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ABSTRACT: 

We make a concise review on the current research lines at the Centro de Láseres Pulsados 
Ultracortos Ultraintensos (CLPU) associated with Universidad de Salamanca (USAL). A broad 
spectrum of fundamental research and applications on intense lasers is covered in our installations. 
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RESUMEN: 

Realizamos una revisión concisa de las líneas de investigación actuales en el Centro de Láseres 
Pulsados Ultracortos Ultraintensos (CLPU), en asociación con la Universidad de Salamanca (USAL). 
Un espectro amplio de investigación fundamental y aplicada se encuentra en la actualidad cubierto 
en nuestras instalaciones. 
Palabras clave: Láseres Intensos, Óptica No Lineal, Propagación, Generación de Armónicos, 

Attofísica. 
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1. Introduction 
The discovery [1] and further improvement of 
the CPA technology (Chirped Pulse 
Amplification), for the amplification of 
femtosecond pulses, has been the key element to 
the development of intense lasers. This 
technology is based in temporally stretching the 
pulses before the amplification, to avoid the 
damage of the active medium (typically a 
Titanium doped Sapphire crystal). After 
amplification, the pulse is recompressed to a 
temporal size similar to the initial. At present, a 
few laser laboratories around the world use 
laser systems with peak powers near or above 
the Petawatt. The group at CLPU-USAL began its 
activities in 1992 with the study of intense laser 
interactions with matter, by means of virtual 
labs with numerical simulation. In March 2003, a 
120fs laser at 0.5 TW was installed in USAL and 
an intense experimental activity has been 
developed since then. Nowadays a 30 fs 20 TW 
system is also in operational and a 100TW, 
followed by a PW, systems are expected in the 
near future. 

 

2. High-order harmonic generation 
Probably one of the most characteristic 
phenomena in non-linear optics is harmonic 
generation. The response of matter to fields with 
moderate intensities is no longer proportional to 
the field amplitude, and the oscillatory dynamics 
of the electrons increases its complexity. As a 
result, the spectral content of the target 
polarizability is enriched with new frequency 
components. The outcoming radiation is, 
therefore, endowed with these new spectral 
components, mainly at harmonic frequencies of 
the fundamental field. In conventional non-lineal 
optics, the intensity of the harmonics decreases 
gradually with increasing order. However, for 
lasers intense enough, the radiation of the 
highest harmonics becomes equally efficient, 
giving rise to a structure with the form of a 
plateau in the harmonic spectrum [2]. This new 
phenomenon reflects the emergence of a new 
mechanism in the physical origin of harmonic 
generation that now involves field-ionized 
electrons. The electrons, detached from the 
atom, are accelerated by the field and 

subsequently driven back to the parent atom, as 
the laser field changes its sign during the 
following half-cycle. The implication of 
continuum states allows introducing high 
energies in the transitions generating 
harmonics. Following the simple rules of 
classical mechanics, it can be demonstrated that 
the maximum harmonic frequency depends 
linearly with the laser intensity and 
quadratically with the wavelength [3]. Besides 
its fundamental interest, the existence of a 
plateau structure in which the efficiency of the 
highest harmonics is not degraded substantially, 
provides for sources of XUV radiation with 
coherence properties relevant enough to 
compete with the alternative methods, including 
free electron lasers and synchrotron radiation. 

At present, in CLPU-USAL we have two 
complementary lines involving high-order 
harmonic generation. On one side we have 
developed an experimental set up, where 
ultrashort and intense IR beams are focused on a 
pulsed gas jet (generally rare gases, but also 
molecular targets). The generated XUV radiation 
is analysed by means of a spectrometer in the 
vacuum UV range. Odd harmonics from the 
fundamental IR radiation can be obtained 
achieving orders of several tens (around 
harmonic 31 generated from Ar, above harmonic 
81 with Ne). Therefore, a source of coherent and 
ultrashort light in the XUV range is working in a 
day-to-day operation condition, opened to the 
community. Currently we are investigating 
different experimental lines. In particular, and in 
collaboration with Universidad Complutense de 
Madrid, the application of the high order 
harmonic generation to the understanding of 
molecular structure. We also use the HHG 
process as a mean for characterization of optical 
systems, such as faceted diffraction gratins in 
compressors.  

A particular effort is presently devoted to the 
full description of the HHG process and phase 
matching effects. Experimentally we are 
studying the spectral and spatial distribution of 
the radiation for different IR beam focalisation 
conditions, and comparing it with theoretical 
results. The characterisation and full 
understanding of the propagation is a first step 
towards the development of techniques of 
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control and enhancement of some of the XUV 
characteristics through the use of especial 
profiles of IR beams.  

In addition, we also have a theoretical line of 
investigation in the subject. In the recent years, 
our efforts have been focused in the 
development of theoretical models to reproduce 
the process of harmonic generation in atomic 
gas jets. Nowadays it is feasible to compute 
exactly the harmonic generation in a single atom 
through the numerical integration of the 
Schrödinger equation. However, the faithful 
reproduction of the experimental situation 
requires such solution in a huge quantity of 
atoms, submitted to different field conditions, 
depending of their situation in the gas jet. Also, 
the propagation dephase at each of these 
elementary harmonic sources has to be taken 
into account if one aims to construct the 
macroscopic response of the whole sample. 
Therefore, the derivation of simple, and yet 
accurate, models for the computation of the 
high-order harmonics appears almost 
mandatory. The most successful approaches are 
based on the S-matrix computations of the 
atomic or molecular dipole as a function of time. 
This approach can be very effective if combined 
with the Strong Field Approximation. However, 

solving exactly the S-matrix integrals has been 
for long time considered a very time-consuming 
task. The standard approach resorts to the 
saddle-point method, resulting in a semiclassical 
description of the harmonic generation process 
in terms of quasiclassical electron trajectories 
[4]. In CLPU-USAL we have recently developed 
an alternative procedure that allows for the fast 
computations of the integrals without the 
saddle-point method and, therefore, retaining 
the full quantum nature of the process [5]. We 
have demonstrated that our model gives a better 
quantitative description of the harmonic spectra 
for a wide range of laser parameters, including 
the scaling law for the harmonic yield vs. the 
fundamental laser wavelength. Our method is 
then used in a propagation code to compute the 
harmonic generation in a gas jet. Our 
propagation model is also speeded up by the use 
of the discrete dipole approximation. Instead of 
integrating the wave equation, we consider the 
gas jet discretized in microscopic cells, each one 
acting as a single radiator. The high-order 
harmonic generation in each cell is computed 
from the single-atom response and modulating 
its angular distribution with a form factor, that 
describes the effects of the phase matching 
within the cell [6]. 

 

 

 
Fig.1. Harmonic spectra vs trasnsversal dispersion at the CCD detector. (a) Experimental (b) Simulations. 
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3.  Nonlinear propagation and 
complete spatio-temporal 
characterization of ultra-short 
pulses 

3.a. Nonlinear propagation of ultra-short 
pulses: optimization of the post-
compression techniques. 

The propagation in air and other gases (noble 
gases, nitrogen, etc.) of the ultra-short ultra-
intense pulses that are available in the laser 
laboratories of the USAL and the CLPU is purely 
nonlinear. For this reason a group of researchers 
of both institutions is devoted to investigate 
these phenomena in order to gain understanding 
and to increase our control on the processes. The 
main nonlinear effects that appear during the 
propagation of these ultra-intense pulses are the 
beam self-focusing (SF), the self-phase 
modulation (SPM) and the ionization of the 
medium, all of them inducing an increase of the 
pulse spectral bandwidth, opening a way to 
shorten the pulses towards their temporal limit 
(one cycle) by the so-called post-compression 
techniques. 

The first high-energy post-compression 
scheme was proposed in 1996, and consisted in 
propagating a laser pulse inside a gas-filled 
hollow-fiber [7]. The spectral broadening 
produced during the propagation due to the SPM 
allows the shortening of the pulse. For this, it is 
necessary to use a compressor after the 
propagation, which can compensate the time-
shifts associated with the spectral phase 
structure acquired during the propagation. Some 
years later, in 2004, a different post-
compression scheme, based on filamentation, 
was proposed [8]. The filamentation process was 
first observed in 1995 and it was explained as 
the balance between the nonlinear beam self-
focussing (SF) and the defocusing effect induced 
by the plasma produced during the ionization of 
the medium [9]. The sequence of the formation 
of a filament is the following: SF decreases the 
spatial size of the beam until the intensity is high 
enough to ionize the medium. The resulting 
plasma defocuses the beam and compensating 
the nonlinear focusing effect, leading to a 
propagation of the beam in a non-diffracting 
manner over distances that may reach several 

meters, i.e. to light filaments. Similarly to what 
occurs in the nonlinear propagation in a hollow 
fiber, light filaments present an important 
spectral broadening due to the SPM and 
ionization. 

At CLPU-USAL we have developed numerical 
models to obtain a deep insight of the 
experimental observations and to be able to gain 
some control on the process. We have also 
developed different experiments to optimize the 
post-compression techniques, in particular, to 
optimize the throughput energy. The theoretical 
part has consisted of solving numerically the 
SEWA (Slowly Envelope Wave Approximation) 
nonlinear propagation equation, which includes 
the diffraction, dispersion, the SPM, the 
ionization, the absorption and other higher 
nonlinear effects, such as the self-steepening or 
the Raman effect. Some simpler models have 
been also used depending on the experiment. We 
have done experimental and theoretical studies 
of the nonlinear propagation below the 
filamentation regime, when the peak power is 
above the critical power but below the intensity 
threshold for the ionization. In this regime we 
have identified self-similar propagation 
solutions, very close to the Townes soliton [10], 
and we have also studied the temporal dynamics 
identifying some shortening effects [11]. When 
using pulses with higher peak powers we have 
studied the nonlinear propagation of special 
spatial distributions, like the distribution 
obtained from a double slit [12] or an optical 
ultra-short and ultra-intense vortex [13]. 

Nowadays we are concentrated on studying 
the optimization of the post-compression 
techniques, in particular, optimizing the energy 
throughput. We have studied the possibility of 
using different parameters of the input pulse, 
such as the polarization [14] or the chirp of the 
input pulse [15], obtaining output pulses with 
pulse energy well above one millijoule. Today we 
are able to generate pulses with 10 fs temporal 
duration and 1 mJ of energy and we have 
learned how to scale up this energy, and we are 
studying new strategies to improve these values. 
Besides these results, we have also noted, while 
studying the dependence of the output pulse 
characteristics when changing the chirp of the 
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input pulse, that the input chirp is a great 
parameter to achieve self-compression [16]. 

3.b. Spatio-temporal characterization of 
ultra-short pulses: STARFISH 

The characterization of the input pulses, as well 
as tracking their propagation, is very useful for 
our research. It is necessary to compare with the 
theoretical results, but also to understand the 
physical phenomena and to confirm the aimed 
results. In this way, we use different techniques 
to measure the temporal electric field of the 
pulse, such as FROG, SPIDER, Spectral 
Interferometry (SI) or autocorrelation. Also, we 
measure the spatial profile with CCD imaging 
and the wave-front with multi-wave shearing 
interferometry (commercial PHASICS).  

However, this separated characterization in 
time and space is many times not enough for our 
studies. For this reason, we have developed a 
new device, in order to do the complete spatio-
temporal characterization of the pulses: 
STARFISH (SpatioTemporal Amplitude-and-
phase Reconstruction by Fourier-transform of 
Interference Spectra of High-complex-beams) 
[17]. It is based on spatially resolved spectral 
interferometry obtained with a fiber coupler. 
This device has already been applied to study 
the linear propagation after diffractive optic 
elements and has allowed us to see the nonlinear 
propagation of a filament. 

 

4. Ultrafast nonlinear optics in 
crystal 

Laser technology for producing amplified 
femtosecond pulses is, in most of the cases, 
based on the use of Ti:Sapphire crystals as active 
medium. This crystal exhibits a wide 
amplification gain thus supporting the 
broadband spectra required to generate 
ultrashort pulses. Other crystals with similar or 
narrower gain are also used as active medium 
for femtosecond pulse generation but in all the 
cases the central wavelength of the so-produced 
pulses is in the near infrared. However, for many 
practical applications, shorter wavelengths are 
required (visible and ultraviolet): some 
examples are material surface nano-structuring, 
microprocessing in bulk or nanosurgery, and 

many others. The reason for that is the strong 
dependence of the laser-matter interaction 
phenomenology with the wavelength. Ultrafast 
nonlinear optics in crystals is the key tool for 
extending the spectral range of the available 
femtosecond beams to new wavelengths: 
second-harmonic generation and sum-frequency 
generation allow the conversion of light into the 
low-order harmonics (2nd, 3rd, 4th) and optical 
parametric amplification (OPA) [18] is the 
technique to achieve continuous tuning of the 
central pulse wavelength in certain ranges. 

On the other hand, in the search for even 
shorter laser pulses, gain bandwidths larger than 
that of Ti:Sapphire are required. The technology, 
nowadays under development, that holds the 
solution to this bottle-neck is the optical 
parametric amplification, which uses a 
combination of temporal pulse stretching and 
noncolinear interaction geometry in certain 
nonlinear crystals. It is usually termed as optical 
parametric chirped-pulse amplification 
(OPCPA): it exhibits a huge gain bandwidth 
supporting the amplification of pulses in the 
single cycle regime [19]. This technique has 
many problems to overcome but it is now 
consolidating as the key for future systems.  

Concerning these topics, we have recently 
initiated an experimental research line devoted 
to the study of parametric processes with 
femtosecond pulses in nonlinear crystals. Even 
though the fundamentals of second or third 
harmonic generation are very well established, 
there are many optimizations in the 
experimental setups that can be done in order to 
improve the conversion efficiency, or to tailor 
some properties of the generated pulses. In 
particular, we have worked in the integration of 
diffractive elements in nonlinear crystals in 
order to do beam shaping of the second-
harmonic pulses [20] or to control some 
temporal properties of the interacting pulses in 
third-harmonic generation [21]. Such diffractive 
elements were written in the surface of the 
crystals by ultrafast ablation induced with 
femtosecond pulses strongly focused in the 
surface of the crystal, leading to a high-precision 
micrometer size structuring. The application of 
external diffractive elements (diffractive lenses) 
to parametric processes has been recently 
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demonstrated to allow tunability by very simple 
mechanisms [22]. This work is done in 
collaboration with researchers of the Grup de 
Recerca d’Optica de Castelló (Universitat Jaume 
I). Regarding OPA, we have developed a two-
amplification stage system to produce tunable 
femtosecond pulses in the visible (see Fig. 2). 
The system is pumped by the second harmonic 
of a Ti:Sapphire laser and seeded with 
supercontinuum pulses generated in bulk. We 
are now working on the introduction of some 
diffractive elements both in the supercontinuum 
generation stage as in the focusing of the 
pumping, which could extend the tunability 
range or improve the conversion efficiency. The 
experimental tools for the spatial and temporal 
characterization of the generated pulses are also 
under investigation, and some of them have 
been developed in our group. The use of 
nonlinear crystals for the retrieval of the spatial 
phase of ultraintense laser pulses is also under 
investigation. 

 

 

 
Fig. 2. a) Tunability of femtosecond pulses generated in a 
non-collinear OPA using a BBO crystal with the signal-pump 
delay. The signal is a supercontinuum pulse produced in a 
sapphire crystal. b) Second and third harmonic of a 
Ti:Sapphire femtosecond laser beam. 

5. Theory of attosecond imaging and 
strong fields in atoms and 
molecules 

Femtosecond pulsed lasers have been around for 
over three decades now, causing a revolution in 
chemistry with the possibility of observing and 
controlling chemical reactions in real time. 
However, the observation of electron dynamics, 
occurring on a time scale of attoseconds (1 as = 
10-18 s) has proven more demanding. The 
development of high intensity lasers, with peak 
intensities in the 1014–1015 W/cm2 range has 
just opened this possibility.  

The dynamics of an electron in an atom or 
molecule subjected to such an intense laser is 
dominated by the light field oscillation. The most 
important processes occurring in the interaction 
of high intensity lasers with atoms or molecules, 
namely, tunnel ionization, and electron 
recollision with the subsequent emission of 
high-order harmonics, scattered electrons or 
multiple ionization, occur on less that a laser 
cycle, which, for the wavelength of a typical high 
intensity laser (800 nm), lasts 2.6 fs. Therefore, 
any measurement based on these processes has 
a potential attosecond time resolution.  

There are several ways in which we can gain 
dynamical information from an atom or 
molecule with attosecond time resolution. One is 
based on the information about the system 
provided by the process itself, via photons as in 
high harmonic generation, electrons as in self 
electron diffraction or correlated momenta from 
multiple ionization. The other is using the 
attosecond XUV bursts produced in high 
harmonic generation to excite or probe the 
system in a conventional pump and probe 
scheme. The low conversion efficiency of the 
high harmonic generation process currently 
prevents the use of attosecond pulses for both 
pumping and probing the system but an 
alternative approach, using the IR driving laser 
as a streaking field for the electrons ionized by 
an XUV attosecond pulse has proven very 
efficient for measuring electron dynamics in 
atoms and solids with an unprecedented time 
resolution [23].  

At CLPU we are using theoretical models to 
develop new techniques of ultrafast 
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measurement in atoms and molecules which 
could be immediately implemented in the 
laboratory.  

High order harmonic generation in 
molecules. High order harmonics are generated 
when a tunnel ionized electron is accelerated by 
the laser field and recollides with the parent ion 
on a sub-cycle time scale. Thus, the recolliding 
electron acts as an ultrafast probe, transferring 
information about the structure of the system to 
the amplitude, phase and polarization of the high 
harmonic emission. In molecules, this scheme 
requires the molecule to have a well defined 
orientation in space with respect to the laser 
polarization axis that determines the direction of 
electron recollision. Experiments using laser 
induced molecular alignment have been 
successful in probing the instantaneous 
structure of the orbital from which the electron 
ionizes (the highest occupied molecular orbital) 
in simple molecules [24]. Recent advances have 
shown that these experiments may also provide 
information about the ultrafast dynamics of the 
hole left by the electron after tunnel ionization 
[25]. A deep understanding of these processes is 
essential to establish high harmonic generation 
as an ultrafast spectroscopic technique and to 
fully exploit its capabilities.  

Molecular attosecond streak camera. A 
XUV photon can ionize directly a core electron 
from an atom or molecule, creating a 
wavepacket in the continuum and a hole in the 
core which can be readily filled through an 
Auger process. The probe is the IR laser that acts 
as a streaking field deflecting the trajectory of 
the ejected electron. The amount of energy 
acquired by the electron depends on the exact 
timing between the ionization process, triggered 
by the attosecond pulse, and the IR field. The 
attosecond pulse is locked in time to the IR field 
from its generation, and their relative delay can 
be controlled by means of piezoelectric devices. 
Thus, measuring the energy of the electrons in a 
time-of-flight spectrometer as a function of the 
delay between the IR field and the attosecond 
pulse, it is possible to measure the time of 
ionization relative to the attosecond pulse. 
Attosecond XUV pulses therefore may provide 
access to the inner shell dynamics of atoms and 
molecules. This scheme has been successfully 
applied to measure the dynamics of Auger 
ionization in atoms and the delay in the emission 
of photoelectrons from conduction bands and 
core states in a solid. Here we are exploring the 
application of this idea to molecules, where the 
spatial alignment of the molecule may play an 
important role.  

 

 
Fig. 3. Amplitude and  phase reconstruction of the dipole in a molecule using the QSPIDER. Upper panel, the interference spectra in 
momentum space, the central minimum reflects the phase jump of the dipole phase. Green and blue lines reflect the original position 
in momentum space of the individual contributions. Lower panel, blue curve shows the reconstruction of the amplitude, black curve 
the retrieved differential of the phase. 
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QSPIDER. We are proposing a novel 
experimental scheme employing a train of 
attosecond XUV pulses together with the IR field. 
As in the attosecond streak camera technique, 
each attosecond pulse produces an electron 
wavepacket in the continuum whose momentum 
is modified by the streaking IR field. If we are 
able to produce two copies of the same electron 
wavepacket at different phases of the streaking 
IR field, this field will impart a slightly different 
momentum to each wavepacket. This shift in 
momentum causes the two wavepackets to 
interfere coherently producing a characteristic 
pattern. The observation of interference 
patterns between two photoelectron 
wavepackets would provide information not 
only about their amplitude but also about their 
phase, offering a unique insight into the 
dynamics of photoionization (Fig. 3). This 
concept is a quantum version of the SPIDER 
technique to characterize ultrashort laser pulses. 

Multiple ionization in atoms and molecules. 
Correlated electronic motion in multiple 
ionization of atoms and molecules is a reflection 
of the complex structure and correlations 
existing in the matter [26]. By using the laser to 
extract several electrons from a system we can 
study how these correlations are established in 
attosecond scale and how they can be measured 
in the laboratory. These studies will lead to a 
deeper understanding of how dynamics 
correlations are established in small systems as 
atoms or simple molecules. 
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