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Abstract. The kind of laser extreme light infrastructure (ELI) provides will usher in a class of experiments
we have only dreamed of for years. The characteristics that ELI brings in include: the highest intensity
ever, large fluence, and relatively high repetition rate. A personal view of the author on the prospect of
harnessing this unprecedented opportunity for advancing science of extreme fields is presented. The first
characteristic of ELI, its intensity, will allow us to access, as many have stressed already, extreme fields
that hover around the Schwinger field or at the very least the neighboring fields in which vacuum begins
to behave as a nonlinear medium. In this sense, we are seriously probing the ‘material’ property of vacuum
and thus the property that theory of relativity itself described and will entail. We will probe both special
theory and general theory of relativity in regimes that have been never tested so far. We may see a glimpse
into the reach of relativity or even its breakdown in some extreme regimes. We will learn Einstein and
may even go beyond Einstein, if our journey is led. Laser-driven acceleration both by the laser field itself
and by the wakefield that is triggered in a plasma is huge. Energies, if not luminosity, we can access, may
be unprecedented going far beyond TeV. The nice thing about ELI is that it has relatively high repetition
rate and average fluence as compared with other extreme lasers. This high fluence can be a key element
that leads to applications to high energy physics, such as gamma-gamma collider driver experiment, and
some gamma ray experiments that may be relevant in the frontier of photo-nuclear physics, and atomic
energy applications. Needless to say, high fluence is one of most important features that industrial and
medical applications may need. If we are lucky, we may see a door opens at the frontier of novel physics
that may not be available by any other means. Finally, as the last lecture of this workshop the conference
organizers charged this paper also to briefly reflect on the talks that have been given at the ELI meeting,
which collectively pushed the envelope of the frontier of contemporary physics, an attempt is made to
touch on as many talks as possible.

PACS. 52.27.Ny Relativistic plasmas

1 Introduction

The accelerator has been one of (if not the most) im-
portant scientific instruments of 20th century science. As
known in the name of Livingtson’s chart [1], we physicists
have been able to exponentially increase its energy (and
thus the resolution) ever since its inception. It is based on
enormously sophisticated science and accompanied vast
amount of technological prowess [2]. This has contributed
to the truly revolutionary attainment of physical knowl-
edge in the last century nearly over its entire period. How-
ever, this very tendency seems to have finally encountered
a severe ceiling toward the end of the last century [3]. The
current standard in accelerator physics is based on the rf
(or radio-frequency) technology. It exploits the microwave
technology that flourished since early 20th century.
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Current high energy accelerators are based on the
principle that electromagnetic waves of microwaves (rf or
radio-frequency waves) excited in a metallic tube accel-
erate charged particles. In the metallic tube an alternat-
ing current (ac) flows, which drives these electromagnetic
waves emanated away from the metal in vacuum. Based
on this principle of acceleration, when we increase the
intensity of electromagnetic waves, the penetrated elec-
tric field through the surface of the metal tends to knock
out electrons in the metal into vacuum. The phenomenon
is known as the breakdown (also as the sparking) phe-
nomenon of the material by the electromagnetic waves.
Typically metal breaks down much before the electric field
reaches 100 MeV/m. If we consider electrons which are
embedded in a binding potential on the order of eV in the
material (typical of the solid state potential that binds
the matter), we see it easy for electrons to be ripped away
from this binding potential if they move more than the
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inter-atomic distance of 10−1 nm. Such an electric field
amounts to eV/0.1 nm = 100 MeV/cm. However, the real
breakdown phenomenon is much more complex and it can
be triggered by a mere single electron knocked out from
the weakest bond of the lattice, which in turn triggers sec-
ondary electrons and so on causing a flood of ionization
of electrons. This is an electric avalanche phenomenon.
For example, an electron near a defect may suffer knock-
out from the bind with a much lower field. Thus in real-
ity the sparking and breakdown begins much below the
field intensity of 100 MeV/cm, in fact even much lower
than 100 MeV/m. When we want to accelerate electrons
to high energies (such as TeV), it tends to take multi-km.
The fundamental reason for its large scale is based on this
problem. To advance the knowledge of the smallest spa-
tial scale, energies of the largest scale are desired. Thus
we encounter an ever greater energy demand, and thus
ever greater lengths of accelerators. Ordinarily, the cost
of an (electron) accelerator is determined by the amount
of necessary accelerating rf cavities and is proportional to
its overall length. While this effort is quite important for
mankind’s attempt to reach for the highest energy fron-
tier, it is understandable and laudable to hear a call for
research for not an incremental improvement, but a rather
revolutionary jump in increasing the accelerating gradi-
ent [4].

The present paper is a direct reflection of the author’s
talk at the workshop trying to touch on several selected
topics that may serve to give the reader an impression of
the kind of atmosphere that this field is brewing of late
and therefore is not intended as a comprehensive review.
Rather a perspective on extreme field science from one
particular point of view throughout these varied topics
is intended here, which may serve to look ahead and to
overcome some of the difficulties we need to address by
learning the past success and failure. Comprehensive re-
views may be found for example in [5,6].

2 Laser acceleration and relativistic
engineering

Laser acceleration [7] constitutes a radically new approach
to accelerate particles to high energies. As was well known
as the Lawson-Woodward Theorem [8], the transverse
electromagnetic fields in free space cannot amount to a net
acceleration. In a nut-shell this is because the transverse
electric field of laser is ill fit for acceleration of particles
in the longitudinal direction over a distance [9]. What is
necessary is an intense electric field in the longitudinal di-
rection that is (nearly) invariant over a sufficient time on
the frame of the accelerated particle. The laser wakefield
aforementioned [7] does just that and thus may be a possi-
ble answer to the challenge posed by Suzuki and Takasaki
for a thousand-fold increase in accelerating gradients over
the conventional rf acceleration. The contemporary in-
tense laser technology is primarily owing to the chirped
pulse amplification [10]. The wavelength of laser is several
orders of magnitude shorter than that of rf. The available

intensity of each may be even more disparately separate.
This uniquely high intensity available from the laser tech-
nology is a part of the noteworthy ingredients of laser
acceleration. What we should not overlook or underesti-
mate is the corollary to this. That is, in order to achieve
appropriate conditions for acceleration, the control and
precision that we have to accomplish are far severer than
in the case of rf. This is because the laser wavelength is
several orders of magnitude shorter than rf and that much
more demanding. Furthermore, the science and technology
of rf-based accelerator has been enormously successful and
sophisticated [1,2]. Laser acceleration needs to learn from
such an asset of knowledge.

Once laser was invented in 1960, people quickly real-
ized that the electric (or electromagnetic) fields of laser
can be huge. In fact the present day high power laser can
deliver electric fields of laser as great as 104 TeV/m [5].
Alas, as mentioned above, this electric field points to the
wrong direction, that is, transverse to the direction of ac-
celeration. There have been many proposals of laser ac-
celeration [11]. Many proposals depend on ‘tilting’ the di-
rection of laser so that the transverse field now offers a
longitudinal component. However, it is easy to see that
the phase velocity of light propagating obliquely to the
direction of particles that be accelerated by the laser is
greater than c. Thus, the laser wave phase will outrun
eventually and ceases to accelerate particles. More de-
tailed and mathematical way to state this difficulty is
stated in the Lawson-Woodward Theorem [8]. In accel-
erator physics utilizing rf and metallic cavity this trou-
ble is overcome by the introduction of the so-called ‘slow
wave structure’. A typical slow wave structure is a series
of indented metallic structures periodically placed in the
cavity so that the electromagnetic waves in the cavity slow
down themselves. Thus the group velocity of the rf wave
becomes less than c. Indented metallic structure is once
again the prime position to start sparking upon applying
high voltage rf. The phase velocity of laser has a similar
problem, i.e. this is greater than the speed of light in a
plasma, vph = c/(1 − ω2

p/ω2)1/2, while the group velocity
is vg = c2/vph.

In order to overcome this problem, one has to intro-
duce a fundamentally new approach. An idea is to follow
“Once you have eaten the poison, you might as well eat the
dish” [12]. That is, if metal does break down under strong
fields, we might as well use a material that is already bro-
ken down by strong fields and no longer break further.
That is, plasma is embraced. Veksler first introduced the
idea in which he used plasma as an accelerator medium in
1956 [13]. This is to excite “collective fields” in plasma by
injecting an electron beam. The collective fields would be
used to accelerate heavier ions, it was proposed. The name
of collective fields arises from the notion to get accelerat-
ing electric fields that are excited by a large number of
plasma electrons moving cooperatively. The supposed ad-
vantages were: (a) the cooperative electron motion collec-
tively could give rise to a large amplitude of wave; (b) even
when a huge wave is excited, the plasma no longer “breaks
down”, as it is already fully ionized. Unfortunately, in spite
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of many experiments that have been subsequently carried
out, in these they encountered plasma instabilities and
the accelerating fields turned into mess. (Such propensity
to manifest instabilities and destruction of plasma struc-
tures is well known and documented in encyclopedic liter-
ature [14] and an infamous culprit for making a confined
plasma becoming easily unstable.)

To circumvent this problem, the laser wakefield con-
cept was introduced in which plasma waves resist the over-
taking of the trailing part and eventual breaking of the
wave because of the relativistic dynamics [7]. When the
time scale of the laser pulse is as small as femtoseconds
and the laser and wakefield pass by electrons and ions
of the plasma, there is no time for sluggishly heavy ions
to move. This leaves the plasma only regulated electron
(so-called Langmuir) oscillations.

This enables us to create huge accelerating fields in
matter, i.e. plasma, which can no longer be broken down,
permitting to exceed well beyond the breakdown field
∼100 MeV/m that has stood an unwavering limit for
break-down of metal (or other ordinary materials).

A collective force is one arising from cooperative phe-
nomena, diagonally opposite to an individual force. The
collective force becomes gigantic when a large number
of particles move coherently in phase with the particu-
lar motion and the cooperative phenomenon arises. The
collective force arising from a large number of N parti-
cles (where N is a macroscopically large number) may
become gigantic, as compared with a force arising from a
single particle. The plasma wakefield we mentioned, com-
prising from coherent electron motions, is a cooperative
phenomenon and exhibits a large collective force. Our
research has pointed to the fact that the plasma wake-
field in a typical experimental conditions can well exceed
10 GeV/m. This electric field longitudinal to the direc-
tion of the propagation of the wave represents the inten-
sity amounting from the essentially total polarization of
plasma electrons over the wavelength of the Langmuir os-
cillations. The main reason why such an extreme electric
field emerges is due to the situation where the amount
of polarized charge attains the macroscopic level. How-
ever, when one embarks on a collective N particle system,
these N particles have to be coherently organized to exert
large collective force. Otherwise, chaos results. We need
an organizational principle to maintain coherence of large
number of particles from becoming chaotic.

For this purpose, what we call relativistic coherence
may be introduced. It is the realization that enables us
to combat against chaotic motion because particles ap-
proaching the speed of light (relativistic) cannot exceed
c and thus they tend to acquire (nearly) the same ve-
locity. The relativistic coherence may be compared with
the oft-trodden quantum coherence, which manifests it-
self often when energies of matter become lower rather
than higher. This relativistic coherence reinforces the rea-
son why an immense field can be created without random
or chaotic motions canceling each other. Typically, due
to the nonlinearity of medium the higher the amplitude
of the plasma wave is (when the amplitude becomes sub-

stantial), the farther it moves. In a case of plasma waves
with non-relativistic phase velocity the wave breaks at
the field that is equal to the amount at which the total
polarization of plasma electrons mentioned above takes
place. However, when the phase velocity is close to c, as
the wavehead (the density peak) tries to overtake its pre-
ceding wavetrough (density depressions), more electrons
gather toward the wavehead, but cannot spill over beyond
this large peak. This effect further enhances the ampli-
tude and sharpness of the wakefield peak. Because of this
relativistic effect, the wakefield in the relativistic regime
remains robust against wave breaking unlike in the non-
relativistic regime, yielding the stability and coherency to
relativistic wakefield. We may regard this resultant strik-
ing structure that well coheres in the relativistic regime
as an example of “relativistic coherence”. In contrast to
the well-known “quantum coherence” where the quantum
mechanical mechanism is responsible for cohesion of mat-
ter, in our present case matter tends to cohere where rela-
tivistic effects provide mechanisms that lead to cohesion of
matter. In relativistic regimes the speed with which mat-
ter moves converges toward c. Matter bunches up shrink-
ing in its width, typically by a factor of 1/γ, where γ is
the Lorentz factor of matter. Radiation emitted off rela-
tivistic matter is focused more narrowly with its radiative
angle shrinking by a factor of 1/γ. On the other hand, the
oncoming electromagnetic field encountered by speeding
matter is enhanced by a factor of γ. Laser acceleration
using plasma as accelerating medium fully utilizes these
effects [7]. The electron energy that the laser wakefield can
accelerate to is thus given in the one-dimensional wakefield
structure case as

εe = a2
0 mc2 γ2

ph = a2
0 mc2 (nc/ne), (1)

where γph is the Lorentz factor of the plasma phase ve-
locity, a0 is the normalized vector potential of the laser
electric field appearing here due to the relativistic quiv-
ering motion of electrons in the intense laser field, nc is
the critical density of the plasma at the laser frequency,
and ne the electron density. The typically large factor of
(nc/ne) arises due to the relativistic speed of the wake,
and a2

0 arises due to the enhanced stability of the wake
from breaking (and heavier relativistic mass of electrons
that constitute the wake) in the relativistic regime of laser.
Note that in this expression the electron energy scales pro-
portional to the laser intensity I. It has been pointed out,
however, that formula (1) is subject to modification in
cases where 2 and 3 dimensional geometries matter [5].
Further, when the intensity of laser exceeds 1023 W/cm2,
the radiative friction on electrons become not ignorable
and electron dynamics deviates from the classical pic-
ture [15]. At further higher intensity (>1024 W/cm2) the
quantum mechanical effects become important [16]. Care
is thus needed to apply equation (1) to extreme high inten-
sities that may be expected in ELI experiments. Nonethe-
less, it is intriguing to see that if one gets ne = 1016/cc
and I = 1022 W/cm2, equation (1) yields energies of
109 MeV, or PeV, when the one-dimensional formula is
justified [17,18]. It would take a laser with energy of
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10’s MJ and subpicosecond pulse length. At ELI parame-
ters a test of scaling principles toward such extreme ener-
gies scaled down to 10 TeV with 10’s kJ and 10’s fs may be
possible. It should be noted that the observation of cosmic
rays of electrons and/or γ’s tend to become rapidly minis-
cule beyond TeV. This is because they interact with mat-
ters and other fields (such as magnetic fields) too strongly
as energy increases in this regime. Thus the creation of
electrons and thus γ’s beyond TeV by itself nicely comple-
ments cosmic ray observation. Before exploration of these
ephemeral high energy events, now there began a consid-
eration of laser acceleration as an option for future collider
research [19].

It is perhaps possible to launch a systematic scientific
paradigm or technological platform that consciously takes
advantage of these effects to realize frontier physics and
parameter regimes that are otherwise hard to reach [20].
Such an intellectual endeavor may be called “relativistic
engineering” [21]. There is now emergence of vigorous re-
search of relativistic engineering developing in addition to
the laser wakefield. This includes relativistic flying mir-
rors [20] using wakefield, relativistic mirror using the sur-
face of a sold [22], relativistic mirror using a thin foil [23],
relativistic whistler [24], relativistic ion sheet [25], rela-
tivistic decelerator [26], laser wakefield bunch-slicer and
buncher, and many more. Many talks at the ELI work-
shop were dedicated to this subject and its applications
were quite startling [27–30].

In addition to these relativistic engineering applica-
tions also presented were ideas to provide compact future
X-ray light sources [31–34]. Relativistic dynamics of elec-
trons on the surface of a solid can also give rise to coherent
generation of higher harmonics [35].

3 Laser acceleration of ions

The earliest introduction of collective acceleration was by
Veksler, as mentioned in Section 2. In this he proposed
the use of plasma into which an electron beam is injected
to cause large amplitude electric fields of collective na-
ture. His motivation at that time must have been based
on the fact that while electrons fly nearly at speed of light,
the ion velocity is far below it. Thus if the electric field
was properly excited by the electron beam, ions can follow
electrons, or more precisely the waves that are excited by
electron beam. Since ion mass M is far greater than that
of electrons m, if ions acquire the same velocity as that of
electrons, the energy would multiply by a factor of M/m in
the nonrelativistic limit. Many a year later a rendition sim-
ilar to this in a fresher fashion was reintroduced by Chen
et al. [36]. In their work, a driver, laser pulse, that was
introduced by Tajima and Dawson to excite the wakefield
was now replaced by a bunch of electron beam. Thus wake-
field in Chen et al. is now produced by a bunched electron
beam. A first experiment using the electron-bunch driven
wakefield was carried out by Nakajima et al. [37]. A sim-
ilar effect of collective plasma force may be employed to
stop high energy charged particles over a short distance
without causing a large amount of radiation in matter,

if we adopt the wakefield excited by the entering beam
bunch and to be decelerated by this large field [26], an-
other example of collective force in action. Such a collec-
tive decelerator can be compact and facilitate to reduce
a large amount of possibly damaging radiation, and even
allow to convert a portion of the high and intense beam
energy directly into electricity. As the intensity level goes
up in the laser lab and the derivative radiation level be-
comes of concern, the importance of such a devise to take
care of the downstream side of science and applications
experiments may dramatically increase. Such an effort of
taking care of the downstream side of science and tech-
nology impact that manifests itself more emphatically in
the 21st century may be called as part of ‘toilet science’
as opposed to ‘kitchen science’ of the upstream [38].

As mentioned earlier, in 1970’s there have been ex-
ploratory experiments to drive collective electric fields by
electron beams [39,40]. In a typical of these experimen-
tal setups, one would find that electron beam is injected
into a gas or plasma separated by a metallic wall of the
chamber [41]. In an attempt to better understand recent
laser driven acceleration of ions let us try to study some
details of this experiment and its theoretical understand-
ing. In this experiment a relativistic electron beam tran-
sits through a metallic wall and enters into plasma. These
experiments began to reveal several characteristics of the
acceleration mechanism. The entrant electron beam causes
space charge separation between the electron bunch and
the metallic wall, forming a sheath. As more and more
electrons enter, the electrostatic potential rises, which de-
celerate the bulk of electrons. Thus the overall electron
bunch begins reflexing, or oscillations. While the bunch
decelerates, it is hoped that ions present get accelerated
forward. In Mako et al. work it was found that ion accel-
eration proceeds only up to a certain point, beyond which
most of decelerated electrons overshoot the accelerated
ions, ceasing the accelerating phase. Thus the achieved
ion energy is not scaling to (M/m)εe, but stops short at
mere several times εe. A similar is found in the recent laser
ion acceleration experiments.

In order to explain this experimentally found phe-
nomenon, Mako and Tajima [42] provided a theoretical
and simulational model. To review this rather old work
helps serve how to overcome some of the challenges that
laser ion acceleration faces today, that is, the abrupt ter-
mination of the sheath that was formed by the laser irra-
diation and the rather slow rise of ion energy as a function
of laser intensity. Their model adopted the fully nonlinear
nonrelativistic ion dynamics by a set of moment equa-
tions (the fluid equations) self-consistently coupled with
the Poisson equation and Vlasov electrons (unlike thermal
electrons such as Mora’s model [43] developed specifically
laser heated electrons). The set of these coupled nonlinear
equations have been solved exactly, seeking for self-similar
evolution solutions. The resultant solution is a closed form
that takes algebraic expression in a simple case. The de-
rived ion energy spectrum shows a power law dependence
that tapers off toward high energies and cuts off abruptly
at the highest energy. This is a characteristic behavior of
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sheath acceleration. This generic tendency has been ob-
served in their own simulation as well as their experiment
and elsewhere.

The ion spectrum that Mako and Tajima found inter-
esting properties. First, it exhibits a power-law energy de-
pendence. Second, it shows an energy cutoff. It cuts off on
the order of the electron beam energy. The arising sheath
breakup and the subsequent backward over-shooting of
electrons are the culprit of this termination of ion energy
spectrum in their experimental case. Third, this cutoff en-
ergy, or in another word the maximum energy that ions
can attain, according to [42], is several times the energy
of the electron beam. This factor corroborates well with
the factor of ‘several’ often observed in many experiments.
Fourth, most importantly, this method works for cases in
which laser interaction with thin target or cluster target
where thermal electrons are not expected. This work in-
dicates, therefore, that unless one can institute a much
smoother process of electron beam entry into the plasma
and thus smoother ion acceleration, the ongoing abrupt
sheath acceleration approach stops short of desired more
energetic acceleration.

In 2000 when the team of scientists [44] carried out
the irradiation of large energy Petawatt laser on a metal-
lic foil. From the backside of the foil, it was observed, the
acceleration of energetic ions up to 60 MeV emerged in
the case of Snavely et al. Their interpretation was that
the laser pulse on the metal produced highly relativistic
electrons (perhaps more energetic in the forward direction
than any other directions) up to 10’s MeV, penetrating
through the metallic foil. Once high energy electrons come
out of the foil surface and ionized hydrogen ions get accel-
erated by the sheath formed by these energetic electrons.
We find that this situation is similar to the Mako et al.’s
experimental one. Snavely et al.’s experiment and oth-
ers [38] should have a broad energy spectrum of electrons,
as they were created by the laser irradiation that heats
up electrons with a broad energy spectrum. Besides this
difference, the commonality is that the resultant ion ac-
celeration ceases to continue after the sheath electrons are
reflected back (resulting in sheath breakup) by the huge
electrostatic field due to change separation between elec-
trons and ions. Thus we expect that the ion acceleration
energy by such laser irradiation of solid foil (either metal
or otherwise, which quickly becomes a plasma, showing
a similar sheath dynamics) is limited by (several times)
the electron energy. Since most of accelerated electron en-
ergy in this mechanism is arising from the laser heating of
electrons (by its strong transverse quivering motion under
laser electromagnetic fields), the electron energy typically
scales as

√
I, where I is the intensity of the laser. This

square-root dependence is unlike the laser wakefield accel-
eration, equation (1).

Since Snavely et al.’s epoch making experiment, a large
number of experiments on laser driven ion acceleration
have been carried out [44]. In these experiments (since
there are large variations in experimental conditions, data
also vary widely), the ion energy, broadly speaking, dis-
tributes in fact scaling as

√
I. Moreover, it is our observa-

tion that the ion energy is limited by (only several times)
the electron energy:

εi ∼ (several) εe ∝ √
I. (2)

4 How to avoid the sheath breakup

It thus follows that in order to overcome this limitation
of ion acceleration, it is essential to avoid the sheath col-
lapse and electron backward overshooting. What one can
suggest is to have a gentler and gradual electron cloud
entry in the ion acceleration process. This is in contrast
to the above abrupt and non-adiabatic fashion of ion ac-
celeration. In order to make the acceleration gradual and
adiabatic, Rau and Tajima [45] suggested the need to con-
trol the phase velocity of the accelerating structure in such
a way to reduce it to near zero first, and there gradually
accelerate it to higher values. For this purpose Rau et al.
produced an example of using an Alfven shock where the
propagation of the accelerating structure (of magnetized
shock) may be controlled either by the plasma density or
magnetic field. An alternative is to use a target whose elec-
tron density is not far above the critical density as is the
case for an appropriately ablated solid target [46]. In Yogo
et al.’s experiment [47] the plasma density was reduced
from the solid density to not far above the critical density
by the prepulse ablation. As a more controlled method of
pursuing a medium that can sustain slow pickup of ions,
another example, a cluster target, was proposed [48]. Such
targets upon laser irradiation should be capable of making
the laser pulse screech to a near halt of the photon pulse
propagation at the point of ion pickup, then letting the
laser pulse entering in a less dense and faster propagation
phase for a graded spatial control of the acceleration pro-
cess. If such non-sudden and gradual (i.e. adiabatic) accel-
eration can be realized, there is no reason that ion acceler-
ation is limited to (several times) the electron energy. (If
this happens, the scaling of I1/2 need not manifest. Under
such a circumstance, we expect that the ion energy gain
is once again proportional to the mass ratio times that of
electron energy, which in turn may scale as I instead of
I1/2, just as in the case of laser wakefield acceleration.)
This expectation arises from the orderly adiabatic accel-
eration of ions held in a wave-like structure (the structure
acting as if a ‘basket’ holding an ‘egg’), as opposed to the
terminating sudden acceleration by sheath created by a
solid target.

Laser wakefield acceleration was one of methods to
capture electrons in an orderly wave (‘basket’) and co-
herently accelerate electrons. Even though electrons are
much lighter than ions and thus it is much more tolerant
against rapid acceleration, over the years we have already
learned [49] that if electron acceleration happens smoothly
from the bulk electrons to trapped electrons via a smooth
crossing of the separatrix, the electron energy spectrum
should show a much sharper monoenergy feature. This
is the reason why the laser wakefield acceleration experi-
ments [50] in 2004 found more pronounced monoenergetic
electron spectra than in earlier experiments.
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The same should apply to ion acceleration, albeit the
adiabatic time scale for ion acceleration should be much
longer than that of electron pickup. Fukuda et al. [51] have
devised a target with large clusters with diameter on the
order of photon wavelength, which permitted high energy
ion acceleration with even very modest power laser irra-
diation. This is because the cluster target allows the laser
EM fields to slow down and reaccelerate with ions trapped
on the wave. In understanding the experiment by Fukuda
et al. [51] it may be ventured that clusters whose above-
critical density towers over the non-evanescent gaseous re-
gions slow down or pin the progression of the laser pulse,
while gaseous regions unoccupied by clusters allow the
propagation of the laser phase front unimpeded. This dy-
namics would give rise to a sling-shot like structure of
laser front and result in pent-up electromagnetic stress of
the laser fields, which may directly accelerate some of the
ions in the cluster (this is in addition to the electrostatic
fields that are generated by the blown-out electrons out
of the cluster un-restored back). When the laser electro-
magnetic fields are impeded in progress and their stress
mounts at the cluster pinning points, one would expect,
this means that the frontal portion of the laser pulse re-
tards while the backside keeps arriving, giving rise to a
compression of the pulse and thus an overall blue-shift of
the laser spectrum. The sling-shot mechanism discussed
here and Fukuda et al. must have observed in [51] may
provide a possibility of accelerating ions to energies much
more than, and of forming tightly bunched ions from the
cluster much tighter than, those expected from the sheath
acceleration.

Finally, we note that when ions (protons) become rel-
ativistic in the field of laser at around I = 1024 W/cm2,
protons begin to behave relativistically and they are like
electrons around the intensity of I = 1018 W/cm2. Thus
protons may be picked up and accelerated with ease as
it were for electrons driven effectively by the radiation
pressure [25] and in this case the energy of ions once
again scales similarly to the case of laser wakefield ac-
celeration, proportional to I. In this case ions quickly fol-
low electrons and the laser pulse so that sometime the
regime is called the radiative acceleration regime of ions.
Thence ion acceleration may show monoenergetic spec-
trum, unlike the sheath acceleration. ELI should be able
to test this idea. In fact once protons (or other species
of ions) are accelerated relativistically, they may be in-
jected into wakefields so that they can surf on them to even
greater energies. This provides a new possibility to have a
compact (even) high(er) energy ion accelerator driven by
laser.

In extending or following this idea, it would be possible
to adopt the radiative pressure and accompanying electro-
static fields for accelerating ions from a robust and thin
solid surface with a very clean (i.e. with little preceding
pedestal of the pulse energy) pulse even at intensities be-
low the aforementioned intensity [23]. Earlier, Esirkepov
et al. and others [46,52] arrived at the optimized acceler-
ation condition of ions driven by a short pulse laser irra-
diation on a target (at high densities) over a broad range

of the laser intensity. This condition states:

σ = a0, (3)

where σ is the areal density of the target (normalized)
as

∫
n/ncrdl/λ, and a0 is the normalized vector potential

of the laser. It is found in [52] that the accelerated ion
energy now scales linearly proportional to the intensity I,
if the target design is subject to the constraint of (3). The
condition (3) may be rewritten into a relation between the
optimal laser field E and the optimal target thickness lt
with density n as

E2/4π = nEB(nr3
B)(lt/rB)2/π, (4)

where rB is the Bohr radius and EB = e2/rB is twice
the Rydberg energy. In a solid or liquid the factor (nr3

B)
amounts to a ballpark on the order of unity. Thus for a
solid target with the thickness on the order of (10’s) nm
a laser intensity would be near optimal approximately on
the order of 1020 W/cm2 (with latitude, depending on
how one takes into account an appropriate density of ion-
ized electrons). If we consider the above mentioned liquid
cluster target (its diameter in [51] was ∼ 1 μ), it would be
likely that the cluster electron density at the time of sling-
shot acceleration may become less than the original liquid
density (say, likely down to near critical), which would
correspond to an approximately optimal intensity of laser
on the order of 1019 W/cm2 according to equation (4).
As mentioned above, in both cases it is anticipated blue-
shift of the transmitted laser spectrum due to the laser
front compression at the target. In this ELI Workshop
Hegelich [53] has shown a remarkable high energy ion ac-
celeration experiment by irradiating a very thin (10 s of
nm or less) diamond-like carbon with intense laser. In this
case a thinly prepared carbon (with the diamond carbon
bond being robust) foil, irradiated with an exceptionally
high contrast laser pulse with sufficiently high intensity,
withstands its breakdown prior to the main pulse arrival
and allows its relatively small mass in the thin target to be
directly accelerated by the energetic photon pulse. It may
be speculated that their parameters are in a close neigh-
borhood of equation (4). In this case, the sheath breakup
is mitigated via a path of holding electrons and ions to-
gether under the large impinging photon pressure from
behind, alternative to the gradual and adiabatic method
of ion acceleration mentioned earlier [45–48,51,54]. It may
not be without merit to mention that currently analysis
of some of these experiments is under way and it is al-
ready evident that electron collective motions under the
intense fields are reasonably preserved through the ultra-
thin foil and thus the dynamics of electrons is anything
but thermal. Such a condition helps to increase ion en-
ergies beyond the thermally driven sheath. In fact when
electrons preserve collective motions, the model [42] re-
mains applicable and shows predictive capability. Once
such sheath breakup avoidance becomes possible, ions are
easier to get accelerated to high energies. Then again the
more energetic ions become, the easier they get accelerated
because ions begin to move in more synchronous with the
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driving pulse. When relativistic ions come into play, many
new applications open up (e.g. [55]). Related works were
also presented at this workshop [47,56–61].

5 Schwinger field physics

The kind of power and intensity that ELI may be able
to accomplish brings us to unprecedented studies of
high field science [5]. An optimistic intended intensity of
1026 W/cm2 is still far from the Schwinger field intensity
in the neighborhood of 1029 W/cm2. However, even be-
fore the vacuum breakdown at the Schwinger field, there
should appear many phenomena related to the deviation
of the linear vacuum response of the Maxwell’s equation
and manifestations of nonlinear quantum electrodynam-
ics (QED) [62]. These include: multi-photon processes in
vacuum such as the Breit-Wheeler process, vacuum bire-
fringence, higher harmonic generation in vacuum, vacuum
nonlinear dielectric effects such as self-focusing, etc. This
may be understood as a parallel similarity to the nonlin-
ear optical effects that arise in dielectric media under suf-
ficient intensity of laser (such as 1011 W/cm2) where the
intense electric fields polarize the atomic electrons that are
bound to their atomic nucleus and when the displacement
of these electrons become sufficiently large from the equi-
librium orbit the restoring force tends to deviate from the
harmonic one. This is the origin of various nonlinearities
of media under strong laser fields and now studied well
under nonlinear optics [63]. In this workshop there have
been a large number of papers touching on this nonlin-
ear QED phenomenon exploration with ultraintense laser
fields.

If we are lucky, the probing of vacuum under intense
field may lead to even more dramatic development. Unlike
the research carried out by particle collisions by such ex-
periments like collider, the intense laser provides a probe
macroscopic (on the order of a micron range as compared
with a spatial extent much less than fm) property of vac-
uum nonlinear behavior. This may lead to revelation of un-
expected and unexplored cooperative phenomena of vac-
uum. Since one explores the low energy end of the field
as compared with collider physics, one may be able to
sift some physics that may be buried by noise in exper-
iments in the high energy end such as in collider. These
may include the exploration of low energy particle physics
such as presumed but never found low mass particles like
axions [64]. Some of the low energy ‘stuff’ might include
candidates for dark matter and even dark energy, what-
ever they may be.

Here, instead of delving into details, let us simply refer
to many talks given on these subjects at the workshop [65–
84]. For example, Dunne [68] reviewed the current theoret-
ical status of computations of the vacuum pair production
process, first modern language of renormalized quantum
field theory by Schwinger in 1951. Experimentally, this
is a new, totally unexplored non-perturbative regime of
quantum electrodynamics, to which ELI should provide

access for the first time. It is straightforward to estimate
the exponential factor in the probability for such nonper-
turbative vacuum particle production, and this leads to
the critical electric field of 1016 V/cm. However, this esti-
mate is for a constant and uniform field, and the fields in
the ELI laser are spatially focused and temporally pulsed.
The big challenge theoretically is to find reliable compu-
tations of the vacuum pair production rate for a realistic
background electromagnetic field that accurately models
the physical ELI laser field. Recent analyses by Narozhnyi
et al. [82] and by Schuetzhold et al. [83] have shown that
by appropriately shaping of the electromagnetic pulses one
can achieve significant enhancement of the vacuum pair
production effect, bringing it closer to the reach of the
ELI project. At present, the only formalism that has ob-
tained results for more general electromagnetic field con-
figurations is the worldline instanton approach to the QED
effective action. An even more interesting theoretical ques-
tion, soon to be of practical experimental importance, is:
what happens when the effective electric field exceeds the
Schwinger critical field?

Here it is suggested that some combination of intense
laser with additional scientific instruments such as (either
conventional or laser-driven) accelerator, one can access
even more nonlinear regimes of QED or even reach or ex-
ceed the Schwinger field. An electron that is accelerated
to high energy with Lorentz factor of γ sees relativistically
contracted electromagnetic fields of the laser if the elec-
tron beam and laser are counterinjected. The wavelength
and the pulse length are seen shortened by the factor γ.
Thus the observed electromagnetic fields on the frame of
the electron is enhanced by a factor γ2. With a modest γ of
103 the electron would feel the equivalent intensity well be-
yond the Schwinger intensity. A challenge is placed on the
theorists at the ELI workshop to investigate the effects of
this in the QED and beyond under this circumstance. This
is a good example of the marriage of laser and accelerator
that can push the frontier of science that otherwise (either
single laser or accelerator alone) may not be explored. It
is noteworthy here that the capacity of the facility of ELI
(or such equivalent facility) may be unique in providing
high energy accelerated electron beam and laser simulta-
neously in a synchronous way, because the laser can drive
high energy electron beam so that both electron beam and
laser are naturally synchronized. It is our belief that such
marriage of laser and accelerator will further enrich funda-
mental science and applications much further along in the
future [21]. There may be more ways to make such mar-
riage than a simple combination of counterstreaming laser
and electron beam. For example, by employing relativistic
engineering mentioned above, we may be combining laser
and a relativistic mirror to create high intensity gamma
rays that are monochromatic, directed, high fluence, and
ultrafast. Gamma rays thus produced are not only of high
energy (4γ2ω, where ω is the laser frequency), but also is
ultrashort compress by a factor 1/γ2. Thus this stands as
part of a reply to the call by Suzuki and Takasaki [4]. Such
gamma ray sources would bring out novel investigations
of photo-nuclear physics [84,85].



8 The European Physical Journal D

6 Physics under immense acceleration

Another important aspect of extreme high field science
arises from the immense acceleration that this kind of field
wields on an electron. According to the Equivalence Prin-
ciple of Einstein, such an enormous acceleration amounts
to an enormous gravitation. The acceleration a is up to
the order 1030 cm/s2. Because of such intense acceleration,
one can conduct experiments that explore the validity of
the Equivalence Principle deep in the extreme accelera-
tion regime. Some of the tests of Equivalence Principle
have been in a very modest acceleration using neutrons
(Ref. [79]). Not only that, it may help test some of the
implications of the theory of relativity. The huge accelera-
tion can make the distance to the horizon for the acceler-
ated electron become quite short d = c2/a, where d is the
distance to the horizon. This shrinkage of horizon from in-
finity to finite can bring a host of interesting experiments
one can conduct. A class of experiments may be to explore
the field theory in curved geometry, including the Unruh
radiation [87]. Because of the Equivalence Principle, it is
believed that (other than some minor details) the Unruh
radiation is equivalent to Hawking radiation [88]. It is thus
of importance to explore this with vigor. This will help us
understand the implication of Hawking radiation. Many
authors in fact presented their investigations on this as-
pect at this workshop (e.g. [65,66,68,69,77,78]). Based on
Chen and Tajima [89] and later Schuetzwald [69], there
may be a window of opportunity to observe such radia-
tion over the noise of Larmor radiation. We leave detailed
discussions to other papers in this volume. However, it is
worthy to note that a much more systematic theoretical
investigation has been launched and a meaningful inter-
disciplinary discussion between the high field science and
field theoretic physics commenced [65]. In his presentation,
he reverberated the theme of high field science as the one
‘exploring some issues of fundamental physics that have
eluded man’s probe so far’. In that he listed the quantum
field theory exploration that may be carried out by ‘high
amplitude’ rather than the conventional ‘high energy mo-
mentum’ approach. He further went on to list discovery
potential of several possible areas:

(a) ALP’s (axion-like particles): hypothetical Nambu-
Goldstone bosons such as axions, majorons, familons,
etc.;

(b) mini-charged particles;
(c) paraphotons; and
(d) submillimeter forces.

The exploration of dark energy in laboratory is not easy,
and it appears particularly the case by high momemntum
approach. The ‘high amplitude’ approach may provide a
unique tool for this endeavor. It is noted also that re-
cent reports (PAMELA [90]; Chang et al. [91]) of high
energy (100 GeV–TeV) γ’s and electrons in space seem to
yield a signal of positrons (and electrons) excess anomaly.
This might turn out to be a signature of long-sought after
dark matter. It is tempting to speculate a possibility that
ELI may be able to provide extreme high energy γ rays

with given energies from laser accelerated electrons pro-
vides a window of opportunity to back up such cosmic
observations in laboratories. (Also pointed out by ear-
lier authors with high energy γ’s are the exploration of
checks of special theory of relativity in extreme Lorentz
factor [92–94]. However, the current astrophysical obser-
vations of far away gamma ray bursts seem to indicate the
deviation if any is not large enough to be identified and
thus laboratory observation of any effects is still remote.)

7 Conclusion

In conclusion today, we face an unprecedented prospect for
a new class of extreme field science, with which we fore-
see a transforming technique of laser acceleration that,
meeting the challenge of Suzuki and Takasaki’s call for
‘thousand-fold increase’ movement [4], can radically com-
pactify the size of and broaden the scope of accelerator
applications, shorten the pulse of energy of coherent X-
rays reaching attoseconds and even zeptoseconds regime.
The former can make not only table top modest energy
(such as GeV) accelerators, but may give a future basis
for energy frontier accelerators such as linear colliders. Not
only the collective acceleration provides the future labo-
ratory accelerator method, but it may provide an answer
to puzzles in astronomical phenomena of high energy cos-
mic rays and gamma rays events. For example, cosmic rays
(presumably protons beyond energies of 1019 eV) may not
be generated by the venerable Fermi stochastic accelera-
tion mechanism, as that would lose more energy than gain
one by emitting copious synchrotron radiation from even
protons at the stochastic ‘pinball scatterings’ of Fermi.
Compact and prompt collective acceleration with strong
fields that nature provides may be needed to resolve the
puzzle, a mechanism not unlike the one we have discussed
here. Such as the one discussed in [95] may be an exam-
ple for compact acceleration mechanism that nature of-
fers. This way astrophysical compact acceleration attains
extreme high energies without losing their energies to syn-
chrotron radiation. More over some of the recent observa-
tions of high energy gamma ray astronomy present many
puzzles, such as copious gamma ray emission from AGN
(active galactic nuclei) with vary small time scales [96].
Here the small time scale means that the accelerating
agent’s compactness and thus intense way of acceleration.
Non-collective acceleration mechanisms seem to fall short
and to be too feeble to account for such phenomena, which
once again may lead to a case to be accounted for with
the collective field acceleration mentioned here. Several
speakers touched on topics related to astrophysical rele-
vance such as [27,97–103].

The extreme fields that the new generation of laser
promises to deliver can open novel ways to conduct in-
vestigations of fundamental physics beyond the method
through collisions of high energy charged particles. A
gamma-gamma collider utilizing electron accelerators may
be considered as one of the steps of such. This topic
was discussed by several people including Serbo [104],
Habs [105], Baur [106], Mueller [107]. It is possible, it
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seems, that a gamma-gamma collider may make a collider
construct more affordable. One of the reasons for this is
the greater signal-to-noise ratio for new discoveries with
gamma-gamma collisions than with charged particles.

On the other hand, unlike a collider physics in which
events are confined to point-like spacetime, extreme fields
of laser may allow to study macroscopic (micron scale)
property of vacuum, the texture of vacuum and its prop-
erty in curved spacetime. This may be regarded as an
extension of particle-field physics to macroscales or as to
materials science of particle-fields physics of vacuum. We
may initiate what may be called ‘Schwinger field physics’,
which certainly includes nonlinear QED, but perhaps we
may also stumble into new physics such as ‘low mass’ high
energy physics. We may be able to severely examine the
extent and validity of special and general theory of rela-
tivity in extreme energies as well as in extreme accelera-
tion/gravitation. For example, is the Equivalence Princi-
ple valid in such a regime?

We emphasize the opportunity of employing not just
the high fields of laser, but also accelerator driven par-
ticle beams in combination with high fields, a marriage
of laser and accelerator, so to speak. By cleverly exploit-
ing the consequences of relativity, which may be called
‘relativistic engineering’, we may be able to enhance ei-
ther the laser field further (such as intensity, pulse length
compression, the photon energy multiplication). Many ex-
amples have been discussed in the workshop, spurting
growing research interest in this direction as well. With
such a technique one may be access extreme fields such
as the Schwinger fields, or the power threshold of vac-
uum laser self-focusing [5]. By colliding laser and high
energy the effective field felt by the electron in the on-
coming beam may be enhanced and thus allow us to ac-
cess much higher fields, as already partially exploited in
the pioneering experiment at SLAC [108]. The kind of pa-
rameters ELI can provide pushes the physics far into the
fully non-perturbative QED regime. The laser Compton
gamma rays that are created by intense laser backscat-
tered by the counterstreaming high energy electron beam
provides not only high energy gamma rays (including for
the purpose of the aforementioned gamma-gamma collider
application), but also brilliance ever increasing higher with
higher energy [109]. Such gamma rays are ideal tools for
probing nuclei. In the past most nuclear physics investiga-
tions have been conducted via collision events of charged
particles. This is somewhat akin to the situation in atomic
physics before the invention of laser, when most of atomic
physics techniques were based on atomic collisions. With
the introduction of laser, extremely precise laser spec-
troscopy has exploded, but also many new techniques of
laser probe and control of atoms have commenced. A par-
allel may be brought about with the availability of directed
energy-specific, brilliant gamma beams in nuclear physics.
We may call this as photo-nuclear physics, which may as
well revitalize nuclear physics (see a paper in this issue by
Habs et al. [84]).

We need to acknowledge that in order to accomplish
these lofty goals, we need to confront formidable chal-

lenges that are accompanied by this new way of doing
science in the miniature spatial scales and ultrafast time
scales as compared with the conventional rf technology.
These challenges demand equally unprecedented accuracy
and sensitive control of lasers, interacting media, and op-
tics, as well as uncharted physical parameter domains we
encounter. New ways to measure and feedback for the pur-
pose of control need to be invented and instituted in these
new endeavors. It takes a great deal of creativity and ex-
perience to master the task in hand. We need to share the
best knowledge and results to maximize the progress from
all who are engaged. It is also quite important to inherit
the large body of the crown jewel of accelerator physics
that has been accumulated and systematized in the past,
and to extend the knowledge into the new regime. If these
can be garnered, immediate applications to industrial us-
ages as well as eventual utilization to medical purposes
may be also within a scope.
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