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Problems	and	solutions
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• Beam	loading	introduces	a	trade-off	between:

• (i)	energy	gain,	(ii)	energy	spread,	(iii)	accelerated	charge

• To	increase	charge,	we	must	chose	between	a	smaller	energy	gain	or	a	larger	
energy	spread.	As	a	result,	our	Run	2c	parameters	use	O(100)	pC	electron	bunches


• The	SPS/AWAKE	bunches	include	more	drive	micro-bunches	than	necessary

• Wakefields	stop	growing	(i.e.	saturate)	well	before	the	end	of	the	proton	bunch

• Most	of	the	proton	bunch	energy	is	not	used


• Physics	applications	of	AWAKE	demand	higher	luminosity	

• European	Strategy	Accelerator	R&D	Roadmap:	“Aspects	that	 
should	be	further	considered	are:	Further	study	and	optimisation 
of	the	AWAKE	scheme,	in	particular	to	increase	the	luminosity.”


• Idea	(proposed	in	slides	from	Eduardo	Granados):	use	our	long	proton	bunch	to	
accelerate	additional	electron	bunches	

EUROPEAN STRATEGY FOR PARTICLE PHYSICS

Accelerator R&D Roadmap
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Caveat:	wakefield	saturation	and	multi-
bunch	driver/witness	are	NOT	new	ideas
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Excitation of two-dimensional plasma wakefields by trains of equidistant
particle bunches
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Nonlinear effects responsible for elongation of the plasma wave period are numerically studied
with the emphasis on two-dimensionality of the wave. The limitation on the wakefield amplitude
imposed by detuning of the wave and the driver is found. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819720]

Plasma wakefield acceleration (PWFA) driven by
charged particle beams is one of many advanced accelerating
techniques aimed at future ultimate energy or compact parti-
cle accelerators. Originally, it was proposed to excite the
plasma wave for PWFA by a train of equally spaced short
electron bunches.1 Later, the focus has shifted to single elec-
tron bunches operating in the so-called blowout regime.2–4

Recently, the interest in multi-bunch wave excitation
was regenerated in the context of the proton-driven PWFA.
The existing proton beams have huge energy contents. It is
attractive to use these beams as drivers for boosting electrons
well beyond nowadays energy frontiers.5,6 However, for effi-
cient excitation of the wakefield, the proton bunch must be
reshaped to have a longitudinal structure of the plasma wave-
length scale.7 Reshaping by conventional methods is too ex-
pensive and inefficient, so it was proposed to use the plasma
for chopping the initially long proton bunch into a train of
short micro-bunches.8 The mechanism of chopping is the
self-modulation instability that produces the micro-bunches
spaced one plasma period apart.9 The question thus arises of
how strong wakefield can be achieved with trains of equidis-
tant particle bunches. In this paper, we address this question
for beam parameters of interest for the proton-driven PWFA.

A similar question arose in the context of plasma beat-
wave acceleration (PBWA).10 In PBWA, the plasma wave
is produced by the beating of two laser beams whose fre-
quencies differ by approximately the plasma frequency
xp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pn0e2=m

p
, where n0 is the plasma density, e is the

elementary charge, and m is the electron mass. The wave
growth saturates because of a nonlinear shift in the plasma
wave frequency.11–13 We show that the limitation observed
in PWFA is qualitatively the same, but quantitatively is dif-
ferent for several reasons.

This study was motivated by the observation that the
wakefield growth in simulations of self-modulating proton
beams saturates at about 40% of the wavebreaking field
E0 ¼ mcxp=e, where c is the speed of light. Substantial var-
iations of beam parameters do not result in corresponding
increase of the peak field. To illustrate this statement, we
show in Fig. 1 the wakefield excited by various self-
modulating beams in the plasma. As a measure of the wake-
field amplitude, we take the maximum value UmaxðzÞ of the
wakefield potential Uðz; tÞ on the beam axis

Uðz; tÞ ¼ xp

ðt

$1
Ezðz; t0Þdt0; (1)

where Ez is the on-axis electric field. It is more convenient to
characterize the wakefield by the potential rather then by the
electric field itself since the latter has a singular character for
strongly nonlinear waves, and the observed envelope of Ez is
noisy [Fig. 2(a)] and depends on the resolution of simulation
codes and on the plasma temperature.14 Simulations are
made with the axisymmetric kinetic version of the quasi-
static code LCODE14,15

The curve “a” in Fig. 1 corresponds to the baseline vari-
ant of AWAKE experiment at CERN16,17 The proton beam
parameters are: energy 400 GeV, radius rr ¼ 0:2 mm, length
rz ¼ 12 cm, peak density nbm ¼ 4% 1012 cm$3 ¼ 0:0057 n0,
and normalized emittance 3.6 mm mrad. The plasma density
is n0 ¼ 7% 1014 cm$3, so that c=xp ¼ rr. The beam is half-
cut at the midplane for seeding the instability.

The curve “b” is plotted for the opposite charge beam
(antiprotons) with the same parameters. Usually, negatively
charged drivers excite the wave more efficiently18,19 This
asymmetry, indeed, shows up at the stage of field decay, but
not at the field maximum. The case “c” differs from the base-
line case “a” by 10 times smaller beam emittance. A low
emittance has a favorable effect on the wakefield in general,
but not at the field maximum. Curve “d” corresponds to the

FIG. 1. Dimensionless wakefield amplitude versus the dimensionless propa-
gation distance for various self-modulating proton beams.
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longitudinally compressed beam with 4 times higher peak
density. However, the maximum field is almost the same. To
make curve “e,” we compressed the baseline beam 4 times
longitudinally and 4 times radially (by keeping the same
emittance and population) and increased the plasma density
16 times (to keep rr ¼ c=xp). The resulting dimensionless
wakefield is just 25% higher.

The temporal growth of the wakefield for the baseline
variant at the cross-section of the strongest modulation (at
z ¼ 2" 104c=xp ¼ 4 m) is shown in Fig. 2(a). There is
almost linear growth of the wakefield followed by fast drop.
However, the reason for this field behavior is obscured by a
complicated beam shape at the stage of developed self-
modulation. To see the effect clearer, we simulate the field
excitation by the train of rigid equidistant short bunched of
the same radius and peak density

nbðr; z; tÞ ¼ 0:5 nbm e%r2=2r2
r ½1% cosð2xpðt% z=cÞÞ';

is0 < t% z=c < ðiþ 1=2Þs0; i ¼ 0; 1;…;

nbðr; z; tÞ ¼ 0; otherwise;

where s0 ¼ 2px%1
p . The electric field and the field envelope

for this test case are shown in Fig. 2(b). The behavior is qual-
itatively the same, but now the cause for the saturation is
clearly seen in Figs. 2(c) and 2(d). The field stops growing
when the wave shifts forward in time with respect to the
drive bunches, so that the bunches mostly fall into the decel-
erating field. The key effect responsible for the field satura-
tion is thus elongation of the wakefield period.

For the two-dimensional (axisymmetric) plasma wave
excited by charged particle bunches, the wakefield period
depends not only on the wave amplitude, but also on the spa-
tial structure of the wave which, in turn, depends on the
driver shape. Moreover, the wave is not strictly periodical,

and the wavelength changes as the distance from the driver
increases. Unlike the one-dimensional plasma wave, there is
no universal relationship between the maximum electric field
and the wave period. To view the phenomenon broadly, we
have simulated waves excited by various drivers (Table I).
We have measured either the period of a selected wave oscil-
lation for drivers of certain shape and variable charge [Figs.
3(a) and 3(b)], or periods of successive oscillations continu-
ously driven by an infinite bunch train [Fig. 3(c)].

The results are shown in Fig. 4. For all cases, the wave
period increases with the wakefield amplitude. The reason
for that is the wave nonlinearity that mainly comes from rel-
ativistic corrections to the law of electron motion. The wider
the driver, the stronger the wavelength dependence on the
wakefield amplitude. In the limit of very wide beams (curve
“1”), the result of one-dimensional analytical theory20 is
reproduced (line “A”)

s ) s0 1þ 3

16
ðEm=E0Þ2

! "
: (2)

For narrow beams (cases “6” and “7”), the fields in the
shown range are produced by very dense bunches and

FIG. 2. Temporal growth of the wakefield (envelopes Um and Em of the
wakefield potential U and electric field Ez) for the self-modulated AWAKE
beam at z¼ 4 m (a) and for the test train of rigid bunches of the same peak
density (b)–(d); zoomed fragments (c) and (d) also show the beam density nb

in arbitrary units.

FIG. 3. Location of the measured wave periods for the single bunch of vari-
able charge (a), the train of 5 bunches (b), and the infinite bunch train (c).

TABLE I. Simulated modes of wakefield excitation.

No. Driver

1 Single bunch, pþ, variable charge, rr ¼ 15 c=xp

2 Single bunch, pþ, variable charge, rr ¼ 3 c=xp

3 Single bunch, pþ, variable charge, rr ¼ c=xp

4 Train of 5 bunches, pþ, variable charge, rr ¼ c=xp

5 Train of 5 bunches, p%, variable charge, rr ¼ c=xp

6 Train of 5 bunches, pþ, variable charge, rr ¼ 0:3 c=xp

7 Train of 5 bunches, p%, variable charge, rr ¼ 0:3 c=xp

8 Infinite train, pþ, variable location, rr ¼ c=xp

9 Infinite train, p%, variable location, rr ¼ c=xp

A Theory of one-dimensional wave

B Empirical approximation for the free wave

C Empirical approximation for the driven wave
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Physics of beam self-modulation in plasma wakefield accelerators
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The self-modulation instability is a key effect that makes possible the usage of nowadays proton
beams as drivers for plasma wakefield acceleration. Development of the instability in uniform plas-
mas and in plasmas with a small density up-step is numerically studied with the focus at nonlinear
stages of beam evolution. The step parameters providing the strongest established wakefield are
found, and the mechanism of stable bunch train formation is identified. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4933129]

I. INTRODUCTION

Plasma wakefield acceleration driven by proton beams
is a concept that may open a path to future high energy lep-
ton colliders.1 The interest to this concept is motivated by
the ability of plasmas to support strong electric fields and the
ability of proton beams to drive these fields over long
distances.

Available high energy proton beams consist of rather
long (!10 cm) bunches and cannot directly excite plasma
waves of the required sub-millimeter length, as the beam fre-
quency spectrum has a negligible component at the plasma
frequency. Consequently, the proton bunches must be some-
how adapted to the wave. Two methods for that have now
been proposed and studied. One method consists in longitudi-
nal compression of the bunch as a whole, which is superior in
terms of wakefield excitation,2–5 but is hardly doable within
the existing infrastructure.6–9 Another method involves beam
micro-bunching in the plasma due to development of the self-
modulation instability (SMI).7,10,11 The latter method is the
cornerstone for the first experiment on proton driven plasma
wakefield acceleration at CERN named AWAKE1,12–14 and
for several supporting experiments with electron beams in
other labs.15–19

The SMI appears due to mutual amplification of the
beam radius rippling and the plasma wave.20 The linear stage
of the wave growth has been studied in several papers and is
already well understood. For the case of narrow (compared
to the plasma skin depth), low density (compared to the
plasma density), constant emittance, and constant current
beams, analytical expressions for the growth rate and phase
velocity of the wave are available,11,21–23 which agree well
with computer simulations. The SMI in slightly non-uniform
plasmas is analyzed in Refs. 24 and 25 with the conclusion
that the weak non-uniformity does not suppress the self-
modulation. The critical non-uniformity level, however, dif-
fers by order of magnitude in theory24 and simulations.25

The instability can grow either from an artificially introduced
seed perturbation or from the shot noise that is calculated in
Ref. 26. Various options are possible for the seed perturba-
tion: a short electron bunch,26 a powerful laser pulse,27 a
sharp cut in the bunch current profile,18 or a relativistic ioni-
zation front co-propagating with the drive bunch.28

Currently, the co-propagating relativistic front is considered
as the mainstream variant, as this solution is chosen for
AWAKE experiment.

The seed perturbation becomes a must for beam slicing
with the SMI. Otherwise, several unstable modes could
simultaneously grow and destroy the beam completely.11,20

The most dangerous competing mode is the hosing, a non-
axisymmetric mode belonging to the same instability family,
in which the plasma wave couples with transverse displace-
ments of beam slices. The interplay between hosing and SMI
is studied in Refs. 29–31 and is by now limited to the analyti-
cally tractable case of narrow constant-emittance beams. No
detailed numerical studies of mode interaction have been
done yet, as this problem is essentially three-dimensional
and computationally heavy due to long beams and long inter-
action distances of interest.

The nonlinear stage of SMI has been studied with numer-
ical simulations only. It was shown that the wakefield ampli-
tude cannot exceed the limit imposed by nonlinear elongation
of the wave period,32 and the designed operation regime of
the AWAKE experiment is close to this limit.33 A finite
plasma radius or weak radial non-uniformity of the plasma
has a small effect on the wave growth, if the radial scale of
density variation is much greater than the plasma skin
depth.34,35 As self-modulating beams are many plasma wave-
lengths long, motion of plasma ions could come into play and
hamper wave excitation, if plasma ions are light.36,37

Once the self-modulation is completed, that is, the beam
is split into well separated micro-bunches, the beam evolu-
tion continues towards some strongly destroyed state.38 As a
result, the wakefield amplitude as a function of the propaga-
tion distance drops down soon after reaching the maxi-
mum.39 As a cure for beam destruction, the small step in
plasma density was proposed in Ref. 38. With the density
step, the wakefield amplitude remains at some high level for
a long distance.39 A proper longitudinal non-uniformity of
the plasma density is thus a necessary element of a future
plasma wakefield accelerator if the latter is based on self-
modulation of long proton bunches.

Optimum locations and magnitudes of density steps in
Refs. 38 and 39 were found by means of a straightforward
numerical optimization without deep studies of how the step
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Possibility of a multibunch plasma afterburner for linear colliders
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A concept for increasing the energy of a multibunch linear collider using plasma wakefields is
examined. The realization of high beam quality and high efficiency (and high luminosity) requires
more complexity than the original plasma afterburner concept proposed for doubling the energy of
single bunch linear colliders. This paper discusses the possibilities of using alternate bunches in the train
to drive the wake and accelerate upon it or alternately a few bunches to excite the wake and a single
bunch to accelerate it. Simulation results indicate that an energy of collision/energy of linac ratio of 2.8
can be obtained with 4% energy spread and 0.29 relative luminosity by utilizing five drive bunches per
accelerated bunch. The concept including transverse effects is modeled with 2D linear plasma wakefield
theory.

DOI: 10.1103/PhysRevSTAB.7.111301 PACS numbers: 41.75.Lx, 52.75.–d

I. INTRODUCTION

Recently a plasma afterburner concept was proposed
for doubling the energy of a linear collider in which
single electron and positron bunches collide at the inter-
action point of the collider [1]. In that concept, a part of
each electron and positron bunch is used to drive large
wakefields in relatively short plasma sections just before
the collision point. The wakefields accelerate an appro-
priately phased second part of each bunch to higher
energy. In many instances it is desirable to distribute
the charge over multiple bunches rather than single col-
liding bunches (e.g., to reduce beam-beam and wakefield
effects). The use of multiple bunches has been considered
for raising the luminosity of future colliders such as the
Next Linear Collider (NLC) and TESLA designs [2].
Here we consider the possibility of extending the after-
burner concept to a future linear collider in which mul-
tiple rather than single bunches collide (i.e., in which a
bunch train of electrons collides with all of the corre-
sponding bunches in a counterpropagating train of posi-
tron bunches). If the spacing between the bunches is large
compared to the time needed to refresh the plasma, then
the single bunch afterburner concept can be applied in its
original form, simply in a repetitive fashion. This was
considered recently in Ref. [3].

In this paper we consider several ways in which the
afterburner concept could be extended to take advantage
of the multibunch structure of a future collider. The
possibilities include using alternate bunches in the train
to drive the wake and accelerate upon it or using alter-
nately a few bunches to excite the wake and a single bunch
to accelerate on it. Each of the variations involves trade-
offs between ease of implementation, beam quality (par-
ticularly energy spread), transformer ratio (maximum
energy gain of the accelerated particles as a multiple of
the incoming energy per particle), and the number of
accelerated particles. The use of a train of bunches to

drive a large plasma wake has been proposed previously
by several authors [4] in the context of accelerating a
single trailing bunch. Here we are considering a periodic
train in which the accelerating and driving bunches are
intermixed. Several scenarios are modeled with linear
plasma wakefield theory and the trade-offs are discussed.

II. THE MODEL PROBLEM

We consider two colliding trains of bunches as illus-
trated in Fig. 1. The bunches enter plasma sections prior
to collision and the wakefields in the plasma from some of
the bunches are used to accelerate the other bunches. As a
starting point we take the parameters for the bunch trains
given in Table I. There are roughly 108 particles in each
microbunch corresponding to a peak current of roughly
1 kA. The plasma density is chosen to be in the range of
1014 cm!3 to be sufficient to support large wakefields. In
the model calculations to follow, we choose to load one
electron bunch per plasma wavelength. Within the limits
of linear theory, this choice is flexible and any number of
integer plasma wavelengths could be added to the spacing.
In practice, the lifetime of the plasma wave is expected to
be of the order of 10 periods [5]. Ten plasma periods
between bunches would correspond roughly to one bunch
per rf bucket at the 11.4 GHz frequency of the NLC [3].

III. PLASMA WAKEFIELD MODEL

In contrast to the single bunch afterburner, multibunch
collider designs have typically lower peak currents and as
a result the plasma wakefields excited by the bunches are
typically small enough to be modeled well with linear
theory. The results we have obtained through linear the-
ory are applicable to both positrons and electrons with the
only difference being a sign change for positrons. Thus we
analyze the multibunch plasma afterburner scenarios with
the well-known Green’s functions for the wakefield re-

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 7, 111301 (2004)
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respectively. For all the cases presented, all the bunches
are in a phase to be focused. However, as can be seen in
the figures, the focusing force varies along the bunch.
This can lead to emittance growth if the beam is not
matched [7] to this dynamic focusing field. The matched
beam condition at a given emittance is for the spot size !
to be

! !
!
mc2"2N
"eWr=r

"
1=4

; (5)

where "N is the normalized beam emittance and " is the
beam’s Lorentz factor.

Since the focusing force Wr varies along the acceler-
ated bunches’ length, the matching condition (5) corre-

FIG. 6. (Color) Axial bunch current (dashed line) and transverse plasma wakefields for reduced bunch charge in alternate (load)
bunches: (a) focusing forces for single initial drive bunch and (b) focusing forces for two initial drive bunches

FIG. 5. (Color) Axial bunch current (dashed line) and transverse plasma wakefields [Eq. (3) in esu=cm] for identical bunches with
varied spacing: (a) focusing forces for two initial drive bunches, (b) focusing forces for three initial drive bunches, and (c) focusing
forces for five initial drive bunches.

PRST-AB 7 R. MAEDA et al. 111301 (2004)
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First	step:	load	2	electron	bunches
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Beam loading in a plasma wakefield accelerator introduces a trade-off between 

energy gain, energy spread and accelerated charge [1]. In order to generate 

high-quality beams, only a fraction of the wakefield energy can be extracted by 

the witness bunch, resulting in significant energy deposited in the plasma.

Wake�eld regenera�on in a plasma accelerator
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REPHASING THE WAKEFIELDS
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INCREASED LUMINOSITY
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ENERGY GAIN AND SPREAD

Two bunches: 

90 + 110 pC

Two bunches: 

100 + 100 pC

Single bunch: 200 pC

MULTI-BUNCH INJECTION

Beam Current

Accelera�ng Field

Left: Response of the plasma to the drive beam and witness 

bunches. Top: effective current (sum K0(kpr)q/∆t) of a self-

modulated proton drive bunch and two witness electron 

bunches. Middle: 2D slices showing the (saturated) plasma 

density and longitudinal wakefields.  Bottom: on axis 

accelerating field, with and without the witness bunches. 

Simulated using LCODE [2,3].

Right: Energy spectra of a 150-MeV, 200-fs-duration witness 

bunch after 2 m of acceleration.  Top: a 200 pC witness beam 

overloads the wakefields, resulting in either low energy gain or 

large energy spreads.  Middle: splitting the witness into two 100 

pC bunches, placed in buckets of similar amplitude, allows 

each bunch to have a narrow energy spread.  Bottom: by 

tailoring the relative charge of the two bunches, the same 

energy gain can be achieved for both, giving a narrow total 

energy spread.

In this work we use simulations to 

demonstrate that a train of drive 

bunches can regenerate the 

wakefield after the witness bunch, 

allowing a second witness to be 

accelerated with the same energy gain.

This method can be used to increase 

the luminosity and efficiency of a 

resonantly-driven plasma wakefield 

accelerator.

Plasma Density

Longitudinal Wake�eld

~150 MeV

The AWAKE experiment at CERN has demonstrated 

multi-GeV electron acceleration in proton-driven 

wakefields [6].

The Run 2 program will build on these successes by 

better controlling the acceleration process [7].

AWAKE EXPERIMENT

Starting with Run 2c (2028) AWAKE will use a separate plasma stage for self-modulation of the

proton bunch. The witness electron bunch will be injected into a second plasma for acceleration.

Multiple witness bunches could be used to increase the luminosity

T

Simulations carried out for a train of witness bunches show that the 

regeneration of the plasma wakefields is robust.  This allows the scheme 

to be used to increase the achievable luminosity.

Here, eight witness bunches are injected, for a total witness charge of 

0.9 nC.  60% of the charge is within +/-0.5% of the peak after 1m of 

acceleration, with an energy gain of over 200 MeV.  Only the first half of 

the SPS proton bunch is used for the drive beam, allowing further 

witness bunches to be added.

T

Top: A train of witness bunches injected into 

the plasma alongside the driver bunch train. 

 Each microbunch loads the wakefield.

Right: Energy distribution of all witness 

bunches after 1m of acceleration. The 

correct choice of parameters for the witness 

bunch train allows each bunch to be 

accelerated to the same energy, increasing 

the luminosity of the accelerator.

Acceleration in resonantly-

driven wakefield schemes is 

limited by nonlinearities.  

These lead to detuning 

between the driver and the 

excited wakefield, which 

leads to saturation [4,5].

Correctly loading the 

wakefield shifts the wakefield 

phase, bringing the system 

back into resonance.  This 

allows the drive train to 

regenerate the wakefields, 

improving the efficiency.
Plots showing the phase of the drive train and the 

wakefields after 1m acceleration, for both the loaded and 

unloaded cases (including and excluding the witness train).

• Ideal	bunch	(Run	2c	params):	100	pC

•Wakefields	are	reduced	after	loading,	but	they	recover	quickly	thanks	to	p+	micro-bunches


• Even	before	wakefield	saturation,	growth	is	much	larger	after	beam	loading

•We	can	inject	a	2nd	(identical)	e-	bunch,	with	charge	tuned	to	obtain	the	same	final	energy

• LCODE:	2	meters,	Run	2c	bunches	(150	MeV,	200	fs,	etc),	injected	after	10	m	self-modulation

LESSON	1:	Wakefield	regeneration	is	faster	than	growth	(only	a	few	periods).	Scheme	is	viable
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First	step:	load	2	electron	bunches

5

Beam loading in a plasma wakefield accelerator introduces a trade-off between 

energy gain, energy spread and accelerated charge [1]. In order to generate 

high-quality beams, only a fraction of the wakefield energy can be extracted by 

the witness bunch, resulting in significant energy deposited in the plasma.
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MULTI-BUNCH INJECTION

Beam Current

Accelera�ng Field

Left: Response of the plasma to the drive beam and witness 

bunches. Top: effective current (sum K0(kpr)q/∆t) of a self-

modulated proton drive bunch and two witness electron 

bunches. Middle: 2D slices showing the (saturated) plasma 

density and longitudinal wakefields.  Bottom: on axis 

accelerating field, with and without the witness bunches. 

Simulated using LCODE [2,3].

Right: Energy spectra of a 150-MeV, 200-fs-duration witness 

bunch after 2 m of acceleration.  Top: a 200 pC witness beam 

overloads the wakefields, resulting in either low energy gain or 

large energy spreads.  Middle: splitting the witness into two 100 

pC bunches, placed in buckets of similar amplitude, allows 

each bunch to have a narrow energy spread.  Bottom: by 

tailoring the relative charge of the two bunches, the same 

energy gain can be achieved for both, giving a narrow total 

energy spread.

In this work we use simulations to 

demonstrate that a train of drive 

bunches can regenerate the 

wakefield after the witness bunch, 

allowing a second witness to be 

accelerated with the same energy gain.

This method can be used to increase 

the luminosity and efficiency of a 

resonantly-driven plasma wakefield 

accelerator.

Plasma Density

Longitudinal Wake�eld

~150 MeV

The AWAKE experiment at CERN has demonstrated 

multi-GeV electron acceleration in proton-driven 

wakefields [6].

The Run 2 program will build on these successes by 

better controlling the acceleration process [7].

AWAKE EXPERIMENT

Starting with Run 2c (2028) AWAKE will use a separate plasma stage for self-modulation of the

proton bunch. The witness electron bunch will be injected into a second plasma for acceleration.

Multiple witness bunches could be used to increase the luminosity

T

Simulations carried out for a train of witness bunches show that the 

regeneration of the plasma wakefields is robust.  This allows the scheme 

to be used to increase the achievable luminosity.

Here, eight witness bunches are injected, for a total witness charge of 

0.9 nC.  60% of the charge is within +/-0.5% of the peak after 1m of 

acceleration, with an energy gain of over 200 MeV.  Only the first half of 

the SPS proton bunch is used for the drive beam, allowing further 

witness bunches to be added.

T

Top: A train of witness bunches injected into 

the plasma alongside the driver bunch train. 

 Each microbunch loads the wakefield.

Right: Energy distribution of all witness 

bunches after 1m of acceleration. The 

correct choice of parameters for the witness 

bunch train allows each bunch to be 

accelerated to the same energy, increasing 

the luminosity of the accelerator.

Acceleration in resonantly-

driven wakefield schemes is 

limited by nonlinearities.  

These lead to detuning 

between the driver and the 

excited wakefield, which 

leads to saturation [4,5].

Correctly loading the 

wakefield shifts the wakefield 

phase, bringing the system 

back into resonance.  This 

allows the drive train to 

regenerate the wakefields, 

improving the efficiency.
Plots showing the phase of the drive train and the 

wakefields after 1m acceleration, for both the loaded and 

unloaded cases (including and excluding the witness train).

Beam loading in a plasma wakefield accelerator introduces a trade-off between 

energy gain, energy spread and accelerated charge [1]. In order to generate 

high-quality beams, only a fraction of the wakefield energy can be extracted by 

the witness bunch, resulting in significant energy deposited in the plasma.
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Left: Response of the plasma to the drive beam and witness 

bunches. Top: effective current (sum K0(kpr)q/∆t) of a self-

modulated proton drive bunch and two witness electron 

bunches. Middle: 2D slices showing the (saturated) plasma 

density and longitudinal wakefields.  Bottom: on axis 

accelerating field, with and without the witness bunches. 

Simulated using LCODE [2,3].

Right: Energy spectra of a 150-MeV, 200-fs-duration witness 

bunch after 2 m of acceleration.  Top: a 200 pC witness beam 

overloads the wakefields, resulting in either low energy gain or 

large energy spreads.  Middle: splitting the witness into two 100 

pC bunches, placed in buckets of similar amplitude, allows 

each bunch to have a narrow energy spread.  Bottom: by 

tailoring the relative charge of the two bunches, the same 

energy gain can be achieved for both, giving a narrow total 

energy spread.

In this work we use simulations to 

demonstrate that a train of drive 

bunches can regenerate the 

wakefield after the witness bunch, 

allowing a second witness to be 

accelerated with the same energy gain.

This method can be used to increase 

the luminosity and efficiency of a 

resonantly-driven plasma wakefield 

accelerator.

Plasma Density

Longitudinal Wake�eld

~150 MeV

The AWAKE experiment at CERN has demonstrated 

multi-GeV electron acceleration in proton-driven 

wakefields [6].

The Run 2 program will build on these successes by 

better controlling the acceleration process [7].

AWAKE EXPERIMENT

Starting with Run 2c (2028) AWAKE will use a separate plasma stage for self-modulation of the

proton bunch. The witness electron bunch will be injected into a second plasma for acceleration.

Multiple witness bunches could be used to increase the luminosity

T

Simulations carried out for a train of witness bunches show that the 

regeneration of the plasma wakefields is robust.  This allows the scheme 

to be used to increase the achievable luminosity.

Here, eight witness bunches are injected, for a total witness charge of 

0.9 nC.  60% of the charge is within +/-0.5% of the peak after 1m of 

acceleration, with an energy gain of over 200 MeV.  Only the first half of 

the SPS proton bunch is used for the drive beam, allowing further 

witness bunches to be added.

T

Top: A train of witness bunches injected into 

the plasma alongside the driver bunch train. 

 Each microbunch loads the wakefield.

Right: Energy distribution of all witness 

bunches after 1m of acceleration. The 

correct choice of parameters for the witness 

bunch train allows each bunch to be 

accelerated to the same energy, increasing 

the luminosity of the accelerator.

Acceleration in resonantly-

driven wakefield schemes is 

limited by nonlinearities.  

These lead to detuning 

between the driver and the 

excited wakefield, which 

leads to saturation [4,5].

Correctly loading the 

wakefield shifts the wakefield 

phase, bringing the system 

back into resonance.  This 

allows the drive train to 

regenerate the wakefields, 

improving the efficiency.
Plots showing the phase of the drive train and the 

wakefields after 1m acceleration, for both the loaded and 

unloaded cases (including and excluding the witness train).

• Inject	an	ideal	bunch	(Run	
2c	params):	100	pC


• Wait	sufficient	periods,	
then	inject	an	identical	e-	
bunch


• Tune	charge	of	second	
bunch	to	obtain	the	same	
energy	


• LCODE:	2	meters,	Run	2c	
bunches	(150	MeV,	200	fs,	
etc),	injected	after	10	m	
self-modulation

LESSON	2:	By	tuning	phase	and	charge,	we	can	achieve	mono-energetic	final	beams
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Towards	high	luminosity
• To	inject	more	than	2	bunches,	reduce	simulation	to	1	m	
and	setup	LCODE	simulations	to	‘continue’	in	ζ

• Each	new	bunch	is	added	without	re-simulating	the	
ones	ahead

• For	each	bunch,	tune	2	parameters:	phase	and	bunch	
charge	

• Final	configuration	is	checked	with	a	single	simulation


• Final	result:	

• 8	bunches	injected	(0.9	nC)

• >	200	MeV	gained	in	1	m,	with	60%	of	charge	within	
±0.5%	of	peak


• Further	improvements	within	reach:

• Energy	spread	can	be	further	reduced	through	tuning

• Only	half	of	the	proton	bunch	used:	might	be	able	to	
gain	another	factor	of	2

6

LESSON	3:	Regeneration	continues	after	the	second	bunch,	
increasing	accelerated	charge	by	a	factor	of	10

Beam loading in a plasma wakefield accelerator introduces a trade-off between 

energy gain, energy spread and accelerated charge [1]. In order to generate 

high-quality beams, only a fraction of the wakefield energy can be extracted by 

the witness bunch, resulting in significant energy deposited in the plasma.
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MULTI-BUNCH INJECTION
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Accelera�ng Field

Left: Response of the plasma to the drive beam and witness 

bunches. Top: effective current (sum K0(kpr)q/∆t) of a self-

modulated proton drive bunch and two witness electron 

bunches. Middle: 2D slices showing the (saturated) plasma 

density and longitudinal wakefields.  Bottom: on axis 

accelerating field, with and without the witness bunches. 

Simulated using LCODE [2,3].

Right: Energy spectra of a 150-MeV, 200-fs-duration witness 

bunch after 2 m of acceleration.  Top: a 200 pC witness beam 

overloads the wakefields, resulting in either low energy gain or 

large energy spreads.  Middle: splitting the witness into two 100 

pC bunches, placed in buckets of similar amplitude, allows 

each bunch to have a narrow energy spread.  Bottom: by 

tailoring the relative charge of the two bunches, the same 

energy gain can be achieved for both, giving a narrow total 

energy spread.

In this work we use simulations to 

demonstrate that a train of drive 

bunches can regenerate the 

wakefield after the witness bunch, 

allowing a second witness to be 

accelerated with the same energy gain.

This method can be used to increase 

the luminosity and efficiency of a 

resonantly-driven plasma wakefield 

accelerator.

Plasma Density

Longitudinal Wake�eld

~150 MeV

The AWAKE experiment at CERN has demonstrated 

multi-GeV electron acceleration in proton-driven 

wakefields [6].

The Run 2 program will build on these successes by 

better controlling the acceleration process [7].

AWAKE EXPERIMENT

Starting with Run 2c (2028) AWAKE will use a separate plasma stage for self-modulation of the

proton bunch. The witness electron bunch will be injected into a second plasma for acceleration.

Multiple witness bunches could be used to increase the luminosity

T

Simulations carried out for a train of witness bunches show that the 

regeneration of the plasma wakefields is robust.  This allows the scheme 

to be used to increase the achievable luminosity.

Here, eight witness bunches are injected, for a total witness charge of 

0.9 nC.  60% of the charge is within +/-0.5% of the peak after 1m of 

acceleration, with an energy gain of over 200 MeV.  Only the first half of 

the SPS proton bunch is used for the drive beam, allowing further 

witness bunches to be added.

T

Top: A train of witness bunches injected into 

the plasma alongside the driver bunch train. 

 Each microbunch loads the wakefield.

Right: Energy distribution of all witness 

bunches after 1m of acceleration. The 

correct choice of parameters for the witness 

bunch train allows each bunch to be 

accelerated to the same energy, increasing 

the luminosity of the accelerator.

Acceleration in resonantly-

driven wakefield schemes is 

limited by nonlinearities.  

These lead to detuning 

between the driver and the 

excited wakefield, which 

leads to saturation [4,5].

Correctly loading the 

wakefield shifts the wakefield 

phase, bringing the system 

back into resonance.  This 

allows the drive train to 

regenerate the wakefields, 

improving the efficiency.
Plots showing the phase of the drive train and the 

wakefields after 1m acceleration, for both the loaded and 

unloaded cases (including and excluding the witness train).
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Wakefield	recovery	through	re-tuning

• Saturation	is	caused	by	detuning	
between	driver	micro-bunches	and	
excited	wakefields

• Phase	difference	(ΔPhase)	between	
Ez	peaks	and	p+	centroids	is	not	
constant


• Beam-loading	“shifts”	the	wakefields,	re-
tuning	them	with	the	proton	micro-
bunches

• After	re-tuning,	Ez	growth	increase	
dramatically


• Surprising:	phase	which	minimizes	e-
energy	spread	also	produces	re-tuning

7

LESSON	4:	Beam-loading	re-tunes	the	wakefield	with	
the	micro-bunches,	enhancing	wakefield	growth
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Discussion	and	Implementation

• Trains	of	arbitrarily	spaced	electron	bunches	are	challenging	to	produce

• 4-6	plasma	periods	at	7E14/cm3:	~6	mm	or	~20	ps	

• Electron	gun	(S-band)	period	is	333	ps


• Two	bunches	would	be	enough	to	test	the	concept

• Explore	wakefield	recovery

• Evaluate	tolerances	(Δφ	vs	ΔΕ)	and	stability


• Proposal:	use	the	Run	2c	electron	line	to	produce	2	similar	bunches

• Split/delay	of	UV	line,	position	bunches	equidistant	from	crest

• Use	buncher	/	accelerator	cavities	for	further	adjustment,	as	done	in	Frascati

• Explore	this	configuration	during	the	2025-26	commissioning	on	the	surface
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