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Frequency chirped Fourier-Transform spectroscopy
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Fast (sub-second) spectroscopy with high spectral resolution is of vital importance for

revealing quantum chemistry kinetics of complex chemical and biological reactions. Fourier

transform (FT) spectrometers can achieve high spectral resolution and operate at hundreds

of ms time scales in rapid-scan mode. However, the linear translation of a scanning mirror

imposes stringent time-resolution limitations to these systems, which makes simultaneous

high spectral and temporal resolution very difficult. Here, we demonstrate an FT spectro-

meter whose operational principle is based on continuous rotational motion of the scanning

mirror, effectively decoupling the spectral resolution from the temporal one. Furthermore, we

show that such rotational FT spectrometer can perform Mid-IR dual-comb spectroscopy with

a single comb source, since the Doppler-shifted version of the comb serves as the second

comb. In our realization, we combine the advantages of dual-comb and FT spectroscopy using

a single quantum cascade laser frequency comb emitting at 8.2 μm as a light source. Our

technique does not require any diffractive or dispersive optical elements and hence preserve

the Jacquinot’s-, Fellgett’s-, and Connes’-advantages of FT spectrometers. By integrating

mulitple broadband sources, such system could pave the way for applications where high

speed, large optical bandwidth, and high spectral resolution are desired.
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Real-time monitoring of non-repetitive events is currently a
rapidly developing area in the field of instrumentation1.
Rapid optical analysis in applications such as chemical

reaction monitoring2, protein dynamics3, micromachining4 or
phase transitions in novel material systems5 is of uttermost
importance to understand the underlying complex dynamics. A
general purpose instrument for spectroscopic characterisation is a
Fourier-Transform (FT) spectrometer. However, the scan rate of
the traditional FT spectrometer is often too slow when compared to
the timescale of the physical processes of interest6. This is due to
the fact that the information is acquired via the linear displacement
of a mirror, which results in a trade-off between the temporal and
spectral resolutions given that the system is not limited by the
signal-to-noise ratio. In the last two decades two different direc-
tions appeared in the technological development of spectrometers.
On one hand, the miniaturisation of spectrometers7 which is very
promising for cost-effective lab-on-a-chip systems7–12 for specia-
lized industrial applications. On the other hand, several new
operational principles have been proposed and demonstrated with
the goal of eliminating the above-described disadvantages of tra-
ditional benchtop FT spectrometers. Recently, successful proof-of-
concept of phase-controlled FT spectroscopy13 and time-stretch
spectroscopy14–17 have been demonstrated, which outperform the
acquisition speed of traditional FT spectrometer by several orders
of magnitude, while maintaining a relatively high spectral resolu-
tion. However, these newly developed methods, operating also in
the Mid-IR, rely on dispersive elements such as gratings, dispersive
fibers, lenses or prisms. Hence, they can be operated efficiently and
continuously only over a limited optical bandwidth, where one has
to sacrifice the spectral resolution at the cost of spectral bandwidth.
An ideal instrument would cover a wide bandwidth, from optical
down to THz frequencies. Although the optical and infrared
spectral regions are of interest for certain applications, the most
relevant one for molecular spectroscopy is the so-called molecular
fingerprint region which covers mid-infrared (mid-IR) wavelengths
from 4 to 12 μm. Recent progress in dual-comb spectrometers
with mid-IR quantum cascade lasers (QCLs)18 have made that
approach extremely attractive. Such a system acquires information
not only on microsecond times scales, but can also be used for
high-resolution spectroscopy via spectral interleaving19 with high
brightness sources, which is very important for highly absorbing
samples. However, there is a fundamental issue, which is the
requirement of coherence for both frequency combs. The lack of
mutual coherence of two free running lasers results in additive
noise and the absence of an absolute frequency reference20.
The latter can be overcome, as has been recently shown in21, at the
cost of additional spectrometer complexity. These technological
hurdles raise the question of whether it is possible to perform dual-
comb spectroscopy with a single frequency comb source, without
sacrificing spectral resolution and still keeping an acquisition
speed sufficient for the majority of high-speed applications (typi-
cally 0.1–100’s of ms).

This question naturally leads one to consider the incorporation
of the frequency comb source into a FT spectrometer with the
goal of preserving the advantages of a dual-comb system and the
flexibility of the FT spectrometer. Such integration has been
realized in Ref. 22. Even though the comb modes (mode spacing
of 140MHz) were not resolved in this work due to the limitation
of the mechanical delay line (resolution of 1.5 GHz), and the
interferogram acquisition was only slightly below 5min, it
demonstrated the high potential of this approach. In ref. 23 a
surpassing of the optical path-limited resolution was demon-
strated where a frequency comb was used as a source in the FT
spectrometer. However, this system was limited by the acquisition
speed of the FT spectrometer. To address the growing demand for
real-time spectroscopy in the NIR and mid-IR (2–14 μm), the

temporal and spectral performance of existing FT spectrometers
has to be improved. Several optical delay line systems have been
developed which are based on a rotational optical element, such
as a circular involute stage24 and curvilinear reflectors25,26. These
two systems have in common that the optical path difference is
angle-dependent, obtained via rotational optics which guide the
incoming beam to a static reflector which reflects the beam back.
Hence, in such systems the incoming and out going beam are
anti-parallel, which will result in large undesired feedback into the
laser source. Moreover, these systems do not support transversally
extended light beams and hence possess a phase-dependent-delay
across the beam diameter, which make them impractical for usage
in the FT spectrometer. On the other hand, a compact flexible
multi-pass rotary delay line using spinning micro-machined
mirrors have been developed27. The big disadvantage of these
systems is a relatively small achievable optical path difference,
which is typically <1 mm, and the requirement of fiber optics and
optical circulators, thus limiting this system to a narrow optical
bandwidth. Another interesting approach was shown in ref. 28

where a rotating retro-reflector in combination with a static
planar mirror is used. The incoming beam which is guided via a
rotational retro-reflector to the plane mirror is back reflected. The
disadvantage of this system lies in non-separable incoming and
outgoing beams. Moreover, the system size grows linearly with
the increase of the optical achievable delay path. This make the
system unpractical for delay lengths of 3 cm and more and per-
formance at large acquisition speeds.

By taking the advantages and disadvantages of the above
described optical delay systems into account, we defined some
design criteria that our system should fulfill: (I) Support of a large
optical bandwidth; hence dispersive elements have to be avoided.
(II) High spectral resolution; 0.5 cm−1 or lower. (III) Preserved
polarisation of the light source. (IV) Fast acquisition speeds:
0.1–100’s of ms. (V) Easy integration into existing systems and
hence small footprint. (VI) Decoupled temporal and spectral
resolution as well as the decoupling of the incoming and outgoing
beams. (VII) Support of extended beam diameter size.

In this work we demonstrate an FT spectrometer based on a
rotational delay line and a single frequency comb light source,
which fulfills the conditions listed above and overcomes many of
the difficulties of dual-comb and linear FT spectroscopy. In con-
ventional FT spectrometers the direction of the moving mirror has
to be reversed. i.e. the center of mass of the mirror undergoes
translational motion with inversion points. This sets the maximum
achievable acquisition speed for a given spectral resolution, due to
the mirror inertia which would require large external forces that
scale quadratically with the acquisition time. The use of a rotational
element decouples the spectral resolution from the interferogram
acquisition time. This is due to the fact, that the spectral resolution
is fixed and is given by the total optical path length of the rotational
delay line. The temporal resolution is proportional to the angular
velocity of the rotational optical element and is independent on the
total optical path length. With our rotational FT spectrometers we
can reach ms acquisition speeds which can be further improved by
technological developments as will be discussed later. Such a high
acquisition speed results in a high signal-to-noise-ratio (SNR), due
to minimization of the 1/f noise within the signal bandwidth; such
dependence has been observed to reduce the noise by two orders of
magnitude moving from Hz to kHz for a free running mid-IR QCL
(comb)29,30. The combination of our rotational FT spectrometer
with the frequency comb as a light source does not limit our system
in spectral resolution given by the total optical path length. As a
proof-of-principle, by exploiting a quantum cascade laser fre-
quency comb as a light source, we demonstrate high spectral
resolution measurements leveraging on the interleaving technique
already employed in dual-comb spectrometers31,32. We could
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resolve the transmission resonances of a silicon etalon and the
absorption lines of a Doppler-broadened low-pressure methane gas
sample (CH4) with a resolution < 250 MHz. Moreover, we
demonstrate simultaneous high resolution and fast acquisition
capabilities by monitoring the absorbance lines of low pressure
methane during the evacuation of a gas cell. It has to be underlined
that our approach uses only reflective elements which enable us
in principle to cover continuously a frequency band from
optical down to THz frequencies with almost always above 90%
reflectivity.

Results
Rotational FT-spectrometer. A diagram of the rotational-based
FT spectrometer is shown in Fig. 1. In this first demonstration we
employ a mid-IR QCL frequency comb18 as a light source
emitting around 8 μm wavelength. However, any collimated light
source with beam diameter below 7 mm could be used in our
spectrometer. The QCL is a 2.5 mm-long ridge (free spectral
range of ≈ 19.7 GHz) with high-reflection coating on the back
facet and with maximum emission power of 60 mW at
T=−20 °C. In contrast to amplitude-modulated frequency comb
light sources, which emit light pulses spaced by the cavity round-
trip time (trep= 1

f rep
), the QCL emits a frequency modulated comb

(FM-comb)33,34. This type of a frequency comb exhibits a
quadratic dispersion of the phases of the longitudinal laser modes,
resulting in a linearly chirped instantaneous frequency with
nearly constant intensity35. The absolute frequencies fm of the
comb teeth in the optical domain are described by fm= fceo+
mfrep, where fceo is the carrier envelope offset frequency, frep the
repetition rate and m an integer representing the mode number.
The emitted and collimated QCL light beam is divided by a beam
splitter (70/30) into two paths; one static beam path and one
which passes through the rotational delay line (RDL). The two
beams are then recombined on a second beam splitter (50/50),
creating a sample and a normalization beam path. Since the beam
is going through the RDL, it acquires an optical path delay
(OPD) with respect to the static beam, and two separate
interferograms can be recorded at the sample (DS) and normal-
ization (DN) detectors, respectively. We use thermo-electrically
cooled HgCdTe detectors from Vigo system (model:PVMI-4TE-
10.6-1x1-MIP-10k-100M-TO8-wZnSeAR) with a peak sensitivity

at 8 μm and 100MHz bandwidth (the response of the detectors
with the employed system’s power is shown in Fig. S2). As for
dual-comb spectroscopy setups, the normalization detector is
required for canceling common-mode fluctuations which can
originate from power and frequency instabilities of the QCL
comb. The key element of our setup is the RDL which is sche-
matically shown in Fig. 2a. It consists of a rotational retro-
reflecting (RR) octagrammic prism and a static retro-reflecting
(SR) system, which are arranged so that the incoming beam
towards the SR is redirected along the rotation axis (z-axis) and
reflected back towards the RR. The RR can in principle consist of
any numberM≥2 retro-reflectors, symmetrically arranged around
the rotational axis z. The optimal M will depend on the repetition
rate of the laser, the speed of the motor, the tolerable losses due to
number of reflection in the delay line, and the desired acquisition
rate. In our case, M= 8 is optimal for the target of recording a
single IFG in ~ 1 ms or faster. The SR consists of two retro
reflectors arranged next to each other and shifted along the z-axis,
so that the incoming beam is reflected several times at different
heights of the RR. In this configuration, the incoming and out-
going beams on the same side of the RR have opposite propa-
gation directions and are separated in height. Moreover,
the retro-reflecting arrangement preserves the polarisation of the
laser beam. The outgoing beam can be guided via mirrors to
the opposing side of the RR in order to bring it to the height of
the initial incoming beam. This way of lowering the beam has
the additional advantage of doubling the optical path difference,
which allows for resolving the comb modes for our 2.5 mm laser.
Figure 2b, c illustrate the beam propagation at zero degree and at
an angle α. The general expression for the total optical path
length in the RDL is given by (see Methods for the detailed
derivation):

LðαÞ ¼ 2NðDþ S1xp � C1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT � xpÞ2 þ ðS3T þ C3 � S1xp � C1Þ2

q
� S3T � C3Þ þ 2ðN � 1Þl4;

ð1Þ
where S1 ¼ tanðα� π=4Þ, C1 ¼ cosðαÞbþ S1 sinðαÞb, S2 ¼
tanðαþ π=4Þ, C2 ¼ cosðαÞbþ S2 sinðαÞb, S3 ¼ tanð2αÞ and C3=
C1+ S1xp− S3xp. Here, α(t)= ωt is the rotation angle, ω the
angular velocity of the RR, t is the laboratory time, and N is the
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Fig. 1 Block scheme of the rotational FT spectrometer with a Quantum Cascade Laser. A CW reference laser which is used to provide a frequency
reference and serves also as a tool for mapping out and removing the induced frequency chirp imposed by the nonlinear rotational delay line. QCL and CW
laser beam are spatially superimposed via a beam splitter (BS) and also separated via the optical low-pass filter (LP). Interferograms of the QCL are
acquired with the sample (DS) and normalization (DN) detector, where the reference interferogram of the CW laser is recorded with detector DR. All
measurements are synchronized with the trigger from the rotational delay line. The function generator (FWG) can be used for continuously tuning of the
QCL operation point by applying a ramp to the current driver of the QCL. The inter-modal beat note signal can be extracted directly from the waveguide via
bias-tee and the down-mixed version of it fDM can be recorded with the help of the local oscillator LO.
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number of times the beam is injected onto the RR (in our case
N= 4). The derivation of Eq. (23) can be found in the Methods
section. The OPD is then ΔL= L(α)− L(α= 0). Figure 3a shows
the optical path length according to Eq. (23) when the incoming
beam enters the RDL at x= xp and at x ¼ xp þ d

2 at α(t= 0)= 0,
where d is the beam diameter. It shows that the incoming position
of the beam on the x-axis (Fig. 2b, c) determines the maximum
achievable OPD. It is important to note, that the phase delay is
independent on the laser beam diameter d, which is crucial for
spectroscopy applications. The beam diameter size only influ-
ences a maximum achievable OPD. The maximum achievable
OPD is given for d= 0 and the entry point x= xp. Moreover,
the phase delay is nonlinear in the angle α, and hence in the
laboratory time t.

In order to take the nonlinear OPD into account, as well as to
provide an absolute frequency reference for the QCL spectrum,
a single mode continuous-wave (CW) reference laser (in our
case we used part of the signal from a Rio GRANDE 1550 nm
High Power Laser Module) is spatially superimposed on the
QCL beam. In this way, the two beams are co-propagating
through the RDL and experience the same nonlinear OPD.
After propagation through the RDL the reference beam is
spatially separated from the QCL one by means of an optical
low-pass filter, which acts as a reflective element for the
reference laser and transmissive for mid-IR QCL beam. As in
the case of the QCL, a static and a non-static CW reference laser
beam are combined onto a beam splitter and the resulting
interferogram is recorded on the reference detector Dr. More
details on the constraints and the alignment of the spectrometer
are given in the Methods section.

In addition to the detection of the optical signals, we exploit the
fact that the beating of the linearly spaced frequency comb modes
of the QCL can be directly measured in the radio-frequency
domain. The beating gives rise to a modulation of the laser bias18

and can be extracted from the device through a bias-tee (Fig. 1).
We record this inter-modal beat note signal by down-mixing
(DM) it with a local oscillator LO with the frequency fLO to the

frequency fDM ≈ 100MHz. All signals are then digitized with the
acquisition card (model: Spectrum M4i.445x-x4) with 500MS/s
and 14 bit resolution. The digitized data is then band-pass filtered
with the goal of suppressing the noise outside the signal
bandwidth. With the help of the LO and the recorded fDM
signal, the repetition rate frep= ∣fLO− fDM∣ of the QCL is
determined. The optical frequency of the reference CW laser
was determined with precision better than few 100s of MHz using
an optical spectrum analyser. This reference laser features
frequency stability of <15 kHz. Since the zero crossings of the
CW reference interferogram are used for resampling the QCL
interferogram, the frequency accuracy of the resampled QCL
spectrum is limited by the optical frequency resolution of the CW
reference laser which is several order of magnitudes larger than
the laser stability of <15 kHz. However, the frequency of the
reference laser can be calibrated more precisely (several MHz)
with a narrow absorption line of a known reference gas, as also
realized in this work in the interleaving section. It is worth noting
that a laser with a frequency stabilty of 1–2MHz would be also
sufficient for our experiment since we perform a calibration on
narrow absorption line. The developed RDL provide around 3 cm
of OPD. A maximal RR angular frequency of 85 Hz (limited
by the employed motor’s stability) results in relatively high
acquisition rates, with a duty cycle of 50% as shown in Fig. 2d,
where each interferogram is recorded on one of the retro-
reflectors of the octogram. Moreover, as we will discuss later, any
imperfections in the fabrication of the RR might result in tiny
differences in the interferogram acquired on each retro (as can be
seen in Fig. 2d (1) and (8)). However, since a normalization
detector is used, the important measure is the spectral ratio of the
sample and the normalization detector which will eliminate any
fabrication imperfections of the RR.

Operational principle of the rotational FT spectrometer. Since
the individual interferogram is acquired within a ms or even
faster, the corresponding linear speed of the mirror makes the
Doppler effect36 relevant. The relativistic Doppler effect shifts the
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Fig. 2 Rotational delay line. a Realization of the rotational delay line (RDL) consisting out of three-dimensional rotational retro-reflecting (RR)
octagrammic prism and a static retro-reflecting system (SR). The SR is arrange in such a way with respect to RR, that multiple reflections between SR and
RR are possible. By exploiting the point symmetry of the system, the optical path delay can be doubled with two SR on opposite sides of the RR. b, c Top
view of a beam propagation in the RDL at rotation angle 0∘ and α. d Recorded interferogram on each rotational retro-reflector of delay line.
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frequency fm of an electromagnetic wave to the frequency f Dm

according to

f Dm
¼ f m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v=c
1þ v=c

s
� f mð1� v=cÞ; ð2Þ

where v ¼ dLtot
dt <<c is the rate of change of the optical path length

Ltot and c is the speed of light. The frequency shift depends on the
rotational speed of the motor and the OPD which is given by the
radius of the rotating octogram, and the number of reflections
onto the rotating octogram (see Methods), which in our case gives
an average v of about 40 m/s. The Doppler effect of mid-IR
frequencies at these speeds is significant and amounts to several
MHz. Since the Doppler-shifted and non-Doppler shifted light
beams are superimposed onto a detector, the neighboring optical
frequencies of the beams will beat and generate an heterodyne

signal in the radio frequency (RF) domain given by

f RFm ðtÞ ¼ f m
1
c
dLtotðαðtÞÞ

dt
¼ f m

∂LtotðαÞ
∂α

ω

c
: ð3Þ

The frequency chirp induced by the nonlinear OPD Fig. 3a is
visualised in Fig. 3b by recording an interferogram of the single-
mode reference laser. Here, the first 5 μs of the recorded inter-
ferogram and the same time interval after 50 μs is shown, while
the chirped Doppler shift of the entire interferogram is shown by
the spectrogram in Fig. 3c.

In the case of a frequency comb source, the signal recorded on
the detectors DS and DN without a sample is given by :

S ¼ < ∑
1

m¼0
Am exp j 2πf RFm ðtÞt þ ϕm

� �� �� �
ð4Þ

where Am is the amplitude and ϕm the phase of mode m. The
nonlinear OPD will not only produce a chirp of all modes
m, resulting in absolute frequency shifts of the mode frequencies
f RFm , but will also directly modify frep of the comb during the

Fig. 3 Operational principle of the rotational spectrometer. a Induced nonlinear optical path length difference ΔL by rotational delay line as a function of
rotation angle α. The maximal achievable path length difference depends on the entry point of the light beam along the x-axis (Fig. 2b, c). The orientation of
the rotational delay line with respect to the incoming beam is shown for the selected point. b Interferogram time slices of the continuous wave (CW)
reference laser on detector DR. c Spectrogram of CW reference laser which shows almost linear induced frequency chirp by rotational delay line.
d Illustration of induced frequency chirp to a frequency comb. Three different color coded time points of comb spectrum, which corresponds to the same
color-coded points on the curve in a. e Recorded quantum cascade laser (QCL) interferogram on one of eight retro-reflectors of the octogram. Increasing
frequency chirp is clearly visible with increasing time. f Resampled QCL inteferogram of e on zero crossings of a CW reference laser from b with a
coherently co-added 20 consecutive interferograms.
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interferogram acquisition. This effect is illustrated in Fig. 3d at
three different time points, corresponding to the same color-coded
points on the curve in Fig. 3a. The first orange point at α(t= 0)= 0
is related to Fig. 3d (1) and corresponds to the case with zero OPD
and no Doppler shift. Increasing α to 20 degrees impacts the
repetition rate of the comb (f rep2 ¼ f rep1 � ð1þ vðα ¼ 20�Þ=cÞ) as
well as the absolute frequencies of the individual optical modes,
which acquire a Doppler shift as well (Fig. 3d (2)). A further angle
increase of the RR results in a larger Doppler shift and hence also
larger f rep3 (Fig. 3d (3)). Such a frequency-chirped interferogram of
a QCL frequency comb is shown in Fig. 3e (the visibility of the
fringes for the QCL emitting single mode is reported in Fig. S3). In
order to obtain a chirp-free interferogram fromwhich the spectrum
can be retrieved, the chirped QCL interferogram is resampled using
the zero crossings of the reference laser interferogram. This is
possible since both beams undergo identical nonlinear delay and
the frequency response of the electronics is flat for the employed
modulation speeds. The resampled interferogram of the QCL
frequency comb with improved SNR by coherently averaging 20
interferograms, which averages out uncorrelated noise present in
individual interferograms is shown in Fig. 3f. The resolution of
the system given by the maximum OPD of 3 cm is 10 GHz
(0.33 cm−1), while the single burst acquisition speed on one of the
octogram retro-reflectors is 1 ms which is given by the maximum
angular velocity of the motor and the geometrical realisation of the
rotating and static retro-reflectors via Eq. (23).

Spectroscopy with rotational FT spectrometer. In order to
perform absorption spectroscopy on a sample, a sequence of two
measurements is needed: a background spectrum and sample
spectrum. The background spectrum is acquired on the sample DS

and normalization detector DN without a sample present. Since the
QCL spectrum is extracted from the acquired single-burst inter-
ferogram with the knowledge of the computed frep, we employ sub-
nominal resolution method described in ref. 37, in which precisely
one repetition rate of the laser is acquired, in order to eliminate
spectral leakage. As pointed out earlier, the normalization detector
DN is used to suppress common noise on the two beam paths,
stemming from laser relative intensity noise (RIN). Please note,
that the laser RIN of a free running QCL significantly reduces for
acquisition speed of 1 ms per interferogram30. This is also where
the speed of our rotational FT spectrometer plays an important
role. Moreover, we have also verified that the light scattering due to
surface quality (diamond polish aluminum with surface roughness
<10 nm Ra, arithmetical mean deviation, see Fig. S1 in Supple-
mentary Material) of the RDL (RR and RS) does not
contribute to the intensity noise. This is verified by computing the
background ratio:

RBG ¼ SBGS
SBGN

; ð5Þ

where SBGS and SBGN are the spectra recorded by detector DS and DN,
respectively. Placing a sample into the sample beam path (Fig. 1)
and repeating the spectral measurements, the sample transmittance
can be computed as

T ¼ RS

RBG
ð6Þ

where

RS ¼
SSS
SSN

ð7Þ

and SSS and SSN are the spectra recorded with detector DS and DN,
respectively. We note that in the system configuration shown in

Fig. 1 only the magnitude information, i.e. transmittance or
absorbance, can be measured. However, arranging the spectro-
meter geometry as in the case for Dispersive FT spectroscopy38,
where the sample is placed in one of the arms of the interferometer,
the phase information could be obtained as well. Since in our case
we utilize a normalisation detector for common intensity noise
suppression of the QCL, a scheme as proposed by Schiller39 for
dual-comb spectroscopy, where the second comb corresponds
in our case to the Doppler shifted beam path, could be exploited
as well.

Amplitude noise of the system. Before demonstrating high-
resolution spectroscopy we analyse the system sensitivity and
discuss possible noise sources and their origin. The SNR of the
system is given by the amplitude noise of the heterodyne beat
note signal in the RF domain. For this purpose we analyse the
amplitude noise fluctuations of the spectrum shown in Fig. 4a.
Figure 4b shows a time trace of the normalized amplitude ratio of
the strong mode, with an amplitude fluctuations < 1%, showing
excellent stability over several minutes. To quantify the different
noise sources affecting our spectrometer we compute the Allan
deviation σ(τ) of comb teeth with high and low amplitudes,
indicated in Fig. 4a with red and blue arrows. Figure 4c shows the
Allan deviations as functions of the integration time τ. Addi-
tionally, we show the computed noise floor originating from the
detector noise-equivalent power (NEP) computed from the
spectrum from an high-intensity comb mode. Both the high and
low amplitude peaks show that the noise of the system decreases
with the square root of the integration time τ up to 40 s and the
system SNR is close to the detector NEP, being larger by a factor
of 2.8. This deviation might be originated from additional thermal
and electrical noise sources which are not taken into account in
the NEP evaluation. Thus, with the employed detectors and the
laser, the SNR can be improved by longer integration times or by
more powerful laser, since the detector saturation power is
around 8 mW, whereby the average power on the detector is 0.5
mW. With higher power close to the saturation power we would
expect improvement of the SNR by factor 10. At longer inte-
gration times (τ > 10 s) we can reach SNR of 104 and 103 for
strong and weak modes, respectively. We would like to point out
that the 1/f noise in the system is minimized, due to fast acqui-
sition, since we observe a slope of− 1/2 for the entire Allan plot
which is characteristic of NEP-noise-limited systems. In order to
perform long-term measurements, we have to quantify the
background stability. For this reason we record the system
background on time scales of minutes. Figure 4d shows a nor-
malized system background (RBG) spectrum, so called 100%
transmission line, for a single interferogram over the entire comb
bandwidth. Since the comb spectrum consist of two lobes with
high power on the sides and with a low power region in the center
of the spectrum, the computed 100% line also reflects this spectral
power distribution with 2% deviation in the weak spectral region.
For demonstration of the system and hence background stability
we show the computed standard deviation (STD) of the 100% line
over the entire spectrum in Fig. 4e. As we can see from Fig. 4e the
system background remains stable over 100 s with deviations
below 1.5%. This allows to perform long-term measurements
which are characteristic of high resolution spectroscopy via
interleaving technique32.

Interleaving spectroscopy
Interleaving on silicon etalon. In order to demonstrate the system
capabilities for high-resolution spectroscopy, we use the spectral
interleaving technique, similar to what described in Ref. 32. In the
case of interleaving, the resulting point spacing resolution is

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01157-5

6 COMMUNICATIONS PHYSICS |            (2023) 6:53 | https://doi.org/10.1038/s42005-023-01157-5 | www.nature.com/commsphys

www.nature.com/commsphys


smaller than the free spectral range of the laser given by the QCL
cavity length, which in our case corresponds to a resolution
of ≈ 19.7 GHz. In contrast to dual-comb spectroscopy, where two
synchronised current ramps with different slopes are required for
the laser tuning32, we apply a single triangular current modula-
tion ramp (Fig. 1) to the QCL current driver (Wavelength elec-
tronics QCL1000) which is controlled by means of a wave
function generator. The interferogram acquisition trigger (the
Hall sensor of the motor) does not need to be synchronized with
the function generator, since the extracted frequencies from
individual spectra can be sorted in post-processing. The trian-
gular current ramp of the function generator is set so that the
overall QCL spectrum can be tuned by one frep. In this way, we
can access frequencies between modes and even provide a gap-
less spectral coverage over the entire optical bandwidth of the
QCL comb. Firstly, we demonstrate the high-resolution capability
of the system on ≈ 500 μm thick silicon etalon. For this mea-
surement, we electrically tune the QCL spectrum over one frep in
about 7s . During this time, the measurements are acquired
continuously at a rate of 50 Hz. Due to the slow current ramp rate
and fast interferogram acquisition rate (1 ms) with 20 ms peri-
odicity (acquisition on the same single retro-reflector), the
information within the recorded single-burst interferogram is not
influenced by the slow current changes induced by the current
ramp. As explained earlier, we record a background and a sample
measurement, and extract information from a single-burst
interferogram via the sub-nominal resolution technique37. The
corresponding interleaved data is shown in Fig. 5a, where 20

consecutive interferograms are coherently co-added before a
spectrum is computed. The resulting spectra are then frequency
binned to 5 GHz resolution. As it can be seen in Fig. 5a and the
zoomed region (Fig. 5b) the recorded interleaved spectra fit well
the computed etalon spectrum. Measurements deviation from the
model, especially at frequencies with high transmission can be
attributed to losses in the silicon etalon which were not taken into
account in the model. Also small angle deviation from perpen-
dicular incidence on the etalon will result in deviation from the
model. This measurement shows that in a relatively short time
period of 7 s, we can clearly resolve etalon features with
resolution < 0.15 cm −1. This addresses the question whether sub-
GHz spectroscopy is possible with our spectrometer.

Interleaving on methane. A more challenging and practically
relevant scenario is high-resolution spectroscopy on low-pressure
Doppler-broadened methane lines. For this experiment, the back-
ground measurements were carried out with a 10 cm-long evac-
uated gas cell inserted into the sample beam path and the sample
measurements were performed on the filled gas cell with CH4 at a
pressure of 200 hPa. Contrary to the low-finesse etalon in the
previous section, the low pressure methane lines have sub-GHz
linewidths. The high-resolution measurements were performed in
the same way as for the etalon, but with the QCL current ramp
period set to 25 s. In this way, thousands of interferograms are
recorded, whereby each interferogram is recorded onms time scale,
and 10 consecutive ones are co-added before computing each
spectra.With such a slow current ramp period we can ensure a high
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frequency resolution and resolve low pressure Doppler-broadened
methane lines. The resulting interleaved spectrum of methane is
shown in Fig. 5c, where the resolution has been reduced by fre-
quency binning to 250MHz. There are two reasons for frequency
binning to 250MHz. First, it results in improved SNR and second
the interleaved spectrum is equidistant. A zoom into the spectrum
of Fig. 5c is displayed in Fig. 5d and shows that the system is
capable of resolving Doppler-broadenedmolecular absorption lines
with sub-GHz linewidths. However, the resolved linewidths of
some methane lines are broadened by up to 5% compared to the
bare HITRAN 2020 data base spectrum40. For the computed
HITRAN data spectrum no instrumental linewidth has been taken
into account, because we do not expect any line broadening from
our rotational FT spectrometer in combination with the QCL
frequency comb. Additionally, we observe that the 100% trans-
mission line is not entirely flat. This measurement deviations can
be explained with contributions from two different origins. Firstly,
the QCL comb short-term stability can be affected by back-
reflections in the system. Secondly, high-frequency electrical
instabilities of the laser can occur while interleaving, since it is
challenging to identify a current range where the QCL tunes con-
tinuously over one frep staying continuously in the comb regime.
This will result in slightly different QCL states for background and
sample measurement. We note that this noise source could be
further reduced by using low-noise current sources and a more
stable comb source. The broadening of some absorption lines with
respect to the HITRAN database can have several origins. Spectral
leakage occurs if the source laser is not a perfect comb over its
whole bandwidth. We can notice this effect as a smooth roll-off on
each side of the spectrum in Fig. 4a. During interleaving a current

ramp is applied to the laser, which reduces laser stability and hence
increases spectral leakage. Consequently, in the situation where a
neighboring line tunes into an absorption line, the intensity of a
specific line will also be modulated. This could explain the broad
features observed on the 2nd and 3rd lines from the right in Fig. 4a,
as well as the narrow features of higher than unity transmission
throughout the spectrum, occurring at multiples of one frep from
the methane absorption lines. Finally, the pressure gauge has an
uncertainty of 10 mbar, which could explain a small part of
the difference in linewidth. However, Fig. 5d shows clearly that all
sub-GHz CH4 absorption lines can be well resolved. We demon-
strated that sub-GHz spectral resolution displays a technical
advantage of our system with respect to a typical state-of-the-art FT
spectrometer, which achieves a resolution of 0.06 cm−1 (1.8 GHz)
with a much larger footprint. More importantly, we demostrated
millisecond acquisition times ms with 0.5 cm−1 (15 GHz) spectral
resolution that is impossible to achieve for rapid scan commercial
FT spectrometers. The typical spectral resolution for 10ms
acquisition time would be >25 cm−1, insufficient to resolve the
laser modes.

Time-resolved measurements on methane. Replacing the trans-
lational delay stage used in state-of-the-art FTIR spectrometers by
our rotational delay line enables much higher acquisition speeds for
a given spectral point spacing. In order to demonstrate this cap-
ability of our system, we perform time-resolved spectroscopy on
methane. We monitor multiple methane absorption lines simul-
taneously while reducing the pressure of the methane in the cell
over a few (<6) seconds. Initially, a gas cell is filled with methane at
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a low pressure of 200 hPa via a gas inlet attached to a pump via
mechanical valve, while the pressure is monitored with a vacuum
gauge (Pfeiffer vacuum gauge controller TPG 361) in 100ms time
steps via a second connection. At t= 0 the valve is opened while
simultaneously the pressure and the absorbance are monitored.
The absorbance spectra are acquired in ~10ms intervals by
acquiring single interferograms in 625 μs with the QCL operated at
a constant current in the comb regime. From the recorded trans-
mittance (I/I0,) and the background measurement (empty cell), we
compute the absorbance

A ¼ �log10ðI=I0Þ; ð8Þ
which is shown in Fig. 6a. For t < 0 s, where the valve is closed, we
observe 10 methane absorption lines within the optical bandwidth
of the comb. By opening the valve (t= 0 s) we observe a rapid
absorbance decrease within 2 s. The absorbance is given by Beer-
Lambert’s law as

A ¼ ϵλ � ~c � l; ð9Þ
where ϵλ is the molar attenuation coefficient at wavelength λ, ~c the
amount concentration, and l the length of the gas cell. Both ϵλ and~c
are functions of the gas pressure p and temperature. Since the
linewidth of methane absorption lines (sub-GHz) at this low
pressure is much smaller than the spectral point spacing of
~19.7 GHz of the particular QCL comb used in this experiment, the
absorbance is measured off the center of the absorption lines. This
results in a non-trivial time-dependence of the absorbance as the
molar attenuation coefficient is both wavelength and pressure
dependent; namely, a linewidth narrowing of the Doppler-
broadened methane absorption lines is expected and hence a
time-dependent change of ϵλ, as well as a decrease in the

concentration c(p). We demonstrate this effect by showing a cut of
Fig. 6a (cut along the marked dotted line) along the temporal-
evolution of the strongest absorbance line in Fig. 6b, and compare it
to the monitored pressure inside the gas cell. The absorbance and
the pressure decrease at the same rate down to a pressure of about
100 hPa. Moreover, for t > 6 s, which corresponds to a pressure of
7 hPa, the absorbance is zero, which can be explained by the fact
that the QCL mode is either off from the resonance of the methane
absorbance line, or it is located in the absorption tail, thus resulting
in a weak absorption. We show the pressure related linewidth
narrowing of methane in Fig. 6c where we compute the methane
absorbance exemplary for three different pressures and overlap the
measured absorbance points which corresponds to measurements
times when these pressure are reached. We observe a good agree-
ment of spectral and temporal resolved methane absorbance lines.
Please note, that each absorbance line can be seen as an indepen-
dent barometer, hence by calibrating each line one can increase the
accuracy of the measurement. Our spectrometer demonstrates high
temporal and spectral resolution which is predominant over the
state-of-the-art FT spectrometers, which are not able to provide
such simultaneous temporal and spectral resolution.

Conclusion
In this work we have demonstrated a proof-of-principle rota-
tional FT spectrometer which decouples the spectral resolution
from the temporal one. Dual-comb spectroscopy with acquisition
speeds in the range of ms is performed using a single QCL fre-
quency comb. A clear benefit of a fast acquisition is the reduction
of the 1/f noise within the signal bandwidth, which is inevitable in
the state-of-the-art FTIRs operating at lower speeds. This is due
to the fact, that the RIN of a free running QC laser is reduced at
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least by two to three orders of magnitude moving from the 100’s
Hz region to the >10 kHz region29. Additionally, we have
demonstrated high resolution, broadband spectroscopy cap-
abilities on a low-finesse etalon and low-pressure, Doppler-
broadened methane lines via the interleaving technique. Fur-
thermore, since the geometry of the rotational delay line allows
incorporation of multiple sources, either via time-multiplexing
scheme or under simultaneous operation, a broader optical
bandwidth could be achieved with minimal modifications to the
setup. We would like to point out that our developed system may
be exploited for the recently proposed frequency comb ptycho-
scopy scheme36, where an external signal is analysed with a fre-
quency comb and a Doppler-shifted version of it. Since the
frequency shift of the Doppler shifted comb can be adjusted to
acoustical frequencies (sub MHz), the system can also be
employed for photo-acoustic dual-comb spectroscopy41. The
geometrical layout of the rotational delay line can be attractive for
the implementation of multidimensional FT spectroscopy42 with
a single frequency comb source. The compact system demon-
strated in this work can be of high interest for performing high
spectral resolution and time-resolved spectroscopy, especially if
ultra broad band white, NIR and mid-IR supercontinuum laser
sources are to be employed43–46. Moreover, in the case of light
sources with stable temporal intensity, the complexity of the
system can be reduces by eliminating the normalization detector
and reducing the acquisition system to two channels. The nom-
inal spectral resolution can be significantly improved by a factor 2
to 4 by increasing the size of the RDL or by increasing the
number of reflections (N in Eqn. (23)). An increased temporal
resolution is also readily achievable by replacing the existing
motor with a more performing one. This would increase the
single-spectrum acquisition speed up to 30 kHz (33 μs), which is
sufficient for the majority of spectroscopy applications, such as
reaction monitoring47, leakage monitoring48 and in-line process
analytical technology (PAT)49.

Methods
Derivation of the angle dependent path length of the rotational delay line
with independent beam diameter phase delay. The analytical expression for the
angle-dependent optical path length within the rotational delay line can be found
by computing the individual path lengths of the incoming and the reflected rays on
the surfaces R1 and R2, and the reflector (Fig. 7a). To do so, we have first to
compute how the reflective surfaces R1 and R2, described by the linear equations
y1(x) and y2(x), are transformed under rotation around the origin. By rotating the
reflective surfaces, which are described as:

R1 : y1 ¼�x þ b

R2 : y2 ¼ x þ b

by angle α around the z-axis (Fig. 7b) with the rotation matrix

M=
cosðαÞ � sinðαÞ
sinðαÞ cosðαÞ

� �
results in the following transformation:

R0
1 :

x0

y01

� �
¼ M

x

y1

� �
ð10Þ

and

R0
2 :

x0

y02

� �
¼ M

x

y2

� �
ð11Þ

In the case of R0
1, this can be simplified to:

x0 ¼ ðcosðαÞ þ sinðαÞÞx � sinðαÞb
y01 ¼ ðsinðαÞ � cosðαÞÞx þ cosðαÞb

and expressing x in terms of x0 and inserting into y01 results in a general expression
of a transformed R1 by angle α:

y01 ¼
sinðαÞ � cosðαÞ
cosðαÞ þ sinðαÞ x

0 þ sinðαÞ � cosðαÞ
cosðαÞ þ sinðαÞ sinðαÞbþ cosðαÞb

Making use of trigonometric identity (cosðθÞ þ sinðθÞ ¼ ffiffiffi
2

p
cosðθ � π=4Þ) and

sinðθÞ � cosðθÞ ¼ ffiffiffi
2

p
sinðθ � π=4Þ the above equation can be simplified to:

y1 ¼ S1x þ C1

with S1= tan(α− π/4) and C1= cos(α)b+ S1sin(α)b. In analogy to the above
derivation of y01 this results for y02 in:

y02 ¼
sinðαÞ þ cosðαÞ
cosðαÞ � sinðαÞ x

0 þ sinðαÞ þ cosðαÞ
cosðαÞ � sinðαÞ sinðαÞbþ cosðαÞb

and with the help of trigonometric identity into:

y2 ¼ S2x þ C2

with S2= tan(α+ π/4) and C2= cos(α)b+ S2sin(α)b. As shown in Fig. 7 the
incoming optical beam enters into the optical rotational delay line and is reflected
at the point P(xp∣yp) towards the reflective surface R2. In the following we will
discuss the derivation of the angle-dependent reflected beam from surface R1

towards surface R2. Since the incoming optical beam enters at x= xp we can
assume that it is emitted from point A(xp∣D). The reflected beam can be con-
structed by mirroring the point A at the surface R1 and constructing a straight line
through the point P and A0 . Let the mirror point of A have the following coor-
dinates A0ðhjkÞ, the slope of the straight line through A and A0 is given by
SAA0 ¼ D�k

xp�h. Since the reflective surface R1 is perpendicular to the straight line

going through A and A0 , the product of these slopes equal to minus one
ðSAA0 � S1 ¼ �1Þ. From this equation we can derive equation for the x-coordinate of
the point A0 :

h ¼ S1ðD� kÞ þ xp: ð12Þ

Moreover, we know that the middle pointMAA0 ðhþxp
2 j kþD

2 Þ between A and A0 lies on
the reflective surface R1. Inserting MAA0 into y1 results in:

k ¼ S21Dþ 2S1xp þ 2C1 � D

1þ S21
ð13Þ

The both derived expressions for h and k can now be used to compute the slope in
the reflected beam in point P. The slope SA0P is given by:

SA0P ¼ y1ðxpÞ � k

xp � h
¼

S1xp þ C1 � ðS
2
1Dþ2S1xpþ2C1�D

1þS21
Þ

xp � ðS1ð
S21Dþ2S1xpþ2C1�D

1þS21
� DÞ þ xpÞ

¼ � 1� S21
2S1

ð14Þ

Since S1= tan(α− π/4) the equation (3) can be further simplified with the
double trigonometric angle identity tan(2θ)= 2tan(θ)/(1− tan(θ)2) and
cot(θ)= tan(π/2− θ) to:

SA0P ¼ � 1� S21
2S1

¼ � 1
tanð2ðα� π=4ÞÞ ¼ tanð2αÞ ð15Þ

By knowing the slope SA0P and the point P(xp∣y1(xp)) the reflected beam is
described by the following equation:

y3 ¼ S3x þ C3 ð16Þ
with S3= tan(2α) and C3= C1+ S1xp− S3xp. Due to the law of reflection, the first
reflected beam, going from point P to point Q and described by the linear equation
y3(x), makes an angle 2α with the x-axis. Therefore, its slope is S3 ¼ tan 2α. By
knowing the value of y3(xp) we can solve for the offset C3:

y3ðxpÞ ¼ S3xp þ C3 ¼ y1ðxpÞ ¼ S1xp þ C1 ð17Þ

C3 ¼ S1xp � S3xp þ C1 ð18Þ
The second point of the reflected beam in the rotation delay line is Q, whose

x-coordinate can be found by setting y3(x)= y2(x). The results is Q(T∣S3T+ C3)
with T ¼ C2�C3

S3�S2
. With all the derived expressions we can compute the angle

dependent path length L(α) inside the rotational delay line which consists of:

L ¼ ∑
3

i¼1
liðαÞ þ l4 ð19Þ

If the reflector is a plain mirror then l4= 0 and in the case of a retro reflector as
shown in Fig. 7c l4 is a constant which is given by the geometry design of the
reflector. The lengths li are computed from the geometry as following:

l1 ¼ D� y1ðxpÞ ¼ D� S1xp � C1 ð20Þ

l2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT � xpÞ2 þ ðS3T þ C3 � S1xp � C1Þ2

q
ð21Þ

l3 ¼ D� y2ðxqÞ ¼ D� S3T � C3 ð22Þ

L ¼ D� S1xp � C1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT � xpÞ2 þ ðS3T þ C3 � S1xp � C1Þ2

q
þ D� S3T � C3 þ l4

ð23Þ

Alignment requirements for the rotational delay line. The only requirement for
the system is a collimated beam over 1m (system dependent) with the beam
diameter below 7 mm. The collimated beam is only required within the rotational
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delay line. Such conditions are relatively easy to achieve at the wavelength of 8 um
and becomes easier with shorter wavelength. However, the beam diameter of the
system can be increased by designing a rotating retro-reflector with a different
height. The alignment of the system is relatively simple, since the entire alignment
principle is based on retro-reflectors, which either reflects the beam back by
shifting it in the plain (rotating retro-reflector) or lifting the beam in height and
reflecting it back (static retro-reflector). We would like also to note that the
polarisation of the system in preserved.

Data availability
The measurement data that support the plots within this paper are available from the
corresponding author upon reasonable request. Data used to produce the figures of this
Article is available in the ETH Research Collection50.
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