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Fourier-transform infrared (FTIR) spectra can show artifacts, for example, in the vicinity of the overtone when
light is doubly modulated. Technical approaches, i.e., modifications to the spectrometer setup, have been devised
in order to reduce those artifacts. Elimination of the artifacts was achieved only partly but at the expense of a loss
of intensity or an increase in the noise level. We devised a computational demodulation scheme that is capable of
almost fully reducing the artifacts with neither a loss of spectroscopic information nor an increase in the noise
level. This has been demonstrated for the FTIR absorption spectra in the overtone regions of HCl(g) and
CH4�g�. © 2017 Optical Society of America
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1. INTRODUCTION

Fourier-transform infrared spectroscopy (FTIR) is a universal
tool for the analysis of chemical compounds due to their finger-
print characteristic absorption in the infrared spectral range.
With the advent of Fourier transformation, recording of a spec-
trum with high to medium resolution became very fast. Since the
pioneering work of Jacquinot and Fellgett [1] in the early 1950s,
Michelson’s interferometric absorption spectroscopy became a
routine tool. With the advent of computers and the algorithmic
developments of the fast Fourier transform (FFT) by Cooley and
Tukey in 1965 [2], FT spectroscopy increased its applicability to
spectral ranges from lower energy (microwave [3], nuclear mag-
netic resonance [4]) to higher energy (UV/VIS [5,6]).

Rovibrational spectra of molecules in the gas phase are
recorded for an unambiguous assignment of corresponding
transitions [7]. In standard routine analytical applications,
medium resolution is often sufficient. Contrary to the obvious
advantages of the Fourier techniques, multimodulation artifacts
can arise due to backreflection of the IR beam into the inter-
ferometer; those artifacts appear at multiples of the energy
associated with absorption signals in the fundamental and over-
tone spectral regions [8–21]. These artifacts with lower inten-
sity at multiples of fundamentals thus overlap in part with
overtones, which are anharmonically shifted toward lower
energy. Artifacts due to aperture were observed in the past for

CO and CO2 in the gas phase [8,11,12]. A few technical
approaches to reduce or fully eliminate these artifacts by modi-
fying apertures such that no backreflection should occur were
proposed in the past [8–10], but those modifications led to an
intensity loss and/or to an increase in the noise level.

We report here artifacts for gaseous HCl between 5400 and
6200 cm−1 and CH4 between 5800 and 6400 cm−1, which
extend over a broad spectral range and strongly overlap with
overtone and combination bands, thereby perturbing the line
shapes as well as intensities. It seems that those artifacts are
more a characteristic feature of interferometric systems rather
than a rare effect. Therefore, we devised a computational
scheme to strongly reduce or even eliminate those artifacts nu-
merically by neither loosing intensity nor increasing the noise
level. In addition, we propose a device-oriented modification
(use of a special mirror and setup with multiple detectors) that
would, in principle, allow for a fully computerized automated
compensation [19,20].

2. DESCRIPTION OF THE DEMODULATION
SCHEME

A. Single Reflection at a Point in Front of the
Sample Cell
First, we consider a single reflection between the mirror C2 and
the sample cell F (see Fig. 1) causing the double modulation of
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the total interference signal. The underlying idea of our com-
pensation method for a Michelson-type interferometer uses the
fact that the detected interference signal can be decomposed
into parts, thereby following the directions outlined by
Chamberlain [22]. Thus, the detected interference signal is a
superposition of two (or more) interference signals depending
on the mirror offset x, one single modulated I s, and one double
modulated Id by the interferometer:

I�x� � I s�x� � I d �x�: (1)

In order to minimize or better fully compensate artifacts, we
aim to subtract a correction interference signal, I corr�x�, from
the experimental one, I�x�, thereby cancelling the term of
the double modulation. A compensated interference signal,
I comp�x�, is obtained as follows:

I comp�x� � I�x� − γI corr�x�
� �I s�x� � I d �x�� − γ�I s�2x� � Id �2x��: (2)

γ denotes a compensation coefficient, in our system with
0 ≤ γ < 1. If the double-modulated interference signal I d �x�
is equal to the single-modulated interference signal at twice the
mirror offset, I s�2x�, times the compensation coefficient γ,

I d �x��! γI s�2x�: (3)

I d �x� is cancelled, thereby generating a new interference sig-
nal with newly introduced but much reduced artifacts at double
the mirror offset of the original artifacts, which leads to

I comp�x� � I s�x� − γI d �2x�: (4)

We can repeat this idea of succinct compensation by intro-
ducing higher terms in the mirror offset (e.g., 4-fold, 8-fold,
16-fold,…) resulting in

n � 0

I comp�x� �
1

2
I 0�ν̃��1� cos�2πν̃x��τAτR;sγ0 (5a)

� 1

2
I 0�ν̃��1� cos�2πν̃2x��τAτR;d γ0; (5b)

n � 1

−
1

2
I 0�ν̃��1� cos�2πν̃2x��τAτR;sγ1 (5c)

−
1

2
I0�ν̃��1� cos�2πν̃4x��τAτR;d γ1; (5d)

n � m ..
.

� �−1�m 1

2
I 0�ν̃��1� cos�2πν̃2mx��τAτR;sγn (5e)

��−1�m 1

2
I 0�ν̃��1� cos�2πν̃2m�1x��τAτR;d γn: (5f)

I 0�ν̃� denotes the incident power, which depends on the wave-
number ν̃. The ν̃-dependent transmissivity ascribed to pure
absorptive loss is denoted as τA, and the ν̃-dependent transmis-
sivity ascribed to all causes other than absorption (reflection
effects) is denoted as τR , with 0 ≤ τAτR < 1 [22]. The compen-
sation coefficients γn�n � 0; 1; 2;…m� are

γ0 �
�
τR;d
τR;s

�
0

; (6a)

γ1 �
�
τR;d
τR;s

�
1

; (6b)

..

.

γm �
�
τR;d
τR;s

�
m
: (6c)

The correction coefficient γ depends on the transmittance
coefficient related to reflection, τR . We assume a slow change
in τR in the wavenumber domain and therefore also a small
change in the spatial domain of the interferogram. γ will then
be treated as a constant that is independent of the mirror offset
x. For example, applying the compensation scheme once
(n � 1), we see that terms Eqs. (5b) and (5c) compensate ex-
actly. The compensation interference signal I�x�comp contains
only a single modulated contribution, Eq. (5a), and a 4-fold
modulated contribution, Eq. (5d), which has much lower inten-
sity than I s�x� and I d �x�. This follows from the fact that Eq. (5a)
scales as

τR;sγ0 � τR;s

�
τR;d
τR;s

�
0

� τR;s; (7)

whereas Eq. (5d) scales as

τR;d γ1 � τR;d

�
τR;d
τR;s

�
1

: (8)

Since τR;s ≫ τR;d , the term represented in Eq. (5d) is smaller
than the contributions from Eqs. (5a) and (5b). From the

Fig. 1. Proposed modifications for a FTIR spectrometer containing
a source (A), reflection optics (spherical mirror B, parabolic mirrors C1
and C2, and elliptic mirrors C3), filters and apertures (D), Michelson-
type interferometer (E), sample cell (F), main detector (G), secondary
detectors (H), reference laser (I), and its detector (J).
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discussion above for the case of n � 1, we see that every addi-
tional iterative compensation leads to a further decrease by a
factor of (τR;d∕τR;s).

Equation (5) can be written in a more compact form as

I�x�comp �
Xm
n�0

�−1�n 1
2
I0�ν̃���1� cos�2π2nν̃x��τAτR;s

� �1� cos�2π2n�1ν̃x��τAτR;d �γn; (9)

with

γn �
�
τR;d
τR;s

�
n
: (10)

Due to alias overlap, the newly produced artifacts at
2x; 4x; 8x;… or 2ν̃; 4ν̃; 8ν̃;…, respectively, can be folded back
into the spectrum. Equation (9) can also be extended to com-
pensate for higher order modulations by replacing 2n and 2n�1

(double modulation) with kn and kn�1 (k-fold modulation).

B. Two Reflections: One in Front and One behind the
Sample Cell
In this subsection, we consider two reflections: one between C2
and F and one between F and G; see Fig. 1. For such a system,
the interference signal I�x� takes the form

I�x� � I s � Id1 � I d2: (11)

I s designates the single-modulated interference signal, I d1
describes the double-modulated interference signal between
C2 and F, whereas I d2 is the double-modulated interference
signal between F and G (Fig. 1). In the case of I d2, we assume
that the beam is reflected back into the interferometer once
(thus double-modulated) at the left window of the sample cell
before leaving toward the detector. In this case, the beam
crosses the sample cell three times, which leads to τpA (p � 3),
Eq. (12c). For I d1, the beam is reflected back into the inter-
ferometer at the right window of the sample cell (double-
modulated) before leaving the sample cell toward the detector.
In this case, the beam passes the sample cell once. Therefore, τA
(p � 1), Eq. (12b). There is no fundamental reason why τR;d1
and τR;d2 should be equal. Therefore, we retain them as separate
parameters,

I�x� � 1

2
I0�ν̃���1� cos�2πν̃x��τAτR;s (12a)

��1� cos�2πν̃2x��τAτR;d1 (12b)

��1� cos�2πν̃2x��τpAτR;d2�: (12c)

Analogous to Section 2.1, Eq. (1), the terms Id1 and I d2 in
Eq. (12c) have to be eliminated. A compensated interference
signal, I comp�x�, is therefore obtained as follows:

I comp�x� � I�x� − γI corr�x�
� �I s�x� � I d1�x� � Id2�x��

−γ�I s�2x� � I d1�2x� � I d2�2x��; (13)

with

I d1�x� � Id2�x��! γI s�2x�: (14)

The general compensation coefficient γn for n compensa-
tions is, in this case, found to be

γn �
�
τAτR;d1 � τpAτR;d2

τAτR;s

�n
: (15)

Similar to Eq. (5), the first iteration of the compensation
scheme yields

n � 0

I�x�comp �
1

2
I 0�ν̃��1� cos�2πν̃x��τAτR;sγ0; (16a)

� 1

2
I0�ν̃��1� cos�2πν̃2x��τAτR;d1γ0; (16b)

� 1

2
I 0�ν̃��1� cos�2πν̃2x��τpAτR;d2γ0; (16c)

n � 1

−
1

2
I0�ν̃��1� cos�2πν̃2x��τAτR;sγ1; (16d)

−
1

2
I 0�ν̃��1� cos�2πν̃4x��τAτR;d1γ1; (16e)

−
1

2
I 0�ν̃��1� cos�2πν̃4x��τpAτR;d2γ1; (16f)

� 1

2
I0�ν̃��1� cos�2πν̃x��τAτR;s; (16g)

−
1

2
I 0�ν̃��1� cos�2πν̃4x��τA

τ2R;d1
τR;s

; (16h)

−2 ·
1

2
I0�ν̃��1� cos�2πν̃4x��τpA

τR;d1τR;d2
τR;s

; (16i)

−
1

2
I 0�ν̃��1� cos�2πν̃4x��τ2p−1A

τ2R;d2
τR;s

: (16j)

If we apply our correction scheme once, i.e., n � 1, the
terms in Eqs. (16b) and (16c) are compensated by Eq. (16d).
This can be seen by observing that from Eqs. (16b) and (16c),

τAτR;d1γ0 � τAτR;d1; (17)

and

τpAτR;d2γ0 � τpAτR;d2: (18)

We obtain

τAτR;sγ1 � τAτR;s
τAτR;d1 � τpAτR;d2

τAτR;s
� τAτR;d1 � τpAτR;d2:

(19)
Equations (16e) and (16f ) are replaced by the contributions

in Eqs. (16h)–(16j).
The compensation interference signal I comp�x� contains

only a single modulated contribution [Eq. (16g)] and 4-fold
modulated contributions, Eqs. (16h)–(16j), with lower inten-
sities than I s, Id1, and Id2; this follows from similar reasoning
as described in Section 2.1.
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3. PRACTICAL IMPLEMENTATION

The main aspect of the practical implementation of Eq. (2) is to
determine the correction interference function I corr�x� by dou-
bling the frequency. One possibility to achieve this is to remove
every second data point of the original interference function
I�x�. The compressed interference function I�2x� � I corr�x�
is also centered around the point of zero path difference,
see Fig. 2, which illustrates the compensation procedure for a
double-sided single-directional interferogram.

In principle, one can distinguish two ways to obtain the cor-
rection interference function I corr�x�. First, one would construct
I corr�x� by increasing the resolution: recording an interferogram
of 2n-fold increased length more than needed in the end (cor-
responds to 2n-fold resolution) and one uses only 1/2 of the in-
terferogram for each repetition of the demodulation scheme.
This guarantees that the final compensated interferogram has
the same resolution as the originally recorded interferogram.
Here, we explore a second scheme, depicted in Fig. 2. In a
first step, we compress the interferogram to half its length by
deleting every second data point. The result is an interferogram
of half the original length (from ζ� to ζ−, Fig. 2). The points
marked ζ� and ζ− are used to mirror the compressed interfero-
gram, thereby constructing I corr�x� of original length, i.e., with-
out loss of resolution, in contrast to the first method described
above. Many more possibilities to obtain I corr�x� can be envis-
aged; this has been explored in great detail [19].

4. RESULTS AND DISCUSSION

In this section, we present two examples of gas-phase spectra
showing the double-modulation artifacts, namely, HCl(g) and
CH4�g� in their respective overtone regions [19,20]. First, the
correction scheme described in Fig. 2 is applied to the spectrum
of HCl(g).

A. Hydrogen Chloride Gas
We present the corrected spectrum for HCl(g) (lower trace)
together with the original spectrum (upper trace) recorded
between 5400 and 6200 cm−1 in Fig. 3.

The corrected spectrum has been obtained considering dou-
ble modulation with a constant compensation coefficient
γ1 � 4 · 10−3. One can see immediately that the artifacts asso-
ciated with the fundamental band are strongly compensated by
our correction scheme, which has been applied once [n � 1,
Eq. (5)]. Spectral information of the fundamental (line posi-
tions and line intensities) and the overall noise level do not
change appreciably upon correction.

For illustrative purposes, we discuss the influence of our cor-
rection scheme on the absorption in more detail and therefore
calculated the interferograms of the fundamental and the first
overtone of the rovibrational spectrum of HCl(g) with and
without double modulation. We select HCl(g) because of
the simplicity of the absorption spectrum in comparison with
CH4�g� and the accessibility of the respective spectroscopic
parameters (after [23,24]): we have compared our measured
spectrum before and after correction with a simulated spectrum
of HCl(g) where spectroscopic parameters have been taken from
HITRAN [24] and found good agreement. It is to be expected
that absorbances are more sensitive to corrections than are line
positions; our analysis has shown that the absorbance changes
due to our correlation scheme are very small. We have to sim-
ulate two interferograms twice, namely, an interferogram of
the background (empty sample cell) and an interferogram of
the sample for single and double modulation. In the latter case,
we choose the parameters such that the simulated spectrum
resembles the measured spectrum shown in Fig. 3. Our simu-
lation without double modulation uses τR;s � 1 and τR;d � 0.
The simulation with double modulation uses τR;s � 0.996 and
τR;d � 0.004. Figure 4 shows the simulated spectrum of
HCl(g) with the compensation parameters just described. The
upper trace, Fig. 4(a), displays the simulated spectrum without
double modulation, the middle trace, Fig. 4(b), shows the spec-
trum with double modulation and the lower trace, Fig. 4(c),
shows the compensated spectrum with single demodulation
[n � 1; γ1 � τR;d∕τR;s � 0.004∕0.996; see Eq. (6b)]. With
these simulations, we can quantify the change of absorbance
upon considering the double modulation. We can also quantify
the effect of our compensation scheme with respect to the

Fig. 2. Method for generating I corr for compensation used in
Eq. (2).

Fig. 3. First overtone of HCl (5400 to 5830 cm−1, resolution
0.5 cm−1) with the double-modulation artifacts associated with the
fundamental of HCl. The original spectrum (upper trace) was
compensated (lower trace) with a single iteration using Eq. (2) and
γ1 � 0.004. The correction interferogram I corr was arranged as shown
in Fig. 2.
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original spectrum with and without double modulation.
Numbers for these comparisons are given in Table 1 for the fun-
damental and in Table 2 for the first overtone of HCl(g). In
order to quantify the effect of our compensation scheme on line
intensities represented by A10, we need to calculate an interfero-
gram with and without double modulation because measured
interferograms always contain contributions from double or
even multiple modulations. We used wavenumber-independent

τR;d � 0.004 and τR;s � 0.996, which signify that no light in-
tensity is lost, where τR;d is assumed to be about equal to the
natural reflection coefficient of KBr-window material of our
gas cell. The compensation coefficient γm depends on τR;s and
τR;d , Eq. (6b).

Table 1 shows the selected R-branch [R�J 0 0�,
J 0 0 � 1;2;…6]. For the R-branch we have ΔJ � J 0 − J 0 0 ��1,
where the upper and lower J-states of the rotational transition
are indicated by prime 0 and double prime 0 0 symbols. The cor-
responding R-branch absorbance A10 of the spectrum without
double modulation (unperturbed) of the double-modulated
spectrum obtained with parameters as described above as well
as the absorbance after compensation (demodulated) are shown
in columns 2 to 6. If one compares the double-modulated
absorbance with the unperturbed ones, we see that the relative
change ΔAsim

10 (column 4) decreases by values between −10−4%
and about −10%. No systematic trend can be observed depend-
ing on J . After compensation (demodulation), the absorbance
changes ΔAsim

10 ∕% (column 6) are obtained from the deviation
of the ratio A10 (demodulated) to A10 (unperturbed) with
respect to 1:

ΔAsim
10 � 1 −

A10

A10�unperturbed�
; (20)

where A10 on the right-hand side of Eq. (20) stands for the
demodulated or the double-modulated absorbance. It seems
that the deviation caused by introducing double modulation
(columns 3 and 4) is for some transitions compensated by
our scheme, which then results in smaller relative deviations
after compensation (columns 5 and 6).

Similar observations hold for the first overtone of HCl(g)
and the corresponding numbers are given in Table 2. They re-
fer to the absorbance for the case without double modulation
(unperturbed), with double modulation (columns 3 and 4),

Table 1. Selected R-Branch Lines of the Fundamental of HCl(g) for Analysisa

Unperturbed Double Modulation Compensated

Transition A10 A10 ΔAsim
10 ∕% A10 ΔAsim

10 ∕%
R�2� 1.922056 1.922042 −0.000740 1.922056 0.000034
R�3� 1.856042 1.661998 −10.454721 1.851059 −0.268434
R�4� 1.517049 1.418848 −6.473162 1.517169 0.007968
R�5� 1.076376 1.076374 −0.000222 1.076376 0.000017
R�6� 0.670813 0.670813 −0.000037 0.670388 −0.063372

aThe percentage difference between no modulation (unperturbed), double modulation, and compensation (demodulated) is reported as ΔAsim
10 . The double-

modulated interferogram was calculated with τR;s � 0.996 and τR;d � 0.004. Therefore, γ1 � 0.004∕0.996; see Eq. (6b).

Table 2. Selected R-Branch Lines of the First Overtone of HCl(g) for Analysisa

Unperturbed Double Modulation Compensated

Transition A10 A10 ΔAsim
10 ∕% A10 ΔAsim

10 ∕%

R�2� 0.152627 0.151174 −0.951683 0.152601 −0.016641
R�3� 0.146778 0.145391 −0.944965 0.146781 0.002383
R�4� 0.119580 0.119580 −0.000071 0.119578 −0.001984
R�5� 0.084522 0.083780 −0.877499 0.084510 −0.013566
R�6� 0.052485 0.052041 −0.845184 0.052489 0.007801

aThe percentage difference between no modulation (unperturbed), double modulation, and compensation (demodulated) is reported as ΔAsim
10 . The double-

modulated interferogram was calculated with τR;s � 0.996 and τR;d � 0.004. Therefore, γ1 � 0.004∕0.996; see Eq. (6b).

(a)

(b)

(c)

Fig. 4. Simulated spectra of HCl(g). (a) Aunperturbed
10 obtained with

τR;s � 1 and τR;d � 0 that is without double modulation (after
[23,24]). The spectra were adjusted such as to match the absorbance
values of the experiment for better comparability. (b) Aperturbed

10

obtained with τR;s � 0.996 and τR;d � 0.004, which introduces
the artifacts caused by double modulation visible above 5800 cm−1.
(c) Acompensated

10 obtained from τR;s � 0.996 and τR;d � 0.004 with
the compensation parameter γ1 � 0.004∕0.996. This demodulation
eliminates the artifacts above 5800 cm−1 completely.
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and after compensation (n � 1, columns 5 and 6). We used the
same values for τR;s; τR;d , and γ1 as for the fundamental of HCl
(g). The double-modulated absorbances show relative changes
(ΔAsim

10 , column 4) between 7 · 10−5% and −1.0% without sys-
tematic changes with respect to J. The values for the changes in
absorbances ΔAsim

10 after demodulation have been obtained as
described above and are comparable in magnitude to those val-
ues obtained for the fundamental absorption of HCl(g). Again,
we observe that the artifacts can be compensated completely
without affecting the noise-level appreciably.

The question arises whether or not the change in absorbance
upon comparing simulations without demodulation (unper-
turbed), with double modulation, and with demodulation
depend on the value of γ1. If one uses a value of γ1 that is too
large, one overcompensates the artifacts, which leads to
unphysical negative absorbances in the spectral regions of
the artifacts. Figure 5 shows ΔAexp

10 of HCl(g) for individual
transitions of the fundamental band [Fig. 5(a)], the first over-
tone [Fig. 5(b)], and the artifacts [Fig. 5(c)]. The values have
been obtained according to

ΔAexp
10 � Acomp

10

Aexp
10

− 1 (21)

from the compensated Acomp
10 (demodulated or compensated,

comp) and the experimentalAexp
10 (experimental, exp) values. To

obtain those numbers, we scanned the value of γ1 between 0 and
0.01 in steps of 0.001, which results in γ1-dependent values of
Acomp
10 . The corresponding experimental absorbances of the over-

tone and the artifacts are shown in Fig. 3 (upper trace).
For a particular value of γ1, we determined ΔAexp

10 in the
depicted spectral regions of the fundamental [Fig. 5(a)], the
first overtone [Fig. 5(b)], and in the region where the artifacts
appear [Fig. 5(c)] for R�2� to R�6�. In case of the fundamental
region [Fig. 5(a)], ΔAexp

10 varies with γ1; some transitions show

strong dependence [e.g., R�3�], whereas others seem to be
largely independent of γ1 [e.g., R�6�]. Maximum ΔAexp

10

values are of the order of 5% for the interval depicted here.
In Fig. 5(b), the ΔAexp

10 values of the overtone change with
γ1 with no strong dependence on the particular transition.

The aim of our compensation scheme is to minimize the sig-
nals of the artifacts. In the ideal case and in the absence of noise,
we would seek to achieve a ΔAexp

10 value of −100%, which would
compensate the artifact exactly. As can be seen from Fig. 5(c),
this compensation can be achieved in the range of 0.0037 <
γ1 < 0.0050 (vertical dotted lines), however, this condition
cannot be fulfilled strictly for all artifacts at the same time.
The shaded box marks the region between about one standard
deviation of the noise level (roughly�10%). Outside the region
of the vertical dotted lines, over- or under-compensation would
take place. The interval for γ1 can be chosen according to an
acceptable tolerance level for the compensation.

B. Methane Gas
The correction scheme described in Fig. 2 is now applied to the
spectrum of CH4�g�. Figure 6 shows the original spectrum
(upper trace) of the P4-tetradecad band of methane between
5800 and 6150 cm−1 [25,26], centered around 6000 cm−1,
and its corrected form (lower trace). The corrected spectrum
has been obtained considering double modulation with a con-
stant compensation coefficient γ � 4 · 10−3. One can see
immediately that the artifacts associated with the P2-pentad
band centered around 3000 cm−1 are strongly compensated by
our correction scheme, which has been applied once [n � 1,
Eq. (5)]. Spectral information of the P4-tetradecad and the
overall noise level do not change appreciably upon correction.
The broad absorption feature underlying the R�0� to R�2� tran-
sition (about 6000 to 6050 cm−1) is due to the Q-branch ar-
tifact of the P2-pentad. After compensation, this feature is also
removed with all other artifacts resulting from double modu-
lation. Figure 7 shows ΔAexp

10 of CH4�g� for individual transi-
tions of the P2-pentad [Fig. 7(a)], the P4-tetradecad [Fig. 7(b)],
and the artifacts [Fig. 7(c)]. The corresponding experimental

(a)

(b)

(c)

Fig. 5. Percentage change of selected rotational lines of HCl [R�2�
to R�6�] when applying the compensation scheme with the compen-
sation coefficient γ between 0 and 0.01. The change of the fundamen-
tals is shown in (a) and the first overtone in (b). The respective artifacts
are shown in (c). The horizontal line at −100% indicates the values of
γ, at which the selected artifacts are compensated completely.

Fig. 6. P4-tetradecad band of CH4 (5800 to 6150 cm−1, resolution
0.5 cm−1) and double-modulation artifacts of the P2-pentad band.
The original spectrum (upper trace) was compensated (lower trace)
with a single iteration using Eq. (2) and γ � 0.004. The correction
interference function I corr was arranged as shown in Fig. 2. The
spectroscopic data and the assignment of the CH4 bands were taken
from Niederer [25] and Ulenikov et al. [26]. R�2� marks a rotational
line in the R-branch of the respective absorption band.

Research Article Vol. 56, No. 14 / May 10 2017 / Applied Optics 4081



absorbances of the P4-tetradecad and the artifacts are shown in
Fig. 6 (upper trace).ΔAexp

10 values have been obtained according
to Eq. (21). For a particular value of γ1, we determined ΔAexp

10

in the spectral regions of the P2-pentad [Fig. 7(a)], the P4-tet-
radecad [Fig. 7(b)], and in the region where the artifacts appear
[Fig. 7(c)] for R�6� to R�10�. In the case of the P2-pentad
region [Fig. 7(a)], ΔAexp

10 varies with γ1; some transitions show
stronger dependence [e.g., R�7�]. Maximum ΔAexp

10 values are
of the order of 3.5% for the interval shown here. In Fig. 7(b),
the ΔAexp

10 values of the P4-tetradecad change with γ1 with no
strong dependence on the particular transition. Again, the aim
of our compensation scheme is to minimize the signals of the
artifacts. In the ideal case and in the absence of noise, we would
seek to achieve a ΔAexp

10 value of −100%, see Eq. (21), which
would compensate the artifact exactly. As can be seen from
Fig. 7(c), this compensation can be achieved in the range of
0.004 < γ1 < 0.006 (see vertical lines in Fig. 7), however, this
condition can also not strictly be fulfilled for all artifacts at the
same time, as discussed in the case of HCl(g). As can be seen
from Figs. 7(b) and 7(c), larger values of γ1 would lead to
considerable overcompensation.

Up to now, we discussed compensation of interference
signals in a Michelson-type interferometer, which were double-
modulated. Artifacts caused by double modulation can be visu-
alized in the spectra using the mathematical compensation
scheme described above. We performed the compensation
by processing the interferograms with single demodulation
(using γm, m � 1) to obtain the compensated absorbance spec-
trum (Acomp

10 ). The compensation coefficient γ1 should be
chosen such that overcompensation can be avoided [see, for
example, Figs. 5(c) and 7(c)]. Using the original (experimental)
and compensated absorbance spectra, a difference spectrum can
be calculated according to ΔAdiff

10 � Acomp
10 − Aexp

10 (see Fig. 8).

In this difference spectrum, negative signals indicate artifacts in
the corresponding spectral ranges. Positive signals indicate the
“true” transitions, which are not artifacts caused by double
modulation. Comparing the spectra Aexp

10 with the difference
spectrum, such artifacts can be identified easily. As shown
above, a proper choice of γ1 allows for a complete reduction of
the artifacts.

For HCl and CH4, as discussed above, a single iteration of
the compensation scheme (n � 1) was sufficient because our
artifacts were compensated to an acceptable degree caused
by the smallness of �τR;d∕τR;s�1 � γ1 ≈ 4 · 10−3. n counts the
number of compensations and a convenient n is chosen by in-
spection until the introduced higher order artifacts are suffi-
ciently compensated. Every iteration of the compensation
scheme introduces higher order artifacts, which are systemati-
cally lower in intensity. Depending on the magnitude of γ1
relative to the noise level, more than one iteration step might
be necessary for an acceptable degree of compensation until the
magnitude of higher order artifacts introduced is lower than the
noise level.

So far, we considered artifacts caused only by double modu-
lation. However, it would be possible to test the experimental
spectra also for k-fold modulation by considering only every
kth data point to generate I corr; see Section 3. One would gen-
erate a compensated absorbance spectrum with, for example,
k � 4, with the respective change in Eq. (9). A graphical
representation of the difference spectrum with respect to the
experiment would show negative signals for the artifacts caused
by the k-fold modulation.

As an outlook, we mention briefly some ideas about an
automatic procedure that might be used to determine the com-
pensation coefficient γ by experiment. It has been demon-
strated above that the key parameter for compensating
artifacts caused by double modulation is γn, see Eq. (10), which
has been determined by an iterative numerical procedure so far.
As we will show here, γn can be determined, in principle,
experimentally. By measuring a reflection interferogram, the

Fig. 8. Difference spectrum ΔAdiff
10 � Acomp

10 − Aexp
10 [Fig. 6, lower

trace minus upper trace] from 800 to 12; 000 cm−1 ofCH4 (resolution
0.5 cm−1). Negative bands are compensations of the artifacts, positive
signals lead of a signal raise of “true” signals. The following artifacts
were found: P1-dyad artifact at 2550 cm−1, P2-pentad artifact at
6000 cm−1, P3-octad artifact at 8600 cm−1, and the P4-tetradecad
artifact at 11; 750 cm−1. The spectral data and the assignment of the
CH4 bands were taken from Niederer [25] and Ulenikov et al. [26].

(a)

(b)

(c)

Fig. 7. Percentage change of the absorbance for selected rotational
lines of CH4 when applying the demodulation scheme with the com-
pensation coefficient γ1 between 0 and 0.01. The change of the se-
lected P2-pentad bands is shown in (a) and the change of the
absorbances of the P4-tetradecad band in (b). The respective artifacts
from the P2-pentad can be seen in (c). The horizontal line at −100%
indicates the values of γ1, at which the selected artifacts are compen-
sated completely.
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coefficient γ1 can be calculated using the ratio of the intensity
of the main interferogram and the intensity of the reflection
interferogram. Such a reflection interferogram could be mea-
sured by introducing mirrors designed with open channels par-
allel to the focused beam (see Fig. 1 for C2 and C3 horizontal
channels and for C1 and C3 vertical channels) and parallel to
the collimated beam (see Fig. 1 for the C2 vertical channel and
for the C1 horizontal channel). Placing a secondary detector H
in the vicinity of one of the mirrors C1 to C3, where the re-
flected intensity seems to be highest, allows us to measure re-
flection interferograms.

Such mirrors with two channels that meet at the surface of
the mirror, see Fig. 9, were used in laser spectroscopy. The main
and the reflection interferogram can be detected simultane-
ously. For simplicity, we assume that (1) the reflection arises
after passing the sample cell and (2) the detected reflection in-
terferogram I refl does not contain a contribution from double
modulation (since τR;d ≫ τ2R;d ). The two detected interfero-
grams (using two detectors) take the form

I�x� � 1

2
I 0�ν̃���1� cos�2πν̃x��τAτR;s

� �1� cos�2πν̃2x��τpAτR;d �; (22)

I refl�x� �
1

2
I 0�ν̃��1� cos�2πν̃x��τAτR;d ; (23)

where p is the number of times the reflected light passes the
sample medium. Using τR;s ≫ τR;d as described in the previous
section, the ratio I refl∕I can be simplified to

I refl�x�
I�x� ≈

τR;d
τR;s

� γ�x�: (24)

When measuring the reflection interference signal where light is
reflected in front of the gas cell, one can show that

I refl�x�
I�x� ≈

τR;d
τAτR;s

� 1

τA
γ�x�; (25)

thus yielding two slightly different expressions for γ. In the first
case, where the reflection is after the sample cell, γ can be
determined from the ratio of I refl�x� to I�x� [see Eq. (24)],
whereas the second case with reflection in front of the sample
cell, γ is given by the ratio of I refl�x� to I�x� weighted by the
coefficient τA [see Eq. (25)]. However, the intensity of the
detected reflection interference signal must be corrected by
the illuminated areas (by the reflected light) of the mirrors
placed in front of the secondary detectors and the diameter
of the holes, respectively, and by the gain of the secondary
detectors in relation to the main detector. This would offer
a complete automation of this compensation method.
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