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Two-dimensional Fourier transform (2D FT) spectroscopy is an important technology that
developed in recent decades and has many advantages over other ultrafast spectroscopy
methods. Although 2D FT spectroscopy provides great opportunities for studying various
complex systems, the experimental implementation and theoretical description of 2D FT
spectroscopy measurement still face many challenges, which limits their wide application.
Recently, the 2D FT spectroscopy reaches maturity due to many new developments which
greatly reduces the technical barrier in the experimental implementation of the 2D FT spectrometer. There have been several different approaches developed for the optical design of
the 2D FT spectrometer, each with its own advantages and limitations. Thus, a procedure
to help an experimentalist to build a 2D FT spectroscopy experimental apparatus is needed.
This tutorial review is intending to provide an accessible introduction for a beginner to build
a 2D FT spectrometer.
Key words: Two-dimensional Fourier transform spectroscopy, Two-dimensional infrared
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technology with broad application. A variety of 2D FT
spectroscopy methods have been developed and applied
in chemistry, physics, biophysics, and material science
[5−28]. Many excellent reviews and book chapters have
been devoted to introducing the principles and recent
applications of 2D FT spectroscopy [29−47]. However,
a procedure for a beginner who wants to build a 2D FT
spectrometer is still lacking. So, this tutorial review is
intending to fill this gap. In this review, we first give
an overview of the 2D FT spectroscopy and discuss the
typical challenges of implementing the 2D FT spectrometer from the perspective of experimentalists. Then we
outline five typical optical designs of the 2D FT spectrometer, then compare the benefits and drawbacks of
these setups. At last, the future and perspective of 2D
FT spectroscopy development are given. We hope this
review can provide an accessible introduction for a beginner who wants to build a 2D FT spectrometer.

I. INTRODUCTION

Ultrafast spectroscopy techniques have achieved
great success in the past few decades. With the development of pump-probe spectroscopy, many different ultrafast spectroscopy methods have been used to
study various population dynamics and coherent dynamics [1−4]. However, there is a trade-off between
time and frequency resolution in most ultrafast spectrometry. In order to obtain a higher time resolution,
a shorter pump pulse is required, which corresponds to
a broader bandwidth due to the restriction of the timebandwidth product. Thus, it is hard to specify the excitation frequency with higher certainty. It produces
a significant difficulty in following the specific ultrafast
dynamics process in a pump-probe measurement. This
trade-off is circumvented by coherent multi-dimensional
Fourier transform (MD FT) spectroscopy. The first
MD FT spectroscopy experimental demonstration is
the two-dimensional Fourier transform (2D FT) spectroscopy. There are effectively three light-matter interactions in a 2D FT spectroscopy measurement. The 2D
FT spectroscopy can access some details which are not
generally accessible in one-dimensional spectra. Nowadays, the 2D FT spectroscopy has become a mature

II. 2D FT SPECTROSCOPY OVERVIEW

In a pump-probe experiment, the change induced by
the pump pulse is detected by the probe pulse after a
waiting time T (FIG. 1(a)). The signal we acquire is
a function of the waiting time T , and the time resolution depending on the pulse duration of the pump pulse.
However, a shorter pump pulse has broader bandwidth
due to the restriction of the time-bandwidth product.
So, it is impossible to have higher time resolution and
higher certainty of the excitation frequency simultane-
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ously, which is also inevitable, it needs to be balanced
within the pump-probe experiment. The core of the
problem is how to excite a specific system with highfrequency precision while keeping a high time resolution at the same time. Inspired by multi-dimensional
nuclear magnetic resonance (NMR), researchers started
to develop the 2D spectrometer. It is worth noting that
the 2D FT spectroscopy is a different technique from 2D
correlation spectroscopy. 2D correlation spectroscopy is
a mathematical technique that is used to study changes
in measured signals. In which, a series of perturbationinduced dynamic one-dimensional spectra are collected
and transformed into a set of 2D correlation spectra
by simple cross-correlation analysis [48]. However, 2D
FT spectroscopy directly measures the time evolution
of the three-order nonlinear response of the system.
Hochstrasser and coworkers adopted the burning-hole
method to record the 2D spectroscopy by scanning the
full energy mode with a narrowband pump pulse [49].
The major disadvantage of this method is that the long
pulse duration of the narrowband pump pulse generally leads to a poor time resolution. Recently, Zheng
and coworkers demonstrated that the three-dimensional
molecular conformations and their population distributions of a molecule could be successfully mapped by analyzing the relative orientations of the transition dipole
moments of normal modes which cover the molecular
space of all chemical bonds using frequency-domain 2D
FT spectroscopy in a broad frequency range from 1000
cm−1 to 3200 cm−1 [50].
One can also collect 2D spectroscopy in the time domains by scanning the time delay between a pair of
broadband pulses. FIG. 1(b) shows a typical pulse sequence in the 2D FT spectroscopy experiment. The
pulse 1 and 2 are two coherent pump pulses; the pulse
3 is a probe pulse to inquire about the system. The
radiated three-order nonlinear signal field Esig could be
written as
Esig (ksig , t) ∝ iP (3) (ksig , t)
∫ ∞
∫ ∞
∫ ∞
=
dt3
dt2
dt1 R(3) (t3 , t2 , t1 )E3 (k3 , t − t3 )
0

0

0

E2 (k2 , t − t3 − t2 )E1 (k1 , t − t3 − t2 − t1 )

(1)

The response function R(3) (t3 , t2 , t1 ) could be written as
a nested commutator of the transition dipole operator
µ(t) as follows:
R(3) (t3 , t2 , t1 )
( )3
i
=
⟨[[[µ(t3 + t2 + t1 ), µ(t2 + t1 )], µ(t1 )] , µ(0)]⟩ (2)
~
The pulse 4 is a local oscillator for heterodyne detecting
of the signal in non-collinear geometry. In some fully or
partially colinear geometries, the role of pulse 4 usually
is replaced by the probe pulse. The time delay between
the pump pulses 1 and 2 is coherence time τ , and the
time delay between the pulse 3 and 4 is local oscillator
DOI:10.1063/1674-0068/cjcp2007125

time t. The time delay between pulse 2 and pulse 3 is
the waiting time T , which is similar to the pump-probe
experiment. The 2D frequency-frequency contour plots
for a given waiting time T is the Fourier transform of the
2D signal for the τ and t. In practice, the local oscillator
time t axis is Fourier transformed during data collection
by the monochromator, and the coherence time τ axis
is numerically Fourier transformed after data acquisition is finished. So, the excitation frequency is correlated to the coherence time by Fourier transform. The
coherence time τ should be scanned to get all excitation frequencies, as shown in FIG. 1(c). And the time
resolution is still decided by the pulse duration of the
pump pulse. Thus, we could get a precise excitation
frequency while keeping a short pulse duration at the
same time, which means we could have both high time
and frequency resolution simultaneously.
FIG. 1(d) shows a typical fully non-collinear phasematching geometry, the box-CARS geometry, which has
been used in many 2D FT spectroscopy measurements
[30]. In the box-CARS geometry, the wave vectors of
three excitation pulses and the emitted signal form a
square. Therefore, the signal is almost background
free since it is completely separated from the excitation
pulses and most other nonlinear emissions. A spectral
interferogram including the phase and amplitude information of the complex nonlinear signals is recorded using heterodyne detection by directing a local oscillator
beam to this fourth corner. In box-CARS geometry,
two typical phase-matched signals are recorded: the
rephasing signal in the k2 −k1 +k3 direction and the nonrephasing signal in the k1 −k2 +k3 direction. A pure absorption 2D FT spectroscopy could be obtained by summing the rephasing and non-rephasing signal together.
The pure absorptive spectra have the highest frequency
resolution, and there is no phase twist that can distort spectra. The analysis of the line shape from the
pure absorption 2D FT spectrum could get some critical information such as inhomogeneous and homogenous linewidthes which has an essential connection with
molecular microscopic dynamics [51−54].
A significant consideration when designing a 2D FT
spectrometer is phase drift. In order to avoid phase
drift, it is essential to maintain phase stability between
pulses. Phase stability refers to the phase variation of
one pulse relative to another within a given time delay. Therefore, the relative timescale of phase stability is determined by the oscillation period of the light
field. As a consequence, it is relatively straightforward
to maintain phase stability for infrared (IR) and even
longer wavelengths, Still, it is more challenging and has
become a more demanding instrumentation consideration with regards to visible and even higher frequency
pulses. In a typical 2D FT spectroscopy, it is essential
to maintain phase stability for the time delays τ and t
since the system is in a coherence state, but it is less important for the waiting time delays T since the system
is in a population state. Generally, the coherence time
c
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FIG. 1 The pulse sequence of (a) the pump-probe experiment and (b) the 2D FT experiment. (c) The principle
of Fourier transforms in the 2D FT spectroscopy. (d) The
box-CARS phase matching geometries. The arrows show the
directions of the pulses relative to the focus at the sample,
which is marked with a hatched circle.

τ is scanned in the time domain, then converted to the
excitation frequency by Fourier transform. In order to
convert the time delay to an accurate Fourier transform
frequency, an interferometric precision of ∼λ/100 is required, which corresponds to a timing error of ∼0.017 fs
at 500 nm and a timing error of ∼0.17 fs at 5000 nm [34].
The fluctuations of the optical pathlength and mechanical instability are the critical elements that influence
phase stability in the experiment. All these elements
need to be controlled or compensated to achieve high
phase stability. Therefore, many different methods have
been successfully developed and applied, which can be
roughly divided into two categories: active and passive
phase stabilization methods. In this section, we will
briefly discuss these two methods and their advantages
and limitations.
In most of the 2D FT spectroscopy setups, the most
straightforward approach to control the delay between
pulses is to have each pulse travel through a separate
optical path, in which a linear translation stage can
control each delay. The phase stability is naturally reduced in this method since each beam is incident on
the different optomechanical components. It can be
overcome with active measurement and compensation
for the pathlength drift of different beams. A typical
active phase stabilization method that usually is used
DOI:10.1063/1674-0068/cjcp2007125
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by experimentalists is the reference beam method [30].
Specifically, a continuous-wave (CW) reference beam is
used to co-propagate through the optical layout with
the excitation beams and the phase of the reference
beams is measured just before the sample. The phase
drift is compensated by feedback loops to make small
changes to the optical path lengths of different beams.
The active phase stabilization method can maintain
high phase stability as long time as needed and has
been used in many 2D FT spectrometers and proved
to work well [55−58]. However, the construction of active phase stabilization instruments is nontrivial since
it usually requires an electronics device with complicated optical design. So, passive phase stabilization
approaches have been widely pursued since it is relatively easy. The pathlengths of different beams can be
locked by all beams hitting on common optics, so the
relative phase is stabilized. Several passive phase stabilization methods have been developed by making the
beam incident on identical optics [59, 60].
Another challenge is that the 2D signal often needs to
be isolated from a background field, scattering, or other
noises. Three techniques have been developed to solve
this problem: amplitude modulation, phase modulation
or phase-cycling, and phase matching. For example,
Davis and coworkers isolated quantum coherence successfully by amplitude modulation for each pulse [61].
Zanni and coworkers eliminated the scattering using the
phase-cycling method since a pure phase inversion is
possible when the pump pulse pair is generated by a
pulse shaper [62]. Hamm and coworkers demonstrated
that the quasi-phase-cycling could be used to eliminate any scattering contamination [63, 64]. Recently,
Massari and coworkers developed a fully reflective 2D
IR setup, which removed the scatter contribution using fibrillation of multiple pulses in the phase-matched
direction [65]. Scattering and other noises can also be
eliminated by synchronously chopping one beam like we
generally do in regular 2D IR experiments. Augulis and
Zigmantas demonstrated that the artifacts or ’ghost’
signals could be removed by using two different lockin choppers to modulate each pump beam [66]. Zhang
and coworkers put the lock-in chopper in each pump
beam to eliminate the other undesired nonlinear signals
in partial colinear geometry [58]. Some or all of these
methods are often used in combination, depending on
the experimental requirement.
III. TYPICAL EXPERIMENTAL DESIGN OF 2D FT
SPECTROSCOPY

In this section, we will introduce five typical experimental designs of the 2D FT spectrometer, including box-CARS geometry, pump-probe
geometry with Mach-Zehnder interferometer, pulse
shaper, translating-Wedge-based Identical pulse eNcoding system (TWINS), and gradient-assist photo echo
(GRAPE). Each optical design has its unique advanc
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FIG. 2 The optical design of box-CARS geometry. BS:
beam splitter, PM: parabolic mirror.

tages and drawbacks. It is essential for experimentalists to choose a proper optical design by comparing their
features and technical difficulties.
A. box-CARS geometry

FIG. 2 shows the optical design of the box-CARS geometry. As a fully non-linear geometry, the box-CARS
geometry could acquire the 2D FT spectroscopy signal
with a free background. Thus, it has a higher SNR than
most other optical designs. Each pulse could be controlled independently in box-CARS geometry, so this
design provides the maximum freedom to modulate each
pulse independently. Although the box-CARS geometry has many unique advantages, there are also some
drawbacks and limitations. First, the three-dimensional
optical design of the box-CARS geometry creates a huge
technical barrier that is hard to overcome for many experimentalists. Second, in order to obtain a pure absorption 2D FT spectrum, the phase relationship between the rephrasing signal and non-rephasing signal
needs to be determined. One way of precise phasing
is to apply the projection-slice theorem, which can obtain the unknown phase shift using spectrally resolved
pump-probe signal [67]. Third, the wedge-based delay line has been used to replace the mechanical delay
stage in 2D electronic spectroscopy (2D ES). However,
the spectral distortion that arises by the wedge-base delay line is serious and needs to be corrected sometimes.
Weng and coworkers demonstrated that spectral distortions could be corrected by an accurately predetermined
calibration factor [68].
Although the box-CARS geometry is complicated,
the benefits of freedom and high SNR make it the best
choice for experienced experimentalists. For example,
the ability to control the polarization of each pulse
makes the box-CARS geometry the best choice for polarization measurements.
B. Pump-probe geometry with Mach-Zehnder
interferometer

Compared to box-CARS geometry, the pump-probe
geometry with Mach-Zehnder interferometer (from now
DOI:10.1063/1674-0068/cjcp2007125
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FIG. 3 The optical design of the pump-probe geometry
with Mach-Zehnder interferometer. DM: dichroic mirror,
BS: beam splitter, CP: compensate plate, WP: wedge plate
pair, PZT: piezoelectric transducer, CH: optical chopper,
CW: continue-wave, PM: parabolic mirror.

on referred to as Mach-Zehnder interferometer geometry, FIG. 3) is a perfect method to balance the technical barrier and freedom [69]. The Mach-Zehnder interferometer geometry has many advantages. First, the
collinear propagation design of double excitation pulses
reduces the technical barrier of 2D FT spectroscopy
significantly. Second, the Mach-Zehnder interferometer geometry still provides great freedom for us to control each beam separately. Third, the Mach-Zehnder
interferometer geometry can acquire the pure absorption signal directly. Even the Mach-Zehnder interferometer geometry has many unique advantages; there
are also some drawbacks and limitations. The SNR
of the Mach-Zehnder interferometer geometry is lower
than the box-CARS geometry because of the influence
of the background. The 2D FT signal of Mach-Zehnder
interferometer geometry usually includes the transient
absorption signals produced by pump 1 and pump 2 separately interacting with the probe, which will degrade
the data quality. So, these transient absorption signals
need to be subtracted using a chopper.
Although the data quality is poor compared to the
box-CARS geometry, the Mach-Zehnder interferometer geometry is an excellent optical design and suitable for most experimentalists since it has high freedom and low technical barrier compared to box-CARS
geometry. At last, some points are notable in MachZehnder interferometers geometry. This geometry uses
the same method with the box-CARS geometry to adjust the time delay. Thus, the active phase stability and phase modulation or phase-cycling, which have
been used in box-CARS geometry, still are necessary for
Mach-Zehnder interferometers geometry.
C. Pump-probe geometry with pulse shaper

With the development of pulse modulation, the
pump-probe geometry with pulse shaper (hereinafter
referred to as pulse shaper geometry) has been developed [70−75]. The optical design of a pulse shaper is
shown in FIG. 4. The pulse shaper geometry can be accomplished by simply replacing the Mach-Zehnder interferometer with a pulse shaper. So, there is almost
c
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FIG. 4 The optical design of the pulse shaper. PM:
parabolic mirror, G: grating, AOM: acoustic optical modulation.

no technical barrier in the optical design. The pulse
shaper is used to create the pump pulse pair and the
coherence time τ between them. Because the pump
pulse pair always goes through the same optical component, which makes this geometry a representative of
the passive phase stabilization approach.
In the pulse shaper geometry, the collinear propagation design of double excitation pulses reduces the technical barrier of 2D FT spectroscopy significantly. In this
geometry, the pure absorption signal can be directly acquired, and the rephasing and the non-rephasing signal
can also be separated using the phase-cycling method
[71]. Besides, compared to the Mach-Zehnder interferometer geometry, the pulse shaper geometry has other
unique advantages. First, there is no timing errors
and uncertainty in the time zero of the coherence time
τ . Second, the phase-cycling method can be implemented to eliminate scattering and separate rephasing
and non-rephasing contributions and TG signals. The
laser power fluctuations induced noise can be removed
using the shot-to-shot phase-cycling method. Third,
the rotating frame can be implemented to reduce the
acquire time significantly. The details about the rotating frame and phase-cycling method could be found in
the literature [62, 76].
Even the pulse shaper geometry has many unique
advantages, there are still some drawbacks and limitations. First, The SNR of pulse shaper geometry is
lower than the box-CARS geometry because of the influence of the background. Second, the wavelength and
bandwidth of the excitation pulse are limited by the
pulse shaper. Third, because the pump pulse pair is
fully colinear, the separate polarization control for each
pump pulse is impossible in this geometry. Thus, it is
impossible to experiment with full polarization control.
Fourth, the pulse shaper is expensive and fragile. So, it
should be more carefully maintained to avoid possible
loss and function degradation. Fifth, the 2D FT signal of pulse shaper geometry usually also includes the
transient absorption signals produced by pump 1 and
pump 2 separately interacting with the probe, which
will degrade the data quality. However, different from
the Mach-Zehnder interferometer geometry, the phase
control ability of pulse shaper could solve the problem
easily. As we have mentioned before, the 2D FT specDOI:10.1063/1674-0068/cjcp2007125
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FIG. 5 The optical structure of TWINS. Block A creates the
double pulses that have a negative coherence time between
them. Block B scans the coherence time into a positive delay. Block C corrects the angular dispersion, front tilt, and
tune dispersion. Arrows indicate the orientation of the optical axis in each element. Below each pulse is indicated its
c
polarization. Adapted with permission from Ref.[78] ⃝The
Optical Society.

troscopy signal depends on the phase difference of the
excitation pulses, but the background and TA signal
are independent of the phase difference. Thus, we could
eliminate the background and TA signal without losing
the correct 2D FT signal by controlling the phase difference between the excitation pulses using the phasecycling method [62]. For this purpose, we usually use
the following phase-cycling scheme to remove the transient absorption and background scattering: S(ϕ=0,
ϕ=0)−S(ϕ=0, ϕ=π)+S(ϕ=π, ϕ=π)−S(ϕ=π, ϕ=0).
All in all, the development of pulse shaper geometry
has a significant meaning to the popularization of the
2D FT spectroscopy in the world. It is a simple and easy
choice to operate for the researchers who are familiar
with the pump-probe experiment.
D. Pump-probe geometry with TWINS

The pulse shaper geometry is an excellent design to
reduce the technical barrier of the 2D FT spectroscopy.
However, the high price of pulse shaper could become
a heavy burden for many research groups. The pumpprobe geometry with TWINS (from now on referred to
as TWINS geometry) could be a cost-effective choice by
simply replacing the pulse shaper with TWINS [77−80].
FIG. 5 shows the layout of TWINS: it consists mainly
of three blocks. When the laser pulse is normally incident into the birefringent crystal, it will split into ordinary polarization and extraordinary polarization laser
pulses because of the birefringence, and maintain colinear propagation. Because of the different polarization
corresponds to different refractive index, a delay will
be introduced between the ordinary and extraordinary
pulses. Block A creates the double pump pulses and
introduces a negative coherence time τ between them.
Then block B introduces a positive coherence time τ
which can be tuned by adjusting the position of the birefringent crystals inserted into the beam path to change
the optical pathlength of the extraordinary beam. The
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block C that composed of two wedges is used to correct
the angular dispersion, front tilt, and tune dispersion
accurately.
The TWINS has a similar function to a pulse shaper,
which creates the pump pulse pair and introduces different coherence time τ , while the cost of TWINS is
less compared to the pulse shaper. Similar to the pulse
shaper, the pump pulse pair generated in TWINS always goes through the same optical components in order
to eliminate the phase error between the pump pulses,
which makes the TWINS geometry another representative of the passive phase stabilization approach. As
a partial colinear geometry, the pure absorption spectrum could also be obtained directly. Moreover, compared to the pulse shaper, the TWINS geometry will
not be limited by wavelength and bandwidth of excitation pulses. One weakness of these two designs is that
the delay range is short compared to the linear translation stage, usually just several tens picosecond. Nevertheless, it is still enough for most 2D FT spectroscopy
experiments. Another disadvantage of TWINS is that
the phase-cycling method cannot be applied, and the
modulation to a single pulse in the pump pulse pair is
impossible.
E. Gradient-assist photo echo (GRAPE) geometry

The 2D FT spectroscopy measurement is often more
time-consuming than pump-probe measurement since
one dimension is added. Especially in the box-CARS
geometry, all coherence times need to be scanned step
by step, and the rephasing and non-rephasing spectrum
need to acquire separately to get the pure absorption
spectrum. Generally, one needs at least ten minutes
to acquire a full 2D absorption spectrum map for a
given waiting time T . Thus, most existing 2D FT spectrometers cannot measure irreversible processes or samples that are susceptible to the pump pulse. If we can
collect a full 2D spectrum in a single laser shot, then
we can reduce laser power fluctuations induced noise
and measure some irreversible process. Inspired by MD
NMR and pulse characterization techniques, Engel and
coworkers developed a new 2D FT spectrometer with
full nonlinear geometry, which is called GRAPE geometry [81−83]. Different from the box-CARS geometry,
the GRAPE geometry has a fantastic feature: singleshot acquiring mode. In the GRAPE geometry, by encoding the coherence time τ into the wavefront of the
excitation pulses, the 2D signal with all coherence time
could be acquired within a single laser shot [82].
The single-shot feature of GRAPE geometry opens
the door to measure the irreversible process. In the
meantime, it also significantly reduces the experiment
time compared to the traditional 2D FT spectrometer.
Because the 2D FT spectroscopy measurement is often
susceptible to the environment, the reduction of experiment time will be a benefit to enhance the signal quality,
too. However, the rephasing and the non-rephasing sigDOI:10.1063/1674-0068/cjcp2007125

nal had to be recorded in the different phase-matching
direction, which is a significant drawback that makes it
technically more challenging than box-CARS geometry.
Besides, compared to the box-CARS geometry, GRAPE
geometry requires a higher laser spatial mode quality
since it encodes the coherence time into the wavefront
of the excitation pulse. Because of the feature of spatial
encoding, a 2D camera is necessary for GRAPE. However, the 2D camera usually has a low readout speed,
which will limit the laser’s repetition frequency for a
shot-to-shot measurement. Other drawbacks are the delay range and time step. Because of the spatial encoding
feature, the coherence times and steps of GRAPE are
fixed [82]. Usually, the range of coherence time is just
several picoseconds in the GRAPE. So, the time window
is limited in this aspect. Nevertheless, the single-shot
feature that reduces acquiring times several orders is
very useful for some 2D FT spectroscopy experiments.
The GRAPE is still an excellent design and worth to
be used for confident experimentalists.
IV. FUTURE AND PERSPECTIVE

2D FT spectroscopy is one of the premier technologies which has significant advantages over other ultrafast spectroscopy methods. Nowadays, the 2D FT spectroscopy in optical frequencies has become a mature
technology due to the advances in laser sources and
pulse-shaping technology. The application of the 2D
FT spectroscopy has been extended to a broad range,
for example, Wang and coworkers have demonstrated
that 2D infrared (2D IR) spectroscopy could be used to
study the correlated molecular motions at the frequencies of overtone transitions of neat liquid [84]. A lot of
advanced technologies related to 2D FT spectroscopy
have been developed recently, for example, the transient
2D IR has been developed to probe the non-equilibrium
state by simply introducing an optical pump to 2D IR
spectrometer [85]. As a novel technology, there are still
many potential directions waiting us to explore. Below
we list some possible future developments in the 2D FT
spectroscopy field.

A. Single-shot 2D FT spectroscopy with pump-probe
geometry

As we mentioned in the last section, almost all 2D
FT spectroscopy is time-consuming and cannot measure the irreversible process. The GRAPE geometry is
only an existing optical design that can collect the entire 2D spectrum within a single laser shot. However, it
is more technically challenging than the box-CARS geometry, and this creates technical obstacles that are difficult to avoid. So, it will be useful if one can reduce the
technical barrier and maintain the single-shot feature at
the same time. Getting insight from GRAPE geometry
and pulse shaping methods, we believe a single-shot 2D
c
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FT spectroscopy with pump-probe geometry should be
possible. In this geometry, a new pulse shaper design
is needed to produce a pump pulse pair and encode the
coherence time into the wavefront by tilting the pump
wavefront of one pump pulse. Of course, significant efforts are needed to develop this new pulse shaper, which
could change wavefront for each pump pulse separately.
B. Multispectral 2D FT spectroscopy

Nowadays, 2D ES and 2D IR spectroscopy reached
maturity and have been implemented in many groups.
Recently, one of the developing trends in the 2D FT
spectrometer is to extend the temporal observation window and the frequency ranges. A wide time window
can be easily scanned using two independent amplifiers
seeded by a common oscillator. As to the frequency
ranges, one of the frontiers of 2D FT spectroscopy is
to expand frequency axes to the broadest possible extent. Nowadays, the 2D FT spectroscopy has expanded
to almost the entire electromagnetic spectrum since the
development of the pulse shaping methods [86]. The 2D
Xray spectroscopy based on the ultrashort X-ray freeelectron laser sources is also proposed by Mukamel and
coworkers, which can be used to study the non-BornOppenheimer dynamics according to their calculations
[87−89].
Recently, the interests in the 2D FT spectroscopy of
mixing frequency is increasing drastically. The multispectral 2D FT spectroscopy could reveal some hidden
structure in distinct spectral bands by combining different spectral regions. For this purpose, the 2D electronic vibrational spectroscopy (2D EV) and 2D vibrational electronic spectroscopy (2D VE) have been
demonstrated. The 2D EV technique can be used to explore the electronic-vibrational dynamics, the complex
non-radiative pathways, and electron-phonon coupling
in the system. And the 2D VE spectroscopy can directly
measure how vibrational motions affect electron transfer [90−92]. Recently, many other mixed-frequency 2D
FT spectroscopies have also been demonstrated [93, 94].
FIG. 6 depicts an overview of the 2D FT spectroscopy,
which is developed or under development. For example,
the combination between the THz and the IR or electronic spectroscopy has not been reported yet. The multispectral 2D FT spectroscopy makes the best use of the
powerful correlation of 2D FT spectroscopy and is worth
paying more attention to. It has become a development
trend of the 2D FT spectroscopy now. However, more
theoretical explanations are required for these multispectral 2D FT spectroscopy measurements.
C. Chiral 2D FT spectroscopy

Chirality is a ubiquitous characteristic feature of our
biological world. The function of large biomolecules depends on their chirality. Optical techniques are most
DOI:10.1063/1674-0068/cjcp2007125

FIG. 6 Overview of the 2D FT spectroscopy developed or
under development.

commonly used to detect chirality by measuring the response difference of a sample to left-handed and righthanded circularly polarized light. The time-resolved
chiral pump-probe experiment has been accomplished
[95−98]. However, the chiral 2D FT spectroscopy is
very challenging since the chiral signal is very weak. In
2014, Engel and coworkers acquired the chiral 2D ES
in photosynthetic complexes using GRAPE geometry
[99]. Researchers theoretically studied how to optimize
and isolate the chiral signals in the 2D FT spectroscopy
[100, 101]. However, all these researches are based on
the full nonlinear geometry, which is very challenging
for many groups. Thus, a chiral 2D FT spectroscopy
using fully or partially colinear geometries with a low
technical barrier will be meaningful. The development
of chiral 2D FT spectroscopy will facilitate the chiral
structure and dynamics study of large biomolecules. In
the meantime, the explanation of the chiral signal is
also an important topic that needs more attention.
D. Spatially-resolved 2D FT spectroscopy

The inhomogeneous material, photovoltaic materials,
2D material, and single molecular are interesting subjects now. The traditional 2D FT spectroscopy is generally an ensemble measurement which may omit some
specificity information of samples. Recently, a fascinating development of single molecular 2D FT measurement technology is implemented, which overcomes
the limitations of ensemble measurements in the classical spectroscopy field. Nowadays, the spatially-resolved
2D FT spectroscopy and microscopy have been drawing more and more attention. Tokmakoff and coworkers
demonstrated a fully collinear 2D IR microscopy with
micrometer spatial resolution [102]. Zanni and coworkers developed a 2D IR microscopy, which could acquire
2D FT imaging of samples and get a full 2D FT spectroscopy from every pixel [103−105]. Because of the excellent SNR and rich spectrum information, the 2D FT
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microscopy has become a developing trend. In 2018,
Oliver and coworkers studied photosynthetic bacteria
with spatially-resolved 2D ES, which is a significant
progress since it is an in vivo measurement [106]. We
believe the spatially-resolved 2D FT spectroscopy will
become an essential technology in the near future.
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