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Baseline	electron	injection	in	AWAKE	Run	2
• AWAKE	plans	to	use	an	RF-based	external	injector	for	Run	2


• Known	technology	to	minimize	risk

• Achieves	the	challenging	e-	beam	requirements


• External	injection	requires	a	1	meter	gap	in	the	plasma

• Accelerating	gradient	(GV/m)	is	reduced	by	a	factor	of	2

• Could	we	remove	this	gap?


• Proton	driver	forms	a	bunch-train,	but	difficult	for	an	RF-based	
injector	to	provide	an	arbitrary	train	of	witness	electron	bunches

• ωpe	~	1.5	THz	for	npe	=	7E14	cm-3.	Run	2	gun:	RF	~	3	GHz

• Accelerated	charge	is	less	than	its	full	potential	

• Can	we	explore	this	possibility	by	injecting	 

multiple	electron	bunches?


• Address	these	limitations	to	increase	energy	and	luminosity

• Increase	physics	reach	of	future	experiments
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Figure 3. The amplitude of the excited wakefield Ez, max(z) in the uniform plasma and in plasma
with the optimised density step with and without a 1 m gap between self-modulation and ac-
celeration plasma sections. The SM process is seeded by an electron bunch. The density step is
the linear growth of the plasma density from 7 ⇥ 1014 cm�3 to 7.21 ⇥ 1014 cm�3 at the interval
between z = 0.8 m and z = 2.8 m.

3.1.2. Plasma density step190

Numerical simulation results suggest that in a plasma with constant density along191

the beam path, the continuous evolution of the bunch train and wakefields leads to192

a decay of the amplitude of wakefields after their saturation [39,40]. These results193

also suggest that when applying a density step, some distance into the plasma, within194

the growth of the SM process, wakefields maintain a near-saturation amplitude for a195

long distance along the plasma. Figure 3 illustrates how the density step changes the196

wakefield amplitude in the self-modulation and acceleration plasma sections. These197

simulations are performed in the axi-symmetric geometry with the quasi-static code198

LCODE [52,53]. The parameters of the density step were optimised for the strongest199

wakefield at z = 20 m with no gap between the sections [54]. The density step is seen to200

strongly increase the wakefield at the acceleration stage.201

The AWAKE plasma source is based on a rubidium vapour, along which a very202

uniform temperature is imposed to obtain a correspondingly very uniform vapour203

density. Laser-pulse ionisation then turns this uniform vapour density into an equally204

uniform plasma density [28]. One can therefore simply impose a temperature step along205

the column to obtain the corresponding plasma density step [43]. Measurements of the206

effect of the plasma density step on the amplitude of the wakefields will include effects207

of the size and shape of the bunch halo formed by defocused protons, measurements of208

plasma light signals, and measurements of electron acceleration.209

3.2. Accelerator210

The length of the accelerator plasma is 10 m for the first experiments. This is much211

longer than the distance it takes for the amplitude of wakefields to settle to steady values212

after the injection point (see Fig. 3). This distance is ⇠2 m and results from the transverse213

evolution of the proton bunch in the vacuum gap between the two plasmas. The plasma214

is thus long enough for the expected energy gain to be in the multi-GeV range along the215

ensuing length of plasma where the driving of the wakefields is stationary.216

3.2.1. External injection217

In Run 1, acceleration was obtained with an off-axis injection geometry [21]. This218

geometry was chosen to avoid defocusing of the injected electrons in the density ramp219

located at the entrance of the plasma [35,36]. In this region, the yet un-modulated proton220

bunch drives transverse fields which are focusing for its own positive-charge sign, but221
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Figure 1. Schematic of the AWAKE Run 1 (2016–18) layout. The laser and proton beams are
merged before entering the plasma source. A beam of 10–20 MeV electrons is also merged with
the beamline and injected into the entrance of the plasma source. The plasma source contains
rubidium vapour at about 200 �C with precise temperature control over the full 10 m. The beams
exit the plasma source and a series of diagnostics are used to characterise them. There are two
imaging stations to measure the transverse profile of the proton bunch and screens emitting
optical and coherent transition radiation (OTR and CTR) to measure the longitudinal profile of the
proton bunch. Electrons are separated from the protons using a dipole magnet which also induces
an energy-dependent spread which is measured on a scintillator screen, imaged by a camera.
Cartoons of the proton bunch self-modulation and electron capture are shown in the bottom left.
A typical image of the accelerated electron bunch as observed on the scintillator screen is shown
in the top right.
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Figure 2. (a) Time-resolved image of the SM proton bunch with the RIF placed 125 ps (0.5st) ahead
of bunch center (front of the bunch at t<0 ps), and plasma electron density ne0 = 1.81⇥1014 cm�3

(other parameters in [27]). The RIF is at t=0 ps on the image. (b) Relative modulation RMS phase
variation DF (in % of 2p or of a modulation period) for each set of images acquired every 50 ps
along the bunch and aligned in time using a reference laser pulse signal visible as a vertical line at
the bottom of image (a) (x >2 mm). From Ref. [27].

Effect	of	1	meter	gap	on	accelerating	gradient

RF	frequency	vs	proton	bunch	train	structure
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A	possible	alternative:	e4AWAKE
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What	if	we	could…


• …	inject	electrons	directly	in	the	plasma,	with	no	gap


• …	while	satisfying	requirements	for	proton-driven	acceleration

Plasma-mirror	electron	injection	using	a	
high-power	fs	laser	impinging	on	a	solid	
target	in	Rb	vapor.	Protons	cross	the	solid	
target	and	trap	the	electrons.

Credit	for	initial	idea:	A.	Pukhov,	V.	Khudiakov,	I.	Tsymbalov,	D.	Gorlova,	A.	Savel’ev		(December	2020)
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What	if	we	could…


• …	inject	electrons	directly	in	the	plasma,	with	no	gap


• …	while	satisfying	requirements	for	proton-driven	acceleration


And	this	might	also	allow	to…


• …	inject	multiple	electron	bunches,	with	configurable	spacing


• …	develop	and	test	in	parallel	with	baseline	Run	2	program

Credit	for	initial	idea:	A.	Pukhov,	V.	Khudiakov,	I.	Tsymbalov,	D.	Gorlova,	A.	Savel’ev		(December	2020)
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Plasma-mirror	electron	injection	using	a	
high-power	fs	laser	impinging	on	a	solid	
target	in	Rb	vapor.	Protons	cross	the	solid	
target	and	trap	the	electrons.
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Questions	towards	a	possible	implementation

• Plasma-mirror	electron	injection:	how	does	it	work?

• Could	we	use	the	existing	laser	of	AWAKE?


• How	does	the	electron	bunch	compare	with	the	RF	one?

• Will	the	e-	bunch	be	trapped	by	proton-driven	wakefields?


• Could	proton-driven	wakefields	drive	multiple	e-	bunches,	in	theory?


• How	would	we	implement	this,	in	practice?

• Would	the	timeline	fit	with	AWAKE	Run	2?
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Plasma-mirror	electron	injection
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Figure 6: Plasma-mirror electron source. Left: 2D schematic showing the intense laser impinging on a solid 
target. Right: 3D schematic showing a low-intensity pulse (a) creating an expanding plasma-mirror (b), which 
reflects a high-intensity pulse (red) with an XUV component (blue) and emits electrons (yellow lines) as a 
result (c). 

If the electrons expelled by the plasma mirror interact directly with the laser fields in vacuum, they can 
undergo vacuum-laser acceleration (VLA), while if they interact with wakefields generated by the laser field 
they can undergo laser wakefield acceleration (LWFA). Electron production from plasma mirrors has been 
studied in several experiments [22-31], and a dedicated exploration focusing on the density profile of the 
plasma mirror and the duration of the intense laser was made in the context of the FEMTOELEC ERC project 
in Paris [32-35]. The density profile of the plasma mirror is controlled by the delay between the low-intensity 
pulse and the high-intensity one, since the mirror is expanding at a rate of ~10 nm/ps. Figure 7 shows a 
comparison of experimental and simulated results, focusing on measurements of angular dispersion and 
momentum of electrons, as well as a simulation showing electrons accelerated by VLA. Data and simulation, 
in impressive agreement, find a well-collimated high-energy (10 MeV) electron population very close to the 
specular angle, and a lower-energy large-angle emission. In addition to the Paris experiments, recent 
experiments in Moscow studied a different substrate (tungsten instead of glass) using a lower-energy laser, 
and also obtained a collimated electron bunch with MeV energy [36]. 

 

 
Figure 7: Results of the Paris group showing the plasma-mirror electron source producing collimated bunches 
of O(10) MeV electrons. Left: Angular distribution of electrons emitted from plasma mirror measured in 
experiment (a) and obtained in simulations (c). No electrons are emitted in the direction of the reflected laser 
beam electrons (white hole), while a collimated region is visible to the right of the hole. The momentum spectra 
of the regions to the right (red line) and left (blue line) of the hole are shown in figures (b) for measurements 
and (d) for simulations, demonstrating that the collimated electrons also have higher energy. In (d) the green 
dashed curve shows the initial energy distribution for electrons emitted by the plasma mirror, before they 
interact with the laser field [32]. Right: (a) Simulated trajectories of electrons (blue lines ending in black dots) 
and y component of B field (color map) after electron emission. (b) Emission of electrons (grey) spaced by the 
laser period coupled with a train of attosecond laser pulses (purple) [35] 

OBJECTIVE  
The interest in a next-generation electron source for the e4AWAKE project is determined by the potential 

for such a source to overcome the limitations mentioned above: the electron source should not require any gap 
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FIG. 1. Scheme of laser-solid interaction.

FIG. 2. Initial energy spectra depending on laser pulse energy.

trons are generated via breaking of plasma waves excited
by parametric instabilities near the laser reflection point.
These electrons are further accelerated by the mecha-
nism of direct laser acceleration[17]. The scheme is as
follows (Fig. 1): a laser prepulse ionizes the solid target
and forms a plasma layer with a gradient of several laser
wavelengths. Next, the main laser pulse hits the target
surface at 45 degree angle and accelerates electrons in
a direction close to but not exactly coinciding with the
pulse reflection.

Here we reproduce the experimental results of [13] us-
ing full 3d particle-in-cell simulations with the VLPL
code. This is the first stage of two-step simulation. In
the second stage, the obtained accelerated electrons are
injected into the wakefield driven in the surrounding low
density plasma and accelerated over the distance of ⇠10
m. The two separate simulations are unavoidable be-
cause of the huge disparity of the time and spacial scales
of the physical processes at these two stages. The spatial
scale di↵ers by some three orders of magnitude: the laser
wavelength equals 0.8 µm, while the plasma wavelength
is 0.126 cm. It would be numerically ine�cient and ex-
pensive to resolve the laser wavelength during the whole
process.

For the surface of solid target, we utilize the density

profile used in [13]:

n⇠/nc = 4 · 10�7 + 20 · e�(⇠/(2.5�0))
4

. (1)

Here ⇠ = (x � y)/
p
2 is a coordinate along the sur-

face, �0 = 0.8µm is the laser pulse wavelength, nc =
⇡mec

2
/(�2

0e
2) is the critical density, me is the electron

mass, e is the elementary charge, c is the speed of light.
The laser pulse has the Gaussian shape with the follow-
ing parameters: the duration is fixed to 50 fs, the pulse
energy varies in the range of 4-60 mJ, the focal spot
diameter �FWHM = 4µm. The simulation domain for
this part is Lx ⇥ Ly ⇥ Lz = 74�0 ⇥ 35�0 ⇥ 30�0. It is
sampled by a grid with the step sizes hx ⇥ hy ⇥ hz =
0.005�0 ⇥ 0.01�0 ⇥ 0.01�0. We performed three di↵erent
simulations for the laser pulse energies 4 mJ, 15 mJ, 60
mJ. These pulse energies correspond to the normalized
vector potentials a0 = 0.5, 1, 2.
The accelerated electrons have exponential spectra

with the e↵ective ”temperatures” varying from several
MeVs to tens of MeV depending on the laser pulse am-
plitude (Fig. 2). The energy-angle polar diagrams for
these electrons are shown in Fig. 3(a), where the radius
corresponds to the electron energy and the angle is mea-
sured from the laser reflection direction (x-axis). One
observes well collimated beams, which are however not
exactly aligned with x-axis (the specular direction).

III. OPTIMAL INJECTION CONDITIONS

We are aiming at maximization of trapped charge and
in this scheme we have not so many parameters to vary.
These are the phase of the wave in which we inject the
hot electrons generated by the laser pulse and the angle
between the driver propagation direction and the surface
of the solid target.
From the symmetry considerations, the injection point

must be located at the driver propagation axis, as the
accelerating fields have a maximum here. Second, the
injection must take place when the longitudinal electric
field is zero (⇠ = 0, Fig. 4(a)), in the beginning of the
acceleration phase. As the electrons are initially much
slower than the plasma wave, this configuration provides
the maximal acceleration path before the electrons arrive
into the defocusing region (⇠ < �⇡/2, Fig. 4(a)). This is
verified numerically in Section 4.

The other important parameter is the angle between
the reflected laser and the driver. The laser-generated
electrons are reasonably well collimated, but their mean
momentum is not exactly aligned with the laser reflec-
tion direction (Fig. 3(a)). Therefore, the electrons have
an unnecessary mean transverse momentum, which leads
to the asymmetry in the yz-plane, growth of emittance
along the y-axis and excessive loss of the electrons in the
transverse direction. In order to improve the trapping,
the laser-solid setup can be rotated as a whole in the xy-
plane to align the average direction of the hot electrons
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Figure 2 | Experimental evidence of vacuum laser acceleration. Panel a, Typical experimental angular distribution of electrons emitted from plasma
mirrors into the vacuum, measured with the LANEX screen. It consists of a broad emission cone (blue disk), which is strongly modulated by two main
patterns. One is a well defined hole (in white) around the reflected laser beam (whose size and position in the detection plane are indicated by the dashed
circle), due to the ponderomotive scattering of electrons after their ejection from the plasma mirror. The other is a bright peak (in red), right on the edge of
this hole, due to VLA of a fraction of these electrons. Line-outs of the distribution along the dashed lines are plotted in the side panels, and the direction
normal to the plasma mirror surface corresponds to θ !960mrad (not shown). b, Electron spectra measured at two di!erent locations in the beam (the
horizontal error bars represent the spectrometer resolution). These locations are indicated by the blue circle and the red square in a, that respectively
correspond to the blue and red curves of b. All the features of a,b were very robust experimentally, being observed on all shots performed in similar
experimental conditions (see Supplementary Information). c,d, Same quantities as in a,b, now obtained from numerical simulations based on a 3D test
particle model. The dashed curve in d shows the initial electron energy distribution used in this model. As can be seen from the green and red spectra in
d, the model shows that electrons are accelerated by VLA from 1.5 to 10MeV, resulting in a sevenfold energy gain.

ejection, along the specular direction (pz ) and along the laser
polarization direction (px). Electrons start their motion in vacuum
with relativistic velocities, corresponding to an average energy of
1.5MeV (γ0 !3), and are ejected with an average angle of 20◦ away
from the specular direction.

These initial conditions are close to being ideal for the
observation of VLA, and definitely much more favourable than
those achieved in all previous experimental attempts to observe
this effect13,14,16,17. In experiments based on electron injection by
ionization of core atomic levels, electrons started the interaction at
rest and could not reach relativistic energies13,14. In those relying on
electron beams produced by conventional accelerators, combined
with an intense laser through a drilled mirror, the phase of injection
in the field covers a full optical period, so that only a very small
fraction of the electrons actually gains energy by VLA (refs 16,17).

To study the subsequent interaction of these electrons with the
laser field in vacuum, we turn to a simple 3D test particle model,
similar to the one used in ref. 22 (see Methods). In this model,

the relativistic equations of motion are solved for electrons injected
in a sinusoidal laser field, assumed to be Gaussian in space and
time, and known analytically at every time and position. This is
computationally much less demanding than the 3D PIC simulations
that would be required to account for the isotropic effect of the
ponderomotive force.

Using this model, we calculate the trajectories of millions of
electrons injected in the field. The set of initial conditions for these
electrons is derived from the output of PIC simulations, such as
those shown in Fig. 3 (see Methods). Figure 2c shows the angular
electron distribution obtained from these simulations, for physical
conditions corresponding to our experiment. The agreement of
this distribution with the experimental one is striking: the two
main features observed in the experiment—the hole around the
laser axis and the bright peak along the laser polarization—are
both well reproduced. The final energy spectra calculated on each
side of the hole are shown in Fig. 2d and also compare well with
the experimental observations. Despite its simplicity, this model
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show that, in contrast to the Brunel mechanism, electron
emission is no longer periodic in this regime. The absence
of a harmonic signal in conjunction with the relativistic
electron emission can thus be considered as a signature of the
transition to a new coupling mechanism, associated with the
very different plasma temporal dynamics observed in Fig. 7.
This mechanism is described in Sec. V C.

B. Spatial structure of the electron emission

We now discuss the spatial properties of the outgoing
electron beams, with the support of the simulation results
of Fig. 7. We show that in the short-gradient regime, this
structure is mostly determined by the interaction of
expelled electrons with the reflected laser field in vacuum
(Sec. V B 1), while in the long-gradient regime, it is rather
imposed by large quasistatic surface fields that develop in
the vicinity of the plasma surface during the interaction
(Sec. V B 2).

1. Short-gradient regime

In the case of short density gradients, the peculiar
angular structure of the electron beam has recently been
analyzed experimentally and theoretically in Ref. [32].
In this Brunel regime, electrons are expelled from the
plasma as a very laminar beam, with relativistic velocities

initially quasiparallel to the direction of specular reflection
[Fig. 7(a)]. These relativistic electrons thus copropagate
with the intense reflected laser field, with which they
interact in vacuum over a distance of the order of the
Rayleigh length. This interaction always results in the
ejection of electrons out of the laser beam, and therefore
forms a hole in the electron beam, centered on the specular
direction, as observed in our experiment.
There are two typical scenarios for this ejection, depend-

ing on the exact initial conditions with which electrons are
expelled from the plasma into vacuum. Some electrons
explore multiple optical cycles of the laser field, and thus
oscillate in the field and get expelled from the laser focal
volume by the so-called ponderomotive effect, isotropically
and with a limited energy gain [59,60]. They form the ring-
shaped halo observed on the electron beam. But a large
fraction of electrons actually remain around a given phase
of the reflected field and rather “surf” a single wave front
of the reflected field, thus escaping the laser beam laterally
along the laser polarization direction, and forming the
bright peak observed next to the specular direction. The
side on which this peak forms is determined by the laser
phase at which electrons are expelled from the plasma into
vacuum: the observation of a peak on one side only of the
“ponderomotive hole” (between the specular direction and
the target normal) is a clear indication that electrons are

(a) (c)

(b) (d)

FIG. 7. 2D PIC simulations in the two distinct regimes of laser-plasma coupling. These data are obtained from 2D PIC simulations
with different density gradients L [λ=15 for (a) and (b), and λ=1.5 for (c) and (d)], while all other physical parameters remain the same
(a0 ¼ 3.5, θi ¼ 55°). The two upper panels display the complete trajectories of a selected set of expelled high-energy test electrons (blue
lines), together with the y component of the magnetic field (blue to red color map) at a given time after the laser-plasma interaction. The
plasma density profile at the end of the interaction is indicated in gray in log scale. The lower panels shows the temporal evolution of
the plasma electron density (gray scale color map, in log scale), spatially resolved along the normal to the target surface, at the center
of the focal spot. The emitted attosecond pulses are overlaid to this density map in purple. They are clearly visible in (b), but are too weak
to be observed in (d).

L. CHOPINEAU et al. PHYS. REV. X 9, 011050 (2019)
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Step	 1:	 Create	 a	 plasma-
mirror	 with	 a	 lower-intensity	
laser	 

Step	 2:	 Shine	 a	 high-intensity	 laser	 onto	 the	
plasma-mirror,	 extracting	 plasma	 electrons	 and	
accelerating	them
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Figure 6: Plasma-mirror electron source. Left: 2D schematic showing the intense laser impinging on a solid 
target. Right: 3D schematic showing a low-intensity pulse (a) creating an expanding plasma-mirror (b), which 
reflects a high-intensity pulse (red) with an XUV component (blue) and emits electrons (yellow lines) as a 
result (c). 

If the electrons expelled by the plasma mirror interact directly with the laser fields in vacuum, they can 
undergo vacuum-laser acceleration (VLA), while if they interact with wakefields generated by the laser field 
they can undergo laser wakefield acceleration (LWFA). Electron production from plasma mirrors has been 
studied in several experiments [22-31], and a dedicated exploration focusing on the density profile of the 
plasma mirror and the duration of the intense laser was made in the context of the FEMTOELEC ERC project 
in Paris [32-35]. The density profile of the plasma mirror is controlled by the delay between the low-intensity 
pulse and the high-intensity one, since the mirror is expanding at a rate of ~10 nm/ps. Figure 7 shows a 
comparison of experimental and simulated results, focusing on measurements of angular dispersion and 
momentum of electrons, as well as a simulation showing electrons accelerated by VLA. Data and simulation, 
in impressive agreement, find a well-collimated high-energy (10 MeV) electron population very close to the 
specular angle, and a lower-energy large-angle emission. In addition to the Paris experiments, recent 
experiments in Moscow studied a different substrate (tungsten instead of glass) using a lower-energy laser, 
and also obtained a collimated electron bunch with MeV energy [36]. 

 

 
Figure 7: Results of the Paris group showing the plasma-mirror electron source producing collimated bunches 
of O(10) MeV electrons. Left: Angular distribution of electrons emitted from plasma mirror measured in 
experiment (a) and obtained in simulations (c). No electrons are emitted in the direction of the reflected laser 
beam electrons (white hole), while a collimated region is visible to the right of the hole. The momentum spectra 
of the regions to the right (red line) and left (blue line) of the hole are shown in figures (b) for measurements 
and (d) for simulations, demonstrating that the collimated electrons also have higher energy. In (d) the green 
dashed curve shows the initial energy distribution for electrons emitted by the plasma mirror, before they 
interact with the laser field [32]. Right: (a) Simulated trajectories of electrons (blue lines ending in black dots) 
and y component of B field (color map) after electron emission. (b) Emission of electrons (grey) spaced by the 
laser period coupled with a train of attosecond laser pulses (purple) [35] 
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FIG. 1. Scheme of laser-solid interaction.

FIG. 2. Initial energy spectra depending on laser pulse energy.

trons are generated via breaking of plasma waves excited
by parametric instabilities near the laser reflection point.
These electrons are further accelerated by the mecha-
nism of direct laser acceleration[17]. The scheme is as
follows (Fig. 1): a laser prepulse ionizes the solid target
and forms a plasma layer with a gradient of several laser
wavelengths. Next, the main laser pulse hits the target
surface at 45 degree angle and accelerates electrons in
a direction close to but not exactly coinciding with the
pulse reflection.

Here we reproduce the experimental results of [13] us-
ing full 3d particle-in-cell simulations with the VLPL
code. This is the first stage of two-step simulation. In
the second stage, the obtained accelerated electrons are
injected into the wakefield driven in the surrounding low
density plasma and accelerated over the distance of ⇠10
m. The two separate simulations are unavoidable be-
cause of the huge disparity of the time and spacial scales
of the physical processes at these two stages. The spatial
scale di↵ers by some three orders of magnitude: the laser
wavelength equals 0.8 µm, while the plasma wavelength
is 0.126 cm. It would be numerically ine�cient and ex-
pensive to resolve the laser wavelength during the whole
process.

For the surface of solid target, we utilize the density

profile used in [13]:

n⇠/nc = 4 · 10�7 + 20 · e�(⇠/(2.5�0))
4

. (1)

Here ⇠ = (x � y)/
p
2 is a coordinate along the sur-

face, �0 = 0.8µm is the laser pulse wavelength, nc =
⇡mec

2
/(�2

0e
2) is the critical density, me is the electron

mass, e is the elementary charge, c is the speed of light.
The laser pulse has the Gaussian shape with the follow-
ing parameters: the duration is fixed to 50 fs, the pulse
energy varies in the range of 4-60 mJ, the focal spot
diameter �FWHM = 4µm. The simulation domain for
this part is Lx ⇥ Ly ⇥ Lz = 74�0 ⇥ 35�0 ⇥ 30�0. It is
sampled by a grid with the step sizes hx ⇥ hy ⇥ hz =
0.005�0 ⇥ 0.01�0 ⇥ 0.01�0. We performed three di↵erent
simulations for the laser pulse energies 4 mJ, 15 mJ, 60
mJ. These pulse energies correspond to the normalized
vector potentials a0 = 0.5, 1, 2.
The accelerated electrons have exponential spectra

with the e↵ective ”temperatures” varying from several
MeVs to tens of MeV depending on the laser pulse am-
plitude (Fig. 2). The energy-angle polar diagrams for
these electrons are shown in Fig. 3(a), where the radius
corresponds to the electron energy and the angle is mea-
sured from the laser reflection direction (x-axis). One
observes well collimated beams, which are however not
exactly aligned with x-axis (the specular direction).

III. OPTIMAL INJECTION CONDITIONS

We are aiming at maximization of trapped charge and
in this scheme we have not so many parameters to vary.
These are the phase of the wave in which we inject the
hot electrons generated by the laser pulse and the angle
between the driver propagation direction and the surface
of the solid target.
From the symmetry considerations, the injection point

must be located at the driver propagation axis, as the
accelerating fields have a maximum here. Second, the
injection must take place when the longitudinal electric
field is zero (⇠ = 0, Fig. 4(a)), in the beginning of the
acceleration phase. As the electrons are initially much
slower than the plasma wave, this configuration provides
the maximal acceleration path before the electrons arrive
into the defocusing region (⇠ < �⇡/2, Fig. 4(a)). This is
verified numerically in Section 4.

The other important parameter is the angle between
the reflected laser and the driver. The laser-generated
electrons are reasonably well collimated, but their mean
momentum is not exactly aligned with the laser reflec-
tion direction (Fig. 3(a)). Therefore, the electrons have
an unnecessary mean transverse momentum, which leads
to the asymmetry in the yz-plane, growth of emittance
along the y-axis and excessive loss of the electrons in the
transverse direction. In order to improve the trapping,
the laser-solid setup can be rotated as a whole in the xy-
plane to align the average direction of the hot electrons
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Figure 2 | Experimental evidence of vacuum laser acceleration. Panel a, Typical experimental angular distribution of electrons emitted from plasma
mirrors into the vacuum, measured with the LANEX screen. It consists of a broad emission cone (blue disk), which is strongly modulated by two main
patterns. One is a well defined hole (in white) around the reflected laser beam (whose size and position in the detection plane are indicated by the dashed
circle), due to the ponderomotive scattering of electrons after their ejection from the plasma mirror. The other is a bright peak (in red), right on the edge of
this hole, due to VLA of a fraction of these electrons. Line-outs of the distribution along the dashed lines are plotted in the side panels, and the direction
normal to the plasma mirror surface corresponds to θ !960mrad (not shown). b, Electron spectra measured at two di!erent locations in the beam (the
horizontal error bars represent the spectrometer resolution). These locations are indicated by the blue circle and the red square in a, that respectively
correspond to the blue and red curves of b. All the features of a,b were very robust experimentally, being observed on all shots performed in similar
experimental conditions (see Supplementary Information). c,d, Same quantities as in a,b, now obtained from numerical simulations based on a 3D test
particle model. The dashed curve in d shows the initial electron energy distribution used in this model. As can be seen from the green and red spectra in
d, the model shows that electrons are accelerated by VLA from 1.5 to 10MeV, resulting in a sevenfold energy gain.

ejection, along the specular direction (pz ) and along the laser
polarization direction (px). Electrons start their motion in vacuum
with relativistic velocities, corresponding to an average energy of
1.5MeV (γ0 !3), and are ejected with an average angle of 20◦ away
from the specular direction.

These initial conditions are close to being ideal for the
observation of VLA, and definitely much more favourable than
those achieved in all previous experimental attempts to observe
this effect13,14,16,17. In experiments based on electron injection by
ionization of core atomic levels, electrons started the interaction at
rest and could not reach relativistic energies13,14. In those relying on
electron beams produced by conventional accelerators, combined
with an intense laser through a drilled mirror, the phase of injection
in the field covers a full optical period, so that only a very small
fraction of the electrons actually gains energy by VLA (refs 16,17).

To study the subsequent interaction of these electrons with the
laser field in vacuum, we turn to a simple 3D test particle model,
similar to the one used in ref. 22 (see Methods). In this model,

the relativistic equations of motion are solved for electrons injected
in a sinusoidal laser field, assumed to be Gaussian in space and
time, and known analytically at every time and position. This is
computationally much less demanding than the 3D PIC simulations
that would be required to account for the isotropic effect of the
ponderomotive force.

Using this model, we calculate the trajectories of millions of
electrons injected in the field. The set of initial conditions for these
electrons is derived from the output of PIC simulations, such as
those shown in Fig. 3 (see Methods). Figure 2c shows the angular
electron distribution obtained from these simulations, for physical
conditions corresponding to our experiment. The agreement of
this distribution with the experimental one is striking: the two
main features observed in the experiment—the hole around the
laser axis and the bright peak along the laser polarization—are
both well reproduced. The final energy spectra calculated on each
side of the hole are shown in Fig. 2d and also compare well with
the experimental observations. Despite its simplicity, this model
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show that, in contrast to the Brunel mechanism, electron
emission is no longer periodic in this regime. The absence
of a harmonic signal in conjunction with the relativistic
electron emission can thus be considered as a signature of the
transition to a new coupling mechanism, associated with the
very different plasma temporal dynamics observed in Fig. 7.
This mechanism is described in Sec. V C.

B. Spatial structure of the electron emission

We now discuss the spatial properties of the outgoing
electron beams, with the support of the simulation results
of Fig. 7. We show that in the short-gradient regime, this
structure is mostly determined by the interaction of
expelled electrons with the reflected laser field in vacuum
(Sec. V B 1), while in the long-gradient regime, it is rather
imposed by large quasistatic surface fields that develop in
the vicinity of the plasma surface during the interaction
(Sec. V B 2).

1. Short-gradient regime

In the case of short density gradients, the peculiar
angular structure of the electron beam has recently been
analyzed experimentally and theoretically in Ref. [32].
In this Brunel regime, electrons are expelled from the
plasma as a very laminar beam, with relativistic velocities

initially quasiparallel to the direction of specular reflection
[Fig. 7(a)]. These relativistic electrons thus copropagate
with the intense reflected laser field, with which they
interact in vacuum over a distance of the order of the
Rayleigh length. This interaction always results in the
ejection of electrons out of the laser beam, and therefore
forms a hole in the electron beam, centered on the specular
direction, as observed in our experiment.
There are two typical scenarios for this ejection, depend-

ing on the exact initial conditions with which electrons are
expelled from the plasma into vacuum. Some electrons
explore multiple optical cycles of the laser field, and thus
oscillate in the field and get expelled from the laser focal
volume by the so-called ponderomotive effect, isotropically
and with a limited energy gain [59,60]. They form the ring-
shaped halo observed on the electron beam. But a large
fraction of electrons actually remain around a given phase
of the reflected field and rather “surf” a single wave front
of the reflected field, thus escaping the laser beam laterally
along the laser polarization direction, and forming the
bright peak observed next to the specular direction. The
side on which this peak forms is determined by the laser
phase at which electrons are expelled from the plasma into
vacuum: the observation of a peak on one side only of the
“ponderomotive hole” (between the specular direction and
the target normal) is a clear indication that electrons are

(a) (c)

(b) (d)

FIG. 7. 2D PIC simulations in the two distinct regimes of laser-plasma coupling. These data are obtained from 2D PIC simulations
with different density gradients L [λ=15 for (a) and (b), and λ=1.5 for (c) and (d)], while all other physical parameters remain the same
(a0 ¼ 3.5, θi ¼ 55°). The two upper panels display the complete trajectories of a selected set of expelled high-energy test electrons (blue
lines), together with the y component of the magnetic field (blue to red color map) at a given time after the laser-plasma interaction. The
plasma density profile at the end of the interaction is indicated in gray in log scale. The lower panels shows the temporal evolution of
the plasma electron density (gray scale color map, in log scale), spatially resolved along the normal to the target surface, at the center
of the focal spot. The emitted attosecond pulses are overlaid to this density map in purple. They are clearly visible in (b), but are too weak
to be observed in (d).
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Figure 2 | Experimental evidence of vacuum laser acceleration. Panel a, Typical experimental angular distribution of electrons emitted from plasma
mirrors into the vacuum, measured with the LANEX screen. It consists of a broad emission cone (blue disk), which is strongly modulated by two main
patterns. One is a well defined hole (in white) around the reflected laser beam (whose size and position in the detection plane are indicated by the dashed
circle), due to the ponderomotive scattering of electrons after their ejection from the plasma mirror. The other is a bright peak (in red), right on the edge of
this hole, due to VLA of a fraction of these electrons. Line-outs of the distribution along the dashed lines are plotted in the side panels, and the direction
normal to the plasma mirror surface corresponds to θ !960mrad (not shown). b, Electron spectra measured at two di!erent locations in the beam (the
horizontal error bars represent the spectrometer resolution). These locations are indicated by the blue circle and the red square in a, that respectively
correspond to the blue and red curves of b. All the features of a,b were very robust experimentally, being observed on all shots performed in similar
experimental conditions (see Supplementary Information). c,d, Same quantities as in a,b, now obtained from numerical simulations based on a 3D test
particle model. The dashed curve in d shows the initial electron energy distribution used in this model. As can be seen from the green and red spectra in
d, the model shows that electrons are accelerated by VLA from 1.5 to 10MeV, resulting in a sevenfold energy gain.

ejection, along the specular direction (pz ) and along the laser
polarization direction (px). Electrons start their motion in vacuum
with relativistic velocities, corresponding to an average energy of
1.5MeV (γ0 !3), and are ejected with an average angle of 20◦ away
from the specular direction.

These initial conditions are close to being ideal for the
observation of VLA, and definitely much more favourable than
those achieved in all previous experimental attempts to observe
this effect13,14,16,17. In experiments based on electron injection by
ionization of core atomic levels, electrons started the interaction at
rest and could not reach relativistic energies13,14. In those relying on
electron beams produced by conventional accelerators, combined
with an intense laser through a drilled mirror, the phase of injection
in the field covers a full optical period, so that only a very small
fraction of the electrons actually gains energy by VLA (refs 16,17).

To study the subsequent interaction of these electrons with the
laser field in vacuum, we turn to a simple 3D test particle model,
similar to the one used in ref. 22 (see Methods). In this model,

the relativistic equations of motion are solved for electrons injected
in a sinusoidal laser field, assumed to be Gaussian in space and
time, and known analytically at every time and position. This is
computationally much less demanding than the 3D PIC simulations
that would be required to account for the isotropic effect of the
ponderomotive force.

Using this model, we calculate the trajectories of millions of
electrons injected in the field. The set of initial conditions for these
electrons is derived from the output of PIC simulations, such as
those shown in Fig. 3 (see Methods). Figure 2c shows the angular
electron distribution obtained from these simulations, for physical
conditions corresponding to our experiment. The agreement of
this distribution with the experimental one is striking: the two
main features observed in the experiment—the hole around the
laser axis and the bright peak along the laser polarization—are
both well reproduced. The final energy spectra calculated on each
side of the hole are shown in Fig. 2d and also compare well with
the experimental observations. Despite its simplicity, this model
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• Operation	in	Rb	and	Ar	atmospheres
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 Thévenet 
2016 [1] Zaïm 2019 [3] Tsymbalov 

2019 [5]
Khudiakov [6] 
(Simulation) Current AWAKE

Wavelength [nm] 800 800 800 800 780

Energy [mJ] 700 2.6 50 4, 15, 60 450

Pulse length [fs] 25 [24, 3.5] 50 50 120

Focus size [μm] 5.5 1.75 3 4 700

Intensity [W/cm2] 2E+19 [2.3E18, 1.6E19] 5E+18 5E17, 2E18, 9E18 1E+13

Signal-to-noise (ps scale) 1012 1010 107 N.A. 107

also taken into account in the simulations. Second, the plasma den-
sity profile is obtained by performing hydrodynamic 1D simula-
tions with the code ESTHER.55 Figure 4 shows the resulting
profiles for 4 different values of the delay between the prepulse and
the main pulse. Note that the density profiles are not always expo-
nential in Fig. 4, in contrast to the results from models assuming

isothermal expansion. The gradient appears to have an exponential
shape only for short delays (i.e., for sharp plasma-vacuum interfa-
ces) but not for longer delays. The isothermal hypothesis, used to
estimate the gradient scale length in the previously mentioned SDI
measurements,47 likely fails due to radiation and convection losses
on these longer timescales. In our case, the electron beam appears
for long delays Dt, and we therefore use the density profiles shown
in Fig. 4 as inputs for the PIC simulations.

Snapshots from two different PIC simulations are shown in Fig.
5. Both simulations use the plasma density profile obtained with a
delay of Dt ¼ 80 ps (i.e., the red curve in Fig. 4), a value for which the
electron beam is detected in the experiments. The pulse duration is
either 5 fs or 24 fs, resulting in peak intensities of 1019 W/cm2 (a0
¼ 2.15) and 2.1" 1018 W/cm2 (a0¼ 0.98), respectively.

The first striking feature is the formation of high amplitude
plasma waves in the wake of the 5-fs pulse. Their wavefront is bent by
the density gradient, akin to the plasma waves generated by Brunel
electrons in the coherent wake emission mechanism of high-harmonic
generation.12 Even though these wakefields appear in the whole region
where the 5-fs pulse propagates, inside which the density ranges from
nc/1000 to nc cos2hi # 0:3nc,

56 they are completely absent in the 24-fs
pulse simulation. This can be easily explained by the fact that wakefield

FIG. 2. (a)–(e) Electron angular distribution integrated over the / angle as a func-
tion of the delay between the prepulse and the main pulse for respective pulse
durations of 24, 10, 7.5, 5, and 3.5 fs. (f) Total ejected charge as a function of the
delay between the prepulse and the main pulse. (g) and (h) Typical electron angular
distribution obtained with 5-fs pulses in the short (Dt ¼ 9 ps) and long (Dt ¼ 140
ps) plasma scale length regimes, respectively. The gradient scale lengths given in
the top axis are obtained from SDI measurements.47 The white lines in (a)–(e) rep-
resent the prepulse leads corresponding to the ticks in (f). The red lines and dots
mark the specular direction.

FIG. 3. Total detected charge as a function of pulse duration for a delay of Dt ¼ 90 ps
between the prepulse and the main pulse. The pulse duration is tuned here by chirping
positively (red points) or negatively (blue points) the 3.5-fs driving laser.

FIG. 4. Results from 1D hydrodynamic simulations. Normalized electron density
ne/nc as a function of position x for different delays after a prepulse with a fluence
of 50 J/cm2 ionizes a solid fused-silica target. x¼ 0 is the initial solid-vacuum inter-
face position. nc ¼ mee0x2

0=e
2 is the critical density above which the laser cannot

propagate. e0 is the vacuum permittivity.
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Charge 
[pC] Length [fs] Transverse 

Size [μm]

Normalized 
Emittance 
[mm mrad]

Energy 
[MeV]

Energy 
spread

Run 2 RF e- source 100 200 5.75 2 150 0.2%
Thévenet 2016 [1] 300 25 5.5 ~10 (*) 10 ~50%
Tsymbalov 2019 [5] 30 50 15 ~1.5 (*) 1 ~50%

Beam parameters: RF vs plasma-mirror

Low	energy,	but	acceleration	can	still	take	place	if	trapping	
conditions	are	satisfied	(next	slide)

Small	transverse	size	and	pulse	length:	high	charge	density

Biggest	difference	is	in	γ,	which	has	the	smallest	exponent.	
Matching	conditions	not	satisfied	exactly,	so	some	evolution 
is	expected	(next	slide)	

Ideal	conditions	for	witness	bunch	(i.e.	baseline)

1. Bunch	density	~35*plasma	electron	density


i. Generates	blowout	for	linear	focusing

ii. Loads	the	wakefield,	for	constant	

acceleration	along	the	bunch

2. Match	γ	to	proton	(i.e.	~200	MeV)	to	maintain	

phase	w.r.t.	wakefields

3. Matched	to	plasma	focusing:	σ/ε/γ	satisfy	

matching	condition


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

Based	on	divergences	of	100	mrad	[1]	and	50	mrad	[2],	 
assuming	mono-energetic	beam	and	εN  = βγ <x> <x’>

Plasma	mirror	electron	injector

 (*)
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Figure 8: Analytic and simulation studies showing compatibility of the plasma-mirror electron source with 
AWAKE’s accelerating fields. Left: (a) The colors show the radial force and the black line shows the 
longitudinal electric field acting on electrons as a function of their phase with respect to the wakefields and 
their transverse position. (b) Trajectories (blue lines) of test electrons as a function of phase and longitudinal 
momentum. The dashed line, based on the Hamiltonian of a test electron, represents the longitudinal trapping 
condition while the solid line includes the transverse trapping condition. Middle and Right: Charge (a), 
emittance (b) and energy spectrum (c) of the transmitted bunch after simulated plasma acceleration starting 
from 3 different laser energies of the simulated plasma-mirror electron source. [37] 

Section b: Methodology 
 A description of the intermediate goals in each phase of the project and of the overall timeline is 
provided below, followed by a description of the project organization in terms of work packages and 
collaborators. The first phase of the project focuses on the standalone electron source based on the AWAKE 
laser. This phase includes two intermediate goals:  

GOAL 1: Build a plasma-mirror electron source operating in vacuum and characterize its properties 
when producing a single bunch and a 2-bunch train. 

GOAL 2: Measure the electron source properties when operating in argon and rubidium gases 
matching the AWAKE densities. 

The second phase of the project focuses on the integrated system including both the source and the proton-
driven accelerator. The intermediate goals of this phase are:  

GOAL 3: Demonstrate the compatibility of the electron source with proton-driven acceleration and 
compare the properties of accelerated beams using the RF-based electron source. 

GOAL 4: Study the acceleration of a 2-bunch train with different inter-bunch distances. 

Each phase of the project includes design, installation and commissioning steps, followed by experiments. 
Each step, defined by hardware-related achievements, is supported by simulation tasks. The overall timeline 
is linked to that of the AWAKE project, which in turn is linked to the CERN injector chain schedule.  

The project is organized with 2 Work Packages (WP), Simulations and Experiments, consisting of the 
e4AWAKE team which will be fully dedicated to the project. Additional AWAKE collaborators will have the 
possibility of joining these WPs if interested, but their contribution will not be required for the success of the 
project.  

Additionally, the researches of 11 WPs of the AWAKE project have committed to contribute their 
experience, in light of their confirmed contribution to AWAKE Run 2: Laser, Beam Instrumentation, Vacuum, 
Radiation Protection, Design and Manufacturing, Magnets, Mechatronics, RF Electron Source, Infrastructure 
and Integration, Rubidium Plasma, Argon Plasma. The practical implementation of the e4AWAKE project 
would not be possible without these AWAKE scientists reviewing the plans for e4AWAKE: for example, 
Design and Manufacturing experts will need to review the design the electron source, and Radiation Protection 
experts have already made a preliminary calculation to determine the shielding necessary to protect the people 
working on the standalone electron source. I have several years of experience coordinating the contributions 
of these scientists to the AWAKE project and I have a high degree of confidence in their contributions to 
e4AWAKE based on their proven track record.  

Trapping Conditions of Proton Wakefields Final properties of electron bunches after plasma wakefield acceleration

2-step	VLPL	3D	simulation:	e-	source	and	acceleration


Compatibility	 of	 the	 plasma-mirror	 electron	 source	 with	 the	 proton	
wakefields	of	AWAKE	evaluated	analytically	and	with	simulations.


Final	 charge/emittance	 depend	 on	 electron	 source,	 while	 final	 energy	 is	
determined	by	accelerating	gradient	and	plasma	length.	

2

FIG. 1. Scheme of laser-solid interaction.
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FIG. 2. Initial energy spectra depending on laser pulse energy.

trons are generated via breaking of plasma waves excited
by parametric instabilities near the laser reflection point.
These electrons are further accelerated by the mecha-
nism of direct laser acceleration[17]. The scheme is as
follows (Fig. 1): a laser prepulse ionizes the solid target
and forms a plasma layer with a gradient of several laser
wavelengths. Next, the main laser pulse hits the target
surface at 45 degree angle and accelerates electrons in
a direction close to but not exactly coinciding with the
pulse reflection.

Here we reproduce the experimental results of [13] us-
ing full 3d particle-in-cell simulations with the VLPL
code. This is the first stage of two-step simulation. In
the second stage, the obtained accelerated electrons are
injected into the wakefield driven in the surrounding low
density plasma and accelerated over the distance of ⇠10
m. The two separate simulations are unavoidable be-
cause of the huge disparity of the time and spacial scales
of the physical processes at these two stages. The spatial
scale di↵ers by some three orders of magnitude: the laser
wavelength equals 0.8 µm, while the plasma wavelength
is 0.126 cm. It would be numerically ine�cient and ex-
pensive to resolve the laser wavelength during the whole
process.

For the surface of solid target, we utilize the density

profile used in [13]:

n⇠/nc = 4 · 10�7 + 20 · e�(⇠/(2.5�0))
4

. (1)

Here ⇠ = (x � y)/
p
2 is a coordinate along the sur-

face, �0 = 0.8µm is the laser pulse wavelength, nc =
⇡mec

2
/(�2

0e
2) is the critical density, me is the electron

mass, e is the elementary charge, c is the speed of light.
The laser pulse has the Gaussian shape with the follow-
ing parameters: the duration is fixed to 50 fs, the pulse
energy varies in the range of 4-60 mJ, the focal spot
diameter �FWHM = 4µm. The simulation domain for
this part is Lx ⇥ Ly ⇥ Lz = 74�0 ⇥ 35�0 ⇥ 30�0. It is
sampled by a grid with the step sizes hx ⇥ hy ⇥ hz =
0.005�0 ⇥ 0.01�0 ⇥ 0.01�0. We performed three di↵erent
simulations for the laser pulse energies 4 mJ, 15 mJ, 60
mJ. These pulse energies correspond to the normalized
vector potentials a0 = 0.5, 1, 2.
The accelerated electrons have exponential spectra

with the e↵ective ”temperatures” varying from several
MeVs to tens of MeV depending on the laser pulse am-
plitude (Fig. 2). The energy-angle polar diagrams for
these electrons are shown in Fig. 3(a), where the radius
corresponds to the electron energy and the angle is mea-
sured from the laser reflection direction (x-axis). One
observes well collimated beams, which are however not
exactly aligned with x-axis (the specular direction).

III. OPTIMAL INJECTION CONDITIONS

We are aiming at maximization of trapped charge and
in this scheme we have not so many parameters to vary.
These are the phase of the wave in which we inject the
hot electrons generated by the laser pulse and the angle
between the driver propagation direction and the surface
of the solid target.
From the symmetry considerations, the injection point

must be located at the driver propagation axis, as the
accelerating fields have a maximum here. Second, the
injection must take place when the longitudinal electric
field is zero (⇠ = 0, Fig. 4(a)), in the beginning of the
acceleration phase. As the electrons are initially much
slower than the plasma wave, this configuration provides
the maximal acceleration path before the electrons arrive
into the defocusing region (⇠ < �⇡/2, Fig. 4(a)). This is
verified numerically in Section 4.

The other important parameter is the angle between
the reflected laser and the driver. The laser-generated
electrons are reasonably well collimated, but their mean
momentum is not exactly aligned with the laser reflec-
tion direction (Fig. 3(a)). Therefore, the electrons have
an unnecessary mean transverse momentum, which leads
to the asymmetry in the yz-plane, growth of emittance
along the y-axis and excessive loss of the electrons in the
transverse direction. In order to improve the trapping,
the laser-solid setup can be rotated as a whole in the xy-
plane to align the average direction of the hot electrons

Initial properties from plasma-mirror e- source
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Figure 8: Analytic and simulation studies showing compatibility of the plasma-mirror electron source with 
AWAKE’s accelerating fields. Left: (a) The colors show the radial force and the black line shows the 
longitudinal electric field acting on electrons as a function of their phase with respect to the wakefields and 
their transverse position. (b) Trajectories (blue lines) of test electrons as a function of phase and longitudinal 
momentum. The dashed line, based on the Hamiltonian of a test electron, represents the longitudinal trapping 
condition while the solid line includes the transverse trapping condition. Middle and Right: Charge (a), 
emittance (b) and energy spectrum (c) of the transmitted bunch after simulated plasma acceleration starting 
from 3 different laser energies of the simulated plasma-mirror electron source. [37] 

Section b: Methodology 
 A description of the intermediate goals in each phase of the project and of the overall timeline is 
provided below, followed by a description of the project organization in terms of work packages and 
collaborators. The first phase of the project focuses on the standalone electron source based on the AWAKE 
laser. This phase includes two intermediate goals:  

GOAL 1: Build a plasma-mirror electron source operating in vacuum and characterize its properties 
when producing a single bunch and a 2-bunch train. 

GOAL 2: Measure the electron source properties when operating in argon and rubidium gases 
matching the AWAKE densities. 

The second phase of the project focuses on the integrated system including both the source and the proton-
driven accelerator. The intermediate goals of this phase are:  

GOAL 3: Demonstrate the compatibility of the electron source with proton-driven acceleration and 
compare the properties of accelerated beams using the RF-based electron source. 

GOAL 4: Study the acceleration of a 2-bunch train with different inter-bunch distances. 

Each phase of the project includes design, installation and commissioning steps, followed by experiments. 
Each step, defined by hardware-related achievements, is supported by simulation tasks. The overall timeline 
is linked to that of the AWAKE project, which in turn is linked to the CERN injector chain schedule.  

The project is organized with 2 Work Packages (WP), Simulations and Experiments, consisting of the 
e4AWAKE team which will be fully dedicated to the project. Additional AWAKE collaborators will have the 
possibility of joining these WPs if interested, but their contribution will not be required for the success of the 
project.  

Additionally, the researches of 11 WPs of the AWAKE project have committed to contribute their 
experience, in light of their confirmed contribution to AWAKE Run 2: Laser, Beam Instrumentation, Vacuum, 
Radiation Protection, Design and Manufacturing, Magnets, Mechatronics, RF Electron Source, Infrastructure 
and Integration, Rubidium Plasma, Argon Plasma. The practical implementation of the e4AWAKE project 
would not be possible without these AWAKE scientists reviewing the plans for e4AWAKE: for example, 
Design and Manufacturing experts will need to review the design the electron source, and Radiation Protection 
experts have already made a preliminary calculation to determine the shielding necessary to protect the people 
working on the standalone electron source. I have several years of experience coordinating the contributions 
of these scientists to the AWAKE project and I have a high degree of confidence in their contributions to 
e4AWAKE based on their proven track record.  

Charge	and	Energy	
comparable	with	Run	2	
baseline,	but	larger	
emittance	at	high	
charges.


Promising	basis	for	
further	studies.

V. Khudiakov and A. Pukhov. Optimized laser-assisted electron injection into a quasilinear plasma wakefield. Phys. Rev. E 105, 035201 (2022). 
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Wakefield	recovery
• AWAKE	luminosity	is	constrained	by	its	repetition	rate


• A	proton	bunch	every	7-20	s


• The	proton	driver	forms	a	micro-bunch-train:	can	it	be	loaded	
with	multiple	electron	bunches?


• e4AWAKE	injector	could	provide	the	flexibility	to	test	this	

• Other	possibilities	with	other	injectors	…


• Not	trivial	to	predict	longitudinal	wakefields	recovery	after	 
e-	injection	in	acceleration	plasma


• 2D	simulations	(LCODE)	based	on	AWAKE	Run	2	parameters

• 3E11	proton	bunch,	12	cm	σz,	7E14/cm3	plasma,	50	pC	e-	
bunch,	density	step	in	self-modulation	plasma


• Encouraging	preliminary	result:	

• Wakefield	recovers	fully	after	~10	micro-bunches

• Potential	to	inject	a	second	electron	bunch

10

Preliminary John	Farmer

Effective	current	of	proton	bunch

Longitudinal	wakefield,	unloaded

Longitudinal	wakefield,	loaded,	recovers	from	e-	bunch

50	pC	e-	bunch



Giovanni	Zevi	Della	Porta,	CERN	and	MPP

Implementation:	standalone	and	integrated
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GOAL	 3:	 Demonstrate	 the	 compatibility	 of	 the	 electron	 source	
with	 proton-driven	 acceleration	 and	 compare	 the	properties	of	
accelerated	beams	using	the	RF-based	electron	source.	


GOAL	4:	Study	the	acceleration	of	a	2-bunch	train	with	different	
inter-bunch	distances.Giovanni	Zevi	Della	Porta,	CERN

Plan:	two	steps

• Step	1:	Build	a	standalone	electron	gun	

• Step	2:	Integrate	an	electron	gun	in	the	Run	2c	design

25

Self-modulation	plasma Acceleration	plasma
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GOAL	 1:	 Build	 a	 plasma-mirror	 electron	 source	 operating	 in	
vacuum	and	characterize	its	properties	when	producing	a	single	
bunch	and	a	2-bunch	train.	


GOAL	2:	Measure	the	electron	source	properties	when	operating	
in	argon	and	rubidium	gases	matching	the	AWAKE	densities.	
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Timeline	compatible	with	AWAKE	Run	2

12

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

Phases Steps 2024 25 26 27 28 Goal
1 1: Design standalone electron source 1

2: Install and commission standalone electron source 1
3: Experiments with electron source in vacuum 1
4: Experiments with electron source in argon and rubidium gas 2

2 1: Design AWAKE plasma cell modification 3
2: Install in AWAKE (as part of Run 2c installation) 3
3: Experiments with proton-driven acceleration 3
4: Experiments with 2-bunch train 4

Take	advantage	of	
2025-2026	downtime	to	
work	on	standalone	
system	in	the	laser	room.
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Outlook
• Interesting	to	explore	the	limitations	and	possible	extensions	of	AWAKE	Run	2


• Removing	the	1-meter	gap	would	increase	the	gradient	by	a	factor	of	2

• Injecting	multiple	e-	bunches	would	increase	luminosity	

• These	are	key	parameters	in	designing	physics	experiments	beyond	Run	2 

• Plasma-mirror	electron	injection	has	advantages	and	challenges

• +:	satisfies	geometrical	constraints,	uses	existing	laser,	test	in	parallel	with	Run	2

• -	:	unknown	performance	in	Rb/Ar	and	with	multi-bunches,	target	motion	after	
each	shot,	imperfect	matching	conditions,	difficult	alignment	and	diagnostic,	…


• Interested	in	exploring	other	options	as	we	think	about	the	future	

• For	multiple	electron	bunches	at		~10	ps	scale	(RF	or	Plasma)

• For	shortening	1	meter	gap	(injection	in	plasma	or	other	solutions)

• For	a	fully	plasma-based	accelerator:	see	next	talk
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