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COLLIDERS FOR HIGH ENERGY PHYSICS
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> Particle colliders are the work horses of high energy physics.


> Discovery machines — proton–proton colliders


> Precision machines — electron–positron colliders (next up) 

> Model independent measurements of couplings etc.


> Proposed machines are extremely large


> ILC: 31 km (0.5 TeV)


> CLIC: 13–50 km (0.5–3 TeV)


> Energy limited by cost and accelerating gradient.


> ~$10 billion is at the cost limit of science


> Gradient of RF cavities limited to ~100 MV/m

Image credit: International Linear Collider

Image credit: CERN
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Image credit: International Linear Collider

Image credit: CERNPlenary talk (Thursday 09:00) 

The road to very high energies 

— Steinar Stapnes (CERN)
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REQUIREMENTS FOR A LINEAR COLLIDER
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> Fundamental physics requirements: 
> High energy (TeV-scale) — for the physics

> High luminosity (1034 cm-2 s-1 = 600 million events s-1) — for the statistics


> Practical funding requirements: 
> High power efficiency (~10%) — for the running costs

> High gradient (GV/m-scale) — for the construction costs
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NONLINEAR PLASMA WAKEFIELDS — IDEAL FOR ELECTRON ACCELERATION
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> In theory a good match for colliders:


> High gradients: multi-GV/m


> Beam loading: high charge, high efficiency, low energy spread


> Linear focusing fields: emittance preservation


> Beam-driven: high wall-to-driver efficiency (~10%).


> PWFA experiments are catching up to theory:


> FFTB — High gradient (52 GV/m), high gain (42 GeV)


> FACET — Two bunches, high efficiency (~30% driver–witness)


> FLASHForward, FACET-II — Emittance preservation,  
              (in progress)               Total efficiency,  
                                                 Low energy spread

LETTER
doi:10.1038/nature13882

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 chargedparticle beamsat high gradi-
entsof energygainperunit length isnecessary toachieve anaffordable
and compact high-energy collider. Theplasmawakefield accelerator
is one concept1–3 being developed for this purpose. In plasma wake-
field acceleration, a charge-densitywakewithhighaccelerating fields
is driven by the passage of anultra-relativistic bunch of chargedpar-
ticles (thedrivebunch) throughaplasma4–6. If a secondbunchof 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-
tronswith a continuous energy spectrumand amaximumenergy of
up to85 gigaelectronvolts from the tail of the samebunch 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 chargeandhavinga small energy spreadwithboth ahigh
acceleratinggradient andahighenergy-transfer efficiency represents
amilestone in thedevelopment of plasmawakefield acceleration into
a compact and affordable accelerator technology.
The experiment reportedhere is carriedout in the three-dimensional,

nonlinear regimeofplasmawakefield acceleration, alsoknownas theblow-
out regime8. In this regime, a tightly focused and short ultra-relativistic
electronbunchwith adensity greater than theplasmadensitypropagates
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, withvp 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. TheCoulomb 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 beamparameters are similar

to those measured in the experiment with a simple scaling of the total
beamcharge (seeMethods). The on-axis longitudinal electric fieldEz of

thewake, alsodepicted inFig. 1a, shows that the bulk of thedrive 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 bunchwere
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

1SLACNational Accelerator Laboratory, Menlo Park, California 94025, USA. 2Department of Physics, University of Oslo, 0316Oslo, 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 themotion, and j5 z2 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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Image credit: M. Litos et al., Nature 515, 92 (2014)
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PLASMAS ARE ASYMMETRIC — POSITRONS NOT INVITED
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> Blowout regime — defocusing for positrons.


> The success for electrons does not translate to positrons — need a new concept.


> The Positron Problem — Can positrons be efficiently accelerated at high gradient while preserving emittance?
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BUT PROMISES WERE MADE…
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> Increasing tension between promises and progress…

January 10, 2017 14:14 WSPC/253-RAST : SPI-J100 1630001

10 E. R. Colby & L. K. Len

Fig. 4. High-level R&D roadmap for a particle-beam-driven plasma wakefield accelerator–based collider.

compare and contrast the three candidate regimes
for positron acceleration in plasmas: quasi-nonlinear,
hollow channel, and the new regime discovered at
FACET in 2015. In parallel with the electron accel-
eration experiments, these efforts will also work to
characterize and limit the mechanisms for emittance
growth while accelerating ∼100 pC of positrons at
>GeV/m, with more than 1GeV of energy gain to
identify the optimal configuration for plasma accel-
eration of positrons for collider applications.

Staging multiple plasma cells together to reach
very high energies will likely be necessary in any
collider application. At FACET-II, an independent
witness beam injector will be used to understand
the tolerances for merging and extracting beams with
different energies into and out of a plasma stage. The
knowledge gained from these experiments will pave
the way for designing systems with multiple plasma
stages to reach progressively higher energy.

Correctly shaped beam current profiles are
predicted to produce higher efficiency and beam

loading with correspondingly higher electrical effi-
ciency, smaller final energy spread, and a larger
transformer ratio (larger energy boost per stage and
efficiency). Current experiments work with Gaus-
sian current profiles and transformer ratios of 1 or
less. The flexibility of independent drive and witness
beams will allow independently shaping the current
profiles of the different beams. Experiments will pro-
vide an understanding of how much greater than 1
the practical transformer ratio can be while still pre-
serving beam quality.

The transport and focusing of particle beams
into and out of the plasma stage must be care-
fully managed to preserve the beam emittance. A
recent concept design accomplishes this by adjust-
ing the plasma density transitions at the entrance
and exit of the plasma cell [17]. Development of
suitable plasma sources will be essential to the
demonstration of emittance preservation in plasma
accelerators. Hollow or nearly hollow channel plas-
mas have been proposed as a candidate regime for
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Beam-driven plasma collider road map (SLAC)

January 10, 2017 14:14 WSPC/253-RAST : SPI-J100 1630001

6 E. R. Colby & L. K. Len

stages. This experiment will allow study and under-
standing of emittance growth mechanisms, as well as
testing of growth mitigation techniques.

Plasma target development is required to enable
the key experiments. Shaping and precise con-
trol of plasma target profiles is required for the
collider application. In particular, development of
longitudinally tapered and near-hollow plasma chan-
nels, extending tens of centimeters, requires R&D.

Optimizing the energy transfer efficiency
between laser and particle beam will be critical to
realizing the potential of LWFA. Novel methods
for extracting energy from plasma wakes via par-
ticle bunch shape (or current pulse) tailoring must
be developed; techniques to reduce the remaining
energy in linear wakes (hence also reducing the power
loading on the structures) by exploring techniques
to recycle residual wake energy. Methods for bunch
shape tailoring and wake energy extraction would
also benefit the beam-driven plasma systems.

Contemporaneously with the demonstration of
key experiments, novel diagnostics for LWFA beams
and plasma targets must be invented and high-
fidelity and high-speed simulation tools must be
developed. Modeling of plasma targets will require
3D magneto-hydrodynamic (MHD) codes to be
developed, with the proper low-temperature physics

and chemistry included. The development of the
MHD codes will benefit from collaborations with
Livermore and Sandia National Laboratories, lever-
aging National Nuclear Security Administration
investments. Capabilities for rapid modeling of
multi-GeV LWFA stages (laser and beam plasma
interaction) are required for parameter exploration
and start-to-end modeling of LWFA-based collid-
ers. This requires a sustained community effort
in the development of open source code suites
that integrate all the recent algorithmic advances
(e.g. boosted frame, Maxwell solvers with azimuthal
Fourier decomposition, spectral solvers, control
of numerical Cherenkov instability, laser envelope
solvers, adaptive mesh refinement) for the plasma-
based accelerator modules, and include advanced
beam dynamics modules for transport through con-
ventional transport sections. Integration of these
innovations, together with porting of the codes to
massively parallel many core and GPU architectures,
will enable speedups by orders of magnitude, from
days-to-weeks at present for 3D simulations of one
multi-GeV stage, to minutes-to-hours on exascale-
capable supercomputers.

These simulation tools must be validated
with experimental measurements. Diagnostics are
required to resolve femtosecond slice properties

Fig. 1. High-level R&D roadmap for a laser wakefield accelerator–based collider.
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Laser-driven plasma collider road map (LBNL)

> Plasma colliders road maps assume positrons acceleration will be developed soon.

E. R. Colby and L. K. Len, Rev. Accel. Sci. Technol. 9, 1 (2016).
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PART 2: 
PROPOSED SOLUTIONS
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CHOOSE YOUR POSITRON ADVENTURE!
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LINEAR 
WAKES

NONLINEAR 
WAKES

WAKE 
INVERSION

HOLLOW 
CHANNELS
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LINEAR WAKEFIELDS
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> Symmetrizes the electron–positron plasma response 

> Acceleration and focusing of positrons is possible!

Image credit: S. Corde (QuickPIC)
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LINEAR WAKEFIELDS — FFTB EXPERIMENTS (ACCELERATION)
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> Positron experiments performed at FFTB (SLAC):


> High-energy (28.5 GeV), high-charge (3 nC), long bunches (700 µm rms).


> Long plasma (1.4 m), medium density (1.8×1014 cm-3 => λp = 2.5 mm).


> Observed linear plasma wakefields (Ez/Ewb ~ 0.05) — first positrons accelerated in a plasma!

B. Blue et al., Phys. Rev. Lett. 90, 214801 (2003)

Fig. 1. The beam is traveling from right to left with the
head and tail marking the front and back of the beam,
respectively. The color-mapped intensity at each point in
the graph is proportional to the number of beam particles
within a !energy !!time grid point. The peak energy
loss of the beam is about 64 MeV, whereas the ‘‘slice’’ of
the bunch located "1:7!z behind the peak energy loss
location (i.e., the slice at 3 ps) has gained approximately
80 MeV. The maximum energy gain and loss seen in the

OSIRIS simulations are consistent with the transformer
ratio inferred from the plot of the longitudinal field of
Fig. 1 demonstrating that once established, the longitu-
dinal fields do not significantly evolve as the beam propa-
gates through the plasma.

The experiment took place in the Final Focus Test
Beam facility at the SLAC. A 28.5 GeV positron beam
with N # 1:2! 1010 particles ( " 1:9 nC) in a !z #
0:73 mm long bunch was focused at the plasma entrance
with a spot size of !r # 40 "m. The beam’s charge was
measured using current monitors before and after the
plasma, the incoming spot size was measured by imaging
the optical transition radiation emitted by the positron
beam passing through a 37 "m thick titanium foil onto a
charge coupled device (CCD) camera [12], and the in-
coming beam energy before entering the plasma was
monitored using a beam position monitor in a dispersive
section of the beam line upstream of the plasma. The
plasma source [13] consisted of an ionized lithium vapor
(ionization potential # 5:4 eV) in a heat pipe oven which
had a neutral gas density of Ng # 2! 1015 cm$3 over a
length of 1.4 m. The plasma was created via single photon
ionization of lithium atoms using a pulse from a 193 nm
(photon energy # 6:4 eV) argon fluoride excimer laser.
The plasma density was varied between 0–2!
1014 cm$3 by varying the laser pulse energy. The laser
pulse energy was measured before and after the lithium
vapor column on every shot, and therefore the plasma
density was known for every shot.

Upon exiting the plasma, the positron beam was im-
aged with a magnetic imaging spectrometer with a mag-
nification of 3 in both the horizontal and vertical planes
onto a 1 mm thick aerogel Cherenkov radiator located
25 m away [1]. The magnetic dispersion of 291 MeV=mm
at the Cherenkov radiator spread the beam out in the
vertical plane, so that by measuring the vertical position
of different longitudinal slices of the beam at the
Cherenkov plane, the beam energy distribution could be
determined. Since the vertical displacement at the aerogel
induced by the energy changes of the beam in the plasma
was on the order of the beam’s spot size, time resolution of
the beam was necessary to separate the energy changes of
the beam’s various longitudinal slices. The Cherenkov
radiation was imaged onto both a CCD camera for a
time-integrated energy diagnostic and onto the slit of a
streak camera with 1 ps temporal resolution for time-
resolved measurements. The time-integrated energy diag-
nostic was used to monitor the positron beam’s transverse
shape and to determine which portion of the beam was
sampled by the streak camera slit. The Cherenkov radia-
tion which was sent to the streak camera was first split
into two paths with a beam splitter. One arm was passed
through a 90% rotator and a time delay before it was
recombined with the other arm to produce two orthogonal
images (y vs t and x vs t) on the streak camera. The
vertical streak camera image (y vs t) thus measured the

FIG. 2 (color). 3D particle-in-cell simulation of a positron
beam in a plasma. The image depicts the phase space of the
beam after it has traversed 1.4 m of plasma. Beam parameters
in the simulation were identical to experimental parameters.
The simulation predicts an energy loss of 64 MeVand an energy
gain of 79 MeV.
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temporal energy variation of the positron beam while the
horizontal streak camera image (x vs t) measured the
transverse (dispersion-free) dynamics.

A primary indicator that the positron beam is driving,
and thus transferring energy to, a plasma wakefield is the
observation of energy loss. Energy loss measurements
over a wide range of plasma densities are presented in
Fig. 3 (blue circles). Figure 3 also shows the energy loss
predictions from 3D PIC simulations (red triangles). The
energy loss of the beam was measured after the plasma by
dividing the entire energy-dispersed streak camera image
into 1 ps slices, fitting a Gaussian profile to the data of
each slice and tracking the relative position of each
Gaussian’s mean. The plasma density was varied between
0–2! 1014 cm"3 over a series of 200 shots. The ionizing
laser was not fired every fourth shot to provide a baseline
measurement of incoming beam parameters and to pro-
vide the data for zero plasma density. The measured mean
positions were binned by plasma density, and the peak
energy loss was calculated for each density by subtracting
the mean of the incoming beam energy from the mean of
the slice which lost the greatest energy after the plasma.
The vertical error bars represent the standard deviation of
the mean for each density bin. As can be seen in Fig. 3,
simulations predict and experimental data confirm that
the beam loses energy in the plasma. The energy loss
gradually increases with increasing plasma density with
a maximum measured energy loss of 68# 8 MeV at a
plasma density of 1:8! 1014 cm"3. This is in good agree-
ment with 3D OSIRIS simulations which predicted a peak
energy loss of 64 MeV at the same plasma density.

Since the plasma wakefield is an energy transformer,
the energy loss data strongly suggest that the particles in
the beam’s tail should gain energy in this experiment. As
opposed to the energy loss of the beam, which can be
measured at plasma densities as low as 3! 1013 cm"3,
the energy gain of the ‘‘tail particles’’ can be observed
only for densities greater than $1:5! 1014 cm"3. For
densities less than 1:5! 1014 cm"3, the plasma wakefield
wavelength (see Fig. 1) is too long for the wake to accel-
erate enough beam charge to be measured with the lim-
ited dynamic range of the streak camera. Figure 4 shows
the relative energy of each time slice along the bunch of
the positron beam when the plasma is off (blue triangles)
and when the plasma is turned on (red squares) with a
density of 1:8! 1014 cm"3. The vertical error bars rep-
resent the standard deviation of the mean for each tem-
poral bin. Temporal resolution of the beam was possible
only between the "4 ps slice and the 5 ps slice due to the
signal-to-noise ratio in the streak camera. Therefore, the
first and last slices measured on the streak camera are not
the true head and tail of the beam. Rather, they represent
slices which lie $2!z before and after the centroid. Since
the change in energy is important, not the absolute en-
ergy, energy changes were measured with respect to the
"4 ps plasma off slice. The plasma off case shows that the
beam has a head-to-tail energy chirp of $20 MeV. With
the plasma on, energy loss is observed for the bulk of the
beam out to about !z behind the centroid. The positrons
behind this point have gained energy. The data show
that $5! 108 positrons in a 1 ps slice 1:6!z after
the centroid were accelerated by 79# 15 MeV in
1.4 m ( $ 56 MeV=m gradient). These results are in
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FIG. 4 (color). Time slice analysis of the energy dynamics
within a single positron bunch. The plasma off (blue triangles)
shows a slight head-tail energy chirp of $20 MeV. When the
plasma is on (red squares), the front half of the beam loses
energy driving the plasma wave, while the back half of the
beam is accelerated by the plasma wave. The black line is the
charge distribution within the bunch
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Simulation
Experiment 

(dipole + streak camera)

Image credit: B. Blue et al., Phys. Rev. Lett. 90, 214801 (2003)
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LINEAR WAKEFIELDS — AVOIDING COLLAPSE REQUIRES LARGE EMITTANCE

�13

> High efficiency => high trailing beam current

> The trailing bunch is strongly focusing

> To avoid subsequent collapse 

=> beta function must be matched

> Avoiding initial high beam density 

=> large beam sizes must be used.


> Resulting emittance is very large 

> Example (simulation by W. An, 2018) 

> Plasma density 1016 cm-3


> Gradient: ~200 MV/m

> Normalized emittance: 4000 mm mrad 

> Can be avoided by using very small (low charge) 
bunches.

Accelerating a Positron Beam in the 
Linear Plasma Wake Field

7

Accelerating a Positron Beam in the 
Linear Plasma Wake Field

7

Driver only

Driver + trailing bunch

Bunch Charge Bunch length Peak current

Driver 2 nC 16 µm (rms) 15 kA
Trailing 1 nC 20 µm (rms) 6 kA

Image credit: QuickPIC simulations by W. An (2018) 

> Linear regime not suitable for positron acceleration with 
high-efficiency, low emittance and high gradient
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LINEAR (?) WAKEFIELDS — FFTB EXPERIMENTS (TRANSPORT)

�14

> Higher density experiments 
(7×1013 cm-3) 

> Non-Gaussian beam halo 
forms, containing ~40% of the 
charge. 

> Results in large emittance 
growth.

M. Hogan et al., Phys. Rev. Lett. 90, 205002 (2003) 
P. Muggli et al., Phys. Rev. Lett. 101, 055001 (2008)

Image credit: M. Hogan et al., Phys. Rev. Lett. 90, 205002 (2003)

Also shown in Fig. 2(a) are the !x!"" for no plasma and
for ne # 4:1 $ 109 cm% 3. Even at this low density, the
spot size of slices in the tail of the beam, e.g., around "=c
of & 2to & 4 ps, have dropped to <90% of the no-plasma
size of about 800 #m while slices in the head of the beam,
e.g., around "=c of % 2 to % 4 ps, are essentially un-
changed. The variation of !x!ne; "" relative to that at
zero density is more clearly illustrated by replotting the
data with each slice normalized to the spot size of the
corresponding slice at ne # 0. The !x!"" data for ne #
4:1 $ 109 cm% 3 are replotted as !x!"=c" with this nor-
malization in Fig. 2(b) along with data from four higher
density bins. The three low-density streaks each show
continuous head-to-tail focusing. Note that the rate of
change of the slice sizes with density is much larger in
the tail than at the head of the bunch. The two high-
density streaks are at ne # 2:0 $ 1012cm% 3, where the
entire bunch is maximally focused, and at ne # 3:4 $
1012cm% 3where all slices are apparently ‘‘overfocused.’’
Also, while the earliest slices of the full beam should not
be focused at all, it appears that it is in the data. However,
as can be seen in Fig. 2(a), the data extend only out to
where the beam current is about 0.14 of the peak current.
Truncation of the streaks at this level was necessary due
to the presence of a weak background on the streaks
coupled with the intrinsically limited dynamic range of
the streak camera when on a ps time scale.

Figure 2(c) summarizes the variation of !x!ne; "=c"for
"=c# % 4, 0, and & 4 ps from 12 density bins. The varia-
tion of !x!ne; "=c# % 4 ps" is quite slow compared to
!x!ne; "=c# & 4 ps". The tail size falls very rapidly up to
ne ' 2:7$ 1011 cm% 3 after which it is relatively flat. In
fact, beyond this density, the slope of !x!ne; "=c#
& 4 ps"=!x!ne; "=c# % 4 ps" changes sign as the head
now focuses faster than the tail. For this reason, we will
consider ne ' 2:7$ 1011 cm% 3as that density needed to
‘‘optimally focus’’ the tail of the bunch. Here the tail spot
size is primarily emittance limited. At higher densities,
we believe that the spot sizes are dominated by radial
aberrations. This is borne out in the fact that the tail does
not appear to substantially overfocus in proportion to the
focusing strength ( !!!!!

ne
p

—as would be expected for a
nonaberrated optic—when the density is raised well be-
yond 2:7$ 1011 cm% 3.

It is clear from the three low-density curves in Fig. 2(b)
that, since the transverse beam size is dropping with " ,
the radial focusing force must be increasing with " .
Evidently the electron density within the beam is also
increasing with " . The requisite density to optimally
focus the tail of the positron bunch (2:7$ 1011 cm% 3) is
about 7 times lower than for an otherwise identical elec-
tron bunch which shows this minimum at ' 2:0 $
1012cm% 3 [3,4]. This is due to the fact that, for the
positron case, the charge density of the electrons respon-
sible for the focusing can be much higher than the am-
bient ion density (the limit for electron bunches).

To obtain further insight into the experimental obser-
vations, especially at the higher densities, we use the PIC
code QUICKPIC [13]. The code uses the same beam and
plasma parameters as in the experiment except for the
correlated energy spread on the beam. The image in
Fig. 3(a) is a two-dimensional (2D) slice through y # 0
of the normalized charge density $ ) *1 % ene!x; y; ""=
ni+ surrounding the positron beam, when the beam is
near the plasma entrance and ne # 1:0 $ 1011 cm% 3.
The variation of the electron density within the beam
in Fig. 3(a), which is more clearly seen in the accom-
panying lineouts of Fig. 3(b), shows the increase with "
that was inferred from the time-resolved data of
Fig. 2(b). Although the transverse variation of the elec-
tron density in the back half of the beam does not provide
a unique focusing strength for a given " , it is nevertheless
clear that the focusing is much stronger than for an
equivalent electron beam in the blowout regime where
$!x; " * 0"# 1 for x within the beam. Many of the
features in Figs. 3(a) and 3(b) can be qualitatively repro-
duced by calculating the orbits of plasma electrons start-
ing at various distances rinitial from the axis of the
approaching beam. In addition to the general longitudinal
and radial aberration in $!r; "", such orbit calculations
reveal that the spike near " # 0 is due to electrons with
rinitial & !r that reach r # 0 at about the same time (same
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FIG. 3. Results from PIC simulations. The solid arrow in each
graph indicates the propagation direction of the bunch. (a) Two-
dimensional slice $!x; y # 0; "" ( / charge density) at the
plasma entrance. The overlay shows the 61%, 22%, and 1%
elliptical contours of the beam density. (b) Lineouts of $!x; y #
0; ""for values of x=!x of 1, 0.5, 0.25, and 0.125 (moving from
the dotted line to the solid line, respectively). (c) Beam inten-
sity plots in the x-z plane for ne values of (i) 0, (ii) 2:0 $
1011 cm% 3, (iii) 8:0 $ 1011 cm% 3, and (iv) 2:0 $ 1012cm% 3

(see text for details). The solid and dashed contours are at
0.13 and 0.013 of the maximum intensity within all the plots,
respectively.
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Axial density spike 
(simulation)

given an estimate for !!ne". For example, the horizontal
Cherenkov profile had the same width for delays of t # 16
and 23 "s if the laser energy was 3.3 times larger for the
longer delay. It was found that for the low densities of this
study, the plasma decay is diffusion dominated with #d $
12 "s and insensitive to the choice of !!ne". From the
measured delay time and UV energy, ne!t" is known on a
shot-by-shot basis.

With the plasma turned off, the emittance-dominated
beam profile at the Cherenkov radiator is Gaussian with
a typical transverse rms size of ’ 0:8 mm in the non-
dispersive !x " direction. The beam profile will be highly
modified in space and time after propagating through
the plasma, where the collective, dynamic forces have
altered the trajectory of each positron individually. Since
the spatial intensity distribution of the imaged Cherenkov
radiation is linear with the transverse and longitudinal
profiles of the positron bunch at this Cherenkov plane,
sections of the bunch can be time resolved by sending
the light to a streak camera. This optical system split
and, with 90% rotation and time delay in one of the two
arms, recombined the light, forming two orthogonal
images on the slit of the $ 1 ps-resolution streak camera.
The 100 "m wide slit captures the time history of
$ 300 "m wide horizontal and vertical sections through
the nominal centroid of the beam at the Cerenkov plane.
For the purposes of this study, quantitative data on the
time evolution of the nondispersed dimension are studied,
while the time centroid of the y streak is used as a timing
fiducial.

Figure 1 shows time-integrated x spot sizes from the
OTR camera downstream of the plasma (squares) and the
Cherenkov camera (circles) obtained from Gaussian fits
to the y -integrated images as a function of ne. The spot-
size minimum at the Cherenkov plane occurs at a density
ne $ 2:0 & 1012 cm' 3 while the minimum for the OTR is
around ne $ 7 & 1012 cm' 3. If we consider the plasma as
a thick lens, then clearly the focusing strength needed to
produce a spot-size minimum increases if the observation
plane is closer to the plasma lens. The time-resolved

focusing was obtained simultaneously for densities up
to ne # 3:4 & 1012 cm' 3. The individual streak images
were grouped into narrow (< ( 7%) density bins and the
time jitter introduced by the streak camera’s trigger elec-
tronics was taken out using the y -streak fiducial. In the
following analysis, a single streak record for each density
bin was constructed by averaging the images within each
bin to improve the photoelectron statistics.

Figure 2 shows data from the streak camera for various
densities. Each streak record was sectioned into $=c #
1 ps slices and summed over time at each $ . Here $ #
!ct ' z" is the longitudinal position along the positron
bunch, measured from the peak-current location at $ # 0.
The resultant slice data were fit to a Gaussian function
providing the time-resolved rms width %x !$" as well as
the corresponding amplitude of the fit A!$". The solid
curve in Fig. 2(a) is a Gaussian fit to the A!$" for ne # 0
representing the longitudinal current profile of the bunch.
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FIG. 2 (color). Time-resolved measurements of the positron
bunch at the Cherenkov plane for various plasma densities.
(a) Measured bunch intensity A!$" (right arrows) and Gauss-
ian fit (solid line). Temporal variation %x !$=c" of the x spot size
for zero density (circles) and for ne # 4:1 & 109 cm' 3 (dia-
monds). (b) Temporal variation of the normalized x spot size
%x !$=c" for several densities (see key). Some of the data points
for $=c # '5and ) 6 ps are close to the noise floor which
tends to artificially broaden the slice sizes. (c) Variation with
density of %x for slices at ' 4 and ) 4 ps, labeled head and tail,
respectively.
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Head vs. tail focusing 
(experiment)

In this Letter we examine for the first time both experi-
mentally and numerically the propagation of an ultrarela-
tivistic e! beam in a 1.4-m-long plasma with densities in
the 0:1–5" 1014 cm#3 range, appropriate for acceleration
of particles in the back of the $700-!m-long bunch [17].
The transverse size and shape of a beam with asymmetric
initial emittances in the two transverse directions are moni-
tored $1 m downstream from the plasma exit using optical
transition radiation (OTR). Images of the beam show that,
at this location, the beam transverse size is reduced by a
factor of $3 in the plane of high emittance when the
plasma is turned on. As the plasma density is increased,
the beam develops a halo that contains up to 40% of the
total beam charge. Numerical simulations confirm the
beam size behavior as observed after the plasma, including
initial size reduction in the high emittance x plane, size
increase in the low emittance y plane, and halo formation,
all as the plasma density is increased. Analysis of the beam
longitudinal slice emittance from the simulation particle
phase space indicates that the emittance grows quickly
over the first 10 cm of plasma, and increases along the
bunch. Simulations also show that an incoming e! beam
with emittances in the horizontal and vertical plane differ-
ent by a factor of 5 exits the plasma with emittances and
sizes approximately equal. There is good agreement be-
tween the beam size and halo formation predicted by the
simulations and measured in the experiment. Halo forma-
tion and emittance growth are the results of the mutual
interaction between the plasma e# that focus the e! bunch
(by neutralization) and the e! bunch that, in turns, modifies
the plasma e# density within the bunch itself.

In the experiment, the ultrarelativistic 28.5 GeV e!

beam generated by the Stanford Linear Accelerator
Center (SLAC) linac is delivered to the Final Focus Test
beam line [18] with $1:9" 1010 e!=bunch ($3 nC). The
bunch longitudinal rms length is $730 !m ($2:4 ps).
The incoming invariant emittances are $50 and
$5" 10#6m rad in the horizontal (x) and vertical (y)
planes, respectively. The schematic of the experiment is
similar to that of Ref. [14]. The beam is focused at the
entrance of a lithium vapor column. An ultraviolet (uv,
" % 193 nm), 20 ns laser pulse creates the plasma by
photoionization of the low ionization potential (5.4 eV)
lithium vapor contained in a heat-pipe oven [19,20]. The
laser beam, and therefore the plasma, is made collinear
with the e! beam by reflection off a 45&, 150-!m-thick
glass pellicle coated for high reflectivity at 193 nm. The
laser beam is also focused along the lithium vapor column
to compensate for the absorption of uv photons and thereby
retain a constant (' 5%) plasma density over the column
length. The plasma density is obtained from the measure-
ments of the lithium neutral density and absorbed uv
energy. The measurements of the e! characteristics with
plasma (ne > 0) are acquired with the e! bunch traveling
along the plasma 200 ns after the laser pulse. Every fourth

event is recorded with the laser firing after the e! bunch
(ne % 0) in order to continuously monitor the incoming
beam characteristics. The plasma length is 1.4 m, and ne is
varied between $1013 cm#3 and $5" 1014 cm#3 by ad-
justing the laser pulse energy. The maximum ionization
fraction is $13%.

The backward visible OTR emitted by the bunch when
traversing 25-!m-thick titanium foils at 45& incidence,
located $1 m upstream (downstream) from the plasma
entrance (exit), is imaged onto CCD cameras. The e!

beam suffers scattering and emittance growth when tra-
versing the 25:4-!m-thick beryllium window that isolates
the accelerator ultrahigh vacuum from the heat-pipe oven
buffer gas, the glass pellicle reflecting the uv laser pulse,
and the OTR screen located before the plasma. For a
round, double-Gaussian, 25 !m beam size at the plasma
entrance, the invariant emittances calculated by including
this scattering are #Nx $ 390" 10#6m rad and #Ny $
80" 10#6m rad.

Images of the e! beam at the downstream OTR location
are shown in Fig. 1(a) for the case without plasma (ne % 0)
and in Fig. 1(b) for ne $ 0:7" 1014 cm#3. With ne % 0
the beam is elliptical at the downstream location because of
the unequal incoming emittances. The transverse profiles
shown in white, obtained by summing the image in the
perpendicular direction, are Gaussian to close approxima-
tion. The image with ne $ 0:7" 1014 cm#3 [Fig. 1(b)]
shows that the beam size is strongly reduced in the x plane
(large #N), while the size in the y plane (small #N) is
approximately the same as with ne % 0. On this image
the core of the beam is surrounded by a charge halo that is
the source of the shoulders observed in the transverse
profiles, and which is most visible in the y profile.
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FIG. 1 (color). Experimental images of the beam at the down-
stream OTR location for (a) ne % 0 and (b) ne $ 0:7"
1014 cm#3. Examples of the experimental beam profiles
(ne > 0), as well as the triangle fits used for the calculation of
the beam transverse sizes (FWHM of ABB0 triangle), and charge
fractions in the core (area of ABB0 triangle) and halo (area
CBD! C0B0D0 % 2CBD) in the (c) x plane and (d) y plane.
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In this Letter we examine for the first time both experi-
mentally and numerically the propagation of an ultrarela-
tivistic e! beam in a 1.4-m-long plasma with densities in
the 0:1–5" 1014 cm#3 range, appropriate for acceleration
of particles in the back of the $700-!m-long bunch [17].
The transverse size and shape of a beam with asymmetric
initial emittances in the two transverse directions are moni-
tored $1 m downstream from the plasma exit using optical
transition radiation (OTR). Images of the beam show that,
at this location, the beam transverse size is reduced by a
factor of $3 in the plane of high emittance when the
plasma is turned on. As the plasma density is increased,
the beam develops a halo that contains up to 40% of the
total beam charge. Numerical simulations confirm the
beam size behavior as observed after the plasma, including
initial size reduction in the high emittance x plane, size
increase in the low emittance y plane, and halo formation,
all as the plasma density is increased. Analysis of the beam
longitudinal slice emittance from the simulation particle
phase space indicates that the emittance grows quickly
over the first 10 cm of plasma, and increases along the
bunch. Simulations also show that an incoming e! beam
with emittances in the horizontal and vertical plane differ-
ent by a factor of 5 exits the plasma with emittances and
sizes approximately equal. There is good agreement be-
tween the beam size and halo formation predicted by the
simulations and measured in the experiment. Halo forma-
tion and emittance growth are the results of the mutual
interaction between the plasma e# that focus the e! bunch
(by neutralization) and the e! bunch that, in turns, modifies
the plasma e# density within the bunch itself.

In the experiment, the ultrarelativistic 28.5 GeV e!

beam generated by the Stanford Linear Accelerator
Center (SLAC) linac is delivered to the Final Focus Test
beam line [18] with $1:9" 1010 e!=bunch ($3 nC). The
bunch longitudinal rms length is $730 !m ($2:4 ps).
The incoming invariant emittances are $50 and
$5" 10#6m rad in the horizontal (x) and vertical (y)
planes, respectively. The schematic of the experiment is
similar to that of Ref. [14]. The beam is focused at the
entrance of a lithium vapor column. An ultraviolet (uv,
" % 193 nm), 20 ns laser pulse creates the plasma by
photoionization of the low ionization potential (5.4 eV)
lithium vapor contained in a heat-pipe oven [19,20]. The
laser beam, and therefore the plasma, is made collinear
with the e! beam by reflection off a 45&, 150-!m-thick
glass pellicle coated for high reflectivity at 193 nm. The
laser beam is also focused along the lithium vapor column
to compensate for the absorption of uv photons and thereby
retain a constant (' 5%) plasma density over the column
length. The plasma density is obtained from the measure-
ments of the lithium neutral density and absorbed uv
energy. The measurements of the e! characteristics with
plasma (ne > 0) are acquired with the e! bunch traveling
along the plasma 200 ns after the laser pulse. Every fourth

event is recorded with the laser firing after the e! bunch
(ne % 0) in order to continuously monitor the incoming
beam characteristics. The plasma length is 1.4 m, and ne is
varied between $1013 cm#3 and $5" 1014 cm#3 by ad-
justing the laser pulse energy. The maximum ionization
fraction is $13%.

The backward visible OTR emitted by the bunch when
traversing 25-!m-thick titanium foils at 45& incidence,
located $1 m upstream (downstream) from the plasma
entrance (exit), is imaged onto CCD cameras. The e!

beam suffers scattering and emittance growth when tra-
versing the 25:4-!m-thick beryllium window that isolates
the accelerator ultrahigh vacuum from the heat-pipe oven
buffer gas, the glass pellicle reflecting the uv laser pulse,
and the OTR screen located before the plasma. For a
round, double-Gaussian, 25 !m beam size at the plasma
entrance, the invariant emittances calculated by including
this scattering are #Nx $ 390" 10#6m rad and #Ny $
80" 10#6m rad.

Images of the e! beam at the downstream OTR location
are shown in Fig. 1(a) for the case without plasma (ne % 0)
and in Fig. 1(b) for ne $ 0:7" 1014 cm#3. With ne % 0
the beam is elliptical at the downstream location because of
the unequal incoming emittances. The transverse profiles
shown in white, obtained by summing the image in the
perpendicular direction, are Gaussian to close approxima-
tion. The image with ne $ 0:7" 1014 cm#3 [Fig. 1(b)]
shows that the beam size is strongly reduced in the x plane
(large #N), while the size in the y plane (small #N) is
approximately the same as with ne % 0. On this image
the core of the beam is surrounded by a charge halo that is
the source of the shoulders observed in the transverse
profiles, and which is most visible in the y profile.
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FIG. 1 (color). Experimental images of the beam at the down-
stream OTR location for (a) ne % 0 and (b) ne $ 0:7"
1014 cm#3. Examples of the experimental beam profiles
(ne > 0), as well as the triangle fits used for the calculation of
the beam transverse sizes (FWHM of ABB0 triangle), and charge
fractions in the core (area of ABB0 triangle) and halo (area
CBD! C0B0D0 % 2CBD) in the (c) x plane and (d) y plane.
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In this Letter we examine for the first time both experi-
mentally and numerically the propagation of an ultrarela-
tivistic e! beam in a 1.4-m-long plasma with densities in
the 0:1–5" 1014 cm#3 range, appropriate for acceleration
of particles in the back of the $700-!m-long bunch [17].
The transverse size and shape of a beam with asymmetric
initial emittances in the two transverse directions are moni-
tored $1 m downstream from the plasma exit using optical
transition radiation (OTR). Images of the beam show that,
at this location, the beam transverse size is reduced by a
factor of $3 in the plane of high emittance when the
plasma is turned on. As the plasma density is increased,
the beam develops a halo that contains up to 40% of the
total beam charge. Numerical simulations confirm the
beam size behavior as observed after the plasma, including
initial size reduction in the high emittance x plane, size
increase in the low emittance y plane, and halo formation,
all as the plasma density is increased. Analysis of the beam
longitudinal slice emittance from the simulation particle
phase space indicates that the emittance grows quickly
over the first 10 cm of plasma, and increases along the
bunch. Simulations also show that an incoming e! beam
with emittances in the horizontal and vertical plane differ-
ent by a factor of 5 exits the plasma with emittances and
sizes approximately equal. There is good agreement be-
tween the beam size and halo formation predicted by the
simulations and measured in the experiment. Halo forma-
tion and emittance growth are the results of the mutual
interaction between the plasma e# that focus the e! bunch
(by neutralization) and the e! bunch that, in turns, modifies
the plasma e# density within the bunch itself.

In the experiment, the ultrarelativistic 28.5 GeV e!

beam generated by the Stanford Linear Accelerator
Center (SLAC) linac is delivered to the Final Focus Test
beam line [18] with $1:9" 1010 e!=bunch ($3 nC). The
bunch longitudinal rms length is $730 !m ($2:4 ps).
The incoming invariant emittances are $50 and
$5" 10#6m rad in the horizontal (x) and vertical (y)
planes, respectively. The schematic of the experiment is
similar to that of Ref. [14]. The beam is focused at the
entrance of a lithium vapor column. An ultraviolet (uv,
" % 193 nm), 20 ns laser pulse creates the plasma by
photoionization of the low ionization potential (5.4 eV)
lithium vapor contained in a heat-pipe oven [19,20]. The
laser beam, and therefore the plasma, is made collinear
with the e! beam by reflection off a 45&, 150-!m-thick
glass pellicle coated for high reflectivity at 193 nm. The
laser beam is also focused along the lithium vapor column
to compensate for the absorption of uv photons and thereby
retain a constant (' 5%) plasma density over the column
length. The plasma density is obtained from the measure-
ments of the lithium neutral density and absorbed uv
energy. The measurements of the e! characteristics with
plasma (ne > 0) are acquired with the e! bunch traveling
along the plasma 200 ns after the laser pulse. Every fourth

event is recorded with the laser firing after the e! bunch
(ne % 0) in order to continuously monitor the incoming
beam characteristics. The plasma length is 1.4 m, and ne is
varied between $1013 cm#3 and $5" 1014 cm#3 by ad-
justing the laser pulse energy. The maximum ionization
fraction is $13%.

The backward visible OTR emitted by the bunch when
traversing 25-!m-thick titanium foils at 45& incidence,
located $1 m upstream (downstream) from the plasma
entrance (exit), is imaged onto CCD cameras. The e!

beam suffers scattering and emittance growth when tra-
versing the 25:4-!m-thick beryllium window that isolates
the accelerator ultrahigh vacuum from the heat-pipe oven
buffer gas, the glass pellicle reflecting the uv laser pulse,
and the OTR screen located before the plasma. For a
round, double-Gaussian, 25 !m beam size at the plasma
entrance, the invariant emittances calculated by including
this scattering are #Nx $ 390" 10#6m rad and #Ny $
80" 10#6m rad.

Images of the e! beam at the downstream OTR location
are shown in Fig. 1(a) for the case without plasma (ne % 0)
and in Fig. 1(b) for ne $ 0:7" 1014 cm#3. With ne % 0
the beam is elliptical at the downstream location because of
the unequal incoming emittances. The transverse profiles
shown in white, obtained by summing the image in the
perpendicular direction, are Gaussian to close approxima-
tion. The image with ne $ 0:7" 1014 cm#3 [Fig. 1(b)]
shows that the beam size is strongly reduced in the x plane
(large #N), while the size in the y plane (small #N) is
approximately the same as with ne % 0. On this image
the core of the beam is surrounded by a charge halo that is
the source of the shoulders observed in the transverse
profiles, and which is most visible in the y profile.
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FIG. 1 (color). Experimental images of the beam at the down-
stream OTR location for (a) ne % 0 and (b) ne $ 0:7"
1014 cm#3. Examples of the experimental beam profiles
(ne > 0), as well as the triangle fits used for the calculation of
the beam transverse sizes (FWHM of ABB0 triangle), and charge
fractions in the core (area of ABB0 triangle) and halo (area
CBD! C0B0D0 % 2CBD) in the (c) x plane and (d) y plane.

PRL 101, 055001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
1 AUGUST 2008

055001-2

No plasma (Gaussian) Plasma (non-Gaussian halo)

Image credit: P. Muggli et al., Phys. Rev. Lett. 101, 055001 (2008)

> Similar beam parameters as for acceleration experiments.


> Low density experiments (< 7×1012 cm-3) 

> Slice dependent / nonlinear focusing observed


> Tail focused with 7×ne (background electron density)


> Evidence of an axial density spike.

http://forward.desy.de
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STRONGLY NONLINEAR WAKEFIELDS (POSITRON-DRIVEN)

�15

> Tactic: Embrace the nonlinearity! 

> Intense positron bunches  =>  blowout-like structure forms after plasma electrons cross the axis.


> Large accelerating gradients, but the accelerating phase is defocusing.


> Strong beam loading: The accelerating beam self-focuses by “trapping” electrons on axis — “self-loaded regime”

LETTER
doi:10.1038/nature14890

Multi-gigaelectronvolt acceleration of positrons
in a self-loaded plasma wakefield
S. Corde1,2, E. Adli1,3, J. M. Allen1, W. An4,5, C. I. Clarke1, C. E. Clayton4, J. P. Delahaye1, J. Frederico1, S. Gessner1, S. Z. Green1,
M. J. Hogan1, C. Joshi4, N. Lipkowitz1, M. Litos1, W. Lu6, K. A. Marsh4, W. B. Mori4,5, M. Schmeltz1, N. Vafaei-Najafabadi4,
D. Walz1, V. Yakimenko1 & G. Yocky1

Electrical breakdown sets a limit on the kinetic energy that part-
icles in a conventional radio-frequency accelerator can reach. New
accelerator concepts must be developed to achieve higher energies
and tomake future particle colliders more compact and affordable.
The plasma wakefield accelerator (PWFA) embodies one such con-
cept, in which the electric field of a plasma wake excited by a bunch
of charged particles (such as electrons) is used to accelerate a trail-
ing bunch of particles. To apply plasma acceleration to electron–
positron colliders, it is imperative that both the electrons and their
antimatter counterpart, the positrons, are efficiently accelerated at
high fields using plasmas1. Although substantial progress has
recently been reported on high-field, high-efficiency acceleration
of electrons in a PWFA powered by an electron bunch2, such an
electron-driven wake is unsuitable for the acceleration and focus-
ing of a positron bunch. Here we demonstrate a new regime of
PWFAs where particles in the front of a single positron bunch
transfer their energy to a substantial number of those in the rear
of the same bunch by exciting a wakefield in the plasma. In the
process, the accelerating field is altered—‘self-loaded’—so that
about a billion positrons gain five gigaelectronvolts of energy with
a narrow energy spread over a distance of just 1.3 metres. They
extract about 30 per cent of the wake’s energy and form a spectrally
distinct bunch with a root-mean-square energy spread as low as

1.8 per cent. This ability to transfer energy efficiently from the
front to the rear within a single positron bunch makes the PWFA
scheme very attractive as an energy booster to an electron–positron
collider.
Future high-energy particle colliders will operate at the frontier of

particle physics, with particle energies in the range of several trillion
electronvolts3. Beyond the Large Hadron Collider (LHC) at the
EuropeanOrganization forNuclear Research (CERN), physicists envi-
sion building even bigger machines, such as the Future Circular
Collider4, which would collide protons at energies of around 100 TeV,
but would require a tunnel of circumference approximately 100 km.
Electron–positron linear colliders are also being considered, with
proposed machines such as the International Linear Collider5 (ILC)
and the Compact Linear Collider6 (CLIC). Based on existing radio-
frequency technology, they are also expensive and tens of kilometres
long. Looking beyond these machines, methods of building compact
and efficient particle colliders—such as the muon collider7, the laser
wakefield accelerator8 and the PWFA9—are under development. Of
these, the PWFA has showed an energy gain of tens of billions of
electronvolts in less than one metre10, and has recently shown high-
efficiency acceleration of an electron bunch with a narrow energy
spread containing a substantial charge, at a high energy gain per unit
length (or gradient) (ref. 2). However, for a future PWFA-based
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Figure 1 | Simulated plasma wakes driven by short and intense positron
bunches. The electron plasma density in the y–j plane is shown after a
propagation distance of s5 ct5 135 cm into the plasma, where y is the
dimension transverse to the direction of motion of the bunch, and j5 z2 ct is
the dimension parallel to the motion. In both panels the one-third-of-the-
maximum contour of the initial positron bunch density is represented by the
orange dashed line, the on-axis density profile of the initial positron bunch by
the grey dashed line, and the on-axis longitudinal electric field Ez by the red

solid line. The beam and plasma parameters (described in the Fig. 3 legend) are
the same as those in the experiment. a, The unloaded plasma wake, for which
no positrons are being accelerated by the wake because the bunch has been
terminated just as Ez reverses sign. b, The self-loaded plasma wake, where the
trailing particles of a single bunch extract energy from the wake excited by
the particles in the front. In a and b, the colour scale represents the perturbed
plasma electron density (the plasma density prior to the passage of the beam is
constant at 83 1016 cm23).
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Image credit: S. Corde et al., Nature 524, 442 (2015)

Defocusing 
(unloaded wake)

Focusing 
(loaded wake)
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SELF-LOADED REGIME — FACET EXPERIMENTS

�16

> High-energy (20 GeV), high charge (2.2 nC),  
compressed bunches (30–50 µm rms)


> Long (1.15 m), high-density (8×1016 cm-3) plasma channel.


> Single bunch experiment:


> Large energy gain observed: ~5 GeV (3.8 GV/m) 

> Low energy spread (~2% spectral peak)


> High energy efficiency (~30%)


> Also successfully performed a two-bunch experiment

S. Corde et al., Nature 524, 442 (2015) 
A. Doche et al., Sci. Rep. 7, 14180 (2017)

www.nature.com/scientificreports/

3SCIENTIFIC REPORTS | 7: 14180  | DOI:10.1038/s41598-017-14524-4

Beam loading phenomenon. In the scenario described above, a substantial number of trailing positrons 
are extracting energy from the plasma wave as they are accelerated. This energy extraction implies a decrease 
of the longitudinal electric field amplitude of the wake, which may be flattened under optimal conditions. This 
so-called beam-loading phenomenon has been extensively explored for the case of electrons, in both linear20 and 
nonlinear regimes21–23. In the experiment we report here, the wake is set up by a first bunch of particles, the drive 
bunch. The plasma electrons are set into motion radially by the attractive force of this drive bunch, made for tech-
nical reasons of positrons. Compared to the single-bunch conditions used in ref.13, the number of particles in the 
drive bunch is as low as 3 × 109 particles (a much lower driving force) and the plasma density is set to 1016 cm−3 
(a much lower restoring force). As a consequence, the inward flowing electrons cross the propagation axis behind 
the drive bunch and the driver wake is sampled by a distinct trailing bunch of positrons placed at the appropriate 
distance behind the drive bunch. In the present case, the trailing bunch is located 100 µm behind the drive bunch. 
In principle, thanks to the mechanism described above, the driver could also be an electron bunch or a laser pulse. 
Recent theoretical results have suggested the use of ring-shaped electron drivers24 or Laguerre-Gaussian laser 
pulses25 to facilitate positron wakefield acceleration in the nonlinear regime.

The beam-loading phenomenon was evidenced in the experiment by correlating the energy gain and energy 
spread of the trailing bunch with the charge of this bunch before it enters the plasma: the incoming trailing 
charge. The natural shot-to-shot variation of the trailing bunch charge was used for the study of beam loading 
and the results are shown in Fig. 3. The full data set consists of 160 beam shots. An average distance between the 
drive and trailing bunches of 100 µm was measured with the EOS diagnostic and the trailing charge ranged from 

Figure 2. Evidence of acceleration of a positron bunch. Positron energy spectra measured by the Cherenkov 
energy spectrometer with (red solid line) and without plasma (ionizing laser off, blue dash-dotted line). In 
(a) only the drive bunch is sent, in (b) only the trailing bunch is sent, and in (c) both the drive and the trailing 
bunches are sent through the lithium oven, in which case the trailing bunch is accelerated from 20.05 GeV to 
above 21 GeV by the plasma wake. The plasma data is multiplied by 4.5 in (a–c). The spectrum c with plasma is 
one of the 160 spectra from the dataset used in Fig. 3.

Figure 3. Energy spectra and evidence for the beam-loading phenomenon. (a) A stack of 160 energy spectra 
of the positron bunches measured after interaction with the plasma. Each horizontal line represents a single 
spectrum (see the comments on Fig. 2c). The shots are sorted by increasing trailing bunch charge (black line). 
The color axis represents the spectral charge density in pC GeV−1. (b) Energy of the accelerated peak as a 
function of the trailing bunch charge. (c) The r.m.s. energy spread of the accelerated peak (obtained from the 
asymmetric Gaussian fit) as a function of the trailing bunch charge.

Image credit: A. Doche et al., Sci. Rep. 7, 14180 (2017)

particle collider, it is imperative to demonstrate that the antimatter
counterpart of the electron, the positron, can also be accelerated in a
PWFA at high gradient and with high-energy efficiency.
The longitudinal component of the electric field Ez associatedwith a

wake produced by the passage of either an intense ultra-relativistic
electron or positron bunch through a plasma can, in principle, be used
to accelerate positrons. In both cases, a dense (nb.np), tightly focused
(kpsr, 1), short (kpsz, 1), ultra-relativistic (c? 1) drive bunch
(electron or positron) can be used to excite a nonlinear (non-sinus-
oidal) wake in a plasma. Here nb, np, kp, sr, sz and c are the bunch
density, the plasma density, the wavenumber of the plasma wave, the
root-mean-square (r.m.s.) focused transverse spot size, the r.m.s. lon-
gitudinal size and the Lorentz factor of the bunch, respectively.
However, the nonlinear wakes produced by the two types of drivers
are qualitatively different1. With an electron driver, a region devoid of
plasma electrons, called an ion cavity, is formed as these electrons are
blown out by the transverse electric field of the bunch11,12. Within this
ion cavity, the transverse force is defocusing for positrons and so pre-
vents positron acceleration. To avoid this problem, the use of a hollow
plasma channel to produce wakes without a focusing force13–15, or the
use of Laguerre–Gaussian laser pulses to drive doughnut-shaped wakes
with a strong focusing force for positrons16, have been suggested.
In contrast to the electron-driven wake, when an otherwise similar

positron bunch is used, plasma electrons that are radially located
within a few plasma skin depths (k!1

p , it the penetration depth of a
low-frequency electromagnetic wave in a plasma) from the bunch are
attracted inward (rather than being expelled) by the transverse electric
field of the bunch17–19. As the plasma electrons flow in, positrons
experience a negative or decelerating Ez, losing energy as they do work
on the plasma electrons. Once most plasma electrons have crossed the
propagation axis, Ez abruptly switches sign from negative to positive
and becomes accelerating for positrons. If there are no positrons to
sample the accelerating field, the wake is said to be unloaded because
no energy is extracted from it. This is shown in Fig. 1a, taken from a
simulation using the three-dimensional particle-in-cell code
QuickPIC20,21. In this case, plasma electrons flow outward after they
cross the propagation axis, which leads to the formation of a cavity in
which the ion density exceeds the electron density. When a sufficient
number of positrons are sampling the accelerating field, a large num-
ber of electrons crossing the axis remain close to the axis (see Fig. 1b).
Consequently the longitudinal and the transverse fields are both
strongly altered, that is, loaded. Owing to the presence of the plasma
electrons on axis, the accelerated positrons are guided along the length
of the plasma. These positrons can extract a substantial fraction of the
wake’s energy and alter the shape of the Ez field, which becomes more
uniform and produces a narrow-energy-spread peak in the accelerated
part of the positron spectrum. This process occurs in the positron-
driven wake without the need for a distinct trailing bunch22. In other
words, the front of a single positron bunch can excite a wake in a
plasma while the rear of the same bunch loads and extracts energy
from this wake (as in Fig. 1b). This regime is referred to as the self-
loaded plasma wakefield.
The formation of an accelerated narrow-energy-spread positron

bunch was discovered in an experiment conducted at the SLAC’s
Facility for Advanced Accelerator Experimental Tests23 (FACET),
using its 20.35-GeV positron beam (see Methods). A single bunch
containing approximately 1.43 1010 positrons and having an r.m.s.
bunch length in the range 30–50mm was focused to an r.m.s. trans-
verse spot size of less than 100mm at the entrance of a lithium plasma
(vacuum beam density nb < 0.2–13 1016 cm23). The plasma is pro-
duced by laser ionization of a 1.15-m-long lithium vapour column of
uniform density that has 15-cm-long density up- and down-ramps on
either end24,25 (see Methods). The electron density of the plasma was
set to np5 83 1016 cm23 by controlling the pressure and the temper-
ature of the lithium vapour. After the interaction with the plasma, an
imaging spectrometer consisting of a quadrupole magnet doublet, a

strong dipole magnet and a Cherenkov detector26 was used to char-
acterize the energy spectrum of the positron beam (see Methods). The
quadrupole magnet doublet was set up to image where the positron
beamexits the plasma into the plane of the detector for a given positron
energy: the energy set-point Eimage. To record both the decelerated and
the acceleratedparts of the positron spectrum,Eimage of the quadrupole
magnet doublet was varied in increments of 2.5GeV from 10.35GeV
to 27.85GeV.
Figure 2a and b show the accelerated part of the final energy spec-

trum of the positron bunch after its passage through the plasma, where
Eimage is set to 22.85GeV and 25.35GeV, respectively. The accelerated
positrons in Fig. 2a and b have peaks at 24.756 0.27GeV and
26.116 0.35GeV. These two examples show that the accelerated posi-
trons have a narrow energy peak, albeit on top of a broader ‘shoulder’.
The spectral peaks are fitted by an asymmetric Gaussian function. The
r.m.s. energy spreads associated with the fit of the peaks (red dashed
lines) are 1.8% and 2.2% r.m.s., respectively, while the full width at
half-maximum (FWHM) energy spreads associated with the experi-
mental spectra (black solid lines) are 4.0% and 6.1%, respectively.
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Figure 2 | Experimental positron energy spectra. a, b, Two examples of the
accelerated portion of the spectrum of the positrons after the interaction with
the plasmawith Eimage at 22.85GeV (a) and 25.35GeV (b). c, An example of the
decelerated portion of the positron spectrum with Eimage at 12.85GeV. In all
panels, the density of charge per unit energy and length of the dispersed
positron beamprofile is shown in colour, and the spectral charge density dQ/dE
is represented by the black solid line (right scale). Asymmetric Gaussian fits to
the peaks in a and b are shown as red dashed lines. Particles that do not
participate in the interaction appear to be saturated at the initial beam energy,
20.35GeV.
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Image credit: S. Corde et al., Nature 524, 442 (2015)

Large energy gain shot  
(5 GeV)

Low energy spread shot 
(~2% rms abs.)
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SELF-LOADED REGIME — EMITTANCE GROWTH AND EQUILIBRIUM SHAPES
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> Eventually reaches a non-Gaussian equilibrium shape — large emittance 
growth expected.


> In FACET experiments, equilibrium was reached after ~30 cm of plasma. 

> Important question: Is it possible to match directly to the equilibrium 
shape with a low-emittance beam?

Image credit: K. Lotov, Phys. Plasmas 24, 023119 (2017) 

ra0 of particles is the same in all cross-sections of the leading
half of the beam, that is, in the interval 0 < kp jnj ! p
[Fig. 3(a)]. This relationship may be approximated as

ra=ra0 ¼ BðraÞ $ 1% b1ð1% tanhðkpra=b2ÞÞ (24)

with b1& 0.8, b2& 0.21 [Fig. 3(b)]. The choice of these con-
stants is determined by behavior of near-axis beam particles
and does not depend on the initial beam radius rr.
Consequently, these constants are the same for any beam.
With the approximation (24), we can calculate the equilib-
rium amplitude distribution

DðraÞ ¼ D0ðra0ðraÞÞdra0=dra (25)

and then iteratively find the equilibrium beam density profile
f(r) and the potential well shape R(r) in the leading half of
the beam.

Initial and equilibrium amplitude distributions are com-
pared in Fig. 4(a). Up to five-fold reduction of oscillation
amplitudes for near-axis particles [Fig. 3(b)] results in strong
peaking of the equilibrium amplitude distribution at small
radii. For both distributions, the equilibrium beam density
has a 1/r singularity near the axis [Fig. 4(b)]. Equilibrium
potential wells have no singularities and are funnel-shaped
unlike the potential well of the Gaussian beam [Fig. 4(c)].
The constant derivative of the equilibrium potential near the
axis means that the radial electric field [which makes the
dominant contribution to the radial force in Eq. (4)] is also

constant there. The latter observation may be important for
interpretation of numerical39 ,40 and real41,42 PWFA experi-
ments, in which the plasma is created through ionization of a
neutral gas by the electric field of the beam.

The equilibrium state illustrated by Fig. 4 is calculated
for beams which initially have kprr¼ 1. For beams of differ-
ent initial radii, the curves would have different radial scales
and slightly different shapes, but their behavior at small r
(kpr' 1) is qualitatively the same.

V. PROPERTIES OF THE EQUILIBRIUM STATE

In this Section, we compare the calculated equilibrium
state and its consequences with numerical simulations of the
test case and commonly used estimates. We also discuss the
origin of differences.

The root-mean-square (rms) radius of the equilibrium
beam is

rr;eq ¼
1

rr
ffiffiffi
2

p
ð1

0

r3f rð Þ dr
# $1=2

& 0:47 rr (26)

that is twice smaller than the initial value. Simulations are
consistent with this result, but only at the leading part of the
beam (Fig. 5). Also, the very head of the beam has a wider
radius, as it has not reached the equilibrium during the simu-
lated time period.

The qualitative difference of equilibrium states for lead-
ing and trailing parts of the simulated bunch comes from the
non-monotonic behavior of the potential well depth at the

FIG. 3. (a) Dependence of the equilibrium oscillation amplitude ra on the
initial radius ra0 for groups of particles located at several beam cross-
sections (indicated at the figure by different colors). (b) The ratio ra/ra0 for
particles with various oscillation amplitudes ra and kpn & %3 (dots) and its
approximation (24) (line).

FIG. 4. (a) The initial amplitude distribution D0 and the amplitude distribu-
tion D that follows from Eq. (24). Radius-weighted density profiles (b) and
shapes of the potential well (c) for the initial beam shape (18) (thin red
lines), equilibrium beam with the initial amplitude distribution (16) (dotted
blue lines), and actual equilibrium beam (thick green lines).

023119-5 K. V. Lotov Phys. Plasmas 24, 023119 (2017)
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NONLINEAR WAKEFIELDS — ELECTRON-DRIVEN, FINITE CHANNEL RADIUS

�18

> What happens to a blowout if we restrict the plasma column radius? 

> Blown-out electrons from different radii have different trajectories — do not form a single sheath!

> The plasma electron axis-crossing is stretched out — an “inverse blowout” forms behind the blowout!

> Positrons can be accelerated and focused simultaneously!

S. Diederichs et al., PRAB 22, 081301 (2019)

> Recent theoretical development (2019)— no experiments yet.

Finite channel radius

“Inverse blowout”

http://forward.desy.de
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STRONGLY NONLINEAR WAKEFIELDS (ELECTRON-DRIVEN) — FINITE CHANNELS

�19

> Positrons are attracted by on-axis electron density spike

> Non-linear focusing (step-function), but emittance can be preserved.


> Difference to other schemes: on-axis electrons are ~relativistic

> Current research questions: 


> Emittance preservation for high beam loading (high efficiency)?

> Stability to misalignments?

S. Diederichs et al., PRAB 22, 081301 (2019)

Image credit: S. Diederichs et al., PRAB 22, 081301 (2019)

parameter scan, the quasi-static modality of the cylindri-
cally symmetric PIC code INF&RNO [19,20] was used, after
successfully benchmarking the results against HiPACE.
Results are shown in Fig. 3, where the on-axis line-out
of the longitudinal field is plotted as a function of the
column radius, and where the longitudinal regions that are
focusing or defocusing for positrons have been highlighted.
For kpR p ≲ 2.5 there is an extended ζ-region allowing
for the transport and acceleration of positron beams. The
accelerating field amplitude is enhanced for greater plasma
radii. However, for kpR p ≳ 2.5, the positron-focusing
region decays to a singular point, rendering stable positron
acceleration impossible.
The elongation of the electron trajectories depends on the

plasma column radius and on the drive beam parameters.
The plasma radius can be optimized for positron accel-
eration and focusing (i.e., a long focusing ζ-region and high
field amplitude) for any given drive beam parameters.
In particular, for a Gaussian drive beam with kpσ

ðdÞ
x;y ≪ 1

and a beam current 1 ≤Îb=IA ≤10, numerical exploration
of the parameters space provides the estimate for the
optimal plasma radius

kpR p ≈2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Îb=IA

3

q
: ð1Þ

This relation ensures that the plasma column radius R p is
smaller than the blowout radius R b (compare, e.g., [21,22])
such that the focusing wake region is long and Ez in this
region is significantly high. For simplicity, we only con-
sider plasma columns with a steplike edge, but it should be
noted that this concept is also viable for the case of plasma
profiles with a smooth edge.
Such plasma columns can be created either by laser-

induced ionization or by beam-field-induced ionization

from the drive beam itself. Production of meter-scale
plasma columns by laser-induced ionization using an
axicon lens [23] has been experimentally demonstrated
[24]. The generation of plasma columns with a radial
dimension of a few tens of microns and an on-axis density
of ∼1017 cm−3 (parameters near those considered in this
work) have also been demonstrated, for the purpose of laser
guiding over cm-scale plasmas [25,26]. The generation of
meter-scale plasma columns, with a few tens of microns
radius and an on-axis density of ∼1017 cm−3, using an
axicon lens is possible with current laser technology,
requiring on the order of a few mJ of laser energy per
cm of plasma [26]. On the other hand, creating the plasma
column by means of beam-field-induced ionization from
the drive beam, instead of relying on an ionizing laser, has
the advantage that the column is inherently aligned with the
drive beam itself; however, since the ionization rate is
strongly coupled to the drive beam parameters and to the
gas density, the viable parameter space is limited.

III. TRANSPORT AND ACCELERATION
OF POSITRON BEAMS

Figure 4 shows a lineout of the transverse wakefield
structure (blue curve) at kpζ ¼ −11.6 for the drive beam
parameters considered in Figs. 1 and 2 and a plasma
column radius of kpR p ¼ 2.5. Near the axis, the wakefield
has a discontinuous, steplike dependence from the trans-
verse coordinate, while the field strength decays far from
the axis. An initially Gaussian witness beam can be
quasimatched in such a steplike confining wake so that
the emittance growth is minimized during beam transport.
The (normalized) rms beam emittance in the x-plane is
defined as ϵx ¼ ðhx2ihu2xi−hxuxi2Þ1=2, where x and ux
are, respectively, the transverse position and momentum

FIG. 3. On-axis longitudinal line-out of the accelerating field,
Ez=E0, plotted as a function of the plasma column radius, kpR p.
Red regions are accelerating for positrons. The separation
between focusing and defocusing regions for positrons is marked
with a dashed line.

FIG. 4. Transverse wakefield amplitude, ðEx −ByÞ=E0, versus
transverse position, kpx, for kpζ ¼ −11.6 (cf., Fig. 2). The blue
line depicts the focusing fields without any witness beam, and the
red line denotes the focusing fields in the beam-loaded case,
where the Gaussian witness beam parameters are given by
n̂b=n0 ¼ 500, σx;y ¼ 0.025k−1p , and σz ¼ 0.5k−1p . Inset: Trans-
verse wakefields for a wider x-range.
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subject to some degree of emittance growth. This can be
seen in Fig. 5 (red curve), which shows the evolution of the
emittance of the quasimatched central slice in the 3D PIC
simulation. The growth saturates at 3%, in good agreement
with the theoretical estimate. For a finite-length beam, each
slice is subject to a wakefield with a different strength (i.e.,
a different α value), such that some parts of the beam do not
initially fulfill the matching-condition Eq. (6) and exhibit
an emittance growth greater than the one of the central
slice. This is shown in Fig. 5 (green curve), indicating that
the average slice emittance of the beam grows by ∼5% at
saturation. In addition, the variation of α along the beam
leads to a head-to-tail betatron decoherence, such that the
projected emittance grows by∼7%, as shown in Fig. 5 (blue
curve). We note that the emittance growth can be signifi-
cantly reduced by using a slice-by-slice matched beam (i.e.,
longitudinally tailoring the beam size, but still retaining a
Gaussian distribution for each slice). The emittance growth
can be completely suppressed if, for each slice, the trans-
verse phase-space distribution is chosen to be a Vlasov
equilibrium for the steplike wakefield instead of a Gaussian
distribution, as discussed in Ref. [27].
The longitudinal wakefields generated by this method

(cf., Fig. 2) are well-suited for positron beam acceleration.
The transformer ratio R, defined by the ratio of the peak of
the accelerating field of the witness beam and the decelerat-
ing field of the drive beam is R¼ E z;acc=E z;dec ≈0.7. The
accelerating gradient at the location of the positron beam is
E z=E 0≃0.46corresponding to∼30GeV=m. The charge of
the drive and witness beams for the chosen plasma density
corresponds to Qd ≈1.5 nC and Qw ≈ 84 pC.

IV. CONCLUSION

In this work, we demonstrate the transport and accel-
eration of positron beams by using finite radius plasma
targets to control the beam-driven plasma wakefields. We
consider an electron drive beam and a positron witness

beam, both with Gaussian transverse profiles, propagating
in a finite radius plasma, and demonstrate emittance
preservation at the percent-level in a strongly loaded
wakefield. Further optimization is possible, e.g., the emit-
tance growth can be reduced by slice-by-slice matching of
the witness beam to the focusing field [27], and, by proper
shaping of drive and witness beams, the transformer ratio
and thus efficiency can be increased [29,30]. The initial
plasma profile may also be optimized. For example, an
exponential decaying plasma for r > Rp may allow for an
enhanced accelerating field. The optimization regarding
these parameters as well as the inclusion of the drive
beam evolution will be a subject of future studies. The
experimentally feasible approach we have proposed for
quality-preserving transport and acceleration of high-
charge positron beams in a PWFA solves an outstanding
challenge and represents an important step toward future
compact plasma-based positron accelerators.
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STRONGLY NONLINEAR WAKEFIELDS (ELECTRON-DRIVEN) — FINITE CHANNELS
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> Positrons are attracted by on-axis electron density spike

> Non-linear focusing (step-function), but emittance can be preserved.


> Difference to other schemes: on-axis electrons are ~relativistic

> Current research questions: 


> Emittance preservation for high beam loading (high efficiency)?

> Stability to misalignments?

S. Diederichs et al., PRAB 22, 081301 (2019)

Image credit: S. Diederichs et al., PRAB 22, 081301 (2019)

parameter scan, the quasi-static modality of the cylindri-
cally symmetric PIC code INF&RNO [19,20] was used, after
successfully benchmarking the results against HiPACE.
Results are shown in Fig. 3, where the on-axis line-out
of the longitudinal field is plotted as a function of the
column radius, and where the longitudinal regions that are
focusing or defocusing for positrons have been highlighted.
For kpR p ≲ 2.5 there is an extended ζ-region allowing
for the transport and acceleration of positron beams. The
accelerating field amplitude is enhanced for greater plasma
radii. However, for kpR p ≳ 2.5, the positron-focusing
region decays to a singular point, rendering stable positron
acceleration impossible.
The elongation of the electron trajectories depends on the

plasma column radius and on the drive beam parameters.
The plasma radius can be optimized for positron accel-
eration and focusing (i.e., a long focusing ζ-region and high
field amplitude) for any given drive beam parameters.
In particular, for a Gaussian drive beam with kpσ

ðdÞ
x;y ≪ 1

and a beam current 1 ≤Îb=IA ≤10, numerical exploration
of the parameters space provides the estimate for the
optimal plasma radius

kpR p ≈2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Îb=IA

3

q
: ð1Þ

This relation ensures that the plasma column radius R p is
smaller than the blowout radius R b (compare, e.g., [21,22])
such that the focusing wake region is long and Ez in this
region is significantly high. For simplicity, we only con-
sider plasma columns with a steplike edge, but it should be
noted that this concept is also viable for the case of plasma
profiles with a smooth edge.
Such plasma columns can be created either by laser-

induced ionization or by beam-field-induced ionization

from the drive beam itself. Production of meter-scale
plasma columns by laser-induced ionization using an
axicon lens [23] has been experimentally demonstrated
[24]. The generation of plasma columns with a radial
dimension of a few tens of microns and an on-axis density
of ∼1017 cm−3 (parameters near those considered in this
work) have also been demonstrated, for the purpose of laser
guiding over cm-scale plasmas [25,26]. The generation of
meter-scale plasma columns, with a few tens of microns
radius and an on-axis density of ∼1017 cm−3, using an
axicon lens is possible with current laser technology,
requiring on the order of a few mJ of laser energy per
cm of plasma [26]. On the other hand, creating the plasma
column by means of beam-field-induced ionization from
the drive beam, instead of relying on an ionizing laser, has
the advantage that the column is inherently aligned with the
drive beam itself; however, since the ionization rate is
strongly coupled to the drive beam parameters and to the
gas density, the viable parameter space is limited.

III. TRANSPORT AND ACCELERATION
OF POSITRON BEAMS

Figure 4 shows a lineout of the transverse wakefield
structure (blue curve) at kpζ ¼ −11.6 for the drive beam
parameters considered in Figs. 1 and 2 and a plasma
column radius of kpR p ¼ 2.5. Near the axis, the wakefield
has a discontinuous, steplike dependence from the trans-
verse coordinate, while the field strength decays far from
the axis. An initially Gaussian witness beam can be
quasimatched in such a steplike confining wake so that
the emittance growth is minimized during beam transport.
The (normalized) rms beam emittance in the x-plane is
defined as ϵx ¼ ðhx2ihu2xi−hxuxi2Þ1=2, where x and ux
are, respectively, the transverse position and momentum

FIG. 3. On-axis longitudinal line-out of the accelerating field,
Ez=E0, plotted as a function of the plasma column radius, kpR p.
Red regions are accelerating for positrons. The separation
between focusing and defocusing regions for positrons is marked
with a dashed line.

FIG. 4. Transverse wakefield amplitude, ðEx −ByÞ=E0, versus
transverse position, kpx, for kpζ ¼ −11.6 (cf., Fig. 2). The blue
line depicts the focusing fields without any witness beam, and the
red line denotes the focusing fields in the beam-loaded case,
where the Gaussian witness beam parameters are given by
n̂b=n0 ¼ 500, σx;y ¼ 0.025k−1p , and σz ¼ 0.5k−1p . Inset: Trans-
verse wakefields for a wider x-range.
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subject to some degree of emittance growth. This can be
seen in Fig. 5 (red curve), which shows the evolution of the
emittance of the quasimatched central slice in the 3D PIC
simulation. The growth saturates at 3%, in good agreement
with the theoretical estimate. For a finite-length beam, each
slice is subject to a wakefield with a different strength (i.e.,
a different α value), such that some parts of the beam do not
initially fulfill the matching-condition Eq. (6) and exhibit
an emittance growth greater than the one of the central
slice. This is shown in Fig. 5 (green curve), indicating that
the average slice emittance of the beam grows by ∼5% at
saturation. In addition, the variation of α along the beam
leads to a head-to-tail betatron decoherence, such that the
projected emittance grows by∼7%, as shown in Fig. 5 (blue
curve). We note that the emittance growth can be signifi-
cantly reduced by using a slice-by-slice matched beam (i.e.,
longitudinally tailoring the beam size, but still retaining a
Gaussian distribution for each slice). The emittance growth
can be completely suppressed if, for each slice, the trans-
verse phase-space distribution is chosen to be a Vlasov
equilibrium for the steplike wakefield instead of a Gaussian
distribution, as discussed in Ref. [27].
The longitudinal wakefields generated by this method

(cf., Fig. 2) are well-suited for positron beam acceleration.
The transformer ratio R, defined by the ratio of the peak of
the accelerating field of the witness beam and the decelerat-
ing field of the drive beam is R¼ E z;acc=E z;dec ≈0.7. The
accelerating gradient at the location of the positron beam is
E z=E 0≃0.46corresponding to∼30GeV=m. The charge of
the drive and witness beams for the chosen plasma density
corresponds to Qd ≈1.5 nC and Qw ≈ 84 pC.

IV. CONCLUSION

In this work, we demonstrate the transport and accel-
eration of positron beams by using finite radius plasma
targets to control the beam-driven plasma wakefields. We
consider an electron drive beam and a positron witness

beam, both with Gaussian transverse profiles, propagating
in a finite radius plasma, and demonstrate emittance
preservation at the percent-level in a strongly loaded
wakefield. Further optimization is possible, e.g., the emit-
tance growth can be reduced by slice-by-slice matching of
the witness beam to the focusing field [27], and, by proper
shaping of drive and witness beams, the transformer ratio
and thus efficiency can be increased [29,30]. The initial
plasma profile may also be optimized. For example, an
exponential decaying plasma for r > Rp may allow for an
enhanced accelerating field. The optimization regarding
these parameters as well as the inclusion of the drive
beam evolution will be a subject of future studies. The
experimentally feasible approach we have proposed for
quality-preserving transport and acceleration of high-
charge positron beams in a PWFA solves an outstanding
challenge and represents an important step toward future
compact plasma-based positron accelerators.
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of the central slice (red curve), respectively.
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STRONGLY NONLINEAR WAKEFIELDS (ELECTRON-DRIVEN) — WAKE INVERSION
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> Tactic: Engineer the driver such that an inverse wake forms. 

> Use a ring-shaped beam to wrap a blowout around the axis!


> Electrons are “blown in” towards the axis.


> The wakefield is accelerating and linearly focusing!


> Example (simulation by Vieira et al.)


> Low emittance (5 µm), low charge witness bunch (~26 pC)


> Accelerating gradient: ~8.5 GV/m


> Driver-to-witness efficiency ~1%


> However, beam loading with a positron bunch changes the 
wakefield — non-linear focusing occurs.

J. Vieira & J. T. Mendonça, Phys. Rev. Lett. 112, 215001 (2014) 
J. Vieira et al., AIP Conf. Proc. 1777, 070012 (2016)

simulation results in the proposed configuration using a ring like electron bunch driver. In Section 4 we consider the 
case of two co-propagating drivers with a transverse offset. Finally, the conclusions will be given in Section 5. 

 
 

 

 

 

 

 

 

 

 
 

Figure 1 Simulation results showing a doughnut bubble excited by a high order Laguerre-Gaussian laser pulse. (a) isosurfaces 
show regions of constant electron plasma density. The projections show the plasma density and laser electric field. The arrow 

indicates the propagation direction. (b) shows the transverse focusing force associated with a doughnut bubble and (c) the 
corresponding accelerating field. (d) shows the phase space of an externally injected test positron bunch. The red line shows the 

integrated energy spectrum. 

2. POSITRON ACCELERATION IN NON-LINEAR DOUGHNUT WAKEFIELDS 

To illustrate the concept of wake generation and positron acceleration driven by doughnut shaped lasers we first 
analyze the results from 3D PIC simulations. Figure 1 shows a 3D simulation result example of a doughnut 
wakefield excited by a higher order Laguerre Gaussian laser pulse. The laser pulse is described by a first order 
Laguerre Gaussian beam mode (l,p) = (1,0) with normalized a0 = 3.2  with a duration τ = 4/ωp and waist W0 = 7c/ωp. 
The ratio from the laser pulse frequency to the plasma frequency is ω0/ωp=5. Thus, the corresponding plasma 
density for a laser pulse with a central wavelength λ=1µm,  is n0=6.9x1019cm-3 and corresponding laser energy 
E=140 mJ [6]. 

We start by examining the shape of the doughnut plasma wave produced by the doughnut laser pulse. The 
structure of the doughtnut blowout is illustrated in Figure 1a. When the inner electron sheath that defines the 
blowout merges on axis, the excess negative charge produces focusing wakefields for positrons. It is possible to 
estimate the focusing fields in these conditions, assuming a simplified doughnut blowout model consisting on a 
outer electron sheath defining the plasma wave, and an inner electron sheath placed at the axis of propagation [6]. 
The normalized focusing force is !! − !!, where !! is the radial electric field normalized to !!!!!!/! and !!is 
the azimuthal magnetic field normalized to !!!!!/!, and where !! and ! are the electron mass and charge 
respectively, ! the speed of light and !! the plasma frequency. For a radius r larger than the radius of the on-axis 
electron sheath: 

!! − !! = !! !! −
!!!
!!!!!!(1)  

Inside the on-axis electron sheath: 

!! − !! = !!
!
2 1 − 1

4!!! ! 2 , 
The first term in Eq. (1) represents the transverse fields associated with the background plasma ions, while the 
second term represents the contribution from the on-axis plasma electrons. The first term in Eq. (2) is also due to the 
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Focusing and accelerating.

http://forward.desy.de


Carl A. Lindstrøm  |  Twitter: @FForwardDESY  |  Web: forward.desy.de  |  EAAC 2019  |  Elba, Italy  |  Sep 18, 2019  |  Page 00 

> The Blowout Miracle: Longitudinal beam loading without transverse beam loading 

> Electrons responsible for acceleration only (ions responsible for focusing).

CORE PROBLEM: LONGITUDINAL VS. TRANSVERSE BEAM LOADING

�21

> Longitudinal beam loading — Required for efficiency  

> The beam alters the longitudinal wakefield by extracting energy from high-momentum plasma electrons


> Transverse beam loading — Leads to nonlinear focusing (and emittance growth)


> The beam alters the (on-axis) transverse wakefield by attracting/repelling charge.

Image credit: M. Litos et al., Nature 515, 92 (2014)

LETTER
doi:10.1038/nature13882

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 chargedparticle beamsat high gradi-
entsof energygainperunit length isnecessary toachieve anaffordable
and compact high-energy collider. Theplasmawakefield accelerator
is one concept1–3 being developed for this purpose. In plasma wake-
field acceleration, a charge-densitywakewithhighaccelerating fields
is driven by the passage of anultra-relativistic bunch of chargedpar-
ticles (thedrivebunch) throughaplasma4–6. If a secondbunchof 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-
tronswith a continuous energy spectrumand amaximumenergy of
up to85 gigaelectronvolts from the tail of the samebunch 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 chargeandhavinga small energy spreadwithboth ahigh
acceleratinggradient andahighenergy-transfer efficiency represents
amilestone in thedevelopment of plasmawakefield acceleration into
a compact and affordable accelerator technology.
The experiment reportedhere is carriedout in the three-dimensional,

nonlinear regimeofplasmawakefield acceleration, alsoknownas theblow-
out regime8. In this regime, a tightly focused and short ultra-relativistic
electronbunchwith adensity greater than theplasmadensitypropagates
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, withvp 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. TheCoulomb 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 beamparameters are similar

to those measured in the experiment with a simple scaling of the total
beamcharge (seeMethods). The on-axis longitudinal electric fieldEz of

thewake, alsodepicted inFig. 1a, shows that the bulk of thedrive 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 bunchwere
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

1SLACNational Accelerator Laboratory, Menlo Park, California 94025, USA. 2Department of Physics, University of Oslo, 0316Oslo, 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 themotion, and j5 z2 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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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 chargedparticle beamsat high gradi-
entsof energygainperunit length isnecessary toachieve anaffordable
and compact high-energy collider. Theplasmawakefield accelerator
is one concept1–3 being developed for this purpose. In plasma wake-
field acceleration, a charge-densitywakewithhighaccelerating fields
is driven by the passage of anultra-relativistic bunch of chargedpar-
ticles (thedrivebunch) throughaplasma4–6. If a secondbunchof 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-
tronswith a continuous energy spectrumand amaximumenergy of
up to85 gigaelectronvolts from the tail of the samebunch 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 chargeandhavinga small energy spreadwithboth ahigh
acceleratinggradient andahighenergy-transfer efficiency represents
amilestone in thedevelopment of plasmawakefield acceleration into
a compact and affordable accelerator technology.
The experiment reportedhere is carriedout in the three-dimensional,

nonlinear regimeofplasmawakefield acceleration, alsoknownas theblow-
out regime8. In this regime, a tightly focused and short ultra-relativistic
electronbunchwith adensity greater than theplasmadensitypropagates
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, withvp 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. TheCoulomb 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 beamparameters are similar

to those measured in the experiment with a simple scaling of the total
beamcharge (seeMethods). The on-axis longitudinal electric fieldEz of

thewake, alsodepicted inFig. 1a, shows that the bulk of thedrive 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 bunchwere
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

1SLACNational Accelerator Laboratory, Menlo Park, California 94025, USA. 2Department of Physics, University of Oslo, 0316Oslo, 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 themotion, and j5 z2 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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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 chargedparticle beamsat high gradi-
entsof energygainperunit length isnecessary toachieve anaffordable
and compact high-energy collider. Theplasmawakefield accelerator
is one concept1–3 being developed for this purpose. In plasma wake-
field acceleration, a charge-densitywakewithhighaccelerating fields
is driven by the passage of anultra-relativistic bunch of chargedpar-
ticles (thedrivebunch) throughaplasma4–6. If a secondbunchof 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-
tronswith a continuous energy spectrumand amaximumenergy of
up to85 gigaelectronvolts from the tail of the samebunch 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 chargeandhavinga small energy spreadwithboth ahigh
acceleratinggradient andahighenergy-transfer efficiency represents
amilestone in thedevelopment of plasmawakefield acceleration into
a compact and affordable accelerator technology.
The experiment reportedhere is carriedout in the three-dimensional,

nonlinear regimeofplasmawakefield acceleration, alsoknownas theblow-
out regime8. In this regime, a tightly focused and short ultra-relativistic
electronbunchwith adensity greater than theplasmadensitypropagates
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, withvp 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. TheCoulomb 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 beamparameters are similar

to those measured in the experiment with a simple scaling of the total
beamcharge (seeMethods). The on-axis longitudinal electric fieldEz of

thewake, alsodepicted inFig. 1a, shows that the bulk of thedrive 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 bunchwere
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

1SLACNational Accelerator Laboratory, Menlo Park, California 94025, USA. 2Department of Physics, University of Oslo, 0316Oslo, 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.

100

50

0

–50

–100

100

50

0

–50

–100

–200 –150 –100 –50 0

ξ (μm)

x 
(μ

m
)

x 
(μ

m
)

15

10

5

0

–5

–10

–15

15

10

5

0

–5

–10

–15

E
z  (G

V m
–1)

E
z  (G

V m
–1)

10

8

6

4

2

0

10

8

6

4

2

0

Ib  (kA
)

Ib  (kA
)

Beam density (5.0 × 1016 cm–3)

Plasma density (5.0 × 1016 cm–3)

–6 –5 –4 –3 –2 –1 0

–5 –4 –3 –2 –1 0

a

b

Plasma wake

Ez

Drive bunch

Bunch
direction

Plasma wake Ez

Drive bunch

Bunch
direction

Trailing bunch

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 themotion, and j5 z2 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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CORE PROBLEM: LONGITUDINAL VS. TRANSVERSE BEAM LOADING

�22

> Longitudinal beam loading — Required for efficiency  

> The beam alters the longitudinal wakefield by extracting energy from high-momentum plasma electrons


> Transverse beam loading — Leads to nonlinear focusing (and emittance growth)


> The beam alters the (on-axis) transverse wakefield by attracting/repelling charge.

> The Positron Problem: Can positrons be longitudinally beam loaded without transverse beam loading? 

> Electrons responsible for both acceleration and focusing.

LETTER
doi:10.1038/nature14890

Multi-gigaelectronvolt acceleration of positrons
in a self-loaded plasma wakefield
S. Corde1,2, E. Adli1,3, J. M. Allen1, W. An4,5, C. I. Clarke1, C. E. Clayton4, J. P. Delahaye1, J. Frederico1, S. Gessner1, S. Z. Green1,
M. J. Hogan1, C. Joshi4, N. Lipkowitz1, M. Litos1, W. Lu6, K. A. Marsh4, W. B. Mori4,5, M. Schmeltz1, N. Vafaei-Najafabadi4,
D. Walz1, V. Yakimenko1 & G. Yocky1

Electrical breakdown sets a limit on the kinetic energy that part-
icles in a conventional radio-frequency accelerator can reach. New
accelerator concepts must be developed to achieve higher energies
and tomake future particle colliders more compact and affordable.
The plasma wakefield accelerator (PWFA) embodies one such con-
cept, in which the electric field of a plasma wake excited by a bunch
of charged particles (such as electrons) is used to accelerate a trail-
ing bunch of particles. To apply plasma acceleration to electron–
positron colliders, it is imperative that both the electrons and their
antimatter counterpart, the positrons, are efficiently accelerated at
high fields using plasmas1. Although substantial progress has
recently been reported on high-field, high-efficiency acceleration
of electrons in a PWFA powered by an electron bunch2, such an
electron-driven wake is unsuitable for the acceleration and focus-
ing of a positron bunch. Here we demonstrate a new regime of
PWFAs where particles in the front of a single positron bunch
transfer their energy to a substantial number of those in the rear
of the same bunch by exciting a wakefield in the plasma. In the
process, the accelerating field is altered—‘self-loaded’—so that
about a billion positrons gain five gigaelectronvolts of energy with
a narrow energy spread over a distance of just 1.3 metres. They
extract about 30 per cent of the wake’s energy and form a spectrally
distinct bunch with a root-mean-square energy spread as low as

1.8 per cent. This ability to transfer energy efficiently from the
front to the rear within a single positron bunch makes the PWFA
scheme very attractive as an energy booster to an electron–positron
collider.
Future high-energy particle colliders will operate at the frontier of

particle physics, with particle energies in the range of several trillion
electronvolts3. Beyond the Large Hadron Collider (LHC) at the
EuropeanOrganization forNuclear Research (CERN), physicists envi-
sion building even bigger machines, such as the Future Circular
Collider4, which would collide protons at energies of around 100 TeV,
but would require a tunnel of circumference approximately 100 km.
Electron–positron linear colliders are also being considered, with
proposed machines such as the International Linear Collider5 (ILC)
and the Compact Linear Collider6 (CLIC). Based on existing radio-
frequency technology, they are also expensive and tens of kilometres
long. Looking beyond these machines, methods of building compact
and efficient particle colliders—such as the muon collider7, the laser
wakefield accelerator8 and the PWFA9—are under development. Of
these, the PWFA has showed an energy gain of tens of billions of
electronvolts in less than one metre10, and has recently shown high-
efficiency acceleration of an electron bunch with a narrow energy
spread containing a substantial charge, at a high energy gain per unit
length (or gradient) (ref. 2). However, for a future PWFA-based
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Figure 1 | Simulated plasma wakes driven by short and intense positron
bunches. The electron plasma density in the y–j plane is shown after a
propagation distance of s5 ct5 135 cm into the plasma, where y is the
dimension transverse to the direction of motion of the bunch, and j5 z2 ct is
the dimension parallel to the motion. In both panels the one-third-of-the-
maximum contour of the initial positron bunch density is represented by the
orange dashed line, the on-axis density profile of the initial positron bunch by
the grey dashed line, and the on-axis longitudinal electric field Ez by the red

solid line. The beam and plasma parameters (described in the Fig. 3 legend) are
the same as those in the experiment. a, The unloaded plasma wake, for which
no positrons are being accelerated by the wake because the bunch has been
terminated just as Ez reverses sign. b, The self-loaded plasma wake, where the
trailing particles of a single bunch extract energy from the wake excited by
the particles in the front. In a and b, the colour scale represents the perturbed
plasma electron density (the plasma density prior to the passage of the beam is
constant at 83 1016 cm23).
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Hollow plasma channels

Image credit: SLAC National Accelerator Laboratory
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HOLLOW CHANNELS
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> A (electron / positron / proton / laser) beam drives a similar longitudinal wakefield.


> On-axis beam => no focusing fields inside — emittance is preserved

Longitudinal wakefield
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> No plasma on axis — no focusing on axis
T. Tajima, Proc. of HEACC1983, p. 470 (1983) 

S. Lee et al., Phys. Rev. E 64, 045501 (2001)

Image credit: C. A. Lindstrøm et al., Phys. Rev. Lett. 120, 124802 (2018)

http://forward.desy.de


Carl A. Lindstrøm  |  Twitter: @FForwardDESY  |  Web: forward.desy.de  |  EAAC 2019  |  Elba, Italy  |  Sep 18, 2019  |  Page 00 

HOLLOW CHANNELS — FACET EXPERIMENTS: LONGITUDINAL WAKEFIELDS
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> FACET E225 experiment at SLAC


> 10 TW laser + kinoform optic = 12 cm long, 500 µm diameter channel


> 20 GeV positron beams, 850 pC, 35 µm (rms) long, single bunch


> 230 MV/m decelerating fields measured! Acceleration observed in later experiments.

S. Gessner et al., Nat. Comms 7, 11785 (2016)

The raster scan is performed by first aligning the laser to the
beam trajectory in a bypass line parallel to the lithium oven.
There are two metallic optical transition radiation foils in the
bypass line that are situated upstream and downstream of the
lithium oven and separated by 1.84m (see Supplementary Fig. 1
for details). Optical transition radiation light is produced by the
positron beam passing through the foil and attenuated laser light
is reflected from the foil, allowing the beam and laser position to
be imaged simultaneously, as shown in Fig. 3a. The laser
trajectory is set by the position of the kinoform, which is mounted

on a stage that can be actuated horizontally and vertically, and by
a gold folding mirror with tip-tilt action for a total of four degrees
of freedom that are exploited to simultaneously align the beam
and laser at the upstream and downstream foil locations. The
angular alignment accuracy of the laser is limited by the pointing
jitter of the laser, which was measured to be 25.4 mrad in x and
12.8 mrad in y r.m.s. With the laser aligned to the beam, the
lithium oven is translated into place and the laser intensity is
increased to ionize the vapour. We use the kinoform stage to
raster the laser in the transverse plane while keeping the pointing
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Figure 1 | Experimental layout. The laser passes through the kinoform and is coupled to the beam axis by a gold mirror with a small central hole.
Inset (a) shows the laser profile upstream of the lithium oven. A scintillating YAG screen 1.95m downstream of plasma is used to measure the positron
beam profile. Inset (b ) shows the positron beam spatial profile as imaged on the YAG screen with the laser off and no plasma present. Inset (c) shows the
beam profile with the laser on when the positron beam propagates through the plasma channel. The two profiles are similar, indicating that there are no net
focusing forces because of the plasma channel. A scintillating Lanex screen downstream of the dipole measures the beam energy spectrum.
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shown in the inset of Fig.1, the positron beam profile with and
without the laser produced plasma channel is nearly unchanged
when the beam propagates through the centre of the channel.
Previous work on positron beam propagation through uniform
low-density (n0E1013 cm! 3) plasma columns has shown the
formation of a halo of charge surrounding a central intense spot
due to transversely nonlinear focusing forces acting on different
slices of the beam27,28. No such halo formation or the formation
of a central hot spot was observed here. This shows that there are
no measurable focusing forces on the positron bunch, as expected
from propagation in a hollow plasma channel. Finally, we note
that the inferred gradient of 230MeVm! 1 is in excellent
agreement with both our theoretical prediction and simulation
result of 220MeVm! 1, as seen in Fig. 2.

In conclusion, this work demonstrates the core techniques for
generating and probing hollow channel plasmas and shows that
wakefields can be excited in such channels by the passage of a
positron beam. The technique can be straightforwardly applied to
produce metre-scale hollow channel plasmas, and the gradient
can be increased by reducing the diameter of the channel and
increasing the beam charge. Future experiments will explore the
accelerating phase of the wake using an appropriately placed
trailing bunch6. With even lower emittance beams, it may be
possible to explore the non-linear regime of hollow channel
PWFA, where the size of the channel is on the order of a plasma
skin depth29–31. Such accelerating structures have no transverse
focusing forces and therefore might be extremely attractive for
stacking multiple accelerator stages while minimizing the
emittance growth of the accelerating beam.

Methods
Plasma generation. The plasma channel is created by ionizing neutral lithium
vapour with a high-intensity laser pulse that is shaped into a high-order Bessel
profile using a kinoform phase plate. The kinoform is a 1-mm-thick piece of fused
silica with an etched pattern that approximates the ideal phase F¼ k>rþmf to
give a high-order Bessel profile, where r and f are the radial and azimuthal
coordinates, m is the Bessel order and k>¼ k sin(a) with a the angle of focused
rays with respect to the axis and k is the wavenumber for 800 nm light13,32,33.
We chose m¼ 7 and a¼ 4.4mrad, which produces a J7 profile with the first
maximum occurring at a radius of 250 mm. The resulting laser intensity is given

by I(r, z)¼ ZI02pkz sin(a)2J
2
7
(k>r), with Z the first-order diffraction efficiency,

measured to be 45%. Here, I0¼ 2.7$ 1010Wcm! 2 is the incident laser intensity.

Bessel profile optimization. The FACET Ti:Sapphire laser system contains a relay
imaging system that is used to transport and telescope the laser over long distances.
The lenses used in this system are potential sources of astigmatism. At the start of
the experiment, these lenses are adjusted to remove any observed astigmatism in

the first Bessel profile (see Supplementary Fig. 2a,b for details). The profile
may also be uneven as a result of partial illumination of the kinoform optic
(see Supplementary Fig. 2c,d for details). This is corrected by centring the laser on
the kinoform. Note that the fully amplified laser may have a different intensity
profile than the attenuated laser, which is used in the optimization procedure. An
uneven intensity profile may lead to uneven ionization of the plasma near the first
Bessel maximum, which a potential source of asymmetry observed in the kick map.

Calculation of the longitudinal electric field. The longitudinal electric field
experienced by the positron-drive beam is the convolution of the bunch charge
distribution with the single-particle wakefunction. The wakefunction is computed
by solving the electromagnetic wave equation inside the channel, in the plasma
annulus, and outside the channel and by matching the boundary conditions. The
plasma is represented by the dielectric function e¼ 1!o2

p=o
2 and is confined to

the region aorob, where a and b are the inner and outer radii of the plasma
annulus, respectively. We assume that the plasma electrons are not significantly
displaced from their initial positions by the passing field of the beam. This
assumption holds for a low-charge drive beam, as was the case in the experiment.

The wave equation is sourced by an on-axis, point charge driver propagating
through the plasma channel. Only the co-propagating mode with v¼ c is
considered, and the resulting single-particle wakefunction is given by

Wz zð Þ ¼
Gk2p
pE0

cos wkpz
! "

ð3Þ

with kp the plasma wavenumber. G and w are geometric quantities related to the
wake amplitude and wavelength, respectively, and are determined by the inner
radius and outer radius of the plasma annulus

w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2B1

2B1 þ kpaB0

s

; ð4Þ

G ¼ B0

kpa 2B1 þ kpaB0
! " ; ð5Þ

with

B0 ¼ K0 kpa
! "

I0 kpb
! "

!K0 kpb
! "

I0 kpa
! "

; ð6Þ

B1 ¼ K1 kpa
! "

I0 kpb
! "

þK0 kpb
! "

I1 kpa
! "

; ð7Þ

where In and Kn are the modified Bessel functions.
The drive beam is assumed to be Gaussian with charge distribution given by

r zð Þ ¼ eNffiffiffiffiffi
2p

p
sz

e
! z2

2s2z ; ð8Þ

where N is the number of beam particles and sz is the bunch length. The
longitudinal electric field experienced by the beam is the convolution of the
wakefunction and charge distribution

Ez zð Þ ¼
Z 1

z
r z0ð ÞWz z! z0ð Þdz0: ð9Þ

For the experimental parameters stated in the paper, we compute the maximum
decelerating field to be 222MVm! 1.

Imaging energy spectrometer. The beam energy is measured with an imaging
spectrometer composed of a quadrupole doublet and vertical bend magnet
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Figure 4 | Energy loss measurements. (a) A histogram of the beam energy loss for all 315 shots corrected for incoming energy jitter (see the Methods for
details). The plasma channel is present when the laser is on (red). When the laser is off (blue) the beam is propagating through neutral lithium vapour.
We fit the laser-on data to a gaussian (black dashed curve) with mean energy loss 18.9MeV and width 3.2MeV. (b ) A comparison of the average
beam energy spectra for laser on and laser off shots. The s.d. error bars represent the statistical uncertainty in the upper and lower regions of the spectrum
due to averaging (see Supplementary Fig. 4 for details). The error has been multiplied by a factor of five so that it is visible in the plot.
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> Panofsky–Wenzel theorem links longitudinal and transverse wakefields — the short-range wake theorem 

> Transverse wakefield scales more strongly with decreasing aperture.


> CLIC cavity (a = 3 mm) — Wx/Δx = 100 V/pC/m/mm


> E225 hollow channel (a = 215 µm) — Wx/Δx = 1,000,000 V/pC/m/mm
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C. B. Schroeder et al., Phys. Rev. Lett. 82, 1177 (1999)

Image credit: C. A. Lindstrøm et al., Phys. Rev. Lett. 120, 124802 (2018)

> Misaligned bunches induce a (dipole) transverse wakefield — deflecting away from the axis!
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C. A. Lindstrøm et al., Phys. Rev. Lett. 120, 124802 (2018)
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> E225 experiment at FACET, SLAC. 
— 20 GeV positrons, two bunches  
— 25 cm long hollow channel, 500 µm diameter


> Correlation between channel offset and probe bunch 
deflection angle 
 =>  Transverse wakefield could be extracted


> Repeated for several bunch separations (50–600 µm). 

> Experiment agrees well with theory.
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> Ideally: perfect alignment, no instability seed.


> Focusing is required to avoid instability! 

> External focusing? (i.e., quadrupoles)


> Studied for dielectric channels (same physics)


> Practically limited to ~150 MV/m only.


> Need on-axis electrons without transverse beam loading.


> Idea: Use relativistic (GeV), counter-propagating 
electrons 

> Makes on-axis electrons immobile like ions  
(large relativistic mass)


> “Electron lensing” demonstrated for low energy  
(10 keV) at the Tevatron, Fermilab in 1999.

electron beam

cathode

B 0

Bc

collector

Solenoid, B, L

p bunch

Image credit: C. Li et al., Phys. Rev. ST Accel. Beams 17, 091302 (2014)

Image credit: Shiltsev et al., Phys. Rev. ST Accel. Beams 2, 071001 (1999)
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LETTER
doi:10.1038/nature14890

Multi-gigaelectronvolt acceleration of positrons
in a self-loaded plasma wakefield
S. Corde1,2, E. Adli1,3, J. M. Allen1, W. An4,5, C. I. Clarke1, C. E. Clayton4, J. P. Delahaye1, J. Frederico1, S. Gessner1, S. Z. Green1,
M. J. Hogan1, C. Joshi4, N. Lipkowitz1, M. Litos1, W. Lu6, K. A. Marsh4, W. B. Mori4,5, M. Schmeltz1, N. Vafaei-Najafabadi4,
D. Walz1, V. Yakimenko1 & G. Yocky1

Electrical breakdown sets a limit on the kinetic energy that part-
icles in a conventional radio-frequency accelerator can reach. New
accelerator concepts must be developed to achieve higher energies
and tomake future particle colliders more compact and affordable.
The plasma wakefield accelerator (PWFA) embodies one such con-
cept, in which the electric field of a plasma wake excited by a bunch
of charged particles (such as electrons) is used to accelerate a trail-
ing bunch of particles. To apply plasma acceleration to electron–
positron colliders, it is imperative that both the electrons and their
antimatter counterpart, the positrons, are efficiently accelerated at
high fields using plasmas1. Although substantial progress has
recently been reported on high-field, high-efficiency acceleration
of electrons in a PWFA powered by an electron bunch2, such an
electron-driven wake is unsuitable for the acceleration and focus-
ing of a positron bunch. Here we demonstrate a new regime of
PWFAs where particles in the front of a single positron bunch
transfer their energy to a substantial number of those in the rear
of the same bunch by exciting a wakefield in the plasma. In the
process, the accelerating field is altered—‘self-loaded’—so that
about a billion positrons gain five gigaelectronvolts of energy with
a narrow energy spread over a distance of just 1.3 metres. They
extract about 30 per cent of the wake’s energy and form a spectrally
distinct bunch with a root-mean-square energy spread as low as

1.8 per cent. This ability to transfer energy efficiently from the
front to the rear within a single positron bunch makes the PWFA
scheme very attractive as an energy booster to an electron–positron
collider.
Future high-energy particle colliders will operate at the frontier of

particle physics, with particle energies in the range of several trillion
electronvolts3. Beyond the Large Hadron Collider (LHC) at the
EuropeanOrganization forNuclear Research (CERN), physicists envi-
sion building even bigger machines, such as the Future Circular
Collider4, which would collide protons at energies of around 100 TeV,
but would require a tunnel of circumference approximately 100 km.
Electron–positron linear colliders are also being considered, with
proposed machines such as the International Linear Collider5 (ILC)
and the Compact Linear Collider6 (CLIC). Based on existing radio-
frequency technology, they are also expensive and tens of kilometres
long. Looking beyond these machines, methods of building compact
and efficient particle colliders—such as the muon collider7, the laser
wakefield accelerator8 and the PWFA9—are under development. Of
these, the PWFA has showed an energy gain of tens of billions of
electronvolts in less than one metre10, and has recently shown high-
efficiency acceleration of an electron bunch with a narrow energy
spread containing a substantial charge, at a high energy gain per unit
length (or gradient) (ref. 2). However, for a future PWFA-based

–1–2–3–4–5 –1–2–3–4–5

60

a b

40

20

0

–20

–40

–60

y 
(μ

m
)

–200 –150 –100 –50 0 –200 –150 –100 –50 0

Plasma 
wake

Plasma
wake

Drive
bunch

Drive
bunch

Bunch
direction

Bunch
direction

ξ (μm) ξ (μm)

4

3

2

1

0

B
eam

 density (10
16 cm

–3)

20

10

0

–10

–20

E
z  (G

V m
–1)

Ez

Ez

Plasma density (8.0 x 1016 cm–3 ) Plasma density (8.0 x 1016 cm–3 )

Figure 1 | Simulated plasma wakes driven by short and intense positron
bunches. The electron plasma density in the y–j plane is shown after a
propagation distance of s5 ct5 135 cm into the plasma, where y is the
dimension transverse to the direction of motion of the bunch, and j5 z2 ct is
the dimension parallel to the motion. In both panels the one-third-of-the-
maximum contour of the initial positron bunch density is represented by the
orange dashed line, the on-axis density profile of the initial positron bunch by
the grey dashed line, and the on-axis longitudinal electric field Ez by the red

solid line. The beam and plasma parameters (described in the Fig. 3 legend) are
the same as those in the experiment. a, The unloaded plasma wake, for which
no positrons are being accelerated by the wake because the bunch has been
terminated just as Ez reverses sign. b, The self-loaded plasma wake, where the
trailing particles of a single bunch extract energy from the wake excited by
the particles in the front. In a and b, the colour scale represents the perturbed
plasma electron density (the plasma density prior to the passage of the beam is
constant at 83 1016 cm23).

4 4 2 | N A T U R E | V O L 5 2 4 | 2 7 A U G U S T 2 0 1 5

1SLACNational Accelerator Laboratory,Menlo Park, California 94025, USA. 2LOA, ENSTAParisTech, CNRS, Ecole Polytechnique, Université Paris-Saclay, 91762Palaiseau, France. 3Department of Physics,
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Accelerating a Positron Beam in the 
Linear Plasma Wake Field

7

simulation results in the proposed configuration using a ring like electron bunch driver. In Section 4 we consider the 
case of two co-propagating drivers with a transverse offset. Finally, the conclusions will be given in Section 5. 

 
 

 

 

 

 

 

 

 

 
 

Figure 1 Simulation results showing a doughnut bubble excited by a high order Laguerre-Gaussian laser pulse. (a) isosurfaces 
show regions of constant electron plasma density. The projections show the plasma density and laser electric field. The arrow 

indicates the propagation direction. (b) shows the transverse focusing force associated with a doughnut bubble and (c) the 
corresponding accelerating field. (d) shows the phase space of an externally injected test positron bunch. The red line shows the 

integrated energy spectrum. 

2. POSITRON ACCELERATION IN NON-LINEAR DOUGHNUT WAKEFIELDS 

To illustrate the concept of wake generation and positron acceleration driven by doughnut shaped lasers we first 
analyze the results from 3D PIC simulations. Figure 1 shows a 3D simulation result example of a doughnut 
wakefield excited by a higher order Laguerre Gaussian laser pulse. The laser pulse is described by a first order 
Laguerre Gaussian beam mode (l,p) = (1,0) with normalized a0 = 3.2  with a duration τ = 4/ωp and waist W0 = 7c/ωp. 
The ratio from the laser pulse frequency to the plasma frequency is ω0/ωp=5. Thus, the corresponding plasma 
density for a laser pulse with a central wavelength λ=1µm,  is n0=6.9x1019cm-3 and corresponding laser energy 
E=140 mJ [6]. 

We start by examining the shape of the doughnut plasma wave produced by the doughnut laser pulse. The 
structure of the doughtnut blowout is illustrated in Figure 1a. When the inner electron sheath that defines the 
blowout merges on axis, the excess negative charge produces focusing wakefields for positrons. It is possible to 
estimate the focusing fields in these conditions, assuming a simplified doughnut blowout model consisting on a 
outer electron sheath defining the plasma wave, and an inner electron sheath placed at the axis of propagation [6]. 
The normalized focusing force is !! − !!, where !! is the radial electric field normalized to !!!!!!/! and !!is 
the azimuthal magnetic field normalized to !!!!!/!, and where !! and ! are the electron mass and charge 
respectively, ! the speed of light and !! the plasma frequency. For a radius r larger than the radius of the on-axis 
electron sheath: 

!! − !! = !! !! −
!!!
!!!!!!(1)  

Inside the on-axis electron sheath: 

!! − !! = !!
!
2 1 − 1

4!!! ! 2 , 
The first term in Eq. (1) represents the transverse fields associated with the background plasma ions, while the 
second term represents the contribution from the on-axis plasma electrons. The first term in Eq. (2) is also due to the 
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Tokamak T-1 (1958) ITER (2023+)

> John Lawson proposed a figure of merit for fusion research.


> The triple product: 
 
   Density  x  Confinement time  x  Temperature


> Allows comparison between different technologies and machines.


> Has guided the research towards large tokamaks (e.g., JET and ITER)


> Need a similar guide for plasma collider concepts!

JET (1984)
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> Main figure of merit — Luminosity per wall-plug-power 

> Many assumptions: 

> Factors out rep. rate


> Concept can be scaled to high energy (TeV) — staging


> Sub-% energy spread required


> Beam stability (~10 nm misalignment tolerance) 

> Provides a way of comparing concepts based on  
instantaneous physics (fast) instead of full-scale collider 
design (slow). 

> (Applies equally to electron and positron arm)
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> Showing only published parameter sets (experiment, simulation)


> Too early to conclude which concept is better — concepts need to be optimized for luminosity/power.
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POSITRON EXPERIMENTS AT FACET-II
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> Positrons acceleration is foreseen for later phases of FACET-II operation (2022+).


> Important for the community to express support for positron experiments at FACET-II.  

> Keeping the momentum: Theoretical advances often made in the vicinity of experimental research.

> Only one way to find out — positron experiments!
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POSITRON EXPERIMENTS AT FACET-II

�33

> Positrons acceleration is foreseen for later phases of FACET-II operation (2022+).


> Important for the community to express support for positron experiments at FACET-II.  

> Keeping the momentum: Theoretical advances often made in the vicinity of experimental research.

Plenary talk (Thursday 10:10) 

Plasma Wakefield Acceleration Science at FACET-II 

— Mark Hogan (SLAC)

> Only one way to find out — positron experiments!
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TAKE-AWAY MESSAGES
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> TeV-scale electron–positron colliders — important for future high-energy physics.

> Plasma wakefields are promising for electrons — does not translate to positrons


> Several proposed methods:


> Quasi-linear wakefields                          — must beam loading imply large emittance?


> Nonlinear wakefields (self-loaded)         — Is there a low-emittance equilibrium distribution? 

> Nonlinear wakefields (finite channel)      — Is it stable? Can it be efficient?

> Wake inversion                                        — Can nonlinear fields be avoided when loading?


> Hollow channels                                      — Can we suppress instability by strong focusing?


> Core issue: Longitudinal beam loading without transverse beam loading for positrons? 

> Can plasma electrons simultaneously focus uniformly and accelerate efficiently? 

> Urgently need optimization and comparison — figure of merit = luminosity/power 

> Positron experiments planned for FACET-II — very important for the advancement of the field
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WORDS TO LEAVE ELBA WITH…

�35

Impossible is a word 
to be found only in the 
dictionary of fools.

– Napoleon Bonaparte

“Napoleon Bonaparte on Elba” by Horace Vernet

Impossible n'est pas 
français.

…alternatively…

http://forward.desy.de

