Measurement Science and Technology

PAPER You may also like

Analysis of calibration-free wavelength-scanned tacion af anpwards air-wale fiow using

electrical resistance tomography and a

wavelength modulation spectroscopy for practical wire-mesh sensor

Claudio Olerni, Jiabin Jia and Mi Wang

gas sensing using tunable diode lasers - Design and implementation of a laser-

based absorption spectroscopy sensor for

in situ monitoring of biomass gasification
To cite this article: K Sun et al 2013 Meas. Sci. Technol. 24 125203 David Viveros Salazar, Christopher S

Goldenstein, Jay B Jeffries et al.

- Paper-based water management system
for microfabricated packageless fuel cell
Simon Hamel and Luc G Fréchette
View the article online for updates and enhancements.

@ The Electrochemical Society
Advancing solid state & electrochemical science & technology

242nd ECS Meeting .@ S e—

Oct 9 -13, 2022 - Atlanta, GA, US

Abstract submission deadline: April 8, 2022

Connect. Engage. Champion. Empower. Accelerate.

MOVE SCIENCE FORWARD

This content was downloaded from IP address 101.6.61.59 on 08/02/2022 at 09:20


https://doi.org/10.1088/0957-0233/24/12/125203
/article/10.1088/0957-0233/24/3/035403
/article/10.1088/0957-0233/24/3/035403
/article/10.1088/0957-0233/24/3/035403
/article/10.1088/0957-0233/24/3/035403
/article/10.1088/1361-6501/aa8cf6
/article/10.1088/1361-6501/aa8cf6
/article/10.1088/1361-6501/aa8cf6
/article/10.1088/1361-6501/aa8cf6
/article/10.1088/1742-6596/1052/1/012054
/article/10.1088/1742-6596/1052/1/012054
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjss0vokOcgLnG7AAvQBGgGGvil5eSp4g8BmhPGYQhjdVTaI9pXY4mp424dbgLCbektcqzQqEn_-syNohLdNBZGk2OJflBTkeY445qXqon_mVkaUsbo1pZO5zAKhKY7_gqjtk2RSzIIdTxB81cl5AcE9oOhDllRF7-cN9zrN1UeV-6hw6591MX-ZIgq2jJ9HAuqsF3e4i7UHmoyAK5gMGQu5gDtdQPke392l3A3ftKlBgLsjpM7Eh4_p4hTfDI-kgC5LClzjhVQpDsV_AfzGj8e_pCe895WvwM0w&sig=Cg0ArKJSzDiZ01xmdp_2&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/242/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DBanner%26utm_campaign%3D242Abstract%26utm_id%3D242Abstract

TIOP PUBLISHING

MEASUREMENT SCIENCE AND TECHNOLOGY

Meas. Sci. Technol. 24 (2013) 125203 (12pp)

doi:10.1088/0957-0233/24/12/125203

Analysis of calibration-free wavelength-
scanned wavelength modulation
spectroscopy for practical gas sensing
using tunable diode lasers

K Sun, X Chao, R Sur, C S Goldenstein, J B Jeffries and R K Hanson

High Temperature Gasdynamics Laboratory, Department of Mechanical Engineering,

Stanford University, Stanford, CA 94305, USA

E-mail: kaisun @stanford.edu

Received 16 July 2013, in final form 19 September 2013
Published 29 October 2013
Online at stacks.iop.org/MST/24/125203

Abstract

A novel strategy has been developed for analysis of wavelength-scanned, wavelength
modulation spectroscopy (WMS) with tunable diode lasers (TDLs). The method simulates
WMS signals to compare with measurements to determine gas properties (e.g., temperature,
pressure and concentration of the absorbing species). Injection-current-tuned TDLs have
simultaneous wavelength and intensity variation, which severely complicates the Fourier
expansion of the simulated WMS signal into harmonics of the modulation frequency (fp,,). The
new method differs from previous WMS analysis strategies in two significant ways: (1) the
measured laser intensity is used to simulate the transmitted laser intensity and (2) digital
lock-in and low-pass filter software is used to expand both simulated and measured
transmitted laser intensities into harmonics of the modulation frequency, WMS-nf;,
(n=1,2,3,...),avoiding the need for an analytic model of intensity modulation or Fourier
expansion of the simulated WMS harmonics. This analysis scheme is valid at any optical
depth, modulation index, and at all values of scanned-laser wavelength. The method is
demonstrated and validated with WMS of H,O dilute in air (1 atm, 296 K, near 1392 nm).
WMS-nfy, harmonics for n = 1 to 6 are extracted and the simulation and measurements are
found in good agreement for the entire WMS lineshape. The use of 1 f-normalization
strategies to realize calibration-free wavelength-scanned WMS is also discussed.

Keywords: laser absorption, wavelength modulation spectroscopy, calibration-free, multiple

harmonics

(Some figures may appear in colour only in the online journal)

1. Introduction

Tunable diode laser absorption spectroscopy (TDLAS) is
an established method for in situ, non-intrusive, monitors
of gas composition, temperature, pressure and velocity
[1-8]. With the emergence of reliable, room temperature,
narrow-linewidth, wavelength-tunable diode lasers (TDLs),
such absorption sensors, have transitioned in the past
two decades from laboratory sensors into practical devices
for industrial facilities [9-15]. Wavelength modulation

0957-0233/13/125203+12$33.00

spectroscopy (WMS) and direct absorption (DA) are the two
most common methods for TDLAS sensing.

In DA, the laser wavelength is typically scanned across
an isolated transition and the non-absorbing transmitted
intensity (often called the baseline intensity) is determined
by extrapolating the laser intensity from the non-absorbing
regions at the extremes of the scan to account for laser
intensity variation with wavelength. This baseline (incident)
intensity and the transmitted intensity are combined with the
Beer-Lambert relation to determine the transition lineshape

© 2013 IOP Publishing Ltd  Printed in the UK & the USA


http://dx.doi.org/10.1088/0957-0233/24/12/125203
mailto:kaisun@stanford.edu
http://stacks.iop.org/MST/24/125203

Meas. Sci. Technol. 24 (2013) 125203

K Sun et al

and the integrated absorbance. For homogeneous gases
the interpretation of DA data is quite straightforward, as the
integrated absorbance depends only on the line strength of
the transition, temperature, pressure, absorber mole fraction
and pathlength. DA is the method of choice for systems with
isolated transitions of sufficient strength (i.e. high signal-to-
noise (SNR) measurements of the absorption attenuation of
the transmitted intensity) and a transition linewidth small
enough to allow the laser to be wavelength-scanned on/off
the absorption transition.

By contrast, the WMS method is advantageous for
applications with small absorbance, high pressure or for
absorbers with closely spaced transitions, which are blended
in the wings precluding measurement of a non-absorbing
baseline. In WMS, the laser wavelength is modulated at
frequency fy, and signals are detected at the harmonics nfy,,
isolating the signal from low-frequency noise [16—19]. The
majority of WMS applications involve the detection of trace
quantities of the target species with very small absorption
signal. Except for the first harmonic, the WMS signals are
ideally detected against a zero or near-zero background, while
DA is detected as the difference between transmitted intensity
with and without absorption. Thus, the WMS SNR is improved
compared to DA by the ability to detect a small signal
against a near-zero background at detection frequencies well
above low-frequency intensity noise. In addition, detection
of the transmitted intensity synchronously with modulation
also provides WMS immunity from optical emission from
the measurement volume (although for highly luminous
applications care must be taken to insure the detector is not
saturated).

The WMS signals at all of the harmonics are proportional
to laser intensity, and the WMS signal at 1f,, is dominated
by the intensity modulation from injection-current-modulated
TDLs. Thus normalizing the WMS-nf,, signals by the
WMS-1f,, signal can account for variations in laser
intensity, including non-absorption losses such as light
scattering or beam steering [20-26]. This normalization
enables quantitative WMS absorption measurements without
determining a zero-absorption baseline [24, 25], making
wavelength-scanned, 1 f,-normalized WMS-nf}, an attractive
strategy for absorption measurements in harsh (i.e. high-
pressure, high-opacity, high-emission, high-temperature)
environments, especially where the laser cannot be tuned to a
non-absorbing wavelength.

The WMS absorption signal is the product of terms
proportional to absorbance and the lineshape of the absorbing
transition convoluted with the modulation. Thus, the analysis
of WMS absorption is more complex than DA. Traditional
simulation of the WMS absorption signal [27-31] uses the
Beer-Lambert relation to combine an analytic model of the
modulation of wavelength (and intensity) with a simulated
absorption spectrum to calculate WMS-nf;,, harmonics
via Fourier expansion. Unfortunately, injection-current-
modulated TDLs have simultaneous intensity modulation
requiring an additional analytic model of the TDL intensity
versus time. Thus, the Fourier expansion becomes quite
complicated when the simultaneous modulation of laser

intensity and wavelength are combined with a realistic
absorption lineshape [32-34]. There is a large literature of
analytic models that simulate WMS spectra; however, almost
all these models are restricted by simplifying assumptions.
For example, some models are valid only when the intensity
modulation can be neglected [16], the modulation depth is
small [31], or the modulation frequency is low [22]. Others are
only accurate when the intensity modulation is linear, and may
not be suitable for external-cavity lasers where the nonlinearity
in intensity modulation can be large [35]. Related work in our
laboratory [21] accounted for nonlinear modulation of the laser
and the finite phase shift between intensity and wavelength
modulation in its analysis of optically thin WMS at transition
line center. Later this work was expanded to calibration-free
measurements with larger optical depth [25]. These models
become even more complex when the optical system has
additional wavelength-dependent intensity variations (e.g.,
wavelength-dependent transmission interference (etalons) or
the use of a semiconductor optical amplifier with wavelength-
dependent gain to increase the laser power). Such difficulties
are even more pronounced for wavelength-scanned WMS
where the laser-dynamics of injection-current-tuned TDLs
cannot be accurately described by a Fourier series of a single
modulation frequency [36].

However, wavelength-scanned WMS is crucial for
practical TDL sensors. A wavelength-scanned approach is
needed to avoid problems of a drift of the mean laser
wavelength with time, where the mean wavelength is defined as
the center wavelength of the modulating laser. Such drifts move
fixed-wavelength WMS measurements off the line center of
the transition. Without independent calibration or wavelength
monitoring, such drifts produce unacceptable uncertainty
for a practical fixed-wavelength WMS sensor. In addition,
wavelength-scanned WMS can be used to measure velocity
and/or pressure (via transition lineshape) [36, 37].

Here we present a new comprehensive and accurate
approach to analyze wavelength-scanned WMS absorption
signals at all the harmonics of the modulation frequency. The
new method differs from previous WMS analysis strategies
in two significant ways: (1) the measured intensity versus
time of the wavelength-scanned (at frequency f), wavelength-
modulated (at fp,,) laser light is used to simulate the transmitted
laser intensity versus time, and (2) digital lock-in and low-pass
filter software is used to expand the time series of simulated
and measured transmitted laser intensity into harmonics of
the modulation frequency, WMS-nf,, (n =1, 2, 3,...). Using
the measured laser intensity of the scanned and modulated
laser avoids the need to develop an analytic model to describe
the variation of laser intensity versus time. However, the
wavelength variation of the scanned and modulated laser
versus time is characterized prior to measurements, similar
to the traditional analysis. The use of the lock-in and filter
software to expand the WMS signal into modulation frequency
harmonics avoids the difficulties in the Fourier expansion of
the time-varying laser intensity. The new analysis scheme is
valid at any optical depth, modulation index (defined by the
ratio of the wavelength modulation depth and the half width
of the transition lineshape), and at all values of the mean
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Figure 1. Measurement step: determine measured transmitted intensity versus time with absorber I(f) and without absorber MI(z).

laser wavelength. This enables the WMS-nf;,, lineshape to be
fit to determine gas properties such as absorber concentration,
temperature and pressure via the collision broadened linewidth
[37].

The details of the analysis scheme are described in this
paper in the context of a demonstration experiment to measure
WMS absorption of H,O dilute in air, in a cell at room
temperature and atmospheric pressure. First, in section 2, an
overview of the measurement and simulation of WMS-nf,, is
provided. Then, in section 3, the details of the experiment
and data analysis are discussed. The laser characterization
and measurements conducted prior to the WMS experiment
are described and examples of the data for the demonstration
experiment are used for illustration. The absorption spectrum
of the target species is simulated and then the laser
characterization data are used to simulate the experiment
using the Beer—Lambert relation to calculate the transmitted
laser intensity for the modulated and scanned laser. Then a
digital lock-in software is used to expand both measured and
simulated transmitted intensity into the WMS-nf,,, harmonics
for n = 1-6. Finally, the use of 1f-normalization is
shown to account for non-absorption losses. The measured
and simulated lineshapes agree for 1f,,-normalized WMS-
nfy signals for n = 2—6 without any calibration or adjustable
parameters, providing the ability to use this new WMS analysis
scheme for calibration-free extraction of gas parameters from
best fit analysis of WMS lineshapes [37].

Compared to past WMS analysis strategies, this new
method is much easier to implement. The use of the digital
lock-in and low-pass filter software to extract the WMS-
nfy, harmonics from the simulated transmitted intensity avoids
the complex Fourier expansion of the simulated absorption
of the scanned and modulated laser intensity and wavelength.
This new scheme is valid for all WMS-nf;,, harmonics, at any
optical depth, and at all values of the mean laser wavelength
even in the wings of the absorption away from line center.
In addition, this WMS analysis scheme does not require an
isolated transition as it recovers the lineshape for absorption
from unresolved blended transitions.

2. Overview of a WMS absorption experiment

The WMS experiment and data analysis consists of five
steps: (1) measurement of the transmitted intensity of the
scanned and modulated laser through the target gas sample,
(2) characterization of the laser wavelength and intensity

versus time in response to the time-varying laser-injection
current, (3) simulation of the absorption spectrum using
the characterization data and the Beer—Lambert relation to
calculate the simulated transmitted intensity versus time, (4)
expansion of the simulated and measured transmitted laser
intensity versus time into harmonics of the WMS signal
using the same lock-in and low-pass filter software, and (5)
normalization of the harmonics of the WMS signal by the
1 fm-harmonic exploiting the intensity variation of injection-
current-modulated TDLs to account for non-absorption losses.
The measurement and the characterization can be performed
in either order, afterwards the other three steps must occur
in the order listed. Research is underway to develop fitting
strategies for the WMS-nf;, lineshapes and understand the
role of modulation depth to optimize the extraction of gas
parameters from wavelength-scanned, 1 f-normalized WMS
measurements [37].

2.1. Transmitted intensity measurement

The measurement of the transmitted intensity of a scanned
and modulated laser is illustrated in the diagram of figure 1.
The TDL injection-current is rapidly modulated at frequency
fm superimposed upon a slow scan of the mean injection-
current of the modulated laser at frequency fs. In this paper
superscript M and S will distinguish the time-dependent
measured transmitted intensity YI(r) from the simulated
transmitted intensity SI,(f) by superscripts, where the subscript
‘t’ denotes transmission through the absorbing gas, and the
subscript ‘0’ will denote the intensity measured without
absorber present MIy(¢). Ideally the intensity versus time would
be measured with absorber MI,(f) and without absorber MIy(t);
however some applications do not lend themselves to an in
situ measurement without absorber, and the MIy(f) must be
determined during the laser characterization.

2.2. Laser characterization (intensity and wavelength versus
time)

The laser intensity versus time without absorbers MIy(r)
is measured at the same digitizer rate as the WMS
measurements avoiding the need to model the laser intensity
response with injection-current. The best intensity versus
time characterization is the in sifu measurement using
the application test volume evacuated or purged of the
absorbing gas discussed in section 2.1 above. However, for
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Figure 2. Wavelength characterization versus time v(¢) and intensity versus time Io(f) of a wavelength-scanned, wavelength-modulated
laser including wavelength-dependent transmission along the measurement path without absorption.
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Figure 3. Simulation of transmission intensity versus time of a wavelength-scanned wavelength-modulated laser through a simulated

absorption spectrum.

some practical implementations, an in situ absorption-free
background measurement of laser intensity is not possible;
successful measurements have been performed in such
applications by laboratory characterization of the intensity
including as many of the field measurement optics and
windows as possible. When the actual field measurement is
performed care in alignment and set up is taken to minimize
any wavelength-dependent transmission. The dominant time
variation of the laser intensity is produced by the time-
varying injection-current; however additional time-varying
intensity contributions can arise from the wavelength tuning
(and modulation) if any optics or windows have wavelength-
dependent transmission (e.g., a material near the edge of
its transmission range, or more likely interference from
components with parallel surfaces (etalons).

The performance of the laser tuning is characterized to
determine an analytic expression for the laser wavelength
versus time v(¢) as the injection-current of the laser is driven
by a combination of the scan and modulation frequencies,
as shown in figure 2. v(¢) is determined from a combination
of measurements using an etalon and absorption transitions of
known wavelength as a function of injection-current, and these
data are fit to a model of the wavelength tuning.

2.3. Simulated transmitted laser intensity

The simulation of the transmitted laser intensity is illustrated
in the flow chart in figure 3. First a spectral database such as

HITRAN or HITEMP [38] is used to determine the absorption
spectrum «(v) near the target transition for an approximate
gas composition illustrated in the figure as initial guesses, a
prelude to iterative fitting of the WMS lineshapes; the collision
broadening in the database is used to estimate the linewidth Av
of the transitions scanned. Note that the WMS analysis scheme
developed here can be used for isolated transitions or multiple
transitions even if they are unresolved and/or blended by
collision broadening. The characterization of the laser tuning
versus time v(¢) is used to convert the absorbance spectrum
«(v) to an absorbance time series o (v(¢)). The laser intensity
versus time MIy(f) is combined with the absorbance time
series (v (t)) using the Beer—Lambert relation to calculate
the simulated transmitted laser intensity versus time SI,(f) for
the same time steps as the measured transmitted intensity,
MI(9).

2.4. Lock-in analysis

Both the measured transmitted intensity versus time MI,(7)
and the simulated transmitted intensity versus time SI,(f)
are processed with a digital lock-in and a low-pass filter
to isolate the WMS signals at the harmonics of f,, (see
figure 4). The lock-in analysis of the simulated transmitted
intensity extracts the WMS-nf;;, harmonics while avoiding the
complex mathematics of a Fourier expansion of simultaneous
wavelength and intensity modulation. Nonlinear laser response
to the injection-current variation for the intensity and/or laser
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Figure 4. Use of a digital lock-in and low-pass filter to expand the
time series of measured or simulated laser intensity into the
WMS-nf;,, harmonic signals.

wavelength can produce a background signals at the WMS-
nfm harmonics [24] (in some cases, for example, when some
optical components are heated, the background signal can drift
with time, but we have neglected this issue in the current
paper). Using the same lock-in analysis of the simulated and
measured transmitted intensity avoids explicitly evaluating
these background signals as their contribution is equally
included in the simulated and measured WMS-nf;,, harmonics
signals. Because these background signals are proportional to
the laser intensity, the normalization of the WMS harmonics
by the WMS-1f,, signal can be performed without explicit
background corrections.

2.5. Normalization to account for non-absorption losses

All of the harmonics of the WMS signal are proportional to the
laser intensity. For optically thin conditions, the WMS-1 f, is
dominated by the injection-current modulation and it has long
been recognized [20-26] that other WMS harmonics could be
1 fp-normalized at line center to account for non-absorption
losses in transmitted laser intensity. The wavelength-scanned
WMS-1f, signal has a large contribution from the laser
intensity modulation and contributions from gas absorption
with lineshapes asymmetric (‘dispersion-like”) and symmetric
(absorption) with respect to the transition line center. At line
center the ‘dispersion-like’ contribution vanishes and 1 f,-
normalization of WMS-nf;, harmonics is easily understood.
However, the magnitude of the asymmetric contribution is
also proportional to laser intensity, and although normalization
by the wavelength-scanned WMS-1f, distorts the WMS-
nfm lineshapes this normalization can still be used to account
for non-absorption losses in transmitted laser intensity as the
distortion is identical for measurement and simulation of the
WMS signals.

3. Example analysis of WMS absorption detection of
H,O

A step-by-step discussion of the measurement and analysis of
WMS absorption for an example problem, of H,O dilute in
air, provides the context for a detailed description of this new
WMS analysis scheme.

3.1. Transmitted intensity measurement for WMS detection of
H;0

The example experiment was conducted with known amounts
of H,O dilute in air at atmospheric pressure as illustrated
in figure 5. A DFB laser (NEL) near 1392 nm with single-
mode fiber output was used to probe the H,O transition near
7185.6 cm~!. Computer driven outputs (National Instruments
PCI-6110) controlled the diode laser injection-current (ILX
Lightware LD-3900). The injection-current was modulated
with a sine function at f,, = 10 kHz superposed on a
linear scan f; = 25 Hz. The light exiting the fiber was
collimated into a beam, directed through a gas cell with wedged
windows to avoid etalon interference in the transmission of the
wavelength-scanned (and modulated) light. The transmitted
light was then focused onto a near-infrared (NIR) photodiode
detector (Thorlab PDA-10CS, bandwidth: 775 kHz at 30 dB
gain). The laser intensity signal was sampled (same PCI-6110
card, 12 bits) at a rate of 2.5 MHz. The optical path external to
the cell was purged with pure N, to eliminate the absorbance in
the ambient environment. The measured transmitted intensity
versus time MI,(f) was acquired for H,O dilute in air in the cell.

3.2. Laser characterization for WMS detection of H,O

The laser intensity versus time Iy(¢) including any losses
or wavelength variation in the optical components was then
measured in the evacuated cell as illustrated in figure 6.

Characterizing the laser wavelength tuning v (¢) is more
complex. First the scan-current of the modulating laser was
recorded for the peak WMS-2f,, signal from a selected
transition. The known position of this transition was used
to calibrate the absolute wavelength for the scan of the
modulating laser. The wavelength tuning of the modulated
laser around this calibration point was measured using a fiber
input/output etalon with 0.02 cm~! FSR (Micron Optics).
v(t) is modeled as: v(t) = v 4+ acos(2w ft + ¢,) + F(¢),

ey

where v is the laser wavelength (or laser frequency) without
injection-current-tuning, f;, the modulation frequency,
a (cm™!) the modulation depth (here 0.081 cm™!), ¢, the
phase of the frequency modulation (here —2.048 radian), F (t)
the function describing the wide near-linear scan of the mean
laser wavelength, expressed here as a fourth-order polynomial.
The measured frequency-tuning response is shown in figure 7
and the best-fit result for the specific laser used in the
demonstration was
v(t)(cm™') = 7182.159 4 1.3775 x 10* - 1

+2.4977 x 10° - > — 1.1702 x 10° -

+1.3699 x 10° - ¢*

+0.081 x cos(2m - 10* - — 2.0483). )

3.3. Simulated transmitted laser intensity for WMS detection
0fH20

Single-mode DFB TDLs have very narrow (~5 MHz)
linewidth and thus the Beer—Lambert relation describes the
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frequency = 10 kHz, modulation amplitude = 0.1 V).
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Figure 7. Measured frequency response to the laser
injection-current-tuning and its best fit (same modulation
configuration as figure 6).

simulated transmitted intensity versus time in terms of the
incident intensity and absorbance:

L) ="1o(1) - expl—a (v(1))], 3

where MIy(#) is the intensity versus time of the modulated and
scanned laser and was measured when the gas cell was empty
(vacuum); v(¢) the laser wavelength-tuning characteristics
including scan and modulation; and «(v(¢)) the absorption
spectrum of the target gas in the region of the laser wavelength
scan.

The absorption spectrum can be written as

aw®) =exp [ =D S;j-¢;0@)-P-xi-L|, (4
J

where §; and ¢; are the line strength and lineshape function
of transition j; P is the total pressure of the gas; x; is the mole
fraction of absorber 7; and L is the pathlength.

For this example, as well as many applications, the
lineshape function is well described by a Voigt profile [39],
which is a convolution of Doppler and collisional broadenings
and depends on the Doppler and collision-broadened full-
width at half-maximum given by equations (5) and (6),
respectively:

Avp(em™) = 7.162 x 107 vy /T/M ®)
Ave(em™) =2-P- ) "x;- y;(T), (6)

J
where M is the molecular mass (g); x; is the mole fraction
of collision partner j; and y; is the collisional broadening
coefficient (cm™! atm™') due to perturbation by the jth
component. The relationship between y; and T can be

described as
296\"
(T) = y20K (22
vi(T) =v, T

where n; is the temperature exponent of the collisional width.

Water vapor in this example is measured by scanning the
laser over a pair of transitions, one near 7185.60 cm~! (lower
state energy, E’ = 1045 cm™!) and its neighbor near
718539 cm™' (E” = 447 cm™!). These transitions are
overlapped by collisional broadening at atmospheric pressure

(N
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Figure 8. Simulated absorbance versus frequency for H,O transition
near 7185.6 cm™! and its neighbor at 7185.39 cm™! (0.75% H,0 in
air, P = 1 atm, 7= 296 K, L = 100.5 cm).

Table 1. Measured spectroscopic parameters for probed H,O
transition near 7185.60 cm™' and its neighbor near 7185.39 cm™" at
296 K.

Parameter 7185.60 cm™'  7185.39 cm™!
S (atm~! cm™?) 0.0195 0.00121

Ve (cm™Tatm™")  0.205 0.396

YVar (cm™atm™)  0.044 0.081

and provide a good test of the new WMS analysis method to
recover the complex WMS lineshape for a pair of unresolved
transitions. To accurately simulate the absorption spectrum
for this example, the spectroscopic parameters including the
line strength, H,O-H,O broadening (ys.f), and H,O-Air
broadening (y ;) coefficients at 296 K were measured; the
data are listed in table 1.

The absorption spectrum over the scan range shown
in figure 8 was simulated with a Voigt lineshape at the
measurement conditions (P =1 atm, 7T=296 K, L =100.5 cm,
0.75% H,0 in air).

Using v(¢) from equation (2) and the simulated absorption
spectrum in figure 8, the absorbance can be written as a
function of time « (v (¢)) for the scanning and modulated laser.
For this example «(v(¢)) for a single laser scan is illustrated
in figure 9; note that the flat top of the absorbance is not
saturation but is the modulation of the laser as its wavelength
traverses the peak of the absorption seen in figure 9. The 25 Hz
wavelength scan is slow enough compared to the 10 kHz
modulation that the modulated wavelength includes the line
center of the transition more than 20 times during the scan.
Using equation (3) to combine the data for laser intensity
versus time MIy(7) from figure 6 with the absorbance versus
time in figure 9, o (v(¢)), the simulated transmitted intensity
versus time $,(f) can be calculated as shown in figure 10.

3.4. Lock-in analysis for WMS detection of H,O

The measured and simulated transmitted laser intensities
versus time were both numerically post-processed by using
lock-in and finite-impulse-response (FIR) low-pass filter
(bandwidth of 2 kHz) software. The transmitted intensities

012 1 1 1 1
—— Simulation

0.0150 0.0175 0.0200 0.0225 0.0250
Time [s]
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0.04

0.02

Figure 9. Simulated absorbance versus time «(f) for the H,O
transition near 7185.6 cm™! (for the absorbance versus wavelength
shown in figure 8). Note constant peak values between 0.021 and
0.0225 s are real (not detector saturation) as the modulation is fast
compared to the scan rate.
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Figure 10. Simulated transmitted laser intensity versus time */, (¢)
for a single scan of the modulated laser over the absorption feature
(for the laser intensity in figure 6 and the absorbance versus time in
figure 9).

MI(t) and SI(f) are each multiplied by cos(n - 2 ft) (and
sin(n - 2w ft)) to expand the X-component (and the Y-
component) of the measured and simulated signals at each of
the nf;,, harmonics. A low-pass (LP) filter was used to extract
these components by taking convolution, as

5X,p:5L(t) - cos(n - 27 fint) ® LP-filter
MY, MI(2) - cos(n - 27 fiut) ® LP-filter 8)

5%, 5L.(t) - sin(n - 277 fint) ® LP-filter
My, MI(t) - sin(n - 277 fiut) ® LP-filter. 9)

Note the FIR low-pass filter bandwidth must be less than
fm/2 to avoid distorting the modulation and large enough
to avoid distorting the wavelength-scanned WMS lineshape
features (depends on scan range and rate, transition width
and digitization rate). Because the simulated and measured
signals use the same filter, any distortion will be common to
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Figure 11. Measured and simulated WMS-nf,, spectra for H,O transition near 7185.6 cm™' (0.75% H,0 in air, T = 296 K, P = 1 atm,
L =100.5cm, a =0.081 cm™!, f,, = 10 kHz, optical depth = 0.101). Note the amplitude difference was produced by attenuating the
measurement laser intensity to mimic the influence of non-absorption losses.

both quantities. The absolute magnitude of the simulated and
measured WMS-nfy, signals becomes

5Sup = v SXff + SYnzf
MSnf = 1/MX'ff —i—MYnzf.

Figure 11 shows the comparison between the simulated
and measured WMS-nf;, signals (the time-cost for simulating
each harmonic is ~0.1 s with a desktop computer (Dell
XPS8500, CPU: i7-3770, 8 GB ram)); the shapes of each
harmonic signal WMS-nf;,, agree well between simulation and
measurement but there is a significant difference in magnitude.
The laser intensity for this demonstration measurement
was reduced by a fiber attenuator added to simulate non-
absorption laser intensity loss. The difference in magnitude
between simulation and measurement in figure 11 with
the fiber attenuator illustrates how each of the harmonic
signals is proportional to laser intensity. The use of the
attenuator to mimic non-absorption intensity loss provides
an illustration of the use of WMS-1 f,-normalization of the
other WMS-nf;, harmonic signals to account for time-varying
laser intensity or non-absorption losses. Without the fiber
attenuator there was no such difference between simulation

(10)

and measurement illustrating the fidelity of this new scheme
to simulate WMS-nf,,, harmonics.

3.5. Issues for normalization by WMS-1 f,

The use of WMS-1f,, to normalize the higher harmonics
WMS-nf, (n > 2) is well developed in the literature at line
center [20-26]. However, the normalization of wavelength-
scanned WMS has not previously been discussed. As seen
in figure 11, the wavelength-scanned WMS-1f,, signal is
asymmetric with-respect-to the line center of the transition.
Thus normalization will distort the WMS lineshapes; however,
if this distortion is common to both simulation and
measurement, quantitative fitting of the WMS lineshapes to
determine gas parameters will still be possible [37]. As first
noted by Cassidy and Reid [22] and described in detail in
[40], the WMS-1 f,, signal has contributions from the laser
intensity modulation and from the absorption by the target
species. Here the highlights of the wavelength-scanned WMS-
1 fi lineshape are described to understand its use for WMS-
nfy, normalization.

Figure 12 shows the wavelength-scanned WMS-
1fn signal for the H,O absorption demonstration at three
optical depths (0.01, 0.1 and 1). For the optically thin case
(0.01) the 1f-signal shown by the solid black line in the
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Figure 12. Simulated 1 f,, spectra for H,O transition near 7185.6 cm™! at optical depths 0.01, 0.1 and 1.0 at 1 atm with a modulation index
of 1.8 (the laser characterization is the same as figures 6 and 7; note the modulation index is 1.8, and the line center includes pressure shift in

1 atm air).

left panel of figure 12 is dominated by the amplitude of the
laser intensity modulation. The value of the laser intensity
modulation contribution to the WMS-1f£,, signal depends
on the modulation depth and the laser intensity variation
versus injection-current; larger modulation depth produces a
larger WMS-1f}, value at scan wavelengths away from the
absorption transition.

As the optical depth increases the gas absorption
contribution to the WMS-1 f},, signal increases and the blue
dashed line in the left panel of figure 12 illustrates an optical
depth of 0.1 (same as the experiment described in detail
above and shown in figure 11). The asymmetric shape of
the absorption contribution to the wavelength-scanned WMS-
1fm signal becomes apparent. This asymmetric shape traces
the first derivative of the absorption lineshape from figure 8.

For large optical depths attenuation of the WMS-1 f,, near
line center must also be considered as illustrated by the inset
in figure 12. The differences in the 1f, signal at line center
arises from the absorption of the laser intensity modulation
contribution to the 1f,, signal, which increases with optical
depth and decreases with wavelength modulation depth.
WMS-1f,, can be useful for the recovery of the absorption
lineshape when the detector has large and or time-varying dark
current, or if the application has significant optical emission.
The use of WMS-1 £}, has been developed in the literature by
workers at the University of Strathclyde [40, 41] and will not
be discussed further here.

When the optical depth is increased even further, for
example the red dot line in the left panel of figure 12, the
absorption contribution to the 1 f}, signal becomes larger than
the contribution from the laser-modulation amplitude. Because
WMS-nf;, harmonic signals are defined in equation (10) to
always be greater than zero the 1 f,,, signal does not go negative,
but it does approach near zero values at two wavelengths in
the scan. Normalization by dividing by a signal with near-
zero values, such as seen in the red dot—dashed curve in
figure 12, can artificially weight only a few points in a fit
of the 1 f,,-normalized WMS-nf;, lineshapes. For wavelength-
scanned WMS at moderate optical depths, especially at large

wavelength modulation depth, this issue can be avoided by
normalization using the value for the mean WMS-1f,, for
each scan, which has proven quite effective for applications
with large scattering losses such as coal-fired boiler exhaust
[42] or coal gasification [43].

3.6. Normalization to account for non-absorption
transmission losses

Even though the odd harmonics are asymmetric about the
transition line center, all of the WMS-nf;, harmonics are
proportional to laser intensity; thus the WMS-1 £}, signal can
be used to normalize signals at other harmonics WMS-nf;, to
account for non-absorption losses:

normalized __
Snf =

Y

Figure 13 shows the WMS-1f,-nomalized values of
WMS-nf, (n = 2-6) for the measured and simulated data
from figure 11. The absorption component of the wavelength-
scanned WMS-1f,, signal in figure 11 is asymmetric
with-respect-to the line center; thus, the 1f,-normalized
wavelength-scanned WMS-nf;, lineshapes in figure 13 are
distorted. The peak-signal for even harmonics of 1f,-
normalized WMS-nf, (n = 2, 4 and 6) are no longer at
the line center of the transition (note the WMS-2f,, peak
signal is used to calibrate the laser wavelength scale and not
the peak normalized signal). The WMS simulation scheme
has the same normalization distortion as the measurement
and thus, the simulations can be best fit to determine gas
parameters [37]. The differences between simulations and
measurements are also plotted as residuals in figure 12, and
these values show agreement (defined as the ratio of the
root mean square of the residual to the peak 1 f-normailized
WMS-nf signals) within 3.2% for all harmonics from 2 to
6. The differences between simulation and measurement are
dominated not by the differences in peak values, which differ
by <1%, but are dominated by quite small differences in
the wavelength scale between simulation and measurement.
The fidelity of the demonstration measurement was limited
by the wavelength scale and the digitizer time resolution. This

wf /Sy
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Figure 13. Measured and simulated 1 f,,-normalized WMS-nf;, spectra for H,O transition near 7185.6 cm™! (same condition as figure 11,

optical depth = 0.101).

demonstrates that the 1 f;,-normalized WMS analysis provides
an accurate WMS-nf;, lineshape for n = 2—6. Note the relative
magnitude decreases as the harmonic increases. Additional
digital resolution and perhaps an absorption lineshape more
accurate than Voigt are needed to recover the lineshapes
for WMS-nf,,, harmonics for n > 6; for this demonstration
experiment a 12 bit digitizer was used with a Voigt lineshape.

4. Comparison with Fourier analysis of WMS

The new WMS analysis method compares well with
the established Fourier analysis approach as illustrated in
the figure 14, which compares the H,O demonstration
measurement of the lineshape for 1f-normalized WMS-
2fm to that simulated using this approach and that
simulated using traditional Fourier analysis where the intensity
modulation is characterized only at transition line center
[21,25]. For this experiment with a relatively small modulation
depth, a DFB single-mode laser with highly linear response
to injection-current was used, and the two simulations are in
good agreement with the measurements for the entire center
lobe of the lineshape, and only disagree in the wings by ~10%.
However, in the wings on either side of line center, the new
analysis approach is in better than 1% agreement with the
measurement for the entire lineshape. The match in simulation
and measurement over the entire lineshape suggests the
potential of fitting the 1f,-normalized, wavelength-scanned
WMS-nf,, lineshapes analogous to wavelength-scanned DA,
and indeed research to investigate this approach is underway
with promising results [37].
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Figure 14. Comparison of the 1 f,-normalized WMS-nf;, spectra
using different absorption analysis approaches for H,O transition
near 7185.6 cm™! (same condition as figure 13).

5. Conclusions

A new method for the analysis of WMS absorption
measurements using injection-current-modulated TDLs has
been described in detail. Water vapor was detected via WMS
near 7185.6 cm~! in a static cell at 1 atm and 296 K using a
distributed feedback (DFB) laser. WMS-nf;, harmonics for
n = 1-6 were extracted and the 1f,,-normalized WMS-
nfy, were in good agreement with the measurement over the
entire WMS-nf;, lineshape.
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This new analysis schemes differ from previous WMS
analysis strategies in two significant ways: (1) the measured
intensity of the wavelength-scanned, wavelength-modulated
laser is used to simulate the transmitted laser intensity and (2)
digital lock-in and low-pass filter software is used to expand
both simulated and measured transmitted laser intensity into
harmonics of the modulation frequency, WMS-nf,, (n
1,2, 3,...). This new approach has nine distinct advantages
versus traditional analysis of WMS. (1) The use of measured
laser intensity to simulate the Beer’s law absorption signals
avoids the need for an analytic model of laser intensity in its
response to scanning and modulating the injection-current.
(2) The use of measured intensity for the simulation also
accounts for any wavelength-dependent transmission of other
optical components in the apparatus. (3) The use of the digital
lock-in and low-pass filter software to extract the WMS-
nfm harmonics from the simulated transmitted intensity avoids
the complex Fourier expansion of the simulated absorption
of the simultaneously scanned and modulated laser intensity
and wavelength. (4) The scheme is valid for all WMS-
nfy harmonics, (5) at any optical depth, (6) at any modulation
index, and (7) at all values of the mean laser wavelength
even in the wings of the absorption away from line center.
(8) This scheme is valid for WMS using unresolved blended
transitions. (9) Using the same software for both simulation
and measurement provides equal contributions of any non-
ideal performance of the lock-in and low-pass filter software.
We anticipate that this new analysis scheme will facilitate the
development of robust wavelength-scanned WMS sensors for
a wide range of practical absorption applications. Research
is underway to investigate the extraction of gas parameters
(concentration, temperature, pressure, collisional width, etc)
from the best fit of wavelength-scanned WMS-nf,,, lineshapes
analogous to wavelength-scanned DA [37].
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