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Resonant excitation of plasma waves in a plasma channel
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We demonstrate resonant excitation of a plasma wave by a train of short laser pulses guided in a preformed
plasma channel, for parameters relevant to a plasma-modulated plasma accelerator (P-MoPA). We show experi-
mentally that a train of N ≈ 10 short pulses, of total energy ∼1 J, can be guided through 110 mm long plasma
channels with on-axis densities in the range 1017–1018 cm−3. The spectrum of the transmitted train is found to be
strongly red shifted when the plasma period is tuned to the intratrain pulse spacing. Numerical simulations are
found to be in excellent agreement with the measurements and indicate that the resonantly excited plasma waves
have an amplitude in the range 3–10 GVm−1, corresponding to an accelerator stage energy gain of order 1 GeV.
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In the laser wakefield accelerator (LWFA) [1], a short
laser pulse propagating through a plasma excites a trailing
Langmuir wave, within which the generated electric fields can
be of the order Ewb = mecωp/e, where ωp = (nee2/meε0)1/2

is the plasma frequency, and ne is the electron density. For
electron densities of interest Ewb ∼ 100 GVm−1, some three
orders of magnitude greater than is possible in a conventional
accelerator. Considerable progress has been made, including,
for example, the acceleration of electrons to energies in the
GeV range in centimeter-scale accelerator stages [2–10], and
the application of LWFAs to driving compact light sources
[11,12]. Recently, free-electron laser gain was demonstrated
using laser-accelerated electrons [13,14].

To drive a large amplitude Langmuir (or “plasma”) wave,
the duration τL of the laser pulse must satisfy τL � Tp/2,
where Tp = 2π/ωp is the plasma period, corresponding to
τL � 100 fs for plasma densities of interest. As a consequence,
recent experimental work has been dominated by the use
of high energy (joule-scale) chirped-pulse-amplification [15]
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Ti:sapphire lasers. However, this laser material has a high
quantum defect (34%) [16] which limits the pulse repetition
rate of high-energy systems to frep � 1 kHz.

An alternative method for driving the plasma wave is to
resonantly excite it with a train of low-energy pulses (or a
single long, modulated pulse) in which the pulse spacing (or
modulation) is matched to Tp. An example of this approach
is the plasma beat-wave accelerator (PBWA) [1,17–19], in
which two long pulses of frequencies ω1 and ω2 = ω1 + ωp

are combined to form a pulse modulated at ωp. Beat-wave
acceleration of electrons to energies in the 10 MeV range has
been reported; of particular relevance to the present work is
that by Tochitsky et al. [19], who exploited ponderomotive
self-guiding over 3 cm to accelerate electrons to 38 MeV at a
gradient of ∼1 GVm−1.

Interest in resonant wakefield excitation has revived [20]
with the development of novel laser technologies, such as
thin-disk lasers that can generate joule-scale pulses at frep in
the kilohertz range, with high (�10%) wall-plug efficiency
[21]. The picosecond-duration pulses provided by these sys-
tems are too long to drive a plasma wave directly, and a second
laser frequency separated by ωp is not currently available to
drive a PBWA. A potential solution is the plasma-modulated
plasma accelerator (P-MoPA) [22], which comprises three
stages: (i) a modulator, in which a long (∼1 ps), high-energy
(�1 J) laser pulse is spectrally modulated by the low ampli-
tude plasma wave driven by a short (� 100 fs), low-energy
(� 100 mJ) “seed” laser pulse as they copropagate in a plasma
channel of on-axis density ne,0; (ii) a dispersive optical sys-
tem that converts the spectral modulation to a train of short
pulses spaced by Tp,0 = 2π

√
meε0/ne,0e2; (iii) an accelerator

stage, also of on-axis density ne,0, within which the pulse
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FIG. 1. Sketch of the experimental layout. (a) Illustration of the pulse train generation scheme. (b) Example single-shot autocorrelator
(SSA) measurement for the τ = (170 ± 2) fs pulse train. Upper: comparison between the measured (pink) and retrieved (gray, dashed) SSA
signal. Lower: retrieved pulse train intensity profile. (c) Measured axicon focus. (d) Example input mode of the focused multipulse drive beam.
(e) Example guided mode at the channel exit. All focal spot images are normalized to their maximum. (f) Comparison between the measured
and simulated longitudinal gas pressure profile [23].

train resonantly drives a large amplitude plasma wave. Nu-
merical simulations [22] show that a 1.7 J, 1 ps driver, with
a 140 mJ, 40 fs seed, could accelerate electrons to energies
of 0.65 GeV in a 100 mm-long plasma channel with ne,0 =
2.5 × 1017 cm−3.

In this Letter we investigate experimentally the accelerator
stage of a P-MoPA. In order to test the accelerator stage
of a P-MoPA in isolation, and since a suitable joule-scale,
picosecond-duration laser was not available to us, in this work
the pulse train produced by the modulator and compressor
stages of a P-MoPA were mimicked by converting a single
pulse from a Ti:sapphire laser into a train of short laser pulses.
We demonstrate guiding of this train of N ≈ 10 pulses, with
a total energy of the order 1 J through 110 mm long plasma
channels, equivalent to 14 Rayleigh ranges, with ne,0 in the
range 1017–1018 cm−3. Resonant excitation of a plasma wave
within the channel is evidenced by the observation of strong
red shifting of the spectrum of the transmitted pulse train
when Tp,0 was tuned to the pulse spacing in the train. The
results are found to be in excellent agreement with numerical
simulations, which show that wake amplitudes in the range
3 GVm−1 to 10 GVm−1 were achieved, corresponding to an
accelerator stage energy gain of the order 1 GeV.

Figure 1 shows schematically the arrangement employed
for these experiments, undertaken with the Astra-Gemini
TA3 Ti:sapphire laser at the Rutherford Appleton Laboratory.
This laser provides two synchronized beams, here denoted
the “drive” and “channel-forming” beams, each of central
wavelength λ0 = 800 nm with transform-limited full-width at
half-maximum (FWHM) duration of 31 fs. In order to mimic
the pulse train employed in the P-MoPA scheme, single laser

pulses were converted to a train of short pulses using a
Michelson interferometer, as sketched in Fig. 1(a) and de-
scribed previously [24,25]. The temporal intensity profile of
the generated pulse train, shown in Fig. 1(b), was determined
from single-shot measurements of the spectrum and autocor-
relation of the train (see the Supplemental Material [23] for
further details).

The gas target used in this work was a cell-jet hybrid
[10,26], with hydrogen gas pulsed into the target via a
solenoid valve and two transducers measuring the pressure
on shot. The laser pulses were coupled into, and out of, the
target via a pair of 3 mm radius coaxial pinholes mounted on:
(i) the front of the target and (ii) a motorized plunger that
could be moved to adjust the target length L. A relative RMS
pressure variation along the laser propagation axis of 4.1%
was measured [23], as shown in Fig. 1(e).

A hydrodynamic optical-field-ionized (HOFI) channel
[27,28] was formed in the target by focusing the channel-
forming pulse, of energy ∼100 mJ and FWHM pulse duration
80 fs, with an axicon lens of base angle 3.6◦. The transverse
intensity profile of the beam produced by the axicon had
a central maximum of FWHM spot size (9.8 ± 0.1) µm, as
shown in Fig. 1(c).

The pulse train, of total on-target energy Etrain = (2.5 ±
0.5) J, was focused by an off-axis f /40 paraboloid to the
target entrance. The transverse intensity profile of the focused
beam [see Fig. 1(d)] was found to have a 1/e2 intensity
radius of (45.5 ± 3.4)µm, a Rayleigh range of zR = (7.9 ±
0.7) mm, and to contain (64.9 ± 1.5)% of its energy within its
FWHM. The delay between the arrival of the channel-forming
and drive beams was set to td = 3.5 ns. After leaving the
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FIG. 2. Comparison of the photon-normalized spectra, S̃(λ), of
the input pulses (gray) and those transmitted through a 110 mm-long
HOFI channel for (a) a pulse train with τ = 170 fs and Etrain =
(2.5 ± 0.5) J; (b) an unmodulated pulse with FWHM duration ∼1 ps
and E = (2.7 ± 0.5) J. S̃(λ) is shown near the resonance condi-
tion of the pulse train [blue; ne,res = (4.3 ± 0.3) × 1017 cm−3] and
for an off-resonant density [green, dashed; ne,0 = (1.4 ± 0.3) ×
1017 cm−3]. The photon-normalized spectra have been scaled to a
maximum value of unity for the input pulse.

plasma channel, the energy of the drive beam was reduced,
and the beam reimaged onto a 16-bit camera and a fiber-
coupled spectrometer. An example guided mode is shown in
Fig. 1(e).

The excitation of plasma waves by the drive pulse was
detected through changes in its spectrum [29]. The spectra
presented in Figs. 2 and 3 are photon normalized, defined
as S̃(λ) = λSmeas(λ)/

∫ ∞
0 λSmeas(λ)dλ, where Smeas(λ) is the

measured spectrum. Figure 2(a) shows S̃(λ) for an inci-
dent pulse train with total energy in the pulse train Etrain =
(2.5 ± 0.5) J and temporal pulse spacing τ = 170 fs, at on-
axis densities approximately equal to, and one third of, the
resonant value, ne,res ≈ 4.3 × 1017 cm−3. As expected, the in-
put spectrum of the pulse train is modulated by the Michelson
interferometer to yield N ≈ 10 uniformly spaced peaks. For
the off-resonant density, the spectrum of the transmitted train
is similar to that of the incident pulse, with some blue shifting
apparent in the region λ � 780 nm, likely caused by ioniza-
tion of the neutral gas collar [30,31] surrounding the HOFI
channel and of the gas plumes that extend beyond the target.
In contrast, at the resonant density, considerable red shifting
is observed, extending the bandwidth of the input beam by
more than 40 nm on the long wavelength side. The new red-
shifted light beyond 820 nm is seen to consist of a series of
peaks [22]; these arise from spectral modulation of the laser
pulse by the wakefield, which generates copies of the input
spectrum shifted by ±mωp for integer m. The peaks on the
blue side of the spectrum are not visible in Fig. 2, likely due
to the additional blue shift from ionization. We note that blue
shifting would have predominantly occurred for the first few
pulses in the train, and, since the pulse train was negatively
chirped, their initial spectra were on the blue side of the mean
wavelength.

The density-dependent red shift seen in Fig. 2(a) strongly
indicates resonant plasma wave excitation in the plasma

FIG. 3. Density dependence of S̃(λ) for: (a), (b) a pulse train with
τ = 170 fs, Etrain = (2.5 ± 0.5) J; and (c), (d) an unmodulated ∼1 ps,
(2.7 ± 0.5) J pulse. (a) and (c): S̃(λ), averaged in electron density
bins of width �ne,0 = 0.24 × 1017 cm−3. (b) and (d): mean values
of R [black squares] weighted by energy transmission; red circles
indicate bins containing data from only a single shot. The ne,0-error
bars are a combination of the uncertainties in the measured pressure
and the on-axis density calibration. The R-error bars represent the
standard error on the mean. In (b), individual data points are plotted
(gray circles) and the orange dotted line represents ne,res(τ = 170 fs).
Overlaid are the results of the fluid calculations for Etrain = 2.5 J
(green) and Etrain = 0.8 J (blue).

channel. To confirm this, we also measured the transmitted
spectra for a temporally smooth ∼1 ps drive pulse of similar
energy at on-axis densities matching those in Fig. 2(a). As
shown in Fig. 2(b), in this case no red shift was observed, and
the spectra were similar for both densities and were dominated
by blue shift of similar magnitude to that observed in Fig. 2(a).

Figure 3 shows the variation with on-axis plasma density of
the transmitted spectra when the drive was well guided [23]
by the plasma channel. To quantify the red shift we define
the red-shift metric R = ∑∞

λmin
S̃(λ), where λmin is the longest

wavelength in the input spectrum above the noise level. It is
evident from Figs. 3(a) and 3(b) that the spectra of the pulse
train driver exhibits a pronounced red shift for densities in
the range ne,0 = 4 − 5 × 1017 cm−3, which agrees with the
expected resonance density of ne,res = 4.3 × 1017 cm−3. For a
train of N identical laser pulses, the full width of the resonance
peak is expected [25] to be δne,0/ne,res ≈ 8/(3N ), correspond-
ing to δne,0 ≈ 1.2 × 1017 cm−3—in good agreement with the
measured FWHM in R of δne,0 ≈ 1.6 × 1017 cm−3. In con-
trast, Figs. 3(c) and 3(d) show that no resonance is observed
for the unmodulated drive pulse. Significant red shifting of
the unmodulated drive pulse is observed for ne,0 � 5.5 ×
1017 cm−3, likely caused by self-modulation [32–34] of the
long pulse.
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To provide further insight, we compared these measure-
ments with the results of an in-house 2D cylindrical fluid
code, benchmarked against the particle-in-cell (PIC) code
WARPX [35] (see [23]). The calculations used the retrieved
pulse train parameters and modeled the plasma channel as
an ideal fully ionized parabolic waveguide [23]. The code ig-
nores the effects of ionization by the laser pulse, and assumes
that the temporal envelope of the drive is unchanged by its
interaction with the plasma, and hence the code cannot model
self-modulation of the pulse.

Figure 3(b) shows the calculated R for the τ = 170 fs,
Etrain = 2.5 J pulse train in a plasma channel of length L =
110 mm. It can be seen that the position and width of the
calculated resonance peak agree closely with those observed
in the measurements. For some shots the measured R values
reach the calculated curve, but in most cases they are lower. In
order to understand this, the energy transmission of the train
was measured as a function of the plasma channel length [23].
For each cell length the measured energy transmission was
found to vary over a wide range, owing to the large pointing
jitter of the input pulse train. Shots for which the input beam
was well aligned with the channel axis were found to have an
input coupling of T0 = (64 ± 4)%, which is consistent with
|c0|2 = (71 ± 5)%, where c0 is the calculated [23] coupling
coefficient between the transverse amplitude profile of the
input beam and that of the lowest-order mode of the channel.
In contrast, the coupling coefficient deduced from all guided
shots is only T0 = (32 ± 13)%, which reflects the additional
losses arising from misalignment with respect to the channel
axis. Figure 3(b) shows that if the drive energy is reduced by
this factor, i.e., to Etrain = 800 mJ, the calculated variation of
R with density is in excellent agreement with the averaged
measurements. At the resonant density, the amplitude of the
wakefield driven by the τ = 170 fs pulse train is calculated
from the fluid simulation to be 10 GVm−1 (3 GVm−1) for
Etrain = 2.5 J (0.8 J).

Further evidence of resonant wakefield excitation is shown
in Fig. 4, which shows the measured and calculated variation
of R with on-axis density for pulse trains with τ = 200 fs and
170 fs. In this case, Etrain = (2.5 ± 0.5) J and L = 70 mm. It
can be seen that, for both pulse trains, the position, width,
and magnitude of the measured variation of R are consis-
tent with the calculation assuming Etrain = 0.8 J. At higher
densities, ne,0 � 7 × 1017 cm−3, red shifting arising from self-
modulation is again observed.

It has been previously shown that HOFI [27,28] chan-
nels achieve higher energy transmission when the wings of
the laser pulse have sufficient intensity to ionize the neu-
tral gas collar to form a conditioned [36,37] HOFI channel.
PIC simulations [23] of the present experiment indicate that
the leading three pulses in the train conditioned the HOFI
channel, allowing later pulses in the train to be guided
with low losses. We note that conditioning of the chan-
nel could also be achieved by employing a separate, short
pulse immediately ahead of the pulse train [30]; the required
energy of the conditioning pulse is ∼7 mJ per cm of the
channel, i.e., only 3% of the drive energy in the present
experiment.

In summary we have demonstrated guiding of a train
of N ≈ 10 short pulses, with a total pulse train energy of

FIG. 4. Variation of R with on-axis density for a plasma channel
of length L = 70 mm and for pulse trains of energy (2.7 ± 0.5) J and
pulse separation: (a) τ = 200 fs and (b) τ = 170 fs. The results of the
fluid calculations, assuming Etrain = 800 mJ, are shown by the blue
dashed lines. For each plot the expected resonant density is indicated
by the orange dotted line.

the order 1 J through 110 mm long plasma channels with
on-axis densities in the range 1017–1018 cm−3. The spectra
of the transmitted pulse trains were found to be strongly
red shifted when the plasma period was matched to the
pulse spacing in the train. In contrast, no such resonance in
the red shift was observed for an unmodulated drive pulse
of the same total energy and duration. Numerical simulations
were found to be in excellent agreement with the measure-
ments, and showed that, at resonance, the wake amplitude was
in the range 3 − 10 GVm−1, corresponding to an accelerator
stage energy gain of the order 1 GeV.

These results constitute the first demonstration of reso-
nant excitation of a plasma wave by a train of laser pulses
guided in a preformed plasma channel. The laser and plasma
parameters employed in this work are directly relevant to
the accelerator stage of the P-MoPA scheme [22], which
offers a route to achieving kilohertz-repetition-rate, GeV-
scale plasma accelerators driven by plasma modulation of
joule-scale, picosecond-duration laser pulses, such as those
provided by thin-disk lasers.

Data is available at [44].
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