
 

Toward a plasma-based accelerator at high beam energy with high beam
charge and high beam quality

P. A. P. Nghiem ,
1,*

R. Assmann,
2a
A. Beck,

3
A. Chancé ,
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From plasma-wakefield acceleration as a physics experiment toward a plasma-based accelerator as a user

facility, the beam physics issues remaining to be solved are still numerous. Providing beams with high

energy, charge, and quality simultaneously, not only within the plasma but also at the user doorstep itself, is

the main concern. Despite its tremendous efficiency in particle acceleration, the wakefield displays a

complex 3D profile which, associated to the beam-loading field induced by the accelerated beam itself,

makes the acceleration of high charge to high energy often incompatible with high beam quality. Beam

extraction from the plasma without quality degradation for a transfer either to the next plasma stage or to

the user application is another difficulty to consider. This article presents the substantial studies carried out

and the different innovative methods employed for tackling all these different issues. Efforts focused on

achieving the challenging beam parameters targeted by the EuPRAXIA accelerator facility project. The

lessons learned at the end of these in-depth simulations and optimizations are highlighted. The sensitivity to

different error sources is also estimated to point out the critical components of such an accelerator. Finally,

the needs in terms of laser and plasma parameters are provided.

DOI: 10.1103/PhysRevAccelBeams.23.031301

I. INTRODUCTION

Laser or particle beams propagating in a plasma can

drive an electric field several orders of magnitude more

intense than that produced by radio-frequency (rf) cavities

in conventional accelerators. This leads to the promise

of much more compact particle accelerators. Different

plasma-based acceleration and injection techniques have

been imagined, using either laser or particle beams as

drivers in different acceleration regimes, from linear to

strongly nonlinear (see [1,2], and references therein).

Ingenious laser-plasma experiments have been set up,

demonstrating first the possibility to accelerate electrons

to hundreds of MeV [3,4,5], then to the symbolic threshold

of 1 GeV [6], and then to 2 [7], 3 [8], 4 [9], and very

recently 8 GeV [10]. These experimental results are

supported by simulations with 3D particle-in-cell (PIC)

codes, which further explore the acceleration up to 10 GeV

[11], hundreds of GeV [12], or even 1 TeV [13], assuming

the achievement of a good enough electron injection. Those

experimental and theoretical results have been obtained

with a certain care about either the charge or else the beam

quality in terms of energy dispersion and emittance, but the

latter are still far from those obtained in rf accelerators.
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Recently, particular efforts have been dedicated to obtain

high-quality beams, with less than 1 mmmrad emittance,

less than 1% energy spread, and either a high energy gain or

else a high accelerated charge [14–17].

This continuous progress in plasma-based acceleration

would suggest that the era of plasma-based accelerators is

coming up. However, from acceleration as a physics experi-

ment toward an accelerator as a facility delivering a beam to

users,major steps remain to be achieved. Even ifwe set aside

questions about reproducibility or reliability and focus only

on beam physics considerations, important challenges

remain to be solved. An accelerator must provide beams

with high enough energy, charge, and quality, all simulta-

neously, and at the user doorstep itself. Until now, this has

not been demonstrated or even expected for plasma-based

acceleration techniques. Indeed, a higher energy gain nearly

entails a lower beam quality, because the beam must be

accelerated for longer distances and, consequently, experi-

ences different regimes of the plasma wakefield. A high

charge beam can lead to quality degradation, at least in linear

or quasilinear acceleration, as the beam self-field (beam

loading), which is nonlinear, becomes important. A whole

accelerator should also have its own beam injection and

extraction systems, which are the transfer lines. They should

be capable of extracting the beam from a plasma stage and

injecting it into the next plasma stage or delivering it to

the user application with minimum quality degradation.

Such a transfer line for a high charge with substantial

beam loading remains to be demonstrated. Extracting the

particle beam from the accelerating plasma without special

precautions can lead to significant (orders of magnitude)

emittance growth.

It is therefore still necessary to develop new strategies or

methods of particle injection and acceleration in order to

take the leap toward a plasma-based accelerator. Let us

consider, for example, the ambitious objectives of the

EuPRAXIA accelerator project [18]. The main require-

ments are summarized in Table I for the electron beam at

the exit of the injector, which can be either a laser-plasma

injector or a radio-frequency injector, and at the accelerator

end, i.e., at the user application. These beam characteristics,

suitable for a highly demanding application such as the

free electron laser (FEL), are particularly challenging. They

require simultaneously a high final energy of 5 GeV (with a

commissioning step at 1 GeV), a high charge of 30 pC in a

short length of 10 fs (i.e., a high peak current of 3 kA),

a low emittance of 1 mmmrad, a low energy spread of 1%,

and an even lower slice energy spread of 0.1%.

In this article, we will present and discuss the different

strategies and methods that are developed aiming at meet-

ing the above challenging requirements. In Sec. II, the

injection and acceleration schemes and techniques under

investigation are presented. The final beam characteristics

obtained after optimization are compared to the objectives,

and the down selection procedure is performed. Note that

these results reflect the present status of our studies. They

are subject to further improvements later on. In Sec. III, the

lessons learned from these vast studies, the receipts how to

meet all the requirements, are discussed. The necessary

uncoupling of injection and acceleration is pointed out, and

the methods to obtain high beam quality and charge at once

are detailed. In Sec. IV, the beam extraction from a plasma

stage and its transfer to the next plasma stage or toward the

end application are analyzed, and then optimized, in order

to mitigate the degradation of beam quality previously

obtained. In Sec. V, the sensitivity to errors is estimated so

as to identify the most critical components to which special

care should be dedicated. In Sec. VI, the plasma and laser

parameters that allowed us to meet the requirements are

specified. The conclusions are summarized in Sec. VII.

II. BROAD EXPLORATION, OPTIMIZATION,

AND DOWN SELECTION

A. Study of injection and acceleration schemes

One of the best ways to jump from the plasma-based

acceleration as a physics experiment toward a plasma-

based accelerator is to adopt a similar approach to the

design of a conventional accelerator. Before fabricating

and installing a conventional (rf) accelerator, a substantial

design phase is always carried out. It consists first in

selecting the most appropriate configuration regarding the

objectives, for example, a linear or circular accelerator,

room temperature or cryogenic components, etc. Then, in

optimizing thoroughly the beam physics by means of

simulations until the targeted beam characteristics are

obtained, the parameters of all the accelerator components

can be technically specified, including their tolerances.

We propose to apply the same strategy for designing a

plasma-based accelerator. Yet, due to the relative youth of

this field, there are three main issues: The limits of each

plasma wakefield configuration or technique are much less

TABLE I. Main requirements for the electron beam at the exit

of the injector, which can be either a laser-plasma (LP) injector or

a radio-frequency (rf) injector, and at the accelerator exit, which

means at the user application. E, Q, τðFWHMÞ, σE=E, σE;S=E, εn,
and εn;S stand, respectively, for beam energy, charge, length

(full width at half maximum), rms energy spread, slice energy

spread, normalized phase emittance, and slice normalized phase

emittance.

Parameter LP injector exit rf injector exit Accelerator exit

E 150 MeV 250–500 MeV 5 GeV (1 GeV)

Q 30 pC 30 pC 30 pC

τ (FWHM) 10 fs 10 fs 10 fs

σE=E 5% 0.2% 1%

σE;S=E t.b.d. t.b.d. 0.1%

εn 1 mmmrad 1 mmmrad 1 mmmrad

εn;S t.b.d. t.b.d. 1 mmmrad
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known, beam simulations are much more time consuming,

and the vast number of simulation codes and their reliability

could be questionable. We are thus forced to explore

broadly and to down select different acceleration or

injection schemes and techniques. This rather long pro-

cedure was feasible only thanks to the many contributors of

the EuPRAXIA Collaboration.

In the beginning, many injection and acceleration

schemes were explored, including or not external injection,

followed by one or two plasma acceleration stages, for

accelerating to 5 GeV directly or with an intermediate step

at 1 GeV. First simulations showed that acceleration to

5 GeV is quite accessible in one acceleration stage. It is

therefore not useful to consider schemes with multiple

acceleration stages, since they would need transfer lines

between the stages, except when longitudinal beam manip-

ulations are revealed to be beneficial during the acceler-

ation process so that it is useful to split it into two parts.

The studied schemes are finally reduced as sketched in

Fig. 1, where the beam energy is also indicated at each

stage exit. Schemes 1–4 refer to laser-driven wakefield

acceleration (LWFA), where the electrons can be internally

injected or else externally injected by an rf injector or a

laser-plasma (LP) injector. The acceleration is performed

in a single stage directly to 5 GeV, except in the fourth

scheme, where this stage is split into two symmetric parts in

order to install a magnetic chicane for energy dechirping.

The laser considered in this article refers to the Ti:sapphire

laser system operating at the 0.8 μm wavelength [19].

Scheme 5 refers to particle-driven wakefield acceleration

(PWFA), where until now only the final energy of 1 GeV

has been studied, with the electron bunch externally

injected from a 500 MeV rf injector. Scheme 6 refers to

a hybrid configuration where a first LWFA plasma stage

will provide a 3.5 GeV particle beam to drive the wakefield

in a second PWFA plasma stage, accelerating witness

electrons to 5 GeV.

Each injection or acceleration stage of a given scheme has

been studied with different injection or acceleration tech-

niques, leading to many different possible configurations.

B. Study of injection stages

Two different rf injectors have been optimized so as to

provide 240 or 500 MeV electrons with beam quality

meeting the requirements indicated in Table I.

(a) An S-band linac with successive compressions by

rf and magnetic components is studied. This hybrid-

compression scheme helps to reduce the nonlinearity of

the longitudinal phase space. The exit energy should be the

lowest for size and cost considerations, but it should be

high enough to reduce space charge forces so that the

required peak current and emittance can be obtained. It is

shown that an electron bunch of 30 pC, 7.5 fs rms length,

0.5 μrad emittance as required can be obtained at the

plasma injection point, at the condition to accelerate the

beam up to the energy of 240 MeV where space charge

forces are less harmful [20].

(b) Another strategy with pure rf compression based on

velocity bunching [21] has been considered to produce

in one stage a 100 MeV, 3 kA beam at the end of the

2.856 GHz S-band traveling wave sections [22]. An addi-

tional X-band linac configuration with accelerating gra-

dient 60 MV=m is meant to boost the beam energy up to

∼500 MeV, while the proper matching conditions at the

plasma entrance are achieved with a triplet of permanent

quadrupoles. For the use of PWFA, a laser-comb configu-

ration [23,24] has been applied for producing two electron

bunches, a 200 pC driver followed by a 30 pC witness

FIG. 1. The injection and acceleration schemes under investigation. RFI stands for radio-frequency injector, LPI for laser-plasma

injector, LPAS for laser-plasma acceleration stage, and PPAS for particle-plasma acceleration stage. LETL and HETL stand for low-

energy and high-energy transfer lines, respectively. Schemes 1–4 are related to laser-driven wakefield acceleration where the laser beam

is represented in red. Scheme 5 is related to particle-driven wakefield acceleration. Scheme 6 is related to a hybrid configuration mixing

laser-driven and beam-driven acceleration.
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bunch. By illuminating the photocathode with a train of

laser pulses with well-controlled timing, two or more

electron bunches can be accelerated within the same rf

accelerating bucket. The witness is created earlier than the

driver on the photocathode, but their longitudinal positions

are then reversed at the end of the velocity bunching

process. The optimization consists in setting the parameters

of the two electron bunches and the longitudinal distance

between them as desired at the next plasma acceleration

stage. In particular, the two bunches should be separated by

at least half the plasma wavelength.

For the laser-plasma injector (LPI) providing a 150 MeV

beam, five different injection techniques have been simu-

lated and optimized.

(a) Wave-breaking injection and acceleration in the

nonlinear regime.—The aim is to produce electron self-

injection only at the early stage of laser pulse propagation,

followed by its stable self-guiding so as to prevent

continuous self-injection of background electrons. With

the laser and plasma parameters resulting from the studies

described in Ref. [25] and reported in Table II, simulations

with the PIC code SMILEI [26] show that, with a powerful

laser, a very big charge of 1 nC is self-injected and then

accelerated to 204 MeV after only 1.35 mm propagation.

However, the resulting 7 mmmrad emittance and 15%

energy spread are well larger than the requirements of

Table I. This technique is suitable for injecting a big charge

and accelerating it to energies up to 1 GeV, but the output

beam quality is generally modest.

(b) Shock-front injection and acceleration in the bubble

regime.—The principle is to focus the laser beam on a

plasma density plateau with, in front of it, a steep up and

down ramp of ∼100 μm length [27]. Systematic variations

of the density-transition parameters have been explored. It

is found that longer and lower density transitions induce

less available electrons for injection and less wake bubble

size increase, resulting in a lower beam loading and, thus, a

negative correlation between the final beam charge and

energy. Simulations with the PIC code CALDER-Circ [28]

on a 200-processor calculator show that, in the laser and

plasma conditions indicated in Table II, an 80 pC charge is

self-injected and accelerated to more than 100MeV with an

emittance of 1.5 mmmrad and an energy spread ≲15%.

With this technique, the injected charge is still remarkable

and the emittance is better controlled, but the energy spread

is well higher than required.

(c) Ionization injection and acceleration in the non-

linear regime.—This study is based on an experimental

setup composed of a 5-mm-long gas cell equipped at the

two ends with variable length tubes of smaller radius

allowing one to adjust the plasma ramps [29]. The cell is

filled with hydrogen gas containing impurities of high-Z

nitrogen. The combined variations of the nitrogen

concentration and the density length and ramps allow

one to adjust the beam-loading effect and the accelerating

field profile so as to optimize the beam quality and the

energy gain. Simulations with the 3D PIC code WARP [30]

on a 1000-core calculator show that, in the laser and

plasma configuration as recorded in Table II, 27 pC can

be ionized and then accelerated to 142 MeV, with the

energy spread σE=E ¼ 4% and the emittances εx ¼ 0.8,

εy ¼ 1.8 mmmrad [31]. The larger emittance in the laser

polarization direction is one typical characteristic of the

ionization injection.

(d) Down-ramp injection and blowout acceleration.—

The principle is similar to that of the shock-front technique

in (b), with an acceleration performed in a ∼2-mm-long

plasma density plateau, but preceded by a smoother and

longer density step with more parameters to adjust in order

to improve the beam quality at injection [32]. More details

and discussions will be given in the next sections.

Simulations with the 3D PIC code OSIRIS [33], in the

conditions of laser and plasma as indicated in Table II,

demonstrate the possibility for the output beam to meet the

requirements when only the core part of the beam is

considered: 30 pC charge, 255 MeVenergy, 0.15 mmmrad

emittance, and 0.8% energy spread. Notice that, in this

configuration, the laser is self-focused and its strength a0 is

doubled inside the plasma.

(e) Resonant multipulse ionization injection (ReMPI).—

This technique relies on gas ionization as in (c) above, but

the laser pulse is here split into two (or three) components,

the main one decomposed in a train of four pulses to

drive the plasma wakefield, a small component in the third

harmonics to ionize the gas, and, if necessary, a tiny

component with perpendicular polarization to make the

beam symmetrical [16,34]. The multipulse decomposition

needs a more sophisticated laser configuration [35], but this

allows one to obtain a high-quality beam. More details and

discussions will be given in the next sections. Simulations

have been performed with the ALaDyn [36] and QFluid [37]

codes, the latter having been benchmarked with the FBPIC

[38] code. With the laser and plasma parameters mentioned

in Table II, 31 pC electrons can be injected and accelerated

to 150 MeV through a 3.5-mm-long plasma of preionized

nitrogen 5þ, with at the exit a 0.3 mmmrad emittance and

1.7% energy spread.

TABLE II. Laser and plasma parameters of the studied injection

techniques. PL, EL, a0L, and τFWHM stand for the laser pulse

power, energy, strength, and duration, respectively. np and lp
stand for the plasma density and length, respectively.

LPI PL EL a0L τFWHM np

(a) 353 TW 10.5 J 2.6 28 fs 5 × 1018 cm−3

(b) 30 TW 0.9 J 2.5 28 fs 3 × 1018 cm−3

(c) 22 TW 0.47 J 1.6 20 fs 4 × 1018 cm−3

(d) 35 TW 1.05 J 1.8 30 fs 4 × 1018 cm−3

(e) 200 TW 5 J 1.1 30 fs 1 × 1018 cm−3
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C. Study of acceleration stages

For the LWFA schemes, the acceleration stages providing

a 5 GeV beam have been studied with different acceleration

techniques leading to various and revealing results.

The scheme-1 laser-plasma acceleration stage (LPAS)

was simulated with the ReMPI technique, with a slightly

more sophisticated configuration as above, allowing

obtaining 30 pC at 5 GeV with an emittance and energy

spread well below the requirements. For that, the driver

laser pulse must be decomposed into eight subpulses, the

ionization pulse must be in the fourth harmonics, and the

plasma must be split into two sections, with a gas jet for

ionizing the doped gas (argon) and trapping the ionized

electrons, immediately followed by a 25-cm-long capillary

for acceleration [39].

The scheme-2 LPAS is studied under the quasilinear

regime, with first as input the 150 MeV bi-Gaussian beam

having the required parameters of Table I. Simulations have

been done with the 3D PIC code WARP [30]. The laser and

plasma parameters reported in Table III are defined

following the scaling laws for having a resonant wakefield.

The plasma depth is defined to match the laser injection.

The transverse beam size is defined to minimize emittance

growth [40], and the longitudinal beam size is defined to

minimize the energy spread by using the beam-loading

effect [41]. More detailed discussions will be given in the

next sections. This thorough optimization of each of those

parameters allows one to obtain the acceleration of 30 pC

up to 5 GeV after 26 cm with the beam quality as required

in Table I: εx;y ¼ 1 mmmrad, σE=E ¼ 0.8%, slice εx;y;s ¼
1 mmmrad, σE;s=E ¼ 0.1%, and τFWHM ¼ 7 fs. In addi-

tion, for this LPAS, the input beam coming from the

150 MeV LPI and transferred by the optimized low-energy

transfer line (LETL) has also been considered. Its param-

eters are about 20% different from the bi-Gaussian beam,

and its shape is, of course, not bi-Gaussian. Despite that,

and despite another simulation code used, FBPIC [38], a

rapid retuning of the LPAS parameters following the above-

mentioned principles allowed us to obtain a final beam with

very close characteristics as described above.

The scheme-3 LPAS was studied considering input

beams from the two different rf injectors described in

the previous section.

(a) The quality degradation of the 240 MeV input beam

coming from the rf injector has been estimated with respect

to the plasma up-ramp length or the offset between the

electron beam center and the laser beam center [42].

Subsequent optimizations with the quasi-3D code FBPIC

demonstrate that, with the laser, plasma, and electron input

beam parameters recorded in Table III, 20 pC can be

accelerated in the quasilinear regime for 9 cm to 4.4 GeV,

with the beam quality not far from required: εx;y ¼ 1.5,

0.8 mmmrad, σE=E ¼ 1%, slice εx;y;s ¼ 0.1 mmmrad,

σE;s=E ¼ 0.1%, and τFWHM ¼ 4.2 fs.

(b) For the input beam coming from the 500 MeV rf

injector, the same quasilinear acceleration regime is

applied. The plasma target profile comprises two equal

exponential input and output ramps and a constant density

plateau. The ramp characteristic length is chosen to be half

of the bunch betatron wavelength at injection. This length is

realistic and has been shown to yield the same results, in

terms of beam parameters, as longer ramps [43]. The

plasma density is set so that the plasma wavelength is

much longer than the beam length, in order to avoid an

excessive energy spread increase, while retaining an

accelerating gradient around 10 GV=m. The laser param-

eters are set in order to both increase the dephasing length

and maximize the laser-to-plasma energy transfer. The

resulting laser, plasma, and electron input beam parameters

are shown in Table III. Simulations [44] have been

performed with the QFluid code, a hybrid fluid-PIC tool,

where the plasma is assumed to behave like a cylindrically

symmetric fluid while the electron beam is treated using a

full 3D PIC model. When optimizing both the injection

phase andmatching into the plasma channel for preservation

of 6D brightness, up to 24 pC can be accelerated to 5.3 GeV

after 50 cm, with very good beam quality: εx;y ¼ 1.5,

0.8 mmmrad, σE=E ¼ 0.1%, slice εx;y;s ¼ 0.36 mmmrad,

σE;s=E ¼ 0.04%, and τFWHM ¼ 11 fs.

The scheme-4 LPAS was studied under the blowout

regime. As previously described, the acceleration in this

scheme is performed in two identical plasma stages joined

by a magnetic chicane in which the bunch chirp is inverted

[45]. The externally injected beam is coming from the

250 MeV rf injector described above. It should be noted,

however, that a certain smoothing was applied to the

TABLE III. Laser and electron input beam parameters of the LWFA LPAS. The plasma density is np ¼ 1.

1017 cm−3 for all the LPAS cases. The same notations as for Table II.

Laser beam Electron input beam

LPAS PL EL a0L τFWHM E εx;y σE=E τFWHM

Sch1 872 TW 51 J 0.64 55 fs � � � � � � � � � � � �
Sch2 341 TW 45 J 2.00 132 fs 150 MeV 1.0 μ 0.5% 7.0 fs

Sch3 a) 320 TW 37 J 1.95 120 fs 240 MeV 0.8, 0.5 μ 0.11% 17.8 fs

Sch3 b) 225 TW 25 J 1.15 110 fs 540 MeV 0.4 μ 0.06% 11.0 fs

Sch4 750 TW 40 J 3.00 50 fs 250 MeV 0.5 μ 0.5% 4.5 fs
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current profile to emulate the effect of a laser heater in

the bunch compressor and prevent the onset of micro-

bunching in the chicane between LPAS. The initial

parameters of this electron beam and of the laser drivers

are given in Table III. The plasma cells feature a density

plateau of 8 cm with a transverse parabolic profile for

laser guiding. In addition, plasma-to-vacuum transitions

(plasma ramps) following the expression np;ramp ¼
np=ð1þ z=LrÞ2 have been considered. This ramp shape,

where np ¼ 1017 cm−3 is the plateau density, z is the

distance to the plateau, and Lr determines the density

gradient, has been found to provide good performance for

matching and emittance preservation [46]. The plasma

stages are separated by a distance of 3.4 m, where the

transport line with the chicane is placed. The chicane is

composed of four 20-cm-long dipoles with a 0.4 T field

providing a 7.8 mrad bending angle. Two active plasma

lenses, placed at 30 cm away from the plasma stages, as

well as two quadrupole doublets are used for the beam

transport. The plasma simulations (including accelerating

stages and plasma lenses) were performed with FBPIC,

while the tracking codes ASTRA [47] and CSRTRACK [48]

were used for the transport line. By properly tailoring the

plasma ramps and the beam transport, 23.7 pC can be

accelerated to a final energy of 6 GeV with high beam

quality: εn;x ¼ 1.5 mmmrad, εn;y ¼ 0.7 mmmrad, σE=E ¼
0.41%, slice εn;x;s ¼ 0.77, εn;y;s ¼ 0.4 mmmrad, σE;s=E ¼
0.054%, τFWHM ¼ 3.1 fs, and Ipeak ¼ 4.9 kA.

For the PWFA (scheme 5), the two rf injectors necessary

for obtaining the final energies 1 or 5 GeV will be very

different, so it is decided in a first step to study only the

first case. The objective is to accelerate the bunch from

540 MeV to 1 GeV without phase-space dilution in the

weakly nonlinear regime, characterized by a wakefield

departing from a sinusoidal wave, tending toward a

sawtooth profile. In order to minimize the energy spread,

the beam-loading effect is used to compensate the energy

chirp, by means of a longitudinally triangular-shape wit-

ness beam, injected 184 μm behind the driver beam and at a

position in the bubble so that there is enough room for the

bunch transverse extension. In these conditions, the accel-

erated field experienced is 1.1 GV=m. Simulations have

been performed with the Architect code [49,50], where the

electron bunch is treated in 3D PIC and the plasma

background in cylindrical fluid. With the beam parameters

at the entrance as indicated in Table IV, 40 pC charge can

be accelerated to 1 GeV after 40-cm-long plasma at 1.0 ×

1016 cm−3 density contained in a capillary. The electron

beam at the exit has a good quality as required: εx;y ¼
0.9 mmmrad, σE=E ¼ 1.2%, slice εx;y;s ¼ 1.2 mmmrad,

σE;s=E ¼ 0.036%, and τFWHM ¼ 12 fs.

The hybrid scheme 5 is studied with two different

injection techniques: the wakefield ionization injection

(WII) and the Trojan horse injection (THI).

The WII configuration is based on two plasma stages [51].

The first one is a LPAS whose mission is to provide a driver

beam to the second one, a PPAS (see Fig. 1). By upscaling by a

factor of 10 the results obtained from simulations with the 3D

PIC code OSIRIS [33], one can assume that with the laser and

plasma parameters P ¼ 980 TW, E ¼ 88 J, a0 ¼ 3.18,

np ¼ 2 × 1017 cm−3, and the ionization injection followed

by an acceleration in the bubble regime, a very high charge,

high energy electron beam can be generated at the LPAS exit:

Q ¼ 600 pC, E ¼ 3.7 GeV, εx;y ¼ 15 mmmrad, σE=E ¼
2.5%, and τFWHM ¼ 19 fs. As its peak current is high enough

(>8.5 kA) and its duration is comparable to the plasma

wavelength, its injection into the PPAS will drive a strong

wakefield, ready for accelerating witness electrons, again in

the bubble regime. The same wakefield presents a location

where its amplitude combined with an optimized dopant gas

concentration allows electron injection with a very high beam

quality [52]. Note that it is imperative to properly adjust the

beam-loading field and to make so that the charge injection is

restricted to a small phase-space area at the back of the

first plasma bucket. Simulations show that acceleration

through a high-density 2 × 1019 cm−3, 1.2-cm-long plasma

allows to obtain an ultrahigh brightness beam at the required

energy but with a relatively high energy spread and low

charge: Q ¼ 11 pC, E ¼ 5 GeV, εx;y ¼ 0.16 mmmrad,

σE=E ¼ 3%, slice εx;y;s ¼ 0.25 mmmrad, σE;s=E ¼ 0.25%,

and τFWHM ¼ 0.8 fs.

A conceptual design has been done for the THI con-

figuration. The idea is to use the Trojan horse injection

technique to reduce the transverse beam emittance [14] and a

supplementary escort beam to reduce the energy spread [53].

A PPAS containing a H2/He gas mixture is considered,

fed by an upstream LPAS and a 10 GW laser beam.

The latter ionizes the H2 gas to generate the witness beam.

The LPAS, itself fed by two laser beams, provides (i) a

driver beam that ionizes the He gas by means of its self-field

and simultaneously generates a blowout acceleration regime

and (ii) a large-size escort beam at the location where the

witness beam already reaches a high enough relativistic

energy. The role of the escort beam is to flatten the local

field via the beam-loading effect, without deteriorating

thewitness beamemittance. It should be also easily separable

from the witness beam. For that, the escort bunch

must overlap the witness bunch, with a significantly higher

charge and lower energy. Simulations have been performed

with the 3D PIC code VSim [54]. Assuming the availability

of an ionization injection laser with P ¼ 10 GW,

TABLE IV. Beam parameters at the plasma entrance for scheme

4A (PWFA).

E εx;y σE=E τFWHM

Driver beam 540 MeV 3 mmmrad 0.1% 313 fs

Witness beam 540 MeV 0.9 mmmrad 0.06% 12 fs
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E ¼ 0.2 mJ, a0 ¼ 0.018, w0 ¼ 7 μm, and τFWHM ¼ 25 fs, it

is found that, after 5 cm propagation in a 1.1 × 1017 cm−3

plasma, a 9 pC witness beam can be accelerated to 5 GeV

with εx;y ¼ 0.05 mmmrad, σE=E ¼ 0.05%, slice εx;y;s ¼
0.04 mmmrad, σE;s=E ¼ 0.03%, and τFWHM ¼ 1 fs. The

energy is high enough, the beam quality is remarkable, while

the charge is relatively low, but there is still room for

improvement.

D. Selection of the most suitable configurations

The beam parameters obtained in the previous section at

the exit of the 150 MeV LPI are sketched in Fig. 2, where

they are compared to the requirements. Among the five

different injection techniques applied, the wave-breaking

and shock-front injections are more appropriate for

obtaining a very big charge than a good beam quality.

With the ionization technique, results are not very far from

the requirements, while the ReMPI and down-ramp tech-

niques completely met the requirements. As such, the two

last techniques can be considered as the most suitable for

the present requirements. They will be discussed in more

detail in the next sections.

The results obtained by the different acceleration

techniques up to 5 GeV are gathered and compared

to the requirements in Fig. 3 (the good results obtained

by the PWFA technique is not considered here, as it was

studied only for acceleration up to 1 GeV). We can see that

the four LWFA schemes with external injection all exhibit

results closer to the requirements (especially three of them

practically meet all the requirements), with nevertheless

a weak margin. It is also important to highlight the results

obtained with the acceleration in the quasilinear regime,

which are performed in four different institutes, with three

different codes (3DPIC WARP, quasi-3D FBPIC, and QFluid)

built following completely different basis. Despite that and

despite the use of four different input beams at different

energies (this will affect only the acceleration length), when

the laser and plasma parameters are close as seen in

Table III, the beam at the LPAS exit can feature similar

characteristics. This means that the simulation codes are

consistent between them, at least for these three codes and

for the quasilinear regime, but above all, the results thereby

obtained present a strong robustness. This is very encour-

aging: Not only is there an acceleration configuration that

can provide results meeting all the EuPRAXIA require-

ments, the quasilinear acceleration with external injection,

but in addition it is robust, in the sense that moderate

variations of the input parameters will demand only

moderate retuning to obtain the required accelerated beam.

It is important to keep in mind that all the results shown

here simply give the present status of our studies. Further

optimizations under consideration could still lead to sig-

nificant improvements.

The above-discussed parameters refer to the first and

second moments of the particle distribution in order to

characterize it the most concisely as possible. A more

extensive way to describe it is to present its projections onto

different phase spaces. An example is given in Fig. 4 for the

5 GeV beam at the exit of the scheme-2 LPAS, after 26 cm

acceleration in the quasilinear regime of the 150 MeV input

beam coming from the ReMPI injector that has been

transferred by the related LETL.

FIG. 2. Beam parameters obtained at the 150 MeV LPI

exit compared to the requirements for five different injection

techniques.

FIG. 3. Beam parameters obtained at the 5 GeV LPAS exit

compared to the requirements for seven different acceleration

techniques and beam injections. qlr and bor stand for, respec-

tively, quasilinear regime and blowout regime.
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III. THE LESSONS LEARNED

The broad exploration followed by the down selection

also allows highlighting the lessons we can learn at the end

of the procedure. Indeed, among all the different explored

configurations, only those where injection and acceleration

procedures are uncoupled can provide accelerated beams

meeting all the requirements. But this is not sufficient;

special care to tackle directly the beam quality issue in the

presence of a high charge is needed. These two topics will

be discussed in the following.

A. Decoupling injection and acceleration processes

In view of designing an accelerator intended for reliable

and steady operation, one would desire to opt for the

simplest configuration, with the least complexity. The

broad exploration presented in the previous section, how-

ever, shows that a certain degree of sophistication is

necessary.

One would dream of a simple configuration composed

by a single plasma stage illuminated by a single laser

beam. This would allow saving the delicate operation of

extraction of the particle beam from a plasma stage,

transporting and then matching it to the next plasma

stage, and saving the synchronization between multiple

laser beams. Nevertheless, this seems not enough if a large

acceleration field, a large charge, and a high beam quality

are simultaneously desired. A more powerful driver will

produce a higher accelerating field, and if it is also used to

initiate particle injection, the beam charge can be high, but

the beam quality will be intrinsically degraded at the start.

The result is inversed for a less powerful driver. According

to the previous section, only two separate stages could be a

solution, one stage dedicated to the injection of a high-

quality beam and the other exclusively to the acceleration to

the desired energy. This is true for the LWFA schemes

where the driver is a powerful laser and the injector is either

another plasma stage or an rf one. For the PWFA scheme,

the driver beam and the witness beam are produced quasi-

independently thanks to the laser-comb configuration

[23,24]. For the hybrid scheme with Trojan horse injection,

the situation is inversed of that of the LWFA; the driver is a

strong particle beam, and the injection is achieved with a

moderate laser beam.

Uncoupling injection and acceleration is the master idea

to obtain simultaneously a high beam charge and high

beam quality, as two independent knobs are necessary for

tuning two parameters. This is also imperative in the

injection stage itself, where there is also a short acceleration

to hundreds of MeV. We saw that, in the five injection

techniques presented in Sec. II A, the three first ones

applying the wave-breaking injection, shock-front injec-

tion, and ionization injection techniques do not allow one

to obtain a big enough charge and a good enough beam

quality at once. Only a refinement of those techniques,

the ReMPI and down-ramp techniques, would allow

achieving it.

The down-ramp injection is similar to the shock-front

injection, but with a more sophisticated density transition,

offering more parameters, i.e., more knobs, to adjust the

beam charge and quality at once [32]. Figure 5 shows the

down-ramp structure’s details. We notice a smooth up ramp

around 1 mm long followed by a density transition where

electrons are injected. Finally, electrons are accelerated in a

2-mm-long plateau. Similar profiles have been obtained in

hydrodynamics simulations of gas cells [55], proving that

this kind of density profile is realistic. Variations in the gas

cell give a great controllability of the beam parameters.

The ReMPI injection is based on the ionization injection,

but with two or three laser beams instead of one [34,56].

The operating principle is sketched in Fig. 6. A single laser

pulse delivered by a Ti:sapphire laser system is split into

FIG. 4. Beam density distribution at the exit of the scheme-2 LPAS (see the text), for 500000 macroparticles. (a) Projection onto the

phase space (x, x0), i.e., transverse position and angle. (b) Projection onto (z, E), i.e., longitudinal position and energy. The color bar on
the right represents the density scale normalized to 1. The green lines on the axes are the projections onto the axes x, x0, z, and E.
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two pulses: A small fraction is used to ionize the plasma gas

(preionized nitrogen 5þ) in order to extract the electrons,

and the remaining main part is time shaped as a train of four

pulses which resonantly drive the wakefield without ion-

izing the plasma. The ionization pulse is frequency tripled

by a nonlinear crystal and tightly focused behind the wake-

driving pulse train. The extracted electrons are quickly

trapped by the wake and accelerated up to the final energy

of 150 MeV. A round beam is preferred for both the next

optics and boosting stages and for minimizing beam

loading in the current stage. But an intrinsic difficulty of

the injection by ionization is the emittance increase in the

direction of the laser polarization. This can be compensated

by using the tail of the driving pulse, which is polarized

perpendicularly to the ionization polarization, or else by

using a third tiny laser beam with perpendicular polariza-

tion. No intrinsic time jitter will be present, as all the laser

pulses are fractions of the single initial pulse.

The ReMPI technique can be used to accelerate electrons

up to 5 GeV with all the required beam qualities with a

single plasma stage and a single laser beam. However, this

apparent simplicity must also include its part of sophisti-

cation. The plasma stage comprises two components, the

first one dedicated to ionization is a helium gas cell doped

with argon preionized to the eighth level, and the second

one dedicated to acceleration is a helium gas capillary

where the gas density profile is radially parabolic. The laser

beam must be split into a fourth harmonic ionization pulse

and a driver pulse that must be decomposed into eight

subpulses. Uncouple injection and acceleration are anyway

necessary. The resulting higher complexity is, however,

minimized in the present case, as shown in Ref. [56].

Instead of using two different lasers as in the two-color

scheme, only one laser system is used, eliminating there-

fore synchronization-jitter issues. Because of the propaga-

tion of a pulse train in a nonuniform plasma, the evolution

of the driver train is nontrivial and needs to be finely tuned

to avoid too important depletion. Nevertheless, the resonant

excitation of a pulse train induces a higher plasma wave

amplitude than that coming from a single pulse. Numerical

simulations showed that this acceleration scheme is stable,

and the generation of laser pulse trains has been already

demonstrated experimentally.

B. High beam quality and high beam charge issues

The demand of high beam quality, namely, low emittance

and low energy spread, certainly requires great effort to

achieve. This is true everywhere in the chain of beam

injection, acceleration, and transport. Failing in minimizing

the beam phase-space size at a given location will be very

hard to compensate downstream. When the demand of high

charge comes in addition, space charge forces and beam-

loading effects can no longer be neglected. Indeed, in the

best case, we must imperatively take the charge into

account, because the usual minimization methods at zero

charge are useless, and in the worst case, it can even induce

a beam quality degradation, making mandatory a delicate

optimization procedure between high charge and high

quality.

For an LPI, a fine balance between small emittance

and high charge must be found, while for an LPAS, a fine

compromise between small energy spread and high charge

must be set.

An example can be seen with the LPI where the

down-ramp injection technique mentioned above is

applied. Typically, sharper down ramps lead to more

captured charges but induce a larger emittance, an effect

that is accentuated by a larger density jump before and

after the ramp [57]. By tuning the sharpness of the ramp

and the density jump, a compromise can be obtained so that

the desired emittance and charge can be reached [32].

Although we can note that only a rough tuning is enough,

this means that the presence of this kind of tuning on the

experimental device later on is highly recommended, at

least during the commissioning phases.

For the LPI where the ReMPI technique is applied, a

suitable choice of the different laser pulses and the dopant

gas must be carefully studied [56]. The number of ionized

charges is higher for a stronger ionization laser pulse, but it

FIG. 5. The longitudinal density profile used for the down-ramp

injection scheme [32].

FIG. 6. The three-laser system of the resonant multipulse

injection and acceleration technique [56].
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will also induce a bigger emittance. Fortunately, the latter

can be lowered with a smaller laser focal spot and a lower

gas ionization potential. The driver laser must be intense

enough to capture the ionized charges and to induce a

wakefield strong enough for accelerating electrons to the

wanted energy, but its energy cannot exceed the ionization

potential in order not to ionize the gas. We can see that the

ionization and driver laser strengths a0i and a0d, their focal

spot sizes w0i and w0d, the number of driver subpulses, and

the gas ionization potential Ui intimately interfere together.

Only a judicious choice of these parameters can lead to the

right compromise allowing one to reach all the contra-

dictory objectives simultaneously.

For the LPAS under the quasilinear acceleration regime,

except beam matching to a transversal focusing channel, no

other action is required for preserving emittance. Particular

attention should be rather dedicated to minimize the energy

spread due to different accelerating field amplitudes seen

by different parts of the beam during the acceleration

process. It is well known that in the case where the charge is

negligible, the phase dependence of the wakefield along the

bunch phase is the main source of energy spread; therefore,

reducing the bunch length as much as possible results in

minimizing the energy spread. When the charge is sub-

stantial, however, the induced beam-loading field is no

more negligible and can partly compensate the longitudinal

variation of the wakefield. It was then suggested to impose

a specific shape, triangular, for example, to the bunch

longitudinal density in order to minimize the energy spread

[58], but this is hard to achieve, especially in the case where

the input beam is coming from the LPI where many other

constraints must already be satisfied. It is noted in Ref. [41]

that, while the energy spread induced by the wakefield

depends directly on the bunch length, the energy spread

induced by the beam-loading field depends on the beam

radius. It is because the wakefield is almost constant on the

small transversal extent of the beam size, while the field

generated by the beam itself directly depends on its radial

profile. Therefore, for a given charge and a given beam

radius, there exists a bunch length where the two effects

compensate each other the best, minimizing consequently

the energy spread. Figure 7(a) shows this bunch length in

the case of the LPAS of scheme 2, which is not zero

contrarily to the case of zero charge.

For some applications like the free electron laser, it is also

necessary to minimize the slice energy spread, i.e., that of

particles at the same longitudinal position but different radial

positions. The relative slice energy spread, i.e., relative to the

average beam energy, depends on the latter, which increases

with the plasma density np, and on the beam-loading field

which is proportional to
ffiffiffiffiffi

np
p

and decreases with the laser

strength a0 [41]. Hence, by tuning jointly a0 and np, the slice

energy spread can be minimized [Fig. 7(b)].

Another technique which has been shown to succes-

sfully minimize the energy spread consists in splitting the

acceleration process into two plasma stages joined by a

magnetic chicane. In this way, the energy chirp accumu-

lated in the first stage is inverted in the chicane and can then

be effectively compensated for in the second stage [45].

The principle of this technique is sketched in Fig. 8. This

method is ideal for a linear chirp like that induced by the

accelerating fields in the blowout regime in the case of

marginal beam loading.

The principle of exploiting the beam loading itself by

intentionally introducing it has been also exploited to

drastically reduce the energy spread in the hybrid scheme

under the blowout regime. As mentioned above, at the

PPAS acceleration stage, a low emittance witness beam is

generated by a small laser beam and accelerated to an

energy high enough so that its emittance becomes hard to

perturb. Then an escort beam is released by the upstream

FIG. 7. (a) Minimization of energy spread with the bunch length. (b) Minimization of slice energy spread with the laser strength and

the plasma density [41].
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LPAS (in addition to the driver beam) that will completely

overlap the witness bunch with a much higher charge.

The expected effect of this escort beam is that, without

perturbing the witness beam emittance, it will induce a

beam-loading field strong enough to flatten the total

accelerating field or even to reverse the wakefield when

necessary, so as to avoid energy spread increase or even to

reduce it [53]. Simulations for a low charge witness beam

has demonstrated the efficiency of such a method, which

should also work with a higher charge.

Once the optimization techniques have demonstrated

their ability to offer charge, emittance, and energy spread as

required, the work is not finished. In contrast to a physics

experiment, obtaining good beam quality in the plasma

stage is not enough; we also have to preserve this quality

during beam extraction from or injection to a plasma stage,

as well as transport between two plasma stages or from the

plasma stage toward the final user.

IV. BEAM EXTRACTION, INJECTION,

AND TRANSPORT ISSUES

As for any conventional linear accelerator (linac), it is

necessary to design and optimize the transport lines

between two accelerator stages and toward the final user.

We have seen in the above sections that transport lines

could be requisitioned to play an active role in the

longitudinal phase space, either by compressing the bunch

length in the rf injector or else to dechirp the beam energy

between two accelerator stages.

We will focus here on the issues in the transverse phase

space and, more specifically, the preservation of emittance

in the presence of beam loading. It is very well known that

extracting or injecting into a LPAS without particular care

can lead to a significant increase of the emittance [59,60].

Despite that and despite many theoretical studies sug-

gesting different plasma ramp density profiles [61,62,63], it

is not clear which emittance will grow in which situation

and what is the procedure to mitigate it in a practical case

where beam loading cannot be neglected.

A thorough study with a consistent formalism has

been undertaken, allowing one to clearly establish the

circumstances of emittance growth in a transport line, the

parameters governing this growth, and, thus, to determine

the location where such parameters should be minimized

[64]. Two types of emittance are considered: the phase

emittance defined in the (x, px) space and the trace

emittance in the (x, x0) space, where x, px, and x0 are

the particle position, momentum, and momentum angle,

respectively. Although the two first coordinates are the

Hamiltonian conjugates, the phase emittance does not have

any practical meaning and is generally useless. In contrast,

the trace emittance directly characterizes the beam size and

divergence. These two emittances are more different for a

larger energy spread and larger beam divergence, but they

are linked together and are, in particular, equal at every

beam waist, which is generally in quadrupoles or in long

enough drifts. Hence, the growth of both emittances should

be mitigated. Outside the plasma, in a transport line, the

phase emittance increases in a free drift, while the trace

emittance remains constant, and inversely in a focusing

element. These increases are due to (i) two parameters in

the transfer line: the drift length and the focusing strength,

and (ii) three parameters at the plasma exit: the (trace)

emittance, the energy spread, and the Twiss parameter γ.

Notice that the latter is constant in a free drift and is very

large in the plasma stage, because the huge focusing forces

therein impose a tiny beam size.

It is therefore straightforward to state that, in order to

mitigate emittance growth when extracting the beam from a

plasma stage [64], (i) The emittance and the energy spread

should be minimized within the plasma stage exclusively;

(ii) the Twiss parameter γ should be minimized at the

plasma exit exclusively, with a down ramp or a passive

plasma lens, for example, while ensuring that the latter will

not induce themselves a too large emittance growth; and

(iii) the total drift length (especially the first drift at the

plasma exit) and the integrated focusing force should be

minimized within the transport line.

It is important to stress that the minimization of these

parameters at those three components guarantees a mini-

mum emittance growth. This can be done at best at each

component independently, without minding about what can

be done at the next one. If, however, it is not properly done

at a given stage, it can no longer be compensated elsewhere

downstream.

In order to minimize γ, it is enough to tune the length of

the plasma down ramp, whatever its shape. For the scheme-

2 LPAS exit at 5 GeV, different types of down-ramp density

profiles have been tested, exponential, linear, and Gaussian,

and they all prove to be equally efficient for about the same

global length, so that γ can be decreased from 400 to

80 m−1, with a negligible increase in emittance. On the

injection side at 150 MeV, if the plasma hard edge is

adopted, the requested ∼μm beam size at the entrance will

impose a large focusing force from the transport line,

implying a big emittance degradation there. An up ramp

FIG. 8. Inversion of the beam energy chirp in a magnetic

chicane between two identical LPAS. The longitudinal phase

space is shown at the chicane (a) entrance, (b) middle, and

(c) exit. Darker color means higher energy [45].
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with about the same length as that of the down ramp allows

relaxing the matched beam size by a factor of 10.

For the LPI where the blowout regime is applied, γ is

much bigger, and a down ramp does not help to decrease it

enough, the use of a passive plasma lens is necessary in

addition. In the case of the LPI studied with the ReMPI

technique, γ is decreased from 5000 to 1700 m−1 by the

down ramp and then to 130 m−1 by the plasma lens. In the

case of the down-ramp injection technique, these numbers

at the plasma exit are, respectively, 14000, 4000, and

182 m−1.

Such low γ will greatly help to lower the needed focusing

strength in the transport lines. For a given input beam, the

mission of the transport line is to shape a beam at the exit

with a given beam size and divergence as requested by the

next plasma stage or the final user, with the smoothest

focusing. That means three constraints in each transverse

direction and, thus, six quadrupoles are needed. We

recommend not to implement more quadrupoles unless a

longer line is needed for including diagnostics or chicanes.

An optimized line called LETL is shown in Fig. 9(left),

linking the ReMPI LPI to the scheme-2 LPAS, where the

beam sizes are of the same order at the entrance and exit.

The total length is 0.7 m, and six permanent quadrupole

magnets are used. The emittance has been doubled, from

0.3 to 0.6 mmmrad, mainly due to longitudinal space

charge forces within the 30 pC short bunch of 8 fs at this

low energy of 150 MeV. The optimized HETL (high-

energy transfer line) is shown in Fig. 9(right), linking the

scheme-2 LPAS to the FEL application, where, as expected,

the beam size at the exit is much bigger than at the entrance.

The total length is 4 m; two permanent magnets and four

electromagnets are used. The emittance increase is 10%.

These results are encouraging, as they demonstrate the

concepts highlighted in the present studies for preserving

emittance. Other studies are being performed to lengthen

the transport lines in order to reserve a place for imple-

menting diagnostic or driver removal devices and also to

further limit the emittance growth.

V. SENSITIVITY TO ERRORS

For an accelerator that should routinely deliver a beam to

users with high stability and high reliability, the study of

sensitivity to different error sources is imperative. As for

plasma-based accelerators, simulations are much more time

consuming and physical phenomena significantly non-

linear, only small enough variations, whose effects are

linear, will be considered, with the assumption that they can

be later on combined quadratically. Errors are deviations

from the nominal, ideal case, which is obtained after long

and delicate optimizations. Since we cannot study large

deviations where reoptimization is needed, the errors here

must be understood in the sense of uncorrected jitters. The

principle is to study separately, for each plasma stage or

transport line, the effects of deviations of nominal param-

eters of the electron input beam, the laser, and the plasma,

on the electron output beam parameters. This way, it will be

possible in a next step to chain up the analysis to estimate

the tolerances of each component back to the source when

tolerances at the final application are requested.

First error analysis was done for the LPI with ReMPI and

down-ramp injection techniques, the scheme-2, −3, and −4

LPAS, and the LETL and HETL. For all these stages, it is

found that, in order not to significantly deteriorate the

nominal performances, the position jitter of either the laser

or the input electron beam should be a small fraction of

their size. This not so surprising result shows, on the one

hand, the consistency of the results obtained by our heavy

simulations and, on the other hand, the stability of the

selected configurations that do not feature any hidden error

amplification.

More specifically for the LPI with the ReMPI technique,

the driver-to-ionization laser distance is the most critical.

However, we can see that 1 μm or 3 fs of jitter seems still

acceptable, since it implies a 10% jitter on the exit beam

energy, 15% on the emittance, and more than 10% on the

energy spread. Indeed, these variations on these parameters

at 150 MeV will be strongly damped by the acceleration to

5 GeV in the next accelerator stage.

FIG. 9. Evolution of the beam size (3 sigmas) along the optimized LETL (a) and HETL (b). The quadrupoles are symbolized by the

green boxes.
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For the LPI with the down-ramp injection technique, the

down-ramp length is crucial, as the sharpness of the down

ramp is directly related to the amount of charges injected

into the bubble. Nevertheless, our analysis shows that small

changes (5%) in the ramp length lead to similar changes in

the beam parameters, amplified by a factor from 1 to 2.

For the scheme-2 LPAS, sensitivity to all types of errors

remains at a small level, except for the cylindrical asym-

metry. An amount of laser energy as small as 1% in the

nonaxial symmetry modes is enough to increase the

emittance by an order of magnitude. Note also that, in

such a case, the electron beam has an angle of 0.4 mrad

with the laser one. Clearly, particular attention should be

paid to compensate this aspect. Besides, a laser-electron

delay of 2 fs or 1% plasma density fluctuations induce 1%

energy variation.

For the scheme-3 LPAS, variations of 10%–20% of the

input parameters return a beam similar to the nominal one.

The sensitivity to cylindrical symmetry break is suspected

but the code used (QFluid) does not allow one to simulate

this correctly: An offset of 1.5 μm in the position and

20 μrad in the angle of the input electron beam would

produce 50% variation of emittance change. It appears also

that the final slice energy spread is very sensitive to laser

and plasma parameters.

For the scheme-4 LPAS, sensitivity studies to variations

in the initial beam offsets (transverse and longitudinal) as

well as to variations in the shape of the ramps have been

performed with the WAKE-T code [65]. From the considered

parameters, the electron beam longitudinal offsets at

injection appear to be the most critical. In the particular

working point studied, a maximum longitudinal offset of

0.3 fs, far beyond the state of the art, is required to keep the

energy spread variations under 10%. In order to achieve this

degree of precision, this acceleration scheme might have

to be coupled with the timing jitter correction concept

presented in Ref. [66]. It should also be noted, however,

that the energy spread requirements in Table I are still met

for longitudinal offsets in the �5 fs range.

The PWFA schemes are known to be subject to timing

jitter between the drive beam and the witness beam, which

can induce deterioration of the energy spread downstream,

but different techniques, as, for example, the passive

bunching technique [67], allow one to minimize this effect.

For the transport lines, the effect of quadrupole misalign-

ment on the final beam position is the most critical. It is

stronger for permanent magnets and for the transport line

toward the FEL application, because it is proportional to

K
ffiffiffiffiffiffiffiffiffiffi

βQβf
p

(the quadrupole strength and the Twiss param-

eters at the respective locations). This effect relative to the

final beam size is proportional to K
ffiffiffiffiffiffiffiffiffiffi

βQ=ε
p

(ε is the non-

normalized trace emittance). It is therefore stronger at

5 GeV than at 150 MeV. As a consequence, if we want

the beam position jitter to be a fraction of the beam size at

the exit, then the tolerance on the permanent magnet

position jitter should be less than 1 μm in the 150 MeV

LETL and a factor of 2 or 3 smaller in the 5 GeV HETL.

Studies of an efficient damping system, an antivibration

girder, or/and a high-performance feedback for these

permanent magnets are definitely essential.

VI. SPECIFICATIONS OF PLASMA

AND LASER PARAMETERS

Many configurations composed of different injection or

acceleration schemes, where different injection and accel-

eration techniques have been applied, are studied in detail

and optimized in view of the required high charge, high

energy, and high beam quality. The most suitable configu-

rations regarding the requirements have been selected for

start-to-end simulations: single LPAS with ReMPI injection

technique followed by quasilinear acceleration to 5 GeV,

passive plasma lens, and HETL; LPI with ReMPI injection

technique to 150 MeV, passive plasma lens, LETL, LPAS

under quasilinear acceleration to 5 GeV, and HETL; RFI

with rf and magnetic bunching to 540 MeV, LPAS under

quasilinear acceleration to 5 GeV, and HETL; RFI with rf

and magnetic bunching to 240 MeV, LPAS under two

sections separated by a magnetic chicane, under blowout

acceleration to 5 GeV; RFI with COMB technique to

500 MeV, PPAS under weakly nonlinear acceleration to

1 GeV, and HETL.

From that, the specifications for the laser and plasma

physical parameters can be determined.

For the single-LPAS configuration, the required laser

parameters are 872 TW, E ¼ 51 J, and strength a0 ¼ 0.64

(split into three beams as explained above); and the plasma

comprises two parts: Heþ Ar8þð50%Þ and then He radially
parabolic, uniform density n0 ¼ 2 × 1017 cm−3, 250 mm

long, 10 mm down ramp, and a 10 mm passive plasma

lens, n0 ¼ 1.4 × 1016 cm−3.

For the LPI at 150 MeV, in the case of ReMPI, the

required laser parameters are P ¼ 200 TW, E ¼ 5 J,

and strength a0 ¼ 1 (split into three beams as explained

above); and for the plasma: N5þ, uniform density

n0 ¼ 1 × 1018 cm−3, 3.5 mm long, 1 mm down ramp,

and a 3 mm passive plasma lens, n0 ¼ 1.4 × 1016 cm−3. In

the case of down-ramp injection, the laser parameters are

much relaxed: P ¼ 35 TW, E ¼ 1 J, and a0 ¼ 1.8; but the

plasma is more complex: n0 ¼ 6 × 1018 cm−3, a density

increase then decrease with a plateau between, on a few

0.1 mm, 0.15 mm down ramp at the exit, and a 4 mm

passive plasma lens with n0 ¼ 1 × 1016 cm−3.

For the LPAS under quasilinear acceleration to 5 GeV,

the required laser parameters are P ¼ 400 TW, E ¼ 60 J,

and a0 ¼ 2.42; and for the plasma: radially parabolic,

longitudinally uniform, 300–500 mm long, n0 ¼ 1 to

2 × 1017 cm−3, and entrance and exit ramps ∼20 mm.

For the LPAS under blowout acceleration to 5 GeV, the

needed laser is more powerful: P ¼ 750 TW, E ¼ 40 J,
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and a0 ¼ 3; and for the plasma that is split in two parts,

each one radially parabolic, longitudinally uniform, 80 mm

long, and n0 ¼ 1 × 1017 cm−3.

In summary, keep in mind that the plasma stage has a

density around 1017 cm−3 and should be equipped so that

the plasma depth and the ramp lengths can be tuned, while

the needed laser power is generally well under the petawatt

but with a high energy of tens of joules.

VII. CONCLUSIONS

Substantial efforts have been deployed to design a

plasma-based accelerator capable of delivering a stable

beam with simultaneously high charge, high energy, and

high beam quality. Many different injection and acceler-

ation schemes and techniques have been studied in detail

and optimized thoroughly.

Innovative methods have been developed to tackle the

two aspects of beam quality, i.e., emittance and energy

spread, in the presence of space charge and beam loading.

In the injection stage, at the beam generation source,

emittance minimization should be the object of utmost

care, because, unless charge losses are accepted, the

emittance cannot be improved afterward. In the acceler-

ation stage, provided that the transverse phase space is

properly matched to minimize emittance growth, special

efforts should be then devoted to minimize energy spread.

The issue of emittance preservation has been examined and

solved for extracting and injecting the electron beam from

and to a plasma stage, as well as for transporting it between

two plasma stages or toward the final application, in the

presence of space charge and beam-loading effects.

As for a conventional accelerator, start-to-end simula-

tions have been performed and sensitivity to errors ana-

lyzed. All these optimization and simulation efforts allowed

us to show that solutions do exist fulfilling the most

challenging requirements such as those of a hard-x-ray

FEL, and, among them, the acceleration in quasilinear

regime proved to be highly robust. Other acceleration

techniques like ReMPI or those using a magnetic chicane

or an additional escort beam are also highly promising. In

all cases, further improvements are still possible. They are

anyway desirable in order to widen the margin as regard to

requirements.

Furthermore, the hard points that deserve special atten-

tion and the needs in terms of laser and plasma systems are

highlighted. In the plasma stages, the break of cylindrical

symmetry appears to be the most critical, together with the

delay between the laser and the electron beams. In the

transport lines, the vibrations of the permanent quadrupole

magnets should be drastically damped. The laser needs not

to be very powerful but highly energetic. The plasma cells

should be equipped so that the transverse profile and the

ramp lengths could be easily tuned.

Other important aspects, not discussed here because

out of the scope of this article, remain to be considered. The

compactness, one representative benefit of plasma accel-

eration compared to rf acceleration, should be assessed.

It can be roughly estimated that the acceleration schemes

explored here can potentially induce a factor of 5–10 gain

in the floor footprint. For the moment, only criteria about

beam parameters are taken into account, but in fine, the

overall size of the accelerator should be in addition

considered in the selection of the best configurations.

Typically, an rf injector can look bulky compared to a

laser-plasma injector, but the new X-band technology can

help to limit the linac size to less than 10 m, which is to be

compared to the required floor space of a laser system. The

repetition rate and the energy efficiency should also be

assessed. In the results reported above, an up to 60 J laser is

required for producing a good quality beam at 30 pC and

5 GeV, which is a very poor energy transfer from the laser

to the beam. Future studies should also aim at optimizing

laser power and energy in addition to beam quality criteria.
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