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For context - what might a plasma based collider look like?
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One of the earliest examples: 
“Towards a Plasma Wake-field Acceleration-based Linear 

Collider”, J.B. Rosenzweig, et al., Nuclear Instruments and 
Methods A 410 532 (1998).



First SLAC Concept Developed with FACET Proposal < 2009

• ‘Warm’ Drive Linac 
• 4ns bunch spacing 
• Many turnarounds
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A CONCEPT OF PLASMA WAKE FIELD ACCELERATION LINEAR 
COLLIDER (PWFA-LC)* 

Andrei Seryi, Mark Hogan, Shilun Pei, Tor Raubenheimer, Peter Tenenbaum (SLAC), Tom 
Katsouleas (Duke University), Chengkun Huang, Chan Joshi, Warren Mori (UCLA, California), 

Patric Muggli (USC, California).

Abstract 
Plasma Wake-Field Acceleration (PWFA) has 

demonstrated acceleration gradients above 50 GeV/m. 
Simulations have shown drive/witness bunch 
configurations that yield small energy spreads in the 
accelerated witness bunch and high energy transfer 
efficiency from the drive bunch to the witness bunch, 
ranging from 30% for a Gaussian drive bunch to 95% for 
a shaped longitudinal profile. These results open the 
opportunity for a linear collider that could be compact, 
efficient and more cost effective that the present 
microwave technologies. A concept of a PWFA-based 
Linear Collider (PWFA-LC) has been developed and is 
described in this paper. The drive beam generation and 
distribution, requirements on the plasma cells, and 
optimization of the interaction region parameters are 
described in detail. The R&D steps needed for further 
development of the concept are also outlined. 

A PWFA-LC CONCEPT 
The requirements for an electron-positron linear 

collider in the TeV energy range are well understood from 
20 years of conceptual design work based on 
conventional rf cavity acceleration systems. The high 
gradients possible with plasma wakefield acceleration 
may provide a path to a new lower cost approach to 
achieving these energies. However, a practical collider 
must also meet the luminosity requirements imposed by 
the physics goals, which is the order of 1034cm-2s-1. To 
achieve this high luminosity requires beams of about ten 
MW average power, which are low emittance and can be 
focused to nanometre size for collisions. A practical 
collider technology must also have high power transfer 
efficiency into the beam.  

Several ideas for plasma wakefield-based linear 
colliders (PWFA-LC) have been suggested in the past.  
The "afterburner" [1] is an approach that uses short 
plasma sections to double the energy of a conventional rf 
linear collider just before the collision point.  Each beam 
is split into pairs of microbunches with the first driving a 
plasma wake that accelerates the second. Luminosity of 
the energy-doubled collider is maintained by employing 
plasma lenses to reduce the spot size before collision. A 
multiple-stage PWFA-LC concept has been suggested at 
the 2006 Advanced Accelerator Workshop [2], which is 
essentially a multi-stage afterburner employing a high-
charge beam with multiple bunches and multiple plasma 
cells to reach high energy.  One implementation would 
use a 100 GeV drive beam and five (four if the incoming 

witness bunch also has 100 GeV) plasma stages to 
accelerate the main beam to 500 GeV. 

The design presented here is an attempt to optimize the 
advantages of PWFA and conventional linear collider 
concepts, based on a reasonable set of R&D milestones 
that could be realized over the next ten years. This 
approach benefits from the extensive R&D for 
conventional linear colliders and has relatively relaxed 
requirements on the plasma acceleration systems while 
still potentially lowering the cost.  These considerations 
led to a larger number of PWFA stages and imposed 
specific requirements on the parameters for the main and 
drive beams. This PWFA-LC concept addresses these 
requirements, and, in contrast to the approaches discussed 
above, uses an electron drive beam for both electron and 
positron main beams. This design will evolve with better 
understanding of plasma wakefield physics based on 
future experimental results and simulation studies. 
Therefore, it is crucial to maintain flexibility in the 
parameter space for a PWFA linear collider.  

The design for a PWFA-based Linear Collider is shown 
schematically in Figure 1 and the key parameters are in 
Table 1. This approach uses established concepts for the 
particle and drive beam generation and focusing systems 
based on twenty years of linear collider R&D. However, 
this constrains the plasma acceleration systems if they are 
to provide the needed high beam power and efficiency. 
These constraints are summarized in Ref. [3] which 
describes a 10 TeV linear collider design.  The proposed 
plasma wakefield research program at FACET is designed 
to demonstrate the viability of this concept. 

This PWFA-LC design uses a conventional 25 GeV 
electron drive beam accelerator, to produce trains of drive 
bunches distributed in counter-propagating directions to 
20 PWFA cells for both the electron and the positron arms 
of the collider to reach energy of 500 GeV for each beam.  
Each cell provides 25 GeV of energy to the main beam in 
about a meter of plasma. The layout and parameters were 
chosen to optimize PWFA performance while also 
providing feasible parameters at the interaction point and 
a practical design for the main beam injector and the drive 
beam acceleration and distribution system.  The drive 
beam system is very similar to the CLIC drive beam 
concept which is being tested at the CTF3 test facility [4]. 

The main beam bunch train consists of 125 bunches, 
each separated by 4 ns. The drive beam train consists of 
20 mini-trains each with 250 bunches separated by 2 ns 
(as described in details in [11]). An RF separator splits the 
drive beam before it is sent to the distribution system. 
There are 100 ns gaps between each mini-train in the 
drive beam train, to accommodate the kicker rise time. To 
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SLAC-PUB-13766allow for the counter-propagation distribution of the drive 
beam, the distance between PWFA cells must be equal to 

half of the distance between mini-trains, i.e. 600 ns/2 or 
about 90 m.  

 
Figure 1: Concept for a multi-stage PWFA-based Linear Collider. 

 
Main beam: bunch population, bunches per train, rate 1×1010, 125, 100 Hz 
Total power of two main beams 20 MW 
Drive beam: energy, peak current and active pulse length 25 GeV, 2.3 A, 10 µs 
Average power of the drive beam 58 MW 
Plasma density, accelerating gradient and plasma cell length 1×1017cm-3, 25 GV/m, 1 m 
Power transfer efficiency drive beam=>plasma =>main beam 35% 
Efficiency: Wall plug=>RF=>drive beam 50% × 90% = 45% 
Overall efficiency and wall plug power for acceleration 15.7%, 127 MW 
Site power estimate (with 40MW for other subsystems) 170 MW 
Main beam emittances, x, y 2, 0.05 mm-mrad 
Main beam sizes at Interaction Point, x, y, z 0.14, 0.0032, 10 µm 
Luminosity 3.5×1034 cm-2s-1 
Luminosity in 1% of energy 1.3×1034 cm-2s-1  

Table 1: Key parameters of the conceptual multi-stage PWFA-based Linear Collider. 

 
Properties of the drive and main beam bunches have 

been optimized by particle-in-cell simulations using the 
code QUICKPIC [5,13]. The main beam bunch charge is 
1.0×1010 particles with a Gaussian distribution. A plasma 
density of 1017cm-3 and a drive bunch charge of 2.9×1010 
were chosen to achieve a power transfer efficiency from 
the drive beam to the main beam of 35% with a gradient 
of roughly 25 GV/m.  The drive beam bunch length is 30 
µm while the main beam bunch length is 10 µm and the 
drive-main beam bunch separation is 115 µm. The 
separation between the two bunches must be 
approximately equal to the plasma wavelength. 

The parameters and luminosity at the interaction 
point (IP) were optimized for the high beamstrahlung 
regime, which is inherent to short bunch length colliders 
[6]. The luminosity within 1% of the nominal center-of-
mass energy is 1.3×1034 cm-2s-1

, which is similar to that in 

the International Linear Collider (ILC) design [7].  The 
relative energy loss due to beamstrahlung is about δB = 
30%. The main beam emittances are typical for TeV 
collider designs, and the β-functions at the IP are βx/y = 
10/0.2 mm. These IP parameters are quite close to those 
for CLIC [8]. Previous physics studies for the interaction 
region and detector design, background and event 
reconstruction techniques [9] are all applicable.  

The main beam generation complex could be 
similar to that of the CLIC design with a polarized 
electron source and a conventional positron source. The 
plasma acceleration process maintains beam polarization, 
and would also accommodate a polarized positron beam. 
The damping rings would store multiple trains of 
bunches, one of which would be extracted on each 100 Hz 
machine cycle. The extracted beams would be 
compressed in multi-stage bunch compressors before 
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were chosen to achieve a power transfer efficiency from 
the drive beam to the main beam of 35% with a gradient 
of roughly 25 GV/m.  The drive beam bunch length is 30 
µm while the main beam bunch length is 10 µm and the 
drive-main beam bunch separation is 115 µm. The 
separation between the two bunches must be 
approximately equal to the plasma wavelength. 

The parameters and luminosity at the interaction 
point (IP) were optimized for the high beamstrahlung 
regime, which is inherent to short bunch length colliders 
[6]. The luminosity within 1% of the nominal center-of-
mass energy is 1.3×1034 cm-2s-1

, which is similar to that in 

the International Linear Collider (ILC) design [7].  The 
relative energy loss due to beamstrahlung is about δB = 
30%. The main beam emittances are typical for TeV 
collider designs, and the β-functions at the IP are βx/y = 
10/0.2 mm. These IP parameters are quite close to those 
for CLIC [8]. Previous physics studies for the interaction 
region and detector design, background and event 
reconstruction techniques [9] are all applicable.  

The main beam generation complex could be 
similar to that of the CLIC design with a polarized 
electron source and a conventional positron source. The 
plasma acceleration process maintains beam polarization, 
and would also accommodate a polarized positron beam. 
The damping rings would store multiple trains of 
bunches, one of which would be extracted on each 100 Hz 
machine cycle. The extracted beams would be 
compressed in multi-stage bunch compressors before 
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Our preferred PWFA-LC design consists of a conventional 25 GeV electron drive beam 
accelerator, which produces drive bunches distributed in counter-propagating directions to 20 
PWFA cells for both the electron and the positron arms of the collider.  Each cell provides 25 
GeV of energy to the main beam over about a meter of plasma.  The layout and parameters were 
chosen to optimize PWFA performance while also providing feasible parameters at the 
interaction point and a practical design for the main beam injector and the drive beam 
acceleration and distribution system.  The drive beam system is very similar to CLIC drive beam 
concept which is being tested at the CTF3 test facility [11]. 

The main beam bunch train consists of 125 bunches, each separated by 4 ns. 
Correspondingly, the drive beam train consists of 20 mini-trains each with 250 bunches 
separated by 2 ns as shown in Figure 2-3. An RF separator splits the drive beam before it is sent 
to the drive beam distribution system. There are 100 ns gaps between each mini-train in the drive 
beam train, to accommodate the rise time of kickers of the beam distribution system. For the 
counter-propagation distribution of drive beam, the distance between PWFA cells must be equal 
to half of the distance between mini-trains, i.e., 600 ns/2 or about 90 m.   

 
Figure 2-3.  Structure of the drive beam train. The RF separator will send the odd and 
even bunches into the electron and positron beamlines. 

Properties of the drive and main beam bunches have been optimized by particle-in-cell 
simulations using the code QUICK-PIC [12]; details of the plasma physics and plasma cell 
optimization are given in Section 3.  The PWFA-LC design started from a bunch charge of 
1.0×1010 particles to optimize the collider luminosity characteristics and benefit from the 
extensive studies that have been performed for conventional rf linear colliders.  Next, a plasma 
density of 1017cm-3 and a drive bunch charge of 2.9×1010 were chosen to achieve a power 
transfer efficiency from the drive beam to the main beam of 35% with a gradient of roughly 25 
GV/m.  To achieve these parameters, the drive beam bunch length needs to be 30 μm while the 
main beam bunch length is 10 μm and the drive-main beam bunch separation is 115 μm.  

The optimization of parameters and luminosity at the interaction point (IP) was performed 
for the high beamstrahlung regime, which is inherent to short bunch length colliders [13]. The 
luminosity within 1% of the nominal center-of-mass energy was optimized to be 1.3×1034 cm-2s-1 
which is similar to that in the International Linear Collider (ILC) design [14].  The relative 
energy loss due to beamstrahlung for the case under consideration is about δB = 30%. The 
assumed main beam emittances are typical for TeV collider designs, and the β-functions at the IP 
are βx/y = 10/0.2 mm. These IP parameters are quite close of those for CLIC [11], and moreover, 
a wealth of particle physics studies for the interaction region and detector design, background 



Alternative SLAC Concept Developed Prior to CSS2013

• ‘Cold’ Drive Linac 
• 100µs bunch spacing 
• Tricky delay chicanes
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Abstract 
An updated design of a beam-driven Plasma Wake-

Field Acceleration Linear Collider (PWFA-LC) covering 

a wide range of beam collision energy from Higgs factory 

to multi-TeV is presented. The large effective 

accelerating field on the order of 1 GV/m and high wall-

plug to beam power transfer efficiency of the beam driven 

plasma technology in a continuous operation mode allows 

to extend linear colliders to unprecedented beam collision 

energies up to 10 TeV with reasonable facility extension 

and power consumption. An attractive scheme of an ILC 

energy upgrade using the PWFA technology in a pulsed 

mode is discussed. The major critical issues and the R&D 

to address their feasibility in dedicated test facilities like 

FACET and FACET2 are outlined, especially the beam 

quality preservation during acceleration and the positron 

acceleration. Finally, a tentative scenario of a series of 

staged facilities with increasing complexity starting with 

short term application at low energy is developed.  

PWFA LINEAR COLLIDER CONCEPT 
The concept of a beam-driven PWFA-based e+/e- 

Linear Collider [1], [2], is developed as an attempt to find 

a reasonable design that takes advantage of the PWFA 

technology, identify the critical parameters to be achieved 

and the necessary R&D to address their feasibility. 

Parameters covering a wide range of colliding beam 

energies from 250 GeV (Higgs Physics) up to 10 TeV, if 
requested by Physics for studies Beyond the Standard 
Model, are summarized in Table 1. A schematic layout at 

the extreme energy of 10TeV is shown on Figure 1. 
Geometric accelerating gradients on the order of 1 GV/m 
mitigate the extension of the facility and therefore its cost. 
The acceleration in plasma, being a single bunch process, 

provides great flexibility in the interval between bunches. 

In the preferred scheme, the main bunches collide in a 

continuous mode at several kHz repetition frequency 

allowing for beam-based feedbacks to stabilize the 

collisions. They are accelerated and focused with multi-

GV/m fields generated in plasma cells powered by drive 

bunches with about 50% power transfer efficiency. The 

drive bunches are accelerated by a CW superconducting 

recirculating linac, taking advantage of the impressive 

progress in SCRF technology providing excellent power 

efficiency. As a result, the overall power consumption is 

significantly reduced (Fig. 2a) in respect with more 

conventional RF acceleration. The figure of merit defined 

as the ratio of the total luminosity to the power 

consumption is substantially improved especially in the 

multi-TeV colliding beam energy range (Fig. 2b). The 

above concept assumes similar behaviour of the electron 

and positron beams, which remains to be demonstrated. 

 

 

 
Figure 1: Layout of a PWFA-based 10 TeV Linear Collider 
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Parameters covering a wide range of colliding beam 

energies from 250 GeV (Higgs Physics) up to 10 TeV, if 
requested by Physics for studies Beyond the Standard 
Model, are summarized in Table 1. A schematic layout at 

the extreme energy of 10TeV is shown on Figure 1. 
Geometric accelerating gradients on the order of 1 GV/m 
mitigate the extension of the facility and therefore its cost. 
The acceleration in plasma, being a single bunch process, 

provides great flexibility in the interval between bunches. 

In the preferred scheme, the main bunches collide in a 
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collisions. They are accelerated and focused with multi-

GV/m fields generated in plasma cells powered by drive 

bunches with about 50% power transfer efficiency. The 
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significantly reduced (Fig. 2a) in respect with more 

conventional RF acceleration. The figure of merit defined 
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above concept assumes similar behaviour of the electron 
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Figures 2a and 2b: Linear colliders wall plug power 
consumption and figure of merit defined as the ratio of 
the wall plug power consumption to total luminosity 

Pulsed and After-Burner Modes with 
Application to ILC Energy Upgrade 

Thanks to the flexibility of the interval between 
bunches, the PWFA technology can also be used in a 
pulsed mode to accelerate a beam with parameters and 
train structure similar to the one of the ILC except for the 
bunch length which is reduced by a factor 15 from 300 to 
20 microns.  After beam acceleration up to an initial 
energy with ILC technology, the beam could be further 
accelerated with PWFA technology at low cost and high 
efficiency. Alternatively and as first step of the ILC 
energy upgrade, the PWFA technology could be used as 
an ILC after-burner: Each ILC bunch would be split in 
two, one with 2/3 of the charge used as drive bunch and a 
second with 1/3 of the charge used as main bunch. The 
ILC beam energy could then be doubled without any 
drive beam injector complex and without substantial 
additional power (Table 2). Replacing the last 250 meters 
of ILC structures by PWFA allows TeV beam collisions 
without extension of the ILC tunnel (Figure 3). The ILC 
energy upgrade could then be pursued by adding a drive 
beam injector and progressive replacement of ILC 
structures by PWFA. 

Table 1: Major PWFA-LC beam parameters 

 

 Table 2: ILC energy upgrade by PWFA after-burner 

 

 
Figure 3: ILC energy upgrade by PWFA technology in 
the 500 GeV ILC tunnel (a), in after-burner mode (b), in 
the extreme case of PWFA technology use only (c). 

MAJOR ISSUES AND R&D 
The PWFA-LC concept is based on novel technology 

with key beam and plasma physics challenges, which 
remain to be carefully studied before the concept 
presented above can be validated, in particular:  
 Beam acceleration with small energy spreads,  
 High beam loading with both electrons and positrons,  
 Development of a concept for positron acceleration 

with high beam brightness,  
 Electron beam emittance preservation and mitigation 

of effects resulting from ion motion, Positron beam 
emittance preservation and mitigation of effects 
resulting from plasma electron collapse, 

 Beam quality preservation with betatron radiation 
energy loss especially large at high energy 

 Transverse and longitudinal tolerances  
 Average bunch repetition rates in the 10’s of kHz,  
 Synchronization of multiple plasma stages and effect 

of alignment errors between stages,  
 Optical beam matching between plasma acceleration 

stages and from plasma to beam delivery systems.  
 Magnetic chicane with a delay of 2ns for relative 

phasing of the drive and main bunches  
Promising performances of up to 50 GV/m fields have 

already been demonstrated [3]. Critical issues are 
presently being addressed by extensive R&D and 
experimental facilities such as FACET [4] presently and 
FACET2 [5] in the future with excellent performances 
already demonstrated in field, momentum spread and 
power transfer efficiency [6] as summarized below.  

Parameter Unit ILC ILC ILC + 
PWFA

Energy (cm) GeV 500 1000 PFWA = 
500 to 1000

Luminosity (per IP) 1034cm-2s-1 1.5 4.9 2.6

Peak (1%)Lum(/IP) 1034cm-2s-1 0.88 2.2 1.3

# IP - 1 1 1

Length km 30 52 30

Power (wall plug) MW 128 300 175

Lin. Acc. grad.(p/eff) MV/m 31.5/25 36/30 7600/1000

# particles/bunch 1010 2 1.74 0.66

# bunches/pulse - 1312 2450 2450

Bunch interval ns 554 366 366

Pulse repetition rate Hz 5 4 15

Beam power/beam MW 5.2 13.8 13.8

Norm Emitt (X/Y) 10-6/10-9radm 10/35 10/30 10/30

Sx, Sy, Sz at IP nm,nm,mm 474/5.9/300 335/2.7/225 286/2.7/20

Crossing angle mrad 14 14 14

Av # photons - 1.70 2.0 0.7

db beam-beam % 3.89 9.1 9.3

Upsilon - 0.03 0.09 0.52
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Where do we begin?

• Assume the decades of collider development (SLC/NLC/ILC/CLIC) 
made smart choices that we can start from for main beam and driver 

• Focus on the accelerator module itself (the plasma) 
• For luminosity – Power efficiency and beam quality are critical! 
• Talk tomorrow on FACET-II studies of efficiency vs. transverse wakes 
• Next iterations will benefit from more consideration of positron arm 
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Figures 2a and 2b: Linear colliders wall plug power 
consumption and figure of merit defined as the ratio of 
the wall plug power consumption to total luminosity 
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Figure 3: ILC energy upgrade by PWFA technology in 
the 500 GeV ILC tunnel (a), in after-burner mode (b), in 
the extreme case of PWFA technology use only (c). 
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Promising performances of up to 50 GV/m fields have 

already been demonstrated [3]. Critical issues are 
presently being addressed by extensive R&D and 
experimental facilities such as FACET [4] presently and 
FACET2 [5] in the future with excellent performances 
already demonstrated in field, momentum spread and 
power transfer efficiency [6] as summarized below.  

Parameter Unit ILC ILC ILC + 
PWFA

Energy (cm) GeV 500 1000 PFWA = 
500 to 1000

Luminosity (per IP) 1034cm-2s-1 1.5 4.9 2.6

Peak (1%)Lum(/IP) 1034cm-2s-1 0.88 2.2 1.3

# IP - 1 1 1

Length km 30 52 30

Power (wall plug) MW 128 300 175

Lin. Acc. grad.(p/eff) MV/m 31.5/25 36/30 7600/1000

# particles/bunch 1010 2 1.74 0.66

# bunches/pulse - 1312 2450 2450

Bunch interval ns 554 366 366

Pulse repetition rate Hz 5 4 15

Beam power/beam MW 5.2 13.8 13.8

Norm Emitt (X/Y) 10-6/10-9radm 10/35 10/30 10/30

Sx, Sy, Sz at IP nm,nm,mm 474/5.9/300 335/2.7/225 286/2.7/20

Crossing angle mrad 14 14 14

Av # photons - 1.70 2.0 0.7

db beam-beam % 3.89 9.1 9.3

Upsilon - 0.03 0.09 0.52

5th International Particle Accelerator Conference IPAC2014, Dresden, Germany JACoW Publishing

ISBN: 978-3-95450-132-8 doi:10.18429/JACoW-IPAC2014-THPRI013
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SLAC FFTB

43 GeV 
Energy Gain

High-Efficiency Acceleration of an Electron Bunch 
in a Plasma Wakefield Accelerator
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9 GeV 
Energy Gain

PPCF 9 GeV Paper 7

Figure 1. (a) and (c) show the energetically dispersed transverse charge density profile
of the highest peak energy shot from the data set as observed on the wide-field of view
(FOV) Cherenkov screen and the Lanex screen, respectively. The left-axis displays the
energy calibration of the screen, and the right and bottom axes display the physical
size of the beam on the screen. The color axis corresponds to the charge density in
units of pC/mm2, represented on a linear scale. The horizontal lines represent centroid
energy (red), the peak energy (solid black), and the values corresponding to the rms
energy spread about the peak energy (dashed black). All of these values were calculated
for the Cherenkov screen shown in (a). (b) and (d) show the horizontally integrated
spectral charge density profiles from (a) and (c), respectively.

Table 1. Statistical analysis of accelerated beam spectra, including the standard
deviation (s.d.) of each measured quantity. Values are given for calculation techniques
using both the centroid energy and spectral peak energy.

Measured Quantity Centroid Energy Spectral Peak Energy

Mean Energy Gain 4.7 GeV (1.1 GeV s.d.) 5.3 GeV (1.4 GeV s.d.)
Mean RMS Energy Spread 5.9% (1.3% s.d.) 5.1% (2.3% s.d.)
Mean Accelerated Charge 140 pC (55 pC s.d.) 120 pC (47 pC s.d.)

of about five. This di↵erence can be accounted for by the ratio of the length of the two

plasma sources (3.6) and the ratio of accelerated charge (1.6), the combination of which

would lead to a rough estimate of an improvement in energy transfer of about a factor

SLAC FACET

Narrow energy spread acceleration with high-efficiency has been demonstrated 
FACET-II experiments will focus on simultaneously preserving beam emittance

Nature 2007

Nature 2014
PPCF 2015

Beam loading is key for: 
Narrow energy spread & 

high efficiency



Roadmaps Have Been Developed 
US in 2016 by DOE HEP and in Europe through ICFA ANAR2017

• Physics goals for various time horizons – 5, 10, 20 years 
• Requires progress in theory, computation and experimentation 
• Facilities (like FACET-II) are key for testing concepts discussed here 
• ALIC aspirations and aligned with Roadmap and FACET-II priorities 

- Strong beam loading for narrow energy spread and high efficiency 
- Emittance preservation at µm and sub-µm levels 
- Matching in and out, mitigation of instabilities, ion motion 
- Knowledge of plasma dynamics at long timescales 
- Investigations of paths to positron acceleration comparable to electrons
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Towards a Proposal for an
Advanced Linear Collider

Report on the Advanced and Novel Accelerators

for High Energy Physics Roadmap Workshop

ANAR 2017

 
 

 

DOE Advanced Accelerator Concepts Research Roadmap Workshop 

February 2–3, 2016 

 
 

Image credits: lower left LBNL/R. Kaltschmidt, upper right SLAC/UCLA/W. An 



FACET-II: A National User Facility Based on High-energy 
Beams and Their Interaction with Plasmas and Lasers
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10 GeV e- & e+ beams, 2nC/1nC @ 30/5Hz, ~µm emittance, Ipk > 10kA

Commissioning e- September 2019 
User Programs 2019-2026 

Planning for e+ to be available in 2022

Develop brighter X-rays 
for photon science

Advance the energy frontier 
for future colliders



FACET-II: A National User Facility

10 GeV e- & e+ beams, 2nC/1nC @ 30/5Hz, ~µm emittance, Ipk > 
10kA 
User Programs 2019-2026
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FACET-II Layout and Beams

8V. Yakimenko, FACET-II SCIENCE WORKSHOP, Oct. 17, 2017

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

Electron Beam Parameter Baseline 
Design

Operational 
Ranges

Final Energy [GeV] 10 4.0-13.5

Charge per pulse [nC] 2 0.7-5
Repetition Rate [Hz] 30 1-30

Norm. Emittance γεx,y at S19 [μm] 4.4, 3.2 3-6
Spot Size at IP σx,y  [μm] 18, 12 5-20

Min. Bunch Length σz (rms) [μm] 1.8 0.7-20
Max. Peak current Ipk [kA] 72 10-200



FACET-II Annual Science Workshops 
December 2012, October 2015, 2016, 2017…
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User community is engaged with annual science workshops leading to 
strong proposals and excellent alignment with HEP Roadmap priorities

Next Science Workshop 
October 2019 to discuss: 
• Beam quality in PWFA 
• FEL applications 
• Experiments with positrons 
• Strong Field QED

• Call for proposals in June 2018 
• Program Advisory Committee 

Meeting October 9-12, 2018



Flexibility of the photo-injector allows two bunches creation at the 
gun with order of magnitude better emittance and without collimation
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Plasma Density Profile

FACET & FACET II Simulations

16

FACET  Two-Bunch FACET II Two-Bunch(Low εN)

FACET FACET-II
Science deliverables: 

• Pump depletion of drive beam with 
high efficiency & low energy spread 
acceleration 

• Beam matching and emittance 
preservation 

Key upgrades: 
• Photoinjector beam 
• Matching to plasma ramps 
• Differential pumping 
• Single shot emittance diagnostic 

Plasma source development: 
• Between 10-20µm emittance, beam 

expected to ionize He in down ramp 
• Next step laser ionized hydrogen 

source in development at CU Boulder

PAC ‘Excellent’ rankings re-iterated that roadmap priorities are well 
developed in proposed experimental program

C Joshi et al 2018 Plasma Phys. Control. Fusion 60 034001



Community Coming Together Around Ideas for Testing 
Mechanisms That May Limit Beam Quality

Many mechanisms of emittance growth have 
been put forward, e.g. ion motion, hosing…
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D. Whittum et al. PRL 67, 991 (1991) LBNL/SLAC 
J. Rosenzweig et al., 95, 195002 (2005) UCLA 
C. Huang et al., PRL 99, 255001 (2007) UCLA 
V. Lebedev et al., PRST-AB 20, 121301 (2017)  FNAL

W. An et al. PRL 118, 244801 (2017) UCLA

Benchmarking theoretical 
and numerical predictions 
will be a strong component 

of FACET-II Program

ALEGRO 2018 workshop, Oxford, UK 
Tue March 27, 2018 16

Divergence reduction in an adiabatic 
plasma-to-vacuum-taper experimentally 
demonstrated for LWFAs:

Sears, et al. PRST-AB 13, 092803 (2010).

Experimental demonstration

- Plasma target design for transitions >> 1 mm not demonstrated

- Demonstration: adiabatic/optimized matching/extraction in PWFAs

- Adiabatic transition length > stage length for great energies

- Stability study for optimized matching (phase-dependence)

- Conceptual study of misalignment mitigation

Remaining challenges/To do’s

Reduction of spatial hosing seeds

in tapered vacuum-to-plasma

transitions.

Reduction of hosing seed

“Adiabatic alignment” ~ 
reduction of hosing seed for 
witness beam.

Mitigation of misalignmentn
/n
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Plasma-to-vacuum transitions:  
“Swiss army knife” for quality preservation?

+ … ?

Mehrling et al. PRL 118, 174801 (2017).

Plamsa ramps

7

Mitigating Hosing Instability 

Head Center Tail

ξ = -σz ξ = 0 ξ = σz

10% Energy Chirp Overloading the Wake can 
compensate the chirp.

Energy Spread

10

Killing the Hosing Instability

Head Center Tail

ξ = -σz ξ = 0 ξ = σz

Trailing Beam: E = 10 GeV, Ipeak=9 kA 

σr = 0.516 µm, σz = 6.38 µm , 
N =4.33 x 109 (0.69 nC), εN = 1 µmrad 
(transversely offset by 1 µm)

Drive Beam: E = 10 GeV, Ipeak=15 kA 

σr = 0.516 µm, σz = 12.77 µm , 
N =1.0 x 1010 (1.6 nC), εN = 1 µmrad

Ion Motion

T. Mehrling et. al., PRL 118, 174801 (2017) DESY/LBNL

Proposed techniques 
for mitigation need to 

be tested 
experimentally M. Hogan “Plans on transverse wakefield 

measurements at FACET-II” Thursday 09:50-10:10
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Lithium or Rubidium Vapor Produced in a Heat Pipe Oven: 
• Scalable over wide range in density & length: 

•  n0 = 1014-1017 e-/cm3, L = 20-200 cm 
• ‘Easy’ first ionization: 

• e.g. Li 5.4 eV lessens ionization laser requirements 
• Limited optical access for probe pulses and injection laser pulses 

(e.g. Trojan Horse) 
• Developed in collaboration with UCLA, used in most acceleration 

experiments since 1998

Ionization: 
• Possible with beam fields directly for single 

compressed e- beams 
• Pre-ionization laser pulse gives additional flexibility 
• Specialized optics for uniform or hollow channel 

plasmas

Axicon optic provides 
transversely uniform 

extended line focus for 
long, uniform plasmas 

for electron acceleration

Spiral phase grating 
produces hollow laser 
beam to make hollow 
plasma channel for 

positron acceleration

400µm

Axicon

Hydrogen Gas Cells: 
• Flexible optical access for visualization and injection

FACET Experiments Use Meter Scale Plasmas: 
Laser or Beam Field Ionization, Alkali Metal Vapor or Hydrogen Gas
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CONCLUSIONS
Budker Institute for  

Nuclear Physics

• SLAC e-bunch initially singly-field-ionizes neutral Li vapor (na = 0.8 
    x 1017 cm-3) out to r = 40 µm & drives NL e-wake, depositing 2 J/cm. 

• Periphery of plasma profile grows from r ~ 0 ! 2 mm in 1 ns. 

• 85% of deposited energy remains in plasma column for 1ns, driving: 
 - outward radial ion motion   
 - >60-fold multiplication of electron population by impact ionization in periphery, 
    explaining its observed expansion. 

• FUTURE: Probe plasma at steeper angles (.01 ! .02 rad) available in FACET-II,  
    to access internal structures (e.g. axial ion peak, NL e-wake).  

Financial support:  U. S. Department of Energy, U. S. National Science Foundation

• We reconstructed dissipation of a multi-GeV PWFA over 1 ns by analyzing 
    probe diffractometry measurements with OSIRIS & LCODE simulations.

9/9
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Prospects for Transformative Applications Based on Ultra-high 
Brightness Beams from Plasma Wakefield Accelerators
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Results of FACET-II science program are needed to optimize the design of a 
future demonstration facility (systems engineering, reliability, tolerances…)

• FACET started high-brightness plasma 
wakefield injector research 

• Demonstrating and optimizing different 
injection techniques (DDR, TH, CP) are 
important parts of FACET-II program 

• Path to collider level 10-100nm 
emittance beams without damping rings

1	
	

	
	

	

	
	

	
	

	

	

SLAC	Plasma	Application	Task	
Force	Summary	Report	

	

July	13,	2018	
SLAC-R-####	

	
Edited	by:	Mark	J.	Hogan	

	
	

SLAC	National	Accelerator	Laboratory	
2575	Sand	Hill	Road	
Menlo	Park,	CA	94025	

Example FEL Applications 
• TerraWatt Peak Power 
• Attosecond Pulses 
• Photon Energies > 20keV

A. Deng et al. in Review for E210 Collaboration



FACET/FACET-II Have a Unique Role in Addressing Plasma 
Acceleration of Positrons for Linear Collider Applications

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



PWFA Research Priorities at FACET-II 
Stage 1 Funded. Stage 2 & 3 will Fully Exploit the Potential of FACET-II
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Emittance Preservation with Efficient Acceleration 
FY19-21

High Brightness Beam Generation & Characterization 
FY20-22

Positron Acceleration 
FY21-24

Simultaneous Deliver of Electrons & Positrons 
FY22-25

• 10’s nm emittance preservation is necessary for collider apps 
• Ultra-high brightness plasma injectors may lead to first apps

• Positron Acceleration on Electron Beam Driven Wakefields

Stage 1 Stage 1

Stage 3Stage 2

• High-gradient high-efficiency (instantaneous) acceleration has 
been demonstrated @ FACET

• Full pump-depletion and 
Emittance preservation 
at µm level planned as 
first experiment

• Only high-current positron capability in the world for PWFA 
research will be enabled by Phase II

• Develop techniques for            
positron acceleration in PWFA stages

User Community is engaged with annual science workshops. Gradual 
introduction of capabilities are aligned with User needs.

Possibility to add an independent witness injector has been studied:

• Independent control of drive & witness bunches

• More flexibility for shaping and higher transformer ratio studies

• Staging studies with independent beams (ins & outs)

• Incorporate lessons learned in double bunch experiments

• Requirements will follow experimental needs (chicken & egg)



Concluding Thoughts

• FACET-II will commission electron beam this Fall 

• User programs expected to run from 2019-2026 

• FACET-II experimental collaborations have proposed many exciting 
and challenging experiments to address key physics issues on US 
Roadmap (and ANAR Roadmap) 

• ALIC aspirations and aligned with FACET-II and Roadmap priorities 
- Strong beam loading for narrow energy spread and high efficiency 
- Emittance preservation at µm and sub-µm levels 

• Matching in and out, mitigation of instabilities, ion motion 
- Knowledge of plasma dynamics at long timescales 
- Investigations of paths to positron acceleration comparable to electrons 

• Applying lessons learned to update collider designs will take 
motivated/dedicated personnel with time to do so
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