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Abstract This special issue of the European Journal of Physics: Special Topics entitled “Intense Laser
Matter Interaction in Atoms, Finite Systems and Condensed Media” published a set of 21 articles aiming
to put in perspective this burgeoning area of science, application and technology. The invention of chirped
pulse amplification by Strickland and Mourou, which led to their Nobel prizes in 2018, has ushered in
a new era in photon–matter interaction where coherent intense light pulses in the optical and infrared
domains play a central role. This development has not only called in creative experimental methods, but
has demanded new theoretical approaches working in the non-perturbative and highly nonlinear regimes
of light–matter interaction. Both for fundamental physics as well as key applications these have played
an essential role. Key pillars of this subject, captured in this collection, are laser-induced nanometer-
scale plasmas ignited in unsupported nanoparticles, laser-based particle acceleration taking advantage of
unprecedented field gradients, the generation of high-order harmonics opening up attosecond science and
ultrafast X-ray spectroscopy, and the generation of terahertz pulses for time-domain spectroscopy of new
materials.

1 Introduction

Laser-matter interaction is an important area of physics
explored with equal enthusiasm both in experiments
and theory. It encompasses a wide range of topics in
research which are both of fundamental importance as
well as cross-disciplinary application. This involves a
whole range of interactions between light and matter
from single and entangled photons [1] to classical waves
obeying Maxwell’s equations going up to very intense
fields [2,3] reaching the Schwinger limit [4]. At every
stage of these interactions a new level of complexity
[5] is introduced leading to the development of a sub-
stantial body of knowledge which often involves one or
more Nobel prizes [6]. Therefore, we prudently restrict
this issue to important aspects of intense laser-matter
interaction albeit in a wide range of media-atoms, finite
systems and the condensed phase. However, this is not
entirely deliberate as this special issue is inspired by
the award of the Nobel Prize in 2018 to Arthur Ashkin,
Gérard Mourou and Donna Strickland “for ground-
breaking inventions in the field of laser physics” [7].

The advent of ultrashort laser-pulse amplification has
opened the way to studying light-matter interaction in
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new regimes. At intensities where the strength of the
light field approaches or even surpasses the internal
electric field inside atoms and solid bodies, the response
of matter to light is dominated by nonlinear phenom-
ena such as white-light generation [8], filament propa-
gation [9], and the generation of high-order harmonics
and attosecond pulses [10]. By strong-field ionization,
condensed media are transformed into plasmas that fea-
ture drastically altered optical properties. A great chal-
lenge for current and future research is to deepen our
understanding of laser-induced plasmas and, based on
that, to develop strategies to utilize them for applica-
tions such as extreme-ultraviolet photolithography [11],
micromachining [12], biomedical imaging [13], or parti-
cle acceleration [14].

This special issue features 21 articles addressing some
of these and other related current research topics both
from an experimental and a theoretical perspective.
These are due to the efforts of leading and upcoming
researchers in various aspects of this rich field of work
including theory, computation and experiment. The
wide span of geographies of the contributing authors is
another testimony to the immense importance of this
vista of science captured in this issue.

This collection contains articles on the theoreti-
cal aspects laying the foundation for intense laser-
matter interaction and its immediate consequences such
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as high-order harmonic generation (HHG) and laser-
induced plasmas. The recent application of HHG to
investigate solids and nanostructures is covered by
representative recent research published in this issue
through contributions detailing ongoing theoretical as
well as experimental efforts. An important contribution
to this issue presents the details of the multi-purpose
beamline at the Extreme Light Infrastructure facility
which enables and advances this science. Attosecond
pulses resulting from these coherent sets of harmon-
ics has revolutionized ultrafast dynamics pushing the
envelope down to sub-100 as. This enables probing
tiny delays in photoemission processes predicted sev-
eral decades ago by Wigner [15]—an article each on the
theoretical and experimental aspects of related physics
are captured in this issue. Laser-induced plasmas have
received special attention owing to the unique oppor-
tunity presented by the confinement of these highly-
charged media. Paradigmatic systems—doped helium
nanodroplets exposed to intense soft X-ray pulses, as
well as non-uniform charging and resonance absorption
in fusion-ready nanoplasmas induced by intense near-
IR pulses are presented by constituting authors of this
issue. Further, analytical studies on exploiting the chirp
of fs pulses for particle acceleration and exact solutions
for charged particle motion in intense fields are dis-
cussed. This collection also hosts a few articles which
are related to the central theme but may be considered
off-mainstream. A tutorial review presents the physics
of realizing strong light-matter coupling in the context
of polaritons—a topic of growing interest in condensed-
matter research. Further, terahertz pulses originating
primarily from intense laser-matter interaction albeit
in the perturbative regime are the subject of discussion
in a couple of articles.

Thus, this issue serves the original intent of being
a journey from the foundations and fundamentals of
the science of intense laser–matter interactions through
to the state-of-the-art in physics, applications as well
as impact in related areas. This effort has been greatly
facilitated by the guest editors’ long-standing and fruit-
ful collaboration currently supported by the Scheme
for Promotion of Academic and Research Collabora-
tion (SPARC), established by the Ministry of Human
Resource Development, Government of India.

2 Laser-induced nanoplasmas

Free atomic clusters and nanoparticles are particu-
larly attractive targets to study light-matter inter-
action in regimes of high intensity as provided by
amplified ultrashort laser pulses. Nanoclusters exposed
to intense pulses tend to undergo avalanche ioniza-
tion resulting in Coulomb explosion of the system on
the time scale of 0.1–10 ps. The final products are
hot, quasi-thermal electrons, multiply charged ener-
getic ions, and visible up to X-ray photons [16,17].
The most interesting properties of clusters driven by
infrared pulses result from their high energy absorp-

tion per atom once ionized, by far exceeding the values
achievable in atomic jets or planar solid targets. The
underlying mechanism is resonance absorption by an
electronic nanoplasma which forms through avalanche
ionization. The resonance occurs when the nanoplasma
eigenfrequency matches the frequency of the laser light
[18]. For these fundamental studies, rare-gas clusters
are the preferred target systems because they repre-
sent dense assemblies of atoms that are nearly unper-
turbed by chemical bonds and because they are rela-
tively easy to produce in free jets. While laser-induced
nanoplasmas are fairly well understood owing to dedi-
cated experiments and detailed model calculations, cer-
tain details of the complex ionization dynamics remain
unresolved. These include the coupling between elec-
trons and ions through collisions, the charge migra-
tion within the nanoplasma, and the recombination of
electrons and ions into highly excited atoms and ions.
Multi-component clusters present a particularly rich
variety of energy and charge transfer and ionization pro-
cesses. In particular doped helium nanodroplets have
attracted considerable interest in this context due to
their superfluid nature, the extreme difference between
ionization energies of guest species and the host sub-
stance (helium), and the high level of control of the
structure of the dopant-droplet system [19–22].

In this special issue, intense laser-matter interac-
tion is studied experimentally by Komar and cowork-
ers using free argon clusters at laser intensities up to
1015 Wcm−2 [23]. Using a charge-state resolving ion
energy analyzer based on a homogeneous magnetic field
and position as well as time-of-flight sensitive detec-
tion, the recoil ion energy distributions were measured
for charge states Ar+ up to Ar8+. These were well
described by a model which takes into account satu-
ration of ionization as well as details of the cluster size
and laser intensity distributions. At lower laser intensi-
ties, the ion energy spectra revealed distinct low-energy
gaps for the higher charge states, pointing at three-body
recombination occurring already during the laser pulse.
The authors concluded that the charge-state distribu-
tions developing during the laser pulse are inhomoge-
neous.

Jha and coworkers also present experimental studies
on the ionization of argon clusters, though at higher
laser intensities up to 4 × 1018 Wcm−2 [24]. Using a
Thomson parabola ion spectrometer, they were able to
measure ion charge-state propensity distributions and
charge-resolved kinetic energy spectra for Coulomb-
exploded argon clusters. For the most abundant ion,
Ar8+, kinetic energies up to 200 keV were measured.
To fit ion energy spectra, the authors extend a previ-
ous model based on uniform charging of the clusters and
propose a non-uniform charging scheme, similarly to the
work by Komar et al. [23]. This scheme gives detailed
insight into location of ions of different charges, their
energies, as well as the extent of screening by the quasi-
free electrons generated from the inner-ionization.

In an international collaboration lead by Möller, Neu-
mark, Bostedt, Vilesov and Gessner, Saladrigas studied
the ejection of ions from charged helium nanodroplets
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ionized by intense femtosecond X-ray laser pulses by
ion time-of-flight (TOF) spectroscopy in coincidence
with small-angle X-ray scattering [25]. The advantage
of the single-particle X-ray-imaging technique is that
the size of the target particle and the absolute photon
flux incident on each particle can be determined, while
ion TOF spectra inform about the maximum ion kinetic
energy. Owing to the strongly fluctuating experimen-
tal conditions in this event-by-event detection scheme,
a wide variety of regimes of ionization and expansion
are probed, spanning from the departure of all photo-
electrons from the droplet, leading to pure Coulomb
explosion, to substantial electron trapping by the elec-
trostatic potential of the charged droplet, indicating the
onset of hydrodynamic expansion. The findings are con-
sistent with the emergence of a charged spherical shell
around a quasineutral plasma. The results demonstrate
a complex relationship between measured ion kinetic
energy and droplet ionization conditions.

In their theoretical work using molecular dynam-
ics (MD) simulations, Mahalik and Kundu studied the
absorption resonance in a laser-driven deuterium clus-
ter as a function of the intensity, polarization, and dura-
tion of the laser pulse [26]. They find that the res-
onance shifts to lower frequencies for increasing laser
intensity and disappears at intensities where ionization
saturates. For intensities < 1017 W cm−2, the optimum
wavelength for maximum light absorption in deuterium
clusters lies around λ = 330 nm.

Last, Jortner and Heidenreich studied the energy
exchange between electrons and ions in laser-ionized,
exploding clusters on a microscopic level using MD sim-
ulations [27]. A snapshot of an exploding neon cluster is
shown in Fig. 1. For the system’s electrons and (H+)N
ions as well as electrons and (Ne8+)N ions, they com-
pute electron-ion collision times ranging between 10
and 50 as. When considering collisional energy trans-
fer within the entire cluster, electron-to-ion and ion-to-
electron energy transfer was found to be close to bal-
ance, providing on average a low net energy transfer
to ions. These findings provide strong evidence for the
absence of the so-called hydrodynamic expansions and
for the dominance of Coulomb interactions in the explo-
sion of the cluster nanoplasmas.

In another theoretical work based on MD simula-
tions, Heidenreich and Mudrich investigated the explo-
sion dynamics of a small argon cluster embedded in a
shell of helium atoms induced by soft X-ray ionization
[28]. They found that the helium shell acts as an tamper
due to the fast migration of electrons from the tamper
shell to the highly-charged core. As a low first ioniza-
tion potential is crucial for electron migration, hydrogen
turns out to be much more efficient a tamper material
than the isoelectronic helium which was previously dis-
cussed in this context [29].

Fig. 1 Snapshot of an exploding Ne10149 cluster after irra-
diation with a short near-infrared laser pulse (pulse peak
intensity 5 × 1014 Wcm−2, FWHM of the Gaussian electric
field envelope 30 fs), obtained from a MD simulation. Ion
charges are color coded, electrons are represented as small
white spheres. A quarter of the atoms is cut out to allow for
the view in the cluster interior. The time instant of the snap-
shot is represented as a green bar on the time axis together
with the oscillating laser electric field. The white cube has
a side length of 120 Å and is added as a size comparison.
Details of the MD simulation are given in the article by Last
et al. in this issue [27]. By courtesy of A. Heidenreich

3 High-order harmonic generation

High-harmonic generation (HHG) in gases is a well
established technique to generate ultrashort pulses of
extreme ultraviolet up to X-ray radiation. Applications
range from transient absorption spectroscopy of liq-
uids and solids [30] to attosecond science [10]. How-
ever, the conversion efficiency of HHG, usually per-
formed in atomic gases, is notoriously low (< 105).
Therefore, condensed-phase targets are being explored
in view of enhancing the yield and photon energy of
the generated radiation. In particular, solid and nanos-
tructured materials hold the promise of enhancing the
HHG efficiency and extending the harmonic spectrum
beyond the energy cut-offs limiting the achievable pho-
ton energy in gasphase HHG.
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In this special issue, Luu and Wörner have experi-
mentally demonstrated that using standard, amplified
30-fs-laser pulses and quartz as a target material, HHG
yields high photon energies [31]. By polarizing the input
pulses circularly, circularly polarized XUV pulses were
generated on demand. The XUV pulses had perfect
degree of circularity within the uncertainty of the cal-
ibration measurement. These results are expected to
open an extremely simple and effective way of generat-
ing circularly polarized XUV light for various applica-
tions such as circular dichroism experiments.

Yusofsani and Kolesik [32] have theoretically investi-
gated the similarities in the response of metallic nano-
tips and nano-structures to free atoms driven by strong
electric fields. To this end, they have generalized the
Fowler–Nordheim model for the electron emission from
a metal surface under the influence of an external elec-
tric field. They found out that in terms of the induced
dipole moment per atom on the surface, the response is
roughly as strong or even stronger than that observed
in noble gases like argon and xenon. The expected har-
monic spectrum only slowly falls off with the harmonic
order.

Bauer and co-workers studied theoretically the spec-
tra of HHG by various condensed-phase systems in
view of utilizing high-harmonic spectroscopy for unrav-
elling electronic structures and dynamics in condensed
matter. Specifically, they modelled finite, hexagonal
nanoribbons such as graphene and hexagonal boron
nitride, in armchair and zig–zag configuration [33]. Dif-
ferent boundaries given by the geometry of the system
are known to cause completely different high-harmonic
spectra compared to the bulk. The authors used a tight-
binding approach [34] as well as a description of HHG
in the bulk of solids by replacing the orbital energies
and the continuum by electronic bands [33]. They found
that characteristic features in the harmonic spectra,
such as onset and cut-off of the interband-harmonics
plateau, can be understood with the help of the band
structure of the respective system. The results for the
finite ribbons are in agreement with those found from
simulations without the tight-binding approximation.
Thus, tight-binding approaches capture the essential
mechanisms underlying HHG up to the cutoff. As they
are computationally much less demanding, the authors
suggest to use them for investigating much larger sys-
tems.

4 New materials and THz spectroscopy

From the pioneering work of Purcell [35] it is evi-
dent that the strong coupling between light and mat-
ter can significantly alter fundamental interactions to
the extent that even spontaneous emission rates can be
controlled. Polaritons, quasi-particle hybrids of matter
and light arising out of the strong coupling between
the two provide a versatile platform to investigate both
the physics and applications in this unique regime [36].
Optical cavities, where electromagnetic fields are spa-

tially confined, present ideal candidates for realizing
polaritons. Solid state fabrication enables the realiza-
tion of geometries and strategies such as distributed
Bragg reflectors between which materials of interest can
be sandwiched leading to the realization of polaritons
[37]. Kottilil and co-workers present the essential crite-
ria, design principles and configurations for implement-
ing polaritons in organic microcavities [38]. The key
advantage of the organic platform is facile synthesis of
these systems both for investigating the physics and for
leveraging applications using these schemes.

Femtosecond laser pulses in the optical and near-IR
regimes have enabled table-top terahertz pulses in a
frequency range where many molecular systems have
unique spectral signatures or fingerprints [39]. These
THz pulses are generated from fs pulses with near peta-
hertz oscillating frequencies. Two routes enable this: the
first employs photoconductive antennas in which tem-
poral gradients in the photocurrent of carriers gener-
ated in semiconducting materials like low-temperature
grown gallium arsenide lead to the emission of THz
pulses. Alternately, optical rectification of fs pulses in
suitable crystals such as ZnTe or more complex media
such as nematic liquid crystals [40] can be exploited
to generate THz ps pulses. While bolometric detec-
tors present a relatively convenient way to measure
THz radiation, time-domain spectroscopy remains the
go to solution where electro-optic sampling of the time-
varying electric field of these pulses by cross correlation
with fraction of the parent optical pulse enables THz
pulse metrology. One of the articles presented in this
context reviews the numerical methods employed to
determine material thickness using THz time-domain
spectroscopy [41]. This work is also important from
the context of understanding coherent artefacts in THz
metrology which can potentially obscure and mislead
measurements if not properly accounted for. Table-top
THz pulse generation and detection provides a unique
probe to obtain insights into quantum materials where
emergent phenomena find a fertile playground. The
state of the art in this context is adequately reviewed
by Bera et al. [42].

5 Theoretical aspects of strong
light-matter interaction

Even for small atomic systems, the theoretical founda-
tions of intense laser–matter interactions posed chal-
lenges which have motivated developments tailored
to suit these extremely non-perturbative situations
[43,44]. This has led to multiple approaches suited to
tackle different aspects of experimentally observed fea-
tures such as the peak structures in above-threshold
ionization, the plateau of high-harmonic spectra from
atoms and molecules and the measurements of time-
delays as well as so-called tunneling times. In this issue,
Madsen [45] reviews the associated developments from
a heuristic perspective.
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One of the important successes of intense laser-
matter interaction has been the arrival of attosecond
pulses in the extreme ultraviolet and soft X-ray spec-
tral regions. These have effected a revolution enabling
the study of sub- and few-femtosecond physics. These
are the natural timescales of electronic dynamics. As
a consequence, much recent attention has been paid
to measuring photoionization time-delays in atoms and
molecules. Although this was foreseen decades ago by
Wigner [15] who discerned the existence of a generic
time-delay which is the derivative of the scattering
phase shift with energy. These have been directly mea-
sured in systems ranging from atoms to the condensed
phase, leading to much debate about interpretation of
experimental results especially when they are compared
and matched to theoretical estimates and predictions
[46]. Deshmukh et al. present an instructive tutorial on
the Eisenbud–Wigner–Smith time delay from a theoret-
ical perspective [47].

Two articles are dedicated to analytical formulations
related to intense laser acceleration of charged parti-
cles. This theme is paramount to the physics and appli-
cation of intense laser-matter interaction science as its
potential is tremendous: not only do these accelerators
provide unprecedented field gradients for acceleration
[48,49]. Salamin et al. present a formulation of exploit-
ing the chirp of laser pulses as a means to gain advan-
tages in particle acceleration [50]. Mishra and Sengupta
present methods and a useful code to arrive at a solu-
tion of the Hartemann–Luhmann equation [51].

6 Experimental techniques

Developments in experimental techniques continue to
drive this field of research all the way from the serendip-
itous invention of chirped pulse amplification [2,3] to
the current generation of free-electron lasers [52,53].
This is also true for advanced time-domain investi-
gations both in the THz [39] as well as attosecond
domains [10,46]. In the former case, THz time-domain
spectroscopy [40] has matured to become a standard
technique to study advanced materials and their appli-
cations. Attosecond spectroscopy and metrology have
similarly pushed the envelope in investigating electronic
dynamics in quantum systems posing challenges for
both experiment and theory as new avenues continue to
be explored. This issue hosts articles which carry valu-
able insights and information on these aspects. Mukher-
jee et al. [41] review an important aspect of time-
domain spectroscopy with table-top THz pulses. Deter-
mining sample thickness and coherent artefacts which
arise from sample geometry play a considerable role
in interpreting signals resulting from electro-optic sam-
pling measurements. This tutorial consolidates the prin-
ciples and methods underlying this important aspect of
these investigations.

Attosecond pulses and table-top HHG based sources
for investigating atomic, molecular and condensed
phase systems have two important aspects to their

implementation: the first is a successful realization of
reliable and user-friendly workstations and beamlines
akin to synchrotron facilities. Next, techniques towards
stable, repeatable and rugged delay lines for attosecond
time-domain experiments are paramount in determin-
ing the success in each laboratory putting in consid-
erable efforts in this direction. Krikunova’s group at
the extreme light infrastructure (ELI) beamlines facil-
ity have put together an impressive facility in Prague
which is open to users. They showcase the end-station
for atomic, molecular and optical sciences titled—a
Multi-purpose station for Atomic, molecular and opti-
cal sciences and Coherent diffractive imaging–MAC
[54]. Here, the HHG emission from both a commer-
cial as well as an in-house built laser system can be
employed to perform time-resolved experiments with
continuously replenished jet targets which could be
atoms or molecules in supersonic jets, clusters pris-
tine as well as doped—jets, substrate-free nanopar-
ticles produced in an electrospray or a gas dynam-
ics virtual nozzle focused using an aerodynamic lens
to improve target density. This advanced end-station
offers state-of-the-art diagnostics for electron—as well
as ion-spectrometry—velocity-map imaging and time-
of-flight spectrometers, respectively, and an X-ray cam-
era. The authors who spiritedly push the envelope with
additions and improvements to these targets and diag-
nostics intend to add a magnetic bottle spectrometer
for detection and cryogenic continuous as well as pulsed
nozzles to generate doped helium nanodroplets. This
article may prove to be a valuable resource to cur-
rent and forthcoming users as it showcases the tech-
nical capabilities at this impressive facility. On a dif-
ferent note, in the THz context, Mandal et al. present
a tutorial on the various techniques involved in pro-
ducing attosecond delays well-suited for pump-probe
studies involving an attosecond pulse synchronized
with infrared, optical, ultraviolet or extreme ultraviolet
pulses [55]. Techniques for metrology, spectroscopy and
time-resolved studies both in the attosecond and THz
domains are well represented in this collection.

7 Conclusion

In this special issue, we bring together a representa-
tive collection of articles which span the entire range
from the theoretical foundations of the physics of
intense laser-matter interaction to applications in high-
harmonic generation and attosecond science, laser-
plasma acceleration, inducing highly ionized nanoplas-
mas and associated avenues such as strong-coupling
leading to polaritons and terahertz pulses for spec-
troscopy. This field of research continues to burgeon
as this collection was put together advancing some of
the aspects covered here, e. g., zeptosecond delays in
molecular photoionization [56]. This area of research
will continue to leverage the opportunities provided by
table-top femtosecond lasers in the optical and infrared
domains owing to the Nobel-prize winning invention of
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chirped pulse amplification. It is very appropriate here
to draw attention to rapid advancements in parallel,
especially those in modern free-electron laser sources in
the X-ray domain. These pave way to complementary
approaches where angstrom spatial resolution and sub-
/few-fs temporal resolution come together along with
electronic spectroscopy to provide a multi-dimensional
view of matter and material systems ranging from
atoms and molecules to clusters and micro-scale biolog-
ical systems [52,53]. This is ample testimony to a bright
future for this avenue of science which lights up physics,
chemistry and biology, and indeed, heralds a multidisci-
plinary approach in both photon science and its appli-
cations. Thus, this issue is an intermittent milestone on
the road and roadmap of the science, application and
technology of intense laser–matter interactions.
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