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Manipulating Relativistic Electrons with
Intense Laser Pulses
Victor Malka1,2*
1Laboratoire

d’Optique Appliquée, CNRS, Ecole Polytechnique, ENSTA Paristech, Université Paris-Saclay, Palaiseau,
France
2Weizmann Institute of Science, Rehovot, Israel
*victor.malka@ensta.fr

Laser Plasma Accelerators (LPA) rely on the control of the electronic motion with intense laser pulses [1].
The manipulation of electrons with intense laser pulses allows a fine mapping of the longitudinal and radial
components of giant electric fields that can be therefore optimized for accelerating charged particle or for
producing X rays. To illustrate the beauty of laser plasma accelerators I will show, how by changing the density
profile of the gas target, one can improve the quality of the electron beam, its stability [2] and its energy gain [3],
or by playing with the radial field one can reduce its divergence [4]. I’ll then show how by controlling the quiver
motion of relativistic electrons intense and bright X-rays beam are produced in a compact and elegant way [5-7].
Finally I’ll show some examples of applications.

References
[1] V. Malka, Phys. of Plasmas 19, 055501 (2012)
[2] E. Guillaume et al., Phys. Rev. Lett. 115, 155002 (2015).
[3] C. Thaury Scientific Report, 10.1038, srep16310, Nov. 9 (2015)
[4] C. Thaury et al., Nature Comm. 6, 6860 (2015)
[5] K. Ta Phuoc et al., Nature Photonics 6, 308-311 (2012)
[6] S. Corde et al., Review of Modern Phys. 85 (2013)
[7] I. Andriyash et al., Nature Comm. 5, 4736 (2014)

1

Development and applications of betatron x-ray
radiation for high energy density science
Félicie Albert*
Lawrence Livermore National Laboratory, Livermore, CA 94550 USA
*albert6@llnl.gov

Betatron x-ray radiation, driven by electrons from laser-wakefield acceleration, has unique properties to probe
high energy density (HED) plasmas and warm dense matter. This source is produced when relativistic electrons
oscillate in the plasma wake of a laser pulse. Its properties are similar to that of a synchrotron, with a 1000-fold
shorter pulse. This presentation will focus on the experimental challenges and results related to the development
of betatron radiation for applications at large scale HED science laser facilities. We will present recent
experiments performed at the Linac Coherent Light Source (LCLS) at SLAC and the Jupiter Laser Facility (JLF)
at the Lawrence Livermore National Laboratory.
At LCLS, we have recently commissioned the betatron x-ray source, driven by the Matter under Extreme
Conditions (MEC) short pulse laser (1 J, 40 fs). The source is used as a probe by investigating the X-ray absorption
near edge structure (XANES) spectrum at the K- or L-edge of several materials (iron, silicon oxide) driven to a
warm dense matter state (temperature of a few eV, solid densities). The driver is either LCLS itself or optical
lasers. With these experiments we are able to study, with sub-picosecond resolution, the electron-ion equilibration
mechanisms in warm dense matter.
At JLF, we used the Titan laser (150 J, 1 ps), showing evidence of betatron x-ray production in the selfmodulated regime of laser-wakefield acceleration (SMLWFA). We will show a detailed source characterization,
as well as electron spectra above 200 MeV and forward laser spectra indicating a strongly self-modulated laserwakefield acceleration regime. The results, benchmarked against Particle-In-Cell (PIC) simulations, are promising
for future applications of the source at larger scale laser facilities such as OMEGA and NIF.
Work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under contract DE-AC52-07NA27344, supported by the LLNL LDRD program under tracking code
13-LW-076, 16-ERD-024, 16-ERD-041, supported by the DOE Office of Fusion Energy Sciences under SCW
1476 and SCW 1569, and by the DOE Office of Science Early Career Research Program under SCW 1575.

2

Electron and ion acceleration news from the novel
Petawatt laser facility in Dresden
U. Schramm*
Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany, and Technical University Dresden, Germany
*u.schramm@hzdr.de

Applications of laser plasma accelerated particle beams ranging from the driving of light sources to radiation
therapy require controlled scaling of particle beam energy and charge as well as reproducible operating conditions.
Both issues have motivated the development of novel table-top class Petawatt laser systems (e.g., 30J pulse energy
in 30fs) with unprecedented pulse control, here represented by the dual beam Draco-PW system recently
commissioned at HZDR Dresden.
First results will be presented on laser wakefield electron acceleration where in the beam loading regime high
bunch charges in the nC range could be efficiently accelerated with good beam quality, and on PW class proton
acceleration scaling. Several methods relying on target tailoring will be summarized to reliably provide about 10
MeV cut-off energy per Joule of laser energy up to the range of 25 MeV ready for applications. Here, pulsed
magnet beam transport ensures depth dose distributions allowing for tumor irradiation in dedicated animal models.
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Staging Laser Wakefield Acceleration Research ai
ming for Repeatable GeV-class Accelerator
Tomonao HOSOKAI1, 2*, Takamitsu OTSUKA2, Naveen Pathak2, Junpei OGINO2,
Yasuo SAKAI2, Alexei ZHIDKOV2, Keiichi SUEDA2, Shin’ichi MASUDA2, Hirotaka NAKAMURA1,
Zhang JIN 2, Akihiro UENO1, Hakujun TORAN1, and Ryosuke KODAMA1, 2, 3
1Graduate

School of Engineering, Osaka University, Japan
Pioneers Center, Osaka University, Japan
3Institute of Laser Engineering, Osaka University, Japan
*E-mail:hosokai@ppc.osaka-u.ac.jp
2Photon

A staging laser wakefield acceleration (LWFA) research that aims at table-top sized free-electron laser (FEL)
under the ImPACT program in Japan will be reviewed. LWFA is expected to be a novel scheme for accelerating
electron beams beyond GeV-class energy with compact devices. In recent studies, the pointing stability of the
electron beams from LWFA has been dramatically improved by plasma-micro-optics (PMO) that is plasma device
functioning as a focusing and optical-guiding tool for intense laser pulses [1]. The PMO enables electron beams
to be precisely controlled and/or transported by the beam-optics of conventional accelerators. With these
techniques a staging LWFA has been demonstrated successfully, and high quality quasi-mono-energetic beams
below the 100 MeV range are produced with good repeatability as an injector. Sub-GeV electron beams are also
produced with a 4 mm-booster laser wakefield. These results will be presented and discussed. A future
experimental site at SPring-8/RIKEN (Fig.1) is being prepared for the exclusive use of the laser-driven FEL. The
plans towards a test area on the laser-driven FEL at SPRING-8 /RIKEN will be presented.

Figure 1. A bird’s-eye view of laser system for LWFA platform at Spring-8/RIKEN site.
References
[1] T. Hosokai, et.al., Phys. Rev. Lett. 97, 075004 (2006); N. Nakanii, et.al., Phys. ReV. ST Accel. Be
ams. 18, 021303 (2015); T. Hosokai, et.al., Appl. Phys. Lett. 96, 121501 (2010); Y. Mizuta, et.al., Phy
s. ReV. ST Accel. Beams. 15, 121301 (2012); N. Nakanii, et.al., EPL, 113, 34002 (2016)
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Development of 20-fs 4-PW laser for laser-plasma
accelerators
Seong Ku Lee1,2*, Jae Hee Sung1,2, Hwang Woon Lee1, Jin Woo Yoon1,2, Je Yoon Yoo1 and
Chang Hee Nam1,3
1Center
2Ultraintense

for Relativistic Laser Science, Institute for Basic Science, Gwangju, Korea
Laser Laboratory, Advanced Photonics Research Institute, GIST, Gwangju, Korea
3Department of Physics and Photon Science, GIST, Gwangju, Korea
*lsk@gist.ac.kr

Ultra-high intensity lasers enable to investigate the novel physical phenomena such as laser driven particle
acceleration and strong field science. We have operated two ultra-intense petawatt (PW) beamlines [1, 2] and we
have recently upgraded a 20 fs, 4.2 PW laser [3]. In this talk, the development of a 20 fs, 4.2 PW Ti:sapphire laser
is presented.

Figure 1. Measured output energy as a function of pump energy in the final booster amplifier (left) and
reconstructed temporal profile of the 4.2 PW laser pulse (right).
For the 4.2 PW upgrade, the existing 1.5 PW beamline has been significantly modified. We, firstly, reduced
the pulse duration of the laser and then boosted the output energy. For the reduction of the pulse duration, the
spectral width was broadened by adopting the XPW and the OPCPA techniques and the final spectral width was
maximized by limiting the gain depletion of the next amplifiers. The output energy was boosted by adding a high
energy booster amplifier. With all the modification, we achieved the final compressed laser energy of 83 J and
the pulse duration of 19.4 fs, producing the 4.2-PW laser pulses at the repetition rate of 0.1 Hz with the low energy
fluctuation of 1.5% rms. This 4.2 PW laser is being operated and it will be a great tool for exploring the novel
physical phenomena in the unprecedented regime.
References
[1] J. H. Sung et al, Opt. Lett. 35, 3021 (2010)
[2] T. J. Yu et al., Opt. Express 20, 10807 (2012)
[3] J. H. Sung et al., Opt. Lett. 42, 2058 (2017)

5

Laser Accelerator Development at KPSI-QST
Masaki Kando*
Kansai Photon Science Institute, National Institutes for Quantum and Radiological Science and Technology (QST)
8-1-7 Umemidai, Kizugawa, Kyoto 619-0215, Japan
*kando.masaki@qst.go.jp

In Kansai Photon Science Institute (KPSI), National Institutes for Quantum and Radiological Science and
Technology (QST), we are developing laser-driven particle beams [1] for novel, compact sources including
protons, heavy ions, and electrons as well as photon sources ranging from 100’s eV to several MeV.
The ion acceleration study is based on target normal sheath acceleration (TNSA) by irradiating several
hundreds TW laser pulses onto foil targets. By carefully adjusting contrast level of our laser system J-KAREN-P
[2], the maximum proton energy reaches to ~ 50 MeV now (Mar. 2017) with a 2-µm-thick Al target. We also
improved the focal spot quality and the current strehl ratio measured on target is ~ 0.5 achieving~8.4x1021 W/cm2
[3].
The electron acceleration study is conducted using J-KAREN-P laser and a smaller system JLITE-X [4] at
KPSI-QST. We are developing plasma and electron real time monitors and testing an electron acceleration with
our J-KAREN-P laser. As for plasma monitors, we have developed sub-10-fs shadowgraph for direct plasma
density modulation [5] and holography for interferometric measurement [6]. In addition, we have demonstrated
characterization of pulse duration and timing of electron beams using electro-optic (EO) techniques [7].
References
[1] T. Tajima and J.M.Dawson, Phys. Rev. Lett. 43, 267 (1979).
[2] H. Kiriayam et al., IEEE J.S.T.Quantum Electron. 21, 1601118 (2015).
[3] A. S. Pirozhkov et al., Opt. Express, submitted.
[4] M. Mori et al., Laser Phys. 16, 1092 (2006).
[5] A. Buck et al., Nat. Phys. 7, 543 (2011); A. Savert et al., Phys. Rev. Lett. 115, 055002 (2015).
[6] N. H. Matlis et al., Nat. Phys. 2, 749 (2006).
[7] X. Yan et al., Phys. Rev. Lett. 85, 3404 (2000); A. L. Cavalieri et al., Phys. Rev. Lett. 94, 114801 (2005).
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Development of laser-plasma accelerator
with multi-PW laser pulses
H. T. Kim1,2*, J. H. Shin1, C. Aniculaesei1, B. S. Rao1, V. B. Pathak,1 M. H. Cho,1 S. K. Lee,1,2 J. H. Sung,1,2
H. W. Lee,1 J. Y. Yoo,1 J. W. Yun1,2, C. Hojbota,1,3 B. J. You1, S. H. Cho1, J. H. Jeon1,
K. Nakajima, and C. H. Nam1,3
1Center

for Relativistic Laser Science, Institute for Basic Science (IBS), Gwangju 61005, Republic of Korea
2Advanced Photonics Research Institute, GIST, Gwangju 61005, Republic of Korea
3Department of Physics and Photon Science, GIST, Gwangju 61005, Republic of Korea
*htkim@gist.ac.kr

The laser wakefield acceleration (LWFA) is one of the most attractive methods for next generation electron
accelerators because it provides huge acceleration field larger by three orders of magnitude than that of
conventional rf accelerators. The development of PW lasers has prompted the investigation of a new regime in
laser electron acceleration. We have developed two PW Ti:Sapphire laser beamlines [1], and successfully applied
the PW laser pulses to generate a 3-GeV electron beam [2]. Recently, we demonstrated a new method to stabilize
multi-GeV electron beams by controlling the waveform of PW laser pulses [3]. At CoReLS, we have upgraded
one of the PW laser beamlines to a 20-fs, 4-PW laser [4], which can offer opportunities to achieve a 10-GeV
electron beam and to explore QED effects in nonlinear Compton backscattering process. We present the current
status and future plans on developing electron accelerator using the 4-PW laser.

References
[1] J. H. Sung, S. K. Lee, T. J. Yu, T. M. Jeong, and J. Lee, Opt. Lett. 35, 3021 (2010).
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Overview of recent electron acceleration and X-ray
generation results from Garching
Stefan Karsch1,2*, Max Gilljohann1, Johannes Götzfried1, Hao Ding1, Sabine Schindler1, Johannes Wenz1,
Konstantin Khrennikov1, Matthias Heigoldt1, Mathias Hüther1, Ludwig Wildgruber1, Lorenz Hehn3,
Franz Pfeiffer3, Gavin Cheung4, Simon Hooker4, Andreas Döpp
1Ludwig-

Maximilians-Universität München (LMU), Am Coulombwall 1, 85748 Garching, Germany
für Quantenoptik (MPQ), Hans-Kopfermann-Strasse 1, 85748 Garching, Germany
3Technische Universität München (TUM), James-Franck-Strasse 1, 85748 Garching, Germany
4University of Oxford, Parks Road, Oxford OX1 3PU, UK
*stefan.karsch@mpq.mpg.
2MPI

After its move from MPQ to an interim location at the LEX facility at the LMU, the ATLAS laser has recently
been upgraded to 200 TW peak power, serving a new experimental area with electron acceleration and ion
acceleration beamlines. We will report on the first campaign with the new system in 2016. Electron acceleration
has been studied in various injection schemes, yielding high-charge beams (up to nC level) with broadly tunable
parameters (0.1-1.5 GeV). The combination of shock-front and colliding pulse injection yields two independently
tunable, quasi-monochromatic electron bunches with prospect for driver-witness-type PWFA experiments. A fewcycle shadowgraphy/faraday rotation probe pulse was used for the study of wakefields and beam currents down
to the low 1018 cm-3 density regime. In addition to the first observation of a fully broken bubble in the LWFA
process, this diagnostic also proved the excitation of a wake by the primary LWFA electron bunch in a secondary
plasma target as a first step towards true hybrid acceleration schemes.
In the field of X-ray generation, we continued our successful previous work [1] towards applications of
betatron radiation in medical imaging. Furthermore, we performed measurements and imaging using both singlepulse [2] and dual-pulse [3] Thomson scattering.
Finally, we will give a brief status update of the ongoing 3-PW upgrade of ATLAS in the new CALA
laboratory.

References
[1] J. Wenz et al. Quantitative X-ray phase-contrast microtomography from a compact laser-driven betatron
source. Nat.Comms. (2015)
[2] Ta Phuoc et al. All-optical Compton gamma-ray source. Nat.Phot. (2012)
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Generating and Measuring High Quality Electron
Beams in Plasma-based Accelerators
Fei Li1, Xinlu Xu2*, Chaojie Zhang2, Yang Wan1, Yipeng Wu1, Jianfei Hua1, Chih-Hao Pai1, Wei Lu1,*,
Warren B. Mori2 and Chan Joshi2
1Department

of Engineering Physics, Tsinghua University, Beijing 100084, China
of California, Los Angeles, Los Angeles 90095, United States
*weilu@tsinghua.edu.cn

2University

The plasma-based accelerators (PBA) have experienced tremendous progress in the last decade, which is
promising to revolutionize the applications of laser and accelerator technologies. One of the key challenges for
PBA is how to controllably generate the high quality electron beams largely exceeding those the state-of-art
accelerator techniques can achieve. By understanding the general rules of the injection in PBA, two novel schemes
based on the ionization injection and the plasma density modulation injection are proposed and deeply studied.
PIC simulations show the schemes can generate high quality electron beams with low slice energy spread (~10
keV to ~1 MeV), ultralow emittance (nm to tens of nm level), high current (~kA to ~20 kA level) and ultrahigh
brightness (1019 to 1022 A m-2 rad-2) which is 3 to 6 orders of magnitude higher than the current techniques. Once
verified experimentally, it will produce important influence on the development of the future light source and the
linear collider technologies. In order to precisely and efficiently simulate the beam dynamics during the injection,
a novel PIC algorithm with high parallelization and low noise is proposed and implemented.
The issue of measuring ultralow emittance is deeply discussed. Focusing on the high-gradient permanent
magnetic quadrupole (HGPMQ) method, the error and reliability analyses are systematically carried out,
confirming its potential for measuring ultralow emittance (<0.1 mm mrad). Experimental system with 50 nm
emittance resolution is designed and manufactured, and the measurement of mm mrad level emittance is
preliminarily realized, which lays the foundation for the future experiments.
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The role of direct laser acceleration of electrons in
a laser wakefield accelerator with ionization
injection
J.L. Shaw 1,2*, N. Lemos 1, L.D. Amorim 1, N. Vafaei-Najafabadi 1,
K.A. Marsh 1, F.S. Tsung 1, W.B. Mori 1, D. H. Froula 2, and C. Joshi 1
1University

of California Los Angeles, Los Angeles CA USA
for Laser Energetics, Rochester NY USA
*jshaw05@ucla.edu

2Laboratory

We show through experiments and supporting simulations the role of direct laser acceleration (DLA) of
electrons in a laser wakefield accelerator when ionization injection of electrons is employed. The laser pulse is
intense enough to create a nonlinear wakefield and long enough to overlap the electrons trapped in the first
accelerating potential well (bucket) of the wakefield. The betatron oscillations of the trapped electrons in the plane
of the laser polarization in the presence of an ion column lead to an energy transfer from the laser pulse to the
electrons through DLA. We show that the produced electron beams exhibit characteristic features that are
indicative of DLA as an additional acceleration mechanism when the laser pulse overlaps the trapped electrons.
This material is based upon work supported by the Department of Energy National Nuclear Security
Administration under Award Number DE-NA0001944, the University of Rochester, and the New York State
Energy Research and Development Authority. The support of DOE does not constitute an endorsement by DOE
of the views expressed in this article.

10

Single-shot measurement of electron bunch
duration in laser wakefield acceleration
Arie Irman1*, O. Zarini1,2, J.P. Couperus1,2, R. Pausch1,2, A. Köhler1,2, J.M. Krämer1,2, T. Kurz1,2,
A. Debus1, M. Bussmann1, U. Schramm1,2
1Institute of Radiation Physics, Helmholtz-Zentrum Dresden – Rossendorf, 01328 Dresden, Germany
2Technische Universität Dresden, 01069 Dresden, Germany
*a.irman@hzdr.de

Laser-wakefield accelerators (LWFA) feature electron bunches with duration ranging from several fs to tens
of fs. Precise knowledge of the longitudinal profile of such ultrashort electron bunches is essential for the design
of the next generation of light-sources and still remains a big challenge due to the resolution limit of existing
diagnostic techniques. Here we present measurement of electron bunch duration by recoding incoherent and
coherent transition radiation emitted as LWFA electron bunches passing through a metal foil. For this purpose, a
broadband spectrometer covering the spectral range from UV to MID-IR at very high dynamic range was deployed
in a single shot mode. We discuss the longitudinal structure of LWFA bunches from different injection mechanism
and possible path for generation of high peak current electron beam with a good beam quality.
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Traveling-Wave Electron Acceleration:
Breaking the dephasing and depletion limits of
laser-wakefield acceleration
Alexander Debus1,*, Richard Pausch1,2, Axel Huebl1,2, Klaus Steiniger1,2,
René Widera1, Tom Cowan1,2, Ulrich Schramm1,2, and Michael Bussmann1
1

Helmholtz-Zentrum Dresden – Rossendorf (HZDR),Bautzner Landstrasse 400, 01328 Dresden, Germany
2 Technische Universität Dresden, 01062 Dresden, Germany
*a.debus@hzdr.de

We show how to simultaneously solve several longstanding limitations of laser-wakefield acceleration that
have thus far prevented laser-plasma electron accelerators (LWFA) to extend into the energy realm beyond 10
GeV. Most prominently, our novel Traveling-Wave Electron Acceleration (TWEAC) approach [1] eliminates
both the dephasing and depletion constraints, which fundamentally limit the maximum energy gain of a single
LWFA stage. This is complemented with a focusing geometry, which does not require any guiding structures,
such as plasma-capillaries, and does not rely on laser self-guiding in plasma. This opens up acceleration regimes
that were previously inaccessible.
The wakefield driver is a region of overlap of two obliquely incident, ultrashort laser pulses with tilted
pulse-fronts in the line foci of two cylindrical mirrors, aligned to coincide with the trajectory of subsequently
accelerated electrons. First, such a laser geometry drives a wakefield moving at the vacuum speed of light
instead of the sub-luminal group-velocity vg<c, thus preventing electrons from outrunning the plasma wave
(dephasing limit). Secondly, this leads to a stable and experimentally controllable plasma cavity by having at
every instant a new, unspoilt section of the laser pulse, which has not yet undergone self-phase modulation,
transversely entering the plasma and, after only a short propagation distance, form the acceleration cavity in
plasma regions previously unperturbed by lasers. That latter mechanism eliminates the pump depletion limit of
LWFA.
TWEAC presents a prospect of vastly reducing or even completely disposing the problem of staging
between several LWFAs to achieve higher energies and hence averts the loss of electron beam quality, such as
charge decrease due to inter-stage beam transport or laser-stage-coupling inefficiencies. Given enough laser
pulse energy and in contrast to LWFA and PWFA, TWEAC can arbitrarily be extended in length to higher
electron energies without changing the underlying acceleration mechanism.
We show that TWEAC leads to quasi-static acceleration conditions, which do not suffer from laser selfphase modulation, parasitic self-injection or other plasma instabilities. Similarly, the TWEAC geometry greatly
facilitates reducing beam transport distances between the laser-plasma accelerator and subsequent insertion
devices, such as undulators, plasma lenses or colliding laser pulses, to below millimeters. This is especially
critical for reducing emittance growth during beam transport.
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We introduce the new acceleration scheme, show results from 3D particle-in-cell simulations using
PIConGPU, discuss energy scalability for both laser and electrons and elaborate on experimental realization
requirements.
References
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Short electron bunches accelerated by laser
wakefield at PALS for applications from electron
diffraction to nuclear physics
Miroslav Krus*
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*krus@ipp.cas.cz

Advances in the laser technology drive the development of charged particles´ plasma-based laser
accelerators, being compact devices capable of electron bunch acceleration to several hundreds of MeV over
milimeter distances. However, present-day laser accelerated electron beams lack the parameters and stability of
modern, conventional RF accelerators.
Here, we present the recent experimental (using 400mJ-in-focus, 40fs, 808nm laser pulses available at PALS
Research Infrastructure) and numerical results on the stabilization of the in-plasma-wave electron beam injection
process by shock-wave-driven plasma-density downramp tailoring or perpendicularly crossed optically-driven
electron bunch injection. Using these techniques, fundamental electron beam parameters can be fitted for
production of high-quality beams used in various applications (e.g. electron diffraction, radiography, X-ray and
radioisotope production, etc.).
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Relativistic electron beams driven by single-cycle
laser pulses at kilohertz repetition rate
D. Gustas, D. Guénot, A. Vernier, F. Böhle, R. Lopez-Martens, A. Lifschitz, J. Faure*
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We will review our recent developments on a high repetition rate MeV electron source and its potential
applications. Due to significantly reduced space charge and velocity dispersion effects, relativistic electron
bunches accelerated by laser wakefields have been identified as a candidate tool to achieve unprecedented sub10 fs temporal resolution in ultrafast electron diffraction (UED) experiments [1], [2]. High repetition rate
operation is also desirable to improve data collection statistics and wash out shot-to-shot charge fluctuations
inherent to plasma accelerators. It is well known that high-quality electron beams with narrow energy spreads and
small divergences can be achieved in the blowout, or bubble wakefield regime [3], which is at present regularly
accessed with ~30 fs Joule-class lasers that can perform up to few shots per second. Our group on the contrary
employed a cutting edge laser system producing few-mJ pulses compressed nearly to a single optical cycle (3.4
fs) [4] to demonstrate for the first time that, consistently with the scaling laws [5], relativistic electron beams with
properties characteristic to the blowout regime and peaked at 4-6 MeV energy can also be achieved at kilohertz
repetition rate [6]. We further investigate the plasma density profile effects on the accelerated charge and electron
energy and show that using certain structured gas jets several tens of pC/shot can be achieved. We expect this
technique to lead to a highly accessible and robust instrument for the scientific community to conduct UED
experiments with sub-10 fs temporal resolution.

Figure 2. Typical electron beam profile and spectrum [6]
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Back-reflection protection in high-power laser
experiments using single plasma mirror
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In high-intensity laser interactions with solid targets, the radiation pressure can push inwards the plasma
produced by the intense laser light and form a density hole with transverse dimensions comparable to the incident
light [1], or can modulate the target surface [2, 3]. Recent measurements with PW class lasers demonstrated that
energies of up to 3% of the incident laser energy can be back-reflected in the laser system [2]. Given the foreseen
intensities in the ELI-NP experiments in the range of 1022-1023 W/cm2, back-reflections of the main laser pulse
can occur from the distorted plasma, leading to damages of the beam transport system optics or even to the laser
amplification chain. Due to the large beam diameters of the ELI-NP high-power laser, conventional optical
insulators cannot be used [4]. We are therefore investigating the solution of using a single plasma mirror as a
back-reflection suppressor. Using the simulated and measured laser temporal contrast profile of the ELI-NP laser,
we are presenting the first simulation results in the evaluation of the target behavior and its optimum
characteristics necessary to mitigate a back-reflected pulse. A design for the implementation of the plasma mirror
setup is also discussed.

Sacrificial
mirrors

Targets

10 PW

Figure 3. Left: Hydrodynamic simulation of 3% back-reflected 10 PW laser pulse on a thin-film C plasma mirror target.
Right: Conceptual setup for 10 PW sacrificial mirror solution.
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Relativistic plasma control using two-colour fields
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The interaction of a sufficiently intense laser pulse with an initially solid target can result in the formation of
a plasma in which surface electrons are accelerated to relativistic speeds on time scales shorter than a laser cycle.
These electrons can form dense bunches and emit radiation that is upshifted in frequency relative to that of the
incident laser pulse, reaching up to extreme-ultraviolet (XUV) or even X-ray photon energies [1,2].

As this

process repeats periodically with the laser, this upshifted radiation is emitted in the form of high harmonics of the
laser frequency. Here, we show clear experimental data demonstrating that this process can be controlled by
converting part of the incident laser energy into its second harmonic before it is incident on the target surface.
Fine tuning of the sub-cycle timing of this second harmonic pulse can significantly alter the shape of the incident
waveform, which modifies the trajectories of the electrons, and can lead to a dramatic increase of the efficiency
at which energy is converted into XUV radiation [3].

As well as providing insights into the relativistic dynamics

of surface electrons in these interactions, this has the potential to lead to new laser based, coherent XUV sources
with unprecedented pulse energies and even attosecond scale pulse durations.

Figure 4. Experimentally observed high harmonic signal for different phases of the 2nd harmonic relative to the
fundamental laser pulse. Tuning the phase controls the harmonic generation efficiency and the highest order
observed which is directly linked to the dynamics of the relativistic electrons in the target.
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Electron Thermal Distribution Measurement of
Above-Threshold Ionized He Plasmas
Chen-Kang Huang*, Chaojie Zhang, Ken Marsh, Chris Clayton, and Chan Joshi
Electrical Engineering Department, University of California, Los Angeles, USA
*ckhuang@ucla.edu

Above-threshold ionization (ATI) has been shown to be an effective way to heat a plasma [1]. The quasiclassical theory of tunnel ionization implies that a plasma optically ionized by a circularly polarized pulse can
have electrons several times hotter than by a linearly polarized one. Electrons emitted from optically ionized
plasmas with high kinetic energy have been measured through experiments [2, 3]. However, the detailed dynamics
of ATI heating has not yet been shown experimentally. We propose an experiment to use Thomson scattering to
characterize the helium plasma after optical-field ionization by intense femtosecond pulses. The time evolution
of plasma electron distribution will be measured using an independently delayed femtosecond probe beam with 5
nm bandwidth. The anisotropic energy distribution from a linearly polarized laser pulse predicted by quasiclassical theory will also be verified.
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The recent advancements in laser-driven ion acceleration techniques using thin foil targets allow the maximum
proton energies close to 100 MeV [1,2]. From a view point of practical applications, high-purity proton beams
with high reproducibility are quite advantageous. In experiments using thin foil targets, however, protons from
surface contaminants along with the high-z component materials are accelerated together, making the production
of impurity-free proton beams unrealistic. Here we propose another way to produce impurity free, highly
reproducible, and robust proton beams exceeding 100 MeV using Coulomb explosion of micron-size hydrogen
clusters. For example, 100 MeV protons could be produced via the Coulomb explosion of the 1.2  m diameter
hydrogen cluster when irradiated by a laser pulse with a peak intensity of 1.6 × 1021 W/cm2.
In this study, the micron-size hydrogen clusters were generated by expanding the supercooled high-pressure
hydrogen gas into a vacuum via a conical nozzle connected to a solenoid valve cooled by a cryogenic refrigerator.
The size distribution of the hydrogen clusters is evaluated by measuring the angular distribution of laser light
scattered from the cluster [3,4]. The data were analyzed based on Mie scattering theory combined with Tikhonov
regularization method. The size distribution of the hydrogen clusters was found distributed from 0.3-2.0  m. The
background gas density profile of the targets is also evaluated using a Nomarski interferometer assuming the
cylindrical symmetry of the target.
The 3D Particles-in-Cell (PIC) simulations concerning interaction processes of micron-size hydrogen clusters
with high power laser pulses predict the generation of protons exceeding 100 MeV, accelerated in a laser
propagation direction via an anisotropic Coulomb explosion mechanism, demonstrating a future candidate in
laser-driven proton sources with the upcoming multi-PW lasers [5].
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Laser ion acceleration using the Draco Petawatt
facility at HZDR - experiments and radio-biological
application
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2Technical

Demanding applications like radiation therapy of cancer are pushing the frontier of laser driven proton
accelerators with controlled and well-defined proton beam properties. This talk will give an overview of recent
achievements at the high-contrast high power laser source DRACO at the HZDR in Dresden (Germany). The laser
system was recently upgraded by an additional Petawatt (PW) amplifier stage and new front end components
finally providing high contrast pulses of >500 TW on target at 1 Hz pulse repetition rate. In first experiments the
delivery of these pulses on target was demonstrated and the feasibility of worldwide first controlled volumetric
irradiation of a specifically developed tumor model, grown on the ears of nude mice with laser-accelerated protons
was investigated. In order to efficiently capture and shape the divergent TNSA proton beam, a setup of two pulsed
high-field solenoid magnets will be presented to reliably generate homogeneous dose distributions in lateral
direction and in depth.
The performance of laser based proton and ion acceleration and the scaling of the laser energy to achieve
increased ion energies strongly depend on the laser temporal contrast and its effect on the target plasma scale
length. Plasma mirror setups have proven to be a valuable tool to significantly improve the temporal contrast by
reducing pre-pulse intensity and steepening the rising edge of the main laser pulse. Re-collimating single plasma
mirror devices have been implemented into the Draco laser beam lines and the talk will summarize on
measurements of the resulting contrast enhancement comparing different techniques. With the achieved contrast
enhancement, laser proton acceleration and proton energy scaling were investigated within the TNSA regime
using ultra-thin foil targets and implications for the radiobiological experiments will be discussed.
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Towards manipulating relativistic laser-plasma
interaction with micro-structured targets
Liangliang Ji*
Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciencies, Shanghai 201800, China
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Efficient coupling of intense laser pulses to solid-density matter is critical to many applications including ion
acceleration for cancer therapy. At relativistic intensities, the focus has been mainly on investigating various laser
beams irradiating initially overdense flat interfaces with little or no control over the interaction. With recent
development on pulse cleaning technique, such as XPW and the use of plasma mirror, we now propose a novel
approach that leverages advancements in 3D nano-fabrication of materials and high contrast lasers to manipulate
the laser-matter interactions on the micro-scales. The advanced technique can produce repeatable structures with
at a resolution as high as 100 nm. Based on 3D PIC simulations, we explored two typical structures, the microcylinder and micro-tube targets. The former serves to enhance and control laser-electron acceleration and the latter
is dedicated to manipulate relativistic light intensity. First principle-of-proof experiments were carried out in the
SCARLET laser facility located in the Ohio State University and confirmed some of our predictions on enhancing
direct laser acceleration of electrons. We believe that the use of the micro-structured elements provides another
degree of freedom in LPI and these results will open new paths towards micro-engineering interaction process
that will benefit high field science, laser-based proton therapy, near-QED physics, and relativistic nonlinear optics.
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Experimental and simulation studies on muti-stage
proton acceleration
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With the development of ultra-intense laser technology, laser intensity can increase up to the order of ~1022
W/cm2 in the laboratory. Ion beams in the MeV range and even the GeV range, driven by terawatt or petawatt
lasers, exhibit ultra-short pulse duration, excellent emission, and ultra-high peak current. Thus, they can
potentially be applied in fast ignition of inertial confinement fusion, medical therapy, proton imaging, and preaccelerators for conventional acceleration devices. However, the generation of quasi-monoenergetic proton beams
for realistic applications is still an experimental challenge. Here, the optimum and controllable two-stage proton
acceleration is realized for the first time by a novel double beam image (DBI) technique in experiment. Two laser
pulses are successfully tuned on two separated foils with both spatial collineation and time synchronizing,
resulting in spectrum tailoring and an energy increase at the same time. Such a novel DBI technique can help us
to realize the optimum two-stage acceleration in a feasible way, which opens the door for the exact manipulation
of multi-stage acceleration to further improve the energy and spectra of particle beams.

Figure 5. (a) Proton images on RCFs for the two-stage proton acceleration. Laser one (L1) irradiates on target
one(T1), and Laser one (L2) irradiates on target one(T2). (b) The relation between optimum optical path
difference（LOPD） and the proton energy Ep. Energetic spectra for (c) LOPD = 3.64 cm, (d) LOPD = 4.86 cm, and
(e) LOPD = 6.3 cm. The images on IP plates for the cases of (f) L1 + T1, (g) L2 + T2, and (h) L1 + T1 and L2 +
T2.
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The presentation will give an overview of recent experiments for laser driven proton acceleration with high
contrast at the high power laser system Draco at HZDR. We present results of an experimental campaign
employing a pure condensed hydrogen jet as a renewable and debris free target.
Different ion diagnostics reveal mono-species proton acceleration in the laser incidence plane around the wirelike target, reaching cut-off energies of up to 20 MeV and exceeding 109 protons per MeV per steradian.
Evaluations of two different target geometries (cylindrical with a diameter of 2µm, 5µm or 10µm and planar with
2x20 µm²) demonstrate more optimized acceleration conditions using the planar hydrogen jet.
We report on modulations of laser accelerated protons by strong filamentary electromagnetic fields. Those
modulations are related to the appearance of electron Weibel instability in the preplasma at the rear side of the
target and impose important constraints on the preplasma level for high-quality proton acceleration [1].
Furthermore we present the usage of optical probing to study the laser plasma interaction providing plasma
density measurements at the time of the interaction and to precisely determine the jet position. Recorded probe
images taken up to 100 ps after the laser pulse arrived at the target, indicate plasma density modulations from
pinching effects along the jet axis.
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First Self Modulation Instability Results from
AWAKE: A Proton Driven Plasma Accelerator
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AWAKE is a proton driven plasma wakefield experiment at CERN [1]. A ten meter vapor source is used to
create rubidium with a precise and tunable baseline density of 7*10

14

cm-3, with an associated singly ionized

plasma skin depth (c/wp) of 1.2 mm. Because the 400 GeV proton beam from the super proton synchrotron (SPS)
is significantly longer than the plasma skin depth, AWAKE must rely on the transverse self-modulation instability
(SMI) to apply feedback on the proton beam, causing modulation at the plasma skin depth and thereby allowing
it to resonantly drive the wakefields to create GV/m fields. Furthermore, SMI must compete with other plasma
instabilities so it must be seeded by igniting the plasma within the proton beam with a 4.5 TW laser pulse. In this
presentation, I will discuss the first results of the measurements of SMI at AWAKE, the physics of SMI and that
of the ionization required to seed it, the nature of the plasma source, the diagnostics used to measure SMI, and the
planned future of AWAKE.
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Plasma accelerators driven by particle beams promise high electric fields and high efficiencies, and are
increasingly considered as a mean to make future electron-positron colliders more compact and affordable. Beamdriven plasma acceleration of electrons and positrons has recently seen a rapid experimental progress, in particular
with experiments conducted at the FACET facility (Facility for Advanced Accelerator Experimental Tests) at
SLAC National Accelerator Laboratory.
I will present an overview of the key results for plasma acceleration of both electrons and positrons, obtained
by the E200 collaboration during the 2012-2016 FACET experimental runs. For electrons, the acceleration of a
distinct bunch was achieved with high energy efficiency [1], and the field structure of the highly nonlinear plasma
wake has been characterized [2]. Very high fields in a beam-ionized high-ionization-potential gas were also
generated, unveiling important physical processes such as particle beam self-focusing [3]. The more challenging
problematic of positron acceleration will also be reviewed. A new regime where energy is efficiently transferred
from the front to the rear within a single positron bunch was discovered. The self-loading of the wake leads to the
formation of a narrow energy spread bunch of positrons [4]. The acceleration of a distinct positron bunch in a
plasma wake was also demonstrated at the culmination of the five-year campaign, in an experiment spanning
nonlinear to quasi-linear regimes and unveiling beam loading effects. Finally, the use of hollow plasma channels
for positrons was also investigated [5], and positrons have been successfully accelerated in these tubes of plasma.
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We report on results obtained with a few-cycle microscopic diagnostic [1] at the ATLAS laser facility. This
diagnostic allows direct observation of the laser-plasma interaction at densities of a few 1018 cm-3. In particular,
we have investigated the evolution of plasma waves for different injection schemes and have used Faraday rotation
[2] as complementary diagnostic to measure the electron bunch length. Furthermore, we directly observe - for the
first time - that the laser-accelerated electron beam drives its own plasma wave in a second, subsequent gas jet
target, paving the way for hybrid-wakefield accelerator schemes [3].
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Betatron radiation emitted from relativistic electrons in the laser wakefield accelerators(LWFA) with high
brightness and micron size can be applied to phase contrast imaging [1][2]. But one of the main limitations of the
betatron x-ray source is the significant shot-to-shot fluctuations. A bright and stable x-ray source with
1.1×〖10〗^7 photons(>4keV) per shot based on a 20TW laser has been developed. We found a way to decrease
the shot-to-shot fluctuations by multiple shots accumulation and quantified the shot number required to ensure
the stability, while high quality phase contrast images with a contrast higher than 0.61 and a resolution better than
10μm of biological specimens with skins, bones and organs were obtained.

Figure 6. Phase contrast images of an about 1cm of butterfly and fish. Many details of head, skins, organs can
be clearly seen.
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2Advanced

We propose an all-optical dual-stage laser wakefield acceleration (LWFA), staged with co-propagating twocolor laser pulses in a plasma medium, to enhance the electron bunch energy. The two-color dual-stage LWFA
can be understood as following: In the first stage, the leading lower frequency laser pulse excites a plasma wave
with a lower phase velocity, which triggers electron self-injection (injector stage). The second harmonic laser
pulse, trailing just behind the leading pulse, is guided within the bubble. Once the leading pulse is depleted, the
trailing second harmonic pulse excites a wakefield moving at a higher phase velocity, therefore increasing the
acceleration distance (accelerator stage). The leading part of the electron bunch, trapped and accelerated in the
injector stage, can be coupled into the accelerator and can then be further accelerated to the multi-GeV range. Due
to the higher frequency of the trailing laser pulse, the acceleration length of the second-stage can be significantly
enhanced. In this all optical dual-stage LWFA, the electrons can gain 3 times higher energy as compared to the
energy gain from the single stage LWFA driven by a single-color laser pulse with equivalent energy. Our multidimensional particle-in-cell simulations demonstrate that a 10-GeV electron bunch with 20-pC charge can be
obtained by the two-color dual-stage LWFA using total input laser power of 0.6 PW
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Experiments were performed using the HERCULES laser at the University of Michigan to produce the first
experimental measurements of backward Stimulated Raman Scattering (BSRS) generated by a 30 fs laser pulse
during laser wakefield acceleration. Backscattered radiation was found to be highly modulated and significantly
broadened and red-shifted in cases where electrons were generated. Backward SRS broadening (increased redshifting) was found to increase linearly with electron charge generation for laser intensities exceeding 100 TW.
The red-shifted area was also increased linearly with plasma density at these powers. No such correlations were
observed for laser powers at and below 50 TW. Red-shift broadening of the backward SRS spectrum may be
associated with increased electron-self injection due to perturbation of the plasma bubble in a wakefield
accelerator, resulting in a greater number of accelerated electrons.
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In this work we for the first time unravel the constraints on the topology of a plasma-wave underlying the
acceleration stages of the plasma-based accelerator [1] for enabling high-precision exploration of high- energy
physics within and beyond the Standard model at the interaction point of a future plasma-based collider [2][3].
Using analytical theory and 3D PIC simulations we present a significant variation of the electromagnetic fields of
a plasma wave depending upon its geometry in comparison to the well- established models presently used in
plasma collider designs [2][3]. We show that the plasma wave geometry affects the ability of a linear collider
design [4] to address the symmetry violations that are maximally violated in the Standard Model, at the collider
interaction point. We show using a 3D PIC simulation based scaling law that the parameters of the plasma wave
geometry play a critical role in enabling high-precision HEP, vital for availing beams that would allow such
precision at the interaction point of a future plasma collider
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Simulations of Laser Plasma Interaction drive the field of laser-driven accelerators since its beginnings. Yet,
their predictive powers have been limited by several key aspects. First, many codes were and are still unable to
fully exploit the computational power available in modern supercomputers. This is both due to the fact that we
are facing a zoo of programming models and hardware architectures as well as to the fact that the main
algorithm, the particle-in-cell technique, is itself memory-bound and thus usually does not show peak
performance floating point capability.
Second, comparison to experimental results is limited both by the limited knowledge on key experimental
parameters as well as limited reproducibility in experiments. This means that in order to represent an experiment
by simulation one has to perform a parameter survey rather than a single simulation.
Third, comparison to experimental results must take into account the variation in input parameters to the
simulation, e.g. phase space distribution of macro-particles, numerical variations due to the choice of model, e.g.
Maxwell solver, and the variation in model predictions itself. Quantifying these variations via error bars requires
to increase parameter surveys even further.
Fourth, comparison to experimental results requires synthetic diagnostics that match the diagnostics used in
the experiment as best as possible, since many diagnostics measure plasma properties via indirect processes that
should be included in deriving results from simulation, e.g. K-alpha radiation as a measure for temperature.
Finally, open standards are mandatory for creating reproducible results, thus open file formats, open source
codes and even open data are key requirements to foster progress of the research field.
We emphasize that all these prerequisites for predictable simulations demand computational power beyond
what is available now, both in simulation and (subsequent) data analysis. Yet, with increasing experimental
diagnostic capabilities and experimental control comparison to experiment becomes critical for optimizing laser
plasma acceleration both in performance and robustness. We will thus show possible steps towards Exascale
particle-in-cell simulations and data analysis using recent results on laser particle acceleration as illustrative
examples.
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While it is widely accepted that the plasma oscillation is an underlying mechanism of coherent radio-burst in
space, there has been a controversy on the radiation at the plasma frequency in laser-plasma interaction in
laboratory. Commonly accepted framework is that since the plasma oscillation is electrostatic, its electric field is
curl-free, prohibiting any electromagnetic radiation. On the other hand, numerous theoretical, experimental,
simulation data suggests a possibility of the radiation burst by the plasma oscillation. However, all the previous
reports of radiation by the plasma oscillation have shown broadband spectrum, making it dubious if it is really
from the self-oscillation of the plasma with wp. In this presentation, for the first time we show theoretical and
simulation results of radiation burst with a narrowband spectrum at the plasma frequency. The mechanism is
colliding two detuned laser pulses in a plasma. In the overlapped region of the laser pulse, the electrons are trapped
in the ponderomotive potential train associated with the beat of the laser pulses. Because the overlapped region is
spatially limited to a few microns, a finite-sized electron block composed of multiple microbunches trapped in
the ponderomotive buckets are displaced in-phase. After the pulse collision is finished, the displaced electron
block commence the plasma oscillation, named plasma dipole oscillation (PDO). As the PDO is located close to
the plasma-vacuum boundary, it emits strong THz burst into the vacuum side, exhibiting a narrowband spectrum
at the plasma frequency and GV/cm-order peak electric field. Emitted energy of the burst reaches mJ, with
efficiency of order 10-3. We observe that non-zero curl of the electric field is generated over the collisional
position of the laser pulses, which is quite opposite to conventional belief that laser-induced plasma oscillation is
purely electrostatic, or contains at most a very negligible electromagnetic, coherent component.
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The quality of laser wakefield accelerated electrons beams is strongly determined by the physical mechanism
exploited to inject electrons in the wakefield. One of the techniques used to improve the beam quality is the density
transition injection, where the electron trapping occurs as the laser pulse passes a sharp density transi-tion created
in the plasma. Although this technique has been widely demonstrated experimentally, the literature lacks
theoretical and numerical studies on the effects of all the transition parameters and of the laser parame-ters. We
thus report and discuss the results of a series of PIC simulations where the density transition height and downramp
length are systematically varied, to show how the electron beam parameters and the injection mechanism are
affected by the density transition parameters. The effects of different laser pulse power on the injection process
are also shown.

Figure 1. Snapshots of electron density ne illustrating shock-front injection
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Proton beams are perspective drivers for plasma wakefield acceleration because of their high energy content.
However, a large length of available proton bunches requires them to be micro-bunched either by an external
system, or by the plasma itself. The plasma creates the micro-bunches through the self-modulation instability,
which, if properly controlled, ensures the optimal spacing of the micro-bunches [1]. However, roughly three
quarters of the initial beam charge are lost during this process, so the plasma bunching is inefficient. Prebunching by an external system can be more charge efficient [2], but produces equally spaced bunches, while
the micro-bunch charge can vary according to the charge distribution in the initial proton bunch.
We study wave excitation by equally spaced micro-bunches that form the bunch train. If the bunches are
spaced at exactly the plasma frequency, then later bunches are partly defocused by the wakefield of earlier ones,
and the train as a whole is unstable. The optimum bunch-to-bunch distance depends on the bunch number in the
train. Consequently, by simply adjusting the train period, we cannot put all bunches to favorable phases
simultaneously. By varying the bunch charge, however, it is possible to reach the optimum positioning of the
micro-bunches with respect to the plasma wave. The optimum distribution of the bunch charge is exponential,
and the exponent depends on the difference between the plasma wavelength and the train period. The leading
front of the initial Gaussian beam can be, to some extent, approximated by the exponent. Therefore, for any initial
proton bunch there exists an optimum difference between the plasma wavelength and the train period, which
maximizes the excited wakefield. For the optimized micro-bunch train prepared from the SPS 400 GeV proton
beam, the energy gain of accelerated electrons can be as high as 150 GeV in the plasma of the density 7 1014cm-3
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Laser-driven particle acceleration by femtosecond high-power pulses is a topic of extraordinary interest for
fundamental research and possible applications. These issues motivated a worldwide search for different
mechanisms of electron and ion acceleration with the aim to maximize both the yield and the energy of the
generated particles. In this context, an important role is played by low-density targets with an electron density
close to the relativistic critical density that is discussed here, mainly on the basis of the 3D particle-in-cell (PIC)
simulations.
We have extended recently published results of so-called SASL (synchronized acceleration by slow light)
simulations [1] to other schemes of laser-plasma interaction for proton acceleration involving manipulation of
laser polarization and low-density targets which are available in practice. In all cases, the main idea is to capture
the protons from a target front side in laser pulse ponderomotive electric field sheath and keep them
synchronized with the latter due to specific nonlinear propagation and laser-target design. This is illustrated in
Figure 1.

Figure 7. Synchronized motion of a laser pulse and a proton bunch: positions, x(t), of the laser pulse front
(gray) and the front of the accelerated proton bunch (black) inside a target
The 3D PIC simulations have also demonstrated effective acceleration of electrons from low-density targets
in terms of the increased electron yield. The electron charge per shot with energies in excess of 30 MeV reaches
multi/multi-tens nC level for current femtosecond lasers that is hard-to-reach with gaseous or solid-density
targets and constitutes an important step to a deep gamma-radiography based on laser-driven high-energy
electrons.
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A direct study of intense laser-solid interactions is still of great challenges, because of the many coupled
hysical mechanisms, such as direct laser heating, ionization dynamics, collision among charged particles, and
electrostatic or electromagnetic instabilities, to name just a few. Here, we present a full particle-in-cell simulation
(PIC) framework, which enables us to calculate laser-solid interactions in a “first principle” way covering almost
“all” the coupled physical mechanisms [1-2]. Apart from the mechanisms above, the numerical self-heating of
PIC simulations, which usually appears in solid-density plasmas, is also well controlled by the proposed “layereddensity” method. This method can be easily implemented into the state-of-the-art PIC codes.
The electron heating/acceleration at relativistically intense laser-solid interactions in the presence of large
scale pre-formed plasmas [3-5] is re-investigated by this PIC code. Results indicate that collisional damping (even
though it is very week) can significantly influence the electron heating/acceleration in front of the target.
Furthermore, the Bremsstrahlung radiation will be enhanced by 2~3 times when the solid is dramatically heated
and ionized. For the considered case, where laser is of intensity 1020 W/cm2 and pre-plasma in front of the solid
target is of scale-length 10 μm, collision damping coupled with ionization dynamics and Bremsstrahlung
radiations is shown to lower the “cut-off” electron energy by 25%. In addition, the resistive electromagnetic fields
due to Ohmic-heating also play a non-ignorable role and must be included in real laser-solid interactions.
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With the rapid progress of ultraintense lasers, strong interests have been aroused on “light sail” and “flying
mirror” concept driven by laser pressure, which may lead to useful applications such as laser pressure driven ion
acceleration (RPA). However, many simulations indicated that such “light sail/flying mirrors” may suffer
instabilities that can break up their surfaces. With intense research for more than a decade, the physical mechanism
behind these instabilities has not been clarified. In this work, a theoretical model has been developed to decipher
this mystery. It turns out that the ripples on the foil surface are mainly induced by the coupling between the
transverse oscillating electrons and the quasi-static ions. The predictions of the mode structure and the growth
rates from the theory agree well with the results obtained from the PIC simulations in a wide range of parameters,
indicating the model contains the essence of the underlying physics of the transverse breakup of the foil. Based
on the above analysis, a new ion acceleration scheme and companied 2/3D simulations are also presented to avoid
this big problem and achieve high quality high energy ion beams, which may open up a new route for compact
laser trigger ion sources.
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Understanding the effects of ion interactions in condensed matter has been a focus of research for decades.
Many of these studies focus on the longer term effects such as cell death or material integrity and this is
typically performed using relatively long (>100 ps) proton pulses from radiofrequency accelerators in
conjunction with chemical scavenging techniques [1]. Recently, measurements of few-picosecond pulses of
laser driven protons have been performed via observation of transient opacity induced in SiO2 [2], in this work,
the ultrafast response of the material can be understood by the rapid formation of self-trapped excitonic states on
the order of 150 fs.
Here the onset and evolution of an ion-induced opacity is examined in borosilicate glass (BK7). It is found
that the duration of the opacity is several orders of magnitude greater than the duration of the proton pump pulse
that was measured in SiO2 and the underlying processes which may be affecting this extended recovery are
discussed.
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Beams of energetic ions are finding application in multiple cutting edge technologies ranging from
hadrontherapy to semiconductor device manufacture/metrology. To date, however, ion interactions in matter have
been dealt with in a manner similar to those of electrons/photons, with attention primarily being paid to the energy,
E, lost over path length, dx, giving the stopping power S(E) = - dE/dx. The obvious distinction is of course that
ion stopping in matter exhibits a Bragg peak. In both scenarios the expected cell death or material damage are
then generally extrapolated from empirical studies of dose deposition. For ions it is not immediately clear that this
is the correct approach as it masks a critical phase of the interaction. When ions are incident on matter they
generate dense tracks of ionisation that rapidly evolve. Exactly how this evolution, which occurs on femtosecond
and picosecond times, determines the nascent radiation chemistry is still largely unknown.
Recently we have demonstrated that laser driven ion accelerators can provide an ultrafast tool for studying
this inherently multiscale regime with temporal resolution < 0.5 ps [1,2]. Here we present novel results that show
a marked difference in the solvation time of electrons generated due to the passage of fast electrons/X-rays and
protons (~3 MeV) in water. The solvation time is shown to dramatically increase from < 5 ps for a < 1 ps pulse
of fast electrons/X-rays to > 190 ps for a 22 ± 3 ps (Fig 1 a, b) pulse of protons. We discuss the role of nanocavitation during ion radiolysis in H2O and how this can lead to the increased time for the solvation of the electron.

Figure 8. Ultrafast solvation dynamics of the electron for pulse ion radiolysis in H2O
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Laser-accelerated electrons with relativistic energies and mega-Amp current injected into solid targets can
generate bright, energetic, point-like photon and particle sources. High-energy beams of x-rays, ions and neutrons
that are generated as a result are of particular interest for industrial applications as the laser-accelerator concept
has several major competitive advantages, namely that it can generate x-rays from a micro-scale point source for
high resolution projection radiography and can operate in multi-modal delivery generating, in parallel, beams of
electrons, neutrons, positrons and even muons for complimentary inspection techniques. This makes a laseraccelerator a versatile source, capable of imaging and inspecting a wide range of samples and materials that are
of interest to many high value sectors – from medium density alloys for aerospace through to large dense objects
such as nuclear waste barrels.
Recent results in the development of x-ray, ion and neutron beams for these specific applications will be
discussed. Advanced targetry for generating micro x-ray sources and cryotargets for new acceleration dynamics
in deuterium beams will be presented. A new 3-year STFC-funded Innovation Partnership Scheme project that
started in October 2016 will also be introduced. The collaboration will demonstrate and develop laser-driven xray and neutron beams for nuclear waste inspection in partnership with Sellafield Ltd, the UK’s nuclear waste
decommissioning authority.
With the recent delivery of the CLF’s 100 J, 10 Hz DiPOLE100 laser system and the development of LLNL’s
10 Hz HAPLS system, utilising these beams for industrial applications is now within reach. This step-change in
high-energy laser technology is vital for realising laser accelerators for important and high impact applications
and for transferring the technology from laboratory to commercial exploitation.
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On the Trident laser facility at Los Alamos National Laboratory, we have used a beam of laser-driven quasimonoenergetic aluminum ions [1] to heat solid density gold and diamond foils uniformly and rapidly above
10,000 K [2]. Although matter at such an extreme state, known as warm dense matter, is commonly found in
astrophysics (e.g., in planetary cores) as well as in high energy density physics experiments, its properties are
difficult to predict theoretically and are not well understood. A sufficiently large warm dense matter sample that
is uniformly heated would be ideal for these studies, but has been unavailable to date. For the first time, we
visualized directly the expanding warm dense gold and diamond with an optical streak camera [3]. We developed
a new technique to determine the initial temperature of these heated samples from the measured expansion speeds
of gold and diamond into vacuum [4]. We anticipate the uniformly heated solid density target will allow for direct
quantitative measurements of equation-of-state, conductivity, opacity, and stopping power of warm dense matter,
benefiting plasma physics, astrophysics, and nuclear physics.

Figure 9. Schematic layout of the experimental setup (not to scale)
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The interaction of a high power laser and a pure hydrogen target has advantages from the experimental point
of view in terms of plasma characterization, as well as for a potentially use at high repetition rates since such
target is essentially debris free.
A cryogenic hydrogen ribbon (75-100µm thick) was irradiated with the VULCAN-PW laser (0.6 kJ/1ps) at
the RAL facility. High current proton beams with energies exceeding 50 MeV were accelerated into both
directions (forward and backward with respect to the incoming laser beam). The energy coupling into energetic
protons was very high in comparison to standard plastic foils. This is linked to the laser absorption along the
overall target thickness, which is strongly enhanced as confirmed by particle-in-cell simulations.
Such results are very promising for future multidisciplinary applications of laser driven proton beams, e.g.
hadrontherapy, both due to high purity and high proton beam charge per laser pulse, as well as technological
advantages coming from the debris free nature of the used target.
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Abstract: Here we report a highly collimated, narrow-energy-spread argon(Ar16+) ion beam with minimum
absolute energy spread of 0.19 MeV/u, is experimentally produced by a 45fs ultra-intense laser pulse interacting
with clustering argon gas target. A novel mechanism proposed based on PIC simulation well explains the
experimental observation and gives an energy scaling to GeV for argon ion beam.
Laser driven particle acceleration shows a remarkable progress in generating multi-GeV electron bunches and
10’s of MeV ion beams based on ultra-short super-intense laser facility. High-energy laser pulse offers
acceleration field of TV/m, several orders of magnitude higher than that in conventional accelerators, enabling
compact devices. Here we report on an experimental result that a highly collimated argon ion beam (Ar16+) with
narrow energy spread has been produced by a 45fs ultra-intense laser pulse interacting with a clustering argon gas
target. The observed argon ion beams have a minimum absolute energy spread of 0.19 MeV per nucleon [1]. The
generated ion beam offers a high-quality injector for conventional ion accelerators.
We identify a novel scheme of the high-quality ion beam generation, based on two-dimensional particle-incell (PIC) simulations. High-energy argon ion beam with narrow energy spread was also observed. It is found that
there are two distinct stages for in the argon ion acceleration process, i.e. Coulomb explosion and ion spectrum
modulation. In the first stage, the intense laser field induces Coulomb explosion of the argon clusters in its focus
volume, and the ions get energy gain mainly from the cluster explosion and have a flat continuous spectrum. In
the second stage, the laser wakefield modulates the ion spectrum and significantly reduces the energy spread. The
proposed mechanism well explains our experimental observation and gives an energy scaling up to GeV for highquality argon ions.
Based on this novel regime, laser-cluster interaction has an ability to provide ions of more species including
Xe, Kr, C, O, N, and so on, from noble-gas cluster as well as molecules cluster. Moreover, the cluster-gas target
is able to work on a high repetition rate. Since the 10Hz PW laser facility is in progress, the reproducible highquality ion source will become more feasible for many applications in near future, including medical therapy,
fusion targets diagnostics, nuclear physics, and injector of ion accelerators.
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A proton-type of compact laser driven proton accelerator (CLAPA) has recently been built at Peking
University. We present the generation of stable proton beams in the experiments of high intensity (8.3*1019
W/cm2) laser pulses irradiating on home-made sub-micrometer thick plastic targets. The temporal contrast of the
laser pulse was 1010 at 100 ps before the main pulse with a cross-polarized wave (XPW) system, and no plasma
mirror was used in our system. The maximum proton energy exceeded 15 MeV when using 1.2  m plastic targets.
Stable proton beams with energy higher than 8.5 MeV were also detected with 20 nm thick plastic targets. By
improving the target surface flatness and the laser-target spatial coupling accuracy, the shot to shot stability of
proton cutoff energy was better than 3%.

46

Interaction of a Petawatt femtosecond laser with
near-critical-density plasma
P. K. Singh,1* J. H. Shin,1 H. T. Kim,1,2 J. H. Jeon,1 I. W. Choi,1,2 V. B. Pathak,1 C. M. Kim,1,3 S. K. Lee,1,2
J. H. Sung,1,2 H. W. Lee,1 Y. J. Rhee,1 C. Aniculaesei,1 K. H. Pae,1,2 M. H. Cho,1 J. Y. Yoo,1 C. Hojbota,1,3
S. G. Lee,1,3 K. Nakajima1, & C. H. Nam1,3
1Center

for Relativistic Laser Science, Institute for Basic Science (IBS), Gwangju 61005, Republic of Korea
2Advanced Photonics Research Institute, GIST, Gwangju 61005, Republic of Korea
3Department of Physics and Photon Science, GIST, Gwangju 61005, Republic of Korea
*singh01@ibs.re.kr

The rapid advancements in the area of intense ultrashort lasers have made it possible to recreate terrestrial
physical conditions in laboratory [1]. Exotic astrophysical phenomenon can be demonstrated on a much smaller
spatial and temporal scale by focusing intense ultrashort laser pulses into a medium to achieve high energy density
[2]. Near critical density targets are one such medium where an ultrahigh intensity laser can create a long channel
of strongly heated particles [3]. The rapid heating of the medium can lead to the formation of shock wave, which
can accelerate background ion species to high energy [4].
Here, physical phenomena behind the interaction of petawatt intense femtosecond laser pulses (I

~ 1× 1020 W/cm 2 ) with near critical density plasma (ne = 3×1020 cm-3) will be discussed. Measured kinetic energy
spectrum of transverse ions (shown in Fig. 1(a)) and forward electrons, corroborate with the observed plasma
structure. The plateau structure observed in the proton spectra (Fig. 1(a)), indicate an evidence of electrostatic
shock acceleration [4]. Moreover, in low energy range (< 0.3 MeV), the presence of order of magnitude higher
flux of He+ compared to that of He++ reveals the charge exchange process occurring in an extended gas medium.
Furthermore, a plasma emission diagnostic in the optical regime shows pronounced Raman scattering (Fig. 1(b))
along the backward and the transverse directions. For higher plasma density (ne = 3×1020 cm-3), the modulated
Raman scattered signal is linked with the filamentation of a laser beam during its propagation in the near-critical
density plasma. The space and time-resolved optical shadowgrams reveal complex interplay of plasma density
and laser intensity. The experimental observations are also corroborated by 2D particle-in-cell simulations. In
summary, findings of the present study highlight the important role of near-critical density plasmas in particle
acceleration, growth of electrostatic instability and advancements of laboratory astrophysics.
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Figure 10. (a) Retrieved spectra of He+, He++ and protons as a function of energy per charge. (b) Plasma emission
spectra recorded at two different plasma densities, showing a modulated Raman signal at the high density.
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Laser-Plasma Interactions (LPI) in relativistic regime can generate and accelerate high energy charged
particles. These high-energy particles collide each other and trigger nuclear fusion reaction resulting in neutron
production. Due to the advance in laser technology, km-size of particle accelerators shrink down to a table-top
scale laser based particle accelerator.
Here we demonstrate heavy-water based neutron source. Using several-mJ energy pulses from a highrepetition rate (½ kHz), ultrashort (35 fs) pulsed laser interacting with a ∼ 10 μm diameter stream of free-flowing
heavy water (D2O), we get a 2.45 MeV neutron flux of 105/s. In the intentionally generated pre-plasma, laser
pulse energy is efficiently absorbed, and energetic deuterons are generated [1]. As laser pulse energy increased
from 6mJ to 12mJ, the neutron flux increased. From the 2D particle-in-cell simulation, comparable neutron fluxes
are shown at the similar laser characteristics to the experiment. Also, simulation shows forward and backward
moving deuterons, which are main distributing ions impinging upon D2O stream and vapor, respectively.

Figure 11. [Left] Neutron-ToF result from H2O and D2O target. Right] Neutron flux is measured (blue shaded
region) by neutron bubble detectors and 2D PIC simulation (line plots) shows most of neutrons are generated
from backward moving deuteron.
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Experiments were conducted using the Hercules laser facility at the University of Michigan to enhance the
production of synchrotron x-rays from the motion of electron beams in a laser wakefield accelerator.

Various

methods were used to enhance the x-ray emission such as plasma length, density gradients, laser beam profile and
laser beam phase front.

The x-rays were then used for absorption spectroscopy of heated materials
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Understanding material properties under extreme conditions of temperature, pressure, and density is
essential for different fields of physics such as astrophysics, High Energy Density Science (HEDS) and Inertial
Confinement Fusion. The development of directional, low-divergence, and short-duration (ps and sub-ps) x-ray
probes with energies of tens of keV is desirable for these applications. Such high-energy x-ray probe beam
could be used to radiograph the imploding inertially-confined fusion capsule at the National Ignition Facility [1]
or warmdense matter created using lasers or Z-pinches via absorption spectroscopy or scattering techniques. It
was recently shown that using the kJ-class, short lasers present in most HEDS facilities, Self-Modulated Laser
Wakefield Acceleration (SMLWFA) [2,3] can generate a directional short-duration x-ray source with highbrightness and critical energies up to 20 keV.
In this work, we generate an even more energetic source of x/Gamma-rays using the high charge relativistic
electron beam from a SMLWFA exploring two different mechanisms: Bremsstrahlung [5] and inverse Compton
scattering [6]. We focused the Titan short laser pulse (150J, 1ps) beam into a gas jet to produce a low divergence
electron beam with energies up to 300 MeV and 6 nCs of charge. The electron beam and the remaining laser pulse
then exited the gas jet and collided with a foil that was placed after the gas jet. When using a low Z foil the laser
collision with the foil created a plasma mirror that reflected the laser beam back to interact with the accelerated
electron beam and generated a bright, multi-keV x-ray beam via inverse Compton scattering. When using a highZ material foil, the electron beam generated a bright Gamma-ray beam through Bremsstrahlung. This x-ray beam
is an ideal probe and backlighter for time-resolved spectroscopy, imaging, and Compton radiography.
Experimental characterization of these two x/Gamma ray sources will be presented.
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We report on an experiment performed at the dual 300 TW Astra-Gemini laser of the Central Laser Facility
(UK) in 2015, colliding a highly relativistic electron bunch produced by laser wakefield acceleration (≈550 MeV)
with a very intense laser pulse (a0 ≈ 10) to probe radiation reaction. The electron and the gamma-ray spectra from
inverse Compton scattering were measured simultaneously and used to infer the conditions at the point of
interaction independently. This method allows us to take into account the variation of the intensity at the collision
due to the intrinsic fluctuations of the laser wakefield accelerator. Comparisons with several models show that
only those including strong radiation reaction are able to bring both measurements into agreement. In addition,
our results indicate some tension between quantum and classical models. The gamma-ray spectrum reached a
critical energy of over 30 MeV, which is significantly higher than the energies reported in previous inverse
Compton scattering experiments using laser-wakefield acceleration [1,2,3].
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Hard x-rays from fs laser produced plasmas have a number of interesting applications in the dynamic probing
of matter and in medical/biological imaging. Betatron radiation is a highly collimated laser-driven hard x-ray
source with fs duration which generated by electron transversely oscillation during acceleration in underdense
plasmas. We will summarize our recent progress in enhancing the betatron x-ray sources.
1) A new method is demonstrated for generating intense betatron x-rays using a clustering gas target irradiated
with an ultra-high contrast laser of 3 TW only [1]. The yield of the Ar x-ray betatron emission has been measured
to be 2×108 photons/pulse. Simulations point to the existence of clustering as a contributor to the DLA mechanism,
leading to higher accelerated electron charge (x40) and much larger electron wiggling (~8 μm) amplitudes in the
plasma channel, thereby finally enhancing the betatron x-ray photons.
2) Another concept of generation of bright betatron radiation during electron acceleration was newly invented
[2]. Two electron bunches with different qualities were injected sequentially into the wakefield driven by a superintense laser pulse. The first one is a mono-energetic electron bunch with peak energy of GeV level, and the
second one is injected continuously with large charge and performs resonantly transverse oscillation with large
amplitude during the subsequent acceleration, which results in the enhancement of betatron x-ray emission. After
optimize interaction conditions,  -rays with yield reaches to 1010 can be obtained by using 200TW laser [3].
3) In order to control the stability of betatron x-ray generation as well as enhance its yield and energy,
ionization injection with N2 gas is studied. We obtained stably accelerated monoenergetic electron beams with
energy spread 5% for the first time [4]. 109 photons in hard x-rays and 108 photons in  -rays are stimulated,
results in a peak brightness 1023 phs/s/mm2/mrad2/(0.1%BW). Quick injection, acceleration and oscillation in
the wake of the ionization injected electron leads to the effective resonant betatron oscillation, which result in  ray photon energy and peak brilliance beyond that of 3rd generation synchrotron facilities [5]. Finally, an overall
comparison is done for the laser-driven Betatron and Inverse Compton Scattering sources.
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High-intensity lasers provide pulses with remarkable localization of electromagnetic energy, giving a base for
a rapid particle acceleration and radiation generation. In many scenarios, spatial and temporal synchronization of
particles with accelerating fields plays a crucial role for efficient energy conversion. For example, especially high
efficiency is achieved for acceleration of electrons, which due to their small mass can quickly start to follow the
pulse propagation, gaining energy continuously over a large distance via the mechanism of LWFA.
Due to their much higher mass, it is more difficult to synchronize the motion of ions with accelerating fields.
Since the accelerating fields are typically provided by the electrons, their localization and relocation can provide
a pathway for efficient acceleration of ions. One can achieve this by trapping electrons in the moving node of a
standing wave, produced by reflection of a chirped laser pulse from a solid surface [1]. This concept, called
Chirped-Standing-Wave Acceleration (CSWA), has opened a new approach for a uniquely controllable
acceleration of ions.
Another interesting example of the benefit of trapped electron dynamics in a standing wave concerns the
production of collimated gamma ray beams from electron-positron cascades. These are expected to be triggered
at the next generation of multi-PW laser facilities. Producing a large number of electrons and positrons that can
emit high energy photons is favoured by tightly focusing and colliding several laser pulses. In this case, the
electrons and positrons cannot follow radiation as in LWFA and are expected to be expelled by the laser radiation
out of the focal spot. However, the recently discovered phenomenon of anomalous radiative trapping (ART) [2]
provides an opportunity to trigger counterintuitive dynamics in the vicinity of the electric field antinodes. These
dynamics are especially good for gaining and releasing energy in the form of high-energy photons that are wellcollimated along the electric field polarization [3].
In this way, trapping and controlling electrons by a standing wave can be seen as a basic approach for
controlling the process of laser-plasma interaction. In my talk I will cover some general aspects of particle trapping
in a strong standing wave, and address the latest progress on the above-mentioned concepts.
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The recent progress of L2PA (Laboratory of Laser Plasma Physics and Advanced Accelerator Technology) at
Tsinghua University will be presented. On experimental results, several experiments will be reported: (1) 1040MeV high quality electron beams can be generated through controlled self-injection using a 5TW laser, and
under proper conditions low relative energy spread (<1%) and very low absolute energy spread ( 0.18MeV) can
be achieved. (2) Using a 50TW laser at the joint experimental platform of NCU, 250-435MeV high quality
electron beams with low energy spread (2-5%) have been obtained; (3) using 70MeV electron beams generated
by a LWFA as a probe, we have successfully demonstrated the electron snapshot of wakefield structure, and
measured wakefield dynamics on a density ramp[1]; (4) Using a plasma dechirper to reduce the energy spread of
electron beams has been demonstrated.
On theory and simulation, several ideas on how to obtain high quality electron beams with extremely high
brightness through wakefield acceleration will be discussed[2]. Furthermore, theoretical model of the phase space
dynamics of ionization injection [3] and phase space matching for staging accelerator components using
longitudinally tailored plasma profiles will also be discussed[4].
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X-ray free electron lasers (X-FELs) driven by kilometer-long radio-frequency based accelerators have already
proven to be transformative tools for modern science. Using plasma wakefields accelerators to drive compact XFELs can much reduce the cost and shrink the size, making it possible to place one at universities. However there
are many challenges needed to be overcome before plasma wakefields can generate electron beams with the
required beam quality (brightnesses and low energy spreads) inside the plasma and before these beams can be
transported from the plasma to the undulator without beam quality degradation. In this talk, we will present our
recent progress from PIC simulations and theory on this topic, including concepts for producing beams with
unprecedented normalized brightnesses using density down ramp injection in the nonlinear blowout regime,
matching the beam out of the plasma using longitudinally tailored plasma profiles, and start-to-end simulations
of such plasma wakefied accelerators driven X-FELs.
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Recent progress in laser wakefield acceleration has led to the emergence of a new generation of electron and
X-ray sources that may have considerable benefits for ultrafast science. Laser wakefield acceleration provides
radiation pulses that have femtosecond duration and intrinsic synchronisation with the laser source, allowing for
pump-probe measurements with unprecedented temporal resolution. These pulses can be used to study ultrafast
dynamical phenomena in plasma and dense material, such as transient magnetic fields, rapidly evolving plasma
dynamics and crystal lattice oscillations. I will review our recent experiments in laser wakefield acceleration and
energetic photon generation using the laser systems at the University of Michigan and STFC Rutherford Appleton
Laboratory and their use for capturing the dynamics of laser-pumped samples. Single-shot, spectrally resolved
absorption measurements in laser pumped foils can be made on ultrafast timescales using this broadband photon
source. X-ray and electron diffraction using beams from laser-plasma sources capture structural dynamics
in crystalline samples. I will also discuss the technological needs for and potential impact of such revolutionary
compact radiation sources for ultrafast science in the future.
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The success of many laser plasma accelerator (LPA) based applications, such as a compact x-ray free electron
laser (FEL), relies on the ability to produce electron beams with excellent 6D brightness, where brightness is
defined as the ratio of charge to the product of the three normalized emittances. As such, parametric studies of the
emittance of LPA generated electron beams are essential. Profiting from a stable and tunable LPA setup, combined
with a carefully designed single-shot emittance diagnostic, we present a direct comparison of charge dependent
emittance measurements of electron beams generated by two different injection mechanisms: ionization injection
and shock induced density down-ramp injection. Notably, the measurements reveal that ionization injection results
in significantly higher emittance. With the down-ramp injection configuration, emittances less than 1 micron at
spectral charge densities up to ~2 pC/MeV were measured. These measurements are discussed in the greater
context of the BELLA Center FEL project which aims to demonstrate FEL amplification using the 4 meter VISA
undulator. Various aspects of this project, including transport design, FEL simulation and the development of a
novel electromagnetic chicane for longitudinal bunch decompression are discussed in detail.
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Experiments for laser driven proton acceleration were carried out by using the femtosecond petawatt laser
system at Shanghai Institute of Optics and Fine Mechanics (SIOM), Chinese Academy of Sciences (CAS). With
an overdense plasma produced by the laser prepulse ionizing an initially ultrathin plastic foil, proton beams with
narrow spectral peaks at energies up to 9 MeV, and with fluxes of as high as ~3 × 1012 protons/MeV/sr which is
increased by two orders of magnitude compared with previous experimental results, were observed. Twodimensional particle-in-cell simulations reveal that collisionless shocks are efficiently launched by circularly
polarized lasers in exploded plasmas, resulting in a narrow energy spectrum. [1] A highly-collimated argon ion
beam with narrow energy spread is produced by irradiating a 45-fs fully-relativistic laser pulse onto an argon
cluster target. The argon ions get pre-accelerated from Coulomb explosion and then the laser-driven intense
plasma wakefield has a strong modulation on the ion beam in a way that the low energy part is cut off. [2] The
optimum and controllable two-stage proton acceleration was realized for the first time by a novel double beam
image (DBI) technique in experiment. Two laser pulses are successfully tuned on two separated foils with both
spatial collineation and time synchronizing, resulting in spectrum tailoring and an energy increase at the same
time. [3] A strong electromagnetic pulse (EMP) is generated on a copper mesh which is irradiated by a laser pulse
and propagates on it, forming an EMP mesh. After flying through the copper mesh, a laser driven proton beam is
divided into several beamlets and each beamlet was separately focused due to the electric force of the EMP. The
area density of proton beamlet focused by the EMP is 25 times as many as the initial density of the proton beam.
[4]
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Betatron oscillations in laser-plasma accelerators lead to the emission of synchrotron-like X-rays with
femtosecond duration. While the sources’ properties are potentially interesting for many applications, the
important shot-to-shot fluctuations of flux, beam-profile and energy have hindered its success.
In this talk, we present recent results on the reliable production of betatron radiation with tunable polarization.
Using ionization-induced injection in a gas mixture, the orbits of the relativistic electrons emitting the radiation
are reproducible and controlled. We observe that both the signal and beam profile fluctuations are significantly
reduced and that the beam pointing varies by less than a tenth of the beam divergence. The polarization ratio
reaches 80 percent, and the polarization axis can be easily rotated. Using the source, we present first applications
in ultrafast X-ray absorption spectroscopy and give an outlook on other potential applications.
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In the context of developing compact, high current ion accelerators, the study of intense laser driven
acceleration mechanisms and optimisation of the ion beams produced, have been, over the past decade, very active
areas of research. For instance, demonstrating capability of a controlled, all-optical acceleration of protons and
other low-Z ion species in the 60-300 MeV/nucleon range would be of significant interest for therapy of deepseated cancer. Emerging laser-driven ion acceleration mechanisms, including the Radiation Pressure Acceleration
approaches, are highly promising for this purpose and currently pursued internationally. A novel scheme of guided
post-acceleration of the laser driven ion beams was recently developed [1], which brings the all-optical scheme
one step closer to the realization of compact beam lines.
High power lasers are capable of generating giant electromagnetic (EM) pulses due to prompt escape of hot
electrons from the interaction region. The large electric field associated to the EM pulses can be harnessed in a
travelling-wave particle accelerator arrangement, by directing the ultra-short EM pulse along a helical path
surrounding a laser-accelerated ion beam. The radial and longitudinal components of the associated electric field
within the helix leads to simultaneous beam shaping and re-acceleration of a selected portion of the proton beam.
In a proof-of-principle experiment on a 200 TW university-scale laser, post-acceleration of ~108 protons by ~5
MeV was demonstrated with dynamic beam collimation and energy selection. The acceleration gradient in this
case was ~0.5 GeV/m, which is already beyond what can be sustained by conventional accelerator technologies.
Employing this technique recently at the Vulcan Petawatt laser and Titan laser, LLNL, USA, produced a narrow
band, pencil beam of ~ 45 MeV, where preliminary analysis indicates fast scaling of the post-acceleration gradient
with laser power. Furthermore, there is significant scope for optimising the acceleration by using extended helical
coils of variable pitch and diameter. While this technique may provide the platform for a practical ‘table-top’
accelerator by staging multiple coils, achieving this objective requires a coordinated effort involving development
of targetry, understanding and controlling the physical processes of the relevant interaction regimes, and
developing innovative solutions to a number of technical bottlenecks.
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Continual advances in achievable laser power has spurred renewed interest in using intense light to
study fundamental predictions of classical and quantum electrodynamics (QED) [1–5]. One cornerstone
of such experiments is the collision of laser beams with particle bunches [6, 7]. Particle motion in intense
fields is inherently non-linear, in particular due to radiation reaction (RR) which is the impact of energy loss
on particle motion. RR can reduce collision energies [8], hinder particle acceleration schemes [2, 9, 10], and
is seemingly unavoidable. Much work has gone into demonstrating that RR, long thought negligible, must now
be accounted for in order to accurately model state-of-the-art high intensity laser- matter interactions [2, 11, 12].
Here, we will show on a different facet of the quantum nature of radiation reaction. Using analytical results,
as well as both single particle and particle-in-cell simulations, we demonstrate that one can control, and
effectively turn off, RR by tuning the laser pulse length. We will also present a realisable experimental setup
(see Fig. 1), requiring only modest parameters, with which to observe the effect and so demonstrate a
possibility to control quantum processes in intense light-matter interactions [13].
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Figure 1. Proposed experimental setup for testing quantum quenching.
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Showers of gamma rays and positrons are produced when a multi-GeV electron beam collides with a superintense laser pulse [1]. All-optical realisation of this geometry, where the electron beam is generated by laserwakefield acceleration [2], is currently attracting much experimental interest as a probe of radiation reaction and
QED effects. These interactions may be modelled theoretically in the framework of strong-field QED [3] or
numerically by large-scale PIC simulation [4]. To complement these, we present analytical scaling laws for the
electron beam energy loss, gamma ray spectrum, and the positron yield and energy that are valid in the radiationreaction—dominated regime. These indicate that by employing the collision of a 2 GeV electron beam with a laser
pulse of intensity 5×1021 W/cm2, it is possible to produce 10,000 positrons in a single shot at currently available
laser facilities.
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An accelerated charged particle must be accompanied with radiation and corresponding radiation
damping. The prospective tens petawatt-class short pulse laser may bring us into the radiation dominant
regime [1] and quantum electrodynamics (QED) regime [2]. The entropy reduction and cooling in phase
space are exhibited when radiation friction term being added to Lorentz equation. The electric nodes in
circularly polarized counter- propagating laser field behave spiral attractive property and the ratio of
electron accumulation nearby phase space can be obtained through eigen equation and eigenvalue
[3]. However, when quantum parameter
χe =| Fµν pν | / Es

approaches unity, the classical continuous radiation description cannot explain the discrete

me c

photon emission, pair plasma generation and quantum straggling effect. In multi strong pulse colliding
configuration [4], the seeded electrons can be confined and accelerated efficiently to produce gammaray explosion and pair cascades, which provides potential application in laboratory astrophysics and e+ecollider.

References
[1] S. Bulanov, T. Z. Esirkepov, M. Kando, J. Koga, K. Kondo, and G. Korn, Plasma Physics Reports 41, 1
(2015).
[2] A. Di Piazza, C. Muller, K. Hatsagortsyan, and C. Keitel, Reviews of Modern Physics 84, 1177
(2012). [3] Z. Gong, et al. "Radiation reaction induced spiral attractors in ultra-intense colliding laser
beams." Matter and Radiation at Extremes 1.6 (2016): 308-315.
[4] Z. Gong, et al. "High-efficiency γ-ray flash generation via multiple-laser scattering in
ponderomotive potential well." Physical Review E 95.1 (2017): 013210.
66

Quantum vs. classical radiation reaction
Marija Vranic1* , Thomas Grismayer1, Ricardo A. Fonseca1,2 and Luis O. Silva1
1GoLP/Instituto

de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon,
Portugal
2DCTI/ISCTE—Instituto Universitário de Lisboa, 1649-026 Lisboa, Portugal
* marija.vranic@tecnico.ulisboa.pt

New generation of laser facilities will provide intense laser fields that will alow us to explore the radiation
reaction dominated regime. It will be possible to measure signatures of both, quantum and classical radiation
reaction in the laboratory. In our particle-in-cell code OSIRIS, we have incorporated continuous classical radiation
reaction through Landau & Lifshitz equation of motion, and high-energy photon emission via nonlinear Compton
scattering. One can use this tool to identify quantum radiation reaction signatures for future all-optical experiments
where GeV electrons obtained through Laser Wakefield acceleration collide with intense laser pulses. The most
pronounced QED signatures are reflected on the electron beam energy distribution function: classical radiation
reaction always tends to decrease the energy spread [1], but the inherent stochasticity of quantum emission tends
to increase it. We have identified an upper limit to such an increase. Based on this conclusion, we will present a
theoretical estimate for the final width of the electron energy distribution function after the interaction with laser
pulses of different durations, supported by QED PIC simulations [2]. We will also discuss how the increase of the
enregy spread is related with the beam divergence. QED radiation reaction is illustrated in Fig. 1.

Figure 12. QED radiation reaction and photon detection.
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In recent decades, the creation of powerful and tunable sources of terahertz radiation has become the field of
active research in both laser and accelerator communities. The most significant progress has been achieved in
generating high-field (up to 100 MV/cm) wide-band (single-cycle) THz pulses. The creation of high-power
sources of tunable THz radiation with a narrow spectral line and high values of electric field is also highly
demanded today, since it opens the way to different new problems in physics, chemistry, biomedicine and
spectroscopy.
In this work, via the analytical theory and particle-in-cell simulations, we discuss several new compact
schemes for the generation of tunable narrow-band THz radiation in a plasma by two counterpropagating
femtosecond laser pulses. Our proposal is based on the following effect: superposition of laser-induced wakefields
traveling in opposite directions along the coordinate x generates the nonlinear electric current which oscillates
with the doubled plasma frequency and does not depend on the longitudinal coordinate. This current density does
not vanish and can produce transversely propagating EM radiation if the transverse structure of the first plasma
wave differs from the similar structure of the second wave (E1(y) ≠ E2(y)). In experiments, this effect can be
implemented either by using counterpropagating laser pulses focused into a gas (in a jet either in a glass tube) or
by reflecting a single laser pulse from a plasma mirror.
The first theoretical estimates, in good agreement with simulation results, show that the joule-scale laser beams
with the wavelength 800 nm are able to generate gigawatt terahertz pulses (20-30 THz) with the energy 1 mJ,
electric field >10 MV/cm and the narrow linewidth (~1%). If the role of the driver is played by the 100 TW CO2
laser, the power and energy of generated narrow-band THz pulses, according to this theory, can reach the level of
1 GW and 20 mJ even in the low-frequency range 1-5 THz.
Produced radiation is concentrated near the doubled plasma frequency and can freely escape from the plasma.
Moreover, by changing the plasma density n0, one can easily vary the radiation frequency in a wide range. The
successful implementation of such schemes will allow to exceed the maximal energy of THz pulses achieved in
the most powerful free electron laser by more than tenfold.
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Since the time laser wakefield acceleration (LWFA) was proposed [1], it had rapid progress speeding out
with the availability of commercial tabletop ultra-fast high power laser systems [2]. With development of such
laser systems, higher electric field where achieved and gave possibility of electron acceleration from the plasma
itself (instead of external injection) to reach higher energy. Later, generation of high-quality electron beam in
terms of energy, energy spread, charge, divergence angle and bunch duration became very important. To
improve the high quality electron beam parameters, several injection mechanisms were proposed and
demonstrated experimentally. Among those injection mechanisms, self-truncated ionization injection (STII), a
modified version of ionization injection mechanism, have shown promising results for generating high energy
and low energy spread electron beam [3,4]. In this mechanism high intensity laser pulse with unmatched large
laser spot size interacts with a gas target, mixture of high-Z gas (injection gas) and low-Z gas (host gas).
In this work, using intense (30 TW), ultrashort (30 fs) laser pulses we report the impact of the injection gas
concentration on the quality of electron beams generated by a laser-driven wakefield acceleration employing the
ionization injection. The host gas was helium while the injection gas was nitrogen. In the experiment depending
on the amount of nitrogen added to the helium host gas, we could distinguish a clear trend on the quality of the
generated electron beams in terms of energy, energy-spread, divergence angle and beam charge. The results have
shown that the lower the nitrogen concentration the higher the generated electron beam quality. A 2D PIC
simulation also was performed to support the experiment. The simulation result was in good agreement with the
experimental results.
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The instantaneous longitudinal and transverse field structures of a microscopic, highly transient, laser-excited
relativistic plasma wake is captured with femtosecond resolution. This is done by using the high-energy ultrashort
electron bunch generated from a laser wakefield accelerator as a probe as firstly proposed in [1]. Furthermore, we
have probed the structure of wakefields in a density gradient for the first time. By recording the temporal evolution
of the plasma wake wavelength in a density upramp, an echo, i.e., the recurrence of the plasma wake is observed.
It is found that after the laser driver has passed, the local wake wavelength first increases with time until it
eventually tends to infinity, then it begins to shorten and the phase velocity of the wake reverses its direction. In
a density downramp, the wake wavelength monotonically decreases as a function of time until it can eventually
be damped by wave-particle interactions [2]. Both the existence of wake echo in a density upramp and its absence
in a density downramp are theoretically explained and confirmed in particle-in-cell simulations.
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As a high-intensity laser interacts with a solid target, a plasma is formed on the front surface, and electrons
are accelerated into the target with a broad Maxwellian (or Maxwell-Jutner) distribution of energies. These
‘hot’ electrons interact with the atomic fields within the target and generate high-energy bremsstrahlung
emission throughout the target as well as establishing charge-separation sheath fields on the target surfaces,
which then accelerate ion beams. A full understanding of this aspect of extreme light-matter interaction physics
is crucial to the development and optimisation of these laser-driven sources for use in clinical and industrial
applications [1], such as radiography and neutron probing. Presented here is results and discussion of
characterization of the escaping bremsstrahlung temperature, >150keV spatial profile and its relevance to the
study of hot electron transport for radiation generation.
Unlike charged particle emission, the x-ray radiation can escape the target unperturbed by the sheath generated
at the rear surface and therefore sampling this emission gives us a direct probe from which we gain information
of the internal dynamics of the hot electron current and transport. The x-ray spectrum is dependent on the internal
electron temperature and the radiation transport through the target material. By characterizing the x-ray emission
we can then deconvolve the shot-by-shot internal electron temperature using radiation transport simulation codes
[2] and avoid inferring temperatures from scaling laws. While the spectral information can tell us about the energy
contained within the internal current, we can use the spatial profile of the x-ray emission to discern information
about the global electron beam divergence [3]. For ultra-relativistic electrons (>8MeV) the emission angle of xray radiation collapses to fractions of a degree and so sampling this energy region allows us to profile the angular
distribution of the high-energy tail of the electron beam.
We discuss a combination of results from experiments on the Vulcan Petawatt Laser system at the STFC
Central Laser Facility, and simulation work using the Monte-Carlo code GEANT4. The results are discussed in
line with imaging large scale industrial objects, exploring the trade-offs between changes in the emission to
optimize the imaging capability. With that in mind, we discuss results from conventional x-ray converters, such
as thick tantalum, and thin foil targets typically excluded due to low yield.
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