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Injection of electron beams into two laser wakefields and generation of electron rings
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Mutual injection of electron beams into two laser plasma wakefields was observed experimentally when driv-
ing laser pulses interfered in plasma at a small crossing angle and were slightly relatively delayed, approximately
by one pulse duration. Particle-in-cell simulations revealed that the mutual injection was sensitive to the spatial
overlap of the laser pulses, which therefore could be used to control the mutual injection. The dual synchronized,
femtosecond electron beams are potentially useful for pump-probe experiments in ultrafast science. In addition,
out-of-axis ring-shaped electron beams were detected in both experiments and simulations.
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I. INTRODUCTION

Ultrashort, ultraintense laser pulses can drive large-
amplitude plasma waves [1–4], which have been demon-
strated to accelerate electron beams to the GeV level
in centimeter-scale length [5,6]. These GeV cm−1-level-
acceleration-gradient laser plasma accelerators (LPAs) are
much more compact than the conventional kilometer-scale
radio-frequency accelerators, such that LPAs, as well as their
secondary radiation sources, are suitable for ultrafast and
high-energy density studies in university laboratories. For
example, the LPA-based free electron laser, as demonstrated
recently [7] (alternatively driven by particles [8]), will be
a useful coherent x-ray source for probing the fundamental
material behavior [9,10]. The MeV Thomson γ ray, as an-
other example, has the potential for various nonproliferation
applications [11].

Multiple synchronized, ultrashort, high-energy electron
beams and their radiations are also being explored [12], be-
cause of their applications to advanced pump-probe studies
of physics [13], chemistry [14], and biology [15]. Recently,
an alternative method for splitting the electron beams has
been demonstrated with the transient relativistic plasma grat-
ing [16], which tailors high-power laser fields, wakefield
plasma waves, and electron injection. In the experiment, two
almost copropagating (10 ◦ crossing angle) and interfering
laser pulses drive a transient relativistic electron grating [17].
The grating then channels the electrons heated by the inter-
ference into either laser wakefield for further acceleration,
which is a so-called injection process [18–21]. One typical
feature of this type of injection [16] is that it prefers to follow
only the leading laser pulse. In the case of the perfect time
overlap of the pulses, the interference causes strong density
modulations in plasma grating, leading to distorted profiles
of the laser pulses as well as their wakefields [22]. Due to
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the distorted wakefields, the injected electron beam follow-
ing the leading laser could split, and its charge significantly
decreases.

Based on the abovementioned plasma grating, here we
present an alternative type of dual electron beam: mutual
injection of electrons into dual LPAs along two different
directions. It is in contrast to the previous results of multi-
ple electron beams [12,16,23], all of which follow a single
laser wakefield. The mutual injection, according to previ-
ous simulations [16], is a result of weak plasma grating
driven by a nonperfect temporal overlap of laser pulses,
because the weak grating barely affects the wakefields’
structure and injects electrons into them. In this paper, we
discuss the main characteristic of the mutual injection in
more detail.

Moreover, we report observations of electron beams of
half-a-ring structures. Ring electron beams accelerated by
LPAs have been extensively studied in recent years. Their
formation can be a consequence of several effects: splitting of
an on-axis electron beam inside a cavity due to the creation
of out-of-axis electron streams [24,25]; transverse density
perturbations along a decreasing plasma density [26]; per-
pendicularly expelled, high-divergence electrons originated
on the boundaries of wakefield buckets [27,28]; and the de-
focusing of a laser pulse induced by the generation of a
wakefield [29]. In addition, the ring can be created and ac-
celerated by Laguerre-Gaussian laser pulses [30,31]. In this
work, the ring formation is triggered solely by the colli-
sion of two laser pulses, which differs from the previous
studies.

The paper is structured as follows. In Sec. II, we present
experimental results of mutual injection, discussing the con-
ditions of their occurrence, the spatial shape, and the final
spectrum. In Sec. III, two-dimensional (2D) and three-
dimensional (3D) particle-in-cell simulations are compared
with the experimental data. The summary and potential of the
technique are discussed in Sec. IV.
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FIG. 1. Experiment schematic. Laser pulses interfere in plasma
and inject electron beams into the wakefield(s). Mutual injection
occurs when the two pulse’s arrival time to the intersection point
differ by about one pulse duration. The delay was controlled by a
delay line for the collimated beam in the upstream of the off-axis
parabolic mirror.

II. EXPERIMENTAL RESULTS

A. Experimental setup

The experiment was conducted at the Extreme Light Lab-
oratory at the University of Nebraska-Lincoln, using the
Diocles Ti:sapphire laser. In the single-pulse mode, the Dio-
cles laser has a central wavelength of 800 nm, a pulse duration
of τ0 = 35 fs at the full width half maximum (FWHM) of its
intensity, and a peak power up to 40 TW. In the dual-pulse
mode, after stretching and amplification, the laser pulse was
split into two similar, copropagating pulses using a nearly
R50/T 50 beam splitter. The two pulses were then compressed
to FWHM pulse durations of τ1 = 39 fs and τ2 = 35 fs, re-
spectively. Each laser pulse was then focused by an f /14
off-axis parabola system to a FWHM spot size of ω0 = 18 μm
and into a 2-mm round gas jet, as shown in Fig. 1. The peak
normalized laser vector potentials in vacuum were estimated
to be a0,1 ∼ 1.37 and a0,2 ∼ 1.52, respectively. The angle of
laser intersection was fixed at θ = 10 ◦ due to restriction of the
experimental setup, while the relative delay τd between the
two pulses on arriving to the intersection point was control-
lable using a motorized linear stage between the amplifier and
the compressor, with minimum step size of 0.1 μm (∼7 fs ac-
curacy). A gas mixture of 99% He and 1% N2 was used during
the experiment, and its density was controlled by changing the
backpressure of the ultrasonic gas jet. The spatial profiles of
the electron beams were recorded using a fluorescent screen
(fast lanex) paired with a 12-bit CCD camera. The electron
beam energy spectrum was measured using a magnetic spec-
trometer with a 0.5-T, 5-cm-long dipole magnet and a second
Lanex screen imaged by another 12-bit CCD camera.

B. Observation of mutual injection

To achieve a high-quality wakefield driven by only one
laser pulse (such as laser pulse #1 in Fig. 1), both the laser
pulse and the plasma target need to be optimized. For instance,

FIG. 2. Experimentally observed mutual injection electron
beams. (a) Typical spatial profiles. (b) The spectrum (black solid
curve) and the angular divergence (red dotted curve) for the circled
left beam in panel (a).

the laser intensity and the plasma density should be low
enough to suppress (self-)injection, meanwhile high enough
to sustain a high-acceleration gradient. Moreover, a mixture
of 99% helium and 1% nitrogen, other than pure helium,
was used for a much easier injection just above the threshold
density, to ensure a more stable, higher-quality wakefield for
optical injection. Last, the position of the gas jet was adjusted,
particularly longitudinally, with respect to the laser focus, so
that the propagation of the laser pulse and its wakefield could
be stabilized.

Just below the threshold density near ne ≈ 5 × 1018 cm−3,
at which injection of any kind by a single laser pulse was
fully suppressed, another intense laser pulse (laser pulse #2
in Fig. 1) was added to spatiotemporally overlap with the
wakefield driving laser pulse (laser pulse #1 in Fig. 1). After
accurately adjusting the temporal overlap of the two pulses,
from −2τ0 to 2τ0 (70 fs), optical injections could be enabled
and tuned. While the majority of shots demonstrated injection
into one of the wakefields driven by either of the two laser
pulses [16], mutual injection into both wakefields was ob-
served at a delay of ∼τ0. Figure 2(a) shows the spatial profiles
of the mutually injected electron beams on the first Lanex
screen. These electron beams typically have a charge of hun-
dreds of femtocoulombs and a quasimonoenergetic spectrum
that peaks around 20 MeV, as shown in Fig. 2(b).

Besides the case of mutual injection shown in Fig. 2, more
patterns of dual beams in two respective directions were ob-
served for the same laser plasma parameters, such as those
shown in Fig. 3. The electron beam following pulse #1 can
further split into two beams [Figs. 3(b) and 3(c)] and three
beams [Fig. 3(d)]. This is similar to the previous results of
multidimensional splitting of the electron beams along one
laser pulse [16], and both could be due to the spatial mismatch
of two laser pulses. More specifically, although the mutual
injection occurred when the delay between laser pulses was
fixed around ∼τ0, the respective pointing for beams still fluc-
tuated at 20 μrad, or equivalently one beam size level. This
relative large pointing fluctuation could have caused the pulses
to be mismatched in the z direction, such that the interference
became multidimensional (off-axis). The effect of the direct
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FIG. 3. Shot-to-shot varying electron beam profiles in the mutual
injection experiment. Various forms of dual electron beams could
have been caused by the unstable interference and injection due to
the pointing jitter of laser pulses. The right-hand side beam followed
the ahead laser pulse #1, and the left-hand side beam followed the
delayed laser pulse #2. The ring electrons appeared more on the pulse
#2 side, similar to simulations results, as shown in Fig. 5.

influence of the off-axis position of the injection pulse on the
electron beam dynamics has been reported previously [32].
In our case, the interference deviated from matched (on-axis)
cases and affected the shape of the electron beams accord-
ingly, as shown by the simulation results in the next section.

III. SIMULATION RESULTS

A. Particle-in-cell simulation setup

In order to verify basic features of mutual injection, 2D and
3D particle-in-cell simulations were performed in the SMILEI

code [33]. The laser pulses had parameters similar to those
in the experiment: a0,1 = 1.52, a0,2 = 1.37, and τ0,1 = τ0,2 =
29 fs. In the simulations, mutual injection was observed for
values from �t = 1.2τ to �t = 2.2τ (see the Appendix). The
simulations in this section were performed for �t = 2τ , in
order to demonstrate the basic features of the mechanism.

The pulses were moving in the x-y plane, along the positive
x direction, under the angles α1 = θ/2 = 5◦ (pulse ahead)
and α2 = −θ/2 = 5◦ (delayed pulse) from the x axis. Both
were linearly polarized in the x-y plane. The pulse waist at
the focus was w0 = 14 μm, corresponding to the vacuum
Rayleigh length πw2

0/λ = 0.77 mm, where λ = 800 nm is the
laser wavelength.

According to our previous investigation, the ionization ef-
fects do not play a notable role in the optical injection process;
thus, conditions of preionized plasma were simulated by using
only electron macroparticles in the simulation windows.

The 2D simulation box had a size of Lx × Ly = 624 ×
224 μm2, starting with a 50-μm linear density up-ramp,

FIG. 4. 2D simulation results. (a) Electron density profile at the
simulation time of t = 2.17 ps. The green and black dots correspond
to the positions of electrons of energy higher than 15 MeV, in the
direction of pulse #1 (y > Ly/2, wakefield ahead) and the direction
of pulse #2 (y < Ly/2, delayed wakefield), respectively. (b) Corre-
sponding energy spectrum of the electrons of >15 MeV from panel
(a), corresponding to the direction of pulse #1 (green) and to the
direction of pulse #2 (black). The overlap portions of the histograms
are colored in dark green.

followed by a subsequent electron density plateau of ne =
5 × 1018 cm−3. Each cell had a size of �x × �y = 0.033 ×
0.067 μm2 and contained four electron macroparticles. The
pulses were focused at (x f , y f ) = (100 μm, Ly/2).

The 3D simulation box had a size of Lx × Ly × Lz =
358.4 × 120 × 64 μm3, starting with a 5-μm-long vacuum
entrance and followed by a 10-μm linear density up-ramp and
a subsequent electron density plateau of ne = 5 × 1018 cm−3.
Each cell had a size of �x × �y × �z = 0.044 × 0.133 ×
0.533 μm3 and contained two electron macroparticles. The
pulses were focused at (x f , y f , z f ) = (20 μm, Ly/2, Lz/2).

B. Spectrum of the electron beams

First, we demonstrate typical characteristic electron spectra
in the mutual injection via 2D simulations. Figure 4 de-
picts the electron plasma density profile [panel (a)] and the
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corresponding energy spectrum of accelerated electrons of
>15 MeV [panel (b)] at the final time of the simulation,
when pulses propagated around half a millimeter behind their
former overlap at the focus. At this time, the pulses and first
buckets of the wakefields were well separated; therefore, it
was possible to observe formation of compact beams from the
electrons that had become trapped in the wakefields.

Most of the energetic electrons were spread through several
wakefield buckets. The first bucket with trapping was the
fourth one behind pulse #1 and the third one behind pulse
#2. This indicates that the first electrons in the train were
temporally separated by �te− = �t − λp/c, where λp is the
plasma wavelength, which corresponds to �te− = −20.5 fs
for the choice of parameters in the simulation.

Note that some electrons of high energy are also present
in the area between the two wakefields. These electrons were
preaccelerated during the time when the two laser pulses were
significantly overlapping and, consequently, created a com-
pound wakefield. After the two pulses propagated away from
each other and generated completely separated wakefields,
these stripes of electrons were not expected to gain energy
and stay collimated anymore. Similar patterns of electron tails
prolonged towards the middle area between the two electron
beams, in the direction parallel to the y axis, were also ob-
served in the experiment [see Figs. 2(a) and 3].

In the beam spectra shown in Fig. 4, the formation of
the peaks in the spectra starts to be observable in Epeak1 =
25 MeV and Epeak2 = 16 MeV for beam #1 and beam #2,

FIG. 5. Front view (charge over area Q/A) of electron beams from the 3D simulations depicting electrons of E � 5 MeV, with �zfoci = 0 at
the simulation times of (a) t = 0.93 ps, (b) t = 1.04 ps, and (c) t = 1.25 ps; and with �zfoci = 8 μm at the simulation times of (d) t = 0.93 ps,
(e) t = 1.04 ps, and (f) t = 1.25 ps. The laser beam ahead, #1, is moving in the direction of increasing y, and the delayed beam, #2, is moving
in the direction of decreasing y, as indicated by the labels in the figures. The time of the focus collision corresponds to the simulation time of
t = 0.12 ps. The center of the collision is located in the plane y = 60 μm.
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respectively. In simulations, we also observed local maxima
at the tail of the spectrum coming from electrons at the front
beams that experienced higher accelerating field. This was not
captured by experimental diagnostics presumably due to the
lower spectrometer resolution.

C. Transversely mismatched mutual beams
and electron ring formation

Due to the computationally demanding simulation geom-
etry, we performed 3D simulations for the initial stages of
the injection process only. Two simulations were carried out,
one without a misalignment of laser foci in the z direction,
�zfoci = 0 μm, and the other with a misalignment of �zfoci =
8 μm (the centers of the laser pulses were shifted in the
z direction by +4 μm and −4 for pulse #1 and pulse #2,
respectively).

The profiles of the electron beams in the y-z plane show the
main characteristics of the propagation of energetic electrons
in the transverse directions (see Fig. 5). Without misalignment
for laser foci in the z direction, the centers of the electron
beams are aligned as well [see Fig. 5(c)]. There is also a sig-
nificant amount of energetic electrons between and around the
area of the two electron beams, as predicted by the experiment
and 2D simulations [see Figs. 4(a) and 3].

These electrons gained energy during the collision. They
were originally traveling from the central part of the collision
towards the direction of the wakefield of the delayed pulse #2,
in the same manner as the main electron beam trapped on the
axis [Fig. 5(a)]. However, they were not trapped in the wake-
field, but became separated from the main beam and escaped
radially outward [Fig. 5(b)]. Resultantly, an annular structure
around the bucket boundaries was formed Fig. 5(c)]. This is
similar to previous studies, where preaccelerated untrapped
electrons traversed behind the bubble but did not enter the
wakefield, forming an electron ring [27,28]. However, in the
case of optical injection discussed in this work, the electrons
are expelled dominantly towards the center of collision, form-
ing a half-a-ring beam rather than the full structure. This is a
consequence of heating the electrons only in the central area
between the wakefields, which led to the radial asymmetry.

The formation of the electron beams is similar for the
case with a misalignment, as depicted in Figs. 5(d) and 5(f).
However, the beam profiles, especially the one of beam #1, are
tilted. This confirms that fluctuation in the pointing jitter in
the experiment can lead to significant deviations of the beam
profiles from shot to shot. In addition, the ring patterns are
affected as well [see Fig. 5(c) vs Fig. 5(f)].

IV. SUMMARY AND DISCUSSION

In conclusion, we have demonstrated mutual injection into
two laser wakefields. The injection was triggered by two,
almost identical, laser pulses colliding at a 10◦ angle in un-
derdense plasmas. The occurrence of two electron beams in
the experiment was dependent on a temporal delay between
the two pulses. Particle-in-cell simulations reproduced the
presence of mutual injection and revealed that electrons were
injected into multiple wakefield buckets, forming two trains of
short electron beams delayed by a few tens of femtoseconds.

This property can be utilized, for instance, in femtosecond
radioanalysis [34,35].

In order to introduce the technique for the practical applica-
tions, it will be necessary to achieve higher reproducibility of
the mutual injection in future experiments and more detailed
examination on parameters such as the laser focus position
and the collision angle will be required. Moreover, partial
ring electron beams were formed out of the wakefield area.
The ring formation was a consequence of the pulse collision,
which differs from other observations of the ring electron
beams reported previously [24–28].

Possible reasons for the rare occurrence of the mutual
injection at |�t | ∼ 1τ in the experiment compared to a wider
delay range of |�t | ∼ 1.2τ–2.2τ in the simulations could be
caused by several combined factors. For example, the laser
pointing jitter of ∼1τ in the experiment could have aggre-
gated the actual overall spatiotemporal mismatch from ∼1τ

to ∼2τ , more similar to simulation results. Such a transverse
misalignment in the z direction could also significantly change
the electron beam shape, as indicated in Sec. II B of this work.
In addition, the laser parameters in the experiment were mea-
sured and optimized at much attenuated intensity, while those
parameters for the full-power laser pulses were unknown and
should be characterized by some high-power-mode imager
[36]. Those measurements could also indicate the quality of
spatial overlap and provide more accurate parameters for sim-
ulations.
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APPENDIX

Here, we show how the delay between the two pulses �t
changes the charge of injected electron beams. The result

confirms our previous work [16], where similar laser-plasma
parameters were simulated, and mutual injection was ob-
served for �t = 1.5τ and �t = 2τ . For �t = 0.5τ and �t =
1τ , the interference deteriorated the quality of the delayed
wakefield, and only injection in the wakefield ahead was ob-
served. For �t = 2.5τ , the small-scale overlap was inefficient
to trigger the optical injection.

In Fig. 6, a finer sampling in the range from �t = 1τ

to �t = 2.4τ is presented. The simulation parameters were
the same as described in Sec. III A, only the delay between
the pulses �t was accordingly changed. As expected, for
�t = 1τ , injection into the wakefield ahead was observed
only. For �t = 1.2τ , 1.4τ , 1.6τ , and 1.8τ , mutual injection
was detected, and the charge was gradually increasing within
this range, peaking at �t = 1.8τ . Subsequently, the charge
slightly decreased for �t = 2τ , �t = 2.2τ , while mutual in-
jection was still clearly present. For �t = 2.4τ , injections into
both wakefields were negligible.
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