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Integrated effort of the US and international community

ÅBroad community support

ÅñBickering scientists get nothing.ò (Jim Siegrist, former HEP AD)

ÅWhat technologies would be required? ï feasibility and technical risk

ÅHow far do we have to go? - what is state-of-the-art?

ÅHow much will it cost and who is willing to pay for it?

ÅWhat route or routes do we take? ï usually more than one way to get there

ÅMind the gap

ÅMaintain continuity of workforce

Context for a Future Collider Roadmap
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So why canôt you just pick one?
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ÅFor discovery potential, physics wants the 
highest energy possible

ÅPower consumption and environmental impact

ÅFootprint is a limitation in most cases

ÅSocietal and political support required 
 - coordinated international effort
 - cost

ÅTechnological Limits

Student question at Snowmass 
Community Summer Study in July 2022.

fƣќƚШĦŸůƓũŔĦċƣĲĬЮ
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The Long Process of Sausage Making
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Snowmass/P5



ÅApproximately every ten years, the US has a strategic planning process 

starting with ñSnowmass,ò followed by the Particle Physics Project 

Prioritization Panel (P5).

ÅEach country/region has their own approach for setting priorities for large 

physics projects, but they are done in an international context.

ÅThe EU planning process (European Strategy for Particle Physics) ï 

precedes US and has significant influence.

ÅThe International Linear Collider in Japan is still on the table.

ÅSerious discussions on large-scale facility in China but no decisions yet.

Large -Scale Facilities for Particle Physics are International
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Strategic Planning Process for US HEP ï Snowmass/P5
This time it was a ~ 3-year process due to COVID
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Snowmass Organization

Advisory Group
Steering Committee

Topical Groups (80)

Community

Snowmass Frontiers (10)
Liaisons + Early Career

S. Gourlay, ASC22 October 2022Steve Gourlay | Future Collider Options 11



Aida El-Khadra
(UIUC)
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Marina Artuso
(Syracuse U.)

Bob Bernstein
(FNAL)

Alexey Petrov 
(Wayne State U.)

Meenakshi Narain 
(Brown U)

Alessandro Tricoli 
(BNL)

Laura Reina
(FSU)

Aaron Chou 
(Fermilab)

Marcelle Soares-Santos
(U.Michigan)

Tim Tait 
(UC Irvine)

Patrick Huber 
(Virginia Tech)

Kate Scholberg 
(Duke U.)

Elizabeth Worcester 
(BNL)

Csaba Csaki
(Cornell)

Nathaniel Craig
(UCSB)

Steve Gourlay
(LBNL)

Tor Raubenheimer
(SLAC)

Vladimir Shiltsev
(FNAL)

Phil Barbeau
(Duke)

Jinlong Zhang
(ANL)

Petra Merkel
(FNAL)

Steven Gottlieb
(Indiana U.)

Ben Nachman
(LBNL)

Oliver Gutsche
(FNAL)

Jeter Hall
(SNOLAB)

Kevin Lesko
(LBNL)

John Orrell
(PNNL)

Laura Baudis
(U. Zurich)

Kétévi Assamagan
(BNL)

Breese Quinn
(Mississippi)

Energy
Frontier

Frontiers in
Neutrinos

Frontiers
in Rare & 
Precision

Cosmic 
Frontier

Theory 
Frontier

Accelerator
Frontier

Instrumentation
Frontier

Computational 
Frontier

Underground 
Facilities and 
Infrastructure 
Frontier

Community 
Engagement 
Frontier

30 Frontier Conveners

~ 250 Topical Group Conveners

> 40 Inter-Frontier Liaisons

~ 25 Early Career Liaisons



Accelerator Frontier
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Accelerator Frontier

Co-Conveners

Steve Gourlay (LBNL) (FNAL)

Tor Raubenheimer (SLAC)

Vladimir Shiltsev (FNAL)

Description
The Accelerator Frontier activities include discussions on high-energy hadron and lepton 
colliders,  high-intensity beams for neutrino research and for the љÂőǃƚŔĦƚ Beyond 9ŸũũŔĬĲƖƚњЯ 
accelerator technologies, science, education and outreach as well as the progress of core 
accelerator technology, including RF, magnets, targets and sources. Participants will submit 
Letters of Intent, contributed papers, take part in corresponding workshops and events, 
contribute to writing summaries and take part in the general Snowmass'21 events
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1. What is needed to advance the physics?

2. What is currently available (state of the art) around the world?

3. What new accelerator facilities could be available in the next decade 

(or next next decade)?

4. What R&D would enable these future opportunities?

5. What are the time and cost scales of the R&D and associated test 

facilities as well as the time and cost scale of the facilities?

Accelerator Frontier ï Key Questions
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9 out of 29 are representatives of Asia and Europe; 5 women

Accelerator Frontier Topical Groups and Conveners

Topical Group Topical Group co-Conveners

AF1 Beam Phys & Accel. Education Z. Huang (Stanford) M. Bei (GSI) S. Lund (MSU)

AF2 Accelerators for Neutrinos J. Galambos (ORNL) B. Zwaska (FNAL) G. Arduini (CERN)

AF3 Accelerators for EW/Higgs M. Ross (SLAC) Q. Qin (IHEP, Beijing) G.Hoffstaetter (Cornell)

AF4 Multi-TeV Colliders M. Palmer (BNL) A. Valishev (FNAL) N Pastrone 
(INFN, Torino)

J.Tang (IHEP, 
Beijing)

AF5 Accelerators for PBC and Rare 
Processes

E. Prebys (UC Davis) M. Lamont (CERN) R.Milner (MIT)

AF6 Advanced Accelerator Concepts C. Geddes (LBNL) M. Hogan (SLAC) P. Musumeci 
(UCLA)

R. Assmann 
(DESY)

AF7 Accelerator Technology R&D

Sub-group RF E. Nanni (SLAC) S. Belomestnykh (FNAL) H. Weise (DESY)

Sub-Group Magnets G. Sabbi (LBNL) S. Zlobin (FNAL) S. Izquierdo Bermudez (CERN)

Sub-Group Targets & Sources C. Barbier (ORNL) Y. Sun (ANL) F. Pellemoine (FNAL)

Plus, the Accelerator Implementation Task Force  (ITF) to evaluate and compare various options
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Office of High Energy Physics (OHEP), General Accelerator R&D (GARD) program

ÅIncludes

ÅAccelerator and Beam Physics (ABP)

ÅRF Acceleration Technology (Normal and Superconducting)

ÅParticle Sources and Targets

ÅAdvanced Accelerator Concepts (AAC)

ÅSuperconducting Magnets and Materials (SCM)

AF considered all relevant accelerator facilities and 
supporting technologies
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GARD funding by thrust 
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11,930

12,224

1,776

7,757

11,619

4,544
FY21 GARD Research Thrusts $K

ABP
AAC
Sources&Targets
RF
SCM
Other

$49,850 total

Other includes:
ÅTraineeships (since FY20)
ÅUS-Japan
ÅMiscellaneous (conference 
support, FCC coordinator, etc.)

ABP Includes:
ÅUniversity research ~$900K
ÅLab research at FNAL, LBNL, 
ANL, ORNL, SLAC ~11M
ÅTotals include 3 ECA awards 
and some AI/ML efforts
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GARD facility operations FY21
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5,170

10,996

3,425

15,026

4,330

Facility Operations FY21 in $K

Magnet test SRF/Cryo test BELLA

FACET/FACET IIOther

$38,947 total

Other Includes
ÅFNAL: IOTA
ÅANL: AWA
ÅSLAC: NLCTA & Sector 30



Steve Gourlay 
(LBNL)

Tor Raubenheimer 
(SLAC)

Vladimir Shiltsev 
(FNAL)

Thomas Roser 
(BNL, Chair)

Jim Strait
(FNAL)

John  Seeman
(SLAC)

Philippe Lebrun 
(CERN)

Katsunobu 
Oide (KEK)

Reinhard 
Brinkmann

(DESY)

Spencer Gessner 
(SLAC)

Marlene Turner 
(LBNL)

Sarah Cousineau 
(ORNL)

AF Implementation Task Force (ITF)

Implementation Task Force (ITF) Report
https:// arxiv.org/abs/2208.06030
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ÅITF developed a set of metrics to evaluate the proposals and concepts. 

ÅParameter spreadsheets with more than 60 entries of 24 major collider proposals were collected 

from proponents. 

ÅFactual review of report content by proponents.

ÅITF did NOT review the ultimate performance of the proposed facilities but focused on technical 

risk and R&D requirements, estimated cost and plausible technically limited schedule.

ITF process
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ÅTo facilitate an evaluation that would be most useful to Snowmass, proposals were 

grouped into 4 categories addressing similar physics plus an additional group consisting 

of collider versions that could be located at FNAL:

ÅHiggs factory colliders with a typical CM energy of 250 GeV

ÅHigh energy lepton colliders with up to 3 TeV CM energy

ÅLepton and hadron colliders with 10 TeV or higher parton CM energy

ÅLepton -hadron colliders 

ÅCollider versions that could be located at FNAL

ÅITF evaluated one  version of each concept as selected by the proponents

ÅWe did not consider or include staging possibilities of different collider proposals such as 

FCC-ee followed by FCC-hh. Each proposal was considered on its own. Only exceptions 

are the lepton-hadron colliders.

Evaluation Approach
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Set by scale (energy, length, power) and technology

Cost of Large Accelerator Facilities
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Accelerator components
Magnets and RF Systems

50 +/- 10%

Civil construction
35 +/- 15%

Power production, delivery
and distribution

15 +/- 10%

Largely determined by industry

Progress depends on development 
of enabling technologies

Vladimir Shiltsev



Hereôs a very recent example

Another Consideration
Energy Will Not Cost Less in the Future!

Steve Gourlay | Future Collider Options 24

ά/9wb ǎƭŀǎƘŜǎ ŜȄǇŜǊƛƳŜƴǘ ǘƛƳŜ ƴŜȄǘ ȅŜŀǊ 
ōȅ нл҈ ŀǎ ŜƴŜǊƎȅ Ŏƻǎǘǎ ōƛǘŜέ ς PhysicsWorld.com 
10/12/22



View from the Energy Frontier
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Indicative scenarios of future 
colliders [considered by ESG]

2020 207020402030 2050 2060

Ja
p

a
n

C
E

R
N

ILC: 250 GeV 
2 ab-1

CepC: 90/160/240 GeV 
100/6/20 ab-1 

500 GeV
4 ab-1

FCC-ee:  90/160/250 GeV 

-150/10/5 ab-1 

C
h
in

a

SppC: 75-125 TeV, 10-20 ab-1 

Proton collider
Electron  collider
Muon  collider

2080

Construction/Transformation

2090

350-365 
GeV 1.7 ab-1 

20km tunnel 

100km tunnel 

100km tunnel, installation 

50 km tunnel 

C// ƘƘΥ млл ¢Ŝ± Ғ ол ŀō-1 

1 TeV
Ғ п-5.4 ab-1

31km tunnel 40 km tunnel 

5 years

Preparation / R&D

29 km tunnel 

2038 start physics

2035 start physics

2048 start physics

LHC              HL-LHC (14TeV, 3 ab-1) 
 (13.6TeV, 450 fb-1 )

installation 
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ÅContinue with Fermilab neutrino program

ÅContinue to exploit physics at the LHC and the High Luminosity LHC

ÅNeed a Higgs factory (ILC, FCC-ee, CepC, CLIC, Fermi site fillers (HELEN, C3) . . .

ÅCandidates for Energy Frontier

ÅFCC-hh

ÅSppC

ÅMuon Collider

Å Compact design allows variety of siting options

Possibilities Based on Community ñBuzzò at the Time of Snowmass
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Some R&D Required

Significant R&D Required



All Options require beyond state -of-the-art 
magnet technology
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Muon Collider

Å Large variety of challenging magnets
Å Energy reach X7 over pp
Å Luminosity/power ratio best among 

all multi -TeV colliders
Å Relatively small footprint and cost

Staged from 
e+e- collider

100 TeV, 16 T magnets, 91 km

CERN

50mm, Nb3Sn, HTS?

CepC

China

125 TeV, 20 T magnets, 110 km 

SppC

50mm, IBS, Nb3Sn, HTS
òA Muon Collider Facility for Physics Discoveryò,

arXiv:2203.08033 [physics.acc-ph]

arXiv:1901.06150v1

https://arxiv.org/abs/2203.08033
https://arxiv.org/abs/2203.08033
https://arxiv.org/abs/2203.08033


Higgs factories, high energy lepton and gg colliders
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ÅKey features/challenges

ÅSuperconducting RF

Å2K cryo

ÅPositron source

ÅLuminosity

ÅOverall Technical Maturity ï nearly shovel ready

ÅMore work on cost reduction

Å International cooperation agreement

ILC

International Linear Collider

International

Beam Energy GeV 125

RF Gradient MV/m 31.5

# IPs N 1

Site Power MW 130

Length/Circum. km 20

òThe International Linear Colliderò,arXiv:2203.07622 [physics.acc-ph]  
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ÅKey features/challenges

ÅTwo-beam acceleration scheme

Å Normal conducting RF 100 MV/m

Å High current low-energy drive beam decelerated to power low current high-energy main beam

ÅHigher energy reach than ILC

ÅAnd as the name states ï ñCompactò

ÅOverall Technical Maturity ï CDR

CLIC

Compact LInear Collider

arXiv:1209.2543

CERN

arXiv preprint arXiv:1812.07987 

Beam Energy GeV 190

RF Gradient MV/m 72

# IPs N 1

Site Power MW 168

Length/Circum. km 11òThe CLIC projectò,arXiv:2203.09186 [physics.acc-ph]  
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ÅKey features/challenges

ÅCold (77K) Normal Conducting RF (70 MeV/m)

Å Increased material strength ï higher gradient

Å Higher conductivity ï reduced RF

ÅCryo is relatively simple

ÅFocus is on major cost reduction

ÅUp to 550 GeV with 155 MeV/m

ÅGeV-scale demo facility - TDR

C3

Cool Copper Collider

E. Nanni, SLAC

SLAC

Beam Energy GeV 125

RF Gradient MV/m 70

# IPs N 1

Site Power MW 150

Length/Circum. km 8
ñC3: A 'Cool' Route to the Higgs Boson and 

Beyondò,arXiv:2110.15800 [hep-ex]  

òStrategy for Understanding the Higgs Physics: The Cool 

Copper Colliderò,arXiv:2203.07646 [hep-ex]  
C3 Demonstration Research and Development 

Planò,arXiv:2203.09076 [physics.acc-ph]  
Steve Gourlay | Future Collider Options 33
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ÅKey features/challenges

ÅStep toward high energy hadron collider

ÅRange of physics from Z0 to tt-bar

Å100 MW SynchRad power loss

ÅBeam lifetime limited by beam-beam to 18 min

Å Requires large acceptance optics

Å Full energy top-off

ÅOverall Technical Maturity -  Shovel ready

FCC-ee

Future Circular Collider т e+e-

CERN
Injection
into booster

Injection 
into 
collider

Beam Energy GeV 45 - 183

RF Gradient MV/m 1.3 - 19.8

# IPs N 2 - 4

Site Power MW ~ 300

Length/Circum. km 100
ñThe Future Circular Collider: a Summary for the US 2021 

Snowmass Processò,arXiv:2203.06520 [hep-ex]  
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ÅKey features/challenges

ÅStaged scheme as for FCC

ÅRange of physics from Z0 to H

Å30 MW/beam SR power loss in collider ring

Å Beam lifetime (0.2 ï 3 hr)

Å Full energy top-off

Å Higher luminosity requires faster ramping

ÅOverall Technical Maturity -  Shovel ready

ÅVery aggressive timeline ï TDR 2021. Start of construction 2022

ÅMultiple sites in China under study

CepC

Circular electron positron Collider
CepCSppS

China

Q. Qin, IHEP

Beam Energy GeV 45.5 - 120

RF Gradient MV/m 4 - 40

# IPs N 2 - 4

Site Power MW ~ 300

Length/Circum. km 100

òCircular Electron Positron Collider (CEPC)ñ,arXiv:2203.09451 [physics.acc-ph]  
Steve Gourlay | Future Collider Options 35

https://arxiv.org/abs/arXiv:2203.09451
https://arxiv.org/abs/arXiv:2203.09451
https://arxiv.org/abs/arXiv:2203.09451


ÅKey features

ÅLower (X100 luminosity requirement)

ÅSmall energy spread

ÅLarge bore, high field dipoles

ÅEnergy reach X7 over pp

ÅLuminosity/power ratio best among lepton colliders

ÅRelatively small footprint

ÅPrecision and exploratory physics

ÅOverall Technical Maturity -  Conceptual

m+m- Collider

Proton Driver Based Option

arXiv:1901.06150v1

Did not fare well in the last Snowmass

Parameter Units Higgs Multi-TeV
CoM Energy TeV 0.126 1.5 3 6

Circumferenc
e km 0.3 2.5 4.5 6

# IPs N 1 2 2 2
Wall Plug MW 200 216 230 270

òA Muon Collider Facility for Physics 

Discoveryò,arXiv:2203.08033 [physics.acc-ph]  
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ÅCould obtain gg and ge- collisions with luminosity and energy comparable to e+e-

ÅC3 RF technology

ÅNo beamstrahlung effect

ÅNo need for positron production (a challenge with any e+e- collider)

ÅEnergy is half of mH for gg -> Higgs

ÅRequires development of high power XFEL and ultra-high brightness polarized

     electron source

XCC ï X-ray FEL -based gg Collider Higgs Factory
Conceptual
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CERN

Beam Energy GeV 62.5

# IPs N 1

Site Power MW < 30

Length/Circum. km 2.5

òXCC: An X-ray FEL-based ɔɔCollider Higgs Factoryñ,arXiv:2203.08484 [hep-ex]  

High energy electrons collide (Compton) 

with X -ray photons from an XFEL

https://arxiv.org/abs/arXiv:2203.08484
https://arxiv.org/abs/arXiv:2203.08484
https://arxiv.org/abs/arXiv:2203.08484


ÅRLA

ÅUses same RF accelerating structures multiple times for the same beam

ÅArcs are less costly than RF

ÅMuch better beam quality compared with storage rings

ÅAllows use of energy recovery

ÅERL

ÅProposed by Tigner > 2 decades ago

ÅDecelerates ñusedò beam back through accelerating structure out of phase

ÅSRF technology mature enough now to make it feasible

RLAs and ERLs

Recirculating Linear Accelerators and Energy Recovery Linacs

V. Shiltsev, F. Zimmermann
arXiv:2003.09084v1

Steve Gourlay | Future Collider Options 38



ÅOption for FCC-ee

ÅMuch smaller emittance (X100) than FCC-ee ring option

ÅSignificant fraction of the energy recovered

ÅStill some challenges to preserve emittance over long arcs

ÅPolarized beams

ÅEnergies up to 600 GeV

RLA/ERL -based Higgs and gg Colliders

      

Fig. 2. A possible options of an ERL-based FCC ee collider with linacs separated by 1/6th of the 
FCC circumference.  

 

 

Table 1. Main parameters of possible ERL-based FCC ee 

Naturally, the ERL will not recover all of the beam energy ï at the top FCC ee energies a significant 

portion of the beam energy will be lost to synchrotron radiation. Furthermore, since the ERL beams 

are passing around the FCC tunnel on their way-up in energy and on their way down, synchrotron 

losses for a cycle (from the 2 GeV cooler ring up and returning back) exceed those of a single path 

in a ring. As can be seen in Table 2, SR losses, which include SR power in the damping rings, 

increase with the number of ERL passes, while the required linac voltage is reduced. However, it 
is unlikely that increasing the number of passes beyond 6 would have any advantages. 

IR2 IR..XIR1

SRF li
na

c 1
SRF linac 2

2 GeV 

positron

ñcoolingò ring

with top-off

2 GeV 

electron

ñcoolingò ring

with top-off

FCC with ERLs Z W H(HZ) ttbar HH

Circumference, km 100 100 100 100 100

Beam energy, GeV 45.6 80 120 182.5 250

Horizontal norm Ů, ɛm rad 4 4 6 8 8

Vertical norm  Ů, nm rad 8 8 8 8 8

ɓh,  m (same as in FCCee design) 0.15 0.2 1 1 1

ɓv,  mm same as in FCCee design) 0.80 1.00 1.00 2.00 2.00

Bunch length, mm 0.8 1 1 2 2

Charge per bunch, nC 12.5 12.5 25 22.5 19

Ne per bunch 7.8E+10 7.8E+10 1.6E+11 1.4E+11 1.2E+11

Bunch frequency, kHz 99 90 33 15 6

Beam current, mA 1.24 1.12 0.82 0.34 0.11

Luminosity, 10 
34 

cm
-2

sec
-1

22.5 28.9 25.9 10.5 4.5

Collider using Energy-Recovery Linacs  -  CERC

Beam Energy GeV 120

# IPs N 2+

Site Power MW 90

Length/Circum. km 100

òCERC - Circular e+e- Collider using Energy-Recovery Linacò,arXiv:2203.07358 [physics.acc-ph]  
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RLA/ERL -based Higgs and gg Colliders

Two large linear colliders

Linear Energy Recovery Linac Collider - ReLiC

Beam Energy GeV 120

# IPs N 2

Site Power MW 300

Length/Circum. km 20
òThe ReLiC: Recycling Linear e+eī Colliderò,arXiv:2203.06476 [hep-ex]  
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Plasma Lens Beam Delivery System

Com
pton IP
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Injection/Extraction Optics
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Laser from Optical or FEL System

PWFA (Beam-Driven)

 1-15 TeV CME
~ 14 km

8

FIG. 2. Schemat ic of an LPA-based linear collider.

TABLE I I. High-level elect ron-posit ron collider parameters

Center-of-mass energy [TeV] 1 3 15
Beam energy [TeV] 0.5 1.5 7.5

Luminosity [1034 cmī2 sī1 ] 1 10 50

Part icles/ bunch [109 ] 1.2 1.2 1.2

Beam power [MW] 4.4 13 65
RMS bunch length [µm] 8.5 8.5 8.5

Repet it ion rate [kHz] 47 47 47
T ime between collisions [µs] 21 21 21

Beam size at IP, x/ y [nm] 50/ 1 10/ 0.5 4/ 0.25
Linac length [km] 0.22 0.65 3.3

Facility site power (2 linacs) [MW] 105 315 1100

Note that init ial studies indicate that beam depolariza-
t ion during the accelerat ion in plasma accelerators is low
for collider-relevant beam emit tances and fulýlls the re-
quirements for high energy physics experiments [49].

In Table I I the stated linac length is for each arm
of the accelerator. The AC power listed in Table I I
is for accelerat ion in both of the two linac arms. The
overall wall-to-laser efficiency was assumed to be 50%.
This laser efficiency is challenging, but recent R&D (see
Sec. V B) indicates that this is technically possible by co-
herent combining of ýber lasers with electrical-to-opt ical
efficiency of the diode-pump lasers ᶊ65%, the opt ical-
to-opt ical efficiency of the ýber lasers ᶊ90% (owing to
the low quantum defect), and the efficiency of combin-
ing/ stackingýbersᶊ85%.

B . Exam ple: gam m a-gam m a col l ider w i t hp
s = 15 TeV

In this sect ion we present an example of aɔɔcollider
using elect ron beams accelerated by LPAs in the non-
linear regime. There are several regimes of laser-driven
plasma accelerat ion that may be accessed based on the
intensity of the laser pulse. Sect ion IV A presents collider
designs based on operat ion in the quasi-linear regime.
For high laser intensit ies, theLPA can operate in thebub-

TABLE I I I . LPA stage laser and plasma parameters, oper-

at ing in the nonlinear bubble regime

Laser pulse energy 50 J

Laser (FWHM intensity) pulse durat ion 70 fs
Laser spot size 31 µm

Laser st rength parameter, a0 4.5
Laser pulse peak power 0.43 PW

Laser wavelength 0.8 µm

Plasma density 4.6ᶏ1017 cmī3

Plasma cell length 3.1 cm

Bunch charge 1.2 nC

Bunch number 7.5ᶏ109

RMS beam length 2.2 µm

Loaded accelerat ing gradient 117 GV/ m
Part icle energy gain per stage 3.2 GeV

ble regime, where (almost) all the elect rons are expelled
by the laser ponderomot ive force, forming an ion cavity
co-propagat ing behind the laser. In the bubble regime,
the accelerat ingýeld is independent of the transverse po-
sit ion and the focusingýeld is linear with respect to the
transverse coordinate and independent of the axial posi-
t ion (conserving the elect ron beam transverse normalized
rms emit tance). Note that the t ransverseýelds in the ion
cavity aredefocusing for posit rons; hence, stableposit ron
accelerat ion is problemat ic in the nonlinear regime in a
uniform plasma. Wakeýeld excitat ion in plasma columns
have been proposed for modifying the wakeýeld to allow
for posit ron focusing and accelerat ion [50]. In the bub-
ble regime, the laser eδ ect ively creates a plasma channel
and can self-guide over a distance corresponding to many
Rayleigh ranges.

Table I I I shows an example of single-stageLPA param-
eters operat ing in the bubble regime. This single-stage
LPA example is based on PIC modeling of the nonlinear
laser-plasma interact ion [51]. The laser energy deplet ion
at the end of the stage is 20%. (In principle, the major-
ity of the remaining laser energy could be recovered with
a photo-voltaic.) The wake to beam energy efficiency of
this example is 43%.

LWFA (Laser-Driven) 

 1-15 TeV CME
1 - 7 km

Structure WFA 1-15 TeV CME

18 - 90 km

Plasma -based Concepts



Fermilab Site-Fillers
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ÅSnowmass is seen as an opportunity to consider possible options that could be built in 

the US (in particular, the Fermilab site)

Å7 km C3 (250 GeV up to 550 GeV)

ÅLinear, high gradient RF colliders; standing wave, travelling wave structures (250 ï 

500 GeV)

Å16 km circumference circular e+e- collider (90 ï 240 TeV)

ÅProton-proton collider at 24 ï 27 TeV  (23 ï 27 T dipoles)

ÅA staged muon collider from Higgs at 125 GeV up to 8 ï 10 TeV.

Fermilab ñsite-fillersò

òFuture Collider Options for the USñ,arXiv:2203.08088 [hep-ex]  
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Hadron and Lepton/Hadron Colliders
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ÅKey features/challenges

Å100 TeV CoM

ÅLuminosity of ~1035  cm-2s-1

Å16 T Superconducting Dipoles

ÅLarge synchrotron radiation heat load

ÅWall plug power ~ 500MW

ÅCost!

ÅOverall Technical Maturity -  Significant R&D (15 ï 20 years )

FCC - hh

Future Circular Collider т proton proton

Tunnels 

Small Experimental C.

Dump CavernLarge Experimental C.
Service Cavern

Shafts

CERN

FCC-hh CDR/ fcc-cdr.web.cern.ch

Beam Energy TeV 50

RF Gradient MV/m N/A

# IPs N 2

Site Power MW ~ 560

Length/Circum. km 100òFuture Circular Hadron Collider FCC-hh: Overview and 

Statusñ,arXiv:2203.07804 [physics.acc-ph]  
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91 km

85 TeV

14 T

https://arxiv.org/abs/arXiv:2203.07804
https://arxiv.org/abs/arXiv:2203.07804
https://arxiv.org/abs/arXiv:2203.07804


ÅKey features/challenges

ÅTunnel accommodates both CepC and SppS

Å75 TeV CoM

Å12T Fe-based superconductor

ÅProposed upgrade with 20/24T magnets

ÅOverall Technical Maturity ï Significant R&D, 

   especially magnet technology

Åe-p collision could reach 6.7 TeV (by 62.5 TeV p X 180 GeV e)

SppC
The 12-T Fe-based Dipole M agnet

Yoke OD 
500mm

St r and di am. cu/ sc RRR Tr ef Br ef Jc@ Br Tr dJc/ dB

IBS 0. 802 1 200 4. 2 10 4000 111

C. Wang, E. Kong (USTC), Q. Xu et al.

Design with expected Je of IBS in 2025

Io=9500A

The required length of the 0.8 mm IBSis6.1 Km/ m
For 100-km SPPC accelerator, 3000 tons of IBS is
needed
Target cost of IBS: 20 RMB(~2.6 Eur) / kAm @12 T

CepCSppS

Super proton proton Collider

China

arXiv:1809.00285Q. Qin, OHEP

Beam Energy TeV 37.5

Dipole Field T 12

# IPs N 2

Site Power MW 400

Length/Circum. km 100
òSPPCò,arXiv:2203.07987 [hep-ex]  
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LHeC, FCC-eh, CepC-SppC-ep
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LHeC

Intermediate Option

Uses Energy Recovery



A few that didnôt make the initial cut
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McIntyre ñCollider Under the Seaò

Beam Energy TeV 500

Dipole Field T 4

# IPs N 2

Site Power MW 200 GW

Length/Circum. km 2100

ÅKey features/challenges

ÅVisionary concept

ÅUltimate hadron collider

ÅCircular pipeline supported in neutral 
buoyancy in the Gulf of Mexico

ÅLow-cost magnets (but lots of them)

https://www.snowmass21.org/docs/files/summaries/AF/SN
OWMASS21-AF4_AF0_Peter_McIntyre-239.pdf
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ÅKey features/challenges

Å16 T Superconducting Dipoles ï may be realizable by 2040

Å12T closer to being ready in required timeframe but still much R&D

ÅExisting LHC tunnel

ÅOverall Technical Maturity -  Significant R&D (15 ï 20 years)

HE-LHC

High Energy LHC

CERN

HE-LHC1.5

Eur.Phys.J.ST228(2019)5, 1109-1382

Beam Energy TeV 10.5 13.5 16.5

Dipole Field T 12 16 20

# IPs N 2 2 2

Site Power MW ~ 200

Length/Circum. km 27 27 27

Steve Gourlay | Future Collider Options 50



ÅKey features/challenges

Å44 TeV CoM

Å7 T Superconducting Nb-Ti dipoles operating at 4.5K

ÅRelatively low cost

Å100km tunnel

ÅOverall Technical Maturity -  Existing technology

LHC Energy Tripler

SSC at CERN

Ofýce of!

Science!
10 

Starting point for magnet technology 

Shiltsev/Zlobin, (FNAL)!
SSC, 50mm!
6.6T, 4.3K!

LHC, 56mm!
8.3T, 1.9K!

LHC, 60mm!
11T,1.9K!

FNAL/CERN!

VLHC, 43mm!
10T, 4.5K!

CCT!

TAMU!LBNL!

SSC
6.6T, 4.3K

Ofýce of!

Science!
10 

Starting point for magnet technology 

Shiltsev/Zlobin, (FNAL)!
SSC, 50mm!
6.6T, 4.3K!

LHC, 56mm!
8.3T, 1.9K!

LHC, 60mm!
11T,1.9K!

FNAL/CERN!

VLHC, 43mm!
10T, 4.5K!

CCT!

TAMU!LBNL!

LHC
8.3T, 1.9K

CERN

L. Rossi, CERN

Beam Energy TeV 22

Dipole Field T 7

# IPs N 2

Site Power MW ~ 200

Length/Circum. km 100
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ÅReuse of the LHC tunnel and much of the infrastructure

ÅCan squeeze enough energy for ZH production

ÅNot proposed to Snowmass, but periodically arises as an option

LEP3 e+e-  Higgs Factory
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P5 Recommendations Relevant to Colliders
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As the highest priority independent of the budget scenarios, complete

construction projects and support operations of ongoing experiments

and research to enable maximum science . We reaffirm the previous

P5 recommendations on major initiatives :

a. HL-LHC (including ATLAS and CMS detectors, as well as Accelerator

Upgrade Project)

b. The first  phase  of  DUNE and PIP-II to determine the mass ordering 

among neutrinos, a fundamental property and a crucial input to 

cosmology and nuclear science (elucidate the mysteries of neutrinos).

Finish what you started!

54

Not a collider project, but must be successful before any new facility can be started
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An off -shore Higgs factory , realized in collaboration with international partners, in order to

reveal the secrets of the Higgs boson. The current designs of FCC-ee and ILC meet our

scientific requirements. The US should actively engage in feasibility and design studies. Once a

specific project is deemed feasible and well-defined, the US should aim for a contribution at

funding levels commensurate to that of the US involvement in the LHC and HL-LHC, while

maintaining a healthy US on-shore program in particle physics.

55

Higgs!



a. Support vigorous R&D toward a cost -effective 10 TeV pCM collider based on proton, muon, or 
possible wakefield technologies, including an evaluation of options for US siting of such a machine, with 
a goal of being ready to build major test facilities and demonstrator facilities within the next 10 
years .

b. Enhance research in theory to propel innovation, maximize scientific impact of investments in 
experiments, and expand our understanding of the universe.

c. Expand the General Accelerator R&D (GARD) program within HEP, including stewardship.

d. Invest in R&D in instrumentation to develop innovative scientific tools.

e. Conduct R&D efforts to define and enable new projects in the next decade, including detectors for an 
e+eï Higgs factory and 10 TeV pCM collider, Spec-S5, DUNE FD4, Mu2e-II, Advanced Muon Facility, 
and line intensity mapping.

f. Support key cyber  infrastructure components such as shared software tools and a sustained R&D 
effort in computing, to fully exploit emerging technologies for projects. Prioritize computing and novel 
data analysis techniques for maximizing science across the entire field (section 6.7). 

g. Develop plans for improving the Fermilab accelerator complex that are consistent with the long-term 
vision of this report, including neutrinos, flavor, and a 10 TeV pCM collider.

Supporting Activities
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Convene a targeted panel with broad membership across particle physics later this decade
that makes decisions on the US accelerator -based program at the time when major decisions
concerning an off -shore Higgs factory are expected, and/or significant adjustments within the
accelerator -based R&D portfolio are likely to be needed . A plan for the Fermilab accelerator
complex consistent with the long -term vision in this report should also be reviewed .

The panel would consider the following:

The level and nature of US contribution in a specific Higgs factory including an evaluation of    
the associated schedule, budget, and risks once crucial information becomes available.

Mid- and large-scale Test and demonstrator facilities in the accelerator and collider R&D 
portfolios.

A plan for the evolution of the Fermilab accelerator complex consistent with the long-term vision in 
this report, which may commence construction in the event of a more favorable budget situation.

Near-Term Branch Point
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Realization of a future collider will require resources at a global scale and will be built through a world-wide
collaborative effort where decisions will be taken collectively from the outset by the partners. This differs from
current and past international projects in particle physics, where individual laboratories started projects that were
later joined by other laboratories. The proposed program aligns with the long -term ambition of hosting a
major international collider facility in the US, leading the global effort to understand the fundamental nature
of the universe.

é

In particular, a muon collider presents an attractive option both for technological innovation and for
bringing energy frontier colliders back to the US. The footprint of a 10 TeV pCM muon collider is almost
exactly the size of the Fermilab campus . A muon collider would rely on a powerful multi-megawatt proton driver
delivering very intense and short beam pulses to a target, resulting in the production of pions, which in turn decay
into muons. This cloud of muons needs to be captured and cooled before the bulk of the muons have decayed.
Once cooled into a beam, fast acceleration is required to further suppress decay losses.

é

Although we do not know if a muon collider is ultimately feasible , the road toward it leads from current
Fermilab strengths and capabilities to a series of proton beam improvements and neutrino beam facilities ,
each producing world-class science while performing critical R&D towards a muon collider. At the end of the path
is an unparalleled global facility on US soil. This is our Muon Shot .

The Path to a 10 TeV pCM

58Steve Gourlay | Future Collider Options



Post P5 Developments
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Tor Raubenheimerôs spin on P5 EF recommendations

Å The LHC has been doing great physics with much greater precision than 

expected and High-Lum will continue that program

Å Large fraction of the community would like to pursue a higher energy hadron 

collider however we do not know how to do so within ñreasonableò budgets

Å Simply using LHC Nb-Ti technology to get to 40 TeV would be ~20B$ (CERN) 

 and HL-LHC technology (Nb3Sn) for 80 TeV is more expensive at this time

Å R&D aspires to reduce magnet cost by factor of 2 ~ 4 

ï An e+/e- Higgs Factory will allow precision measurements of the Higgs and 

electroweak parameters and it is 

possible using óexistingô technology 

Ą P5 recommendation

2023 Snowmass ITF report assuming successful R&D
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U.S. Higgs Factory Consortium Committee (HFCC)

61

Accelerator (ACC)
Physics, Experiment 
& Detector (PED)

ÅCreated by DOE and NSF in 2024 to provide strategic direction and leadership for the U.S. 
community to engage, shape, and thereby advance the development of the PED and Accelerator 
program for a potential future Higgs factory; and to ensure cooperation with our partners in the 
international program.

ÅLed by Higgs Factory Steering Group
 (HFSC-PED & HFSC-ACC)
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HF Steering Committee (HFSC) Composition

62

HFSC-PED

Srini Rajagopalan (chair)
Ritchie Patterson (deputy)
Marcel Demarteau
Sarah Eno

HFSC-ACC

Tor Raubenheimer (chair)
Steve Gourlay (deputy)
Matthias Liepe
Jean-Luc Vay

HFSC-PED reports to JOG (DOE+NSF)
HFSC-ACC reports to DOE
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HF Coordination Consortium (HFCC) Charge

63

Å  HFCC should coordinate efforts in the following areas: 

Å Physics and technical feasibility studies, including any associated design and R&D 
efforts, to advance detector concepts and accelerator designs for a future e+/e- Higgs 
factory; 

Å Prioritization and stewardship of the national R&D efforts;  

Å Development of the pre-project R&D scope that will be required to initiate a project; 

Å Conceptualization of the software & computing for the experiments and accelerator; 

Å Develop various funding models that will be required to support the R&D efforts;

Å Ensure collaborations by the U.S. with our partners are cost-effectively carried out to 
advance the future Higgs factory initiatives. 

Å Positioned to inform the deliberations of the broad targetted panel that will consider 
the nature and level of U.S. contributions to the construction of a Higgs Factory
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ÅThe European Steering Group (ESG) will make a recommendation to CERN Council in 

early 2026

 

ÅThe US will start to think about contributions it could make in 2027/2028

ÅP5 recommended a broad panel consider the scope and level of contributions

ÅHFCC is tasked with providing input to such a panel

 

ÅCERN Council will review technical and financial feasibility as well as input from 

collaborators and local and federal governments in 2027/2028

ÅUS input on contributions will be important for a Council decision

 

Near-Term Expectations for FCC
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ÅSnowmass 2021 strongly positions the Muon Collider as a promising future collider for the U.S. ð one that 
capitalizes on its compact size, energy reach, and dual precisionïdiscovery potential. With an aligned roadmap, clear 
R&D milestones, and international partnerships in place, the community is poised for the next step: a Reference Design 
Report and costïbenefit case over the coming 5ï7 years.

ÅP5

ÅStrong endorsement of R&D toward a 10 TeV pCM collider

Å "Muon shot"ðUS engagement and leadership encouraged

ÅR&D-focused, phased approach emphasized

Å General accelerator science R&D, e.g., superconducting magnets, RF, beam dynamics.

Å Targeted collider R&D, including technology demonstrators, feasibility studies, site planning, and international 
coordination.

Å International collaboration prioritized

ÅUSMCC Charter Adopted May 8, 2025

Snowmass21 and                 P5
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And recently

Recommendation 1: The United States should host the worldôs highest-energy elementary

particle collider around the middle of the century. This requires the immediate creation of a

national muon collider research and development program to enable the construction of a

demonstrator of the key new technologies and their integration.
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Even more recently

ÅOptions for the next CERN collider

ÅPreferred т Integrated FCC 
ÅFCCee (~2046) followed by FCChh (~2070)

ÅÂũċŰШљ7њШт TBD, but not a muon collider

. . . . . . . . The door is open for a US-based energy frontier machine
Steve Gourlay | Future Collider Options 67



ÅThe European Strategy for Particle Physics (ESPP) is the equivalent of our US P5 

process as input to the long-term future of the field starting in 2006

Å2006: LHC, discussion of LHC luminosity upgrade, accelerator technology R&D, coordination with ILC

Å2013 update: High luminosity LHC, need for post-LHC program

Å2020 update: FCC feasibility study

Å2026 update: Recommendations for the next flagship project at CERN (preferred collider option and 

possible prioritized alternatives and areas of priority for exploration complementary to colliders) ïthe 

Venice meeting was the equivalent of our Snowmass process to provide community input

ÅMandated by the CERN Council, the European Strategy Group (ESG) develops 

recommendations submitted to the Council for an update of the European Strategy with:

Å Input of the particle physics community

ÅStatus of implementation of the 2020 Strategy update

ÅRecent accomplishments (e.g. LHC results, HL-LHC progress, FCC Feasibility Study,é)

Å International landscape of the field

Venice Symposium
Background & Context

Steve Gourlay | Future Collider Options 68



Venice Symposium

ÅCloseout by ESG Chair, Karl Jakobs

69

Steve Gourlay | Future 
Collider Options

https://agenda.infn.it/event/44943/contributions/267517/attachments/137766/207161/ESPP_Venice_Summary_2025.06.27.pdf
https://agenda.infn.it/event/44943/contributions/267517/attachments/137766/207161/ESPP_Venice_Summary_2025.06.27.pdf
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Interesting Times Ahead!
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Summary tables of evaluation

ÅSummary tables for each group have four columns with summary values for the four areas of 

evaluations:

ÅYears of per-project R&D needed (technical risk and maturity)

Å Provides relevant and comparable measure of maturity and estimate how much R&D is still needed before project start. Includes feasibility 
R&D, R&D to get technologies to TRL of 4-5, and R&D for cost and power consumption reduction. Evaluating the risk of not achieving the 

ultimate luminosity goals by ITF was not feasible, but performance risk is included as one of the technical risks.

ÅYears until first physics (technically limited schedule)

Å This is most useful to compare the scientific relevance of the proposal. It includes pre-project R&D, design, construction, and initial 

commissioning.

ÅProject cost in 2021B$ w/o contingency and escalation (cost)

Å ITF used various models to estimate the cost and also collected cost estimates from the proponents. It uses known costs of existing 
installations and reasonably expected cost of novel equipment. For future technologies, the cost estimate is quite conservative, and one 

should expect cost reductions from pre-project cost-reduction R&D. Used same fixed bins for all.

ÅTotal operating electric power consumption in MW (environmental impact)

Å Includes all necessary utilities. Used information from proponents, if provided, otherwise made a rough estimate. Expect reduction from pre-
project R&D to improve energy efficiency and develop more energy efficient concepts, such as energy recovery technologies.
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Higgs factory concepts (10)
FCC-ee/CEPC  91 km

CLIC NCRF 72 MV/m

11.4 km

ILC SRF 31.5 MV/m

20.5 km

Name CM energy range

FCC-ee e+e-, ί  0.09 т 0.37 TeV

CEPC e+e-, ί  0.09 ï 0.37 TeV

ILC (Higgs factory) e+e-, ί  0.09 ï 1 TeV

CLIC (Higgs factory) e+e-, ί  0.09 ï 1 TeV

CCC (Cool Copper Collider) e+e-, ί  0.25 ï 0.55 TeV

CERC (Circular ERL collider) e+e-, ί  0.09 ï 0.60 TeV

ReLiC (Recycling Linear Collider) e+e-, ί  0.25 ï 1 TeV

ERLC (ERL Linear Collider) e+e-, ί  0.25 ï 0.50 TeV

XCC (FEL-based ♬♬ collider) ÅÅ ♬♬), ί  0.125 т 0.14 TeV

MC (Higgs factory) ‘Ҽ‘ҽ, ί  0.13 TeV

are decelerated SRF linacs and injected into the damping rings on the opposite side of the collider. 

After 2-3 damping times in the damping ring, the same particles travel in the opposite direction, 

collide in the second detector and finish in their origin. Few particle lost in the collisionsô burn-off 

and scattering on residual gas are replaced ï topped off ï from the injectors. 

 

 

Fig. 2. Schematic of the linear energy recovery e+e- collider with center of mass energy from 90 

GeV to 1 TeV or above.  

Using two detectors to collide electron and position beam propagating in opposite direction is 

crucial part of the concept. This allows to use magnetic elements in final focus for flat-beam 

collisions.  In fact,  this is the only viable option for TeV scale colliders. 

In ReLiC the beams propagate on axis of SRF linac and this concept does not require development 

of new SRF technology. To avoid parasitic beam collisions outside the detectors, trains of bunches 

are separated by periodically placed separators. Timing of the bunch train is selected in such way 

that we are separating contra propagating electron bunches, or contra propagating positron 

bunches, from each other ï see Fig. 3. Such separators are provided for identical optics for all 

(electron, position, accelerating and decelerating ) bunches and allow to use magnetic fields1. 

 

 

Fig. 3. Separation for trains of electron and positions bunches between sections of SRF linac.  

In these limited studies, I assume that collider structure (except detector and injection) is spilt in 

200-meter sections. Each section includes potion of a linac and a separator. Length of separators  

is proportional to the beam energy at their location and I choose it to be 100 m at 500 GeV. 

Separation of the beams is horizontal and distance between beams exceeds the beam size, which 

is inverse proportional to the square root of the beam energy, by two orders of magnitude. 

In this scenario, I found that effects from the separators is negligible both in term of power of 

synchrotron radiation and induced energy spread and emittance for all c.m. energy up to 1 TeV. In 

 
1 Separating counterpropagating electron and positron beams requires use of transverse electric field.  
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CERC recycles (polarized) electrons and positrons

After acceleration, collision, and 
deceleration all electrons and positrons 
are reinjected into the cooling rings. Only 
beam losses must be made up through 
top-off injection.

Depolarization during acceleration, 
collision, and deceleration is expected to 
be minimal. 

Simulations by Francois Meot (Zgoubi): 
no depolarization from 100 km, 220 GeV 
transport (last turn)

If this depolarization is less than the 
polarization build-up during the 4 ms 
time in the cooling rings, the electron and 
positron beams will eventually be 
polarized.

Interactio n Regions

SRF li
nac 1

SRF linac 2

2 GeV positron ring2 GeV electron ring

6

Å 8 km footprint for 250/550 GeV CoM - > 70/120 MeV/m

Å 7 km footprint at 155 MeV/m for 550 GeV CoM ïpresent Fermilab site

Å Large portions of accelerator complex are compatible between LC 

technologies

ÅBeam delivery and IP modified from ILC (1.5 km for 550 GeV CoM)

ÅDamping rings and injectors to be optimized with CLIC as baseline

ÅCosting studies use LC estimates as inputs

C3 ï Accelerator Complex

CCC

3.7 km

CERC  91 km
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ÅMain parameters of 
the submitted Higgs 
factory proposals. 

ÅThe cost range is for 
the single listed 
energy. 

ÅThe superscripts next 
to the name of the 
proposal in the first 
column indicate:

Å (1) Facility is optimized 
for 2 IPs. Total peak 
luminosity for multiple 
IPs is given in 
parenthesis; 

Å (2) Energy calibration 
possible to 100 keV 
accuracy for MZ and 
300 keV for MW ; 

Å (3) Collisions with 
longitudinally polarized 
lepton beams have 
substantially higher 
effective cross sections 
for certain processes 

Higgs factory summary table
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High energy lepton 
collider concepts(8)

Name CM energy range

High Energy ILC e+e-, ί  1 т 3 TeV

High Energy CLIC e+e-, ί  1.5 т 3 TeV

High Energy CCC e+e-, ί  1 т 3 TeV

High Energy ReLiC e+e-, ί  1 т 3 TeV

Muon Collider ‘Ҽ‘-, ί  1.5 т 14 TeV

Laser-driven WFA - LC e+e-, ί  1 т 15 TeV

Particle -driven WFA - LC e+e-, ί  1 т 15 TeV

Structure WFA - LC e+e-, ί  1 т 15 TeV

ɛ+ɛ- 1.5 - 14 TeV CME

10-20 km

Plasma Lens Beam Delivery System

Com
pton IP

IP

Injection/Extraction Optics

Spent Drive Beam to Dump

New Drive from Distribution System

RF Gun

Main Beam

Plasm
a Stage

Laser from Optical or FEL System

PWFA 1-15 TeV CME

~ 14 km

8

FIG. 2. Schemat ic of an LPA-based linear collider.

TABLE I I. High-level elect ron-posit ron collider parameters

Center-of-mass energy [TeV] 1 3 15
Beam energy [TeV] 0.5 1.5 7.5

Luminosity [1034 cmī2 sī1 ] 1 10 50

Part icles/ bunch [109 ] 1.2 1.2 1.2

Beam power [MW] 4.4 13 65
RMS bunch length [µm] 8.5 8.5 8.5

Repet it ion rate [kHz] 47 47 47
T ime between collisions [µs] 21 21 21

Beam size at IP, x/ y [nm] 50/ 1 10/ 0.5 4/ 0.25
Linac length [km] 0.22 0.65 3.3

Facility site power (2 linacs) [MW] 105 315 1100

Note that init ial studies indicate that beam depolariza-
t ion during the accelerat ion in plasma accelerators is low
for collider-relevant beam emit tances and fulýlls the re-
quirements for high energy physics experiments [49].

In Table I I the stated linac length is for each arm
of the accelerator. The AC power listed in Table I I
is for accelerat ion in both of the two linac arms. The
overall wall-to-laser efficiency was assumed to be 50%.
This laser efficiency is challenging, but recent R&D (see
Sec. V B) indicates that this is technically possible by co-
herent combining of ýber lasers with electrical-to-opt ical
efficiency of the diode-pump lasers ᶊ65%, the opt ical-
to-opt ical efficiency of the ýber lasers ᶊ90% (owing to
the low quantum defect), and the efficiency of combin-
ing/ stackingýbersᶊ85%.

B . Exam ple: gam m a-gam m a col l ider w i t hp
s = 15 TeV

In this sect ion we present an example of aɔɔcollider
using elect ron beams accelerated by LPAs in the non-
linear regime. There are several regimes of laser-driven
plasma accelerat ion that may be accessed based on the
intensity of the laser pulse. Sect ion IV A presents collider
designs based on operat ion in the quasi-linear regime.
For high laser intensit ies, theLPA can operate in thebub-

TABLE I I I . LPA stage laser and plasma parameters, oper-

at ing in the nonlinear bubble regime

Laser pulse energy 50 J

Laser (FWHM intensity) pulse durat ion 70 fs
Laser spot size 31 µm

Laser st rength parameter, a0 4.5
Laser pulse peak power 0.43 PW

Laser wavelength 0.8 µm

Plasma density 4.6ᶏ1017 cmī3

Plasma cell length 3.1 cm

Bunch charge 1.2 nC

Bunch number 7.5ᶏ109

RMS beam length 2.2 µm

Loaded accelerat ing gradient 117 GV/ m
Part icle energy gain per stage 3.2 GeV

ble regime, where (almost) all the elect rons are expelled
by the laser ponderomot ive force, forming an ion cavity
co-propagat ing behind the laser. In the bubble regime,
the accelerat ingýeld is independent of the transverse po-
sit ion and the focusingýeld is linear with respect to the
transverse coordinate and independent of the axial posi-
t ion (conserving the elect ron beam transverse normalized
rms emit tance). Note that the t ransverseýelds in the ion
cavity aredefocusing for posit rons; hence, stableposit ron
accelerat ion is problemat ic in the nonlinear regime in a
uniform plasma. Wakeýeld excitat ion in plasma columns
have been proposed for modifying the wakeýeld to allow
for posit ron focusing and accelerat ion [50]. In the bub-
ble regime, the laser eδ ect ively creates a plasma channel
and can self-guide over a distance corresponding to many
Rayleigh ranges.

Table I I I shows an example of single-stageLPA param-
eters operat ing in the bubble regime. This single-stage
LPA example is based on PIC modeling of the nonlinear
laser-plasma interact ion [51]. The laser energy deplet ion
at the end of the stage is 20%. (In principle, the major-
ity of the remaining laser energy could be recovered with
a photo-voltaic.) The wake to beam energy efficiency of
this example is 43%.

LWFA 1-15 TeV CME

1 - 7 km

SWFA 1-15 TeV CME

18 - 90 km
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