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Abstract. Nowadays the electron beams produced in plasma-based accelerators (PBAs) are of 

sufficient energy for multi-GeV applications. However, to allow PBAs to be usable for 

demanding applications such as Free-Electron Lasers, the quality and stability of plasma-

accelerated beams have to be improved. We present numerical studies on acceleration of an RF-

generated electron beam with a charge of 0.8 pC and initial mean energy of 100 MeV to GeV 

energies by a laser-plasma accelerator. This acceleration scheme is planned to be tested 

experimentally within the framework of the ATHENAe (Accelerator Technology HElmholtz 

iNfrAstructure) project at the SINBAD (Short INnovative Bunches and Accelerators at DESY) 

facility at DESY, Hamburg. Electron beam injection, acceleration and extraction from the plasma 

are investigated through start-to-end 3D simulations. The effect of the injection phase on the 

accelerated beam quality is investigated through tolerance studies on the arrival-time jitter 

between the electron beam and the external laser. 

1.  Introduction 

Laser-plasma accelerators (LPAs) are considered one of the most promising candidates for future 

compact accelerators and light sources due to their enhanced accelerating gradients of ~100 MV/m [1] 

and the significant progress in laser technology made in the past decade [2, 3]. One of the key milestones 

in the realization of laser wakefield acceleration (LWFA) as an attractive and realistic technology for 

most modern applications will be the demonstration of delivering plasma-accelerated electron beams 

with sufficient quality and stability. External injection of an RF-generated electron beam is one of the 

important and promising technologies for the production of high-quality beams in LPAs. In this 

acceleration scheme, well-developed technologies of conventional electron linacs allow the precise 

phase-space manipulation of the electron beam before injection into a laser-driven plasma wakefield. 

This in turn enables the possibility of electron beam dynamics to be optimized inside a plasma 

acceleration stage. Considerable experimental [4–7] and theoretical [8–11] progress has been made in 

the field of LWFA with external injection in the past decades. 

In this paper we present an extension of studies reported in [9, 12] on the optimization of the potential 

experimental setup and the electron beam quality from external injection in laser-driven plasma 

acceleration at SINBAD [13], considering the full 6D phase space distribution of the electron beam. 

Moreover, we have also investigated the effect of the injection phase on the accelerated beam quality 

through tolerance studies on the arrival-time jitter between the electron beam and the external laser. 

These studies have been carried out within the framework of the ATHENAe flagship project. ATHENA 
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is a new research and development platform, which will provide the infrastructure required for bringing 

compact and cost-effective plasma accelerators to user readiness with applications in science and 

medicine. ATHENA is structured into two technology flagship projects and several application projects. 

The ATHENAe flagship project dedicated to electron acceleration will be hosted at the SINBAD facility 

at the DESY Hamburg campus. ATHENAe aims at transforming the existing plasma acceleration proof-

of-principle results into novel, cost-efficient accelerator technology with a sufficient beam quality for 

various applications in the Helmholtz Association of German Research Centers and beyond. 

2.  Results and discussion 

2.1.  Potential experimental setup for LWFA with external injection at SINBAD for ATHENAe 

One of the main goals of the planned plasma experiments at SINBAD will be the controlled injection of 

an RF-generated electron beam into a plasma stage and its quality-preserving acceleration to GeV 

energy. The external witness beam will be injected in the accelerating wakefield excited in a plasma by 

a laser pulse generated by a Ti:Sapphire-based laser system. The electron beam will be produced by the 

SINBAD-ARES linac [14]. The ARES linac (Accelerator Research Experiment at Sinbad) is a normal-

conducting 100 MeV S-band linear accelerator. ARES is foreseen to provide ultrashort (fs and sub-fs 

duration) electron beams with low charge (0.5-30 pC) and arrival-time stability less than 10 fs RMS 

[15]. 

2.2.  Simulation Parameters 

Various basic working points (WPs) were simulated with ASTRA and IMPACT-T to cover the design 

ranges of beam parameters for the ARES linac [16]. In this paper we consider WP1 designed to reach 

sub-fs bunch length with the smallest possible beam arrival-time jitter. A full set of initial electron beam 

parameters is given in table 1. 

Table 1. Electron beam parameters at the plasma entrance. 

Charge, Q [pC] 0.8 

Peak current, Ipeak [kA] 0.55 

Mean energy, 𝐸̅ [MeV] 100 

Relative energy spread, 𝐸/𝐸̅ [%] 0.2 

Longitudinal RMS size, z;rms [μm] 0.155 (0.5 fs) 

Horizontal RMS size, x;rms [μm] 0.80 

Vertical RMS size, y;rms [μm] 0.73 

Normalized horizontal emittance, n,x [μm] 0.11 

Normalized vertical emittance, n,y [μm] 0.10 

Beta-function, x [mm] 1.13 

Beta-function, y [mm] 1.00 

Beam density, nb [cm-3] 34.6×1017 

In all completed simulations the laser pulse defocusing was mitigated by external guiding of the laser 

pulse implemented by tailoring the transverse plasma density profile. This allowed the effective 

acceleration region to be extended and the injected witness beam to be accelerated to GeV energies. 

The laser pulse parameters were defined as follows: pulse length 𝜏𝑙 = 25 fs (FWHM); spot size 

𝑤0 = 42.47 μm; peak normalized vector potential 𝑎0 = 1.8; wavelength 𝜆𝑙 = 800 nm. 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 + 𝑛(r/rch)2, where the 
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channel depth 𝑛 = 0.626𝑛0, the channel width rch = 42.47 μm and the on-axis plasma density 

𝑛0 = 1×1017 cm−3. The plasma wavelength is 𝜆𝑝 = 106 μm and the plasma skin depth is 

𝑐∕𝜔𝑝 = 𝑘𝑝
−1 = 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 peak of the laser pulse 

envelope eb/lp is equal to 211.6 fs (63.4 μm), 193.8 fs (58.1 μm) or 176 fs (52.8 μm) depending on the 

case. For the considered parameter set, a temporal electron beam-laser offset of 211.6 fs corresponds to 

the case when the external beam is located in the position of maximum accelerating field amplitude 

(near the on-crest acceleration phase). 

In plasma-based accelerators (PBAs), an electron beam mismatched into the plasma focusing fields 

develops a decoherence of particle betatron oscillations and beam envelope oscillations [17–19], thus 

causing emittance growth. It has been shown [20–22] that beam emittance increase can be reduced by 

proper shaping of the longitudinal plasma density profile with smooth vacuum-plasma and plasma-

vacuum transitions (up- and down-ramps). In this paper the following longitudinally-tailored profile of 

the plasma target is considered: 

𝑓(𝑧) =
1

(1∓(𝑧−𝑧0,𝑢|𝑑)/𝑙𝑢|𝑑)
2,    (1) 

where 𝑧0,𝑢 and 𝑧0,𝑑 are the longitudinal coordinates of the beginning of the up-ramp and the down-ramp 

respectively, and 𝑙𝑢 and 𝑙𝑑 are the optimized characteristic plasma ramp lengths, 

𝑙𝑢|𝑑 = 𝛽𝑝0√(
(𝑁+1)𝜋

ln⁡(𝛽𝑖|𝑔𝑜𝑎𝑙/𝛽𝑔𝑜𝑎𝑙|𝑖)
)
2

+
1

4
.    (2) 

Here 𝛽𝑝0 is the beta function of the electron beam matched to the plasma section, 𝛽𝑝0 = √𝛾𝑏𝑐𝑚𝑒/(𝑔𝑒), 

where 𝛾𝑏 is the beam Lorentz factor and 𝑔 is the transverse focusing field in the plasma; N = 0, 1, 2, …; 

𝛽𝑔𝑜𝑎𝑙 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 behind the plasma accelerator stage in the case of the down-ramp; 

and 𝛽𝑖 is the initial beam beta function. The lengths of the plasma up-ramp and down-ramp are then 

given by 

𝐿𝑢|𝑑 = (𝛽𝑖|𝑔𝑜𝑎𝑙/𝛽𝑔𝑜𝑎𝑙|𝑖 − 1)𝑙𝑢|𝑑.    (3) 

Such a longitudinally-tailored plasma density profile was studied for electron beam matching into 

and from plasma accelerators in [22] and can be experimentally implemented in appropriate gas 

capillaries [23]. 

In all simulations presented here the length of the plasma up-ramp is equal to 0.6 cm and the length 

of the down-ramp is equal to 0.9 cm, the length of the acceleration region is equal to 9.5 cm, and the 
laser pulse is focused into the plasma after the end of the plasma up-ramp. 

The 3D start-to-end simulations have been carried out with the spectral quasi-cylindrical PIC code 

FBPIC [24]. The dimensions of the copropagating simulation window in the longitudinal and transverse 

directions are 118 × 420 μm2 with a resolution of 0.022 × 0.5 μm2. The time step is 74 as, corresponding 

to a length of 22.19 nm. A third order particle shape function and 8 particles per cell are used for the 

plasma. The total number of beam particles is equal to 158280. The simulations were run in a Lorentz 

boosted frame with a frame relativistic factor of f = 5. The Galilean-Pseudo-spectral analytical time-

domain (Galilean-PSATD) solver [25, 26] has been used for electromagnetic field calculations. This 

field solver excludes the numerical Cherenkov instability (NCI) [27–29], which falsifies the simulation 

results. 
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2.3.  3D Start-to-End Simulations 

A set of start-to-end three-dimensional simulations has been conducted to examine a potential 

experimental setup for laser-driven plasma acceleration with external injection at SINBAD, optimize 

the quality of the accelerated beam and investigate the effect of the injection phase on the accelerated 

beam quality. The results are summarized in table 2. The evolution of the witness electron beam 

properties (mean energy, relative energy spread, normalized horizontal and vertical emittances) and the 

laser peak normalized vector potential during injection, acceleration and extraction from the plasma is 

presented in figure 1. 

Table 2. Parameters of the accelerated electron beam after extraction from the plasma. 

eb/lp [µm] 63.4 (211.6 fs) 58.1 (193.8 fs) 52.8 (176 fs) 

Q [pC] 0.8 0.8 0.8 

Ipeak [kA] 0.55 0.55 0.55 

𝐸̅ [MeV] 1143 1065 925 

𝐸/𝐸̅ [%] 0.27 0.16 0.29 

z;rms [μm] 0.17 0.17 0.17 

x;rms [μm] 0.70 1.07 1.45 

y;rms [μm] 0.60 0.90 1.20 

n,x [μm] 0.11 0.11 0.11 

n,y [μm] 0.10 0.10 0.10 
 

  

  

Figure 1. Evolution of the externally injected electron beam properties during acceleration to GeV 

energy: mean energy (a), relative energy spread (b), normalized horizontal emittance (c) and 

normalized vertical emittance (d). Temporal offsets between the electron beam center and the laser 
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pulse center are equal to 211.6 fs (63.4 μm) – blue solid curve, 193.8 fs (58.1 μm) – red dotted curve 

and 176 fs (52.8 μm) – green dash-dot curve. Evolution of the peak normalized vector potential of the 

laser pulse during propagation through the plasma – black dotted curve (b). 

In PBAs, a high-density witness beam can generate its own wakefield, beam-loading field [30, 31], 

which loads the longitudinal accelerating field excited by the driver. The beam-loading effect plays an 

important role in the energy spread evolution of an accelerated electron beam. For instance, in an 

extreme case of high loads, when the gradient of the beam-loading field is much higher than the gradient 

of the driver-induced plasma wakefield, the superposition of the two wakefields is decelerating for the 

witness beam. Furthermore, beam loading can result in variations in the longitudinal wakefield along 

the witness beam position, leading to a significant growth of the beam energy spread. However, specific 
shaping of the electron beam charge profile or injection of the beam at a suitable phase of the wave can 

allow the electric field acting over the beam length to be flattened. This in turn enables the growth of 
the beam energy spread during the acceleration process to be mitigated. 

In all considered cases, the beam relative energy spread slightly increases throughout the plasma up- 

and down-ramps [see figure 1(b)] due to the domination of the beam-loading field over the laser-driven 

plasma wakefield, since the beam density is higher than the plasma density and the laser intensity is 

relatively low in the regions of plasma ramps. In the cases of electron beam-laser offsets of 193.8 fs and 

176 fs after the start of the beam acceleration process, the total relative energy spread decreases due to 

a fast reduction in the uncorrelated relative energy spread. Later, the development of the acceleration 

process changes and the correlated energy spread growth begins to dominate over the uncorrelated 

energy spread decrease, resulting in a growth in the total relative energy spread of the beam injected 

with a temporal offset of 176 fs. Due to dephasing of the electron beam with respect to the plasma wake 

wave, the witness beam, injected with a temporal offset of 193.8 fs, passing through the middle of the 

plasma, reaches the wave phase in which the beam-loading field compensates the laser-driven wakefield, 

hence leading to a decrease in the beam relative energy spread. Further electron beam-laser dephasing 

leads to a reduction of beam loading compensation and the beam relative energy spread stays almost 

constant up to the end of the plasma focusing channel. After extraction from the plasma the relative 

energy spread of the beam is 0.16 % (a decrease from the initial value of 21 %) for a mean energy of 

1.07 GeV. In the case of beam injection near the on-crest acceleration phase, from the end of the plasma 

up-ramp the total relative energy spread increases due to fast growth of the correlated energy spread 

caused by variations in the longitudinal accelerating field along the electron beam. As the witness beam 

slowly slips forward with respect to the plasma wave closer to the position where the beam loading 

effect can be compensated, these variations in the field acting on the beam tend to be flattened resulting 

in a reduction in the correlated energy spread growth. Later, the total relative energy spread start to 

decrease when the uncorrelated energy spread decrease becomes dominant over the correlated energy 

spread growth. In addition to the main trends in the relative energy spread evolution, it exhibits mild 

variations due to changes in the plasma wakefield amplitude and shape, caused by the periodic self-

focusing and defocusing of the laser pulse during its propagation through the parabolic plasma channel, 

as shown in figure 1(b). 
As shown in figures 1(c) and 1(d), the use of short plasma ramps, 0.6 cm in length at the beginning 

of the plasma and 0.9 cm at the plasma exit, allows both normalized horizontal and vertical emittances 

to be preserved during beam injection, acceleration and extraction from the plasma. 

Based on the above, for the considered arrival-time jitters between the external electron beam and 

the laser driver of up to 35.6 fs (10.64 μm) after acceleration to GeV energies and extraction from the 

plasma, the witness beam has very promising properties with RMS-duration of around 0.55 fs, peak 

current of 0.55 kA, energy spread below 0.3 % and transverse normalized emittances of 0.1 μm in both 

dimensions. 
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3.  Conclusions 

A good working point has been found for a potential experimental setup for laser-driven plasma 

acceleration with external injection of an electron beam from an RF linac at SINBAD for ATHENAe. 

For the considered parameter set, the arrival-time jitter between the external electron beam and the laser 

driver of up to 35.6 fs does not have a significant influence on the final parameters of the accelerated 

electron beam. 
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