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Abstract

We discuss a new method of investigating and obtaining quantitative behavior of higher harmonic (> 2f) wavelength modu-
lation spectroscopy (WMS) based on the signal structure. It is shown that the spectral structure of higher harmonic WMS
signals, quantified by the number of zero crossings and turnings points, can have increased sensitivity to ambient conditions
or line-broadening effects from changes in temperature, pressure, or optical depth. The structure of WMS signals, charac-
terized by combinations of signal magnitude and spectral locations of turning points and zero crossings, provides a unique
scale that quantifies lineshape parameters and, thus, useful in optimization of measurements obtained from multi-harmonic
WMS signals. We demonstrate this by detecting weaker rotational—vibrational transitions of isotopic atmospheric oxygen
(1°0'0) in the near-infrared region where higher harmonic WMS signals are more sensitive contrary to their signal-to-
noise ratio considerations. The proposed approach based on spectral structure provides the ability to investigate and quantify
signals not only at linecenter but also in the wing region of the absorption profile. This formulation is particularly useful in
tunable diode laser spectroscopy and ultra-precision laser-based sensors where absorption signal profile carries information

of quantities of interest, e.g., concentration, velocity, or gas collision dynamics, etc.

1 Introduction

In a typical absorption experiment, the absorption coefficient
is obtained from the absorbed intensity, d/, over a length dz.
The standard relation describing the absorption signal or
the attenuation of intensity in an infinitesimal pathlength
dz is given by d/=e¢~*"Idz, where a is the absorption coef-
ficient (m™") or the optical depth. It is the signal contrast
from a reference that gives information about the parameter
being measured. Therefore, in a conventional absorption
spectroscopy, measurements are based on changes in the
photon intensity with respect to a reference. In most cases
these measurements are performed to retrieve absolute abun-
dances of gas species, as with tunable diode laser sensors.
Therefore, in many diode laser spectroscopy measurements
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the peak absorption (linecenter) provides information about
the density (or concentration) or the environment of the gas,
e.g., temperature or pressure. An early example of this was
high-resolution line-broadening and collisional measure-
ments of carbon dioxide bands [1, 2], where the linecenter
magnitude shows a characteristic saturation behavior as the
pressure (at fixed temperature) is increased. Such measure-
ments are quite important since the absorption signal power
is the maximum at the peak value, and its variations can
reveal the nature of collision dynamics [1-4]. Therefore,
in many instances, measurements at linecenter are quite
adequate.

In many gas-sensing applications [5-7], fitting of the
experimental spectra with a known gas standard as a refer-
ence is also commonly used for absolute values of the gas
concentration. Therefore, value of the absolute abundance
can be obtained either with measurements performed at the
linecenter, or across the full line spectrum by the spectral
fitting (with respect to a reference gas spectrum) of the
absorption profile. However, because such measurements
of the absorption signal are performed either at one wave-
length (at linecenter) or considering only the cumulative
absorption signal power of the individual line spectrum,
they do not reveal the complete picture. In particular, subtle
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perturbations in the lineshape profile will not be apparent
in the spectral fitting analysis, or in the magnitude of the
linecenter or its variation with respect to a parameter, such
as pressure or temperature.

In this paper, we illustrate that spectral features not only
around the linecenter are important, often features in the
wing of the lineshape profile may be more sensitive to sub-
tle effects. For our purposes, the wing region is the spec-
tral location greater than one linewidth from the linecenter.
Therefore, sensitivity of laser-based trace gas sensors is
directly correlated with signal contrast with the background
from several sources including DC baselines and slopes
from residual amplitude modulation (RAM) effects, fringe
or scattering from optical elements, and, more importantly,
interference from neighboring line transitions in a congested
overlapping line spectrum. Such quantitative metrics are
necessary for ultra-precision laser-based sensors and sensing
systems that primarily rely on sensitive measurements of gas
species based on lineprofiles and resultant absorption signals
to retrieve gas concentration or mixing ratios, or quantify gas
molecular collision dynamics to obtain relevant optical tran-
sition matrix element. Therefore, for ultra-sensitive precision
measurements, it is important to investigate the complete
structure of the signal both around the linecenter and in the
wing region of the profile because certain regions of the
lineshape profile could be more sensitive to subtle changes
than the regions where the signal is maximal.

Wavelength modulation spectroscopy (WMS) has long
been used [8—13] as a tool to perform sensitive measure-
ments in trace gas detection and tunable diode laser sen-
sors. The technique involves modulation of a laser, tuned
to a spectral feature of interest, which probes a sample
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Fig. 1 Theoretical models of direct absorption (dashed) and higher
harmonic WMS profiles scaled to unity with the x-axis normalized
to the linewidth value—indicating distance in linewidths from the
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gas in a media. The modulated absorption signal obtained
on a photodetector is demodulated at various integral (N)
multiple of the fundamental frequency. This is commonly
achieved by a lock-in amplifier where the signal obtained
can be expressed as a Fourier component or Nth Fourier har-
monic of the modulated absorption signal. Therefore, com-
monly used 2f~-WMS detection (for N=2) corresponds to
demodulation at twice the fundamental frequency. In many
WMS schemes detection at N> 2 are also investigated. In
particular, it has been shown [9, 12, 13] that detection at
higher harmonics often reveals structure in the absorption
region not otherwise seen at lower harmonics. The synchro-
nous phase-sensitive WMS technique [8, 12—17] provides a
probe that depicts variations of the lineshape function. These
variations correspond, approximately, to the derivatives of
the lineprofile. WMS signals with synchronous detection at
the Nth harmonic of the modulation frequency (Nf detec-
tion) yield N+ 1 turning points and N zero crossings. These
2N + 1 salient features (and their combinations) contain a
large fraction of information of the lineshape characteristics
and, hence, of the molecular collision dynamics. We refer
these salient features as ‘markers’ because they provide an
easily identifiable marker for a location within the spectra to
make a measurement across a lineprofile. Owing to its deriv-
ative-like features, the turning points and zero crossings of a
WMS signal provide key markers throughout the spectrum
of the lineshape profile. Figure 1a and b shows 2f, 4f, 3f and
5f signals normalized to the direct absorption signal where
the turning points (or zero crossings) are distributed across
the spectrum. In a typical WMS measurement the locations
of these salient points can be controlled by suitable choice
of experimental parameters.

(b)

Normalized frequency

linecenter. For various, even (a) and odd (b) WMS detection orders
(N=2-5) zero crossing and turning points span across the direct
absorption profile
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In this paper, we discuss techniques that probe the full
structure of the lineshape profile enabled by wavelength
modulation spectroscopy (WMS). In addition, we quantify
complexity in structure and sensitivity to parameters such as
temperature, pressure and optical pathlength across the full
lineprofile including the far-wing region. This is achieved
by quantifying variations in the signal at turning points
and zero crossings of a WMS signal based on sensitivity
to environmental conditions and lineprofile parameters. We
utilize this key aspect as an advantage of higher harmonic
WMS detection. In particular, we demonstrate higher order
WMS as a quantitative metric that embodies characteristic
behavior in the wing region. We show that simultaneously
investigating multi-harmonics of the absorption signal pro-
vides a multi-faceted (or multi-dimensional) approach to
spectroscopic measurements. We also show that a signal that
provides greater contrast from point to point in phase-space
is easier to measure, even when it may not exhibit the great-
est cumulative signal-to-noise ratio (SNR). In such cases,
conventional SNR is not the most suitable metric for opti-
mizing the measurement, especially when quantifying sensi-
tivity to parameters such as temperature, pressure or spectral
line resolution. A significant enhancement in signal contrast
may occur as a consequence of greater structure leading to
greater sensitivity of higher harmonic WMS signals even
though the fractional change in the direct absorption signal
magnitude is limited by experimental SNR. This is demon-
strated by the detection and resolution of weaker transitions
of isotopic oxygen—'%0'*0—using higher harmonic WMS.

We conceptualize the notion of structure as spectral loca-
tions and signal magnitude of individual turning points and
zero crossings (with respect to the linecenter) as a metric
of measurements. Therefore, in this paper we study the
relationship between turning points and zero crossings and
their dependence on lineshape parameters. A turning point
in the Nf-WMS signal (i.e., Nth harmonic detection) gen-
erally corresponds to a zero crossing in the (N4 1)f-WMS
signal, since an Nf-WMS signal resembles the Nth frequency
derivative-like features of the lineshape function. The signal
magnitude and spectral locations of these features depend on
the experimental parameters such as the frequency modula-
tion index, amplitude modulation, sample length, as well as
on the lineshape function and the oscillator-strength of tran-
sition being probed. The span of zero crossings and turning
points provides key markers at various locations throughout
the spectrum as shown in Fig. 1. Furthermore, detection at
higher harmonics provides a greater number of such mark-
ers. The relative spectral spacing between zero crossings and
turning points and their span (from the linecenter into the
wings) all depend strongly on the experimental controls of
WMS. In the following sections we provide a quantitative
description of the WMS signal structure, the importance
of zero crossings and turning points in higher harmonic

detection, and quantify information in the wing region of
the absorption profile. For the analysis we consider a Voigt
lineshape profile and demonstrate sensitivity of higher har-
monic detection with parameters such as temperature, pres-
sure and optical depth. As an example we probe several rota-
tional-vibrational molecular, atmospheric oxygen transitions
of '°0, and '°0'®0 in the A-band.

2 WMS structure and higher harmonic
detection (HHD)

In this section, we illustrate experimental procedure and
WMS measurements of atmospheric oxygen transitions in
760 nm region. A methodology of spectral fitting is obtained
by simultaneously using multiple WMS detection orders,
i.e., by performing WMS detection from N=1 to N=8 and
fitting experimental spectra with theoretical models based
on HITRAN parameters. Due to significant variations in
signal magnitude from linecenter to wing region, residuals
alone are not suitable measure of a fit. Therefore, fractional
errors across the spectrum and its standard deviation for a
particular WMS detection are used to quantify fit between
experiments and theory, or determine uncertainty in experi-
mentally measured parameters. The concept of structure
is elucidated in higher harmonic WMS signals where sen-
sitivity to a parameter, e.g., linewidths (i.e., temperature
or pressure) is characteristic of zero crossing and turning
points. The sensitivity and interplay of signal structure are
demonstrated by probing atmospheric oxygen A-band rota-
tional—vibrational transitions at 760 nm. This band includes
combination of the strong and weak transition of oxygen
16O2 (e.g., RR(13,13) transition) and its isotopes including
16030 transitions.

2.1 Experimental procedure

The experimental setup as shown in Fig. 2 involves a single-
mode continuous wave tunable diode vertical cavity surface
emitting laser (VCSEL) operating at 760 nm wavelength
(ULM—Philips Photonics). The laser was operated by a
laser diode current driver and temperature controller (New-
port-6100). The laser current is modulated to probe several
atmospheric broadened oxygen line transitions in the range
of 760.30-760.40 nm. The ramp signal generated by the
function generator produces slow scan of the laser current
(200 Hz) which is added to a fast sinusoidal modulation (10
KHz) produced internally by the lock-in amplifier (Zurich
Instrument HF-2LI). The collimated laser beam is channeled
into the optical multipass cell using combination of planar
mirrors and wedge windows to counter Fabry—Perot fring-
ing or back-reflection effects. The multipass cell was based
on Heriot cell design [18] to achieve variable pathlength
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Fig.2 Schematic of the experi-
mental setup. The probe VCSEL
samples the atmospheric oxygen
in the wavelength region of

760 nm at room temperature

Function
generator

(760 nm )

Planar Mirror

Spehrical Multipass Cell

in the range of 88-210 m. A set of 3-inch dielectric-coated
astigmatic concave mirrors were used for the multipass cell
in open-path configuration. The modulated absorption signal
[S°(v)] at the detector (Teledyne Judson Technologies) is
demodulated at various integral frequencies of the funda-
mental modulation frequency (w,,) using a lock-in ampli-
fier. The Nf-WMS signal [SN(v)] is obtained on the lock-in
amplifier [19, 20]. Therefore, a probe, modulated at modu-
lation frequency, w,, with modulation amplitude (f in Hz,
i.e., spectral span in the laser frequency due to amplitude of
the sinusoidal signal), can be expressed as I(v+ ficos[w,,f]).
In the experimental procedure, the modulated laser beam is
swept slowly across the absorption feature by a slow ramp
signal.

2.2 Theoretical description of WMS signals

The effective normalized (modulated) absorption signal
recorded by the detector is, therefore,

AlI(v+ pcos (wmt)
Iy

= 1 —exp{-n&Lg(v+ fcos (wyt)}
)

Using absorption lineshape function as a Voigt lineshape
profile [12] is given by the equation:

2 © e—tz
= dr
g(x) YT, _{o R 2)

Therefore, a modulated absorption signal due to Voigt
lineshape profile is given by
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where n is the number density of molecules, & is the inte-
grated absorption cross section and L is the pathlength. The
linewidth parameter is defined as ratio of collision half-
width with normalized Doppler half-width, b = év; /%,

2kTn2 1/2_ Svp
Mc? 2(41n2)"/%"

g(x+mcos€,%) = é Jodt
ovp —®

732

where E = VO(

Also, in Egs. (2) and (3), x is the normalized frequency,
X= (v - vo) /6vp, and m is the frequency modulation index
defined by m = /vy, f is the modulation amplitude in Hz
and =, t.

Expanding the above signal given by Eq. (1) in a Fourier
series to express the Nth harmonic signal [8] one obtains the
corresponding Nth order WMS (or Nf) signal, S". Without
considering weak absorption approximation, the mathemati-
cal form of Nf-WMS signal is given by the Egs. (4) and (5):

[ +r
Sy(x) = ;0 [ dOAI(x + mcos8)cos (NO)O @)

Therefore, for a Voigt lineshape profile, the Nth order
WMS signals is given by

I = -
$' =27 do|1-exp( 2L
T -n ﬂ-/ (SVD

o0 e
{ —{o dt(x +mcos @ —1)* + b2 }> o (NG)] ®

(a) Structure in WMS-HHD: Fig. 3a and b shows exper-
imental and modeled 2f- and 6f-WMS signals of oxygen
A-band RR(13,13) rotational-vibrational transitions cen-
tered at 760.378 nm (13151.34015 cm™") with air-broadened
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Fig.3 Experimental and theoretical signal (corresponding to imposed in a and b. In ¢ the standard deviation of fractional errors

byirran=4-14) of 2~WMS (a) and 6f-WMS (b) detection of atmos-
pheric oxygen '°0,~RR(13,13) line transitions. Fractional errors is

collision half-width of 0.046 cm™" according to the HITRAN
2017 database [21]. The experimental WMS-HHD spectra
were obtained by scanning the modulated VCSEL in the
wavelength range of 760.30-760.40 nm, and demodulating
the absorption signal at frequencies that are integral multi-
ple of fundamental modulation frequency. The experimental
spectra are recorded on a data-acquisition card (NI-DAQ
USB 6211). The experimental SNR of a given WMS (Nth)
detection order is obtained from the ratio of signal peak val-
ues and the average noise floor (from the spectral region
where there is no absorption).

The models and fit are generated using built-in Mat-
lab algorithms in LabVIEW; both are implemented in the
DAQ. The model uses air-broadened collision full-width
at half maximum (FWHM) of év; =2.76 GHz given in the
HITRAN [21] database, and the Doppler width was esti-
mated to E = 0.669 GHz at room temperature. Therefore,
the linewidth parameter, b (ratio of collision and Doppler
widths), using HITRAN values of collision width was esti-
mated to be b=4.14. The fitting was done assuming a Voigt
lineshape function and uncertainty in ambient conditions
resulting in b values of b+ 5%. The scatter plots imposed on
2f and 6f models in Fig. 3a and b show the fractional errors

was estimated for 5% uncertainty in the b parameter at various detec-
tion orders

between theory (b=4.14) and experiment across the full-
spectral profile. The fractional errors are defined as

EN(x) = '(SN(X)WMS Model/SN(x)WMS Experimenl) -1 | (6)

In our analysis we compared theoretical models and
experimental data of various Nf-WMS signals to investi-
gate the spread of fractional errors across the spectrum, and
standard deviation of each WMS detection order. The mis-
match occurs due to differences in experimental and theo-
retical values of Nf signals resulting from a fitting parameter,
e.g., b, in this case. In our analysis the theoretical model is
the one that best fits the experiment when the standard devi-
ation of fractional errors is least for a set of b parameters.
These values of b parameter, obtained from fits may show
deviations from HITRAN values. It is noted that HITRAN
values are continuously improved based on high-precision
experimental data from measurements. Therefore, WMS-
HHD technique presented above could improve on values
provided in the HITRAN database. In addition, modeling
at several WMS-HHD spectra simultaneously provides a
multi-dimensional approach and higher set of stringent con-
straints in fitting routines. In other words for each value of b
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parameter, there are eight simultaneous measurements and
theoretical models for N=1{—8f WMS detection.

From Fig. 3a and b, which shows 2f and 6f (correspond-
ing to N=2 and N=06) signals, it is clear that mismatches are
greater at the locations of zero crossings and turning points.
Higher detection orders with greater number of zero cross-
ings and turning points show enhanced spectral mismatch
and scatter of fractional errors. It is seen that a particular b
value, which is optimal (i.e., lowest standard deviation) for
a particular detection order may not be optimal for another
detection order. This aspect is illustrated in Fig. 3c, which
shows various Nf-standard deviations of fractional errors of
1f to 8f WMS-HHD due to uncertainty in the b parameter.
Therefore, standard deviations can be regarded as cumula-
tive figures of merit for a particular WMS detection order.
An “ideal” fit between theory and experiment will have a
constant value of fractional error (or zero standard deviation)
throughout the spectrum. However, for the same uncertainty
in the b parameter, and specific WMS-SNR limitations, the
signal with the greater structure, i.e., various higher detec-
tion orders will produce a higher mismatch or standard
deviation. Further, it is also noted that even though 8f detec-
tion can result in greater structure, its usability is limited
by the SNR. It is seen that fractional error, which is greater
in the wing region, is ultimately limited by the SNR of the
measurement. The SNR criteria are chosen based on experi-
mental spectra by identifying ratios of signal peak (at the
linecenter for even-harmonics and maximal turning point for
odd-harmonics) and noise floor (value of signal in spectral
regions when there is no absorption—in far-wing regions).
It is noted that we only considered the span of the spectral
region where the cumulative SNR was greater than 5 for all
WMS-HHD and values of fractional error does not exceed
50%, to avoid extremely high values of fractional errors due
to low values of experimental signal. The SNR criteria will
essentially eliminate values that are close to zero that would
have potentially resulted in extremely large values of frac-
tional errors, therefore, biasing the standard deviation values
to higher magnitudes. Therefore, any data point whether it
is around region of zero crossings or in the wing region will
not produce an outsized weighting of such regions. This is
seen as lower values of the standard deviation at 8f than at
6f in Fig. 3c.

Further, it is the standard deviation of this type—between
an experiment and a model—with a particular parameter
such as the linewidth that ultimately allows the precision
of a measurement to be improved: the greater the value of
standard deviation that occurs as a result of a fixed change
in an assumed value, the more precise the measurement will
be when the standard deviation is minimized, further con-
straining the b parameter. Hence, all other factors being the
same, Fig. 3c shows that under the specified SNR condi-
tions, 4f and 5f detection is more suitable for optimization
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and correction for errors and ultimately facilitates the most
precise results in our experiment. Further, it is noted that
the value of standard deviation of a direct absorption sig-
nal would be minimal because of the absence of significant
structure in the signal profile. By “direct” absorption we
mean the absorption signal such as that obtained by con-
ventional spectroscopy using no probe modulation but with
the laser probe still being swept slowly across the absorp-
tion line. Such direct absorption signals may be viewed as a
subset, with N=0, of WMS signals.

(b) Structure in the line-wing region and spectral fitting:
Another approach to investigate uncertainty in linewidth
parameter is standard deviation in segmented regions of
WMS signal. In this, the standard deviation is considered
within each segment of the WMS spectra with regions
between the two consecutive zero crossings. For example,
in an even-harmonic WMS signal the first segment is the
region around the linecenter, approximately between zero
crossing on positive and negative values of the normal-
ized frequency (i.e., x=+ 1). This is illustrated in Fig. 4,
where theoretical and experimental 6f and 2f spectra are
shown along with their respective fractional errors across
the spectrum in Fig. 4a and b. The normalized frequency
scale in Fig. 4a and b can be converted into segments, where
each segment indicated in Fig. 4c covers a range of nor-
malized frequencies across the spectrum. For example, for
6f the range — 1 <x <+ 1 is referred to Region-0, similarly,
range+ 1 <x<+2is Region-1. Also, for 2f signal the range
—2<x<+2 is Region-0, and +2 <x<+5 is Region-1.
In other words, in Fig. 4c segmented Regions (the x-axis)
indicated as Region-0 is the span of one linewidth around
the linecenter or normalized frequency, x =0, similarly,
Region-1 indicates one linewidth span between the first and
second zero crossing from x=0, and Region-2 indicates one
linewidth span between second and third zero crossing from
x=0. The standard deviation is investigated in each segment
where zero crossings and turning points provide ability to
visually discriminate regions in a quantifiable metric, as seen
in Fig. 4c. To illustrate our methodology Fig. 4c suggests
wing region of the lineprofile is more sensitive to measure-
ments, which will not be apparent in lower detection order,
e.g., 2f. Here again, WMS-HHD signals, e.g., 4f and 6f show
higher magnitudes of standard deviations, which differ from
one region to another and provide tools to quantify changes
in the lineprofile. The line-wing regions (IxI> 1) of WMS-
HHD signals are unique and turning points in the wing
region can provide suitable probe markers in this region.

It could be generalized that the sensitivity of turning
points due to uncertainty in linewidth parameter, or sensitiv-
ity due to signal perturbation from changes in environmental
conditions—shown in later sections—is characteristic of the
lineshape profile and exemplifies nature of profile slopes in
the wing region. Therefore, two key points are highlighted
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Fig.4 Experimental and theoretical 2f- (a) and 6f-WMS (b) spectra
of atmospheric oxygen 16OZ—RR(13,13) line transitions. Fractional
errors due to uncertainty in linewidth parameter, b, is shown for both

while considering WMS-HHD signals: (a) within the limita-
tions of SNR, higher order detection provides more structure
suitable for optimizing the experiment, and (b) in certain
situations, line-wing region can be more sensitive to certain
lineprofile deviations than regions around the linecenter. In
addition, WMS-HHD signal structure also reveals distinct
physical features that are otherwise obscure in physical
changes in the environment resulting from line-broadening
mechanisms or changes in pressures and optical depth in
an experiment. This is described in the following sections.
To demonstrate sensitivity of WMS-HHD signals with
changes in environmental conditions and implications of sig-
nal structure, we consider changes from a known reference
signal at atmospheric pressure or temperature. Experimental
controls such as the modulation index play a key role in
determining the WMS-Nf signal magnitude and sensitivity
to any variations in the lineshape profile. The spectral spac-
ing between zero crossings and turning points and their span
(from the linecenter into the wings) depends strongly on the

2f and 6f-WMS spectra. Standard deviation of errors (c) in segmented
regions is shown as quantitative measure of sensitivity around line-
center and in the wing region of the profile

frequency modulation index, which can be optimized to con-
trol locations of turning points and zero crossing in the wing
region. For example, to resolve overlapping lines [12, 13,
22-26] a frequency modulation index of the order of the line
separation is most suitable. This is because the probe laser
effectively samples the spectral region of the direct absorp-
tion signal in the range of the spectral swing of the modula-
tion. Similarly, in optical pathlength saturation effects [22,
26], where the signal broadens due to strong absorption
around the linecenter, the effects are most easily discern-
ible when the frequency modulation index is comparable to
the spectral span of such broadening in the direct absorp-
tion signal. Any perturbation or deviation in the lineshape
profile is strongly manifested in the wing region (because
the absorption in those regions is smaller compared to that
around the linecenter) and it is quite conceivable that a small
change in the gas dynamics can produce significant change
in the wings. Since WMS signals are an effective represen-
tation of the Nth derivative of the absorption signal, such
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features in the wings provide sensitive locations with which
to probe any perturbations or deviations in an assumed line-
shape profile.

Finally, it is emphasized that zero crossings and turning
points serve as key indefinable locations in the spectrum
where effects of line-broadening uncertainties are enhanced.
Therefore, in a WMS-HHD signal instead of analyzing the
full spectrum, turning points can be used as a unique metric
of signal structure. In the following section we will investigate
the sensitivity of turning points of various WMS-HHD signals
under variable physical conditions like changes in temperature
or pressure from a reference. Therefore, now the sensitivity
will be estimated based on fractional changes in turning points
between the reference and perturbed WMS-HHD signal. This
approach can provide unique calibration schemes of sensor
systems and fast signal processing while maintaining full sen-
sitivity of the spectral profile.

3 Sensitivity to line-broadening
mechanisms in the line-wing region

Spectral lineprofiles show characteristics of broadening
mechanisms, namely collisions and Doppler broadening
or their combination. In many field-based trace gas sensors
measurements could significantly be affected by changes in
the environment requiring frequent sensor calibrations. This
could even be more relevant for open-path sensors where
the sample and the probe laser-sensor are fully exposed to
the environment. In such situations it is highly required to
monitor lineshape behavior with fluctuations in pressure or
temperature. This could certainly be achieved by introducing
additional temperature or pressure probes; however, using
WMS-HHD features or tracking behavior of turning points, a
direct and synchronous measurement of such changes in the
environment could be attained in real time. It is known that
Doppler profiles are broader around the linecenter, whereas,
collision-broadened profiles are narrower with steep slopes
in the wing region. This characteristic behavior is further
enhanced in the sensitivity of turning points of WMS-HHD
signals when temperature or pressure is changed. A com-
parison of profile variations in terms of percentage change
in turning points of WMS-HHD signals and linewidth sen-
sitivity is shown using theoretical models and experimental
datasets. We considered two cases of pure Doppler and col-
lision broadening by changes in pressure and temperature,
and analyzed the signal structure of WMS-HHD specifi-
cally focusing on the variation in turning points. We show
that WMS-HHD signals and their signal magnitudes (at the
linecenter and at turning points across the spectrum) are
more sensitive to collision-broadened profiles than Doppler-
broadened profiles, as seen in Fig. 5.
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3.1 Structure and sensitivity to Doppler
and collision broadening in the line-wing
region

Figure 5a shows linecenter values of a direct absorption
signal due to variation in collision and Doppler widths. We
considered a Voigt lineshape profile of a reference signal
with a linewidth parameter resulting from equal contribu-
tion from Doppler and collision broadening mechanisms.
Therefore, the variation in signal magnitudes is estimated
with respect to a signal with linewidth parameter, b=1, i.e.,
when the collision and Doppler widths are equal. The varia-
tion in the b parameter was modeled with +10% changes. It
has been shown previously [23-26] that the linecenter mag-
nitude of WMS-HHD signal is sensitive to the line param-
eter [23, 24, 27]; however, there is limited understanding on
the characteristic behavior of the signal with the broadening
mechanisms. Figure 5¢ and d show the percentage changes
in the first, second, and third turning points covering the full
spectral span of a typical Sf-WMS signal (Fig. 5a) due to two
different broadening mechanisms. Comparing the Doppler
and collisional broadening mechanisms by investigating the
linecenter (in direct absorption) in Fig. Sa, or turning points
of WMS-HHD signals in Fig. 5¢ and d, the turning points
show higher sensitivity to collision broadening (or pressure)
than the Doppler broadening (or temperature) effects. This
could be an important tool to investigate high-precision tem-
perature- and pressure-related effects on lineprofiles. From
Fig. 5c and d it is seen that the sensitivity of each turning
point depends on its location from the linecenter, with the
turning point farthest from the linecenter being most sensi-
tive to the broadening. However, it is noted that in situation
where absorption is weak, the turning points in the far-wing
region will not be possible to discriminate because their
magnitudes will be limited by the experimental SNR or the
noise floor.

The plots showing effects of collision broadening in
Fig. 5¢ were obtained by changing only the collision width
to obtain a change in the b parameter of + 10%; therefore,
the Doppler width was kept constant and Eq. (5) was used to
model the WMS-HHD signals. The plots showing the effects
of Doppler broadening in Fig. 5d were obtained by only
changing the Doppler width to obtain change in the b param-
eter of +10%, and the collision width was kept constant.
Here, Eq. (5) was re-written to Eq. (7). This was done to
redefine the modulation index and the normalized frequency
in terms of the collision width, and to keep both of these
parameters independent of the Doppler width. Therefore,
when the Doppler width is changed it does not affect the
effective modulation index, m of WMS-HHD models. There-
fore, in Eq. (5) if the normalized frequency is re-defined as
xI=xt/b= (v - vo)/évL.

Then Eq. (5) can now be re-written as
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Fig.5 Theoretical models showing variations of linecenter values
of direct absorption, N=0 (a), and turning points (TP, ;) of a colli-
sion- (c¢) and Doppler-broadened (d) 5f-WMS signal of atmospheric
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Here frequency modulation index now becomes
m' = B/6v.

It is noted that the sensitivity of the signal at turning
points and zero crossings is reduced at higher modulation
index values. This is a result of modulation broadening of
the signal [12, 19]. The locations of the zero crossings and
turning points and their sensitivity depend considerably on
the lineshape function and the probe modulation index (m).
For example, if m > 1 (the modulation amplitude is of the
order of, or greater, than the linewidth), the turning points
(in wings) are less sensitive to changes in the linewidth for
lower WMS detection orders, e.g., 2f. This is because the
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oxygen '°0,-RR(13,13) line transitions. The turning point labels of a
typical 5f-WMS signal are indicated in (b)

first turning point occurs in the spectral range of a half-width,
while the remaining turning points (and zero crossings)
appear in the wings. Since, the Doppler-broadened lineshape
function falls off rapidly in the wings, the corresponding
WMS signal manifests this feature in the wing structure—in
their locations and sensitivity of the turning points. In con-
trast, if the profile is collision broadened, i.e., it has a sharper
peak and falls off much more slowly in the pedestals, then
the turning points in the wing region will be relatively more
sensitive compared to those in a Doppler-broadened profile.

3.2 Broadening effects on signal structure
of WMS-HHD

The previous analysis described in Sect. 3.1 was extended
to investigate the behavior of various WMS-HHD signals
on broadening mechanisms. It is seen that the profile broad-
ening effect on turning points are also evident in higher
detection orders. Figure 6a and b shows a comparison of
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the linecenter (indicated as “LC ;.. in Fig. 6, which is
the turning point of the direct absorption signal) and turning
points of 2f-, 4f- and 6f-WMS signals of collision broad-
ened, Fig. 6a, and Doppler broadened, Fig. 6b, profiles. It
is seen higher detection orders have turning points more
sensitive to changes in the b parameter than lower detection
orders. In addition, collision-broadened profiles are more
sensitive than the Doppler-broadened profiles; this is con-
sistent with results obtained in the previous section. This is
also central in demonstrating the utility of WMS-HHD as
higher detection order has a greater number of such turning
points (and zero crossings) available in the wing region. This
can be used for an accurate estimation of profile parameters
or characterizing signal broadening effects under a set of
specific environmental conditions.

3.3 Experimental demonstration of WMS-HHD
signals due to collision broadening

The sensitivity trends of turning points of WMS-HHD sig-
nals was corroborated with experiments probing oxygen
RR(13,13) line transitions. Here the pressure of the enclosed
gas (at room temperature) was changed to investigate the
sensitivity of the turning points of WMS-HHD signals. To

illustrate our point, we recorded various turning points of
various (2f to 6f) WMS-HHD signals, as shown in Fig. 7.
The fractional change in each ith turning point (TP, y;) of
WMS-Nf detection order at reduced pressure was normal-
ized to turning points at an atmospheric pressure of 760 torr.
In Fig. 7, the 6f detection order shows higher sensitivity to
pressure than 2f and 4f. Also, turning points in wing region
of a particular WMS detection order also show greater sensi-
tivity. Therefore, within the limits of the experimental SNR,
turning points in the wing region tend to be more sensitive,
i.e., the second turning point of 4f and first turning point
of 6f is more sensitive to their respective linecenter values.
The increase in sensitivity of turning points due to pressure
is largely attributed to lineshape broadening and dominance
of collsion broadened effects at higher pressures.

From the theoretical and experimental analysis discussed
in this section it is concluded that variations in turning points
reveal critical information of the gas dynamics and environ-
mental conditions. In a real scenario, such variations will be
manifested in changes in both the temperature and pressure.
The behavior of turning points and their combinations can
be used for a fast determination of gas dynamics [28, 29] and
provide a more robust and accurate characterization of the
lineshape profiles and gas concentration levels.

(a) 2f and 4f profiles with turning point labels
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Fig.6 Theoretical models showing variations of first, second and
third turning point (TP, 5 of a 2f-, 4f- and 6f-collision- (a) and Dop-
pler-broadened (b) WMS-HHD profiles of "’02-RR(13,13) line tran-
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Fig.7 Turning points of experimental WMS-HHD of !60,-
RR(13,13) line transitions at various pressures, plotted on a logarith-
mic scale. The plot shows sensitivity of linecenter, first and second
turning points of 2f, 4f, and 6f WMS-HHD signals. The notation
TP, y¢ indicates ith turning point of Nf detection order, and LC
indicates linecenter magnitude of Nf detection order

4 Detection of oxygen isotopes ('°0'20)
in enhanced WMS-HHD structure

In this section we show a direct application of structure
in WMS-HHD in the detection of weaker line transitions.
This improved signal contrast, and a direct consequence
of resolution enhancement in higher WMS-HHD signals,
is demonstrated in experiments showing amplification of
weaker isotopic transitions with an atmospheric abundance
of 0.4%. These isotopic transitions of 160180—RR(13,13),
and RQ(12,13)—are in the wing region of the stronger
16OZ-RR (13,13) line transitions (atmospheric abundance
of 99.5%), shown in Fig. 8. The strong 16OQ-RR (13, 13)
transitions are centered at 760.378 nm (13151.34863 cm™})
with linestrength of 5.68 x 1072 cm? molecule™! cm™'. The
neighboring weaker lines of '°0'30 isotopic transitions—
RR (13,13) and RQ (12,13)—are centered at 760.355 nm
(13151.73588 cm™!), and 760.317 nm (13152.3997 cm™!)
with line strengths of 1.12x 10~ cm? molecule™ ¢cm™', and
1.38 x 10726 cm® molecule™! cm™! according to the HITRAN
2017 database [21].

As mentioned previously, the signal sensitivity is directly
related to the signal contrast with the background or its
structure. The optimization of the signal structural can be
achieved by selecting appropriate modulation indices and
WMS detection orders, such that the overlap between lines
is minimal, and the SNR of WMS signal corresponding to
each transition is optimal. In other words, the experimental
control parameters are selected in a manner that spectral
locations and signal magnitudes of turning points and zero
crossings are distinct, which leads to an enhancement of
subtle features in a WMS-signal. This is demonstrated by

the amplification of weaker isotopic lines of '°0 '*0 molecu-
lar transitions using WMS-HHD, where 6f or 7f detection
shown in Fig. 8a and b has a greater signal contrast than the
2f-WMS signal shown in Fig. 8c. In Fig. 8d the 2f, 6f and 7f
signals of isotopic transitions were analyzed by normalizing
the Mf signal of strong %0, RR (13,13) transition to unity. It
is notable that we see relative amplification of Nf signals of
weaker isotopic transitions (with respect to stronger transi-
tion) demonstrating strength of WMS-HHD technique.

The experiments in Fig. 8 were conducted with path-
length of 140 m in open air. The peak fractional absorbance
in the pathlength of 140 m are: 0.91 for the stronger '°0,
RR(13,13) transition, 3.14 x 1076 for the isotopic '°0'%0
RR(13,13) transition, 5.9 x 107° for 10O, RR(43,43) tran-
sition and 3.12x 107° for the isotopic '°0'80 RR(12,13)
transition. In addition, the frequency modulation index
was m=8 (based on the Doppler width of the strong '°O,
RR(13,13) transition). The index value was chosen mainly
to avoid overmodulation and overlap of Nf signals of the
strong %0, transition and enhance Nf signals of weaker
transitions in the wing region. Another key point to note is
that due to the differences in mass of abundant oxygen and
isotopic oxygen, the Doppler width of °0'80 isotopic tran-
sitions (HWHM Doppler=0.32 GHz) is smaller than that of
strong 90, transition (HWHM Doppler=0.47 GHz). This
results in relatively higher modulation indices, which com-
bined with the effect of greater number of zero crossings and
turning points (or the WMS structure) results in the relative
amplification of Nf signals of weaker isotopic transitions.

To study the WMS-HHD signal structure and its relation
with the experimental optical depth, experiments were per-
formed by varying the sample pathlength. As mentioned ear-
lier, the turning points and zero crossings embody the struc-
ture of WMS signals. Their signal magnitudes and spectral
locations are representative of line parameters and experi-
mental conditions, e.g., the optical depth in this particular
case. From our analysis we see that under a specific set of
optical depths, there are situations when variations in the
signal in the wing region may be prominent, even though the
total signal power may not show appreciable change, and,
in some cases, it may even decrease. The aspect of structure
and effective growth of signal in the wing region is shown
as variation of turning points with the sample pathlength
and the optical depth. To compare the growth of the signal
in the wing region, individual turning points of WMS-HHD
signal were normalized to the linecenter values. Therefore,
this normalized ratio Ry (=TP; y/LLCy yp, where TP; vy is the
ith turning point from the linecenter LC, y; of the Nf signal)
provides a quantitative measure of the signal contrast with
the background. In cases when R} shows positive growth,
i.e., turning points are amplified with respect to the line-
center magnitude; this indicates an improvement in signal
contrast.
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Fig.8 Experimental 6f- (a), 7f- (b) and 2f- (c), WMS-HHD signals
of atmospheric 16'02 A-band transitions at 760 nm. WMS signals,
particularly the ones higher than 6f begin to show weaker isotopic
160180 transitions. In d, the peak values of 2f-, 6f-, and 7-WMS

In Fig. 9, we show the characteristic behavior of the ratio
Ry of even-harmonics of WMS-HHD signals with the sample
pathlength or the optical depth (a = n&Lg(vO) ) In a meas-
urement where density (n), absorption cross section (), and
the lineprofile (g(v)) are fixed, the optical depth (&) can be
varied by the pathlength (L) that the laser beam traverses in
the absorbing medium. This was achieved by increasing the
number of passes the laser beam makes between the mirrors of
the multipass cell. In situations when the optical depth is large,
i.e., a>> 1, there is a strong absorption or absorption satura-
tion of the incident light. Figure 9a shows the ratio, Ry, of turn-
ing points of 8f-WMS signal of optically saturated RR(13,13)
transitions of '°0,. It is noted that at these high values of opti-
cal depth the linecenter values effectively remain unchanged
with the pathlength. Therefore, the normalization of turning
points with the linecenter has little effect on ratios, Ry, as the
pathlength is increased. It is seen that there are certain regions
in the wing where there is a net effective growth in the signal,
indicated by an increase in Ry, Fig. 9a. The knee region in
Fig. 9a shows the onset of strong saturation. This region is

@ Springer

Wavelength (nm)

signal of the neighboring strong RR(13,13) transition of 60, are
normalized to unity, which shows growth of 7f and 6f signals from
weaker transitions with respect to stronger '°0, transition

more exaggerated in the turning points, TP, g and TP, g; clos-
est to the linecenter, whereas the turning point TP; gy, which is
the farthest from the linecenter, is least affected by saturation
effects. Therefore, it can be postulated that this region (TP; g),
which is relatively unperturbed, can be useful in investigat-
ing subtle lineshape deviations, e.g., profile narrowing effects
or asymmetries in the lineshape profile from interfering iso-
topic transitions. The neighboring weaker lines, especially
RR(13,13) transition of isotopic '°0'30 begins to grow with
higher WMS-HHD as the pathlength is increased and causes
significant overlap with turning points in the farthest wing of
the strong RR(13,13) line. Therefore, the fourth turning point
of 8f detection is indiscernible and not shown in Fig. 9a. The
above-mentioned increase in the signal in the wing region is
also true for detection at other harmonics as seen in Fig. 9b.
Here, even though the total signal power decreases with the
increase in detection order, the wing region of 8f-WMS detec-
tion still seems to be most sensitive to the optical pathlength.
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Fig.9 Experimental values of ratios Ry (=TP; \/LC, ) of first, sec-
ond and third turning points of 8f-WMS signal (a) and comparison of
Ry of 2f- to 8-WMS-HHD (b) RR(13,13) transitions of atmospheric

5 Conclusions

The method discussed in this work provides a novel tech-
nique to quantify WMS-HHD signal structure useful for
many laser-based sensing applications. The technique can
be employed to study fluctuations in the lineshape param-
eters due to changes in the environment and molecular col-
lision dynamics. The techniques for probing features of
spectral profile encoded in turning points or zero crossings
of WMS-HHD signals can be used for robust calibration
schemes and monitor sensor performance under field con-
ditions. In addition, this can also provide a useful metric
to study and characterize lineshape features and molecular
collision dynamics. Therefore, the method can be extended
to investigate line-wing structure using combinatory ratios
of turning points of WMS-HHD. Finally, since the method
effectively utilizes probe of derivative-like features of the
lineshape function, an appropriate WMS detection order
(Nf) can be selected for high-precision measurements based
on the required application. For example, the technique can
detect variations in the wings that are not discernible or sup-
pressed in direct absorption or lower order WMS signals.
This could, among other things more accurately detect subtle
features, e.g., deviations from Voigt profiles [30] or nar-
rowing effects [31] of the spectral lineshapes such as Dicke
narrowing.
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