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We present a laser-assisted electron injection scheme for beam-driven plasma wakefield acceleration.
The laser is collinear with the driver and triggers the injection of hot electrons into the plasma wake by
interaction with a thin solid target. We present a baseline case using the AWAKE Run 2 parameters and then
perform variations on key parameters to explore the scheme. It is found that the trapped witness electron
charge may be tuned by altering laser parameters, with a strong dependence on the phase of the wake upon
injection. Normalized emittance settles at the order of micrometres and varies with witness charge. The
scheme is robust to misalignment, with a 1/10th plasma skin-depth offset (20 μm for the AWAKE case)
having a negligible effect on the final beam. The final beam quality is better than similar existing schemes,
and several avenues for further optimization are indicated. The constraints on the AWAKE experiment are
very specific, but the general principles of this mechanism can be applied to future beam-driven plasma
wakefield accelerator experiments.
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I. INTRODUCTION

The potential benefits of plasma-based acceleration
over traditional radio frequency (rf) acceleration are by
now well documented. The high accelerating gradients
possible in plasma make the scheme attractive for high-
energy, low-emittance, and high-brightness beams from

very compact accelerators [1]. While originally envi-
sioned as laser driven [2], the physics of plasma wake-
fields is mostly independent of the specific driver used,
and particle beams may also be employed [1,3]. This has
led to many advanced and hybrid schemes of laser and
particle beam–driven accelerator concepts [4], in particu-
lar, proton beam–driven accelerators [5].
In any accelerator, a key metric by which it may be

evaluated is the maximum obtainable energy. While in
principle, this is simply the product of the accelerating
gradient and length of the accelerator, plasma-based accel-
erators, in particular, are subject to two considerations that
ultimately decide the limits on a single stage of acceler-
ation. These are dephasing and driver depletion.
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Dephasing is a limiting factor wherein the witness beam
eventually finds itself traveling faster than the wake and
slowly moves out of the accelerating phase, thus limiting
the maximum energy. This is typically relevant for laser-
driven accelerators, as the velocity of the wake matches the
group velocity of the laser, which is always somewhat
lower than the speed of light in vacuum, c. This becomes
significant when the typical accelerator length in laser-
driven plasma wakefield accelerators (LWFA) is on the
centimeter scale. Particle beam drivers (PWFA) can obtain
velocities much closer to c and have longer typical
accelerator lengths, so dephasing is much less of an issue.
Particle beam drivers may sidestep the issue of dephas-

ing but are still subject to driver depletion. Eventually, the
driver will lose enough of its own energy that it can no
longer drive a sufficient wake and the accelerating gradient
collapses. This loss is incurred gradually over the course of
propagation, and techniques exist to suppress this loss [6]
due to dispersion.
Both of these limitations may be removed by employing

staging [7], which effectively extends the acceleration
length indefinitely. This brings with it more factors to
consider as the witness gains energy with each stage. The
alignment constraints between the driver and witness
become progressively more stringent, with small misalign-
ments between the driver and witness being increasingly
detrimental to the beam quality.
A relativistic proton beam carries several orders of

magnitude more energy than a typical electron beam,
effectively eliminating driver depletion. The high mass
of the proton also corresponds to less synchrotron radiation
under acceleration. All of this makes them attractive
candidates for plasma acceleration, however, proton beams
are difficult to compress, with the available proton beam
sources operating with bunch lengths much longer than the
preferred plasma period.
AWAKE is a proof-of-concept accelerator employing a

proton beam sourced from the super proton synchrotron
(SPS) at CERN [8]. The SPS proton beam is long,
σpþ ¼ 7 cm, and thus spans several hundred skin depths
of ne ¼ 7 × 1014 cm−3 plasma. The driver excites a plasma
wake which then interacts with the driver itself, leading to
so-called resonant self-modulation of the proton beam via
the transverse two-stream instability [9–11]. This modula-
tion causes the beam to periodically focus and defocus,
resulting in a train of microbunches on the plasma wave-
length scale, during which time the phasefronts of the
plasma wake shift position. This constant phase shift during
modulation makes it undesirable to inject electrons early.
Thus, in the proposed Run 2c, the experiment is to be
organized into two stages, for modulation, and acceleration
respectively [12]. The experimental setup of AWAKE
Run 2c is two identical stages of 10 m of plasma, separated
by a 1 m gap (it should be emphasized again that this still is
a proof-of-concept experiment and not representative of a

final accelerator design). The driver self-modulates to
saturation in the first stage and in the second stage,
simulations show that the phase structure of the wake
changes very little, offering much more stable accelerating
properties. The electron witness beam will be injected via
the gap to join the driver as it enters the second stage. The
presence of the gap introduces a drop in the final accel-
erating wakefield strength due to driver defocusing
between cells, and minimizing or optimizing around this
drop is an area of active work.
In AWAKE Run 2c, a traditional rf electron gun will be

used to generate the witness. This will provide the electrons
with significant initial energy, necessitating tight control
over the alignment between driver and witness beams [13].
This will be achieved by bending magnets placed in the
gap [14]. It has been shown recently via numerical
simulations, that AWAKE should be capable of trapping
electrons with a very low initial energy (∼2 MeV) [15],
opening up the possibility for alternative injection schemes
that may be more compact and thus allow for a shorter
gap between cells. The alternate scheme proposed by
Khudiakov and Pukhov [15] employs a laser impacting a
solid target at at 45° incidence, with the sprayoff electrons
caught and accelerated by the wake. In this work, we offer a
related scheme with the solid target at normal incidence to
the laser pulse, in which MeV energetic electrons are
accelerated at the front of the target and emitted from
the rear side of the target.

II. MECHANISM

The mechanism of our scheme follows from the mecha-
nism of direct laser acceleration of electrons in laser
interaction with a thin foil [16,17] and that of target-normal
sheath acceleration (TNSA) [18]. An intense laser is
incident on a thin foil. The laser is reflected, accelerating
electrons through the foil in the process. When there is no
plasma present on the far side of the foil, these electrons
cause a sheath field to form, which constrains the electrons
while simultaneously accelerating ions over hydrodynamic
timescales. In our case, there is a plasma present beyond
the foil. This allows the hot electrons to more readily
stream away from the foil due to the return current that the
background plasma provides. A relativistic particle beam
can easily pass through such a thin foil, and when timed
such that it arrives ahead of the laser, the hot electrons may
enter into a preformed wake and become trapped.
A schematic view is shown in Fig. 1, with the major

components labeled. The driver arrives first in Fig. 1(a),
moving left-to-right through the foil preplasma, the solid
foil, and into the plasma where it excites a quasilinear
wake. The laser trails the driver by some distance δz, seen
in Fig. 1(b), and is reflected by the preplasma, generating a
plume of hot electrons in the process. These electrons are
accelerated through the foil, pictured in Fig. 1(c), and are
injected into the wake at a phase determined by δz.
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We make the presumption that the foil will have a
preplasma formed by the time the main pulse arrives.
Such a preplasma is formed by the heating and subsequent
ionization and thermal expansion of the front face of the foil
either due to a combination of amplified spontaneous
emission and laser prepulses ahead of the main pulse or
by a dedicated ablation laser [19]. The foil in the immediate
vicinity of the laser will necessarily be destroyed after each
shot, and so for continuous operation, a system whereby the
foil can be easily replaced is required. Disk-type targets offer
such a solution in the < 1 Hz repetition rate regime [20] by
simply moving the target between shots such that fresh target
material is in the path of the laser each time. If higher
repetition rates are desired, tape drive targets could offer a
solution of up to 100 Hz [21].
In experiment, the front face of the foil in the region of

the laser will be ionized to a high level, with the electron
density reaching on the order of ∼100 times the critical
density. Such high densities are difficult to accurately
model using particle-in-cell (PIC) codes, therefore as the

vast majority of injected electrons originate in the pre-
plasma, we choose to exclude additional ionization in our
simulation, instead making the assumption that the foil
and preplasma are both fully ionized, with the foil density
peaking only high enough to ensure the laser is reflected.
As particles are pushed through the foil, the plasma is
displaced and sheath fields will form on the far side until
the plasma responds. These fields would cause additional
ionization which is also excluded from our simulations. We
also do not model any collisional effects, presuming that
the driver beam is energetic enough that passing through a
thin foil does not substantially affect it.
For a more complete modeling, these aforementioned

effects should be considered. Further simulations using
fluid or fluid-PIC hybrid codes may offer a richer view of
the mechanisms.
The trapping conditions for particles injected into a

quasilinear wake are derived in [15] from the Hamiltonian
for the electron and consist of limits on the forward pz and
transverse pr momentum relative to the wake. This con-
dition takes the form

ðpz − pcÞ2
a2

þ p2
r

b2
< 1; ð1Þ

where pz, pr, and pc are all normalized to mec. This
describes an ellipse in momentum space, offset from
the origin by pc, and with the principal axes described
by the parameters a and b. The form of these parameters
is as follows:

pc ¼ γ2bβbT;

a2 ¼ γ2bðγ2bT2 − 1Þ;
b2 ¼ γ2bT

2 − 1;

T ¼ γ−1b − ϕ0;

where γb is the Lorentz factor of the drive beam,
βb ¼ vb=c is the normalized velocity of the drive beam,
and ϕ0 is the wakefield potential amplitude normalized to
mec2=e (plasma units). This condition is derived assum-
ing particles are injected into the wake where the wake
potential is minimized (the zero point of the longitudinal
electric field), as this provides the most opportunity for a
particle to be accelerated and subsequently captured
before it falls backward out of the accelerating phase.
The exact delay required to inject into a given phase

of the wake may be determined analytically or numerically.
In the following simulations, we set the delay between
the driver and laser such that the leading edge of the
electron plume overlaps the zero point of the wake, i.e.,
where Ez ¼ E⊥ ¼ 0.
By nature, the plume of electrons pushed through the foil

has very high charge and very high emittance overall.
However, due to the aforementioned trapping conditions,
self-selection occurs and particles with unfavorable

FIG. 1. Schematic view of the injection scheme. Initially
(a) the driver (I) in vacuum, a preplasma (II) extending from a
solid foil (III) with a preionized plasma (IV) on the far side.
Once the driver has moved through the foil and into the plasma
(b), the relativistic laser follows at a distance δz. The laser
interacts with the preplasma and is reflected (c), producing hot
electrons that stream through the foil and are captured by the
wake set up by the driver.
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momentum or position quickly fall out of the wake and are
lost. This results in a continuous reduction in charge and
emittance over the first few centimeters of propagation until
the beam stabilizes.

III. SIMULATIONS

Simulations of the full SPS proton beam are extremely
costly and inefficient for our purposes. Previous work has
shown that with the AWAKE Run 2c setup, the wakefield in
the acceleration stage will evolve very slowly. Therefore, a
so-called toy model has been developed which mimics the
AWAKE wakefield properties with a short rigid driver [22].
In addition, we employ a hybrid simulation setup, with
the initial wake formation and laser interaction with the
foil, being performed with the fully electromagnetic code
FBPIC [23,24], and the latter acceleration performed with
the quasistatic code QV3D [25].
The driver is Gaussian in shape, with σz;pþ ¼ 40 μm and

σr;pþ ¼ 200 μm. The driver gamma factor is γ0 ¼ 427.
The spot size and gamma factor are chosen to match the
SPS beam, with the spot size corresponding to 1=kp for
the AWAKE plasma density of ne ¼ 7 × 1014 cm−3. The
driver is modeled as randomly distributed macroparticles
representing 1.5 × 1010 protons for a total charge of 2.4 nC,
targeting a peak normalized wake potential of ϕ0 ¼ 0.2 and
accelerating field of 500 MVm−1. The driver does not
evolve over the simulation.
The preplasma, foil, and bulk plasma are all initially cold.

The foil is modeled as a preionized plasma of thickness
Lfoil ¼ 50 μm and density nfoil ¼ 3nc, where ncðλ0Þ is the
critical plasma density. The preplasma is modeled as half
of a Gaussian ellipsoid extending from the surface of
the foil with σz;pp¼5 μm and σr;pp ¼ 10 μm. The pre-
plasma density peaks at the critical density npp ¼ nc.
The laser has a vacuum wavelength of λ0 ¼ 800 nm, a

waist size of w0 ¼ 8 μm, duration τ0 ¼ 20 fs, and normal-
ized amplitude a0 ¼ 2, corresponding to a total laser energy
ofWl ¼ 215 mJ. The laser delay is informed by the trapping
conditions and so to test this, we perform a scan of delay
timings to verify this. The results are shown in Fig. 2, where
we see confirmation that injection into the center of the wake
provides both the maximum charge capture and the mini-
mum emittance. The final bunch energy increases slightly
when electrons are injected away from the wake, due to the
reduction in beam loading. Energy spread also drops, but this
is at the cost of much reduced final charge and poorer overall
beam quality. In this way, we choose the laser to trail the
driver by δz ¼ 900 μm, a time delay of 3 ps.

IV. RESULTS

A. Baseline case

We may examine the accuracy of the trapping conditions
by sampling the particles at different points of the

simulation. We plot the momentum space of all particles
pushed through the foil in Fig. 3(a), with the particles
located within the bounded expected to be trapped. Then,
after 70 cm of propagation, we replot the initial momen-
tum of the remaining particles in Fig. 3(b). We see that the
trapping condition is well reproduced in terms of the
cutoff values.
Applying the trapping condition (1) to the full sample of

hot electrons using a value of ϕ0 ¼ 0.195 (calculated
numerically), chosen to match the field value from the
simulation, we retrieve the total expected trapped charge as
17.7 pC. We can then compare this to the remaining
particles after 10 m to check the prediction. In this case,
the actual trapped charge is 14.4 pC, a roughly 20%
overestimation.
In practice, there is a spatial dependence on the trapping

which is not captured by (1). Electrons that enter the wake
away from the center are less easily trapped, as they have
less distance to travel before falling out of the accelerating/
focusing phase. This manifests in the analysis as a
discrepancy between the predicted trapped charge, based
on the initial particle distribution, and the actual trapped
charge at the end of the simulations. It is therefore not
surprising that the actual trapping will be lower than the
prediction, as we assume ideal conditions for both the
initial particle positions and the linearity of the wake.
As it happens, the spatial distribution of the electron

plume can act to self-select particles with favorable
positions, as those with the highest forward momentum
will by nature all appear within a small volume at the head
of the plume. The spatial distribution of the particles in the
plume is shown in Fig. 3(c), and we have overlayed a
bounded area corresponding to the physical locations of
those particles expected to be trapped. As per Fig. 3(b), we
also plot the initial positions of the final bunch of trapped

FIG. 2. A scan of final bunch properties plotted against the laser
delay δz. A delay of δz ≈ 900 μm corresponds to injecting into
the center of the wake (Ez ¼ 0). The energy and energy spread
(black, error bars), total charge (red), and emittance (blue) for
several driver-laser delay timings are shown.
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particles in Fig. 3(d), where we see that the particles with
favorable momentum are also correlated in space. We see
that they are indeed close to the zero point of the wake,
denoted by the plus symbol. Thus, the spatial component of
the trapping is often automatically satisfied for low ϕ0.
A summary of the key witness properties is shown in

Fig. 4, with the final energy phase space shown in Fig. 4(a).
After 10 m the witness has a mean energy of 4.5 GeV with
relative energy spread of 1.5% (calculated as σWK

=hWKi)
and 8.5 μm mean emittance.
The energy evolution is shown in Fig. 4(b), and the

emittance evolution in Fig. 4(c), where we use a log scale to

highlight the rapid evolution the witness undergoes in the
early stages of the acceleration. Around 50 nC of charge is
pushed through the foil, but as we see from Fig. 3, the vast
majority of the particles fall well outside the trapping
region, and the charge is rapidly lost within the first
centimeters of propagation. A prominent feature in the
energy spread and emittance evolution is several large
oscillations in the overall bunch properties with a decaying
frequency (note again the log scale). These modulations are
due to the betatron oscillations of the bunch. In the early
stages, before phase mixing can occur, the bunch undergoes
these oscillations semicoherently, causing the macroscopic
properties of the bunch to fluctuate in turn. The continual
loss of particles during this time also causes an apparent
reduction in overall emittance and energy spread. Once all
the particles that cannot be trapped are lost, and the bunch
properties settle after about a meter.

B. Additional simulations

Additional simulations were then performed to explore
some of the properties and scaling relations for this scheme.
In order to study the effect of a misalignment between the
driver and the witness, a simulation was performed where
the imported particles to QV3D were shifted by 20 μm. The
results of this simulation were very similar to the baseline
case, with a final energy of 4.5� 1.5% GeV and slightly
increased 10.3 μm emittance. The final witness charge was
14.0 pC, again only slightly worse than the baseline. This
result suggests a high tolerance for misalignment. This is
likely due to the fact that the particles are essentially
accelerated from rest, so a small misalignment at such an
early stage has little effect. We do not consider a pointing
misalignment, however, as the particles are essentially

FIG. 3. Initial momentum (left) and position (right) of the hot electrons immediately upon entry to the plasma (top) and of those
remaining after 70 cm (bottom). Particles within the bounded areas are those expected to be trapped. The plus denotes the zero point of
the wake.

FIG. 4. Summary of the witness evolution. (a) Witness bunch
energy-position phase space after 10 m, and energy spectrum (left).
(b) Mean energy (black) and energy spread (red) evolution over the
10 m. (c) Average (geometric mean) normalized emittance.
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accelerated from rest, we expect this to have a similarly
small impact.
We also study the effect of preplasma length by running

a simulation with a double-length preplasma where
σz;pp ¼ 10 μm. Keeping all other parameters the same,
we find that the final charge of the witness is increased to
36.4 pC, suggesting doubling the scale of the preplasma
more than doubles the captured charge. The beam energy is
slightly reduced at 4.34� 1.8% GeV, in-line with the
slightly increased beam loading the heavier witness indu-
ces. Emittance is similarly higher at 12.5 μm, again due to
the higher charge.
Finally, the effect of the wakefield will have a substantial

effect on the final witness, in terms of both the charge
capture and the final energy. A much stronger wakefield
with ϕ0 ¼ 0.5 was simulated, resulting in radically differ-
ent bunch properties. This represents a somewhat extreme
case, with the total final charge capture over an order of
magnitude higher at 518 pC and a nearly doubled final
energy of 8.5� 6% GeV. Due to the much higher charge,
the emittance is increased compared to the previous results
to 30.9 μm.
As the injection of the witness is dependent on the

conditions of the plasma as it enters, we reran the initial
simulation including the stronger wake. The trapping
expectations and results are shown in Fig. 5. When
compared to Fig. 3, there is an immediate different visible
in the momentum distribution of the particles. We expect
the laser-solid interaction to be decoupled from the later
plasma wakefield properties, however, the momentum
distribution in Fig. 5(a) is noticeably more elongated along
pz, with particles reaching higher forward momentum. The
cause of this is not immediately clear and may indicate that

the properties of the hot plume of electrons are sensitive to
the condition of the plasma close to the foil upon their entry
to the plasma. This indicates that further study centered on
the very early stages of laser-solid interaction is necessary
to properly understand the injection process.
As expected, a stronger wake allows us to trap many

more particles, spread over a much larger volume as
indicated in Figs. 5(a) and 5(c). A total of 1682 pC is
predicted to be trapped, based on summing all particles
within the trapped region in Fig. 5(a). The simulation gives
an aforementioned final witness charge of 518 pC, 30%
of the prediction. This is again a result of the spatial
dependence of the trapping. Figure 5(d) shows these spatial
effects very clearly, with the predicted trapping volume
overlaying the initial positions of the trapped particles. The
particles are clustered around the midpoint of the wake,
indicated by the plus, but particles too far from this point
are lost. The trapped particles form a rough ellipse around
the center of the wake, cut off by the leading edge of the
plume. We postulate that in this specific case, it may be
possible to increase the charge capture by shortening the
delay between the driver and the laser such that the plume
enters the wake with the midpoint further back, thus
maximizing the number of particles with both favorable
momentum and favorable position.

V. CONCLUSION

We have successfully demonstrated the numerical
simulation of collinear laser-assisted injection into a
(quasilinear) plasma wakefield. A relativistic laser of
modest energy may be employed to generate a plume of
hot electrons from a foil preplasma. The properties of the

FIG. 5. Initial momentum (left) and position (right) of the hot electrons immediately upon entry to the plasma (top), and of those
remaining after 30 cm (bottom). The bounded areas show particles that are expected to be trapped given ϕ0 ¼ 0.5. The plus denotes the
zero point of the wake.
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plume are tunable based on the choice of laser parameters
and preplasma profile. Particles from this plume may then be
captured and accelerated by a plasma wakefield, resulting in
a higher-quality beam than that produced by the scheme
of oblique-incidence laser-solid interaction [15]. The final
beams show energy spread in the < 10% range and
emittances of the order of 10 μm. Such emittances are
suitable for fixed-target experiments and with optimization
may yet be reduced further.
Our work has indicated several possible routes for

further study and optimization of the scheme. The con-
ditions of the plasma close to the foil strongly affect the
charge entering the plasma, and the preplasma profile
affects the total charge of the hot electron plume. In
addition, the laser is at normal incidence to the target in
our simulations, while in real experiments, the laser may be
incident with certain angles. All of these aspects bear
further investigation. Temperature effects and ionization of
the foil were deliberately excluded in this study, so these
aspects should be included in future work for a more
rigorous evaluation. Additional aspects for consideration
include the interaction of the laser with the preplasma
before reflection and the thickness and material of the foil
itself. This scheme offers a novel injection scheme that
could greatly reduce the size and cost of external injection
for plasma-wakefield acceleration.
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