o” k3:J11Jn~I+Jn+1Jn+Z J\,:J“([)’)
+ % k4=‘]nfl‘]n+2+‘]n‘]n+l
D: —2 Z {1" COS(¢’I+1 —¢") kS:Ji171J11+2_Jan+I
) ) ) Using the formulas derived above in a computer
— R, sin(@, | —P,)}p e i program, the line shapes for arbitrary FM-signals
M can be calculated. This is useful for line fitting
R, =J, J,+—=1k +k;}sinP procedures during spectral analysis, for the decon-
M2 2 volution of FM-spectra, estimation of unknown
+ <v) {ky — kycos(2¥)} spectral parameters like AM-FM-phaseshift ‘¥
2 and for the prediction of system performance

from system parameters. The latter point is im-

M M )
L= 3{ —ky kot cos W+ <7>k5 sin(2'¥) portant for system calibration under conditions
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where calibration by gas mixtures is difficult.
Problems arise, for example, during the measure-
ment of free radicals, polar substances, etc., where
due to lifetime, wall effects or sealed sample cells
the standard calibration schemes, which base on a
measurement sequence of calibration gas, zero air
and sample air within the same multipass cell, do
not work. There is experimental evidence that
diode lasers have at frequencies around 100 MHz
an AM—FM phaseshift of ¥ = /2 [33]. From the
asymmetry of the signals and from Fabry—Perot
analysis of the laser sidebands the ratio M/f has
been estimated to be below 0.1 in general [21]. A
calculated plot of a typical absorption and disper-
sion signal is shown in Fig. 3 for pressures rang-
ing from 1 to 100 mbar. The -calculated
peak-to-peak FM-signals for absorption 4,, and
dispersion signals D,, as a function of the FM-
index # and the ratio AR = w,/HWHM for an
AM/FM ratio M/ = 8%, e =0.01 and ¥ =
n/2 are shown in the 3D-plot in the lower part of
Fig. 3. It can be seen that a broad maximum for
the absorption and dispersion signal can be found
around values for § = 1.1. The modulation fre-
quency should be chosen at least 1.6 times the half
width at half maximum (HWHM) of the spectral
feature under investigation.

For a better understanding of the signal genera-
tion it is interesting to investigate the special case
of ¥ =r/2, the limit of low modulation f«1,
M « 1 and additionally the limit of low absorp-
tion J,« 1 and dispersion ¢, <« 1. In the special
case we obtain i, =4 sin @ + D cos @ with
A=2pA0 and D=2A¢ where the dispersion
and absorption component is given as A¢=
Qpy—¢_1—¢,)) and Ad=(0,,—0d_,) in
agreement with the formulas originally presented
by Bjorklund [17].

3. Detection limit and system stability

The signal-to-noise-ratio (SNR) is a convenient
way to describe the “cleanliness” of a given signal
level. It is the signal voltage (or power) divided by
the RMS-noise voltage (power). A spectrum ob-
tained with a SNR of 100 or more is a very clean
pattern, with negligible noise. An SNR of 10 is a

little fuzzy, but the pattern is still very clear. A
ratio of 3 is bad and at 1 the signal is nearly lost.
If the noise in the detection system is the limiting
factor for ultimate sensitivity, the detection limit
of a spectrometer can be derived from the signal-
to-noise ratio referring to the output of a pream-
plifier with a noise figure F:

I opoe _ L C3)
SNR, = 7 SNRR = FURS
The three main noise contributions which have to
be considered are the thermal noise of the detec-
tor preamplifier combination, i,%, the quantum
(shot) noise, i,,%, and a 1/f-type laser excess noise,
i,,°. While thermal noise and quantum noise
have in general a frequency independent spectrum
(white noise), the 1/f-noise contribution has a
more or less pronounced frequency dependence
(pink noise). To achieve quantum limited opera-
tion the modulation frequency has to move in
detection frequency space into a domain, where
1/f-noise contributions can be neglected. If suffi-
cient power is available, the power independent
thermal noise can be neglected as well and shot
noise remains to be the dominating noise contri-
bution. If this can be achieved the SNR is propor-
tional to the square root of the laser power
impinging upon the detector. As can be seen from
Fig. 1, there are regions at modulation frequencies
above 100 MHz where a 1/f-noise contribution
can be neglected. If we move in detection fre-
quency range into such a potential quantum lim-
ited regime, we can approximate the total noise as
the sum of shot noise and thermal noise

(ivy = <l%n> + <i3h>
> 2e iz YA+ 4k g(T/R)o Af
<l}1(-> =iy +i,=eniPplhc+ip

P, is the power of the laser light at the detector
element, i, is the detector dark current, Af the
system bandwidth and 7/R the temperature-re-
sistance-ratio of the detector preamplifier combi-
nation. The measured signal is proportional to the
laser power incident upon the detector. As the
dispersion signal has no DC offset, we investigate
the signal current at the rf-modulation frequency,
which has been derived as i, = i,D sin(w,t). The
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Detection Limit

Fig. 4. Calculated minimum detectable absorbance as a function of detection bandwidth Af and laser power P, incident upon the

detector element.

power associated with this signal is
{ity =3i}D?
and the resulting SNR is
1 {i%
SNR, = 1 {15)
F{%)
1 3 1,
© 2F2e(ig+ip) + 4k u(T/R) ey Af

The detection limit in terms of the minimpm
detectable optical density OD,,,;,, for a SNR, = 1
at Af=1Hzis

D,,(SNR=1) 2hc,/2F
Kp enik,P,

OD,,, =2000 =2

2
x \/ 22:”‘ Py + {2eiy, + 4k o(T/R) 0}
Using the equation derived above we can calcu-
late an esitmate for the detection limit for typical
experimental parameters. The ratio x, can be
derived from the 3D plots in Fig. 3 to be about
1.6. The laser power P, at the detector with a

specified quantum efficiency 5., = 50% was about
100 4W. For a given set of experimental condi-
tions (4, #, ip, . M) the noise figure F has to be
minimized, while the impedance match between
the detector and the preamplifier has to be opti-
mized as well. Due to limited laser power and
reflection losses in optical multipass systems mea-
surements often are not quantum limited, as the
shot noise from the light independent contribu-
tion of the dark current and the thermal noise
from the detector/preamplifier combination were
dominating. Typically, the quantum efficiency is
specified under cw illumination. For a system
analysis it is necessary to consider the quantum
efficiency at the modulation frequency, which can
be significantly below its cw value. If we assume
Ner & 0.4 we obtain for the minimum detectable
optical density OD_,, 4.4 x 1077 at 1 Hz. Fig. 4
illustrates the dependence of the detection limit
for a given set of experimental parameters:

1+ (Py/Pp)

OD,, o \/F/Af >
D

There are actually two possible directions towards
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Fig. 5. (a) System stability: How long can we average spectra? (b) Time series data from a 12 ppb NO, calibration gas mixture and
(c) the corresponding ““Allan-plot” as a function of the integration time. The minimum indicates that most sensitive measurements
can be achieved with about 60 s integration time. As no drift should occur between background and sample measurement, the
maximum available averaging time is 25 s, yielding a detection limit of about 10 ppt.

lower detection limits: increasing the laser power
on the detector and bandwidth reduction. For a
laser power P, > P, the detection limit is propor-
tional to P, ~'?, for P, « P, it is proportional to
P,~"'. The power level P, where shot noise
equals the dark current and thermal noise is about
several hundred 4W, while the typical power out-
put from commercially available lasers varies be-
tween 10 and 1000 ¢W. The second direction for
further improvement of the sensitivity is digital
signal averaging, which is equivalent to an elec-
tronic bandwidth reduction. Therefore, some
problems associated with signal averaging will be
discussed next.

In addition to laser performance, a second crit-
ical factor influencing the high sensitivity mea-
surements is the system stability, especially at low
optical densities below 10 3. At these sensitivities
interference fringes due to unwanted étalons are
becoming the factor limiting further improvement
of the detection limits [25]. To achieve the afore-
mentioned detectable optical density, several tech-
niques to reduce the magnitude of these fringes
had to applied, such as a dithered Brewster angle
plate or mirror [34], low frequency jitter of the
laser current or low pass filtering. A substantial
further improvement of the TDLAS sensitivity by
these and similar techniques or their combination
is hard to achieve. In principle, the problem of

fringe limitation can be solved by subtraction of a
background spectrum from the measurement
spectrum. Trace gas measurements near to the
detection limit are, therefore, usually performed
by measuring alternatively the spectrum of the
ambient air and the spectrum of zero air, i.e. air
devoid of the target substance. This procedure is
based on the inherent assumption that within the
time interval needed for the acquisition of both
the measurement and the background spectra, the
fringes do not move. If this assumption is fulfilled,
the subtraction of the background spectrum from
the measurement spectrum would provide the ab-
sorption spectrum of the target species which, to a
first approximation, is only subject to random
noise. Further averaging of these corrected spec-
tra should then improve the detection limit ac-
cording to a square root relationship. This
behaviour is illustrated in Fig. 5a. If we assume a
TDLAS spectrometer capable of detecting an op-
tical density of 10~ 4 at the system detection band-
width Af, with a signal-to-noise ratio (SNR) of
10; this corresponds to a detection limit (with
SNR =1) of 107> at 10 kHz. By averaging 10*
spectra, the effective bandwidth of the instrument
will be reduced to | Hz and this reduction should
result in a detection limit of 107 at SNR = 1.
This has been tried but the achieved improvement
was always substantially smaller than that one
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expected on the basis of the square root relation-
ship. The observed deviations are most probably
caused by the violation of the above assumption
of stationarity and, consequently, the stability of
the TDLAS instrument has to be investigated.
In principle, the signal from a perfectly stable
system could be averaged infinitely. Infinite aver-
aging should lead to extremely sensitive measure-
ments, if limitations of the dynamic range of the
system are neglected. Unfortunately, real systems
are not stable forever and the question is, how
long can signals be averaged to achieve an opti-
mum sensitivity with a given spectrometer? It is
obvious that every real world spectrometer will
have an optimum averaging time given by the
drifts in the system, such as temperature drifts,
moving fringes, background changes, etc. The
instrument stability as a figure of merit can be
described using the Allan variance [25].

m

(D) =5 S (A0 AP
m =
The Allan variance [35-37] is the time average of
the sample variance of two adjacent averages
A, ., and A, of time series data, taken during an
integration interval 7. Noise contributions, which
are encountered in most systems are frequency
independent, white noise and frequency depen-
dent 1/f- and 1//*-noise. The last is noise at very
low frequencies, which can be considered as drift.
The detection lmit expressed in terms of the
Allan variance improves with increasing integra-

tion time. For white noise dominated processes
the Allan variance is equivalent to the conven-
tional variance and can be used to predict the
detection limit of a given system as a function of
the integration time. Allan variance of time series
data (Fig. 5b) plotted as a function of the integra-
tion time leads to the “Allan plot” [25,37], such as
shown in Fig. 5¢. The minimum of the Allan
variance corresponds to the optimum integration
time, typically on the order of 40—100 s. This has
been confirmed by many other researchers [38,39].
The optimum integration time is a characteristic
property for a given instrument, as it reflects the
overall system stability and performance.

4. Current limitations in FM-spectroscopy with
optical multipass cells

The optical densities that have to be detected in
trace gas analysis applications are usually small
(< 1073), and to achieve sensitivity adequate for
environmental monitoring, absorption spectrome-
ters require long optical paths. In instruments
with a limited size, long absorption pathlengths
up to several hundreds of meters have usually
been provided by multi-reflection optical systems,
of which the most well known are the systems
invented by White and by Herriott [40—42]. In all
these systems the sensitivity gained by lengthening
the absorption path is offset by the increasing
attenuation of the radiation power throughput,
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due to the imperfect reflectivity of the mirrors.
Consequently, to achieve the highest SNR each
absorption spectrometer has to be operated with
an optimal number of reflections in multi pass
systems. In high resolution absorption spectrome-
ters with conventional light sources, the signal-to-
noise ratio (SNR) is usually limited by the
thermal noise level of the detector—preamplifier
combination, which is independent of the light
source power. However, the noise in many laser
absorption spectrometers is dominated by the ex-
cess or shot noise, which depends on the transmit-
ted laser power, and, therefore, depends on the
number of reflections in a multipass cell [31]. The
signal-to-noise ratio in optical multipass cells used
for monitoring trace gas concentrations is shown
in Fig. 6 for high frequency modulation (FM) as
well as conventional derivative (WM) laser ab-
sorption spectrometers. At conditions usually en-
countered in tunable diode laser spectrometers the
optimal number of passes for the FM spectrome-
ters has been found to be much smaller than the
optimal number of passes for the WM spectrome-
ters. This finding implies that if both techniques
are operated with an optimal number of passes,
the introduction of FM techniques can improve

the SNR in spectrometers using optical multipass
cells by only about an order of magnitude (Fig.
6). Although still highly desirable, this is substan-
tially lower than the two orders of magnitude
potential improvement derived solely from the
noise analysis, without considering the use of
multipass cells [28]. The smaller number of passes
required for optimal SNR in FM spectrometers
has other practical consequences. Cells with a
smaller number of passes are cheaper to construct
and to adjust. As they can be designed with
smaller volume, faster measurements can be
made. This property is important because only in
small volume cells can high speed FM measure-
ments be performed. If, on the other hand, ultra-
sensitive measurements require a long absorption
pathlength, high reflectivity mirrors and high
power lasers are a prerequisite to get the full
potential of FM techniques.

As mentioned previously, the 1//-type laser ex-
cess noise can be attributed at least in part to the
presence of sometimes spurious side-modes [26].
Consequently with state-of-the-art lead-salt diode-
lasers, high modulation frequencies are necessary
to achieve near shot noise limited performance of
the FM spectrometer. On the other hand a FM
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spectrometer can be interpreted as a two-color

interferometer [26,43] and, therefore, it is ex-
tremely sensitive to thermal drifts in the optical
setup. With increasing modulation frequency, i.e.
high separation of FM sidebands in the frequency
domain, the sensitivity of the FM spectrometer
towards fluctuations in the optical path increases.
Therefore, low modulation frequencies should be
used to achieve a high system stability during long
integration times. This is illustrated in Fig. 7. If
we assume the laser excess noise from Fig. 1, the
system detection limits range from about 107> (at
10 kHz) down to 5x 107 (at 10 MHz). If we
further assume a mechanical system stability of 10
um, we can see from Fig. 7 that the detection
limit again becomes worse for higher modulation
frequencies due to interferometric effects. Only
with single mode lasers could these problems be
avoided. Signal instabilities at low optical densi-
ties caused by interferometric effects 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 basis. The interferometric effect at
high modulation frequencies is superimposed to
the so called ‘étalon-effect’. In most sensitive in-
struments 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 can be
superimposed to the desired signal from the ab-
sorption of the target gas. If this fringe structure
is generated between the reflecting mirrors in the
multipass absorption cell, mechanical drifts cause
a change of the fringe structure. These time vary-
ing structures usually limit sensitivity if they can-
not be suppressed sufficiently [34]. But even if the
losses which are responsible for the ‘étalon-effect’
could be eliminated, e.g. by an optical isolator,
the above mentioned ‘interferometer-effect’ re-
mains and for sensitive measurements, say at opti-
cal densities below 10 ¢, short term changes in
the optical setup of only a few um can influence
system performance significantly. Therefore, inter-
ferometric stability is required for the opto-

mechanical setup of a sensitive FM spectrometer,
which can be very expensive. An alternative ap-
proach is the time consuming selection of single
mode lead-salt diode-lasers with several mW
power, with low 1/f-noise, but unfortunately such
lasers are not available for many desired wave-
lengths. With state-of-the-art FM-TDLAS spec-
trometers, system optimization is often a trade-off
between limitations due to laser excess noise and
limitations caused by interferometric effects.
Therefore, further development and commercial
availability of high power, single mode lead-salt
diode-lasers with distributed feedback (DFB)
structures would really help to improve spectrom-
eter performance in the IR for routine applica-
tions.

The interferometric effect has other important
consequences. In a recent publication [44] we dis-
cussed the influence of refractive index fluctua-
tions caused by the turbulent flow of the air
sample through the multipass cell. Fig. 8 shows a
plot of the detection limit in terms of phase jitter
plotted vs. the pressure fluctuation in the absorp-
tion cell. Superimposed to the “quantum limit” is
the phase jitter, caused by the refractive index
fluctuations, which again are due to pressure
changes in the cell. For modulation frequencies of
100 MHz the expected relationship between phase
and pressure fluctuations for a pathlength of 100
m is plotted. Due to turbulent refractive index
fluctuations, we obtain a limit of about 7 x 107
in terms of optical density for a modulation fre-
quency of about 100 MHz. The data were derived
from measurements like the 3D-plot in Fig. 8,
where the Fourier spectra of pressure fluctuations
in the multipass absorption cell up to 20 kHz are
displayed for gas flows up to 10 I min ' through
the cell. The estimated detection limit from such
measurements is significantly above the quantum
limit, as indicated by the shaded area in Fig. 8.

One might get the impression, that the use of
lower modulation frequency should improve the
situation. But system operation at lower modula-
tion frequencies, say 10 MHz or even lower, has
to be investigated carefully, because one might
run into limitations due to laser excess noise [26].
This is especially important for mid infrared spec-
trometers using lead-salt diode-lasers, where the
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Fig. 8. Detection limit in terms of the phase jitter generated from pressure fluctuations in the optical multi pass cell. The 3D-plot
illustrates that pressure fluctuations up to 20 kHz increase with increasing gas flow through the absorption cell.

presence of even spurious side modes substantially
increases the laser excess noise, even at 10 MHz
and, in order to obtain a quantum limited perfor-
mance, these excess noise contributions have to
be avoided. We have limited the discussion of
refractive index fluctuations so far to FM-spec-
trometers, because they have the potential to
reach the quantum limit, which has been demon-
strated with short absorption cells [20,21]. How-
ever, turbulence effects might also be important
for conventional, derivative or direct absorption
spectrometers and we are not aware of any inves-
tigation on the effect of turbulence in multipass
cells on beam wander, angle-of-arrival fluctua-
tions, intensity fluctuations and beam broadening.
Such effects should occur, when a laser beam
propagates through a large number of refractive
index inhomogeneities and the cumulative effect
can be very significant. Modern multipass cell
designs [42] already utilize an improved gas flow,
in order to obtain a laminar flow for fast ex-
change times and, therefore, we expect such a
Heriott-type cell to be superior for ultrasensitive
measurements at low optical deusities. At least,

there seems to be evidence for a significant contri-
bution of turbulent refractive index fluctuations to
the detection limit of state-of-the-art FM-spec-
trometers using atmospheric open paths [39] and
optical multipass cells and we think this effect
should be considered for systems, designed for
near quantum limited applications.

5. Modern signal processing concepts

While many instrumental improvements in tun-
able diode laser absorption spectroscopy focus on
optical stabilization schemes [45,46], much less
effort has been put into post detection signal
processing [47,48]. Spectroscopic signals vary in
frequency due to fluctuations or transients in the
laser current and they vary in amplitude due to
changes in background radiation, laser intensity
and time dependent fringe structures. Therefore, a
signal processing concept for TDLAS must
provide means for correcting frequency and am-
plitude fluctuations as well as having some ability
to cope with changing background structures.
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Fig. 9. Signal processing strategies for tunable diode laser spectroscopy: the application of an online shift procedure to remove jitter
from FM spectra improves significantly the quality of concentration data, as can be seen from the associated errors.

Most critical is the impact of drifts of ambient
spectra relative to the previously recorded calibra-
tion spectrum. These drift effects can lead to a
significant underestimation of concentration val-
ues, i.e. a spectrometer might report extremely
low concentration values and possible variations
in calculated data can rather refer to drift effects
than to changes in ambient trace gas concentra-
tions. Fluctuations in the laser current due to
noise and other interfering signals have a signifi-
cant influence on the system performance, espe-
cially on the confidence range of the measurement
[25] and, therefore, on the detection limit of the
system. A useful approach is to correct such drifts
and jitter online during the averaging process [48].
An example is shown in Fig. 9, where the effect of
an online shift correction on a two-tone FM
signal with jitter is demonstrated. If we record a
calibration signal and then continue to sample the
same signal as ambient, we expect the fit process
to report a concentration (ratio of ambient to
calibration signal) of unity, as it is shown in the
time series plot of Fig. 9, when the shifter is
active. As soon as the shifter process is turned off,
significant deviations from the true value can be
observed and the associated errors increase dra-
matically as well. Variations in the signal ampli-
tude can be corrected by intensity normalization.
A novel concept is based on the measurement of
the average modulation signal amplitude instead
of measuring detector currents or reference signals
[48]. With high frequency modulation techniques,
the rf-power level at the detector ideally reflects
variations in laser power and system alignment
changes due to slow drifts. While conventional
intensity normalization schemes use a reference

channel or the detector bias current, this normal-
ization is independent from changes in back-
ground radiation and a detailed investigation of
signal stability using the Allan variance analysis
indicated improved stability. Background changes
can, at least in part, be attributed to time depen-
dent fringe drifts and in many cases a slope or
curvature has been observed. Varying slopes can
also be obtained from pressure broadened atmo-
spheric absorption lines (e.g. water vapour). Such
a situation calls for the introduction of adaptivity.
Multiple linear regression schemes and adaptive
filters [47,48] use a minimum mean square error
algorithm to determine an optimum set of co-
efficients for a filter. For each ambient spectrum a
calculation of the filter coefficients is performed
and, therefore, the filter is able to adapt to chang-
ing conditions, such as signal drift and changing
background structures. Such a digital filter has the
interesting feature that, in principle, besides ambi-
ent and calibration spectra no further information
is needed. This technique might allow less fre-
quent or even no background sampling and,
therefore, is well suited for fast measurements.
Further progress in sensitivity of current diode
laser spectrometers practically depends on im-
proved lasers and increased system stability. As
the FM technique originally has been refered to as
a zero-baseline technique [17] this is no longer
valid for trace gas measurements near the detec-
tion limit, because the background is changing
with time. Therefore, it is important to measure as
fast as possible alternating the sample and the
background spectra, especially at low concentra-
tion levels. The switching time from ambient to
background measurements is usually limited by
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modulation a significantly higher stability has been obtained.

the exchange time of the gas, which is typically in
the order of seconds. For sensitive and precise
measurements this might be too long and, there-
fore, different approaches have to be tried. One
approach is to increase the pumping speed using
minimized multi-pass absorption cells. A 36 m
Herriott cell with an exchange time as low as 50
ms (1/e) has been developed recently [42]. An
alternative approach is the use of photochemical
sample modulation [49]. In a similar way a combi-
nation of laser-FM and Stark-sample-modulation
has been applied successfully to suppress back-
ground fluctuations and drifts [50]. An example of
the application of such a double modulation is
shown in Fig. 10, where spectra have been moni-
tored for about 10 min for FM spectroscopy and
for a combined FM-Stark double modulation
technique. While the drift effects caused by mov-
ing fringe structures can be clearly identified in
the FM signal, a significantly higher stability has
been obtained in the double modulation case.
Fortunately some molecules of major interest in
atmospheric chemistry, such as formaldehyde and
hydrogen peroxide, exhibit a strong electric dipole
moment as indicated in Table 1, which shows a
list of selected molecules of interest and the calcu-

lated detection limits under the assumption of a
minimum  detectable absorbance of 10°°
within 1 s integration time and an absorption
path length of about 25 m at a pressure of 30
mbar using a multipass cell. The calculated detec-
tion limits scale linear with the minimum de-
tectable absorbance and the absorption
pathlength. However, for the calculations only 25
m absorption path in the multipass cell have been
assumed as the power loss due to the multiple
reflections on the mirrors overcompensates the
sensitivity gain due to a longer absorption path
[28]. The optimum pathlength for a given system
can be estimated from system parameters (laser
power, mirror reflectivity) and we found 25 m best
suited for our experimental setup with a White
cell. Higher sensitivities are expected at longer
integration times for a stable system.

6. Applications to measurement challenges in
atmospheric chemistry

Due to the sensitivity enhancements in modern
instrumentation more and more systems are used
in field applications for the detection of low con-
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centrations of trace gases and intercomparisons of
TDLAS instruments and conventional systems
have been performed to assure data quality [51].
Data from such an intercomparison of NO, mea-
surement techniques between an OPSIS DOAS-
instrument, a chemiluminescence instrument, and
a FM-TDLAS system show that when the air is
well mixed due to wind speed above 2 m s~ ! there
is a good agreement between the longpath mea-
surement of DOAS and the point measurement of
TDLAS, whereas the chemiluminescence instru-
ment shows differences, although measuring at the
same point as the TDLAS [52]. The International
Organization for Standardization (ISO) has spe-
cified in its regulation “Air quality — determina-
tion of performance characteristics of measure-
ment methods” (ISO/DIS 9169) procedures to
quantify calibration function and its linearity, the
lower detection limit and precision of the instru-
ment. To measure these characteristics, calibra-
tion gases with mixing ratios in the expected
concentration range have to be used. The genera-
tion of calibration gases in the low ppbv and
sub-ppbv range, however, is a difficult task.
Therefore, part of our work has been focused on
the development of a calibration device in compli-
ance with the ISO requirements for an integrated
tunable diode laser spectrometer, which is based
on permeation devices with a subsequent flow
dilution [S1}. The system can be used as a sec-
ondary standard and allows multi-component as
well as multi-point calibrations of TDLAS and
similar instruments. The performance of the FM-
TDLAS instrument has been characterized by a
calibration function and the method was found to
be linear within the tested range.

Among volatile organic compounds (VOC’s),
oxygenated compounds such as aldehydes and
ketones are of particular importance as one of the
major sources of free radicals in the atmosphere.
Continuous measurements of formaldehyde can
presently be carried out using methods based on
enzymatic reactions and fluorometric detection
and the direct spectroscopic measurement by tun-
able diode laser absorption spectroscopy. The
TDLAS technique is almost free of interferences
and, therefore, can be used as a reference method
for the validation of less specific techniques in the

frame of quality assessment studies [53]. As the
primary oxidizing agent responsible for the re-
moval of most trace gases, the hydroxyl radical,
OH, is central to the chemistry of the troposphere
[16]. OH is closely linked to the HO, radical
through reactions with NO, CO, O; and hydro-
carbons. HO, is present, typically, at concentra-
tions of about 10® mole cm ~?, which is about 100
times that of OH, and has a chemical lifetime of a
few minutes. Currently different approaches to
measure HO, are partly realized or under discus-
sion [53]. One of them is tunable diode laser
absorption spectroscopy, which is very specific
but has not yet been demonstrated in the labora-
tory. We have investigated in detail the feasibility
of HO, measurements by the FM-TDLAS tech-
nique. The measurement of HO, radicals is still a
great challenge, but the future measurement by
the FM-TDLAS technique seems to be feasible
[53].

The importance of hydrogen peroxide, H,O,, in
atmospheric chemistry [54] arises from its oxidizing
potential in the liquid phase and from the fact of
being involved in gas- and liquid-phase radical
chemistry. Formaldehyde is another important
photoactive trace component of the atmosphere.
Measurements in clean air provide an important
insight into the removal processes of light hydro-
carbons as well as information about the general
chemical reactivity of the atmosphere [55]. Only a
few measurements of the formaldehyde concentra-
tions in the remote marine troposphere have been
made, but different background levels were re-
ported. Therefore, continuous measurements of
hydrogen peroxide and formaldehyde have been
carried out onboard the German research vessel
Polarstern, where for the first time with a two-com-
ponent high-frequency modulated TDL system has
been used for the detection of trace gases over the
Atlantic Ocean on a route from the northern to the
southern hemisphere (50° N — 50° S).

Another important measurement challenge is
the direct determination of trace gas fluxes by the
eddy correlation technique through a plane paral-
lel to the surface [16]. For the determination of
surface emission and deposition fluxes, the
method is rigorous when specific criteria are met.
The technique requires simultaneous fast and ac-
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curate measurements of both the vertical velocity
and the trace species in question. Fortunately the
technique for the measurement of the turbulence
with the necessary resolution is available. Sonic
anemometers can readily yield air motion data
with the required resolution. Likewise, the ability
to handle the air motion and chemical concentra-
tion data with modern computer systems is well in
hand. Thus these aspects can be ignored, and the
major limitation can be dealt with: the availability
of appropriate chemical sensors with sufficient
time and chemical resolution. The FM-technique
is ideally suited for flux measurements by the eddy
correlation method [56,57] and future develop-
ments should increase the number of trace gases,
which can be investigated.

7. Summary and conclusions

The routine measurement of a great number of
trace gases poses challenging requirements to ana-
lytical techniques. Thus, sensitive, selective and
portable instruments, which are even capable of
multicomponent analysis are required. Apart
from flexibility as the molecule of interest is con-
cerned, the ease of operation as well as the useful-
ness for field applications also have to be
considered for practical evaluations. Although the
current instrumentation is sufficient for many ap-
plications, still better detection limits are required
by modern atmospheric research. Substantial im-
provements of TDLAS detection speed and detec-
tion limits were obtained by introducing high
frequency modulation techniques. However, to
achieve this sensitivity improvement and to build
instruments for routine high sensitivity measure-
ments, many practical problems still have to be
solved. It was the purpose of this paper to illus-
trate the current state-of-the-art in FM spec-
troscopy and to discuss new approaches to solve
some of the problems that currently limit system
performance. For optimum performance, FM-
TDLAS instruments need high quality diode-
lasers and have to be designed to ensure long term
stability, which is needed for ultrasensitive mea-
surements. For mid-IR applications the lasers
presently available have to be improved substan-

tially towards higher power and single mode emis-
sion in order to avoid laser excess noise. The
transmission of multi-pass absorption cells has to
be increased and turbulence effects have to be
reduced in order to obtain a quantum limited
performance. With increasing detection limits, the
improved performance can be utilized to obtain
more precise measurements, even at higher con-
centrations. This is especially important for the
future under aspects of quality control and qual-
ity assurance.
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