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High-efficiency acceleration of an electron beam in a
plasma wakefield accelerator
M. Litos1, E. Adli1,2, W. An3, C. I. Clarke1, C. E. Clayton4, S. Corde1, J. P. Delahaye1, R. J. England1, A. S. Fisher1, J. Frederico1,
S. Gessner1, S. Z. Green1, M. J. Hogan1, C. Joshi4, W. Lu5, K. A. Marsh4, W. B. Mori3, P. Muggli6, N. Vafaei-Najafabadi4, D. Walz1,
G. White1, Z. Wu1, V. Yakimenko1 & G. Yocky1

High-efficiency acceleration of charged particle beams at high gradi-
ents of energy gain per unit length is necessary to achieve an affordable
and compact high-energy collider. The plasma wakefield accelerator
is one concept1–3 being developed for this purpose. In plasma wake-
field acceleration, a charge-density wake with high accelerating fields
is driven by the passage of an ultra-relativistic bunch of charged par-
ticles (the drive bunch) through a plasma4–6. If a second bunch of rela-
tivistic electrons (the trailing bunch) with sufficient charge follows
in the wake of the drive bunch at an appropriate distance, it can be
efficiently accelerated to high energy. Previous experiments using
just a single 42-gigaelectronvolt drive bunch have accelerated elec-
trons with a continuous energy spectrum and a maximum energy of
up to 85 gigaelectronvolts from the tail of the same bunch in less than
a metre of plasma7. However, the total charge of these accelerated
electrons was insufficient to extract a substantial amount of energy
from the wake. Here we report high-efficiency acceleration of a dis-
crete trailing bunch of electrons that contains sufficient charge to
extract a substantial amount of energy from the high-gradient, non-
linear plasma wakefield accelerator. Specifically, we show the accel-
eration of about 74 picocoulombs of charge contained in the core of
the trailing bunch in an accelerating gradient of about 4.4 gigavolts
per metre. These core particles gain about 1.6 gigaelectronvolts of
energy per particle, with a final energy spread as low as 0.7 per cent
(2.0 per cent on average), and an energy-transfer efficiency from the
wake to the bunch that can exceed 30 per cent (17.7 per cent on aver-
age). This acceleration of a distinct bunch of electrons containing a
substantial charge and having a small energy spread with both a high
accelerating gradient and a high energy-transfer efficiency represents
a milestone in the development of plasma wakefield acceleration into
a compact and affordable accelerator technology.

The experiment reported here is carried out in the three-dimensional,
nonlinear regime of plasma wakefield acceleration, also known as the blow-
out regime8. In this regime, a tightly focused and short ultra-relativistic
electron bunch with a density greater than the plasma density propagates
through a long column of plasma. sr=c

!
vp and sz=pc

!
vp are the

root-mean-square (r.m.s.) transverse and longitudinal sizes of the
beam, respectively, with vp the plasma frequency. The transverse elec-
tric field of this drive bunch expels all of the plasma electrons within a
radius of about 30mm, as shown in the three-dimensional particle-in-
cell (QuickPIC9,10) simulation depicted in Fig. 1a. The Coulomb field of
the stationary ions pulls the expelled plasma electrons back towards the
central axis, which begins the wake oscillation, producing periodic ion
cavities in the plasma. This wake structure follows the beam trajectory
with a phase velocity matched to the drive bunch, at nearly the speed
of light.

In the simulation, the input plasma and beam parameters are similar
to those measured in the experiment with a simple scaling of the total
beam charge (see Methods). The on-axis longitudinal electric field Ez of

the wake, also depicted in Fig. 1a, shows that the bulk of the drive bunch
is located in a region of positive (forward-directed) electric field, and
thus loses energy. If the electrons in the rear of such a drive bunch were
to extend into the negative region of the electric field, they would gain
energy from the wake. If there were not enough charge in the long tail
of electrons to have a non-negligible impact on the profile of the steep

1SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA. 2Department of Physics, University of Oslo, 0316 Oslo, Norway. 3Department of Physics and Astronomy, University of California
Los Angeles, Los Angeles, California 90095, USA. 4Department of Electrical Engineering, University of California Los Angeles, Los Angeles, California 90095, USA. 5Department of Engineering Physics,
Tsinghua University, Beijing 100084, China. 6Max Planck Institute for Physics, Munich 80805, Germany.
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Figure 1 | Three-dimensional particle-in-cell simulation of beam-driven
plasma wakefield interaction. a, A slice through the centre of an unloaded
plasma wake, where x is the dimension transverse to the motion, and j 5 z 2 ct
is the dimension parallel to the motion, Ez is the on-axis longitudinal
electric field (red solid line) and Ib is the current of the input beam (blue dotted
line). b, A plasma wake generated by the same drive bunch as in a when
loaded by a trailing bunch. The plasma electron density is represented in blue,
while the beam density is represented in red. The ion density (not shown) is
uniform. The particle-in-cell code QuickPIC9,10 was used to generate this
simulation of the beam–plasma interaction.
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from M. Litos et al., “High-efficiency acceleration of an electron 
beam in a plasma wakefield accelerator”, Nature 92, 515 (2014).



the beam break-up instability
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138 = INSTABILITIES IN LINEAR ACCELERATORS 

kps=O kps=$ kps=Ic k(js= F kps=2n 

Figure 3.3. Sequence of snapshots of a beam undergoing dipole beam breakup instability in a 
linac. Values of k,s indicated are modulo 27~. The dashed curves indicate the trajectory of the 
bunch head. 

where L, is the total linac length. For short bunches, W,(z) < 0, the 
parameter r is positive. 

For a beam bunch with realistic distribution, the wake field due to the 
off-axis motion of the bunch head deflects the bunch tail so that the bunch is 
distorted into a banana shape, as sketched in Figure 3.3. The sequence of 
snapshots shown in Figure 3.3 reflects the fact that the motion of the bunch 
head is described by cos k,s, while the deviation of the bunch tail relative to 
the bunch head is described by s sin k,s. In particular, when the bunch head 
is at a maximum displacement (kas = rz~), the tail lines up with the bunch 
head, but when the bunch head displacement is zero [kps = (n + ;>T], the 
tail swing is maximum. As the beam propagates down the linac, the swing 
amplitude of the flapping tail increases with s until the tail breaks up and 
particles are lost. Note that the sign of the tail swing shown in Figure 3.3 is 
not arbitrary, because 7’ > 0. 

Figure 3.4. Four transverse beam profiles observed at the end of the SLK linac are shown 
when the beam was carefully injected and injected with 0.2, 0.5, and 1 mm offsets. The beam 
sizes ux and cY are about 120 pm. (Courtesy John Seeman, 1991.) 

fig. from A. Chao, Physics of Collective Beam Instabilities 
in High Energy Physics, J. Wiley & Sons (1993).



BBU is mitigated with BNS
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a difference in betatron frequency 
across the bunch detunes the instability

BBU does not grow if

see V. Balakin, A. Novokhatsky, and V. Smirnov, Proc. 
12th Int’l. Conf. High Energy Accel. Fermilab (1983).

chromaticity

Correlated energy spread 
across the bunch damps BBU



how this applies to plasma accelerators: hosing instability
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and co0s>>A>>1 is assumed. Inspection of Eqs. (11) and (12) confirms the 

frozen field approximation and the weak-focussing approximation. This 

result is remarkable in that it shows ion-focussing is rendered ineffective by 

the presence of free plasma electrons at the channel wall. 

We turn next to consider mechanisms which will tend to reduce 

growth. We observe from the dispersion relation of Eq. (8), that there are in 

principle two methods of "curing" the electron-hose. We may diminish the 

resonance at or at . On the other hand, since focussing is 

typically weak, damping mechanisms relying on a spread or sweep in betatron 

wavenumber, Llkp-1/Lg, are ineffective, as they require an impractically large 

spread, Llkp/kp-1/kpLg>1. This rules out Landau damping due to a spread in 

energy within a beam slice,24 and "BNS damping" due to a sweep in energy 

from head to tail.26 This also rules out "phase-mix damping" of BBU growth 

due to nonlinear focussing, arising from a radially non-uniform plasma.13 

(These conclusions contrast with those for resistive-hose growth,27 where 

focussing is typically strong.) 

Thus, to diminish electron-hose growth, we must look to the resonant 

coupling at and a number of mitigating factors suggest themselves. 

First, the electron-hose could be eliminated entirely by ionizing a channel of 

radius less than b. In this case, all plasma electrons are ejected to the beam-

pipe wall, leaving no free plasma electrons at the channel edge. Alternatively, 

an axial variation in plasma density, as in the continuous plasma focus,3 may 

produce phase-mix damping. In this case, the plasma density should vary 

appreciably over a length Lg<Ap. 

Growth could also be reduced by varying the resonant frequency of 

plasma oscillations, through the external geometry. For example, if we add a 

conducting pipe of radius R to the problem, we find a resonant frequency 

8 

from D. H. Whittum et al., “Electron-hose instability in 
the ion-focused regime”, Phys. Rev. Lett. 67, 991 (1991).



efficiency vs. instability
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wake defocusing

ion channel 
focusing see V. Lebedev, A. Burov, S. Nagaitsev, “Efficiency versus instability 

in plasma accelerators” Phys. Rev. Acc. Beams 20, 121301 (2017).

power transferred

power in

Achieving high efficiency in a plasma 
accelerator makes the BBU instability 

in the witness bunch worse.

in a plasma accelerator, the focusing and 
accelerating structure is the same, and 

these quantities are related.



How does all this apply to a plasma wakefield accelerator?
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loaded wake

unloaded wake
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can we describe this different with wake functions?



extracting wake functions from PIC simulations
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run PIC simulation 
of PWFA and compute fields

“impedance ansatz”



the plasma hollow channel: a test case
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the hollow channel has analytic solutions

Boulder, Colorado  USA   –   www.radiasoft.net 
 13

see C. B. Schroeder, D. H. Whittum, and J. S. Wurtele, “Multimode 
Analysis of the Hollow Plasma Channel Wakefield Accelerator”, 

Phys. Rev. Lett. 82, 1177 (1999).



FBPIC replicates this behavior well for short range…
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… and this discrepancy comes from the hollow channel edge

Boulder, Colorado  USA   –   www.radiasoft.net 
 15

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

Longitudinal wakefield
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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.

PHYSICAL REVIEW LETTERS 120, 124802 (2018)

124802-3

see C. A. Lindstrøm et al.,”Measurement of 
Transverse Wakefields Induced by a Misaligned 

Positron Bunch in a Hollow Channel Plasma 
Accelerator” Phys. Rev. Lett. 120, 124802 (2018).
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Thank you!

Stephen D. Webb 

RadiaSoft, LLC., Boulder, CO 

swebb@radiasoft.net

Boulder, Colorado  USA   –   www.radiasoft.net 
 20

mailto:swebb@radiasoft.net

