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The Advanced Wakefield Experiment (AWAKE) is an accelerator R&D experiment at CERN
using, for the first time, a high-energy proton bunch to drive wakefields in plasma and accelerating
electrons to the GeV energy scale. The principle of the AWAKE experiment is described. We
show experimental results of the seeded self-modulation process of the long 400 GeV SPS proton
bunch, transforming the bunch into a train of micro-bunches and driving resonantly the wakefields
in the 10 m long Rb plasma. We also show that externally-injected electrons can be accelerated by
these wakefields to several GeV. The next steps of the AWAKE experimental program are shown.
Possible first applications to high-energy physics experiments, where the scheme takes advantage
of the large energy stored in the proton bunch to reach very high energy gain in a single plasma,
are described.
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1. Run 1 (2016-2018): setup and experimental results

The first data taking period of the AdvancedWakefield Experiment (AWAKE) [1] successfully
achieved two important milestones: the longitudinal self-modulation of a proton beam in a plasma,
and the acceleration of externally-injected electrons.

As shown in Figure 1, a long proton beam is self-modulated as it interacts with the Rb plasma,
forming micro-bunches at the characteristic frequency of the plasma. While the frequency of
the modulation can be controlled by adjusting the plasma density, the phase of the modulation is
controlled by ‘seeding’ the self-modulation process with a large transverse wakefield, thus creating
a fully deterministic and repeatable process [2–4]. Electron acceleration results are summarized
in Figure 2: a 19 MeV electron beam is injected into the self-modulated proton beam, and the
longitudinal wakefields driven by the proton micro-bunches provide acceleration to a subset of the
electrons. Energies of up to 2 GeV are reached at the end of the 10 m long plasma, with a maximum
accelerated charge of approximately 100 pC, corresponding to a fifth of the charge of the initial
electron beam. As expected from theory and simulations, the acceleration is affected by the plasma
density and by the density gradient along the path of the beams [5].

Downstream of the vapor source, diverse beam diagnostics and the electron spectrometer are
located. A thin metallic dump directly after the plasma blocks the ionizing laser pulse to protect
these. The diagnostic to image the modulated proton bunch uses optical transition radiation
(OTR) and a streak camera [4]. The micro-bunches pass through a metallic foil, emitting OTR.
This light propagates over a 15 m-long transport line to a streak camera.
The streak camera triggering system exhibits a ⇡ 5 ps jitter (rms) with respect to the ionizing
laser pulse (see chapter 3.1). For best time resolution (⇠ 1 ps), the streak camera window is 73 ps
and the modulation period is in the 3 to 10 ps range. Comparison of the relative modulation
timing between events and over the long timescale of the proton bunch (⇠ 1 ns) is therefore not
possible. We thus developed and implemented a laser timing reference signal indicating the laser
time-of-arrival on the streak camera images with sub-ps accuracy, as described in the following.

2. Experimental implementation
2.1. Setup and working principle
The chirp-pulse amplification Ti:Sapphire laser system produces pulses with an energy up to
450 mJ and a duration of 120 fs. For the timing reference signal, we pick up the bleed-through of
the ionizing laser pulse from the first mirror after the laser system [2]. This ensures that changes
in the laser timing, originating from the amplifiers and the compressor in the laser chain, do not
a↵ect the synchronization between the reference signal and the ionizing laser pulse. An optical
transfer line with in total 18 partially motorized, 2-inch-diameter mirrors and 1-inch periscopes
guides the reference signal in free-space to the streak camera. It uses a separate, 60m-long path
parallel to the proton beam line (partially using the vacuum transport pipe described in [6]).
Neutral density filters reduce the light intensity to protect the streak camera. The simplified
path of the reference signal is sketched in Fig. 1 as the dashed blue line. It includes a delay
line, consisting of a motorized translation stage with 15 cm travel range and a retro reflector.
It allows for remotely adjusting the time-of-arrival of the reference signal on the streak camera
over the range of 1 ns. The free-space propagation of the reference signal provides a dispersion-
minimized transport and a pulse length comparable to thus of the ionizing laser pulse.
The streak camera (512 ⇥ 672 pixel) time-resolves the spatial structure of the incoming OTR

light with time windows from 50 ns to 73 ps. Figure 2(a) shows a single streak camera image
of a self-modulated proton bunch behind the ionization point, as recorded on the 73 ps window.

Figure 2. (a) Streak camera image showing the self-modulation behind the ionization laser
pulse and the laser reference signal, marked by the orange circle. The head of the bunch is at
negative time values. The event was recorded using the 73 ps streak camera window and with
a Rb vapor density of 1.8 ⇥ 1014 cm�3. (b) Reconstructed image of the self-modulated proton
bunch. We delayed the reference signal by 50 ps with respect to the zero timing and averaged
over nine events for each delay position of the reference signal.

is ð133" 2Þ GHz (3 dB bandwidth, 206 ps rectangular
window). We note here that Fig. 3(a) shows defocused
protons between microbunches, consistent with the fact
that the microbunching is the result of a transverse and
not of a longitudinal effect. This is confirmed by calcu-
lating the dephasing length between particles, including
the highest possible energy gain or loss between protons
(Ewb ¼ 3.1 GV=m over 10 m, npe ¼ 10.5 × 1014 cm−3),
yielding ΔL ≅ 0.01λpe. Figure 4 shows the result of
modulation frequency measurements for seeded events
with 1.3×1014 cm−3≤nRb≤10.5×1014 cm−3. The mea-
sured modulation frequency is expected to be equal to
the plasma frequency: fmod¼fpe¼ð1=2πÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe2=meϵ0Þ

p

n1=2pe ∼89.8β1=2n1=2Rb , where β is the Rubidium fractional
ionization. We perform a Bayesian fit (see Supplemental
Material SM [30]) of the mean detected frequencies to
determine α and β values. The result shows that the mode
values are α ¼ 0.497 and β ¼ 0.999, consistent with the
expected dependency fmod ¼ fpe (α ¼ 0.5) and full ioni-
zation of the Rubidium vapor at all densities (β ¼ 1.0).
Similar results were obtained with seeding times earlier
along the bunch.
Observing the seeded self-modulation is key for the

acceleration of externally injected electrons in the wake-
fields driven by long proton bunches [31]. The results
presented here with a relativistic ionization front (as
opposed to a sharp rising charge distribution as in
Refs. [12,13]) show for the first time the seeding and
the development of the self-modulation of a long charged
particle bunch in a plasma. At long timescales, we observe
that the SSM effect starts at the time of the ionizing laser
pulse and thus of the ionization front. At low plasma
densities, fast timescale images show the formation of
microbunches. They also show that protons in between the
microbunches are defocused, which is consistent with the

action of the transverse wakefields creating the micro-
bunches. Systematic measurements of the modulation
frequency versus Rubidium density show that the modu-
lation frequency is equal to the plasma frequency. Future
plans for using the seeded bunch are experiments for
narrow energy spread (< 1%) accelerated electrons and
possible electron or positron collision applications [32].
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FIG. 4. Measured mean modulation frequencies (red dots, with
standard deviation of the measured frequencies) as a function of
the Rb vapor density nRb on a log-log plot. The orange dotted line
corresponds to the expected α ¼ 0.5, β ¼ 1 dependency of the
modulation frequency. The mode values of the posterior distri-
bution are plotted as the blue line.
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Figure 1: (Left) Streak camera image of self-modulated proton beam. (Right) Measured frequency of
self-modulation as a function of plasma density [2–4].
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FIG. 3. Background-subtracted projections of consecutive
electron-injection events. Each projection is a vertical integra-
tion over the central region of a background-subtracted spec-
trometer camera image. Brighter colours indicate regions of
high charge density, dQ/dx, corresponding to accelerated elec-
trons. The spectrometer’s quadrupoles were varied to focus
at energies of 460–620 MeV over the duration of the dataset.
No other parameters were deliberately varied. The consistent
peak around energy E ⇠ 600 MeV demonstrates the stability
and reliability of the electron acceleration.

the precise control of the longitudinal plasma density,
the small values of density gradient can have a signif-
icant e↵ect on the acceleration where the electrons are
injected many 10s of microbunches behind the ionising
laser pulse [26]. The charge of the observed electron
bunches decreases at higher plasma densities due, in part,
to the smaller transverse size of the wakefield. Addition-
ally, the spectrometer’s quadrupoles have a maximum
focusing energy of 1.3 GeV making bunches accelerated
to higher energies than this harder to detect above the
background noise. The energies shown in FIG. 4 are de-
termined by binning the pixel data in energy and fitting
a Gaussian over the electron signal region; the peak en-
ergy µE is the mean of this Gaussian. The observed en-
ergy spread of each bunch is determined by the width of
this Gaussian and is approximately 10% of the peak en-
ergy. The peak energy increases with the density, reach-
ing 2.0±0.1 GeV for npe = 6.6 ⇥ 1014 cm�3 with a density
gradient, at which point the charge capture is signifi-
cantly lower. The energies of the accelerated electrons
are within the range of values originally predicted by
particle-in-cell and fluid code simulations of the AWAKE
experiment [17, 18, 26]. Future data taking runs will
address the e↵ect of the electron bunch delay, injection
angle and other parameters on accelerated energy and
charge capture. These studies will help determine what
sets the limit on the energy gain.
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FIG. 4. Measurement of the highest peak energies, µE ,
achieved at di↵erent plasma densities, npe, with and with-
out plasma density gradients. The gradients chosen are those
which are observed to maximise the energy gain. Accelera-
tion to 2.0 ± 0.1 GeV is achieved with a plasma density of
6.6 ⇥ 1014 cm�3 with a +2.2% ± 0.1% plasma density di↵er-
ence over 10 m.

In summary, proton-driven plasma wakefield ac-
celeration has been demonstrated for the first time.
The strong electric fields, generated by a series of
proton microbunches, were sampled with a bunch of
electrons. These electrons were accelerated up to 2 GeV
in approximately 10 m of plasma and measured using a
magnetic spectrometer. This technique has the potential
to accelerate electrons to the TeV scale in a single
accelerating stage. Although still in the early stages of
its programme, the AWAKE collaboration has taken an
important step on the way to realising new high energy
particle physics experiments.
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FIG. 2. Signal of accelerated electrons. An image of the
scintillator (horizontal distance, x, and vertical distance, y)
with an electron signal clearly visible (top) and a vertical in-
tegration over the observed charge in the central region of the
image (bottom), with background subtraction and geometric
corrections applied, is shown. The intensity of the image is
given in charge, Q, per unit area, calculated using the cen-
tral value from the calibration of the scintillator. A 1� un-
certainty band from the background subtraction is shown in
orange around zero on the bottom plot. Both the image and
the projection are binned in space, as shown on the top axis,
but the central value from the position–energy conversion is
indicated at various points on the bottom axis. The electron
signal is clearly visible above the noise, with a peak intensity
at energy, E ⇠ 800 MeV.

line and measuring the scintillator signal. The response
of the scintillator is found to depend linearly on charge
over the range 1–50 pC. The response is also found to
be independent of position and of energies in the range
100–180 MeV, to within the measurement uncertainty.
This charge response is then recalculated for the spec-
trometer’s optical system at AWAKE by imaging a well
known light source at both locations. A response of
6.9 ± 2.1 ⇥ 106 CCD counts per incident pC of charge,
given the acquisition settings used at AWAKE, is deter-
mined. The large uncertainty is due to di↵erent trigger-
ing conditions at CLEAR and AWAKE and systematic
uncertainties in the calibration results.

Reliable acceleration of electrons relies on reproducible
self-modulation of the proton beam. As well as the obser-
vation of the transverse expansion of the proton bunch,
the OTR and CTR diagnostics showed clear microbunch-
ing of the beam. The proton microbunches were observed
to be separated by the plasma wavelength (inferred from
the measured Rb vapour density, see Methods section)
for all parameter ranges investigated; they were also re-
producible and stable in phase relative to the seeding.
The detailed study of the self-modulation process will be

the subject of separate AWAKE publications.
The data presented here were taken in May 2018. The

top of FIG. 2 shows an image of the scintillator from
an electron acceleration event at a plasma density of
1.8 ⇥ 1014 cm�3 with a +5.3% ± 0.3% density di↵erence
over 10 m, in the direction of the proton bunch prop-
agation. This image has been background-subtracted
and corrected for vignetting and electron angle e↵ects,
as described in the Methods section. The spectrometer’s
quadrupoles were focusing at an energy of approximately
700 MeV during this event, creating a significant reduc-
tion in the vertical spread of the beam. Below the image
is a projection obtained by integrating over a central re-
gion of the scintillator. A 1� uncertainty band coming
from the background subtraction is shown around zero.
The peak in this figure has a high signal-to-noise ratio,
giving clear evidence of accelerated electrons. In both the
image and the projection, the charge density is calculated
using the central value of 6.9 ⇥ 106 CCD counts per pC.
The asymmetric shape of the peak is due to the nonlin-
ear position–energy relationship induced in the electron
bunch by the magnetic field; when re-binned in energy,
the signal peak is approximately Gaussian. Accounting
for the systematic uncertainties described earlier, the ob-
served peak has a mean of 800 ± 40 MeV, a FWHM of
137.3 ± 13.7 MeV and a total charge of 0.249 ± 0.074 pC.
The amount of charge captured is expected to increase
considerably [17] as the emittance of the injected elec-
tron bunch is reduced and its geometrical overlap with
the wakefield is improved.

The stability and reliability of the electron accelera-
tion is evidenced by FIG. 3, which shows projections
from many electron-injection consecutive events. Each
row in this plot is the background subtracted projection
from a single event, with colour representing the signal
intensity. The events correspond to a two hour running
period during which the quadrupoles were varied to focus
over a range of approximately 460–620 MeV. Other pa-
rameters, such as the proton bunch population were not
deliberately changed but naturally vary on a shot-to-shot
basis. Despite the quadrupole scan and the natural fluc-
tuations in the beam parameters, the plot still shows con-
sistent and reproducible acceleration of electron bunches
to approximately 600MeV. The plasma density for these
events is 1.8⇥ 1014 cm�3, with no density gradient. This
lack of gradient is the cause of the di↵erence in energy
between the event in FIG. 2 and the events in FIG. 3.

The energy gain achievable by introducing a more opti-
mal gradient is demonstrated in FIG. 4, which shows the
peak energy achieved at di↵erent plasma densities with
and without a gradient. The density gradients chosen are
those that are observed to maximise the peak energy for
a given plasma density. At 1.8 ⇥ 1014 cm�3 the density
di↵erence was approximately +5.3% ± 0.3% over 10m,
while at 3.9 ⇥ 1014 cm�3 and 6.6 ⇥ 1014 cm�3 it fell to
+2.5% ± 0.3% and +2.2% ± 0.1%, respectively. Given

Figure 2: (Left)Measured energy of accelerated electrons as a function of plasma density for different density
gradients. (Right) Signal of accelerated electrons on the spectrometer scintillator for a single event [5].
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2. Run 2: goals and milestones

Building upon the success of Run 1, an ambitious set of goals and milestones has been defined
for the AWAKE Run 2 project [6]. The overall aim of Run 2 will be to demonstrate the scalability
of the AWAKE scheme for future particle physics applications, discussed in the next section. The
goals of Run 2 are: (i) accelerate an electron beam to high energy (with a gradient of 0.5-1 GV/m),
(ii) preserve electron beam quality and (iii) demonstrate a scalable plasma source technology which
can support up to and beyond 100 m of plasma.

The first milestone, in Run 2a, will be to demonstrate that the proton bunch self-modulation can
be seeded by the existing electron beam. Thiswill ensure that the entire proton bunch self-modulates,
as opposed to only the second half of the bunch, as in the current configuration [7]. The second
milestone, in Run 2b, will be to demonstrate that the self-modulation process can be stabilized
when the longitudinal wakefields reach their maximum amplitude, ensuring that the wakefields can
be sustained for long timescales. This will require a sharp change in the plasma density, which
will be possible in a dedicated plasma cell designed specifically for self-modulation [8]. Run 2c
will require an additional plasma cell, to be installed downstream of the self-modulation cell, and
a new electron beam, which will be injected between the two cells. This configuration will avoid
interference between the self-modulation and acceleration processes, and it will use two known
effects, beam loading the longitudinal wakefield and full blowout of plasma electrons, to preserve
the quality of the electron beam [9].

The last goal, a scalable plasma source, can be achieved independently of the other two. The
laser-ionization scheme currently used to generate the plasma cannot support long plasma cells, so
two alternative schemes are currently being studied: one based on a low-frequency electromagnetic
wave generated by RF antennas (Helicon) [10] and one based on a high-current arc in the plasma
(Discharge) [11]

3. Beyond Run 2: applications to high-energy particle physics

A roadmap for particle physics applications of the AWAKE acceleration scheme has been laid
out in a set of documents prepared for the European Particle Physics Strategy Update [12–14]. The
roadmap takes into account our current knowledge, and proceeds from the more realistic goals to
those that will be harder to achieve.

Fixed target experiments would be the first application of AWAKE. By extending the acceler-
ation plasma cell from 10 m to O(100) m, energies of the order of 50 GeV would be achievable.
While the transverse beam quality would be too low for a collider, it would be sufficient for a
fixed target experiment, and the electron flux would be several orders of magnitude higher than
existing experiments at this energy, as shown in the tables of Figure 3. Such electron beams could
significantly extend the reach of searches for rare particles such as dark photons, as well as probe
strong-field QED electron/laser interactions, as shown in Figure 4.

As long as positron acceleration in wakefields remains a challenge, planning for an electron-
positronmachine is not realistic. However, the AWAKE scheme allows transformation of an existing
hadron collider into an electron-proton or electron-ion collider, by using one of the proton beams
to accelerate electrons to high energy, and colliding these electrons into the remaining proton/ion

3
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beam, as shown in Figure 5. Such electron-proton (or electron-ion) colliders would open a new
energy regime for Deep Inelastic Scattering, significantly improving our current understanding of
the proton/ion structure, and they would also extend the reach of direct searches for new particles
such as leptoquarks, as shown in Figure 6.

To summarize, in Run 1 we have demonstrated that electrons can be accelerated in a plasma
using a long proton bunch, taking advantage of the self-modulation process. In Run 2 we aim
to control the beam quality and to demonstrate that we can build O(100) m long plasma cells.
Assuming Run 2 will be successful, we have started considering particle physics experiments which
could be built using the AWAKE acceleration scheme. We explored a few examples for fixed target
and electron-proton collisions, but of course there are many more opportunities to consider.wakefield and as a consequence the energy of the accelerated electrons is limited 1.

In addition, due to the dephasing the achievable accelerated electron beam energy spread is limited,
as the electron bunch is accelerated in wakefields with different amplitudes. However, simulations show
that with certain beam loading settings and electron bunch charges, the energy spread can be minimized
(energy spread ⇠ 1% with a bunch charge of around 100 pC).

proton plasma electron electron
energy length energy charge

400 GeV 50 m 33 GeV 107 pC
400 GeV 100 m 54 GeV 134 pC
450 GeV 130 m 70 GeV 134 pC

Table 1: Electron energies and optimal electron bunch charge with ⇠2�3% electron energy spread for different
plasma length, proton energy.

In order to achieve the best possible accelerated electron parameters, the optimal electron beam
parameters at plasma injection are motivated by a small transverse beam size of several microns in
order to minimize its emittance while the charge of the bunch and its length should have such values that
initially the wakefield is overloaded and later underloaded; the input parameters for the injected electrons
used here are: �r = 2.4 µm, ✏n = 1.5 mm*mrad, 130 pC, �z= 32µm. This allows minimizing the
energy spread blow-up due to electron beam dephasing with respect to the slower proton-driven plasma
wakefield. Typical expected accelerated electron beam parameters after 100 m are then (see Table 1):
electron energy= 54 GeV, electron bunch size �r = 2.4 µm, r.m.s. bunch length �z = 32µm, bunch
charge = 130 pC, ✏n = 12 mm*mrad.

Note that preliminary studies [13] indicate that emittance can be preserved at the level of several
mm*mrad. Note also that the considered applications of the AWAKE scheme are much less sensitive to
beam emittance (requirements at the order of 1 - 50 mm*mrad) than for example the electron-positron
collider requiring nm-size beam at the collision point. Demonstrating 10mm*mrad emittance is a goal
for AWAKE Run 2.

Table 1 summarizes the dependencies between the proton and electron energy and the plasma
length. Note that the plasma lengths might become even shorter, when further optimizing plasma and
beam parameters. We see that with the SPS proton beam as drive beam typical plasma source lengths at
the order of up to 130 m can be used. A 450 GeV proton beam is advantageous for any future experiment.
However, further simulation studies are required to define the parameters specifications in more detail
and to understand the complex plasma wakefield effects.

4.2 Limitations from the Plasma Sources
The AWAKE setup uses a 10 m long cylindrical cell in which the Rb plasma is formed and the accel-
eration process takes place. At present, a laser pulse co-propagating with the proton beam ionizes Rb
vapour to form the plasma and, in the process, seeds the self-modulation of the proton bunch. This seed-
ing effect ensures that self-modulation is the dominant process that causes evolution of the proton bunch
rather than non-axisymmetric modes such as hosing that can cause the proton bunch to break up trans-
versely [14]. If a future AWAKE-based accelerator were to seed self-modulation of the proton bunch in
the same way, it would be limited by the relaxation and recombination time of the plasma. From current
measurements in the AWAKE experiment we assume relaxation times at the order of ⇠ µs [15], but this

1Note however, that using the LHC protons as drive beam with 7 TeV energy would avoid this effect; simulations have
shown that an LHC-type proton beam of 1 TeV would accelerate electrons to more than 500 GeV in 500 m plasma [12], i.e.
reaching an average wakefield of 1 GV/m.

4

The CERN SPS today extracts 450 GeV protons to the LHC and 400 GeV protons to the North
Area and to AWAKE. The SPS is fed by the CERN PS and PS Booster, the operation of which applies
limitations to the number of bunches that can be injected into the SPS. Today the AWAKE scheme uses
one proton bunch per cycle. However, it is possible that a maximum of eight AWAKE-type bunches
could be present in the SPS ring at once; in this case, the PS Booster would need to be operated in its
second harmonic, reducing the maximum intensity and increasing the emittance of each bunch. The
bunches would then be sent from the CERN PS, which has a total length of 2 µs, to the SPS. Some RF
manipulation would need to be performed to equally space the proton bunches around the 23 µs SPS
ring so that a maximum of eight current AWAKE-type proton bunches can be accelerated and extracted
in a single SPS cycle. The AWAKE-upgrade-type calculation assumes that eight proton bunches are
accelerated and extracted within each cycle, with two cycles per SPS supercycle, which has a total length
of 40 s. Further detailed studies on the RF and extraction systems are needed.

The electron rates expected with this AWAKE-upgrade scheme is ⇠ 4.1⇥ 1015 electrons, already
three orders of magnitude higher than what NA64 hope to accumulate in its current setup in its lifetime [2]
(⇠ 3 ⇥ 1012 electrons).

Parameter AWAKE-upgrade-type HL-LHC-type

Proton energy Ep (GeV) 400 450
Number of protons per bunch Np 3 ⇥ 1011 2.3 ⇥ 1011

Longitudinal bunch size protons �z (cm) 6 7.55
Transverse bunch size protons �r (µm) 200 100
Proton bunches per cycle np 8 320
Cycle length (s) 6 20
SPS supercycle length (s) 40 40

Electrons per cycle Ne 2 ⇥ 109 5 ⇥ 109

Number of electrons
on target per 12 weeks run 4.1 ⇥ 1015 2 ⇥ 1017

Table 2: Potential achievable number of electrons on target for an AWAKE-based fixed target experiment for two
different drive beam configurations. Assumes a 12 week experimental period with a 70% SPS duty cycle.

Another option would be to use an LHC-type proton beam to drive the wakefield. By the time
an AWAKE-based experiment is operational, the High Luminosity Upgrade to the LHC is expected to
have been completed, meaning the proton bunch produced by the SPS would also have different para-
meters, see third column of Table 2. This beam has a lower population and would not be longitudinally
compressed to the same extent as the current AWAKE beam, but would offer a significant reduction
in transverse size and therefore higher bunch density. This beam would drive stronger wakefields with
higher gradients, making it more ideal for electron acceleration. If the HL-LHC-type beam were to be
used as the drive beam, there are two options for extraction:

Firstly, the current extraction magnets could be used to extract the entire bunch train from the SPS.
This would contain four bunch trains, each separated by 200 ns, with each train made up of 80 individual
bunches separated by 25 ns. However, due to the limitations in the plasma relaxation times (currently at
the order of ⇠ 100 ns) this might not be possible, but more detailed studies need to be performed.

The second option would be to modify the extraction kicker system such that single bunches could
be extracted from within the train. At present, the extraction kicker cycle has a duration of ⇠ 8 µs, with
the option to reduce it to a few µs, but cannot be made shorter than this so is not suitable for single
bunch extraction. However, options are being explored to reduce the extraction cycle to the order of the
separation between single bunches, i.e. < 25 ns, which would present the opportunity to extract bunches
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Figure 3: (Left) Electron energies achievable with different plasma lengths. (Right) Potential achievable
number of electrons on target for different AWAKE-scheme fixed target configurations. For reference, the
NA64 experiment at CERN expects 3 × 1012 electrons during its entire lifetime [14].

Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e≠X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].
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Fig. 4: A Feynman diagram representation of (left) Compton scattering of an electron and (right) pro-
duction of an e+e� pair in the field of a high-power laser in which absorption of multiple photons has
taken place.

scheme has the possibility to provide a higher-energy electron beam which would then be more sensitive
to the e+e� pair production process and probe a different kinematic regime. This is shown in Fig. 5,
where the production rates for an AWAKE beam are much higher, particularly at high energies. AWAKE
is compared to E144 and two potential experiments at FACET II and LUXE; typical parameters for the
experiments are given in Table 1.

Fig. 5: (Left) energy of produced photons in reaction e� + n� ! e� + � and (right) energy of photons
in the pair production process, � + n� ! e� + e+, where n is an integer. Results are shown for the
only experiment that has so far probed close to this strong-field regime (SLAC E144), two proposed
experiments (LUXE and FACET II) and what would be possible with 50 GeV electrons from AWAKE.

Table 1: Laser and electron bunch parameters achieved for the E144 experiment. Typical parameters are
shown for planned experiments; they will use much shorter pulses leading to higher power than E144.

Parameter E144 LUXE FACET II AWAKE
Laser wavelength (nm) 527/1053 527/1053 527/800/1053 527
Laser energy (J) 2 2 1 1
Laser transverse size (µm2) 50 100 64 64
Laser pulse length (ps) 1.88 0.05 0.04 0.04
Electron energy (GeV) 46.6 17.5 15 50
Electrons per bunch 5 ⇥ 109 6 ⇥ 109 5 ⇥ 109 5 ⇥ 109

With the higher rates possible for strong field pair production with AWAKE electrons, the Schwinger
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scheme has the possibility to provide a higher-energy electron beam which would then be more sensitive
to the e+e� pair production process and probe a different kinematic regime. This is shown in Fig. 5,
where the production rates for an AWAKE beam are much higher, particularly at high energies. AWAKE
is compared to E144 and two potential experiments at FACET II and LUXE; typical parameters for the
experiments are given in Table 1.
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in the pair production process, � + n� ! e� + e+, where n is an integer. Results are shown for the
only experiment that has so far probed close to this strong-field regime (SLAC E144), two proposed
experiments (LUXE and FACET II) and what would be possible with 50 GeV electrons from AWAKE.

Table 1: Laser and electron bunch parameters achieved for the E144 experiment. Typical parameters are
shown for planned experiments; they will use much shorter pulses leading to higher power than E144.
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With the higher rates possible for strong field pair production with AWAKE electrons, the Schwinger
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Dark	photon	search	(NA64-like) Strong-field	QED	tests	(e-/laser	interactions)

[CERN-PBC-REPORT-2018-007]

Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e≠X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].
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[A. Hartin, IJMP A33 1830011 (2018), M. Altarelli et al. arXiv:1905.00059]

Figure 4: (Left) Dark photon sensitivity, as a function of coupling and mass, for an AWAKE-scheme fixed
target experiment (black line), compared to existing limits (grey) and ongoing/planned experiments (colored
lines). (Right) Strong-field QED sensitivity, in terms of electron/laser interaction rate as a function of radiated
photon energy, for an AWAKE-scheme experiment, compared to other experiments [13, 15, 16].
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beam dump, an external focusing around the plasma cell as proposed for the fixed target experiment is
mandatory, since otherwise the beam diameter would be too large. With such a system the separation of
the proton and electron beam downstream the plasma cell looks feasible and the electron beam could be
injected into the TI 2 beam line. This would allow use of the existing TI 2 beam line for transporting the

Figure 5: Schematic layout of the AWAKE++ PEPIC facility (not to scale).

70 GeV electron beam to the LHC and physics experiment. This would be a great advantage with respect
to a dedicated electron transfer line to the LHC, as it minimizes costs and integration issues.

This study is limited up to the transport of the electron beam to the LHC. Injection into the LHC
and transport to the experiment has to be looked at in more detail in a future study. However, with the
proposed usage of TI 2 for the electron beam transport this should be much easier to achieve than with
a separate beam line. An unpolarized electron beam has been assumed for this study. For a polarized
electron beam the spin dynamics would need to be studied in detail, in particular inside the plasma cell.
If the electron spin with an arbitrary direction does not experience a rotation inside the plasma or exper-
iences a rotation in a deterministic way, a Wien filter installed directly after the gun could compensate
the spin rotation in the downstream elements.

In this study the bending angles for the high-energy electron beam have been chosen as low as
reasonably possible. The total energy loss is still low. However, the produced synchrotron radiation has
a high peak power above 1 GW, due to the ultra-short electron bunches and it might be worth investigating
if this synchrotron radiation can cause any damage on the accelerator equipment.

6.2 Integration and Civil Engineering Impact
Widening of the TI 2 tunnel and an additional cavern is required to house the electron source, the electron
beam line, the proton beam dump, diagnostics and infrastructure equipment. For the favoured setup with
a 130 m long plasma cell the enlarged tunnel needs to accommodate a proton bypass beam line for the
plasma cell requiring tunnel widening over a distance of approximately 500 m. Major civil engineering
work will be required to provide the necessary space to accommodate PEPIC, which would be located
on and adjacent to the existing alignment of TI 2: an injection tunnel built for the LHC. The geology
in this area consists of Moraines overlying Molasse. The works for PEPIC would be situated within the
Molasse. The Molasse is broadly considered good rock for tunnelling since it is relatively dry and stable
without being prohibitively hard. Detailed geological records exist following the design and construction
of TI 2. TI 2 is a horseshoe shaped tunnel and measures 3 m across and 2.5 m in height between tunnel
invert and crown as shown in Figure 6. The following civil engineering works are proposed:

– Widening of TI 2 from 2.22 m width at floor level to 5.2 m over a length of 494 m.
– Widening to 6.2 m over 11 m length to accommodate a beam dump and shielding arrangement.
– A 60 m long, 6 m wide cavern parallel to TI 2 to house a laser lab, klystrons and other electronic

equipment with two 4 m wide tunnels and up to three 500 mm diameter cores linking tunnels.

The civil engineering works should not pose feasibility issues since generally they will be implemented
by standard techniques in an area which is geologically well understood. Access will also need to be
considered further; at this stage, shaft PMI2 at Point 2 of LHC is considered likely to be the best access
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LHeC-like	Collider

Focus	on	QCD:	
• Large	cross	sections	–	low	luminosity	

(HERA	level)	enough	

• Many	open	physics	questions	!	

• Consider	high	energy	ep	collider	with	Ee	

up	to	O(50	GeV),	colliding	with	LHC	

proton;	e.g.	Ee	=	10	GeV,	Ep	=	7	TeV,	√s	=	

530	GeV	already	exceeds	HERA	cm	

energy.

G.	Xia	et	al.,	Nucl.	Instrum.	Meth.	A	740	(2014)	173.

Create	~50	GeV	beam	within	50−100	m	

of	plasma	driven	by	SPS	protons	and	

have	an	LHeC-type	experiment.	

Clear	difference	is	that	luminosity	

currently	expected	to	be	

<	1030	cm-2	s-1.

12

VHEeP		
(Very	High	Energy	electron-Proton	collider)

VHEeP:	A.	Caldwell	and	M.	Wing,	Eur.	Phys.	J.	C	76	(2016)	463

One	proton	beam	used	for	electron	acceleration	
to	then	collide	with	other	proton	beam	

Luminosity	~	1028	−	1029	cm-2	s-1	gives	~	1	pb−1	
per	year.	

Electron	energy	from	wakefield	
acceleration	by	LHC	bunch

Choose	Ee	=	3	TeV	as	a	baseline	for	a	new	collider	
with	EP	=	7	TeV	yields	√s	=	9	TeV.	Can	vary.	
-	Centre-of-mass	energy	~30	higher	than	HERA.	
-	Reach	in	(high)	Q2	and	(low)	Bjorken	x	
extended	by	~1000	compared	to	HERA.	
-	Opens	new	physics	perspectives

A.	Caldwell,	K.	V.	Lotov,	Phys.	Plasmas	18,	
13101	(2011)
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beam dump, an external focusing around the plasma cell as proposed for the fixed target experiment is
mandatory, since otherwise the beam diameter would be too large. With such a system the separation of
the proton and electron beam downstream the plasma cell looks feasible and the electron beam could be
injected into the TI 2 beam line. This would allow use of the existing TI 2 beam line for transporting the

Figure 5: Schematic layout of the AWAKE++ PEPIC facility (not to scale).
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proposed usage of TI 2 for the electron beam transport this should be much easier to achieve than with
a separate beam line. An unpolarized electron beam has been assumed for this study. For a polarized
electron beam the spin dynamics would need to be studied in detail, in particular inside the plasma cell.
If the electron spin with an arbitrary direction does not experience a rotation inside the plasma or exper-
iences a rotation in a deterministic way, a Wien filter installed directly after the gun could compensate
the spin rotation in the downstream elements.

In this study the bending angles for the high-energy electron beam have been chosen as low as
reasonably possible. The total energy loss is still low. However, the produced synchrotron radiation has
a high peak power above 1 GW, due to the ultra-short electron bunches and it might be worth investigating
if this synchrotron radiation can cause any damage on the accelerator equipment.
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Widening of the TI 2 tunnel and an additional cavern is required to house the electron source, the electron
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PEPIC:	√s	=	1.3	TeV,	SPS-driven VHeP:	√s	=	9	TeV	(LHC-driven)
(Plasma	electron-proton/ion	collider) (Very	high	energy	eP	collider)

Beyond	CERN:	RHIC-EIC	proposal	for	18	GeV	electron	beam	[J.	Chappel	et	al,	PoS	DIS2019	(2019)	219]
Figure 5: (Top) Schematic layout of an AWAKE-scheme electron accelerator for an electron/proton or
electron/ion collider. Schematic layouts of the Plasma Electron Proton/Ion Collider (PEPIC), reaching
a center-of-mass energy of 1.3 TeV (left), and the Very High Energy electron-Proton collider (VHEeP),
reaching 9 TeV (right) [17, 18].
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• New	energy	regime	for	Deep	Inelastic	Scattering
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Figure 8. Measurements (open points) of ��p versus W for 0.25 < Q2 <
120 GeV2 from HERA and fixed-target experiments. The blue lines show power
law fits to the data, performed separately for each Q2 value. The red lines show
fits of the form inspired by double asymptotic scaling [31].

estimates indicate that such bunches of muons could be e↵ectively accelerated given
electric fields of 2 GeV/m [35], which can be achieved with LHC proton bunches.

• The FCC would be an excellent driver of plasma wakefields given the very high proton
energy and the small bunch emittance [36]. Introducing long plasmas in the straight
sections of the FCC would allow for the production of multi-TeV electron bunches,
further greatly extending the physics capability of the FCC. On the other hand, it may
also be possible to accelerate electron and positron bunches to 50 GeV or more in the
straight sections without significant loss of protons, thus allowing for a high luminosity
ep and e+e� programs at moderate additional cost.

• Partially stripped ions can be cooled e↵ectively in the LHC [37], allowing for much higher
luminosity eA collisions for VHEeP. If these ions can be phase rotated quickly in the
LHC without significant loss, then short ion bunches could prove to be very e↵ective
drivers of plasma wakes.

There are surely many other possible applications of the PDPWA concept to be proposed and
investigated.

5. Summary

Proton-driven plasma wakefield acceleration (PDPWA) is based on the transfer of energy from
a proton bunch to a trailing bunch of particles, the ‘witness’ particles, via plasma electrons. The
AWAKE scheme allows the use of existing proton accelerators for this purpose, and therefore
extends the research opportunities made possible by the investments in the SPS and LHC.
Run 1 of AWAKE has ended in 2018 and all goals of the collaboration were met. The seeded
self-modulation process was observed to be robust and used to drive wakefields and accelerate
electrons with high gradients. AWAKE has now proposed a Run 2 to demonstrate that this
scheme can be used for particle physics applications. Run 2 is foreseen to take place between
LS2 and LS3 of the LHC; i.e., from 2021-2024. Given the continued successful development

HERA VHePPEPIC

Photon-proton center of mass energy, 

Test	scaling	laws	at	high	c.m.e.

currently estimated to be around 1028 � 1029 cm�2 s�1 which would lead to an integrated luminosity
of 1 pb�1 per year. Different schemes to improve this value are being considered such as squeezing
the proton (and electron) bunches, multiple interaction points, etc.. However, even at these modest
luminosities, such a high-energy electron–proton collider has a strong physics case.

The kinematic reach in Q2 and x for VHEeP is shown in Fig. 6, with e.g. a minimum requirement
of Q2 = 1 GeV2 corresponding to a minimum value of x ⇠ 10�8. At such values, even with integrated
luminosities of 10 pb�1, 10s of millions of events are expected. It should be noted that the lowest value
of Q2 measured at HERA was Q2 = 0.045 GeV2, which at VHEeP corresponds to a minimum x value
of 5 ⇥ 10�10. At this Q2, a significantly larger number of events is expected. Hence high precision
measurements with negligible statistical uncertainties will be possible at VHEeP. Also shown in Fig. 6
are isolines for the angles of the scattered electron and final-state hadronic system. This highlights the
need for instrumentation close to the beam-pipe in the direction of the electron beam in order to be
able to measure the scattered electron at low x. It also highlights the need for hermetic instrumentation
to measure the hadronic final state where events at low x have a hadronic system at low angles in the
direction of the electron beam. Conversely, events at high x have a hadronic system at low angles in the
direction of the proton beam. Clearly the detector design for VHEeP will have a number of challenges
and will need to be different from conventional collider experiments such as at the LHC.
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Fig. 6: The accessible Q2 and x coverage for VHEeP with
p

s = 9 TeV with the kinematic limit of the
inelasticity variable y = 1 shown. Also shown are (left) lines indicating the electron scattering angle and
(right) lines indicating the angle of the final-state hadronic system, where ✓e = 0, �had = 0 indicates the
direction of the proton beam.

The physics potential of VHEeP was discussed in the original publication [29]. An example and
recently updated result is shown in Fig. 7, in which the total �p cross section is shown versus the photon–
proton centre-of-mass energy, W . This is a measurement which relies on only a modest luminosity and
will be dominated by systematic uncertainties. As can be seen from the expected VHEeP data, the
measurement is extended to energies well beyond the current data, into a region where the dependency
of the cross section is not known. Some models are also shown and they clearly differ from each other
at the high energies achievable at VHEeP. These data could also be useful in understanding more about
cosmic-ray physics as such collisions correspond to a 20 PeV photon on a fixed target.

The energy dependence of scattering cross sections for virtual photons on protons is also of funda-
mental interest, and its study at different virtuality is expected to bring insight into the processes leading
to the observed universal behaviour of cross sections at high energies. In deep inelastic scattering of elec-
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Fig. 9 Feynman representation of s-channel production of a lepto-
quark in ep collisions

range 105 < Q2 < 107 GeV2 was analysed and an upper
limit on Rq was determined by reweighting the known cross
section using Eq. 10 and performing a fit to the simulated
data using the BAT package [44]. The limits correspond to
68 % credibility upper limits where a flat prior was taken for
0 ≤ Rq < 5 × 10−19 m.

The extracted limit on Rq is Rq ≤ 1×10−19 m, which can
be compared with the 95 % Confidence Level limit extracted
from HERA data [43], Rq < 4×10−19 m. The limit extracted
from the HERA data was the result of a much fuller analy-
sis; it is expected that the limits from VHEeP would become
considerably stronger if lower Q2 data were included in the
analysis, but this would require a much more complete anal-
ysis using detailed information on systematic uncertainties.
The limit would also improve by about a factor 3 for a factor
10 increase in luminosity.

6.2 Leptoquark production

Electron–proton collisions are particularly sensitive to lepto-
quark production as the leptoquark is produced resonantly in
the s-channel. This is shown pictorially in Fig. 9, where an

electron and quark fuse, with a coupling λ. The leptoquark
subsequently decays to a lepton–quark system, again with
a coupling λ, and this effect can be searched for by recon-
structing the invariant mass of the final states or looking for
a resonant deviation from the Standard Model in the x dis-
tribution which is related to the mass of the leptoquark.

In this analysis, deep inelastic scattering events were gen-
erated with the Ariadne Monte Carlo programme and the
x distribution plotted. This is the same sample as used to
extract the limit on Rq , corresponding to a luminosity of
100 pb−1, with events up to about x ∼ 0.5, see Fig. 10a. Cuts
Q2 > 10 000 GeV2 and y > 0.1 were applied to enhance the
possible signal over background. A much larger independent
sample was generated, again using Ariadne, and used as
the Standard Model prediction, also shown in Fig. 10a. The
90 % probability upper limit on the number of signal events,
ν, above the Standard Model prediction was then extracted
based on this pseudo-data sample and is shown as a function
of the leptoquark mass in Fig. 10b.

In order to extract a signal or limit on leptoquark pro-
duction, the Standard Model prediction is convoluted with
the prediction for leptoquark production according to the
Buchmüller–Rückl–Wyler (BRW) model [45]. The Born-
level cross section for resonant s-channel leptoquark pro-
duction in the narrow-width approximation (NWA), σNWA,
is

σNWA = (J + 1)
π

4 s
λ2 q(x0,M2

LQ) (11)

where q(x0,M2
LQ) is the initial-state quark (or antiquark)

parton-density function in the proton for a Bjorken-x value
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Fig. 10 a Simulated deep inelastic scattering data with a luminosity
of 100 pb−1 (points) and the expectation, both generated with the Ari-
adne Monte Carlo programme with Q2 > 10 000 GeV2 and y > 0.1.

b Upper limits on the number of events, ν, and leptoquark coupling
parameter, λ, versus mass of the leptoquark, MLQ
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Figure 6: Physics reach of the Very High Energy electron-Proton collider (VHEeP). (Right) Measurement
of photon-proton cross sections versus the center of mass energy, extending the reach of HERA. (Left) Upper
limits on the number of events, ν, and leptoquark coupling parameter, λ, versus mass of the leptoquark,
MLQ [18].
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