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ARTICLE INFO ABSTRACT

Keywords: We use a dual electro-optic comb system (EO—OFC) and a differential chirped-pulse down conversion technique
Methane to study the R(6) manifold of the 2v3 band (1645 nm) of methane at low pressure (< 1 kPa). In the frequency
Dual comb

domain, the EO—OFC method magnifies of the temporal dynamics of the system and due to of the 6-component
asymmetric line shape, is shown to give unique amplitude and phase spectra that depend on the chirp direction.
We model the frequency domain complex response function using chirped-pulse multiplication and convolution
with the Kramers-Kronig transfer function of the molecular system. We then compare how the predicted Voigt
line shape with parameters from HITRAN2012 and HITRAN2020 databases and the Hartmann-Tran profile
(HTP) perform for fitting both the temporally magnified magnitude and phase profiles in the frequency domain
and following the removal of these effects from back transformation, the traditional (natural) line shape com-
ponents in the time domain. The complex responses in the two domains give unique insight into the physical
nature of time dependent absorption processes that may help guide development of molecular models to improve
their predictive behavior of both amplitude and phase.

Chirped pulse
Hartmann-Tran profile
HITRAN

1. Introduction

The trace detection and monitoring of greenhouse gases (GHG) is
essential for understanding and quantifying the effects of climate
change. Methods to reduce methane (CH4) emissions have become of
increased interest in the recent years because atmospheric CH4 has a
radiative forcing potential 80 times that of CO, and a relatively short
lifetime of about a decade [1]. Therefore, reducing CH4 emissions may
have a larger short-term impact to help reduce the overall radiative
forcing responsible for global warming. Like CO,, CH4 has overtone
absorption lines in the near-infrared (NIR) which is within the atmo-
spheric window for telecommunications, making much of the same
technology available for system design of remote sensing instrumenta-
tion [2,3]. However, unlike the NIR absorption bands of CO5 that consist
of well-isolated single absorption features, the absorption manifolds of
CH,4 under atmospheric conditions are unresolved multiplets primarily
consisting of six strong lines arising from Coriolis interactions between
ro-vibrational levels [4,5]. The intensities and positions of the multiplet
are distributed asymmetrically and are subject to line mixing and speed
dependent effects that have been difficult to model [6]. The HITRAN
database parameters [7,8] of the 2v3 band have changed significantly
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over that past decade, but the temperature and pressure dependencies of
the models are still inadequate for high precision measurements at the
sub percent level. The one exception is the R(6) manifold near 1645 nm
where advanced complex line shape models [9] and precise measure-
ments [10-13] have been reported in large part because of its planned
use in the up-coming satellite mission, MERLIN [14]. For the mission,
the on-board active laser system will transmit to the surface and back to
measure at one on-resonance wavelength within this manifold,
requiring precise knowledge of the line shape over a large range of
temperatures and pressures.

In this paper, we perform measurements of the R(6) manifold using a
differential down-conversion technique that temporally magnifies the
molecular response of the frequency domain comb spectra. We use two
different chirp rates that serve to transform the normal line shape pro-
files into responses in amplitude and phase that differ depending on the
chirp rate and frequency direction of the programmed chirped wave-
forms. The differences arise from asymmetric distributions within the
multiplet components that make up the manifold which are partially
resolved at the low pressures of this study. The effects of the temporal
magnification are successfully removed by the back transformation of
the frequency comb data to the time domain. In both domains, we
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compare and discuss the quality of the amplitude and phase fits of the
Voigt profile using parameters from HITRAN2012 [7] and HITRAN2020
[8] databases with the Hartmann-Tran profile (HTP) [9] that obey the
physical (Kramers-Kronig) transformational properties.

The paper is structured as follows: In the experimental section, we
describe the EO—OFC system, the methods for generating and detecting
the comb spectra, and the data processing procedures to transform and
fit the data in the time and frequency domains. The results section
presents the fits of the observed data obtained at two different chirp
rates and directions (i.e., time reversal) to the model profiles. We then
discuss how the time domain fits translate to the frequency domain
spectra and how the frequency domain spectra residuals can be mini-
mized. We conclude with a discussion of the best-fit models and dis-
crepancies found in the amplitude and phase spectra in both domains.

2. Experiment

The experimental setup that is shown in Fig. 1 is similar to that re-
ported in our previous work on CO; [15]. Briefly, the output of an
external cavity diode laser (ECDL) centered around 1645 nm is split
where 10 % of the light is used for laser feedback for phase lock to a 0.5
m long, Invar Fabry-Perot cavity (finesse of =~ 500) using the
Pound-Drever-Hall (PDH) method to give a root-mean-square (RMS)
short term frequency drift rate of <1 MHz. The remaining 90 % output is
split (70 %/30 %) again into the signal (SIG) and local oscillator (LO)
legs where each leg consists of an acousto-optic modulator (AOM) and
an electro-optic modulator (EOM) that are fiber connected in series. The
sample leg is sent into a circulator used to double pass a free-space beam
through a ~ 0.42 m long evacuable gas cell before combining with the
LO leg and mixing on the balanced photodetector (BPD). The radio
frequency (RF) response on the detector is continuously sampled at 1
GS/s by a high-speed analog to digital converter (ADC) having > 80 %
throughput to computer memory and disk.

The AOMs are driven by voltage-controlled oscillators (VCO) oper-
ating near 50 MHz but at a small difference of 21 kHz to separate the
positive and negative sidebands generated by the EOMs. The comb
bandwidth and resolution are defined by the chirped pulse waveforms
generated by the arbitrary waveform generator (AWG). The chirped
pulse applied to the SIG leg spans fstart = 0.5 GHz to fi10p = 15 GHz, while
the LO is chirped with a slightly different bandwidth fsar- RFstart tO fstop-
RFstop, where RFgare = 5 MHz and RFgt, = 95 MHz. Both pulses have the
same duration of z7cp = 2 ps or 7cp = 20 ps. The down converted RF
waveform is defined by the difference in the SIG and LO waveforms and
spans a RF chirped bandwidth of Afgr = 90 MHz for the first-order EOM
sidebands. However, as described previously, a phase slip added to the
LO waveform enables the interleaving of the higher-order EOM side-
bands produced when driving with higher AWG powers. In this way, the
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single sideband bandwidth of nearly 15 GHz is readily optimized for
third-order generation to give sufficient bandwidth (=~ 60 GHz) to cover
the spectral region of interest and at the highest signal-to-noise (SNR)
ratio. The higher order combs proportionally down-convert to larger RF
bandwidths on the detector, so the third-order spectra span 270 MHz
which is still within the 500 MHz bandwidth of the ADC sampling
system.

The RF detector’s output voltage is split such that half of it is sampled
by the ADC, and the other half is processed in a phase sensitive mixer
and PID controller for frequency modulated (FM) correction to one of
the AOM’s VCOs. This closed loop system enables phase lock of the beat
note at the detector and therefore, across the SIG and LO arms of the
interferometer. Each record is 40 ms long and consists of 50 buffers that
are 800 ps long. The phase lock is sufficiently stable for periods
exceeding 5 s to enable the real-time coherent average of 100 records (4
s) to improve SNR. As discussed elsewhere [15], the buffer size and/or
trigger rate must be adjusted to capture a continuous AOM beat note
across the acquired buffers. The chirped waveforms are either 2 ps or 20
ps long and are repeated Nepirps = 10 times to sample across a linear
phase shift to interleave the higher order EOM sidebands on the detec-
tor. The chirp direction is also reversed so each record produces two
different spectra depending on the directions of the chirped pulse
waveforms. The SIG and LO waveforms are defined as,

A
Weig () = sin <2ﬂfsmnt + n#ﬁ) o
cp
i A 27j
Wi, (t) = sin (27r(fm,t +RFgqn)t+ 10 fLOl_z 77]t> o
] Tep TCPNchirps

where j = 1...Nepirps are modulated by the phase shift over the repeated
SIG waveforms. The chirp direction is then sequentially reversed for
alternating sets of Nchirps waveforms.

A
Wi (t) = sin (2”fsmpt - fSIGtz) 3)
Tcp
. A 27j
Wi, (t) = sin <2:z (fm - RFmp) t— n%zz + ﬁ t> 4
chirps

These two waveforms are repeated to fill the 800 ps long buffer. The
time averaged, down-converted and chirped RF waveforms are Fourier
transformed to produce a comb in the frequency domain with a comb
tooth spacing equal to the inverse of the chirp duration and an RF
bandwidth that scales with the EOM order (3rd order in this case). The
comb spectra are also acquired for background spectra of the evacuated
gas cell for normalization of the frequency domain spectra. Prior to
normalization, the frequency domain comb teeth can be inverse Fourier
transformed back into the time domain and then normalized, giving us
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Fig. 1. System diagram of the differential chirped-pulse down-conversion technique. The electronics used to lock the AOM beat note are not shown (see text for
details). External cavity diode laser (ECDL), arbitrary waveform generator (AWG), booster optical amplifier (BOA), proportional-integral-differential (PID), balanced
photodetector (BPD), voltage controlled oscillator (VCO), analog-to-digital converter (ADC).
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both a time and frequency domain spectra for both chirp directions.
These comb spectra can then be averaged in the frequency domain to
further reduce noise.

The difference between the time domain and frequency domain
spectra is a result of the differential chirped pulse down conversion. The
spectrograms in Fig. 2a show how the SIG, in dashed blue, and the LO, in
red, are related in time and frequency for both directions of the chirp.
The upper panel in Fig. 2b shows the corresponding phase relationship
of the up-chirp in Fig. 1a, where both the SIG and LO have a large
quadratic phase while the molecular system response has a flat phase
(top panel, yellow). When the signals mix at the detector, the molecular
system response acquires the large quadratic phase of the LO, magni-
fying it in the frequency domain. The lower panel of Fig. 2b shows that
while the SIG is mapped by the differential quadratic phase between the
SIG and LO that defines the down-conversion of the comb to the RF
region (blue), the molecular system is mapped by the full quadratic
phase of the LO that is inverted (bottom panel, yellow) and temporally
magnified relative to the down-conversion. The magnification factor is
the ratio between the LO quadratic phase and the differential quadratic
phase [16,17],

_ ¢LO _ 4)LO (5)

" o s

However, this temporal magnification only changes how the signal
maps into the frequency domain. In contrast and in the absence of a
time-dependent response function, the quadratic phase shift that defines
the magnification in the frequency domain does not change the mapping
in the time domain. For each acquisition record, the magnified and
unmagnified responses in each chirp direction are recovered in the
frequency and time domains, respectively. Depending on the chirp rate,
four potentially unique magnitude and phase spectra of the methane line
shape are obtained for each record where the up- and down-chirp
spectra represent time reversal pairs. As mentioned above, the large
differences between the temporally magnified frequency domain spectra
for the up-/down- chirp directions mostly result from the asymmetric
multiplet structure of the R(6) manifold.

3. Line shape models

The spectra collected are fit to two different line shape models
including the Voigt profiles using parameters from HITRAN2012 [7]
(hereafter designated HITRAN2012 Voigt profile) and HITRAN2020 [8]
(hereafter designated HITRAN2020 Voigt profile) databases and the
Hartman-Tram profile (HTP) [9] using the optimized parameters
recently reported by Mondelain and coworkers [13]. Further, we use
these models to fit the temporally magnified line shapes using a chirp
convolution that models the differential chirped pulse down conversion
process (see below). For the HITRAN database parameters, the Voigt
profile calculated using the Fadeeva function [18] accounts for Gaussian

a)

frequency

time
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and Lorentzian broadening while the HTP uses eight parameters to
describe additional line mixing and speed dependent effects. The HTP is
based on a differential Fadeeva function and line mixing with a
dispersive component. Most of the parameters depend on the environ-
mental conditions of temperature and pressure.

To fit the magnified frequency domain data, we need to model the
effects of the differential down conversion process. The transfer function
for the molecular system can be described by the complex transmission
spectra of methane in the gas cell. The two-line shape functions used to
define the transfer function are,

HVoigt(w) = V(wﬁ Wo, F> A) (6)
Hyp(w) = HTP(w, o, To, Ao, Ta, Az, vyc, 1) )

where Hyyier and Hyrp are the Voigt and HTP profiles, respectively. The
Voigt profile depends on the line center, ®g, the Gaussian Doppler
broadening, A, and the Lorentzian pressure broadening, I'. In the low-
pressure domain of this study, the profile is mostly defined by the
doppler broadening component. The HTP additionally depends on the
speed dependent broadening terms, I'; and Ao, the collisional narrowing
frequency vyc, and the correlation parameter, . The Voigt profile can be
recovered from the HTP by zeroing the speed dependent, collisional
narrowing and correlation parameters. The Nelkin-Ghatak profile (NGP)
includes Dicke narrowing with the addition of the collisional narrowing
parameter. The speed dependent Voigt profile (SDVP) and speed
dependent NGP (SDNGP) includes the two additional speed dependent
parameters. All of these effects are discussed for the v3 band Q branch of
methane [19] and are included in the HTP that is used throughout the
article.

The gas cell is probed with the chirped pulse in the SIG leg, so the
molecular signal response is the product between the SIG chirp and
methane transfer function in the frequency domain. As discussed above,
this output then mixes with the LO chirp that applies a quadratic phase
shift and temporally magnifies the signal in the frequency domain. The
SIG and LO chirps can be defined by their quadratic terms as,

Csig(t) = exp( - in%tﬁ 8)
Tcp

Cro(t) = exp (iﬂ %B) 9
Tcp

where 1¢p is the chirp duration and Afgg and Afyp are the chirp band-
widths of the SIG and LO, respectively. The output response of the gas
cell in the frequency domain is defined as,

E(0) = H(®)Csi6(v) (10)

where the transfer function, H(@), of the molecular system mixes with
the Fourier transform of the SIG chirp in Eq. (8). To down convert the

Fig. 2. (a) Spectrogram of the SIG in red and LO in dashed blue, showing how the difference in slopes define the down conversion process. (b) Corresponding phase
responses together with the flat phase representing the system response in yellow (upper panel), and the RF phase differences shown below that cause temporal

magnification.
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SIG chirp into the RF domain, the output mixes with the chirped LO,
which is the convolution between the molecular system output, Eq. (10),
and the Fourier transform of the LO chirped pulse, Eq. (9).

I(w) = Cro(w) * E(w) an

The time domain response seen at the detector is the inverse Fourier
transform of Eq. (11). Because this effect is only a phase shift in the time
domain,

I(t) = Cro(t)E(t) = E(t)exp (iﬂ,’ %tz) (12)

the magnitude response of Eq. (12) remains unchanged from the time
domain output of the molecular system. On the other hand, while the
frequency domain E(®) output from the gas cell is the steady state
representation, the frequency domain I(®) of the differential chirped-
pulse down-conversion output is magnified by the chirped LO.

4. Results
4.1. Slow chirp — time domain analysis

The optical frequency comb results presented first have a longer
chirp duration of 20 us and therefore, have a comb tooth spacing of 50
kHz, and a corresponding optical resolution of 8.055 MHz (~ 0.000269
cm™). The slower chirp rate means the rapid passage effects can only be
seen in the frequency domain spectra. The time domain spectra for the
up- and down-chirps were found to be nearly identical, so the up/down
average is used for the nonlinear least squares fitting procedure. The fits
are performed using a nonlinear least squares algorithm on the time
domain magnitude spectra, where the methane pressure (gas purity of >
99 %), frequency shift, and baseline slope and offset are the floated
parameters. These parameters are then used to calculate line shapes and
residuals for both the magnitude and phase spectra.

The gas cell was filled with pure methane up to about 800 Pa (6 Torr)
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resulting in about 70 % peak absorption for the 84 cm long path length.
The six lines of the R(6) manifold of the 2v3 band form two blended
triplets each with unique dip structures. The magnitude and phase data
are shown in blue in Figs. 3a and 3d together with the best fit line shapes
using the HITRAN2012 Voigt profile in red, where the pressure and
linear backgrounds were floated in each. The residuals (x5) in yellow
show only minor differences around each triplet. In contrast, the best fits
using the HITRAN2020 parameters are significantly worse as shown in
Figs. 3b and 3e, especially for the triplet at higher frequency. Fits based
on the recently published HTP and parameters [13] show excellent
agreement with the data as illustrated in Figs. 3¢ and 3f where any
structure in the residuals is mostly within the noise floor.

4.2. Slow chirp — frequency domain analysis

The observed frequency domain comb spectra are unique depending
on the direction of the chirp. For an up-chirp (low to high frequency),
oscillations (or ripples) that exceed unity in transmission appear on the
low frequency sides near 6076.90 cm™! of the two triplets in Figs. 4(a-c),
while for the down-chirp in Figs. 4(g-i), the ripples appear on the high
frequency ends near 6077.10 cm™’. As discussed above, the direction of
the phase on the transient, in yellow, is inverted relative to the phase of
the differential signal, in blue, in Fig. 2b. Because the methane spectra
consist of a pair of asymmetric triplet line shapes, the direction of the
chirp results in two unique spectra. We apply the transformation of Eq.
(11) to the Voigt and HTP line shapes to model the differential chirp
down conversion and fit the frequency domain spectra.

The frequency domain spectra and line shape fits are shown in Fig. 4
for the Voigt profiles using the HITRAN2012 and HITRAN2020 pa-
rameters and for the HTP model. The floated parameters that were ob-
tained from the fits of the magnitude spectra in the time domain are used
to generate the temporally magnified line shapes using Eq. (11). The
frequency domain magnitude and phase data in blue are shown for both
chirp directions. Figs. 4a and 4d show the fits in red and residuals in
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residuals (yellow). The magnitude and phase spectra are fit to the (a,d) HITRAN2012, (b,e) HITRAN2020, and (c,f) HTP models in the upper and lower panels,

respectively.
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Fig. 4. Frequency domain line shapes of the corresponding time domain fits in Fig. 3 obtained for a chirp period of 20 ps. The observed up-chirp magnitude (a-c) and
phase spectra (d-f) spectra are shown in blue, the transformed model line shape functions are shown in red and the scaled and unscaled residuals in yellow. Shown in
the lower two rows (g-1) are the corresponding spectra and fits for the down-chirped pulses.

yellow to the HITRAN2012 Voigt profile for the up-chirp direction and
the corresponding down-chirp data are shown in Figs. 4g and 4j. In both
cases, the residual errors are somewhat larger than observed in the time
domain (Figs. 3a and 3d). The HITRAN2020 Voigt fits are shown in
Figs. 4b, 4e, 4h and 4k where again the residual errors are somewhat
larger than in Figs. 3b and 3e, mainly for the higher frequency triplet.
The fit to the HTP line shapes in Figs. 4(c,i) are not noticeably better fit

than the HITRAN2012 spectra. The improvement in the time domain
shown in Figs. 3c and 3f is not adequately transferred into the frequency
domain fits. Overall, the HTP barely outperforms the HITRAN2012
Voigt profiles for fitting the magnified dynamics in the frequency
domain spectra.
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4.3. Fast chirp — time domain analysis directions display unique patterns that primarily result from the
quadratic phase response imparted on the asymmetric multiplet struc-

The chirp duration was decreased by ten-fold to 2 ps for the same ture. The temporally magnified frequency domain spectra are modeled
spectral bandwidth. This results in a ten-fold increase in the comb tooth using the differential chirp transform. All four spectra are moderately

spacing and the optical resolution to 500 kHz and ~ 80.55 MHz (=~ well-fit (unscaled residuals) to both the HTP and the HITRAN2012 Voigt
0.00269 cm'™l), respectively. In sharp contrast to the 20 ps results, the profile. Further, while the HTP gives the best fits of the spectra in the

time domain spectra of the two chirp directions begin to display unique time domain with a 20 ps pulse duration (see Figs. 3c and 3f), the unique
line shapes. Figs. 5a and 5d show the magnitude and phase of the up- line shapes acquired using the differential chirped pulse down conver-
chirp in blue, the down-chirp in red, and their difference in yellow. sion technique do not show the same improvement relative to the Voigt
We can see there are large differences between the two directions, profiles.

notably, in the region between the triplet pairs, where the baseline is The best-fit pressure values obtained for the different line shape
significantly offset. The lack of time reversal symmetry in the up-/down- profiles and experimental conditions are given in Table 1. The pressures
chirp pair suggests a time dependence in the absorption process that are shown for the average of the 20 ps and the 2 ps up-/down chirp
may arise from non-equilibrium effects in the quantum state populations magnitude and phase data. The individual pressure values are also re-
or interference effects [20] from line mixing that violate the steady state ported for the 2 ps up- and down-chirp data. For both chirp durations,
conditions of Beer’s Law. The time reversal asymmetry may indicate a the pressure fits using the HTP and HITRAN2012 Voigt profiles have the
non-causal effect on the Kramer-Kronig relationship between the real smaller uncertainties as reflected by the observed residuals in the fig-
and imaginary response functions [21,22] shown in Figs. 5a and 5d. ures. However, the absolute pressures fit using the HITRAN2020 Voigt
Since this time dependence is not (yet) included in the models, we find profile are significantly closer to those fit using the HTP. For the 20 ps
reasonable fits to the models only after averaging over the two chirp and 2 ps chirp durations, we see the pressure using HITRAN2012 Voigt
directions. The time domain data in blue and the corresponding fits in profile gives values that are about 1 % and 0.8 % higher than that using
red using the HITRAN2012 Voigt profile are shown in Figs. 5b and 5e, the HTP, while the pressures using HITRAN2020 Voigt profile are 0.4 %
with residuals scaled by five in yellow. The magnitude and phase fits and 0.3 % lower, respectively. The spread of the pressure values in
using the HTP in Figs. 5¢ and 5f show only slightly reduced residuals Table 1 illustrates how much the models have changed over the past
when compared to that of the HITRAN2012 Voigt profile. decade.

5. Complex line shape fitting
4.4. Fast chirp — frequency domain analysis

5.1. Comparing Voigt profiles to HTP
The frequency domain fits show increased effects from the rapid

passage that nearly completely blend the triplet pairs. Figs. 6a and 6¢ As discussed above, the HTP profile can be simplified into other
show t}.1e up-chirp fr.equency domam magnitude and pbase spectra i ynow profiles by zeroing some of the additional parameters that repre-
blue, line shapes in red, residuals for the HTP in green, and sent higher order line shape effects. Fig. 7a shows the pressure fits using

HITRAN20212 Voigt profile in yellow. The corresponding down-chirp the different line shape models and HITRAN2012 parameters, and
spectra are shown in Figs. 6b and 6d. The data from two chirp
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Fig. 5. Time domain (a) magnitude spectra for the up-chirp in blue and the down-chirp in red, and their difference, offset in yellow obtained for a chirp period of 2
ps. (b) The average of the up- and down-chirp spectra in blue, the HITRAN2012 Voigt fit in red, and the residuals in yellow scaled by five. (c) HTP fits of the averaged
magnitude spectra. (d-f) The corresponding phase spectra and fitted line shapes.
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Fig. 6. Frequency domain spectra corresponding to the time domain data in Fig. 5. (a) Up-chirp magnitude spectra are shown in blue, the HTP line shape in red, and
the residuals in green (HTP) and yellow (HITRAN). (b) the down-chirp magnitude spectra and (c, d) the corresponding phase spectra with residuals are shown.

Table 1

Best-fit pressure values obtained for the different line shape profiles and for the
two chirp rates. Uncertainties are obtained directly from the non-linear least
squares analysis (Type A, k = 1 or 10).

Chirp duration HITRAN2012 [Pa] HITRAN2020 [Pa] HTP [Pa]

20 pus Magnitude 835(1) 825(2) 827(1)

20 ps Phase 816(1) 811(2) 805(1)

2 pus Magnitude 740(2) 731(3) 733(2)
Down:Up chirp  715(4): 768(3) 706(5): 758(4) 708(4): 761(3)

2 ps Phase 736(1) 730(3) 727(1)

Down:Up chirp  702(3): 773(2) 696(4): 768(3) 693(3): 765(2)

Fig. 7b shows the root mean squared (RMS) error on the fit residuals.
The time domain magnitude and phase fits for the 20 ps chirp duration
performed using the HITRAN2012 Voigt profile show higher pressure
values and larger uncertainties than the HTP for both the phase (red)
and the magnitude (blue). Fig. 7b shows the how the NGP profile that
includes Dicke narrowing lowers the uncertainty in both magnitude and
phase, but the SDVP speed dependent parameters produce the lowest
RMS error. The SDNGP fit that includes Dicke narrowing and HTP that
also includes the correlation parameters increase the fit uncertainties.
Notably, the fitted pressure values to the phase spectra results in about
25 % reduction in the RMS uncertainty compared to fits to the magni-
tude spectra due to the ~doubling of the dynamic range of the phase
spectra with the same noise content, as seen in the spectral figures.

5.2. Frequency domain fits

The data presented so far used the Voigt profile with HITRAN
database parameters and HTP with parameters from [13] to fit the time
domain spectra, these parameters are then used to generate the fre-
quency domain spectra. While the time domain fits are excellent for the
20 ps chirp duration, the frequency domain spectra show increased re-
siduals for both 20 ps and 2 ps chirp durations. In this section, we float
the different parameters in the HTP profile to quantitatively determine
the parameters that impact the frequency domain spectra and can
reduce the fit residuals. Fig. 7a shows how the phase spectra give smaller
fit pressure values by nearly 3 % which are much larger than the fit
uncertainties. The differences in the pressure fits could be the result of
phase instability over the 5 s record average. Since the frequency
domain spectra depend on both the magnitude and phase spectra in the
time domain, each magnitude and phase spectrum in the frequency
domain can be fit to a separate pressure value from the time domain
magnitude and phase. Table 2 shows the pressures fit to the frequency
domain spectra. For each chirp rate, fits are performed to spectra ob-
tained in both chirp directions and using the magnitude and phase
spectrum, giving four different pressure fits for each data set. For
example, the spectra shown in Fig. 4(a-c), or the slow up-chirp magni-
tude, is fit while floating both time domain magnitude and phase pres-
sures separately, resulting in two of the fit pressure values seen in the
first row of Table 2.

The frequency domain fits show increased scatter of the pressure
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Fig. 7. (a) The pressure fits using different line shape models and parameter sets and (b) the corresponding RMS error on the fit residuals. The difference in absolute
pressure values could be attributed to phase instability over the 5 s record average.

Table 2

Pressure values fit to the frequency domain spectra using the HTP for the two
chirp rates. Uncertainties are obtained directly from the non-linear least squares
analysis (Type A, k = 1 or 10).

Chirp duration HTP [Pa]

Magnitude pressure

HTP [Pa]
Phase pressure

20 ps Magnitude 823(2): 821(2)
Down:Up chirp
20 ps Phase
Down:Up chirp
2 ps Magnitude
Down:Up chirp
2 ps Phase
Down:Up chirp

859(8): 830(7)
884(7): 905(6) 813(2): 827(2)
732(9): 694(10) 743(8): 722(10)

700(10): 715(9) 724(6): 750(5)

values as well as increased uncertainties for the domain not being fit.
Interestingly, the difference in pressures fit to the 2 ps chirp magnitude
and phase spectra shown in Fig. 7a does not translate to the frequency
domain magnitude fit and is accentuated in the frequency domain phase
fit. On the other hand, the 20 ps chirp fits show increased pressure values
from the phase spectra for all the different fit spectra.

6. Conclusion

Using a differential chirped-pulse down-conversion optical-
frequency-comb technique, we have obtained both time and frequency
domain spectra of the R(6) multiplet of the 2v3 band of methane near
6077.0 cm’), a spectral region of key importance in greenhouse gas
sensing systems. Spectra were obtained at two different chirp rates and
chirp directions then fit to three different line parameter sets and two-
line shape models. We have examined the quality of the fits using
different line shape models to high-resolution methane measurements in
both steady state (time domain) and temporally magnified (frequency
domain) regimes. While the HTP model provides the best fit to the time
domain spectra, the improvement does not translate to the frequency
domain. The frequency domain fits using the HTP reveal only a slight
decrease in the residuals relative to using the HITRAN2012 Voigt pro-
file. Line shape fits using the HITRAN2020 Voigt profile performed
poorly for predictions of both magnitude and phase, although the fitted
concentrations were found to be in good agreement with those fit using
the HTP model.

The differential down-conversion technique described here is shown
to give two unique sets of magnitude and phase spectra that strongly
depend on the system parameters, such as chirp rate, magnification, and
direction. Therefore, for each set of sample conditions, the technique
produces multiple independent spectra that serve to increase the size the
data cube to perform multi-spectral fitting to arrive at a uniform set of

line shape parameters. Further, in the absence of time reversal asym-
metry, the magnitude and phase spectra assert a formal causal rela-
tionship (Kramer-Kronig) that enforces a physically meaningful
functional form. The ability to acquire such unique spectra with ties to
quantum dynamics has the potential to provide further insight into the
short- and long-range collisionally induced interactions among quantum
states that are responsible for speed dependent and line mixing effects.
Even within the confines of the current form, the time and frequency
domain line shapes obtained across a variety of experimental conditions
may lead to an improved set of the parameters that define the HTP
model. An improved understanding of the line mixing and speed
dependent behavior in laboratory will translate to higher precision
measurements in advanced remote sensing and monitoring applications.
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