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Curved plasma channels have been proposed to guide intense lasers for various applications, such as x-ray
laser emission, compact synchrotron radiation, and multistage laser wakefield acceleration [e.g. J. Luo et al.,
Phys. Rev. Lett. 120, 154801 (2018)]. Here, a carefully designed experiment shows evidences of intense
laser guidance and wakefield acceleration in a centimeter-scale curved plasma channel. Both experiments
and simulations indicate that when the channel curvature radius is gradually increased and the laser
incidence offset is optimized, the transverse oscillation of the laser beam can be mitigated, and the stably
guided laser pulse excites wakefields and accelerates electrons along the curved plasma channel to a
maximum energy of 0.7 GeV. Our results also show that such a channel exhibits good potential for seamless

multistage laser wakefield acceleration.

DOI: 10.1103/PhysRevLett.130.215001

Laser wakefield acceleration (LWFA) can provide accel-
eration gradients as high as GV/cm, making it prom-
ising for compact accelerators and radiation sources [1-6].
GeV-level energy gain at the centimeter scale has been
routinely achieved [7-9], and 8-GeV electron bunches have
also been demonstrated using longer plasma channels [10].
However, higher-energy applications such as electron-
positron colliders require particles with hundreds of GeV
to TeV energy [11-13]. This exceeds the expected energy
gain in a single LWFA stage owing to the pump depletion
of the drive lasers and the acceleration dephasing of
the electrons. To overcome this limitation, a multistage
LWFA with successive fresh laser drivers is necessary.

Several schemes have been proposed for staged
LWFA [14-16]. The first experimental demonstration
was performed by Steinke er al. at the LBNL [17]. In
their scheme, a fresh intense drive laser was injected into
the second acceleration stage using a plasma mirror [18].
To overcome the spatial dispersion of the electron beam
between stages, an external plasma lens was used to refocus
the accelerated electrons before they were injected into the
second stage [19]. A capture efficiency of approximately
3.5% and an energy gain of approximately 100 MeV in the
second stage were observed. Another scheme without a
plasma mirror and plasma lens was theoretically proposed
by Luo et al. [20], where a curved plasma channel with
varying curvature is proposed to stably guide the intense
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fresh laser pulse to the second stage. Theoretical studies
show that a capture efficiency close to 100% is feasible
because electrons can be self-guided in a straight plasma
channel, which makes the scheme very promising for
efficient multistage acceleration. Although the guidance
of relativistic lasers in straight plasma channels and
subrelativistic lasers in curved capillaries with a fixed
curvature has been experimentally demonstrated [21], both
theoretical and experimental studies have also revealed that
strong transverse oscillations of laser pulses are easily
developed during laser propagation [22]. Even though a
special curved plasma channel proposed may mitigate such
transverse oscillations [20], it has not yet been verified
experimentally.

In this Letter, we present an experimental study of the
stable propagation of relativistically intense lasers in a
curved plasma channel with varying curvatures. Optical
diagnosis and particle-in-cell (PIC) simulations indicate
that the usual transverse oscillations of the laser beam
centroid can be avoided when an appropriate laser off-axis
incidence at the entrance of the curved channel is used.
GeV-level electron acceleration by the guided laser pulse in
the curved channel was experimentally observed, indicat-
ing that such a plasma channel is promising for future
staged wakefield acceleration.

The curved channel was fabricated by pasting two
planar sapphire crystals with half-groove structures that

© 2023 American Physical Society
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were machined using femtosecond laser pulses; see
Supplemental Material [23] for detailed information of
capillary fabrication which includes Refs. [24-26]. The
channel has a transversely cylindrical shape with an inner
diameter of 500 pm and a longitudinal profile with two
parts: a curved section and a straight section with lengths of
22 and 8 mm, respectively. The capillary configuration is
shown in Fig. 1. The curvature radius of the curved section
gradually increased from R =6 cm to R = oo, which
yielded a tangential deflection angle of 10.4° between its
entrance and exit axes. The curved section is followed by a
straight section. The capillary was filled with helium gas
and discharged at 18 kV from both ends. As shown in
Fig. 1(a), the gas inlets were arranged symmetrically near
both ends of the capillary. With this configuration, the fluid
simulations performed by Ansys Fluent [27] showed a
nearly uniform gas-density distribution along the channel
axis. The density profile could be adjusted linearly by
tuning the gas pressure. After discharge, the plasma density
was measured using the Stark spectra broadening method,
where the helium characteristic line (A, ~ 587.6 nm) was
used [28]. Experimental studies have shown that a plasma
channel can be formed within 50 ns around the peak of
the discharge current. Figure 1(b) shows a typical radial
density distribution of the plasma channel detected at
the capillary entrance when the gas pressure was one
bar. The density profile can be approximated by a parabolic
function n(r) =no+ Anr?/r} with ny = 5.6 x 10" cm=3,
An(ecm™) = 1.13 x 10°°/r3 (um), and ry = 53 pm.

It is known that for a straight plasma channel, a laser
beam can stably propagate with a constant spot size
when its radius is matched with the plasma channel, i.e.,
wo = 1o [29]. However, to guide a relativistic laser for a
staged LWFA, the laser should first be injected into the
curved part and then propagate inside the straight part, as
shown in Fig. 1(a). However, laser guidance has not been
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FIG. 1. (a) Structure of the discharged capillary to produce the
curved and straight plasma channel. (b) Spectrum distribution and
calculated profile of the plasma density along the radial direction
at the entrance of the discharged capillary. (c) Experimental setup
for the measurements of laser guiding and electron acceleration.

fully investigated. We performed experimental studies on a
200 TW Ti: sapphire (4; = 800 nm) laser facility at the
Shanghai Jiao Tong University. The laser pulse had a
duration of 7 = 30 fs (FWHM) and an energy of 3 J. It was
focused by a f/20 off-axis parabolic mirror onto a spot
with a radius of wy =28 pm. Figure 1(c) shows the
experimental setup for laser guiding and electron beam
diagnosis. The laser spot at the channel exit was imaged
using a charge-coupled device (CCD). The pulse energy
was kept below 10 mJ and the intensity at 3 x 10'> W /cm?
during the laser-guiding experiment to avoid damaging
the optics.

Figure 2(a) shows the laser-beam profile at the capillary
entrance. Experiments show that when such a laser beam is
injected into the capillary, it cannot be well guided if the
injected laser axis is too close to the channel center. As
shown in Fig. 2(b), most of the beam energy was lost or
dispersed in the capillary, and the output beam spot
severely deviated from a Gaussian profile. This is because
the laser oscillates transversely in a curved channel [21],
which breaks the pulse front when the laser oscillates in the
high-density region. To achieve a stable guidance, the
transverse oscillation of the laser pulse must be mitigated.
For a curved plasma channel with a fixed curvature R,
theoretical analysis shows that the laser can propagate
without transverse oscillation when it is injected with an
offset distance of ro, = (n./An)wj/R, where ry is the
offset distance from the channel axis and n,, is the critical
plasma density of the laser. However, if r,, remains
constant along the curved part, the guided pulse is injected
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FIG. 2. Laser guiding at 3 x 10" W/cm? in the curved plasma
channel. (a) Beam spot at the capillary entrance. (b) and (c) Beam
spots at the capillary exit for r,, = 20 and r,, = 90 pm, respec-
tively. (d) Dependence of energy concentration (¥) and trans-
mitted power (P) on the offset distance r,q, the fitted smoothing
spline curves show their evolution tendency.
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off-axis into the straight part of the channel, which
induces transverse laser centroid oscillations in the straight
channel. To prevent this and smoothly guide the laser in
the entire plasma channel, a capillary with a gradually
varying curvature was proposed [20]. Theoretical and
numerical simulation studies have shown that such a
channel can stably guide the laser pulse and is suitable
for staged LWFA.

We studied laser guidance by checking the evolution of
the output laser spot with the incidence offsets. Figure 2(c)
shows the laser spot at the capillary exit at r,, = 90 pm.
With such an offset, the laser spot at the exit shows a similar
size to the one at the entrance. In contrast, the beam profile
deformed severely when the laser was injected near the axis
into the channel, as shown in Fig. 2(b). We found that the
beam quality of the guided laser has a strong correlation
with r,. Two quantities were used to evaluate the guiding
perfonnance the transmitted laser power in spot at the exit

P

~°I(x,y)dxdy] and energy concentration of
the beam [¥ = P/ [{°1(x, y)dxdy]. Figure 2(d) shows the
evolution of these two quantities with the incidence offset
(rys). It can be observed that both ¥ and P are small when
the laser is injected close to the channel axis. As r
increases, the laser beam begins to propagate in the plasma
channel without significant diffraction, and the transmis-
sion efficiency increases, which is a trend similar to the
simulations where the transverse oscillations and the
induced laser front deformation were found to be sup-
pressed. However, when the offset distance continuously
increases, the laser guiding worsens, and the simulation
shows that the laser experiences a stronger transverse
oscillation in the straight channel. This was confirmed
by our ray-tracing simulations [see Fig. 4(a)]. In our
experiments, ¥ and P reached a maximum at r,; =90 pm,
indicating that the laser beam was guided both in the curved
and straight plasma channels under this condition, where
the output Gaussian beam profile can be observed, as
shown in Fig. 2(c). However, even though the core part of
the laser spot appears much better conserved, one can still
see the side shadows and islands around the main spot.
This means that there is still plenty of room to improve
the guiding further. This imperfection may be caused by the
imperfect symmetry of the capillary as shown in the
Supplemental Material [23]).

We further studied relativistic laser guidance and
wakefield acceleration in a curved plasma channel.
Experiments show that around the optimal incidence
condition, a high-quality energetic electron beam can also
be detected. In the acceleration experiments, helium gas
mixed with 0.5% nitrogen was used to trigger ionization
injection. The laser energy was increased to full energy
(3J), which corresponds to a normalized laser amplitude of
ap~ 1, where q is related to the laser intensity I by
ay = [I(W/cm?)22(um)/1.37 x 10'8]'/2, The setup for the
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FIG. 3. Electron bunches obtained by laser wakefield accel-
eration in the curved plasma channel with different laser
incidence offsets. (a,b,c) correspond to offsets of 0, 100 and
150 pm, respectively. The spatially integrated energy spectrum
(dN/dE) and relative root-mean-squared (rms) energy spreads
(6E/E) of each bunch are marked on the graph.

electron measurement is shown in Fig. 1(c). The electron
beams are first monitored by a phosphor screen (PS1) to
diagnose its profile and pointing. Subsequently, the energy
spectra were resolved using PS2 with a permanent magnet
of 1 T. In the experiments, we found that the pointing of
the accelerated electrons is roughly the same as the axial
direction of the straight channel, the pointing fluctuations
in the horizontal and vertical directions are 0.73 and
0.53 mrad, respectively. Such electron pointing clearly
indicates that the laser has been guided further in the
straight section. Typical electron spectra with different
offset distances of laser incidence are shown in Fig. 3. The
deconvoluted spectra calculated from the raw data are
labeled by the white curves. The maximum central energy
of the electron bunch (~0.7 GeV) is observed when

os = 100 pm. In the case where r,, =0 and 150 pm,
lower-energy electrons (0.2-0.3 GeV) were observed in
the spectra.

It can be observed that the bunch number of the
accelerated electrons also varies with the offset of the laser
incidence. For a small r.,, multiple electron bunches are
observed, and the corresponding energy spread is larger, as
shown in Fig. 3(a). When r increases from 0 to 100 pm,
the lower-energy electron bunch disappears and the energy
spread of the higher-energy bunch is simultaneously
reduced, as shown in Fig. 3(b). For even larger r, the
higher-energy bunch disappears, only low-energy electron
bunches can be observed, as shown in Fig. 3(c).

To roughly estimate the dependence of the laser guidance
on the laser incidence, ray-tracing simulations for laser
propagation were performed using the ZEMAX code [30].
The input light rays in the simulations were initially
focused at the entrance of the plasma channel, with the
same f number used in the experiments. Three simulations
with different laser offsets (r,, = 0,100,150 pm) were
investigated. The trajectories of the laser centroids are
presented in Fig. 4(a) with dashed lines. This shows that
when the laser incidence offset was 100 pm, the transverse
oscillation of the laser pulse was the smallest. The laser
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FIG. 4. Simulation results of laser evolution, wakefield gen-
eration, and electron acceleration. (a) The dashed curves re-
present the simulated trajectories of the laser centroid from ray
tracing for different laser incidence offsets. (b) Spatial distribu-
tions of laser fields and electron density when the laser prop-
agates to 9.6 mm with r,, = 100 pm, where electrons located in
the first plasma wave bucket with energy higher than 10 MeV are
marked with magenta dots. (c) Evolution of laser intensity (ay),
where the black dotted line represents the threshold electric field
(Ey,) for N°* ionization. (d) Evolution of electron charge in the
trapped bunches for different laser offsets, where the beam charge
for the case of r,, = 100 and 150 pm should be multiplied by a
factor of 10.

pulse gradually settles down and propagates along the
central axis of the curved channel, after which it stably
enters the straight channel, whereas the laser pulses with 0
and 150 pm offsets experience stronger oscillations.
During propagation and oscillation, the laser alternately
reaches the higher- and lower-density regions, and its
direction is deflected several times. With such large-
amplitude oscillations, the pulse breaks its integrity, and
both wakefield and injected electrons are severely affected,
leading to unstable electron acceleration.

To study the detailed processes of laser guiding, wake-
field generation, and electron acceleration, PIC simulations
were performed using the code OsIrRiS [31]. Owing to
computational limitations, a full simulation of the entire
channel is impossible. Because the most critical parts for
laser propagation, wake excitation, and electron injection
occur in the curved part of the channel, PIC simulations
were focused on the first section (0 mm < x < 13 mm).
A moving window is set along the channel direction, and
the transverse position of the window is represented by
&y = Ywindow — Yaxis» WhETe Yyingow 18 the position in the lab
frame and y,,; is the position of the capillary central axis.

A typical snapshot of the laser and wakefield (electron
density) profile at point z = 9.6 mm for r,; = 100 pm is
plotted in Fig. 4(b). For a clear visualization, the electron
density 7/, in the figure deducts the central electron density
at that location (i.e., n, = n, — ny).

Figures 4(c) and 4(d) show the evolution of the normal-
ized laser amplitude a, and the accelerated electron charge
along the channel, respectively. The simulation results
show that a large number of electrons are injected when
the laser electric field exceeds the ionization injection
threshold of N°* (a,~ 1.6) at approximately x = 8 mm.
In the experiment, the initial laser peak amplitude was
ag ~ 1, which is lower than the ionization injection thresh-
old. In addition, the laser width 28 pm was smaller than the
matched width of the channel (53 pm). When the laser is
incident into the plasma channel with an incidence offset of
ros = 0 pm, in addition to the transverse centroid motion,
the laser also experiences transverse defocusing and focus-
ing. When the pulse approaches the high-density region, it
is transversely compressed [see the red dashed line in
Fig. 4(a)]. A higher laser intensity then forms with a
peak ag = 2.0, leading to ionization injection around
x =9-11 mm. In the case of r,; = 150 pm, a similar
process occurs in the simulation, but ionization occurs
earlier and the injection only lasts for a short period. An
excessive laser offset shrinks the ionization injection
length, and the injected electrons experience stronger
oscillations owing to the asymmetric transverse fields of
the wake, resulting in severe electron loss, and only a few
electrons can be guided to the straight part of the channel.

The observed electron energy spectra also revealed the
evolution of the laser and electrons. When the laser is incident
at r,o = 0 pm, electrons are injected twice, resulting in two
electron bunches in the spectrum. When the laser is incident
with 7, = 100 pm, electrons are injected at an earlier time,
and a higher-energy electron bunch with an energy of
0.7 GeV is observed. The low dark current also indicates
that the laser propagated smoothly in the following region.
When the laser is incident at r,, = 150 pm, the simulation
shows that it experiences severe transverse oscillations after
entering the curved plasma channel. Although electrons are
injected via ionization injection even earlier than in the other
two cases, they are lost before entering the straight channel,
as shown by the green line in Fig. 4(d). Only electrons
injected at the second time (not shown here, it is close to the
straight channel, x > 13 mm) can be successfully acceler-
ated in the straight channel. They form a low-energy peak in
the spectrum, as shown in Fig. 3(c).

In the above simulations, we found that less than 0.5% of
the accelerated electrons were self-injected. The energy of
these electrons (10-30 MeV) indicate that they do not gain
sufficient acceleration in the wakefield. Experiments and
simulations with pure helium gas were also performed,
where it is found that the charge of self-injected electrons
is much lower than the ionization injected electrons.
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The small amount of self-injection indicates that the curved
channel could be used to only guide the laser without
wakefield acceleration by using pure helium gas, which is
favorable for the curved plasma channel-based staged
LWFA scheme to avoid dark current.

In conclusion, we have shown experimental evidences
that a discharged curved capillary with varying curvature
can be used to guide intense lasers and accelerate electrons
to sub-GeV energy. Both experiments and simulations
showed that the transverse oscillation of the laser pulse
can be suppressed by choosing appropriate incidence
offsets. The laser-guiding results demonstrated that the
laser can maintain its shape without significant distortions,
and 43% of the energy was constrained within the initial
laser spot size. The LWFA results showed that high-
amplitude wake fields were excited and ionization injection
was triggered in this curved plasma channel, where the
electrons were accelerated to 0.7 GeV with quasi-mono-
energetic spectrum. Pure laser guidance in a curved channel
without electron injection and acceleration is also possible
when pure helium gas is used. Such curved plasma channels
are applicable not only for staged LWFA [32], but also for
other potential applications such as electron beam bending
for synchrotron radiation [33,34], as well as active plasma
lenses for charged particle focusing and guiding [35,36].
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