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Electron self-injection and acceleration in a hollow plasma channel
driven by ultrashort intense laser pulses∗
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The self-injection and acceleration of electrons in a hollow plasma channel driven by ultrashort intense laser pulses
is investigated by Particle-in-Cell (PIC) simulations. It is shown that electrons from the bubble sheath will be self-injected
into the hollow plasma channel and move radially towards the channel border due to the lack of focusing force in the
hollow plasma channel. After several reflections near the channel wall by the strong focusing force, a self-injected electron
bunch can be confined in the hollow plasma channel and quasi-phase-stably accelerated forward for the whole laser–
plasma interaction process. These electrons using optical and plasma-related self-injection method can be self-organized to
remain in the rear of the bubble, where the accelerating electric field is transversely uniform and nearly plateau along the
propagation axis. Therefore, the self-injected electron bunch can be accelerated in a steady state without obvious oscillation
and has a high quality with narrow energy spread and low divergence.

Keywords: self-injection, high-quality electron bunch, hollow plasma channel
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1. Introduction
Laser-driven wakefield acceleration (LWFA) is one of the

most promising schemes for achieving compact and affordable
accelerators, providing large accelerating gradient orders of
magnitude higher than those available in conventional radio-
frequency accelerators.[1] Therefore, charged particle acceler-
ation in the laser–plasma interactions has attracted great inter-
est since the LWFA mechanism was first proposed by Tajima
and Dawson in 1979.[2] Thanks to the development of high-
power laser technologies, significant progress has been made
in 2004 when the quasi-monoenergetic electron bunches were
first obtained in experiments.[3–5] Recently, electron bunches
with the energy up to 4.2 GeV have been generated in a
9-cm plasma waveguide using a 40-fs laser pulse with 16-
J energy.[6] These significant experimental results were ob-
tained in the bubble regime when a short intense laser pulse
almost expels electrons completely from the first half of the
plasma wave. The longitudinal electric field in the cavitated
region is uniform in the transverse direction and linear in prop-
agation axis so that the self-injected electron bunch with du-
ration less than about 10 fs can get monoenergetic.[7] These
electron bunches have a lot of potential applications such as
generation of X and γ rays,[8–10] ultrafast imaging,[11] cancer
therapy,[12] radiotherapy,[13] etc.

Although there have been many theoretical and numerical
investigations of LWFA and the scaling laws have also been
found,[14–18] to obtain high-quality electron bunches in practi-
cal experiments is a challenging task due to the complexity of
the strongly nonlinear bubble regime. As we know, the laser

pulse interacts with plasma electrons at the very front and the
major part of the laser pulse propagates freely in the blow-out
region. Thus, the pulse tail gradually overtakes its head, where
an optical shock is formed and the pulse etches back.[16] All
these lead to the pulse shortening and faster dephasing, which
in turn decreases slowly the group velocity of the laser pulse.
Consequently, the self-injected electron bunch will run into
the decelerating phase of the bubble to limit the maximum en-
ergy gain and enlarge the energy spread. At the same time,
these relativistic self-injected electrons can easily come into
betatron resonance because of the transverse focusing field in
the bubble regime. Thus, it will blow up the electron bunch
emittance and increase divergence.[9]

Numerous methods have been proposed to optimize the
quality of the self-injected electron bunch and improve its sta-
bility, such as pulse colliding injection,[19] ionization-induced
injection,[20–23] density transition injection,[24,25] guiding of
the laser pulse in a performed parabolic[6,26,27] or hollow
channel,[28] etc. Among those, the hollow plasma channel is
considered as an efficient way to overcome the drawbacks in
the uniform plasma and significantly optimize the electron ac-
celeration. The lack of ion cavity in the hollow plasma chan-
nel is favorable to increase the effective phase velocity of the
bubble and the dephasing length and reduce remarkably the
focusing force acting on the electrons in the bubble regime.
It is very important for electron acceleration to tunable con-
trol in experiments. The parameters of the hollow plasma
channel can provide independently control over the focusing
and accelerating field in the channel.[29] Recently Pukhov et
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al. derived scaling laws for deep plasma channel with a zero
density on axis driven by ultrashort pancake-like laser pulses
and observed a witness beam with energy up to 7.5 GeV and
only 0.3% total energy spread in numerical simultions.[28] Fur-
ther, Thomas et al. obtained the generalization of the bub-
ble theory for a radially inhomogeneous plasma and it can
predict the shortening and steepening of the bubble.[30] Yi
et al. used the hollow plasma channel to overcome the de-
focusing of the positively charged witness beam in the bub-
ble regime and accelerate the latter up to 4-TeV energy with
low emittance.[31,32] However, high-quality witness bunches
in these schemes should be injected externally into the bubble
regime. It requires such bunches with energy GeV or TeV
level must be generated from conventional radio-frequency
accelerator.[19] Recently the first experimental demonstration
of creating an extended hollow plasma channel is encouraging
for undertaking future the generation of high-quality electron
bunch at intense laser facilities.[33]

In this paper, we focus on the self-injection and acceler-
ation of electron in the bubble regime of the hollow plasma
channel driven by the Guassian-shaped laser pulses, which are
used commonly in worldwide experiments. By optimizing the
parameters of laser pulse and hollow plasma channel, it finds
that when the radius of the hollow plasma channle matches the
spot size of the laser pulse in a rarefied plasma, electrons from
the bubble sheath can be self-injected into the rear of the bub-
ble. The dynamics of the electrons in the whole interaction
process will be discussed. The focusing field is almost zero
in the hollow plasma channel, while it is strong around the
periphery of the hollow plasma channel in the bubble regime.
Self-injected electrons can be confined in the channel and are
quasi-phase-stably accelerated in the rear of the bubble, where
the accelerating electric field is uniform transversely and flat-
ten in propagating direction. Therefore, a self-injection elec-
tron bunch with low energy spread and divergence can pre-
serve a steady state in the whole laser–plasma interactions
without obvious quality degradation.

2. PIC simulations results and analysis
We carried out two-dimensional (2D) particle-in-cell

(PIC) simulations using VORPAL code to demonstrate elec-
tron self-injection and acceleration in hollow plasma channels
driven by laser pulses.[34] In order to comparison with the ex-
isting results,[15] we choose the same laser parameters as in the
latter. In the simulations, a bi-Gaussian laser pulse is irradiated
into a hollow plasma channel from the left boundary (x = 0).
The pulse envelope is a ∼ A0exp[−(y/RL)

2/2 − (t/TL)
2/2],

where the full-width-half-maximum (FWHM) of the laser in-
tensity is RL = 6.72 µm, y is the transverse direction, the pulse
duration is cTL = 3.2 µm, and the wave length is λ = 0.8 µm.
The laser normalized vector potential is a0 = eE0/mcω0 = 10,

which corresponds to the intensity of I = 2.1× 1020 W/cm2,
where c is the speed of light in vacuum and ω0 is the laser
frequency, e and m are the electron charge and mass, respec-
tively. The laser pulse propagates along the x axis and is lin-
early polarized in z axis. The hollow plasma channel has a
plasma density of the form n(r) = 0 for r < r0 and n(r) = ne

for r ≥ r0, where ne is the electron plasma density in the wall,
r =

√
y2 + z2 is the radial distance from the axis and r0 is

the hollow channel radius. The radius of the channel hollow
should be chosen to let the laser pulse propagate freely with-
out pulse shortening and optical shock around the propagation
axis. The transverse ponderomotive force of the laser pulse
near the channel wall should be very strong. Thus, we set the
radius of the hollow channel to be slightly smaller than the
spot size of the laser pulse, which allows sufficient electrons
in the channel wall to move into the bubble sheath. We have
scanned over a range of the channel radii and found that a ra-
dius r0 = 5 µm provides the best performance. The plasma
with density ne = 0.001nc initially locates in a region between
x = 20 µm and x = 1500 µm. The simulation box is featured
as 110 µm×60 µm, and the grid size is set as λ/30 along the
x axis and λ/40 on the y axis. Ten particles are put in each
cell and the mass ratio between the ion and the electron is set
as 1836. The transverse and longitudinal boundary conditions
are periodic and absorbing, respectively. The initial electron
and ion temperatures are assumed to be so small that their ef-
fects can be ignored. In addition, because our simulations are
2D spatial, the electron numbers will be given with an unit of
1/µm in the z axis.

Figure 1 shows the electron density distributions of the
laser–plasma interaction at t = 0.5 ps, 1.23 ps, 3.5 ps, and
5.2 ps, respectively. The dashed lines show the boundaries
of the hollow plasma channel. Simulation results indicate that
there are roughly three stages of electron acceleration: (i) elec-
tron self-injection stage, (ii) electron oscillation stage, and (iii)
electron-quasi phase-stable acceleration stage. In the electron
self-injection stage before t = 0.6 ps, as shown in Fig. 1(a),
the background electrons located near the edge of the chan-
nel are expelled by the laser ponderomotive force, generating
a series of wake bubbles behind the laser pulse. The expelled
electrons with high energy cannot be confined in the bubble
sheath and their transverse outflow forms a bow wave at the
front of the bubble. A small fraction of sheath electrons can
be self-injected into the rear of the first bubble. Due to the
lack of focusing force in the hollow plasma channel, the self-
injected electrons move transversally toward the wall of the
hollow plasma channel. Then the major characteristic of self-
injected electron dynamics is transverse oscillation between
the upper and lower edges of the hollow plasma channel. Some
self-injected electrons with high transverse velocity can escape
from the edge of the hollow plasma channel, while the rest
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self-injected electrons reverse their signs of transverse veloc-
ities near the edge of the hollow plasma channel and are con-
fined between the upper and lower edges of the hollow plasma
channel. Figure 1(b) shows that most of self-injected electrons
are reflected secondly from the edges of the hollow plasma
channel and a minority of self-injected electrons located in the
bunch tail is dispersed outside the channel. Eventually, a wide
electron bunch almost without electron escaping after about
t = 2.4 ps is formed in the bottom of the first bubble. In the
electron quasi-phase-stable acceleration stage, without laser
pulse shortening and optical shock in the hollow channel, the
effective bubble phase velocity increases in the hollow plasma
channel compared that in a uniform plasma. The self-injected
electron bunch always stays close to the rear of the first bubble
as shown in Fig. 1(c). In this stage, the laser depletion length
is longer than the electron dephasing length. Therefore, the
self-injected electron bunch can be quasi-phase-stably accel-
erated forward with the laser pulse for a long distance till out
of the plasma slab as shown in Fig. 1(d).
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Fig. 1. Electron density distributions at t = 0.5 ps (a), 1.23 ps (b), 3.5 ps
(c), and 5.2 ps (d), respectively. The electron density is normalized by
the background plasma density. The dashed lines show the boundaries
of the hollow plasma channel.

It is very important to analyze the quality of the self-
injected electron bunch in our scenario. The self-injected
bunch is accelerated to 117 MeV of the peak energy with 2.9%
energy spread at t = 5.2 ps when it moves out of the plasma
slab, as shown in Fig. 2. It contains about 3.7×109 electrons
and has longitudinal and transverse sizes of about 6 µm and
14 µm, respectively. Compared to the uniform plasma case
as shown in Fig. 6, the wide electron bunch stays monoener-
getic for a long time of acceleration since it is formed near
the bottom of the bubble. It is because that the laser deple-
tion length is longer than the electron dephasing length in the
hollow plasma channel. Figure 3 shows the divergence angle
distributions of the electrons at different time corresponding
to that in Fig. 1. It indicates that the divergence angle is very
large during the stages of electron self-injection and oscilla-
tion as shown in Figs. 3(a) and 3(b). However, the divergence

angle in the electron quasi phase-stable acceleration stage re-
duces remarkably to about ±2◦ at t = 3.5 ps and ±1.5◦ at
t = 5.2 ps as shown in Figs. 3(c) and 3(d). It is because that
the self-injected electron bunch is confined in the channel and
continually accelerated forward with the laser pulse.
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Fig. 2. The energy spectra of electrons at t = 2.4 ps, 3.5 ps, and 5.2 ps,
respectively.

In order to further investigate the generation of the high-
quality electron bunch in the hollow plasma channel, we pre-
sented the spatial distributions of transverse focusing field
Ey − cBθ and longitudinal accelerating field Ex at t = 1.23 ps
in Figs. 4(a) and 4(b), respectively. In Fig. 4(a), the dashed
lines indicate the boundaries of the hollow plasma channel and
the solid line shows the transverse distribution of the focusing
field Ey − cBθ at x = 332 µm. One can see that the trans-
verse focusing field in the bubble region is almost zero in the
hollow plasma channel, while it increase linearly along y axis
from zero at the channel boundary to the maximum at the bub-
ble sheath and then decrease to zero rapidly. The self-injected
electrons with transverse velocity would be reflected by the
strong focusing force and confined in the hollow plasma chan-
nel as a wide bunch as shown the rectangle marked by the dot–
dashed lines. Other self-injected electrons behind the wide
bunch in the rear of the bubble as shown in Fig. 1(b) will es-
cape from the hollow plasma channel because there is no con-
fining potential well in the peripheral region around the chan-
nel. The longitudinal electric field Ex experienced by the wide
electron bunch is transversely uniform as shown in Fig. 4(b).
Furthermore, figure 4(c) shows the transverse distributions of
the longitudinal electric field in the center of the self-injected
electron bunch at t = 0.5 ps, 2 ps, 3 ps and 5 ps, respectively.
It proves that the longitudinal electric field is transversely uni-
form for the whole acceleration process. The longitudinal on-
axis electric field of the wide electron bunch is nearly flat after
the electron self-injection stage as show in Fig. 4(d), where
the black rectangle represents the location of the self-injected
electron bunch. Thus, the transverse focusing and longitudi-
nal accelerating fields are ideal to accelerate the self-injected
electron bunch monoenergetically for a long distance.
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Actually, one of the remarkable advantages in the pro-
posal is that the central intensity of the laser pulse propa-
gates in the hollow plasma channel with the light speed for the
whole laser–plasma interactions and the self-injected electrons
is catching up with the laser pulse and continuously obtain-
ing energies, until they reach the dephasing region. Figure 5
shows the space and time evolutions of the electron density

and the electric field along the axis of the laser propagation,
respectively. One can see that the self-injected electron bunch
always stays close to the rear of the bubble in the whole laser–
plasma interactions and is quasi-phase-stably accelerated for-
ward. It demonstrates that the phase velocity of the bubble
nearly equals to the velocity of the self-injected electron bunch
and the dephasing length increases avoiding the slipping of
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the self-injected electron bunch from the accelerating phase
into the decelerating phase. In Fig. 5(a), we also present the
times of the first (t = 0.7 ps), second (t = 1.23 ps), and third
(t = 2.12 ps) crossing of electrons on the propagating axis re-
flected from the channel boundary, respectively. It denotes that
a self-injected electron bunch could be formed after the second
crossing and its longitudinal width almost keeps a constant in

the following time. On the other hand, most of self-injected
electrons are confined radially in the hollow plasma channel
without apparent transverse oscillations, which can be favor-
able to suppress the radiation loss.[32] Consequently, a self-
injected electron bunch with a narrow energy spread and small
angular divergence is accelerated steadily during the whole in-
teraction distance.
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Fig. 5. Space and time evolution of the electron density (a) and the electric field Ex (b) on the propagating axis of the laser pulse. The times
of the first (t = 0.7 ps), second (t = 1.23 ps), and third (t = 2.12 ps) crossing of self-injected electrons on the on-axis (y = 0) are shown in
panel (a).

3. Discussion

As a comparison, simulations with the same laser pulse
as that in Fig. 1 but homogeneous densities with ne = 0.001nc

and ne = 0.01nc are performed as shown in Fig. 6. Figure 6(a)
shows that the rear part of laser pulse overtakes the front part,
and is diffracted to the lateral sides of the bubble front since it
is not guided in the ion channel. This leads to several electron
cavities beside the bubble front. Although its energy spread is
still about 8% as shown in Fig. 6(c), the self-injected elec-

tron bunch is pushed out of the bubble. As increasing the
plasma density up to ne = 0.01nc, it shows that the laser pulse
is depleted gradually in a shorter distance compared with the
case of Fig. 6(a). The self-injected electron bunch outruns the
bubble wakefield and moves into the bubble front as shown
in Fig. 6(b). The quality of the electron bunch will be de-
teriorated, which can be proved by the mulit-peak spectrum
of electrons as shown in Fig. 6(d). Therefore, the nonlinear
evolution of laser pulse in the homogeneous density plasma is
disadvantages to obtain high-quality electron bunch.
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In order to investigate the effects of plasma densities on
the quality of the self-injected electron bunch, the same laser
pulse as that in Fig. 1 is irradiated into different hollow chan-
nels. Figure 7 shows that the distributions of electrons at t =
2.8 ps for different densities ne = 0.001nc, 0.002nc, 0.003nc,
and 0.005nc, respectively. The dashed lines also show the
boundaries of the hollow plasma channel. It shows that the
quality of self-injected electron bunch is deteriorated with the
increasing of the plasma density. Multiple self-injections can
be observed in high density plasma, which further destroys the
quality of the self-injected electron bunch. Multi-peak energy
spectra of the self-injected electron bunch can be observed for
the higher plasma density as shown in Fig. 8. In order to using
a more realistic density profile in the hollow channel, smooth
edges of the hollow channel are performed in the simulations.
Figure 9 shows the distributions of electron densities and en-
ergy spectra with more smooth edge of the hollow channel.
The electron density of Fig. 9(a) decreases linearly to zero

from the radius r = 5 µm to r = 2 µm (dashed line), while it
decreases linearly to zero from the radius r = 5 µm to r = 3 µm
(dashed line) in Fig. 9(b). It shows that electrons in the chan-
nel wall can also be self-injected in the bubble and confined in
the rear of the bubble. The self-injected electron bunch can be
phase-stably accelerated forward and keep its monoenergetic
spectrum for a long distance. It should be noted that the qual-
ity of self-injected electron bunch is better with the decreasing
of electrons in the hollow channel. Therefore, our model can
also be applicable to the hollow channel with a more realistic
density profile.
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trum of electrons at t = 5 ps. (b) The electron density distribution and
(d) the energy spectrum of electrons at t = 4.2 ps. The electron den-
sity in panel (a) decreases linearly to zero from the radius r = 5 µm to
r = 2 µm, while the electron density in panel (b) decreases linearly to
zero from the radius r = 5 µm to r = 3 µm. The dashed lines in panel
(a) and panel (b) show the boundaries of the hollow plasma channel.
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4. Conclusion
In summary, the self-injection and acceleration of elec-

trons in the hollow plasma channel driven by the laser pulse
has been investigated. The whole acceleration process of
electrons could be roughly considered as the following three
stages: (i) electron self-injection stage, (ii) electron oscilla-
tion stage, and (iii) electron quasi phase-stable acceleration
stage. Due to no focusing field inside the channel, the self-
injected electrons move radially and then they are reflected
by the radial focusing force near the channel boundary. Af-
ter several oscillations between the upper and lower bound-
aries of the hollow plasma channel, a self-injected electron
bunch is formed in the rear of the bubble. And other self-
injected electrons behind the bunch in the bubble will be dis-
persed out of the channel because there is no confining po-
tential well around the channel edges. The self-injected elec-
tron bunch could be quasi-phase-stably accelerated forward
in the whole laser–plasma interactions till the dephasing re-
gion. Meanwhile, the accelerating electric field experienced
by the self-injected electron bunch is transversely uniform and
nearly flatten longitudinally. Thus, a wide self-injection elec-
tron bunch can be generated and accelerated stably to the peak
energy 117 MeV with the energy spread of only 2.9%.
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