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Abstract: We introduce a novel configuration for two-dimensional electronic spectroscopy 
(2DES) that combines the partially collinear pump-probe geometry with active phase locking. 
We demonstrate the method on a solution sample of CdSe/ZnS nanocrystals by employing 
two non-collinear optical parametric amplifiers as the pump and probe sources. The two 
collinear pump pulse replicas are created using a Mach-Zehnder interferometer phase 
stabilized by active feedback electronics. Taking the advantage of separated paths of the two 
pump pulses in the interferometer, we improve the signal-to-noise ratio with double 
modulation of the individual pump beams. In addition, a quartz wedge pair manipulates the 
phase difference between the two pump pulses, enabling the recovery of the rephasing and 
non-rephasing signals. Our setup integrates many advantages of available 2DES techniques 
with robust phase stabilization, ultrafast time resolution, two-color operation, long delay scan, 
individual polarization manipulation and the ease of implementation. 
© 2017 Optical Society of America 

OCIS codes: (300.6300) Spectroscopy, Fourier transforms; (300.6530) Spectroscopy, ultrafast; (120.3180) 
Interferometry. 
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1. Introduction 

Two-dimensional electronic spectroscopy (2DES) is a powerful tool for studying the excited-
state dynamics in various material systems. By measuring the third-order nonlinear optical 
response as a function of the excitation and emission frequencies as well as the waiting time, 
2DES provides insight about the effect of quantum coherence in the electronic dynamics [1–
4]. 2DES enables direct characterization of many critical parameters that describe quantum 
effects in complex systems, such as homogeneous linewidths of electronic transitions [4–6], 
many-body correlations [7–9] in confined semiconductor nanostructures, and electronically 
and vibronically coherent energy/charge transfer in photosynthetic systems [10–17] and 
organic solar harvesters [18–20]. The valuable knowledge of quantum dynamics accessed by 
2DES has stimulated rapidly-growing interest in using coherence to enhance chemical, bio-
physical and optoelectronic functions [17, 21–23]. 
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2DES experiments detect the weak third-order nonlinear optical response induced by three 
incident pulses A, B and C in an appropriate sequence with variable and phase-stable time 
delays [4, 5, 24]. The delay between pulses A and B is called the coherence time (τ), while the 
delay between pulses B and C is the population (or waiting) time (T). The third-order 
nonlinear polarization emits a field, which is detected in amplitude and phase by heterodyning 
it with a phase-locked local oscillator. It is essential to establish phase locking between pulses 
A and B, and between pulse C and the local oscillator. While in most designs phase stability 
has been accomplished using passively phase-stable approaches with a diffraction optics [25, 
26], a pulse shaper [27, 28], a birefringent wedge pair [29, 30], or the phase difference 
evaluation from interferogram of a reference cw laser [31, 32], active phase locking method 
has enabled real-time evaluation of the phase variations between the pulses [33–35]. In 
addition, the active phase-locking approach overcomes the limit on the range of delay 
between A and B common in the passive approaches. 

A number of schemes for 2DES have been proposed and demonstrated in a non-collinear 
box geometry [25, 26, 33, 36–38], a partially-collinear pump-probe geometry [27–30, 39, 40], 
or a full-collinear phase modulation geometry [41–45] (for a review, see Ref [46].). The box 
geometry is most widely used. The signals due to different quantum pathways can be well 
separated in time domain by the pulse sequence and/or in space by phase matching. The fully 
non-collinear propagation of four beams allows the independent control of the polarization of 
each pulse. However, the box geometry can only be implemented with pulses of a same color 
unless extra modulators are added to shape the spectra of individual pulses [47], limiting the 
range of accessible optical transitions. In contrast, the pump-probe geometry can be easily set 
up with different colors of the pump and probe beams. Therefore, the correlation between 
transitions of very different energy scale can be studied. For instance, the electronic and 
vibronic transitions can be investigated under resonant excitations simultaneously with the 2D 
electronic-vibrational spectroscopy based on a pump-probe configuration [48, 49]. 
Nevertheless, self-heterodyne detection with the probe beam as the local oscillator will 
include the pump-probe background, demanding additional efforts to isolate the 2D signal. 
Moreover, the collinear alignment of the two pump pulses A and B in most available setups 
make it challenging to set different polarizations of the two pulses. 

Here we introduce a novel approach to 2DES which combines active phase locking and 
the broadband two-color pump-probe geometry with precise phase correction. The two pump 
pulses are created using a Mach-Zehnder interferometer that is phase stabilized by active 
feedback electronics. The separated paths in the interferometer make it possible to 
individually manipulate the two pump pulses. Taking advantage of this, we improve the 
signal-to-noise ratio by efficient suppression of scattering noise with double modulation of 
the two pump pulses. Moreover, a pair of quartz wedges and a compensation plate installed in 
the two arms of the interferometer allow to precisely manipulate the phase difference between 
the two pump pulses, enabling one to recover the 2DES rephasing and non-rephasing signals. 
By employing two non-collinear optical parametric amplifiers (NOPAs) as the pump and 
probe sources, we demonstrate the 2DES approach on a solution sample of CdSe/ZnS 
nanocrystals. Our setup combines the merits of the two geometries with robust phase 
stabilization, ultrafast time-resolution (< 10 fs), two-color operation, long delay scans, 
individual polarization manipulation and the ease of implementation. 

2. Experimental implementation 

The layout of our setup is shown in Fig. 1. The 2DES setup is based on the two-color pump-
probe geometry with pump and probe beams from two home-built NOPAs pumped by a 
regenerative amplifier (Libra, Coherent Inc) which produces pulses at 800 nm with 1 kHz 
repetition rate [50]. The spectrum of each NOPA output can be tuned over 500-780 nm with 
more than 100 nm spectral coverage, which can support sub-10 fs pulses after compression by 
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chirped mirrors. The two independently tunable NOPAs enable our setup to work in either 
single-color or two-color modes. 

2DES probes the third-order nonlinear optical response induced by a sequence of three 
pulses (A, B and C) with tunable time delay τ and T. We feed the output of NOPA 1 into a 
Mach-Zehnder interferometer to generate the pulses A and B with precisely locked relative 
phase and controllable delay τ. The interferometer is implemented by directly mounting 
optical elements on an aluminum plate for stabilization. A continuous-wave (cw) laser (472.9 
nm) beam co-propagates along the path of the ultrashort pulses in the interferometer with a 
slight vertical shift. The interference signal from the cw laser is used as a reference 
monitoring the relative path lengths of the interferometer. To achieve phase locking of the 
two excitation pulses, we actively lock the interferometer with a feedback loop following the 
approach used in the JILA-MONSTR [33]. Briefly, the interference between the cw beams 
traveling through each arm provides an error signal that is amplified by a high-speed servo 
controller (LB1005, Newport) to drive the piezoelectric transducer to achieve the phase 
stabilization. The feedback loop is disengaged to allow the τ-stage to be moved to a position 
and then reengaged to record the signal at a specific τ. The scanning range of τ is only limited 
by the travel range of translation stage, which is of great meaning for studying the systems 
with long dephasing times such as atomic vapors [51] and semiconductor nanostructures at 
cryogenic temperature [52, 53]. 

 

Fig. 1. Experimental setup with two independently tunable NOPAs providing pump and probe 
pulses. The Mach-Zehnder interferometer creates the first two excitation pulses separated by a 
variable delay τ. Additional delay line sets the delay T between the two pump pulses and the 
probe. The cw laser co-propagating along the same path of pump beam with a slight vertical 
shift provides diagnostic information. The insert shows the pulse sequence at the sample. A 
pair of quartz wedges and a compensation plate are added to the two arms for phase correction. 
Two choppers separately modulate the excitation pulses to suppress the scattering noise and 
the background of the pump-probe signal. A small portion of the two collinear excitation 
pulses is routed to a fiber spectrometer for real time diagnosis. The transmitted probe light is 
recorded by a kHz CCD. All optical elements in the interferometer are mounted directly on a 
same aluminum plate for mechanical stability. 

The two collinear pump pulses and the probe are non-collinearly focused on the sample. 
The spectrum of the transmitted probe, spatially selected by an iris, is analyzed by a 
spectrometer equipped with a fast CCD camera (Entwicklungsburo Stresing), working at 1 

kHz for acquiring the 2D spectrum on the emission axis tω  in a pulse-to-pulse mode. After 

scanning τ, the 2D spectrum is generated by Fourier transformation along τ axis to obtain the 

excitation frequency τω , where under sampling is used for the measurement in the range of 

                                                                                                   Vol. 25, No. 18 | 4 Sep 2017 | OPTICS EXPRESS 21119 



500-780 nm because the shortest step in τ scan is the wavelength of the cw laser. Two 
mechanical choppers synchronized to the laser modulate the two pump beams in the arms of 
the interferometer with great care taken to avoid disturbing the cw laser, which can efficiently 
suppress the scattering noise and the pump-probe background. 

The spectral interferogram of the two pump pulses is monitored by reflecting a small 
portion into a fiber spectrometer, which is employed as a reference to retrieve the phase 
difference between the two excitation pulses. A quartz wedge pair and a compensation plate 
are introduced into the two arms of the interferometer to manipulate the initial phase 
difference between the two pump pulses as discussed in Section 3. 
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Fig. 2. (a) The error signals for the interferometer recorded for 10 minutes without (top) and 
with (bottom) active stabilization engaged. (b) The spectra of the pump and probe pulses and 
the absorption of nanocrystals for testing the setup. (c) FRAC trace of the pump pulse and a 
sech2- fit curve show the pulse width is ~6.5 fs. (d) The diagnostic interferogram between the 
two pump pulses during a continuous scan (without active stabilization) or a step scan (with 
active stabilization). (e) The interferometer spectra of the two excitation pulses with phase 
correction. (f) The phase distortion is less than 0.05 rad over the broadband spectral range of 
the excitation pulses. 
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To test the validity of the setup, we perform experiments on a sample of core-shell 
CdSe/ZnS nanocrystals in toluene solution. We first tested the active stabilization of the 
interferometer. Figure 2(a) compares the error signals recorded with the active feedback loops 
disengaged and engaged. The variation in the locked error signal corresponds to phase 
stabilization better than λ/300 for the range of pump wavelength. The output wavelength of 
the pump NOPA is tuned to cover the major features of the sample absorption [Fig. 2(b)]. The 
pulses are compressed to near the Fourier transform limit at the sample position as 
characterized via fringe resolved autocorrelation (FRAC) by replacing the sample with a β-
barium borate crystal. The typical retrieved temporal duration of the pulse is ~6.5 fs [Fig. 
2(c)], making the temporal resolution in T-axis better than 10 fs. Figures 2(d)-2(f) show 
frequency-resolved and integrated spectral interferograms of the two excitation pulses. The 
frequency-integrated interferogram recorded as a function of τ with feedback loop engaged is 
compared to that recorded by a continuous scan [Fig. 2(d)], which can be adopted to precisely 
determine the delay and phase difference between the two pump pulses. The consistent results 
of interferogram recorded with and without (continuous scan) suggest that it is valid to 
retrieve the phase difference between two pump pulses based on the interferogram obtained 
by the phase-locked scan. By properly configuring the wedge pair, the phase difference 
between the two excitation pulses can be reset at zero τ delay over the whole spectral range 
with phase difference less than 0. 05 rad [Figs. 2(e) and 2(f))]. 

3. Results and discussion 

3.1. Signal recovery and noise suppression 

The noise caused by scattering of the incident pump pulses is a common issue in the 2DES. 
Different approaches have been introduced to recover the relatively weak signals [28, 29, 33, 
54]. In a pump-probe geometry, the probe beam is also used as the local oscillator for 
heterodyne detection of the nonlinear optical response. The pump-probe signals produced by 
individual excitation pulses are also detected in this case. To reduce the unwanted pump-
probe signals, the methods of polarization discrimination [27, 55] or using a Sagnac 
interferometer [56] have been previously applied. In our setup, the 2DES signal is in principle 
detectable by simultaneously modulating the two pump pulses. However, such a single 
modulation approach will also detect scattering noise and unwanted pump-probe signals. 
Exploiting the separated optical paths in the two arms of the interferometer, we can separately 
modulate the two pump beams. Such a double modulation is efficient in improving the signal-
to-noise ratio [57]. As shown in Fig. 3(a), the choppers 1 and 2 modulate the A and B beams 
at 250 and 500 Hz synchronized to the laser, respectively. During a measurement cycle, four 
different spectra are recorded simultaneously with the synchronization signal from the 
choppers. During timeframe 1, the spectrum (Sig1) includes the four-wave mixing signal, the 
local oscillator, the scattering of the pulses A or B and the unwanted pump-probe signals 
caused by the pulses A and B; During timeframe 2, the spectrum (Sig2) includes the local 
oscillator, the scattering of pulse A and the unwanted pump-probe signal caused by the pulse 
A; During timeframe 3, the spectrum (Sig3) includes the local oscillator, the scattering of the 
pulse B and the unwanted pump-probe signal caused by the pulse B; During timeframe 4, the 
spectrum (Sig4) includes the local oscillator only. The interference between four-wave mixing 
signal and the local oscillator (i.e., the self-heterodyne detected weak nonlinear optical 
response) can thus be extracted as Sig = (Sig1 - Sig4)- (Sig2 - Sig4)- (Sig3 - Sig4) = Sig1-Sig2-
Sig3 + Sig4. The obtained spectrum is transferred to the time domain by Fourier 
transformation and the noise is further reduced in time domain by eliminating the scattering 
residual. After this procedure, subtle scattering noise due to the interference between the 
scattered light of the two excitation pulses can be largely eliminated by subtracting a 
spectrum recorded with negative waiting time (i.e., T = - 2000 fs). To test this approach, we 
perform experiments on a nanocrystal sample with intentionally-introduced scattering centers 
on the cuvette surfaces. Figures 3(b) and 3(c) compare the absorptive 2DES spectra obtained 
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by the methods of single modulation and double modulation, respectively. The signal-to-noise 
ratio is dramatically improved by double modulation with the signal distortion and diagonal 
streaks well suppressed. The approach can be naturally extended to two-color measurement. 
Figures 3(d) and 3(e) show the different spectra of pump and probe beams, respectively. 2D 
spectrum of CdSe/ZnS NCs recorded in the two-color mode exhibits negative signals due to 
the excited-state absorption. 
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Fig. 3. (a) The sequence of two excitation pulses modulated by two choppers. Absorptive 2D 
spectra of a nanocrystal sample with intentionally introduced scattering centers acquired by the 
methods of single modulation (b) and double modulation (c). All the data are captured at a 
waiting time T = 60 fs. The 2D spectra as a function of T are available in a movie (see 
Visualization 1). (d) Spectra of pump and probe beams for two-color 2D spectroscopy. (e) 
Absorptive 2D spectrum of the CdSe/ZnS NC sample. 
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The obtained 2D spectra of CdSe/ZnS NCs are consistent with literature results 
characterized by established approaches [58, 59]. The two diagonal peaks correspond to the 
two excitonic transitions (i.e., 1S1/2(e) - 1S3/2(h) and 1S1/2(e) - 2S3/2(h)) sharing a common 
excited level in the conduction band [60]. The coherent coupling between the two excitonic 
transitions is manifested as the off-diagonal features [Fig. 2(c)]. The 2D spectra are recorded 
as a function of waiting time (T) (see Visualization 1). The signals exhibit oscillations along 
T due to strong vibrational couplings [58, 59]. 

3.2. Phase correction 
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Fig. 4. Phase correction. (a) Photon-energy dependent phase errors between two excitation 
pulses compared with the results calculated with different thickness of quartz. Multiples of 2π 
in phase difference are removed in the plot. The error in phase estimation is better than 0.05 
rad. (b)-(e) 2D spectra generated with different values of phase errors. 

Phase retrieval is indispensable for 2DES. In the pump-probe geometry, the two excitation 
pulses are interchangeable with the same wave-vector. The 2DES spectra can thus be fully 
obtained by scanning positive τ  values. The four-wave mixing signal co-propagates with the 
probe beam. The spectral phase difference between the two pump pulses, ΔφBA(ωτ), is 
required for phase correction of 2DES spectra. In principle, the two excitation pulse replicas 
at zero τ  delay have a flat spectral dependence of zero phase difference over the whole 

wavelength range [Fig. 2(f)]. When the feedback loop is engaged, the 0τ =  sampling point 
is not included in the discrete scanning sampling points, resulting a phase difference ΔφBA(ωτ) 
= ωττ0 where τ0 is the delay at the scanning point closest to zero. We acquire interferograms of 
the two pump pulses by the diagnostic spectrometer for continuous and step scanning modes. 
The value of τ0 can be evaluated by finding the point with the flattest phase in the spectral 
domain. The phase corrected 2DES spectrum is, 

( ) ( ) ( ), , , , exp ,t Raw t BAS T S T iτ τ τω ω ω ω ϕ ω= − Δ   (1)

where ( ), ,Raw tS Tτω ω  is the as-measured spectrum. During the acquisition of the 2DES 

signal at each selected T delay, we record the interferograms of the pump pulse pair at the 
same time via a diagnostic spectrometer to reduce possible effects caused by long-time 
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instability. The spectral phase difference ΔφBA(ωτ) can be updated from this data and then be 
used to perform phase retrieval of the 2D spectrum at each given T delay in real time. 

In the above discussion, it is assumed that τ0 is the only factor causing the initial phase 
difference between A and B pulses. At zero τ  delay, the spectrally-resolved interferogram of 
the two pump pulses exhibits a zero phase difference over the broad spectral range [Figs. 2(e) 
and 2(f)]. However, it is generally more complicated since a tiny difference between the 
optical paths of two arms in the interferometer may cause additional phase distortion. As a 
consequence, the flat phase in spectral domain may appear with non-zero value. In-depth 
analysis suggests that such phase difference is probably caused by a slight thickness 
difference between the quartz substrates of the two beam splitters in the interferometer or a 
tiny error in the beam alignment. With a small thickness difference ΔL of quartz in the two 
arms, the spectral phase difference should be rewritten as, 

 ( ) 0, ( ( ) / ).BA L n L cτ τ τϕ ω ω τ ωΔ Δ = − Δ  (2) 

The thickness difference causes an optical delay in τ which can be corrected following Eq. 
(1). However, the dispersion of the refractive index induces additional phase distortion that 
cannot be described by a single parameter τ0. Here, we consider the dispersion of the 
refractive index ( ( )n ω ) near the center frequency ω0, i.e., 

 ( ) 0 0( ) ( ) .
n

n nω ω ω ω
ω

∂= + − +
∂

  (3) 

The spectral phase difference can be rewritten, 

 
( ) 2 2

0 0 0 0 0

0 0

, ( ( ) / - / ) ( ) / / ,

'

BA

n n n
L n L c L c L c L cτ τ τ

τ

ϕ ω ω τ ω ω ω ω ω
ω ω ω

ω τ ϕ

∂ ∂ ∂
Δ Δ = − Δ Δ − − Δ + Δ

∂ ∂ ∂
≈ + Δ

 (4) 

where 

 0 0 0 0' ( ) / - / ,
n

n L c L cτ τ ω ω
ω

∂= − Δ Δ
∂

 (5) 

and 

 2
0 0 / .

n
L cϕ ω

ω
∂Δ = Δ
∂

 (6) 

It is a good approximation for small ΔL since (ωτ -ω0) 
2/ω0

2 < 0.01 in the spectral range of the 
excitation pulses. To avoid this side effect, we place a wedge pair in one arm and a 
compensation plate in the other to manipulate the phase difference between the two excitation 
pulses. By adjusting the wedge thickness, the phase difference can be finely tuned as shown 
in Fig. 4(a). Phase manipulation over a full cycle (i.e., -π ≤ Δφ0 ≤ π) requires less than 20 μm 
additional thickness of quartz. The effect of its group delay dispersion on pulse duration is 
negligible. The spectral dispersion can be very well reproduced by Eq. (2) with different 
thicknesses of quartz. Such phase correction is critical to generate properly phased 2DES 
spectra. Figures 4(b)-4(e) compare the absorptive 2DES spectra obtained with different phase 
differences. The phase distortion (Δφ0), if not corrected, may significantly distort the 
absorptive 2DES spectra as it mixes the dispersive parts of rephasing and non-rephasing 
signal as discussed in the following section. 
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3.3 Rephasing and non-rephasing signal recovery 

In the pump-probe geometry, the collinear configuration makes the A and B pump pulses 
indistinguishable. It is easy to generate the absorptive 2DES spectrum since it inherently 
measures the sum of rephasing and non-rephasing spectra. However, with the additional 
distorted phase, the detected signal is, 

 ( ) ( ) ( )0 0 0
R NR, , , , , , .i iS T t S T t e S T t eϕ ϕ ϕτ τ τΔ − Δ Δ∝ +  (7) 

The additional phase distortion causes phase roll in the 2D signal. The 2D spectrum 

( )0S , , tTϕ
τω ωΔ  obtained by direct Fourier transform of ( )0S , , tTϕ τ ωΔ  is no longer purely 

absorptive signal but mixed with real and imaginary part of the rephasing ( ( ), ,RS T tτ ) and 

non-rephasing ( ( ), ,NRS T tτ ) parts, leading to a strong dependence of the 2D map on the 

distorted phase [Fig. 4]. 
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Fig. 5. Separation of the rephasing and non-rephasing signals from experimental data recorded 
with Δφ0 = 0 and π/2. 

We find the phase roll can be employed to separate the rephasing and non-rephasing 
contributions in the measurement. Rephasing and non-rephasing signals connect directly to 
Feynman diagrams of specific quantum pathways, which are of particular interest for 
understanding the physics underlying the experimental data. Nevertheless, it is challenging to 
separate them in the pump-probe configuration since A and B pulses are interchangeable in 
the measurement. It has been proposed to separate the rephasing and non-rephasing spectra by 
combining the signals recorded with phase differences of 0 and π/2 [27, 41], i.e., 
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 ( ) ( ) ( )0 / 2
R , , , , , , ,t t tS T S T iS Tπ

τ τ τω ω ω ω ω ω∝ +  (8) 

 ( ) ( ) ( )0 /2
NR , , , , , , .t t tS T S T iS Tπ

τ τ τω ω ω ω ω ω∝ −  (9) 

Previously, such operation in pump-probe based 2D setup has been done by Ogilvie et al. 
with a pulse shaper [27]. In our setup, we find such phase manipulation can be also done by 
simply adjusting the wedge pair. Briefly, Δφ0 = 0 can be obtained by setting ΔL = 0, while 
Δφ0 = π/2 can be approached by setting ΔL = 8.9 µm respectively. The raw data 

( )0S , ,Raw tTτ ω  and ( )/ 2S , ,Raw tTπ τ ω  are transferred into the time domain as ( )0 , ,S T tτ  and 

( )/ 2 , ,S T tπ τ  to ensure causality. In order to avoid the potential errors caused by the 

uncertainty of τ , we transform the time domain results with phase correction into the 

frequency domain spectra ( )0 , , tS Tτω ω  and ( )/ 2 , , tS Tπ
τω ω , and perform the linear 

combination to extract the rephasing and non-rephasing signals. Figure 5 shows an example 
demonstrating the successful separation of the rephasing and non-rephasing contributions 
from the raw data recorded with Δφ0 = 0 and Δφ0 = π/2. In principle, the precise modulation 
of Δφ0 can be potentially employed to do phase cycling to suppress the scattering noise [33]. 

4. Conclusion 

In summary, we have demonstrated a novel configuration for broadband 2DES based on a 
partially collinear pump-probe geometry with pump pulse replicas generated from an 
actively-stabilized Mach-Zehnder interferometer. The setup integrates major advantages of 
the available non-collinear box and partially-collinear pump-probe geometries. The design is 
not only easy for optical alignment in the pump-probe geometry but also convenient for 
individually manipulating the amplitude, phase, polarization and other degrees of freedom of 
the two pump beams. The separated optical paths of two pump beams in the interferometer 
prove to be instrumental for noise suppression and phase control. The pulse-to-pulse data 
acquisition is more time efficient, taking less than one minute for each 2D spectrum. The 
approach can be naturally extended to the shorter or longer wavelength range with proper 
optical coatings. Similar to the box geometry, the rephasing and non-rephasing 2D signals can 
be easily extracted in our setup. In the future, recording of the double-quantum signal may be 
possible if the phase locking between pump and probe beam is established. 
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