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Abstract
The Advanced Wakefield Experiment (AWAKE) at CERN

relies on the seeded Self-Modulation (SM) of a long rela-
tivistic proton bunch in plasma to accelerate an externally
injected MeV witness electron bunch to GeV energies. Dur-
ing AWAKE Run 1 (2016-2018) and Run 2a (2021-2022),
two seeding methods were investigated experimentally: rela-
tivistic ionization front seeding and electron bunch seeding.
In the first one, a short laser pulse copropagates within the
proton bunch and ionizes the rubidium vapor, generating the
plasma. In the second, a short electron bunch propagates
in plasma ahead of the proton bunch and drives the seed
wakefields. Both seeding methods will be further employed
during AWAKE Run 2b (2023-2024) to study their effect
on the SM evolution in the presence of a plasma density
step. In this contribution, we will show the main experimen-
tal results and discuss their impact for the future design of
the experiment, in particular for Run 2c (starting in 2028),
where the plasma will be split in two sections: one dedicated
to SM of the proton bunch, and the other to the electron
acceleration process.

Proton bunches produced routinely by synchrotrons have
large energy per proton (GeVs to TeVs) and high charge per
bunch (>10 nC), resulting in a large amount of energy stored
per bunch (>20 kJ). They can therefore drive wakefields [1]
in plasma over long distance (10-103 m), potentially leading
to high energy gain (1-100s GeV) by a witness electron (𝑒−)
bunch in a single accelerating section, avoiding the compli-
cations of staging. This was demonstrated with numerical
simulations [2] using a short 𝑝+ bunch (root mean square
bunch length 𝜎𝑧 = 100 𝜇m).

However, 𝑝+ bunches routinely produced, for example at
CERN, are cm-long, much longer than the plasma electron
wavelength in a plasma with electron density interesting
for high-gradient acceleration. Since conventional bunch
compression [3] and shaping [4] techniques are unpractical
with relativistic protons, the transverse occurrence of the two-
stream instability, the self-modulation (SM) instability [5,
6], is used to form a train of short microbunches that can
resonantly drive wakefields with amplitude to the GV/m
level.

Large energy gain by a witness bunch requires a
long plasma. In the Advanced Wakefield Experiment
(AWAKE) [7], we use field-ionization of rubidium vapor
by a ∼ 1012 W/cm2 laser pulse to produce the plasma in a
10-m-long source (see Fig. 1(a)). In previous experiments,
we demonstrated that the 6-cm-long, 400 GeV/c, 48 nC 𝑝+
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bunch provided by the CERN Super Proton Synchrotron
(SPS) self-modulates [8, 9] and that electrons can be in-
jected and accelerated to energies >2 GeV [10]. However,
laser ionization does not scale favourably to very long length
(20-103 m), in particular because of energy depletion of the
pulse by the ionization process. We therefore explore other
plasma sources (e.g., discharge [11] and helicon [12]) that
produce a preformed plasma.

Self-modulation is by nature an instability and must be
seeded to reliably exploit it for reproducible particle acceler-
ation. Moreover, for the future design of the experiment (see
Fig. 1(b)), we foresee to use a first plasma (the "modulator")
dedicated to the seeded SM of the 𝑝+ bunch, and a second
one (the "accelerator") dedicated to the acceleration of the
witness bunch. The two plasmas are separated by a ∼ 1-
m-long gap. This scheme is chosen to inject the 150 MeV
witness 𝑒− bunch on axis [13] and after SM has developed
and saturated in the first plasma to produce a microbunch
train. In addition, the first plasma will be equipped with
a density step [14] to avoid the decaying of the amplitude
of the wakefields due to their dephasing with respect to the
microbunch train [6, 15].

In previous experiments we explored two seeding meth-
ods: relativistic ionization front (RIF) [16] and 𝑒− bunch
seeding [17]. In the following, we summarize the experi-
mental results and discuss the advantages and disadvantages
of each method, and their suitability for the future design of
the experiment and for a high-energy accelerator for particle
physics [18].

RELATIVISTIC IONIZATION FRONT
SEEDING

Laser ionization makes RIF seeding possible: when the
ionizing laser pulse copropagates within the 𝑝+ bunch, the
fast onset of the bunch-plasma interaction drives the initial
seed wakefields, from which SM grows exponentially. Fig-
ure 2 shows two sets of consecutive time-resolved images
of the 𝑝+ bunch after propagation in plasma. In Figure 2(a),
SM is not seeded: the timing of the microbunch train (travel-
ing from left to right) is not reproducible from event to event.
In Figure 2(b), SM is seeded: each microbunch appears at
the same time along the bunch for all events. Averaging the
images of each set, one obtains a blurred image in the case
of the instability, and a high-contrast images in the case of
seeding (e.g., Fig. 3(b)), depending on whether the under-
lying distribution is reproducible throughout the events or
not. The transition from the instability to the seeded regime
occurs when the bunch density at the ionization front loca-
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Figure 1: Experimental setup of AWAKE Run 1, 2a-b (a) and Run 2c (b).

tion is high enough to drive seed wakefields with amplitude
> 4 MV/m [16]. Thus, in the seeded case, there is a part
of the bunch ahead of the RIF that keeps propagating as in
vacuum.

This method has the advantage of the inherited align-
ment of the 𝑝+ bunch with the plasma column, which makes
it simpler in terms of operation. The seed wakefields act
symmetrically on the bunch, and therefore the undesired
asymmetric counterpart of SM, the hosing instability [19],
is suppressed [20].

However, in the future setup of the experiment (Fig. 1(b)),
the front of the bunch, left unmodulated after the first plasma,
enters the second (preformed) plasma diverging and with
large transverse size. In case the front of the bunch self-
modulates in the second plasma, the wakefields that it drives
may disrupt the structure of the (seeded) self-modulated
back and spoil the acceleration process.

Recent experimental results [21] indicate that, over 10 m
of propagation in plasma, a bunch with transverse size and
divergence comparable to that of the bunch front entering the
second plasma does not self-modulate ahead of the transition
point along the bunch. Therefore, RIF seeding remains a
viable option for AWAKE Run 2c and future accelerator
schemes.

ELECTRON BUNCH SEEDING
The initial seed wakefields can also be generated by a

charged particle bunch propagating ahead of the 𝑝+ bunch.
In AWAKE, we used the short 19 MeV 𝑒− bunch previously
used for acceleration experiments to demonstrate this ex-
perimentally. In this case, the ionizing laser pulse travels
ahead of both electron and proton bunches and preforms the
plasma. Figure 3 shows averaged time-resolved images of
the front of the 𝑝+ bunch propagating in vacuum (a), and in
plasma with the seed 𝑒− bunch (b,c). The high contrast of
averaged time-resolved images with plasma confirms that the
timing of the microbunch train (i.e. of the wakefields) is re-

Figure 2: Ten consecutive time-resolved images of the self-
modulated 𝑝+ bunch in case of RIF propagating 600 ps (a)
and 350 ps (b) ahead of the bunch center. The bunch prop-
agates from left to right. 𝑛𝑝𝑒 = 0.94 × 1014 cm−3. Figure
reproduced from [16].

producible from event to event with electron bunch seeding.
We also demonstrated that the timing of the modulation is
tied to the relative timing between the seed 𝑒− and 𝑝+ bunch
by delaying the seed by 6.7 ps (close to half a plasma elec-
tron period, for the density used). This results in a shift in
time of the microbunch train by the same amount (Fig. (c)),
that is clearly visible from the on-axis profiles of the two
images (Fig. (d), blue line: profile of (b), red line: profile of
(c)).

This method has the advantage of applying the seed wake-
fields on the entire 𝑝+ bunch, which would enter the second
plasma fully self-modulated with reproducible timing from
event to event. In fact, Figs. 3(b,c) show that the bunch
self-modulates from the very front of the bunch. Moreover,
the amplitude of the seed wakefields and the growth rate of
the instability can be varied independently by varying the
parameters of the 𝑒− or 𝑝+ bunch, respectively, allowing for
additional control on the development of the process [17].

The disadvantage of this method is that it requires aligning
the 𝑒− bunch trajectory, both in position and angle, with the
plasma column and with the 𝑝+ bunch trajectory. Recent
experimental results [22] show that, when the transverse



seed wakefields act asymmetrically on the 𝑝+ bunch, the
hosing instability, which is detrimental for the acceleration
process, arises. Electron bunch seeding is also less practical
than RIF seeding because it requires an additional electron
source and beamline to provide the seed bunch.

Figure 3: Time-resolved images of the 𝑝+ bunch at a screen
emitting optical transition radiation and positioned 3.5 m
downstream of the plasma exit. Each image is the average
of 10 single-event images. Bunch center at t=0 ps, the bunch
travels from left to right. (a) No plasma (incoming bunch).
(b) Plasma (𝑛𝑝𝑒 = 1.02× 1014 cm−3) and seed 𝑒− bunch. (c)
Same as (b) but 𝑒− bunch delayed by 6.7 ps All images have
the same color scale. (d) On-axis time profiles of (b) (blue
line) and (c) (red line) obtained by summing counts over
-0.217 ≤ 𝑦 ≤ 0.217 mm. Figure reproduced from [17].

AWAKE RUN 2 EXPERIMENTAL
PROGRAM

The experimental program of AWAKE Run 2 is divided
in phases, each dedicated to particular physics milestones.
The final goal is to generate high-quality and high-energy 𝑒−

bunches suitable for particle physics experiments. During
Run 2a (2021-2022), we successfully demonstrated the 𝑒−

bunch seeding [17], studied the development of hosing insta-
bility [22] and we further tested the RIF seeding scheme [21].
Run 2b (2023-2024) will investigate the evolution of SM in
the presence of a step in the plasma electron density. Numer-
ical simulations [23] show that a sudden increase in plasma
electron density limits the dephasing of wakefields with re-
spect to the microbunch train and hence the decaying of the
amplitude of the wakefields. This is important to maintain
a high accelerating gradient for long distances in plasma.
The evolution of the wakefields along the plasma will be
studied by measuring the plasma recombination light [24,
25] and the energy spectrum of accelerated electrons. Both
seeding methods will be further explored in the presence of
the density step.

Run 2c (to start in 2028) requires major modifications of
the existing facility, with the installation of a second plasma
source, as well as an electron source and beamline providing
the 150 MeV witness 𝑒− bunch. The experiment will focus
on acceleration of 𝑒− bunches in the second plasma with

control of the bunch quality. Both seeding methods will
be tested again, in order to determine the final design of a
plasma wakefield accelerator for applications, based on the
self-modulation scheme. The following Run 2d will employ
scalable plasma sources to reach even higher energy gains,
on the path towards particle physics applications.
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