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We present the first measurements of the temporal decay rate of one-dimensional, linear Lang-
muir waves excited by an ultra-short laser pulse. Langmuir waves with relative amplitudes of
approximately 6% were driven by 1.7 J, 50 fs laser pulses in hydrogen and deuterium plasmas of
density ne0 = 8.4 × 1017 cm−3. The wakefield lifetimes were measured to be τH2

wf = (9 ± 2) ps and

τD2
wf = (16 ± 8) ps respectively for hydrogen and deuterium. The experimental results were found

to be in good agreement with 2D particle-in-cell simulations. In addition to being of fundamental
interest, these results are particularly relevant to the development of laser wakefield accelerators
(LWFAs) and wakefield acceleration schemes using multiple pulses, such as multi-pulse laser wake-
field accelerators (MP-LWFAs).

I. INTRODUCTION

Next-generation plasma wakefield particle accelerators
use charged beams or laser pulses to excite Langmuir
waves that can support accelerating gradients on the or-
der of GeV/cm [1]. Considerable progress has been made
in this sphere in recent years, including, for example:
the acceleration to multi-GeV-scale energies in wakefields
driven by laser pulses [2, 3], electron bunches [4, 5], and
by long proton bunches [6]; and applications of plasma-
accelerated beams to the generation of radiation [7], and
the first demonstrations of gain in free-electron-laser ex-
periments [8, 9].

In the original concept [1] of a laser-driven plasma ac-
celerator, the driving laser pulse had a duration shorter
than the plasma period Tpe = 2π/ωpe, where ωpe =

(Zne0e
2/meε0)1/2, and in which Z is the electron num-

ber, e is the electron charge, me is the electron mass,
and ε0 is the vacuum permittivity. Many important re-
sults have been obtained in this regime, for both laser-
and particle-beam-driven plasma accelerators, and this
regime continues to be a major focus of research world-
wide. However, it is also possible to drive the plasma
wakefield with: (i) a train of short drive pulses, spaced
by Tpe; or (ii) by a drive pulse that is long compared to
Tpe, but with a temporal intensity profile that is modu-
lated with a period of Tpe [4, 6, 10–12].

We recently extended this latter concept by proposing
a new method [13] for generating the required pulse train:
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frequency modulation of a long laser pulse by a plasma
wave driven by a short, low-energy seed pulse, followed
by temporal compression in a dispersive optical system.
Simulations of this scheme show that electrons could be
accelerated to 0.65 GeV in a plasma stage driven by a
pulse train generated by a 1.7 J, 1 ps drive pulse of the
type which could be provided by a kilohertz repetition
rate thin-disk laser [14]. For plasma accelerators driven
by long (τdrive � Tpe) drivers, it is important to under-
stand the extent to which the amplitude of the plasma
wave decays over the total duration of the driver.

Theoretical studies of plasma dynamics have shown
that interactions between the oscillating electrons and
the background ions can lead to the growth of insta-
bilities which dissipate the Langmuir wave energy into
higher-order daughter waves [15]. Ultimately, these in-
stabilities lead to the decay of the wakefields and heating
of the plasma. In this paper, we present the results of
an experimental investigation of the wakefield decay rate
in a parameter regime that is relevant for several current
and future plasma acceleration schemes, such as plasma
wakefield acceleration (PWFA) [6], laser wakefield accel-
eration (LWFA) [2] and multi-pulse laser wakefield ac-
celeration (MP-LWFA) [10]. We compare our measured
results with particle-in-cell simulations, and show that
there is good agreement between theory, simulations, and
measurements.

We first establish the key laser and plasma parame-
ters which determine the regime in which a laser-plasma
accelerator operates. When the quiver velocity of the
plasma electrons in the field of the driving laser is non-
relativistic, the wakefield is approximately sinusoidal,
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TABLE I. Comparison of key parameters for several experiments to measure the decay of laser-driven plasma waves.

Regime Target Plasma τL ne0 / cm−3 δne/ne0 T / eV W τL/Tpe (λp/πσ)2 τwf/Tpe τwf [ps] Ref
LBWA Cell D2 160 ps 1.07 × 1017 0.1 20 270 623 0.11 61 ± 59 20.6 ± 20 [16]
SM-LWFA Jet He 400 fs 3 × 1019 0.15 2500 4.6 20 0.023 132 ± 14 1.9 ± 0.2 [17]
SM-LWFA Jet He 400 fs 3.7 × 1019 0.1 1000 5.11 21 0.033 139 1.8 [18]
SM-LWFA Jet H2 400 fs 1 × 1019 0.1 10 255 11 0.62 142 ± 28 6 ± 1 [19]
SM-LWFA Jet He 400 fs 1 × 1019 0.1 10 255 11 0.62 142 ± 28 6 ± 1 [19]

LWFA Cell He 120 fs 1 × 1017 0.1 14 36 0.34 31.4 33+33
−8 8.3+8

−2 [20]
LWFA Jet He 52 fs 7.4 × 1017 0.75 13 1150 0.4 1.92 9.7 1.3 [21]

LWFA Cell H2 (48.9 ± 6.3) fs 8.4 × 1017 0.06 2 705 0.4 0.042 84 ± 25 9 ± 2 This work
LWFA Cell D2 (48.9 ± 6.3) fs 8.4 × 1017 0.04 2 262 0.4 0.042 134 ± 63 16 ± 8 This work

and is said to be in the linear regime. For a single, short
driving laser pulse, this corresponds to a peak normalised
vector potential a0 < 1, where a0 = eE/mecω0, E the
laser electric field strength, and ω0 the laser frequency. In
this regime, and for the case of a driving laser pulse with
Gaussian temporal and transverse intensity profiles, the
relative amplitude of the plasma wave δne/ne0 is given
by the sum of the of the relative amplitudes of the radial
and longitudinal wakefields [20],
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where r is the radial distance from the propagation axis
of the drive laser, ζ is the temporal delay after the
peak of the drive pulse, ωpe = (ne0e

2/meε0)1/2 is the
plasma frequency, ne0 is the plasma electron density,
nc = ε0meω

2/e2 is the critical density, and ω, σ, τL and
I are respectively the angular frequency, beam radius at
the 1/e2 intensity, the duration (defined as the half width
at 1/e2 intensity) and peak intensity of the driving laser
pulse. The ratio of the radial to the longitudinal wake-
field components at r = 0 is δnr/δnz|r=0 = (2c/ωpeσ)2 =
(λp/πσ)2, where δnr/δnz � 1 indicates a predominantly
radial wakefield and δnr/δnz � 1 indicates a longitudi-
nal wakefield, which we will refer to as a one-dimensional
wakefield.

The mechanisms responsible for the decay of laser-
driven plasma waves have been investigated in several
earlier studies. Marquès et al. [20] found that radial-
dominated and longitudinal-dominated wakefields can
have different decay mechanisms. Longitudinal wake-
fields decay through collisions [22], Landau damping [23],

beam loading by accelerated particles [17], and the mod-
ulational instability [15]. The growth rate of the modula-
tional instability is expected to be much greater than the
collisional or Landau damping mechanisms, and hence
will usually dominate the decay in the case when beam-
loading is not significant. If the total charge trapped and
accelerated by the wakefield is large, then beam loading
becomes important, and can be the leading cause of the
wakefield decay [17]. Radial wakefields can decay via an
additional mechanism. The finite radial extent of the
driving laser creates a plasma column of finite radius,
and electrons with trajectories which extend outside this
column will have a different oscillation period than those
which remain within the plasma; this difference leads to
a loss of coherence of the plasma oscillation. We expect
this decay mechanism to also be important in wakefields
driven in pre-formed plasma channels [24–27].

In addition to the ratio δnr/δnz, two other parameters
are important in determining the mechanisms responsi-
ble for, and the rate of, wakefield decay. First, the ratio
of the energy density of the Langmuir wave to the ther-
mal energy density, W = (vL/vt)

2 = ε0|E|2/2ne0kBTe,
where vL = eEL/meωpe, vt = (kBTe/me)

1/2, E is the
electric field strength of the wakefield, kB is the Boltz-
mann constant, and Te is the electron plasma temper-
ature [15]. The parameter W determines the growth
rate of the modulational instability and delineates the
strong-field regime (W � 1) from the weak-field regime
(W <∼ 1). Second, the ratio of the drive pulse length to
the plasma ion period τL/Tpi, where Tpi = 2π/ωpi, where

ωpi = (Zne0e
2/Mε0)1/2, and in which Z and M are the

charge and mass of the ions respectively. For τL � Tpi
the plasma instabilities driven by ion dynamics co-evolve
with the drive laser, and for τL � Tpi they develop only
after the wakefield is excited.

Table I summarises the results of previous measure-
ments of the decay time of laser-driven wakefields. The
penultimate and antepenultimate columns of the table
give the time to wakefield decay τwf and the ratio of
this to the electron plasma period Tpe. It should be
noted that the precise definition of τwf varies between
the experiments. In Refs. [16, 19] it refers to the total
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length of the detectable wakefield signal, whereas in Refs.
[17, 18, 20, 21], and in the present work, it refers to the
time taken for the wakefield amplitude to decay to a level
of 1/e of the maximum amplitude. We also note that the
time given in Ref [16] refers to the saturation time of the
beatwave-driven wakefield, and, for simplicity, we have
taken this to be equal to the decay time. It is striking
that in this prior work that, with the exception of Ref.
[21], the ratio of the wakefield lifetime to the electron
plasma period τwf/Tpe varies by less than a factor of 5 in
experiments for which the plasma density and the dura-
tion of the drive pulse both vary by more than two orders
of magnitude.

The earlier work summarised in Table I was under-
taken in a wide range of laser-plasma accelerator regimes.
In the experiment by Moulin et al. [16] a wakefield was
excited using the ‘beatwave’ (LBWA) scheme in which
two long pulses (160 ps and 90 ps), of angular frequen-
cies ω1 and ω2, interfere to generate a beat pattern at
the plasma frequency ωpe = ω1 − ω2. In that work
plasma instabilities therefore developed during the ex-
citation of the wakefield by the drive beam or drivers.
The experiments by Leblanc et al. [17], Chen et al. [18],
and Ting et al. [19] corresponded to the self-modulated
laser wakefield (SM-LWFA) regime in which interaction
between a long laser pulse (τL � Tpe) and the weak
plasma wave it drives causes the laser pulse to become
modulated with a period of Tpe, leading to a nonlinear
feedback in which the modulation of the laser pulse and
the wakefield amplitude both increase with delay rela-
tive to the front of the driving pulse. Hence these exper-
iments correspond to an intermediate regime in which
the duration of the drive pulse lies between the electron
plasma period and the ion plasma period Tpi. Finally,
Marquès et al. [20] and Kotaki et al. [21] performed
experiments in the LWFA regime originally proposed by
Tajima and Dawson, in which the wakefield is excited
by a laser pulse with τL < Tpe. These last two exper-
iments both operated in the radial-dominated wakefield
regime, and shorter decay times relative to the plasma
period were observed compared to the experiments that
generated longitudinal-dominated wakefields. With the
exception of the work by Kotaki et al. [21], in all the
experiments δne/ne0 ≈ 0.1, i.e. they were all conducted
in the linear wakefield regime. It is noteworthy that for
the much stronger wakefields (δne/ne0 ≈ 0.75) studied
in [21], the observed ratio τwf/Tpe is much smaller than
found in experiments operating in the linear regime.

Before concluding this short review of prior experimen-
tal work, we note that wakefield decay and ion motion
has also been studied for proton-beam-driven wakefield
accelerators [28]; these results have not been included in
Table I owing to the very different driver and plasma
parameters. We also note recent experiments to estab-
lish the limits to the repetition rate of PWFAs driven
by electron bunches [29]. The topic of the present pa-
per, the time-scale for wakefield decay, is related to the
maximum possible repetition rate of a plasma accelera-

FIG. 1. Schematic drawing of the experimental layout inside
the target vacuum chamber. Both beams of the Astra-Gemini
TA3 laser were used: one as the drive beam, and the other as
the diagnostic probe beam. The 800 nm beams are shown in
red and the 400 nm diagnostic beam is shown in blue. After
leaving the gas cell, the diagnostic beam was transported to
a 400 nm spectrometer located outside the vacuum chamber.
The inset shows an example recording of a wakefield in a spec-
tral interferogram, as captured by the spectrometer camera.
HM: Holed mirror, HWP: Half-wave plate, L1: f=500 mm
lens, L2: f=−100 mm lens, L3: f=300 mm lens, P: polariser,
10X: microscope objective, SHG: second harmonic generating
crystal.

tor. However, we emphasize that wakefield decay is just
the first step in a complex chain of processes – that in-
cludes wakefield decay, electron-ion recombination, and
heat redistribution — that must be completed before the
following drive pulse can be delivered.

To our knowledge, the new work presented in the
present paper is the first measurement of the decay rate
of a one-dimensional (δnr/δnz � 1), linear wakefield
(a0 ∼ 0.5) in the short-pulse LWFA regime (τL/Tpe ≈
0.4). This short-pulse regime is relevant for future plasma
wakefield facilities [30–32] (although we note that some of
these are expected to operate in the quasi-linear regime
(a0 ∼ 1 for a single pulse) e.g. [30]), and it is also relevant
to alternative schemes, such as MP-LWFAs [10, 11, 13].

II. MEASUREMENT OF THE WAKEFIELD
LIFETIME

Experiments to measure the lifetime of a plasma wake-
field in the 1D, linear regime were undertaken at the
Central Laser Facility of the Rutherford Appleton Lab-
oratory, using the Astra-Gemini TA3 laser. A schematic
illustration of the experiment layout is shown in Fig. 1.

A linearly polarised laser pulse with energy E =
(1.68± 0.06) J, centre wavelength 800 nm, and FWHM
pulse duration (48.9± 6.3) fs was used to drive the wake-
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field. This pulse was focused by an on-axis reflecting
paraboloid of focal length f ≈ 6.1 m, used at f/40, to a
spot size (1/e2 intensity radius) of w0 = (52.3± 0.8) µm
at the centre of a gas cell. The peak intensity at the
laser focus was I = 6.5× 1017 W cm−2, corresponding to
a peak normalised vector potential of a0 = 0.54 ± 0.18,
with approximately a factor of 0.3 of the beam energy
enclosed within the FWHM beam diameter at focus.

Laser radiation could enter and leave the cell via a pair
of coaxial, 400 µm diameter pinholes located at each end
of the 4 mm long gas cell. Gas, either hydrogen (H2) or
deuterium (D2), was flowed into the cell in a pulse of
duration of approximately 500 ms; the gas flowed into
the surrounding vacuum chamber via the pinholes. For
these experiments the cell backing pressure was Pcell =
(17.0± 1.2) mbar, corresponding to an electron density
8.4× 1017 cm−3 (assuming 100% ionization).

The amplitude of the plasma wave was measured by
frequency domain holography (FDH) [33], analysed with
the TESS technique [34, 35]. In this method, two chirped
and stretched diagnostic pulses are generated: (i) a probe
pulse, which propagates behind the drive pulse, and ac-
quires a temporally-dependent phase shift from the den-
sity modulation of the plasma wave; and (ii) a near-
identical reference pulse, which propagates ahead of the
drive pulse. This pair of diagnostic pulses was generated
by passing a frequency-doubled pick-off from the probe
beam through a Michelson interferometer with a path
difference corresponding to ∆ζ ≈ 6 ps. Each of the pair
of pulses thereby created was then frequency-chirped and
stretched to a duration of 1.35 ps by propagating them
through a 160 mm long piece of glass (BK7). The diag-
nostic pulses were injected coaxially with the drive beam
by directing them through a holed turning mirror, and fo-
cused into the gas cell by the same optic used to focus the
drive beam. On leaving the gas cell the diagnostic pulses
were separated from the transmitted drive pulse by reflec-
tion from a dichroic mirror and imaged onto the entrance
slit of a Czerny-Turner spectrometer to yield a spectral
interferogram which was recorded by a CCD camera (An-
dor Newton DU940N-BU). The wakefield amplitude was
calculated from the captured interferograms using the
TESS technique, as follows. Each spectral interferogram
was Fourier transformed along its spectral axis to give
a spatio-temporal profile. The Fourier-transformed data
comprises a zero-frequency (“DC”) band; a sideband lo-
cated at t = ∆ζ; and three satellites — two either side
of the sideband, and a third located near the DC band.
These satellites arise from the phase-shift imposed on the
probe beam by the sinusoidal plasma wave. The satellites
are offset from the sideband and have temporal locations
given by [34, 35],

τ = ∆ζ ± ϕ(2)ωpe, (3)

where ϕ(2) is the group delay dispersion (GDD) of the
probe and reference pulses. For plasma waves with large
amplitudes, higher-order satellites can appear, located at
τ = ∆ζ±mϕ(2)ωpe, m = 2, 3, 4, ..., but these higher-order

FIG. 2. Measured normalised relative wakefield amplitude as
a function of delay for: (a) hydrogen; (b) deuterium, recorded
with a backing pressure Pcell = (17.0 ± 1.2) mbar. For each
delay are shown the uncertainty-weighted average wakefield
amplitude (δne(ζ)/ne0) and the standard error. The un-
certainty was calculated using the background noise in the
Fourier transformed interferograms. The wakefield amplitude
calculated from the PIC simulations are shown as open cir-
cles. Also shown are fits of the exponential function to the
data as black lines.

satellites were not observed in this experiment. The rel-
ative amplitude of the wakefield at delay ζ can be found
from the ratio r of the satellite amplitude to that of the
sideband since this is given by,

r = F(ωpe)
J1(φ0)

J0(φ0)
(4)

where,

φ0 =
ω2
peL

2ωprobec

δne
ne0

. (5)

and where J0 and J1 are Bessel functions of the first
kind, F(ωpe) a spectral overlap function (see Supplemen-
tal Material), L is the interaction length, and ωprobe is
the frequency of the probe laser [34, 35]. By varying the
backing pressure, and measuring ωpe immediately after
the drive pulse, it was found that the pressure in the cell
was linearly related to the measured backing pressure
through Pcell = α(Pgauge −P0), where α = 0.96 accounts
for the fact that the pressure guage was located prior to
the gas cell gas inlet and P0 = 3 a calibration factor (see
Supplemental Material).

III. RESULTS

The wakefield amplitude was measured for a range of
delays ζ in steps of 0.5 ps. For each temporal delay, the
results of 10 shots were averaged in order to reduce the
statistical error in the measured wake amplitude.
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Figure 2 shows, for hydrogen and deuterium, the mea-
sured wakefield amplitude as a function of delay, nor-
malised to δne(0), where δne(0) is determined by a fit of
the function δne(ζ) = δne(0) exp(−ζ/τwf ) to the data.
Due to variations in the experimental conditions, the
plasma waves driven in deuterium had an initially lower
amplitude, which made the error bars relatively larger
after normalisation.

Also shown in Fig. 2 are the results of 2D particle-
in-cell (PIC) simulations performed with the relativistic
particle-in-cell code smilei [Simulation of Matter Irra-
diated by Light at Extreme Intensities, 36] for the laser
and plasma parameters used in the experiment (see Sup-
plemental Material). The wakefield amplitude was cal-
culated from the maximum Fourier amplitude (near ωpe)
of the density variation δn(x, y) = δne(x, y) − δni(x, y)
corresponding to the wakefield plasma oscillation, where
δni(x, y) is the ion density. The Fourier amplitude, AF ,
was converted to the wakefield amplitude, Awake using

the relation Awake = 2AF∆x/[
∫
W β
T (x) dx]. Here W β

T (x)
is a Tukey window with window parameter β (set to
β=0.2), and ∆x = 26.7 nm, the simulation cell size in
the dimension along the laser axis of propagation.

The results of the simulations are seen to be in very
good agreement with the experimental data. As well as
correctly reproducing the timescale of the wakefield de-
cay, the wakefield amplitudes calculated by the simula-
tions are found to be close in absolute terms to the mea-
sured values. For both hydrogen and deuterium plasmas
the relative wake amplitude at ζ = 0 was calculated to
be 7.5% for the laser and plasma conditions of the ex-
periment. This compares with the measured values of
(6± 2)% for hydrogen and (4± 2)% for deuterium. This
agreement, which is within a factor of two, is remarkably
good when it is considered that: (i) the simulations con-
tained no free parameters; and (ii) the measured wake-
field amplitude is rather sensitive to variations in many
of the experimental parameters. These experimental pa-
rameters include: the pulse energy, duration, and focal
spot quality of the laser pulse; the spectrum of the probe
pulse; the relative alignment of the drive and diagnostic
pulses; and the pressure in the gas cell.

Table II summarises the results of the measurements
and simulations; to enable a comparison with the ex-
periments, the temporal variation of the wake amplitude
found in the simulations was fitted to an exponential de-
cay. For the conditions of the experiment we find: for hy-
drogen, τwf ≈ 9 ps, corresponding to around 76 plasma
periods; for deuterium these values are approximately
16 ps and 134 periods respectively.

The measured wakefield lifetimes are long compared to
the electron plasma period Tpe = 121 fs, and are compa-
rable to the ion plasma periods Tpi = 5.2 ps and 7.4 ps for
hydrogen and deuterium respectively. The ratios of the
decay times measured for deuterium and hydrogen are
found to be τD2

wf /τ
H2

wf = 1.76± 0.95 and 1.75± 0.22 from
the measurements and simulations respectively. These
ratios are consistent with the ratio of the inverse ion fre-

TABLE II. Comparison of the wakefield decay times (in pi-
coseconds) obtained from experiments and PIC simulations.

τH2
wf τD2

wf τD2
wf /τH2

wf

Experiment 9 ± 2 16 ± 8 1.76 ± 0.95
Simulation 8.5 ± 0.9 15 ± 1 1.75 ± 0.22

quencies, i.e. ω−1D /ω−1H =
√
MD/MH =

√
2, but the error

in the experimentally determined ratio is too large for it
to be concluded from these measurements that τD/τH
differs from unity. The value for this ratio deduced from
the simulations is not consistent with unity, and is close

to
√

2.

A detailed analysis of the PIC simulations [37], and
comparison with work by Sanmartin et al [38], shows
plasma waves in these experiments decay via the modu-
lational instability. This instability causes small spatial
variations in the ion density to grow exponentially, with
a time-scale of approximately Tpi, leading to a loss of co-
herence of the electron oscillations, and hence decay of
the wakefield amplitude.

IV. CONCLUSION

In conclusion, we have used single-shot frequency do-
main holography to measure the lifetime of 1D linear
plasma wakefields in hydrogen and deuterium plasmas
driven in the short-pulse LWFA regime. Wakefields with
relative amplitudes of approximately 6% were driven by
1.7 J, 50 fs laser pulses in hydrogen and deuterium plas-
mas of density ne0 = 8.4× 1017 cm−3. The wakefield
lifetimes were measured to be τH2

wf = (9 ± 2) ps and

τD2

wf = (16 ± 8) ps respectively for hydrogen and deu-
terium. The experimental results were found to be in
good agreement with 2D particle-in-cell simulations.

These findings are of relevance to the MP-LWFA
scheme, in which the wakefield is driven resonantly by
a train of short pulses [10, 11]. This latter approach is of
considerable interest since it offers a route to driving LW-
FAs at high pulse repetition rates with novel laser tech-
nologies which can provide the required average power,
with high wall-plug efficiency, but which deliver pulses
which are too long to drive a plasma wave directly. The
wakefield lifetime is of key importance to the MP-LWFA
scheme since it determines the maximum useful number
of pulses in the pulse train. The work presented here
shows that, for plasma densities relevant to MP-LWFAs,
the wakefield lifetime corresponds to of order 100 plasma
periods, which is large compared to the N ≈ 10 pulses
required for MP-LWFA schemes [13].
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[14] A. Tünnermann, T. Schreiber, and J. Limpert, Applied
Optics 49, 71 (2010).

[15] P. Mora, D. Pesme, A. Heron, G. Laval, and N. Silvestre,
Physical Review Letters 61, 1611 (1988).

[16] F. Moulin, F. Amiranoff, M. Laberge, J. R. Marquès,
B. Cros, G. Matthieussent, D. Bernard, F. Jacquet,
P. Miné, A. Specka, C. Stenz, and P. Mora, Physics
of Plasmas 1, 1318 (1994).

[17] S. P. L. Blanc, M. C. Downer, R. Wagner, S. Chen,
A. Maksimchuk, G. Mourou, and D. Umstadter, Physi-
cal Review Letters 77, 5381 (1996).

[18] S. Y. Chen, M. Krishnan, A. Maksimchuk, and D. Um-
stadter, Physics of Plasmas 7, 403 (2000).

[19] A. Ting, K. Krushelnick, C. I. Moore, H. R. Burris,
E. Esarey, J. Krall, and P. Sprangle, Physical Review
Letters , 5377 (1996).

[20] J. R. Marques, F. Dorchies, F. Amiranoff, P. Audebert,
J. C. Gauthier, J. P. Geindre, A. Antonetti, J. T. M.
Antonsen, P. Chessa, and P. Mora, Physics of Plasmas
1162 (1997), 10.1063/1.873001.

[21] H. Kotaki, M. Kando, T. Oketa, S. Masuda, J. K. Koga,
S. Kondo, S. Kanazawa, T. Yokoyama, T. Matoba, and
K. Nakajima, Physics of Plasmas 9, 1392 (2002).

[22] J. W. Banks, S. Brunner, R. L. Berger, and T. M.
Tran, Physics of Plasmas 23 (2016), 10.1063/1.4943194,
1601.01002.

[23] P. M. Bellan, Fundamentals of plasma physics (Cam-
bridge University Press, 2006).

[24] R. Shalloo, C. Arran, A. Picksley, A. von Boetticher,
L. Corner, J. Holloway, G. Hine, J. Jonnerby, H. Milch-
berg, C. Thornton, R. Walczak, and S. Hooker, Physical
Review Accelerators and Beams 22, 041302 (2019).



7

[25] A. Picksley, A. Alejo, J. Cowley, N. Bourgeois, L. Corner,
L. Feder, J. Holloway, H. Jones, J. Jonnerby, H. Milch-
berg, L. Reid, A. Ross, R. Walczak, and S. Hooker, Phys-
ical Review Accelerators and Beams 23, 081303 (2020).

[26] A. Picksley, A. Alejo, R. J. Shalloo, C. Arran, A. von
Boetticher, L. Corner, J. A. Holloway, J. Jonnerby,
O. Jakobsson, C. Thornton, R. Walczak, and S. M.
Hooker, Physical Review E 102, 053201 (2020).

[27] A. Alejo, J. Cowley, A. Picksley, R. Walczak, and
S. Hooker, Physical Review Accelerators and Beams 25,
011301 (2022).

[28] J. Vieira, R. A. Fonseca, W. B. Mori, and L. O. Silva,
Phys. Rev. Lett. 109, 145005 (2012).

[29] R. D’Arcy, J. Chappell, J. Beinortaite, S. Diederichs,
G. Boyle, B. Foster, M. J. Garland, P. G. Caminal, C. A.
Lindstrøm, G. Loisch, S. Schreiber, S. Schröder, R. J.
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