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Abstract. Substantial improvements of tunable diode laser absorption
spectroscopy (TDLAS) with respect to detection speed and limits were
obtained by introducing high-frequency modulation schemes, but the ex-
pected quantum-limited performance with optical multipass cells has not
been attained yet on a routine basis. This paper is primarily devoted to
the question of how refractive index fluctuations generated by a turbulent
gas flow through an optical multipass cell affect the phase of a
frequency-modulated laser beam and therefore influence the perfor-
mance of highly sensitive spectroscopic measurements. It has been
found that for measured pressure fluctuations of about 80 ubars in such
a multipass cell, the expected sensitivity is limited to 7 x1077 in terms of
optical density, which is more than one order of magnitude above the
quantum limit. Further sensitivity improvement by signal averaging is
limited by 1/f noise contributions from turbulence for integration times
longer than 30 s. The consequences of the pressure fluctuations for
absorption measurements with tunable diode laser-based systems are
discussed with respect to state-of-the-art technology detection limits.
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1 Introduction

In situ trace gas analysis at subparts per hillion levels im-
poses high demands on analytic instrumentation. Fast, ac-
curate, rugged and operationa instruments are needed for
environmental and process monitoring, medical diagnos-
tics, plasma analysis, and atmospheric research™. The

great number of gaseous pollutants and their generally low
variable concentrations with large local differences pose
challenging requirements to analytical techniques’. Ultra-
sensitive instruments free of interference from other atmo-
spheric constituents are reguired to measure free radicals
and other reactive species in the atmosphere. Since the ab-
sorption spectrum is characteristic for each molecule, spec-
troscopic methods allow highly specific detection of many
substances. The so-called “fingerprint region” in the mid-
infrared from 3 to 20 um with strong rotational-vibrational
absorption bands is the preferable wavelength region for
tunable diode laser absorption spectroscopy (TDLAS),
which is being frequently used for measurement of trace
gas pollutants in the atmosphere'™.

The TDLAS spectrometers usually work with multipass
absorption cells to achieve high sensitivity. To alleviate
problems by absorption line overlap, these absorption cells
are usualy operated at low pressure, where the linewidth
has substantial Doppler contribution. In most sensitive in-
struments, 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
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modulation techniques are used to reduce the |/f-laser
noise. With derivative spectroscopy using lock-in detection
at kilohertz modulation frequencies, typically detection
limits on the order of 0.1 ppbv were achieved for many
smaller molecules in the air with spectra averaging times of
a few minutes™. Although these detection limits are suf-

ficient for many applications, still better detection limits are
required by modem atmospheric research. Substantial im-
provements of TDLAS detection speed and detection limits
were obtained by using high-frequency modulation (FM)
schemes®®. The FM techniques determine the absorption

or dispersion of a narrow spectral feature by detecting the
heterodyne beat signal that appears when the frequency-
modulated optical spectrum of the probe wave is distorted
by the spectra feature of interest. In contrast to conven-
tional derivative spectrometers, where the laser is modu-
lated at severa kilohertz, in an FM spectrometer the laser
source is modulated with an rf current of about 100 MHz
for the so-called single-tone technique®®. However, to

achieve the sensitivity improvement using the FM tech-
nique and to build instruments for routine high-sensitivity
measurements under field conditions like trace gas flux
measurements'®!L, Many practical problems still have to be
solved.

The absogations that have to be detected are usualy
small (<I0™), and to achieve sensitivity adequate for en-
vironmental monitoring, absorption spectrometers require
long optical paths. In instruments with a limited size, long
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absorption path lengths up to several hundreds of meters
have usually been provided by multireflection optical sys-
tems, of which the most well known are the systems in-
vented by White?and by Herriott'®. In al these systems
the sensitivity gained by lengthening the absorption path is
increasingly offset by the attenuation of the radiation power
throughput, due to the increasing number of reflections and
the imperfect reflectivity of the mirrors. Consequently, each,
absorption spectrometer has to be operated with an optimal
number of reflections in multireflection absorption systems
to achieve the highest signal to noise ratio (SNR). At con-
ditions usually encountered in tunable diode laser spec-
trometers, the optimal number of passes for the FM spec-
trometers has been found to be much smaller than the
optimal number of passes for the spectrometers using the
conventional derivative technique. This finding implies
that, if both techniques are operated with an optimal num-
ber of passes, the introduction of FM techniques can im-
prove the ultimate SNR in spectrometers using optical mul-
tipass cells by only about an order of magnitude. Although
still highly desirable, this is substantially lower than the
two orders of magnitude potential improvement derived
solely from the noise analysis, without considering the use
of multipass cellst®.

Trace gas measurements near to the detection limit are
usually performed by measuring aternatively the spectrum
of the ambient air and the background spectrum, i.e., ar
devoid of the target substance. This procedure is based on
the inherent assumption that within the time interval needed
for the acquisition of both spectra the background struc-
tures do not move. If this assumption is fulfilled, the sub-
traction of the background spectrum from the ambient spec-
trum would provide the absorption spectrum of the target
species which, to a first approximation, is only subject to
random noise. After the subtraction of background struc-
tures, the ambient spectrum is fitted to a calibration spec-
trum. This spectrum is obtained with the absorption cell
filled with calibration gas, which, for example, can be ob-
tained from a permeation-based calibration system. From
time to time such a spectrum is recorded and stored for
signal processing. Signal processing concepts for TDLAS
must provide a means for correcting frequency and ampli-
tude fluctuations as well as having some capability to cope
with changing background structures®Y’,

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 al-
ways substantially smaller than the one expected on the
basis of the square root relationship. The observed devia
tions are most probably caused by the violation of the as-
sumption of stationarity. It is obvious that most systems
will have an optimum averaging time determined by the
drifts in the system such as temperature changes, moving
fringes or background changes. The instrument stability can
be described using the Allan variance'®!® . As long as white
noise dominates the system, the Allan variance is equiva
lent 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 func-
tion of the integration time usually shows a minimum,
which corresponds to the optimum integration time, typi-
cally on the order of 40-100 s. This finding has been con-
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firmed by many other researchers (private communication
from A. Fried, H. Riris, and G. Harris). The optimum inte-
gration time is a characteristic property for a given instru-
ment because it reflects the overall stability and therefore
can be used to predict the ultimate system performance.

In most sensitive instruments, the diode laser is repeti-
tively tuned over a molecular absorption line and the spec-
tra are averaged over a specified time interval. When the
wavelength of the diode laser is tuned over an absorption
ling, a periodic fringe structure® is superimposed on the
desired signal from the absorption of the target gas
(“ étalon-effect”). If this fringe structure is generated be-
tween the reflecting mirrors in the multipass absorption
cell, thermally induced mechanical drifts cause a change of
the fringe structure, which usually limits sensitivity due to
their variation with time. But even if the losses, which are
responsible for the "étalon-effect”, could be eliminated,
e.g. by an optica isolator, interferometer effects remain and
for sensitive measurements, say at optical densities below
10°®, short-term changes in the optical setup of only a few
micrometers can significantly influence system perfor-
mance?!. Signal fluctuations at low optical densities caused
by interferometric effects might provide an explanation for
the fact that the expected improvement in system perfor-
mance after the application of high-frequency modulation
schemes to spectroscopic systems designed for conven-
tional derivative spectroscopy has not yet been attained on
aroutine basis.

The question now is, “ What are the short-term fluctua-
tions that limit sensitivity?” As has been mentioned, a lim-
ited system stability has been observed by many research-
ers who use quite different system designs but similar state-
of-the-art mechanical, optical, and electronic components
with respect to temperature coefficients, for example.
While temperature effects seem to dominate when we in-
vestigate drift effects, short-term fluctuations might be
caused by a turbulent gas flow in the commonly used opti-
cal multipass cells.

There are actually three ways in which pressure fluctua-
tions can degrade diode laser performance: The first one
relates to the fact that refractive index-induced phase fluc-
tuations affect the measurement in sensitive phase-
detection schemes. In this context, pressure fluctuations are
shown to cause a change in phase between the carrier and
sideband wavelengths. These fluctuations then result in
voltage fluctuations out of the phase-sensitive detector,
which is set for a constant phase. The second effect relates
to the fact that pressure changes in the cell directly result in
optical changes. The third effect results from various spa-
tial imaging fluctuations on the detector. In this paper the
focus has been on investigations of how fluctuations of the
refractive index trandate into phase fluctuations of the
transmitted laser light and how this effect can be identified
as a limiting factor for ultrasensitive FM spectroscopy with
multipass cells.

2 Fluctuations of the Refractive index, Optical
Path Length and Detection Phase

This paper focuses on problems associated with the propa
gation of laser beams through turbulent flows in optica
multipass cells, where very small changes in the refractive
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index are present. These small changes are related prima-
rily to the small local variations in temperature and pres-
sure that are produced by the turbulent motion of the
sample gas when the air is expanded from atmospheric
pressure into the low-pressure regime of the multipass cell,
which is typically operated at a reduced pressure of about
30 mbars. While the refractive index variation from the
mean value is very small, in atypical situation of practical
interest, alaser 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-arrival fluctuations or
beam wander, intensity fluctuations, and beam broadening.
As an aid in understanding the effects of the refractive in-
dex fluctuations, a region of high or low refractive index
can be thought of as an eddy, which may behave the same
way as alens. In this modd the cell atmosphere may be
thought of as a large number of random lenses having dif-
ferent shapes and scale sizes, which move randomly
through space. It should be kept in mind, however, that the
refractive index is varying within an eddy, and no discon-
tinuities in the refractive index are present. The refractive
index of airat optical frequencies is given approximately
by

n= 14776 (1+7.52x 102 ") x 2 x 0%, )

where p is the atmospheric pressure in millibars, T is the
temperature in Kelvin, and X is the wavelength of light in
micrometer. Therefore(n — 1) is a measure of the deviation
of the refractive index from its free-sPace value, and at sea
level it has atypical value of 3 X 10°. Inwriting Eq. (1),
we have neglected aterm that depends, on the water vapor
pressure, which contributes significantly less than 1%. A
more extensive analysis of optical refractive index can be
found in the literature®®. To estimate detection limits,
path length and phase fluctuations, we must know how to
relate changes in refractive index to changes in pressure.
We accomplish this by finding the differential of (1) and
assume a near-infrared spectral region and furthermore do
not account for temperature fluctuations, 6T, as we were
not able to measure the fast fluctuations in our experiments.
Then we obtain at room temperature?®

D
— X =
on=178 T

o T} 0-6~2.6x% 10~ 6p(mb

7 T 1 ~2.6X p (mbar). 2
The fluctuations in the refractive index trandate into

fluctuations of the effective optical path length according to

SL=LyX on, )

where L, is the absorption path lenth, of afolded laser
beam in the optical multipass cell. Typical values range
from 10 to 200 m. So far we have a concept to show how
pressure fluctuations tranglate into fluctuations of the opti-
cal path length in a multipass cell. Next we will relate this
to phase fluctuationsin an FM spectrometer.

In a recent publication it has been discussed how a
frequency-modulated laser beam can be interpreted as a
two-color source, with emission at the laser carrier wave-

Table 1 Effect of small pressure fluctuations, dp, on refractive in-
dex, én, variation in optical path length, 6L, and phase jitter, 6¢,
which can ultimately limit the system performance.

Fluctuation of

Pressure 5P  Refractive indexén  Path length L Phase 8¢
30 ubars 7.8x10° 0.8 um 2.6%x1077
100 ubars 2.6x108 2.6 um 8.7x1077
300 pbars 7.8x10°® 7.8 um 2.6x107°

length, ), , and a sideband, gz, obtained by a smulta-
neous AM-FM modulation of thecarier? Each of the two
beams is related to the absolute absorption path length,

Labs » by
Labs= @1 XA, (4a)
Lops= 2 X Nsp. (4b)

Multiplying Eq. (4a) by \sz and (4b) by A; and subse-
guent subtraction we obtain:

Asgh
Lux=($1= 6% o5 = 9A,
©
ey
- = =

s >
Asg=AL  Vpod

where c is the speed of light in the medium, A, is the beat
wavelength, v, IS the modulation frequency and ¢ isthe
phase difference between the two beams. This can be re-
written to obtain the relationship between path length fluc-
tuations, 6L, and the resulting phase fluctuation, é¢,

6¢=06L/IA;=8LX vy4lc. (6)

These phase fluctuations translate into voltage fluctuations,
oU, after applying a phase-sensitive detection scheme (e.g.,
lock-in technique), which is usually applied in sensitive
spectroscopic systems.® For small changes of the detection
phase (i.e., sin( 6¢)= 6¢), we can assume a 1:| correspon-
dence between phase jitter and phase-sensitive detection
voltage jittef’ and thus combining (2), (3), and (6) we
measure

78X vpeaX Ly

-6

X 107X p, 7
where again dp is the pressure fluctuation in millibars and
T is the temperature in Kelvin. If we apply a frequency
modulation scheme to measure weak absorptions and dis-
persions, we find that these fluctuations of the output volt-
age are superimposed on the desired signal and therefore
degrade the signal-to-noise ratio and system performance.
For a modulation frequency v,,.,q of 100 MHz and an opti-
cal pathlength L, of 100 m, we can calculate the expected
phase fluctuation, é¢, from Eq. (7) and we obtain Table 1.

Aswe can see, pressure fluctuations of about 100 ubars
translate into phase fluctuations of about 10-¢, whichisa
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typical value for current detection limits in FM-TDLAS
systems applying optical multipass cells. The phase fluctua-
tions have the same statistical properties as refractive index
fluctuations and the variations in optical refractive index
are caused by variations in pressure and temperature. The
refractive index fluctuations that we are considering are
those that result from the turbulent flow through a multi-
pass cell and therefore the index of refraction is not a con-
stant, but a function of both time and space.

In practice, we usually expect that signal averaging will
improve the detection limits, but care must be taken with
appropriate averaging times when determining time aver-
ages and we have to ensure stationarity during the averag-
ing interval. The notion of stationarity is the time-domain
analogy of spatial homogeneity. Stationarity implies that
statistical quantities such as the mean and variance do not
vary with time. For example, if we find the mean value at
t,,, it should be identical with the value found at t, + t. The
mean referred to is the ensemble mean or expected value
and we average over different realizations of the random
process. Unfortunately, we do not have at our disposal an
ensemble of identical experimental setups that we may use
for simultaneous experiments. Usualy we have a single
function of time, say, of trace gas concentrations, and we
must invoke the assumption of ergodicity to obtain esti-
mates of ensemble averages. An ergodic random process is
one in which the infinite time average is equa to its en-
semble average and, if we can make this assumption, then
we can substitute time averages wherever we have en-
semble 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 bandlimited so
that a reasonable averaging time will give a stable number.
How long to average and what filtering effects the averag-
ing time, record length, and sampling rate have on the ob-
servations is the subject of an entire area of research-time
series andysis??  For fluctuations of a stationary random
variable &, say the index of refraction n or the pressure p,
the Wiener-Khinchine theorem establishes a Fourier trans-
form relationship between the autocorrelation function
A&T), and the power spectrum of a stationary random pro-
cess, Ww). For =0 we obtain the statistical variance
from the power spectrum:

A§(0)=J’ Wg(w)de=0'§-=—variance. (8)

It has been pointed out earlier” that the mean and variance
can be calculated from time series data to obtain a measure
of the accuracy and stability. It is assumed that the data are
collected over a constant time interval, At; then the time
7=k X At is equivalent to the averaging or integration time.
All averages and variances of the s=1...m subgroups are a
function of the integration time = and the time average of
the Allan variance can then be defined as:

1 m
(TAM)=5 X 2 [Aser(7) = 4]

- 0
A(n)=£X IZX@_UM s=lem  7=kXAL
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Fig. 1 Experimental setup for the measurement of pressure fluctua-
tions usina a calibrated pressure sensor, P, and a microphone for
broadband measurements. The pressure gradient within the optical
multipass cell is about Ap=30 ubars.

The Allan variance is the time average of the sample vari-
ance calculated from adjacent averages A(7) and Ay, ;(7)
of time series data. If we plot (o,%(k)), versus the averag-
ing time 7 on a double logarithmic scale, we obtain
the Allan plot'®. The noise contributions S(t), which are
encountered in most systems, are frequency independent
(white) noise and frequency dependent 1/f*(a=1) noise,
which can be considered as drift. At short integration times
7 within a white noise-dominated region, the Allan variance
decreases (proportional to 1/7) with increasing integration
time. For longer integration times, the Allan variance shifts
from this region into a drift-dominated region where
it again starts to increase proportiona to the measurement
time.” |/f-type noise contributions will manifest them-
selves in the Allan plot as a horizontal plateau. It has
been mentioned in the previous section that in the white
noise dominated region, the square root of the Allan vari-
ance is proportional 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. As we will see in the next
section, |/ f - type noise contributions, say from turbulence,
will limit the signal-to-noise ratio improvement by signal
averaging and therefore limit the ultimate sensitivity of a
spectrometer.

3 Measurement of Pressure Fluctuations
in a White Cell

The experimental setup in Fig. 1 shows a commercia 6 1
White cell (Mitek MDS 1600) with a base length of 62.5
cm, which has been used for the investigation of pressure
fluctuations caused by a turbulent gas flow. A calibrated
pressure sensor (MKS 122 AAX) has been connected to an

exhaust valve controller (MKS 252 CX-1) and a linearized
throttle valve (MKS 253A) to maintain a constant pressure
of about 30 mbars inside the White cell using a 65 m*h

pump (Leybold-Heraeus SV 65). A second pressure sensor
(MKS 122 AAX/ 223BD) has been used to record absolute
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Fig. 2 (a) Low-frequency noise spectra for different air flows of
0..10 liters/min through the cell have been recorded with a cali-
brated pressure sensor. The integrated fluctuation for a flow of 10
litersimin is ¢®~50 pars and the peak-to-peak variation (-7 o) is in
this case also about 50 pars. The dashed line illustrate the limited
bandwidth of the sensor; (b) the same measurement has been re-
peated with a broadband microphone showing significant contribu-
tions at higher Fourier frequencies up to 20 kHz.

pressure as a function of the horizontal displacement x and
pressure fluctuations inside the cell with 1 mbar full scale
range and 0.1 ubar resolution. The sensors have been con-
nected to precision digital multimeters (Prema 6001). In the
lower part of Fig. 1 the difference of the two pressure sen-
sors is plotted versus the horizontal displacement x and we
observe a pressure drop, AP, of 30 ubars between the gas
inlet (x=30 cm) and the outlet near the end mirrors (x=0
cm) of the multipass cell. In order to be able to measure
this gradient, the data have been averaged over severa
measurements.

In the next experiment we used the FFT spectrum ana-
lyzer (Advantest R9211 C) to record the frequency distri-
bution of the fast pressure fluctuations at 30 mbars cell
pressure and a fixed position x, but now for different gas
flows through the cell adjusted manualy. Figure 2(a) dis-
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Fig. 3 Time series data from the differential pressure sensor for an
air flow 1, 3, 5, 7, and 10 liters/min through the White cell. The
corresponding Allan plots show 1/f characteristics for integration
times rabove 30 s, indicating that further averaging does not reduce
the noise.

plays the calibrated amplitude in microbars as a function of
Fourier frequencies up to 250 Hz and for flows from 0 to 10
liter/min. It is obvious that an increasing flow corresponds
to increasing turbulence and, therefore, we observe increas-
ing pressure fluctuations. According to Eq. (8), the inte-
grated fluctuations have been plotted in the upper right part
of Fig. 2(a) as a function of the flow through the multipass
cell. A standard deviation of about 7 wbars at a flow of 10
literssmin corresponds to a total fluctuation of about 50
wbars (7 o), which is superimposed on the gradient dis-
played in Fig. 1. Unfortunately the calibrated pressure sen-
sor has a limited bandwidth, which is indicated by the
dashed line in the upper left part of Fig. 2(a). Therefore, the
measurements have been repeated with a high bandwidth
microphone and the corresponding Fourier spectra are plot-
ted again versus the flow in Fig. 2(b). Even if these mea-
surements could not be calibrated in pressure units, they
show that there is a i tificant contribution to pressure
fluctuations from Fourier frequencies up to at least 20 kHz.
Therefore, the total fluctuation displayed in Fig. 2(a) repre-
sents only a lower estimate for the fluctuations.

Figure 3 shows some time series data on pressure fluc-
tuations for different flow rates of 1, 3, 5, 7 and 10 liters/
min for about 25 min. Again we observe increasing turbu-
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lence with increasing flow through the cell. These data have
been analyzed in terms of the Allan variance according to
Eq. (9) and the results are shown in the lower part of Fig. 3.
For short integration times we observe a decrease in the
Allan variance proportional to 1/7, as it is expected for
white noise. For integration times above 10 s, the spectra
become more and more flat and above 30 s they are almost
horizontal. The dlight increase beyond 100 s at higher flows
is due to the drift, which can be observed in the time series
data. As the horizontal plateau in the Allan plot indicates a
I/f-type noise distribution in the spectral representation,
further averaging does not increase sensitivity and therefore
turbulent noise represents a dominant limitation.

4 Summary and Discussion of Quantum-Limited
Performance

A convenient way to describe the sengitivity at a given
signal level is the signal-to-noise ratio. If the noise and not
drift effects 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:

@
(Tandi5n) +<i%/f>

where P is the laser power impinging upon the detector
and Np,, is the corresponding number of photons. The three
main noise currents to be considered are the thermal noise
(TN) of the detector-preamplifier combination, the quan-
mm (shot) noise (SN) and a l/f-type laser excess noise.’®
While the frequency spectra of thermal noise and quantum
noise are generally frequency independent (white noise),
the 1/f noise contribution is frequency dependent. Wide-
band noise measurements indicate that there are regions at
modulation frequencies beyond 100 MHz where the I/f
noise contribution can be neglected®  If we move in de-
tection frequency range into such a potentia quantum lim-
ited (9.1) regime, 1/f noise contributions can be neglected
and the total noise can be approximated as the sum of ther-
mal and shot noise. If sufficient laser power is available on
the detector, the power-independent thermal noise does not
contribute significantly to the total noise and shot noise
remains the dominating contribution. The SNR under such
quantum-limited conditions is proportional to the square
root of the ratio of the laser power Py available at the
detector. For a typical laser we obtain N = 3 x10° photons.
According to Poisson statistics, we expect an ultimate
lower detection limit of about 2 x 108 for quantum-limited
conditions.

This fundamental quantum limit is displayed in Fig. 4,
where the detection limit in terms of phase jitter is plotted
versus the pressure fluctuation in the absorption cell. Su-
perimposed on 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 fre-
quencies of 10 and 100 MHz, the expected relationship
between phase and pressure fluctuations for a path length of
100 m is plotted according to Eq. (7). Furthermore, the
pressure gradient of about 30 ubars and the lower limit of
the peak-to-peak fluctuation of about 50 ubars is displayed.
Owing to turbulent refractive index fluctuations, we obtain

Gl
—— PpxyNpy, (10)

SNR=
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Fig. 4 Phase jitter calculated from the superposition of the pressure
gradient and the variations of the index of refraction caused by local
pressure fluctuations. The experimental7data indicate for the inves-
tigated cell a lower limit of about 7 x 10"  at a flow of 10 litersimin,
but significantly higher values can become evident for high-
frequency noise contributions.

from the combined effect a limit of 5X 107 in terms of
optical density for a modulation frequency of about 100
MHz. The data were derived from measurements at a typi-
cal flow of 10 litersimin. For a smaller flow, smaller fluc-
tuations are expected, as we have seen in Figs. 2 and 3. It
has also been mentioned that the measured data probably
have to be corrected toward higher values, because owing
to the limited bandwidth of the calibrated pressure sensor,
the contribution of high-frequency fluctuations could not be
determined exactly. We estimated from our data a detection
limit as indicated by the shaded area in Fig. 4.

One might get the impression from Fig. 4 that the use of
lower modulation frequency can improve the situation. Re-
ducing the modulation frequency from 100 MHz to 100
kHz would, if Eq. (6) holds, reduce the phase jitter by three
orders of magnitude. To derive the 1:I correspondence be-
tween phase jitter and PSD detection voltage, which we
actually measure, we applied the formalism for high-
frequency modulation schemes in the limit of the low-
frequency modulation index?? The expression for low
modulation frequencies and high modulation index with
higher order sidebands is more complex and requires the
theoretical description of frequency modulation and wave-
length modulation spectroscopy? In any case, system op-
eration at lower modulation frequencies, say 100 kHz or
even 10 MHz, has to be investigated carefully, because one
might run into limitations due to laser excess noise.'l This
is especially important for midinfrared spectrometers using
lead-salt diode lasers, where the presence of even spurious
side modes substantially increases the laser excess noise,
even at 10 MHz. In order to obtain a quantum-limited per-
formance, these excess noise contributions have to be
avoided. We have limited the discussion and the formal
description in this paper to FM spectrometers, because they
have the potential to reach the quantum limit, which has
been demonstrated with short absorption cells.”® 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-a&al fluctua-
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tions, intensity fluctuations and beam broadening. Such ef-
fects should occur when a laser beam propagates through a
large number of refractive index inhomogeneities, and the
cumulative effect can be significant.? Modem multipass
cell designs® already utilize an improved gas flow in order
to obtain a laminar flow for fast exchange times and there-
fore we expect such a Herriott-type cell to be superior for
ultrasensitive measurements at low optical densities. At
least there seems to be evidence for a significant contibu-
tion of turbulent refractive index fluctuations to the detec-
tion limit of state-of-the-art FM spectrometers using atmo-
spheric open paths® and optical multipass cells, and we
think this effect should be considered for systems designed
for near quantum-limited applications.
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