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Abstract
We present a scheme of positron acceleration by intense terahertz (THz) wave together with the
driving large-charge electron beam in a plasma channel. The THz wave rapidly evolves into a
transversely uniform acceleration field and a weakly focusing/defocusing lateral field in the
channel. The THz wave is partially formed with the scheme of coherent transition radiation when
the electron beam goes through a metal foil and partially because of the wakefield in the plasma
channel. The electron beam continuously supplies energy to the THz wave. Such a field structure
offers the feasibility of long-distance positron acceleration while preserving beam quality. By
two-dimensional simulations, we demonstrate the acceleration of positrons from initial 1 GeV to
126.8 GeV with a charge of∼10 pC over a distance of 1 m. The energy spread of accelerated
positrons is 2.2%. This scheme can utilize the electron beam either from laser-driven or
conventional accelerators, showing prospects towards high-quality and flexible THz-driven
relativistic positron sources of∼100 GeV.

1. Introduction

High-energy positrons are widely distributed in the universe and related to violent high-energy astrophysical
phenomena such as pulsar magnetospheres, pair production from black holes and gamma-ray bursts [1, 2].
High-energy gigaelectronvolt (GeV) and even TeV positron beams are crucial for studying these phenomena
in laboratories. They also facilitate applications in fundamental nuclear, particle physics, and ultimately, as
an indispensable part for realizing electron–positron colliders [3–5], which underpin many significant
physical discoveries.

Positrons can be generated via Trident [6, 7], Bethe–Heitler (BH) process [8] and multi-photon
Breit–Wheeler process [9]. Currently, the major way of producing positrons in laboratories relies on the BH
process, which is based on the collision between energetic electrons with the high-Z atomic fields. Copious
positron production has been demonstrated based on either ultraintense laser directly irradiating metallic
foils [10, 11] or sending the laser wakefield acceleration electron beams onto high-Z targets [12–14].
Whereas high-energy gain, high-efficiency, and stably beam-loaded electron acceleration has been
demonstrated experimentally in the wakefields [15, 16], stable and quality preserving positron acceleration
remains a challenge, as the positron beam suffers from defocusing transverse fields. To overcome this issue,
drivers including two electron beams [17], hollow electron beam [18, 19], vortex laser [20] and plasmas such
as a finite-radius plasma column [21], etc are used to modulate the wakefield structure to accelerate and
focus positrons simultaneously.

Another novel and promising positron acceleration scheme relies on coherent transition radiation (CTR)
[22], which has recently been experimentally demonstrated in relativistic electron acceleration [23]. Intense
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Figure 1. Schematic diagram of quasi-monoenergetic positron acceleration by intense terahertz (THz) wave and electron beam in
plasma channel. An electron beam (blue spheres) passing through the interface of two media produces intense THz wave with the
scheme of coherent transition radiation (CTR, red isosurface). Then, the THz wave and the electron driver transport in a
one-meter-long distance plasma channel, accelerating the injected∼GeV positrons (green spheres) to∼100 GeV with narrow
energy spread. Red isosurface shows an example of the longitudinal component of THz field at two different times.

CTR generates naturally when the driving electron beam passes through the rear surface of high-Z target,
captures and accelerates the generated positrons into high energy. The CTR field resides in terahertz (THz)
regime and benefit from the continuously energy supply from the driving electron beam, the CTR field is
several orders of magnitude stronger than those involved in conventional THz acceleration scenarios
[24–29]. It is different from the mechanisms for THz generation from an embedded plasma dipole [30] or a
plasma–vacuum interface [31]. It is a simple and feasible route to utilize positron generation, injection, and
acceleration in a single setup. However, the CTR field is spherically divergent in vacuum propagation that it
cannot accelerate and confine positrons for a long distance. Thus, it is necessary to find a more practical way
to confine or guide the field.

A viable solution is to use hollow plasma channel [32–34]. It is attractive because of its inside vanishing
transverse focusing/defocusing fields if the channel is well designed, which ensures emittance preservation of
accelerated particles. It has been experimentally demonstrated at FACET in Stanford Linear Accelerator
Center (SLAC) to generate an 8 cm long hollow channel and provide gradients of 230 MV m−1 to accelerate
positrons [35]. Unfortunately, beam breakup (BBU) instabilities in hollow channel [36, 37] greatly destroys
the driver and results in a compromised energy conversion efficiency. Near-hollow channels [38] and a
coaxial plasma filament [39] can suppress BBU instabilities. Very recently, asymmetric electron driver in
hollow plasma channel [40] and a bi-Gaussian density profile electron beam [41] were proposed to excite
stable wakefields or a thin hollow filament suitable for positron acceleration. Despite these advances, there is
no report of positrons that have been accelerated to∼100 GeV with narrow energy spread.

In this paper, we present a new scheme of positron acceleration by intense THz wave together with the
driving large-charge electron beam in a plasma channel. The basic configuration is sketched in figure 1.
Copious energetic electrons pass through a solid target (the CTR generator), as discussed in our previous
work [22], and induce intense THz radiation in the plasma channel. The THz wave evolves rapidly in plasma
channel to form a steady and uniform field structure, which is suitable for keeping positron acceleration in
high quality. Electron driver continuously supply energy to the THz wave when the wave propagates in the
channel, and then continuously transfer their energy to positrons. In this way, the positron beam can be
accelerated to∼100 GeV within a distance of only about 1 m.

2. Particle-in-cell simulations

The proposed scheme is confirmed by two-dimensional (2D) particle-in-cell simulations using the EPOCH
[42] code. The initial energy of the driving electron bunch is 45 GeV, with a 26.6 nC beam charge. A
comparable bunch energy of 42 GeV is utilized in the SLAC [43]. The beam is characterized by a
super-Gaussian density profile in both longitudinal and transverse direction,
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, where ne0 = 1.15× 1019 cm−3, δex = 3.18 µm (δFWHM = 5.3 µm),

δey = 30 µm (δFWHM = 50 µm) and x0 = 10 µm, respectively. The CTR generator is modeled by Cu1+

ion-electron plasma target, whose density is nCu = 8.49× 1022 cm−3 and covers the region of
0< x < 20 µm. The target fills the simulation window in the transverse direction. The consistence of
simulation and theoretical results [22] confirmed that the CTR field induced by the target is the same as that
induced by an infinite target. In real experiment, one can always utilize a transversal large enough target to
avoid the influence of finite transverse size [44, 45]. We focus on the acceleration process and employ witness
positrons to characterize the acceleration effect. The witness positron has an initial energy of 1 GeV and a
beam charge of 290 pC, with similar super-Gaussian profiles of δpx = 0.8 µm (δFWHM = 1.33 µm) and
δpy = 30 µm (δFWHM = 50 µm). Its density, np0 = 5× 1017 cm−3, is about two orders of magnitude lower
than the driving electrons. The center of the positron beam is initially placed 4 µm behind the driving beam,
which is optimized for high energy gain and narrow energy spread. One possible way to achieve this
configuration is to use two driving electron beams, the first one to induce acceleration field and the second to
produce positrons via BH process. Besides, this scheme is promising to be used in conventional accelerators
where positrons can be precisely injected into the accelerating phase by external injection. Specific methods
need to be investigated further. The initial energy spread, angular distribution and the normalized emittances
of the electrons and positrons are neglected. The annihilation of positrons is negligible during the
co-propagating process since the lifetime of a positron is expressed as τ = 1/

(
π r2e0cne−

)
, where

re0 ≈ 2.82 fm is the electron classical radius, ne− is the electron density where positrons are located. In our
case, positrons are able to propagate several kilometers without apparent annihilation.

The outer-radius of the plasma channel is r0 = 90 µm and the thickness of the channel wall is 7 µm. At
the innermost region (r < 60 µm), there is filled rarefied gas with density lower than 1015 cm−3. From
r = 60 µm to the inner-radius of the channel wall, the gas density exponentially increases to
8.49× 1022 cm−3, a same density as the CTR generator. A moving simulation window of
40 µm (x)× 180 µm (y) is used and sampled by 400 (x)× 900 (y) cells. There are five pseudoparticles per
cell (PPC) for the driving electron bunch and the witness positrons, and one PPC for the other species. A
higher-order particle shape function is applied to suppress numerical self-heating [42].

3. Field structures and results of positron acceleration

In figure 2 we present the evolution of the positron density and the intense THz field in the plasma channel.
When initially produced at the rear surface of the CTR generator, the energy of the THz wave is about 0.68 J,
accounting for 0.057% of the driving electron beam. The longitudinal component Ex is a single half-cycle
positive accelerating field for positrons, with a spherical phase front. In the plasma channel, the field is
reflected by the channel walls and exhibits an oscillating electric structure. Due to constant reflection, it
becomes uniform and smooth quickly after 100 mm. The longitudinal feature length of the acceleration
region is about 22 µm. After that, the accelerating field keeps the relative stable mode and propagates in the
plasma channel till to 1 m long, as shown in figure 2(b). Positrons are accelerated in such a transversely
uniform region, and are always kept in the accelerating phase (Ex > 0) throughout the entire 1 m long
distance, as shown in figure 2.

It is worth noting that both CTR and wakefield driven by the electron bunch contribute to the positron
acceleration process. In the early stage, the THz wave produced by CTR is vital for trapping and initial
acceleration of positrons (see supplementary material for detail). As electrons propagating in the channel, its
transverse self-consistent field and the CTR drive electrons in the channel (from both the filled rarefied gas
and the channel’s inner-wall) to oscillate and form wakefield radiation. The CTR and wakefield are both
being reflected by the channel walls and evolves continually to form a relatively flat longitudinal field, which
is beneficial for positron acceleration.

Besides the acceleration field, the focusing/defocusing field Ey-cBz is another critical factor that affects
the quality of the positron beam. In the early stage of acceleration process (<100 mm), the positrons are
alternately located in the focusing/defocusing field and those undergo strong defocusing field are lost during
this process, with a remaining charge of about 50 pC at 100 mm. Then, similar with the Ex field, the
focusing/defocusing field consecutively reflected by the channel wall tends to vanish. The positron beam
becomes stable without a significant increase in transverse size henceforth.

At about 200 mm, the longitudinal field is fairly homogeneous along the transverse direction and the
transverse field Ey-cBz further vanishes, which is about 1–2 magnitude smaller than the longitudinal field.
The positrons are located in weakly focusing/defocusing region and preserve their qualities in the rest
long-distance acceleration process. At 1 m, the positron beam remains high density of∼1× 1016 cm−3 and
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Figure 2. Evolution of positron’s density and the THz field in plasma channel. (a) Positron’s density, (b) two-dimensional
longitudinal Ex and (c) transverse field Ey-cBz at 0.5, 10, 100, 1000 mm from left to right, respectively. The red solid line in
(a) represents the on-axis Ex field. The fields at 1000 mm (the 4th column) is multiplied by ten times.

the normalized transverse emittance is 29 mmmrad. The divergence angle is 0.05 mrad. The acceleration
gradient of the field is 40 GV m−1 at 1 m that can accelerate positrons even further.

To demonstrate the acceleration results, in figure 3(a) we plot the energy density distribution and the
energy spectra of positrons during the acceleration process, ξ = x-ct is the positron-following coordinate.
The energy of positrons increases from initial 1 GeV to 41.8 GeV at 100 mm, with an energy spread of 5.2%.
The positrons get continuous quasi-linearly acceleration in the first half of the acceleration process, acquiring
the beam energy of 102.2 GeV at 500 mm. The relative energy spread at this momentum is about 2.4%. After
that, the energy of the driving electron beam depletes and the acceleration of positrons slows down. At the
end of the acceleration, the energy of the positrons finally reaches 126.8 GeV with a lower energy spread of
2.2%. Accelerated positron charge is about 10 pC. The black line in figure 3(b) shows the complete energy
acquisition process of the positrons. As we discussed in figures 2(b) and (c), the longitudinal field Ex is
uniform in the lateral direction, and the positrons obtain a uniform and stable acceleration. As a result, the
absolute energy spread is∼2.8 GeV at 100 mm, then keeps constant hereafter, shown by the red line in
figure 3(b), leading to the continuously decreasing of the relative energy spread. This is benefit from the
short pulse of positrons comparing to the length of the THz acceleration region, so the chirp of the field in
the x direction has little effect to the absolute energy spread. In addition, the continuous charge loss
experienced by the positrons also contribute to the constant energy spread. Considering the remaining
acceleration gradient of 40 GV m−1 at 1 m, it is expected that smaller relative energy spread could be
obtained via our proposed scheme.

During the whole process, the driving electron beam continuously replenishes its own energy to the THz
field, which further transfers to positrons. As a consequence, the driven electron beam loses its energy, as
shown by the blue line in figure 3(b). At 1 m, the average energy of electrons is 21.7 GeV (maximum energy
is 45 GeV) with 100% energy spread.

Moreover, by varying the channel radius and the background plasma density, it is found that such
monoenergetic acceleration is robust for certain parameter ranges. This is supported by simulations with
different channel profiles (I, II and III), as shown in figure 4(a). The density at innermost region (r < 60 µm)
of the profiles is∼1013 cm−3, about two orders smaller than that in main simulation. So that profile I is
steeper, while profile III, on the contrary, is flatter due to a wider outer-radius of 150 µm. As for channel II,
the boundary electron density is∼1018 cm−3, which can be readily achieved by gases. Other electron and
positron parameters remained the same. The uniform state of the accelerating fields are achieved in all three
cases while positrons obtain energy of more than 100 GeV with monoenergectic peaks, as shown in
figure 4(b). The scheme can also work in a lower energy region. By using a driving electron beam with energy
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Figure 3. Acceleration results of proposed scheme. (a) Energy spectra and energy–density distributions of positron beam at 100,
500, 1000 mm. (b) Evolution of the energy (black line), energy spread (red line) of the positron beam and the energy of the
driving electron beam (blue line).

Figure 4. Positron acceleration in different channel. (a) Lateral density distribution of channel profile I, II, and III. (b) Energy
spectrum of the positron beam at 970 mm.

of 4.5 GeV and initial witness positron beam of 0.1 GeV, we obtained a high quality quasi-monoenergetic
positron beam with peak energy of 15.1 GeV and energy spread of 5.3% after 200 mm. The acceleration
gradient at this moment still has 20 GV m−1, which can further accelerate positrons to higher energy.

4. Discussion and conclusion

As a comparison, we perform simulations of positron acceleration without plasma channel. The initial center
of the positron beam is also optimized to find a proper accelerating phase in these cases. Other parameters
are the same with the plasma channel case. The THz wave now is produced only by the CTR mechanism. It
propagates forward as a spherical wave in vacuum, as shown by the longitudinal Ex and transverse fields in
figures 5(a) and (b). Therefore, its intensity drops quickly with propagation. It shows apparent
intensity-preserving effect of the Ex field in the plasma channel and take advantages throughout the
acceleration process. At first 100 mm, the accelerating gradient is about 450 GV m−1, two times larger than
that in vacuum. At 1 m, the maximum Ex field in vacuum is 8 GV m−1, five times smaller than that in plasma
channel, as shown in figure 5(c). Besides, because of the relatively intense transverse electric field, positrons
in vacuum case are almost completely dissipated at 1 m. It is thus difficult to maintain long distance
acceleration without plasma channel.

From the discussions above, we conclude that the transversally uniform accelerating field Ex and the
weakly focusing/defocusing field establishes quickly in the plasma channel, which are the key to obtaining
high-quality acceleration of positron beams. The acceleration region is elongated in the plasma channel,
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Figure 5. Comparison of THz field in plasma channel and vacuum. (a) Longitudinal Ex and (b) transverse field Ey-cBz in vacuum
at 0.5, 10 mm from left to right. (c) Shows the maximum longitudinal electric field Ex with/without plasma channel.

makes the acceleration field more longitudinal flat, so that positrons are able to find a suitable acceleration
phase easier. It shows features of simultaneously maximum energy gain and minimum energy spread if the
positron beam being at a proper acceleration phase of the field, which means the acceleration field at this
position is intense so that positrons can be quickly captured and survived in strong focusing/defocusing field
in the early stage. Also, lateral uniform acceleration field helps to accelerate positrons without obvious
increase of energy spread and transverse emittance. Nevertheless, the parameters we selected here are not
fully optimized. To get better energy spread of the positron beam, the transversely uniform acceleration field
needs to be built up quickly. An elaborate design of the channel, especially the shape of entrance can help to
speed up this process. Moreover, one can expect that if the initially injected positron beam is placed close to a
steady state, that is, the electron driver has propagated for a while in the channel, a stable acceleration state is
built immediately.

In summary, we have demonstrated a novel scheme of long-distance positron acceleration by intense
THz wave together with the driving large-charge electron beam in a plasma channel. It relies firstly on the
energetic electron bunch to drive intense THz wave through CTR to trap positrons and meanwhile, drive
intense wakefield in the channel to accelerate positrons. The electrons continuously supply energy to the THz
wave when they propagate in the channel. Then, the plasma channel maintains and modulates the field
structure to favor positron acceleration. Our simulation results show that positrons of∼ 10 pC are
accelerated from 1 GeV to 126.8 GeV over an accelerated distance of only 1 m, with an energy spread of 2.2%.
The emittance is 29 mmmrad with a divergence angel of 0.05 mrad. The obtained results show the promise
of using intense THz wave and plasma channel to realize high quality positron acceleration. This scheme can
utilize the electron beam either from laser-driven or conventional accelerators, providing a promising way to
accelerate high quality positron of∼100 GeV which is vital for future high energy electron–positron colliders.
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