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ABSTRACT: 

Laser peak intensity is today close to 1023 W/cm2. This is a monster intensity that has a lot of 
practical applications and theoretical implications. In particular we start to consider that there is a 
fundamental upper limit of the intensity attainable for a laser beam were vacuum becomes unstable, 
and maybe this limit is experimentally not too far. Because of this a new branch of optics, the so-
called extreme optics is in progress. 

Keywords: Femtosecond Lasers, Petawatt Lasers, CPA Lasers, Nonlinear QED, Pair Creation, 
Extreme Optics. 

RESUMEN: 

La intensidad pico de los láseres está próxima a los 1023 W/cm2. Eso es una intensidad enorme que 
tiene una serie de aplicaciones prácticas y de implicaciones teóricas. En particular, se empieza a 
considerar que existe un límite superior fundamental de la intensidad alcanzable por un laser a 
partir del cual el vacío se hace inestable, y puede que ese límite no esté demasiado lejos. Debido a 
esto se está desarrollando una nueva rama de la óptica, la óptica extrema. 

Palabras clave: Láseres de Femtosegundo, Láseres de Petawatt, Láseres CPA, QED Nolineal, 
Creación de Pares, Óptica Extrema. 
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1. Introduction 
Extreme optics needs extreme lasers. This was 
clear from the very beginning of laser technology 
and the race for more and more intense lasers 
started immediately with Q-switching 
techniques and the with mode-locking. As more 
intensity was available, new phenomenology 
appeared and new physics was possible. For 
example the tremendous advance in atomic and 
molecular spectroscopy that represented in the 
seventies the saturation spectroscopy 
techniques. So lasers and laser amplifiers where 
moving for higher and higher intensities.  

The obvious idea to amplify more is to place a 
second crystal of the same active material as the 
oscillator with the convenient pumping. This is a 
clear basic principle, and of course it has a big 
problem, the damage threshold of the amplifier. 
By early eighties it was realized that as the 
intensity increases the energy density inside the 
amplifier crystal rod was too high and an 
important risk of breaking down such amplifier. 
Is this a fundamental limit? Apparently yes, but 
science has been able to overpass it. 

The first solution is to expand the beam in 
the transverse direction and work with a crystal 
big enough to avoid arriving to the damage 
threshold. This obvious solution lead in the 
eighties to the first Terawatt laser in the 
Lawrence Livermore National laboratory, the 
NOVA laser used such approach. At that time a 
TW laser was considered as a gigantic system 
affordable only by big National laboratories and 
with an extremely low repetition rate.  

Fortunately by mid-eighties, a group of 
researches at the Laser Laboratory at the 
University of Rochester (Rochester, NY), headed 
by Gerard Mourou, discovered a very clever trick 
to overcome this problem. This was the 
launching of the ultraintense laser technology. 
This new technique was soon known as Chirped 
Pulse Amplification, since it relies in chirping. In 
this respect the year 2010 celebrates the 50th 
anniversary of the laser and also the 25th 
anniversary chirped pulse amplification, a tool 
that has change the landscape of the laser 
possibilities. 

http://www.sedoptica.es/�
http://www.clpu.es/�
http://www.extreme-light-infrastructure.eu/�
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Chirped pulse amplification is now a well 
developed technology. It has allowed the most 
intense lasers ever dreamed of. Now with those 
lasers monster pressures, huge accelerations, 
and electric and magnetic field without 
equivalent on Earth. In this paper we review this 
technology and its applications. Moreover we try 
to justify that those lasers differ very much of 
the standard concept of a laser. First, they have 
nothing to do with monochromatic light. Those 
lasers are short time (femtosecond) and thus 
they are broadband. Second, they are not really 
light beams, but light bullets. A 30 femtosecond 
pulse, for example corresponds -for 800 
nanometre wavelength- to 10 microns. So when 
focused, this laser delivers something closer to a 
light bullet than to a light beam. 

 

2. Chirped pulse amplification (CPA) 
technology 

If a laser pulse is amplified more and more, then 
eventually it will be so intense that it will 
damage the amplifier. To reduce the energy 
density we can expand our laser pulse in space 
and in time. Expansion in space means that you 
must have a cross section as big as possible (but 
this is difficult in general because it implies 
wider optics and a much more complicated 
technology). The concept behind CPA is a 
scheme to increase the energy of a short pulse, 
while avoiding very high peak power in the laser 
amplification process itself. The clear fresh idea 
in CPA is to expand the pulse in time. A short 
pulse, because it is short in time, has a broad 
spectrum. When propagating through a 
dispersive medium it broadens since different 
frequency components propagate at different 
speeds. Once broadened, the pulse intensity is 
consequently reduced, and thus much 
amplification is possible. Once amplified, the 
long pulse can be recompressed with a pair of 
diffractive gratings, or with other optical 
systems, that compensate the dispersion from 
the stretcher of the beam. The energy is 
concentrated in time ideally to the same pulse 
duration of the initial pulse. In other words, this 
technology allows the extraction of the energy 
from the amplifier crystal distributed in time. 

The application of chirping to lasers 
originated with the work of Mourou and his co-
workers [1-4] at the University of Rochester. 
This is done by lengthening the duration of the 
pulse being amplified in a reversible fashion, 
using the technique of optical pulse 
compression, developed by Treacy and Martínez 
[5-7]. Lengthening the pulse in time avoids 
damage of the optical amplifier and allows 
efficient energy extraction from the laser gain 
medium, while avoiding damage to the optical 
amplifier. CPA is particularly useful for solid-
state laser media with high stored energy 
density. In this case full energy extraction by a 
short pulse would lead to intensities above the 
damage threshold of the amplifier materials. CPA 
lasers have, for the moment, several common 
characteristic components,  

• Oscillator, to generate the short pulses to be 
amplified. Pulses leaving the oscillator have to 
be short not just for the need femtosecond 
pulses but also for the need of a broad band.  

• Stretcher, to increase the duration of the 
pulses. Typically those pulses are then chirped 
using a dispersive delay line consisting of a 
diffraction grating arrangement. The pulse is 
stretched by a factor ranging from 1000 to 
10000. This means that a 100 femtoseconds 
pulse will become a nanosecond long. 

• Amplifier, a system with a laser active material, 
usually the same as the oscillator, that is 
optically pumped and that amplifies the 
stretched pulse. One or more stages of laser 
amplification are used to increase the energy 
of the pulse by several orders of magnitude. 

• Compressor, to give the pulses back their 
initial duration. Typically a second grating pair 
of diffraction gratings “symmetrical” with the 
stretching one is placed to recompress the 
pulse back to femtosecond duration. Proper 
optical design of the laser system is very 
important [8] to recompress back almost to the 
initial duration. The success of CPA techniques 
is the development of very sophisticated 
techniques to compensate dispersion induced 
by the laser components that light must cross 
inside the amplifiers (particularly the 
amplifying crystal itself). Moreover, at peak 
powers much beyond the Terawatt, the 
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compressor has to work in vacuum and this 
complicates much more the technology.  

An excellent review of the ultrashort high-
intensity laser pulse generation and 
amplification can be found in [9]. The landmarks 
of the 30-year evolution of ultrashort-pulse laser 
physics and technology culminating in the 
generation of intense few-cycle light pulses can 
be found in [10]. Moreover some alternatives are 
now under consideration that will help to push 
those CPA ideas to the limit, as OPCPA (OP stand 
for optical parametric) that uses parametric 
amplification to get the necessary broadband 
releasing the requirements on the fluorescence 
band of the crystal and allowing new and more 
convenient crystals to play a role in chirped 
pulse amplification. 

 
Fig. 1. Diagram of the different regions of interest for pulsed 
lasers. Diagonals indicate the energy per shot. The red dot 
indicates the expected position of the future Salamanca PW 
laser [11]. 

 

3. Present status of light-mater 
interaction phenomenology 

Many of the applications of these lasers come 
from the nonlinearities they induce, and the 
nonlinearities come mostly from the peak 
intensity. Thus, it is important to concentrate the 
peak power over a very small focal spot. At high 
powers the spatial profile of the pumping lasers 
modifies the profile of the generated laser beam 
and focusing is far from ideal (far from Fourier 
limit). Even with the Petawatt lasers available, 
peak intensities need a very sharp focus and 
thus a very good beam profile. For that reason 
often record intensities do not correspond to 
record peak powers. Much more work is still 

needed to optimize the focusing. The interest of 
a tight focus is clear because most of the 
phenomenology depends on the electric field at 
focus [12].  

The phenomenology of the interaction of 
such lasers with atoms, molecules and nuclei is 
very rich and surprising. Our understanding of 
the light-mater phenomenology has been very 
rapidly changing over the last decades. We 
review now the most important milestones. 

Below 108 W/cm2, approximately, the 
phenomenology is the standard Einstein’s 
photoelectric effect, in the sense that the photon 
is so short in energy to ionize. However, from 
1010 W/cm2 there are so many photons involved 
in the ionization that several of them can bring 
the necessary energy for releasing the electron, 
leading to multiphoton ionization. One of the 
main rules of Einstein’s photoelectric effect, the 
need of a photon more energetic than the 
binding energy of the electron now fails and 
ionization can occur with the absorption of a 
number of photons, not necessarily the 
minimum number of photons to arrive to the 
continuum, but more of them (in that case, the 
effect is known as above threshold ionization).  

This is the prevailing phenomenology until 
the electric field itself begins to play a role and 
suppress the Coulomb barrier that bounds the 
electron to the atomic nucleus. Beyond 1016 
W/cm2 electrons are simply released over the 
ionization barrier by something similar to the DC 
Stark effect. From this point on, ionization is 
simply due to the electric field strength, and 
dynamics is completely different from the 
multiphoton regime. A schematic representation 
of over the barrier ionization is presented in Fig. 
2. 

To have an idea of the strength of the field it 
is worth to remember the definition of the 
atomic unit of intensity. Atomic units are 
determined by m=e=ħ=1, being ħ the Planck 
constant, m the electron mass, and e the absolute 
value of the electron charge. In atomic units the 
speed of light is c=137. The atomic unit of 
intensity is 3.57×1016 W/cm2, an intensity that 
has been achieved for more than two decades. 
This intensity of the laser field corresponds to an 
electric field amplitude of 5.14×109 V/cm. Just 
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by the definition of atomic unit, this is the field 
experienced at a distance equal to one atomic 
unit (one Bohr radius) of a proton, i.e. is the 
electric field that an electron in the ground state 
of the hydrogen atom feels. This means that 
beyond the atomic unit of intensity electrons-
laser coupling is stronger that electron-nucleus 
coupling. So beyond atomic unit of intensity 
electrons are suddenly released from atoms by 
over the barrier ionization and move freely 
driven by the laser field. Thus generating 
instantaneously −in a few femtoseconds− a 
strongly driven plasma. 

As intensity increases, atoms have no 
meaning, and we must consider just a plasma of 
electrons and positive ions. Not only valence 
electrons are ionized, but inner shells can arrive 
to the barrier suppression regime. Two orders of 
magnitude more and the magnetic of the laser 
field begins to be relevant for the dynamics of 
the driven electrons. For the Ti:Sapphire 
wavelength (800 nanometres) ionized electrons 
travel at relativistic speeds [13] at intensities 
beyond 1018 W/cm2. 

To understand the dynamics of the 
relativistically driven electron, electrical charge 
–e, it is necessary to integrate the non-linear 
equation of motion, 

 −e�𝐸�⃗ + 𝑣�⃗
𝑐

× 𝐵�⃗ � = 𝑑(𝑚𝛾𝑣�⃗ )
𝑑𝑡

, (1) 

with 𝛾2 = (1 − 𝛽2)−1 and 𝛽 = 𝑣/𝑐. If the field is 
not very intense, below 1017 W/cm2, for 
Ti:Sapphire, then the electron motion is driven 
by the electric field. As the intensity increases, 

magnetic field effects are progressively more 
and more relevant and motion has a large 
component in the direction of propagation 
because of the coupling with the magnetic field. 
A typical integration of the relativistic motion 
equation for a linearly polarized laser is shown 
in Fig. 3 for 2.1019 W/cm2 intensity and 
Ti:Sapphire wavelength. The figure shows the 
trajectory of an electron, but a positive charge is 
also pushed in the forward direction.  

A relevant feature of the relativistic driven 
electron is that it starts at rest, accelerates to a 
large speed and decelerates to zero in half a 
cycle −a Doppler shifted cycle− of a few 
femtoseconds. The characteristic evolution of 
the velocity is shown in Fig. 4. For a linearly 
polarized field the trajectory lies on the plane 
determined by the electric field and the 
propagation vector. 

 
Fig. 2. Schematics of over the barrier ionization. 
Representation of the binding Coulomb potential (right) 
when the electric field is zero. At the maximum of the electric 
field (left) the Stark potential induces a slope in the Coulomb 
potential that opens a door in the cage binding the electron. 
The electron is thus released (arrow) by over the barrier 
ionization. For external electronic shells this happens at, or 
before, 1016 W/cm2. For inner shells this happens at 
intensities one or two orders of magnitude higher. This effect 
is due to the electric field. 

 

 
Fig. 3. The electron's trajectory for a linearly polarized laser field at 2.1019 W/cm2 and 800 nm wavelength. To the left there is a 
schematic representation of the incoming electric (red) and magnetic (green) fields. Laser propagates in the direction indicated by 
the k vector. Electron’s trajectory is bound to the plane indicated by E and k (k being the propagation direction). 
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Fig. 4. Electron's velocity footprint (red curve) for a linearly 
polarized laser field at 2.1019 W/cm2 and 800 nm 
wavelength. The velocity has a component in the direction of 
the electric field, vE and a component in the propagation 
direction, vk. Both scales are in terms of the light speed c, and 
the circle is just to observe that the electron’s velocity 
approaches the speed of light in two points. 

 

It is not difficult to show that relativistic 
electrons driven by near infrared lasers (800 to 
1,100 nanometres wavelength) start to appear 
beyond 1018 W/cm2. Longer wavelengths imply 
fields pointing at a given direction longer times, 
since the period is longer, and thus the higher 
accelerations. Because of this there are some 
laboratories working in laser acceleration with 
far infrared lasers (as the 10 micrometers CO2 
laser [14]). But such long wavelengths imply 
other unavoidable fundamental problems: the 
focal spot minimum size is governed by 
diffraction and so is proportional to the 
wavelength. On the other side of the spectra, 
ultraviolet lasers have fields oscillating too fast 
for a convenient acceleration in one cycle. As a 
result, near infrared seems nowadays to be the 
best option for acceleration.  

As we jump in the intensity ladder to values 
of the order of 1021 W/cm2, protons are also 
relativistically driven. As protons have a larger 
mass they need a higher intensity to become 
relativistic, but anyhow their motion is of the 
same kind as the one indicated in Figs. 3 and 4, 
with the same characteristic oscillations. As 
intensity increases other ions are also 
relativistically driven. In all cases, obviously the 
important parameter is the charge/mass 
relation.  

In the same way a laser accelerates a free 
particle, it accelerates a collection of charged 

particles –a plasma. When a laser is focused at 
those relativistic intensities on a target, it 
generates a plasma of relativistic electrons and 
−if the intensity is large enough− also of 
relativistic ions. The plasma appears in a few 
femtoseconds and thermatization is at those 
time scales a slow process. Released electrons 
moving close to the light speed have no time to 
feel their electrostatic repulsion and keep 
plasma densities close to solid densities for a few 
femtoseconds thus generating huge electrostatic 
fields that in turn can help in the accelerations 
process. As a consequence, new plasma effects 
such as wakefield acceleration −for tens of 
femtoseconds pulses− and bubble accelerations 
for few femtoseconds pulses- are now under 
study. For example, it is well established at a 
multi-Terawatt laser conveniently focused on an 
very thin aluminium target generates such 
electron cloud and its electrostatic field, and this 
field is sufficiently large to accelerate the 
protons coming form the water molecules 
adsorbed at the back surface of the aluminium 
thin film, as shown schematically in Fig. 5. 

To conclude this section, we must indicate 
that it is extremely difficult to measure the 
intensity at such frontier region. We can assume 
that a PW laser with a good wavefront quality 
can arrive to 1023 W/cm2 without great 
difficulty. Observe that a PW (1015 W) focused 
into a spot of one squared micrometer 
corresponds to that intensity. However many 
times the best wavefront quality is achieved with 
a somewhat not so extreme intensity, and the 
reported records, much beyond 1022 W/cm2, 
correspond to lasers of multi-hundred TW 
power [8]. For simplicity let’s us consider 1023 
W/cm2 as today’s achieved limit, for Ti:Sapphire 
lasers (800 nanometres) and about 30 
femtoseconds pulse duration. This intensity 
corresponds to 8.6×1012 V/cm for the electric 
field amplitude, and a magnetic field amplitude 
of 2.8×106 Tesla, which are extraordinary 
numbers. Of course those are oscillating fields 
with a 2.6 femtosecond period, so those 
maximum amplitudes last one femtosecond 
(imagine if those values were with static fields). 
But at those extreme fields even a fraction of a 
femtosecond is enough to induce extreme 
effects. 
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Fig. 5. Schematic representation of a common way to 
accelerate protons by wakefield acceleration with a 
ultraintense laser that is focused on a few micron thin 
aluminium target. Protons form adsorbed water come from 
the back surface of the very thin target. 

 

4. Density equivalent 
Taking about so huge numbers often is difficult 
to get a clear idea of what those numbers 
represent. At this point it is clear that a pulse as 
the one indicated is a huge field, but what exactly 
means huge? To convince the reader that this is 
a monster concentration of energy we propose 
the following analogy. This section is just an 
analogy without further implications other than 
clarify the meaning of those extreme intensities. 
It is well known that an electromagnetic wave 
carries an energy density. If the pulse energy is E 
and its length is L (its duration is thus 𝜏 with 
L=c𝜏) then the energy density is the energy 
divided by the volume, 

 Energy density = 𝐸
𝐿 𝑆

= 𝐸
𝑐 𝜏 𝑆

= 𝐼
𝑐
. (2) 

A laser pulse is electromagnetic energy, but 
ordinary mater is also energy if we consider the 
fundamental Einstein’s equation, E=mc2 , that 
implies that mass, m, and energy E are 
equivalent. So we can associate any mass density 
to an energy density and consequently to a laser 
intensity. This is the key point of the present 
analogy. 

 

 
Fig. 6. Schematic representation of the focus of a laser beam. 
We can consider the density of electromagnetic energy in a 
volume SL at focus. 

 

A 30 femtosecond laser pulse is a veil of light 
just 10 microns thick moving at the speed of 
light. If this is focused to a spot size of, for 
example, 1 squared micron, we have all the pulse 
energy concentrated on a volume of 10 cubic 
microns. A very small volume. But this is the key 
feature of lasers, we are now able to concentrate 
energy in a never before dreamed way. More 
precisely if   is the mass density (mass divided by 
volume) then the energy density is: 

 Energy density = 𝜌𝑐2 for mass, (2) 

 Energy density = 1
𝑐
𝐼 for light. (3) 

So we can consider that each intensity 
corresponds to a mass density, understanding 
that this is just an analogy to understand the 
meaning of such extreme fields. The mass 
density to intensity relation is therefore 

 𝐼 = 𝜌𝑐3. (4) 

This relation is very basic and illuminating. 
Always has been considered that matter is a 
huge concentration of energy, and when just a 
tiny fraction of that energy can be released (as in 
nuclear reactions) it has important 
consequences. Light is energy by itself, since it is 
electromagnetic energy.  

Einstein mass energy relation corresponds 
approximately to 9×1013 Joule/gram. This is a 
very important quantity of energy because we 
consider one cubic centimetre of water, for 
example. If instead of this volume, we would 
consider just one cubic micrometer of water, 
then this energy is just 90 J, an important energy 
but maybe soon achievable with a laser. Table I 
gives some values according to this relation. 

TABLE I 
Some typical values of the density of mass and their 
translation into energy density according to the Einstein 
energy-mass conversion equation. At the right column we 
can see their intensity equivalent. 

 Density 
(g/cm3) 

Energy 
density 
(J/µm3) 

Intensity 
(W/cm2) 

Air 0.001 0.09 2.7×1021 
Today’s 
lasers 0.037 3.3 1023 

Water 1 90 2.7×1024 
Sun core 150 1.35×104 4.05×1026 
Schwinger 
limit 30000 2.7×106 8.1×1028 
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What we learn from this table is that present 
day lasers are able to go much beyond the air 
density equivalent. So now probably more than 
30 labs around the world, including Salamanca 
are able to get light denser than air. According to 
the evolution of the technology it is expected to 
arrive in a couple of years to intensities of the 
order of 2025 to 1026 W/cm2, so probably soon 
the world record of intensity will exceed water 
density. 

Although this is just a didactic analogy, we 
tried to demonstrate that state of the art CPA 
lasers are a fabulous tool that provides a huge 
concentration of electromagnetic energy, 
relevant for many applications. Some of the 
applications are foreseen based on extrapolation 
of our knowledge at present day intensities. But, 
more important, many new unexpected 
applications can appear in the near future since 
there are some important uncertainties on the 
behaviour of the quantum vacuum at such high 
intensities. 

 

5. Future trends in basic physics 
A laser beam is a collection of photons, since 
photons are bosons then it can be possible to 
place infinite photons in the same state and thus 
there are no limits for the intensity of any laser. 
This seemed just an academic question for many 
decades, but maybe we are close to 
experimentally explore this limit.  

Quantum electrodynamics, QED, is the theory 
that describes the interaction of electromagnetic 
fields with charged particles, as well as the 
creation of pairs of particles in the presence of 
such fields, and related processes. From the 
early times of QED it was clear the existence of a 
critical field that can not exceed because of the 
spontaneous creation of electro-positron pairs. 
This critical field is now known as the Schwinger 
limit, since it was clearly identified and studied 
by this author [15] although it appeared in other 
previous works. The Schwinger critical field is 
given by 

 𝐸𝑆 = 𝑚2𝑐3

𝑒ℎ
= 1.3 × 1016 V/cm, (5) 

that corresponds to a laser intensity close to 
2×1029 W/cm2. At early QED times this was just 

academic since it was too far from experimental 
possible sources. Now this limit is still far but 
not too far and a lot of recent research activity is 
trying to understand much more precisely the 
Schwinger limit [16], and its onset. Close to the 
critical field, electron-positron pairs can appear 
from vacuum and vacuum thus becomes 
unstable since the number of pairs is so large 
that they take a significant fraction of the laser 
pulse energy. The probability of appearance of 
an electron-positron pair is proportional to 

 Number of pairs ∝ exp �−𝜋 𝐸
𝐸𝑆
�. (6) 

Since we are entering the region where light can 
generate pairs from vacuum, a lot of new 
questions are appearing those days. Moreover, 
two co-propagating high energy-photons cannot 
generate a particle pair since momentum-energy 
conservation has to be violated. In the case of the 
laser this is true, but now one million photons 
combine to give a pair, and momentum-energy 
conservation can be addressed in different 
practical ways: 

- If the laser beam is divided into two parts 
that collide head on. In that case pair creation 
process is maximized. This is closer to 
standard photon-photon collision with the 
peculiarity that the centre of mass energy of 
the photon-photon collision is a few eV, so 
millions of photons must act collectively to 
generate a pair. A number of studies are now 
under progress to design experiments of 
photon-photon scattering in vacuum [17]. 

- A focused beam implies a convergent 
wavefront and thus all photon momenta are 
not strictly parallel. So pairs can also appear 
in a relatively efficient way. 

- A last strategy to check the QED limit is to use 
just a collimated beam and to introduce a 
counter-propagating accelerated electron. 
The Lorentz boost from the lab frame to the 
approaching electron frame enhances the 
efficiency of pair production [18].  

There are thus many strategies under 
progress to analyse the decay of the quantum 
vacuum. Also there are many uncertainties, that 
now are very relevant because they can imply 
design of very expensive near future 
experiments. Two of the most relevant are: 
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- Are there charged particles with a mass 
smaller than the electron mass? If so, since 
the Schwinger critical field scales with mass, 
pairs of these hypothetical particles would 
appear before electron-positron pairs.  

- Pair creation process is a tunnelling process 
and tunnelling dynamics still is not very 
understood in many aspects. In this case, the 
generated particles appear inside a huge 
electromagnetic field, and therefore they 
suffer an intense acceleration just at the 
moment they are created. This is a not clearly 
solved problem. Most of the theories indicate 
that the pair is first generated and once it is 
real both individual particles are accelerated. 
However it could also be possible that the 
energy for the pair creation is not just the 
rest energy but the energy they need to gain 
to be inside the field (the so called 
ponderomotive energy). In that case the 
Schwinger limit will be shifted to higher 
intensities. 

Therefore, close to the Schwinger limit there 
should be a fundamental limit of the intensity 
attainable with a high power laser. It is not clear 
if this limit will occur before or after the 
Schwinger critical field, but it is clear that 
something will happen and that studies at 1026 
W/cm2 intensities are necessary. There are some 
efforts as ELI [19] to build in the future hundred 
Petawatt lasers that will allow experimental 
work on this. At 1026 W/cm2, if not before, most 
theories indicate that vacuum is non-linear and 
that virtual pair production will have some 
effects. Maybe such intense lasers will propagate 
in vacuum at a speed lower that c? Of course, we 
use the word vacuum very naïvely, at the 
Schwinger critical field, the density of 
electromagnetic energy corresponds to a mass 
density equivalent of 30 kg per cubic centimetre! 

In conclusion, having a conceptual upper 
limit for laser intensity, even when the laser is 
just loosely focused, is an interesting basic 
physical problem that needs a lot of future 
theoretical research. But such necessity of new 
modeling does not end with the existence of an 
upper limit. It is clear that pairs will appear and 
that those pairs will be violently accelerated. 
There are some clues that indicate that the 
acceleration of electrons in such extreme lasers 

can be relevant for general relativity and it is 
expected that such electrons –self-generated, or 
injected- close to the Schwinger limit will radiate 
in a similar way as in the proximity of a black 
hole. This kind of radiation, the so-called Unruh 
radiation is now subject of intensive study, and 
fundamentally experiments to measure it are 
under design [20].  

Summarizing, ultraintense lasers are 
evolving as a conceptually new tool to explore 
the quantum vacuum. What can be learned from 
such experiments is not clear, since the 
experiments themselves are not clearly designed 
yet. Anyhow experiments that seem just 
gedanken experiments a few years ago, can be 
considered now as feasible for the next decade. 

 

6. Future trends in applied physics 
Probably the existence of such fundamental 
questions is enough to trigger new research in 
ultraintense lasers and to justify the important 
economical efforts necessary to build them in 
the next decade. Moreover there are a lot of 
applications of such future lasers. Among them, 
the most relevant application is particle 
acceleration. Lasers are starting to be considered 
as the new paradigm for particle acceleration for 
two reasons: 

- A laser can accelerate a particle to GeV or 
maybe TeV energies in a few millimetres 
distance. Thus the need of long accelerators 
probably has to be revised. Also the need of 
storage rings can be questioned, and the 
whole architecture of particle accelerators 
has to be revised. 

- Laser acceleration is much faster than 
radiofrequency acceleration, so short-lived 
particles, as pions, muons, etc, can be 
accelerated more efficiently with this 
technique, and new experimental techniques 
can be developed.  

Anyhow, this will take some time, probably 
decades to be mature. And being lasers a 
promising alternative, probably also mixed 
techniques with laser and conventional 
accelerators may have some advantages. 
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In between this may have other practical 
applications. There are some techniques that 
need MeV particles and that are expensive and 
very complicated that can benefit of the 
simplicity of laser acceleration technology. 
Among them let us mention radiotherapy as one 
very promising example. 

Radiotherapy is a way to destroy oncological 
tumours by attacking the cancer cells with 
radiation. Standard techniques use now few MeV 
photons. Photon-therapy is efficient but has an 
important problem. As indicated in Figure 7, as 
an MeV photon enters the body it deposits 
gradually its energy. The damage on the tissue id 
proportional to the deposition of energy, so 
photons damage the tumour as well as the rest 
of tissue they find on their path. On the contrary, 
protons deposit the energy mostly on the point 
where the so-called Bragg peak occurs. The 
depth of the Bragg peak depends on the proton 
beam energy. So proton-therapy can be very 
effective if we are able to get mono-energetic 
beams of protons. Now proton accelerators in 
the range of 100-300 MeV are possible using 
cyclotron technology (standard or 
superconductor), but they are monster 
machines, too expensive a difficult to use to have 
a important weight in hospital therapy. Maybe 
Petawatt or multi-Petawatt lasers with modify 
that scenario [21]. 

 

 
Fig. 7. Energy deposition of photons and protons in human 
tissue. Photons are absorbed all along their path. Protons 
mostly deposit their energy at the Bragg peak. Adjusting the 
energy of the proton beam, the depth at which the beam 
deposits the energy can be controlled. The proton beam can 
thus precisely deposit most of its energy at the point where 
the tumour is growing, and this helps to reduce the 
secondary effects of radio-therapy. 

7. Conclusions 
Existing Petawatt lasers constitute one of the 
frontiers of physics and technology with 
important applications. But a future generation 
of multiPetawatt lasers will be able to analyze 
very fundamental physical problems. Most 
theoretical models suggest that there is an upper 
limit of the intensity attainable for a laser, the 
Schwinger limit. What is more relevant is that 
some designed lasers are not too far from that 
fundamental upper limit. The most important 
question now is to understand what will be the 
first features of the Schwinger limit that can be 
experimentally seen.  

Of course those lasers represent huge 
concentrations of electromagnetic energy, to 
visualize the value of this energy concentration, 
we propose to compare it with matter density. In 
this context we may say that we have now lasers 
denser that air and soon lasers denser than 
water will be build. 
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