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Active plasma lensing, a compact method for intensifying the focus of charged particle beams by
providing a magnetic field gradient of kT/m, has emerged as a sought-after technology in laser plasma
accelerator applications. However, the utilization of active plasma lenses faces significant hurdles when
dealing with laser-driven proton pulses, characterized by their broad bandwidth and high divergence. To
address this challenge, we developed a novel active plasma lens with a variable radius, specifically
designed to optimize lens geometry in accordance with the beam envelope, and performed the first
measurement of its focusing ability. The experimental findings reveal that, compared to conventional
cylindrical active plasma lenses, our radius-varying lens exhibits a 2.0-fold improvement in single-energy
transmission efficiency, while maintaining comparable achromatic ability. This breakthrough is anticipated
to significantly contribute to the miniaturization of laser proton accelerators.
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I. INTRODUCTION

Laser plasma proton acceleration, with its acceleration
gradients surpassing traditional accelerators by 3 orders of
magnitude [1], has opened vast possibilities for construct-
ing next-generation compact accelerators [2–4] and their
applications, such as miniaturized proton therapy devices
[5–8] and radiation sources [9]. However, the high gradient
and transient nature of this acceleration process also make it
susceptible to nonlinearity and instability, resulting in laser-
accelerated proton beams characterized by large divergence
angles (hundreds of mrad) [10,11] and broad energy spectra
(up to 100%). These features present substantial challenges
for subsequent beam transport, including the excessively
large size of traditional magnetic beamlines [12–14]
(compared to the acceleration unit) and the low trans-
mission efficiency of beams [15]. Consequently, research
into bespoke transmission components tailored to the laser
acceleration mechanism and the unique characteristics of
proton beams is imperative. This endeavor requires not

only keeping pace with the high electromagnetic field
gradients to minimize size but also expanding the collection
angle and transmission energy spectrum to facilitate appli-
cations with high dose requirements.
Active plasma lensing represents a promising technology

that employs a longitudinal current I through plasma-filled
capillaries to generate a high-gradient, tunable, and axi-
symmetric angular magnetic field B ¼ μ0Jr=2, enabling
low-dispersion [16] focusing of laser plasma accelerated
(LPA) particle beams within centimeter scales, where μ0 is
the vacuum permeability, and J ¼ I=πR2 (assuming that
the current is uniformly distributed in the plasma column
with a radius of R) is the current density. This concept,
first introduced in the 1950s [17], was initially used for
transporting large-scale beams with centimeter radii from
traditional accelerators. However, its practical use was
constrained by excessive power consumption, with operat-
ing currents ranging from tens to hundreds of kiloamperes
and instability arising from plasma z-pinch movements
[18–21]. In 2015, Van Tilborg et al. [22] revolutionized this
field by proposing active plasma lenses (APLs) based on
discharged gas-filled capillaries specifically for LPA elec-
trons. They focused 100-MeV-level LPA electrons using a
capillary with a peak current of 330 A and a radius of
125 μm. The small emittance [23] of LPA particles allowed
for a significant reduction in APL radius to the order of
hundreds of micrometers, drastically lowering the peak
current requirements. This allows for the magnetic pressure
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within the capillary to be lower than the kinetic pressure
[24,25], i.e.,

μ0I2=ð8π2R2Þ < n0kBTe; ð1Þ
where n0 is the plasma density, kB is the Boltzmann
constant, and Te is the electron temperature. Therefore,
the z-pinch effect can be neglected, eliminating the tem-
poral evolution of the plasma column radius and enhancing
magnetic field stability.
Later on, several studies have demonstrated the focusing

effects of APLs on LPA electron beams [26–32], facilitat-
ing research in cutting-edge areas like cascaded acceler-
ation [33]. However, exploration of APL application for
focusing LPA proton beams remains limited. The primary
challenge lies in the low transmission efficiency: the
divergence angles of LPA proton beams are 2 orders of
magnitude larger than that of electron beams, resulting in a
significant proportion of protons either missing the APLs’
entrances or hitting the channel walls and being lost. For
instance, the only reported experiment using an APL to
guide LPA proton beams showed a collection angle of
11 mrad, and 0.2% of protons (with an initial FWHM
divergence of 260 mrad) was transmitted [6]. One method
to increase transmission efficiency is by expanding the
capillary radius R and proportionally increasing the dis-
charge current I ∝ R2 to ensure current density. However,
this would increase the cost of circuit construction and

operation. Additionally, Eq. (1) indicates an upper limit on
the current value to avoid z-pinch effects. Hence, it is
imperative to explore other methods to increase the APL
collection angle.
We have theoretically demonstrated that this issue could

be relieved by dynamically altering the geometry of the APL
[34]. In the previous cylindrical APL (C-APL), the constant
radius fails to adapt to the changing transverse dimensions of
the beam, leading to suboptimal utilization of the discharge
current’s focusing power. In contrast, our proposed radius-
varying APL (RV-APL) optimizes the aperture of the
capillary to perfectly align with the beam envelope, thereby
enhancing magnetic field utilization and significantly
increasing beam transmission efficiency. The geometrical
sketch of the C-APL and RV-APL can be found in Fig. 1(a).
In this experiment, we conducted the first comparative

tests of C-APL and RV-APL in focusing LPA protons at
MeV-level energies. Without altering the external current
magnitude and the intended focusing position, RV-APL
was observed to expand the acceptance angle range to 1.5
times that of C-APL. This resulted in a doubling of beam
density and total charge for protons passing through RV-
APL compared to C-APL. Such a compact, dose-enhancing
beam transmission component is of significant importance
for the development of various applications of laser
accelerators.

(a)

(b) (c) (d)

FIG. 1. Experimental setup: (a) Illustration of active plasma lenses (C-APL or RV-APL) focusing LPA proton beams. Removable
radiochromic films (type HD-V2) and a Thomson energy spectrometer are utilized to measure the protons. (b) Characteristics of the LPA
proton bunch, exhibiting an exponentially decaying energy spectrum and energy-dependent divergence angles in the order of hundreds of
mrad. (c) Determination ofAPLdischarge timing. The timing between the current and the proton beam, influencing the focusing power of the
APL on the protons, was adjusted based on simultaneous recordings of the discharge current and the electromagnetic pulses (EMPs)
generated synchronouslywith the beam. (d) Selection ofAPL filling gas type. The spectral lines (the color scale represents the count from the
electron-multiplyingCCDused for detecting the beam signals,which is proportional to beam intensity) captured by the spectrometer after the
proton beam passed through argon (left) and helium (right) plasmas indicated that argon plasma is unsuitable as a transmission medium for
MeV energy LPA protons. Therefore, in our experiments, APLs based on helium plasma were exclusively used.
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II. EXPERIMENTAL SETUP

The experiments were conducted at the compact laser
plasma accelerator (CLAPA) of Peking University [35].
Figure 1 illustrates the experimental setup. A 0.8 J, 30 fs
laser pulse was focused by a parabola to a spot with a full
width at half maximum diameter of 5 μm, which contai-
ned 25% of the total energy, yielded an intensity of
3.4 × 1019 W=cm2. The laser targeted a 7 μm thick alu-
minum sheet at a 30° angle relative to the target’s normal
direction, using a target normal sheath acceleration (TNSA)
[36] mechanism to accelerate protons. Detected by radio-
chromic film (RCF) stacks [see Fig. 1(b)], the laser-
accelerated proton pulses featured broad exponentially
decreasing spectra with cutoff energies of 4 MeV and an
energy-dependent half-opening angle of up to 200 mrad.
Following a vacuum drift at a millimeter scale, the proton

beams were directed into either a C-APL or a RV-APL for
focusing. The APL was filled with gas at pressures ranging
from 1 to 100 torr through inlets connected to an external
gas bottle and a flow regulator. Two perforated electrodes
were positioned at both ends of the APL to supply a 15 kV
voltage, which ionized the gas into plasma and generated a
sinusoidal-like discharge current through the plasma, as
shown by the red line in Fig. 1(c). This current provides a
high-gradient focusing magnetic field for the proton beam.
The magnitude of the current experienced by the proton

beam was ascertained by simultaneously recording the
discharge current waveform and instant electromagnetic
pulse (EMP) on one oscilloscope. The EMP originates from
the hot electrons and target currents by the interaction
between the laser and the solid target [37,38]. The peak
moment of the EMPs represents the instant when the proton
beam was generated [shown by the star in Fig. 1(c)]. In
conjunction with a versatile digital delay/pulse generator
(DG645), fine temporal synchronization was achieved.
This device facilitated the control of the delay between
the μs discharge current generation and the arrival of the ps-
pulsed proton beam, thus enabling precise adjustment of
the focusing field experienced by the proton beam.
Plasma with large atomic numbers, such as Ar plasma,

has been demonstrated to be a medium capable of con-
structing a uniform current distribution, implying a linear
magnetic field for proton beams [28,39]. This is attributed
to the relatively low rates of thermal transfer between
electrons and ions as well as the ion thermal conductivity,
both of which are inversely proportional to the atomic
number [40]. However, the scattering of the beam by
plasma also increases with the atomic number [41–44],
which must be taken into consideration for the MeVenergy
LPA protons used in our experiments. We experimentally
tested APLs prefilled with either 10 torr of Ar or He gas.
Following ionization and proton transmission when the
current dropped to 0 A, the resulting energy spectral lines,
as measured by the Thomson spectrometer and depicted in
Fig. 1(d), were observed. After passing through Ar plasma,

the proton beam density decreased to one-third of that
passing through an empty channel, while passing through
lighter He plasma, the beam density remained largely
unchanged. This suggests that Ar plasma is less suitable
as a transmission medium for MeV energy LPA protons.
Consequently, our experiments exclusively utilized He
plasma-based APLs.
The trajectories of the protons in C-APLs can be

described by Hill’s equation [45]:

d2r=dz2 þ Kr ¼ 0; ð2Þ

where K ¼ qk=ðmγβcÞ, q is the proton charge, k ¼
∂B=∂r ¼ μ0I=2πR2 (in an ideal case) is the magnetic field
gradient, m is the proton mass, γ is the Lorentz factor, β ¼
v=c with v being the proton velocity, and c is the speed of
light. As described in Ref. [34], the aperture radius RðzÞ of
the RV-APL along the longitudinal position z is consistent
with the trajectory of the beam envelope, also conforming
to Eq. (2). Therefore, it has the following form:

d2RðzÞ
dz2

þ G
RðzÞ ¼ 0; G ¼ qμ0I

2πmγβc
: ð3Þ

The specific value of RðzÞ and its corresponding collection
angle θRV-APL ≈ R0ðz ¼ 0Þ are determined by the aimed
focusing energy E, current I, the designed object distance
ldrift1 (the distance between the object point and the
entrance of APL) and image distance ldrift2 (the distance
between the focus and the exit of APL). For instance, with
E ¼ 1 MeV, ldrift1 ¼ 6 mm and l ¼ 3 cm, the variation of
θRV-APL with the current I and image distance ldrift2 is
depicted in Fig. 2(b). Figure 2(a) presents the collection
angle results of the C-APL for comparison. Under equiv-
alent settings of current and image distance, the collection
angle of the RV-APL is approximately 1.5 times that of the
C-APL. For the same target collection angle, the current
required for the RV-APL is around 0.4 times that of the
C-APL.
In this experiment, with I ¼ 200 A and ldrift2 ¼ 10 cm,

the estimated collection angle for the C-APL is 11 mrad,
while the RV-APL can achieve up to 17 mrad. The radius of
the C-APL remains constant at 400 μm, whereas the wall
shape of the RV-APL, as shown by the black solid line in
Fig. 2(d), varies in radius from 170 to 450 μm. This capillary
was produced using 3D printing methods [46], employing
HTL photosensitive resin, a commercial high-temperature
resistant polymer semitransparent to visible light. Although
we aim for a uniform distribution of discharge current in the
APLs, the actual current density distribution is influenced by
effects such as Joule heating and wall cooling [40,47,48],
making it dependent onboth the spatial coordinates ðr; zÞ and
time t. By employing the finite element solver package
COMSOL Multiphysics, we constructed a time-dependent
two-dimensional axisymmetric r-z discharge model [34].
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We obtained simulated results for the current density dis-
tribution in both C-APL and RV-APL at the moment
corresponding to a current of 200 A, as depicted in
Figs. 2(c) and 2(d), respectively. Due to its smaller entrance
radius, the RV-APL exhibits a higher current density near the
entrance. It is calculated that the on-axis magnetic field
gradient at the entrance reaches 2.2 kT=m, whereas the on-
axis magnetic field gradient of C-APL is only 0.4 kT=m.

This allows the RV-APL to promptly confine protons with a
larger divergence angle range.

III. EXPERIMENTAL RESULTS

After passing through the APL, the proton beam traveled
a distance of 2–10 cm to a series of RCF stacks, for
measurements of quasimonoenergetic (1� 0.2 MeV)
charge distribution and beam envelope evolution along
its path. Figures 3(a)–3(c) sequentially display the beam
spot signals at various longitudinal positions after travers-
ing an empty capillary and under the focusing effects of the
C-APL and RV-APL, respectively. In the empty capillary,
the proton beam continuously diverged, with the beam
density inversely proportional to the square of the drift
distance. However, under the focusing influence of the
APLs, beam divergences were rapidly constrained. For
example, on the z plane located 5 cm from the capillary
exit, the beam spot diameter decreased to one-fifth of its
unfocused state, and the beam density increased by
approximately an order of magnitude. Relative to the
C-APL, the RV-APL further enhanced the beam density
by 1.1 times. By comparing the total charge within the
beam spot to the initial proton source charge, the trans-
mission efficiency of the RV-APL for the 1 MeV proton
fraction was determined to be 1.9%, which is 2.0 times that
of the C-APL, significantly improving beam collection
capability. Analyzing the beam spot size σðr;FWHMÞ across
various longitudinal planes yields the motion envelope of
the protons, as illustrated in Figs. 3(d)–(f). At a distance of
10 cm from the exit of the APL, the minimum σðr;FWHMÞ
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focused by the APLs were measured to be around 50 μm.
In contrast, the unfocused beam diverged excessively at this
point, and the beam density failed to reach the detection
threshold of the RCFs. The red curves in Figs. 3(d)–3(f)
represent simulated trajectories based on the current dis-
tribution in Figs. 2(c) and 2(d), and the experimental values
match the simulation values well.
By removing the RCFs, the proton beam was transported

further to the Thomson spectrometer placed 15 cm away
from the target with a receiving angle of �5 mrad for
energy detection. In the absence of APL, the proton source
generated a spectrum with exponentially decreasing par-
ticle counts as energy increased, as shown in Fig. 4(a).
When APLs were employed with a current of 200 A, due to
the chromatic properties of the APLs, 2 MeV protons were
focused on the spectrometer’s detection plane, while
protons with energies less and greater than 2 MeV were,
respectively, overfocused and underfocused. This created a
“bow-tie” shaped signal with stronger middle and weaker
ends, as seen in Figs. 4(b) and 4(c). Comparing the beam
intensities corresponding to theC-APLandRV-APLwith the
proton source, their gain factors η are shown in Fig. 4(d). The
peak of the energy-dependent proton flux increase at 2 MeV
for the RV-APL shows nearly 11 times more protons per area
compared to the case without lenses and is 1.9 times that of
the C-APL. This is consistentwith theRCFmeasurements. If
we define the energy achromatic range of the APL as 80% of
the maximum η value, then the achromatic ability of the

C-APL is 30%, while that of the RV-APL is similar at 28%.
Previous studies have shown that C-APLs have reduced
energy dependence compared to traditional magnetic sys-
tems such as quadrupole lens groups or solenoids [16,22],
and our results suggest that RV-APLs also possess this
feature, making them compatible with the broad energy
spectrum of LPA proton beams.

IV. CONCLUSIONS AND OUTLOOKS

In conclusion, we presented an experimental investigation
of a radius-varying discharge capillary active plasma lens for
collecting wide-angle, broad-spectrum proton beams gen-
erated by laser plasma accelerators, demonstrating an
enhanced acceptance range. Direct charge measurements
with RCFs revealed that RV-APL, benefiting from its
optimized geometric design, effectively focuses MeV-level
proton beams over centimeter distances. It exhibited a 1.5-
fold increase in collection angle and a remarkable 2.0-fold
enhancement in monochromatic transmission efficiency
compared to the conventional cylindrical APL. Spectro-
meter measurements of the beam density for various energy
protons post-APLs showed that the achromatic effect of the
radius-varying APL is similar to that of the cylindrical APL,
and its focusingeffect is also relatively unaffectedby changes
in proton energy, making it suitable for transmitting LPA
proton beams with a wide energy distribution.
Expanding the RV-APL aperture could further increase

its acceptance angle, potentially comparable to traditional
magnetic systems, yet with a significantly smaller volume.
On the one hand, this can be achieved by appropriately
increasing both the physical aperture of the capillary and
the current. On the other hand, RV-APL based on Ar or
other plasmas with higher atomic numbers can also be used
when transmitting higher-speed proton beams that are
almost unaffected by scattering. This approach would
allow the current density inside the APL to approach an
ideal uniform distribution [28], thereby extending the
effective aperture range. A simple estimation suggests that
a RV-APL with a radius varying from 0.5 to 1.5 mm and
carrying a 9 kA current could achieve the collection of a
100 MeV proton beam within �50 mrad (conversely, a
C-APL would need a current of 21 kA for the same
collection angle). This capability positions the RV-APL as a
potential core collection component in tumor radiotherapy
beamlines using LPA proton beams. The development of
such compact, high-efficiency beam optical devices is a
crucial step toward advancing truly miniaturized acceler-
ators for practical applications.
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