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We demonstrate through experiments and numerical simulations that low-density, low-loss, meterscale plasma channels can be generated by employing a conditioning laser pulse to ionize the neutral
gas collar surrounding a hydrodynamic optical-field-ionized (HOFI) plasma channel. We use particlein-cell simulations to show that the leading edge of the conditioning pulse ionizes the neutral gas
collar to generate a deep, low-loss plasma channel which guides the bulk of the conditioning pulse
itself as well as any subsequently injected pulses. In proof-of-principle experiments we generate
conditioned HOFI (CHOFI) waveguides with axial electron densities of ne0 ≈ 1 × 1017 cm−3 ,
and a matched spot size of 26 µm. The power attenuation length of these CHOFI channels is
Latt = (21 ± 3) m, more than two orders of magnitude longer than achieved by HOFI channels.
Hydrodynamic and particle-in-cell simulations demonstrate that meter-scale CHOFI waveguides
with attenuation lengths exceeding 1 m could be generated with a total laser pulse energy of only
1.2 J per meter of channel. The properties of CHOFI channels are ideally suited to many applications
in high-intensity light-matter interactions, including multi-GeV plasma accelerator stages operating
at high pulse repetition rates.

I.

INTRODUCTION

Many fields exploiting laser-plasma interactions require the laser pulse to propagate through plasma for
many Rayleigh ranges, which means that the laser pulse
must be guided via relativistic self-focusing effects [1–3]
or by an external waveguide. Examples of such applications include Raman amplification [4], high-harmonic
generation in ions, x-ray lasers [5], and laser-driven
plasma accelerators [6–8]. The last of these is particularly challenging since the multi-GeV accelerator stages
needed to drive compact light sources, or future particle colliders [9, 10], require guiding of laser pulses with
peak intensities of order 1018 W cm−2 over distances in
the range 0.1 m to 1 m through plasma with a density of
order 1017 cm−3 .
Many methods for guiding high-intensity laser pulses
have been investigated. These include grazing-incidence
guiding in capillaries [11], and many varieties of plasma
channels generated by hydrodynamic expansion [12–15],
capillary discharges [16–18], Z-pinches [19, 20], opengeometry discharges [21], and laser-heated capillary discharges [22, 23]. To date, the most successful approaches
for driving laser-plasma accelerators are capillary discharges and its laser-heated variant, which have been
used to generate electron beams with energies up to
4.2 GeV and 7.8 GeV respectively [24, 25]. However, a
remaining challenge for this approach is avoiding laser
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damage to the capillary structure, which would limit the
working lifetime of the waveguide in future high repetition rate plasma accelerators.
Hydrodynamic plasma channels [12, 13] have the major advantage of being free-standing, and hence immune
to laser damage. In this approach a column of plasma
is created, and heated collisionally, by a picosecondduration laser pulse. Rapid radial expansion of the
plasma column drives a strong shock wave into the surrounding gas, forming a plasma channel — i.e. a region of radially-increasing electron density — between
the axis and the shock front. In order to achieve sufficiently rapid heating the initial density must be high,
which limits the on-axis density of the subsequent channel to ne0 & 1 × 1018 cm−3 .
We recently proposed [26] that optical field ionization
could generate much lower density channels since the
temperature to which it heats the ionized electrons is independent of plasma density. In previous work [27, 28] we
have generated these hydrodynamic optical-field-ionized
(HOFI) plasma channels with lengths as long as 100 mm,
with axial densities as low as ne0 . 1 × 1017 cm−3 , and
at repetition rates of up to 5 Hz.
A drawback of HOFI channels is that they are shallower than collisionally-heated hydrodynamic channels,
since the energy per unit length deposited in the initial
plasma column is nearly an order of magnitude lower
[29], and since the channel depth is roughly proportional
to the axial density [27]. As a consequence, the power
attenuation lengths achieved to date in HOFI channels
[28] are of order Latt . 100 mm, which is too short for
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II.

EXPERIMENTAL SETUP

The experiments were undertaken with the 5 Hz
repetition-rate Astra-Gemini TA2 laser at the Central
Laser Facilty, UK. The set-up employed has been described previously [27], and is described in detail in the
Supplemental Material, so here we provide only an outline.
The compressed, collimated beam from the AstraGemini TA2 laser was split into a channel-forming beam
and a guided or “conditioning” beam by an annular
dielectric mirror. The channel-forming beam reflected
from this mirror was directed to a retroreflecting delay
stage, focused by a fused silica axicon lens of base angle
ϑ = 5.6 deg, and directed into a gas cell by an annular
turning mirror. The axicon generated a line focus, which
extended throughout the length of the gas cell, with a
peak intensity on axis of approximately 5 × 1015 W cm−2 .
The conditioning pulse transmitted through the annu-
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many applications.
In the present paper we build on a phenomenon observed in our 2018 experiments on HOFI channel formation with axicon lenses [27]: the transverse extent of
the plasma immediately after the passage of the guided
pulse is greater than before that pulse arrives. This suggests that the neutral species surrounding the plasma
column are ionized by the electric fields of the guided
pulse leaking through the channel walls [30]. In this paper we present that data in detail. We show, through
experiments and simulations, that guiding a “conditioning pulse” in a HOFI channel can create a deep, thickwalled plasma channel by ionization of the collar of neutral gas which surrounds the initial HOFI channel. We
present measurements showing the evolution of the transverse electron density profile of these conditioned HOFI
(CHOFI) channels, and demonstrate the formation of
16 mm-long CHOFI channels at a repetition rate of 5 Hz
(limited only by the repetition rate of the laser system),
with power attenuation lengths of ∼ 20 m. We use hydrodynamic and particle-in-cell (PIC) simulations to understand the formation of the CHOFI channels, and to
demonstrate that they could be generated at the metre
scale with modest laser pulse energies.
We note that this work is closely related to earlier work by Spence and Hooker [17], who investigated
‘quasi-matched’ guiding in which ionization of a partiallyionized parabolic plasma channel by the leading edge
of an intense laser pulse creates a fully-ionized plasma
channel which can guide the bulk of the pulse with low
losses. More recently, Morozov et al. [31] explored similar effects to those reported here in their investigation
of ionization-assisted guiding in plasma channels formed
in 3.5 mm long gas jets with an initial atomic density of
order 1 × 1019 cm−3 . An alternative approach in which
the neutral gas collar is ionized by a coaxial high-order
Bessel beam has also recently been described [32].
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Figure 1. (a) Schematic of the experimental interaction region. (b-d) Phase shifts measured by the transverse probe
beam at z ≈ 3.5 mm for: (b) the channel-forming pulse alone,
(c) the channel-forming pulse and the conditioning pulse at a
delay τ = 1.5 ns; and (d) the conditioning pulse alone

lar mirror was sent to a retro-reflecting delay stage and
focused through the hole in the turning mirror by an offaxis paraboloid (OAP) mirror of focal length f = 750 mm
to the entrance pinhole of the gas cell. The measured
beam waist and Rayleigh range of the conditioning beam
were w0 = (22 ± 3) µm and zR = (1.1 ± 0.4) mm respectively. The conditioning pulse could be operated at two
intensities: (i) high-intensity, with a peak axial intensity
high
at focus of Ipeak
= 4.1 × 1017 W cm−2 ; and (ii) low intenlow
sity, with a peak intensity of Ipeak
≈ 1.6 × 1016 W cm−2 ,
achieved by replacing one of the mirrors in the conditioning pulse beamline with an uncoated, optically flat
wedge.
The channel-forming and conditioning pulses entered
and left the gas cell via entrance and exit pinholes of
diameter 1.5 mm and 800 µm respectively, spaced by
16 mm. The cell pressure could be varied in the range
5 mbar to 120 mbar.
Optically flat fused silica windows mounted on the
sides of the cell allowed optical access by a separately
compressed, 1 mJ, 800 nm probe pulse used for transverse
interferometry of the plasma channels. The delay τ between the arrival of the channel-forming beam and the
probe beam could be varied in the range 0 ns to 6 ns by a
delay stage in the probe beam line. A Keplerian telescope
magnified the transmitted probe beam by a factor of 6,
and a Mach-Zehnder interferometer located within the
telescope generated a fringe pattern, which was recorded
by a 12-bit CMOS detector located at the image plane
of the telescope. The measured spatial resolution in the
object plane of this interferometer was (8.7 ± 0.9) µm.
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Figure 2. Formation and temporal evolution of the transverse electron density profiles ne (r) in the CHOFI waveguide. (a)
1
Measured electron density profile immediately before (dashed, from [27]) and after (solid) the arrival of the conditioning pulse
at τ = 1.5 ns (∆τ = 0 ns). The horizontal, grey line shows the density corresponding to full ionization of the ambient gas. (b)-(i)
Electron density profiles measured at different additional delays ∆τ (indicated) after the arrival of the channel-forming pulse,
for a conditioning pulse arriving at τ = 1.5 ns. All plots show the mean of approximately 20 shots recorded at a repetition-rate
of 5 Hz, with the probe pulse crossing at z ≈ 3.5 mm with respect to the front pinhole. The data is averaged longitudinally
over approximately 0.75 mm. The shaded region is one standard deviation wide.

A mode imaging system was used to record the exit
mode of the conditioning pulse, and the energy transmission of this pulse was measured by directing a fraction of
the transmitted beam to a pyroelectric energy meter.

III.

EXPERIMENTAL RESULTS

Figure 1(b-d) captures the moment when the conditioning pulse arrives, at τ = 1.5 ns after the channelforming pulse. In Fig. 1(c) the conditioning pulse has
reached the point ∆z = 0, so that the region of positive z contains plasma generated by the channel-forming
pulse alone, whereas the region ∆z < 0 contains plasma
formed by both pulses. It is clear that the conditioning pulse increases the radial extent of the plasma by
a factor of approximately 5 from that produced by the
channel-forming pulse alone. Further, the radial extent
of the plasma generated by both pulses is essentially the
same as that of the plasma produced by the conditioning
pulse alone, as shown in Fig. 1(d). It is clear from Fig.
1 that the transverse wings of the guided conditioning
pulse ionize neutral gas surrounding the HOFI plasma
channel.
Figure 2 shows the formation and temporal evolution
of the transverse electron density profile of the CHOFI
channels, obtained by Abel inversion of retrieved phase
shifts like that shown in Fig. 1. Figure 2(a) shows
the electron density profile before (from [27]) and immediately after the arrival of the conditioning pulse at
τ = 1.5 ns. It can be seen that the conditioning pulse
has little effect on the electron density for radii within
the radius of the shock front, rshock ≈ 25 µm, created by the channel-forming pulse. However, at larger
radii the electron density is increased substantially to

form a deep, thick-walled CHOFI plasma channel: the
depth of the channel was increased by a factor of 10
to ∆ne = (1.3 ± 0.1) × 1018 cm−3 ; whereas, within the
experimental uncertainty, the axial density remained at
ne0 = (2.4 ± 1.0) × 1017 cm−3 . The radial extent of the
plasma was increased by the conditioning pulse from
rshock ≈ 25 µm to rmax ≈ 120 µm.
As shown in Fig. 2, the electron density in the region
r > rshock is comparable to that expected for full ionization of the initial ambient gas, consistent with field
ionization of the neutral gas by the transverse wings of
the conditioning pulse. It is noticeable that in the region
close to r ≈ 50 µm the electron density is greater than
that which would be generated by ionization of the neutral gas at its ambient density; this is consistent with a
build up of neutral gas at the shock front as it pushes the
gas outwards.
The evolution of the plasma at various delays ∆τ after the arrival of the conditioning pulse at τ = 1.5 ns
is shown in Fig. 2(a)-(f). For ∆τ = 0.2 ns, the measured axial density remained approximately the same,
and the channel wall thickened slightly. At longer delays
∆τ , electrons in the high density ring spread radially
outwards and inwards, which causes the position of the
peak density to increase to r = 100 µm by ∆τ ≈ 1 ns and
the axial density to increase. Even at ∆τ ≈ 2 ns, where
the channel structure has begun to decay, the measured
channel depth was greater than before the arrival of the
conditioning pulse.
Figure 3 summarizes the evolution of the properties of
the CHOFI channel as a function of delay ∆τ . The evolution of the total number
of electrons per unit length
Rr
of waveguide Ne = 2π 0 max ne (r)r dr, is shown in in Fig.
3(a). Upon arrival of the conditioning pulse, Ne increased
from Ne = 7.6 × 1013 cm−1 to Ne = 5.1 × 1014 cm−1 in-
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Figure 3. Temporal evolution of the properties of the CHOFI
plasma channels as a function of delay ∆τ after the arrival
of the conditioning pulse: (a) Measured total number of electrons per unit length of waveguide, Ne ; (b) the measured axial
density ne0 ; (c) the calculated matched spot size wm of the
lowest order mode; and (d) the calculated attenuation length
of the lowest order channel mode. The white circles show the
same parameters of the HOFI channel immediately before the
conditioning pulse arrives, indicated by the red region. In all
cases, the error bars reflect the uncertainties in ne (r) depicted
in Fig. 2.

stantaneously. Following this, the number of electrons
per unit length increased for the first 0.2 ns after the conditioning pulse, indicating that the observed increase in
the wall thickness observed arose from further ioniziation
close to the shock front. We note that 0.2 ns is consistent with the timescale for hot electrons to collide with
neutral gas under these plasma parameters [33]. Fig.
3(b) shows the evolution of the axial density, showing
that this remains close to that of the HOFI channel until
∆τ ≈ 0.6 ns, whereupon it increases rapidly as electrons
from the channel wall move towards the axis.
The guiding properties of the CHOFI waveguide were
compared to those of the HOFI channels formed by the
channel-forming pulse alone. The lowest-order modes for
each electron density profile shown in Fig. 2 were calculated using the method outlined by Clark et al. [34],
and the power attenuation lengths Latt of these modes
were calculated by solving the paraxial Helmholtz equation [28]. Figure 3(c) shows the evolution of the matched
spot size wm . It can be seen that wm remains close to
that of the HOFI channel, which was measured to be
wm,HOFI = (24 ± 3) µm, up to delays of ∆τ ≈ 0.5 ns,
whereupon it increased to wm = (35 ± 6) µm over the
next nanosecond. The effect of the conditioning pulse
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Figure 4. Properties of the transmitted conditioning pulse.
The transverse fluence profile of the conditioning pulse at the
input plane of the gas cell (a), and at the exit of the cell for the
low- (b) and high-intensity (c) configurations. (d) the pulse
energy transmission T of the conditioning pulse as a function
of input input Ipeak .

on the propagation losses is striking: immediately before
the arrival of the conditioning pulse, Latt = (15 ± 8) mm,
the relatively large uncertainty arising from the small
fringe shifts (φ . 100 mrad) generated by the HOFI
channel [27]. Immediately after the arrival of the conditioning pulse, Latt = (0.42 ± 0.01) m. In the following
200 ps, the increase in Ne increases the thickness of the
channel wall, further increasing the attenuation length.
The largest Latt was achieved at ∆τ = 1.0 ns, where
Latt = (21 ± 3) m, almost four orders of magnitude larger
than achieved by the channel-forming pulse alone.
Figure 4 shows the transverse fluence profile of the lowand high-intensity conditioning pulses at the entrance
and exit of the 16 mm-long gas cell for P = 40 mbar
and τ = 1.5 ns. It is clear that in both cases the
conditioning pulse was guided over the length of the
gas cell, corresponding to approximately 14.5zR . For
the low-intensity case, the measured energy transmission and output spot radius was T = (21 ± 4) % and
wout = (23 ± 4) µm respectively. For the high-intensity
configuration, T = (60 ± 3) % and wout = (25 ± 4) µm.
It is clear that the mode profiles of the transmitted pulses
were essentially the same for the two cases. However, the
energy transmission was substantially higher for the highintensity pulse. Figure 4(d) shows the measured variation of T as the peak input intensity of the pulse was
increased, keeping the other parameters constant. It is
clear that T increases substantially as the intensity of the
pulse is increased. This suggests that the leading edge of
the conditioning pulse improved the channel properties
via ionization, as in Fig. 2, allowing the body of the pulse
to propagate with low losses. The coupling efficiency of
the conditioning pulse, deduced from the overlap integral of the input spot with the calculated HOFI chan-
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HYDRODYNAMIC SIMULATIONS

Hydrodynamic simulations were undertaken to understand in detail the distribution of plasma and neutral
gas prior to the arrival of the conditioning pulse. These
were performed in two dimensions, using the Eulerian
code FLASH [35]. A 3-temperature model was employed,
which allowed for independent evolution of the electron,
ion, and radiation species. The simulations included energy diffusion, thermal conductivity, heat exchange between electrons and ions and atoms, and radiation transport. Tabulated values for the equations of state were
employed. The initial conditions of the simulations were
a plasma column with a super-gaussian transverse electron temperature surrounded by neutral atomic hydrogen
at a pressure of 50 mbar and a temperature of 298 K.
Figure 5 summarizes the results of these simulations.
Figure 5(a) shows, for a delay τ = 1.5 ns, the distribution of the ionization fraction Z̄, the density of neutral
hydrogen nH , and the electron temperature. The formation of a high-density shock front is clearly observed, as
expected for a Sedov-Taylor-like expansion. Also evident
is significant cooling of the plasma as it expands. For
this delay the plasma cools on-axis from 10 eV to 0.44 eV,
which results in the fractional ionization decreasing from
Z̄ ' 100 % to Z̄ ' 44 %. The cooling is even more pronounced at the shock front, where Te,shock ' 0.1 − 0.2 eV
and hence Z̄ ' 15 %.
Figure 5(b) shows the temporal evolution of the electron and neutral gas transverse density profiles. Although the initial temperature is high enough to allow
for full ionization of the plasma column, a neutral gas
collar appears in the early stages of the expansion. The
simulation shows the number of free electrons to remain
approximately constant throughout the expansion (see
Supp. Material), indicating that the accumulation of
neutral gas in the region of the shock is caused by the
high pressure in the inner regions of the the channel.

V.

PROPAGATION SIMULATIONS

Particle-in-cell (PIC) simulations were performed in
quasi-3D cylindrical geometry using FBPIC [36] to provide insight into the formation of CHOFI channels, and
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nel modes is estimated to be T (0) = 65 %, and hence
at the highest input intensities the propagation losses of
the conditioning pulse were low. It should be noted that
since the channel-forming beam and conditioning beam
energies could not be varied independently, the intensity
of the channel-forming pulse also varied with the intensity of the conditioning pulse. However, interferometric measurements indicated that properties of the HOFI
channel created by the channel-forming pulse were not
significantly affected for the intensity range considered
here.
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Figure 5. Hydrodynamic simulation of a HOFI channel. (a)
Properties of the plasma channel at τ = 1.5 ns. In the region
x < 0 µm is shown the ionization fraction of the hydrogen
atoms (Z̄), and in the region x > 0 µm the neutral hydrogen density (nH ). Superimposed on these plots are contours
of the electron temperatures Te ; the contours are spaced by
0.1 eV, and the outer contour is at Te = 0.1 eV. (b) Temporal
evolution of the electron (ne , straight) and neutral hydrogen
(nH , dashed) transverse density profiles at various delays τ
given by the color scale.

to explore the prospects for generating metre-scale channels. We note that use of a PIC code means that ponderomotive effects are included. The PIC simulations
used the transverse electron density and neutral density
profiles calculated by the FLASH simulations for a delay
τ = 1.5 ns. The conditioning laser pulse was assumed
to be bi-Gaussian, with an input spot size and duration
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closely matching the experimental values.

Since the transverse intensity profile of the conditioning pulse is not perfectly matched to that of the lowest order mode of either the HOFI or CHOFI waveguides, the
spot-size of the conditioning pulse oscillates by ±10 %
during the first few centimetres of propagation. However, this variation primarily affects the wall thickness of
the CHOFI channel, not its depth or matched spot size.
Further, the higher-order modes excited by the conditioning pulse are attenuated with propagation, and the
conditioning pulse adopts a stable configuration. This
situation is shown in Fig. 6(b-c), which shows that the
radial extent of the additional ionization is reduced with
propagation distance z. However, the high walls of the
CHOFI channel remain, and are sufficiently thick, to ensure low-loss propagation of the bulk of the conditioning pulse. The conditioning pulse continues to propagate
with low loss, and to generate a low-loss channel, until it can no longer ionize the neutral gas close to the
shock front. Some temporal compression of the conditioning pulse is also evident, caused by leaky guiding of
the leading edge in the HOFI channel and loss of energy
to ionization, but this also has little effect on the generated CHOFI channel. We note that, close to the channel
entrance, a plasma wakefield with a relative amplitude of
δne /ne = 10 % is driven by the conditioning pulse. This
wakefield has no observable effect on the properties of the
CHOFI channel, and in any case is expected to decay in
a time [37] which is much shorter than the timescale observed in Fig. 2 for significant evolution of the transverse
electron density profile. To summarize, the CHOFI channel is relatively stable to variations in the properties of
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Figure 6 shows the transverse electron density and
laser intensity profiles at three points in the channel
for a conditioning pulse with a peak input intensity
Ipeak = 6 × 1017 W cm−2 . Close to the channel entrance,
the far leading edge of the pulse ionizes the neutral gas
surrounding the HOFI channel, creating a deep CHOFI
channel in which the main body of the pulse is guided.
The position at which ionisation first occurs corresponds
to the position at which I(r, z) first exceeds Ith where
Ith , is the threshold laser intensity for ionization [26].
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Figure 7. Calculated pulse energy transmission T (z) of the
conditioning laser pulse as a function of propagation distance
z, for peak input intensities of 6 × 1016 W cm−2 (dashed, red)
and 6 × 1017 W cm−2 (solid, black).

the conditioning pulse as it propagates, as well as to a
degree of mis-matching to the HOFI channel.
Figure 7 shows the pulse energy transmission T (z) of
the conditioning pulse as a function of propagation distance z, for various input intensities. For intensities lower
than ∼ 5 × 1015 W cm−2 , the conditioning pulse is not intense enough to ionize the neutral collar of gas, and hence
it propagates in the HOFI channel and experiences high
losses. For Ipeak = 6 × 1017 W cm−2 , only the peak of the
pulse is intense enough to ionize the neutral collar and
generate a deep, thick channel. Thus, the leading edge
etched away at a significantly rapidly, and the length of
the CHOFI channel is limited to ≈ 100 mm. In contrast,
the highest intensity conditioning pulse shown in Fig. 7
propagates with low losses over the length of the simulation. The calculated energy loss of the conditioning
pulse is ∼ 7 mJ per centimeter of waveguide. Note that
the energy lost to ionization is estimated to be less than
0.2 mJ cm−1 , and hence the energy loss is dominated by
etching of the leading edge in the leaky HOFI waveguide,
and to driving a wakefield.
The guiding properties of the CHOFI channels generated by the channel-forming and conditioning pulses were
calculated by the numerical propagation code. First, the
lowest-order mode was found by numerical propagation
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of an initially un-matched beam until the higher-order
modes had been damped. Second, the power attenuation length was found by numerical propagation of this
mode through the entire length of the CHOFI channel,
including longitudinal variations in transverse profile of
the CHOFI channel. For the conditions of Fig. 6, the
attenuation length was found to be Latt = (2.5 ± 0.1) m,
which is nearly three orders of magnitude higher than
that of the unconditioned HOFI channel.

VI.

DISCUSSION

The experimental and simulation results above demonstrate that the leading edge of a conditioning laser pulse
can ionize the neutral gas surrounding HOFI plasma
channels to form a conditioned HOFI channel which can
guide the bulk of the conditioning pulse, and any subsequently injected laser pulse, with very low losses. This
mechanism is likely to have played a role in our recent
experimental demonstration of guiding of high-intensity
laser pulses in 100 mm long channels [28]. The simulations shown in Fig. 6 demonstrate the generation of
CHOFI channels up to 325 mm long, limited by erosion of
the leading edge of the channel-forming pulse and pump
depletion to the wakefield. We note that since the losses
of the CHOFI channels are so low, it would be straightforward to extend the channel beyond this limit by employing a longer channel-forming pulse, or by using two
or more channel-forming pulses.
Control over the axial density and matched spot size of
CHOFI channels is in principle possible by adjusting the
delay τ between the channel-forming and conditioning
pulses, and the initial gas density. For example, increasing the delay τ from 1.5 ns to 4 ns reduces the axial density from ne = 2.4 × 1017 cm−3 to ne ≈ 7 × 1016 cm−3
whilst maintaining an attenuation length Latt ≈ 2 m.
Since heating of the initial HOFI channel is independent
of density, it is expected that it will be possible to create
CHOFI channels at even lower densities, which, for example, would provide greater single-stage energy gain in
a LWFA.
In addition, some control over the shape of the CHOFI
channel is possible by adjusting the delay ∆τ between
the conditioning pulse and the pulse to be guided. As
shown in Fig. 2, for small values of ∆τ the CHOFI channel has a core of approximately uniform electron density, surrounded by high and thick walls; this profile is a
good approximation to the near-hollow plasma channel,
which can provide independent control of the focusing
and accelerating fields for electron and positron acceleration [38]. For larger values of ∆τ the core of the channel
develops an approximately parabolic profile.
An important feature of the work presented here is
that the conditioning pulse is self-guided by ionization
of the neutral gas at the edge of the initial HOFI channel. This self-guiding has three important consequences.
First, as discussed below, the energy of the conditioning

pulse is used efficiently, which reduces the total laser energy required to create the CHOFI channel. Second, the
generated CHOFI channel is rather robust to variations
of the parameters or pointing of the conditioning pulse.
Thirdly, a wide range of channel parameters and shapes
are accessible with a simple experimental setup. We note
that the conditioning pulse does not require transverse
shaping, and should have the same spot size and central
wavelength as the main pulse to be guided; as such it
could be generated very simply by introducing a small
pre-pulse to the main pulse.
It is useful to estimate the total laser energy which
would be required to generate a 1 m long CHOFI channel. In our experiments approximately 5 mJ per centimeter of HOFI channel was required for the channel-forming
pulse. Simulations of the propagation of the conditioning pulse show that efficient self-guiding is achieved if it
ionizes the neutral gas out to approximately 2wm,CHOFI ,
which requires Ipeak,cond & 3.5 × 1017 W cm−2 for the
23 µm spot size used here. The calculations showed that
when this is satisfied, the propagation losses are approximately 7 mJ cm−1 , from which we deduce that an input
pulse energy of 700 mJ is required for the conditioning
pulse. Hence a total laser energy of 1.2 J would be required, which is small compared to the energy required
for the driving laser in a metre-scale LWFA, and almost
an order of magnitude smaller than CHOFI channels generated by a high-order Bessel conditioning pulse [39].
The power attenuation lengths of the CHOFI channels demonstrated in this work are significantly larger
than for other techniques capable of guiding pulses with
peak intensities above 1 × 1017 W cm−2 . A power attenuation length of Latt ≈ 0.15 m has been reported for capillary discharge waveguides [18], and that for the lowestorder mode of hollow capillary waveguides [11, 40] is
Latt ≈ 0.9 m for a 50 µm diameter capillary. Gonsalves et
al. [41] have reported an energy transmission of 85 % for
low-intensity pulses guided in 90 mm long laser-assisted
capillary discharges, corresponding to Latt ≈ 0.6 m, assuming perfect coupling.
It is useful to estimate the electron energy gain of
a plasma accelerator stage operating in the quasilinear
regime, driven in the CHOFI channel shown in Fig. 6.
We note first that for these conditions Latt  Lpd , where
Lpd is the pump depletion length of the wakefield driver.
A drive laser pulse of energy 1 J, and with a spot size
matched to the CHOFI channel, has a normalized peak
vector potential a0 = 1.13. Guiding this over the dephasing length (0.1 m) would produce an energy gain
of 2.8 GeV. Higher energy gains could be achieved in
channels with lower densities. For example, Leemans
et al. [42] have shown that a quasilinear 10 GeV stage
could be achieved with a 40 J drive pulse (a0 = 1.4)
guided in a 0.6 m long plasma channel with an axial density of ne0 ≈ 1 × 1017 cm−3 and a matched spot size of
∼ 60 µm. The work described in the present paper suggests that these challenging parameters could be achieved
by CHOFI channels.
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VII.

CONCLUSIONS

We have demonstrated through experiments and simulations that low-density, low-loss, metre-scale plasma
channels can be generated by ionization of the neutral gas
collar surrounding a hydrodynamic optical-field-ionized
plasma channel. Channels with axial electron densities of ne0 ≈ 1 × 1017 cm−3 , a matched spot size of
wm ≈ 25 µm, and a power attenuation length of up to
Latt = (26 ± 2) m were generated experimentally. The
channel depth was increased by a factor of ten compared
to the unconditioned HOFI plasma channel.

sity, and the delays between the channel-forming, conditioning, and guided pulse. Further, the channels are
free-standing, which makes them immune to laser damage, and they can be generated with a total laser pulse
energy of order 1 J per metre of channel. These properties would seem to make them ideally suited to many
applications in high-intensity light-matter interactions,
including multi-GeV plasma accelerator stages operating
at high pulse repetition rates.
ACKNOWLEDGEMENTS

The properties of CHOFI channels, including their
shape, can be controlled by adjusting the initial gas den-

The authors thank G. Hine for experimental assistance, and L. Feder, B. Miao and H. M. Milchberg for
ongoing discussions. This work was supported by the
UK Science and Technology Facilities Council (STFC
UK) [grant numbers ST/P002048/1, ST/P002056/1,
ST/N504233/1, ST/R505006/1]; the Engineering and
Physical Sciences Research Council [studentship No.
EP/N509711/1]; and the Central Laser Facility of the
United Kingdom. This material is based upon work supported by the Air Force Office of Scientific Research under award number FA9550-18-1-7005. This work was
supported by the European Union’s Horizon 2020 research and innovation programme under grant agreement
No. 653782.

[1] P. Sprangle, C.-M. Tang, and E. Esarey, Relativistic SelfFocusing of Short-Pulse Radiation Beams in Plasmas,
IEEE Transactions on Plasma Science 15, 145 (1987).
[2] G.-Z. Sun, E. Ott, Y. C. Lee, and P. Guzdar, Self-focusing
of short intense pulses in plasmas, Phys. Fluids 30, 526
(1987).
[3] P. Sprangle, E. Esarey, and A. Ting, Nonlinear-Theory
of Intense Laser-Plasma Interactions, Phys Rev Lett 64,
2011 (1990).
[4] R. M. G. M. Trines, F. Fiuza, R. Bingham, R. A. Fonseca,
L. O. Silva, R. A. Cairns, and P. A. Norreys, Simulations
of efficient Raman amplification into the multipetawatt
regime, Nat Phys 7, 87 (2010).
[5] A. Butler, A. J. Gonsalves, C. M. McKenna, D. J.
Spence, S. M. Hooker, S. Sebban, T. Mocek, I. Bettaibi,
and B. Cros, Demonstration of a Collisionally Excited
Optical-Field-Ionization XUV Laser Driven in a Plasma
Waveguide, Phys Rev Lett 91, 205001 (2003).
[6] T. Tajima and J. M. Dawson, Laser Electron-Accelerator,
Phys Rev Lett 43, 267 (1979).
[7] E. Esarey, C. B. Schroeder, and W. P. Leemans, Physics
of laser-driven plasma-based electron accelerators, Rev.
Mod. Phys. 81, 1229 (2009).
[8] S. M. Hooker, Developments in laser-driven plasma accelerators, Nature Photon 7, 775 (2013).
[9] P. A. Walker, P. D. Alesini, A. S. Alexandrova,
M. P. Anania, N. E. Andreev, I. Andriyash, A. Aschikhin, R. W. Assmann, T. Audet, A. Bacci, I. F.
Barna, A. Beaton, A. Beck, A. Beluze, A. Bernhard, S. Bielawski, F. G. Bisesto, J. Boedewadt,

F. Brandi, O. Bringer, R. Brinkmann, E. Bründermann, M. Büscher, M. Bussmann, G. C. Bussolino,
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VIII.

SUPPLEMENTAL MATERIAL
EXPERIMENTAL SET-UP

The experiment was carried out on the 5 Hz repetitionrate TA2 Astra-Gemini Laser at the Central Laser
Facilty, UK, providing a peak power of 9.5 TW, using
a setup identical to the one described in Ref. [27] (see
Fig. 8). The compressed, collimated beam was approximately 55 mm in diameter. Upon entering the target
chamber, the beam was split into the channel forming
beam and the conditioning beam by a dielectric mirror
(HM1) with a 30 mm diameter hole drilled in the centre
at 45 deg. The energy of both beams could be simultaneously varied by a half waveplate and polarizing chicane
placed before the compressor.
The channel-forming beam was reflected from HM1 to
coll
form an annulus of light with collimated intensity Iax
≈
11
−2
4.0 × 10 W cm . This was reflected from a reterofelecting delay stage to allow for timing control, then focused by a fused silica axicon lens of base angle ϑ =
5.6 deg. It was brought to the interaction point by a holed
mirror (HM2) placed approximately 120 mm from the gas
cell entrance pinhole. The channel-forming beam had a
peak axial intensity of 5 × 1015 W cm−2 inside the line
focus, and a transverse profile that matched well to the-

Figure 8.
chamber.

Detailed experimental layout showing vacuum

ory [43], I(r) ∝ J02 (βr) where β = k[arcsin(η sin ϑ) − ϑ],
η is the refractive index, and k = 2π/λ0 . The line focus
extended throughout the length of the gas cell.
The conditioning pulse was transmitted through HM1
and passed through a retro-reflecting delay stage to allow
the time between the channel-forming and conditioning
pulses to be varied. It was then focused by an off-axis
paraboloid (OAP) mirror of focal length f = 750 mm
used at f /25 to the entrance pinhole of the gas cell. The
measured beam waist and Rayleigh range were w0 =
(22 ± 3) µm and zR = (1.1 ± 0.4) mm respectively. By replacing the final turning mirror for an uncoated, optically
flat wedge, the conditioning pulse could be operated at
two intensities. The high-intensity pulse had peak intenhigh
sity Ipeak
= 4.1 × 1017 W cm−2 at the entrance pinhole
corresponding to a0 ≈ 0.43, whilst the lower intensity
low
mode had a peak intensity Ipeak
≈ 1.6 × 1016 W cm−2 .
The gas cell was constructed from aluminium and filled
with hydrogen gas through a 5 mm inlet located 10 mm
from the entrance pinhole. Optically-flat, fused silica
windows were placed on each face to allow for transverse
probing of the plasma channel. The entrance pinhole
had a diameter of 1.5 mm, and exit pinhole a diameter
if 800 µm. The distance between the two pinholes was
measured to be 16 mm. The pressure in the cell could be
varied in the range 5 mbar to 120 mbar and was measured
using a pressure transducer located in a gas reservoir before the gas cell.
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the hydrodynamic properties of molecular hydrogen were
not available in the code. Radiation transport was modelled using multi-group diffusion, with a total of 6 energy
groups distributed between 10 meV and 12 eV. Tabulated values were used for the Rosseland and Planck opacities, also obtained from the PROPACEOS package.

Additional simulation results

The temporal evolution of the ionized and neutral components in the simulation was obtained by integrating azimuthally the electron and neutral densities, respectively.
As shown in Fig. 9(a), the fraction of each component remains constant throughout the expansion.
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In order to study the gas and plasma densities prior to
the interaction with the conditioning pulse, the channel
expansion was modelled with hydrodynamic simulations.
The 2D simulations were performed using the Eulerian
code FLASH 4.6.2[35], capable of performing adaptivemesh refinement inside the 100 µm × 100 µm simulation
box. A 3-temperature model was employed in the calculations, which allowed for independent evolution of the
electron, ion, and radiation species. Heat exchange was
enabled to allow for energy exchange between electrons
and ions. The energy diffusion and thermal conductivity
modules were also activated, to improve the modelling of
the species propagation.
Initially, the simulation box was filled with neutral hydrogen gas, at a pressure of 50 mbar and a temperature
of 298 K. The plasma column was initialised by configuring a region of higher temperature. As described in
Ref. [26], the initial electron temperature profile for the
plasma column created by the axicon can be described

as a super-Gaussian, Te = Te,0 · exp −(r/r0 )22 , where
Te,0 =10 eV is the initial maximum temperature, and
r0 = 4 µm is the initial radius. Tabulated values were
used for the equation of state (EoS) and ionization fraction of atomic hydrogen, with tables obtained from the
commercially available PROPACEOS package [44]. It
should be noted that atomic hydrogen was used since
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A separately compressed, 1 mJ probe pulse with the
same central wavelength as the main pulse was used to
probe the interaction transversely. The probe was passed
transversely through the plasma at a delay τ after the
arrival of the channel-forming beam; this delay could be
varied in the range 0 ns to 6 ns by adjusting a retroreflecting delay stage. Scattered light from the interaction region was collected and collimated by a 50.2 mm
diameter planoconvex lens of focal length f1 = 250 mm,
and subsequently imaged onto a 12-bit CMOS detector by a second, planoconvex lens of diameter 50.2 mm
and f2 = 1500 mm. Before reaching the detector, this
beam was passed through a Mach-Zehnder interferometer to form equally spaced, straight fringes on the detector. The measured spatial resolution of the detector was
(8.7 ± 0.9) µm.
After the gas cell, light from the conditioning pulse
was collected and collimated by a 76.2 mm diameter, f =
500 mm focal length achromatic lens. A retro-reflecting
stage placed before this lens allowed the object plane to
be varied from the entrance to the exit pinhole of the
gas cell. The collimated light was subsequently reimaged
onto a 12-bit CMOS detector and an pyroelectric energy
meter by f = 750 mm, achromatic lens. Light from the
channel-forming beam was blocked from reaching these
diagnostics by an aperture.
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Figure 9. Additional results from the hydrodynamic simulations. (a) Temporal evolution of the number of free electrons
(black) and neutral atoms (blue) throughout the plasma expansion. (b) Temporal evolution of the electron (Te , solid)
and ion (Ti , dashed) temperature profiles at various delays τ
given by the color scale. (c) Temporal evolution of ion pressure profiles at various delays τ given by the color scale.

Figure 9(b) shows the temporal evolution of the electron and ion temperature profiles. The temperature of
both species exhibits an initial rapid evolution, until
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electron-ion thermalisation is reached at τ '1 ns. After this time, both species remain in equilibrium, and
the evolution becomes significanly slower.
Finally, Figure 9(c) shows the temporal evolution of
the ion pressure profiles. The ion pressure inner region
of the channel is much greater than that beyond the shock
front. This suggests that the accumulation of neutral gas
in the region of the shock is caused by the high pressure
in the inner regions of the the channel.

PROPAGATION SIMULATIONS

The simulations of the propagation of the conditioning
pulse were initialized with an electron and neutral density profile equal to that simulated for τ = 1.5 ns. For
the neutral species, the ionization energy was set to be
13.6 eV, equal to that for atomic hydrogen. The ionisation rates were calculated using the ADK model in the
tunneling regime [36]. The laser pulses were assumed to
have a Gaussian temporal profile with τ = 40 fs, and a
Gaussian spatial profile with w0 = 23 µm, closely matching those in the experimental setup.
The simulation window was 400 × 2100 cells on the
(r, z) cylindrical grid, and co-propagated with the con-

ditioning laser pulse. The grid resolution was 0.046 µm
and 1 µm in the longitudinal and transverse directions respectively. Each cell was initialized with 4 particles per
cell. At the transverse boundaries, convolutional perfectly matched layers (CPML) were used to absorb outward traveling radiation from leaky modes. A linear density ramp of length 100 µm was included at the entrance
to the channel, to prevent unwanted reflections from a
density discontinuity. The laser pulse was focused at the
top of the ramp, although since the length of the ramp
was much shorter than the Rayleigh length of the laser
pulse, the longitudinal position of the focus would not
have had a significant effect.
The laser transmission was calculated by isolating the
electric field of the laser from the plasma and integrating
at each timestep
T (z) =

1
Einit

Z

R1

Z

Z+

E(r, z) r drdz,

π0
0

(1)

Z−

where (0, R1 ) and (Z− , Z+ ) are the edges of the simulation box in r and z respectively, and Einit is the initial
laser energy given by
Einit =

 π 3/2
2

τ w02 Ipeak .

(2)

