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Beam-driven plasma wakefield acceleration using low-ionization-threshold gas such as Li is com-
bined with laser-controlled electron injection via ionization of high-ionization-threshold gas such as
He. The He electrons are released with low transverse momentum in the focus of the co-propagating,
non-relativistic-intensity laser pulse directly inside the accelerating/focusing phase of the Li blowout.
This concept paves the way for generation of sub-µm-size, ultralow-emittance, highly tunable elec-
tron bunches, thus enabling a flexible new class of advanced FEL-capable high-field accelerator.

PACS numbers: 52.38.Kd, 41.75.Jv, 52.35.Mw

One of the most attractive aspects of plasma-based ac-
celerator schemes is that electric fields of tens of GV/m
or more can be generated for acceleration. Such fields
are orders of magnitude higher than in classical metallic
cavity-based accelerator structures (∼ 100 MV/m) or in
recently considered dielectric waveguide structures (∼ 1
GV/m) [1]. Driven in the most promising configuration
by either a powerful laser pulse [2, 3] or a high charge
electron beam [4], nonlinear plasma waves can be induced
which are fully cavitated. This disturbance produces lon-
gitudinal electromagnetic wakes ideal for acceleration, as
well as linear focusing of beam electrons due to the ion
column in the electron-rarefied cavity where the acceler-
ation optimally takes place. The plasma cavity length is

similar to the plasma wavelength λp ∝ n
−1/2
e and thus

may be tuned by changing the ambient plasma electron
density ne. Further, the accelerating field amplitude is
also related to ne as Ez ∝ ne. These dependences dictate
that if >10 GV/m-scale fields are desired, one requires
an ne that corresponds to few 10’s of µm-scale acceler-
ating structures. This scenario presents serious experi-
mental challenges in beam generation, and in controlling
the accelerated beam quality. Nevertheless, remarkable
progress has been made in recent years [5, 6], and various
techniques for ameliorating and managing the injected
beam characteristics have been demonstrated. Injection
of electrons into the transient plasma electron blowout
is of paramount importance, since it defines the initial
phase space volume and position within the blowout. Ex-
ternal injection of beams generated by a conventional
device is possible [7], but it is also very attractive to
inject electrons from the plasma itself, thus combining
the electron source with the main accelerator section.
A multitude of injection techniques with laser-plasma-
accelerators have been developed and demonstrated, such
as colliding pulse injection [8–11], ionization-induced in-
jection [12–16], and plasma density transition injection
[17–21].

Here we present a fundamentally new scheme in which

FIG. 1. Results from a VORPAL [25] simulation show how an
electron driver ionizes Li gas and generates a Li blowout with
an electron density of ne(Li) = 3.3 × 1017 cm−3, correspond-
ing to a linear plasma wavelength of λp(Li) ≈ 60µm. The
Ti:Sa laser pulse with a duration of τ ≈ 8 fs and a0 = 0.018
is located at the end of the first half of the blowout at the
electric field’s turning point, and has already ionized some He
electrons, which are then trapped and accelerated.

it is possible to release electrons directly into the ac-
celerating and focusing phase of relativistic beam-driven
plasma cavities, which may enable dramatically reduced
bunch dimensions and emittance. Consider first an elec-
tron beam-driven plasma wakefield acceleration (PWFA)
scenario. State-of-the-art electron beams today may have
self-fields which are high enough to ionize low-ionization
threshold gases such as Li, thus even making it possible
to use beam-ionized instead of preionized plasma. Such
electron beams can either be produced in standard [22]
or in laser wakefield accelerators (LWFA) [23]. The on-
going worldwide increase of LWFA facilities capable to
generate ultradense electron bunches, accompanied with
improvement of LWFA beam quality, leading to fs-scale
lengths and energy spreads down to the < 1% [24] level,
makes these bunches good candidates as PWFA drivers.

The accelerating and focusing phase of the plasma
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blowout has ideal characteristics for the acceleration of
electrons [4]. In order to inject electrons directly into this
phase, we propose to use even comparably low-power,
high repetition rate, kHz-type laser pulses with fs-scale
duration τ , that can have focused intensities and cor-
responding electric fields which are orders of magnitude
higher than the electric fields of even the most intense
electron bunches available today. Using the normalized
wave vector potential a0, the amplitude of these fields is
expressed as E0 = a02πmec

2/(eλ), where λ is the laser
pulse wavelength. A Ti:Sa laser (λ = 800 nm) pulse
with a0 = 0.018, corresponding to a modest intensity
of I ≈ 7 × 1014Wcm−2, has focal electric fields up to
E0 ≈ 72GV/m, high enough to ionize a high-ionization
threshold gas such as helium. In a mixture of Li and He
gas, the driving electron beam self-fields can be adjusted
to ionize only the Li component, while the He would re-
main neutral despite the passage of the electron driver.
In contrast, the properly timed laser pulse can easily ion-
ize the He fraction, thus giving rise to He electrons at an
arbitrary position within the Li blowout.

Figure 1 shows fully explicit 2D cartesian particle-in-
cell simulation results obtained with the parallel VORPAL
framework [25]. The moving window simulation box size
was 110 × λ in longitudinal direction with a cell length
down to λ/16 in order to resolve the laser wavelength λ,
and in transverse direction 110× λ at a cell width down
to λ/8 to resolve the witness bunch width. The simula-
tion uses 3rd order particle shapes and ADK tunneling
ionization.

The driver electron beam (driver density is color coded
black/white) has transverse and longitudinal dimensions
σr = 5µm, σz = 7µm RMS, a charge of Q ≈ 300 pC at
an energy ofW = 200MeV, with a notable energy spread
of ∆W = 10%. Such a beam has a transverse electric
field of Er(r) = Q/[(2π)3/2σzǫ0r][1 − exp(−r2/(2σ2

r))],
peaking at Er,max ≈ 27GV/m. This is enough to field-
ionize Li effectively, while not sufficient to liberate He
electrons by the same mechanism [26]. With a maximal
Li electron density of ne(Li) = 3.3 × 1017 cm−3 and a
beam density nb = Q/[(2π)3/2eσ2

rσz ] ≈ 6.6× 1017 cm−3,
a moderate blowout is driven with a plasma wavelength
of λp(Li) ≈ 60µm. The maximum accelerating field ob-
served in the simulation reaches Ez ≈ 50GV/m, near to
the classical wave breaking limit EWB = 2πmec

2/(eλp).
Here, the electric field magnitude is plotted, rendering
visible not only the blowout, but also the laser pulse
which is linearly polarized in the simulation plane.

The laser pulse moves collinearly with the driver
beam (in an experimental scenario, focused by a flat
or parabolic mirror with a hole created for drive beam
passage), with a focal (vacuum) waist of w0 = 4µm at
a longitudinal coordinate of z = 132µm. Here, both
the Li and He gas density reach a flat maximum, after
having been ramped up linearly. In Figure 1, the laser
pulse has already passed its focal point, is defocusing and
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FIG. 2. Injection of He electrons at the beginning of the
interaction. Snapshots a) to e) show E generated by the Li
blowout and the laser pulse, and the He electrons which are
born inside the Li blowout due to ionization by the focussed
laser pulse, while f) shows only Ez and a line out on axis,
corresponding to d).

its intensity has just dropped below the He ionization
threshold. The He electrons which have been previously
released by ionization are plotted with color coded en-
ergy. A large fraction of the He electrons has already
gained relativistic longitudinal momentum pz/m0 = γvz
and therefore is trapped, travelling with sufficient veloc-
ity to remain in the PWFA cavity. As a result of an
interplay between upramping Li and He gas densities
ne(Li) and ne(He) (and therefore a decreasing plasma
wavelength λp(Li), leading to contracting Li blowout re-
gion), the relative position of released He electrons within
the Li blowout, and their integrated acceleration his-
tory

∫
dEzdz varies. This is reflected by varying longi-

tudinal normalized He electron momenta, ranging from
pz/m0 = γvz ≈ 16.2 × 108 m/s down to a few counter-
propagating electrons γvz ≈ −1.8× 108m/s. The simul-
taneous effects of the electron momentum distribution,
relative position and collective radial electric field ex-
erted by the Li blowout electrons are responsible for the
double-pinch He electron beam structure in the snapshot.

Figure 2 illustrates the injection and trapping process
in more detail via snapshots of the field magnitude E
and the He electron macroparticles and energy in the
longitudinal direction as a result of the Li based wake-
field driven by the electron beam. In Figure 2 a), the
laser pulse is converging, not yet having reached its fo-
cal point z = 132µm, and is not yet intense enough to
initiate ionization. But as seen in 2 b), after < 20µm fur-
ther propagation, the electric field amplitude has gained
another 3 GV/m, enough to ionize He and leave be-
hind electrons near-axis. In snapshot 2 c), the laser
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pulse has traveled past its focus slightly, and there-
fore again has marginally lost its ability to ionize He.
The Li blowout here is not fully closed yet due to the
gas density up-ramp. Pinching of the He electrons has
evolved dynamically, and the blowout begins closing be-
hind the electrons that have been injected by the laser-
induced ionization (see Figure 2 d). At this point, the Li-
electron-based cavity has reached its steady-state length
of λp(Li) ≈ 60µm, corresponding to the maximum elec-
tron density of ne(Li) = 3.3×1017 cm−3 at the end of the
density up-ramp. The electrons trapped inside the cav-
ity are now co-moving with the driver and have reached a
significant energy (Wz,max ≈ 3 MeV). During the further
acceleration process (see Figure 2 e), a mushroom-like
structure evolves, the highest energy electrons forming
the stalk, and lower-energy (but still relativistic) elec-
trons forming the cap. Note that the laser pulse is still
clearly visible in the electric field magnitude plot, but
does not notably affect the Li electron blowout. In Fig-
ure 2 f), the longitudinal electric field Ez contribution
to the total electric field in 2 d) is plotted along with an
on-axis line-out, which reveals that the injected He elec-
trons significantly distort the electric field due to beam
loading (self-wake) and space charge.

With the initial phase of the injection/acceleration pro-
cess concluded, the beam-driven PWFA process contin-
ues to provide acceleration, in principle limited only by
the total energy of the driver and/or its density distri-
bution. Our simulations confirm that the acceleration
can continue for long distances without degrading the
He electron bunch quality. Figure 3 a) illustrates the
situation after z = 2.5mm. While the driver electron
beam (not plotted) and the electric field generated by
it show scalloping as in ref. [6], the He electrons re-
main confined on axis, and form a bunch with FWHM
widths of only a few hundred nm or less. In Figure 3 a),
the FWHM width amounts to σr,He ≈ 150 nm. In this
sense, the proposed acceleration concept can be seen as
a bunch width transformer: when compared to the driv-
ing beam, the accelerated He electron beam has a width
which is smaller by more than an order of magnitude.
This is a result of the He electrons a) being born close
to the axis, and b) receiving low transverse momentum
by the low-power laser. A divergence of ≈ 1.13mrad at
an energy of W ≈ 108 MeV leads to a calculated nor-
malized transverse slice emittance on the central 5µm
long bunch section (the position indicated in the figure
with the black arrows), of ǫn ≈ 3 × 10−8mrad, which
is observed to increase to ǫn ≈ 4 × 10−8mrad until the
bunch has reached the same γ as the wake. Such an ex-
cellent normalized emittance, which is one or two orders
of magnitude better than with any previous scheme, is in
agreement with considerations centered on the laser vec-
tor potential. For a laser with a0 ≈ 0.018, the expected
minimal emittance (assuming the initial transverse beam
source size σr,He generated by the laser is σr,He ≈ w0/
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FIG. 3. Electric field and He bunch after z = 2.5mm (a),
current J after z = 4.4mm (b), pz − z phase space for three
different acceleration times (c), and He electron energy spec-
trum at these times (d).

and using σpr
/(mc) ≈ a0/2) can be estimated to be

ǫn ≈ σr,Heσpr
/(mc) ≈ w0a0/2

3/2 ≈ 2.6 × 10−8mrad.
This is one of the critical advantages of the accelera-
tion scheme, which opens up the possibility of its use
in future advanced FEL-based X-ray light sources, where
emittance has a limiting effect on performance and reach-
able wavelength. For example, an approximation for the
minimum wavelength based on the above emittance and
an energy similar as in the Linac Coherent Light Source
(LCLS) results in λmin ≈ 4πǫn/γLCLS ≈ 0.1Å, about one
order of magnitude better than the current LCLS per-
formance [27]. We have also performed GENESIS simu-
lations of the case in which the beam presented here is
accelerated up to 4.3 GeV, and used with a next genera-
tion undulator [28]; this scenario promises a 1.5Å SASE
FEL that saturates in ∼ 20 m, a dramatically shorter
distance than the LCLS.

Figure 3 b) shows the current density which is cal-
culated after about z ≈ 4.4mm, and reaches peak val-
ues of J ≈ 260A/µm2. With a total charge of Q ≈ 2
pC, a peak bunch current can be approximated to be
Ip ≈ 300 A, which leads to a brightness of B ≈ 2Ip/ǫn2 ≈
7 × 1017 Am−2rad−2, again a value one or two orders of
magnitude better than with the LCLS. In Figure 3 c) and
d), the longitudinal phase space and the energy spectra
of the transversally ultracold He electron bunch are de-
picted at three different points during acceleration. For
the chosen parameters, the He-derived electrons reach a
peak energy of nearly E ≈ 300 MeV after about z ≈ 9
mm of acceleration, with an energy spread ∆W ≈ 3%. It
shall be noted that the acceleration length, and thus the
peak He electron bunch energy is mainly limited by the
driver energy and its degradation. Keeping the density
in the range ∼ 1017 cm−3 and raising the driver beam
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energy to multi-GeV level (such as the SLAC beam) will
enable maintaining the blowout without quality degrada-
tion over meter-long distance, reaching GeV-scale ener-
gies.

In summary, we have conceived and presented a new,
promising ionization-based injection and acceleration
scheme in the context of the PWFA, which is charac-
terized by direct, low transverse momentum deposition
of electrons directly inside the accelerating and focusing
phase of a plasma blowout cavity. Essential components
are the use of two gas species with substantially differ-
ent ionization thresholds (or a single species with sub-
stantially different ionization thresholds such as Cs), and
driver electron beams which are able to ionize the low-
ionization-threshold gas component in order to set up the
driver blowout. Since the electrons to be accelerated are
planted in a highly-controlled way, making use of a mod-
erate intensity, non-relativistic laser pulse just above the
ionization threshold of the second gas component, elec-
tron beam distribution shaping is possible, and ultralow
emittance and high current/high brightness beams can be
produced. This possibility may have far-reaching conse-
quences for example for future FEL schemes based on this
concept, potentially enabling sub-angstrom wavelengths
and improved brightness.

The confidence level in the experimental feasibility of
the described scheme is high. Previous PWFA exper-
iments at SLAC in He-confined Li ovens have already
demonstrated the possibility of He ionization (in this
case, caused rather uncontrolled by density oscillations
of the driver electron beam), injection and He electron
acceleration up to many GeV [29] – an experimental sce-
nario similar to what would be needed for a proof-of-
concept experiment. Future PWFA setups, which might
use Cs or Rb instead of Li due to reduced head erosion,
are also excellently suited for cold plasma photocathode
release and acceleration. The second ionization level of
Cs (25.1 eV) or Rb (27.3 eV) would then be used by the
laser to release electrons instead/in addition to the first
ionization level of helium (24.6 eV). It shall be noted that
while the presented simulations are based on beam-driven
ionization, pre-ionization of the low-ionization threshold
component is an attractive option, too. The ionization
potential Ip difference between the first ionization thresh-
old of Li, Rb, or Cs and the second ionization threshold
of Rb or Cs or the first ionization threshold of helium,
respectively, is more than 20 eV. Since the laser intensity
required for ionization scales even stronger than linearly
(in case of Barrier Suppression Ionization, Ith ∝ I4p ),
laser-based pre-ionization of the low-ionization threshold
component without ionizing the high-ionization thresh-
old component is feasible, and can lead to enhanced ac-
celeration lengths and a higher stability of the scheme.

LWFA facilities have the potential to produce all-
optical versions of the presented scheme, where the
main laser pulse would be used to produce the higher

charge, lower phase space quality electron beam driver,
and a small, inherently synchronized split-off laser pulse
would be subsequently used for electron release into the
blowout. Synchronization of a laser pulse with conven-
tional electron beam drivers is more difficult, but for
example at LCLS, where pump-probe experiments are
essential, sub-100-fs jitters have been already reported.
The presented concept is robust to spatial (laser point-
ing) and temporal (laser timing) fluctuations. The sup-
plemental material shows that, for example, injection,
trapping and acceleration still takes place when the laser
pulse has a delay of ± 43 fs when compared to the above
presented example case. When the laser pulse is off axis
(by 1 and 3 µm, respectively), injection and acceleration
works, too. In that cases, very distinct betatron oscilla-
tions occur (see Supplemental Material), which could be
exploited directly for xray generation.
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