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We describe a simple scheme, truncated-channel injection, to inject electrons directly into the wakefield
driven by a high-intensity laser pulse guided in an all-optical plasma channel.We use this approach to generate
dark-current-free 1.2GeV, 4.5% relative energy spread electron buncheswith 120TW laser pulses guided in a
110 mm-long hydrodynamic optical-field-ionized plasma channel. Our experiments and particle-in-cell
simulations show that high-quality electron bunches were only obtained when the drive pulse was closely
alignedwith the channel axis, andwas focused close to the density down ramp formed at the channel entrance.
Start-to-end simulations of the channel formation, and electron injection and acceleration show that increasing
the channel length to 410 mm would yield 3.65 GeV bunches, with a slice energy spread ∼5 × 10−4.
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It has become well established that laser-plasma accel-
erators (LPAs) [1] can accelerate few femtosecond [2–6]
electron bunches to GeV-scale energies in accelerator
stages only a few centimetres long [7–13]. These highly
desirable features make LPAs attractive for driving com-
pact, femtosecond-duration light sources [14,15], including
free-electron lasers (FELs). FEL gain has recently been
reported in experiments utilizing laser- [16,17] and beam-
driven [18,19] plasma accelerators. Other work has dem-
onstrated generation of incoherent soft x radiation in an
undulator [20], and at photon energies in the keV range
from betatron oscillations [21], and at MeV energies from
Thomson scattering [22–24].
These demanding applications require generation of

multi-GeV electron bunches with high peak current, low
transverse emittance, and small shot-to-shot jitter of the
bunch properties. Therefore, it is preferable to operate in
the linear, or quasilinear, regime [25] in order to prevent
uncontrolled self-injection at one or more points along the
length of the accelerator. However, this regime brings two
significant challenges. First, relativistic self-focusing does
not occur and hence the drive laser pulse must be guided
over several Rayleigh lengths to reach multi-GeVenergies.
Second, trapping of electrons is more difficult since the
electric fields of the plasma wave are lower than in the
highly nonlinear regime [25].
In order to meet the first of these challenges, we have

developed low-density hydrodynamic optical-field-ionized
(HOFI) plasma channels [26–29], building on pioneering
work by Milchberg et al. [30–33]. These channels have low

losses, and could in principle be several meters long [34].
Experiments have demonstrated guiding of relativistically
intense laser pulses through 200 mm-long channels with
axial densities as low as 1 × 1017 cm−3 [34–37], and
operation at kHz pulse repetition rates [38].
In this Letter we demonstrate a new approach that

addresses both challenges in a single stage. We show that
the density down ramp formed at the start of a HOFI
channel promotes electron injection directly into the quasi-
linear wakefield driven by a channel-guided drive pulse.
We demonstrate experimentally that this truncated-channel
injection (TCI) scheme produces electron bunches with an
energy up to 1.2 GeV, and a root-mean-square (rms) energy
spread of σE=μE ¼ 4.5% with 120 TW laser pulses. We
show that high-quality TCI bunches are only generated
when the drive laser is (i) focused close to the down ramp at
the channel entrance, and (ii) well aligned with, and hence
guided by, the HOFI channel. In contrast, we find that
bunches produced by ionization injection have much larger
energy spread and are preferentially generated when the
drive pulse is misaligned with the channel. The experi-
mental results are found to be in excellent agreement with
start-to-end simulations of the complete TCI scheme,
which includes hydrodynamic simulations of the formation
of the HOFI channel and high-resolution particle-in-cell
(PIC) simulations of electron injection and acceleration.
These simulations show that dephasing was not reached in
our experiments, and that extending the channel length to
the dephasing length Ld ≈ 410 mmwould yield bunches of
energy 3.65 GeV, a slice energy spread below the per-mille
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level, a peak current of 0.8 kA, and a normalized transverse
emittance of ϵn;⊥ < 5 mmmrad. These properties appear
well matched to the requirements of soft x-ray FELs driven
by 100 TW class lasers.
Before describing this Letter in detail we note that Scott

et al. [39] investigated electron injection in a prepulse
generated plasma structure similar to that investigated here,
but not coupled into a waveguide. Oubrerie et al. generated
1.1 GeV bunches with relative energy spread 4%, following
blade-induced shock injection in a higher-density, 15-mm-
long, all-optical channel [40]. Miao et al. used 300 TW
laser pulses to generate 5 GeV bunches with large energy
spreads following ionization injection in nitrogen-doped,
20-cm-long HOFI channels [41]. Recent work investigating
density transitions generated by hydrodynamically expand-
ing shocks has demonstrated their feasibility for beam-
driven [42] and laser-driven [43] acceleration.
Figure 1 outlines the TCI scheme, and the experimental

arrangement employed using the Astra-Gemini TA3 Ti:
sapphire laser at the Rutherford Appleton Laboratory
which delivers ð47� 3Þ fs pulses with λ0 ¼ 800 nm. The
channel-forming beam, of pulse energy ð86� 17Þ mJ, was
focused by an axicon lens to form a plasma column within
the 110-mm-long gas target. The drive beam, containing
ð5.8� 0.2Þ J, was focused into the gas target to a spot-size
w0 ≈ 40 μm, with peak intensity Ipk ≈ 2.4 × 1018 Wcm−2

(a0 ≈ 1.0). The delay between the arrival of the two pulses
was set to Δτ ¼ 3.5 ns. The target comprised a 110 mm
long hybrid gas jet cell [44] filled with a 2% mix of
nitrogen in hydrogen.
A small fraction (< 1%) of the drive laser was trans-

mitted through the final turning mirror and focused in order
to measure on each shot the input transverse offset, δr, of
the drive pulse focus relative to the channel. After leaving
the cell, the drive pulse was directed to a far-field camera,
and two fiber-based optical spectrometers. Electron beam
characteristics were measured by an electron spectrometer.
Truncating the plasma channel to trigger injection was

achieved by delaying the longitudinal position of the start of
the HOFI plasma channel zch as follows. In principle zch is
calculated from the diameter (26 mm) of the central hole in
the axicon and the approach angle of the axicon (1.6°). In
practice, however, wavefront nonuniformities and diffraction
determine the distance over which the intensity of the line
focus increases from zero to the threshold intensity for
ionization. Figure 1(b) shows the measured intensity dis-
tribution, Iaxðr; zÞ, near the start of the axicon line focus,
and Fig. 1(c) shows the calculated electron temperature
profile Teðr; zÞ of the resulting initial plasma column [45].
The strong intensity dependence of optical field ionization
causes the onset of the plasma column to be significantly
sharper than that of Iaxðr; zÞ. Hydrodynamic simulations [see
Fig. 1(d)] show that the front edge of the plasma column
expands longitudinally to form a hemispherical acoustic
shockwave, resembling a Sedov-Taylor spherical expansion

of electron and neutral density (n ¼ ne þ nH) [45,56]. The
body of the plasma column expands radially, driving a
cylindrical shock into the surrounding gas [28,34]. The
leading edge of thedrive laserwill ionize any neutral atoms to
give a new electron density equal to n [34,37]. The scale
length of the transition, L̂tr ¼ ne0=ðdne=dzÞ, where ne0 is the
axial density in the HOFI channel, is varied by adjusting the
position of zch within the plume of gas exiting the cell
entrance. Since the expansion rates of the hemispherical and
cylindrical blast waves are different, independent control
over the parameters of the injection and acceleration section
can be achieved (see the Appendix). The calculated
L̂tr ≈ 15 μm is short compared to the plasma wavelength
λp ¼ 2πcðne0e2=meϵ0Þ−1=2 ≈ 100 μm, hence localized
injection is triggered by an abrupt change in wakefield phase
as the plasma electrons cross the density transition [57–59].
We examined the TCI scheme by setting the longitudinal

position of the drive pulse focus, zf , to coincide with the
position of the front pinhole, and varying zch so as to adjust
their separation, Δz ¼ zch − zf , between −11.2 mm and
0.8 mm. We note that in a standard guiding experiment
Δz ≪ 0 mm, so that the entrance to the channel is far
upstream of the drive pulse focus. The axial plasma density
was set to ∼ð1.3� 0.1Þ × 1017 cm−3, suppressing ioniza-
tion injection for guided pulses [45] whenΔz ¼ −11.2 mm.
Figure 2(a) shows the recorded injection probability, pinj,

as a function of Δz, where injection is considered to have

FIG. 1. Schematic of truncated-channel injection scheme.
(a) Setup: channel-forming (red) and drive (orange) beams were
coupled into the gas target. The input mode, output mode, optical,
and electron spectra were measured on every shot. Inset:
measured transverse fluence profiles of the drive laser at focus
and at the exit of the HOFI channel. (b) Measured axicon
longitudinal intensity profile, (c) calculated initial electron
temperature profile, and (d) calculated density profile of the
truncated HOFI plasma channel 3.5 ns after arrival of the
channel-forming pulse. In each panel, the black curve shows
the relative magnitude of each variable along the optical axis.
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occurred if the total charge recorded by the electron
spectrometer exceeded 0.05 pC. For guided shots, electron
bunches were observed for −3.2 mm ≤ Δz ≤ 0.8 mm, i.e.
when the drive focus was well within one Rayleigh length
of the leading edge of the plasma channel. For 124 guided
shots with Δz ≥ −3.2 mm, pinj ¼ 74%, whereas no elec-
tron injection was observed in 73 guided shots when
Δz ≤ −7.2 mm. With the channel entrance at its most
downstream position, Δz ¼ 0.8 mm, high-quality guiding
and electron acceleration were observed simultaneously
when the input beam was well aligned with the HOFI
channel, as shown in Fig. 2(b). Electron bunches of
pC-scale charge with mean energies in excess of 1 GeV
and few-percent energy spreads were consistently observed
for input offsets δr≲ 10 μm. These shots exhibited an
angular splitting of the bunch; PIC simulations indicated
that this arose from transverse oscillations of the bunch that
are seeded by laser mode beating [45]. When the channel
entrance was upstream of the drive focus (Δz ≤ −7.2 mm),

electron injection was not observed for guided shots, and
instead injection was only observed when the drive
pulse was offset transversely from the channel axis [see
Fig. 2(c)].
The spectral shift of the drive pulses provides insight into

wakefield excitation along the plasma channel. Figure 3(a)
shows, as a function of δr, the intensity-weighted average
wavelength, hλi, of the transmitted drive pulse, together
with a measure of the wavelength shift, δhλi ¼ hλi=λ0.
Well-aligned shots (δr≲ 30 μm) are strongly correlated
with high transmission and significant red-shifting, corre-
sponding to good guiding and strong wakefield excitation.
In contrast, shots with large δr are strongly associated with
low transmission and significant blue-shifting, consistent
with significant ionization by the drive pulse.
Figures 3(b) and 3(c) show corresponding effects in

the measured electron energies, with larger mean energies
μE measured for smaller δr. As shown in Fig. 3(c),
well-aligned shots (δr ≤ 10 μm) have dramatically lower
relative rms energy spread—σE=μE ≈ 7% on average,
with a best of 4.5%—than less well-aligned shots.
Furthermore, well-aligned shots exhibited percent-level
shot-to-shot energy stability, with a mean energy of
μE ¼ ð1.033� 0.010Þ GeV. For larger input offsets
(10 < δr ≤ 50 μm), electron bunches of higher charge
(∼10 pC) were obtained with spectra typically comprising
multiple peaks superposed on a continuous spectrum

FIG. 2. (a) Left axis: injection probability, pinj, as a function of
Δz ¼ zch − zf for all (blue circles) and guided (green squares)
shots. Right axis: variation of calculated electron bunch charge
Qb with Δz, from PIC simulations. Inset (gray): simulated
longitudinal phase-space distribution of the electron bunch at
the channel exit for Δz ¼ 0.8 mm. (b) Examples of the measured,
angularly resolved, electron spectra (left) and guided drive beam
profile (right) for Δz ¼ 0.8 mm; black crosses show the drive
input position. Also shown is a comparison between the mea-
sured and simulated spectral density. (c) Plots as in (b) for
Δz ¼ −11.2 mm, for cases where the drive pulse was misaligned
(upper) or aligned (lower) to the channel.

FIG. 3. Variation with δr of the spectra of the output drive and
electron beams. (a) hλi for Δz ¼ 0.8 mm. The size of data points
corresponds to the relative fluence of the measured guided mode.
The result from start-to-end simulations is shown in gray.
(b) Mean electron energy, μE, for guided shots for TCI (purple
squares) and ionization injection (blue circles); bins containing
only a single event use “þ” markers. For the ionization injection
dataset, Δz ¼ −11.2 mm and ne0 ¼ ð2.2� 0.1Þ × 1017 cm−3.
(c) Average ratio σE=μE of accelerated electron bunches. For
all plots the data points with error bars are averages over 10 μm-
wide bins [45], with the error bars showing one standard error.
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extending to≲1.0GeV, with a mean energy μE ∼ 0.8 GeV.
For δr > 50 μm, electron spectra were effectively con-
tinuous, with μE ∼ 0.5 GeV.
Figures 3(b) and 3(c) also show results for the case of

ionization injection from the nitrogen dopant, which was
studied by setting ne0 ¼ ð2.2� 0.1Þ × 1017 cm−3 and
translating the axicon to Δz ¼ −11.2 mm. It is noticeable
that for ionization injection μE is lower and much less
sensitive to δr. Electrons were preferentially injected when
the drive pulse was slightly misaligned with respect to the
axis of the channel. Injection occurred only twice in 26
shots with δr ≤ 20 μm (∼7%) but occurred in ∼30% of
guided events for 20 < δr ≤ 50 μm.
The data presented in Figs. 2 and 3 may be interpreted

as follows. At the lower density investigated in this
Letter, high quality electron injection only occurred when
the drive pulses were (i) well aligned with the channel
(δr < 10 μm), and (ii) focused close to the channel entrance
(Δz¼ 0.8mm). For these conditions, strong wakefield
excitation occurred, and ∼1 GeV electron bunches with
few-percent energy spread were generated with an injection
probability of ∼80%. When the channel entrance was
located far upstream of the drive focus, electron bunches
were only generated if the drive pulsewasmisaligned; in this
case, the electron spectra were broadband, and the trans-
mitted drive pulses had low energy transmission with much
reduced red-shifting. These observations are consistent with
poorly-aligned drive pulses interacting with the higher-
density channel walls and surrounding neutral gas, trigger-
ing uncontrolled electron injection, potentially at several
points along the channel. For the case of ionization injection,
broadband electron buncheswere generated for awide range
of δr, suggesting that high-quality guiding was not neces-
sary, and that injection occurred at several points along the
plasma channel.
To gain further insight we performed start-to-end mod-

elling of the channel formation and electron acceleration
process [45]. An Airy drive laser focus with δr ¼ 0 and
other parameters similar to the experiment was assumed.
The right-hand axis of Fig. 2(a) shows the calculated
electron bunch charge Qb at the channel exit for several
values of Δz. The variation of Qb with Δz is qualitatively
similar to pinj, although the range of Δz over which
injection is observed in simulation is smaller. The inset
to this figure shows the calculated longitudinal phase space
of the bunch at the exit of the channel for Δz ¼ 0.8 mm.
The properties of this bunch are μE ¼ 1.175 GeV, σE ¼
38 MeV (3.2%), and Qb ¼ 1.8 pC. The calculated FWHM
bunch duration was 9.4 fs, and the mean slice energy spread
was ð1.0� 0.4Þ%. The spectra of the electron bunch and
the transmitted drive pulse are found to be in good
agreement with the measurements [see Figs. 2(b) and 3(a)].
Efficient coupling of the drive pulse and electron bunch

into the HOFI channel depended on w0 and zf. For the
conditions of Fig. 2, approximately 20% of the trapped

charge was coupled into the channel, the rest being
immediately dephased. Rapid spot-size oscillations, caused
by improper matching of the drive pulse into the HOFI
channel, led to transverse ejection of particles from the
wakefield. Figure 4(a) shows the evolution with z of the
mode size wðzÞ and Qb for the same channel parameters as
Fig. 2 and several Airy input modes mismatched to the
channel by Δ ¼ wm − w0. For a Gaussian mode with
w0 ≈ wm, > 40% of injected bunch charge is transported
into the channel, increasing the peak current by an order of
magnitude compared to the Airy mode.
Figure 4 also shows the evolution of the bunch character-

istics for channels with a length up to the dephasing length
Ld ≈ 410 mm, i.e. longer than investigated here, but exper-
imentally feasible [34,37]. At z ¼ Ld, the properties of the
bunch are found to be μE ¼ 3.65 GeV; σE ¼ 487 MeV
(σE=μE ¼ 13.3%); an rms duration of ∼26 fs, correspond-
ing to a peak current Ipeak ≈ 0.7 kA; and a normalized
projected transverse emittance of ϵn;⊥ ≈ 5.8 mmmrad (with
a slice average of ϵslicen;⊥ ≈ 3.6 mmmrad).
Evolution of the bunch chirp, hðzÞ, is shown in Fig. 4(c).

Upon injection, TCI bunches exhibit negative chirp
(h ≈ −1.2 MeV fs−1); during propagation the accelerating
field causes h to increase to ≈49 MeV fs−1. Thanks to the
linear longitudinal phase-space distribution, a plasma-
based dechirper [60] could reduce σE to the level of
the slice-averaged energy spread, σsliceE =μE ∼ 5.0 × 10−4,
potentially producing an FEL-quality bunch. In the 1D
limit, three bunch conditions must be satisfied [61], of
which we find the most stringent is ϵ⊥ ¼ ϵslicen;⊥ =γ < λR=4π,
where γ is the Lorentz factor and λR is the FEL wavelength.
This results in λR ≳ 4πϵ⊥ ≈ 6 nm, making the TCI scheme
appealing to such applications. Alternatively, bunch com-
pression could result in sub-fs, ≳10 kA peak current
bunches; similar schemes have been proposed for generat-
ing high peak power, attosecond-duration soft x rays from
plasma-based accelerators [62].

FIG. 4. (a) Laser spot size (top) and TCI bunch charge (bottom)
during propagation for input modes of different sizes. (b) Electron
bunch longitudinal phase space at four different propagation
distances. The longitudinal current profile at z ¼ 410 mm is
shown in blue. (c) Relative energy spread of the TCI bunch
(σE=μE, blue), the mean relative slice energy spread (red), and
bunch chirp (h, purple).
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In summary, we have demonstrated a simple scheme to
inject electrons directly into the wakefield driven by a pulse
guided by an all-optical plasma channel. Dark-current-free,
1.2 GeV bunches with 4.5% relative energy spread were
generated with 120 TW laser pulses guided in a 110 mm-
long HOFI plasma channel. Our measurements, supported
by simulations, showed that high-quality electron bunches
were only obtained when the drive pulse was well aligned
with the channel axis and focused close to the density down
ramp formed at the channel entrance, and that increasing
the channel length to Ld ≈ 410 mm would yield 3.65 GeV
bunches, with relative slice energy spread below the per-
mille level. In contrast, bunches injected via ionization
were broadband and preferentially occurred when the drive
was misaligned with the channel. This experiment is the
first to exploit sculpting of the longitudinal and transverse
density profile of all-optical plasma channels to control
electron injection into a plasma channel accelerator stage.
Further tailoring of the plasma channel could be achieved by
manipulating the channel-forming pulse itself, or employing
additional laser pulses. All techniques employed here
are well suited to ≳kHz repetition rates, making this
scheme promising for high-repetition-rate, compact radia-
tion sources, including FELs.
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Appendix: Control over the density transition and
channel characteristics.—It is important to be able to
control the scale length of the longitudinal density
transition, L̂tr ¼ ne0=ðdne=dzÞ, since this determines
properties of the injected electron bunch. Furthermore,
having independent control over the injector and
accelerator section is vital for producing high quality
electron bunches. Even though TCI uses a single laser
pulse to both create the down ramp and the plasma
channel, it offers additional control and benefits over

schemes where shocks are generated by interrupting the
flow of gas [63–65].
With the TCI scheme, L̂tr is achieved by fixing the

position of the gas cell entrance (z ¼ 0) and varying the
position of the start of the axicon focus zch within the gas
plume. Figure 5 illustrates this tunability, showing the
longitudinal density profile nðzÞ ¼ ðne þ nHÞ calculated
via magnetohydrodynamic simulations [45] for a fixed
initial gas density distribution and Teðr;z−δzÞ, with δz ¼
0;−100;−200 μm where Teðr; zÞ is shown in Fig. 1(c).
The black dashed line indicates ngas at τ ¼ 0. It can be seen

FIG. 5. Results of fluid simulations of the longitudinal variation
of the total density n ¼ ne þ nH for three simulations with
Teðr; z − δzÞ with δz ¼ 0;−100;−200 μm. The initial gas den-
sity profile, ngas, assumed in these simulations is represented by
the black dashed line.

FIG. 6. Results of fluid simulations showing the temporal
evolution of the total density n ¼ ne þ nH for (a) the longitudinal
expansion at the start of the channel and (b) the transverse expansion
of the bulk that forms the guiding structure. The delays plotted vary
between 0 and 5 ns in steps of 1 ns. The delay used in the
experiment, Δτ ¼ 3.5 ns, is represented by the black dotted line.
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that the down-ramp length is ≈70 μm and the ratio of the
peak shock density to the on-axis density in the main part of
the channel, nshock=ne0 can be varied from approximately 2
to 6, corresponding to a variation of L̂tr ¼ 70–15 μm, and
thus allowing sufficient control over the injected electron
bunch properties.
Additionally, while the time delay Δτ between the two

pulses determines the channel size and matching condition
for the propagation section, it does not affect the properties
of L̂tr for Δτ where guiding profiles exist. Figure 6 shows
the evolution of both the longitudinal expansion of the
leading edge of the channel and the transverse expansion of
the bulk. The hemispherical expansion responsible for the
injection section carries less energy-per-unit length com-
pared to the cylindrical expansion of the channel body.
After 3 ns the shape of this transition is essentially
unchanged, except for a small longitudinal shift. Over
the same time period, the transverse expansion of the bulk
continues, modifying the shape of the guiding channel and
hence its matched spot size. This difference in expansion
rate allows independent tuning of the injection region and
guiding properties of the channel, without the need to
modify the gas target.
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