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Outline

• The	principle	behind	AWAKE		

• Run	1	(2016-2018):	setup	and	experimental	results	

• Run	2	(2021+):	goals	and	milestones	

• Beyond	Run	2:	applications	to	high-energy	particle	physics
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Plasma	wakefield	acceleration,	with	a	proton	driver
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APS/Alan Stonebraker

1)	Laser	ionizes	gas,	forming	plasma	

2)	Proton	bunch	generates	wakefields	in	
the	plasma,	at	its	resonant	frequency		

3)	Micro-bunches	form,	since	plasma	
wavelength	is	smaller	than	proton	bunch	

4)	Proton	micro-bunches	act	coherently	to	
generate	wakefields	which	accelerate	and	
focus	electrons

http://alanstonebraker.com/
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Plasma	wakefield	acceleration,	with	a	proton	driver

• Why	plasma	instead	of	a	(superconducting)	RF	cavity?	
• Higher	fields:	can	sustain	more	MV/m,	leading	to	shorter	accelerators	
• Self-focusing:	plasma	provides	focusing	fields,	as	well	as	accelerating	

• Why	protons,	instead	of	electrons	or	lasers,	to	load	the	wakefields	in	the	plasma?	
• Highest	stored	energy	per	bunch	(SPS	and	LHC	:	20	and	300	kJ/bunch)	
• Can	use	existing	proton	beams	to	reach	the	energy	frontier	with	electrons!		
• No	need	for	“staging”	of	multiple	small	accelerators,	since	Ep	>>	Ee
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AWAKE	at	CERN

• AWAKE:	Advanced	Proton	Driven	Plasma	Wakefield	Acceleration	Experiment	
• Proof	of	principle	R&D	experiment	to	study	proton	driven	acceleration	
• 22	institutes,	>100	people.	Approved	in	2013,	electron	acceleration	in	2018	

•
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Experimental	setup
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1)	Laser	ionizes	Rb	vapor,	forming	a	plasma	
2)	Rb	plasma	creates	micro-bunches	in	the	proton	beam	
3)	Micro-bunched	proton	beam	excites	plasma	wakefields	
4)	Wakefields	accelerate	and	focus	electrons
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AWAKE	Run	1:	Milestone	#1

• 2016/2017:	SELF-MODULATION	
• First	seeded	self-modulation	of	a	high	energy	proton	bunch	in	plasma		
• Phase-stability	and	reproducibility	are	essential	for	electron	acceleration!	
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Phys.	Rev.	Lett.	122	(2019)	054801,	054802	
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AWAKE	Run	1:	Milestone	#2

• 2018:	ACCELERATION	(from	19	MeV	to	2GeV)	
• Inject	e-	and	accelerate	to	GeV	in	the	wakefield	driven	by	the	SPS	protons		
• Maximum	accelerated	charge	~100	pC	(~20%	of	injected)	
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AWAKE	Run	1:	…	and	a	broad	scientific	output

• Exploring	the	large	parameter	space	allowed	by	AWAKE	
• Characterize	experimental	setup	(laser,	e-	beam,	diagnostics)	
• Understand	how	self-modulation	starts	and	grows	
• Optimize	charge	and	energy	in	electron	acceleration	

• Recent	output	(2018-2020)	
• ≥	10	peer-reviewed	journal	papers	
• ≥	30	conference	presentations/proceedings	
• and	more	papers	in	preparation
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NEW:	higher	energy

NEW

NEW:	back-propagating

NEW:	density	step
~150	MeV

1st	plasma	cell:	self-modulation

2nd	plasma	cell:	acceleration

Accelerate	an	electron	beam	to	high	energy	(gradient	of	0.5-1GV/m)  
Preserve	electron	beam	quality	as	well	as	possible	(emiNance	preservaOon	at	10	mm	mrad	level)	 
Demonstrate	scalable	plasma	source	technology	(up	to	100	m	of	plasma)	

Goals:	

The	next	step:	AWAKE	Run	2
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AWAKE	Run	2:	milestones

1. Demonstrate	electron	seeding	of	self-modulation	in	1st	plasma	cell		
• Need	self-modulation	of	the	entire	proton	bunch  

2. Demonstrate	the	stabilization	of	the	micro-bunches	with	a	density	step	in	1st	plasma	cell	
• Show	levelling	of	strong	acceleration	field		

3. Demonstrate	electron	acceleration	and	emittance	preservation	in	2nd	plasma	cell	
• Simultaneous	energy	gain	and	good	emittance		

4. Develop	scalable	plasma	sources	
• Current	method	(laser	ionization)	cannot	support	O(100)	m	plasma	cells  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AWAKE	Run	2:	milestones

1. Demonstrate	electron	seeding	of	self-modulation	in	1st	plasma	cell		
• Need	self-modulation	of	the	entire	proton	bunch	before	entering	2nd	cell,	  
to	prevent	the	head	of	the	proton	beam	from	disrupting	the	wakefields		
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell

laser

gasplasma

proton beamself-modulated 
proton beam

laser

gasplasma

proton beam

proton beam electrons

laser

gasplasma

self-modulated proton beam
electrons

laser

gasplasma

AWAKE Run 1:

AWAKE Run 2: 

Why electron seeding: 

Run 1: Front-part of proton beam is not self-modulated 
Run 2: Æ This can cause issues when the proton beam enters into the second 
plasma source 
For Run 2:need fully self-modulated proton bunch
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AWAKE	Run	2:	milestones

2. Demonstrate	the	stabilization	of	the	micro-bunches	with	a	density	step	in	1st	plasma	cell
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Figure 3: The maximum wakefield amplitude versus the propagation distance
for the stepped-up and uniform plasmas for a simulation with an LHC bunch.
The step �ne is 1.6% [47]. The inset illustrates the change in the plasma density
profile at z = 3 m.

path to experimental verification of proton driven plasma wake-
field acceleration.

The parasitic instabilities could originate from shot noise,
which is very low for long beams [42], so the seed wakefield
does not have to be very strong either. A short electron bunch
[42], a powerful laser pulse [43], a sharp cut in the bunch
current profile [40, 44], or a relativistic ionization front co-
propagating within the drive bunch can seed the SMI quite
well. Analytical and numerical calculations, however, have
shown that bunches with long rise times (longer than or about
the plasma wavelength) do not produce stable bunch trains
[30, 38, 39]. A quantitative theory which would determine the
minimum acceptable seed strength is still missing. Available
theoretical studies are mainly focused on the linear stage of
the instabilities in the case of narrow beams with a constant
emittance [41, 45, 46]. However, this problem is not of a vital
importance now, since a su�cient seeding method was chosen
for the first experimental realization, which is a co-propagating
ionization front created by a short laser pulse (Fig. 2). In this
method, the forward part of the proton bunch freely propagates
in the neutral gas and does not contribute to wakefield forma-
tion. The plasma interacts with the rear part only (defined as
the part of the proton bunch coming after the laser pulse) and
this is identical in practice to a sharply cut bunch. This method
has an additional advantage of solving the problem of plasma
creation as well.

As a long-term prospect, acceleration of electrons in the
wake of a self-modulating 7 TeV LHC beam was also stud-
ied [47]. A test electron bunch was accelerated to 6 TeV, thus
proving the capability of the self-modulation scheme to reach
a multi-TeV energy scale with state-of-the-art proton beams.
The high energy gain is only possible in a longitudinally non-
uniform plasma with a small density step in the region of in-
stability growth [48]. The density step modifies the beam evo-
lution in such a way that the beam shape stops changing at the
moment of full microbunching [49]. Otherwise the beam self-
organization will not stop at microbunching and will proceed
to destroy the microbunches soon after the maximum field is
reached. The reason lies in the slow motion of the defocus-
ing field regions with respect to the bunch. The field evolution
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Figure 4: Calculated energy spectrometer images of the SPS proton beam with
and without the plasma [52].

for the stepped plasma profile is shown in Fig. 3 in compari-
son with the uniform plasma case for the LHC beam. With the
density step, the wakefield is preserved for a long distance at a
large fraction of the maximum amplitude. It is particularly re-
markable that long acceleration distances are possible without
additional focusing of the proton beam by external quadrupoles;
these were an essential part of the initial concept [15, 16]. The
addition of the plasma density step is thus considered a likely
upgrade of the AWAKE experiment.

5. Early outline of the experiment

Two beams of di↵erent energies were analyzed as possible
candidates for the first experiment on proton driven plasma
wakefield acceleration: a 24 GeV beam in the Proton Syn-
chrotron (PS) and 450 GeV beam in the SPS. At low ener-
gies (24 GeV), the excited fields turn out to be much lower be-
cause of the quick emittance-driven blowup of the beam radius
[47, 50]. Therefore the SPS proton beam was chosen. The
ten meter long plasma envisaged for the first experiment is too
short to produce a reliably measurable energy change of the
proton beam [51, 52] (Fig. 4). Therefore, injection of exter-
nally produced electrons becomes a must for probing the ex-
cited wakefields. With the addition of the electron beam, the
broad outlines of the experiment were settled, and the project
was proposed for realization at CERN in the Letter of Intent
[53], which was submitted to the SPS Committee in May 2011.
The experiment was recommended for further review, including
preparation of a Design Report.

The first version of the experimental layout is shown in
Fig. 5. The proton beam delivered from the SPS ring propa-
gates through the ⇠10 m long plasma cell, excites the wakefield,
and becomes modulated by this wakefield. The short laser pulse
propagates collinearly with the proton beam and serves the dual
function of creating the plasma and seeding the SMI. The elec-
tron bunch collinear with the proton beam is accelerated by
the wakefield and characterized with a magnetic spectrometer.
The proposed location for the experiment was the TT4/TT5 hall
(in the so called West Area) into which the 450 GeV beam is
transported through the TT61 tunnel. Studies underlying this
early stage of the project are documented in papers [47, 54] and
conference proceedings [51, 52, 55–58]. The main beam and
plasma parameters for the earliest vision of the experiment are
given in the first data column of Table 1.

4

• Self-modulation	can	eventually	destroy	the	beam,	due	to	phase	shifting			
• Simulations	show	we	can	“freeze”	the	micro-bunching	process	by	accurately	choosing	the	
plasma	density	profile

[A. Caldwell et al, Nucl.Instrum.Meth.A 829 (2016) 3-16]

Accelerating	Gradient	along	plasma
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AWAKE	Run	2:	milestones

3. Demonstrate	electron	acceleration	and	emittance	preservation	in	2nd	plasma	cell	
• 1:	Match	e-	beam	transverse	properties	to	the	plasma	entrance:	preserve	emittance		
• 2:	Blow	out	regime	(e-	density	>>	Rb	density):	linear	focusing,	ε	preservation	
• 3:	Beam	loading:	tune	the	charge/position	of	e-	beam	to	reach	small	δE/E
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spread as well as emittance growth, we consider a witness
beam matched to the plasma density. The matched beam
transverse size [29] is

σx;y;eb ¼
!
2c2ϵ2Nmeε0
npee2γ

"
1=4

: ð1Þ

We assume an initial normalized emittance of ϵN ¼ 2 μm.
This emittance is possible to produce with a standard
rf-injector, while at the same time yielding a sufficiently
narrow beam.
Beam loading by a short witness beam is sensitive to its

position relative to the electric field [30] as well as, at low
energy, to its dephasing with respect to the wakefields. To
eliminate dephasing of the witness beam, the initial beam
energy is set such that γeb ¼ γpb ¼ 426.3, giving an energy
of 217 MeV. A lower initial energy is likely to be sufficient
for AWAKE Run 2 injection.
Equation (1) yields a transverse size σx;y;eb of

5.25 μm, which is narrow compared to the drive beam
σx;y;pb ¼ 200 μm. The bunch length was set to σz ¼ 60 μm
based on earlier beam loading studies [22]. The charge is
adjusted to 100 pC for optimal beam loading, as discussed
in the next section. We refer to the defined drive beam and
witness beam parameter set as the base case. Figure 2
shows the two beams—the proton beam in blue, the trailing
electron beam in red, and the plasma electron density in
grey—from a QUICKPIC simulation of the initial time step,
for the base case parameters.

C. Simulation parameters

The relatively small size of the witness beam puts
constraints on the transverse grid cell size and number
in the simulations. We need a small size to resolve the

narrow electron beam, and a large number of grid cells to
resolve the much wider proton beam and its wakefields.
We use a transverse grid cell size of 1.17 μm, and of
2.34 μm for the longitudinal grid cells for the simulations
presented in Sec. III. The witness beam was simulated with
16.8 × 106 and the drive beam with 2.1 × 106 nonweighted
particles, and the plasma electrons with 1024 × 1024
weighted particles per transverse slice. Convergence checks
of the simulations were done with a grid size down to
0.51 μm and with up to 4096 × 4096 plasma electrons
per slice.

III. BEAM LOADING

Figure 3 shows the results of QUICKPIC simulations
of the initial time step for the base case parameters. The
Ez-field generated by the proton drive beam is seen as the
blue line, shown with and without the electron beam
present. With a proton beam density npb ≃ n0, the wake-
fields are in the quasilinear regime [8]. The dashed green
line in the lower part of Fig. 3 shows that the on-axis
plasma density has a depletion to 67%, close to what we see
in full scale reference simulations for AWAKE Run 2 [28].
The witness beam generates its own wakefield that loads

the Ez-field generated by the drive beam. With an ideally
shaped electron beam charge profile it is possible to
optimally load the field in such a way that the accelerating
field is constant along the beam [6,30]. Gaussian beams, as
assumed in these studies, cannot completely flatten the
electric field in the tails of the charge distribution, and our
base case beam therefore has a tail in energy both at the

FIG. 2. QuickPIC simulation results showing the initial time
step for the single proton drive beam and witness beam setup.
Plasma electron density is shown in grey with the drive beam
(blue) and the witness beam (red) superimposed. The line plot
indicates the transverse wakefield gradient dWx=dx where
Wx ¼ Ex − vbBy, evaluated along the beam axis. Beams move
to the left.
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FIG. 3. Top plot: Unloaded longitudinal electric field with no
witness beam (dashed blue line) and loaded field (whole blue
line) along the beam axis. The beam density along the axis for
both beams are shown in red. Bottom plot: Plasma densities along
the beam axis for a drive beam with no witness beam (dashed
green line), witness beam with no drive beam (dash-dotted green
line), and both beams present (continuous green line). The
position in the simulation box ξ ¼ z − tc, moving toward the
left. The plots show the initial time step.

EMITTANCE PRESERVATION OF AN ELECTRON … PHYS. REV. ACCEL. BEAMS 21, 011301 (2018)

011301-3

front and the back of the beam, as illustrated in Fig. 4. The
bulk of the beam, however, sees a relatively flat field.
The initial electron beam density is neb ≈ 35· n0. This

means that the witness beam’s own wakefield is in the fully
nonlinear regime, where the space charge force is sufficient
to blow out all plasma electrons, resulting in the formation
of a pure ion column (see Fig. 3, bottom). This ion column,
as is well known [7], provides a linear focusing force on the
part the electron beam within the column, and therefore
prevents emittance growth for this part of the beam. This
bubble and the focusing force is shown for our base case in
Fig. 2. The focusing field has a gradient of 20kT=m near
the beam axis, corresponding to the matched field gradient.
Figure 5 shows the slice emittance along the beam for the

base case, sampled after propagating through 0, 4, 40 and
100 m of plasma. We define emittance of a slice as
preserved if the growth is less than 5%, and ~Q as the
sum charge of the slices for which the emittance is
preserved. Simulation results show that ~Q=Q ¼ 73% of
the electron beam longitudinal slices retain their initial

emittance after the propagation in the plasma. The total
(projected) emittance of these slices combined is also
preserved. Emittance growth mainly occurs in the first
few metres, and no significant emittance growth is observed
after this for propagation lengths up to 100 m. The head of
the beam does not benefit from the full ion column
focusing, but since the proton beam creates a quasilinear
wake, the emittance of the head of the beam still stabilizes
after some time. For the 100 m simulation, the drive beam
energy was increased to 7 TeV (LHC energy) to prevent
dephasing, as dephasing starts to become a significant
effect for the SPS beam of 400 GeV after about 50 m.
So far we have considered a witness beam injected on the

axis of the proton beam. We now briefly examine the case
of injection of a witness beam with an offset with respect to
the proton beam axis. Since the witness beam creates its
own plasma bubble, the emittance of the part of the beam
inside that bubble is not affected by small transverse offsets
of the witness beam with respect to the proton beam axis.
This is illustrated in Fig. 5, right, for an electron beam
offset of one σx;eb. Emittance preservation for small offsets
is an added benefit of this accelerating regime, and may
ease transverse injection tolerances. The head of the beam
experiences a larger initial emittance growth than for the
on-axis case (compare Fig. 5, left, to Fig. 5, right).
However, also for the head of the beam the emittance
growth ends after the first few metres. Figure 6(a)–6(c)
show the phase space of the head of the electron beam after
0, 1.0 and 2.5 m, while Fig. 6(d)–6(f) show the phase space
of the trailing part of the beam. The centroid oscillations of
the head and the trailing part are shown in Fig. 6(g). This
effect of a transverse offset is greater for larger offsets as the
beam oscillates around the axis of the drive beam
wakefield.
The transverse beam size within the bubble, where

normalized emittance is preserved, follows the evolu-
tion given by Eq. (1); that is, evolves to stay matched.
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FIG. 4. Longitudinal phase space charge distribution of a
100 pC, 60μm long witness beam after 4 m of plasma. The
mean momentum is 1.67 GeV=c with an RMS energy spread of
87 MeV=c (5.2%) for the full beam.

FIG. 5. Beam density in blue along the beam axis for an on-axis beamwith respect to the drive beam axis (left), and an offset beam (right)
with an offset of one σx;eb ¼ 5.24μm in the x-plane—at four different positions z in the plasma stage. The red lines show amovingwindow
calculation of transverse normalised emittance. The moving window calculation uses longitudinal slices of l ¼ 4· Δξ ¼ 9.38 μm with a
step ofΔξ. Only sliceswithmore than100macro particles have been included. The plasmadensity profile is included in green, and scaledup
by a factor of 100 to be visible. These simulations were run with an LHC energy drive beam of 7 TeV.

OLSEN, ADLI, and MUGGLI PHYS. REV. ACCEL. BEAMS 21, 011301 (2018)

011301-4

[V.	K.	Berglyd	Olsen,	E.	Adli,	P.	Muggli,	Phys.	Rev.	Accel.	Beams	21,	011301	(2018)]

e-
p+



Giovanni	Zevi	Della	Porta,	CERN AWAKE	highlights	and	plans

AWAKE	Run	2:	milestones

4. Develop	scalable	plasma	sources	
• Current	method	(laser	ionization)	cannot	support	O(100)	m	plasma	cells	
• ‘Helicon’:	low-frequency	EM	wave	generated	by	RF	antennas		
• ‘Discharge’:	high-current	arc	in	plasma
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identical m=+1 half-turn helical antennas (lant=75 mm)
are equidistantly placed. Each of the antennas is fed by an
identical chain of rf generator and manual L-type capacitive
matching circuit. With each rf generator supplying up to
Prf=12 kW, a total power of typically Prf�27 kW can be
delivered into the system without arcing at the antennas. The
axial magnetic field required for helicon wave excitation is
created by five water-cooled copper coils, providing an on-
axis magnetic field up to Bz�116 mT for coil currents
Icoil�370 A as shown in figure 2(b). The working gas,
typically argon, is continuously pumped at one axial end and
fed into the system at the opposite axial end of the discharge
tube. For the presented measurements, no gas flow control or
pump limitation was implemented, but the gas flow was
manually adjusted at the inlet side for a constant fill pressure
in the range p0=(3K15) Pa. The discharge is operated in a
pulsed mode with f=10 Hz and 10% duty cycle to generate
fast (≈ μs) ramp-ups of the rf power while reducing the heat
load on the glass tube and antennas during high power
operation.

Chief diagnostic tool is a 2-pass CO2 laser interferometer
(λ=10.6 μm) measuring the radially line-integrated plasma
density at one axial location between two helicon antennas
(see figure 2). The complete plasma cell is mounted on four
electric lifting cylinders and can be vertically moved with
respect to the laser interferometer. This allows to measure the
line-integrated radial density profile on a pule-to-pulse basis,
which in turn is used to derive the radial density profile at the

location of the interferometer measurement assuming azi-
muthal symmetry of the discharge.

An important parameter for the use in PWA applications
is the axial density homogeneity. While no diagnostic means
are installed at PROMETHEUS-A to assess the axial density
distribution and thus no measurements are available, global
density gradients along the axis are unlikely due to the evenly
distributed power coupling with each antenna providing the
same amount of rf heating power to the plasma. Possible
inhomogeneities in the regions between the antennas are
thought to be controllable by adjusting the antenna spacing
and the local magnetic field. The investigation of the effec-
tiveness of these control parameters remains an open task
until the diagnostic possibilities are extended.

4. Results

4.1. Time-resolved density evolution

The evolution of the plasma density follows a very similar
form for all operating parameters. Figure 3 shows the first
1 ms of a number of measurements at different rf power
levels. Each of the lines represents the average time trace of
typically 10 individual discharges. The error bars indicate the
total variation of measured densities for Prf=4.5 kW and
Prf=27 kW. For all rf power levels, the plasma density
quickly rises to a peak value within a few 100 μs and
decreases to some steady-state density within the following
2 ms. One could speculate that this temporal variation of the
plasma density is related to the neutral gas fueling, the so-
called neutral pumping effect [51–54]. This aspect is subject
to further investigations. However, the reproducibility of the
peak density occurrence, which is important for PWA pur-
poses, can already be assessed.

In figure 4, the time of the peak density tpeak is shown
along with the peak width w98, defined as the time in which
the density is higher than 98% of the peak density, for the

Figure 2. (a) The 1 m long prototype module PROMETHEUS-A for
the plasma wakefield accelerator experiment AWAKE. The magn-
etic field coils are adjusted to produce a field as homogeneous as
possible, while providing access to the radial ports of the tube for
diagnostic purposes. The interferometer position at the leftmost port
is marked by a red beam. (b) Calculated magnetic field on-axis for
the highest available coil current. Measured values at two ports are
shown as red dots.

Figure 3. Evolution of line-integrated electron density within the first
1 ms of an rf pulse. Lines correspond to different rf power levels
between 4.5 and 27 kW. The error bars indicate the total variation of
the density in the vicinity of the indicated time step over typically 10
discharges.
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Helicon	results:	profile/density/timing	
in	line	with	AWAKE	requirements

lower hybrid frequency, which has been observed both
numerically and experimentally [33, 45, 56].

Following the power balance scheme from section 2, the
central plasma density should be monotonically increasing with
applied rf power. A comparison between the output of the
power balance (using a neutral gas pressure of p0=5 Pa and a
10mm wide flat-top density profile) and measured central
density is show in figure 9. The rf power values given here are
the total load power measured by the rf generators. The mea-
sured data show the same general trend as the power balance
and, within the error bars of the measurement, the match the
power balance calculation in a temperature range Te=(1.4K
1.7) eV. The low electron temperature obtained from this
comparison is consistent with the heating mechanism of helicon
waves via collisional wave power dissipation.

4.4. Peak density at optimal parameters

Combining the findings of the parameter scans, an optimized set
of operation parameters is determined and expected to yield the
highest achievable plasma density using the presented setup.

This set of parameters uses the highest available rf power
(Prf,set= 27 kW), a magnetic field strength for which the lower
hybrid frequency is far enough from the rf driving frequency
(Bz=106mT) and a neutral gas pressure for which the density
profile is still centrally peaked (p0=8 Pa). Figure 10 shows the
measured inverted density profile for this set of operation
parameters, along with the inverted model function. The mea-
sured densities reach ne,meas=(6.96±0.38)× 1020m−3,
while the fitted model function yields a central density of
ne,model=6. 83× 1020 m−3. The AWAKE design density of
7× 1020 m−3 is therefore achievable with the given operational
parameters, with the innermost 10 mm of the plasma radius still
exceeding a value of 6.5× 1020m−3.

5. Summary and Conclusions

In the new high power, high density helicon discharge PRO-
METHEUS-A, plasma densities up to ne≈7× 1020 m−3 have
to our knowledge been achieved for the first time in a helicon
discharge. The rf heating power needed to reach this density
is in good agreement with a power and particle balance
calculation, which yields low electron temperatures around
Te=1.5 eV when compared with measurements. Scans of the
operational parameters, which are the neutral gas fill pressure,
the magnetic field strength and the rf power fed into the system,
show a robust shape of the radial plasma density profile. A
significant deviation from a centrally peaked profile is observed
only at very high neutral gas pressures, while a variation of the
remaining operational parameters lead to only slight variations
in the width of the profile. The time-resolved density evolution
in this experiment shows a distinct peak of the density within
the first few 100μs, with a jitter well below the width of the
peak where the density exceeds 98% of the peak density value.
In combination with the modular approach towards a scalable

Figure 8. Scaling of the central electron density with magnetic field
strength for two different rf power levels. The black dashed line
indicates the magnetic field Bz=130.8 mT at which the lower
hybrid frequency matches the rf frequency of 13.56 MHz at an
electron density ne=6× 1020 m−3. Data are taken at p0=5 Pa and
Bz=116 mT.

Figure 9. Scaling of the central electron density with total rf power.
The shaded area indicates the density region the power balance
predicts for an initial gas pressure of p0=5 Pa and a flat-top density
profile with 10 mm radius within the boundary of the electron
temperature values shown.

Figure 10. Density profile at p0=5 Pa, Bz=106 mT, and
Prf,set=27 kW. Blue dots are measured values mapped to local
densities using the parabolic model function for line-integrated
values. The black dashed line marks the inverted model function,
and the gray dotted lines mark the design density,
ne=7× 1020 m−3, and a slightly lower density of
ne=6.5× 1020 m−3, which is exceeded by the inner 10 mm of the
plasma radius.
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Helicon	design
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Roadmap	for	Particle	Physics	Applications

• The	AWAKE	scheme	can	provide	high-energy	(>	50	GeV)	high-charge	electron	bunches	
• Switch	from	R&D	to	particle	physics	experiments!	

• Step	1:	produce	e-	bunches	for	fixed	target	experiments	(standalone,	least	stringent)	
• Build	upon	AWAKE	Run	2,	extend	plasma	from	10	m	to	~100	m	
• Physics:	dark	photons,	strong-field	QED,	…	

• Step	2:	re-inject	electron	beam	for	e-p	(or	e-ion)	collisions	
• Move	AWAKE	on	a	transfer	line	feeding	back	into	the	LHC,	use	SPS	or	LHC	protons	
• Physics:	explore	proton/ion	structure,	pγ	cross	section,	leptoquarks,	…	

• And	beyond:	e+e-,	polarized	beams,	muons,	…

�16

Active	participation	in	Physics	Beyond	Colliders	workshop	and	European	Strategy	Update	
• arXiv:1812.11164,	arXiv:1812.08550,	CERN-PBC-REPORT-2018-005	and	007

https://arxiv.org/abs/1812.11164
https://arxiv.org/abs/1812.08550
https://indico.cern.ch/event/765096/contributions/3295665/
https://cds.cern.ch/record/2652223
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Step	1:	produce	e-	bunches	for	fixed	target	experiments

• Fixed	target	requirements:	energy	&	flux	important,	relaxed	emittance	
• Simulations	show	parameter	ranges	for	SPS-based	beams	
• Energy	and	electrons	on	target	competitive	with	state-of-the-art

�17

Reference:	NA64	experiment	@	CERN	
• 100	GeV	
• 3x1012	electrons	for	entire	lifetime

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 2µs, to the SPS. Some RF
manipulation would need to be performed to equally space the proton bunches around the 23µs 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 ⇠ 8µs, 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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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 450GeV 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
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Step	1:	produce	e-	bunches	for	fixed	target	experiments

• Significant	extension	in	physics	reach	using	an	AWAKE-like	electron	beam
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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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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].

– 82 –

[A. Hartin, IJMP A33 1830011 (2018), M. Altarelli et al. arXiv:1905.00059]
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Step	2:	re-inject	electron	beam	for	e-p	(or	e-ion)	collisions

�19

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.
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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).

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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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]
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Figure 8. Measurements (open points) of ��p versus W for 0.25 < Q2 <
120GeV2 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 = 1GeV2 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 = 0.045GeV2, 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 = 9TeV 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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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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Expected	Nbackground	events	after	  
signal	selection	(Q2	and	y	cuts)

Upper	limit	on		Nsignal	events	ν		
and	coupling	λ
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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.
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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
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Conclusions

• AWAKE	Run	1	proved	that	we	can	accelerate	electrons	using	protons	
• self	modulation	of	a	long	proton	beam	is	the	key	

• AWAKE	Run	2	aims	at	higher	energy	and	beam	quality	
• and	scalable	plasma	sources	up	to	100	m	

• Next:	from	accelerator	R&D	to	particle	physics	experiments	
• Explored	a	few	examples	for	fixed	target	and	electron-proton	collisions	
• Still	many	open	opportunities	(ion-driven	acceleration,	muon	acceleration,	…)
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Some	recent	papers	(2019,	2020)
• Experimental	setup	

• A	magnetic	spectrometer	to	measure	electron	bunches	accelerated	at	AWAKE,	Nucl.	Instrum.	Methods	Phys.	Res.,	A	940	(2019)	103-108	

• Commissioning	of	the	electron	injector	for	the	AWAKE	experiment,	Nucl.	Instrum.	Methods	Phys.	Res.,	A	953	(2020)	163194	

• Electron	Beam	Characterization	with	Beam	Loss	Monitors	in	AWAKE,	Phys.	Rev.	Accel.	Beams.	23	(2020)	032803	

• Online	Multi-Objective	Particle	Accelerator	Optimization	of	the	AWAKE	Electron	Beam	Line	for	Simultaneous	Emittance	and	Orbit	Control,	AIP	Adv.	10	(2020)	055320	

• Understanding	self-modulation	

• Experimental	observation	of	proton	bunch	modulation	in	a	plasma,	at	varying	plasma	densities,	Phys.	Rev.	Lett.	122	(2019)	054802	

• Experimental	observation	of	plasma	wakefield	growth	driven	by	the	seeded	self-modulation	of	a	proton	bunch,	Phys.	Rev.	Lett.	122,	054802	(2019)	

• Evolution	of	a	plasma	column	measured	through	modulation	of	a	high-energy	proton	beam,	arXiv:2006.09991	

• Understanding	electron	acceleration	

• Acceleration	of	electrons	in	the	plasma	wakefield	of	a	proton	bunch,	Nature	561,	363	(2018)		

• Transformer	ratio	saturation	in	a	beam-driven	wakefield	accelerator,	Phys.	Plasmas	22	(2015)	123113	

• Experimental	Study	of	Wakefields	Driven	by	a	Self-Modulating	Proton	Bunch	in	Plasma,		accepted	Phys.	Rev.	Accel.	Beams,	arXiv:2005.05277	

• Looking	into	the	future			

• Emittance	preservation	of	an	electron	beam	in	a	loaded	quasilinear	plasma	wakefield,	Phys.	Rev.	Accel.	Beams	21,	011301	

• Particle	physics	applications	of	the	AWAKE	acceleration	scheme,	CERN-PBC-REPORT-2018-004	(European	Strategy	Input)	

• AWAKE++:	The	AWAKE	Acceleration	Scheme	for	New	Particle	Physics	Experiments	at	CERN,	CERN-PBC-REPORT-2018-005	(European	Strategy	Input)	

• AWAKE:	On	the	path	to	particle	physics	applications,	arXiv:1812.08550	(European	Strategy	Input)	

• And	many	more	conference	proceedings	and	analyses	in	progress
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