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1. Executive summary
1.1.

Introduction

The scientific community working on the Extreme Light Infrastructure (ELI) has built over the past 5
18
21
years a compelling scientific case [1] for Exawatt - Zettawatt (10 -10 W) lasers and their science
scope [2]. The emerging consensus is that such ultra intense fields could be of the upmost relevance
to fundamental physics and its applications.
Recently the the Intensity-Pulse Duration conjecture by G. Mourou and T. Tajima [3] has unified the
ultra high peak power (exawatt-zettawatt) and ultra short pulses (zeptosecond) regimes. One of the
remarkable conclusions of this work has been that the shortest pulses could be ultimately produced by
the largest scale laser infrastructures such as NIF, the Laser Megajoule and LIL. Their work offers
further incentive for large-scale laser infrastructure missions and reaffirms the potential relevance to
fundamental physics. ELI’s scientific case has also stimulated a number of countries such as the USA,
Japan, China, and Russia to consider building ELI-type infrastructures. It has also highlighted the
benefit to go to even higher intensities, advocating the larger scientific and technological bounty that
would unfold.
One of the major roadblocks preventing widespread applications of high intensity lasers is their low
average power, low repetition rate and low efficiency. A novel laser architecture has been proposed
recently by G. Mourou based on fiber-lasers [4,5] that has the potential to solve this problem. This
proposal, called ICAN for International Coherent Amplification Network, involves 18 laboratories
throughout the world has been accepted for funding by the European Commission in 2011.

Figure 1 : An inverse linear dependence exists between the pulse duration of coherent light
emission and the laser intensity for over 18 orders of magnitude. This range spans a number of
different physical regimes involving non-linear laser interactions from: molecular, bound
atomic electron, relativistic plasma, ultra-relativistic, and finally the vacuum. Experimental data
is represented by blue areas, simulation or theory is denoted by red areas.

1.2.

IZEST

Building on the scientific and technological premises of ELI, we propose the creation of a novel
research laboratory; the International Center for Zetta- and Exawatt Science and Technology (IZEST)
with the mission to study the feasibility of producing intensities beyond those predicted for ELI (0.2
Exawatt). In the time domain, these extreme intensities will be achieved using extremely short pulses
-18
-21
with duration of attosecond to zeptosecond (10 - 10 s) .
IZEST will be composed of the world’s top scientists in laser, plasma physics, nuclear physics, high
energy physics and general relativity. Coordinated through IZEST, their objectives will be to form a
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team of scientists who can engage their scientific vision and combined efforts towards producing the
highest intensity laser pulses. Their objective will also be to vet the scientific potential of exawatt lasers
and provide the scientific community and funding agencies with solid scientific and engineering
directions and recommendations.
ELI is built out of a conventional technology based on CPA and OPCPA. Due to the large grating size
and cost it will be difficult for ELI to go beyond the 200 PW level. However, IZEST will enable the
exploration of new technologies and architectures that can be further implemented on ELI or the new
infrastructures like XCELS planned in Russia. The ultimate goal will be to develop architectures
capable of producing 10-1000 kJ pulses in 10 fs resulting in peak powers from the exawatt to a
29
fraction of zettawatt with intensities in the realm of Schwinger/Sauter intensity (10 W/cm²).
The size of the exawatt project is ambitious and will require the contribution of the entire scientific
community. In this way, IZEST stands naturally to become the first exawatt international center.

Figure 2 : Intensity evolution since the first laser demonstration. With the different regimes of
relativistic, ultra relativistic, and nonlinear QED, we show in red the regime addressed by
IZEST.

1.3.

Technology issues

Reaching ultra-high peak laser power requires high average power and high efficiency. Unfortunately,
current laser systems are notorious for their poor efficiency. This is especially true for high peak-power
laser systems exhibiting wall-plug efficiency in the range of 1% at best. For many applications, like
particle acceleration or X-ray and gamma-ray generation, which requires average power in the range
of kW to 10 MW, this situation is economically untenable. It seriously impairs the spread of important
scientific and societal laser applications in research, material science, environment, medicine, and
energy.
The solution to this problem is the impetus to the ICAN project where the use of multiple fiber lasers
would enable simultaneously high peak power and high average powers while exhibiting high
efficiency of >30%.
The adopted strategy for IZEST will rest on the pulse compression of already-built large-scale lasers
like the LIL or NIF that can act as large energy reservoirs. These systems represent a large capital
investment and have shown their reliability. Therefore, IZEST laser scientists and plasma physicists
will focus their efforts on the best way to efficiently compress a high power laser pulse to its FourierTransformed limit with excellent spatial quality. In parallel, theoretical studies by scientists in many
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countries, including France, USA, Russia, Germany, Italy, Sweden, Japan, China, and Taiwan, will
study its applications in science and technology as well as practice an aggressive and efficient
technology transfer to industry. Consequently, IZEST will provide the right environment to study,
develop and guide an international consortium aiming at solving the high average power and poor
laser efficiency for ultrahigh intensity applications.
The IZEST strategy will explore a new method of laser amplification. This involves weaving together
the three basic compression techniques: Chirped Pulse Amplification (CPA), Optical Parametric
Chirped Pulse Amplification (OPCPA) and Plasma Compression (PC) using Raman/Brillouin
3
Amplification. This amplification chain is dubbed Cascaded Conversion Compression or C (“Ccubed”) and has the capability to compress nanosecond laser pulses in the kilojoule to megajoule
range down to femtosecond pulses with good efficiency, thus producing exawatt-and-beyond peak
power. The beam will be focused to spot size equivalent to the laser wavelength. The very small beam
size (≈cm) together with the low repetition rate laser system will allow for the use of inexpensive and
disposable precision optics. The resulting intensity will approach the Schwinger value, thus opening up
3
new possibilities in fundamental physics. This C approach could be implemented at current largescale facilities such as the National Ignition Facility (NIF) or the Laser Megajoule (LMJ) and open the
way to zettawatt level pulses.

Figure 3 : Diagram showing the compression technique C3 resulting from the cascaded actions
of the three basic techniques, CPA, OPCPA and PC. The CPA technique compresses 5ns, 30kJ
into a ≈20ps pulse. This pulse is used after frequency doubling, to pump an OPCPA. A strong
idler wave is produced at 1250nm. This latter seeds the plasma compression cell where by
interfering with the 20ps pump pulse at 1050nm converts and transfers the pump into the seed
pulse at 1250 nm. To preserve the pulse shortness, a prism in the OPCPA is used to produce
the necessary angular chirp.

1.4.
Scientific Rationale for IZEST: Laser Based High Energy
Fundamental Physics
Fundamental High Energy Physics (HEP) has up to now been driven mainly by the high energy
particle collider paradigm. Today the possibility to amplify laser pulses to extreme energy and peak
power offers a suite of complementary new alternatives underpinned by single shot, large field laser
pulses, that when applied to studies of HEP suggests a new era of Laser-Based High Field
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Fundamental Physics. This new paradigm can offer more compact and cheaper ways to pursue HEP.
The main mission of IZEST is to muster the scientific community behind this new concept.
As an example, we can envisage the use of intense laser fields to probe the vacuum and light-mass
weak coupling fields such as Heisenberg-Euler QED, and to search for dark matter and dark energy.
We foresee that there is a wealth of fundamental physics worth pursuing without requiring the large
luminosity of a collider. Moreover, adopting existing large energy lasers, such as LIL, will help to
hasten development of this new paradigm. Such development will also stimulate innovation in collider
thinking such as the use of lower luminosity paths, novel radiation cooling, and gamma-gamma
colliders.
The advancement of intense short-pulsed laser energy by 2-3 orders of magnitude empowers us with
a tremendous potential of unprecedented discoveries. These include: TeV physics, physics beyond
TeV, new light-mass weak-coupling field discovery potential, nonlinear QED and QCD fields, radiation
physics in the vicinity of the Schwinger field, and zeptosecond dynamical spectroscopy of vacuum. In
addition, we want to take advantage of the ultrashort pulses produced in the femto, atto, and
zeptosecond timescale to perform a new type of particle/radiation precision metrology. Finally, the TeV
particles that can be produced on demand could offer a new tool to TeV-PeV Astrophysics.
Today, a number of exawatt class facilities in Europe and in the world are already in the planning
stage, like the ELI-Fourth Pillar and the Russian Mega Science Laser as well as a Japanese Exawatt
Laser under consideration. IZEST should serve as a shared platform open to the international
scientific community with a passion for these emerging opportunities and the desire to be engaged in
common pursuits. IZEST is currently headquartered at the Ecole Polytechnique, while the
experimental program will be performed at at first on the most powerful European laser, the LIL laser
at the CEA-CESTA in Bordeaux, and later at the Russian Exawatt, upon its completion. A large part of
the preparatory and complementary work will also be carried out in the IZEST-associated laboratories
around the world before performing the large energy laser experiments. As one of the main future
objectives, we will establish a joint strategy with the formation of coordination groups to provide
recommendations for the facilities in the planning stage.

The main topics that will be addressed include:
Exawatt and Zettawatt Laser Technology
TeV physics
Physics beyond TeV with the Non-Collider Paradigm
TeV-PeV Astrophysics
Nonlinear Effects in Vacuum
as /zs Ultrafast Science
Dark Energy and Dark Matter
Radiation near the Schwinger field
Precision particle/Radiation Metrology
Other fundamental physics issues addressable by extreme high fields

The laser, by its coherence, monochromaticity and field magnitude, has been the gateway to novel
spectroscopic methods of investigation and drastically deepened our understanding of the atomic
structure. However, it was inefficient to probe the subsequent strata formed by the nucleus, the
nucleon or the vacuum. Neither the laser photon energy nor its electric field, were large enough to
conceive decisive experiments beyond the atomic level.
To reach the level where relevant nuclear or high energy physics investigations could be undertaken,
a new type of large scale laser infrastructure was conceived for the first time under the aegis of the
European scientific community. The first one was ELI [1], able to deliver the highest peak power (up to
200 PW) and laser focused intensity. ELI represents the largest civilian laser project in the world. This
power will be produced by releasing few kJ of energy compressed over 10fs. Focusing this power over
25
2
a micrometer size spot will yield intensities in the 10 W/cm range, well into the ultra-relativistic
regime (see Figure 2). This peak intensity will lead to the highest electric field, but also according to
the pulse intensity-duration conjecture [2] to the shortest pulse of high energy particles and radiations
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in the attosecond-zeptosecond regime. The particle energy will be in GeV-100GeV regime, enough to
give access and a new birth to Nuclear Physics, High Energy Particle Physics or Vacuum Physics.
During the three years of the ELI-Preparatory Phase, a number of applications have been proposed,
ranging from beams for High Energy Physics, Nonlinear-QED, radiation-dominant laser matter
interaction, and ultra-relativistic laser interaction with ions, to zeptosecond pulses of X-rays and
gamma rays (See the ELI Whitebook [1]). Many of these may be realized within ELI’s proposed pillars,
25
2
that will deliver of the order of 10 PW and 10 W/cm could be done with several hundred Joules.
However we suspect that they will only provide a test at the entry point of interest to high energy
physics and fundamental physics. For example, a new realization is emerging that a more attractive
collider operation may be possible in the ”low-density LWFA”. This ”low-density operation of LWFA”
allows much easier emittance control, beam handling, less stages, and less overall laser power
requirements, while it has some other collider physics issues which need to be addressed. However,
this operation takes 10kJ per stage, a realm beyond reach of the exiting ELI pillars, and certainly
beyond any other expected experiments in the plan. Most of the planned LWFA proof-of-principle
17
-3
experiments are proposed and/or will be conducted in the density regime of 10 cm , while the most
18
-3
of the experiments have been on the order of 10 cm . This is in part due to the fact that in the past
the laser that can match the laser energy requirement for LWFA is affordable (of the order of J) if the
density is higher. Only if we can go for 10kJ and beyond, while the single stage acceleration takes a
lot more energy, the ultimate accelerator physics becomes easier, we are learning.
There are other significant and extremely attractive applications that lie beyond the reach of ELI’s
pillars, and becomes within the realm of possibilities at 10kJ to 100kJ. These are the projects we
would like to highlight here for the science foci that IZEST can undertake. They are:
1. TeV physics (and towards higher energy frontier)
(a) Paving a way towards a TeV collider,
-test of proof-of-principle of the “low-density LWFA” operation,
-test of synchrotron radiation in this regime.
(b) Accelerating ions to multi-TeV,
-QCD exploration combined with gamma beams,
-laser-driven ion bunches inducing wakefields for multi-TeV electron acceleration.
(c) Non-collider paradigm,
-test of Lorentz violation through synchrotron signatures,
-exploration of a path toward PeV, quantum gravity.

2.

Vacuum physics and zeptosecond science in the 100kJ regime,
(a) Creation of zeptosecond pulsed X-rays and gamma rays,
- Compton scattering, flying mirrors.
(b) Gamma optics and focused gamma mirrors for ultra-intense gamma beams.
(c) Nonlinear QED and QCD in the non-zero-baryonic density regime.
(d) Exploration of low-mass and weak-coupling fields with intense lasers:
Dark Matter, Dark Energy to the limit of gravitational coupling.
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3. Radiation physics,
(a) Larmor/ Dirac/ Landau-Lifshitz radiation (and radiation back reaction).
(b) Synchrotron radiation as a probe of signatures of new physics.
(c) Unruh radiation.
(d) Horizon physics under extremely large acceleration with possible extra dimensions up to
n=3.

1.5.

Implementation of IZEST

For 50 years France, more than any other country, has steadily invested in high-energy laser notably
with the aim to demonstrate the concept of thermonuclear fusion.
It has also been a significant actor in the Ultrahigh Intensity domain with the creation of ILE and ELI in
Europe that mobilized 13 European countries. In only 5 years France has become a great inspiration
of laser research and industry that has translated into an explosive investment by European countries
well over 1B€ at the moment and more than 4B€ by 2015. Nothing of the sort has happened in the
laser field before.
In order to maintain the field momentum, we suggest that the study of the pulse generation at the
exawatt and beyond be consolidated in an international center IZEST. It will include the international
consortium ICAN with mission to perform research on high average power and high efficiency. It will
be located on the campus of the Ecole Polytechnique and the CESTA (Aquitaine). It will study the
possibility to go from the exawatt to zettawatt regimes in 5 to 15 years. Our strategy is similar to the
one adopted by the SLAC management, it was decided to turn it into a photon machine, the first
XFEL. We all know the considerable success that this first XFEL experiences, as this facility is
overbooked by a factor 20.
The IZEST will help to redefine the next mission of the large-scale laser infrastructures in France and
the world and will maintain France and the involved countries in the leadership position. The
conclusions of these studies will be invaluable guides for the countries willing to invest in this new
physics. However, the mission of IZEST is not limited to France. In fact, the IZEST team is serving all
world’s ultra-intense laser centers of exawatt class which wish to have IZEST scientists to be
engaged. This way it serves also a prelude to help address the expected human resource crunch by
the sheer success and rapid expansion around the world in this direction.
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Figure 4: World map showing location of IZEST participant laboratories.

IZEST Structure
The Center will have 2 “tutelles”: The CEA and the Ecole Polytechnique.
It will be directed by Gérard Mourou, Director, and Toshiki Tajima, Deputy Director.
The IZEST Administrator will be Catherine Sarrazin. As the administrative Network Leader of the ELI
preparatory phase, she has a great deal of experience working with European Commission projects.
Her work has been noticed at the highest level by Brussels and the 12 other countries involved in ELI.
IZEST will have 4 branches : IZEST- Laser, IZEST-Physics, IZEST-Experiments, ICAN
The scientists who are willing to participate are all renown scientists in their field, working in the best
institutions in France, Germany, United-Kingdom, Russia, USA, Canada, Sweden, China, and Japan.
IZEST-Laser : Gérard Mourou (Dir.), P. Bolton, J.P. Chambaret, T. Ditmire, N. Fisch, E. Khazanov, C.
Labaune, B. Le Garrec, K. Osvay, C. Rouyer, A. Sergeev, V. Yanovsky
IZEST-Physics : T. Tajima (Dir.), S. Bulanov, P. Chen, A. Di Piazza, G. Dunne*, N. Elkina*, A.
Fedotov, H. Gies*, M. Gogny*, S. Iso*, C. Keitel*, P. Levai*, K. Mac Donald*, M . Marklund, N.
Narozhny, N. Naumova, A. Pukhov*,Y. Rafelski, L. Roso, H. Ruhl, R. Schutzhold, J.H. Vieira*
IZEST-Experiments : J. Fuchs (Dir), H. Azechi, P. Bolton, L. Chen, J.Fuchs, D. Habs*, M. Hegelich, K.
Homma, D. Jaroszynski, S. Karsch, J.C. Kieffer, K. Krushelnick, C. Labaune, R.X. Li, K. Nakajima, J.
Osterhoff*, K. Otani, C. Robilliard, S. Sakabe, J. Schreiber, A. Seryi, P. Thirolf*, V. Tikhonchuk, O.
Willi, X. Yan
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ICAN : G. Mourou (ILE), R. Assmann (CERN), P. Georges (IO), J.P. Koutchouk (CERN), J. Nilsson
(ORC Southampton), D. Payne (ORC - Southampton),T. Schreiber (Fraunoffer Jena), M. Somekh
(Ecole Polytechnique, A. Tunnerman (Fraunoffer Jena)

*Pending participants

Figure 5: A chart summarizing the organizational structure of the IZEST project.
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2. From Petawatt to Exawatt – Contributions of the IZEST
Workshop
2.1.

The C3 Concept

G. Mourou, B. Le Garrec
Over the last 25 years our ability to amplify laser peak power has been remarkable and has
revolutionized laser science. Three amplification techniques have been demonstrated. The first in
1985 was CPA. Today, it is the workhorse of most laser amplification systems. The second has been
the OPCPA. Similar to CPA in concept, it relies on the amplification of light by Optical Parametric
Amplification. It is used for broadband, few cycles pulse amplification. Finally, about 15 years ago, a
new compression technique based on Backwards Raman Scattering (BRA) was presented. It offers
the distinct advantage of avoiding gratings, the major hurdle in ultrahigh high peak power pulse
amplification. The regime beyond the exawatt, towards the zettawatt is the next high intensity frontier.
As pointed out as early as 2002, it could be realized by compressing the energy delivered by NIF or
LMJ-like laser, from ns to 10 fs duration pulses. However, the scheme proposed to produce and
compress MJ pulses was based on CPA and OPCPA alone, and thus unfortunately uses
unrealistically large and expensive diffraction gratings. A two-stage method, first using CPA (or
OCPA) for compressing a pump beam from ns to ps and then in a second stage using BRA to fs
compress the ps output was described in 2003. In 2005, an alternative two-stage method of
compression from ns to fs was described, where each stage is a BRA stage; however the first BRA
stage employs a variation of the BRA scheme wherein the BRA occurs at an ionization front.
None of the existing compression techniques alone is really suited to the amplification and
compression of 10 kJ to MJ pulses. In this letter, we specify a combined approach which uses the
three basic techniques to make possible efficient compression of 10 kJ to MJ, 5 ns pulses into fs
pulses of the highest quality. This technique employs CPA to produce a first-stage compression,
followed by BRA for a second-stage compression, together with OPCPA to produce a strong seed
pulse. The combination of the three is optimized over the joint compression technologies of both
3
compression stages. We call this optimized approach C , for Cascaded Conversion Compression.

2.1.1.

Generation of Uniform Plasma for BRA

V. Yanovsky, F. Dollar, A. Maksimchuk, J. Nees, A. Thomas, K. Krushelnick
Current approach to reaching Exawatt powers [5] relies on efficient (40-50%) BRA in a plasma target
with sharp boundaries and an aspect ratio of ~10=(several cm diameter) /(several mm length). It is
essential to experimentally validate both BRA efficiency and the very fact that the required target can
be actually made before expensive multi-10KJ-laser experiments are contemplated. The target has to
be transversely uniform and have a controlled longitudinal density gradient. Common methods of gas
target generation (gas-jet, gas-cell) cannot produce such targets. We suggest to use free expansion of
two thin films heated by ultra-short laser pulses. We used a HYADES 1D hydrodynamic code to
simulate expansion of 30-100 nm plastic films instantaneously heated to ~1keV temperature (see
Figure 6).
In this example both targets are identical and start expansion simultaneously therefore density profile
has zero gradient in the middle, but using targets with different thicknesses or changing timing of
heating laser pulses should produce nonzero gradient in longitudinal direction.
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a)
b)
Figure 6: Plasma density profile for 30nm films initially separated by (a) 2mm and (b) 0.6mm.

Heating of the films will require short pulses (to eliminate instabilities) with high temporal contrast.
Either a separate PW-scale femtosecond laser is required for this purpose or alternatively a part of the
seed pulse could be used. We propose to use pulses from CUOS’es HERCULES 300TW -laser for
expanding-film-target demonstration. The efficiency of BRA demonstrated so far (1-6%) has been
severally affected by mismatch between pump pulse size and amplified pulse size. For experiments on
efficiency of RBS we propose to use a flattop beam (to eliminate possibility of gain narrowing) from
3
CUOS’es Nd:glass T laser compressed to 20 ps. It will amplify a ~1.15-1.2 m seed pulse generated
through OPA pumped by a small (~10mJ) part of the HERCULES laser (taken from the output of the
regenerative amplifier ). The main part of the HERCULES pulse can be used to make plasma target
for RBS by exploding two thin films. The OPA approach allows efficiency optimization through change
of plasma density /seed wavelength which is critical for suppression of instabilities according to
simulations.

2.2.
Exawatt to Zettawatt or Femtosecond to attosecond by Nano
bunching and Giant Attosecond Pulses via Coherent Synchrotron
Emission (CSE)
A. Pukov
It has been shown recently [6] that electrons in a laser-created plasma layer at a solid target surface
can form nano bunches with density much higher than that of the solid material. These nano bunches
radiate coherently attosecond pulses with intensities up to two orders of magnitude above that of the
incident laser pulse. Thus, a 10 fs exawatt laser pulse can be efficiently compressed to a zetawatt
attosecond pulse at the plasma surface boundary, see Figure 7.
Attosecond ZetaWatt laser pulse
in reflection: eE/mc=500

IncidentFigure
ExaWatt 7:
laser(extracted
pulse a0=60
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2.3.

Extreme Quantum Field Theory and Particle Physics with IZEST

Gerald V. Dunne, Narozhny, Fedotov and S. Bulanov
IZEST promises to open an entirely new frontier for the study of particle physics and quantum field
theory in the regime of ultra-high intensity. IZEST lasers will enable physicists for the first time to
explore and study, in a controlled and direct experimental way, the non-linear and non-perturbative
realm of quantum electrodynamics (QED). In addition, IZEST creates new opportunities and
paradigms for precision tests that help search for new physics beyond the Standard Model of particle
physics. IZEST may also lead to new realizations of analogues of extreme gravitational fields, in order
to simulate and study important fundamental aspects of quantum gravity and cosmology. Two of the
earliest non-trivial predictions of quantum field theory, light-light scattering and the instability of the
QED vacuum to electron-positron pair production under the influence of an external electric field,
arose from the work of Heisenberg and collaborators, who showed that quantum fluctuations lead to
an interpretation of the quantum vacuum as a non-linear medium. These non-linearities are manifest,
for e.g., in light-light scattering, vacuum birefringence and dichroism, and in the non-perturbative
instability of the QED vacuum. These effects are tiny, and have not yet been directly observed.
16

Recent theoretical work has shown that the strict “critical field” estimate of E10 V/cm, identified
already by Sauter in 1931 and Heisenberg & Euler in 1936, and corresponding to an intensity
29
I10 W/cm², is only a rough estimate, and in fact we now expect that some of these non-linear and
25
26
non-perturbative effects may be accessible already with intensities of the order of 10 -10 W/cm².
IZEST will approach the border of this new regime, opening a new era of photon science in the ultrahigh intensity arena.
The IZEST project poses enormous experimental and theoretical challenges to the scientific
community. Theoretically, genuinely new conceptual and computational ideas are needed in order to
predict accurately the behavior of quantum fields under such extreme conditions. Urgent open
problems include: (i) QED vacuum pair production rates for realistic short-pulse spatially-focused laser
fields, with the aim of optimizing the experimental set-up; (ii) a fully consistent, non-classical, treatment
of back-reaction and cascading effects. These cascades are very similar to those considered often in
astrophysics of pulsars and are also rather analogous to EASs caused by the Cosmic Rays in the
atmosphere (in this latter case the targets for pair productions and hard photon emissions are nuclei).
However, in contrast to the latter case, the QED cascades arising in intense laser fields are expected
to be self-maintained in the sense that in between of the successive QED events the electrons and
positrons are strongly accelerated by the field thus extracting from it a huge amount of energy. The
multiplicity of such kind of cascades increases exponentially rather than linearly in time.
Physically, it is now appreciated that quantum interference in QED vacuum physics poses both a
problem and an opportunity: it needs to be understood in order to design a pulse configuration that
allows access to such non-perturbative physics at the lowest possible intensity. We must go beyond
the leading derivative expansion approximation [which many computations still use]. The relevant
physics requires a complete treatment of quantum non-equilibrium physics beyond the perturbative
regime. A combination of analytic techniques and sophisticated computer simulations will be needed.
Despite these formidable challenges, we anticipate that the IZEST intensity regime will do for particle
physics what the original laser revolution did for atomic physics, discovering many surprising new
phenomena and as-yet-unimagined new applications.

2.3.1.

Extreme field Phenomological Description

With the laser intensity increasing, we shall encounter novel physical processes such as the radiation
reaction dominated regimes and then quantum electrodynamics processes. Near the intensity
corresponding to the QED critical electric field, light generates electron-positron pairs from vacuum
and the vacuum begins to act nonlinearly.
23

2

Reaching intensity of the order of 5×10 W/cm and above will bring us to experimentally unexplored
regimes. At such intensities the laser interaction with matter becomes strongly dissipative, due to
efficient electromagnetic energy transformation into high energy gamma rays [7]. These gamma-
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photons in the laser field may produce electron- positron pairs via the Breit-Wheeler process [8]. Then
the pairs accelerated by the laser generate high energy gamma quanta and so on, and thus the
25
2
conditions for the avalanche type discharge are produced at the intensity 10 W/cm , resulting in the
electron-positron- gamma plasma creation.
Approaching the critical quantum electrodynamics field will provide conditions for the electron-positron
29
2
plasma creation from vacuum [9]. This field corresponds to the intensity of approximately 10 W/cm .
However, in the multiple colliding laser pulse configuration the required for vacuum pair creation
29
2
intensity can lowered down to 10 W/cm [10].
The particle-antiparticle pair creation represents essentially nonlinear QED properties of vacuum.
Understanding the vacuum breakdown and polarization mechanisms is challenging for other quantum
field theories and for astrophysics [11, 12].There are several ways to achieve the higher intensity
required for revealing these processes with high intensity laser light. One of the approaches relies
upon increasing the laser energy and power, as targeted by the Extreme Light Infrastructure paradigm
[13].

Figure 8: Extreme field limits in high-intensity laser interaction with matter and vacuum
(extracted from Bulanov et al., Plasma Phys. Control. Fusion 53 (2011) 124025)

There are several ways to achieve this goal. One is based on the simultaneous laser frequency
upshifting and pulse compression. This method was demonstrated within the Relativistic Flying Mirror
concept, which uses the laser pulse compression, frequency up-shift, and focusing by counterpropagating thin electron shells [14]. The third way was demonstrated in large experiments [15], where
a bunch of ultra-relativistic electrons interacted with a counter-propagating laser pulse. Gammaphotons produced in the multi-photon inverse Compton scattering subsequently interacted with the
laser light creating the electron-positron pairs [16] Combining these two concepts in collision of the
high intense photons generated by relativistic flying mirrors with laser accelerated electron bunch will
provide new opportunities to explore electron-positron avalanche regime [17].
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2.4.

Particle Physics

A. Caldwell
Particle physics is concerned with the basic constituents of matter and their interactions, and with the
th
fundamental properties of space and time. The development of particle accelerators in the 20
century allowed for high precision experiments to be performed at ever increasing energy scales, and
therefore ever smaller distances. The use of more and more powerful particle accelerators led to the
discovery of a wealth of new particles, including quarks and gluons, the fundamental particles involved
in the strong interactions, and the W and Z bosons responsible for the weak interactions, and laid the
foundation for the development of the most precise theory the world has known - the Standard Model
of particle physics. The Standard Model is built on a unification of two of the four forces, the weak and
electromagnetic forces, and also incorporates the strong nuclear force in a rigorous mathematical
framework.
Despite these successes, particle physicists are convinced that the Standard Model is not the end of
the story. There are many fundamental issues in particle physics that are not addressed or resolved
by the Standard Model, both from an experimental as well as from a theoretical perspective. The main
theoretical evidence comes from the inexplicable weakness of gravity compared to the other three
forces and the need for a formulation of quantum gravity. Well-known experimental examples are the
nature of `dark energy' and `dark matter', neither of which fit within the Standard Model and also the
cause of the imbalance between matter and anti-matter in our observed universe.
The future direction of particle physics research will clearly depend on the results from the LHC and
from the precision neutrino, dark matter search, and other experiments pursued by the particle physics
community. The proposed International Linear Collider, currently the favored next collider for the
particle physics community, would collide electrons rather than protons. Electrons have the important
experimental advantage that they have no substructure, as opposed to protons, so that the analysis of
the data is much more straightforward. Another important aspect of the point-like nature is that the full
energy delivered by the accelerator is used in the collisions. However, electrons have the
disadvantage that they cannot be accelerated to high energies in a circular accelerator since they
radiate away their energy. With today’s technology, the Linear Collider would be a very long
accelerator and very costly. In general, it is clear that the construction of ever larger and costlier
accelerator facilities will eventually reach an end, and that new technologies will be needed to push
the energy frontier. A novel acceleration technique based on plasma wake fields could drastically
lower the cost of building high-energy accelerators. In one approach, proton beams, such as those
from the LHC, could be used to accelerate bunches of electrons to high energies in a plasma [18].
Experimental tests of this idea are planned for the next years. Another possibility to go beyond the
current accelerator concepts is to accelerate and collide muons, a particle very much like the electron
but 200 times more massive. A muon has the advantages of an electron in that it has no substructure,
while its heavier mass suppresses the radiation such that high energies can be reached in a circular
accelerator. However, muons are unstable and decay in two microseconds. In an ideal case, a
plasma wakefield accelerator could accelerate muons to high energies in a short time. The
development of laser wakefield acceleration to PeV energy scales with IZEST are clearly of
fundamental importance in this context, and represent an exciting approach to providing a high-energy
accelerator for particle physics.

15

Provisional design and scientific contributions from the first workshop

2.5.

Dark Matter

C. Robillard, K. Homma
About one century after their discovery, Relativity and Quantum mechanics are still praised for their
high predictive power and for the accuracy to which they have been successfully tested. Therefore, it
is all the more unsatisfying that nobody has yet been able to combine them in a consistent model
describing both gravitation and the other basic interactions (electromagnetic, weak and strong
interactions). Among the theoretical propositions being developed beyond Standard Model, such as
String Theory, several predict the existence of new elusive particles, which would contribute to dark
matter. Because of their tiny coupling to ordinary matter and their very low mass, these particles have
been nicknamed WISPs (Weakly Interacting Slim Particles) [1]. They include axion-like particles
(neutral bosonic spinless particle), hidden-sector photons (very similar to usual photons but for a tiny
mass), minicharged particles (i.e. having a tiny unquantized electric charge among other less
renowned ones, but all of them still remain hypothetic.

2.5.1.

Light Shining Through Walls

Detecting WISPs would thus be an important step in modern physics. For this purpose, the most
promising approach is to use their small coupling to photons, which detection is easy, even at the
single particle level. This is what is done in “light shining through the wall” experiments [19], which are
based on the probability that a photon may be converted into a WISP, which would traverse a lighttight wall without interacting, then have a chance of being converted back into a photon with the same
frequency and direction as the original one. Because of the smallness of the WISPs-photon couplings,
it is valuable to use the highest photon fluxes available. This has been successfully done with the kJ
laser LULI 2000 in 2007 [20] to search for an axion-like particle which detection had been claimed by
the PVLAS collaboration [21]. The high energy laser approach was proven the most efficient to discard
this result.
In the near future, another interesting hidden-sector particle can be searched for on the LIL installation
(CEA-CESTA), namely a hidden-sector photon (HP), also called paraphoton or dark photon. Indeed,
the recent WMAP-7 observations and interpretations hint for an extra neutrino-like particle (the total
number of neutrino species is found to be 4.34 ± 0.87 with 68% Confidence Level), which could be
accounted for by a hidden photon with a mass m and a HP-photon coupling  in the parameters range
accessible with a few laser shots on LIL. Therefore, we are planning to set-up a “light shining through
the wall” experiment as soon as possible.

2.5.2.

Harmonic Generation

A different tack for Dark-Matter search is looking for high-harmonic generation from vacuum by the
four-wave mixing of high-intensity laser fields. This would have a great relevance to cosmology,
because the low-mass and extremely weak coupling fields in vacuum may cause the nonlinear
photon-photon interaction even in vacuum and they can be candidates of sources of Dark Matter and
Dark Energy. For this search, This search is performed through an international team in Japan and
also in Munich, Germany with the ELI project as well as in Bordeaux in France. We expect to be able
to measure the experimental signature even on a single shot measurable for ultra-relativistic intensity.

2.6.

TeV Astrophysics with IZEST

H. Takami, M. Teshima
The Universe contains an abundance of energetic particles, some of which have energies much higher
than those achieved by man-made particle accelerators. The maximum energy of cosmic gamma rays
measured approaches ~50 TeV. Since such gamma rays are produced not by thermal processes but
by interactions of higher energy electrons or ions, the maximum energy of the parent particles is > 100
TeV, and they are subject to violent and/or energetic phenomena in the Universe.
An intriguing astrophysical particle accelerator is the Crab Nebula, which is a pulsar wind nebula
(PWN). Spectral modeling have implied that the maximum energy of electrons in this system is ~3.5
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PeV; our Universe has even a PeV accelerator! Other PWN, supernova remnants and special types of
active galactic nuclei (so-called blazars), also have indicated to have >>10 TeV electrons/ions. Such
energetic astrophysical objects are interesting not only in the astrophysical point of view but also in
fundamental physics searches, e.g., Lorentz invariance violation (LIV), new particles, and so on.
Actually, astrophysical high-energy particle beams are not so strong as those of particle accelerators
on the Earth, but particle energies are unprecedented. This is a similar situation to IZEST, and so our
potential scientific targets are well overlapped.
Several searches for beyond standard model (BSM) physics in astrophysics are introduced below.
LIV results in the maximum velocity (or Lorentz factor defined as usual) of particles slower (faster)
than speed of light in vacuum. Thus, the existence of particles with high Lorentz factor constrains
possible LIV parameters. An application of the standard model extension, which is a kind of effective
field theories with LIV, implies that possible LIV parameters should be smaller than the order of ~10-15
[22].
Speed of light could be different for photons with different energies in theories with LIV. This produces
the arrival-time difference of photons emitted from a short transient event in several energy bands.
Such difference has been implied by observations of short blazar flares and gamma-ray bursts, and
they have constrained lower limits of energy-scale at which LIV effects appear [23].
The constraints of LIV energy-scale are realized thanks to cosmologically long distance propagation
27
(~1 Gpc = 3x10 cm) of gamma rays , which can enhance a tiny LIV effect. A similar idea has been
applied to searches for pseudo-scalar particles, so-called axion-like particles (ALPs). If ALPs interact
with magnetic fields, propagating photons in weakly magnetized Universe oscillate with ALPs, and a
gamma-ray spectrum of blazars (or generally extragalactic gamma-ray sources) could be distorted
(e.g., [24]). The absorption of gamma-rays by extragalactic background light (EBL) photons, which are
emitted from galaxies and stars, also attenuates gamma-ray spectrum typically above 1 TeV. Although
there is some uncertainty on observed spectra due to statistics and EBL spectrum, the reduction of
these uncertainties by future astronomical observations allows us to search for ALPs from spectral
modifications.
High-energy astrophysical environments are a good laboratory to investigate BSM physics, but they
often have uncertainty because they are not under control. On the other hand, IZEST will be a wellcontrolled experiment. So, IZEST has a potential to firmly confirm suggestions from astrophysics on
BSM physics. The virtue of long distance propagation in astrophysical environments can be covered
by precise measurements in time at laboratories.
Inputs to astrophysics are the other direction. Plasma plays essential roles in astrophysical
environments on relativistic jets, particle acceleration, and so on. Although this might be not limited to
the IZEST mission, some of IZEST-related physics help our understandings of extreme environments
in the Universe.
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2.7.

Laser Acceleration Toward the TeV

K. Nakajima, T. Tajima, A. Pukhov
Here we contemplate to reach energies that allow us to probe the tiniest structures in the physical
world in a laboratory. Identified are the method of laser acceleration to meet this challenge and a set of
ballpark parameters for laser, plasma, and accelerator technologies that are defined for accelerated
electron energies reaching as high as PeV. These parameters are carved out from the theoretical laws
that govern the physics of laser acceleration, theoretically suggested and experimentally explored over
a wide range in recent years. We extrapolate this knowledge toward PeV energies (over 1000 stages
17
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of TeV). In the density regime on the order of 10 cm , it is possible to consider the application of the
existing LMJ with 1992 beams or its extended lasers to their appropriate retrofitting for this purpose.
Such energies by themselves may allow us to begin to feel and study the physics of the ‘texture of
vacuum’. This is an example of fundamental physics exploration without the need of luminosity
paradigm and even the production of a single particle at PeV per shot amounts to useful physics at
such an extreme energy that far surpasses the contemporary energy horizon in the laboratory.By
converting accelerated electrons with extreme energies to like-energy gamma photons, and let them
propagate through vacuum over a sufficient distance, these extremely high energy (and therefore
short wavelength) photons experience smallest vacuum structures and fluctuations. To measure short
pulse duration PeV energy γ’s with sub-fs sensitivity by the novel combination of the Schwinger-like
vacuum emission of e−e+ by the PeV γ and the carrier-envelope phase (CEP) laser streaking
technique with the attosecond phase accuracy. This compilation of the ability to reach PeV and to
measure the fs time resolution of PeV γ photons can provide valuable data if and how gamma photons
still obey the premise of relativity or the vacuum texture begins to alter such fundamentals. The only
method currently available to look at this problem may be to study astrophysical data of the primordial
gamma ray bursts (GRB), which are compared with the presently suggested approach.

2.7.1.
Large-Scale Laser-Plasma
Toward TeV Electron Acceleration

Accelerator

Experiments

Kazuhisa Nakajima
In the high-energy application, one of disabilities with laser-plasma accelerators (LPA) is to cause the
degradation of beam qualities due to betatron oscillation and its radiative effects of electrons that
undergo strong focusing forces of the transverse wakefield, of which strength is comparable to that of
the accelerating field. This deficiency is mitigated by designing LPAs operated at the low plasma
15
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density of the order of 10 cm in the quasilinear regime. The design guidelines and examples for 2
TeV LPA collider have been presented in the report [25]. The possible research subjects and taskforce
are as follows:
1. a. R&D of a long-range plasma waveguide with RF discharge:
Low-density large-scale LPAs with 1 TeV energy gain require several hundred meter long plasma
waveguide with a few mm radius. We propose to devise a controllable meter-module of the plasma
waveguide with RF discharge and to carry out the optical guiding experiment for investigating
properties of a long-range plasma waveguide.
R&D of 1-GeV-class electron beam sources: A stable high-quality 1-GeV-class electron beam
18
-3
source driven by tens TW laser at the plasma densities 10 cm is indispensable for injecting electron
beams into the LPA stages. For this injector, we employ two-stage gas cell with the ionization-induced
injection.
1. b. R&D of high-energy electron acceleration from a single module LPA to the full-scale LPA:
Preparing the long-range plasma waveguide and the electron beam source, we go forward highenergy LPA experiments, starting from the experiment with the single module LPA consisting of an
injector and one plasma waveguide, each of which is driven by a different laser. We confirm that
increasing the LPA modules will reach the maximum energy gain. With multiple drive laser pulses,
multi-staging will be tested.
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1.c. Diagnostics of electron beam and betatron radiation: Precise measurement of energy and
energy distribution of electron beams with TeV-range energy is not an a- priori simple problem.
Deflecting a 1 TeV electron by 1 degree requires a 10-m long dipole magnet with 1 Tesla magnetic
field. We should develop a sophisticated diagnostics of electron beam properties, using synchrotron
radiation from TeV electrons such as betatron radiation and undulator radiation.
Table 1: Design parameters of 1 GeV injector and LPA stages for low density operation
INJECTOR

PHASE I

PHASE II

1 GeV

289 GeV

1 TeV

1 GeV

1 GeV

2 1018 cm 3

3.5 1015 cm 3

1 1015 cm 3

23.6 m

564 m

1056 m

192 GV/m

3.2 GV/m

1.7 GV/m

Focusing constant K k p

0.71

0.35

0.35

Stage length Lstage

6 mm

90 m

590 m

Number of electrons N b

1 109

1 109

1 109

160 pC

160 pC

160 pC

90  m

168  m

0.8  m

1 m

1 m

2

1.5

1.5

30 fs

500 fs

930 fs

Laser spot radius rL

11  m

273 m

510 m

Laser peak power PL

16 TW

3.4 PW

12 PW

Laser energy per stage U L

480 mJ

1.7 kJ

11 kJ

0.5

0.44

0.44

Energy gain per stage Wstage
Injection beam energy Ei
Plasma density n p
Plasma wavelength  p
Accelerating field Ez

Charge per bunch Qb
Matched beam radius

 r0

Laser wavelength L
Normalized vector potential aL
Laser pulse duration  L

Plasma channel depth nc n p

2.8.

Scalings for a PetaVolt Accelerator in the Bubble Regime

A. Pukhov
Similar to the current state-of-the-art laser driven electron acceleration, it is possible to setup a theory
for establishing scaling laws for a PetaVolt accelerator in the Bubble Regime
Bubble scalings [26] allow for TeV/m acceleration gradient


Ebeam
 1.9
Lacc

an  1m 

 TeV/m
ncr   

Number of acceleration stages to PeV energy:

N stages 

3 PeV
2 mc 2

Prel 
P c

i.e. a few hundred stages are required for ZetaWatt laser.
5
Here Pel=m²ec / e²  8.5 GW is the fundamental relativistic power unit, and P is the laser energy.
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Because electrons are subject to strong radiation damping at TeV energies, heavy negatively charged
particles should be used for acceleration. Antiprotons or muons are the candidates.
Yet, an ultra-short bunch of these particles must be generated (picosecond or femtosecond) to fit the
bubble.
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2.9.
Mono-Energetic and Collimated TeV-Level Proton Beam
Acceleration
X.Q.Yan
Radiation pressure acceleration (RPA) is very promising to obtain high-quality ion beams, compared
with the target normal sheath acceleration (TNSA). Existing studies have shown that GeV proton
22
2
beams can be obtained by RPA using CP lasers with intensity above 10 W/cm . However, because
of the involved transverse instabilities and hole-boring effects, the acceleration length is limited and it
is difficult to enhance proton energy without increasing laser intensity. Recently, tens of GeV proton
beams can be generated by a moving double-layer, in a unlimited acceleration regime, or in the twophase acceleration regime by ultrarelativistic lasers. The protons are, however, transversely spreading
due to the diverging quasistatic field in the both RPA and laser plasma wakefield acceleration (LWFA).
Although these acceleration methods can be used to accelerate the ions to a very high energy, the ion
de-focusing issue exists and it results in a very low flux. Furthermore, the laser diffraction is an even
more severe problem for these above schemes, where the effective laser-plasma interaction distance
is limited. As a result, ion beams can't be stably accelerated over long distance, and are usually not
collimated. Ion diverging issue in both RPA and LWFA has not yet been solved. It is also challenging
for laser plasma acceleration of TeV positron in high energy physics frontier accelerator.
Here we propose a stable proton acceleration from a mass limited target (MLT) connected with a
plasma density channel by ultra-intense CP laser pulses. In the proposed acceleration scheme, the
laser originally behind the target is divided into two beamlets (2D case), which are guided and
generate a twin-wake in the underdense plasma. It can stably trap and further accelerate the preaccelerated protons from the MLT by radiation pressure over long distance. Due to the electron return
current in the center of the donut channel, an artificially quasistatic collimating field for the energetic
protons is generated, which can improve the beam quality in terms of collimation and energy
spectrum. In contrast to the previously mechanisms mentioned above, both proton de-focusing and
laser diffraction can be overcome. It is shown by 2D simulations that ultrashort (<100 fs) and
monoenergetic ion beam with a peak energy above 10 GeV and divergence of 2 degree can be
22
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obtained with a CP laser at intensity of the order of 10 W/cm . In this regime the proton energy
scales with laser intensity, the theory and simulations predict half -TeV proton beam with 100fs pulse
23
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duration can be generated by an ultra-intense laser with intensity of 10 W/cm and pulse duration of
60 fs. The required laser energy is less than 70 KJ, which is what the LIL laser can provide in the near
future. We may have an unique opportunity to check the speed of neutrinos with exquisite
precision. IZEST and the laser LIL are ideally suited for that.

2.10.

Gamma Ray Sources with IZEST

I. Kostyukov
New possibilities for efficient gamma ray generation are evidently foreseen with IZEST. At intensities
24
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of about 10 Wcm and higher, a significant part of the laser energy is transferred into gamma rays
during laser plasma interactions. To produce an efficient gamma ray source we propose to use thin
metallic foils interacting with counter propagating circularly polarized laser pulses. The fundamental
issue of such super relativistic laser-plasma interaction is that the radiation reaction effects should be
incorporated into electrodynamics of this interaction. As follows from the developed electrodynamic
model accounting for the radiation reaction effects, all foil electrons can be compressed into a very
27
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narrow layer with densities up to about 10 см . In such a layer electrons will rotate in a plane
perpendicular to the laser propagation directions and efficiently produce gamma rays through
synchrotron emission. By properly choosing the laser and foil parameters up to 50% of laser energy
can be transferred into gamma rays with photon energy of about several MeV. The peculiarity of this
source is that it radiates gamma rays within the plane which is essentially two-dimensional. Thus, to
collect the gamma rays it is sufficient to place the corresponding nuclear targets just around the foil.
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2.10.1.
ICF Fast Ignition with Zettawatt Laser and Ultra Relativistic
Energy Electron Beams
C. Deutsch and J.P. Didelez
Fast Ignition with ZetaWatt laser pulses.
25
2
Assume, we converted 100 kJ in 10 fs. Focused to 10 mm, we get I=10 W/cm , or a0=3000.
According to the relativistic similarity theory [27], the plasma is transparent to S=ne/a ncr=1, i.e. to
24
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ne=5∙10 cm . Thus, the zetawatt pulse will propagate down to the compressed core and deposit its
energy there. Later, the ultra-dense fluxes of GeV particles will transfer their energy to surrounding
plasma layers via collective stopping mechanisms like Weibel instability and collisionless shock
waves.
Ultrarelativistic beams
In contradistinction to main stream fast ignition scenario (FIS),based on collisional stopping in the
compressed DT-fuel of relativistic electron beams (REB) in the 1-2 MeV energy range (ER) [28],we
envision an ultra-relativistic extension of the Malkin-Fisch [29] attempt at using REB in the several
tenths of MeV ER,and stopping them in target through induced nonlinear Langmuir turbulence.
Motivations for this approach highlight easier piercing of electromagnetic instabilities (EMI) in their
earlier and linear growing stage [30] and requested REB intensities reduced by orders of magnitude,
while very numerous additional inelastic channels could open for REB stopping.
A serendipitous output is also featured by the now possible emergence of a new field of high energy
nuclear physics stressing non-hadronic reactions, i.e. monitored essentially by electromagnetic
coupling.
Many electromagnetic instabilities in their nonlinear regime may also contribute significantly to REB
stopping, such as two-stream able to stop up to 20% of a 200 MeV REB energy. Target density
gradients could also induce shock REB stopping as evidenced by recent experiments at ILE featuring
15 MeV REB stopping in FIS-like targets [31].Turning to particle production we stress first the already
substantial and inelastic stopping due to electron-positron pairs production (Trident process).
In the 200 MeV energy range, electron beams can probe the extended electromagnetic structure of D
and T nuclei, thus providing a cross-section when averaged over every spatial degree of freedom
which can typically rises to the millibarn level (compare Trident process).
A practical way allowing a handsome capitalization of these numerous processes could advocate the
use of a polychromatic REB retaining a low and efficient ER part altogether with those novel high ER
contributions.
In this connection we would like to pinpoint the unique opportunities thus afforded by high ER REB
electro-disintegrating D and T nuclei [32] in 2 and 3 nucleons respectively with an additional negative
pion.
On the FIS time scale (~ps), the pion appears as a long lived particle (28 ns decay time).If produced
near threshold, say with 1 MeV kinetic energy it will be stopped in the supercompressed DT plasma in
14
less than 1/10 sec and immediately trapped in exotic atomic orbitals around target nuclei.
Those latter could then be swiftly engaged through very efficient 3-body collisions with surrounding
ions to produce D T Pi + molecular ions with an extension allowing the onset of a Pi-catalyzed
thermonuclear process. D D Pi+ and T T Pi+ can also be involved. Moreover the very small Pi-nucleon
scattering length secures a nearly negligible hadronic Pi-annihilation (in 1S ground state only).The
underlying physics monitoring these premises is the more strongly bound molecular states contrasted
to those in initial atomic exotic orbitals (Borromean or Efimov effect) as advocated by molecular
orbitals calculations based on Debye-screened interactions, mostly effective for the surrounding
electron-ion target.

22

Provisional design and scientific contributions from the first workshop
It is also gratifying to notice that the Pion-sticking on the resulting alpha nucleus will also turn reduced
significantly in present hot and superdense plasma conditions w.r.t its standard liquid hydrogen
homolog [33].
It should also be appreciated that the Muon-catalytic cycle already explored at low temperature [33] is
likely to remain operational in FIS context provided the target temperature remains below 100 MeV. As
far as the energy budget of this scheme is scrutinized, it should be recalled that the cost of the
negative pion is here lower bounded by 140 MeV, in marked contrast to the usual 6-8 GeV for the
usual cold hydrogen pattern.
.
In conclusion, these attractive perspectives rely basically on further and aggressive advances in the
highly promising field of Exawatt-Zettawatt superintense lasers.
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2.11.
Foundational Physics with Extreme Light Pulses: Critical
Acceleration, Inertia, Vacuum Structure, and Particles at Ultra HE
Johann Rafelski

2.11.1.

Einstein, Heisenberg, Schwinger
+

−

The production of e e pairs by relativistic laser pulses is generally viewed as a test of QED of strong
fields, and a demonstration of the ‘expected’ vacuum instability in strong fields as described by
Schwinger- Heisenberg-Euler spontaneous vacuum instability. Qualitatively, the situation is often
compared to the breakdown (sparking) of solid state devices in strong fields. However, an
interpretation of a vacuum phenomenon in terms of a material property is not entirely appropriate:
Einstein contemplated this situation as follows: “…space is endowed with physical qualities; in this
sense, therefore, there exists an æther... But this æther may not be thought of as endowed with the
quality characteristic of ponderable media....”.
We take therefore a more general view of the situation and ask why in first place is there vacuum
instability, and why is the electrical field appearing in Schwinger’s formula for pair creation Ec=
18
m²ec³/e(h/2) = 1.323 10 V/m so special?
Our understanding of forces is based on laboratory experience which we combine with universal
symmetries and conservation laws to infer the form of the force. Our intuition is based on inertial
motion. The forces we study are weak and their action is described as a small perturbation of the
inertial motion. They cause acceleration which is much weaker than needed to produce, for electrons,
in natural units an acceleration of magnitude unity:

We see that an electrical field of magnitude Ec would just accelerate an electron or positron with unit
acceleration. So the special value of Ec is naturally explained as the field needed to create critical
acceleration ac. In fact we can and should assume that we do not know the laws of physics in the presence
of forces which cause critical acceleration ac.

2.11.2.

Planck and Mach

Critical acceleration acr is achieved by the force due to Newtonian Gravity for Planck scale mass MP =2.177
10-8 kg = 1.221 1019GeV/c² at Planck scale distance LP = 1.616 10-35 m.

Note that since acr is proportional to the value of mass/energy content, a more universal measure of
‘criticality’ is the specific acceleration  ≡ אa/mc²:

We can probe the physics laws at specific critical acceleration employing electromagnetic forces. In
that sense we can probe in foreseeable future physics at the Planck scale. Specifically, for an electron
18
exposed to the ‘Schwinger’ electrical field of strength Ec= m²ec³/e(h/2) = 1.323 10 V/m, the critical
acceleration condition is achieved.
Mach was first to point out that concept of acceleration requires knowledge of an inertial reference
system. Einstein called this ‘Mach’s principle’ and he crafted general relativity (GR) in Mach’s way.
However, when all was said and done GR emerged as a theory without acceleration – as long as the
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only interaction is gravity all bodies must be point-like and will be in free fall. However, attempts to
‘geometrize’ the electromagnetic interaction failed, and quantum mechanics arrived which allows nonpoint objects to arise. That is why we can build lasers which generate critical acceleration. Taking
Einstein’s views, to describe high acceleration correctly we first need to learn how to incorporate
Mach’s principle into the laws of physics. Mach’s principle is NOT implemented in our physics.

2.11.3.

Present Framework

When we take our theoretical framework to the limit of critical acceleration ac we encounter not only
conceptual difficulties. One challenge is the above noted problem of vacuum stability in QED. The
other challenge even more written about is the electromagnetic radiation reaction phenomenon:
charges accelerated with ac are strongly affected by the radiation they emit. We can patch-up both
classical and quantum difficulties, yet this just slightly extends the domain of validity of the theory,
without resolving the source of the difficulty, our lack of foundational understanding of strong
acceleration.
The problem of strong fields and critical acceleration which dominated the discussion in days QED
was in- vented has been mostly ignored in recent decades, as the effort to understand the zoo of
particles and their mutual relation was underway and the opinion of ‘fundamentalists’ has been that we
need to find a theory of all forces akin to gravity, where geometry of extra dimensions ex- plains
appearance of forces in our world.
Setting aside the effort to extend the dimensionality of particles into additional dimensions, our view of
particle dynamics is that of interacting elementary (quantum) point objects in 3+1 dimension. The classic
action governing the motion contains three independent components:

i.e. the field term, the field-matter interaction and the matter inertia term. There must be two constant
coefficients that describe the relative strengths of these three terms. These are: q the charge (coefficient of
matter-field interaction term) and m the mass (coefficient of inertia action term). Each of the three
contributing terms is empirically determined and is only weakly constrained by symmetries and
conservation laws. While relativistic invariance relates to conservation of energy and momentum, the
conservation and quantization of charge remains enigmatic, by demanding gauge invariance we assure
charge conservation but quantization of charge remains unexplained. Note that even though we have not
understood why fundamental particles have a given mass, unlike charge, in principle bound systems of
particles can have any mass. Limiting Acceleration Theories There are many problems that were apparent
immediately and which prompted efforts to improve this picture. For example, a charged particle carries
an electromagnetic mass component which remains separate from the material mass. The coupling of EMmass to the particle is weak, and the dynamics of the two can be different which leads to interesting
radiation thought experiments. These comes into experimental realm when we achieve critical
acceleration in the laboratory. To remedy this rather blatant weakness of the theory, Born and Infeld
proposed a framework in which a charged particle has no material mass, all its mass is in the energy of the
EM field that a particle carries. This requires that the Field action is not Maxwellian but has a nonlinear
form. As the alert reader may guess, this restricts the field strength to a prescribed maximum, thus
introducing limiting acceleration. The Born-Infeld theory has not been popular recently, since
experiments set a high limit on the limiting field and show that Electromagnetic mass must be rather large
compared to the electron mass. This creates a conflict with the origin of the new theory, the aspiration of a
fundamentally consistent theory. The ideas of Born-Infeld continue to permeate many quantum field
theory efforts today where one attempts to generate mass dynamically as well. Similarly, models are being
developed to source mass from mechanical vacuum structure anchored in higher dimension, not
contradicting well established Lorentz properties of our world. In QED the Euler-Heisenberg effective
action provides an analytical stepping stone regarding both particle production and the understanding of
the vacuum structure of quantum theories.
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2.11.4.

Quantum Vacuum Structure

The æther of modern physics is the quantum vacuum structure. It embodies the laws of physics in the
way predicted by Einstein. For point particles, this is the Higgs minimal coupling. In this approach we
replace our ignorance about origin of mass by that of the coupling strength to the Higgs vacuum
expectation value, measured to be h=246 GeV. For many the appearance of another dimensioned
quantity aside of Planck Mass of Length needs explanation. But there is a further riddle: the material
mass of strongly interaction particles is derived from the interaction of hidden charges with the vacuum
structure, the principle of quark confinement governs the creation of mass, but the scale is provided by
the vacuum structure.
There are significant problems with the quantum vacuum as there are great successes we alluded to
above. The primary problem is that quantum fluctuations generate an enormous energy density, and
even in super- symmetric theories where the divergences are resolved, the values that remain are
beyond acceptable: this is the dark energy component in the balance of energies in the Universe
which is smaller by many orders of magnitude (120 or 30, who cares).
The understanding of this phenomenon is closest to experiment in QED where the study of the
effective Euler-Heisenberg type action promises us better under- standing of the quantum vacuum
physics. At this time the field strengths achieved have been too small to make progress.
Ultra High Energy Electrons and Positrons
The tool in exploration of fundamental structure of particles and fields are collisions between ultrarelativistic particles. Interestingly, the laser pulse energy is enormous when measured on elementary
23
scale, since we pack 10 photons into the pulse, much of it in a quantum coherent state. This opens
opportunities to generate very high energy particles.
The energy available for conversion into electron- positron pairs is the integral over all space of the
field energy in the frame of reference in which the integrated Pointing vector vanishes:

This condition defines the center-of-momentum frame of the created electron-positron pairs. This
energy available for materialization of pairs is understood in covariant form for arbitrary (effective)
nonlinear theory of electromagnetism and it is the effective mass of the electromagnetic field
configuration.
The motion of the mass of the electromagnetic field configuration in the laboratory is easily controlled
by crossing field geometries. It determines the motion (rapidity) and energy of the electron-positron
pairs created in conversion of electromagnetic fields into particles. This is allowing control over of the
produced electron and positron particle spectra, and potentially offers means of formation of particles
of extremely high energy in the laboratory.
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