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Thank You to the AF6 & Advanced Accelerator Community

https://arxiv.org/abs/2208.13279

Includes citations for this talk

Also: novel RF, other concepts
(not the focus of this talk)

Report of the Accelerator 
Frontier Topical Group 6 on 
Advanced Accelerator 
Concepts for Snowmass 2021 

Thanks for coordination and work 
with the Implementation Task 
Force and AF4 collider Groups, 
the overall AF, EF, TF, CoF, CmF, 
and the overlapping European 
Strategy for Particle Physics 
Roadmap group.
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Strategic Planning Process for U.S. Particle Physics
○ Particle physics is the largest driver of U.S. investment in advanced accelerators 

■ Light sources and other DOE nearer term applications based from stewardship of collider technology

■ NSF programs are broadly based

○ DOE and NSF programs in particle physics are guided by decadal planning

■ Snowmass community science study defined important questions, promising opportunities 

■ 2-year discussion across the field develops and provides community input / interest on opportunities

■ Particle physics Project Prioritization Panel “P5” formulates a 10-year plan and 20 year vision within 
funding constraints. Subpanel of High Energy Physics Advisory Panel, advising DOE & NSF.

■ Parallel: International benchmarking panel, to be released Nov 2nd (https://science.osti.gov/hep/hepap/Meetings)

■ Parallel: National Academies studies define overall scientific vision-Elementary Particle Physics ongoing

■ Related to: planning for other U.S. science areas such as nuclear physics, fusion and plasmas;  
international planning including the European Strategy for Particle Physics, Japan, others 
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2016 Advanced Accelerator Development Strategy                 
Guides Technical Efforts
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○ Roadmaps developed following Snowmass 2013 and ensuing P5 and HEPAP sub-panel

■ Community representatives organized workshops and worked with DOE HEP to define roadmaps for three 

AAC technologies: LWFA, PWFA and SWFA towards colliders and near term applications



2022 AF6 Assessed and Planned Advanced Accelerator Options 
For Future Colliders With Related Snowmass Groups

○ Energy, Theory Frontier – motivation for high energy colliders, physics analysis of collider options

■ Physics pull that drives accelerator needs, assessment of detector performance, theory 

○ Community Engagement – near term applications, DEI…;  Computational – simulation tools

○ Accelerator Frontier – needs to advance physics; state of art; facilities available in next decade; 
R&D to enable future opportunities; time and cost scales of R&D and test facilities 

■ AF6 – Advanced Accelerator Concepts for future colliders, relationship to other applications                
Conveners were also observers for European LDG activity

■ AF4 – Multi-TeV colliders – Assessment of collider options and readiness  
https://indico.fnal.gov/event/22303/contributions/246818/attachments/157318/205796/AF4_Summary_Rev3.pptx

■ Implementation Task Force – Compared collider properties (https://arxiv.org/abs/2208.06030)

■ Joint AF/EF evaluation of lepton options: e+e- Collider Forum (https://arxiv.org/abs/2209.03472) &               
Muon Collider Forum (https://arxiv.org/abs/2209.01318)

■ Agora #5 on Future Colliders: Advanced Colliders (https://indico.fnal.gov/event/53848/)

■ Physics limits of ultimate beams workshops (https://indico.fnal.gov/event/47217/)

■ PASAIG, Plasma & Advanced Structure Accelerator Interest Group (https://aacseminarseries.lbl.gov/pasaig)
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Strong Energy & Theory Frontier Interest in 10+ TeV  

○ Higher energy scale than emphasized in the last Snowmass driven by evolving data

○ Leptons offer clean collisions and strong physics potential

■ Motivates R&D to reduce cost and energy consumption and provide viable options at 10+ TeV

■ Similar physics is anticipated to be accessible with muons or e+e-

■ gg colliders likely access significant portion of physics, analysis less complete

■ Muon collider forum: included detailed EF analysis driven by renewed muon collider effort and 
presence, spanning accelerator, energy, instrumentation (detection) and theory frontiers

■ e+e- collider forum: identified potential for similar signatures, potential LC benefit via AF6 methods 

○ Challenging energy scale emphasizes

■ R&D on new technologies 

■ Energy efficiency  

■ Leverage of nearer term applications 6



Addressing WakeField Collider Challenges
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Laser (red) or beam drives density wave (blue 
to yellow) in plasma/structure, accelerating e-
(white), e+ (blue) with fields ~ 10 GeV/m

Wake of intense laser or beam 
creates very high fields 
in plasmas, structures

• Source – potential direct nm electron emittance
• Accelerator: stages to minimize length, power 

o Charge consistent with collision limits ~ nC implies O(10 GeV)
o Each stage: 10 Joule-Class laser or beam driver
o Precision alignment required- active feedback

• Rep rate for Luminosity ~ 10’s of kHz 
• Positron methods: fast cooling potential,                         

non-symmetric acceleration in plasmas, 
• Interaction region: strong focusing, energy recovery
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Reinforced by strong near term applications

W. Wang et. al, Nature  Vol 595 (2021)
Now more than four groups

Free Electron Lasers Precision imaging

LBNL/INL 
Thomson

experimentCompact muon sources



Assessment of Limits Over Last Decade: 15 TeV-class Potential
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○ Community addressed many potential limits of high-gradient linac technology including
■ Shaped bunches can be used to efficiently accelerate beams without energy spread growth
■ Ion motion induced by dense beams can mitigate transverse hosing instability
■ Scattering in plasma mitigated by strong plasma focusing
■ Energy spread from synchrotron radiation in plasma limited by small beam emittances
■ Laser and beam energy recovery may be used for improved efficiency
■ Supported by experimental results e.g.: 10 GeV class beams, beam loading & efficiency, plasma 

recovery, staging, high transformer ratio, positrons, and FEL-lasing demonstrating high beam quality 

○ Concepts for addressing limits need to be developed to integrated collider concepts
■ 100’s of stages: Beam matching / coupling between including efficiency ≥ 99%
■ Small accelerating structures place challenging alignment and jitter tolerances 
■ Plasma-based positron stages, beam delivery system and final focus

○ Wall-plug power is the apparent limit of energy reach of e+/e- linear colliders based on AAC 
■ Beamstrahlung limits bunch charge and luminosity requirements increase required power:
■ Short beams and low emittance could reduce power requirements 
■ High gradients could enable practical energy recovery



Collider Potential to 15+ TeV & Re-using Near-Term Facilities 
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○ Similar parameter ranges accessible to each 
wakefield technology: coordinated example 

■ TeV-class established as part of 2016 AARD 
report, extended to 3 - 15 TeV range

■ Towards a wakefield collider concept, with 
technology alternatives (likely to use > 1?)

■ Potential to re-use infrastructure of nearer-
term LC (e.g. ILC, CCC) to enable many TeV

■ Potential injectors, upgrades for 
conventional colliders & accelerators

○ Sequence of collider options available to 
the 15 TeV class: polarized e+e- or gg 
■ Coordinated with European Strategy Group, 

overlapping Snowmass

■ New concepts continue to 

○ Conceptual parameter sets, based on 
simulations of components

Laser-plasma linear e-/e+ collider 3 TeV

Beam energy TeV 1.5

Particle number (1E9) 1.2

Beam power MW 13

Luminosity (1E34) cm-2 s-1 10

Transverse. beam sizes at IP, x/y nm 10 / 0.5

IP beta function,  β* mm 0.1

RMS bunch length micron 8.5

Repetition frequency kHz 47

Time between collisions microsec 21

Beamstrahlung photons/e- 1.7

Length (2x main linac tunnel) km 1.3

Facility site power (2 linacs) MW 315

LWFA parameters: 1 um laser wavelength, 1017 cm-3 plasma density

Example: similar sets for beam driven and structure 



Integrated Design Study* is Needed 

European Strategy for Particle Physics Roadmap for 
Accelerator R&D highlights the need for pre-CDR study 

Strong overlap of AAC with compact light sources

• Develop fully self consistent start-to-end collider designs
• Includes: alignment and jitter tolerances, stage 

matching/coupling, BDS and Final focus
• Develop detector and interaction point designs
• Conduct physics studies with Energy & Theory Frontier
• Tech demonstrators, components, collider demo.,                

staged collider E to ≥10TeV
• First steps in Snowmass – critical to build on this

* Also referred to as self consistent design study 10



AF6 Selected Highlights

○ Advanced accelerators in beam and laser driven structures/plasmas offer potential for compact, 
energy efficient future e-e+/gg colliders to 15 TeV range with few TeV/km geometric gradients 

○ AF6 key recommendations …vigorous research on advanced accelerators as part of General Accel. R&D

■ A targeted R&D program addressing high energy advanced accelerator-based colliders 

■ Recognize near-term applications as essential & providing leverage to colliders-strengthen connections

■ Enhanced driver R&D to develop efficient, high repetition rate high average power… technology

■ Upgrade  beam test facilities, continue strong role in workforce, recruiting including high repetition 
rate facility kBELLA, positrons at FACET-II, integrated SWFA at AWA

■ Pursue 10’s GeV collider demonstration study develop physics experiments at intermediate energy

■ A DOE-HEP sponsored workshop should update and formalize the U.S. Advanced accelerator strategy



AF4 Evaluated Collider Options for Maturity
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• 10+ TeV options highlighted in blue 
o Also: novel RF – TeV class + injectors

• Significant R&D required to mature 
concepts in the yellow shaded area. 

• Green maturity level required for decision 
making and informed comparison.  
o No lepton option in this range yet

o Advanced accelerators perceived as less 
mature than alternatives

o Need for R&D, tech. demonstrations, 
applications & collider design  

o Interest remains in alternative paths 
including lepton-ion and g-g colliders.



Implementation Task Force
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• Key question for Snowmass Accelerator Frontier: 
performance potential, time and cost scales of 
potential collider projects
o 0.25 TeV, 3TeV, and 10-TeV classes

• Implementation Task Force (ITF): broad group of 
collider and accelerator experts
o Metrics and process to evaluate proposals and 

allow a balanced comparison 
o Assessment of schedule and R&D status  
o Associated test facilities and steps

• Expected costs using same process
o Cost models developed: facilities, sources and 

cooling, power are major contributors
o Not always clear smaller is cheaper
o Collider design requires system approach

ITF report: https://arxiv.org/abs/2208.06030  
Marlene’s talk: https://agenda.infn.it/event/28376/contributions/179407/ 

https://arxiv.org/abs/2208.06030


ITF Compared Potential Collider Properties
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o Potential for interesting parameters and cost, not all at same level of maturity
o AAC goal:  ...to reduc[e] the dimensions, CO2 footprint and costs of future high energy 

physics machines, with the potential to reduce power consumption and offer e+e- and 𝛾 − 𝛾  
machines to and beyond 15 TeV energies.  

AAC: ‘limited 
documentation’
MC: ‘substantial 
documentation’
FCC: CD



ITF Compared Potential Collider Properties
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o Next step for AAC: integrated self consistent parameter sets including tradeoffs to 
advance evaluation of collider options, and progress to integrated design study

o Proponent performance parameters discussed but not independently calculated



ITF Compared Potential Collider Costs
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o 30 parameter cost model
o Based on moderate extrapolations of current costs by ITF, with proponent input
o “For future technologies, this cost estimate is likely very conservative and one should expect that 

the cost for these items can be greatly reduced, maybe by significant factors, through pre-project 
cost reduction R&D.” (pg 47)

o ”The laser-power driver costs will dominate to 15 TeV. R&D items needed to reduce technical cost risks are:…   
lasers , 50 kHz 𝑒+ bunch production, 50 kHz plasma-cells, and also the final focus system” (pg. 30)

ITF cost model for 
10 TeV class

Note: energies and 
luminosities not 
synchronized 
between technologies



AAC facility next steps will advance technology 
and test key remaining parameters 
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• Rapid investment in Europe, Asia, incl. EuPRAXIA 
o US R&D, facility base creates leadership opportunities

• Positron acceleration R&D
o Technical challenges:  plasma acceleration of stable, high-quality e+ 

beams, with high efficiency (comparable to e-)
o FACET-II upgrade: plasma-based positron acceleration 

experiments/tests (e.g., plasma columns or hollow channels)

• Staging of two modules and multiple-driver/injector beams
o BELLA 2nd beamline: staging; future positrons & injectors 

• High-average power and high repetition rate plasma accelerators: 
o Technical challenges:  targetry at repetition rate, heat deposition and 

management (~kW/cm), structure durability 
o kBELLA project: kHz, J-class laser. Technology available; precision 

via active feedback, applications on collider roadmap 
• Integrated submodule of TeV SWFA design: 

o GW rf power generation and sustainable 0.5GV/m acceleration
o Over 50% of RF-to-beam efficiency with shaped main beam.
o 3GeV demonstrator in AWA-II High-Energy Upgrade.

BELLA

kBELLA

kHz LWFA

collider parameters
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Bunches / sec

e+ focusing and 
accelerating region

S. Dieterichs et al. PRAB (2019)

Wake excited in plasma column
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e+e- forum

e+e- collider forum report: https://arxiv.org/abs/2209.03472 

o AAC based 
colliders require 
ongoing R&D 

o Potential 
recognized

o Viewed as very 
long term 

o Less analysis by 
energy and 
theory frontier
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Accelerator Frontier Summary
○ …a Higgs/EW factory at 250 to 360 GeV is still the highest priority for the next large accelerator 

project, the motivation for a TeV or few TeV e+e collider has diminished. Instead, the community 
is focused on a 10+ TeV (parton c.m.e) discovery collider that would follow the Higgs/EW 
Factory. This is an important change that will refocus some of the accelerator R&D programs. 

○ ‘… discovery machines such as O(10 TeV c.m.e.) muon colliders have rapidly gained significant 
momentum… R&D is in progress on other concepts such as wakefield based e +e − or gg systems 
which may present additional future options... will reduce the dimensions and thus potentially 
reduce the costs and power consumption of future high energy physics machines

■ Advanced wakefield accelerator concepts should strive toward demonstration of collider quality 
beams, efficient drivers and staging, and development of self-consistent parameter sets for potential 
colliders based on wakefield acceleration in plasma and structures (in close coordination with 
international programs such as the European Roadmap, EuPRAXIA, etc.) 

■ in accelerator and beam physics – [focus on] acceleration and control of high intensity/high brightness 
beams, high performance computer modeling and AI/ML approaches, and design integration…  
include the overall energy efficiency of future facilities and re-establish a program of beam physics 
research on general collider-related topics towards future e+e colliders and muon colliders. 

■ Strengthen and expand capabilities of the US accelerator beam test facilities

AF Report: https://arxiv.org/abs/arXiv:2209.14136 



Energy Frontier Summary

EF Report: https://arxiv.org/abs/2211.11084 

o Emphasis on muon collider path to 10 TeV scale, AAC not analyzed in detail
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Energy Frontier Key Thrusts

o Stronger AAC engagement with energy and theory colleagues is needed 21



Snowmass Summary – Highest Level

o AAC engagement with the conventional collider community is essential, including 
strong participation at meetings outside the AAC community and design engagement 22



Particle Physics Project Prioritization Panel Follows Snowmass

○ Resource limited 10 year plan with 20 
year vision for the field

■ Context of Snowmass reprorts

■ Projects and R&D

■ Town halls and events collect 
community input

■ Panel discussions confidential,             
no content in this talk

○ Broad portfolio includes collider, 
neutrino, cosmic and other areas 

○ Report at HEPAP meeting Dec 7-8
■ https://science.osti.gov/hep/hepap/Meetings 

P5 site: https://www.usparticlephysics.org/p5/ 
Hitoshi’s talk at HEPAP: https://science.osti.gov/-/media/hep/hepap/pdf/202308/P5_HEPAP_202308.pdf 23

https://science.osti.gov/hep/hepap/Meetings
https://www.usparticlephysics.org/p5/
https://science.osti.gov/-/media/hep/hepap/pdf/202308/P5_HEPAP_202308.pdf


Snowmass Takeaway Messages
○ Interest shifted from the TeV range to emphasize 10+ TeV/parton energies, after a Higgs factory

○ Strong AAC progress assessing limits and demonstrating technologies continues motivation

■ Experimental results: 10 GeV class beams, beam loading & efficiency, plasma recovery, staging,      
high transformer ratio, positrons, and FEL-lasing demonstrating high beam quality

■ Concepts addressing: ion motion, synchrotron radiation, scattering, hosing and positron acceleration

■ Collider conceptual parameter sets developed based on component simulations and models 

■ Strengthening R&D and test facilities while leveraging near term applications are important.

○ Snowmass science study engaged across the particle physics community and informs the P5 plan 

■ Advanced accelerators offer potential for compact, energy efficient future e-e+/gg colliders

■ Viewed as longer term than other options by colleagues outside of AAC

■ Accelerator Frontier and other emphasize the need for designs with documented self-consistent 
parameter sets and identified technology gaps to guide and assess R&D

■ Engagement with broad accelerator and particle physics communities is needed to advance design and 
consideration as a collider option, while there has been a strong surge of interest in muon collider 
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Snowmass Takeaway Messages
○ Next steps towards consideration as future collider options include moving towards integrated 

design, starting with self consistent parameter sets (muon collider success in the last decade)

■ Integrating: injection, cooling alignment and jitter effects and tolerances, matching/coupling between 
many stages, BDS and Final focus

■ Engaging: the detector, high energy physics and conventional collider communities, &  internationally

■ Frame a common wakefield collider concept with techniques offering technical risk mitigation 

○ Engage particle and detector physicists – there are unique issues with WFA detectors e.g. short 
bunches. Relaying parameters so they can have to something to calculate with is very important.

○ Participate strongly in non-AAC meetings and workshops,  learn from and work with muon 
collider  and conventional collider colleagues: IPAC, IMCC meetings, LCWS, APS April meeting…

○ Frame the benefit of AAC technologies as injectors or upgrades for other machines such as a 
linear Higgs factory upgrade to 10 TeV in engagement with ILC and CLIC, as well as light sources 

○ Leverage near term applications to advance collider path and reduce cost and risk, working 
across funding agencies
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