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Plasma	wakefield	acceleration,	with	a	proton	driver

4

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	
(self-modula9on	process)	

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

http://alanstonebraker.com/


Giovanni	Zevi	Della	Porta,	CERN Intro	to	AWAKE	Run	1	and	Run	2

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	

• Metallic	structures	of	RF	accelerators	break	down	at	around	100	MV/m	
• Self-focusing:	plasma	can	provide	focusing	fields,	as	well	as	accelerating	

• Plasma	wakefield	acceleration	has	been	studied	since	the	80’s,	but	never	with	protons	
• Proton	beams	are	rare,	and	the	existing	ones	are	very	long,	requiring	self-modulation	to	scale	their	
size	down	to	the	plasma	wavelength	
• AWAKE	is	the	only	experiment	exploring	this	possibility	

• 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)	
• No	need	for	“staging”	of	multiple	small	accelerators,	since	Ep	>>	Ee	
• We	can	use	existing	proton	beams	to	reach	the	energy	frontier	with	electrons!		

• Simulations:	SPS	p+	(450	GeV)	can	lead	to	200	GeV	e-.	LHC	p+	can	yield	to	3	TeV	e-
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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	
• 23	institutes,	>100	people.	Approved	in	2013,	electron	acceleration	in	2018	

•

6

AWAKESPS



Giovanni	Zevi	Della	Porta,	CERN Intro	to	AWAKE	Run	1	and	Run	2

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!	
• —>	SPS	BUNCH	CAN	BE	USED	FOR	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:	a	broad	scientific	output

• Explore	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	(2018-2022)	
• ≥	12	peer-reviewed	journal	papers	by	the	AWAKE	Collaboration	
• ≥	30	peer-reviewed	journal	papers	by	subsets	of	AWAKE	authors	
• ≥	30	conference	presentations/proceedings	
• ≥	7	Master	or	PhD	theses
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The	next	step:	AWAKE	Run	2

11

~150	MeV

Accelerate	an	electron	beam	to	high	energy	(gradient	of	0.5-1GV/m)	

Preserve	electron	beam	quality	as	well	as	possible	(emiqance	preservaron	at	10	mm	mrad	level)		

Demonstrate	scalable	plasma	source	technology	(up	to	100	m	of	plasma)	

RUN	2	GOALS:

Demonstrate the possibility to use the AWAKE scheme for high energy physics applications
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AWAKE	Run	2:	Phases

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

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

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

d. Develop	scalable	plasma	sources	
• Current	method	(laser	ionization)	cannot	support	O(100)	m	plasma	cells	

12



Giovanni	Zevi	Della	Porta,	CERN Intro	to	AWAKE	Run	1	and	Run	2

Run	2a:	self-modulation	of	entire	bunch

a. 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		

13

6

Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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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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Run	2b:	wakefields	preservation

b. 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			
• Simulations	predict	that	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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Run	2c:	beam	quality

c. 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 20 kT=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, 60 μm 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 5.24 μm 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)]
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Run	2d:	longer	plasma

d. Develop	scalable	plasma	sources	
• Current	method	(laser	ionization)	cannot	support	O(100)	m	plasma	cells	needed	for	O(100)	GeV	
• ‘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)× 1020m−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

[N. C. Lopes, Z. Najmudin, et al. CALIFES Workshop 2016]



Giovanni	Zevi	Della	Porta,	CERN Intro	to	AWAKE	Run	1	and	Run	2

Run	2	schedule
• In	November	2021,	Cost	and	Schedule	for	Run	2	were	presented	to	a	review	panel	

• Run	2	program	designed	around	injector	schedule,	with	protons	≤	2024	and	≥2028	
• Run	2	program	requires	emptying	the	CNGS	tunnel	to	make	room	for	equipment

17

CERN AWAKE Cost & Schedule Review, 18 Nov. 2021 16

Density step 
vapor source 
design ready
(April 2022)

All services 
installed

(Feb. 2027)

All equipment 
installed

(Nov. 2027)

Proton beam 
needed

(March 2028)

Start of 
operation

(May 2028)

Start equipment 
installation
(Nov. 2026)

Decision scalable plasma 
source in Run 2c

(Oct 2024)

Present budget

AWAKE Run 2 Global Schedule with Milestones
Run 2a and Run 2b Run 2cCNGS 

Dismantling

Î See Eloise Guran’s talk
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Outline
• Introduction	to	AWAKE	

• Run	1	achievements	
• Plan	for	Run	2	

• Run	2	preparation	during	the	Long	Shutdown	2	(2019-2020)	
• Laser	ionization	and	plasma	formation	
• Electron	Beam:	human	and	machine	learning	
• Electron	seeding	in	plasma:	preparation	for	Run	2a		
• Performance:	Alignment	and	Data	Quality	

• The	2021	proton	run	
• Run	2a	(2021-2022)	physics	goals	
• Preliminary	results		

• What’s	next?		
• 2022	proton	run	goals	
• Beyond	Run	2:	physics	applications
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Giovanni	Zevi	Della	Porta,	CERN Long	Shutdown	2

Long	Shutdown	2:	AWAKE	without	protons
• The	2019-2021	years	were	extremely	active,	both	in	the	AWAKE	tunnel	and	on	the	surface	

• I	will	focus	on	work	in	AWAKE/TAG41:	20	weeks	of	electron/laser	beam	in	2020,	11	weeks	in	2021	
• Laser/Rubidium	studies	to	improve	the	model	of	plasma	formation	
• Electron	beam	studies	to	improve	reproducibility,	optics,	trajectory	and	to	test	Machine	Learning	
• Electrons-in-plasma	studies	to	understand	the	electron-seeding	process	

• I	will	leave	out	all	the	studies,	simulations	and	prototyping	dedicated	to	the	preparation	for	Run	2b/c/d:	
• Simulations	to	determine	proton	and	electron	beam	parameters	for	Run	2c	
• Prototype	of	Run	2c	electron	gun	and	X-band	in	CTF2	
• Design	of	Run	2c	laser,	electron,	proton	lines	
• R&D	on	scalable	plasma	sources	
• Prototype	for	Run	2b	plasma	cell	in	EHN1	
• Tests	at	CLEAR	of	in-vapor	diagnostics,	high-frequency	BPMs,	bunch-length	measurements	with	EOS
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AWAKE Highlights until 2021

Milestone 2: Electrons 
accelerated to 2 GeV

AWAKE Collaboration, Nature 561, 363ʹ367 (2018) 

Milestone 1: SSM Process is reproducible, reliable and stable

AWAKE Collaboration,  Phys. Rev. Lett. 122, 054802 (2019).
M. Turner et al. (AWAKE Collaboration), Phys. Rev. Lett. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Accel. Beams 23, 081302 (2020)
F. Braunmueller, T. Nechaeva et al. (AWAKE Collaboration), Phys. Rev. Lett. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collaboration), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Lett. vol 126, 164802 (2021)

Run 2a: electron-seeded SSM 
of the entire proton bunch

G.�Zevi�Della�Porta,�for�the�AWAKE�Collaboration� Run�2a�performance�and�preliminary�results

Second�run�(August�23,�3�weeks)

� Study�self-modulation�dependence�on:�
� electron�bunch�charge,�i.e.�seed�wakefield�amplitude�
� proton�bunch�charge,�i.e.�self-modulation�growth�rate�

9

1.5⋅1011 ppb 2.0⋅1011 ppb 2.5⋅1011 ppb 3.0⋅1011 ppb1.0⋅1011 ppb

21.09.2021 L. Verra, for the AWAKE collaboration 34

The microbunch train carry information about 
the whole history of the propagation in plasma

Variation of the proton bunch charge density

electron bunch charge Q = 220 pC
npe = 1⋅1014 cm-3

Larger proton bunch charge density  à larger growth 
à microbunch train starts earlier
à widening of the microbunches

*All�images�are�sums�of�O(10)�events

Proton�bunch,�210�ps�scale�(plasma�and�electron�seed).�Different�proton�bunch�charges
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell

laser
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proton beamself-modulated 
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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: This can cause issues when the proton beam enters into the second 
plasma source 
For Run 2:need fully self-modulated proton bunch

Preliminary�[L.�Verra]Preliminary, L. Verra

09.11.21 Livio Verra 24

Electron bunch drives wakefields

plasma
10 m

electron bunch

spectrometer
screen

plasma OFF

plasma ON

npe = 1⋅1014 cm-3

Q = 220 pC
" x = 0.2 mm
" t = 5 ps

The electron bunch evolves in plasma
� transverse pinching à large initial wakefields
� energy loss à dephasing à amplitude decreases

Transverse wakefields
behind the seed bunch

(K.-J. Moon/UNIST)
FBPIC simulation parameters:  npe = 2⋅1014 cm-3

" x = 0.2 mm
L. Verra et al., 47th EPS Conference on Plasma Physics (2021), P3.2011 

LS2: electron deceleration in 
plasma (seed wakefields)

Running the AWAKE facility: LS2 and Run 2a 
Æ 20 weeks of beam in 2020, 18 weeks in 2021 (7 with protons)

• Laser/Plasma studies [1]. Electron optics/trajectory/ML/reproducibility [2, 3]

• Electron/plasma studies [4, 5]: prepare electron seeding of self-modulation

• ***Electron-seeded self-modulation [6]: key objective of Run 2a, required for Run 2c***

• Supported by continuous maintenance and upgrades:

• Trigger/Timing/Oscillator improvements for RF stability and RF/Laser locking

• In-vapor diagnostics to improve e/p/laser alignment

• RF and Laser support, optics improvements 

[1] G. Demeter et al., Phys. Rev. A 104, 033506 (2021)
[2] V. Kain et al, Phys. Rev. Accel. Beams 23, 124801  (2020)
[3] A. Scheinker et al, AIP Advances 10, 055320 (2020)

[4] L. Verra et al., EPS2021, http://ocs.ciemat.es/EPS2021PAP/pdf/P3.2011.pdf
[5] G. Zevi Della Porta et al., IPAC2021, https://accelconf.web.cern.ch/ipac2021/papers/tupab160.pdf
[6] L. Verra, EAAC2021, https://agenda.infn.it/event/24374/timetable/?view=standard#16-awake-update-and-electron-b

Photo © Julien Ordan 
/ CERN

1 m helicon plasma cell from IPP-Greifswald @ CERN
1m Helicon plasma

Preparing Run 2b and 2c

Æ Studies and Prototyping
• BI: tests at CLEAR of in-vapor diagnostics, high-frequency BPMs, bunch-length measurement with EOS

• RF: prototype of Run 2c electron gun and X-band in CTF2

• Laser: design of Run 2c lines

• Scalable plasma source R&D

• EHN1 test area

EHN1 test areae-gun prototype

• Simulations

Î Lots of high-level publications: https://twiki.cern.ch/twiki/bin/view/AWAKE/AwakePublic
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plasma (seed wakefields)

Running the AWAKE facility: LS2 and Run 2a 
Æ 20 weeks of beam in 2020, 18 weeks in 2021 (7 with protons)

• Laser/Plasma studies [1]. Electron optics/trajectory/ML/reproducibility [2, 3]

• Electron/plasma studies [4, 5]: prepare electron seeding of self-modulation

• ***Electron-seeded self-modulation [6]: key objective of Run 2a, required for Run 2c***

• Supported by continuous maintenance and upgrades:

• Trigger/Timing/Oscillator improvements for RF stability and RF/Laser locking

• In-vapor diagnostics to improve e/p/laser alignment

• RF and Laser support, optics improvements 

[1] G. Demeter et al., Phys. Rev. A 104, 033506 (2021)
[2] V. Kain et al, Phys. Rev. Accel. Beams 23, 124801  (2020)
[3] A. Scheinker et al, AIP Advances 10, 055320 (2020)
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Preparing Run 2b and 2c

Æ Studies and Prototyping
• BI: tests at CLEAR of in-vapor diagnostics, high-frequency BPMs, bunch-length measurement with EOS

• RF: prototype of Run 2c electron gun and X-band in CTF2

• Laser: design of Run 2c lines

• Scalable plasma source R&D

• EHN1 test area

EHN1 test areae-gun prototype

• Simulations

Î Lots of high-level publications: https://twiki.cern.ch/twiki/bin/view/AWAKE/AwakePublic
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Present budget

Run 2b: Demonstrate Stabilization of Micro-Bunches with a Density Step
Î Design and install new plasma cell (SSM source)

22

MPP Munich, P. Muggli, J. Pucek, WDL, R. Speroni

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Zone 1 Zone 2
Zone 3

Zone 4 Zone 5

Prototype setup in test stand in EHN1!
System connected to Siemens control system
Good results for performance and control

Run	2b	plasma	cell	prototype
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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Laser	studies	of	plasma	channel	formation

20

3

performed with residual rubidium vapor. The vapor has
a negligible influence on the laser beam profile in this
case.

FIG. 1. Sketch of the experimental setup. Ein and Eout are
the input and output energy meters, respectively. Cameras
in the virtual laser line correspond to the vapor chamber en-
trance (C1), center (C2) and exit (C3). Transmitted light
distribution is detected by the picko↵ camera after the imag-
ing telescope (T). Images below the cameras are illustrative
images from a single pulse measurement. Optical paths are
not drawn to scale, the optical path from the final focusing
telescope of the Ti:Sa laser to the vapor source entrance (and
the C1 camera) is ⇡40 m.

B. Measurements and observations

The properties of the laser pulses were measured af-
ter propagating along the vapor source as a function
of Ein at three di↵erent values of vapor density N =
1.87 · 1014 cm�3, N = 4.895 · 1014 cm�3, and N =
6.6 · 1014 cm�3 - these values correspond to the ones
used in the wakefield experiments. The transverse en-
ergy distributions (fluence profiles) at the three cameras
of the virtual laser line (C1, C2 and C3) and that of
the transmitted pulse (picko↵ camera) were recorded,
along with the corresponding values of Ein and Eout.
Width parameters to characterize the overall transverse
size of the fluence profiles F(x, y) were then calculated
for each image by function fits to the measured distri-
butions. The nonlinear least-squares problem was solved
by a Trust Region Reflective algorithm contained in the
scipy.optimize package, implemented in Python [27].
For comparison with the numerical calculations, an ax-
isymmetric Gaussian distribution G = A0 exp(�2((x �
x0)2 + (y � y0)2)/�2) + C was used in the fit to approx-
imate F(x, y) and obtain a single � width parameter.
Peak fluence Fmax was calculated from the maximum
pixel count of the images after background deduction.

An example of the information obtained after pro-
cessing the data can be seen on Fig. 2, created from

N = 6.6 · 1014 cm�3 vapor density shots. Values of �
calculated for individual shots have been binned with
respect to input energy and bin averages plotted with
asymmetric error bars showing the standard deviation of
data below and above the mean separately. Individual
bins typically contain the data of 20-40 individual shots,
with a few between 10-20 shots or 40-54 shots. The last
three data points (Ein > 112 mJ) represent bins of 2-4
shots only. Insets depict camera images of the transmit-
ted pulse for a few selected shots with arrows pointing
to the region of input energy from where they were se-
lected. They can be considered ’typical’ images for the
given region, that are representative of the transmitted
laser beam transverse shapes. In addition, a single in-
set depicts the image recorded by the virtual exit camera
(C3), drawn to the same spatial scale as insets depicting
picko↵ camera images, so laser pulse transverse size can
be compared.

FIG. 2. Width parameter � from Gaussian fit for transmitted
laser pulses, N = 6.6 · 1014cm�3. Mean values of binned data
shown with asymmetric standard deviation indicated. Insets
depict picko↵ camera images for selected shots with: a) Ein =
15.6 mJ, b)-d) Ein = 26 mJ, e) Ein = 38 mJ and f) Ein =
100 mJ, each also marked by the arrows. Aspect ratio of the
insets corresponds to the detector physical aspect ratio, color
coding of individual images are unique, scaled to individual
image maxima. Inset g) depicts the virtual exit camera image
(C3) for Ein = 38 mJ, drawn to the same spatial scale.

Figure 3 depicts a) the same transmitted pulse �, to-
gether with the � parameter of the virtual exit camera
for reference and b) the transmitted pulse Eout and the
peak fluence Fmax. The curves were created by binning
the data of individual shots, markers show the bin mean
and error bars correspond to the error of the mean. Sev-
eral distinct regions are visible with respect to Ein, sep-
arated by dotted vertical lines drawn to guide the eye.
For the lowest values of Ein, laser pulses are broadened
in the transverse plane (see also insets a) and g) of Fig.
2) with very low energy. In this region almost all of the
energy is absorbed by the rubidium vapor, only frequency
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bins typically contain the data of 20-40 individual shots,
with a few between 10-20 shots or 40-54 shots. The last
three data points (Ein > 112 mJ) represent bins of 2-4
shots only. Insets depict camera images of the transmit-
ted pulse for a few selected shots with arrows pointing
to the region of input energy from where they were se-
lected. They can be considered ’typical’ images for the
given region, that are representative of the transmitted
laser beam transverse shapes. In addition, a single in-
set depicts the image recorded by the virtual exit camera
(C3), drawn to the same spatial scale as insets depicting
picko↵ camera images, so laser pulse transverse size can
be compared.

FIG. 2. Width parameter � from Gaussian fit for transmitted
laser pulses, N = 6.6 · 1014cm�3. Mean values of binned data
shown with asymmetric standard deviation indicated. Insets
depict picko↵ camera images for selected shots with: a) Ein =
15.6 mJ, b)-d) Ein = 26 mJ, e) Ein = 38 mJ and f) Ein =
100 mJ, each also marked by the arrows. Aspect ratio of the
insets corresponds to the detector physical aspect ratio, color
coding of individual images are unique, scaled to individual
image maxima. Inset g) depicts the virtual exit camera image
(C3) for Ein = 38 mJ, drawn to the same spatial scale.

Figure 3 depicts a) the same transmitted pulse �, to-
gether with the � parameter of the virtual exit camera
for reference and b) the transmitted pulse Eout and the
peak fluence Fmax. The curves were created by binning
the data of individual shots, markers show the bin mean
and error bars correspond to the error of the mean. Sev-
eral distinct regions are visible with respect to Ein, sep-
arated by dotted vertical lines drawn to guide the eye.
For the lowest values of Ein, laser pulses are broadened
in the transverse plane (see also insets a) and g) of Fig.
2) with very low energy. In this region almost all of the
energy is absorbed by the rubidium vapor, only frequency
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components su�ciently far from the resonance frequency
of the D2 transition may be transmitted. We will call
this region the sub-threshold domain, labeled by ‘ST’ on
Fig. 3. The next region shows a steep decrease of the
average beam width, accompanied by large fluctuations,
the deviations from the mean are very asymmetric. This
is caused by a ‘mixture’ of output beam profiles, broad,
low amplitude pulses may appear randomly as well as
very sharp, narrow pulses as seen on Fig. 2, insets b)-
d). Narrow pulses appear only rarely initially and they
appear more and more often as Ein increases. Corre-
spondingly, the probability that the transmitted pulse
will be a broad, low amplitude one, decreases. Occa-
sionally, traces of multiple sharp maxima appear on the
transmitted pulse image as seen on Fig. 2, inset c). We
will call this region the breakthrough domain, labeled by
‘B’ on Fig. 3, which also shows that the sub-threshold
and breakthrough domains are characterized by practi-
cally zero Eout and Fmax.

Above the breakthrough domain, for a substantial in-
terval of Ein the transmitted pulse � does not signifi-
cantly increase, but Fmax grows sharply and Eout also
starts to increase. The transmitted beam shape is also
much more axisymmetric (inset e) of Fig. 2) than the
somewhat elongated, elliptical wide beams in the sub-
threshold domain. We will call this region the confined
beam domain, labeled by ‘CB’ on Fig. 3. Finally, above
this domain the output beam starts to broaden again (in-
set f) of Fig. 2), Eout starts increasing substantially and
the rate at which Fmax grows decreases (Fig. 3 b) ). The
transmitted beam width converges slowly to the original
beam width observed on the virtual exit camera, suggest-
ing that as the medium nonlinearity is saturated by full
ionization, the e↵ect on the propagating pulse becomes
less and less (Fig. 3 a) ). We will call this region the
asymptotic transparency domain, labeled by ‘AT’ on Fig.
3.

Figure 4 depicts the same plots for N = 4.895 ·
1014 cm�3 vapor density. The region of the confined
beam domain is shorter here and evidently the sub-
threshold domain is not captured by the data set. Con-
vergence to the original beam width is faster for large
energies. The minimum transmitted beam width ob-
served (at the start of the confined beam domain) is
� = 0.633±0.009 mm for N = 6.6 ·1014cm�3 vapor den-
sity and � = 0.677± 0.007 mm for N = 4.895 · 1014cm�3

vapor density. For the lowest vapor density measure-
ments N = 1.87 · 1014cm�3 the systematic changes de-
scribed above are not captured by the dataset, but in-
stead there is a rapid early transition to the asymptotic
transparency regime (see Fig. 7 a) ).

III. THEORETICAL FRAMEWORK

A theory for calculating the long-range propagation of
ultrashort, ionizing laser pulses in rubidium vapor under
the specific condition when the laser frequency is reso-

FIG. 3. a) Width parameter � for transmitted pulse and vir-
tual exit camera image as a function of input pulse energy
for N = 6.6 · 1014cm�3 vapor density shots. b) Transmitted
laser pulse energy (left axis) and peak fluence (right axis).
The points depict averages of binned data, error bars mark
the error of the mean. Vertical dotted lines mark the ap-
proximate domain boundaries, which are labeled as: ‘ST’ for
sub-threshold domain, ‘B’ for breakthrough domain, ‘CB’ for
confined beam domain and ‘AT’ for asymptotic transparency
domain.

nant with an atomic transition from the ground state
has recently been developed [23]. This theory is substan-
tially di↵erent from the approach usually used for cal-
culating the propagation of intense laser pulses in atmo-
spheric gases where ionization and laser pulse filamenta-
tion can be observed. In this case, laser pulses are intense
enough to ionize via multiphoton or tunnel ionization di-
rectly from the ground state (Imax & TW/cm2), but
the atomic response has a major contribution from Rabi-
oscillation type transitions on single photon resonances.
Here we present only a very concise account of the theory
we use, as it is almost the same as the one presented in
[23] in greater detail.

We consider the propagation along the z direction of
a linearly polarized laser pulse in the paraxial approxi-
mation, assuming axial symmetry - we denote the single
transverse coordinate with r. We separate the central
frequency of the laser !0 = k0c from the electric field
in the form E(r, z, t) = 1

2E(r, z, t) exp(ik0z � !0t) + c.c.
(E(r, z, t) is a complex envelope function) and do the
same for medium polarization terms P(r, z, t), R(r, z, t)
and Q(r, z, t) to be defined later. Transforming from
(r, z, t) to a new reference frame (r, ⇠, ⌧) with ⇠ = z and
⌧ = t � z/c, we write the propagation equation for the
time Fourier transform of the complex envelope func-
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FIG. 4. Plot identical to Fig. 3 forN = 4.895·1014cm�3 vapor
density shots. The sub-threshold domain is not captured by
the dataset.

tion Ẽ(r, ⇠,!) = F{E(r, ⇠, ⌧)} (where F{. } denotes the
time-Fourier transform). We employ the Slowly Evolv-
ing Wave Approximation (SEWA) [28, 29] that allows the
treatment of ultrashort pulses and sharp leading edges
that may develop to arrive at the propagation equation:

@⇠Ẽ =
i

2k
r2

?Ẽ + i
k

2✏0
P̃

� ⌘0~!0NQ̃� ik

2

e2N
✏0me(!0 + !)2

R̃
(1)

Here e,me are the elementary charge and electron mass,
✏0, ⌘0 the vacuum permittivity and impedance and k =
(!0 + !)/c is the wavenumber. The first term on the
right-handside of Eq. 1 is due to di↵raction, while the
other three are due to the medium as detailed below.

To calculate the medium response to the laser field,
we employ a simplified atomic model that takes into ac-
count resonant atomic transitions as well as multipho-
ton or tunnel ionization. The model uses the ground
state and the three excited states that are accessible
from the ground state via resonant transitions with wave-
lengths within the bandwidth of the laser light, denoted
by |ji, j 2 {1, 4}, shown in Fig. 5. We define the atomic
state | i using probability amplitudes on the |ji basis
with some convenient phases as:

| (t)i =a1(t)e
�i(!2�!0)t|1i+ a2(t)e

�i!2t|2i
a3(t)e

�i(!2+!0)t|3i+ a4(t)e
�i(!2+!0)t|4i

(2)

where ~!2 is the energy di↵erence between the 5S1/2
ground state and the 5P3/2 first excited state. Using

|1

|2

|3 |43/25D

3/2

780 nm

775.8 nm

Γ Γ

Γ

1/25S

5P

5/25D

1

3 4

775.9 nm

Γ2

a)

FIG. 5. a) Electronic levels of the rubidium atom that are
included in the model and their numbering. Three excited
states are resonantly accessible from the ground state, ioniza-
tion leads to level loss from each of the levels. b) Measured
spectrum of the ionizing laser pulse with the resonance wave-
lengths included in the model marked. Lines 5P3/2 , 5D3/2

and 5P3/2 , 5D5/2 are a closely spaced doublet, di�cult to
resolve on this scale.

this notation, the time evolution of the atomic state at
any point in space is given by:

@⌧a1 =� i�21a1 +
i

2~E
⇤d21a2 �

�1

2
a1
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i

2~
�
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�
� �2

2
a2
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i

2~Ed32a2 �
�3

2
a3

@⌧a4 =i�42a4 +
i

2~Ed42a2 �
�4

2
a4

(3)

Here the transition matrix elements dkl between atomic
states and the frequency detunings from resonance fre-
quencies �jk = !0 � !jk are material parameters ob-
tained from the literature [30–32]. Their numerical val-
ues are collected in the appendix of [23]. The (intensity
dependent) multiphoton ionization rates �1,�2 are calcu-
lated from the so-called PPT formulas [33–35], while the
single-photon ionization rates �3,�4 are obtained from
experimental data [36]. Gain terms due to recombina-
tion processes (the positive analogs to the �j loss terms)
are completely negligible on the sub-picosecond timescale
that is studied here.
Solving Eqs. 3 to obtain the time evolution of the

atomic state allows us to calculate the various terms on
the RHS of Eq. 1. The second term, which corresponds
to atomic polarization due to transitions between bound
states is:

P̃ = F{N (d21a
⇤
1a2 + d23a

⇤
2a3 + d24a

⇤
2a4)}. (4)

The third term on the RHS of Eq. 1 is purely an energy
loss term derived from the requirement that the laser

SETUP

TRANSMITTED	SIZE	VS	INPUT	ENERGY

OUTPUT	ENERGY	VS	INPUT	ENERGY

Atomic	transition	model

Laser	spectrum

• Rb	ionization:	E1	=	4.18	eV,	E2	=	27.29	eV	

• Complex	process:	resonant	nonlinear	optical	interaction,	
plasma	becomes	transparent	to	resonant	frequency	once	the	
outermost	electron	is	removed	

• Laser	(Ti:Sa)	wavelength	of	~780	nm	is	close	to	3	resonances	

• Experiment:	measure	size	and	energy	of	laser	after	10	meters	
of	propagation	in	Rb,	as	a	function	of	laser	input	energy	

• Compare	with	different	atomic	transition	models	

• Next:	explore	role	of	resonance	by	scanning	laser	wavelength	
and	measure	extent	of	plasma	channel
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FIG. 8. Pulse fluence (in J/cm2) and atomic ionization probabil-
ity profiles as a function of propagation distance z and transverse
radius r. (a) F (r, z) and (b) Pion from full theory with resonance
Ein = 20 mJ pulse. (c) F (r, z) and (d) Pion reduced theory calculation,
Ein = 20 mJ pulse. (e) F (r, z) and (f) Pion reduced theory calculation,
Ein = 80 mJ pulse. Data were taken from simulation set (C). “Plasma
channel” marks the area with complete conversion to Rb1+ ions near
axis.

conversion to Rb1+ ions that is about as long as the one with
Ein = 20 mJ in the resonant case [Fig. 8(f)]. The reduced
theory calculation exhibits a single fluence maximum due
only to the Gaussian beam waist [Fig. 8(e)] for this large
energy pulse. Transmitted energy is Eout ≈ 0 for full theory
calculation, whereas it is Eout ≈ 9.8 mJ and Eout ≈ 31 mJ
for the reduced theory for the two initial pulse energies
shown.

Finally, Fig. 9 shows the predicted on-axis fluence values
with the experimental data. For the two larger densities [(B)
and (C)], where the experimental data show a steep increase
of on-axis fluence initially, followed by a slower increase
(corresponding to growth during and above the confined beam
region), the simulated curves show a much steeper increase.
The relative difference is much larger than the difference
between the transmitted energy (Fig. 6). The two regions of

(A)

(B)

(C)

FIG. 9. Transmitted pulse on-axis fluence in J/cm2 as a func-
tion of input energy for the three simulation series. Labels (A)–(C)
correspond to the parameter set labels of Table I. Solid blue line:
simulation; red symbols: binned experimental data averages with
error bars showing the error of the mean (mostly smaller in size than
the symbol marking the points).

different slopes can nevertheless be recognized for the highest
density calculation [Fig. 9 (set C)].

C. Pulse parameter variability

One feature visible in Fig. 7 is the fact that where the
experiment captures the confined beam region just above
breakthrough, simulation does not predict a constant exit
beam σ , but a series of oscillations occur before a monotonous
increase. The oscillatory nature of σ with the pulse energy just
above breakthrough in the simulation is easily understood by
looking at Figs. 8(a) and 8(b), which show that during prop-
agation, the laser pulse experiences repeated self-focusing
phases with oscillatory on-axis fluence, transverse width, and
plasma channel radius values along the propagation axis z.
Laser pulses with different parameters (in particular, differ-
ent Ein) exhibit oscillations that are identical in nature, but
locations along the z axis of fluence or beam width maxima
or minima vary considerably. This translates into oscillations
in values observed at z = 10 m as the laser pulse energy is
varied.

The quantitative comparison of simulation and experiment
is hampered by the fact that the axisymmetric Gaussian beam
and constant beam parameters z0,w0 used in the calculations
do not model the experimental situation very well. First, the
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conversion to Rb1+ ions that is about as long as the one with
Ein = 20 mJ in the resonant case [Fig. 8(f)]. The reduced
theory calculation exhibits a single fluence maximum due
only to the Gaussian beam waist [Fig. 8(e)] for this large
energy pulse. Transmitted energy is Eout ≈ 0 for full theory
calculation, whereas it is Eout ≈ 9.8 mJ and Eout ≈ 31 mJ
for the reduced theory for the two initial pulse energies
shown.

Finally, Fig. 9 shows the predicted on-axis fluence values
with the experimental data. For the two larger densities [(B)
and (C)], where the experimental data show a steep increase
of on-axis fluence initially, followed by a slower increase
(corresponding to growth during and above the confined beam
region), the simulated curves show a much steeper increase.
The relative difference is much larger than the difference
between the transmitted energy (Fig. 6). The two regions of
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different slopes can nevertheless be recognized for the highest
density calculation [Fig. 9 (set C)].

C. Pulse parameter variability

One feature visible in Fig. 7 is the fact that where the
experiment captures the confined beam region just above
breakthrough, simulation does not predict a constant exit
beam σ , but a series of oscillations occur before a monotonous
increase. The oscillatory nature of σ with the pulse energy just
above breakthrough in the simulation is easily understood by
looking at Figs. 8(a) and 8(b), which show that during prop-
agation, the laser pulse experiences repeated self-focusing
phases with oscillatory on-axis fluence, transverse width, and
plasma channel radius values along the propagation axis z.
Laser pulses with different parameters (in particular, differ-
ent Ein) exhibit oscillations that are identical in nature, but
locations along the z axis of fluence or beam width maxima
or minima vary considerably. This translates into oscillations
in values observed at z = 10 m as the laser pulse energy is
varied.

The quantitative comparison of simulation and experiment
is hampered by the fact that the axisymmetric Gaussian beam
and constant beam parameters z0,w0 used in the calculations
do not model the experimental situation very well. First, the
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Improved	control	of	e-	beam	for	seeding	experiment

• In	Run	1,	the	18	MeV	electron	beam	was	used	as	“witness”,	with	the	goal	to	accelerate	some	of	its	particles	
• In	Run	2,	the	18	MeV	beam	was	repurposed	for	electron	seeding	(the	new	‘witness’	beam	will	be	150	MeV)	

• Simulations	show	that	the	seed	wakefield	depends	strongly	on	the	6D	phase	space	of	the	electron	beam	
• To	test	this,	we	want	to	be	able	to	scan	parameters	(charge,	emittance,	size)	as	widely	as	possible	

• By	improving	our	control	of	the	electron	beam,	we	learn	to	control	our	seed	wakefields	
• Determine	which	parameters	are	most	crucial	to	seed	the	self-modulation
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*	C.	Bracco	et	al.,	Systematic	optics	studies	for	the	commissioning	of	the	
AWAKE	electron	beamline,	in	Proceedings	of	IPAC,	2019	(JACoW,	Geneva,	
Switzerland,	2019),	https://doi.org/10.18429/JACoW-IPAC2019-WEPMP029

SYSTEMATIC OPTICS STUDIES FOR THE COMMISSIONING OF THE
AWAKE ELECTRON BEAMLINE

C. Bracco⇤, B. Goddard, I. Gorgisyan, M. Turner, F.M. Velotti, L. Verra
CERN, Geneva, Switzerland

M. Aiba, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Abstract
The commissioning of the AWAKE electron beam line

was successfully completed in 2018. Despite a modest length
of about 15 m, this low-energy line is quite complex and
several iterations were needed before finding satisfactory
agreement between the model and the measurements. The
work allowed to precisely predict the size and positioning
of the electron beam at the merging point with the protons
inside the plasma cell, where no direct measurement is pos-
sible. All the key aspects and corrections which had to be
included in the model, precautions and systematic checks
to apply for the correct setup of the line are presented. The
sensitivity of the ⇠18 MeV electron beam to various per-
turbations, like di�erent initial optics parameters and beam
conditions, energy jitters and drifts, earth’s magnetic field
etc., is described.

INTRODUCTION
The self-modulation of a 400 GeV high intensity (3·1011)

proton bunch in a plasma was observed for the first time in
2016 by the AWAKE experiment at CERN [1]. The creation
of wake-fields inside the plasma could then be probed by
injecting a ⇠18 MeV witness electron beam which was ac-
celerated up to 2 GeV [2] at the exit of the 10 m long plasma
cell.

The electron beam is produced by an RF gun [3] and is
transported towards the plasma cell through a 15 m transfer
line [4]. The line consists of a first triplet which is mainly
used for emittance and optics measurements. A vertical
dogleg and a horizontal achromat are used to merge the
electron beam with the protons. They consist of two pairs of
dipoles which bend the beam first vertically by±18� and then
horizontally by 2⇥32�. A final focusing system, composed
by a triplet of quadrupoles, allows to tailor the transverse
beam size to the experiment requirements. Finally, a system
of correctors is used to steer the electron beam and inject it
either on-axis or with an o�set and an angle with respect to
the proton beam.

DESIGN PARAMETERS AND
EXPERIMENT REQUIREMENTS

The original beam and optics parameter specifications,
which were used for the design of the electron beam line,
are shown in Table 1. The beginning of the line corresponds
to the entrance of the first quadrupole of the initial triplet.

⇤ chiara.bracco@cern.ch

Table 1: Beam and Twiss (�x,y,↵x,y) parameter specifica-
tions which were used for the design of the AWAKE electron
beam line

Parameter Value
Momentum [MeV/c] 10-20
Momentum spread �p/p [%] 0.5
Electrons per bunch [109] 1.2
Initial �xi,yi [m] 5
Initial ↵xi,yi [rad] 0
R.M.S. normlalised emittance "n [mm mrad] 2
�x f ,y f at focal point [mm] 0.25

The transverse beam size is defined as:

�x f ,y f =
q
�x f ,y f "x,y + (Dx f ,y f�p/p)2 (1)

where "x,y is the geometric emittance (e.g. the ratio between
"n and the relativistic factor ��) and Dx f ,y f the dispersion
at the focal point. The experiment requires to be able to
know the position of the focal point and the spot size with
the best possible accuracy. These parameters can only be
predicted from the model since no direct measurement is
possible inside the plasma cell. At the best, a±15% accuracy
within ±10 cm can be expected.

ACCEPTANCE STUDIES
The nominal longitudinal position of the focal point is at a

10 mm diameter iris which determines the start of the plasma
cell. The possibility of varying the longitudinal position of
the focal point while keeping the transverse spot size varia-
tion 20% and the beam transmission through the iris �95%
is requested by the experiment. Moreover the option of in-
jecting the electrons with a vertical o�set and an angle with
respect to the plasma channel axis has to be granted since,
according to simulations, this allows to optimise the wake-
field capture e�ciency [5]. In case the design parameters in
Table 1 can be achieved, all conditions are fulfilled focusing
the beam up to 0.8 m inside the plasma cell. By relaxing
the requirements on the spot-size to twice the nominal value,
the focal point can be moved 3.9 m downstream of the iris
when injecting with up to a 3 mm vertical o�set (Fig.1). Any
deviation from the design beam parameters, which causes
an increase in the beam dimensions (larger "n and/or �p/p),
determines a reduced flexibility. Also the local earth mag-
netic field (42 µT and 22 µT in the horizontal and vertical
plane respectively) has a non-negligible e�ect on the low
energy electrons and has to be taken into account [6]. The
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Run	1	electron	beam	parameters* Run	2	requirements

✅

✅

Charge:	vary	from	1	to	4

✅

✅
Emittance:	vary	from	1	to	~5

Size:	vary	from	0.1	to	1

Parameters	are	correlated:	
improved	control	means	learning		
to	modify	one	without	affecting	
others.
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The	AWAKE	Electron	Beam
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Electron-Proton 
Overlap Region

1.	Injector:	create	
the	18	MeV	beam

3.	Transfer	Line:	transport	the	beam	
to	the	plasma	cell	and	focus	it	

2.	Matching:	adjust	the	beam	
profile	to	match	the	Transfer	
Line	settings

Dipole	magnets	
(bending)

Quadrupole	magnets	
(focusing)

BPM:	beam	position	
monitor	(position	data)	

[Small	dipoles	installed	
next	to	each	BPM	to	
correct	trajectory]

BTV:	beam	screeen	
(position	and	size	data)

Giovanni	Zevi	Della	Porta,	CERN AWAKE	Electron	Beam	Improvements	for	Run	2 2

Electron-Proton 
Overlap Region
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Online	multi-objective	optimization
• Optimize	competing	objectives	using	adaptive	feedback	

• Scheinker’s	ES	algorithm:	model	
independent,	effective	for	noisy	
and	time	varying	systems	with	
many	coupled	parameters		

• Use	multiple	competing	feedback	
loops	at	various	timescales
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FIG. 1. AWAKE electron beam line and setup of two simultaneous adaptive feedback control schemes. One algorithm slowly adjusts solenoid
magnet currents and quadrupole magnet settings near the injector to minimize beam size. The other feedback monitors beam position monitors
and quickly adjusts steering magnets in order to maintain a design orbit despite perturbations introduced by the actions of the slower algorithm.

erated by 400 GeV protons from CERN’s Super Proton Syn-
chrotron (SPS) accelerator14, labeled as the electron-proton
overlap region in figure 1.

The first step was to demonstrate an ability to control the
trajectory of the electron beam in the x-plane through 10 beam
position monitors (BPM) starting with the BPMs labeled as
BPM 039 through BPM 351 in figure 1, which will be referred
to as BPM number 1 - 10 below. Control of the trajectory
was achieved by an iterative tuning of 10 horizontal steering
magnets located directly in front of each BPM.

The iterative algorithm is based on a recently developed
form15 of a model-independent feedback tuning algorithm de-
signed for high dimensional noisy systems16. Given a noisy
measurement Ĉ of an analytically unknown cost function to
be minimized, C, by adjusting a group of coupled parameters
p= (p1, . . . , pm), the method proceeds iteratively according to

pi(n+1) = pi(n)+Dt
p

awi cos
�
winDt + kĈ(n)

�
, (1)

where each parameter pi has a unique dithering frequency wi,
a controls the dither size and may be increased to escape local
minima, k is a feedback gain, increasing which may speed up
convergence, and Dt ⌧ 1 is chosen small enough such that (1)
is a finite difference approximation of

d pi(t)
dt

=
p

awi cos
�
wit + kĈ(p, t)

�
, (2)

which results in minimization of the unknown function C (al-
though only having access to its noise-corrupted measure-
ments), according to the average dynamics15,16

dp̄
dt

=�ka
2

—pC(p, t). (3)

In this single objective case the goal was to minimize the X
root mean square error (RMSE) between the trajectory and a

target trajectory, as given during each iteration, n, by

XRMSE(n) =

s
1

10

10

Â
i=1

(BPMi(n)�BPMi,o)
2, (4)

where BPMi(n) was the BPM measurement recorded at step
n and BPMi,o was the desired orbit BPM reading. The al-
gorithm proceeded by first introducing offsets in all steer-
ing magnets, Mi(1), in order to create a large deviation from
the target orbit and recording XRMSE(1). Each magnet was
then adjusted iteratively according to (1) and a new value,
XRMSE(2), was recorded. The tuning parameters used were:
a = 0.15, k = 0.2, the wi values were evenly distributed be-
tween 100 and 175 so that all of the frequencies were distinct
and no single frequency was an integer multiple of the other,
and Dt = 2p/(10⇥max{wi}). The results of this optimization
are shown in figure 2. It is clear that despite a large energy and
therefore trajectory jitter due to the beam line’s Klystron, the
algorithm was able to achieve convergence within 30 steps.

The next objective was to utilize two such feedbacks si-
multaneously, at two different time scales, for multi-objective
optimization. One feedback was used to adjust two solenoids
and three quadrupole magnets directly following the electron
beam source, to minimize electron beam size at the end of the
beam line. For this feedback we recorded beam images, as
shown in figure 4, projected them onto the x and y axes, and
then fit Gaussian distributions of the form

fx(x) = Axe�(x�µx)2/2s2
x , fy(y) = Aye�(y�µy)2/2s2

y , (5)

and estimated beam size based on sx and sy as

sxy =
q

s2
x +s2

y , (6)

which was the cost to be minimized according to (1). The
tuning parameters used for this feedback were: a = 0.1 for

Online multi-objective particle accelerator optimization of the AWAKE electron beam line for 
simultaneous emittance and orbit control, A Scheinker et al., AIP Adv. 10 (2020) 5, 055320

Objective	1:		
beam	trajectory

Objective	2:	beam	size		
(Injector	+	Matching)
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• Optimize	competing	objectives	using	adaptive	feedback	
• Scheinker’s	ES	algorithm:	model	
independent,	effective	for	noisy	
and	time	varying	systems	with	
many	coupled	parameters		

• Use	multiple	competing	feedback	
loops	at	various	timescales	

• Optimization	successful	!	
• ~60	iterations	to	achieve	objective	1	
• ~500	to	achieve	objectives	1+2	

• In	AWAKE,	1	iteration	≈	3	seconds

Online	multi-objective	optimization

24
Online multi-objective particle accelerator optimization of the AWAKE electron beam line for 
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FIG. 2. Evolution of the 10 steering magnets is shown (top) rela-
tive to the evolution of the RMS error (middle). The bottom figure
shows one snapshot of the final trajectory match relative to a target
orbit based on recording and averaging 1000 BPM readings while
the magnets are unchanged. The blue envelopes show ±s of the or-
bit based on 1000 BPM readings, due to large energy jitters being
introduced by the Klystron and causing trajectory deviation.

each Solenoid and a = 0.05 for each quadrupole magnet,
k = 1.0, and wi evenly distributed between 100 and 175, and
Dt,2 = 2p/(31⇥max{wi}). These adjustments caused trajec-
tory changes, driving the beam off of the beam-size detector
or close to the available aperture.

A second feedback, which has already been described
above, running on a faster time scale, was simultaneously run
to continuously adjust 10 steering magnets, based on 10 beam
position monitor readings, to maintain a prescribed reference
trajectory for the beam. The overall setup is shown in fig-
ure 1. The beam size feedback had a value of Dt,2 < Dt/3,
and therefore ran at a different time scale from the trajectory
maintaining feedback, 3 times slower, allowing for the steer-
ing magnets to quickly compensate for trajectory deviations
caused by changes in the solenoid and quadrupole magnets.

The simultaneous evolution of all of the 15 components is
shown in figure 3 alongside the evolution of the two objec-
tives. By running the two feedback loops simultaneously we
were able to solve the multi-objective problem:

C(n) = w1XRMSE(n)+w2sxy(n), (7)

with weights w1 = 0.2, w2 = 1.0. This approach was able to
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FIG. 3. Simultaneous evolution of the two parts of the algorithm,
adjusting longitudinal and transverse beam properties is shown.

continuously re-adjust steering magnets attempting to main-
tain the target beam orbit, thereby keeping the beam on the
screen and allowing the second feedback to minimize the
beam size, resulting with a decrease over 2⇥ more than what
had previously been achieved, as shown in figure 4.

The experiment also demonstrated possible limitations of
this model-independent feedback approach. Because the cost
function was only based on maintaining a trajectory and min-
imizing beam size, it did not penalize beam loss. In figure 5
we plot the evolution of the beam size, sxy together with the

Objective	1:	beam	trajectory Objectives	1+2:	beam	trajectory	
																													and	beam	size
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tive to the evolution of the RMS error (middle). The bottom figure
shows one snapshot of the final trajectory match relative to a target
orbit based on recording and averaging 1000 BPM readings while
the magnets are unchanged. The blue envelopes show ±s of the or-
bit based on 1000 BPM readings, due to large energy jitters being
introduced by the Klystron and causing trajectory deviation.

each Solenoid and a = 0.05 for each quadrupole magnet,
k = 1.0, and wi evenly distributed between 100 and 175, and
Dt,2 = 2p/(31⇥max{wi}). These adjustments caused trajec-
tory changes, driving the beam off of the beam-size detector
or close to the available aperture.

A second feedback, which has already been described
above, running on a faster time scale, was simultaneously run
to continuously adjust 10 steering magnets, based on 10 beam
position monitor readings, to maintain a prescribed reference
trajectory for the beam. The overall setup is shown in fig-
ure 1. The beam size feedback had a value of Dt,2 < Dt/3,
and therefore ran at a different time scale from the trajectory
maintaining feedback, 3 times slower, allowing for the steer-
ing magnets to quickly compensate for trajectory deviations
caused by changes in the solenoid and quadrupole magnets.

The simultaneous evolution of all of the 15 components is
shown in figure 3 alongside the evolution of the two objec-
tives. By running the two feedback loops simultaneously we
were able to solve the multi-objective problem:

C(n) = w1XRMSE(n)+w2sxy(n), (7)

with weights w1 = 0.2, w2 = 1.0. This approach was able to
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FIG. 3. Simultaneous evolution of the two parts of the algorithm,
adjusting longitudinal and transverse beam properties is shown.

continuously re-adjust steering magnets attempting to main-
tain the target beam orbit, thereby keeping the beam on the
screen and allowing the second feedback to minimize the
beam size, resulting with a decrease over 2⇥ more than what
had previously been achieved, as shown in figure 4.

The experiment also demonstrated possible limitations of
this model-independent feedback approach. Because the cost
function was only based on maintaining a trajectory and min-
imizing beam size, it did not penalize beam loss. In figure 5
we plot the evolution of the beam size, sxy together with the
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FIG. 4. AWAKE electron beam size at the end of the beamline, at different stages of the optimization.

FIG. 5. Electron beam size and images sums used as an estimate of
beam loss. Sum divided by sxy is a measure of intensity.

evolution of detector image sums, as well as a measurement
of intensity given by sum/sxy. As beam size is decreased and
intensity is increased, it appears that we are also losing some
of the beam. Future work would take into account additional
information about the beam, including beam losses.

This demonstration of the use of multiple feedbacks at var-
ious time scales for simultaneous multi-objective optimiza-
tion for particle accelerators is a very general approach that
is robust to noise and time-variation of components and beam
properties. This general approach can be useful for a wide
range of accelerator problems. One important example of this
may be maintaining a desired beam trajectory and maximizing
FEL output power while adjusting bunch energy, length, and
charge. Such adjustments are frequently made at FELs when
switching between different users, all of which have unique X-
ray frequency and pulse duration requirements, sometimes re-
quire many hours of expert tuning for large changes, and must
be continuously adjusted during steady state operation due to
beam and accelerator component fluctuations. The same is
true of precisely tuned bunch current profiles at PWFAs.
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Reinforcement	Learning:	use	ML	to	determine	the	best	action

• An	optimizer	takes	many	iterations,	every	time:	how	can	we	get	there	faster?	
• Encode	the	system	as	a	neural	network	(i.e.	a	function)	
• RL	will	use	some	time	to	‘train’	(i.e.	find	the	coefficients	of	the	network	that	lead	to	best	action,	
given	initial	states	of	the	system)	(i.e.	build	a	model	of	the	system)	

• After	training,	RL	can	directly	take	the	‘action’	required	to	solve	the	problem	
• REQUIREMENT:	full	set	of	observables	(x1, …, xn)	to	distinguish	between	states	
• ASSUMPTIONS:	constant	response	and	no	hidden	observables		

• Test	RL	by	learning	to	solve	individual	problems	
• Trajectory	optimization	

• Match	Injector	to	Transfer	Line		

25

Sample-efficient Reinforcement Learning for CERN accelerator control, 
V Kain et al., Phys. Rev. Accel. Beams 23, 124801 (2020)

Automatic setup of 18 MeV electron beamline using machine learning, 
F Velotti et al., Submitted to PRAB
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FIG. 1. AWAKE electron beam line and setup of two simultaneous adaptive feedback control schemes. One algorithm slowly adjusts solenoid
magnet currents and quadrupole magnet settings near the injector to minimize beam size. The other feedback monitors beam position monitors
and quickly adjusts steering magnets in order to maintain a design orbit despite perturbations introduced by the actions of the slower algorithm.

erated by 400 GeV protons from CERN’s Super Proton Syn-
chrotron (SPS) accelerator14, labeled as the electron-proton
overlap region in figure 1.

The first step was to demonstrate an ability to control the
trajectory of the electron beam in the x-plane through 10 beam
position monitors (BPM) starting with the BPMs labeled as
BPM 039 through BPM 351 in figure 1, which will be referred
to as BPM number 1 - 10 below. Control of the trajectory
was achieved by an iterative tuning of 10 horizontal steering
magnets located directly in front of each BPM.

The iterative algorithm is based on a recently developed
form15 of a model-independent feedback tuning algorithm de-
signed for high dimensional noisy systems16. Given a noisy
measurement Ĉ of an analytically unknown cost function to
be minimized, C, by adjusting a group of coupled parameters
p= (p1, . . . , pm), the method proceeds iteratively according to

pi(n+1) = pi(n)+Dt
p

awi cos
�
winDt + kĈ(n)

�
, (1)

where each parameter pi has a unique dithering frequency wi,
a controls the dither size and may be increased to escape local
minima, k is a feedback gain, increasing which may speed up
convergence, and Dt ⌧ 1 is chosen small enough such that (1)
is a finite difference approximation of

d pi(t)
dt

=
p

awi cos
�
wit + kĈ(p, t)

�
, (2)

which results in minimization of the unknown function C (al-
though only having access to its noise-corrupted measure-
ments), according to the average dynamics15,16

dp̄
dt

=�ka
2

—pC(p, t). (3)

In this single objective case the goal was to minimize the X
root mean square error (RMSE) between the trajectory and a

target trajectory, as given during each iteration, n, by

XRMSE(n) =

s
1

10

10

Â
i=1

(BPMi(n)�BPMi,o)
2, (4)

where BPMi(n) was the BPM measurement recorded at step
n and BPMi,o was the desired orbit BPM reading. The al-
gorithm proceeded by first introducing offsets in all steer-
ing magnets, Mi(1), in order to create a large deviation from
the target orbit and recording XRMSE(1). Each magnet was
then adjusted iteratively according to (1) and a new value,
XRMSE(2), was recorded. The tuning parameters used were:
a = 0.15, k = 0.2, the wi values were evenly distributed be-
tween 100 and 175 so that all of the frequencies were distinct
and no single frequency was an integer multiple of the other,
and Dt = 2p/(10⇥max{wi}). The results of this optimization
are shown in figure 2. It is clear that despite a large energy and
therefore trajectory jitter due to the beam line’s Klystron, the
algorithm was able to achieve convergence within 30 steps.

The next objective was to utilize two such feedbacks si-
multaneously, at two different time scales, for multi-objective
optimization. One feedback was used to adjust two solenoids
and three quadrupole magnets directly following the electron
beam source, to minimize electron beam size at the end of the
beam line. For this feedback we recorded beam images, as
shown in figure 4, projected them onto the x and y axes, and
then fit Gaussian distributions of the form

fx(x) = Axe�(x�µx)2/2s2
x , fy(y) = Aye�(y�µy)2/2s2

y , (5)

and estimated beam size based on sx and sy as

sxy =
q

s2
x +s2

y , (6)

which was the cost to be minimized according to (1). The
tuning parameters used for this feedback were: a = 0.1 for
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• Proof-of-principle:	AWAKE	

• Online	model	of	beam-line	is	available,	so	trajectory	
optimization	can	be	done	using	standard	tools	(YASP)	

• With	no	knowledge	of	the	online	model,	RL	is	able	to	
solve	problem	with	≤	2	iterations,	after	training	for	
~100	iterations		

• Training	still	valid	after	3	months	

• Training	on	simulated	model	also	effective

26

Reinforcement	Learning:	use	ML	to	determine	the	best	action
Trajectory	Optimization V Kain et al., Sample-efficient Reinforcement Learning for CERN 

accelerator control, Phys. Rev. Accel. Beams 23, 124801 (2020)
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FIG. 13: Online training of NAF Agent on LINAC4
trajectory steering in horizontal plane. The maximum
allowable RMS was limited to 3 mm due to machine
protection reasons. The target for the training was set

to reach 1 mm RMS.

FIG. 14: Online training of NAF Agent on LINAC4
trajectory steering in horizontal plane: convergence of
loss function and value function V . The latter converges
to -0.85 corresponding to an RMS better than 1 mm in

case of correction in one iteration.

V. DISCUSSION AND OUTLOOK

The experience with the AWAKE and LINAC4 RL
Agent deployment has proved that the question of sam-
ple e�ciency for the model-free RL approach can be ad-
dressed for real accelerator control problems. The train-
ing with algorithms such as NAF (and TD3) is sample-
e�cient enough to allow for deployment in the control
room. It requires more iterations than a numerical op-
timisation algorithm, but after training it out-performs
numerical optimisers. The resulting product is a control
algorithm like SVD. Whereas the linear control problem
of trajectory correction can and should be solved with
SVD or other standard methods, single-step correction
for non-linear problems are not available with these stan-
dard algorithms. RL does not require a linear response

and can thus provide controllers for also these cases.
The standardisation of the environment description

using OpenAI Gym proved a big advantage, allowing
rapid switching between simulated and online training,
and between Agents. Correct normalisation and un-
normalisation of all actions, state observations and re-
wards was of course crucial. For the training, care needed
to be taken in constructing the reward function and
episode termination criteria. The key hyper-parameters
were found to be the maximum number of iterations per
episode, and the reward target for early episode termina-
tion. Note that these hyper-parameters belong to the
environment description and not to algorithms them-
selves. The same environment hyper-parameters can be
used with di↵erent RL algorithms e.g. NAF and TD3.
Tuning of these hyper-parameters took some time, and
valuable experience was gained from having a simulated
AWAKE environment, although such a simulated envi-
ronment cannot be counted on for many application do-
mains and indeed was not available for the LINAC4 tests.
Also, the algorithms come with hyper-parameters, but
the default parameters gave mostly already very good
results.
Model-free RL algorithms have the advantage of lim-

ited complexity and insignificant computer power re-
quirements. The most sample-e�cient algorithms (i.e.
NAF, TD3) are straightforward to tune and can solve ac-
celerator control problems, as shown in this paper. For
accelerators with a lower repetition rate (e.g. repetition
period of > 1 minute), the number of iterations needs to
be even further reduced to allow for stable training con-
ditions or even allow for the training at all, given that
accelerator time is expensive and normally over-booked.
Model-based RL is a promising alternative to overcome
the sample e�ciency limitation, depending on the algo-
rithm, however, at the expense of requiring significant
computing resources. Another advantage of these algo-
rithms is that an explicit model of the control problem
response is a byproduct of the training of the Agent.
The beam time reserved for advanced algorithms in

2020 at AWAKE will be used to deploy various model-
based RL algorithms as well as model predictive control
such as the iLQR [16] algorithm on a model obtained
through supervised learning.
Another general challenge for RL Agents next to the

question of sample e�ciency, addressed in this paper, is
the availability of meaningful state observation. The RL
Agent for the auto-matching [32] of AWAKE source ini-
tial conditions to the transfer line lattice uses computer
vision machine learning algorithms for the interpretation
of OTR screen measurements, to implicitly encode the
state.
In addition to studying new algorithms, infrastructure

and frameworks will have to be deployed in the control
system to easily make use of advanced algorithms and
machine learning. This is also part of the goal for the
2020 AWAKE tests, where we aim to provide a generic
optimisation framework for the control room, including

Learning	to	solve	the	LINAC4	problem	
in	3	iterations	or	less

• Real	challenge:	CERN’s	LINAC4	

• Online	model	was	not	yet	
available	at	the	time	of	study	

• Simple	optimizer	requires	70	
iterations	

• RL	can	train	for	~130	iterations,	
and	afterwards	find	the	
trajectory	with	≤	3	iterations

The objective of the training was twofold: to maximize
the reward from each initial condition, and to maximize the
reward in the shortest possible time. Figure 6 shows the
evolution of the 200 episode online training. The upper plot
gives the length of the episodes in number of iterations as
training evolves, while the lower plot shows the initial
reward (i.e., negative RMS) at the beginning of the episode
(green line) as well as the final reward achieved (blue line)
at the end of each episode. For a successful termination of
the episode, the final reward had to be above the target
(dashed red line).
At the beginning of the training, the agent could not

correct the line to an RMS below 2 mm, despite many
iterations. It even further deteriorated the trajectory. After
about 15 episodes it had learned to successfully correct the
trajectory within 1-2 iterations to mostly even below 1 mm
RMS starting from any initial condition. Figure 7 shows the
evolution of the value function VðsÞ and the loss function
for the network training as a function of iterations. The
value function started to stabilize after about 90 iterations
(equivalent to the 15 episodes when successful correction
was observed), continued to improve for another 100
iterations and finally converged to −0.05 corresponding
to 0.5 mm RMS after correction in case of only one
iteration required. After the online training where explora-
tion noise is still present (albeit decaying very rapidly with
increasing episode number), the agent was tested in an
operational configuration. No noise is added to the actions

predicted by the trained agent in this case. The agent was
presented with randomly sampled observations (by invok-
ing the reset() method of the environment) and it had to
correct the line accordingly. Figure 8 shows the validation
run with 24 episodes. The plot is arranged as for the
training results above, with the upper plot showing the
number of iterations per episodes and the lower one,
the initial and final negative RMS per episode. The trained
agent required 1 or 2 iterations to correct the trajectory to
better than the target (it requires more than 1 iteration from
time to time as its maximum step per iteration is limited to
300 μrad). A longer validation run was carried out begin-
ning of June 2020 with an agent that had only been trained
for 35 episodes. The results of this validation can be found
in Fig. 9.

TABLE I. AWAKE horizontal steering NAF agent training
parameters.

DOF 11
Reward target [cm] −0.2
Max episode length 50
Max Δcorr [μrad] 300
Min allowed reward [cm] −1.2

FIG. 6. Online training of NAF agent of AWAKE electron line
trajectory steering in the horizontal plane. In the upper plot the
number of iterations per episode is given. The lower plot shows
the initial and final negative RMS value for each episode. The
target negative RMS value is indicated in red.

FIG. 7. Evolution of loss and value function during training on
November 22, 2019.

FIG. 8. Short validation run after training with 200 episodes on
November 22, 2019. The agent corrects the trajectory to better
than 2 mm RMS target within 1-2 iterations. (The initial
trajectories were established by randomly applying corrector
settings, which can lead to initial trajectories already above the
target. In the test setup no check on initial RMS was used before
calling the agent and it would therefore correct trajectories
already above target generalizing from the training earlier, with
few trajectories in this region as episodes would be finalized at
that stage. All results are above target, but trajectories with
initially very good RMS were sometimes slightly deteriorated
because of this test setup artefact. The test setup was improved for
the next validations.)
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Learning	to	solve	the	AWAKE	problem	
in	2	iterations	or	less

the MEBT is fine tuned for optimizing chopping efficiency
and should not be modified during general trajectory
optimization. In addition there are no BPMs available in
the MEBT as observable for an RL agent.

A. Online OpenAI Gym LINAC4 environment

The LINAC4 Gym environment comprised state infor-
mation from 17 BPMs and actions possible on 16 correc-
tors, through DTL, CCDTL, PIMS and start of the transfer
line in the horizontal plane (the allocated accelerator
development time was not sufficient to also train for the
vertical plane). No simulated environment was available for
this case and the tuning of the hyperparameters had to be
carried out online. The hyperparameters obtained earlier
with AWAKE were not directly re-usable as the allowed
trajectory excursion range was much reduced due to
machine protection reasons (e.g., the maximum allowed
RMS had to be set to 3 mm, which affected the normali-
zation of the returned reward). The LINAC4 trajectory
steering OpenAI Gym environment had to respect the
machine protection constraints and finalize episodes in
case of violation, reset to safe settings as well as to deal
with various hardware limitations (e.g., the power supplies
the steering dipoles cannot regulate for jIj < 0.1 A).

B. Experimental results from LINAC4 RL tests

LINAC4 had 8 weeks of final commissioning run in
2019. On November 27, half a day was allocated to training
and testing the NAF agent. A big fraction of this time
was used in fine tuning hyperparameters such that the
agent would not immediately run into rather tight machine
protection limits during the exploration phase. A successful
training could be achieved, with the agent training param-
eters given in Table II. The training is shown in Fig. 13

and the convergence of the value function VðsÞ and loss
function in Fig. 14. The total number of episodes was set to
90 (taking in total about 300 iterations).
After about 25 episodes (or the equivalent of about 125

iterations), the agent had learned to correct the trajectory to
below 1 mm RMS within a maximum of 3 iterations each
time. The value function converged to -0.85 corresponding
to 0.85 mm RMS in case of correction in one iteration.
No other tests could be performed at that stage due to lack
of time. It would obviously be of interest to deploy the

FIG. 12. Optimization with COBYLA of the LINAC4 trajec-
tory correction problem in the horizontal plane. The algorithm
converged after around 70 iterations.

FIG. 14. Online training of NAF agent on LINAC4 trajectory
steering in horizontal plane: convergence of loss function and
value function V. The latter converges to −0.85 corresponding to
an RMS better than 1 mm in case of correction in one iteration.

TABLE II. LINAC4 horizontal steering NAF agent training
parameters.

DOF 16
Reward target [mm] −1
Max episode length 15
Max Δcorr [A] 0.5
Min allowed reward [mm] −3

FIG. 13. Online training of NAF agent on LINAC4 trajectory
steering in horizontal plane. The maximum allowable RMS was
limited to 3 mm due to machine protection reasons. The target for
the training was set to reach 1 mm RMS.
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• Real	challenge:	AWAKE	
• Online	models	not	available:	manual	tuning	to	optimize	beam	size	and	intensity!	
• Multi-objective:	beam	size	(80%)	and	intensity	(20%)	from	a	2D	BTV	image	
• Highly	non-linear	response	
• Numerical	optimizer	requires	>	100	iterations	to	converge	

• Different	approaches	used	to	describe	the	2D	“state”	information	for	RL:	
• “Explicit”:	Gaussian	fits	(μx,y,	σx,y)	and	total	intensity	
• “Implicit”:	Let	a	variational	autoencoder	(VAE)	compress	image	to	5	parameters	

• Training	the	VAE	gives	the	ability	to	produce	synthetic	data	and	train	a	synthetic	model	
of	AWAKE.	How	does	the	RL	on	the	synthetic	model?
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After extensive tuning of hyperparameters for di↵er-
ent agents and the development of the reward dangling
approach using the synthetic AWAKE model, tests were
made with the real AWAKE machine. The Stable Base-
lines DDPG RL agent ‘TD3’ worked reliably and learned
the problem dynamics, taking about 350 iterations in
each of the two training phases. The system was then
tried with the implicit state extraction, using di↵erent
versions of encoder trained on the various real and syn-
thetic datasets described above. The RL agents also
converged in a similar time to the explicit state ver-
sions, showing that the RL state can be successfully auto-
encoded in an unsupervised manner, as shown in Fig. 10
and Fig. 11.

Equally importantly, for applications where sample ef-
ficiency of the overall method is important, we demon-
strated that encoders trained with fully or partially (W-
GAN) synthetic data were also e↵ective for state encod-
ing. This is illustrated in Fig. 10 and compared with
fully explicit state description and with an implicit one
but trained on real data. The training time is rather sim-
ilar in the terms of total machine interactions, which is
about 600 iterations for the first stage where the target is
adapted to the agent performance and about 450 for the
actual agent training. The episode length reached after
training for all three di↵erent ways of encoding the states
is rather similar and less than 10 machine iterations in
all cases.

Another metric to show the evolution of the training
(after choosing the target reward with the reward dan-
gling algorithm) of the TD3 agent is �rep ⌘ re � r0,
which gives a magnitude of the improvement on the en-
vironment made by the agent after a reset. In Fig. 12-a
it is clear that after 10 episodes all the agents manage to
always improve the performance of the beamline.

The performance of the three di↵erent agents trained
on the real beamline are summarised in Fig. 12-b. For
each agent, the delta reward between start and end of
the episode is plotted as a function of the episode num-
ber used to perform the validation. In this situation the
agents trained are free to operate on the beamline in the
context of an episode after the random reset of the ac-
tions.

The final beam spot obtained was of very good quality,
as shown in the projections plotted in Fig. 13, when using
implicit state encoding from a VAE trained on synthetic
data.

The main problem encountered with the RL approach
was the longer-term stability of the beamline. Although
the trained agent performed well if tested during a few
hours of the training, the results were less good when
tested some weeks or months later. In these cases, the
trained agent failed to converge, indicating that the prob-
lem dynamics had shifted outside of the valid training
data space. The contributing factors are likely to be the
‘hidden’ action variables which change the beam spot dis-
tribution and hence the encoded state - this is not sur-
prising given the adjustments made to the source includ-

FIG. 10: Reward per episode for two-step training
process for TD3 RL agent on real AWAKE machine. (a)
Initial stage of reward dangling and (b) actual training
of TD3 agent with the maximum reward target found.
The training were performed using three di↵erent state

representation: implicit state encoding with VAE
trained on real images, explicit state encoding and
implicit state encoding using fully synthetic data for

VAE training.

ing the laser power, alignment, synchronisation and RF
phasing which are all empirically adjusted before a new
run, or indeed at the start of each day during a running
period.

V. DISCUSSION

A. Usage of RL agents in operation

The training of RL agents using implicit or explicit
state encoding proved to be successful regardless on the
encoding chosen and on the initial state of the system - it
was in fact possible to train a large number of RL agents
on di↵erent days, where the source states (unknown to
the agents) were changing either on purpose or randomly.
The main problem though, was that trained agents were
very di�cult to reuse days after their training, showing
very poor performance. We believe that this behaviour is
to be attributed to the unknown states of the source and
basically to the change of the mapping between actors,
states and reward that follows. A clear solution would be
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FIG. 3: Scan of sensitivity of matched beam spot-size to initial optics conditions, for di↵erent emittances.

D. Generative VAE for synthetic model

A VAE [25] based on computer vision convolutional
neural networks was used to generate synthetic BTV im-
ages from the real AWAKE data in an unsupervised man-
ner. This was then used both for state encoding from the
BTV images, as well as building a synthetic model (dig-
ital twin) of the AWAKE beamline. The basic AE is a
pair of neural networks consisting of an encoder, an in-
formation bottleneck, and a decoder. The loss function
is built of two parts: the reconstruction accuracy which
measures how close the decoded data is to the original
data, and a divergence term which measures how the in-
formation contained in the latent encoding di↵ers from a
Gaussian distribution. The pair of networks try to recon-
struct the original data as accurately as possible, passing
through the low-dimensional information bottleneck.
The VAE uses an additional random term added to

the encoded latent space coordinate. Even with limited
discrete training data this has the e↵ect of producing
a continuous variation of encodings in the latent space,
ideal for state variables which we expect to be continu-
ous with changes in the actions for our system. In our
experiments we tried di↵erent VAE flavours, settling for
the �-VAE with loss function of the form:

L(✓,�,�) = �Ez⇡q�(z|x) log p✓(x | z)+
�DKL(q�(z|x) || p✓(z))

(5)

as from [26], where the first term represents the recon-
struction loss and the second one is the Kullback-Leibler
divergence (KL) which pushes the probability distribu-
tion of decoder and encoder to be as similar as possible
to a Gaussian distribution. The KL term is weighted
with the � parameter which can be considered an addi-
tional hyper-parameter to choose (examples of produced
images are shown in Annex Fig. 14). To complete the full
synthetic model, a densely connected neural network was
used as surrogate model to make the correspondence be-
tween the (labelled) Action space and the latent space Z
encoding. The overall architecture for training the VAE
and Predictor is shown in Fig. 4, with the synthetic model
shown in Fig. 5.
These networks were trained on machine data, from

a grid-scan made in the 5-D action space. This was
a lengthy one-o↵ process needing the accumulation of
some 1500 valid images to train the VAE, but allowed

FIG. 4: Architecture for training VAE and Predictor
networks used for AWAKE synthetic model and RL

encoding.

FIG. 5: Use of AWAKE synthetic model for RL testing.
Note that the decoder and encoder networks do not

need to come from the same VAE model.

the e�cient and comprehensive o↵-line training and
hyper-parameter optimisation for comparison of di↵erent
agents, objective functions, state encoding and reward
shaping for the di↵erent agents investigated.

The lengthy grid search was made to train the surro-
gate model but could theoretically be used to find the
optimal working point. But it would not be a viable
method as the beamline input conditions vary quite sig-
nificantly from day to day (which also impacted the suit-
ability of the single RL agent approach, as addressed in
the discussion).
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formation bottleneck, and a decoder. The loss function
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data, and a divergence term which measures how the in-
formation contained in the latent encoding di↵ers from a
Gaussian distribution. The pair of networks try to recon-
struct the original data as accurately as possible, passing
through the low-dimensional information bottleneck.
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the encoded latent space coordinate. Even with limited
discrete training data this has the e↵ect of producing
a continuous variation of encodings in the latent space,
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to a Gaussian distribution. The KL term is weighted
with the � parameter which can be considered an addi-
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images are shown in Annex Fig. 14). To complete the full
synthetic model, a densely connected neural network was
used as surrogate model to make the correspondence be-
tween the (labelled) Action space and the latent space Z
encoding. The overall architecture for training the VAE
and Predictor is shown in Fig. 4, with the synthetic model
shown in Fig. 5.

These networks were trained on machine data, from
a grid-scan made in the 5-D action space. This was
a lengthy one-o↵ process needing the accumulation of
some 1500 valid images to train the VAE, but allowed
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Note that the decoder and encoder networks do not

need to come from the same VAE model.

the e�cient and comprehensive o↵-line training and
hyper-parameter optimisation for comparison of di↵erent
agents, objective functions, state encoding and reward
shaping for the di↵erent agents investigated.

The lengthy grid search was made to train the surro-
gate model but could theoretically be used to find the
optimal working point. But it would not be a viable
method as the beamline input conditions vary quite sig-
nificantly from day to day (which also impacted the suit-
ability of the single RL agent approach, as addressed in
the discussion).
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FIG. 3: Scan of sensitivity of matched beam spot-size to initial optics conditions, for di↵erent emittances.

D. Generative VAE for synthetic model

A VAE [25] based on computer vision convolutional
neural networks was used to generate synthetic BTV im-
ages from the real AWAKE data in an unsupervised man-
ner. This was then used both for state encoding from the
BTV images, as well as building a synthetic model (dig-
ital twin) of the AWAKE beamline. The basic AE is a
pair of neural networks consisting of an encoder, an in-
formation bottleneck, and a decoder. The loss function
is built of two parts: the reconstruction accuracy which
measures how close the decoded data is to the original
data, and a divergence term which measures how the in-
formation contained in the latent encoding di↵ers from a
Gaussian distribution. The pair of networks try to recon-
struct the original data as accurately as possible, passing
through the low-dimensional information bottleneck.

The VAE uses an additional random term added to
the encoded latent space coordinate. Even with limited
discrete training data this has the e↵ect of producing
a continuous variation of encodings in the latent space,
ideal for state variables which we expect to be continu-
ous with changes in the actions for our system. In our
experiments we tried di↵erent VAE flavours, settling for
the �-VAE with loss function of the form:

L(✓,�,�) = �Ez⇡q�(z|x) log p✓(x | z)+
�DKL(q�(z|x) || p✓(z))

(5)

as from [26], where the first term represents the recon-
struction loss and the second one is the Kullback-Leibler
divergence (KL) which pushes the probability distribu-
tion of decoder and encoder to be as similar as possible
to a Gaussian distribution. The KL term is weighted
with the � parameter which can be considered an addi-
tional hyper-parameter to choose (examples of produced
images are shown in Annex Fig. 14). To complete the full
synthetic model, a densely connected neural network was
used as surrogate model to make the correspondence be-
tween the (labelled) Action space and the latent space Z
encoding. The overall architecture for training the VAE
and Predictor is shown in Fig. 4, with the synthetic model
shown in Fig. 5.

These networks were trained on machine data, from
a grid-scan made in the 5-D action space. This was
a lengthy one-o↵ process needing the accumulation of
some 1500 valid images to train the VAE, but allowed

FIG. 4: Architecture for training VAE and Predictor
networks used for AWAKE synthetic model and RL

encoding.

FIG. 5: Use of AWAKE synthetic model for RL testing.
Note that the decoder and encoder networks do not

need to come from the same VAE model.

the e�cient and comprehensive o↵-line training and
hyper-parameter optimisation for comparison of di↵erent
agents, objective functions, state encoding and reward
shaping for the di↵erent agents investigated.

The lengthy grid search was made to train the surro-
gate model but could theoretically be used to find the
optimal working point. But it would not be a viable
method as the beamline input conditions vary quite sig-
nificantly from day to day (which also impacted the suit-
ability of the single RL agent approach, as addressed in
the discussion).
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RL	with	explicit	state	encoding

μx,y,	σx,y,	
SumPixels

• Results	

• Able	to	solve	problem	with	≤	2	iterations,	after	
training	for	200	iterations	

• Good	results	on	Explicit/Implicit/Synthetic	Data	

• Problem:	system	has	a	slowly-changing	response	

• RL	trained	on	Day	1	does	not	work	on	Day	2	

• Additional	efforts	needed	to	incorporate	residual	
state	information	(i.e.	2D	image	is	not	enough)
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Beam	trajectory	reconstruction	using	neural	networks
• Problem:	no	direct	measurement	of	e-	trajectory	in	p+	events		

• BPMs	overwhelmed	by	higher	charge	of	proton	
• Hardware	solutions,	under	development:	Cherenkov	Diffraction	Radiation	
BPMs	and	HF	BPMs	

• Solution:	can	we	solve	this	in	software,	using	the	first	half	of	the	electron	line?	
• In	Run	1,	attempted	to	use	optics	model,	with	insufficient	results		
• Idea:	teach	a	Physics	Guided	Neural	Network	(PGNN)	to	correct	the	
estimates	of	the	optics	model	

• Results:	PGNN	works	well	when	BPM	resolution	is	good	
• Measurement	of	PGNN	performance	is	limited	by	BPM	resolution	
• When	BPM	resolution	is	poor	(i.e.	low-charge	e-	beam),	it	is	difficult	to	
estimate	the	PGNN	performance	
• Good	news:	jitter	for	low-charge	beam	is	small	low,	so	PGNN	is	not	
needed	and	a	simple	average	trajectory	works	well
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BPM Position jitter [µm] Optics model r.m.s error [µm] PGNN r.m.s error [µm]
low medium high low medium high low medium high

412343 147.6 63.6 509.5 310.0 195.6 136.6 144.4 26.6 25.9
412345 155.8 143.7 1201.1 673.5 457.0 324.4 148.0 53.4 53.8
412347 165.5 99.9 748.1 578.3 343.5 128.1 164.2 41.2 41.8
412349 141.1 66.0 416.9 438.9 195.8 71.4 142.5 31.4 25.3
412351 131.6 52.5 156.1 386.7 98.0 55.2 133.9 28.8 19.4

TABLE VI: Horizontal: Measured jitter for three charge settings compared with the r.m.s error from the optics
model predictions and the r.m.s error from the PGNN predictions.

BPM Position jitter [µm] Optics model r.m.s error [µm] PGNN r.m.s error [µm]
low medium high low medium high low medium high

412343 175.5 97.5 73.5 147.2 32.9 69.6 136.7 19.7 15.1
412345 184.6 94.6 28.4 148.2 25.0 46.4 143.4 19.1 15.4
412347 247.4 165.5 142.9 189.3 39.5 89.4 165.4 22.5 21.1
412349 224.8 131.9 242.3 188.2 57.6 95.2 152.1 21.1 18.7
412351 233.9 42.9 148.0 180.2 56.4 62.3 143.7 19.6 16.6

TABLE VII: Vertical: Measured jitter for three charge settings compared with the r.m.s error from the optics model
predictions and the r.m.s error from the PGNN predictions.

can then be compared with the measured PGNN perfor-
mance. For example, if the final two BPMs have a resolu-
tion of 20 µm at high charge, this would correspond to a
48 µm resolution at the iris. The PGNN error propagated
to the iris is in good agreement with this. If we assume
that the low-charge results are resolution-limited, then
the final two BPMs have a resolution ⇠140 µm, which
would correspond to a 340 µm resolution at the iris.

The resolution is expected to scale linearly with the
BPM signal-to-noise ratio, where the sums of the BPM
signals for the three charges were 2850 (300 pC), 22 500
(650 pC), 28 500 (750 pC). The best PGNN perfor-
mances, as measured at BPM 51, are presented in Fig. 19
along with the estimated resolution scaling calculated by
assuming the performance of the low-charge case was
resolution-limited. There is good agreement vertically
but horizontally the higher charge predictions under-
perform compared to the resolution scaling. The BPMs
with the largest horizontal jitters also demonstrate the
poorest horizontal predictions, requiring further study.

VII. GENERALIZATION OF THE
TECHNIQUES DEVELOPED

The usage of genetic algorithms and numerical opti-
mizers for beam line design is relatively new and still not
fully exploited. In cases where considering only linear
optics is not su�cient and accounting for all aberrations
is non-trivial, numerical optimizers can aid in finding a
working solution. Supervision is clearly still needed and,
any additional information, included as constraints, is in-
valuable. Establishing constraints, often with a physical
basis, can help converge towards more elegant solutions
which are more robust to errors.

FIG. 19: The data points show the horizontal and
vertical r.m.s error between the measured and

prediction positions at BPM 51; the resolution scaling
from low charge is given as a dashed line under the

assumption that the low-charge results were
resolution-limited.

Potential developments of this technique could be the
employment of hierarchical structures in multi-layer opti-
mizers to further automatize the design of transfer lines.
It has been shown that PGNNs can be used to recon-

struct the beam trajectory through the Run 2a AWAKE
common line. This method could be adapted for use with
the Run 2c seeding electron line and even developed into
an application to give real-time predictions of the rela-
tive alignment between the proton and electron beams.
Ideally, the Run 2c seeding electron line would also have
BPMs in the dog-leg at ⇡-phase-advance so that the mo-
mentum o↵set could again be easily measured.
The help of PGNNs for trajectory predictions is a very

general concept for accelerators. As optics knowledge is
very frequently available, this could represent a way to
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can then be compared with the measured PGNN perfor-
mance. For example, if the final two BPMs have a resolu-
tion of 20 µm at high charge, this would correspond to a
48 µm resolution at the iris. The PGNN error propagated
to the iris is in good agreement with this. If we assume
that the low-charge results are resolution-limited, then
the final two BPMs have a resolution ⇠140 µm, which
would correspond to a 340 µm resolution at the iris.

The resolution is expected to scale linearly with the
BPM signal-to-noise ratio, where the sums of the BPM
signals for the three charges were 2850 (300 pC), 22 500
(650 pC), 28 500 (750 pC). The best PGNN perfor-
mances, as measured at BPM 51, are presented in Fig. 19
along with the estimated resolution scaling calculated by
assuming the performance of the low-charge case was
resolution-limited. There is good agreement vertically
but horizontally the higher charge predictions under-
perform compared to the resolution scaling. The BPMs
with the largest horizontal jitters also demonstrate the
poorest horizontal predictions, requiring further study.

VII. GENERALIZATION OF THE
TECHNIQUES DEVELOPED

The usage of genetic algorithms and numerical opti-
mizers for beam line design is relatively new and still not
fully exploited. In cases where considering only linear
optics is not su�cient and accounting for all aberrations
is non-trivial, numerical optimizers can aid in finding a
working solution. Supervision is clearly still needed and,
any additional information, included as constraints, is in-
valuable. Establishing constraints, often with a physical
basis, can help converge towards more elegant solutions
which are more robust to errors.

FIG. 19: The data points show the horizontal and
vertical r.m.s error between the measured and

prediction positions at BPM 51; the resolution scaling
from low charge is given as a dashed line under the

assumption that the low-charge results were
resolution-limited.

Potential developments of this technique could be the
employment of hierarchical structures in multi-layer opti-
mizers to further automatize the design of transfer lines.
It has been shown that PGNNs can be used to recon-

struct the beam trajectory through the Run 2a AWAKE
common line. This method could be adapted for use with
the Run 2c seeding electron line and even developed into
an application to give real-time predictions of the rela-
tive alignment between the proton and electron beams.
Ideally, the Run 2c seeding electron line would also have
BPMs in the dog-leg at ⇡-phase-advance so that the mo-
mentum o↵set could again be easily measured.
The help of PGNNs for trajectory predictions is a very

general concept for accelerators. As optics knowledge is
very frequently available, this could represent a way to
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After traversing the foil the beam emittance increases,
the betatron function decreases and the position of the
beam waist shifts upstream. The emittance increase de-
pends on beta function at the foil and so the the op-
tics should be re-optimized with models of the scatter-
ing foils in the beamline so that the beam focal-point is
returned to the injection-point. The Nelder-Mead algo-
rithm was used to re-match the optics. To ensure the
emittance blow-up in the x and y planes were equal, the
term |�x � �y| was incorporated in the objective func-
tion. The emittance after the scattering foil was left as a
free parameter during optimization. The injection-point
beam parameters for the re-matched transfer line includ-
ing the scattering foils, are presented in Tab. V and the
beam distribution are shown in Fig. 14. For these param-
eters, the matched beam sizes would be 16.65 µm and
16.70 µm horizontally and vertically respectively, which
are within approximately 5% of the achieved beamsizes.

Parameter x-plane y-plane

�x,y [µm] 17.23 17.63
↵x,y 0.000 0.000
Dx,y [m] 0.001 0.000
✏x,y [mm mrad] 16.96 16.85

TABLE V: Beam parameters at the injection-point for
a transfer line with two 100 µm aluminium foils.

FIG. 14: Injection-point beam distribution from
simulations of the bunch tracked through the Run 2c
witness transfer line with two 100 µm aluminium foils.

Beam parameters are given in Table V.

The Nelder-Mead algorithm proved useful for making
small adjustments to the transfer line optics, typically
finding a solution within a few hundred iterations. It

could be used, for example, to adapt the optics to pro-
duce a larger beam size, alter the beam distribution or
shift the beam waist. It is foreseen that the AWAKE
Run 2c experiment will scan the witness bunch param-
eters such as the beam size and waist position, so this
capability is essential.

VI. BEAM TRAJECTORY RECONSTRUCTION
USING NEURAL NETWORKS

In this section we describe how Physics-Guided Neu-
ral Networks (PGNNs [27]) could be used to estimate the
beam alignment for the Run 2c seeding electron line when
direct measurements are not possible. Although the full
design for the seeding line has not been completed, it is
expected to be similar to the Run 2a electron line and
consequently face similar issues. For Run 2a there were
challenges with measuring the relative proton-electron
alignment and so a dedicated alignment technique was
developed. This could also be used for the Run 2c.
Within the AWAKE Run 2a common line (Fig.15), in

which the electron and proton beams co-propagate, the
proton beam dominates the BPM signals so that electron
measurements are not possible while there are protons.
Additionally, the signals from the BPMs closest to the
plasma cell are corrupted in the presence of plasma and
cannot be used for either protons or electrons. With-
out these measurements, the beam trajectory through
the common line needs reconstructing based on measure-
ments from upstream in the electron line.

FIG. 15: Schematic of the proton beamline (blue),
electron beamline (red) and common line (green). The
BPMs relevant for this study are shown as rectangles
and the electron line dipoles are given as triangles;

quadrupoles are not shown in this diagram. The proton
and electron beams propagate from left to right. The

iris marker highlights the first iris of the plasma cell and
the start of the plasma.

The Run 2a ⇠18MeV electron beamline (TT43) is
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BPMs,

[xmeas.
6 � xpred.

6 , ..., xmeas.
10 � xpred.

10 ,

ymeas.
6 � ypred.6 , ..., ymeas.

10 � ypred.10 ].
(11)

As the PGNN output is compared with BPM measure-
ments to calculate the PGNN output error, the resolution
of the BPMs sets a limit to the PGNN performance that
can be measured. To propagate the predictions from the
BPMs to the iris, the beam angle was calculated from the
ballistic trajectory through the final two BPMs. This
propagation should take into account the e↵ect on the
beam trajectory from the Earth’s magnetic field.

The PGNN had six hidden layers with the number of
nodes per layer stepping from 30 to 60 and back to 30 in
steps of 10. The hidden layers had tanh activation func-
tions. During training the learning rates were decreased
step-wise throughout training and this process was op-
timized empirically. The data were split 80%/20% split
into training and test data, with a further 10% of the
training data used for validation to highlight any over-
fitting of the model. A batch size of 64 was used for
training and of order 1000 epochs. An MSE loss was
used to quantify the PGNN performance.

C. Results

PGNNs were tested on data at three di↵erent charges,
300 pC, 650 pC and 750 pC, as measured with a Farady
cup. The BPM resolution scales with the BPM signal-to-
noise ratio and, consequently, with the beam charge so
that these data could be used to study the variation in
PGNN performance with BPM resolution. Three sepa-
rate NNs were trained for the three charges. The 750 pC
data set had ⇠4000 events with 80% used for training
and validation. The training and validation MSE losses
are shown in Fig. 17 for 1500 epochs of training.

FIG. 17: Training and validation MSE loss vs. epoch.

The predictions of the PGNN compared with the mea-
sured data and optics model prediction are given in

Fig. 18 for a single test event. The PGNN performances
are presented in Tables VI and VII for the three charges,
where the degradation in measured PGNN performance
with decreasing charge can be seen. The AWAKE BPMs
are expected to have resolutions of up to 20µm which
agree well with the high-charge results.

(a)

(b)

FIG. 18: High-charge: comparison of the optics model
beam trajectory prediction (orange) and the PGNN

prediction (green) with the measured BPM data (blue),
shown for the horizontal (a) and vertical (b) planes.

For the low charge data the BPM signal-level was ap-
proximately a tenth of that for the high charge data.
With this lower resolution, neither the optics model pre-
diction nor the PGNN prediction are measured to per-
form much better than the level of the beam jitter. This
is likely as a result of the BPM resolution being of the
same order as the measured beam jitter, meaning that
the jitter measurements are resolution-limited. In this
case, better results may be achieved by assuming always
the mean beam trajectory rather than trying to predict
the trajectory pulse-to-pulse.
The results from propagating the beam trajectory to

the iris are presented in Table VIII. There is a clear
improvement in the position and angle predictions at
medium and high charge with the PGNN. The resolu-
tion of the position measurement extrapolated to the iris
can be calculated from the geometry of the system. This

R. Ramjiawan et al., Design of the AWAKE Run 2c transfer lines using numerical optimizers, To be submitted

BPM	resolution	vs	e-	beam	charge

Prediction	vs	Measurement
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Analytic	solutions	and	manual	tuning	(Human	Learning)
• Tuning	the	Injector	system:	

• Injector	parameters	cannot	be	moved	continuously,	so	Optimizers	and	ML	are	not	(yet)	a	solution		
• Matching	Injector	to	Transfer	Line:	

• Reinforcement	Learning	cannot	(yet)	solve	this:	slowly	changing	response	
• In	parallel	to	ML	program,	we	developed	an	‘analytic’	solution	

• 1)	Measure	beam	optics	(4D)	out	of	the	Injector	
• 2)	Solve	system	of	equations	predicting	what	the	best	currents	for	the	‘matching’	magnets
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Initial	(unmatched) Optics	matched	to	target

G.	Zevi	Della	Porta	et	al.	APS	Division	of	Plasma	Physics	Meeting	2020,	BO03.002
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Simulations:	Transfer	Line
• Full	model	of	Transfer	Line	available	

• Good	agreement	with	data,	as	long	as	injector	optics	variations	are	taken	into	account	
• Allowed	to	develop	alternative	focusing	(i.e.	changing	beam	size	to	affect	e-	bunch	density	while	keeping	charge	fixed)	

• Necessary	tool	since	the	beam	size	estimate	at	plasma	entrance	relies	fully	on	simulation	in	2021		
• BTV	@	plasma	entrance	added	in	early	2022,	undergoing	commissioning	
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BEGINNING	(BTV42) END	(BTV54)

<x>
<y>
sigma x
sigma y

sigma y
sigma x

<x>
<y>

G.	Zevi	Della	Porta	et	al.	APS	Division	of	Plasma	Physics	Meeting	2020,	BO03.002
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Outline
• Introduction	to	AWAKE	

• Run	1	achievements	
• Plan	for	Run	2	

• Run	2	preparation	during	the	Long	Shutdown	2	(2019-2020)	
• Laser	ionization	and	plasma	formation	
• Electron	Beam:	human	and	machine	learning	
• Electron	seeding	in	plasma:	preparation	for	Run	2a		
• Performance:	Alignment	and	Data	Quality	

• The	2021	proton	run	
• Run	2a	(2021-2022)	physics	goals	
• Preliminary	results		

• What’s	next?		
• 2022	proton	run	goals	
• Beyond	Run	2:	physics	applications
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Electron	seeding:	e-	bunch	energy	deposited	in	plasma

• Seeding	relies	on	transverse	wakefields	generated	by	e-	bunch	in	the	first	meters	of	plasma	
• Size:	e-	bunch	pinches	in	the	first	few	cm	and	remains	small	for	several	meters	
• Wakefield:	while	the	e-	bunch	is	small,	large	wakefields	are	sustained	for	the	first	two	meters		

• We	cannot	yet	measure	seed	wakefields	directly,	but	we	can	measure	the	e-	bunch	properties	
after	the	plasma
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Electron	bunch	size	evolution Max	transverse	wakefield	at	r	=	200	μm

FBPIC (Fourier-Bessel  
Particle-In-Cell) 
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Electrons	in	plasma:	Run	2a	without	protons

• Preliminary	experimental	results	

• Plasma-off	measurements	(propagation	in	vacuum)		
• No	energy	loss,	as	expected	

• Plasma-on	measurements	
• Significant	energy	and	charge	loss	
• Reproducible	event-to-event	
• Energy	loss	(i.e.	seed	strength)	depends		
on	electron	beam	properties	

• Dedicated	analysis	and	comparison	with	simulation	ongoing	
• Decided	to	measure	electron	energy	loss	also	during	proton	run
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plasma	ON,	150	pC
21.09.2021 L. Verra, for the AWAKE collaboration 17

Electron bunch drives wakefields
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Performance	challenges	and	improvements
• Largest	operational	challenge:	aligning	the	3	beams	to	<	50	μm	

• Laser:	σ	~	700	μm,	position	jitter	~	200	μm																					BPM	resolution:	
• Protons:	σ	~	200	μm,	position	jitter	~	40	μm																		Protons:	~	100	μm	
• Electrons:	σ	~	200	μm,	position	jitter	~	20	μm															Electrons:	~	200	μm	

• Laser:	adapted	Run	1	alignment	code,	using	analog	BTVs	(1	Hz)	
• Set	up	a	moving	average	on	10	Hz	digital	cameras	along	a	parallel	laser	line	
• 2022:	finish	commissioning	parallel	line	to	align	at	10	Hz	without	interrupting	proton	beam		

• Electrons:	developed	simple	code	to	calculate	offset/angle	based	on	BPM	average	over	~400	events	at	10	Hz	
• Can	reach	golden	trajectory	in	only	a	few	minutes	
• But	lengthy	alignment	is	still	required	to	find	the	proton	beam	(since	proton	alignment	is	limited)	
• 2022:	Improvement	expected	with	the	installation	of	a	BTV	screen	at	the	plasma	entrance	

• Protons:	developed	simple	code	averaging	BPMs	over	20	events	(10	minutes!)	
• Longer	average	would	be	needed,	but	10+10	minutes	of	beam	time	is	already	a	lot	
• Alignment	affected	by	SPS	interruption,	super-cycle	changes,	drift.	
• 2022:	consider	transitioning	to	BTV	for	higher	resolution,	allowing	to	use	fewer	shots
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Alignment	requires	
averaging	many	shots	to	
beat	jitter	and	resolution} }



New	for	Run	2:	Data	Quality	Monitoring
• A	lesson	from	the	LHC	experiments:	reduce	downtime	by	catching	
problems	as	early	as	possible	with	basic	data	monitoring	

• Constant	monitoring	of	timestamp	and	errors	for	all	data	
written	to	disk	(250	variables,	50	MB	per	event).	

• Trajectory	monitoring	for	3	beams	(moving	averages	to	
overcome	jitter	and	resolution)	

• Further	improvements	ongoing	to	improve	reliability.
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[V.	Hafych,	F.	Elverson]

Single	event	summary	(main	diagnostics)

Timeline	of	moving	average	proton	trajectory

[V.	Hafych,	F.	Elverson]
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Run	2a:	electron	seeding	of	self-modulation	(eSSM)
• ‘Seeding’	the	proton	bunch	self-modulation	is	required	for	reproducible	acceleration	

• Only	electrons	injected	at	a	precise	phase	of	the	micro-bunch	train	can	accelerate	and	remain	focused		
• Actively	seeding	the	self-modulation	allows	phase-reproducible	micro-bunch	trains	

• In	Run	1,	self-modulation	seeded	by	a	laser	ionization	front	(i.e.	the	plasma	starts	in	the	middle	of	the	proton	bunch)	
• The	head	of	the	proton	bunch	remains	unmodulated	

• In	Run	2,	the	entire	proton	bunch	needs	to	be	modulated	before	entering	the	2nd	cell,	to	prevent	the	bunch	head	
from	modulating	at	a	different	phase	and	affecting	the	wakefields	
• Primary	goal	of	Run	2a:	demonstrate	that	an	electron	bunch	can	seed	self-modulation	in	the	1st	plasma	cell		
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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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

with density nRb adjustable in the ð0.5–10Þ × 1014 cm−3

range and with uniform temperature and thus density
distributions (ΔnRb=nRb ¼ ΔT=T < 0.2% [23]). The vapor
density is measured to better than 0.5% [24] at both ends of
the source. A Ti:sapphire laser system provides a 120 fs,
≤ 450 mJ laser pulse that can serve two purposes. First,
when propagating along the vapor column it creates the
plasma at the RIF. The RIF transforms the Rb vapor into a
∼2 mm diameter plasma with density and uniformity equal
to those of the vapor [14]. Therefore, hereafter we quote the
corresponding plasma density instead of the measured Rb
vapor density ðne0 ¼ nRbÞ. Second, when propagating
within the proton bunch, the RIF triggers the sudden
(≪ 1=ωpe) onset of beam plasma interaction that can seed
the SM process. Seeding can occur because this onset
corresponds to the driving of initial plasma wakefields
starting at the RIF and with amplitudes depending on the
local bunch density [14,15].
The train of microbunches resulting from the SM process

leaves the plasma after 10 m and passes through an
aluminum-coated screen where protons emit optical tran-
sition radiation (OTR), 3.5 m from the plasma exit. The
OTR has the same spatiotemporal structure as the modu-
lated proton bunch. A streak camera resolves the incoming
OTR light imaged onto its entrance slit in space and in time
with resolutions of 80 μm and ∼1 ps, respectively, over a
73 ps time window. Since the entrance slit is narrower than
the bunch radius at the screen location, images display the
bunch charge density and not its charge [25]. A transfer line
(dashed blue line in Fig. 1 [26]) guides a mirror bleed-
through of the laser pulse to the streak camera. This signal
(in red circle in inset 2 of Fig. 1) indicates on each image
the relative timing of the RIF within the proton bunch with
0.53 ps (rms) accuracy and 0.16 ps precision. It can be
delayed together with the camera trigger signal to appear on
the image at times later than that of the RIF, as seen every
50 ps at the bottom of Fig. 4(a). This signal is necessary to
refer images in time with respect to the RIFs and with
respect to each other’s timing, because the streak camera
triggering system has a time jitter of 4.8 ps (rms),
equivalent to approximately half a period of the wakefields.

In the following, we refer to this signal as the laser
reference signal (LRS).
Results.—We observe that when we use the RIF for

plasma creation only, placing it nano- to microseconds
ahead of the proton bunch, SM occurs [27]. In this case
SM can grow from noise present in the system. The
wakefield amplitude driven by shot noise in the proton
bunch distribution was estimated at the tens of kV=m level
[28]. The laser pulse drives wakefields at the <100 kV=m
level at the plasma densities of these experiments [29].
Figure 2(a) shows a composite image of the time structure
of the center part of the modulated proton bunch (compare
Fig. 1, inset 2) for ten events in the 73 ps window, placed
150 ps (0.6σt) ahead of the bunch peak. These events are
aligned in timewith respect to the LRS. The LRS alignment
procedure yields a ∼50-ps-long common window between
images. The LRS (not shown) is placed at t ¼ 0 ps on each
image. The RIF is 600 ps (2.4σt) ahead of the bunch peak
(i.e., 450 ps, 1.8σt between RIF and t ¼ 0 on the image).
Each image is normalized to its incoming bunch popula-
tion. The figure clearly shows that from event to event
microbunches appear at no particular times with respect to
the RIF. It also shows that the measured microbunch charge
density varies considerably. Variations in bunch density on
these images can be attributed to amplitude variations of
focusing and defocusing fields [25]. Variations in timing or
phase and amplitude of the modulation are expected for the
occurrence of a (nonseeded) instability such as SMI [11].
Figure 2(b) shows a similar plot to that of Fig. 2(a), but

with the RIF placed closer, 350 ps (1.4σt) ahead of the
bunch peak and thus with larger wakefield amplitude at the
RIF, with all other parameters unchanged. It is clear that in
this case the microbunches appear essentially at the same
time with respect to the RIF and with much more consistent
charge density than in the previous case. These data show
the behavior expected from a seeded process such as SSM.
From these two plots we conclude that in the first case the
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FIG. 1. Schematic of the experimental setup showing the main
components used for measurements presented here. Inset 1: RIF
in the middle of the proton bunch (tRIF ¼ 0 ps). Inset 2: streak
camera image of a modulated proton bunch, laser reference signal
at t ¼ 0 ps (red circle).

-100102030
t (ps)

2

4

6

8

10

E
ve

nt
 n

um
be

r

010203040
t (ps)

2

4

6

8

10

E
ve

nt
 n

um
be

r

(a) (b)

FIG. 2. Composite images of the center part of the streak
camera image (see Fig. 1, inset 2) for ten events with (a) RIF
600 ps (2.4σt) and (b) RIF 350 ps (1.4σt) ahead of the proton
bunch center. Front of the bunch on the right-hand side.
Events aligned with respect to LRS ([26], at t ¼ 0, not
visible). Both cases: LRS 150 ps (0.6σt) ahead of bunch
center, ne0 ¼ 0.94 × 1014 cm−3.
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E. Adli et al. (AWAKE Collaboration), Nature 561, 363–367 (2018) 

Seeded self-modulation of the proton bunch: 
è SSM process is reproducible, reliable and stable. 

è Electrons 
accelerated to 2 GeV in 
under 10 m. 
è Energy is as expected 
from simulations 

AWAKE has demonstrated during Run 1 (2016-2018) that the seeded self-modulation is a 
reliable and robust process and that electrons can be accelerated with high gradients. 

AWAKE Collaboration,  Phys. Rev. Lett. 122, 054802 (2019).
M. Turner et al. (AWAKE Collaboration), ‘Phys. Rev. Lett. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Accel. Beams 23, 081302 (2020)
F. Braunmueller, T. Nechaeva et al. (AWAKE Collaboration), Phys. Rev. Lett. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collaboration), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Lett. 126, 164802  (2021).

Unseeded: phase 
not reproducible

Seeded with laser 
ionization front
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Run	2a:	what	can	we	learn	from	eSSM?
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2021	AWAKE	proton	run:	2+3+2	weeks	(+	2	days)
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First	run	(July	21,	2	weeks)
• First	observation	of	electron-seeded	self-modulation	

• Observed	with	low	electron	beam	charge,	allowing	to	study	effect	of	increased	charge
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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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

10.11.21 Livio Verra 10

proton bunch population = 1.0⋅1011 ppb 
73 ps streak camera window
electron bunch charge Q = 220 pC
npe =  1⋅1014 cm-3

à fpe = 89.7 GHz
Tpe = 11.1 ps

Waterfall plot of single images
vb

L. Verra et al., in preparation

Electron bunch seeding: phase reproducibility

The microbunches appear at the same 
time t! along the bunch 
event after event

rms(t!) / Tpe ∼ 0.09

Self-Modulation of 
the proton bunch is seeded 
by the electron bunch! 

10.11.21 Livio Verra 11

Electron bunch seeding: phase reproducibility
proton bunch population = 1.0⋅1011 ppb 
73 ps streak camera window
electron bunch charge Q = 220 pC
npe =  1⋅1014 cm-3

à fpe = 89.7 GHz
Tpe = 11.1 ps

sum of the 10 events

vb

L. Verra et al., in preparation

The microbunches appear at the same 
time t! along the bunch 
event after event

rms(t!) / Tpe ∼ 0.09

Self-Modulation of 
the proton bunch is seeded 
by the electron bunch! 

Phase-reproducibility	
in	consecutive	events Sum	of	10	consecutive	events

[L.	Verra	et	al,	APS	DPP	2021]

[L.	Verra	et	al,	APS	DPP	2021]



First	run	(July	21,	2	weeks)
• First	observation	of	electron-seeded	self-modulation	

• Observed	with	low	electron	beam	charge,	allowing	to	study	effect	of	increased	charge
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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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

10.11.21 Livio Verra 15

a) no plasma

b) plasma

c) plasma,
Δtseed = 6.67ps

• The electron bunch drives the seed wakefield

• The seed wakefields modulates the p+ bunch 
density modulation 

• Self-modulation grows from the initial 
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• The phase of the modulation is defined by the 
seed bunch

à a shift Δtseed gives a variation in the appearance
time of the microbunches Δt!

Δt% = 7 ps

vb

210 ps-scale streak camera images

L. Verra et al., in preparation

Electron bunch seeding: phase control

10.11.21 Livio Verra 10

proton bunch population = 1.0⋅1011 ppb 
73 ps streak camera window
electron bunch charge Q = 220 pC
npe =  1⋅1014 cm-3

à fpe = 89.7 GHz
Tpe = 11.1 ps

Waterfall plot of single images
vb

L. Verra et al., in preparation

Electron bunch seeding: phase reproducibility

The microbunches appear at the same 
time t! along the bunch 
event after event

rms(t!) / Tpe ∼ 0.09

Self-Modulation of 
the proton bunch is seeded 
by the electron bunch! 

Control	of	the	eSSM	process:	shifting	
the	electron	bunch	position	shifts	the	
proton	micro-bunches	by	the	same	Δt

[L.	Verra	et	al,	APS	DPP	2021]
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Electron bunch seeding: phase reproducibility
proton bunch population = 1.0⋅1011 ppb 
73 ps streak camera window
electron bunch charge Q = 220 pC
npe =  1⋅1014 cm-3

à fpe = 89.7 GHz
Tpe = 11.1 ps

sum of the 10 events

vb

L. Verra et al., in preparation

The microbunches appear at the same 
time t! along the bunch 
event after event

rms(t!) / Tpe ∼ 0.09

Self-Modulation of 
the proton bunch is seeded 
by the electron bunch! 

Sum	of	10	consecutive	events
Phase-reproducibility	
in	consecutive	events



Second	run	(August	23,	3	weeks)
• eSSM	observed	up	to	3E11	proton	intensity	(AWAKE	nominal)	
• Study	self-modulation	dependence	on:	
• Electron	bunch	charge,	i.e.	seed	wakefield	amplitude	
• Proton	bunch	charge,	i.e.	self-modulation	growth	rate	
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1.5⋅1011 ppb 2.0⋅1011 ppb 2.5⋅1011 ppb 3.0⋅1011 ppb1.0⋅1011 ppb

21.09.2021 L. Verra, for the AWAKE collaboration 34

The microbunch train carry information about 
the whole history of the propagation in plasma

Variation of the proton bunch charge density

electron bunch charge Q = 220 pC
npe = 1⋅1014 cm-3

Larger proton bunch charge density  à larger growth 
à microbunch train starts earlier
à widening of the microbunches

*All	images	are	sums	of	O(10)	events

Proton	bunch,	210	ps	scale	(plasma	and	electron	seed).	Different	proton	bunch	charges
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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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

[L.	Verra,	EAAC	2021]



Second	run	(August	23,	3	weeks)

• Study	hosing	dependence	on	misalignment	axis			
• Control	the	direction	of	hosing	w.r.t.	the	streak	camera	slit
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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Proton	bunch,	210	ps	scale	(plasma	and	electron	seed).	Different	electron	bunch	alignments

Preliminary	[T.	Nechaeva]
*All	images	are	sums	of	O(10)	events
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The microbunch train carry information about 
the whole history of the propagation in plasma

Variation of the proton bunch charge density

electron bunch charge Q = 220 pC
npe = 1⋅1014 cm-3

Larger proton bunch charge density  à larger growth 
à microbunch train starts earlier
à widening of the microbunches



Third	run	(September	11,	2	weeks)

• First	scans	of	longitudinal	electron	position	
• How	does	the	unseeded	front	of	the	proton	bunch	affect	the	seeded	back	of	the	bunch?	
• Important	to	understand	the	role	of	electron-seeding	in	Run	2c	

• Study	3D	features	of	beam	by	moving	image	on	streak	camera	slit	
• Requires	shot-to-shot	reproducibility	for	O(100)	consecutive	shots,	or	O(1)	hour	
• Interesting	to	understand	both	self-modulation	and	hosing	configurations
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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Summary	for	2021	proton	run
• Run	2a	started	in	July	2021,	with	an	ambitious	program	

• Prove	electron-seeded	self-modulation	of	proton	bunch	
• Use	electron-seeding	to	understand	the	physics	of	self-modulation	and	hosing	

• Very	good	results	from	the	7	weeks	of	proton	beam	received	in	2021	
• Early	observation	of	electron-seeding:	already	started	advanced	studies	and	scans	
• Sufficient	stability	for	long	scans	to	explore	full	3D	beam	profile	

• These	results	would	not	have	been	possible	without	the	support	and	dedication	of:	
• The	control	room	team:	Livio	Verra,	Jan	Pucek,	Tatiana	Nechaeva,	Michele	
Bergamaschi,	Joshua	T.	Moody,	Miklos	Kedves,	Eugenio	Senes,	Eloise	Guran,	Vasyl	
Hafych,	Samuel	Wyler,	Francesca	Elverson,	Edda	Gschwendtner	and	Patric	Muggli	
• The	SPS	operation	team	and	the	support	and	service	teams	of	the	AWAKE	facility

45



Giovanni	Zevi	Della	Porta,	CERN Long	Shutdown	2

Outline
• Introduction	to	AWAKE	

• Run	1	achievements	
• Plan	for	Run	2	

• Run	2	preparation	during	the	Long	Shutdown	2	(2019-2020)	
• Laser	ionization	and	plasma	formation	
• Electron	Beam:	human	and	machine	learning	
• Electron	seeding	in	plasma:	preparation	for	Run	2a		
• Performance:	Alignment	and	Data	Quality	

• The	2021	proton	run	
• Run	2a	(2021-2022)	physics	goals	
• Preliminary	results		

• What’s	next?		
• 2022	proton	run	goals	
• Beyond	Run	2:	physics	applications
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Next	step:	2022	proton	run

• 12	weeks	of	beam	time	foreseen	for	2022	

• AWAKE	and	SPS	operations	
• Improve	laser	and	electron	alignment,	using	
new	BTV	and	improved	software	
• Work	with	SPS	to	improve	proton	beam	
alignment,	stability	(for	long	scans),	and	to	
extract	beam	during	LHC	filling	

• Physics	program	
• Continue	scans	to	explore	the	physics	of	
eSSM	and	electron-seeded	hosing		
• [Tentative]	Use	new	spectrometer	cameras	to	
measure	size/emittance	of	accelerated	beam
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Giovanni	Zevi	Della	Porta,	CERN AWAKE	highlights	and	plans

Beyond	Run	2:	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,	…
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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


Giovanni	Zevi	Della	Porta,	CERN AWAKE	highlights	and	plans

Step	1:	produce	e-	bunches	for	fixed	target	experiments

• Fixed	target	requirements:	energy	&	flux	important,	relaxed	emittance	
• Recent	simulations	show	a	maximum	energy	of	200	GeV	with	SPS	protons!	
• Energy	and	electrons	on	target	competitive	with	state-of-the-art	(NA64)
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at the TeV scale, with the AWAKE scheme using the LHC protons as the wakefield437

driver, the sensitivity is shown for 1 TeV electrons; such an experiment could run as438

part of a future collider facility, such as VHEeP [80], after collisions, and as the beam is439

dumped. The sensitivity is extended to much higher mass values as well as lower e. The440

mass values reached approach 1 GeV, far beyond the capability of any other experiment,441

current or planned.442

Depending on the future running of the SPS accelerator which feeds the AWAKE443

experiment, a larger area of parameter space could be investigated if more electrons444

on target were to be possible. Also, recent investigations indicate that higher energy445

electrons, up to about 200 GeV, are possible [63] using the SPS protons as the drive beam446

which would also extend the sensitivity beyond that shown in Fig. 7 for 50 GeV electrons.447

Additionally, other decay channels, such as A0 ! µ+µ� or A0 ! p+p� could also be448

considered and the experiment optimised to be sensitive to these additional channels.449

In summary, electron bunches produced by the AWAKE scheme can be used for450

searches for dark photons in a new kinematic regime. Ideas to enhance the sensitivity451

and extend the kinematic reach have also been presented.452
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AWAKE1k 1016

AWAKE50 1015
AWAKE50 1016
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AWAKE1k 1016
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Figure 7. Limits on dark photon production decaying to an e+e� pair in terms of the mixing
strength, e, and dark photon mass, mA0 , from previous measurements (light grey shading). The
expected sensitivity for the NA64 experiment is shown for a range of electrons on target, 1010 � 1013.
Expectations from other potential experiments are shown as coloured lines. Expected limits are
also shown for 1015 (orange line) or 1016 (green line) electrons of 50 GeV (“AWAKE50”) on target
and 1016 (blue line) electrons of 1 TeV (“AWAKE1k”) on target provided to an experiment using
the future AWAKE accelerator scheme. From Ref. [79].

5.2. Investigation of strong-field QED in electron–laser collisions453

Progress in high-power laser technology has revived the study of strong-field quan-454

tum electrodynamics (QED) since the pioneering experiment, E144 [81], that investigated455

this area of physics in electron–laser collisions in the 1990s. As electrons pass through456

the intense laser pulse and so experience strong fields, QED becomes non-linear and457

experiments mimic the conditions that occur on the surface of neutron stars, at a black458

hole’s event horizon or in atomic physics.459

The E144 experiment at SLAC investigated electron–laser collisions with bunches460

of electrons, each of energy ⇠ 50 GeV. Experiments (E320 at SLAC and LUXE at DESY461
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Step	2:	re-inject	electron	beam	for	e-p	(or	e-ion)	collisions
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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.
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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)
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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, 

• Explore	QCD	scaling	laws	at	high	center	of	mass	energy,	leptoquark	searches	
• Limited	luminosity,	but	very	high	energy
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Conclusions

• AWAKE	was	created	to	test	a	new	idea	for	electron	acceleration	
• Use	plasma	to	transfer	energy	from	protons	to	electrons	and	
potentially	reach	the	electron	energy	frontier	

• So	far,	in	Run	1	and	Run	2a,	all	expectations	have	been	met	
• The	rest	of	Run	2	aims	to	demonstrate	the	possibility	to	use	the	
AWAKE	scheme	for	high	energy	physics	applications	

• AWAKE	is	actively	thinking	about	future	physics	applications	
• Began	with	Physics	Beyond	Colliders	discussion	
• Most	recently	in	the	context	of	the	European	Strategy	for	Particle	
Physics	“Accelerator	R&D	Roadmap”	

51

EUROPEAN STRATEGY FOR PARTICLE PHYSICS

Accelerator R&D Roadmap



BACKUP

52



Run	2a	goals:	Plasma	light	as	a	measurement	of	wakefields

• Inspiration:	SLAC	E-164-X	PWFA	experiments	(2004)	
• Clear	indication	that	plasma	light	is	proportional	to	wakefields	
• Explanation:	wakefields	sustained	by	plasma	e-	oscillations			
dissipate	in	plasma.	Plasma	recombination	produces	light.		

• Setup	@	AWAKE:		
• Optical	fibers	from	2	viewports	to	spectrograph	used	at	0th	order	
• Data:	laser-only,	add	electrons,	protons	or	both	

• Simple	analysis	to	measure	wakefields:	
• Use	timing	to	reject	laser	pulse	light,	and	use		
laser-only	images	for	background	subtraction
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FIGURE 4 (a) the relative amount of light recorded between 515 and 528 nm (b) Amount of Charge
recorded by  a Toroid (Charge Monitor Device), versus the CTR energy.

FIGURE 5. Intensity of the lithium atomic line at 610 nm as a function of the mean beam energy as
recorded after the plasma by a beam position monitor located §30cm downstream from the aerogel (see
Fig. 1), i.e., 30 cm downstream from the magnetic spectrometer image plane. The plasma density is
constant at 1¥1017 cm-3 (blue circles), the red square corresponds to plasma off events, and the energy
loss varies because the bunch length varies from bunch to bunch. The line intensity is proportional to
the mean beam energy, i.e., to the beam energy lost to the plasma wake.
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E.	Oz	et	al.,	AIP	Conference	Proceedings	737,	708	(2004)

Experimental setup

• Spectrograph is used at 0th order (amplified, triggered photodiode)
• Future upgrade plans to use photo-multiplier tubes

Laser, p+, e-

Viewports

Spectrograph
Optical fiber

Fiber coupler
Flipper

Laser,	p+,	e-



Second	run	(August	23,	3	weeks)

• Study	plasma	light	with	laser	+	protons	
• Focus	on	proton	wakefields	(~10	times	larger	than	electron	ones)	
• Upstream	viewport:	wakefields	driven	by	local	proton	density	
• Downstream	viewport:	wakefields	result	from	10m	evolution	of	self-modulation	

• Promising	results	
• Upstream:	Correlation	between	plasma	light	
and	proton	density	at	laser	position	

• Correlation	between	two	viewports	
• Measurements	active	for	most	of	the	run:	
laser+electrons	and	laser+protons+electrons
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Preliminary	[M.	Bergamaschi,	J.	Pucek]

p+

Experimental setup

• Spectrograph is used at 0th order (amplified, triggered photodiode)
• Future upgrade plans to use photo-multiplier tubes

Laser, p+, e-

Viewports

Spectrograph
Optical fiber

Fiber coupler
Flipper

Laser,	p+,	e-



Giovanni	Zevi	Della	Porta,	CERN Run	coordination	status	and	summary

Highlights	of	the	first	proton	run	(July	22	-	Aug	3)

• July	29-30:	proton	timing	jitter	
• Different	RF	issues	causing	proton	jitter	on	different	scales
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Giovanni	Zevi	Della	Porta,	CERN Run	coordination	status	and	summary

Highlights	of	the	first	proton	run	(July	22	-	Aug	3)

• July	29-30:	proton	timing	jitter	
• 2.5	ns	jitter	solved	next-day,	and	100	ps	reduced	
• 100	ps	jitter	fully	solved	by	beginning	of	second	proton	run
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Giovanni	Zevi	Della	Porta,	CERN Run	Coordination	2022

AWAKE	feedback	to	SPS
• Reported	at	Injectors	and	Experimental	Facilities	Workshop	in	December	

• https://indico.cern.ch/event/1063281/timetable/
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� The biggest challenge comes from interruptions
Beam is interrupted for more than a few cycles: need to realign proton beam and restart scan

� Current diagnostic insufficient for the necessary alignment precision
SeaUchiQg µgRRd aligQmeQW¶ b\ maQXall\ lRRkiQg aW Velf-modulation images. Hours of physics time lost.

AWAKE challenges (from the injector complex)

06/12/21 P. Simon, G. Zevi Della Porta | Highlights and requests from HiRadMat & AWAKE 17

[Summed 
image: 10 
shots]

� Experiments are centered on reproducibility
� Need for reproducible wakefields

� A longitudinal profile requires ~10 summed images 

� Data-taking consists of parameter scans
� 1 ³daWa SRiQW´ UeTXiUeV 10-15 consecutive pulses

� 10-point scan requires 1 hour

[Summed image: 10 pulses]

Only possible with 
stable beam conditions

https://indico.cern.ch/event/1063281/timetable/
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AWAKE	feedback	to	SPS

58

� AWAKE is very happy with the support from all technical groups involved in the 
experiment infrastructure and from the SPS operation team!

� AWAKE runs for 2 out of 3 shifts, gets out of the cycle as soon as there is an issue

� Feedback 1: the ALIGNMENT issue. Should SPS take over proton beam alignment?
� Currently alignment is calculated by AWAKE operators based on BPM averages, and mm/mrad corrections 

are given to SPS operators. Do we want to change the procedure? Could/should SPS take this over?

� Feedback 2: the STABILITY issue. Can we think out of the box to improve it?
� Restart of a scan (> 1 hour): every time there is a few-minute interruption

� Speed up scans: more frequent extractions (4 per super-cycle) in stable conditions?

� Anticipate less stable injector conditions: give up the beam altogether in these situations?
� Improve communication: not just with SPS but also with LHC and injectors to see if potentially disruptive 

tests or procedures are expected?

AWAKE Feedback and Requests (1 / 2)

06/12/21 P. Simon, G. Zevi Della Porta | Highlights and requests from HiRadMat & AWAKE 20� Feedback 3: the LHC FILLING issue. Can AWAKE take protons during LHC filling?
� Not possible during Run 1 (2016-2018). What is the situation now? Showstoppers?
� Since we suffer from upstream issues during the MDs on Wednesday and Thursday, additional interruptions 

from LHC filling in 2022

� Feedback 4: the FLEXIBILITY issue. Could there be flexibility when changing 
conditions?
Sometimes an experiment is not yet finished, when physics is stopped to change the cycle, begin an LHC fill, or 
make other active changes.

� Improve communication: an early heads-up would already help to plan accordingly
� Evaluate priorities: A ³CoXld Ze haYe N moUe minXWeV?´ caUd Wo occaVionall\ SoVWSone diVUXSWiYe changeV

AWAKE Feedback and Requests (2 / 2)
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• Reported	at	Injectors	and	Experimental	Facilities	Workshop	in	December	
• https://indico.cern.ch/event/1063281/timetable/

https://indico.cern.ch/event/1063281/timetable/
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Run 2b: Demonstrate Stabilization of Micro-Bunches with a Density Step
Î Design and install new plasma cell (SSM source)

22

MPP Munich, P. Muggli, J. Pucek, WDL, R. Speroni

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Zone 1 Zone 2
Zone 3

Zone 4 Zone 5

Prototype setup in test stand in EHN1!
System connected to Siemens control system
Good results for performance and control

[Run	2	b]	New	plasma	cell	with	density	steps

For	more	details,	see	E.	Gschwendtner	SPSC	report:	https://indico.cern.ch/event/962697/contributions/4050037/

IR Laser beam for ionization of second vapour source will be injected from its downstream 
counter-propagating to the proton beam. 

Use same laser as used in Run 1 by splitting its output beam on two branches. Æ allows 
independent beam optimization wrt power, focus, timing. 

• Major developments: 
• Relocation of compressors
• Relay image system for beams delivery
• Timing synchronisation, spatial overlap and new diagnostics
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Run 2c: Demonstrate Electron Acceleration and Emittance Preservation
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• Synchronization with ionizing laser without additional delay lines (~ 80 m extra)
• Location of compressors and harmonic stages (laser lab, near gun?) Æ better pointing stability
• Higher energy of UV pulse
• Possibility to produce electron beams independently of the main laser status

V. Fedosseev, E. Granados, H. Panuganti, 
J. Moody, MPP

Laser system

IR Laser beam for ionization of second vapour source will be injected from its downstream 
counter-propagating to the proton beam. 

Use same laser as used in Run 1 by splitting its output beam on two branches. Æ allows 
independent beam optimization wrt power, focus, timing. 

• Major developments: 
• Relocation of compressors
• Relay image system for beams delivery
• Timing synchronisation, spatial overlap and new diagnostics
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Run 2c: Demonstrate Electron Acceleration and Emittance Preservation
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• Synchronization with ionizing laser without additional delay lines (~ 80 m extra)
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• Higher energy of UV pulse
• Possibility to produce electron beams independently of the main laser status
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J. Moody, MPP

Laser system [Run	2	c]	New	UV	and	IR	laser	lines
UV	laser	for	2nd	electron	source	
Counter-propagating	IR	for	ionization	of	second	plasma	cell	

https://indico.cern.ch/event/962697/contributions/4050037/
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Run 2c: Demonstrate Electron Acceleration and Emittance Preservation

Æ Requirement of ɴ = 5 mm at injection. 
Æ Require a module which is achromatic, with no bunch lengthening.
Æ Limit of ~ 3m width set by tunnel width
Æ Dipole bending angle > 15° so beam-ƉiƉe dŽeƐŶ͛ƚ hiƚ ƉlaƐŵa cell
Æ Dipole-quadrupole spacing > 1 m

Dipole, Quadrupole, Sextupole, 
Octupole

R. Ramjiawan, F. Velotti

𝝈 ൌ 𝟒. 𝟖𝟕 𝐦𝐦× 𝝐

Design optimised to meet 
matching condition at 
plasma merge-point:

15°
plasma cell 1 plasma cell 2

750 mm

horiz.
dipole

0.1 m

quadrupoles

e-

< 3 m < 1 m

Æ Tight tolerances for magnet alignments, magnetic field strength errors and BPM resolution
Æ Study effect of momentum jitter

New electron beam line
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[Run	2	c]	New	e-	line
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Run 2c: Demonstrate Electron Acceleration and Emittance Preservation

Beam Energy Energy 
Spread

Energy
stability

RMS Bunch Length Bunch Charge Emittance Beam size
plasma focus

Injector 1 18.5 𝑀ܸ݁ 0.5 % 1 x 10-2 ൎ 2 െ 3 ݏ݌ 100 െ 600 p𝐶 2 - 5 ݉ߤ ~ 190 µ݉
Injector 2 150 𝑀ܸ݁ 0.2 % 1 x 10-3 ? ൎ 200 െ 300 ݏ݂ 100 p𝐶 2 ݉ߤ 5.75 µ݉

Æ based on X-band 
Æ Well advanced design
Æ Prototyping together with CLEAR

Injector Prototype together with CLEAR
• INFN contribution to CLEAR in the framework of a CLIC collaboration agreement
• Profit from existing infrastructure and hardware to add x-band structure to demonstrate 

velocity bunching and generation of ultra short bunches
• Ideal test bed for challenging AWAKE bunch length diagnostics
• Will allow to address challenges early on and saving money and commissioning time in tunnel

Goals: 
• Demonstrate velocity bunching with x-band and emittance preservation/control

• Show reliable high gradient x-band operation
• Study mechanical/integration aspects
• Test diagnostics
• Optimise final design for AWAKE
• Get team together, gain momentum for challenging AWAKE Run2 injector

Gun assembly at INFN

Iƚ͛Ɛ ƌeallǇ haƉƉeŶiŶg͊

S. Doebert, M. Dayyani Kelisani, L. Garolfi

New electron source

[Run	2	c]	New	150	MeV	e-	source

For	more	details,	see	E.	Gschwendtner	SPSC	report:	https://indico.cern.ch/event/962697/contributions/4050037/

https://indico.cern.ch/event/962697/contributions/4050037/
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For	more	details,	see	E.	Gschwendtner	SPSC	report:	https://indico.cern.ch/event/962697/contributions/4050037/

[Run	2	b]	Diagnostics:	beam	screens	in	Rb	vapor
Study	screen	installation	inside	the	vapor	source	expansion	volume	
Test	screen	performance	in	CLEAR	• Beam Instrumentation for electron beam line

• Development of Diffracted Cherenkov Radiation BPMs. 
• Æ installation in common proton/electron beam line before the plasma cell in 2021. 
• Allows to measure the position of the ps ʹ long electron bunch in presence of much more intense 

(~F3) and longer proton bunch.
• Upgrade of digital-camera DAQ system to improve synchronization and replace analogue 

system. 

• Replace Chromox screens used for transverse profile measurement with YAG screens (better 
resolution and faster time response)

• Study screen installation inside the vapour source expansion volume Æ tests in CLEAR. 

20

Preparations for Run 2a during LS2

• New clean room in EHN1 test stand
• Used for development and tests of optical diagnostics for plasma and 

electron beam injection area.

Actuator for the screens

Pressure gauge

Full metal valve
Sapphire window

Rb reservoir 
+ heating tape

Vacuum windows 
(200µm Al)

e-

J.	Pucek
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Run 2c: Demonstrate Electron Acceleration and Emittance Preservation

• Proton and electron-proton line before 1st plasma cell:
• positions of electrons in common line shall be measured in presence of proton beam 

at least on two locations. Requirements to be defined. CERN, U. Oxford and TRIUMF 
developing a prototype to be tested in Run 2a.

• 150 MeV electron line
a) Beam position

• 500-100 nm resolution (before ʹin dogleg) 

• New requirement to guarantee pointing accuracy. CERN BI / TRIUMF? 

b) Beam size
• Similar performance of TT43 BTVS? 50 um magnified pixel size, PSF inside the pixel

• Visualisation at 1-Ϯ Hǌ͕ ͞bƵƌƐƚ mode͟ 
• CERN BI (standard development)

c) Bunch length
• MeaƐƵƌed ͞aƐ cloƐe aƐ poƐƐible͟ ƚo ƚhe end of ƚhe line͘ 
• Typical BL: 200 fs sigma. Resolution 20 fs (10%)? Interceptive? Bunch by bunch? 

• Studies ongoing: CChDR (Manchester/ RHUL), Coherent imaging (ULiv), EOS (CERN) 

d) Bunch charge

• Between plasma cells
- position of modulated proton bunch

- position of 150 MeV electron bunch between dipole and 2nd 
plasma cells also in presence of the modulated or unmodulated 
proton bunch

- due to space limitations, instruments integrated in dipole

• 2nd plasma cell
- Beam size of 150 MeV electron beam. Typical size will be 6 um 

sigma, so ~1 um resolution will be needed. 

- Possible technique: visibility of vertically polarized OTR if screen 
can be put in Rb vapour (CERN MPI test). Possible utilization of 
intermediate images on DMD (block p+ beam) (U. Liverpool)

- electron beam position derived from beam image? 

• Experimental area after 2nd plasma cell
- emittance measurement

- in case of upgrade of any existing diagnostics: spectrometer, 
proton halo, longitudinal profile of modulated proton 

Diagnostics

S. Mazzoni, E. Senes, M. Bergamaschi, C. Pakuza, +UK, TRIUMF

[Run	2	b]	Diagnostics:	Cherenkov	diffraction	
radiation	(ChDR)	BPMs
Preparing	for	prototype	installation	~April	2021,	with	the	goal	to	
test	it	with	protons	during	Run	2a.	Full	system	for	Run	2b.

N. Chritin 

https://indico.cern.ch/event/962697/contributions/4050037/
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[Run	2	d]	Develop	scalable	plasma	sources
Current	method	(laser	ionization)	cannot	support	O(100)	m	plasma	cells	

2	parallel	developments	

‘Helicon’:	low-frequency	EM	wave	generated	by	RF	antennas		
Prototype	(1m)	moved	to	CERN	in	2019,	tests	started	

‘Discharge’:	high-current	arc	plasma

Run 2d: Demonstrate Scalable Plasma Sources 

35

• Helicon plasma cell Æ wave heated plasma
Density needed for AWAKE achieved at the IPP in Greifswald.
This 1m long prototype has been moved to CERN in 2019 into a new laboratory.

• Discharge plasma source Æ high current arc plasma Æ Collaboration between CERN 
and IST, Lisbon. Æ Prototype installed in 2020. 
Æ Study uniformity and scalability at CERN.
Æ Use new diagnostics to understand features of plasma.

Final goal: Propose a design for a scalable, several meter long plasma cell for Run 2d). 

Photo © Julien Ordan / 
CERN

1 m helicon plasma cell from IPP-Greifswald @ CERN

1 m helicon plasma source at CERN

A. Sublet, + IPP Greifswald, SPC Lausanne, Univ. Wisconsin, IST Lisbon

1.6m discharge plasma cell setup at CERN

Plasma Source Development
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For	more	details,	see	E.	Gschwendtner	SPSC	report:	https://indico.cern.ch/event/962697/contributions/4050037/

https://indico.cern.ch/event/962697/contributions/4050037/
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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

63

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
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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.
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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].
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[A. Hartin, IJMP A33 1830011 (2018), M. Altarelli et al. arXiv:1905.00059]



Giovanni	Zevi	Della	Porta,	CERN AWAKE	highlights	and	plans

Step	2:	re-inject	electron	beam	for	e-p	(or	e-ion)	collisions

65

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

9

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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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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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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and	coupling	λ
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