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S146 I.C.E. Turcu et al. 2 

          Abstract. ELI-NP facility will enable for the first time the use of two 10 PW laser 
beams for quantum electrodynamics (QED) experiments. The first beam will accelerate 
electrons to relativistic energies. The second beam will subject relativistic electrons to 
the strong electromagnetic field generating QED processes: intense gamma ray 
radiation and electron-positron pair formation. The laser beams will be focused to 
intensities above 1021 Wcm-2 and reaching 1022-1023 Wcm-2 for the first time. We 
propose to use this capability to investigate new physical phenomena at the interfaces 
of plasma, nuclear and particle physics at ELI-NP. This High Power Laser System - 
Technical Design Report (HPLS-TDR2) presents the experimental area E6 at ELI-NP 
for investigating high field physics and quantum electrodynamics and the production of 
electron-positron-pairs and of energetic gamma-rays. The scientific community 
submitted 12 commissioning runs for E6 interaction chamber with two 10 PW laser 
beams and one proposal for the CETAL interaction chamber with 1 PW laser. The 
proposals are representative of the international high field physics community being 
written by 48 authors from 14 European and US organizations. The proposals are 
classified according to the science area investigated into: Radiation Reaction Physics: 
Classical and Quantum; Compton and Thomson Scattering Physics: Linear and Non-
Linear Regimes; QED in Vacuum; Atoms in Extreme Fields. Two pump-probe 
colliding 10 PW laser beams are proposed for the E6 interaction chamber. The focused 
pump laser beam accelerates the electrons to relativistic energies. The accelerated 
electron bunches interact with the very high electro-magnetic field of the focused probe 
laser beam. We propose two main types of experiments with: (a) gas targets in which 
the pump laser-beam is focused by a long focal length  mirror and drives a wakefield in 
which the electron bunch is accelerated to multi-GeV energies and then exposed to the 
EM field of the probe laser which is tightly focused;  (b) solid targets in which both the 
pump and probe laser beams are focused on the solid target, one accelerating the 
electrons in the solid and the other, delayed, providing the high electric field to which 
the relativistic electrons are subjected. We propose four main focusing configurations 
for the pump and probe laser beams, two for each type of target: counter-propagating 
10 PW focused laser beams and the two 10 PW laser beams focused in the same 
direction. For solid targets we propose an additional configuration with plasma-mirror 
on the pump laser beam: the plasma mirror placed between the focusing mirror and 
target. It is proposed that the 10 PW laser beams will have polarization control and 
focus control by means of adaptive optics. Initially only one 10 PW may have 
polarization control and adaptive optics. In order to accommodate the two laser beams 
and diagnostics the proposed interaction chamber is quasi-octagonal with a diameter of 
4.5 m. A large electron-spectrometer is proposed for multi-GeV electrons. Other 
diagnostics are requested for: gamma-rays, electrons and positrons, protons and ions, 
plasma characterization, transmitted and reflected laser beam. Targets will be provided 
by the ELI-NP Target Laboratory or purchased. The E6 experiments and diagnostics 
will benefit from the ELI-NP Electronics Laboratory, the Workshop and the Optics 
Laboratory. In order to ensure radiation-protection, a large beam-dump is planned for 
both multi-GeV electrons and multi-100 MeV protons. 

         Key words: Extreme Light, Ultra-intense Laser Pulses, High Field Physics, 
Quantum Electrodynamics. 
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to relativistic energies. The accelerated electron bunches interact with the very high 
electro-magnetic field of the focused probe laser beam. We propose two main types 
of experiments with: (a) gas targets in which the pump laser-beam is focused by a 
long focal length (f/20 or f/80) mirror and drives a wakefield in which the electron 
bunch is accelerated to multi-GeV energies and then exposed to the electromagnetic 
(EM) field of the probe laser which is tightly focused (f/3);  (b) solid targets in which 
both the pump and probe laser beams are focused on the solid target, one accelerating 
the electrons in the solid and the other, delayed, providing the high electric field to 
which the relativistic electrons are subjected.   

Section 3 is dedicated to the technical proposal. First the user community 
requirements are outlined: laser focusing, laser intensity on target, laser beam control 
and characterization; target characterization; diagnostic for the laser, particle 
detectors for the laser-interaction products, data acquisition from detectors and 
diagnostics; interaction chamber and experimental area and radiation.  

The proposed interaction chamber E6, focusing configurations and 
experimental area E6 are presented next. We propose four main focusing 
configurations for the pump and probe laser beams, two for each type of target: (a) 
counter-propagating 10 PW focused laser beams and (b) the two 10 PW laser beams 
focused in the same direction. For solid targets we propose an additional 
configuration with plasma-mirror on the pump laser beam: the plasma mirror placed 
between the focusing mirror and target. It is proposed that the 10 PW laser beams 
will have polarization control and focus control by means of adaptive optics. Initially 
only one 10 PW may have polarization control and adaptive optics. In order to 
accommodate the two laser beams and diagnostics the proposed interaction chamber 
is quasi-octagonal with a diameter of 4.5 m.  

The targets section describes a planned robotic target insertion, with load-lock, 
which will allow long time operation of the interaction chamber without breaking 
the vacuum and down-time. The main features of the proposed ELI-NP Targets 
Laboratory are presented. 

The section on Diagnostics and Detectors presents proposed active and passive 
detectors. A large electron spectrometer up to 4 m long is proposed to measure the 
energy spectrum of multi-GeV electrons including the variation of electron energy 
when immersed in the high EM field of the probe laser. Other diagnostics will be 
provided for: gamma-rays, electrons and positrons pairs, protons and ions, plasma 
characterization, transmitted and reflected laser beam. Section on Control System 
summarized the TDR on Control and Data Acquisition.  

The section on radiation terms and beam-dump presents the: (a) source terms 
provided by the user community based on simulations of the 10 PW laser-matter 
interaction - there are no measurements in this regime and ELI-NP will be the first 
to reach this regime; (b) Nuclear Technologies radiation calculations based on these 
source terms; (c) radioprotection measures proposed including the 4 m long beam-
dump for both electrons with multi-GeV energies and protons with multi-100 MeV 

























































33 High field physics and QED experiments at ELI-NP S177 

 

peak intensity. Femtosecond synchronization system on target using frequency 
domain interferometer requires optical tables in the area, optical windows on 
chambers. A synchronized probe beam would be of great assistance in optimizing 
electron acceleration. Shot-to-shot pulse diagnostics in laser bay are essential (at 
least far field, near-field, pulse duration) together with focal spot diagnostics and 
wavefront sensor in the interaction chamber and spectrometer to characterize the 
transmitted laser light. 

Diagnostics: Target alignment microscopes in chamber; Movable electron 
spectrometer optimized for 1-3 GeV; Shielded reaction product spectrometer for 
electrons/positrons with vacuum propagation pipe (25-50 mm diameter if external to 
chamber); Gamma-ray calorimeter; Magnet spectrometers; Spectrometer shielding 
(ideally integrated into beam dump). 

Target Requirements: Gas cell for electron acceleration with x-y-z 
manipulator. 

2.2.1.4 Controlled Electron beams for fundamental science ELI-NP 
 
Electron Acceleration using high energy femtosecond laser pulses in laser 

driven plasma wakefields is a well understood phenomenon and these electron beams 
in the few GeV limit optimize for f/20 focusing for powers of only a few 100 TW. 
For stable acceleration as to a few GeV electron source for QED studies the 
community will be ideally served by apodizing the 10 PW beam with capability as 
far down as 30% of nominal beam diameter with f/60 and 1 PW peak power. The 
added advantage of such a beam is that it will have excellent focusing properties if 
properly done. This requires the incorporation of a vacuum spatial filter with serrated 
apertures in the laser system. This is a standard procedure (e.g. Omega, Vulcan, 
Gemini, Taranis, etc.) and will greatly enhance the science output of the facility. 

Required Laser pulse parameters and characterization: For electron 
energy approaching 1-2 GeV we require power larger than 1 PW, intensity above 
1019 Wcm-2 and f-number between f/40-f/60 (apodized beam). 

Laser diagnostics requirements: Characterization of laser focal spot at low 
power, energy distribution and chromatic aberrations needed to calculate the peak 
intensity.  Synchronized probe beam would be of great assistance in optimizing 
electron acceleration. Shot-to-shot pulse diagnostics in laser bay are essential (far-
field, near-field and pulse duration) together with focal spot diagnostics, wavefront 
sensor in chamber and spectrometer to characterize transmitted laser light. 

Diagnostics: Target alignment microscopes in chamber and movable electron 
spectrometer optimized for 1-3 GeV. 

Target Requirements: Gas cell for electron acceleration with x-y-z 
manipulator. 
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maintaining the vacuum spot size on-target have prevented observation of, say, fully 
laser-stripped Argon. We will observe extreme field tunneling, for the first time, 
through the use of novel gas targets that provide inherent focusing and are insensitive 
to pre-pulses and pointing errors. 

Computational support for this effort will include our recently developed 
general purpose computing on graphics processing units (GPGPU)-enabled suite of 
models [81, 82].  The first model [81] computes the full quantum mechanical, 
relativistic charge distribution of a tunnel-ionized electron.  Due to computational 
limitations, this has to be supplemented by the second model [82], which tracks 
classical trajectories through the entire laser confocal region, accounting for 
radiation reaction.  Hydrodynamics and particle-in-cell models are also available for 
modeling gas target formation and laser propagation through plasma. 

Background: During the past two decades, advances in high power ultra-
short pulse lasers have allowed for the investigation of phenomena that are highly 
nonlinear and relativistic.  Advanced particle-in-cell (PIC) codes have proven to be 
accurate models for such diverse phenomena as nonlinear wake formation, laser 
acceleration of particles, and various forms of radiation generation [83].  
Experimental successes include laser wakefield acceleration of electrons to GeV 
energies [84], and generation of 0.5 GeV ions from solid targets [85].  A paradigm 
shift may be imminent as a result of efforts to develop 10 petawatt, or even exawatt, 
scale systems (e.g. VULCAN at RAL in the UK, APOLLON at ILE in France, 
XCELS in Russia, or ELI-NP in Romania).  These efforts raise the possibility of 
bringing to the laboratory irradiances where novel effects such as radiation reaction 
(RR) or vacuum polarization become observable. 

It is likely that the regime of RR, and especially vacuum polarization, will 
not be accessible to experiments for several years.  However, existing lasers can 
access a regime where unresolved issues still remain, particularly in connection with 
relativistic ionization physics.  These issues include the nature of the relativistic 
photoelectron spectrum, the role of ion dynamics, the nature of high-harmonic 
generation (HHG), and the role of nonlinear Compton scattering.  Most of the 
photoelectron spectra that have been observed over the years are connected with an 
interest in above threshold ionization (ATI), and are produced in the non-relativistic 
regime [86, 87].  In the weakly to moderately relativistic case, some of the most 
important studies were carried out at the Naval Research Laboratory [88, 89].  The 
correlation between the energy and angle of the photoelectrons was identified as a 
defining characteristic.  However, it was found that while the correlation between 
polar angle and energy was consistent with theory, the azimuthal distribution was 
not as expected.  Furthermore, in the ultra-relativistic case, the scaling of energy with 
irradiance has not been firmly established.  In terms of HHG, it has been argued that 
in the relativistic case, re-collision is not possible, and therefore the conventional 
HHG mechanism is absent.  However, this claim actually depends on knowing the 
relativistic quantum mechanical charge distribution during the ionization process, 






























































































