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Abstract

Electron bunches internally injected into plasma accel-
erators reach relativistic energies in giga-volt-per-metre-
level fields, reducing emittance growth due to space charge
and ultimately yielding high-brightness beams. Density
downramps with steep gradients have provided an effective
method of controllable injection into beam-driven plasma-
wakefield accelerators, but previously have relied on the
fields of an intense particle beam or laser to preionise the
acceleration stage. Here, injection using downramps formed
via optical ionisation is experimentally shown to be com-
patible with discharge-based-acceleration stages, produc-
ing bunches with up to six times higher energy than with
laser-only preionisation. Results demonstrating injection of
charge using a purely discharge-preionised acceleration stage
and a low-energy injection laser suggest the feasibility of
a scalable, high-repetition-rate injection stage—potentially
attractive for high-average-power applications.

INTRODUCTION

Plasma accelerators driven by intense laser [1] or parti-
cle beams [2, 3] can generate giga-volt-per-metre level ac-
celerating gradients, making them a promising technology
for future compact light sources and particle colliders [4].
However, plasma accelerators can also serve as a source of
high-quality particle bunches, where the rapid acceleration
of injected particles to relativistic energies can drastically
mitigate emittance growth due to space-charge forces. Al-
though several schemes exist for the injection of particles into
a plasma wake, Density Downramp Injection (DDRI) [5—
7] has been identified as a particularly robust option that
can yield transverse normalised emittances on the 100 nm-
level [8,9]. In this scheme, as the driver traverses a negative
plasma density gradient, the plasma wake elongates. Plasma
electrons at the back of the wake that have a high enough
longitudinal velocity can then sample the accelerating phase
of the wakefield long enough to reach the same velocity as
the driver, which in beam-driven plasma wakefield accelera-
tion (PWFA) propagates at approximately the speed of light.
This enables controlled, dark-current-free injection [10], but
also necessitates either the use of steep downramps [11]
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or high-current drivers that can generate the accelerating
gradients necessary to successfully trap injected electrons.

Several experimental demonstrations of DDRI in PWFA
have been performed, using beam drivers from both conven-
tional [12—14] and laser-wakefield [15—17] accelerators. In
particular, Ref. [18] details a PWFA experiment in which
electron bunches were injected via steep density downramps
generated by optical ionisation [19]. A high injection suc-
cess rate allowed for a thorough, multi-shot characterisation
of the injected bunches which simultaneously displayed low
horizontal emittances and high spectral densities, resulting
in a high 3D brightness. The injected bunches, however,
achieved relatively low energy gains of 30 MeV, primarily
attributed to ionisation defocusing of the laser beam that
generated the plasma channel used for acceleration [20].

Here we expand upon the results presented in Ref. [18]
with preliminary measurements of density-downramp-
injected electron beams accelerated in a discharge-
preionised plasma stage. Energy gains that were multi-
ple times higher than the laser-only-preionised case were
demonstrated, albeit at the expense of the charge of the in-
jected bunches. In the following sections, we describe the
setup and results from two experimental campaigns. In the
first, injection and acceleration of charge up to energies of
(176 + 4) MeV was observed, but only in the presence of the
discharge plus both the preionisation and injection lasers. In
the second, the intermittent production of 90 MeV electron
bunches is shown using only the discharge and injection
laser. We discuss the advantages of such discharge-based
plasma stages for internal injection in PWFA, as well as
future work.

EXPERIMENTAL SETUP

The experiment was performed at the FLASHForward
facility at DESY [21]. The experimental setup is shown
in Fig. 1, with more details provided in Ref. [18]. To sum-
marise, drive electron bunches were delivered by the FLASH
linac [22]. At the optimal injection working point found
in Ref. [18], the bunches had an energy of 689 MeV and
charge of (304 £+ 2) pC and were compressed to a duration of
(96 + 6) fs rms, with peak currents reaching (1.9 + 0.2) kA.
The beam was focused at the entrance of the plasma stage
by a collection of final-focusing quadrupoles. The hori-
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Figure 1: Experimental setup. (a) Electron bunches from FLASH were focused into a plasma cell—injected bunches were
measured downstream with an imaging spectrometer. (b) Simulations reveal the plasma profile (blue filled curve) generated
via the ionisation of the neutral gas (grey filled curve) by the preionisation and injection lasers. (c) Discharge pulses (grey
curve) were introduced in two different contexts, with the beam (blue vertical line) and lasers (red vertical lines) arriving at

different times.

zontal normalised emittance of the driver was typically
(20 £ 2) mm mrad; the emittance in the vertical direction
could not be measured, as this was the dispersion direction
of the spectrometer dipole. Spectral measurements of the
plasma-interacted driver—and internally injected trailing
bunches—were provided by a broadband imaging spectrom-
eter downstream of the interaction point.

Plasma was generated in this experiment in a 50 mm-long,
1.5 mm-diameter plasma cell [23], supplied with a predom-
inantly argon mixture from a 46 mbar buffer volume. As
was the case in Ref. [18], the default ionisation method in
this experiment used laser pulses from a Ti:sapphire sys-
tem with a full-width-half-maximum (FWHM) duration of
(32.6 £ 0.2) fs. Propagating along the electron beam axis, the
longitudinal arm of this laser was focused with a long-focal-
length optic to a spot size of (430 + 10) um X (350 + 10) pm,
reaching peak intensities of (3.0 £ 0.1) x 10'* Wem™. The
transverse arm of the laser, traveling perpendicular to the
electron beam direction, was tightly focused through a small
hole located 20 mm downstream of the plasma cell entrance,
reaching a minimum spot size of (48 £ 1) um X (43 £ 1) um
and a peak intensity of (5.2 +0.1) x 10> Wem™. Simula-
tions performed in FBPIC [24] [see Fig. 1(b)] show that
the transverse laser was able to ionise up to Ar**, providing
a sharp density gradient suitable for downramp injection.
The longitudinal laser on the other hand did not have a high
enough intensity to fully ionise the first level of argon. Fur-
thermore, ionisation defocusing led to a reduction in inten-
sity as the laser propagated, resulting in a plasma density
decrease along the length of the cell [20].

Another ionisation source supported by the plasma cell
in this experiment was current pulses from a high-voltage
discharge. Typically, these pulses were able to fully ionise
the argon to the first level along the length of the cell [25]—
the density experienced by the electron beam could then be

controlled by changing the delay between the discharge and
the bunch arrival time [26]. In the following sections, we
describe two scenarios, depicted in the diagram in Fig. 1(c),
where a discharge was used to generate the plasma in the
acceleration channel with a higher ionisation fraction than
the longitudinal laser alone. In the first case, which we
refer to here as "Discharge-assisted preionisation”, both the
longitudinal and transverse lasers arrived at around the same
time as the discharge was ignited. In the case of "Discharge-
only preionisation", the longitudinal laser was removed and
injection was observed with the transverse laser firing around
10 ps after discharge ignition.

DISCHARGE-ASSISTED PREIONISATION

In this case, a 20 kV discharge pulse was introduced to the
optimal working point described in Ref. [18]. As shown in
Fig. 2(a-b), at a discharge ignition time of At; = 0 ns—just
after the arrival of the driver and lasers—the injected beams
remained the same as with no discharge, with a median
energy gain of (28 + 1) MeV, where the quoted uncertainty
is the median absolute deviation.

By gradually bringing the discharge pulse earlier in
time, the energy gain of the injected charge increased to
(176 + 4) MeV at a discharge arrival time 110.77 ns earlier
than the driver and lasers—a six-fold increase compared
to the laser-only case. This, however, came at the expense
of injection success rate, which dropped to as low as 25 %
over the range of this scan. Moreover, analysing only shots
where a beam was detected (i.e. those with measured charges
of > 0.1 pC), the median charge dropped to (0.3 £0.2) pC
at Aty = —110.77ns. The maximum charge measured at
this timing was 2.5 pC. Although discharge preionisation
resulted in the beams experiencing a higher plasma density
after injection, the relative height of the downramp with
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Figure 2: Downramp-injected bunches with discharge-
assisted preionisation. (a) Spectra of the injected bunches,
measured with the broadband spectrometer. Note that the
imaging energy during this measurement was 50 MeV (red
dashed line). (b) As the discharge arrived earlier, the mean
electron energy of the injected bunches (blue points) in-
creased, whilst the injected charge (orange points) decreased.

respect to the base density is also reduced, likely explaining
the decrease in injected charge.

Interestingly, in these results, injection was not observed
with the longitudinal laser arm blocked. A suggested reason
for this is that the laser is able to ionise neutral gas that exists
outside of the plasma cell extent. This could then result in
long, low density ramps at the exit of the plasma cell that
reduce the divergence of the injected bunches before being
transported to the spectrometer [27]. Although the need
for both laser arms in these measurements is sub-optimal
in terms of energy efficiency and experimental complexity,
these results serve as initial confirmation that discharge-
preionisation of the acceleration stage is compatible with
optically-generated downramp injection.

DISCHARGE-ONLY PREIONISATION

In measurements from a separate experimental campaign,
downramp injection was observed with the longitudinal laser
blocked. Here, a 21 kV discharge pulse created the accelera-
tion stage and, as shown in Fig. 1(c), the beam arrived 10 us
later. The driver had (301 + 20) pC of charge and an energy
of 924 MeV. Based on a comparison of bunch compression
monitor readings in the linac, the bunch length here was
around 1.36 times longer than the previous case, leading to
an estimated peak current of 1.4 kA. The transverse laser
was set up to generate the density downramp promptly before
beam arrival. However, due to electromagnetic interference
between the discharge and the laser synchronisation system,
the exact timing of the laser with respect to the beam was
unfortunately not known and was prone to drifts and jitters
over time. Nevertheless, intermittent downramp injection of
electron beams was observed with this configuration. Simi-
lar to the previous section, the charge level of these beams
was low; the example bunch in Fig. 3 has a charge of 1.2 pC,

with a peak spectral density of 0.3 pCMeV~'. On the other
hand, the energy gain of this bunch was 91 MeV, exceeding
that of the laser-only case by at least a factor of 3.
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Figure 3: An example of a downramp injected bunch using
discharge-only preionisation. The imaging energy in this
measurement (red dashed line) was 100 MeV.

Crucially, this provides experimental evidence that an
injection stage based on discharge-preionisation and a low
energy injection laser is possible. Whilst able to scale to
longer plasma lengths, discharge plasma sources are also
seen as a promising solution to generating plasmas at the
high repetition rates (kHz—MHz) required by high-average-
power applications [28]. With the energy demand on the
laser reduced to the 10 mJ-level needed for the injection
arm, a dedicated laser system with the ability to match the
repetition rate of the beam driver becomes more viable.

OUTLOOK

The results presented in this paper demonstrate that, in
principle, optically-triggered density downramp injection is
compatible with a discharge-generated acceleration stage.
Future work should aim to re-establish an injection stage
based on discharge-preionisation and a low energy laser in-
jector with the drive beam optimised specifically for this
operation mode. This way, the limits of the injected bunch
quality can be properly determined. Other methods of gener-
ating the sharp downramps required, e.g. via laser-generated
hydrodynamic shocks [16], could also be explored in the
context of discharge-preionisation. Furthermore, the com-
patibility of optically-generated downramp injection with
high-repetition rate PWFA should also be investigated, with
the aim to build an injection stage capable of fully utilising
the bunch timing structure of modern linacs.
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