
Highest intensities, shortest pulses
Towards new physics with the Extreme Light 
Infrastructure

The Extreme Light Infrastructure 
(ELI) [1] will be the first research infra-
structure dedicated to the fundamental 
study of laser-matter interaction in the 
ultra-relativistic regime. It provides the 
link between high-field science and ultra-
fast science. It further offers a few 
gigantic steps towards connecting op-
tics, high-energy physics, nuclear phys-
ics, medicine and nuclear engineering, 
only to name a few.

To study laser-matter interaction in a new 
and unsurpassed regime of laser intensity 
(see Figure 1), ELI will provide laser light in 
the ultra-relativistic regime, where even ions 
become relativistically accelerated by the 
optical fields. At the center is an exawatt-
class laser, 1,000 times more powerful than 
either the Laser Mégajoule in France or the 
National Ignition Facility (NIF) in the USA. 
In contrast to those projects, ELI should at-
tain its extreme power from the shortness 
of its pulses (femtosecond (10-15 s) or atto-
second (10-18 s)). The infrastructure serves 
to investigate a new generation of compact 
accelerators, delivering energetic particle 
and radiation beams of femtosecond to at-
tosecond duration. Relativistic compression 
offers the potential of intensities exceeding 
IL≥1024 W/cm2, which encroaches on the 
vacuum critical field as well as provides a 
new avenue to ultrafast attosecond to zep-
tosecond (10-21 s) studies of laser-matter in-
teraction. ELI should provide wide benefits 
to society, ranging from improvements of 
oncological treatment, medical imaging, 
fast electronics and our understanding of 
aging of nuclear reactor materials, to the 
development of new methods of nuclear 
waste processing. In this article we out-
line the fundamental scientific rationale for 
weaving through three (or even four) ELI 
pillars. Why are the most intense lasers rel-
evant to the shortest possible pulses? What 
fundamental steps do the ELI pillars provide 
for the future growth of ultra-relativistic 
optics? What scientific impacts should we 
expect on adjacent scientific disciplines 
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such as high-energy physics, nuclear phys-
ics etc.?

Launched in November 2007, the Pre-
paratory Phase of ELI within the EU 7th

Framework programme has involved nearly 
40 research and academic institutions from 
13 EU Member Countries. It has led to the 
decision that this pan-European laser facility 
will form an integrated infrastructure, based 
on three to four sites. The facility should be 
operational in 2015 for the three first pil-
lars and 2017 for the highest intensity one. 
ELI will be the first large-scale infrastructure 
based in the eastern part of the European 
Community. It is an investment in laser sci-
ence and applications of an unprecedented 
amount, exceeding 800 million Euro. The 
project will run under a centralized manage-
ment, presiding over this integrated infra-
structure to promote research, knowledge 
sharing, training, and technology transfer.

Extremely High Intensity

Since the first demonstration of the laser 
principle in 1960, we have seen a relentless 
pursuit towards large-scale laser infrastruc-
tures, designed to fuse nuclei on earth for the 
production of energy. The most advanced 
are the National Ignition Facility (NIF) at 
Livermore and the Laser Mégajoule project 
in France. The NIF for instance delivers 1 MJ 
of laser energy in a few nanoseconds, cor-
responding to a peak power of 0.5 PW. ELI’s 
output power will exceed this a 1,000 times, 
producing a kilo-joule over 10 fs.

To get into the ultra-relativistic regime, 
we need to boost the pulse power and in-
tensity by 12 orders of magnitude, while 

maintaining the pulse duration. To reach 
this objective, we use amplification tech-
niques based on chirped-pulse amplification 
(CPA). First we stretch the pulse produced 
from a short-pulse oscillator before ampli-
fication by typically 103–104 times. CPA of-
fers the possibility to use superior energy 
storage materials like Nd:Glass, Ti:Sapphire, 
etc., reducing the size of the amplifier by 
the same amount. CPA prevents the spa-
tial and temporal beam degradation due 
to nonlinear effects during amplification. 
The reduced size of the amplifier entails a 
superior cooling and hence a greater laser 
average power. This technique led to an 
improvement of 103 in average power of a 
femtosecond oscillator, with a pulse dura-
tion of the order of 10–100 fs. Today CPA 
is being used on small micro-joule fiber la-
sers all the way up to large-scale kilo-joule 
systems.

In an elegant variant of CPA, known as 
OPCPA, the conventional laser amplifier is 
substituted by an optical parametric ampli-
fier (OPA), composed of nonlinear optical 
crystals. The OPA will produce an idler wave 
with reverse frequency chirp. Since the first 
proof-of-principle experiments in 1992, 
OPCPA became recognized as a rapidly de-
veloping amplification technology for high-
power femtosecond pulse generation. It is 
widely used either separately or in conjunc-
tion with laser amplifiers.

The ELI laser will be a hybrid OPCPA-CPA 
system, capitalizing on the best properties 
of both concepts. For instance, OPCPA can 
provide a large amplification over a short 
distance, while maintaining even the gain 
bandwidth. It will be used consequently at 

the front-end to amplify the pulse from the 
nano-joule to the joule level, i.e. over nine 
orders of magnitude. On the other hand, 
Ti:Sapphire-CPA alone will have the ten-
dency to reduce the laser bandwidth, but 
offers a better efficiency and demands a less 
complicated pump laser. So it will be used 
at the system duty-end, where the energy 
is important. It will boost the pulse energy 
efficiently from the joule to the kilo-joule re-
gime, a gain of three orders, small enough 
to maintain the laser bandwidth.

Ultrafast Science with Large-
Energy Lasers
ELI is supposed to offer short pulses in the 
range of attoseconds (10-18 s), which is the 
timescale of atomic events. For compari-
son, in Niels Bohr‘s model of a hydrogen 
atom, an electron completes a revolution 
around the proton in about 150 as. The 
latest advances in ultrafast science came 
about a decade ago, when physicists used 
intense femtosecond laser pulses to ionize 
a noble gas and found that new electro-
magnetic waves were generated in form of 
“high-order harmonics” at odd multiples 
of the original optical pulse frequency. It is 
the interplay between constructive and de-
structive interference in the superposition of 
these monochromatic light waves of equally 
spaced frequencies that gives rise to tem-
poral beating, the underpinning process of 
attosecond pulse generation (see Figure 2).

Further innovations in short pulse laser 
technology gave rise to the generation of 
even single attosecond XUV bursts, which 
was promptly followed by an upsurge of 

FIG. 2: Three-dimensional computer 
simulation of a solid target interaction, 
predicting the generation of attosecond 
pulses.
(Source: S. Rykovanov, C. Hackenberger)

FIG. 1: Development of maximum intensity in laser science and the relation to respective 
fields of research.
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extraordinary applications. Unfortunately, 
the number of photons per unit time limits 
the scope of applications of this attosecond 
pulse generation technique. In particular, 
most of the envisaged measurements are 
based on the pump-probe method: the 
attosecond pulse is split into two and one 
pulse triggers the system into motion or 
kick-starts a reaction, and the second one 
probes it after a controlled delay. But this 
approach is not possible with attosecond 
pulses from atomic harmonics: they are 
just too weak. The next goal is to induce 
“high-order harmonics” generation in an-
other non-linear medium, exhibiting higher 
efficiencies at higher laser intensities. The 
relativistic interaction of an intense laser 
pulse with an overdense plasma consti-
tutes a very promising approach towards 
this objective. The main advantage over 
the process of harmonic generation in rar-
efied gases is that the plasma medium al-
lows the use of higher laser intensities. The 
front end of the laser system envisioned 
for ELI is perfectly suited for this purpose. 
With projected specifications of few Joules 
energy output in few-cycle pulses, focused 
intensities of 1021 W/cm2 at few hundreds 
Hz repetition rates appear feasible. It will 

thus constitute the ideal driver to a source 
of intense attosecond pulses. At these in-
tensities, estimates of the number of pho-
tons emitted in a given spectral range and 
of the corresponding XUV pulse duration 
based on PIC simulations show that indeed 
such a source would have extraordinary 
properties. Without a doubt, the availability 
of an attosecond source with enough pho-
tons for pump-probe experiments will open 
the road to investigations with unparalleled 
temporal resolution for a multitude of new 
phenomena.

Applications

Besides the high-power laser backbone, 
the ELI-Nuclear Physics project in Bucharest 
(ELI-NP) is going to have a second source. 
This will be a -beam facility, to be devel-
oped and provided by the group of Chris 
Barty at the Lawrence Livermore National 
Laboratory (LLNL). Here brilliant, intense, 
and energetic photon beams will be gen-
erated via Compton backscattering of laser 
photons from a high-quality electron beam. 
With the -beam of ELI-NP several new ap-
plications can be developed. Many of the 
applications, e. g. in medicine or radioac-

tive materials and radioactive waste man-
agement, open up new perspectives in a 
socio-economical context.

Medical diagnostics and therapy
With the new -beams many new medical 
radioisotopes can be produced with bet-
ter specific and absolute activity compared 
to present production schemes. This is of 
particular interest for medical diagnostics 
and therapeutic purposes. With the narrow-
bandwidth -beams, we can increase pro-
duction cross sections by two to three or-
ders of magnitude compared to the existing 
average cross sections [2], rendering them 
even more interesting for large-scale indus-
trial applications. Here we shall focus on 
one of the most interesting isotopes, 195mPt, 
to give a flavor of the new possibilities.

In chemotherapy of tumors most often 
platinum cytotoxic compounds like cispla-
tin or carbonplatin are used. We want to 
label these compounds with 195mPt for phar-
macokinetic studies like tumor uptake and 
want to exclude “nonresponding” patients 
from unnecessary chemotherapy, while op-
timizing the dose of all chemotherapy treat-
ments. Here the 99 keV -transition of 195mPt
is used in single-photon emission computer 
tomography (SPECT). For such type of di-
agnostics a large-scale market can be fore-
seen, but it would also save many people 
from painful, but useless treatments. It is es-
timated in [2] that several hundred patient-
specific uptake doses could be produced 
with a -beam facility per day. However, 
this probably can be increased to 105, if op-
timum gateway states can be identified by 
scanning the isomer production with high 
–beam energy resolution.

On the other hand, 195mPt may be used in 
cancer therapy if transported to the tumor
by specific bioconjugates. Special antibod-

FIG. 5: Shown is the transverse electric 
field component Ey of a circularly polarized 
laser pulse incident onto a 5 nm thin, 
solid-density plasma. Like a light sail, the 
over-dense plasma is pushed in forward 
direction by the radiation. The image is 
based on a 2D PIC simulation.

FIG. 6: Electron wake field acceleration. (Credit: L. Veisz)

FIG. 3: Schematic picture explaining how a specific radionuclide can be transported to a 
specific peptide receptor.

FIG. 4: Nuclear 
resonance fluores-
cence of several 
actinides. The small 
width of the spectra 
on the energy axis 
demonstrates the 
high sensitivity of the 
method [3].
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ies may be used in radio-immunotherapy 
(RIT) or peptides in peptide receptor ra-
dionuclide therapy (PRRT). Linked to the 
radioactive isotope, they can guide it to the 
tumor. In Figure 3 we show how a radionu-
clide like 195mPt is transported to the specific 
peptide receptor.

Here 195mPt is of high interest, because 
the emitted conversion electrons and Au-
ger electrons have a rather small range of 
1.5–200 µm and allow to kill locally small 
tumor clusters, while the dose given to nor-
mal tissue is rather low. Many new thera-
peutic radioisotopes with this small range 
and high linear energy transfer (LET) can be 
produced by -beams.

Nuclear material inspection
The non-destructive detection of materials 
hidden by heavy shields such as iron with 
a thickness of several centimeters is diffi-
cult. Such inspection of clandestine materi-
als is of importance, e. g., for applications 
in nuclear engineering. The management 
of nuclear materials produced by nuclear 
power plants, the detection of nuclear fis-
sile material in the recycling process, and 
the detection of explosive materials hidden 
in packages or cargo containers are just 
some examples. A non-destructive assay 
method [3] has been proposed with the ex-
tremely high-flux laser Compton scattering 
(LCS) -source. The elemental and isotopic 
composition is measured using nuclear res-
onance fluorescence (NRF) with LCS -rays.
Figure 4 illustrates how characteristic reso-
nances of these elements can be identified.

One has to stress the political importance 
of this project. Measuring remotely and pre-
cisely isotopes like 239Pu, 235U or dominant 
fission products is very important for radio-
active waste management. The handling of 
radioactive waste and its long-term storage 
are partially unsolved problems not only in 
Europe, but worldwide, as exemplified by 
the strong interest and encouragement by 
the IAEA on this development.

Electron beams
Excellent secondary beams can be pro-
duced by laser acceleration. One example 
is the new light pressure acceleration [4]. 
Here an increase of the ion energy roughly 
proportional to the laser intensity is pre-
dicted. This process is illustrated in Figure 5.
Recently also the wake field acceleration of 
electrons with a very sharp electron energy 
and very little background electrons was 
observed [5]. In Figure 6 an electron spec-
trum is shown, where a laser with 8 fs dura-
tion, 3x1018 W/cm2 and 80 mJ was injected 
into an electron density of 2x1019/cm3. For 
the high repetition rates of 1 kHz available 

in the Prague pillar of ELI, feedback systems 
can lead to even more stable beams. Scal-
ing the present results to the much higher 
laser energy of 5 Joule and repetition rates 
of 1 kHz as envisaged for the ELI Beamlines 
Facility in Prague, many interesting ap-
plications can be foreseen. These include 
laser-driven ions in hadron tumor therapy, 
or using X-rays originating from electrons 
passing through undulators for diagnostics 
in life science or material science.

Nuclear Physics and Astrophysics
The origin of the heaviest elements (e. g.
gold, platinum, thorium, uranium) remains 
one of the 11 greatest unanswered ques-
tions of modern physics, according to a 
recent report by the US National Research 
Council of the National Academy of Science. 
Dense, laser-accelerated ion beams open 
up new access to very neutron-rich nuclei, 
relevant to heavy element production [6]. A 
new ‚fission-fusion‘ nuclear reaction process 
allows to produce the decisive neutron-rich 
nuclei in the range of the astrophysical 
r-process (the rapid neutron-capture pro-
cess) around N=126. This is achieved by fis-
sioning a dense, laser-accelerated thorium 
ion bunch in a thorium target, where the 
light fission fragments of the beam fuse 
with the light fission fragments of the tar-
get. So far the known isotopes are about 
15 neutrons away from astrophysically rel-
evant isotopes, the nuclear properties of 
which are unknown (see Figure 7).

A dramatic contrast with respect to ordi-
nary radioactive beam facilities, where low-
density radioactive beams of one ion spe-
cies are merged with stable targets is the 
following. The novel fission-fusion process 
draws on the fusion between high-density, 
neutron-rich, short-lived, light fission frag-
ments both from beam and target.

Using a high-intensity laser with 300 J
and 32 fs pulse length, as, e. g., envisaged 
for ELI-NP, estimates promise a fusion yield 
of about 103 ions per laser pulse in the mass 
range of A=180–190, enabling to approach 
the r-process waiting point at N=126. The 
produced nuclei from the fission-fusion pro-
cess will be injected into a Penning trap to 
measure their nuclear binding energy with 
high accuracy [6]. This information will 
help in understanding the heavy element 
production by neutron capture.

Heavy nuclei synthesis

Using laser radiation pressure acceleration 
(RPA) for hole-boring [4], bunches of 232Th 
with solid-state density can be generated 
very efficiently. As production target a tho-
rium layer (approx. 0.5 µm thick), placed 
on a deuterated diamond-like carbon foil 
[CD2]n (with approx. 0.5 µm thickness), 
is used. Laser-accelerated Th ions with 
about 7 MeV/u will pass through a thin 
[CD2]n layer in front of a thicker second 
Th foil (both forming the reaction tar-
get) closely behind the production tar-
get. Here they disintegrate into light and 
heavy fission fragments. In addition, light 
ions (d,C) from the [CD2]n backing of the 
production target will be accelerated as 
well, inducing 232Th fission also in the sec-
ond Th layer. The laser-accelerated ion 
bunches with near solid-state density are 
about 1014 times more dense than usual 
ion bunches. This gives rise to a high fu-
sion probability of the generated fission 
products when the fragments from the 
thorium beam strike the thorium layer of 
the reaction target.

INFO

FIG. 7: Nuclidic chart, showing the different nucleosynthesis processes like the r- and the 
s-processes (red) together with contour lines of the new fission-fusion process (blue) for 
producing very neutron-rich nuclei close to the N=126 waiting point of the r-process.
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The more Intense, the Shorter
The scientific motivation of this push to-
wards this extreme power [7] was first to 
explore the high-field frontier and the re-
lated high-energy frontier, enabled by 
high-intensity physics. However, it is also 
realized that the prospect to produce ex-
ceedingly short bursts of energetic radia-
tion and particles can come from intense 
lasers. In fact shortest pulses can only come 
from the most intense lasers. This is because 
of the following relationship between the 
pulse shortness and the intensity of laser 
that drives it [8]. It may be called the Pulse 
Intensity-Duration Conjecture – in order to 
shorten the pulse duration, we need to in-

crease the intensity. The reverse is, that the 
increase of laser intensity I may be achieved 
by shortening of the pulse length T – as 
simple as the equation I=E/T, where E is the 
laser energy per unit area. This is obvious, 
but the Conjecture T=E/I is not.

As quantitatively shown [8], we witnessed 
the inverse proportionality between the du-
ration and intensity over 15 orders of mag-
nitude. In this range, we have encompassed 
the exploitation of nonlinearities of molecu-
lar, atomic, plasma electronic and relativis-
tic origins. Encouraged by this Conjecture, 
a more recent theoretical projection [8] has 
been suggested to reach shorter pulses. It 
employs the compressed super-solid density 
as an ultra-relativistic flying mirror to reach 
another three orders of magnitude cover-
age of the Conjecture. In order to reach the 
shortest possible pulse length, we not only 
generate higher frequency coherent pho-
tons, but also compress them, which takes 
higher intensity. Employing the converse of 
the Conjecture, this means that we need to 
increase the laser energy as well.

We have learned that matter exhibits 
nonlinearities, when irradiated by a strong 
enough laser. Manifested nonlinearities vary 
depending on the strength of the “bending” 
field (and thus the intensity). The stronger 
we “distort” the constituent matter, the 
more rigid is the “distorting restoring” force 
we need to exert. The more rigid the force 
is, the higher is the restoring frequency. The 
nonlinearities of matter may vary, but this 
response is universal, ranging over molecu-
lar, atomic, plasma electronic and ionic, and 
even the stiffest of all nonlinearities in the 
vacuum. Thus we have witnessed nature‘s 
display of the universal correlation between 
the pulse shortness and the intensity of its 
driving laser over the widest intensity range 
our laboratory has to offer.

Since the pulse duration goes inversely 
with the intensity from the millisecond to the 
attosecond regime, we can expect to look for 
even shorter pulses of zeptosecond duration. 
Such shortest coherent pulses in the zepto-
second-yoctosecond regime should be pro-
duced by the largest lasers, like ELI or NIF and 
the Mégajoule laser, with a proper reconfigu-
ration into femtosecond pulse systems.

High-energy and vacuum physics

The introduction of kilo-joule and mega-
joule lasers will bring in the unprecedented 
opportunity to enter into the science of 
high fields, but also into the ultra-fast sci-
ence going beyond atomic motions as 
needed for the study of atomic nuclei. We 
can learn from the example of the electron 
streaking by lasers that was carried out in 

Yoctosecond pulse generation
The shortest possible experimental pulse 
is based on the laser irradiation of a sol-
id, which acts as an oscillating relativistic 
mirror. This yields X-rays by a few 1,000th

of harmonic generation from the solid 
surface. In order to go beyond this, it 
takes a density beyond the solid density. 
A way to do so may be to compress the 
solid shell by laser implosion. In this ions 
have to be relativistically flying and com-
pressed, which requires orders of mag-
nitude more energy. A combination of 
this relativistically flying mirror with the 
implosion of it, such that its density may 
be enhanced by ten times in each di-
mension, results in a thousand-fold com-
pression of its density. We surmise that 
this may be achieved by a large energy 
pulse (around a mega-joule) at the ultra-
relativistic intensity of 1024 W/cm2 on a 
partial shell of a concave spherical target. 
This ultra-relativistic flying mirror with 
the imploding shell is capable of coher-
ently backscattering a 10 keV coherent 
X-ray pulse, producing coherent gamma 
rays of 100 yoctosecond duration.

INFO

FIG. 8:  The waveform of a few-cycle pulse 
(5 fs) is entirely mapped out by a single 
250 as XUV flash from atomic harmonics.

FIG. 9: Hierarchy of nature. While the 
Keldysh field is used to describe the 
ioniziation of atoms, the Schwinger field 
in an equivalent way describes the pair 
creation from vacuum.

an atom (see Figure 8). If we can generate 
a 100 ys coherent gamma pulse at an en-
ergy of 0.3 GeV, it will lead to a significant 
excitation of protons or neutrons, produc-
ing pions. Thus we expect a strong pion 
production. The high acceleration fields 
then allow to produce brilliant pion, muon 
or neutrino beams, opening the door to 
hadron physics. We are assuming an origi-
nal mirror of 3 µm x 3 µm, compressed to 
a 0.3 µm x 0.3 µm concave pancake scat-
tering back the gamma beam. If the geom-
etry is preserved, this can act to focus the 
gamma pulse further.

We now find ourselves in a situa-
tion where the field intensity exceeds the 
Schwinger value (above which electron-
positron pair creation is possible), but does 
not break down the vacuum. This is formally 
analogous to the regime of a large Keldysh 
parameter, where tunnel ionization of at-
oms is suppressed. Thus, super-Schwinger 
fields can probe the vacuum without con-
taminating the vacuum itself. We therefore 
can explore, for example, the dielectric per-
mittivity of vacuum under strong fields by 
phase-contrast imaging. This will provide 
an excellent chance to prove properties of 
nonlinear QED, QCD, and other fields.

When we explore the vacuum with high 
fields, we encounter the reincarnation of 
atomic physics in a wrapped-up fashion in 

EXAWATT POWER LASERS

28 Optik & Photonik December 2010 No. 4 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



vacuum (see also Figure 9). Let us explain 
what this is. Take an example of self-focusing 
in an atomic gas vs. the self-focus in vacuum 
[7]. The critical power for self-focusing in vac-
uum is directly related to the critical power 
for self-focusing in an atomic gas. The ratio 
of these two is simply -6, where ≈1/137 is 
the fine structure constant. It is also the case 
that the ratio of the Schwinger intensity to 
the Keldysh intensity is -6. When we try to 
explore the structure of nature via many enti-
ties deeper and deeper from the atom to the 
vacuum, we are now back to the square 1, 
when we enter the vacuum. The above re-en-
counter of the Keldysh parameter is telling.

Conclusions

ELI is an important and giant step towards 
the integration of high-field science, ultra-
fast science and large-energy laser science. It 
is also expected to closer integrate tradition-
ally distinct fields of science, such as high-
energy physics, nuclear physics, the research 
in nuclear energy and medical imaging. The 
more intense a laser is, the more capable it 
will be to generate shorter coherent bursts 

of radiation and particle beams. This dictum 
guides us how to proceed with ultra-relativ-
istic optics to explore high field science and 
ultra-fast science in the future. We also open 
up a possibility to look at nuclei through 
-rays and perhaps in the future even with 

coherent -rays, just as we have done to 
study atoms with coherent optical beams (la-
ser) since 1960. ELI could reveal the secrets 
of the vacuum, by doing so we can reach out 
to new ways to explore nuclear physics and 
high energy physics with most intense la-
sers. We also lay down a few stepping stones 
towards utilizing even larger energy lasers, 
such as NIF and LMJ. We conclude that ELI 
could provide a significant gift not only to 
the 21st century science, but equally to medi-
cal and nuclear energy applications.
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