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Abstract

We report on a laser wakefield accelerator driven
to ionisation injection using a laser pulse re-
flected from a pellicle plasma mirror operating
at high intensities. Reflected pulses containing a
maximum total energy of 3.2±0.9 J were used to
demonstrate a guided central spot at densities
exceeding 0.5 × 1024m−3. Entire blue shifting
of the transmitted pulse was observed between
0.5 × 1024m−3 and 2 × 1024m−3. Ionisation in-
jection was demonstrated with spots containing
up to 0.4 ± 0.1 J in their FWHM at densities
exceeding 2.7 ± 0.4 × 1024m−3. Electrons were
accelerated in a cell of 6.7 ± 0.8 × 1024m−3 to
energies up to 455± 28MeV using the reflected
pulse. The results presented here support the
utility of a tape-based plasma mirror for driving
the second stage of a wakefield accelerator.

1 Introduction

The use of multiple acceleration stages may be
necessary to reach high energies through laser
wakefield acceleration. This concept, referred
to as staging, lines up multiple wakefield ac-
celerators such that an electron beam injected
and accelerated in one stage is transported to
the accelerating region of the next. Staging of-

fers a method of circumventing the depletion
of driving laser energy by coupling in a second
laser beam. Coupling in this pulse, whilst main-
taining a high average accelerating gradient, re-
quires the use of optics at high intensities. Con-
ventional optical components cannot be used
near focus, as this would result in fluence above
their damage threshold. Moving the coupling
optics away from focus, to intensities below this
threshold, would increase the coupling distance,
Lc, and complicate electron beam transport be-
tween cells [1], reducing the overall acceleration
gradient.

The use of plasma mirrors can reduce the cou-
pling distance [2] but may degrade the qual-
ity of the reflected pulse and the energy con-
tained within the FWHM [3, 4]. Efficient laser
wakefield acceleration requires a high fraction of
energy within the FWHM, meaning that poor
reflection quality reduces the attractiveness of
staging. The use of plasma mirrors to achieve
staging was demonstrated by the team at LBNL
in 2016, where 3% of a LWFA generated beam
was captured and accelerated by 100MeV [5].
Higher energy gain and charge capture will be
required for staging to be feasible. Being able
to couple in a high intensity pulse over a short
distance is fundamental to both of these aims.

The plasma mirror reflected pulse is respon-
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sible for generating a wakefield in the second
stage. The properties of this reflected pulse de-
termine the properties of the wakefield including
the density threshold at which self-guiding and
injection occur.
To observe reasonable energy gain the laser
pulse must maintain a high enough intensity to
generate accelerating fields over distances ex-
ceeding the Rayleigh length. Laser diffraction
can be prevented through self-focusing, intense
laser pulses induce a change in local refrac-
tive index, generating a refractive index gradi-
ent that results in wavefront curvature and fo-
cussing. The extent of this focussing behaviour
depends on the initial plasma density. The self-
guiding threshold is the density at which this
focussing balances out laser diffraction. This
density provides a lower bound for the suitable
operating range for external injection.
The charge capture and energy gain of exter-
nally injected beams is improved by using low
densities. This increases the size of the accel-
erating structure (λp ∝ n−1

e ) and energy gain
(Wgain ∝ n−1

e ), where λp is the wavelength of
the generated plasma waves. But larger struc-
tures require more laser energy to drive them.
As a result operating as close to this lower den-
sity threshold as possible may be beneficial for
optimising external injection in staging.
The injection threshold is the density at which
plasma electrons become trapped in the fo-
cussing and accelerating part of the wave. The
onset of injection provides an upper limit to the
operating range for external injection, as injec-
tion of this type during staging will ruin beam
quality of the externally injected beam. This
threshold can be used to determine the quality of
the reflected pulse, as it is sensitive to the energy
contained within the FWHM. This is because
the laser spot is focused by the plasma to the
order of λp = 2πc/ωp. Higher densities result in
a smaller λp, this reduced spot size increases the
pulses intensity. A high enough density plasma
can focus a spot to an intensity above the re-
quired field strengths for injection. This re-
quired field strength can be lowered through the
use of a dopant, chosen to have bound electrons

that are ionised within the wakefield. Ionisation
of the dopant inner shell electrons occurs close
to the peak of the driving laser pulse, which is
inside the wakefield. For sufficiently large wake-
field amplitudes these ionised electrons can be-
come trapped [6].
Here, pulses reflected from a high intensity
plasma mirror were used to drive a wake across
different gas cell densities. The operating range
over which this pulse could be used for exter-
nal injection was determined. The utility of
these pulses for staging applications was demon-
strated through evidence of guiding, ionisation-
injection and subsequent acceleration of these
self-ionisation-injected electrons to energies of
455MeV .

2 Experimental Methods

These investigations utilised the GEMINI North
beam, an 800 nm s-polarised pulse with ener-
gies between 1-15 J in a duration of ∼ 50 fs. A
7500mm focal distance dielectric spherical mir-
ror focused the beam from a diameter of 150mm
to a focal spot size of ∼ 50µm. An adaptive
optic was used in conjunction with a Shack-
Hartmann wavefront sensor, an Imagine Optics
HASO, to flatten the wavefront. This input
pulse was focused 9.0 ± 1.5mm after a tape-
based plasma mirror and characterised before
the introduction of a gas cell, as described in
[7]. The plasma mirror was generated through
the ionisation of Kapton tape. A tape drive was
used to tension and replenish this tape. The
tape drive was adjusted to point the reflected
north beam onto the optical axis of the gas cell.

Run A B
Energy (J) 3.2(0.9) 4.5(1)
Energy in FHWM (J) 0.2(0.1) 0.4(0.1)

Table 1: Energy contained within the highest
energy and strehl ratio reflected spots for the
Guiding (A) and Injection (B) density scans.

Before the gas cell was introduced, the input
pulses reflected from the plasma mirror were
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characterised using the forward line diagnostics
described in [7]. The mirror was characterised
to produce reflectivities in excess of 70% across
a broad range of intensities (from 1×1020W/m2

to 5 × 1021W/m2). The plasma mirror had
an average reflectivity of 50.0 ± 8.0% at the
intensities utilised in the injection scan (B),
and 41.0 ± 3.0% for the density scan (A). The
highest energies and pulse profiles from these
scans are presented in table 1. More energy
was coupled into the laser spots during the
injection density scan (B), with a higher over-
all reflectivity and ratio of energy in the FWHM.

Figure 1: The set-up in GEMINI TA3, including
electron spectrometer and interferometry probe
of cell 1 and cell 2.

A gas cell could be driven in and out of the
path of the reflected laser. The gas consisted
of helium with 2% nitrogen dopant to enable
ionisation injection. Different cell lengths were
utilised for different runs with 23mm and 10mm
used for guiding (A) and injection (B) respec-
tively. Control over the gas pressure allowed for
the varying of cell densities. The gas cells were
fitted with glass windows for observation of the
plasma. A leakage from the drive beam was
taken as a probe, and timed to allow imaging
of the plasma channel immediately after forma-
tion. A Mach-Zender interferometer was used
to determine the plasma density. Uncertain-
ties were given by the standard deviation of the
measured density. An Au-spherical mirror was
used to image the end of the gas cell on the far-

field camera and transmit energy to a Gentec
QE8SP-B-BL-D0 energy meter outside the vac-
uum chamber. This calorimeter was calibrated
to measure energy at target chamber centre (de-
tails in [7]). An OceanOptic NIRquest spec-
trometer characterised the transmitted lasers’
spectrum.
A permanent dipole magnet was driven onto

the beam axis to deflect electrons injected in
the gas cell to a series of Lanex screens at dif-
ferent distances, as in figure 1. A mid-energy
spectrometer, covering between 100MeV and
2300MeV, was used for the results presented
here (for more details see [8]).

3 Guiding and Transmitted beams

Figure 2: Typical image of transmitted laser en-
ergy during the guiding scan, at a density of
1 × 1024m−3. The central guided spot is fitted
with a white ellipse, from which the FWHM is
extracted. An intensity line-out is plotted on a
parallel axis.

A density scan was performed to determine
the guiding properties of the reflected pulse us-
ing a 23mm cell and the input pulse described
in table 1 (A). A guided central spot was ob-
served at densities between 0.5 × 1024m−3 and
2× 1024m−3, an example image is shown in fig-
ure 2. The FWHM contour of the transmitted
spots were fitted with ellipses. The size of these
ellipses is plotted against the expected plasma
wave wavelength, λp, for a given density. This
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Figure 3: Plasma wavelengths, λp ≈ 2πc/wp,
inferred from measured densities against mea-
sured guided spot FWHM.

Figure 4: Transmission through the gas cell
compared to the incident laser energy after re-
flection (assuming reflectivity of 41.0 ± 3.0%).
Measurements were taken at the end of a 23mm
gas cell for varying density.

density was measured using interferometry. It
is expected that these two would be correlated
as the plasma should focus the reflected spot
down to the plasma wave wavelength. However,
as shown in figure 3, the correlation is poor.
The measured average ellipse widths varied be-
tween 20 and 70µm, corresponding to densities
of 0.2×1024m−3 and 0.8×1024m−3. Most of the
measured spots are larger than expected at the

relevant densities. This is especially the case at
higher density (small λp) suggesting poor guid-
ing in these cases. In this case it appears as if
the laser has not been guided over the whole cell
length.
Figure 4 shows the transmitted energy

through the gas cell, given by the ratio of the
laser energy incident on the cell to the calorime-
ter measurements. The incident laser energy
was approximated using the pre-reflection laser
energy multiplied by the plasma mirror reflec-
tivity (41.0± 3.0%). Transmission through the
gas cell fell as the density increased. Beyond
densities of 2 × 1024m−3, no central spot was
observed on the far-field camera, this is consis-
tent with the measured transmitted spots size
increasing at low λp. These measurements sug-
gest that the laser has been severely depleted
and so the laser has fallen below the power for
self-guiding.

Figure 5: Measured driving laser spectrum at
the end of gas cell, plotted alongside the density
of the gas cell for each shot.

Figure 5 shows the measured spectra of the
driving pulse, after passing through the gas
cell. For most shots, at densities exceeding
0.57× 1024m−3, almost the entirety of the pulse
was blue shifted. Blueshifting could be due to
ionisation, especially for unguided light. How-
ever, it can also be caused by photon accelera-
tion at the back of a wakefield [9][10][11], thus
indicating wakefield generation. Hence it could
be a signature of wakefield generation. The cor-
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responding red-shift at the front of the pulse is
unlikely to be seen on our spectrometer[12][13].

4 Injection Driven by Reflected Pulse

The injection thresholds were found through cell
density scans using a 10mm long cell, with in-
cident spots described in table 1 column B. Fig-
ure 6 shows integrated electron spectra from the
mid-energy spectrometer arranged in order of
density. Injection occurs sporadically at densi-
ties exceeding 2.7±0.4×1024m−3 until a density
of around 5.6× 1024m−3, at which point consis-
tent electron beams are produced, as evident in
figure 6. The initial threshold is agreed upon
by the low energy electron spectrometer which
captured electrons between 0 and 100MeV.

Figure 6: Density scan of electron spectra (on
mid-energy spectrometer) at different cell den-
sities with a 10mm long cell. Densities here are
arranged in ascending order but have large un-
certainties.

This is the first observation of a wakefield
driven to the threshold for ionisation injection
using a pulse reflected from a plasma mirror.
These beams were observed to be accelerated
up to energies of 455±28MeV with 1.2±0.2 pC
of charge between 100−455MeV, as in figure 7.
This occurred just above the injection threshold
at a density of 6.7±0.8×1024m−3. At densities
exceeding this peak energy a drop in measured
electron energies was observed, as expected due
to dephasing [14]. Figure 8 illustrates the fall in

Figure 7: Example electron beam from mid-
energy spectrometer with maximum energy of
455 ± 28MeV, with 1.2 ± 0.2 pC of charge be-
tween 100−455MeV. This beam was generated
at a density of 6.7± 0.8× 1024m−3.

Figure 8: Density scan showing falling electron
energies with increasing density.

maximum electron energy with increasing den-
sity.

5 Discussion

Considering the total reflected laser energy of
3.2±0.9 J, the critical threshold for guiding, us-
ing Pc ≈ 17.5ω2

L/ω
2
p GW [15], would be reached

at 0.48 × 1024m−3. A guided central spot was
observed on the far field imaging system near
the threshold predicted for this total reflected
energy, i.e. 0.5 × 1024m−3. The central mode
of the guided laser pulse should be the plasma
wave wavelength, i.e. wFWHM ≈ λp = 2πc/ωp.
Thus for densities between 0.5-2 × 1024m−3, a
wake of size comparable to scale length λp =20-
50µm should have been generated. The ob-
served transmitted spot sizes exceeded this scale
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over most of the density range explored. It is
likely the guided pulse diffracted before the end
of the cell, resulting in the expansion of the
guided spot before imaging.

Considering only the energy in the central
spots as causing injection, the threshold densi-
ties for ionisation injection can be estimated.
The ionisation threshold for inner shell nitrogen
electrons requires field strengths exceeding
Emax > 0.8 × 1013Vm−1 [16][17]. For a pulse
containing 0.4 J (from table 1 (B)) to exceed
Emax the spot size must be 11.5µm. For a pulse
guided with w = λp this is achieved at a density
of 8.5× 1024m−3. Injection occurred at a lower
threshold than predicted, ‘turning on’ at values
exceeding 2.7± 0.4× 1024m−3.
Given the input laser energies, the model
by Lu et al.[18] can be used to predict the
maximum electron energies that can be gen-

erated, ∆W/mc2 = a20
w2

0

w2
p
. Considering a

pulse containing 0.4 ± 0.1 J at a density of
6.7 ± 0.8 × 1024m−3, once again assuming
the pulse is guided with w = λp a maximum
electron energy of 96MeV can be generated. It
may be that this unaccounted for energy gain
originates from pre-injection pulse evolution.
The contribution of energy outside the FWHM
to injection may explain the high maximum
electron energies observed [19]. A number of
the measured spectra were in a more reasonable
energy range for their respective densities, its
possible variation in spot quality and increased
energy in the FWHM may partially account for
these high energies. A total energy of 4.5±0.1 J
was reflected from the plasma mirror with
less than 10% contained within the FWHM.
The scaling also assumed a laser spot size
that doesn’t evolve non-linearly during prop-
agation, longitudinal amplification may result
in an underestimate of a0. Pulse evolution
is a highly non-linear process, and requires
further investigations via Particle In Cell (PIC)
simulations. Further investigations and simu-
lations of this behaviour are being performed
to determine the source of this high energy gain.
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