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Experimental observation of the electron beam focusing effect induced
by plasma currents with opposite directions
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We report on the experimental observation of the focusing effect of a 50 MeV accelerator electron beam in
a gas-discharge plasma target. The plasma is generated by igniting an electric discharge in two collinear quartz
tubes, with the currents up to 1.5 kA flowing in opposite directions in either of the two tubes. In such plasma
current configuration, the electron beam is defocused in the first discharge tube and focused with a stronger
force in the second one. With symmetric plasma currents, asymmetric effects are, however, induced on the beam
transport process and the beam radius is reduced by a factor of 2.6 compared to the case of plasma discharge off.
Experimental results are supported by two-dimensional particle-in-cell simulations.
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I. INTRODUCTION

High-quality electron beams are nowadays widely used
for many applications such as, for instance, the radiation
ranges from coherent terahertz [1–3] to gamma rays [4–6],
the e+e− high-energy linear colliders [7], and plasma-based
accelerators [8]. For all these applications, electron beams
with high peak current, low energy spread, and small beam
emittance and size are critical. At present, electron beams
can be produced from conventional RF accelerators or laser-
plasma interactions. Although the laser wakefield accelerators
can accelerate an electron beam to multi-GeV in cm-scale
structures, the produced beam usually has a large angular
divergence of several mrad [9]. On the other hand, the beam
from the conventional RF accelerators are controllable and are
of good quality with low emittance and energy spread, but
usually has a large size and duration. Thus, a proper focusing
system is needed for both types of electron beams before
practical applications.

One option would be using conventional focusing systems,
such as solenoids [10,11] and quadrupole magnets [12,13].
However, solenoid magnets are only suitable for focusing
electron beams in low-energy sections (i.e., a few MeV or
less). In addition, a quadrupole defocuses the electron beam in
the plane orthogonal to the focusing plane and must be used in
groups that cannot meet the requirements of miniaturization.
Plasma-based lenses promise to pave the way for radially
symmetric focusing and kT/m-level focusing gradients to
overcome the drawbacks of conventional focusing schemes.

In plasma lenses, electron beams can be focused (i) by
the azimuthal magnetic field induced by the plasma discharge
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current (active plasma lenses, APLs) [12,14–17], and (ii) by
the self-generated magnetic field due to unneutralized beam
current in plasmas (passive plasma lenses, PPLs) [18–20].
Discharge-capillary APLs have been used in laser-plasma ac-
celerators [12] and conventional RF accelerators [16] with a
focusing gradient in excess of 3 kT/m [21]. The uniformity
of the discharge current is particularly important for an APL,
which has been measured in experiments [14,21]. Great ef-
forts are currently ongoing in several groups to increase the
radial uniformity and thus preserve the emittance of the beam
such as, for instance, by changing from a light gas species to a
heavier gas species [15], increasing the plasma temperature,
and discharge current [14]. The PPL offers a gentler focus
compared to the APL, still of interest to be used in acceler-
ators. A laser-ionized, beam-driven, underdense, passive thin
plasma lens with tunable, compact, and little spherical aber-
rations has been designed at the SLAC National Accelerator
Laboratory’s FACET-II facility [19]. The electron beam can
reach a final beta function that is half that achievable by the
FACET-II magnetic final focus system. In addition, Thaury
et al. [22] have demonstrated the collimation of an electron
beam by a laser-plasma lens, and the beam divergence was
reduced by a factor of two for the whole beam and a factor of
2.6 for its high-energy part.

Recently, plasma lenses have been adopted in the gener-
ation of gamma-ray beams [4,6] with small divergence and
spot size, which is essential for high-resolution radiography.
In our previous work [4], we also proposed a scheme with
validated simulations to show the potential of a plasma lens in
high-quality gamma-ray generation, in which an accelerator
electron beam is focused with a plasma lens before passing
through a conversion target. It is shown that the spot size
and divergence of the emitted photons in the case with a
plasma lens are reduced significantly compared to the case
without the plasma lens. In this work, as a first step toward
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the experimental validation of the proposed scheme, a plasma
lens experiment was carried out at the Institute of Modern
Physics (IMP), Chinese Academy of Sciences by employing
a gas-discharge plasma target [23] and accelerator electron
beams. The plasma is generated by igniting an electric dis-
charge in two 7.8-cm-long collinear quartz tubes, with the
currents up to ∼1.5 kA flowing in opposite directions in either
of the two tubes. In such a plasma current configuration,
the electron beam is defocused in the first tube and focused
in the second one. With symmetric plasma currents, asym-
metric effects on the beam transport process are found and
the beam radius is reduced by a factor of 2.6 compared to
the case of discharge off. Experimental results are supported
by two-dimensional (2D) particle-in-cell (PIC) simulations.
This paper is organized as follows. The experimental setup is
described in Sec. II, and experimental results are presented in
Sec. III. In Sec. IV, we discuss the asymmetric effects induced
by plasma currents and describe the simulation results. And
finally, we summarize the work in Sec. V.

II. EXPERIMENTAL SETUP

A. The experimental platform

The electron linear accelerator for the experimental plat-
form, which was designed and developed at IMP for high
energy electron radiography [24,25], consists of two different
types of electron guns: a thermionic cathode RF gun and a
photocathode RF gun (under construction). The macropulse
bunch at the exit of the 1.5-cell S-band thermionic cathode
gun with 70 MV/m acceleration field strength has a large
energy spread (1 − 4 MeV) and undesirable beam quality.
Downstream of the gun are four quadrupole magnets to match
the transverse (which is perpendicular to the beam propaga-
tion direction) distribution of the macropulse bunch. Further
downstream is an alpha magnet [25] to realize the longitudinal
compression of the beam and reduce the energy spread in the
low-energy beamline. Then the beam enters into a 3 m-long
S-band accelerating tube which operates atthe 2π/3 mode
and with the maximum acceleration gradient 22.5 MV/m.
Subsequently, up to 50 MeV macropulse electron beam with
short pulse width (0.7 ps), low energy spread (0.13%), and
low emittance (4.43 π mm mrad) is obtained at the exit of
the accelerating tube. Finally, the high-energy electron beam
enters the plasma target. Details of the gas-discharge plasma
device are introduced in Sec. II B. Quadrupole magnets be-
tween the accelerating tube and plasma target and the steering
coils during the beamline are used to aid in focusing the beam
and aligning the beam to the plasma.

B. The gas-discharge plasma device

Figure 1 shows the schematic of the gas-discharge plasma
device powered by a type of C1K-3K uninterruptible power
system battery of SANTAK. The device has been used for the
experimental investigations of ion beam energy loss [23,26]
and charge state [27]. The plasma target consists of two
7.8-cm-long collinear quartz tubes with an inner diameter of
5 mm filled with argon gas (1–5 mbar). The plasma is pro-
duced during an electric discharge between a central electrode
and two grounded electrodes situated at the entrance and exit

FIG. 1. Schematic of the experimental setup. An accelerator
electron beam propagates through a high-voltage direct current dis-
charge plasma target to either a transverse beam size diagnostic
(yttrium aluminium garnet) or energy distribution diagnostic (dipole
magnetic). In order to maintain the accelerator vacuum, two 10 µm
titanium films are used to separate the plasma chamber from the
upstream accelerating tube. The electron beam passing through the
target is comoving with the discharge current in the first quartz tube
and then countermoving in the second one.

of the target. A 3 µF capacitor battery charged to 2 − 5 kV ini-
tiates a current of up to 1.5 kA in each discharge channel. The
maximum plasma electron density npe produced by the target
is about 1023 m−3 and the temperature inside the quartz tubes
is a few eV. It has been designed with one inlet connected
with an argon bomb at 1/2 of the total length and two outlets
on both sides of the plasma target to maintain a constant
backing pressure. In order to maintain the accelerator vacuum,
two 10 µm titanium films are used to separate the plasma
chamber from the upstream accelerating tube. An off-line
optical fiber Mach-Zehnder interferometer at a wavelength
of 1.55 µm is used to measure the density of free electrons
[28]. The measurement results show the average density of
the free electrons along the central axis of the plasma target,
and the maximum value of the average plasma density is about
6 × 1022 m−3 when the plasma target is in the discharge state
of 3 kV-1 mbar. In addition, there are two apertures with 1 mm
diameter at the entrance of the first discharge tube and the
exit of the second one. This limits the transverse size of the
electron beam. The 2D simulations with COMSOL were per-
formed to study the electric discharge process of the plasma
target [29], which agrees with the experimental results.

III. EXPERIMENTAL RESULTS

Direct measurements of the beam spot size are performed
by the combination of a removable yttrium aluminium garnet
(YAG) screen followed by a high-resolution charge coupled
device (CCD) camera, as reported in Fig. 1. The imaging sys-
tem has a resolution of 0.02 mm, which is much smaller than
the minimal beam size (i.e., 0.48 mm) observed in the experi-
ment. To account for plasma fluctuations, every measurement
is performed from averaging over 50 acquisitions. There are
quadrupoles and steering magnets to ensure the beam with a
small and symmetric transverse distribution before entering
the plasma target. Experimentally, a Rogwski coil is used
to infer the discharge current Ipe, while a fast current trans-
former allows the current of the macropulse electron beam
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FIG. 2. (a) Current traces of the plasma discharge (red solid line) and electron beam (blue dashed line), and (b) the measured beam spot
size (rms) as a function of the delay time between plasma ignition and trigger of the electron beam for two beam energy cases (30 MeV and
50 MeV). The plasma current trace (gray line) is also shown in the figure (b) for illustration. The beam spot size is measured on the first screen
(i.e., YAG2-CCD2 shown in Fig. 1) downstream the plasma target, and the distance between the plasma exit and the screen is 22.5 cm.

Ibe. The current traces of the plasma discharge and electron
beam are illustrated in Fig. 2(a). By changing the delay time
�t between plasma ignition and the trigger of the electron
beam, the beam can probe the plasma at different discharge
stages.

The beam spot size measured on the first screen (i.e.,
YAG2-CCD2 shown in Fig. 1) downstream the plasma target
at different discharge currents is shown in Fig. 2(b) for two
beam energy cases (30 MeV and 50 MeV). Note that the spot
size (root mean square, rms) σr in the figures is obtained by
a Gaussian fit of the form ∼ exp[− r2

2σ 2
r

]. From the discharge
current, the plasma lasts about 10 µs. The beam focusing effect
can be clearly observed at the rising and falling edges of the
plasma current. For a beam energy of 50 MeV, the focusing
effect lasts about 3.5 µs, from �t = 1.2 µs to 2.7 µs and 4.7 µs
to 6.7 µs. The maximum beam focusing (i.e., σr = 0.48 mm)
occurs at a delay time �t = 5.7 µs after plasma ignition with
current Ipe ≈ 1 kA, as shown in Fig. 2(b). Further increase of
the plasma current leads to beam overfocusing, as indicated
in the figure with peak current Ipe ≈ 1.5 kA. Reducing the
beam energy from 50 MeV to 30 MeV, the maximum beam
focusing (i.e., σr = 0.7 mm) occurs at a smaller current with
Ipe ≈ 0.8 kA, and the overfocusing effect is more significant.

The beam spots measured on the screen are compared for
the cases of plasma discharge turned off and on in Figs. 3 (with
beam energy 50 MeV) and 4 (with beam energy 30 MeV).
The corresponding horizontal (x direction) and vertical (y
direction) beam envelope projections in the transverse plane
are also shown in the figures. From Fig. 3, the beam spot
size σr is about 1.25 mm when the discharge is turned off and
reduces to 0.48 mm at the maximum focusing, indicating a
factor of 2.6 reduction in beam radius. And the density of the
electron beam nbe is increased by a factor of ∼7. The focusing
effect can also be observed in Fig. 4 for lower beam energy, in
which the beam spot size is reduced by a factor of two when
the discharge is turned on with the maximum beam focusing.

IV. DISCUSSION

With the beam and plasma parameters in the experiment,
the focusing effect due to beam current can be neglected.

The electron beam parameters are as follows: rms radius
σr = 0.17 mm limited by the size of the aperture, rms length
σz = 0.22 mm measured by the method based on the analy-
sis of the coherent transition radiation energy spectrum [30],
and the beam energies εbe measured by a dipole magnet
are 50 MeV and 30 MeV. The peak bunch density for the
Gaussian-shaped beam is nbe = Qbe/ [e(2π )3/2σ 2

r σz] ≈ 3 ×
1017 m−3, where Qbe ∼ 5 pC is the total charge of the mi-
cropulse electron beam and e is the electronic charge. The
self-focusing gradient due to beam current can be computed
as [7] ∂Bθ

∂r = 3 × 10−9nbe[ cm−3]G/cm ∼ 9 T/m, where Bθ is
the azimuthal focusing magnetic field. Assuming the plasma
current uniformly distributed in the tube with radius R, one
can calculate the magnetic field due to plasma current as a
function of the radial positron r using Ampère’s law [15]:
Bθ = μ0Iper

2πR2 = gr, with g the magnetic field gradient and μ0

the permeability of vacuum. For the plasma target in the
experiment with peak current Ipe ≈ 1.5 kA and R = 2.5 mm,
we have a magnetic field gradient g = 48 T/m, which is
much larger than that of the self-focusing gradient. There-
fore, the beam self-focusing effect can be neglected, and the
focusing phenomenon observed in the experiment should be
induced by plasma discharge currents. Note that the wakefield
focusing effects, self-driven by the electron beam, can be
neglected if (σz/σr )2nbe/npe � 2(Ipe/IA)(kpeR)−2 [12], with
kpe = √

npee2/mec2ε0 the plasma wave number, ε0 the vac-
uum permittivity, me the electron rest mass, c the speed of
light, and IA ≈ 17 kA the Alfvén current. For the beam and
plasma parameters considered here, this condition is well
satisfied. Besides, the measured beam spot size soon returns
to its initial value after the discharge off, which is the same as
that before plasma ignition in Fig. 2(b), indicating negligible
influence from plasma wakefields.

The electron beam passing through the plasma target is
comoving with the discharge current in the first quartz tube
and then countermoving in the second one. In such a plasma
current configuration, the electron beam is defocused in the
first discharge tube and focused in the second one. The beam
focusing effect induced by plasma currents with opposite di-
rections can be understood as follows. Considering the radial
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FIG. 3. The beam spot size measured on the first screen downstream the plasma target with the discharge turned off [σr = 1.25 mm, (a)]
and turned on with a plasma current Ipe ≈ 1 kA [σr = 0.48 mm, (b)]. The horizontal (c) and vertical (d) bunch envelopes report the transverse
projections of (a) and (b). The beam energy is 50 MeV.

motions of beam electrons in the magnetic fields induced
by plasma currents, the evolution of radial momentum sat-
isfies dpr/dt = ecBθ , with the assumption that the electrons
move along the z direction with the velocity ∼c. Then the
electron radial motion in the first defocusing tube satisfies

d2r/dt2 = �2r, where � =
√

ecμ0 jz
2γ0me

, γ0 is the Lorentz factor

of beam electrons, and jz = Ipe/πR2 is the plasma current
density. Therefore, the radius r of the electron beam increases
as a function of the beam travel distance z = ct in the first

plasma tube:

r1(z) = A1e
�
c z + A2e− �

c z (0 � z � 7.8 cm), (1)

as shown in Fig. 5(a) (with the light blue background). The co-
efficient A1 and A2 can be given by r1(0) = r0 and r′

1(0) = 0,
where r0 is the initial radius of the electron beam. With a
plasma current Ipe = 1.5 kA and beam energy εbe = 50 MeV,
the beam spot size is enlarged by a factor of two at z1 =
7.8 cm, the exit of the first tube shown in Fig. 5(a). Then

FIG. 4. The beam spot measured on the first screen downstream of the plasma target with the discharge turned off [σr = 1.4 mm, (a)] and
turned on with a plasma current Ipe ≈ 0.8 kA [σr = 0.7 mm, (b)]. The horizontal (c) and vertical (d) bunch envelopes report the transverse
projections of (a) and (b). The beam energy is 30 MeV.
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FIG. 5. (a) Evolution of the beam radius r with propagation distance z, where r0 is the initial radius of the electron beam. Background
colors are used to identify the first defocusing tube (light blue) and second focusing tube (light red). (b) The same r/r0 as (a) with different
beam energies [30 MeV and 50 MeV] and discharge currents (from 0 to 1.5 kA).

the beam enters into the second tube with the focusing mag-
netic field. And the radial motion changes to d2r/dt2 = −ω2r,
where ω = � is the betatron frequency. Therefore, the evolu-
tion of the beam radius r with the propagation distance z in
the second focusing tube is

r2(z) = A3sin

(
ω

c
z

)
+ A4cos

(
ω

c
z

)
(7.8 cm < z � 15.6 cm),

(2)
as illustrated in Fig. 5(a) (with the light red background),
where A3 and A4 can be obtained from the conditions of
r2(z1) = r1(z1) and r′

2(z1) = r′
1(z1). When the electron beam

enters the second quartz tube, the beam size continues to in-
crease until the radial velocity decreases to zero, i.e., dr2/dz =
0 at z = z2 = 12.1 cm. Then the beam electrons move toward
beam axis, and the radius decreases gradually. The beam size
at the exit of the plasma target is larger than r1(0), but the
beam electrons have a convergence angle, as shown in Fig. 5.
The critical point here is that the magnetic field in the plasma
tube increases linearly with the radial distance. After being
defocused in the first tube, the same beam electron experi-
ences a stronger focusing force (in the second tube) than the
defocusing force (in the first tube), and the beam electrons can
be focused in the later stage of the second plasma tube (i.e.,
12.1 cm < z � 15.6 cm). Finally, we can observe the beam
focusing effect in the experiment at the position of the screen,
25.5 cm downstream the plasma target.

To further show the beam focusing effect induced by
plasma current, 2D PIC simulations are also performed with
the code IBMP [4,31,32]. The code is a 2D3V (two dimen-
sional in space and three dimensional in velocity) relativistic,
electromagnetic PIC code. The Maxwell’s equations are
solved with a finite-difference time-domain (FDTD) method
and the numerical integration of the equations of motions for
all charged particles is performed by a standard leap-frog al-
gorithm, with the Lorentz forces treated by the Boris rotation.
In addition, the periodic, conducting, and perfectly matched
layer (PML) absorbing boundary conditions can be adopted
in the simulations. The code is parallelized using message

passing interface (MPI) through domain decomposition. Also,
for the efficiency of parallel computation, a current deposition
scheme is designed to conserve charge exactly and there is no
need to solve Poisson’s equation. The transverse simulation
plane is perpendicular to the beam propagation direction (i.e.,
z axis). The electron beam parameters adopted in the simu-
lations are the same as the experiment. The electron beam
passing through the plasma target is first comoving with the
discharge current Ipe and then countermoving after the cen-
tral electrode. Between the exit of the plasma target and the
imaging system, there is a vacuum drift section of 25.5 cm,
which is also considered in the simulation. This way, the
magnetic fields experienced by beam electrons can be divided
into three regions: (i) a defocusing section (0 ∼ 7.8 cm), (ii) a
focusing section (7.8 ∼ 15.6 cm), and (iii) a vacuum drift sec-
tion (15.6 cm ∼ the end of the beamline). Thus, the transverse
magnetic field Bx and By can be modeled as{

Bx = −g · y

By = g · x
, 0 � z � 7.8 cm ,

{
Bx = g · y

By = −g · x
, 7.8 cm < z � 15.6 cm ,

{
Bx = 0

By = 0
, 15.6 cm < z � 41.1 cm .

(3)

Figure 6 shows the simulation results of the beam density
nbe and the transverse phase-space x-px distributions with an
initial energy of 50 MeV and discharge current Ipe = 1.5 kA
at different beam travel distances. The beam density be-
fore entering the plasma in Fig. 6(a) is used for reference,
which corresponds to the electron beam with initial radius
r0 at z = 0. The corresponding phase space distribution is
shown in Fig. 6(e). With the transport of beam electrons in
the first quartz tube, the beam size gradually increases with
the form of r1(z) shown in Fig. 5(a) under the action of the
defocusing magnetic field, and the phase space locates in the
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FIG. 6. PIC simulation results of the electron beam density nbe (a)–(d) and the transverse phase-space x-px distributions (e)–(h) for the
plasma target with discharge current 1.5 kA. (a) and (e), (b) and (f), (c) and (g), and (d) and (h) correspond to the beam propagation distances
of 0, 7.8 cm, 12.1 cm, and 15.6 cm, respectively. The insets in (a)–(d) display the corresponding beam slice profiles.

first and third quadrants, as indicated in Figs. 6(b) and 6(f).
At z = 12.1 cm [Figs. 6(c) and 6(g)], the beam size reaches
the maximum, as indicated by the phase space distribution.
Finally, at the exit of the plasma target [Figs. 6(d) and 6(h)],
the beam spot size is slightly reduced, but still larger than
the initial one, and the phase space has a significant rotation
and distributes in the second and fourth quadrants. The beam
slice profiles at the four travel distances are also shown in
Figs. 6(a)–6(d). They fit well with the analytical results in
Fig. 5(a): r/r0 ∼ 2 at z = z1 = 7.8 cm, r/r0 ∼ 2.7 at z = z2 =
12.1 cm, and r/r0 ∼ 2.3 at z = 15.6 cm. At the exit of the
plasma target, the electron beam is in the focusing phase, thus
we can observe the focusing effect on the YAG screen.

Parameter scans are performed with different beam ener-
gies εbe [30 MeV and 50 MeV] and discharge currents from
0 to 1.5 kA to show in detail the effects of plasma currents
on beam focusing. Simulated beam spots at the same longitu-
dinal position as that of the YAG screen in the experiment
(i.e., 25.5 cm downstream the plasma target) are shown in
Figs. 7(b)–7(d) and 7(f)–7(h). In the case of 50 MeV, the
maximum beam focusing occurs at Ipe = 0.7 kA [Fig. 7(b)],
and the beam density compared with Fig. 7(a) (discharge off)
is increased by a factor of ∼10, and the beam spot size is
reduced by a factor of ∼3 [see Fig. 7(b)]. The simulation
results are in qualitative agreement with the experimental
results. With the increase of the discharge current, the focal
length becomes shorter, and the overfocusing effect can be
observed in Figs. 7(c) and 7(d).

We also show here the electron beam with a lower en-
ergy of 30 MeV, and the beam density profiles are shown
in Figs. 7(e)–7(h). A lower beam energy, thus a smaller
Lorentz factor, leads to a shorter focal length. Therefore, a
more significant overfocusing effect can be observed with
the discharge current 1.5 kA [comparing Figs. 7(d) and 7(h)],
which shows good agreement with the experimental results
shown in Fig. 2(b). It should be noted here that due to a

stronger overfocusing in the case of 30 MeV–1.5 kA, a larger
simulation region is used in Fig. 7(h). The overfocusing effect
can also be expected from Fig. 5(b). At the exit of the plasma
target, the beam spot sizes in the cases of 30 MeV–1.5 kA
(blue solid line) and 50 MeV–1.5 kA (red solid line) are al-
most the same. However, the beam electrons with energy
30 MeV have a higher radial velocity and thus, a shorter focal
length. The maximum beam focusing at the screen for the
two energy cases are compared in Figs. 7(b) and 7(f). The
required plasma currents for maximum focusing are shown
to increase with beam energy (i.e., 0.4 kA for 30 MeV. and
0.7 kA for 50 MeV), showing qualitative agreement with the
experimental results in Fig. 2(b).

It should be noted here that the beam spot size in the
experiment is much larger than that in the simulation. In
addition, the plasma currents required for maximum beam fo-
cusing in simulations are lower than that in experiments. The
underlying physics is relevant to the titanium films located on
both sides of the plasma target. Note that an electron beam
undergoes multiple scattering effects when passing through
a material with finite thickness. The strong scattering in the
titanium films significantly increases the beam emittance thus
the spot size, which can be calculated statistically. The de-
flection angle produced by the multiple Coulomb scattering is
approximately Gaussian shaped for a small angle. Supposing
this small angle limit and considering that a parallel beam
enters the titanium film, the rms angle of the beam electrons
emerging from the film, σθ, film , is given by [33]

σθ, film = 13.6 MeV

βcp
Z

√
x0

X0

[
1 + 0.038 ln

(
x0

X0

)]
, (4)

where p is the beam momentum, βc is the beam velocity, Z is
the charge number of the beam (Z = 1 for electron), x0 is the
thickness of the film (20 µm in this experiment), and X0 is the
radiation length of the material. The radiation length of tita-
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FIG. 7. Simulated beam spots at the same longitudinal position as that of the YAG screen in the experiment (i.e., 25.5 cm downstream the
plasma target) for two beam energy cases: 50 MeV (b)–(d) and 30 MeV (f)–(h). (a) and (e): for reference, i.e., the beam spot at the screen with
plasma discharge turned off. (b) and (f) represent the maximum beam focusing at the screen for the two energy cases, with the required plasma
currents displayed in the figure. (c) and (g) and (d) and (h) refer to the cases of plasma currents 1 kA and 1.5 kA, respectively. Also, because
of a stronger overfocusing in the case of 30 MeV–1.5 kA, a larger simulation region is used in (h).

nium [34] is 16.16 g · cm−2. From Eq. (4) the angular spread
that an electron beam with εbe = 50 MeV gains by passing
through two 10 μm titanium films is σθ, film = 4.6 mrad. With
this scattering angle, the beam spot size increases by 1.17 mm
[≈25.5 cm × tan(4.6 mrad)] after a vacuum drift section of
25.5 cm. With an initial value of 0.167 mm, the beam size at
the screen should be 1.3 mm, consistent with the experimental
result (i.e., 1.25 mm) in Fig. 3(a) for the case of plasma dis-
charge off. The beam emittance increases due to the scattering
in titanium films, and a higher plasma current required for
the maximum beam focusing can thus be expected in the
experiment.

V. CONCLUSION

In conclusion, a plasma lens experiment was performed
at IMP by employing a gas-discharge plasma target and ac-
celerator electron beams, which is the first step toward the
experimental validation of potential application of plasma lens
in high-quality gamma-ray generation. The plasma with den-
sity ∼1023 m−3 is generated by igniting an electric discharge
in two collinear quartz tubes, with the currents up to 1.5 kA
flowing in opposite directions in either of the two tubes. In
such a plasma current configuration, the electron beam is de-
focused in the first discharge tube and focused with a stronger

force in the second one, leading to a factor of 2.6 reduction
in beam radius compared to the case of plasma discharge off.
The experimental results are supported by 2D PIC simulations
and also an analysis of beam electron trajectory in the radial
direction.

In this work, a low-charge accelerator electron beam with a
beam density much smaller than plasma density is adopted for
study. In future experiments, the accelerator electron beams
with higher charge will be considered, in which case the
beam self-focusing effects due to the unneutralized beam
current in plasmas becomes important. In addition, with the
increase of beam density, beam-plasma instabilities [35–38]
may show important influences on beam transport. For the
electron beams with finite sizes in the laboratory, the com-
petition between the beam self-focusing and the instability
excitation is a key issue [29,39]. In the next step, the plasma
lens focused electrons beam will be sent through a conversion
target for gamma-ray generation and the properties of the gen-
erated gamma-ray will be compared for the cases of plasma
lens on and off.
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