
Guiding of Charged Particle Beams in Curved Plasma-Discharge Capillaries

R. Pompili ,1,* M. P. Anania,1 A. Biagioni,1 M. Carillo,2 E. Chiadroni,2 A. Cianchi,3,4,5 G. Costa,1 A. Curcio,1 L. Crincoli,1

A. Del Dotto,1 M. Del Giorno,1 F. Demurtas,3 A. Frazzitta,2,6 M. Galletti,3,4,5 A. Giribono,1 V. Lollo,1 M. Opromolla,1

G. Parise,3 D. Pellegrini,1 G. Di Pirro,1 S. Romeo,1 A. R. Rossi,6 G. J. Silvi,2 L. Verra,1 F. Villa,1 A. Zigler,7 andM. Ferrario1
1Laboratori Nazionali di Frascati, Via Enrico Fermi 54, 00044 Frascati, Italy

2University of Rome Sapienza, Piazzale Aldo Moro 5, 00185 Rome, Italy
3University of Rome Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy

4INFN Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy
5NAST Center, Via della Ricerca Scientifica 1, 00133 Rome, Italy

6INFN Milano, via Celoria 16, 20133 Milan, Italy
7Racah Institute of Physics, Hebrew University, 91904 Jerusalem, Israel

(Received 18 December 2023; accepted 1 May 2024; published 22 May 2024)

We present a new approach that demonstrates the deflection and guiding of relativistic electron beams
over curved paths by means of the magnetic field generated in a plasma-discharge capillary. We
experimentally prove that the guiding is much less affected by the beam chromatic dispersion with respect
to a conventional bending magnet and, with the support of numerical simulations, we show that it can even
be made dispersionless by employing larger discharge currents. This proof-of-principle experiment extends
the use of plasma-based devices, that revolutionized the field of particle accelerators enabling the
generation of GeV beams in few centimeters. Compared to state-of-the-art technology based on
conventional bending magnets and quadrupole lenses, these results provide a compact and affordable
solution for the development of next-generation tabletop facilities.
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Particle accelerators represented a key engine for a wide
range of discoveries and, since their introduction, started a
new era for a breakthrough perspective of the microscopic
world at the subatomic level [1] and subfemtosecond time-
scale [2]. Considering the increasing demands in terms of
beam energy, compactness, and low-cost operation, new
accelerators based on plasma became very attractive [3],
with many pioneering experiments that generated GeV
beams in few centimeters [4–9]. Moreover the impressive
advances on the beam quality [10–12] made plasma tech-
nology very competitive even for user-oriented applications
[13–16]. However, while tremendous progresswas achieved
by reducing the accelerator size, particle beams are still
handled and transported with conventional bending and
quadrupole magnets [17]. The state of the art is represented
by devices relying on permanent magnets [18,19] and
superconductors operating at cryogenic temperatures
[20,21]. The latter technology is used, for instance, at the
LargeHadronCollider (LHC) [22] but requires complex and
expensive cryogenic systems. Looking toward the develop-
ment of futuristic ultracompact machines, a breakthrough
concept must be therefore envisioned.
Here, we report about a proof-of-principle experiment

where we employed a curved plasma-discharge device to
bend and guide a relativistic electron beam [23]. Such a
device, hereinafter called active-bending plasma (ABP) and
shown in Fig. 1(a), consists of a capillary tube filled up with

nitrogen gas with length Lc ¼ 10 cm and bending radius
Rbend ≈ 1.6 m. The deflection is obtained by applying a
high-voltage discharge current to the two electrodes con-
nected at its ends. The discharge generates the plasma and,
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FIG. 1. (a) Experimental setup. The high-voltage discharge
current is applied to the two electrodes of the curved capillary to
produce the plasma. The beam is measured on a scintillating
screen located 10 cm downstream of it. The orientation of the
x-y-z axes is also indicated. (b) Discharge current waveform
acquired with a digital scope.
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in turn, the poloidal magnetic field [24] that simultaneously
focuses and guide the beam over the curved path providing
an overall 4° deflection on the vertical plane. We exper-
imentally show that, with respect to a conventional bending
magnet (CBM), the guiding is less affected by the beam
chromatic dispersion and, according to numerical simu-
lations, can even be made dispersionless by tuning the
discharge current.
The experiment is carried out at the SPARC_LAB

facility [25] by using a 50 pC electron beam with E ¼
60.2� 0.1 MeV energy, σt ¼ 0.9� 0.1 ps duration, and
ϵr ¼ 0.6� 0.1 μm normalized emittance. The transverse
spot size at the capillary entrance is σr ¼ 130� 10 μm
(rms) and its time of arrival jitter is ≈50 fs [26]. The
diagnostics station consists of a cerium-doped gadolinium
aluminum gallium garnet scintillating screen located 10 cm
downstream of the capillary. The light emitted by the screen
is collected into a CCD camera with 20.2 μm pixel
resolution. The ABP is 3D-printed using a photopolymeric
material and has a 2 mm hole diameter and Lc ¼ 10 cm
length with its input and exit apertures, which are displaced
by 3 mm on the vertical plane where the bending is
performed. The capillary is installed in a vacuum chamber
directly connected with a windowless, three-stage differ-
ential pumping system that ensures 10−8 mbar pressure in
the rf linac while flowing the gas. This solution allows one
to transport the beam without encountering any window,
thus not degrading its emittance by multiple scattering. A
high-speed solenoid valve is used to fill the capillary with
nitrogen gas through one inlet located at Lc=2. The
discharge current, whose waveform is shown in Fig. 1(b),
is provided by a 20 kV generator that provides pulses with
peak current ID ≈ 1.57 kA and ≈1 μs duration (FWHM).
The discharge timing jitter is about 1 ns [27,28]. The ave-
rage plasma density along the ABP, measured with Stark-
broadening diagnostics [29], is np ≈ 2.5 × 1017 cm−3.

The ABP guiding is demonstrated by testing its oper-
ation with three different beam configurations. We tuned
the rf linac to produce a low (σE ¼ 17� 1 keV), medium
(σE¼0.33�0.01MeV), and large (σE ¼ 1.4� 0.2 MeV)
energy spread while keeping fixed the average beam
energy. Figure 2 (left column) shows the energy spectra
of such beams measured with a magnetic spectrometer and
the resulting beam spot sizes (right column) obtained on the
scintillating screen downstream of the ABP. The deflection
is achieved by applying a discharge current ID ≈ 1.57 kA.
To compare the undeflected and the deflected beam
we overlapped two single-shot images obtained without
the ABP (capillary removed from the beam path) and with
the ABP (capillary centered on the beam path with the
discharge turned on). The plots show that the beam is
guided along the curved path and, after traveling on the
following drift, reaches the screen with an overall dis-
placement ΔY ¼ 9.9� 0.1 mm.
We performed a parametric scan to characterize the ABP

deflection for all the three beam configurations by varying
the applied discharge current. Figure 3 shows the resulting
spot sizes measured on the screen for several discharge
currents in the range ID ≈ 1.29 ÷ 1.57 kA, with each point
obtained as the average of 100 consecutive single-shot
images. The last plot also reports the percentage of trans-
mitted charge obtained as the ratio between the CCD counts
with the ABP turned on and the counts when the capillary is
removed from the beam path. The plot shows that, as
expected, the beam guiding efficiency is enhanced at large
discharge currents, with the output charge that reaches up to
≈100%. On the contrary, when the discharge is turned off,
no charge is transmitted since the input and output
apertures are not aligned and the beam is damped in the
capillary walls. An interesting feature is that the deflected
spot sizes show a negligible dependency on the beam
energy spread, especially when the discharge current is

FIG. 2. Proofs of beam deflection. Left column: energy spectra of the beam obtained for three different working points of the linac.
The corresponding energy spreads σE are indicated in each plot. Right column: deflected and undeflected transverse spot sizes
downstream of the ABP. Each plot is obtained by overlapping a single shot of the undeflected beam (capillary out of the beam path) with
a single shot of the deflected one (capillary inserted and discharge current set to ID ≈ 1.57 kA). The energy spread is the same as in the
corresponding spectrum on the left.
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large enough. This indicates that the effects of the beam
chromatic dispersion are reduced if compared with a
conventional bending magnet. At this regard, we provide
in the following a theoretical study by means of numerical
simulations to describe the beam dynamics in the ABP and,
for the sake of completeness, we compare it with an
equivalent CBM having the same length and bending
radius.
To understand the guiding mechanism of the ABP it is

fundamental to know how its magnetic field acts on the
beam. This is showed in Fig. 4(a), where we evaluate the
ABP field assuming ID ¼ 1.57 kA. The field is computed
with a one-dimensional analytical model that takes into
account the radial plasma temperature profile to retrieve the
current density JDðrÞ flowing in the capillary and, in turn,
the induced magnetic field as BABP ¼ μ0=r ·

R
r
0 JDðr0Þr0dr0

[30,31]. The field is poloidal, increases with radius, and is
focusing everywhere (the discharge current flows in the
same direction of the beam) so that particles farther from
the axis experience a stronger focusing effect. The beam
dynamics is thus different from a CBM, whose field is uni-
directional and constant with magnitude BCBM ¼ E½MeV�=
ðc · RbendÞ × 106 ≈ 0.13 T. The trajectories followed by the
beam particles are indeed different in the two cases,
especially for the largest energy spread σE ¼ 1.4 MeV
configuration, where the effects of the chromatic dispersion
on the bending plane become evident. This is showed in
Fig. 4(b) where the evolution of 1000 particles is tracked
including the drift section downstream of the bending
device.

The corresponding beam envelopes are reported in
Fig. 4(c). The beam initially focuses in the ABP, reaching
a waist after ≈4 cm and then is guided up to the capillary
exit. Particles with larger energies can travel more off-axis
with respect to the lower energy ones but, since the
focusing field increases with radius, they experience a
stronger focusing force. As a result, the spread of the
trajectories on the bending plane (due to chromatic
dispersion) is reduced with respect to a CBM where
particles with larger (smaller) energies are less (more)
deflected by the constant field. In the latter case the increase
of the spot size is therefore more pronounced. This is
confirmed in Fig. 4(c) where the vertical spot size at the

FIG. 3. Transverse spot sizes of the deflected beam. The first
two plots show the X=Y spot sizes for several discharge currents
respectively. Each point is obtained by averaging 100 consecutive
single shots, with the error bar computed as their standard
deviation. The third plot reports the average percentage of
transmitted beam charge downstream of the capillary with respect
to the undeflected one, retrieved by summing the counts of the
acquired CCD images.

(a)

(b)

(c)

FIG. 4. Comparison between ABP and CBM. (a) Magnetic
field computed as a function of the radial distance from capillary
axis. (b) Particles trajectories along the ABP (top) and CBM
(bottom) including the following drift up to the measurement
screen for the beam with σE ¼ 1.4 MeV energy spread. (c) Cor-
responding horizontal and vertical beam envelope evolution. The
dot-dashed gray line shows the start of the drift space. The circle
data points with error bars refer to the experimentally measured
spot sizes with the ABP.
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ABP exit is ≈30% smaller than the one at the CBM exit and
≈65% including the drift section.
Considering the chromatic dispersion, it is interesting to

compare again the ABP with the CBM. Mathematically the
dispersion is represented by the R16 term of the linear
transport matrixR [32] that links the beam particle position
yi with its momentum error δEi ¼ ðEi − EÞ=E. For a CBM
with length LCBM ¼ Lc such a quantity is analytically
given by R16 ¼ Rbendð1 − cosðLCBM=RbendÞÞ ≈ 3.1 mm.
Figure 5(a) shows the resulting particle distribution in
the case of ABP and CBM, respectively. A linear fit is
computed on each distribution with its slope that corre-
sponds to the R16 term. As expected the chromatic dis-
persion is smaller in the ABP and, as shown in Fig. 5(b),
can even be tuned by varying the discharge current ID. We
considered discharge currents as large as 17 kA but in
principle this value can be increased, e.g., up to ID ≈ 60 kA
[33,34]. The plot indicates that the ABP dispersion can be
largely adjusted to achieve both positive and negative
values and, for specific discharge currents, it can be made
zero. Such a feature is very attractive since it allows, with a
single device, one to displace the dispersionless beam over
an arbitrary path without requiring two bending magnets
with dispersion-matching optics in between like quadru-
poles and sextupoles [35].
Regarding the scalability of the ABP to larger beam

energies, we considered the scenario envisioned by
EuPRAXIA [36] that foresees the realization of a
plasma-based accelerator facility providing electron beams
with ≈1 GeV energy [37]. We demonstrate that the ABP
operation can be extended to such beam parameters by
adjusting the discharge current and capillary geometry.
Figure 5(c) shows the guiding efficiency obtained for an
ABP with the same capillary length Lc and bending radius
Rbend used in the experiment. The plot shows the percent-
age of transported charge along the curved path as a
function of the input discharge current. As previously
discussed, the increase of ID enhances the overall transport
efficiency. However, the guiding can also be improved by
narrowing the capillary hole diameter since it allows one to
increase the corresponding current density JD and, in turn,
the peak magnetic field. In such a way the same efficiency
can be obtained with a smaller ID. It is worth noticing,
however, that the operation at very large peak currents will
require a proper cooling system to counteract the total
energy that is deposited and, in turn, the rise of temperature
in the capillary walls.
In conclusion, we presented a new concept based on a

curved discharge capillary able to deflect and guide a
relativistic electron beam. The results of such a proof-of-
principle experiment demonstrate the effectiveness of its
deflection on a 60 MeV electron beam. The measurements
have been validated with a theoretical study showing that
the guiding can be tuned by adjusting the discharge current.
This allows one also to change the chromatic dispersion of

the ABP that can be ideally made dispersionless, a unique
feature not available in conventional bending magnets
employed so far. The adjustment of the discharge current
and/or capillary geometry allows one also to extend the
ABP operation to larger beam energies, allowing its
implementation for a wide range of applications. If com-
pared to state-of-the-art bending magnets technology, its
practical implementation would be very affordable in terms

(a)

(b)

(c)

FIG. 5. (a) Chromatic dispersion downstream the ABP and
CBM. The x axis represents the particle energy deviation δE with
respect to the central beam energy E while the y axis shows the
particle position Y. The R16 transport matrix element is obtained
from the linear fit. (b) Evaluation of the R16 as a function of the
discharge current. The red asterisk shows the R16 computed with
the maximum discharge current used in the experiment. (c) Scal-
ability of the ABP to larger beam energies. Guiding efficiency
(percentage of transported charge, blue lines) of a 1 GeV beam
for several discharge currents and three capillary diameters. The
corresponding peak magnetic fields (red lines) are also reported.
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of size and costs. The ABP represents therefore an
innovative solution to develop ultracompact beam lines
for existing or next-generation accelerator facilities.

The data that support the findings of this study are
available from the corresponding author on reasonable
request.
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