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Plasma wakefield accelerators driven by either laser or electron beams have shown great po-

tential for future applications. Output beam quality from plasma has improved tremendously

over the past decade. This, to a large extend, was enabled by progress in high-performance

computing and numerical techniques based on particle-in-cell simulations. In this proceedings

paper, we present two recent simulation studies, on hybrid plasma accelerators and on plasma-

based laser focusing, opening new avenues in the application of compact accelerators and for

the generation of high-brightness electron beams.

1 Introduction

Laser-driven (LWFAs)1 and beam-driven (PWFAs) plasma wakefield accelerators2 can

generate accelerating electric fields of 10 to 100 GV/m, many orders of magnitude higher

than achievable with conventional radio frequency (RF) technology. This enables a path

towards greatly miniaturised and, therefore, cost-effective particle accelerators with a sig-

nificant societal impact potential. Such a development may allow for the proliferation

of high-energy accelerator technology far beyond national-lab-scale research centres and

could multiply access opportunities to, for example, accelerator-based cutting-edge pho-

ton science machines such as free electron lasers. Furthermore, it will notably lower the

financial entrance bar for developing countries to engage in accelerator research.

Great progress over the past decades has led to the successful demonstration of GeV-

range beams accelerated on only centimetre scales in plasma3 and improved control and

stability.4 However, achieving the required beam quality for the envisioned disruptive

application of novel accelerators in photon science, material science, medicine, and particle

physics remains a challenge. Due to the micrometre spatial scale and femtosecond duration

of the acceleration structure, the experimental diagnostics and optimisation of LWFAs and

PWFAs are challenging. Thus, computer simulation algorithms, in particular Particle-in-

Cell (PIC) techniques, have proven successful and are a cornerstone of predictive plasma

accelerator research.5, 6

In PIC algorithms, fields (electric force, magnetic force, currents, etc. ) are deposited

onto grids (or cells) while particles are modelled as clouds (or shaped macro-particles)

with the volume of one or a few adjacent cells. One macro-particle commonly contains a

large number of real particles such that the number of particles for computation purposes is

largely reduced. Time steps in PIC are chosen such that charged macro particles and fields

only propagate to nearby cells making massive parallelisation possible.

In this proceeding, we demonstrate progress in our simulation studies of laser and

plasma wakefield accelerators. In Sec. 2 we show a pioneering study on hybrid Laser-

Plasma Accelerators (LPWFA), which deploy an LWFA-generated electron beam to drive
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2.3 PIC Simulations for Proof-of-Concept Experiment

Motivated by the promising simulations results shown in Ref. 14, we have explored the

feasibility of this concept through dedicated experiments at Helmholtz-Zentrum Dresden-

Rossendorf (HZDR),15 using the DRACO laser system16 for the LWFA stage and the

thereby produced electron beam as driver for a subsequent PWFA stage. First exper-

imental results are outstanding, demonstrating for the first time that LWFA beams can

drive a high-gradient PWFA by themselves at a high plasma density (∼ 4 × 1018 cm−3),

where accelerating gradients surpassing 100 GV/m are expected. In conjunction with the

direct observation of beam-driven plasma waves, evidence of the acceleration of a new wit-

ness beam in the PWFA stage has been observed. Dedicated PIC simulations reproducing

the concatenation of both stages have been performed, exhibiting a remarkable qualita-

tive similarity with the experiments, and demonstrating accelerating gradients higher than

100 GV/m in the dedicated PWFA stage. This kind of start-to-end simulations (c. f. Fig. 2),

performed on JUWELS at JSC, represent a milestone by themselves as they address for the

first time key aspects of the LWFA-to-PWFA transition process.

An article containing full details is being reviewed for publication.17

3 Simulation Studies on Plasma Eyepieces for Petawatt-Class LWFAs

3.1 Motivation

Nowadays petawatt lasers have become high-priority tools for studying the intrinsic prop-

erties of the microscopic physical world.18 Manipulation of such powerful lasers is a big

challenge due to the lack of high damage-threshold optical materials. The current solution

is to use large beam apertures so that the laser power is spread across a large area of the

optical element to prevent damage. As a consequence the diameter of the final focusing

mirror needs to be of the order of a considerable fraction of a metre to prevent breakdown

of the optic. This leads to the focusing system being costly and difficult to replace. One

has to prepare a few focusing systems with different focal lengths for different applica-

tions, which makes the difficulty more intractable. For LWFA applications usually a fixed

moderately relativistic laser intensity of the order of 1018 W/cm−3 at focus is required,

which means increasing focal spot sizes and focal lengths with the increasing laser power.

This may lead to extremely long focal lengths of the order of 100 (1000) metres for future

10 (100) petawatt lasers.

We have introduced a telescope system to solve these difficulties.19 As illustrated in

Fig. 3, a laser beam is pre-focused by conventional optics with the focal length of f0
to position z0 in vacuum with the waist radius of w0 and normalised peak vector poten-

tial amplitude of a0peak. Then it propagates in vacuum for a distance d and touches the

vacuum-plasma interface at z1. Afterwards the laser undergoes self-focusing20 and is refo-

cused at z2 with the spot size radius of w2 and normalised peak vector potential amplitude

of a2peak, where w2 is the first local maximum of laser spot size radius in the plasma. The

thickness of the plasma required l = z2 − z1 is referred to as the thickness of the plasma

eyepiece. Finally, the total function of this setup is to focus the laser beam to an effective

spot size of w2 within a distance of f = f0 + d+ l. Due to the strong plasma response to

the laser beam, d and l are usually much smaller than f0 so that f ≈ f0. Thus, the advan-

tage of such a setup is obvious: a conventional focusing optic for reaching the focal spot
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Figure 5. Simulation results for w2/w0 (row 1) and l (row 2) vs. d for different laser and plasma parameters

(k/kp, kpw0, a0peak). In each subplot, the results for a0peak = 6, 10 and 14 are marked as black squares, red

circles and blue triangles, respectively. The green lines are the fits of the data with the same k/kp and kpw0 by

Eq. 1, with kpw0 near the green lines. The laser wave number parameter normalised to the plasma wave number

k/kp takes the values 10, 20, 30 and 40 as shown on the top of each column.

In each diagnostic point of the simulations, the absolute value of the laser electric

field is projected to the x − y plane (front-view), and two-dimensional Gaussian fit (with

the function E = E0 exp
[

− (x− x0)
2
/w2

− (y − y0)
2
/w2

]

) is performed for the laser

radius w. The values of w2 are measured by taking the local maximum of w vs. z and

the values of plasma eyepiece thickness l = z2 − z1, where z2 is the location of the local

maximum of w.

Simulation results for w2 and l are collected and plotted in Fig. 5. We have found that

w2 can be estimated by a function

w2

w0

=

√

1 +
d2

ζ2
(1)

where

kpζ ≈ (0.950− 0.0027k/kp)kpzR − 1.17k/kp − 12.6 (2)

From Fig. 5 we have also found l almost linear depends on d, i. e.

l = χd (3)

where

χ ≈ 21.0 (kpw0)
−2.08

(4)

Eqs. 1-4 predict excellent scalability of the telescope system including a plasma eye-

piece. In a petawatt-class laser system one can largely reduce the space required for the

focus system. We show two exemplary simulations in Fig. 6.
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J. M. Krämer, S. Kraft, F. Kroll, M. Kuntzsch, U. Lehnert, M. Loeser, J. Met-

zkes, P. Michel, L. Obst, R. Pausch, M. Rehwald, R. Sauerbrey, H. P. Schlenvoigt,

K. Steiniger, and O. Zarini, First results with the novel petawatt laser acceleration

facility in Dresden, Journal of Physics: Conference Series 874, 012028, 2017.

17. T. Kurz, T. Heinemann, M. F. Gilljohann, Y. Y. Chang, J. P. Couperus Cabadağ, A. De-
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