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Overview B o

* Motivation
— Accelerators drive discoveries | H| |
— What technologies will improve the state-of-the-art? HL-LHC PROJECT

* Near-future
— High-Luminosity LHC
— Technical capabilities to address future challenges g I r
*  Mid-future
— Linear Colliders: ILC & CLIC
— Future Circular Colliders: FCCee & CEPC

* Further-future
— Muon Collider

— Advanced acceleration:
* Laser & beam driven wakefield; THz; dielectric...

International
Dream beams /'\UON Collider
Collaboration
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Motivation oL

* How to address the fundamental questions of particle physics?
— Why do we observe three generations of quarks and leptons?
— Are there particles or interactions Beyond the Standard Model?
— Why is there a matter-antimatter asymmetry in the universe?
— What is mass? How exactly is electroweak symmetry broken?
— What is the nature of Dark Matter? Are there Extra Dimensions?

* Accelerators enable us to collide particles with el DNA Nucleus Quarks

0 per mm 500,000 per mm 5x10% per mm > 1015 per mm
— the energy to create new, massive particles, or to probe gr o

matter at the smallest length scales,

De Broglie 3 — B i 50 pm ‘
wavelength p magnification: x 25 thousand x 1 million x 2 thousand
— and the luminosity required to observe rare processes: &
_ldN _ NiN>f N, $
o dt 410, 0y —

Microscope Electron microscope Part|cle accelerators

/
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Motivation: accelerating discoveries...

* Advancement in accelerator technology drives discoveries, e.g.:

Leptons

/
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Motivation: accelerating discoveries...

* Advancement in accelerator technology drives discoveries, e.g.:

Electron-positron storage
ring, SPEAR, facilitated
discovery of charmonium,
J/y, and tlepton.

Leptons

/
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Motivation: accelerating discoveries... o L pe

* Advancement in accelerator technology drives discoveries, e.g.:

Electron-positron storage
ring, SPEAR, facilitated
discovery of charmonium,
J/y, and tlepton.

R

Leptons

Simon van der Meer and Carlo Rubbia
share the 1984 Nobel Prize.

/
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Motivation: accelerating discoveries... o e

* Advancement in accelerator technology drives discoveries, e.g.:

Electron-positron storage
ring, SPEAR, facilitated
discovery of charmonium,

/

Powerful superconducting
coils at the Tevatron enabled

the top quark discovery

Leptons

Simon van der Meer and Carlo Rubbia
share the 1984 Nobel Prize.
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Motivation: accelerating discoveries...

* Advancement in accelerator technology drives discoveries, e.g.:

Electron-positron storage Powerful superconducting
ring, SPEAR, facilitated coils at the Tevatron enabled
discovery of charmonium, the top quark discovery

J/y, and tlepton.

S

A giant leap in energy and
luminosity at the Large
Hadron Collider delivered the
long-awaited Higgs Boson

Peter Higgs and Francois Englert

share the 2013 Nobel Prize Simon van der Meer and Carlo Rubbia

share the 1984 Nobel Prize.

/
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“Livingston” plots of accelerator development

ROYAL

HOLLOWAY

10,000 ; .
* Since 1930 there has been about a factor 10 increase THE ENERGY FRONTIER
in equivalent fixed-target energy, every 6-8 years: P T
T 1000 - Hadron Colliders /==~ ,*" === .-
1000 Tev - - > “
i} | 3 OOR. sieen
- - | = Asone technology “ran out = 4001 S sbrc,iep
. | of steam”, another E .('.1 g
N S | technology took over! f | A ;J" &
& - a0 :; 10—IM8 e ;:i';»r;-:'.i
1o e |+ Recently, this trend has = . ;ﬁ w; *‘J‘.‘-“-'“'»* o
iy //rwmt;: | softened: S ' » ete- :Co:yat‘rv
Electostaic - 1+ S FRIN-STAN, VEPF I, ACO et
s What limits the energy E A ’
Joate | reach of current machines? 8 ’
I . What are the breakthrough . ,
Tom oty 1960 1970 1980 1990 2000 2010 2020

From W.K.H. Panofsky, “Evolution of

technologies needed for

Year of First Physics

future accelerators?

Particle Accelerators and Colliders 1997. .
Jordan Nash, Imperial College London, Current and Future

Developments in Accelerator Facilities, 2010 IOP Meeting
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What limits the energy reach of circular colliders? e Ry

* Synchrotron radiation ZA

— Charged particles accelerated transversely in a curved trajectory /
by a magnetic field emit synchrotron radiation: R

— The total power radiated by synchrotron emission for a single

C h a rg e d p a rt| C I e P | S ideal particle trajectory
) S °
X S
626 4 See Appendix 1.1 &1.2 of O
Y ) T
P, = X | Wilson for derivation from
6mey  R2 retarded fields — Energy lost per turn:
Where: 2T R

AES:j{PSdt:PStb:PS—

e is the electron charge c

c is the speed of light 5 A
R is the radius of the charge particle’s orbit AFE, = c > L 1

>< N
v = E is the ratio of the particle’s total 3¢p  (mc2)* R
— 5 '
MocT energy 1o Its rest mass energy — This lost energy must be replenished by further acceleration
74 E4 1 — Synchrotron radiation limits the maximum energy that is
Py ﬁ ™~ m X ﬁ attainable in high energy circular accelerators, particularly

for electron synchrotrons, due to small m, 0.511 MeV/c?

/
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The Large Electron-Positron Collider, 1989-2000 -
. y - Y h' ’ = —

RN it

— Excitement as LEP2 breaks the energy record, 100 GeV
per beam:  (while | was a summer student in 1999!)

1t CFRN 5L 02-08-27F l!:?b;ée
LLP Run 68322 datz of:02-03-97 1t: 24: 34

%% STABLE BEAMS %¥-

£ = 100. 018 €eV/< Ream
Beams o+

PR A uf 2040. &
tau{tl h &. 30

7 . . . LUN}\.NDSIT}ES igg = A E it i
— The LHC’s predecessor was used for beautiful precision LEL) cu 2ks-1 B3, ks

/LCEY nb-1 11.5 : g, 7 12. 2
Bk g. 80 -2 0.00 1.02
electroweak studies of the Z boson (45.5 GeV per beam) and 8kq 2 a.86 ©.53 0.76 2.28
H . Co 5 -G8-99 t11:26
ultimately reached an energy of 104.5 GeV per beam (still COLLTMATORS AT PHYSICS SCTTINGS
not enough energy to find the Higgs boson)

/
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How to beat the synchrotron limit? i

Circular colliders, e.g.
Synchrotron energy loss per turn increase R

2 E4 1 (and B)
AFE, = c X X —
3¢p  (me2)* T R

FCChh in 100 km tunnel

Increase m, same R: requires high-field magnets
reuse LEP tunnel with
protons -> LHC, set R to infinity
and in near future: switch to higher lepton mass .IP Linear colliders require high
u gradient acceleration:
"b SCRF structures,

Challenge is to _
oroduce and drive beams or

capture intense advanced accelerator

/«{Jn(gilrg%tlilpdn:rl beamns of short- & concepts (plasma wakefield)
|
7 C [

ollaboration lived muons + energy recovery linacs

‘ I|I|ItHC LF’JRQJTEDTl f

/
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Key technologies for future accelerators s

* Key technologies pillars were identified in the

2020 EU strategy:
3e

High-priority future
B B SATecY initiati e
by the European Strategy Group Inltlatlves - e
B. Innovative accelerator technology underpins the physics reach of high-energy g 3

and high-intensity colliders. It is also a powerful driver for many accelerator-based
fields of science and industry. The technologies under consideration include high-field
magnets, high-temperature superconductors, plasma wakefield acceleration and other
high-gradient accelerating structures, bright muon beams, energy recovery linacs.
The European particle physics community must intensify accelerator R&D and
sustain it with adequate resources. A roadmap should prioritise the technology,

ht Mudn bea.
gy-recovery |

taking into account synergies with international partners and other communities ) ity
such as photon and neutron sources, fusion energy and industry. Deliverables for ‘S g

this decade should be defined in a timely fashion and coordinated among CERN
and national laboratories and institutes.

i
" .‘,. o~
- i d
i
% — .‘

/
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The European Accelerator R&D Roadmap | 2o

* The five technologies pillars identified in the EU strategy form the basis of the

> High-field magnets Accelerator R&D roadmap, that the CERN Council has
> High-gradient plasma charged the Laboratory Directors Group (LDG) to develop:
/ laser acceleration *  The Roadmap will consider various funding scenarios and contain

deliverables and demonstrators.
Council is expected to decide on the Roadmap by the end of 2021 that is
» Muon beams expected to define the R&D for the next decade.

» High-gradient RF structures .

» Energy-recovery linacs CERN Council
- See the 9/6/2021 update for the HEP L (R 1 SPC
A
community: Symposium on the | LDG '
Accelerator R&D Roadmap for the : — — |
nvite ane
HEP Community : experts Chairs : “Extended
. ! LDG”
https://indico.cern.ch/event/1053889/ ' | e ALY 7" oo

High-field High-gradient . . Energy-
Magnets acceleration I:f?:tr?;catdL; fenst Muon beams recovery
(LTS, HTS) (plasma / laser) linacs

A/
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The political challenge... L e

"My Lords, can my noble friend tell us what a Large Hadron Collider is,
and whether a smaller one might not do?" - LORD ELTON, July 1994

speaking in the House of Lords debate on the LHC, Hansard, 18t July 1994.
The full transcript:
http:/ /hansard.millbanksystems.com/lords/1994/jul /18 /large-hadron-collider

________
SUISSE

150 tonnes Helium, ~90 tonnesat 1.9 K
140 MJ stored beam energy in 2012
370 MJ design and > 500 MJ for HL-LHC!
450 MJ magnetic energy per sector at 4 TeV
= = 10GJ total @ 7 TeV

/
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Near future:

High-Luminosity LHC
and recently developed technologies
applicable to many future accelerators

‘ I-ljll-% PR JEC I

/
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ROYAL

2020 update of European Strategy
10 Hil

HL-LHC PROJECT -

Major developments

H their planned detector upgrades, a significantly enhanced physics potential is expectec
' with the HL-LHC. The required high-field superconducting Nb,Sn magnets have

} | 3 been developed. The successful completion of the high-luminosity upgrade of
v‘ - ————— - — the machine and detectors should remain the focal point of European particle
221% physics, together with continued innovation in experimental techniques. The

full physics potential of the LHC and the HL-LHC, including the study of flavour
physics and the quark-gluon plasma, should be exploited.

/ Stephen Gibson — A strategic guide to Future Colliders — LFC21
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LHC performance and future o L R

LHC performance has exceeded yearly targets in quest to measure Higgs Boson couplings
and search for exotic physics:
Dark Matter, Extra Dimensions, Super symmetry, ...

ATLAS Simulation Preliminary
Vs =14 TeV: [Ldt=300 b ; [Ldt=3000 fb™

H— (comb.)

- 80— | I | 1 | 1 | l — " (0j)

2 £ ATLAS Online Luminosity - (1j)

> 70 2011pp s=7TeV 2018 (VBF-like)

§ e : (W 1k

.CE> 60— _201622 {5=13TeV — (ZH-like)

e T ——2017pp Vs=13TeV ] (ttH-like)

3 50:_ — 2018 pp VS =13TeV _: H—ZZ (comb.)

© C . (VH-like)

g 40 = (ttH-like)

2 - (VBF-like)

8 30— - (ggF-like)

- 2] = H—WW (comb.)

20:_ _: g ||; :; oz :5499(.»\‘ tSBX 13:25:25 ( )

C 1¢ PROTON PHYSICS: BEAM DUMP (VBE- If( ;

= 2011 4§ e

e 2015 1 ° H—=Zy  (incl)

o—! | | . i ] - H— bp (comb.)
WH-like

yao " o oct ((ZH I:ke;

Month in Year H—tt (VBF-iike)

Processes extremely rare, requires many H—upw (comb)

collisions = luminosity! (incl.)

(ttH-like)

160 fb! achieved in Run Il

/
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The path to High Luminosity LHC e

LHC Run-Il at 13 TeV, integrated luminosity of >160 fb-' delivered to ATLAS/CMS at the end of 2018.
Plan to increase to 14 TeV after Long Shutdown 2.
After LS3 ending 2027, enter HL-LHC: aim to reach 5 - 7x nominal luminosity.

Europe’s top priority should be exploitation of the full potential of the LHC, including the high

luminosity upgrade of the machine and detectors.
LHC HL-LHC

LSt EYETS LS2 13- 14 Tev IAAE 14 TeV

Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LH
7 TeV 8 TeV button collimators interaction inner triplet C
Civil Eng. P1-P5 radlatlon limit installation

R2E project reglons

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 IIIIII“

5 to 7.5 x nominal Lumi,
1

ATLAS - CMS
experiment upgrade phase 1 ATLAS-CMS  +—
SR nominal Lumi 2 x nominal Ll&iI ALICE - LHCb | 2 x nominal Lumi HIERGEEES
upgrade
m - integrated JEAMUVRLR
if luminosity RNV
Run 3 target HL-LHC target
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High Luminosity LHC — how?

CIVIL ENGINEERING “CRAB” CAVITIES
i 2 new 300-metre service tunnels and 18 superconducting ,crab“
2 shafts near to ATLAS and CMS. cavities for each of the ATLAS
and CMS experiments to tilt the

beams befors collisions.

= Lower beta® (~¥15 cm)
= New inner triplets - wide aperture Nb;Sn

Sl = Large aperture NbTi separator magnets
%SS = Novel optics solutions
N = Crossing angle compensation

¥
[,[/ = Crab cavities

\‘ —_— .
FOCUSING MAGNETS L - Long—range beam-beam compensation
12 mors powerful quadrupole magnsts -
experiments, designed to increass the L‘

for each of the ATLAS and CMS l

= Dealing with the regime

concentration of the beams before
collisions. \

= Collision debris, high radiation

o = Beam from injectors
= Major upgrade of complex (LIU)
SUPERCONDUCTING LINKS m i i i
Electrical transmission lines based on a COLLIMATORS ?E?N?!ysfomfgygli H Ig h b u n C h p O p u | at I O n ’ | OW e m Itta n Cel 2 5 n S
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets 3
current to the magnets from the new service collimators to reinforce machine protection. to free up space for the new 1 b eam

tunnels near ATLAS and CMS. collimators. §
32
8

A
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HL-LHC-UK phase | (2016-2020)

prototype to SPS

UK delivered crab cavit

“CRAB” CAVITIES

18 superconducting ,crab“
cavities for each of the ATLAS
and CMS experiments to tilt the
beams befors collisions.

Ll .. [Rbeam
¥ diagnostics

Complete Crab Cavity C omodule mstalled 5';.42 A
’,' IIIII. \“' : v - 'v

} o
FOCUSING MAGNETS T.
12 more powerful quadrupole magnets f
for each of the ATLAS and CMS . )

experiments, designed to increass the
concentration of the beams before

) —
[}

SUPERCONDUCTING LINKS

Electrical transmission lines based on a

UK built prototypes

BENDING MAGNETS
4 pairs of shorter and more
powerful dipols bending magnets
to free up space for the new
collimators.

Major simulation/design effort

COLLIMATORS
15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

CERN Novebre 2015

UK institutes on HL-LHC-UK
£8M CERN-STFC investment in UK

@
MANCHESTER >
1824
The Linivercity of Manchecter The Cockcroft Institute
e University of Mar cheste of Accelerator Science and Technology

Lancaster E=a UNIVERSITY OF

University © ® LIVERPOOL

HOLLOWAY /

John Adams Institute for Accelerator Science

UNIVERSITY OF

Southampton  prsrmer
{ HUDDERSFIELD + new injector

(AsTec diagnostics

Linac4:
160 MeV H-ions

g.cerm; lerators/linear-

Linac2:
50 MeV protons

U

LHC Injectors Upgrade
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HL-LHC-UK phase Il announced by STFC

https://stfc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/

Upgrade to Large Hadron Collider
underway

11 September 2020

Scientists, engineers and technicians from the UK have embarked on a £26 million project to help upgrade the Large Hadron Collider
(LHC) at CERN, on the French/Swiss border near Geneva.

The collaboration is between the Science and Technology Facilities Council (STFC),
CERN, the Cockcroft Institute, the John Adams Institute, and eight UK universities.
STFC is contributing £13.05 million.

Science Minister Amanda Solloway said:

“Ever since it first switched on in 2008, CERN’s Large Hadron Collider has been
working to answer some of the most fundamental questions of the universe.

“I am delighted that the UK’s science and research industry will play a central role in
upgrading what is the world’s largest and highest energy particle collider, enabling
leading physicists to continue making monumental discoveries.”

Gas jet beam profile monitor setup at the Cockcroft Institute.

/
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https://stfc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/

Beam off at Linac2 —> Linac4, a new hope UJ

\

So long, Linac2, and thanks for all LHC Injectors Upgrade

the protons

After 40 years of service, the linear accelerator has shut down and passed the baton to
Linac4, which will take over as the first link in the accelerator chain

13 NOVEMBER, 2018 | By Corinne Pralavorio

'i-gg s
e il

s

Frédérick Bordry, Director for Accelerators and Technology, switching off the Linac2 on 12 November. (Image: Nathan
Schwerdtel/CERN)

MakeAGIF.com
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Beam off at Linac2 —> Linac4, a new hope b))

* Linac4 is now the main injector for LHC, connected to PSB in LS2 2019/20 "¢ 'Mectors Upgrade

°* H jons boosted to 160 MeV

— 3 MeV, 352MHz Radio-Frequency
Quadrupole (RFQ)

— 50 MeV drift tube linacs (DTLs)

— 100 MeV coupled-cavity drift tube
linacs (CCDTLs)

— 160 MeV Pi-mode structures
(PIMS)

e Commissioned 160 MeV in 2016.

s Multi-turn H- charge exchange

injection to PSB enables a more
brilliant beam for HL-LHC.

/
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Why upgrade the injector? lJJ

LHC Injectors Upgrade

* Emittance requirements for HL-LHC bunches cannot be reached with existing

machines:
4.0 ¢ 4.0 1 3 : , :
r SPS 450 GeV r SPS450 GeV FH PSB brightness: 5.8e~13um/(p/b)
[ k e ’ PS bunch splitting factor: 12
35 25ns 3.5 T 50ns 7 PS bunch length: 205ns :
o Fooe 5 & 2.5 Pg momentum spreadé1§e-03 .................. 5..
I —_ PS injection energy: 2Ge' °
3.0 & E_ 2012 30 & 5 et £ LHC number of bunches: 2760
-8 o FQ 7 HL-LHC ~ ' ! !
-7 T , - B il S Stait aa
2.5 g £ = X 2.5 T = ,-I = o
g vo“’ ’ ‘e e o : : :
E 7/ : ‘ q
20 +-& N fe - - . 20+ & e ) E— S s Yy
Fe o B PS & 2012 | /7 - : : l
[ — Q L ——
[E Batch C:E % ©
15 W . : 1.5 +w J1 £ o
- 4 Compression - P =] C
- / ’ ® 4 © b GEEEEEEEERS EER R PRRRES ™
[ Q,A 4 # ’I- ﬁ. [ N s .g 'E =]
1.0 | &, 1 $¢ 1.0 | e N s =
[ P & =3 » PN © 43 b w
[ i S w3 [ . . 2w
i %Q ’ A c L oV s "’ = 06F -
05 + Q7+ &3S 05 + - # S
b // g 7 2 I & ::‘m
B % 5% [ & e
O_O Y WY R TR AT TN T S T B U ‘l 0.0 G BN RS AT SRR L B ! Py L ’ I 5T N % S B ! S LT Y 0 2
0.0 0.5 1.0 1.5 2.0 2.5 00 05 10 15 20 25 30 35 40 0 05 1 1.5 2 2.5 3
Bunch Intensity [e11] Bunch Intensity [e11] Intensity at 450 GeV (p/b) x 10"
(a) (b)
Fig. 2.3: Status and limitations of the beam characteristics of the LHC proton injector complex at SPS ejection,
in 2012. (a) 25 ns bunch spacing: (b) 50 ns bunch spacing. . . .
@ pacing; (b) pacing LIU: Technical Design Report,

volume 1 protons
CERN-ACC-2014-0337

/
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LHC Collimation

Machine Protection at the LHC, HL-LHC and FCC-hh - I\"""

* Efficient cleaning of proton beam halo is vital to protect the sc magnets \ .
B e d Cold aperture mator jmatons 1 el coTI:r':aagrs iﬁe
B Protecting The Lar e Hadron Colllder R e g o > -
e— g g n b .' é —ei—— 77:;-—7,,—-,.--:---.--'
Superconductlng 0|I g Circulating
=1.9K, quench limit | beam
gr‘] ] |

Cleaning insertion

V
\ &

N F t 9.7x10° 28 . P4
‘ \\ X ! ~ £ Stored beam energy:

— LHC ~ 350 MJ
TGV at 150km/h
Fractional Loss Limit: N FCC-hh =8.4aJ
fwm:  1X10° @ Fayivalent to AirBus A380
Continuous: 1x10-12
Damage: 1x10-6 at 850 km/h
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Collimation studies with BDSIM model of (HL-)LHC L Nevayetal KBliwy

* BDSIM automatically builds a 3D, Geant4 model, from generic accelerator components.

* LHC stores unprecedented energy in beams: 350 MJ (80kg of
TNT) stored per beams at design energy (500MJ HL-LHC)

* Halo efficiently cleaned by collimation system
* LHC model developed to simulate collimation and energy Beam Delivery Slmulahon @ ‘
deposition. Requires 1:10° precision  betatron collimation

' " VAT ) L 2 ""." st gt ' ——— i "' e Example halo d|Str|bUt|0n

102} | Warm ]
10| |™=W Cold beam 1 | ] __Halo Input Distribution

EEm Collimator > ] 30} (‘

20

10}
107}
106}
107}
108} |
10°

3 1010

10

Deposition (GeV / m / primary)
Xp (prad)
o

=10}

er

S 10

I
I
I I
: I I
: i l l
; ' | | ’ P _20l | I
I I
5 i I I 1
I I
10.12 y =301 I 5

0 5000 10000 15000 20000 25000 S E— 0 5

S Position from IP1 (ATLAS) (m) . . . X Position (mm)
losses in cryogenic section

B1 4TeV energy deposition map

https://doi.org/10.1016/j.cpc.2020.107200

/
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Active halo control & novel collimation

ROYAL
HOLLOWAY

* How can we remove halo particles without affecting the core?

* Novel collimation techniques being developed for HL-LHC:
Hollow electron lens

HORIZONTAL POSITION / o

* Crystal collimation

volume reflection

i

bent crystal

channeling

10°

/

dechanneling

N\

()
£
E
£

[
g
£
E
g
s
z

\

suopepaso Surjauueydisenb

uonnqrysip sponted ren3ue

HOLLOW ELECTRON BEAM

VERTICAL POSITION /o

L. BEAM CORE i

G. Stancari

Fraction
= = = =
o o o o
LooL Ll

._.
15}
&

66.4% efficiency
(68.9% exp.)

—— Geant4
—— Exp

Losses [counts]

T

Collimator

T

12 Train 1 (affected)
¢ Train 2 (unaffected)
. RHIC Elens
6
B!
9

current density [a.u.]

._.
1)
&

—100

John Adams Institute for Accelerator Science

200 250

em-field strength [a.u.]

o

horizontal position [o,]

Electron beam radius scan (/. = 200 mA)

26 27 28 2.9 30 3.1

Electron beam radius [o]
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Science and
Technology
Facilities Council

Superconducting RF capabilities

- ASTeC @ Daresbury hosts majorfacilityfor SRF Peter MclIntosh, STFC Daresbury Laboratory
design & fabrication for many projects

1 ERL SRF Linac

Optimised, high current, flexible CM development

2 Crab Cavity Cryomodule - sfie _,. rﬁ;me..

Collaborative cavity, CM development and infrastructure

3 ESS SRF Contributions

High beta cavity testing and infrastructure

3 PIP-IIl SRF Contributions [y X Th

'STEC Couplta Toss
Cavity testing, CM integration and infrastructure Ry

4 UK Industry SRF Developments

Cavity pressing, machining and EBW

5 EIC Opportunities
/

STFC, Cornell anid TRIGMES N Thegragiop apek
b T » Stanford Outer Cryomodule Installation on AKCE
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Science and
Technology
Facilities Council

Crab-cavity cryomodules for HL-LHC:

* UK contributing cryomodules for crab-cavities, which rotate

the colliding bunches to increase the luminosity.
Cryogenic
Fundamental Cavitv Tuner
Power Coupler Y Safety System

gy Gracme
v« Burt et al

g M
7 W L
‘Q
§
Al,«“l",.'
N

" “"H Field

E Field

Frequency Scanning
Interferometery

Cleanroom Assembly
: lig=Es— f

Cavity Support
Blades

Sector
Valve
\\ L

_ _ RF Dipole Crab
Thermal Shield Cold Magnetic ~ Outer Magnetic Cavity

Shield Shield

Al
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Bunch crabbing for HL-LHC

LHC luminosity is currently limited by

geometrical overlap, due the crossing

angle (285mrad) between beams:

N1 No f N RO
dro,0y \/1 (Ztan

£:

At HL-LHC, RF crab cavities will rotate the
bunches to collide head on:

/
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event from 2012 data with 25 vertices_

23 interactions per bunch
crossing at nominal LHC

One bunch crossing
in the ATLAS
particle tracker

HL-LHC: pile up
increases to ~140
vertices per crossing.



Science and
Technology
Facilities Council

Demonstration of HL-LHC crab-cavities

First prototype cryomodule (DQW) tests completed on Graeme Burt et &l

O

‘ /;

SPS in mid 2018.

First ever evaluation of crab cavities with a proton beam!

A 2-cavity pre-series RFD cryomodule in development +
providing 4 production DQW cryomodules for LS3

UK team responsible for key elements of the design: cold shield,
magnetic shield, thermal shield, vacuum vessel, transport modules,
HOM coupler + SPS test: machine physics, impedance, diagnostics and
played major roles in other areas (LLRF)

Cavity 1 - Cavity 2

Norm. Intensity

E Field
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Beam diagnostics for FCC-hh (developed for HL-LHC) (G

* Fully characterizing FCC-hh circulating beams with high intensity requires similar
diagnostics to those being developed for HL-LHC. Examples include:

* Beam-gas interactions:
— Continuous, non-invasive 2D beam profile monitoring by a supersonic gas jet monitor for the hollow
electron lens collimation.

[ Integration time : 400 s
| Calibration = 0.0147mm/pixel

&4 UNIVERSITY OF

& LIVERPOOL
C Welsch et al

FWHM = 1.2mm

X F o %
20 | 1
HIPACE 300L/S HIPACE 700L/S M MWWWM
Turbo-molecular pump . !
nO 2' 4' B 1 , 12¢
Pixels (-Z)

Q]

Turbo-molecular pump

* Electro optics techniques:
— Electro-optic BPM diagnostics for measurement of crabbed rotation of the hadron bunch [RHUL].
— For FCC-ee, the electron bunch will require sub-ps e-o techniques, as pioneered at ASTeC.

/
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Beam diagnostics for FCC-ee (GD)

* Small electron bunches at high energy, and sub ps resolution require novel approaches:

— To measure small transverse beam sizes, SR interferometric measurements are under development at
LHC, though need to be demonstrated for X-ray wavelengths.

— Bunch lengths of ps, with resolution of 10 fs pose difficulties for streak cameras and e-o sampling
techniques due to the relatively long bunch.

— Non-invasive techniques based on Cerenkov diffraction radiation may results in a directional beam
position monitor and for fast intra-bunch transverse instabilities.

* FCC-ee requires polarimetry based on inverse- v Pfjj“:;Be“ " = /ot s
Compton scattering = I o
— Similar to implementation at LEP and could o W;‘7§l—'—
leverage expertise on electron laserwires ==
developed for Linear Collider at ATF2 in KEK. y4 | / gTR\ﬂ;

I Coerey Meter I APD

/
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of Dundee

Laser Engineered Surfaces @ University

* Electron cloud mitigation:

— intense electric field of the proton bunch can accelerate electrons into the beam pipe walls,
which liberates secondary electrons. Exponential growth in electrons creating a cloud which
heats the superconducting magnets and limits the machine intensity.

* Secondary electron yield can be suppressed by modifying the surface walls with a
laser, creating channels to trap the electrons.

 Automated robot for in-situ treatment of beam-screens at HL-LHC:

/
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Capabilities in accelerators & enabling technology

Developing a broad range of capabilities to address future technical challenges, including

Beam dynamics simulations; optical lattice design & optimisation

Novel collimation techniques: crystal, hollow electron lens.

Machine detector interface & accelerator backgrounds

Superconducting RF cavities, crab-cavities, high efficiency klystron development
Beam diagnostics, including non-invasive profile & bunch instability monitoring
Nanobeam control and fast feedback

Cryogenic systems, cold powering.

Vacuum systems & electron cloud mitigation

Accelerator alignment systems

Operational experience of low emittance electron storage rings & FEL test facilities...

ESPP2020 “Innovative accelerator technology underpins the physics reach of high-
enerqgy and high-intensity colliders. ... The European particle physics community
must intensify accelerator R&D and sustain it with adequate resources.

/
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2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group



Mid-future: Higgs Factory:
Linear Collider / Future Circular Collider

iln &!b 3
11 ==
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2020 update of European Strategy :)n

o

The vision is to prepare a Higgs factory, followed by a future hadron collider
3 ' with sensitivity to energy scales an order of magnitude higher than those of the
& LHC, while addressing the associated technical and environmental challenges
_l-li_g_h-priority future A. An electron-positron Higgs factory is the highest-priority next collider. For the
initiatives longer term, the European particle physics community has the ambition to operate a

proton-proton collider at the highest achievable energy. Accomplishing these compelling

anale will reanire innovation and cinittina-edne technolonov:

The timely realisation of the electron-positron International Linear Collider (ILC)
in Japan would be compatible with this strategy and, in that case, the European
:E§ particle physics community would wish to collaborate.

’ v
— o e
&BDS P
_ 10— \
- \
“ CTOR AREA -Tveo . \
1 ot
vse e / \ ‘ ne
\ J o Doy
s - - e ol =
\ v ‘ " z. \
\ B O .
usas e e
oe 0 um A
» 2
s

Higgs factory e*e” collider for e. 250 GeV / beam -
precise measurements of

Higgs & top ++,
complementary to LHC

\ \ T8 b i Do
. g R \ T S ) >
q 7 L, S ‘
: us2 LA y =N\
@ O /e
o Ry 2 Wil PP S
A e o (8] N B
€" Main Linac Natis-a
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e+e- Higgs Factory: the International Linear Collider  r Burrows "

v

ILC TDR complete, mature technology with many benefits:

T T T T T T T T e v
Hv.v, \“i/

— Well defined centre of mass energy: 2E
— complete control of event kinematics: p =0, M = 2E
— polarised beam(s)

o(e’e” — HX) [fb]
\\

— clean experimental environment

—_

opean .
Linear Accelerator

b Ly e
0 1000 2000 3000
/s [GeV]

e+e- annihilations:
250 GeV:

Mass, Spin, CP nature

o ——

E>91+ 125 =216 GeV

Absolute measurement of HZZ

BRs Higgs = qq, Il, VV
350-380 GeV:

Absolute HWW measurements

E ~ 250 GeV

i .

< WA Up
\ ./ |
XFEL started commissioning from 2017 f\ ~ /

Top threshold: mass, width, anomalous couplings ...
500 GeV:
Higgs self coupling

XFEL at DESY essentially E>91 + 250 = 341 GeV
a 20 GeV prototype

Top Yukawa coupling

E ~ 500 GeV
- 1000 GeV: as motivated by physics

/
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International Linear Collider P. Burrows s
US-Japan cost reduction R&D ILC in Japan? o

Innovation of Nb (superconducting) material process: decrease in material cost

Innovative surface process for high efficiency cavity (N-infusion): decrease in number of cavities

meeting of Lyn Evans and Prime Minister Abe, March 27, 2013

ILC 500GeV

Edectrons

Beam parameters

ILC 250 500
< > Electrons/bunch 2 2 10**10
~31lkm Bunches/train 1312 1312

Cost reduction by compact ILC Bunch separation 554 544 ns

Train length 727 727 us

Train repetition rate 5 4 Hz

~20km o Horizontal IP beam size 729 474 nm

< & Michizono . Vertical IP beam size 8 6 nm
Luminosity 14 2 10**34
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International Linear Collider P. Burrows s
"o

Beam parameters Like firing bullets to hit in middle ...

ILC 250 500

Electrons/bunch 2 2 10**10 /
Bunches/train 1312 1312

Bunch separation 554 544 ns

Train length 727 727 us §
Train repetition rate 5 4 Hz §
Horizontal IP beam size 729 474 nm ] , §
Vertical IP beam size 8 6 nm " .
Luminosity 14 2 1034 Exce pt that ...

Requires precise beam measurements at final focus and feedback on nanosecond timescales

/ Stephen Gibson — A strategic guide to Future Colliders — LFC21
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Cavity BPMs & fast feedback

CLIC main beam/CTF3 (15 GHz)
-t -

ATF2 (6.5 GHz)
Separate cavities for the - '.;‘\“'
extraction of the " N
and dipole modes.
These high-frequency signals
need down-mixing and
mixing to produce a
baseband signal proportional

to only the bunch offset.

|
|
|
| 47
5y Y —Jbean | > eam /” 5= Feedback On Nanosecond Timescales:
f_ | ____ df T ___ Nanometre-resolution cavity BPMs used Resolution (nm)
|, ipole ..
: . mode for fast digital + analogue Resolution Single Integration
! feedback/feedforward systems calculation method sampling aospding
! « ADCs to digitise | and Q waveforms at ~ Geometric 9t1 215+ 04

199+ 04

195+ 0.4
195+ 04
19.2+ 04

357 MHz. F?tt?ng I: | 49 +1
* DACs to provide analogue output to Fitng I, Q 43 +1

i i ; . . Fiting I'. Q.
drive kicker, with a fast rise time 35 ns - "0el.Q.q 43t 1
Fiting I, Q’. q and x 42 +1

/
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International Committee for Future Accelerators TP

.
August 2. 2020 1L

ICFA announces a new phase towards preparation for the
International Linear Collider

At 1ts 86th meeting held today. ICFA approved the formation of the International Linear Collider
International Development Team as the first step towards the preparatory phase of the ILC project.
with a mandate to make preparations for the ILC Pre-Lab in Japan.

A description of the mandate and structure of the ILC International Development Team was also
approved by ICFA today.

The Team will commence its work immediately and is expected to complete it by the end of 2021.

The ILC International Development Team will work towards making a timely realization of the ILC
possible.

ICFA thanks the Linear Collider Collaboration led by Dr. Lyn Evans for its excellent work over the
past several years.

Contacts:
Geoffrey Taylor (ICFA. Chair) - The University of Melbourne
Tatsuya Nakada (Chair, Executive Board, ILC International Development Team) - EPFL. Lausanne

/
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International Committee for Future Accelerators TP

@ ' [LF
IDT | ILC Pre-Lab ILC Lab.
| |bT| ncPrelab |  WClah.

" PFTTTTITTI TR .
Exp. _

CE/Utility, Survey, Design ILC International Development Team

Acc. Industrialization prep.
Executive Board

Construction .
Americas Liaison Andrew Lankford (UC Irvine

C|V|| Eng .---. Working Group 2 Chair Shinichiro Michizono (KEK)
. Working Group 3 Chair Hitoshi Murayama (UC Berkeley/U. Tokyo)

Building, Utilities Following a four-year ILC Pre-Lab phase, ILC construction will N L

KEK Liaison Yasuhiro Okada (KEK)

. Europe Liaison Steinar Stapnes (CERN)

Acc. Systems continue for about ten years. psis P Lion Gooe Toor U Mloure)

nstalation EEE ‘

Commission]ng . Working Group 1 Working Group 2 Working Group 3
i

B Pre-Lab Setup Accelerator Physics & Detectors
Physics Exp. -
.. U

Charge for WG1: prepare outlines schemes for submission

initially for inclusion in document prepared by IDT Directorate
for submission to Japanese MEXT ministry in context of KEK bid
for Pre-lab funding in summer 2021.

/
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Proposal for ILC Pre-Lab, June 2021

1k

doi:10.5281/zen0do0.4884744

Proposal for the ILC Preparatory Laboratory (Pre-lab)

International Linear Collider
International Development Team

1 June 2021

Abstract

During the preparatory phase of the International Linear Collider (ILC) project, all
technical development and engineering design needed for the start of ILC construc-
tion must be completed, in parallel with intergovernmental discussion of governance
and sharing of responsibilities and cost. The ILC Preparatory Laboratory (Pre-lab)
is conceived to execute the technical and engineering work and to assist the inter-
governmental discussion by providing relevant information upon request. It will be
based on a worldwide partnership among laboratories with a headquarters hosted
in Japan. This proposal, prepared by the ILC International Development Team
and endorsed by the International Committee for Future Accelerators, describes an
organisational framework and work plan for the Pre-lab. Elaboration, modification
and adjustment should be introduced for its implementation, in order to incorporate
requirements arising from the physics community, laboratories, and governmental
authorities interested in the ILC.

[ |
ILC Pre-Lab ' ' b

/
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ML&SRF
(Main linac & Sources DR ?.DS Dump
Superconducting RF) (Damping ring) (Beam Delivery System)
WP-1 WP-4 WP-12 WP-15 WP-17
Cavity production - Electron source System design Final focus Main dump
Wp-2 | Undulator positron scheme Wp-13 WP-16 WP-18
Cryomodule assembly n WP-5 Collective effect Final doublet Photon dump
we3 I Undulator Wp-14
Crab cavity n WP-6 Injection/extraction
I Rotating target IP Surface
Facilities
I WP-7

=t Magnetic focusing
|

==
- -
E-driven positron scheme

I wpP-8
T Rotating target

T~ Magnetic focusing
-
=

Detector
Hall

WP-9

WP-10
Capture cavity

Underground
———————— -4 Utility Hall

WpP-11
Target replacement

(a) Access Station

(b) Interaction Point

Kitakami Mountains

ILC-250 (20.6 km)

Boring survey @,

Geological Map "~~~
e e e | s
<.°_lu"’. ,3_

(oM o

B Continuous granite region

HITOKABE, SENMAYA and ORIKABE
bedrock

B Have capability to extend
the ILC up to 50 km in future

Geological Surveys for ILC

B Electromagnetic prospecting
-> Cracks in the rock

B Seismic prospecting
-> Rock hardness

B Boring geological survey @
aettn o oau 4 -> Direct sampling down to the
: accelerator tunnel depth,
altitude of 110m
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Proposal for ILC Pre-Lab, June 2021

doi:10.5281/zen0do.4884744
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Figure 3: Artist’s impression of the ILC in the mountains.
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Compact Linear Collider: CLIC

Drive beam technology demonstrated at L EERT T ”/"’ %7
CTF3, CERN, acc. gradient upto 150 MV/m. '; Compact Linear Collider (CLIC) |

Operation 100 MV/m, 135 MW at 12 GHz. U i g

* Project staging to multi-TeV e*e

* 380 GeV, 1.5 TeV,

540 klystrons Z 540 klystrons
20MW, 1485 | | | Drive Beam clrcumferences I | I 20 MW, 148 I

delay loop 73m

drive beam accelerator CR1293m drive beam accelerator
» CR2439m
2.5km 2.5km
delay loop | = < delay loop
@ deceleralor 25 sectors of 878 m

.‘v f 4 N . . ! .."!
\¥ ) o - )
M BDS BDS M / a a Geneva
2.75 km 275 km ‘¥ > o4
e~ main linac, 1ZGHz. 72/100 MV/m, 21 km e* main linac ) 7, el ;
% y :“ Ve o
- H (% ,
/)

50 km
CR combiner ring
booster linac 7
2.86 0 9 GeV _Mam Beam

TA  turnaround 1.5 Tev / beam

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

e~ injector
2.86 GeV

e* injector
2.86 GeV

UK institutes contributed to design;
Phil Burrows — CLIC spokesperson
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Compact Linear Collider: CLIC

Drive beam technology demonstrated at
CTF3, CERN, acc. gradient upto 150 MV/m.

Operation 100 MV/m, 135 MW at 12 GHz.

* Project staging to multi-TeV e*e

* 380 GeV, 1.5 TeV ,2.0 TeV

s Y Vv v 445 klystrons
crcumferences ' l ' 20 MW, 48 ps

CLIC layout 380 GeV

} Compact Linear Collider (CLIC)
Drive beam injector, main beam ln}ector
| main linac, interaction ppint (IP)

> - LHCexistlng infrastructure
S 320 Gov - 11.4 km (CLIC380)

11 km
CR combiner ring
TA turnaround
DR damping ring
PDR predamping ring
BC bunch compressor
BDS beam delivery system .
IP  interaction point -3
H  dump Geneva.

e- injector
286 GeV

V4 . . g 0
zﬂm Adams Institute for Accelerator Science Stephen Glbson - A Strateglc gU/de tO Future CO”/derS - LFCZl



CLIC demonstrator and machine parameters

Normal conducting high-frequency RF (X-band 12GHz)

Parameter Symbol  Unit Stage 1 Stage2  Stage3
Drive beam technology demonstrated at CLIC Test Centre-of-mass energy NG GeV 380 1500 3000
Facility (CTF3) Repetition frequency Jeep Hz 50 50 50
7 Number of bunches per train ny, 352 312 312
g ' P B> R 23 T gl 7 Bunch separation At ns 0.5 0.5 0.5
' ~ o Pulse length =RE ns 244 244 244
Accelerating gradient G MV/m 72 72/100 72/100
Total luminosity L 10*em™s™ 1.5 3.7 5.9
Luminosity above 99% of /s Loy 10%em™@s™T 09 1.4 2
Total integrated luminosity per year .7}, fb! 180 444 708
Main linac tunnel length km 11.4 29.0 50.1
Number of particles per bunch N 10° 52 3.7 3.7
Bunch length o. um 70 ot -
IP beam size o,/0, nm 14929 ~60/1.5 ~ 40/1
Normalised emittance (end of linac) &, /g, nm 90020 660/20 660/20
Final RMS energy spread Yo 0.35 0.35 0.35
Crossing angle (at IP) mrad 16.5 20 20

/

John Adams Institute for Accelerator Science Stephen Gibson — A Strategic gUide to Future Colliders — LFC21



A
=)

Bl CLICWEEK2019

ompact Linear Collider Workshop m

B ¢
* Timeline:

« Compact:

* Expandable:

» Conceptual Design Report published in 2012

* Project Implementation Plan released 2018

Cost:

Power:

/

rr|prrrrrrrr|rrrr T

- | Integrated luminosity
6F|— Total —
- | — 1% peak
\7 | 038Tev 15 TeV 3TeV
4 -

b 4 -‘\ 4
= ;
\“" ’ pricwEiK2019

[ )
i M- |
e+e- linear collider at CERN for the era beyond HL-LHC

Integrated luminosity [ab™]

novel and unique two-beam accelerating technique based on o 5 10 15 20 25
i . . Year
high-gradient room temperature RF cavities:
first stage: 380 GeV, ~11km long, 20,500 cavities Stage Vs [TeV] Lt [ab71]
. . . . 1 0.38 (and 0.35) 1.0
staged collision energies from 380 GeV (Higgs/top) up to 3 TeV ) 15 55
3 3.0 5.0

Baseline polarisation scenario adopted:

5.9 BChF for 380 GeV  (stable w.r.t. CDR) electron beam (~80%, +80%) polarised in ratio
168 MW at 380 GeV (significantly reduced since CDR) (50:50) at \s=380GeV ; (80:20) at \s=1.5 and 3TeV

John Adams Institute for Accelerator Science Stephen Gibson — A Strategic gUide to Future Colliders — LFC21



A/

John Adams Institute for Accelerator Science Stephen Gibson — A Strategic gUide to Future Colliders — LFC21




ESPP20 update and next steps for FCC (=)

* EU Strateqy 2020: 'Europe, together with its international partners, should investigate the technical and
S financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of
PR at least 100 TeV and with an electron-positron Higgs and electroweak factory as a
possible first stage. Such a feasibility study of the colliders and related infrastructure
should be established as a global endeavour and be completed on the timescale of the
s e next Strateqy update.”

Ci

by the European Strategy Group

* FCC Innovation Study (FCCIS) kickoff meeting in 9-13 November 2020 at CERN, including 4"
Physics & Experiments workshop, beginning to address the ESPP20 mandate.

— https://indico.cern.ch/event/923801/
— FCCIS will deliver a conceptual design and an implementation plan for a new research infrastructure, consisting of a
100 km long, circular tunnel and a dozen surface sites. It will initially host an electron-positron particle collider. With an

energy frontier hadron collider as a second step, it can serve a world-wide community through the end of the 21st
century. This project will validate the key performance enablers at particle accelerators.

* Most recent FCC collaboration in July 2021: https://indico.cern.ch/event/995850/

/

John Adams Institute for Accelerator Science Stephen Gibson — A Strategic gUide to Future Colliders — LFC21


https://indico.cern.ch/event/923801/
https://indico.cern.ch/event/995850/

parameter FCC-hh HE-LHC HL-LHC

circumference [km] 97.75 26.7
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FCC week in Amsterdam, April 2018 G

Big article in Dutch press:

JeVoll(sl(rant

Hoe moet de grootste
deeltjesversneller op aarde eruit gaan
zien?

/

John Adams Institute for Accelerator Science Stephen Gibson — A Strategic gUide to Future Colliders — LFC21



FCC week 2021: FCC integrated program =)

Comprehensive long-term program, maximizing physics opportunities

« Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & and top factory at highest luminosities
- Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options

« Complementary physics
« Common civil engineering and technical infrastructures

« Building on and reusing CERN'’s existing infrastructure

 FCC integrated project allows seamless Continuation of HEP after HL-LHC

A (IP) = | DS
mmm L sep

= | arc

Exp
Inj. + Exp Inj + Exp.

14km

J R[] Bowp J |] Bcol  « 2gkm —» extraction LD

107 —T — v v

&\ /1

SR\ /R

o “w___ _FCC-hh [ Booster

t FCC-¢ i FCC-¢ 1

RF 20N - 5 . ; ] 1 4 km
x
i 0- coII
v ~
-

FCC-ee

CERN FCC Feasibility Study Roadmap
\ Michael Benedikt
S FCC Week 2021, 28 June 2021



7/~ \ FUTURE
CIRCULAR
\__ COLLIDER

parameter

y4

WW

FCC-ee collider parameters (stage 1)

H (ZH)

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4
no. bunches/beam 16640 2000 393 48
bunch intensity [10"] 1.7 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
bunch length with SR / BS [mm] 3.5/12.1 3.0/6.0 3.3/5.3 2.0/ 2.5
luminosity per IP [1034 cm2s-1] 230 28 8.5 1.55
beam lifetime rad Bhabha / BS [min] 68 / >200 49 / >1000 38/18 40/18




7/~ \ FUTURE
CIRCULAR
\__ COLLIDER

FCC-ee: efficient Higgs/electroweak factory

1,000 uminosity |

o1 2oy -@- FCC-ee (2 collision points) umml'oscll y L per
< 100 - ) - CLIC supplie
= m A ILC electrical wall-
= 10 - ; 6‘(']\'&\, 240 Gev ~@- MAP-MC
' _ plug power P,
e 360 nb~! MWh-" i O IS shown as a
o [T T e function of
U:? 350-3gseev
=g centre-of-mass
f energy for
=~ 0.01- several

- proposed future
0.001 l .

0.01 0.1 1

1olepton colliders

ffan FCC Feasibility Study Roadmap
\ Michael Benedikt
S FCC Week 2021, 28 June 2021

M. Benedikt, A. Blondel, P. Janot, et al., Nature Physics 16, 402-407 (2020), and
European Strategy for Particle Physics Preparatory Group, Physics Briefing Book (CERN, 2019)




(&)Y High efficiency Klystron design for FCC-ee Lancaster E=3

\ University
WL H
0.8GHz,133.9kVx12.5A%x80%>1.3MW Jinchi Cai & Graeme Burt
[
The klystron efficiency impact on the FCC power consumption. e FCC requires 105 MW of RF
Example of the efficiency upgrade from 60% to 80%. power, but the DC power is much >
higher due to limited efficiency |
| |
* Increasing the efficiency by just " n —— —
RF power needed for 3TeV CLIC 105 MW 20% would save CERN 9 MCHF / — R —
DC input power 150 MW 123 MW -27MW year b.y.savmg 149 GWh Of | 1
electricity I
Waste heat 45 MW 18 MW 27MW
Annual consumption (5500 h 825 GWh e7ecwh  -1296wh ¢ CERN and Lancaster are
assumed) investigating new methods of
Annual cost (60 CHF/MWh assumed) 49.5 MCHF 405MCHF -9 MCHF increasing klystron efficiency Efficiency=29%, Time cost=50h

Powe

o T e 1454V 80 In saturation I S
4 & < ”‘/. ;
- S— <3 g

A 0 134kv 75 > < e 14
= /'/ ® = 5 -
s 1 /) O PO S " g =
= Y J =0 120kV = A ~‘
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FCC-ee operation model

Zfirst 2 years 100 26 ab1/year 150 ab .4

Z later 200 52 ab1/year

w 25 7 ab/year 10 ab! 1-2
H 7.0 1.8 ab-1/year 5 ab! 3
machine modification for RF installation & rearrangement: 1 year

top 1st year (350 GeV) 0.8 0.2 ab1/year 0.2 ab? |
top later (365 GeV) 1.4 0.36 ab1/year 1.5 ab! 4

total program duration: 14-15 years - including machine modifications
phase 1 (Z, W, H): 8-9 years,

"'Vﬂa-a:hx - '- ey a2ty
phase 2 (top): 6 years

\/
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7/~ \ FUTURE

ey FCC-hh (pp) collider parameters (stage 2)

parameter HL-LHC

collision energy cms [TeV] 100 14 14
dipole field [T] 16 8.33 8.33
circumference [km] 97.75 26.7 26.7
beam current [A] 0.5 1.1 0.58
bunch intensity [1011] 1 1 2.2 1.15
bunch spacing [ns] 25 25 25 25
synchr. rad. power / ring [kW] 2400 7.3 3.6
SR power / length [W/m/ap.] 28.4 0.33 0.17
long. emit. damping time [h] 0.54 12.9 12.9
beta* [m] 1.1 0.3 0.15 (min.) 0.55
normalized emittance [um] 2.2 2.5 3.75
peak luminosity [1034 cm2s-1] 5 30 5 (lev.) 1
events/bunch crossing 170 1000 132 27

stored energy/beam [GJ] 8.4 0.7 0.36
"4 Foc Week 2021, 28 June 2021
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\__ COLLIDER FCC-hh: big step in performance
1E+36
? FCC-hh order of magnitude
ks /4 performance increase in
1E+34 o 1HE energy & luminosity

100 TeV cm collision energy

1E+33 o"evnirdr (vs 14 TeV for LHC)
® ISR ® RHIC i

peak luminosity [cm™s]

1E+32 20 ab! per experiment
‘ collected over 25 years of
|E+31 ® $ppS operation (vs 3 ab-! for LHC)
1E+30 similar performance increase
0.01 0.1 l 10 100 1000 as from Tevatron to LHC

c.m. energy [TeV]

key technology: high-field magnets

ffan FCC Feasibility Study Roadmap
\ Michael Benedikt
S FCC Week 2021, 28 June 2021



FCChh: High-Field Magnets

[l

Rt Worldwide FCC Nb3Sn program Eurogicol

. e ' 5400 mm? 3150 mn?
Main development goal is wire performance increase: W’ r . ™~ =

« Jc (16T, 4.2K) > 1500 A/mm2 ->50% increase wrt HL-LHC tmes = 3

y le ¥
wire ‘ l N

. . . ; . ~10% in ~10% margin
Reduction of coil & magnet cross-section s FCC ultimate

After only one year of development, prototype Conductor activities for FCC started in 2017:
Nb3Sn wires from several new industrial FCC Bochvar Institute (production at TVEL), Russia

partners already achieve HL-LHC KEK (Jastec and Furukawa), Japan

performance KAT, Korea
Columbus, Italy

University of Geneva, Switzerland
Technical University of Vienna, Austria
SPIN, Italy
* University of Freiberg, Germany
In addition, agreements under preparation:

2017: JASTEC 0.8 mm
FCC Target * Bruker, Germany

J. (A/mm?)

Luvata Pori, Finland

13

3 14
Field (T)

\/
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FCChh: High-Field Magnets

G="D) BETE) dipole design activities and options @CirCo'

“2% The U.S. Magnet

Swiss 7
F'g # Development Program Plan

Cos-theta EU"‘fif'C.irCOl Common coils contribution

+

Short model magnets (1.5 m lengths) will be built from 2018 — 2022
Russian 16 T magnet program launched by BINP recently.

/
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. _E: . Pierre Vedrine, on behalf of HFM Expert Panel
H Igh Fleld M agnets IateSt High-Field Magnet R&D Status, 9 July 2021

W45K @® ® Magnet w/o bore A /A Accelerator magnet Al
W19K O O Magnet with bore 2 MDP-meeting-2021
20 =3 2
» High Field Magnets (HFM) are among the key g 2 B&R %, CeZe ()
. . . 15 Lo 4 o vz
technologies that will enable the search for new physics & §§;‘ @ e 09 2¢
. — = = a 3
at the energy frontier. — s § o 15 Q%Ag
210 9 ‘ Q E€gx b
& & NoTi € c830
JEO E WA o zsfes
- = o 5| 523
. . . 5 = AN £ ] 3
» Approved projects (HL-LHC) and studies for future circular A Nem % 23"
. Nb-Ti
machines (FCC, SppC) call for the development of ; ' |
superconducting magnets that produce fields beyond 1970 1980 1990 2000 2010 2020 2030
those attained in the LHC . N e | vear () | e s e
20 —
E o
g ., &
. . . . . ~N Z @
» Progress in highest field attained in European and 15 -
international programs (EU-FP6 CARE , EU-FP7 EuCARD, = g ¢ - £ 2 =
H o € § £ @ '3
EuCARD2, HL-LHC, ARIES, on-going I-FAST, HFM & US- 3 10 $L£ 28 3 8
= <z ~ C £ o
DOE programs) g§ €8t 3
g 0
2010 2015 2020 2025 2030
year (-)

/
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H Igh_FIeld MagnetS IateSt Pierre Vedrine, on behalf of HFM Expert Panel

* High Field Magnet R&D Status, 9 July 2021

GOALS OF A HIGH FIELD MAGNETS R&D PROGRAM

» Demonstrate NbESn magnet technology for large scale
deployment, pushing it to its practical limits, both in

. . Development of robust and
terms of maximum performance as well as production 100000 cost-efficient processes
scale ,
LHC °
- Demonstrate Nb,Sn full potential in terms of ultimate 10000
performance (target 16 T) E Robust Nb;Sn
- Develop Nb;Sn magnet technology for collider-scale -EC.O 1000
production, through robust design, industrial S
manufacturing processes and cost reduction (benchmark = 100 HL-LHC QXF
12°7) e ) Logical step for a next
. - HL-LHC 11T O} phase (2027-2034)
» Demonstrate suitability of HTS for accelerator magnet = 10 :
applications, providing a proof-of-principle of HTS o D20 %
magnet technology beyond the reach of Nb,Sn (target 1 Fresca2 Ay Ultimate Nb,Sn Exploration of
in excess of 20 T) MDPCT1 HTS new concepts
. . o and technologies
» Implemented as a focused, innovative, mission-style 0.1
R&D of collaborative nature 10 15 20 25

/

John Adams Institute for Accelerator Science

Bore field (T)

See Symposium on the Accelerator R&D Roadmap for the HEP community

https://indico.cern.ch/event/1053889/
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FUTURE

ey FCC CDR and Study Documentation

Al e -  FCC-Conceptual Design Reports:
Particles and Fields Special Topics
Vol 1 Physics, Vol 2 FCC-ee, Vol 3 FCC-hh, Vol 4 HE-LHC
7

“0(‘\ ~DRs published in European Physical Journal C (Vol 1)
1d ST (Vol 2 -4)

: S, S C 79. 6 (2019) 474 , EPJ ST 228, 2 (2019) 261-623
" ,lg'\g T 228. 4 (2019) 755-1107 , EPJ ST 228. 5 (2019) 1109-1382

FCC-ee:The Lepton Collider
Future Circular Collider Conceptual Design Report Voly

\
s “\)N gd ‘O\J w + Summary documents provided to EPPSU SG
a o FCC-integral, FCC-ee, FCC-hh, HE-LHC

Accessible on http://fcc-cdr.web.cern.ch/




FCC Feasibility Study

Coordination
Group

Main deliverables

u u
| | . Physics, Civil Engineering
and milestones (i Y ome | s [ oz W ] o mv.::w
u and Infrastructures Host State and Funding Cooriiration

____________________________________________________________

Execution

Physics, experiments and detectors

O consolidation of physics case for full FCC programme;

O requirements on theoretical calculations, Monte Carlo generators and other software;

0 detector concepts for FCC-ee and FCC-hh (also based on experience with Phase-2 upgrades);

O detector design and R&D (synergies with “R&D for future detectors” at CERN and ECFA Detector Roadmap);
U requirements on accelerator performance, technical infrastructure, computing and integration.

Accelerators

 design of FCC-ee and FCC-hh, and their injectors;

1 development of key technologies for both colliders, including high-field superconducting magnets,
SCREF, high-efficiency power production, and other sustainable and environmentally-friendly
technologies; milestones will be finalised once Accelerator R&D roadmap available;

O machine-detector interface for FCC-ee (final focus magnets and compensation solenoids).

FCC Feasibility Study Roadmap

@‘ Michael Benedikt

7 FCC Week 2021, 28 June 2021




7~ \ FUTURE

\__ COLLIDER Feasibility study timeline

2021 2022 2023 2024 2025

Q3 Q4 QI Q2 Q3 Q4 QI Q2 Q3 Q4 Ql Q2 Q3 Q4 Ql Q2 Q3 Q4

QI

fundamental design & adaptations for
g Implementation scenario

Status reports & |

study planning, @) Workshop & Review : focus on preferred implementation scenario
| | | | | | | | |
[high—risk areas site investigations, environmental evaluation

& impact study with host states
| | | | | | |

% Workshop & mid-term review:
general coherency, CDR cost update

[ detailed design phase I
I I I
Workshop & Review: key g )
technology R&D programs FS Report I
I I I I I ReIIease FISR [%
Project cost update

FCC FeasibilityStudy Roadmap

Michael Benedikt
FCC Week 2021, 28 June 2021




Possible scenarios

CO/OSH/NIHD

Possible scenarios of future colliders ™ Proton collider mmmm— (Construction/Transformation: heights of box construction cost/year

Bl Electron collider
{ 4 years

1 Electron-Proton collider
100km tunnel

Preparation

ILC: 250 GeV/
2ab?

Japan

1km tunnel 40 km tunnel

CLIC: 380 GV

CepC: 90/160/240 GeV
16/2.6/5.6 ab?

China
)

(13/sspg ‘N Aq) sindul papiwqns ay3 wWo.if paoniixa so siapljjo) ainyng fo aulpwij T ainbi4

5 years m tunnel 1.5 ab
29 km tunnel 50 km tunnel
350-365 GeV FCC hh: 150 TeV =20-30 ab!

8 years 100km tunnel [B~575 17ab?
pa
oc
- FCC hh: 100 TeV 20-30 ab™

FCC hh: 100 TeV 20-30 ab™!
8 years
HL-LHC: 13 TeV 3-4 ab™? HE-LHC: 27 TeV 10 ab!
LHeC: 1.2TeV FCC-eh: 3.5 TeV 2 ab!
2years 178f6yea ocs i a0 : oo
o o ) EEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEE Being updated
2020 2030 2040 2050 2060 2070 2080 o04/10/2019 2090 |, by SPC/ECFA

/
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Higgs factory — which flavour?

Muon collider?

ILC

Lenny Rivkin

/
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Muon Collider: protons on target

= Main advantage of u*u compared to e*e" is higher mass: (0.115 MeV / 105.658 MeV) 4
less synchrotron radiation
» TeV collider fits in small ring!

Challenges:

" Muon lifetime is only 2.197 us.

* Need to rapidly accelerate muons to relativistic energies, so lifetime in lab frame is extended.
o W

* Muons created by protons on target & pion decay. -

< Vu

Proton Driver Front End SCooIing Acceleration Collider Ring

__OOA

!

SC Linac
Buncher
Combiner
Capture Sol.
Decay Channel
Buncher
6D Cooling

)
S o
CL
SO
o =

Accelerators:
Linacs, RLA or FFAG, RCS

Accumulator
Phase Rotator
6D Cooling
Final Cooling

MW-Class Target
Initial 6D Cooling
Charge Separator,

/
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Muon Collider

= 4 TeV muon collider would fit on the former Tevatron site at Fermilab

= A muon collider in the LHC tunnel could reach 14TeV CoM

Main technical challenges:

" Muon beam from target is produced with
extremely large emittance:

* Need rapid cooling so short-lived muons can be A
captured (see next slides) Femniat

= Beam quality, cost and power

= Machine Detector Interface:

* After acceleration, the muon beam decay
products interact with the machine components =0 1
tens of meters from the Interaction Point (IP), e —
generating high fluxes of beam induced - 1 et RES
background (BIB) on the detector. ToRg S

i

|
(!
Al |

i

/
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Muon Collider

Drives the beam quality
* >30T solenoids

* Production target, solenoid, protection
* RF in magnetic field

* Compact engineering for muon survival

* novel concept
\ M Injector

R&D Challenges (&)

Accelerator

Muon Collider

>10TeV CoM
~10km circumference

Proton & pBunching Channel
. Source  Channel

---------------------------------------------------------------------

i Acceleration

Cost and power consumption limit energy reach
* Superconducting collider ring magnets

* Fast ramping magnets with energy recovery
» Efficient RF for high bunch charge

* FFA

* Protection of collider magnets from muon decays Integrated coherent concept/parameters

Neutrino flux and MDI limit energy reach

* Machine detector interface

* Neutrino flux on Earth surface (have
mitigation idea)

/ Muon beam panel, June 2021
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. . Muon lonization
MICE experiment: cool demonstration MICE Gooting Bxperiment

MICE has made the first ever demonstration of the ionization cooling of muons
- a major step in the journey to create the world’s most powerful particle accelerator.

= High intensity protons on target generate pions that decay:

Bunches of protons are accelerated 2 Pions are The neutrinos, being virtually mass-
into a target of dense material unstable and they less and without charge, pass out of

. (such as tungsten or mercury). The quickly decay the experiment. Magnets direct
ithin th i i d harged f
[ Large 6D emlttance beams must be Cooled: atoms within the target emit a Into @ muon an: charged muons of the correct energy

particle called a pion. a neutrino. moving in the right direction.

* Muon ionization cooling demonstration by MICE.

dE/dx

The goal is to turn a ‘cloud’ of muons ...into a tight beam

travelling in all directions... @ travelling in one direction.

SLOW ACCELERATE SLOW ACCELERATE SLOW ACCELERATE
multiple scattering

re-acceleration

Radio-frequency
cavity

Radio-frequency
cavity

p The muons pass through Magnetic fields guide the
t an absorber material particles into radio-frequency
4 . made of liquid hydrogen. cavities. These cavities contain
p D e m O n St rat I O n Of CO O I I n g by t h e == The muons collide with electromagnetic fields that give
1 the hydrfc;geln atoms and :)he mL;ons ba:‘k their lost enTrgy
M4 M M M knock off electrons, y replacing the momentum lost
Muon lonization Cooling Experiment ing energy o B i the irection of the beam.
- e ionization of the atoms. In this way, the muons lose
. - This causes the muons to energy and momentum in all
https://www.nature.com/articles/s41586-020-1958-9 ‘ sow down. drectonssndae cceerted
o in only one direction.
$

This process is repeated until the muon beam is almost
/ Infographic: STFC, Ben Gilliland laser-like, ready for injection into the main accelerator.
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MICE experiment: cool demonstration

= High intensity protons on target generate pions that decay:

* Large 6D emittance beams must be cooled:
* Muon ionization cooling demonstration by MICE.

4-140

6-140

10-140

ISIS user runs.
2017/02 and 2017/03
MAUS¥3.3.2

MICE

MICE

MICE

=ew= measured
+  simulated

empty
LH,

ful
LH,

number out
number in

MICE

MICE

g m e e ee- no

absorber

MICE

MICE

LiH

10 20 30 40

/

John Adams Institute for Accelerator Science

|
20 40

amplitude (mm)

Tl
20 40

60

A ratio of greater than unity is
observed with both the full LH2
absorber and the LiH absorber

= https://www.nature.com/articles/s41586-020-1958-9
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Muon collider alternative schemes

* LEMMA: Low Emittance Muon Accelerator
* High intensity 45 GeV e+ beam hits thin target (0.01 rad length) collides with e- in target,
giving muon pair just above threshold: o b
* Small emittance and small energy spread, therefore no need for cooling. ee —pup

* 6.2 km storage ring. e gun
linac

to fast
acceleration

Positron Linac Epsitron Acceleration Collider Ring
ing

Ecom:

10s of TeV

[ ]
Positron Linac

=

Isochronous
e*Linac or Booster

100 KW
target
Rings

Accelerators:
Linacs, RLA or FFAG, RCS

(not to scale)

/ Stephen Gibson — A strategic guide to Future Colliders — LFC21
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Muon collider alternative schemes

Very Recent Concept

P //,’
« “GeV muon beams with picometer-class emittance from i e
electron-photon collisions” Camilla Curatolo, Luca Serafini, :
e- Linac FEL ondulator

https://arxiv.org/abs/2106.03255

ERL 100 GeV ‘

« Concept of a 100 GeV eERL with
X-Ray FEL as basis for a muon
collider

* Muons are produced via the
e— +y — e— + y+/u- reaction

* The calculated geometric
emittance is 10 picometer-radian We have no plans to evaluate this concept

+ Since only a small number of
interactions occur, the energy of
the electron beam is recovered in

an ERL configuration
FEL Linac

Symposium on the accelerator R&D roadmap for o
HEP community July 9, 2021 ERL 70 GeV See SympO$lum

/ https://indico.cern.ch/event/1053889/
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Muon collider outlook

Tentative Target for Long-Term Timeline )

to asses when 3 TeV could be realised JRER:
ESPPU ESPPU Example to check
Exploratory Definition Collider CDR phase Collider TDR phase assumptions
phase phase Test facility implementation Approval Fireparation Technically limited

I} I 1
\f

2024
2026
2028

2030

2032

2034

2038

2040

2042

2044

Collider Design See more details at Symposium
Baseline design Design optimisation Project prep. |_ https://indico.cern.ch/event/10
Tes’F Facility 53889[

Design Construct ' Exploit and upgrade
T —— and Muon Community Meeting
Design / models | Prototypes, TF comp. Pre-series Production 12-14 -IU/y 21:
, : — . https://indico.cern.ch/event/10
Collider baseline ESPP decision Ready to commit Ready to construct Start data
and test facility Selected TF Cost known taking 43242/

design ready host
Cost scale known

D. Schulte Muon Collider, July 9, 2021

A/
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Muon collider outlook

Comparing Luminosity in MAP vs. CLIC

. . . . 12 T T T T T

In linear colllders.lum|n05|ty §. i1l cLIC ; X
per beam power is MuCol| - o -
. L = 1t
independent of collision =
energy for same technology (;Iw gg I

. 8t
CLICis at the limit of whatone ~ <© 0.7 |
can do (decades of R&D) mg_b 0.6 ¢ ' ]

'—'E 8‘51 I x | See more details at Sympos:um
No obvious way to improve g o3l . T _ https://indico.cern.ch/event/10

N 1 S 027 X" 1 53889/
L x \/,36 \/B6 Pyeam 0.1 : ' - - .
TE VYT 0 1 2 3 4 5 6
E., [TeV] and Muon Community Meeting
AT . 12-14 July 21:
uminosity per beam power increases L
with energy in muon collider NO https://lndlco.cern.Ch/event/10
L oxy(B)os— frNoy 43242/
Muon colliders have the potential for €€,
high energies
D. Schulte Muon Collider, July 9, 2021 6

/
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Table top accelerators?

How to increase acceleration gradient beyond conventional RF 100 MV/m (CLIC
technology)?

GORDON AND BETTY

MOORE

FOUNDATION

RF Acceleration: scaling with frequency

DES:
” £COLE POLYTE
® FEDERALE DE LA

HNIQUE
USANNE

12 GHz CLIC ¢

rd

/
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Laser dielectric / THz

/

John Adams Institute for Accelerator Science

Dielectric Laser Accelerators o

High electric field at optical
wavelengths:

Gradients < 0.3-1 GeV/m

Staging rather inefficient, lowers
average gradient

Laser efficiency -> high power
requirements.

Peak gradient as a function of Laser Field

Laser pulse energy (mJ)

. 0.01 0.05 0.1 015 02 0.3
. —r
ETERSHESFECLT - P
- - 'v - !:Y = ; ; -
NREN=E-RSnanil |
' == 5 2
. 3
- g }/ } ; §} R 3
. 7~ 2
£ 150 A s 50 @
§ '/i § D e
% S W i E
f oo Ao A 03
0 7 6% -—- Simulation: best s
< e U/ « =+ Simulation: worst J45
50 L7 = = Noise level
S’ 6.6
e i
T B TR S TR T T

Peralta et al.,
Natura £02 Q1 /90421

Peak incident electric field, £, (GV m™)

THz structures

— Easier to manufacture / control at
THz wavelength.

— Recent demonstration of THz
accelerated beams (>30 keV so far):

Efield (a.u.)
; :

=

S

o

&

o

>

nature .
photonics

ARTICLES

https://doi.org/10.1038/541566-018-0138-z

Segmented terahertz electron accelerator and
manipulator (STEAM)

Dongfang Zhang ©®'25*, Arya Fallahi®'5, Michael Hemmer ®', Xiaojun Wu'#, Moein Fakhari'?,
Yi Hua', Huseyin Cankaya', Anne-Laure Calendron'?, Luis E. Zapata', Nicholas H. Matlis' and
Franz X. Kértner®'23
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Laser-plasma wakefield

* Laser-plasma accelerators (8 GeV demonstrated)

— Laser pulse in plasma filled capillary enables electrons to surf a plasma density wave.
— Recent exciting developments in multi-pulse schemes and staging at low energies.

Bubble regime

_self-injected laser pulse
~ electrons

~
=<

| S.M. Hooker et al. J. Phys. B 47 234003 (2013)]

LBNL have demonstrated staging at low energies (~200 MeV increased to ~300 MeV).

Stage I: Plasma Steinke, S. et al. Multistage
gas jet lens  Plasma-mirror . :

coupling of independent
laser-plasma accelerators.

Magnetic Nature 530, 190-193 (2016).
— spectrometer
— TN Van Tilborg, J. et al. Active

2 SRR R Sfagel . N
(PSP AR i iy L L 7 d'STCh-arge. 4 e Plasma Lensing for Relativistic
; ke e Capillary ’
i ' - Lanex screen
(removable)

cavity
or “bubble”

Laser-Plasma-Accelerated
Electron Beams. Phys. Rewv.
A Acreen Lett. 115, 184802 (2015).

Laser 2

Spot size (mm)

.00 N s %00
0.00 0.02 0.04 0.06 0.08

/
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Beam drive plasma wakefield: AWAKE experiment

Self-modulated proton bunch
resonantly driving plasma

* Proton driven plasma wakefield wakefields.
— 12cm, 3x10% proton bunch drives plasma wakefield in cell ‘
at SPS.
— Successful observation of self-modulation in LHC Run Il

— Successful acceleration of 15 MeV injected e- to 0.8 GeV.

SHORT LASER PULSE _ No plasma x (mm)
™~ e voriah R a 100 300 500 700 900
. L T T T T T
Wake potential protons RN .
50 -
I 04 &
£ :
£ 0k * 0.3 o
= =
02 3
3
i 01 3
10} ©
b i 0.0
'TE -
E 2F
Q i
£ 1t
3
S 0ok
Second half of the proton bunch sees plasma ® 02 98 04 BE b7 ‘I8 520 WL

. E (GeV)
https://doi.org/10.1038/s41586-018-0485-4
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Plasma and Laser Accelerators:

' Future goals

New Livingston Curve

100 TeV . : - : : Examples of new ideas and solutions: RF,
beam-drivene - | Discovery l strong focusing, beta squeeze, stochastic
> ) i
o2 e cooling, polarized beams, super
- ) , -
1TeV ¢ i Higgs/Precision - .
L?Cj = PRIGQarngs. . ?.gs_rec's'on conducting magnets/RF, advanced
c " materials for vacuum/collimators, plasma
8 : e / laser accelerators, ...
2 1GeV A : Particle physics in the driver seat for
= accelerators : most of those developments
e (storage rings, :
5. linacs, FEL’s) laser-driven e
© 1 MeV | plasma acceleration
S € . ' Technology Innovation Cycle
ajima & ! lourou i e ) :
| - LT)',ZWSO: | A;,,,Ck/anf, (cPA) NObel prIZe :\1 :j £ User Needs Technological Awareness
10 keV ' Widerce I Physics 2018 W& \ /
e ' l l ? ; ‘ . . Idea
1940 1960 1980 2000 2020 2040 i ‘
Mainstream Feasibility
Year
Asse's s& conn:::i‘ﬁm\v’;mem Testing
Refine
Accelerators are in a continuous technology innovation cycle to \ /]
Deployment Pilot Project
be successful: T —

/

John Adams Institute for Accelerator Science

E. Gschwendtner, R. Assmann

A. Walter Dorn, Unite Paper 2021(1)

https://walterdorn.net/home/295-tech-innovation-model-for-un-2

https://indico.cern.ch/event/1053889/
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Is A Compact Plasma/Laser Collider Feasible?

Comparison of Particle Colliders
To reach h;izher and higher collision energies, scientists have built and proposed larger and larger machines. l LC CLIC (Sl milar fOOtpri nt for
(phase 1 to full, up to 1 TeV c.m.) up to 3TeV.cm.) TDR, S
published
------------

e- : e+

New compact accelerators

@ u'w collider

=s= Plasma Lin-

O SPS (injector to.TLEP?)

LEP/LHC ear Collider
\ (i”feCto": to TLEP?) R&D on feasibility ongoing
o :
LHeC
FCC

(e-p, ERL)

Future Circular Collider
100 km, e+e-, pp
Technical design to be done

Devil is in the details! Answer
requires detailed simulation, 25 -20 -15 -10 -5 0 5 10 15 20 25 km
calculations, designs and tests!

| | | | | : | | | | | >

E. Gschwendtner, R. Assmann 13

https://indico.cern.ch/event/1053889/

A/
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Moon beams ?
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A very high energy hadron collider on the Moon

*
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2CERN, Meyrin, Switzerland
(Dated: June 17, 2021)

The long-term prospect of building a hadron collider around the circumference of a great
circle of the Moon is sketched. A Circular Collider on the Moon (CCM) of ~11000 km
in circumference could reach a proton-proton center-of-mass collision energy of 14 PeV — a
thousand times higher than the Large Hadron Collider at CERN — optimistically assuming a
dipole magnetic field of 20 T. Siting and construction considerations are presented. Machine
parameters, powering, and vacuum needs are explored. An injection scheme is delineated.
Other unknowns are set down. Through partnerships between public and private organiza-
tions interested in establishing a permanent Moon presence, a CCM could be the (next-to-)
next-to-next-generation discovery machine and a natural successor to next-generation ma-
chines, such as the proposed Future Circular Collider at CERN or a Super Proton-Proton

Collider in China, and other future machines, such as a Collider in the Sea, in the Gulf of

Mexico. A CCM would serve as an important stepping stone towards a Planck-scale collider

sited in our Solar System.

/
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FIG. 2. Schematic possible trajectory (black line) of a Circular Collider on the Moon (CCM) that could
potentially avoid several major elevation changes, though not all. In the left image the north pole of the
Moon is centered, while in the right image the south pole is centered. Images modified from Ref. [31]; the

originals were constructed with data collected by the Lunar Reconnaissance Orbiter [32-36].

Parameter CCM |FCC-hh| HL-LHC
Max. beam energy Fheam [TeV] 7,000 50 7
Circumference C' [km] 11,000 | 97.8 26.7
Arc dipole magnet field Bqip [T] 20 16 8.3
Luminosity / TP L [103% cm™2s71] ~20,000 | ~30 |5 (leveled)
Number of events/crossing (pile-up) ~10% | ~1000 135
Max. integrated lum./experiment [ab~!/y] ~2000 1.0 0.35

TABLE I. Tentative proton-proton parameters for CCM, compared with FCC-hh and HL-LHC [40].
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* Technology developments for HL-LHC are applicable at future lepton and hadron colliders:
— Novel collimation, SCRF, crab-cavities, diagnostics, cold powering, laser of engineering surfaces...

* The EU strategy update has helped to launch several feasibility studies, especially towards
finding the near term technical solutions to create a Higgs Factory.

* Much progress has been made and further innovation is needed to address challenges
across 5 technology pillars for future machines:

— High-field magnets; High-gradient plasma/laser, high-gradient RF structures; muon beams, ERLs.
— Community feedback is welcome to the Accelerator Roadmap: https://indico.cern.ch/event/1053889/

Many thanks to the LCF21 organisers
and all who contributed slides!
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