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igaelectron volt (GeV) electron accelerators are essential
to synchrotron radiation facilities and free-electron
lasers, and as modules for high-energy particle physics.
Radiofrequency-based accelerators are limited to relatively low
accelerating ﬁelds (10−50 MV m−1 ), requiring tens to hundreds
of metres to reach the multi-GeV beam energies needed to drive
radiation sources, and many kilometres to generate particle
energies of interest to high-energy physics. Laser-wakeﬁeld
accelerators1,2 produce electric ﬁelds of the order 10–100 GV m−1
enabling compact devices. Previously, the required laser intensity
was not maintained over the distance needed to reach GeV
energies, and hence acceleration was limited to the 100 MeV
scale3–5 . Contrary to predictions that petawatt-class lasers
would be needed to reach GeV energies6,7 , here we demonstrate
production of a high-quality electron beam with 1 GeV energy
by channelling a 40 TW peak-power laser pulse in a 3.3-cm-long
gas-ﬁlled capillary discharge waveguide8,9 .
Although it is straightforward to achieve acceleration gradients
of 10−100 GV m−1 in laser-wakeﬁeld accelerators1,2 , until recently
the electron beams (e-beams) from such accelerators had
energies <200 MeV with 100% energy spread10 . A breakthrough
improvement in energy spread was obtained in 2004 by three
groups3–5 by interacting intense laser pulses with millimetre-scale
gas jets to generate 70–200 MeV beams with per-cent-level energy
spread. For example, by using relatively large spot sizes, rs = 18 μm
(1/e2 radius of the laser intensity proﬁle), 170 MeV e-beams
were produced in 1–2-mm-long gas jets with the order of 0.5 nC
bunch charge using 30 fs, 30 TW laser pulses5 . Using a 2-mm-long
preformed plasma channel2 in a gas jet to guide the driving laser
beam4,11,12 , enabled the production of 85 MeV e-beams containing
0.3 nC bunch charge, with only 9 TW of laser peak power.
To scale laser-driven accelerators to GeV electron energies and
beyond, two approaches had been proposed: (1) operate in initially
uniform plasmas7,13 with petawatt (PW)-scale lasers and large laser
spot sizes, or (2) channel guide the laser beam over centimetre-scale
distances2,14,15 . Without guiding (for example, without self-focusing
or preformed channels), the laser–plasma interaction length is

G

limited to the order of the Rayleigh range, ZR , (a few millimetres for
rs = 25 μm). Relativistic self-guiding2,14 can extend the propagation
distance of high-power pulses due to self-consistent modiﬁcation of
the plasma refractive index, but is limited by nonlinear eﬀects such
as the erosion of the leading edge of the laser pulse16 . Obtaining
GeV energies without a channel therefore requires large laser spot
sizes that increase ZR , but also increase the required laser power
to PW levels6,7 and can result in an undesirable increase in the
e-beam emittance.
A more eﬃcient approach relies on channelling laser beams
with smaller spot sizes over centimetre-scale distances. Theory
and simulation indicate that such channel-guided accelerators
could produce GeV e-beams with 10–50 TW of laser power2,4,14 .
However, simply making the accelerator longer is not suﬃcient.
Phase slippage occurs between relativistic particles and the wake,
because the wake has a phase velocity less than the vacuum speed
of light. The linear dephasing length, Ld = l3p /l2 ∝ np−3/2 , over
which electrons outrun the wake and slip into the decelerating
phase, limits the distance over which acceleration occurs. Here
lp is the plasma wavelength, l is the laser wavelength and np
is the plasma density. For laser intensities I ≤ 1018 W cm−2 , a
rough estimate of the electron energy gain over a distance Ld in
a channel-guided laser-wakeﬁeld accelerator2,14 can be obtained
from W (GeV) ∼ 0.4I (Wcm−2 )/np (cm−3 ) ∼ 0.9(lp /rs )2 P (TW);
where P is the laser peak power (in TW). In the 2004 experiments,
matching acceleration length to Ld led to the production of lowenergy-spread e-beams3–5 .
Previously we created plasma channels17 in a gas jet with the
‘ignitor-heater’ technique, where a plasma column is ionized and
then heated by two precursor laser pulses4,11,18 . Owing to laser
heating being ineﬃcient at low densities, suitable plasma channels
could only be produced at densities >1019 cm−3 , limiting Ld and
restricting e-beam energies to about 100 MeV.
We overcame the limitations of gas-jet experiments by using a
gas-ﬁlled capillary discharge waveguide8,9 to guide relativistically
intense laser pulses in centimetre-scale, lower density plasma
channels. The experiments used a 10 Hz repetition rate Ti:sapphire
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Figure 1 Schematic diagram of the capillary-guided laser-wakeﬁeld
accelerator. The plasma channel was formed in a hydrogen-ﬁlled capillary
discharge waveguide (see inset). Hydrogen gas was introduced into the capillary
waveguide using two gas slots in the 225 μm capillary and three in the 310 μm
capillary. A discharge was struck between two electrodes located at each end of the
waveguide, using a high-voltage pulser. The pulser used a 2.7 nF capacitor charged
to 20 kV. The laser beam was focused onto the entrance of the capillary using an
f/25 off-axis parabola (OAP). The guiding efﬁciency was measured using a pair of
optical diodes (diode 1 and 2) that monitored the amount of laser energy at the
entrance and exit of the capillary. The laser beam exiting the capillary was
monitored on a 12-bit charge-coupled device camera (20 μm resolution), after
having been attenuated with a pair of reﬂective wedges and optical attenuators. The
e-beam was analysed using an integrating current transformer (ICT) and a 1.2 T
broadband magnetic spectrometer (energy range of 0.03–0.15 and 0.175–1.1 GeV
in a single shot). The e-beam was deﬂected downwards (into the page) and detected
using phosphor screens imaged onto four synchronously triggered charge-coupled
device cameras (not shown).

laser system (l = 810 nm) delivering pulses as short as 40 fs
full-width at half-maximum with up to 40 TW peak power
(Fig. 1). These pulses were focused by a 2 m focal length oﬀaxis parabola (f /25) to rs = 25 μm at the capillary entrance. The
capillaries8 were laser-machined into 33-mm-long sapphire blocks
with diameters ranging from 190 μm to 310 μm. Hydrogen gas,
introduced through holes near the capillary ends, was ionized
by striking a discharge between electrodes at the capillary ends.
Measurements8 and modelling19,20 showed that a fully ionized,
approximately parabolic channel is formed. Previous experiments9
demonstrated channelling of non-relativistically intense laser
17
−2
pulses with I <
∼ 10 W cm in 30–50-mm-long capillaries, which
did not generate e-beams.
Guiding was optimized by adjusting the initial gas density
and the delay between onset of the discharge current and arrival
of the laser pulse (see Fig. 2a). Channel transmission correlated
with discharge current (Fig. 2a) and, for low power (<5 TW),
transmission was above 90% for densities ranging from 1.0 to
4.0 × 1018 cm−3 in a ∼100 ns timing window. Figure 2b,c shows
laser beam proﬁles at the waveguide entrance and exit for 40 TW
laser pulses with an input intensity ∼1018 W cm−2 and a plasma
density of 2.7 × 1018 cm−3 . This intensity is suﬃciently high for
large-amplitude wake generation, self-trapping and high-gradient
electron acceleration as observed in the experiment (see below).
The guiding performance was highly sensitive to input-beam
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Figure 2 Capillary transmission at 5 TW peak input power versus time of arrival
of the laser pulse after the onset of the discharge, and mode proﬁles of the
input and output laser beam at 40 TW peak power. a, The discharge current (solid
line, right axis) and laser pulse energy transmission (circles, left axis) versus arrival
time of the laser at the capillary for laser pulses <5 TW. The dotted curve is the
average transmission. b,c, The transverse spatial proﬁles of laser pulses with an
input peak power of 40 TW at the entrance (b) and exit (c) of the 3.3-cm-long
gas-ﬁlled capillary discharge waveguide (diameter = 190 μm). The blue (red) curve
is the horizontal (vertical) lineout. The horizontal and vertical spot sizes at the
entrance were rsx = 25 μm and rsy = 27 μm, respectively, and rsx = 31 μm and
rsy = 34 μm at the exit. The plasma density was 3.2× 1018 cm−3 . The 20%
increase in spot size at the exit may be caused by imperfect mode matching. The
energy transmission at this laser power was about 65%. Combined with the
increase in laser spot size this results in a decrease in laser peak ﬂuence from
1.3× 105 J cm−2 to 0.5× 105 J cm−2 . Assuming that the laser pulse duration
remains constant between the entrance and exit of the capillary, the peak intensity
of the laser was reduced from 3 to 1.2× 1018 W cm−2 .

alignment, with 15 μm displacement away from the optimum
location (based on the quality of the guided beam) resulting in
transmission drops of the order of 20%. Note that without a
preformed plasma channel (laser injected ahead of discharge),
transmission was below 5% and bulk damage was sustained to
the capillary channel walls, indicating that self-ionization and
relativistic self-focusing could not be relied on for guiding, as
expected from short-pulse propagation theory16 .
Electron bunch energy was measured by a 1.2 T singleshot magnetic spectrometer that deﬂected the electrons vertically
downwards onto a 1.2-m-long phosphor screen, covering energies
from 0.03 GeV to 1.1 GeV. E-beam divergence and energy
spread were calculated from the data assuming a symmetric
e-beam proﬁle, and by using the imaging properties of the
spectrometer, obtained from magnetic ﬁeld maps and a secondorder electron transport model21 . Divergence was determined from
the e-beam size in the horizontal plane, taking into account the
transverse defocusing properties of the magnet. Energy spread
was calculated by deconvolving the eﬀect of ﬁnite divergence
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Figure 3 Single-shot e-beam spectra of the capillary-guided accelerator. a,b, Examples of bunches at 0.50+0.02
−0.015 GeV (5.6% r.m.s. energy spread, 2.0 mrad divergence
r.m.s., ∼50 pC charge) (a) and 1.0+0.08
−0.05 GeV (2.5% r.m.s. energy spread, 1.6 mrad divergence r.m.s., ∼30 pC) (b). The horizontal axis is the beam energy and the vertical axis
is the beam size in the undeﬂected (horizontal) plane. The colour scale denotes the bunch charge in pC GeV−1 sr−1 . The 0.5 GeV (1.0 GeV) beam shown was obtained in the
225 (310) μm capillary with a density of 3.5× 1018 (4.3× 1018 ) cm−3 and input laser power of 12 TW (40 TW). The black stripe denotes the energy range not measured by
the spectrometer. In b, a second beam at 0.8 GeV is also visible. Note that the energy spread and divergence are obtained after including the imaging properties of the
spectrometer. The energy spread at 1 GeV may actually be less as the energy resolution is limited to 2.4% at 1 GeV and there is slight saturation of the image. c,d, Vertically
integrated spectra for the 0.5 (c) and 1.0 GeV (d) beams. The vertical axis is the charge density in pC GeV−1 . The vertical error bar arises from uncertainty in calibration of the
phosphor screen as a charge monitor (±17%). The horizontal error bar is due to the uncertainty in entrance angle of the e-beam resulting in an uncertainty in its energy. The
spectrometer did not use an input slit, but the angular acceptance was limited by the transport beam pipe. For the 0.5 GeV (1 GeV) beam, this gives an uncertainty in central
energy of +2%,−1.5% (+8%,−5%). In addition, for the 0.5 GeV beam, sufﬁcient statistics were obtained to include the shot-to-shot ﬂuctuation, which amounted to ±5%
in mean energy and ±30% in charge. Hence, the convolution of those factors are shown in c, which are +5.4%,−5.2% in mean energy and ±34% in charge. The
ﬂuctuation in central energy was correlated with ﬂuctuations in laser power.

from the measured e-beam proﬁle. Charge was obtained from the
phosphor screen, which was cross-calibrated against an integrating
current transformer.
Figure 3 shows energy spectra of (a) 0.5 GeV and (b) 1.0 GeV
beams, obtained with 12 TW (73 fs input) and 40 TW (38 fs input)
laser pulses, respectively. In both cases the e-beams had per-centlevel energy spread and a divergence of 1.2–2.0 mrad (r.m.s.).
Beams at ∼0.5 GeV were obtained using a 225-μm-diameter
capillary for a density of 3.2 to 3.8 × 1018 cm−3 and for laser power
ranging from as low as 12 TW (using 73 fs) to 18 TW (using 40 fs).
The laser pulse energy transmission was observed to decrease from
near 100% for input powers below 5 TW to less than 70% for input
powers above 18 TW, consistent with laser energy transfer to the
wake and e-beams.
The performance of the 225-μm-diameter capillary-guided
accelerator was found to be reproducible for delays between the
laser arrival and onset of the discharge of 80–110 ns (that is, a
30 ns timing window) and 12 TW laser peak power. Every laser
shot resulted in an e-beam at 0.48 GeV ± 6% and an r.m.s. spread
<5%. Fluctuations in e-beam energy were directly correlated with
those in laser power. For lower power (<12 TW) no e-beams
were observed, suggesting that the wake amplitude was below the
self-trapping threshold. For higher power (>12 TW), the e-beam

spectra typically showed signiﬁcant structure (larger spread and
multiple spots) and had much larger divergence, consistent with the
wakeﬁelds exhibiting strong transverse structure in these relatively
narrow channels, with a correspondingly strong impact on trapping
(transverse wavebreaking) and focusing of the beams. In addition,
the e-beam energy was lower and the bunch charge higher,
suggesting that at these higher power levels more particles are
trapped and that trapping occurs sooner in the channel, resulting
in signiﬁcant beam loading and reduction of the wakeﬁeld as well
as improper matching of the acceleration length to Ld .
The GeV e-beam was obtained in a 310-μm-diameter channel
capillary for P = 40 TW and a density 4.3 × 1018 cm−3 . In this
larger diameter channel, transverse wakeﬁelds are reduced but the
guiding properties are less ideal as this capillary requires a larger
input spot size for matching than was used in the experiments.
For lower laser power (<38 TW), no e-beams were observed. For
higher laser powers, the spectrum always showed structure with
signiﬁcant shot-to-shot ﬂuctuations due in part to the self-trapping
mechanism being sensitive to small variations in the laser and
plasma parameters11 . The dynamics of trapping, dephasing, beam
loading11,22 and hosing23 may be responsible for the second spatially
displaced bunch observed near 0.8 GeV in Fig. 3b. Such features are
observed in numerical simulations, owing to trapping of a second
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electron bunch in a wake bucket behind the ﬁrst11,22 . These issues as
well as the importance of matching Ld in these structures are being
further explored.
Although the performance of the accelerator at 1 GeV (310-μmdiameter capillary) was less stable than at 0.5 GeV (225-μmdiameter capillary), it demonstrates the possibility of compact GeV
accelerators driven by only a few tens of TW of laser power. To
ensure stability may require some means of controlled particle
injection via laser triggering24,25 .
For rs = 25 μm, the simple scaling law discussed above predicts
∼0.27 GeV using 18 TW and np = 3 × 1018 cm−3 ; and ∼0.5 GeV
using 40 TW and np = 4 × 1018 cm−3 . These values are about a
factor of two lower than the measured maximum electron energy
(Fig. 3). Contrary to the experiment, however, the simple scaling
laws do not include the full channel properties, nor eﬀects of laser
pulse evolution, self-focusing and e-beam loading on the plasma
wake. For example, simulations indicate that pulse evolution is
essential to the trapping and acceleration process. As the pulse
propagates, it self-modulates and steepens such that the plasma
electrons are completely blown out from the region of the axis
(cavitation or bubble regime13 ), at which point electrons are selftrapped and accelerated from the background plasma in a manner
similar to that described in previous experiments on high-quality
beam production at the 100 MeV level4,11 .
The GeV-class electron beams from these centimetre-scale
structures oﬀer unique applications. The short wavelength
of the plasma accelerating structure results in femtosecondduration bunches26 (>10 kA peak current), well suited for driving
pulsed radiation sources. These devices may allow compact
femtosecond free-electron lasers producing keV X-rays using
existing centimetre-scale period undulators and, in general,
provide intrinsically synchronized sources of femtosecond pulses of
electrons and radiation tunable from X-ray27 to THz28 frequencies.
Furthermore, it is anticipated that longer accelerating structures
can be made by staging capillary discharge waveguides, thereby
opening a path to compact accelerators beyond the multi-GeV level
for high-energy physics applications.
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