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00 Years of Accelerators

Since Cockroft & Walton,
Lawrence, van der Graat:

— 4 Nobel Prizes + led to ~1/3 of |
all Nobels in Physics and more

>100 used in research now:
— with 4500 experts+15000 staff
— serving ~80,000 users (cond.
matter, HEP, bio, NP, etc) 5@
Pushing the envelope:

— Energy, performance(power,
luminosity, brilliance, species),
cost, complexity, size, R&D,...




< 0.5 GeV

Landscape of Accelerators

7 colliders and 10 fixed target
complexes for HEP and NP

>80 X-ray sources

300 ion beam analysis

1,600 radioisotope prod’n
3,000 sterilization

7,500 material processing

>11,000 ion implantation

data from : A.Faus-Golfe, R.Edgecock, et al, EUCARD-2 Report: "Applications of
Particle Accelerators in Europe." (2017); and V.Shiltsev, Physics Today (2020)

>14,000 cancer therapy
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Accelerators Long Term Trends: HEP vs non-HEP

2000

12/14/2022

approx. total cost ot accelerator construction projects/decade

HEP (colliders, neutrino, etc)
Non-HEP (NP. BES, etc)

SNS, LCLS,
Diamond,
etc FRIB, SLS

CSNS, XFEL,

SwissFEL, PAL,

ESRF-U, NICA
SXFEL, FAIR,
NSLS-II,
Spring-8,
Sirius,
etc

LHC
J-PARC
VEPP-2000

2010

2020
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LCLS-II/HE
EIC, APS-U
FAIR, ESS,
SHINE,
NICA
ALS-U,
SKIF,

PETRA-IV, etc

HL-LHC
PIP-II, LBNF

? si
SNS-STS,
X-sources
LCLS-X
?
T
?
2
?
2 ?
PIP-111?
collider?
| -
2030 2040
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Revolution in Light Sources / X-ray Sources

1035
®
Free-electron lasers o ®
T ®/ FLASH, SACLA,
LCLS, X-FEL, . ..
25 _ -
10 Synchrotron radiation sources g{IAX-IV, APS-U,
irius, . . .

Generations dth
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ALS, ESRF, APS, NSLS, . ..

ond NSLS, BESSY, SRS, PF, . ..
Istw_—%"" SURF, SSRL, DORIS, VEPP3, ...
o

5 _p 1895 Roentgen tube
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PEAK BRILLIANCE
(photons/s x mm? x mrad? x 0.1% BW)
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V.Shiltsev, Physics Today 73 (4), 32 (2020)




Position («m)
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2024 - APS-Upgrade @ Argonne 6 GeV, 70 pm
2024 - SKIF @ Novosibirsk 3 GeV, 75 pm

2025 - SLS @ Swiss-PSl 2.7 GeV, 135 pm

2026 — ALS-Upgrade @ Berkeley, 2 GeV, 70 pm
2026 — HEPS @ Beijing 6 GeV, 60 pm

4th Generation Light Sources
aka diffraction-limited storage rings

“Multi-Band Achromat” (MBA) -

5 600

rL o advanced beam optics lattice >

[L _ x100 brightness increase (1996) 2>
g 0f w EBS-upgrade 6 GeV, 130 pm (2020) |
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.Jf o FLifs

2027 — HALF @ Hefei 2.2. GeV, 85 pm of Braziliah ScidfEs
7 2029 — PETRA-IV @ Hamburg 6 GeV, 8 pm Wors




Self-Amplified Spontaneous Emission (SASE)

Free Electron Lasers (FEL)
ka

X-FELs

Linac Undulator UV or X-ray

. 4 - " N
Electron e-beam PO o e-beam

gun PR e - — ) d u

Sl Micro "~
X-ray

Electrons bunching
« High energy (0.1-10's of GeV) AND High brightness electron beam
« Exponential growth of radiation power while in (10’s of m) undulator
* Proposed in 1980, proof-of-principle demonstrations 1985-1998
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X-FELs

2005 - FLASH, Hamburg 1 GeV, SRF
2009 — LCLS-I, SLAC 20 GeV, NC RF
2011 - SACLA, Japan x GeV, NC RF
2012 - FERMI@EL., Italy 2.2. GeV, NC RF
2017 — XFEL, Hamburg, 17.5 GeV, SRF
Pohang PAL-FEL, 10 GeV, NC RF
SwissFEL, PSI, 5.8 GeV, NC RF
DCLS FEL, China, 0.3 GeV, NC RF
2021 - Shanghai X-FEL, 1.6 GeV, NC RF
[ SIOM Shanghai, 0.5 GeV, plasma}

Elciren
spoctrometor 2

SIOM/CAS 0.5 GeV (Laser-Plasma, 2021)

-y R

c-beam: 8 GeV

2023 — LCLS-II, SLAC 4 GeV, SRF P cors 024 kv [

Pulse duration : 1-100f%

Repetition : IMHz

2025 — SHINE, Shanghai 8 GeV, SRF e Somunderpouna
2031 — LCLS-II-HE, SLAC 8 GeV, SRF 33
2033 - SILA, Russia, 6 GeV, NC RF (?)
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Electrons and lons for Nuclear Physics

Continuous Electron Beam 6 GeV = 12 GeV & & i

Accelerator Facility (CEBAF) at ““m'*“ %
TINAF : 12 GeV electron beam

energy upgrade (cw SRF linac) T

Upgrade magnets
and power

Add 5 cryomodules

October 2017

R Advanced Rare Isotope Laboratory
; O‘Fl ~ (ARIEL) at TRIUMF : 30 MeV 10 mA
cw SRF electron linac (0.3 MW)

| | 2017-2019
I g

Expeniments with fast, stopped, \»~
and reaccelerated beams

Facility for Rare Isotope Beams (FRIB)
at Michigan State University:

212 MeV/u ion SRF linac, 0.4AMW
power (5e13 238U/s)

10 12/14/2022 Viadimir shi grand opening May 2, 2022



lon Machines under Construction

NICA Collider in JINR(Dubna): 4-11
GeV cme, SC magnets; polarized p, d
and ions (Au); L~10% w. beam cooling

: 2013 2024

J Main Parameters of The NICA Collider
Circumference, m 503,04
Bunch number per ring

Mean-square bunch size, m
Min. beta-function (f*), m X
4 Ion energy, GeV/u 1.0 3.0 4.5
Y " | Ion number per bunch, 1e9 | 0.275 24 2.2
| Peak luminosity, em2.s! 0.9¢25 | 0.9e27 | 6.3e¢27

Facility for Antiproton and lon Research
/ [i C::mget : (FAIR) at GSI (Darmstadt): beamlines and
() /» Ajf“; rings SIS-100 1.1 km, 29 GeV p, 2.9

ol GeV/u ions, SC superferric 1.9 T magnets

100 m
_

W existing facility (GSI)
M planned facility
M experiments

2017-2029

Electron-lon Collider EIC at BNL:
275 GeV protons ring (RHIC) +
new 10-18 GeV e-ring, 70% .
polarization, L~103* w. cooling

|
11 12/14/2022 Vladimir Shiltsev - FNAL Colloquium on Accelerators 2019(CDO)-2033(CD4A)



- / Front-End Bullﬂvlng_

Neutron Sources e
Liquefaction ‘4'\\ 2
Bullding e & £ "
Radio-Frequency’ g, =

Spallation Neutron Source (SNS) at ORNL.:
* 1.4 MW 1 GeV SRF linac+ring since 2007 R
« Upgrade to 2MW on target in 2028

and Office Complex

c ”h x l“:f.

« Followed by 2"d target station and 2.8 MW AK Wy e,
pallation Neutron Source (CSNS):
institute of High Energy Physics Res « 80 MeV linac and 1.4 GeV ring =2 target

et ; wewaswai - o First neutrons Aug'2017, 0.1 MW Feb’2020

s e T . .w* |+ Planned upgrades to 0.2 MW, then 0.5 MW
¢‘, ‘:.\"'!\;l'arget station —

SPALLATION

European Spallation Source (ESS), Lund:
« 5 MW 2 GeV pulsed SRF linac - target
« Construction started 2014, 80% complete
« RFQbeamto NC DTL1... DTL4 install'n

e 1stusers program in 2024-25 ' Full ops 20277

12/14/2022




Colliders: Livingston Plot

6 orders on magnitude in ECM in 6 decades (0.2 GeV - 14 TeV)
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Collider Luminosities

6-7 orders on magnitude in E.,, in 6 decades
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Highlights — LHC : pp 13>13.6 TeV cme & R0

Highlights — Super-KEKB: e+e- 7+4 GeV

~
=3

20Mm

2017

2015

most at 13TeV cme

HEP Colliders
. . g 50;—;:
Seven in operation now 3
@ ‘OE—
Species E;, (GeV) C (m) Eg’; Years % 30:_
VEPP-AM  e'e” 6 366  2x10%"  1979-present -
BEPC-I/ll e'e 23 238 1073 1989—present 10
DA®NE ete 0.51 98 45x10% 1997-present £
RHIC p, i 255 3834 2.5 x 102 2000-present o2Mu  02May
LHC p, i 6500 26659 2.1 x 10** 2009-present
VEPP2000 ete” 1.0 24 4x10*"  2010-present P T

S-KEKB ete” 7+4 3()]6 8 X 1035“ 2()l8~-present

W§§
190 fb-1/IP by now, x2 design luminosity

High-Lumi upgrade by 2029: double beam
current, smaller g (new Nb;Sn IR magnets),
“crabbing”, leveling @14 TeV = 250 fb-l/yr

Followed by ~decade of ops to 3-4 ab™!

Startup in 2018, world record L.=4.7e34 cms™!
Design luminosity goal 60e34 cm-2s?
Now ~8% of the goal, slow progress, shutdown

01-Jul

“CRAE" CAVTIES

31-Aug 31-Oct

KEK Tst
Campus

ikuba

31-Dec




Accelerator R&D - Few Examples

"Record 14.5T Dipole (at
FNAL, part of the US MDP)

Nb3Sn
conductor
Stress

control k()} mﬁ

\_

~

/Plasma accelerators FACET-
(SLAC) and BELLA (LBNL)

PROGRAM
Unique e- beam B~ :
10 GeV, 1 nC, ~1 um® S mesi—aa et s
- 9 GeV energy gain = '
over 1.2 m plasma

Unique laser > W
8 GeV/0.2m

staging p.o.p
Q.1+0.1 GeV

Y
"

/MAP/MICE: lonization cooling of\

muons (140 MeV/c, RAL, UK)

100 |
s0F 8
OF g (j‘:)
-50F - 5
100 |

p, (MeV c’)

100 -50 0 50 100
x (mm)

MICE
~10% in

one pass

\_

/IOTA Ring/Optical Stochastic
cooling e- (100 MeV, FNAL)

soon — experlments W|th p’s

~N
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Snowmass’'21 ”a particle physics community study”

A Organized by APS DPF, DPB, et al
Snowmass 2021 Snowmass provides input to P5
1‘5 2 )’VS (Particle Physics Project

Prioritization Panel)

which develops

a 10-20 yrs strategy for
the US HEP program

~7-8 YIS of
hard work

Particle Physics
Project

( Prioritization
Panel

Particle Physics is global

Particle Physics is not isolated

https://www.snowmass2l.org/




A Snowmass’21 Accelerator Frontier

Snowmass 2021

Steve Gourlay Tor Raubenheimer Vladimir Shiltsev
(LBNL) (SLAC) (FNAL)

Focus:

« Understand the most important questions for the field of Accelerator
Science and Technology

* Identify promising opportunities and tools to address them

« Consider a mix of large, mid, and small scale accelerator projects as
well as R&D

> Provide information to P5 to help develop a strateqy for the US HEP

Topical GI’OUpS (9) Beam Physics, Accelerators for Neutrinos

and RPF, Higgs factories, Multi-TeV- & plasma colliders, Accel.Technologies
> 9 out of 30 group conveners from outside the US (Europe, Asia)



Snowmass AF: Inputs and Discussions

» >500 People Took Part in the AF discussions:
s ~25% early career scientists and engineers
% Almost 100 attended the “final” meeting in Seattle in July’22

** 63 Topical Workshops & Meetings, 8 Cross-Frontier Agoras:
% 5 on all types of colliders: ee, linear/circular, mumu, pp, advanced
% 3 on experiments and accelerators for rare processes physics
** Special cross-Frontier Groups (e.g., AF-EF-TF-IF-NF):
s eeCollider Forum, Muon Collider Forum, Implementation Task Force
s 2.4MW design group FNAL, Nat’l Future Collider R&D Program proposal

“ Summarized in Many Reports/Documents:
s 257 Letters of Interest, 121 White Papers
“* Reports of the Implementation Task Force, ee- and Muon Collider Fora
** 9 AF Topical Group summary reports
< Accelerator Frontier Summary Report

Snowmss 2021

£ Fermilab
20 Vladimir Shiltsev - FNAL Colloquium on Accelerators 12/14/2022



&8 AF Report: Executive Summary

Snowmass 2021

" ’ a rxiv:zzog. 1413 6‘ Accelerator Frontier
| _ Since last P5, this Snowmass'21 process | S SRS TS

“Future Facilities™:

— TBD by P5 — accelerator/people need to be
part of P5; ITF analysis can greatly help

anting ol rmerwres, |

— Multi-MW FNAL complex upgrade will be
priority for NF in 2030 (AccFrontier is ready)
— Many opportunities for Rare Processes (AF
A ready), incl. PAR and utilize what we have

(  — Several Higgs/EW factories are feasible:
FCCee, C3 and HELEN to be explored

— O(10 TeV/parton) needed for >2040’s, muon
colliders to be explored/ pre-CDR by 2030

wr whewtifed s bnsh proveitag sl pobernmlly
i b TG /KW mvtee - llwre b guowig

— Need an Integrated Future Colliders R&D
program in OHEP to provide design reports | SEmssisisisesaioess
by next Snowmass/P5'2030 and engage

L Internationally (FCC, ILC, IMCC) )

twe frwe acmbrraion st prigveak fe o Aear



Serving Neutrino Physics

 DUNE/LBNF needs kt-MW-years
— 120 for Phase | (ca 2036)
— 600-1000 for Phase Il (ASAP)

eN pppE beam

"MW years"” =
Tcycle

» Options:
— Increase pulse intensity N_ppp

* 0.8 GeV PIP-Il & 8 GeV RCS or Linac
+ accumulator ring

— Reduce cycle time T_cycle

« 120 GeV Ml ramp 1.33/1.25s-20.6-0.7s
— Increase operations time

 # of years vs race with Hyper-K

« Annual operational efficiency

Phase lI: no FD upgrade

E- P

X Ops Time

0.8 GeV PIP-Il Linac

under construction (2028)
FNAL webcam Dec.8, 2022



https://arxiv.org/abs/2208.06030

* The Accelerator Frontier Implementation
Task Force (ITF) is charged with developing

Steve Gourlay
(LBNL)

Tor Raubenheimer Katsunobu Oide Jim Strait
(SLAC) (KEK) (FNAL)

* |ITF
> P
»> Size | 4
» Technical risk, readiness, and R&D required Viadimir Shitsev ~ Reinhard Brinkmann John Seeman
(FNAL) (DESY) (SLAC) .

» Cost and schedule

o
Dmitry Denisov Meenakshi Narain Liantao Wang Sarah Cousineau Marlene Turner Spencer Gessner

s Chi
2Below | mostly follow T.Roser presentation in Seattle (U Chicage) (ORNL) (BN BHAC



https://arxiv.org/abs/2208.06030
https://arxiv.org/abs/2208.06030

Proposals — Higgs/EW Physics

Higgs factory concepts (10)
_

e+e- \/s =0.09 - 0.37 TeV

ILC (Higgs factory) e+e-, \/E =0.09-1TeV

ERLC (ERL Linear Collider) e+e-, /s =0.25 - 0.50 TeV
XCC (FEL-based yy collider) ee (Y¥)/s = 0.125 - 0.14 TeV
MC (Higgs factory) urp—, /s =0.13 TeV ;

ccc
3.7 km

Poarzsd
Clecirzn Souree

[ camping Rirq |
= Pra-Dampng Rirq

Pegitor Seures i 17

Interaction Regk
FCC-ee/CEPC 91km ... o R S
— Tif >5’\5§:>T\ 6\\0 b, /,0%
l’}./-"/'/ i 1088 '\ns B %
g / N
\/i FCC-ce \ 262V electron 2 G2V posiron g
C,' o\ \\
PN N
PJ (RF) y 3 1 ) D (RE) CERC 91 km

| ]

"u\ I

T oem /
///
7 pF

ILC SRF 31.5 MV/m —
20.5 km

~head-on coll. acceleration linac(dE) compressor
A t— Je' e
7~ 1 T s | e TTT T T -
——f < .
deceleration deoompressor
\ o e E~5GeV
b NN - ey
N e’ T NS beam dump
- -— — _— —— - ——— — gl
. ler(-dE~0.
ERLC gt x wiggler(-dE~0.025 GeV)
30 km from DRs

Positronscures

Damping rings

i 0adona (|
{ sgoadinoy)

s Surdon )
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250 GeV cme Fermilab Site-Fillers
cccC

(cool copper collider)

HELEN

(TW SRF collider)

—_— e — e

TW SRF Linac

=

Interaction

Region []

BDS

Fermi National
Accelerator Laboratory

SRF Linac

16-km collider e+e- ring cool- or SC-RF e+e- linear colliders
7-km for 250 GeV, 12-km 0.5+ TeV

https://arxiv.org/abs/2203.08211 2% Fermilab
https://arxiv.org/abs/2110.15800

https://arxiv.org/abs/2203.08088

25



Implementation Task Force on Higgs Factories

Table | - ITF Report — T.Roser, et al, arXiv:2208.06030

FCCee (4 IPs)
CEPC (21Ps)
FermiHF
ILC

CLIC

CA3

HELEN
CERC

ReLiC (2 IPs)
ERLC
XCC-yy

Circular e+e-

Linear e+e-

chan ERL-based

& np-Higgs

CME Lumiper Years, pre-
IP@ Higgs
(10734)

(TeV)

0.24
0.24
0.24
0.25
0.38
0.25
0.25
0.24
0.24
0.24
0.125
0.13

7.7
8.3
1.2
2.7
2.3
1.3

project

(

S Em mm Em o = o =

R&D

Ta A )

02
02 |
35 |
02 |
02
3.5
5-10
5-10
5-10
5-10
5-10
>10

Years to

1st

Physics

13-18
13-18
13-18
&
13-18
13-18
13-18
19-24
>25
>25
19-24

19-24

Cost
Range

(2021 B$)

12-18
12-18
7-12
7-12
7-12
7-12
7-12
12-30
7-18
12-18
f137
' 4-7 '

-—

Electric

Power

(MW)
290

340
~200
110
150
150
~110
" 90 )


https://arxiv.org/abs/2208.06030

eport — T.Roser, et al, arXiv:2208.06030

o
L

ITF’s Look Beyond Higgs Factories

E
7

12/14/2022

Vladimir Shiltsev - FNAL Colloquium on Accelerators

CME Lumiper Years, pre- Yearsto Cost Electric
(TeV) IP project 1st Range Power
(10734) R&D Physics (2021 B$%) (MW)
FCCee-0.24 0.24 8.5 0-2 13-18 12-18 290
ILC-0.25 0.25 2.7 0-2 <12 7-12 140
CLIC-0.38 0.38 23 0-2 13-18 7-12 110
HELEN-0.25 0.25 1.4 5-10 13-18 7-12 110
CCC-0.25 0.25 1.3 3-5 13-18 7-12 150
CERC(ERL) 0.24 78 5-10 19-24 12-30 90
CLIC-3 3 5.9 3-5 19-24 18-30 ~550
ILC-3 3 6.1 5-10 19-24 18-30 ~400
MC-3 3 23 >10 1924 [ 712 ~230 !
MC-10-IMCC  10-14 20 >10 >25 | 12-18 0(300) !
| FCChh-100 100 30 >10 525 3050  ~560
ermila



https://arxiv.org/abs/2208.06030

Why muon colliders?

* (Snowmass Energy Frontier) HEP aspires 10+ TeV cme/parton

* Muon Collider is a viable option for the HEP future:
« Combines discovery reach and precision physics
e X7 energy reach vs pp — eg 14 TeV yu =100 TeV pp
« U's do not radiate when bent - acceleration in rings:
» Smaller(est) footprint — 10-15 km vs 50-100 km
» (Best) power efficiency — Lumi/Power grows with energy
» Low(est) cost — due to compactness and power efficiency
 (ITF) 3-10 TeV Muon Collider can be designed in ~10-15 yrs
and built in 20-25 yrs from now:
— Past studies in the US and UK (+now in CERN) — big advance
— No insurmountable obstacles identified
— But challenging technologies and design require R&D

£ Fermilab
28 Vladimir Shiltsev - FNAL Colloquium on Accelerators 12/14/2022



10+ TeV Muon Collider: Key Challenges

1) Physics case with 10 ab-1 3) Beam-induced

background
5) Drives the beam quality

US MAP put much effort in
design need to optimise

Muon Collider

4 Injector >10TeV CoM
~10km circumference I
iy
]
., ',
......................................... P J
4 Ge Target, nw Decay p Cooling Lorgy : 0’
. Proton & uBunching Channel  pAcceleration 66’
L Source | Chanmel e : SR offii===
4) Cost and power consumption
limit energy reach e.g. 25-35 km 2) Dense neutrino flux mitigated
accelerator for 10-14 TeV collider, by mover system and siting of
also may impact beam quality the 10-14 km collider ring

Vladimir Shiltsev - FNAL Colloguium on Accelerators



Luminosity per Power

Circularee  ERL based ee Linear ee  Muon coll Wakefield Hadron pp
T.Roser, et al, arxiv:2208.06030

—
O_A

-
o
o

-—FCC ee —+CCC
——CEPC -<+MC
-+-CERC —+-FCC hh
ERLC -+-SPPC
—+—ReLiC PWFA
——|LC SWFA
—-—CLIC — LWFA

Luminosity/Power [10%4 cm™? s2 MW ]
Integrate Luminosity per Energy [ab'1 TWh'1]

—
o
AN

107 10° 10 10°
CM Energy [TeV]
Luminosity is per IP, Integrated luminosity assumes 1e7 seconds/yr. Luminosity and
power consumption values have not been reviewed by ITF - we used proponents’

numbers. Color bands reflect approximate uncertainty for different collider concepts.


https://arxiv.org/abs/2208.06030

Big Advantage : Re-Use of Infrastructure

Pulsed 14 TeV MC in LHC Tunnel == -
D. Neuffer and V. Shiltsev 2018 JINST 13 T10003} | %=~ e |
e Boycls Pan > o DN T —
S P Ty - ,
o < Cessy i ’ _’}___A_:_.:/
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=, 5/ C8HideT Ring |
) N " 8 Fom
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, Moy Future Colliders Options for US

P. Bhat, et al, arXiv: 2203.08088
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.. . £ Fermilab
Also: staging is possible — eg 3 or 6 TeV viadimir shitsev - FNAL Colloguium on 31

Accelerators



°°°°°°°°°°°° Accelerator Frontier Recommendation (o ps)

On Colliders: We need an integrated future collider
R&D program to engage in the design and to
coordinate the development of the next generation

collider projects:

» 1o address in an integrated fashion the technical
challenges of promising future collider concepts, that are
not covered by the existing General Accelerator R&D
(GARD) program.

» to enable synergistic U.S. engagement in ongoing global
efforts (e.qg., FCC, ILC, IMCC)

» to develop collider concepts and proposals for options
feasible to be hosted in the U.S. (e.g., CCC, HELEN,
Muon Collider, etc)

Such a program needed to make an informative decision on future HEP facility ~2(.)'31



Future Colliders R&D Program - Initiative

140 I L | I o ' | U ' I L

[ Accel. Test Facilities

120

100
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20

HEP Advanced Technology R&D Budget (M$)

12 13 14 15 16 17 18 19 20 21 22

Fiscal Year
https://arxiv.org/abs/2207.06213

23

(request)

Completed:

I Directed R&D F US ILC
Bl General Accelerator R&D US LARP (LHC)

US MAP (Muon)

Proposed

| for FY24-30:

Future Colliders

Integrated

program:
FCCee, ILC,

CA3, HELEN,
Muon Collider, etc
In US and abroad
Design and R&D
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Part Il :

Limits of Colliders

Vladimir Shiltsev - FNAL Colloquium on Accelerators
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Which technologies?
Existing?

Future - ?

Emerging?
Exotic?

What and where are the limits??

7 eolliders and 10 fixed target
omiplexes for HEP and NP

300 ion beam analysis

1,600 radioisotope prod’n
3,000 sterilization

7,500 material processing

>11,000 ion implantation
35 >14,000 cancer therapy

rmilab



0.1 PeV

Circular pp Colliders

« Known technology (magnets)
* Major limitations:
— Size (magnetic field B), power, cost
— Synchrotron radiation 2 Lumi ~R/E3
— Beam-beam, burn-off, pileup, instabilities

Luna-tron

Collider-in-the-Sea




pp Colliders: Lumi, Power, Cost vs Energy

Circular pp

B=10T, 300 km

B=16T, 100 km,
P=2.5-3 TWh
Cost=3-5 LHCU

10 ab/yr
1 ab/yr
LHC
O
0.1 ab-l/yr B=8 T, 27 km,
P=11TWh
Cost=1 LHCU
0.01 ab'/yr
Tevatron
1 fb1/yr O

B=4.5T, 6 km,

7 TeV

37

P=2-3 TWh
Cost=3-5 LHCU

B=3.2T, 1900 km
P=>5 TWh
Cost>8 LHCU

FCC

ELN
’Sea

VLHC

B=10T, 233 km,
P=1.5-3 TWh
Cost= 3.87 LHCU

*

c

S
\

B=20T, 11000 km,

Cost> 40 LHCU

/‘\

B=20T, 1600 km, J

Cost>6 LHCU

70 TeV 700 TeV

Vladimir Shiltsev - FNAL Colloquium on Accelerators

| St

B-1T 40000 km,
ost> 30 LHC

7 PeV

Collider
on Moon

70 PeV

£% Fermilab
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Circular u+u- Colliders

« Known technology (magnets, RF)

* Major limitations:
— Size (magnetic field B), power, cost
— lonization cooling of muons

:: ) s :
: / A
£ % //
: v 4 3
. i' = 0 "/ g
s : / g
3 :,»‘ \ ‘_‘.“ /s §
il
- -
~
~
0' .g'
d -
-

— Neutrino flux = Lumi ~®/E?
</ CERN FCC fiut
\ 100km

Cone gets narrower with energy
Cross section grows with energy ™ High ety e
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MC: Lumi and Cost vs Energy

B=10T, ®=1

ircular 27(14) k Eope—
Circula Hi P:1.5.2'Ernwr\| =Y. 0=
Cost=1-2 LHCU 27 km
P=2 TWh

10 ab'1/ yr Cost=1.6-2.5 LHCU

é B=10 T, ®=100
1 a b'l/yr 00 km

Cost= 3 5 LHCU

0.1 ab/yr

B=10T,2.5 +
km, ®=1 B=10T, ®=100
00 km
0.01 ab'y/yr { P=5 2 TWh T

Cost=>5 LHCU

B=10 T, ®=100

P=9 ?TWh
Cost=>8 LHCU

1fbt/yr ‘
1 TeV 10 TeV 100 TeV 1 PeV 10 PeV

£& Fermilab
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|l Inear e+e- Colliders 15 TeV e+e-

. Either RF acceleration (50-200 MeV/m) or —— 100+ km
wake-field acceleration in plasma (2-5 GeV/m) —— 10-15 km
« Major limitations:
— 100% energy spread at IP (beamstrahlung)
— One-time collisions ineffective - Lumi ~P/(Eo)
— Very long/complex Final Focus to get nm IP size
— Extreme sensitivity to nm jitters of linac elements
— In plasma — ultra-strong focusing hurts staging,

Impossible(?) to accelerate positrons _ Loy, IOO[GQV

Plasma sustains high fields

]- \/170[10180177'3]

m

Takes about 1
GW electic

T
i’;—‘r ?__, power even

.............

) iccaiEnamon eaGe for 15 TeV

SER PULSE




Linear RF and Plasma: Lumi and Cost vs Energy

Linear ee/yy

18 km

P=3-4 TWh

20-50 km
P=6-15? TWh
Cost=4-8 LHCU

J

- LWFA-30
-1 Cost=2-5 LHCU 3
10 abt/yr )
ILCA
30-100 km
1 ab'1/yr '®) N P=2.5 TWh
O
* o
40 km Ult.Plasma-o0a
-1 P=1.5 TWh
0.1 ab*/yr Cost=15-2 LHCU 1
50 km 1
P=3 TWh ® u
Cost=2-3 LHCU t Plasma-1
0.01 ab!/yr
~200-500 km
P=2.5 TWh
1fbt/yr :
1TeV 10 TeV 100 TeV 1 PeV 10 PeV
£& Fermilab
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Exotic Colliders

« Plasma-wakefield acceleration and
channeling in structured media, eg CNTs or

E [GV /m] ~ 100+/7n [1018 cm—3]

crystals ( only muons!!! ) 7, W, W W W ST
. : : A & / % 2Ny
Major _advant_ages. | 7 /é,; > /®,®, A
— solid density = 1-10 TV/m gradients } % /\\\\ Y \\4/»/
: : : N &%\"//A\i\

— continuous focusing and acqeleratlon (no ,,\\\\W WA & #«\\W/
cells, one long channel, particles get strongly ™ /Q\\\\\\} %\"’7/////-&?/7«%7 N
cooled betatron radiation) t Y //\l/@‘\// M

. . \ , /4%(,\4'\ Sy

— small size promises low cost N A K¢,

‘/

-f/f’f, R

« Lumi~1/E? ...totally unproven yet concept:
— proof-of-principle experiment E336 @ SLAC

Muon X-ray Crystal Crystal
source sources funnel accelerator
! 0.1-1 PeV

RhHhikhhhkhd, N

A

{ddddaddasddqaad “‘\WW“\

< 1-10 km >




Xtal Colliders: Lumi and Cost vs Energy

Linear Xtal sy

10 abt/yr
1 abt/yr o
xC G=1-1ko TVim
-0 0.1-1 km
0.1 ab'1/yr \ &HCU?‘
E Pl
0.01 ab!/yr —— 4
( G=1-10 TV/im l_‘\_
1-10 km |/
P=<2TWh | XC-10
1fbt/yr WCost=<10 LHCU? ]
|/
1TeV 10 TeV 100 TeV 1 PeV 10 PeV

2& Fermilab
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Limits (Electric Power and Cost)

(Circular pp

10 ab/yr
1ab?/yr

LHC

o
0.1 ab*/yr
0.01 ab*/yr
Tevatron
1fbi/yr o
7TeV

\_

70 TeV

Cost >3

700 TeV

1TeV

\_

(Circular J )
? Power >
10 ab*/yr o : : .
MC6 (@]
1abY/yr o é +
0.1ab?/yr Eq
0.01 ab'/yr + |
Cost >3
1fbt/yr = ) w

10 TeV 100 TeV 1PeVv

" Linear e+e-

10 PeV
J

(" Linear crystal uu

A a1
10 abt/yr ' Powmir > 10 abi/yr
1abY/yr N aies PO I 1ab¥/yr

? ® T L J XC-on
0.1ab/yr l o 0.1ab%/yr e

l XC
0.01 ab/yr ‘ 0.01 ab*/yr I
Cost >3 . S
1fb/yr = = 1fbi/yr l 1
2
1TeV 10 Tev 00 10 PeV
&\ e e 100 TeV 1PeV J/ele*qjl . 1TeV ]iOZ /:eLY]. /202500 TeV 1 PeV 109




To Summarize:

« Accelerator and beam physics impressive progress:

« Just over the past 5 years — new accelerators for NP, BES,
neutrinos and rare processes, colliders:

* e.g., FRIB, XFELs, China SNS, power records at FNAL and JPARC,
luminosity records at LHC and SuperKEKB

* Physics of beams breakthroughs:

« Several new beam cooling schemes, plasma acceleration to
O(5GeV) — with beams good enough for FELs

« Core technology advances:
* Records in RF gradients, B-field, dB/dt rate, MWs beam targets

* Bright future ahead:
« Next: XFELs, NICA, High Lumi LHC, PIP-II, ESS, EIC, etc

« Future: Higgs factories (linear or circular), Multi-TeV
colliders (pp,uu,ee)

aF reraw
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Summary (2):

« Snowmass’21 Accelerator Frontier on colliders:
— Higgs factories sorted out by Cost, Luminosity and Power
« FCCee, ILC, C3 and HELEN - current favorites
— 10+ TeV cme/parton frontier collider options are very few:
» Limits due to Cost, Luminosity and Power
* Muon colliders 3-6-10-14 TeV - favorites according to the ITF
— To decide on HEP options — need to restart Collider R&D in US
« What'’s beyond 15 TeV/parton — not clear:
— All acceleration technologies have limits
— What'’s certain: high energy means low luminosity
 Less than 1-0.1 abt/yr at 30TeV -1 PeV if Power < 1-2TWh/yr

£& Fermilab
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Summary (3):

* For considered collider types - limitations:

 Circular ee = limit is ~0.4-0.5 TeV

Linear RF ee/yy + - limit is between 3 and 10 TeV

Plasma ee/yy

—

Circular pp - limit is 50-70 TeV (7-10 TeV cme per parton)
« Circular uu — limit is between 30 and 100 TeV

« EXxotic crystal gu — promise of 0.1-1 PeV, low Luminosity

« Muons are particles of the future !

£& Fermilab
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Let’s do accelerators — they are a) useful and b) fun !

Thanks for your attention!

£% Fermilab
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