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@) Accelerator Applications @)

o7

Many uses of accelerators exist or are considered

: . : 1928: First linear accelerator (in Aachen
Colliders for particle physics ( )

_ : : _ 1964: first electrorpositron collisions (in Frascati)
Linacs or rings for fixed target experiments 19661971: ISR, first proteproton collider

Rings and linacs as light sources Today: several colliders (LHC, SufeKlx X 0
Medical accelerators, e.g. for cancer treatment

A
A
A
A
A Security applications, e.g. scanners at ports
A Driving nuclear reactors

A Military applications

A X

They can have a mixed use, e.g. the LHC provides particle collisions and fixed target collisions

Plenty of colliders have operated for particle physics and hopefully there will be more in the future
Will focus on one example for each type
A The LHC and HIHC as the current flagships, which push the energy frontier
A The colliders proposed for the ESPPU as the most advanced concepts of their type
A FCeee is the preferred option, if feasible and competitive



Projects E=

LEP3 LHeC LCF, CLIC
v 4'\L o

,i/‘ x

Oy : /"{"
Electronrpositron Z up to 230/240 GeV electronthadron electropositron Z to 240/380 GeV
FCG@ee can be upgraded to ttbar

upgrades up to 1.5 TeV (CLIC)

pp (hh) around 85+ TeV muons up to 10 TeV maybe more with newtechnlogy

FCC-hh, Muon Collider (3, 10 TeV) e*e” with improved acceleration technologies
baseline 85 TeV (= 120 TeV) LCF, C3 (> 1 TeV), CLIC (1.5 TeV), HALHF, ...

+ possibility for HI collisions -> plasma acceleration for higher energies
") K. Jakobs, ESPP Open Symposium, 27" June 2025 (can 0(10) TeV be reached? on what timescale?)
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Estimated Costs

FCC-ee cost estimate (FSR 2025)

Capial cost (2024 CHF) for construction of the FCC-ee is summarised below. This cost includes construction
of the entire new Infr: sre and all equipr for cp at the Z. WW and ZH working points.

Cost [MCHF)
Civil engineering 6,160
FCC-e€ Tectmical inasiructures 2840
Injectors 8nd transter lnes 590
Booster and collider 4,140
CERN contribution to four i 260
FCC-oe total 14,020
+ four expanments (non-CERN part) 1,300
FCC-ee total incl. four experiments 15320

Note: Upgrade of SRF (800 MHz) & cryogenics for tthar operation commesponds 1o additional cost of 1,280 MCHF

Cost summary table in 2024 MCHF for
the construction of FCC-hh.

u FCC-g0 dismanting 200
FoCh oo —
(after FCC-0e) (i cions and Wanelor 1000
linear
Civil Engineering 520 T4 TeV @ COAN
Technical infrastructures 3960
Experiments NA 12 Tev @ CTAN
Total 19080
*target price of 2.0 MCHF per 14.3 m long magnet e
with 1.0 MCHF of conductor, 0.5 MCHF for assembly,
and 0.5 MCHF for components
)) K. Jakobs, ESPP Open Symposium, 27" June 2025
D. Schulte,

LCF CLIC LEP3
e Cost Element 2 new Xpts |2 Exist Xpts
Accelerator 2705 2705
Injectors and Transfer Lines 295 295
Technical Infrastructures 435 435
Experiments 130 60
Civil Engineering 165 165
LHC Removal/LEP3 Installation 140 140
Total CERN (MCHF) 3870 3800
|Experiments non-CERN part 900 270
Muon Collider LHeC (cost estimate 2018, 60 GeV e-)
Cost range for Muon Collider scenarios _Budget Item _Cost
SRF System SOSMCHF
E SRF R&D and Proto Typing 3IMCHF
Injector 4OMCHF
— Magnet and Vacuum System 215MCHF
SC IR magnets 10SMCHF
- Dump System and Source SMCHF
Cryogenic Infrastructure 100MCHF
General Infrastructure and 69MCHF
installation
Civil Engincering IB6MCHF
Total 17S6MCHF
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) Particle Accelerator Fundamentals )

o7 o7

Accelerate charged particléorce is given by

F=¢E+v xB)

/

Typically particles are accelerated to _ _ _ |
gain energy usinRF cavitieshat have Typically particles are guided on the trajectory
longitudinal fields by magnetsthat have transverse fields

RFand magnetsare key technologies argpicallydrive thecost

But manyother technologies aralsoimportant
A Vacuumpeaminstrumentation,cryogenics machine protectioncollimation, CLIC

stabilisationand alignment system, ...



@)

o7

Collider Particle Choices

A Hadron collisions: compound particles

Protons or ions

Mix of quarks, antguarks and gluons: variety of processes
Parton energy spread

QCD processes large background sources

Hadron collisionsy can typically achieve higher collision energies

A Lepton collisions: elementary particles

Sofaralways electrons and positrons

Muons are an option but have limited lifetime
Collision process known

Well defined energy

Lepton collisionsY precision measurements

A Photons also possible
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| guess, everybody is familiar s

Operation started 2008
A Some event happened

Producing physics since 2010 s '

in the LEP tunnel
Higgs discovery 2012

Two multipurpose experiments
A ATLAS and CMS

Twospecialise@xperiments
A ALICE and LHCb
A Combined with injection

Other insertions
Betatroncleaning
Momentum cleaning
RF insertion

Dump insertion

Too To oo T

s S
,,,,,,,,,,,,

Cleaning Cleaning

2 N

LEOE ATLAS °
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@) FCehh Layout @)

transfer lines proposed to be

installed inside FOG-hh ring tunnel

PA (Experiment site) Azimuth = -10.2°

Injection

| SSS = 1400 m Injection

A Exact fourfold symmetry (FC@e layout) e
A Four experiments (A, D, G, & J) RF PL
A Two collimation insertions

Technical site

LSS = 2160 m XA pB Beam dump

I
I
I
. N\ | /
A betatron cleaning (F) N | 7
A momentum Cleaning (H) Arclength=9616.586\n\ : / s
A Extraction insertion + injection (B) U |
. . . . SSS = 1400 m N N4
A RF insertion + injection (L) (Second:;+ ————————— YT T T T T e ;,oo‘m+ (Secondary
H H H experiment * experiment
A Last part of transfer lines in the ring tunne ~ =*"%) A Site)
. . I
using normalconducting magnets 7 | Ta
A Compatible with LHC or SPS as injector i | *
/ l N
| . r 4 : N .
Technical site | LSS = 2160 m Technical site
I

Momentum
collimation

Betatron collimation

PG (Experiment site)
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Cmsenergy [TeV] 14
Luminosity [1&*%cnr?st] 1 5 (lev.)
Machine circumference 26.7

Arc dipole field [T] 8.33

Bunch chargel[0'?] 1.15 2.2
Betafunction [cm] 30 (g. 55) 15 (u. 10)
Bunch distance [ns] 25 25
Background events/bx 27 135
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85
30
90.7
16
1.0
30
25
1020
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D) Dipole Basic Concept )

Vertical field= horizontal deflection (1 / YI3ay 8 O2 y 358 L

H
F
v
_ T E dipole
f=—
0.3GeV B
Need two apertures with opposite field to bend both proton beams
If the beams had different signs of charge one aperture could be sufficient
L Bef—————p - o gf———-—------ S B S
i ER— mtml:i‘;lzmzmmmg
88 8 88 8z, 8 88 8
g g = =9 2mg g - ¥ =
2

LHC: E=7 Te\&2.8 km, B = 8.3 FCchh: E=50 TeV,=10.6 km,B=15.6 T
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@) Highfield Magnet Technologies @)

N7 N7
Superconducting magnets reach highest fields o
A Limited by current flow, magnetic field, stress in conductor

B “MAGLAB

_______ Expected 1BS 2025
— e Y. Ma (IEECAS)

10° 2 =

Three main technologies for the cables

NbTi(niobiumtitanium)
A is standardpsed in LHG@mited to O(8 T), & K operation

REBCO: B || Tape plane
REBCO: B 1 Tape Plane

102

st Bi-2212: 50 bar OP
NbsSn: Internal Sn RRP®

st Nb3Sn: High Sn Bronze

Whole Wire Critical Current Density (A/mm?, 4.2 K)
4 * H
!
N .if I/
o 5 jo
3
|

IBS- Iron Based Superconductor Nb-Ti: LHC 4.2 K
Nb;Sn(niobiumtin) piastors fisiices s O i
A can reach O(146 T), 24 K operation 10 o
. 0 5 10 15 20 25 30 35 40 45
A but difficult technology and needs to mature further RHGHETIRGACRARTL) e
A expensive
A Used in some points for HIHC
A Foreseen for FGhalso in arcs Cut through aNbTicable
with superconductor

_ embedded in copper, so
HTShightemperature superconductor, often REBCO) some remaining
A can likely reach O(20 T) or more in dipole€02 K operation conductivity in case of a

. . guench
A in solenoids > 30 T demonstrated

A very expensive, but cost is coming down fast
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(E=) Luminosity ()

o7

Luminosity determines the event ratBate = luminosity x cross section

Luminositydepends on the geometrical overlap of the colliding beams

Somewhat less than one
Bunch charge N
All sort of detail ge (RN.N,)

AT2
N _
— F . Number of bunches times
L AT nbﬁ" S circulation frequency
= collisions per second

\\

Horizontal rms beam size Vertlcal_ rms beam size
(Gaussian beam) (Gaussian beam)
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D) Hadron Collider Luminosity Drivers &)
N
L ox — N?’Lb isks:
€ f?“ T ESHSigh stored energy and losses
A Impedance and electron cloud

A Aperture should be minimised for dipole cost
A High synchrotron radiation load due to high bearn

energy

Use high beam current

Squeeze the beam as much as possible
Mitigate more collision debris due to higher

luminosity and energy

Make small emittance and large charge For integrated luminosity:
A Fast turnaround critical for luminosity

Limited by emittance growth, A Minimise time for stops etc.
imperfections and patrticle losses A High availability with more components than LHC
A Maximising current also maximises time between new fills

D. Schulte, Colliders, EDIT, March 2026 14
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Higher field focusing

magnetsat experiments

Decrease betdunction

Injector upgrade
Increase N

Civil engineeringand
more cryogenics
Tolerate increased N

And manymore

LyadNHzySyidlr A2y s @I Odzdz¥e
RSaAdysz St SOGNEY:-O1 2dR:
Mostly to tolerate larger N

hLJi A O&

@)

o7

Some Key HLHC Ingredients

Crab cavitiego reduce
‘ " luminosity reduction by
crossing angle
(recent first tests in SPS)

“CRAB” CAVITIES
8 superconducting “crab"
cavities for each of the ATLAS

and CMS experiments to tit the
beams before collisions.

LHC TUNNEL

Additional collimatorsto protect
arcs

Stronger dipoledo make space
for additional collimators
Tolerate larger N

CIVIL ENGINEERING
2 new cavems and two new 300-metre
service galleries, two new large shafts;

10 new technical buildings on surface in P1 and P5

(ATLAS and CMS)

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before

s Improved collimators
CRYOGENICS COLLIMATORS . -
LS i st sameeemewee design and material

Tolerate larger N
I G At oAt AGERS X
Improved detectors
Tolerate larger luminosity

uuuuu tto the new
galleries to the LHC tunnel,

D. Schulte, Colliders, EDIT, March 2026 15



@)

Making a smaller beam at the IP
requires more aperture in the magnet,
makes the design ore challenging

FCehhexample

25
20 r

15

10 Beamsize at IP: 3.5 microns -

Maximum beam size [mm]

Py [a.u.]

Beamsize at IP: 7 microns

0o 20 40 60 80 100 120 140 160
Distance from the IP [m]

HL-LHC compared to LHC:

A aperture from 7cm to 14 cm
A BQ from 210 to 140 T/m

A move fromNbTito Nb,Sn

Interaction Region and Final Focus Desig

Lattice property Beam property

B y€ry

Particle coordinate

at one location

Areat does not
change

Particle coordinates

at other location
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@)  Interaction Region and Final Focus Desig

Total collision debris per experiment 4 - Magnets Fszhhexamme
A O(2 kw) for LHC Shield (TAS)

A O(10 kw) for HLHC 3

A O(500 kW) in FGIgh )

LHC final triplet magnets have to be replaced due to the ;?

accumulated radiation g

Shielding is required and further increases magnet

aperture ° 4(;00 5(';00 6(;00 7(;00 80100 90100 10;)00

Distance from IP [cm]

In LHC / HLHC 400 to 800 MJ per beam g / N\

The dump block . FCC pattern

In FC&hh 8 GJ kinetic energy per beam
Airbus A380 at 720 km/h
2000 kg TNT
400 kg of chocolate

i Run 25,000 km to spent calories
0(20) times LHC [~
Can drill 300 m long hole in copper — . \\\/) i N /

LHC pattern
(same scale)

To o To Io Do
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N7

The LHC obtains its beam fr@ahain of injectors

Typically few hours to fill and several hours of luminosity
In HELHC will limit luminosity to avoid too much background in the
detector

Luminosity run:
protons are being lost T ——
1

[ I I
[ 1 i } 6.5 TeV
- ]
Il I } I
M I [ :
i1 I I :
i 1 I I |
i | 1 I
II | 1 1 \I
fi I 1 I —
] I 1 I
L. ||
450 GeV ﬁ" I I I
— ) 1 ] I '
Injection | Ramp | 'Squeeze ;  Stable beams for physics : D%‘mp
' . Adjust . Ramp down

@) LHC Operation Cycle

HL-LHC operation:
Limit the luminosity to limit the background

luminosity (x1034 cm2s1)
=)

20f

o
W

T T
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no leveling with peak ]
at 2.2x10* cm?s’! ]
[ i t ] 4
[ WT leveling at I ]
5x10* cm?s™! 8 1
e tropt]
= . 1
- nominal — :
2 4 6 8 10 12 14 time (h)
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Electronpositron Colliders



@) Electronpositron Luminosity )

HEL| H Luminosity vs Energy of Future e’e” Colliders
. : =msmm FCCee, 4 IPs [FCCee EPPSU submission]
=ms=m CEPC, 2 IPs [TDR, arXiv:2312.14363]
wsmns CEPC, 2 IPs, lumi up [ditto]
mmgem |LC baseline
sngnn ILC lumi upgrade
ssans LCF-SCRF 10Hz, low power
meges | CF-SCRF 10Hz, full power
51415 LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [ditto]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [ditto]

-
()
w

—
o
N

Luminosity [10** s cm2]
o

107"

| 1
Circular Center-of-Mass Energy [TeV]
colliders

o2

Energy dependence:

At low energies circular colliders look good

A Reduction at high energy due to
synchrotron radiation

A Loss per turn

E)4 1
R

AEOC(—
n

At high energies linear colliders excel
A Luminosity per beam power roughly
constant

Linear colliders

Linear collider havpolarisedbeams
(80% ¢ ILC also 30%)e



dro,0,

damping main linac T detecto T main linac damping
ring ring
e- source RTML BDS BDS RTML o source

Bz y€axy

One linear collider existesbfar. SLC

Built to study the Z°
and demonstrate
linear collider
feasibility

Energy = 92 GeV

Luminosity = 2e30

Has all the features
of a 2nd gen. LC
except both e+

N Ote & -.“g Sqcusne \‘% and e-I _uscd the
= o ~ e PN v o« , 7 ~ oy same lmnac
[ AYlIF Oa YI 1S Adulupolarisddeeae G2 O

D. Schulte, Colliders, EDIT, Marcn
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Examples of ILC and CLIC Main Paraméigy
I T T (R Y

Centre of mass energy
Luminosity/IP
Luminosity in peak
Polarization (de+)
Gradient

Particles per bunch
Bunch length

Collision beam size
Bunches per pulse
Bunch distance

Repetition rate

Enm[GeV]

L [1G%cm?s?]

Lo o [10%em?s]
[%]

G [MV/m]

N [10]
L,w>Y8

"y [NM/nm]

Ny

n {ns]

f. [Hz]

0.0003
0.0003
80/0

20

37

1000
1700/600
1

120
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2.7/2
1.0
80/30
31.5

20

300
516/7.7
1312
554

10

4.4/2
1.3
80/30
72

5.2

70
149/2.0

352

0.5

100

22



@) ILC Main Linac Unit )

KLYSTRON
(10 MW, 1.6 ms)

MODULATOR
(120 kV. 130 A)

ATTENUATORS
 TUNNEL

| PENETRATION
'

TAP-OFFS OF VARIOUS
COUPLINGS

\ v
9 CAVITIES E

4 CAVITIES

QUAD

3 CRYOMODULES

Accelerating cavities Beam guiding quadrupole Accelerating cavities
0O(65%) of linac length Beam position monitor

Corrector kicker

D. Schulte, Colliders, EDIT, March 2026 23



o7

) ILC Cavities ()
TR
o RAANARRRRE

Superconducting cavity (Ni at 2 K)

Standing wave structure

RF frequency is 1.3 GHz, 23 cm wavelength
Length is 9 cells = 4.5 wavelengths =1 m

klystron load damping antenna

Pulsed operation:
5 x 1.6 ms pulses per second
Gradient is 31.5 MV/m

In rings typically

T 1T 1 17 17T 17 17 171 A no pulsing
A lower frequencies (400 MHZ in LHC)
A lower gradient (O(<20 MV/m))

1 1 i 1 J 1 J ) 1
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Theoretical gradient limit is 560 MV/m
A But can quench at lower gradient

Q,-value can degrade with
10" gradient, which pushes limits

* AC55

o ACS6 of cryogenics

= ACH/
(C59
AC60

*
El‘mﬁ ?‘ ‘tﬁgg %Al::)?if‘f s ® AC6I
o LR g °© AC62
QOIO‘ R e T, [oACe
n .RA‘gAg“ A AC64
.A %
40
10, 5 10 15 20 25 0|
E,.c [MV/m]
= Maximum field
3 20
Cavities perform differently,
through away the worst XFEL industrial
production following
of == ] ILC baseline process
10 20 30 40 50

Gradient MV°m

D. Schulte, Colliders, EDIT, March 2026

D) Cavity Performance and Limits @)

o7

High pressure rinsing

Control of material
Nitrogen infusion

Electropolishing  Bakeout




@) Note: Pulsed Operation

-
-
f’

acaieratl ng voltage

‘_——

“beam loading”

fill time beam

0.9ms 0.73ms
5 RF pulses of 1risper second (1312 bunches in 0.73):

Need energy in cavity to make the gradient
A Each bunch takes out small fraction of the energy
A Use many bunches in a train and refill between bunches

Losses from storednergy in cavity walls requires pulsed operation
D. Schulte, Colliders, EDIT, March 2026
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) Note: Cryogenics D)

N7

Cavities have small losses Type 4 Cryomodule
1 7 2 ' X 22K
P|0$ = Cong —~ G o : ik | SUPPY ,
0 : ‘ 5K |
Pulsed &out 1W/m | ] s

But cooling costly at low temperatures

40K
SUPPLY

Remember Carnot;

J \
)
»/
wr
1§
. % @
G

P = lTroom - Tsource P
cryo A T loss -
source D
I:)cryo » 700° I:)Ioss y

COOL DOWN '?&Tg"
WARM UP

Y about 1 KW/m power Average RF power: 1.6kW/m (3kW/m)
consumption for cryogenics Power into beam about 0.7kW/m

The typical heat load of 1 W/m
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<~ (CALERACERE T LA,

i\‘:’lf i\.LHl'“l”'IHIIIT’» il

12 GHz, 23 cm longprmal conducting
Loaded gradient up th00 MV/m,limited by breakdown

Y Allows to reach higher energies Power flow
Y 140,000 structures at 3 TeV - 1/3lost in cavity walls
_ 1/3 in filling the structure and into load
But strong losses in the walls - 1/3 into the beam
Y 50 or 100 RF bursts per second
Y 240 ns, 60 MW, 312 bunches Average RF power about 3 KW/m
Y Power during pulse 8.5 x A4MW (3000 x ILC) About 1 kW/m into beam

0O(100,000) klystrons?
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D) CLIC Twbdeam Concept )

N7

)

100 A drive beam

= s

Straight references

1.2 A main beam

'ADVANCED COMPUTATIONS

Total instantaneous power of O(10TW)
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) CLIC: The Basis )

N7
B ] T e S 5
. . - drive beam accelerator m drive beam accelerator
Long train of drive beam bunchesis__, 24GeV, 10GHz CR2439 m 24 GeV, 1.0 GHz
chopped and merged to short intense N etay toop S | detay toop 2ok

tralnS @ @ decelerator, 25 sectors of 878 m

SN P
( s I [ ¢ ) | ) [ ! )
BC2 i 1 [ | 1 BDS j | j L Bo2

BDS >
2.75 km| 2.75 km
e~ main linac, 12 GHz, 72/100 MV/m, 21 km P e* main linac
TA TA
Y

50 km \

booster linac -
2.86 10 9 GeV Main Beam

et et
e-injector DR PDR e* injector
2.86 GeV 427 m) | 389m 2.86 GeV




i
PRI A

DRIVE BEAM
LINAC

e s
o W \
‘-' " 3 -

_J'

= : : Two Beam
\ ‘ & € el Module
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Beambeam Effect )

Dense beams focus each other
Y emitt beamstrahlung

N

O 40y

L o

n~ o< b, o

Oy 2> Oy

N

Oy + Oy

Oy + Oy

Typically aim for O(1) "~ |

L
P

. Schulte, Colliders, EDIT, March 2026

9e+32 T
8e+32 |
7e+32 |
Ge+32 |
5e+32 |
4e+32 |
3e+32 F
2e+32 F
1e+32 }

0 X \ \ , : :

2900 2920 2940 2960 2980 3000 3020 3040

Ecm [GeV]

Beambeam force on

L [m2GeV bx ]

20

Ox

-1500 -1000 -5S00 o S00 1000 1500
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Note: Background )

Colliding virtual antbeamstrahlung -
. reit—Wheeler
photons can produce electrepositron P

pairs (ncoherent pair productioh

O(10) per bunch crossing _— Y
process

H

Landau—Lifshitz
process

MM

ECal LumiCal BeamCal

— %0
mmm—= ° Note at multiTeV:
w N Beamstrahlungnd virtual photons can turn intc
SITs TPC Endplate "‘/'I , pairs in strong fieldcoherent pair production
0 2450 2654 3181 344l and trident cascade)
0.1
. 0.05
E, 0 t#
*  .0.05
-0.1 T

Macroscopic field €

Macroscopie field

0 0.5 1 1.5 2 2.5 3

D. Schulte, Beatheam, Erice, November 2025 s [m]



& FCG&ee Design Considerations @)

N7

Electronrpositron collider for Z, WW, ZH and with
upgradett production

Consistent with later implementation of hadron
collider
A Long tunnel

Option for four highluminosity experiments
A Use fourfold symmetry

A . ,AN';-‘ : ) "
°. VUACHE ;

i
\. USSES

Civil engineering studies ongoing

O complete
@ Ongoing
@ Pending

Alternative solution i$ERB
A Reuse of LHC tunnel
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@)

oD

I S L

Beam particles emit important synchrotron radiation

At 182.5 GeV (maximum energy), loss of 10.4 GeV or ~6% per turn
Design choicdimit radiation power to 50 MW per beam, 100 MW total

Lower intensity at higher energy {ower luminosity

Em[GeV]
E [GeV]
N [109]
nb
| [mA]
Beamsiz¢um/nm]
L [16* cnr?s]

LEP3: L [BOcnr2si]

91.2
0.0394 0.374
21 15
11200 1780
1270 137
8.8/36 20/47
144 20
40 6.20

1.89 10.42
12 15
440 60
27 4.9
13/37 50/40
7.5 1.4
1.6* -

D. Schulte, Colliders, EDIT, March 2026

Synchrotron radiation in FCG%e

AE

*At 230 GeV

Note: Beams collide with crossing

angle
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@) Layout @)

o7

Double ringe+e collider

Injection

Two or four experiments into boosterJ S e faman =07

. . . SSS =1400m Injection into collider
A Asymmet_rlc_ Interaction Reglqn !ayout and N < . Beamdump
opticsto limit synchrotron radiation towards .0 muz re Lss =2160m Kgs
the detector h 7
A Horizontal crossing angle of 8radand crab A lengin = 3616 586w 7 booster
waist collision scheme AN ;7
o ] PJ+ Sss=1400m Y __ +PD
Perfect 4fold superperiodicityallowing 2 or 4 ostional AN sss=om Tgptional
IPS’ site) y; 7 ~ " site)
Synchrotron radiation power 50 MW/beanat 7 ! S
all beam energies Tochnical Npy (<5 - 2160 m ss e mrgons 1ofl technica e Betatron &
. . . . . . momentum
Top-up injectionscheme for high luminosity 800 MHz RF 555 = 1400 m' collimation
-o-
A Impliesbooster synchrotron in collider PG TESpermentste)
tunnel
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@)

N7

Beam Lifetime

Beam lifetime is short (2800 minutes)

A Bremsstrahlung
A Beamstrahlung

A X

Short beam lifetime requires tepp injection

--- Fun fact

En[GeV]

L [16“ cnr?s]
Beam lifetime [60s]
L lifetime [60s]
BunchlengtHfmm]
Bunchl w. BS [mm]

91.2

141 20 5 1.25
50 42 100 100
22 16 14 12
5.6 3.5 3.4 1.8
15.5 5.4 4.7 2.2
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Bremsstrahlung cross section and
proton-proton are both around 100 mk

Hence canonly getint L =10/ b per
particle

Muons do better, since bremsstrahlun
cross section is much smaller
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) Top-up Injection G

N7

Booster ring

Inject small bunches next to circulating bunches

They will merge due to synchrotron damping

Collider ring

S |
1 e Y e m‘llll | I : 1|||||
Collapse the orbit '
b
N g E 10 Kicker Septum  Kicker
8o §f £ y
4 0
> / 5 © ———\-/de
- q A 7
=
N § =20 B septum
= stored beam 50,
o N
T —30 injected beam 50
5.0 5.5 6.0 6.5 7.0

s [km]
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3 km double rinQg
top-up injection

Wi

A b, = 0.8 mm demonstrated

Ay [m]

Super KEKb

62 NI RQa
4.7x1G*cm?st & lowest b*

KAIKSad

B L i U
_,|_SPEAR
10=E= o LERBEPC VEPP-2000 =
PETRA oo ®
TRISTAN L BEPCE
o pepy PR G JEPC
1072 CESR : > —
E DAFNE SuperKEKB ]
mm-world KEKB Fec-ee ]
cerc | |
-3 I
10 E * (2020b)
[ |um-world % & Design
L World record!
ot o Ly Ly b e by Ly
1970 1980 1990 2000 2010 2020 2030 2040

2017/September/1
=

Design parameters

Vx/Vy

Uo

Txy/Ts

/%y

Luminosity

LER HER unit
4.000 7.007 GeV
3.6 2.6 A
2,500
1.44 1.04 mA
3,016.315 m
3.2(1.9)/8.64(2.8) 4.6(4.4)/12.9(1.5) nm/pm
0.27 0.28
32/0.27 25/0.30 mm
83 mrad
3.20x10* 4.55x107*
7.92(7.53)x10°4 6.37(6.30)x10°*
9.4 15.0 MV
6(4.7) 5(4.9) mm
-0.0245 -0.0280
44.53/46.57 45.53/43.57
1.76 2.43 MeV
45.7/22.8 58.0/29.0 msec
0.0028/0.0881 0.0012/0.0807
8x103* cm-2s-!

A Collision with large crossing angle compensated by sextupoles schemes (as in DAFNE and as foreseeh in F
A Design luminosity not reached so far due to intensity limitation (fast beam losses) in Super KEKB
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Cost effective magnets

Twarin-one design of dipoles and
guadrupoles

Optimised windings to reduce cost and

power consumption

1.0T
|

520 mm

Optimised RF cavities

Single cells at low energy:

A Low voltage but high current
Fourcell cavities at high energy:
A Low current but high voltage
High frequency at highest energies

Efficient klystronspased on design ideas for CLIC
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Muon Colliders



@) Muon Collider Concept D)

o7

¢KS YIAY OKFIifSyas Aa GKS akK2NI Y

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Compressor | Pion Chicane & Muon Phase Charge Bunch Final ~ Buncher Pre- SC LINAC RLA1,2 RCS1,2,3 &4 3 TeV Collider
Ring ing Target Absorber Buncher Rotator Separalion Merge Cooling accelerator 10 TeV Collider

Cooling A Cooling B
(I )-( )—I—%-_' S~
H

Protons produce

- . : lonisation cooling of Acceleration to Collision
Sl Llehiss [P TNED CEEE muon in matter collision energy
proton bunch into muons which are
captured

NG | Ldt
3 TeV 1 ab— 1

Muon Collider

>]0TeV CoM 1
~10km circumference §
—1 ]
10 TeV | 10 ab ;
b
TeV -1 | [ ¢
1 4 e 20 ab i 4GeV Target, mDecay pCooling  Low Energy  : ”
i Proton & uBunching Channel  pAcceleration Q’

Source Channel F
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Muon Cooling Principle (E=)

o7

< Magnetic field

bbbbbbbb

IIIIIII
—

;.-.T.-:-.’Z-:-’.Z-I-_-.-_

. Electric” field )

"‘r:l‘g‘-:ﬁ_, : f
YpePs eam direction- - - - .

High field solenoidminimisebeta-

energy loss re-acceleration funCtIOI’] and ImpaC'[ Of mU|t|p|e
scattering
Energy loss = cooling Multiple scattering = heating /
de; 1 dEe; 1 1 14 MeV \ 1
ds  |(v/e)2ds E |2 (v/c) E

D. Schulte, Colliders, EDIT, March 2026 43



@) MICE: Cooling Demonstration @)

N7
Time-of-flight Variable thickness 7th February 2015
hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0) module
Upstream Downstream
spectrometer module spectrometer module
MICE Electron
Muon RMuon
anger
(?wen:g) L
Liquid-hydrogen
cch:trﬁ:el(rzv Tor absorber Pre shower
(CKOV) Scintillating-fibre (KL)
MICE trackers ToF 2
0 - - - - 1 0—1 40 ;03&50?3 dioﬂ'm)
Principle ofionisationcooling [ MICE i —— Upstream | b |
has been demonstrated : == Downstream Nature vol. 578, p. 53-59 (2020)
Use of data for benchmarking is : Empty
) : LH : :
still ongoing 2 More complete experiment with
higher statistics, more than one
More particles at smaller : stage required
amplitude after absorber is Full I _ ‘ .
put in place L:I ntegration o magnets, S
2 absorbers, vacuum is engineering
challenge
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N7

) Muon Cooling Technology D)

Challenges: SN & / MuCooldemonstrated >50

A NC RF cavities in magnetic field (30 MV/m) . -t MV/min5T

A HTS magnets (up to 40 T in final cooling) Y A H2filled copper

A Bright beam hard on absorbers and windows gl A Be end caps
A can evaporise liquid hydrogen v 2

MAP proved gradient

A Initial RF designs

A More RF design ongoing
to optimise beamloading

L

RF cavities

&

(ARFRARREN
LA R S R ERREEE

0O
e
»n

,/*
IRRRRER]
- @1’[ T

_______CoolingCell A First window tests performed with protons
A Use of H2 gas in final absorbers

Key conclusions

A Ready taamp-up effort, in particular
prototyping and experimental work, also
beamdynamics

A Need RF test standsr experimental
optimization

Exploded view
(COILS SEQUENCE)

ccccc

Absorber . . ) .
6D cooling cell engineering design almost ready
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)

y (cm)

Challenges MUSIC
(MUon System for

Interesting Collisions)

A Highenergylepton detector
requirements
A Backgroundrom muondecayand
beambeameffects(BiB)
A 60,000decaysper m and
bunchcrossing’500 W/m)

30

Decay e*
hits vacuum
aperture

20

@ v (5TeV)

Detector

Decay e* bent in
magnetic field

Rad shielding

-6000 -5000 -4000 -3000 -2000 -1000 0
z (cm)

—200 —=100 0 100 200 *
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Physics and Detector Concents, &)

MAIA
(Muon Accelerator
InstrumentedAperatug

Background hits overlay in [-0.5, 15] ns range Vs=10TeV
T T T T T T T

T
[ [

Time window [3 , 5 ]

1

Average number of hits / em ?

i L L
0 5 10 15 20 25 30 35 40 45
Tracking Detector Layer

Key conclusions:

Full simulations show good physics performance
with near-term technology in spite of BiB

A But important improvements are possible

Need strong R&D faptimization andintegration
Proper investment crucial to enable exploitation

of full muon collider potentialin available time
usingnew technologiesAl, and ML
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@) Electronrhadroncollider. LHe@CCeh D)

Note: HERA, based on two |
rings operated at DESY  ©"¢ €M PUIPOSE -

experiment ,

\*‘\

new electron accelerator
\/, ; . E =50 GeV

\ P5
3 Y \g
Loss compensation 2 (90m) Loss compensation 1 (140m) "R / )

/ Linac 1 (1008m) )
) _ Injector
Matching/splitter (31m)

Matching/combiner (31m)
Arc 1,3,5 (3142m) Arc 2,4,6 (3142m)

> 1 TeV electron-proton collisions 0

\K—//emstmg/fuh

proton accelerator
Ex7TeV

Bypass (230m)

\

Jorgen

Linac 2 (1008m) 5Q1 2y R

. . /SN DS
Matching/combiner (31m) IPline  Detector

Matching/splitter (30m)
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