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Linear Colliders
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To date, there has only been one linear collider ever built: 

The SLAC Linear Collider (SLC) which operated from 1986-1998

Linear Colliders

In the previous lecture on 
instabilities, we introduced the 
Linear Collider concept.

To date, there has only been one 
linear collider ever built: The 
SLAC Linear Collider which 
operated from 1986-1998.
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• Linear Colliders collide 
electron and positron beams 

• They are used for precision 
particle physics studies 

• There are several existing 
design concepts 

• The total length of the 
machines are ~30km

Linear Colliders

Linear Colliders (LCs) collide 
electron and positron beams.

They are used for “precision” 
particle physics studies.

There are several existing design 
concepts. The total length of the 
machines are ~30 km.

NLC

CLIC

ILC



PWFA Experimental Program at FACET-II is Motivated by 
Roadmap for Future Colliders Based on Advanced Accelerators
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Figure 1: Layout of a 500 GeV PWFA Linear Collider. Each main bunch is accelerated by 25 GeV in each of ten plasma
stages. The plasma is driven by e− bunches, generated by a SCRF CW recirculating linac, and distributed co-linearly
with the main beams.

decelerating field; the transformer ratio. We design for a
transformer ratio of 11. A transformer ratio higher than 1
would reduce the drive beam energy, but tighten the main
bunch injection tolerances, as the main bunch needs to be
positioned closer to the trailing edge of the bubble. Using
Gaussian beam current profiles, the optimization yields [6]
a drive bunch charge of 2x1010, drive bunch length of 40m
(approx. the plasma wavelength/2π), a distance between
the drive bunch and the main bunch of 187 um and a final
main bunch energy spread of a few %. Assuming opera-
tion in the PWFA blow-out with the stated parameters and
electron bunches with a Gaussian charge profile, an over-
all drive bunch to main bunch power transfer efficiency of
50% is achieved in QuickPIC [7] simulations. The drive to
plasma transfer efficiency is 77% and the plasma to main
bunch transfer efficiency is 65% [6]. For positron accel-
eration other regimes such as the near hollow channel pro-
posed most recently by [8] shows promise, however precise
efficiency calculations have not yet been performed for this
regime.

DRIVE BEAM GENERATION
The plasma cells are powered by trains of bunches pro-

duced using recirculating linac acceleration. Each drive
bunch powers one single plasma cell accelerating one sin-
gle main bunch by 25 GeV, and is then ejected to a dump.
The process starts with a CW SC linac for optimum effi-
ciency and a recirculating beam line to reduce the overall
drive beam linac length and the associated cost and cryo-
genics power. The bunches are fed into an accumulator
ring to generate the time structure required to power the

1In the blow-out regime the transformer ratio could be chosen to be
significantly larger than 1.

plasma stages, see Fig. 1. When enough bunches to accel-
erate a single electron and positron bunch to their final en-
ergy have been accumulated in the ring, they are extracted
and distributed to the plasma cells from a co-linear distri-
bution system. This system uses fast kickers, small angle
bends and magnetic chicanes as delay lines to satisfy the
time constraints. Due to the co-linear drive beam, and ex-
ploiting the energy difference drive beam and main beam,
the kick angle required for drive beam injection before a
plasma stage is at most 9 mrad (varying with energy), and
we foresee that a solution based on conventional technol-
ogy (septa and kickers) will fulfill the timing requirements
of the PWFA-LC. More details about the drive beam gen-
eration and injection/extraction can be found in [9].

POWER ESTIMATES
The estimated total wall plug power consumption of the

complex is summarized in Fig. 2. It assumes 50% drive
to main bunch efficiency as discussed above, a realistic
power supply efficiency of 90% and a klystron efficiency
of 65% (based on LEP or CEBAF experience with CW op-
eration). With these efficiencies the rf power to accelerate
the drive beam up to the requested energy of 25 GeV varies
from 26 MW to 114 MW at center of mass energy of 250
GeV and 3 TeV respectively. In addition 1 MW to 13 MW
have to be provided to compensate for synchrotron radi-
ation losses in the accumulator ring. Thus the wall plug
power for drive beam acceleration varies from 61 MW to
211 MW corresponding to the lion’s share of the total wall
power consumption. The cryogenic power of the SC linacs
is only 15.7 MW using recirculation. The resulting drive
beam wall-plug to drive beam efficiency is 40%, and the
total beam acceleration efficiency of about 20% is partic-
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E. Adli et al., ArXiv 1308.1145 
J. P. Delahaye et al., Proceedings of IPAC2014 

A Conceptual PWFA-LC

http://science.energy.gov/~/media/
hep/pdf/accelerator-rd-stewardship/

Advanced_Accelerator_Development_
Strategy_Report.pdf

• Collider concepts assume high degree of 
symmetry between electron and positrons 

• This is not a good assumption 

• Planning for FACET-II to offer ability to test 
concepts in collider relevant regimes

http://science.energy.gov/~/media/hep/pdf/accelerator-rd-stewardship/Advanced_Accelerator_Development_Strategy_Report.pdf
http://science.energy.gov/~/media/hep/pdf/accelerator-rd-stewardship/Advanced_Accelerator_Development_Strategy_Report.pdf
http://science.energy.gov/~/media/hep/pdf/accelerator-rd-stewardship/Advanced_Accelerator_Development_Strategy_Report.pdf
http://science.energy.gov/~/media/hep/pdf/accelerator-rd-stewardship/Advanced_Accelerator_Development_Strategy_Report.pdf


Plasma Response to Positron Beams
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Z

positronFlow-in

e+e-

Blow-out electron

Z

Positron-driven wakes become complicated in the mildly nonlinear regime

• The plasma electrons 
are mobile but the 
plasma ions are not 

• The plasma responds 
asymmetrically to 
beams of opposite 
charge 

• No other 
accelerating 
mechanism exhibits 
this behavior!



Plasma Response to Beams of Opposite Charge
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In the linear regime, the response is symmetric

EzEz

In the linear regime, the response is symmetric.

QuickPIC Simulation run on Hoffman2 at UCLA

2! beam contour 2! beam contour

Plasma Response to Beams of Opposite Charge

QuickPIC Simulation run on Hoffman2 at UCLA - courtesy of S. Gessner



Plasma Response to Beams of Opposite Charge
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As we increase the beam charge (density), the asymmetry becomes more pronounced

QuickPIC Simulation run on Hoffman2 at UCLA - courtesy of S. Gessner
As we increase the beam charge, the asymmetry becomes more pronounced.

Plasma Response to Beams of Opposite Charge



Plasma Response to Beams of Opposite Charge
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As we increase the beam charge (density), the asymmetry becomes more pronounced

QuickPIC Simulation run on Hoffman2 at UCLA - courtesy of S. Gessner
As we increase the beam charge, the asymmetry becomes more pronounced.

Plasma Response to Beams of Opposite Charge



Plasma Response to Beams of Opposite Charge
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As we increase the beam charge (density), the asymmetry becomes more pronounced

QuickPIC Simulation run on Hoffman2 at UCLA - courtesy of S. Gessner
As we increase the beam charge, the asymmetry becomes more pronounced.

Plasma Response to Beams of Opposite Charge



Plasma Response to Beams of Opposite Charge
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As we increase the beam charge (density), the asymmetry becomes more pronounced 

…and more complicated

QuickPIC Simulation run on Hoffman2 at UCLA - courtesy of S. GessnerAnd more complicated.

As we increase the beam charge, the asymmetry becomes more pronounced.

Plasma Response to Beams of Opposite Charge

Blow-out regime has many great properties for accelerating electrons: 
• Focusing is linear in r and constant in z 
• Accelerating field is constant in r



Positron Acceleration in the Linear Regime?
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Why not operate in the linear regime then?

QuickPIC Simulation run on Hoffman2 at UCLA - courtesy of S. Gessner

EzEz

Why not operate in the linear regime?

2! beam contour 2! beam contour

Positron Acceleration in the Linear Regime?



Beam Loading in the Linear Regime
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For positron acceleration 
in the linear regime, we 
must consider both beam 
quality and efficiency.  

• What is the energy 
spread of the beam?  

• Is the emittance 
maintained throughout 
acceleration?  

• What is the transfer 
efficiency? 

C. S. Hue et al, Phys. Rev. Research, 043063 (2021)

Beam Loading in the Linear Regime

For positron acceleration in the
linear regime, we must consider both 
beam quality and efficiency.

• What is the energy spread of the 
beam?
• Is the emittance maintained

throughout acceleration?
• What is the transfer efficiency?

C. S. Hue et al, Phys. Rev. Research, 043063 (2021)



Beam Loading in the Linear Regime
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• In general, a smaller 
witness beam samples 
less variation of a 
changing wakefield, and 
beam quality is higher 

• However, it also absorbs 
less energy from the 
wake and efficiency is 
lower 

• The problem becomes 
more severe with lower 
emittance beams 

C. S. Hue et al, Phys. Rev. Research, 043063 (2021)

Beam Loading in the Linear Regime

For positron acceleration in the
linear regime, we must consider both 
beam quality and efficiency.

• What is the energy spread of the 
beam?
• Is the emittance maintained

throughout acceleration?
• What is the transfer efficiency?

C. S. Hue et al, Phys. Rev. Research, 043063 (2021)



Beam Loading in the Linear Regime
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If we insist on maintaining beam 
quality at a certain level, none of 
the options in the linear regime are 
particularly efficient

C. S. HUE et al. PHYSICAL REVIEW RESEARCH 3, 043063 (2021)

TABLE II. Beam parameters or parameter range for the simulation results presented in Fig. 8. The plasma density is n0 = 5×1016 cm−3

for all simulations, and kpr0 = 1 for “Donut driver” simulations. In all regimes, for a trailing positron beam with an initial energy E = 1 GeV,
quasimatched conditions generally correspond to µm-scale normalized emittances.

Linear low charge Linear high charge Moderately nonlinear Donut driver

Driver Trailing Driver Trailing Driver Trailing Driver Trailing

σr (µm) 6.09–19.27 1.19 12.19–14.56 1.19 6.28–8.22 1.19 9.4 0.85
σz (µm) 16.7 2.14 16.7 2.14 16.7 2.14 16.7 2.14
nb/n0 0.05–0.5 0.25–15.5 0.35–0.5 1–75 1.1–1.88 25–70 2.97 35–15 000
kpξ 0 −6.2 0 −6.2 0 −6.25 – −5.90 0 −0.55

uncorrelated energy spread in view of the requirements of a
final focus system [21]. Because of the small drive charge,
it is possible to keep decreasing the driver beam size σr as Qt
and η are increased and to continue to excite a linear wakefield
with nb/n0 ! 0.5 for the driver. However, with such low drive
charge, the loaded accelerating field only slightly exceeds
1 GV m−1 [see Fig. 8(b)], and the accelerated positron charge
is only 5 pC.

FIG. 8. (a) Uncorrelated-energy-spread-to-gain ratio δ vs
energy-transfer efficiency η for different regimes of positron
acceleration. The dashed black line depicts the constraint δ ! 1%
explained in the text. For each regime, the different data points are
obtained by increasing Qt and optimizing the driver to minimize
δ. (b) Loaded accelerating field Ez vs trailing positron charge Qt

for the same data points as in (a). Beam and plasma parameters or
parameter range for these simulation results can be found in Table II.

One can naturally seek to accelerate higher trailing
positron charges at higher fields by increasing the drive beam
charge. Considering the linear regime again but with a higher
drive beam charge of 152 pC (referred to as “Linear high
charge” in Fig. 8), and repeating the same optimization pro-
cess, one finds that the limit of nb/n0 ! 0.5 for the driver
to continue to excite linear wakefields prevents any further
optimization or decrease of the drive beam size σr beyond the
first two “Linear high charge” data points in Fig. 8. Because of
this lack of optimization, δ quickly increases for the following
data points with higher Qt and η. Using the same constraint
δ ! 1% as before, Qt and η are limited to about 10 pC and
20%, while the loaded accelerating field Ez reaches 3 GVm−1.

In fact, we can continue to decrease the drive beam size σr
despite leaving the linear regime, as long as the acceleration
performance is satisfactory, which is found to be the case
in the moderately nonlinear regime characterized by nb/n0 ∼
1–2 and % < 1 and introduced in Sec. IV A. In Fig. 8, the data
points for the moderately nonlinear regime share the same
drive charge of 152 pC as the “Linear high charge” case, but
the smaller value of σr being used for the driver makes it
possible to considerably improve the transverse uniformity of
Ez, resulting in lower δ. Figure 8 shows that in the moder-
ately nonlinear regime we can achieve δ ! 1% with trailing
positron charge and energy-transfer efficiency of up to 25 pC
and 40% and an accelerating field of Ez $ 5 GV m−1.

Finally, if one aims for even higher accelerating field
and higher positron charge, Fig. 8 shows that the nonlinear
blowout regime with a donut-shaped electron driver is the best
suited, at the cost of a degraded tradeoff between δ and η. This
regime is indeed compatible with much higher drive charge
(Qd = 8.6 nC for the “Donut driver” data points in Fig. 8),
and thus higher Ez and Qt , typically one to two orders of
magnitude higher than in the previous cases. However, above
5% energy-transfer efficiency, δ degrades beyond 1%, so the
donut regime can be used for high fields and high trailing
charges with a compromise on either an energy-transfer effi-
ciency limited to the few-percent range or on an uncorrelated
energy spread exceeding the percent level.

V. CONCLUSION

Our results show the importance of beam loading in
plasma-based positron acceleration, whose properties differ
significantly from beam loading for electron acceleration
in the blowout regime. Indeed, when plasma electrons are
present in the vicinity of the accelerated positron bunch to
provide focusing fields, positron beam loading can then alter

043063-10C.S. Hue et al., Physical Review Research 3, 043063 (2021) 

https://journals.aps.org/prresearch/pdf/10.1103/PhysRevResearch.3.043063


Plasma Wakefield Experiments at the SLAC FFTB (1998-2006)

15

3 km e-/e+

LINAC
Final Focus 
Test Beam

3 km for 50 GeV e- and e+ 1 m for 1 GeV?



Short Bunch Generation In The SLAC Linac After 2002 – But Only for Electrons
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• Bunch length/current profile is the convolution of 
an incoming energy spectrum and the magnetic 
compression 

• Dial FFTB R56, measure incoming energy spectrum28 GeV

Existing bends compress to <100 fsec

~1 Å

Add 12-meter chicane compressor in 
linac at 1/3-point (9 GeV)

Damping Ring

9 ps 0.4 ps <100 fs

50 ps
SLAC Linac

1 GeV 20-50 GeV

FFTBRTL

30 kA
80 fsec FWHM

1.5%



First Acceleration of Positrons in Plasma

17

• First demonstration of positron acceleration in plasma! 

• The E162 experiment operated in the linear regime 

• A streak camera was used to measure the time-resolved energy spectrum

Plasma
No Plasma

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



Transverse Dynamics of Positrons in Plasma
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• When the positron beam is much 
denser than the background 
plasma, the nonlinearities become 
evident. 

• Simulations of the ultra-
relativisitic positron experiment 
show the formation of an 
“arrowhead” bunch.

M. J. Hogan et. al. Phys. Rev. Lett. 90 205002 (2003).



Transverse Dynamics of Positrons in Plasma
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• The question of positron beam evolution in the plasma important for 
understanding the final beam parameters 

• A large, non-gaussian, beam halo is observed implying a large emittance 

• Simulations show that the emittance grows rapidly along all longitudinal slices of 
the beam.

P. Muggli et. al. Phys. Rev. Lett. 101 055001 (2008).



Future Experiments Would Require a New Facility – FACET

20

Beam Transport Hall 
(previously FFTB*)

Linac

Facing West* Final Focus Test Beam



FACET: A National User Facility (2012-2016) 
based on high-energy beams and their interaction with plasmas and lasers

21

Primary Goal: 
•Demonstrate a single-stage high-energy plasma 

accelerator for electrons 
Timeline: 

•Construction, Commissioning (2008-2011) 

•Experimental program (2012-2016) 

A National User Facility:  
•Externally reviewed experimental program 

•>200 Users, 25 experiments, 8 months/year operation 

Key PWFA Milestones:  
✓Mono-energetic e- acceleration 

✓High efficiency e- acceleration (Nature 515, Nov. 2014) 

✓First high-gradient e+ PWFA (Nature 524, Aug. 2015) 

✓Demonstrate required emittance, energy spread  

 (Nature Physics, Aug. 2019)

20GeV, 3nC, 20µm3, e- & e+

20GeV, 3nC, 20µm3, e- & e+

Premier R&D facility for PWFA: Only facility capable of e+ acceleration  
Highest energy beams uniquely enable gradient > 1 GV/m



Electrons/Positrons

Laser

Plasma

Results from FACET



Positron Beam-Driven PWFA at FACET
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FACET was able to provide high-density, 
compressed positron beams for non-
linear PWFA experiments

Experimental results in 1.3 m plasma

This led to new observations: 

• Accelerated positrons form a 
spectrally-distinct peak with an 
energy gain of 5 GeV 

• Energy spread can be as low as 
1.8% (r.m.s.) 

• An exciting and unexpected result!

S. Corde et al., Nature 524, 442 (2015)
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QuickPIC simulations: loaded vs unloaded wake (truncated bunch)

Beam loading also affects transverse fields for positron driven wakes! 

Unloaded Loaded

defocusing focusing

S. Corde et al., Nature 524, 442 (2015)

Positron Beam-Driven PWFA
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Beam Loading with Electron Bunches

• This simulation shows the electron beam-
driven wake in the blow out regime 

• When the wake is loaded, the bubble regime is 
still free of plasma electrons and the 
transverse force is un-modified 

• The presence of the trailing electron beam 
“flattens” the Ez field 

• This leads to high efficiency and low energy 
spread 

• However, there is no modification of the 
transverse fields inside the bubble due to the 
addition of the trailing electron bunch

M. Litos et al. Nature 515, 92-95 (2014)
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Key question:  

Is there an equilibrium emittance, or is 
the emittance growth continuous?

S. Corde et al., Nature 524, 442 (2015)

Positron Beam-Driven PWFA



Positron Beam Loading and Acceleration 
in the Blowout Regime of Plasma Wakefield Accelerator

27

• ~100pC e+ charge 

• 5GeV energy gain 

• 2.4% energy spread 

• 7 mm-mrad norm. Emittance 

• Wake to beam efficiency 26%

2

tion of several mm ·mrad and energy transfer e�ciency
over 20% from wake to the positron beam. Furthermore,
an additional electron bunch can be loaded in the same
wake in the first bubble which can lead to the improve-
ment of the positron beam quality and overall beam load-
ing e�ciency. The possibilities of positron acceleration
with a high transformer ratio (HTR) and even simultane-
ous HTR electron and positron acceleration with a single
driver are illustrated.

In the blowout regime of PWFA where the ions are
uniformly distributed within the cavity, the transverse
force for a relativistic positron (vz ⇠ c) is[11, 12]

F?e+(r) = e(Er � vzB✓) = �e
@ 

@r

=
1

2
r +

1

r

Z r

0
[⇢e (r

0)� Jze (r
0) /c] r0dr0,

(1)

where  ⌘ � � Az is the wake pseudo-potential, � and
A are the scalar and vector electromagnetic potential,
⇢e and Je are the charge and current density of the
plasma electrons and axial symmetry and quasi-static
approximation[24] are assumed. Henceforth, we adopt
normalized units with length, speed, density, mass and
charge normalized to the plasma skin-depth, c/!p, speed
of light, c, plasma density, n0, electron rest mass, m, and
electron charge, e, respectively. In Eq.(1), the 1st term
is the repulsive force from ions and the 2nd is focusing
induced by the plasma electrons remaining within the
cavity. To focus a positron beam with transverse size r0,

�
Z r0

0
[⇢e (r

0)� Jze (r
0) /c] r0dr0 >

1

2
r20 (2)

must be satisfied. In an unloaded blowout wake, only the
narrow volume between the first and second bubbles ful-
fills the criterion as in Fig.1. However, placing a positron
beam into this region dramatically a↵ects the distribu-
tion of the plasma electrons around. The transverse force
for a plasma electron with vz is

F?e� (r) = �r

2
� 1� vz

r

Z r

0
nbr

0dr0 � 1

r

 Z r

0
⇢er

0dr0

� vz

Z r

0

Jze
c

r0dr0
�
� 1� vz

2

Z r

0

@Ez

@⇠
dr0,

(3)
where nb is the witness positron beam density and ⇠ ⌘
ct� z. The four terms that contribute to the transverse
force are due to the ions, positron beam, ⇢e and Jze and
the plasma transverse current respectively.

The plasma electron densities and transverse force
distributions in a typical blowout regime with/without
positron beam loading are visualized in Fig.1 based on
PIC simulations and particle trackings. Figure 1a depicts
the unloaded situation in (x, ⇠) plane where ndriver �
n0, and kp�r,z  1. The plasma electrons are repelled by
the relativistic drive electrons and then pulled back by

the 1st 
cavity

the 2nd 
cavity

 the e+  beam

FIG. 1: Beam density and trajectories of plasma electrons
for (a) an unloaded blowout regime (see text below for the
beam, plasma and simulation parameters), (b) the zoom-in-
view of the dashed box and (c, d) positron beam loading case.
Transverse wakefield Wx ⌘ Ex � cBy for the (e) unloaded
and (f) beam-loading case and (g) its transverse lineouts at
kp⇠ = 9.7, 10.1, 10.5, 10.9. Red boxes indicate the position of
positron beam.

the exposed ions, forming a bubble void of electrons. At
the end of the bubble, most electrons are reflected due to
the 3rd and 4th terms in Eq.(3)[25]. As these electrons
are deflected, the focusing force provided by the immo-
bile plasma ions (and the positron beam if placed as in
Fig. 1c) becomes dominant, which results in some plasma
electrons to bend and stay close to the axis in the sec-
ond wake cavity to provide focusing force for positrons. If
the positron beam plus the ions balance the self-repulsion
force of su�cient sheath electrons, the latter form a coax-
ial filament and the positron beam can be confined.

Simulations are conducted using the quasi-static 3D-
PIC code QuickPIC [26, 27], with a simulation window
14⇥14⇥15k�3

p (x, y, ⇠) and resolution of 0.014⇥0.014⇥
0.015k�3

p . The drive beam has a bi-Gaussian profile cen-
tered at kp⇠ = 4 with kp�z = 1, kp�r = 0.17, and
ndriver/n0 = 23. If the plasma density is 7.8⇥ 1015cm�3

then k�1
p = 60µm, corresponding to the drive beam con-

taining 2.75nC charge with �z = 60µm, �r = 10µm. This
driver excites a nonlinear blowout wake where the return-
ing plasma electrons converge around the axis in a small
volume. Figure 1e shows that in an unloaded case the re-
gion of the electron convergence (density peak) is the only
focusing area for an on-axis positron beam. However, if a
narrow positron beam (in the simulation it has a longitu-
dinally flattop profile at kp⇠ 2 [9.6, 11] and a transverse
Gaussian profile of �p = 2µm with a peak density 100n0)
is loaded into the cavity just behind the density peak as in
Fig.1c, the situation changes dramatically. We track the
trajectories of selected plasma electrons whose original
radii uniformly distribute between 0 to 1.5k�1

p . Electrons
returning to the axis quickly diverge again in the un-
loaded situation (Fig.1b), whereas the space charge of the
positron beam attracts many of these electrons (Fig.1c)
to the axis, thereby creating an extended electron fil-

4

Thus, a uniform average accelerating field hEzi =R 1
0 Ez(r)nb(r)rdrR 1

0 nb(r)rdr
along the e+ beam is essential for e+

beam quality optimization. The optimized beam current
profile can be obtained through an iterative algorithm
similar to that described in [17] assuming non-evolving
drive and witness beams. Here the e+ beam has a Gaus-
sian transverse profile of �p = 2µm. The required current
profiles and corresponding Ez are presented in Fig.2b.
To extract more energy from the plasma wake, a higher
charge is needed and the loaded Ez is lower. However,
owing to the nonlinear response of plasma electrons, the
optimized e+ beam current profile shapes change and
the transverse variation of Ez increases with the loaded
charge because of the more intense e↵ects described by
Eq.(8). Therefore, for the 80, 221, 444pC e+ beams, hEzi
is 0.7, 0.6, 0.5mc!p/e respectively, while the induced rms
energy spread ��/ (� � �0) is 1.66%, 3.30% and 4.56%,
which indicates a tradeo↵ between the beam charge, ef-
ficiency, gradient and beam quality for positron acceler-
ation in the blowout regime[31].

FIG. 3: Results of positron beam acceleration in the blowout
regime. (a) A snapshot of the plasma wake after propagating
20cm. The red shadow denotes Ez within ±3�p. (b) The
distribution of Wx where the rectangle presents the positron
position. (c) Evolution of the slice and projected normal-
ized emittances. (d) Average accelerating field hEzi for the
positron beam at di↵erent distances. (e) Evolution of the
mean energy and induced energy spread. (f) Final longitudi-
nal phasespace. (g) Final spectra of the two beams. The gray
dashed lines show the beam current profile.

It is still possible to achieve high e�ciency e+ beam
acceleration with good beam quality over a long prop-
agation distance. For example, in Fig.3 we present a
case with n0 = 7.8 ⇥ 1015cm�3, a bi-Gaussian electron
driver of �z = 40µm, �r = 5µm and normalized emit-
tance 2.5mm ·mrad. This beam contains 534pC charge
and drives a bubble with a maximum radius of ⇠ k�1

p .
A positron beam with 102pC of charge, transverse size

�p = 2µm, ✏n = 6mm ·mrad and a piecewise-linear
current profile is loaded at a distance 306µm behind
the drive beam center. Its current rises to I0 = 425A
in 4.8µm, decreases to 0.89I0 in 64µm, then falls to
0 in 22µm. Both beams have initial energy 2.5GeV
(�0 = 5000).
Figure 3a illustrates a snapshot of the plasma, beam

densities and the corresponding Ez at a propagation dis-
tance of 20cm. The e+ beam loaded Ez is almost flat-
tened, and its transverse variation within ±3�p is also
suppressed. The corresponding transverse wakefield pre-
sented in Fig.3b shows that the entire e+ beam (indicated
by the dashed rectangle) locates in a region of focusing
fields which varies along ⇠. As a result, beam emittances
at di↵erent slices evolve di↵erently as plotted in Fig.3c,
which rapidly grow at the beginning then saturate at var-
ious levels. After propagation of around 80cm, the emit-
tances slowly increase again mainly because of the evolu-
tion of the driver. Finally, the projected emittance for the
positron beam grows to about 8mm ·mrad at s = 165cm
and the results are almost the same for y direction. The
evolution or head erosion of the driver changes the focus-
ing force for e+ beam and causes emittance growth that
cannot be mitigated by the above-mentioned matching
techniques[17, 28] and can be suppressed by using a drive
beam with emittance much less than the matched case
as in our example.

The evolution of hEzi for the e+ beam is presented in
Fig.3d, which changes in front of the e+ beam (kp⇠ < 8.5)
then varies little over the rest. Accordingly, the mean en-
ergy of the e+ beam increases linearly, while the induced
energy spread � ⌘ ��/ (� � �0) gradually evolves during
acceleration as in Fig.3e. Here, �� ⌘ 1.48�mad

� and �mad
�

is the median absolute deviation of beam energy. This
definition of the spread coincides with the rms value in
case of a Gaussian distribution and is more robust for dis-
tributions deviating from Gaussian. After 165cm prop-
agation, the e+ beam is accelerated to 5.19GeV, corre-
sponding to a mean gradient of 1.6GeV/m and �=1.56%
(induced rms energy spread�rms=2.39%). The final lon-
gitudinal phasespace for the e+ beam (Fig.3f) is consis-
tent with the structure of Ez. The final spectra (Fig.3g)
show nearly complete energy depletion of some drive elec-
trons and energy transfer e�ciency from the wake to the
positron beam ⌘ = QpE+

p /QeE�
e is 26%.

Lastly, e+ beam acceleration in the blowout regime
opens new possibilities for PWFA. In Fig.4a, we present
an HTR positron acceleration case in a customized e�

beam driven blowout regime[32, 33]. The plasma den-
sity is the same as above, the driver has transverse size
5µm and current profile I (⇠) / 2kp⇠ � 1 + 5e�2kp⇠ with
total length 400µm and charge 1.4nC. Assuming non-
evolving beams, an optimized e+ beam obtained through
the procedure in [17] is presented. The positron beam
has transverse size 2µm, contains 131pC charge, and ex-
periences an average accelerating field of 1.78GV/m that

Zhou et al., arXiv:2211.07962v1 (2022)



Two-Bunch Positron Beam-Driven PWFA
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A. Doche et al., Nat. Sci. Rep. 7, 14180 (2017)

The results of the single positron bunch experiment naturally beg the question: 

Can we repeat these results in the drive-witness scenario?

• This led to the first 
demonstration of controlled 
beam loading in the positron 
beam-driven wake 

• We tested this scenario in 
both the quasi-linear and 
non-linear regimes



The Hollow Channel Plasma Accelerator
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Plasma Wall

Plasma Wall

Vacuum

Plasma

Drive Beam e+Witness Beam e+

• The Hollow Channel Plasma is a structure that symmetrizes the response of 
the plasma to electron and positron beams 

• There is no plasma on-axis, and therefore no focusing/defocusing force from 
plasma ions



If at First You Don’t Succeed, Try and Try Again
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The accelerating wake for a positron beam driven plasma wave can be optimized by 
using a hollow channel plasma, but can we make such a channel? - Yes

UV profiles 0.3 m (a) and 1.3 m (b) from a damaged UV optic with ~ 500 µm hole in reflective coating (center 
of images) as well as other forms of damage. The structure of the resultant mask in UV fluence is preserved over 
the required length to photo-ionize a hollow channel plasma.

Hollow channel in ionization laser 
profile is preserved over 1.4m



Creating a Hollow Channel Plasma

31S. Gessner et. al. Nat. Comm. 7, 11785 (2016)



Positron Acceleration

32

Witness beam gains 
energy from the wake

Drive beam transfers 
energy to witness beam



Transverse Wakefields
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Physics of Collective Beam Instabilities in High Energy Accelerators. A. Chao, Wiley 1992

• What if the beam is off-axis 
in the channel? 

• The beam induces a 
transverse wakefield which 
deflects the tail of the bunch 
from the channel axis 

• This wakefield is strong and 
drives a beam-breakup 
instability (BBU) 

• The growth lengths of this 
instability is O(10 cm) for 
FACET-like parameters



Fields in the Hollow Channel
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C. A. Lindstrøm et. al. Phys. Rev. Lett. 120 124802 (2018).

Newton’s second law to particles of energy EPB (large
compared to their energy change), we can express the
transverse wakefield per particle per offset as

WxðzPBÞ
Δx

¼ Δx0

ΔxQDB

EPB

Lc
: ð12Þ

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

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

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

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

theoretical model, but diverge somewhat at larger bunch
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FIG. 3. Correlation between probe bunch angular deflection
and channel offset weighted by drive bunch charge from a
random laser pointing and charge jitter, for the third step
(210$ 10 μm) of the bunch separation scan. The linear trend
line corresponds to a transverse wakefield Wx=Δx ¼
0.86$ 0.13 MVpC−1 m−1 mm−1, where the uncertainty is de-
fined by the rms from the trend line increasing by 3%. The error
of each shot is negligible compared to the spread of the data
points, caused by a combination of jitters in beam orbit, beam
energy, bunch separation, plasma density, and channel length.
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FIG. 4. (a) Transverse wakefield from direct measurements (red
crosses) and indirectly estimated via the Panofsky-Wenzel
theorem (blue line) against bunch separation measured using
EOS. Both measurements are initially consistent with theory
(dotted black line), but diverge somewhat for larger separations,
although not quite matching QuickPIC simulations (gray squares).
Notice that the slope in Fig. 3 is represented by the third data
point. (b) The longitudinal wakefield (blue crosses), largely
consistent with theory, is the basis of the indirect transverse
wakefield estimate using Eq. (10). The longitudinal wakefield
error, dominated by spectrometer resolution ($1 pixel), is
Monte Carlo simulated to find the indirect measurement error
[blue area in (a)].

PHYSICAL REVIEW LETTERS 120, 124802 (2018)
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FACET-II: A National User Facility 
Based on High-energy Beams and Their Interaction with Plasmas and Lasers

35

10 GeV e- & e+ beams, 2nC/1nC @ 30/5Hz, ~µm emittance, Ipk > 10kA

Commissioning & User Programs with e- 2020-2026 
Planning for e+ to be available > 2026

Develop brighter X-rays 
for photon science

Advance the energy frontier 
for future colliders

FACET-II Technical Design Report SLAC-R-1072

FACET-II



Positron Generation and Trapping without External Source

36

‘Simple’ way to probe volume of 
the region that is accelerating 

and focussing but cannot access 
collider level parameters

• Use a pair of electron beams to 
generate positrons in a tungsten 
foil at plasma entrance 

• Some positrons will get trapped 
and accelerated in the electron-
driven wake 

• E-303 experiment: P.I. K. Marsh, 
UCLA



FACET-II Layout and Beams 
A plan is being developed to restore positron capability

37

FACET-II Technical Design Report SLAC-R-1072

Positron Beam Parameter Baseline 
Design

Operational 
Ranges

Final Energy [GeV] 10 4.0-13.5

Charge per pulse [nC] 1 0.7-2

Repetition Rate [Hz] 5 1-5

Norm. Emittance γεx,y at S19 
[μm]

10, 10 6-20

Spot Size at IP σx,y  [μm] 16, 16 5-20

Min. Bunch Length σz (rms) 
[μm]

16 8

Max. Peak current Ipk [kA] 6 12

• Simultaneous delivery of up to 1nC e+ & 
2nC e- to S20 IP region 

• Expected performance modeled with 
particle tracking, including dynamic errors 

• More details in TDR Ch. 8



Will be Possible to Study Positron PWFA in Electron Wakes

38

Simultaneous e- e+ delivery 
(dz +/- 600 µm) made 

possible by adding BC20P 
beamline
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Positrons can be restored to Sector 20 by utilizing existing S19 positron source with a 
~4 nC electron driver pulse

Hardware required to restore positrons: 

• New BC14 chicane section 

• 335 MeV booster Linac in return line 

• New compact DR in Sector 10 

• New beamlines to extract beam from return line 
into DR, extract beam from DR and extract, 
compress & inject into BC11



335 MeV Positron Damping Ring in Sector 10

39

• 2.9 m diameter ring 
• Vertical injection & extraction 
• SLC kickers & RF, new septa 
• New combined-function arc magnet designs



Collider Designs Require New Ideas for Positron PWFA
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• Transversely tailored plasmas 

• Transversely tailored drivers 

• Long term evolution of beams/
plasmas into exotic equilibrium

Advanced Accelerator Concepts Research Roadmap Workshop Report  ⦁  February 2016 9 

Progress is most rapid when there is an interplay between experimentation, theory and 
simulation. The PWFA roadmap aims to investigate the key R&D challenges highlighted in the 
preparatory workshops in an order of phased complexity in line with the expected availability of 
experimental facilities such as FACET-II at SLAC. In addition, nearer term stepping stone 
applications should be developed on the way to an electron-positron collider for high energy 
physics. As plasma accelerators continue to mature, as first applications are brought online and 
as concepts move to the conceptual and technical design level, a technology demonstration 
facility will have to be developed and operated to fully inform these designs. The PWFA 
roadmap also makes note of the fact that over the next decade the technology for high power 

Figure 5:  A detailed PWFA R&D roadmap for the next decade. 
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Transversely Tailored Plasmas

41

• Changing the shape of the ionized plasma region modifies the trajectories of 
plasma electrons in the wake. 

• This leads to an elongated region in the back of the wake where positron 
bunches are focused and accelerated. 

• E-333 experiment: DESY/LBNL/SLAC collaboration

S. Diederichs et. al. Phys. Rev. 
Accel. Beams 22 081301 (2019) 

S. Diederichs et. al. Phys. Rev. Accel. 
Beams 23 121301 (2020) 
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S. Diederichs et. al. Phys. Rev. Accel. 
Beams 25, 091304 (2022)

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
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Transversely Tailored Drivers a.k.a. Wake Inversion
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• Certainly a challenge for the accelerator physicists 

• Optimizations are possible trading efficiency, energy spread and emittance

J. Vieira, et al. PRL 112 215001 (2014)  
N. Jain et al. PRL 115 195001(2015) 



Fireball Beams!
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Page 44

Double loaded hollow core plasma channel yields 
extraordinary beam quality

severin.diederichs@desy.de

Zhou et al. (PRAB 25, 091303 2022)

∼ nC charge
∼ GV/m gradient
≲ 0.5% induced energy spread
∼ 50% energy transfer efficiency

Stability? 

External focusing needs to be demonstrated

Zhou et al. (PRAB 25, 091303 2022) 

∼ nC charge 
∼ GV/m gradient 
≲ 0.5% induced energy spread 

∼ 50% energy transfer efficiency  

Stability? External focusing needs to be demonstrated 



High Efficiency Uniform Wakefield Acceleration of a Positron Beam 
Using Stable Asymmetric Mode in a Hollow Channel Plasma
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Page 45

Asymmetric drive beams stabilize hollow core plasma 
accelerator

severin.diederichs@desy.de

Quadrupole moment:
Drive beam hits channel wall
in a controlled manner

Zhou et al., PRL 127, 174801 (2021)

Page 46severin.diederichs@desy.de

Asymmetric drive beams stabilize hollow core plasma 
accelerator

Zhou et al., PRL 127, 174801 (2021)

Quadrupole moment:
Drive beam hits channel wall
in a controlled manner

Stabilizes drive beam in hollow core channel!

Zhou et al., PRL 127, 174801 (2021)

• Drive beam hits channel wall 

• Creates a quadrupole moment 

• Stabilizes the drive beam in hollow 
plasma channel

Recent Proposals with New Equilibrium Conditions
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Page 47

Strong drive beams + positron beam loading produce electron 
filament in hollow core plasma accelerator

severin.diederichs@desy.de

Zhou et al., PRL 127, 174801 (2021)

Electron filament stabilizes witness

Page 48

High-charge, low energy spread positron acceleration shown

severin.diederichs@desy.de

Zhou et al., PRL 127, 174801 (2021)

0.49 nC charge
4.9 GV/m gradient
1.6% rms energy spread
33% energy transfer efficiency

> 50 µm central slice emittance 

A lot of potential for optimization

Zhou et al., PRL 127, 174801 (2021) 
Diederichs et al. (in preparation)

• Electron filament stabilizes witness  

- 0.49 nC charge 

- 4.9 GV/m gradient 

- 1.6% rms energy spread 

- 33% energy transfer efficiency  

- > 50 μm central slice emittance 

• Finite temperature in plasma electrons 
further mitigates emittance growth

High Efficiency Uniform Wakefield Acceleration of a Positron Beam 
Using Stable Asymmetric Mode in a Hollow Channel Plasma



Recent Proposals with New Equilibrium Conditions
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T. Silva et al. (IST) 
Phys. Rev. Lett. 127, 104801 (2021)

specified previously, except the driver and the positron
beam start with 64 and 216 particles per cell.
The first simulation is not optimized for beam loading

or emittance preservation. The witness bunch has a bi-
Gaussian spatial profile with 10 μm longitudinal and 5 μm
transverse size, and a normalized emittance of 7.8 μm.
Figure 2(b) shows the region delimited by the dashed box
in Fig. 2(a) in the presence of the witness bunch (in green).
The positron bunch accelerates with a nearly constant
accelerating gradient over the 27 cm without beam
breakup. The accelerating gradient is 3.5 GeV=m [see
Fig. 2(d)], consistent with other hollow channel acceler-
ation results [31]. Because beam loading is not optimal, the
accelerating field varies along the beam [see Fig. 2(b)].
This leads to energy spread growth [Fig. 2(d)]. Still, the
relative energy spread remains below 10%. The beam
performs several betatron oscillations as it accelerates. In
these oscillations, some positrons can reach regions of
defocusing fields, leading to a 10% reduction of the total
charge at the end of the acceleration. Furthermore, these
oscillations also lead to emittance variations [Fig. 2(e)].
Interestingly, as a result of the dynamics of some of the
bunch positrons, the final emittance is close to its initial
value. Some positrons can first escape the channel as the

bunch undergoes betatron oscillations, reaching the focus-
ing region located at jxj ≈ 80 μm in Fig. 2(b). As some of
those positrons return to the channel, they cross through a
defocusing region, reducing the transverse momentum and
the emittance.
The second example [Fig. 2(c)] displays a beam-loading

optimized case with near matched emittance. The beam
transverse profile is a flat-top distribution with 7.5 μm
radius and the beam starts with a normalized emittance of
6.5 μm. The longitudinal current profile rises linearly in
16 μm and falls linearly in 46 μm. This mimics the beam-
loading conditions in the blowout regime for electron
acceleration [51]. Despite the remarkable similarity on
the required longitudinal bunch current, the beam loading
physics is not the same as in Ref. [51]. Here, higher
currents at the head of the positron bunch can screen
accelerating fields at those locations by attracting plasma
electrons, thus flattening the longitudinal electric field
structure. Similar profiles were also predicted for other
positron acceleration schemes [52]. Figure 2(d) shows a
similar energy gain rate as for the Gaussian beam, but with
a smaller energy spread increase. The beam is closer to a
matched condition, which minimizes betatron oscillations
and the projected emittance growth in Fig. 2(e). More than
99% of the initial charge remains in the channel after 27 cm
propagation.
Thin, warm, hollow plasma channels provide access to

beam break-up instability suppression mechanisms, akin
to BNS damping in conventional accelerators [53]. Beam
breakup suppression results from the positron focusing
field structure provided by plasma electrons trapped within
the thin hollow channel. To show hosing instability
suppression and damping, we performed an additional
set of simulations identical to that in Fig. 2(c) except for
the initial displacement of the bunch centroid, which
controls the initial seed for the hosing instability. The lines
in Fig. 3(a) illustrate the corresponding evolution of the
maximum slice centroid displacement as a function of the
propagation distance. All simulations show hosing insta-
bility saturation and damping, with more than 98% of the
initial charge remaining in the bunch after z > 20 cm.
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evolution for both examples. Panels (d)–(e) are functions of the
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electrons in the nonlinear blowout regime, but that have
been previously inaccessible in hollow channels. We
illustrate our findings with theory and three-dimensional
particle-in-cell (PIC) simulations using the OSIRIS frame-
work [32,33].
Figure 1 shows numerical simulation results that illus-

trate the onset of hollow channel formation. We consider
the dynamics of a 10 GeV electron bunch [1% root-mean-
square (rms) energy spread] propagating through a pre-
formed, uniform density n ¼ 1 × 1016 cm−3 hydrogen
plasma. The total bunch charge is 3 nC, being characterized
by a bi-Gaussian density profile with an equal longitudinal
and transverse size of 10 μm. The corresponding bunch
peak density is 120 times higher than the background
plasma density, exciting strongly nonlinear plasma wakes
in the blowout regime. The bunch has 186 μm transverse
emittance, which matches the beam to the blowout focusing
force [34]. We find similar bunch parameters in several
particle accelerators laboratories [35–37]. Simulations use
a custom-built electromagnetic field solver to mitigate the
numerical Cherenkov instability [38,39]. The simulation
grid has cubic cells 1 μm long; the beam, plasma electrons,
and ions start with 512, 8, and 8 particles-per-cell,
respectively. Figure 1(a) displays the density ne of the

first few electron plasma waves in the blowout regime.
Here, the variable ξ ¼ z − ct measures the distance to the
bunch center, with z being the longitudinal position, t the
time, and c the speed of light in vacuum; x and y are
the transverse coordinates.
The motion of background plasma ions plays a central

role in the formation of the thin, warm, hollow plasma
channel. The time-averaged radial electric fields in
plasma fully define the long-term ion dynamics [40–43].
Figure 1(b) provides a typical example of those fields.
It shows that the average radial fields attract the ions close
to the axis [gray region of Fig. 1(b)] towards r ¼ 0, to
neutralize the excess blown-out sheath electrons that
accumulate at the back of each bucket. The ion focusing
region represents 1=4 of the blowout radius, which corre-
sponds to 25 μm for the specific parameters of Fig. 1. The
thin and warm hollow channel forms because of this ion
focusing field region. It appears as the narrow hollow
structure near the axis in Fig. 1(c), which shows the spatial
evolution of the ion density up to 9 mm behind the driver.
The time-averaged fields defocus ions sitting at larger
radii and up to 200 μm. These defocused ions accumulate
at a larger radius and form the wider hollow structure in
Fig. 1(c). While the wider structure was predicted before
[41], the thin channel was neglected; we found it funda-
mental to stabilize positron acceleration and relax time-
delay tolerances between driver and witness beam.
Figure 1(d) represents the early time ion phase space at the

position of the rightmost dashed line in Fig. 1(c). The overall
phase-space structure in Fig. 1(d) mimics the average
radial field profile in Fig. 1(b), thus confirming that the
time-average radial wakefield sets the ion dynamics.
The accumulation of ions close to the axis, a result of the
corresponding focusing electric field, leads to the generation
of a dense ion filament, shown in the upper half of Fig. 1(e).
Weakly nonlinear plasma waves can also generate ion
filaments [40,44,45], thus widening the range of conditions
where similar phenomena occur in experiments.
An electrostatic shock [46,47] forms when the fastest

inward moving ions cross the axis. Figure 1(f) shows
signatures of this shock in the ion phase space, whereas the
upper half of Fig. 1(g) shows the corresponding ion density
profile at the position of the central dashed line in Fig. 1(c).
The electrostatic shock structure accelerates a fraction of
inward moving ions to nearly twice the shock velocity, up
to 0.01c. Besides, the ion motion leading to the shock also
induces wave breaking [40], which heats plasma electrons
and suppresses radial (and longitudinal) wakefields. In the
absence of radial electric wakefield components, the shock
front expands at a nearly constant velocity. This is con-
sistent with Fig. 1(h), which illustrates the shock front
expansion in the ion phase space at the position of the left
dashed line in Fig. 1(c). The ions at the expanding shock
front form a thin, near-hollow channel structure. Figure 1(i)
shows the thin, near-hollow channel ion density transverse
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FIG. 1. (a) Electron density and driver beam density. (b) Longi-
tudinal average of the transverse electric field over the region
shown in panel (a). (c) Longitudinal ion density over 9 mm
behind the driver. The dashed lines represent the position shown
in panels (e),(g), and (i). (d) Ion phase space and (e) density at
ξ ≈ −1.5 mm behind the driver. The upper half of panel (e) are
PIC simulation results and the lower half the semiempirical
model [Eq. (1)]. Analogously, panels (f)–(g) and (h)–(i) display
results at ξ ≈ −4 and ξ ≈ −8 mm, respectively.
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• Positron PWFA Experiments by the Numbers: 

- 1 Laboratory: SLAC 

- 2 Facilities: FFTB and FACET 

- 3 Experiments: E162, E200, E225 

- 7 Publications (see previous slides) 
• Positron acceleration is 50% of a PLC but only a small fraction of PWFA research 
• The non-linear blowout regime is great for electrons but does not work for positrons 
• High-gradient acceleration of positrons in plasma has been demonstrated 
• Need alternative approaches engineering the plasma and/or beams to get all of the 

properties we want – gradient, efficiency, emittance… 
• Research progress correlates with having the ability to test concepts experimentally 
• A plan has been developed to restore (and improve) our capabilities to test concepts for 

positron PWFA at FACET-II 
• With positron upgrade FACET-II will be first facility capable of studying electron-driven, 

positron witness PWFA 
Help maintain the momentum and submit new ideas at: 

https://facet.slac.stanford.edu/proposals



Facility for Advanced 
Accelerator Experimental Tests

Questions?


