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We present a simple experimental setup for performing two-dimensional (2D) electronic spectroscopy

in the partially collinear pump-probe geometry. The setup uses a sequence of birefringent wedges to

create and delay a pair of phase-locked, collinear pump pulses, with extremely high phase stability

and reproducibility. Continuous delay scanning is possible without any active stabilization or position

tracking, and allows to record rapidly and easily 2D spectra. The setup works over a broad spectral

range from the ultraviolet to the near-IR, it is compatible with few-optical-cycle pulses and can be

easily reconfigured to two-colour operation. A simple method for scattering suppression is also intro-

duced. As a proof of principle, we present degenerate and two-color 2D spectra of the light-harvesting

complex 1 of purple bacteria. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902938]

I. INTRODUCTION

Two-dimensional electronic spectroscopy (2DES) is a

powerful technique for the study of structure and dy-

namics of multi-chromophore systems, measuring how the

electronic states of different units within a complex molec-

ular architecture interact with one another and transfer elec-

tronic excitations.1–7 It gives detailed insights into energy

relaxation pathways by monitoring the coupling or the en-

ergy transfer between electronic states in time. 2DES in the

visible was used to study photosynthetic light harvesting

complexes,8–11 molecular aggregates,12, 13 and semiconductor

nanostructures14–16 and its extension to the UV range is ex-

tremely promising for the study of biomolecules such as DNA

and proteins.17, 18

2DES can be seen as an extension of ultrafast pump-

probe spectroscopy, with the extra capability of resolving

the pump frequency dependence of the transient absorption

signals. In pump-probe spectroscopy, a short and broadband

pulse is used to excite the sample. Due to the Fourier limit

of the time-bandwidth product, a high time resolution re-

quires a broad bandwidth of the excitation pulse. Such broad-

band pulse can usually access several excited states of the

sample, each of which has its own photophysics or photo-

chemistry. The resulting transient absorption spectra consist

in a superposition of different excited states corresponding to

the photoexcited ground state transitions. To enhance selec-

tivity, it is possible to narrow the pump pulse bandwidth,19

but this comes at the cost of a reduced time resolution. Re-

construction of 2D spectra can be performed by tuning the

pump pulse frequency, and this approach is referred to as

frequency-domain 2D spectroscopy. The first experimental

2D vibrational spectra in the mid-infrared were acquired with

this technique, using a Fabry-Perot interferometer as a tunable

narrow-bandwidth filter20; this principle was also recently ex-

tended to the visible21 and ultraviolet spectral ranges.22 In the

frequency-domain approach, each line in the pump frequency

axis is a pump-probe spectrum acquired with narrowband

excitation.

With time-domain 2D spectroscopy, both temporal and

spectral resolution are preserved. The principle of time-

domain 2DES is illustrated in Fig. 1: the system under study

is excited by three consecutive pulses, with controllable rela-

tive delays t1 and t2. This pulse sequence builds up a macro-

scopic third-order nonlinear polarization in the medium that

emits a field, following pulse 3. This field is fully measured in

amplitude and phase by interference with an auxiliary pulse,

known as the local oscillator (LO), phase-coherent with pulse

3. By Fourier transforming with respect to t1 and t3 for a fixed

value of the waiting time t2, one derives the 2D spectrum as a

function of pump frequency ω1 and probe frequency ω3. Typ-

ically, the Fourier transform with respect to t3 is performed by

a spectrometer (see Fig. 2), while that with respect to t1 is per-

formed numerically. When the pump axis is vertical, and the

probe axis horizontal, each horizontal line of the 2D map can

be interpreted as a pump-probe spectrum at a specific pump

frequency. The integral of the 2D map along the pump fre-

quency axis gives the traditional pump-probe spectrum and

can be used to check consistency of the results and correct the

phase used in the Fourier transform. To acquire time-domain

2D spectra, two different configurations can be used: the het-

erodyne detected three-pulse photon echo23–25 and the par-

tially collinear pump-probe geometry.26–28

Heterodyne-detected three-pulse photon echo exploits

the non-collinear interaction geometry between the three

driving pulses to emit the four-wave-mixing echo signal

in a background-free direction, dictated by phase-matching

(Fig. 2). The echo signal is fully resolved in amplitude and

phase using spectral interferometry with a fourth heterodyn-

ing pulse (the LO). The heterodyned signal is detected with

a spectrometer, which optically Fourier transforms the signal

generating the ωprobe (or ω3) axis; a numerical Fourier trans-

form with respect to t1 is used to generate the ωpump (or ω1)

axis.

The three-pulse photon echo is the more flexible and sen-

sitive approach, at the cost of a more complicated experi-

mental setup.24, 29 The four pulses (pulses 1–3 and the LO)

are aligned in a boxcar geometry before impinging on the

sample. Interferometric stability is required between pulses

1 and 2 and between pulse 3 and the LO. In most implemen-

tations of 2DES, phase-locking has been achieved by using as

beam splitters diffractive optics. Alternatively, conventional
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FIG. 1. Principle of heterodyne-detected time-domain 2D spectroscopy.

delay lines with active path-length stabilization can be used,30

at the expense of a significant complication of the experi-

mental setup. Recently, an implementation of 2DES that em-

ploys only conventional beam splitters and mirrors has been

demonstrated.31 This approach uses delay lines that handle

the four pulses always in pairs, so that the two pulses from

any pair induce opposite phase shifts in the interference sig-

nal. The three-pulse photon echo method allows to record,

depending on the time ordering of the two pump pulses, the

so-called “rephasing” and “non-rephasing” spectra.7 The ab-

sorptive lineshape, most commonly used for interpretation of

the spectra, is the sum of these two contributions and requires

to measure them independently. The polarization and inten-

sity of each pulse can be fully controlled, allowing to access

different response pathways.

The partially collinear pump-probe geometry requires

two phase-locked collinear pump pulses and a non-collinear

probe pulse, which is dispersed on a spectrometer (Fig. 2(b)).

The probe pulse has the dual purpose of generating the nonlin-

ear polarization and heterodyning it (self-heterodyning con-

figuration). Advantages of this configuration are its simplicity

and the fact that it automatically measures absorptive spectra,

which are the most direct to interpret. An additional important

advantage of this geometry is that it easily lends itself to the

extension to two-color 2DES.

Spectrometer

Sample

(a)
  

(b)

t1

t2

1

2

3

LO

1

2

3 LO+

P(3)

t3
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FIG. 2. (a) Heterodyne detected three-pulse photon echo geometry, where

the three excitation pulses are non-collinear. Rephasing (P
(3)
R ) and non-

rephasing (P
(3)
NR) signals are emitted in a new direction, and are heterodyned

by a fourth pulse (LO) on the detector (P
(3)
R and P

(3)
NR signals can be inverted

by inverting the time ordering of pulses 1 and 2 and recorded them in the

same LO direction). (b) In the pump-probe geometry, the rephasing and non-

rephasing signals are emitted in the same direction as the probe which also

heterodynes them on the detector.

The partially collinear pump-probe geometry is simpler

in principle, as it requires the alignment of only two beams

on the sample. It is less flexible and less sensitive, as the

different field interactions are not independent, and because

probe intensity is limited by the dynamic range of the de-

tector (in three-pulse photon echo, the probe pulse can be

arbitrarily intense as it does not hit the detector, and only

the LO intensity is limited by the detector dynamic range).

Flexibility on polarization and intensity can be re-gained us-

ing strategies involving polarizers in the probe beam before

and after sample.32–34 The main advantage of the partially

collinear geometry is the fact that it is a straightforward ex-

tension of standard pump-probe, in which a pulse-pair gener-

ator is inserted in the pathway of the pump beam. This should

allow many research groups to easily upgrade their pump-

probe spectrometer to 2DES operation, as recently proposed

by Shim and Zanni.35 The remaining technical difficulty is

the generation of a collinear phase-locked pump-pulse pair.

Balanced Michelson/Mach-Zehnder interferometers with ac-

tive stabilization or inline measurement of the path-length

difference36 can be used in the IR. However, the stabiliza-

tion becomes more demanding when moving to the visible

or the UV range. Alternatively, phase-locked pulse pairs can

be produced using pulse shapers, which inherently provide

interferometric stability due to the common path of the two

pulses. Sinusoidal modulation of both amplitude and phase is

required for the generation of a pulse pair. Several solutions,

including liquid crystal spatial light modulators,37 acousto-

optic modulators,28 and acousto-optic programmable disper-

sive filters38 have been proposed. However, pulse shapers

considerably increase the complexity and the cost of the ex-

perimental apparatus, have sometimes low throughput and

work only in a limited spectral range.

We have recently introduced a novel passive optical de-

vice, which we called TWINS (Translating-Wedge- Based

Identical Pulses eNcoding System), solving in a simple, com-

pact and cost-effective way the problem of building a collinear

delay line with interferometric stability.39 TWINS uses bire-

fringence to impose an arbitrary delay on two orthogonal

polarization components by continuously varying the mate-

rial thickness. TWINS has already been successfully imple-

mented in the visible39 and the IR40 ranges demonstrating ex-

cellent phase stability and reproducibility. In this paper, we

describe in detail our 2DES setup, working in the partially

collinear pump-probe geometry and using TWINS to gener-

ate the phase-locked pump pulses. Its characteristics are the

simplicity, its broad acceptance bandwidth, easily allowing

two-color operation, and the extreme accuracy in the t1 delay,

allowing continuous scan without any stabilization or track-

ing. We are confident that our approach, by removing techno-

logical barriers, will stimulate many research groups to adopt

2DES to solve a variety of problems in physics, chemistry,

and biology.

II. TWINS DESIGN AND ALIGNMENT

A. TWINS principle

TWINS is a compact, passive optical device which ex-

ploits birefringence to create two collinear, phase-locked
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FIG. 3. (a) Scheme of the TWINS setup. Block A creates a constant “nega-

tive” delay t1 between two orthogonally polarized pulses. Block B scans the

delay t1 between the pump pulses towards positive time. Block C corrects an-

gular dispersion, front tilt and allows to tune dispersion accurately. Polarizer

P projects the two pump pulses to a common polarization direction. Small

arrows indicate the direction of the optical axis of the birefringent plates. The

big arrow indicates the movement direction of block B.(b) wedge design,

a = 25 mm, b = 3.1 mm, c = 0.5 mm, and d = 20 mm.

replicas of an input pulse. If a pulse enters a birefringent

plate with polarization at 45◦ with respect to the ordinary and

extraordinary axes, it splits into two perpendicularly polar-

ized pulses of the same intensity, propagating with different

group velocities. If the thickness of the birefringent plate is

varied, which can be achieved by replacing the plate with a

pair of wedges, then the delay between these two pulses will

also be varied. Since the two pulse replicas follow the same

optical path, they are phase-locked with very high stability

and their delay can be controlled, with extreme precision and

reproducibility, by changing the insertion of the birefringent

wedges.

To perform 2D spectroscopy with TWINS, two more re-

quirements must be fulfilled: (i) one must be able to access

the delay zero between the two pump pulses, and (ii) pump

pulse 2 and pulse 3 (the probe) need to maintain a constant

delay during the t1 scan. The first requirement is fulfilled by

block A in Fig. 3(a), whose constant thickness compensates

the overall minimum delay introduced by blocks B and C. It

introduces a constant delay for the Y-polarized pulse relative

to the X-polarized one (see Fig. 3(a) for a definition X,Y,Z

orientations). The second requirement is satisfied by the pair

of wedges in block B. Due to the different orientations of the

optical axes in the two wedges, the X-polarized pulse sees

a constant optical path even when this block is moved into

the beam, as the two wedges are geometrically identical. The

Y-polarized pulse experiences a change in optical thickness,

while block B is moved into the beam as depicted by the green

arrow in Fig. 3(a). When using a negative birefringence mate-

rial (ne < no), increasing thickness of the birefringent wedge

(wedge 2) decreases the optical path for the Y-polarized

pulse, and this pulse arrives earlier than the X-polarized one.

After exiting block B, the pulses are slightly non-collinear and

front-tilted, because they experience different refractions at

each interface, and because the phase front experiences differ-

ent thickness of birefringent material. This is corrected by the

static block C, consisting of two wedges identical to those in

block B, and placed as close as possible to block B (typically

less than 5 mm) to minimize the lateral displacement between

the pump pulses, which is negligible under our experimental

conditions.40 The insertion of the wedges of block C into the

beam can be kept small and is also used to finely tune the dis-

persion introduced by the overall sequence (see Sec. III C). A

polarizer placed at the end of the wedge sequence projects, if

so required by the experimental configuration, the two pulses

to a common polarization direction and can be removed if two

orthogonally polarized pump pulses are required.

B. TWINS design and mounting

We used α-BaB2O4 (α-BBO) as a negative uniaxial bire-

fringent material for the wedges. We distinguish Y-cut, X-

cut, and Z-cut wedges by the orientation of their optical axis

with respect to the coordinate system displayed in Fig. 3(a).

The wedges are designed according to the drawing shown in

Fig. 3(b); one pair is Z-cut and the other is Y-cut (it could as

well be X-cut). The sizes depend on the maximum delay one

wants to achieve, the important parameter being the length of

the b side. The additional thickness c at the apex is in princi-

ple not required, but is necessary for production. The wedge

pairs were purchased from FOCtek Photonics Inc. The qual-

ity of the wedges is not perfect and we observed that while

two wedges of the same pair (Z-cut and Y-cut) were undis-

tinguishable, the apex angle from one pair to the other was

slightly different, most probably because of processing tol-

erances. Also the optical axis is not perfectly along Z or Y.

This has an impact on the proper functioning of the TWINS,

but can be easily corrected following the alignment procedure

detailed in Sec. II C.

C. TWINS alignment procedure

Each wedge is placed on a kinematic mount that allows

rotation in the (X,Z) and (Y,Z) planes. Wedge 3 is mounted

on a goniometer and has the additional degree of freedom of

rotation in the (X,Y) plane. Additionally, wedges 1 and 4 are

mounted on translation stages along Z direction to minimize

the distance separating them from the next wedge, and wedges

3 and 4 are mounted on translation stages along the Y direc-

tion that allow to change their insertion into the beam. The

proper alignment of the TWINS device is a prerequisite to

perform 2DES. The two main important conditions are: (a) a

constant delay of pulse 2 with respect to pulse 3 (the probe

pulse, so that t2 is constant during a t1 scan) and (b) a good

contrast of the spectral interference fringes between pulses 1

and 2. Both can be optimized with proper alignment.

The constant delay of arrival of pulse 2 in an absolute

frame of reference would be in principle guaranteed by the

constant thickness of block B while scanning t1. However,

since the Z- and Y-cut wedges are not absolutely identical,

the arrival time of pulse 2 can change during the scan of block

B. This can be easily measured by performing spectral inter-

ferometry between pulse 2 and the probe. To this purpose,

we align the output polarizer of the TWINS to transmit only

the vertical component (pulse 2) and look through a 25 μm
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pinhole at the spectral interference fringes between pulse 2

and the probe into the spectrometer. The fringes should not

move during the scan of t1, but if they do, we can correct the

effective thickness of block B by rotating the angle of wedge

2 in the (Z,X) plane, until the fringes are stationary during a

full scan of t1.

The alignment and contrast optimization of the wedges

is performed by using a large collimated He-Ne laser beam.

First, we place block B into the beam. This way, the two or-

thogonally polarized components exit with different angles

and are spatially separated after a few centimetres. We then

set the input polarization to 45◦ by balancing the intensity of

the two components. We insert the wedges of block C into the

beam (with the translation stages, they can be easily inserted

or removed). The output polarizer is then placed at ±45◦ rel-

ative to the first one. The output beam normally has spatial

fringes whose density should be minimized by using all the

rotational degrees of freedom. Using this procedure, we typ-

ically achieve a contrast of a few thousands between bright

and dark fringes with a 1 mm He-Ne beam.

D. TWINS advantages and characteristics

The main advantage of TWINS is its capability to gen-

erate a pair of phase-locked collinear pump pulses with de-

lay which can be controlled to extreme precision even with

standard motorized translation stages and without any feed-

back loop for active position control.41 One can calculate a

gear ratio which corresponds to the ratio between the trans-

lation required to introduce a certain delay with the TWINS

and the translation required with a standard interferometer in

free space with a retroreflector. This gear ratio for α-BBO at

500 nm and wedges with an apex angle of 7◦ is ≈60. In fact,

a motor resolution of 0.01 μm translates into a precision in

delay of ≈0.5 attoseconds between the pulses. This extreme

precision in delay control, combined with the phase-locking

property of the pair of pulses exiting the TWINS setup, open

the way to fast scanning without the use of any tracking

schemes, as would be required in other 2D setups using con-

ventional interferometers.36 The constant velocity of the mo-

tor insures even time spacing between subsequent pulses com-

ing from our 1 kHz repetition rate laser. It is also possible to

combine forward and backward scans to double the acqui-

sition rate. The Sellmeier equations allow us to calculate the

maximum group delays achievable for a given thickness of the

wedges, which are summarized in Table I for α-BBO at dif-

ferent wavelengths from near-IR to UV. This delay is given by

�tmax = GVM d where GVM is the group velocity mismatch

(GV M = 1/vgo − 1/vge) between ordinary (vgo) and extraor-

dinary (vge) polarizations and d is the thickness of birefringent

material. The maximum obtainable spectral resolution �ν can

be calculated through the relation:42

�ν =
1

�tmax

. (1)

With our wedge designs we can achieve group delay in

excess of 1 ps in the visible, which are more than sufficient

for the typical linewidths of electronic transitions.

TABLE I. α-BBO refractive indices n
o

and n
e
, birefringence �n, Group

velocity mismatch (GVM), and group velocity dispersion for ordinary and

extraordinary axis (GVDo and GVDe).

λ GVM GVDo GVDe

(nm) n
o

n
e

�n (fs/mm) (fs2/mm) (fs2/mm)

1100 1.6573 1.5374 0.1199 402.5 37.8 16.6

900 1.6623 1.5410 0.1203 411.0 60.9 37.2

700 1.6674 1.5460 0.1215 427.1 91.3 61.0

500 1.6807 1.5557 0.1250 468.2 149.1 102

300 1.7342 1.5928 0.1414 672.6 391.5 260.7

III. 2DES SPECTROMETER USING TWINS

A. Experimental setup

Our 2DES setup starts with a commercial amplified

Ti:sapphire laser system (Libra, Coherent) delivering 4 mJ,

100 fs pulses at 800 nm, and 1 kHz repetition rate. The sys-

tem pumps three synchronized non-collinear optical ampli-

fiers (NOPAs) which feed the 2DES setup. The first NOPA

(NOPA 1) delivers visible pulses with a spectrum spanning

between 500 nm and 750 nm, compressed to sub-10-fs dura-

tion by multiple bounces on custom-designed double-chirped

mirrors43 (DCMs, Laser Optiks). The second NOPA (NOPA

2) delivers near-infrared (NIR) pulses with a spectrum span-

ning between 850 nm and 1100 nm, compressed to sub-15-fs

duration by a double pass in a Brewster-cut fused silica prism

pair.44, 45 The third NOPA (NOPA 3), built according to the

design of Ref. 46, delivers pulses in the 700–1000 nm range,

compressed to sub-10-fs duration by multiple bounces on

DCMs. The layout of the 2DES setup is presented in Fig.

4. Briefly, for degenerate 2DES, pump and probe are sep-

arated by an inconel beamsplitter (in two-colour configura-

tion the two beams come from different NOPAs). The pair

of pump pulses is generated by the TWINS setup, assem-

bled according to Fig. 2. Block B is mounted on a miniature

translation stage (M-112.2DG Physik Instrumente GmbH))

with resolution better than 0.01 μm and a maximum speed

of 2 mm/s. The probe pulses are delayed by t2 with motor

M1 (M-112.2DG Physik Instrumente GmbH), and focused on

the sample by spherical mirror SM (125 mm focal length) to-

gether with the pump pulses. The probe is collected by lens L1

and focused on the entrance slit of the spectrometer with lens

L2. The spectrometer (Princeton Instruments, Acton Sp2150)

is equipped with a CCD camera (Entwicklungsbro Stresing)

reading out data at the full 1-kHz repetition rate of the laser.47

Pinholes are placed in the probe beam after the sample to min-

imize scattered light from the pump. Pump pulses are pre-

chirped with DCMs to compensate for the TWINS dispersion

(see Sec. III C). Part of the pump beam is split off to moni-

tor pump pulses interferences on a photodiode synchronized

with acquisition of the probe spectra. The main part of the

pump beam is focused on the sample.

B. Calibration and phasing procedure

To properly calibrate the pump frequency axis of the 2D

spectra, we measure spectral interferometry on the pair of
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FIG. 4. Setup layout. BS1: inconel beamsplitter, separating pump, and probe pulses. The continuous green line is the probe beam path, the dotted one is the

pump beam path. M1 and M2 are the motors for the control of the coherence time t1 and the population time delay t2, respectively. P1 and P2 are the polarizers

of the TWINS, at 45◦ in the pump arm. P3 is the polarizer for the probe. SM: spherical mirror (f = 125 mm) to focus pump and probe pulses. L1: collimating

lens (f = 100 mm). L2: focusing lens (f = 50 mm). DCM: double chirped mirrors. BS2: beamsplitter to select a small amount of pump pulse energy to monitor

interferences on photodiode (PD).

pump pulses. We block the probe and place a 25 μm pin-

hole at the sample position where we focus the pump beam.

Part of the light diffracted by the pinhole is coupled into the

spectrometer. We then record the interferograms between the

two pump pulses by moving the motor continuously (as de-

tailed in Sec. III E) with the same scan parameters used in the

experiment. This leads to the two-dimensional map displayed

in Fig. 5(a), which corresponds to a spectrally resolved lin-

ear autocorrelation of the two pump pulses. The intensity at

each wavelength is plotted against the motor position during

acquisition. The Fourier transform with respect to the motor

position axis leads to a well defined peak whose frequency

depends on the wavelength. The pump wavelength can then

be calibrated39(Fig. 5 (b)). This procedure, whose outcome

depends only on the motor speed during the scan, takes a few

seconds and is performed daily before a series of 2DES mea-

surements.

To properly phase the 2D spectra, one needs to determine

precisely the delay between the two pump pulses from the in-

terferogram. This phasing procedure requires to determine the

acquisition point number which is closest to the zero delay be-

tween the two pump pulses and the phase associated with it.

The method is well described in an article by Helbing and

Hamm.36 We start with the interferogram between the two

pump pulses displayed in Fig. 6(a). We then cut the begin-

ning of the interferogram until its Fourier transform exhibits

a flat phase. In the case depicted in Fig. 6(a), the flattest phase

(Fig. 6(b)) is found when cutting at point 317 the interfero-

gram. We will then remove the first 316 points of data before

applying the Fourier transform. As we measure the interfero-

gram between pump pulses during the 2DES experiment, we

can calculate the phase spectrum for each data set and use this

phase to correct the 2D spectrum properly.

C. Dispersion compensation

Compensation of the dispersion introduced by TWINS is

important as any residual chirp can distort the 2D spectra,48

and because it allows to perform 2DES with the best time

resolution afforded by the broadband transform-limited (TL)
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FIG. 6. (a) zoom of the interferogram between the two pump pulses measured on a single element detector (inset: full interferogram). (b) Amplitude and phase

of the Fourier transform interferogram after phasing.

pulses produced by our NOPAs. The probe beam preserves

the input duration, as it does not cross any dispersive op-

tics before the sample. We measure the probe pulse dura-

tion at the sample position using the frequency-resolved opti-

cal gating (FROG) technique.49 In contrast, the pump pulses

cross a large amount of glass, with two polarizers, four α-

BBO wedges and one α-BBO plate, introducing a group de-

lay dispersion (GDD) in the visible of more than 500 fs2. This

GDD can be compensated with a second pair of DCMs to

restore nearly TL pulses at the sample. To monitor the dis-

persion in the pump beam, we used a variation of spectral

interferometry,50 the so called- Spatial Encoded Arrangement

for Temporal Analysis by Dispersing a Pair of Light E-fields

(SEA-TADPOLE).51, 52 We measure the spatial interferences

pattern between the probe and pump pulses at the sample po-

sition, which allows direct monitoring of the spectral phase

difference between the two beams. We can first minimize dis-

persion by varying the number of bounces on the DCMs. Be-

cause the number of bounces has to be even (DCMs are de-

signed to work in pairs), the GDD can be controlled only

to a precision of ≈50 fs2. To finely tune further the disper-

sion, we can optimize the insertion of wedge 4 (static) of

the TWINS block C and thus cancel the residual GDD on

the bandwidth of interest (see Fig. 7). To illustrate the effi-

ciency of the chirped mirrors, we also plot the spectral phase

difference introduced by the TWINS and the DCMs alone.

As can be seen, the dispersion introduced by TWINS can be

completely compensated, ensuring pulses lengths as close as

possible to the TL value. It is also possible to decrease the

insertion of the wedges of block B in Fig. 3(a) into the beam

in order to reduce the GDD of TWINS, and then reduce the

number of bounces on the DCMs, but this is done at the cost

of smaller accessible t1, i.e., lower resolution of the pump axis

in 2DES maps.

After the TWINS, and for large t1 delays, the two pump

pulses cannot be considered as exact replicas because they

cross materials with different dispersion. The second pump

pulse (pulse 2) is static during a t1 scan, and keeps its orig-

inal TL duration ensured by the proper dispersion compen-

sation previously described. This is not the case for the first

pump pulse, for which ordinary index material is replaced by

extraordinary index material during a t1 scan. Consequently,

pulse 1 is affected by a different dispersion that can be calcu-

lated by considering the path-length in the wedges and the dif-

ference between the group velocity dispersion (GVD) for the

ordinary (GVDo) and extraordinary (GVDe) polarizations,

which is reported in Table I.

In Table II, we present the effect of dispersion on a

10 fs pulse for different center wavelengths and different t1
delays. For each value of t1, we also added the corresponding

relative spectral resolution (�λ/λ) of the pump axis of the 2D

map. We observe that the effect is small and even negligible

for most of the cases presented in this table. In the ultravio-

let and for long t1 delays, the effect is the strongest, as the

output pulse length is more than twice the input pulse length.

However, this is an extreme case corresponding to a very high

spectral resolution (�λ/λ = 0.003), which is not useful prac-

tically. Already a resolution of �λ/λ = 0.02 at 300 nm is

more than enough for most of the samples of interest in this
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TABLE II. Output pulsewidth (in fs) and spectral resolution (�λ/λ in parenthesis) corresponding to a 10 fs input

pulsewidth for different t1 values, at different central wavelengths.

t1\λ 1100 nm 900 nm 700 nm 500 nm 300 nm

50 fs 10.30 (0.072) 10.03 (0.06) 10.05 (0.047) 10.10 (0.032) 10.36 (0.02)

100 fs 10.1 (0.036) 10.13 (0.03) 10.19 (0.023) 10.38 (0.016) 11.36 (0.01)

200 fs 10.42 (0.018) 10.5 (0.015) 10.75 (0.012) 11.45 (0.008) 14.71 (0.005)

400 fs 11.59 (0.009) 11.88 (0.008) 12.72 (0.006) 14.98 (0.004) 23.78 (0.003)

wavelength range, and we observe that the effect of dispersion

is indeed very small in that case.

D. Scattering suppression

Signals coming from the scattering of the pump beam

are usually an issue in 2D spectroscopy, because the inter-

ference of the scattered light with the probe light depends

on delay t2. These spurious signals appear on the diagonal

of a 2D spectrum and can in some cases exceed the non-

linear signal of interest. Many strategies have been used to

minimize or completely eliminate scattering signals in 2D

spectroscopy.4, 23, 28, 35, 38, 53, 54 They all rely on the idea of

phase cycling or quasi-phase cycling, which uses the fact

that, for a given wavelength λ, the interference signal between

pump and probe is opposite if the phase of one of the pulse

changes by π (or the delay between them is varied by λ
2

for

quasi-phase cycling). If one averages two signals with t2 var-

ied by λ
2
, the scatter will be eliminated at λ while the inter-

esting signal will remain unchanged for such a small delay

change. With this approach scattering is suppressed to the first

order, i.e., around the central wavelength λ. Scatter can also

be suppressed to higher orders by averaging several signals

at different t2 delays,36 but this procedure can alter the time

resolution of the experiment for few-cycle pulses. The best

way to remove scattering signal with quasi-phase cycling is to

modulate the phase between pump and probe at the repetition

rate of the laser, thus making best use of the phase correlation

between successive pulses.35, 54

Here we use a very simple method that allows to modu-

late the delay t2 on a pulse to pulse basis. Because we use a

chopper at 500 Hz, we need to modulate the signal at 250 Hz.

This is done by attaching a loudspeaker (0.3 W, 8 �) to a

mirror mount on the probe beam. We feed the loudspeaker

with a sine waveform which is synchronized to the laser rep-

etition rate. The sound wave makes a small vibration on the

mirror that can be tuned precisely to the amplitude of λ
2

in

the visible range. We can easily tune the amplitude and phase

of the vibration to center the scattering suppression to the

desired wavelength. Fig. 8 shows the scattering signal ob-

tained by focusing both pump and probe pulses on a small

pinhole. Without modulation (black solid line the figure), the

scattering signal has an amplitude of a few percent. We see

that we can reduce significantly this scatter in the wavelength

range of interest by turning on the loudspeaker (see red line in

Fig. 8). While we could perform only first order modulation

with our loudspeaker, it is possible to increase the modulation

amplitude to eliminate the scatter to higher order.

E. Continuous scanning of coherence time

Continuous scanning of t1 in time-domain 2D spec-

troscopy is a useful strategy for improving data collection

efficiency.36, 55 The idea is to measure the full range of coher-

ence times as quickly as possible, but still below the Nyquist

sampling rate (corresponding to 2 points per fringe), to make

best use of pulse to pulse correlation, and eliminate the noise

introduced by slow power fluctuations of the laser source. In

our case, the maximum speed of the motor of 2 mm/s can only

allow a speed of about a fifth of the Nyquist rate.

Continuously scanning the coherence time does not re-

quire a lot of effort in our case, as it does not need any kind of

position tracking. In fact, a constant velocity of the TWINS

motor is sufficient to acquire time-domain data in a repro-

ducible way, ensuring equally spaced time points during ac-

quisition. The motor movement is not synchronized with the

1 kHz repetition rate of the laser. This implies that we do not

reproduce exactly the same positions at every scan. There is

a time jitter that cannot exceed 1 ms between the position of

the motor and the pulse arrival. At the scan rate that we use,

which gives approximately 10 points per fringe of the visible

radiation, this is equivalent to binning the time data with a bin

size of λ/10. Even if software or electronic delays shift in time

the acquisition relative to the motor movement, the different

scans can be overlapped as we record, in parallel to the 2D

signal, the pump pulse pair interferogram on a single element

photodiode after sample (PD in Fig. 4). Fig. 9 displays differ-

ent interferograms for subsequent scans. As can be seen, the

average over all scans is very similar to each individual scan,

confirming the reliability of the averaging procedure. The
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right. The lower one is the average of 40 scans.

interferograms are also used to overlap forward and backward

scans, and to calculate the phase to correct the 2D spectra.

The bin size thus depends on the speed of the motor, which

means that if we want to scan faster, a kind of delay tracking

will be necessary during the acquisition. The motor controller

could be in principle used for this purpose, but it is currently

not possible to update the position from the motor encoder

at kHz rate. This could be achieved by a synchronized exter-

nal counter reading continuously triggers sent from the motor

controller. We will consider this possibility for future upgrade

of the setup with a faster motor.

In the fast scanning mode, we set the parameters of the

acquisition board for a maximum value of the t1 time (e.g.,

100 fs). We calculate the required scan distance to achieve

with the motor and the number of fringes to which it corre-

sponds at the central wavelength of the pulses. We then cal-

culate the number of points to measure (10 times number of

fringes) and deduce the motor speed to achieve the delay dur-

ing the given time. Immediately after launching the motor to

its final position, we start the acquisition of the probe pulse

spectra. The data points acquired this way during the move-

ment of the motor are equally spaced as the motor speed is

linear and reproducible. The measurement of the interfero-

gram between the two pump pulses while scanning permits

to overlap precisely forward and backward scans. A routine

checks the proper overlap of the backward and forward in-

terferograms to correct for a possible shift between the two

scans. In practice, this routine shifts by one or two points the

interferograms, but not more. These shifts are due to software

or electronic delays, and to the fact that the motor is not syn-

chronized with the laser triggers. We repeat the same proce-

dure for every t2 delay, and average the data for successive
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of NOPA 1 and NOPA 2, respectively.

t2 scans until the 2D spectra displayed live during the experi-

ment exhibit a satisfactory signal to noise ratio.

IV. RESULTS

To assess the performance of our broadband 2DES spec-

trometer, we performed experiments on the light harvest-

ing complex 1 (LH1) of the purple bacterium Rhodospiril-

lum rubrum. Samples of LH1 were prepared as reported in

Ref. 56, and suspended in a buffer solution contained in a

200-μm-thick cell. The linear absorption spectrum of LH1 is

shown as a solid black line in Fig. 10. One can recognize at

550 nm the peak corresponding to the S0 → S2 transition of

the carotenoid (Car) spirilloxanthin, and its vibronic replica at

550 and 515 nm. The peaks at 875 and 590 nm correspond, re-

spectively, to the Qy and Qx transitions of the bacteriochloro-

phyll (BChl) B875. The spectra of the visible and near-IR

pulses used for degenerate and two-colour 2DES are shown

in Fig. 10 in green and red lines, respectively.

Figure 11 shows a sequence of degenerate and two-

color 2DES spectra for different t2 delays. At early times (t2
= 40 fs), in the degenerate 2D spectrum (Fig. 11(a), left col-

umn), we observe positive red peaks corresponding to the

photobleaching (PB) of the S0 → S2 transition of the Car

(peak A) and of the Qx transition of the BChl (peak B). We

also see cross peaks due to the stimulated emission (SE)

from S2 to S0 in the Car (peaks C). Already at t2 = 120 fs

(Fig. 11(b)) the 2DES spectra change dramatically due to the

ultrafast S2 → S1 internal conversion in the Car; we observe

the build-up of two strong negative cross-peaks, correspond-

ing to photoinduced absorption (PA) from the S1 state (peak

D) and from the so-called S* state (peak E) of the Car.56, 57

This formation is completed within 300 fs and at t2 = 1 ps

we observe the cross-peaks narrowing due to vibrational re-

laxation within S1. The right-hand side of Fig. 11 shows a

sequence of two-colour 2DES spectra, pumping in the visible

and probing in the NIR, in the region of the Qy transition of

the BChl. We see at early times (t2 = 40 fs, Fig. 11(a)) two

distinct cross-peaks corresponding to the coupling between

Qx and Qy transitions in the BChl (peak F) and to the energy

transfer between Car and BChl (peak G). We also observe the
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FIG. 11. (a)–(c): 2D spectra of the LH1 complex of purple bacterium rho-

dospirillum rubrum for different values of t2 delays. Left column: degenerate

2D spectra in the visible. Right column: 2D 2-color visible pump/infrared

probe spectra.

short-lived excited state absorption of the S2 → Sn of the Car

(peak H). The two cross-peaks grow in time with different dy-

namics, enabling us to disentangle the Qx → Qy internal con-

version process in the BChl from the energy transfer between

Car and BChl. We believe that these data demonstrate the un-

precedented capability of our system to perform two-colour

2DES with very broad spectral coverage and with minimal

experimental effort. Our results clearly show that the setup

allows easy recording of 2D spectra with high time resolu-

tion and flexibility in the probe window. Different polarization

schemes are also straightforward to implement, for example,

it is easy to remove the polarizer at the output of the TWINS

and produce perpendicular pump pulses, allowing to perform

polarization schemes with enhanced sensitivity.32, 33, 58

V. CONCLUSION

In this paper, we presented a 2DES setup based on bire-

fringent wedges which is suitable for routine measurements of

2D spectra in the visible to the NIR. The coherence time can

be scanned continuously without any need of delay tracking,

thanks to the high accuracy of the TWINS device, simplify-

ing considerably the setup. We demonstrated the reliability of

the method by measuring 2D spectra of the LH1 complex of

a purple bacterium and highlighting the interactions between

carotenoids and bacteriochlorophylls. We demonstrated easy

scattering suppression with a loudspeaker. The extension to

the UV range, where the phase determination is even more

challenging due to the short wavelength, is straightforward

and will allow to study DNA59, 60 and protein17, 22 photo-

physics. We are confident that our approach, because of its

simplicity and the minimal experimental effort to implement

it in a pump-probe experiment, will motivate a broad non-

specialist community of physicists, chemists and biologists to

move towards multidimensional spectroscopy.
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