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A B S T R A C T

Plasma-wakefield acceleration (PWFA) relies on the interaction between intense particle bunches and plasma
for reaching higher accelerating gradients than what is possible with conventional radio-frequency technology.
Using ultra-relativistic beam drivers allows for long acceleration lengths and have potential applications such
as energy booster stages for synchrotron light sources or linear colliders and generating ultra-high-brightness
beams from the background plasma. In this article, we present start-to-end simulations of the MAX IV Linear
Accelerator as part of our investigations into the feasibility of using the linac for a PWFA experiment. We find
that PWFA appears to be a viable application for the linac. A part of this conclusion is based on our finding
that the general properties of the bunch compressor type employed in the MAX IV linac are well-suited for
efficient generation of PWFA-optimized bunch current profiles, both for single- and double-bunch beams.
. Introduction

As the interest in using high-energy charged particle beams for
arious applications has grown, so has the demand for developing more
ompact sources which can deliver beams of high quality, i.e. high
D brightness (low emittance, low energy spread, and high peak cur-
ent), while keeping the required infrastructure to a minimum. Plasma-
akefield acceleration (PWFA) [1,2] is an acceleration scheme with the
otential to fulfill these demands. In this scheme, an ultra-relativistic
harged particle bunch, typically called the driver bunch, is focused
nto a plasma. Its Coulomb field laterally expels the plasma electrons,
orming a positively charged volume in its wake, with the heavy ions
sually remaining stationary on the time scale relevant for PWFA.
his positive charge density attracts the expelled electrons, which start
erforming oscillations around the beam axis. Such a wake structure
an sustain extremely strong electromagnetic fields, typically two to
hree orders of magnitude higher than conventional radio-frequency
RF) structures.

If the driver bunch has a sufficiently high electron density, more
han a factor of ∼2 higher than the background plasma, and the bunch
ize is matched to the plasma density, nearly all of the plasma electrons
an be expelled from the region behind the driver and form a bare
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E-mail addresses: jonas.bjorklund-svensson@desy.de (J. Björklund Svensson), sara.thorin@maxiv.lu.se (S. Thorin), olle.lundh@fysik.lth.se (O. Lundh).

ion cavity [3]. This is usually called the blow-out or bubble regime.
In this regime, the transverse electromagnetic force in the bubble has a
linear gradient [3], which makes it ideal for accelerating high-quality
beams of charged particles since it preserves transverse emittance.
Specifically, for negatively charged particles, the transverse force is
focusing and accelerating in the rear half of the bubble. This means
that a second bunch of electrons, typically called the witness bunch,
can gain a substantial amount of energy, if injected at an appropriate
phase in the wake. Injection of the witness bunch can be done both
internally, from the background plasma electrons, or externally, using
an external particle source. External injection is of particular interest
for reaching high beam energies, for example in linear particle collider
applications [4,5], as this is related to so-called staging [6], i.e. con-
catenation of consecutive acceleration stages. Internal injection has the
potential of generating ultra-high brightness beams because of the rapid
acceleration and strong transverse focusing, which mitigate the impact
of space-charge forces [7–13]. The injected particles can potentially
also reach higher energies than the drive beam.

However, to properly utilize the strong accelerating fields in the
wake without spoiling the beam quality, care must be taken when
tuning the witness bunch parameters for the wake. Tailoring the
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Fig. 1. Compact schematic layout of the MAX IV linac. Yellow denotes radio-frequency (RF) structures (also marked with L), quadrupole magnets are shown in red, dipole magnets
n blue, sextupole magnets in green and special magnets in gray. PG and TG refers to the photocathode and thermionic RF guns, and BC1/2 to the first/second bunch compressor,
espectively. A schematic of the SPF is shown in Fig. 2.
urrent profile of the witness bunch correctly with respect to the
ake, i.e. beam-loading the wake, can minimize the induced correlated
nergy spread and increase efficiency [14,15], while matching the
ransverse beam size to the strong focusing inside the wake help
itigate betatron dephasing and potential emittance growth. Reaching

hese small matched 𝛽 functions can be assisted by tailoring the density
amps at the entrance and exit of the plasma [16–19]. Such ramps
an also serve to mitigate the hosing instability [20–22] triggered by
ransverse tilts along the bunches produced by, for example, coherent
ynchrotron radiation (CSR) [23] in bunch compressors or transfer
ines.

Creating driver–witness bunch pairs externally can be done in dif-
erent ways. One possibility, which has been experimentally demon-
trated [15,24] at FACET [25] and FLASHForward [26], uses a disper-
ive collimation section with a mask or scraper to effectively remove
he longitudinal center of a single bunch, which produces two distinct
unches after the dispersion is cancelled. While highly precise [27],
uch a solution is typically a large addition to experimental complexity
nd cost if implemented as an additional section of the accelerator
ayout. The dispersive elements can also introduce unwanted nonlinear
ffects in the beam through for example CSR. If the facility layout
llows for it, the scraper could be placed inside a bunch compressor
nstead, similar to what has been done for free-electron laser (FEL) use
t LCLS [28], reducing the overall complexity.

Another solution is to generate the driver–witness pairs directly in
photocathode electron gun (PG) by tailoring the laser pulses, as done,

or example, in Refs. [29–31]. This must generally be done such that
he bunches can be generated, accelerated, compressed, and focused
ogether all the way through the accelerator. Such a scheme comes with
ts own set of difficulties, for example with space charge in the gun
otentially causing bunch merging. However, producing both the driver
nd witness bunches in this way can provide an additional layer of
ontrol, and requires much less (or no) bunch charge to be collimated.
t is also a relatively inexpensive way of generating multiple bunches
s typically only a small modification of or addition to the gun laser
ystem is required. Because of these advantages, this is the method that
e choose for further study in this work, in the context of the MAX IV
inear Accelerator.

Previous work has strongly indicated that the MAX IV Linear Ac-
elerator (linac) would be suitable for generating PWFA-appropriate
eams [31,32]. In this study, start-to-end simulations of the PG, linac
nd beam–plasma interaction are used to further show the potential
f the MAX IV linac as a driver of a PWFA experiment. To briefly
ummarize the results, this set of simulations show that it is viable
o use the linac for PWFA applications with both single and double
unches. The single-bunch simulations show injection and acceleration
f a 22 pC (1 kA) bunch from the background plasma to above 3 GeV,
nd the double-bunch simulations show an energy gain of 1 GeV (33%)
f the witness bunch. The findings also motivate further investigations
nto this application. This study is also, to the authors’ knowledge, the
irst comprehensive numerical study of a PWFA being driven by a linac
ith bunch compressors of the double-achromat type, giving valuable

nsight into the applications for such bunch compressors.
The article is laid out as follows. The MAX IV facility and Linear

ccelerator are outlined in Section 2. The two main PWFA operation

odes are described in Sections 3.1 and 3.2, which detail the individual

2

Fig. 2. Schematic of the SPF, with the 3 possible beamlines, of which FemtoMAX is
the only populated to date. U denotes undulator. Color conventions are the same as
for Fig. 1. Labels marked with asterisks (*) are proposed for the PWFA experiment.
The blue field marks the section which is currently under construction.

simulations of the PG, linac and beam–plasma interaction separately.
Appendices A and B provide more background on the features of the
accelerator and optimizations of the linac lattice, respectively.

2. The MAX IV Linear Accelerator

The MAX IV Linear Accelerator [33] is a warm, S-band electron
accelerator, which serves as full-energy injector for the 1.5 and 3.0 GeV
storage rings [34] as well as the Short-Pulse Facility (SPF) [35], which
is located downstream of the injection point for the 3 GeV ring. A
conceptual design report on using the linac as a driver for a soft X-
ray FEL, named the SXL [36,37], was published in early 2021 [38]. A
compact overview of the linac is shown in Fig. 1.

The starting point of the linac is one of two electron sources; one
thermionic electron gun (TG) used for ring injection, and one PG used
mainly for SPF delivery [39]. The PG is a warm copper gun with
a copper cathode. Together with an emittance-compensating solenoid
magnet and the first linear accelerating structure, the guns make up
the pre-injector. The laser pulses driving the photoinjector [40] are
stretched to nominally 3–6 ps FWHM quasi flat-top using a step-less 4-f
UV pulse shaper [41]. The 39 linear accelerating structures are, like the
gun, warm, S-band copper units.

For delivery to the SPF, the bunches are compressed longitudi-
nally to yield shorter bunches with higher current than what is used
for ring injection. In the MAX IV linac, this is done using dogleg-
shaped double-achromat bunch compressors [42], which differ from
the more commonly used chicane compressors in a few key ways.
Unlike chicanes, the achromats have a positive first-order longitudinal
dispersion, 𝑅56, which means that a positive chirp, with respect to
longitudinal bunch coordinate in the co-moving frame, 𝜉, is required
for compression. This is achieved with a positive off-crest phase in the
RF voltage. The naturally positive second-order longitudinal dispersion,
𝑇566, is optimized with sextupoles in such a way as to cancel out the
second-order longitudinal phase-space (LPS) curvature imposed by the
RF voltage. This means that the LPS linearization is done using the
optics alone — no higher-harmonic linearizing cavity is required. This
compressor scheme is simple, reliable, and economical.

The nominal post-BC2 bunch parameters for SPF delivery are a
duration of 100 fs, an emittance of <1mm mrad and a charge of 100 pC,
with the purpose of creating spontaneous short-pulse X-ray undulator
radiation. Previous simulations indicate that it is possible to compress
the bunches to well below 100 fs FWHM and keep the emittance
low [37,42]. The building layout of the SPF is such that there are three
parallel slots to which the linac can supply the electron beam, see Fig. 2.

To date, the only populated slot houses the FemtoMAX beamline [43].
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2.1. Opportunities for PWFA

Currently, a diagnostics beamline is under construction in the SPF.
Since its inception we have considered allocating space for a multi-
purpose interaction chamber and a final focusing (FF) system in the
same beamline, within an experiment we call PlasMAX. A schematic of
the current design plan of the PWFA project is also shown in Fig. 2. In
order to explore synergies between the projects and use the accelerator
as efficiently as possible, the interaction chamber can be placed just
upstream of the polarizable transverse deflecting structure (TDS) [44].
The FF magnets, see B, can then also be used to aid in matching the
beam to the TDS optics. This layout should enable state-of-the-art diag-
nostics for the PWFA beam, similar to those at FLASHForward [45,46],
while not interfering with regular linac diagnostics operation.

Another useful feature of the facility is that it is possible to enter
the SPF hall while operating the linac for ring injection; if the beam
is dumped at BC2 there is no radiation hazard in the SPF hall, which
allows for work to be done inside the hall on a regular basis. This
is a big advantage compared to other experiments on a similar scale,
as larger work tasks on the experimental setups can typically only be
performed a few times per year. Moreover, the area above the SPF hall
houses space reserved for laser laboratories, enabling use of lasers for
various applications (discussed further in Section 4).

Phase 1 of the beamline construction is being completed, and is fo-
cused on diagnosing ultra-short, high-brightness bunches. The proposed
phase 2 introduces the final focus (FF), interaction chamber and capture
optics. More details about this beamline and project can be found in
Ref. [31].

3. Acceleration modes

Initially, two different operating modes are envisioned within the
PWFA experiment; the first mode uses a single driver bunch to drive
a ‘‘plasma cathode’’, where internal injection (based on, for example,
density down-ramp injection [11,13] and plasma photocathode injec-
tion [7,12]) will be used to generate the witness bunch inside the
plasma. The second mode operates as a ‘‘plasma booster’’ with two
bunches in an external injection, driver–witness configuration. Each
comes with its own set of difficulties; the simulations shown in this
paper should serve as baseline examples of each mode. We denote the

single-bunch, internal injection mode by P-1 and the double-bunch,

3

external injection mode by P-2. In the P-2 mode, the main approach
is to create the bunches in the PG by tailored laser pulses, but another
possibility could be to also upgrade BC2 with a collimation system to
create or manipulate the bunches there as well.

3.1. Plasma cathode with single bunches: P-1

3.1.1. Photocathode gun
The first section of the accelerator is the PG, followed by a solenoid

used for emittance compensation, and a linac section used to boost
the energy to approximately 100 MeV where the space charge forces
become negligible. The code ASTRA [47] is used to simulate this section
of the machine, and the number of slices and time steps were chosen to
obtain stable results while properly resolving the processes in the short
beam. In order to resolve features of the individual bunch slices, 106
particles are used.

A bunch with 200 pC charge is generated from an initial laser
pulse with a truncated Gaussian transverse distribution [48] and a
Gaussian-like longitudinal distribution. The transverse RMS size of the
pulse is 0.4 mm and the initial duration is short, 100 fs RMS, in order
to produce a short bunch out from the first linac. The gun electric
field is set to 120 MV/m, and the bunch is injected at 30 degrees
with respect to zero-crossing. Due to the short initial length of the
bunch, it expands close to the blowout regime in photoinjectors [49,50]
(not to be confused with the blowout regime in the plasma) where
strong space charge forces are present. Using small time steps, the
injector parameters were optimized with an emphasis on keeping the
bunch relatively short and with a maximum normalized emittance of
approximately 0.8 mm mrad.

While this operating point could provide challenging to use because
of the short laser pulse duration, preliminary simulations indicate that
similar bunch parameters at the end of the pre-injector can be reached
with different sets of initial pulse and bunch parameters. However,
more detailed simulations would be needed to determine which, if any,
of the possible limitations are reached during the beam setup. The
bunch parameters after the pre-injector are shown in Fig. 3(a) and (b)
and Table 1.

3.1.2. Linac
The simulations of acceleration, compression and final focusing in
the linac are done using the particle tracking code Elegant [51].
Fig. 3. Longitudinal (𝑡 − ) phase space of beam after the injector (a) and at the focal plane (c), shown in grayscale. Darker shade means higher particle density. The overlaid
urple curve depicts the beam current profile. (b), (d) Slice normalized emittances at the respective locations, with blue for 𝑥 and yellow for 𝑦.
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Table 1
Summary of the injector and linac simulation results for P-1. The given values are the projected values within 1.5 times the temporal FWHM, 𝜏. The values are given at two
locations along the simulation: after the injector and at the focal plane.

P-1 ⟨b⟩ 𝜎𝛿 𝜀n,𝑥∕𝜀n,𝑦 𝜎𝑥∕𝜎𝑦 𝛽𝑥∕𝛽𝑦 𝜏 𝐼p 𝑛b 𝛥𝑥
MeV % RMS μm μm RMS cm fs FWHM A 1017 cm−3 μm

Injector 99.5 0.13 0.55/0.55 105/108 389/391 3740 56 0.3e−3 0.3 ± 0.8
Focal plane 3120 0.48 0.69/0.66 4.2/4.2 15.9/15.9 53 2740 5 1.6 ± 1.0
Fig. 4. 𝑡−𝑥 (a) and 𝑡−𝑥′ (b) phase space densities of the beam at the focal plane, shown
n blue–yellow color scale. The overlaid red curve depicts the beam slice centroids
btained from a Gaussian fit to each slice. The axis scaling in (a) is chosen such that
t shows the true physical aspect ratio of the beam.

he tracking in Elegant is fed by the ASTRA simulation output and
hus starts after the pre-injector, at 100 MeV, and ends at the FF
ocal plane, at 3 GeV. The linac and FF optimizations are described
urther in Appendix B. Both wakefields and (1D) CSR are enabled. The
ystematic multipole content used for the magnets come from typical
easurements of the installed magnets.

The beam parameters at the focal plane are shown in Fig. 3(c) and
d) and Table 1. The bunch duration is 𝜏 = 53 fs FWHM, yielding a
eak current of 𝐼p = 2.74 kA. Together with the focal spot RMS radii
f 𝜎𝑥 = 4.4 μm and 𝜎𝑦 = 4.5 μm at 𝑡 = 0, the peak bunch electron
ensity is 𝑛b ≳ 5 × 1017 cm−3. The bunch duration, together with the
unch electron density, makes a plasma density of 𝑛p = 1 × 1017 cm−3

ppropriate for the subsequent plasma stage, as the bunch length is then
lightly shorter than half the linear plasma wavelength and 𝑛b ≳ 5× 𝑛p.

Based on the slice normalized emittance of 𝜀n ≈ 0.8 mm mrad around
𝑡 = 0 (see Fig. 3(d)), the 𝛽 function is set to a shallow 15 cm. This
is substantially larger than the matched 𝛽 function of approximately
1.8 mm at the given electron energy and plasma density, but the
difference between vacuum and plasma 𝛽 functions can be bridged
using, for example, a long, adiabatic density ramp [16–19].

Fig. 4 shows a projection of the beam in 𝑡 − 𝑥 and 𝑡 − 𝑥′ space at
the focal plane, where small CSR-induced beam tilts can be seen. These
modest tilts are achieved by the method used in Ref. [52], where the
transverse dispersions in BC2 are de-tuned to straighten the bunch. Un-
like the case in Ref. [52], the tilts observed here are predominantly of
second order, wherefore tuning with the bunch compressor sextupoles
is the preferred strategy. The linear component of the tilt is mitigated
by a slight detuning of the quadrupoles in the second BC2 achromat,
to give a non-zero first-order transverse spatial and angular lattice
dispersion, 𝑅 and 𝑅 , respectively. This also alters the longitudinal
16 26 R
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dispersion, 𝑅56, slightly and requires a small shift in the accelerating
phase in the main linac to regain the desired bunch length after BC2.
The second-order dispersions are tuned to 3.2 × 10−3 m, 8.5 × 10−3 m
and 4.0 × 10−2 m for 𝑇166, 𝑇266 and 𝑇566, respectively.

From Fig. 4, it is evident that the beam tilts could not presently
be completely cancelled. The maximum spatial offset for an individual
slice inside 𝑡 = ±50 fs is 3.3 μm, and the RMS size of that slice is
4.3 μm, while the RMS size at 𝑡 = 0 is 5.4 μm according to a Gaussian
fit. It is, however, clear that in 𝑥, the beam distribution near 𝑡 = 0
is no longer Gaussian, but exhibits a shape which is more flat-top.
Regardless, the tilts are relatively small compared to the beam size,
which should increase stability in the plasma [22]. No tilts are observed
in the 𝑦-direction.

3.1.3. Beam–plasma interaction
The interaction between the beam driver and the plasma is sim-

ulated using the particle-in-cell (PIC) code CALDER [53,54] in a 3D
geometry in order to properly model asymmetric effects and wave-
breaking. Because of the bunch parameters described above, a plasma
density of 𝑛p = 1×1017 cm−3 is used. We consider a fully-ionized plasma
consisting of a linear density ramp from 0 to 𝑛p followed by a density
plateau (see Fig. 5(a)). A moving window of 240 × 162 × 162 cells
follows the electron beam, with longitudinal and transverse steps 𝛥𝜉 =
𝛥𝑥 = 𝛥𝑦 = 0.75 μm. The time step is 𝛥𝑡 = 1.45 fs. One macro-particle
per cell is used for the cold electrons of the plasma, while the electron
beam is initialized from a file containing 2.5 × 105 equally weighted
particles sampling the Elegant results from Section 3.1.2 above. The
plasma ions are considered immobile.

The start of the density up-ramp is placed at the vacuum focal
plane. A linear ramp is used as adiabatic density up-ramps are harder
to simulate accurately. A cross-section of the beam–plasma interaction
and the corresponding on-axis longitudinal electric field at the start
of the density plateau are shown in Fig. 5(c). The oscillation of the
bunch tail is caused by the incoming spatial and angular transverse
bunch tilts visible in Fig. 4. With these bunch and plasma parameters,
an accelerating field reaching a maximum of 20 GV/m at the end of
the first wake period is generated.

The evolution of the on-axis longitudinal electric field, 𝐸𝜉 , during
the propagation in the plasma is shown in Fig. 5(b), and exhibits
excellent stability for nearly the whole range of the simulation, up to
almost half a meter. Towards the end of the simulation, perturbations
start to appear, as the driver energy, 𝑊𝑏, has depleted to below 30%
of its initial value at this point (see black curve in Fig. 5(a)). Even
if the driver still contains a substantial amount of energy, the energy
loss is unequally distributed over the current profile because of the
profile of the accelerating field, see Fig. 5(c). 𝐸𝜉 locally peaks at about
𝜉 = 𝑥 − 𝑐𝑡 = 0, near the middle of the driver beam, and the electrons
located at this position have lost their entire energy and thus dephase
in the wakefield which degrades the accelerating structure. This uneven
deceleration can be mitigated by tuning the bunch current profile
into an asymmetric up-ramp, which can also increase the transformer
ratio (i.e., the ratio between decelerating driver field and accelerating
witness field) [55–57]. Such bunch current tuning was previously
demonstrated experimentally at the MAX IV linac [31].

In order to evaluate the possibility of acceleration in this structure,
the density profile is modified by adding a short density spike with a
Gaussian profile, characterized by a peak of 𝑛p = 1 × 1018 cm−3 and

MS width 𝜎 = 75 μm centered at 𝑠 = 15 cm (see Fig. 6(a)). The
𝑛p
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Fig. 5. (a) Density profile for the plasma (blue) and total energy of the driver (black) as a function of the propagation distance 𝑠. (b) Longitudinal electric field 𝐸𝜉 on the
propagation axis as a function of 𝑠. 𝜉 = 𝑠− 𝑐𝑡 is the longitudinal coordinate in the co-moving frame. (c) Density plot of the 𝑥− 𝜉 space inside the plasma, at the start of the plateau
t 𝑠 = 10 cm. The plasma electron density 𝑛p, is represented in red-black scale, and the beam electron density, 𝑛b, in blue–green-yellow. The blue curve shows the longitudinal

electric field 𝐸𝜉 on the propagation axis.
Fig. 6. (a) Total energy of the driver (black) and the injected/witness bunch (red) as
hey propagate through the plasma density profile shown in blue. (b) Evolution of the
ean witness electron energy (red) and RMS relative energy spread (gray). (c) Spectra

f the driver (black) and injected bunch (red) at the simulation end.

ensity spike triggers injection in the down-ramp [11] of a 30 pC (of
hich 22 pC survives), 22 fs FWHM (1 kA) bunch which reaches a

inal mean energy of approximately 3.15 GeV. The total energy of the
njected witness bunch is visualized in Fig. 6(a) (red). After 48 cm, the
nergy of the witness bunch reaches 70 mJ. This yields a total energy
ransfer efficiency of about 11% from the initial energy contained in the
river. When considering the total energy of the driver at 𝑠 = 15 cm,

the efficiency of the energy transfer climbs to 14%. The efficiency is
limited by the charge ejection occurring at the rear of the witness bunch
5

between 𝑠 = 25 cm and 𝑠 = 30 cm, as well as the beam loading not being
optimal [14] and the driver being unevenly decelerated. Note that the
total energy of the driver beam (black curve in Fig. 6(a)) is similar to
the one in Fig. 5(a), meaning that the presence of the density spike does
not significantly affect the driver. The instantaneous energy transfer in
each time step climbs to 23%.

In Fig. 6(b), the mean electron energy of the witness (red) shows sta-
ble gain at approximately 10 GeV/m. This is lower than the maximum
value observed in Fig. 5(b) and (c) as the witness is not injected exactly
at the extreme rear of the bubble, and that it partially loads the wake
which decreases the maximum electric field strength. The RMS energy
spread stabilizes at about 5.5% (gray curve), due to the variation of 𝐸𝜉
over the length of the bunch. Fig. 6(c) shows the final spectra of the
driver and witness bunches.

These simulations show that the stability of the accelerating field
shown in Fig. 5(b) can be used to transfer energy to an internally
injected witness beam. The modest energy transfer efficiency and large
energy spread is partially due to the wake being far from optimally
beam-loaded, which could be improved for example by tailoring of the
density spike used for the down-ramp injection and the driver current
profile. An optimized driver current profile could also increase the total
effective acceleration length and transformer ratio, thereby increasing
the total efficiency further. The results also highlight that in spite of
some tilts in the driving beam, a bunch can be injected and accelerated
over many tens of betatron wavelengths.

3.2. Plasma booster with double bunches: P-2

3.2.1. Photocathode gun
The machine layout for the double-bunch simulations is the same as

for the P-1 mode (Section 3.1.1). The difference is that a double-bunch
beam with 120 pC in the driver and 80 pC in the witness bunch is used,
and the number of macroparticles is 2×106. The driver bunch is emitted
first in time and experiences a lower field in the gun, and space charge
effects on the beam will be more pronounced due to this lower field.
However, the requirements on the driver bunch can be slightly relaxed
compared to those on the witness. The witness bunch, emitted a few ps
after the driver bunch, will also see a lower field gradient due to the
shielding from the driver bunch, which can degrade the beam quality of
the witness bunch. Ref. [58] provides more details on the pre-injector
simulations for the double-bunch scenario. The working point is found
by operating as close as possible to an emittance compensated beam for
the witness bunch, while keeping acceptable parameters on the driver
bunch.
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p

Fig. 7. Longitudinal (𝑡 − ) phase space of beam after the injector (a) and at the focal plane (c), shown in grayscale. Darker shade means higher particle density. The overlaid
urple curve depicts the beam current profile. (b), (d) Slice normalized emittances at the respective locations, with blue for 𝑥 and yellow for 𝑦.
The best results from the simulations, with a realistic maximum
field in the PG of 120 MV/m, is found when the center of the double-
bunch structure is injected at 40 degrees phase from zero crossing.
The transverse RMS sizes for the driver/witness are 0.65/0.60 mm
with a cut-Gaussian like transverse distribution where the parameters
of the transverse shape have been optimized for the best emittance.
Both bunches have the same longitudinal profile, which is a top-hat
like distribution with a FWHM of 2.4 ps and rise/fall times of 1 ps.
The separation between the two bunches is 4.6 ps center-to-center and
the ASTRA simulation results for the double-bunch beam are shown in
Fig. 7(a) and (b) and Table 2.

3.2.2. Linac
Particle tracking through the linac was done with similar settings

to the P-1 tracking (Section 3.1.2), with a few adjustments to the
accelerating phases and optics to better accommodate the double-bunch
beam. The bunch parameters at the focal plane are shown in Figs. 7(c)
and (d), 8 and Table 2. As shown in Fig. 7(c), the driver bunch current
profile is now an up-ramp as a result of the off-energy LPS linearization,
while the witness bunch is more linearized. Because of the relatively
hard compression, the bunch separation centroid-to-centroid is 147 fs
and the driver bunch peak current is 2.3 kA. However, due to the low
and maintained (around the current peak) slice emittance (c.f. Fig. 7(b)
and 7(d)), the driver bunch electron density again reaches roughly
5 × 1017 cm−3. This bunch density makes also this beam suitable for a
plasma of density 1×1017 cm−3, although the linear plasma wavelength
of 105 𝜇m ↔ 350 fs is a bit longer than the full beam.

The relatively large full-beam energy spread (2.2% end-to-end)
causes some chromatic aberrations over the beam. Because the BC2 and
FF optics were set with the witness bunch energy as nominal, the driver
beam is slightly elliptic at the focal plane, although convergent because
of its higher energy. These aberrations come, to a large extent, from
around BC1, and removing them altogether is a difficult task because
of the high energy spread throughout the whole accelerator.

The method used for P-1 for mitigating the beam tilts, by de-tuning
the higher-order transverse dispersion in BC2, does not work as well
for a double-bunch structure; since the higher-order dispersion tuning
relies on a certain working point in energy, it can only effectively be
used on one bunch at a time. Nevertheless, some tilt compensation was
done with the energy centered on the witness bunch, partially reducing
the variation in spatial offsets while introducing a small amount of
6

Fig. 8. 𝑡−𝑥 (a) and 𝑡−𝑥′ (b) phase space densities of the beam at the focal plane, shown
in blue–yellow color scale. The overlaid red curve depicts the beam slice centroids
obtained from a Gaussian fit to each slice. The axis scaling in (a) is chosen such that
it shows the true physical aspect ratio of the beam.

near-constant angular offset for both bunches. The tilts shown in Fig. 8
are a combination of leaking higher-order dispersion from BC1 and CSR
from BC2 after mitigation was done. The offset difference between the
bunch centroids, 𝛥𝑥D−W, is small (see Table 2 and Fig. 8(a)), although
there are clear tilts within each bunch on the order of the bunch size.
The angular offset between the bunches, see Fig. 8(b), is negligible
compared to the angular tilt within the driver bunch.

3.2.3. Beam–plasma interaction
PIC simulations are carried out in a similar manner to the P-1 mode

(Section 3.1.3), with a 10 cm long linear density up-ramp followed by
a plateau at 𝑛p = 1 × 1017 cm−3 (see Fig. 9(a)). The electron bunches
are now initialized from 2.5 × 105 particles sampling the Elegant
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Table 2
Summary of the injector and linac simulation results for P-2. The given values are the projected values within 1.5 times the temporal FWHM, 𝜏. The values are given at two
locations along the simulation: after the injector and at the focal plane. 𝛥𝑥 and 𝛥𝑥D−W denote the absolute median ± RMS slice spatial centroid offsets within and between bunches,
respectively.

P-2 ⟨b⟩ 𝜎𝛿 𝜀n,𝑥∕𝜀n,𝑦 𝜎𝑥∕𝜎𝑦 𝛽𝑥∕𝛽𝑦 𝜏 𝛥𝑡 𝐼p 𝑛b 𝛥𝑥 𝛥𝑥D−W
MeV % RMS μm μm RMS cm fs FWHM fs A 1017 cm−3 μm μm

Injector D 104.8 0.12 0.58/0.58 65.9/65.8 155/154 3420 39 1.3e−3 0.3 ± 0.6
W 105.2 0.04 0.55/0.54 74.9/74.5 211/210 3570 4100 25 0.4e−3 0.6 ± 0.8 0.3 ± 1.0

FF D 3141 0.19 0.62/0.46 5.27/2.57 27.6/8.9 46 2300 5 −3.4 ± 2.7
W 3110 0.27 0.56/0.54 3.8/3.2 15.5/11.5 55 147 1700 6 −3.7 ± 2.4 −0.3 ± 3.4
Fig. 9. (a) Total energy of the driver (black) and witness (red) as they propagate
through the plasma density profile shown in blue. (b) Evolution of the mean witness
energy (red) and RMS energy spread (gray). (c) Initial and (d) final energy spectra of
the driver (black) and witness (red).

results from the previous section. Other parameters are kept identical
to Section 3.1.3.

Fig. 9(a) shows a net energy transfer from the driver to the witness,
although also the witness initially loses energy in the density ramp since
it is located in the decelerating front of the bubble when the density is
low. However, once inside the density plateau, the witness starts gain-
ing energy, while the driver gets nearly entirely depleted after 65 cm of
propagation. The total energy transfer efficiency from the driver to the
witness is 18% after the whole simulation length. The instantaneous
efficiency reaches 28% in the density plateau, which indicates that the
total efficiency should be improved with shorter or nonlinear ramp
profiles [16–19] because of decreased initial deceleration. The charge
transmission to the end of the simulation is 98%, with most of the loss
occurring towards the end of the simulation where the driver has lost
too much energy to maintain the wake structure.

Fig. 9(b) shows gain of the mean witness electron energy at a rate
of about 2 GeV/m inside the plateau, ending at 4 GeV after a gain of
nearly 1 GeV, but the energy spread also increases to just above 4%
RMS because of insufficient beam-loading. Both maximum and sampled
accelerating field is consistently lower here than in the P-1 scenario;
this is expected from a lower-current driver [3] and a larger degree of
7

beam-loading [14], as well as the witness occupying an earlier phase
in the bubble.

The initial and final energy spectra for both bunches are shown in
Fig. 9(c) and 9(d), respectively. While the increase in energy spread
is evidence that the witness has not fully loaded the wake, the large
fraction of low-energy electrons in the driver (see Fig. 9(d)) is a clear
signature of a more advantageous driver current profile than in the P-1
results (c.f. Fig. 6(c)). The driver current up-ramp here helps to flatten
the decelerating wakefield, making the driver electrons lose energy at
nearly the same rate and thus help extend the effective acceleration
distance while also increasing the potential transformer ratio. This
works towards increasing the efficiency compared to the case shown
in Section 3.1.3, although there is still some room for improvement.

Finally, we note that the simulations show successful acceleration
over long distances in spite of the beam tilts seen in Fig. 8(a) and (b).
This is in part thanks to the witness occupying a relatively early phase
of the wake where the bubble size is larger, which trades accelerating
gradient for stability since some transverse oscillations of the bunch
occur. It is also worth mentioning that the witness emittance does
increase because of the transverse mismatch between the in-vacuum
and in-plasma beam parameters which are not properly bridged by the
linear density ramp. Nevertheless, these simulations demonstrate that
the MAX IV linac can be used for PWFA acceleration in the two-bunch
configuration. While we have here focused more on the longitudinal
properties, further studies could optimize the focal parameters and
vacuum plasma boundaries to improve the transverse emittance and
energy gain of the witness beam.

4. Summary and outlook

To summarize, we have investigated the feasibility of using the MAX
IV Linear Accelerator as a driver for beam-driven plasma-wakefield
applications using numerical start-to-end simulations. The general con-
clusion of this study is that such an application is feasible, particularly
if additional magnets can be installed to reduce the chromaticity and in-
crease the flexibility of the linac optics (see Appendix B). The proposed
modifications would be beneficial for linac performance in general, and
are aligned with those implemented in the SXL CDR [38].

Two operating modes were studied: a single-bunch mode for in-
ternal injection (P-1) and a double-bunch mode for external injection
(P-2). Both modes largely achieved their goals: the P-1 bunch was
used to inject a 22-pC (1-kA) bunch in the plasma and accelerate it
to over 3 GeV, and the P-2 beams were used to boost the witness
particle energy by 1 GeV (33%). The simulations also highlighted that
in spite of some residual tilts being present in the bunches, and the
PWFA scheme generally being sensitive to such beam tilts, no hosing
instability developed although transverse bunch centroid oscillations
were observed. The growth of these oscillations occurred to the largest
extent in the linear plasma density up-ramp. No charge loss from such
oscillations occurred in the P-2 simulations because of the witness
bunch being located further forward in the wake compared to the
internally injected bunch in P-1.

To produce a PWFA-optimized bunch, minimizing beam tilts is
paramount; to this end, work on further reducing CSR kicks in dogleg-
shaped achromat-based bunch compressor systems is the subject of
future investigations. However, it is worth noting that the 1D CSR
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model in Elegant has been shown to overestimate the CSR-induced
mittance growth for bunches of similar duration and current compared
o 3D codes and experiment [59,60]. This reflects well on the presented
esults, as the beam tilts could in reality be smaller than those observed
ere; any future studies will also include more realistic CSR models.

Employing passive methods for minimizing transverse centroid os-
illations in the plasma is nevertheless a reasonable complement to
traightening the beam coming from the accelerator. One method
ould be using a higher-emittance driver bunch [22], for example
y increasing its charge density in the PG, but it is not trivial to
reate such a diverse double-bunch structure in the PG which can be
ransported well to the focal plane, and it also puts additional demands
n the gun and laser systems. Asymmetric current distributions between
unches also makes CSR compensation more difficult. Another way
o further decrease the transverse oscillations is to employ adiabatic
ensity ramps [21], which also facilitate matching the beam to the
ocusing forces inside the PWFA.

Generating and controlling entrance and exit plasma ramps is not
rivial; an attempt to design a suitable plasma source was not made dur-
ng this study and is left as the topic of future work. The two most com-
on techniques for generating the main plasma column are through

aser-ionizing vaporized alkali gases inside a heat-pipe oven [61–63]
nd through high-voltage discharge-ionizing room-temperature gases
n capillaries [64]. Sharp density down-ramps for PWFA have hitherto
een created by generating a second, perpendicular plasma column
sing a transversely propagating laser pulse which ionizes lower-lying
lectronic states of the employed gas species [12,13]. All of these
echniques, and perhaps others, would be possible to use in the SPF
all because of the close access to laser laboratory and other auxiliary
pace.

In this study, the bunches were generated directly in the photo-
athode gun. As seen in Fig. 7(c), the optical phase space linearization
echanism employed here automatically skews the current profiles for

he P-2 double-bunches in the direction of the most efficient wake
xcitation, transformer ratio and beam loading [14,55–57,65], without
he use of collimators. The P-1 bunch current was kept symmetric in
his study, but single bunches can be seamlessly tuned to yield nearly
rapezoidal current profiles using this type of bunch compressor, as
emonstrated experimentally in Ref. [31].

These observations indicate that achromat-based bunch compressors
re useful for various wakefield-based schemes, and further study of
uch systems for these applications is warranted. For future studies,
ifferent ways of generating and/or tuning the bunch structures could
e investigated to achieve more optimized results. For example, while
he current profiles for P-2 were not completely optimal, see Figs. 7(c)
nd 9(d), it is likely that a spatially and temporally tuned laser profile
potentially together with a collimator in BC2, as in Ref. [28]), could
ead to significantly improved results [66]. Even if parts of the beam are
craped off to optimize witness energy gain, beam loading, and charge
oupling, the amount of charge which needs to be removed can be
uch less than purely scraper-based methods [15,24]. This serves to

ncrease the overall efficiency of the scheme, and avoiding excessive
ollimation also makes the scheme suitable for high repetition rate
pplications.

Apart from that the double-achromat bunch compressors passively
kew the current profiles of driver and witness in the respective appro-
riate directions, recent results show that bunch compressor systems
ith positive 𝑅56, such as these, can also provide a passive stabilization
f the beam energy with respect to RF modulator high-voltage jitter.
ore information about this can be found in Ref. [38] and will be

urther detailed in an upcoming publication. While the working point
sed in this study is not operating at the optimal RF phases (with
espect to jitter stabilization), future work on similar systems should
onsider this as an optimization variable.

In conclusion, there are several advantages to building an experi-
ental research chamber in the linac diagnostics beamline. There is
 t

8

no other linac that currently employs similar double-achromat bunch
compressors, allowing for unique research opportunities in, for exam-
ple, bunch current shaping for wake-based schemes. Furthermore, the
attainable electron energies (3–4 GeV, and potentially higher) is in be-
tween other GeV-class PWFA experiments, such as FLASHForward (1–
2 GeV) and FACET-II (>10 GeV), an energy range which is highly inter-
esting for light-source applications. Apart from plasma-based wakefield
experiments, experiments with wakefields in, for example, metallic
and dielectric structures could be performed in the same interaction
chamber, which could be interesting from the FEL perspective. The
possibility of performing on-site experiments would therefore also bring
unique opportunities for studies of various wakefield-based bunch ma-
nipulation schemes [67–69]. Space for the experimental chamber is
already allocated in the diagnostics beamline, without interfering with
regular operation, which facilitates a potential implementation from
the infrastructure point of view. The possibility of safely blocking
the beam to the SPF while allowing ring injection would allow for
excellent accessibility to the interaction chamber area, which is rare for
accelerator facilities. This project therefore enables a cost-effective im-
plementation of a cross-disciplinary experimental platform with unique
R&D opportunities for wake-based experiments aimed at PWFA and
FEL.
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Appendix A. Some features of the MAX IV linac BCs

Longitudinal RF wakefields in the linac structures influence the
bunch chirp, and the effects of these wakefields increase with the bunch
current [70]. Since the energy chirp is positive with respect to 𝜉, and
he wakefields cause a progressive decrease in particle energy towards
he back of the bunch, the wakefields chirp in the same direction as the
F voltage, which leads to a stronger compression. This was studied

n Refs. [71,72] for single bunches in the MAX IV linac. Because of
he current dependence on the wakefields, the bunch current after BC1
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Fig. B.1. The magnet lattice and 𝛽 functions of BC2 and the FF. Dipole magnets are blue, quadrupole magnets are red and sextupole magnets are green.
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ust be matched to the RF phase in the main linac for the desired
ompression in BC2. This also influences the LPS curvature, which BC2
ust subsequently be tuned to linearize. The sign of the chirp also
as the effect that dechirping the bunches using passive, wake-based
echniques [67–69] is not possible, as such an operation would instead
ncrease the chirp.

Another effect of the employed bunch compression scheme is that
or the double-bunch mode, the driver bunch, which arrives closer
o the peak of the RF voltage than the witness, will in many cases
btain a smaller (and less linear) chirp than the witness bunch, par-
icularly in linac section L1, before BC1 (see Fig. 1). Because the
inearization scheme is based around a working point in relative energy
eviation at 𝛿 = (b − ⟨b⟩)∕⟨b⟩ = 0, which is normally placed

at the center of a single bunch, the linearization cannot be opti-
mal for both bunches simultaneously. Therefore, the driver bunch
can become under-linearized while the witness bunch becomes over-
linearized, leading to an asymmetric current distribution within and
between the bunches. This asymmetric compression also influences the
wakefields in the main linac. However, this asymmetry in compres-
sion can also serve to produce ramped current profiles with opposite
slopes [31], which are near-optimal shapes from a plasma-wake loading
point of view [14,65].

Appendix B. Optimizations of the linac lattice

When creating the double-bunch structure in the PG, the combined
compression in BC1 and BC2 is naturally responsible for the final bunch
durations and separation. One can shift the compression factor from
one compressor to the other to tune the bunch separation while keeping
the bunch durations relatively constant, at the expense of altered
energy spread. Since the compression is tuned by the accelerating RF
phase and wakefields of the bunches, the energy spread of the beam is
directly affected by such a manoeuvre. The double-bunch time structure
is rather long after the injector, see Fig. 7(a), which causes such beams
in particular to gain a large energy spread; for appropriate final beam
parameters, the end-to-end energy spread can reach above 6% at BC1
and 2% at BC2. This can cause large deviations in both the slice
Twiss functions and the slice centroids in transverse position and angle,
both between and within the bunches, which then affects downstream
transport, compression, and focusing.

To combat these effects, and thus accommodate beams with larger
energy spread, an effort was made towards making the compressors
higher-order achromatic and tuneable to mitigate CSR kicks [52], and
some work was done towards reducing the chromaticity of the optics
throughout the accelerator. Compared to the BC2 layout shown in
Ref. [52], the layout used for these simulations has the octupoles
removed to reduce complexity (at the expense of some third-order
control), since the transverse dispersion is dominated by first- and
second-order terms at typical energy spreads in BC2. As in Ref. [52], the
footprint of the compressor is unchanged, simplifying a potential ma-
chine upgrade. Four additional quadrupoles were added to previously
9

vacant locations in the main linac, to reduce the maximum 𝛽 functions
nd decrease the chromaticity of the main linac optics. An additional
amily of sextupoles in each achromat and new quadrupoles in the
enter straight section of BC1 were also added, retaining the footprint
nd reducing the chromatic degradation of that compressor as well.
he total upgrade of the magnet layout compared to the current state,
mitting the FF, is then comprised of a relocation of 3 quadrupoles
nd 2 sextupoles, and an addition of a total of 15 magnets (5+4+2
uadrupoles and 2+2 sextupoles) in the whole machine.

The current version of the final focus system consists of 8 quadrupole
agnets. The original version of the optics was designed such that

hey, from the entrance of the first dipole magnet in BC2 to the focal
oint, were quasi-apochromatic [73]. In this case, the first order energy
erivatives of the 𝛽 functions, 𝑑𝛽∕𝑑𝛿, had been cancelled at the focal
lane, which could not be fully done for 𝛼. The two remaining degrees
f freedom (apart from the transverse Twiss parameters and the energy
erivative of 𝛽) were instead used to limit the maximum 𝛽 function
alue through the FF optics. This was observed to have a substantial
mpact on the vertical chromaticity. However, in spite of efforts to
inimize chromatic aberrations from around BC1, where the energy

pread is the largest for both P-1 and P-2, some aberrations still occur.
s the time slices of the beam begin to overlap during compression

n BC2, the uncorrected aberrations from BC1 cause slice emittance
rowth, see Fig. 7(d). Therefore, the optics which are used for the
ouble-bunch simulations, see Fig. B.1, are not apochromatic, as the
resented layout is observed to reduce the overall final aberrations
or P-2. While such a configuration cannot reverse the slice emittance
rowth, the beam Twiss parameters are transversely more uniform.

The second achromat in BC2 (see Fig. 2), together with the FF op-
ics, are the only currently non-existing sections of the lattice (omitting
he proposed linac additions above). The total length of the FF, from the
nd of BC2 to the focal plane, is 11.35 m, with a maximum quadrupole
trength of 𝜅 = 4.94 m−1 ⇔ 𝑔𝑞 = 49.4 T/m at 3 GeV. A gradient
f 50 T/m is taken as a conservative upper bound for the magnets
nd could be relaxed by increasing the length of the corresponding
uadrupoles, in particular the last two before the focal plane. The
ominal 𝛽 functions at the focus are around 𝛽∗𝑥 = 𝛽∗𝑦 = 15 cm. The
C2+FF lattice and 𝛽 functions are shown in Fig. B.1. As only a few
agnets are currently planned for the diagnostic beam line, there is

till some flexibility with respect to the final length and layout of
he FF and plasma chamber area, and the inclusion of for example
ctive (discharge) [74,75] and/or passive [76] plasma lenses could be
onsidered both up- and downstream of the main plasma cell.
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