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The space-charge field of a relativistic charged bunch propagating in plasma is screened due to the
presence of mobile charge carriers. We experimentally investigate such screening by measuring the effect
of dielectric wakefields driven by the bunch in a uncoated dielectric capillary where the plasma is confined.
We show that the plasma screens the space-charge field and therefore suppresses the dielectric wakefields
when the distance between the bunch and the dielectric surface is much larger than the plasma skin depth.
Before full screening is reached, the effects of dielectric and plasma wakefields are present simultaneously.
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Introduction.—One of the fundamental properties of
plasma is the ability to screen electromagnetic fields, due
to the presence of mobile charge carriers (plasma electrons
and ions) [1]. The propagation of electromagnetic waves
in plasma has been extensively studied [2], especially in
the context of plasma generation [3], heating, and confine-
ment [4], requiring complex and dedicated experimental
setups [5]. In the case of a relativistic charged particle bunch
traveling through a plasma with density nPE, the plasma
electrons rapidly move to compensate for the almost purely
transverse space-charge field of the bunch. This effect is the
cause of phenomena such as plasma wakefields [6,7].
Because of the screening operated by the plasma, the

space-charge field of the bunch is exponentially damped
with the radial distance r as Er ∝ e−r=δ [8], where the

characteristic length δ ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

meε0=nPEe2
p

is the plasma
skin depth (c the speed of light, ε0 the vacuum permittivity,
me and e the electron rest mass and charge, respectively).
Hence, the plasma effectively screens the space-charge
field of the bunch when r ≫ δ. Despite the physics of the
process being well known, no direct experimental evidence
of plasma screening has been provided so far for the fields
generated by a relativistic charged particle bunch.
In this Letter, we present a noninvasive measurement of

plasma screening of the space-charge field of a relativistic
electron bunch. We show that screening causes the sup-
pression of dielectric wakefields in an uncoated dielectric
capillary, where the plasma is generated, when the distance
between the bunch and the capillary surface is much larger
than the plasma skin depth. Moreover we observe, for the

first time to our knowledge, the simultaneous effect of
dielectric and plasma wakefields, when full plasma screen-
ing is not achieved.
A relativistic, charged bunch drives wakefields when its

space-charge field interacts with a slow-wave structure or
medium with a large index of refraction. Consequently,
longitudinal and transverse dielectric wakefields (also
known as Cherenkov wakefields) are generated [9–12].
Dielectric transverse wakefields are axis symmetric with
respect to the center of the dielectric structure. Therefore,
they induce a dipolar effect when the bunch trajectory is not
aligned to the longitudinal axis of the structure [13–18]. The
transverse wake potential is calculated as the convolution of
the transverse wake function w (depending on the geometry,
the dielectric material and the bunch transverse offset with
respect to the center of the structure) with the longitudinal
charge density distribution of the bunch nbðtÞ.
Thus, when a bunch travels with transverse offset

ðx; yÞ, parallel to its axis, it drives transverse dipolar
wakefields along the bunch described by [16]:
W⊥ðtÞ ¼ wðx; yÞ R t

0 nbðtÞdt, where the bunch front is at
t ¼ 0. The amplitude of the wakefields follows the same
trend as the running integral of the bunch charge: particles
in the back of the bunch are deflected more strongly than
those in the front. The polarity of W⊥ is such that the
trailing particles are pulled further toward the dielectric
material [19].
Dielectric capillaries are common tools for generating

plasmas in plasma wakefield accelerators (PWFA), as they
enable gas injection in a high-vacuum environment [20].
The plasma is generated by ionizing the gas injected in the
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capillary with a high-voltage discharge applied between
electrodes at each end [21], or with an ionization field such
as a high-intensity laser pulse [22] or a relativistic charged
particle bunch [23]. Capillaries are also employed because
they allow shaping the transverse and longitudinal profiles
of the plasma density [24], and locally injecting different
gas species for various injection schemes [25].
In a PWFA based on dielectric capillaries, both plasma

and dielectric wakefields can be present at the same time, as
the space-charge electric field of the driver bunch may
interact with both plasma and dielectric material [26,27].
In particular, the possible misalignment of the trajectory
with respect to the capillary longitudinal axis (e.g., due to
jitters or to the finite accuracy of the alignment tools) may
induce a deflection to the bunch trajectory. This could have
detrimental effects on the propagation of the bunches and
the acceleration quality, by inducing transverse phenomena
such as beam breakup and hosing instability [28,29].
However, we show in the present work that high-density
plasma suppresses the dielectric wakefields driven in the
capillary, by screening the space-charge field of the bunch.
Experimental setup.—We performed the measurements

at the SPARC_LAB facility [30] (see Fig. 1). An electron
(e−) bunch is generated by illuminating a copper cathode
within a radiofrequency (RF) gun with an ultraviolet
laser pulse. The bunch is accelerated in an RF linac to
E ∼ 80 MeV and focused with transverse root mean square
(rms) radius ∼0.4 mm at the entrance of a dielectric
capillary. A set of electromagnetic quadrupoles focuses
the bunch on a scintillating screen d ¼ 5.3 m downstream
of the capillary exit for imaging. A transverse deflection
structure (TDS) introduces a head-to-tail vertical correla-
tion to the bunch [31], allowing one to obtain time-resolved
images of the bunch at the screen position. The normalized
emittance of the bunch is ∼2.4 μm (measured with quadru-
pole scan technique) and rms duration ∼1.8 ps. We use a
magnetic dipole and an additional scintillating screen to
measure the beam energy.
The dielectric capillary has radius Rc ¼ 1 mm and

length L ¼ 10 cm. The plasma is generated by a discharge
pulse (∼455 A peak current) flowing through the capillary
after the introduction of hydrogen gas (∼10 mbar) through
a high-speed solenoid valve. The capillary is installed in a
vacuum chamber connected to the linac with a windowless,

three-stage differential pumping system. The latter ensures
that 10−8 mbar is maintained in the linac, while flowing the
gas, and to preserve the quality of the electron bunch. By
varying the delay between the bunch arrival time and the
peak of the discharge pulse we vary nPE, due to recombi-
nation of the plasma. We measure the average nPE with the
Stark broadening technique [32] between 0.65 and 2.65 μs
after the peak of the discharge pulse, and we extrapolate the
values of nPE (with ∼10% uncertainty) at the delays used in
the experiment (between 5.60 and 10.10 μs) by fitting the
measured values with an exponential decay function [33].
The plasma electron density is essentially constant along
the capillary (see Supplemental Material [34]), but non-
uniformities are present at the two extremes because the gas
flow expands in the vacuum chamber. However, as no
capillary material is present, there is also no dielectric
wakefield effect along the entrance and exit ramps. Thus, in
the following we neglect these nonuniformities.
Current discharge is particularly suited for generating

plasma in our experimental conditions because the mod-
erate energy and current of the e− bunch are not sufficient
to field ionize hydrogen gas. Moreover, it is preferable over
ionization with a laser pulse because it generates an almost
uniform transverse plasma density profile, and it requires
simpler synchronization and spatial alignment methods.
In the following, we maintain the beam trajectory aligned

through the center of the quadrupole magnets, and we record
images on the screen with the TDS turned on, and the dipole
turned off. To study the effect of dielectric wakefields and
plasma screening, we shift the capillary with a stepper motor
in the horizontal direction (perpendicular to the streaking
direction of the TDS, see Supplemental Material [34]), and
we measure the induced deflection along the bunch on time-
resolved images while varying the plasma electron density
and, therefore, the plasma skin depth.
Experimental results.—Figure 2 shows single-event,

time-resolved images of a 285 pC e− bunch after traveling
along the longitudinal axis of the dielectric capillary (a),
and with a horizontal offset X ¼ 0.375 mm (b). The bunch
propagates from right to left (bunch front at t ¼ 0). The red
points show the centroid position along the bunch, obtained
by fitting the transverse projection of each longitudinal
slice with a Gaussian function. In the aligned case, the
centroid position is essentially constant along the bunch,
and the variations are much smaller than the bunch trans-
verse size. The average centroid position obtained from 100
consecutive images (red points, left-hand-side vertical axis
in Fig. 2(c); the error bars represent the standard deviation)
is not correlated with the running sum of the bunch charge
(black line, right-hand-side vertical axis; the shaded area is
the standard deviation) because wð0; 0Þ ¼ 0.
In the misaligned case [Fig. 2(b)], on the contrary, the

centroid is clearly deflected, with increasing displacement
along the bunch. Figure 2(d) shows that the centroid
position and the running sum follow the same trend along

FIG. 1. Schematic of the SPARC_LAB experimental setup (not
to scale). The e− bunch propagates from right to left.
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the bunch. This confirms the expectation that the amplitude
of the transverse wakefields (and therefore of the transverse
deflection) at any time t along the bunch depends on the
amount of charge ahead of it, in agreement with the
formulation of W⊥ðtÞ.
The amplitude of the transverse wakefields W⊥ reaches

a maximum at the back of the bunch. We calculate
the average wakefield potential experienced by the
particles in the last slice of the bunch (t ∼ 6.7 ps) as
W⊥ ¼ xðtÞE=edL ∼ 0.4 MV=m. We also note that, in
both cases, the transverse size slightly increases along
the bunch. This is due to the fact that the dielectric
wakefields also have a quadrupolar (defocusing) compo-
nent, growing in amplitude along the bunch.
When introducing plasma with nPE ¼ 1.0 × 1016 cm−3

while X ¼ 0.375 mm [Fig. 3(a), same misalignment as
Fig. 2(b)], the dielectric wakefields are suppressed
because the plasma effectively screens the space-charge
field of the bunch, since the plasma skin depth
δ ¼ 0.053 mm is much shorter than the distance between
the bunch and the dielectric surface Rc − X ¼ 0.625 mm.
Thus, the average position of the centroid along the bunch
[green points in (c)] is in agreement with the aligned case
with no plasma in the capillary [blue points, same dataset
as Fig. 2(c)].
Slices at t > 3 ps have a wider transverse distribution

because the bunch also drives plasma wakefields, that are
axis symmetric with respect to the bunch propagation axis.

Additionally, the bunch self-focuses due to the effect of the
magnetic field generated by the bunch current itself, that
is not compensated for by the space-charge force, which
is neutralized by the plasma [37–39]. As the bunch is
progressively focused, it leaves the plasma with increasing
divergence along the bunch, and possibly larger emittance,
causing the transverse size to increase at the downstream
screen. Because of this effect, we calculate the position of
the centroid only for t < 4.6 ps.
On the contrary, when nPE ¼ 0.038 × 1016 cm−3

[Fig. 3(b)], plasma screening is not effective. In this case,
δ ¼ 0.237 mm is not short enough to operate full screen-
ing, and the space-charge field of the bunch still reaches
the dielectric surface, generating dielectric wakefields that
affect the trajectory of the trailing part of the bunch. Thus,
the horizontal position of the centroid along the bunch [red
points in Fig. 3(c)] varies, in agreement with the case with
no plasma [black points, same dataset as Fig. 2(d)]. We note
that, in this case, dielectric wakefields (causing the centroid
deflection) and plasma wakefields (causing the defocusing
effect at the screen) are present at the same time.
Increasing nPE decreases the distance from the propa-

gation axis beyond which the space-charge field of the
bunch is screened. Thus, for a small misalignment of
the bunch trajectory with respect to the center of the
dielectric capillary (i.e., a large distance from the sur-
face), a lower nPE is sufficient to suppress the dielectric

FIG. 2. (a), (b) Single-event, time-resolved images of the
285 pC e− bunch for X ¼ 0 (aligned case) and X ¼ 0.375 mm,
respectively. The bunch propagates from right to left. Red points
indicate the centroid position of each longitudinal slice. (c), (d)
Average centroid position along the bunch obtained from 100
consecutive events (red points, left-hand-side vertical axis; error
bars are the standard deviation), corresponding to (a) and (b),
respectively. Each black line shows the average running sum of
the charge along the bunch (right-hand-side vertical axis, the
shaded area represents the standard deviation).

FIG. 3. (a), (b) Single-event, time-resolved images of the e−

bunch with X ¼ 0.375 mm [as in Fig. 2(b)], and plasma with
nPE ¼ 1.0 and 0.038×1016 cm−3, respectively. (c) Average cent-
roid position along the bunch for X¼0 and nPE ¼ 0 (blue
points), X ¼ 0.375 mm and nPE ¼ 0 (black points),
nPE ¼ 0.038 × 1016 cm−3 (red points) and nPE ¼ 1016 cm−3

(green points).
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wakefields than for a large misalignment (i.e., a short
distance from the surface).
Figure 4 shows the position of the centroid at

t ¼ 3.6 ps (a), 4.1 ps (b), and 4.6 ps (c) behind the front
of the bunch as a function of nPE, for three misalignment
distances (see Legend). The displacement, which is due to
the effect of the dielectric wakefields, decreases when
increasing nPE because the amplitude of the space-charge
field reaching the dielectric surface is progressively more
screened by plasma. The trend is in good agreement with
the typical exponential decay expected from plasma screen-
ing. The solid lines show the result of the fit for each
dataset, where the distance from the bunch to the dielectric
surface is considered as a free parameter.
For X ¼ 0.375 mm (black points), full screening (i.e.,

centroid position in agreement with the aligned case
with no plasma) occurs for nPE > 0.7 × 1016 cm−3 (black
dashed vertical line), corresponding to δ < 0.063 mm,
that is ∼10 times shorter than the distance between the
bunch and capillary surface Rc − X ¼ 0.625 mm. For
smaller misalignments, screening occurs at lower nPE: for
Rc−X¼0.750mm, nPE>0.5×1016 cm−3 (δ<0.075mm,
red points and dashed vertical line); and for
Rc−X¼0.875mm, nPE>0.24×1016 cm−3 (δ<0.109mm,
blue points and dashed vertical line). As expected from the
screening process, δmust be much shorter than the distance
between the bunch and dielectric surface to obtain full
screening. We also note that the ratio ðRc − XÞ=δ at full
screening increases when the misalignment increases. This
is likely due to the finite transverse size of the bunch,

as some particles are closer to the dielectric material than
those at the bunch center.
As the bunch travels in plasma, it can drive plasma

wakefields that also have a transverse (periodically focus-
ing or defocusing) component [6,7], generally growing
along the bunch [see Figs. 3(a) and 3(b)]. However, the fact
that the transition to full screening occurs at the same nPE
for all delays along the bunch, as highlighted by the vertical
lines in Fig. 4, indicates that the screening of the space-
charge field is independent of the amplitude of the plasma
wakefields. The displacement is larger for larger misalign-
ments, at any t along the bunch where the plasma screening
is not fully effective because wðx; yÞ increases.
The experimental evidence we present in this work will

have significant implications for designing and operating
plasma-based accelerators. In particular, the direct obser-
vation of space-charge screening in plasma could be
employed for managing misalignments and optimizing
plasma conditions to minimize undesired wakefield effect.
Considering future PWFA, the operational nPE and the

transverse size of the capillary must be chosen so that the
dielectric wakefields induced by misalignments (e.g.,
caused by jitters and finite accuracy of the alignment tools)
are effectively screened by the plasma. In the case of
EuPRAXIA@SPARC_LAB [40], the diameter of the
dielectric capillary will be 2 mm, and the operational
density nPE ¼ 1016cm−3. The maximum misalignment
allowed to avoid the dielectric wakefields effect would
therefore be even larger than X ¼ 0.375 mm, as shown in
this study, which is much larger than the state-of-the-art
capabilities to align and control the trajectory of relativistic
particle bunches (e.g., better than 20 μm in our experi-
ment). The measurement we present in this work could also
be extended to a plasma electron density diagnostics, by
measuring the maximum misalignment for which full
screening of the space-charge field occurs.
Summary.—We investigated, with a noninvasive meas-

urement, one of the fundamental characteristics of plasma,
that is the screening of electromagnetic fields. We showed,
using a plasma wakefield accelerator based on a dielectric
capillary, that plasma screens the space-charge field of a
relativistic e− bunch by measuring the suppression of
dielectric wakefields. The effect of transverse dielectric
wakefields increases along the bunch, following the same
trend as the running sum of the bunch charge, in agreement
with the theory. We observed a progressively increasing
screening effect when increasing the plasma electron
density, and therefore decreasing the plasma skin depth.
We measured full screening to occur along the entire bunch
when the distance from the bunch propagation axis to the
dielectric surface is more than 10 times longer than the
plasma skin depth. When full screening is not achieved,
dielectric and plasma wakefields are present simultane-
ously. We also discussed the implications for future plasma-
based accelerators based on dielectric capillaries.

FIG. 4. Average centroid position x as a function of nPE for
three misalignment distances at longitudinal slices t ¼ 3.6 ps (a),
4.1 ps (b), 4.6 ps (c) behind the front of the bunch. Dashed
vertical lines indicate the values of nPE after which x is in
agreement with the aligned case with no plasma, for each
misalignment distance.
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