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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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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


Extending Plasma Acceleration to Positrons is Not Trivial

3M.J. Hogan – EAAC2021 FACET-II Positron Plans, September 22, 2021

“Blow-out”

Experiments at SLAC FFTB 
in 2003 showed that the 

positron beam was distorted 
after passing through a low 

density plasma

• First acceleration of positron beams in plasma

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


• Positron beam transport in plasma

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


• Halo formation due to non-linear fields

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

No Plasma Plasma

“Suck-in”
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FACET Provided Single & Double Positron Bunches

With Higher Intensity to Probe Higher Density Plasmas

Multi-GeV Acceleration in Non-linear wakes

• New self-loaded regime of PWFA

• Energy gain 4 GeV in 1.3 meters

• Low divergence, no halo


Hollow Channel Plasma Wakefield Acceleration

• Engineer Plasma to Control the Fields

• No focusing on axis
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Quasi-linear Wakefield Acceleration

• > 1 GeV energy gain in 1.3 meters

• Of interest to both the PWFA and LWFA for 

linear collider applications

• This technique can be used to accelerate a 

positron witness beam in electron wake

Corde et al., Nature August 2015

Gessner et al., Nature Communications 2016

Lindstrom et al., Phys. Rev. Lett. 2018

Doche et al., Scientific Reports 2017
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• Measured transverse and 
longitudinal wakefields



Additional Information

2017 FACET-II Science Workshop

• https://conf.slac.stanford.edu/facet-2-2017/agenda


2018 ALEGRO Positron Acceleration in Plasma Mini-Workshop

• https://indico.cern.ch/event/702515/


2019 FACET-II Science Workshop including Glen’s overview of 
anticipated positron capabilities at FACET-II:


• https://conf.slac.stanford.edu/facet-2-2019/sites/
facet-2-2019.conf.slac.stanford.edu/files/basic-page-docs/Glen-
FACET2_positrons.pdf


2019 EAAC (just search for positron) good overview by Carl:

•  https://agenda.infn.it/event/17304/contributions/97652/

attachments/66657/81610/EAAC2019_Positrons_CAL.pdf
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Positron Generation and Trapping without External Source

• 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.

6M.J. Hogan – EAAC2021 FACET-II Positron Plans, September 22, 2021

‘Simple’ way to probe volume of the region that is accelerating and 
focussing but cannot access collider level parameters



FACET-II Layout and Beams

A plan has been developed to restore positron capability
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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

FACET-II Technical Design Report SLAC-R-1072

• 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
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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
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• 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

• Transversely tailored 
plasmas


• Transversely tailored 
drivers


• Long term evolution of 
beams/plasmas into 
exotic equilibrium

10M.J. Hogan – EAAC2021 FACET-II Positron Plans, September 22, 2021

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

• 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

11M.J. Hogan – EAAC2021 FACET-II Positron Plans, September 22, 2021

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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Transversely Tailored Drivers a.k.a. Wake Inversion

• Certainly a challenge 
for the accelerator 
physicists


• Optimizations are 
possible trading 
efficiency, energy 
spread and emittance

12M.J. Hogan – EAAC2021 FACET-II Positron Plans, September 22, 2021

J. Vieira, et al. PRL 112 215001 (2014) 

N. Jain et al. PRL 115 195001(2015) 



Recent Proposals with New Equilibrium Conditions
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T. Silva et al. (IST)

Phys. Rev. Lett. 127, 104801 (2021)

S. Zhou et al. (Tsinghua)

https://arxiv.org/abs/2012.06095

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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FIG. 3. (a) Positron bunch maximum slice centroid evolution
against propagation distance for different levels of initial centroid
displacement (different colors). (b) Transverse emittance evolu-
tion for the same examples; εn;x and εn;y are the solid and dashed
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PHYSICAL REVIEW LETTERS 127, 104801 (2021)

104801-4

“Stable Positron Acceleration Mode 
in Hollow Plasma Channel Driven 

by an Asymmetric Beam”

“Electron and positron acceleration 
in self-generated, thin, warm 

hollow plasma channels.” E-337

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.104801
https://arxiv.org/abs/2012.06095


Conclusions & Outlook

• 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


• FACET-II can explore issues on beam loading and beam quality 
that were only touched upon at FACET (C. S. Hue, G. Cao, S. 
Corde et. al. https://arxiv.org/pdf/2107.01145.pdf)


• With a decision in 2022 may be ready in 2025


• Requires coordination with ongoing FACET-II electron programs, 
LCLS, LCLS-II, LCLS-II HE and our sponsors (DOE HEP)
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Help maintain the momentum and submit new ideas at:

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


