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Abstract. The generation of GeV-scale electron beams in a gas-filled capillary
discharge waveguide with good reproducibility is discussed. Beams of electrons
with energies above 900 MeV, and with root-mean-square divergences of
3.5 mrad, are observed for a plasma density of 2.2 × 1018 cm−3 and a peak input
laser power of 55 TW. The variation of the maximum electron energy with
the plasma density is measured and found to agree well with simple models.
Injection and acceleration of electrons at the to date lowest plasma density
of 3.2 × 1017 cm−3 are reported. The energy spectra of the generated electron
beams exhibit good shot-to-shot reproducibility, with the observed variations
attributable to the measured shot-to-shot jitter of the laser parameters. Two
methods for correcting the effect of beam pointing variations on the measured
energy spectrum are described.
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1. Introduction

As first recognized by Tajima and Dawson in 1979 [1], longitudinal plasma waves excited by
intense laser pulses contain intense electric fields that are well suited to accelerating charged
particles to relativistic energies. This concept was later extended to plasma waves driven by
particle beams [2]. For both laser- and beam-driven plasma accelerators, the accelerating electric
field is three or four orders of magnitude greater than can be achieved in conventional radio-
frequency accelerators, allowing a corresponding reduction in the accelerator length.

Laser-driven plasma accelerators operate in several regimes, depending on the intensity of
the driving laser pulse, the density of the plasma and the duration of the laser pulse relative
to the plasma period. A comprehensive review of the physics of these regimes has recently
been provided by Esarey et al [3]. In the experiments reported here, a single laser pulse with
a duration less than the plasma period Tp = 2π/ωp excites a plasma wave via the action of
the ponderomotive force; here ωp = (nee2/γ meε0)

1/2 is the angular plasma frequency, ne is the
plasma density and γ is the relativistic factor of the quivering electrons. This force pushes
charged particles away from regions of high spatial gradients in the pulse intensity and, as the
mass of the plasma ions greatly exceeds that of the plasma electrons, the ions can be considered
to remain essentially stationary while the electrons are pushed away from the region of the
laser pulse. The resulting charge separation sets up a plasma density wave—known as a plasma
wakefield—which trails the laser pulse. The longitudinal electric fields within the plasma wave
can reach magnitudes of the order of the cold wave-breaking limit E0 = mecωp/e, which for
typical plasma densities of order ne ≈ 1018 cm−3 gives E0 ≈ 100 GeV m−1.

In early work on laser-driven plasma accelerators, the generated electron beams had a very
broad energy spectrum, but in 2004 three groups reported the generation of beams with quasi-
monoenergetic energy spectra in the 100–200 MeV range. In that work, the target plasma was
formed by ionization of a gas jet by the driving laser [4, 5], or a plasma channel formed by
additional laser pulses [6]. In 2006 the energy of laser-accelerated electron beams was increased
to 1 GeV by channelling the driving laser pulse in the plasma channel formed in a capillary
discharge waveguide [7, 8], and subsequently electrons with GeV-scale energies were produced
by laser-driven acceleration in the plasma channel [9–12] and in gas jets or gas cells [13–16].

In this paper, we discuss the results of experiments on electron acceleration in plasma
channels formed in capillary discharge waveguides. We present the results of a study of the
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dependence of the electron energy on the plasma density, and report GeV-scale electron energies
produced by laser pulses with a peak power of P = 55 TW, which is double the laser power
employed by Karsch et al [9] and Ibbotson et al [10, 11] and 40% of the laser power used
by Lu et al [12]. The shot-to-shot reproducibility of the electron beams is investigated and
compared with variations in the parameters of the driving laser pulse. We compare two methods
for correcting the electron energy spectra recorded for generated electron beams that propagate
at an angle to the spectrometer axis. Finally, we report on injection and acceleration of electrons
at the lowest plasma densities reported to date, a result that is promising for future experiments
with greater energy gain per stage.

The paper is arranged as follows. In section 2, the benefits of plasma accelerators driven
in waveguides are introduced. Section 3 describes in detail the experimental arrangement
employed in this work, and the results are presented in section 4.

2. Plasma accelerators driven in waveguides

We first briefly discuss the operation of plasma accelerators driven within a waveguide structure.
In a uniform plasma the phase velocity of a laser-driven plasma wave is close to, but

slightly less than, c since the laser pulse propagates with a group velocity vg < c. The small
difference in the velocity of the accelerated electrons, which for relativistic energies is very
close to c, and the velocity of the plasma wave causes the accelerated electron bunch to outrun
the plasma wave. The electron bunch moves from an accelerating phase to a decelerating one
after the dephasing length Ld. For nonlinear plasma waves, i.e. wakefields driven by laser pulses
with a normalized vector potential a0 > 1, where a0 = eA/mec and A is the vector potential of
the laser field, the dephasing length can be written [17] as Ld = (4/3)(ω2

0/ω
3
p)c

√
a0. Since the

peak accelerating field E0 is proportional to ωp, the maximum energy gain per stage scales
as Wmax ∝ E0Ld ∝ 1/ω2

p ∝ 1/ne. For these reasons there is considerable interest in driving
plasma accelerators at lower plasma densities, and over longer distances, thereby yielding higher
particle energy gain per accelerator stage.

For low laser intensities, corresponding to a0 � 1, a linear wakefield is formed in which
the relative amplitude of the plasma wave δne/ne � 1 and the wakefield is sinusoidal [3]. For
higher values of a0, the wake becomes nonlinear and loses its simple sinusoidal form [3]. At
still higher values of a0, the ‘blowout’ or ‘bubble’ regime is reached in which the laser pulse
expels essentially all the electrons from the axis, leaving an approximately spherical cavity with
ideal focusing and accelerating properties [18]. This regime is of particular current interest since
electrons from the target plasma can be self-injected at the back of the bubble, and subsequently
accelerated to high energy [19]. Reaching the bubble regime requires a0 > 2 and that the laser
spot size w0 is properly matched to the plasma skin depth, i.e. w0 = wsf ≡ 2k−1

p
√

a0. Here the
spot size is defined for a laser pulse with a Gaussian transverse intensity profile of the form
I (r) = I (0) exp

[
−2(r/w0)

2
]

in which r is the distance from the axis of propagation.
To reach the high laser intensities needed to drive the bubble regime, it is necessary to focus

the laser pulse to a small spot size. However, this also means that the laser pulse will tend to
diffract, limiting the distance for which the plasma wave has significant amplitude, and hence
the energy gained by particles trapped in the wake. The pulse will diffract significantly over a
distance of the order of the Rayleigh range zR = πw2

0/λ, where λ is the laser wavelength [20].
Extending the acceleration length beyond the limit set by diffraction requires that the laser

pulse be guided by some mechanism. In general, guiding can be achieved if the transverse
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refractive index is of the ‘step-index’ or ‘gradient-index’ type. Low-loss guiding of high-
power laser pulses in step-index waveguides formed by a hollow-core capillary has been
demonstrated [21, 22] and the amplitude of plasma waves driven in these structures has been
measured [23]. Here we concentrate on gradient-index guiding; this can occur naturally, through
variations of the relativistic motion of the plasma electrons, or by providing a plasma channel
in which the density of the plasma varies with the transverse coordinate.

The refractive index of a plasma is given by η =
[
1 − (ω2

p/ω
2
0)

]1/2
≈ 1 − nee2/2γ meε0ω

2
0,

where the approximation holds if ω0 � ωp. Gradient refractive index guiding requires that the
transverse refractive index profile is peaked on the propagation axis [24]. A transverse refractive
index profile of the correct form develops naturally through the transverse variation of the
γ -factor of the plasma electrons oscillating in the driving laser field: since the laser intensity
profile is peaked on-axis, γ —and hence η—will also be peaked on-axis. This leads to relativistic
self-focusing [25] for laser powers P > Pc ≡ 17.4(ωp/ω0)

2 GW. A relativistically self-focused
laser pulse will drive a nonlinear plasma wave, and as such will experience longitudinal and
transverse variations of the plasma density; at the front of the laser pulse the transverse density
profile tends to cancel the effect of relativistic self-focusing, and hence—in the absence of an
external waveguide—the front of the pulse diffracts essentially freely [17, 25]. As discussed
by Lu et al [17], in such cases the laser pulse can still be considered to be effectively self-
guided if the rate at which the pulse loses energy to driving the plasma wave exceeds the rate at
which energy is diffracted away. This leads to a condition for self-guiding of a0 > (ω0/ωp)

2/5;
assuming that the pulse is self-focused to the matched self-focused spot size wsf, the condition
on the laser power for self-guiding becomes P > Pdiff

c = (1/8)(ω0/ωp)
6/5 Pc. For the parameters

of interest in this work, Pdiff
c > Pc and hence the laser power requirement for self-guiding is

significantly greater than that required for self-focusing alone.
For laser powers below Pdiff

c , the bubble regime can be driven over long distances if the
front of the laser pulse is guided by a waveguide. It can be shown [17] that the conditions for
reaching the bubble regime—i.e. a0 > 2 and w0 ≈ wsf—correspond to P > Pc; hence the back
of the laser pulse will be focused by relativistic self-focusing and the transverse density profile
of the bubble, while the front is guided only by the external waveguide.

In a plasma, a gradient refractive index waveguide is formed if the transverse
plasma density profile has a minimum on-axis. Plasma channels of this type have been
generated by several methods, including hydrodynamic expansion of a laser-produced
spark [26, 27], discharge-ablated capillaries [28], z-pinch capillary discharges [29], open-
geometry discharges [30] and gas-filled capillary discharges [31]. In this paper, we will
describe experiments on electron acceleration in gas-filled capillary discharge waveguides.
Waveguides of this type have been shown [31, 32] to guide laser pulses with peak intensities
above 1017 W cm−2 over distances up to 50 mm and have been used in several experiments
on laser-driven plasma accelerators [7, 9–11, 33], including the generation of GeV electron
beams for the first time [7, 8]. The operation of these waveguides has been described in
detail previously [34, 35]. Briefly, hydrogen gas flows into a capillary with a diameter of
200–300 µm and tens of millimetres in length. A pulsed discharge, with a peak current of
300–500 A and of approximately 200 ns half-period, flows through the capillary; this ionizes
the gas and establishes a plasma channel through thermal conduction of heat to the capillary
wall.
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Figure 1. Schematic diagram of the experimental setup employed.

3. Experimental setup

The experiments described here were performed with the North beam of the Astra-Gemini laser
using a similar arrangement to earlier work [10], as shown in figure 1.

The Astra-Gemini laser is a dual-beam Ti:sapphire laser system and has been described in
detail elsewhere [36]. The two beams, labelled North and South, are compressed in separate
compressors; owing to problems with the South compressor, for the experiments described
in this paper the amplified South beam was temporally compressed in the North compressor.
This required the uncompressed beam to propagate through ≈1 m of air which could not be
fully shielded against air currents, and this may have increased the shot-to-shot jitter in the on-
target beam pointing, which for this experiment was found to be 8 µrad. We note that pointing
stabilization systems [37] can reduce this jitter to less than 3 µrad.

Laser pulses were focused on the entrance plane of the capillary waveguide by an off-axis
paraboloid of f = 3 m focal length used at f/20. A soft aperture was placed in the beam, prior
to the final laser amplifier, to improve the focal spot quality. As shown in figure 2, this increased
the fraction of energy contained within the half-peak-intensity contour of the focal spot from 32
to 38%, which may be compared with a fraction of 50% expected for an ideal Gaussian beam.
Apodizing the beam limited the maximum on-target energy to 4.2 J, of which approximately
(0.38/0.5) × 4.2 J = 3.2 J can be estimated to be contained within the lowest-order Gaussian
mode. The soft aperture was used for all measurements reported in this paper; unless stated
otherwise, the laser pulse energies and peak powers and intensities given in this paper are the
estimated on-target energy contained within the lowest-order Gaussian mode. With the aperture
in place the transverse intensity profile of the focal spot was measured to have a full-width
at half maximum (FWHM) of 41 µm at the entrance of the capillary. The temporal profile of
the incident laser pulse was characterized with a GRENOUILLE [38] from which the FWHM
duration of the pulses was determined to be τ = 55 fs. Assuming an effective laser pulse energy
of 3.2 J, the maximum incident peak power, focal intensity and normalized vector potential were
P = 55 TW, I = 2.9 × 1018 W cm−2 and a0,in = 1.1, respectively.

For these experiments the capillary discharge waveguide employed 33 mm long, 300 µm
diameter capillaries laser machined into sapphire blocks [39]. An image of the capillary and

New Journal of Physics 15 (2013) 045024 (http://www.njp.org/)

http://www.njp.org/


6

Figure 2. (left) The laser spot recorded at focus without (a) and with (b) a
soft aperture placed in the beam prior to the final amplifier. (right) Annotated
photograph of the capillary discharge waveguide and its supporting structure.

its support structure is shown in figure 2. The capillary was filled with hydrogen gas via
two gas slots of 650 µm diameter located 4 mm from each end of the capillary. The plasma
channel was formed by a discharge pulse with a peak current of 500 A and a 200 ns half
period. The matched spot size of the channel formed, and the axial plasma density ne were
determined from the initial gas pressure, measured in the gas supply line, and scaling laws
deduced from interferometric measurements of square channels [40]. The scaling laws are
valid from 0.3 × 1018 to 3.3 × 1018 cm−3 for capillaries of diameter 125–465 µm; for a 300 µm
diameter capillary and a plasma density of 2.2 × 1018 cm−3, the matched spot size is 46 µm.
The estimated error in the axial plasma density from the scaling law is approximately 10% at
an axial density of 1 × 1018 cm−3. Note that although the interferometric measurements were
performed with square-sided capillaries, numerical simulations show that the cross-sectional
shape of the capillary has little effect on the matched spot size and axial electron density of the
plasma channel [41].

A 102.6 mm diameter wedge (W 1), in which a 20 mm diameter hole had been drilled at 45o

to the normal, was placed approximately 1.6 m from the exit of the capillary and oriented at 45o

to the propagation axis of the laser. Laser light transmitted through the capillary was reflected
from the front surface of the wedge onto a second wedge (W 2) of 254 mm diameter and then to
a spherical mirror (SM1) of focal length 2540 mm, arranged so as to retro-reflect and collimate
the beam. The collimated beam passed through W 2 and out of the vacuum chamber, and was
refocused using a combination of a wedge and spherical mirror equivalent to that used in the
chamber to collimate the beam. Several diagnostics measured the properties of the transmitted
laser radiation: (i) a CCD camera to image the transverse intensity profile of the laser in either
the entrance or exit plane of the capillary (the object plane being determined by the position of
SM1); (ii) a photodiode to measure the transmitted laser energy; (iii) an optical spectrometer;
and (iv) a GRENOUILLE to measure the temporal profile of the pulse.

Electrons accelerated within the plasma channel passed through the hole in W 1 and were
dispersed by the magnetic field produced by two permanent dipole magnets. Each dipole magnet
produced a field of 0.78 T in a region 0.4 m (parallel to the laser axis) by 0.15 m (horizontal)
by 0.04 m (vertical). The dipole magnets were separated by 0.05 m in the direction parallel to
the laser axis; the second dipole was offset in the horizontal plane by 0.05 m to increase the
path of high-energy electrons in the magnetic field. The deflected electron beams were detected
by a 1 m long Lanex screen, the phosphorescence from which was imaged by a pair of CCD
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(a)

(b)

Figure 3. Sketch of the experimental setups of the electron spectrometer to
correct for off-axis electron beam propagation using (a) the Pointing Lanex
method and (b) the two-screen method.

cameras. Laser light and ambient light from the target area were prevented from entering the
cameras objectives by bandpass interference filters with a centre wavelength of 550 nm and a
bandwidth of 50 nm.

3.1. Measurement of the electron energy spectrum

As illustrated in figure 3, two dual-screen systems were incorporated to overcome potential
errors in the measurement of the electron energy arising from variations in the pointing of
the generated electron beams. In the first method, shown in figure 3(a), W 1 could be replaced
by a thin Lanex screen (the ‘Pointing Lanex’). The Pointing Lanex comprised a Lanex screen
(Kodak, Intensifying Screen Regular) oriented with its back facing the incident electron beam
and covered by a 11 µm thick Al foil to block the laser light. Phosphorescence from the front
of the Pointing Lanex was imaged by a CCD camera. Since the electron bunch is known to
originate within a few µm of the centre of the exit plane of the capillary, measurement of
the position of the electron bunch in the plane of the Pointing Lanex yields the position and
propagation vector of the beam as it enters the electron spectrometer. From this information,
and the known field map of the dipole magnets, the energy calibration of the spectrometer can
be calculated for each laser shot.

Figure 3(b) shows an alternative arrangement for beam-pointing correction in which the
electron bunch position and propagation vector at the entrance of the spectrometer is deduced
from the image of the dispersed electron beam recorded on two screens located after the dipole
magnets [42, 43]. This method also yields all the information needed to deduce the position
and propagation vector of the electron bunch as it enters the magnetic field, although different
procedures are required for mono-energetic and broad-band electron spectra. A mono-energetic
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Figure 4. Examples of electron energy spectra recorded before (dashed) and after
(solid) correction for off-axis propagation of the electron beam by the Pointing
Lanex (black) and two-screen (red) methods on two separate shots.

beam produces a distinct spot on each screen, and since the beam trajectory in this field-free
region is a straight line, the position and propagation vector of the beam as it leaves the magnetic
field may be deduced. From this information the trajectory through the magnetic field may be
calculated for a given electron energy, and hence the apparent position and propagation vector
of the electron beam in the exit plane of the capillary can be found. A retrieval algorithm then
adjusts the energy of the electron beam until the beam position in the exit plane of the capillary is
closest to the centre of the capillary; this yields the energy of the beam and the energy calibration
of the spectrometer for that shot.

This approach cannot be used with broad-band electron beams since, in general, the energy
spectra have no distinguishing features. To overcome this, lead bars were placed between the two
Lanex screens in order to imprint holes in the energy spectrum recorded by the second Lanex
screen [44]. The known locations of the lead bars and the measured positions of the spectral
holes could then be used to calibrate the spectrometer using the same algorithm used for mono-
energetic electron beams. Note that the (corrected) energy spectrum recorded by Lanex Screen
1 is unaffected by the lead bars.

An example of the energy correction determined by the Pointing Lanex method is shown
in figure 4. It can be seen that in this case correcting for the off-axis propagation of the electron
beam increases the energy of the peak in the electron spectrum from 696 to 765 MeV, an increase
of 9.9%. For other shots, correction of the energy spectrum reduced the electron energies: for
those shots yielding a positive energy correction, the average increase was 6.4%; for those shots
with a negative correction, the average decrease was 2.5%. We note that this method was very
easy to implement and, at least for these highly relativistic electron beams, scattering of the
electron beam by the Pointing Lanex did not appreciably degrade the recorded energy spectrum
on Lanex Screen 1.

Figure 4 shows an example of energy correction using the two-screen method; in this case
the correction increases the energy of the peak by 7% to 266 MeV. It is worth noting that for
this method it was found that the total beam charge had to be above 20 pC for the spectrum
recorded by Lanex Screen 2 to be measurable. Further, if the electron beam propagated at large
angles to the system axis it missed the second Lanex screen, preventing correction of the energy
spectrum. A further consideration is that the two-screen method requires significant additional
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Figure 5. A typical electron spectrum recorded on Lanex Screen 1. The
uncorrected spectrum (dashed) is corrected (solid) for off-axis electron beam
pointing, but not for variations of the energy or pointing of the incident laser
pulse. For this shot the axial plasma density was set to 2.2 × 1018 cm−3, the laser
pulse energy was 3.2 J, the maximum incident peak power and focal intensity
were P = 55 TW and I = 2.9 × 1018 W cm−2, respectively, and the laser was
timed to arrive within 10.1 ± 2.8 ns of the peak of the discharge current.

space—in our case approximately 1 × 1 m2—behind the dipole magnets, and hence overall this
method is less convenient.

4. Generated electron beams

Electron energy spectra were recorded for a wide range of axial plasma densities, laser energies,
and the delays τD between the onset of the discharge and the arrival of the laser. From this
initial survey, the optimum conditions for electron beam generation were found to be an axial
plasma density of 2.2 × 1018 cm−3 and the laser pulse timed to arrive at the plasma channel
within (10.1 ± 2.8) ns of the peak of the discharge current. The laser pulse energy reaching
the capillary, contained within the lowest-order Gaussian beam, was 3.2 J, corresponding to a
maximum incident peak power and focal intensity of P = 55 TW and I = 2.9 × 1018 W cm−2,
respectively.

Figure 5 presents a typical electron energy spectrum recorded for these conditions, showing
two distinct peaks at 512 and 826 MeV. Double-peaked spectra of this type were observed on
most shots. The mean peak energies and charges of these were obtained by fitting a double
Gaussian distribution to the measured spectra, and were found to be: for the lower-energy
peak, (511 ± 77) MeV and (9.2 ± 3.4) pC; for the higher-energy peak, (768 ± 56) MeV and
(10.5 ± 3.6) pC.

Dual-peak spectra of this form could arise either by trapping of electrons in two ‘buckets’
of the plasma wave at different points along the length of the plasma channel, or by hybrid
acceleration of the type considered by Hidding et al [50] in which the first electron bunch drives
its own wakefield which can then accelerate a trailing electron bunch to a higher energy than
the first bunch. Particle-in-cell simulations are being undertaken to elucidate the details of the
mechanisms responsible for electron trapping and acceleration in our experiments.

For the above-mentioned laser and plasma conditions, the root-mean-square (rms) variation
of the beam pointing recorded by the Pointing Lanex was found to be 3.1 mrad. As summarized
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Table 1. Summary of measured electron beam divergence and beam pointing
fluctuations for selected laser-driven plasma accelerators. The referenced papers
are displayed in order of electron energy. For single-shot results and where
pointing results were not reported a dash is displayed.

Energy FWHM divergence rms pointing
Authors Method (MeV) (mrad) (mrad)

This paper } S 0991 3.5 3.1
Leemans et al [7] } S 1000 1.6a –
Kneip et al [13] Y S 0800 3.6b 4.0
Ibbotson et al [10] } S 540 3.9 (h), 5.4 (v)b 4.6 (h), 2.4 (v)
Gonsalves et al [45] }Y D 341 2.5 0.6
Osterhoff et al [46] � S 200 2.1 1.4
Pak et al [47] Y S 092 6.0 (h), 12.6 (v)c –
Rechatin et al [48] Y C 72 5.0 –
Schmid et al [49] Y D 19 7.3 –

Key: Y, gas jet; S, self-injection; �, gas cell; C, colliding-pulse injection; }, discharge capillary
waveguide; D, density-ramp injection.
a rms result.
b 1/e full-width result.
c 1/

√
e full-width result.

in table 1, this is similar to previous experiments employing capillary discharge [10], steady-
state-flow gas cells [46] and gas jet targets [13], but large compared to the value of 0.57 mrad
obtained with an intra-waveguide gas jet to control the electron injection [45].

The divergence of the electron beams could be measured in both the vertical and horizontal
directions by the Pointing Lanex, and for the vertical direction by Lanex Screen 1 of the electron
spectrometer. For the vertical direction, the two measurements were found to be in agreement.
The divergences measured by the Pointing Lanex were σH = 3.6 mrad and σV = 3.4 mrad for
the horizontal and vertical planes, respectively, at a plasma density of ne = 2.2 × 1018 cm−3.
Note that the laser was polarized in the horizontal direction; previous work has shown [51]
that the divergence of the electron beam can be larger in the direction of the electric field of
the driving laser as a result of interaction of the accelerating bunch with the tail of the laser
pulse. For these conditions the radius of the plasma bubble is R ≈ 2c

√
asf/ωp ≈ 20 µm; this is

not large compared to the length of the input laser pulse, cτ = 17 µm, and hence it might be
expected that the electron beams would have a larger divergence in the horizontal plane. That
this is not observed to be the case suggests that the laser pulse duration decreases during the long
laser–plasma interaction [52]; this conclusion is supported by the fact that for this density the
duration of the transmitted laser pulse was measured by the GRENOUILLE to be approximately
24 fs.

The reproducibility of the generated electron beams was studied by recording the electron
energy spectra for 36 consecutive shots with the same timing and initial gas pressure. Figure 6
shows images of the Lanex Screen 1 for these shots, illustrating that high-energy electron
beams were generated on every laser shot with similar electron energy spectra. The spectra
have been corrected for variations in the electron beam pointing using the Pointing Lanex
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Figure 6. Electron spectra recorded on Lanex Screen 1 for 36 consecutive shots.
The vertical axis corresponds to the beam divergence, as illustrated explicitly for
the spectrum shown at the top left. These images were corrected for variations
of the electron beam pointing but not for variations of the energy or pointing
of the incident laser pulse. For these shots the axial plasma density was set
to 2.2 × 1018 cm−3, the laser pulse energy was 3.2 J, the maximum incident
peak power and focal intensity were P = 55 TW and I = 2.9 × 1018 W cm−2,
respectively, and the laser was timed to arrive within 10.1 ± 2.8 ns of the peak of
the discharge current.

method described in section 3.1. However, the spectra have not been corrected for shot-to-
shot jitter in the transverse position of the input laser focus, the rms variation of which was
measured to be 60% of the laser spot size; or in the laser pulse energy, which had an rms
variation of 7.3%. Figure 7 shows the variation of the maximum and peak electron beam energy
as a function of laser pulse energy for these 36 shots, showing that, as expected, the electron
beam energy increases with the laser pulse energy. A linear fit to the maximum energy data
points yields dEelectron/dElaser = (176 ± 47) MeV J−1, and hence from the measured standard
deviation of the laser pulse energy, σElaser = 0.29 J, the variation in the maximum electron energy
arising from jitter of the laser energy is expected to be approximately σElaserdEelectron/dElaser =

(50 ± 14) MeV. This is comparable to with the observed standard deviation of the maximum
electron energy σEelectron = 46 MeV. For the data shown in figure 6, the relative rms of the total
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Figure 7. The maximum (black) and peak (red) electron energy as a function of
the laser energy within the FWHM of the laser spot. The solid lines are linear fits
to the data points. For 5 of the 36 laser shots, the laser control software reported
an incorrect laser energy of 0 J; these data were excluded from the above figure.

measured electron charge was σQ/ 〈Q〉 = 35%. Variations in the pointing of the laser pulse will
have caused additional variations in the energy spectra and charge of the accelerated bunches,
and it therefore seems likely that the observed shot-to-shot variation of the properties of the
electron bunches largely arises from shot-to-shot jitter in the laser parameters.

4.1. Electron energy scaling

The maximum recorded electron energy as a function of the axial plasma density ne is
shown in figure 8. For these shots the laser pulse energy within the lowest-order mode was
3.6 J, the maximum incident peak power and focal intensity were P = 62 TW and I = 3.2 ×

1018 W cm−2, respectively, and the laser was timed to arrive within 10.1 ± 2.8 ns of the peak
of the discharge current. Acceleration is observed in three regimes [10, 17]: (i) at high plasma
densities P > Pdiff

c , and hence the plasma channel plays little role in guiding the laser pulses;
(ii) a hybrid regime for which Pc < P < Pdiff

c ; and (iii) a low-density regime in which P < Pc

and hence only the plasma channel can guide the laser pulse.
The expected [17] electron energy after acceleration over one dephasing length, Wmax =

2/3 (mec2/e)a0 (ω0/ωp)
2, is shown in figure 8 assuming a value of a0 corresponding to (i)

the input laser pulse and (ii) self-consistent relativistic focusing to the matched spot size
wsf = 2k−1

p
√

a0, corresponding [10] to a0 = asf = 2(P/Pc)
1/3. It can be seen that for ne &

7 × 1017 cm−3 the measured maximum electron energy lies between these two curves. The fact
that the measured energies lie above those predicted for the input a0 demonstrates that in this
regime self-focusing and pulse compression increase the peak vector potential above the input
value. That they lie below the energies expected for a0 = asf is consistent with coupling losses
into the plasma channel, and loss of laser energy to the plasma wave. Also shown in figure 8 is
the variation of Wmax after the laser pulse energy is reduced by the measured energy transmission
and allowing for relativistic self-focusing; it can be seen that this simple correction to the
expected maximum electron energy significantly improves the agreement with the measured
data.

The variation of maximum electron energy shown in figure 8 exhibits a clear optimum
plasma density, nopt

e ≈ 0.8 × 1018 cm−3, at which electrons with energies up to 991 MeV are
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Figure 8. The maximum recorded electron energy as a function of the axial
plasma density. The density for which the dephasing length equals the capillary
length is shown by the vertical red line. The three different regimes (P > Pdiff

c ,
Pc < P < Pdiff

c and P < Pc) are separated by vertical solid black lines. The
dashed red line shows the expected electron energy after acceleration over one
dephasing length, assuming a laser pulse with an energy of 3.6 J within the
lowest-order mode; the solid red line is the energy gain assuming the laser
self-focuses to the matched spot size in the bubble regime [10, 17]. The solid
black line represents the energy gain when the transmission of laser energy
through the capillary is accounted for as well as self-focusing of the laser pulse.
For these data the laser pulse energy within the lowest-order mode was 3.6 J,
the maximum incident peak power and focal intensity were P = 62 TW and
I = 3.2 × 1018 W cm−2, respectively, and the laser was timed to arrive within
10.1 ± 2.8 ns of the peak of the discharge current. The energy error bars result
from the unknown pointing of the electron beam (the pointing-correction systems
were not in place when these data were taken), which was assumed to be
±3.1 mrad, i.e. equal to that measured earlier with the Pointing Lanex. The
pressure error bars result from the measurement error of the pressure.

observed. This optimum plasma density may be understood as follows. For high plasma
densities, the length of the plasma channel Lc is longer than the dephasing length, and in
this regime the maximum electron energy will be attained by those electrons trapped in the
plasma wave approximately one dephasing length from the capillary exit. Decreasing the plasma
density from high values will increase the output electron energy, as observed, until the plasma
density corresponds to Lc ≈ Ld. As shown in figure 8, this condition occurs for plasma densities
close to nopt

e ; the highest electron energies are obtained for slightly higher plasma densities,
which makes sense if at these densities electron injection occurs a short distance after the start
of the plasma channel. As the plasma density decreases below the optimum value, both the
accelerating electric field and the ratio of the capillary length to Ld will decrease, and hence the
electron energy will decrease from that obtained when Lc ≈ Ld.

It is noteworthy that electron beams were generated for plasma densities as low as
3.25 × 1017 cm−3, as can be seen in figure 8; the bunch charge measured at this plasma density
was 5.1 pC. To our knowledge, this is the lowest density at which electron injection and
acceleration have been observed. Analysis of experimental results by Mangles and co-workers
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[53, 54] and theoretical calculations by Tsung et al [55] and Lu et al [17, 56] predict that the
threshold for self-injection is a0 > 3. Given the relatively low value of the normalized vector
potential of the input pulse (a0,in = 1.1), it is apparent that self-injection could only occur in
our experiment if the laser pulse experiences substantial self-focusing and pulse compression.
However, at this low density self-focusing only increases the normalized vector potential to
a0 ≈ 1.7 and laser pulse compression was measured to be of the order of 10%. An alternative
analysis [57] of the threshold condition predicts that for our conditions the input laser pulse
energy would have to exceed 190 J for self-injection to occur. Hence it is clear that self-injection
could not occur in our experiment at the lowest plasma densities for which electron beams were
observed, and instead another mechanism, such as ionization injection [33, 47, 58], must play
a role. Numerical simulations are in progress to seek insight into the mechanisms responsible
for electron injection and the dynamics of acceleration over the long laser–plasma interaction
lengths achieved in these experiments. Finally, we note that if for this lowest density the length
of the plasma channel were properly matched to the dephasing length of 80 mm, electrons would
be accelerated to energies significantly above 1 GeV.

5. Conclusions

In conclusion, the Astra-Gemini laser was used to study electron acceleration in plasma
channels formed in a capillary discharge waveguide. Electron beams were generated under
conditions corresponding to self-guiding, hybrid guiding and pure plasma channel guiding.
At optimal conditions the average electron beam energy was above 900 MeV. The variation
of the maximum electron beam energy with the plasma density was found to be in reasonable
agreement with simple estimates of acceleration and deceleration in a plasma channel. Details
of the mechanisms responsible for electron injection and acceleration over the long lengths of
laser–plasma possible in this experiment will be investigated in future work through particle-in-
cell simulations.

The energy spectra of the generated electron beams were found to be reasonably
reproducible, with the observed shot-to-shot variations being attributable in large part to
fluctuations in the properties of the driving laser pulses.

Two methods for correcting the effects on the measured energy spectrum of off-axis
electron beam propagation were demonstrated successfully, and for the conditions of this
experiment yielded energy corrections of about 10%. Of the two methods, the use of a Pointing
Lanex was found to be particularly convenient, and was found not to degrade the recorded
energy spectrum.
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