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Abstract: Laser driven Wake-Field Acceleration (LWFA) has proven its capability of accelerating
electron bunches (e-bunches) to up to 4 GeV energy in a single stage while reaching gradients up to
hundreds of GV/m. Because of the short period of the accelerating field (typically ranging from 100 fs
to 1 ps duration) and the requirement of extremely small beam size (typically smaller than 1 µm) to
match the channel, e-bunches can reach extremely high densities. They can be either extracted directly
from the plasma or externally injected. The study of the external injection is interesting for two main
reasons. On the one hand this method allows better control of the quality of the input beam and on
the other hand it is in general necessary when a staged approach of the accelerator is considered.
The interest in producing, characterizing and transporting high brightness ultra-short e-bunches has
grown together with the interest in LWFA and other novel high-gradient acceleration techniques.
In this paper we will review the principal techniques for producing and shaping ultra-short electron
bunches with the example of the SINBAD-ARES (Accelerator Research Experiment at SINBAD)
linac at the Deutsches Elektronen-Synchrotron (DESY). Our goal is to show how the design of the
SINBAD-ARES linac satisfies the requirements for generating high brightness LWFA probes. In the
last part of the paper we shall also comment on the technical challenges for electron control and
characterization.
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1. Introduction

Particle accelerators have become of fundamental importance for many different applications such
as high energy physics, radiation generation, material science, medical applications etc. The excellent
performance and amazing scientific outcome achieved by km-scale accelerators have been possible
thanks to the availability of vast resources (including large areas) required for their construction.
As a result too few machines exist and the beam time available for users is very limited compared to
the number of requests. Many applications therefore demand an improvement in the compactness
and the cost efficiency of accelerators in order to allow, for example, compact accelerators to be built
directly in university campuses and industry [1].

Figure 1 shows the scaling of the peak gradient versus the typical cell length in conventional RF
(Radio-Frequency) accelerator cavities. It can be seen that by moving towards the left side of the plot,
i.e., towards high frequency RF fields, it is in principle possible to increase at the same time the peak
gradient and the compactness of the accelerator. Unfortunately moving towards the W-band is not
trivial for two reasons: the lack of reliable sufficiently high power RF-sources, such as klystrons [2],
to feed the structures and the ultimate deterioration of the metal constituting the structure in the
presence of high gradients [3]. Also, these high frequencies require small apertures and thus wakefields
driven by the beam become an issue.
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Figure 1. Scaling of the maximum achievable gradient versus the cell length in conventional
accelerators. The gradients provided by novel acceleration techniques are superimposed to the plot
and indicated with a star-symbol. For those items, also marked with an asterisk, the wavelength of
the accelerating field has been plotted instead of the cell length. In the figure are used the following
abbreviations: LWFA (Laser Wake-Field Accelerator), DLA (Dielectric Laser Accelerator) and TDA
(THz Driven Accelerator).

Three approaches have been developed in the last decades to overcome the power source limitation:

• Use of wake-fields driven by charged particles as electromagnetic field driver;
• Use of wake-fields driven by laser pulses as electromagnetic field driver;
• Use of laser fields coupled to the beam through micro-structures.

The material limitation has been overcome by replacing the metallic cavities with samples made
of dielectrics or plasmas.

Table 1 summarizes the principal parameters for characterizing the electron bunch size and the
channel field for some laser-driven novel acceleration methods, namely: LWFA (Laser Wake-Field
Accelerator), DLA (Dielectric Laser Accelerator) and TDA (THz Driven Accelerator).

Table 1. Overview of the order of magnitude of typical beam and field parameters for several
laser-driven novel acceleration techniques. The listed repetition rates are typical values mainly limited
by the lasers and they are not fundamental limitations of the acceleration method.

Technique Period Acc. Field [s] Aperture Diameter [m] Max Gradient [GV/m] Rep. Rate [Hz]

LWFA <10−12 (n = 1016 cm−3) ∼10−6 (matching condition) >100 [4] 1–50
DLA <10 × 10−15 <10−6 ∼1 ∼10 × 106

TDA 3 × 10−12 <10−3 ∼0.4 1–100 × 103



Appl. Sci. 2018, 8, 757 3 of 30

In LWFA an intense laser pulse propagates through a plasma target. The laser transversally pushes
away the electrons by its ponderomotive force and creates an electron-depleted region. The resulting
strong electrostatic field pulls back electrons on axis. The electrons oscillate and create a co-propagating
wake-field. The electron bunch to be accelerated in LWFA can either be directly extracted from the
plasma (through the so called self-injection process) or can be externally injected [5]. A net energy
gain of the electron bunch in a single stage up to 4 GeV [6] has already been shown. Moreover the
possibility of staging this acceleration process has recently been experimentally demonstrated [7].

In Dielectric Laser Acceleration (DLA) µJ laser pulses with wavelength in the µm scale are
coupled (typically perpendicularly) to a micro-structure made from a dielectric material such as SiO2

or Si [8]. Due to the short length of the acceleration channel in the longitudinal direction, compared
to the typical electron bunch length in linear accelerators, only energy modulation experiments have
been realized so far, proving an energy gain of part of the electrons in the bunch of the order of
tens of keV [9]. Nevertheless, as shown in Table 1, gradients of the order of the GV/m have been
experimentally demonstrated.

In THz based acceleration a mJ THz laser is longitudinally coupled to a metallic structure loaded
with dielectrics [10]. This technique should in principle allow gradients of GV/m but is presently
limited by the lack of high power THz sources.

Research and development on novel acceleration methods using laser drivers has spread out
rapidly in the last decades [11–16]. Ultimately the goal of this research is the complete miniaturization
of an accelerator, i.e., starting from beam generation, continuing with beam acceleration and
compression and including possibly even radiation generation.

The injector is normally the most sensitive part of an accelerator and the control of beam generation
via e.g., internal injection in plasmas or via the design of an electron source with sufficient brightness
is a challenging task, especially for the DLA and THz driven techniques, which operate in regimes
where the injector α parameter, i.e., the normalized accelerating field strength, is very low [17,18].

The study of externally injected beams is therefore very important to allow the sole
characterization of the accelerator using a stable, well characterized and ideally tunable electron
source. This justifies the effort invested in the production of high-brightness ultra-short electron
bunches by using conventional RF technology. Moreover on the theoretical side the existence of such
conventional sources of ultra-short beams opens up the possibility of benchmarking beam dynamics
simulation codes widely used in the accelerator field in this new regime. In the past this study was
partially not possible also due to the lack of beam diagnostics capable of detecting with sufficient
resolution the ultra-short and low charge bunches but the technical progresses made in the last few
years bring us closer to accomplishing this.

This article is organized as follows. We will restrict ourselves to the analysis of e-bunch shaping
techniques for providing ultra-short electron probes for LWFA acceleration with external injection. This
study will cover both beam dynamics aspects, such as bunch generation and compression, and technical
aspects, such as beam control and characterization. In the next Section we shall give an overview
of the requirements of the electron bunch to be properly matched (longitudinally and transversely)
with the plasma channel. In Section 3 we shall give an overview of the methods to control bunch
length compression in a linear acceleration with special emphasis on the ultimate limitations to achieve
ultra-short electron bunches. Section 4 will present the design of the SINBAD-ARES linac at DESY
as an example of accelerator for the production of ultra-short electron bunches. We will show how
the design of the SINBAD-ARES linac satisfies the requirements for generating high brightness LWFA
probes. In Section 5 we shall discuss stability problems related to the synchronization of the electron
bunch with the laser driving the plasma and we shall give an overview concerning the challenges for
beam diagnostics and control. Finally we shall come to the conclusions.
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2. Requirements for the Externally-Injected-Electron Bunch

2.1. Requirements on e-Bunch Length and Arrival Time Jitter

Plasma-based accelerators are especially interesting because of their ability to sustain extremely
high gradients. The expression for the cold non-relativistic wave-breaking field gives us an estimation
of the lower boundary of the field in the plasma bubble. This boundary is a function of the plasma
density n0 according to:

E0 [V/m] ' 96
√

n0 [cm−3]. (1)

The length of the accelerating wave in a plasma-based accelerator is approximately the plasma
wavelength λp:

λp [µm] ' 3.3 · 1010/
√

n0 [cm−3]. (2)

Table 2 shows some examples of peak field and wavelength of the accelerating gradient calculated
using the formulas above for typical plasma densities values. By increasing the plasma density the
accelerating gradient increases but the accelerating period becomes shorter.

Working with shorter periods of the accelerating field makes it more difficult to preserve the
beam quality, especially the beam energy spread, during acceleration. A correlated energy spread is
induced by a sinusoidal field if the bunch length is not short enough with respect to the wavelength of
the field. This energy spread is due to the fact that the head and the tail of the bunch experience a
different acceleration because of the slightly different injection phase. For a fixed amplitude of the
field, the difference of the accelerating field seen by the head and the tail of the beam increases for
shorter wavelengths. This induced energy spread can be minimized by ensuring that the bunch is
much shorter than the period of the accelerating field (e.g., shorter than 1 degree of the corresponding
RF phase).

Table 2. Examples of electric field parameters for different plasma densities estimated using the
equations above.

Plasma Density [cm−3] Wavelength [µm] Period [s] Field Gradient (Lower Boundary) [GV/m]

1018 33 110 × 10−15 96
1017 104 348 × 10−15 30
1016 330 1.1 × 10−12 10

It has been observed also in simulations that the total energy spread of an e-bunch at the exit of
a plasma accelerator is in general proportional to its bunch length at the injection [19]. This observation
justifies the request of fs or few fs long e-bunches at the injection point with an arrival time jitter below
a few fs.

2.2. Requirements on the Electron Beam Energy

Assuming a constant plasma density, the total energy gain in a single laser-driven plasma stage
can be expressed as ∆E = eEzLacc, where Ez is the longitudinal accelerating voltage and Lacc is the
acceleration length. The latter quantity is limited by several phenomena such as bunch dephasing,
laser pump depletion and diffraction.

In this paragraph we will focus only on the dephasing issue. The e-bunch and the wake-field
generated by the laser travel in general with different velocities. The velocity of the e-bunch ve depends
on the energy of the electrons and approaches the velocity of light, c, while they are accelerated by
the field. The velocity of the laser wake-field is instead constant and similar to the group velocity of

the driving laser that can be expressed as vg = c ·
√

1−ω2
p/ω2

0 < c where ωp is the electron plasma
frequency and ω0 is the laser frequency.
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For the external injection experiments those two velocities can be matched at the entrance of
the plasma chamber [20], e.g., a plasma wake-field obtained inside a plasma with density n ' few
1016 cm−3 will be perfectly synchronized with an e-beam with about 100 MeV energy. It is important to
specify that this is only a soft requirement for the design of the accelerator since, when the electrons are
further accelerated in the plasma, their velocity will increase (approaching c) and therefore slippage
will be anyway introduced. More specifically the dephasing length Ld is defined as the length that
the electrons must travel before they slip by one half of a period with respect to the plasma wave.
For highly relativistic electrons and with the assumption ω0

ωp
>> 1, it can be roughly estimated as

Ld '
ω2

0
ω2

p
/λp. There are methods for reducing the phase-slippage in the acceleration channel, such as

the transverse modulation of the plasma density [21], the so called laser guiding technique.
Apart from considerations related to the synchronization between the electrons and the laser,

injecting in the plasma a beam of hundreds of MeV energy has the advantage (compared to injection at
lower energies) of allowing a better control of the space charge force, which is damped at high energy
and affects the maximum peak current that it is possible to inject in the plasma bubble.

2.3. Requirements on Bunch Charge and its Stability

When electrons enter the plasma, they generate their own wake-field. In low-density plasmas,
the wake generated by the electrons can easily be of the same order of magnitude as the local gradient
of the laser-driven wake-field at the beam position [22].

The beam loading effect can place severe limitations on the maximum beam current that can be
accelerated [23,24], nevertheless it can also be used to compensate the wake-field gradient through
variation of the electron beam-laser longitudinal offset [25,26]. In order to profit from the beam loading
effect to minimize the energy spread at the exit of the plasma chamber, it is desirable to have control
over the longitudinal beam charge profile. It has to be underlined that through the beam loading effect
also the shot-to-shot variation of the injected electron charge can hinder the reproducibility of the
quality of the accelerated beam.

2.4. Transverse Matching of Electrons with the Plasma Bubble

Assuming a constant focusing channel, the Courant-Snyder (C-S) parameters for a matched
emittance-dominated beam are given by [27]:

βx = βy ' 1/
√

Kr (3)

αx = αy ' 0, (4)

where Kr is the focusing strength, which in the blow-out regime is given by:

Kr = k2
p/(2 · γ), (5)

where kp is the plasma wavenumber and γ is the beam relativistic parameter. It has to be noted that
the matched β is energy-dependent. This means that while the beam is accelerated, its spot size must
decrease according to σ0 ∝ E−1/4.

A mismatch of the injected beam will cause an increase of the beam normalized emittance
according to [28]:

εn, f in =
εn,init

2

(
1 + α2

β?
+ β?

)
(6)

with β? = β/βm expressing the discrepancy between the input β and the matching value βm.
The requirement for the matched C-S parameters can be relaxed by introducing properly-shaped

ramped plasma electron density profiles at the entrance (and at the exit) of the plasma chamber, which
complete the matching to the main acceleration channel [29].
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The strong focusing of the fields inside the plasma bubble also has important implications for the
necessary transverse alignment of the bunch trajectory with the plasma wake-field. More specifically
a pointing stability of a few micrometers is required.

2.5. Summary of e-Bunch Requirements to address LWFA Challenges

To summarize, we have introduced and motivated the following requirements for externally-injected
electron bunches:

• Bunch duration shorter than a few fs for reducing the impact of the curvature of the accelerating
field on beam energy spread;

• Bunch arrival time jitter significantly smaller than the field wavelength (e.g., smaller than 10 fs
for 1 ps field period) to have an acceptable shot to shot energy variation;

• Maximum bunch charge and its stability limited by the maximum tolerable beam loading effect
and by the requirements above;

• Beam energy chosen to synchronize the beam with the field at the injection point (soft
requirement), e.g., 100 MeV for few 1016 cm−3 electron plasma density. Working at fully relativistic
beam energies helps also to reduce the space charge effect, thus allowing shorter bunch lengths
for a fixed bunch charge;

• Beam transverse size of the ' µm level to achieve proper transverse beam matching;
• Beam emittance as small as possible to reduce minimum achievable energy spread [30];
• Pointing stability needs to be limited to a few µm because of the strong focusing of the fields

inside the plasma bubble.

3. Production of Ultra-Short e-Bunches

Particles traveling in an accelerator are subject to synchrotron oscillations in their longitudinal
phase space [31]. To achieve bunch compression in a linear accelerator, the rotation of the particles
comprising the bunch in the longitudinal phase space has to be tuned in such a way to reduce the size
of the projection of the particles in time.

In order to allow such rotation a non-zero momentum compaction factor αc must be present,
defined as αc =

∆L/L
∆p/p , where ∆L is the variation of the path length w.r.t. the reference particle traveling

a distance L and ∆p is the difference in momentum w.r.t. the reference particle momentum p.
The first order momentum compaction factor is often referred to as R56, from the name of the linear

transport matrix element coupling momentum and longitudinal coordinates of a particle. An R56 6= 0
can be provided by a magnetic lattice, such as a chicane or a dogleg, or, at low electron velocities,
i.e., when ve << c, by the ballistic motion of particles according to R56 ' −L/γ2, where γ is the
well-known relativistic factor.

The minimum bunch length will be given by the projection of the phase space on the t coordinate
axis after the electrons have rotated by roughly 90 degrees w.r.t. their production in the photo-injector.
In a perfectly linear system, this matching condition is reached when k1 = −1/R56, where k1 represents
the energy chirp of the beam at the entrance of the bunch compressor (magnetic or RF). The ultimate
limit of the Full Width at Half Maximum (FWHM) of this distribution is influenced by several factors
such as:

• the initial uncorrelated energy spread of the beam (analogous to the slice energy spread of
the beam);

• non-linear effects on the phase space distribution, e.g., RF curvature;
• the deterioration of the phase space distribution due to space charge and Coherent Synchrotron

Radiation (CSR) effects.

These effects must be minimized to guarantee the best performance, i.e., to maximize the beam
current. In the next paragraphs we will give an overview of the methods to achieve that.
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3.1. Uncorrelated Energy Spread

The longitudinal beam distribution of an electron bunch can be expressed using the sigma-matrix:

T =

(
t11 t12

t12 t22

)
(7)

where the elements t11 = σ2
t and t22 = σ2

E are the Root Mean Square (RMS) pulse length squared
and the RMS energy spread squared respectively. The RMS longitudinal emittance is defined as

εlong =
√

t11 · t22 − t2
12 and π · εlong is the area of the ellipse describing the particle distribution in

the longitudinal phase space. The uncorrelated energy spread is defined as the RMS width of the
ellipse along the energy axis in the absence of correlation terms (i.e., when the semi-axis of the ellipse
coincides with the principal axis E and t). After rotation of the beam phase space through bunch
compression, this quantity influences the charge density in the central peak of the current distribution,
as qualitatively illustrated in Figure 2.

Figure 2. Example of the e-bunch phase space and relative charge profile versus time at the RF
gun exit (left) and at its maximum compression point (right). The limitation caused by phase space
non-linearities and uncorrelated energy spread is illustrated. The simulations have been performed
using the code ASTRA [32].

The uncorrelated energy spread is determined by the cathode and laser properties at the
photo-injector as well as by the space charge and the RF field:

• The dependance of the uncorrelated energy spread on the RF fields is due to the fact that in the
RF gun the electrons are accelerated from rest and therefore the energy gain weakly depends on
the radial offset of the electron with respect to the longitudinal axis. This contribution is typically
small, e.g., it was estimated to be <1 keV for 1 mm offset for the Linac Coherent Light Source
(LCLS) RF gun [33].
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• The space charge effect plays the dominant role since its longitudinal component depends on
the radial offset of the electrons [33]. This effect also explains the typical butterfly shape of the
longitudinal phase space that can be often observed in numerical simulations [34].

• Finally the uncorrelated energy spread scales linearly with the surface charge density up to the
space charge limit [35].

Many experiments have so far characterized the uncorrelated energy spread [36–39] but its
evaluation is typically limited by the resolution of the diagnostics device or by perturbations to the
measurement given, for example, by the space charge force in the gun region.

Sometimes the minimization of the uncorrelated energy spread is limited by the necessity of
damping the microbunching instability phenomena associated with acceleration and compression in
Free Electron Lasers (FELs) [40,41].

3.2. Non Linearity in the Longitudinal Phase Space Distribution

If only linear forces are present, the motion of the particles in an accelerator is linear and their
phase space distribution maintains the shape of an ellipse. When non-linear effects are present, the
phase-space ellipse gets distorted and a non-linear description of the beam becomes necessary.

The curvature of the longitudinal distribution of the beam can be described by the function

δ(s) =
E0(s)−E0,re f

E0,re f
, where E0(s) is the mean energy of the particles in position s and E0,re f is the

reference particle energy, at the entrance of the bunch compressor:

δ(s) = k1 · s + k2 · s2 + k3 · s3 +O(s4) (8)

where the ki are given by the ith derivatives of the δ distribution in s.
Also, the beam transport matrices have to be extended to include the second and third order

contributions of the momentum compaction factor, T566 = 1/2(∂2L/∂δ2) and U5666 = 1/6(∂3L/∂δ3)

respectively, where L is the reference particle path length.
In this new formulation, the longitudinal matching conditions have to be extended to the higher

order terms [42]:

k1 =
−1
R56

; (9)

k2 = −k2
1

T566

R56
; (10)

k3 =
1

R56
·
(
−k3

1 ·U5666 + 2k1 ·
T2

566
R56

)
. (11)

In order to increase the variables to be used to fulfill the matching condition a so-called linearizing
cavity can be employed [43–45]. This cavity must have a RF frequency different from the main
accelerator frequency and it is normally higher order harmonic of it. However in practical cases the full
compensation of the second and third order terms can be limited, for example, by the maximum energy
gradient in the linac cavities or the maximum momentum compaction factor of the beamline [46].

An elegant procedure has been worked out in [47] to correct the non-linear terms in ballistic
bunching compression at REGAE by properly setting the phase of the RF gun and the buncher. This
method relies on the change in bunch length between the RF gun and the buncher, which effectively
works as a change of the RF frequency of the buncher for the correction of the non-linearity.

Finally at FERMI it has been recently demonstrated that wakefields can also be used to
achieve passive linearization of the longitudinal phase space in combination with magnetic bunch
compression [48].

Another approach for achieving a linear phase space at the maximum compression point consists
in minimizing the non-linear terms in the phase space directly at the gun exit by proper photo-cathode
laser shaping and then transporting the beam in a linear system.
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When working with laser pulses which are much shorter than the RF period, the non-linearity
of the longitudinal phase space at the cathode is mostly caused by non-linear space charge forces.
By shaping the bunch distribution in an ellipsoidal way, the non-linear space charge force vanishes
and the beam has a perfectly linear position-momentum distribution.

Achieving an ellipsoidal beam distribution from an ellipsoidal photo-cathode laser is extremely
challenging and so far has not yet been experimentally demonstrated, nevertheless there are several
groups working on this research field [49].

An alternative way to achieve such beam shaping from a non-ellipsoidal laser, consists of working
in the so called blow-out regime, taking advantage of the expansion driven by the space charge force.
There are two ways for triggering the blow-out regime:

• Illuminate the cathode with short laser pulse (duration < 100 fs), called pancake-like distribution,
and use the longitudinal space charge driven expansion to create a nearly ideal uniformly filled
ellipsoidal distribution [39,50,51];

• Illuminate the cathode with long (≈few ps) and skinny (<100 µm spot size) laser pulse, also called
cigar-like, and use the transverse space charge to drive the beam expansion [52].

Some examples of those regimes will be shown later in this Section.

3.3. Space Charge and CSR Effects

Space charge force and CSR effects have in general a big impact on the final shape of the phase
space of a high brightness beam. The impact of those forces strongly depends on the compression
method used. That is why we will discuss those effects separately for the cases of RF compression and
magnetic compression respectively.

3.3.1. RF Compression via Velocity Bunching

The velocity bunching technique can be used to compress electron bunches only at low energies,
because the method relies on the generation of a correlated spread of the velocities in the electron
bunch. The bunch is injected into a RF cavity close to the 0 phase of the electric field, where the head of
the bunch experiences lower field amplitude than the tail. By doing so, while the beam travels in the
structure, it is compressed because of the induced velocity chirp. Moreover, since the average velocity
of the bunch is smaller than the velocity of the RF field, the bunch slips along the traveling field wave,
moving towards the crest. In this way it is possible to compress and accelerate an electron bunch at
the same time [53]. This scheme also allows for the preservation of the transverse quality of the beam
through the so-called emittance compensation scheme, which has been experimentally proven [54].

The big advantage of the compression via velocity bunching is that there is no emission of CSR,
because the beam always travels along a straight trajectory. The space charge effect is not negligible
and it is dominant for the optimization of the working point.

In velocity bunching compression the space charge couples the transverse focusing of the beam
with its longitudinal compression. The longitudinal space charge field on axis in a drift region scales
as [55]:

Es(r = 0) =
Q

4πε0

1
γ2s2 (12)

where Q is the bunch charge, ε0 is the free space permittivity, γ is the relativistic Lorentz factor
describing the electron energy, and s is the longitudinal coordinate along the bunch. As we can observe,
the space charge field vanishes at high energies.

If the beam is transversely focused while its energy is still relatively low, the space charge effect
limits the final minimum achievable bunch duration. On the other hand, if the bunch is focused too
late, i.e., the compression takes place with negligible longitudinal space charge force, the longitudinal
slices of the bunch “cross-over”, provoking a deterioration of the transverse phase space [56], as shown
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in Figure 3. A numerical approach to control the bunch density versus the bunch energy gain in the
RF-compressor has been proposed in [57].

In this reference the following equation for the longitudinal RMS beam envelope is introduced:

σ
′′
z + Kzσz +

3γ
′
σ
′
z

β2γ
=

Qc
5
√

5IAβ2γ4σzσt
+

εnz2

β2γ6σ3
z

. (13)

Figure 3. Example of compression with velocity bunching. Three cases are plotted corresponding to
overcompression, maximum compression and undercompression respectively. It can be noted that
as soon as the beam overcomes its maximum compression point (where we have slice-crossover) the
transverse and longitudinal emittances start to rapidly increase. The simulations have been performed
using the code ASTRA [32].
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The longitudinal laminarity parameter ρz = Qc(γσz)2

I0σtεz
is defined, which allows for tuning the

compression versus the acceleration in the linac while ensuring beam laminarity. More specifically
when ρz > 1 the bunch maintains its longitudinal laminarity and “cross-over” is forbidden. In other
words by maintaining ρz > 1 different longitudinal slices are not allowed to overlap or to cross-over
each other, thus allowing the production of ultra-short electron bunches.

At the maximum compression point it is possible to observe a characteristic double-S shape of the
bunch, due to the fact that each one of the longitudinal slices of the distribution start to bend. This
feature corresponds to a narrow spike in the longitudinal projection of the beam (see plot B in Figure 4).

Figure 4. (A) longitudinal phase space of a beam at the RF gun exit. Different colors mark four
longitudinal slices; (B) longitudinal phase space after the linac exit in the case of optimal bunch
compression; (C) longitudinal phase space after the linac exit in the case of under-compression;
(D) longitudinal phase space after the linac exit in the case of over-compression. The simulations have
been performed using the code ASTRA [32].

3.3.2. Magnetic Compression

In magnetic compression the CSR effect also plays a significant role. In the CSR effect, the head of
the beam is perturbed by the radiation emitted by the tail. Particles in the bunch radiate coherently
at wavelengths much longer than the bunch length. This radiation produces a position-dependent
energy modulation along the bunch, which will show up in the longitudinal phase space and distort it.
CSR has also an important effect in degrading the transverse emittance of the beam. The absorption
or emission of the photon changes the energy of an electron that it is located in a dispersive region.
Different slices of the bunch are subject to different energy variations, therefore they start oscillations
around different dispersive orbits, increasing the projection of the beam size and the angular divergence
in the bending plane. This mechanism provokes an increase in the projected transverse emittance. CSR
effects can also cause slice emittance growth due to the component which depends on the transverse
position. In the case of very strong compression, electrons which end up in the same longitudinal slice
experience different longitudinal CSR forces, resulting in high slice emittance values after a dispersive
section [58].
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To get an idea about the scaling of the CSR effect with the most relevant beam parameters it is
useful to have a look at the expression for the induced energy spread in a dipole in steady-state CSR
emission for a Gaussian bunch [59]:

σδ,CSR = 0.2459
reQθR1/3

eγσ4/3
z

, (14)

where θ is the bending angle, R is the curvature radius in the dipole and re is the classical electron
radius. Since the longitudinal charge distribution varies along the chicane, most of the CSR-induced
energy spread arises between the end of the third dipole and the end of the fourth one, because the
bunch reaches its shortest duration in this region. Also, the projected emittance increase caused by
CSR can be analytically estimated by using a steady-state CSR model. It turns out that for a four-dipole
chicane compressor bending in the x plane, the projected emittance growth inside the 4th dipole of
a chicane, assuming a constant bunch length, is [60,61]:

εx,n = εxn0

√√√√1 +

(
θσδ,CSR

2σx0′

)2

. (15)

To minimize the CSR effect some strategies are possible, such as using low R56 chicanes, and small
bending angles, or squeezing the C-S βx between the third and forth dipoles of a compressor [59].

3.3.3. Beam Collimation in a Dispersive Region

A destructive method for reaching ultra-short electron bunches consists of collimating the
longitudinal phase space of the electron bunch by cutting the non-linear tails (as shown in Figure 5).
The magnetic compression with a slit between the second and third dipoles of a chicane was initially
proposed by Borland to generate 10–20 fs long electron bunches at the Advanced Photo Source (APS)
Linac [62]. Recently, it has been demonstrated that this technique can be used for the generation of
ultra-short FEL pulses at SLAC and FERMI [60,63–65]. The adaption of this system to produce sub-fs
bunches is not trivial. Because of the shortness of the electron bunch in the chicane a 3D-CSR model in
simulations is needed. At the same time the charge density, being extremely high, requires a 3D space
charge model. A detailed study of this problem and a numerical comparison of simulations using
different particle codes has been carried out for the first time in [66] and applied to the design of the
ARES linac, which we will introduce in the next section.

Figure 5. Working principle of the longitudinal collimation method in magnetic bunch compression.
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4. SINBAD-ARES Accelerator Design

In this section we will present the design of the SINBAD-ARES linac as an example of accelerator
for the production of ultra-short electron bunches. Our focus is to show how the design of the
SINBAD-ARES linac satisfies the requirements for generating high-brightness LWFA probes.

4.1. Introduction to SINBAD and ARES

In order to concentrate and further expand its accelerator R & D activities, DESY is currently
setting up a dedicated long-term accelerator R & D facility “SINBAD” (“Short INnovative Bunches
and Accelerators at DESY”) at the center of the Hamburg campus in the old DORIS area. Based on the
experience of the currently ongoing activities, this site will host multiple independent experimental
sites dealing with the production of ultra-short electron bunches and advanced acceleration schemes.
One of the two initial experiments will be the ARES (“Accelerator Research Experiment at SINBAD”)
setup (Figure 6). The design of its linac will be described in the following sections. Once operational
it will be used to study the generation of ultrashort electron bunches, compare various compression
schemes and inject into advanced acceleration schemes like dielectric structures in the context of
the Accelerator on a Chip International Program (ACHIP) project [67] and laser plasma wakefield
acceleration.

Figure 6. Sketch of the SINBAD-ARES linac.

4.2. Guidelines for the Design of the Accelerator

Figure 6 shows an overview of the design of the linac. Following the considerations made in the
previous section we have made the following design choices:

• The design of the photo-injector allows for full control of the longitudinal phase space
characteristics of the beam.

• The design of the beamline allows to work with different compression techniques (velocity
bunching, magnetic compression, hybrid compression), therefore the experimental factors limiting
the high-brightness of the beam for the different compression methods can be compared.

• We identified as the most promising technique to produce ultra-short probes the magnetic
compression with longitudinal collimation. With this method, the nonlinear parts of the
longitudinal phase space distribution of the bunch are cut away.

Presently we haven’t foreseen a linearizing cavity in the linac. As we will see in the next section
interesting working points can be obtained with this setup.

The installation of a linearizing cavity would potentially allow to reduce the charge loss at the
slit location. Nevertheless its use has also some disadvantages: for example the RF tolerances would
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have to be carefully studied, moreover we would have to choose a specific bunch compression method
to operate it, partially loosing flexibility in the beamline. The cavity would have to be placed at
different locations of the beamline depending on if it has to be used in combination with the velocity
bunching (in this case its ideal position would be between the RF-gun and linac) or with the magnetic
compression (in this case its ideal position would be between the linac and the bunch compressor).

Due to these complications and to the budgetary limitations of the project we decided to consider
the installation of a linearizing cavity only as an upgrade option for the future.

4.3. Photo-Injector Design

A sketch of the ARES photo-injector is shown in Figure 7. It comprises a modified version of
the 2.998 GHz REGAE RF gun [68]. Its RF station is constituted by a Toshiba E37326A Klystron and
a Scandinova K1 modulator. 6 MW peak input power in the gun cavity corresponds to an accelerating
gradient of almost 117 MV/m, which allows for a final electron energy higher than 5 MeV.

Figure 7. Sketch of the SINBAD-ARES gun.

The design of the antenna connecting the coupler to the gun cavity has been elongated with
respect to the original design in order to accommodate a second solenoid (along with a bucking coil).
The additional focusing allows for an improvement of the transverse quality of the beam because
of the reduction of the non-linear emittance increase induced by the RF fields [69]. Moreover the
increased length of the antenna leads to an improved damping of the parasitic RF kick coming from
the coupler [70].
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The gun solenoids are also used for achieving emittance compensation when matching the beam
with the linac. The first solenoid and the bucking coil have a total minimum focal length of about
18 cm for a 5.1 MeV beam and a second solenoid is installed after the coupler.

A load lock system allows for in-vacuum cathode exchange. Both Cs2Te and metallic cathodes
are foreseen to be employed. The Cs2Te cathodes are more suitable for tens of pC (or higher) charge
electron generation because of their high quantum efficiency but slow emission time. On the other
hand the metallic cathodes are more suitable for the ultra-low charge working points because they
allow for producing electron bunches shorter than 1 ps thanks to the faster emission time.

The ARES photo-cathode laser is a commercial one (PHAROS-SP-200). This laser allows working
with 3 different wavelengths: 1030 nm (fundamental wavelength, not used so far in our project),
515 nm (second harmonic, with potential application for testing electrons emission quality from green
cathodes), 257 nm (fourth harmonic, used for electron emission with metallic and Cs2Te cathodes).

The laser is coupled to the beamline downstream of the injector with about a 90 degree angle
with respect to the cathode surface. Opposite to the laser in-coupling mirror, a second mirror will
be installed for future possible direct visualization of the laser spot-size on the cathode. The optical
beamline is designed to allow flat-top transverse shaping of the beam down to a minimum laser
diameter of 80 µm. The laser pulse is longitudinally Gaussian and its FWHM duration can be tuned
between 180 fs and 10 ps.

As stressed in the previous paragraphs, the non-linearity in the longitudinal phase space and
the initial uncorrelated energy spread of the beam play a crucial role in the optimization of the bunch
compression, even when the collimator in the magnetic chicane is present. The flexibility of the ARES
photo-injector will allow for producing phase space distributions at the gun exit with different features.

In Figures 8 and 9 and in Table 3 three working points for the photo-injector parameters for
producing a beam with charge Q = 0.5 pC are compared. Transversely flat-top laser pulses allows
for improving the non-linearity of the longitudinal phase space and the beam transverse emittance,
whereas working closer to the so-called blow-out regime allows for further reducing the non-linear
terms both in the transverse and in the longitudinal phase-space.

Table 3. Laser and RF gun parameters used for obtaining the beam distributions shown in Figures 8 and 9.
All the working points presented are obtained for a bunch charge of 0.5 pC. In the last column, the
transverse and longitudinal shaping of the laser profile are specified. The following abbreviations are
used: FT = Flat-Top, Gauss = Gaussian.

WP Egun [MV/m] Laser RMS Spot [mm] Laser RMS Length [ps] Laser Trans/Long Shape

Transv. Flat-Top 110 0.05 0.1 FT/Gauss
Transv. Gaussian 110 0.05 0.1 Gauss/Gauss

Blow out 70 0.04 0.076 FT/Gauss

In Figures 10 and 11 and in Table 4 two working points for the photo-injector parameters
for producing a beam with charge Q = 20 pC are compared. By using a cigar-like shaping of the
photo-cathode laser the slice emittance and the slice energy spread of the beam is minimized. On the
other hand by working in the blow-out regime the longitudinal phase space becomes linear. It is not
trivial to predict which one of the two beam distributions will provide a better result after compression
in the magnetic chicane, therefore the importance of being able to compare the working points
experimentally is evident.
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Figure 8. Examples of electron bunches (Q = 0.5 pC) simulated in the ARES RF gun by using different
settings of the photo-cathode laser. The plots showing the longitudinal phase space include the values
of the coefficients for a fit of the beam distribution: F = A · z3

b + B · z2
b + C · zb + D, where zb is the

longitudinal coordinate related to the beam center of charge position. The flexibility of the laser shaping
allows for producing electron bunches with very different shapes of the longitudinal phase space and
different non-linear components. The possibility of realizing a transversely flat-top profile allows
for improving the non-linearity of the longitudinal phase space and the beam transverse emittance.
Working closer to the so-called blow-out regime allows for further reducing the non-linear terms both
in the transverse and in the longitudinal phase-space. The simulations have been performed using the
code ASTRA [32].

Figure 9. Evolution of transverse emittance, longitudinal emittance and bunch length from the cathode
to the linac entrance for the working-points represented in Figure 8.
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Figure 10. Examples of electron bunches (Q = 20 pC) produced in the ARES RF gun by using different
settings of the photo-cathode laser. By using a cigar-like shaping of the photo-cathode laser the slice
emittance and the slice energy spread of the beam is minimized, whereas by working in the blow-out
regime the longitudinal phase space becomes linear.

Figure 11. Evolution of transverse emittance, longitudinal emittance and bunch length from the
cathode to the linac entrance for the working-points represented in Figure 10.

Table 4. Laser and RF gun parameters used for obtaining the beam distributions shown in
Figures 10 and 11. All the working points presented are obtained for a bunch charge of 20 pC. In the
last column, the transverse and longitudinal shaping of the laser profile are specified. The following
abbreviations are used: FT = Flat-Top, Gauss = Gaussian.

WP Egun [MV/m] Laser RMS Spot [mm] Laser RMS Length [ps] Laser Trans/Long Shape

Cigar 110 0.088 3 FT/Gauss
Blow out 90 0.2 0.076 FT/Gauss

The possibility of changing the cathode and the laser shape will allow the experimental study of
the limitations in bunch compression linked to these input parameters.

4.4. Linac Design

The ARES linac will be constituted of two, 4.2 m long, 2.998 GHz traveling wave structures, each
allowing a maximum beam energy gain of 75 MeV and powered by an independent RF station. The RF
cavities will be surrounded by solenoids for the compensation of space charge driven beam defocusing.
Each cavity will be fed by an independent RF station. The S-band linac allows for on-crest acceleration
of the beam up to about 155 MeV.
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In order to operate bunch compression via velocity bunching or using the magnetic chicane
downstream of the linac, the linac cavities are operated off-crest, therefore the final beam energy
will be limited to about 100 MeV. Sufficient space at the linac exit has been reserved for a future
energy upgrade and will temporarily host an experimental area [71], while the matching lattice will
temporarily be used for beam diagnostics purposes.

4.5. Bunch Compressor, Dogleg, Diagnostics Line

After the linac commissioning, a magnetic chicane and, as an upgrade, a dogleg are planned to be
installed. A sketch of the beamline is shown in Figure 6.

The bunch compressor has been designed for allowing tuning of the R56 in the range −10 mm
to −30 mm and it is characterized by the presence of a slit after the second dipole, which allows for
longitudinal beam collimation.

The dogleg design makes tuning the R56 in the range between 10 mm and −10 mm possible [72].
The purpose of the dogleg will be both to compress the bunch and to inject it into a second future
experimental area. A positive R56 will allow schemes for jitter compensation, described e.g., in [73].

4.6. Working Points

At ARES it will be possible to work with three different compression techniques: pure velocity
bunching, pure magnetic compression with longitudinal collimation, and hybrid combination of the
two. As already mentioned in the introduction, the main advantage of the velocity bunching technique
is the absence of CSR, which allows for obtaining very high brightness at low energies. In contrast
to this, the main advantages of pure magnetic compression combined with the slit are the very high
current that can be achieved and the more distributed RF phase tolerances, as explained further in
the next section. The charge loss at the slit location constitutes the main disadvantage of the latter
technique, potentially limiting the scheme feasibility to low repetition rate accelerators, due to the
radiation level increase in the chicane. Moreover, since the beam can not be directly focused to a few
micrometers while traveling in the magnetic compressor, a focusing lattice has to be foreseen to inject
the beam in to the experimental area.

An hybrid approach allows for combining the advantages of both techniques and it is has been
identified as very promising also in other facilities [74].

Beam dynamics simulations for studying the production of fs bunches using the longitudinal
collimation in the chicane are not trivial because of the high transverse-longitudinal bunch size
aspect ratio. The 1D CSR model indeed is only valid when the dimension of the bunch meets the
Derbenev criterion:

σx,yσ−2/3
z ρ−1/3 << 1 (16)

where σx,y is the beam RMS transverse size, σz is the RMS bunch length and ρ is the curvature radius
in the dipole. This condition fails for our parameter range, thus implying that a 3D CSR model is
necessary. Figure 12 illustrates qualitatively the differences in the phase space distribution obtained at
the chicane exit using different models for the space charge and the CSR calculation. A detailed study
and comparison between the results obtained by the different codes can be found in [66].
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Figure 12. Qualitative comparison of beam phase spaces at the exit of the bunch compressor using
different physical models for space charge and CSR calculation in the bunch compressor [66]. For the
simulations the particle codes IMPACT-T [75] and CSRTrack [76] have been used. In the figure the
following abbreviations are used: SC = space charge, CSR = coherent synchrotron radiation.

Table 5 presents three working points which are suitable for the LWFA experiment. Those working
points have been discussed in detail also in [77]. They are given at the entrance of the plasma chamber,
i.e., after the twiss parameters of the compressed beam have been matched with the typical ones
required at the plasma chamber entrance [78].

WP1 and WP2 are obtained by using the pure magnetic compression scheme, while WP4 uses an
hybrid compression scheme.

As already outlined in the introduction, the possibility of tuning the properties of the externally
injected beam is very important for the optimization of the acceleration in LWFA with external injection.
Simulations of WP1, WP2 and WP4 show that a wide range of input beam parameters suitable for
external injection could be produced at ARES.
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Table 5. Summary of the beam characteristics after the bunch compressor for three working points.
The peak current Ip is defined as Ip = Q f inal/(3.5 · tRMS). The beam brightness is defined as
B = Ip/(nεxnεy). In the column with (*) 2% of the particles in the tail were removed.

WP1 WP2∗ WP4
Q f inal [pC] 0.8 5.7 17.3
Qinitial [pC] 20 200 50
tRMS [fs] 0.5 2 12
E [MeV] 101 102 101
∆E/E [%] 0.17 0.43 0.27
xRMS [µm] 1.0 3.3 3.4
yRMS [µm] 1.3 1.7 2.1
nεx [µm] 0.11 0.52 0.52
nεy [µm] 0.10 0.43 0.94
Ip [A] 434 814 405
B [A/m2] 4 × 1016 5 × 1015 8× 1014

5. Challenges for Beam Stability, Control and Diagnostics

In the previous section we dealt with the study of the beam dynamics for the bunch compression
down to sub-fs level. We have tried to identify the main ingredients playing a role in the optimization
of the beam brightness of fs long bunches. The challenges in the production of ultra-short electron
bunches nevertheless lie largely in technical aspects surrounding the characterization and control of
electrons. Those aspects will be discussed in this section.

5.1. Arrival Time Jitter

Table 6 presents an overview of the typical tolerances and expected arrival time jitter for the
different compression techniques. More information about the tolerances study can be found in [77].
A disadvantage of the velocity bunching scheme is the fact that the first traveling wave structure,
acting as an RF-compressor, must be working around −90 deg from the on-crest phase, resulting
therefore in high sensitivity to the phase jitter of the cavity. A phase stability equal or better than
0.008 deg must be reached to allow the achievement of an arrival time jitter better than 10 fs RMS.
Likewise, a stability of 0.02 deg would result in 22 fs arrival time RMS jitter.

Table 6. Comparison of the jitter tolerances corresponding to three typical working points in which
the beam is compressed by velocity bunching (VB), magnetic compression (MC) or their combination
(VB+MC). The tolerances have been studied in reference [77] using the code Elegant [79]. The elements
in the table are defined in Figure 6. The line Magnetic field refers to the dipoles of the bunch compressor.

MC VB + MC VB
Laser-to-RF [fs] 5950 160 125
Gun charge [%] 1.6 301.6 1010.1
Gun phase [deg] 0.78 0.61 0.49
Gun Amplitude [%] 1.14 0.72 0.40
TWS1 Phase [deg] 0.021 0.011 0.010
TWS1 Amplitude [%] 0.055 0.073 0.098
TWS2 Phase [deg] 0.022 0.13 4.21
TWS2 Amplitude [%] 0.064 0.040 1.155
Magnetic field [%] 0.030 0.030 -
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For the pure magnetic compression scheme, a challenging but more realistic phase jitter of
0.013 deg in both the traveling wave cavities would in this case be sufficient to achieve an arrival time
jitter of the beam below 10 fs RMS.

The arrival time jitter can also be reduced by adopting a jitter compensation scheme.
At SPARC_LAB it has been experimentally demonstrated that it is possible to fully compress the
arrival time jitter of the photo-cathode laser by properly tuning the R56 of the dogleg and keeping
a moderate compression of the electron bunch [80]. The tunability of the R56 in the chicane and dogleg
at ARES will allow for testing those and other novel schemes [73].

5.2. Position and Pointing Jitter

In a plasma, a mismatch ∆x of the transverse position between the external beam and the drive
laser, which creates the plasma channel, will introduce a rapid projected emittance growth [27,29]

∆ε

ε0
∝
(

∆x
σx0

δ

)2
(17)

due to the large focusing strength. In the equation above, σx0 is the beam size at the entrance of the
plasma chamber, ε0 and δ are the beam emittance and energy spread. Therefore, the ratio between the
beam centroid displacement and the beam size is important. A mismatch of the divergence between
the external beam and the drive laser can also result in a transverse position mismatch, which sets an
limit on the length of the plasma channel. For instance, a beam will have a transverse displacement
of 10 µm after traveling for 10 cm with an initial divergence of 100 µm. For the strongly focusing
optics upstream of the plasma, a divergence of 100 µm can easily occur. The divergence of a beam after
a focusing thin lens with a focal length f would then become

< x′ >= − < x0 > / f+ < x′0 >, (18)

and the pointing jitter of the beam at the focal point is given by

σ<x′> =
√

σ2
<x0>/ f 2 + σ2

<x′0>
≈ σ<x0>/ f , (19)

assuming that the initial position and pointing jitter are uncorrelated and the latter is small. For the
ARES linac, the focal length of the PMQ triplet is on the order of 10 cm [78], and so a 10 µm position
jitter upstream of the PMQ will introduce about 100 µrad pointing jitter at the focal point.

A major source of position and pointing jitter of the beam is the position jitter of the photocathode
laser. Start-to-end simulations have been carried out for WP2 and WP4 of the ARES linac [77] and
the results are shown in Figure 13. In this study, the beam emitted from the photocathode was
assumed to have a displacement in the transverse or vertical plane and then tracked up to the focal
point. Both space-charge and CSR effects were included. Simulations show that, generally, the final
displacement and divergence are linear functions of the initial beam displacement on the photocathode.
The displacements at the focal point are smaller than the rms beam sizes (∼2 µm) for an initial beam
displacement of 20 µm. However, the overall divergence (the combination of the horizontal and
vertical planes) at the focal point is well above 100 µrad for only an initial 10 µm beam displacement
on the photocathode. The final displacement and divergence are also affected by the beam optics and
the slit collimator. In general, the slit collimator helps to reduce the displacement and divergence in
the corresponding plane (the horizontal plane here).
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Figure 13. Displacement and divergence of the beam at the injection point as a function of the laser
displacement at the photocathode for WP2 (upper row) and WP4 (lower row) of the ARES linac. For
both WP2 and WP4 Flat-Top transverse laser profile and Gaussian longitudinal laser profile were used.
The RMS laser spot-size were 0.18 mm (WP2) and 0.17 mm (WP4), while the laser RMS duration were
3 ps (WP2) and 290 fs (WP4).

5.3. Other Sources of Jitter

For an external injection experiment, there are also other jitter issues. For example, the energy
jitter before the plasma affects the longitudinal location of the focal point, and the peak current jitter
affects the beam loading effect. A previous study has shown that the hybrid-compression scheme
helps to reduce both the energy and peak current jitter after bunch compression compared to the pure
magnetic compression and velocity bunching schemes [77].

5.4. Characterization of Low Charge Beams

Bunches comprising few or even a single electron can be diagnosed e.g., in beam test facilities.
Anyhow transporting low charge beams over long distances and being able to fully characterize them,
is not trivial and typically linear accelerators, such as FELs, work with a minimum e-bunch charge of
about 10 pC.

We shall try to give here an overview of part of the ongoing developments in diagnostics to allow
full control and characterization of few pC or even sub-pC bunches with fs or sub-fs duration.

• Beam Position Monitors (BPMs) are critical for measuring the trajectory of the beam in
a non-destructive way in order to monitor e.g., drifts of the working point during the measurement
time due e.g., to temperature drift in some parts of the beamline. BPMs placed in a dispersive
region also allow online energy measurements for energy feedback systems. Cavity BPMs
typically provide the best resolution and are being employed in modern FELs, such as the
SwissFEL [81], to allow beam transport down to 10 pC charge or even lower charge. In order to be
able to monitor the stability of the trajectory of the low charge ARES beam, high resolution cavity
BPMs (<5 µm at 0.5 pC charge averaging over 50 bunches) are currently under development also
at SINBAD [82].

• Beam Arrival-time Cavities (BACs) are essential for many reasons: improving feedback systems
for minimization of arrival time jitter, online measurement of the R56 in a chicane etc. Recently
a novel design for those devices has been proposed, working down to 1 pC bunch charge [83].
This design is currently still under testing.

• Low charge monitors have been developed e.g., in electron diffraction sources and are being
further improved to reach even better resolution values [84–86].
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• Ultra-low charge (few pC to sub-pC) beams can deliver down to nanometer emittance values.
Methods for measuring single-shot emittance values for ultra-low charge bunches at the RF gun
exit have been developed at UCLA [87]. Low emittances have also been measured, again at the
RF gun exit, by using the well-known solenoid scan technique [88]. Nanometer slice emittances of
a 30 fC beam, a few ps long, have been measured at SwissFEL Injector Test Facility [89] at about
250 MeV by using conventional emittance reconstruction in a multi-screen lattice combined with
high resolution transverse profile monitors.

• Bunch length measurement of fs long electron bunches is challenging and there is much research
and development currently going on into this topic. Many different technologies have been
proposed to reach the necessary resolution: an X-band RF deflector [90] succeeded in achieving
a sub-fs resolution at SLAC. Recently at UCLA the first sub-10 fs high brightness beam has
been characterized using the same method [91]. New designs for RF deflectors involving novel
technologies, such as plasma Transverse Deflection Cavities [92] and THz streaking devices [93,94],
have also been proposed and are currently in the development phase.

• Longitudinal phase space characterization is even more challenging. RF deflectors intrinsically
perturb the measurement by inducing an energy spread modulation. For high streaking voltages
this contribution is dominant [95].

• A new project for the realization of the PolariX TDS (Polarizable X-band Transverse Deflection
Structure) is currently taking place thanks to a collaboration between DESY, CERN and PSI [96].
This cavity has the potential of facilitating a 3D reconstruction of the beam charge distribution
with sub-fs resolution [97]. The use of this device in combination with dispersive elements can
potentially bring us closer to a complete 6D characterization of the phase space of an ultra-short
electron bunch.

5.5. Stability Requirements and other Technical Aspects in the Machine Design

There are multiple technical decisions that have a significant influence on the achievable
performance. In the following we discuss the solutions adopted at SINBAD-ARES.

• The most important decision is the use of a modern, state of the art LLRF (Low Level RF) design.
A general discussion of LLRF concepts is beyond the scope of this paper. Therefore in the
following only a few related issues are discussed.

• A proper grounding network has been designed and installed. Suitable cable trays are chosen to
minimize the EMI (Electro-Magnetic Interference) effects.

• The overall facility layout must be chosen to minimize the path lengths of the LLRF signal
cables. Within the possibilities of the given overall layout of the old DORIS tunnel, this has been
achieved e.g., by placing the LLRF-racks directly below the RF-structures, longitudinally placing
the RF-Stations to minimize the waveguide length etc. (see Figure 14).

• The electronic racks for the LLRF have been carefully chosen to provide a humidity- and
temperature- controlled environment.

• The type and routing of the LLRF cables has been carefully chosen and active temperature
stabilization of the cables is foreseen [98].

• Fs level synchronization between the laser and the RF field of the gun will be achievable by
implementing the same methods described in [99].

• The traveling wave structures are chosen to have an external RF-dump in order to allow better
prediction and control of the temperature along the structure. Furthermore, multiple RF-pickups
and temperature measurement devices along the cavity have been requested to provide the
required input for the LLRF-system [100].

• Significant effort has been invested in the precision water cooling of the RF-structures [101].
In order to optimize the performance, short pipe-lengths are required and thus a multi-stage
approach was used with the first stage located inside the tunnel right next to the structures.
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Also, dedicated heat-exchangers are used to protect the inner-moist cooling circuit from pressure
changes in the facility-wide cooling system.

• Vibration measurements have been performed and - within the local capabilities—sources avoided
by e.g., adding suspensions to the water cooling pumps.

• Due to budgetary constraints the accelerator tunnel is currently not air-conditioned, but it is
expected that the temperature of the tunnel remains relatively constant due to the large air-volume.

Figure 14. The ARES linac and the associated infrastructure in the former DORIS facility.

6. Conclusions

The production of high-brightness ultra-short electron bunches has great potential. In this article
we have given an overview of the aspects guiding the conceptual and technical design of a linear
accelerator for external injection in LWFA.

At the beginning of the paper we have identified and discussed the requirements for the
electron-bunch allowing for an ideal match with the acceleration in the plasma chamber. Afterward
we focused on the design of the linac and highlighted the parameters which play an essential role
in the optimization of the electron bunch compression for the production of high-brightness fs long
bunches. As a concrete example of linac design for external injection in LWFA, we have described
the design of the SINBAD-ARES linac, which is currently under construction at DESY (Hamburg).
The implementation of the conceptual design with some highlights concerning 3D integration solutions
have been presented. Finally, in the last section of the article we discussed the technical challenges
concerning the characterization and control of such ultra-short and low-charge electron bunches.

The goal of our discussion is to show that the production of such high-brightness ultra-short
electron probes is within reach of present accelerator technology, even though not yet experimentally
shown. We believe the SINBAD-ARES linac to be the right tool for this type of research because of the
following reasons:

• Possibility of using different compression methods (velocity bunching, magnetic compression,
hybrid scheme) that are limited by different factors.
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• Wide range of experimental adjustment of important parameters for optimization of bunch
compression (such as photo-cathode laser, cathode type) and jitter stability (e.g., momentum
compaction factor in the dogleg and bunch compressor).

• Precise control of LLRF and temperature stabilization of the RF-gun and linac cavities.
• Integration of low-charge and short-bunch diagnostics along the beamline.

The SINBAD-ARES linac at DESY aims therefore to produce ultra-short electron bunches in the
upcoming years and possibly help the scientific community in understanding the limitations for the
optimization of their brightness.
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The following abbreviations are used in this manuscript:

RF Radio-Frequency
DESY Deutsches Elektronen-Synchrotron
SINBAD Short INnovative Bunches and Accelerators at Desy
ARES Accelerator Research Experiment at SINBAD
LWFA Laser Wake-Field Acceleration
CSR Coherent Synchrotron Radiation
C-S Parameters Courant Snyder Parameters
DLA Dielectric Laser Acceleration
TDA THZ Driven Acceleration
RMS Root Mean Square
FWHM Full Width at Half Maximum
LCLS Linac Coherent Light Source
ACHIP Accelerator on a Chip International Program
WP Working Point
PMQ Permanent Magnet Quadrupole
BPM Beam Position Monitor
BAC Beam Arrival time Cavity
TDS Transverse Deflection Structure
LLRF Low Level RF
EMI Electro-Magnetic Interference
FEL Free Electron Laser
SC Space Charge
TWS Traveling Wave Structure
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