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Abstract
Plasma-wakefield acceleration represents an exciting

route towards reducing the footprint of future high-energy
electron accelerators by accelerating bunches in fields ex-
ceeding 1 GV/m. One such technique employs a double-
bunch structure where the trailing bunch is accelerated in
the field of a high-amplitude plasma-density wake driven
by the leading bunch. A future particle collider or photon
science facility incorporating plasma accelerators will be
required to accelerate up to millions of bunches per second
with high energy efficiency while preserving the brightness
of the accelerating bunch. This contribution presents the lat-
est progress towards these goals at FLASHForward (DESY).

INTRODUCTION
Electron-bunch-driven plasma wakefield accelerators

(PWFAs) [1, 2] have the potential to greatly extend the en-
ergy reach of existing and future electron accelerators in
a compact footprint by boosting the energy of bunches in
fields > 1 GV m−1. A short, relativistic electron bunch of
density 𝑛𝑏 travelling through an underdense plasma of den-
sity 𝑛𝑒 ≪ 𝑛𝑏 will expel all nearby plasma electrons, driving
a fully-cavitated plasma wake that travels at close to the
speed of light [3, 4]. The heavier plasma ions barely move
over short timescales, providing linear focussing fields that
can preserve bunch quality [5], and a strong longitudinal
field providing rapid, phase-locked acceleration for a trailing
bunch. By shaping the trailing bunch, the wakefield can be
loaded to preserve the energy spread of the entire trailing
bunch, while simultaneously transferring energy from the
driver to the trailing bunch with high efficiency [6, 7].

FLASHForward is a plasma acceleration experiment us-
ing high-quality electron bunches from the linac of the
FLASH FEL [8], with the goal of developing plasma tech-
nologies to match the beam-quality-preserving and high-
repetition rate acceleration of radiofrequency accelerators.
Notable results include the preservation of transverse emit-
tance during acceleration [5], the preservation of per-mille
energy spread [9], and the demonstration that plasma accel-
erators can recover rapidly enough to support O (10 MHz)
interbunch repetition rates [10].

∗ jonathan.wood@desy.de

Ref. [9] also showed that the instantaneous transfer ef-
ficiency, meaning the energy gained by the trailing bunch
divided by the energy lost by the driver, was as high as
(42 ± 4) %. Further experimental studies showed that
(59 ± 3) % of the driver bunch energy can be deposited
into the plasma before part of the driver bunch was com-
pletely decelerated [11]. These results suggest that a plasma
stage with an overall efficiency (trailing bunch energy gain
divided by initial driver energy) of tens of percent could
be within reach. Recent results from FLASHForward are
presented in this paper, working towards this goal. In a use-
ful PWFA, a large trailing bunch charge must be coupled
into the wakefield and accelerated with low energy spread.
Wakefield acceleration can be affected by many input param-
eters, therefore, Bayesian optimisation routines have been
employed to control the acceleration process. This paper
reports on optimisation results from a 50 mm plasma cell,
followed by a demonstration of acceleration by more than
200 MeV in a 195 mm plasma. To push the overall efficiency
higher in our setup, a 500 mm discharge plasma source was
developed and its characterisation is described.

EXPERIMENTAL SETUP
The FLASH linac and FLASHForward are described in

Refs. [8, 12]. After a recent upgrade, FLASH now de-
livers electron bunches with energies up to 1.35 GeV [13].
To maintain flexibility in the RF settings for longitudinal
bunch shaping, FLASHForward typically operates with a
bunch energy of 1.2 GeV. Single bunches with charges up to
∼ 850 pC are accelerated and compressed to peak currents
of ∼ 1 kA. Third harmonic cavities are used to linearise
the longitudinal phase space, and a laser heater has recently
been commissioned to suppress microbunching [14]. The
drive and trailing bunches are created using a variable notch
collimator in the final dispersive section [15]. In this pa-
per, post-optimisation, the driver and trailing bunches had
incoming charges of 230 pC and 50 pC, with root-mean-
square (RMS) durations of 110 fs and 40 fs, respectively.
They had typical normalised emittances of 3-4 mm mrad
and ∼ 1 mm mrad respectively. They were focussed by a set
of quadrupoles to O(10 mm) 𝛽-functions at the start of a
discharge-ionised plasma contained within a sapphire cap-
illary without endcaps. In the results reported below, the
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optimum 𝑛𝑒 ∼ 8 × 1015 cm−3. The primary bunch diag-
nostics are one broadband and one high-resolution imaging
spectrometer for energy and emittance measurements, and
an X-band transverse deflection structure coupled with a
dipole for longitudinal phase space characterisation [16].

AUTOMATED OPTIMISATION OF PWFA
Bayesian optimisation has gained popularity as an effi-

cient optimisation technique in radiofrequency and plasma
accelerator physics [17–21] because the output, which can be
contaminated by noise, has complex dependencies on a large
number of input parameters. Figure 1 shows the Bayesian
optimisation, using the Optimas library [22], of the acceler-
ation of trailing bunches through a 50-mm long plasma cell,
using a Gaussian process surrogate model with expected
improvement as the acquisition function. The objective
function to be maximised was defined as 𝐺 = Δ𝐸2𝑄′

max,
where Δ𝐸 is the mean energy gain of the trailing bunch
and 𝑄′

max = (d𝑄/d𝐸)𝑚𝑎𝑥 is its maximum spectral density,
both measured using the broadband electron spectrometer.
To account for random noise, 𝐺 was averaged over 20 data
points at each iteration. Four variables were exposed to
the optimiser: the chirp ℎ applied to the bunch in an RF
module controlling bunch compression, the position of the
wedge collimator 𝑥wedge that divided the initial bunch in to
the driver-trailing bunch pair, the current of a quadrupole 𝐼𝑄
in a chicane that controlled the 1st-order horizontal disper-
sion, and the timing of the discharge 𝑡𝑑 that varied 𝑛𝑒. The
evolution of these parameters is shown in Fig. 1 (b). Begin-
ning from a manually-found point where the value of 𝐺 was
low—the trailing bunch started with 𝑄′

max = 6 pC MeV−1

and Δ𝐸 = 20 MeV—the optimiser first performed some
initial exploratory steps (iterations 0–10) where the input
parameters were changed simultaneously by relatively large
amounts. Following this, the optimiser maximised 𝐺 after
28 iterations. The resulting working point had an energy
gain of (103± 1) MeV, corresponding to an average acceler-
ating gradient of 2.1 GV m−1. This came at the expense of
spectral density𝑄′

max = (2.4±0.2) pC MeV−1 largely due to
only (34 ± 2) pC emerging from the plasma, a natural result
of the heavy weighting of Δ𝐸 in 𝐺. These results provide
an early example of the automated optimisation of plasma
acceleration at FLASHForward, with the eventual goal that
this can become an efficient, semi-automated alternative to
the time-consuming manual setup of PWFA stages in the
future.

ACCELERATION TO HIGHER ENERGIES
Plasma acceleration at FLASHFoward is limited to max-

imum acceleration gradients ∝ √
𝑛𝑒 of 1–2 GV m−1. The

restriction on the plasma density is that both the driver and
the trailing bunch, which should carry considerable charge,
must fit into the first wakefield period. Stronger bunch com-
pression can, therefore, lead to higher acceleration gradients,
although this risks degradation of the bunches from coherent
synchrotron radiation effects in the bunch compressors. The

Figure 1: Optimisation plots. (a) The objective function 𝐺

evolves with iteration number (blue). The orange line shows
the cumulative best 𝐺 that was achieved. Changes in the
four input parameters during the optimisation are shown in
(b). 𝐺 is normalised to its maximum value whilst the input
parameters were scaled to have a mean value of zero and a
standard deviation of 1 over the whole optimisation.

Figure 2: Acceleration in a 195 mm plasma cell. (a) Energy
spectra of 2000 consecutive acceleration events, with an
imaging energy of 1450 MeV. Shown below are histograms
of the trailing bunch mean electron energy (b), charge (c)
and FWHM percentage energy spread (d).

bunch length and 𝑛𝑒 used at FLASHForward represents a bal-
ance between desiring high bunch quality and rapid plasma
acceleration. In order to produce high energy gains with
simultaneous high overall energy efficiency, it is necessary
to use a long plasma cell.

The first step towards this was taken by attempting to
accelerate many tens of pC at 1 GV m−1 in a 195 mm-long
plasma cell. Figure 2 (a) displays driver and trailing-bunch
spectra from this cell, where the scraper position and width
were manually altered from the optimised working point
from the 50 mm cell. Figure 2 (b) displays a histogram of
the measured trailing bunch energy. Trailing bunch acceler-
ation from 1208 MeV to (1460 ± 6) MeV was observed—an
energy gain of (252 ± 6) MeV at 1.3 GV m−1. The energy
uncertainty is the standard deviation, which is at the level of
2.6 %. Similar histograms are shown for the charge and full
width at half maximum (FWHM) percentage energy spread
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of the trailing bunches in Fig. 2 (c) and (d), with mean values
of 𝑄 = (40±3) pC and 𝜎𝐸,FWHM = (0.17±0.04) %, respec-
tively, the latter being measured on a narrowband spectrome-
ter with higher spectral resolution. The average total energy
gained by the trailing bunch was Δ𝑊 = 𝑄Δ𝐸 = (10± 1) mJ,
which for the incoming driver with a charge of 230 pC and
mean electron energy of 1200 MeV corresponds to an overall
energy transfer efficiency of (3.6 ± 0.3) %.

A PLASMA TARGET FOR
HIGH-EFFICIENCY ACCELERATION
Using the same input bunch parameters and a half-metre

plasma with 𝑛𝑒 ∼ 8 × 1015 cm−3 there is the prospect of
achieving energy gains of at least 0.5 GeV. With this mo-
tivation, a discharge plasma cell was designed around a
500 mm sapphire tube with a 1.7 mm inner diameter and
4.3 mm outer diameter, and it was characterised in DESY’s
ADVANCE Lab [23]. An image of a plasma formed in this
capillary is shown in Fig. 3 (a). A mixture of 97 % Ar, 3 %
H2 gas was fed into the cell from a buffer held at 9.25 mbar
via a mass flow controller at a rate of 0.14 mbar l s−1. To
aid with reproducible plasma generation, a ‘glow discharge’
was used. This is a low-ionisation-state plasma maintained
by a constant applied voltage of 3.2 kV. To produce the
desired plasma densities for acceleration a 20 kV, microsec-
ond duration voltage pulse was applied across the existing
low-density plasma. An example current trace, which had a
typical amplitude of 290 A, is shown in Fig. 3(b).

The plasma density was measured via the pressure broad-
ening of the H𝛼 line measured via emission spectroscopy,
based on calculations from Refs. [24, 25] and following
the experimental method detailed in Ref. [26]. The emitted
spectra were analysed using an imaging spectrometer with a
900 lp mm−1 grating with a 50 µm slit imaged on to an inten-
sified CCD camera with a 100 ns integration time. A slice
of the plasma close to the longitudinal centre of the cell was
imaged on to the slit with magnification of 1 radially and 1/6
longitudinally. The minimum density that can be resolved
in this setup is approx. 5 × 1014 cm−3. The temporal evo-
lution of the density was measured by scanning the ICCD
camera trigger timing with respect to the discharge trigger,
and is shown in Fig. 3 (b). This plot also demonstrates the
longevity of the cell. Between density evolution scans, the
discharge repetition rate was set to 5 Hz and run for 1 h. A
total of 6.6×104 high-voltage discharges were applied to the
cell without damaging it. 𝑛𝑒 did not drift but rather jittered
with <3 % rms amplitude at the hourly measurements.

The working point detailed in Fig. 2 is achievable in
the 500 mm capillary at a discharge delay of approx. 4.6 µs.
The rms jitter of the discharge timing was calculated from
1000 consecutive current traces to be 12 ns. At a delay
of 4.6 µs, d𝑛𝑒/d𝑡 = −0.3 × 1016 cm−3 µs−1, meaning
that the density jitter due to the discharge timing jitter is
approx. 3.6 × 1013 cm−3, or 0.4 %. In separate measure-
ments, at a slightly different buffer pressure of 8.37 mbar
and the ICCD timing adjusted to measure a density of

(a)

(b)

Figure 3: Generation and characterisation of a 500 mm long
discharge capillary. (a) Image of the plasma cell. (b) Plasma
density versus delay from the plasma ignition, measured
after multiple hours of continuous operation. Each point
averages over 20 events. The grey curve is an example input
discharge current trace.

1.04 × 1016 cm−3, the rms deviation of the measured plasma
density over 1000 consecutive measurements was 1.8 %, or
2 × 1014 cm−3. Since this is significantly smaller than the res-
olution limit of 5 × 1014 cm−3, this measurement may have
been instrument limited.

The 500 mm cell presented here is capable of producing
the required electron density with percent-level shot-to-shot
variations, and can do so for O

(
105) events without a sig-

nificant change in performance. It is, therefore, a highly
promising solution for near-future experimentation, where
we realistically aim to increase the trailing bunch energy
from 1.2 to 1.7 GeV with high overall efficiency.

CONCLUSION
FLASHForward continues to advance plasma accelera-

tor technologies towards the high quality, efficiency and
repeatability required for many applications. To enhance
this progress in the future, Bayesian optimisation techniques
have been incorporated into the accelerator control software.
Initial tests confirm that an optimum can be rapidly found
by varying four important parameters simultaneously. To
improve on the energy gain of the trailing electron bunches,
and to boost the overall energy efficiency of the plasma
accelerator at FLASHForward, acceleration with per-mille-
level energy spread acceleration from 1208 to 1460 MeV in
a 195 mm plasma was demonstrated over 2000 consecutive
shots. A 500 mm plasma cell has been constructed within
specifications for experimentation in the near future towards
higher energy gains and efficiencies.
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