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Hollow channel plasma wakefield acceleration is a proposed method to provide high acceleration
gradients for electrons and positrons alike: a key to future lepton colliders. However, beams which are
misaligned from the channel axis induce strong transverse wakefields, deflecting beams and reducing the
collider luminosity. This undesirable consequence sets a tight constraint on the alignment accuracy of the
beam propagating through the channel. Direct measurements of beam misalignment-induced transverse
wakefields are therefore essential for designing mitigation strategies. We present the first quantitative
measurements of transverse wakefields in a hollow plasma channel, induced by an off-axis 20 GeV
positron bunch, and measured with another 20 GeV lower charge trailing positron probe bunch. The
measurements are largely consistent with theory.

DOI: 10.1103/PhysRevLett.120.124802

Precision tests of the standard model of particle physics
can be performed with a linear electron-positron collider.
However, these machines will be very large and expensive
to build. Plasma wakefield acceleration (PWFA) [1–3] is a
promising new technique for building a more compact,
more cost-effective accelerator: an intense charged particle
bunch is propagated through a uniform plasma, where it
induces a highly nonlinear wake structure with strong
accelerating and focusing fields. While this mechanism
has been shown to sustain large acceleration gradients [4]
and high energy transfer efficiency [5] for a second trailing
electron bunch, the success does not immediately extend to
positrons due to the inherently charge-asymmetric response
of nonlinear plasmas. Positron bunches have been trans-
ported through and accelerated by meter long plasma wakes
[6–9]. However, the extremely nonlinear focusing fields of
such wakes make it very difficult to preserve the emittance
of the accelerating beam [10].

A possible solution for symmetrizing the acceleration of
electrons and positrons while preserving the emittance is to
use a hollow channel surrounded by an annular plasma
[11–13]. This is so because a drive bunch propagating
exactly on the channel axis drives an oscillating longi-
tudinal wakefield that moves synchronously with the beam
and is transversely uniform, while the transverse (deflect-
ing) wakefield is zero everywhere in the channel. This
method [14] has been experimentally demonstrated to
accelerate positrons [15]. However, if the bunch propagates
off-axis, it is expected to induce a strong dipolelike trans-
verse wakefield that deflects both the drive beam and the
accelerating trailing beam away from the axis. This leads to
significantly reduced collider luminosity or even beam loss.
In this Letter, we present the first experimental mea-

surements of transverse wakefields in a hollow channel
plasma accelerator, performed at the Facility for Advanced
aCcelerator Experimental Tests (FACET) [16] at SLAC
National Accelerator Laboratory. The plasma channel was
formed by ionizing lithium vapor with the high power
FACET laser [17], which delivered a maximum of 10 mJ on
target in as little as 50 fs (full width at half maximum). A
high-order Bessel intensity profile (J72) with the first
maximum at 250 μm was obtained using a kinoform optic
that focused the laser close to the center of a 46 cm heat-
pipe oven [18], giving a 25� 1 cm long hollow channel.
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The vapor pressure was set to 3.4 Torr at temperature
1095 K, giving a neutral vapor density of 3 × 1016 cm−3.
The laser pulse energy was attenuated to ionize only the
channel wall, ensuring a truly zero plasma density on axis.
A 20.35 GeV two-bunch positron beam was synchronized
to arrive a few picoseconds after the laser pulse. The two
bunches were obtained from a single bunch by giving it a
head-to-tail energy chirp and energetically dispersing it
onto a beam notching device, allowing a tunable bunch
separation up to 600 μm. The positron beam was focused at
the channel center with rms beam sizes σx ¼ 35 and σy ¼
25 μm and beta functions βx ¼ 0.5 and βy ¼ 5 m, which
ensured that the beam size was approximately constant
throughout the channel. A total charge of 0.51� 0.04 nC,
sufficiently low to not ionize the on-axis lithium vapor, was
distributed between the leading drive bunch and the trailing
probe bunch with a ratio ð4.1� 1.1Þ∶1.
The experiment consisted of measuring the transverse

wakefield in a hollow plasma channel by observing the
angular deflection of the probe bunch caused by an offset
channel. In particular, the longitudinal variation of the
transverse wakefield was measured by means of a bunch
separation scan. Figure 1 shows the experimental setup.
Although the two bunches originated from one bunch,
scanning the bunch separation was possible by stretching
the bunch and adjusting the beam notching device [5]. An
electro-optical sampler (EOS) was used to measure the
longitudinal bunch profile of the incoming beam, and an
yttrium aluminum garnet (YAG) crystal in a horizontally
dispersive region functioned as an upstream energy spec-
trometer for the positron beam. Two beam position mon-
itors (BPMs) were used to measure the beam trajectory.
Downstream of the channel, a nondestructive YAG screen
was used to measure the transverse profile of the outgoing

beam. A spectrometer with a vertically dispersive dipole
magnet and a phosphorescent LANEX screen was used to
measure energy changes of the probe bunch. Two quadru-
pole magnets were adjusted such that deflections by
transverse fields induced in the channel were canceled in
the vertical plane for increased energy resolution, but not
completely in the horizontal plane to allow angular deflec-
tion measurements of the probe bunch. The offset of the
channel, which was varied by a random laser pointing jitter,
was measured downstream by imaging the laser profile at
multiple object planes using cameras at different distances
from the same lens.
The expected wakefields can be modeled by assuming

the plasma behaves like a nonevolving dielectric medium
[12] and that the timescale of the evolution of the beam is
long compared to that of the wakefields (quasistatic
approximation). Reference [15] shows that this results in
a single-particle longitudinal wakefield dominated by the
fundamental m ¼ 0 mode, where m denotes the azimuthal
index, which is cosinelike in the comoving longitudinal
coordinate z,

Wz0ðzÞ ¼ −
ekpχ2k
2πϵ0a

B00ða; bÞ
B10ða; bÞ

cosðχkkpzÞΘðzÞ: ð1Þ

Here e is the positron charge, ϵ0 is the vacuum permittivity,
kp is the plasma wave number, a and b are the channel
inner and outer radii, ΘðzÞ is the Heaviside step function,
and

χk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2B10ða; bÞ
2B10ða; bÞ − kpaB00ða; bÞ

s
ð2Þ
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FIG. 1. (a) Experimental setup: Two positron bunches first pass an electro-optical sampler. ATi:sapphire laser focused with a kinoform
into a lithium vapor oven produces the hollow plasma channel. Two beam position monitors measure the trajectory of the beam and an
yttrium aluminum garnet screen is used to measure the transverse profile (b). A dipole spectrometer with two quadrupoles focuses the
beam onto a LANEX screen for energy and angular deflection measurements (c) before it is dumped. Meanwhile, the outgoing laser
pulse is focused onto cameras imaging the kinoform profile (d) at different object planes inside the channel, which appears asymmetric
due to aberrations induced by the transmissive optics. The upstream spectrometer does not appear in this figure.
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is a longitudinal wavelength modification factor using the
“Bessel-boundary function,”

Bijða; bÞ ¼ IiðkpaÞKjðkpbÞ þ ð−1Þi−jþ1IjðkpbÞKiðkpaÞ:
The most significant mode of the single-particle transverse
wakefield is the sinelike m ¼ 1 dipole mode

Wx1ðzÞ ¼ −
eΔxχ⊥
πϵ0a3

B11ða; bÞ
B21ða; bÞ

sinðχ⊥kpzÞΘðzÞ; ð3Þ

whose amplitude is in the direction of the transverse offset
Δx of the driving particle and where

χ⊥ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2B21ða; bÞ
4B21ða; bÞ − kpaB11ða; bÞ

s
ð4Þ

is a transverse wavelength modification factor. Wakefields
from arbitrary longitudinal bunch profiles can be obtained
by convolving the single-particle wakefield with the par-
ticle distribution.
More detailed estimates of the expectedwakefields can be

obtained from particle-in-cell (PIC) simulations. Figure 2

shows a QuickPIC [19] simulation of a transversely offset
beam in a hollow plasma channel using parameters from the
experiment. Note the discrepancy between theory and
simulation in the transverse wakefield. This is caused by
electrons in the wall being pulled into the channel (numeri-
cally validated with OSIRIS [20]), which breaks the
assumption of a nonevolving medium.
In addition to a direct measurement, a second indepen-

dent measurement of the transverse wakefield can be made
using the longitudinal wakefield via the Panofsky-Wenzel
theorem [21], which states that

∂Wx

∂z ¼ ∂Wz

∂x : ð5Þ

Since the m ¼ 0 mode of the longitudinal wakefield
[Eq. (1)] cancels due to no x dependence, we must include
the much smaller amplitude m ¼ 1 mode [15]

Wz1ðz; xÞ ¼ −
xeΔxχ2⊥kp
πϵ0a3

B11ða; bÞ
B21ða; bÞ

cosðχ⊥kpzÞΘðzÞ: ð6Þ

Integrating Eq. (5) with respect to z gives to lowest order

WxðzÞ ¼
Z

z

0

∂Wz1ðz0; xÞ
∂x dz0: ð7Þ

Since for our parameters χ⊥ ≈ χk, we can relate the x
derivative of Wz1 to the measured Wz ≈Wz0 by comparing
only their amplitudes. This gives the approximate relation

∂Wz1

∂x ≈ −
Δx
a2

κða; bÞWz; ð8Þ

where we have simplified the numerical coefficients to

κða; bÞ ¼ 4χ2⊥ − 2

χ2k − 1
: ð9Þ

Finally, we arrive at an equation which allows us to use the
longitudinal wakefield to estimate the transverse wakefield
per offset,

WxðzÞ
Δx

≈ −
κða; bÞ
a2

Z
z

0

Wzðz0Þdz0: ð10Þ

Experimentally, the longitudinal wakefield per particle at
the location of the probe bunch zPB can be determined by
the probe bunch energy change δEPB, normalized by the
charge of the drive bunch QDB,

WzðzPBÞ ¼
δEPB

LcQDB
; ð11Þ

where we have assumed that the channel is uniform along
its length Lc and beam loading [22] is ignored.
Transverse wakefields depend on the transverse offset of

the drive bunch. An offset from the channel axis by distance
Δx drives a transverse wakefield Wx ∝ Δx [see Eq. (3)],
giving the probe bunch an angular deflectionΔx0. Applying
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FIG. 2. PIC simulation using experimental parameters: a
hollow channel with 215 μm inner and 280 μm outer radius at
density 3 × 1015 cm−3, driven by a 0.41 nC drive bunch trans-
versely offset by 20 μm and probed by a 0.1 nC probe bunch at a
bunch separation of 600 μm. The high beam energy ensures that
both the beam and the longitudinal (a) and transverse wakefields
(b) stay approximately constant throughout the channel. The on-
axis wakefields (red lines) are consistent with the model (black
dashed lines) in the longitudinal, but diverges from the modeled
transverse wakefield when electrons are pulled into the channel.
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Newton’s second law to particles of energy EPB (large
compared to their energy change), we can express the
transverse wakefield per particle per offset as

WxðzPBÞ
Δx

¼ Δx0

ΔxQDB

EPB

Lc
: ð12Þ

The slope of the correlation Δx0 vs ΔxQDB for a large
number of shots was measured (see Fig. 3). Note that the
offset Δx is weighted by the drive bunch charge QDB as it
varied noticeably across the thousands of shots collected.
The relative beam-channel offset was mainly caused by a

random transverse laser jitter of 30–40 μm rms, measured
by laser cameras downstream, whereas the beam orbit in
the channel was stable to 5 μm rms or less. The charge of
the drive bunch was determined using the spectrometer
upstream of the channel, and the angular deflection of the
probe bunch in the horizontal plane as well as its energy
change was measured on the spectrometer downstream. For
large deflections where the offset was larger than the size of
the drive bunch, the probe bunch was also visible on the
YAG screen, as seen in Fig. 1(b). This was used to verify
the calibration of the spectrometer angular deflection
measurement.
Figure 4(a) shows the measured transverse wakefield per

particle per offset for a scan of drive-to-probe bunch
separations. The transverse wakefield estimated from the
longitudinal wakefield [Fig. 4(b)] using the Panofsky-
Wenzel theorem is also shown in Fig. 4(a) and found to

be in good agreement with the measured values. Note that
to minimize beam loading effects, only shots with less than
20% probe-to-drive charge ratio were used to calculate the
longitudinal wakefield. The expectation from the theoreti-
cal model is found by convolving the single-particle
wakefields [Eqs. (1) and (3)] with the longitudinal charge
distribution measured using EOS. The plasma was found to
not be fully ionized, and the plasma density was derived
from the wavelength of the measured wakefields, which
only depends on the plasma density and the well-known
radius of the channel. This measurement implies 10%
ionization (3 × 1015 cm−3), which is also consistent with
known laser parameters.
Both measurements are largely in agreement with the

theoretical model, but diverge somewhat at larger bunch
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separations. This behavior is expected from the nonlinear
response of a plasma [see Fig. 2(b)]; however, the measured
transverse wakefield does not quite match PIC simulations.
We have investigated the effect of more complex radial
plasma density profiles, including softer channel walls, but
no simulation was found to fully account for the observed
discrepancy.
This measurement shows that a hollow plasma channel

generally has the expected transverse wakefield when
beams are misaligned with respect to the channel axis.
Note, however, that this is mainly an intrabunch problem,
as the deflection of the accelerated bunch can potentially be
canceled by placing it at the zero crossing of the transverse
wakefield (i.e., close to 500 μm bunch separation in this
measurement). Nevertheless, the issue of transverse deflec-
tion of off-axis beams remains, which sets stringent limits
on misalignment if used for TeV-scale energy gain. To
alleviate this problem, suppression mechanisms must be
applied. Suggestions include external focusing or using
trains of multiple drive bunches [12], where the longi-
tudinal wakefield is resonantly driven, but the transverse
wakefield is not. These and other mechanisms should be
further explored to determine whether hollow plasma
channels are suitable for high gradient acceleration of
positrons.
In summary, the transverse wakefield induced by a

misaligned positron bunch in a hollow plasma channel
has been measured for the first time. These measurements
are critical for devising mitigation strategies and alignment
tolerances when using hollow plasma channels as accel-
erating structures.
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