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Written by Vasilis Petropoulos (ESR5)

The physical properties of Nature at the 
scale of atoms and subatomic particles 
are governed by quantum mechanics. 
Assuming that a subatomic particle is in 
a superposition of states, so-called wave 
packet, between two states with energies 
W1, W2, the wave function of the particle 
has an oscillatory solution, between these 
two states, from Schrödinger equation 
with period: Tosc= 2π(ℏ⁄∆W), where ∆W= 
W2 – W1 [1]. In order to resolve molecular 
vibrations of a molecule, as the wave pack-
et oscillates between vibrational states 
having an energy gap around meV (Figure 
1), time resolution of tens to hundreds of 
femtoseconds (fs) is needed. Similarly, to 
capture the motion of individual electrons 
in molecular orbitals and inner shells of 
atoms (Figure 1), time resolution ranging 
from tens of femtoseconds (fs) to less than 
an attosecond (as) is required. The need 
of ultrashort pulses (fs- to as durations) to 
study molecular and electronic motions 
during physical phenomena, led to the 
birth of femto-chemistry [2], and more 
recently to the atto-chemistry [1] fields.

Ultrafast optical spectroscopy uses se-
quences of ultrashort light pulses to track 
ultrafast photoinduced dynamical pro-
cesses. Recent progress in theory [3, 4] 
and technology [5] raised the need to 
seek for more sophisticated techniques 

beyond the commonly used ‘pump-probe’ 
technique, exploring multi-dimensional 
approaches that can increase the amount 
of information.

Ultrashort light sources can be gener-
ated and tuned in a wide spectral range. 
Furthermore, to yield an experimental 
sensitivity (e.g. high signal to noise ratio), 
light sources functioning at high repetition 
rates while scaling high average powers 
too, are optimal.

The two main primary solid-state sources 
of ultrashort pulses are Ti:sapphire la-
sers and Yb:doped crystal or fiber lasers. 

Ti:sapphire lasers have 800 nm output 
wavelength and can provide 50-100 fs 
ultrashort pulses. Yb:doped lasers have 
1030 nm output wavelength with longer 
pulse widths (150-300 fs) but able to 
operate in high repetition rates [6]. The 
advantages of these primary laser sources 
are their stability and reliability, with the 
major drawback that they operate at fixed 
wavelengths, with limited tuning capa-
bilities. Although, they can act as driving 
pulses to create secondary sources by 
nonlinear conversion processes. Optical 
parametric amplification (OPA) is a second-
order nonlinear effect that can generate 
broadly tunable Fourier-limited pulses, 

ULTRAFAST SPECTROSCOPY:  
RECENT PROGRESS AND CHALLENGES

Figure 1: Characteristic time scales for electron density and molecular dynamic motions.

Section n. 1
Broadband laser sources for ultrafast spectroscopy
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spanning from the visible till the infrared. 
Additional second-order nonlinear pro-
cesses, like second-harmonic generation 
(SHG), sum-frequency generation (SFG), 
difference-frequency generation (DFG) 
and optical rectification enable the exten-
sion to wider spectral ranges. SHG and 
SFG allow the generation of ultrashort 
light sources in the ultraviolet region, 
while DFG and optical rectification enable 
the accomplishment of mid-infrared and 
Terahertz regions, respectively [6]. These 
spectral ranges are essential in order to 
study electronic and vibrational molecular 
dynamics governing photoinduced chemi-
cal processes and electronic interactions 
in the excited state, as well as structural 
dynamics of molecular systems in their 
electronic ground state, respectively.

Extreme-ultraviolet (XUV) coherent light 
pulses with durations of tens of attosec-
onds can be produced using high-order 
harmonic generation (HHG), focusing high-
intensity femtosecond pulses onto noble 
gases. Attosecond light sources can be 
generated either in the form of isolated 
pulses or trains of pulses separated by 
half an optical cycle of the driving pulse 
[1]. However, isolated attosecond pulses, 
required for attosecond spectroscopy, 
operate with low pulse energies which has 
delayed advanced time-resolved measure-
ments [7].

Theoretical calculations by Mukamel high-
light the importance of performing mul-
tidimensional spectroscopies using X-ray 
pulses [4]. Femtosecond hard X-ray pulses 
in a laser-driven source is based on vacuum 
accelerated electrons, on the time scale of 
the optical cycle of the driving laser pulse, 
focusing onto metal atoms in the target. 
Inner-shell ionization of metal atoms fol-
lowed by spontaneous emission of an 
outer shell electron into the unoccupied 
inner shell, emits characteristic X-ray lines 
[8]. In addition to optical spectroscopies, 
the use of X-ray sources for ultrafast dif-
fraction techniques, can spatially resolve 
electron density maps with a resolution 
of a fraction of a chemical bond length, 
as a function of time.

The primary and secondary laser sources 
discussed above in terms of wavelength, 
pulse width, energy and repetition rate, 
are summarized in Table 1 in ascending 
operating-wavelength order. An ideal 
ultrabroadband, high peak power and few-
cycle light pulse source could be achieved 
by synthesizing multiple laser sources. 
At this moment, in the range of visible 
till mid-infrared, the most prominent 
technology for producing such an ideal 
source is the optical parametric chirped 
pulse amplification (OPCPA) [9]. OPCPA 
is based on the coherent combination of 
carrier-envelope-phase-stable pulses that 
emerge from different optical parametric 
amplifiers. Extending the idea of coher-
ent wavelength multiplexing for shorter 
wavelengths to produce ultrabroadband 
ideal laser sources awaits to be applied. 
However, an ultrabroadband source with 
the above-mentioned ideal characteristics  
is not trivial to be manipulated in order to 
perform ultrafast optical measurements. 
The development of an ideal ultrabroad-
band source from laser technology will 
raise a wealth of technical challenges.

The continuous progress in laser technol-
ogy along with technical advances and 
conceptual breakthroughs, expand the 
application potential of Ultrafast Spectros-
copy. Nowadays, we are closer than ever to 
turn state of the art ultrafast spectroscopic 
techniques into a laboratory routine. The 
access to sophisticated techniques with 
few-cycle light pulses and for wide spectral 
ranges, can bring us closer to the grand 
goal of tracking the motions of electrons 
and molecules in space and time with 
unprecedented resolution.

Source Wavelength Pulse width Pulse energy Repetition rate
Primary solid-state lasers
Ti:sapphire 800 nm 50-100 fs 1-10 mJ 1 Hz-200 kHz
Yb laser 1030 nm 150-300 fs 10 μJ-1 mJ 1 kHz-10 MHz
Secondary sources by nonlinear frequency conversion
X-ray through 
inner-shell ioniza-
tion of metal atoms

0.01-10 nm ≈ 100 fs Depends on 
the acceler-
ated electrons

1Hz-1KHz

Attosecond XUV 
Through Noble 
gases

10-125 nm 70–320 as 1 pJ- 10 nJ Depends on the 
driving pulse

SHG, SFG 200-400 nm 10-200 fs 0.1-1 μJ 1-200 kHz
Yb-pumped OPA 390-3000 

nm
5-200 fs 1-100 μJ 1 kHz-10 MHz

Ti:sapphire-
pumped OPA

450-3000 
nm

5-100 fs 1 μJ-1 mJ 1-200 kHz

DFG 3-15 μm 30-200 fs 0.1-10 μJ 1-200 kHz
Terahertz through 
optical rectification

150-600 μm ≈1 ps 0.1 nJ-1 μJ 1 kHz-100 MHz

Table 1: Summary of the main parameters (wavelength tuning range, pulse width, pulse energy, 
repetition rate) of primary and secondary sources of ultrashort pulses. Adapted from Ref. [6].
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Written by Vikramdeep Singh (ESR2)

In light-matter interaction studies involving 
investigations of quantum coherent pro-
cesses and non-linear optical processes, 
ultrafast short optical pulses of picosecond 
and femtosecond time scales are gener-
ated routinely nowadays. The most com-
mon approach to generate ultrafast short 
pulses in the deep femtosecond regime 
is by using mode locked lasers. Another 
approach is based on using electro-optic 
modulation and subsequent compression 
of continuous wave lasers. Using high 
order nonlinear frequency conversion 
processes even attosecond pulses can 
be attained. There are broad applications 
for ultrafast short pulses involving ultra-
fast spectroscopy, nonlinear microscopy, 
and laser machining. Ultrafast broadband 
Fourier limited laser pulses are used to 
attain sufficient time resolution to give 
insights into the dynamics of ultrafast 
quantum processes. To control this inter-
action, control over the temporal pulse 
shape is required, which is provided by 
pulse shaping technologies. Pulse shaping 
techniques provide user-defined ultrafast 
optical waveforms with control over phase, 
amplitude, and polarization of the pulses. 
User-controlled pulse waveforms have 
applications in ultrafast spectroscopy, 
spectrally selective non-linear micros-
copy, tracing of electronic coherences 
using multi-dimensional spectroscopy, 
and other applications including few cycle 
pulse compression, dispersion compensa-
tion for fibre optic communications, and 
coherent control of quantum mechanical 
processes. Inherent phase stability of the 
time delayed pulses created in the pulse 
shaper simplifies multi-dimensional spec-
troscopy experiments. The primary focus 
of this section is to give a brief introduction 
about the femtosecond programmable 
pulse shaping techniques used in multi-
dimensional spectroscopy. 

Pulse shaping in multidimensional spec-
troscopy

In multidimensional spectroscopy tech-
niques e.g., 2D electron spectroscopy, 
early-stage experiments were limited by 
phase-stability issues, since phase locked 
pump pulses are required for doing Fou-

rier transform of the non-linear signal. To 
counter the phase stability issues, passive 
phase stabilization approaches were used 
initially, where phase-locked two pump 
pulses were generated by using diffractive 
optics or beam splitters. Using interfero-
metric techniques for phase-locked pulses 
pair generation is suitable for two pulse 
experiments however in case of three 
pulse sequences it becomes more difficult 
and thus pulse shaping is a suited choice. 
2DES in UV and visible spectral region us-
ing passive birefringent interferometer for 
generation of phase locked pump pulse 
pair is demonstrated in [10,11]. In addition 
to this, the delay time between the pulses 
is usually set by increasing the optical path 
length for the pulse. It is realized by using 
either piezoelectric delay stages with ret-
roreflective optics or by changing amount 
of material the pulse passes through e.g., 
wedged optics. Translating Wedge based 
Identical pulse eNcoding System (TWINS) 
which uses birefringence property to 
generate phase-locked pulses with very 
high precise time delays is employed in 
2DUV and visible spectroscopy [10,11]. 
Such moving or translation mechanics can 
take up to 50-100ms during which data 
cannot be collected and thus increases 
the data acquisition times. In shot-to-
shot experiments, such as molecular dy-
namics studies, pulse shapers can play a 
big role in making data acquisition more 
rapid as there are no moving mechanics. 
Pump-probe and 2D electron spectroscopy 
studies have proven that data acquisition 
rate and signal to noise ratio is enhanced 
using high repetition rate laser pulses, spe-
cifically the data collection rate increases 
linearly with repetition rates. With high 

waveform refresh rates in pulse shapers 
rapid data acquisition and precise delay 
is achievable. On the contrary, dead time 
in translational stages cannot be reduced 
significantly. Rapid data collection in 2DIR 
and visible spectroscopy using partially 
collinear geometry and a pulse shaper 
to generate time dependent amplitudes 
and arbitrary control over the phase is 
reported in [12]. Several groups have 
demonstrated techniques where entire 
2D spectra can be recorded in single la-
ser shot without the need of physical 
time delay mechanism. A 2DES variant 
technique gradient-assisted photon echo 
spectroscopy (GRAPES) in which pulses 
are cylindrically focussed and by relative 
tilt of the pump pulses waveforms, time 
delay is encoded in vertical dimension on 
the sample. In this scheme, 2D spectra is 
obtained for every laser shot and thus 
reduces the acquisition times nominally. 
The only requirement is to have a sample 
which is spatially homogeneous over a 
millimetre size range [13].

Different pulse shaping techniques

The most general approach used for pulse 
shaping is Fourier filtering of the ultrafast 
optical pulses using a 4-f geometry set-up, 
this scheme is termed as Fourier transform 
pulse shaping [14]. In 4-f geometry setup, 
the main components are pair of grating, 
two cylindrical lenses, and a spatial mask. 
The optical frequency spectrum of an 
input laser pulse is spatially dispersed 
using grating over the spatial mask. There 
are many different techniques developed 
and applied for spatial masking e.g., using 
different spatial light modulators- acousto-

Section n. 2
Pulse shaping techniques for ultrafast spectroscopy

Figure 2: Fourier transform pulse shaping scheme using 4-f geometry set-up, a pair of grating 
and two cylindrical lenses and a spatial mask.
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optic modulators (AOM) and liquid crystal 
modulator (LCM), former preferred for 
rapid refresh rates, the latter for higher 
resolution. The intensity and phase of 
the laser pulses are manipulated using 
the AOM and LCM as spatial masks in the 
Fourier plane of the 4-f geometry [15]. 
The condition for time-invariant filtering 
is that the AOM refresh rate should be 
higher than pulse repetition rate. A good 
example of programmable pulse shaping 
technique to generate user-defined opti-
cal wavefronts is by using acousto-optic 
programmable dispersive filter (AOPDF) 
[16]. The birefringent properties of the 
acousto-optic crystal for optical and acous-
tic waves are utilized. A transient grating 
is generated by the acoustic waves which 
shapes the optical pulse by diffracting the 
ordinary incoming optical wave into dif-
ferent extraordinary optical waves thus 
attaining the pulse shaping by anisotropic 
interaction. 

There are other approaches reported, us-
ing digital mirror device (DMD) as spatial 
mask.  A thin strip of several hundred 
thousand microscopic mirrors, with each 
pixel serving as binary mirror with on-off 
states. This device is programmed with 
phase modulation patterns which masks 
on a spatially spread input pulse [17]. The 
advantage of using DMD based ultrafast 
pulse shapers is that they can be used with 
high repetition rate laser pulse with refresh 
rates up to 2MHz as compared to AOMs 
which have refresh rate of 100KHz. DMD 
are also cost effective compared to AOM 
or LCM and operate at high frame rates 
over broad range from UV to IR using ap-
propriate coating [18]. DMD enabled pulse 
shapers are limited by their low efficiency 
and are typically used in combination 
of chirped pulse amplifiers. AOM pulse 
shapers with very high repetition rate of 
10MHz are reported taking advantage of 
the Fourier shift theorem [19]. Recently, us-
ing dielectric metasurfaces as spatial mask 
in a 4-f geometry setup, pulse shaping of 
near IR is achieved [20]. The spectrum 
is dispersed into two spatial dimensions 
which would increase the individually 
controllable spectral features by several 
orders of magnitude as two-dimensional 
wavefront shapers. 

Written by Frank Quintela (ESR12)

Eliminating heat-induced signals by 
controlling pulse spectra through pulse 
shaping

Nonlinear spectroscopy involves the in-
teraction of a system with multiple light 
pulses at variable times, to reconstruct 
the system’s response signal. To isolate 
the third-order contribution, a “chop-
ping” strategy is standard in pump-probe 
spectroscopy, were one of the pulses is 
alternatively blocked, causing the non-
linear signal to switch off/on [5].

The environment (“bath”) of the system 
is modeled as a mode continuum, com-
posed by a combination of intramolecular 
and intermolecular modes. Infrared light 
pulses produce short-lived vibrational 
excitations, resulting in a rapid deposi-
tion of heat into the bath. This generates 
unwanted heat signals by creating spectral 
shifts in the bath and system absorption 
[22].  As the linear response is typically 
many orders of magnitude higher than 
the third order nonlinear one, a minuscule 
change in the bath absorption spectrum, 
when “chopping” the pulse, can result in a 
differential heat signal on the same scale 
as the nonlinear signal.

The problem of unwanted heat signals 
was adressed in Ref. [21], which con-
ducted experiments on the CN stretch 
of phenylselenocyanate (PhSeCN) in a 
dimethylformamide (DMF) solvent. Instead 
of “chopping”, they used a pulse shaper 
to selectively block the excitation of the 
system modes, while delivering the rest 
of the energy to the bath modes. Figure 
3 shows this “pulse-shaping chopping” 
scenario. The strategy was tested by prob-
ing the relaxation of the CN stretch, which 
should follow a known single exponential 
decay if no bath modes are excited.

The method proved useful when the vi-
brational system absorption line is narrow 
compared to the pulses spectrum, and the 
on/off pulses are adjusted to match the 
energy delivered to the bath.

Interestingly, if the system is only excited 
with the spectrum shaped (Off) pulse, 
the dependence on the heat signals for 
the CN shows up, allowing to probe the 
system-bath coupling.

Compressive sensing to shorten the data 
acquisition time

Spectroscopic techniques possess an 
intrinsic trade-off between data-acqui-
sition speed and measurement sensitiv-
ity. Repeating measurements reduces 
experimental noise and increases accu-
racy through an averaging process, but 
more time is then required to collect 
a full dataset. An ultrafast experiment 
ranges typically from several minutes to 
hours, depending on the technique used. 
Shortening measurement time guarantee 
laser stability and allows the examination 

Section n. 3
Resources for improving data acquisition and coherence 
characterization in ultrafast spectroscopy

Figure 3: (a) On pulse spectrum in red. Off 
pulse spectrum in blue, with the frequency 
hole so that the CN stretch is not excited. 
Black curve: one minus the transmission 
spectrum of the DMF background absorption 
and the CN stretch absorption. (b) The energy 
absorbed by the on/off pulses [21]. 
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of fragile specimens that quickly degrade 
during experiments. A measurement speed 
up becomes even more relevant when 
scaling to multidimensional spectroscopy.

Compressive sensing (CS) is a signal pro-
cessing technique for efficiently acquiring 
and reconstructing signals. Resting on the 
assumption that the signal is sparse on 
some known basis [24], the number of 
required measurements could be reduced 
to M << N, where N is determined by the 
Nyquist-Shannon sampling theorem [25]. 
CS is suited for ultrafast optics because 
the system response is often dominated 
by a small number, or small range of fre-
quencies, implying the existence of a 
sparse basis.

The signal reconstruction proceeds 
through solving the convex optimization 
problem

for x̃ , with A=ϕψ-1 the sensing matrix, 
ψ a known N×N matrix transforming to 
the sparse basis x̃ =ψx,  ϕ a M×N random 
matrix,  y the M-points measured signal 
[26]. Once x̃  is computed, it is transformed 
to a N-points signal x in the measurement 
basis, which is the CS estimate of the 
ultrafast signal.

In Ref. [23], CS was tested on experimen-
tal data from ultrafast transient absorp-
tion (pump-probe) spectroscopy of broad 
plasmon band of the TiN nanoparticles, 
and ultrafast terahertz spectroscopy of 
a methylammonium lead iode (MAPbI3) 

thin film on quartz. Figure 4 shows the 
normalized root-mean-square error as a 
function of the sampling percentage, when 
comparing complete measurements with 
the estimated ones, being ψ the Discrete 
Cosine (DCT), Haar and Hadamard trans-
formations. Those results suggest that a 
sampling range of 15-25% gives a good 
estimate of the full signal.

This achieved speed up makes CS prom-
issing. However, the procedure still rests 
on a number of ad hoc elements, i.e., 
the arbitrary choice of the sensing ma-
trix, the determination of the suitable 
sampling and stopping criteria for the M 
samples. It has been proposed that, on 
long term, combining machine learning 
and CS would automatise the deduction 
of the appropriate transformations to 
deliver the required sparsity, and hence 
the best estimation [27].

Simultaneous frequency and time reso-
lution using time-frequency transforms

In ultrafast spectroscopy the data are 
recorded both in time and frequency do-
mains [6], the translation between them 
being achieved by numerical computation 
of the direct/inverse Fourier Transform 
(FT). The spectral domain allows the iden-
tification of the relevant frequencies, 
associated with the energy of the states 
involved in the coherent superposition 
[5], where higher amplitudes represent 
a dominant “time averaged”contribution. 
Multi-component transient signals, as 
often encountered in ultrafast experi-
ments, result from the superposition of 
several beating components, each one 
characterized by different frequencies 
and time-dependent amplitudes. Many 
relevant physical phenomena (i.e., relaxa-
tion, exciton transfer) may be represented 
by those signals, the interpretation of 
which would require simultaneous time 
and frequency resolution, to detect how 
frequency contents change over time. 
This is, however, constrained by a known 
uncertainty relationship [29], rendering 
classical FT analysis unsuitable for this task.

Figure 4: Normalized RMSE vs sampling percentage in (a) ultrafast transient absorption spec-
troscopy of TiN nanoparticles, (b) ultrafast terahertz spectroscopy of MAPbI3 [23]. 

Eq. 1

Figure 5: Example of TFT map showing the amplitude of frequencies changing over time. The 
original signal is showed at left (frequency) and at top (time) for comparison [28]. 

(a) (b) 
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Time-frequency transform (TFT) has been proposed to circumvent this limitation [30]. 
It consist in defining 2D-maps S(t,ν) whose amplitude shows a correlation between t 
and ν for the given signal. Some examples are presented below.

The Short-time Fourier Transform STFT, Eq. (2), examines the frequency content of 
the signal s(t’) as the window function h(t’-t) is moved along t, providing the FT only 
of the signal portion delimited by h,

The Continuous wavelet transform CWT, Eq. (3), uses a short time oscillating function 
ψ called wavelet instead of a fixed window h(t). The transform amplitude gives, at 
each time t, higher values when the typical frequencies of the signal s(t’) match the 
frequency a,

The Wigner-Ville distribution WV, Eq. (4), is the FT of the signal autocorrelation func-
tion with respect to the delay variable. Its frequency integration gives the modulus 
of the signal |s(t)|2, while integration over time gives the energy spectrum |S(ν)|2. Its 
generalization using window functions h,g gives the smoothed-pseudo-Wigner-Ville 
distribution (SPWV), Eq. (5),

In Ref. [28], the performance of those and other transforms was tested with a ref-
erence signal, for which the lifetime of each frequency was known in advance. The 
results showed that most of those transforms are robust when signal noise is added, 
and are insensitive to the chosen window functions, for which using gaussians results 
convenient. However, the gaussian’s widths are still critical parameters for the analysis, 
leaving its choice to heuristic criteria depending on the target signal.

Figure 5 shows an example of TFT map. From the plot, the following can be addressed: 
1. coherence characterization, through the observation of the lifetime of frequency 
signals, 2. the identification of energy transfer pathways, by following the activation/
deactivation of frequencies over time. This makes TFT a valuable resource when study-
ing ultrafast response in molecular systems.
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