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Abstract
Based on a 6 cm-long two-segment hybrid capillary discharge waveguide, a multi-GeV electron
beam with energy up to 3.2 GeV and 9.7% rms energy spread was achieved in a cascaded laser
wakefield acceleration scheme, powered by an on-target 210 TW laser pulse. The electron beam
was trapped in the first segment via ionization-induced injection, and then seeded into the second
segment for further acceleration. The long-distance stable guiding of the laser pulse and
suppression of the dark current inside the second-segment capillary played an important role in
the generation of high-energy electron beams, as demonstrated by quasi-three-dimensional
particle-in-cell simulations.

1. Introduction

Laser wakefield accelerators (LWFAs) provide a large acceleration gradient on the order of tens to hundreds
of GV m−1 [1–3], making them attractive acceleration schemes for producing 10 GeV or even
100 GeV-scale electron beams on a compact scale [4–6]. Over the past decades, great progress has been
made in LWFAs [7–10], yielding high-energy electron beams (e beams) with multi-GeV [11–15] and
high-quality e beams [16–22] with monoenergetic, high-brightness, and low-emittance, leading to a variety
of applications in coherent x-ray sources, gamma-ray sources and free electron lasers [23–28].

Although GeV e beams have been produced with petawatt laser systems in self-guided plasmas
[12, 13, 29], the best way to boost the e-beam energy to multi-GeV or more is to use preformed plasma
waveguides. Similar to graded-index optical fibers, a parabolic plasma channel with an axis minimum in the
electron density can be used to guide laser pulses over a long distance when the laser spot size equals the
matched spot size of the channel [3], which can increase the acceleration length and energy gain of e beams
for a certain laser power [30, 31]. In general, the performed plasma channel is formed by a gas-filled
[32–34] or ablative [35–37] capillary discharge waveguide (CDW) and has been demonstrated in LWFA
experiments [11, 14, 15, 38, 39]. Although both types of CDWs can generate plasma channels, the process
of channel formation is not exactly the same owing to their different plasma sources. In gas-filled CDW, the
plasma mainly originates from the ionization of the prefilled gas during discharge. After breakdown, the
discharge current begins to heat and ionize the prefilled gas, increasing the plasma temperature. After full
ionization, the plasma is in quasi-steady-state equilibrium, which gives a plasma temperature profile with its
maximum on the axis and minimum on the wall owing to the balance of ohmic heating and thermal
conduction to the cold capillary wall. As the plasma pressure is radially uniform, this monotonic radially
decreasing temperature results in an axial minimum plasma density profile, which is the plasma channel
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[40, 41]. In ablative CDW, plasma mainly originates from the ablation and ionization of the inner capillary
wall. After breakdown, the inner wall begins to ablate and vaporize, and the plasma temperature begins to
increase as the discharge current increases. Further, the ablated and evaporated plasma begins to ionize,
with the fast plasma compression occurring from the periphery to the axis. With the balance between
ohmic heating and thermal conduction to the cold capillary wall, the plasma temperature has its maximum
on the axis and minimum on the capillary wall, which also leads to the formation of a plasma channel with
an axial minimum the plasma density [35, 40, 42]. Compared with the ablative CDW, the gas-filled CDW
has a higher discharge stability and longer lifetime [34] and is often used in LWFA to achieve multi-GeV e
beams. Recently, a sapphire machined gas-filled CDW was used in LWFA experiments to guide laser pulses
over a distance of 20 cm, e beams with energy approaching 10 GeV were obtained with a petawatt-class laser
[15]. However, owing to its complicated manufacturing processes, it is difficult to make the gas-filled CDWs
longer in a single piece or stick multiple CDWs together without any gas leakage and deformation [43],
which is very important for higher energy acceleration and cascaded acceleration.

Compared with the gas-filled CDW, the ablative CDW has rarely been used in LWFA experiments
[35, 38, 39] in the past few decades because of its poor discharge stability and short lifetime. The limited
lifetime and poor discharge ability can be attributed to the adsorbed gas exhaustion and inner-wall erosion
during discharge [37, 44]. In such an ablative CDW, the discharge is triggered by the ionization of the
adsorbed gas in the inner wall and is dominated by the ablation and evaporation of the inner wall. After
some repeated discharge processes, the inner wall of the capillary would become smooth and the adsorbed
gas would also get exhausted, resulting in a short lifetime and poor discharge stability with dramatic jitter.
Nevertheless, the bulk material of ablative CDWs is polyethylene (PE) [(C2H4)n] or acrylic resin (AR)
[(C3H4O2)n], which is cheaper, easily mechanically machinable, and can be made longer in length in a
single piece or easily stuck together without considering gas leakage. In view of the disadvantages of ablative
CDWs, in reference [37], we have demonstrated a hybrid CDW by filling a pure ablative capillary with a
low-pressure gas (3.8 Torr). In the hybrid CDW, the prefilled gas is just used to replace the adsorbed gas and
acts as the seed plasma to trigger the discharge process. The plasma still mainly comes from the wall
ablation, which is the same as purely ablative CDW. By using this hybrid CDW, the discharge stability and
lifetime can be greatly improved, which provides an effective way for 10 GeV or even 100 GeV-scale e beams
generation in LWFAs [4, 45].

In this paper, multi-GeV e beams with peak energy up to 3.2 GeV, 9.7% rms energy spread, 1.45 pC
electron charge, and ∼1.4 mrad rms divergence are experimentally produced from a cascaded LWFA based
on a two-segment (2 cm + 4 cm) hybrid CDW. The experimental results suggest that this was achieved via
ionization-induced injection of oxygen K-shell electrons from the ablation of the oxygen-containing AR
capillary wall. Quasi-three-dimensional particle-in-cell (quasi-3D PIC) simulations support the
experimental results and further reveal good optical guiding of the driving laser pulse and a
dark-current-free acceleration process that contributed dominantly to the e-beam high energy gain.

2. Experimental results

2.1. Experimental setup
The experiments were carried out at the petawatt laser facility at the SIOM. The experimental setup is
shown in figure 1, where an 800 nm laser pulse with a full width at half maximum pulse duration of 50 fs
was focused at the entrance of the hybrid CDW by a f /30 off-axis parabolic mirror. The focal spot size w0

was measured to be 46 ±1.0 μm at 1/e2 of the peak intensity, as shown in figure 1(a), its Strehl ratio was
optimized to be 0.8 with a deformable mirror and a wave-front sensor. With an on-target peak power of
210 TW, the laser peak intensity was estimated to be 6.1 × 1018 W cm−2, corresponding to a normalized
amplitude of a0 = 1.65 ± 0.1. The hybrid CDW is shown in figure 1(b), where single-segment (2 cm) and
two-segment (2 cm + 4 cm) capillaries are used in the experiments. The capillary bulk material was AR or
PE and low-pressure hydrogen gas or mixture gas (3.8 Torr) was supplied to it to provide the seed plasma
for discharge breakdown [37]. The inner diameter of the hybrid capillary was 500 μm and the applied
discharge voltage was 22–25 kV with a maximum discharge current from 90–110 A.

The main laser pulse was focused to propagate through the capillary axially, reflected by a 100 μm-thick
titanium foil and then dumped to protect the 300 μm-thick beryllium window on the vacuum chamber.
The generated e beams were dispersed by a 76 cm-long magnetic spectrometer with a magnetic field of
1.3 T. A removable 15 cm-long collimator with a hole of 5 mm in diameter was placed in front of the
magnetic spectrometer to block large-divergence x-rays and peripheral low-energy electrons. As shown in
figure 1, the e beams were imaged by downstream imaging plates (IPs, Fujifilm BAS-IP SR 2040 E, 50 μm
pixels), and the signals were detected by a Fuji-labeled FLA-7000 IP scanner for the photo-stimulated
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Figure 1. Experimental setup for the cascaded LWFA. (a) Measured laser focal spot. (b) Structures of the single-segment and
two-segment hybrid capillaries.

Figure 2. Measured plasma densities in the two-segment (2 cm + 4 cm) hybrid CDW with 3.8 Torr hydrogen gas and 24.5 kV
discharge voltage. (a) Temporal evolution of the on-axis plasma density and the discharge current. (b) Longitudinal plasma
density profile at different time delays. The error bar at each point represented 15 repeated measurements in three identical
hybrid CDWs (five repeated measurements in each capillary).

luminescence (PSL) levels, which were then converted into the electron beam charge with the published
sensitivity (PSL/electron) [46].

2.2. Plasma density measurement
The plasma density was measured by investigating the Stark broadening of the Hα line using a spectrometer
(1200 lines mm−1 grating) equipped with an intensified charge-coupled device (ICCD, Andor iStar 303i).
By measuring the emitted Hα spectrum during discharge in the longitudinal and transverse directions, the
plasma density in the capillary can be obtained [37, 47], as shown in figure 2. Figure 2(a) shows the
temporal evolution of the on-axis plasma density and discharge current in a two-segment (2 cm + 4 cm)
hybrid CDW. It can be seen that the plasma density increased with the discharge current until it reached its
maximum, which was in agreement with the simulation [35]. The on-axis plasma density was about 0.7 ×
1018 –1.2 × 1018 cm−3 within the plasma channel temporal window [37]. To determine the longitudinal
plasma density profile, a transverse single-point method, as described in reference [47], was used to collect
the discharge spectrum and measure the plasma density at different longitudinal positions (10, 25, 40, and
50 mm) along the axis and different time delays (400 and 600 ns). The results were shown in figure 2(b),
where the average plasma density at the moment of 400 and 600 ns was 0.44 × 1018 and 0.75 × 1018 cm−3,
and the longitudinal plasma density variation was about 6.8% and 6.6% of their average value, respectively.

Compared to the transverse interferometry method [32], the single-point spectrum method used in our
experiments to measure the plasma density had some limitations. First, this method could make only single
point measurement in a single discharge shot and unable to measure the overall longitudinal plasma density
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Figure 3. Typical energy spectra of the generated e beams in different focal positions. (a) zf =−5 mm, (b) zf =−2 mm, (c) zf =
0 mm. The e-beam spatial distributions at zf = −5 mm and zf = 0 mm are shown in (d) and (e) with corresponding divergence
angles of 14 and 6 mrad, respectively.

profile in a single shot. In addition, the jitter of each discharge shot may also cause errors in plasma density
measurement in our ablative hybrid CDW. Second, the emitted Hα spectrum during discharge was
susceptible to self-absorption in dense plasma (ne > 1018 cm−3), which may lead to an over-estimation of
the plasma density [48]. Finally, the intensity of the discharge spectrum collected in transverse direction was
very weak, which reduced the resolution of the spectrometer and also led to the large error bars in
figure 2(b). Nevertheless, the average plasma densities of the measured four points along the capillary were
very close, which was in agreement with previous simulation and experimental results [42, 49, 50].

2.3. LWFA with a single-segment CDW
First, a single-segment (2 cm) hybrid capillary made of AR was used in the experiments. Low-pressure
hydrogen gas at 3.8 Torr was injected into the capillary to maintain the discharge stability, and the applied
discharge voltage was 22 kV. The driving laser pulse arrived ∼600 ns after discharge, which was just in the
time window of the preformed plasma channel [37], and the corresponding plasma density was about 7.5 ×
1017 cm−3, as shown in figure 2. Three typical shots of the e-beam spectra at different focal positions, as
shown in figure 3, demonstrated that the accelerated e beams could be controlled by adjusting the laser
focus. When the focal position was 7 mm outside the capillary entrance (zf = −7 mm), few electrons were
detected in the experiments, indicating that the laser pulse was not well coupled into the discharge capillary
in this case. By shortening the focal position to zf = −5 mm, two e beams were observed, as shown in
figure 3(a). The first e-beam energy was lower than 200 MeV with electron charge of 0.7 pC, and the second
e beam just with smaller charge of 0.2 pC were accelerated further to 500 MeV. When the focal position was
further changed to zf = −2 mm, several e beams were observed as shown in figure 3(b). The maximum
peak e-beam energy was about 500 MeV and the electron charge increased to 1.54 pC. Moreover, when the
focal position was located at the capillary entrance (zf = 0 mm), an e beam with a peak energy up to
0.73 GeV, 6.8% rms energy spread, 1.4 pC charge and 1.0 mrad rms divergence was obtained, as shown in
figure 3(c). The IP in front of the magnetic spectrometer was used to detect the spatial profiles of the whole
generated e beams. Figures 3(d) and (e) show the e-beam spatial profiles at zf = −5 mm and zf = 0 mm,
where the corresponding e-beam divergence angles were 14 mrad and 6 mrad, respectively. It can be seen
that the e-beam transverse oscillation at zf = −5 mm was stronger than that at zf = 0 mm, which can be
attributed to a poor guidance of the laser pulse at zf = −5 mm. The significant oscillation in laser spot size
would lead to a significant oscillation of the bubble size, which can further lead to an enhanced e-beam
transverse oscillation and a large divergence angle [51–54]. Therefore, compared with the cases of
zf = −5 mm and zf = −2 mm, the driving laser pulse was well guided in the capillary when the laser focus
was located at zf = 0 mm.

We have demonstrated that although low-pressure hydrogen gas was supplied, the plasma generated
during the discharge mainly came from the ablation of the inner wall of the hybrid capillary [37]. Moreover,
as shown in our previous work, assisted by oxygen, ionization-induced injection can occur in an AR
capillary [39]. In the experiments, by moving the focal position from zf = −5 mm to zf = 0 mm, more laser
pulse energy can be coupled into the capillary, leading to a gradually enhanced self-focusing. Once the laser

4



New J. Phys. 24 (2022) 073048 Z Qin et al

Figure 4. Energy spectra obtained from two-segment hybrid capillary: (a) experimental results with 3.8 Torr H2 filled gas;
(b) simulated results by FBPIC code. The right-hand column corresponds the white dashed region in (a) and (b), which shows
the detailed spectrum of the high energy e beams. The area circled by a dashed red line in (a) is the detected x-ray passing
through the collimator. The detailed angle-resolved energy spectrum corresponding to (a) and (b) are shown in (c) and (d),
respectively. The plots in (d) were final energy spectrum of electrons from O+7 (blue), O+8 (purple), C+6 (green) and SI (red),
and energy spectrum of electrons from O+7 (black) and C+6 (pink) at z = 2 cm. The peak energy of the multi-GeV e beam
observed in experiments was 3.2 GeV, and the simulated e-beam peak energy was about 3.1 GeV.

pulse is self-focused with intensity exceeding the threshold for generating O7+ (a > 2.9), electron injection
can be induced by tunneling ionization. It is worth noting that a low energy spread e beam with 0.73 GeV
peak energy was observed in the experiments (figure 3(c)), which means that the e beam was injected later
and should still be in an early acceleration phase in the wake at the end of the capillary. Besides, the injected
electron charge of the e beam was only about 1.4 pC, indicating that the laser pulse was not strongly
self-focused, and the injection process only lasted for a short time.

2.4. Cascaded LWFA with a two-segment CDW
In order to further increase the e-beam energy, a cascaded LWFA with a two-segment (2 cm + 4 cm) hybrid
capillary was also used in the experiments, as shown in figure 1(b). A 2 cm-long oxygen-containing AR
capillary was used as the first segment to generate the seed e beam, and a second segment capillary (4 cm)
was used as the acceleration stage in the experiments. The second segment capillary was made of PE, which
is an oxygen-free material that was used to suppress subsequent ionization-induced injection. The
two-segment hybrid capillary was filled with 3.8 Torr H2 and the applied voltage was increased to 24.5 kV to
maintain the same discharge current and plasma density. The focal position of the driving laser was
zf = 0 mm, and the experimental results are shown in figures 4(a) and (c). In figure 4(a), the entire
measured e-beam energy spectrum is shown on the left, and a high-energy subset from the same shot is
shown on the right. Figure 4(c) shows the corresponding e-beam angle-integrated energy spectrum, where
the peak energy of the multi-GeV e beam was 3.2 GeV with 9.7% rms energy spread, 1.4 mrad rms
divergence and 1.45 pC electron charge. The uncertainty of the peak energy was estimated to be about ±
0.2 GeV. It can be seen that the mean acceleration field was estimated to be about 53.3 GeV m−1, which is
higher than that obtained in references [14, 15]. The measured charge of the 3.2 GeV e beam was roughly
equal to that of the 0.73 GeV e beam in figure 3(c), indicating that this high-energy e beam mainly
originated from the ionization-induced injection in the first-segment capillary and was further accelerated
in the second segment.

Several factors may contribute to the high energy in our scheme. First, as mentioned above, the e beam
injected in the first stage was far from dephasing when seeded into the second stage and could thus be
accelerated for a long distance in the second stage. Second, owing to the intensity dependence of the
nonlinear plasma wavelength, the evolution of the laser intensity during the propagation process may
optimize the beam phase in the wake and enhance the energy gain. Finally, no e beam was observed
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between 0.5 GeV and 2.5 GeV in figure 4(a), which means that there was no continuous electron injection
in the second stage. The e beam with energy lower than 0.5 GeV in figure 4(a) may come from the
self-injection (SI) at the end of the second-segment capillary, which could not affect the acceleration process
of the high-energy e beam. Therefore, the dark current was significantly suppressed by using an oxygen-free
material in the second-segment hybrid capillary. With the free dark current and small charge (1.45 pC) of
the e beam, the beam loading effect is insignificant, which might be the main reason for the high energy
gain in the second stage.

3. Particle-in-cell simulations

Quasi-3D PIC simulations were performed with FBPIC code [55] to explain the electron injection and
high-energy gain for the cascaded LWFA in an 6 cm-long two-segment hybrid CDW. The laser parameters
used in the simulations matched with the experimental conditions. The simulations were run with a
moving window, where the box sizes in longitudinal and radial directions were 80 and 150 μm with a
resolution of Δz = 0.033 μm and Δr = 0.15 μm, respectively. The simulations were carried out by
Lorentz-boosted frame technique [56] with γboost = 5. The incident linearly polarized laser pulse had a
wavelength of 0.8 μm, focal spot size w0 = 45 μm, pulse duration 50 fs, and a normalized potential vector
a0 = 1.6. The simulation results are shown in figures 4 and 5, where figures 4(b) and (d) show the simulated
e-beam energy spectra. It can be seen that an e beam with peak energy of about 3.1 GeV, 5.9% rms energy
spread and 2.1 pC charge was obtained in the simulation, as shown in right-hand column of figure 4(b) and
blue plot in figure 4(d), which was consistent with the experimental results. In the simulation, the
longitudinal plasma density was approximated to a trapezoidal profile [14, 15, 50], as shown in figure 5(a)
by the blue curve, where its plateau density is ne = 0.75 × 1018 cm−3. The evolution of the transverse laser
intensity along the propagation direction is shown in figure 5(a), and it can be seen that the laser pulse was
well guided in the plasma channel. With the self-focusing of the laser pulse, the wake gradually evolved
from a quasilinear regime to a nonlinear bubble regime. After a propagation distance of z ≈ 1 cm, the peak
normalized laser vector (red curve) reached its first maximum, a0 ≈ 3.0, exceeding the tunneling ionization
threshold for generating O7+ and triggering the ionization-induced injection of oxygen K-shell electrons, as
shown in figure 5(b). Subsequently, the laser intensity dropped to a local minimum of a0 ≈ 2.4 at about
z = 1.5 cm, leading to a rephasing of the injected e beams in the wakefield owing to the intensity
dependence of the nonlinear plasma wavelength. Therefore, at the end of the first-segment capillary
(z ≈ 2 cm), the e beam was still at the rear of the wakefield, as shown in figure 5(c). After that, the laser
pulse amplitude oscillated weakly at a long propagation distance (∼2.0 cm) and the bubble size remained
almost unchanged, which contributed to a steady acceleration process of the e beam in the wakefield and its
energy increased significantly, as shown in figure 5(d). For z > 4.0 cm, as shown in figure 5(e), because of
self-steepening, the laser intensity increased significantly again, which led to an expansion of the bubble size
and fast dephasing of the e beam. In this region, owing to the increase in laser intensity, the electrons from
the second-segment capillary were self-injected into the wake at z = 5.7 cm, as shown in figure 5(e).
Nevertheless, this self-injected e beam did not affect the acceleration of the high-energy e beam. Therefore,
as previously mentioned, the hybrid CDW confined the laser pulse over a long distance and significantly
increased the e-beam dephasing length, which contributed to a high energy gain. In addition, it can be seen
from figures 5(b)–(e) that there was no additional electron injection in the second-segment capillary, except
for the self-injected e beam at the end of the second-segment capillary, so the dark current was greatly
suppressed. Moreover, because of the lower charge of the high-energy e beam, the beam-loading effect was
not observed in the simulation. All these factors also contributed to the generation of this high-energy e
beam.

Further investigation of the simulations showed that the high-energy e beams mainly came from the
ionization-induced injection of O+6 → O+7 in the first segment capillary, but very few came from O+7 →
O+8 and C+5 → C+6, as shown in figures 5(f)–(h). This was because the laser pulse intensity during the
self-focusing process far exceeded the ionization threshold for generating C+6 (a > 1.6) but was lower than
the ionization threshold for generating O+8 (a > 3.5). The C+6 electrons can be ionized completely by the
very front of the laser pulse and are almost impossible to inject. The angle-resolved energy spectra of the
electrons from O+7 (black and blue curves), O+8 (purple curve), and C+6 (pink and green curves) at z =
2 cm (single-segment capillary) and z = 6 cm (two-segment capillary) are shown in figure 4(d). The
e-beam peak energy of the O+7 at the end of the first segment (black curve in figure 4(d)) was about
0.73 GeV with 25.2% rms energy spread and a charge of 2.3 pC, indicating that the energy spread and
electron charge in simulations was larger than the experimental results. This can be attributed to the
overestimation of ionization-induced injection in the simulations [57]. Despite this minor difference, the
simulation results agree well with the experimental results. Because the second-segment capillary was made
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Figure 5. PIC simulation results for LWFA based on a two-segment hybrid capillary. (a) Evolution of transverse normalized laser
amplitude, the corresponding peak value (red) and longitudinal plasma density distribution (blue) with a plateau density of ne =
0.75 × 1018 cm−3 used in the simulations, the dashed black line denotes the threshold for generating O+7 (a = 2.9). (b)–(e) The
snapshots of wakefield (electron density distribution) and corresponding longitudinal acceleration field (blue) at different
longitudinal locations. (f)–(i) The energy evolutions of e beams from O+7, O+8, C+6 and SI along the propagation.

of an oxygen-free material, it could suppress continuous ionization-induced injection during the
acceleration stage. As in the experiment, there was no additional electron injection in the second-segment
capillary except for the later self-injected electrons in the simulation, therefore, the dark current was greatly
suppressed. The energy evolution and energy spectrum of the later self-injected e beam are shown in
figures 5(i) and 4(d) (red) with a peak energy of about 0.41 GeV, corresponding to the low-energy e beam
observed in the experiments (low-energy parts in figure 4(a)). Therefore, because of a well-guided laser
pulse and free dark current, the generated e beam from the first segment could be further accelerated in the
second-segment capillary to high energy. The peak energy of the high-energy e beam was about 3.1 GeV
with an 5.9% rms energy spread and a 2.1 pC electron charge, which is in good agreement with the
experimental results.

4. Discussion and conclusion

In this work, high-energy e beams were obtained in a two-segment hybrid CDW via ionization-induced
injection of partially ionized plasmas from wall ablation. It is worth mentioning that although
ionization-induced injection from the wall ablation has already been proposed in a sapphire-machined
CDW in 2008 [58], the CDW used in that work was still essentially a gas-filled one because its plasma
mainly came from the ionization of the prefilled gas, which is different to our hybrid CDW. In our hybrid
CDW, the filled low-pressure gas (3.8 Torr H2) was only used as the seed plasma to trigger the discharge
process, and the plasma mainly came from wall ablation, which was essentially an ablative CDW. Therefore,
compared with the work in 2008 [58], the ionization-induced injection from capillary wall ablation is easier
to realize in the ablative CDW and our hybrid CDW because of the lower melting temperature of the bulk
material [39]. However, the laser damage and accumulated ablation of the wall may lead to an increase of
the inner wall radius, wall deformation and blistering, which will lead to discharge instability and discharge
current shape deformation after some repeated discharge processes [35, 37]. By measuring the discharge
time delay and discharge current shape, the lifetime of our hybrid CDW was estimated to be over 200 shots,
but about 30 shots for a pure ablative capillary [37]. Therefore, compared with the gas-filled CDW [34],
both the pure ablative CDW and the hybrid CDW has a limited lifetime and cannot operate at high
repetition rates at present. Nevertheless, considering the cost of installation and ease of operation, the
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drawbacks of the hybrid CDW and pure ablative CDW are tolerable. Moreover, the lifetime of our hybrid
CDW is longer than that of the pure ablative CDW and more suitable for high energy LWFA experiments
with a low repetition rate.

Although the mean acceleration field obtained in our two-segment hybrid CDW was higher than that
obtained in references [14, 15], the e beams in our experiments had a significantly lower charge and higher
energy spread, which should be improved in future. Because the bulk material of our hybrid capillary is
easily ablative, mechanically machinable, and can be joined together by several segments made of different
materials, it can help us to improve the e-beam quality in future LWFA experiments. On one hand, by
adding a small piece of oxygen-containing segment (e.g., AR) between two oxygen-free segments (e.g., PE)
and sticking them together to form a hybrid CDW, the duration of the ionization-induced injection of
oxygen K-shell electrons can be greatly reduced, which can decrease the e-beams energy spread. By
changing the location and length of the small piece of the oxygen-containing segment, multi-GeV e beams
with a lower energy spread can be obtained. On the other hand, by increasing the applied voltage, the
ablation of the capillary wall can be significantly enhanced to increase the plasma density, which would
result in higher charge e beams. In addition, by changing the filled low-pressure gas composition from pure
H2 to a mixture gas (e.g., 95% H2 + 5% N2), e-beams from the hybrid capillary can also be achieved by
ionization-induced injection of the prefilled gas mixture, which can also increase the e-beams charge.
Therefore, by changing the bulk material, length, prefilled gas, and applied voltage of the hybrid CDW, the
generated e-beams peak energy, charge and energy spread can be controlled. This is expected to produce
high-quality e beams with high charge and low energy spread in future.

In conclusion, a hybrid CDW was demonstrated to obtain multi-GeV e beams in cascaded LWFA
experiments. The hybrid capillary used in our experiments combines the advantages of a pure ablative
capillary and gas-filled capillary, which can not only be easily extended to a longer length in a single piece or
by adding multiple segments, but also has a stable discharge process and a long lifetime. All the advantages
of the hybrid capillary are very attractive for high-energy LWFA. By using a two-segment (2 cm + 4 cm)
hybrid discharge capillary, a multi-GeV e beam with a peak energy of up to 3.2 GeV and energy spread of
9.7% was obtained in a cascaded LWFA, which demonstrates the great potential of the hybrid CDW for the
generation of much higher energy e beams beyond 10 GeV in LWFA in the coming years.
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