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By the compression of petawatt pulses to multi-exawatt, a new route 
for the generation of Schwinger intensities capable of producing high-
energy radiation and particle beams with extremely short time structure 
down to the attosecond-zeptosecond regime is being presented. Far 
from the traditional laser investigation in the eV regime, this laser-based 
approach offers a new paradigm to investigate the structure of vacuum 
and applications to subatomic physics.
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TeV energies and beyond, cosmos acceleration, vacuum 
nonlinearities, light-mass weak coupling fields such as, 
dark matter and dark energy, nonlinear QED and QCD 
fields, radiation physics in the vicinity of the Schwinger 
field, zeptosecond dynamical spectroscopy of vacuum, as 
well as affordable proton sources for proton therapy . For 
scientists the applications will be innumerable, based in 
particular on laser wakefield acceleration (LWFA) pro-
viding abundant sources of protons, neutrons, neutrinos, 
muons, and gamma-rays [2].

The Ultra-Intensity Pursuit
Since its invention the laser has been ideally suited to 
focus on atomic physics, or eV physics of electronic inter-
actions. With the advent of Chirped Pulsed Amplification 
(CPA) [3] and later Optical Parametric CPA (OPCPA) 
there has been a considerable leap in peak power and 
intensity of 6 to 8 orders of magnitude, peaking from 1015 
W/cm2 to 1022 W/cm2 or 4 orders of magnitude above 
the level where the electron quiver energy equals the rest 
mass energy of the electron, associated with pulse inten-
sities of 1018 W/cm2. Above this limit is the relativistic 
regime of the electron and the threshold for subatomic 

O
ver the past 30 years peak laser power has 
progressed to the petawatt (1015 W) and is 
expected soon to reach 10 PW. A level con-
sidered as the limit not only in power but 

also in size and cost. Recently, it was realized that the peak 
power could not be increased only by increasing the en-
ergy but by dramatically decreasing the pulse duration to 
the subattosecond time scale while maintaining the ener-
gy at the 10-1000 J level, corresponding to peak power im-
provement of several thousand times. The extraordinary 
large peak power will provide accelerating gradient 6 or-
ders of magnitude higher than can be accomplished with 
RF based accelerators. Fundamental subatomic physics 
and applications have been hitherto, mainly driven by 
high energy fermionic beams and it is heady to think 
that a 10 km TeV accelerator could fit on the top of one 
finger. This is a feat likened to electronics where over 
the same period of time (1950-today) centimeter sized 
vacuum tubes have been replaced by the nanometer-scale 
transistor. This opportunity will radically transform the 
laser field hitherto centered mostly in atomic physics or 
eV physics. A revolution to the field will make accessi-
ble new regimes of physics dealing with the physics of 

. FIG. 1: Laser Intensity through the years. Note the steep slope in intensities that occurred during the 1960s. This period corresponded to the discovery of 
most nonlinear optical effects due to the bound electron. We are today experiencing a similar rapid increase in intensity opening up a new regime in optics 
dominated by the relativistic character of the electron freed through photoionization. A few years ago we called it high intensity when the electron in a 
quiver energy was around 1 eV. Today high intensity corresponds to electron quiver energies of the order of mc2 ~0.5 MeV. The dashed line corresponds to 
what could be obtained with significant increases in beam size or by increasing the number of beams. The red-dashed line corresponds to the “short cut” 
obtained using the double-compression technique. 
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Current compression techniques rely on a fused sil-
ica hollow-core capillary, filled with noble gases for the 
spectral broadening required but the resulting pulse en-
ergies from these schemes are typically limited to the 
sub-mJ level. To go higher in energy, bulk compression 
was attempted by Corkum and Rolland [4] with the pulse 
free-propagating rather than guided. The pulse was rel-
atively long around 90 fs with an input energy of 500 μJ 
leading to an output pulse of 100 μJ in 20 fs. As the mate-
rial nonlinearity is strongly influenced by changes in the 
beam intensity, this scheme is impaired by the Gaussian 
intensity profile of the beam. A non-uniform broadening 
develops compounds with small-scale intensity features.  
These make the pulse impossible to compress uniformly 
except in the peak region of the beam that can be consid-
ered as constant. This crucial limitation to the efficiency 
frustrated the initial attractiveness of this arrangement. 

To solve the uniformity problem we have recently 
proposed a new scheme for compression to the single 
cycle regime suited for high energy pulses in the tens of 
Joules level. This Thin Film/Plate Compressor [5] relies 
on the fact that current high energy and short pulsed 
lasers are designed to produce top hat pulses in ampli-
tude and phase for efficient energy extraction. Using thin 
and inexpensive sheets of plastic, or alternatively thin, 
sub-millimeter glass plates, it has been shown through 
numerical simulations that we can produce identical 
self-phase-modulation across the beam that would 
lead to a uniform pulse compression. Plastic is the ideal 
candidate as it is much cheaper to fabricate than quartz 
and glass at the required thicknesses of a fraction of a 

physics including nuclear and particle physics. The next 
intensity level leads to a quiver energy equal to the pro-
ton rest mass, or 1025 W/cm2. It is these enormous inten-
sities that are attempted to be delivered by the various 
large-scale European laser infrastructures such as those 
being built at ELI, LMJ and Apollon, as well as others in 
Russia, China and Korea. These facilities rely on CPA/
OPCPA technology housed in 100 m size buildings and 
have reached the affordable limits to modern techniques 
in terms of size and cost. To explore the regime up to 
the Schwinger intensity (1029 W/cm2 ) —defined as the 
intensity threshold for vacuum electron-positron pair 
production—requires an additional 3-4 orders of mag-
nitude increase in pulse energy and is well beyond what 
is currently affordable.  A radical change in technology 
is required to truly make this dramatic leap. 

The method proposed is to efficiently compress pulses 
with tens of joules to sub-attosecond (10-18 s) durations 
and tightly focus over a spot size such that the peak in-
tensity will be in the Schwinger range of 1029 W/cm2. 
Note that by using a Fourier-Heisenberg argument, the 
subattosecond pulses are composed of a spectral range 
containing keV energy X-ray photons. The strategy that 
we have adopted for the efficient production of high en-
ergy subattosecond pulses is done in two steps depicted 
in Figure 2. The compression technique will first shorten 
a typical 20 fs, 20 J near-infrared (NIR) pulse into a sin-
gle-cycle while maintaining upwards of 15 J of energy. 
The second step utilizes a relativistic plasma mirror to 
drastically compress the pulse from 2.5 fs to the attosec-
ond and even the zeptosecond (10-21 s) regimes. 

m FIG. 2: Two Stages of Compression. The Thin Film Compression stage relies on the interplay between the spectral broadening produced by self-phase-
modulation and the group velocity dispersion necessary to stretch the pulse in a sub-millimeter, large aperture material. The combination of both effects 
contributes to create a linearly frequency-chirped pulse with increased spectral content compared to the initial pulse that can be compressed using dispersive 
elements such as chirped mirrors.  The second stage of compression requires delivery of the single-cycle pulse with appropriate tight focusing quality to 
produce and apply a compressed pulse with an ultra-relativistic intensity to a solid target plasma emitting X-rays by up-conversion.
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T—compressed by the relativistic motion of the mirror 
toward the pulse—scaling as T = 600 (attosecond)/a0.  
Here a0 is the normalized vector potential of the laser 
pulse, which is unity at 1018 W/cm2 and scales as the 
square root of the intensity. Considering the scaling for 
an incident intensity of the order of 1022 W/cm2 the pulse 
reflected from this high efficiency relativistic mirror is 
predicted to be compressed and necessarily up-converted 
in photon energies to achieve coherent keV X-ray puls-
es at the exawatt (1018 W) level power. A modest 1 J of 
reflected energy contained within an attosecond pulse 
duration is sufficient to produce an exawatt pulse. Any 
compression achieved below this timescale relaxes the 
energy requirements to produce similar powerful pulses.

Applications of High Energy, Short Pulses
Nonlinearity of Vacuum. A coherent, exawatt x-ray pulse 
that can be focused tighter than current NIR laser systems 
is capable of reaching the Schwinger intensity and pro-
duce sizable nonlinearities in vacuum due to the expected 
pair production. This is even though the nonlinear index 
of refraction of vacuum is 18 orders of magnitude small-
er than that of a typical optically transparent medium 
such as glass. In treating the pair production process as a 
nonlinear index it is fascinating to imagine the physics of 
vacuum nonlinearity to pulse compression, self-focusing 
and the generation of filaments in vacuum analogous to 
those produced in air by NIR pulses [8]. The properties 
would be limited by “vacuum breakdown” or pair creation 
as the intensity approaches 1029 W/cm2. 

Giant Laser Wakefield Acceleration in Solid: CERN on 
a chip!  The high frequency photons offer the advantage 
of driving wakefields in high density matter. The critical 
density of a plasma, nc, is defined by a given laser fre-
quency and increases with increasing photon frequency 
or energy. For 1eV optical photons, nc is about 1021 /cc, 
while for X-ray photons of 10 keV nc is about 1029 /cc and 
is well above solid densities. In LWFA, the energy gain 
is limited by the critical density of the plasma with the 
high intensity LWFA energy gain given by

εe = a0
2 mc2(nc/ne),

where ne is the electron density. Therefore going to a high-
er photon energy allows for a greater achievable energy 
gain. An important benefit of a higher density plasma is 
that it supports a larger acceleration gradient. Shifting to 
extreme X-ray driven wakefield acceleration dramatically 
allows the acceleration to larger energies to be achieved 
over shorter distances suggesting TeV energies over cen-
timeter distances. The accelerating lengths of the order 
of TeV/cm are 103 times larger than previous results 
achieved for optical lasers in gases and 106 times that of 
current radiofrequency technology. They suggest accel-
eration performances to levels achieved only at CERN, 

millimeter but modern glass making may allow for ap-
propriate candidate substrates as well. The large aperture 
(~0.5 m) material must be capable of withstanding high 
intensity laser shots without breaking while being easily 
replaceable as it degrades with use. Note that the thickness 
needs to be uniform but not necessarily flat to be effective 
as the nonlinear material. Numerical simulations were 

carried out assuming a plastic film interacting with a laser 
similar to that recently commissioned at the CETAL PW 
laser facility based at the Institut National de Laser, Plas-
ma et Radiophysique (INFLPR) in Magurele, Romania 
[5, 6] and experimental plans are underway to test the 
conclusions of these simulations.  This CPA laser system 
is designed to deliver 27 J of energy within 27 fs yielding a  
1 PW laser pulse at a wavelength of 800 nm. Once focused 
to a diffraction limited size this single cycle pulse should 
belong the so called Relativistic λ3 regime [7].

The application of such a relativistic intensity field to 
a solid target plasma is what gives rise to the dramatic 
compression and photon up-conversion of the ultrashort 
NIR pulse to an even shorter X-ray pulse.  A laser-driven 
reflective surface within the plasma that moves in and 
out under the influence of the incident pulse acts as a 
so-called relativistic mirror. In this relativistic regime 
Naumova et al. [7] predicts a reflected pulse duration 

“This laser-based approach offers a new 
paradigm to investigate the structure of 
vacuum and applications to subatomic physics  
using ultrashort, coherent keV x-ray. ”

. FIG. 3: Evolution of Pulse Compression in the single cycle regime.  Early work by Grischkowsky et al. 
[9] compression technique which relies upon the nonlinear response of a material to a high intensity 
pulse within a single mode fiber. In their experiment a picosecond pulse with nJ energy was further 
compressed to a duration of tens of femtoseconds. This work triggered an enormous interest that 
culminated with the introduction by O. Svelto, F. Krausz et al [10] of a fused silica hollow-core capillary, 
filled with noble gases and demonstrated that a 20 fs pulse can be further compressed to 5 fs, or 2 cycles 
of light, at 800 nm. Due to the energy losses associated with coupling the laser pulse spatial mode 
into a single-mode fiber or hollow-core capillary the resulting pulse energies from these schemes are 
typically limited to the sub mJ level.
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m FIG. 4: Reflection from a Relativistic Mirror. (a) A high intensity single-cycle pulse encounters a solid target plasma and (b) pushes the plasma electron critical density surface further 
into the plasma until the laser field reaches equilibrium with the electrostatic potential that has developed between the displaced electrons and stationary ions to pull the critical 
surface back so that (c) a portion of the incoming pulse is compressed as it is swept up by its encounter with this relativistically moving reflective surface. Deformations in the target 
surface due to the shape of the focus help to spatially isolate portions of the reflected beam.
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at CEA-Saclay, Laboratoire d’Optique Appliquée. He got 
his Ph.D. at the Ohio State University.

References

[1]    T. Tajima, The European Physical Journal Special Topics 223(6), 
1037 (2014), available at http://link.springer.com/10.1140/
epjst/e2014-02154-6

[2]   T. Tajima and J. M. Dawson, Physical Review Letters 43(4),  
267 (1979)

[3]   D. Strickland and G. Mourou, Optics Communications 56(3), 
219 (1985), available at http://linkinghub.elsevier.com/re-
trieve/pii/0030401885901208

[4]   C. Rolland and P. B. Corkum, Compression of High-Power Opti-
cal Pulses 5(3), 641(1988)

[5]   G. Mourou, S. Mironov, E. Khazanov, and A. Sergeev, The 
European Physical Journal Special Topics 223(6), 1181 (2014), 
available at http://link.springer.com/10.1140/epjst/e2014-
02171-5

[6]   M. Guillaume, F. Lureau, S. Laux, O. Casagrande, C. Radier,  
O. Chalus, F. Caradec, L.Boudjemaa, C. A. Simon-Boisson,  
R. Dabu, F. Jipa, L. Neagu, I. Dancus, D. Sporea, C. Fenic and  
C. Grigoriu, Cleo: 2013: CTh5C.5., available at http://www.
opticsinfobase.org/abstract.cfm?URI=CLEO_SI-2013-CTh5C.5 
(2013)

[7]   N. M. Naumova, J. A. Nees, I. V. Sokolov, B. Hou and  
G. A. Mourou, Relativistic Generation of Isolated Attosecond 
Pulses in a λ3 Focal Volume, Physical Review Letters 92(6),  
3 (2004), available at http://link.aps.org/doi/10.1103/PhysRev-
Lett.92.063902

[8]   A. Braun, G. Korn, X. Liu, D. Du, J. Squier and G. Mourou,  
Optics letters 20(1), 73 (1995)

[9]   D. Grischkowsky, Applied Physics Letters 41(1), 1 (1982), 
available at http://scitation.aip.org/content/aip/journal/
apl/41/1/10.1063/1.93306

[10] M. Nisoli, S. Stagira, S. De Silvestri, O. Svelto, S. Sartania,  
Z. Cheng, M. Lenzner, C. Spielmann and F. Krausz, Applied 
Physics B: Lasers and Optics 65, 189 (1997)

in Geneva not over kilometers, but over a few centimeter 
focus and supported by a laser facility such as the PW 
level facilities currently being built.

Conclusion
Modern high peak power laser producing PW and 10PW 
pulses with top hat distribution, combined with Thin Film/
Plate Compressor could have the capability to produce  
100 PW pulses with single cycle or 2.5 fs. Focused on a spot 
size limited by the laser wavelength, their interaction with 
solids is expected to generate attosecond or even zepto-
second multi-exawatt pulses in the X-ray regime with the 
acumen to drive giant acceleration in crystal in the TeV/
cm regime. This would form the basis of an all-optical high 
energy physics field providing the means to investigate 
vacuum structure, dark matter, dark fields and the like. 
In addition the technology could underpin new compact 
sources of protons, neutrons and muons with applications 
in fundamental physics and societal applications like pro-
ton therapy or nuclear waste transmutation. n
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