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Abstract. Modern research in atmospheric chemistry re-
quires highly sensitive techniques for the measurement of
concentrations of free radicals which determine the rate of
photochemical destruction of most atmospheric pollutants.
Tunable diode-laser absorption spectroscopy (TDLAS) has
already been successfully used for measurements of very
low concentrations of stable gases, but further improvement
in its sengitivity by signal averaging has been limited by the
stability of the instrument. In this paper the concept of the
Allan variance is utilized to analyze the stability of an exist-
ing frequency-modulated (FM) TDLAS instrument leading
to a detection limit for NO, of 34 pptv at 6 Hz detection
bandwidth. The stability of the instrument allows averaging
over 60 s. Taking into account the measuring cycle consist-
ing of the determination of the sample spectra and zero air
spectra as well as gas exchange in the absorption cell, the
detection limit achievable with this particular instrument was
10 pptv within 25 s under laboratory conditions. Possibilities
of further improvement of the detection limit are discussed.

PACS: 07.65

Tunable diode laser absorption spectroscopy (TDLAYS) is be-
ing frequently used for measurement of trace gas pollutants
in the atmosphere [I]. The TDLAS spectrometers usualy
work with multipass absorption cells to achieve high sen-
sitivity. To aleviate problems by absorption line overlap,
these absorption cells are usually operated at low pressure
where the linewidth is Doppler limited. In most sensitive
instruments the diode laser is repetitively tuned over an ab-
sorption line of a target molecule and the absorption spectra
are averaged over a specified time interval. Additional mod-
ulation techniques are used to reduce the 1/f laser noise.
With wavelength modulation, typically, detection limits® of

1 Throughout this paper we use as a definition of detection limit the
standard deviation derived from the variance of the mean to be compa
rable with the Allan variance. For practical measurements the definition
of the International Organisation for Standardization (ISO/DIS 9169) is
recommended, where the determination of performance characteristics
of measurement methods for air quality is specified

the order of 0.1 ppbv (1 ppbv = 10°° volume mixing ratio)

were achieved for many smaller molecules in the air with
spectra averaging time of a few minutes [2-51. Although
these detection limits are sufficient for many applications,
still better detection limits are required by modem amo-
spheric research for the determination of concentrations of
free radicals which play a decisive role in the destruction of
amost al atmospheric pollutants and in the formation of tro-
pospheric ozone [2, 6, 7. The required detection limits are
of the order of a few pptv (1 pptv = 10" volume mixing
ratio for HO, and even lower for HO radicals[7].

Substantial improvements of TDLAS detection limits
were obtained by introducing high-frequency modulation
techniques [8-11]. In terms of optica density the best de-
tection limits obtained so far with a high-frequency mod-
ulated TDLAS instrument with a multiple-pass absorption
cell were of the order of 107 with a detection bandwidth
of 1Hz [11]. At these sensitivities interference fringes due
to unwanted etalons are becoming the factor limiting fur-
ther improvement of the detection limits [11]. To achieve
the aforementioned detectable optical density, severa tech-
niques to reduce the magnitude of these fringes had to be
applied, such as dithered Brewster-angle plate [12] or mirror
[13], low-frequency jitter of the laser current [14], and low-
pass filtering [15]. A substantial further improvement of the
TDLAS senditivity by these and similar techniques or their
combination is hard to achieve [11].

In principle, the problem of fringe limitation can be
solved by subtraction of a zero air spectrum from the mea-
sured spectrum. Trace-gas measurements near to the detec-
tion limit are, therefore, usually performed by measuring al-
ternatively the spectrum of the ambient air and the spectrum
of zero air, i.e. air devoid of the target substance [16]. This
procedure is based on the inherent assumption that within the
time interval needed for the acquisition of both the measure-
ment 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
absorption spectrum of the target species which, to a first
approximation, is only subject to random noise. Further av-
eraging of these corrected spectra should then improve the
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Fig. 1. Determingtion of the detection limit. What is the result of digita
averaging of 10 spectra and which curve does the detection limit
follow? How long does the relationship Dfg= Df /N hold?

detection limit according to a square-root relationship [9].
This behavior is illustrated in Fig. 1. Let us assume a TD-
LAS spectrometer capable of detecting an optical density of
10 at the system detection bandwidth of Dfys =10 kHz
with a signa-to-noise ratio (SNR) of 10; this corresponds
to a detection limit (with SNR = 1) of I0° at 10 kHz. By
averaging 10% spectra, the effective bandwidth of the instru-
ment will be reduced to1 Hz and this reduction should result
in a detection limit of 107 at SNR = 1. This has been tried
severa times (eg. [17, 18]) but the achieved improvement
was aways substantially smaller than that expected one on
the basis of the square-root relationship. The observed devia-
tions are most probably caused by the violation of the above
assumption and, consequently, the stability of the TDLAS
instrument has to be investigated.

The stability of a TDLAS instrument is analyzed in this
paper in terms of the “Allan variance’. In the first section,
the concept of the “Allan variance’ is introduced as a tool
to characterize the stability of any TDLAS instrument. The
utility of this tool is discussed in the second section. In the
third section, the performance of a rea frequency modulated
TDLAS instrument is analyzed in terms of “Allan variance”
and several sources for instrument drift will be identified and
discussed. The stability of the instrument alows averaging
over 60 s. Taking into account the measuring cycle consisting
of the determination of measurement and zero air spectra as
well as gas exchange in the absorption cell, the ultimate
sensitivity achievable with this particular instrument was
10 pptv with a measurement time of 25 s.

1 Allan Variance and Variance of the Mean

Practical measurements usually consist of a sequence of sam-
ple and background measurements. After digital background
subtraction and some additional filtering the resulting spec-
trum is fitted to a stored calibration spectrum using a regres-
sion agorithm, which calculates concentration values and
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Fig. 2. a Simulated concentration time series data containing white
noise and a linear negative drift; b QC-chart of data from a with
caculated upper (UCL) and lower (LCL) confidence levels;, ¢ QC-chart
where a specid choice of M = 2 was made

the associated errors. We noted that the detection limit and
the confidence range depend strongly on the quality of in-
put data, especialy on the variance of the measured data.
In most spectroscopic applications the output data are mean
values from an averaging process and therefore the variance
of this mean has to be used for the calculation of the detec-
tion limit. It is obvious that any improvement of the detection
limit depends strongly on the stability of the system.

In order to analyze the stability, some typical quantities
to investigate might be the laser intensity, the line center
position of a measured signal, the laser temperature and
current, or calculated concentration values from a calibration
setup. For a formal description of the stability of our
spectrometer we assume a recorded set of N time-series data
referring to amplitude or frequency stability represented by
x,i=1..,N,with N of the order of 10%-10* For
modeling purposes such a data set can be generated using
the equation x, = a+ bi + G(a), where a is a DC offsdt,
and b is the coefficient for a linear drift. Such a data set
X, containing Gaussian distributed white noise G(a) with
a small linear drift component superimposed, is shown in
Fig. 2a. This data set can be described by its average value
A and the variance s 2, which are defined by :

-
w—l Z('

1
A = N ; .171- %
and a variance of the mean Var(A) = s /N. In general, the
N elements of the original data set can be divided into M
subsets containing Ic elements where M = N/k. For each
of these M subgroups an average value A, and a variance
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s 2 can be calculated:

,‘4
1
A= Z Z"'(nf—l)/ﬂ/ )
=1
. o
fT; = :l\ = Z(',.(II Dk+1 — ‘/"u)_ )
=1

and the variance of the mean is defined by Var(A,) =s 7k
where n denotes the subgroup number and k is the number
of elements in the subgroup n. A plot generated from these
subgroup averages is shown in Fig. 2b; it is used for qudity
control purposes (QC-Chart) [19,20]. In these charts the
caculated arithmetic sample average is plotted together with
an upper and a lower confidence limit (UCL/LCL). The
subgroup averages, which are included in the plot, show a
significant drift in the analyzed time series data. The question
whether two subsequent averages can be further averaged is
answered using statistical tests (F-test, t-test) [21,22]. The
andysis of along dataset can be very time consuming and,
therefore, it would be convenient to find a more efficient
method to determine the optimum averaging group size.
Based on the definition of the general variance [23]

I M
(A, — A)?, 3)
n—

where M is the number of groups used in obtaining a sample
variance, T is the time interval between the beginning of two
successive measurements and t is the integration time. To
investigate the variance of the mean A, which is defined by:

Va(A) = s?N = s?/ Mk, (4)

no special assumptions will be made. Equation (4) can be
used with a special choice for the number of subgroups
M; for convenience, if we choose M = 2 the number of
elements in each subgroup k = N/2 (Fig. 2c). This yields
the following expression for the variance of the mean:

oA (M, T,T) =

1 - )
Var(A, M =2) = >— > (A4, - A)
n=I1
L A 12 2 2 /(71
= E[x\zfAll =0y =0°/(2k). (5
s A2 is the well known “Allan-Variance’, which was intro-

duced by Allan[24] in 1966 for the characterization of fre-
guency standards (see next section). It can be shown that the
choice of M = 2 is the best value for high drift sensitivity
[23]. The so called “bias function”, B, defined by:

(o*(M, T, 1))
(622, T, 1)) ’

is tabulated in [25] and reflects the ratio between the general
variance and the Allan variance for a given ratio t = T/t
and a given noise type m For white noise (represented by
m= - ), the bias function B; = 1. This is very important,
because it means that, in the case of a white-noise dominated
system, the Allan variance is equivalent to the variance of
the mean and, as the variance of the mean is a measure for
the detection limit, the Allan variance can be used to predict
the detection limit.

B,(M,r,p) = (6)
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Until now only a single value for the Allan variance has
been calculated. For an instrument characterization the next
step is to caculate the expected value for the Allan variance
from a set of m' independent measurements to obtain a
more precise estimate for the detection limit. If s denotes
the subensemble number, the ensemble average & fi, of the
Allan variance & 24fi is given by:

m’
7
| -~
5 5
Oale =757 2 (A, ,— A, )",
Ale 2m/ ; 2, 1,

(7)

n =1,

From the expected values, the associated variances can be
caculated and give a measure of the accuracy. If the sys
tem is ergodic the ensemble average & 2Afi, can be replaced
by the time average & 2aft which is much more convenient
for practica measurements [23] because sequential measure-
ments are easier than simultaneous ones. As al averages and
variances are a function of the subgroup “binsize’ k, thetime
average a fj of the Allan variance is then given by:

l - ;
— Y [A, (k) — A, k)Y

oa(k)),

k (8)

v =1

!
m=m 1.

& %5(K)fi can be caculated by using the formulas derived
above, and plotted against the averaging factor k on a
log-log plot gives the “Allan-plot” [26] in Fig. 3. It is
assumed that the data are collected over a constant time
interval At, then the time t =k Dt is equivalent to
the averaging or integration time. The lower trace, with a
minimum at an integration time of approximately 60-70 s,
corresponds to the time-series data shown in Fig. 2a. The
other trace of the Allan variance has been calculated from
a data set containing a 10 times higher drift component.
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Fig. 3. “Allan-Plot” calculated from the data in Fig. 2a. At low integra-
tion times white noise dominates and s “p 14, decreases proportional
to the integration time. The drift influence begins to dominate beyond
the optimum integration time t o, @ = 2 describes the influence of a
linear drift
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The decreasing dashed line shows the theoreticaly expected
behaviour of a drift-free system containing only white noise.

After this forma description of the Allan variance and
its relation to the variance of the mean, we will briefly
review and discuss some properties of the Allan variance
as a measure of system stability in the next section.

2 Allan Variance, System Stability and Duty Cycle

The major factor influencing high-sensitivity measurements
is the system stability. As mentioned before, the signal from
a perfectly stable system could be averaged infinitely from
a theoretical point of view. Infinite averaging should lead to
extremely sensitive measurements, provided that limitations
of the dynamic range of the system can be neglected.
Unfortunately, real systems are stable only for a limited time,
and then the question is how long can TDLAS signas be
averaged to achieve an optimum sensitivity with a given
spectrometer and application? It is obvious that every real
unstable system will have an optimum averaging time given
by the drifts in the system such as temperature drifts, moving
fringes, changes in background spectra, etc. Conseguently,
the quality of the spectrometer is given by its stability which,
in analogy to other stability investigations, can be described
using the Allan variance [24,26,27], which has been derived
in the last section. The Allan variance as a function of the
integration time t , is the time average of the sample variance
of two adjacent averages At ) and A q(t) of time-series
data.

Noise contributions S(f), which are encountered in most
systems, are frequency independent “white noise” and fre-
quency dependent I/f and 1/f2 , (a > 1) noise. The latter
noise encompasses a noise a very low frequencies which can
be considered as drift. The time domain stability S sz can
be derived from the frequency domain stability S(f). The
generd formal solution of the trandation among frequency
stability measures has been derived by Cutler [23] in 1971
as.

>0

5 N ¥
o T,n) = 1 [arse
) 0
g Smﬁf.fj)(, M) L
(7 f1)? M2 sin”(7r f7)

where M is the number of data points used in obtaining a
sample variance, f is the Fourier frequency variable, T is
the time interval between the beginning of two successive
measurements, t is the duration of the averaging period,
and r = T/t . The quantity T/t describes the duty cycle
(DC) of the system, and r = 1 means no dead time
due to data sampling and processing. For M = 2 one
obtains, in this nomenclature, the Allan variance [24], i.e.
s%2, T,t) =s2,(T, r). The time dependence of the three
main noise contributions can be derived& from (9); the results
are displayed in Table 1.

Neglecting duty cycle effects for a first interpretation, i.e.
assuming r=1and T =t , theAllan variance can be written
in the following form as a time-domain approximation:

ﬁ::\(T) = (‘v\hilcnni%c( ]/T) T ("l/f £ Z ()drifl‘u'T” ’ (10)

P. Werle et a.

Table 1. Dependence of the Allan variance as a function of the
integration time for a given spectral noise density, with a duty cycle
of |

Noise type Spectral  density o3(7)
SQ)

White o kol7| !

i £ k,

ant fﬁz A']‘T‘

Drift (linear) f3 ky||?

where a characterizes the type of system drift. In the case
of a linear drift, A,;; - A, = constt , we havea = 2.

This means that, depending on the number of averages k, at

short integration times t within the white-noise dominated
region, the Allan variance decreases (proportional to 1/t )

with increasing integration time. As the integration time

increases, the Allan variance shifts from this region into

a drift-dominated region where it again starts to increase

(proportional to the measurement time T). It has been

mentioned in the previous section that in the white-noise

dominated region the square root of the Allan variance

is proportiona to the detection limit and, therefore, can

be used to predict the detection limit of a given system

as a function of the integration time. The Allan variance
plotted as a function of the integration time leads to the

Allan plot, as shown in Fig. 3. The minimum in the Allan

variance corresponds to the optimum integration time t o,

indicated in Fig. 3. The optimum integration time is a

characteristic property for a given instrument: it reflects the

system stability (e.g. quality of line locking, drifts of fringes,

changing background, etc.). Some important conclusions
can be drawn from the Allan plot. The experimentally

determined optimum integration time t o represents the time
t meas Within which the sample and the background spectra
have to be acquired:

t opt >t meas(BaCkground) +t exchange
+ 1 mes(Sample) + t exchangei (11)

where to, nqe is the time required for the removal of
ambient air from the absorption cell. For achieving the same
signal-to-noise ratio the times for background and sample
measurements should be set equal and therefore the actua
optimum spectra measurement time is:

t meas < ( t opt ~ 2t e«:hange)/2 (12)

If sample and background spectra are acquired subsequently
and the integration times are chosen to be smaller or equal
t0 t mes System drifts will not influence the quality of the
data significantly. After this first drift correction the data
can be stored again and anadlyzed in terms of the Allan
variance to find the maximum possible system integration
time. We used the Allan variance as a tool to characterize
the overall stability of the spectrometer or of its individua
components (current controller, temperature controller, etc.),
and to determine the optimum integration time. An example
of an experimental Allan variance analysis will be given in
the next section.

As mentioned before, the drift-free part of the Allan plot
is equivalent to the variance of the mean and its square root
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Fig. 4. The normalized Allan variance, which is proportional to the
detection limit improvement, is plotted as a function of the electronic
system bandwidth reduction. This plot can be used to predict the
optimum number of averages and the detection limit for a given system
and corresponds to the plot in Fig. |

is a measure of the detection limit. While the integration
time is inversely proportional to the detection bandwidth,
a plot of the sendtivity improvement versus the effective
system bandwith Dfg can be derived from the Allan plot.
Such a plot is shown in Fig. 4 and it can be seen that it
is equivalent to the plot in Fig. 1. In Fig. 4 both axes are
normalized, one to a single measurement and the other to the
system bandwidth to indicate the improvement directly as a
function of the number of averages. This shows that we can
determine the optimum integration time, which is equivalent
to the minimum achievable bandwidth, by analyzing system
data in terms of the Allan variance and predict the detection
limit of the investigated system.

So far, the analysis has been made under the assumption
that there is no loss in measurement time due to the
data acquisition. In most real systems, however, the loss
in measurement time due to limited data transfer rates
or extensive online data processing cannot be neglected.
Consequently, it is interesting to investigate the influence of
loss in measurement time. As before, T is the time between
the beginning of successive measurements of duration t . For
a basic approach we do not use the equations in Table 1, but
instead
(‘)i(T) % Z }“'drii'l.nT(Y iz kl/_/' + }‘.whilc noise I /T (13)
Using the duty cycle DC =t /T, the Allan variance can
be plotted (Fig. 5) as a function of the measurement time
T, or the integration time r, parametrized by the duty cycle
DC. The lowest trace in Fig. 5 represents an ideal system
with a duty cycle of 100%. Due to the high duty cycle
the signa-to-noise ratio improves rapidly (measurement
time = integration time) and the line representing the system
drift kp,i; T is reached after approximately 43 relative
time units (A), in this example. The upper trace in Fig. 5,
corresponds to a duty cycle of only 10% and starts to be
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Fig. 5. Allan variance as a function of the measurement time for
different duty cycles of 10%, 50%. and 100%; DC=t /T

drift influenced at about 140 relative time units (D), due to
the less efficient use of the measurement time. The reduction
of the white noise by averaging is much dower with a low
duty cycle, and at substantially higher levels, the averaging
process deteriorates, due to the drift component. When the
100% duty cycle system has reached its optimum integration
time (A) and therefore its highest sengitivity, the 10% system
has reached a detection level (B), which the 100% system
has reached in about one tenth of the time (C).

This anadlysis shows that the duty cycle of the data-
acquisition system should be as high as possible to achieve
optimum system performance; note that only the duty cycle
and not the overall data-acquisition rate influence the system
performance. With respect to Fig. 5, the time scale could be
inms, s or even minutes. Data-acquisition systems based on
a RS232 interface or IEEE-bus often substantially reduce
the duty cycle of the spectra acquisition at high data
acquisition rates due to their limited data transfer speed
and hand-shake procedures. To increase the duty cycle for
spectra acquisition, it is recommended that parallel data
processing using transputer technology and real-time digital
signal processing be used. This is advantageous especialy
in multi component instruments where for each target gas
the spectral data have to be averaged and analyzed parallel
in rea time to applications where a rea-time display of
concentrations is required.

3 Experimental Results

The performance of a single-tone frequency-modulated (FM)
TDLAS instrument designed specificaly for field measure-
ments was anadyzed in terms of the Allan variance intro-
duced in the preceding sections. The measurements focussed
on NO, one of the important atmospheric pollutants. The in-
strument was similar to that described by Werle [16] but
the single-pass absorption cell was replaced by a multipass
White cell.

The optical system of the instrument is shown schemati-
caly in Fig. 6. A diode laser (Fujitsu TDL-1600-N-OSl) is
housed in a liquid-nitrogen cooled dewar. The laser light
is collected and collimated by an off-axis paraboloid mirror
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(OAP). The laser beam is then directed onto the entrance
of a commercial White cell module (base length 62.5 cm,
Mitek MDS 1600) with internal focusing optics. The out-
going beam is directed onto a high frequency HgCdTe photo-
voltaic detector (Société Anonyme de Telecommunications,

Model C1A) A beamsplitter in front of the White cell mod-

ule directs part of the laser light through a reference absorp-
tion cell filled with NO, at a pressure of a few millibars and
is detected by a second high-frequency HgCdTe detector.
The signal from this reference channel is used to monitor the
line shifts and to lock the laser frequency to the absorption
line by adjusting the laser temperature or current. The opti-
cal setup can be prealigned using a 670 nm semiconductor
laser coupled into the spectrometer path by a pellicle beam
splitter. Because of low transmission in the infrared, the pel-
licle beam splitter is kinematically mounted and can be re-
moved during the trace-gas measurements. To accommodate
a possible deviation angle between the lobe of laser emis
sion and the laser mount axis, the LN,- dewar is mounted

on axyz-stage alignable within 30°. For optimum signal-
to-noise ratio [28], the absorption path length in the White
cell is adjusted to 27.5 m. The optical setup is mounted on a
1 m x 0.6 m optical breadboard and is enclosed in a box to
improve the therma stability and, by flushing the box with
dry nitrogen, changing broadband atmospheric absorptions
are reduced. The dectronic setup for laser modulation and
signal detection of the single-tone FM-TDLAS instrument
has been reported by Werle et al. [9].The frequency of

the laser was swept over the selected NO, absorption line
by a ramp from a computer controlled ramp generator. The
sweeping frequency was chosen to be 345 Hz to discriminate
against mechanical vibrations.

For the selection of an absorption line the laser could
be tuned without mode hop from 250 mA to 290mA and
the FM spectrum was recorded with and without calibration
gas. These records are shown in Fig. 7atogether with atrans-
mission signal from a Germanium etalon. After background
subtraction the resulting spectrum was linearized using the
Ge etalon fringe spacing to obtain the upper trace in Fig. 7b.
For NO, measurements the absorption line at 1600.413cm™
was chosen since its background was amost free of distur-
bance from the nearby pressure-broadened H,O lines. The
line consists of two unresolved lines of equal line strength of

P. Werle et dl.
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Fig. 7. a Recorded traces of calibration gas, zero air for background
determination and Ge etalon for frequency linearisation. b Line iden-
tification: corrected FM spectrum of NO, vsHITRAN data

1.17 x 10"° cm/molecule. The line identification was con-
firmed by comparing the FM spectra of NO, with water
traces using the HITRAN line compilation [29] (Fig. 7b).
The optica density of the 100 ppbv NO, calibration gasin a
White cell was caculated to be 5.3%o0 using a Voigt profile
and was in good agreement with the direct absorption mea-
surement with a photoconductive detector without frequency
modulation. Consequently, 1 ppb of NO, in the following
data corresponds to an optical density of about 5 x 10°.

To characterize the performance of the instrument in
terms of the NO, detection limit and detectable optical
density, a series of NO, measurements in ambient air have
been made. A characteristic FM spectrum obtained from an
ambient raw spectrum after background subtraction is shown
as the lowest trace in Fig. 8. This spectrum is the result of
averaging 256 spectrain 740 ms and is almost noise free on
this scale. The electronic bandwidth was set to 1.5 kHz. The
spectra averaging then results in an effective bandwidth of
5.86 Hz. The mixing ratio of NO, was calculated by a least-
squares fit of 27 channels to the corresponding channels of
the calibration spectrum at 12 ppbv. The fit resulted in a
mixing ratio of 1.17 ppbv withan 1s error of 31.5 pptv. The
confidence range given in Fig. 8 is defined as la fit-error
times the Student t-factor at 95% statistical significance.
Using 25 degrees of freedom in the fit, the t-factor is 2.06
leading to a confidence range of 63 pptv. The measured
NO, FM-spectrum corresponds to an optical density of
62 + 3.34 x10® measured within 740 ms.
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Spectra like those in Fig. 8 were recorded for severa
hours. Figure 9b shows a continuous NO, measurement in
ambient air. The data were obtained near the ingtitute with a
time resolution of 1.5 s (50% DC) during one afternoon. The
observed NO, spikes are due to cars coming in and out of a
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Fig. 10. Measurement of a 12 ppb NO, calibration gas mixture and
the corresponding “Allan-Plot” as a function of integration time.
The minimum indicates that the most sensitive measurements can
be achieved with a 60 s integration time. As no drift should occur
between background and sample measurement, the maximum available
averaging timeis 25 s, yielding aminimum of about 10 ppt

nearby parking lot, most of the regular spikes are coincident
with the local bus schedule. The calibration and background
measurements have been removed from the plot to avoid
confusion. Figure 9a shows an expanded part of these data
and the record of some control parameters for amplitude
and frequency stability of the system. The presentation of
NO, concentrations in the upper trace includes background
and cdibration measurements which have been omitted in
Fig. 9b. For a complete description of the measurement, the
frequency and amplitude stability of the reference channel
are also shown in the lower two traces of Fig. 9a. The second
trace shows the confidence range for each measured point
with an average value of 65 pptv. The total confidence range
varies from approximately 10-100 pptv. The system will be
analyzed in detail to investigate the reason for this variation.
The performance of the system, characterized by the Al-
lan variance, as proposed in the previous sections, has been
investigated and the result is shown in Fig. 10. The Allan
plot was generated from a continuous measurement of zero
air spiked with 12 ppbv of NO, from a calibration source
for a period of 600 s with a time resolution of 1.5 s. The
linearly decreasing part of the Allan variance is white-noise
dominated, and the value of the Allan variance in this part
is equivaent to the value of the statistical variance. Conse-
quently, the square root of s ,? is an estimate of the detection
limit. At an effective integration time of 1.5 s the detection
limit estimated from the Allan variance (1.2 x 102 ppb?)
was 34 ppt ( £25%), which was in good agreement with the
detection limit estimated from the fit errors (la) a small
concentrations (3 1.5 ppt). Further averaging of spectra im-
proves the Allan variance to 4 x 10° ppb? giving a de-
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Fig. 11. Determination of the exchange time congtant for the White cell
used in the FM measurements. which is about 5 s for 99% removal

tection limit of about 6.3 ppt at the optimum integration of
60 s. From the linearly increasing part of the Allan variance
it can be seen that the drift influencing the spectrometer is
not purely linear since the value for the sope is lower than
that expected theoreticaly.

The minimum of the Allan variance at 60 s indicates that
the detection limit of the spectrometer can be improved by
integration up to the optimum integration time t 4y, 60 sin
this particular case. At longer integration times, the Allan
variance, and with it the instrument detection limit, will start
to deteriorate as a consequence of instrumental drifts. In
practical terms this means that the complete measurement
sequence consisting of the acquisition of the ambient air,
zero air and calibration gas spectra has to be completed
within 60 s. For calibration purposes higher concentrations
are usually used with correspondingly large signals that
are much larger than the fringes in the FM spectrum.
Provided that the laser frequency is kept constant by line
locking, the acquisition of the calibration spectrum can
then be omitted from the measurement sequence. This is
advantageous since a substantial part of the time is needed to
exchange the gas in the White cell after switching, say, from
zero to ambient air. To investigate the time required for gas
exchange in the multipath absorption cell, NO, calibration
gas with a mixing ratio of 11 ppbv from a permestion
source was switched off and on. During this experiment
the flow through the White cell with a volume of about 6 1
operated at 26.7 mbar was 10 |/min STP (0° C, 1013 mbar).
The exchange time t g (1/€), calculated from the signal
response in Fig. 11 was approximately 0.95 s. The exchange
time to achieve 99% exchange is then approximately 5 s.
Taking this gas exchange time into account, only 25 s are
available to take each measurement and background spectra.
Based on the achieved detection limit of 34 pptv at a 1.5 s
measurement time, the spectra integration during this time
interval would then improve the detection limit to about
10 pptv, corresponding to a detectable optical density of
5x 107. As it has been mentioned before, the duty cycle
for these measurements was approximately 50%. At a 100%
duty cycle, an improvement by a factor of €2 could be
possible (Fig. 5), but this has not yet been demonstrated in
practice because of the limiting data-processing capabilities.

Some factors controlling system stability were investi-
gated by monitoring several parameters during the measure-
ment. The analysis of these measurements revealed a good
correlation between the deviation of line locking from the
line center (in MHz) and the confidence range obtained from
the fit. The upper trace of Fig. 12 shows the measured drift
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of the line-locking deviation, the second trace represents the
absolute deviation values which correlate well with the cal-
culated confidence range shown in the third trace. The con-
fidence range under “line-locked’ conditions is about 50 ppt
and it may degrade by a factor of 10 when the deviation
is large. This shows that improved line locking can im-
prove substantialy the stability of the instrument and thus
the achievable detection limits.

4 Summary and Conclusions

The sensitivity of an TDLAS instrument can be improved by
averaging over a long time scale; but at optical densities of
the order of 10® the sensitivity is usually limited by fringes

due to unwanted etaons. In principle this limitation can be
avoided by subtracting the backgound (zero air) absorption
spectra from the spectrum of ambient air. This procedure
inherently assumes that the instrument is stable during the
time needed for the acquisition of both spectra, i.e. that the
fringes do not move in the meantime. As shown here, the
stability and the resulting detection limits of the instrument
can conveniently be described by the Allan variance. The
Allan plot provides information about the optimum aver-
aging time for the spectra and so dlows the prediction of
the ultimate detection limits of the spectrometer. The Al-
lan variance can aso be used to analyze the performance of
individual components of the spectrometer. If the optimum
integration time has aready been determined for an instru-
ment, it may be necessary to check its value from time to
time, especially under field-operating conditions or in mon-
itoring station systems, where parameters could change and
so degrade the system’s performance. With an automated
spectrometer, the stability tests can be run under computer
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control by analyzing a time series of low-level calibration
data and, therefore, the system can be placed under adaptive
control for the averaging time constant to collect background
and ambient spectra.

A proposed use of the Allan variance has been demon-
strated using an actual FM-TDLAS instrument with a multi-
pass absorption cell. The detection limit of 31.5 pptv mixing
ratio of NO, with an effective bandwidth of 5.86 Hz was
in good agreement with the detection limit derived from the
Allan variance (34 pptv). The analysis further indicated that
the best detection limits can be obtained when the whole
measuring sequence, consisting of the ambient and zero air
spectra, is completed within the optimum integration time
Topt Which was 60 s in the case of our instrument. Taking
this optimum integration time and the gas exchange in the
multipass absorption cell into account, the detection limit
could be improved to about 10 pptv, corresponding to a de-
tectable optical density of 5 x 107. Further improvements
of the detection limit could be possible by improving the
line-locking system, reducing cell volumes for faster gas
exchange, and by raising the duty cycle for the spectra ac-
quisition and averaging system.

If the first stage optimum integration time has been
determined by the procedures described above, the ambient
and the corresponding background spectra must be measured
within this time to make sure that no significant drift
degrades the system’s performance.

This procedure should reduce significantly drift effects
in the concentration values. From a theoretical point of
view the observed drift effect should be diminated but,
practicaly, residual drifts will occur. It is important then
that the resulting data are again anayzed in terms of the
Allan variance. The expected minimum resulting from this
second-stage Allan plot gives an estimate for the ultimate
sengitivity which can be achieved.
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