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Broadband precision spectroscopy is indispensable for providing high fidelity molecular parameters for
spectroscopic databases. We have recently shown that mechanical Fourier transform spectrometers based
on optical frequency combs can measure broadband high-resolution molecular spectra undistorted by the
instrumental line shape (ILS) and with a highly precise frequency scale provided by the comb. The accu-
rate measurement of the power of the comb modes interacting with the molecular sample was achieved
by acquiring single-burst interferograms with nominal resolution matched to the comb mode spacing.
Here we describe in detail the experimental and numerical steps needed to achieve sub-nominal resolu-
tion and retrieve ILS-free molecular spectra, i.e. with ILS-induced distortion below the noise level. We in-
vestigate the accuracy of the transition line centers retrieved by fitting to the absorption lines measured
using this method. We verify the performance by measuring an ILS-free cavity-enhanced low-pressure
spectrum of the 3v; +v3 band of CO, around 1575 nm with line widths narrower than the nominal res-
olution. We observe and quantify collisional narrowing of absorption line shape, for the first time with
a comb-based spectroscopic technique. Thus retrieval of line shape parameters with accuracy not limited

by the Voigt profile is now possible for entire absorption bands acquired simultaneously.

© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Fourier transform spectrometers (FTS) are well-established de-
tection systems for molecular spectroscopy because of their ability
to measure broadband spectra with an absolutely calibrated fre-
quency scale. They are commonly used in combination with in-
coherent light sources in Fourier transform infrared (FTIR) spec-
troscopy [1]. An FTS is a Michelson interferometer that produces an
interferogram of the light source when the optical path difference
(OPD - A) between the interferometer arms is scanned. Fourier
transform of the interferogram yields a spectrum spanning the en-
tire bandwidth of the analyzed light source with a nominal reso-
lution inversely proportional to the range of the OPD scan, Amax.
Because of the OPD truncation, the absorption spectrum is con-
volved with an instrumental line shape (ILS) [2]. Therefore, high
nominal resolution is needed to avoid distortion of the absorp-
tion lines in conventional FTIR spectroscopy, which can only be
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achieved with a large instrument [3]; for instance, a 100 MHz reso-
lution necessitates scanning the OPD over 3 m. Furthermore, since
the OPD is usually calibrated using a stabilized continuous wave
(cw) laser, the accuracy of the FTS frequency scale is affected by
e.g. the beam divergence, interferometer misalignment, and fluc-
tuations of thermodynamic conditions. Achieving high accuracy on
the frequency and intensity scales requires placing the entire spec-
trometer in vacuum and careful alignment, which are challenging
when the instrument size grows.

The advent of optical frequency combs (OFC) provided a new
light source for the FTS [4]. The high spectral brightness together
with the spatial and temporal coherence of the combs enable ac-
quisition times orders of magnitude shorter than in conventional
FTIR spectroscopy. In the temporal domain, a comb is a train of
pulses separated by 1/frep, where fiep is the repetition rate, there-
fore a comb-based FTS interferogram consists of a series of equidis-
tant bursts separated by c/frep in the OPD domain, where c is the
speed of light. The spectral comb structure starts to be visible
when an interferogram containing several bursts is acquired [5].
However, unless the interferogram is sampled correctly, the spec-
tral resolution is limited to the nominal resolution of the FTS and
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retrieving the power of comb modes requires spectral interpola-
tion between the FTS sampling points [6]. Recently, we have shown
that the power of the comb modes can be precisely measured us-
ing single-burst interferograms with the length matched to c/frep
[7,8]. Such measurement yields high resolution molecular spectra
free from ILS distortion even when the molecular line widths are
much narrower than the nominal resolution of the spectrometer.
Moreover, the frequency scale is given by the comb, so high fre-
quency precision and accuracy are achieved even when the inter-
ferometer is not placed in vacuum.

Here we use this sub-nominal resolution method to measure
an ILS-free cavity-enhanced low-pressure spectrum of the entire
3v; +v3 band of CO, in ~10 mins with frequency scale precision
and signal-to-noise ratio high enough to observe the influence of
the speed-dependent effects on the absorption line shape. We de-
scribe in detail the different steps that are performed on a single-
burst interferogram to obtain an ILS-free molecular spectrum. We
discuss the influence of the uncertainty of the cw reference laser
wavelength used for OPD calibration on the accuracy of the re-
trieved line center frequencies, and we show that the technique is
particularly suited for high precision spectroscopy of narrow spec-
tral features.

2. Method

2.1. Truncation of optical path difference: nominal resolution and
instrumental line shape

The basic principle of an FTS is to acquire an interferogram of
the light source when the OPD (A) between the arms of the in-
terferometer is scanned. In conventional FTIR spectroscopy based
on incoherent light sources, the interferogram consists of a single
burst occurring at A =0. When permitted by the interferometer
length, it is convenient to acquire double-sided interferograms to
simplify the phase correction in post-processing [1]. The interfer-
ogram is usually sampled at OPD steps equal to a simple fraction
of the cw reference laser wavelength, A s, and the final spectrum
is obtained by taking the magnitude of the fast Fourier transform
(FFT) of the interferogram. In general, the spectrum is affected by
an instrumental line shape (ILS) originating from the OPD trunca-
tion and the divergence and misalignment of the beams inside the
spectrometer [1]|. However, when the light source is a collimated
laser beam, as is the case for the comb, the divergence and mis-
alignment effects are negligible and the ILS is caused mainly by
the OPD truncation. For a boxcar acquisition function in the OPD
domain, the truncation-induced ILS is a normalized sinc function
defined as:

Amax Sin[7r (V — vg) Amax/c]
C 7T (V — Vo) Amax/C

: (1)

gis(v, vo) =

where ¢/Amax is the nominal resolution of conventional FTIR, v
is the frequency and v is the center frequency (all in Hz). The
truncation-induced ILS, which has periodic zero-crossings at de-
tunings (v —vq) equal to integer multiples of ¢/Amnax, is convolved
with the spectrum measured by the FTS, leading to a broadening
of the measured lines, reduction of their intensity, and ringing on
each side of the lines. Using apodization methods that involve a
modification of the acquisition function of the interferogram [1], it
is possible to smoothen the ringing resulting from the convolution
with the sinc function at the expense of a further broadening of
the lines.

2.2. Comb-based FTS

When a comb beam is injected in the FTS, the resulting inter-
ferogram is a train of bursts equidistant in the OPD domain and

separated by c/frep. As mentioned above, the comb structure be-
comes visible when at least two consecutive bursts are acquired
in the same interferogram, since the nominal resolution is then
smaller than frep. In this case, the number of spectral elements
in the spectrum after the FFT is at least twice higher than the
number of comb modes. Moreover, without careful sampling of
the interferogram a fit to the spectral pattern is needed to pre-
cisely find the power of each comb mode [5,9]. Therefore, the ideal
case is to measure a spectrum containing one sampling point per
comb mode. As previously demonstrated in [7,8], it is sufficient
to acquire a single-burst interferogram with a length matched to
c/frep to measure the power of all comb modes with high pre-
cision. When such single-burst interferogram is sampled with an
OPD step equal to A¢/q, where q is an integer, it contains a num-
ber of points:

Ng = round (q (2)

c
2 reffrep
on each side of the burst. The spectrum after FFT contains Ny
points at frequencies ranging from 0 to qc/2A.s (the Nyquist fre-
quency) spaced by the nominal resolution of a conventional FTIR
spectrometer:

fo - C - qc
FIS Amax 2)‘-refNO ’

The FTS sampling points can be indexed by an integer number
n and yield a frequency scale:

(3)

Vers= Nfpr. (4)
Meanwhile, the frequency scale of the comb is given by:
Vopc=1 frep+ feeo, (5)

where fce, is the carrier-envelope offset frequency. The line width
of the modes of a stabilized comb is much smaller than the width
of the truncation-induced ILS, therefore the comb modes can be
considered as Dirac §-functions. Thus the convolution of the comb
spectrum with the truncation-induced ILS simplifies to a product,
and the FTS spectrum after FFT of a single-burst interferogram is
proportional to the sum of the comb mode powers, P, multiplied
by their corresponding truncation-induced ILS:

Skrs(V) =AY Pn gus (v, Viec) (6)
n

where A is an instrumentational factor that contains the detector
responsivity, gains, etc. At the FTS sampling points this becomes:

n m sin[n (Vli‘lrs - l)(r)nFc)/f?-‘rs]
SFTS(UFTS) = AZ —_ s
= fors ”(Vgrs - Vgch)/fgrs
where Eqs (1) and (3) have been used to express the ILS in terms
of the FTS sampling point spacing.

The influence of the ILS and the FTS sampling on a comb spec-
trum is illustrated in Fig. 1, which shows the spectrum of a single-
burst interferogram whose length is longer than c/frep [panel (a),
in red] and exactly equal to c/frep [panel (b), in blue]. For simplic-
ity, fceo is assumed to be null. The comb modes are represented
by the black §-functions, and the central comb mode, n,, is ab-
sorbed by a molecular transition with a line width much narrower
than frep. The dashed curves show the truncation-induced ILS of
the central comb mode, and similar ILS (not shown) exists for all
comb modes. The FTS spectrum resulting from an addition of the
ILS of all comb modes, shown by the solid curves, is sampled by
the FTS at discrete points separated by fgrs (circular markers, dot-
ted curves are guides to the eye). When the nominal resolution is
smaller than frep [panel (a)], the FTIS spectrum at the mode posi-
tions is not proportional to the comb mode power because of the

(7)
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(a)fF°T5< frep --ILS — ILS sum - - FTS sampling

ILS sum - = - FTS sampling

(b) fl-?TS= f

Fig. 1. Schematics of the spectra obtained after FFT of a single-burst interferogram
when the nominal resolution is smaller than fi., (a) and exactly equal to frep (b).
The comb modes are symbolized by the black vertical lines. The dashed red (a)
and blue (b) curves are the ILS profiles of the absorbed central comb mode, ngy;.
The solid red (a) and blue (b) curves show the FTS spectrum resulting from the
summation of the ILS profiles of all comb modes. The frequencies sampled by the
FTS are marked with red (a) and blue (b) circular markers, the dotted lines are
guides to the eye. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

distortion caused by the ILS of the neighboring comb modes. More-
over, the spacing of the sampling points is smaller than the spac-
ing of the comb modes. This mismatch accumulates with n and
results in a substantial frequency shift between the FTS sampling
points and the comb mode frequencies, which causes the ringing
on each side of the absorbed mode in the final spectrum. The in-
fluence of the ILS vanishes when the nominal resolution is equal
to frep [panel (b)]. In this case, the zero-crossings of the ILS of one
comb mode are at the positions of the neighboring comb modes,
leaving them unaffected. The sum of the ILS is proportional to the
comb mode power, and the sampling points, separated by fep, are
precisely matched to the comb mode frequencies, so the final spec-
trum [markers in Fig. 1(b)] has a flat baseline on each side of the
absorbed mode.

When the molecular absorption line is much narrower than frep,
only a single comb mode is strongly absorbed by the transition, re-
sulting in one sampling point per absorption line. Mapping the full
profile of absorption lines thus requires interleaving of single-burst
spectra taken with different OFC scales [10], which is achieved by
stepping either frep or feeo. Stepping feeo is preferred, as it results in
a linear shift of the optical frequencies, which is easily taken care
of in post-processing (see Section 2.3.1 below). However, this is not
possible in e.g. cavity-enhanced techniques, in which the comb pa-
rameters must be locked to that of an external cavity. In this case
frep is stepped instead, together with the cavity free spectral range.

When the interferogram is sampled at simple fractions of the
cw reference laser wavelength, it is not always possible to pre-
cisely match the nominal resolution of the spectrometer to c/frep,
since t(l-lrs can only take discrete values determined by the prod-
uct of A¢/q and the integer number of points Ny, while frep can
take any value from the laser tuning range. For example, the small-
est possible change of f., obtained from Eq. (3) by changing

FTS’
the interferogram length by two points, is qc/[2Ng (Ng+1) Apef]-

T —nf_+f
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Fig. 2. Schematics of the process of matching of the FTS scale (blue solid line) to
the OFC scale (red solid line) in the spectral range of interest (around vop). For
clarity, the initial mismatch is exaggerated and all scales are shown as continuous
functions rather than discrete points. In the first step, fee, is added to the FTS scale
so that both scales have the same frequency origin (blue dotted line). In the sec-

ond step, the FTS scale is shifted by f‘s)hift so that it overlaps with the OFC scale

in a chosen optical range of interest (blue dash-dotted line), or the interferogram is
zero-padded to correct the slope of the FTS scale before the shift is performed (blue
dashed line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

This yields 594 Hz for Af=633nm, q=4, and frep =750 MHz, i.e.
Np = 1.26 x 108. Stepping frep by this value results in an optical shift
of the comb modes by 150 MHz at 1575 nm, which is too large to
map e.g. the absorption profiles of narrow molecular transitions
after interleaving. Therefore in practice frep has to be tuned by a
smaller step than the available t(l-zrs step and the two do not always
match. This implies that in general there is a relative discrepancy
between f¢ and frep:

g0 = @’ (8)
rep

whose absolute value is between 0 and 1/2Ng, the latter for the
case when the frep value lies exactly in between two possible fgrs
values. The maximum discrepancy is thus of the order of 1076 for
Ng of the order of 10°, For such a small difference between fgrs
and frep the relative distortion of the FIS spectrum at the comb
mode positions is of the same order as &y, which is negligible (see
Section 2.5 below for detailed discussion). However, this discrep-
ancy also causes a significant shift of the sampling points with re-
spect to the comb line positions, as the small mismatch between
f?‘rs and frep is multiplied by the comb mode number n, which is
of the order of 10°. Moreover, the FTS scale does not exhibit any
offset frequency while feeo can take any value between 0 and frep.
Therefore in the following sections we assume that f?'rs is chosen
closest possible to frep and we describe how to correct the FTS fre-
quency scale in order to sample the spectrum at the positions of
the comb lines.

2.3. Matching the FTS and OFC frequency scales

The numerical procedure used to correct the FTS scale in post-
processing is illustrated in Fig. 2. The OFC scale (red solid line) is
set by the experiment. The initial FTS scale (blue solid line), set
by the cw reference laser wavelength and the number of points
in the interferogram, has in general a different slope and no off-
set. The offset is corrected by shifting the FTS scale by fceo (blue
dotted line) and the remaining discrepancy between the frequency
scales is then equal to the error on the FTS sampling point spac-
ing multiplied by the index n of the considered mode. This error
can be corrected at a chosen mode position nept (corresponding
to the optical frequency vopt within the comb spectrum) by an
additional frequency shift of f0 .. (blue dash-dotted line). In this

shift
way, the error on the sampling point spacing remains but is now
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multiplied by a much smaller number (n—nopt). When matching of
the scales is required over a wider spectral range, the FTS sam-
pling point spacing, and thus the slope of the FTS scale, can be
corrected through spectral interpolation by zero-padding of the in-
terferogram, and afterwards, if needed, a smaller frequency shift,
fohite, can be performed (not indicated in the figure) to cross the
two scales at the desired frequency (blue dashed line).

2.3.1. Offset correction

The FTS offset frequency is null by definition of the Fourier
transform process while the comb offset frequency can take any
value between 0 and fiep. Although techniques exist to stabilize the
comb feeo to zero [11], it is most often locked to a frequency differ-
ent than zero for simplicity or for practical reasons (e.g. when the
comb is coupled to an optical cavity that does not permit arbitrary
tuning of the fceo). Therefore the FTS scale has to be shifted by fceo,
which is done by performing FFT of the interferogram power P(A)
multiplied by an exponential function containing fceo:

Sers (Vers) = Aabs{FFT[P(A)exp(—i27 feeo A/O)]}- (9)

As a result, the FTS scale becomes Vs = nfgrs+fceo. which cor-
responds to the blue dotted FTS scale in Fig. 2, and the spectrum
is recalculated at the new frequencies.

2.3.2. FIS sampling point spacing correction

The difference between fg‘rs and frep introduces an error be-
tween the n! comb line frequency and its corresponding sampling
point given by negfrep. After performing the feeo shift, a local agree-
ment of both scales can be achieved at index nopt by shifting the

FTS scale by fO .. given by:
Eohite = _nopt(fgrs - frep) = —Nopt&ofrep. (10)

This shift is performed in the same way as the feo shift
[Eq. (9)], and yields the dash-dotted FTS scale in Fig. 2. This is
a simple and computationally efficient way to equalize the two
scales at index nopt. Moreover, it reduces the error between the
other comb lines and their corresponding FTS sampling points to
(n—nopt)eofrep. However, if the spectrum spans a large bandwidth
(thousands of comb lines), this error might become significant
away from ngpt. In such a case, the discrepancy between the FTS
sampling point spacing and frep can be decreased by zero-padding
of the interferogram. This spectral interpolation method involves
the addition of kp,qNo zeros (with integer k;,q) on both sides of
the existing interferogram before performing the FFT. The resulting
spectrum contains kp,q interpolated points between two previously
sampled points, spaced by f%.s/(kpad +1). If instead the number of
zeros added on both sides is close to but not equal to kp,qNo, the
FTS sampling point spacing changes. The number of points in the
zero-padded interferogram, N, that shifts the sampling points clos-
est to the comb modes for a given integer kp,q is obtained by re-
placing frep in Eq. (2) by frep/(Kpag +1):

qc
N = round| =———— (kpaqa + 1) |- 1
|:2)\reffrep ( pad )i| ( )

The new FTS sampling point spacing is:
qc
frrs = =—— (Kpag + 1), 12
FTS ZkrefN ( pad ) ( )

yielding a relative change with respect to the initial FTS sampling
point spacing of:

¢ = s s (13)

frrs

1074
b
= 10°¢
10°}
0 5 10 15 20 25 30
K
pad

Fig. 3. Relative discrepancy of the FTS sampling point spacing with respect to the
target frep value as a function of k,q for different fie, values. t‘}rs is set to 750 MHz,
q to 4, while fie, is detuned from 750 MHz by 40Hz (fiep;, black square markers),
60Hz (frep2, red circular markers) and 100Hz (fiep3, blue triangular markers, the
curves are guides to the eye). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Note that the maximum value ¢ can take is &, (when
frrs =frep), which, in turn, is at most 1/2Ng. The relative discrep-
ancy ¢ between frs and fiep is now:

fFTS - frep ) (.14)

frep

The smaller ¢ is, the more parallel the red OFC and blue dashed
FTS scales are in Fig. 2. The optimum number k.4 that decreases
the discrepancy between the sampling point spacing and frep with-
out over-padding of the interferogram can be found by evaluating
¢ as a function of k,q. Fig. 3 shows examples of curves obtained
when calculating &(ky,q) for q=4, fgrs =750MHz and three differ-
ent values of frep, off by 40, 60 and 100Hz from 750 MHz. The
smaller the initial discrepancy &g is, the larger kp,q is needed to
significantly reduce e.

As computational time and memory requirement increase with
the number of points involved in the FFT algorithm, it is compu-
tationally more efficient to perform zero-padding with a low k4
and combine it with the shift procedure, which does not increase
the number of points. The shift is then given by:

fonire = _nopt(fFl'S - frep) = _noptgfrep, (15)

and the FTS frequency scale becomes (blue dashed FTS scale in
Fig. 2):

VI{'lrs = Nfrs + feeo + fonie

(16)
= nfrep + feeo + (n — nopt)gfrepv

where Eqs (14) and (15) have been used in the last step. This
means that the discrepancy between the FTS and OFC scales is
given by (n—nopt)efrep. Once the offset and sampling point spac-
ing corrections are done the comb mode frequencies are assigned
to the points sampled by the FTS.

2.4. Residual ILS distortion

The procedure described in Section 2.3 assumes that t(l-lrs is
known with the same accuracy and precision as frep. In practice,
frep is usually stabilized and known with accuracy on the 10°1!
level, while the accuracy of fl?‘rs is much lower, determined by the
accuracy 1 with which A is known, limited by the variations of
the refractive index of air (when the FTS is not in vacuum) and of
the alignment of the laser beam [1]. Thus in practice the cw ref-
erence laser wavelength is given by Aot =Aef(1+ 7). This implies
that the relative discrepancy between the corrected FTS sampling
point spacing and fep [Eq. (14)] becomes & =fprs/[(1+7) frep] - 1,
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which implies that fprs =(1+&)(1+ 1) frep = (1+ &+ 1) frep, Where
the term of the order of ¢n has been neglected. The corrected FTS
frequency scale thus becomes:

Vers = Nfrep (146 + 1) + feeo — Noptéfrep

(17)
= nfrep + feeo +[(N — Nopt )€ + nﬂ]frely

Below we show that the residual mismatch between the FTS
and OFC scales causes a characteristic ILS distortion with ampli-
tude proportional to the error remaining between them, which, in
turn, allows iterative reduction of 7 until the ILS distortion be-
comes lower than the noise on the baseline. We also study the
influence of error n on the position of absorption lines retrieved
by fitting and show that it depends on the ratio of the absorption
line width, I, and frep.

Using Eq. (7) the FTS spectrum at the n'" sampling point after
correction of the FTS scale can be written as:

Sers (Virs)
A Tp sin[7r (n — m)fers /g + 7 (Vs — V) /T
=0 m
fl?‘l'S m 7'[(1‘1 - m)fFTS/fgrs + n(vl]rnrs - vg}:c)/fgrs

)

(18)

where Vi — Vi = (n — m)fgrs has been used. Since fFrs/fgrs ~ 1
and V-V K fg'rs' the sine function can be series expanded to
first order and Eq. (18) becomes:

Srrs (Virs)
n—m)(fers — ) + vB — v
%AZPm(—l)“_m( ) (frrs Fl‘S)m s —Yore (4
fors 5 (0 —m)fers + Vits — Vo

where (Vis—Vgc) < (n—m)fy for n # m, which enables using
Eq. (13) to further simplify the equation to:

n A n-m vlz‘nl'S — ”gch
SFTS(VFrs) ~ @ Pn + Z Pm (-1) ¢+ m
m#n

(20)

In the absence of molecular absorption the comb mode power
is locally flat. This implies that Sgrs(Vprs) %APn/fgrs because the
contributions of neighboring comb modes cancel out after summa-
tion. When a comb mode n,, is absorbed by a molecular line with
a width narrower than frep, the comb power changes by APy, at
this mode, while it remains constant at the neighboring modes,
APpyn, . =0. This induces an ILS distortion, ASys, around this
mode, i.e. at sampling points n # n,u, given by the last term in
Eq. (20) evaluated for n=n,p:

A _ N,ps — Nopt )€ + N
ASs(vers ™) ~ g APn,, (=17 [c 1 (Dats n"_"ﬁabs abs”],
FTS

(21)

where Eq. (17) has been used to express the difference between
the FTS and OFC scales, and frep/frrs ~ 1 has been assumed. The
spectrum is ILS-free when the maximum ILS distortion is smaller
than the noise on the baseline, i.e. when the last term in Eq. (21) is
smaller than the inverse of the signal-to-noise ratio (SNR) of the
measured absorption line. The contribution of ¢ to the residual
ILS is negligible as long as ¢, which is at most equal to 1/2Ny, is
smaller than 1/SNR, which is fulfilled as long as SNR < 2Nj, i.e. 106.
The influence of the inaccuracy of the FTS sampling point spacing,
&, can always be removed for a particular absorption line by set-
ting Nopt = N, in the shifting procedure. Therefore, in practice, the
residual ILS distortion is determined by the error on the reference
laser wavelength, 7. This distortion has odd symmetry with respect
to the absorption line center since it changes sign periodically with
(n—ngs), and a maximum at frep away from the absorption line

(a) F/frep=0.1 (b) l“/frep=1 (c) F/frep=3

1.00—wjr-ﬁ-— 1
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Fig. 4. Simulated absorption lines (black markers) with residual ILS distortion
caused by an error n=1x 107 on the cw reference laser wavelength for absorp-
tion line widths equal to frep/10 (a), frep (b) and 3fep (c). The red curves show the
fits, and residuals are plotted in the lower panels. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

center, i.e. at the comb mode n=n,,, + 1. An ILS-free spectrum is
thus obtained when A, is known with accuracy better than the
limit set by the SNR in the spectrum, given by:

1

- 22
SNR Nyps ( )

Mim =
This limit is of the order of 1 x 10" for a comb mode at 1575 nm
and frep=750MHz (i.e. ng,s=2.5x10°) and an absorption line
measured with a SNR of 400.

Equation (21) gives an analytical expression for the residual ILS
distortion of an absorption line significantly narrower than frep. To
illustrate how the residual ILS distortion depends on the ratio of
the full width at half maximum (FWHM) of the absorption line,
I', and fiep, three different cases are plotted in Fig. 4, for I'/fiep
equal to 0.1 [panel (a)], 1 [panel (b)] and 3 [panel (c)]. The absorp-
tion lines are calculated using Beer-Lambert law and Voigt pro-
files with a Doppler width equal to twice the Lorentzian width and
with an absorption line contrast of 10%. The index of the absorbed
comb mode closest to resonance is n,,s=2.54 x 10°. Single-burst
interferograms are simulated using a fixed value of A, for dif-
ferent frep values and analyzed with A/, with n=1x 107. frep
is stepped by I'/20/n,,, yielding 20 points per I' after interleav-
ing. The resulting interleaved spectra are shown with black mark-
ers in Fig. 4. The red curves show fits of the model based on
the Voigt profile with line position, area and Lorentzian width
as fitting parameters, and the residuals of the fits are plotted in
the lower panels. When the absorption line is significantly nar-
rower than frep [panel (a)] only one comb mode is absorbed by
the line in each single-burst spectrum and the ILS distortion has a
form of discrete peaks at multiples of frep away from the absorp-
tion line center, with amplitude changing sign periodically. Since
these peaks are clearly separated from the absorption line and
their combined area is zero, they do not distort the absorption
line. The fit is not affected by the ILS distortion, it returns the
line parameter values assumed in the simulation and the residual
is flat at the position of the absorption line. The residual also con-
firms that the maximum amplitude of the ILS distortion is equal to
Nypst) AP, =2.54 x 1073, as predicted by Eq. (21). When the line
width is comparable to frep [panel (b)] several comb modes are si-
multaneously absorbed in each single-burst spectrum and the ILS
distortion takes the form of ringing with odd symmetry. This is
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because the different discrete ILS peaks centered at multiples of
frep away from the line center are now broader and merge. The
area and line width are not affected by the distortion, since it has
odd symmetry and its integral is zero, but the center frequency
of the line is shifted by — 0.65nn,psfrep. Finally, in the case when
I'[frep =3 [panel (c)], the ILS ringing becomes negligibly small and
the fit returns the correct area and line width. However, the cen-
ter frequency of the line is shifted by —nn,psfrep, similar to what
happens in conventional FTIR spectroscopy with an error 1 on the
reference laser wavelength [1].

The characteristic shape of the ILS distortion in the sub-nominal
method, which is different than the truncation-induced ILS of con-
ventional FTIR or higher order corrections to the absorption line
shape, allows performing corrections to the cw reference laser
wavelength. The amplitude and sign of the ILS distortion are pro-
portional to the magnitude and sign of 7, so the initially assumed
A ef €an be corrected by repeating the data analysis in an iterative
manner until the ILS disappears below the noise on the baseline.
In this way n is reduced down to the value 7y, determined by
the SNR in the spectrum and the absorbed comb mode number
[Eqg. (22)]. For lines broader than fep the shift of the line position
remains, however reduced by a factor 1/n;;,, compared to its initial
value.

Note that if initially n is larger than 1/2n,,, the iterative
matching of the FTS and OFC scales performed as described above
will result in a spectrum with no ILS distortion but frequency
shifted by an integer multiple of fiep, see Eq. (17). This shift, how-
ever, is easily noticed by comparison with positions of known ab-
sorption lines, and can be eliminated.

2.5. Absorption line positions

The origin of the frequency shift of the absorption line position
described above has its explanation in the sampling process of the
sub-nominal resolution method. Fig. 5 depicts the influence of the
error 1 on the spectrum of an absorption line for I'/fiep equal to
0.1 [panel (a)] and 2 [panel (b)]. The index of the absorbed comb
mode Ny is 2.54 x 10%, 1 is equal to —5 x 107, and nNgpt = Nypg tO
cancel the influence of ¢ in Eq. (21). The comb modes are symbol-
ized by the black vertical lines. Some comb modes are partially ab-
sorbed by an absorption line plotted with the black dashed curves.
The red solid curves depict the sum of the ILS profiles of all comb
modes [Eq. (18)] and the red circular markers are the FTS sam-
pling points after scale correction, offset from the comb modes by
-nNNypsfrep because of the error 1 on the reference laser wavelength
[Eq. (17)]. The blue square markers show the FTS sampling points
after the comb mode frequencies have been assigned to them. The
final spectra, obtained after interleaving of many single-burst spec-
tra, are shown by the blue solid curves. In the case of a line nar-
rower than frep [panel (a)], the ILS sum in a single-burst spectrum
is much broader than the absorption line and the amplitude er-
ror induced by 7 is negligibly small, e.g. below 103 for 1 below
10°7. This means that after assigning the comb mode frequencies
to the FTS sampling points the interleaved spectrum (blue curve)
overlaps with the absorption line. In the case of a line significantly
wider than frep [panel (b)] the ILS distortion has a negligible im-
pact on the absorption line intensity and the ILS sum overlaps with
the absorption line. Yet, once the comb mode frequencies are as-
signed to the FTS sampling points, the absorption line is shifted by
*nnabsfl‘EP'

For I'/frep ratios between the two cases shown in Fig. 5, the
frequency shift of the absorption line depends on the exact value
of the I'/fiep ratio and the shape of the absorption profile. The
odd symmetry of the residual ILS distortion counteracts the shift
induced by the error on the reference laser wavelength because
the slope of the distortion at the line center has the same sign

(@)T/f, =01

n " N n 1 n "

(b)r/f, =2

- - Absorption line
—e— |ILS sum
—=— |nterleaved spectrum

-4 -3 -2 -1 0 1 2 3 4

Fig. 5. Simulation of the spectra of absorption lines with line width equal to fep/10
(a) and 2f, (b) obtained when n=-5x107. The comb modes are symbolized
by the black vertical lines. The absorption lines are depicted by the black dashed
curves. The red solid curves are the sum of the ILS of all comb lines and the
red circular markers are the FTS sampling points after scale correction. The blue
square markers show the spectrum obtained after assigning the closest comb
mode frequency to each FTS point, and the solid blue curve is the final spectrum,
obtained after interleaving of many single-burst spectra. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. Simulated shift of the transition frequency obtained by fitting to absorp-
tion lines analyzed with an error n on the cw reference laser wavelength in direct
transmission (solid curves) and in cavity transmission (dashed curves) for two ab-
sorption line contrasts, 10% (red curves) and 50% (blue curves), as a function of the
ratio of the transition line width to frp,. The y-axis on the left side is expressed in
terms of the FTIR shift nn,psfep, while the y-axis on the right side is in MHz for
frep = 750 MHz, nps=2.54 x 10° and n=10-8. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

as n. Fig. 6 shows the frequency shift of the absorption line as a
function of the I'/fiep ratio, obtained by simulations and fits sim-
ilar to the ones shown in Fig. 4. To illustrate the variation with
transmission line shape, four different cases are plotted here, di-
rect transmission, i.e. Beer-Lambert law, with 10% (solid red curve)
and 50% (solid blue curve) contrast, and cavity-enhanced model
[12] with the same contrasts (red and blue dashed curves, respec-
tively), all based on Voigt profiles. For I'/frep ratios below 0.2 the
frequency shift is close to zero, while for ratios larger than 2 it
approaches the FTIR limit of —nngsfrep (indicated with the hor-
izontal gray dashed line). This shift is equal to 1.9MHz for the



L. Rutkowski et al./Journal of Quantitative Spectroscopy & Radiative Transfer 204 (2018) 63-73 69

Er:fiber fs laser
250 MHz

A/2  PBS
[l
|

Freq.
counter

Rb clock
4= 10 MHz

Fig. 7. Experimental setup: EOM, electro-optic modulator; A/2, half-waveplate; PBS,
polarizing beam splitter; A/4, quarter-waveplate; PZT, piezo-electric transducer; FTS,
Fourier transform spectrometer; fppy, Pound-Drever-Hall modulation frequency; ¢,
phase shifter; DBM, double-balanced mixer; BPF, band-pass filter; LPF, low-pass fil-
ter;. fq, Rubidium clock frequency; DDS, digital direct synthesizer; fpps, DDS fre-
quency. Bottom: matching of the comb (red) to the cavity (black), the reflected
comb modes are shown with dotted lines. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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index of the absorbed comb mode n,ps = 2.54 x 10°, frep =750 MHz
and n=1x 10-8. For intermediate I'/frep ratios the exact value of
the frequency shift depends on the profile of the line measured
in transmission. The shift increases with absorption line contrast,
since the line profile in transmission gets broader (i.e. the blue
curves in Fig. 6 are shifted to the left with respect to the red
curves). Moreover, for the same absorption line contrast the shift
is larger in cavity-enhanced spectra than in direct absorption, be-
cause of the larger broadening (i.e. the dashed curves are shifted
to the left with respect to the solid curves). In the experiment, the
transition frequency uncertainty when the ILS distortion is at the
noise level can be estimated using Fig. 6 for the pertinent I'/frep
ratio and contrast of the measured absorption line.

3. Experimental
3.1. Experimental setup

The measurements were performed using a near-infrared comb-
based FTS with an enhancement cavity, whose function was both
to increase the absorption sensitivity and to filter the comb to in-
crease the frep, in order to reduce the uncertainty on the line posi-
tions (see Fig. 6). The experimental setup is depicted in Fig. 7. The
comb source was an amplified femtosecond Er: fiber laser with a
repetition rate of 250 MHz, equipped with an f-2f interferometer.
The comb was coupled into an 80-cm-long cavity with a finesse of
~11,000 and a free spectral range (FSR) of 187.5 MHz. In this con-
figuration, every third comb mode was transmitted by every fourth
cavity resonance, which led to an effective (cavity-filtered) repeti-
tion rate of frep =750MHz, as shown at the bottom of Fig. 7. The
wavelength-dependent cavity finesse was characterized by ring-
down measurements with a precision of 1%. One of the cavity mir-
rors was mounted on a ring piezoelectric transducer (PZT) to con-
trol the cavity length. The cavity was connected to a supply of
1000(2) ppm of CO, diluted in N, and of pure N, through a system
of flow and pressure controllers that provided 1.3 Torr precision on
the sample pressure.

The comb modes were actively stabilized to the cavity res-
onances using the two-point Pound-Drever-Hall (PDH) technique
[12]. To obtain the PDH error signals, the comb light was phase-
modulated at a frequency fppy=20MHz using a fiber-coupled
electro-optic modulator (EOM). The cavity reflected light was
picked up and directed onto a grating that dispersed the comb
spectrum. Two different wavelength regions of the dispersed light

were detected by two photodetectors and their signals were syn-
chronously demodulated at fppy to yield two PDH error signals.
The first error signal was fed into a proportional-integral (PI) con-
troller that acted on the injection current of the pump diode of
the oscillator and controlled both feeo and frep with a bandwidth
of 150kHz. The second error signal was split into two paths and
fed to two separate PI controllers that worked in parallel to control
frep. The first controller acted on the laser resonator length via an
intracavity PZT, controlling frep with a low bandwidth (6 kHz) but a
large range (5kHz). The second one was connected to an EOM in-
side the laser resonator, which modulated the intracavity refractive
index and thus controlled frep with a high bandwidth (500kHz)
but a small range (0.1 Hz). Once the comb modes were locked
to the cavity, the cavity length/FSR was stabilized using an error
signal obtained by comparing the fiep value to a radio-frequency
sinewave, fpps, generated by a direct digital synthesizer (DDS) ref-
erenced to a GPS-referenced Rubidium clock. The error signal was
fed via a low bandwidth (< 10Hz) PI controller to the PZT con-
trolling the cavity length. As a consequence, frep Was stabilized to
the Rubidium clock, while the f..o was indirectly stabilized via the
two-point lock to the cavity.

The light transmitted through the cavity was analyzed with a
home-built fast-scanning FTS enclosed in a box filled with ambi-
ent air. The OPD was swept at a speed of 80cm/s and it was cal-
ibrated with a sinewave interferogram of a stabilized He-Ne cw
laser [specified Af=632.9911nm in vacuum] that co-propagated
with the comb beam. The comb interferogram was measured using
an autobalancing InGaAs detector [13], while the cw interferogram
was measured with a single Si detector. Both interferograms were
acquired simultaneously at a rate of 5 Msample/s with a 20-bit res-
olution data acquisition card. The comb interferogram was linearly
interpolated at the zero-crossings and extrema positions of the ref-
erence interferogram during post-processing, yielding an OPD step
of As/4 [i.e. =4 in Eq. (2) and following]. A scan over a single-
burst interferogram (Amax =40cm) lasted 0.5s, and the measure-
ment could be repeated every 1.3s.

3.2. Measurement procedure and comb parameters

For spectroscopic measurements the cavity was filled with
1000(2) ppm of CO, in N, at a pressure of 26.3(1.3) Torr and a
temperature of 296(3) K. The average FWHM of the absorption
lines at this pressure is I'=390MHz. Single-burst spectra were
taken with 40 different fre, values stepped by 75Hz, which re-
sulted in a step of 18.75MHz in the optical domain and yielded
on average 20 points within FWHM, I'. Each single-burst spectrum
was averaged 10 times; therefore each fiep step was acquired in
13s. There was a dead time between two consecutive frep steps of
4.5s caused by the need to change the DDS frequency smoothly to
avoid unlocking of the comb from the cavity. Thus the entire mea-
surement took 700s.

The comb fiep and feeo Were continuously monitored during the
acquisition with a frequency counter at a rate of 1Hz and the re-
sult is shown in Fig. 8. The 40 fie, steps are clearly visible in panel
(a). Because of the comb-cavity locking scheme, fceo followed a
trend opposite to frep in order to compensate for the frep increase,
as shown in panel (b). The 22nd step is enlarged in the insets in
both panels. Standard deviations o of frep and feeo were equal to
2 mHz and 1.2 kHz, respectively, during each step. This corresponds
to a total uncertainty on the comb mode frequency in the optical
range equal to 1.7 kHz, mostly caused by the offset frequency un-
certainty.

The single-burst spectrum measured with the first fiep value
was used to reduce the uncertainty n on A, below the value de-
termined by the SNR ratio in the spectrum. All single-burst spec-

tra were then processed using the f‘_jhift shift to correct the FTS
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Fig. 8. Experimental fr, (a) and feeo (b) values measured during the step-by-step
acquisition of single-burst interferograms, where the mean value of the 22nd step
has been subtracted. The insets show zooms of the 22nd step together with the
standard deviations.

scale. When the residual ILS distortion for the absorption lines at
the edges of the comb spectral range was found to be larger than
the noise on the baseline, the combination of the zero-padding
method and the fg,;; shift was used instead. Each single-burst
spectrum was normalized to a background spectrum measured
while the cavity was filled with pure N, at the same pressure.
Since the background does not contain any narrow spectral fea-
tures, a single-burst spectrum taken at the first frp value (aver-
aged 10 times) was sufficient to fully resolve it. For normaliza-
tion of spectra taken at other frep values this background was lin-
early interpolated at the comb frequencies. The single-burst spec-
tra measured with different frep values were interleaved and the
relative baseline of each step was corrected to compensate for
the drift of the laser envelope from step to step. Finally, the
baseline of the interleaved spectrum was corrected for the re-
maining etalons by fitting a 4th order polynomial function and
low frequency sine wave functions together with the transmission
spectrum.

4. Results
4.1. Broadband CO, spectra and sensitivity

Figure 9 shows the spectrum of the 3v;+v3 band of
1000(2) ppm of CO, diluted in N, at 26.3(1.3) Torr obtained from
interleaved single-burst spectra [panel (b), black curve], compared
to a model spectrum (red, inverted) calculated using the cavity-
enhanced transmission function [12] based on Voigt absorption
profiles with line parameters from the HITRAN database [14], and
the experimentally determined cavity finesse [panel (a)]. The nom-
inal resolution of the FTS was 750 MHz while the average FWHM of
the absorption lines is around 390 MHz, yet no distortion induced
by the ILS is visible. The lack of ringing around the absorption lines
is even more evident in the enlargement of the range covering two
lines of the 3v{ +v3 band, chosen for their high SNR and proxim-
ity to one of the PDH locking points, namely the R14e and the R16e
lines, plotted in black in panel (c¢). For comparison, a spectrum that
would be obtained with conventional FTIR with the same nomi-
nal resolution is plotted in blue (vertically and horizontally offset
for clarity). This spectrum was simulated by convolving the mea-
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Fig. 9. Cavity-enhanced spectrum of the 3v; + v3 band of CO, at 26.3 Torr. (a) Cav-
ity finesse measured by cavity ring-down when the cavity was filled with N, (mark-
ers) together with a third order polynomial fit (curve). (b) Normalized cavity trans-
mission spectrum of 1000 ppm of CO, diluted in N, at 26.3 Torr obtained from 40
interleaved single-burst spectra (black) plotted together with a simulation based on
the cavity enhanced model [12] and the HITRAN parameters [14] (red, inverted). (c)
Enlargement of the spectral region containing the R14e and R16e CO, lines (black)
and a simulation of the spectrum that would be obtained with conventional FTIR
spectroscopy and the same nominal resolution (750 MHz, blue, horizontally and ver-
tically offset for clarity). The two weak peaks at 6359.34 and 6360.11 cm™! are CO,
lines. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

sured CO, spectrum with a sinc function described by Eq. (1) for
a nominal resolution of 750 MHz, which causes reduction of the
line contrast, broadening of the line width, and ringing on the
line wings. None of these effects was present in the experimental
spectrum.

The spectrum spans 90 cm™! between 6295 and 6385 cm!
and contains 144,000 spectral elements spaced by 6.25 x 104 cm™.
The standard deviation of the noise on the baseline near the
two lines shown in panel (c) is 1.2 x 103, Therefore, the noise
equivalent absorption (NEA) is equal to 2.2 x 10° cm™ for an ac-
quisition time of 700s, and the figure of merit, defined as the
NEA multiplied by the square root of the ratio of the total ac-
quisition time and the number of spectral elements, is equal to
15 x 10710 cm T Hz 12,

4.2. Residual ILS distortion

According to Eq. (22), the absence of ILS-induced distortion on
the R16e line centered at 6360 cm™! (ny, =2.54 x 10°), for which
the SNR is 280, implies that the cw reference laser wavelength has
been found with an accuracy below 7, =14 x 10-8, Fig. 10(a)-
(b) investigates the ILS distortion of the R16e line when the error
n is deliberately made larger than this. The undistorted line cor-
responding to |n| <n)y,, same as in Fig. 9(c), is shown by black
markers («) in panel (a). The blue and red curves show the same
line analyzed using A/, with n=-5x10"% (8, blue curve) and
n=1x107 (y, red curve) with respect to the value used to ob-
tain the ILS-free line, A,r=632.99115nm. To quantitatively assess
the distortion amplitude, panel (b) shows the differences between
curves (8) and («), and (y) and («). As predicted by Eq. (21) and
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Table 1

Vacuum transition frequency, line intensity and Lorentzian FWHM, T'[, at 26.3(6) Torr of the R16e CO, line retrieved
from fits based on the VP and SDVP compared with the parameters from the HITRAN database [14], Long et al. [18]

and Li et al. [19] at 296(3) K.

R16e line Vacuum line position [MHz] Intensity [cm™'/(mol. cm2)] I't [MHz]
VP (this work) 190,667,024.1(5) 1.650(5) x 10-23 144(2)
SDVP (this work) 190,667,024.2(7) 1.688(5) x 10-23 163(2)
Systematic uncertainty 0.8 0.09 7
HITRAN 190,667,023(3) 1.744(35) x 1073 -
Long et al. 190,667,021.41(3) - -
Li et al. - - 151(5)
(a) R16e line (c) R16e line the pressure shift to —6.7 MHz (based on the value of the pressure
5 1.0 L shift by N, of —0.0065(7) cm™!/atm from Gamache et al. [16]) and
8 the finesse to 10,500. The residual of the VP fit is shown in panel
5 0.9} 0.9 (d). The characteristic (inverted) w-shaped residual caused by the
§ inaccuracy of the VP at this pressure is clearly visible, demonstrat-
> 0.8t 0.8 ing the need to consider more advanced absorption profiles. Panel
% - Data (e) shows the residual of a fit of the SDVP, where the reduced
2 07 07| — VPfit ) speed-dependent collisional width was introduced using quadratic
ﬁ —_ Sbvpii approximation given by Priem et al. [17]: Bw(X) = 1 + aw(x2-3/2),
g ol (o) In| < 1.4x10° sf@) VP o =22010° where x is the reduced absorber speed and a, is a dimensionless
g | — (B n=-5x10° 0 fitting parameter. The small pressure shift was assumed to be inde-
— (y) n=1x10"7 5 pendent of the absorber speed. The improvement of the fit within
P the line core is evident. The standard deviations of the residuals
g 5[(e) SDVP 6 =14x10° of the VP and SDVP evaluated between —1 and 1GHz, indicated in
2 0 WWMWMM their respective panels, show an improvement of the SDVP residual
e 5 by 36% compared to the VP.
2 -1 0 1 2 -2 -1 0 1 2 The spectroscopic parameters of the R16e line retrieved from
Frequency [GHZz] Frequency [GHZz]

Fig. 10. Spectra of the R16e CO; line at 6359.9673 cm™' at a pressure of 26.3 Torr
and temperature of 296K. (a) Spectra obtained for different values of error on
the cw reference laser wavelength: || <14 x 10 [«, black markers, same as in
Fig. 9(c)], n=-5x 10® (B, red curve), and n=1x 107 (y, blue curve). (b) Residua
between the distorted lines and the undistorted line. The dotted horizontal lines in-
dicate the maximum of the ILS distortion calculated using Eq. (21). (c) Undistorted
spectrum [black markers, same as in panel (a)] together with a fit of the Voigt
profile (VP, blue curve) and the speed-dependent Voigt profile (SDVP, red curve).
Residuals of the fits are shown in (d) for the VP and in (e) for the SDVP. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

by simulations shown in Fig. 4, the ILS distortion has odd symme-
try with respect to the line center and reaches a maximum at a
frequency frep away from the line center. Moreover, the amplitude
of these maxima changes sign and increases with 7. The dotted
horizontal lines in panel (b) indicate the ILS distortion amplitudes
calculated using Eq. (21) for curves (8) and (y), equal to 4.3 x 103
and 8.6 x 1073, respectively, which agree well with the experimen-
tal data in both cases. To assess the center frequency shift caused
by n we fit the cavity-enhanced model to the three curves, simi-
larly to what was done to obtain data shown in Fig. 6. The I'/frep
ratio for this line is 0.52 and we find from the fit that the shift is
equal to -21 x 107 MHz. This implies that the uncertainty of the
center frequency for the ILS-free line with 5, =14 x 10" is at
most equal to 0.28 MHz.

4.3. Speed-dependent effects on Voigt profile

The undistorted R16e CO, transition is plotted again with black
markers in Fig. 10(c). The nearly overlapping curves show fits to
this line based on the cavity-enhanced model [12] with the Voigt
profile (VP, blue curve) and with the speed-dependent Voigt pro-
file [15] (SDVP, red curve). The fitting parameters of the VP are the
transition frequency, the line intensity, the Lorentzian width of the
transition, the comb-cavity offset (induced by the cavity dispersion
[12]) and a linear baseline. The Doppler width is fixed to 354 MHz,

the fits of the VP and the SDVP are summarized in Table 1 and
compared to the parameters from the HITRAN database [14] and
from Long et al. [18] and Li et al. [19]. The statistic uncertain-
ties of the fitted parameters are indicated in parentheses, while
the systematic uncertainties are listed in a separate row. Not listed
in the table are the comb-cavity offset equal to 470(95) Hz and
460(70) Hz for the VP and SDVP fits, respectively, as well as the
ay parameter equal to 0.129(7) for the SDVP. The fitted transi-
tion frequency agrees within one sigma of combined uncertainty
with the HITRAN value, and within three sigma with the result
obtained by Long et al. [18] with frequency-agile cavity ring-down
spectroscopy. The reason for the relatively large discrepancy be-
tween our value and that of Long et al. [18] is most probably an
overestimated accuracy of the pressure shift parameter used in our
analysis, which cannot be verified with a single pressure measure-
ment. Note, however, that already at this SNR the precision of our
measurement is better than that reported in HITRAN, even taking
into account the combined effect of the uncertainty on the pres-
sure shift (0.7MHz) and that caused by the uncertainty on A
(0.28 MHz). The retrieved line intensity agrees with the intensity
provided in HITRAN within the systematic uncertainty given by the
combined effect of the pressure, concentration and cavity finesse
uncertainties. The fitted value of the Lorentzian line width of the
VP agrees within the systematic uncertainty with the value calcu-
lated using the broadening coefficient for N, for the same CO, line
measured by Li et al. [19]. The systematic uncertainty is given by
the precision of the pressure and temperature measurement. The
Lorentzian line width found from the SDVP fit is larger, since this
parameter does not have to compensate for the speed-dependent
line narrowing neglected in the VP.

5. Conclusions

Optical frequency comb Fourier transform spectroscopy with
sub-nominal resolution allows precise measurement of the power
of the individual comb modes interacting with molecules and
yields absorption spectra with frequency resolution and precision
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given by the comb rather than the FTS. It relies on the measure-
ment of single-burst interferograms with nominal resolution pre-
cisely matched to the repetition rate of the comb and matching
of the FTS sampling points to the comb mode frequencies in post-
processing. Any residual mismatch between the FTS and OFC scales
induces a characteristic ILS distortion with odd symmetry with re-
spect to the line center and a maximum at frep away from the line
center, with amplitude proportional to the frequency mismatch.
This ILS distortion can be reduced below the noise level by iter-
atively adjusting the cw reference laser wavelength down to the
precision 7y, given by the inverse of the product of the SNR in
the spectrum and the absorbed comb mode number, n,,. Impor-
tantly, the parameters of absorption lines much narrower than frep
are unaffected by the residual ILS distortion. Thus, to fully bene-
fit from the sub-nominal resolution method, frep should be chosen
larger than the line width of the measured absorption lines, which
can be achieved in practice using a filter cavity.

The sub-nominal resolution method is similar to two ap-
proaches used in dual comb spectroscopy. The first is the ‘coher-
ent averaging’ technique [20] developed to allow the averaging of
successive single-burst interferograms in the time domain to re-
duce the amount of data. In this method, reproducible sampling of
the interferogram is obtained by setting the repetition rates and
the difference of the offset frequencies of the interfering combs
equal to integer multiples of the difference of the repetition rates,
which after FFT yields sampling points exactly at the comb mode
frequencies. The second method is the ‘super resolution’ technique
developed initially for the THz range [21] and later used in the
near-infrared range [22]. The lack of fe, in the THz combs removes
the need to correct the FTS offset frequency. Moreover, because
of the rather low SNR in the spectra measured in both frequency
ranges, precise matching of the FTS and OFC scales was not nec-
essary and the effects described in this work were not observed.
Our approach allows obtaining ILS-free spectra with a much higher
signal-to-noise ratio and can be implemented in all FTS systems,
yielding resolutions orders of magnitude better than most accu-
rate FTIR spectrometers [3] using a compact interferometer (Amax
of tens of cm) and in a much shorter acquisition time (seconds
or minutes instead of hours or days). As in conventional FTIR, the
temperature and pressure need to be stable during the acquisition
process; but contrary to FTIR, vacuum conditions are not required
since the absolute frequency scale is set by the light source and not
by the spectrometer. Moreover, all uncertainties on the FIS scale
can be compensated for in post-processing.

Using the sub-nominal method we measured an ILS-free low-
pressure spectrum of the entire 3v{+v3 band of CO, spanning
90 cm! with optical sampling step of 6.25x 104 cm™! in 700s
with a SNR of 280 on the strongest lines. This SNR was sufficient
to demonstrate - for the first time with comb-based spectroscopy -
that the speed-dependent Voigt profile improves the fit quality for
low-pressure absorption lines. This profile is fully compatible with
the Hartmann-Tran profile (HTP) [23] that has been recently rec-
ommended by the International Union of Pure and Applied Chem-
istry for use in future spectroscopic databases [24]. Increasing the
SNR by longer averaging will further improve the precision of the
fitted parameters.

The sub-nominal technique enables systematic measurements
of entire absorption bands with precision needed for retrieval of
line parameters beyond the Voigt profile [24,25] in acquisition
times of the order of minutes, yielding high fidelity spectroscopic
data with little influence of systematic errors. The comb-based FTS
is thus an ideal tool for high-accuracy broadband measurements
of parameters of millions of lines included in HITRAN and other
databases, which would take years to measure with other tech-
niques.
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