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Abstract
AWAKE aims at exploring the possibility to accelerate

externally injected electrons to high energies in wakefields
driven by a self-modulated proton bunch. Experiments per-
formed during Run 1 demonstrated and observed a great
many of the characteristics of the self-modulation process.
They also demonstrated that externally injected, MeV, test
electron can be accelerated to the GeV energy level by the
wakefields driven by the self-modulated proton bunch. We
briefly describe here the physics and experimental program
we are developing for Run 2. Run 2 will focus on the exter-
nal injection of an electron bunch and its acceleration to the
multi-GeV energy level with charge, emittance and relative
energy spread suitable for applications.

INTRODUCTION
Proton bunches produced by synchrotrons (e.g., CERN

SPS) can carry large amounts of energy per particle
(400 GeV) and per bunch (≅19 kJ with 3 × 1011 particles).
They can thus in principle drive wakefields in plasma [1]
over long distances (100’s of m). However, these bunches
are typically too long (𝜎𝑧 ≅6-12 cm) to drive wakefields of
large amplitude (∼ GV/m) following the single bunch scaling:
with 𝜆𝑝𝑒 = 𝜎𝑧, the amplitude can reach 𝐸𝑊𝐵 = 2𝜋𝑚𝑒𝑐2

𝑒
1

𝜆𝑝𝑒
.

In a plasma with electron density 𝑛𝑒0, 𝜆𝑝𝑒 = ( 𝜋
𝑟𝑒𝑛𝑒0

)
1/2

is
the relativistic electron plasma wave wavelength, 𝑟𝑒 is the
classical radius of the electron. For 𝜆𝑝𝑒 = 𝜎𝑧=10 cm the
amplitude of the wakefields is: 𝐸𝑊𝐵 ≅16 MV/m and the
corresponding plasma electron density 𝑛𝑒0=2.8×109 cm−3.

Increasing the plasma density such that 𝜆𝑝𝑒 ≪ 𝜎𝑧 makes
the bunch subject to a self-modulation (SM) process [2].
The SM is the result of the action of the low amplitude trans-
verse wakefields driven by the long bunch, modulating the
bunch density. More modulation drives larger amplitude
wakefields, which generates deeper modulation, a feedback
loop for the SM process to grow. The process transforms
the continuous bunch into a train of microbunches shorter
than, and separated by ∼ 𝜆𝑝𝑒. The train, with each mi-
crobunch satisfying the above single bunch condition, can
constructively drive wakefields to amplitudes on the order
of 𝐸𝑊𝐵. We note that each microbunch must also be small
in its transverse dimensions (𝜎𝑟0 ≪ 𝜆𝑝𝑒).

With baseline AWAKE parameters, 𝜎𝑟0=200 µm,
𝑛𝑒0=7×1014 cm−3, 𝜆𝑝𝑒 ≅1.3 mm, the amplitude of the
wakefields can exceed the GV/m.

AWAKE aims at exploring the possibility to accelerate
externally injected electrons to high energies in wakefields
driven by a self-modulated proton bunch.
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RUN 1
In the AWAKE experiments of Run 1 [3], a number of in-

teresting and important results were obtained. These include:
The development of a 10 m-long plasma source based on
laser ionization of a rubidium vapor providing a very uniform
plasma density [4]; The demonstration of the SM of the long
proton bunch in the 10 m-long plasma [5]; The demonstra-
tion of growth of wakefields along the bunch and plasma [6]
and of their saturation before the end of the plasma [7]; The
seeding of the SM process that was coined as an instabil-
ity, i.e., the ability to make the process reproducible from
event-to-event [8]; The possibility to manipulate the SM
process through the phase velocity of the wakefields with
plasma density gradients [9]; The possibility to accelerate
externally-injected, test electrons from the MeV to the GeV
energy levels [10]; The observation of the hosing instabil-
ity [11], but only at very low plasma densities [12]. We also
observe that there is very good agreement between experi-
mental and numerical simulation results, e.g., Ref. [13].

RUN 2
Based on these results, we have developed a new experi-

mental program and set-up [14] for Run 2 aiming at demon-
strating the acceleration of an externally-injected electron
bunch to multi-GeV energy, with low emittance (mm-mrad)
and relative energy spread (%-level), and sufficient charge
(∼100 pC) for applications [15]. In these experiments the
SM process of the proton bunch is separated from the accel-
eration of the electron bunch by using two plasmas (Fig. 1).
The Run 2 plan is supported by an extensive simulation pro-
gram, not described here. It is divided in four parts, referred
to as a to d, that we briefly describe below.

Run 2a
Run 2a experiments will use essentially the same exper-

imental setup as that of Run 1. In Run 1, seeding of the
SM process was obtained by using a relativistic ionization
front created by a short (≪ 𝜆𝑝𝑒) and intense laser pulse
ionizing a rubidium vapor, and placed within, and traveling
with the proton bunch [5,8]. Seeding makes the SM process
reproducible. This seeding method leaves the front of the
long bunch, traveling in the neutral vapor, not modulated
(Fig. 2 (a)). We also observed that in a pre-ionized plasma,
e.g., by placing the laser pulse ahead of the proton bunch
(Fig. 2 (b)) the SM process is not reproducible, i.e., it is
in an instability regime. The front of the bunch emerging
from the first plasma (Fig. 2 (c)) could thus experience SM
in the instability regime in the second, pre-ionized plasma
(Fig. 2 (d)) of the two-plasma configuration of Run 2. The
development of the instability in the front of the bunch could
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Figure 1: Schematic set-up for Run 2 experiments showing the plasmas (pink colors) for SM (SM’or) with the density
step, and for acceleration (Acc’or), as well as the two linacs and beamlines (green colors) for the seeding electron bunch
(20 MeV) and the bunch for acceleration (150 MeV). The various bunches (protons in red) and laser pulses (blue color) are
also schematically shown. Not to scale.

interfere with the seeded wakefields driven by the core of
the bunch, and thus interfere with the acceleration process.
We will therefore test seeding of the SM process with an
electron bunch preceding the proton bunch [16] (Fig. 2 (e)).
An initial simulation and experimental program to study
the driving of (seed) wakefields by the electron bunch has
started [17]. The advantage of this seeding method is that the
entire long bunch exits the plasma self-modulated (Fig. 2 (e))
and can drive wakefields in a following pre-ionized source
without the risk of interference described here above. A wit-
ness electron bunch can then be injected in the reproducible
wakefields driven in a second plasma, ionized for example
by a backward-propagation laser pulse (Fig. 2 (f)).

The above interference possibility can also be tested ex-
perimentally, for example by placing the seed electron bunch
within the proton bunch, and the ionizing laser pulse some
distance ahead of it. We can use the diagnostic for the SM
process reproducibility of Ref. [8] for two configurations.
First, with the laser pulse placed just ahead (< 𝜆𝑝𝑒) of the
seed electron bunch, in which case one expects only re-
producible SM of the proton bunch to occur (behind the
seed). Second, with the laser pulse a variable distance ahead
(> 𝜆𝑝𝑒) of the electron bunch, in which case one could ex-
pect the SM between the laser pulse and the electron bunch
to be not-reproducible and to interfere with the otherwise
reproducible SM of the back of the bunch. One can then de-
termine whether SM remains reproducible after the electron
bunch.

The hose instability has often been posited as impos-
ing limitations on the acceleration quality and length in
plasma-based accelerators. We will thus pursue previous
studies [12], with additional emphasis on hosing at long
wavelengths (≫ 𝜆𝑝𝑒). We observe the occurrence of the
instability using time-resolved images from a streak cam-
era. This instrument provides bunch density distributions
in only one transverse direction of the bunch, while hosing
can occur in any direction. We will thus use multiple streak
cameras to observe two perpendicular transverse directions

!"#$ !%#$

!&#$ !'#$

!(#$ !)#$

Figure 2: Schematics of some of the configurations for the
various bunches and pulses of Run 2a. (a) Relativistic ioniza-
tion front (RIF created by the laser pulse) seeding of Run 1
leading to reproducible SM of the proton bunch (red line).
Front of the bunch not self-modulated. (b) RIF ahead of
the proton bunch, SM is not reproducible (purple line). (c)
Same as (a) in the first plasma, goes into a second pre-formed
plasma (d), and the front self-modulation is not reproducible
(purple line) and could interfere with the reproducible mod-
ulation in the back (red line). (e) Electron bunch seeding
leads to reproducible self-modulation of the entire proton
bunch in the first plasma. (f) In the second plasma, pre-
formed (e.g., by a backward-propagating laser pulse), the
fully self-modulated bunch drives reproducible wakefields.
The externally injected electron is also shown.

of the bunch, as well as on different time scales (ps and ns)
to be able to simultaneously observe possible occurrence of
hosing at the plasma period and much longer bunch duration
scales.

We will also study in more details the parameters of the
self-modulated bunch, in particular improving the time reso-
lution to detect variations in the length of the microbunches
predicted by simulation results, but masked by the limited
time resolution of the Run 1 setup (∼1.5 ps).
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Run 2b
Numerical simulations [18] indicate that in a constant

density plasma, the amplitude of the wakefields decreases
after the saturation point of the SM process. They also show
that when imposing a density step in the early stage of the SM
process, wakefields can maintain a large amplitude beyond
their saturation point [19]. This is of course essential for
high-gradient acceleration over long distances. Studying
these two predictions will be the main focus of Run 2b.

We are developing a prototype of rubidium vapor source
including a temperature step whose position and amplitude
can be varied. The vapor source transforms the temperature
step into a vapor density step. The laser ionization process
transforms the vapor step into a plasma density step. In
order to observe the effect of the plasma density step on
wakefields, we are developing a THz shadowgraphy diagnos-
tic [20]. Since it is the electron plasma density perturbation
that supports wakefields, changes in the amplitude of the
wakefields are imprinted on the amplitude of the density
perturbation.

We are also investigating plasma light diagnostics to detect
changes in the amplitude of the wakefields.

Run 2c
Run 2c is essentially an external injection experiment,

aiming at showing that an electron bunch can be injected on-
axis, after the plasma for self-modulation, including electron-
bunch seeding (Run 2a) and plasma density step (Run 2b),
and into the plasma for acceleration [21] (Fig. 1). For these
experiments, the electron bunch must be shorter than the
period of the wakefields (≪ 𝜆𝑝𝑒, e.g., 60 µm) and synchro-
nized with them. The bunch parameters are adjusted to reach
the blow-out of plasma electrons not achieved by the SM
process, load the wakefields and match the ion column fo-
cusing fields [22]. In this case, a significant fraction of the
bunch charge (e.g., 70%) can be accelerated with a small
final relative energy spread, and have its incoming emittance
preserved. We note here that producing a short and tightly-
focused bunch at the entrance of the second plasma requires
electrons with an energy of ∼150 MeV [23,24]. The electron
bunch for SM seeding can have a lower energy, ∼20 MeV.

Initial numerical simulations [25] show that the bunch
final parameters are sensitive to the transverse alignment
of the electron and proton bunches at the plasma entrance.
Multiple beam diagnostics must be developed (e.g., novel
beam position monitors [26]) to monitor and control the
input and output parameters of the beams and bunches.

Run 2d
The length of a rubidium, laser-ionized plasma source is

limited by the ionization process (laser pulse energy deple-
tion, etc.). In the general context of AWAKE we are there-
fore also developing plasma sources whose length can be
extended to the hundreds or thousands of meters necessary
for the electron bunch to reach the 100 GeV to TeV energy
levels. We are studying helicon [27] and discharge sources.

The challenge for these sources is to provide the plasma den-
sity uniformity and reproducibility (e.g., 𝛿𝑛𝑒/𝑛𝑒0 < 0.2%)
necessary for the acceleration process over long distances.
After the successful injection experiments of Run 2c, the
second plasma source will be replaced by one of the new
sources. The self-modulation source will remain of the vapor
source type to produce the density step.

SUMMARY
The success of the Run 1 program provided essential

information for the development of the general Run 2 physics
and experiment program presented here. The design of the
facility that will host these experiments is in progress [14].
The goal of Run 2 is to demonstrate that the acceleration
scheme based on wakefields driven in a single, long plasma
by a self-modulated proton bunch can produce an electron
bunch with parameters suitable for applications, for example
to fixed target or beam dump experiments. The program
is strongly supported by numerical simulations. Besides
programmatic goals, we will perform studies of the various
aspects of the physics involved in these experiments.
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