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Abstract

We present experimental data showing the beneficial ef-
fects of performing parameter scans with a high repeti-
tion rate laser. The transmitted laser and electron beam
generated in a laser-driven plasma wakefield accelerator
are clearly observed to depend on the gas jet backing
pressure. The spectral properties of these beams are seen
to be smooth functions of the input parameters, when
averaging over a set 49 shots for each value and employ-
ing gradual changes in pressure. This allows for detailed
examination of the interaction physics, and can better
reveal threshold behaviour and highly localised optima.
Extending high-repetition rate operation to higher power
laser systems is expected to yield great benefits in per-
formance, and will enable a range of new applications.

1 Introduction

The Central Laser Facility has a rich history in laser
driven plasma wakefield experiments starting with land-
mark work by Modena et al. [1]. In that paper, the
authors describe pioneering work using the newly com-
missioned chirped-pulse amplified beamline of the VUL-
CAN laser. With ps long pulses and a peak inten-
sity of 5 × 1018 Wcm−2 they were able to drive strong
plasma waves, enhanced by the self-modulation of the
driving laser pulse, that resulted in wavebreaking and
acceleration of trapped electrons up to 44MeV. Sub-
sequent experiments greatly developed these concepts,
but a major breakthrough was enabled by the ASTRA
laser, which was capable of multi-TW peak powers with

a pulse duration of just τL = 40 fs. This enabled ex-
perimenters to demonstrate plasma wave generation in
the ‘forced’ LWFA regime, i.e. τL . 2π/ωp where ωp =√
nee2/(meε0) is the plasma frequency for a plasma with

electron density ne. In this regime, wavebreaking can oc-
cur in the first plasma period, resulting in a short burst
of injection and subsequent acceleration of narrow en-
ergy spread electron beams. The highly-cited paper by
Mangles et al. [2], describes an experiment using the
Astra laser which obtained beams of electrons with en-
ergies up to 80MeV, and 3% energy spreads. This work
demonstrated the potential to produce controlled elec-
tron beams with narrow energy spreads and led to inter-
national projects aiming at applying LWFA accelerated
electron beams to future light sources [3, 4, 5, 6] and
colliders [7].

More immediate applications have emerged in using
compact radiation generation mechanisms. Betatron os-
cillations of the electrons inside an LWFA, can lead to
the generation of a bright X-ray beam [8]. The strong
focusing forces of the plasma wakefield causes electrons,
with an energy given by γmec

2, to oscillate with the
characteristic betatron frequency ωβ = ωp/

√
2γ. The

emitted radiation is then typically synchrotron-like with
a characteristic energy ~ω = 3γ2~ωβ . The small source
size and high peak brightness of these X-rays, enables
single-shot phase contrast imaging [9, 10] and even full
3D tomographic reconstruction with the use of 100s of
shots [11, 12]. Compact gamma radiation sources have
also been produced through inverse Compton scatter-
ing [13] and bremsstrahlung [14]. The co-location of a
high brightness X-ray/gamma source with a high power

1



laser system provides an experimental platform that is
otherwise only achievable with very expensive and large-
footprint combination of radio-frequency based acceler-
ators and high power lasers. Several recent experiments
have leveraged this capability at the Central Laser Fa-
cility to perform studies of laser driven shocks [15] and
quantum radiation reaction [16, 17]. The vast majority
of these world leading experiments would benefit greatly
from being able to shoot at an increased repetition rate.
Not only would it be possible to take more data and gain
higher statistical significance in the results, it would also
allow for entirely different modes of operation and enable
applications that are not currently viable at lower repe-
tition rates.

Recent experiments using the Gemini 5Hz 15TW
laser in TA2, have demonstrated the ability to con-
trol high-intensity laser-plasma interactions with active-
feedback techniques to enhance generated X-ray [18] and
electron beam [19] properties. Operating such interac-
tions at high repetition rate also allows for huge numbers
of shots to be taken over a wide range of experimental
parameters. These parameter scans produce orders of
magnitude more data than a single-shot approach, en-
abling high precision examinations of highly-nonlinear
and threshold behaviours. In addition, by averaging
over multiple shots it is possible to greatly reduce the
effect of shot-to-shot variations and reveal the underly-
ing behaviour with far greater clarity. Here, we report
on results obtained from the first sustained 5Hz LWFA
campaign in Astra Gemini TA2.

2 Experiment

The experiment was set up in the Gemini TA2 tar-
get chamber as shown in fig. 1. Laser pulses contain-
ing 450mJ at a central wavelength of 800 nm were fo-
cused with a 1m focal length parabolic mirror, giving
an effective f -number of 16.7 and FWHM spot diam-
eter of 20µm. The pulse length at optimal compres-
sion was 34 ± 2 fs, providing a peak vacuum intensity
I0 ≈ 1.5 × 1018 Wcm−2 and peak normalised vector po-
tential a0 ≈ 0.9. A custom-built (by the CLF) de-
formable mirror with 55 actuators and a high reflectivity
dielectric coating was used to optimise the laser wave-
front, and an acoustic-optical programmable dispersive
filter (DAZZLER) was used to control the spectral phase
of the compressed pulse. This allowed the temporal pro-
file of the laser pulse to be varied over a wide range. The
laser was capable of firing single isolated shots, or bursts
of 49 shots at 5Hz.

A pressurised methane gas reservoir (0–40 bar) was
connected to a 3mm gas nozzle via a pulsed solenoid
value. When triggered, the gas expanded from the noz-
zle outlet and rapidly cooled, forming a mixed medium
of molecular and clustered methane, into which the
laser was focused. A differentially pumped chamber en-
closed the gas jet, in order to maintain a pressure below
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Figure 1: A schematic of the experimental setup. The
laser is focused into a pulsed methane gas jet inside a
differentially pumped inner chamber. Exit mode light
and accelerated electrons are diagnosed by optical and
magnetic spectrometers respectively.

10−3 mbar in the target and laser compressor chambers.
Inlet and outlet apertures were used to allow the laser
pulse to enter the internal chamber, and for the laser
and generated secondary radiation to exit. The trans-
mitted laser pulse, after exiting the plasma, was par-
tially reflected by a glass plate, with an on-axis hole to
allow propagation of the electron and X-ray beams. The
partial reflection was directed to a spectrometer to mea-
sure the transmitted laser spectrum over the wavelength
range 360–920 nm. The electron beam entered a mag-
netic dipole field, inside a radiation shielded chamber,
which dispersed the beam by energy onto a Lanex scin-
tillator screen. An optical camera imaged the emission
from the screen, to provide a measurement of the elec-
tron beam spectrum.

Figure 2 shows the transmitted laser spectrum as a
function of the backing pressure to the gas nozzle. In
the first instance (fig. 2a), the laser was optimally com-
pressed and we performed a pressure scan taking a single
shot at each pressure. By using 165 shots, it was possi-
ble to see the overall trend of the spectral shifts of the
laser pulse as the backing pressure was changed, despite
considerable shot-to-shot variation (25% RMS). In the
second instance (fig. 2b), the laser pulse was set to a pre-
viously determined optimal temporal shape for electron
acceleration [19], and 49 shots were taken at each pres-
sure. A marked difference in behaviour is observed, with
a considerable reduction in blueshift of the driving laser
pulse, and enhanced redshift. The reduced blueshift sug-
gests a reduction in ionization of the methane by the
peak intensity of the laser pulse. The increased redshift
that occurs for P > 3 bar is symptomatic of driving a
high amplitude plasma wave, which depletes the leading
edge of the pulse, causing a reduction in photon energy
~ω. A comparison of the two data sets in fig. 2 also shows
that the quality of the data is greatly increased by av-
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Figure 2: Transmitted laser spectra for a) the fully com-
pressed laser pulse and b) a laser pulse shape which was
optimised for electron beam generation, both as func-
tions of backing pressure. For a) each row is a single
shot, whereas in b) each row is the average of 49 shots.
Note the non-linear colour mapping to make the low in-
tensity regions visible.

eraging over multiple shots. The high-frequency noise,
visible in fig. 2a, is all but removed, leaving only the
features which consistently appear for the same nominal
input parameters. The underlying trend in the spectral
modification of the driving laser pulse by the plasma in-
teraction becomes more visible, and features at relatively
low intensities become detectable.

Figure 3 shows the spectra of the detected electron
beams for the same shots as fig. 2. The random varia-
tions are even more pronounced for the electron spectra
data made of single shots with the shortest compressed
pulse, as seen in fig. 3a. When averaging over 49 shots
using the optimally shaped pulse, as seen in fig. 3b, the
injection threshold pressure is clearly observable as a sig-
nificant increase in charge around P = 5bar. Shot-to-
shot fluctuations obscure much of the general behaviour
when taking only one shot per pressure value. In ad-
dition the optimally shaped pulse causes significantly
more charge to be injected than the shortest compressed
pulse does. During the optimisation process, the in-
jected charge doubled; the more extreme change seen
here might be caused by additional fine-tuning of the
accelerator, which took place after collecting the data
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Figure 3: Electron spectra for a) the fully compressed
laser pulse and b) a laser pulse shape which was opti-
mised for electron beam generation, both as functions
of backing pressure. For a) each row is a single shot,
whereas in b) each row is the average of 49 shots.

shown in fig. 3a.

Figure 4 shows the electron and transmitted laser
spectra for a full parameter scan of the backing pres-
sure to the gas nozzle. Each row is averaged over 49
shots, allowing for clear observation of the experimen-
tal behaviour. The highest energy electrons (fig. 4a)
are observed at 5 bar, while the maximum electron spec-
tral intensity and a reduced energy spread is observed
at 6.5 bar. Significant frequency shifting of the driving
laser pulse was observed at low densities (fig. 4b), be-
low the threshold pressure for observation of an electron
beam. Strong redshifting has been observed to corre-
late with pulse self-compression, leading to an increase
in the a0 of the laser pulse. This indicates that significant
pulse evolution is required in order to trigger trapping of
plasma electrons into the LWFA [20]. Further increas-
ing the backing pressure beyond these optimal values
leads to a decrease of observed electron beam energy.
This behaviour is consistent with the typical dephasing
limited energy [21] which scales with plasma density as
Wmax ∝ n−1

e [22].
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Figure 4: a) Electron spectrum and b) transmitted laser
spectra as functions of backing pressure.

3 Conclusion

These results demonstrate the increased fidelity one can
obtain in parameter scans using high repetition rate
lasers. This is commonplace in lower intensity kHz laser
experiments, but only recently has this been applied to
relativistic intensities. With a high-fidelity scan of the
target backing pressure we were able to observe a clear
threshold for the internal injection and acceleration of
relativistic electron beams. A narrow window of opti-
mal pressure was discovered which optimised both the
accelerated charge, and the resultant spectrum. Such
fine features in the vast parameter space would easily be
missed without the benefit of a high precision parameter
scan and multi-shot averaging to reduce the scatter in
the data.

There is a clear requirement to move to high repeti-
tion rates in order to enable many potential applications
of LWFAs. With this experiment we have started to ad-
dress the technical challenges that arise from this new
mode of operation. The total number of shots gener-
ating ∼ 50MeV electron beams in this experiment was
estimated at 100,000, (approximately 6 hours of contin-

uous shooting). By contrast, Gemini TA3 recently fired
its 200,000th shot, in its 10th year of operation. With
the excellent results emerging from Gemini from many
different types of experiments, the benefits of increas-
ing repetition rate capabilities, of both the laser and the
experimental apparatus, are abundantly obvious.
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