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Abstract. The EuPRAXIA (European Particle Research Accelerator with eXcellence In 
Applications) project aims at producing a conceptual design for the worldwide plasma-based 
accelerator facility, capable of delivering multi-GeV electron beams with high quality. This 
accelerator facility will be used for various user applications such as compact X-ray sources for 
medical imaging and high-energy physics detector tests. EuPRAXIA explores different 
approaches to plasma acceleration techniques. Laser-driven plasma wakefield acceleration with 
external injection of an RF-generated electron beam is one of the basic research directions of 
EuPRAXIA. We present studies of electron beam acceleration to GeV energies by a two-stage 
laser wakefield acceleration with external injection from an RF accelerator. Electron beam 
injection, acceleration and extraction from the plasma, using particle-in-cell simulations, are 
investigated. 

1.  Introduction 
The remarkable progress in laser technology over the past decade [1, 2] allows Laser-plasma 
accelerators (LPA) to be seen as the leading technology in advanced accelerators standing out through 
enormous accelerating gradients on the order of 10-100 GV/m [3]. However, despite prominent 
experimental and theoretical achievements in the field of laser wakefield acceleration (LWFA), among 
others the demonstration of the production of GeV-class electron beams [4, 5], the realization of a LPA 
matching the demanding requirements on beam quality and stability for applications such as Free-
Electron-Lasers (FEL) remains a challenge. Key parameters of electron beams delivered by LPAs, such 
as energy spread and normalized emittance, are still worse than those achieved in conventional 
accelerators. Limitations on the quality of laser-plasma-accelerated electron beams may arise from laser 
instabilities, plasma density fluctuations, scarce control over the beam injection process, etc. 

There are different mechanisms of producing electron beams for acceleration in a plasma in LPAs. 
The electron beam can be produced internally by trapping the plasma background electrons, or it can be 
prepared externally, e.g. by an RF gun, etc. The external injection of an electron beam from a 
conventional electron linac into a plasma is a promising method for the production of FEL-capable 
beams in plasma-based accelerators (PBAs) due to the sufficient control over the initial parameters of 
an electron beam injected into an acceleration stage. Well-established technologies of conventional 
accelerators allow electron beams of high quality (small transverse emittance and energy spread), high 
stability and reproducibility (control of accelerated charge, tuning beam energy, etc.) to be delivered. 



 
 
 
 
 
 

In this paper, we present an extension of numerical studies reported in [6] on quality-preserving 
acceleration of an electron beam by a laser-driven plasma accelerator with external injection from an 
RF linac. These studies have been carried out in the context of EuPRAXIA [7]. The Horizon 2020 
project EuPRAXIA is preparing a conceptual design report of a highly compact and cost-effective 
plasma-based European facility with multi-GeV electron beams. 

2.  Results and discussion 
Previous studies [6] for the first set of EuPRAXIA laser pulse parameters and a plasma density of 
n0 = 1017 cm-3	showed that the laser pulse defocusing starts to play a considerable role at distances of 
the order of 2-3 cm, thus limiting the length of the acceleration region. Another factor that limits the 
acceleration process in LPAs is laser diffraction, the characteristic distance of which is the Rayleigh 
length: 

𝑧# =	
𝑤&'𝜋
𝜆*

, 

where 𝑤0 is the laser spot size at the focus and 𝜆𝑙 is the laser wavelength. 
In the studies presented in this paper, the laser pulse defocusing and diffraction were counteracted 

by transverse plasma density tailoring, that allowed the laser pulse to be guided. This in turn enabled the 
acceleration region to be extended to lengths greater than the Rayleigh length, and the laser pulse energy 
and power to be reduced. 

A two-dimensional simulation has been carried out with the particle-in-cell (PIC) code OSIRIS [8]. 
The following laser pulse parameters were assumed: pulse length 𝜏𝑙 = 70 fs (FWHM); spot size 
𝑤0 = 50 μm; normalized peak intensity 𝑎0 = 2.7; wavelength 𝜆𝑙 = 800 nm; peak power 𝑃𝐿 ≈ 612 TW. 
The laser transverse and temporal profiles are Gaussian. The laser pulse and the electron beam are 
injected collinearly into a plasma channel with a radially parabolic density profile of the form	
𝑛(r)= 𝑛0 +	D𝑛(r/rch)2, where	the channel depth D𝑛 = 0.452𝑛0, the channel width rch = 50 μm and the 
on-axis plasma density 𝑛0 = 1017 cm−3. The plasma wavelength is 𝜆𝑝 = 106 μm and the plasma skin depth 
is 𝑐∕𝜔𝑝 = 𝑘?@A = 16.8 μm, with the plasma frequency given by 𝜔𝑝 = (𝑛0𝑒2∕𝜀0𝑚𝑒)1∕2, where 𝑐 is the speed 
of light, 𝑘𝑝 is the plasma wave number, 𝑒 is the electron charge, 𝜀0 is the vacuum permittivity and 𝑚𝑒 is 
the electron mass. The temporal offset between the electron beam center and the laser pulse center is 
equal to 294 fs (88.22 μm). 

The simulation was conducted by employing a speed-of-light moving window with the longitudinal 
and transverse sizes of (11 × 20)	𝑘?@A and a resolution of (0.00095 × 0.0588)	𝑘?@A. The time step is 
0.000932082ω?

@A ≈ 52.25 as, corresponding to a length of 15.66 nm. The number of particles per cell is 
4 for the plasma and 256 for the witness electron beam. To eliminate an artificial growth in electron 
beam emittance caused by numerical Cherenkov radiation (NCR) generated in the standard Yee field 
solver, a special NCR-suppressing solver [9] has been used for electromagnetic field calculations. 

The parameters of the externally injected witness beam used in the simulation are defined based on 
the results of simulations [10] for the future ARES-linac at the SINBAD facility at the DESY Hamburg 
campus [11]. A full set of initial beam parameters is given in Table 1. An initial symmetric Gaussian 
distribution in coordinate and momentum space is assumed for the injected beam. 

In PBAs, transverse matching of injected electron beams into the plasma focusing fields is vital for 
beam emittance growth control. Tailoring the longitudinal density profile of the plasma entrance and 
exit with smooth vacuum-plasma and plasma-vacuum transitions can be used to minimize the induced 
emittance growth during beam acceleration and extraction, as shown in [12 - 14]. In the considered case 
the following longitudinal plasma density profile for up- and down-ramps was implemented: 

𝑓(𝑧) =
1

(1 ± (𝑧 − 𝑧&,J|L)/𝑙J|L)'
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Table 1. Electron beam parameters at the plasma entrance. 

Charge, Q [pC] 5.6 
Mean energy, 𝐸O [MeV] 101 

Relative energy spread, 	D𝐸/𝐸O [%] 0.43 

Longitudinal RMS size, sz;rms [μm] 0.59 

Transverse RMS size, sx;rms [μm] 2.55 

Beta-function, bx [mm] 2.76 

Normalized transverse emittance, en;x [μm] 0.47 

Here 𝑧&,L and 𝑧&,J are the longitudinal coordinates of the start of the up-ramp and the down-ramp 
respectively; 𝑙L and 𝑙J are the optimized characteristic scale lengths of the plasma ramps given by 

𝑙J|L = 𝛽?&QR
(𝑁 + 1)𝜋

ln	(𝛽WXY*/𝛽Z)
[
'

+
1
4
= 	

𝐿J|L
𝛽WXY*/𝛽Z − 1

, 

where 𝛽?& is the beta function of the matched electron beam in PBAs, 𝛽?& = ]𝛾_𝑐𝑚`/(𝑔𝑒), with 𝛾_ 
being the beam Lorentz factor and 𝑔 being the transverse focusing field in the plasma; 𝛽Z is the initial 
beta function of the beam; 𝛽WXY* is the beta function of the beam matched to the plasma section in the 
case of the plasma up-ramp and to the external focusing elements in the case of the down-ramp; N = 0, 
1, 2, …; 𝐿L and 𝐿J  are the lengths of the plasma up-ramp and the down-ramp respectively. Such tailoring 
of the longitudinal density profile was analytically and numerically investigated in [14] for PBAs 
operating in the nonlinear regime and can be experimentally realized in appropriate gas capillaries [15]. 

Simulation results and longitudinal plasma profile parameters are summarized in Table 2. The 
evolution of the normalized transverse emittance, transverse RMS size, mean energy, relative energy 
spread and absolute energy spread of the electron beam during injection, acceleration and extraction 
from the plasma is presented in Fig. 1. 

Table 2. Longitudinal plasma profile parameters and properties 
of the accelerated electron beam after extraction from the plasma. 

Charge, Q [pC] 5.6 
Peak current [kA] 1.1 
Mean energy, 𝐸O [MeV] 2503 

Relative energy spread, 	D𝐸/𝐸O [%] 0.54 
Relative slice energy spread [%] 0.022 
Longitudinal RMS size, sz;rms [μm] 0.59 

Transverse RMS size, sx;rms [μm] 0.98 

Normalized transverse emittance, en;x [μm] 0.53 

Normalized slice emittance, e	slice,	n;x [μm] 0.49 
Lu [mm] / lu [mm] 3.85 / 0.52 
Acceleration region length [mm] 67.22 
Ld [mm] / ld [mm] 6.46 / 2.18 
Laser focal plane position [mm] 4.07 

 



 
 
 
 
 
 

  
Figure 1. Evolution of the externally injected electron beam properties during acceleration to 
2.5 GeV. Left panel (a): transverse RMS beam size (red solid curve); normalized transverse emittance 
(blue dashed curve). Right panel (b): relative energy spread (red solid curve); absolute energy spread 
(blue dashed curve); mean energy (black dotted curve). 

The results show that the use of a short plasma up-ramp at the beginning of the plasma allows the 
initial transverse size of the injected beam to be decreased to a value close to the matched one, as shown 
in Fig. 1 (a). Due to the imperfect matching, the accelerated electron beam develops a decoherence of 
particle betatron oscillations and beam envelope oscillations [16, 17] from the end of the plasma up-
ramp, consequently leading to a small growth in transverse emittance with a rate of approximately 
9 nm/cm. Therefore, the use of short plasma ramps, 3.85 mm in length at the beginning of the plasma 
and 6.46 mm at the plasma exit, provides sufficient control over the emittance growth throughout the 
propagation distance. 

The energy spread of accelerated electron beams is determined to a considerable extent by the 
gradient of the longitudinal wakefield acting on them. In the present case, due to the short duration 
(sz;rms ≈ 2 fs) and high density (𝑛b = 5.7×1017 cm−3) of the electron beam, it creates its own wakefield, 
the beam loading field [18, 19], of the same order of magnitude as the gradient of the laser-excited 
plasma wakefield at the region occupied by the beam. Injection of the electron beam into a proper wave 
phase can allow the laser-driven wakefield to be compensated by the beam loading field, consequently 
leading to a mitigation of the energy spread growth during the acceleration process. As shown in 
Fig. 1 (b), throughout the up- and down-ramps the beam energy spread increases, as in regions of low 
density the beam loading field prevails over the laser-excited wakefield. The relative energy spread 
decreases in regions where the effective laser wakefield is flattened by the beam loading field, while the 
absolute energy spread stays near constant. However, in our case, periodical self-focusing and 
defocusing of the laser pulse are observed during its propagation through the parabolic plasma channel. 
This leads to periodic changes in the laser-excited wakefield amplitude and shape, and as a consequence, 
to a reduction of beam loading compensation due to the imperfect flattening of the field at the beam 
position. 

Based on the above, the final properties of the accelerated electron beam are very promising (see 
Table 2) and meet the requirements of demanding applications such as FELs. The current distribution, 
as well as longitudinal and transverse phase-spaces of the accelerated electron beam after its extraction 
from the plasma are presented in Fig.  2. 

We should note that a number of factors may have some effect on the results of the simulation. 
Numerical electron beam-laser dephasing of 12.17 μm (11 % of the plasma wavelength), observed in 
the simulations due to the superluminal group velocity of the laser pulse in the NCR-suppressing field 
solver [9], may affect the evolution of the electron beam properties to a small extent. Furthermore, a 
longitudinal energy chirp and beam asymmetry in the transverse plane, observed in the simulations for  
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the ARES linac and not considered here, may have some influence on the evolution of the beam 
properties. 3D simulations with the full 6D phase space beam distribution are planned to examine these 
effects. 

3.  Conclusions 
The successful quality-preserving acceleration of an externally injected beam by a laser wakefield 
accelerator was demonstrated through a two-dimensional PIC simulation. After extraction from the 
plasma the electron beam has very promising properties for FEL applications: mean energy of 2.5 GeV, 
beam RMS-duration around 2 fs, peak current of 1.1 kA, slice energy spread of 0.022 % and slice 
normalized transverse emittance of 0.49 μm. 

It is planned to extend the presented studies on quality-preserving acceleration to electron beams 
with higher charges taking into account also the full 6D phase space beam distribution. 
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