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Dual-comb spectroscopy (DCS) is a powerful technique for broadband spectroscopy with high precision.
High-frequency resolution requires long data acquisition times, limiting the temporal resolution in time-resolved
measurements. We overcome this limitation by engineering the interaction between the sample under test and the
DCS pulsed laser. The DCS interferogram is measured in steps with every step comprising a different number of
pulses that interact with the sample. The sample’s complex properties (absorption and phase) are extracted from
the Fourier transform of the interferogram as a function of the number of pulses; this maps the temporal evolution
of the excited state population. A two-dimensional spectrum is generated from which the system time evolution
is deduced. We benchmark this method by measuring the two-dimensional spectrum of a room-temperature
rubidium vapor. The measured population dynamics of the excited state show a square dependence on the number
of interacting pulses due to the coherent accumulation of population. Rabi oscillations are observed under intense
excitation conditions. This is the first demonstration of DCS with high frequency and high temporal resolutions
(which is given by the inverse of the repetition rate of the comb laser) without invoking pump-probe spectroscopy,
combining the pulsed laser spectral and temporal properties. This method allows one to detect simultaneously

the kinetics of different chemical species and hence the pathway for chemical reactions.

DOI: 10.1103/PhysRevResearch.5.033158

I. INTRODUCTION

Dual-comb spectroscopy (DCS) is a powerful broadband
method offering high resolution, fast acquisition times, and
mechanical stability as no moving part is involved [1,2]. DCS
developed hand in hand with advancements in ultrashort-pulse
technology and laser stabilization methods. When a comb
laser passes through the sample, the complex properties of the
sample are imprinted on the laser spectrum. After beating with
the second laser, these characteristics are retrieved in the RF
domain. Since its first demonstration [3-5], the DCS method
has been used to characterize a large variety of chemical
species [6—10].

DCS uses two pulsed lasers to probe and measure the
spectrogram of a sample. Depending on the desired frequency
resolution, the DCS interferogram needs to be measured for
a certain acquisition time. This limits the possible time res-
olution of the DCS method to study time-resolved events.
The dynamical properties of the probed sample are difficult to
extract due to the long data acquisition times needed for high
spectral resolutions and signal-to-noise ratio (SNR) [1,11,12].

Recently, there have been considerable efforts to combine
the time aspects of the pulsed laser in the DCS method to per-
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form time-resolved measurements [13—15]. However, the time
resolution using conventional DCS has been limited to the
us time range. A DCS system combined with an amplitude-
modulated CW laser was used to perform time-resolved
measurement with a time resolution of 100 us, measuring
a spectral span of 36 GHz with a frequency resolution of
100 MHz [16]. Here, the change in the absorption spectrum of
the P(27) line of the v; 4+ v; band in acetylene was measured
as a function of an increase in the gas pressure. In another
experiment, the time-resolved DCS method showed simulta-
neous production of C,Hg and the vibrational excitation of
CH,4 molecules in a CHy/He gas mixture, in the presence
of an electric discharge with a time resolution of 20 us [17].
Various techniques have been introduced to increase the time
resolution, such as intracavity optical filtering that increases
the comb tooth spacing, which improves the data acquisition
speed and the time resolution to 11 us [18,19]. Burst-mode
DCS in which each pulse is multiplexed into a short train of
pulses [20] was used to study the transmission spectra of 22
Nd lines. An effective acquisition rate of 25 kHz with 40 us
time resolution was demonstrated.

Conventional DCS, in combination with pump-probe spec-
troscopy, was shown to attain time resolutions of the order of
femtoseconds [21,22], set by the delay between the pump and
the signal laser, which is controlled by moving a mirror pair on
a mechanical translation stage which reduces the mechanical
stability of the system. Also, its slow motion affects the data
acquisition speed, which eliminates the unique advantages
of DCS. An alternative approach to replace the translation
stage in pump-probe DCS spectroscopy has been reported
where another comb with a slightly different repetition rate
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compared to the pump comb was used [23]. This automati-
cally scans the signal laser in time and later combines with
the reference laser to generate the DCS spectrum. The data
acquisition speed and stability are preserved at the cost of the
complexity involved in using three stabilized comb lasers and
an additional CW laser, to compensate for both the path length
and the offset frequency fluctuations.

DCS with transient absorption also allows pump-probe
spectroscopy without using mechanical stages and with high
temporal resolution (fs to ns) [24]. This method is limited
however to materials whose transient decay time is faster than
the repetition rate of the laser. Also, since the transient popu-
lation decay is measured in the time domain, it is difficult to
extract a frequency response in order to discriminate between
responses representing different transitions or those originat-
ing from a mixture of gases that are excited simultaneously by
broadband comb lasers.

In this paper, we propose and demonstrate a modulated
dual-comb spectroscopy technique where engineering the in-
teraction between the sample and the probe laser enables high
temporal resolutions. In this method, multiple DCS interfer-
ograms are measured, each time with a different number of
pulses probing the sample in a single interferogram. This
allows one to measure a two-dimensional spectrum with one
axis representing frequency, as in conventional DCS, with the
second axis describing the sample characteristic as a function
of the number of pulses interacting with the sample, which
directly translates into a time response of the sample prob-
ing at the repetition rate. This method allows time-resolved
measurement with the resolution given by the inverse of the
repetition rate of the laser while simultaneously measuring the
broadband spectrum.

We use the modulated DCS method to measure the mul-
tidimensional DCS spectrum of room-temperature rubidium
atoms. The population dynamics of the excited state of various
hyperfine transitions of rubidium isotopes were observed. The
population initially grows as the square of the number of
interacting pulses and then exhibits Rabi oscillations. The
quadratic transient arises from the coherent accumulation of
the population of the rubidium atoms interacting with the
pulse train. The Rabi oscillations are due to the strong excita-
tion. We measured a spectral span of 25 GHz with a frequency
resolution of 250 MHz, and the population evolution was
measured with a temporal resolution of 4 ns.

II. PRINCIPLE OF MODULATED
DUAL-COMB SPECTROSCOPY

The maximum frequency resolution of the DCS spectrom-
eter is given by the repetition rate of the laser probing the
sample. The basic principle behind the conventional DCS
method is shown in Fig. 1(a). Two combs with slightly differ-
ent repetition rates are used, and an interferogram is measured
where the length of each interferogram is given by the inverse
of the difference between the repetition rate of the two lasers
(1/8 frep). This limits the time resolution of the time-resolved
measurement of the sample properties to 1/8 fiep. The value
of 8 frep is determined by the total optical spectrum that needs
to be measured and the signal-to-noise ratio (SNR) which is
defined as the ratio between the signal peak-to-peak strength

to the background noise. This limits the resolution of time-
resolved DCS measurement to a few microseconds.

The technique we propose and demonstrate lifts the lim-
itation on the time resolution of DCS measurements by
engineering the interaction between the sample under test and
the pulse train. The laser pulse train is amplitude modulated
with a rectangular pulse whose width determines the number
of short pulses that interact with the sample, as shown in
Fig. 1(b). The repetition rate of the modulated signal is chosen
such that the sample fully relaxes between two consecutive
modulation cycles. This makes the measured dynamic re-
sponse repetitive with each modulation cycle, which is then
sampled by the reference laser and detected on a photode-
tector, as shown in Fig. 1(c). In each consecutive cycle, the
modulation pulse widens, allowing more pulses to interact
with the sample. Repeating these sequences leads to the ex-
traction of the sample properties as a function of the number of
(the temporally separated) probe pulses. The averaged sample
dynamic response is extracted with a time resolution given
by the probing time, 1/ fiep. A two-dimensional spectrum is
generated by combining the frequency and time dependencies
of the sample properties shown in Fig. 1(c).

The electric field of the probe laser pulse train in the
Fourier domain is given by

1
Trep

Ep(f) = =— Y FIE,OIFIS — Lfrep). ey
1

where F[E,(t)](f) represents the Fourier transform of an
envelope E,(t). This represents the optical spectrum with
discrete frequency lines separated by the repetition rate of
the laser, frep = 1/T;ep. After the modulation, the electric field
becomes Enoa(t) = y(w, 1)E,(t), where y(w,t) is the mod-
ulating signal. We use a rectangular modulation signal with
width, w, which acts like a filter controlling the number of
probe pulses. The Fourier transform of the modulated pulse
train is

1
Enmoa(f) = T ; Z Fol(f = fiep) FIE,]

X (L) (f = Liop = 22)- @)

The period of the modulation signal, T, is chosen to be longer
than the atomic relaxation time and shorter than the pulse train
repetition rate, and F[yy] are the Fourier transform of y(w, t).
[ and m are integers representing the frequency components of
the pulse train and the sidebands due to the modulation. This
equation calculates the Fourier domain spectrum for different
modulation widths. The detailed calculation is presented in
Sec. I of the Supplemental Material [25].

The repetition rate of the modulation signal is a fraction of
that of the probe laser; in the present case it is 25 MHz. In the
frequency domain, the intensity modulation adds sidebands to
the carrier modes at fi., with a periodicity of 25 MHz. As
the number of pulses in one modulation cycle increases, the
intensity of the sidebands decreases, transferring more optical
power to the carrier frequency. This preserves the sampling
of the probe laser spectrum by the reference laser as shown
in Fig. 1(b) (bottom figure). As the absorption spectrum is
measured with different widths of the modulation signal, the
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FIG. 1. Principle of modulated dual-comb spectroscopy (DCS). (a) The conventional DCS method requires measurements of many probe
(red) pulses for a single interferogram of length 1/6 f;.;, limiting the time resolution of the method. The DCS spectrum is obtained by mixing
the probe laser with a reference laser, REF (green), that contains the sample response (blue) at steady state. (b) The modulated DCS method
measures the dynamic response of the sample induced with each probe pulse by performing a series of measurement each using a different
number of probe pulses interacting with the sample under test in one interferogram. In the frequency domain, the intensity modulation adds
sidebands to the carrier modes at fr, with a periodicity of the modulation frequency. As the number of pulses in one modulation cycle
increases the intensity of the sidebands decreases, transferring more optical power to the carrier frequency. The sample response is extracted
by measuring the absorption depth as a function of the number of probe pulses. (c) Schematic of the modulated DCS method with a gated
intensity modulator, EOM, controlling the number of pulses interacting with the sample. After mixing with the REF laser, a two-dimensional

spectrum is generated

data are acquired for times that ensure a sufficient frequency
resolution and a high SNR.

As the modulation width increases, the Fourier spectral
intensity of the DCS beat spectrum increases linearly with
the number of pulses, as shown in Sec. I of the Supplemental
Material (Fig. S1) [25]. The sample absorption is measured as
a difference between the absorption dip and the background
and is unaffected by normalization. To check the validity
of our method numerically, we simulated a sample with a
quadratic population dependence on time, which we retrieved
by calculating the two-dimensional spectroscopy, as shown in
the Supplemental Material (Fig. S2) [25].

III. EXPERIMENTAL SETUP

Figure 2 describes an overview of the hybrid dual-comb
spectroscopy apparatus. The probe laser is a commercial fiber
laser (Menlo Systems, FC1500-250-ULN) with a repetition
rate of 250 MHz. The probe laser is RF locked to a GPS
signal that provides absolute long-term stability of 2 x 1072

at 1 second. The reference laser is an active mode-locked
semiconductor laser (MLL) detuned by 25 kHz from the probe
laser repetition rate. It employs a piezo-mounted mirror in the
cat-eye configuration and an intracavity interference filter. The
MLL is injection locked by an external cavity CW laser which
is locked, in turn, on a single tooth of the probe laser. The beat
between the CW laser and the probe laser is used to stabilize
the CW laser by applying a fast feedback to an acousto-optic
modulator, AOM2, and a slow feedback to the piezo-mounted
cavity mirror. The fully stabilized MLL emits pulses with a
duration of 50 ps. A mutual coherence time of 100 seconds
was achieved in the present DCS system [26]. Figure 2(b)
shows the measured DCS spectrum with marked transitions
of the rubidium vapor (Rb-87 and Rb-85). The SNR is plotted
in Fig. 2(c) as a function of different integration times. The
slope of 0.51 confirms the square root dependence of SNR
on the integration time preserving the coherence of the DCS
system up to 100 seconds.

The probe laser is amplitude modulated by an electro-optic
Mach-Zehnder modulator from EO space which is driven by
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FIG. 2. Schematic of the hybrid setup for dual-comb spectroscopy. (a) Hybrid DCS system comprising a commercial fiber-based frequency
comb (probe) and an injection-locked active mode-lock semiconductor laser (REF). Each laser is amplified by an erbium-doped amplifier
(EDFA) and frequency-doubled through a periodically poled lithium niobate (PPLN). The probe laser passes through an intensity modulator
(EOM) and mixed with the REF laser. It is then measured with the photodetector (PD) and digitized. (b) The Fourier spectrum of the DCS
interferogram is shown with 100 seconds of data integration time. Four Doppler-broadened peaks of rubidium mixtures (Rb-85 and Rb-87) are
extracted. By the combination of electrical injection locking of the repetition rate of the MLL and optical injection locking by the CW laser,
100 seconds of mutual coherence has been established between the two DCS lasers.

an arbitrary wave-form generator (AWG), Agilent Technolo-
gies, 81150A. To modulate probe laser pulses, the modulation
signal from the AWG needs to be synchronized to the rep-
etition rate of the probe pulses. To this end, we derived an
RF signal of 250 MHz from the probe laser repetition rate
and used it as a reference to a phase-locked oscillator that
generates a 25 MHz clock signal for the AWG.

Both lasers were tuned to 1560 nm and are amplified
by an erbium-doped fiber amplifier (EDFA) before being
frequency doubled using temperature-stabilized periodically
poled lithium niobate crystals. The frequency-doubled mod-
ulated probe pulses pass through a vapor cell filled with
rubidium isotopes (*’Rb and ®’Rb) held at room temperature.
After interacting with the gas sample in a single-pass con-
figuration, the two frequency-doubled lasers are mixed and
detected by a photodetector, FPD610-FC-VIS. The detected
signal is filtered, amplified, and digitized. A fast Fourier trans-
form is computed from the data and the amplitude of the
spectrum is retrieved as displayed in Fig. 2(b).

IV. RESULTS

Demonstration of modulated dual-comb spectroscopy. The
intensity modulator (EOM) is driven by an AWG that applies
a rectangular pulse with a repetition rate of 1/7 and width
w, thereby selecting the number of interacting pulses. The
pulses interact with the sample, and by the end of each cycle,
the sample relaxes to its ground state so that the sequence is
repeated at the repetition rate of the modulation pulse train.
The data is recorded for a sufficiently long time to ensure the
required spectral resolution. In the present experiment, & frep

was 25 kHz, meaning that a single interferogram is 1/6 frep =
40 us long. Since the reference laser pulse width is around 50
ps, the number of overlapped pulses was Atyidin rzep /8 frep =
100 in each interferogram. For a modulation repetition rate of
25 MHz, the number of overlapping pulses for the minimum
modulation width decreases to 10 pulses in each interfero-
gram. The data acquisition time in the current experiment
was 50 ms, yielding 1250 averaged and Fourier transformed
interferogram. The rubidium DCS spectrum was measured as
a function of the number of pulses that interacted with the
rubidium atoms.

Multidimensional spectroscopy of rubidium atoms. To
demonstrate the method, we study a two-level atom (rubid-
ium vapor) excited by a train of pulses. The Hamiltonian for
this system is H = Hyom + Hint, Where Hyom = hwyo o and
Hi = hQ(0e™ +oTe™™), o = |g){e|, and Q is the Rabi
frequency defined as Q = —w; d is the dipole
moment of the atom interacting with the modulated pulse train
electric field, E0q(2).

Since the interpulse separation is smaller than the atomic
relaxation times, the population of the atoms is coherently
accumulated with each pulse. It shows a square dependence
on the number of accumulated pulses [27,28]. If the excita-
tion is sufficiently strong, the population transfers periodically
between the ground and excited states exhibiting Rabi oscilla-
tions [29]. Usually, it is difficult to observe Rabi oscillations
in room-temperature atomic ensembles due to the fast atomic
decoherence times. Probing the atoms with a high-intensity
pulse train drives fast, coherent dynamics in the system, which
can then be measured using the modulated DCS method, and
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FIG. 3. Two-dimensional dual-comb spectroscopy. (a) Experimental results of the two-dimensional rubidium spectrum as a function of the
absorption frequency and the number of temporally separated interacting pulses. (b) The horizontal axis represents the absorption spectrum of
the Doppler broadened transitions of the rubidium isotopes marked for the transitions shown in the level diagram in (c). (d) The vertical axes
of the two-dimensional spectrum represents the population evolution of the rubidium atoms in the excited state probed with pulses at different
times. The population dynamics show a square dependence on the number of accumulated pulses (black dashed) and Rabi oscillation due to
the intense excitation. (e) The experimental data are consistent with the simulation results of the population evolution (red) of the two-level
system interacting with the pulse train (blue). (f) The temporal evolution of the excited state population corresponds to each transition of the

rubidium mixture.

also exhibit Rabi oscillations. The Rabi frequency depends
only on the intensity of an individual pulse and not on the ac-
cumulated intensity of multiple pulses, since those pulses are
not temporally overlapped. The rubidium atoms were probed
with different numbers of pulses, each separated by 4 ns. The
relaxation time of both rubidium isotopes ®Rb and ¥'Rb is
around 27 ns for the 5P;, state [30-32].

In the experiment, we recorded the absorption spec-
trum corresponding to various hyperfine transitions. The
background-subtracted absorption spectrum as a function of
the number of interacting pulses is plotted as a multidi-
mensional spectrum in Fig. 3(a). Figure 3(b) represents the
rubidium absorption spectrum corresponding to a specific
modulation width with six interacting pulses. The Doppler-
broadened transitions are marked according to the level
diagram in Fig. 3(c). Figure 3(d) describes the temporal evolu-
tion of the population in the excited state of 55, (F = 3) —
5P3, transition in a 85Rb isotope. The population evolution
has a square functional form due to the coherent accumulation
of the pulses, while the oscillation represents the Rabi oscil-
lation at 2w x 13.28 MHz. The optical power of the probe
beam is 10 mW, and the spectral width is 6 nm. It is focused
to a beam diameter of 500 wm when transversing the Rb
sample. This yields a Rabi oscillation of 27 x 12.5 MHz,
which is roughly equivalent to the experimental value (the
dipole moment used in the calculation is 4.227eay, where e
is the electron charge and ay is the Bohr radius). Figure 3(e)
shows simulation results of the Bloch equations correspond-
ing to the Hamiltonian for the parameters of the present

experiment, which qualitatively agrees with the data. Fig-
ure 3(f) shows the temporal evolution of all the marked transi-
tions. Since the dipole moments of both the rubidium isotopes
for the transition 55;,, — 5P3;, are the same, they exhibit
Rabi oscillations with the same frequency [31,32]. The numer-
ical simulation to calculate the population dynamics of atoms
has been performed with a “quantum optics toolbox” in Julia
[33], with modifications to introduce the effect of the pulse
train.

Optimization of modulation parameters. The theory as-
sumes that the atoms relax completely to the ground state
between the modulation cycles. As the modulation pulse
width increases, the temporal separation between consecutive
modulation cycles may become insufficient for the atoms to
relax completely. In this case, the population transfer still
shows similar features, but the strength of the population
transfer is reduced. Figure 4(a) describes a simulation of the
temporal behavior of the excited state as a function of a num-
ber of pulses, N. Figures 4(b) and 4(c) show the excited state
population for N = 20 and N = 5. For N = 5, the atoms relax
completely, and the signal strength recovers in every modula-
tion cycle. For N = 20, the atoms do not relax completely, so
the population transfer to the excited state decreases in each
consecutive cycle and eventually attains some equilibrium
level. The population evolution profile is still preserved, but
the signal strength decreases. This problem can be solved by
increasing the modulation period so that atoms relax to the
ground state completely, as shown in Fig. 4(d), where the
excited state population is plotted as a function of T, the
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FIG. 4. Simulated dependence of the excited state population on the modulation signal parameters. (a) Excited state population is shown
as a function of the number of pulses interacting with the atoms in each modulation cycle. The horizontal axis represents time normalized
by the system decoherence time, y. (b) and (c) represent the population transfer for a number of pulses in each cycle, N =20 and N =5,
respectively. For a fixed modulation width, as the number of pulses in each modulation cycle increases, an atom does not relax completely
to the ground state, which changes the population dynamics at different cycles. In general, the shape of the population transfer is preserved,
and the DCS measurement will record the averaged evolution profile. (d) The population of the excited state as a function of the different
modulation periods (7) and the evolution time (¢/y) is shown. (e) Population transfer for T = 2.0 shows identical population dynamics with
each modulation cycle in contrast to the case (f) 7 = 1.1 when the atom does not relax completely, and the population transfer decay with

time.

modulation cycle. Figures 4(e) and 4(f) show the population
evolution for 7 = 1.1 and T = 2.0. The atoms are not relaxed
to the ground state for the short cycle, so the population trans-
fer differs between modulation cycles, in contrast to the long
cycles, where the signal strength is recovered. The modulation
period determines the dynamic range that can be measured
for a system with a given decoherence time, y. For the large
values of y, the population decays rapidly to the ground state,
and shorter modulation periods can be used.

V. DISCUSSION

We introduced a new DCS scheme that allows high tempo-
ral resolution by engineering the interaction between the laser
pulse train and the sample. As proof of concept, we applied
this method to a mixture of rubidium isotopes. We demon-
strate that the technique enables broadband spectroscopy with
the frequency resolution given by the repetition rate of the
probe laser, separating the various hyperfine transitions of
the Doppler-broadened rubidium isotopes. Also, it measures
the population evolution into the excited state with a time res-
olution given by the inverse of the repetition rate of the laser.
Our measurement also shows Rabi oscillations imprinted on
the population dynamics.

The time resolution of the modulated DCS method depends
on the laser repetition rate, with high repetition rate allowing
measuring fast processes. In the present setup, the temporal
resolution is 4 ns. It is possible of course to use very high
repetition rates. An extreme example is a chip scale comb with
a repetition rate of 450 GHz [34] that offers a time accuracy
of 2.22 ps, limiting the frequency resolution to 450 GHz.
However, the relevant transition can still be excited by scan-
ning the comb laser frequency around the molecular excitation
frequency by tuning the repetition rate.

Combining the time and frequency aspects of a pulsed laser
in DCS makes it a powerful spectroscopic tool. This type
of spectroscopy is especially beneficial for studying compli-
cated chemical reactions that lead to many metastable and
short-lived chemical compounds produced during the reaction
[17]. Due to the broadband nature, most chemical species are
likely to be detected. At the same time, the temporal aspects
can extract information about the path of the chemical reac-
tion from the parent compound mixture to the final product
mixture. The technique we propose can be used for spectro-
scopic examinations of almost every material provided that
the dynamics are smaller than the measurement resolution,
which can be increased by operating with high-repetition-rate
mode-locked lasers. Examples include III-V semiconductors
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such as multiple quantum wells and quantum dots in the GaAs
and InP family of compounds [35]. Other applications of the

technique include measurement of electron spin relaxation
[36] or coherence time of nonradiative excitons [37].
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