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ARES is an electron linear accelerator at the SINBAD facility at DESY. It aims to deliver reliable high-

brightness beams with an energy in the range of 100 to 150 MeV with fs to sub-fs bunch lengths. This is

ideal for injection into novel high-gradient acceleration devices, such as dielectric laser accelerators and

laser-plasma accelerators (LPAs), which feature fields with fs to ps period. Here, we report the conceptual

design of a final focus system for injecting into an LPA experiment at ARES. The design includes

permanent magnetic quadrupoles (PMQ), sufficient longitudinal space for collinear laser and electron

transport, space for required diagnostics and an LPA setup. The performance of the design is evaluated by

means of start-to-end simulations of the linac, focusing system, and injection into the LPA, including

sensitivity studies to relevant error sources.
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I. INTRODUCTION

Short Innovative Bunches and Accelerators at DESY

(SINBAD) is an accelerator R&D facility at DESY on its

Hamburg site [1]. It includes research in the field of

ultrashort electron bunches and will host multiple inde-

pendent experiments [2] on laser-driven advanced high-

gradient acceleration techniques such as dielectric laser

acceleration (DLA) [3], laser plasma acceleration (LPA) [4]

and THz-driven acceleration in the AXSIS project [5]. The

ARES (Accelerator Research Experiment at SINBAD)

linear accelerator (linac) at SINBAD is based on conven-

tional S-band technology with a photoinjector gun [6,7]. It

is designed to provide ultrashort, high-brightness electron

beams for injection into novel accelerators. The FWHM

duration of electron bunches is expected to reach a few-fs

and potentially sub-fs values [8]. The electron gun relies on

a conventional radio frequency (rf) accelerator technology

for producing the electron bunches which has several

advantages. The ARES linac on one hand will allow

advancing R&D on the “conventional” production of

high-brightness ultrashort electron bunches. On the other

hand, the well-characterized bunches can be used to explore

compact novel accelerators, characterized by accelerating

fields with short wavelengths and therefore require the

injection of short bunches. The ARES bunches have been

designed to constitute excellent probes to measure the

energy gain and the quality of the acceleration.

At ARES, the electron bunches can be compressed either

via velocity bunching, by using a magnetic bunch com-

pressor or by using a hybrid scheme to achieve the desired

bunch lengths in the range of sub-fs to few fs [8,9]. The

characterization of such ultrashort bunches is a research

field in itself and ARES will also serve as a test bench for

novel diagnostic devices in the low to medium charge range

of up to 30 pC and with sub-fs to few-fs bunch length

[10,11]. All of these features contribute in making ARES a

promising candidate where LPA experiments with external

injection could be performed.

In an LPA, an intense laser pulse propagates in a plasma

and generates charge separation through the excitation of

wakefields, inducing strong electric fields. LPAs can

provide an accelerating gradient in the range of

∼100 GV/m, which is several orders of magnitude higher

than what can be achieved with conventional rf technology.

This reduces the size of the acceleration channel to

millimeter scales, to achieve GeV energies, enabling the

development of compact and cost-effective accelerators.

Since the LPA concept was first introduced [12], it has been

a subject of extensive studies with significant progress in
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recent years [13,14]. Many important milestones have been

demonstrated such as achieving GeV energies in only cm

scales [15]. Today’s focus for these devices is to reach beam

stability, similar to established rf accelerators, by deploying

feedback control systems. Recently another milestone has

been successfully demonstrated at DESY with 24 hours of

stable operation of laser plasma acceleration [16].

The external injection LPA experiment studied for ARES

investigated a possible step towards usable LPA from a

combination of reproducible conventional rf-based accel-

erator technology with the high gradient fields from plasma

wakefields [17]. The rf-based technology allows for a

precise manipulation of the phase space of the electron

bunches before entering the plasma hence, providing

independent control and quality adjustments as well as

optimization of the plasma experiment. The beam quality in

novel accelerators depends on the detailed parameters and

quality of the injected beam, e.g. bunch shape, bunch

length, emittance, arrival time stability and beam energy.

ARES provides the option of widely tunable working

points (WPs) and bunch shapes for external injection

LPA accelerator R&D. External injection of electron beams

into an LPA, however, has its own technical challenges [7].

The synchronization of laser and electron beam can be the

most crucial aspect of this experiment.

The present status of ARES is shortly summarized. Its

5 MeV rf gun and linac has been commissioned [18] and

first electrons have been produced at the end of 2019 [19].

The installation of the subsequent experimental chamber

and diagnostic beam line is finished [19]. The preparations

for a DLA experiment are ongoing and simulation studies

have been performed for a potential LPA experiment [20].

In this paper, we present design studies for a final focus

system that could fulfill the requirements of external

injection of ARES bunches into an LPA setup. In the

following sections, the layout of the ARES linac and the

experimental area for the simulated LPA experiment are

described, followed by the requirements for beam matching

into the plasma cell. The results for design and optimization

of the final focus system and for electron beam tracking

through the lattice are presented. Tolerance studies for the

final focus system are presented and discussed. The aim of

this article is to present the design of the final focus system

which fulfills the matching criterion for the LPA experi-

ment within the defined constraints. Plasma simulations

presented validate the design studies. The design con-

straints are in general typical to any LPA experiment with

external injection of electron beam. The matching criterion

depends mostly upon the laser and plasma parameters. The

presented design studies for the final focus system and the

error analysis can be generalized and adopted for an LPA

experiment with external injection of electron beam.

II. LAYOUT OF ARES LINAC

A schematic overview of the ARES linac with a potential

LPA acceleration experiment is shown in Fig. 1. The main

beam parameters are summarized in Table I. The ARES

linac consists of a 5 MeV rf gun followed by two traveling

wave structures with space reserved for a third traveling

wave structure for a possible future energy upgrade [7].

This space will be temporarily used as a first experimental

area. This is followed by a matching section into a magnetic

bunch compressor (BC). At the exit of the BC the electron

bunches have a duration of a few fs or below [21]. The BC

is followed by a drift space that provides space for the laser

in-coupling. Further downstream, we have a high energy

diagnostic beam line followed by the matching optics for

the second experimental area. This area could host LPA

experiments and could combine the electron beam from

ARES with the Joule-class laser pulses from the high

repetition rate laser, KALDERA, currently under

FIG. 1. Schematic of the ARES beam line including injection into an LPA (not to scale).
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development at DESY [22]. As mentioned in Sec. I, ARES

is designed to have widely tunable beam parameters over

the range given in Table I. A number of working points

(WPs), machine settings delivering beam with specified

parameters, have been established for ARES [23]. Beam

parameters for each WP of ARES corresponds to different

applications. The matching scheme designed for the low

charge WP of the ARES linac, which will provide 0.8 pC

electron bunches with smallest arrival time jitter of about

∼10 fs rms, has been discussed in detail in [24]. It uses a

pure magnetic compression scheme and is ultimately

designed for sub-fs bunch lengths. The electron bunches

from this setup provide a time resolution in the sub-fs range

and can serve as probe particles for plasma wakefields or

fields in dielectric structures.

In this paper, we present the results for the higher charge

10 pC WP of the ARES linac. It features a longer bunch

length of 10 fs FWHM or 4.3 fs rms. The peak current in

this case is 1 kA, approaching the requirements of several

use cases [25]. It is noted that this WP is similar to a WP

studied at the BELLA facility in LBNL for which a broad

energy spread electron bunch of ∼100–200 MeV energy,

6.25 pC charge and 3.3 fs rms length was used for injection

into a second stage LPA [26].

III. TECHNICAL CONSTRAINTS FOR THE

MATCHING BEAM LINE

In the external injection LPA experiment, the laser and

electron beams are collinearly injected into the plasma

target. This collinearity, together with the required beam

diagnostic elements, introduces strict constraints on both

the transverse and longitudinal dimensions of the final

focus system. On one side, the tight matching requirements

for the electron beam into the plasma (cf. Sec. III) imply the

need for large focusing gradients and, hence, tight aper-

tures. On the other hand, the longitudinal extent of the

system is constrained due the tight apertures and the laser

beam size, which for a Gaussian pulse is given by [27]

wðzÞ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ

�

z

ZR

�

2

s

; ð1Þ

where ZR ¼ πw2

0
=λ0, w0 and λ0 are, respectively, the

Rayleigh length, spot size at focus and wavelength of the

laser, while z represents the distance to its focal position.

A promising option for fulfilling these requirements is the

use of a Halbach-type permanent magnetic quadrupole

(PMQ) triplet [28]. This offers large focusing gradients in

excess of100 Tm−1with only∼1 cm longmagnets. The use

of this technology has already been explored for applications

such as inverse Compton scattering [29] as well as for the

focusing, capture and transport of beams from plasma

accelerators [30–34]. As a result, a PMQ triplet has also

been chosen for the final focus system at ARES.

The key parameters for the laser system are presented in

Table II. The schematic of the laser beam at its waist and the

parameter definitions are shown in Fig. 2. For this study a

Gaussian laser beam is assumed. Since, as given by Eq. (1),

the divergence of the laser beamdepends onw0, the design of

the laser beam line and the space constraints for our final

focus system are strongly dependent on the laser parameters.

The technical design considerations for the PMQ triplet

have been discussed in detail in [35]. The required mirror

for the laser in-coupling is housed in a beam pipe with a

diameter of 10 cm. The beam pipe size is chosen to

accommodate the mirror dimensions required for focusing

the 100 TW peak power laser beam. A hole in the mirror

allows the electron beam transmission and, collinearly to

the laser beam, the electron beam enters the plasma cell. At

the focal point, the laser beam has a design waist of 40 μm.

For the external injection experiment, the laser beam also

TABLE I. Parameters for the rf systems and the electron beam

at the ARES linac.

Parameter Values

rf frequency 2.998 GHz

Repetition rate 50 Hz

Beam energy 100 MeV (155 MeV on crest)

Upgraded beam energy 150 MeV (230 MeV on crest)

Bunch charge 0.5–30 pC

Bunch length sub to few fs

Arrival time jitter stability 10 fs to few tens of fs

TABLE II. Key parameters for the laser setup.

Parameters Units Values

Wavelength (λ0) μm 0.8

Peak normalized vector potential (a0) 1.4

Beam waist (w0) μm 40

Pulse energy (E) J 3

Peak power (P) TW ∼100

Pulse length (ΔtFWHM) fs 30

FIG. 2. Evolution of the laser beam along the direction of beam

propagation. The origin here is set at the focal point of the laser

beam which is the entrance position of the plasma cell. A

Gaussian laser beam is assumed.
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has to pass through the PMQ triplet to reach the plasma

cell. Hence the free aperture, defined by the distance of the

magnetic pole tips of the PMQ, should be bigger than the

laser spot size at the position of the quadrupoles.

Considering the laser beam evolution from Fig. 2, the

aperture of PMQ is chosen to be 10 mm. The laser

parameters and the laser beam line design dictate the limits

for the physical dimensions of the PMQ inner and outer

radii, the length of the total triplet and also set constraints to

the positions of the focusing magnet. The distance between

the exit of the BC and the entrance of the plasma cell is

∼3.5 m to account for the space required for diagnostics,

the vacuum system and for focusing the laser beam.

IV. MATCHING CRITERION

The transverse properties of an electron bunch are defined

by emittance ϵ and theCourant-Snyder parameters β,α and γ,

also often referred to as Twiss parameters.

Emittance and Twiss parameters are related to shape

of the beam ellipse. Emittance is defined as area occupied

by beam in phase space. βx is related to beam size in x, γx
is related to beam size in x0 and αx is related to tilt angle

of ellipse xx0, where x0 ¼ px=pz is the slope of particle

trajectory. Twiss parameters are related as γ ¼ ð1þ α2Þ=β
[36]. In this paper, Twiss parameters β and α have been

used to define the matching criterion.

In order to preserve the beam emittance during acceler-

ation in the LPA, matching the Twiss parameters of the

injected electron beam to those determined by the large

focusing fields inside the plasma is required [37]. Assuming

αx;y ¼ 0, thematched value of the beta function, for a plasma

stage with a uniform focusing gradient g, is given by [37,38]

βm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi

cme

e

γr

g

r

; ð2Þ

where g is the focusing gradient (in units of Tm−1) inside the

LPA, γr is the relativistic Lorentz factor of the beam and e is
the electron charge.

In the LPA stage considered here, which features a plasma

electron density of 1017 cm−3 and a laser driver with the

parameters from Table II, the resulting focusing gradient is

g ≃ 1.1 MTm−1 at the center of the stage. Thus, for a beam

energy of 150 MeV, Eq. (2) yields βm ≃ 0.7 mm. This is a

strong requirement that could be challenging to achieve, even

with the considered PMQ triplet. Fortunately, this condition

can be relaxed by using a properly tailored vacuum-to-

plasma transition (or upramp) [39–42]. In this study, a plasma

upramp following the profile,

np;rðzrÞ ¼
np;0

ð1þ zr
Lr
Þ2
; ð3Þ

has been used, where np;r is the plasma density along the

ramp, np;0 is the on-axis plasma electron density in the

plateau, zr is the distance to the plateau, andLr is a parameter

controlling the plasma density decay rate in the ramp. This

profile has been shown to efficiently relax the matching

requirements at the plasma entrance [41]. For the present

case, Lr ¼ 2 mm has been considered, with a total ramp

length of 3 cm. The resulting density profile can be seen in

Fig. 8(a).

The required Twiss parameters at the entrance of such a

ramp can be analytically calculatedwhen the LPAoperates in

the so-called blowout regime [41], where a laser driver with

a2
0
≫ 1 is able to generate a trailing ion column fully

cavitated of plasma electrons, where a0 is the peak normal-

ized vector potential at focus [43]. This, however, given the

laser parameters in Table II, is not the case here. As such,

these parameters have been determined bymeans of tracking

simulations with theWAKE-T code [44] using a nonlinear 1D

fluid model for the plasma wakefields. This model, although

simple, allows for an accurate estimate of the required beam

parameters, as demonstrated by the results in Sec. VII. In the

simulations, a particle bunch with the ARES beam proper-

ties, but with αx;y ¼ 0 and βx;y ¼ βm, has been backpropa-

gated from the entrance of the plateau until the beginning of

the plasma upramp. This technique, also used in [40], yields a

final beam with the required Twiss parameters at the ramp

entrance such that a matched beam is achieved at the plateau.

For the case simulated here, this means a beam with βx;y ¼
11.8 cm and αx;y ¼ 4.4, which are therefore the target Twiss

parameters of the final focus system. These parameters are

equivalent to a virtual focus with βx;y ≃ 5.8 mm at waist, a

significant improvement over a case with no ramp.

V. DESIGN STUDY FOR THE MATCHING

BEAM LINE

Start-to-end simulations were carried with a combination

of ASTRA [45], ELEGANT [46] and IMPACT-T [47]. A total of

FIG. 3. The Twiss parameter βx;y and αx;y and dispersion ηx
evolution is illustrated along the length of the linac. The BC

terminates at z ∼ 31.5 m, the plasma is anticipated to be located

at z ∼ 35 m.
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four million macroparticles were used before the energy

selective slit collimator in the bunch compressor. The rms

beam size of the inverse parabolic laser shape on the

cathode was 181 microns, while the Gaussian rms pulse

duration was 3 ps, consistent with ARES laser infra-

structure. IMPACT-T supported the calculation of coherent

synchrotron radiation effects in the BC. Further information

can be found in [21]. The Twiss parameters for start-to-end

simulation until BC exit is shown in Fig. 3.

The beam dynamics simulations for the matching beam

line after the BC have been performed using ELEGANT

(without space charge) and then ASTRA to optimize and

include the effects of 3D space charge (SC). The optimi-

zation parameters for the PMQ triplet are the lengths,

strengths and distances between the quadrupoles. Based on

the laser beam line layout, as shown in Fig. 2, the

constraints for the final focus system were the quadrupole

aperture, the outer diameter corresponding to size of the

quadrupoles, and the focal length. The focal length must

take into account space for diagnostic screens allowing

laser and electron beam profiling between the last magnet of

the triplet and the plasma cell. The optimizer scans the input

parameters within the constraints defined in Sec. III to find a

viable configuration for the quadrupole triplet. We set the

origin of our simulations at the exit of the last magnet of the

BC and the beam line is simulated from this point until

the entrance of the plasma cell corresponding to the start

of plasma upramp as defined by the matching criterion

in Sec. IV.

The key parameters for the working points at the BC exit

and at the entrance of the plasma cell, simulated in ASTRA,

are summarized in Table III. The full beam distribution is

included in the calculation of statistical parameters. The

three quadrupoles of the triplet have lengths of 0.055, 0.033

and 0.040 m with strengths of 50, −180 and 130 m−2

respectively. The distance between the last magnet and the

plasma cell is 0.25 m which is sufficient to place diag-

nostics for laser and electron beam profiling as shown in

Fig. 4. It is planned to adopt the interaction chamber for

positioning the PMQ triplet, electron and laser beam

diagnostic before and after the plasma cell as already

implemented at REGAE, DESY [48]. Figure 5 shows the

evolution of the electron beam parameters over the drift

space and through the PMQ triplet from the BC to the

plasma cell. The transverse and longitudinal phase spaces

FIG. 4. Laser and electron beam propagation through the PMQ

triplet. The laser and electron beam is plotted from the position of

laser in-coupling mirror (2.8 m behind the plasma cell) until the

entrance of the plasma cell. To the scale dimension and position

of optimized quadrupole triplet are also shown.

FIG. 5. Evolution of the electron beam parameters, simulated in ASTRA, along the beam line from the exit of the BC until the entrance

of the plasma cell. The origin here is set at the exit of the last magnet of the BC. The parameters shown are the Twiss parameters in

(a) βx;y and in (b) αx;y, in (c) the normalized transverse emittance εx;y, in (d) the rms transverse beam sizes σx;y, in (e) the energy spread

σE and in (f) the bunch length σz.
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of the electron beam at the BC exit and at the entrance of

plasma cell are shown in Fig. 6. From Figs. 5 and 6 it is

evident that at the start of plasma ramp, the electron beam is

well matched with preserved transverse emittance and

bunch length shorter than the accelerating wavelength in

the plasma. The transverse phase space distributions show

that the beam is symmetric in both planes as required by

LPA. The PMQ triplet also ensures to maintain the current

profile from the longitudinal phase space with ∼1 kA of

peak current.

It is worthwhile to note that SC impacts the beam

parameters at 150 MeV especially after the BC when the

beam is compressed. Using the same quadrupole triplet

settings, without SC, beam parameters at the entrance of the

plasma cell are given in Table III. The beam parameters like

βx ¼ 11.41 cm, βy ¼ 9.92 cm, αx ¼ 4.54, αy ¼ 3.93 σx ¼
14.7 μm and σy ¼ 10.2 μm differ significantly from the

matched case. The beam is mismatched and can lead to

undesired emittance growth during acceleration in the

plasma cell. Therefore, it is important to include the impact

of SC while tracking the beam through the lattice.

Detailed simulation studies on beam tracking in the

experimental beam line through the PMQ triplet show that

the optimized settings for the PMQ triplet provide a good

quality working point. The electron beam can be trans-

ported and matched into the plasma cell with the PMQ

triplet while preserving the beam quality. The transverse

and longitudinal phase space distributions show good beam

profiles for injecting into LPA. The symmetric beam

distributions with a peak current of 1 kAwould be sufficient

for efficient beam loading [49–51] in the plasma cell.

VI. ERROR ANALYSIS OF THE PMQ TRIPLET

AND THE INCOMING BEAM

The experimental conditions may vary from the ideal

design parameters discussed in the previous sections due to

temporal and spatial jitter in the beam. Moreover, there are

FIG. 6. Evolution of the transverse and longitudinal phase spaces, simulated in ASTRA, at (a) the BC exit and matched beam at (b) the

entrance of the plasma cell. Color scales indicate normalized electron density.

TABLE III. Bunch parameters at the BC exit (I), matched beam

at the entrance of plasma cell (II), accelerated beam after the

plasma cell (III) and the matched beam at the plasma without

including the effects of SC (IV). The same quadrupole settings

are used for II and IV.

Parameters I II III IV

Energy (MeV) 150 150 1000 150

Bunch charge (pC) 10 10 10 10

Bunch length FWHM (fs) 11.8 11.9 11.7 11.79

Bunch length rms (fs) 4.38 4.30 4.48 4.26

εn;x (μm) 0.59 0.57 0.63 0.55

εn;y (μm) 0.29 0.31 0.52 0.31

βx (cm) 15.32 × 102 11.8 14.9 11.41

βy (cm) 15.66 × 102 11.9 14.7 9.92

αx −1.7 4.5 −4.7 4.54

αy −1.7 4.4 −4.7 3.93

σx (μm) 175.8 15.2 6.61 14.7

σy (μm) 124.9 11.2 5.96 10.2

rms energy spread (%) 0.2 0.16 0.68 0.20

Peak current (kA) 1 1 0.92 0.67
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additional sources of errors in the quadrupoles, arising

during the manufacturing and installation of the final focus

system. For example, offsets between the magnetic field

center of the quadrupoles and the ideal beam line can lead

to emittance growth and betatron oscillations in the plasma.

A basic tolerance study for the final focus system was

performed to estimate the effects of several error sources.

We consider two sources of errors in our system. One set

of errors can arise from spatial and temporal jitter in the

electron beam. The other set of errors is introduced from

positioning errors in the quadrupole triplet. In simulation

parameters in the beam distribution after the bunch com-

pressor were varied and analyzed. In addition, error from

transverse misalignment xoff and yoff in the quadrupole

triplets, from rotation errors xrot in the x-z plane, from

rotation errors yrot in the y-z plane, from rotation errors zrot
in the x-y plane, from longitudinal offset errors zoff and

from errors in the focusing strength K were included. The

quadrupole parameters under study were varied within the

given tolerances range. All quadrupoles were assigned

the same error as one would realistically expect if errors

arise from a common support girder and positioning

system. For example, mounting errors between single

elements on a common girder are usually much better

corrected than offsets or drifts of the whole girder in the

tunnel.

For the tolerance studies of jitter in the input beam, the

beam properties were perturbed. Included were transverse

offsets in electron bunch position in both transverse planes

(x and y), errors in bunch size in both transverse planes, the

beam momentum and divergence, bunch charge, bunch

length as well as longitudinal offset in z, all defined at the

exit of the bunch compressor. It is important to consider

variations in beam properties as this can be an outcome of

all possible sources of error in the accelerator. The mis-

alignment of the beam line element up to the BC can also

give rise to additional kick in the beam. Nevertheless, Twiss

parameters of the beam at the entrance of the PMQ triplet

can be finely adjusted by six quadrupole magnets upstream

of the chicane as shown in Fig. 1.

The observables in simulation include transverse nor-

malized emittance, transverse beam sizes, beam divergence

in both planes, Twiss parameters, bunch length and energy

spread at the entrance of the plasma cell.

In order to assess the robustness of the PMQ triplet

solution, 10,000 cases were simulated for two cases.

Mismatch case 1: Errors are randomly assigned to PMQ

triplet and bunch parameters according to normal distribu-

tion with mean being the design parameter given in

Table III. The assigned tolerance corresponds to rms width

of the distribution. This includes errors in bunch position at

the BC exit, beam size, bunch length and bunch charge. For

the quadrupole triplet, transverse, rotational and longi-

tudinal offset and quadrupole strength were varied. The

minimum tolerance ranges given in Table III are reasonable

expectation as it is according to the precision range of

hexapods which can be used for the positioning of the

quadrupole triplet [52].

Mismatch case 2: A same set of simulations was carried

out in which the tolerance range for transverse and rota-

tional offset of quadrupole was 100 μm and 100 μrad

respectively.

The position for observing the final beam parameters in

both cases was fixed at the matched case position of

Table III, which is the entrance of plasma cell as explained

in Sec. IV. Figure 7 summarizes the simulated beam

parameters at the plasma entrance, as obtained in the

two error cases. From Fig. 7, it can be concluded that

the mismatch case 1 is an acceptable scenario, since the

beam with this set of variations is still well matched with

only a small emittance growth when it enters the plasma

cell. It is worthwhile to note again that this also includes the

variation in input beam parameters. The most critical

source of error is the quadrupole strength and longitudinal

position and hence has the strictest tolerances as shown in

Table IV. It can be safely inferred that the PMQ triplet

design is robust and can be used for matching the electron

beam to the plasma channel under less than ideal exper-

imental conditions as well.

Additional errors in the quadrupole triplet can arise

during the manufacturing of the permanent magnets.

Variations can occur from many sources such as the

precision with which the magnetic blocks comprising them

are constructed, both in geometry of the cutting of the

blocks and in the magnitude and direction of their magnetic

moments, as well as the geometrical constraints required to

carefully assemble these blocks into a Halbach configura-

tion. The peak gradient is difficult to precisely fabricate,

however this can be achieved within ∼5% and precisely

measured. This is followed by cutting the PMQ to the

required length for the targeted strength. The individual

sources of errors are indirectly incorporated in the quadru-

pole strength which is included in the presented error

analysis. This implies that as long as the targeted strength

of the quadrupole is achieved after manufacturing, despite

the manufacturing errors, the quadrupole triplet perfor-

mance can be considered up to the design settings as in

simulations. For this reason, manufacturing errors in the

quadrupole are not considered individually in the error

analysis but are indirectly incorporated in the quadrupole

strength. The assumed sources of errors considered are

realistic with reasonable tolerances arising from physical

positioning setup that can be used to build the quadrupole

triplet [52] with ARES capable of delivering the beam

within the given variation from the design values. The

required tolerances are summarized in Table IV.

There can be other sources of errors critical for the

experimental implementation such as errors of the laser

beam or the plasma itself. For example the laser could

fluctuate in energy, spot size or could have transverse
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FIG. 7. Variation in observed beam parameters at the plasma entrance for the two error scenarios defined in the text (mismatch cases 1

and 2). 10,000 random cases are simulated for each case.
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offsets with respect to the plasma cell. Errors from the laser

and the plasma source could translate into energy jitters and

emittance growth, affecting the performance of the LPA. To

quantify the impact of these errors requires a detailed study

with a large number of plasma simulations that are

computationally expensive. The aim of this paper is to

present the design of the final focus system implemented

for the LPA beam line, to effectively transport and focus the

electron beam to the plasma cell. The simulated acceler-

ation through the plasma, in the next section, validates the

design of the final focus system as the transported beam can

be efficiently accelerated with usable beam quality after the

plasma cell.

VII. BEAM ACCELERATION IN THE LPA

The LPA stage is designed to boost the energy of the

electron beam to 1 GeV. It operates at a density of 1017 cm−3

and has a symmetric longitudinal density profile, as shown in

Fig. 8(a), consisting of a 3 cm upramp (described in Sec. III),

a 15 cm plateau, and another 3 cm downramp. In addition, a

parabolic transverse density profile npðrÞ ¼ np;0 þ

r2=πrew
4

0
is used to guide the laser driver, where re is the

classical electron radius and w0 is the laser beam size at the

focus. Plasma channels able to guide laser pulses with w0 ∼

40 μm have been experimentally demonstrated [53]. The

guiding channel is applied only in the plateau, with the laser

pulse being focused at the plateau entrance. The electron

beam is injected 50 μm behind the laser pulse.

The simulations have been performed with the quasi-3D

particle-in-cell code FBPIC [54] using the efficient Lorentz-

boosted frame method [55]. Two simulations have been

carried out, corresponding to a matched case with the ideal

beam line design parameters, and a mismatched case, with

all the sources of errors in the electron beam and PMQ

triplet parameters introduced within tolerances of mismatch

case 1 of Fig. 7. A beam from the mismatch case 2 has not

been simulated, since from Fig. 7 the stability does not

seem sufficient for reliable injection into the LPA.

The evolution of the beam parameters along the LPA is

shown in Fig. 8. Both cases reach a final energy of 1 GeV

while exhibiting conservation of the transverse normalized

emittance. This demonstrates that the PMQ triplet effec-

tively focuses the beam into the LPA, satisfying the

matching criteria from Sec. III. This also shows that the

proposed tolerances in the mismatch case 1 could be

sufficient for reliable injection into the LPA. The projected

rms energy spread grows to a final value of ∼1.5% due to

uneven beam loading: while the high-current head manages

to partly flatten the accelerating fields, the long and low-

charge tail experiences larger energy gain. By cutting out

all tail particles 10 fs or more behind the bunch center (only

1.3% of the charge), the rms energy spread improves to

0.68% and 0.83% in the matched and mismatched cases,

respectively, showing that these particles far out in the tail

can bias the calculated observables. The average relative

slice energy spread is kept at ∼0.3% in both beams.

Figure 9 shows the final transverse and longitudinal phase

spaces after the LPA, including the 10 fs cut in the tail.

Achieving emittance preservation and a small energy

spread is essential for demonstrating the usability of LPA

beams. While the emittance is successfully preserved by

proper matching with the PMQ triplet, there is still room for

improvement with regards to the energy spread, which is

significantly larger than current FEL facilities [56]. This

TABLE IV. Maximum tolerable variations in the input param-

eters for the electron beam at the BC exit, passing through the

PMQ triplet and of the PMQ triplet. The shown variations

correspond to the case when all other parameters are also varying

from their design values within the range.

Parameters Units Tolerance range

Error from the beam

Bunch charge pC 10%

Transverse beam jitter in x and y μm 10%

Bunch size in x and y μm 10%

Bunch length fs 10%

Error from the triplet

Transverse misalignment in x and y μm 10

Rotational misalignment of the μrad 10

quadrupole in the (x-z), (y-z)

and (x-y) planes

Longitudinal quadrupole position mm 10%

Effective length of the quadrupole mm 10%

Quadrupole strength m−2 1%

(a)

(b)

(d)

(e)

(c)

FIG. 8. Simulated evolution of beam parameters through an

LPA plasma cell, using FBPIC code, in the ARES linac for the

matched beam and the mismatched case 1 beam considered in

this study.
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could be achieved by further tailoring the current profile for

optimal beamloading. For applications such as FEL, large

energy spreads can also be tolerated by reducing the slice

energy spread by means of bunch decompression, as

demonstrated in [57]. Recently, a scheme has been pro-

posed to diminish the energy spread by using a chicane

between two plasma stages [25].

VIII. CONCLUSION

The design for a final focus system, an experimental

beam line and an LPA with external injection has been

developed for the ARES linac in the SINBAD facility at

DESY. Detailed numerical simulations show that the

electron beam can be transported and focused to a plasma

cell. The studies include the effects of SC. SC plays a

significant role and deteriorates beam quality in the beam

line after the BC when beam is compressed to achieve

desired bunch length. After the final focus system, the

electron beam has adequate transverse symmetry and is

well matched into a plasma channel with plasma ramps.

The longitudinal phase space is preserved with a 1 kA peak

current, as approaching the requirements for several use

cases. We have performed a sensitivity analysis of the PMQ

triplet for understanding the tolerances and to mitigate the

effect of imperfections of the final focus system. The

performed error analysis, which could be generalized for

any quadrupole triplet, gives a useful estimate about the

performance of the final focus system and suggests critical

parameters in the implementation of the experiment. The

most significant source of error is the quadrupole strength

and the longitudinal positioning of the quadrupole triplet as

this changes the focusing properties of the triplet.

The main focus of ARES is the generation and charac-

terization of ultrashort pulses and as a test bench for laser

based novel external injection acceleration concepts. The

beam line is currently under construction. A stepwise

commissioning plan will be executed until mid-2024 [7].

Meanwhile the scientific objectives of ARES will be

consistently investigated and reviewed. The aim of this

article is to present the design of the final focus system

which fulfills the matching criterion for the LPA experi-

ment within the defined constraints. The plasma simula-

tions presented validate the design studies. The design

constraints are in general typical to any LPA experiment

with external injection of electron beam. Matching criterion

depends mostly upon the laser and plasma parameters. The

design studies for the final focus system and the error

analysis presented can be generalized and adopted for any

LPA experiment with external injection of electron beam.

Other sources of errors that can be of importance for the

experiment implementation, such as laser beam or plasma

errors, may also exist. The performance of LPA acceler-

ation may be affected by laser and plasma cell errors which

FIG. 9. Phase spaces at the exit of the plasma cell for (a) simulated beam matched to the plasma entrance (reference case from Sec. V)

(b) perturbed beam, according to mismatch case 1 of Fig. 7. The beam is tracked through the plasma cell using FBPIC code.
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can cause energy jitter and result in emittance growth.

Quantifying the impact of these errors requires an extensive

study using a large number of plasma simulations that are

computationally expensive to perform. Possible sources of

error arising from the electron beam and the final focus

system have been studied in detail. The use of a PMQ triplet

as a final focus system is a promising scheme which

ensures the transport of beam parameters required for LPA

within the constraints of experimental beam line. The

plasma simulation shows that external injection of short

electron bunches into an LPA at ARES can achieve high

beam quality and can constitute a stepping stone towards a

staged multi-GeV high performance plasma accelerator.
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