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Two-dimensional electronic spectroscopy
(2DES) is a powerful method to probe the
coherent electron dynamics in complicated
systems. Stabilizing the phase difference
of the incident ultrashort pulses is the
most challenging part for experimental
demonstration of 2DES. Here, we present
a tutorial review on the 2DES protocols
based on active phase managements which
are originally developed for quantum optics

experiments.

We introduce the 2DES techniques in box and pump-probe geometries

with phase stabilization realized by interferometry, and outline the fully collinear 2DES

approach with the frequency tagging by acoustic optical modulators and frequency combs.

The combination of active phase managements, ultrashort pulses and other spectroscopic

methods may open new opportunities to tackle essential challenges related to excited states.
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I. INTRODUCTION

Along with the development of ultrafast laser technol-
ogy, time-resolved spectroscopy has achieved great suc-
cess in characterizing the excited-state dynamics in var-
ious systems of fundamental significance and technical
importance. Ultrashort pulses with few-cycle temporal
durations have become available for spectroscopic mea-
surements, which, in principle, can provide temporal
resolution sufficient for probing the coherent electronic
dynamics in complex and condensed systems at room
temperature. However, the broad spectral coverages of
ultrashort pulses make it challenging to simultaneously
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achieve high resolutions in time and excitation-energy
domains. This issue can be circumvented with two-
dimensional Fourier transform (2D FT) spectroscopy
by adding a new excitation frequency dimension. 2D
FT spectroscopy probes third-order nonlinear optical
response as a function of the time intervals of three
incident pulses (FIG. 1). By Fourier transformation,
the optical response is then analyzed in the domains
of excitation and emission energies with high temporal
resolution in population delays.

The early implementation of 2D FT spectroscopy is
in the infrared region [1, 2]. To date the frequency range
of 2D FT spectroscopy has been expanded from ultravi-
olet [3—15] to terahertz frequencies [16, 17]. Prospects
and potential applications of these cutting-edge tech-
nologies have been widely discussed [2, 18—27]. Here
we restrict our discussion within the scope of 2D FT
spectroscopy in the visible and near-infrared region, i.e.
two-dimensional electronic spectroscopy (2DES). 2DES
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provides insight about coherent electronic dynamics by
correlating the initial absorption frequencies with sub-
sequent changes along the emission frequency axis. It
enables identification of coupling between different ex-
cited states in ensembles by disentangling the homoge-
neous and inhomogeneous linewidths of electronic tran-
sitions. In the past decade, 2DES has been proved to
be powerful to study the excited-state dynamics and
the coherent coupling of electronic and vibrational de-
gree of freedoms in a variety of photo-activated systems,
such as photosynthetic complexes [28—34], molecular
aggregates [35], and inorganic semiconductors [36, 37,
38—40].

Technically, phase management is the most challeng-
ing part for 2DES measurements. To stabilize the phase
differences between the incident ultrashort pulses, pas-
sive and active phase locking techniques have been in-
troduced in the last decade. Passive phase manage-
ments based on pulse shaper, diffraction optics and
other pairwise configurations have been commonly used
in the community of physical chemistry as summarized
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in available review papers [18, 20, 41]. Nevertheless,
much less attention has been paid on the 2DES methods
with active phase managements. In this review, we in-
tend to give an introduction of the state-of-art 2DES ap-
proaches realized with active phase managements. We
first introduce the 2DES techniques in box and pump-
probe geometries with phase stabilization realized by in-
terferometry. Then we outline the fully collinear 2DES
approach with the frequency tagging by acoustic optical
modulators (AOMs) and frequency combs. Finally, we
will give a brief outlook for the development of 2DES
in the future.

Il. PRINCIPLES OF 2DES

As shown in FIG. 1(a), 2DES analyzes the four-wave-
mixing (FWM) signal generated by three sequenced
pulses with variable time intervals. In the perturba-
tion approximation, the signal field Eb(?g) (t) emitted by
the third-order nonlinear polarization P(®)(t) could be

written as

ES) () oc iPO(t) o</ dtg/ dtg/ Aty Es(t — t3)Ey(t — ts — to)Ey(t — t3 — ty — t1)R®) (ts,to,t1) (1)
0 0 0

The third-order nonlinear response function could be written as

R (t3,t0,t1) o (futs + to + t1) [tz + t1), [fa(t1), [(0), p(—o00)]]]) (2)

In Eq.(2), p(—o0) represents the initial density matrix
of the system. The three transition diploe operators
01(0), fi(t1), and fi(te+t1) embraced in the nested com-
mutators represent the three consecutive interactions
with the sequenced excitation pulses, but the fourth
transition diploe operator fi(t3 + to + t1) represents the
emission of signals. Ideally, the excitation laser pulses
are expected to be short enough compared to any time-
scale of the system, but long enough compared to the
In this so-called
semi-impulsive limit, the signal field would be approxi-

oscillation period of the light field.

mately proportional to the response function as

(3) 3
Eg)(t) oc R®(¢t, T, 7) (3)
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Now, we could briefly describe the time evolution of
the system interacted with the excitation pulses and
the generation of the third-order signal field. For one-
quantum 2DES experiments, the first pulse 1 interacts
with the system and creates a coherence between the
ground and excited state. After a coherence time delay
7, the system is switched to a population state through
the interaction with the second pulse 2. The third pulse
3 then puts the system in a coherent state again after
a waiting time delay 7. The time period during which
the FWM signal is emitted is denoted as t. A 2D spec-
trum for a given waiting time T' can be acquired if the
recorded FWM signal is Fourier transformed in the do-
mains of 7 and ¢ delays. In practice, to reduce the data
acquisition time, the relatively weak FWM signal is typ-
ically heterodyne detected using a local oscillator and
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(b)
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FIG. 1 Schematic diagram of pulse sequence for 2DES. (a) The time order of the three excitation pulses and the generated
four-wave mixing signal. (b) The fully non-collinear box geometry and (c) the partially collinear pump-probe geometry.

analyzed by a spectrometer. For different sequences
of the first two pulses, 2DES captures the rephasing
signal (kr=—k1+ka+ks3) and the non-rephasing signal
(knr=k1—ko+ks), where k; denotes the wave vector
of the ith pulse interacting with the system. A pure
absorptive 2D signal can be acquired by summing the
rephasing and non-rephasing signals. The absorptive
2D spectra are most frequently used because they are
free from broadening refractive contributions and can be
directly regarded as an extension of transient absorp-
tion spectra along an additional excitation frequency
axis. Another 2D signal related to two-quantum co-
herence can be captured in the phase-matching direc-
tion ky+ko—ks [22], where the system is put in a co-
herence between the ground and double excited states
in a two-quantum excitation scheme. Experimentally,
three different geometries have been employed for 2DES
measurements. In the most widely used box geometry
(FIG. 1(b)), 2D signals corresponding to different phase
matching conditions can be detected in the same direc-
tion by changing the time-ordering of the pulses. These
phase matched signals are almost background free since
they are spatially separated from the excitation pulses
so that relatively high signal-to-noise ratio is achievable.
Moreover, the ability to individually manipulate the ex-
citation pulses in this geometry enables polarization-
based signal selection and further background suppres-

sion. For the pump-probe geometry (FIG. 1(c)), the
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collinear alignment of the first two pulses makes it chal-
lenging to disentangle the rephasing and non-rephasing
signals. Nonetheless, the sum of the rephasing and non-
rephasing pathways provides the correlation 2D signal
with absorptive and dispersive signals. In comparison
with the conventional transient absorption spectroscopy
that captures the photo-excited absorption change re-
lated to the population occupied at the excited states,
2DES probes the absorption change as a function of
the time interval between the first two incident pulses.
In addition, a fully collinear geometry has also been
recently used for 2DES, which is of particular mean-
ing for implementation with microscopy. As shown in
FIG. 2(a), 2DES can extract the intrinsic spectral infor-
mation from inhomogeneous broadening system, which
allows to probe the dynamics of excited states with high
excitation energy resolution which is hindered by the
Fourier transform limit of the ultrashort pulse in tran-
sient absorption spectroscopy. Moreover, 2DES cap-
tures the information of off-diagonal elements in the
population matrix of a complex system that may un-
cover the coherent coupling between different excited
states (FIG. 2(b)).

Phase management is critical for implementation of
2DES. For one-quantum 2DES experiments, the FWM
signal field oscillates with respect to delay 7 and ¢ at an
optical frequency corresponding to the energy difference
between the ground and excited states. The time inter-
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FIG. 2 Schematic one-quantum absorptive 2D spectra for
(a) single transition resonance and (b) couple two transition
resonances.

vals, usually controlled by mechanical translation stages
for pump-probe spectroscopy, should be more precisely
controlled with phase stabilized to achieve the accurate
value of excitation and emission energies. The phase in-
stability caused by mechanical fluctuation may average
out the coherence-related 2D signal. In addition, the
spectral coverages of ultrashort pulses used for 2DES
measurements are broad to ensure a high temporal res-
olution. It is essential to control the spectral dispersion
of the phase differences of multiple incident ultrashort
pulses with different optical paths.

In the past decade, a variety of phase stabiliza-
tion protocols have been proposed for the implemen-
tation of 2DES. Passive methods have been widely
adopted in the community of chemical physics. In
general, the excitation pulses have been designed to
travel along the common paths or inter-related paths
to cancel the total phase fluctuations using the strate-
gies including diffractive optics based schemes in the
box geometry [42—47], pulse shaper based schemes in
both pump-probe [48, 49] and box [50—53] geometries,
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and Translating-Wedge-Based Identical Pulses eNcod-
ing System (TWINS) based schemes in the pump-probe
geometry [54, 55]. Since these passive methods have
been detailed in some other comprehensive reviews [18,
20], we will not discuss further here. In contrast, active
phase managements for 2DES experiments have been
rarely used in the community of chemical physics al-
though the active technique exhibits more robust phase
stabilization and enables longer coherence time delay.
The barrier is possibly caused by the difficulty in im-
plementation of the phase locking electronics. In the fol-
lowing, we will introduce the active phase management
methods including the interferometry-based phase lock-
ing, frequency tagging by AOMs, and frequency combs,
respectively.

I1l. INTERFEROMETRY-BASED PHASE
MANAGEMENT

The early attempts of 2D F'T spectroscopy have em-
ployed interferometers to create the sequenced excita-
tion pulses [56, 57]. Nevertheless, mechanical fluctua-
tions usually introduce considerable phase noise when
constructing a 2DES apparatus based on interferome-
ters since the delayed pulses are delivered by different
mirrors and go through separate paths in the interfer-
ometers.

Cundiff and coworkers have established the phase
locking with active phase stabilization electronics and
succeeded in developing a versatile apparatus for 2D
FT measurements, known as the JILA-MONSTER [58].
Two Michelson interferometers are folded and nested
to a third larger interferometer to create the four de-
layed and phase-controlled pulses in a box geometry.
All the four generated pulses can be phase stabilized
actively using a co-propagating continuous-wave (cw)
laser throughout the three interferometers. Hence, in
addition to the one-quantum measurements, this setup
allows access to two-quantum 2D spectra, which usu-
ally contain information of many-body interactions [39,
59—61].
2DES scheme in the near-infrared spectral range in

Jonas and coworkers have demonstrated a

the partially collinear pump-probe geometry to selec-
tively detect the absorptive 2D signal [62]. The collinear
pump pulse pair is created and phase stabilized from a
Mach-Zehnder interferometer enhanced by active feed-
back electronics. Zhu et al. have combined the active
phase stabilization and the broadband two-color pump-

(©2021 Chinese Physical Society



34 Chin. J. Chem. Phys., Vol. 34, No. 1

probe geometry using sub-10 fs pulses in the visible and
near-infrared range with precise phase correction [63].

In FIG. 3, we show a brief diagram for the technique
of interferometry-based phase management. Briefly, a
cw laser beam co-propagates along with the excitation
pulses in the interferometer. The interference signal
between the cw laser beams in each arm of the inter-
ferometer is detected and used as an error signal which
reflects the delay fluctuation between the pulse pair.
This error signal is fed into an electronic feedback loop
that drives a piezoelectric transducer (PZT) attached in
one of the arms to compensate the delay fluctuation and
the inter-pulse phase is thus actively stabilized. Such an
active phase stabilization procedure can reduce the me-
chanical fluctuation to less than 1 nm, which is generally
much better than those of available passive methods. To
construct an accurate 2D spectrum, one must complete
the data collection procedure when the interferometer
is locked. Then the interferometer is unlocked to allow
the translation stage to scan the delay 7 to a next value.
Afterwards, the interferometer is locked again to record
the next spectral signal. This process can be controlled
and repeated automatically by a computer.

The spectral dispersion of phase difference between
the two pump pulses, which can be retrieved from their
spectral interferogram monitored by a diagnostic spec-
trometer, is required for phase correction of 2D spec-
tra. In the passive phase locking scenario, a widely used
method for phase retrieval is to compare the obtained
2D signal with a measured spectrally-resolved transient
absorption signal according to the projection-slice the-
orem [22]. Great care should be taken for the phase re-
covery for the ultrashort pulses with broad spectral cov-
erage in the interferometry-based scenario. In principle,
the two pump pulses with zero 7 delay have a flat spec-
tral dependence on zero phase difference over the whole
spectral range. However, it is generally more compli-
cated since a tiny difference between the optical paths
of two arms of the interferometer may cause additional
phase distortion. The effect of such phase distortion is
significant and cannot be neglected when the bandwidth
of the pump pulses is broad. For the interferometer-
based approaches (FIG. 3), a slight thickness difference
between the quartz substrates of the two beam splitters
in the Mach-Zehnder interferometer or a tiny misalign-
ment may cause a dramatic issue on the phase. To
avoid this side effect, a pair of wedges and a compen-
sation plate are inserted in the two arms of the inter-
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ferometer to precisely manipulate the phase difference
between the two pump pulses. This capacity of phase
control also enables to separate the rephasing and non-
rephasing signals in the measurement as inspired by the
phase cycling scheme adopted by Ogilvie et al. [49]. In
consequence, the interferometer-based phase manage-
ment can disentangle the rephasing and non-rephasing
signals with the 2DES based on pump-probe geometry.

In addition to the robust phase stability, 2DES
approaches using interferometry-based active manage-
ment enable long coherence time delays which are only
limited by the range of delay lines. Optical elements
can be simply implemented in the two arms of inter-
ferometers to individually manipulate the amplitudes,
spectra, phases and polarizations of each pulses, which
is promising for noise suppression and signal isolation.
The technique barrier can be easily addressed with com-
mercially available electronics (e.g., LB1005, Newport).

IV. FREQUENCY TAGGING WITH AOMS

For either box or pump-probe geometries, the non-
collinear alignment of the excitation beams make it dif-
ficult to be integrated with microscopy. Moreover, these
non-collinear geometries cannot be applied to probe sin-
gle nanostructures as the radiation by point sources pre-
vents the formation of a well-defined FWM beam in
the phase-matched direction. To tackle this issue, inco-
herent signals such as fluorescence [64—70], photocur-
rent [71—73] or photoemission electrons [74—76] com-
bined with the simplest fully collinear geometry have
also been successfully used to capture specific nonlinear
signals. In principle, the 2DES signals for specific quan-
tum pathways can be analyzed with a response-function
treatment [75, 77]. A fully collinear geometry implies
that the setup can be integrated with microscope ob-
jectives, making spatially resolved 2DES measurements
facile.

One strategy to isolate the desired signals in such a
collinear geometry is phase cycling, which was first im-
plemented by Warren and co-workers using an AOM
based pulse shaper [64]. Different phases between the
individual laser pulses of a sequence are modulated in
the phase cycling methods and various nonlinear contri-
butions, such as the rephasing and non-rephasing sig-
nals, can be retrieved simultaneously by linear superpo-
sition of several differently phase-modulated raw data

with appropriate weights. However, the data collec-
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FIG. 3 (a) A schematic diagram for interferometry-based phase management of two ultrashort pulses. BS: beam splitter,
PZT: piezoelectric transducer, Comp. plate: compensation plate. (b) The error signals for the interferometer recorded for
10 min without (top) and with (bottom) active stabilization engaged. (c) The interferometer spectra of the two excitation
pulses with phase correction. The phase distortion is less than 0.05 rad over the broadband spectral range of the excitation

pulses.

tion process is generally tedious for phase cycling. For
instance, it usually requires 27 (1x3x3x3) scans with
different relative pulse phases to extract a single absorp-
tive 2D spectrum [78], which is problematic for sam-
ples with significant photobleaching. To remedy this
limitation, Brixner and coworkers customized a pulse
shaper to facilitate shot-to shot modulation at the rep-
etition rate of the 1 kHz laser system. In this way, they
realized rapid scanning over all time delays and a 2D
spectrum can be acquired in about 6 s [70]. Further-
more, they combined the fluorescence-detected 2DES
with an immersion-oil microscope objective to estab-
lish the novel method of coherent 2D fluorescence mi-
croscopy with sub-micro spatial resolution [79], which
enables the investigation of microscopic variations in
heterogeneous systems.

Instead of phase cycling, an alternative phase tagging
approach can be adopted for signal extraction in 2DES
experiments with fully collinear geometry. In this case,
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AOMs can be employed to modulate the beams with
different frequency shifts. The inter-pulse delays 7, T
and t are controlled with three translation stages. Four
AOMs are inserted in each arm of the two interferom-
eters to impart a specific radio-frequency (RF) shift to
the four pulses respectively. Each excitation pulse is
thus tagged with a unique frequency Q; (i=1, 2, 3, 4).
The radio-frequency shift is so small compared to the
optical carrier frequency of the laser pulse that its im-
pact on the excitation of sample by each single pulse
can be ignored. However, if we consider a train of pulses
with repetition frequency f;op and enumerate the suc-
cessive pulses by the index n, the carrier envelope phase
of each pulse within the train is dynamically shifted by
n8);/ frep- Thus, the nonlinear signals induced by the
four pulses (with a set of specific inter-pulse delays 7,
T and t) oscillate in real time at the radio frequencies
given by sums and differences of the AOM frequencies.
A lock-in amplifier which is referenced to a specially
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constructed waveforms can be used to demodulate the
nonlinear signals and to isolate them in the RF do-
main. The lock-in reference waveforms are generated
from the interference of a narrowband selection of the
excitation pulses themselves using a pair of monochro-
mators. As is shown in FIG. 4, the beat frequencies of
waveform Refl and Ref2 are detected on two separate
photodetectors as Q1o=1—5 and Q34,=235—,. They
are further electronically mixed to generate the final ref-
erence waveform which oscillates at the difference fre-
quency Qr=034—Q1o=—01+Q5+Q3—, for the lock-
in detection of rephasing signal, or at the sum frequency
ONr=34+Q12=01 —Q5+035—4 for non-rephasing sig-
nal. The beating frequencies of these reference wave-
forms are analogous to the phase-matching conditions
in conventional FWM schemes based on (fully or par-
tially) noncollinear geometry. However, a potential lim-
itation of this phase tagging approach is that it may be
difficult to distinguish the third-order signals from those
higher order signals. For example, signal contributions
from the fourth order population ;—Q5+4+Q3—Q, and
the six order population Q;—Q;+Q1—Qs+Q3—Q, will
oscillate at the same modulated frequency in the RF do-
main, making the separation between them challenging.
This issue can be tackled in the phase cycling approach
by increasing the steps of the cycle scheme, as has been
demonstrated by the Brixner group very recently [80].

Marcus and coworkers introduced the phase tag-
ging approach to isolate the desired nonlinear signal
in the frequency domain without relying on the phase-
matching condition of a radiated field [67]. This ap-
proach is quite appealing to 2DES experiments on indi-
vidual nanostructures. A schematic diagram of their
instrument is shown in FIG. 4. The simplest fully
collinear geometry is employed for the loss of phase-
matching. The 800 kHz pulse train from a Ti:Sapphire
oscillator is fed into a set of two Mach-Zehnder interfer-
ometers nested within a larger Mach-Zehnder interfer-
ometer to generate the sequenced four collinear pulses.
In contrast to the conventional FWM scheme, the role
of the fourth pulse here is to convert the third order
polarization into a fourth order population which is de-
tectable in the form of fluorescence signal. The inter-
pulse delays 7, T" and t are controlled with three trans-

lation stages.

Cundiff group implemented multidimensional coher-
ent optical photocurrent spectroscopy (MD-COPS) of a
semiconductor nanostructure based on a similar phase
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tagging scheme [72]. They choose to detect the fourth
order population in the form of a photocurrent signal
considering inefficient fluorescence from the semicon-
ductor sample. In comparison with the apparatus of
Marcus group, they generate the lock-in reference wave-
forms from the interference of a cw laser co-propagating
along the same path of the excitation pulses in the in-
terferometers with a slight vertical shift. The wave-
length of the cw laser is selected to be close to the
signal wavelength to compensate for phase noise result-
ing from mechanical fluctuations in the setup. They
also point out the phase tagging approach can also be
seen as a dynamic phase cycling method and is partic-
ularly suitable for 2DES with high-repetition-rate laser
sources. In other words, the phase cycling happens in
“real time” as each AOM sweeps the carrier-envelope
phase over the laser pulse train. This obviates the need
for combining multiple separate phase scans to extract
the desired signals. Compared with the phase cycling
scheme based on a pulse shaper [64], the phase tagging
approach usually allows much larger scanning range of
coherence time delay, which is limited only by the reso-
lution of the monochromators (Marcus group) or by the
coherence length of the cw laser (Cundiff group) when
the length of the delay stages are sufficient. This is par-
ticularly useful for the 2DES of nanostructures whose
coherence time can be on the nanosecond scale.

Ogilvie and coworkers developed a fluorescence-
detection-based fully collinear two-dimensional elec-
tronic microscopy with femtosecond time resolution and
sub-micron spatial resolution [68]. In contrast to the
pulse shaper based phase cycling approach adopted by
the Brixner group mentioned above, the use of phase
tagging approach and lock-in detection enables the use
of high-repetition-rate lasers compatible with imaging
applications and produces high signal-to-noise ratio im-
ages. To demonstrate their approach, they performed
vivo measurements on a mixture of photosynthetic bac-
teria and resolved spatially varying excitonic structure
due to different growth conditions. They estimated
nearly six orders of magnitude fewer bacterial cells con-
tribute to the signal in their fluorescence detection mea-
surements compared to the conventional 2D measure-
ments based on the detection of a radiated electric field.

The phase tagging approach provides some unique
advantages. First, the lock-in amplifier filters the in-
put signals over a narrow frequency range centered at
the beating frequency tagged on the desired signal so
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FIG. 4 The optical design of a 2DES setup based on phase modulation with AOMs. Ref: reference, Det: detector, APD:
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that a relatively high signal to noise ratio (SNR) can
be achieved. Besides, the real and imaginary parts of
the complex signal are intrinsically and directly acces-
sible from the in-phase and in-quadrature outputs of
the lock-in amplifier because the phase of the signal
is correlated to the phase of the excitation pulses in-
volved in the corresponding reference waveform. More-
over, in contrast to the box geometry that rephasing
and non-rephasing signals are recorded separately since
they correspond to a different pulse sequences, one can
collect the two different signals simultaneously on a
two-channel lock-in amplifier. Finally and most impor-
tantly, just like the sampling mode adopted in the phase
cycling methods [64, 70, 78], the desired nonlinear sig-
nal is measured in a rotating frame 2 since the phases
of the reference signal and the detected nonlinear signal
will evolve at similar optical frequencies along with the
scanning of coherence delay 7. As a result, the phase
of the recorded signal output from the lock-in ampli-
fier will no longer evolve at an optical frequency with
delay 7, but at a reduced frequency given by the differ-
ence between optical frequencies of the signal and the
selected reference wavelength by the monochromators.
As a consequence, the signal is physically under sam-
pled with the coherence time and the universal phase
noise in 2DES based on interferometers introduced by
mechanical fluctuation is largely compensated through
the lock-in detection process. The phase of the detected
signal is actively stabilized by AOMs without the inte-
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gration of feedback electronics mentioned in the pre-
vious section, reducing the technical barriers to some

extent.

V. FREQUENCY COMB-BASED 2DES

In spite of many advantages of the frequency tag-
ging approach on implementing 2DES mentioned above,
a main drawback is the requirement of an additional
motorized time delay ¢ to be scanned and numerically
Fourier transformed to get the emission frequency axis
of the 2D spectrum. This is significantly more time-
consuming than the conventional schemes where the
FWM signal is heterodyne detected with a local oscilla-
tor and instrumentally Fourier transformed by a spec-
trometer. The drawback makes it extremely challenging
to study the systems with long dephasing time.

Inspired by the technique of dual-comb spectroscopy
(DCS) [81—83], Cundiff and coworkers have developed a
compact apparatus for multidimensional coherent spec-
troscopy based on two frequency combs, which simul-
taneously provides the highest spectral resolution to
date and short acquisition time [84, 85]. The inno-
vation of the DCS method lies in the replacement of
the moving mechanical stage, which limits the acquisi-
tion speed, with the use of two-phase locked frequency
combs with slightly different repetition rates. One comb
is employed to interrogate the sample and generate the
nonlinear optical signal, while another comb is used as
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the local oscillator. The subtle repetition rate difference
between the two combs equivalently provides a rapid
scanning of time delay between the signal pulses and
the local oscillator pulses, which is referred to as asyn-
chronous optical sampling (ASOPS) [81, 86]. The signal
comb is multi-heterodyne detected through the inter-
ference with the local oscillator comb, and then a cor-
responding beating frequency comb usually located in
the RF domain is generated, which directly maps to the
signal spectrum in the optical-frequency domain. The
beating signal can be detected in the time domain by
a photodetector and then be numerically Fourier trans-
formed to recover the RF comb, which can afterwards
be rescaled to the optical-frequency domain and recover
the desired spectrum with high spectral resolution. The
resolution is limited only by the bandwidth of the comb
teeth theoretically.

FIG. 5 shows how to integrate the technique of one-
dimension DCS into 2DES. We can find in FIG. 5(a)
that the laser source of the 2DES setup contains a sig-
nal comb and a local oscillator (LO) comb with rep-
etition frequencies fsiz and fro=fsig+A respectively.
The signal comb is split into two parts. One of them is
modulated by an AOM to shift its offset frequency by
Q and then is recombined with the other part at a time
delay 7 controlled by a mechanical delay stage. Thus a
sequence of excitation pulses in a collinear geometry is
generated to interrogate the sample. The FWM signals
emitted from the sample co-propagate with the linear
signals from the incident pulses and then are combined
with the LO comb. The beating signals are recorded
by a photodetector in the time domain corresponding
to the mixed linear and FWM signals and then are
Fourier transformed to recover the counterparts of the
signal combs in the RF domain. The multi-heterodyne
detection process is illustrated in the optical and radio-
We can find that the
spectra of the linear signals (red and purple teeth) and

frequency domain in FIG. 5(b).

one of the FWM signals (yellow teeth) corresponding
to a specific excitation sequence [85] overlap with each
other in the optical-frequency domain. However, the
spectra of their counterparts in the RF domain are
totally separated. In contrast to the complex phase
cycling methods, the simple bandpass filtering in the
RF domain is enough to isolate the desired FWM sig-
nal with high spectral resolution. A 2D spectrum can
be constructed after Fourier transformation of the re-

covered FWM signal with respect to the time delay 7

DOI:10.1063/1674-0068 /cjcp2012222

Wei-da Zhu et al.

Sample

| —ea

@ T

Signal f51
comb
o] /1o fslg +A
comb /
(b) fo .
Q Q [

[

Optical frequency
Q Q

ﬁ ﬂunear l l lum

Radio frequency
FIG. 5 (a) The optical design and (b) the isolation of the
FWM signal in the radio frequency domain. Det: detector.

| FWM

scanned by the delay stage. Finally, the phase noise
of the detected FWM signal must be monitored and
corrected, or the FWM comb teeth in the RF domain
will be broadened, resulting in a decrease of spectral
resolution. Similar to other 2DES schemes based on
interferometers, the relative optical path fluctuations
will contribute to the phase noise. However, consid-
ering the two different laser sources employed in this
scheme, phase noise could also arise from the fluctu-
ating offset frequencies and residual relative repetition
frequency fluctuations of the two combs. A cw laser
co-propagating with the excitation pulses and a well-
designed signal process circuit are integrated into the
apparatus to measure and cancel these phase fluctua-
tions.

To demonstrate the capability of frequency resolu-
tion of their method, they performed 2DES conceptual
experiment on a mixture of two naturally occurring iso-
topes of rubidium atoms (*Rb and ®Rb) [85]. The
laser pulses were optically filtered to excite the D; lines
of Rb atoms, whose natural linewidths of the hyper-
fine lines are only ~6 MHz, yet Doppler-broadened to
580 MHz at 110 °C. However, along the cross-diagonal
direction of the collected 2D spectrum, the inhomoge-

neous (Doppler) broadening is removed and the line
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shapes reflect the homogeneous linewidth. Thus the
hyperfine structure is successfully resolved without im-
plementing the complex laser cooling apparatus. In ad-
dition, the unique locations of the coupling peaks in the
2D spectrum allow assignment of the clustered features
between 8"Rb and ®°Rb.

In their experiment above, a 2D spectrum was ob-
tained in less than 4 min. This acquisition speed is rapid
enough compared with the conventional frequency tag-
ging approach due to the replacement of the mechanical
stage along ¢ with a second frequency comb. What’s
more, the Cundiff group further improved the acquisi-
tion speed by using a third frequency comb with another
different repetition frequency to replace the AOM and
the mechanical stage along 7 in the experiment [87, 88].
Such a tri-comb 2D coherent spectroscopy employs only
a single photodetector and no mechanical stages to en-
able extremely rapid acquisition speed, while providing
comb resolution along both the excitation (absorption)
and emission axes. The 3"Rb and ®°Rb isotopes were
again used to test the tri-comb setup. They reproduced
the same results as those from the dual-comb setup
but with better cross-diagonal resolution and less ac-
quisition time of under 1 s. These improvements make
2DES relevant for atomic systems and field deployable
for chemical-sensing application if implemented using
compact lasers.

In contrast to the collinear geometry adopted by the
Cundiff group, Cho and coworkers proposed a dual fre-
quency comb based photon echo spectroscopy in a non-
collinear geometry to spatially separate the FWM sig-
nal [89]. With respect to the complicate mapping re-
lation between the optical resonance frequency and the
down-converted radio detection frequency, they gave a
detailed theoretical analysis of the general dual-comb
nonlinear spectroscopy based on the third order re-
sponse function, which is instructive for experimental-
ists to design a novel comb-based 2DES setup. Never-
theless, the two-pulse nonlinear spectroscopy schemes
mentioned above are not suitable for studying the dy-
namics of condensed systems because they are limited
to the measurement of a 2D spectrum at zero wait-
ing time. Therefore, the Cho group further proposed
a three-pulse photon echo spectroscopy with dual fre-
quency combs in a box geometry. The waiting time
between the second and third pulse is introduced by
employing the ASOPS method and utilizing two inde-
pendent combs with slightly detuned repetition rates.
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This ensures uniform data quality over a long popula-
tion time from the femtosecond to the nanosecond range
without the problem of wave front variation that could
arise when using mechanical delay stages.

In general, the frequency comb-based 2DES is an
emerging technique that can be used to study a vari-
ety of molecules both in the gas and condensed phases
with unprecedented high frequency resolution and high
data acquisition speed. Moreover, the construction of
the setup is greatly simplified due to the replacement of
the bulky mechanical delay stages and monochromators
with different frequency combs and a single photodetec-
tor respectively. However, great care should be taken to
stabilize the carrier-envelope phases and the repetition
rates of the two frequency combs to acquire a precise
2D spectrum experimentally.

VI. SUMMARY AND OUTLOOK

2DES allows to probe the excited-state dynamics
with high resolution in the temporal and excitation
energy domains simultaneously, which has been estab-
lished as a powerful tool in elucidating the quantum
coherence effect on the electron and energy transfer dy-
namics. With the emerging methods of phase stabi-
lization and signal isolation, 2DES is becoming a more
mature and productive technology available in many
laboratories. For experimental implantation, some fea-
tures are inherent for the configuration geometries. The
signals of different pathways can be easily selected by
phase matching condition for the fully noncollinear box
geometry which, however, requires more efforts on opti-
cal design and alignment. The partially collinear pump-
probe geometry is probably the most common geome-
try studying the dynamics excited states. Nevertheless,
great care should be taken to subtract the background
transient population signal for 2DES based on pump-
probe configuration. The fully collinear geometry can
be naturally implanted for microscopic measurements,
which, however, suffers from entanglement of signals
from different pathways. Fuller and Ogilvie have com-
pared the (dis)advantages of different phase matching
technique [18]. Here, we briefly summarize the different
2DES approaches based on active phase management
(Table I).

Most methods for active phase managements for
2DES are well-established protocols in the commu-

nity of quantum optics. The marriage of expertise
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TABLE I Summary of the advantages and disadvantages for 2DES approaches based on active phase management.

Approach Advantages

Disadvantages

Interferometer Long time robust phase stability
with active phase
stabilization

pulses in all geometries

Long coherence delay range available

Construction complexity from the
integration of feedback electronics

Independent manipulation of the excitation

Capable of two-quantum measurements

(box geometry)

Phase modulation High SNR with lock-in detection

(Frequency tagging) Single element detector instead of spectrometer
Long coherence delay range available
Independent manipulation of the excitation pulses

Additional electronics needed to
construct reference waveforms
Time-consuming due to an additional
motorized delay t to be scanned

Data acquisition in the rotating frame

Especially compatible with high-repetition-rate

laser sources

Frequency comb
rapid data acquisition speed

Extremely high spectral resolution and

Extra phase noise from the employ-
ment of additional laser sources

Signal isolation without phase cycling or modulation

Simple optical design

Single element detector instead of spectrometer

Long coherence delay range available

in the fields of quantum optics and chemical physics
may stimulate a rapid development of 2DES technique.
2DES has been successfully combined with microscopy
If the spa-
tial resolution can be further improved by combining

to investigate the single nanostructures.

2DES with photoelectron emission, scanning near-field
spectroscopy, scanning tunneling microscopy and other
methods, the structure-coherence correlations in com-
plex systems may become accessible. The combination
of frequency-tagged 2DES and mass spectroscopy may
be potentially applied to probe the quantum pathways
of photochemistry reaction. The frequency comb-based
2DES with ultrahigh spectral resolution may be used
to study the fundamental science in the cold atom sys-
tems. These potential developments of new methodolo-
gies provide cheerful prospect of 2DES in the field of
physical chemistry.
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