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Laser-driven Plasma Accelerators are making the ascent to 100-GeV and beyond!
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A message from the IZEST directors:
It is the role of IZEST to muster the ultrahigh field community a few times throughout the year. After meetings
in Europe and the USA (Moscow and Livermore), we held our last meeting of 201 3 in Asia from November 1 81 9, 201 3 at the French embassy in Tokyo. The meeting was followed, November 20 by the IZEST Participant
Council at the Universty of Tokyo hosted by Professor K. Yamanouchi and his staff.
We were pleased to have the participation of the most prominent Asian laboratories in particle physics, and
ultra intense lasers in Japan, Korea, Taiwan, and India, in addition to those of the European Union, Russia and
the USA. An important contingent from industry was also in attendence. A large part of the meeting was
devoted to the revolutionary laser architecture ICAN (International Coherent Amplification Network) that has
the ability to generate laser pulses at ultra-high Intensity, high average power and high efficiency. The main
applications discussed included Particle Colliders, a Higgs factory, High-energy Astrophysics, Nuclear
Transmutation, Proton Therapy, Proton Diagnosis, Nuclear Pharmacology, the identification of spent nuclear
fuel in general and exposed fuel (i.e. Fukushima), as well as Homeland Security.
On January 23, 201 4, IZEST had the privilege to present IZEST to the Ecole Polytechnique Levée de
Fonds Bureau headed by Claude Bebear, Olivier Mitterand and the President Jacques Biot. In a symposium
called Passion Lumière Extrême, highly distinguished researchers like Michel Spiro (CEA), Gilles Cohen
Tannoudji (CEA), Etienne Parizot (APC-Université Diderot), Roy Aleksan (CEA), Olivier Napoly (CEA) and
other top scientists from the University, demonstrated the wide range of applications in the extreme light regime
for fields like High Energy Physics, Nuclear Physics, Astrophysics and Cosmology.
Now in this issue the focus is placed on the current status of the 1 00 GeV Ascent initiative within the
IZEST community. Currently there is a strong emphasis within the accelerator community on utilizing the
strong fields supported within a plasma for extending current and future acceleration facilities beyond the
limitations of RF technologies. A recent CERN Courier discusses three methods for driving the plasmas based
on laser, electron, and ion beams. Here we place the emphasis on laser-driven technologies and the progress
being made by labs working around the globe on the challenge of accelerating electrons to 1 00s of GeV.
We hope you enjoy the review.
- G. Mourou

www.izest.polytechnique.edu

- T. Tajima
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4th IZEST Meeting: Tokyo, Japan

Nov. 1 8-20, 201 3 - From Fundamental Physics to Societal Applications
An international conference on Extreme Light was
jointly organised by IZEST, KEK (High Energy
Accelerator Research Organization), the Embassy of
France in Japan (Science and Technology
Department) and the University of Tokyo (Department
of Chemistry). The conference spanned 3 days from
Nov. 1 8 to 20, 201 3.
Fundamental High Energy Physics
(HEP) has been driven mainly by the highenergy fermionic colliding beam paradigm.
Today the possibility to amplify lasers to
extreme energy and peak power offers, in
addition to a more compact and cheaper
way to drive HEP, a complementary new
alternative underpinned by single shot, large
field laser pulses that together we could call
(Laser-based) High Field Fundamental
Physics. The main mission of the
International center on Zetta-Exawatt
Science and Technology (IZEST) is to rally
the scientific community behind this new
concept. IZEST opens new horizons in fundamental
research but also for the laser industry. This
conference brought together with high-level laser
experts from about 30 laboratories throughout the
world (France, China, Germany, Greece, India,
Japan, Korea, Russia, Taiwan, UK, US). Many
representatives from industry also attended the
conference, including Areva, Thales, Misubishi
Electrics, Horiba, Hamamatsu Photonics, Canon Inc,
Schott Nippon KK.
More than 30 expert lecturers have been
given on a wide spectrtum of areas: from laser-based
particle acceleration, laser extreme power (Exawatt)
applied for astrophysics, to applications for the
nuclear field. The new amplification technique, ICAN
(International Coherent Amplification Network), which

will provide the peak power but also the average
power and plug efficiency currently lacking in existing
intense lasers was also presented.
Lastly, three Memoranda of Understanding
have been signed during the conference between
IZEST and ILE (Institut of Laser Engineering) -

Osaka, LeCosPa (Leung Center for Cosmology and
Particle Astrophysics) and the Royal Society of New
South Wales.
This conference aimed to strengthen the IZEST
visibility while pooling expertise and efforts around
the development of extreme power lasers. The strong
participation, more than 80 people, as well as the
quality of the debates and the many contacts formed
on this occasion demonstrates the success of the
event.
Three workshops related to the themes of 1 00 GeV,
C3 and Dark Fields were also organized in parallel
sessions. The 1 00 GeV is highlighted throughout this
current newsletter while the other topics will be
discussed in greater detail in later issues.

Passion Lumière Extrême

23 January 201 4 - Palaiseau, France

Extreme light generated today by the ultra-intense
lasers produce powers, electric fields, pressures,
temperatures, accelerations and pulse durations at
limits never-before reached. It is a great tool for
science and engineering, and opens new horizons in
medicine, environment and energy . It represents one
of the major themes of the Université Paris-Saclay
and also plays a major role in the training of a new
generation of students and researchers.
The Ecole Polytechnique with its latest
fundraising played a founding role in this field with the
creation of the European Infrastructure ELI (Extreme
Light Infrastructure) in Central Europe, the largest
infrastructure in the world; and at the national level
with the Apollon project that will provide the most
powerful pulses in the regime of ten Petawatt. Ecole
Polytechnique pursues this work with the international
research platform of IZEST (International ZettaExawatt Science and Technology Center) with over
30 laboratories spread over 1 3 countries.
From an economical perspective, Extreme Light
represents for the French laser industry, currently the

world wide leader in the field, a huge market worth
several billion euros and daily growing.
The purpose of this day was to provide a
panorama to the donors of Ecole Polytechnique by
eminent actors of this new science and its scientific,
social and economic significance. It highlighted the
backbone of this interdisciplinary nature, focusing on
the richness of the discipline and the important role of
Ecole Poytechnique.

Supporting Agencies

IZEST is supported by Ecole Polytechnique - France, CEA France and Thales France.
ICAN has been supported by the European Commission and is coordinated by Ecole Polytechnique (France). The 3 other partners are ORC
in Southampton (UK), University of Jena-FhG (Germany) and CERN Geneva (Suisse) along with more than 1 0 collaborators.

www.izest.polytechnique.edu
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1 00 GeV Summary:

Progress Report on Laser-Plasma Acceleration
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-K. Nakajima

The Plasma-based Rush to Multi-GeV Electron Beam Acceleration
Recently there is growing interest and rapid progress
on laser-driven plasma-based accelerators. By
exploiting petawatt-class lasers, high-quality electron
beams can be accelerated to multi-GeV energies in a
centimeter-scale plasma thanks to the laser wakefield
acceleration mechanism. The figure to the right
shows the increasing trend in the field with current
reported results from around the world including: 1 .8
GeV driven by 1 30 TW at SIOM, 2 GeV driven by 620
TW at TEXAS, 3 GeV driven by 21 0 TW at GIST, and
4.2 GeV driven by 380 TW at LBNL BELLA.
Endeavors to accelerate further high-energy
electron beams beyond 1 0 GeV are underway
worldwide at large-scale laser and particle
accelerator facilities. The BELLA (Berclay Lab Laser
Accelerator) program at LBNL is aimed at developing
1 0 GeV laser wakefield accelerators for high-quality
electron beam production in the conventional
accelerator paradigm, i.e. a staged accelerator
comprising an injector and an accelerator driven by a
1 .5 PW laser at 1 Hz. The FACET (Facility for
Accelerator science and Experimental Test Beams)
program at SLAC is aimed at accelerating 40 GeV
electron beams by plasma wakefield acceleration
driven by 20 GeV high-current electron bunches
delivered from the 2 km SLAC linac. The PDPWA
(Proton-Driven Plasma Wakefield Accelerator)
program at CERN is planned for producing ~ GeV-

level energy gain of externally injected electron
beams by means of plasma wakefield generated by
450 GeV self-modulated proton bunches from the
CERN-SPS proton synchrotron. Here we propose the
1 00 GeV ascent project to aim at reaching 1 00 GeVlevel energies in the full-scale experiments,
harnessing multi-PW lasers at IZEST associate labs
such as the 2 PW at SIOM, the 4 PW at IBS CoReLS,
the 1 0 PW at ELI-NP and the 7 PW PETAL at CEABordeaux.

The IZEST 1 00 GeV Ascent Challenges Uncharted LPA Energies
The 1 00 GeV Ascent project is aimed at extending
such an energy trend in the capability of laser plasma
accelerators toward an uncharted energy region and
mastering beam acceleration technologies by means
of multi-PW lasers. To our knowledge on laser-driven
plasma-based acceleration is capable of producing
multi-GeV electron beams with qualified properties.

www.izest.polytechnique.edu

We envisage the ascent project beginning with the
first milestone of 1 0 GeV acceleration by exploiting a
PW-class laser delivering a 30 J, 1 30 fs pulse at a
wavelength of 800 nm to a 40 cm long plasma with
density of 2x1 0 1 7 cm -3. The focused laser pulse with
a normalized field of a 0~3 is self-guided in a gas cell.
The second milestone of 40 GeV acceleration will be
carried out by means of a 800 nm PW-class laser
delivering a 200 J, 240 fs pulse to a 2.3 m long
plasma with density of 5x1 0 1 6 cm -3, when the laser
pulse is self-guided at a 0~3 in a gas cell.
A target experiment will be implemented by
employing a large-scale laser system named PETAL
at CEA Bordeux, capable of delivering a 3.5 kJ, 500
fs pulse at 1 053 nm wavelength. This capability
allows us to explore laser plasma acceleration
operated in the entire laser wakefield regime from the
linear regime to the nonlinear bubble regime.
According to the modest energy scaling confirmed by
previous experiments and full-scale 3D Particle-InCell simulations, we propose two phases of
acceleration experiments exploiting the full
capabilities of the PETAL facility as summarized in
the Table.
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Delving Deeper into the Ascent

In order to comply with the stringent demands for the
electron beam quality, the design settled upon
involves a staged laser plasma accelerator as
depected schematically in the figure to the right. The
first stage is comprised of a gas jet or a short gas cell,
which acts as an electron bunch injector. This is
followed by a long, uniform, low-density plasma or
pre-formed plasma channel (plasma waveguide),
which acts as an accelerating medium. The
accelerated beams are detected and analyzed by
using diagnostic system composed of a spectrometer
magnet and beam imaging detectors.
Each stage of this process is under active
development and research by groups throughout the
world. Here we present the ongoing work of three of
the IZEST-partnered labs to highlight specific aspects
of the Ascent to 1 00-GeV.

Electron Injection

The first step to consider is the creation of an electron
bunch for acceleration. Electron beams can be
produced and accelerated in the injector stage driven
by the same laser pulse as that in the accelerator

stage by relying on the self-injection mechanism such
as in an expanding bubble self-injection mechanism,
or the ionization-induced injection mechanism with a
short mixed gas cell. A variable length gas cell has
been developed at the CEA-Saclay that could be
used as an electron injector. This injector can provide
the successive accelerator stage with a few tens MeV
electron beam of a proper charge, adjusting gas
density, nitrogen concentration and cell length.
-K. Nakajima

IZEST Partner Spotlight: Progress on the Electron Injector
CEA - France

Over the past few months, the PHI
group in collaboration with the LPGP
(Orsay University) have conducted
the first experiments of electron
acceleration with the 1 00TW laser at
CEA-Saclay. Beginning with pulsed
gas jets, we have
established
wakefield
acceleration in a
new experimental
radioprotected
area, dedicated to
electron
acceleration.
Utilising UHI1 00,
delivering ~30fs
pulses and 2.3 J
before
compression, and
thanks to the use of an adaptive optic to optimise the
laser intensity on target, we observed the first
accelerated, mono-energetic electron spectra
characteristic of the bubble-regime in this new target
area, as shown in the figure at left.
Our next step is the implementation of a
variable length gas-cell which could be used as an
injector for a multi-stage laser plasma accelerator.
The idea is to use the ionization injection scheme to
control the injection and mainly reduce the energy
dispersion of the accelerated electrons. This gas cell

www.izest.polytechnique.edu

has been designed to provide controlled conditions
for reproducible and stable electron beams and could
act as the injector stage of the 1 00GeV project,
providing the first accelerator stage with an electron
beam of sufficient charge of a few tens of MeV of
electrons by adjusting gas density, impurity
concentration and cell length. The gas-cell is online in
the new target area as shown in the
figure above and its testing is already in
progress.
-S. Dobosz Dufrénoy,
Researcher
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Plasma Waveguides

The next stage requires a long uniform plasma to
support the accelerating fields. Preformed plasma
density channels for guiding ultra-intense short laser
pulses are produced by a number of methods,

Spring 201 4

including laser-induced hydrodynamic expansion,
pulsed discharges of an ablative capillary or a gasfilled capillary. However, the length of such a plasma
channel has been limited to less than 1 0 cm and the
plasma density has been tuned for >1 0 1 7cm -3. An
alternative method may be a hollow dielectric capillary
tube filled with neutral gas for guiding intense short
laser pulses over several meters. Since the laser is
guided by Fresnel reflection at the inner capillary wall,
this method relies on neither laser power nor plasma
density. Adjusting the capillary tube radius with
respect to the laser spot radius can propagate intense
laser pulses with peak intensity of the order of 1 0 20 W
cm -2 over a 1 00-m scale. Work at Nagoya University
has pursued the prospect of pre-ionizing a neutral gas
with a helicon discharge to create a density-based
channel to subsequately guide the laser.
-K. Nakajima

IZEST Partner Spotlight: Helicon-Discharge Plasma Waveguides
Nagoya University - Japan

Our group at Nagoya University is developing
a hollow density (1 0 1 5-1 6 cm -3) plasma waveguide
which contains two steps to the discharge process, as
represented in the figure at the lower left. For the first
step, the helicon discharge[1 ], an external axial
magnetic field of ~1 kG produces a plasma peaked at
the center (~1 0 1 4 cm -3) and the ionization of the gas
forms a hollow neutral density profile. The dip of the
neutral density is much larger than that of the helicon
plasma at the center due to the difference in

temperature between the neutrals and plasma. The
second step occurs when the intense laser is injected
into the waveguide and ionizes the remaining neutrals
to create a fully ionized hollow density plasma within
the tube.
The experiment of a helicon discharge with a
m=1 antenna has been performed with a narrow glass
tube of 4mm diameter, 50cm in length and filled with
helium gas at a pressure of a few tens of mtorr range.
The RF power is up to 3kW and the frequency is
1 3.56MHz. The electron density is
peaked at the center and the hollow
neutral density profile is observed by
measuring the neutral emission line
profile.

(Left) Schematic representation of population distributions for the neutral (n 0) and
plasma electrons (n e) within the waveguide channel after step 1 ) the helicon discharge
and step 2) the injection of the laser pulse. (Right) Electron density profile dependence
on RF power for m=+1 .

- T. Shoji ,
Professor

[1 ] T. Shoji, et. al., PIasma Sources Sci. Technol. 2 (1 993) 5

www.izest.polytechnique.edu
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Detection Diagnostics and Experimental Integration at PETAL
Electron beams from a laser plasma accelerator
comprising an injector and a plasma waveguide are
deflected through a spectrometer dipole magnet, and
detected on imaging plates placed at several
positions apart from the spectrometer magnet so that
beam energy can be evaluated precisely by
reconstructing a track of the electron beam. For this
purpose, the electron spectrometer for the planned
experiments “PETAL+” on high energy density
physics will be used that require increasing the
magnetic field and length up to 1 T and 1 m,
respectively.
In order to hold and align the injector, the
plasma waveguide and diagnostic system in the
centre of the vacuum target chamber, a structure,
referred to as an inserter, that performs the function
of precisely positioning the experimental setup must
be built. The inserter developed for the “PETAL+”
project has the loading capacity of 1 50 kg, the

IZEST Partner Spotlight:
IBS-GIST - Korea

positioning precision of 1 0 to 50 µm and the total
length of 1 6 to 1 9 m in order to move in the direction
of meeting requirements of the 1 00 GeV acceleration
experiments.
-K. Nakajima

Electron Acceleration

Laser wakefield acceleration further acceleration. We observed substantial
(LWFA) is a promising method to enhancement of electron energy over 3 GeV after the
develop a compact electron second acceleration stage. This result can be a basis
accelerator due to its huge field of multi-stage electron acceleration with PW laser
gradient remarkably exceeding pulses, which will be necessary to obtain electron
that of conventional
RF beams over 1 0 GeV. We have been performing
accelerators. The recent progress in high-power laser investigations to improve the quality of the multi-GeV
technology has realized laser outputs of over 1 PW, electron beam and to further enhance the electron
which can provide a
chance to improve
laser-plasma
accelerators. At the
Gwangju Institute of
Science
and
Technology (GIST),
two PW Ti:Sapphire
laser beam lines
have
been
constructed
with
outputs of 1 .0 and
1 .5 PW. The electron
acceleration
research group at (Left) Experimental layout for dual-stage electron acceleration pumped by a PW laser pulse; (Right) the
GIST has realized an energy spectrum of electron beams from the dual-stage acceleration.
electron acceleration
of over 3 GeV [Phys.
Rev. Lett. 111 , 1 65002 (201 3)]. In this study, a dual- energy. In addition, we are working on the
stage acceleration scheme has been employed in development of femtosecond gamma-rays by allorder to separate the injection stage from the optical inverse Compton scattering
acceleration stage by adopting 4-mm and 1 0-mm long using the two PW laser beam lines.
helium gas jets. A 400-MeV electron beam was
generated from the first 4-mm gas jet with electron
densities of 2x1 0 1 8 cm -3, and it was then injected into
- H. T. Kim,
the 1 0-mm jet with electron density of 8x1 0 1 7 cm -3 for
Researcher

www.izest.polytechnique.edu
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IZEST Partner Spotlight: Target Surface Electron Acceleration
GSI-PHELIX - Germany

During the recent decades,
femtosecond laser produced
plasmas have been proved to
be an ideal medium to
accelerate particles, where the
electron acceleration remains a hot topic in particular.
Fast electron beams from fs laser-solid interactions,
which is initially motivated by the fast ignition
concept, can be guided and accelerated in the
plasma region close to the target surface. Lately
target surface electrons (TSE), propagating along a
target surface direction, have been obtained with a
low divergence and spectrally peaked property [1 ].
Such beams might be very useful for the injection into
a high-energy wakefield. As shown in the Fig. 1 , with
the laser incident angle increasing, the emitted
electrons trend to the target surface and the beam
size becomes smaller. An appropriate laser prepulse
is crucial for the collimated quasi-monoenergetic TSE
beam generation. Fig. 2 shows that in the case with
prepulse, MeV TSE beam are generated with a large
total charge. The phenomena leading to electron
guiding and acceleration along target surfaces could
be confirmed by simulation results related to the
betatron oscillation process in Ref. [2-3].
In order to obtain higher-energy TSE
bunches, a first experiment was performed at the
ultra-intense sub-picosecond laser system PHELIX,
at the GSI Helmholz Center at a pulse duration of
around 400 fs and a pulse energy of up to 1 50 J. The
preliminary work showed evidence of collimated
multi-MeV TSE beams of high total charge, in
accordance with 2D Particle-In-Cell (PIC) simulations

Fig.1 The angular distribution in
the polar coordinate of the
surface electrons emitted from a
laser-solid interactions at incident
angle of respectively 45 o, 67.5 o
and 72 o.
Angular distribution (a) and
in the frame of the wake Fig.2
energy spectrum (b) of the
at the laser
field
acceleration generated TSE beam
of 68.5 o. (a) The black
mechanism[4].
Further incidence
(lower) dashed line represents
research is on the way to the target surface direction. From
to right, four pieces of IP
optimize the quality of the left
tracks the electrons
TSE beam, which might images
penetrating deeply into the IP
be applied as a stable layers.
injector in for advanced
electron acceleration concepts.

-T. Kuehl

1 . J. Y. Mao et al., Phys. Rev. E 85, 025401 (R) (201 2)
2. M. Chen et al., Opt. Express 1 4, 3093 (2006)
3. T. Nakamura et al., Phys. Rev. Lett. 93, 265002 (2004)
4. W.-M. Wang et al., High Energy Density Physics 9, 578 (201 3)

Relevant Recent Publications
• L.L. Ji et al. Phys. Rev. Lett. 11 2, 1 45003 (201 4); DOI: 1 0.11 03/PhysRevLett.11 2.1 45003
"Radiation-Reaction Trapping of Electrons in Extreme Laser Fields"
• S.N. Chen et al. Phys. Plasmas 21 , 02311 9 (201 4); http://dx.doi.org/1 0.1 063/1 .48671 81
"Passive tailoring of laser-accelerated ion beam cut-off energy by using double foil assembly"
• S. Jiang et al. Phys. Rev. E, 201 4, 89 (1 ) , 01 31 06. doi:1 0.11 03/PhysRevE.89.01 31 06
"Effects of front-surface target structures on properties of relativistic laser-plasma electrons."
• E.N. Nerush et al. Phys. Plasmas 21 , 01 31 09 (201 4); http://dx.doi.org/1 0.1 063/1 .4863423
"Gamma-ray generation in ultrahigh-intensity laser-foil interactions"
• O.R. Hoidn and G.T. Seidler Phys. Plasmas 21 , 01 2707 (201 4); http://dx.doi.org/1 0.1 063/1 .4862558
"Photometric study of single-shot energy-dispersive x-ray diffraction at a laser plasma facility"
• L.L. Ji et al. Phys. Plasmas 21 , 0231 09 (201 4); http://dx.doi.org/1 0.1 063/1 .486601 4
"Energy partition, γ-ray emission, and radiation reaction in the near-quantum electrodynamical regime of laser-plasma
interaction"
• S.B. Hansen et al. Phys. Plasmas 21 , 031 21 3 (201 4); http://dx.doi.org/1 0.1 063/1 .4865227
"Detailed analysis of hollow ions spectra from dense matter pumped by X-ray emission of relativistic laser plasma"
• M. Mori et al. JPS Conf. Proc. 1 , 01 5094 (201 4)
"Minimum condition of target gas material at an ionization-stage control scheme in a laser-plasma electron acceleration"
• W. Yan et al. PNAS (201 4) 1 –6; doi:1 0.1 073/pnas.1 404336111
"Concurrence of monoenergetic electron beams and bright X-rays from an evolving laser-plasma bubble."
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IZEST Community Building:
The Web-Based Platform for Research & Project Management

The web-development team hired to build the collaboration platform is nearing completion of the early
implementation phases interface and underlying database structure for the webplatform.
The beta version will soon be released to a limited user base for testing & debugging. We are looking for
people interested in helping test the system.
Please send an email to sign up for the beta: catherine.sarrazin@polytechnique.edu
Expect to see demonstrations in upcoming meetings and implementation of the system for collaborative
projects in the near future.

EPJ Special Topics Issue

Thanks to all who contributed an article to the IZEST-themed special issue and for the quick responses during
the editorial process. Final proofs are expected to be distributed sometime in May with publication expected
to follow soon.
-M.N. Quinn
-J. Wheeler

The IZEST Team

The ICAN project has added a post-doc researcher to help propel the ongoing research in fiber laser
technologies. Remi Soulard joined us in November 201 3. He is heavily involved in further developing the
ICAN project through work on simulations and experimental projects.
His email is remi.soulard@polytechnique.edu. Welcome to Remi!

Classifieds
Positions
• Research Fellows in Relativistic Laser Science
Center for Relativistic Laser Science (CoReLS)
Institute for Basic Science (IBS), Korea
contact: Ms. Jeong Eun Yu (yje525@ibs.re.kr)

• Young Scientists and Post-docs
ELI-ALPS Project, Hungary
more info: www.eli-alps.hu
contact: monika.barany@eli-alps.hu

Want Your Announcement Included?

Please forward all advertisments for positions etc. to: catherine.sarrazin@polytechnique.edu

EDITORIAL BOARD

G. Mourou (IZEST director), T. Tajima (IZEST deputy director),
J. Fuchs (C3 manager), K. Homma (DF manager), K. Nakajima (1 00GeV manager),
M. N. Quinn (IZEST), C. Sarrazin (admin coordinator), J. Wheeler (IZEST)

CONTRIBUTORS:

S. Dobosz Dufrénoy (CEA), H.T. Kim (IBS-GIST), T. Kuehl (GSI-PHELIX), T. Shoji (Nagoya U.)

Any useful information that you feel we missed? Feel free to contact us and let us know for future issues:
catherine.sarrazin@polytechnique.edu or anne-claire.gauvin@polytechnique.edu
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