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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-modulaGon	process)	

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

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

• Why	plasma	instead	of	a	(superconducting)	RF	cavity?	
• Higher	fields:	can	sustain	more	MV/m,	leading	to	shorter	accelerators	

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

• Plasma	wakefield	acceleration	has	been	studied	since	the	80’s,	but	not	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	currently	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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Maximum	E	field	in	plasma	
(wave-breaking)		
EWB~	96	√(npe)	[V/m]		
~	2.5	GV/m	for	npe	=	7E14	cm-3

ωpe~	56000	√(npe)		
ωpe	~		1.5	THz	for	npe	=	7E14	cm-3	
λpe	~		1.2	mm	for	npe	=	7E14	cm-3

Plasma Wakefield Acceleration

E. Gschwendtner, CERN 3

Accelerating for e-

Decelerating for e-

Focusing for e- Defocusing for e-e-

Use a plasma to convert the transverse space charge force of a beam driver into a longitudinal electrical field in the plasma, 

T. Tajima and J. Dawson, 1979

The plasma oscillation leads to a longitudinal accelerating field. The maximum accelerating field (wave-breaking field) is:

EWB = npeя96
V
mExample: npe = 7x1014 cm-3 (AWAKE)  Î EWB = 2.5 GV/m   

Example: npe = 7x1017 cm-3 Î EWB = 80 GV/m

Charged particle bunch traveling inside a plasma perturbs the plasma electron distribution 

Æ oscillation with ߱ ൌ
మ

ఌబ

Drive beams: 

laser, electrons, protons

c
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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	

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

• 2016/2017:	SELF-MODULATION	
• First	seeded	self-modulation	of	a	high	energy	proton	bunch	in	plasma		
• Phase-stability	and	reproducibility	are	essential	for	electron	acceleration!	
• —>	Demonstration	that	SPS	proton	bunch	can	be	used	for	acceleration	<—
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AWAKE

AWAKE	Collaboration,	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	Collaboration,	Nature	561,	363	(2018)

Energy	vs	plasma	densitye-	energy



The	next	step:	AWAKE	Run	2
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~150	MeV

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

Preserve	electron	beam	quality	as	well	as	possible	(emitance	preservauon	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	leveling	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	
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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		
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell

laser

gasplasma

proton beamself-modulated 
proton beam

laser

gasplasma

proton beam

proton beam electrons

laser

gasplasma

self-modulated proton beam
electrons

laser

gasplasma

AWAKE Run 1:

AWAKE Run 2: 

Why electron seeding: 

Run 1: Front-part of proton beam is not self-modulated 
Run 2: Æ This can cause issues when the proton beam enters into the second 
plasma source 
For Run 2:need fully self-modulated proton bunch
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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.
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• 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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Electron	bunch	emittance
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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)× 1020m−3,
while the fitted model function yields a central density of
ne,model=6. 83× 1020 m−3. The AWAKE design density of
7× 1020 m−3 is therefore achievable with the given operational
parameters, with the innermost 10 mm of the plasma radius still
exceeding a value of 6.5× 1020m−3.

5. Summary and Conclusions

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

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

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

Figure 10. Density profile at p0=5 Pa, Bz=106 mT, and
Prf,set=27 kW. Blue dots are measured values mapped to local
densities using the parabolic model function for line-integrated
values. The black dashed line marks the inverted model function,
and the gray dotted lines mark the design density,
ne=7× 1020 m−3, and a slightly lower density of
ne=6.5× 1020 m−3, which is exceeded by the inner 10 mm of the
plasma radius.
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Electron	bunch	seeding:	Reproducibility	of	SM
• 1)	Seeding:	transverse	wakefields	generated	by	
the	e-	bunch	in	plasma	
• Studied	in	simulations	and	in	experiments	
without	protons	

• Electron	bunch	pinches	in	first	few	cm,	
then	generates	wakefields	in	the	first	few	
meters	

• 2)	Electron	bunch	stabilizes	SM	growth	and	
removes	event-to-event	phase	variations	
• Micro-bunches	appear	at	the	same	time	in	
consecutive	events	(r.m.s(φ)		~	7%)	
• Phase	(i.e.	timing)	can	be	controlled	by	
delaying	the	electron	bunch

15
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Experimental Setup.— The measurements took place150

in the context of the AWAKE experiment [25], whose goal
is to accelerate e� bunches to GeV energies, ultimately
for high-energy physics applications [26].

Figure 1 shows a schematic of the experimental setup.
A 10-m-long source provides rubidium vapor density ad-155

justable in the nvap = (0.5 � 10) · 1014 cm-3 range [25].
The density is measured to better than 0.5% [27] at the
vapor source ends. An ⇠ 120 fs, ⇠ 100mJ laser pulse
(� = 780 nm) produces a RIF that creates the plasma
by ionizing the rubidium vapor (RbI!RbII). Previous160

experiments [15] showed that the RIF ionizes ⇠ 100% of
the vapor along its path, producing an ⇠ 2-mm-diameter
plasma column with density equal to that of the vapor.
The RIF is placed tp = 620 ps (⇠ 2.5�t) ahead of the cen-
ter of the 400GeV/c, �t ⇠ 240 ps, p+ bunch provided by165

the CERN SPS. Therefore, it does not seed SM [14]. The
p+ bunch is synchronized with the RIF with root mean
square (rms) variation of 15 ps⌧ �t, which is therefore
negligible.

Optical transition radiation (OTR) is emitted when170

protons enter an aluminum-coated silicon wafer, posi-
tioned 3.5m downstream of the plasma exit. The OTR
is imaged onto the entrance slit of a streak camera that
provides time-resolved images of the charge density dis-
tribution of the p+ bunch (t, y) [28] in a ⇠ 180-µm-wide175

slice (the spatial resolution of the optical system) near
the propagation axis. The streak camera temporal res-
olution is ⇠ 2 ps in the 210 ps time window, su�cient
to resolve the microbunch train as the plasma period is
Tpe = 11.04 and 11.38 ps, for the values of npe used in180

this experiment.
An ultraviolet pulse derived from the same laser oscil-

lator as that producing the RIF generates an e� bunch
in a photo-injector [29]. The e� bunch is then accel-
erated to 18.3MeV in a booster cavity. The e� bunch185

and the RIF have a relative rms timing jitter < 1 ps
(⌧ Tpe) [30]. The delay between the e� and the p+

bunch centers tseed can be adjusted using a translation
stage. We use a magnetic spectrometer [31] to measure
the energy spectrum of the e� bunch after propagation190

with and without plasma [32].
We use a bleed-through of the ionizing laser pulse, thus

also synchronized with the e� bunch at the sub-ps time
scale [33], to determine the bunch train timing with re-
spect to that of the e� bunch on the time-resolved im-195

ages. This is necessary to circumvent the e↵ect of the
⇠ 5 ps rms jitter (⇠ Tpe/2) of the streak camera trigger-
ing system.

Experimental Results.— We first present a new and
important result that is necessary for the measurements200

presented hereafter: the seeding of SM by the e� bunch.
The incoming p+ bunch with Qp = (14.7 ± 0.2) nC has
a continuous charge distribution (Fig. 2(a), no plasma)
with an approximately 2D-Gaussian (t, y) charge density
profile. With the plasma (npe = 1.02·1014 cm�3 constant205

along the plasma) and the Qe = (249± 17) pC e� bunch
placed tseed = 612 ps ahead of the center of the p+ bunch
(Fig. 2(b)), we observe the clear formation of a train of
microbunches on the image resulting from the average of
ten consecutive single-event images. This indicates that210

SM is reproducible from event to event. The period of
the modulation is 11.3 ps, close to Tpe as expected from
SM [10, 15]. Moreover, we measure the timing variation
of the microbunch train with respect to the e� bunch by
performing a discrete Fourier transform (DFT, see Sup-215

plemental Material of [14]) analysis of the on-axis time
profile of single-event images. The rms timing variation
is �trms = 0.06Tpe. The same measurement without the
e� bunch yields �trms = 0.26Tpe, consistent with uni-
form variation of the timing over Tpe (�trms = 0.29Tpe),220

confirming the occurrence of SMI, as was also observed
in [14]. The much lower value of �trms we measure when
the e� bunch is present (0.06Tpe) demonstrates that the
e� bunch e↵ectively seeds SM.

a)

b)

d)

c)

FIG. 2. Time-resolved images (t, y) of the p+ bunch at the
OTR screen obtained by averaging ten single-event images
(210 ps, Qp = 14.7 nC). Bunch center at t = 0ps, the bunch
travels from left to right. Horizontal axis: time along the
bunch normalized to the incoming bunch duration �t. a) No
plasma (incoming bunch). b) Plasma (npe = 1.02 ·1014 cm�3)
and e� bunch with Qe = 249 pC, tseed = 614 ps ahead of
the p+ bunch center. c) Same as (b) but e� bunch delayed by
6.7 ps (tseed = 607.3 ps). All images have the same color scale.
d) On-axis time profiles of (b) (blue line) and (c) (red line)
obtained by summing counts over �0.217  y  0.217mm.

225

We also observe seeding of SM with
Qp = (46.9± 0.5) nC and the same value of Qe = 249 pC,
i.e., with p+ bunch and plasma parameters similar to
those of [14]. This indicates that the e� bunch drives230

transverse wakefields with amplitude exceeding the
seeding threshold value of (2.8� 4.0)MV/m, determined
in [14], seeding with RIF. This amplitude thus also
exceeds that for the lower Qp = 14.7 nC (Fig. 2) since
the seeding threshold is expected to scale with Qp.235

Figure 2(c) shows an averaged time-resolved image ob-
tained after delaying the seed e� bunch timing by 6.7 ps
with respect to the case of Fig. 2(b). The bunch train
is again clearly visible and timing analysis shows an rms
variation of 0.07Tpe, confirming the seeding of SM. Fig-240

in the SMI case [10]. We also observe adiabatic focusing of
the front of the pþ bunch, where the growth of SM is small.
In addition, e− bunch seeding allows for the timing of the
process to be controlled at the submodulation-period,
picosecond timescale.
Experimental Setup.—The measurements took place in

the context of the AWAKE experiment [27], whose goal is
to accelerate e− bunches to GeV energies, ultimately for
high-energy physics applications [28].
Figure 1 shows a schematic of the experimental setup.

A 10-m-long source provides rubidium vapor density adju-
stable in the nvap ¼ ð0.5–10Þ × 1014 cm−3 range [27].

The density is measured to better than 0.5% [29] at
the source ends. An ∼120 fs, ∼100 mJ laser pulse
(λ ¼ 780 nm) produces a RIF that creates the plasma by
ionizing the vapor (RbI → RbII). Previous experiments
[15] showed that the RIF ionizes ∼100% of the vapor
along its path, producing an ∼2-mm-diameter plasma
column with density equal to that of the vapor. The RIF
is placed tp ¼ 620 ps (∼2.6σt) ahead of the center of the
400 GeV=c, σt ∼ 240 ps, pþ bunch provided by the CERN
SPS. Therefore, it does not seed SM [14]. The pþ bunch is
synchronized with the RIF with root mean square (rms)
variation of 15 ps ≪ σt, which is therefore negligible.
Optical transition radiation (OTR) is emitted when

protons enter an aluminum-coated silicon wafer, positioned
3.5 m downstream of the plasma exit. The OTR is imaged
onto the entrance slit of a streak camera that provides time-
resolved images of the charge density distribution of the pþ

bunch (t, y) [30] in a ∼180-μm-wide slice (the spatial
resolution of the optical system) near the propagation axis.
The streak camera temporal resolution is ∼2 ps in the
210 ps time window (Fig. 2), sufficient to resolve the
microbunch train as the plasma periods are Tpe ¼ 11.04
and 11.38 ps, for the values of npe used in this experiment.
It can also produce ns timescale images with lower time
resolution (Fig. 3). An ultraviolet pulse derived from the
same laser oscillator as that producing the RIF generates an
18.3 MeV e− bunch in a photoinjector and booster cavity
[31]. The e− bunch and the RIF have a relative rms timing
jitter < 1 ps (≪ Tpe) [32]. The delay tseed between the e−

and the pþ bunch centers can be adjusted using a delay
stage. We use a magnetic spectrometer [33] to measure the

FIG. 1. Schematic of the experimental setup: the ionizing laser
pulse enters the vapor source tp ahead of the pþ bunch center and
ionizes the rubidium atoms, creating the plasma. The seed e−

bunch follows, tseed ahead of the pþ bunch. The optical transition
radiation produced at a screen positioned 3.5 m downstream of
the plasma exit is imaged on the entrance slit of a streak camera.
A schematic example of a time-resolved image of the self-
modulated pþ bunch provided by the streak camera is shown in
the inset. The magnetic spectrometer is located downstream of the
screen.

FIG. 3. Time-resolved images (t, y) of the pþ bunch
(1.1 ns, Qp ¼ 14.7 nC) obtained by averaging 10 single-
event images. (a) No plasma (incoming bunch). (b) Plasma
(npe ¼ 0.97 × 1014 cm−3) and no e− bunch (SMI). (c) Plasma
and e− bunch with Qe ¼ 249 pC (seeded SM). All images have
the same color scale. Black dashed lines in (a) and continuous
lines in (b) and (c) indicate, for each time column of the images,
the points where the transverse distribution reaches 20% of its
peak value. The distance between the lines is the transverse
extent woff (a) and w (b), (c). Dashed lines of (a) also plotted in (b)
and (c) for reference.

FIG. 2. Time-resolved images (t, y) of the pþ bunch at the
OTR screen obtained by averaging 10 single-event images
(210 ps, Qp ¼ 14.7 nC). Bunch center at t ¼ 0 ps, the bunch
travels from left to right. Horizontal axis: time along the bunch
normalized to the incoming bunch duration σt. (a) No plasma
(incoming bunch). (b) Plasma (npe ¼ 1.02 × 1014 cm−3) and e−

bunch with Qe ¼ 249 pC, tseed ¼ 614 ps ahead of the pþ bunch
center. (c) Same as (b) but e− bunch delayed by 6.7 ps
(tseed ¼ 607.3 ps). All images have the same color scale.
(d) On-axis time profiles of (b) (blue line) and (c) (red line)
obtained by summing counts over −0.217 ≤ y ≤ 0.217 mm.
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Electron	bunch	seeding:	Controlled	growth	of	SM

• Longitudinal	image	of	entire	proton	bunch	(at	1	ns	timescale)	allows	to	
study	how	SM	grows	along	the	bunch	
• Defocused	protons	exit	the	plasma	and	propagate	in	vacuum	

• Their	radial	extent	carries	information	on	the	transverse	
momentum	they	acquire	from	wakefields	during	SM	growth	
• Study	the	“transverse	extent”	of	each	time	slice,	w,	defined	as	
distance	between	points	reaching	20%	max	amplitude	

• Amplitude	of	transverse	wakefield	along	bunch	and	along	the	plasma	:		

• 	
• Seed	wakefield	depends	on	e-	bunch	charge:	W⊥0(Qe)	
• Growth	rate	depends	on	p+	bunch	charge:	Γ(Qp)	
• Use	w	to	study	W⊥	
• w	increases	along	the	bunch	and	when	increasing	either	Qp	or	Qe	
• Defocusing	starts	earlier	in	the	bunch	when	increasing	Qp	and	Qe

A long, narrow, relativistic charged particle bunch propagating in plasma is subject to the self-
modulation (SM) instability. We show that SM of a proton bunch can be seeded by the wakefields driven by
a preceding electron bunch. SM timing reproducibility and control are at the level of a small fraction of the
modulation period. With this seeding method, we independently control the amplitude of the seed
wakefields with the charge of the electron bunch and the growth rate of SM with the charge of the proton
bunch. Seeding leads to larger growth of the wakefields than in the instability case.

DOI: 10.1103/PhysRevLett.129.024802

Introduction.—Instabilities are of paramount importance
in plasma physics [1]. Similar instabilities occur in vastly
different plasmas—from astrophysical [2,3] to laboratory
[4] and fusion [5] to quantum [6] and even to quark-gluon
plasmas [7]. They can be disruptive and must then be
suppressed, or beneficial and must then be controlled.
Charged particle beams propagating in plasma are subject
to a number of instabilities, including different occurrences
of the two-stream instability [8,9]. In the case of a long,
narrow, relativistic charged particle bunch, the instability is
transverse and it is called the self-modulation instability
(SMI) [10].
Relativistic charged particle bunches traveling in plasma

leave behind a perturbation in the plasma electron density.
This perturbation provides a restoring force that induces an
oscillation of plasma electrons with angular frequency

ωpe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npee2=meε0

q
, where npe is the plasma electron

density, e andme are the electron charge and mass, ε0 is the
vacuum permittivity. The local charge non-neutrality sus-
tains fields with transverse and longitudinal components,
known as wakefields, that can have amplitudes appealing
for high-gradient particle acceleration [11,12].
SMI [10] develops when the bunch duration is much

longer than the period of the wakefields: σt ≫ Tpe ¼
2π=ωpe. Transverse wakefields act back on the bunch,
modulating its radius and thus its charge density. The
modulated distribution drives enhanced wakefields, caus-
ing the growth of SMI that, at saturation, leaves the long
bunch fully modulated into a train of microbunches with
periodicity∼Tpe. The timing of the microbunches along the
train is tied to that of the wakefields since microbunches
develop in their focusing phase.
When a long proton (pþ) bunch enters a preionized

plasma, SMI develops from wakefields driven by noise [13]
or by imperfections in the incoming bunch charge distri-
bution [14]. Thus, the initial conditions vary from event to
event and so do the timing and amplitude of the wakefields.
However, the outcome can be controlled by seeding the
instability, i.e., by fixing the initial conditions from which
the instability grows.
Seeding requires driving initial transverse wakefields

with amplitude larger than those driven by the noise or
imperfections in the bunch so that the self-modulation (SM)
develops from a well-defined time, and with well-defined
initial amplitude and growth rate. We demonstrated

experimentally that a high-energy, long pþ bunch under-
goes SMI when traveling in plasma [15], and that the
resulting microbunch train resonantly excites large ampli-
tude wakefields [16,17]. A relativistic ionization front
(RIF) generating the plasma and copropagating within
the pþ bunch can provide the seed by the rapid onset of
the beam-plasma interaction [14]. In this case, the ampli-
tude of the seed wakefields and the growth rate of SM
depend on the pþ bunch density at the RIF and cannot be
varied independently. Moreover, the front of the bunch
propagates as if in vacuum and thus remains unmodulated.
The initial transverse seed wakefields can also be

provided by a preceding charged particle bunch [18,19].
In this case, seeding amplitude and growth rate of SM can
be varied independently. Moreover, as the seed wakefields
act on the whole pþ bunch, the entire bunch self-modu-
lates. This removes the risk that the front of the bunch, left
unmodulated by RIF seeding, self-modulates in a second
plasma required for a high-energy accelerator [20,21].
The protons that are defocused out of the wakefields are

probes for the amplitude of the wakefields at early distances
along plasma, during SM growth, before saturation [16,22].
Theoretical and numerical simulation results [10,23–25]
show that, in the linear regime, the amplitude of the
transverse wakefields along the bunch (t) and along the
plasma (z) grows as W⊥ðt; zÞ ¼ W⊥0 exp ðΓðt; zÞzÞ. In
the case of seeding with an electron (e−) bunch, the
amplitude of the initial wakefields W⊥0ðz ¼ 0Þ depends
solely on the e− bunch parameters, while the growth rate of
SM Γðt; zÞ depends solely on those of the pþ bunch. The
radial extent reached by defocused protons a distance
downstream of the plasma is proportional to the transverse
momentum they acquire from these wakefields, and there-
fore increases with the growth of SM.
In this Letter, we demonstrate with experimental results

that SM of a long, relativistic pþ in plasma can be seeded
by a preceding e− bunch. We show that the growth of SM
increases when increasing the charge of the seed e− bunch
Qe or the charge of the pþ bunch Qp. We attribute these
changes to a change in the amplitude of the transverse seed
wakefields W⊥0ðQeÞ or in the SM growth rate ΓðQpÞ.
These observations are possible because the e− bunch
effectively seeds SM and they are in agreement with
theoretical and simulation predictions [10,23,25,26].
When seeding, the growth of the process is larger than
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in the SMI case [10]. We also observe adiabatic focusing of
the front of the pþ bunch, where the growth of SM is small.
In addition, e− bunch seeding allows for the timing of the
process to be controlled at the submodulation-period,
picosecond timescale.
Experimental Setup.—The measurements took place in

the context of the AWAKE experiment [27], whose goal is
to accelerate e− bunches to GeV energies, ultimately for
high-energy physics applications [28].
Figure 1 shows a schematic of the experimental setup.

A 10-m-long source provides rubidium vapor density adju-
stable in the nvap ¼ ð0.5–10Þ × 1014 cm−3 range [27].

The density is measured to better than 0.5% [29] at
the source ends. An ∼120 fs, ∼100 mJ laser pulse
(λ ¼ 780 nm) produces a RIF that creates the plasma by
ionizing the vapor (RbI → RbII). Previous experiments
[15] showed that the RIF ionizes ∼100% of the vapor
along its path, producing an ∼2-mm-diameter plasma
column with density equal to that of the vapor. The RIF
is placed tp ¼ 620 ps (∼2.6σt) ahead of the center of the
400 GeV=c, σt ∼ 240 ps, pþ bunch provided by the CERN
SPS. Therefore, it does not seed SM [14]. The pþ bunch is
synchronized with the RIF with root mean square (rms)
variation of 15 ps ≪ σt, which is therefore negligible.
Optical transition radiation (OTR) is emitted when

protons enter an aluminum-coated silicon wafer, positioned
3.5 m downstream of the plasma exit. The OTR is imaged
onto the entrance slit of a streak camera that provides time-
resolved images of the charge density distribution of the pþ

bunch (t, y) [30] in a ∼180-μm-wide slice (the spatial
resolution of the optical system) near the propagation axis.
The streak camera temporal resolution is ∼2 ps in the
210 ps time window (Fig. 2), sufficient to resolve the
microbunch train as the plasma periods are Tpe ¼ 11.04
and 11.38 ps, for the values of npe used in this experiment.
It can also produce ns timescale images with lower time
resolution (Fig. 3). An ultraviolet pulse derived from the
same laser oscillator as that producing the RIF generates an
18.3 MeV e− bunch in a photoinjector and booster cavity
[31]. The e− bunch and the RIF have a relative rms timing
jitter < 1 ps (≪ Tpe) [32]. The delay tseed between the e−

and the pþ bunch centers can be adjusted using a delay
stage. We use a magnetic spectrometer [33] to measure the

FIG. 1. Schematic of the experimental setup: the ionizing laser
pulse enters the vapor source tp ahead of the pþ bunch center and
ionizes the rubidium atoms, creating the plasma. The seed e−

bunch follows, tseed ahead of the pþ bunch. The optical transition
radiation produced at a screen positioned 3.5 m downstream of
the plasma exit is imaged on the entrance slit of a streak camera.
A schematic example of a time-resolved image of the self-
modulated pþ bunch provided by the streak camera is shown in
the inset. The magnetic spectrometer is located downstream of the
screen.

FIG. 3. Time-resolved images (t, y) of the pþ bunch
(1.1 ns, Qp ¼ 14.7 nC) obtained by averaging 10 single-
event images. (a) No plasma (incoming bunch). (b) Plasma
(npe ¼ 0.97 × 1014 cm−3) and no e− bunch (SMI). (c) Plasma
and e− bunch with Qe ¼ 249 pC (seeded SM). All images have
the same color scale. Black dashed lines in (a) and continuous
lines in (b) and (c) indicate, for each time column of the images,
the points where the transverse distribution reaches 20% of its
peak value. The distance between the lines is the transverse
extent woff (a) and w (b), (c). Dashed lines of (a) also plotted in (b)
and (c) for reference.

FIG. 2. Time-resolved images (t, y) of the pþ bunch at the
OTR screen obtained by averaging 10 single-event images
(210 ps, Qp ¼ 14.7 nC). Bunch center at t ¼ 0 ps, the bunch
travels from left to right. Horizontal axis: time along the bunch
normalized to the incoming bunch duration σt. (a) No plasma
(incoming bunch). (b) Plasma (npe ¼ 1.02 × 1014 cm−3) and e−

bunch with Qe ¼ 249 pC, tseed ¼ 614 ps ahead of the pþ bunch
center. (c) Same as (b) but e− bunch delayed by 6.7 ps
(tseed ¼ 607.3 ps). All images have the same color scale.
(d) On-axis time profiles of (b) (blue line) and (c) (red line)
obtained by summing counts over −0.217 ≤ y ≤ 0.217 mm.
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the e− bunch W⊥0 over the first ∼2 m of plasma increases
as a function of Qe and exceeds 4 MV=m in all cases. The
earlier occurrence of SM defocusing and the increase in w
at all times when w ≥ woff for larger Qe are thus directly
caused by the increase in amplitude of the seed wakefields
W⊥0ðQeÞ, since all other parameters were kept constant
(ΓðQpÞ ¼ const). Figure 4(a) also shows that in the SMI
regime (Qe ¼ 0) the defocusing effect of SM dominates
much later along the bunch (∼ − 0.78σt) and w is much
smaller than in the seeded regime (Qe > 0). This lower
growth can be attributed to the lower amplitude of the
(uncontrolled) initial wakefields, as well as to a later start of
SM along the bunch [14].
When increasing the pþ bunch chargeQp [Fig. 4(c)], we

observe again that w increases at all times along the bunch
when SM defocusing effect dominates, as also shown in
Fig. 4(d) for two times along the bunch (blue points:
t ¼ −1.48σt, red points: t ¼ −1.30σt; t chosen as in the
previous case).
Measurements of σx;y show that over the Qp ¼

ð14.7–46.9Þ nC range, np ∝ Qp=σ2x;y changes only from
6.9 to 8.9 × 1012 cm−3 [37]. This is due to the fact that, when
increasingQp, SPS produces a bunch with larger geometric
emittance ϵg and thus larger transverse size σx;y ∝ ϵ1=2g .
Figure 4(c) shows an increase of both adiabatic and SM
growth effects with Qp, as expected. The effect of SM
defocusing dominates from an earlier time along the bunch,
indicating that the effect of the increase inQp is stronger on
SM than on adiabatic focusing. The SM growth rate
has a weak dependency on Qp ðΓ ∝ n1=3p ∝ ðQp=σ2x;yÞ1=3
[10,23,25]); see above. However, the effect on w we
observe on Fig. 4(c) is significant because measured after

exponentiation of SM.Also,Γ does not depend on the bunch
emittance, which increases with Qp and is known to
decrease the growth of SM [38,39]. Therefore, the effect
of Qp on SM (all other parameters kept constant) is larger
than observed on Fig. 4(c).
We note here that the measurement of w is not a direct

measurement of the amplitude of the seed wakefields W⊥0

or growth rate Γ. However, changes in w are direct
consequences of changes in W⊥0ðQeÞ and ΓðQpÞ. For a
direct measurement of Γ all protons would have to leave the
wakefields at the same position along the plasma and
propagate ballistically an equal distance to the OTR screen.
Numerical simulation results show that with the plasma of
these experiments longer than the saturation length of SM
[22], protons may leave the wakefields earlier or later
depending on the amplitude of the wakefields and on the
distance they are subject to them. However, simulation
results also show monotonic increase of w, as observed in
the experiments, and that w increases with increasing
amplitude of the wakefields along the bunch.
Summary.—We demonstrated in experiments that a short

e− bunch can seed SM of a long pþ bunch in plasma. We
showed that when increasing the e− (Qe) or the pþ (Qp)
bunch charge, the transverse extent of the pþ bunch
distribution w along the bunch (measured after the plasma)
also increases. We attribute these changes to the change in
amplitude of the seed wakefields (Qe → W⊥0) and in
growth rate of SM (Qp → Γ), in agreement with theoretical
and simulation results.
These results show that SM is well understood and can

be well controlled. Control is key for optimization of the
SM wakefields for particle acceleration [20,40].

This work was supported in parts by Leverhulme Trust
Research Project Grant No. RPG-2017-143 and by STFC
(AWAKE-UK, Cockcroft Institute core, John Adams
Institute core, and UCL consolidated grants), United
Kingdom; the National Research Foundation of Korea
(Grants No. NRF-2016R1A5A1013277 and NRF-
2020R1A2C1010835); the Wolfgang Gentner Program
of the German Federal Ministry of Education and
Research (Grant No. 05E15CHA); M.W. acknowledges
the support of DESY, Hamburg. Support of the National
Office for Research, Development and Innovation
(NKFIH) under Contracts No. 2019-2.1.6-NEMZ_KI-
2019-00004 and MEC_R-140947, and the support of the
Wigner Datacenter Cloud facility through the Awakelaser
project is acknowledged. The work of V. H. has been
supported by the European Union’s Framework
Programme for Research and Innovation Horizon 2020
(2014–2020) under the Marie Sklodowska-Curie Grant
Agreement No. 765710. TRIUMF contribution is sup-
ported by NSERC of Canada. The AWAKE collaboration
acknowledge the SPS team for their excellent proton
delivery.

FIG. 4. Top row: transverse extent w along the pþ bunch as a
function of time along the bunch normalized to the incoming
bunch duration σt. (a) Varying the e− bunch charge (see legend),
Qe ¼ 0 (SMI), Qe > 0 (seeded SM), Qp ¼ 14.7 nC. (c) Varying
the pþ bunch charge Qp (see legend), Qe ¼ 249 pC. Red points
indicate the time along the bunch when w ¼ woff . Bottom row:
(b) w as a function of Qe at t ¼ −1.19 (blue points) and t ¼
−0.84σt (red points). (d) w as a function ofQp at t ¼ −1.48 (blue
points) and t ¼ −1.30σt (red points). The error bars indicate the
standard deviation of w, and of Qe and Qp. Note: blue line: same
data on (a) and (c).
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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

scan	proton	bunch	charge scan	electron	bunch	charge



Run	2c	e-	Source	Design
• Stringent	electron	beam	parameters	to	satisfy	blow-out,	
beam-loading,	optical	matching	as	required	by	Run	2c	
• E:	150	MeV,	ΔE/E	<	0.2	%	
• Normalized	Emittance:	2	mm	mrad	
• Bunch	length:	200	fs	

• Reference	design:		
• Electron	gun:	S-band	RF	gun	developed	by	INFN	
• RF	Buncher:	25	cm	X-band	(2	ps	—>	200	fs)	
• Accelerator:	two		1	m	X-band	structures	with		
80	MV/m,	embedded	in	solenoidal	B	field	

• Details	of	design	optimization:
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Poster and proceedings by J. M. Arnesano and S. Doebert (TUPOPA24) 

“Design of an X-Band Bunching and Accelerating System for the AWAKE Run 2”

K. Pepitone et al., NIM-A 909, 102-106 (2018). doi:10.1016/j.nima.2018.02.044 
Giovanni	Zevi	Della	Porta,	CERN

D. Alesini et al., Phys. Rev. Accel. Beams 21, 112001 (2018)	

Reference	design

AWAKE	Run	2	Test	Injector



Run	2c	e-	Beamline	Design
• 25	m	transfer	line	with	15o	dog-leg		
• Simulation:	electron	source	simulation	output	sent	to	6D	particle	tracking	in	MAD-X		
• Optimization,	part	1:	Genetic	Algorithm	for	initial	design	(2	dipoles,	8	quadrupoles)	

• +	:	bunch	is	shortened	(initial	ΔE/z	correlation	from	e-	source)	
• -	:	bunch	is	widened	due	to	chromatic	effects
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To minimize emittance growth throughout acceleration,
there should be su�cient charge density in the witness
bunch to be able to drive a full blow-out of the electrons
remaining in the plasma wakefield ‘bubble’ [15]. The
emittance growth during electron acceleration increases
quickly with the transverse relative o↵set between the
proton and electron beam. Simulations of the witness
beam propagation in the plasma have shown that, for
a nominal 2mm mrad emittance beam, to maintain an
acceptable beam quality the relative beam o↵set should
not exceed 13 µm and the beam size should not exceed
150% of the nominal value.

TABLE II: Specification for the bunch parameters at
the injection-point of the AWAKE Run 2c witness

transfer line.

Parameter Specification

�x,y 4.87mm

↵x,y 0.0
Dx,y 0m

�x,y 5.75 µm
�z 60 µm
✏x,y 2mm mrad

The footprint of the witness beamline is constrained by
the placement of the two plasma cells, the limited tunnel
width and the location of the seeding electron beamline.
This constrains the width of the beamline to < 3m, and
the length to < 25m; a two-dipole dog-leg design was
selected to satisfy these restrictions. The dimensions of
the dog-leg are determined by the position and bending
angle of the dipoles.

A 15° bending angle was selected as this was large
enough that the beam-pipe would not intersect with the
plasma cell but not so high that the beamline exceeded
the tunnel width. For a two-dipole achromatic dog-leg,
the first-order isochronous parameter, R56, cannot be
compensated, so that the transfer line would not be both
achromatic and isochronous. To meet the bunch length
specification of �z = 60µm at the plasma injection-point,
it is proposed that the line have a shortening e↵ect on
the bunch, counteracted by injecting a correspondingly
longer bunch into the transfer line. For the transfer line
to have a shortening e↵ect on the bunch there must be
a positive energy-longitudinal correlation, which based
on simulations of the electron injector is expected to be
feasible.

B. Transfer line simulations

The simulation code MAD-X [19] was used to model
the beam transport, with the bunch tracking simulated
using a MAD-X implementation of PTC (Polymorphic

FIG. 2: Generated input beam distribution of 100 000
macro-particles with �x,y = 11m, ↵x,y = �2.1 and
✏x,y = 2mm mrad. The E-z distribution was taken

from simulations of the electron injector and scaled to
have the nominal bunch length and energy spread.

Tracking Code) [20]. The non-linear e↵ects were chal-
lenging for this design, so six dimensional particle track-
ing was essential for modelling the behaviour of the line.
Simulations of the electron injector were used to pro-

duce an input bunch, shown in Fig. 2, which was tracked
through the transfer line to calculate the beam parame-
ters at the injection-point. The input bunch had 100 000
macro-particles and was designed such that the distri-
butions in the x, y, px and py planes were Gaussian
distributions cut at 3�, with standard deviations match-
ing simulations of the beam from the electron injector.
The z-pz distribution was taken from the electron injec-
tor tracking simulation and scaled to match the nominal
Run 2 bunch length and energy spread - thus preserving
the simulated E-z correlation from the electron gun.

C. Numerical optimization for transfer line design

Optimization is the problem of finding a set of inputs
for a function which corresponds to a maximum or min-
imum of that function. For an optimization problem,
the function to be minimized or maximized is called the
‘objective function’. An optimization algorithm specifies
the method used to iteratively choose inputs, evaluate
the objective function and compare solutions with the
aim of moving towards the optimal solution. If multiple
parameters need to be optimized, a single objective func-
tion can be formed as a weighted sum of the individual
objectives (‘scalarization’) or they can form multiple ob-
jective functions (Multi-Objective Optimization). With
scalarization, the weights should be tuned to achieve the
best performance from the optimization algorithm. For

2

FIG. 1: Schematic of the configuration of the two electron beamlines, plasma cells and a section of the proton
transfer line. Dipoles are shown in cyan, the quadrupoles in red, the sextupoles in yellow and the octupoles in white.

Run 2a will study the electron-seeding of the proton
bunch self modulation and Run 2b will investigate the use
of a density step to stabilise the self modulation process;
both of these features will then be incorporated into Run
2c.

In this paper we discuss the studies towards the base-
line design of the Run 2c transfer line needed to inject
witness electron bunches into the second plasma cell to
probe the accelerating gradients of the wakefields. A
schematic of the proposed Run 2c beamline layout is
shown in Fig. 1 showing the configuration of the proton
and electron beamlines. Several changes will be needed
to adapt the Run 1 experimental set up for Run 2c. To
incorporate the additional seeding electron transfer line,
the Run 1 plasma cell is to be moved 40m downstream,
requiring the reconfiguration of the proton beamline. To
minimise the defocusing of the proton beam between the
two plasma cells the gap should be < 1m [14], and ideally
as short as possible, constraining the footprint of the wit-
ness transfer line. To achieve both a small energy spread
and emittance conservation throughout acceleration, the
injected electron beam parameters must be carefully cho-
sen; this is discussed in Section IIA [15]. The witness
beam parameters for Run 2c compared with Run 1 are
presented in Table I.

The seeding electron-beamline will inject ⇠18MeV
bunches into the first plasma cell. The parameters for
this line will be determined as a result of the Run 2a
studies and it is foreseen to be adapted from the Run 1
electron beamline. In Section VI we present a proposal
for a method which could be used to estimate the rela-
tive alignment of the Run 2c proton and seeding electron-
beams using neural networks.

TABLE I: Beam parameters of the witness electron
transfer lines for AWAKE Runs 1 and 2c [1, 16].

Parameter Unit Run 1 Run 2c

Beam energy [MeV] 18.84 150

Charge [pC] 656 100

Bunch length [fs] 4000 200

Energy spread [%] 0.5 0.2

Norm. emittance [mm mrad] 11-14 2

C. The use of optimizers in beamline design and
operation

Numerical optimizers are powerful tools for beamline
design; see [17, 18] for examples of existing studies ex-
ploring their use for electron beamline design and opti-
mization.
Here we present proposals for the design of the Run

2c witness electron transfer line, alongside a discussion
of the use of numerical optimizers during the design pro-
cess. In Sections IV and VI we discuss also the oper-
ational challenges expected for the seeding and witness
transfer lines and highlight where machine learning or
optimization techniques could be exploited.

II. TRANSFER LINE DESIGN

A. Witness electron transfer line specifications

The specifications for beam parameters at the injec-
tion point derive from the need for the witness beam to
be ‘matched’ to the plasma to mitigate transverse be-
tatron oscillations of the beam envelope propagating in
the plasma which would cause beam emittance growth.
For the electron beam to be matched to the plasma, the
beam size should satisfy

�4 =
2"0mec2�

npee2
✏2, (1)

where the Lorentz � = 293.5, me is the mass of an elec-
tron, c is the speed of light, "0 is the vacuum permit-
tivity, e is the electron charge, the normalised emittance
✏ = 2 mm mrad and the plasma density npe has baseline
values: 2⇥1014 cm�3 or 7⇥1014 cm�3. For beam energy
of 150 MeV with the higher plasma density this would
correspond to a matched beam size of

�⇤ = 5.75 µm. (2)

Further specifications for the beam at the injection-point
are given in Table II.
The injected witness bunch should have a length of

⇠60 µm, a specification deriving from the need to be
within the regime of optimal beam loading so that a small
energy spread is conserved during acceleration [15, 16].
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FIG. 3: Mean (data-points) and range (shaded region)
of the objective function evaluations from a population

of solutions used by a Genetic Algorithm for the
optimization of quadrupole strengths and positions.

FIG. 4: MAD-X simulation of the transfer line design
selected via the optimization shown in Fig. 3. Twiss
parameters �x (black), �y (red) and dispersion Dx

(green) and Dy (blue) are shown below, with a synoptic
overview of the transfer line above, with dipoles (green)

and quadrupoles (black).

B. Addition and optimization of sextupoles and
octupoles

To combat the chromatic contributions to the beam
size at the injection-point, sextupoles were added, ini-
tially chosen to be at regions of high Dx/x and Dy/y
and at phase advances to have maximum impact at the
injection-point. The sextupole positions were then in-

FIG. 5: 2D projections of the distribution of a bunch
tracked through the transfer line shown in Fig. 4 to the
plasma injection-point. The color of the data points
denote the momentum o↵set of the macro-particles.

FIG. 6: Points on the pareto front at the final
evaluation (red) and the population from the first

evalution (gray) of the Multi-Objective Optimization of
quadrupole strengths and positions; the axes are the

two objective functions constructed from the horizontal
and vertical components of Eq. 7. The inset shows an
expanded view of the final pareto front. Only viable

solutions with no magnet overlap are included.

cluded, along with the strengths of the sextupoles, to
the list of inputs for the optimization algorithm. The
Powell optimiser proved to perform well for this stage,
as it coped well with the high dimenionality and was ex-
plorative of the parameter space. This optimization was
performed over many iterations and an example of the
progress of a few of the input variables for one such it-
eration is presented in Fig. 7. This shows clearly the
methodical approach of the Powell algorithm in scanning
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To minimize emittance growth throughout acceleration,
there should be su�cient charge density in the witness
bunch to be able to drive a full blow-out of the electrons
remaining in the plasma wakefield ‘bubble’ [15]. The
emittance growth during electron acceleration increases
quickly with the transverse relative o↵set between the
proton and electron beam. Simulations of the witness
beam propagation in the plasma have shown that, for
a nominal 2mm mrad emittance beam, to maintain an
acceptable beam quality the relative beam o↵set should
not exceed 13 µm and the beam size should not exceed
150% of the nominal value.

TABLE II: Specification for the bunch parameters at
the injection-point of the AWAKE Run 2c witness

transfer line.

Parameter Specification

�x,y 4.87mm

↵x,y 0.0
Dx,y 0m

�x,y 5.75 µm
�z 60 µm
✏x,y 2mm mrad

The footprint of the witness beamline is constrained by
the placement of the two plasma cells, the limited tunnel
width and the location of the seeding electron beamline.
This constrains the width of the beamline to < 3m, and
the length to < 25m; a two-dipole dog-leg design was
selected to satisfy these restrictions. The dimensions of
the dog-leg are determined by the position and bending
angle of the dipoles.

A 15° bending angle was selected as this was large
enough that the beam-pipe would not intersect with the
plasma cell but not so high that the beamline exceeded
the tunnel width. For a two-dipole achromatic dog-leg,
the first-order isochronous parameter, R56, cannot be
compensated, so that the transfer line would not be both
achromatic and isochronous. To meet the bunch length
specification of �z = 60µm at the plasma injection-point,
it is proposed that the line have a shortening e↵ect on
the bunch, counteracted by injecting a correspondingly
longer bunch into the transfer line. For the transfer line
to have a shortening e↵ect on the bunch there must be
a positive energy-longitudinal correlation, which based
on simulations of the electron injector is expected to be
feasible.

B. Transfer line simulations

The simulation code MAD-X [19] was used to model
the beam transport, with the bunch tracking simulated
using a MAD-X implementation of PTC (Polymorphic

FIG. 2: Generated input beam distribution of 100 000
macro-particles with �x,y = 11m, ↵x,y = �2.1 and
✏x,y = 2mm mrad. The E-z distribution was taken

from simulations of the electron injector and scaled to
have the nominal bunch length and energy spread.

Tracking Code) [20]. The non-linear e↵ects were chal-
lenging for this design, so six dimensional particle track-
ing was essential for modelling the behaviour of the line.
Simulations of the electron injector were used to pro-

duce an input bunch, shown in Fig. 2, which was tracked
through the transfer line to calculate the beam parame-
ters at the injection-point. The input bunch had 100 000
macro-particles and was designed such that the distri-
butions in the x, y, px and py planes were Gaussian
distributions cut at 3�, with standard deviations match-
ing simulations of the beam from the electron injector.
The z-pz distribution was taken from the electron injec-
tor tracking simulation and scaled to match the nominal
Run 2 bunch length and energy spread - thus preserving
the simulated E-z correlation from the electron gun.

C. Numerical optimization for transfer line design

Optimization is the problem of finding a set of inputs
for a function which corresponds to a maximum or min-
imum of that function. For an optimization problem,
the function to be minimized or maximized is called the
‘objective function’. An optimization algorithm specifies
the method used to iteratively choose inputs, evaluate
the objective function and compare solutions with the
aim of moving towards the optimal solution. If multiple
parameters need to be optimized, a single objective func-
tion can be formed as a weighted sum of the individual
objectives (‘scalarization’) or they can form multiple ob-
jective functions (Multi-Objective Optimization). With
scalarization, the weights should be tuned to achieve the
best performance from the optimization algorithm. For

INPUT	(from	e-	source	simulation) OUTPUT	(from	MAD-X)Optics,	beta,	dispersion	along	the	line
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• Optimization,	Part	2:	sextupoles	and	octupoles	
• Address	chromatic	effects	
• Position	and	strength	optimized	numerically	(Powell	algorithm)	

• Estimated	effect	of	misalignments	of	all	optical	elements,	and	developed	1	μm	
level	alignment	procedure	to	avoid	σx,y	growth	
• —>	Achieved	the	challenging	experimental	requirements	for	Run	2c	<—
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To minimize emittance growth throughout acceleration,
there should be su�cient charge density in the witness
bunch to be able to drive a full blow-out of the electrons
remaining in the plasma wakefield ‘bubble’ [15]. The
emittance growth during electron acceleration increases
quickly with the transverse relative o↵set between the
proton and electron beam. Simulations of the witness
beam propagation in the plasma have shown that, for
a nominal 2mm mrad emittance beam, to maintain an
acceptable beam quality the relative beam o↵set should
not exceed 13 µm and the beam size should not exceed
150% of the nominal value.

TABLE II: Specification for the bunch parameters at
the injection-point of the AWAKE Run 2c witness

transfer line.

Parameter Specification

�x,y 4.87mm

↵x,y 0.0
Dx,y 0m

�x,y 5.75 µm
�z 60 µm
✏x,y 2mm mrad

The footprint of the witness beamline is constrained by
the placement of the two plasma cells, the limited tunnel
width and the location of the seeding electron beamline.
This constrains the width of the beamline to < 3m, and
the length to < 25m; a two-dipole dog-leg design was
selected to satisfy these restrictions. The dimensions of
the dog-leg are determined by the position and bending
angle of the dipoles.

A 15° bending angle was selected as this was large
enough that the beam-pipe would not intersect with the
plasma cell but not so high that the beamline exceeded
the tunnel width. For a two-dipole achromatic dog-leg,
the first-order isochronous parameter, R56, cannot be
compensated, so that the transfer line would not be both
achromatic and isochronous. To meet the bunch length
specification of �z = 60µm at the plasma injection-point,
it is proposed that the line have a shortening e↵ect on
the bunch, counteracted by injecting a correspondingly
longer bunch into the transfer line. For the transfer line
to have a shortening e↵ect on the bunch there must be
a positive energy-longitudinal correlation, which based
on simulations of the electron injector is expected to be
feasible.

B. Transfer line simulations

The simulation code MAD-X [19] was used to model
the beam transport, with the bunch tracking simulated
using a MAD-X implementation of PTC (Polymorphic

FIG. 2: Generated input beam distribution of 100 000
macro-particles with �x,y = 11m, ↵x,y = �2.1 and
✏x,y = 2mm mrad. The E-z distribution was taken

from simulations of the electron injector and scaled to
have the nominal bunch length and energy spread.

Tracking Code) [20]. The non-linear e↵ects were chal-
lenging for this design, so six dimensional particle track-
ing was essential for modelling the behaviour of the line.
Simulations of the electron injector were used to pro-

duce an input bunch, shown in Fig. 2, which was tracked
through the transfer line to calculate the beam parame-
ters at the injection-point. The input bunch had 100 000
macro-particles and was designed such that the distri-
butions in the x, y, px and py planes were Gaussian
distributions cut at 3�, with standard deviations match-
ing simulations of the beam from the electron injector.
The z-pz distribution was taken from the electron injec-
tor tracking simulation and scaled to match the nominal
Run 2 bunch length and energy spread - thus preserving
the simulated E-z correlation from the electron gun.

C. Numerical optimization for transfer line design

Optimization is the problem of finding a set of inputs
for a function which corresponds to a maximum or min-
imum of that function. For an optimization problem,
the function to be minimized or maximized is called the
‘objective function’. An optimization algorithm specifies
the method used to iteratively choose inputs, evaluate
the objective function and compare solutions with the
aim of moving towards the optimal solution. If multiple
parameters need to be optimized, a single objective func-
tion can be formed as a weighted sum of the individual
objectives (‘scalarization’) or they can form multiple ob-
jective functions (Multi-Objective Optimization). With
scalarization, the weights should be tuned to achieve the
best performance from the optimization algorithm. For

INPUT	(from	e-	source	simulation) OUTPUT	(from	MAD-X)Optics,	beta,	dispersion	along	the	line

Run	2c	e-	Beamline	Design
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FIG. 1: Schematic of the configuration of the two electron beamlines, plasma cells and a section of the proton
transfer line. Dipoles are shown in cyan, the quadrupoles in red, the sextupoles in yellow and the octupoles in white.

Run 2a will study the electron-seeding of the proton
bunch self modulation and Run 2b will investigate the use
of a density step to stabilise the self modulation process;
both of these features will then be incorporated into Run
2c.

In this paper we discuss the studies towards the base-
line design of the Run 2c transfer line needed to inject
witness electron bunches into the second plasma cell to
probe the accelerating gradients of the wakefields. A
schematic of the proposed Run 2c beamline layout is
shown in Fig. 1 showing the configuration of the proton
and electron beamlines. Several changes will be needed
to adapt the Run 1 experimental set up for Run 2c. To
incorporate the additional seeding electron transfer line,
the Run 1 plasma cell is to be moved 40m downstream,
requiring the reconfiguration of the proton beamline. To
minimise the defocusing of the proton beam between the
two plasma cells the gap should be < 1m [14], and ideally
as short as possible, constraining the footprint of the wit-
ness transfer line. To achieve both a small energy spread
and emittance conservation throughout acceleration, the
injected electron beam parameters must be carefully cho-
sen; this is discussed in Section IIA [15]. The witness
beam parameters for Run 2c compared with Run 1 are
presented in Table I.

The seeding electron-beamline will inject ⇠18MeV
bunches into the first plasma cell. The parameters for
this line will be determined as a result of the Run 2a
studies and it is foreseen to be adapted from the Run 1
electron beamline. In Section VI we present a proposal
for a method which could be used to estimate the rela-
tive alignment of the Run 2c proton and seeding electron-
beams using neural networks.

TABLE I: Beam parameters of the witness electron
transfer lines for AWAKE Runs 1 and 2c [1, 16].

Parameter Unit Run 1 Run 2c

Beam energy [MeV] 18.84 150

Charge [pC] 656 100

Bunch length [fs] 4000 200

Energy spread [%] 0.5 0.2

Norm. emittance [mm mrad] 11-14 2

C. The use of optimizers in beamline design and
operation

Numerical optimizers are powerful tools for beamline
design; see [17, 18] for examples of existing studies ex-
ploring their use for electron beamline design and opti-
mization.
Here we present proposals for the design of the Run

2c witness electron transfer line, alongside a discussion
of the use of numerical optimizers during the design pro-
cess. In Sections IV and VI we discuss also the oper-
ational challenges expected for the seeding and witness
transfer lines and highlight where machine learning or
optimization techniques could be exploited.

II. TRANSFER LINE DESIGN

A. Witness electron transfer line specifications

The specifications for beam parameters at the injec-
tion point derive from the need for the witness beam to
be ‘matched’ to the plasma to mitigate transverse be-
tatron oscillations of the beam envelope propagating in
the plasma which would cause beam emittance growth.
For the electron beam to be matched to the plasma, the
beam size should satisfy

�4 =
2"0mec2�

npee2
✏2, (1)

where the Lorentz � = 293.5, me is the mass of an elec-
tron, c is the speed of light, "0 is the vacuum permit-
tivity, e is the electron charge, the normalised emittance
✏ = 2 mm mrad and the plasma density npe has baseline
values: 2⇥1014 cm�3 or 7⇥1014 cm�3. For beam energy
of 150 MeV with the higher plasma density this would
correspond to a matched beam size of

�⇤ = 5.75 µm. (2)

Further specifications for the beam at the injection-point
are given in Table II.
The injected witness bunch should have a length of

⇠60 µm, a specification deriving from the need to be
within the regime of optimal beam loading so that a small
energy spread is conserved during acceleration [15, 16].
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To minimize emittance growth throughout acceleration,
there should be su�cient charge density in the witness
bunch to be able to drive a full blow-out of the electrons
remaining in the plasma wakefield ‘bubble’ [15]. The
emittance growth during electron acceleration increases
quickly with the transverse relative o↵set between the
proton and electron beam. Simulations of the witness
beam propagation in the plasma have shown that, for
a nominal 2mm mrad emittance beam, to maintain an
acceptable beam quality the relative beam o↵set should
not exceed 13 µm and the beam size should not exceed
150% of the nominal value.

TABLE II: Specification for the bunch parameters at
the injection-point of the AWAKE Run 2c witness

transfer line.

Parameter Specification

�x,y 4.87mm

↵x,y 0.0
Dx,y 0m

�x,y 5.75 µm
�z 60 µm
✏x,y 2mm mrad

The footprint of the witness beamline is constrained by
the placement of the two plasma cells, the limited tunnel
width and the location of the seeding electron beamline.
This constrains the width of the beamline to < 3m, and
the length to < 25m; a two-dipole dog-leg design was
selected to satisfy these restrictions. The dimensions of
the dog-leg are determined by the position and bending
angle of the dipoles.

A 15° bending angle was selected as this was large
enough that the beam-pipe would not intersect with the
plasma cell but not so high that the beamline exceeded
the tunnel width. For a two-dipole achromatic dog-leg,
the first-order isochronous parameter, R56, cannot be
compensated, so that the transfer line would not be both
achromatic and isochronous. To meet the bunch length
specification of �z = 60µm at the plasma injection-point,
it is proposed that the line have a shortening e↵ect on
the bunch, counteracted by injecting a correspondingly
longer bunch into the transfer line. For the transfer line
to have a shortening e↵ect on the bunch there must be
a positive energy-longitudinal correlation, which based
on simulations of the electron injector is expected to be
feasible.

B. Transfer line simulations

The simulation code MAD-X [19] was used to model
the beam transport, with the bunch tracking simulated
using a MAD-X implementation of PTC (Polymorphic

FIG. 2: Generated input beam distribution of 100 000
macro-particles with �x,y = 11m, ↵x,y = �2.1 and
✏x,y = 2mm mrad. The E-z distribution was taken

from simulations of the electron injector and scaled to
have the nominal bunch length and energy spread.

Tracking Code) [20]. The non-linear e↵ects were chal-
lenging for this design, so six dimensional particle track-
ing was essential for modelling the behaviour of the line.
Simulations of the electron injector were used to pro-

duce an input bunch, shown in Fig. 2, which was tracked
through the transfer line to calculate the beam parame-
ters at the injection-point. The input bunch had 100 000
macro-particles and was designed such that the distri-
butions in the x, y, px and py planes were Gaussian
distributions cut at 3�, with standard deviations match-
ing simulations of the beam from the electron injector.
The z-pz distribution was taken from the electron injec-
tor tracking simulation and scaled to match the nominal
Run 2 bunch length and energy spread - thus preserving
the simulated E-z correlation from the electron gun.

C. Numerical optimization for transfer line design

Optimization is the problem of finding a set of inputs
for a function which corresponds to a maximum or min-
imum of that function. For an optimization problem,
the function to be minimized or maximized is called the
‘objective function’. An optimization algorithm specifies
the method used to iteratively choose inputs, evaluate
the objective function and compare solutions with the
aim of moving towards the optimal solution. If multiple
parameters need to be optimized, a single objective func-
tion can be formed as a weighted sum of the individual
objectives (‘scalarization’) or they can form multiple ob-
jective functions (Multi-Objective Optimization). With
scalarization, the weights should be tuned to achieve the
best performance from the optimization algorithm. For
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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	Run	2	is	the	path	towards	future	physics	applications	
• First:	fixed	target	experiments,	i.e.	search	for	dark	photon	
• Next	step:	electron-proton	or	electron-ion	colliders	
• Complementary	to	other	plasma	wakefield	projects/experiments:	
European	Strategy	for	Particle	Physics	“Accelerator	R&D	Roadmap”	
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EUROPEAN STRATEGY FOR PARTICLE PHYSICS

Accelerator R&D Roadmap


